YIK: 519.7, 621.3
MSC2010: 68MO07

OBPATUMBIE BBIYCJIEHUAA. 1
© C.U.Typos

MOCKOBCKUIT TOCYAAPCTBEHHBI!1 YHUBEPCUTET UMEHU M.B.J/IoMOHOCOBA
DAKWIBTET BBIUUCJ/IMTEJIBHON MATEMATUKU U KUBEPHETUKU
JIEHUHCKUE T'OPHI, A. 1, cTP. 52, MockBa, ['CII-1, 119991, Poccuiickasi PEAEPALIUA
E-MAIL: sgur@cs.msu.su

© A.E.2Kyxkos

MOCKOBCKUI I'OCYJAPCTBEHHBIII TEXHUYECKHWI YHUBEPCUTET UMEHU H. 3. BAavyMaAHA
2-1 BAYMAHCKAA vil., A. 5, ¢TP. 1, MockBa, 105005, Poccuiickaa @EAEPALIUA
E-MAIL: aez_iu8@rambler.ru

(© M. B. 3akabaykos

OOO "ANroPUTMBI U JAHHBIE VJI. JIMUTPUST YbSIHOBA, A. 42, ¢TP. 1, 117218, MOCKBA,
Poccutickasa PEAEPAIIUA E-MAIL: dmitriy.zakablukov@gmail.com

© T. B. Kopmakos

MOCKOBCKHUI IMOCYAAPCTBEHHBIII YHUBEPCUTET UMEHU M.B.J/IoMOHOCOBA
DAKVIBTET BBIUUCAUTEIBHON MATEMATUKU U KUBEPHETUKU
JIEHMHCKUE TOPHI, A. 1, cTP. 52, MockBa, I'CII-1, 119991, Poccuiickasa OEJEPAINS
E-MAIL: egor2898Qmail.Tu

Ob6parumbie Borauciaenus. I ['ypos C. 1., 2Kykos A. E., Bakabaykos /1. B., Kopmakos I'. B.
B neppoit yactu paboTbl pACCMOTPEHBI OCHOBHbBIE IIOJIO?KEHUS 00PATHMOCTU KAaK HOBOM I1apa/IurMbl Pas-
BUTHS BHIYUCIUTEIBHON TeXHUKN. V3105KE€HBI OCHOBBI 00PATUMOM JIOTUKY U MOJIEIN OOPATUMBIX BBIYHC-
JieHuit, oOpaTuMbIe sI3bIKH MPOTPAMMUPOBAHUS.

KurroueBble cioBa: odparuMast JIOTHKA, MOJETH 0OpATUMBIX BBIYUCICHUMH, OOpaTHMbIE
SI3BIKHA ITPOTrPAMMHUPOBAHU A

REVERSIBLE CALCULATIONS. I.
Gurov S. 1., Zhukov A. E., Zakablukov D. V., Kormakov G.V.

Abstract. 1In the first part of the paper the main provisions of reversibility as a new
paradigm for the development of computer technology are considered. The fundamentals of
reversible logic and models of reversible calculations, reversible programming languages are
stated.
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1. BBEAEHUE B TTPOBJEMATUKY. [TPUHIINTT HENMAHA-JTAHTAVIPA

Nurepec Kk 0OpaTUMBIM BBIYUCIEHUSM W PEAJHU3YIONIAM X CXEMaM U3 O0PaTHMBIX
9J€MEHTOB BO3HHUK B Hadase 1960-x 1., Korma Obla chopMy/UpOBaH Ka3aBIMUicd CHAYa-
J1a mapaJiokcaababiM npuHinn Heftmana-Jlaugayspa: B J11000i BeIIHCIHTEIEHON CHCTEME,
HE3aBHCHMO OT €6 (pU3WIeCKOH peam3aIiiui, IPU MOTepe OJHOr0 Outa HH(POPMAIHN BbI-
JleJIsieTcst Teriora B kosmdecrse He Menee €9 = kT In 2 JTx (k — nocrosinnas Boabnmana,
T — abcomoTHas Temueparypa) [1].

[IpogomKuTe/IbHOE BpeMsl JaHHBIH HPUHIUI OCTABAJICS BCETO JIMIIL YUCTON TeopH-
eit, He MOAKPEIIEHHON Pe3yIbTaTaMi KCIIEPUMEHTOB, YTO OBLIO CBA3AHO C TPYIHOCTIMHE
U3MepeHns KpaiHe MaJIbIX KOJUYECTB BblaeasgeMoit sneprun. Oanako B 2012 . B sxkcuepu-
MeHTe ¢ KOJLIoMHON dactuneil apdert Jlangayspa yaanoch oOHAPYKUTH Ha MPAKTHKE
[2]. B 2014 1. 6bLT IPOBEJIeH €IE OIUH IKCIHEPHUMEHT, MOKA3ABIIUIl, YTO MPH YMeHbIIEHTH
BO3MOZKHBIX MaKPOCKOIMYECKUX COCTOSHUI CHCTEMBI B JIBa Pa3a BbIJACISIETCS MUHAMYM
g0 Tera [3].

[Ipu komMHATHO# TemmepaType g ~ 3 - 10721 JIxx = 0,017 3B — xpaiine mMagoe Koin-
yecTBO. HO B mepecuere Ha nporeccop cymMMapHas paccenBaeMasi MOIIHOCTH BbIPACTAET
yaKe 710 BeamanH nopgaka 1 Brl.

[IpoBenéuuniii B pamkax mpoekta International Technology Roadmap for
Semiconductors ITRS-2001%? amaams pa3BuTHs TPAH3UCTOPHLIX TEXHOJOTHH Ha Ie-
puoj nocse 2001 1. mokaszaJji, 9TO UPHU UCHOJIb30BAHUU 22-HM TEXHOJOTHH WHTErDAJIbHBIX
mukpocxem (MIMC), Boigenenne rtemaa coctaur 5—10 MBT Ha KB. ¢M MOBEpXHOCTH
npomneccopa; aas cpasaenus: Connne Buiaesnser we Gomee 6,5 KBT/cm?. OueBnano, 9TO
obecreduTh HeoOXoIUMOoe OXJIazKIeHIHe CTAHOBUTCS BCE DoJiee TpyaHbIM. [ToaTomy mpob.ie-
Ma OTBOJA TeILIa yKe B CJICAVIOMEM JIeCATUICTHH CTaHeT ropasjo 0oJiee CyIecTBEeHHOM
u uruopuposaTh ekt Jlanmayspa, ocTaBasich B paMKaX COBPEMEHHBIX TE€XHOJIOTHIA,
yKe Hesb3d. B pesyibrare wcciieoBaTesid IPUILIA K BBIBOLY, 9TO, 6€3 y4éTa TeILTOBLIX
IIyMOB M TpeOOBaHUil HaJAEKHOCTH, (pu3MUecKuil mpejes TPaJUINUOHHBIX TEXHOJIOTH
BRIYVICINTENS ¢ TUIaBalomeil Toukoit — 1022 onepanuii B CEKyHJLY [4] Jlannast cuTyalust
BBITUVISIUT KAaK KOHEI Pa3BUTHS BBITUCJUTETHLHOW TEXHWKH B PAMKAX CYIIECTBYIOIUX
TEXHOJIOTHIl U3-3a «MENAOB020 NPOKAAMUAY.

Beixos BUIST B mIepexojie K BBIUYUCINTEIHHBIM YCTPOHCTBAM, PEATH3YONUM 06pamu-
MBI GUMUCAEHUAS, TTOZBOJILIONIAE O0OOATH OrpaHHYCHHE, YCTAHABINBAEMOE HPHHIAIIOM
Jlanayspa. [Ipu obparumbix BbIYuC/geHUAX UHDOPMAIUI HE TEPAeTCsd, OTKYAa CJAELYI0T
(TeopeTuyuecKn) HyJIEBbIE IIOTEPH SHEPIUK HA €€ 06paboTKY.

Lhttp://old.computerra.ru/2004/538 /204845 /
Zhttp://www.itrs2.net
3 arrir. reversible; paree yOTPeGISTACH TAKIKE TEPMUHDBI KOHCEPEATIUGHILE, PEGEPCUCHDLE BHITHCICHHS
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BazKHBIM gBJISETCI TO, 9TO OOPATUMOCTH HEOOXOIUMO TO/JIEPKUBATH Ha BCEX YPOBHAX
BBIYHC/ICHUN: (DU3NYECKON MOJETH, apXUTEKTYPbhl BBIYUCAUTEISA, 3bIKOB MPOrPAMMUPO-
BaHUs BLICOKOTO YPOBHS U peajin3yemMbix ajropurmon: . Bennerr ykaszas, uro meobpa-
TUMOCTb XOTs Obl Ha OJHOM YPOBHE IIOJIHOCTHIO Pa3pyliaeT MOJIOKUTEeIbHbIe 3D (PeKThI
OCTaJIbHbIX [5] Orcroga caemayer, 9ro Ajs CO3MAHA TapaIArMbl OOPATUMBIX BbIYUNC/ICHMH
TpebyeTcsT pa3paboTaTh CJAeAYIONINe HOBbIE HANIPABJICHHS:

e Teoputo (arebpy ¥ JIOMMKY) OOPATUMBIX BHIYHCJICHUI;
® 43bIKU U apaJurMbl 0OPATUMOrO IIPOrPAMMUPOBAHMSI;

® MEeTOJIbl peaju3alii TPUK/IAIHBIX TPOTPAMM U aJITOPUTMbI 0OPATUMOTO MPOrpaM-
MUPOBAHA;

e 00paTUMYIO CXEMOTEXHUKY;

bU3NIECKYIO Pean3aluio 0OpATHMBIX 3JIEMEHTOB.

B crarbe nan Kparkuii 0030p OCHOBHBIX IIOHATHUM, CBA3aHHBIX C 0OPATHMOCTBIO, pac-
CMOTPEHBI BOIIPOCHI OCTPOEHHSA CXeM U3 PYHKIIMOHAIBHBIX 0OPATUMBIX 9JIEMEHTOB, B TOM
qucyie cOoeyCTONYNBBIX W TTPE/JIOYKEHBI OCHOBHBIE TaKWe 3JeMeHTHI. Y Ka3aHbl HallpaB/ie-
HUS U Pe3yJbTaThl MPUMEHEHUS CXeM U3 00paTUMBbIX JIOTHIECKHX JJIEMEHTOB B KPHUIITO-

rpacun.

2. OCHOBBI OBPATUMOW CXEMOTEXHUKU

2.1. IlousTue obparumoctu. Mycopusie 6uThl. [0BOpPSAT, 4TO BHIYUCICHUS A02UYe-
cku 00paMUMDL, €CJTH MO BBIXOIHBIM BEJIHYUHAM MOYKHO BOCCTAHOBUTH BXOAHBIE. Takme
BBIYHC/ICHUS PEaJTU3yIoT HA 00PaMUMGLL INEMEHMAL.

Jlornueckuii 3J1eMEeHT HA30BEM N0AYOOPAMUMBIM, €CJTH OH OCYIIECTBJISET UHbHEKTUB-
HOe Ipeobpa3oBaHme BXOIHOTO OY/IEBOr0 BEKTOpPa B BBIXOAHOI. OOBIYHO IONOJHUTEIHHO
TPebyIoT, 4TOObI IPOU3BOJIbHBIM CUTHAJ, HAIIPABJIEHHBIH B 00pPATHOM HAIIPABJIEHUHU, OT Bbl-
XO/1a JIEMEHTA K €0 BXO/1Y, OJHO3HAYHO 1 06€301IMO0YHO BOCCTAHOBUJ/I UCXO/IHBIN BXO/IHON
BeKTOP. Ha30BEM 371eMeHT ¢ 1 BXOJZAMH 00pamuMviM, €CJIA U TOJBKO €CJIH OH OCYIIECTBIIsI-
eT HEKOTOPYIO OMEKITNIO Ha MHOXKEeCTBe BeeX 2" BO3MOXKHBIX BXOJIOB HJIM UX IIEPECTAHOBKY.
Kak ciencTBue, Takoi 9/1eMEeHT TOJI2KEH UMETh 71 BBIX0JIOB. B 0011eM ciiydae 9/IeMeHTHI ¢
N BXOJAMH U M BBIXOJZAMH OyJIeM Ha3bIBATH 1 X M-JI€MEHTaAMHU.

