Cemunap 6. O61Me NPUHLMIbI BbIYUCTEHUH

6.1 OcHoBHbIE MOHATHUS ANTeOpPbl JOTUKH

Anre6pa JOrMKM — pasjes MaTeMaTHUeCKOH JIOTMKH, H3yualolldi BbICKa3biBaHMS,
paccMaTpUBaeMble CO CTOPOHBI HX JIOTHUECKHX (MCTHHA WJM JIOXKb) 3HAUEHHH, W JIOTUUECKHE
orepally HaJl HUMH.

Aunre6pa nornku BosHukia B cepenvte 19 Beka B pabotax JIk. Byssi v 6bina pasura Y. [Tupcom
(C.S. Peirs), T1.C. ITopeuxum, b. Paccesom (B. Russel), 1. Tuis6eprom (D. Hilbert) u ap.
Bbicka3biBaHMeM Ha3bIBalOTCS MPeENI0XKEeHHUSI, KOTOpble MOTYT ObITb OXapaKTepU30BaHbI
NOHATHEM — WCTHUHA WJHM J0Xb. Vlcroab3oBanue Jloruueckux cpsi3ok "u", "uau", "ecqu...to",
"9KBHUBAJIEHTHO", yacTula "He" U T.J. 03BOJISIET CTPOUThL HOBbIE, H0Jiee CJI0KHbIE, BhICKA3bIBAHHUS
U3 3ajaHHbIX. MCTHHHOCTD WM JIOXKHOCTD CJIOXKHBIX BbICKA3bIBAHWH 3aBUCHT OT MCTHHHOCTH HJIH
JIOXKHOCTH MCXOJIHbIX BbICKa3blBaHWHU. [lyis1 0603HAYEHUS] UCTHHHOCTH BBOJSITCSI TOXKIECTBEHHBIE
CHUMBOJIBI:

Metmna =W = True=T = 1. (6.1)
Jlnst 0603HaUeHM s JIOKHOCTH BbICKA3bIBAHHSI BBOJISITCS CJIEYIOIIINE TOXKECTBEHHbIE CHMBOJIbI

Jloxb = JI = False = F = 0. (6.2)
CoOTBETCTBEHHO JJI51 IOTHUECKUX CBSI30K MPHHSATHI CJIelyIoline 0003HAUEHHSI:

"u" (KoHbloHkLHMA) = & = A = AND =n
"win" (mu3blonkuus) = V = OR

"ecau . .. TO" (MMIIMKALUSA ) =— (6.3)
"9KBUBAJICHTHOCTbL" =~
"oTpuuaHue" = yeprta HaJ BbicKadbiBaHeM = - = NOT

CBsi3kM M uyacTullbl "He" paccmaTpuBailoTcsi B ajrebpe JIOTHKH Kak oOfepaluu Haj
BeJIMUMHAMM, NpUHHMatolme jaBa 3HaueHus O W 1, a BBICKAa3biBaHUS C TPOM3BOJIbHBIMU
BbICKa3bIBaHUSIMM W CBsI3KaMKu oOpasytoT ¢opmyJibl. [Ipu 3TOM BbicKasbiBaHus, oOpasytolime
(hopMmyJly, paccMaTpUBAIOTCS B KauecTBe MepeMeHHbIX, a CBA3KHM B KauecTBe (hyHKUHMH. DopmyJibl
A u B HasbiBatorcsi paBHbIMU (A = B), eCJid OHU peasiu3yloT paBHble (PYHKIIHH.

Hnsi  3amanus  QyHKUME ~ aarebpbl  JIOTHKHM, HMCMOJNB3YIOTCS — TaOJHUIbl, COJAeprKallye
BCce HabOpbl 3HAUEHWH TepeMeHHbIX W 3HaueHWH (YHKIMH: Takue TabJHIlbl Ha3bIBAIOTCS
tabauuamu uctuHHocTH. [Ipumep tabauupl uctuHHocTd aist NOT, AND, OR, umniukauuu
¥ 9KBUBAJIEHTHOCTH MPUBEIEHbBI HHKE

a|lb|NOTa|anb|laVb|a—b|la~D
00 1 0 0 1 1
01 1 0 1 1 0
110 0 0 1 0 0
111 0 1 1 1 1

Caioxkuble popmyJibl B ajrebpe JIOTHKM MOTYT ObiTb npeobpasoBabl. [lsi npeobpasoBaHusi
(hopMyJ1 OCHOBHYIO POJIb UTPAIOT CJIEIYIOIHE 3aKOHBI:
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— 3aKOH KOMMYTATHBHOCTH

aVb=>bVa; aANb=bAa; (6.4)
— 3aKOH acCOLMATUBHOCTH
(anNbD)ANc=aA(bAc); (avb)Ve=aV (bVec); (6.5)
— 3aKOH MOrJouLeHus
aN(aVd)=aq; aV(aNb)=a; (6.6)
— 3aKOH JMCTPUOYTUBHOCTH
aN(bVe)=(anb)V(aAz); aV(bAc)=(aVDb)A(aVc); (6.7)
— 3aKOH MPOTUBOPEYHS
alNa=0; (6.8)

— 3aKOH UCKJIOYEHHUS TPETbLETO

aVa=1, (6.9)

a—b=aVb; a~b=(aNb)V(aAb) (6.10)

MHOKeCTBO Beex (hopMydJi, B IIOCTPOEHHH KOTOPBIX YUaBCTBYIOT NepPeMeHHbIe BbICKa3biBaHHsI,
CUMBOJIBI A, V, —, ~, =, KoHcTauTbl O W | Ha3biBalOTCS A3bIKOM HaJ JAaHHLIMH CHMBOJIAMM.
Pagenctso ([6.4)—(6.10)) osnauator, uro mist Besikoit hopmysibl B si3blke Ham A, V, —, ~, =, 0, 1
HaleTcsl paBHas el hopmysia B si3bike Haja A, V, 7, 0, 1.

