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HPEIUCJIOBHUE

1. B 57011 KkHUTE (OHA BBIXOAUT B JIBYX YacCTSIX) COIEPIKATCS TEKCTHI JIEKINH,
npountaHHbelX Ha IlIkone-cemunape «CoBpeMeHHBIE MPOOIEMbI HEHpOUHpOP-
MaTHKuy, npoxogusiieid 29-31 auBaps 2003 roga 8 MU®U B pamkax V Bcee-
poccuiickoil HayqHO-TexHUUecKoi KoH(pepenmn «HetponHpopmarnka—2003».

ITpu oTbope 1 MOArOTOBKE MaTepHaoB JUIs JIEKIHI aBTOPHI U PEAAKTOP CiIe-
JIOBaJIM MPUHIUIIAM U IOJXOAaM, CJIIOKHUBIIUMCS IIPU MPOBEICHUN ABYX IpPEbI-
nyomx Hkor (em. [1-3]).

A mMeHHO, 0cHOBHOH 1enbio 1lIkombr ObITO pacckasaTh CIyIIATENsIM O CO-
BPEMEHHOM COCTOSIHUM M NEPCIEKTUBAX Pa3BUTHsA BaKHEHINMX HAIpaBICHUH B
TEOPHH U NPaKTHKE HEeHpOUH(POPMATHKH, O €€ MPUMEHEHUSX.

[Mpu noaroroBke nporpammsl L11kossl 0cOOEHHO TPUBETCTBOBAINCH JIEKIIUU
MEXUCLUIUIMHAPHBIE, JIEKAIUE 110 OXBATHIBAEMON TEMAaTUKE «HA CTHIKE Ha-
YK», paccKa3bIBAIOIIKE O MPoOIeMax He TOJNBKO COOCTBEHHO HEHponH(popMaTH-
KH (T. €. 0 IpobIeMax, CBI3aHHBIX C HEHPOHHBIMU CETSIMH, KAK €CTECTBEHHBIMH,
TaK ¥ UCKYCCTBEHHBIMH), HO U O B3aUMOCBSI3SIX HEHPOMH(OpPMATHKHU C IPYTHMHU
06HaCTHMl/I MSTKHX BBIYUCIICHUN (He‘-leTKI/Ie CHUCTEMbI, TCHECTUYCCKUC U IPYTUC
SBOJIOLMOHHBIE AITOPUTMBL U T.11.), C CHCTEMaMU, OCHOBAaHHBIMH HA 3HAHUSX,
C TPaJMIMOHHBIMU pa3ie]aMi MaTeMaTHKH, ONOJIOTHH, TICHXOJIOTHH, HHXKEHEp-
HOH TEOPUH U MPAKTHKH.

OcHOBHOH 3a7a4yeii IEKTOPOB, MPHUIIIANIAEMBIX U3 YUCIIA BEAYIINX CIeIra-
JIMCTOB B 00JacTH HEHPOMH(DOPMATUKHU U ee NPUIIOKEHHUH, CMEXHBIX 001acTel
HayKd, ObUIO JaTh >KUBYIO KapTHHY COBPEMEHHOIO COCTOSIHUSI MCCIIEOBaHUI
1 pa3paboTOK, 0OpHUCOBaTh NMEPCIEKTHBBI PAa3BUTHS HEHPOWH(OPMATHKU B €€
B3aUMOJICHCTBHHU C APYTUMH OOJIACTSIMH HayKH.

IToMuMO MEXIMCHUILUIMHAPHOCTH, MPUBETCTBOBANIACH TAKKE M JUCKYCCH-
OHHOCTB M3JIaraemMoro marepuana. Kax ciexctsue, He O BCEMHU MOJIOKEHISIMH,
BBIJIBUT'aEMBIMH aBTOPaMHU, MOXKHO O€30TOBOPOYHO COIIACUTHCS, HO 3TO TOJIBKO
MOBBIIIAET LIEHHOCTh JICKI[MH — OHU CTUMYJIUPYIOT BOSHUKHOBEHHE AUCKYCCHUH,
BBISIBIICHHE TIPENENOB IPUMEHUMOCTH PaCCMaTPUBAEMBIX ITOJXO0B, TOUCK aJlb-
TEPHATUBHBIX OTBETOB HA MOCTABJIEHHBIE BONPOCHI, AJIbTEPHATHBHBIX PEIICHUN
c(hOpMyTHUPOBAHHBIX 33/a4.

2. B mporpammy Ikomnbl-cemunapa «CoBpeMeHHBIE MPOOIEeMBI HEHPOHMH-
¢dopmarukm» Ha KoH(epenuuu «Heiponnpopmarnka—2003» Bommm ciemnyro-
[I[H€ CEeMb JIEKIIMH |;

Tepsrie ueThipe U3 nepeunceHHbIX JeKIHUil MyGIMKYIOTCA B YacTH 1, a ocTaBiiiecs Tpu —
B 4acTH 2 c6opHHKa «Jlekuu no HefipouHdopMaTHKe».
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1. A. A. @ponos, [ I'yvcex, U.II Mypasves. VnpopmannonHas 3¢h¢hexTHB-
HOCTh aCCOIIMATHBHOM MamsTH THIa XOomnduima ¢ pa3pekCHHBIM KOIH-
pOBaHHUEM.

[\

. B. B. Kpvircanoeckuii, JI. B. Jlumunckui. BekTOpHBIE MOJENN accolua-
TUBHOM ITaMSTH.

. H. I Maxapenxo. OM0enonorus 1 HeMpOmpoTHO3.

C. A. Tepexos. Beenenue B 6alicCOBEI CCTH.

A. A. Eacos. HexoTopblie poOeMbl KBaHTOBOM HEHPOTEXHOIOTHH.

A. FO. Xpennukos. Kiiaccudueckue W KBAaHTOBBIE MOJEIH MBILIUICHUS,

OCHOBAaHHBIC Ha P-aJYECKOM IPEACTABICHUH HH(OPMAIIUH.

7. FO. . Heuaes. MareMaTnueckoe MOJCIIMPOBaHUE B OOPTOBBIX MHTEIIICK-
TYaJIbHBIX CUCTEMAX pE€ajibHOIO BPEMEHHU.

oV AW

XapakTepHas 00beUHAIONIAas YepTa CeMHU JICKIHH, MyOINKyeMBIX B HACTO-
seM cOOpHHUKE, COCTOUT B TOM, YTO BCE€ OHM INOCBSIIEHBI OOCYXKJICHUIO pa3-
JMYHBIX TOAXOI0B K MOAEIUPOBAHUIO HHTEIEKTYaIbHBIX [IPOLIECCOB U CUCTEM.
OTH NOAXOABI €/1Ba JIM MOKHO Ha3BaTh KOHKYPUPYIOIINMH, CKOpPEE X Ha/I0 pac-
LICHNBAaTh KaK B3aMMOOIOIHSIOIINE —B JyXe HPHUHINUIA JOIOIHUTEILHOCTH
Huinbsca bopa.

3. IlepBas mapa nekuwii, oTkpeiBaBinas Lllkoxmy, OblIa TMOCBSIIEHa OTHOMN
U3 KJIACCHYECKUX TEM — aACCOYUAMUEHOU Namsamu, TIPUIEM HUCTOKH IIOIXOJOB,
PacCMOTPEHHBIX B 00EUX JIEKIHSX, TaKKEe OTHOCATCA K KJIACCHKE, K MOJENN
Xon¢wiaa, okazaBiieil oueHb 0OJbIIOE BIMSHUE HAa pa3BUTHE HeHpounH(opma-
THKH.

ObmensBecteH (hakT —UMEHHO ¢ Imyoiukanuu B 1982 romy ¢usukom /[xo-
HOM Xor(uiaoM cTaThh [4] Ha4aJoCh BO3POXKACHHUE U TOCIEAylolee OypHOE
pa3BuTHE HEHPOMH(POPMATHKH TOCIIE TPUMEPHO MONYTOPa ACCATUICTHH OTHO-
CHUTEJIHOTO 3aTHIIIbS.

Cern Xom¢wunra B MHOTOYHCICHHBIX Pa3HOBUAHOCTSX IO CHX IOp OCTa-
I0TCSI TIOMYJISIPHOM HEWpOCeTeBOi MOAENBIO, IPUBIICKaoNIeH K ceOe BHUMaHHE
nccuenosareneid. He B mocnenHio odepens Takas MOMYIIPHOCTh OOBSICHACT-
Csl CIIOCOOHOCTBIO XOT(UIZIOBBIX CETel BBIMOJHATh (PYHKIUH aCCOLMATHBHOM
MaMATH 2, T. e. TAMATH, aIpecyeMoii 10 COIepKUMOMY, 0becTeunBaloIIel Xpa-
HCHHE W M3BIICYCHHE MATTEPHOB (00pa30B).

206 accouuaTHBHOl NaMATH H JBYX ee OCHOBHBIX Pa3HOBHIHOCTSX — 2emepoacCoUuamiLe-
HOU TIAMSITH H Q8MOQCCOUUAMUBHOL TTaMSITH CM., Hanpumep, cratbio A. A. @posoBa B c6op-
Huke [8].

VIR 004.032.26 (06) Heiiponusie cetn 7
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OnvH U3 BO3MOXKHBIX BAPHAHTOB PEIICHUS MTPOOIEMBI aCCOIIMAaTHBHOM TaMsI-
TH paccMOTpeH B Jiekuuu A. A. @poJiosa, /1. I'yceka, . I1. MypaBbeBa «/1H-
(dopmanronHas 3)(heKTUBHOCTD aCCOLMATHBHOM MTaMATH THIIA Xonduiaa ¢ pas-
PEKEHHBIM KOJUpOBaHUEM». B Hell nccnenyercst ceTh Xon(pHiII0BOro THIIA, KO-
TOpasi IEHCTBYET KaK aBTOACCOIMATHBHAS MAMSTh JJIS CTaTHCTUYCCKU HE3aBH-
CHUMBIX OWHApHBIX MATTEPHOB, T.€. MATTEPHOB, 3JIEMEHTHl KOTOPBIX MOTYT IIpH-
HHUMAaTh TOJBKO J1Ba 3Ha4YeHUS (Hampumep, 0 u 1).

IIpuMeHHUTENBHO K CEeTSAM TaKOro BHJA CYIIECTBYET HECKOJIBKO THITMYHBIX
npoOiyeM, B TOM yucie: npodiema MHGOPMAMOHHON €MKOCTH (CKOJIBKO Iar-
TEPHOB-3TAJIOHOB MOXKHO 3aITUCaTh B TAKYIO CETh U 3aTEM BOCIIPOU3BECTH HX?);
mpobieMa KauecTBa BOCIIPOU3BEACHHUS (KakoBa OyIeT MO OMMOOK B BBIXOJHBIX
rmaTTepHaxX B CpaBHEHUH C BOCIIPOU3BOAMMBIMU dTAIOHAMHK?); TIpodIeMa pa3Me-
pOB 00NacTei MPUTSHKEHUS (HACKOIBKO CHIIBHO MOXET OBITh MCKaXXeH JTajloH,
YTOOBI COXPAHUTH CBOHCTBO BOCIIPOU3BOAUMOCTHU?).

OnmHUM M3 cepbe3HBIX HEAOCTAaTKOB ceTn Xomnduiga B ee NepBOHAYAILHOM
(hopmymupoBKe ObLITa HEBBICOKAST HH(QOPMAIIMOHHAS €MKOCTh Takux cereil. CeTh
u3 N HeipoHOB MOKeT uMeTh 2V coCTOsAHMIA, HO MaKCHMAaTbHAS eMKOCTD TTaMs-
TH OKa3bIBAETCS 3HAYMTEIBHO MEHbIIEH. [Ipennonaranocs BHaJaIe, 9T0 MaKCH-
MaJIbHOE KOJIMYECTBO 3allOMUHAEMBIX IIATTEPHOB, KOTOPHIE MOTYT O€30IIMO0YHO
U3BJIEKaThCS, OYIET JIOXOMUTH JI0 BeluuuHbl cN 2, rjie ¢ > 1 — NonoKUTeTbHas
koHcTaHTa [10]. DTa orneHka oka3anach CIUIIKOM ONTHUMUCTUYECKOH. bplio mo-
Ka3aHO, YTO YUCIIO 3aTIOMHHAEMBIX TIATTEPHOB HE MOXKET MPEBBIIIATE [V, TpUYEM
B o0mIeM ciydae oHo Oymet ommxe k 0.14N ( [5,6]; cm. Takxke [7,10]).

OnvH 13 BO3MOXHBIX ITOAXOAOB, MO3BOJIIOUIMX YBEIHYUTH HH(pOpMAIu-
OHHYIO €MKOCTb ceTH XON(uia — paspediceHnoe Koouposanue, T.€. TaKoe Ko-
JTUPOBAHUE, TP KOTOPOM KOJIIMYECTBO AKTHBHBIX HEWPOHOB 70 B 3aIlIMCaHHBIX
marTepHax (3TajoHax) MHOTO MEHBIIE o0IIero koiamdecTsa /N HEWPOHOB B ce-
. B mpenensHoM cirydae, korma n/N — 0, Ol€HKa MakCHMAaJbHOTO 4HCia
3alIOMUHAEMBIX MaTTepHOB cocTasiseT 0.72N.

B nexmuu, 0CHOBBIBAsICh Ha TEOPETUUECKOM aHAJN3€ M KOMITBIOTEPHOM 3KC-
TIEpUMEHTE, AIOTCSl OTBETHI Ha BONPOCHI, C(HOPMYINPOBAaHHbIE BBIIIE, ITPUYEM
MIPEXIe BCETO aHANU3UPYETCs BIISHHAE Pa3peKCHHOCTH Ha pa3Mep olmacTeid
TIPUTSHKCHUSL.

4. Pe3koe yBeNWYECHHE YHCIIA JIEMEHTOB WM HCIIOIH30BAaHHE Pa3peKEeHHO-
ro KOJMPOBAHUS B CETAX XONM(WII0BA THIA C TPaJULIHOHHBIMA OWHAPHBIMU
HEHPOHAMH — 3TO OJIMH M3 BO3MOXKHBIX ITyTEH MOBBIMIECHUS HH(OPMAIMOHHOMN
3¢ GEKTHBHOCTH ceTeil JaHHOTO BHJAa M ACCOIMATHBHOM MaMATH HA WX OCHOBE.
CymiecTByeT, 0JJHAKO, aJIbTEpPHATUBHBIN BapHaHT, B OCHOBE KOTOPOTO — UCIIONb-
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30BaHHE CPAaBHUTEIHHO HEOOBIIIOTO YUCIa HEHPOHOB, KasKABIH 13 KOTOPBIX MO-
JKET TIPUHAMATH ¢ COCTOSTHHH, T. €. TaK HA3bIBAEMBIX §-HAPHbLIX Heliporos. CeTn
U3 2JIEMEHTOB TAaKOT0 BUJA paccMaTpuBaroTced B Jeknuu b. B. Kpbelskanosckoro,
JI. B. JInTHHCKOro «BeKTOpHBIE MOJETU aCCOLMATUBHOMN MaMATH».

HccnenoBanust B o0macTé Mozelie acCOIMAaTUBHON HMaMATH C ¢-HapHBIMU
HeWpOHaMU BeNyTcs YXKe NPUMEpHO B TeueHue 15 neT. bout npemioxkeH Lenbii
psII cXeM, TO3BOJISIOMINX TIPUITHCATh HEHPOHY ¢ pa3IMYHBIX COCTOSHHM, a TaK-
ke HeitpoceTell ¢ Takumu dneMeHTaMu. COBCeM HEaBHO ObUI MPEUIOKEH el
OJIMH BapUaHT CeTel ¢ ¢-HapHBIMM HeWpoHaMHM, MOJYyYUBIINN HaUMEHOBAHUE
«napamempuyeckas Heliponnaa cemvy [12,13]. BHauane oHa Obula OpHeHTH-
pOBaHa Ha HENMHEHHO-ONTHYECKHIE MPUHIUIBI 00pabOTKH HHPOPMALIUH, 3aTeM
OblTa Qopmanmu3oBaHa IUIsl OOIIEro Ciiydas B paMKaxX BEKTOPHOTO TOAXOAa K
ONHUCAHUIO HEHPOHOB.

Ecnu, kak yxe oTMeyanoch BbIlE, TPAIUIMOHHAs Mojelb Xonduiaa (T. e.
MozeNb ¢ OMHAPHBIMH JIEMEHTaMH U IUIOTHBIM KOAMPOBAHUEM) MOXKET d(hdek-
THUBHO 3alIOMHHUTBH CPAaBHHUTEILHO HEOOJNBIIOE YUCIIO MAaTTEPHOB, & UIMEHHO, I10-
psinka 0.14N, rae N —9ncno 3MEMEHTOB B CETH (B CIydae pa3peKCHHOTO KO-
JUPOBAHUS 3TOT MOKA3aTeIb MOXKET OBITh CYIIECTBEHHO BBIIIE), TO B MOJEIAX C
@-HapHBIM HEHPOHOM, 0COOCHHO B ITapaMeTPUUYECKON HEHPOHHOM CeTH, TaHHbIH
MOKa3aTellb yAaeTcsl CyIIeCTBEHHO MPEB30MTH, B YaCTHOCTHU, YUCIO 3alOMH-
HaeMBIX MAaTTEPHOB MOXKET NPEBHILIATh YHCIO HEHPOHOB B 1Ba M Oonee pas,
TIPU 3TOM OOECIIeUMBAETCS BBICOKAsk BEPOSITHOCTh MPaBHIBHOTO BOCCTaHOBIE-
HUSI CUIIBHO 3alllyMJIEHHBIX HAaTTEPHOB.

5. Kak yxe oTMeuanock Bblie, Bce ceMb Jiekuuii [konsr 2003 rona 6butn
TIOCBSIILIECHBI Pa3JINYHBIM aCIEKTaM MPOOJIEMbI MOJCITMPOBAHUS HMHTEIUICKTYalIb-
HBIX TIPOIIECCOB U CHCTEM.

[TpoGnema MopenupoBaHUs MPOLECCOB U CHCTEM «cTapa Kak MHpP», OHa Cy-
LIECTBYET CTOJBKO JKE JIET, CKOJIKO M caMa Hayka. Kak cka3zaHO B M3BECTHOM
kuaure JlenHaprta Jlpronra (cM. [14], c. 15): «®@opMupoBanre Mojieneil Ha OCHO-
BE pe3yJIbTaToB HAONIOICHNIT U UCCIIEI0BaHNE X CBOMCTB — BOT, 110 CYILECTBY,
OCHOBHOE COZieprKaHie Hayku . Mozenu (“THroressl”, “3aKoHbI IPUPOJIEL”, “Iia-
pagurMel’” ¥ T.11.) MOTYT OBITh Oonee mimm MeHee (OpMaIM30BaHHBIMH, HO BCE
00aatoT TOM MIaBHOW O0COOEHHOCTHIO, YTO CBSI3BIBAIOT HAOMIONEHUS B HEKYIO
00IIYI0 KapTUHY».

SVIHBIMH CJIOBAMH — «HM3BJI€UeHHE Hei» (cymHocTe#, Kak HasbiBag uuew [11aToH) U3 06b-
€KTOB U CUCTEM MaTepHasibHOIO MHPA; C JAPYroi CTOPOHbBI, HAYKY MOXHO OMKCAThb TaKxXKe U Kak
JIesITe/IbHOCTD, HANPaBJEHHYI0O Ha 00bEeKTHBU3ALUIO, «MaTEPHAMU3AIHIO» CYIIHOCTEH.
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OpmHOMY W3 HOBEHIIMX W TMEPCIEKTUBHBIX MTOJIXOMOB K IIOCTPOCHUIO MaTeMa-
TUYECKHUX MOZIeTIeH HeTIOCPEICTBEHHO M3 HAOMIONCHHUH, U3 JaHHBIX AKCIIEPUMEH-
Ta, nocesmieHa Jekius H. I MakapeHko « OMOeI0IOTHS U HEHPOIIPOTHO3Y.

B Heii m3ywaercs ciy4ail, KOraa ecTb pe3ysbTraTbl HAONIONEHUI 3a HEeKo-
TOPBIM OOBEKTOM, MPUYEM STH PE3YIBTaThl IPEACTABICHBI B BHIE CKAISIPHOTO
BPEMEHHOTO psifia, KaK TO Jalle BCETo W OBIBACT HA MPAKTHKE.

B TpaJMIMOHHON TPAKTOBKE TIPHHATO CUMTAaTh BPEMEHHOM psix* amckper-
HBIM CIIy4alHBIM IpoleccoM (To4yHee, HabmomaeMol KOHEYHOH peanm3anueit
JUCKPETHOTO CIy4aiHOro mporecca), aHajlu3 KOTOPOro OCYILECTBIISETCS METO-
JlaMU TEOPUHU BEPOSTHOCTEW M MaTeMaTHYECKOW CTATUCTHKHU.

B mocnenaue 15-20 yreT aHanu3 BpeMEHHBIX PSIOB CTall OMHOW M3 HamOo-
Jiee aKTUBHO Pa3BUBACMBIX OOJIACTEH TEOPHH BEPOSTHOCTEH W MaTeMaTHIECKON
CTaTUCTHKH, UMEIOIIeH MHOTOYHCIIEHHBIC IPUIIOKEHUS B (PU3UKE, TEXHUKE, KO-
HOMMKE, COL[OJIOTHH, OMOJIOT MY, JIMHTBUCTHKE, T. €. B TEX 00NACTSX, IJIe MPUXO0-
JIUTCS] IMETB JIeJI0 CO CTOXaCTUYECKUMH CTallMOHAPHBIMHU PsiaMH HaOIOIEHUH,
WM K€ C PSIIaMH HAOMFOICHUH, OTIIHYAFOIIUXCS OT CTAIIMOHAPHBIX JICTKO BBIJC-
JIIEMBIM TPEHAOM, NEPUOIUYECKUMHU COCTABIIAIOIUMY U T. II.

IIpakTideckn IS BCeX BapHAHTOB CTATHCTUYECKOTO IOIXO/a XapaKTEPHO
TO, YTO OTBETOM B HHX OymeT Hekas (yHkyus, OOJiee WM MEHEE «XOPOIIOH»
OTUCBIBAIOIIASL UCXOAHBIE SKCIIEPUMEHTAIBHBIE JaHHBIE.

3a/1aIMMCsl, OJTHAKO, BOIIPOCOM — @ 4TO SBHIIOCH HCTOUHHKOM ° aHAIHM3UpPYe-
MOI'0 BPEMEHHOI0 psja? BroiHe JOrMuHBIM MpPENCTaBIIETCA NPEANOI0KEHNUE,
BBOAMMOE B Jekuuu H. I” MakapeHko, 0 TOM, YTO «...OTCUYETHI psia SBISIOTCS
HEJIMHEHHOW MpoeKiyeil ABrkeHus (a30BOil TOUKH HEKOTOPOH JMHAMUYECKOit
CHCTEMBI, IPOAYLUPYIOLIEH pal. . . »

Ecmu BcTare Ha 3Ty TOYKY 3pEHUsS, TO HAMHOTO OoJiee MpPUBIEKATCIHLHBIM
(c TOYKHM 3peHUS MOTCHIHANBEHO TOCTHKUMBIX TMPUKIATHBIX PE3YIIBTaTOB) BBI-
TISIIAT TIOIXO, TTO3BOJITIONINHA «BOCCTAHOBUTHY» HE MPOCTO OJHY (ha30BYyIO Tpa-
eKTOpHIO (peann3aluio BPEMEHHOTO psifia), MOMYUYCHHYIO IS KOHKPETHBIX Ha-
YaJIbHBIX YCIOBUM U BO3MYILIEHUN «IIPOAYLUPYIOIIEH CUCTEMBD», KaK 3TO UMEET
MECTO B CTaTUCTUYECKHX MOJXOAAX, HO MOMBITaTbCS BOCCTAHOBUTH «IIPUPOAY»

4 Tlousitie gpemenrozo pada He 06s3aTENBLHO CBA3AHO C MPOIECCAMHU, PA3BEPTHIBAIOIIMMHUCS
BO BPeMEHH; B KayecTBe He3aBUCHMOH MepeMeHHO! ¢ MoxKeT ObITh B3siTa, HaPUMeD, HeKoTopast
[POCTPaHCTBEHHAs KOOPAHHATA.

53aMerHM, UTO B TPa/MIMOHHBIX METONAX aHaJIM3a BOTMPOC O MPUPOJie UCTOUHHKA BOOGIIE
He UMeeT CMbIcja. DTOo IIPOUCXOAHUT MOTOMY, YTO OTBET Ha HEro 00BIYHO 3aJI02KEH YXe B ca-
MoM Metofie. Tax, dPypbe-aHaiu3 BpeMEHHOr0 psilia cpasy NpeirnosaraeT NoJHrapMOHHYECKYIo
MOaeJib UCTOYHHKA.
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ATOW CHCTEMBI, T.€. €€ NUHAMUYECKOe OmMHcaHue, nuddeoMopdusM, oTBeUaIO-
o (TI0-BO3MOXKHOCTH) 6ceM BPEMEHHBIM psiiaM, KOTOpPBIE MOTIH ObI OBITH
TIOPOXKJICHBI UCCIISAYEMOM CUCTEMONH-OPUTUHATIOM TIPU BCEX BO3BMOXKHBIX 3Haue-
HUSIX HAYaJbHBIX YCJIOBHUH M BO3MYLIAIOMIMX BO3ACHCTBUM.

Hapgexnma Ha ycnenrHoe penieHne Takoro posa 3aiad MosSBHIach Mocie myo-
mukauuu @. Takencom B 1981 rony crarbu 6, [JI€ 10Ka3bIBAJIaCh meopema o mu-
NUYHOM BTI0JCEHUU 8PEMEHH020 PA0a B N-MEPHOE EBKIIMIOBO MPOCTPAaHCTBO. B
nexmmu H. I” Makapernko otmedaercsi: « Tak BO3HHK HOBBIN CIIOCOO IOCTPOCHHUS
MOJICIT U3 HaOJNI0IaeMOro CUrHaia (WM peau3aliu), KOTOPhIA TYT e WHH-
LUUPOBAJT COBEPIICHHO HOBYIO OOJNACTh YHCICHHBIX METOIOB TOIOJIOTHYECKOM
JMHAMHKH — ambedonozuio '». VI nanee: «C ee MOMOIIBIO HAKOHEI-TO YIANOCh
TOJIOUTH K mpoOiieMe MOACTUPOBAHKS JUHAMHUKH C “TIPaBHJIBHOTO KOHIIA: MO-
JIeNTb HauMHaJlach C “oTBeTa” — HAOMIONEHUH, a 3aTeM CTaBMIICA “TIPaBUIIBHBIN
BOMPOC: YTO UX MPOAYLUPYET?»

Jlexuus H. I" MakapeHKo Kak pa3 U MOCBSILIEHA U3JI0KEHHUI0 OCHOBHBIX UAeH
AMOEIOIOTHH — STOT0 MHOTOOOEIIAIOIIET0 TTOIX0/a, KOTOPBIH MPUBOAUT K II0-
JYYCHHUIO0 MHOTOMEPHOTO BapHaHTa aBTOPETPECCHOHHOTO MPOTHO3a BPEMEHHBIX
PAIOB.

3meck cleyeT OTMETUTh, YTO «CTaHJAPTHBIN» aBTOPETPECCHOHHBIN IPOTHO3
(cMm., Hanpumep, [25]) OCHOBaH Ha TMHEHHON KOMOMHAIIUY MPOILIBIX 3HAYCHHIH.
«IIpenckaszarenbHBIE BO3MOKHOCTH» IMPOTHO3a MOXKHO, OYEBUIHO, MTOBBICHTE,
€CIIM TIePEHTH OT WCIIONIH30BaHU JIMHEHHOW KOMOMHAIIMH K HEKOTOPOW HENH-
HeliHOW QyHKIMU. IMEHHO TakoW IMOJXOJ M OCYIIECTBISETCS B paMKax sMoOe-
nonoruu. [Touck mpeaukTopa NMpU 3TOM CBEJEH K MpoOlieMe ammpoKCUMaIluu
(YHKIIUM HECKOJIBKUX IMEPEMEHHBIX C HCIOJIB30BAHUEM HCKYCCTBEHHOH HEW-
POHHOH ceTu.

[Ipu onpeneneHHbIX YCIOBHUIX, TOAPOOHO 00CYKITAEMBIX B JICKIIUH, IMOEI0-
JIOTHS TIO3BOJISIET: M3 BPEMEHHOTO Psi/ia BOCCTAaHOBHUTH (Da30BBIN MOPTPET HEU3-
BECTHOW CHCTEMBI, MOPOXKIAIOIMICH PsI; OIEHUTHh Pa3MEPHOCTh arTpakTopa U
CTOXaCTUYHOCTh CHCTEMBI; BOCCTAHOBUTH (XOTSI M HE BCETJa) ypaBHEHUS CH-
CTEMBI;, pCalln30BaTh HEJIMHCHHYIO CXEMY IPOTHO3a; OOHAPYXKHTh U OICHHUTH
B3aHMOJICHCTBHUE JIByX CHCTEM.

Ilo marepuany nekunu H. I MakapeHKO MO>XHO PEKOMEHJOBATh AJIsi O3Ha-
KOMJIEHHUS] TIOMUMO T€X MUCTOYHHMKOB, YTO YKa3aHBI B CITUCKE JIUTEPATYPHI K JIEK-
1y, eme u kaurd: [16-23], a Taxxe ero seknuto Ha [kone 2002 roga [15].

6Cchiika Ha Hee ecTh B CIIHCKe JHTepaTyphl K jekuun H. I'. MakapeHxo.
"Haspauue maHHOH 06MacTH TMPOMCXONUT OT aHIMMECKOro TepMuHa embedology, KOTOpHIi
[poM3oLLes, B CBOIO Ouepelb, 0T Ha3BaHHs TeopeMbl TakeHca: embedding theorem.
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Kpome Toro, MOBONEHO MHOTO MyONHKAnUi (CTaTei, MPEeNpUHTOB H T.II.)
MOXHO Haiitu B Oubnnoreke Researchindex [72], ecnu 3amars, Hanmpumep, mo-
uck 1o TepMuHam “‘embedding theorem”, “Takens theorem”.

6. B nexunu «BBenenue B GaiiecoBsl cetm» C. A. TepexoB Bo3Bpamnaercs K
TeMe, JIUIIb BCKOJIb3b 3aTPOHYTOH UM B nekiuu Ha [lIxone 2002 roga [24] mpu
00CY>K/IEHHHU TTOJXOJI0B K alpPOKCHUMAIIMHU IFIOTHOCTH PacIpe/esieHUs] BEpOsiT-
HOCTH B paMKax 3a/1a4d MHPOPMALMOHHOTO MOJICINPOBAHMSI.

MonenupoBaHre HHTEIEKTYIBHBIX IPOIIECCOB, CO3AaHIE MHTEIUICKTYalb-
HBIX CHCTEM Pa3JINYHOIO HAa3HAYEHHS B PaMKaX KaK MapaJurMbl HCKYCCTBEHHO-
TO MHTECIIJICKTA, TaK U IMapaJurMbl MATKUX BBIYMCIICHUI 8, BCEraa CymeCTBEHHO
OIMpaJIoOCh Ha MOHATHUE HEOIIPCIACICHHOCTH, OHUMaeMOH TPaAUIIMOHHO KakK
HEONPENIENICHHOCTh HeB8eposimMHOCMHO20 XapaKkTepa (HEYETKOCTh, HEI0OIpee-
JICHHOCTb, HETIOJHOTA, HETOYHOCTh M T.11.). OTHOIICHHE K HEONPEISIICHHOCTH
BeposiTHOCTHOTO THma B M- 1 MB-coo0mecTBe cTajgo MEHAThCS B OCTICTHIE
10-15 5eT u MPOM30LIIO 3TO BCIEACTBUE MOSBICHNUS baiiecosbix cemetl ) — rpa-
(buueckux Monenel AJsl MPeACTaBICHUsI HEONPEIeICHHOCTEH U B3aMMOCBs3eit
MEXIY HUMHU.

B maremarnueckoM muane OaifecoBa ceTh IPEACTaBISIET cOOOH OpHUEHTH-
POBaHHBIH aUKINYecKui Tpad crenuaibHoro BuAa. Kakmas BepminHa B HEM
OTBEYaeT HEKOTOPOH IMEepeMEHHOM M3 pelraeMou 3ajaud, pacrpesielieHue Be-
POSITHOCTEH /17151 KOTOPOW MHTEPIPETUPYETCs Kak «3HaueHue oxunanus» (belief
value) 10 a kaxnas Jlyra — Kak 3aBUCUMOCTb M€Ky IIEPEMEHHBIMU-BEPIINHAMH,
YHCIIEHHO BBIpa)kaeMasi TaOlIMIell YCIIOBHBIX BEPOSTHOCTEH.

MOJKHO coramarhCs WM HE COITIAlIaThCsl C OLEHKOM CTENeHH 3HAYUMOCTH

8CoriacHo TepBOHAYANILHOMY OMpefiesientio maekux evluucaenuti (MB), kotopoe man
JI. 3aze ( [28,29]; cM. Takke 0 pa3BUTHH 3TOro HampaBneHus B [28,29]), B mepeuenn awc-
LUIUIMH, 00beanHsieMbIX B cocTaBe MB, TpaauuHoHHBII ucKyccTBeHHbIH nHTeqtekT (M) kak
06J1aCTh, [Ie U3yUaloTCsl MPobIeMbl TPeICTaBIEHH S, H3BIEYEHNsT U HCIOIb30BaHUs 3HAHHUH, He
Bxonu/a. OnHaKo, K HacTosilieMy BpeMeHH rpanb Mexny MB u MU Bce Goiblie pa3mbiBaeTcs
¥ MX BMecTe MOXKHO C4MTaTh «paciinpenHbiM MM» nan «pacmmupenneiMa MB».

9TlepBOOTKpPLIBATEIeM MOLEJH, MIONYUHBILEH BIOCIeACTBUM HAUMEHOBaHHe «OaiiecoBa CeTby,
6b11 amepukanckui craructuk C. Padt (S. Wright), npeaioxKuBIIMH COOTBETCTBYIOLLYIO MO-
nesib B 1921 ropy (ccblika Ha ero paGoTy ecTb B CIHCKe JuTepaTyphl K Jekunu C. A. Tepexosa).
Kak 3To 4acTo GbIBajJO B MCTOPHH HAyKH, DaHHYIO MOJe/Jb HECKONbKO pa3 «[epeoTKPbIBaIn»,
IaBasi edl pasJiMuHble MMeHa: CeTH MpuuMHHOCTH (causal nets), cetu BbiBoma (inference nets),
cern oxxupanuil (belief networks), nuarpammer Bausinus (influence diagrams).

10Belief — c;10BO MHOrO3HauHOE, B KOHTEKCTe GaifecoBbiX ceTel (i wmimpe — cuctrem MH) mo-
JKeT MePeBOAUTLCSH KaK «OXKHUAaHHe» (OXKHAaHHe TOro, YTO MPOU3OHIET TO MK HHOE COObITHE),
«Bepa», «JOBepHe», O3Hayasi MPH 3TOM CTeNeHb OKUAAHMS (Bepbl, YBEPEHHOCTH) B TOM, UTO
MPOU30HIET TO UM HHOE COOBITHE.
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0aifeCoBBIX ceTell KaK «caMOi PEBOIFOIIMOHHON TEXHOJIOTHHU ACCITHIICTHS B 00-
mactu UW» 1, Ho To, uTO 3TO 06MACTH, TIOTEHIMATIBHO Goraras MPUIOKEHUSIMHU,
e/1Ba JIM TOIEKHUT COMHEHHIO.

IIpumeps! Takux npunoxkeHui, npusoaumsele B nekiuu C. A. TepexoBa, He
HCYEPIIBIBAIOT, pa3yMeeTcs, BCEX y)Ke MMEIOIIMXCS HA CETOAHAIIHNN NeHb. Pan
MIPUMEPOB NPUMEHEHNH 0alecoBBIX CETEH paccMaTpUBAeTCsl B TEMAaTHIECKOM
BBITTycke kypHasia “Communications of the ACM” [30] —»3To oTnaaka u co-
NPOBOX/ICHUE KOMIIBIOTEPHBIX NpOrpaMM, IOHMCK MH(opmanuu B 0azax JaH-
HBIX, 3a[a4ll JUarHOCTUKU CHCTEM Pa3JIMYHOTO Ha3HAYEHUS U MHOTOE JPYroe.
Eme Heckonbko NpUMepoB NPUMEHEHHH CONEPKHUTCA B CTaThsX [31] — aBToma-
THIeckoe (hopMHUpOBaHHE Te3aypyca B WHPOPMAIHOHHBIX cucTeMax [32,33]—
pacro3HaBaHWE W aHAIN3 H300paKEeHHH.

BaiiecoBbI ceT TECHO CBSI3aHBI C APYTMMH CETEBBIMH MOJIEISAMH, B TOM
qucie U ¢ HelpocereBoit mozenbio. B uwactHocTH, B nekuun C. A. TepexoBa
yKa3bIBaeTCs Ha B3aMMOCBSI3U 0alleCOBBIX CeTeil M HEMPOHHBIX CETEH O BCTped-
HeIM pacnpoctpaneHneM (Counter-Propagation Network). Eme omun BapmasT
TaKOro pojia B3aUMOCBSI3H — C HEHPOCETEBOI COPEBHOBATENIBHOM apXUTEKTYypOil
(WTA-apxurektypoii) > npusogurcs B pabote [34].

MHoro uHpopManuy 1o 6alieCoBBIM CETSIM MOKHO HalTH B I(poBoii OHO-
nnoteke Researchindex [72], ecnu 3ampocuth myOnukaimy mo TeMam Bayesian
network (net), belief network (net), inference network (net).

[MomynsipHOE N3I0XKEHNE MaTepraa o 6aleCcOBBIX CETSX, a TAKXKE IAKET pac-
umpenns (Bayes Net Toolbox) mis cuctemsr Matlab comepskurcs mo agpecam,
yKa3aHHBIM B HO3HIUH [35] crycka JUTepaTyphl K MPEIHCIOBUIO.

W3noxxeHne BepOSITHOCTHO-CTATUCTUYECKOTO anmapara, UCIOJIb3yeMOro Ipu
pabote ¢ OaileCOBBIMU CETSIMH, MO)KHO HaWTH B KHHTax [25-27].

7. B nexuun A. A. E:xxoBa «HexoTopbie npo6ieMbl KBaHTOBOI HEHpOTEXHO-
J0TUM» O0OCY)KAAIOTCS BO3MOXKHBIE B3aMMOCBS3M HEHPOTEXHOJOIUHU C OBICTPO
Pa3BHBAIOIICHCS 00JIACTBIO KEAHMOBHIX 8bIYUCTEHUI.

KBaHTOBBIE BBIYHMCIECHUS, KBAHTOBbIE HEWPOHHBIE CETH MOCTOSHHO MPHCYT-
CTBYET B IIEpPEYHE TeM, 00CyKIaeMbIXx Ha KoH(pepeHuusx «Helponndpopmarn-
ka». Jlo cux mop 3Ta TemMaTHka Oblia MpeACTaBIeHa TONBKO JOKIaaaMu (TIeHap-
HBIM, CCKIIMOHHBIMHY, Ha Pabouem coBemanuu [36]), Teneps ke OHA U3aracTcs
B BuJe Jexkuuu Ha [lkone-cemunape.

Takas ouenka — co cchikoit Ha Muenue Buiia Tefitca — npusonunack C. A. TepexoBsiM B
ero Jekiuu Ha [Ikome 2002 roma [24].
2WTA — Winner-Take-All, «no6enutens 3abupaer Bees.
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[ep neKMy — MOMBITATHCS JaTh OTBET Ha BOIIPOC O TOM, KaKOH MOXET OBITh
KBaHTOBAsI HEUWPOTEXHOJIOTHS, KAKOBBI €€ CBSI3U C KBAHTOBBIMH BBIYHCIICHUSIMHI
Y KBaHTOBBIMH KOMIIBIOTEPaMHU.

O06001IcHHE HEWPOHHBIX TEXHOJOTMH HA KBAHTOBYIO OOJIACTh 3aCTaBIISCT
HCKaTh TaKXe OTBETHI M HA TAKHE BOIIPOCHI: KaKHE HEHPOCETEBBIC MOICITH MOXK-
HO Ha3BaTh KBaHTOBBIMH, KAKOBBI TIEPCIIEKTUBBI KBAHTOBOH HEWPOTEXHOIIOTHH,
YeM OTIMYAeTCS KBAaHTOBAs HEHPOTEXHOJOTHSA OT KBAaHTOBBIX BBIYHCICHUIT?

N3noxeHnio 3TOro Kpyra BOIPOCOB, a TakkKe HEU30€KHO COMYTCTBYIOLIUX
UM TIPOOJICM KBAaHTOBOI MEXaHUKU (MHTEPEPEHIINS, 3aITyTAHHOCTh KBAHTOBBIX
COCTOSIHUH, MHOTOMHUPOBAasi MHTEPIIPETAIMs KBAHTOBOW MEXaHUKHU H JIp.) U IO-
cBamieHa neknus A. A. ExxoBa.

Bragaye B Helt KpaTKo M3/1araroTcss HEOOXOAUMBIE TIOHSTHS U CBEICHHS, CBS-
3aHHBIE C KBAHTOBBIMH BBIUMCIICHUSAMU. 3aTeM 00CYKIaeTCs POJIb 3aITyTAHHOCTH
U UHTEeP(EPCHIIMU B KBAHTOBBIX BBIUUCIICHHSX, & TAKKE MHOTOMUPOBAsl HHTEP-
npeTanus KBAHTOBOM MEXaHUKH MPUMEHHUTEIbHO K KBAHTOBBIM BBIYUCIICHUSIM.
[Tocme 3TOTO MPUBOAATCS COOOPAKEHUS O BO3MOKHON MPHPOAE HEUPOCETEBBIX
CHCTEM, KOTOpPBIE MOJKHO OBLTO OBI Ha3BaTh KBAaHTOBBIMH. M, HakoHeI, 00CyX-
JIaeTcsl mpoOiieMa CO37IaHMsI KBAHTOBBIX KOMITBIOTEPOB JUISI IPUMEHEHHUS MX B
(hU3NUIECKOM MOJCIMPOBAHKUH, B KOTOPHIX 3HAYMTEIBHYIO POJIb MOTYT ChIIPaTh
KBaHTOBbIE HEMPOHHBIE CUCTEMBI.

[omgpoOHEIit 0030p Pe3yABTATOB UCCICIOBAHUA B O0OJACTH KBAaHTOBBIX BBI-
YHCIICHUH W KBAHTOBBIX KOMITHIOTEPOB (KacCAroOIIUiicd KaK TEOPETHYECKHX pe-
3yJIbTaTOB, TAK U BO3MOYKHBIX aIllIapaTHBIX peau3aliuii) mo cocrossuio Ha 2000
TOj pUBOIUTCS B KHUTE [37].

[To teme nexkuuu A. A. ExxoBa, kpome kuurd [37] u xkuuru [40], a Takxke
My OIUKaIMA, CONEPIKAMMXCS B CIIUCKE JTUTEPATYPhI K JIEKIIUU, MOXHO YKa3aTbh
TakXKe CICeAyIoUIe MCTOYHHKH. W3marenscTBoM «PerymspHas u xaoTwdeckas
nmuHamukay (PX]I) Beimyckaercst cepusi cOOpHUKOB «KBaHTOBBIN KOMIIBIOTEP U
KBaHTOBBIE BBHIYMCIEHISD (cM. [38,39]); 3TuM Ke M31aTeNnbCTBOM BBIITYCKAeTCs
)KypHan «KBaHTOBBIN KOMIBIOTEp W KBAaHTOBBIC BBIYHCIEHUs». [lo Temaruke
KBaHTOBBIX BBIYUCIIEHUH n3natenbcTBoM «PXJ[» BbIMylleHbl Takxke KHUTH [41,
42]. IlonumaHue uaeu, KOTopble NOJ0KEHbI B OCHOBY KBAHTOBBIX BBIUMCIICHUH,
CYIIECTBEHHO OOJIeryaercsi, €CJIM 3HaTh NCTOPHIO BOSHUKHOBEHHUS W Pa3BUTHUS
OCHOBHBIX TOHSATHH M KOHIIENIIMI KBAaHTOBOW MexaHWUKH. [[ns 3HaKoMcTBa C
STHM KPYTOM BOIIPOCOB MOXKHO PEKOMEHJI0BaTh KHUTH [41,43,44].

MHoro myOnuKaImi 0 TeMaTHKE KBAHTOBBIX BRIYHCIICHU, KBAHTOBBIX HEW-
POHHBIX ceTell M CMEXHBIM BOIPOCAM MOXXHO HAaWTH B IH(POBOM apXWBe
arXiv.org e-Print archive [73].
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8. B onpeneneHHo cTeneHn K TeMaTuke JeKuuu A. A. ExxoBa IpUMBIKaeT U
nekims A. FO. XpennnkoBa «KiraccHueckne ¥ KBAHTOBBIC MOJEITH MBIIUICHHS,
OCHOBAHHBIC Ha p-aJUUCCKOM MpencTaBicHud uH(opmanuny. OHa Jaer ele
OJIVH, CYIIECTBCHHO OTIMYAIOLIMICSA OT IPYTUX, B3DIA] HA TpoOJieMy Marema-
THYECKOTO MOJICIUPOBAHHUS [IPOLIECCOB U CHCTEM.

Ora JeKIusl MOCBAIIEHA H3YUYSHHUIO BOBMOKHOCTEH PEIICHHUS TaKOH BaKHEH-
el mpooOJIeMbl, Kak MaTeMaTHYeCKOE MOJICIUPOBAHHE CO3HAHUS M KOTHUTHB-
HBIX TPOIIECCOB.

Pesynbrarel HEHPOPHU3HOIOTHUCCKAX U TCHXOJIOTHUCCKUX HCCIICAOBAHUMN
ITO3BOJISTFOT TOBOPHUTH 00 HEPAPXUIECKON CTPYKType KOTHUTHBHBIX IPOIECCOB. B
KaueCTBE OJIHOTO U3 BO3MOXKHBIX MIEPCIEKTUBHBIX MOIXOI0B K MATEMATHIECKOMY
MOJISIIUPOBAHHIO TAKHX MPOLECCOB MpPEIaraeTcs HCIONb30BaTh pP-aquYecKue
HEPapPXUUCCKUC JICPCBbSL.

Mopnenu, paccMarpuBaeMsie B nekiu A. FO. XpeHHHKOBa, OCHOBaHbBI Ha Ma-
TEMaTHYCCKOM amiiapare, CPAaBHUTEIBHO MaJl0 H3BECTHOM B HEHPOWH(pOPMAITH-
OHHOM coob1iecTBe. B CBs3U ¢ 3THM, 11e71€c000pa3HO JaTh HEKOTOPhIE MOsICHE-
HUsI, O0JIervaroIye MOHMMaH|e MaTepuaa JISKIHH.

s hpu3uvecKux MPoIECCoB, MPOTEKAOIINX B MPOCTPAHCTBE U BO BpeMe-
HH, MATEMATHYECKOH MOJICIBIO (PH3HUECKOr0 IPOCTPAHCTBA IIPHHSATO 06bIdHO 3
CUUTATh BEIIECTBCHHOE EBKIHUIOBO TPEXMEPHOE MPOCTPAHCTBO (TICEBIOCBKIH-
JIOBO UYeThIPEXMEpPHOE — JUIs Cllydasi MpoCTpaHcTBa-BpeMent 4). TIpocTpanct-
BEHHO-BPEMEHHbBIC KOOPJMHATHI IIPU 3TOM 33]al0TCSI OOBIYHO BEIECTBEHHBIMHU
(MeliCTBUTENBHBIMH ) YHACITAMH.

Takue npeacTaBICHUs IPUBBIYHBI, HO BCETIIa JIM OHU OYIyT COOTBETCTBOBATH
¢usndeckol peanbHOCTH? [IpyriMHU CIIOBaMHU, BO BCEX JIM CIYYassiX MOXKHO CUH-
TaTh €BKIHOBO MPOCTPAHCTBO «XOPOIIEi» MOAEIbI0 (PU3UUECKOrO MPOCTPaH-
ctBa? UroObl OTBETUTH HA ATOT BOMPOC, HAJIO MPOBEPHUTH, KAK OTBEYAIOT Pealib-
HOCTH COOTBETCTBYIOI[HE€ I'€OMETPUYECKHE AKCHOMBI, JIOCTATOYHO H3BECTHBIE
elle M3 IIKOJILHOTO Kypca TeOMETPHUH.

13 «OOBIuHO» 3/1eCh HAZO TPAKTOBATh KAK «H3 OMbITA YEJOBEUECKOH JAeATEeJbHOCTH», IIPOTe-
Katlled, 60Jblleld 4acTblo, B MAKPOMHpE.

4 Esxaud080 npocmpancmso ABIsETCS HETMOCPEACTBEHHEIM 00O0OIIEHHEM OGBLIYHOrO TpPeX-
MepHoOro mpoctpaHcTsa. st ABYyX BEKTOPOB («TOYEK») TOTO MPOCTPAHCTBA X = (T1,...,Tn)
uy = (y1,-..,Yn), 3a0aHHBIX CBOUMH J€KapTOBBIMH KOOPAHHATAMH, MOXKET OBITb OIpeje-
JIEHO CcKasisipHoe MpousBeeHre (xy) = (Z1y1,...,TnYn), YAOBJIETBOpSIOLIEe DPSIAY YCJIO-
BHH, B 4HC/Ie KOTOpBIX ycaoBHe (xx) = 0, (xx) = 0 quwb npu x = 0 (moJ0KHTe/IbHAS
onpeneseHHocts). Uucino |x| = \/@ HasbiBaeTcss Hopmoil (Mmu daunoil) Bektopa x = 0.
[TpocTpaHCTBO, B KOTOPOM HapyIIEHO YCJOBHE MMOJIOXKHUTEJBHOM ONpeNeseHHOCTH, Ha3bIBAETCs
ncesdoesKkAUO008bIM NPOCMPAHCMBOM.
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OpHa U3 HUX — akcuoma Apxumeoa, B KOTOPOH pedsb UAET O ABYX OTpe3Kax,
Awu B, A < B, OTIOXEHHBIX Ha NPSIMOU JUHUA M HUMEIOIIMX HAYaiIo B OJ-
HOHM Touke. COINIaCHO JTaHHOW aKCHOME, €CIIH IOCIJIEOBATENbHO OTKJIabIBAThH
MEHBUIUA OTPE30K A BIOJIb MPSAMON, TO B KOHIIE KOHIIOB MbI BBIHIEM 32 Mpe-
JIeNBl OTpe3ka B, mim, 6onee popManbHO, U TaHHOH BEIMYUHBI IMEET MECTO
akcuoma Apxumesna, eciiu Juis Jro0bix nByX 3Hauenuit A u B, A < B, 3rtoit
BEJIUYUHBI 6ce20a MOXKHO HAMTH 1eJI0e YnCIIo m Takoe, 4to Am > B.

ITo cymectBy, akcuoma ApxuMesa ONMMCHIBAET MPOLEAYPY U3MEPEHHUs, TO-
CTYJIHUPYS MPU 3TOM BO3MOXKHOCTH U3MEPSATH CKOJIb YTOIHO MAJIbIe PACCTOSHHUSL.

OpHaKO, U3 KBAHTOBOW TEOPUHU H3BECTHO, YTO MPUHIMITHAIEHO HEBO3ZMOXKHO
M3MEPATH JJIHHBIL, MEHBIITNE TaK Ha3bIBACMOH 11aHKOCKOU OnuHbl (BEIIMINHA €€
nopska 10733 ¢M). 3HauwT, B peansHOM (QH3MUECKOM MPOCTPAHCTBE YCIOBHUS
AKCUOMBI ApXI/IMe)Ia 6y)IyT BBITIOJIHATBCA HE BCEraa, IpEaciibl €€ MPUMCHU-
MOCTH YCTAaHaBJIMBAIOTCs CYIIECTBOBAHUEM MJIAHKOBCKOM JJIUHBI. Ho u3 storo
cpasy e CIIEIyeT, 4TO ¥ TeOMEeTpHUs 0OBIYHOTO eBKIMIOBA MPOCcTpaHcTBa ° e
MOXET CUHTATBCS afcKBaTHON CBOWCTBAM pEalbHOTO (DPU3UIECKOTO MPOCTpaH-
CTBa B CITydasiX, OTHOCAIINXCA K MHUPY, TJ¢ XapaKTepHbIE pa3Mephl — BETNUNHBI
«KBAHTOBOT'O» IOpAJIKa MAJIOCTH.

KaK YKE OTMEYAJIOCH BBILIC, KOOPAUHATHI B €BKIIMAOBOM ITPOCTPAHCTBE OITU-
CBIBAIOTCSI BEIICCTBEHHBIMH YKCIaMUA. MEXIy TeOMETPUICCKIUM U aHATUTHYC-
CKUM (C TIOMOIIBIO YHCEN) OMHCAHUSIMHE CYIISCTBYET TECHasl B3aMMOCB3b. [1o-
STOMY, €CJIH TIPUXOAUTCS MPHU3HATH, YTO €BKIIMIOBA TEOMETPHS IEPeCcTaeT «pa-
60TaTe» B MHKpPOMHpE, TO, CICIOBATEIBHO, MPUACTCSA MPH3HATH HEIPaBOMOY-
HBIM W HCIIOJIB30BAHMWE BCIICCTBECHHBIX YHCEI B Ka4Y€CTBE CPEACTBA aHAJIUTHU-
YECKOTO OIMUCAHUsS 3aKOHOMEPHOCTEH B MUKpoMHEpe. B 3ToM ciydae TpeOyercs
MIPHUBJICKATh KAKYFO-TO IPYTYIO YUCIIOBYIO CHCTEMY.

MOoXHO JTH TIOCTPOHTH TAaKyI0 YUCIOBYIO CHCTEMY M Ha KaKHX IPHHIHATIAX
OHa Moryia Ob OCHOBBIBATHCSI? OTHPABHOW TOYKOH 3716Ch MOTIIM OBI TIOCTYXHUTh
CIEeIYIOIINe COOOPaKEHHSI.

Ob6uenpuHaTa 16 yOeXXJEHHOCTh B BO3MOXKHOCTH IMOJYYHUTh AT H3Mepse-
MOW BEIHYHMHBI CKOJb YTOAHO MHOTO 3HAKOB TIOCIE 3alsTOM, MPOBOMAS U3ME-
pPEeHUs CO Bce OONBIIEH TOYHOCTBIO. DTa YOKIECHHOCTh, OJJHAKO, OCHOBaHA Ha

15Bapuants reometpuii, onuparouuecs Ha akcMoMy ApXUMea U OTPUIAIONIME ee, NPABUJIb-
Hee OblIO Obl MMEHOBAaTb COOMPATENbHO «apXHMEIOBBI T€OMETPHH» U «HeapXHMeJOBBl TeoMeT-
PHH», COOTBETCTBEHHO. B paccMarprBaeMoM KOHTeKcTe 3TO ofecrneyuBaso Obl Gosee TOUHYIO
pacCTaHOBKY CMbBICJIOBBIX aKLeHTOB. OHAKO, eCc/li BTOPOH U3 9THUX [BYX TEPMHUHOB yKe BIOJHE
YCTOSI/ICS, TO NepBbIH e1Ba JIM MOXKHO Has3BaThb OOLLEYTOTPeOHTEbHEIM.

16B cmbicae mpumeuanns 13 na crpanuue 15.
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HicaNnu3alyy, KOTOPYI0 MOXHO CUMTaTh BEPHOM JIMIIb JO TOrO Mpejaesa, 4To
YCTaHaBIIMBAETCS CYLIECTBOBAHUEM IIAHKOBCKOM JJIMHBI. J[pyrumMu ciioBamu,
€CTb MpEACNIbHOE KOHeYHOe YUCIO «3HAKOB IMOCIHE 3alsiToi», KOTOpPOe MOXKHO
MOJYYHTH B JIFOOOM (HPU3NUIECKOM IKCIICPUMEHTE, C OECKOHEYHbIM YUCIIOM «3Ha-
KOB TOCJIE 3alsiTOW» B U3MEPSIEMbIX BEIUYHMHAX HE MPUXOAUTCS HUMETh JEJI0
HHUKOT/IA.

Ho, xak u3BecTHO, BEIIECTBEHHBIC YKCIIa PA3ACIAIOTCS HAa pallMOHAJIbHbIC
W UppalroHaibHble. PallnoHambHbIe YKcia MOTYT OBITh MPEACTABICHBI B BUC
npobu p/q, tie p u g — uensie, ¢ 7% 0, 160 B BHJIe KOHEYHOU MK OECKOHEYHOMN
JECSTHIHOM MepUorIecKoil podu. MpparmoHansHbIe JKe Yicia MpecTaBUMBbI
TOJBKO B BHZE OCCKOHEUHOH ACCATUIHONW HETEPUOIMUICCKON APOOH.

VmenHO nppanmoHaibHbIE YUCIIA OKA3bIBAIOTCA «IIOJT 3aIPETOMY B CITydasX,
KOTJa CYIIECTBEHHBIMH OKa3bIBAIOTCA OIPaHUYEHHUs, OCHOBAHHbIC Ha TUIAHKOB-
CKOI1 JUIMHE; IPaBOMEPHOCTh MCMOJIb30BaHUs PALIMOHAJIBHBIX YHMCEIN MPU 3TOM
0COBBIX COMHEHHIl HE BBI3BIBACT /.

OpnHako NPOCTO «3aNPETUTHY UPPALMOHAIIBHBIE YMCIA HEIb3s, OJHUX pally-
OHAJBHBIX YHCEN U Iefiel MOAeTHpoBaHUs (PU3NIECKOW peaJbHOCTH HEIO-
cratoyHo. B camMoMm Jene, BCskoe MppaldoOHaIbHOE YUCIO MOXKHO 3aKIIOYUTh
MEXIy ABYMS palliOHAIBHBIMU YHCIIaMH, OJJHO U3 KOTOPBIX MEHBIIIE, a IPYroe —
OOJIBIIIE pACCMATPUBACMOTO UPPAUOHAIBEHOTO Yucia. [Ipu 3TOM pa3HOCTh MEX-
Iy TaHHOH Mapoi palMOHAIEHBIX YHCET MOXKET OBITh CAeTaHa CKOJb YTOXHO Ma-
noit '8, . e. MHOXECTBO paLMOHANIBHBIX YHUCET SBISIETCS TUIOTHBIM B MHOKECTBE
BEIECTBEHHBIX YHCEJN, HO OHO, OJHAKO, He OOIaaeT CBOWCTBOM Henpepvis-
nocmu (momHOTHI). [loTeps HEMpPepHIBHOCTH 19 _ 510, MO-BUAUMOMY, CIIUIIKOM
BBICOKasl IUIaTa 3a CTPOro€ COOTBETCTBUE allapara paldOHAIbHBIX YMCEN Ha-
LM «U3MEPUTETBHBIM BO3MOXKHOCTSIMY. Clle10BaTeNbHO, HAJ0 HAMTH aJlbTep-
HaTUBHBIM BapUAHT MONOJIHEHNS MHOXECTBA PALIMOHAJIBHBIX YHCET, KOTOPBIA HE
omupasics Obl Ha aKCHOMY ApXuMena.

U Tako#t BapuaHT cymectByeT. OH OCHOBBIBAETCSl HAa p-aUYECKUX YHCIaX,
BBeneHHbIX K. I'ensenem B korie XIX Beka.

IIpu mocTpoeHun anmnapara p-aJuuecKuX Yuces yTOUHSAETCS IOHATHE HOPpMbl

7Touno Tak »xe, Kak, 0-BUMMOMY, HE BbI3bIBAa€T COMHEHHH 0G0CHOBAHHOCTb HCIOJIb30Ba-
HUS BeleCTBEHHBIX YHCes W eBKJHI0BOH reoMeTpUu B MaKpoMHUpe.

18Ecin otByeubcs onsTh OT CyLeCTBOBAHMA IMJIAaHKOBCKOH IJIMHBL.

19X 015t 310 TOXKE HeAIU3ALHS, He HMEIOLLast «IIPUPOJHBIX» aHAJIOTOB, €C/IM BepHa FUIOTe3a 0
JICKPETHOH (KBAHTOBAHHOH) CTPYKTYpe MPOCTPAHCTBEHHO-BPEMEHHOTO MUpPa B 06/1ACTH MaJIbiX
MmacitaoB. [lo moBogy 060OCHOBaHHOCTH DPa3JHUYHOrO poia HAealu3alui, MPUBJEKAaeMbIX B
XOJle TIOCTPOEHHsI MaTeMaTHUeCKHX MOfesel, CM. Takxke [45].
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HA MHOXKECTBE PALMOHAJIBHBIX YHUCEII, SBISIOIIEECS AHAIUTUYECKUM aHaJIOroM
TEOMETPHUYECKOTO MOHATHUS paccmosanusA. BBoguTcs p-anmdeckas HOpMa, KOTO-
past B KauecTBe YaCTHOIO Ciydas BKJIIOYaeT B ceOsi «oObIuHyro» HOpMmy. [lpm
9TOM IIOIIOJIHEHHE MHOXECTBA PallMOHAIBHBIX YHCEN 10 OOBIYHONW HOpME NpH-
BOJIUT K MHOXECTBY BELIECTBEHHBIX UUCEI, 4 IOMOIHEHUE €T0 MO P-aAndeCKON
HOPME — K MHOXECTBAM P-aIMIECKUX YHCEN (KaXKIOMy ITPOCTOMY YHCITy p OyaeT
OTBEYATh CBOE P-aJUIECKOE MHOKECTBO).

Torma, eciin BeLECTBEHHBIM YHCIIAM OTBEYAET €BKIIMIOBO («apXHUMEIOBOY)
HPOCTPaHCTBO, TO P-aIMYECKUM YHCIaM — TaK Ha3bIBACMBIE HeapXuMedo8bl npo-
cmpaucmea.

Crnennduka p-aaudeckod HOPMBI OOYCIIOBIMBAET HEOOBIYHOCTH CBOWCTB
HEapXHMEIOBBIX TPOCTPAHCTB B CPABHEHUH € €BKIINA0BOM MpocTpaHcTBoM. Ha-
npuMep, B HEapXUMEIOBOM reOMETPHU BCE TPEYTOJIBHUKH — PaBHOOEIPEHHEIE,
JIBa PasHBIX IIapa HE MOTYT YaCTUYHO IEpPeceKaTbcs — OHU JHOO HE UMEIOT
00IIMX TOYEK, TMOO OMH M3 HUX LEITMKOM COICPXKUTCS B JIPYTOM H T. II.

Hapsngy ¢ uncto MateMaTH4eCKOM PONBIO p-aJUUECKUX YHCEN, OCHOBAHHOTO
HA HHX P-aJM4YeCKOro aHaji3a, HEapXUMEI0BOI FreOMETPHHU, HAaUNHAs IPUMEPHO
¢ 70-x rr. XX Beka Bce 0ojee IMUPOKO OCYIIECTBIISICTCS BHEIPEHHE AAHHOTO
anmapara B (PU3UKY U JIPyTHUE €CTECTBEHHBIC HAYKU.

K coxanenuro, nurepaTypa Ha PYCCKOM SI3BbIKE 1O D-aJAU4E€CKUM YHCIAM,
p-aJqMYecKOMY aHaJIM3y, MX BO3MOXKHBIM IIPUMEHEHHSIM, HeOorara —3TO KHH-
ru [46,47], *MEHHO MM, B OCHOBHOM, CJIEAYET M3JIOKEHHE Marepuala, Mpe-
CTaBJICHHOTO BBIILIE.

O mepcrneKkTUBax MPUMEHEHHS p-aJMueCKUX YHCEeN U P-aIudecKoro aHajH-
3a B usuke u apyrux Haykax B [47] (cm. c.11) ckazaHo cnenyromiee: «lrak,
MBI MIPUXOUM K CIIeyIolei kapTuHe. B ocHoBe ¢yHIaMeHTanbHON (usnye-
CKOHM TE€OPHH JOJDKHBI JIEXKATh pallMOHAJIbHBIE YHCIIA, HA OYE€Hb MAJIBIX PacCTO-
SHUSIX BAXHYIO POJIb JOJDKHBI MIPaTh p-aJUuecKHe YHCIa, a Ha OONBIINX —
BEIIECTBCHHBIE. JTO NPUBOAUT K HEOOXOOMMOCTH INEpepadOTKH OCHOB MaTe-
MaTH4YeCKOW M TEOpPeTHYECKOW (DM3MKH, HAuMHAs C KJIACCHYECKOW MEXaHHKU U
KOHYasl TEOpUEH CTPYH, C UCTIOIb30BAHUEM TEOPHUU UUCEI, P-aUUECKOTO aHAIIH-
3a, anrebpanveckoii reomerpud (. . .) Heapxumenosa reoMeTpust U p-aJndecKuii
aHaJ M3 NMPUMEHSAIOTCA B (M3MKE HE TOJBKO JUIS ONMCAHWS T'€OMETPHUU Ha Ma-
JIBIX PACCTOSHUAX, HO M B PaAMKax TPaIUIMOHHON TEOPETHYEeCKON (M3UKH IS
OITMCAHUsI CIIOXKHBIX CUCTEM THUIIa CIIMHOBBIX CTEKON WK (pakranoB. Mbl Haxo-
JIIMCSI TOJIBKO B Havalle p-aJjudeckoil MaTteMaruueckor (usuku. Ml Hageemcs,
YTO p-aJdecKue 4Kcia HalIyT NMPUMEHEHHE B TaKUX OOJACTSIX, KaK TEOpHs
TypOyJIEHTHOCTH, OHMOJOTHS, ANHAMHUYECKHE CHCTEMBI, KOMIIBIOTEPHI. HpoOie-
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MBI Tiepefadn MH(OpMaIyu, KpunTorpadus U APYTUX €CTCCTBEHHBIX HayKax,
B KOTOPBIX HM3y4YalOTCS CHCTEMBI C XaOTHYECKHM (hPaKTaTbHBIM MOBEICHUEM H
HUEPApXUUECKON CTPYKTYPOM».
K ckazaHHOMY MOXXHO JOOABUTB, YTO CIIMHOBBIE CTEKJIA, KAK M3BECTHO, SIB-
JSTFOTCSI MOZIENBIO, KOTOpasi TIpHBeJIa K MOsBICHNIO certei Xonduinna. OnuH u3
BHJIOB B3aUMOCBsI3eH (pakTabHON TEOMETPHH C HEHPOCETEBOH TEMAaTHKON OBLT
xXoporto rmokasat B yiekinu H. I” Makapenxko Ha [lIxone 2002 roga [15]. Ectb yxe
Y MIpUMeEPhl IOCTPOCHUS p-aJuuecKuX Helpocerel (cM., Hampumep, [48,49]).
Takum o0OpaszoM, naxe Oeriblii B3NS OOHApY)KMBaeT cpasy e oOiacTu
TrepecedeHys p-aliuecKoro aHaIi3a ¢ Teoprue HeHPOHHBIX CeTel M CMEXHBIMHU
c Hell obnmacTsIMu.
BaxHOCTh MaTeMaTWKH, OCHOBAHHOH Ha p-aindecKOM aHalIW3e, Ul Tep-
CIEKTHUB MH(POPMATHKH BOOOIIEe U HEHPOHH(OPMATHKH, B YACTHOCTH, 00yCIIOB-
JIEHA 110 KpalHEel Mepe TaKUMHU TpeMs IPUYUHAMU:
® IIepPexo0OM OT MHUKPOTEXHOJIOTMH K HAaHOTEXHOJIOWTAM M Jajbllie B Ha-
MIPaBICHUU YMEHBIIECHUS XapaKTEePHBIX pa3MepOB 3JIEMEHTOB JIEKTPOH-
HBIX, OIITHYECKUX, ONTO-ICKTPOHHBIX M JIPYTHX YCTPOMCTB; €Ile HEMHO-
ro 2%, 1 51U yeTpoiicTBa Ha HU3IIEM YPOBHE «aJTOPUTMHUKH» GYIyT pabo-
TaTb Ha YPOBHE aToMa M HUXKE;

® pa3BHTHEM HCCIIEJ0BaHUN U pa3paboTOK B 00JIaCTH KBAHTOBBIX BBIYHCIIC-
HUH;

® BO3MOXKHOCTBIO HCIOJIB30BaTh P-aJUYECKYI0 TOTOJIOTHIO IS OMHCAHHA
HepapXUUecKoi CTPYKTyphl KOTHUTHBHOW MH(OpPMAIIUH.