[Ipu peanu3zaruun KOMOMHAIMOHHOM JIOTUKH CXEMaMH M3 OOpATHMBIX 3JIeMEHTOB, Ha
BBIXO/I€ KPOME UHPOPMAUUOHHOLL OUMO6 — 3HAYEHUN BBIYHCIIeMOM (DYHKIINKA — KaK IIpa-
BIL10, (DOPMHUPYIOTCSI €IE U JIOMOJHUTETbHbIe OUTHI, HA3bIBAeMbIe (HEYIAUHO) MYCOPHHLML
Wi cmokamu (antit. garbage w sink cooTBeTcTBeHHO). MycopHble GHTHI B JeHCTBUTEH-
HOCTHU HUT'PAIOT OYEHb BaKHYIO POJIb! OHU Oal0T BO3MOXKHOCTH IIO BBIXOJHOMY BEKTOPY
O/IHO3HAYHO BOCCTAHOBHUTDH BXOJIHOM, T. €. OOPATUTH BbHIYUCJACHHA. FCin UX He COXPAHUTD,
HPOU30iIET paccessHne SHEPIUHU, & UMEHHO 3TOro Tpedyercs: n30exKaTh.
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2.2. ObparuMble KOMOMHAIMOHHBIE 3JI€EMEHTBI. UTOOBbI OTJIMYaTh OOBIYHBIE KOMOU-
HAIIMOHHBIE 3JIEMEHTHI OT OOpATHUMBIX, Oy/ieM Ha3bIBATH NEPBbIE GEHMUAAMU, & BTOPHIE
eefimamu, OCTABUB TEDMUH a4eMenm g 000uX. BXompl 31eMeHTOB OyaeM, KaK IPaBHIIo,

0bo3HavuaTh JuTepamu ¢ Hadasta ajgdasura: A, B, ..., a BBIXOJIbI — C CepeInuHbI aadaBu-
ta: P, Q, .... Unorma ynobuee obo3nauenust Ay, Ao, ... u Py, Py, ... coorBercrBenno. Ha
CXeMaX YacCTO BXOJBI W BBIXOJILI 0003HAYAIOT JINTEPAMHA X, Y, . . ., & UX TMOPSIIOK YKa3bIBa-

0T MOJOXKEHHeM Ha 3JeMeHTe ¢Bepxy BHU3. B dopmynrax @ ozmadaer cymmy mo mod 2,
mITpuxoM ' 0003HAYAIOT MHBEPTUPOBAHKE, 3HAK KOHWBIOHKIINU - HHOLA OIYCKAEM.

[Ipocreitmumu obpatumbiMu daemMerTaMu sBiasgorcs NOT u SWAP.

Huseprop (NOT) — nmMeer oiuH BXoJ A, OJTUH BBIXOJ, P U OCYIIECTBIIsET Ge3yCIOBHOE
HHBEPTUPOBAHHE BXOIHOI'O CHUTI'HAJIA:

P=A"
Ob6mern (SWAP) — umes: nBa Bxoga A, B, MeHseT UX MeCTaMi Ha BbIxogax P, Q:

P=B Q=A

Bxosp1 60abImHHCTBA, JIPYTUX 00PATUMBIX 3JIEMEHTOB PA3/AesIIOTC HA YNpasAAULue,
W adpecHvie U Ynpasisemovie, WA yesesvie. SHAUYCHNST BTOPHIX HA BBIXOIAE MOTYT OBITH
U3MEHEHbl B 3aBUCUMOCTHU OT 3Ha4YeHUi IIEPBbLIX, KOTOPLIC IIepeJal0oTCd Ha BbIXO/ 663 n3-
MeHeHHH (X MHOIJA HA3bIBAIOT CK603HbMU 0oposickamu). 1IpeobpasoBaHHbIe BBIXO/bI
TaKKe HA3BIBAIOT CUZHAALHBLMU.

Konrpomupyemnpiii uaseprop (CNOT, Controlled NOT, anement ®eiimana, FG) —
2 X 2-06paTHMBIii TeiiT, pealn3yIomuil ycioshoe unsepmuposanue. ViMeer nsa Bxona A, B
u aBa Beixona P, Q. Ilepsriii Bxox A — yIpaBIgIonuii, a BTopoil BXo/1 0y1eT HHBePTUPOBAH
Ha BBIXOJIC, €CJIM U TOJLKO ecan A = 1:

P=A Q=A3B.

PaccMOTpeHHBIE BBITIIE JIEMEHTBI  8bIYUCAUMEALDHO HE YHUBEPCAAbHBL: WCIOTb3Y
TOJTBKO WX, HEBO3MOXKHO PEeaTN30BaTh MPOU3BOIBHYIO JorndecKyto dyHKINIO. fcHo, 9TO
VHUBEPCAJTBHBIH 9JIEMEHT JIOJKEH 00ECIeUnTh PeaNn3aliio (B 3aBUCHMOCTD OT 3HAYEHUH
VIPABJISIIONIAX BXOJIOB) MOJHYIO cHCTeMY OyJieBbiX (hyHKIHUil, HamIpuMep, map OyHKIHT
AND2 u NOT wim OR2 u NOT. Kpome Toro, Takue 371eMeHTHI I0J12KHBI 00€CIIeINBATE BO3-
MOZKHOCTD KacKGOUPOBaAHUA — OPTAHU3AIMIO TOCIEOBATETHFHOTO COeJTNHEHNS STIEMEHTOB.
Jlajiee paccMaTpUBaIOTCH YHUBEPCAJIbHBIE 0OpPATUMbIe 3JIEMEHTHI. B HAumbOIbITUM Yuc/ie
paboT B Ka4eCcTBE TAKOBLIX MCHOJB3YIOT 3eMeHThl Toddonn nin Ppeakuna.

Benrnar  Toppomn (CCNOT, Controlled Controlled NOT, TG) — 3 x 3-
YHUBEDCAJBHBIT KOHTPOIUPYeMbIit oOpaTumbrii reiit, nmeer Tpu Bxona A, B, C' u Tpu BbI-
xoma P, Q), R. Ilepsoie qBa Bxona A, B — ynpasasiorniue: TpeTuil BXxo/1 Oy/1eT HHBEPTHPOBAH
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Ha BBIXOJE, eciu u TOAbKO ecin A = B = 1. @opmyJibl BBIXOJIOB:
P=A @@=B, R=CopA B

OueBnyiao, snement Toddonu elicTBUTENIBHO BBIYUC/INTENHHO YHUBEPCAJIEH: DU
A = B =1 ou peaysmzyer uaseptop NOT, a npu C' = 0 — AND2. Ha sniementax Todhdoan
MOZKHO OCYIIIECTBUTD OIIE€PAINIO BETBICHUS U TePeIady CUTHAJIOB, 00eCednBasi KACKa -
poBanue: pu BxogHOM BekTope (A, 1,0) Ha ero Beixoze Oyaer BekTop (A, 1, A).

Benrnar ®penknna (CSWAP, Controlled SWAP, yupasasembiii o6meH, cummerpu-
geckuii nepekmaodaresb, FRG) — 3 X 3-yHuBepcajbHbIii KOHTPOJUPYeMbIii 06paTHMBbIit
reiit, on, kak 1 TG, umeer tpu Bxojga A, B,C' u tpu Bbixoja P, Q, R. Tlepsbiit Bxog A —
VIPaBJISIONINIA: €CJTU OH paBeH 1, TO ocTanabHble jBa BXoja B, C' Ha BBIX0JE TTOMEHSIOTCS
MeCTaM¥, B MPOTUBHOM YKe CJIydae OHU TOJAI0TCS Ha BBIXOJ HEU3MEHHBIMU:

P=A Q=A"-BVAC,L R=A-BVA-C.

Nnorna FRG u3obpazkaroT, Kak mokKa3aHo Ha puc. 1.

0 0
X- F |-X
y1+—ry

x4 F Fy
Y1 X

Puc. 1. Bapuant uzobpazkenus snemenTta OpeaknHa

Herpynno Bugers, uto snemenT OpenknHa TaK:Ke BEIUACIATEILHO YHABEPCAICH: BO-
nepBuIx, mpu Bxoje (A,0,1) ma ero Boixoge Oyaer (A, A, A’), 410 03HAYAET peaTH3ANUIO
dbyukmuit NOT u ny6iupoBanust curaajia u, Bo-BTOpbIxX, pu Bxojgax (A4, B, 1) u (A, B,0)
Ha ero Beixoje 6yayt Bektopbl (A, A® B, BImA) u (A, A’- B, A- B), 1. e. peau3yor-
cst mapbl dyskiuii (OR2, obparnast uminkaiys) u (obparHas koumtukanus, AND2)
coorBeTcTBeHHO. Tak, peasusarnus pynknuun XOR2 na nByx reiitax @peJiKnHa moKa3aHa
Ha puC. 2.

X -x  y o
0] F e Fxoy
1 x@y

Puc. 2. Peamusanuga ¢yukiun XOR2 na refitax @pejkuna
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Cam ¢akT TOTO, 9TO yIpaB/asieMO TMepeMentnBas TPOBOIKN B Kabese MeXKIy BXOJI0M
U BBIXOJOM U He UCIOJIb3Yysl HUKAKUX JIPYTUX IT€MEHTOB, MOXKHO MOJYYIUTH HA BBIXOIE
3HaveHue JH000i Oy/1eBoil QYHKINE OT BXO/a, AAJEKO He oveBuieH [6].

Paccmorpennsie sgemertot NOT, CNOT, Todbdomn u Opegkura oka3bBAIOTCS 00-
paTHbIME caMuM cebe: ec/i CUTHAJIBL MPOIAYT Yepes3 JIBa IK3EMILIAPA OJHOTO JIEMEHTA,
OHU OCTAHYTCS HEM3MEHHBIMU. ZICHO, UTO 3JIEMEHT CaM000pamum, €CJIU U TOJTBKO eCJIA pe-
aJn3yeMoe M OHEeKTHBHOE Tpeodpa30BaHue IpeaCcTaBIsgeTCs B BUIE COBOKYIHOCTH TPAHC-
no3unuii (IIepecTaHOBOK BHYTPH HEKOTOPBIX T1ap) J€MEHTOB MHOYKECTBA BCEX JIBOMTHBIX
BEKTOPOB.

OOBIYHO CXEeMATHYECKH PAaCcCMOTPEHHBbIE TedThl HM300parkaloTcsd KakK IOKa3aHO Ha

—G}——t—:g—o—
P
W1

NOT CNOT Toffoli SWAP Fredkin

puc. 3.

Puc. 3. Obpranoe cxemarndeckoe m3obpazkenne reiirto NOT, CNOT, TG,
SWAP, FRG

Ormerum em@ o606ménneiii reiir Topgomn (C"'NOT, MCT, Multiple-Control
Toffoli Gate, generalized n-bit Toffoli) — n x n-reiit. I3 n Bxogos A, ..., A, nepsbie
n — 1 — ynpasJsgmoniue, GyHKIUT n BLIXOA0B Py, ..., P,, npeacrasisaiorcd popmyaaMu

H:Ai,izl,n—l, Pn:AlAn—IEBAn

glcno, aro npu n = 2 snement C!NOT ecrs FG, a upu n = 3 snement C?°NOT ectn TG.

Pacumipennsrii reiiv Tocppomn (ETG) mveer n+ 1 Bxogos Ay, ..., A,, Ayi1, HepBBIE
n — 1 u3 KoTropblx — yupasjgionue u n + 1 Boixogaos P, ..., Py, P,11, U3 KOTOPBIX I0-
caepuue japa (a we oqun, kak y C""'NOT) curnajibHble, HHBEPTUDYIOIIHE YIIPAB/ISEMbIE
curnaabl A, n A, 1 COOTBETCTBEHHO TpHU | HA BCEX YNPABISIONIAX BXOIAX:

H:Ai,izl,n—l, Pn:AlAnfl@An Pn+1:A1‘...'An,1€BAn+1.
Cxemarndeckoe npejcrasienue nementa ETG gano Ha puc. 4 (o6paTure BHUMaHHE Ha
HCIIOJIb30BAHME 3HAKA X ).