AusireGpa JIOTHKH pa3BUBaJiach M0J1 BJUSIHUEM TIPUKJIAHbBIX 3a/1aU, CPEIH KOTOPbIX MPHJI0KEHHEe
K TEOPHH 3JIEKTPUUECKUX CXEM HIPAEeT caMoe BaxkHOe 3HaueHue. B ajreGpe JIOrdKK CTaBUTCS 3a/1aua
MHHUMH3ALUMK (QYHKLIHKE PUBOAS 3aJaHHyI0 (YHKLKIO K (DYHKLKHH MMEIOLei HaHMeHbLIee YUC/I0
COMHOXKHTEJIEH, TO €CTh MHHUMAJIbHYIO CJI0KHOCTD. Takne (PyHKIMH HA3bIBAIOTCS MUHHMAJIbHBIMA.

B siabike HALLA, V, —, ~, 0, 1, @, rJ1e & — HCOJb3YeTCst JUIsi 0603HAYEHHST CJIOMKEHHUS 110 MOJLYJTIO
2 yCTaHaBJIMBAIOTCS CJIEJIYIOIIHE COOTHOIIEHHST:

aVb=((aNb)+a)+b (6.11)
a—b=aANb; a~b=(a+Db)+1; (6.12)
a+b=(aAb)V(@anb); l=aVva. (6.13)
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6.2 Kaaccuueckue YHUBEPCAJdbHbI€ MALLIMHbI U JIOTHYE€CKHE reyThl

YHMBepcasnbHbI KOMITBIOTEP — 3TO JIOTUYECKOE YyCTPOHUCTBO, peaJu30BaHHOE B BUJIE CJI0XKHON
CEeTH B3aUMOCBSI3aHHbBIX PUMHUTHBHBIX (OCHOBHBIX) 3J1eMEeHTOB. J1Jisl KJ1aCCHUECKOTO KOMMbIOTEpPa
MOXKHO MPEJICTABUTh, UTO B3AUMOCBS3b 3JIEMEHTOB OCYLIECTBJASETCS U/leaJbHbIMU TPOBOJIHUKAMH,
nepeslalolliMMU OJIHO U3 JIBYX CTaHAApPTHBIX HAMpPSKEHWH, NPEeACTaBJSIOIMX JOKAJAbHO OJUH OUT
unopmatmn — 1 win 0. CamMu NPUMHTHUBHBIE 3JIEMEHTbI — WJIM TF€UTbl Peasu3yloT (QyHKIUH
npeoOpa3oBaHus, UCIOJb3YIOLLHECH B aareOpe JIOTHKH.

Ksnaccuueckuit KOMMbIOTEp OCYIIECTBJSIET BblUMCJAeHHE (YHKIMH MO 3aJ@aHHBIM BXOJHBIM
n-6uTam, pacroJgarasi pesyJbTarT BbluMcjaeHust B m-6utax. PyHKUUS ¢ m-OUTaMU 3HAUYEHUH
9KBUBAJIEHTHA m-(QYHKUMAM, Kaxkaasi M3 KOTOPbIX MMeeT OJHOOMTOBOE 3HaueHHe B KauecTBe
pesyJibTaTa. Boluncsaenne Kaxaoi U3 3TUX yHKIMA MOKeT ObITb CBEIEHO K M10CJIe10BaTe/bHOCTH
3J1eMeHTapHbIX JIOTHUECKUH ornepalinii (redToB).

CHMBOJIMUECKH T'eUThl U OUTHI, "'COeIMHEHHbIE TPOBOJAMH ', U300PAXKAIOTCS PUCYHKAMH.

Tak Ha pucyHKe npeacTaBJ/ieH IPUMHTUBHBIN 2J1EMEHT CETH, B KOTOPOH Hajl GUTOM BbIMOJHSETCS
Jornueckas ornepatst orputianus (NOT)

NOT

Q
Q\
Il
Q
Q
Il
Q
z
g
Q

Ha pucynke ykasano, uto 6ut a npoxoaut uepes redt NOT, KoTopblfi nepeBopaunBaer OUT,
npespawas 1 8 0 u 0 B 1. JIunuu no u nocse refita NOT cayxkat s nepeHoca 6uta K reidty u
yaaJjieHde ero nocJjie npeobpasoBanusi. JlaHHbIe THHUHK (TTPOBOJIA ) MOTYT MPEJCTABJAATH KaK MepPeHoC
6uTa U3 OJIHOM TOUKH MPOCTPAHCTBA B APYIYIO, TAK U PA3BUTHE COCTOSIHUSI OUTa BO BpeMeHH. [eir
NOT wumeer onuH BXOJHOH OUT M OJMH OUT Ha BhIXoje. PaKTHUECKH, BLIXOJHOH OUT BBLIYUCJISIET
dyukuuio f(a) = 1@ a.

[Ipu nocTpoeHuu ceTu npeanoaraeTcsi, uTo CeTb He COAEPIKUT 3AMKHYTBIX TeTeJb.