Kaxk yxe oTmMedanocs, p-agiudecKuii OAX0x MOXKET ObITh IPUMEHEH HE TOMNb-
KO B pM3HKE JUIS ONIMCAHUS TEOMETPHUH Ha MAJIBIX PACCTOSHUAX, HO CYIIECTBEHHO
mupe — 1 B QU3MKe, U B IPYI'UX €CTECTBEHHBIX HAyKax Kak alrapar Marema-
THYECKOTO MOJICTTMPOBAHUS CIOXHBIX cUCTEeM. VIMEHHO K 3TOMY HalpaBJICHUIO
oTHOCUTCS Marepuan jekiuuu A. FO. XpeHHHKOBa, T1ie OCHOBHOW yIOp JAenaeTcs
Ha p-aJudecKyro TOMOJIOTH3ALUI0 MBICIUTEIBHBIX NTPOIeccoB. B nmpeanaraemoit
UM MaTeMaTH4ecKOW MOJENH MEHTAJIbHOE MPOCTPAHCTBO pealu3yeTcs Kak p-
aJn4ecKkoe MPOCTPAHCTBO. B KakoM-TO CMBICIE 3TO — aHAJIOr KIACCUYECKOro
MIPOCTPaHCTBa-BpeMeHH. Ha 5ToM MeHTaIbHOM KOH(QUIYpalMOHHOM IPOCTpaH-
CTBE pa3BUBACTCSA BEPOSTHOCTHAs MOJENb MBIIUICHUSA. 3[€Ch IPEIIoNaracTcs,
YTO MO3T CHOCOOEH ONEPHPOBATH C BEPOITHOCTHBIMHU PACHpENEICHUIMH Ha -

20 MoxeT GbITh 5Ta OLEHKA («HEMHOTr0») ¥ Upe3MepHO ONTHMHCTHYHA, HO HE CUHMTATBCS C
TaKOH TeHJeHLIUeH Heslb3sl.
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aUueCcKUX AepeBbsiX. B Mo3re Takue aepeBbs MOTYT COCTOSTh U3 HEpapXxuUye-
CKHX IIenell HeMpOHOB.

B ocHoBe Monenu nexuT GyHAAMEHTAIBHOE MPEINOIOKCHAE O KBAHTOBBIX
BEPOSTHOCTHBIX 3aKOHAX MPEOOpa30BaHus KOTHUTHBHOM nH(QopManuu. BaxHeii-
IIMM KBaHTOBBIM OTIIMYHEM SIBIISICTCS BO3MOXKHOCTh HHTEP(EPEHITNH BEPOSTHO-
creil. OgHako A. FO. XpeHHUKOB OTHIONb HE IBITAETCA CBECTU MBICIUTEIIbHbIE
MpoIecChl K KBaHTOBBIM IIpolleccaM B MHUKpOMHpE. boiiee TOro OH CuUuTaerT,
YTO TaKas PeAyKIHsS B MPHUHIUIE HEBO3MOXHA. B 9acTHOCTH, WCTONb30BaHUE
p-aJUUeCKUX YHCeI B €ro KOTHMTHBHON MOIEIM HE MMEET HHUYEro OOIIero ¢
HUAesIMA 00 UCIIONIB30BAHUH ATHX YHCEN JUIS OMHCAHUS MPOCTPAHCTBA BPEMCHH
Ha IUJIAaHKOBCKUX paccTosHUsAX. B Teuenue nmocnennux net A. FO. XpeHHHKOB
pa3BUBaJl TaK Ha3bIBAEMBIA KOHTEKCTYyaJbHBIM TOJXOJl K KBAHTOBBIM BEPOST-
HOCTSIM. B KOHTeKCTyanbHOW KBaHTOBOM Monenu (OHa MOKET OBITH CBA3aHA C
(bu3nUecKuMHU, OHOIOTHYECKUMH, COIHMATBLHBIME CHCTEMaMHU) UHTEpP(EpPCHIIUs
BEpPOATHOCTEN HE CBS3aHA HAIPSIMYIO C IUIAHKOBCKOM LIKAJIOH.

Marepuansl. cBsi3aHHble ¢ TeMarukoil yekuuu A. FO. XpeHHHKOBa, B TOM
YHCIIe 110 Pa3IMYHBIM aCHEeKTaM p-aJHdecKOro MOAXONa, MOKHO HaWTH B OWO-
muorekax [72] u [73].

9. B nexkunu FO.U. HewaeBa «MaremaTnueckoe MOAETHPOBAaHHE B OOp-
TOBBIX MHTEIUIEKTYaJbHBIX CHCTEMaX PEalbHOTO BPEMEHM» OOCYKIAeTCs eIe
OJTUH TIOAXO K MOAEITUPOBAHUIO TIPOIIECCOB M CUCTEM — IPUMEHHUTENIBHO K pa3-
paboTKe, UCTIBITAHUAM U (PYHKIIMOHUPOBAHHIO B PA3JIMYHBIX YCIOBUAX IKCILTY-
aranuy OOPTOBBIX MHTEIUICKTYaJIbHBIX CHCTEM PEallbHOTO BPEMEHH JUIS TUHA-
MHYECKHX 00bEKTOB (KOpallieil, CaMOJIeTOB, BEPTOJICTORB).

Ha ¢one nexmmit H. I Makapenxko, A. A. ExxoBa u A. FO. XpeHHHKOBA, Tl
pedb uueT 00 MCIOIb30BAaHUH BEChbMa HECTAHJAPTHOTO JJISi COBPEMEHHON Hel-
pouH(GOPMATHKH, TTOKA CIIE JaKe «IK30THYCCKOTO», MATEMaTHYCCKOTO arapa-
ta, iekius FO. Y. HeyaeBa MOXET Jiaxe MOKa3aThCsl TPAJAUIMOHHON 110 HAIpaB-
JICHHOCTH, TI0 HCIIOJh3YEeMOMY amIapary.

U ona neiictBuTENBEHO OOIEE TPaJUIIMOHHA B TOW CTENICHH, B KOTOPOH MOXHO
TOBOPUTH O KAKHX-JIMOO YCTOSBINUXCS TPAAUIUSAX B TaKOW MOJOAON obmacTtu,
KaK uUHmeN1eKmyanvbHoe ynpasienue TAHAMHUYECKIMH CUCTEeMaMU Pa3IUYHOTO
HA3HAYCHHSL.

CrnemyeT yTOYHUTH CMBICH, B KOTOPOM 3/€Ch TOHHUMACTCS TEPMHUH «HH-
TEJJICKTYyalIbHO yIIpaBleHHe». byneM TpakToBaTh €ro B COOTBETCTBHH C OIIpe-
JIENICHUEM, MPEIIOKEHHBIM TEXHHYECKHM KOMHUTETOM II0 WHTEIUICKTYaJIbHOMY
ynpasneruno O0riectsa crernuanucToB no cucremam yipasienus (IEEE Control
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Systems Society).

CornacHo TaHHOMY ONpeeNIeHUI0, HanboJee oOImuM TpeOOBaHHUEM K WH-
TEJUIEKTyalIbHBIM CUCTEMaM YIIPABIECHUS SBJSETCS TO, YTO OHU JOJDKHBI OBITh B
COCTOSIHUM BOCIIPOU3BONThH TAKHE YCIIOBCUCCKHE YMCHHS M CIIOCOOHOCTH, KaK
IUTAHUPOBAaHUE TOBEACHUS, o0yducHHe W amanTanusi. OCOOEHHO BaXKHBI B 3TOM
mepedHe cnocoOHOCTH K OOyUEHHIO M alalTallii.

WuTennekTyansHOE YIpaBIeHNE — 3TO 00JacTh KOMIUIEKCHBIX, MEXIUCIIH-
TUTMHAPHBIX WCCIeoBaHui. B mocienHue ronbl BbpaboTajgach TOYKAa 3pEHUS,
COIVIACHO KOTOPOW 00ACTh MHTEIUICKTYaIbHOTO YIIPABICHUS 0a3UPyeETCs, C OJi-
HOH CTOPOHBI, HA UIESIX, METOAAX U CPEICTBAX TPaJAWLMOHHON TEOpUU yNpaB-
JICHWs, a C JPYTOH — Ha 3aj/ielie, HAKOIUICHHOM B Pslie HeTPAAUIIUOHHBIX (I
3a[a4 yIpaBJeHUs) o0JacTeil, HICTOKH KOTOPBIX JIeKaT B Pa3IUIHOTO PO TICH-
XOJIOTHYECKUX U OMOIIOTHUECKUX MeTaopax (MCKYCCTBCHHBIC HEHPOHHBIC Ce-
TH, HEYETKasl JIOTWKA, UCKYCCTBEHHBIM WHTEIJIEKT, T€HETUUECKHUE aITOPUTMBI,
Pa3IUYHOTO PojAa MPOLEAYphl MOKUCKA, ONTUMH3ALUKN U MPUHATHS PELICHUA B
YCIIOBHUSX HEOPEICICHHOCTH).

B pycie maHHOTO HampaBIEHUS, aKTUBHO Pa3BHBAIOLIETOCS B IIOCIICIHEE
necsatuietue, ciaenyet u nekius FO. . HedaeBa, B 9TOM M COCTOUT €€ «Tpaju-
[IUOHHOCTBY, YIIOMSHYTas BhIlIe. B JEKIINN MPOIOIKEHO PACCMOTPEHUE TEMBI,
Havatoit Ha npouwioit I1Ikoxne (cm. [50]), cBI3aHHOI ¢ OOPTOBBIMH MHTEIUIEKTY-
ANBHBIMU CHUCTEMaMH PEallbHOTO BPEMCHHM, BKITIOUAs TaKHE BaXKHBIC BOIPOCHI,
KaK yIpaBlIeHHE TUHAMHYECKHM OOBEKTOM, HICHTH(UKAIHUA SKCTPEMAIBHBIX
CUTYyalllii, OIICHKAa MapaMeTPOB IUHAMUYECKOTO OOBEKTa M BHEIIHEH Cpemsl.
IIpu 3TOM B JIeKIIMH, MPEACTABIEHHON B TaHHOM COOpPHHKE, aKI[EHT CMEIICH
Ha 3a/1a9d MaTeMaTHYECKOTO MOJCIMPOBAHUS, PEIICHUE KOTOPBIX HEOOXOMUMO
JUTSL 00ECIICYCHUS YIPABICHUS CIOKHBIMU JUHAMHYCCKUMH 00BEKTAMH B OBICT-
POTIPOTEKAIONINX IMPOIECcaxX WX B3aWMOACHCTBHA C BHEIIHEH cpemoil. 3amava
MaTeMaTHIeCKOT0 MOAEIMPOBAHIS TPAKTYETCS MIPH ITOM Kak 3aj1ada paboTHI O
3HAHUSIMH, BKJIIOYAsl TAKHE €€ aCIeKThI, KaKk (hOpMannu3aiiis 3HaHUH, UX U3BJIC-
YeHue, opraHuzanus paborsl ¢ HUMU. OCHOBHBIM TPHU ITOM SIBISIETCS KOMOU-
HUPOBAHHBIN MOJXOM, OOBCAMHSIONINN HEUCTKUE H HEHPOCETEBBIC TEXHOIOTHH,
HCTIONB3YIOTCSA TaKKe MOAXOBI, OCHOBAaHHBIC Ha TPUHIINAIIC HETMHEWHOW caMo-
OpTaHHU3alliH, a TAKKE TPAIUINOHHBIE METOIBl MaTEMaTHIECKOTO MOJCITHPOBa-
HUSL.

[enecooOpa3HOCTh NMPUMEHEHUsI HAHHON COBOKYMHOCTH CPEICTB JIEMOH-
CTPUPYETCSl Ha MPUMEPAX PEIICHUS] KOHKPETHBIX 3a/1ad.

JononHuTenbHble CBeAEHUS MO 3aTpoHyThIM B jekuuu FO. H. HeyaeBa Bo-
pocaM MOXKHO TIONyYUTh B CJICAYIONIMX HCTOYHUKAX: 10 CHCTEMaM, OCHO-
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BAaHHBIM Ha 3HaHUSAX — B [59-61]; 0 HEYETKOW JIOTHKE, HEUETKUM CHCTEMaM —
B [55-58]; no HeiipoceTeBbIM TexHOMOTHSAM — B [8—11,60]; M0 cMemaHHBIM TeX-
HOJIOTHSIM MATKHX BbIYHMCIeHHH — B [53,54]; no nHpopManmoHHoi 06paboTke 1
YIPaBIEHUIO HA OCHOBE TEXHOJIOTUI MATKUX BbIUUCIEHUH — B [62-70]. 3Haun-
TEJILHOE YHCIIO MPOTrpaMM U ITyOJIMKALUH [0 TAKUM TeMaM, KaK HCKYCCTBEHHBIC
HEHPOHHBIE CETH, HEYETKHE CHUCTEMBbI, TEHETUYECKHE aJITOPUTMBL, a TaKKe HX
MIPUMEHEHMIM MOXXHO HAlTH depe3 MOpTall HAyYHBIX BBIUMCICHHUMH, aipec KOTo-
poro copepkuTCs B Mo3uLKH [71] crucka TUTepaTypsl K IMPEeIUCIOBHIO.

* * *

Kak 310 yX)e Obuto B [1-3]), MOMHMO TpaIWIIMOHHOTO CIIMCKA JIUTEPATy-
pBI KaXkiasi W3 JEKOUI CONMPOBOXKAACTCS CIIMCKOM HHTEPHETOBCKUX allPEecoB,
rJie MOXKHO HaiiTh MH(OPMAIMIO MO 3aTPOHYTOMY B JIEKI[MH KPYTy BOIIPOCOB,
BKJIFOYasi U JOTOJIHUTEIIbHBIE CCHUIKH, ITO3BOJISIOIINE PACIIMPUTD, ITPU HEOOXO-
JMMOCTH, 30HY TIOHMCKa.

Kpome 3THX angpecoB, MOXKHO HMOPEKOMEHIOBATh €Ie TaKOW YHHMKAaTbHBIN
HCTOYHHUK HAyYHBIX M HAYYHO-TEXHUUYECKUX ITyONUKaIwii, kak nudposas O6uo-
muoreka Researchindex (ee nasbiBator Takke CiteSeer, cMm. mosunuio [72] B
CIIHMCKE JINTepaTyphl B KOHIIE IPEAUCIOBUs). JTa OubnruoTeka, co3faHHas U pas-
BuBacmas oraeneHuem pupmbr NEC B CHIA, Ha xonen 2002 roma comepikaiia
OKOJIO MIJIJTMOHA Ty OJTMKALINH, TIPHYEM 3TO YHCIIO ITOCTOSHHO U OBICTPO yBENH-
YMBACTCS 32 CUCT KPYIIIOCYTOYHON PAOOTHI IIOMCKOBOH MAIIHHBI.

Kaxaplil 13 XpaHUMBIX UCTOYHUKOB (CTaTbH, IPETIPUHTHI, OTYETEHI, JUCCEP-
TallMyd ¥ T.1.) JOCTyNEH B HOJHOM 00beMe B Heckoibkux (opmarax (PDF,
PostScript u p.) 1 cOMPOBOXAAETCSI OYSHB MOAPOOHBIM OUONHOTpapUICCKIM
OITMCAaHNEM, BKJIIOYAIOIIMM, TOMHUMO JAaHHBIX TPAAMIHOHHOTO Xapakrepa (aB-
TOPBI, 3aryIaBHe, MECTO MyONMKalWU W/WIN XpaHEHHs W Ap.), Takke U O0ib-
II0€ YHUCIO CCHIIOK-ACCOIMAINH, IMO3BOJISIOMNX MEPEHTH M3 TEKyIEero Omo-
JIUOrpaMYecKOro ONMUCAHUS K JIPYTHM ITyONHKAIMSIM, «IIOXOXKHM» I0 TeMe
Ha TEKYIIyI0 MPOCMaTpUBaEMyl0 paboTy. DTO OOCTOSTENBCTBO, B COYETAHUU
¢ BecbMa 3(P(EKTHBHBIM MOJIHOTEKCTOBBIM IOMCKOM B 0a3e JIOKyMEHTOB IIO
c(hOpMYIIMPOBAaHHOMY I10JIb30BaTENIEM IIOMCKOBOMY 3aIpocy, JienaeT Onommore-
Ky Researchindex HezaMeHHMBIM cpencTBOM Ionbopa MaTepualoB Ho Tpebye-
MOl TEME.

[Tepeuens npobneM HelponH(OPMATHKU U CMEXHBIX C Hell obnacTei, Tpe-
OyIOLIMX NPUBJIEYCHNS] BHUMAHHS CIIELMAIICTOB U3 HEHPOCETEBOTO M POACTBEH-
HBIX C HUIM COOOIIECTB, TAJICKO HE MCUEPIIBIBACTCS, KOHEYHO, BOIIPOCAMH, pac-
CMOTpPEHHBIMH B TIpelaraeéMoM cOOpHUKE, a Takke B cOopHmKax [1-3].
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B nmanpHeiimeM npearonaraeTcsa paclinpeHne JaHHOTO CIIMCKA 3a CUET pac-
CMOTpPEHHS HACYITHBIX TPOOIeM cOOCTBEHHO HEHPOMH(DOPMATHKH, IPOOIIEM «I10-
TPaHUYHOTO» XapakTepa, 0COOCHHO OTHOCSIIUXCS K B3aUMOJICHCTBHIO Helpoce-
TEBOH MapajurMbl C JIPYyTMMHU TapaJuIMaMM, pPa3BUBAEMBIMH B paMKax KOH-
LEMIUA MATKUX BBIYHCICHHH, IPOOIEM HCIIONb30BAHUS METOIOB M CPEICTB
HEHPOMH(OPMATHKH JUTS PELICHHS Pa3IMYHbIX KIIaCCOB MPHKIAIHbIX 3a1ad. He
OyzmyT 3a0BITHI U B3aMMOACHCTBUS HEHPONH()OPMATHKY C TAKUMH BaXKHEHITUMHU
ee «coceasIMm», KaKk HeMpoOHoIoTus, HeJNHEelHas TUHAMUKa (CHHEpreTHKa — B
NIEPBYIO0 OYepe/b), YUCICHHBIA aHaNN3 (BeHBIET-aHAIN3 U JIp.) U T.IL.

3amevaHus, MOXKEJIAHNS U TIPEIIOKEHHS TI0 COZIEPKAHUIO U (hOpMeE JISKIIHH,
TIEPEYHIO PacCMaTPUBAEMBIX TEM U T.II. MPOCh0a HAINPaBJIATH AICKTPOHHOHN IT0-
4yTOH 10 azapecy tium@mai.ru TromerneBy KOputo BrauMUpOBHIY.
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HEKOTOPBIE MTPOBJIEMbI KBAHTOBOM HEMPOTEXHOJIOT MU

AHHOTALMA

B nexumu 00Cy>k1ar0TCsl BO3MOXHBIE TOYKH CONPHKOCHOBEHHST HEHPOTEXHOIOTHH
¢ OBICTPO pa3BUBAIOIICHCS 00JIACTHIO KBAHTOBBIX BBIUMCIICHMI. 3aTparuBaroTcs
TPYAHBIE BOIIPOCHI, KOTOPBIE BOSHUKAIOT Ha ITyTH IIOHUMAHHUS TOTO, KAKOBA MOXKET
OBbITh KBAHTOBAsI HEHPOTEXHOJIOTHSI.

A.A.EZHOV
Troitsk Institute of Innovation and Fusion Research,
Troitsk, the Moscow Region
E-mail: ezhov@triniti.ru

SOME PROBLEMS OF QUANTUM NEURAL TECHNOLOGY
Abstract

Combining neural technology with rapidly growing field of quantum computing
is considered. Some difficult questions related to understand possible forms of
quantum neural technology are discussed.

BBenenue

B nocnenHne HECKONBKO JIET aKTUBHO 00CYKAAI0TCS KBAHTOBBIE BAPHAHTHI KJlac-
CHYCCKOH HeWpoceTeBoil TexHoNmorud. [10SBUIINCH MOKa elie He O4eHb MHOTO-
YHCJICHHBIC CTAaThH M JOKJIAIBI Ha 3Ty TeMy Ha KOH(PEPEHIUAX 0 HUCKYCCTBEH-
HBIM HEHPOHHBIM CETSIM, KaK MeXTyHapoAaHbIX (Hampumep, [JCNN’1999-2001),
tTak ¥ oredectBeHHbIX (Heitpoundopmarnka—2000, 2001). Ha HekoTtopbix u3
Hux, B Atnantuk-Cutu (2000), Mockse (2000) u B Bammuarrone (IJCNN’2001)
MIPOBOAMIINCEH CIEIHANBHBIC paboune coBemanus «KBaHTOBbIE HEHPOHHBIE Ce-
Ti». [IpuMedarennbHO, 9TO OCHOBHOE COOOIICHHE Ha IMOCIENIHEM W3 HHUX OBLIO
caenano I1. Bepbocom — nupektopom HarmonansHoro HaygHoro ¢gouma CIIHA.

Hexotopoe npencrasnenne 06 3Toi 006IaCTH UCCIEIOBAaHUN MOYKHO TIOUEPII-
HyTb U3 MarepuanoB Kpyrnoro crona «/luckyccus o HeiipokoMibioTepax, 10 jger
crycrs» |, mpoomusimerocs B MU®U B 2000 roxy. B muckyccuy NpUHAIT y4a-
CTHE UCCIIeIoBaTelH, paboTaromue B 00IaCTH KBaHTOBOTO HEHPOKOMIIBIOTHHTA,

I Muckyceus o HelipokommnbioTepax // Beepoccuiickas HayuyHO-TeXHMUeCKas KOH(epeHIus
«Heitpoundopmaruka-99», 19-21 susaps 1999 r. / Ots. pen. A. A. @posos u A. A. Excos. —
M.: Usg-so MUDU, 2000. - 224 c.

YR 004.032.26 (06) Heiiponnsie cetn 29



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

takue Kak /I. Bentypa, T. Mapruneu, P. Kpuciau, M. Ilepyc u /I. Kartunr. 1x
B3IVISA/IbI Ha MEPCIEKTUBBI JaHHOTO HAIPABJICHHS HAIIUIA OTPAaXKEHHS U B MaTepu-
anax pabouero cosemianus, nposeaeHHoro B MU®U B cnenyromem, 2001 romy.
Lenbro gaHHOM JIEKIMU HE SBIISIETCS] 0030 MOIXOI0B K MOCTPOSHUIO KBAHTOBBIX
AHAJIOTOB HEHPOHHBIX CHCTEM — 3aMHTEPECOBAHHBIN YUTATENb MOXKET HAITH €ro
B paborte [1]. B Heil u3nmaraeTcs B3N aBTOpa Ha TO, KAKOW MOXET OBITh KBaH-
TOBasl HEHPOTEXHOIOTH, KaKyl0 CBSI3b OHAa MOXKET yCTAHOBUTH C KBAaHTOBBIMHU
BBIYUCIICHUAMHU U MPOOIEMON CO3MaHUs KBAaHTOBBIX KOMIIBIOTEPOB, a TAKKE C
TaKOM BaKHOH 00JIACTHIO MPHUIIOKEHNUS BHIYUCIUTENLHON TEXHUKH, KaK (hH3nde-
ckoe MojenupoBanue. K coxaneHuro, mpu oOCY>KIEHHN 3TUX TeM HE YJaeTcs
n30exaTh 00CYXKIICHNS W HEKOTOPBIX IPHHIUITHAIBHBIX «TPYAHBIX BOIIPOCOBY,
OTBET Ha KOTOPBIE MPUXOAUTCS 1aBaTh KaXKIOMY, KTO XOTeJ ObI COCTaBUTH MpeJ-
CTaBJICHHE O BO3MOXXHOM OOOOIICHUH HEMPOHHBIX TEXHOJOTMH Ha KBAaHTOBYIO
obnactb. Cpeaii 3THX BOIPOCOB BBIACINUM CIIEIYIOIINE:

o Kaxkue HelpoceTeBble MOAEIH MOTYT OBITh Ha3BaHBI KBAHTOBBIMH?
e B 4yeMm MOTryT 3aKk/I04aThCs MEPCIEKTUBBI KBAHTOBOM HepoTexHomoruu?

e B uem ominMuMe KBAaHTOBOW HEHPOTEXHOJOTHH OT KBAHTOBBIX BBIYKCIIC-
HU?

ITombITKM aTh OTBETHI HAa 3TH BONPOCH C HEN30EKHOCTHIO BOBIIEKAIOT HC-
cieioBaresieil B JUCKYCCHIO O pONM MHTEpGEPEHIMH U 3allyTaHHOCTH KBaH-
TOBBIX COCTOSIHHUI, BEAYIIYIOCS B HACTOSINEE BPEMS B OTHOIIEHHWH KBaHTOBBIX
BeIYMCIeHUH. Emie 0oJblIylo TPyJHOCTH CO37aeT TO 0OCTOSTENbCTBO, YTO 3TH
BOIPOCHI, MO-BUAUMOMY, UMEIOT HEMOCPEACTBEHHOE OTHOUIEHUE U K MHOTOJIET-
HEH TITyOOKOH TMUCKYCCHH O KOHLETITYaJIbHBIX BOIIPOCaX KBAHTOBOM MEXaHHKH.
ITocnennee 0OCTOATENHCTBO MOXKET MPOCTO MPHUBECTH B OTYASTHUE, MOCKOJIBKY,
comtacHo Puyapny @eiiHMaHy, KBAHTOBAsi MEXaHUKA SIBJISIETCSI IYMEHHO TOW Hay-
KOH, KOTOPYIO He MOHUMaeT HUKTO. I1oaToMy, MOXxHO ObIIO OBI 3apaHee Mpenro-
JIOKUTB, YTO JKEJIaHUE IOHATh, YEM SIBIISIOTCS K8AHNOBbIE HEUPOHHbIE CUCTEMbL
TeM Oornee oOpedeHO Ha Heynady. B JeKumuM 1aHa JMIIb HEKOTOpas ITOTBITKA
o0cyxneHus: chopMyIHPOBAHHBIX BOIIPOCOB, OTBETHI Ha KOTOPBIE BUIUMO €IIE
MPECTOUT JaTh B OyayIiem.

B Heill, B 4acTHOCTH, apryMEHTHPYETCSI BO3MOXHOCTH HCIIOJIB30BaTh IS
MIOCTPOEHUS] KBAHTOBBIX HEHPOHHBIX MOJeNel OmpeeNeHne KBaHTOBOIO aliro-
putMa, nasHoro M. Mypowm [2] u A. HapasHanoMm [3] ¥ UCIIOJIb30BaHHOTO IS
MOCTPOEHUSI KBAaHTOBBIX HelpoceTeBblx Moaeneil T. Menneep [4,5]. Ilpunsarue
3TOTO ONPEAEIEHHS, MOXET, IT0-BHIMMOMY, 00CCIICUNTh IPOABIKEHHE B pa3pe-
1eHuH ¢(HOPMYITMPOBAaHHBIX BBILIE BOIPOCOB, a TAKXKe [IOMOYb IIPU MOCTPOCH-
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HUM KBaHTOBBIX HEHPOHHBIX Mozeneil. OnHaKo, €CIIU IPH 3TOM HETPYAHO JI0T0-
BOPUTHCS KaKUE CHCTEMBI MOXXHO HA3BaTh HEUPOHHbIMU, C KPUTEPUEM KBAHINO-
6ocmu BOIIPOC OOCTOUT clOXKHee. J[e70 B TOM, YTO UCHOIb3yeMOe ONpeAeICHUe
OCHOBAHO Ha MOHATHSAX, BOSHUKAIOIIUX B MHOTOMHPOBOM HHTEPIPETALUN KBAH-
TOBOM MEXaHUKH, pa3paboTaHHOW DBepeTToM [6], U aKIeHTUPyeT BHUMAaHUC Ha
nHTEp(EpEeHINN KBAHTOBBIX COCTOSHHH, OCTaBISIsl B CTOPOHE SIBIICHHE UX 3a-
ITyTaHHOCTH. Bompockl pony mHTEpQEpeHIMN 1 3allyTaHHOCTH B 00ECIICUeHUU
3¢ (EeKTHBHOCTH KBaHTOBBIX BBIYUCIICHUI U FMIIOTETUYECKOH KBAHTOBOW HEHpO-
TEXHOJIOTHH, a TaKXX€ PACCMOTPEHHE IMPUMEPOB, JEMOHCTPUPYIOIIUX IBPUCTH-
YecKyro 3((EeKTUBHOCTh MHOT'OMHPOBOH MHTEPIPETAIIMN KBAHTOBOW MEXaHUKH
10 HEOOXOANMOCTH PacCMaTPUBAIOTCSA HIKE TOCTATOYHO MOAPOOHO.

CrpykTypa Marepuana cieayromnas. BHadane KpaTko U3/1ararorcsi Heooxoau-
MBI€ CBEJICHHUS U TOHSATHS, OTHOCSIINECS K KBAHTOBBIM BBIYHCIICHHUSAM BOOOIIE
(cM. c. 32-39). TTonpoOHOE U3NIOKEHNE COOTBETCTBYIOIINX BOIIPOCOB COJIEPIKUT,
Hanpumep, kuura K. A. BaianeBa u A. A. Kokuna [7]. 3ateM oOcyxaaeTcst poiib
3aIyTaHHOCTH M MHTEP(EpEeHINN B KBAaHTOBBIX BBHIYHCIICHHUSX M, B YaCTHOCTH,
mpobieMa pecypcoB, HEOOXOMUMBIX IS MX TpoBeaeHus (cMm. c. 40-47). anee,
aHATM3UPYETCs] HEKOTOPBIN B3I HAa PECYPCHI, KOTOPBIE 00ECIIEYNBACT HHTEP-
(epeHIysT KBAHTOBBIX COCTOSHMM, aneJUIMpYIOMUii K MHOTOMHPOBOW HHTEp-
MpeTanyy KBAHTOBOM MEXaHHKH, BaXHOCTb NPHHATUS KOTOPOHM NpH aHanu3e
KBaHTOBBIX BBIYMCIICHUH 3almuIiaercs, B yactHoctH, J[. /lorigem [8] (cMm. c. 47—
61). ITocie 3TOrO0 MPUBOAATCS HEKOTOPBIE COOOPaKEHUSI O BOSMOXKHOM MPHPO-
Ji€ ¥ PONH HEHPOCETEBBIX CHCTEM, KOTOPBIE MOTYT OBITh Ha3BaHbI KBaHTOBBI-
MH, a TaKke O TOM, KaK COOTHOCSITCA C HUMH BOIPOCHI, pacCMaTpuBacMbIe B
npenpiaymux pasaenax (cum.c.61-63). 1, nakoHen, B 3aBeplIaloNIeM pas3zesne
(cM. c. 64-72) obcysknaercst mpodiaeMa co3JaHusl KBAHTOBBIX KOMITBIOTEPOB BTO-
poro THIIa, OCHOBHOHM 00JaCTbIO MPUMEHEHHS KOTOPBIX CUNUTACTCS (PU3NIECKOEe
Mozaenuposanue. ITokazaHo, YTO IPU HCIIONB30BaHUM JUI IOCTAHOBKY 3a]a4 Ma-
TEeMaTHYeCcKoi (PU3UKKM MeToJa MHBAPHAHTHOTO MOTPY>KEHHS BO3HUKACT 3ajava
peanu3aliuy CeMEUCTB yIpaBlIIeMbIX [€HTOB, AJis pelIeHUsI KOTOPO BO3MOXKHO
HCIONB30BaTh KBAaHTOBHIE HEHPOHHBIE CHCTEMBI, UCIIONB3YIOIUE HEHUPOHBI CO
crierduIecKky onpeieNeHHBIM BBIX0IOM. Marepuan 1aHHOW JIEKINH YaCTHIHO
BOCIIPOM3BOIIUT COZEpKaHMe Mokiana [9].

Aprop Omaromapen [I.II. bepmany, B.H.Iluppunosnyay, Il IypBuiy,
I ynuny, 11. Munnonu, /1. /[xefimcy u [x. YaniuHy 3a ToJie3HbIe TUCKYCCUU,
KOTOPBIE OH UMEJ BO3MOXHOCTh IIPOBECTH 110 3aTPOHYTHIM B JIEKI[MH BOIPOCAM
BO BpeMs1 paboThl B TeoperrueckoM otrene u LIeHTpe HeIMHEWHBIX UCCIea0Ba-
Huit Jloc-Anamocckoli HaroHaBHOH 1aboparopun B 2001-2002 romax.
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Knaccuyeckue U KBAHTOBbIE BbIYMCJIEHUS
Kiaccuueckne KoOMIbIOTEpBI

OCHOBBI TEOPUHU BBIYUCICHUN OBUTH 3all0KeHBI B 30—€ TOIBI BAJIATOTO BEKa
B paborax A. Tefopurra [10], A. Yepga [11], K. I'éxens u O.Ilocta. B cBoei
¢dyHnamenTanbHOl pabore A. ThIOpHHI ONKCall YHUBEPCAIBLHOE BHIYHCIUTEIb-
HOe cpenctBo — mawiury Toropunea [10], cnocoOHYO NMpH HANWYUU J0CTATOY-
HBIX PECYPCOB peasi30BaTh JII000i H300pETEHHBIN YETIOBEKOM MaTeMaTHIeCKUi
anroputM. Tesuc Yépua—Tviopunea [11] mpenmonaraet, 4To Bce allTOPUTMEI, KO-
TOpBIE MOXKHO PEa30BaTh, BOOPYKHBIIUCH KapaHIAIIOM M Oymaroif, MOryT
OBITH BBHITIOTHEHBI MAITMHON ThIOpUHTA, 1 HA0OOPOT.

Bce 3amaun, A penieHus KOTOPBIX UCIOIb3YIOTCS COBPEMEHHBIE KOMIIBIO-
TEepBl, MOAPA3ICISIOTCS, OHAKO, HA Jieckue U mpyouvle. IIpu pelIeHN JTerKux
3a7a4 YUCIIO HEOOXOIMMBIX OIEpaIlMi PACTET C MX Pa3MEPHOCTBIO NOAUHOMU-
anvro. Hanpumep, yMHOKEHHE JBYX IIEJIBIX YHCEN SBISETCS JIETKOW 3ajauei,
MOTOMY YTO HEOOXOIMMOE YHCIIO ACHCTBHI BO3pacTaeT MpH ATOM Kak KBajapar
YHCIIa JECITHYHBIX 3HAKOB, PEJICTABISIONNX 3TH yncia. OHako, oOparHast 3a-
Jlada — HaXOXJI€HHE JBYX MPOCTBIX COMHOXXUTEIEH LENIO0ro 4ucia — IpeCcTaB-
JSIETCsl TPYHOM, MTOCKOJIBKY IPOCTEHIINIT METO/L ee pelIeHus TpedyeT mpoBep-
KU /T JEUTENeH: 3TO YHCIIO YKE 3aBUCHT OT YKCIIA JCCATHIHBIX 3HAKOB HE
MOJIMHOMHUAIIBHO, a 9Kcnoxenyuansto. Vicnonb3oBanne 6onee N30MpeHHBIX Me-
TOJOB IIOMCKA COMHOMXUTEJICH TaKKe HE YCTPAHSIOT 3TOM 5KCIOHECHLUAIBHON
3aBUCHMOCTH. 3aJ1a4y, KOTOPbIe MOTYT OBITh PELIEHBI 32 TIOJIMHOMHAIILHOE Bpe-
Ms1, 00pa3yloT Kiacc, Ha3elBaeMbIil kiaccoM P (polynomial). pyrue 3amaum,
KOTOPBIE MOTYT OBITh PEIICHBHI 3a MOIMHOMHAIBHOE BPEMs C HCIONb30BaHH-
€M BEPOATHOCTHBIX HeoemepMuHUpo6aHHbIX MOAX0I0B, OTHOCAT K Kiaccy NP
(non-deterministic polynomial). Cpean HUX BbizessieTcst HanOosee TpyIHOE MO/~
MHO)KECTBO TaK Ha3blBaeMbIX [N P-IIOJHBIX MPO0OJIeM, KOTOPOEe BKIIFOYAET TaKHue
Ba)KHBIC 33J1a4M Kak, HaIpuMep, 33/1a4y KOMMHBOsDKepa. BaxkHast ocoOeHHOCTh
N P-nIONHBIX 3a/1a4 3aKJIF0YacTCs B TOM, UTO €CIIH X0ms Obl Ol OOHOU U3 HUX
OyJeT Hali/IeH KaKoW-THOO TIOJTMHOMHANILHBIA allTOPUTM, TO 6ce TIOMOOHbIE TIPO-
O7eMbI cTaHeT BO3MOXKHBIM PEIINTh 32 MOJIMHOMHUANbHOE Bpems. B 1936 romy
Uépu mpernonoKuiI, 9YT0 BCE aJTOPUTMBI BBIYMCICHUN MOTYT OBITH peann3o-
BaHbl C MOMOILBIO YHHMBEPCAIbHON MamuHbl ThlopuHra. ComiacHO THIOTE3e
UYépua-Trropunra, Bce Kiaccuyeckiue KOMIBIOTEPHI, SIBISTIOLINECS peaTn3alis-
MH MamuHbl ThIOPHHTa UMEIOT OXUHAKOBYIO 3(dexTnBHOCTE. [ToaToMy Tpyn-
HBIE 3a/1a4¥ OyAyT TPYAHBI AJIS HUX BCEX OMHOBpeMeHHO. OHAKO, HEKOTOPhIE U3
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HEIaBHO OTKPBITBIX KEAHMOBHIX AITOPUTMOB SIBIISIOTCS SKCIOHEHITHAIBHO 00-
niee OBICTPBIMH, YeM HaWIy4Ilie KIACCHUECKHe alropuTMbl. He ynmuBuUTENbHO
MI0O3TOMY, UTO OAHOW M3 BaXKHEHIINX HaJEXJ KBAHTOBBIX BBIUYMCICHUU SBISAET-
Csl DKCIIOHEHLIMAJILHOE YCKOPEHHUE M0 KpaHel Mepe HEKOTOPBIX KIaCCUYECKUX
QITOPUTMOB, a HAUOOJBIIIAN BBHI30B MPEACTABIICT MOUCK ITOIMHOMHUATBHBIX 110
BPEMEHH alNropuTMOB perreHust N P-TIoHBIX 3a1a4.

HepcneKTan KJIACCHYE€CKUX KOMNIBIOTEPOB

B 60-¢ romsr gamiaroro Beka I. Myp, oguH U3 OCHOBareneil kommanuu Intel,
OOHApYXWJT YIUBUTEIBHBIA SMIIMPHUECKUIT 3aKOH: KaXKAbIe MOJTOpa rofa 3ie-
MEHTBI KOMIIBIOTEPHBIX CXEM YMEHBIIAIOTCS B pa3Mepe BABOE. JTO, B YACTHO-
CTH, O3HAYaeT, YTO EMKOCTh MaMSITH yABaUBaeTCs Kaxple 18 mecsues, Tak 4To
mociie KaKJ0T0 TaKOTO IEePHOoJa yXKE TOJIBKO MOJOBHHA aTOMOB HCIOIB3YeTCS
JUTSI TIpENICTaBJICHUsT OJHOTO OnTa mHpOpManuu. HarmoMHMM, 9TO0 OUT SBISETCS
Mepoil KITacCHueckoi HHPOPMAINH, yCTPAHSAIOMICH HEONPEAeICHHOCTh BEIOOPa
MEXAY ABYMsI PaBHOBEPOSTHBIMH aiibrepHaTHBaMH. OH MOXET OBITh IPEICTaB-
JIEH €IMHCTBEHHBIM JIBOMYHBIM YHCIIOM, MPUHUMAIOIKM 3HadeHue O uinu 1.

3axon Mypa Bemonasiercs yxe 40 (!) IeT ¥ U3 Hero TaKkKe CIEAYET, YTo:
® YCIIO TPAaH3MCTOPOB B YHMIAX PACTET CO BPEMEHEM IKCIOHEHIINAIBHO;

® CKOPOCTb BBIYUCIIEHUH B YMIIAX PACTET HKCIIOHEHIHAIBHO.

MOXXHO JIM 3KCTPamoJINpPOBaTh 3Ty TeHAeHIHI0? CHeruanucTsl NalT Mo-
JIOKUTENBHBIA OTBET Ha STOT BOIIPOC, YTBEPXKIas, YTO B OTIMYUE OT JIPYIHX
TEXHOJIOTHH, TICHXOJIOTHYECKUX OIPAaHIMYCHUI Ha CKOPOCTH BBIYHCICHUH HE CY-
miectByeT. Ho skcTparmomnsus 3akona Mypa MpUBOIUT K BEIBOY, YTO IPUMEPHO
B 2020 Tromy AJis MPENCTaBICHUS OMHOTO OMTa MH(OpMAIUU OyIEeT WCIIONIB30-
BaThCsI JIMIIb OIMH aTOM. B 3TOM rogy KoMIbloTephbl OyayT paboTaTh Ha 4acTOTe
40GHz, umes omeparuBHylo namsTh B 160Gb. Bonee Toro, MuHHaTIOpHU3aIys
AJIEMEHTOB KOMITBIOTEPOB TPEOYeT, YTOOBI BBIYMCICHUS OBLTH 3HEPreTUYCCKH
3¢ GekTHBHEL. J[IMCCUTIAlUs YHEPTHH B MaJOM 00BEeME MOXKET OBICTPO paciuia-
BHTH 3TH dIeMEHTHL. KpoMe Toro, crTonMoCTh 3aBOIOB 10 MTPOM3BOACTBY IOITY-
TIPOBOTHUKOB Y/IBAaWBAETCS KaXIble TpU roa. Bece 3To BMecTe B3sATOE O3HAUYAET,
yto Kk 2020 roay nomkHa ObITh CO3/IaHA HOBAsl TEXHOJOTHUSI BHIYMCIICHHM.

KBaHToBBIE KOMIILIOTEPbI

KBaHTOBBIC BBIUKCIICHMS SBIISIOTCS €CTECTBEHHBIM OTBETOM Ha BBI3OBEI, O KO-
TOPBIX TOBOPUJIOCH BBIIIC. I[eﬁCTBI/ITeJIBHO, €Ciin Jid MPEACTABJIICHUA OAHO-
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ro OWTa MPHAETCS WCIOJIB30BaTh OAWH aTOM, TO OIHCAHHE €T0 IOBEICHUS
Oyner ¢ HEOOXOAMMOCTHIO KBaHTOBO-MEXAaHHYECKHM. Takoe yCIOKHEHHE MO-
JKeT, OJHAKO, JaTh U IpeuMyinecTBa. B Hauane 8§0-x romoB mpouuioro Beka
IO. U. Manun [12] u P. @eiinman [13] npeAnonoxuin, 4To ecid MOJEeINPOBa-
HHUE KBAaHTOBBIX SBJIEHHI TpeOyeT MCIONB30BaHMS CIUIIKOM OOJIBIINX PECYPCOB
KIIACCHYECKUX KOMITBIOTEPOB, TO, MOXKET OBITh, KBAHTOBBIE KOMITBIOTEPHI OKa-
KyTcsa 3P (PEKTUBHBIM 1 SKOHOMHBIM CPEICTBOM PEIIEHUs Takux 3aaad. HemHo-
ro noke /[. Jloid 06001 TOHSATHE MAIIUHBI ThIOPHHTA HA CITy4Jai KBAaHTOBBIX
BbIUKCIIeHM [14].

B nelicTBuTeIbHOCTH, IMEHHO KBaHTOBAasi MEXaHHKa, Kak Hanboiee riay0o-
Kasi TEOpHsI BEILIECTBA, ONMUCHIBACT TAKXKE M PabOTY AIEMEHTOB KIACCHUYECKHUX
KOMITBIOTEPOB (HAIPUMeEp, MOIYIPOBOAHUKOB). HO B KBAaHTOBBIX KOMIIBIOTEPAX
TIABHYIO POJIb UTPAIOT cHenn(uiIeckue 0COOCHHOCTH KBAaHTOBOTO MHpa, TaKHe
KaK cynepnosuyus KBaHTOBBIX COCTOSHUM, X 00paTrMast 3BOJIIOIMS, ONHICHIBae-
Mast VHUMApHbIMU NPeobpaz0e8anusiMu, KEAHMOBbLL NApaLienusm, unmeppepen-
Yust M 3anymarHoCcms COCTOSIHNE. PaccMOTpHUM KpaTko 3TH 0COOEHHOCTH.

Cynepno3unus. B oTnmuue ot Mupa KiIacCH4ecKod (H3HMKH, KBAHTOBAs MEXa-
HUKA TIPEIIONaraeT, 9T0 HEKOTOPHIC abTEPHATHBHI MOTYT CYIIECTBOBATH OI-
HOBPEMEHHO. JTa BO3MOKHOCTH BBIPAYKACTCS B CYIICCTBOBAHUU CYHEPROIUYUU
anbmeprnamug. HanpumMep, Kiaaccudeckas MOHETa MOXKET yIacTh JIHOO OpJioM,
0o pemkoil. Ee KBaHTOBBIM aHAIOT MOXKET YMAacTh Ha 00€ CTOPOHBI OAHO-
BpeMeHHO. [1o100HBIM ke 00pa3oM, €CITH AIIEMEHT KJIaCCHYECKOr0 KOMITbIOTEpa
(6uT) MOXKET B JTaHHBIH MOMEHT HaXOAMUTHCS JIMIIb B OJJHOM U3 B3aMMHO HCKIIIO-
Yaromux coctosHui: 0 wiu 1, ero KBaHTOBBIH aHAIOT — KyOum — MOXKET OITHO-
BPEMEHHO HAXOJIUTHCS B 00OMX 3THUX COCTOSHUAX. To ecTh, cocTossHUE KyOnuTa
MOXET OBITh IPEACTABICHO B (hopme

(W) = a]0) + [1), (1)

e « 1 [ KOMIUIEKCHO3HA4YHbIe aMIUTUTYAbl 0asucHBIX coctosHuit [0) u |1),
COOTBETCTBEHHO (pHC. 1).

Jliist peanuzanun KyOuTa MOXKHO MCIIOJB30BaTh pa3HOOOpasHble Gu3nyeckue
CHCTEMBI. DTO MOTYT OBITh DJICKTPOHHBIH WIIH SACPHBIH CIHH, MMEIOLIHE 10
IIBE PA3IHYHbIC POEKIMH HA HAINPABJICHHE BHEIIHETO MATHUTHOTO TIOJIS; 4TOM,
KOTOPBIIl MOJKET HAXOIUTBCS B JBYX Pa3IMYMUMBIX COCTOSHHSIX — OCHOBHOM H
BO30y>XIeHHOM, (OTOH C JBYMSI BOSMOXHBIMH 3HAYEHHSIMHU MOJISIPU3ALNN HITH
IBYMsI HAlpaBICHUSMH JBIKECHHUS, M Apyrue. KoMIiekCHO3HauHbIe aMILIUTY-
Ibl, BXO/SIUME B OMMCAHUE KyOHWTa, HMEKOT TOT CMBICI, YTO HPH HU3MEPEHHH
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Puc. 1. CocrosiHue KyGHTa MOXKET ObITb H300paXKeHO B BUJE €IUHHUHOTO
BEKTOpa ¢ KOMIOHeHTaMH (sin 6 cos ¢, sin 8 sin ¢, cos @), Tae aMIIUTYABI
GasucHBIX cocTosiHuil: o = cosf, B = e?sinf. Cesepubiii u IOxHbIi
TMOJIIOCH! Chepbl earHUUHOro paauyca (cdepnl bioxa), cooTBeTCTBYIOT Ga-
3HCHBIM COCTOSIHHsIM KyGuta: |0), |1), B TO BpeMsi Kak Ipyrue ee TOUKH
NPEICTABSIOT COCTOSTHUSL KyOHUTa, COOTBETCTBYIOIIHE CYNEPNO3ULUH ITHX
IBYX 0a3MCHBIX COCTOSIHHH.

9TOT KyOuT Oyaer oOHapyxeH B OfHOM 3 6a3ucHbIX cocrosuuu |0) mwim |1) ¢
BepositHoCTAMH |r|? 1 [ 3],

Kakune mpenmymiectBa uMmeeT KyOuT mepen knaccuueckuMm ourom? doxyc
B TOM, YTOOBI He uzMepsnb ero COCTOSIHHE JI0 TeX I0p, MOKa HaJl KyOWTOM He
HpOU3BeIeH HEKOTOPbIi Habop MaHMIysLHMiA. Bee To Bpemst, moka cyneprosu-
LMOHHOE (KOTePEHTHOE) COCTOSIHHE KyOuTa OyIeT M3MEHSATHCS MPH HEKOTOPbIX
BO3JEICTBHAX, HEOOXOMMO OIPA/IUTh €r0 OT OMACHOIO BIHSHHUS BHELIHEH cpe-
Ibl. DTO HEKOHTPOJIMPYEMOE BO3/ICHCTBHE MOKET PEBPATHTD CYIIEPIIO3UIIHIO B
COCTOSIHHE, COOTBETCTBYIOIIIEE €MHCTBEHHOM M3 BXOMALINX B HEE albTEPHATHB
(Oexozepenyus). INHaMUYeCKHe M3MEHEHHs] COCTOSHHH CHCTEM B KBAaHTOBOM
MHpE OYeHb CreLU(UIHBI 1 UMEIOT XapaKTep YHUTapHbIX peoOpa3oBaHHil.

YuurapHble npeodpazoBanus. DBOIIOIMS COCTOSHUS KBAHTOBOW CUCTEMBI BO
BpeMeHHU omuchiBacTcs ypaBHeHHeM lllpénuarepa. OCHOBHBIMU e¢ 0COOCHHO-
CTSAMH SIBIISTIOTCS: 0Opamumocms (O3HAYAIOIMIAs, YTO €CIIH Mpeodpa3oBaTh CO-
CTOsSTHUE KyOWTa B HOBOE COCTOSIHHE, TO MOXKHO IPeoOpa3oBaTh 3TO KOHEYHOE
COCTOSIHHE B HauajbHOE€) U YHUMAPHOCHb, BBIPAXKAIONIASICS B TOM, YTO HOBOE
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COCTOSIHME KyOWTa, Tak k€ KaK M HadaJbHOE, JOIyCKAaeT BEPOSTHOCTHYIO HH-
TEPIIPETAIHIO.

OO6paTuMOCTh KBaHTOBOH 3BOJIIOIMH UMEET IPUHIUITHAIBEHOE 3HAYCHHE IS
KBaHTOBBIX BBIYHMCIICHHI: OHA MO3BOJISIET NPOBOJMTH UX, B PUHLMUIIE, O€3 JIUC-
cunanuu >Heprun. TakuM oOpa3om, mpodiiemMa 0TBOAA TeIrIa, KpUTHYECKast IS
CYIEPKOMIBIOTEPOB, MOXKET (PAKTHIECKH HCUE3HYTh A OyAyIIMX KBAaHTOBBIX
BBIYHCIIUTENBHBIX CUCTeM. Heokn1aHHBIM OBUIO YCTaHOBIIEHHE (yHIAMEHTAb-
HOW TPUYMHBI BBIJICJIEHHS TEIUIa B KIACCHYECKHUX KOMITBIOTEpax, 3aKII04aro-
mieiics B peaJiu3aluy B HUX HEOOPaTUMBIX JIOTHYECKHX oneparuii. dakruaecku
JMCCHUTIAIMS SHEPTUH MIPOUCXOIUT IPH HEOOPaTUMOM CTHpaHWUM WH(OPMAIHH.
OxasbIBaeTcs, OHAKO, YTO JIIOOBIC JJOTHYECKUE ONEPAIlni MOTYT OBITh CBEICHBI
K MOCIIEZ0BATENBHOCTSIM MOJHOCTBIO0 OOPATHMBIX IIAaroB, YTO OTKPBHIBAET ITYTh
JUIsl UX KBaHTOBOM pealln3aluu.

YHuTapHbIE NPeoOpa3oBaHusl, UCTIOIb3YEMbIE JUIl MaHUITYJIALUH C COCTOs-

HUSIMH KyOHMTOB, MOTYT OBITh peaM30BaHbl M KaK KJIACCHUECKHE yCTPOMCTBA,
TaKHe KaK pacuieIuIIoNune My9oK (OTOHOB WIIM MEHSIOIMUE UX a3y IUIaCTHH-
KM, WU )K€, HAIlPOTHB, KAaK M3JTyYacMble JTa3epPOM KBAaHTHI CBETA, B3aMMOJICH-
CTBYIOIIME C IPEACTABIIIONIMMH 3TH KyOHTHI CHHHAMH. BBIJIO YCTaHOBICHO
tarke [14], 4To KBaHTOBBIE KOMITBIOTEPHI MOTYT peajli30BaTh JIFOOOW aJlrOPUTM
00paboTKH COCTOSTHUSI MHOTOKYOMTHOTO PErucTpa, MCHONb3ys OCIIeI0BaTeb-
HOCTb O4Y€Hb IIPOCTHIX OTEpaIii, AEHCTBYIOIINX JIMIIb HA OJMH WX JjBa KyOuTa.
HuTteppepennus. OQHO W3 MHTPUTYIOMMX CIEICTBUNA YHHUTApHBIX TIpeoOpa-
30BaHUH KBAaHTOBOTO COCTOSIHUS 3aKJIIOYAaeTCAd B TOM, YTO HOBBIE aMIUIATYZIbI
0a3MCHBIX COCTOSIHUI OKAa3bIBAIOTCS JIMHEWHBIMH KOMOMHALMSAMH CTapbIX am-
IUTUTYA. DTO 03HAYAET, YTO OHU CTAHOBATCSI CyMMOM JABYX MJIM HECKONBKUX (IJIs
MHOTHX KyOHTOB) BekTOpoB. HO cymMMa BEKTOPOB MOKET OBITH M OOJIBIINM BEK-
TOPOM M HyJEBBIM. Takas Urpa aMIUTUTYX HA3bIBACTCS KOHCHIPYKMUBHOU VI
ke decmpykmuenot uHTephEpeHIend, cooTBeTCTBeHHO. KBaHToBass uHTephe-
PEHLIUS UTpaeT PEeIlaloIyl0 POk B KBAaHTOBBIX BBIYUCICHHAX. VX aqropUTMBI
CTPOSITCS TaKMM 00pa3oM, 4TOOBI HEBEpPHbIC PEIICHHs HCYE3aHu 3a CYeT Je-
CTPYKTHBHOH MHTEp(EPEHINH, B TO BPEMs KaK JKelaeMble COCTOSHUS YCHIIHBa-
JMCh TIPU KOHCTPYKTUBHOW MHTEP(EPEHIINH.
KBanToBbIii mapaJuieju3M. Tak Kak COCTOSHHE KBaHTOBOW CHCTEMBI MOXKET
OBITH CYNepIO3UIIEe MHOTHX aJIbTEPHATUB, YHUCIIO KOTOPHIX KCIIOHEHIIMAIHHO
pacTeT ¢ pa3MepoM perucTpa KyOUTOB, MOKHO BO3/ICHCTBOBAaTh Ha aMILIHTY/IbI
BCEX aJBTEPHATUB OJJHOBPEMEHHO, HCIIONIB3Ys yHUTApHbIE Ipeo0pa3oBaHus. JTa
BO3MOXXHOCTB, Ha3bIBaeMasi KBAHTOBBIM IapaJuIeIN3MOM, HE HMEET aHaJIOrOB B
KIIACCHUYECKUX KOMITBIOTEpax.
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3anyranHocTh. Ecin peructp comepxut 6onee omHOTO KyOMTa, TO MOTYT BO3-
HUKHYTh CUTYaIllH, B KOTOPBIX HEBO3MOXXHO NPHIIHACATH OINPEICICHHOE COCTO-
sSHUE KaXIoMy M3 HUX. Kak 3amerun DBepert, B 0oOlIeM ciydae COCTOSHHE
KBaHTOBOH CHCTEMBI MOXKET OBITH OINPEAENICHO JIUIIb OMHOCUMETIbHO COCTO-
sanus Opyeoui cucmemsl [6]. OOmas gopMa KBAaHTOBOTO COCTOSHHS PETHUCTpa
MOXXET OBITh 3alMcaHa CJIEIYIOMINM 00pa3oM.

241

=Y aq

x=0

x). 2)

3710 cocrosiHUE OyNeT 3anymaHHuiM, €CIM €r0 HEBOSMOXKHO (haKTOPH30BaTh —
MIPEJCTaBUTh B BUJE (TEH30PHOI0) MPOU3BEACHUS

|¥) = (a0]0) + Bo[1)) ® - ® (aq—1]0) + Ba—1]1)) . (3)

KiroueBoe pasnuune MexIy 3allyTaHHBIM U (PaKTOPH3YEMBIM COCTOSIHUSIMU
COCTOHT B TOM, 4TO IIEPBOE MOXET OBITh, B 00IIEM Cilydyae, OIpeesieHO 3a1a-
HUEM SKCHOHEHIHAIBHOIO YKcaa KOMIUIEKCHO3HAYHBIX AMIUIMTYH, B TO BpeMs
KaK JJs He 3alyTaHHOTO COCTOSIHHSA OHO JIMHEHHO MO YHCiIy KyOuTOB. JTO
0OCTOSITENBCTBO HATAJKUBAECT Ha MBICIb, YTO MMEHHO 3allyTaHHOCThH JOJDKHA
OBITH CBOIMCTBOM, ONpEAENIONNM OecrpeneleHTHYI0 3()(EKTHBHOCTD MTOIHH-
HO KBaHTOBBIX BBIYHCIICHUI], IOCKONIBKY 3aJa4a UMUTALUYU HBOMIOLUY 3aIlyTaH-
HBIX COCTOSIHUM Ha KJIIACCHYECKUX KOMIIBIOTEPAX OKa3bIBAETCS TPYAHOM.

KBanrtoBbI€ AJITOPUTMBI

K HACTOALICMY BPEMEHU OTKPBITO YK€ HCCKOJIBKO JCCATKOB KBAHTOBBIX aJI-
TOPUTMOB. Hawnbonee u3BeCTHBIMH U3 HUX SIBIISFOTCS:

Aunroputm doinua—J{ko3cel [15]. ATTOPUTM HUCTIOB3YET EAUHCTBEHHOE BbI-
YrcIIeHre OyIIeBOM (DYHKIIHS 71 IEPEMEHHBIX YTOOBI ONPECTIHUTD, SIBIISIETCS
JIU OHA MTOCTOSTHHOU MM OaaHCHOH (MPUHUMAIOIIECH HCTHHHOE 3HAUYCHHE
JUTS TIOJIOBUHBI 3HAYCHUH apryMEHTOB), SKCIIOHEHIIMAIBHO YCKOPSIS HawB-
HBIH KITaCCHYECKMH anropuT™, TpeGytomuii mposepku 27~ 1 + 1 3Hauenwuit
¢ynkunu. OHAKO, KIACCUYECKUH aJTOPUTM TaKXKE MOXET PelIUTh 3Ty
3ajady, UCIONIb3ysd KOHEYHOE YHCJIO BBIUUCICHHH, €CIM MO3BOIUTH €My
H3peIKa OmmnodaThes.

Aunroputm lopa [16]. D10 Haubosee U3BECTHBIM U MOIIHBINA KBAHTOBBIH a-
TOPUTM, TTO3BOJIIONIHIA (DaKTOPH30BaTh Nn—3HAYHOE MIEI0E YUCIIO JIUIIB 32
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O(n3) waros, B TO BpeMsl KaK HAWIYYIUAI U3 H3BECTHBIX KIACCHYECKUX
aNrOPUTMOB TPeGyET HCTIONB30BAHMS CYTIEPIIOTHHOMHUAILHOTO YHCIIA [I1a-
roB, exp[n'/3(logn)?/3]. Arroput™ OCHOBaH Ha KBAHTOBOH peaTH3aUH
s¢dexTMBHOrO NoKcKa neprona GpyHKIHH U KBAHTOBOTO aJIrOPUTMa ObICT-
poro npeoGpazosanns Pyprbe. Kpome Apyrux panee OTMEYEHHBIX 0COOEH-
HOCTeH KBaHTOBBIX cHCTeM, B anroputme 1llopa nenons3yercs nuueTep-
MMHH3M, XapPaKTePH3yIOLIHii IPOLECC N3MEPEHHS B KBAHTOBOI MEXaHHKE.

Auaropurm I'poepa [17]. OauH 13 Ba)XKHEHIINX KBAHTOBBIX aJrOPHUTMOB, HC-
TIOJTb3YEMBIii IS TTIONCKa B HEYTIOPSIIOYEHHON 0a3e TaHHBIX, oOecnednBa-
€T JINIIb TTOJMHOMHAIBHOE YCKOPEHHE.

Auaroputrm BepHmreiina-Basupanu [18] nosBonsier HalTH 3amuch B cne-
yuanpHotl 0a3e MAHHBIX (CHOCOOHOW BBIYHCIATH CKAJSIPHOE IPOU3BEIC-
HHUSI BEKTOpa 3allpOCOB Ha BEKTOP NAHHBIX), UCIONB3YS CIMHCTBEHHBIN
3ampoc. OTMedaeTcs, 9YT0 HEOXKHIAHHOH 0COOCHHOCTBIO 3TOTO aJITOPUT-
Ma SIBJISIETCS €r0 CIIOCOOHOCTh IKCIIOHEHIIUAIBHO YCKOPSATH IMOUCK, HE HC-
TOJIB3Ysl 3amyTaHHbIX cocTosiHui [19]. Tlo Muenuto /[. Maifepa anroputm
BepHiureiina-Basupann ornposepraer Te3uc 0 HEOOXOOMMOCTH 3alTyTaH-
HOCTH JUTA pean3alliil TOMJIHMHHO KBAaHTOBBIX BBIYHMCICHUH, TOCKOJBKY
OCHOBAaH Ha WCIOJNB30BaHWU JIMIIb WHTepdepeHmun. B stom Bompoce
PacxonATCsA UCCIIEA0BATEIN, IBITAIONINECS IaTh ONpPe/eIeHIe KBAaHTOBBIX
BBIYUCIICHUNA. DTOT BOIPOC OYIAET pacCMaTpUBAThLCS MOAPOOHEE B CICIY-
fonteM paszaerne. OnHako BOJIOpasaen MHEHHMH MPOXOAWT HE TOJBKO IpH
OLICHKE alTOPUTMOB, HO ¥ TPH aHAIH3e (PU3MUYCCKON pean3ali KBaH-
TOBBIX BBIYHCIICHUH.

Peanu3zanum KBaAaHTOBBLIX BBHIYMCJIEHHH

OnHOlt M3 BaXXHEHIIMX MPOOJIEeM, KOTOPbIE TOKHBI OBITH PEICHBI IPH pea-
3alM KBAaHTOBBIX KOMITBIOTEPOB, SIBISIETCSI COXpAaHEHHE KOTEPEHTHOCTH KBaH-
TOBBIX COCTOSHHH B TEYEHHE BPEMEHM pEajM3allii aJrOPHUTMOB (3Ta Ipobie-
Ma SIBISICTCA HE TaKOW OCTPOH I TaK HA3bIBACMBIX KBAHTOBBIX KOMITBIOTE-
POB BTOPOTO THIA, pedb O KOTOPHIX MoiineT Hmke). K HacTosmemy BpeMeHH
TIPE/ITIOKEHO HECKOJIBKO PA3IMYHBIX CXeM (PM3MYECKON peann3aluy KBAaHTOBBIX
BBIYHMCIIUTEIBHBIX CHCTEM, TAaKHE KaK:

e 1OHHEIE JOBYIKH [20];

e KBAHTOBAas 2MEKTPOAMHAMHUKA B TOJIOCTH — JIeTalomuit KyouT [21];

o CKBUmI [22];
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e SIMP-cucremsr! [23];

e (pochopo-KpeMHUEBBIN KBAHTOBBIA KOMITBIOTEP [24];

® KBAaHTOBBIE KOMIIbIOTEPHl MATHUTHO-PE30HAHCHOW MHUKpOCKONUH [25],
a TaKKe pasMIHbIC ONTUYECKUE U TBEPAOTCIBHBIC CXEMBI.

B cBs131 ¢ 00CykIaeMbIMH Jjajiee BOIIPOCAMH OCOOBIH HHTEpEC MPEACTaBISI-
FOT CXEMBI SIIEPHOTO MarHuTHOTO pe3onanca (AMP). SIMP npencrasisier coboit
XOpOIIO M3BECTHYIO TEXHOJIOTHIO, MO3BOJISIONIYIO ONEPUPOBATh COCTOSHHSIMHU
KyOMTOB Ipy KOMHaTHOW Temneparype. KBantoBeiii SIMP—kommbrorep Mor Ob1
COCTOSITh U3 TPYOKH, HAIIOJTHEHHOH XHUIKOCThIO (Hampumep, xiopodopmom). B
CBOIO OYEpEb, CIMHBI SAEP aTOMOB, BXOJSIIUX B MOJIEKYJBI >KHIKOCTH MO-
TYT HMCIIOJB30BAThCA IS peanu3anuu KyOuTos. Takas TpyOka momemaercs B
CIJIPHOE€ MarHWTHOE I0JIe M COCTOSHUS SACPHBIX CIIMHOB ITOJIBEPraroTCs BO3-
JEUCTBUIO PaJUOYaCTOTHBIX HMMITYJIBCOB, PEAU3YIONINX HY>KHbIE YHUTapHBIE
npeoOpa3zoBanus. OUEHKH MOKa3bIBaOT, 4T0 SIMP-KOMIIBIOTEPHI MOTYT UMETH
PETUCTPBI, COCTOSIINE He Oollee 4eM U3 75 KyOMTOB. JTO HE TaK MHOTO, €CIH
HCTIONB30BaTh UX IS PeIIeHUs 3a1adi (akTopu3auy Hensx gucen. OgHako,
yKe MPOIEMOHCTPUPOBAHHBIC IPIMEPHI peaTu3aliis Pa3INIHbBIX KBAHTOBBIX aJl-
TOPUTMOB Ha TakuX cuctemax [23,26,27] moaBepraroTcs B HACTOSIIEH BpeMs
KpUTHUKE, OCHOBaHHOM Ha ToM, uTo SIMP—cucteMsl He MO3BOJSAIOT peaan30BaTh
3aIlyTaHHOCTh KBAaHTOBBIX COCTOSHUI KYOHUTOB.