O6obménnblii (MHOKECTBEHHO yupasseMblii) reiit @pegkuna (0606ménnbit CSWAP,
C"SW AP, MCF, Multiple-Control Fredkin Gate) umeer n Bxogos Ay, ..., A, n3 Koro-
PBIX TIEPBbIE N — 2 YIPABJAIONINE, U N BBIXOA0B P, ..., P,, nocieanue a8a u3 KOTOPHIX —
CUTHAJILHBIC, TOBTOpsone A, n A, _1, €CJIn BCe YIPABJIAIONNE BXOJIbl — €IUHUYHDIC, I
He JieJiast 9TOT0, HHAYE.
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A —— Pi=A

A"'l N Pn-l = An-l

An _69_ I:)n = A1 ""'An—l @ An
An+1 >< Pn+1 = A]. '...'An_l (-B An+1

Puc. 4. Dnemenr ETG

Benrmib Iepeca (PG) — obparumsiit 3 X 3-reiit, umetoruii Tpu Bxoga A, B, C' u Tpu

Beixoga P, (), R:
P=A Q=A®B, R=A-BacC.

Bentusn Tlepeca moxker 0biTh peanu3oran Ha reiitax TG u CNOT, coeqnnénnbix mocsre-
JIOBATE/IbHO, KaK ITOKA3aHO Ha PUC. D.
A l P=A
B an Q=AGB
C R=ABGC

Puc. 5. Benrub Ilepeca, peamuzopanssiii Ha TG u CNOT

DTOT JIeMEHT HHTEpEeCeH TeM, 9YTO Ha €r'0 OCHOBE OTHOCHUTEJIbHO IIPOCTO MOZKeT OBbITH

CUHTE3UPOBAH HOJHBIN OJHOOUTHBII CyMMaT0p4 — ¢M. puc. 6.

G1:A

GI=A@B
Peres

Gate
S=AGB®C,;,

Cout™ (A®BIC/,®AB

Puc. 6. Obparumsrii ogaobuTHbI cymmarop Ha PG: A, B — cymmupyembie

paspsibl, C, — HEPEHOC U3 Hpeablaymero paspsaga, S — cymma, Coyy —

MepeHoc B CAeAYIONMN pa3psas

4 Toanwiti 00nobummbLi cymmamop Buruucager 1) cymmy no mod 2 Tpéx GUTOB — IBYX JAHHBIX Pa3-
PAZIOB YHUCEJ W MEPEHOCA W3 MJIAJIIEro pa3pana u 2) OUT IepeHoca B CTapIIuii pa3psl.
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Crenyromue aBa reffta ya0BJIETBOPSIOT YCAOBHIO HHHEKTHUBHOTO, HO He OHEKTUBHOTO
npeodpa3oBaHusd BX0/a B BBIXOH. Kak cjaeacTBHe, Y HUX YHUCAO BBIXOJOB OOJIbIIE YUCIA
BXO/IOB.

Ilepekmodarenp Ilpaiica yHuBepcalbHBIN OJYOOpATUMBIil TeiiT; UMeeT jIBa BXOJAA —
A, B u tpu Beixoga — P, (), R. Jloruka ero paborsl mpecraBieHa hoOpMyIaMu:

P=A Q=A-B, R=A"B.

Benrnns B3AUMOIEHCTBHUE (Interaction Gate, 1G) — yHmBepcaabHBI TO.Iy-
obpaTmMbIil reiiT, nMmeer nBa Bxojga A, B um dersipe BoIXOAa P, (), R, S, peajlmsyonmx
JeTbipe (DYHKIME, SKBUBAJEHTHBIE OTHOCHUTEIbHO mpeobpasoBanuii [loBaposa-Illenrnona
KOH'BIOHKIINI BXOJIOB:

P=A-B, Q=A"-B, R=A-B, S=A"B"

Kpome paccmorpennbix, n3sectibl Takzke reiitsl Kepuromda, Maprosyca, HeCKOJIBKO
reiito Jle Boca 1 MHOXKeCTBO Jpyrux; CChUIKH MOXKHO HaiiTh B |7, §].

3. MOJEJU OBPATUMBIX BBIUYUCJIEHNII

3.1. Mozaean OnAbAPAHBIX IIAPOB. TaK HA3LIBAIOT PEATUYIONLYIO OOPATUMYIO JIOTHKY
abcrpakTHyT0 busndeckyto Moaens (Billiard Ball Model, BBM), npemioxkennyio . Opej-
kuubiM 1 T. Todbdouau [6]; u3 910it paboThl B3ATH PUCYHKH 7 U 8 JAHHOIO MOJIpa3/Ieia.
JlanHasi MOJIeJIb UCIOJIB3YeTCAd BO MHOTHX HCC/IEI0BaHUIl 110 0OpATUMOCTH BBIYUCICHUAN 1
BBIUUCJIEHUSI B HEW HA3BIBAIOT OAAAUCTNUMECKUMU.

Mogmenpb npezcranisier coboii MIOCKOCTh, «CTOJI», O KOTOPOii 6e3 Tperust (Tounee, 6e3
norepu SHepFI/H/I) B CTPOIr'o 3aJaHHBIX HaIllpaBJEHUAX IIepeMeIlatOTCA 6I/IJIpr,ZLHbIe HIaphbl.
Benencreue obparuMocTn BpeMeHN B KHHEMATUYECKHUX YPABHEHUIX, TPACKTOPUS JIBUZKE-
HU T1apa MOJHOCTHIO 00paTUMa.

CoBepiiieHne JIOTHIECKUX ONEPANUil MOJACTUPYIOTCA U3MEHEHUSIMU TPACKTOPUU JIBU-
JKEHHSI IIapPOB IPU UX coyjaapenun Mexy coboit. CkopocTu, A0IyCTUMbIE HANPAB/ICHUS
U pasMephl IMapoB MOJ00PaHBl TAKUM 00OPA30M, UTO B JMCKPETHbBIE MOMEHTBHI BPEMEHH,
COOTBETCTBYIONIHE TAKTaM, IAPHI MOI'YT HAXOJAUTHCS TOJBKO B HEDOIBIIOM HAOOpE TOYEK,
00pa3yIoIMKX MPAMOYTOJIBHYIO, TOBEPHYTYIO HA 45° ceTKy, cM. puc. 7. Ecyu mapsl noma-
JIAIOT B COCEJHUE TOYKM, MEXKIY HUMHU ITPOHCXOIUT abCOIOTHO YHPYTroe CTOJKHOBEHHE.

Jlorudeckoil eTuHHIEH cCUNTaeTCd HAJIUIHE [Iapa B JAHHON TOUKe U B JAHHBIII MOMEHT
BpeMeHH, a HyJ1ieM — ero orcyrcrsue. Ha miockocTu MOTyT OBITH YCTAHOBJICHBI HEIIO IBU K-
HbI€ CTEHKH, WIH 3EPKAAG JIJId OTPayKeHUsd, CJBUIA, 3aJIEpKKH U obecledeHus repecede-
HUsI TPAEKTOPHi MapoB, cM. puc. 8. Duement (d) Ha puc. 9 HAZBIBAETCS HEMPUBUAALHBIM
KPOCCOBEPOM W TTO3BOJISIET IAPaM «KaK Obl IMPOXOINTH APYT Yepe3 JApyras.

BosmoxkHOCTh cO3/aHUsT B paMKax JaHHON Mojiesin 0OpaTuMbIX MeiiTOB MOKa3aHa Ha
puc. 9.
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Puc. 7. (a) Iapsr pajmyca 1/4/2, nepememaromnuecs 1o y3iaam cerkiu; (b)
IlenTpa/ibHOEe CTOJKHOBEHUE ABYX IHAPOB.

A By ;ﬁgg
@) (b) ©

Puc. 8. 3epkana s mosopora (a), casura (b), 3amepxkku (c) u 6e3omac-
HOTO mepecedenust Tpaekropuii (d) mapos.

@

Puc. 9. Bunbsipinas peanusanus a) siementa 1G u 6) mepex/rouaresis
[Ipaiica [9]. z1, x2, ¢, * — GUTOBBIE CUTHAJIBI.

3 HeTpuBHAJLHOTO KpoccoBepa, nepekssodareseit [Ipaiica nu G MoxKHO cKOHCTpYH-
pOBaTh CXEeMY, IKBUBAJIECHTHYIO TeiiTy Dpekuna.

Takum oOpa3zoM, BO3MOXKHO ITOCTpoeHne OMIbApIHOll Mojie/in KoMbioTepa. Kcn no-
CJIe TOTO KaK KOMIIBIOTED 3aBEpINH/ «BbIYHCJICHUSA» 3ayCTUTH OUIbAP/IHBIE MAPhl B 00-
PaTHOM HAIPaBJEHUN, MOJIEb BEPHETCI B UCXOIHOE COCTOSHUE.
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Samerum, 9TO MPeANoaokeHne 006 abCOJIOTHO yIpyroM u 6€3 MoTepu HEPIUU B3au-
MOJICHCTBHUY TIAPOB JIPYT C APYIOM U € OTPAKAIOIIMMU CTEHKAMHU SIBJISIETCI OYE€Hb YKECT-
kM orpanndenuemM. OHO He BIUsIET HA TEOPETUUECKHE PACCMOTDEHHsI, HO CYIECTBEHHO
Jiist PU3NIECKON pean3anum. TakzKe siCHO, YTO «OUJIbAPIHBII KOMIIBIOTEP» YPEe3BbIYaiiHO
YyBCTBUTEJIEH K MaJjefilliuM HETOYHOCTSIM pPeaInu3aliiu: CJIydailHbIM OTKJIOHEHUSM Iapa
OT TPABUJIBHOTO HAIPABJIEHUS, TTOTPENTHOCTIM B YCTAHOBKE 3€pPKaJ U T. 1., B Pe3y/abTaTe
KOTOPBIX OIMMUOKH «BBIYUCTIEHUIT» OYIyT HAKAILINBATHCS. [[aHHBIE TPYAHOCTH CYIIECTBEH-
HO YMEHBIIAIOTCs, €U B KadecTBe OWJIbSPAHBIX MAPOB HCIOIb3yeTCs CYOMUKPOCKOIHU-
YecKHe YACTHUIBI, HAIIPUMeD, SJEeKTPOHBI. 3aKOHBI KBAHTOBOM MeXaHWKW HAKJIAIbIBAIOT
omnpejleIEHHBIE OTPAHUYEHUs HA COCTOSTHHE JIEMEHTAPHBIX YACTHUII, TOITOMY OKA3bIBAETCS
BO3MOYKHBIM KYMUPOBATh MaJjible OTKJIOHEHUS B WX JTBUZKEHUU.

P. Mepk/ib TpejiozKuI mpakTudeckyto peamusanuio BBM [10]. Poab Guibspaabix
IMApPOB TPU STOM UTPAIOT JEKTPOHBI, TYYKH KOTOPHIX MEPEMEIAIOTCA M0 UHLYKTUBHBIM
KOHTYpPaM MeXKJy KOHJIEHCATOPpaMU, & CTOJI MpeJcTaB/isger co0oil aaMa3Hbiii KOHTelHep,
obpaboTaHHBIl ompeesieHHbIM 00pa3oM. lccieoBanne MOAEIN MPOXOININ TP TeMITe-
parype 1°K.

