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OTKA30YCTOMNYMBASA NMPOrPAMMUPYEMAS
JIOrMYECKAA MATPULIA

Bynesa anrebpa noruku, norndeckme yHKLMW SBMSIOTCA OCHOBOW MaTemaTuyeckoro annapara
LUMPOBOIA INEKTPOHUKM U CXEMOTEXHUKW. BHavane, ¢ MomeHTa n3obpeTeHusi pene B cepeauHe XIX Beka,
OHW peanu3oBbIBANUCL PENenHO-KOHTaKTHBIMU CXeMaMu — nocrefoBaTenbHO-napannensHeiMM U MOCTU-
KOBbIMW, 3aTE€M Mocne COo3AaHNa TPaH3MCTOPOB — HAa MUKPOINEKTPOHHOM ypoBHe. bbinn co3aaHbl MUKpo-
CXeMbl Marnomn CTeMneHn MHTerpaumnmn — «xectkas» noruka, 3aTeM MMKPOCXeMbl CPEAHEN CTENEHN MHTerpa-
Lmu, BKIoYatoLme «rmbkyto» norvky. B 70-e rogbl XX Beka 6binu BbiMyLLeHbl NepBble NPorpaMMmnpyemMble
noruyeckme MaTpuLbl, KOTopble B AanbHenWweM Bbiny NCrnonb3oBaHbl B MUKPOCXeMax Bonbluoi cTeneHn
UHTEerpaumn. Takme CTPYKTYpbl LUMPOKO MCMONb3YITCA NP CO34aHUM, Hanpyumep, YCTPOMUCTB ynpaBrieHus
1 koHTponsi. MporpammMupoBaHve cHavana 6Gbino ogHoOKpaTHLIM, Ha 3aBofde-U3roToBuUTene, 3aTeM NosiBU-
nacb BO3MOXHOCTb MPOrpaMMMPOBAHMS NOSb30BaTENeM C MOMOLLBIO CreuuanbHOro nporpaMmmaTopa.
MoTom 6binNM paspaboTaHbl 3NEKTPUYECKM MepenporpaMmupyemMble norudeckne matpuubl. OHWM ucnons-
3ylOTCH TakKe B MPOrpaMMupyemblX Normyeckux mHTerpanbHbix cxemax (MJIMC) tmna CPLD (complex
programmable logic devices), B otnuume ot FPGA (field-programmable gate array), roe ncnonb3yetcs
peanusauus B BUAe AepeBa NepefaroLimx TPaH3UCTOPOB, YTO, MO CYLLECTBY, SBMSIETCA MyNbTUMNMEKCO-
POM-CENEKTOPOM UMW NMOCTOSIHHON MaMSTbIO Pa3psiAHOCTBLIO OAMH BUT ¢ N agpecHbIMU Bxogamu. BbisbiBa-
eT WHTepec uccrnegoBaHWe ocobeHHOCTel nporpaMmupoBaHus normdeckvx matpuy B CPLD ¢ uenbto
PacCMOTPEHNS1 BO3MOXHOCTEW MOBbLILLEHWNSI WX OTKa30YCTOMYMBOCTW B CreLmarnbHbIX BbICOKOHAAEXHbBIX
npUMeHeHnsX. B cTaTbe aHanmsnpyroTcs NPUMHLMMLI NMPOrPaMMUPOBaHNA MaTPULIbl NTOTVKK, BbIMNOSHAETCA
MOZEnNMpoBaHUe peanunsaumn KOHBLIOHKUMM B CUCTEME CxeMoTexHuyeckoro moaenvpoaHus NI Multisim
10 firm National Instruments Electronics Workbench Group, npegnaraetcsi n oueH1BaeTcsi 0TKa3oyCTOW-
YyMBas peanusaumst MaTpuLibl NOTVKK.