Mmeercsi MHOTO HMHBIX 3JEMEHTAPHBIX JIOMMYECKHX TeUTOB, MOJIe3HbIX /IS OpraHu3alluu
npouecca BbIUMCJEHHS, KOTOpble MMEIOT JBa OWTa B KauecTBE MCXOJHbIX JAHHBIX W OJMH
pe3yJbTUPYIOIIMH O6UT. TeomeTpuueckue u3o6paXkeHusi, ajarebpandyeckue GopmyJsbl B OMHAPHOH
apudmMeTnKe U TaOJHLbl HCTHHHOCTH, KOTOPBIX MPUBEJIEHBI HIXKE

a. AND — reur
a b|ec
0 0[]0
a}c; c=aNb=a-b 0 11]0
b— 1 00
1 1]1
6. OR-reur

Z:i}c; c=aVvb=a+b—a-b
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B. XOR-reiiT (uckouaroniee uan = "uau", Ho He 06a)

a blc
0 00
“:)}C; c=aXORb=a(l—b)+b(l—a) 0 11
b 1 01
1 110
r. NAND-reiit = (NOT AND-reiit)
a blc
; . 0 0]1
1 )—c= }%C; c=1-a-b 0 1|1
b— b— 1 01
1 1|0
1. NOR-reiitr = (NOT OR-reiit)
a blc
. . 0 01
¢ = PDoc c=(1—a)(1-b) 0 10
b bﬁ 1 00
1 110

JIlo60e BbluMc/eHHe MOXKeT ObiTh 3aMMCaHO B TepMHHaX OyJIeBCKOTO BbIpaKeHusl, W Joboe
OyJieBCKOE BblpaxkeHne MOxKeT ObITb MOCTPOEHO U3 (PUKCUPOBAHHOTO HAbOpa JIOTMUECKUX TeHTOB.
Taxkoit na6op (Hanpumep, AND, OR unn NOT ) HasbiBaeTcs yHHBepcasibHbIM. B neficTBUTEIbHOCTH
MOXKHO 060UTHCH TOJIbKO JIByMs refitamu, TakuMu Kak AND u NOT, nau OR 1 NOT, i AND n
XOR. YeTpoicTBO, KOTOPOE MOXKET UCTIOJMHUTD MPOU3BOJIbHbIE KOMOUHALIMH JIOTHUECKHUX TeHUTOB U3
YHUBepCcasibHOTO Habopa, SIBJSETCS YHHBEPCAJTbHBIM KOMIbIOTEPOM.

XoTs1 IpyUBe/IeHHbIE BbIllle FeHThl JOCTATOUHbI /ISl MATEMaTHUECKOTO annapara aaredpbl JJOTHKH,
OHM HEJOCTATOUHbl ISl peasiu3aluud TPAKTHUECKOH BbIUMCJUTENbLHON MallMHbl. B peasbHOM
ycrpoiicte Tpebytores etite na reiita FANOUT (pasBopaunBanue) u ERASE (ctupanue).

FANOUT ERASE

a—_, a—x

FANOUT-reiiT ny6supyer BxoaHoii 6urt, a reidit ERASE — yHuutoxkaer Bxoanoii 6ur. [To cytn
FANOUT-re#iT Tpebyetcsi ayisi opranusaini Beluncaennil, a ERASE nyist ounctky siueek namstu
KOMIIblOTEpa.

B HekoTopbIX npuoKeHHsIX Ucnosb3yetesi, nomumo toro, redr EXCHANGE

a bld V
EXCHANGE 0O 010 O
a —a ,’ O 171 O
b— X p I 0l0 1
1 171 1
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Jlnist mpuMepa paccMOTPUM LieMb, KOTOpasi CyMMHPYET JIBa LEJbIX UUC/a, UMEIOUINX JITHHY 71—
6uT. bazoBbIM 3/1eMEHTOM B 3TOH LieNH siBJsieTCs "siuedika" CeTH M3BeCTHasi Kak MoJiyCyMMaTop
(half-adder = HA). Ha Bxox nosiycymmaTopa nojatotces isa OMTa x M y, a Ha BbIXOJIe T10JIy4aeTcst
cymma GUTOB x € y 10 MOJLyJII0 2 U nepeHoc (carry) 6ura B coctosinuu 1, ecan x u y o6a 1, uau 0 Bo
BCEX OCTAJIbHBIX CJIydasix.

Cxema ceTH MoJlyCyMMaTopa UMeeT BUJL:

X — nepenoc Ta6/111a HCTUHHOCTH MOJIyCyMMaTopa:
: > ‘ ¢ ( ouma ) T Yy | mepeHoc | r y | ABOUUHOE YHUCJIO
‘ 0 0 0 00
‘ ) ) ) 0 1 0 1 01
‘ X
y— ey 1 0| o I 01
 HA 11 1 0 10

[Tepenoc 6uTa Mo3BoJIsieT MepeTH Ha CJAENyIOLUI pa3psil, ecau ckaaabiBaetes: 1 + 1 = 0. Kackan
13 2-x nosycymmaropon (HA ) o6pasyer nosnbiii cymmatop (full-adder = FA)

[TosiHbIA cymmaTOp MMeeT Tpu OUTa Ha BXOJE, Ile T, Yy—/AaHHble ISl CJ0XKEeHHUs], c—TIepeHoC OUTa C
NpeJiblAyLIero sTana BblYUCAeHUH 1 1Ba 6uTa Ha Bbixoje. OMH BLIXOJHON OUT SIBJISIETCSI CYMMOH 10
MOJYJII0 2 © B y & ¢ BCeX TPeX BXOJSIIUX OUTOB, a BTOPOH BbIXOJHOKH OUT ¢'—eCTb rnepeHoc GHUTa,
KOTOpBIH paBeH |, ecsin Ba uin GoJiblile BXOAHBIX 6UTa paBHbl |, 1 paBen 0 B IPOTHBHOM cJiydae.