CornacHo COOTBETCTBYIOLIEH TOUKE 3PEHHUSl KGAHMOBbIMY HE SBISIOTCS HE
TONBKO ToA00HBIE SIMP—peanu3anyn, HO U KBaHTOBBIE KOMITBIOTEPHI BTOPOTO
Tumna, npenjoxennsie /. Enmesom [28]. B 3Tux cucreMax 3alyTaHHOCTh CO-
CTOSHMH M OONbIIMEe BpeMEHa KOT€PEHTHOCTH HE TPEOYIOTCS, W KOMIIBIOTEp
MpeJCTaBIsIeT COO0H MaKPOCKOMHUYECKOE YHCIIO IIEMEHTAPHBIX MaIOKYOUTHBIX
KBaHTOBBIX KOMIBIOTEPOB. [10100HBIE KOMIBIOTEPHI PACCMATPUBAIOTCS KaK CPe/i-
cTBa 3 (PEeKTUBHOTO MONIETMPOBAHHS (PU3MUECKH MPOIECCOB, TAKUX Kak auddy-
3Wd, IEPEHOC U3ITyUYCHHS, TCUCHHE KHUIKOCTH U APYyTHE.

Posib 3anyTaHHOCTH COCTOSIHUM

— Uro Bsl 060 BceM 3TOM aymaete?
— 3amyTaHHOE AeNO. . .
— Kaxk 310 BepHo, Barcon!

Apmyp Konan-/loiine
«Cobaxa backepsuneiiy»
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B pa6ore [29] Obuta mccaemoBaHa MOAETh KBAHTOBOTO aHAJIOTOBOTO HEWPOHA,
UCTIOJB3YIOMIAsl ONPENeNICHUEe MemoO00I02UU KEAHMOBHIX GbIYUCTEeHUL, TaHHOE
M. Mypom u A. Hapasaanom. [TpuBeneM ero GpopMyIHpOBKY COTIIaCHO padoTte
[3]:

1. TIpobnema moymkHa OBITH MPENCTABICHA B YUCICHHOM BHUJIE, WU XKE TIpe-
o0Opa3oBaHa B HETO.
JomxHa OBITH OmpeneeHa HadaabHas KOH(PUTYpaIus.
JomKHBI OBITH OIIPEAETICHBI YCIOBHUS 3aBEPIICHUS BEIYUCIICHHM.
3amaga JOIDKHA OMTyCKaTh pa3OMEeHNe Ha MEHBIIHE ITO3a1a49H.
HyHO ompenennTs HEOOXOIMMOE YHCIIO MUPOS.
Kaxxmas mom3amada mprcBaeTcs COOTBETCTBYIOIIEMY MHPY.
BrranciieHus B pa3udHBIX MUPaX MPOU3BOAATCS MapalIeIbHO.
Mexay BceMu MUpaMH JOJDKHA OBITH HEKoTopast (hopMa B3aNMOIEHCTBUS:
uHTepdepeHITHs T0HKHA T1U00 1aTh peleHne mpoOdiIeMbl 1100 HOBYIO MH-
(dbopMaIuio A1 MEPOB, KOTOPask MOXKET OBITh B JaJbHEHIIIEM HCIIOIb30-
BaHA B HUX JUIS MOJyYCHHS PCIICHUS.

S A

OcTaBuM MOKa IO BOIPOCOM, YTO IMOHUMAETCA B 3TOM OIPEICICHUH TI0]
CIIOBOM «MHp», M OOCYIHM BHAYaje, MOXXHO JIH HCIIOIB30BaTh €r0 I TOCTPO-
€HMs MojeNieil KBaHTOBBIX HEHPOHHBIX CHCTEM, HECMOTPS Ha TO, YTO B HEM
HCIIONIB3YETCSl TOJBKO IMOHATHE WHTEP(PEPEHIMH, HO HUYEro HE TOBOPHUTCS O
3armyTaHHOCTH coctosHuil [30]? Kak yxe oTmMeuanoch, UMEHHO CBOMCTBO 3a-
ITyTAaHHOCTH COCTOSHUH PaccMaTpHBAacTCsl 3HAYUTEIBHON YacThIO aBTOPOB Kak
HEOOXOIUMBIH 3JIEMEHT eI CTBUTEIFHO KBAHTOBOTO BBIYKCIICHHS, TapaHTUPYIO-
IUHA ero MPeuMYIIECTBO INepe]] KJIACCHYeCKHUMHU BhIuMcieHusMu [31,32]. 3a-
MYTaHHBIE WIN CYNEpKOPPeIuposantvle COCTOSHUS O0JIaJaloT YHUKAJIbHBIMHU
CBOMCTBaMH, KOTOpPbIE, B YaCTHOCTH, ITO3BOJISIIOT CO3/1aTh OECIIyMHBIA KaHai
nepenaynu KBaHTOBOI'O COCTOSIHUSL IOCPEACTBOM KBAaHTOBOM Tenenoprauuu [33]
1 JIETIOKAJIN30BaTh KBAHTOBYIO HH(OPMAIUIO B CHCTEME, COCTOAIIEH U3 HECKOIIb-
KX TOZICHCTEM, YTO TO3BOJISICT 3AIIUTHTh KBAHTOBOE COCTOSHHE CHCTEMBI OT
Ppa3pyIIaIoIero KOrepeHTHOCTh BIIMSIHUS OKPYXEHUS C UCIOIb30BaHUEM KOJIOB,
KOpPEKTUPYOMIX omuoku [34,35].

OnHa TONMBKO MHTEP(EPEHIMS PA3IMYHBIX AJBTEPHATHB (OMPEIEIIIONINX
KBAaHTOBBIHM MapajuIeTU3M BBIYHCICHUI) PacCMaTpUBACTCA ITOH IPYIIION aBTO-
POB HEJOCTATOYHOW [UIS peayu3aliy MTOJUIMHHO KBAaHTOBBIX BBIYHCIICHUIL, I1O-
CKOJIbKY, KaK OTMEYaJIoCh, €CIIH CYNEPIIO3ULINS aJbTePHATUB (haKTOPHU3YETCs, TO
COOTBETCTBYIOLIMH aJrOPUTM MOXKET OBITh PEean30BaH C IMOMOILIBIO Kiaccuye-
CKHX, «ONTHYECKUX» CXEM BBIUMCICHUH. bonee Toro, yrBepsknaercs, 4To Taknue
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«HE KBAHTOBBIC» BBIUHMCIICHHS MOTYT OBITH PEAM30BAaHBI C ITOMOIIBIO JTFOOBIX
KJIACCUYECKHUX BOJIH:
«st Toro, 4T00bI YOAUTHCSI, YTO CYIEPIIO3ULKUS caMa Mo cebe He SIBIIs-
€TCsI CYIIEeCTBEHHBIM CBOWCTBOM, HEOOXOIMMO JIHIIb 3aMETHTh, YTO KiIac-
CHYCCKHUE BOJHBI TAKXKE MOTYT 00pa30BBIBaTh Ccyneprno3unun. Jroooii a¢d-
(eKT, 3aBUCSAIIHIA TOJTBKO OT KBAHTOBOW MHTEP(EPECHIIMH, MOXKET OBITH JIeT-
KO MMUTHPOBAH C TIOMOLIbIO Kiaccudeckux Bosn» (Jozsa, [31]).

[TockonbKy B JIMTEpaType CyMIECTBYET IIMPOKasl MOJEMHKA 110 3TOH Mpo-
G1eme, HEOOXOAMMO apryMEHTHPOBAaTh BO3MOKHOCTH HCIIOJIB30BaHMS JAHHO-
TO ONpeJesIeH!s] KBAaHTOBOTO aJTOpUTMa IpU MOCTPOSHUH MOAEIeH KBAaHTOBBIX
HEIPOHHBIX CUCTEM.

HamoMHMM, 9TO €TMHCTBEHHOE CBOMCTBO 3aIlyTaHHOTO COCTOSIHHS COCTOMT
B TOM, 4TO OHO SIBIsIETCS Ooiiee WM MeHee He (DaKTOpU3yeMOW Cylepros3u-
mueid. OOuH M3 apryMEHTOB B IIONIB3Y IPEANOYTHTENFHOCTH HCIIOIb30BAHUS
3aIlyTaHHBIX COCTOSHUM [31] COCTOUT B TOM, YTO MOCKOJIBKY OHHM OIHCBHIBAIOT-
Csl OKCIIOHEHIIMAIILHBIM YUCIIOM MapaMeTpPOB, TO BhIYHMCIECHHE (YyHKIHMOHAIBHO
3aBUCSIIETO YHUTAPHOTO NPeoOpa3oBaHus

291

19)[0) 75 S aula)| f() (4)

=0

MOXXET OBITh MPOBEICHO MapaUIEIbHO JJISI BCEX BO3SMOXHBIX 3Ha4CHUH apry-
MEHTOB X, YTO JaeT SKCIIOHEHINAILHOE YCKOPEHUE BBIYMCIICHUM, eCIU (QyHK-
LUsI MOXKET OBITh BBIYKCIIECHA 32 MOJIMHOMHAIBHOE BPEMs. DTO CIIPaBEIUINBO,
OYEBHHO, JUII JIOOOM CyNeprno3uuuu (31eCh MPOSBIAETCS JHUIIb KBAaHTOBBIN
TapaJuieNnu3M), HO B 00IIeM cilydae, oJjo0Hoe peoOpa3oBaHue MEPEBOINT JIaH-
HYIO CyNEpPIIO3UIIMIO B 3aIlyTAHHOE COCTOSIHUE. DTO IPUBOJUT K HEOOXOIMMOCTH
paboTHI ¢ SKCTIOHEHINAIBHBIM YHCIIOM JaHHBIX IIPHU MOIBITKE IPOU3BECTH HEO0-
XOZMMBIE BBIYHCIICHHS C IOMOIIBIO KIACCHYECKHX cpencTB. [Ipn sToM Hen36ex-
HO SKCTIIOHEHLIMAIbHOE 3aMEeJICHHE KJIACCHYECKUX BBIYUCICHUHN MO0 CPAaBHEHUIO
¢ kBaHTOBbIMU [32]. Ho ecnu Bce KBaHTOBBIE COCTOSHUS, BO3HUKAIOIIME Ha
1r000M 3Tare BBIYHUCIUTENBHOTO Ipolecca, OKaxyTcs (akTopusyeMbIMH (He
3aIlyTaHHBIMH), TO OHHM MOTYT OBITH OITMCAaHBI HAOOPOM JAHHBIX, 00BEM KOTO-
PBIX TUHEWHO pacTeT C YUCIOM KyOWTOB. B 3TOM cilyyae 3KCIOHEHIHMATHHBINA
BBINTPBINI B CKOPOCTH BBIYHCIICHUI MTPECTABISIETCS HENOCTIKUMBIM. COOTBET-
CTBYIOIINE BBIYHMCICHHS MOTYT OBITH IIPOBEICHBI C TOH ke 3P(EKTHBHOCTHIO
C TIOMOIIBIO KJIACCHYECKUX cpeAcTB. Takas apryMeHTalusi HCIOJIb3yeTcsl O0JIb-
IO TPpyHIol mccienoBareneii Uil 000CHOBaHMSA TOTO B3INIAAA, YTO MMEHHO
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9KCTIOHEHIIMAIIbHOE YCKOPEHHE BEIUMCICHHUH SBISIETCS] OTIIMYUTENBHOM XapakKTe-
PHUCTHKOH MOJIMHHO KBAaHTOBBIX aJTOPUTMOB. [IpH 3TOM, BO3MOXHOCTH TaKoro
YCKOpPEHHsI HalpsAMYIO CBSA3BIBAETCS C 3aIlyTAHHOCTBIO HCIIOJIB3yEMBIX KBaHTO-
BBIX COCTOSIHUH.

B cooTBeTcTBUEM ¢ Takod aprymeHTalMeH, 000 anropuTM, HE HCIONb-
3yIOIMH 3allyTaHHBIE COCTOSHHSA, HE MOXET HPUBECTH K HKCIOHEHIHAIbHO-
My CHIDKEHHIO BBIYHCIHMTEIBHBIX PECYPCOB. DTH PECYpPCHI NMOAPA3IEISIOTCS Ha
8peMeHHble, HAIIPUMEP YHUCIIO 3alpocoB B ajroputMe [posepa, ¢usuueckue,
HaIrpuMep SHEPTHsl, TOYHOCTh U3MEPEHUS, YUCIIO0 (PUBNUECKUX YCTPOMCTB, HC-
TIOJTb3YEMBIX JUTS PU3MYECKON peai3alliy allfOPUTMA U T. 1. ¥l pecypcobl Ymenus
(readout), HarTpuMep YHMCIIO KONMMH KBAHTOBOM CHCTEMBbI, HEOOXOIUMBIX IJIS pea-
JU3aIUU BBIYUCIICHUS C TaHHOW TOYHOCTHIO [36]. B aTOM citydae, nexinapupyer-
Csl, YTO COOTBETCTBYIOIIUE ANTOPUTMBI MM X pean3alliisi He MOTYT paccMar-
pUBaThCS Kak MOUIMHHO KBaHTOBBIE. B pe3ynprate B Ha3BaHUM «KBAHTOBBIM»
OTKa3bIBAaeTCs HE TONbKO BceM SIMP—peanusanusam npocTeHInx BapuaHTOB all-
roputMa Jloitaa-/[xxo3cel [37-39] u anroputma ['posepa [40,41] (aprymeHTanms
B ITOJIb3Y OTCYTCTBHSA 3aIlyTAHHOCTH COCTOSTHIN KyOHTOB [UISl IPEICTABICHUS KO-
TOPBIX MUCTIONB3YIOTCS KBAHTOBBIE COCTOSHHSA Pa3IMYHBIX aTOMOB M MOJIEKYJI, UC-
noJib3yeMbix B SIMP—3kcriepuMeHTax coaepkutcs B padborax [42—44]), HO u pe-
aJIN3alysAM KBAaHTOBBIX aJITOPUTMOB METO/IaMHM JIMHEWHOM ONTUKY (BKJIIOYas Te-
JICTIOPTALMIO KBAaHTOBOTO COCTOSTHHUSA [45]), MOCKOJIBKY B HUX HUCIIOIB3YETCSI IKC-
TIOHCHIMATIBHOE YHCIO0 (QU3MYECKUX YCTPOMCTB (TIOMSPU3aTOPOB M JIENIUTENEH
my4koB). Kpome Toro, He mpU3HAIOTCA KBAaHTOBBIMU PEANN3allMd OCHOBaHHBIE
Ha MaHUITYJSIIUAX C PUIOEPTOBCKUMH COCTOSHUSME aTOMOB [46,47], TOCKOIBKY
JUISL 9TOTO TPeOyeTCst SKCIOHEHIMaIbHast TOUHOCTh M3MEPEHUH ITUX COCTOSTHHH.
Takum 00pa3oM, COINIACHO ONMCHIBAEMOM TOYKE 3pPEHUS Ha CYIIHOCTb KBaH-
TOBBIX BBIYMCIICHUII HEOOXOAMMO JIMOO HCIIONb30BaTh KBAaHTOBBIE COCTOSIHUS
JUISL TOTO, YTOOBI OCYIIECTBIIATH ITOJJIMHHO KBAHTOBBIE BBIYMCIICHUS, JTHOO, IS
JOCTHKEHHsI aHAJIOTUYHOM 3 ()EKTHBHOCTH, HCIONB30BaTh KCIIOHEHIIMAIBEHOE
YHCII0 PECYPCOB JUI KOMIIEHCAIUU OTCYTCTBUS 3amyTaHHOCTH. Ho B mocnennem
cllydae TIPOBOANMBIEC BEIYHMCICHHS yXKe HE MOTYT ObITh Ha3BaHbI IEHCTBUTEIIHHO
KBaHTOBBIMHU. BooO111e ToBOpsI, IPUHATHE ITOJOOHOH IMO3UIIUHI NPUBOIUT K TOMY,
YTO TPAHHUNA MEXIY IIOJJIMHHO KBAHTOBBIMM» M HE KBAaHTOBBIMH BBIYHCIICHH-
MU CTAaHOBUTCS TOCTAaTOYHO pa3MbITOH. Hampumep, n3BeCTHO, UTO alrOpUTM
Jotiua-J[»03Chl, KOTOPBIi AEHCTBUTEIBHO 3KCIIOHEHIMATIBHO yCeKopsieT nudde-
PEHLMALNIO MEXy OaJaHCHBIMHU ¥ IIOCTOSTHHBIMU OyneBbIMH (pyHKImsiME [15],
HE HMCIOJIB3YeT TeM HE MEHEe 3allyTaHHBIX COCTOSIHUH B cirydae (DyHKIMH ox-
HOHW WJIH JIBYX IIEpeMEHHBIX [48] 1 MOXeT OBITh peai30BaH ¢ HCIOJIBb30BAHHEM
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CpeAcTB MuHEHHOH onTuku. C APYTroi CTOPOHBI, OH IEHCTBUTEFHO MCIIONB3YET
3aITyTaHHBIE COCTOSIHUA B ciiydae (YHKIUH TpeX W OONBIIero 4ymcia mepeMeH-
HbIX [49]. Takum obpaszom anroputm Jloiiua-J[»03Chl ABISAETCS B HEKOTOPOM
CMBICJIE «IIOJlyKBaHTOBBIM». MIHOrma yTBepkaaercs, 4To U aaroput™m I'posepa
TaKke He TpeOyeT 3almyTaHHOCTH COCTOSIHUM B cirydae d < 3 xkyour [39,50]. Ha
caMoM Jiefie, MpaKTU4eCKHU TOJIe3HbI anroput™ I poBepa Bee ke Tpedyer 3amy-
TaHHOCTH COCTOSIHUII KyOHTOB, BXOJSIINX B IBA PETHCTPA, KOIAUPYIOMIUX KIIFOUN
U KOJHMpyeMble MMHU HH(pOpMannoHHbIM 3anucu [51,52]. Ho rtakas 3amyraH-
HOCTb HE JJaeT SKCIIOHEHIUAILHOTO YCKOPEHUs MOUCKA, a JIMIIL 00eCIIeuuBaeT
HEOoOXOIMMBIE acCOLMALMM MEXTy COCTOSIHUSIMU 3THX perucTpos. bonee Toro,
OH B JICHCTBUTENBFHOCTH TpeOyeT HCIIOIb30BAHUS SKCIIOHEHIMAIBHOTO 4YHCIIa
pecypcoB AJsI TIPUTOTOBJICHHUSI KBAHTOBOTO COCTOSHHSA 0a3bl JaHHBIX, KOTOPOE
paspymaercs mocie MoJHOTO 3aBepIICHUsT 00pabOTKH KaXI0To 3armpoca K He.
BcnenctBue TeopeMbl 0 HEBO3MOXKHOCTH KJIOHHPOBAHUSI KBAaHTOBOI'O COCTOSI-
Hust [53, 54], HeBO3MOXKHO 3 (EKTHBHO CKONMPOBATh COJEp)KaHHE Takux Oa3
JaHHBIX. HanpoTuB, HE0O6X0ANMO HCHONIB30BaTh SKCIOHEHIMAIEHOE YUCIIO OIe-
panuit IS co3MaHMA KaXIOW M3 TaKMX KOMHMU (eCiH MaMsATh IOIDKHA UMETh
SKCTIOHEHIIHAIBHYI0 €MKOCTh). B yKka3zaHHOM cMBbICie, mpeiokeHHass BeHTy-
poif u MapTuHIleM KBaHTOBas acCOIMAaTUBHAS MaMsTh [86] Takxke OKa3bIBaeTCs
HE TOJIMHHO KBaHTOBOW. [lo-BMAMMOMY, JIMIIB QJITOPUTMBI THIA AITOPUTMa
[lopa ymoBIETBOPSIIOT CTPOTUM TPEOOBAHUAM, NPEIBIBIIEMBIM K KBAHTOBBIM
QITOPUTMaM CTOPOHHHMKaMH{ OIPENEIISIOMIEH POJIM 3allyTaHHOCTH COCTOSTHHH,
MIOCKONBKY OH JICHCTBHTENBHO ONEPHPYET C HUMH M HCIOJIB3YET OTHOCUTEIb-
HO TIPOCTYyI0 (PyHKIIHIO, KOTOpasi MOXKET OBITh BBIUMCIICHA 32 IMOJIMHOMHAIBHOE
Bpems. Tem He MeHee, apyras Ipymia aBTOPOB MpeJlaraeT MpUMephl peausa-
LM KBAaHTOBBIX JITOPUTMOB, HE UCIIOJIB3YOIIHE 3aIlyTAaHHBIX COCTOSIHUH. OnuH
13 BO3MOXHBIX IIOJXOIOB K MOCTPOEHHIO TaKMX Pealn3alyii ObLI MPeIoKeH
C. JImorimom [50]. OH OCHOBaH Ha 3aMEHE MHOTOYACTUYHBIX CHCTEM C 3aIly-
TAQHHBIMH COCTOSHHSIMH Ha SKBHMBAJCHTHBIC OJHOYACTHYHBIC CHCTEMBI, UMEI0-
I11e SKCIOHEHIIHAIBHOE YHCII0 cocToAHUI. [ToCKONbKy MOHATHE 3aIlyTAaHHOCTH
HE MMEET CMBICIA Ui OJHOYACTHYHON CHUCTEMBI, TAKOW MOAXOJ OKa3bIBaeTCA
VHHBEPCAJIBHBIM CIIOCO00M «pacmyThiBaHms» (disentanglement) iro6oro xBaH-
TOBOTO anropurMa. OJHaKo, MOyYEHHAsI cCXeMa TpeOyeT pealn3alny SKCIIOHECH-
[UAIBHO TOYHBIX M3MEPEHHH KBAaHTOBOTO COCTOSIHHMS, YTO OIATH HE JaeT IMOA-
JIMHHO KBaHTOBOTO airopuTMa [47]. He cmacaet monoxeHHe U UCHOIb30BaHHUE
CHCTEM C JKBUAMCTAHTHBIMU YPOBHSIMHU SHEPTUH, KOTOPbIE BMECTO JKCIIOHEH-
LUaJbHOW TOYHOCTH IPHBOIAT K HKCIIOHCHIMAIBHOMY POCTY SHEPTHH COCTO-
sHuil. Tem He MmeHee, /[. Maiiep yka3all, YTO HEKGAHMOBOCHb MAaHUIYIHPOBA-
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HUSI ¢ pUAOEPrOBCKUMH COCTOSHHSMH OTHIOZb HE O3HAYAET, UTO GCe PEATbHBIC
KBAHTOBBIC aJITOPUTMbBI HE MOTYT OBITh pC€ain30BaHbI C UCIIOJIB30BAHNEM OHHOﬁ
JIMIIb WHTep(EepeHIMH He 3allyTaHHBIX cocTosiHui [19]. B kadectBe mpume-
pa OH NpHBEJ aIrOpuUTM, NEPBOHAYAIBHO MPEAJIOKEHHBIN O. bepHiTeiinoM n
Y. Bazupanu [55] u nepeotkpbiThiit b. Tepxanom u k. CmoaunsiM [56]. C no-
MOIIIBIO 3TOTO AJITOPUTMA MOJKHO HAlTH 3alKCh B CIIEIUAIBHO YCTPOSHHON Oaze
JAHHBIX, UCIIONB3Ysl €IUHCTBEHHBIH 3ampoc. Bkparme 3ToT aroput™M COCTOUT B
CJIEIyIOIIEM.

PaccmarpuBaercst 0a3a JaHHBIX, 3HAIOIIAs €AWHCTBEHHYIO 3amuch a. Jlis
T000T0 MPEABIBICHHOTO CTHMYJa = 0a3a MOXKET BBIYMCINTb, HACKOJIBKO OH
61M30K K a. B xadecTBe Mephl OIU30CTH MOXKET OBITh, HAPUMEP, BBIYHCICHO
CKaJSIPHOE MPOM3BEJICHHE JIBYX COOTBETCTBYIOLIMX BEKTOPOB, (2 - a). Takum
o0pasom, s JI'06oro 3anpoca | ) |b) 6asa BosBpamaet cocrostHue |x)|b)®(z-a).
3ajaua COCTOUT B ONPEAEIEHUH ¢ C UCIIOIB30BaHMEM MUHUMAJIBLHO BOZMOKHOTO
yucoa 3arnpocoB. Kak ObII0 MoKa3aHo, B pacCMaTpuBacMoM CIIydae HeoOX0AuMOo
eIMHCTBEHHOE oOpalieHne K 6a3e, 9To0bI ONpeNeNuTh BU] 3anucu a. s storo
HEOOXOIMMO peaTn30BaTh CIeIyonie marn adroputMa bepmreiina-Basupann.
HIar 1. C nomomptio Habopa mpeoOpazoBaHUl AnaMapa WHHUIUATHU3UPYETCS
He3aIllyTaHHOE KBAHTOBOE COCTOSIHUE:
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Hlar 2. Yaurapaoe npeodpasopanue ocyuiecteisiemoe OpakyiioM npeobpasyer
Ha4YaJIbHOC COCTOSAHUE B TAaKXKE q)aKTOpI/ISOBaHHOC COCTOsSIHHUE:
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Hlar 3. BHOB IPUMEHSIOTCS TpeoOpa3oBaHus AaMapa, Jarolie
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OT0 KOHEYHOE (haKTOPU30BAHHOE COCTOSHHE COMACPKHUT HCKOMYIO 3aIliCh
B 1epBoM d-KyOuTHOM peructpe. [I0CKoIbKy BCE COCTOSIHUSI, BO3HUKAIOIIME Ha
KaXXJI0M IIare ajropurMma, ABJIsIr0OTCAa HE3aIlyTaHHbIMU, SKCIIOHCHIIUAJIbHOEC YCKO-
pEHUE MOTyYaeTcs JIMIIb 33 CYET KBAHTOBOI'O Napaulesii3Ma 1 HHTEp(EPEHLIUH.

Jlerko yBHIETH OMHAKO, YTO JaHHAs (POpMYIHpOBKa MPOOIEMBI IOUCKA IO
CYTH HE SIBIISICTCS TIPAKTUIECCKH MTOJIE3HOH I co3manms 6a3 maHHbIX. OHa (ak-
THYECKH Pean3yeT IPOCTEHIIYIO BEPCHIO «KBAHTOBOTO MOPCKOTO 00s1», B KOTO-
POM HEOOXOMMO HAMTH TOJIOKEHHE ENUHCTBEHHOTO OTHOKJIETOYHOTO KOPaoIIs.
[IpakTHyeckn MPUMEHUMBIIA MOUCK HEeH30eKHO TpeOyeT 3aryTaHHOCTH COCTOSI-
HUH KyOWTOB, BXOAAIIMX B KIIOYEBOH M MH(OPMAIIMOHHON PETrHCTpHI (Tak 4ToO
KpoMe HaXO)KJICHHS ITOJIOKCHUS Kopallii MOXKHO OBIIIO OBI TTONyYUTH M HEKO-
TOPYIO IOTIONTHUTEIBHYIO HH(POPMAITHIO O HEM CaMOM) WIIH K€ MIPUTOTOBIICHHE
caMoif 0a3pl MaHHBIX (HE 3ampoca) B BHJE KBAHTOBOHM cymeprosunuu. Oue-
BUJIHO, YTO 3aITyTaHHOCTh OKa3bIBAETCS BCE JK& HEOOXOMMMOMW JUIsl acCOIMAINN
3HaYeHUH aprymenra ¥ ¢yHkunmd. OmHAKO, XOTs accoluanysl KXo mapbl
«apryMeHT—(QYHKIHS» MOXET OBITH OCYIICCTBICHA 32 MOJTHHOMHUAIEHOE BPEMS
C HCIIOJIb30BAaHUEM Pa3IMUYHBIX NOIXOMOB, NPEUIOKEHHBIX Bentypoit u Map-
tuageM [86], Auapexyrom u Amu [57] I'y-nmro Jloarom n Aar Cynom [58],
peanu3anus npouseoibHot 0yIeBor (QYHKIUH MOTPEOyeT OCYIICCTBICHHUS JKC-
MOHEHIMAJILHOTO YHCIa TaKUX aroB, 29, Jlake HCMOIb30BaHNE €UHCTBEHHOTO
3armpoca JJis IOMCKa 3HAYCHUs OyJaeBOM (YHKIUH HE MOXKET KOMIICHCHPOBATh
3aTpaT Ha MPUTOTOBJICHWE HAYAJHHOTO 3aITyTaHHOTO COCTOSHUS 0a3bl JTaHHBIX.
[ToaTOMYy, 5KOHOMUS BpEMEHHBIX PECYpPCOB (HCIIa 3aPOCOB) HEOOXOMUMBIX JIJIS
peanu3aniy Moucka o0ecleHUBAETCSl POCTOM BPEMEHH, TpeOyeMoro s MpH-
TOTOBJIEHHS KBAHTOBOI1 0a3bl TaHHBIX.

Bce ke mcnonb3oBaHWE KBAHTOBBIX HEHPOHHBIX CHCTEM JUIS Peajd3alud
OyJeBbIX (PYHKIIHIA JaeT SKOHOMHUIO (PH3HUECKUX PECYPCOB — OHO ITO3BOJISIET HC-
KITIOUUTH WCTIOJIb30BaHNE HEHPOHHBIX ceTell 1, TakKe Kak M B CIlydae almpoK-
cUMaluu QyHKIUH MHOTUX EPEMEHHBIX, 000HTHUCH €ANHCTBEHHBIM HEHPOHOM.
YV Takoro HeilpoHa BXOJHBIE U BBIXO/HAs CBA3b PEAIU3YIOTCS B BUJE KyOUTOB, a
UX COCTOSIHUSI OTTMCHIBAIOTCS 3aIlyTaHHOM CyHepIo3unueil, B KOTOpoi Oa3ucHbIe
COCTOSTHUS TIEPBBIX d KYOWTOB HWCIIONB3YIOTCS UL MPEACTABICHUS OMHAPHBIX
BXOIIOB, & COCTOSIHHE €IIle OTHOTO d + 1-T0 KyOuTa HCHONB3yeTCs IS IIPENICTaB-
JIEHWsI COOTBETCTBYIOIIETO 3HaYeHMsI OyneBor GyHKuu (puc. 2) [59].

Hpyroii, 6onee ymoOHBIN cmoco0, NCTIONB3YIOMINHN IS peainu3anun OyaeBoi
(YHKIIMY MHOXECTBO YHUTAPHBIX NIPE00pa30BaHUi, PEaIU3YIOIIUX [IEPECTaHOB-
KH COCTOSIHHH ABYX KyOHMTOB, OynerT TpeOOBaTh MCIHOJIB30BAHMS IKCHOHEHIIH-
AIBHOTO YHCJa WMITYJIECOB (MJIM SKCIIOHCHIIHAFHOTO YHCIIO JCIHUTENCH JIyda:

YR 004.032.26 (06) Heiiponnbie cetn 45



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

Knaccuuecas HelipoceTb KBaHTOBBIN HEHPOH

Y OO0

2) |y = %(|000>+|01 1+101)+110))

* bt

4)

XOR(x,,x,)

Puc. 2. Caresa: knaccruueckasi yHUBepcasbHas ABYXCJIOMHAs CETb NOPOTro-
BbIX HEHPOHOB ¢ OMHApPHBIMH CBf3SIMH, peasuayiolias QyHKLUHIO HCKJIO-
yennoro MJIN (XOR). Cnpasa u ceepxy-8Hu3: 1 — KBaHTOBBIH HEHPOH C
TpeMsl KyOWTaMH, MCIOJb3yeMbIMH MJIsi peau3ally CBsi3ell; 2 — cocTosi-
HHS KyOHTOB OMUCHIBAIOTCS CYINePHO3HLIHeH, B KOTOPOH 3HaUeHHUs] BXOLHBIX
3HaUeHMH JJIS TIepBbIX ABYX KyOHUTOB 3aMyTaHBI C COCTOSTHUSIMH TPETbEro
KyOuTa, NpeACTaB/SIOIUMH 3HaueHnss pyHkuun X OR; 3 — npu usmepe-
HHUU KyOUTBEl 0OHAPYKHUBAIOTCS B OLHOM M3 KJaCCHUECKHX COCTOSIHUH, BBI-
SIBJISIIONINX aCCOLHANNIO MeXAy 3HaYeHHSIMHM apryMeHTa W (YHKUHH; 4 —
HabJlIoJleH1e CBsi3ell KBAaHTOBOrO HelpoHa OOHapy»KHBaeT NapaMeTpbl Of-
HOTO KJIaCCMY€eCKOro HelpoHa ¢ OUHAPHBIMU CBS3SIMH, BXOJSLIETO B CKPBI-
TBIH CJIOH YHUBEpPCAJIbHOH CeTH.

mo0oe YHUTapHOE JBYXKyOUTHOE MpeoOpa3oBaHue, peaanu3yeMoe JeIUTEIIMU
nyuka 1 (Ga3oBbIMH CIBHIaMd Ha UX BXoxe U Bbixone [60,61], a Taxke modoe
N-kybOuTHOE TIpeoOpazoBaHie MOXKET OBITh PEaTM30BaHO C ITIOMOLIBIO MaTPHUIIBI
TakuxX MpuoOopoB [62]). 3aMeTuM, YTO HEBO3MOKHOCTH T€HEPAITH ITPOU3BOIH-
HOW KBaHTOBOW 0a3bl JaHHBIX C MCHOJIB30BaHHEM IOJMHOMHAIBHOTO (HE JKC-
TIOHCHI[MATIBHOTO) YHCIIa ONEpalnuii B OOIIEM CIydac MOJKHO JIETKO J0Ka3aTb,
3aMETHUB, YTO B IPOTUBHOM CIIy4ae MOXKHO OBbLIO ObI TOBBICUTH 3P (PEKTHBHOCTH
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anroput™ ['poBepa. JIeHCTBUTEIBHO, €CIIM MOXHO OBIIIO OBl TIEPEBECTH MPOU3-
BOJIHOE HAYaJIbHOE KBAHTOBOE COCTOSIHHE B ITPOM3BOJIBHOE KOHEYHOE (COOTBET-
CTBYIOILICH HCKOMO# 0a3e JaHHBIX) 3a MOJUHOMHATIBHOE BPEMs, 3TO B YACTHOCTH
03Hayas0 ObI BOBMOXKHOCTb IE€PEBO/Ia PABHOB3BEIICHHOMN CYIEPIIO3HIMY B JaH-
HOE 0a3MCHOE COCTOSHUE 3a MOJIMHOMHAIIEHOE YHCIIO IIAroB (3ajada IOMCKa B
HEeyHopsIo4eHHO! 0a3e naHHBIX). ONTHMaIbHOCTH aNropuT™Ma I poBepa HCKITIo-
YaeT TaKyl0 BO3MOXHOCTBH (3aMETHM TaKXKe, 9TO caM aJITOpuT™M [ poBepa MoxeT
OBITH JIETKO HCIIOJIB30BaH KaK aJbTEPHATHBHOE U YJOOHOE CPEACTBO TeHEepaluu
IIPOM3BOJILHOM KBAaHTOBOM CyNEpPIIO3UIINN)

OnwcanHasi poOJIeMa UCIIONB30BaHUS IKCIIOHCHIIMATIBHOTO YHCIa PECyp-
COB HE SBIICTCS OTIMYUTEIFHON YEpTOH OMHIX KBAHTOBBIX BBHIYHCIICHUH. Pea-
TU3anys MPOM3BOIBHON OyneBOH (YHKIIMH C ITOMOIIBI0 KIACCHIECKUX HCKYC-
CTBEHHBIX CETEH MOPOTOBBIX HEHPOHOB Takke TpeOyeT MCIOIb30BaHUS 3KCIO-
HEHIIMAJBHOTO YUCIIA PECYPCOB — HEHPOHOB CKPBITOTO CIOSI U UX CBsI3ei. DTOT
SKCIIOHCHIIMATILHBIA POCT PECYPCOB, aHAJOTUYHBIN SKCIOHEHIIHAIEHOMY POCTY
YHclia CUTYallHd, KOTOphIe HYXXHO YYeCTh IPH aITOPUTMHUYCCKOM IOIXOAE K
00paboTKe d—OUTHBIX CIIOB, M OBIIT OAHOW M3 MPUIWHON TOTO, YTO HEHPOTEXHO-
JIOTHS OTKa3aJIach OT PEIIeHHs 3a/a4d TOYHOHM peann3anuil (GyHKIUI, 3aMEHUB
ec MpoOJIeMoi anmpoKcUManuu (QYHKIHMMA, sl PeIICHUs KOTOPOi MCIONb3yeT-
Csl HE NPOrpaMMHpOBaHUE, a 00yYeHHE Ha OrPaHHMYEHHOM YHCJIE MPUMEPOB.
Baxwneiimelr 0cOOEHHOCTBIO TMOCIEAHETO SIBISICTCA TO, YTO YHCIIO MPUMEPOB B
oOydatomiel BEIOOpKE HE TOJDKHO PacTH AKCIIOHEHIIHAFHO C POCTOM pa3Mep-
HOCTH 3a/1a4, HECMOTPS Ha TO, YTO YHCIIO WICHOB B Pyphre—pa3noKeHHH pac-
TET SKCIIOHEHITUANBHO C POCTOM YHCIa apryMeHTOB QyHKIUHU. Takum oOpaszom,
amNMPOKCUMAIUS TaKKe SBISCTCS TPYIHOM 3amadeii. Ha mpaktuke, mpu ¢uk-
CHUPOBAaHHOW TOYHOCTH aIMPOKCHUMAIIUH, POCT YHCIIa PECYPCOB, UCTIONB3yEMbIX
KIIACCHICCKIUMH HEHPOHHBIMHE CETSIMU, 00YCIIOBICH HE pa3MEPHOCTHIO 3a/1a49H, a
YHUCJIOM TIPUMEPOB B 00ydaromiei BEIOOpKE U ABJISIETCS OoJiee 4eM yMEPEHHBIM,
MTOCKOJIBKY 3TO YHCIIO OOBIYHO TPYIHO YBEJIUYHTE.

MHoroMupoBasi HHTepIpeTanus KBAHTOBOM MEXaHUKH H
KBAHTOBbIC¢ BIYHCJICHUSA

MHoroMupoBasi HHTEPIpeTAIUS H ee POJIb

Tenepsr HE0OXOAMMO pPa300paThCs, YTO B NPONUTHPOBAHHOM BBIIIE OMpEAe-
JICHWW KBaHTOBOTO AJTOPUTMa O3HAYaeT CJIOBO «MHp». J[eno B ToM, 4TO 3TO
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OIIPEZIEIICHNE HCIIONb3yeT MHOTOMHPOBYIO HHTEPIIPETAINIO KBAHTOBOH MEXaHH-
ku (MMU). ITo noBoxy 3TOi MHTEpHpETany TaKKe BeIeTCs OOIIMpHAs MHO-
rosieTHss quckyccus [6,63—70]. IlepBoHaganbHO, apryMeHTH B €€ MOAICPXK-
Ky BBIJIBUTQJINChH CIIELMAINCTaMH B 00JaCTH KBaHTOBOW KOCMOJIOI'MH — MHOT'O-
MHpoBasi (JBEpETTOBCKAsT) MHTEPIIpeTanys OblIa IpeUIoXkKeHa ¢ IIeIbI0 PeoIo-
JETh T€ TPYAHOCTH, KOTOPBIE BO3HUKAIM IIPU MOMNBITKE MPUMEHHUTH KBaHTOBO-
MEXaHUYECKOE ONMCAHNE K MUPY B LIEJIOM, a MO3HEE CIENUaTNCTaMy 10 KBaH-
TOBBIM BhIuMcieHusM. Kak nucan b. /[eButr [64]:

«SBCPCTTOBCKI/II‘/‘I B3IUIA4 HA MUDP ABJIACTCA O4Y€Hb €CTCCTBCHHBIM IJIA IIPH-

MCHEHHS B KBaHTOBOM TEOpUHN I'paBUTAlUHU, T'N€ IIPUBLIKINA oe3 cmynie-

HUSI TOBOPUTH O BOJIHOBOW (DYHKIIMU MHpa. BO3MOXKHO, YTO 3BEpETTOBCKUI

B3ITIA HE TOJIBKO €CTCCTBEHCH, HO U CYHICCTBCHEH).

IIpenmymecTBa ucnonb3oBanuss MMU B KBaHTOBBIX BBIYHCICHUSIX OBUIH MPO-
neMoHcTpupoBaHsl /I. Jloitdem [8,71]. B kBaHTOBBIX HelpoBbIuHcIeHUAX MMUI
ucnojab3oBasiack Mypom, Hapasnanom [5] u B aucceprauuu T. MeHHeep [4].
CrnenyeT 3aMeTHTh OJHAKO, YTO KPHTHKA TOH HHTEPIpPETAIlMU OOIIUpHEE ee
3alIUTEL. ABTOp HE CUYHTaeT ce0sl JOCTaTOYHO KOMIIETEHTHBIM JUIA OOCYXIe-
HUS MecTa U 3Ha9eHusI MM, ocKoIbKy Takoe 00CyKAeHHEe HEOCPEACTBEHHO
CBSI3aHO C MPHUHIUIHUAIBHBEIMU U HEPEIICHHBIMH MpoOJieMaMi KBAaHTOBOW Me-
XaHUKU. TeM He MeHee, MOYKHO MEPEUHCIUTh HEKOTOPhIe apryMEHTHI B MOJIb3Y
€e MPUMEHEHUSs], CPEeAN KOTOPHIX HE TOJBKO €CTECTBEHHOCTb M IBPUCTHYECKAs
a¢pexTrBHOCTF MMU B NpHI0)KEHUH K KBAHTOBBIM BBIYHCIICHUAM (HaIlpUMeEp
mpu pa3paboTKe KOHIENINN KBaHTOBOH MammHbl Teiopunra /JI. Jlotaem [14]
WIH KBAaHTOBOTO T€HETHUYECKOTO anroputMma A. HapasHanoMm [72], u HE TOJb-
KO TIOTOMY, YTO OHA MPOSICHSIET CYIITHOCTh aHAJIOTOBBIX KBAaHTOBBIX HEHPOHHBIX
cucteM. MO)XHO IPHUBECTU JOBOABI B MOJB3y TOoro, uto MMMU mno3BonseT mo-
HOBOMY B3IJISTHYTh Ha IIPOOJIEMY PECYPCOB, NAIOIINX MPEHMYIIECTBO KBAHTOBBIM
BBIYUCIICHISIM. Heo0XommMo MoqIepKHyTh, UTO NpeutoxkeHHsid /. JJoraem Ba-
puantT MMM sBisieTcs He ONepanoHaINCTCKOM, a OOBSICHAIONIEH Teopuen. A
UMEHHO OOBSICHEHUSI HEOOXOUMBI JIJIsl TIOHUMAaHHUs CyIIecTBa KBaHTOBOTO HEH-
POKOMIIBIOTHHTA.

BaxxHbIM apryMeHTOM B MOJB3y Hcnonb3oBaHuss MMMU sBasercs To, 4TO
MMEHHO HHTep(EPEHIIHS, a He 3allyTaHHOCTh, UTPAcT B HEH IIEHTPATIbHYIO POIb.
Kak y>xe oTMedanocs B IpeabIIyIieM pa3zieine, UMCHHO HHTep(EpEHITHI MOXKET
0Ka3aThCsl TIIABHBIM PECYPCOM JUIsI KBAHTOBOTO HEHPOKOMIBIOTHHTA (XOTS 0€3
3alyTaHHOCTH OH TaKXKe, [MO-BUAMMOMY, He 00oiinercs). OTMETHM TakKXke, 4To
moaxon /1. Jlodiua ymnoBIETBOPSIET MOIIICPOBCKOMY Kpumepuro ganbcugurayu-
OHU3MA: WM TIPSIJIOKEH KPUTHYCCKUH SKCIEPUMEHT, CIIOCOOHBIN OTBEPTrHYTH
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3Ty uHTepnperanuto. [Ipexxne Bcero, B CBETe€ TUCKYCCUU O POJIU 3aIlyTAHHOCTH
YMECTHO BCIIOMHHTB, YTO 3BEPETTOBCKAS KOHIICIIIHS OTHOCUTEIEHOCTH KBAaHTO-
BOTO COCTOSTHMSI UMEET HETIOCPEICTBEHHYIO CBA3b C KOHIEMIMEH 3aIlyTaHHOCTH.
Tak ke Kak HEBO3MOXXHO B OOLIEM Cilydyae NMpUIHcaTh KyOHTy ompenesieHHOe
KBaHTOBOE COCTOSIHUE, €CIIM OHO 3aIlyTaHO C COCTOSHHEM JIpyroro Kyowra, B
9BEPETTOBCKOM TEOPHUH HEBO3MOXXHO B OOIIEM CIlydae TOBOPUTH O COCTOSHHH
KBaHTOBOM TOJCHCTEMBI, B3aUMOJIEHCTBYIONIEH C NPYrod MOICHUCTEMON. DTO
COCTOSIHHE MOXKET OBITH OIPEIENICHO TOJIBKO OTHOCUTEJIEHO COCTOSIHUS B3aUMO-
JeicTByromielt ¢ Hell moxcucteMsl. [Ipu uHTEpIpeTanuy npouecca U3MEpeHus
€ro pe3yJbTaT paccCMaTpUBaEeTCsl OTHOCUTENBHO COOTBETCTBYIOIIETO COCTOSHHS
HaOromarens. TakuMm 00pa3oM, 3aIlyTaHHOCTb COCTOSHUS HaOIfomarerst W, Ha-
MpUMep, CTPEIKH Npudopa, JaeT MpUMep KBAHTOBO-MEXaHHYECKOW accoIua-
uun. CorntacHo Teopuu ((akTudecku merareopun) X. OBepeTTa eMHCTBEHHAS
BOJIHOBasl (DyHKIIHSI, BOJIOLIMOHHUPYIOIIAs cornacHo ypaBHeHuto [lIpénunrepa,
MOXET OIHCaTh MHP B IIEJIOM, HUKAKOTO KOJIIarca BOTHOBOW (PyHKIIMU HE TPO-
HCXOIUT, HO MOCJIE KaXI0T0 U3 «B3aUMOJECHCTBUI THUIA U3MEPEHMI» HAlll MUP
(B mEeHCTBUTENEHOCTH MHOKECTBEHHBIH MUP) PACHICIUISIETCS HA MHOXKECTBO KO-
Ui, B KaXXJI0W U3 KOTOPBIX peau3yeTcsl OAWH U3 BOMOXHBIX PE3yJIbTaTOB H3-
MepeHusl (B3aUMOJCHCTBHUS) U COOTBETCTBYIOIIEE 0A3UCHOE COCTOSIHUE (aJIbTep-
HATHBA) OKA3bIBACTCS 3aIlyTAHHBIM C COCTOSHHEM HaOomaresst (€CIu TaKOBOM
HMMEETCsI) WK KE C COCTOSHHEM U3MEPUTEIHLHOTO Ipuodopa.

Co BpeMeHH THOHEPCKOit paboTsl X. OBeperTa OBLIM MPEIIOKEHBI Pa3iind-
Hble BapuanTel MMU. B HEKOTOpBIX U3 HUX OTBEPraeTcsl CylIeCTBOBAHUE MHO-
JKECTBEHHOTO MHUPa U TOJIBKO OJMH U3 HUX CUMTAeTCs peanbHbM [73]. B Bepcun
/. Jloffua MHOXECTBEHHBII MUp NPECTABIsIET pealbHOCTh B 1ieroM. CornacHo
STOW BEpCUU BCE MHOXKECTBO MHMPOB CYLIECTBYIOT MapajieIbHO U MOXET HMH-
TepdepupoBaTh Opyr ¢ APYroM. DTO CYIIECTBOBAHUE PACCMATPUBACTCS OTBET-
CTBEHHBIM 32 CYIIECTBOBAaHUE KBAHTOBOIO NapajuienusMma. Tak /[oiddy oTMeyaeT
yro [71]:

« ..5, xak u napyrue, oObSCHSIO MOIIb KBAHTOBBIX BBIYMCICHUN B TEPMHU-
HaX KBAaHTOBOI'O IMapauiejin3Ma (MHO)KGCTB& KJIIAaCCHYCCKHUX BBIqHCHeHHﬁ,
OCYIIECTBIISIEMBIX TTapajuICIBHBIM 00pa3oM)».

B otinume ot X. 3Beperra, Bepcus unreptperaunu MMU npennaraemas /I. Joi-
4eM, IPEATIONAraeT, YT0 MHOKECTBO MUPOB CYILECTBYET H3HAYAIBHO M 3TH MUPBI
HE pacuIemsaoTes, a AuddepeHupyoTcs B mpouneccax Tuma u3Mepenus. Ho
1aBHas 0COOCHHOCTBIO AaHHOHM Bepcun MMU, koTtopas BeIIAOUT Hambosee
Ba)KHOM JIJIsl KBAHTOBBIX BBIYHMCIIEHHUH, SIBISIETCS] CIIOCOOHOCTH MUPOB MHTEpde-
PHpOBaTh APYT C APYTOM B TEUEHHE KOPOTKOTO BpeMeHH. Pe3ynbrar nurepdepen-
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MU MOXKET HAOIIONAThCS, YTO M JeNlaeT BO3MOKHBIM BBHIITOJHEHHE KBAaHTOBBIX
BblYMCIIeHUH. [10CKOIbKY MHOXXECTBEHHBIM MUP COCTOUT M3 OTPOMHOIO 4HCIa
KOIHH, CYIIECTBYET peaibHbIi pecypc Ul OpraHu3aluy nHTepdepeHnny 60Ib-
LIOTO YHCla aJbTEepPHATUB. B HEKOTOPOM CMBICIE MOXHO PacCIOpPSIUTHCS M0-
CTaTOYHO OOJBIINM YHCIIO KOMHUA W peann30oBaTh HHTEP(EPEHIIMI0 MHOXKECTBA
TeHeBbIX (poToHOB. EnmHCTBEHHAs MTpodiieMa COCTOMT B TOM, KaK HCIOIH30BaTh
3TOT pecypc. MHTepdepeHins MHOKECTBEHHBIX MUPOB MOXET OBITH ITPOMILITIO-
CTpUpOBaHa 0000IIEHHBIM dKCIepUMeHTOM FOHra, B KOTOPOM MEXIY HCTOY-
HHUKOM (D)OTOHOB M JICTEKTOPOB HAXOAUTCS HECKOJBKO SKPAHOB C MHOXKECTBOM
meselt (paccMOTPEHHE TAaKOW CHCTEMBI OBUIO OTIPaBHOW TOYKOHW JUISt TOCTpPOE-
HUS (popMaIH3Ma MHTETPAJIOB 1O TpaeKTopusiM DerfHMaHOM). JIerko yBHUIETb,
9710 (TIpU OTCYTCTBUH OTPaKEHUS (POTOHOB) MOJEIMPOBAHNE TAKOW CHCTEMBI HE
TpeOyeT SKCIOHEHIIHAIFHOTO YHCIIa PECYpCcOB, HECMOTPSI Ha TO, YTO HaMBHBINA
HozXo TpeOyeT ydera SKCIIOHEHIMAIbHOTO YKcia myTed GoToHa K AeTeKTopy
(puc. 3). AMIIHMTYyIa BEPOSITHOCTH COOTBETCTBYIOIIETO IEPEX0/ia MOXET OBITh
BBIYMCIICHA KITACCHYECKU B X0/I€ A(PPEKTHBHON MPOIETYPHI.

Taxas npouenypa JIErko nojy4aercs nocie NorpyKeHusl UICXOIHOM 3a1auu B
CEMEHCTBO MPOOJIEM OTNpPE/Ie/ICHHS aMILTUTY/IbI JOCTIDKCHHS KaXKIO0N U3 Ienei

(puc. 4).

O4eBHIHO, YTO pemraeMas CHCTEMa MOXKET OBITh OMFCAaHA C WCIOIb30BaHH-
eM Bcero [N mapameTtpoB (rae /N — 9uciio Imesei B KaxaoM u3 6apbepoB). ITo
COOTBETCTBYET CUTyallMH (aKTOPHU30BAHHOTO (HE 3allyTaHHOTO) KBAHTOBOTO CO-
ctosiaust. [Ipu paccMOTpeHUH peanu3alui KBAaHTOBOTO 0000IICHHS HEHPOHHBIX
CHCTEM HE CJIE/yeT MCKIIOYaTh M3 PacCMOTPEHUS MOJOOHBIE CHCTEMBI Y)KE I10
TOW TPUYHHE, YTO OHH, KaK TOBOPHJIOCH BBINIE, HE TPEOYIOT HMCIONH30BAHHS
SKCIOHEHIIMAIBHBIX pecypcoB. OmHaK0, MHOTOMUPOBAst HHTEPIIPETAINS CBHUIE-
TEJBCTBYET, YTO Ta CUCTEMa TEM He MeHee o0ecTednBaeT Takoi pecypce. bonee
TOTO, OH B OIPE/CICHHOM CMBICIE HOCTAeTCsA «Aapom». [leHCTBUTETIBHO, MOX-
HO CKa3aTh, 4To cornacHo MMMU sKkcHOHEHIMaNbHOE YUCIIO «TEeHEBBIX» (oTo-
HOB OyIyT B JCHCTBUTEIBHOCTH HHTEP(HEPUPOBATE C «PeaTbHBIM» (DOTOHOM Ha
netekrope. TpaTuTh Takue pecypchl Ha pelreHue mpoOieMbl, 3(PPEeKTUBHO pe-
nraeMoil Ha OOBIYHOM KOMITBIOTEpE, KaXKEeTCs Ype3MEPHON PacTOYUTEIEHOCTHIO.
JecTBUTENBHO, KX U3 (POTOHOB HA CBOEM ITyTH OYIET «PacCUUTHIBATH
aMIUIATY/BI TIEpeXo/ia OT IIENH K IIENH, He UCTIONb3Ys HUKaKkoi nHdopmaium o
TOM, YTO (DOTOHBI M3 MHOXECTBA JIPYTUX MHUPOB MHOTOKPATHO TOBTOPST YacTh
TaKWX BBIYUCIICHUH («KOMMYHUKAIAS MEXy Pa3IMIHBIMU BETBSIMHA HEBO3MOXK-
Hay» [64]). OqHako, Bce 3T (POTOHBI BOOOIIIE HE TPOU3BOMAT HUKAKUX BBIUUCIIC-
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Puc. 3. B cucreMe HeCKOJbKUX 0apbepoB (C AByMsi OTBEPCTHSIMH B KaXK-
IOM, B NaHHOM IpHMepe) 4yucjao nyTed (GOTOHOB (MHPOB) pPacTeT 3KCIO-
HEHI[HaJbHO C YHUCJIOM 6apeepos, b.

Huit! TTosicHUM 3TO paccMaTpHBasi CXeMy KJIaCCHYECKOro skcrepumenrta FOHra
(puc. 5).

Ipenmnonoxum, 9To HICTOYHUK (POTOHOB PACTIONOKEH CHMMETPUYHO OTHOCH-
TENLHO PACIIONIOKEHHUS ABYX IIelieii B 6apbepe, B TO BpeMsi KaK JJETEKTOP CMEIIeH
HIJKE TOYKH [TPOCKIIMK UCTOYHUKA Ha 3KpaH. B 3TOM citydyae riepBasi TpaeKkTopust
(mpoxomsias yepe3 BEpXHIOIO IIeb) OKKETCs NIMHHEe BTOpoi (puc. S). Pac-
CMOTPHM COOTBETCTBYIOIIYIO 3TOH CXEMe MPOCTPAHCTBEHHO-BPEMCHHYIO JIHa-
rpamMMmy, Ha KOTOPO# MPOCTPAHCTBCHHAS MEPEMCHHAs OMPENCNIeT PACCTOSHHE
JIO TUTOCKOCTH MCTOYHHKA. V3MepUMOil BeIMUYMHON SIBISETCS BpeMsi cpabarhi-
BaHHs JIETEKTOpA tp, TOIMA KaK BPEMsl, B KOTOpoe (OTOH MOKUIAET UCTOUHHK,
HEU3BECTHO. DTO CBA3aHO C T€M, 4YTO (POTOH MOXKET BBHIOPATh MYyTH Pa3IUIHON
JJIUHBI. EIII/IHCTBGHHOG YCJIOBUE COCTOUT B TOM, YTO ABMKCHHUE I10 HIO6OMy u3
HUX JOJIKHO 3aKOHYUTHCS B OJIMH U TOT )K€ MOMEHT, t p. ClenoBarelbHo, He00-
XOIUMO PaCCMOTPETH JIBe HHTEP(EPHUPYIOIINE aTbTCPHATHUBEI, B KOTOPBIX (JOTOH
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(D]S)=(C,[8)d, +(C, | 85)d,

(C/|S)=(B,|S)c, +{B,|S)c,
a by b, C; C4 d;
(C,|8)=(B,|S)c, +(B,|S)c

2

(B |S)=(4,|85)b+(4,|8S)b,

(B,|8)=(A4,185)b, +(4,|5)b,
<A1 |S) =q
(4,|8)=a,

Puc. 4. Mcxonnas 3amadya BHIYMC/IEHUH aMIIUTYABl (POTOHA NOCTHIHYTb
LeTeKTopa MorpyxaeTcs B ceMeHCTBO 3afay pacyeTa aMIIMTYLbl JOCTH-
JKeHSl KaXKIOro M3 OTBEPCTHH, IJie aMIIMTYABl NepexoioB AJs KaxKAoro
13 OTPe3KOB MyTH 0003HauYeHbl NponucHbIMU OykBaMu. Toraa, 3agada Ko-
UM AJ151 ONpefiesleHHsl BCeX 3TUX aMILIMTYI MOXKeT OblTb c(hOpMYIHpOBaHa
(cipaBa), pelueHue KOTOPOH TpeGyeT UKcIa onepaluil, JHHEHHO pacTyIIUX
¢ yMc/I0M 6apbepoB.

UCITyCKaeTCs B JIBa pa3IYHbIX MOMEHTA BpeMeHHU t; U ty. Ilockonbky mepen
6apbepoM 00e TPAEKTOPHU UMEIOT OJMHAKOBYIO JUIMHY, OMHAKOB M MX HAKJIIOH
Ha NPOCTPAHCTBEHHO-BPEMEHHON anarpamme. HampoTus, mocne Gapbrepa mpo-
eKIWs UMITyJIbca (POTOHA HA MPOCTPAHCTBEHHYIO OCh M MEPBOH TPAEKTOPUHU
OyzeT MeHbIIe, 9YeM I BTOpOH. JTO 03HA4aeT, UTO peabHbIM (TeHEeBOH) ¢o-
TOH JIOJDKEH HadaTh JIBU)KEHHE I10 MEepBOM TPaeKTOPHM paHbIIE, YeM TEHEBOU
(peanbHBIN) 1O BTOPOW TPAaeKTOPHH, YTOOBI MX BpEMs JOCTHXXEHHS JETEKTOpa
OKa3anoch oguHakoBEIM. B MMM mpeamonaraeTcs, 9To AeHCTBUTENBHO ABa (o-
TOHAa MHTEP(EPUPYIOT B TOYKE PACIOIOXKEHUS JETEKTOpa B MOMEHT ¢p. Onun
u3 HUX, (HEeM3BECTHO KaKOW M3 NIBYX), peayieH (tangible) u mor Ol OBITH ae-
TEKTHPOBaH B HallleM MHpE, HallpuMep, NMPU MPOXOXKACHUU OTHOM U3 Iiernei,
B TO BpeMsl Kak Jpyroi, reHeBoi (shadow), mpuHAIEKUT IPyroil BETBU MUpa
1 HE MOXeT ObITh OOHapyxeH Hamu. OfHaKoO, OH MOXET MHTep(epHpoBaTh C
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tA

tD

S D
D
= :
t1
x=0 XX = X x=0 X=Xp X=X, X

D

Puc. 5. Cresa: Cxema skcrnepumenta Onra. Cnpasa: TlpocTpaHCTBEHHO-
BpeMeHHasl fuarpaMma, H3o6pakaiouias ABe TPaeKTOPHH (OTOHA, NOCTH-
raollero eTeKTopa MpH MOKUAAHUH UCTOUHHKA B 1BA Pa3JMYHBIM MOMEH-
Ta BPeMeHHU t1 U 2.

peanbHBIM (HOTOHOM U (PEHOMEH 3TOHM MHTephEpPESHIINN MOXKHO Habmronars. Kak
nater Jlowd [14]:
«Ecnu cnoxHble ABMXSHUSI TEHEBBIX ()OTOHOB B HHTEP(EPEHIIHOHHOM 3KC-
NEPUMECHTE ObUIM OBl IIPOCTO BO3MOXKHOCTSAMH, KOTOPBIC (baKTI/I"IeCKI/I HC
HUMCIOT ME€CTa, TO q)aKTI/I‘ICCKI/I HE UM OBl MECTa SIBJICHHUS I/IHTepq)CpeH-
LIMU, KOTOPbIE MBI HAOIIOIACM.

HesepHo roBoputs, 4to 0062 (POTOHA «BBIUHCISIIOT)» COOTBETCTBYIOIIHE Map-
LUaJIbHBIE aMIUIMTYABl U (a3sl M0 MyTH K AeTekTopy. X ¢da3sl, Hampumep, HE
U3MEHSIOTCS TIPH JIBMXKEHHH BIIOJIb Tpaekropuid. Hamporus, ¢asbr hoToHOB, mmo-
KHUJAIOMNX KOI€PEeHTHBIH MCTOYHUK, TAPMOHMYECKH M3MEHSIOTCSI BO BPEMEHH,
TaK 49T0 (POTOHBI, TOKUAAIOIINE UCTOYHUK B PAa3HbIC MOMEHTHI BPEMEHH, UMe-
0T ee pasHble 3HaueHus [74]. JIeTko yBHIETh, YTO CYTHIO IpOIecca SBISETCA
ombéop (GOTOHOB, KOTOPHIA B JanbHEimeM NpuBoAWT K auddepeHmannmn Mu-
poB. DTO ke O3HauaeT, yTo cortacHo MMM 3kcnoHeHIMaNbHBIH pecype yxe
CyIIECTBYET 03 3alyThIBaHHs KBAHTOBBIX COCTOSHMH YacTHIl M CyILECTBOBa-
HHUE 3TOTO pecypca U NMpOSBIACTCS B sIBICHHN WHTeppepeHnuu. [loBropum, 94To
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3TOT PECypc MOXKET PacXoAOBAThCS HEIKOHOMHBIM 00pa3zoMm. MIMeHHO mo3tomy
MO)XHO TOBOPHTH, YTO JIaHHAs MHTEeP(EpEeHINOHHAs CXeMa peasii3yeT KBaHTO-
Boe BblunciieHne. OHa He UCIIONb3YeT 3allyTaHHOCTh, HO M He TpeOyeT B3aMeH
HCIIOJIb30BaHMUS SKCIIOHEHIIMAJILHOTO YHCIIa PECYpPCOB B HamleM mMupe (6apbepoB
1 1eJNiel B HUX). DKCIIOHSHIMAIBHBIA pecypc 00eceynBaloT TeHEBbIE (JOTOHBI,
KOTOpBIE HE TPUHAUIEKAT HaIIeH BETBM MHOXECTBEHHOTO MHUPA.

IBpucTnyeckas 3gpdpextusHocts MMU

[IpuBencHHBIC BBINIE PACCYKICHUS MOTYT BOCHPUHHMATHCS KPUTHYCCKH, I10-
CKOJIBKY 10 MHEHHUIO MHOTHX HccienoBareneii MMU BRIDIAIUT Ipe3MepHO dK-
30TUYECKON Teopuel. YIUBUTENHHO, OJHAKO TO, YTO 3Ta MHTEPIPETALUs ABIIS-
eTcsl TeM He MeHee 0oJiee MaTepUAMCTUUECKOM, YeM OpTOlOKCanbHas Gpopmy-
JIMPOBKa KBAHTOBOM MeXaHUKHU. B mocneaHeil LeHTpaJbHYIO0 pOJib UIpaeT Ha-
Onronarelb, a CyIIecTBOBaHUE OOBEKTUBHON PEANbEHOCTHU 10 CYTHU OTPUIACTCS.
He cnyyaitno kuura /I. Jloffya [8], B koTopo# 3auumaercs B3nsig MMU Hasbl-
Baetcst «Cmpykmypa peanvnocmuy. CIOBO peaibHOCHb TIPENCTABISAETCS 31€Ch
KiroueBbIM. OniHaKo, 37iech Oojiee yMECTHO MPHUBECTH APYTHE, MPAKTUIECKHE,
apryMEHTHI B MOJIB3Y 3(GPEKTUBHOCTU UCTONB30BaHus MMU nist o0bscHEHUs
(U3NYeCKHX SBICHUI.

Brmmre yxe orMedanocs, 9To ucnons3oBanue MMU Hammio Hambosee mim-
poKoe NMpHMEHEeHHEe B KBAHTOBOM KOCMOJIOTHH M KBAHTOBBIX BBIYHCICHUSIX. JTO
cnoxHble oonactu. [TpuBenem Oonee mpocThie TpuMepsl ee 3hHEKTHBHOTO MPH-
MEHEHHUS JJIs pa3peiieHus apajoKcoB, CBA3aHHbBIE B U3MEPEHUSIMH, B KOTOPBIX
OTCYTCTBYET B3aHMOJICHCTBUE U3MEPUTEIBHOTO MPUOOpA C aHATU3UPYESMOM CH-
CTEMOIi, a TaKke Ui OOBSICHEHUS SBICHUS (DaKTHUSCKH HE MPOU3BOIAMMBIX
BBIYMCIICHUM.

MMM B n3MepeHUsIX MPoIEeccoB 0e3 B3auMoIeicTBUii

CyIIecTBYyIOT pa3HOOOpa3HBIC MAapaJOKCHl MOMOOHBIC MMapagoKcaM H3MEpPCHUMN
0e3 B3aMMOJICHCTBHS, ONMCAHHEIX B [75,76]. B HUX, omMHaKo, pacCMaTpHBarOTCS
W3MEHEHUS] KBAHTOBBIX COCTOSIHUM CUCTEMBI IIPU OTCYTCTBUH B3aUMOACHCTBUSA C
Hel. Pasnudanelie BapraHTH H3MEpEeHUH 0e3 B3auMOACHCTBHN OBIIH IPEIOKEHBI
A. Dmunrypom wn JI. Batinmanowm [77], JI. Batinmanowm [73,78], P. Ileapoy3om [79]
u JI. Xapau [80]. DTOT TN mapaJlOKCOB CBsI3aH C MONyYeHHEM HHPOpMAIK 00
o0bekTe 0e3 B3amMoaeHCTBHA ¢ HUM. [IpHdmHA WX TOSBICHHUS OOBACHICTCS
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JI. BatinmaroM cnenyrouiM obpasom [78]:
«3aKoHbI (PU3UKU OTHOCSTCS K MUPY B LIEJIOM, M HE YOHUBHTEIBHO, YTO pac-
CMOTPEHUE TOJIBKO YaCTH €r0 BECACT K IapaaOKCaJbHbIM CUTYallUsAM. Pac-
CMOTPEHUE (1)PI3I/I‘{GCKOﬁ BCCHCHHOﬁ, TO €CThb BCEX MHPOB BMECTEC B3ATHIX,
paspelaeT 3T MapagoKCh».