KnroueBble cnoBa: normyeckas marpuua, mogenvpoBaHue, koHbioHkums, MITNC, Multisim.
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FAULT TOLERANT PROGRAMMABLE LOGIC ARRAY

The Boolean algebra of logic, logic functions are the basis of a mathematical apparatus of digi-
tal electronics and circuit engineering. At the beginning, from the moment of the invention of the relay in
the middle of the 19th a century, they were implemented by contact-relay diagrams - serial-to-parallel
and bridge, then after creation of transistors — at the microelectronic level. Small-scale integrated micro-
circuits - "hard" logic, then chips of average integration scale including "flexible" logic were created. In
the 1970s the first programmable logic arrays which were used further in larg-scale integrated microcir-
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cuits were released. Such structures are widely used during creation, for example, of control and moni-
toring devices. Programming was first once, at the factory, and then there was the possibility of pro-
gramming by the user with the help of a special programmer. Then reprogrammable logic arrays were
developed electrically. They are used also in the CPLD (complex programmable logic devices) pro-
grammable logic integrated circuits (PLIC), unlike FPGA (field-programmable gate array) where imple-
mentation in the form of a tree of the transferring transistors is used that in essence is the multiplexer
selector or a fixed memory digit capacity of one bits with n address inputs. It is of interest to study the
features of programming logic matrices in CPLD in order to consider the possibilities of increasing their
fault tolerance in special highly reliable applications. The principles of programming the logic matrix are
analyzed in the article, the simulation of the implementation of the conjunction in the NI Multisim 10
system of the National Instruments Electronics Workbench Group is performed, and the fault-tolerant
implementation of the logic matrix is proposed and evaluated.
Keywords: Logic Array, Simulation, Conjunction, FGPA, Multisim.

Beenenne. Jlornueckue onepanuu [1-3] mupoko MCHOIB3YIOTCS NpU
peanu3alnuy yOpaBJIsSiONuX [4-6] U KOOUPYOMHMX, U JIPYyTruX HUPPOBBIX
ycTporicts [7-9]. B nporpammupyemsix sorudeckux ycrporcrsax (IIJIMC)
tuna FPGA (field-programmable gate array) [10—13] noruueckue pyHKINH
pean3yroTcs MMyTeM HACTPOMKH I€PEBHEB NEPEAAIOIINX TPAH3UCTOPOB 3HA-
YEHUSIMA TaOJIUIl MCTUHHOCTH, TO3TOMY OHHM mony4duian Ha3Banue LUT
(Look upTable). Omnako IIJIMC ppyroro tuma — CPLD (complex
programmable logic devices) [14] ocHOBaHBI Ha JIOTUKE MTPOTPAMMHUPYEMBIX
MaTpuil, KoTopble Obutm u300peTeHpl B Hawdane 70-x romoB XX Beka
[15-17]. IlepBble MaTpuLlbl ObUIM OJAHOKPATHO MPOrpaMMHUPYEMBIMHU C TaK
HA3bIBAEMBIMU MEPEKUTAEMBbIMU (IIJIABKUMHU) MEPEMbIUKaMH, 3aTeM MOSBH-
JIUCh B3JIEKTPUYECKH Iepenporpammupyemsie mMatpunbl [17-19]. Jloruue-
CKHE€ MaTpHIlbl coaepxkaT nmoamarpuilsl «M» u «MJIM» u MoryT OBITH Kiac-
CU(UIIIPOBAHBI B COOTBETCTBUU C TE€M, KaKHWe TOMATPHUIIBI IPOTPAMMHUPY-
10TCA, a Kakue (pukcupoBaHbl. Takas KiaccupUKalus MPOrpaMMHUPYEMBbIX

Matpul [19] npencrasinena Ha puc. 1.
Fixed Programmable
AND Array OR Array

L Programmable ROM
I. Programmable Logic Array (PLA)
Programmable Fixed Output
AND Array OR Array