3.2. Mamuasl ThopuHra m o0paTuMoCTb.

3.2.1. Kaaccuueckan mawuna Toropunea (MT). Hanomuum, uro mamuua TeopuH-
ra — abCTpakTHBII KOMIBIOTED, VIPABIAIOIIEe YCTPOHCTBO KOTOpOro (2o106ka
3aNUCU-YMENUA) CITOCOOHO HAXOJUTHCS B OJHOM M3 COCTOSHUH KOHEYHOTO MHOZKe-
crBa () cocrogHuii. [o0BKa dnTaer/munier/yaauser CAMBOJB KOHEYHOTo ajidhaBuTa
A = {ap, a1, ..., a, } ¢ HEOTpAHWYIEHHON B 00€ CTOPOHBI PAa3IeJEHHON Ha sTUeiiKH JIeH-
THI, U epPeIBUTAeTCS BIOJb HeE Ha OJMH Iar BIPaBO,/BJIEBO 3a TaKT paboThl. Bbimersiercs
0CObBIIT NYcmMotl cCuME0A, 3ANOTHAIONNN BCe AUYCHKH JIEHTHI, KPOME KOHEYHOTO YHCIa TeX,
HA KOTOPBIX 3AIMCAHBI BXO/IHbBIC JaHHBIE.

Yupasjgioniee ycTpoiicTBO paboTaeT COIJIAaCHO IOCJIEI0BATEIbHO BbIOUPAEMbBIM KO-
MaH/IaM, KOTOPbIE TIPEJCTABALIOT ajropurm, peasusyemblii Jannoit MT. Komanmga MT

<Q’ a7 q/’ a"? d>

03HAYAET: HAXOJACH B COCTOSIHUH ¢ W CYHTHIBast cuMBoT a, MT mepexomut B cocrosiaue q’,
3aMeHsIeT CHMBOJI B sTU€iiKe Ha a/ H JIHO0 CBHTAETCS HA sT9EHKY BIPaBo/BaeBo (d = +1),
60 ocraéres uHa mecre (d = (). HekoTopbie coCTOSHESI MOIYT OBITH TOMEYEHBI KaK
mepMunaAbHbe, U TePeXo/ B JII000e U3 HUX O3HAYaeT KOHel paboThl ajropurMa. Marru-
fa TblopuHra HA3BIBACTCS JeMeEPMUHUPOSANHOT, eCITH KaXKI0H KOMOHHAIIMH COCTOSHUS 1
JIEHTOYHOIO CHMBOJIA B TabJIHIE COOTBETCTBYET He Gosiee OTHON KOMAH/IBI.

3.2.2. Cywecmsosanue obpamumviz MT. U. Jlecépd u Y. Bennert B cBonx paborax Hesa-
BHCHMO JIOKA3a/IM CyIecTBoBanne obparumbix Mamud Toiopunra [5, 11|. Tounee, 106yio
Marnruiy ThIOpUHTa MOXKHO peajin30BaTh 00paTUMO, T. €. Jjiloboe BbIYHCJIEHHE, KOTOPOe
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MOYKHO C/IelaTh Ha OOBIYHOM HeOOPATHMOM BBIYHCIUTEIHHOM YCTPOHCTBE (KOMIbIOTEDE),
MOZKHO BBITIOJIHUTD TaK, YTO OHO Oy/aeT o0paTuMo.

Crupanus CUMBOJIOB C JIEHTHI JeJA0T OOBIYHYIO MAumHy [hIOPUHTA HEOOPATHMOIL,
H09TOMY DBeHHEeTT npe/utoKmuI J00aBUTHh K Heil BTOPYIO JIEHTY, HA3BAHHYIO AeHmMol Uc-
MOpuUU, HA KOTOPOH COXPAaHAIOTCH CBeJeHUs 00 yJIaJeHHbIX WUJIM U3MEHEHHBIX JIAHHBIX.
B koHIe BuIYHC/ICHUI TTOJTYUYEHHBINH PE3YALTAT MOXKET OBITH 3alUCAH HA €II¢ OMHY JCHTY
JIJIT COXPAHHOCTH. 3aTeM MarmuHa ThIopHHTa HAUMHAET paboTaTh B OOPATHYIO CTOPOHY, C
MOMOTIIBIO JIBHTBI UICTOPHE OHA 0OpAaIIaeT OTHY 3a OJIHOI Bce olepanuu, MoKa He BepHeTC s
K HCXOJHOMY COCTOSIHUIO.

3.2.3. Pesepcuenas mawuna Toropunea (PMT). Paccmorpum Apyryio KOHCTDYKITHIO,
obecrednBaoniee 0OPATUMOCThH BBIYUCIeHUH — peBepcuBHyIo MaimHy Twhiopunra (PMT)
[12].

['maBuoe oTimune eé or MT — HEBO3MOXKHOCTH OJHOBPEMEHHOT'O CUNTHLIBAHUS CHMBOJIA,
¢ JIeHTBI U IepeMelnennd rogoBku. Komaggsr PMT

1) (g, a,q, a), 2) (q, %, ¢, d)
O3HaYaIT:

1) Haxomsck B cocrostHin q u canThiBasg cambos a, PMT mepexonut B cocrosiane ¢ u
3aMeHsIeT CHMBOJI Ha, d;

2) Haxojsice B cocrosann ¢ PMT mepexonur B cocrosiame ' 0 CIBUTAETCS HA STIEHKY
BrpaBo/Biaeso d = +1/ — 1.

Ecmn PMT nepemuia u3 cocTosHuii ¢ M ¢a B OJHO M TO XK€ COCTOSHEE ¢, TO ¢1 U (o
oba MPHHAIIEKAT 3ANUCHIBAIOWEMY MUNY W OHU JOKHBI 3allMcaTh HA JICHTY pa3HbIe
cuMBOJIBL. OTCIOIa CJIeJIyeT CYIIEeCTBOBaHHE 0OPATHOIO MPOXOJIA O IMYTH BBHIYUCICHUH.

[Ipu peanuzanuu Ha PMT kinaccudecknx (Ha MT) BeIducIeHUH, TPOXOASIITUX 34 Bpe-
Mg T' 1 Tpebytonue maMaTu S, HoTpedyloTcs yxke BpeMs Tr u 00bEM maMdaTu Sy, ONEHHU-
BaeMble KakK

Tp = 3-200072)  gp = S.(14+0(k)),  tae ke (1,log, 7).

Mpu1 Bunmm, aTo npu nepexosie K PM'T 3HaunTe sbHO yBeIHINBaeTCS KaK IUCI0 OTepaInid,
TaK ¥ TpedyeMas /i BbIUYUC/ICHHSA TaMATh.

H. H. HeneiiBoja ykazaJ criocod BO3MOZKHOI'O CYIIEPIKCIOHEHITNAILHOIO COKpAIeHUs
JIIsT JTI000# crcTeMbl aJiredbpandeckoro MojeanpoBanus, B T. 4. u jijig PMT, ocnoBanmnbrit
Ha nzee nerepoyprekoro joruka B. I1. Opeskosa [13, 14]. Tlosicaum eé Ha mpumepe. Ec-
JIN B PACIIOPAZKEHUN BBIYUCJIUTE]IA UMEeTCd JIMIIb Ollepalinud HpI/I6aBJIeHI/IH C€AUHHUIIBI, TO
BBIYUCJICEHUE 9KCIIOHCHTHI Tpe6yeT IKCIIOHCHIHAJIbHOT'O YHCJIa IIaroB. BaHI/H_HeM HEeABHOE
olpejieIeHUe IKCIOHEHTHI ¢ TOMOIIBIO PABEHCTB

o(r,0) =x+1,  wlx,y+1) = oe(r,9),9),
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TOr'Ja IKCIIOHCHTA BBIYUC/JIACTCA 3a JIMHEAHOE 4YUC/I0 MAaros. AHAJIOIHYHO 3a JIMHEHHOe
YHUCJIO IMATOB MOXKHO 00CCIIeYNTh BLIYUCICHHE CYIEPIKCIIOHEHThI 1 T. A.

3.3. Obparumbie KjaeTtodHble aBTOMaThl. H. Maprosyc obobiiasi Mojiesib Ouiibsip/i-
HBIX BBIYUCJIEHUH, IPUIIEST K uee 0OPATUMBIX KJIeTOYHBIX aBTOMATOB [15].

3.3.1. Kaaccuueckue xaemounse asmomamos (KaA). Knerodnsle aBToMaThl — OJHA U3
crapefiimux Mojesiell BLIYUCICHNUIT, HACIUThIBaIONTas yKe Ooee 70 et [15].

Kiraccngeckuit KA npencrasisier coboil yIopsiio9eHHBI HAOOP sSIeeK MaMsTh, 0dpa-
3YIOIINX PeryaIsapHYIO n-MepHYIO penteTKy. Karkpast siaeiika maMsiTi KJIeTOTHOTO aBTOMAaTa
MOZKET XPaHUTh OAHO 3HaY€HUEC N3 HEKOTOPOI'O KOHECYHOT'O MHOXKECTBaA (KaK IIpaBUJIO — 1
6I/IT). BpeMH JJId KJI€TOYHOI'O aBTOMaTa JUCKPETHO U U3MepAeTCd TaKTaMHu UJIN ITaraMH.
Pabory KA ompenensror npaBuia mepenuchiBaHWUS, M0 KOTOPOMY KJIETKH HA KaXKIOM
mare U3MEHSAIOT COJIEPKAHNEe XPAHUMON B HUX MH(MOPMAIIAH.

O6BILIHO 9TH IIpaBUJla OJMHAKOBBI [JId BCEX A4YCeK. CMeHa COCTOSHHUIT BCeX sideek
pemieTkn IpoOUCXoJUT CMHXPOHHO W OAHOBPEMEHHO Ha KazKAO0OM TaKTe, IIpUu 9TOM HOBOE
3HAUECHHUE KayKJIOH JUeHKN MaMaTH sBjiseTcs (GYHKIHeH OT TeKyIIUX 3HAUYECHUH sUeek,
00pa3yIomuX €€ OKPeCTHOCTD.

3.3.2. Hccaedosanue obpamumocmu. KaA HazpIBaeTcss 00pamumbim, €CIE KayKI0e ero
BHYTPEHHEee COCTOsIHUE UMeeT eJMHCTBEeHHbIN mpoobpa3. HauboJiee cyiecrBeHHble pe3yib-
TaThl, CBA3aHHBIE ¢ BOIIPOCAMI 00PATHMOCTH, MOIYUYeHb JIjI Kaaccuaecknx KA, 3a1an-
HBIX Ha OECKOHEUHBIX pernreTkax. Fcjm aBroMar sBjsercs oOpaTuMbIM, 0OpaTHOe TTpeod-
pa3oBaHue MOXKeT ObITh PeaTn30BaHO TaKzKe ¢ TOMOIbI0 KA (BO3MOKHO ¢ IpYTOii, B TOM
qucsie u ¢ OOJIbIIeii OKPECTHOCTBIO MO CPABHEHHIO ¢ MCXOAHBIM aBroMaroMm) [16]. Tak:ke
OBLIIO TOKA3aHO, UTO JJIsi OJHOMEPHBIX KUTA 3aja9a aJrOpUTMHAYECKOTO PACIO3HABAHMS
obpaTuMOCTH sIBJIseTCst paspentumMoii [17]. B Toit ke pabore ObLI TOCTPOEH AJITOPUTM PaC-
MO3HABAHUS, UMEIOIIUN IKCIOHEHTIUAJIBHYIO CJIOZKHOCTD.