Paccmorpum cnenyst [78] mpocTeililyto BEpCHIO TaK HAa3bIBAEMOIO IMapasiok-
ca ucnbITaHus 60MObI. [Tpennonokum, 9T0 mMeeTcss 00BEKT, JH00e B3aUMO-
JICHICTBUE C KOTOPBIM BENET K €ro B3pbIBY. MOXXHO JIM OIPENENIUTh MECTO €ro
HaXOXK/IEHHs TaK, 4ToObI OH He B3opBalics? Paccmorpum nntepdepomerp Maxa-
3enzepa (puc. 6) ycTpoeHHBIH TaKMM 00pa3oM, YTO (POTOH MOKET ITOTIACTb TOJIb-
KO B JICTEKTOp | M HUKOTA HE MOMNajaeT B JeTeKTop 2 (mocierHee 00CToATeb-
CTBO OTIpeneisIeTCs ACCTPYKTHBHON HHTEpPEPEHITNCH aMIUTUTYI). DTOT HHTEP-
(depoMeTp pacmonaraeTcst TakK, 94TO OIWH M3 IyTed (POTOHA MPOXOAWT depe3
CBEpPXUYYBCTBUTEIbHYI0O O0MOy. B aTOM ciydae ogHO(OTOHHBIH SKCIIEPUMEHT
MOXET UMETh TPH BO3MOXKHBIX pe3ysbrara: O0M0a B3phIBaeTCs; cpabaThIBaeT
nerekrop 1; cpabareiBaer nerekrop 2. Ecim cpabarsiBaeT neTekTop 2, TO LElb
JIoCcTUTHYTa — OoMba oOHapyxeHa 0e3 ee B3pbIBa. 3aMETHM, YTO BEPOSTHOCTH
TaKkoro cobwITust cocrapiser 25%. Ilapasoke, CBI3aHHbBINA C 3THM dKCIIEPHMEH-
TOM, MOXET OBITh CHOPMYITMPOBAH ClieYIOIINUM 00pa3oM: EnuHcTBEeHHOE B3au-
MozeicTBHEe OOMOBI ¢ BHEITHUM MUPOM pEasli3yeTcsl MOCPEACTBOM €€ B3phIBa.
Tem He MeHee, paccMaTpuBaeMast CXxeMa HKCIIEPUMEHTa T03BOJISIET HaTH O60MOy
HE B3pbIBas ee.

Pazperenne mapanoxca, IpeacTaBIeHHOE B [78], COCTONT B CIEAYIOMIEM.
Heobxomumo paccMoTpeTh Tpu MHpa, B KOTOPHIX: 1) GoMOa B3pwiBaeTcs; 2)
HEepBBIN IeTEKTOp cpabaTbiBaeT; 3) BTOpoi AeTekTop cpabarbiBaeT. [lomydueHne
UH(OPMAIMH O MPUCYTCTBUH OOMOBI B MUpE 3 BOBMOXKHO IIOTOMY, YTO B MHUpE
2 ¢oroH momasnaetr B 6oMOy u B3pbIBaeT ee. Takum o0pa3zom, B3aUMOJEHCTBHE
B JCHCTBUTENBHOCTH IPOUCXOINT, HO HE B TOW BETBH MHpA, B KOTOPOH 3aKaH-
YUBAeTCS OOCYKICHHE MONOXKHUTEIBHOTO Pe3ynbTaTa 3KCIepuMeHTa. Jpyrumu
CJIOBaMHM, TeHEBOH ()OTOH B3pbIBacT OOMOY, B TO BpeMsi KaK peajibHbIl, K cya-
CTbIO, MOMAJAET BO BTOPOH AETEKTOP. DTO OJHAKO HE O03HAYAET, UTO IKCIIEPH-
MEHTATOpbl HE MOTYT B30pBaThcs caMH. TakuMm obpaszoMm, 3nece MMU roBoput
0 HEKOTOPOM JIOTIOJIHUTEIFHOM KBAaHTOBOM pECypCe, KOTOPBIi TO3BOJISAET IOIY-
YUTh WH(POpPMANUIo 0€3 PealbHOTO W3MEPEHUSI B MUPE, KOTOPBIN OKa3bIBACTCS
JUIS HAaC PeabHbBIM.

YR 004.032.26 (06) Heiiponnbie cetn 55



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

W&
v JectpykTuBHas UHTEPhEPEHIUSI
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6omMba @ J)2

Puc. 6. Bsepxy: B orcyTcTBre GOMOBI 1eCTPYKTHBHAsI HHTep(epeHLHs pe-
aJIbHOT'O M TEHEeBOro (JOTOHOB NpPHUHAMLJEKALIUX ABYM Pa3/HUHBIM MHpaM
UCKJIIOUa0T cpabaTbiBaHHe BTOpOro jeTekropa. Brusy: B npucyrcTBuM
60MObI TeHeBOU (DOTOH OyneT B3pbIBAaTh €€, B TO BpeMsl Kak peaJsibHbli (o-
TOH, BCJIEACTBHE OTCYTCTBHS MHTepP(EPEHLHH MOXKET LOCTUIHYTb BTOPOroO
JeTeKTOpa, NpefoCTaBUB HaM MH(GOPMALHIO O NPUCYTCTBHU GOMOBI.

MMMU B pakTHyecKH He IPOM3BOAUMBIX BbIYHMCICHUAX

Hcnonbs3oBanne MMMU mi1st 00bsicHEHHS CYIIHOCTH (paKTHYECKH HE POU3BOIM-
MBIX BBIYHCICHUH (counterfactual computations) POSICHACT, KaK BBIYUCIICHHS,
MIPOU3BOIMMEIE B ITapaUICITBHBIX MHpaX, MOTYT OBITh HCIIONTB30BaHbI IS TIOITY-
yeHns HHGopMamy 6e3 MPOBeIeHISI BEIUNCIICHUH B HameM Mupe. PaccMorpum
BapHaHT TaKOH CHUTyallud, MCHOJNB3Ys YIPOILICHHYIO BEPCHIO CXEMBbI, MPEAsIo-
>keHHOU HemaBHO /J[k. Mutuuconom u P. /[xo3coit [81]. Ilpeamonoxum, 4To
MMeeTCsT KBAaHTOBBIH KOMITBIOTEP, KOTOPBIH B IEHCTBUTEIBHOCTH CIIOCOOCH pe-
AJTM30BaTh HEKOTOPOE BBIYHCIICHUE, €CIIH €T0 BKIFOYHTH. MOXXHO JIH TTOTYYHTH
WH(POPMAITHIO O pe3ylIbTaTe TAaKOTO BEIYUCICHHUS, HE BKII0Yast Komnbotep? Jpy-
TUMH CIOBaMH, TpeOyeTcs MOMyYUTh HHPOPMAIHIO «OeCIUIaTHO», Aepika KOM-
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MBIOTEP BBHIKIIOUCHHBIM. OKa3bIBaeTCs, UTO UHO20d 3TO BO3MOXKHO. PaccMoTprm
3JIEeMEHTapPHBIA KBAHTOBBIN KOMITBIOTED, COCTOSIIIIMM U3 €JUHCTBEHHOIO reiita —
CNOT. DToT KOMIBIOTEP MOXET 00paboTaTh COCTOSHUE JIBYXKyOUTHOTO peru-
CTpa, OJJMH U3 KyOMTOB KOTOPOTO SIBJISIETCSI KOHTPOJBHBIM (control), a BTopoit
LIeNIEBEIM (farget).

Hemneoii kyOuT (t) mMoTy4aeT BXOIHOE 3HAYCHHUE M BOCIPOU3BOIUT BEIXOJ-
HOe 3HaueHue. TakuM 00pa3oM, MOXKHO PacCMaTPUBATh €ro KaK BBIXOJ KOMIIBIO-
tepa. Bynem mpennonarars, 4To BXOIHOE 3HA4E€HHE TOTO KyOMTa U3BECTHO U
Bcerna paBHo 0. Eciii KoMIbroTep BKIIIOYEH, TO PE3yJIbTaT BRIYUCIICHUS Oy/IeT 3a-
BHCETh OT COCTOSIHHSI KOHTPOJIBHOTO KyOuTa, ¢ : |[0)|c) — |c)|c). [Ipennonoxum
OITHAKO, YTO KOTJa KOMIBIOTEP BKJIIOUCH, PEalbHOE COCTOSHHE KOHTPOJIEHOTO
KyOuTa Hem3BecTHO. boiee TOro, MOCTYNm K COCTOSHHIO 3TOr0 KyOWTa HEBO3-
MoxeH. TakuM 00pa3oM, KaXKeTcsl, 4TO JUIS TOTO YTOOBI Y3HATh €r0 COCTOSHUE
(4TO TO K€ caMoe, UTO Y3HaTh Pe3yJIbTaT BEIYMCIIEHHS), HEOOXOAMMO BKIIFOYHUTh
KOMITBIOTEP M CUMTATh COCTOSIHHE BBIXOJHOTO (IiesieBoro) Kyoura. OkasbiBaeT-
s, 9TO 3TO HY)XHO HE Bcerma. BeemeM B Haml KOMIBIOTEp BBIKIIOYarenb. OH
OyZ#eT yIpaBIATHCS JOMOTHHUTENBFHBIM KyOuToM. Ecii cocrosHmME 3TOTO KyOH-
ta 0, kommproTep He OymeT BbrauciasaTh CNOT. Eciau cocTosiHuEe BBIKITIOUATEIsS
1, BerunceHue npousBoAuTcs. Cxema Takoro KOMIIbIOTepa MoKa3aHa Ha puc. 7
U 10 CYTH MPEACTaBIsieT coboit eetm Togpgonu. Takum 00pa3om, COCTOSHHE
KOMITBIOTEPa MOXKET OBITH OMICAHO BOJHOBOH (DYHKIIHCH

W) = [t)]c)]s), (8)
U ero paboTa MOXKET OBITh ONHCAaHA CICAYIONTUM 00pa3oM:

[0)|c)|s), ecom s=0 (computerisoff)
10} ledls) — { lc)|c)|s), ecmu s=1 (computer is on) ©)

BBezseM KBaHTOBBIM MPOTOKOJ (TIOCIIEOBATENILHOCT YHUTAPHBIX Ipeodpa-
30BaHHH, N3MEPEHUI U 0OMEHOB KBaHTOBBIX COCTOSHHIA), KOTOPBII OyAeT omm-
CBIBaTh TIPe0Opa30BaHMS TOCTYITHBIX IIEJIEBOTO KyOHUTa U KyOuTa, YIIpaBIIstoNIe-
ro BeIKIIOUaTeneM. llensio onepanuit Oyaer morydeHne HH(opManuu o cocTo-
SIHUM KOHTPOJILHOTO KyOWTa B CHTyallMH, KOT/J[a KOMIbIOTEp OyAeT Bce BpeMs B
BBIKJIFOYEHHOM COCTOSTHHH.

Bravaine mepeBezieM J0CTyIHbIe KyOUTHI |t)|s) B cocrosHue 0)]0). 3arem,
BEKTOp COCTOSIHHSI BTOPOTO KyOHTa BpalaeTcs Ha yrou § = /4, mocie 4ero ero
coctosiume ctanoButcs paBHbM (|0) + [1))/v/2 CocTosHMe TIaphl JOCTYMHBIX
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reiir CNOT reidt Todpdomu

D
D

BBIKJIIOYATENDL . §

Puc. 7. Caesa: Ilpocreiiinii KBAHTOBBIH KOMIIBIOTED, PeaU3yOMINI TeUT
CNOT. Cnpasa: Komnbiotep ¢ BoikarouatesneM (reiit Todpdoau). Cocrosi-
HHe KOHTPOJIBHOTO (3aT€MHEHHOr0) KyOHTa HeIOCTYIHO.

Ky6I/ITOB CTaHOBUTCS PABHBIM
10) ® (|0) + 1))/ V2. (10)

TakuM 00pa3oM, KOMIBIOTEP MEPEBOMUTCS B CYIEPHO3ULHUIO COCTOSHHMIA, B
KOTOpOﬁ OH OAHOBPEMEHHO BKIIFOYEH W BBIKJIIOYCH. CKOHI/IpyeM OTHU 3HAYCHUA
KyOMTOB B COOTBETCTBYIOIIME PETHMCTPbI KOMIIBIOTEpA U IO3BOJIMM €My Jei-
CTBOBAaTh. 371eCh JieHCTBHE OyJET 3aKJIIOYarhCsi B TOM, YTOOBI OJHOBPEMEHHO
paborars u He paborark. [locie Takoro ACHCTBUS COCTOSIHUS JOCTYITHBIX PErH-
CTpPOB TIPeoOpasyroTcs B

100) + |c1))/V2, (11)

MOCKOJIBKY €CIIH KOMITBIOTEp paboTaeT (KyOUT BBIKIIFOYATENs B COCTOSIHUH 1), TO
COCTOSIHUE KOHTPOJIEHOTO KyOWTa IOSBUTCS B Kau€CTBE COCTOSHMS BBIXOIHOTO
Kybura. Eciim m3MepuTh COCTOSIHHE TOJBKO IEPBOrO KyOWTa M OKaXKeTCs, U4TO
OHO paBHO |, TO 3TO OyZET 03HaYaTh, YTO KOMIBIOTEP OBUI BKIIIOUEH M COCTOS-
HHUE CKPBITOTO (KOHTPOIBHOTO) KyOuTa Takxke Obu1o paBHO 1 (3TO Takke Oymer
03Ha4aTh, YTO KOMIIBIOTEP OBUI B 3allyTaHHOM cocTosiHuM). Ho ecim cocTostHM-
eM nepBoro kyoura oxaxercsi 0, To 310 OyneT 03Ha4yaTh, 4TO MO0 ¢ = 1 ¥ MBI
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BHOBB OKa3bIBacMCsl B HadanbHOM cocrostHun |00), mm ke ¢ = 0 u cucrema
nocyie u3MepeHus octaercs B cyneprosurmu (|00) +[01))/+/2. Tpemmonoxmm,
YTO peann3oBaiach MepBas BO3MOXKHOCTb. Torma aeicTBuTenbHO ¢ = 1, HO
MBI OOHapyxHBaeM IepBbIi KyOuT B cocTosHMU (. DTO 03HAUaeT, YTO KOM-
IBIOTEP OBUT BEIKJIIOYCH. 3aMETHM, YTO €CIH ¢ = 1, BEPOSTHOCTB MOCIEAHETO
cobbrtust para 0.5. Haunnast ¢ cocrosiaus |00), OBTOPUM BpaleHHe COCTO-
SHHS KyOUTa-BBHIKIIIOYATeNsl, YTO BHOBB IIEPEBENET COCTOSHHE JOCTYIHBIX Ky-
6utos B |0) ® (|0) + |1))/V/2. [leiicTBHe KOMIBIOTEPA BHOBb TNIEPEBENET €TI0 B
|00) + [11))/+/2 (npeanonaraetcs, uto ¢ = 1). Temeph HU3MEPUM COCTOSHHSI
000MX NOCTYNHBIX KyOuTOB. BHOBE ¢ BeposiTHOCTBIO 1/2 Oyner oOHapy»keHO,
410 |s) = |1), TO eCTh KOMIBIOTEP OBLT BKIIOYCH U MBI IIOTydYaeM Pe3yJIbTar
BbIuKcIIeHHH. OIHAKO, C BEPOSTHOCTHIO 1/2, BHOBB OY/IET IONYYEHO COCTOSHUE
0, uyto OymeT o3Ha4aTh TO, YTO KOMIIBIOTEp BHOBBH He pabotan. IlomHas Be-
POSITHOCTH TAKOTO pe3ysbrara Mocie AByX maroB cocraBuT 0.25. PaccmoTpum
HOCJIETHIOI0 BO3MOXKHOCTb, IIPU KOTOPOH JBaXKAbl 0OHAPYKUBAETCS HEBKIIIOUCH-
HBIA KoMITbroTep. OKa3bIBaeTCS, B 3TOM CIIydae MOXHO 3aKIIOYHTh, 4TO ¢ = 1 U
MOXKHO IPEJICKa3aTh pe3yinbTar paboThl KOMITbIOTepa He BKodas ero! [Touemy?

BepHemcs k Bce ele HE pacCMOTPEHHOMY clydaro koraa ¢ = 0 u mociue
IIepBOTO IIara JiBa J0CTYIHBIX KyOuTa Haxomsires B cymepnosuimd |0) @ (]0) 4+
|1))/+/2. Bo Bpems Clie/y 0Iero mara MoHO JI0BEPHYTh Jajiee COCTOSIHUE BTO-
poro KyOuTa, 4To AacT CICAyrollee KBAHTOBOE COCTOSIHHE JOCTYIHBIX KYOUTOB:

10) @ (10) + [1))/v2 — 0) @ (10) + 1))/ V2 + (=10} +[1))/V2 = |01) . (12)

JlelicTBre KOMITbIOTEPA OCTABUT 3TO COCTOSHHE HEM3MEHHBIM. [[ecTpyKTHB-
Hasi MHTep(QEPeHIMs MTOJHOCTHIO0 HCKIII0YAeT BO3MOKHOCTD OKa3arhCs B COCTO-
stauu |00) mocinie Broporo mara, eciu ¢ = 0! J[eficTBUTENbHO, €CIId U3MEPUTh
COCTOSIHUSI IByX JOCTYITHBIX KyOHTOB B ITOCIEIHEM CITydae, TO MbI OE3yCIIOBHO
HaiieMm, 9T0 KoMIbloTep ObLT BKITtoueH u ¢ = (. Takum oOpa3om, eciu MBI 1Ba-
Kbl 0OHAPYKUM, YTO KOMIIBIOTEP BBIKIIIOYCH, 3TO OyAeT O3Hadarb, 4To ¢ = 1
W eCJM BKJIIOYHATH TaKOM KOMITBIOTEP, TO PE3yJbTaT BBIYHMCICHUH Oymer ¢ = 1
(puc. 8). Otcroga nenaercs 3aKIIOUYEHUE, YTO B HAllleM MHUPE MOXHO TOJIYYHUTh
UHPOPMAITUIO O PE3YIbTATe BRIYUCICHUH, (PaKTUYeCKH HEe MPoBos ux. Ho BEI-
YHCIICHUS B JPYTHUX MHUPaX, B KOTOPHIX KOMITBIOTEP MOXKET paboTaTh, a TaKxkKe
UX HHTEepQepeHnns o0ecIeanBaeT KBaHTOBBIN pecypc, TO3BOJISIONINHN ITOTydaTh
nH(popMaIuio GecIuIaTHoO.
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H3mepenue cocToHNA N3MepeHue cOCTSOHUS
1-ro xkybuta JBYX KyOUTOB 1-ro kybura JBYX KyOUTOB
on H101)
) i
on on on
00) 100) JIECTPYKTHBHAs
HHTEpEpEHIIHs
off off
off H [00) L 00)
c=1 c=0

Puc. 8. Cresa: B cnyuae ¢ = 1 cyuiecTByeT MUp, B KOTOPOM KOMIIBIOTEp
OyneT BCce BpeMs BBEIKJIIOYEH W KOHEYHbIe COCTOSIHHS L[eJIeBOro KyOWuTa U
KyOuTa-BBIK/II0OUaTessi nocse AByX iaros Oymet |00). Crnpasa: B cayuae
¢ = 0 necTpyKTHBHAs MHTep(EPeHLUs ABYX MHPOB UCKJIOYAET AJI 3TOTO
perucTpa BO3MOXKHOCTb OKasaThCsl NpH HabmwopeHnu B cocrostHuH |00).
Tonbko cocrosiiue |01) MoxKeT GBITH OGHApPYKEHO B JaHHOM cjaydae. DTo
TM03BOJISIET 3aKJAIOUUTh, YTO B cjydyae HabmwopeHus coctosiHus |00), coot-
BETCTBYIOIEro HepaboTaloleMy KOMIIbIOTEPY, KOHTPOJIbHEIH KyOUT Haxo-
JUTCS B COCTOSIHUM ¢ = 1.

MMM u napapoxc Jiinureiina-Ilogoasckoro-Pozena
MMM moxet OBITH UCTIONB30BaHA | IS pa3penicHus mapagokca JI1P, koTopsrii
MOXeT ObITh chopMyaHpoBaH Tak. PaccMOTpHUM 4YacTHIy C HYJIEBBIM CIIHHOM,
KOTOpast pachalacTcsl Ha B OJMHAKOBbIE YaCTHIBI CO CIIMHOM IIOJIOBUHA, ABHU-
JKyIIHecs 3aTeM B NMPOTHBOIOIOKHBIX HANpPaBIEHUSIX BIOJIb ocH . BomHoBas
(YHKIMS 9THX 9acTHI] B 0a3uce MPOEKIMU CIIMHA HA OCh 2 MOXKET OBITh 3alu-

caHa B BUJE:
1

V2
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A. A EXOB

W3mepnM MpOEKLHIO CIIMHA MEPBOI YacTHIBI HA OCh z. JTO H3MEpEHHE
HE MOXKET BO3[CHCTBOBAaTh Ha BTOPYIO YACTHUILY, HO TeM HE MEHEe TaKke Ja-
€T OJHO3Ha4YHYI0 MH(popMaHo 0 ee npoekuuu Ha ock z. Cormacuo OIIP sTo0
03HAYaeT, YTO MPOEKIMs CIIMHA BTOPOI Y4acTHILbI HA OCh z IPEACTaBISAET CO-
6011 s1eMeHT (pu3MUecKoi peasbHOCTH. Takoe ke pacCykJIeHHE MOXKET OBITh
MTOBTOPEHO, €CIIM MBI U3MEPUM IPOEKIMIO CIIMHA MEPBOM YaCTHIBI Ha OCh Y.
Pesynbrar 3TOr0 M3MeEpeHUs OyleT OAHO3HAYHO CBUIETENBCTBOBATH O MPOEK-
IIUM Ha OCh Y CHHHA BTOpPOH 4acTuilpl. CleqoBaTenbHO, 3Ta MPOCKIHS TaKKe
TIPE/ICTaBIIET COOOH NIEMEHT (PU3NUECKON peallbHOCTU. VI3BeCTHO, OIHAKO, YTO
OIIEepaTOPhI MPOEKLUI CIIMHA HA OCH Y U 2 HE KOMMYTUPYIOT U TIOATOMY 3aKOHBI
KBaHTOBOW MEXaHWKH HE TMO3BOJIIOT 00EHM 3TUM HPOEKLHSM OTHOBPEMEHHO
ObITh 71eMeHTaMu (PU3HUECKON pealbHOCTH. B 3TOM n 3akirodaeTcs mapagokce
OIIP, u3 K0oTOpOro B CBO€ BpeMs ODHHINTCHHOM OBIIO CIAENaHO 3aKIIOUuCHHE O
TOM, 4TO CTPYKTYpa KBAaHTOBOM MEXAaHUKU HE IMOJHA.
3TOT MapagoKc, OJJHAKO, OTCYTCTBYET B 9BEPETTOBCKON (pOpMYIHPOBKE KBaH-

ToBO# Mexanuku [82,83]. ComracHO eif, HEOOXOAMMO PAcCMOTPETh JIBa Mapal-
nenpHbIX Mupa. Eciu m3MepsieTcs z-KOMIIOHEHTA IEPBOTo CIHMHA, TO B OZHOM
U3 HUX OHa MMeeT 3HaueHue +1/2, a Bo BropoM —1/2 u HaoGopot. Ho 3HaHue
HPOEKILUH BTOPOTO CIMHA HE 03HAYAET, YTO OH OBLIT JJIEMEHTOM PEajbHOCTH JI0
HU3MEpPEeHUs], MOCKOIbKY OH MMEN JIBa Pa3IMYHbIX 3HAYEHUS B JBYX Pa3IMYHBIX
mupax. Takum o0pazom, B MMU napanoke DI1P He umeet mecra. KomMmeHTHpYS
pactymyto nonyisipaocts MMU, Yurrekep [83] 3ameruu [78]:

«MBEI YYBCTBYEM, YTO OTHACTU NONYISIPHOCTH IMPOUCTEKACT U3 BEPHI B TO,

YTO HECMOTPSI Ha CTPAHHOCTb MOHSATUN OHM JIEUCTBUTEIBHO, MO KpalHel

Mepe OOBSACHSIOT (haKThD.

KBaHTOBBIC HElipOHHBIE CHCTEMBI

Kakoe oTHOIIIEHHE MOTYT UMETh OOCYKIAaBIINECS BEIIIE BOIPOCH! K MpodiIeMe

CO3IIaHUS K8AHM 0601 HEHPOTEXHOIOTHN? 3aMETHUM, YTO BAYKHOH 0COOEHHOCTHIO

COBPEMEHHOI K1accuyeckoli HEUPOTEXHOJIOTHH SIBIISIETCS €€ aHalIorOBOCTh. Kak

otMeuan Bo Bpems auckyccun 2000 rona FOpren LlypmaHH:
«DyHIaMeHTaIbHOE pa3inyie MEXy TPaJAULIMOHHBIMU M HEHpPOBbIYHCIIE-
HUSIMHU 3aKJIIOYACTCS B III/I(l)pOBOi/i IMpUPOAC MEPBLIX U aHaJIOrOBOIt npupoae
BTOPBIX».
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CJ'IeZ[OBaTeHLHO, TIEPBBIC BBIBOJIbI KOTOpBIfI MOXHO CICIaTh, TAKOBBI:

L.

II.

III.

KBaHTOBBIE aHAJIOTM KJIACCUUECKHUX HCKYCCTBEHHBIX HEUPOHHBIX CeTel
HE 00s13aHbI OTIEPHPOBATh C KyOMTaMH, MOCKOJIbKY COBPEMEHHBIC HCKYC-
CTBCHHBIC HEWPOHHBIC CETH, KaK IPABHIIO, ONEPUPYIOT HE ¢ OUTaMH, a ¢
AHAJIOTOBBIMH CHUTHAJaMHU. JTO JAeJaeT MPoOJIeMy 3aIlyTaHHOCTH COCTOS-
HUI KyOUTOB HE UMECIOLIECH NpAM020 OMHOWeHUs K KBAHTOBEIM aHAJIOTO-
BBIM HEHPOHHBIM CHCTEMaM.

KBaHTOBBIE BBIUUCIIEHHS MMEIOT JIEJI0 C PEIICHHEM 3ajad, a HE C BbI-
yrciaeHneM (DYyHKIWH, CBOHCTBEHHBIM HEHpPOBBIYHCICHUSAM. lIpu 3TOM,
KBaHTOBasl peanu3anys OyleBbIX (PYHKIMH, Tak jk€ KaK M MX KJacCHUe-
CKas HeifpoceTeBas peanusanus, TpedyeT B 00IIeM ClTyyae HCIIOIb30BaHUS
9KCIIOHEHIIMAIIBHOTO YHCia onepanuil (3aMeTHM, OJHAKO, YTO HCIIONb30-
BaHME KBAaHTOBBIX aHAJIOTOB OWHAPHBIX BECOB ITO3BOJISIET JOCTHYb IKCIIO-
HEHIMAJIBHOW SKOHOMHUH (PU3HMUECKUX PECYPCOB, 3AMEHUB CETh HEHPOHOB
€IMHCTBEHHBIM JIEMEHTOM).

ITpoGnema 3KCHOHEHIMAIBHOTO POCTa PECYPCOB C POCTOM Pa3MEPHOCTH
3aJa4l HEe TaK OCTpa AN KJIACCUYECKOM HEMPOTEXHOJIOTUH, MOCKOIBKY
OHa HE MCIOJIB3YeT AITOPUTMUYECKHUH TOX01 U HE IPUMEHSIETCS JUIS TOU-
HOM peanm3anuy QyHKunit. BMecTo 3T0or0, HeHpPOTEXHOIOTHS IPHUMEHSET-
Csl T alNpOKCUMANUH (yHKIUH, UCTIONb3Yys 00y4eHHEe Ha OTPAaHUYCHHOM
yucne npuMepos. HelipoHHas TexXHONorus oOBIYHO MMEET JesIo ¢ o0pa-
3aMH (IIMPOKOIOIOCHBIMU CHUTHAJIaMH, COOTBeTcTByrommmu d > 100),
JUIS KOTOPBIX Kak 3aKoH PeHTa, Tak M SKCIIOHCHLMAJbHBIH POCT YHCiIa
JIOTHYECKUX OIepalii YHHUBEPCAIBHOTO alrOpuTMa HPENsSTCTBYIOT HC-
TIOJTb30BAHHIO SKCIIOHEHIIMAIBHOTO YHCIIa PECYPCOB.

Kakoii ke MokeT ObITh KBaHTOBas HEHPOTEXHOJIOTHS W KaKWe 3a/Ja4d OHa
Morua Obl penratb? B yke IpOBeeHHBIX UCCIEI0BAHUAX ObLIH c(HOPMYITUpPOBa-
HBI Ba)KHBIE MPEINOCHUIKH CO3/1aHUS KBAaHTOBBIX HEHpPOHHBIX ceTeill. OTMEeTUM
HEKOTOPbIE U3 HUX.

e [lepyc mpoBeN HEKOTOPbIE aHAJIOTHH MEXAy (HOpMann3MoM KBaHTOBOH

MEXaHUKH U TEOPUH HEHPOHHBIX ceTer [84];

e Menneep u Hapasnan ucnons3oBaiu MMMU juig nocrpoeHus mozaenu

KBaHTOBOW HEMpOHHOH ceTH [5];

e bepmaH ¢ coTpygHHKaMH [85] moka3anu, 9To HETMHEHHOCTH, HEOOXOIH-

62

Masi JUTsI TIOCTPOEHUST HEHPONOA0OHBIX MOIeiel, eCTECTBEHHO COACPKHT-
Csl B KBAHTOBO-MEXaHUYECKOM (pOpMa3Me HHTETPAIOB MO TPAESKTOPHUSIM
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U CBsI3aHA C TEM, YTO aMIUIUTY/a VI JaHHOTO ITyTH SBJIAETCS SKCIIOHCH-
Toit (HenuHeiHOM dyHKIMei) neficTBus 2.

e Bentypa u MapruHen mokasaiy, 4TO KBAHTOBasl MOJIENb ACCOLIMAaTUBHOM
MIaMATH MOXKET WMETh SKCIIOHEHIMAIBHYI0 €MKOCTh, YTO CYIIECTBEHHO

MIPEBOCXOIUT BO3MOXKHOCTH KJIaCCHYECKOW HEHpOHHOW mamMsaTH [86].

Heo0xomumo 3aMeTHTh, YTO KBAaHTOBas HEHPOTEXHOIOTHS 3TO HE TOIBKO
HEKOTOpPBIE HOBEIE KB8AHMOBble AN20pUmMbl, HO M HOBAS HeUpOmexHOn02Us.
MHorue napaaurmbl HEHPOHHBIX CETEH, OHAKO, OCHOBAHbl Ha BBEJEHUU HO-
BBIX TUIIOB HEHPOHOB M HOBBIX apXUTEKTYyp CBsA3EH MEXIy HUMHU. B yacTHOCTH,
HOBBIN THN 3HAYCHUs, KOTOPBIH MOXKET MPUHUMATh BBIXOJA HEHpPOHA, OOBIYHO
CBSI3aH C HOBOM HEHPOHHOW MapaurMol U MPUIIOKEHUSMHU.

B moznenu kBaHTOBOTO HeEifpoHa, onmucaHHON B [29] ammmuTyna ¢GoToHa HA
BBIXOZIE CHCTEMBI HMCIIONB30BANIACh KaK BBIXOJ] HEHMpPOHA, a MHTEPPEPEHIUS aM-
IUIATY (OTOHOB M3 MHOT'MIX MHPOB KCIOJIB30BANIACH JUIS alllIPOKCUMAIIMK 3HA-
yeHUH (YHKIUM MHOTHX MepeMeHHbIX. OIHAKo, B KBAaHTOBBIX BBIYHCICHUSIX
(hOTOH MOXKET HCIOIBh30BAThCS KaK CHCTEMa, peallu3yromlasi 3Ha4eHUsI KyOUTOB,
a TaKkKe KaKk KBAHTOBBIM TeHT (B3aMMOJECHCTBYIOMINM, HAIPHIMEp, C CHCTEMOMH
CIIMHOB, PEalu3yIONINX 3T KyOHUTH). 3HaYUT U (OTOH, (POpMUpPYEMBIN B HEM-
POTIOIOOHOI CHCTEM, MOXKET CIIY)KHUTh KaK KBAHTOBBIM TEHT I KBAHTOBBIX
BBIYHCIICHUH.

Takum 00pa3oM, MOXKHO TIPHATH K HJlee HEUPOHA, BEIXOJIOM KOTOPOTO SBIIS-
€TCsI KBAaHTOBBIH TEHT, TO €CTh KBAHTOBBHI OOBEKT, KOTOPBHIH MOXKET U3MEHATH
coctosiHre KyouToB [87]. Ecin kBaHTOBast HEHPOTEXHOJIOTHS COCPEIOTOIUTCS
Ha CO3JIaHWM TaKWUX YIPaBISEMBIX KBAHTOBBIX I€HTOB, TO OHa €CTECTBEHHBIM
00pa3oM yiAeT OT TUCKYCCHH O TOM, SIBJISICTCSI JIM OHA ECHCTBUTEIHLHO KBAHTO-
BOM UM HeT. JIeHCTBUTENBHO, B TO BPEMsI KaK MOHITHE K8AHMOBO20 GbIUUCTICHUS
SIBIISICTCSA TIPEAMETOM CEePhE3HOM MUCKYCCHU, TIOHIATUE K8AHMOB020 2elima HaXo-
JUTCST BHE 00CYKJeHMsI. Eciu ske OTIMYnTEeNbHON 4epToil KBAHTOBOTO HEHpOHa
CTAaHOBHTCA Ta, YTO OH MMEET B KaueCTBE BBIXOJa KBAaHTOBHIN TEHT, TO BO3HU-
KaeT €CTECTBCHHAs JIJIsl HEHPOTEXHOJIOTHH POoOieMa ONpPE/Ie/ICH s, BO3MOKHO
JIU peain30BaTh 3aJIaHHBIA KBAaHTOBBIM IeUT MpHU 33aHHOM 3HAYE€HUHU BXOZa Ha
HEHPOH, TO €CTh PeaTn30BaTh MPOU3BOIBHYIO ONEPaTOPHYIO (QYHKIHIO BXOIOB?

2B omuuMe, HampUMep, OT TIOIXOAA, HCTIOJIb3yeMoM B [88], rjie HeuHeiiHOCTh CBA3BIBAETCS
C KOJIJIAaTICOM BOJIHOBOH (DYyHKLIHH.
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IIpoGsiema co3naHusi KBAHTOBBIX KOMIIBIOTEPOB BTOPOI0 THIIA
U puznvecKoe MOJCJTHPOBAHNE

KBanroBoe YupaBJjgeHUuEe U peajqu3alnus yIpaBJasi€eMbIX KBAHTOBbIX remrToB

YHOMAHYTBIN MIpUMEp pealn3aliy yIpaBiIsieMOro KBaHTOBOTO T'elTa HCIIOb-
3yeT KJIAaCCHYECKyI0 CXeMy MHoromienaeBoi umHTepdepennnn. OmHako, cyuie-
CTBYIOT M IpPYT'HE€ BO3MOXHBIE CXEMBI, KOTOpbIE pa3pabaThIBaloTCs ceifdac ¢
LENbI0 Pealln3allii KBaHTOBOrO yrpaeieHus. [10100HO TOMy, Kak KBaHTOBBIE
BBIYHCIIEHHS MCIIONIB3YIOT IECTPYKTHBHYIO HHTEP(EPEHIIUIO JIOKHBIX PEIICHNI
1 KOHCTPYKTHUBHYIO HHTEP(EPEHIINIO HCKOMBIX, COBPEMEHHBIC METOJbI KBAHTO-
BOTO KOHTPOJISI UCIIONB3YIOT HHTEPHEPEHIHIO MTyTEH, IO KOTOPHIM MOXET UITH,
HalpuMep, XUMHYECKasi peaKIfisl, A YBETUUEHHS ee )KellaeMoro BeIxona. Ta-
KHE METOJbl Ha3bIBAIOTCS KO2epeHmMbIM WIH (azoevim koumponem. s ero
peanu3alniy UCITIONb3YIOTCS JIa3ephl, TEHEPHUPYIOLIHE YIBTPakopoTkue (demro-
CEKyHIHBIC) UMITYITbCH [89]. [Ipu 3TOM, METONBI OTpeeNieHHs UCKOMBIX (opM
Ja3epHOTO UMITyJIbCa OCHOBAHBI HA MUHUMU3AIMH LIEJIEBOTO (DYHKIMOHANIA H TI0
CYTH HE OTIMYAIOTCS OT METO/IOB OOy4eHHsI HeHPOHHBIX ceTei. CXeMBI KBaHTO-
BOTO KOHTPOJIL MOTYT PEaN30BHIBATE:

® KOHTPOJb MOJICKYJIIPHOTO JBIDKEHUSI U CBSA3EH IS CUHTE3a HOBBIX MOJIe-

Ky
® KOHTPOJb HEIMHEHHBIX ONTHYECKUX MPOIIECCOB;
® KOHTPOJb JABHXEHUS AIEKTPOHOB B MOIYINPOBOAHUKAX.

Pa3BuTas B 3T0M 001aCTH UCCIIENOBAHUI 3KCIIEpUMEHTAIbHAS TEXHUKA Ue-
aJIbHO MOIXOJUT Ul CO3/aHMsI YIPaBIsIeMbIX KBAaHTOBBIX TeiiToB. OHa HCIONb-
3yeT HACTPOHKy (a3 myTeil peaim3aluy MPOIECCOB, MPUBOIAIIYIO K ITOCTPO-
SHHIO CIIOKHOHW (POPMBI J1a3epHOTO MMITYJIbCa, KOTOPBIA, BO3IEHCTBYsI Ha aroM
WM MOJIEKYIY, YYaCTBYIOILY B JAHHOM XMMHUYECKOM IIPOLECCE, UTPAET POIlb,
AQHAJIOTHYHYIO KBAaHTOBOMY TEHTY.

Ho 3auem KBaHTOBBIM KOMIIBIOTEPAM yIpaBIsseMble KBAHTOBbIE IreliThl? Benb
UL UX pabOTHl HEOOXOIMMO M3MEPSTh COCTOSHHE KBAaHTOBOTO KOMIBIOTEpA H
HCTIOB30BaTh €T0 ISl N3MEHEHUST YHUTApHOTO TipeodpazoBanus. OQHAKO, TaKoe
U3MEPEHHUE Pa3pyLIMT KOTE€PEHTHOCTb KBAHTOBOIO COCTOSHUS U HE IIO3BOJUT
3aBEPIIUTHh KBAHTOBOE BBIYUCICHHE?

OTO NeHCTBUTENFHO TaK ISl MOAABIISIOIEr0 OOJBIIMHCTBA paccMaTpuBae-
MbIX HbIHE cXeM. OJIHAaKO CYIIECTBYIOT U APYTUE CXEMbl KBAHTOBBIX KOMIIbIOTE-
POB, Il KOTOPBIX MPOIEAypa U3MEPEeHUsI KBAHTOBBIX COCTOSIHUN HEoOXoImMa
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B XOfIe UX PabOTHL. JTO TaK Ha3BIBACMEIC KBAHMOBble KOMNbIOMEPbL 8MOPO2O
muna, npunymannsie /[. Eme3om [28].

KBanroBbIe KOMIILIOTEPbI BTOPOI0 THIIA

KBaHTOBBIE KOMIIBIOTEPHI BTOPOTO THIIA WCIIOIB3YIOT AJIsI pabOThl KaK KBAaHTO-
BEIM, TaK M KJIacCH4yecKuil mapamurenm3M. OHHA TPeACTaBILIIOT CO00i OOIBIION
MAacCHUB MapajjIeIbHO PabOTAOMINX HEOONBIINX KBAHTOBBIX KOMIIBIOTEPOB, CBS-
3aHHBIX APYT C APYTOM C NOMOIIBIO KIAaCCUYCCKUX KaHAJIOB NEpe€aavyu JaHHbIX.
OTOT TUI KBAHTOBBIX KOMIIBIOTEPOB OTIMYAIOT OT KBAHTOBBIX KOMIIBIOTEPOB, B
KOTOPBIX KOTE€PEHTHOE COCTOSIHHE XapaKTepH3yeT KOMIBIOTep B 1ieioM. KBaH-
TOBBIE KOMITBIOTEPHI TPEACTABIAIOT U3 ce0s IMOpUIHBIE CHCTEMBI, HO X BBI-
YHUCIUTETbHAS! MOIIHOCTh TAKXK€ SKCIIOHEHIINAIBFHO BO3PACTaET C POCTOM YHCIia
Ky6I/ITOB B COCTABJIAIOMIUX €TI0 SJIEMCHTAPHBIX KBAHTOBBIX KOMIIBIOTECPOB. Ksan-
TOBBIC KOMIBIOTCPHI BTOPOI0 THIA MMCKOT TO MPCUMYUICCTBO, YTO B HUX HE
TpeOyeTcs JUIMTENbHOE ynepKaHHe KOT€PEHTHOCTH COCTOSHHM 3JIEMEHTAPHBIX
KOMITBIOTEPOB. DTO EaeT UX pean3aliio 3HaYNTENbHO Oojee MpocToi 3aja-
yeld. CyInecTBeHHO TakKe, YTO OHM HE TPEOYIOT M 3aIlyTaHHOCTH KBaHTOBBIX
COCTOSIHMM 3JIEMEHTApHBIX KOMIIBIOTEPOB, 103TOMY UX SIMP peanusanuu us-
TaKTHbI K KPpUTHUKE IO IMOBOAY OTCYTCTBHUA 3allyTaHHOCTH, KOTOpOﬁ noasepra-
I0TCSL OOBIYHBIE KBAHTOBBIE KOMIIbIOTEPHI. KpoMe Toro, ecinu cymiecTByeT 3Ha-
YHUTENbHAs! HEOTIPEACICHHOCTh B OTBETE Ha BOIPOC, KAKUE MTPUIIOKEHHS Hal Iy T
OOBIYHBIC KBAHTOBBIE KOMIBIOTEPHI [90], KBAHTOBBIE KOMITBIOTEPHI BTOPOTO TH-
I1a MOTYT ONPEJENICHHO HAWTH NPUMEHEHHE U1 MOACIUPOBAHUSA (PU3MUECKUX
Mpo1eccoB (3TI/I 3aJa4u ObUIM TUIUYHBI U JUTA MIEPBBIX KIIACCUYCCKUX KOMIIBIO-
TepoB). PenieHne MHOrOMEpHBIX 3a/ad THUAPOAUHAMUKH, HallpuMep, METOJaMU
PEeLIETOYHOro Ta3a, TpeOyeT onpeeeHus y3JI0B IIPOCTPAHCTBEHHON BBIYUCIIH-
TENBHOM CETKH, JUIS ITPEACTaBICHHUS KOTOPBIX Npu SIMP-peann3annu KBaHTOBBIX
KOMITBIOTEPOB MOTYT HCIIOIB30BAThCA MAKPOCKOIINIECKUE IIEMEHTBI )KUIKOCTH,
conepskarue nopsiaka 1018 sneMeHTapHBIX KBAHTOBBIX KOMIBIOTEPOB (CIHHOB
HEKOTOPBIX A/]ep B MOJIEKyJax XKHUIKOCTH). IMEHHO 3TO MaKpOCKOMUYECKOEe YUC-
JIO BBIYHCIHUTENEN B OAHOM Y3JI€ IO3BOJISET pealn30BaTh U KIAaCCUYECKHUH Ma-
pajutenu3M BeraucieHni. CUrHai, CHUMaeMbIi C TAKOTO AJIEMEHTapHO o0beMa,
JIaeT OKUJAEMOE 3HAYCHHS 3aCETICHHOCTH COCTOSHIH KyOHTOB B 3JIEMEHTAPHBIX
xoMmbioTepax. COBMECTHO ¢ KBAaHTOBBIM IapajlIeIn3MOM, KOTOPBIA pearnu3yeT-
Csl IPU YHUTAPHBIX MPE0OPa30BaHUAX KYOUTOB, 3TO JaeT BO3MOXKHOCTh 00OWTH
npo0sieMy ycpeaHeHHsl 3HaueHUi (U3MYECKUX BEJMYUH TPH MOJICIUPOBAHUI
TIPOLIECCOB C TIOMOIIBIO KJIACCHYECKUX MOJZENEH PEIIeTOYHOTo Ta3a.
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B KBaHTOBBIX KOMITBIOTEPaX BTOPOTO THIA IIOCJIE 3Tala YHUTApHOTO Iie-
poOpa3oBaHusl COCTOSIHHNA KyOUTOB CIelyeT U3MEPEHNE X 3aCEICHHOCTH. DTO
paspyliaeT KOrepeHTHOCTh (4TO B JIAHHOM Cily4yae He cTpamHo). Mudopmarus,
TIOJTy4CHHAs B JAHHOM Y3JIe KOMITBIOTEPA, HCIIONIB3YETCsl JUIS PEMHUIMAIN3AINN
KBaHTOBBIX COCTOSIHUII KyOUTOB B APYIUX y3JIaX, 4YTO COOTBETCTBYET KiIacCHUe-
CKOM mepenade naHHBIX. Kak paboTaroT KBaHTOBBIE KOMITBIOTEPHI, JIHUIIIE BCETO
MIPOMJLTIOCTPUPOBATH HA MPHMEPE PEIICHHs MPOCTEHIIEH 3a1aul — MOAEIUPO-
BaHus AU GY3UH YaCTHII.

Ypasuenue quddyzunu

[lepBBIM pHU3MUECKAM TPOIIECCOM, IJIT MOACTHPOBAHUS KOTOPOTo OBLIa apry-
MEHTHPOBaHAa BO3MOXXHOCTH MCIIONB30BaHUS KBAHTOBBIX KOMITBIOTEPOB BTOPOTO
Thma, Obu1a ogHoMepHas auddysus [91]. Jlas cnexkeHuns 3a TNIOTHOCTBIO YaCTHI]
B L Toukax mpsiMOi, KaXkaoil u3 HUX (y31Iy) CONOCTaBISIETCS MAaKPOCKOTMUECKUIH
aHCaMOITb DIICMEHTAPHBIX JIByXKYOUTHBIX KBAaHTOBBIX KOMITBIOTEPOB (peaiu3o-
BaHHbIX, HAIIPUMED, CIIMHAMH yIyiepoaa-13 ¥ BoJopoa, BXOISIIIUMHE B MOJICKYITY
xiopodopma, CHCl3). CocTosHUS 3TUX ABYX KYOUTOB SIBIISFOTCS KOT€PEHTHBIMH
B TEUCHHE JIUIIH HEOONbIOro BpeMeHru. COCTOSIHHE TIepBOro KyOuTa HCIONb-
3yeTcs A MPENCTaBICHHUS IUIOTHOCTH YACTHIl JBIDKYIIUXCS B JIAHHOM Y31
BIIPaBO, a BTOPOTO — BIIEBO.

BomHoBast (pyHKIMSI, OMMCHIBAIONIAS COCTOSHIE BCETO KOMIBIOTEPa, MOXKET
OBITH 3amHCcaHa TaK:

L—1
[4) = [ I oo + 1) Q) | ga(z0 +1,1)) - (14)
=0

I[J‘If{ KaXxJ0ro y3sja
‘QG(mvt»:aa|O>+ﬁu|l>7|aa+ |2|ﬂ|2:1' (15)

Wunnpanu3anus aMIomiTyn 6a3uCHBIX COCTOSIHAN KyOUTOB OCYIIIECTBISIETCS
B COOTBETCTBHM C HaualbHBIM paclpelesCeHUeM YacTHll, JBIDKYIIUXCS B ABYX
[POTUBOIIONIOKHBIX HanpaBineHusx fo(x),a = 1,2:

aq(2,0) = /1 — fo(x), Ba(z,0) = v/ fulz), (16)

HpI/I OTOM IpPEeATojaaracTcsd, 4YTo0 HHUIUAJIN30BaHHbIC (I/I peHNIHUAIN30BaH~
HLIC) AMIUIMTYAbI BCEraa SBJIAIOTCA HCﬁCTBHTCJ’ILHHMH qucCJIaMU.
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OBOMIONUS COCTOSIHUIM KyOWTOB B y3JIax peajHM3yeTcs IOCIIEI0BaTEIbHBIM
MIPUMEHEHNEM KBaHTOBOTO OIIEpaTopa COYJAPEHUH U KIaCCHYECKOTO OIeparopa
nepeHoca.

Illar 1: CoynapeHnue. YHUTapHBIH onepaTop CoynapeHus

e~in/4 0 0 0
0 %e—iﬂ'/él Leiﬂ/‘i 0 (17)
1 im/4 1 —im/4
O ﬁ@ / 726 / O
0 0 0 e~im/4

OJAHOBPEMCHHO MPHUMCHACTCA KO BCCM Ky6I/ITaM BO BCEX Yy3JiaX. Ilocne Inpume-
HEHUA 3TOr0 oneparopa Ha4aJIbHOE COCTOSHUE Ky6I/ITOB OJIEMEHTApPHOI'0 KBaH-
TOBOT'O KOMITBIOTEpA

s | 00) + a1 B2 | 01) + aofBy | 10) + G132 | 11) =
= (B1Ba2, a2, a1 B2, ara2)” (18)

npeoOpasyercs B 3allyTAHHOE COCTOSTHHE

(Brage™ T + faaie ),

%(ﬁlage% + Bacie™ 1), ajane” )T (19)
lar 2: U3mepenne. BeposTHOCT 00OHAPYKUTH YaCTHUILY, IBIDKYILEHCS B OIpe-
JICTICHHOM HAIIpaBJeHHH B JIaHHOM Y3Ii€, ONPEIesieTCs U3MEPEHUEM 3acelieH-
HOCTH COCTOSIHUH COOTBETCTBYIOIIETO0 KyOHTa M 3TO M3MEPEHHE IPOBOIMTCS
JUISL BCeX Y3J10B. [10CKOIbKY CHTHAI MOJIy4aeTcsi OT MaKpOCKOIIMYECKOTO Yncia
3NIEMEHTAPHBIX KOMITBIOTEPOB B y3JI€, TO 3aCEICHHOCTH ONPEACIISIOTCS C BBICO-
kol TouHOCcThIO. Kak cnemyer 3 (19), ams 00omx KyOWTOB 3TH BEpOSTHOCTH
OKa3bIBAIOTCS IIOCIIEC COYJAPEHHs OAMHAKOBBIMU (TepMalM3alius):

afpi +asft _ Bi+BE _ fit
2 2 2

(B1Bae™ T, %

F 7 2 92
fi=fo=0B165 + (20)
ITocrenHee COOTHONIGHHE HENOCPEICTBEHHO CIEyeT M3 HOPMHPOBKH HAYailb-
HOTO COCTOSHHS 000X KyOHTOB. MITaK, 3aCeIeHHOCTH COCTOSHHIT 060X KyOu-
TOB T10CJIE COYJIapPEHHUs OKA3bIBAIOTCS OJMHAKOBEIMH B JJAHHOM Y3J1€, OTHAKO OHH
Pa3NIMYAOTCS B PAa3HBIX y3JIax.
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Ilar 3: Iepenoc. CocrosiHue TepBOro KyOuTa B JTAaHHOM Y3JI€ PEHHHUIIAAIIH-
3MPYETCsl COMIACHO 3aCEJIEHHOCTH 0a3MCHBIX COCTOSIHHUI KyOUTa, SBIISIOIIETOCS
€ro COCE/IOM CJIeBa, a COCTOSIHHE BTOPOT0 KyOUTa — B COOTBETCTBHU C 3aCEJICH-
HOCTBIO BTOPOTO KyOHUTa CIipaBa.

laa(e t+ ) =\ file =L | 1) /1= filz =1,)[0). (1)

| ozt + 7)) =/ falz + 1) | 1) + /1 — folz +1,¢) | 0). (22)

ITockobKy 3aCEICHHOCTH B y3J1aX, HAXOUILINXCS ClIeBa M CIIpaBa OT paccMar-
pHBaeMoro, B OOLIEM Ciydae Pa3IM4Hbl, TO U COCTOSHHS KyOWTOB B JIaHHOM
y3J€ BHOBb CTAHOBSTCS Pa3HBIMHU.

Peanuzanus onMcaHHBIX BBIIE TPEX IIArOB MPHUBOIUT K TeHEPALK HOBOTO
KBaHTOBOTO COCTOSIHHSI KBAHTOBOTO KOMITBIOTEPA BTOPOTO THIIA B LIEJIOM B CJIe-
JIYIOLIUMN TUCKPETHBI MOMEHT BpeMeHH t + 7. Takas mporueaypa mnociaeaoBa-
TEJIEHO IIOBTOPSIETCSI, C LIEbI0 MOJCTNPOBAHMS HCTOPHUH IBOJIOLIN HAYAIBHOTO
pacnipenenenus gactuy (muddysun).

[TnorHOCTH YacTul p(x,t) = f1(x,t)+ f2(z,t) B ToUKe = Epexn ocyuiecTs-
JIeHHeM Iuara nepeHoca cocrasisieT p(x,t) = d(x) = 2f1(x) = 2f2(x). Iocne
IepeHoca OHa CTAaHOBHUTCS PAaBHOM:

1
plz,t+71) = i[d(erl)er(xfl)]. (23)
Crie10BaTelbHO, Pa3HOCTHOE ypaBHEHHUE [UIsl ILIOTHOCTH YaCTHL UMeeT (popMy

ol t+7) — playt) = %[d(m P —2d(@) +d@—1D].  (24)

NiIn
(@t +7) — pla, ) = %[p(m F1t) = 2p(@t) + ple—1,1)]. (25

¥ MIMEET MEPBBI NOPSIOK 10 BPEMEHU U BTOPOH 1O NMPOCTPAHCTBEHHON Mepe-
MEHHOM.

B npenene, npu MCnob30BaHUU TEHIOPOBCKOIO PA3JIOKEHUS 110 T U ¢, I1O-
ClleJHEE COOTHOUICHHE IIEPEXOUT B

op(z,t) 12 8?p(x,t)
o 21 92?2
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YTO B TOYHOCTH J]aeT OJHOMEPHOE ypaBHEHUE TUPDY3HH.

MOoXHO TOKa3aTh, YTO AHAJIOTHYHBIA MOJXOA MOXET OBITh PAacHpOCTpPaHEH
Ha PEIICHUs 3HAYUTEIbHO OoJiee CIOXKHBIX 3a]ad, HalpuMep, MOJAEIHPOBaHHE
TPEXMEPHOI AMHAMUKHU KUAKOCTH, peuieHue ypasHenuil lllpénunrepa u lupaxa
U T.1L., HO TIOCTPOCHHE COOTBETCTBYIOIIMX KBAaHTOBBIX OIIEPAaTOPOB IIPH 3TOM
3HAYUTENBHO YCIIOKHACTCS.

CoBceM HeaBHO OTIMICAHHAs cXeMa MOJEUpoBaHus Tuddy3un Ha KBaHTO-
BBIX KOMIIBIOTE€PAX BTOPOTO THIIAa ObUIa peann3oBaHa B MaccadyCeTCKOM TeX-
HOJIOTMYECKOM MHCTHUTYTE ¢ MOMOIbI0 TexHUKU SIMP. Mapko IIpaBua, KuroHr
Yen, J>un Kopu u Jxedpppn Hemes [92] ucrons3osamu pactop Xinopodop-
Ma, CIIMHBI sSZIep yIIeposia ¥ BOAOPOAA B MOJEKYIaX KOTOPOTO NPEACTaBIISLIH
co00if HeoOXoaMMbIE 3JIeMEHTAapHBIC JBYXKYOHTOBBIE KOMIBIOTEpHl. BHemrHee
MarauTHoe mnoine mopsiaka 10T co3maBano pa3sHHIy MEXAY SHEPTUSMHU CIIMHOB,
OPHEHTUPOBAHHBIX 10 TOMIO U MPOTUB HEro, JOCTAaTOYHYIO I TOTO YTOOBI
NIEPEBECTH CUCTEMY B PaBHOBECHOE HAMAarHHMYEHHOE cOCTOsHME. IIpu komHaT-
HO#t Temneparype otHoutenne 0 F/kT umeer nopsaok 10~ u nosromy nomnuas
HaMarHMYCHHOCTh OTHOCHTEIBHO Maja, HO IOCKOJIBKY MOJHOE YHCIIO MOJe-
Kyn cocTaBnser ~ 1018, ona nerko nerexrupyercs. Heo6xomumas uapopmarus
BBOJIUTCS B CHUCTEMY C HCIIOJb30BaHWUEM T'pajMeHTa MarHuTHoro mois (obec-
MEUUBAIOILETO aJPECcalldio) U PaguovacTOTHBIX MMIYIbCOB. IIpu peamusanuu
ollepaTropa CoyAapeHHH HCIOJIb30BAIOCHh TO 0OCTOATENLCTBO, YTO MpeHeOperast
HE MMEIoIeH 3HaueHus oomer (a3oi, OH MOXKET OBITH 3aIliicaH B BUJE:

U =exp {—zg (0;03 + aéoj + 0;03)} . (27)

Takum 0OpazoM, omeparop coyaapeHuil pakTopu3yeTcs B BHIE POU3BEAC-
HUS TPEX KOMMYTHPYIOIIUX OMEPATOPOB, KaXIbIi U3 KOTOPHIX JIETKO Peaiu3yeT-
Cs1 CKaJISIPHBIM OIEPaTOPOM IFaMUJIBTOHHAHA ILTFOC HEOOXOMUMOE OHOCITMHOBOE
BparieHue. ABTOpHI [92] peanu3oBaid ONHCAHHYIO CXEMY, UCTONb3Ysl CUCTEMY
u3 16 y310B, IOKa3aB XOpoIIee Ka9YeCTBCHHOE COBITAJICHUC PE3YIBTaTOB YKCIIC-
PUIMEHTOB U KOMIIBIOTEPHOTO MOJEIUPOBAHHUS.

HHBapPlaHTHOe NnmorpyskeHue

Paccmorpennas muddysus 4acTuI MPOUCXOANT B MPOCTPAHCTBE M BPEMEHU U
KBaHTOBBIH KOMITBIOTEP BTOPOTO THIIA UCIIONB3YETCS I ONPEAEICHHIS BPEMEH-
HOHN 3BONIOLUM IPOCTPAHCTBEHHOTO pacmpenencHust dactuil. OxHaKo, 3TO HE
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€IMHCTBEHHO BO3MO)KHAS HBOJIOIMOHHAS IepeMeHHas. [lepBeiM Ha 310 00pa-
TII BHUMaHue Praapy bemnvan [93], KOTOpBIN, HAXOASCH ITO]T BIIEYATIICHUEM OT
pabot B. A. AmbapuymsHa [94] u C. Yanapacekapa [95] mo Teopun mnepeHoca
H3Iy4YeHUs, chopMynupoBa 00K METO MOCTAHOBKH 33]]a4 MATEMaTHIeCKOM
(bU3UKH — Memoo uneapuanmnozo nozpysicerus. IIOHSITh CYyIIHOCTh 3TOTO METO-
Jla JIETKO, €CJIM BCIOMHUTb U3BECTHBIM HCTOPUYECKUH Cilydaid, IpOUCILEALNI
¢ I'ayccom B mkone. Kak M3BECTHO, yUUTENh MOMPOCHI YICHHKOB MPOCYMMH-
poBatb Bce uncia ot 1 1o 100, 1 moka Bce OHM METOAWYHO CKJIAJBIBANIN YHCIIO
3a yucaoM, I'aycc ObICTPO TOACYMTAN PE3YJbTaT, MOJb3YsICh (haKTHUCCKU (op-
MYJIOH JJIs CyMMBI apu(METHIESCKON MPOrPECCHH. 3aIyMaeMcsi, OJJHAKO, O TOM,
YTO K€ TONYYMIH B KOHIIE KOHIIOB €T0 He3aJawINBhIe OTHOKIAcCHUKH. OHH
He TOJbKO Hanwti cymmy 100 mepBBIX YHCeN, HO TakKe U CYMMBI TIEPBBIX 99,
98 u T. 1. uncen. @aKTHUECKHU, OHU PEIIWIM HE OJHY, a IeJ0e CeMEHCTBO 3a-
Jlad — HaXOXKJeHUe CyMMBI MepBbIX n uuced, rae n = 1,...,100. Konkpernas
3a/1a4a — HaX0XKJICHHE CYMMBI CTa MEPBBIX YHCEN OBLIA UMH NHOZPYHCeHA B 3TO
CEMEWCTBO, a TS CBSI3H 337a4 B CEMEHCTBE OBUIO HESIBHO HCIONB30BAaHO CBOM-
CTBO MHBAapHAHTHOCTH, KOTOPOE 3aKIIFOYaeTCs B TOM, YTO €CJIn K cyMme (n — 1)
4ucen NpubaBUTh M-€ YKUCIIO, TO OT ITOrO MPEeXHssE cymma (n — 1) uucen He
U3MEHUTCS (aCCOIIMATUBHOCTD CIIOKEHHS).

Bemnman moka3an, Kak MOXKHO, UCIIONB3Yysl pa3iMyYHbIC CBOMCTBA MHBapH-
AHTHOCTH U CIOCOOBI MOTPYXXCHUSA, (POPMYIHPOBATH MPOOIEMBI MaTeMaTrhde-
CKOM (M3MKH B BHIE 33Jad C HaYaJbHBIMH yCIOBHAMHU (3amaun Komm), mms
pereHns KOTOpBIX 00brdHbIe (hoH-HeliMaHOBCKHE KOMIIBIOTEPHI HICANBHO TIPH-
criocoOeHsl. [T1TaBHBIM yCIIEXOM 3TOTO OCO3HAHMS SBHJIOCH CO3JaHHME MEeTona
JIUHAMUYECKOTO MPOrPaMMHUPOBAHUS.

[IponemMoHCTpHpYEM, KaK ¢ MTOMOIIBIO0 METOIa HHBAPHAHTHOTO TIOTPYKEHUS
MOYKHO PEIINTh AIEMEHTAPHYIO 3a7a4y 00 OTPaKCHUH YaCTHUIl OT OJHOMEPHOTO
CTEp)KHS, a TIOTOM HAMETHM, KaK OHA MOXKET OBITh pelleHa ¢ MOMOIIbIO KBaH-
TOBOI HEUPOHHOU CHUCTEMBI.

OTpamelme HacTUul OT CTEPKHA

IIpennonoxum, 4TO HA OAHOMEPHBINA OIHOPOIHBIA CTEPKEHD CIEBA MAAAET Ya-
CTHIIa, KOTOPAasi MOXKET IBUTAThCS B HEM TOJIBKO B JIByX HAIpaBIICHHUAX (BIEpen
W Ha3aJ), pacCeMBAThCS MPHU B3aUMOJEHCTBHH C sIIpaMu cpeibl (C paBHOH Be-
POSITHOCTBIO BIICPE M Ha3aJ) U MOMIONIATHCS ITUMH siIpaMu. J{jist Toro, 4To0sI
HaWTH BEPOSATHOCTb OTPAKEHUS YACTULIBI OT CTEPXKHA, MOXKHO PACCMOTPETH Ce-
MEWCTBO 3ajlay, B KOTOPBIX JUIMHA CTEPXKHS sIBIIsieTCs nepemenHoil. Herpynno
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MIOKA3aTh, YTO 3Ta BEPOATHOCThH YIOBIETBOPSET KOHEYHO-PA3HOCTHOMY HEIH-
HEHHOMY ypaBHEHUIO

r(x+A) =r(x)+c¢/2+ (c — 2)r(x) + er’(x), (28)

IJe T — ONTHYecKas IUIMHA CTepP)KHA, a ¢ — aJIb0e]0 OAHOKPATHOTO PACCEsSHHUA,
¢ = 0s/0¢, 05 — muddepeHImaIbHOe CEYEHHE PACCESHUSL, 0y — IIOJIHOE CEUCHHE
B3aMMOJICHCTBUS YACTHII C SIIPAMHU CPEIBI.

K aToMy ypaBHEHHIO 100aBIIETCS OYEBUIHOE HAYATTBHOE YCIOBUE IS CTEPIK-
HSI HYJIEBOM ONTHUYECKOU JJIMHBI

r(0) = 0. (29)

CoBmecTHO, ypaBHeHHe (28) 1 HayagbHOE YCIIOoBHE (29) COCTaBIAIOT 33434y
Korm, kotopast MOXKeT OBITh pellieHa YUCICHHBIM HHTEPHPOBaHUEM (B JIAaHHOM
IpocTeiieM cirydae pelieHue JIerko HaXoauTesl ananuTuaeckn). Kpome serxo-
CTH YHCIICHHOro perreHus 3axad Komwu Ha GoH-HeliMaHOBCKHX KOMIMBIOTEpaXx,
HCIIONB30BaHUE METOla MHBApPUAHTHOTO IMOTPYKEHHS JUIl NOCTAHOBKH 3a/1a4
MaTeMaTH4ecKod (M3MKH UMEET W TO MPEHMYIIECTBO, YTO BaKHBIE XapaKTepH-
CTHKH NOJeit u3nmydeHust — QYHKIMS OTpakeHHs (Mrparolasi KIIOUeByI0 pojib B
actpodusuke), QYHKIHS POITyCKaHHs (3HAHUE KOTOPOH HEOOXOAMMO IpHU pac-
YeTe 3alUThl OT U3TYYCHHH), a TAKKe HHTErPalbHBIE CKOPOCTH peakiuii (ompe-
JEJSIOIIIE HAKOIUICHHE W30TOIOB B SACPHBIX M TEPMOSICPHBIX YCTAHOBKaX)
MOT'YT OBITH OHpeleNneHbl 6e3 HAXOXKICHUS IOJIeH M3IyYeHUs BO BHYTPEHHHX
TOYKax CpeEIbl. 10 IIO3BOJISICT, B YaCTHOCTH, HUCIIOJIB30BAaTh MCHBIICC YHCIIO
9JIEMEHTAPHBIX Y3JI0B KBAHTOBBIX KOMIIBIOTEPOB BTOPOTO THIIA U KBAaHTOBBIX
HEHPOKOMITBIOTEPOB.