TabGs1ia MCTMHHOCTH MOJIHOTO CyMMaTOpa:

= | | I
nepernoc
[ ! R ;
H
c l l 1 xXeyec
1 1 & )

r Yy c|lx Yy c|x Yy c|INepeHoc | z @Dy D c | YUCao
0O 0 0[]0 O O[O0 O O 0 0 00
01 0j{0 1 O0O/0 O 1 0 1 01
1 0 0j]0 1 00 0 1 0 1 01
1 1. 01 0 O0]1 0 O 1 0 10
0 01/0 0 1|0 0 1 0 1 01
0 1 1{0 1 1/0 1 O 1 0 10
10 1/0 1 170 1 O 1 0 10
1 1 111 0 1|1 0 1 1 1 11
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Kacka nosiHbIX CyMMaTopoB, M03BOJISTIOLLMIA TOCTPOUTD LeMb /15 CJOXKEHHS ABYX 2-X GHTOBBIX
uesbix (x120) + (y19o0)

-] s

Vi I l FA

Xo l HA l _l_

Yo } } i
TL To Y1 Yo |T1 To Y1 Yo |C To Yo |T+Y 10-Trunoe

YUCJIO

o 0 0 o0o}(0 O O OO0 O 01 000 0
o 1.0 0[O0 O O 1|0 0 1] o001 1
1 0 0 0|1 O O OO0 1 0] 010 2
11 0 01 O O 10 1 1| 011 3
6o 0 0 10 0 O 1]0 0 1] 001 1
0O 1 0 1,0 1 0 0]0 1 0]/ 010 2
1 60 o0 11 0 O 10 1 1| 011 3
11 0 11 1 O Oy1 O O] 100 4
o 0 1 0}(0 O 1 00 1 0] 010 2
o 1 1 0,0 O 1 1|0 1 1] 011 3
1 0 1 01 0 1 0|1 0 0] 100 4
11 1 01 O 1 11 0 1| 101 5
o 0 1 170 O 1 1]0 1 1] 011 3
o 1 1 1,0 1 1 O0]1 O O] 100 4
1 0 1 11 0 1 11 0 1] 101 5
11 1 1,1 1 1 0Oy1 1 O] 110 6

Kackaa noJsiHbIX cyMMaTOpOB M03BOJISIET MOCTPOUThL LEMb I CJAO0XKEHHS JABYX 71-OHTOBBIX
uenbix. [Ipumep st n = 3 npuBeleH Ha PUCYHKE HUKeE.

X5
V2 FA
X, ————
yy— FA

7 HA
Yo =

31ech Ba TPeXOMTOBBIX LIEJBIX UMC/IA MPEACTABAEHbl B BUAE T = X2X1Zo U Y = YaY1Yo.
AHaJIornuHO MOXKET ObITh MOCTPOEHA 11eMb BbIUMCJEHHUS TIPOU3BOJIbHON (PYHKIIHH.

B knaccuueckom kommbiotepe NOT u NAND-reiitol ocylecTBASIOTCS TPaH3UCTOPAMH,
HanpuMmep, Kak rokasaHo Ha puc. 6.1.
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NOT NAND
+V +V

a — ¢ 5::

puc. 6.1.

MunnmanbHas ¢cBoOOJHAs SHEPrHs, KOTOpasi pacxoyercs Ha TO yToObl paboTaJs HaeabHbIA
KOMITbIOTEP 3aBUCHUT OT HabOpa W YucJia NPUMHTHBHBLIX 3JeMeHToB. Hanpumep, Ha reiite NAND,
BBIXOJSLLAS JIUHUS ¢’ TPUHUMAET OJIHO U3 JIBYX 3HAUEHWH U MIPH STOM SHTPOIHUS H3MeHsieTes Ha In 2
eIMHNLbl. TeopeTuuecKui MUHUMYM KOJIHUECTBA TEMJIOThI, KOTOPOE PACCEUBAETCS B IPOCTPAHCTBO
Ha OJIHOM 3JieMeHTapHoM wiare cocrtasjser k7T In2 (3aech k—nocrosinHasi bBosbumana, T—
abcoutoTHas Temrepatypa). @akTHUeCcKH B peasibHbIX BbIUUCJIUTENbHBIX YCTPOUCTBAX MPOUCXOJUT
JMcCHnanus sHepruu nopsiaka ~ 100 kT. dusnuecku 370 CBA3aHO C TeM, YTO JJIsi M3MEHEHHs!
noTeHlMaa (Hanpsi:KeHus ) NPOBOJHMKA OH CHauaJa 3a3eMJIsieTCsl uepe3 COMpPOTHBJIEHHE, a 3aTeM
yepes COMPOTHBJIEHHE 3apsizKaeTcsl.

OnHako Obl10 yCTaHOBJIeHo[L yrto npenaea k7'In2 He sBasercs aOCOJIOTHBIM, TaK KaK HeET
HEOOXOJIMMOCTH UCIO0JIb30BATh B BBIUMCJUTENLHOM YCTPOUCTBE HeoOpaTUMble reidThl. OKasasoch,
UyTO BCe omnepauud, Tpedyolmecs s TMPOBEICHHS BbIUUCJCHUH MOryT ObITb MPOBEACHBI
o6paTuMbiM 06pa3oM, a cJjeaoBaTe/bHO 6e3 AUCCHUMNALMK FHEPTHH (B COOTBETCTBUM C 3aKOHAMHU
TEPMOJMHAMUKH ).