TII. Programmable Array Logic
Puc. 1. Knaccudukanus mporpaMMHUPyEMbIX MaTpPHII

Inputs

Inputs
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Takum oOpas3oM, B ciydae (uxcupoBaHHOM Mmatpuisl «M» u mpo-
rpamMmmupyeMoil matpuubsl «MJIM» nomyuaem nocrtosHHytro namsate (I13VY,
ROM- read-only memory), mjs 53J€KTPHUYECKH MEPEIpOrpaMMUPYEeMbIX
yctpoiictB — 3t0 EEPROM (electrically erasable programmable read-only
memory). Eciu nmporpammupyrorcst o6e marpuiibl, noiaydaem [1TJIM — npo-
rpaMMupyeMyto Jioruueckyro matpuny (PLA — programmable logic array).
B cinysae mporpammupoBaHusi TONbKO Matpuusl «M», momydaem [IMJI —
nporpammupyemyto marpuiy Jioruku (PAL — programmable array logic).
Crpyxrypa [1JIM u IIMJI u3o6paxena Ha puc. 2.

a b c w X y z

VY[V oo

UUU00UUU

PAL-like block

Puc. 2. O606ménnas cTpyKTypa Jorndeckoit Matpuisl: @ — [1IJIM (PLA);
6 — IIMJI(PAL) B IUIUC tuna CPLD; 6 — ctpyktypa noruku CPLD

47



C.®. Tiopun, A.C. I[Ipoxopos

= —
3 =
£ PAL-like PAL-like O
5 block block =3
= =

| '] [} [’

L L) L) ‘ )

A i 'l 4 [}

L | 1 ' L
= £
= y - o
= PAL-like PAL-like ;
E block block :';'-
= =

6

Puc. 2. Oxonuanue

OnHako NpUBEIEHHBIE CTPYKTYPhl HE PACKPBIBAIOT AETaJed Mpo-
rpaMMUPOBaHHUS JOTHKU. BBI3bIBaeT MHTEpEC paccMOTpeHUE 0COOEHHOCTEH
MIPOrpaMMHUPOBAHUs JJOTUYECKUX MATPUIL C LEJIbIO MOBBIIIEHUSI UX OTKAa30-
YCTOMYHMBOCTH B CHELUANBHBIX NMPUIIOKEHUIX, HAIPUMEDP B pagualliOHHO-
cToikoi anmmapatype [11, 12].

1. IpyHOMN MporpaMMHMpOBaHMs JOTHKH. [IpuHnun nporpam-
MHUPOBAHUS JIOTUKH, HApUMEp peanu3alusi HEKOTOPOH KOHBIOHKIIUH,
MOXET 3aKJII04YaThbCsl B 3aKOpayMBaHUU JHOO B HE3aKOpauMBAaHHUM Iepe-
naromux MOII-tpan3zuctopoB (4, B, C, D) o 3alaHHBIM NE€PEMEHHBIM
[17-19] (puc. 3, a).

DTO MOXKET OBITh BHITIOJTHEHO OJHOKPATHO — IJIABKOW MEPEMBIUYKOM
au00 APYrUM TPAH3UCTOPOM, MPOTPAMMHUPYEMBIM dJeKTpudecku. OnHa-
KO BO3HHMKAIOT MpOOJIeMbl YIpaBJI€HUS BBIXOJHBIMU TpaH3UCTOpPaAMU
CTpoK (cM. puc. 3, a) npu GonbIIoM uHcie nepeMeHHbIX [20], moaTomy
UCIIONB3YIOTCS UHBEPTOPHI B KauecTBe OydepHbIX dneMeHToB. Kpome To-
ro, pe3UCTOPhI pealu3yloTcsl ¢ ucmnoyibzoBanuem tex xe MOII-Tpan3uc-
TOpPOB MEPEMEHHBIX (puc. 3, 6).

[IporpammupoBaHue Mo i-if MepeMeHHOH j-i (DYHKITNH, 3aBUCSIIEH OT
OJIHOM NEPEMEHHOM, C YUETOM €€ BO3MOXKHOI'O MHBEPCHOTO 3HAYEHUS, MO-
KET OBITh MPEJICTABICHO CICTYIOIUM 00pa3oMm:

£, =(x Os)(x Osi). (1)
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Puc. 3. TIporpaMMupoOBaH#e JIOTHKH: d — C UCTIOJIb30BAHHEM PE3UCTOPOB U C YIPaBICHUEM
3atBopoM MOII-TpaH3ucTopoB, 6 — ¢ peanu3anneii pe3ucTopos
Ha ocHOBe MOII-Tpan3uctopos u ¢ OyhepHEIMH HHBEPTOpaMHU

Jnst dyHKIIMA, coepKaIIei 7 TepeMEHHBIX, TOTYIUM:
n — -
fi= lc%(xi Us, )(xi Usi); j=Lk (2)
[Tpuuém TS s BBIMTOJTHAIOTCS CIIeMyIoIe YCIJIOBHSIL:

s;8i =0;s; Us; =1 mns cymectBenHoil mepemenHoi, §; Si =1 must Hecy-
IIECTBEHHOM MTEPEMEHHOM.

