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Annomayua — IlpeacraBieH MeTOd NPOEKTHPOBAHHUA Obl-
CTPBIX KOHEYHBIX AaBTOMATOB Ha NPOrPaMMHPYeMbIX JOTH-
yecKHX HMHTerpaabHbix cxemax (IIJIMC) tunma nmporpammu-
pyeMbIX moJib30BaTesieM BeHTWIbHbIX matpun (Field Pro-
grammable Gate Arrays — FPGAS). MeToa 0cHOBaH Ha oIie-
pauuu paciuenieHusi BHyTPEHHHX COCTOSIHHIA, YTO IO3BOJIs-
€T CHU3UTh PaHTH (PYHKLUi epexo10B U YMEHbIIUTb YUCIO0
ypoBHeii (yHkumoHaabHbIx rexepatopos LUT (Look Up
Table) npu peanuzauuu GyHkumii nepexomos. Merox opu-
eHTHPOBAaH HA NMPAKTHYECKOe HCMOJIb30BaHHe, He TpedyeT
BBe/IEHHUS IOTMIOJTHUTEIbHBIX 0JI0KOB HJIM CHHXPOCHTHAJIOB M
JIETKO MO’KeT ObITh BKJIIOYEH B OOIIMI MapIIpyT NPOEKTH-
poBanusi uudposeix cucrem Ha FPGA. TIpuBoasitcst oneHKH
yucaa ypoBHeii LUT npu peanusauun GpyHKUuii nepexonos
KOHEYHOr0 aBTOMATa B CJIy4yae MOCJe10BaTebHOI H napai-
JIeIbHOI 1eKoMNo3uuuu. ONUCBHIBAIOTCS AJATOPHTMbI pac-
HIeNUIeHUsI BHYTPEeHHUX cocTosiHMii. Pe3ynapTaThl skcmepu-
MEHTAJbHBIX HCCIeA0BAHHII MOKA3aJIH, YTO METO/ MO3BOJISI-
€T YBEJUYUTh ObICTPOAElicTBHME KOHEYHOr0 aBTOMAaTa Ha
52%.

Knrouegvle cnoea — KOHEYHBIH aBTOMAT, BBICOKOE OBICTPO-
JelficTBUe, paciielVieHie BHYTPEHHUX COCTOSIHMIA, porpam-
MHpYyeMble JIOTHYeCKHMe HHTerpajibHble cxembl, I[IJIUC,
FPGA, LUT.

l. BBEJEHHUE

[Tpon3BoUTENIFHOCTE POSKTUPYEMOH IIM(POBOIL CHC-
TEMBI BO MHOTOM OIIpeAeiseTcsl ObICTpoAeiiCTBUEM BXO-
JAIIUX B Hee KOHEYHbIX aBToMaroB. I[lostomy ans mo-
CTPOEHHUSI BBICOKOIIPOM3BOIUTENILHBIX LU(PPOBBIX CHCTEM
HEOOXOIMMBI METOJIbI CHHTE3a OBICTPBIX KOHEYHBIX aBTO-
MmaroB. [lpu cuHTE3e OBICTPHIX KOHEYHBIX aBTOMAaTOB
MOJKHO TIPeHEOpeUb CTOMMOCTBIO peau3alii, MOCKOJIBKY
IUIOIAb HA KpHUCTale, 3aHUMaeMasi YCTPOWCTBOM
yIpaBlIeHHUs, COCTABISET HEOOJBIIYIO YacTh, IO CpaBHE-
HUIO C JIPYTMMH KOMIOHEHTaMH CHCTEMBI (Hampumep, ma-
MSATBIO WM IpHEMOTIepeIaTINKaMH).

B Hacrosimiee BpeMsi B KauecTBE IEMEHTHON 0a3bl 11
MOCTPOCHUS IU(PPOBBIX CHUCTEM MIMPOKO HCIIOIB3YIOTCS
IPOrpaMMUpPYEMBIE€ JIOTUYECKUE HHTErPanbHbIE CXEMbI
(IUTAC). Cpenn mHOxecTBa apxutekTyp [IJIMC mmupoxoe
pacrpocTpaHeHHe MOJTYYIIN ABa THIA apXuTekTyp [1]: Ha
OCHOBE JABYX HporpammupyeMbix matpun U u WJINU, a
TaKke Ha OCHOBE (YHKIMOHAJIBHBIX T'EHEPATOPOB THIIA
LUT (Look Up Table). TNIUC mepBoro Ttuma HONyYHiINA
Ha3BaHHE CIIOKHBIE IPOrpaMMHUpPYEMBbIE  yCTpoiicTBa
(Complex Programmable Logic Devices — CPLDs), a Bto-
poro — mporpaMMupyeMble MOJIb30BaTENEM BEHTHUIIbHBIE