KBaHTOBBIN MOIX01X

Kak ¢ynkuums orpaxenust r(x) morma Ol ObITh HaificHa C HCIIONB30BaHUEM
THIIOTETHYECKOTO KBAaHTOBOTO HelpokoMmIbioTepa? BBemeM B paccMoTpeHue J10-
HOJHEeHHE (DYHKLIUH OTPAKEHHS — BEPOSTHOCTh YACTHUIIC He Ompa3umvcsi OT
cnost, 7(x). OHa paBHA BEPOSTHOCTH YACTHIIE IPOUTH CTEPXKEHb ILIIOC BEPOSAT-
HOCTP IOTJIOTUTHCS B HEM. YpaBHCHHE JUIS 3TOW BEPOSATHOCTH JIETKO IOIYYHTh
W3 COOTBETCTBYIOIINX YPaBHEHHUH I (PYHKIMHA MPOIYCKAHUS M TOTIOIICHHS.
BwmecTe, oTH 1Be QYHKIMH YIOBIETBOPSIOT CISMYIONICH OMHOPOIHOM, HO HEJN-
HEWHOU cucTeMe ypaBHEHUIL:

{ r(z+ A) = A(r)r(z) + ¢/27(x) ,
Flx+A)=(1—A(r)r(z) + (1 — ¢/2)7(x),
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rne A(r) = 3¢/2 + ¢/2r(x) — 2. OueBugHo, npu 31oM, uto r(z) + 7(x) = 1.
Hatinem takoit yHuTapHSBIi omneparop U, mis KoToporo

e e

ByI[CM HUCKaTh €0 B BUJC

( e'™/* cos(%) e_iﬂ/4Sin(g)) (32)

—im/4 i (O imw/4 0
e/ tsin(g) /% cos(f)
rne 6 — Hew3BecTHbI mapamerp. JIerko mokasarb, 4To IS 3TOr0 HEOGXOIMMO

IIOJIOKHTH A
r 1—7r)(c/2—-1
0(r) = 2arccos (r) +( )¢/ ) . (33)
2r(z) — 1
To ecTh 3amady MOXXHO PEIINTH, JHIIh UCIIONB3YsS CEMEHCTBO YHHUTAPHBIX
npeobpazosanuii U (), AEHCTBYIOIINX HA COCTOSHUE €IMHCTBEHHOIO KyOHTa

[q(z)) = Vr(x) [ 0) + V/7(z) | 1). (34)

3p1ech ¥ MOABISIETCS HOTPEGHOCTD B YIIPABIEMbIX KBAHTOBBIX reiirax. Jleid-
CTBUTENBHO, YTOOBI HAWTH 3HAYCHUE KOIPPUIMEHTA OTPAKEHHUS JUISL CTEPIKHS
ITMHBL = + A, HEOOXOJAUMO HCIMONB30BATH €r0 M3BECTHOE (M3MEPEHHOE) 3Ha-
YeHHe JUISL CTEPIKHSI IUIMHOM 2 Juist JOPMHUPOBAHHSL HOBOTO YHHTAPHOTO MPeod-
pasosasue U (r(x)). TIpHYMHOI BOSHHKHOBEHHS TAKoil IOTPEGHOCTH ABIIACTCS
HEJMHEHHOCTh YpaBHEHHI METO/Ia MHBAPUAHTHOTO MOTPY)KEHHs, a BBITOIa CO-
CTOHMT B HCIOJIb30BAHHEM MEHBLIETO YHCIA SYCEK KBAHTOBOIO HEHPOKOMITBIO-
Tepa, KOTOPBI OMEPUPYET JIUIIL ¢ HAOMIONAEMBIMHE XapaKTEPUCTHBKAMHE MOt
U3y YEHHS.

3aKJIroueHue

[TocTpoenne Mopenell KBAHTOBBIX HEHPOHHBIX CHCTEM (Tak e Kak ¥ Co-
3[aHHE MOJeNeld KBaHTOBBIX BBIYHCIICHHIA) CTAIKUBACTCS ¢ HEOOXOAUMOCTBIO
BBISICHCHUSI TOTO, KaK{e BEIYUCICHHUS MOTYT OBITh OXapaKTepH30BaHbI KaK MOJ-
JIMHHO KBAHTOBBIE M KaKOBbI MCTOUYHHKH 3(P()EKTHBHOCTH ITHX BBIYHCICHHM.
BaxxHoe Mecto 3aHMMaeT W BbIsICHEHHE HamOoisiee d(pQekTHBHBIX cdep mpu-
MEHEHHS KBAHTOBBIX BBIYMCIHMTENBHBIX cucTeM. OJHAKO, KBAHTOBBIE HEWPOH-
HBIE CHCTEMbI MOTYT OOXOIUTh HEKOTOPBIC TPYIHBIE BOMPOCHI, CYLICCTBEHHBIC
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JUISL KBAaHTOBBIX BBIYHCIICHHUH B CHIIy CBOEH aHAJIOTOBOCTH, OOYyUEHHUIO Ha Orpa-
HUYEHHOM YHCIIe TIPIMEPOB U TOMY OOCTOSTENBCTBY, YTO OHHM, MO-BUANMOMY,
MOTYT UCIOJb30BATbCSA KAK aJANTUBHBIC YIIPABIISIEMbIE KBAaHTOBBIE I'€UThHl. B
TIOCJIEHEM CITydae UM Y/IaeTCs CYACTIIMBO M30eKaTh 00CYKICHUS NX KBAaHTOBO-
CTH, IIOCKOJIbKY 3TOT BOIIPOC CBSA3aH C AJITOPUTMOM, PEaIU3yEMBIM C IIOMOILBIO
KBAaHTOBBIX I'€HTOB, HO HE C CAMUMH IelTaMu.
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Anexcanap Ajdexkcanaposud EXKOB, kanmunar Gpusnko-MareMaTH4eCKUX Ha-
VK, HadaJIbHUK JIA0OPAaTOPUU KBAHTOBBIX HEHPOHHBIX CHUCTEM TpPOUIIKOTO WH-
CTHTYTa MHHOBAIIMOHHBIX W TepMmosnepHeIx uccienosanuii (TPUHUTH). O6-
JIaCTh HAayYHBIX WHTEPECOB — TEOPHS IIEPEHOCA HEHTPOHOB, HEHPOKOMIBIOTHHT
U KBAaHTOBBIE BBIUMCIICHUsA. ABTOp Oonee 60 HaydHBIX TMyOIUKaIUi.
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KJIACCHYECKHUE U KBAHTOBBIE MOJEJIN MBIIIJIEHUSA,
OCHOBAHHBIE HA P-AJUYECKOM NPEJICTABJIEHUHA
NH®OPMALINN

AHHOTAIUA

Pa3BuBaercs KBaHTOBBIN ()OPMATN3M (BEPOSITHOCTHOE HCUUCICHHUE B THIIHOEPTO-
BOM IPOCTPAHCTBE) Ui U3MEPEHHUI HaJl KOTHUTHUBHBIMH CHUcTeMamu). B gacr-
HOCTH, 3TOT (HOPMaIU3M HCIONB3YETCS JUISI MAaTEeMaTHYECKOTO MOJICITUPOBAHHUS
CO3HAHMSA KaK CaMO-U3MEPSIONIeH (KBaHTOBO-TIOJOOHOM) cucTeMbl. C MOMOIIBIO
3Toro (opmMalinaMa MOXKHO MPEICKa3bIBaTh CPEIHUE 3HAUCHHSI KOTHUTUBHBIX Ha-
omromaemMbix. OCHOBBIBasICH Ha (DYHIaMEHTANIBHOM pe3yibrare Helpodusnoio-
THYECKUX M TCUXOJIIOTHYECKUX HCCIENI0BAaHUA O HEPapXHUECKOH CTPYKType KO-
THUTHUBHBIX TPOIIECCOB, MBI UCIIOJIB3YEM p-aIMYeCKHE MEPAPXUUYCCKUE JCPEBbS
B KaueCcTBE MaTeMaTHYeCKOH MOJENIH KJIaCCHYE€CKOTr0 MEHTAJIbHOTO MpPOCTpaH-
ctBa. O6Cy)xmaeTcs mpobiemMa BEIOOpa aJeKBaTHOM MEHTaIbHOU reomeTpuu. Vc-
MOJIb30BAHUE P-aIMYCCKUX YHUCEI MO3BOJISICT OMMCATh TOIMOJOTHYECKU (C TO-
MOILBIO P-aUUECKON YIBTPAMETPUKH) HEPapXUUYECcKOe JIEPEeBO, HCIIOIb3yeMOe
Ul KOMUPOBAaHHUS KOTHUTHBHOM HWH(poOpManmu. Baxseiimeidl 0coOCHHOCTBIO p-
aJIMYECKON MOJCIU MBIIUICHHS SIBIISICTCS HAJIMYKUE ajireOpanyecKkod CTPYKTYpBI
Ha p-aJIn4eCKOM JiepeBe. JTa CTPYKTYpa 1aeT BOZMOXKHOCTh UCIIONB30BaTh (Heap-
XUMEIOB=YIBTPaMETPHUYCCKHII) MaTeMaTHICCKUI aHAIN3 JAJISI OMHCAHMS MBICIH-
TEJbHBIX MPOLIECCOB. B 4acTHOCTH, Ha KJIACCMUYECKOM YPOBHE Mbl HCIIOJIb3yeM
YpaBHEHUS B YAaCTHBIX IMPOU3BOAHBIX HA P-aJIMUECKUX JEPEBbSIX Ul OMHCAHUS
MOTOKOB MbICiIeil. Ha KBaHTOBOM ypoBHE MBI HCIIONB3YeM aHAJOT YPaBHEHUS
IIpénunrepa (Ha nepeBe MbICiEi) U1 ONMCAaHU TUHAMHUKH BEPOSTHOCTHBIX pac-
npeneneHuid. BaxxHeWmM HEeWpopH3HOIOTHIECKUM CIICICTBUEM P-a{HueCKOM
MOJICTIH SIBJISIETCS IPEICTaBIEHNE KOTHUTUBHOM HH(OPMAIIMHU ¢ TOMOIIBIO Hepap-
XUYECKHUX leneil HeHPOHOB.
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CLASSICAL AND QUANTUM MENTAL MODELS BASED ON
P-ADIC REPRESENTATION OF INFORMATION

Abstract

We develop a kind of quantum formalism (Hilbert space probabilistic calculus)
for measurements performed over cognitive systems. In particular, this formal-
ism is used for mathematical modeling of functioning of consciousness as a
self-measuring quantum-like system. By using this formalism we could predict
averages of cognitive observables. Reflecting the basic idea of neurophysiologi-
cal and psychological studies on a hierarchic structure of cognitive processes, we
use p-adic hierarchic trees as a mathematical model of a mental space. We also
briefly discuss the general problem of the choice of adequate mental geometry.

1. Introduction

Since the creation of quantum mechanics, there are continuous discussions on
possible connections between quantum and mental phenomena. During the last
hundred years, there was presented a huge number of various proposals and
speculations. We shall mention just a few of them.

The philosophic system of Whitehead [1]-[3] was the first attempt to es-
tablish quantum-mental (or more precisely mental — quantum) connection.
In Whitehead’s philosophy of organism “quantum” was some feature of basic
protomental elements of reality, namely actual occasions, see [1], especially
pp.-401-403. See also A. Shimony [4] for modern reconsideration of quantum
counterpart of Whitehead’s philosophy of organism. It is especially important
for us to underline that all protomental elements of reality have quantum tem-
poral structure:

“The actual entity is the enjoyment of a certain quantum of physical time.”
- [1], p.401.

The extended discussion on quantum—mental connection was induced by at-
tempts to solve the problem of quantum measurements, see e.g. [S]-[12]. The
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most extreme point of view is that physical reality is, in fact, created by acts
of observations. This kind of considerations is especially closely related to so
called orthodox Copenhagen interpretation of quantum mechanics !. By this in-
terpretation a wave function provides the complete description of an individual
quantum system. An act of measurement induces collapse of the wave function.
The problem of measurement is still unsolved in quantum framework (at least
on the basis of the conventional interpretation of quantum mechanics, see also
section 10). Among various attempts to provide a reasonable explanation of
wave function reduction, there should be mentioned attempts to use conscious-
ness as the determining factor of reductions of wave functions, see e. g. Wigner
[8].

There were also various attempts reduce an act of thinking to quantum
collapse, see e. g. Orlov [13] (quantum logic of consciousness); see also Penrose
[14],[15]:

“I am speculating that the action of conscious thinking is very much tied
up with the resolving out of alternatives that were previously in linear
superposition.”

In fact, Penrose worked in the reductionist approach, see e.g. [16] (and
compare e.g. [17]-[20]): It seems we could not reduce cognitive phenomena
to physical activity of neurons. It might be that we could reduce it to activity
of quantum systems. Roughly speaking an act of thinking is reduced to the
collapse of wave function in quantum gravity. Our thinking ability is based on
collapses of superpositions of two mass states.

The idea of quantum-physical reduction for cognitive processes is quite
popular in quantum community. We also mention the investigations of H. Stapp
[21] who used Copenhagen (Heisenberg-potentiality) approach to quantum me-
chanics. He also use quantum reductionist approach:

“Brain processes involve chemical processes and hence must, in principle,
be treated quantum mechanically.”

We should also mention quantum field reductionist models, Jibu and Yasue
[22],[23] (based on Umezawa [24]), Vitiello et el. [25]. These quantum field
models look more attractive (al least for me). At the moment there is no idea
how make the great jump from individual gravitational collapses to global acts

'We mention Berkeley’s idealism as one of sources for such a point of view to physical
reality.
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of cognition. Quantum field models are more useful to provide such a global
structure connecting individual quantum collapses to global acts of thinking.

However, it seems that reductionism as the general methodology of brain’s
study is less and less popular in cognitive sciences. After the period of large
hopes associated with new possibilities to study neurons firings, there is strong
disillusionment in the possibility of some physical reduction of mental pro-
cesses. This is one reason for quite strong critical attitude against quantum
models in cognitive sciences. In the extreme form this criticism is expressed
in the following form: “The only common thing between quantum and mental
is that we have no idea how to understand any of these phenomena.” Other
thing that induces prejudice against quantum-reduction theories among neuro-
physiologists is that quantum micro description contains many parameters that
magnitudes are far from magnitudes of corresponding brain’s parameters (e. g.
temperature, time scale and so on). Thus creators of all quantum reduction-
ist models of brain’s functioning become immediately involved in hard battles
with these parameters (e.g. high temperature of brain). Of course, it may be
that all these parameter-problems are just technical temporary problems. It may
be that in future even the decoherence problem, see, for example, [15], would
be solved. Nevertheless, there are doubts about the possibility of the direct
application of quantum physical theory to cognitive phenomena.

My critical attitude with respect to traditional quantum cognitive models
is merely based on the impossibility to explain the transition from quantum
processes in microworld to cognitive processes. The latter processes seems to
be performed by macroscopic neural structures. And neurophysiological ex-
perience gives the strongest arguments in favour of macro neural cognition. I
had numerous discussions with authors of various quantum reductionist cogni-
tive models. Unfortunately, nobody has no idea about the possibility of such a
transition from quantum micro to cognitive macro.

Finally, we discuss the holistic approach to cognitive phenomena based
on Bohmian-Hiley-Pilkkdnen theory of active information. By considering the
pilot wave as a kind of information field they presented interesting models of
cognitive processes, see [26]-[28], see also author’s work [29]. In the latter
paper there was proposed a mathematical model of field of consciousness. This
field in not defined on physical space-time. This is a pure information structure.
In principle, such a field can be considered as a mathematical representation of
Whitehead’s field of feeling [1].

Consciousness-information models also were developed in books of
M. Lockwood [30], and J. A. Barrett [31] (who use a many-minds version of
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many-worlds interpretation of quantum mechanics) and author’s paper [32] de-
voted to quantum information reality.

Last few years I try to split, see [33]-[36], the quantum formalism into two
more or less independent parts:

1) really quantum (quanta, Planck constant, discreteness);

2) Hilbert space probabilistic formalism.

Pioneer investigations of M. Planck and A. Einstein on foundations of quan-
tum theory (black body radiation and photoelectric effect) were merely investi-
gations on discreteness (quantization) of energy. Quantum probabilistic (Hilbert
space) formalism was developed later (Born, Jordan, Heisenberg, Dirac [37]-
[38]). It was created to describe statistics of elementary particles. Due to such
a historical origin, the Hilbert space probabilistic calculus is always related to
processes in microworld.

However, careful analysis, [33]-[36], demonstrated that Hilbert space prob-
abilistic calculus (Born, Jordan, Heisenberg, Dirac, see e.g. [37]-[38]) is a
purely mathematical formalism that gives the possibility to work with context
depending probabilities, i. e., probabilities depending on complexes of physical
conditions (contexts) related to concrete measurements. Therefore we could ap-
ply the Hilbert space probabilistic formalism, quantum-like formalism, not only
to the description of statistical micro phenomena, but also to various phenom-
ena outside micro world. One of such possibilities is to apply quantum-like
formalism to describe statistical experiments with cognitive systems. Here a
quantum-like formalism describes probabilistic distributions depending on neu-
ral, cognitive and social contexts.

Such an approach has no (at least direct) relation to reductionist quantum
models. We are not interested in statistical behaviour of micro systems forming
a macro system, brain. Therefore this approach does not induce such a prob-
lem as the transition from micro to macro (temperature, decoherence and so
on). We just use the Hilbert space probabilistic formalism to describe cognitive
measurements. As in the ordinary quantum formalism, mental observables are
realized as symmetric operators in the Hilbert space of square integrable func-
tions ¢(q) depending on the mental state ¢ of a cognitive system. By using the
Hilbert space scalar product we calculate averages of mental observables. Of
course, this cognitive model is the purely statistical one. It could not provide a
description of individual thought-trajectories.

One of reasons for using quantum-like formalism to describe statistics of
measurements over cognitive systems is that cognitive systems (as well as quan-
tum) are very sensitive to changes of contexts of experiments — complexes of
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physical and mental conditions ([33]-[36], compare to Heisenberg [38] or Dirac
[37]). Therefore quantum-like formalism can be used to describe external mea-
surements (in neurophysiology, psychology, cognitive and social sciences) over
ensembles of cognitive systems or neural ensembles in a single brain. As well
as in quantum experiments with elementary particles, preparation of a statistical
ensemble (of rats or people) plays the crucial role in cognitive measurements.
Thus, as in ordinary quantum theory, it is meaningless to speak about a measure-
ment without to specify a preparation procedure preceding this measurement. In
cognitive sciences we also should follow to Bohr’s recommendation to take into
account the whole experimental arrangement. The main experimental evidence
of quantum-like structure of statistical data obtained in neurophysiology, psy-
chology, cognitive and social sciences should be interference of probabilities,
see [33]-[36] and section 10.

Moreover, our quantum-like formalism can be used not only for describing
of external cognitive experiments, but also modeling of mentality. The basic
assumption of our model is that brain has the ability to “feel” probabilistic
amplitude ¢(g) of information states produced by hierarchic neural pathways
in brain (and the whole body). There is also presented a model of conscious-
ness that creates its context by performing self-measurements over extremely
sensitive neural contexts.

One of the fundamental problems in foundations of cognitive quantum-like
formalism is the choice of a mathematical model for a mental configuration
space on that wave function is defined. We shall discuss this problem in the
details in section 2. We now only remark that the Fuclidean physical space
(in that the physical brain is located) does not look attractive as a model of
mental space. Instead of this conventional model of space, we develop cogni-
tive quantum-like formalism on the space of information strings that could be
performed by chains of hierarchically ordered neurons. Such a configuration
space is geometrically represented by a hierarchic p-adic tree. In fact, this idea
was already discussed in authors’s paper [32] (see also [39]-[44]). However, in
[32] we did not use the standard Hilbert space formalism. It was used a gener-
alization of quantum probabilistic calculus based on p-adic probabilities. In the
present paper we use the standard Hilbert space formalism on p-adic trees. In
fact, the mathematical formalism of p-adic quantum mechanics is well devel-
oped, see Viadimirov, Volovich, Zelenov [45], [46], see also [47]. We “simply”
apply this formalism to cognitive phenomena.

In the ordinary quantum mechanics, we could go beyond the statistical ap-
plication of quantum formalism. One of the most attractive possibilities is to
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use the pilot wave Bohmian formalism. As we have already remarked, the idea
to use Bohmian mechanics in cognitive sciences was already well discussed
(Bohm-Hiley-Pilkkanen [26]-[28] and author [29]). It is rather surprising that
it seems to be impossible to create a variant of the pilot wave extension of
quantum-like mental formalism presented in this paper. Formally we can intro-
duce quantum-like mental potential and force. However, there is no possibility
to derive the equation of motion (a kind of Newton equation) that would de-
scribe trajectories of individual mental states (describe “flows of mind”). In
our formalism this is a consequence of the mathematical structure of the model.
However, it may be that there are some deep cognitive features behind this
mathematical result.

We start with some preliminary considerations on the choice of the geometry
of a mental space.

2. Where is consciousness located?

The problem of location (or nonlocality) of consciousness (as well as more
primitive cognitive processes) is widely discussed in philosophic, neurophysio-
logical and psychological literature, see e.g. [48]-[56]. There is large variety
of views starting with such a primary question:

“Does consciousness located in human brain?”

Both philosophic and neurophysiological discussions are, in fact, related to
one fixed geometry, namely the Euclidean one. It seems that such an approach
was originated (at least in philosophy) by Kant [55]. For him, the space was
the absolute Euclidean space. He also pointed out that the idea of space is the
primary idea. Nothing could be even imagine without any relation to space.
As space is identified with the Euclidean space, we have to look for a place of
consciousness in this space. It seems that this is the starting point of the main
stream of modern philosophic, neurophysiological and psychological investiga-
tions. However, despite enormous efforts to find the place of consciousness,
there are more and more evidences that consciousness could not be located in
physical space. What is wrong? I think the choice of geometry. I think that the
use of the Euclidean geometry is not adequate to this problem.

In fact, the idea that different natural phenomena are in general described
by using different geometries is well established in physics, especially general
relativity and string theory. Following to Chalmers [56], we consider con-
sciousness as a kind of natural phenomena. First we must find an adequate
model of a mental space. Then we get the possibility to describe cognitive (and
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conscious) phenomena. Let us imagine that we would like to describe electro-
magnetic processes without to use a mathematical model of the electromagnetic
field distributed on the Euclidean space. It seems to be impossible 2.

We have already mentioned the use of various geometries in general in
physics, e. g. in general relativity and string theory. However, these models are
mainly locally-Euclidean (Euclidean manifolds)3. The use of such manifolds
could not solve the problem of cognitive nonlocality (in particular, nonlocality
of psychological functions). One of possibilities is to proceed in quantum-like
way and use noncommutative mental coordinates, see B. Hiley [28]. Another
possibility is to try to find a model of classical mental configuration space
(probably as the basis of a quantum-like model). Since [39]-[46], we use purely
information model of mental space, namely the space of all possible information
strings that could be produced by hierarchically ordered chains of neurons. One
of the simplest models of such a space is a hierarchic (homogeneous) p-adic
tree Z,, where p is a natural number. It gives the number of branches leaving
each vertex of this tree. We remark that in mathematical models p is typically
a prime number, see [45],[47]. But it is not so important for our cognitive
considerations.

3. Classical mental states produced by one-layer brain

3.1. p-adic coding. We consider the simplest hierarchic “brain” consisting of
just one hierarchic chain of neurons :

NZ (Tlo,nl,...,n]\r,...).

In a mathematical model it is convenient to consider an infinite chain.

In the simplest model each neuron can perform only one of two states:
aj =1 (firing) and o;; = 0 (off).

In more complex models each neuron n; can perform p different levels of
activation: a; = 0,1,...,p — 1. For example, such a coding can be obtained

2Sometimes (especially in philosophy) there are used words “explain consciousness”. I
do not think that we could “explain” it. In the same way we could not “explain” e.g.
electromagnetic field. We could only describe mathematically and via such a description
understand, compare to Penrose [15], p.419.

3Even the use of superspace in superstring theory as well as in superfield theory cannot be
considered as a fundamental change of geometry. Locally superspace is still a real continuous
manifold, see e.g. [57] for the details.

VIR 004.032.26 (06) Heiiponnsie cetn 87



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

by using frequencies of firing of neurons as basic elements of coding. Frequen-
cies of firing are a better basis for the description of processing of information
by neurons than a simple on/off. This has been shown to be the fundamental
element of neuronal communication in a huge number of experimental neuro-
physiological studies (see e.g. [58],[59] on mathematical modeling of brain
functioning in the frequency domain approach).

One of possible p-adic coding models is the following one. A p-adic struc-
ture associated with frequency coding is generated in the following way. There
exists some interval (of physical time) A (unit of “mental time”, see section 10
for further consideration). Then «; is equal to the number of oscillations of the
neuron n; (in the hierarchic chain A') that are performed during the interval
A. Here p — 1 (where p = pa) is the maximal possible number of oscillation
during the period A that can be performed by neurons in the chain N. Thus
in our model the p-adic structure of brain of a cognitive system 7 (that uses a
frequency neural code) is related to time scale of functioning of brain, see also
section 10.

It must be mentioned one mathematical fact that may be have some cog-
nitive interpretation. The case p = 2 is the very exceptional one in p-adic
analysis, see e.g. [45],[47]. We can speculate that the transition from 2-adic
coding (firing/off) to more complex p-adic, p > 3, coding (e. g. frequency cod-
ing) was the evolutionary jump. Cognitive systems in the p-adic model exhibit
essentially reacher mental behaviour in the case p > 2 than in the case p = 2,
see [47], [39]-[44] on classical mental dynamics.

3.2. Hierarchy and ultrametricity. It is supposed that neurons in a layer AV are
hierarchically ordered: n is the most important (igniting), n; is less important
and so on. The N is able to produce information strings of the form:

.1‘2(330,.131,...,33[\[,...), Ijzo,l,...,p—l.

We denote the set of all such strings by the symbol Z,,. The hierarchic structure
in the chain NV induces a tree representation of Z,. Information strings are
represented by branches of such a tree.

The distance between two branches, x and vy, is defined in the following way.
Let [ be the length of the common root of these branches. Then the p-adic
distance between x and y is defined as

1
pp(xay) - -

p
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Figure 1. The 2-adic tree

Thus if z = (x;) and y = (y;) and zo = yo,...,Ti—1 = Yyi—1, but z; # y;,
then p,(z,y) = (1/p*). This is a metric on the set of branches Z,, of the p-adic
tree. Two branches all close with respect to this metric if they have sufficiently
long common root. We remark that Z,, is complete with respect to the p-adic
metric pp,.

The p-adic metric gives a topological representation of the hierarchic struc-
ture in neural chains. The distance between information strings x and y ap-
proaches the maximal value p,(x,y) = 1 if 29 # yo. Thus the state (e. g. the
frequency of firing) of the first neuron ng in a hierarchic chain N plays the
most important role. States x; of neurons n;, where j — oo, have practically
negligible contribution into geometry of the p-adic space.

The p-adic metric is so called ultrametric, 1. ., it satisfies the strong triangle
inequality:

Pp(xay) < max[pp(x,z),pp(z,y)}, T,Y,% € Zp-

The strong triangle inequality can be stated geometrically: each side of a trian-
gle is at most as long as the longest one of the two other sides. This property
implies that all triangles are isosceles. Ultrametricity is the very important fea-
ture of p-adic geometry. In fact, ultrametricity is the exhibition of hierarchy.
Recently it was proved in general topology that in general case ultrametricity
induces a treelike representation and vice versa, see [60]. In many particular
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cases such a relation between ultrametricity and hierarchy was used in theory
of spin glasses, see e.g. [61]-[63].

There exists a natural algebraic structure on this tree: addition, subtraction
and multiplication of branches. It is based on the representation of information
strings by so called p-adic numbers:

x:xo—i—xlp—i—...—i—prN—i—...

This is the ring of p-adic integers. In particular, this is compact additive group.
Thus there exists the Haar measure dx (an analogue of the ordinary linear
measure on the straight line).

We set B.(a) = {z € Z, : pp(z,a) < r} and S,(a) = {z € Z, :
pp(x,a) = 1}, where r = 1/p/,j = 0,1,2,... and a € Z,. These are, re-
spectively, balls and spheres in the metric space Z,. In particular, Z,, = B;(0).
Each ball has the structure of the homogeneous p-adic tree (scaling of the basic
tree given by Z,).

As in every ulrametric space, all these sets (balls and spheres) have a topo-
logical structure which seems to be rather strange from the point of view of our
Euclidean intuition: they are open and closed at the same time. Such sets are
called clopen. Another interesting property of p-adic balls is that two balls have
nonempty intersection iff one of these balls is contained in another. Finally we
note that any point of the p-adic ball can be chosen as its center. Thus the ball
is not characterized by its center and radius.

3.3. Mental space. We choose the space (Q = Z,, as a mental configuration
space. Points g € @ are called mental classical-like states (or simply mental
states) or mental positions.

Thus a mental state ¢ € () describes activity of neurons in a hierarchically
ordered chain of neurons. This is a kind of information state. Such a state could
not be considered simply as the representation of physical (electro-chemical)
activity of neurons in a chain. There are two information parameters that play
important roles in our model.

First there is the hierarchic structure in a neural chain. Neurons in a chain
“do not have equal rights.” The igniting neuron ng is the bandmaster of the
orchestra V. This orchestra is rigidly hierarchic. The next neuron n; in the N
is less important than ng and so on. I think that the presence of such a hierarchy
plays an important role in creation of cognition and may be even consciousness.

Another information parameter is a natural number p that determines the
coding system of (one layer) brain AV. If we follow to the frequency approach to
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functioning of neural networks in brain, then the parameter p gives the maximal
number of oscillation for a neuron in a chain A during the unit interval A of
mental time. The A is an interval of physical time that in our model determines
the neural code of N, see section 10.

In our model a mental state provides only cognitive representation and not
the contents of consciousness. All unconscious processes are performed on
the level of mental states. We remark that in a multi-layers brain, see section
5.1, there can be performed parallely various unconscious cognitive processes.
Nonlinear dynamical models of such processes were studied in [47],[39]-[44].
One of distinguishing features of p-adic nonlinear dynamics is the absence of
chaotic behaviour. In general p-adic dynamical systems are essentially more
regular than real ones. Moreover, they are very stable with respect to random
perturbations (in particular, noises), [43]. Typically a p-adic random dynamical
system has only deterministic attractors, see [43]. We remark that dynamics in
spaces of p-adic numbers depends crucially on the parameter p (determining the
neural code of a brain AV). As it was discovered in [47], the same dynamical
system (e.g. given by a monomial ™) can demonstrate completely different
behaviours fore.g. p =2, or p =3, or p = 1999, ...

We are now going to consider a quantum-like model based on the p-adic
mental configuration space (Q = Z,,. In particular, this model might be used to
describe the transition from unconscious representation of cognitive information
to conscious one.

4. Quantum-like formalism for one layer brain

4.1. Hilbert space probabilistic formalism for mental observables. We
consider the space of square integrable functions L2 (Q), dx), where Q = Z,, :

6:2,-C. |6l = | lo(@)Pde < ce.

ZP
The space H = Lo(Q, dx) is chosen as the space of mental quantum-like states
(or mental amplitudes). These states are represented by normalized vectors
¢ € H:|¢|| = 1. The H is a complex Hilbert space with scalar product

(6,9) = /Q o) (x)dz 1)

Mental observables are realized as self-adjoint operators A : H — H. As in the
ordinary quantum formalism, by fixing a quantum-like state ¢ € H in general
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we do not fix the concrete value A = A of a mental observable A. It is only
possible to find the average of A in the state ¢ :

(A)y = /Q A)(@)d(x) da @

However, if ¢ € H is an eigenfunction of A corresponding to the eigenvalue A,
i.e., Ap = A, then we can be sure that we shall obtain the value A = X\ with
probability 1.

The concrete representations of mental observables by self-adjoint operators
is very important and nontrivial problem. This problem could not be solved by
trivial generalization of ordinary quantum formalism. We start with the sur-
prising remark: it seems to be impossible to define mental position, q, observ-
able. Formally the difficulty is purely mathematical: we could not multiply
a p-adic number ¢ € @ with a complex number ¢(q). Therefore the standard
Shrodinger’s definition of the position operator could not be generalized to the
cognitive case. Of course, we could try to find some mathematical tricky (“non
natural”) definitions of mental position operator. However, it might be that this
mathematical difficulty is an evidence of some important feature of cognitive
systems. It might be that

Even in principle it is impossible to measure mental states Q) of brain.

In particular, we could not prepare brain in the fixed mental state (there are
no mental state eigenfunctions).

We can only find the probability that mental state g belong to some (mea-
surable) subset O of the mental space Q : P(q € O) = [, |¢(x)*dx.

Example 4.1. Let us consider the quantum like state ¢ = 1 (the uniform
probability distribution of mental states). Then P(q € B,(a)) = r. Thus (as it
could be expected) the probability to find this cognitive system in the mental
state ¢ belonging to a small ball around any fixed point a is small.

4.2. External mental measurements. An important class of mental observ-
ables is given by measurements that are performed by external systems over
a cognitive system 7. In particular, in section 6 we shall introduce neuron-
activation observable that arises naturally in neurophysiological measurements.
Besides neurophysiological mental observables, we can consider e.g. psycho-
logical or social mental observables. In experiments with people such a mental
observable A can be given just by a question A. Here A takes two values:
A =1, yes, and A = 0, no. In experiments with animals values of A give
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possible reactions of animals to experimental conditions. In principle an ex-
ternal system that performs a measurement over a cognitive system 7 need not
be conscious nor even cognitive. It can be, for example, a magnetic resonance
device performing a measurement of neural activity *.

4.3. Consciousness. I would not like to reduce mental measurements to external
measurements. It is natural to try to describe consciousness as a continuous
flow of mental self-measurements®. The idea that cognitive representation of
information in brain becomes conscious in process of self-measurements is not
so new, see e.g. Orlov [13] for a quantum logic model of self-measuring
consciousness:

“...the volitional act of a free choice plays in this theory a role analogous
to the role of the measurement act in quantum mechanics (with the impor-
tant difference that the brain “measures” itself). Consciousness is a system
which observes itself and evaluates itself — being aware, at the same time,
of doing so0.”

The crucial point of our consideration is that we use quantum-like ideology,
instead of the traditional quantum one. In our model the configuration space is
the state space of macroscopic neural networks. Thus we need not go deeply
into microworld to find the origin of consciousness (e. g. no collapses of mass-
superpositions and so on). So we need not apply to quantum gravity (or even
superstring theory).

In our model it is supposed that each cognitive (at least conscious) system
7 developed the ability to feel the probability distribution P(g) of realization
of the hierarchic information string ¢ by its neural system. Such an ability
is basically transferred from generation to generation. However, for each 7 it
is permanently developed in the process of brain’s functioning. This proba-
bility distribution P(g) has an amplitude ¢(q) that can be mathematically de-
scribed by a normalized vector in the Hilbert space H = L2 (@, dx). As usual,
P(q) = |¢(q)|?. As it was already discussed the appearance of the quantum-like
probabilistic formalism (instead of classical Kolmogorov probabilistic formal-
ism) is a general consequence of sensibility of P(q) to changes in the neural
context. Here

¢(q) = P(q)e™?.

4We understood that such a viewpoint induces some difficulties, see, for example, Wigner
[8] on the role of consciousness in quantum measurements.
5“Continuous” has the meaning of mental time continuity, see section 10.
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Here 6(q) is a phase parameter. It appears automatically in transformation of
probabilities from one mental representation (see 5.4) to another, see [33]-[36].
We shall illustrate the role of 6(g) on the example of transition from mental-
position to motivation representation, section 5.4.

In our model “feeling” of the probability distribution is performed is per-
formed on unconscious level. In particular a cognitive system does not feel
consciously the evolution of the mental amplitude ¢(¢, q).

Moreover, we suppose that each conscious cognitive system 7 has the ability
to perform self-measurements. Results of these measurements form the contexts
of consciousness. I do not try to develop such a model of consciousness in the
present paper. The main aim of this paper was to present quantum-like formal-
ism corresponding to hierarchic neural networks. In principle, the reader can
use only restricted viewpoint to mental observables as external measurements
over cognitive systems. We just consider a possible scheme of functioning of
such a (quantum-like) self-measuring consciousness.

4.4. Random dynamical quantum-like consciousness. Let us denote the set
of all operators representing mental observables participating in creation of the
contents of consciousness by the symbol Leons(H). Let us consider a random
dynamical system (RDS: see, for example, [64] for general theory) that at each
instant of (mental) time chooses randomly some set of commutative operators
A1,..., Ay € Leons(H). The contents of consciousness at this instant of time
is created by the simultaneous measurement of Aq,..., A,,.

One of the main distinguishing features of the RDS-model is that a RDS
in the space of mental observables can have long range memory. Such feature
of RDS is very important to create a realistic mathematical model of function-
ing of consciousness. Our consciousness does not consist of discrete moments
but there is flow of consciousness. We remember something about our ear-
lier conscious experiences, see e.g. Whitehead’s analysis of this problem [1],
pp. 342-343:

“Whenever there is consciousness there is some element of recollection.
It recalls earlier phases from the dim recesses of the unconscious. Long
ago this truth was asserted in Plato doctrine of reminiscence. No doubt
Plato was directly thinking of glimpses of eternal truths lingering in a soul
derivative from timeless heaven of pure form. Be that as it may, then in
a wider sense consciousness enlightens experience which precedes it, and
could be without it if considered as a mere datum. Hume, with opposite
limitations to his meaning, asserts the same doctrine. . . But the immediate
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point is the deep-seated alliance of consciousness with recollection both
for Plato and for Hume.”

5. Motivation observable

5.1. Multi-layers hierarchic brain. To consider nontrivial examples of mental
observables, it is convenient to study a “brain” having more complex mental
space. Such a brain consists of a few hierarchic p-adic trees. We consider a
layer of neurons

N=(. ng...,n0,...,n7...)

that goes in both directions (in the mathematical model it is infinite in both
directions). Each neuron n;,j = 0,£1,%2,..., can be the igniting neuron
for right hand side hierarchic chain: N; = (n;,...,n,,...). The corresponding
mental space Z ) consists of all information strings

r= (25, Tjq1,---s20,...), xr=0,1,...,p—1

(in particular, Z, = Z(9)). Each space has the structure of the homogeneous
p-adic tree. These spaces are ordered by inclusion: ZU+1) ¢ Z(), We consider
union of all these space Q, = U‘]?';_OOZ(j). Geometrically this space is repre-
sented as a huge collection of trees ordered by the inclusion relation. On this
space we can introduce the structure of ring: addition, subtraction and multipli-
cation of branches of trees. If the coding parameter p is a prime number (i.e.,
p=2,5,7,...,1997,1999, .. .), then Q, is a field, i.e., division of branches
also is well defined. In this case Q, is a number field (of p-adic numbers).
Arithmetical operations are performed by using p-adic number representation
of branches:

x=Y mp', j=0,41,42,. .. (3)

=]

Metric on Q,, is defined in the same way as on Z,,. In particular, each tree Z()
coincides with a p-adic ball B,.(0), where » = 1/p’. We shall also use p-adic
absolute value: |z|, = p,(z,0). To calculate it, we have to find in the chain N/
the first (from the left hand side) firing neuron n; (xz; # 0, but x; = 0 for all
[ < j) and set |z|, = 1/p7.

The Q,, is a locally compact field. Hence, there also exists the Haar measure
dx.
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We now choose ( = Q, as a model of a mental configuration space;
consider the Hilbert H = Ly(Q, dx) of square integrable functions ¢ : Q — C
as the space of quantum-like mental states.

5.2. Motivation magnitude observable. It would be interesting to consider the
following quantity (more precisely, qualia): motivation £ to change the mental
state g. Unfortunately, by the same reasons as for the mental state observable
we could not introduce a motivation observable. However, we can introduce an
observable M, that will give the magnitude of a motivation. It is impossible
to prepare a brain with the fixed motivation £, but we could prepare a brain
with the fixed amplitude of a motivation (that gives a measure of motivation’s
strength). Such M, must be a kind of derivative with respect to the mental state
(coordinate) g. Such a generalization of derivative is given by Viadimirov's
operator D, see [45], defined with the aid of the p-adic Fourier transform.®
p-adic Fourier transform:

3(6) = /Q (x)e(€a)dr, €€ Q.

where e is a p-adic character (an analogue of exponent): e(Sx) = e2mifér}
Here, for a p-adic number a, {a} denotes its fractional part, i.e., for

a71 k}
a:——l—...—i—T—i—ao—i—...—i—akp + ...

(where a; =0,1,...,p—1, and a_,, # 0) we have

a_m a_q
a)=—"+ ...+ —.
{a} == ’

m

Viadimirov's operator of order o > 0 is defined as
D)) = [ eI FO)e(~e)de.

We remark that DD? = D*+8_ We define the motivation magnitude observ-
able M as M¢ = hD.

Here h = (1/p™) is some normalization constant. The h plays the role of
the Planck constant in ordinary quantum mechanics. At the moment it is not

6We remark that it is impossible to define the derivative for maps from Q, to R, see
[47].
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clear: “Can we expect that there exists a kind of universal constant h, the mental
Planck constant?” 1 am quite sceptical that such a universal normalization
constant really exists. It is more natural to suppose that & would depend on a
class of cognitive systems under consideration. In fact, by finding % (the level
of motivation discretization) we find the basis p of the coding system.

To calculate averages of the momentum magnitude operator M, for different
quantum-like mental states, it is natural to use the Fourier transform. By analogy
with ordinary quantum mechanics we could say: to move from position to
momentum representation.

Example 5.1. Let a quantum-like state ¢ is such that its Fourier transform q~5(§ )
is uniformly distributed over the ball B,.(0),r = 1/p'. Here

<Ms>¢:Pl/ .

dg = ——
O)Iflp ¢ pHp+1)

r

5.3. Wholeness of mental observables. It is important to remark that (in the
opposite to the ordinary quantum momentum) the M is nonlocal operator. It
can be represented as an integral operator, see [45]:

_p? o(x) — d(y)
D<¢><x>—p+1/Q 2

Y .

P

To find M¢(¢)(x) in some fixed point 2, we have to take into account values of

¢ in all points of the mental configuration space. Thus motivation psychological

function could not be localized in some particular neural substructure of brain.
This example is a good illustration of the mathematical description of non-

locality of psychological functions in our p-adic quantum-like model. One of

the main distinguishing features of this model is nonlocality of derivation oper-

ator (Vladimirov’s operator). Hence the corresponding psychological function

is produced by the whole neural system of body (as indivisible system).

5.4. Psychological functions as quantum-like representations. The math-
ematical description of the motivation psychological function by using a new
representation in the Hilbert state space is the basic example that can be gen-
eralized to describe all possible psychological functions. We remark that the
motivation representation is, in fact, a new system of quantum-like mental co-
ordinates. In the case of motivation a new system of coordinates was generated
by a unitary operator in the Hilbert state space, namely Fourier transform.
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In the general case each psychological function F' is represented mathemat-
ically by choosing a system of coordinates in the Hilbert state space, mental
representation. Thus we can identify the set of all psychological functions with
the set of all unitary operators: U — Fy and F' — Up. All mental observ-
ables A represented by self-adjoint operators that can be diagonalized by using
the concrete U-representation can be related to the corresponding psycholog-
ical function Fy;. For example, for the visual function observables of shape
and colour can be diagonalized in the visual representation of the state Hilbert
space.

In such a model all psychological functions coexist peacefully in the neural
system. The evolution of the quantum-like mental state ¢ (¢, ) (see section 9)
induces the simultaneous evolutions of all mental functions (in this state). This
is unconscious evolution. Thus a conscious system 7 are not consciously aware
about simultaneous evolution of the various psychological functions. Only by
the acts of self-measurements of some mental observables Agﬁ) that are diag-
onal in the F'-representation the 7 becomes aware about some features of the
corresponding psychological function F.

5.5. Free mental waves. We remark that Vladimirov’s operator D has a
system of (generalized) eigenfunctions that is similar to the system of free-
wave eigenfunctions in ordinary quantum mechanics, where ¢¢(z) = etz /h
corresponds to the fixed value £ of momentum. In the mental framework:

Mge(h§w) = [€]pe(hér) .

Here we have used the fact [45]: De(éx) = |{|pe(§x). We remark that in
the ordinary quantum formalism the h is placed in denominator, {x/h, and in
the p-adic quantum formalism it is placed in the nominator, h&x. This is a
consequence of the fact that 1/h is large in R and h is large in Q,,.

The function ¢¢(x) = e(héx) is a kind of free mental wave corresponding
to the fixed value £ of the motivation. As |@¢(z)| = 1 for all z € @, the
probability to find a cognitive system in the mental state = does not depend on z.
By analogy with the ordinary quantum mechanics we would like to interpret this
mathematical fact in the following way: By fixing the magnitude of motivation
(strength of willing) we could not localize the mental state. However, we see
soon that such an analogy (between material and mental states) could not be
used.
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A free mental wave ¢, gives a good example illustrating the role of the
phase 0(x) of the mental amplitude. Here we have

0(z) = 2r{x}. 4)

Thus if a cognitive system 7 has the fixed motivation £ and the mental proba-
bility distribution P(x) is uniform, then the phase of the corresponding mental
amplitude is determined by (4). Thus in general the phase 6(x) of a mental
amplitude ¢(x) is not the pure product neural activity. This phase contains
information on transition form one mental representation to another.

5.6. Privacy of motivation states. The wave ¢¢(x) is not determined uniquely
by the observable M. The main distinguishing feature of p-adic quantum me-
chanics (discovered by Vladimirov, [45]) is huge degeneration of spectrum of
the momentum and energy operators. In particular, beside eigenfunctions ¢¢(x),
the M¢ has an infinite set of other eigenfunctions corresponding to the eigen-
value \ = [¢],(= p* for some k = 0,+1,+2,...).

Each A = p* k = 0,41,+2, ... corresponds to an infinite series of eigen-
functions (distinct from the free mental wave ¢¢()) belonging to L2 (Q, dz) .
These eigenfunctions are well localized (concentrated in balls) in the mental
configuration space.

This is very natural from the mental point of view. It would be quite strange
if the only quantum-like mental state with the fixed motivation magnitude is the
state ¢¢ characterized by totally indefinite distribution of mental states g. By
intuitive reasons there must be quantum-like mental states characterized by the
fixed Mg = X that are concentrated on a special class of mental states (a kind
of special mental activity).

One of the most important distinguishing features of quantum-like mental
theory is that the motivation magnitude operator M, has discrete spectrum
(except to one point, see further considerations). Hence the magnitude of the
motivation could not change continuously.

There exists only one point of spectrum of the operator M that is not its
eigenvalue: \ = 0. It is the limit point of the eigenvalues A\, = p*, k — oo.
There is no eigenfunction ¢ belonging to the state space H. Thus in our model

"We remark that free mental waves ¢¢(x) are so called generalized eigenfunctions. They
are not square integrable. Thus they do not belong to the space of quantum-like mental states
H = L2(Q, dz). One could speculate that such non-normalizable free mental waves may be
related to altered consciousness events such as e.g. hallucinations.
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brain could not be (alive, awake?) in the stationary quantum-like mental state
having the motivation of zero magnitude.

Another distinguishing feature is infinite degeneration of spectrum. This
purely mathematical result can have important implications for the problem of
correspondence between mental and physical worlds. In fact, due to this huge
degeneration, we could not uniquely determine the mental state of a cognitive
system by fixing the motivation magnitude Mc.

6. Neuron-activation observable

As we have already discussed, we could not introduce a mental state observable
q. However, in the same way as for the motivation we can introduce an operator
of the p-adic magnitude of a mental state:

Mog(x) = [z[p¢(2).

Spectral properties of this operator are similar to spectral properties of the oper-
ator M : discreteness and infinite degeneration of spectrum. Eigenfunctions of
M, (belonging to H = Lo(Q,dx)) are localized in p-adic balls—trees. There-
fore:

There exist stationary states of M, that are characterized by activation of
the fixed tree of mental states.

Unfortunately, M, could not be used to fix such a tree (as a consequence of
infinite degeneration of spectrum).

The operators of position and motivation magnitudes, M, and M, do not
commute (as operators of position and momentum in ordinary quantum me-
chanics):

(Mg, Me] = My Mg — MMy = ho,
where J # 0 is an integral operator [45]. Thus we get a mental uncertainty
relation, compare to [32]:

For any quantum-like mental state ¢, it is impossible to measure motivation
and position magnitudes with an arbitrary precision.

By measuring the motivation magnitudes we change position magnitudes
and vice versa. This can also be expressed mathematically by using the p-adic

Fourier transform. We denote by 2,.(z) the characteristic function of the ball
B, (0) (it equals to 1 on the ball and 0 outside the ball). We have [45],p.102,

(&)
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If the state of mind is concentrated on the ball-tree B,.(0), then motivations are
concentrated on the ball-tree B1(0).

As in the case of the Mg-obéewable, the point A = 0 belongs to non discrete
spectrum of the M, observable. Thus there is no stationary quantum-like mental
state ¢ corresponding to zero magnitude of g. A cognitive system is not alive
(awake?) in such a state.

To understand better the mental meaning of the M -observable, it is useful
to consider a new mental observable:

A= —log, M,.

If, ¢ € H is an eigenstate of the M, corresponding to the eigenvalue A = |¢|, =
(1/p*), then ¢ also is an eigenstate of A corresponding to the eigenvalue p = k
and vice versa. Thus the discrete part of the A-spectrum coincides with the set
of integers Z. The A gives the position of the igniting neuron in a layer of
neurons. It is called neuron-activation observable. We note that there is an
interesting relation between neuron-activation observable and entropy.

Let us consider the quantum-like state ¢(q) = /(p + 1)|q|p$21(q). Here
v/p + 1 is just the normalization constant. The corresponding probability distri-
bution P(q) = (p + 1)|g|, on the tree Z,, and equals to zero outside this tree.
The entropy of this probability distribution

Ep— — / log, P(¢)P(q)dg = (4), — log,(p+1).

P

7. Complex cognitive systems; evolution

We now consider a cognitive system consisting of n hierarchic layers of neu-
rons. It can be an individual brain as well as a system of brains. Mental space
of this cognitive system is

Q:pr"'Qp

(n times). For each mental coordinate ¢;,7 = 1,2,...,n, we introduce the
motivation magnitude operator M; = hD;, where D; is Vladimirov operator
for g;. We introduce kinetic mental energy (free energy of motivations) as

H = hA,
where A = Z?=1 Djz. is Vladimirovian (a p-adic analogue of the Laplacian).
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We note that free mental waves ¢¢(z) = e(h&x) are eigenfunctions of this
operator with eigenvalues A = |¢ \12, As in the cases of the My, M¢-observables,
there is an infinite family of other eigenfunctions distinct from free mental
waves. These functions are localized on the mental configuration space (de-
scribing fixed ranges of ideas). Spectrum is discrete: A = p*, k = 0,41, £2.
Thus the kinetic mental energy is changed only by jumps. The A = 0 is the only
point that belongs to the non discrete spectrum of the operator of the kinetic
mental energy.

Interactions between brain’s layers as well as interactions with the external
world are described by the operator of the potential mental energy. It is given
by a real valued function (potential) V' (q1, ..., ¢n). The total mental energy is
represented by the operator:

H=1mA+V.

We note that a mental potential V'(q1, ..., ¢,) can change crucially spectral
properties of the mental energy observable. If V' depends only on p-adic mag-
nitudes |g;|, of mental coordinates and V' — oo, |¢;|, — oo, and V' is bounded
from below (e.g. nonnegative), then spectrum of H (that is discrete) has only
finite degeneration. Thus the “state of mind” of a free cognitive system could
not be determined by fixing the mental energy. However, by using additional
mental (information) potentials we could (at least in principle) do this.

The ground mental energy state g is not degenerated at all. In the latter
case by fixing the minimal value of the mental energy H = A\ we can determine
the “state of mind”, namely the \g-eigenstate. Even for other eigenvalues we
can try to determine the “state of mind” if the degeneration of spectrum is
not so large. It is interesting to remark that mathematical results [45] imply
that degeneration of eigenvalues (distinct from the ground energy) increases (as
p?) with increasing of p. If we connect the complexity of a cognitive system
with the coding base p, then we obtain that, for complex cognitive systems
(e.g. p = 1999), it is practically impossible to determine the “state of mind”
corresponding to the fixed value of mental energy.

8. Entanglement of psychological functions

8.1. Classical viewpoint to localization of psychological functions. The prob-
lem of neural localization of psychological functions split neurophysiological
community, see e.g. A. R. Damasio [53]:
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“One held that psychological functions such as language or memory could
never be traced to a particular region of brain. If one had to accept,
reluctantly, that the brain did produce the mind, it did so as a whole and
not as a collection of parts with special functions. The other camp held
that, on the contrary, the brain did have specialized parts and those pars
generate separate mind functions.”

Both adherents of wholeness and localization of psychological functions
have a lot of experimental evidences supporting their views. A kind of peaceful
unification of these two views to localization of psychological functions is given
by our model of coding of cognitive information by hierarchic pathways activity.
As each pathway N is hierarchic, then there are a few neurons in the pathway
that play the most important role. Their location in some domain U of brain
determines localization of a psychological function containing N'. However, N’
goes throughout many other brain (and body) regions. So U-localization is only
a kind of fuzzy localization.

However, 1 do not think that this is the end of the localization story. We
suppose that cognition involves not only classical dynamics of neural networks,
but also quantum-like processing described by the evolution of quantum-like
wave function, see section 9. The latter gives the amplitude of probability
distribution of realization of classical mental states (hierarchic strings of e. g.
frequencies of firings). Such a quantum-like processing of cognitive informa-
tion would automatically create psychological functions that do not have even
fuzzy localization. Such functions are induced via entanglement of localized
psychological functions.

8.2. Entanglement. Let Uy,...,U; be some neural structures — ensembles
of hierarchic neural pathways — specialized on performing psychological func-
tions Fy,..., Fj. Consider corresponding Hilbert spaces of quantum-like men-

tal states: H; = Lo(Qj,dx;), where Q; = Q," and dx; is the Haar measure
on ();. Let er, be the orthonormal basis in H; corresponding to the function
Fj.

Let us consider the Hilbert space of quantum-like mental states of the
composite neural system, U = Uy U... U U, : H = Ly(Q,dx), where
Q = Q1 X ... X Q. Here a normalized state ¢(q1,...,qx) gives the am-
plitude of probability that U; produces qi, ..., U produces q;. We consider
in H the orthonormal basis e obtained as the tensor product of bases e ;. The
e describes a mental representation corresponding to the psychological function
F = (F}y,..., Fx) produced by classical combination of psychological func-
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tions F,..., Fj. Let us now consider some other basis € containing nontrivial
linear combinations of vectors of the e. This basis gives the mental represen-
tation of a psychological function G that could not be reduced to classical
combination of psychological functions F;. We call G an entanglement of psy-
chological functions F};. Of course, G is produced by the collection U of neural
structures U;. But G arises as nontrivial quantum-like combination of psycho-
logical functions F;.

We remark that entanglement of psychological functions has nothing to do
with entanglement of quantum states of individual micro systems in brain (com-
pare to conventional reductionist quantum models of brain functioning). Entan-
glement of psychological functions is entanglement of probabilistic amplitudes
for information states of macroscopic neural systems, see section 10 for further
discussion.

9. State-evolution

We want to describe the evolution of a quantum-like mental state (mental wave
function) ¢(t, z). The first natural and rather nontrivial problem is the choice
of the evolution parameter ¢. This problem was discussed in the details in [32].
It was shown that there are different natural possibilities to describe the evo-
lution of mental states: “mental time”, “psychological time” as well as ordi-
nary physical time evolution, see also section 10. In this paper we consider
the evolution with respect to physical time ¢ belonging to the real line R. To
derive the evolutional equation for ¢(t,z), we proceed in the same way as
Schrédinger in ordinary quantum mechanics. We start with a free mental wave

de(x) = e(héx), £, 2 € Q. We have:
Hope() = €3¢ (),

where Hy = h2D? is the operator of the mental energy for a free system.
The ¢¢(x) is a stationary state corresponding to mental energy E = |§\129.
Such a wave evolves as

de(t, ) = e ¢e(x) .

We note that this function is a combination of two essentially different
exponents: ordinary exponent and p-adic character. This function satisfies to
the evolutional equation:

99
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This is Schrodinger’s mental equation for a free cognitive system. If we in-
troduce a mental potential V(z), then we get general Schrédinger’s mental
equation:

o¢

ihe (t,2) = WD(t.) + V (@)g(t.x). ©)

If the initial quantum-like state )(x) = ¢(0,z) is known, then by using (6)
we can find ¢(¢,z) at each instant ¢ of physical time. Under quite general
conditions [45], the operator H = h?D? + V(z) is a self-adjoint operator.
Therefore (6) is standard Schrodinger’s equation in the Hilbert space H for
one rather special class of operators H. There also are mathematical results on
analytical properties of solutions and correctness of Cauchy problem [47].
Remark 9.1. (Bohmian theory) We can try to develop an analogue of Bohmian
(pilot wave) approach. As in ordinary Bohmian mechanics, we can define a quantum-
like mental potential

Wy(t,z) = —h—R2D2R where R(t,z) = |p(t, z)| . (7)

This potential has the same properties as the ordinary quantum potential:

(a) Wy (t, z) does not depend on the absolute magnitude of ¢;

(b) Wy (t,x) depends on the second variation of the magnitude of ¢.
However, (in the opposite to ordinary Bohmian mechanics) we could not describe evo-
lution of an individual mental state (position) ¢(¢) by using Newton’s equation with
additional potential W. From the first sight this is a purely mathematical difficulty. But
I think that this mathematical fact has deep cognitive meaning, namely that dynamics of
quantum-like state ¢ (¢, x) does not determine dynamics of classical mental states. Very
different flows of classical mental states (hierarchically ordered neural flows) can pro-
duce the same wave ¢(t, z). In our model only this wave determines results of mental
measurements. Thus (in our model) it seems to be impossible to find one to one cor-
respondence between mental behaviour and neural activity. The flow of consciousness
does not uniquely determine neural dynamics in brain.

10. Discussion

10.1. Why quantum-like formalism? One of the main reasons to expect that
mental observables (including mental self-observables) should be described by
the quantum-like (Hilbert space probabilistic) formalism is very high sensibility
of neural structures to changes of contexts of measurement. Such a sensibility
implies the violation of rules of classical probabilistic calculus and induces so
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called quantum probabilistic calculus, see [33],[35] for the detailed analysis.
The main distinguishing feature of this quantum probabilistic calculus is in-
tereference of probabilities of alternatives. Therefore a quantum-like structure
of mental observables should imply interference effects for such observables. In
[65] it was proposed the general scheme of mental measurements that could be
used to find the interference effect. It may be that the corresponding statistical
data was already collected somewhere. We need only to extract the interefernce
effect.

Another reason for quantum-like considerations is discrete structure of in-
formation processing in brain. It is natural to descrinbe this exchange by quanta
of information by a quantum-like formalism. In particular, in our model we
automatically obtained that basic mental observables such as e.g. mental en-
ergy have discrete spectra. We underline that philosophy of organism by Al-
fred Whitehead was one of the first philosophic doctrines in that fundamental
proto-mental elements of reality, namely actual occations, had quantum (in the
sense of discreteness) structure. The philosophy of organism was based on
one-substance cosmology, see [1], p.26:

“Descartes and Locke maintained a two-substance ontology — Descartes
explicitly, Locke by implication. Descartes, the mathematical physicists,
emphasized his account to of corporeal substance; and Locke, the physi-
cian and the sociologist, confined himself to an account of mental sub-
stance. The philosophy of organism, in its scheme for one type of actual
entities, adopts the view that Locke’s account of mental substance embod-
ies, in a very special form, a more penetrating philosophic description than
Descartes’ account of corporeal substance.”

10.2. Quantum and conscious. In our model of consciousness as the process of
(quantum-like) self-measurements over hierarchic neural structures the quantum
structure plays important, but not determining role. There are many sensitive
physical systems (not only microscopic, but also macroscopic) that could exhibit
quantum-like behaviour, see [33]-[35] for the details. Thus to be quantum-like
is not the sufficient condition to be conscious. There must be something else
that is crucial in inducing consciousness. This consciousness determining factor
may be quantum as well as classical (or a very special combination of classical
and quantum factors).

It seems that the crucial point might be the ability to “feel” ensemble proba-
bility distribution of information strings produced by neural activity. My conjec-
ture is that such a feeling is the basis of mentality. In such a model a cognitive
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system reacts not to firings of individual neurons or even large populations of
neurons, but to integral probability distribution of firings. If this is the really
the case, then quantum-like probabilistic formalism would appear automatically,
since this is the most general theory of transformations of context depending
probabilities [35]-[39].

10.3. Why p-adic space? On the classical level the main distinguishing feature
of our model is the ultrametric p-adic structure of the classical mental space. As
we have already mentioned in section 3, ulrametricity is simply a topological
reperesentation of hierarchy. Hence, the main classical feature of the model is its
very special hierarchic structure. I think that the presence of such a hierarchic
structure is the very important condition of cognition and consciousness. In
principle, it is possible to consider general ultrametric cognitive models. 1
restrict myself to consideration of p-adic models, since there is the possibility
to connect p-adic hierarchic model with frequency domain models.

However, the presence of the p-adic hierarchy is not sufficient to induce
consciousness (nor even cognition). For example, spin glasses have hierarchic
structures that in some cases could also be mathematically described by p-
adic numbers, see [62],[63]. The crucial point may be a complex system of
interconnections between the huge ensemble of hierarchic neural structures in
brain.

10.4. Individual and ensemble interpretations. Large diversity of physical
interpretations of the mathematical formalism of quantum mechanics is one
of serious problems in quantum foundations. Different interpretations provide
totally different views to physical reality (including the absence of such a reality
at all), see e. g. [10]-[12], [15].

As a consequence of the great success of books by R. Penrose on quantum
approach to mind, neurophysiologists, psychologists, cognitive scientists, and
philosophers are now well familia with one very special interpretation, namely
Penrose’s quantum gravity improvement of the conventional interpretation of
quantum mechanics.

The first question is: Why does the conventional interpretation need some
improvements at all?

This was well explained in book [15]8. Conventional quantum theory is a
hardly seek person who has been struggling during last 75 years with numerous

8Neurophysiologists, psychologists, cognitive scientists, and philosophers are lucky that
R. Penrose does not support orthodox views to quantum theory. So in his books [14], [15]
this theory was not presented in the rigid orthodox form.
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mysteries and paradoxes, see e. g. [15], p.237:

...yet it contains many mysteries ...it provides us with a very strange
view of the world indeed.”;

or R. Feynman:

“It is all mysterious. And the more you look at it the more mysterious it
seems.”

Unfortunately, all these mysteries and paradoxes were automatically trans-
mited to cognitive sciences. Some people enjoy this and they are happy to speak
about mental nonlocality or mental collapse. It is the general attitude to couple
the mystery of consciousness with some conventional quantum mysteries, €. g.
the mystery of superposition. On the other hand, many realistically thinking
neurophysiologists, psychologists, cognitive scietists, and philosophers dislike
to use all such quantum tricky things as superposition of (e.g. position) states
for an individual system, collapse, nonlocalty, death of reality in the cognitive
framework. I strongly suupport this viewpoint.

There is no any possibility to go deeply into foundations of conventional
quantum theory. I think that the crucial point is the individual interpretation of
a wave function. The wave function is associated with an individual quantum
system (in the orthodox approach — it gives the complete description). For
example, the individual interpretation induces such a mysterious thing as su-
perposition (e. g. position) states for an individual system. On the other hand,
individual superposition immediately implies that

“Quantum theory provides a superb description of physical reality on a
small scale...”, [15], p. 237.

As the superposition of states for individual macroscopic objects (e. g. cars)
was never observed, conventional quantum theory should be applied on so
called quantum scale. In particular, all cognitive models based on conventional
quantum theory should go deeply beyond the macroscopic neural level, see [15],
p.355:

“It is hard to see how one could usefully consider a quantum superposition
consisting of one neuron firing, and simultaneously not firing.”

Therefore all such models suffer of the huge gap between quantum micro
and neural macro scales. Of course, there are various attempts to solve these
problem. For example, in [15] there was proposed to use quantum coherence
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to produce some macro states by coherence of large ensembles of quantum
systems.

Finally, we mention quantum gravity improvement of conventional quan-
tum theory, [14],[15]. This is really an improvement and not cardinal change
of conventional quantum ideology. It is an attempt to explain reduction as
“gravitationally induced state-vector reduction.” It would not be useful to dis-
cuss in biological journal the role of such an improvement of physical theory.
However, for cognitive models, the use of quantum gravity arguments looks as
just increasing of convetional quantum mystifcation. There is a new huge gap
between quantum scale and Planck scale (10733 cm). It is even less belivable
that mind is induced by superpositions of mass states.

Quantum-like approach to cognitive modeling used in this paper is based on
so called ensemble interpretation of quantum mechanics, see e.g.
L. Ballentine [11]. By this interpretation (that was strongly supported by A. Ein-
stein) a wave function is associated not with an individual physical system, but
with a statistical ensemble of systems. The statistical approach has its ad-
vantiges and disadvantiges. In particular, there is no mystery of state reduction.
Individual systems are not in superposition of different states. Superposition
of wave functions is a purely statistical property of various ensembles of phys-
ical systems. One of the main problems of the statistical approach was the
impossibility to get interference of probabilities on the basis of classical en-
semble probability. Recently it was done in author’s works [33]-[36] by taking
into account context dependence of probabilities. The absence of the myste-
rious superposition for individual systems and operation with ensembles gives
the possibility to apply the Hilbert space probabilsitic formalism, quantum-like
theory, to ensembles of macroscopic systems. Well, we agree with R. Penrose
that an individual neuron could not be in superposition of two states, but two
ensembles of neurons (as well as the same ensemble at distinct moments) could
demonstrate features of superposition.

10.5. Neural code and structure of mental space. Suppose that the coding
system of a cognitive system is based on a frequency code. There exists an
interval of physical time A such that a classical mental state (mental position)
produced by a hierarchic chain of neurons is a sequence with coordinates given
by numbers of oscillations for corresponding neurons during the interval A.
This A depends on a cognitive system and even on a psychological function
inside the same brain, namely A = A, p. Thus in our model the problem
of the neural code is closely related to the problem of time-scaling in neural
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systems. For different A, we get different coding systems, and, consequently,
different structures of mental spaces. The corresponding natural number p that
determines the p-adic structure on the mental space is defined as the maximal
number of oscillations that could be performed by neurons (in hierarchic chains
of neurons working for some fixed psychological function) for the time interval
A. The coding that is based on e.g. the 2-adic system induces the 2-adic
mental space that differs crucially from the 5-adic (or 1997-adic) mental space
induced by the 5-adic (or 1997-adic) system. As it was remarked in section
3, by changing the p-adic structure we change crucially dynamics. Hence,
the right choice of the time scaling parameter A and corresponding p = pa
plays the important role in the creation of an adequate mathematical model for
functioning of a psychological function.

10.6. Mental time. There might be some connection between the time scale
parameter A of neural coding and mental time. There are strong experimental
evidences, see e.g. K.Mogi [66], that a moment in mental time correlates
with ~ 100 ms of physical time for neural activity. In such a model the basic
assumption is that the physical time required for the transmission of information
over synapses is somehow neglected in the mental time. A moment in mental
time is subserved by neural activities in different brain regions at different
physical times.

10.7. Quantum-like models with p-adic valued functions. In series of works
of the author and his collaborators, see, for example, [47], there was developed
the formalism of quantum mechanics in that not only the classical configuration
space, but also wave functions are p-adic. Originally this formalism was de-
veloped to serve to high energy physics, theory of p-adic strings. Later I used
this formalism for cognitive modeling, see e. g. paper [29] on p-adic cognitive
pilot wave model (“conscious field model”) giving the very special realization
of Bohm-Hiley-Pylkkénen ideas on active information. From the mathematical
point of view the p-adic valued formalism looks more attractive that complex
valued formalism developed by Vladimirov and Volovich, see e.g. [45]. In
particular, here operators of mental position and motivation are well defined.
However, there is a difficulty that induces strong prejudice against this p-adic
valued formalism, namely the appearence of p-adic valued probablities. Despite
very successful mathematical development of the theory with p-adic valued
probabilities [47], it is clear that we cannot use it for ordinary measurements
over physical and cognitive systems. In such measurements we always observe
ordinary probabilities. Thus p-adic valued quantum-like formalism could not
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be used to describe traditional mental measurements over a cognitive system
performed by external systems. As it was pointed out in [32], such p-adic prob-
abilities (stabilization of frequencies in p-adic topology and chaotic behaviour
of these frequencies in ordinary real topology) might appear in anomalous phe-
nomena. In principle, such probabilities might be related to functioning of
consciousness. It might be that consciousness uses self-measurements follow-
ing to p-adic valued quantum-like theory. However, in the present paper we
would not like to study such a model of consciousness.