[To32ke OBLIN MOCTPOEHBI AJITOPUTMBI JJIs PACIO3HABAHUS 0OPATHMOCTHU OJHOMEPHBIX
KutA, nMeromye HOJIMHOMUATBHYIO CI0KHOCTD [18-21]. OxHako /7isi KJIeTOYHBIX aBTOMa-
TOB Ha PeIIeTKaX pasMepHOCTH 2 u OoJjiee M3MEpPEHn TAKMX aJITOPUTMOB HeT. BrLio ycra-
HOBJIEHO, UTO B ODIIEM CJydae 9Ta 3aJa4a sABISeTCs aJrOPUTMHYECKH Hepa3pelruMoil B
TOM CMBICJIe, 9TO HE CYIIECTBYET aJropUTMa, KOTOPBIHA JJisd JIIOOOTO aBToMaTa BCerjia 3a-
KaH4YuBaJ Obl CBOIO paboTy B KOHEYHOE BpeMs U JaBaJj Obl MpaBHIbHBIN oTBeT [22, 23|
B paborax [24, 25| uccae0Banauch rpaHUIbl MEZK/TY KJIACCAME KJIETOUYHBIX ABTOMATOB, s
KOTOPBHIX CBOWCTBO OOPATHMOCTH SIBJISIETCSI aJTOPUTMUYECKNA Pa3PeruMbiM, U TEMU, st
KOTOPBIX OHO aJITOPUTMHAYECKH HEPA3PENTUMO U MOJyUYeH KPUTEPUil pa3permuMOCcTH CBOM-
cTBa 00PATUMOCTH JIJI KJIACCOB KJIETOYHBIX aBTOMaTOB (DUKCUPOBAHHON pa3MepHOCTH U
¢ (pUKCUPOBAHHBIM UNUCJIOM COCTOSTHUH STUEHKH.
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[TocTpoenne obparumbix KinA B ciaydae pasmeprocteii, bospmux 1, HATATKUBAETCS
Ha 3HaYNTeJbHBIe TPYAHOCTH. VI3BECTHO JWINTL HECKOJIBKO THIIOB OOpPATUMBIX JIByMep-
HbIX KUTA, OCHOBHBIME U3 KOTODBIX SBJSIOTCsS OJOYIHBIE KJIeTOYHble aBroMaThl |15, 26|
1 KJIETOYHBIC aBTOMATLI BTOPOro MOpsiaka [27-29|. ABTOMATEI 3TUX THIIOB OTJIHYAIOTCS OT
KJIaCCHYEeCKHUX KJIETOYHBIX aBTOMATOB, OJHAKO 0Ka3aHO, YTO OHU MOIYT ObITb 3MYJIHPO-
BaHBI KaaccnaeckuMu KTA (BO3MOXKHO, ¢ 3HATHTEIBHO OOIBIIHM Pa3MePOM OKPECTHOCTH
¥ IUCJIOM COCTOSIHUIl STIeiKn).

3.3.3. Ilpumep obpamumozo deymeprozo baounozo KaA. ABromMar paboTaeT CJIeayIOITnM
obpaszom [15]. TlnockocTh pa3buBaeTcss Ha KBaJpAThl pasMepoM 2 X 2 HempepbIBHBIMEH U
HYHKTUPHBIMHA JIMHUAMHU, HPUIEM Pa30UBKA IIYHKTHPHBIMU JUHAAMH CJIBHHYTA OTHOCH-
TeJIbHO PAa30MBKHU HEIPEPBIBHBIMU JIMHUSIME Ha OJMH KBaJpaT IO JuaroHau. B nuru-
pyemoit paboTe B ctapToBoii KoHUTrypalun bepercss KBajapar pasmepom 512 x 512 kire-
TOK, PACKpPAIIeHHBIX CAYYaiHBIM 00pa30M B YepHBLI u Oesblii mBera. 3aTeM B KarKIbIid
HEYETHBIII MOMEHT BPEMEHH MPABUIO UCIOJAB3YETCs I MepeKpacku KJIeTOK pa3OueHwusl,
3a/I4HHOTO HEMPEPHIBHBIMU JUHUSAMHI, & B Ka¥K/Iblil Y6THBIIT MOMEHT BPEMEHH TO YKe caMoe
HPABUJIO IPUMEHSIETCS K KJAeTKaM pa30ueHnsd, 3a/laHHOI0 ITyHKTHPOM.

3.3.4. Kaemounvie a6momams, Koneurno20 pazmepa. B GONBIMTUHCTBE TPUIOKEHH perreT-
ka KJTA uMeer KoHedHble pa3Mephbl. DTO MOPOXKIACT T. H. «IPOOIEMY KPAEBBIX KJIETOK»:
HEOOXOIMMO OIPEIe/INTh, KAK 33/1aBaTh 3HaUYeHUsd (DYHKIUU JIJIsI d9€eK, Y KOTOPHIX OT-
CYTCTBYET YacTh cocejeli. Yaime Bcero B COOTBETCTBUE €O CBOHCTBOM OTHOPOIHOCTHU JIJIs
pazperierust 3Toi MpodIeMbl TPOTUBOIOJIOKHBIE KPasi PEIIeTKH KJIETOYHBIX aBTOMATOB
OTOXKIECTBIISIOTCS, 06pa3yst MHOTOMEPHBIH TOP (B OJHOMEPHOM CJIydae — KOJIbIO). 13-
BECTHBI M JIDYTHWE BaPUAHTHI PeIeHns TPo0JeMbl KPAeBbIX KJIETOK, HAIIPUMED, BBEJICHHE
«HyJeBoit rpannipl» (null-boundary), Korja 3HaveHHsT st OTCYTCTBYIONHX COCeeil mo-
jJaratorcsa paBaEbIMT ().

Baxkuoit pazHoBuHOCTHIO KA KOHEUHOTO pasmepa sBASIOTCA 0000ULEHHBIE KAEMOY-
noe asmomamos, (OKaA ). Takue apromarst Buepsbie onucanbl B paborax C. Kayddmana
o, umenem «OyseBoii cetus (Boolean network) m npegnasnadasuch st MOIEINPOBaA-
Husl reHerndeckux nporeccos B ouosornu [30]. Sarem OKA 6bii npemioxen B pabore
[31], 1y1e Gbl HAa3BAH <HEOAHOPOAHBIM KjleTouHbIM apromarom»”. OKA maremaTuuecku
MOYKHO OMHUCATDH CJIEIYIOMIUM 00pa30M.

[Iycre 3aman opuentuposanusiii rpad G = (V, E), tne V = {vy, ..., on} — MHOXKe-
cTBO BepiiuH rpada, K — MHOXKECTBO JyT, a 0; — IOJYCTEIeHb 3aX0a JJIs BEPITHHBI
v; W TPHU TOM BXOJAIIHE B JAHHYIO BEPINHHY JyTHW MPOHYMEPOBAHBI YUCTAMUA 1, ... 0;.
ByneMm cumrarh, 94TO ¢ KaxKI0i BEepIIMHON v; CBA3aHa dUeiiKa MaMdaTH, cojepKalias OyJie-
BY IepeMeHHYt0 my;, u OyieBa dbyHKiwys f;(xq,...,Ts,) — JoKadbHast QYHKIUA CBI3U i-i
BEPIHHBI.

5B Gostee mO3HUX PABOTAX ITOT TEPMIH HCIOIB30BAJICSA B JAPYTOM CMBICTIE
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O606wenHbili  KAEMOUHT  GEMOMAM STO ABTOHOMHBIH ABTOMAT, €r0 BHYTPEH-
HOM COCTOSTHHEM B MOMEHT BpPeMEeHH | Ha3bIBAETCS 3alOJHEHHE MaCCHBA SIEEK
(mq(t),ma(t),...,mpy(t)). PyHKIHS TEPEXOJOB 3aMa8T OTOOPAKEHIE MHOKECTBA COCTOSI-
HUil B cebs U OmpeieisieT CiieIyiomee cocTogamne apromara. [Ipu 5Tom 3amo/inenne saeex
namsatTu 0600mennoro KitA onucsiBaercst ypaBHeHuem:

m;(t) = f; (mn(i,l)(t = 1)y M2yt = 1), Mgyt — 1)) )

riae m;(t) — cocrosinue i-i sUeHKN maMsITH B MOMEHT BpeMenu t, a n (i, j) — HOMED Bep-
IIUHBI, U3 KOTOPOil HCXOIUT JIyTa, BXOASIIAs B BEPIIHHY ¢ ¥ HMEIOMAst HOMep J.

O0nopodwiti 0bobweHHvil Kaemounutl asmomam — 310 OKIIA, rpad xoToporo siB-
JISIETCSl PETYJISIPHBIM O BXO/y (T. €. YHCJIO YT, 3aXOJSAIAX B BEPIIMHY OJMHAKOBO JIJIist
BCEX BEpIIUH) U IIPU 9TOM JIOKaIbHAasT (DYHKIUS CBA3M sl BCEX 49eeK OJMHAKOBaA. B mpo-
THUBHOM CJIy4dae 0OOOIEHHBINH KJIeTOUYHBIH aBTOMAT Oy/1eT HA3BIBATHCA HEOJHOPOOHBIM.

Bompocsr obparumoctu mist KitA koredroro pasmepa B IpUHIAIIE — BCET/A PA3PEITTHU-
MBI, 1 OCHOBHAs 3371498 COCTOUT B HAXOYKJIEHUU TMPHEMJIEMbIX KPUTEPUEB JIJIsT TPOBEPKHU
00paTUMOCTH, AJTOPUTMOB JIJIsI PeaJTM3allii 00PATHOrO TPeodpa30BaHus U OIMEHKH CJI0XK-
HOCTH 3TUX AJTOPUTMOB. B HacTosiIee BpeMs 3TH BOIPOCH BECHMA MAJIO MCCJIET0BAHBI,
pe3y/IbTAaTOB OY€Hb HEMHOIO, a Te KaKhe eCTh — He BHYIIAIT OOJIBIIOr0 ONTHMI3MAa Ha
OBICTPOE IPOJBHKEHUE W CKODBIE YCIIeXH B 9TOM HampapsieHuu. Tak B pabore [32| mpo-
BOJIMJIMCH HMOINBITKY UCCJIEI0BATH CBOMCTBO oOparumocTu JAByMepubix KitA na muoxkecrse
KOH(UTrypaIuii, TOMeIAaIIXcsad B HEKOTOPHI KBaJapaT. BhLI0 yCcTaHOBIEHO, UTO 3aa-
4Ya PacCIo3HABaHUsS 0OpATUMOCTH B 9TOH mocTaHOBKe siBysieTcs co — N P-nionnoii. B c¢Boro
ouepeb, st OKIA, Kak mokasano B [33], 3a7a9a BOCCTAHOBJIEHHUS TIPEJIBILYIIETO COCTOSI-
HUsl (& 3HAYUT ¥ HAYAJIBHOTO 3AI0JIHEHHs1) 0BOOIIEHHOIO KJIETOYHOTO aBTOMATA SIBJISIETCST
N P-tpynnoii, a B cirydae KA ¢ jlokaiabHO# (byHKIHEH ¢BA3KM OT 2 IepeMeHHBIX, 3312493
O CYIIECTBOBAHUU MPEJIBIIYIIEr0 COCTOAHMS TPUHAICXKUT KJaaccy P.

3.4. Apyrue momean obpaTruMbiXx BbIYHCIeHUM. VI3BecTHBI U ApyTrHe Moaen odpa-
THUMBIX BBIUHCJICHHH, YKa*KeM HEKOTOPbIe U3 HHX.

Bpoynosckast maimaa (Y. Bennerr). Ugest — ciydaiiibie 61yKIaHUsT, KOPPEKTHPY-
eMble ¢ TOMOIIbI0 HE3HAYUTETHHBIX KOJIMIEeCTB YIpaBsiomieii sneprun [34].

A mabarnieckoe nepekodenne (P. Mepkiib). AnnabaTudeckuM HA3BIBAIOT IPOIIECC,
npoTekaonuit 6e3 moIBO/Ia U OTBOJA TEILIOTHI. Ves — Bce mepek/iodyeHus Ha reifrax
JIeJIAIOTCS TIPU OJMHAKOBOM HAIPSAZKEHUN U MPU 3TOM dHEPrus He Tparutcs. [Ipu nsme-
HEHNU HaIlIPpA2KCHHUA MEKAY IIEePeKJIOYCeHUAMN JHEPIrUun TPaTUTCAd TEM MeHbIIe, YeM 60.Hee
IJIABHO [IPOMCXOIUT W3MeHeHue. B nease OyyT mouTn HysIeBbie BLIOPOCH Teruta; cM. [12].
Munycom gBiisieTcs HU3Kasg CKOPOCTH PabOTHI.
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Mouens crepxkueii mw mazos (. Bennerr u P. Jlanmaysp). Daement ynpapienus —
CTEepPZKEHb C BBICTYIIOM, UMEIONINil O/{HY cTeneHb ¢BoOObl. B3anmoeiicTBie Mojeupyer-
cs1 OJIOKUPOBKOI CTEPZKHS IIPHU NOMAJAHUNA BBICTYIOB B OfHY o0sacTb. CTepKHE pa3me-
IEHbI BHYTPU MATPUIbI C (PUKCUPOBAHHBIMU KaHAJAMH U CHAOXKEHbBI JIACTUYHBIMYU (DUK-
caropaMu, OIPAHUYUBAIOIIMMY JIBUKEHUE 110 OCU U 0DECIeUUBAIONIMMU JIOHOJTHUTE/IbHOE
C/IepKUBAHUE CTEPXKHS, KOTOPBIH peTepres cToKHOBeHne. CTepyKHU HE IBUTAIOTCS, TO-
Ka UX He TOJKHYT, ¥ TOJHKO C TOTIYKOM MOXKHO BBISICHUTBH, 3a0JIOKUPOBAH JIU CTEPKEHb.
B kaxKaprit MOMEHT BpeMeHU CTep:KeHb MOYKHO TOJKHYTH, OCBOOOIUTH HJIM OCTABUTH KaK
ecthb [35].