Kuaccuueckne KOMIbIOTEPbl OCTPOEHBDI
Ha 3JIEKTPUUYECKUX LEMNsX, COJeprKallluX
MUJIIMOHBI  TpaH3ucTtopoB. Ha  pucyHke
6.2. npuBeleHbl  pe3yJibTaThb OLIEHKH
M3MEHeHUs1 YncJla MpUMeceil B OCHOBAHHSX
OUIMOJISIPHBIX TPAH3UCTOPOB, TPeOYIOUIUXCS
Uit POPMHPOBAHHUS JIOTHUECKUX OMepalui
B 3aBMCHMOCTH OT BpPEMEHHM Pa3BHUTHUsA
MOJIYTIPOBOJHHKOBBIX TEXHOJIOTHH.

[To cytu rpaduk oTpaxkaer uHcyIO
3JIEKTPOHOB, HEOOXOJMMBIX JI/Is1  XpaHe-
HUsE  onHoro Outa  uHdopmauuu. B
COOTBETCTBHM C 3STHUMH JIAHHBIMHU SICHO,

1 | | | | . UTO TEXHOJIOTHsl JOCTHUraeT cyOGaTOMHble
1950 . 1970 . 1990 r. 2010 r. - paccTosHUSl U (PaKTHUECKH MEePEXOJUT Ha
MOCTPOEHHE KOMIMbIOTEPOB HAa aTOMHOM

puc.6.2. M MOJIEKYJIIPHOM YPOBHE, 4TO TPUBOIUT

K HeOoOXOJMMOCTH yueTa MW BKJIOYEHHS
KBAaHTOBO-MEXaHHUECKHUX CBOHMCTB BeulecTBa. Kak OyneT MNoKasaHO HUXKE, Ha KBAHTOBbLIX
KOMIIbIOTEPAaX TMPOrpaMMbl BBIMOJHSIOTCA [OCPEJACTBOM OPraHU3allikl YHUTAPHOH 3BOJIOLMH
BXOJIHBIX JIAHHBIX Ha KBAHTOBBIX 00beKTaX. A Tak Kak yHUTapHble MpeoOpa3oBaHust 06paTUMBI, TO
LeNb JIOTHUECKHUX MeHTOB JI0J2KHA OCHOBBIBATLCA Ha 0OPAaTHMbBIX ONepauusX.

'R. Landaner. IBM. J.Res. Develop. 3, p.183 (1961)
2R.W. Keyes. IBM. J.Res. Develop. 32, 24 (1988)
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6.3 OOpaTuMble JOrHUeCKHE reidTbl

YcnoBueM  06paTMMOCTH — JIeTEPMEHHPOBAHHBIX ~ YCTPOHCTB  SIBJSIETCS  BO3MOYKHOCTb
BOCCTAHOBJIEHHS] BXOJHbBIX W BBIXOJIHBIX NAHHBIX JAPYr U3 Jpyra eIWHCTBEHHbIM oOpasom. Ecgn
B JIOTIOJIHEHHE K JIOTMUECKOH O6pPAaTHUMOCTH YCTPOHCTBO MOXKET (PYHKIIMOHMPOBATb B 06GpaTHOM
HarpaBJieHUH 10 BpPEMeHH, Torja OHO Ha3blBaeTcsl (pu3MyecKH OoOpaTHUMbIM M BTOPOH 3aKOH
TEPMOJIMHAMUKH FapaHTUPYeT, UYTO OHO HE pACCEUBAET TEIJIOTY.

[Ipy mocTpoeHHH JOTHMUECKHUX Lieneld ¢ 0oOpAaTUMbIMU JIOTHUECKUMH 3J€MEHTAMH MOXKHO
UCI0J1b30BaTh TPU OOPATUMBIX refita ﬁ NOT, CNOT, CCNOT, onpenenenne KOTOpbIX MMeeT
CJICNLYIOLIUH BUJL:

a. NOT-reiir. Crannaprtubiii NOT-refit, oueBHaHO He TepsieT MHpOpPMALMK M SIBJsETCS
ob6paTtumbiM. O6pallieHne focTuraercs noBTopHbiM aeiictBueM NOT-reiita.

6. CNOT-reiit (CNOT = CONTROLLED NOT = koutposupyemoe "ne").

JlaHHbId reliT onpesesieTcs caeiytolleid iMarpaMMoit 1 TabJuied HCTUHHOCTH

a a’ a a’ a bld b
I = l 0O 0]0 O

b —— NOT — b’ b b’ 0 110 1
1 0|1 1

1 1]1 O

puc. 6.3.

[eiir CNOT wumeer iBe BXosilMe JUHUK @ U b (71Ba BXOAHBIX 6UTA) U IBE BBIXOASIIIME JUHUH
(1Be pesyabrupytolux 6uta). but o' Bcerma ToT ke, UTO W @, a COOTBETCTBYIOLIAS JIMHHUS
Ha3bIBaeTCsl KOHTPOJIUPYIOLLeH (MW KOHTPOJBbHOMN ) JinHUeH. Ecain KoHTposmpytolas JuHUs
akTuBUpoBaHa (a = 1), Torna BoixoaHoii 6ut b’ ectb NOT ot b. B nportuBHOM ciyuae (a = 0)

b =0
Y NOTb, ecmna=1 (6.14)
b, ecan a = 0.
Hcnoabays onpenenenve reiita CNOT BujgHo, uto:
— JIeHCTBHE JAHHOTO relta o6palliaercs NPOCTbIM MOBTOPEHHEM
a a’ a’=a a bld bV|d
I , [ 0 00 0/0 0
b —— NOT —L2— NOT [—b"=b 0 1|0 1]0 I
1 01 1]1 O
1 11 01 1

puc. 6.4.