3. OTKa30ycTOMYMBBIN y3eq NPOrpaMMHMPOBAHMS IEepeMeHHOM.
s obecriedeHns: OTKa30yCTOWYMBOCTH TMPOTPaMMHPYEMOM JIOTMKH HC-
MOJIB3YeM PE3yibTaThl, onmucanHbie B [21-24]. [lomyunm BeIpakeHue, odec-
NIEYMBAIOIIIECE MAPUPOBAHUE OJHOTO OTKAa3a TPAaH3MCTOpPA MEPEMEHHOW WIIH
TpaH3ucTopa HacTpoiku B JJTHD:

n
fi = &l(xi1x0 Uxi3x;4) U(s; 1850 Usi38i4)]

i=1 3)
[(xi1xi2 Oxi3xia) O(siisi2 Osizsia)l; j =1,k

B KH® BrIpakeHue UMEET BUI:

fi= ,‘g‘l[(xi.l Oxi2)(x;3 Ux;4) DGy Usi0)(si3 Us4)] @

[(xi1 Oxi2)(xi3 Oxia) O(sia Osi2)(si3 Osia)l:j =1k
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MopenupoBaHue OTKa30yCTOMYMBOIO y3jia IPOrpPAMMHPOBAHUS OJ-
HOUM TiepeMeHHOU 0e3 ydéra HeoOXOIMMOCTH MOJEIHPOBAHHS WHBEPTOPA
U PEe3UCTOpa, PEaTU30BAaHHOTO Ha JOMOJHUTEIBHOM TpaH3UCTOpE, U300pa-
JKE€HO Ha puc. 4.

}—l_l J:{\\ . ’
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ﬂ—‘ | F
‘\ X1 ]
Lo, —

&

Puc. 4. MoaenrpoBaHue 0TKa30yCTOHUMBOIO y3J1a IIPOrPaMMHUPOBAHUS OJHOM IIEPEMEHHOM:
a — TIepeMeHHas UCKIIFoUeHa, Ha BxoJie 0; 6 — mepeMeHHast UCKITIoUCeHA, Ha Bxoje 1
6 — IiepeMeHHas BKIIIoYeHa, Ha BxoJie 0; ¢ — mepeMeHHas BKIIIOUeHa, Ha Bxoze |
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Puc. 4. Oxonuanue

TakuMm 06pa3zoM, mapupyercs 0TKa3z OAHOIO TPAH3UCTOpa Kak B OJIOKe
MIEPEMEHHOM, TaK U B OJIOKEe HACTPOIKH.
Hna JIH® mapupoBaHue r OTKA30B MO HEKOTOPOU i-W MEPEMEHHOU
ONMCBIBAETCS BBIPAKEHUEM:
no o+l o 4+l rl r+l

£, = &A1 0(& 101 0(& 5, )M O(& %01 Ol D(& 51)); j =Lk (5)
=1l x=1 x=1 x=1 x=1 x=1 x=1 x=1 x=1

BepositHOCTh 6€30TKa3HOM PpabOThI ISl SKCIIOHEHITMAILHON MOJeNn

HUMECT BU:

r

ZC[ i {e-[(r+l)2 —iRE 1 _e—)\m"‘ )1} (6)

(r+1)
i=0

Tak, B cmyyae r = 3 mapupyercsi OTKa3 JIIOOBIX 3 TPaH3UCTOPOB IO
KQKJI0M IIEPEMEHHOM:

e—(l6)m|ﬂ + 16 @—ISQE(I _ e—lmm) + 120 @—14%1(1 _ e—lmm)z +

7
+560 E—Bmm(l _ e—lmlﬂ)S‘ ( )