4. MATEMATUKA OBPATUMOW JIOTUKN

4.1. Monenu cxeM u3 (PYHKINOHAJIBHBIX OOpaTHUMBIX 3JieMeHTOB. Cxema u3
(PYHKITMOHAJIBHBIX JIEMEHTOB KJIACCHYECKH OIPEJIENAeTCd KaK OPUEHTHUPOBAHHBIN rpad
6e3 IUKJIOB ¢ IOMeYeHHbIMU péOpamu u BepiimnaMu. [IpaBuibuo copmupoBantas odbpa-
THMas CXeMa — AlUKJINYecKas KOMOMHAIIMOHHAS JIOTHYeCKas CXeMa, B KOTOPOil Bce 3je-
MEHTBI OOPATUMBI U COEJTUHEHBI IPYT ¢ APYTOM MOCJIeI0BATETLHO Oe3 BeTBIeHmit. B camoit
IPOCTON MaTeMaTH4YecKoit Mojean OOPATUMBIX CXeM BCe JJIeMeHThl UMEIOT OTWHAKOBOEe
KOJIMYECTBO BXOJIOB M BBIXOJIOB n. B opmeHTHpOBaHHOM rpade, OMUCHIBAIONIEM TaKyIo 00-
PATUMYIO CXeMY, BCe BePIIUHBI HYMepYIOTcs OT 1 /10 [ M1 ©UMEeIOT POBHO N 3aHYMEPOBAHHBIX
BXOJIOB U BBIXOMOB. lIpm 3ToM i-it BBIXOM M-It BepmuHbI, m < [, COeIUHAETCI TOJBKO C
i-M BxozmoM (m + 1)-ii BepmmHbl. Bxogamu o6paTHMOl CXeMbl SBJSIOTCS BXOJbI MEPBOi
BEPIIUHBI, & BBIXOJAMU — BBIXOJIbI [-it Bepmuibl. Besmdyuna | Ha3BIBACTCS CAOHCHOCTNDIO
CTeMbL.

Jlng omucanusg MO/ CXeM U3 00paTHMBIX JEMEHTOB, UMEIONIUX He 7 BXOJOB, a
MEHBIIIE, BBOJUTCS ITOHATHE HECYIIIECTBEHHBIX BXOJA0B HAPABHE C &IPECHBIMU U TIeIEBbIMH.
3HadeHnsi HA HECYIIECTBEHHBIX BXOJAX, KaK CJIe/lyeT W3 HA3BAHW, HE BJUSIOT HA 3HA-
YeHUEe Ha 1eJEeBOM BBIXOJI€ U MEPE/IAIOTCA Ha COOTBETCTBYIONIME BLIXO/bl 0€3 N3MEHEHHUIA.
g epexojia o1 3TOM MoJie/in K Lpeblayiieil norpedyercs B Kadecrse (pyHKIIMOHAb-
HBIX 9JIEMEHTOB PACCMATPUBATH BCE BO3MOXKHBIE CXEMbI CJI0YKHOCTH 1, MOCTPOCHHBIE HA N
MPOBOJTHUKAX.

Mogenb 06paTHMBIX €XeM MOYKHO CBECTH K MOJeTd (DYHKIIMOHAIBHBIX CXEM C 02PaHU-
wenHol namamoto. B caydae obpaTuMOil cxeMbl ¢ 1 BXOJAMU KaxKJIOH JTUHUW CTABUTCH B
COOTBETCTBYE OJIUH U3 N PETUCTPOB MAMSTH (sI9€eK MaMSTH ), XPAHANINX Pe3YJIbTAT BbITHC-
JIeHU# Ha KayKJOM Imare paboThl cXeMbl. BXOJBI W BBIXO/IBI 3JIEMEHTOB, MOJKIIOUeHHBIE K
JUHUSIM CXEMBbI, CAUTBIBAIOT U 3aNUCHIBAIOT 3HAYEHHUS B COOTBETCTBYIONINN TUHUN PDETUCTP
HaMSTH.

[lepe nadamom paboOThl B PETUCTPHI TAMSITH 3aMUCHLIBAIOTCH HAaYaIbHbIC 3HAYCHUS, B
KOHIIe PaDOTHI U3 HUX CIUTHIBAETCH pe3yabrart. [y peajinzanum ONEKTHBHOIO OTOOpazKe-
HU$ Ha MHOYKECTBE JIBOMYHBLIX BEKTOPOB JIJTUHBI 12 HEOOXOIMMO KaK MUHUMYM 7 PEIHCTPOB
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namaTu. Eejiu TpedyeMoe 0ToOparykeHne HeBO3MOZKHO Peain30BaTh MPU TTOMOIIHN 33 aHHO-
o ceMeicTBa O6paTI/IMbIX JIEMEHTOB Ha 7T PpErucCTpax MmaMATh, HO MOZKHO PeEaJIn30BaTh
Ha (n + ¢) perucTpax maMsTH, TO FOBOPST, YTO CXeMa peajn3yer 0ToOparkeHHe ¢ ¢ J0-
HOJTHUTEJIbHBIME BXOJaMu. B OOJIBIIMHCTBE CJIy4aeB Mepej; HadaJioM paboThl B PErUCTPI
[HaMATH, COOTBETCTBYIOIMKE AOIIOJIHUTE/JIbHBIM BXOJaM, 3allUCbIBAIOT HYJIEBbIEC 3HAYCHUI,
OJTHAKO MOTYT OBITH 3aMUCAHBl U €IUHIIHBIC 3HATCHUSI.

OO6paTuMblil 3/1eMEeHT 110 OIpeJeeHII0 3aJa6T OMeKTUBHOE OTOOpakeHne Ha MHOZKe-
cTBe Z5 — MHOXKeCTBe IBONYHBIX BEKTOPOB JJIMHBI N. J[1000e Takoe mpeodbpazoBaHne MOXK-
HO OIHMCATH IMOACTAHOBKON Ha JaHHOM MHOXKecTBe. (CJeoBaTe/bHO, IOCJIeI0BATE/IHLHOE
coeJIMHeHNEe OOPATUMBIX JIEMEHTOB 33JaéT IOJCTAHOBKY, PABHYIO IPOU3BEICHUIO COOT-
BETCTBYIOINIUX HOACTAHOBOK. OTCIONA CelyeT OUeBUIHAS CBSI3b MEXKIY OOPATUMBIMU CXe-
MaMH C 7 BXOJAMHU U MOACTAHOBKAMH U3 CHMMETPHYECKON rpymnbl Son. Tak ecju B3d4Th
3JIeMeHThI, OOpaTHbIe 3JIeMeHTaM OOpATUMON CXeMbl Y, W COeJIUHUTH UX B OOPATHOM I10-
PSJIKe, TO MBI TIOJIYUYUM CXEMY Y., KOTOpas 3a/aeT OMeKTUBHOE OTOOpazkeHnue, 00paTHoe K
oTobpazKeHMIo, 3a/1aBaeMOMY cxeMoil Y. ByieMm Ha3bIBaTh TaKyi0 cXeMy 3epkaavrot. Eciu
obparuMasi cxemMa, COCTOUT TOJBKO M3 CaMOOOPATHMBIX JIEMEHTOB, TO 0OpaTHOE 0TOOpa-
JKEHHe Peaju3yeT CXeMa, COCTOSIIAsl U3 TeX 7K€ CAMBIX IJeMEHTOB, HO COEINHEHHBIX B
00paTHOM TOPSJIKE.

4.2. @yHKIWOHAJIbHAA MNOJHOTA CEMeHCTB oOparumbix 3aeMeHTOB. CemeiicTBO
JIOTUYECKUX DJIEMEHTOB, U3 KOTOPBHIX CTPOUTHCS CXeMa, Ha3bIBAIOT Oubsuomerotd. Fcan
B Heil MPUCYTCTBYIOT 3JIEMEHTHI C TMEPEMEHHBIM YHCJIOM BXOJOB, BBIXOJ0B, M3MEHSIEMbIX
CBOMCTB, TO Takasg OMO/JMOTEKA Ha3bIBaeTCd napamerpudeckoil. [Ipu 3TOM KOHKpeETHbIH
9JeMEHT BBIOMPAETCS B 3aBUCUMOCTH OT 3HAYEHHS HEKOTOPOTO napamerpa. llpuvenenne
napamMeTpudecKkux OubJIMOTEeK 3HATUTEIHHO 00/1erdaeT IPOIece CO3/IaHne JJOrnIecKoil cxe-
Mbl. Cxemy, TOCTPOEHHY O n3 dj1eMeHTOB bubnorekn B, HazpiBaoT B-cxemoii. [logcranos-
Ka HA3bIBAETCsl B-KOHCTPYUPYEMOil ecjin OHa MOXKeT ObITh peasin3oBana [3-cxemoit.

MHOXkecTBO BCeX MOICTAHOBOK, PEATN3YEeMBIX B-cXeMaMu ¢ 1 BXOJAME U 1. BBIXOJTAMH,
SIBJISIETCST TPYTION, 0603HadaeMoii (B),,. DTa rpymma, B CBOIO 0U€pe/ib, SABJISIETCS TOATPYII-
O# CUMMETPHYECKON Pyl Son (MOXKET OBITH COBIAJAIONIEH cO Beeil Son ). TlogcTanos-
KH, COOTBETCTBYIOIIHE jIeMeHTaM OUOIuoTeKn B, ABISIOTCa 00pa3yIOIIUMU dJIeMeHTaMK
rpymisl (B),. B ¢Bsi3u ¢ 3TUM 381291 TOCTPOEHHUS CXeM U3 OOPATHMBIX 3JIEMEHTOB, PeasIH-
3YIOIMIHUX J€MEHTHI IPYIIBI TOJCTAHOBOK, W TMOJYUYeHUs ONEHOK /IS UX CIOKHOCTH CBO-
IATCS K 33/1a9aM HaXOKJIeHUS JIJIHH 3JIeMEeHTOB I'PYIIIIBI IOICTAHOBOK B 3aJaHHOI cucTeMe
00Opa3yIoIIWX, JIUHBI CAMON TPYIIIBI U MOIIHOCTEH €€ cioeB. [Ipu 3TOM ecTecTBEHHO BO3-
HUKAEeT BOMPOC (DYHKIMOHATBLHO MOJTHOTHI 33/ TAHHOTO CeMeHCTBa 0OPATUMBIX IJIEMEHTOR:
Kakie GHeKTHBHBIE 0TOOpaykeHusl (KaKOH KJ1ace 0TOOparKeHu i) MOTYT OBITh peaTn30BaHbl
U IPU KAKOM KOJIMYECTBE JOTO/THUTETHbHBIX BXOI0B.
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bubsmoreka, obpazosamnyio 3aementamu NOT, CNOT, TG naswsaror NCT-
oubsmorekoii  [36]. Bymem wnaszwiBarh  N-koncmpyupyemotd (C-woncmpyupyemotd, T-
KOHCMPYupyemoti) MOACTAHOBKY, TTOCTPOEHHYI0 HCKJIOUATETHHO ¢ HOMOIIBIO 3/IeMEHTOB
NOT (coorsercrBerno CNOT, TG). B pabore [37| ycraHOBI€HBI CJieayIONIHe pe3yabTa-
ThI.