3T. Toffoli. Math. Syst. Theory 14, 13-23, 1981
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— BejquuuHa b sBJsieTcsl cUMMeTpHUHOH (yHKUMed a u b u saBasercs reiitom XOR
(uckiovatollee MaM) a wiaM b, Ho He o6a. JlaHHas onepauusi sBJseTCs onepaluen
CYMMHpPOBaHHUS a U b 10 MOZLYJ110 2, UTO CHMBOJIMYECKH MOXKHO 3arucarhb B BUJIE

XOR : (z,y) — (v, 2 y). (6.15)
CooTBeTcTBEeHHO cUMBOJIHUecKoe o6o3HaueHue reiita CNOT nonycTrmo nucathb B BUJIE:
CNOT : (a,b) — (a,a®b) = (a, XOR: (a,b)). (6.16)

[TonuepkHem Takxke, uto cam no cebe reiut XOR He sBasiercss o6paTUMON JIOTMUECKON
orepallen, Tak Kak, Harlpumep, ecjid pesysbTupytollee 3HaueHue reiita XOR pasno 0, To
HeJb3sl ONPEJIE/INTh U3 KAKOT0 BXOJHOro Hab6opoB 6utoB (a,b) = (0,0) wn (a,b) = (1,1)
OHO TIPOHU3OIILIO.

CoorsetctBeHHO reiT CNOT coxpaHsieT JIMHHIO @ = @', UTO U YCTPaHsIeT HeoNpeieeHHOCTD
rerita XOR.

— reit CNOT o6ecneunBaer reiit FANOUT, tak kak nipu b = 0, a KonupyeTcsi Ha JUHUIO b’

a T a

FANOUT = ; i FANOUT = CNOT : (a,0). (6.17)

0 —— NOT [— a

Wnorna pyukums Konupopanus o6o3Hauaetcs cneuranbibiM cuMBosiom COPY.

— reit CNOT o6ecneunBaer reiit EXCHANGE (niu SWAP)

a T NOT T a=a
EXCHANGE =

b —— NOT } NOT |— b=b

B. [eir CCNOT = (CONTROLLED CONTROLLED NOT) = (xoHTpoaupyemoe
KOoHTposiupyemoe "He"). JlaHHbIN TelT onpejensieTcs cyeylollell [uarpaMmMon U tabJanien
MCTUHHOCTH:

a b cld bV ¢

a a’ 00 0[O0 0 O
T , 00 1]0 0 1

b T b 01 0/0 I O
0O 1 1|0 1 1

c NOT —— ¢’=ceal\p 1 00[1 0 O
1 0 1|1 0 1

puc. 6.5. L oj1 1 1

1 1 1)1 1 0
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[eiir CCNOT — coaepKHT TPH JIMHMK U3 KOTOPbIX JBE JIMHUU @ U b SABJISIOTCS KOHTPOJIbHBIMH
M OCTalOTCSl HEM3MEHHBIMH Ha BBIXOJE, a BbIXOJ TpeTbel Junuu ¢ = NOT ¢, ecan obe
KOHTPOJIbHbIE JIMHUH aKTUBUPOBaHbI (@ = b = 1), B IPOTUBHOM cJlyuae ¢’ = c.

N3 onpenenenus refita CCNOT caenyer, uto
— ecJid Ha BXojie TpeTbel jiuHun ¢ = 0, To ¢ = 1 TosbKo mpu yejoBun @ = 1ub = 1, B
NPOTUBHOM cJayvyae a = O uan b = 0 uan a = b = 0 Ha BbIXOJE TPETbeH JIMHUH TMOJIyUUM

¢ = 0. Takum o6paszom B 310M ciyuae (¢ = 0) reiit onpenensier (pyukuuio) reiir AND, uto
CUMBOJIMUECKH MOXKHO 3aMKUCcaTh CJeAyI0LUIHM 00pa3oM:

CCNOT : (a,b,0) — (a,b, AND(a,b)). (6.18)

Tpu KomOGuHaLMK BXOAHBIX 6UTOB (a,b), a umenno (0,0), (0,1), (1,0), NpUBOAAT K OAHOMY
BbIXOJHOMY Guty Jsornueckoit pyHkimun AND(a,b) = 0. CienoBaresibHO AJIsi yCTpaHEHHUsI
HEOJIHO3HAYHOCTH TpeOyeTcsi MOMHUTL 06a BXOJHBIX OUTA UJIH UMETh JIB€ KOHTPOJHUPYeMble
JIMHUH.

CoxpaHeHHe 9TUX OUTOB Ha JIMHHUSIX a, b na BbIXO/JI€ ITO3BOJISIET O6paTI/ITb JIeHCTBUE TelTa.

— notopHoe BbinoHeHue onepaiii CCNOT ob6paiiaet pedyasrat nepsoi onepaim CCNOT

~
N

a b cld bV Jdlad VvV c

p a 4= a 000/0 0 0l0 0 0
T , ( 00 1/0 0 1/0 0 1

b b b — b 01001 0/l0 1 0
I o1 01 1lo 1 110 1 1

c NOT <+ NOT |— ¢”=c 1 00l1 0 0l1 0 0
1011 0 11 0 1

L1 ol 1 111 1 0

puc. 6.6. L1 1|1 1 01 1 1

N3 onpenenennss CCNOT-reiita (unu Todpdhonu-reiita) BUaHO, UTO BBIXOJ ITOTO TelTa MOXKET
ObITh Pa3JioXKeH B pas/IMuHble FeHThl

aNb, mnac=0 (AND-reiir)

a®ec, prab=1 (XOR-reiir)

c, misia=>b=1 (NOT-reiir)

a, wsib=1 ¢=0 (FANOUT-reiir)

chaNb= (6.19)

)

To ecTb naHHbBIA reliT sIBJISIETCS] YHUBEPCAJIbHBIM, MTOCKOJLKY OH BbinoJiHsgeT AND, XOR, NOT wu
FANOUT, B 3aBUCUMOCTH OT TOT0, YTO UMEETCST Ha BXOJIE.