['paduiku m3mMeHEHHST BEpOSATHOCTEN 0€30TKa3HOW pabOThI HEPE3EPBHU-
poBaHHoro tpansucropa P(t), cxembl FCT, mapupyromeil oivH OTKa3

P(t),, » cxembl FCT, napupyromeit nsa otkaza P(f);,, u cxemsl FCT, na-

pupytoieit Tpu otkasza P(7), , n300paxeHs! Ha puc. 5.
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Puc. 5. I'paduku u3MeHeHNs BEPOATHOCTEH O€30TKA3HOM PabOThI HEPE3ECPBUPOBAHHOTO
Tpansucropa, cxemsl FCT, napupytomeit onun otkaz P(7),, ., , cxemsl FCT, napupyromeit
nBa otkaza P(1),, 1 cxembl FCT, napupyromeit Tpu otkasa P(f),,, IpH HHTEHCHBHOCTH

oTka3oB 10 B MUHYC TIATOM cTeneHu 1/4; a — B quana3zoHe BeposTHOCTH oT 1 10 0;
6 — B quamazone BepostHocTH oT 1 g0 0,4
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BoiBoabl. Takum o0pazoM, mporpaMMUpOBaHUE KOHBIOHKIIUH B JIO-
TUYECKON MaTpUIE MOXKET BBIMOIHATHCS MYyTEM BKIIOUEHHUS JTMOO HCKIIIO-
YeHHs JaHHOU MepeMEeHHOU, TUO0 €€ MHBEPCHUU C MOMOILIBIO TPAH3UCTOPA
HACTpPOUKU. {1 HECYIEeCTBEHHOW NEPEMEHHOM UCKIIIOUAIOTCS U OHA cama,
u eé unBepcus. [Ipu 3TOM B ciydae HCTMHHOCTH KOHBIOHKIIMM (paBEHCTBA
KOHBIOHKLIMY €IMHHUIIEC) C IMOMOIIBI HAarpy304HOIO PEe3UCTOpa, KOTOPOH
peaNu3yeTCsl Ha JIOIOJIHUTEIIBHOM IIepearolleM TPaH3UCTOpe, U UHBEPTOpa
Ha BbIXoJie MaTpuisl «M» (Ha BbIXO/AE MHBEPTOpPa) (hOpMUpPYETCs JIOTHYe-
CKMH HOJb. B ciydae J10KHOCTM KOHBIOHKUMHU (PaBEHCTBA KOHBIOHKIHU
HYJII0) Ha BbIXOJ€ MHBepTOpa (hopMupyercs equHuna. Peanusanus matpu-
bl «MJIM» MOXeT ObITh BBITIOJIHEHA MYTEM BKIIFOUCHHS WU HUCKITFOYCHHS
3a/laHHBIX BBIXOJOB Marpuibl «M» ¢ MOMOIIBIO TPaH3UCTOPOB HACTPOWKH
Matpuiel «MJIW» nns momydenust Tpedyemoit JIH®D. [[ns moBbIieHUsT Be-
pOSITHOCTH 0€30TKa3HON pabOThl JOTUYECKOW MATPULIBI BO3MOXHO HCIOJIb-
30BaTh TPAH3UCTOPHOE pe3epBUpOBaHUE. MoJenupoBaHUE NOATBEPKIAAET
paboTOCTIOCOOHOCTH MPEATIOKEHHOTO PEe3ePBUPOBAHNS, @ OLIEHKA BEPOSITHO-
cTH 0€30TKa3HOM pabOThI JOKA3bIBAET BHICOKYIO 3(()EKTUBHOCTH TAKOM OT-
Ka30yCTOMYMBOM MaTpPULbl B BBICOKOHAIEKHBIX INPUIIOKECHUIX, HAIIPUMED
B a9POKOCMHUYECKOW 00yacTu, e Tpedyercs oOecrneuuTh paboTocmocoo-
HOCTh B YCIIOBHSIX BO3€HCTBHS HETATUBHBIX BHELITHUX (haKTOPOB.
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