10.8. Real and p-adic spaces. From the first sight in our model there is
no direct connection between real continuous space that is traditionally used
to describe classical states of material objects and p-adic hierarchic (treelike)
spaces that it was proposed to use to decribe classical mental states of brain.
From the first sight we follow to Descaurtes doctrine. Such an approach was
strongly critisized from many sides. In particular, such a theory is not coherent,
see Whitehead [1]. Of course, it would be nice to develop some classical and
corresponding quantum-like models based on real/p-adic space. The real and p-
adic parts of material-mental space would describe physical brain and “mental
brain”, respectively. First remark is that in general we could not work with
the fixed p-adic structure. As we have already discussed, different cognitive
systems and psychological functions can be based on different p-adic mental
spaces. Thus in general model we have to use all p-adic spaces simultaneously.
We remark that a mathematical topological structure unifying real and all p-
adic numbers (for prime p) is well known. This is so called adelic space, see
[45] on physical models over adels. The next natural step would be to apply
adelic quantum-like formalism to measurements over material and cognitive
systems. In adelic quantum-like model “the disastrous separation of body and
mind, characteristic of philosophical systems which are in any important respect
derived from Cartesianism” (see [1], p.348) could be avoided, since adelic
amplitudes would depend both on body (real) and mind (p-adic) variables.

10.9. Microtubules. Are neurons really basic elements for hierarchic men-
tal coding? At the moment there are strongest neurophysiological evidences
that this is really the case. Nevertheless, we could not totally reject other pos-
sibilities. In particular, last 20 years S. Hameroff and his collaborators, see
e.g. [67], have been developing the model of consciousness based on quantum
processes in microtubules. Hameroff’s approach is a traditional quantum reduc-
tionst approach. Thus our paper has nothing to do with it. However, the general
idea that microtubules play an important role in information processing in brain
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should be considered very seriously in quantum-like approach. Of course, in
such a model the main role would be played by hierarchic organization of mi-
crotubules on classical level. Quantum-like formalism can be used to describe
the corresponding mental amplitude.

10.10. Non-reductionism. The basic question of all quantum reductionst mod-
els of consciousness is

“How is it that consciousness can arise from such seemingly unpromising
ingredients as matter, space, and time? — [15], p.419.

In our model consciousness has no direct relation to matter. It is a feature
of very special hierarchic configuration of information described by the mental
amplitude ¢(z). By answering to Penrose’s question

“The physical phenomenon of consciousness?”, [15], p. 406,

I say: “Not! Consciousness is not a bio-physical phenomenon. It is a bio-
information phenomenon.”

10.11. Quantative measure of consciousness. I was extremely facsinated by
Baars’ idea to consider consciousness as a variable [68]. The main problem
is to find some numerical representation of such a consciousness-variable. In
our model such a variable should be in some way connected with the basic
probability distribution P(t,z) = |¢(t,z)|2. This is the probability that the
concrete hierarchic configuration of firings (e.g. configuration of frequencies)
is realized in brain at the moment ¢. Hence, if sufficiently many hierarchic
chains of neurons produce x, then P(¢,x) is sufficiently large. The value of
P(t,z) by itself cannot be taken as a quantative measure of mentality.

For instance, suppose that P(t,2) = 1 for all z. This is the uniform distri-
bution on the p-adic space. We could not expect that such an amplitude with
uniform activation of all classical mental states corresponds to a high level of
mentality °. Conscious behaviour corresponds to a mixture of various motiva-
tions. Such a mixture is characterized by variation of the probability distribution
P(t,x). I propose the following numerical measure of consciousness (at mental
state ¢(t,x)) :

2

| da

%In particular, the free mental wave ¢¢ () induces such a probability distribution. In such
a state a cognitive system has the fixed motivation £. By proceeding with a fixed motivation
(aim, task) a cognitive system 7 performs not conscious, but merely Al-behaviour (for
example, realization of a program given by the string of digits ).

2 | OP(t, x)
M onsciousness :/Q {|D,,P(t,x)| +‘ ot
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10.12. Neural groups. The fundamental role that internally organized groups of
neurons (and not individual neurons) play in processing of information in brain
was discussed in details in Edelman’s theory of neural groups selection (TNGS),
[69]. Our model in that neural pathways are used as the neural (classical) basis
for processing of information in brain is closely related to TNGS. Of course,
we understood that our model may be oversimplified. It may that basic units
should be not chains, but whole trees of neurons.

10.13. Does consciousness benefit from long neural pathways? Finally,
we discuss one of the greatest mysteries of neuroanatomy, see, for example,
[17],[52]-[54],[69],[15]. It seems that in the process of neural evolution cog-
nitive systems tried to create for each psychological function as long neural
pathways as possible. This mystery might be explained on the basis of our neu-
ral pathway coding model. If such a coding be really the case, then a cognitive
system 7 gets great benefits by extending neural pathways for some psycholog-
ical function as long as possible. For example, let the neural code basis p = 5
and a psychological function F' is based on very short pathways of the length
L = 2. Then the corresponding mental space contains N(5,2) = 25 = 32
points. Let now p = 5 and L = 10000. Then the corresponding mental space
contains huge number of points N(5,10000) = 102° points. On the latter
(huge) mental space there can be realized mental amplitudes having essentially
more complex behaviour (and, consequently, the measure of consciousness).
It might be that this mental space extending argument can be used to explain
spatial separation of various maps in brain, see e.g. Edelman [69].

Main results of this paper were presented in author’s talk and poster at the
Conferences “Toward a Science of Consciousness” in Shovde, Sweden (2001),
and Arizona (2002), [70].
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TocynapcTBeHHBIN MOPCKON TEXHUYECKUN YHUBEPCUTET,
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1 MH(OPMAIIOHHBIX CHUCTEM,
r. Cankr-IletepOypr
E-mail: int@fn.csa.ru

MATEMATHYECKOE MOAEJIUPOBAHUE B BOPTOBBIX
HUHTEJUIEKTYAJIBHBIX CUCTEMAX PEAJIBHOI'O BPEMEHHU

AHHOTAIUSA

O6cyxaaercs mpodieMa MaTeMaTHIeCKOro MOACTHPOBAHUS MIPH pa3padoTKe, Hc-
OBITAaHUU U (YHKIIMOHUPOBAHUH B PAa3iIMYHBIX YCIOBHUSIX JKCILTyaTalldu OOpPTO-
BEIX MHTeIUIeKTyaabHbIX cucteM (MC) peansHoro Bpemenu. OCHOBHOE BHIMaHUE
yZIeJIeHO aHAJIN3Y 0COOCHHOCTEH MOBEACHUS IIaByYero AMHAMHYECKOro 00beKTa
(J10), kaK CylIEeCTBEHHO HEIMHEHHON CHUCTEMBI, B IKCTPEMAIIbHBIX CUTYalHUsX.
OrmpeniesieHb! IPUHIHAIB UCHOJIB30BAHNS HEHPOCETEBEIX TEXHOJIOTHH U METOJIOB
IUIAaHHUPOBAHHUS YKCIEPHUMEHTA B 33/1a4aX MOBBIIICHHUS HAJCKHOCTH (PYHKIIOHH-
poBanus VC.

Yu.NECHAEV
Saint-Petersburg State Marine Technical University,
Institute for High-Performance Computing and Information Systems,
Saint-Petersburg
E-mail: int@fn.csa.ru

MATHEMATICAL MODELLING IN REAL TIME ON-BOARD
INTELLIGENCE SYSTEMS

Abstract

A mathematical modelling is discussed to develop, test and exploit on-board real-
time intelligent systems under the influence of various exploitation conditions.
Main attention is attracted to behavior analysis for a essentially nonlinear floating
dynamical object during extreme situation. Approaches are determined to apply
neural networks and design of experiments technologies for solving of intelligent
system reliability problem.
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CoBepieHHAs JIOTHKA U
0e301H00YHbIE PACCYKICHUS
COCTAaBIISIOT MIPUBJICKATEIIBLHYIO
TEOPETHUECKYIO CTPYKTYpY, HO OHA
MOXKET OBITh U HEBEPHOU: TOJIBKO
9KCHEPUMEHTATOP PelaeT 3To, U OH
BCET/a MpaB.

JIL.bpunniosn
«Hayunas neonpedenennocms u
ungopmayusy, 1964 200

BBenenne

VYrpaBieHue CII0KHBIME AHHAMAYeCKUMH 00BekTaMu ([1O) B yCIOBHIX OBICTpO-
MPOTEKAIOLIUX IPOLECCOB UX B3aUMOJICHCTBUS C BHEILIHEH CPEOM CBA3AHO € pe-
MICHUEM 3aJla4d aHaJIn3a U MHTEPHpETaun I/IH(bOpMaHI/II/I C IIOMOUIIBKO agaIlTUB-
HBIX JITOPUTMOB. Peanu3anus 3TUX aJrOPUTMOB TPEOyeT IIMPOKOTO MPUMEHE-
HUS MoflenpoBaHus. Vcrnonp3oBaHHEe METOAOB U CPEACTB MOJACIUPOBAHUS MIPU
co3narnu MIC HOBBIX TOKOJCHUH MO3BOJICT MOBBICHTH MX (PYHKIIMOHAJIBHYIO
3¢ PEKTHBHOCTD, HAJIS)KHOCTD M )KUBYUYECTh. ANTOPUTMHUIECKOE U TIPOTPAMMHOE
o0ecredeHne TaKuX CHCTEM BBICTYIIAIOT B POJIM OAHOTO M3 OCHOBHBIX KOHIICTITY-
aJbHBIX JIEMEHTOB YIPABICHUS U IPUHATUS pelleHUN. IMEHHO 3TOT 311eMEHT
omnpenenseT coepuieHcTBO VIC u ABIseTcs OMHUM U3 Haubojee TPYTOEMKHUX U
JIOPOTOCTOSIIIUX MPOIYKTOB MPHU ee pa3paboTke.

Oynkuonuposanne MC pearsHOro BpeMeHH 00CCIIEYHBACTCSI B YCIOBH-
SIX HETPEePBHIBHOTO M3MeHeHus nmapamerpoB JIO u BHemHel cpensl. Heompene-
JICHHOCTHh W HCIIOJIHOTa HCXO}IHOﬁ I/IH(i)OpMaHI/II/I TMOPOXKAAIOT JOIMOJTHUTCIBHBIC
CJIOKHOCTH IPU BBIOOPE TPeOyeMOoil BRIYUCIUTEILHON TeXHOIorHU. Peanu3arus
3¢ PEKTHUBHBIX AJITOPUTMOB aHAJIM3a M MHTEPIPETAIN JaHHBIX B 00pTOoBBIX 1C,
MPECTABISFOIINX COOO0 CIIOKHBII WHTETPUPOBAHHBIA HHTEIUICKTYaIbHBIA KOM-
IJIEKC, SIBJSIETCSI aKTyaJIbHOM 3aJjaueil MCIOIb30BaHMs HOBBIX UJEH U METONOB,
TPeOYIOMHNX CYIIECTBEHHO OOJNIBIINX BBIYHCIUTENBHBIX PECYPCOB IPH KECTKUX
BPEMEHHBIX OTpaHHYCHHUAX. MeTo0norn4eckoi OCHOBOH Ui OCTPOCHUS all-
TOPUTMHUECKUX MPOLETYP NPUHATUS PELICHUI B HEUSTKUX yCIOBUSAX SIBISETCA
KOHIICHIIHS ONITUMAIIFHOCTH PEIICHUS ¥ HMCIOIIUXCS PeCypcoB (HEUSTKHE LENb
U OTPAaHUYCHUS).
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Konnenuusi monenupoBanus noseaenus 10 B
IKCTPEMATbHBIX CHTYAMSAX

Hccnenyemele Mopenu U 00bekThl ynpasieHua B MIC HOBBIX MOKOJNEHUI mpea-
CTaBJIAIOT COOOH KJIacC AMHAMUYECKUX CHCTEM, COCTOSIHUE KOTOPBIX HEIpPEpHIB-
HO m3MeHsieTcst Bo BpeMeHHu. OcobenHocTr noBenenus 1O B HeNpephIBHO U3Me-
HSIOILEHCS Cpezie OTIPESNSIOT NCTIONb30BAHNE PA3IMYHBIX ITOJX0/I0B K Ipobie-
M€ MOJICITHPOBAHNUS, COYECTAIOINX TPaJUIMOHHBIE METOABI U MOJCIH aHAJIN3a
U MIPOTHO3a AWHAMHYECKUX CHUTyallMii ¢ HOBBIM MaTeMaTH4eCKHM aIllapaToM,
BKJIIOYAIOMIUM HCKyccTBeHHbIe HeliponHsle ceTd (IHC) u renernueckue anro-
put™mel (TA).

Hpunuuns! popMaIM3anuM 3HAHUH

Paccmorpum ocobenHocTH ipencrasinenus 3Hanni B IC, GyHKIMOHMpYOIIMX
B HETIPEPBHIBHO W3MEHSIOIICHCs tuHammyeckoit cpene. [1pu gpopmannzamu 3Ha-
HUI TaKUX CHCTEM C JOCTATOYHOM MMl MPAKTHYECKUX LIEJIeH TOYHOCTBIO BBI-
JEISIOT ONpENENIEHHBIE TPOMEKYTKHA BPEMEHH, B T€UEHHE KOTOPBIX COCTOSTHHE
CHCTEMBI MEHSETCS HE3HAYMTEIbHO. JTO TO3BOJSET PAacCMaTpUBATh HCCIETY-
emble /IO B kauecTBe KBa3UCTALMOHAPHBIX M HCIOJIB30BaTh B IpeesiaX yKa-
3aHHBIX MHTEPBAJIOB XOPOIIO pa3pabOTaHHBIN armapar «MHXEHEpHH 3HAHHIY,
HEIpOCETEBbIE aNTOPUTMBL, METOIbl MaTEMAaTUYECKOTO0 MOJEIUPOBAHUS U CTa-
TUCTUYECKHX UCCIIEIOBAHUIL.

[loBeneHne KBa3UCTAIIMOHAPHBIX OOBEKTOB XapaKTEPU3YETCS MHOKECTBOM
COCTOSIHUM M TIEPEXO/I0B M3 OJJHOTO COCTOSHMA B APYTO€, CBA3aHHBIX C U3MEHE-
HUEM BHYTPEHHETO COCTOSHUS CUCTEMBI (OIPEeASISIONNX TapaMeTPOB) U BHEMI-
HUX BO3MYyILEeHUH. ['Mmore3a KBa3sUCTallMOHAPHOCTYU MO3BOJSET PacCMaTpUBATh
MIPOLIECC U3MEHEHHS COCTOSHUSA JUHAMHUYECKON CHCTEMBI IPO-UCXOAALIINM JIUC-
KpeTHO. B 3ToM cityyae mpu ONMCaHUM MPEAMETHONW 00JIaCTH IPUXOIUTCS yUH-
TBIBaTh 0COOCHHOCTH (yHKIMOHUpoBaHUSA MC B pa3nuyHBIX CUTyallUAX W I0-
MHUMO TOTIOJIOTHH CUCTEMBI OTPA3UTh!

e Tekyiee coctosHue JIO U ero u3MeHeHue B MpOLEecce Pa3BUTHUS CUTya-

WY
® KITaCCHI JOMYCTUMBIX M KOH(PIUKTHBIX curyaruii JJO u BHEIIHEH cpensr;
e nuHaMUKy B3aumopericTBus JJO ¢ BHewIHel cpeqod B paMKax KOHKpPET-
HOTO COCTOSIHUS;
® YIIPABIIIONINE BO3ICHCTBHS, H3MEHSIOIINE COCTOSHIE O0BEKTA.
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AnexBaTHOE 0TOOpaKCHUE TAKOH CII0KHO CTPYKTYPHPOBAHHOH KOIMIECTBEH-
HOH M KauyeCTBEHHOM I/IH(bOpMaLH/II/I CBsA3aHO C UCIIOJIB30BAHUEM MHTETPUPOBAH-
HBIX Mo/:[enei/i IpeaACTaBICHUA 3HaHHI7[, COCAMHATOMINX BO3MOXKHOCTU CXEM IPECA-
CTaBJICHHS HA Pa3HBIX YPOBHAX a0CTPaKIHH.

PaspabarbiBaeMbIe ¢ yU4ETOM STHX OCOOCHHOCTEH JIOTHYCCKUE MOJIEIH 3a1a-
FOT KOHKPETHYIO (OpMaJbHYIO cHCTeMy. B pamkax Takod CHCTEMBI (pyHKIIHO-
aupyeT J1O, HaxomsACh B OHOM U3 COCTOSHUHN. MIMIITMKaTHBHBIE aKCHOMBI (hop-
MaJbHON CHCTEMBI ONpE€ACIAIOT JIOTUYECKUE 3aBUCUMOCTU MEKIY MOHATUAMU-
COOTHOILCHUSIMH, PACIIUPSS MHOXECTBO (haKTOB M 00pasys NeqyKTHBHBIH ypo-
BeHb 0a3bl 3HaHUH. CTpyKTypa JIOTHYECKHX (POPMYJI TTO3BOJISICT ONKCHIBATh 3a-
BHCHUMOCTH MEX]Ty TIOHATUSIMHE IIPEIMETHON 00JIaCTH Ha OCHOBE HCIIOIBh3YEMBIX
MHOTOYPOBHEBBIX THIIOB IIEPEMEHHBIX.

Takum o6pazom, ¢popMmaibHas cUcTeMa 3aJaeT MOJAeNb 00ObeKTa 1 BHEITHEH
Cpe€anl, a JJOrM4Y€CKUC q)OpMy.]'lbl BBIJICIIIFOT U3 MHOXECTBA BO3MOXKHBIX KJIACChI
SKBUBAJICHTHBIX Mozenei. [l onrcaHus 3aKOHOB PEryJIMpOBaHUs Mapa-MeTpOB
¢yakumonupoBanus JJO u cTparernil MOUCKa yIPaBISIOMINX BO3ICHCTBHHN HC-
MTOJIB3YETCSI MPOAYKIIMOHHOE HCYUCIICHHE, BKIIFOYAIOIIee MMPaBHila «CUTYalns—
I[eﬁCTBPIe)). HpI/IMeHeHI/Ie TaKUX IIPaBUJI U3MCEHACT 3HAYCHUA CBO60]1HI)IX nepe-
MEHHBIX, YTO COOTBETCTBYET IIEPEBOLy 0OBEKTA YIPABICHHUS B HOBOE COCTOSTHHE.
CrnenoBaTenbHO, JIOTHUECKAs! CTPYKTypa ONpeaesieT Moelb 00beKTa yIpaBie-
HUS, @ IPOAYKIIMOHHAS — MOJIENb TPUHATHUS PELICHUS.

IpuHuMnb1 00padoTKN HHPOPMALMHT

OcobeHHOCTH TTPUMEHEHHUS METOJI0B MaTeMaTH4YecKoro moxenupoBanus B MC
HOBBIX ITOKOJICHUH COCTOSIT B TOM, 4TO B Ipolecce nocrpoenus moxpenei 1O u
BHELIHEH Cpeibl BOSHUKAET OILIMOKA allPOKCHMALMH, KOTOPast SIBISETCS OXHUM
W3 OCHOBHBIX MCTOYHHKOB METOAMYECKOH MOTPEIIHOCTH PE3YJIbTaTOB OLCHKU
OIIACHOCTH MCCIIEyeMOI CHTyallMH ¥ IPOTHO3a €€ Pa3BUTHS. DTO MOAYEPKUBALCT
Ba)XHOCTb UCIIOIH30BAHUS HAJI)KHON M3MEPUTENLHON HH(OPMAITUU TIPH peau-
3alun aﬂaHTHBHOﬁ KOMITOHCHTBI 633])1 3HAHUM B 3aadyax COBCPIICHCTBOBAHUSA
ITOPUTMHYECKOTO U porpaMMHoro obecrieuenus MC. IoBblenne noctosep-
HOCTH OLICHKHM M TPOTHO3a CHTYalld NOCTUTACTCSI C HCIIONB30BAaHHEM HOBO-
T0 Tmoxxoaa K 00paboTke MHPOPMAINK, OCHOBAHHOTO Ha Pa3sBUTHH KOHIICIIIHH
«MSATKMX BBIYVCIICHUN. HO}IXO}I MMpeayCMaTpuBacT UCIIOJB30BAHUE JIBYX TCO-
PETUYCCKUX MPHUHIOMUIIOB, IMO3BOJJIAIOIINX 00eCIeunTh paluOHAJIbHYIO OpraHu-
3aIMI0 BBIYMCIUTENBEHON TEXHOJIOIUH 00pabOTKM JaHHBIX U3MEPEHUI B 3a1ade
aHAJU3a W MPOTHO32a PasBHTHS AKCTPEMANIbHON CHTyallMH, a Takxke (opMmaiu-
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30BaTh IIOTOK HHGOPMALMK NPH peanu3alii HEYeTKOTO JOTHYECKOTO BEIBOJA B
MYJIBTHIIPOLIECCOPHOI BBIYUCIHUTENBLHOM cperie.

[TpuHIUI KOHKYPEHLIWH ITPU BHIOOPE BEIYUCINUTEIBHON TeXHOIOTUH (pHc. 1)
o0ecrieynBaeT CpPaBHUTEIILHBIH aHATN3 PE3YJIBTaTOB OLICHKU CHTYalUH C HCIOJIb-
30BaHHEM TPAAULMOHHBIX aJrOPUTMOB U HeHpoceTeBbIX Moxened. Mcnonb3ye-
MBle POLEAYPHI MapauieNbHON 00paboTKH MHPOPMALMH [TPU peaTn3aliy 3TO-
o IPUHIMIIA OTPAXKAIOT Iponecc GYHKIMOHUPOBAHUS GOPTOBOTO KOMILIEKCa —
OT MOMEHTA IOJTy4eHHs1 HH(QOPMAIMK OT AaTYMKOB MU3MEPHUTENILHOM CHCTEMBI —
JI0 TIPOLEYPBI JJOTHYECKOTO BBIBOAA U BHIPAOOTKH MPAKTHYECKUX PEKOMEH[a-
LM,

| HNiMepUTenkHAA CHCTaMa

- e-lIJ- .-Q

| QB Pad 0 TKA MK ePHTE L HOH HH{OPMALHH

2 b 2 b

CTaHgapTHeIN HekyceTBEHHAA
anropuTm HEelIpoOHHAA ceTb

v v

| AHaNNZ aNbTEpHaTHB ‘

<7

PasBITHe Npeqn oMTHT &nbH oii
TeXHonorki

L

PesyneTar I

Puc. 1. Ilotoxk uH(popMauuu npyu peann3aluu NPUHLHUIA KOHKYPEHLHUH

k 4

[puHumn gopmanuzanuy HeYeTKOH MH(POPMANUU B MYJIBTHIIPOLECCOPHOMH
BBIUHCIIUTEIBHON CPEZE MO3BOISIET OCYIIECTBIATH apaICIbHbIC [IETIOYKH He-
YETKOTO BBIBOZA B HETIPEPBIBHO M3MEHSIONINXCS YCIOBUSAX ANHAMHUKH 00BEKTa U
BHEIIHeH cpensl (puc. 2). [Ipu 3TOM OTKpHIBAIOTCA NMEPCHEKTUBBI IPOTrPaMMHON
pean3aniy CIOKHBIX MOJETIel MpeAcTaBiIeHust 1 00pabOTKH HEYEeTKO# cucTe-
MBI 3HaHUH; obecrnieunBaeTcs PyHKIMOHUPOBAHUE KOMILIEKCA B PEXKUME peab-
HOTO BPEMEHH M COKPAIAIOTCS PacXoibl Ha pa3pabOTKy aImapaTHoro obdecre-

VIR 004.032.26 (06) Heiiponnbie cetn 123



ISBN 5-7262-0471-9

JIEKLIMY 110 HEMPOUH®OPMATUKE

YEHHU MEXaHU3Ma HEYETKOIO BBIBOZA; YCTPAHAIOTCA TPYAHOCTH PELIEHUS 3a1a4
IPU pacnapajeldBaHuN BBIYMCIUTENBHOTO NPOIecca ¢ CyIIeCTBEHHOW Hepe-
TYJISIPHOCTBEO BBIYHUCIICHUM, XapaKTEPHOMU [UIsl UHTETPUPOBAHHBIX KOMILIEKCOB.

MSM&PHTEHbHaH cHcTEMa

MapameTpu4eckKMid cMHTES
tPYHKUMA NpUHAANEKHOCTH

Ye¢noBHbI® NMMHIBUCTUHECKH 8

onepatopel

PeanuzaumA He4YeTKMX BEIBOO OB

“YeTrkMi pesyneTar I

Puc. 2. [lotok uH(boOpMauuK MpH peasnd3alUd NPUHLHUNA (OpMasd3aLUK
HEYeTKOro BbIBOAA B MYJbTHIIPOLECCOPHOH Cpefie

Peanmzaris oTME4eHHBIX IPUHITUIIOB TA€T BO3MOKHOCTD MOBBICHTE 3 ek-
TUBHOCTH (QyHKIMOoHHpoBaHUS VIC Tpy HENMpephIBHOM HM3MEHEHHWH IWHAMHKH
oObekTa U BHeIIHel cpensl. IIpakTrueckas 3HAYMMOCTE 00pabOTKH HH(pOpMa-
LIMOHHBIX TIOTOKOB B PEaJIbHOM BPEMEHHU 00YCIIOBIIEHA CTPEMIIEHHEM HIOBBICHTh
CKOPOCTh MAIITMHHBIX BBIYUCICHHH ITyTEM paclapauICIiBaHUs BBIYHCIHTENb-
HBIX aJITOPUTMOB U pealIn3alliy NX Ha CYNepKOMIBIOTEPHBIX martdopmax. [Ipo-
BEpKa KOPPEKTHOCTHU aJITOPHTMOB YTIPABJICHNS M IPUHSATHS PEIICHUN OCYIIECTB-
nsieTcsi GOpMaNbHBIM MyTeM Ha OCHOBE OOIIMX TpeOOBaHMN K aarOpUTMHUE-
CKOMY 00€eCIedeHUI0 cucTeMbl. IIpuMeHUTEeNbHO K MapalieIbHbIM alfTOpUTMaM
JIOTHYECKOTO YIPABJIECHHS MOHITHE KOPPEKTHOCTH CBSA3aHO CO CIEHU(PHYECKH-
MU CBOWCTBaMH TaKUX aJTOPHUTMOB: HEIIPOTHBOPEUUBOCTHIO, YCTOHYUBOCTRIO H

CaMOCOIIIaCOBaHHOCTBIO.
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®opmanau3anns 3HAHUK

[Ipu pa3zpaboTke MporpaMMHOTO KOMIUIEKca (DOPMaIN30BaHHOW CHUCTEMBI 3Ha-
Hull IC ncnonb3yroTcs METONbl aHAllU3a, CUCTEMATU3alUul U CTPYKTypHU3aluu
3HaHMH O AMHAMUKE O0BEKTa U BHEIIHEH cpenbl. CTpyKTypHpOBaHNE OBEICHUS
00BEKTa B BUAE JIEPeBa PEIICHUI MTO3BOJSET MOCTPOUTH (PParMEHThl CEMaHTHU-
YecKHX ceTel (puc. 3) ¥ NpeiCTaBUTh JOTHUECKUE pelatoiue (yHKIMN paciio-
3HABAHUs, aHAJM3a U MIPOTHO3a HcclenyeMbIX curyanuil. IlocTpoeHue nepesa
peuieHunil, pa3OHBaIOIET0 MHOXECTBO 00BEKTOB Ay Ha MHOXKECTBO 00pa3oB
M, npenronaraet 3aJaHHBIMH:

e nHabop mepemenusix X € Xy (k = 1,...,N) ¢ obnacrsiMu 3HaYeHHMii:
Dl,...,DnI/IDl X oo XDn;

e Habop 3HAYCHHMIT epeMeHHON x € xj(a) Mt 00beKTa
a€ A, k=1,...,N;

e pa3bueHue MHOXKecTBa [) Ha MOMAPHO HENEePECEKaIoIHecs MOJMHOXKe-
cTBa

E',... EM ES=E{lx.. . xEZ* Sjel,...l;
(S=1,....M, j=1,...)k, k=1,...,N).
W3 onpeneneHus aepeBa pelieHUN ClIeayeT:
Vj=1,....,k, D;=E}U...UEY;
if=1,...,l; Ei#®, ENE =0
Kaxknomy myTH OT KOpHS ZiepeBa K €ro BepIIMHE COOTBETCTBYET (opMyJaa

O (1, yay) = PP (1) AL A PR (),

S .
e P]S *(x;) ompemensercs 3aNaHUEM MHOXCCTBA B C P

HWHTerpupoBaHHasi cucTeMa 3HAHUMH

Cosznanre MHTETpUPOBaHHOW cucTeMbl 3HaHWH B MC HOBBIX TMOKOJICHWH Oa-
SUPYETCA Ha COBPEMCHHBIX MPUIIOKCHUAX METOOOB U MO}IeJ’Ieﬁ B HCUYCTKOM H
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Puc. 3. ®parmMeHT ceMaHTHUYECKOH CeTH IpU aHAJIH3€e 3KCTPeMaJb-

HBbIX CUTyalUHH
3pece: S; (i = 1,...,Mm) — MHOXKECTBO CLEHApHEB, CONEPXKalUUX OMHUCaHHUs IHHa-
MHYECKHX CHTyalWil M COOTBETCTBYIOIIHE KOPPEKTHPOBKM B MapameTpax MogeJel;
W; (j = 1,...,n) — MHOXeCTBO BapHaHTOB (KOHKpeTHHIX cocrtossHud [10O) omu-
CbIBaeMbIX MH(pOPMaLMOHHOH Momenblo; R; (i = 1,...,m) — MHOXeCTBO BbIBOZOB,
OMHUCHIBAIOIIKX PE3YJIbTaThl MOAENMPOBAHHSI KOHKPETHOrO CLIEHApHs 0 3aJaHHOMY
Bapuanty; Cr (k = 1,...,7) — MHOXeCTBO CBsi3eH, 00beAHHSIOLNX B CeMaHTHYe-
cKyIo ceTb KopTexu (S, W, R).

HelpoceTeBoM JornueckoM 0Oasuce. [IpukianHas TEeXHOJIOTUS pa3pabOTKH ap-
XUTEKTYpbl HEUETKNX HEHpOHHBIX cucteM B OoproBeix MK mpemycmarpusaer
pasIM4HbIE MOAXOABI K PEalHu3alud MOIENEH IPENCTaBIEHUS M HCIOJb30Ba-
Hus 3HaHu#. IlepBblil MOAXOX OTHAET NPEANIOYTEHHE HEYETKOM CHUCTEME 3Ha-
HUH. 31ech Yallle UCTIob3YeTCsl HHPOpMaLysl, TIpeICTaBICHHAs B BH/E MOJIEIICH
HEYETKUX JIOTUYECKHUX TPaBUII, OTPAKAIOIINX 0COOCHHOCTH AMHAMUKH OOBEK-
ta. HelipocereBbie TexHOIOrHMN B (OPMATIM30BAHHOM CHCTEME 3HAHUH WUTPAIOT
BCIIOMOTATENbHYIO POJIb, CBSI3aHHYIO C ITOCTPOCHUEM (DYHKIMH MPHUHAICKHO-
ctu (PII) u aganranueil mpaBUI K U3MEHEHUSAM B TUHAMUKE CHCTEMBI. BTopoit
MOAXOJl OCHOBAH HA MPUHIIMIIAX HEMPOCETEBOT0 YIPaBJIECHHs U HCIOIB3YeT Mpe-
umyiectsa Mogeneit UHC. dynnameHTansHoe OTAMYNE OT CTAHAAPTHON TEXHO-
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soruu MTHC B Takux MOJENSX 3aKJII0YAeTCS B TOM, UTO IMapaMeTpbl HEHPOHOB U
Beca CHHANITHYECKUX CBSA3EH MepeMenaroTcs B HeUeTKyto obmacts. B pesynbra-
Te hopMupyeTcs He4eTKass MHOTOCJIOWHas HeWPOHHAsl CeTh, OCYILECTBIISIONIAsN
CJIO)KHOE HENMHEIHOe NpeoOdpa3zoBaHye MHOOPMALMU B TEPMUHAX JIOTHKOJINHT -
BUCTUYECKUX MOJEINEH.

Takum o6pa3om, pa3paboTaHHass MOJEIb 3HAHUH MPEICTaBISET MHOKECTBO
B3aMMOCBSI3aHHBIX KaHallaMU TIepeadyn JaHHbBIX U JIOTHYECKHMHU CXEMaMH Mpo-
TpaMMHBIX O6’I)€KTOB, UMUTUPYIOIMUX JTUHAMHUKY IMTOBEACHU CIIOKHOM CHCTEMBIL.
IIponiecc umMuTaIK B pealbHOM BPEMEHU NOJIEPKUBACTCS YIPABIAIOLIEH KOM-
TIOHEHTOH, KOOPIMHUPYIOIEH ITOCIIeIOBaTeIbHOCTE 00-pa0OTKH MOJIEJIBHBIX U
BpPEMEHHBIX cOOBITHH. [Ipy HEOOXOAMMOCTH MOAEIUPOBAHUS CIIOXKHBIX HETIpe-
PBIBHBIX TIPOIIECCOB JOMOJIHUTEIBHO HCHOJIB3YETCS CHCTEMAa MMHUTAIMOHHOTO
MoaenupoBanus [9,16], a mHTErpanns 3HaHHH OCYIIIECTBIIIETCS Ha OCHOBE CIIe-
LMaJIbHO pa3paboTaHHBIX HHTEP(EHCOB.

Metonsl 1 Mmogeau B UC peanbHOro BpemMeHH

Konnenryansapie ocHOBBI co3manus MC 0Gasmpyrorcs Ha (yHZaMEHTAIbHBIX
MIPUHITAIIAX, OTIPEACISIONNX apXUTEKTYPy CHCTEMBI M YPOBHH €€ yIIPaBICHHUS.
Teopernueckas 6a3a Takux cucreM Gopmupyercst Ha 0CHOBE 3(h(HEKTHBHOTO CO-
YeTaHUs] HAKOIUICHHON CHCTEMBbl 3HAHUI C HOBBIMH ITOAXOJaMH M MapaJurMamMu
WU. Cpenu HUX BaKHAS POJIb MPUHAIUICKHUT METOIAM M MOJICIISAM, 00eCIIeunBa-
oM (GOopMaIH3anrIo ¥ HHTETPAIHIO 3HAHUN, MEXaHHI3M JIOTHYECKOTO BHIBOJIA,
TTOWCK peIIeHUH U BBIAATy NPAaKTHUECKUX peKoMeHIanui (puc. 4).

IIpouenypHast komnoHneHTa 6a3pl 3HaHU 60pTOBBIX IC comep kUt OOIBIION
o0beM BblunciieHni. OHU CBS3aHBI ¢ 0OPa0OTKON M aHAIN30M M3MEPHUTENBLHOM
nH(OPMALIH, TOCTYNAIOIIEH C JaTYMKOB H3MEPHUTEIILHOM CHCTEMBI, IOCTPOEHH-
€M W aHaJM30M MaTeMaTHYCCKHX MOJENCH OICHKH U MPOTHO3a paccMaTphBae-
MBIX CHTYyallidil, IMHTaIIHOHHBIM MOJCITUPOBAHHUEM B3aMMOIEHCTBHUS TUIaByYeTO
JO B BHEmHEH cpenoil.

TpagnuuoOHHBIE MOIEIH

HanGonpmmii mpakTHYeCKHii HHTEpPEC MPEACTABISIOT CTOXaCTHUECKHE MOIEIIH,
MIOCTPOEHUE KOTOPBIX BEAETCS C HCIONB30BAHHEM METONOB HACHTU(HKAINH,
CTaTHUCTUYECKOIO U CHEKTPAJIBLHOIO aHaIU3a. YKa3aHHbIE METOIbl HAXOAAT NpU-
MEHEHHE TNIPH OLIEHKEe MapaMeTpPoB BHEUIHHX BO3MYIIECHUIl (BOJIHEHHE, BETEp)
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FFAME N3meputenbHas
Heciui I:Ll:c:Tema
06beKT 6.
MeTtonabl Monenu

MeTO,!],bI CTATHCTHYECKOTO H
CNeKTpanbHOre aHanMia

CueHka zaumogedcTena 10
C OKpYHAKW e cpenoi

MeTo abi perpeccHoOHHOT O
aAHanKHia

OueHka napanerpos
BHeWHeil cpenbl n 40

MeTo op1 hunbTPaLHN H
nporHe 3a

MporHos seonwunn

napauetpor 0 u
KPHTHYE CKHX HHTEPE AN OB
BDEH eHH

MeTo abl HAeHTH{(pHKaLHI 1
pacnosHaBaHWA 00pazoe

KoHuenuua Markmx
BbIMHCHIEHNA M KOTHHTHBHAA
napagurua

Pacno sHagaHKe
IKCTP M anbHBIX Cll'l'yﬂll,liﬁ H
AHANMHE ANbTEPHATHB

m)‘H,ﬂ,EIM EHTANbLHAA CHCTEMA
KpHTepHeE

'ﬂ-'0|.'l Hanuiauua
HeonpeneneHHo cTe H
HMHOTOKPHUTEPHANBHLI i
AHANH3

NokaneHan cMoTemMa

[nobankHan CHCTEME

He4yeTkui BLIBOA U
NPUHATHE pelleHnA

Ynpaenaw uwne go3neicTBHA

Puc. 4. Meronbl u Monenu, ucnonsdyemeie B VIC

128 VIR 004.032.26 (06) Heiiponnbie cetn



10. M. HEHAEB

1 k03¢ ¢urreHToB qudepeHInaNTbHBX YPAaBHEHUH, ONICHIBAIONIINX JHHAMUKY
00BbeKTa MPY B3aMMOJCHCTBUY C BHEITHEH CPeIOH.

IIpu oneHKe ¥ MPOrHO3UPOBAHUY PA3BUTHS SKCTPEMAIBHBIX CUTYAIMH MpU-
MEHSIOTCA METO/bl UMUTAIIIOHHOT'O MOJECIIUPOBAHNUS, CTATUCTUUECKUE U UHTEP-
BasbHBIe Mozenu. C IMOMOMIIBI0 TaKUX MOJENEH BeIeTcsl OLCHKA Iapa-MeTpoB
BHemmHel cpenbl u xapakrepuctuk JO. IlpoGmema ¢uibTpanny ¥ HpOTHO3a
BO3HHKAET TpU 00paboTKe M3MEPUTENbHON MH(OpPMAaIMU B 3amadax IMpercKa-
3aHUS HBOJNIONMU JHHAMHYECKHUX XapaKTEepUCTHK M BPEMEHHBIX WHTEPBAJIOB,
OIIPE/ICISIOIINX KPUTHIECKUE YCIOBHSI UCXOMsl U3 obecredeHns: Oe301acHOCTH
mraBydero J1O. IIpobnema knaccupukanuu (pacro3HaBaHus 00pa3oB) CBs3a-
Ha C OIECHKOH OIACHOCTH CHTyalllH, a TakkKe NMPH Pean3aluyl MPUKIATHBIX
mpo0ieM ynpaBiIeHHs W NPUHATHA PEUICHHH (aHAJIN3 aJlbTepHATHB, PACIIO3HA-
BaHME YKCTPEMAIIbHBIX CUTYyallMi u JAp.). B xauecTBe onHOro U3 3 QEeKTUBHBIX
METO/I0B aHanu3a nosejneHus 1O npu IMHUTAIIMOHHOM MOJIEIMPOBAHUU IKCTpe-
MaJIBHBIX CUTYyallUii MOXKET OBITH MCIIONB30BaH METO[ (pyHKIMOHAIA AEHCTBUS
[16]. B 6oproBeix C peampHOr0 BpEeMEHH 3TOT METOJ MMEET OIpEcIICHHEIC
MIPEUMYIIECTBA TIEPE IPYTHMH METOAMH aHaJN3a CYIIECTBEHHO HEIMHEHHBIX
OUHAMHYECKHX cucteM (Mmerox Monrte-Kapno, MeToq MOMEHTOB, ypaBHEHHE
doxkepa-Ilnanka—Konmoroposa). Meton dyHkironana aeicTBus mpeanonara-
€T IMOCTPOCHUE TIPYObIX (C TOYHOCTHIO JO JIOrapu(MHUYECKOH 3KBHBAJICHTHO-
CTH) OLIEHOK BEPOSITHOCTH JOCTHXEHHS TPAaCKTOPHEH NTUHAMUYECKOH CHCTEMBbI
3a7aHHOl oOmacTu B (a30BOM NPOCTPAHCTBE. DTOT PE3YyNbTAT HCIIOIB3YETCS
JUISL BBIYMCIICHUS BEPOSTHOCTH IOTEPU YCTOMUYMBOCTU ABMKEHHSA (BEPOSITHO-
CTH ONPOKHIBIBAHMS) IPU AUHAMHYECKOM HAaKJIOHEHHH IUIaBY4ero oObeKTa 1moj
BO3/ICHCTBHEM BHEIIHUX BO3MYIICHUIL.

MOIICJII/I, HCMOJIB3YIOIIIHEC MPUHITATT HeJINHeHHOoi CaMOOpraHu3sanuu

@ynxunonupoBanne 60pToBelXx VIC CBA3aHO C ONEPaTHBHBIM KOHTPOJIEM CH-
Tyallii ¥ MPOTHO3MPOBAHHEM €€ Pa3BUTH B YCJIOBHSX HEIPEPHIBHOTO H3Me-
HEHMs JWHAMMKM CyAHa U BHemHell cpeapl. OGecredeHHe Takoro KOHTPOJIS
JOCTHI'aeTCs Ha OCHOBE aJallTHBHBIX aJTOPUTMOB, CIIOCOOHBIX M3MEHSTH CBOIO
CTPYKTYpy npu u3MeHeHun rnoseznenus /10 Ha pomnenuu. [1pu cunaTe3e anropur-
MOB HCTIONB3YIOT PA3IHIHBIE OIXOABI — AETEPMUHHUCTCKHMN, CTOXaCTHIECKUN 1
MTOJIXO/T Ha OCHOBE IPWHIIMIIOB caMoopraHu3anuy. [lepBrie aBa moaxona mpea-
MOJIaraloT HAJIMYME B MCXOIHBIX JaHHBIX IOJHOTO MH(OpManuoHHOro 0Oasuca,
T. €. BCEX ONPEJIEISIONINX TapaMeTpoB U (haKTOPOB, KOTOPbIE HEOOXOAUMO yUH-
TBHIBaTh IPY aHAIN3E CUTyanuu. [IpuHINN HEIMHEHHON caMOOpraHU3alluy Tpe-
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OyeT MHHMMaIbHOTO 00BheMa anpuopHoi nHpopMaruu [7]. MeToaoI0rHaecKoi
OCHOBOM 3TOTO MpUHIUIIA ABJIACTCA AOMYIIEHUE O TOM, YTO BCiA I/IHq)OpMaHI/ISI
O CTPYKTYPEC U MMOBCACHUU I[HHaMH‘-IeCKOﬁ CUCTEMBI COACPIKUTCA B HJaHHBIX U3-
MEpPEHHUH M KPUTEPHUAIBHBIX COOTHOIICHHSX, ONPEACISIONINX BBIOOP CTPYKTY-
pst Mozpenu. Jlist mporao3upoBanust cocTosHust JJO B yCIOBUSIX HETIPEPHIBHOTO
W3MEHEHHsI BHEIIHEH cpensl HEoOXOauMO c(OpMYIMpOBaTh MAaTEMaTHUECKYIO
MOJZIENb, COIEPIKAIIYI0 BCIO HEOOXOANMYIO MH(OPMAIMIO O MapaMeTpax H H3-
MCHCHUHN COCTOAHHA CydHa B TCUHCHUE 3a/IaHHOT'O MHTCPBAJIa BDEMCHHU. HNmenno
MO3TOMY NPHUHIIUIT HEJTMHEHHOW caMoopraHu3anuu Hanbosnee a3pdexTrBeH B 3a-
Jla4ax KOHTPOJIS M MPOTHO3UPOBAHMS SKCTPEMAIbHBIX CHUTYaIUH, CBSI3aHHBIX C
BHE3aNHBIMH (CKauKooOpa3HbIMH) M3MeHeHusiMu B noBeneHnu J1O. Ha ocHo-
BaHWHU JaHHBIX MporHo3a VMC BbIpabaThIBacT MPaKTHIECKUE PEKOMEHIAINH II0
ynpasinennio /IO takum obpa3om, 9ToOBI M30€kaTh 3TOH OMacHOCTH. Peamn-
3anusi MPUHIMIA HEJIMHEHHOW caMoopraHu3aluM Npu pa3paborke 0Ga3bl 3Ha-
Huii IC Tpebyer Oosbiroro oObeMa BBIYMCIMTENBHBIX Ollepanuii, CBI3aHHBIX
C IIpe/IBapUTENHHON OLEHKOW TMHAMHKH O0BEKTa Ha OCHOBE MAaTeMaTHYECKOTO
MOJEITUPOBAHUS IKCTPEMAIBHBIX CHUTYallUi ¢ MOCIEAYIoMmend (hopMyIHpPOBKOM
COOTBETCTBYIOIIUX KPUTCPHUAIIBHBIX OLCHOK.

HeiipocereBbie Moaeu

Baknast ponb cpean yKa3aHHBIX METONOB M MOJEINIEH MPUHAATIEKUT Helipocene-
ebim aneopummam. HeilipoceTeBple alrOpUTMBI HAXOAAT IPUMEHEHHE HE TOIBKO
Kak 3()(heKTHBHBIC BHIYUCIUTEIBHbBIE TEXHOIOTUH NP UAECHTU(DHKALIMH SKCTpe-
MaJIBHBIX CHTYAIlHH, OI[eHKEe TapaMeTpoB BHEIIHEeH cpenbl 1 xapakrepucTtuk J[O.
OHHM OKa3bIBAIOTCS ITOJIE3HBIMHU IIPU MOCTPOCHUU (DYHKIMH TPHHAIEKHOCTH
0a30BbIX IPaBHJ HEYETKOTO JIOTMYECKOTO BBIBOJA, ITPU Pa3pabOTKe MHTEILICK-
TyaJbHBIX JaTYMKOB U3MEPUTEIBHOI CHCTEMBI M BO MHOTUX IPYTHX 3aJadax,
rae TpebyeTcst BBICOKas JOCTOBEPHOCTh PE3yNbTaTa M HaJeKHOCTb NPaKTHUE-
CKHX peKOMeHJalMi. BaxxHasi poib NpUHAAIEKUT HEMPOCETEBBIM MOJEINAM IIPU
NPaKTUYECKOl peann3anuu cHOopMyINPOBAaHHBIX BBIIIE NPHUHIUIIOB 00pabOTKH
nHpopMauK (IPUHLUIIE KOHKYPEHIIMH U (HOpMaNn3aliyd HEYEeTKOH HHGOp-
Malyy) B HEMIPEPHIBHO M3MEHSIONIMXCS YCIOBHAX BHEIIHEH cpenbl U AMHAMUKHI
obbekra. Mcnomszosanne MHC, criocoOHBIX aJeKBaTHO MOZICIINPOBATE CIIOKHBIE
nponecchl B3anMozeicTeus J|O ¢ BHemHen cpenoii, 0coOeHHO 3((PEeKTHBHO B
3aja4ax UACHTH(UKALUHI U ITPOTHO3.
Hcnonb3oBanue HEHPOCETBBIX MOJIENeit TPy pa3paboTKe, UCTIBITAHUH U OIIBIT-

Holl skcrutyarauuu UC mwmoctpupyer puc. S.
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3ajavdn, pelwaemble ¢
nomowpko MHC

Ctaguu
paspabotim C

Feankzauma Heyemm: MHE,

PﬂﬁpﬂﬁﬂT“ﬂ MC Few ande zanay mneTpaumH,

(MCAonEz0EdHME NPHHLKANOE HOeHTHGMKALAK W NpOrHOS 3.
thopmanusayum " MocTpoeHMe HHTER-
ofipaBoTkM aHAHMK] NEKTYANEHE X 5 AT HEDE

TecmpﬂEaHHe MC D OpMANHZALHA EHEW HX
EOZMYW, @HHH K AHHAMHEH
[CTEHAOE HE M
RSN ofwekra. OTpaboTra
PREAT e NpHHUMMIOE Gy HE LM OHH-
poE aHua KMC
MpakTuveckoe 0 fecneyenne
FYHELHOHHpOE3HMA MC B
Hcnonke3oBEaHKe MC HEeNpepHE HO HEMEHA KW eH e
[COE &pW EHOTE OB AHKE : cpege. $OpMHMpOEaHHE
ZHAHWHA HA OCHOER KOTHMTHEHE X 0fipazoe NpM
HOEOH MHOpMaLHH) GHANKEE AMHAMKYECKM GLEH

Puc. 5. HefipocereBble monenu B MIC peasibHOro BpeMeHH

OnsiT npumenenuss MHC B MIC oTKpBIBaeT IIUPOKHE BO3MOXKHOCTH BBI-
00pa HEHPOCETEBBIX CTPYKTYP, COOTBETCTBYIOIINX KOHKPETHOU CHUTYaIlMU. DTH
CTPYKTYPBI IOCTATOYHO MOJPOOHO OMHMCAHBI C CIICIHATIBHOM TuTeparype [4, 5, 28]
U IIUPOKO HCHONB3YIOTCS B TpakTHKe pa3paborku aumHammdeckux MC pazmmd-
Horo HazHaueHus. OIHAKO B MOCIEAHKE rofibl NoABUIMCH HOBbIe Monenu MHC,
KOTOPBIE MOTYT OKa3aThCs ITOJIE3HBIMH B 3a/ladaxX MOJCIHMPOBAHUS TTOBEICHHUS
JO B HempepbIBHO U3MEHSIONIEHCS cpeae. B yacTHOCTH, MyOIuKaMy Mociea-
HUX JIET CBHETENLCTBYIOT 00 3(dexrrBHOCTH TemiopaibHbix MHC, ceman-
tnyeckux MHC ¢ nepeMeHHBIM YUCIIOM HEWPOHOB, 3KcTpanonupyomux MHC
Ha OCHOBE KOTHUTHBHBIX KapT, pactymmx MHC u amanTHBHBIX HEHPOHHBIX Ce-
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Te B IU(POBBIX PETYIATOpax ¢ MPOTHO3HPYIOUIMMHU HAOIIOZATEIIMH H JIp.
IIpennoxeHa Takke OpraHu3alus YHUBEPCAJIBHON BBIYMCIUTENIBHON Cpenbl B
HelpoceTeBOM JornyeckoM Oasuce.

Teopernueckast 6a3a AJIs HCIIOIB30BAHUS TAKOTO Kilacca MOJIENIel 3aoKeHa
B (yHIaMeHTaJIbHBIX HccienoBanusx o Teopun MHC. B atux paborax moxa-
3aHO, YTO TPOU3BOJIEHOE MHOTOMEPHOE OTOOpaKEHHE MOXKET OBITh KaK yToIHO
TOYHO aNMPOKCUMHUPOBAHO C IMOMOIIBI0 HEUpPOCETEBOM MOJENN KOHEUHOU pas-
MEpPHOCTH (C KOHEYHBIM YHCJIOM CJIOEB M Y3JIOB B KaXKIOM CIIOE).

[Mpu peamnzaimu MHC Bo3HMKaeT 3amaua «CxKaTus» MCXOXHON MH(opma-
LIUH, TIPUBOJSIIAS K YHPOIIEHHIO apXUTEKTYPbl CETH M COKPAIIEHUIO BPEMEHHU
ee oOydeHusa. bomplmas pasMEpHOCTh BXOAHOTO CHUTHANA SIBISIETCS OXHOM W3
BXHBIX MTPOOJIEM MPUMEHEHHUS HEUPOCETEBBIX METOIOB 00pabOTKH MHOTOMEp-
HBIX CHTHANOB M u300paxeHuil. CoBpeMeHHBIE TEXHUYECKHE CPEACTBa BBOJAA
n300paKeHUH 00J1aJal0T BEICOKMM pa3pelleHneM ¥ MO3BOJISIOT MOJTy4arh oLug-
pOBaHHBIC M300paKEHHSI, COJECPIKaIe HECKOIBKO MHUJUTHOHOB mukcenoB. [Ipu
3TOM pa3pelIaroIas CnocoOHOCTh YCTPONHCTB BBO/IA BHJICONAHHBIX HEYKJIOHHO
pacret. [lomaya curHaIOB TaKoi OONBIION pa3MEpHOCTH HEMOCPEICTBEHHO Ha
BXOJI HEWPOHHOW CETH MpPaKTHYeCKH HEBO3MOXKHA. TpedyeTcs cxarue cUrHajia
0e3 moTepu 3HAYMMOW MH(OPMALUH, T.€. NPEIBAPUTEILHBIA aHAU3 U U3BIIE-
YEeHUE KOMIIAKTHOTO U B TO K€ BpeMsI HHPOPMAaTHBHOTO MHOXKECTBA OIMCAHUS
CHUTHaJIA.

[Tpouemypsl, MOJNIOKEHHBIE B OCHOBY PEILICHHS 3TOW 3a[a4H, MpexycMaTpu-
BalOT HCIOJB30BAHUE METOI0B KOTHUTUBHOM Tpaduku [20]. dpyroit apdexTus-
HBIU MyTh PEHICHUS COCTOUT B MOJICTUPOBAHUH TEKCTYP U (PPAKTAIOB HA OCHOBE
HEYETKUX TPy U BelBieT-npeodpazoBanuii [14]. Dtor moaxon OyneT paccMoT-
PEH HIKE B 33j1aue Paclo3HaBaHHs SKCTPEMAIbHBIX CUTYalUi IpH 00CYKAeHUN
METOJIOB MOJIeTMpoBaHus pu GpyHKuuoHupoBaHuK MC. OcobeHHOCTh moaxoa
COCTOHT B CIEAYIOIIEM.

O6pabotka uH(poOpManuu pa3duBaeTcs Ha aBa dTama. Ha mepBoM 3tare,
pemaercst 3aa4ya W3BJICYEHUS MH(GOPMAIMOHHBIX «CI'YCTKOB» W3 aHaIU3UPY-
emMoro o0bekTa WM curHana. OIEHUBAETCS IMPEACTaBHTEIBHOCTh B CUTHAlE
(parMeHTOB (pakTalbHBIX CTPYKTYp. Ha BropoM srarme BBISBICHHAs CTPYKTY-
pa ¢pakTanbHEIX (pParMEeHTOB IMOAACTCS HA HEWPOHHYIO CETh KaK KOMIIAKTHOE
nHPOPMATHBHOE NPECTaBICHNE CUTHanma. Takum obpa3oM, B mpormecce o0Opa-
60TkM MH(GOPMAIMHU BBISIBISIFOTCS HHPOPMATHBHBIE COCTABIISIOIINE CHTHAJA, a
C TIOMOII[bI0 HEHPOHHOM CETH BBISBIIIOTCS CBSI3M MEXJy HUMH. XapaKTepHO,
YTO CTPYKTYpHOCTH IPOHM3BIBAET 00a 3Tarma rnpouecca 00pabOTKU: «CTYCTKN,
W3BJIEKaEMbIE€ Ha TIEPBOM 3Talle — CyTh CTPYKTYPHI, (parMeHTsl (hpaKTaTbHBIX
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CTPYKTYp, 3aJaHHble CTPYKTypHO. IIpi 3TOM HeHpoHHAasi CeTh BBISBISLET COO-
CTBEHHO CETCBBIC CTPYKTYPHBIC OTHOIICHUA MEKAY «CTPYKTYPaMHU-CTyCTKaMW)).
B Hacrosiee Bpemsi Bezercsi paboTa 1Mo HCCIEIOBaHUIO aJeKBaTHBIX MOZEIeH
Y TOIOJIOTHI HEHPOHHBIX CETEH, OPHEHTHPOBAHHBIX HA ()PAKTATBHYIO TIPUPOLY
BXOJIHBIX JIJISL CETH CTPYKTYP.

AnmaparHasi peanu3andsi OTMEYEHHBIX MPHHIMIIOB 00paboTKH HH(OpMa-
UM OCYLIECTBISIETCS C MOMOIIBIO CHENUATBHO Pa3pabOTaHHOTO YCTPOWCTBA,
MOJYYMBIIET0 HAMMEHOBAaHHE IPOrPAMMHPYEMOTrO arapaTHOro akceieparo-
pa. [Tnata mpeaHasHaueHa 1Jis anmaparHoi peanm3anuu (mocpencteom FPGA-
MPOTPaMMHUPOBAHMSI) aTOPUTMOB O0pabOTKH W aHajm3a W300paKCHUH, MHO-
TOMEPHBIX CUTHAIIOB, PACIIO3HABAHHS 00Pa30B, HEHPOCETEBBIX U TEHETHUCCKHUX
QITOPUTMOB B MPHUIIOKEHHSX, TPEOYIOIINX BHICOKON MPOU3BOAUTEIBHOCTH (HE
menee 60 M6/c).

Opranu3anusi BBIYHCJIUTEIbHON cpebl

Jlornmueckuii OJIOK paccMaTpyUBaeMOil BEIYMCIUTEIBHONW CUCTEMbI MOXKHO ITPE-
CTaBHUTh B BUJE COBOKYITHOCTH () B3aMMOCBSI3aHHBIX M B3aHMO3aBHCHMBIX 3371a4,
peanu3yonmx OCHOBHBIE MPUHIOHIEI 00pabotkn mHpopMarmu B UC (mpus-
LIUIT KOHKYPEHIMH, NPHHIKN (HOpMaIM3alul HeYeTKOH HHGOPMALNH, a TaKKe
MPUHIIMIIB CAMOOPTaHU3AIMY U CaMOOOYyYeHHs1). DTH 3a7a4u OMpPEesoT 0a-
30BBI€ ANIEMEHTHI (); € () JIOTMYECKOTo YPOBHsI ONMCAaHUs CUCTEMBI. B kauecTBe
CXEMaTH4eCKOro mnpencrapieHus P Qurypupyror MHOXecTBO A anbTepHATHB
a € A pelieHus yka3aHHBIX 3a1a4 (), a KOHCTpYKUuUs [’ — oToOpaxeHne 3amaq
B CHCTEME aJTOPHTMOB X PElleHUs. B cBoro ouepenp, ypoBeHb MPOrpaMMHO-
anmaparHoil cpeipl A JaHHOW MOJAENM MpEeACTaBiIseT MHOXecTBo M mpo-
rpaMMHBIX MOJyJeH my € M, HaMCaHHBIX MPH MIOMOIIH ONEPaTOPOB MPUHS-
TOTO JITOPUTMHUYECKOTO SI3bIKA M PEANTN3YIOMINX COOTBETCTBYIOLINE aJITOPUTMBI
Ha MHOXecTBe A. CrocoObl peanusaniy ONpenersoT otobpaxeHne P 3Toi
cuctemsl [20].
COBOKYMHOCTB CTPYKTYP

A= (P,F,®) (1)

0TOOpakaeT apXUTEKTYPY BBEIUUCIUTEIHHON CHCTEMEI.
IlnanupoBaHue BBIYUCIHUTENBHBIX ONEpaluidi CBOJUTCA K MOUCKY MOCIEH0-
BaTEIbLHOCTHU JIEHCTBUN
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TIO3BOJIIOINX PEIINUTH 3a1a9y

Q : S’yo) - S’)’* ) (3)
rae Sy,, Sy € S —ucxonHas u LeeBas XapaKTEPUCTUKU IPEIMETHOM obmna-
cru; S =S5, (y=1,...,r) — MHOXKECTBO JOIyCTUMBIX XapAKTEPHCTHK (CUTya-
ui).

KoppekTHOCTb OCTpOeHUST MoieInupyeMoil hopMaIbHOM CHCTEMBI OIpese-
JSIETCS TTOJIHOTOM, HEPOTHBOPEUYHNBOCTBIO M aIEKBaTHOCTBIO HUCIIONIb3YEMBIX Ma-
TEMaTHYECKUX MOJIEIICH.

Hapsny ¢ TpaauIMOHHBIMH MaTeMaTHYeCKUMHU METONaMH 37eCh IIHUPOKO
MpUMeHsI0TCA JocTikeHuss MU, HelipoceTeBble TEXHOIOTMM U HOBBIE IPUH-
sl pyHknnonuposanus MC, obecrieunBaromye Hanboiee CIIOXKHBIE YPOBHU
€€ MepapXUIeCKOl CTPYKTYpPbl — CAMOOPTaHH3ALHUIO0 B caMooOydeHune. Mcnons-
30BaHME ATHUX NMPUHIUIOB M03BoJseT MIC «IIOHMMATh» CIIOKHBIE MTPOIIECCHI B3a-
UMOJICHCTBUSA JUHAMUUYECKOTO OOBEKTa C BHEIIHEH cpenoi, «MOAEIHpPOBATH)
CBOM JICHCTBUSI, «00y4aThbCs» Ha CBOEM OIIBITE.

B ci1oXHBIX ycIOBUSX, Korna (popMaIn30BaHHAsS MOJENIb HCCIETYyeMOH CH-
Tyallud UMeeT OONBIIYI0 Pa3MEPHOCTh, HCHONB3YIOTCS COIYTCTBYOIIHE MOA3a-
Jagu. DTO MO3BOJIIET MOBBICUTH 3(P(PEKTHBHOCTD BBIYHCIUTENBHBIX HPOLEAYD
B YCJIOBUSIX HEOIIPEICICHHOCTH W HEMOTHOTH McxonHoi uHpopmarmu. Kop-
PEKTHOCTb MOCTPOCHUSI MOJEINPYEeMON (OPMaJIbHOW CHCTEMBI OIpenelsieTcs
MIOJTHOTOH, HEMPOTHUBOPEUYUBOCTHIO U aJ€KBATHOCTBIO PACCMATPUBAEMBIX MOJE-
nei.

Takum o6pazom, 6a3a 3Hanult 60pToBEIX C BKITIOYAET pa3IUYHbBIE KIIACCHI
MaTeMaTHYeCKUX MOJENei: OT CPaBHUTEIBHO MPOCTHIX CTATHUCTHYECKUX 3aBH-
CUMOCTEH, PETPECCUOHHBIX U aBTOPETPECCUOHHBIX MOJENEH, JO YPE3BbIYAHO
CJIOXKHBIX CYLIECTBEHHO HETMHENHBIX MOJENEH, peanr3anus KOTOPhIX CBsI3aHa C
OIpeENEHHBIMA MaTeMaTHYeCKUMHU TPyAHOCTAMHU. Cpeay 3THX MOAENeH 0co-
60c MecTo 3aHMMAaIOT HEHPOCETEBBIE CTPYKTYpHI, OOCCICUNBAIOIINE PEIICHNUE
HanboJee CIOXKHBIX M TPYIHO(POPMATH3YyEeMBIX 3a1ad NpH (HYHKINOHUPOBAHUU
uc.

MeToabl MoneiMpoBaHus pu pa3padorke u ucnbiTanuu UC

CO,Hep)KaTeHBHBIﬁ aHaJIn3 HpO6J’IeMBI MOJCIINPOBAHU, OHpeﬂeﬂﬂCMHI\/‘I COO0T-
HOHMICHUEM MCEXIY PCaAIbHBIM JKCIICPUMEHTOM, MOACIBHBIM 3KCIICPUMEHTOM U
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TEOpUeH, CBUAETEIBCTBYET O MMOCTOSHHOM BHUMAHHH HCCIIEIOBaTeNeil K IOuC-
Ky BO3MOXKHBIX CTPaTETHil MOJACIUPOBAHUS C YIETOM OCOOEHHOCTEH MCXOIHON
uHdopmaruu. Pa3Burie 3THX MoAxonoB cBs3aHo ¢ npuMmeneHueM MC u crpe-
MUTENBHO PACTYILEH MPOU3BOAUTEILHOCTBIO BEIUMCIUTEIBHBIX CPEIICTB.

[oBenenne 1O ommchIBaeTCsl B TEPMUHAX MOJENCH TUHAMHYECKHX CHCTEM
CO CIly4allHBIM BXOJIOM, @ B OT/AENBHBIX CIIydasX M CO CIyYaiHBIMH Iapamer-
pamu. MozennpoBaHie BHEIIHUX BO3MYILCHUI CBSI3aHO C PELICHHUEM CHCTEMBI
HEeMMHEWHBIX T HepeHIMaTbHBIX YPABHEHUN, OMMCHIBAIOIINX B3aUMO/ICHCTBHE
okean—-arMocdepa. OnHaKo NpUMEHEHUE TaKkoro rmoaxoza B 6oproseix MC Heue-
J€co00pa3HO M3-32 €r0 TPYIOEMKOCTH M HEIOCTATOYHOW M3y4eHHOCTH (GH3H-
YEeCKOH MPHUPOIBI pacCMAaTPUBAEMBIX SBICHUH. B MPaKTHUECKUX MPUITOKEHUIX
Yalie UCIOIb3YI0TCSI MaTeMAaTHIECKHE MOJEIH, T03BOJIIONINE BOCIIPOU3BECTH
peanu3anuio HEKOTOPOro Ipolecca ¢ 3aJaHHBIMU CBOMCTBaMH Ha OCHOBE CIIe-
OUaJIbHO pa3pa60TaHHoro cleHapus. le/IHI/IMaﬂ BO BHUMaHHUC HU3MCHUYUBOCTb
THIPOMETEOPOIIOTHYECKUX TPOLECCOB BO BPEMEHHM M IMPOCTPAHCTBE, MOXKHO
CUMTaTh, YTO HamOoJiee MPUEMIIEMBIM HX OIMCAHHEM SBJIIETCS ammapar cka-
JSIPHBIX WJTM BEKTOPHBIX HECTAIMOHAPHBIX CIydalHBIX MOJEH.

Jlis obmiero mpezacTaBieHUs 00 MCIOIB3YeMOM MaTeMaTHUeCKOM amlmapare
npH pazpadbotke u ucnbitanuu VIC HibKe 1aHa XapaKTepUCTHKA MaTeMaTHYeCKUX
MojIeIel, ONMCHIBAIOLIMX COCTOSIHUE BHEIIHEH Cpelbl U AMHAMUKY OObEeKTa.

Hunamuxa enewneti cpedvt Tipu pa3padorke u ucnbiTanuu VC momenupy-
eTcsl C MCMONB30BaHNEM COBPEMEHHBIX IPEICTABICHUH O IBMXEHHH PEATbHOTO
BOJIHOBOTO TIOJIS (pHC. 6) HA OCHOBE TOAXO0/a, H3JIOKEHHOTO B padore [35].