n—1

e ['pynmna Sy comepzkut 2" N-KOHCTPYUPYEMBIX IHOJICTAHOBOK, H (2” — 2i) C-xomn-
. i=0

CTPYHPYEMBIX ITOICTAHOBOK, 5 (2" — n — 1)! T-kOHCTPYUPYEMBIX TIOJICTAHOBOK. Bee

TPH YKa3aHHBIX MHOXKECTBa ABJIAIOTCA IIOATIPDYIIIIaMA B Sgn.

e B cxeme ¢ n > 3 Bxogamu Kaxkabiit u3 snemenToB NCT-0ubanorekn 3a,1a6T 46THYIO
MIOJICTAHOBKY, KaK CJIEJCTBHAE W caMa oOpaTmMasi CXeMa TaKyKe peasn3yer 4eTHYIO
IIOACTAHOBKY.

o /s 1060t 3a/JaHHONW TOJICTAHOBKH HA MHOYKECTBE JIBOMYHBIX BEKTOPOB JIJIHHBI
n < 3 cymecrByer peanusytomadg eé NCT-cxema ¢ n Bxogamu.

e Iz noboft 3a/1aHHON 9€THON 1OJCTAHOBKM HA MHOXKECTBE JIBOMYHBIX BEKTODOB
JuHBL 1 > 4 cymectByer peann3sytomast eé NCT-cxema ¢ n Bxogamu.

e /g moboit 3a/1aHHON HEYETHOHN MOACTAHOBKH Ha MHOX@KECTBE JBOMYHBIX BEKTOPOB
JUTHHBL 1 > 4 He cymectByeT peasnusyionieit eé NCT-cxeMbl ¢ n BXOJaM#, 0JIHAKO
cymecrByer peanunsyiorniast ee NCT-cxema ¢ (n + 1) Bxogamu (0nuH JTOMOJTHATE b

HbI).
Badurcupyem nHabop Gubmmorek By, ..., B, u mocrpoum (Bi|...|By)-czremy, npuco-
enHAA K BBIXOMY Bj-cxembl Bxoabl B, -cxembr, i = 1,...,k — 1. Bxomom mocrpoennoit
(Bi| ... |Bk)-cxembl ecth Bxoj B1-cxeMbl, a BBIXOIOM — BBIXO, Bj-CXeMBbl.

Kazkgast mogcranoBka u3 Son mpu n = 1,2,3 n Kaxkaass 4eTHasl HOACTAHOBKA IIPHU
n > 4 moxer 6bTh peasmsoana Hekoropoit (T|C|T|N)-cxemoii u, cie0BaTEIbHO, SIBIIs-
ercst NCT-koucrpyupyemoii [37].

Anasornvno, JJis APYTUX ceMefcTB OOPATUMBIX JEMEHTOB MOXKHO YCTAHOBUTH HUX
dyuKIIMOHATBHY0 TOJHOTY. [lycTh B — 6ubamoreka n3 0OpaTUMBIX JIOTHIECKHAX JIeMeH-
toB. Torma B yauBepcaJ/ibHa, €cau JIj1s JII0O0T0 N 1 JTI000i HOJCTAHOBKU T € Son CYIIECTBY-
eT TaKOe ¢, 9TO HeKOTOpas BB-cxeMa BBIYHC/SET T, HCIOJb3Ys ¢ JUHUN JTOMOJTHUTETHHON
(BcmoMoraresibHOl) maMsT. JlokazaHo, 4To is Jt060i yHEBEpCaTbHON Gubianorekun B
U JIOCTATOYHO OOJIBIIOIO N MOJCTAHOBKHU M3 3HAKOIEpEeMEHHOI rpymibl Agn sBisiorcs B-
KOHCTPYHUPYEMBIMHU, & MOJCTAHOBKY U3 Son PEAJUBYIOTCS C TIOMOIIBIO He DoJiee, 1eM OIHOMH
JOTIOTHATEIBHO JTNHIH (BCIIOMOTaTeIbHON mamMsTn) [37).

[IpuBeieM mHpuMEpPbl YHUBEPCAJIbHBIX OHOJMOTEK, WMEIONINX MPUKIAJTHOE 3Hade-
nue g kpunrorpaduu. bubsmoreka Toddonan—1ogo0HbIX 00paTUMBIX 3JIEMEHTOB
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o 2 — 7Y naa KOTOpHIX KoopawHaTHble GyHKunU 0;(r1,...,%,), ¢ = 1,...,n, 3a-
JTATCH CACTEMOI

Yi = 2 @ f(25,...,24,),
y; = x; TpM J # i,

e @ — onepanus caoykenus 10 mod 2, a byuxmus f 1 Z5 — Zy. B pabore |38] moxazwi-
Baercst, 4To npu n > 1, k =n — 1 MHOXKECTBO yKa3aHHBIX JIEMEHTOB MOPOKIAET TPYIIILY
Son, a npu n = 4 n dukcupoBannom 2 < k < n — 2 — rpyumny Aon.

Jpyras muTepecHasg OUOJMOTEKAa COCTOMT W3 TOACTAHOBOK o : Z3™ — Z3™ BHIa
o(a,b) = (b, f(a,b)), tme a,b € ZY, f : 2y X 25 — Z%'. Hdng cnyaas f(a,b) = a ® o(b),
 — NPOU3BOJIBbHOE oTOOparkeHue Z5' — 75, & — onepalus IOKOOPIUHATHOTO CIOKEHH ST
o mod 2. Jloka3aHo, 9TO MHOXKECTBO YKa3aHHBIX ITOJCTAHOBOK HMOPOXKIAET rpynmy Agem

[39].

4.3. CxeMBbI C OOTMOJIHUTEJABHBIMHU BxoaaMu. CumraeMm, 9TO cxemMa u3 00pATHMBIX
9JEMEHTOB € N 3HAYUMBIMU M (¢ JONOJHUTETbHBIMH BXOJaMU peaandyer (PyHKIUIO
f 1 Zy — Z%', ecu nojaBas Ha 3HAYUMble BXOJIbI 3HAUEHHE apryMeHTa (PYyHKINU X, 102~
Bag () HA JONMOJHUTEIbHBIC BXOJbI, HAa 1M 3HAYMMBIX BBIXOJAX MbI [IOJIy4YaeM 3HAYCHHE Yy
(3HAYeHMs, HOTyYeHHBIE HA HE3HAYMMBIX BBIXOJAX, HTHOPUPYoTCs ). Ecian B KoHne paboTs
CXeMbl 3HAYEHUE HA HE3HAYUMOM BBIXO/I€ HE PABHO BXO/HOII KOHCTAHTE, JIMHUS HA3bIBAET-
cs MYCcopHOTl, a TIOJIyIeHHOe 3HAUYEeHNEe — 8bUUCAUMEADHOM MYCOPOM. JJOCTATOUHO JacTO
MYCOPHBIMHU CIUTAIOTCS BCE HE3HATMMBIE BHIXOJBI. B 00IeM, YHCI0 OCHOBHBIX (3HAYNMBIX )
BXOJIOB TLIIOC IHCJIO JIOMOJTHATENBHBIX BXOJIOB JIOJIKHO PABHITHCS YHCTY OCHOBHBIX (3Ha-
YUMBIX) BBIXOJIOB ILTIOC YHCJI0 HE3HAYHMBIX BBIXOJIOB, BKJIIOYAs MYCOpHBIE, ¢M. puc. 10.

JIHHHH BBIXOI4

JIHHMH BXOJ1A R — awnr s
(3HAYHMBIE BBHIXOJIBI)

(3HAUHMBbIE BXOJ1bI) AT A obparuman
exema

BBIYHCIIHTEIIEHBIH

JONOTHHTEIRHEIE ses wms
MyCcop

JTHHHH —_— Ty

Puc. 10. Bxoapl 1 BBIXOABI 00pATHMOI CXE€MBI

Y0661 peaan3oBarh HEOOPATHMOE OTOOPaYKeHNE C TTOMOIIHIO 0OPATUMBIX JIOTUIECKIX
3JIEMEHTOB HEOOXO/IMMO CEIATh €ro 00PaTUMbIM, J00ABUB JIOMOJTHUTE/IHLHBIE BXO/IBI HA, KO-
Topbie nojaTcd kouctanTol (. /g peannzanuu HeoOpaTumoit (pyHKIUKM, B KOTOPOil COB-
aIAOTIIe BHIXOAHBIE HABOPHI BeTpedatorcs 10 M pa3, Tpebyercst kak MuHEMYM |log, M |

“Taurida Journal of Computer Science Theory and Mathematics”, 2017, ?



OBPATUMBIE BBIYUCJ/IEHUA. 1 19

JONOJHUTENBHBIX JiuHui [40]. B wacTroCTH, 11 1106010 3a1aHHOTO 0TOOPAZKEeH ST Ha, MHO-
JKeCTBE JIBOMYHBIX BEKTOPOB [JINHBI N CYMIECTBYET PEAJTH3YIONas eé obparumasi cxema,
COCTOSIIAs U3 SJIEMEHTOB JAHHOTO ceMeificTBa 1 uMerolnas e 6oJiee 2n BXOI0B (1 100
HUTEJIbHBIX).

[TockostbKy TIPOU3BOJIbHASL CXEMA C 71 + ¢ BXOJAMH, MOCTPOCHHAS U3 O0PATUMBIX dJIe-
MEHTOB peau3yeT HeKOTOPYIO TOJCTAHOBKY HAa MHOXKECTBE JBOMYHBIX BEKTOPOB JJTUHBI
n + q, peanusanusg 1ol cxemoit byurnun f : Z5 — ZL' MoxKeT ObBITh MaTeMaTHYeCKH
ONHCAHA NPH IIOMOIIN PACIIHPAIONIEI0 OTOOPAKEHUS Py, g & L5 —+ 7yt suna

Onntq (X1, 20)) = (21, ..., 2,0,...,0)

W peLynupyIonero oToopaKenns 1) L 75T — 7 uga

¥
n—+q,n
™ J—
Qﬁn—i—q,m (<CL’1, s 7$n+q>> - <I7r(1)a ce 7x7r(m)>7

e T — HEKOTOPast NOJCTAHOBKA HA MHOKECTBE Zi, 4.

Torma obparumas cxema ¢ (n + ¢) > m BXOJIAMH, 33/AM0MAs TOJCTAHOBKY
g 75T — 75T peammsyer orobpakenue f @ ZI — Z5 ¢ ucnomb3oammeM ¢ > 0 1o-
MOJHATETHHBIX BXOJOB (JIOMOJHATEILHON HAMSITH), €CJIH CYIIECTBYET TaKasl MOJICTAHOBKA
T € Lptq, UTO

ntam (9 (Pnnsq(x))) = f(x),
rie x € 23, f(x) € Zy'.
B ocnoBonosarawiieit pabore Y. Bennerra ObLIa mpeaaozKeHa 00Iad KOHCTPYKIUS
JJIsT 0OPATUMOTrO BBIYHC/IEHHUsT MPOU3BOIbHON (obpaTuMoil win HeoOGpaTuMoit) (byHKIuT
[5]. Koncrpykiust Bernnerra cxemaTwdHO mpejcraBieHa Ha puc. 11. 3mecs f — cxema

0 g g 0
x ||y vy | fr| x
0 Cly y

Puc. 11. Koncrpyknusa Bernnerra

13 OOpaTUMBIX 3JIEMEHTOB, peanusyiomas ¢gyukmuo f : Z§ — ZY', x € Z§ — BXOJ
dbyurIMH, y € ZI' — ee BBIXOJ, g — BBIYUCJUTEJbHBIN Mycop, f, — 3epKajbHas CXeMa.
B KOHCTpYKIINT KCIOIb3yeTCs MoAcxeMa KomupoBauus C, KOTopast MOXKeT OBITh IIOCTPOEHA
u3 stementoB CNOT (puc. 12).