Kom6uHHpysi o6paTUMBble JIOTHUECKHE 3JIEMEHTbl MOKHO COCTABUTb JIIOOYIO JIOTHUECKYIO CXeMy
1 MIOCTPOUThb YHUBEPCabHbIA KoMnbloTep. Hanpumep, ncnodnbays nocaenosatenbHocts CCNOT u
CNOT moxHo cocraButh noaycymmarop (HA) puc. 6.7.

56



a

Q
—0

b ! T NOT Sum=qaep

NOT | neperoc buma

HA
puc. 6.7.

[Toansbiit cymmarop (FA), KoTopbiii nenodbayer nepeHoc ¢ (OT Mpeabliylliero CyMMHPOBAHUS) U
CKJIaJIbIBAeT €ro ¢ JABYMsi OUTaMH (JHHUSIMH) @ U b, @ KpOMe TOro, COEPKHUT JIOMOJHUTENbHYIO d
C PaBHbIM HyJIIO OMTOM Ha BXaJle MOXKHO MIOCTPOUTb HA OCHOBE UeTbipex relToB (puc. 6.8.)

a | T | a
b———— NOT T o
c 7 NOT  Sum=aebpec
d=0 -1 NOT NOT I nepenoc buma = d’
| |
FA
puc. 6.8.

[TomuMoO MoJIHOH CyMMbl Tpex GUTOB a @ b & ¢ 1Mo MoayJio 2 U mepeHoca GUTa B MOJHOM
cymmarope (puc. 6.8.) NpUCYTCTBYIOT elle ABa CooOLleHHsl Ha JuHUSX a 1 b. [1pu 3ToM @ — a,
b — s = a @& b— npomexyTouHas cymMma. IDTO 0OCTOATEJbCTBO SIBJSETCS TUIHUHBIM /15
OpraHM3allu JIOTHKH BbIUUC/IEHUH Ha oOpaTUMbIX reiitax. Kak BHAHO, Ha BbIXOJE MOJyyaeTcsl He
TOJILKO TO, UTO TpeGoBasoCh MONyuuTh (Swm U nepeHoc 6UTa), HO U OMNpeeJeHHOe KOJHYEeCTBO
MPOMEXKYTOUHOH HH(POPMALMK, KOTOPYIO TPHHATO Ha3biBaTh "Mycopom". Hasmuume mycopa B
TaKUX LeNsx sipjsieTcsi NpoOJeMoil, TaK Kak pa3pacTaHue lenei 10 MUJJIMOHOB FedTOB 03Hauaer
HeOOXOIMMOCTb XpaHeHHUsT OTPOMHOTO KOJIMUECTBA HEHYXKHOH HH(popMaluu U He3dpeKTUBHOE
MCIOJIb30BAHUE TEXHOJIOTMUECKHX 2JIeMEHTOB KoMIbloTepa. [osToMy npu opraHudauuu npouecca
BbIUMCJIEHHST HA 0OpaTUMBIX 3JieMEeHTax HeoOXOAMMO elle pellaTh 3aaauy 60pbObl ¢ MycopoM. B
KOHKPETHOM CJlyuae, MpeacTaBieHHOM Ha puc. 6.8., Mycop MOxKeT ObITb CBEJIEH B TOUHOCTH K TOMY,
YTO UMEETCs! Ha BbIXOJIE, ecJi K 6s10Ky FA no6aButh nonosuuresisio CNOT Ha iBe BepxHUe JIHHUH.

a— —a-------- T———a”za
b— ——s’=aob- - | NOT | -b=b
FA
c — —— Sum=qebpec
d=0— nepenoc buma

puc. 6.9.
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HefictBuTenbHo, ecain a = 0,10 8 = a ® b = b u B cooTBeTcTBUH C onipeniesieHneM reiita CNOT
17
(T.K. JIMHUS @ He aKTHMBU3WpoBaHa) b = b. Bo BTopoMm Bo3MoxKHOM cayuaea = 1, s = 1 @ b. [1pu
3TOM:

, 1, ecmmb=0 (6.20)
0, ecmub=1.

B cuay Toro, uro sinus a = 1 (akTuBU3HpoBaHa), pesyabrat aeictus refita CNOT Ha nunuu
b = s’ Gyner paBeH:

b” NOT s =0, ecnnbzo_b

= (6.21)
NOTs =1, ecmb=1

[IpakTHuecKH aHaJOrHUHO Mycop MoxKeT ObITb yJaJieH BO BCEX MHbIX CXeMax JIOTMUeCKHX
ueneil. B obuiem cayuae cxema, npejactaBjeHHast Ha puc. 6.9. MoxKeT ObITb ynpollleHa, HO JIJIsi
WILJTIOCTPALIMK TPUHIMIIOB 3TO HE CYIIECTBEHHO.