OTOT MOAXO OCHOBAH Ha MCIIOJIb30BAHMH MTPEACTABICHHUS TPEXMEPHOTO CIIy-
vaiiHoro BosHOBOrO ToJs ((x,y,t) B Buae AuddepeHIMaIbHOrO ypaBHEHUs B
YaCTHBIX NMPOM3BOIHBIX CO CIIyYalHBIM BXOJHBIM CHTHAJIOM THIIA ITPOCTPAHCT-
BEHHO-BPEMEHHOT'0 HOJIst 6etoro myma &(x, y, t):

(i4j+k) Hliti+k) o

)3 3) UL ZZZ g O

i=0 j=0 k=0 =0 j=0 k=0

3necs Ny, Na, N3, M, My, M3 — nokoopJUHaTHbIE HOPSIKA aBTOpErpec-
CHM U CKOJIB3AIETO CPEITHETO; Uyjk, b;ji — MapamMeTphl QUIbTpa.

CraumoHapHoe pemeHne anddepeHranbHbIX YpaBHEHUH (4) ompenenser
KJIACC CITYYalHBIX MOJIel ¢ 0000MEeHHON TPOOHO-PaITMOHATILHON CIIEKTPAbHOM
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AﬂrOpMTM MogenrpoBaHMA NMNpocTpaHCTBEHHO-

BpeMeHHOro BOJIHOBOro nonAa

—pl OnpepeneHue KOppenALUNOHHON NMOBEPXHOCTH I

BbluMcneHne 3aKoHa npeo6pazoBaHMA
HOPMMPOBAHHOI O CAYYANHOTO NONA ¢
NpOoU3BONbHLIM 2aKOHOM pacnpenenieHus U oLieHKa
€ro KoppensAuMoHHOA NOBEPXHOCTH

MonenupoBaHne NpocTPaHCTBEHHO-BEpPEeMeHHOM
#=1 peannsauMn HOPMHUPOBAHHOIO CNy4YalHOro NonsA

BesnHepuMoHHoe NpeoGpazoBaHne Noay4YeHHOW
—1 peannzaumu k Tpebyemomy 3aKkoHy pacnpenen eHus

Puc. 6. [TocnenoBaTe/bHOCTb ONepaLUil IPH MOAENHPOBAHUH AHHAMHKH
BHeLIHel cpefibl

IUIOTHOCTBIO:
My Mo M3 (AR L k|2
1 ’El:o =0 Zkzo Blgk@ uvlw ’

3 — —.
(27) |ZlN=10 ;'V=20 Zgio Atk ylyiwk|

Se(u,v,w) = (5)

Jli1s pakTHYECKOM peann3aiyy yno0Ha aBTOperpeCcCHOHHas MOJIENb TTOPSi/I-
ka (N1, N2, N3), IMCKpeTHBIi aHaJIor KOTOPOii 3a[aeTcsi B BUIE

N1 N2 Ns

C(a:,y7t) = Z Z Z ‘I)ijkC(w—i7y—j,t—k) + €(a:7y,t); (1)000 = Oa (6)

i=0 j=0 k=0

rae P;;y — 00600IEeHHbIE TAPAMETPBI ABTOPETPECCUH; € (4 o ¢) — HONE «OENOTo
[IyMay C TayCCOBBIM 3aKOHOM PAaCIIpeIeICHHUS.

PaspaboranHbie Ha OCHOBE [6] MaTeMaTUYECKHE MOJICIHU MO3BOJSIOT TAKKe
OCYILIECTBIIATH MOJCIHPOBAHNE BEKTOPHBIX CTAI[MOHAPHBIX IPOIECCOB U IO-
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N

Puc. 7. ®parmeHTsl TpexXMepPHOTO MOPCKOTO BOJIHEHHS

JIei, a TaKk)Ke BOCIPOM3BEACHHE TUHAMHUKH HECTAIIMOHAPHBIX BOJHOBBIX MOJEH
(puc. 7).

B omiinume ot cTaimoHapHbIX CIy4YalHbIX MTPOLIECCOB U MOJIEH, 1JIs HECTallU-
OHAPHBIX (HCOMHOPOMIHBIX) SIBIICHUN B 3a/1auaX aHalW3a BHEIIHUX BO3ICHCTBUI
U MOJIEIMPOBAaHUS MOBeAcHUs IuiaBydero JIO Hambollee 4acTO HCHONB3YIOT-
Cs1 9BOJTIOIUOHHBIC HECTAIIMOHAPHBIE [TPOLIECCHI, CBSI3AHHBIE C ATIEPUOANICCKUM
HU3MEHEHHUEM BEPOSTHOCTHBIX XapaKTEPUCTHK BO BPEMEHHU U mpocTpancTse. [1o-
JOOHBIMH CBOWCTBaMH 00JIa/IacT IBOJIIOIIMOHHO HECTallMOHAPHOE (HEOJHOPO/-
HOE) CilydaifHOe BOJTHOBOE II0JIE, MOJIEIbh KOTOPOTO 33/1aeTCsl CTOXaCTHUYECKUM
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HHTETPAJIOM:

[o olENe eINe o]

Vk(xvyat): / / /ﬁk(l‘—X,y—Y,t—T,(SZ',dy,(St)x

—00 —00 —0O0

x T(X,Y,7)dXdYdr, k=(1,...,m). (7)

3nech €(e) — BekTOpHOE MoJIe rayccoBa Genoro iuyma, Hy(e) — k-it cTon-
Oe1l MaTpUYHOU BECOBOW (DYHKIIMH, ONMpenessiolei napamerpsl GuibTpa, § —
MaJblil MapaMeTp, BBOAUMBIN IJIsl HapaMeTPHYECKOTO ydeTa HEOOHOPOJHOCTH H
HECTAIlMOHAPHOCTH MCXOJHOTO TOJIA.

JuckpetHsiii anaior (7) 11 BEKTOPHOTO POCTPAHCTBEHHO-BPEMEHHOT'0 10~
JIs1, IOCTPOCHHBIN Ha PEryJsIpHON CETKE, UMEET BUJL:

R N1 N2 N3 —
V(z,y,t) = Z Z Z (bijk((sx> 5y7 6t) V(m—i,y—j,t—k)+
i=0 j=0 k=0
M, Ms Ms
+ Z Z Z @ijk (5377 6ya &t)?(:rfi,yfj,tfk) . (8)
i=0 j—0 k=0

3nmechk @1, ©;5; — MaTPULIBI KO3QGUIIMEHTOB aBTOPETPECCHH U CKOJIB3SIIe-
[0 CPEIHEro COOTBETCTBEHHO MOPsAKa (1M X m), U3MEHSIOIHMECS HUKINICCKI
HIIH DBOJIOIHOHHO.

Jlunamuka oobexra. [ onucanus obiiero noseaeHus 1O Ha BOTHEHHH
BBOJIST TPH CHUCTEMBI KOOPJAWHAT: HEMOABIDKHYI0 0°£°n°(° U IBE MOIBIDKHBIE,
omHa u3 KoTopbix 0&n( mBrkeTcs moctymatenbHo BMecte ¢ 1O co cpemneit
ckopoctio JIO (momycBsizanHas cucrema) W Apyras (Gryz TECHO CBS3aHA C
tertpoMm mMace G 10 (moaBrkHast cuctema) (puc. 8).

MaremMaTHYeCKy MOEIb MPOCTPAHCTBEHHOIO JABMKeHUs maBydero J1O,
MOXXHO 3allMcaTh B BHJC HEIWHCHHOTO MAaTpHYHOrO ypaBHeHHs. OOmmid BUA
3TOrO ypaBHEHHMs npeacTaisercs B Gpopme Korm:

' =0(X,U W), )

rne X, U, W — MarpunpI-cTonOIbI (BEKTOPHI) MIEPEMEHHBIX COCTOSHUS, yIPaB-
JSIFOLIMX ¥ BO3MYUIAIOIINX BO3/ieiicTBII; © — HelMHelHast BeKTopHas QYHKIMS,
MPEJICTABIISIONIAs COO0H MaTPHILy-CTOJIOCI CKAJISIPHBIX HEJIMHEHHBIX (DYHKINH,
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(e i
W G i

Cewi;

Puc. 8. CucreMbl KoopauHAT

06H_[ee YHCJIO KOTOPBIX COBMAAACT C YHUCIOM NEPEMCHHBIX COCTOSIHUA:

1 Uy wq 91
, U= L, W= ; , = : . (10)

Tn Uy W d)n

B kauecTBe NmepeMEHHBIX COCTOSIHUS pacCMaTPUBAIOTCS MPOEKIUU YIIIOBOM
W JIMHEWHBIX CKOPOCTEH, yIVIbl PBICKaHUs, KpeHa U aAuddepeHTa, a TakKe JH-
HelHblE KOOPJMHATHI LIEHTPa Macc. BEKTOp COCTOAHUS XapaKTepU3yeT MOJHOE
MIPOCTPAHCTBEHHOE JBIDKEHUE JIO M CONEPIKUT CIEAYIONINE COCTaBIISIONINE:

X = (zgvygﬁzgaV’E7Vyavzaoa¢7<7wmawyaw2)' (11)

KoHkpernzanus maremMariyeckod MOJETH NPH HCCICAOBAHUM JUHAMUKH
B3aumozeiicTBusa 1iaByudero 10 ¢ BHeWIHeH cpenoil cBsizaHa ¢ MEPEXOJ0M OT
obme#t momenu (12) k cucteMe HENMWHEHHBIX UG GEepeHINaTbHBIX YPaBHCHHH.
Takast cucrema Ga3upyercst Ha THAPOAUHAMHUYECKOH KOHIENINHU «YUTMHEHHO-
TO Tesa» U JByXIapaMETPHUYECKHUX PA3IIOKEHUAX B PAABI IO CTEHEHSIM MaJbIX

VIR 004.032.26 (06) Heiiponusie cetn 139



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

mapameTposB [2].

oA 22 8)\32

D
(g + >\22> iig + Az2(y + Aa2f + NeaX + 20 220y + an
0o - oA\
+ 8;2 02 + 622 OX + paoig + pa2b + peaX =

_ _..02 _ .02
= [Dao <P31 — P§22> — Aaalaw? (Pf;’l — Pg’22)] sin G sin wt+

_ _ _., 07
+ [DaOPg?’G sin? 3 + AgoCaw? (Pg’?’ + P343>} cos wit,

D O ({9)\
(2 da0) & N v+ A+ 2322 + 20+

8>\ O\ 62 62
8g3 0%+ 822 X+ 33y + szt +7SCa < >—75wfw (1 + 2) =

_ _ -~ 92 _ _ 92
= [’ySCAPCH — Doy <P<21 - P<222> — A33Caw? (Pg’l + Psz)] oS wrt—

W2
— {SCA + Da0P236 sin 6 + )\53CA| n Bl (P P349 )] sin wt,
(12)

i i} e Ot ) .
(Izz + A1a)0 — (Ipz — Xea)X + Loap8 + 8;4 0% + Aaafiy + A3aCy+

ONag - (9)\ o\
+ 6;4 g + e 9Cg 834 Ox + H24T)g + 11440 + peax + DI(O)+

2
+ 75,0 (2—9 + zp) + Sz 10(Cy + 2p) = —Dayg sinﬁ[rMél (1 + 7) —
2 2
_T <M§1+M32%> /\14_1)4 2 (M31+M3292 )] Sin Wit

_ ~ B 02
+ {(’YSCAZ;)PCH — DTaoMfg) 0 + Agaaow? (M;f?’ + M;ZAE)} cos wt,
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(Iyy + >‘55)12; + Iyyxe + (Izz + Iyy - Izz)ax + Ia:xéQ'F

. . . L _
+ A35Cg + p35Cq + pssy + DHop — vSwp(y = [’YSCA§M$1+

21 _2202 2LT 731 _3292 :
+ DTO(() MW + Mn ? — )\330{0(4} T ]\417 + M77 ? smwkt—

_ ) LT _ ., 0
- {DT@OM%%G sin 3 — /\33Oéow2m (M;;B + Mﬁ?)} cos wit,

(Lo + X66) ¥ — (Lo — Mag) 0 — Lo00 — (I + L. — Iy) 000+

O

N
+ Aty T 5

9.)'( + u46€‘ + s X = {DTaO [Mg% cos 3 — J\ng%—i—
23 23y 02| 4 o LT N33 L A 62

+ (ME2 cos B — ME3) 67 | + Agzciow — (ME+ MG ) px
X sin f cos wyt + {DTQO [(Mgé cos 3 + ]\ngé sin? ) 6+

_ _ , LT
+ (MZ cos 3+ MZZ) 0% sin ﬂ} — Ampagw’® ==

. _ ., 62
x (Mgg " Mg§2> } sinwd.

3mech Bce 0003HAYCHMsSI COTTIACYIOTCS ¢ MaHHBIMU paboThl [2]. YpaBHEHHE
MIPOIOTIFHO-TOPU30HTAIIBHBIX KOJIEOAHUI B IPUBEIEHHON CHCTEME HE paccMat-
puBaercs. B npakTHYEeCKUX NPUIOKECHUAX 3TO YPABHEHUE UCIONb3YETCS IpU
HCCIIE0OBaHUH 0CO00TO Kilacca 3a/1ad, CBI3aHHBIX C TOTEpeil yIpaBIsieMOCTH U
BHE3aITHBIM Pa3BOpOTOM ImaBydero JJO Ha BOTHEHUU (PEKAM «OpOUMHIY).

Peanmuzamnus cuctemsl (12) B 3amadax aHanm3a W mporHo3a noseneHus J1O
mpu paszpabortke u ucnbiranun VIC cBs3aHa C pacCMOTPEHHEM BITOJHE OIIpere-
neHHbIX nonoxkeHuit 1O Ha BomHEHMHM (HOCOM Ha BOJIHY, JIarOM K BOJHE, Ha
TIOITYTHOM BOJIHEHHH, O]l KypCOBBIM YIJIOM K BOJIHE). DTO ITO3BOJISIET 3HAYM-
TEJNEHO YIPOCTUTHh CHUCTEMY, WHOTAA HCIIONB30BaTh OTHENbHBIC Au(hepeHIn-
aNbHBIC YPaBHEHUS, IPUTOIHBIC B KaKJJOM KOHKPETHOM CITydae OpPHEHTHPOBKH
JO otHOCHTEIBHO OEra BOJIH.

g nmpoBeneHus Moaenuposanus u rectuposanus b3 UC paspaborano uH-
CTPYMEHTaJIbHOE CPE/ICTBO, OCHOBHBIE (DYHKIIMH KOTOPOTO COCTOST B CIIEIYIO-
eM:
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e anaym3 moBeaeHus 1O B CTaHIAPTHBIX W HECTAaHMAPTHBHIX (aBapHUHHBIX
1 KPUTUYECKUX) CUTYAIHUSIX MPH Pa3IMYHOM YPOBHE BHEITHUX BO3MYIIIE-
HUM;

e BbIJIeJICHHE 3aKOHOMEPHOCTEH, XapaKTePHBIX I KOHKPETHOTO KJIacca uc-
CIIEIyeMOT0 O0OBCKTA;

® UCIOJIb30BAHUE BBIJICIICHHON 3aKOHOMEPHOCTH IS COTIOCTABJIEHUS C KpHU-
TEepUAILHBIMUA COOTHOLIEHUAMHU Nopoxaaomux npasui b3 UC, a taxxke
C IIEThI0 PacIiO3HaBaHUS OOBEKTOB, UX KJIACCH(DHUKAIINH, AUATHOCTHKH U
MIPOTHO3UPOBAHHUS.

OCHOBHBIM OTJIMYUTENIEHBIM CBOMCTBOM KOMILIEKCA SIBIISIETCS. BOSMOXHOCTD
MIOCTPOCHUSI MOJIETIM UCCIEAYEMOTro 00bEKTa C y4eToM CIEIM(UKH penraeMoit
3aJ[a4u ¥ MHUPOKOE UCTIOIb30BAHNUE COBPEMEHHBIX CPEICTB MOICIUPOBAHUS CITy-
YaWHBIX MPOIIECCOB, B TOM YHCIIE U TPEXMEPHOTO MOPCKOTO BOMHEHUS Pa3iInd-
HOW CTPYKTypHl. lIpHHIMINATBHAS CXeMa WHCTPYMEHTAJIBHOTO CPEICTBA MMH-
TAI[IOHHOTO MojenupoBaHus noseaeHus /1O Ha BoJHEHUH NpUBEACHA Ha puc. 9
[3,12].

Ponp HeipocereBrIX TexHOMOTHI Tpu paspadborke MC cBommTcs K peanu-
3anun HeueTknx MHC npu dopmanusanun b3 oTaenbHBIX HHTEIUIEKTYaIbHBIX
MOACHCTEM, BXOJSIIUX B COCTaB OOPTOBOTO MHTETPUPOBAHHOTO KOMILIEKCa (0p-
TaHMU3AIUS HEYETKUX JIOTHYECKUX MPaBUII, MOCTpOeHHE (PyHKIMI TpUHAIIEK-
HOCTH, peleHue 3a/1a4 (GWIBTPAK U NIPOTrHO3a, o0pallleHne MaTpull ¥ ap.), a
TaKKe NP MOCTPOSHUN MHTEIUIEKTYalIbHBIX JAaTYMKOB ITPH OPTaHHU3ALMN U3Me-
PUTEIBHON CHCTEMBI.

Mertonsl moneanpoBanus npu pynkuuonuposanun UC

®dopMabHBIC TIPOLIEAYPHL, JIeXKAIIIe B OCHOBE (yHKIMoHUpoBanus MC, npen-
TIOJIaTal0T WCIIOJIb30BaHUE W3MEPHUTEIBHONH WH(GOpMAIMK M METOIOB MareMa-
TUYECKOTO MOJAETUpOBaHUs. Pelenne mpukiIaaHbIX 3a/1ad aHaIW3a U TMPOTHO3a
noseaenus J10 B VIC BeneTcst pa3muuHBIMU MaTeMaTHY€CKUMU METOIaMH C IIPH-
BJICUCHUEM TCOPUH TUTAHUPOBAHUS dKcrepuMeHTa. MH(popmanus, morydaemas
OT JTaTYMKOB JHHAMIYECKUX H3MEPEHHUH B MPOIecce HOPMAIbHOU SKCILTyaTalluu
o0beKTa MpeACTaBIsIeT COOOH TaHHBIE MMACCHBHOTO SKCIEPHMEHTa. AKTHBHBIN
BKCHepI/IMeHT HCHOJ’IB?;yGTCH TOJIBKO Ha DTarlie TeCTI/IpOBaHI/ISI U agarTanuu I/IC
Hcnonb3oBaHue aHHBIX NMACCUBHOTO HKCIIEPUMEHTA MOPOXKAAET Psii IpodiIeM
BBIYMCIIUTEIIFHON TEXHOJIOTUH, KOTOPBIC PEIIAIOTCS Ha 0a3e CrelUalbHBIX aj-
TOpPUTMOB TIpeoOpa3zoBaHus nH(opManuu u ombita paspadorku UC. Cpenu 3tux
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FeHepauua
BOJTHOBbIX
nnaHWeToB

BBo4 HavYanbHbIX
ycnoBun

Y

i OnpepeneHne CMOYeHHOH

Mom eHT NOBepPXHOCTU CyHa

BpemeHu nt+1i

!

PeweHne
noTeHUHaNbHOM 3ada4u

y

BbluMcneHune

BbluncneHune

norpyxeHHoro

obbeMam ero
LeHTpa

v

Sy

ruapoavuHaM M9ecKkux
JaBfeHui Ha Kopnyce
cyaHa Bbluncnenue
AuccUnaTuBHON
* KOMMOHEHTbI
BblvucneHue
BO3MYI A W KMX CUN +
F=— '.p-.ri-d‘S
54 MpuBeaeHne
j'l-{-f L i ..1’ _{_,; % il }ds CUCTeMbI CUNT K
: MOMEHTOB

;i

BbluKucneHWe HOBOIO NONOKeHUA cyaHa

Puc. 9. lMorok uH(OPMALMKM MPU UMHTALMOHHOM MOIEJMPOBAHHH B3aH-
monedictBust O ¢ BHelHel cpenoit
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QITOPUTMOB HAMOOIBIINE CIOXHOCTH BO3HHKAIOT TPH OICHKE YCTONYMBOCTH
konebarenbHbIX pexxuMoB nBxkeHus J[O. Co3maHue KOMIBIOTEPHBIX MOJETeH
(hU3HYECKHUX CHCTEM, aJICKBATHO OMMCHIBAIOIINX CIIOXKHBIC IIPOLIECCHI U SIBIICHUS,
CBSI3aHO C HCIOJIb30BaHKEM (HOPMATH30BAHHBIX AITOPUTMOB B3aUMOJICHCTBHS U
MPOBEICHIEM OIepaIiii MAaTEMaTHIeCKOTO MOJCITHPOBAHUS.

B 6oproBeix MIC peanapHOTO BpeMeHH IS HHUIHAAIA3AUH IpoIiecca IPHHS-
THS PELICHUH UCIONB3YeTCs MOTOK WHGpopMarwu o noBeaeHnd /O 1 BHEImIHUX
Bo3MyIeHuUsIX (puc. 10). Ist moBbIeHus HaaeKHOCTH QyHKIMoHUpoBaHus NC
B YCJIOBUSX HEOMPEACICHHOCTH M HEMOJIHOTHI UCXOMHOW HH(POPMAIIMH B TIPOIIe-
JIyPHOH KOMIIOHEHTE 0a3bl 3HAHUI TpPEIyCMATPUBACTCS MEXAHU3M HMHUTAIHOH-
HOTO MOJCIHPOBAHMS WH(POPMAIIMOHHBIX MOTOKOB, YIUTHIBAIOUIHNA CTICIUDUKY
HCCIETyEeMBIX CUTYaIMid. ITOT TIOTOK COMEPKUT HH(popmMaruio o moseneHuu 10
Y 0 TUHAMHKE BHEITHEU Cpebl.

AHannz n MpakTit-
npordos yeckie
pasenTnA peKomMeH-
cHTyaum pawn
HaeHTHh - ApanTHEHbIE
KaLA 3KeTpe] anropuTMel a)
; OLLEHKII —
ManbHoi EE ORI
cHTyaLHn 0
. L £

Puc. 10. O6was cxema ¢hyHKUHOHMpOBaHUs GopToBoil MC

3nech:  V,W —BeKTOpbl CKOPOCTH W HanpaB/eHHs BeTpa W  BOJHEHHS,;
0(t),...,C(t) — napamerpsl KoseGaresnbHOro nBKeHnsi JIO mpy Kauke Ha MOPCKOM
BOJIHEHHH.
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Monesin BbIOOPA ONTUMAJBHBIX pe;kuMOB Kauku 1O

B kayecTBe WIIIOCTpAIMK PACCMOTPUM MPAKTHYECKU BaXKHBIH PE3yJIbTaT, MOJTy-
YEHHBIM NPH aHAJIM3€ MAaTeMaTHYECKOH MOJIEINH, TO3BOJISIOIICH BBICIATH 00-
JTacTH 0e30MacHBIX KoJeOaTeNbHBIX pexnMoB Kauku /IO Ha BOTHEHHH. DTOT
pe3yiIbTaT UMEET NPHIOKEHNE BO MHOTHX 3a[adax aHalM3a W MHTEPIpPETalnu
JnaHHbIX npu ¢yHKuuonupoanuu MC peanbHOro BpeMeHH (BBHIOOp YCIIOBHM
TPOBEACHU CIICHUAJIbHBIX onepam/lﬁ, rnocaaka BEPTOJICTa B MOPCKUX YCIIOBUAX
u 1p.). B ocHOBY mocTpoeHust MaTeMaTH4eCcKOi MOJIEIH ITOJIOKEHBI 3KCIIEPHMEH-
TaJIFHO YCTAHOBIJICHHBIE (DAKTHI M 3aKOHOMEPHOCTH, O HE3HAYNTEIHHOM BIINSTHUN
BEPTUKANBHBIX KOICOAHWI Ha KWJIEBBIE U CINAa00H MX CBA3M ¢ OOPTOBHEIMH BHE
30HBI TAPAMETPUUECKOTO pe3oHaHca [35]. DTo MO3BOINIO YIIPOCTUTH HCXOIHYIO
cuctemy (12) n paccMarpuBarh CIEAYIONIYI0O MAaTEMaTUYECKYI0 MOJIENb:

¢+ QVCé + ngC —ag3 V) — azsVip = Fwe(x,z,t), (13)

b+ 20y (V)Y + n2 (V) = My (x, 2, t) .

Bce ypaBuenus B (13) 3amucanbl B aOCONIOTHON CHUCTeME KOOPJAMHAT, 4TO Xa-
pPaKkTepHO ISl pacCMaTpUBAEMO 3aa4H.

3nece Fwe(x, ,t), Mwy (X, x,t), Mwe(x,x,t) — Bo3MyLIaomye cuia 1
MOMEHTBI BOJHOBOH mpuponsl; v¢, vy (V), v = 11 + v2(V) — koaddunments
IeMII(QUPOBAHUS; (33, G35 — COOCTBEHHBIE YacTOTHI M KOA(PQHUINEHTH CBS3H;
f(6) — dynkums, onpenessroias HEIMHEHHOCTD IOMEPEYHOr0 BOCCTAHABIHBA-
IOII[ETO MOMEHTA.

Cucrema ypasuenuii (13) 3agaer coBmecTHble niepemenienus cyana (1, 6, ()
nop AedcTBueM BosMymlaromeil cunel Fye 1 MomeHTOB My, My Hepe-
rymsipHO# mprpoabl. OHM BBI3BIBAIOTCS MOPCKHM BOJHEHHEM, XapaKTepH3ye-
MbIM BO3BBILICHHEM (yy (2, y,t) TOBEPXHOCTH MOpSI HAJl PABHOBECHBIM yPOB-
HeM 2z = 0, T.e. MPOCTPAHCTBEHHO-BPEMEHHBIM 1oJieM. [[Jish IPOCTOTHI paccMOT-
pum aByMepHoe BojHenue vy (x, t), monaras JUIMHY €ro rpeGHel CyIecTBEHHO
Oouble JUIMHBI cyaHa. Bo3mymaromue cuia 1 MOMeHT B Monenu (13) umeror
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BULT:
z+L/2
1
Fwe(z,t) = Dt o / [B,CW(ECOSXJ)JF
x—L/2
+ v33Cw (€ cos X, t) + AgsCw (€ cos X, t)} g,
z+L/2
1
Mww(li,t) = — / B/ww(f Ccos X,t)+
Iy + Ass o {

o vt (§ o8 X, 1) + gt (€ cos . )| €€ (14)

3neck B’ = B — (2m/\)Sy — npuBeneHHas (C y4eTOM 3aTyXaHHs BOJNHOBBIX
BO3MYLICHHI Ha DTyOuHe) mupuHa mwiasydero J10; Sy — Horpy:KeHHas IIoNaah
TIOTIEPEYHOTO CEUEHHS; \ — CPEJIHAS UTHHA BOJHBL.

C yuerom 3aBucuMocTH & = V't COS Y, BDEMEHHBIE PSsI/IBI BO3MYIIAOIINX CHJI
¥ MOMEHTOB, feHicTBytomux Ha J1O, ABHXKYIIHIACS cO CKOPOCTHIO V' 1 KypCOBBIM
YIJIOM Y B MOMEHT BpeMeHH ¢, OyIyT UMETh BHI:

MW@(t) = MW@(ta Vt COs X) )
Mwy(t) = Mwy (L, Vicosx), (15)

FWQ(t) = FW((t, Vtcos X) .

Jlia onpenenenus BpeMeHHBIX psAAoB (15) BOCIIPOM3BOAUIOCE POCTPAHCT-
BEHHO-BpeMeHHOE 1oJie Cyy (2, ) HEPEryISIPHOrO MOPCKOTO BOJIHEHHS HA OCHOBE
MOJIEJIH aBTOPETPECCHU-CKONIB3AIIETO0 CPeHEro. JTa MOJeb OCHOBBIBAETCS Ha
MIPEICTaBICHNH MIPOIlecca BOMHEHHS KaK peIIeHHs JINHEWHOTO TG depeHITHaTb-
HOTO ypaBHEHHS N-TO HOpPSIIKA C TMOCTOSHHBIMHA KOd((OHUIMEHTAMH U CITydaii-
HBIM BXOOHBIM CUT'HAJIOM:

Alx,t] - Cw(x,t) = Blx,t] - e(x,t), (16)
rae
N : M . .
0" 0 14 o’
Alz,t] = Zai% +bigos Blot] = chﬁ +djo (17)
i=0 j=0
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ecTh JIMHEHHbBIe nuddepeHIraIbHble onepaTopsl ¢ kodddumrentamMmu aBTope-
rpeccun (a;,b;) U ckomp3smero cpeatero (cj,d;), a e(x,t) —moie LEHTPUPO-
BaHHOTO OEJIoro IyMa C eMHUYHOM JUCTIepCHe.

Hecmotpst Ha cpaBHHUTENBHYIO IIPOCTOTY aJrOPUTMa BOCIIPOU3BEICHHUS U BbI-
COKYIO CKOPOCTh CXOJJMMOCTH, B OT/IC/IbHBIX 33/[a9aX MOXKHO He Mpuberars K Mo-
nensM (16), (17) i ucrons30BaTh TPaIUIIMOHHOE CIICKTPATEHOE MPEACTaBICHHE,
paccMarpHBarollee MpOCTPAHCTBEHHO-BOJIHOBOE I10JIE B BHJIE OPTOTOHAIBHOTO
pasnoxeHus 1o rapMoHu4eckomy Oasucy [35]:

Cwx,t) = Z ay, cos(wit + kra) + Z by, sin(wgt + kgz) . (18)
k k

3nech {ay, by, } — He3aBUCHMBIE ClydaiiHble Bennuuubl k = w? /g — BOIHOBOE
yrcno. Cxogumocts Mozenu (18) Ha mopsmok Memnennee, yem (16),(17). Ox-
HaKO WCHOJIb30BAaHHE AHAJIMTHYECKOTO IPOCTPAaHCTBEHHO-BPEMEHHOTO 0Oasnca
MIO3BOJISIET CYNIECTBEHHO YHNPOCTHUTH NPOLEAYPY BBIYMCICHUS BO3MYIIAFOLINX
CHJI 1 MOMEHTOB ITyTe€M YacTHYHOTO MHTErpupoBanus (17).

JUid MHUIManu3anyuy creKTpanbHoi Mozenu (18) Mopckoro BoJIHEHHS BOC-
TI0JIb3yeMCSl TUITOBOH alNpoKCHMalel CIIeKTpa ITOPMOBOTo (BETPOBOI0) BOJI-
HEeHUS

S(w) = Aw™®exp[-Bw™1]. (19)

Ko>bdummenTsr A, B BEIpakaroTcs 4epe3 CPEIHIOI BRICOTY /. M CPeIHHil Ie-
pHOI BOJIHEHUS T.

Amnanu3 nposeneH st 1O mmHoi 100 M co crnenyronmmuMu XapakTepruCcTHKA-
mu: ng = 0.6(c™ 1), ne = 0.93(c71), ny = 1.07(c!) n nenuueitnoi Gynxkumeit
BOCCTaHaBJIMBAIOLIEr0 MOMEHTa CO CTaHAAPTHOH M S-00pa3HOil JuarpaMmaMu
(MsTKast ¥ )KECTKasi XapaKTEPUCTHKN).

B pesynbrare MHTETpUPOBaHMS CHCTEMbBI YpaBHEHHMI KaxI0il mape 3Hade-
Huit (V, x) cTaBUTCA B COOTBETCTBHE TPU BpeMeHHbIX psina {0(t;), ¥ (t;), ((t;)},
t; € [To, T). Kaxplif B3 HUX MOXKHO OXapaKTepru30BaTh HAGOPOM COOTBETCTBY-
IOIUX BEPOSTHOCTHBIX XapakTepUCTUK: aucnepcusimu Do, Dy, D unu cpenne-
KBaJIPaTHYECKUMH OTKIIOHEHUAMH Og, 0y, O¢, & TAKKE XapaKTEPHBIMU aMILIH-
TYyAaMH KoJieOaTeNbHOrO IBIKSHHS (aMILTUTYIBI KauKH), Harpumep — 3% obec-
nedeHHOCTH (030, V3%, (3% ), BBIYHUCIIEMBIME 110 HCXOAHBIM PsiIaM.

AHanu3 1nokasai, 4To Ha CHJILHOM IITOPMOBOM BOJHEHHH PE30HAHCHBIE 00-
JIACTH Ka4yKH CHJIBHO pa3HECEHbI: OOPTOBBIE KOJEOAHUS HOCTUTAIOT MAKCHMY-
Ma Ha KypcoBbix ymiax 100°-110° mpu ckopoctu okono 2-3 m/c (4-6 y3ioB).
KuneBble B BepTHKAIbHBIC KOJIECOAHUS BO3PACTAIOT NIPU YBEIUYCHUH CKOPOCTH
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X0Zla Ha BCTPEYHOM BOJHEHMH; Ha KypcoBhiX yrax B 30°-45° mposmnsiorcs
pe30HaHCHBIE SBIEHUS. J[11 yMepeHHOTo BOJTHEHUS 00acTh pe3oHaHca OopTo-
BOIl KauKM CyLIECTBEHHO CMellleHa B 0671acTh momyTHoro BonHenus: 130°-150°
u 5-7 (m/c). TlockonbKy cpenmHsisi UIMHA BOJHBI B 3TOM cliydae Okoio 50 M,
4yTO BABOE MeHbIIe UMHBI [1O, KapTHHA BEPTHKAIBHON M KWJICBOW Ka4KH CY-
IIECTBEHHO MeHseTcs. [l BepTHUKAIFHON KauKW XapakKTepHa 30Ha pe3oHaHca
80°-100° (T.e. MaKCHMYM BO3MYINAIONIEH CHIBI JOCTUTACTCS JIATOM K BOJIHE),
a JUIs KUJIeBOH 5ToT >p(deKT HacTymaeT mpu KocklX yrmax okono 300 (B stom
cllyyae TpUBEICHHAs JUIMHA BONHBI \/ sin(y) ONHM3Ka K JUTMHE CyIHA).

Bemmunnst (039,139, (3% ) ABISIOTCS BEPOSTHOCTHBIMH XapaKTepPUCTHKA-
mu xonebanuit 10, Ho s obecrieueHns 6e30IacHON MOCaIKH BEPTOJIeTa HE00-
XOIUMO 3HATh BPEMEHHEBIE XapaKTEPUCTHKH HACTYIUICHHS ONACHBIX CHTYaIlHi.
IToroMy B KadecTBE MepbI ONMACHOCTH PACCMOTPUM YHCIIO MPEBBIICHUH Hpo-
ueccamu 6(t;), ¥ (t;), ((t;) HEKOTOPBIX HamEpeT 3aJaHHBIX «OMACHBIX» YPOBHEN
0o, %0, Co. Hanpumep: 09 = 10°, 19 = 2°, (o = 1(m). Jna mpouecca kau-
Kd (t) cpeiHee YMCIO MPEBBIICHUH 33 SIWHUIy BPEMEHH MOXXHO B IIEPBOM
MIPUOIMKEHIH BBIPA3UTh Kak

1 C?
N, (C) = ﬁ\/—pg exp <—M> . (20)

3/1ech p— 3HAUCHHE KOPPEJALMOHHON (QyHKIMM CiydaiiHoro mnporecca x(t).
Torna Oynem mosarath 30HOHM Oe3omacHOW omepanuy o0JacTh Ha JUarpaMme
(V,x), B KoTOpO#l MO KaxkpoMy u3 mapamerpoB 6(t), 1 (t),((t) npepbimeHns
OlNacHbIX ypoBHeH g, 1o, (o TPOUCXOAAT HE Yalle, 4eM 1 pa3 B MHUHYTY.

Ha puc. 11 mpuBeneHsl 1uarpaMMbl Ka4kd ¢ HAHECEHHBIMH HA HUX 30HAMH
6e30MacHoii oneparyu, Uil YeThIpeX HHTEHCUBHOCTEH BOJIHEHHUS M JIBYX THIIOB
HEJIMHEHHBIX (YHKLIMI BOCCTaHABJIMBAIOIIETO MOMEHTa. 3 puCyHKa BHIHO,
YTO HA MHTEHCHBHOM IITOPMOBOM BOJIHEHUH (7 0ajuioB) st 0OOMX THUIIOB JiMa-
rpaMMm 30Ha 0e30MacHOi orepanuy MOsBISAETCS JIUMIIbL Ha HOIyTHOM BOJHCHUH,
TIOCKOJIBKY OCHOBHOH BKJIaJ B NEPEMELICHHS BHOCST BEPTHKAJIbHAS U KUJIEBas
kauka. [Ipy cHIKEeHNM MHTEHCHBHOCTH (6 0aIOB) CTAHOBUTCS 3aMETHBIM, YTO
oracHas 30Ha (opMupyeTCs IOJ BIMSHHEM BCEX TPEX BUJIOB KauKU: KUIIEBOI
(Ha BCTpEYHOM BOJIHEHUH), BEPTHKAIBHON (Ha KOCBIX YINIaX M JIarOM K BOJIHE),
0OpTOBOI (HA OITYTHOM BOJTHEHUH). 3aMETHM, 00JIacTh O€30MacHON KauKu ISt
JO c xecrroii (S-00pa3Hoil) (yHKIMEH BOCCTaHABIMBAIOIIETO MOMEHTA IIH-
pe, 4eM JuIi CyAHa C HOPMAalbHON AMAarpaMMOM 3a CUeT PEe3KOr0 YBEIHYCHHUS
BOCCTaHABIIMBAIOLIEr0 MOMEHTA IPH OOJBIIMX yIaX KpeHa.
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Puc. 11. 3oHbl 6e3onacHOM omepaluy MPU Pa3JUUHBIX WHTEHCHBHO-
CTAX IUTOPMOBOI'O BOJIHEHHS

3nech (a-r) — kauka JO ¢ HOpMasbHOUH QHAarpaMMOi BOCCTaHABJIMBAIOLIETO MOMEH-

ta: (a) — 7 Gasnos, (6) —6 Gansos, (B) — 5 Gansos, (r) —4 Ganna; (o-3) — Kauka

JO c S-o6pasHoil nuarpammoit: (1) — 7 6annos, (e) — 6 Gannos, () — 5 6aJos,
(3) — 4 Ganna.
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[Tpu ymeHBbIIEeHNN HHTEHCHBHOCTH BOJHEHUS 10 5 OaJUIOB MOSIBIISIOTCS JIBE
30HBbI 6G3OH3CHOﬁ Oornepanunu — Ha MONNYTHOM U BCTPEYHOM BOJIHEHHU, ITOCKOJIb-
Ky JJIMHA BOJHBI B 9TOM CJy4ae CYIIECTBEHHO MEHbIIE JUIMHBI CaMOTo CYIHa.
JJis BOJIHEHHSI HTHTEHCUBHOCTBIO B 4 0aJuia BIMSIHAC BEPTUKAIBHOW M KUJICBOU
Ka4KH CTAaHOBHUTCS HE3HAYHUTCIBHBIM, M OMACHAS 30HA OTPaHUYMBACTCS JIUIIb
OCHOBHBIM pe30HaHCOM OOpTOBOH Kadku. Pazmiuus 30H Oe3omacHON omepanuu
st JIO ¢ HopMaibHO# 1 S-00pa3Hoi (DYHKITHEH BOCCTaHABIHUBAIOIIETO MOMEH-
Ta cnadbl, MOCKOIBKY pa3Max OOPTOBOW KauyKy HEBEIHK.

[IpoBeneHHOE KOMIBIOTEPHOE MOAeTUpoBanue kauku J|O Ha HeperyIsspHOM
BOJTHCHHUH OBLJIO HCIIOJIB30BAHO JUIS IPOBEPKHU PabOTOCIIOCOOHOCTH pa3paboTaH-
HOTO aJTrOpHTMa KPaTKOCPOYHOTO MPOTHO3MPOBAaHUSA 00CCIIEUeHUS «OKHa 0e3-
omacHo# omneparum». KpaTkocpodHbIi MPOrHO3 BKITIOYAET B ce0sl OmpeIencHue
BPEMEHH MOJIaYM CHTHANA K Hadayly ONEpaluH tgigy TaK, 4TOOBI 3aBEpIICHUE
olepalyy B MOMEHT BPEMEHH 1jqyg ITPOMCXOAWIIO NpU Haubosiee OnaronpusT-
HBIX YCJIOBUSX, T. €. CKOPOCTh BEPTHKAIBHBIX IEPeMEIICHUH manyOs! V. Oblia ObI
MTOJIOKUTENIFHA M Masla. MOMEHT HACTYIUICHHs «OKHa Oe30IacHON Omepamym
CUNTAETCS HYJIEBBIM OTCUCTOM BpeMeHH. OTHOCHTEIHFHO STOT0 MOMEHTA BEACTCS
OTCYET BEIMYHH g5y, M L1qnq. METON KPATKOCPOYHOTO MPOrHO32 Oasupyercs Ha
aNmpoKCUMAIMK BEPTUKAIBHBIX KOJEOaHUH TOYKH, XapaKTepU3YIOIIeii MOMEHT
3aBEpILCHHS ONePAIlMA TPUTOHOMETPUYCCKUAM MOJTMHOMOM BHJIA

N
C(t) =mo+ Z {mf cos (?) + mj sin (?)} (1)

i=1 !

W DKCTPANOJSIMU T10 HEMY MOMEHTOB BpEMEHH, HanOoliee OaronpHusTCTBYIO-
IIMX MPOBEACHHIO orepanuu. Kparkocpo4Hoe IpOrHO3MPOBAHUE OCYIECTBIIA-
eTcs B Tpefesax OKHA MPOBEAEHHs O€30MacHOM omepanuu. JTO TapaHTUPYyeT
OTCYTCTBHE BBIXOJIOB 3a IpE/eNbl HOPMBI Pa3IMyHBIX MapaMeTpoB KoieGaHMi
CyIHa.

[l poBepku paboTOCIIOCOOHOCTH ANTOPUTMa KPAaTKOCPOYHOTO IIPOTHO3H-
pOBaHHSI PACCMOTPHM 4YacTh peaiusanuu B npenenax t € [140,170] ¢ Tpp =
17¢ (puc. 12).

KoadduimeHTsl TPUrOHOMETPHYECKOTO TTOJIMHOMA JIJIsI 3TOM peayiu3ainm:

M = [0.188, —0.166, —0.846, —0.923, —0.857] " . (22)

DKCTpaIoIALys 10 TPUTOHOMETPHUYECKOMY HMOJIMHOMY C JaHHBIMH KO3 du-
LMEHTaMHU I03BOJISET MOMYYHTh BHYTPH OKHa OE€30IacHOI omepanuy TpH MO-
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i T T T T

Cruo besomacHol onepanny

| | | | |
140 145 130 135 160 165 170

Puc. 12. @parmeHT peanusanuu 60pToBoi (TOHKAs JHMHHUS) U BEPTHKAJb-
HOH (TosicTast JIMHHSA) KauKH B TpeleslaX BpeMeHH OKHa IPOBeJeHHs Ge3-
OIacHOH onepauuu

MEHTA t14nq: 0.8, 9 u 16 cexyna. Pacuer Bpemenu nogauu curnana t; g, NpUBO-
JIAT K 3HaueHusM: -5.4, 2.8, 9.8. Takum 00pa3oM, MOMEHT t}4y, 41 HCKIIFOUACTCS U3
paccMOTpeHus, KaK YIYIICHHBIH, TOCIeNHee 3HAUCHHE SBIISICTCS HEHAICKHBIM
110 MPUYHHE OJIU30CTH BPEMEHH tq,,q3 K OKOHUAHHUIO JTTUTEILHOCTH OKHA 0e3-
OTIACHOH omnepaluu W MPUHUMAETCS OKOHUATEeIbHOE 3HAYCHHUE — BpeMs TIOAa4H
curnana: tg;g, = 2.8 c. Bpems nposenenus 6e3onacHoil onepaumu: tygng = 9
c. Pabora mpouenyps! nponrocTpupoBaHa Ha puc. 13.

OnHa W3 MPaKTHYCCKN BaXHBIX 3a1a4 mpu co3ganuu MC ces3aHa ¢ paspa-
OOTKO METOIOB OLIEHKH PHCKA, TO3BOJSIOMIKAX B MpOIecce MPOCKTUPOBAHUS
NC npunsate pemenne o 6e3omnacHoctr IO U OLEHUTH BO3MOXKHBIE CIICHAPUHU
CUTYyaIlil B IMpolecce dKCIUTyaranud. B oTin4ue OT TpaIuIMOHHBIX MOJEJeH
OILICHKU PHCKOB, B pabore [35] paccMOTpeH MOAXON, CBSI3aHHBIA C BBEICHH-
€M HOBBIX 3HAHHU O KJIMMATUYECKHUX CIIEKTPaX BOJHCHHS W MOHATHH INTOPMA
KaK MPOCTPaHCTBEHHO-BPEMEHHOTO BOJHOBOTO TOJs. PaccMOTpeHs!I cutyarmm,
CBSI3aHHBIE C YYETOM 3THX OCOOCHHOCTEH Ha IepepacnpeelieHue BepOSTHOCTH
pucka: kauka /1O Ha cMelIaHHOM BOJIHEHUH C pa3JieIeHHbIMUA CHCTEMaMH BOJIH
U pa3BUTHE IITOpPMA PA3IMYHOM WMHTEHCHUBHOCTH. Pe3ynbraThl McclenoBaHUs
CBUJICTEILCTBYIOT O TOM, YTO MPHBJICYCHUE HOBOM MH(POpPMAIMH O TUHAMUKE
BHEIIIHEH cpelbl MPUBOINUT K 3HAUUTECIHHOH OMIMOKE B OIIEHKE PUCKA, MPUIEM
aTa omwuobka OyJeT B OMACHYIO CTOPOHY. AHAN3 Pa3IMIHBIX CIIEHAPUEB IITOP-
MOB TIOKa3aJ, 4To (GopMa YCHIIEHHS W 3aTyXaHHUs IITOpMa OYECHb Ba)KHA TPHU
olieHKe pucka. Tak, mpu paccMoTpeHun O6oproBoii kauku JIO oleHka pucka
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bl U Yo

Puc. 13. OuenuBaHue oNTHMa/bHOrO BpeMeHH MOJAYM CHUTHaJa AJsl [IPO-
BelleHus onepauuu. KpecTHkn — peannsalusi Kauku, CIJIOLIHAS JIHHHS —
ANMNPOKCUMHUPYIOLIMH TPUTOHOMETPHUECKHH MOJIMHOM

C TOYKH 3pPEHUS 4acTOTHI BBHIOPOCOB aMIuMTyabl koinebanui JIO 3a ypoBeHb
(6p = 50°) mns ;aByX cleHapueB IITOpMa OAMHAKOBOH jmuTenbHOCTH 40 ya-
COB (IIEPBBIM CLEHAPHI Mpennoyiaran HaIu4nue «IUKa» B KapTHHE IITOpPMa, a
BTOPOW — MEUICHHOE HapacTaHUE W 3aTyXaHHe MITopMa) o GopmyIie

T
1 Dy(t) 03
0

MIOKa3bIBACT, YTO, HECMOTPSI Ha OOJBIIYI0 NHUKOBYIO HMHTCHCHBHOCTBH II€PBOTO
CIICHapHs, PUCK BO BTOPOM IITOpMe B JBa pa3a Boime (Ng = 6.4 misi mepBo-
ro cueHapusi, Ny = 10.1 musa Broporo mropma). Takum o0pa3oM, IpH OILEHKE
6e3onacroctr 1O B IITOPMOBEIX YCIOBHAX HEOOXOANMO CTPOUTH METOABI IIPO-
THO3a M OLIEHKH PHCKa C YYeTOM KaueCTBEHHO HOBBIX METOIOB MOJIEITHUPOBAHUS
BHEILIHUX BO3JIEHCTBUI.

Moneau uaeHTH(GUKALIME IKCTPeMAIbHBIX CHTYalui

Jpyroil BaXXHbII NPAKTUYECKUM PE3yJbTaT MOJIy4YEH IPU MOJAEIMPOBAHUU IIO-
BeneHus aBapuitHoro J[O moj Bo3neHCTBUEM clydyalHBIX Bo3MylieHud. Cpenu
paccMOTPEHHBIX 33134 npu GpyHKIHoHHpoBaHuu VC cirienyeTr BEIICTHTS WACHTH-
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(UKaIHIO SKCTPEMAITFHON CUTYAINH, CBI3aHHOM C OIEHKOH CITydast 3aTOIUICHUS
orcekoB npH noxyseHuu 1O npoOonHEL, a TaKke ONepaTHBHBINA KOHTPOJIb H3Me-
HEHHs OJIOKEHHS aBapUITHOM BaTepIMHUU U IPOTHO3 KPUTHYECKOTO HHTEpBaia
BpeMeHU HaxoxJeHus JO B sKCTpeManbHOI CUTyalu.

Pemenne 3agaun naeHTHUKALNH, OTHOCAIIEHCS K KJTacCy HEKOPPEKTHO I10-
CTaBJICHHBIX 3a/1a4, 3HAYUTEIILHO OCIIOXKHSACTCS YCIOBUSIMHU ITPOTEKaHNUS aBapHii-
HO# cutyaruu. [Tpu HempephIBHOM U3MEHEHUH AWHAMUKHN OOBEKTa W BHEITHEH
Cpensl TPaAWLHMOHHBIE TPOLELYPbl MICHTH(UKALWK MPHUBOAAT K HEYCTOWYH-
BEIM perieHusiM. [lodydeHne yCTOHYMBOrO pEeIeHUs] MOXKET OBITh JOCTUTHYTO
C UCIIOJIb30BAaHUEM METOJIOB peryispusanni. OQHAKO OCHOBHOE NTPOTHBOPEYHE
po0sIeMbl MICHTU(GHKAIINN B YCIOBUSIX CIOXXHOM AMHAMUKH aBapuitHOTO 00b-
€KTa MOXXET OBITh Pa3peIICHO TOJBKO ITyTEM aHalN3a aJbTEPHATUBHBIX pElIe-
HUM, TONTy4YeHHBIX Ha OCHOBE PAa3IMYHBIX METONOB 00pabOTKH M3MEPUTEIBbHON
nH}pOpMaIHH.

ParuonanbHeIM MOIXOJOM K PELIEHUIO 3TOW 3aJauu SIBISETCA UCIOIb30Ba-
HUE c(HOPMYIMPOBAHHOTO BHIIIE MPHHIMIIA KOHKYPEHIMH, B paMKaxX KOTOPOTO
TIOTy4YaeT pa3BUTHE UMEHHO Ta BBIYMCIMTENbHAS TEXHOJIOTHSA, KOTOPas MPHUBO-
IUT K TOTY4EHHUIO HAaIEKHOTO pe3yipraTa Kpardaimum myteMm. [IpoBexeHHOe
UCCIIEIOBaHNE TI0 peai3aliy NPHHIMIA KOHKYPeHIMH B 3aqa4ye HAeHTH(U-
KallM{ 3KCTPEMAIbHON CUTYallM CBHJETENILCTBYET O ero 3(p(eKTHBHOCTH NpH
¢yukauonupoBanuu 6optoBoit UC [19]. Hmke paccMoTpeH ApYroi momxoxd K
npobneMe UASHTU(PUKAIMK U «CxKaTus» uHpopManuu npu noxade Ha MHC,
MIOTyYUBIINH HaHMEHOBAHUE aIreOpbl HEUSTKUX TPYII U MpeoOpa30BaHU.

VicxonHble TaHHBIE MPEACTABICHBI pealu3alisMU HEJIMHEHHOW OOpPTOBOM
KauK JUIsl pa3fIMyHbIX CIy4aeB 3aTOIUICHHS B 3aBUCHMOCTH OT BHJa HEJIHMHEH-
HOW (yHKIIMH, ONpENeISIONed BOCCTaHABIMBAIOIIYI0O KOMIIOHEHTY B audde-
peHIMAIbHOM ypaBHeHHH OoproBoii kauku J1O. Peanusanuu nomydeHsl myTeM
MMHUTAIMOHHOTO MOJIETUPOBaHMS M BKJIoUaiw mo 600 mepuonoB KoJleOaHHH.
AHanu3 npoBeieH Ui 6 cIydaeB 3aTOIJICHUS ITPHU BOIHEHHH MOps 6 1 8 0anos.
W3 xaxmoli peanuzanuu GOpMHUPOBAIIOCH ITOJIYTOHOBOE H300paKeHNE Pa3MepOM
(150 x 50) mukcenoB. Mcxonnast nHpOpMAIHs B BUIIC BPEMEHHBIX KPHBBIX KO-
nebarenbHOrO ABMKEHHS /IO M COOTBETCTBYIOIINX CTPYKTYP IPEACTaBICHBI Ha
puc. 14.

IIpencraBieHne OXHOMEPHOTO CHTHAJa B BHIE HM300paKeHHs KOHIICHTPH-
pyeT 3HauuMyto JUisi pacno3HaBaHus uH(popMauuio. st pemeHus 3ana4n pac-
TI03HABaHUsI IPUMEHEHBI METOJIBI aHaJI3a TeKcTyp. Kaxplid u3 6 ¢pparmeHTOB
HCIIONH30BAJICS. B KaUeCTBE MPEACTaBUTENS Kiacca. M300paxkeHne pe3asoch Ha
20 HemepeceKaoMuXCs YacTel, Kaxxaas U3 KOTOPbIX COOTBETCTBOBAJIA MPHOIH-
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Puc. 14. @parmeHTsl peanusanuil Kone6aTeJbHOrO JIBHKEHHS aBaPUIHOTO
J1O (c/ieBa) U COOTBETCTBYIOLIME [OJYTOHOBBIE H300parkeHust (crpaBa)

3utenbHO 30 nepuonam. Iepsrie 10 mpuHIUMaMCh B KauecTBe 00ydaromen BbI-
OOpKH [UI JAHHOTO KJIacca, OCTaiubHbIe 10 UCIIOMB30BAIICE IS TECTHPOBAHNS.

OcHoBHBIE N (HOPMHUPOBAHUS KIIACCH(DUITUPYIONTIX MPU3HAKOB H3JI0XKE-
HBl HIKe. B KauecTBe rpynmel mpeoOpa3oBaHUIl HCIONB30BaHbI MIEPEHOCH B
IUIOCKOCTH Z, 2 U MaciiTabHble IpeoOpa3oBaHus 110 OCSIM I, Z:

1 0 0 O
aq k‘l 0 0

1 0 1 0 (24)
as 0 0 k3 .

Jst KaXJ0ro aHaIU3UPYEeMOro H300paXKeHHs CTPOUIOCH HEYETKOe MHOXKe-
ctBO F'S anmeMeHTapHBIX HEYETKUX TPYIIT IO MOAYIO conpsbkeHHocTH. Kiacce
conpspkeHHOCTH KC 3lIeMEHTapHBIX IPYIII HPEICTABISACT OJMH IIEMEHT MHOXKe-
cra F'S. 3nauenue GyHkuun npunapexuoctd (K C) onpenessercs MOIIHO-
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TABIULA 1. Pesynbrathl sKCcneprMeHTOB

Knaccel | Ownbka | % npaBuJIbHBIX PeLIeHHH
2 0 100
3 0 100
4 3 93
5 8 84
6 9 85

cteto KC, HopMupoBaHHO# ¢ ydeToM pazmepoB u3oOpaxeHus. O603Hadas yepes
7 —YUCJIO KJIAaCCOB-CIIy4YaeB 3aTOIUICHUS, 1 — YUCIO HpencraBuTereii o0ydva-
ToIIeH BBIOOPKH, [i;; — QYHKIUA NPUHAIISKHOCTH MHOXKeCTBa ['S, 3ammmem
Marpuny GyHKIUH TPUHAIEKHOCTH:

H11 ... Hin
(25)

Hm1 -+ Hmn

Ota MaTpua HO3BOJIIET OIpPEeNeNATh I KaXIoro kiacca snemeHT K C; Kak
abcruccy abCoNOTHOTO MakCUMyMa (DYHKIIMU

min 1155 (KC)] — max[p(KC)], (26)
te€[l,m], kell,n], k#j.
Bekrop [(KC4),. .., u(KCy)| ncnonssosancs B kauecTBe BEKTOpa MpH-
3HAKOB N300paKCHUS U MPOBOIUIOCH CTATUCTUYECKOE HOPMHPOBAHUE MPU3HA-
KoB. [y KaX10ro Kiacca-ciry4yasi 3aTOIUICHHUS B -MEPHOM IIPOCTPAHCTBE MPH-
3HAKOB BBIYMCIISUICS LICHTPOU MHOXKECTBA TOYEK-JIEMEHTOB OOydaromel BbI-
6opku. Ha srane knaccudukanny odpaser; OTHOCWICS K OnmKaieMy ciydaro B
CMBbICTIE €BKJIN/I0BA PACCTOSIHUSA JI0 €T0 IIEHTponaa. Pe3yisraTel SKCIIepUMEHTOB
TIpUBENCHBI B TaOI. 1.
Jst BeisiBneHus 3pPexTuBHOCTH MeToAa (POPMHUPOBAHUS MIPU3HAKOB YCIIO-
BUSI DKCIIEPUMEHTa HAMEPEHHO OCJIOKHSINCH CIEAYIOMUMH (hakTopamu:
1. He Beinonusuiack mpeaBapurenbHas 00padoTKa CUTHAJIOB C 1IeJ1bl0 (Quilb-
TpaLUK IIyMOB JJIsI BBIICJICHHSI 3HAYMMON MH(OpManuy.

2. Pesynbrarhl noNy4YeHbl Ha KOPOTKHX (hparMeHTax peanusauuii (30 mepu-
0JIOB), T.€. HAa CHTHaJaX C OrpaHUYeHHONH MH(OPMATUBHOCTHIO (JUIMHA
nHpOPMAaTHBHOW peanu3anuu paHa 100 mepromgam).
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3. IIpakTH4eCcKyIO IEHHOCTh MPENCTaBISIeT KiIaccCupUKanus B TpeX Haubo-
Jiee TPYJHO pa3/eMMBbIX Kiiaccax (B paboTe HCIOJIb30BalICs JBOHHOM «3a-
1ac MPOYHOCTHY», PABHBIN MIECTH KIIaccaM).

4. Dran AMCKPUMHHAHTHOTO aHAJIN3a OTCYTCTBOBAJ, KAYE€CTBO PACIO3HABA-
HUSI TIOJTHOCTBIO OMPEIEISUIOCH HCKITFOUUTENBHO C(HOPMUPOBAHHBIMU MPH-
3HAKaMH.

Pesynbprarhl 5KCIEPUMEHTOB MOKA3aJId MPAKTUYECKU IPUEMIIEMOE KaueCTBO
pelIeHns 3aJadu paclo3HaBaHUS AK€ NMPH IMEPEUHCICHHBIX OCIIOXKHIIOMINX
(axropax. ITO TO3BOJISET CAENATh BHIBOA O BO3MOXXHOCTH KOHIIEHTPAIMU HH-
(hopmanmu curHajga B HEOOJBIIIOM YHCIIEC MPU3HAKOB U CYIICCTBEHHOM CHIUXKE-
HUU HeoOxoauMbIx pecypcoB MHC npu penieHnn 3agaun HOCHTHDUKAINH.

B pamkax pa3paboTaHHO# BBIYHCIUTEIBHON TEXHOJOTHU TIOMYYHIA Pa3BH-
THE aJJallTUBHBIC AJITOPUTMBI KOHTPOJIS XapakTepucTuk aBapuitHoro /1O. Hau-
OOJIBILYIO CJIOKHOCTb ITPEACTABISIOT aJrOPUTMBI ONPEAEICHHsS PaBHOBECHBIX
napameTpos JIO u ImporHo3a BPEMEHHOrO MHTEpBaja 0 HACTYIUICHHS KPUTH-
YECKUX YCIOBHUH, UCXOMS U3 oOecieueH s TpeOOBaHM Oe30IacCHOCTH MOperria-
BaHUsA. CTaHIapTHBIN aITOPUTM TpeoOpa3oBaHus HHGOOPMAITUH TIPH OIICHKE I1a-
pametpoB aBapuitHoro JIO (TonokeHus1 paBHOBECHOW BaTEPIIMHUN B YCIOBUSAX
HEPETYISIPHOW KayKW) peaju30BaH B MYJIBTUIIPOIECCOPHONU BBIYHCIUTENHHOM
Cpele Ha OCHOBE MAT€HTa aBTOpPA, YCOBEPLIEHCTBOBAHHOIO 3a CUET PAa3BUTUS
aJlalTUBHBIX CBOMCTB UCIONB3yeMbIX Mpoueayp. [Iporpamma peanuzanuu anamn-
THBHOM KOMIIOHEHTHI ITO3BOJISIET IJIS1 KAXKJIOTO U3 pacCMaTpuBaeMbIX BUIOB Kau-
KH «HAcTpamBaTh» OOMIyI0 (DYHKIMOHAIBHYIO 3aBUCHMOCTH JJISI ONPEHCIICHUS
3HaYeHHH paBHOBECHBIX MapameTpoB JO mpu HETHMHEHHBIX aCHMMETPHYHBIX
KOJICOaHUSIX

Xo = Xg[1+ F( X, X"YF (X1, X3)]. (27)

3necy Qyukius F(X,,, X") npencrasisercss perpecCHOHHON MOJENbIO C
«HacTpanBaeMbiMn» koddouimentamu; F(X1, Xo) — byHKumsI, 3aBUCSIIIas OT
pa3MaxoB aCHMMETPUYHBIX KOJIEOaHH.

OnTuMaibHBI TPOTHO3 Pa3BUTHs aBAPUHHOW CHTyallMd OCHOBaH Ha HC-
TI0JIb30BaHUH JANTHBHOIO ajlrOpUTMa. DBOMIOLMS ITapaMeTpOB aBapuiHO Ba-
TEpPJIMHUN YCTAHABIMBACTCS C HCIIOIB30BAaHNEM JIMHEHHON alaliTHBHON MOJIENN
1o 6a3ucy nepeMeHHOTo pa3Mepa

y(z) = BPr(x) (28)
e Py (z) — 6asucHbie GyHKImY (IOITHHOMBI), 3); — KO3(DGUIMEHTBI, ONpeIeNs-
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eMbIe TIPU YCIIOBHH, YTO CPeTHEKBAIpaTHYECKas OUIHOKa

e(r) = {E[y(t +7) —ye(r)] "} (29)

JUIA 33JJaHHOTO YTIPEXXAEHUS T NMPHHHMaeT MUHUMAalbHOE 3Ha4YeHue (L — ome-
paTtop MaTeMaTu4ecKoro OXHUIaHUS).
3ajada NporHo3a NpeAcTaBisieT CO00H CIEAYIONIYI0 SKCTPEMATIbHY IO MOJIEIb

i F(t —F(t 30
ol [[F(to +7) = F(to)ll, (30)

e obnacts QQ(to) onpemensercs ycaoBueM

E®(ty) = E®(to + 7). 31)

Monenu NMPOrHO3MPOBAHUA IKCTPEMAJIBHBIX chyalmﬁ

AHanu3 SKCTpeMalbHbIX cuTyauui npu ¢ysknunonupoBanun VC cBsa3aH ¢ uc-
TIOJTb30BaHMEM HEUETKHUX Mojieiel 0a3bl 3HaHuil. Taknue MoIeny mo3BOISIOT Op-
TaHU30BaTh BBIYUCIIUTCIBHBIC IMTPOLUCAYPhI aHaIN3a Impouecca B3aHMOHeﬁCTBHH
«oneparop-MC» B paMkax aganTUBHOTO noxxoaa. IIpu 3ToM nporHo3 BeposaTHO-
CTH BO3HUKHOBEHUSI OITACHBIX CUTYalUi U AUHAMHUKH O0BEKTa B 3TUX YCIOBHAX
OCYIIECTBIISICTCS C TOMOIIbI0O MaTeMaTHYeCKUX Mojeield B Buae anddepen-
OUATBHBIX ypaBHEHUH (12), a MPOrHO3 OTMHAMHYECKHX XapaKTEPHUCTHK B TPO-
[Iecce Pa3BUTHUS CUTYaIlMH — HA OCHOBE CTATUCTUYECKHUX U HEHPOCETEBBIX MOJIe-
neil. IIpakTuka nocTpoeHus Mojelel IPOrHO3UPOBAaHUS II0KA3bIBAET, YTO YHO-
BIETBOPUTEIbHYIO0 MoAenb Ha ocHoBe MHC MOXHO MOCTpOUTH Jake B YCIIO-
BHSX HEXBAaTKHU JaHHBIX. Takas MOAENb MOXKET yTOUHATHCSA IO MEpe TOro, Kak
CTAHOBATCSA JOCTYIIHBIMH HOBBIE JJaHHBIE. DTO OCOOEHHO BAXXHO B HAYaJILHOM
CTaJuM Pa3BUTHs SKCTPEMAJIbHOW CHUTyalluH, KOTAA MCXOAHBIX JAHHBIX COBEP-
IIEHHO HEJOCTATOYHO JJIS PEHISHUS 3a7a49i C UCIOIb30BaHUEM TPATUIIMOHHBIX
METOZIOB aHajIK3a U MPOTHO3a.

PaccMoTpuM 0coOeHHOCTH OTMEUEHHBIX 33j1ad nporHozuposanus. [Ipu mo-
CTPOEHHMHU TIPOTHO32 Ha OCHOBE MaTeMaTW4eCKHUX MOJENeH, OMHMCaHHBIX ANUQ-
(epeHIMAaTBHBIMI YPABHEHNAMH, MOCIECAOBATEIBHO M3Yy4aeTCsl JUHAMUKA 00b-
€KTa Ha MHTEpPBAJIaX BPECMCHHU, OIPCIACICHHBIX IMPOXOXKICHHUEM ITaKETOB OIlac-
HBIX BOJH B COCTaBE HEpETyJISIpHOro BoJHeHUs. lcxomHas nHopmanus st
peanu3anuy Takoro MpPOTHO3a MONydYaeTcs B pe3ylbTare MMUTALMOHHOTO MO-
JEIUPOBAHUS CIy4allHOrO BOJIHOBOIO IOJIS M TOCIEAYIOIIEr0 UCIONb30BaHUs
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MTOJTYYCHHBIX JaHHBIX 7 MccaeqoBaHms B3aumoneiicteus J1O ¢ BHemrHel cpe-
JIOH.

AJ'II‘OpI/ITM nporHo3a BO3HUKHOBCHUS U OMMACHOCTHU 3KCTpeMaJ'H:HLIX chya-
LMHA HA OCHOBE JaHHBIX MAaTEMAaTUYECKOro MOJEIIMPOBAaHUS peallu3yeTcs B ue-

TBIpE 1Iara B TAKOH IOCIIeJOBaTEILHOCTH:
Ilar 1. I'enepupyercst HEperyasipHOE BOJHOBOE IIOJIC 3alaHHOW MHTCHCHUBHO-

CTH IS pa3lIMYHBIX 3HAYEHHUH CIIEKTPaIbHOM ITIOTHOCTH, OXBATHIBAIOLIHX
peaJIbHBIN ANAIla30H N3MEHEHHs XapaKTePHCTHK BOITHEHUS.