B passutue stoii uaen T. Todbdomu [36] 6b11a npemnoxkena obmast koncrpykiust NCT-
CXeMbl JIJIsl BBIYHCJIEHNsT TTPON3BOJIbHOM (oGpaTumoil nianm weobparumoii) dyHkmuu (cM.
HuKe 1. 5.1).

C nomompio 1060it OHOIMOTEeKH, coaepzKalieii YHUBEPCAJIbHBINR 3JIEMEHT, MOYKHO pe-
aJIn30BaTh 0OpaTUMOil cxemoii J10boe 3a/annoe 0ToOOparkKeHne Ha MHOZKECTBE JIBOMYHBIX
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X —4 X1
X2 . X2
e e e
Xj . Xk
0 —& X1

i x:
0 nry X

Puc. 12. Cxema KOomupoOBaHUS

BEKTOPOB JIJTUHBI 1, OJITHAKO KOJHUYECTBO HEOOXOAUMBIX JIJIS 3TOTO JOMOJHUTEILHBIX BXO-
JIOB CX€MbI MOYKET Kap/INHAIbHO OTJINYATHCS /I8 PA3/JIUIHBIX OUOJIMOTEK: OHO MOYXKET ObITh
00 KOHCTAHTHBIM, JITOO 3aBUCAIINM OT KOJUYIECTBA 71eMeHTOB B cxeme. OT KOIM4IecTBa
JIONOJTHUTEIBHBIX BXOJ0B 00PATUMOiT CXEeMbI 3aBUCUT U KJIACC OTOOpaYKeHU i Ha MHOYKECTBE
JIBOMYHBIX BEKTOPOB, PEaJIM3yeMbIX HPU MOMOIIU 3a/[AHHOI0 ceMeiicTBa 00paTUMbBIX JJIie-
MEHTOB, JIazKe €CJIM OHO COJIEPKUT yHUBepcaJbHblil 3jieMenT. K npumepy, reiir @pejgkuna
SIBJISIETCS] YHUBEPCAJBHBIM, OJHAKO IPH MOMOIIH OOpATHMOM cXeMbl 6€3 JTOMOJTHUTEThb-
HBIX BXOJOB, COCTOSAIIEN TOJBKO M3 3JIEMEHTOB JAHHOTO THIA, HEBO3MOXKHO Peain30BaTh
oToGpazKeHue, H3MEHSIoIee BeC XIMMUHIA JBOMIHOTO BEKTOPA (KOJIHIECTBO €TMHUTHBIX
KOODJUHAT B HeM). [IOMHMO 9TOro OT KOJIMYECTBA JOTMOJHUTESbHBIX BXOI0B 00PATHMOM
CXeMbI CYIIECTBEHHO 3aBUCHT U €€ CJIOKHOCTH (Oymer pacemorperno B wactu 11 crarbn).

5. OBPATUMBIE S3BIKU [TPOICPAMMUPOBAHUS

5.1. Obparumble HazacTpoliku HaA GyHKOmuamm. [ng obecnieyenus: odpaTuMocTu
DU BBIMKUCJIEHUSX UCIOJIb3YIOT (PYHKIMU, MHbEKTUBHBIE 110 LIEPBOMY apryMeHTY, KOTO-
pBIe MOIYYaloT U3 OOBIYHBIX (DYHKINI, TPUMEHss MPOIeayPy 00paTuMOi HAICTPONKH.

Onpenesenne. Bunapuyo Gynxmuo Ax B — C HA3BIBAIOT UNGEKMUBHOT N0 NEPEOMY
apeymenmy, eciu
a1 Ob=a,®b = a; = as.

[lpumep: n+3=m+3 = n=m; aatunpumep: n X 0 =m x 0 % n=m.
Teopema. [lycmo © — OunapHas GYHKUUA, UHBEKMUSHAA N0 NEpeomy apeymernmy. To-
eda cywecmeyem dynkuyus C' X B 25 A maxas, 4mo

(a®@b) @b = a.
Hedopmaisao ToBOpaT, uT0 Oomneparust @) «obpaTHay K omneparuu . [Ipumepsr map

(®,@): pas qucen — (+, —), upu paboTe ¢ HEHYJIEBBIMA YHCIAME — (X, =), 1JisT OyJIeBbIX
BEKTOPOB — (B, ).

“Taurida Journal of Computer Science Theory and Mathematics”, 2017, ?



OBPATUMBIE BBIYUCJ/IEHUA. 1 21

Obpamumas nadcmpotixa wayx yuapHoit dyukmueil f(y) ecth OGuuapHas byHKIHs
g(z,y) = (x® f(y), y), Takas, 9To onepanus © obpaTHMa 1O TIEPBOMY apTyMeHTY.

r — 0 f(y) (zofy)ofly=2 «— 206 f(y)
y — vy y <— Yy

Puc. 13. Cxema obparumoro Beraucaenns dbysxmmn f(y)

[Ipumep: ecmm g(z,y) = (x + f(y),y), o g '(z,y) = (v — f(y), y). Ilycrs
f(y) = sin y, ¥ — UPOU3BOIBHOE, TOTIA

g9(x,y) =(x+siny, y)
g ' (z,y) =(z —siny, y)
g ' (z+siny, y) =(v+siny —siny, y) = (v, y)

O6paTuMble HQJICTPONKHU CYIIECTBYIOT V Beex yHkiuii. O6paTHas JeTepMAHAPOBaH-
HOCTDb IIPOTPAMMBI IIO3BOJILET IIPOBOANTD BBIYUCICHHA IIPOTPAMMEI B OOPATHOM IIOPAIKE
(«MHBEPCHOCTH» ).

JIByHanpasJieHHbIE TIPOrPAMMbI HasbiBatoT sunzamy (lens) [41].

5.2. A3pik Janus. f3bik Janus — nepBbiil 0OpaTUMbIl A3bIK POIPAMMUPOBAHUS, WUH-
TepnpetaTop 6b11 nocTpoen T. Vokosmoit n P. Tiokom [42]. TIpeoGpasoBaresb u wHTEP-
mpeTaTop Janus cBOGOIHO JOCTYIHBI. Janus Takzke peainm3oBaH Ha d3bIKe Prolog.

B aspike Janus Bce (hyHKIIUU 3aMeHeHbI OOPATHMBIMU HAJICTPONKAMH, B IMUKJIAX 1
VCJIOBUSIX BO3Bpamiaercss nadopManus o npoiiaeHHoM mytu («ucropus» . Bennerra),
napaMeTpbl MPOIeTyp MepearoTes TOJBKO MO CChLIKe, IT00AJbHBIX TepEMEHHBIX HeT, TPU
MHUTAATI3AIAN TIPOTEAYp BCe MepeMeHHbIe W JIeMEHTHl MacCHBa OOHYISIOTCH, a CTEeKN
OILYCTOIIAIOTCS.

Janus — uMIepaTuBHBIN SA3BIK TPOTPAMMHUPOBAHUS: UCIIOJTHEHHUE TTPOTPAMMbBI COCTOUT
B IIOCJIEOBATEILHOM BBITIOJIHEHUN KOMaH 1. [IporpamMmma prog na s3bike Janus cocTouT u3
OCHOBHO# TPOTEAYPHI Ppnain, 38 KOTOPOil CEIyeT MOCaeI0BATEILHOCTL d_ proc* onpe/e-
JeHuil npouenyp p:

Prog ::= Pmain d_proc*

OcHOBHAsT IPOTIEIYPA Pppgin HE UMEET MapaMeTPOB W COCTOUT U3 YKA3AHWUS THIIOB Ie-

peMeHHbIX u oneparopa. Oupeesenne IPONeypPbl UMEET BH

procedure <uMst>((<THI CKAJISp/MACCHB>< UMl >)*)<TeJ0 TPOIEILYPHI>.

VMerorest crie/IyIolye TUIIbI HePEeMeHHBIX JaHHBIX: CKaJsp (32-paspsijiHoe HeOTpHIa-
TeJIbHOE TeJI0e), OJHOMEPHBIH MACCHUB IEJbIX T[c| U cTeK 1ebiX. Jlorndeckne 3HaYeHUs
CyTh 'IeJioe HeHyaeBoe = true, 1esoe HyaeBoe = false. MaccuBBI MHIEKCHPYIOTCS €I
MH YHUCJIaMU, Ha9Had C HYJIA.

6 http://topps.diku.dk /pirc/janus-playground /
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Yrpassionye CTpYKTYPhI SI3bIKa Janus TpaJuiuoHHbl. DTO onepatophl (statement)
npucBanBauus (+=, -=, ~), oOMeHa JAByX 3HadeHuii (<=>), ycaosubiii (if e; then s; else so
fi ea) w ki (from ey do s until ey).

Jloruka ux paboTsl nmpomIocTpupoBana Ha puc. 14 u 15 [41].

{ if e; then s; else s, fie; J Fedhoie el e ey

= ifesthens; Telses; 'fie

true true true true

false false false false

a) 6)

Puc. 14. Tlpsimoe a) u ob6paTHOe 0) BBIYHCIEHHE YCIOBHUSI.

from e; do s; until e; -
L (from e; do s, until e,) !

= frome; dos;~1until e

true true
true e true
2 >
f

fa Ise fa Ise
alse false

o
a) )

Puc. 15. Ilpsimoe a) u obpaTHOe 6) BBITHUCICHHE ITUKJIA.

B Janus’e Tak:ke nmerTcst oniepaTopbl pabOTHI CO CTEKOM — MOMECTHUTH JIaHHOE 3Ha-
deHHe B CTeK W3BJIeYb ero u3 crexa (push, pop), npsamoro (call) m obparnoro (uncall)
BBI30BOB IPOIE/LY PhI.
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IIpumep: nporeaypa porancienus ancen Pubonadun [43]. Beraucaenne n-ro aucia
®ubonavyun B Janus mporpaMMupyercsi ¢ 3alOMHHAHHEM N-ro W (n — 1)-ro wmces, 910
JieJIaeT HEMHBLEKTHBHYIO (DYHKIIMIO BbIYHCJICHHS 4uces] MHbeKTuBHOM. [Iporpamma fib
COCTOUT TOJIBKO U3 0OpaTUMBIX onepanuii (+=, -=) 1 06paTuMOro ycJoBHOTO OepaTropa ¢
KPUTEPUSIMHU BXOJIa U BbIXOJIA.

procedure fib(int x1, int x2, int n)

if n=0 then x1 += 1

x2 += 1
elsen -=1
call fib(x1,x2,n)
xl += x2
xl <=> x2 // swap

fi x1=x2

[Ipu npsiMOM BBI30BE IIPOIEAYPHI, MOJ0KUB N = 4, oayunum xrl = 5, 2 = 8, T.e. d-e
u 6-e yncsia Pudonayun u n = 0:
procedure fib_fwd(int x1,int x2,int n)
n+=4
call fib(x1,x2,n) // forward execution

[Ipu obpaTHOM BBI30BE IPOIEIYPHI, MOJ0KUB x1 = 5, 2 = 8, noayuuMm xl1 = 22 = 0
u n = 4 — UcXoJ/iHble 3HAYECHHUS [TapMETPOB:
procedure fib_bwd(int x1,int x2,int n)
x1 += 5
x2 += 8
uncall fib(x1,x2,n) // backward execution

N3zBectHbl u apyrue obparnmbie a3biku: jgormdeckuii si3pik CRL, PsiLisp (W-LISP,
Baker (1992)), R (Frank (1999)), Inv (Mu, Hu, and Takeichi (2004)); Bce cebliku MOXKHO
Haiitu B [12, 44].

[Ipr byHKIMOHAIBEHOM IPOrPAMMUPOBAHUH KazK/J1asl IMPOIELyPa JTOIKHA ITPOEKTHPO-
BaThCs OJHOBPEMEHHO C HPOIE/lypPoil OTKaTa.

Ob6parnmoe HPOrPaAMMHPOBAHHE TECHO CBSI3aHO ¢ ajrebpanmveckuM (QyHKIHOHAIb-
#biM). Hekoropble pesysibrarel 10 ajgrebpaM nporpamMmM B CBsi3U ¢ OOPATUMBIME BbIUUCJIe-
HUSIMH MOXKHO Hafitu B padorax H. H. Heneiisospr [14].
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