Takum o6pagom, cocTaB/isisi pas3jiduHble LeNU U3 KOMOUHALMH OOpaTUMbIX TEUTOB, MOXKHO
MOCTPOUTH OOLIMH JIoTHUeCcKHH OJI0K, KOTOpbIH npeobpasyeT n-OUTOB 06paTUMbIM 06pazoM. Ecsn
cama peulaemas 3ajaua obpaTuma, Torjaa MoxeT He ObITb MyCOPHOH MH(OpMallMH, HO B o6L1eM
c/aydyae HeoOXOIUMbI JOMOJHUTE/bHbIE JIMHUH (MK OUTbI), KOTOpble TpeOytoTcs Jisi oOpalleHust
BBIMIOJIHSIEMOH orepaldi. B 3ToM cMbicsie Mycop COAepKHUT HH(OPMALMIO, HEOOXOAUMYIO /s
oOpallleHHsl Pollecca BbIUMCIEHHS.

Panee (cdopmyna ([0.17]) u o6patumocts reitta CNOT) 6bl10 nokasano, uro reiir FANOUT
siBaisiercst obpatumbiM. OueBuaHo, uto redt FANOUT He paspyuiaer wHdpopmalmio, mos3TomMy
BO3MOXKHA €ro 00paTUMOCTb.

Tenepr paccmorpum onepaunto ERASE, «kortopasi, kak kaxercsi, Tpebyercss st
MeproIMYeCcKol "ouucTKU" (0OHYyJIeHHS ) MaMsSITH KoMIbloTepa. MHTepecHo, UTo 0JI1H THT CTHPAHUS
MOKeT ObITb OCYLIEeCTBJIEeH 06paTUMbIM 00pa3oM. JleficTBUTENIbHO, eC/iM eCThb NpoayOJMpoBaHHas
KOMHS HEKOTOPOro OUTa, TO MOXKHO CTepeTb J00ABOUHYIO KOMHUIO (MJIM KOTHIO) MyTeM olepauun
o6patHoit FANOUT -reiiry.

[Ipo6./iema BO3HUKAET, KOTJ1a CTHPAETCsl MMeloLasicsl MOC/eIHsIsl KOMHUsl, B 3TOM CJiydae roBOpsiT
0 TaK Ha3bIBa€MOM TMPUMUTUBHOM cTHpaHuu. K cuactbio reiit npumutuBHbiil ERASE He sBaisieTcs
a0bCoJIIOTHO HEOOXOIMMBIM B BBIUHCJICHUSAX.

JleiicTBUTENILHO, BbIUMCJEHHE MPOU3BOJBbHON (QYHKIMH f(a) MOKeT ObiTb BOCIPOM3BEIEHO
B3aMMHO OJIHO3HAUHBIM COOTBETCTBHEM C €€ arpyMEHTOM B pe3yJibTaTe COXpaHeHHsl KOIUH BXOHbIX
JIAHHBIX @

f:a— (a, f(a)) (6.22)

[Ipouenypa BbluMcsIeHHS MPUBOAMT K MPsAMOH NpoOJeMe M3-3a OTCYTCTBHMS NPUMHTHBHOIO
ERASE. Uewm Gosblile refiToB HcmoJb3yeTes, TeM 6oJiblile MyCOPHbIX OMTOB HAKarJWBAeTCsl, TaK
KaK B KaxKJIOM I'efiTe COXPaHSIIOTCS BXO/IHble OUTHI /151 oOecreueHust 00paTuMocTH. Takum o6pa3om,
KOMIBIOTEP, MOCTPOCHHBIA U3 JIOTHUECKH 0OPAaTUMBIX FE€HTOB BeAeT Ce0f CJAeAYIOIUM 00pa3oM:

fa—(a,j(a), fa)), (6.23)

rzie j(a)— 6oJIbLIOe YHCJIO IOMONHUTENbHBIX MyCOPHBIX OUTOB.
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Benner pewnn 31y npo6Jemy, MmyTeM CTHpPaHUs MYCOPHbIX OUTOB 0OpaTHMbIM 00pa3oM Ha
MPOMEKYTOUHbIX 1lIarax BbluMcseHusi. Kaest pelieHusi npo6JeMbl COCTOMT B HCIOJb30BAHUH

CJICYIOLLEH MTPOLELYPHI:

1. Ha nepBowm 11are Bbludc/IsieTcsi f U MPH 3TOM MOJIYyUatOTCsi MyCOpPHbIe GUTHI j(a) U UCKOMbIH

peayuabrar ((6.23)).

2. Ha Bropom uiare npumensiercss FANOUT-refit 1yis 1y6MpoBaHusi BLIXOJHOTO pedyJibTaTa

fa) B fe(a)
FANOUT : (a, j(a), f(a)) — (a, j(a), f(a), f(a)). (6.24)
3. Ha tperbem 3Tare BHINOHSAETCS OMepatiusl 0GpaTHAs BbIUHCIEHHIO hyHKIH f
7 (a, j(a), fla), f(a)) — (a, fe(a)). (6.25)

Oo6paTHas onepauus yaajsieT Kak MycopHble OUTbI, TaK U OUTbI NEPBOHAYAJBHO BbIUMCJIEHHOTO
BBIXOJIHOTO pe3yJibrata f(a), He Tporasi pu STOM KOIHIO BBIXOJHOTO pedysbraTa f.(a).

Takum o6pa3om, B MamsiTH MalIMHbI OCTAETCsl TOJBKO HAOOP HAavyasbHbIX AAHHBIX @ U KOTHS
HaGopa GUTOB BblurcJaeHHOH pyHKUMU f(a). [Tpu s3Tom ncnonb3oBanus npumutieHoro ERASE He
notpe60oBaJoCh.
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