Ilar 2. Mopnenupyercsi IMHaMHKa B3aUMOJEHCTBUSI 0ObEKTa C BHEIIHEH cpe-
JIOH JUISl TIOCIIEJOBAaTENIbHOCTEH MTaKeTOB BOJIH B COCTaBe HEPErySIPHOTO
BOJIHEHUS. DTa IPOLEaypa HOBTOPACTCS UL KaXIOH IKCTPEeMAIBHON CH-
TyaluH [IPU PasIMYHBIX Peannu3alisix BOJIHOBOIO IO

IMMar 3. IlpousBomuTCs CTaTHCTHUECKAs 00paOOTKA MOTYUCHHBIX MACCHBOB JKC-
MIEpUMEHTAJIBHBIX JAaHHBIX. BBIYMCISIOTCS 3HA4€HHs BEPOSTHOCTH pea-
JIM3aIMH KOHKPETHOH SKCTPEeMalIbHOW CHUTYallMd M BEPOSTHOCTH MOTEPH
YCTOWYHMBOCTH ABW)KCHUS (ONPOKUIBIBAHMA) B 3TOH cutyaunu. s xa-
PAKTePUCTHKH CTEIICHH OTKJIOHEHHS IONYy4YECHHBIX 3HA4EHMI HCIIONB3Y-
ercst K03 UIMEHT BapHaliy, BBIYMCISIEMbI KaK OTHOLICHUE CPEIHEro
KBaJIpaTHYECKOTO OTKJIOHEHUSI 0 K CpenHed apudMeTHdeckod x*, T.e.
ky, = (0/2*)100%.

Ilar 4. Crpourcs MozmeNns NMPOrHO3a BOSHUKHOBEHHUS SKCTPEMANbHBIX CHUTYa-
Ui, YYUTHIBAIOIIAS PE3yIbTaThl CTaTUCTHYECKOH 00paboTKH ¢ ydeToM
MIPUOPUTETOB, YCTAHOBJICHHBIX Ha OCHOBE aHAJM3a SKCIIEPUMEHTAILHOTO
MacCHBa.

[TpakTHyeckoe HMCIONb30BaHHE PE3YJIBTaTOB PabOThl MMOCTPOCHHOIO ajro-
pUTMa OCYIIECTBISICTCS IPH MOIU(UKALMK JIOTUUECKUX MOJENICH NPHHATHS
peureHmii auHamMudeckoit 0as3wl 3HaHui MC. Ilpu »TOM OONBIIOE BIUSHHE HA
s¢pdexruBHOCTE MIC OKa3bIBaeT OCTOBEPHOCTH BHIPAOATHIBAEMBIX INPAKTHYE-
CKHX pEeKOMEHaIui.

Mopenau nporao3upoBanusi xapakrepuctuk 10

[Ipu nporuo3upoBanny xapakTepucTHk JJO B yCIOBHSAX pa3sBUTHUS dKCTPEMab-
HOW CHTyallMW HWCIIONb3yeTcs JIMHEIHAs aJanTHBHAS MOJENb 1o 0azucy mepe-
MEHHOTO pa3zMepa:

M
y(x) =Y BuPi(x), (32)
k=0
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rae Py (x) — 6asucusie GpyHKuun (oMuHOMBI), ), — K03 GUIHEHTSI (B TOM YHC-
Jie ¥ Clly4aiiHble), NOUIeKaIIne ONpeIesIeHUIO.

BeryucnuTenbpHbIN adropuT™, pa3paboTaHHBIA Ha ocHOBaHMH Monenu (33),
peai3yercsl B Takol MOCIIeA0BaTEIbHOCTH:

IIar

Ilar

1. BbI4HCISAIOTCS TOYEUHbIE OlLICHKU Koddunnentos (3. Ha BpeMeHHOM
mare k; 1o BEIOOPKE 3HAYEHHUHN MPOrHO3UPYEMOTO TOKa3arens {yo, . . ., Yt |
CTPOUTCS IUHEIHAss HeCMeIlleHHas! OlleHKa napaMeTpoB [8,9]:

t

Age =3 plt, ) Py(ks) Py (ka),
o (33)
Bi = p(t,i)Pu(ki)y;, B=A"'B.
i=0
3nechk p(t, i) —BecoBas QyHKIWs, IPUMEHSIEMAs! [Jisl OTPAXKEHUs HECTa-

IUOHApPHBIX CBOMCTB mponecca. Hawnbonee IMPOCTBIM CIIy4acM SABJISACTCA

IPSAMOYTOJIBHOE OKHO
p(t;) =0, mpu i< N <t,

p(t;) =1, B OpOTUBHOM ciy4ae,

(34)

CBSI3aHHOE C YCEUEHUEM BPEMEHHOTO PsJia MM BBEJACHUEM CKOJbB3SIIETO
cpennero (N > M, rne M — nopsinok mozeinn). bosee CIoKHBIM BHIOM
SIBISIETCS] BecoBast PYHKIHs, IIPECTABICHHAS B BUIE SKCIOHEHTHI p(t;) =
Aexp(t — i), tme A > 0— «daxrop 3abbBanmsy [ ].

2. BBIYHCISIOTCS MHTEPBajbHbBIC OEHKH K03 duimentoB (. Cuuraer-
Cs, YTO BEKTOP OIICHOK [Jj paclpeiescH aCHMITOTHYECKHA HOPMAJBHO.
Torna ucKoMbI JOBEPUTENBHBIN HHTEPBAJ MOKHO 3allMcaTh B BUJIE:

_Bo
Vi—M’

e R% — 0CTAaro4HasA CyMMa KBaJApaToB.

1Bi = Bil =es (35)

IMony4eHHyro B MPOLECCE CTATHCTUUECKONH 00pPabOTKU pPe3ysbTaToB MO-
JIEJIMPOBAHUS PErPECCHOHHYIO 3aBUCHMOCTh MOYKHO PacCMarphBaTh Kak
JIETEPMUHUPOBAHHYIO JIMHEWHYIO (YHKLHMIO CTy4aliHbIX KO3()(PUIIUEHTOB.
B sToM ciiyuae ee 3HayeHWe B (DMKCHPOBAHHBIM MOMEHT k MMEET HOp-
MaJlbHOE pacrperenenue co cpeqauM snaueHueM y(k, 5y) U nucnepcueit

Dy(k) =Y PZ(k)Dg, +2_ Pi(k)P;(k)cov[B;, 3] - (36)
k 1<J
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IIlar

Ilar

KoBapuarmonHast MaTpuIia OEHOK ONpeAessieTcsl Kak:

Dﬁl COV(ﬂlaﬂQ) s R2
C=| cov(B,B) Dg,, | = ﬁfl_l. (37)

OxoHYaTeNbHO, S%-HbIi BEPOSTHOCTHBIM HHTEPBAJ IS 3HAYEHUS (yHK-
uu y(k) B npesenax U3MEHEHHUs! PEAUKTOPA 3a/1a€TCsl COOTHOLIEHUEM

ly(k) —y*

3mech €5 — S% xBanTIIL pacnpeneneHus Laycca (it S = 95% eg =
1,96).

SesDy(k). (38)

3. Omnpenemnsiercst coctaB (QpyHKIIMOHATBHOTO Oasnca. [Ipumem 3a ocHo-
By MOJIMHOMHUANBHBIA Oasuc P, (x) = z™ u OyaeM y4uThIBaTh CIELyHO-
e 0COOEHHOCTH MCIIONb30BaHUsS Takod Mofenu. [Ipuyn =2 un = 3
MTOJTMHOMHUATBHBIA 0a3UC MEHEE UYBCTBHUTEJICH K M3MCHCHHIO MCXOIHBIX
JAHHBIX. DTO TpeOyeT KOHTPOJIS COBIAJICHUS 3HAKA ITPOM3BOAHON Ha IKC-
TPAIOIUPYyEMOM YYacCTKEe CO 3HAKOM IIPOW3BOTHON Ha ITOCIICIHEM IIare
mMeperus. Ecim 3To ycrmoBre He BBHIOMHAETCS, TO THIIOTE3a OTBEPTaeT-
Csl U OCYIIIECTBIISIETCS TIEPeXoll K 6a3ucy Goyiee HU3KOTO MOPsKA.

4. Omnpenensercs KpUTHUSCKUA HHTEPBAJ BpEMEHH /10 HACTYIUICHHUS dKC-
TpeMajbHOH cuTyanuu. Pemenue 3Toil 3a1a4u JOCTUTAETCs IPU UCTIONb-
30BaHUU KPUTEPUAIBHBIX COOTHOLICHHN, ONMPEAEISIONINX YCIOBHS BO3-
HUKHOBEHUS CUTyallWd, THOO0 HapyIICHHE HOPMAaTHUBHBIX TPEOOBaHHU K
MOPEXOIHBIM KayecTBaM (B OCHOBHOM IUIaBYYECTH W OCTOWYHBOCTH) B
paccMarpuBaeMoOi SKCTPEMaIbHOW CUTYAlLUU.

I'padmueckas uHTEpHpeTanys PaCCMOTPEHHBIX aJTOPHTMOB IIPEACTaBICHA
Ha puc. 14.

IIpu peanuzanuu nNpuHIUNA KOHKYPEHLUHN IMPUBEIEHHBIN aJrOPUTM COMO-
CTaBIISUICA C pe3yJIbTaTaMi MOICIHPOBAHUS CUTYallMu C IMOMOIINBIO HEeHpoceTe-
BBIX Mopeneil. Pesynbrarsl aHanm3a mpeacTaBIeHB B Ta0N. 2 IPUMEHHUTEIHEHO
K HamOoJee CIOKHOMY clydaro HennHeitHoro B3aumoneicteus 1O ¢ BHemHeH
cpemoil (kueBast Kadka A7l HeOIarompuATHBIX COCTOSHUNA Harpy3KH).

Pe3yanaTb1 HCCICAO0BaHU TOKA3bIBACT, YTO PalMUOHAJIBHOC HMCIIOJIb30BaAHUC
HEHPOCETEBBIX TEXHOJIOTHH IO3BOJISIET 00E€CHEYUTh T'MOKOCTH M CHOCOOHOCTH
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'1‘% }'* {Wr } {:r } e ¥ (¥)

Puc. 15. CucreMa peasibHOTO BpeMeHH, MOJEJMpYIOIas XapaKTepH-
cTuk# aBapuitHoro 1O Ha OCHOBe NMPHUHLIMIIOB OPTaHU3ALHH alanTHB-
HOH KOMITOHEHTBHI
3neck: A — naHHble HaG/IOAeHUH (CIJIOLIHAST KPHBaAsl) K [POTHO3HUPYeEMble 3HaUeHHs
BBIXOJHOH XapakTepucTHKH (MyHKTHP); B — ofwiasi CTpykTypa aganTHBHOH MOLEH;
x = At,2At, ..., NAt — Tekyllee BpeMsi pa3BUTUs CUTyallUH; T — UHTepBaJ KBa-
aucrauuoHapHocTH; y(At), ..., y(NAt) — BbIXoIHash XapaKTepUCTHKA.

aJanTUPOBATHCS K U3MEHSIOLIMMCS] BHEIIHUM YCJIOBUSIM, COXpaHEHUE YCTOWYH-
BOTO BBICOKOTO Ka4decTBa PaOOTHI M PEATH3alHI0 HEAOCITaeMOTO paHee yPOBHSA
BBIYHCITUTEILHOW MOIITHOCTH. AJJAITUBHEIE CBOMCTBA, MApaJUIeITN3M U BO3MOXK-
HOCTh HEJIMHEHHOTO MpeoOpa3oBaHusl JaHHBIX, OTKPHIBAIOT MEPCIIEKTUBBI MPaK-
TUYECKOHN peajin3alii BBIYUCIUTEIbHOM TEXHOJIIOTHH, TOCTPOCHHON Ha OCHOBE
HOBBIX MPHHIUIOB 00paboTku uHPopMarmu B 6opToBeix MC peanbHOro Bpe-
MCHHU.

VIR 004.032.26 (06) Heiiponusie cetn 161



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

TABUUA 2. CpaBHUTEJbHbIE NaHHblE O BeJWYMHE PABHOBECHOTO
yria nuddepeHTa B YCJIOBUSAX HEMPEPBIBHOTO U3MEHEHHST TUHAMHU-
KW 00beKTa W BHellHe# cpenbl (4ucautesb — 6 6anjos, 3HaMeHa-
TesJb — 8 6asoB

Ne n.m. | Cranpaprusiii | HefipocereBoil | Paktuueckue
aJTOPUTM aJrOPUTM JaHHbIE
1 -0.048/-0.049 | -0.047/-0.048 | -0.047/-0.050
2 6.43/6.47 6.24/6.53 6.38/6.62
3 -1.68/-1.67 -1.81/-1.71 -1.63/-1.73
4 -6.78/-6.64 -6.57/-6.74 -6.72/-6.78
5 4.83/4.96 4.95/5.05 4.87/5.01

Cunepeemuyeckuii 3ghgpexm cosmecmHno20 UCHONLIOSAHUA HEUEMKUX CUCEM,
meopuu HeUpOHHbIX cemell, 360NIOYUOHHO20 MOOCTUPOBAHUS U KOSHUMUBHOU
napaouzmvl COCMAasaenm Hay4Hylo OCHOBY Osl 2yOUHHOU UHmMe2payuu 3HAHULL
cnocnvix UC.

Moneau aHaJu3a JHHAMHYECKHX CLIEH

B ycmoBmsix skcrmryararmm 60ptoBeix VIC 6onpIioe BHUMaHUE YIESIASTCS Opra-
Hu3anmu naTepdetica «omeparop—HCy» [18]. OcoOeHHO CIOKHOM ABISIETCS pa3-
paboTKa aJJeKBaTHOTO TUaiora, COIep KaIlero KOMIIOHEHTHI, CBI3aHHBIE C pa3pa-
0O0TKOI1, peIaKTUPOBAHUEM U TCHEPALIMCH CIICHAPUEB TUAJIOTa B HECTAHIAPTHBIX
1 DKCTPEMAJIbHBIX CUTYaLUsIX, TPEOYIOLUIUX MpHUBIIedeHUs Irpaduieckoil nuapop-
MAIIiH, B TOM YHCIIe U KOTHUTHBHON KOMITBIOTEPHOI rpaduku. DopmupoBaHme
CIICHapHs TUajiora W JCKOMITO3HMIHUS IpoIecca B3aMMOICHCTBHUS «OIepaTop—
HC» ¢ ygerom MexaHM3Ma aJalTall¥ 0], KOHKPETHOTO omeparopa obecneyn-
BacT uHTepQeiicy CBOWCTBAa HHTEIUIEKTYaJIbHOCTH.

WurennexryanbHbld nHTEpdEIC MO3BONISET pemaTh CIOKHBIE 3a1a4d 0OHa-
PYXCHUS ¥ HICHTU(DUKAIINN CUTYaIluH, OLICHKU ¢ ONACHOCTH, BBIJAYH MTPAKTH-
YECKUX PEKOMEHIAINHA U UX KOPPEeKTUPOBKU. OCOOCHHO CIIOHO 3TO B HEIITAT-
HBIX cuTyanusx, korga MC nCHBITEIBACT 3aTpyJHEHUS NPU pealu3allid JIOTH-
YCCKOro BbIBOJA. B YCIOBUAX HCONPEACIICHHOCTH U HECIIOJIHOTBI I/ICXOI[HOﬁ HUH-
(hopManuu oreparopy 4acTo MPUXOJUTCS CAMOCTOSATEIBHO IPHHUMATD PELICHUS
Ha OCHOBE ONbITA JKCIUTyaTallMk M JaHHBIX O (PAaKTHYECKHX XapaKTEePUCTHUKAX
BHCIIIHUX YCIIOBHH M TUHAMUKU CUTyaluu. OYHKIIUN HHTEIUICKTYAIBHOTO WH-
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Tepdefica B 3TUX YCIOBHAX 3aKITIOYAIOTCS B OOCCIEUEHHH Oleparopa BCEMH
JOCTYITHBIMHU JTaHHBIMH, BKITFOUasi pe3yNbTaThl MMHTAIMOHHOTO MOJICITUPOBAHHUS
B3aumogeticteus [1O ¢ BHEIIHEH cpemo i pa3IHYHbIX BAPHAHTOB MPU BHIOO-
pe pelieHus.

B kavecTBe mpumepa paccMOTpeHa 3KCTpEeMalbHAsl CHTYAIVs, CBSI3aHHAS C
HEYIpaBIIeMBIM Pa3BOPOTOM M pe3KuM HakioHeHHeM /IO Ha MOIMyTHOM BOJ-
HeHuu (sBneHHe “‘broaching”), mpencraBisionias o4eHb OONBIIYI0 OMMACHOCTH
st cynoxozncrea. Ha 6aze ucxomnoit undopmarmn MC nmporHo3upyer 3To sB-
JICHUE W Pa3bsCHAET omneparopy (u3MYecKHe 3aKoHOMepHOCTH moseneHus 1O
C OIICHKOW BO3MOXKHBIX MOCIICICTBHI JIJIS MPHHATHS 000CHOBAHHBIX PEIICHHH.
Ha puc. 15 paccmorpensl nuHamuueckue KapTHHbI noBeaeHus 1O B pexume
“broaching” nmns pa3aMYHBIX HAYAJIBHBIX IMOJIOKEHUH OTHOCHUTEIIEHO HaIpaBie-
HUS IBIOKEHHS BOTHOBBIX CHCTEM, YCTaHOBJICHHBIC [0 JaHHBIM HMUTAIIHOHHOTO
MOJZIEIMPOBaHKs Ha OCHOBE U3MEPUTEIbHOW HH)OPMALIIH.

Pe3ynbTaTel MOnenupoBaHUs CBUAETENBCTBYIOT O PE3KOM XapaKTepe HeyIpaB-
nsieMbIx 3Boronuil JJO B 3T0i skcTpemManbHOM cutyanunu. CBeJeHHsI O KUHEMa-
TUYECKHUX M THIPOIUHAMUYICCKHUX XapaKTepUCTHKAX pekuMa “‘broaching” mpen-
CTaBIISAIOTCS ONEPaTOpy B BHIE CHEIHMAIBHON JHarpaMMBI, TO3BOJISIONIEH orme-
PaTHUBHO OIIEHUTH 3aKOHOMepHOoCTH noseneHus J10.

AJIeKBAaTHOCTh MaTeMaTH4YeCKUX MoaeJel

[Ipobnema ageKBaTHOCTH MaTeMaTHYECKHX MOJENCH MMeeT HEMOCPEICTBEeHHOE
OTHOIICHHUE K IIOCTPOCHUIO 0a3bl 3HAHUH 1 3P PeKTHBHOCTH QYHKITMOHUPOBAHUS
HC B mponiecce skcrryaranuy. BrijaBaeMbple CHCTEMON MMPAKTHYECKHE PEKOMEH-
JAIMK B 3HAYUTEIBLHON CTCICHU OIPEICIAIOTCS HAJCKHOCTHIO MH(POPMAIIHH,
MOJIy4aeMoi B pe3yibraTe MaTeMaTHuecKoro MoaenupoBanust [1].
Hcnonp3oBaHne anropuTMOB MPUOIIKCHHBIX PACCYKICHUH IS POIETYP
TIPUHATHS PEIICHUH TP JOTUIECKOM BBIBOZIEC B HEUCTKHUX CHCTEMax MPUBENO K
HEO0OXOTUMOCTH UCCIICOBAHUS M YCTPaHEHUsS TPOTHUBOPEUHA B BBIBOJAX C TIO-
MOIIIBIO TUATIOTOBBIX MPOIEAYP O COCTOSIHUM TUHAMHYECKON cucTeMbl. B ocHO-
BY 3THUX MPOIEIYP MOXKET OBITH MOJOKEH aHATIHN3 COCTOSHHS CUCTEMBI Ha (ha3o-
BOI TockocTh. B o0mem ciiyyae TUHAMUKA CUCTEMBI MIOPOXKIACT YCTOHYNBBIC
(hopMaTBHO-TIOTHYECKUE CTPYKTYPHI KaK Pe3yabTaT ISHCTBUS CHHEPTETHICCKIX
MPOIIECCOB. AHAIN3 CPOPMHUPOBAHHBIX JIOTHUECKHUX CTPYKTYp TPOBOAMTCS Ha
0a3e aKTUBHBIX AMANOTOBBIX mporenyp. CoxpaHeHHE OCHOBHBIX CBOWCTB Ka-
YECTBEHHOI'0 OMHMCAHUS HCCIEAYeMON CUCTeMbI M 3(P(PEKTUBHOCTh aJrOPUTMAa
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Puc. 16. IuHamMHKa pa3BUTHsI cuTyauuu “broaching”

TIPUONMKEHHBIX PACCYKACHUN TTPOBEPSIIOTCS C MOMOIIBI0 MMUTAIOHHOTO MO-
JEITMPOBAHUSL.

IIpoGnema aeKBaTHOCTH MaTeMaTHYECKUX Mojeneil nmpu QpyHKIUOHUPOBa-
Hun 6oproBeix UC obcyxnaercs B [9]. B aTux paborax paccMOTpeHbI pa3iny-
HBIE TIOJIXO/IBI K OIPE/IENICHNI0 KOMIIOHEHT MaTeMaTHUECKIX MOJIENeH, yKa3aHbl
ITyTH MaTeMaTH4ecKoTo OmucaHus Gpu3ndecknx kapTuH B3ammozerctsus 1O c
BHEIIIHEH Cpeoil, TaeTcs XapaKTepHUCTHKA 0COOCHHOCTEH BEIYMCIUTEIHHON TEX-
HOJIOTUH M MHTEPIIPETAlUH PE3yNIbTaToB MOJIeIUpoBaHus. IIpiBeaeHs! MpuMepbl
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YHCJICHHBIX U KCIIEPUMEHTAIBHBIX OI[CHOK HCCIIETyEeMBIX SBICHUI.

B pabotax, mOCBSIIEHHBIX HCCIISTOBAHUIO JUHAMUKHY TUTaByYNX 00BEKTOB HA
BOJIHCHHH, WCIIONB3YIOTCS MPUOIMIKCHHBIC METOIBI aHAIH3a MaTeMaTHYCCKHX
MOJICIICH, OMMCHIBAIONINX CIIOKHOE THIPOa’POANHAMHYCCKOS B3aUMOJICHCTBHE
oObekTa ¢ BHemHe# cpemoit. CylecTBeHHas HEIMHEHHOCTh U BEPOSTHOCTHAS
OCHOBA TaKHX MOJEJEH, HEBOZMOXHOCTh CTPOTOTO y4eTa KOMIIOHEHT BEKTO-
pa COCTOSIHHS CTaBST IEpPEA HCCIIENOBATENIAMHI CIOXKHBIE MPOOJIEMBbl aHAIH3a
CHUTYallMd M BBIYUCIIUTEIBHON TEXHOJOTHH, MPEOJOJICHHE KOTOPBIX HEHU3MEH-
HO CBSI3aHO CO CHCIM(DUYCCKUMU TPYAHOCTSIMU U TPeOyeT OOJBIIOrO TpyAa W
¢dantazun. CoBpeMeHHbIE pabOThI TAKOTO HATIPABICHHS BBHIONHSIIOTCS Ha 0ase
0000IIeHNs el M METOIOB Ha Bce Ooiee adCTpaKTHBIE CUTYaluH, TPEeOyIOIIne
HOBBIX Pa3pab0TOK W KOHCTPYKUWH. VcHonb3yeMble TOAXOIBI HHOTAA CO3AI0T
BHJIMMOCTh HCUEPIBIBAIOIIETO PEIISHUs 3a7add, TOTAa Kak mpobiemMa cocTo-
UT HE B BO3MOXKHOCTHU MOJYYCHHUS NPUOIMIKCHHOTO PElICHHs, B (PaKTHUECKOU
3¢ GEKTHBHOCTH MPEIaraeMOr0 alrOpUTMA.

Bumnmast TpUBHANBHOCTD BBEIYUCIUTEIBHBIX 337a4 CHOCOOCTBYET MOSBIIC-
HUIO paboT, HE CBA3aHHBIX C HKCIIEPHUMEHTAIBHOMN IIPOBEPKOH MOTYICHHBIX TaH-
HBIX. B OTAENBHBIX choydasx Jake He COAEPIKUTCS MOAPOOHOTO alropuT™Ma U
YHCJICHHOTO MaTepuaia, MO3BOJISIONICTO CYyIUTh 00 3)(HEKTUBHOCTH METOAa U
OIICHKE MOJYYEHHOTO pe3ylbraTa C IMO3WIMH BBIYHACIUTEIHLHON MATEMATHKU.
TpyoHOCTH penieHus 3a/1ad THHAMUKA CIIOXKHBIX OOBEKTOB COCTOSIT B TOM, YTO
CPaBHUTEIHHO MaJasi TIOTPEITHOCT B UCXOIHBIX JAHHBIX ITPH BEIYMCICHUN KOM-
ITOHEHT MaTeMaTHYeCKUX MOJelNeil cBA3aHa ¢ OOJNBIION HEONPEAEICHHOCTRIO B
pemiennu. Takas cuTyarusi 0OCOOCHHO HEJOMYCTHMA B 33]lauaX OICHKHU TOTepU
YCTOMYMBOCTH, TaK KaK PCIICHHE MPEACTABISACT cO00M HH(POPMAIMIO O Bax-
HEHIlleM Ka4ecTBe, MOTPEIIHOCTh IPU OICHKE KOTOPOTO Ha MPAKTHKE MOXKET
MIPUBECTH K TSHKEIBIM MOCICICTBUSM.

[IpuGnmkeHHBIMH PEIICHUSIMH 3a/1ad AUHAMHKH CIOKHBIX OOBEKTOB 3aHH-
MAIOTCSI MHOTHE CIICIHATUCTHI. KaKplil U3 HUX MMEET CBOIO TOYKY 3PCHHUS Ha
MMOCTAHOBKY JTAaHHBIX 3214y, XapaKTep BCTPCYAIONIUXCS TPYIHOCTEH, OOBsCHE-
HHUC Pa3iIMYHBIX CHUTYallMi B MPOIECCE PCIICHHS U COACPIKATEIBHOTO aHAIN3a
pe3ynbratoB. He Beceraa coramasch ¢ MMEIOLIIMUCS BBIBOJAMH U O0BSCHEHUS-
MU (heHOMEHa, BBISBJICHHOTO B IPOIECCE PEIICHHS TaKUX 3a/1ad, aBTOpP CUNUTACT
HEOOXOTUMBIM PACCMOTPETh BOMPOC 00 aIEKBATHOCTH MaTEMAaTHYECKUX MOJIC-
neit tiaByunx J1O Ha BONHEHUH.

O6osuaunum vepe3 Fj(a), ¢ = 1,...,n, KpUTEpHUl aJeKBATHOCTH, OIpeIe-
JSACMBIA U3 aHaJ W32 MaTeMaTHYCCKOH MOICIH C yYETOM OITMCHIBACMEIX BH-
JIOB IBIDKCHHS W TIPENCTABIAIOMNN co00i MO0 (yHKIHIO OT mapameTpoB
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aj, j =1,...,k, 100 QpyHKUMOHAIIBI KPUBBIX COOTBETCTBYIOIUX AUppepeH-
LMaNbHBIX ypaBHeHHH. KosduuuenTsl Monenu a;, yloBIeTBOPAIOLIME 3a1aH-
HBIM TTapaMeTpHYeCKUM, (pyHKIMOHAJIBHBIM U KPUTEPHAIBHBIM OIPaHUYCHHSIM,
obOpasyior pomycrumyro obnacts E, B mpocrpancTBe kpurepues F(FE,). 3a-
JlaBasi TOYHOCThH ANNPOKCUMALMU MapaMeTpoB a; B BUie €5, j = 1,...,k u
TOYHOCTH KPUTEPHUEB £;, ¢ = 1,...,N, MOXXHO TIPEACTABUTh KPUTEPHUil O1H30-
CTH (aIeKBaTHOCTH) JAHHBIX MaTeMaTHYECKOTO MOACTUPOBAHUS (HU3HIECKOMY
JKCIIEPUMEHTY

F=(F} — Ffll.... [IFE — F2Il) (39)

e MHJEKC p 0003HAYaeT pacdeT, a € — SKCIICPUMEHT.

Jnst onpeneneHust ¢ 3aJaHHOM TOYHOCTBIO IApaMETPOB MareMaTHUyeCKOW
MOICIIN 210 C IIPUHATBIMU 3HAYCHUAMU KPUTECPUCB HCO6XO)II/IM3. AIIpOKCHUMaIIUA
obnactu E,. DTo 1ocTHraeTcs 3a CueT HaXOKJICHUs 3HAYEHUM a; TaKux, 4To

min F(a)=F(a"), r=1,...,N, (40)

a€E(a)
[IPU YCIIOBHHU, ONPEEIIAIONIEM JOMYCTUMYIO 00macts Fy,
|FY = FY|| < (41)

€CJIM 3aJlaHa TPaHMIIA BapHAIWi ITapaMeTpOB a;‘ <a; < a;f*, rae N — 4ucino
OKCHEPUMEHTOB, F** — nomycTUMBlEe KpUTEpHaAbHbIC OrpaHUYeHUs (YPOBEHBb
aJICKBaTHOCTH), YCTAHABJIMBACMBIC C YYCTOM TOYHOCTH JAHHBIX (DU3UYECKOIO
MOJICITUPOBAHUSI.

Konkperunzamus oomux 3aBucumocteit (40)—(42) npu mocTpoeHUH aJIeKBaT-
Hoit Montenu B VIC peapHOTO BpEMEHH MPHUBOINT K CIEAYIOMICH 3amade.

[IpencraBuM MaTeMaTHYeCKy0 MOJAETH KaK JIOKAJIbHOE JUCKPETHOE MPeod-
pazoBanue [3]

(v} = Fn({X}). (42)

Omneparop F); mMeeT MHTErpajibHBIH XapakTep M OTOOpa)kaeT MHOXECTBO CH-
Tyauuii { X } Ha MHOKecTBO moBezeHuit {Y }.

Pa3paboTka anmexBaTHON MOIENN CBOTUTCS K (OPMHUPOBAHHUIO COOCTBEHHO
MOJCIN U MHOXXCCTB UCXOOHBIX JaHHBIX O COCTOIHHUHU o0BeKTa {W} M BHEIITHEH
cpenst { X }. Torna HCXOIHYIO HMUTALHOHHYIO MOJIETh MOXKHO TPEJCTaBUTh KaK

Fym = (Far, P({X},{W})) (43)
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1, 0003Ha4as 1eb MOIEIUPOBaHUS 2z € Z W 00NacTh .S, OrpaHUYMBAIOIIYIO
MMOBEJICHUE MOJICIIH, MOJKHO 3aMMCarh YCIOBHE aJCKBATHOCTH B BHIC

YeS, vVzeZ. (44)

[Tpu Hapymennu ycnosus (44) mpou3BOAUTCS KOPPEKTUPOBKA MAaTeMaTHYECKON
Mozenu. B cnoxHBIX ciydasx u3MeHsieTcst 001acTb S ¥ CHU)KAIOTCS TPeOOBaHUS
K Moziesii. Mepoii OTKIIOHSHHS TOBEAECHHS MOJIENH OT JIOMYCTHMBIX TpeOOBaHM
sBrsieTcst pyHKIUs mrpada (HeaqeKBaTHOCTH):

@(Y,S):{O’ mpu Y € 5, (45)
eY,S), mpunY ¢ 5.

dyuxus (Y, .S) onpenenser creneHs OTKIOHEHHs Y 0T fgomycrumoro S. Ta-
KUM 00pa3oM, peaju3aiys MpoLeAypbl MOCTPOSHUS UMHUTALMOHHON MOJIENH
CBsI3aHa C peleHreM pobeMsl BeIOopa kinacca D u obmactu S. J{yis noBsiiire-
HUst 3GPEKTHBHOCTH ITOM MpOIeaypsl HEOOXOIHMMO 0OOCHOBAHHO OMPEIEATh
knacc D, XapakTepu3yIolinii CTPYKTypy MOJICIH U KIMETh YETKOE MPECTABICHHE
006 obmactu S mpu 3amaHHBIX BHEIIHKX yciaoBmwsix S = S(X). Paspaborannas ¢
YUYETOM 3THX TPpeOOBaHHH a/ecKBaTHAS UMHUTAIMOHHAS MOICIb AODKHA YIOBIIC-
TBOPSTH BAYKHOMY CBOWMCTBY — BO3MOXKHOCTH SKCTPATIOJISAIUH, T. €. CIIOCOOHOCTH
MPOTHO3UPOBaHuUs oBeneHus mwiaByudero /10 3a mpexenamu obnactu S.

B KauecTBe KpUTEPHEB aI€KBATHOCTH MOT'YT OBITh MCIOJIb30BAHbI JIOMYCTH-
MBI€ PACXOXKICHUSI TEOPETUUECKUX M IKCIIEPUMEHTAIbHBIX TAHHBIX ITPU OLICHKE
aAMIUTUTYIHBIX 3HAYCHUI pa3InIHbIX BHIOB KojebarensHoro amxenus J10O (xe-
TCPMUHUPOBAHHBIC WJIM BEPOATHOCTHLIC COOTHOIICHUA MJIsA YIJIOBBIX U JIUHEH-
HBIX TEPEMEIIEHUI, CKOPOCTEH M YCKOPEHUil), a TaKKe OrpaHUueHHUs, HaKIa-
JIbIBAEMbIC Ha PACXOXCHHE BPEMEHHBIX M (Da30BBIX TPACKTOPUN MPHU OLCHKE
MOBE/ICHUS IMHAMUYECKOI CUCTEMbI, YCIIOBUS IPOBEPKU MPUHAIIICIKHOCTH BbI-
OOpOUYHBIX JAHHBIX IMIHMPHYCCKUM 3aKOHaM pachpenelieHuil (3akonsl ['aycca,
Panes, Beiibymna u ap.).

OrleHKa afeKBaTHOCTH YCJIOXKHSETCS JUIS MareMaTHYECKUX Mojeneit 60ib-
[I0¥ pa3MepHOCTH (HApPUMEp, MPU HCCIIENOBAHUN B3aHMOCBS3aHHBIX audde-
PEHIMATIBHBIX YPaBHEHUH, onuchiBaomux mnoseaeHne JJO B CIOXKHBIX CHUTya-
uusix). B aToMm ciydae coiepikaresbHOCTh 3a/1aui BOCCTAHOBIICHHUS TAPAMETPOB
OINPENEIAETCS HE TOJBKO CTPYKTYpPOM MOZAEIN, HO U IPUHATBIMU KPUTEPUSIMU
6HI/I3OCTI/I TCOPETUYCCKUX U OKCICPUMCHTAJIBHBIX TaHHBIX, a TaKKE CTCIICHBIO
MOJTHOTBI BEKTOpa KPUTEPHEB.
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[ToHsATHE ameKBaTHOCTH CBS3aHO C JAPYTOW OYCHb Ba)KHOW OCOOEHHOCTBHIO
HEJITMHEHHBIX JUHAMHUYCCKHX CI/ICTCM*pr6OCTBIO UX MAaTCMAaTHYCCKHUX MOJC-
Jeit. Vicnonb30BaHUE ATOTO MOHSATHS BBI3BAHO TEM, 4YTO n}o6a;1 aJICKBaTHas1 MO-
JeJb OTpaXKaeT UCCIEAYeMOoe SBICHHE JMIIb ¢ HEKOTOPOH MPUOIMKEHHOCTHIO,
MIPaKTHYECKH HUKOTAA HE ONMHUCHIBasl ee abComoTHO TouHO. [losTomMy mpu aHa-
JM3€ MaTeMaTHYECKUX Mozeiel HeoOXOIMMO MONydaTh NaHHBIE, KOTOPBIE HE
HCTIBITBIBAJIN OBl 3aMETHOW 3aBHCHMOCTH OT HETOYHOCTH MOJECIHPOBAHHUS, T. €.
ObLIH OBI JA0CTAaTOYHO MHBAPUAHTHBIMH IO OTHOIIECHHUIO K 3TUM HETOYHOCTIM.
Taxum o0paszom, moHsATHE IPyOOCTH CBUAETENBCTIBYET O TOM, YTO PE3YbTAThI
HCCIIEZIOBaHUSI MOZIEIIN M XapakTep ee JMHAMUKHU JIOJDKHBI UCIIBITHIBATH OCTa-
TOYHO MaJIbIe N3MEHEHHS IIPU CPABHUTEIHFHO HEOONIBIINX BApUAUAX CTPYKTYPbI
monenu [9].

ViydiieHne MaTeMaTHYeCKHX MoJelel CIIOCOOCTBYET COBEpILCHCTBOBAHUE
TEOPETUUYECKOH U 3KCIIEPUMEHTAIbHON 0a3bl THAPOadPOAUHAMUYIECKUX HCCIIe-
JOBaHUH, UCIONb30BaHUE 3(P(EKTUBHBIX METONOB OOpPadOTKU M aHAIU3a pe-
3yJIBTAaTOB JKCIEpUMEHTa. BaxkHOe 3HaueHWe JUIA TOBBIIICHUS aJeKBaTHOCTH
nMeeT pa3pabOoTKa HAIEKHBIX CHOCOOOB ONPENCICHUsI KOMIIOHEHT MaTeMaTH-
YCCKUX MOHCHeﬁ C YU4€TOM PICKa)KeHPIﬁ, BHOCHUMBIX ABHKYUIUMCS 00BEKTOM B
CTPYKTYpY BOJIHBI (MHTepdepeHust U Judpakius BOJIH, U3MEHEHHE TOJIs 1aB-
JeHuit), OoJiee IIOIHOTO OMCAHUs IPOCTPAHCTBEHHOM U BPEMEHHOU CTPYKTYpPbL
BETPOBBIX IIOTOKOB M JIEMITI(HUPYIOIIEH KOMIOHEHTHI.

B kauectBe mMonenu oOpabOTKM AaHHBIX MAaTEMaTHYECKOTO M (PU3HUECKOTO
MOJIEJIUPOBAHMS IIPU OLIEHKE aJeKBaTHOCTH MOXHO paccMarpuBarh MH(OpMa-
IIHOHHYIO MOJIEITb, TIPE/ICTaBICHHYIO Ha puC. 16.

[Ipobnema afeKBaTHOCTH HEUETKHX MOJENEH pearlbHOMY OOBEKTy B 3ala-
Yax MHTEPIPETAlUH IIPH HEYETKOM MOJIEITMPOBAHUM JUHAMHYECKHX MTPOLIECCOB
CBsI3aHa C pa3pabOTKON CHENUATIBHBIX KPUTEPUEB afeKBaTHOCTH. OOBIYHO B HC-
XOJHOW MOJIETTH HEUETKHE MHOXXECTBA MPECTABISIOTCS MApaMETPHUECKH B BUJIE
(R — L) uucen. OHu 3a1at0TCs CyOBEKTHBHO W JOCTATOYHO HPUOIMKEHHO, a
3aTeM B Mpolecce IKCIIEPUMEHTHPOBAHUS NMPU OOyYeHHMH Ha pealbHOM CHUTY-
alluy OCYILIECTBIIETCA UX HAcTpoiKa, JOBOAKAa M koppekius. Mcnomb3yemble
TIPY 3TOM JIOTHYECKHE Ollepanuy 00JerdaroT MOAEIMPOBAHUE W TOMCK pelle-
HUs 3a7a4u. B mpakTuke uccnenoBannii mopeaeHus mwiaBydnx JJO Ha BOMHEHUN
BBIpa6OTaH Ol'IpelIeJ'[eHHBIﬁ THIT MATCMAaTUYCCKHX MO}IGJ’IGﬁ, KOTOPBIE B 3aBUCH-
MOCTH OT OPHEHTallUH 00bEKTa OTHOCUTEIBHO FeHEePAIbHOTO HallpaBlIeHus Oera
BOJIH OIIMCBIBAIOT U3y4aeMble sIBJICHUS C JOCTATOUHOM s IPaKTUUECKUX LieNei
TOYHOCTHIO. Kak 1moka3pIBaeT cpaBHEHUE JTAHHBIX MAaTEMaTHYeCKOTO MOEIUPO-
BaHUSA C pe3yibTaTaMu (PU3MUECKOTO HKCIICPUMEHTA, XapakTep KoyeOaTenbHo-
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Vv € U
1 I
MS

» Agr

Puc. 17. I'pad-cxema nHpopmauoHHoi mopeu B3anmopeiicteus J1O

C BHellIHeH cpeno
3nech: D —nnayuuit J1O; V, W — BHeluHsisi cpena (BeTep, BoJHeHHe); G — Mo-
Ie/b TeHepaluu cuTyauui; S; — koukpetHas (J) cutyauus; M .S — u3MepuTesnbHas
CHUCTeMa, cofepkallas Npuoopsl 15 HabJIONEHHs M H3MepeHHs CBOHCTB H3yyae-
MOro o0beKTa (KHHEMaTHYeCKHMX W AHHAMHYECKHX XapaKTepUCTHK) B J-# cuTya-
LUH; € — NOTPELIHOCTb HM3MepeHMs; Y — pe3dyabTathl HabawofeHuH; PR — mpouec-
COop, OCYLLeCTBJSAIIINN Npeodpa3oBaHre U3MepPUTeNbHOH U alpUOPHON HH(OpMaLUU
C MOMOLIbI0 METOJ0B MaTeMaTH4YeCKOro M JHMHTBUCTHYECKOTO MOJEJIHPOBaHMUS; X -
pe3y/nbTaThl HMHUTALHOHHOrO MOJEJNHUPOBaHHUs (HOBble 3HAHUS O NHUHAMHKE B3anMO-
neictBusi); C'— Molesb B3auMoLeiCTBUs (LeseBOH orepaTop) (OPMHPYHOLIHH [10-
CTOBEPHYIO OLeHKY X (pe3ysbTaThl (pU3UIECKOro MOLeNHPOBaHHUsA); A — anexBarop,
cpasuuBaompi X # X U BELIAIOWMH OLEHKY aIeKBATHOCTH A I0Jy4eHHBIX 3Ha-
yeHu#t X; U — ynpasJ/ieHHe, KOPPEKTHPYIOLlee JMHIBUCTHUECKYIO MOZE/b ¥ HAaCTpa-
uBamollee Kod(P(UIMEHTH MaTeMaTHUeCKOH MoJesaH, a NpH HeoOXOIUMOCTH — BbI-
Gupartolliee Gosiee MOAXOAsALLEE MaTeMaTHUECKOe OMMCaHue; F — onepartop, AaoLui
MaKCHMaJ/IbHO BO3MOXKHYIO OLEHKY alleKBaTHOCTH Ag .

TO JIBIOKCHHUS, OIPEACIAIOMNN TUHAMHYECKUE KapTHHBI B3auMmopeicTeus 1O
C BHEUIHEW Cpeloi, COXpaHseTcs MPHOIN3UTEIFHO OAMHAKOBEIM, a HaOIromae-
MO€ pacXoXKACHUE KPUBBIX CBSI3aHO C JOCTOBEPHOCTHIO OI[CHKH KOMIIOHEHT IPH
MOCTPOSHUH MaTeMaTH4eCcKuX Mojened (ocobeHHo aeMmdupyromei u BoccTa-
HaBJIMBAIOIIEH KOMIIOHEHT). HeTOUHOCTH B ONMMCAaHUM STHX KOMIOHEHT CyIIe-
CTBEHHO CKa3bIBAIOTCS Ha (PM3UYECKUX KapTHHAX B3ammoneicteus J{O ¢ BHemI-
Hell cpenoii. B pabote [19] obcyxnaracek 5Ta mpobieMa Ha pHMepax MOBee-
HUSL OMCTAOMIILHOW W TPeXCTaOWIBHOW NWHAMUYECKUX CHUCTEM TIpH 3aJaHHOMN
HMHTCHCUBHOCTH BHCHIHUX BOBMyIlIeHI/II\/’I.

Bonpioe BHUMaHKe NpU OLEHKE aIEKBaTHOCTH CIIEYET YAEATh CTPYKType
6a30BbIX MpaBWI (HPOPMAITN30BAHHOW CHCTEMBI 3HAHUH B CIIOXHBIX CHUTYalsIX,

VIR 004.032.26 (06) Heiiponnbie cetn 169



ISBN 5-7262-0471-9 JIEKLIMY 110 HEMPOUH®OPMATUKE

0COOCHHO ITPY HETIPEPHIBHOM N3MEHEHUHU ANHAMUKHI OOBEKTa U BHELITHEH Cpepl.
AnexBarHas peakius VC Ha mpegpsaBIsIeMy0 CHTYaIlMI0 UMEET Ba)KHOE 3Haye-
HHE TIpY BBIOOpE YIPaBISIOIINX BO3ACHCTBUIA, HAIIPABICHHBIX Ha MOBBIIICHUE
6e3zonacuoctu J1O. Pematoriyro ponb NMpy aHannu3e W IPOTHO3E Pa3BUTHS IKC-
TpeMaJIbHBIX CUTyaluii mpu3Bansl ceirpath MTHC, koTopble B paMKax MpHHIMIIA
KOHKYPEHIINM 00eCIIeYNBaIOT BEIOOP HAWIYUIIETO PEIICHHS 3a1adu.

ITpoBepka ageKBaTHOCTH MAaTEMAaTHYECKUX MOJENECH OCYIECTBIACTCA KaK B
npolecce pa3paboTku 0a3bl 3HAHMHM, Tak ¥ npu ¢yHKuuoHupoBanuu HMC Ha
6opty J10. Ha srane pa3paboTKi IpOrpaMMHOTO OOecredeHHs MpOoIeaypHOi
KOMITOHEHTHI 3Ta OIepalisi OCHOBaHA Ha COIIOCTAaBJICHUH JIAHHBIX MaTeMaTH4e-
CKOTO U (PU3MUYECKOTO HKCIEPHMEHTA, a TAKXKE HCIIOIB30BaHUH PErpecCHOHHBIX
3aBUCHMOCTEH, aJEKBaTHOCTh KOTOPBIX IIPOBEPsUIaCh MPH HX MOCTPOCHUH. B
npotecce dkcruryarai C mpoucXoauT KOPPEeKTHPOBKA MaTeMaTHYeCKUX MO-
Jeneld Ha 0a3e MocTymaromieil M3MepuTeNbHOM MHpopMauu o0 (akTHIecKkoM
B3aumMozeiicteun J|O c BHemHel cpenoil. MaremaTuueckue MOJENU MPOTrHO3a
xapakreprcTHK J]O B 3TOM ciydae HEIPEPhIBHO «IIOJICTPANBAIOTCS C TOMOIIBIO
aIalITUBHOM KOMITOHEHTEI.

Peanuzayus paspabomannozo nooxooa K oyeuke adek8amuHoCmu Mamemamu-
yeckux mooenei 8 UC ocywecmeniemcs ¢ UCnonvb308aHuemM Mamepuanios usu-
yeckoeo sxcnepumenma. Ilpu smom ucxoonvie Mooeau oyeHusaomces N0 OAHHbIM
Pu3zUUecKo20 MOOeIUPOsaHUs, a pabodue Mooenu — Ha OCHOBAHUU PE3YIbMAmos
HAMYPHBIX UBMEPEHULL 8 npoyecce adanmayuy Cucmemsl Ha OOpMY Ucciedyemo-
2o J10.

MeTtoabl IJIAHUPOBAHUA IKCIIEPUMEHTA B ucC pe€ajibHOTO
BpeMEeHU

ConeprkaTenbHbINA aHAIN3 IPOOIEM MOAEINPOBAHHS, ONIPEACTIEMBIX COOTHOIIIE-
HHEM MEXIy peaJbHBIM JKCIIEPHMEHTOM, MOJCIBHBIM AKCIIEPUMEHTOM H TEO-
pHeH, CBUICTEIbCTBYET O IMOCTOSHHOM BHUMAaHUHU HCCiefoBaTeneil K IOUCKY
BO3MOXKHBIX CTPaTE€rHii MOJIEIMPOBAHUS C yUE€TOM 0COOEHHOCTEH UCXOAHON UH-
¢opmannu. Pazsutne 3THX mMoaxonoB cBszaHo ¢ npumeHeHneMm VIC u ctpemn-
TENBHO PacTylIel NPON3BOAUTEIHHOCTH BBIYHUCIUTENBHBIX CPEICTB.
DopmanbHbBIe TPOLEAYPHI, JeXkKalye B OCHOBE (yHKuuoHMpoBaHus HC,
NPENIoIaraloT MKPOKOE MCIOIb30BAHUE M3MEPUTEIbHONW WH(OpPMALMK U Me-
TOZIOB MaTeMaTH4eCcKOro MOJEIHpOBaHUs. PelleHne mpukiIagHBIX 3a7ad aHa-
JM3a ¥ IPOrHO3a IMOBEJICHUs TUHamMu4yeckoro oobekra B MC Bexercs ¢ mpu-
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BJICUCHHEM TECOPUH IUIAaHUPOBAHUS SKcrepuMeHTa. VH(popMarus, morydaemas
OT JaTYUKOB JUHAMHYECKHX M3MEPEHHH B Mpollecce HOPMAIbHOW JKCILTyaTa-
MU 00BEKTa MPEACTABIACT COOON JaHHBIC MACCHBHOTO 3KCIICPUMEHTA. AKTHB-
HBII 3KCIICPUMEHT HCIIOIb3YETCS TOJBKO Ha ATAIC TCCTHPOBAHMS U aanTalluu
UC. [Ipu ucons30BaHUU JaHHBIX aKTUBHOTO 3KCIICPUMEHTa IpolieMa BBIOOpa
HAWTYYIIero MaTeMaTHIeCcKOTO OITUCAHUS MOXKET OBITh pelIeHa KIIaCCHYeCKIMHU
MeToaMH IUIAHUPOBaHUA. B ciaydyae maccHBHOTO SKCHEpHMEHTa 3Ta Mpobie-
Ma TpeOyeT crelnuaIbHbIX MOIX0/I0B, YYUTHIBAIONINX aJ€KBATHOCThH OIMCAHUS,
JIUCTICPCHUIO OIIEHOK ¥ BBIYHCIIUTEIBHBIC TPYIHOCTU U3-3a BBIPOXKICHUS HHPOP-
ManroHHO# Marpuiel [21]. i oOpaTHEIX 3amad Maremarudecko pusuku B UC
TUIAYHBIME SIBIISTIOTCS CUTYalldH, KOTHa HaOIlfOIeHNe pealu3yeTcs He «B TOY-
Ke», a «Ha (pyHKIIMOHAJe», 4TO TPUBOIUT K 3a1adaM ¢ OECKOHETHOH 00JIacThiO
MJIAHUPOBAHUS. AHAIU3 MOAXO0B K TUIAHWPOBAHHUIO SKCIIEPUMEHTa M TIOUCKY
3¢ GeKTUBHBIX Tporeayp o0paboTku uHpopMarmu B ciaokHbix MC peanbHOTO
BpPEMEHH coziepXHuTcs B padore [9,21].

OcobeHHOCTH MNJIAHUPOBAHUSA IKCIIEPUMEHTA

BosHukarolye npu npaktuyeckoM ucnonbzoBanun MC 3amauu miaHUpOBaHUs
SKCIIEPHMEHTAa YacTO BBIXOMAT 3a PAMKH KJIACCHYECKOTO IOAXOda M TPEOyroT
CHEIMAILHOTO O00OOMIEHHS C y4eToM O0COOEHHOCTEH paccMaTpHUBaeMbIX Mpo-
OneM. B pealbHBIX M3MEPEHUAX PECYPCHI MOTYT OBITh CYIIECTBEHHO OTpaHUYe-
HBI, @ aNpUOpHAas HHPOPMAIIHS HEMOCTaTOYHA [T HECMEIICHHOW OLCHKH (PyHK-
LUK PErpeccur. B 3THX yCIOBHUSX MPUXOAUTCS CUMTATHCS HE TOJNBKO CO CITydaii-
HOHM OmMOKO#N NPUOIMKEHUS, HO U C CUCTEMAaTHIECKON ONMMOKOH, BBI3BAHHOMN
HEeaIeKBaTHOCTHIO MPUHATON Mozaemu. Brrbop mpocTpaHCTBa, B KOTOPOM HILET-
Cs OILICHKa, le/IXOIll/ITCSI OCyHICCTBH)ITI) COBMECTHO C IIJTAaHOM 3KCHepI/IMeHTa u
METOJIOM OIICHHBAHHS.

IoHumas ToJ TJIAHOM 3KCIepuMenTa £ BEpOSITHOCTHYIO Mepy Ha ofnactu
w1aHupoBaHus U ¢ KOHEYHBIM HOCHUTEIIEM

sup{={heU, &nh)+#0}

u obo3Hayas yepe3 H; KOHEUHOMEPHOE IMOANPOCTPAHCTBO HEKOTOPOIo MpoO-
crparctBa H(H, C H), koTOpOMy IpUHALISKHUT (YHKIUS PErpeccuu, OyneMm
CYUTaTh, YTO IO YCIOBUAM PCAIIBHOTO SKCIIEPUMEHTA MOTYT OBITH HCITOJIH30Ba-
HBI TOJIBKO IIaHBI U3 JOIMYCTUMOT'O MHOXKECTBA

Jn = {& € Jy :card(sup§) < n},
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e 1 — YKCII0, XapaKTepU3YIoIlee OrPaHHueHHOCTh PECYPCOB.

Bri6op npocrpancTBa ouenuBanus Hy; = H¢ n omeparopa OLEHHBaHHUS
S = S¢ obecneunBaeT npy GUKCHPOBAHHOM IUTaHe { € Jy HaXOoXKIEHUE HaH-
Myduiero B MeTpuke mpocrpanctsa H npubmwxenus E7) € He X IpousBOib-
HOMy 21eMeHTy 1 u3 H. IIpu 3ToM HpOCTpaHCTBO OIEHUBAHHA ¢ IOIKHO
00ecIeunBars TOCTPOCHHE OIEHKH 7) HEM3BECTHOTO 3IeMeHTa 1) € H.

3amaga Bebopa mpouenypsl m = (&, Hi1,.S) BoccranoBneHus 7 u3 H Ha
MHOXKECTBE JOIYyCTHUMBIX IPOLENYDP 7 SABISIETCS ABYXKPUTEpPHAIbHOW. B 3Tnx
YCIOBHUSIX MOUCK ONTUMANIBHOM MPOLEnypbl 7* yIoOHO BECTH Ha OCHOBE pellie-
HUSI 3a]1a9K ONTHMHU3AIUU C MPHOPUTETOM, YIUTHIBAIOIIMM CHCTEMATHUECKYIO
OmmoKy.

m* = arg inf B,(m), (46)

[ Y — BEPOATHOCTHAS Mepa, UCTIONb3yeMast ISl OCPEAHEHHUSI CHCTEMAaTHYECKO
ommbku B(&, Hy, S)

B, (&, Hy, S) = /H B(&, Hy, S)dv(n):

B’Y(faHlvs) = d25t2(naEﬁ) = ||77 - Eﬁ”%ia

S — omeparop, ¢ MOMOIIBI0 KOTOPOTO MPOU3BOAUTCS OlEHKa 7) = 7)(y) Hewns-
BECTHOTO 3eMeHTa 1 € H.
JIyist XapaKTepUCTUKHU CITyYaiHON ONMIMOKY UCIONB3YIOT (PYHKIIMOHAI

(b(gleaS)

OT KOPPEISIIIHOHHOTO orieparopa oueHkH 7) (onpenenurens det D (7)), cien trD (7))
WK IPYTHE KPUTEPUM), U TOTHA

7" =arg inf__g ®(7), (47)

rre 11 € I — MHOXecTBO Tporieayp 7, SABISIFOIIMXCS pelieHneM 3aaaqu (46).
3anada (47) Ha MHOXKECTBE MPOIIETYP

¢ edy={eJy : £=Arg inf B (m¢)}

paccMaTpUBaeTCsl B MPEIIIONIOKCHUU, YTO HOCHTENb IUIaHa sup & ONpeneicH
OJTHO3HAYHO W3 pemieHus 3axadu (47), HO mMeeTcs cBOOOma B BEIOOpE BECOB
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Habmonenuit P; (j = 1,m). DTo mo3BonseT MUHUMH3HPOBATh CIy4allHYIO
OIMOKY TPHU CIAEAYIONINX YCIOBHUSIX

& (P):=(hi,...,hN,P1,...,Py),
P* = arg inf (I)[Df*(P)]a

e
P:={PeR"™ P;>0,j=1m}

€CTh KOPPENSMOHHBIN oreparop, onpenensemsiii kak De = M (Mg — un-
(bopManMoHHBIH oniepaTop).

B mpukiagHeIx 3amadax IJIAHUPOBAHMS HKCIEPHMEHTA Ba)KHOE 3HAUYCHHE
MIpUOOpEeTaeT MHTEPIIPETals TAKHX CBOHCTB KaK OPTOTOHAIBHOCTh M POTaTa-
6enbHOCTH. IIpy paBHOTOUHBIX M3MEPEHHAX 3TH CBOICTBA NMPUBOAAT K HE3a-
BHCHUMOCTH K03((PHITMEeHTOB perpeccuul (MX OTMHAKOBON TOYHOCTH), YTO MMe-
€T NPUHIUNNAIBHOE 3HaYeHHEe B MIOMCKOBBIX Mpornenypax bokca—Yuncona npu
SKCTPEMAJIbHOM ILUIAHUPOBAHUM.

Bb100p onTHMAJIBHBIX YCJIOBHH IKCIIEPUMEHTA

3amaua BeIOOpa ONTHMAJBHBIX yClIOBHH 3kcnepumenTta B MC ompenenser Ha-
JISKHYIO OLIEHKY XapakTepucTuk J]O U mapaMeTpoB BHELIHEH cpe/ibl U CBs3aHa
C TIOCTPOCHUEM HOPMHUPOBAHHOTO TUCKpeTHOro miana s JO, pasBuBaromero-
csl BO BPEeMEHH W TpocTpaHCTBe. [laccHBHAs cTparerus IIIaHUPOBAHHS TaKOTO
SKCTIEPIMEHTa XapaKTePU3YeTCsS TE€M, YTO OOBEKT (YHKIIMOHUPYET B PEKIME
HOpMaJbHOM dKcIutyaTanuu. MC Ha OCHOBe aHain3a CHTyallMH BBIOMpaeT Mo-
MCHTbBI BpEMCHH U KOOPAWHATBI TOYCK, B KOTOPLIX CICAYCT NPOU3BOAUTH U3ME-
peHusl. BBIOmHKUB cepuio ONBITOB PH HEKOTOPBIX (PUKCHPOBAHHBIX 3HAYEHUSIX
HCCIIeyeMoro (akTopa B pa3IHIHbIC MOMEHTHI BpEMECHH M UMEsI MOJIEITb CHCTE-
MBI, MOXHO ITOJICYMTATh HOPMUPOBAHHYIO WHPOPMAIIMOHHYIO MaTpuIly [21]

M(e)=>_ P,M(l,) (48)
v=1
JUIA JUCKPETHOTO IIaHa SKCIIEPUMCHTA

L.l n
- P,=1 (P, >0), 49
§ PP ; . (P, 20) (49)
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rne P, — Beca HaOIIOIEHM.
CunTre3 D-onNTHUMAalbHBIX IUIAHOB W3MEPEHHH OCYIIECTBISETCS Ha OCHOBE
UTEPAIMOHHOM MPOIIEAYPHI C HUCIIOIb30BAHHEM (PYHKIIMU

8(1,€) = sup[MH(E)M(1)] - (50)

Oco0bIM cityuaeM HICHTH(OUKAIUHE AUHAMUYECKIX CUCTEM SIBJISICTCS TUIAHH-
pOBaHKE U3MEPEHU B UaCTOTHOH 00JaCTH. YIpaBieHUE MPOLIECCOM U3MEpEeHHI
Ha OCHOBaHUM METOZOB IUNIAHUPOBAHUS SKCIIEPUMEHTA II03BOJIIET CBECTH 3a1a4y
K HOUCKY JUCKPETHOIO ONTHMAIBHOIO MJIaHa

W1ye oo y,Wn

= 1
¢ P,...,P, o)

C HOPMHUPOBaHHOW MHPOPMAIIMOHHON MaTpHIIeH
R L e s ontss
M(&) = %Z@ (iwy) (zwv)Per%Z@(zwv)fI) (iw,) Py, (52)

v=1 v=1

T7Ie W, — 9acTOTa CHEKTPAIBHOTO PA3JIOKEHHUS CTAMOHAPHON CIy4aitHOW QyHK-
uH (BXOIHOTO mpouecca); P, — OpAUHATHI HeMPEPBIBHOTO CIIEKTPa 3TOH (PyHK-
LMH; 3BE30YKOM (*) TIOMEUYEHBI KOMILIEKCHO COIPSDKCHHBIE YaCTOTHBIE XapaK-
TEPUCTHKH.

ITpu onHOKpaTHBIX HaOMIONEHUSIX BMECTO (52) nmeeM

M(w) = 1/27[®* (iw) @ (iw) + ®(iw)d*" (iw)] . (53)
Beipaxkenust (51)—(53) no3BossifoT HOCTPOUTH (PYHKIHUEO
d(w, &) =sup[ M~ ()M (w)], (54)

JICKAIYIO B OCHOBC QJITOPUTMOB CHHTE3a D-onTUMalbHBIX JIAHOB OKCIICpH-
MCHTA.

I/IHTepBaH, Ha KOTOpOM OIIpEAcCiicHa BEPOATHOCTHAsA MEpa, MNOPOKACHHAA
HOpMHpOBaHHOﬁ CHGKTpaHBHOﬁ MJIOTHOCTBIO, XapaKTCPU3YCTCA BbIPAKECHHUCM

Qo = [~wk, +wi], (55)

e [—wg, +wy] — AMana3oH 4acToT, ONpeIENIOLIUIA [OJIOCY IPOIYCKAHMUS HC-
CJIEAYeMOT0 TUHAMUYIECKOTO OOBEKTA.
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CrexTp IIaHa B 3TOM CIIydae HPECTaBIseT CO00H COBOKYITHOCTh 3HAUCHUI
4acToT, a JUCIEPCUH TAPMOHHUK SIBIISIOTCS BECAMU.

Tpakxmuueckoe npumererue paccmMOMpeHHbIX Memoo008 NAAHUPOBAHUSA UIMePU-
menvrozo skcnepumenma 6 UC peanvHo2o 8pemenu céa3aHo ¢ 8b100pOM ONMu-
MANBHBIX YCI08ULL UsMEPEHUT, 00eCcneuu8alouux HA0eXdCHYI0 OYeHKY XapaKmepu-
cmux /]O u napamempog sHewnell cpedvl, a Makdice ¢ op2anuzayuell npoyeoyp-
HoU KomnoHenmul 6aszvl 3nanuil UC u coomeemcmayouje2o aneopummuieckozo
U NPOSPAMMHO20 0becneyerus.

3akioueHue

Pa3paborka MC HOBBIX NMOKOJECHUH 3HAMEHYETCSl IIUPOKUM HCIOIb30BAaHHEM
METOZIOB MOJCIIUPOBAHUSA M BBIUUCIUTENBHBIX TEXHOJOTUI, OCHOBaHHBIX Ha
MPUMEHEHUN HETPAAMLIMOHHOTO MaTeMaTH4YeCcKoro amnmnapara. Bocrpustue u ne-
peCTpoiika BCe BO3pACTAIOIIETO MTOTOKA HH(OpMAIINK U CO3JaHHE Ha €T0 OCHOBE
KOHKPETHBIX MPHUIIOKEHUH CBA3aHO C IOCTOSHHBIM yCIOKHEHIEM BO3HUKAFOIIINX
3aJa4, X KOMIIJICKCHOCTBIO, HpaKTH'—IeCKOﬁ OpHeHTaHHeﬁ Ipru CymeCTBEHHOM
paclIupeH’H apceHana MpUMEeHsIeMbIX METOJIOB U CPpeACTB ucciaenonanuii. Cpe-
¥ HUX aKTHBHEE MCIOJNB3YIOTCS mMoAxonsl 1o coszmaHuio MC Ha 6a3ze HOBBIX
MIPUHITUIIOB IpeoOpa3oBanus HHGopMamy. Heo0XomuMocTs CHCTEM HOBOTO TH-
Ia CBs3aHA C TEM, YTO OOJBITMHCTBO 3aKOHOMEPHOCTEH, CBA3CH M OTHOIICHHN
BO MHOTHX O0JIACTAX 3HAHUK YCTaHAaBJIMBACTCA Ha KQYCCTBCHHOM YPOBHE U HE
BCEraa MOXET 6I)ITI) OIMMCAaHO Ha A3BIKC CTPOIruX KOJIUYCCTBECHHBIX OTHOUIECHUM.
CJIO)KHOCTh U YHUKQJIBHOCTb M3y4aeMbIX SBJIEHHH OOyClIaBJIMBAEeT HEIOJIHOTY
OXBaTa BCEX MPHUPOAHBIX (DEHOMEHOB, KOTOPHIC MO-pPAa3HOMY MOTYT OBITH BOC-
TPUHATH TIpu QyHKIHOHUpoBaHuu VC.

IIpumenenne moctmwkenuit M1 npu cozmannu VIC HOBBIX MOKOJICHUH TTOMO-
raeT CyIIECTBEHHO NMPOJIBUHYTHCS B PELICHHH TPYIHO (OpPMaM3yeMbIX 3aj1ad
B YCJIOBHSIX HEOINPEIEICHHOCTH M HEMOJIHOTHI MCXOAHOW MH(popMmanuu. Bme-
CTE C TEeM, HECMOTPSI Ha CPABHHUTEIBHO MPOCTYIO0 HHTEPIPETALNIO, HMEIOIIHACS
¢dopmanbaeri anmapat MU moka emre mamek ot coepireHcTBa. [loHamoOutcs
JIONITHHA TTyTh, KOTOPBIM Hamo OymeT mpoiitw, npexae deM caenath MC addek-
THUBHO I[eflCTByIOH.IPIMH B OKCTPEMAJIbHBIX CHUTYaIUAX, 0COOEHHO B YCIOBUAX
HEMPEPBIBHOTO UBMCHCHUS NTUHAMUKN O6'beKTa Y BHEUITHEH Cp€abl.
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FOpuii UBanosny HEYAEB, nokrop TexHudeckux Hayk, npodeccop xadenpst
BBIYHMCIIATEIbHON TEXHUKH M MH(POPMANMOHHBIX TexHoIorui [ocynapcTBeHHO-
IO MOPCKOTO TEXHHUYECKOTO YHHBEPCHUTETA, 3aBEAYIOIIIH Taboparopueil cucremMm
MTOAICPKKU IPUHATHUS pereHuid HCTUTYyTa BRICOKOIPOU3BOANTEIBHBIX BEIYUC-
JeHuii n 6a3 ganHpIX. O0IacTh HAyYHBIX HHTEPECOB — pa3paboTKa MHTEIUIEKTY-
QIBHBIX CHUCTEM obOecrieyeHHs 0e30MacHOCTH MOPEIIABaHMS U MOCAAKH JieTa-
TENBHBIX aNmnapaTtoB MOpckoro OasupoBanus. Hayunas mkona — mogroroBui 7
JOKTOPOB TEXHMUYECKHX M (PU3MKO-MAaTeMaTHYECKUX HayK, 15 KaHAWOATOB Ha-
yk. ABTOp Gonee 370 HaydHBIX paObOT M M300peTeHui (MOHOTrpadun, YIeOHUKH,
CIPaBOYHUKH, HAy4YHbIE CTaThH), B TOM uucie 3 mMoHorpaduu u 132 HayuHble
IyOMUKalMU U3IaHbl 3@ TPaHULEH.
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