matpuiel (Field Programmable Gate Arrays — FPGAS).
Crpykrypy FPGA MO0XHO mpencTaBUTh KaK COBOKYITHOCTh
OOJIBIIOTO KOJMYECTBa (DYHKIMOHAIBHBIX TI'€HEpPaTOPOB
LUT, o0benunsieMbix MexxcoeanueHusMu. Kaxaerii LUT
TI03BOJISIET PEan30BaTh POU3BOJIBHYIO OylieBY (pyHKIHIO
OT HEOOJIBIIOTO YHCTIa apTyMEHTOB. MeToIpl cuHTe3a ObI-
CTpPBIX KOHeuHBIX aBTomaroB Ha CPLD Owutu paccMoTtpe-
ubl B [1]. B nanHO# paboTe paccMaTpuBaeTCs CHHTE3 ObI-
CTPBIX KOHEYHBIX aBTOMaTOB Ha FPGA.

[TpoGriemam MPOEKTHPOBAHUS OBICTPHIX KOHEYHBIX aB-
tomatoB Ha [1JIMC mocBsieHo 10CTaTOuHO MHOTO padoT.
B [2] npexacTaBneH MeTo NOBBIMICHHS POU3BOIUTEIBHO-
CTH CHHXPOHHBIX CXeM NpH HX peanusauuu Ha FPGA. Me-
TOJ] HE BHOCHT W3MCHEHHUI B CXEMY YCTPOWCTBA, H3MEHS-
€TCsl TOJIbKO PAclOJIOKEHUE PerucTpoB. IIpennoxxeHHbIN
TIOJIXOJ TTO3BOJISIET YBEIMYUTh YaCTOTY CHHXPOHHU3ALUH U
HPOITYCKHYIO CIIOCOOHOCTh CXEMBI 32 CUET YMEHBIICHUS
3agepkku curHanoB. B [3] mpencraBieH meton cuHTe3a
HOCJIeI0BAaTEIbHOCTHBIX cxeM Ha FPGA. Metox ocHoBaH
Ha KOHLEMIINH CXEMHOTO CHHTE3a, YIPaBsIeMOro HHGOp-
Manue, oOuieil TeKOMIIO3ULMK U paHee pa3pabOTaHHOM
TEOpHH OTHOLICHUI MH(popManuoHHBIX Mep. B [4] mpex-
JaraeTcss METOJl ONTHUMHU3AIMH CHHXPOHU3AIMU CIIOKHBIX
KOHEYHBIX aBTOMAaTOB. MeETOJ OCHOBaH Ha KOHIEHINH
kaTtaiu3aTopoB (catalyst) u moGasnsier B cxeMy H30BITOY-
HBIH OJIOK, KOTOPBIN BKJIFOYAET YacTh KOMOWHAIIMOHHOU
CXeMbl M HECKOJIKO JPYrMX perucrpoB. B pesymbrate
KPUTHYECKHE MYTH pasielsiioTcss Ha craaud. B [5, 6] uc-
CIICYIOTCS CTHJIM OIMCAHUS KOHEYHBIX aBTOMATOB Ha
a3pike VHDL, a Takke u3BecTHBIE CLIOCOOBI KOAWPOBAHUS
BHYTPEHHHUX COCTOSIHUH JUIS peayn3annyl ObICTPBIX KOHEY-
HBIX aBTOMaroB. B [7] mmst cuHTe3a KOHEYHBIX aBTOMATOB
TIPUMEHSIOTCS YBOIOLMOHHBIE MeTobl. Ha mepBoM stare
pelaercs 3a/1aua KOJAWPOBaHHsI BHYTPEHHHUX COCTOSIHUIL €
TIOMOIIBIO TEHETHYECKNX AJITOPUTMOB. 3aTeM ITPUMEHSIOT-
Cs1 9BOJIFOLIMOHHBIE AJITOPUTMBI JIJIsi MUHUMH3AI[MH1 TUIOIIA-
I KPUCTAJUIA U 33/IePKKH BBIXOAHBIX CUTHAJIOB KOHEYHO-
ro aromata. B [8] paccmarpuBaercst 3aa4a KOJUPOBAHUS
BHYTPEHHUX COCTOSHHH M ONTHMH3aIUs KOMOWHAIMOH-
HOH cxembl npu peanmzauuu Ha CPLD ObIcTphIX KOHEu-
HBIX aBToMaToB. B [9] mpencraBieHa HOBas apxXxHTEKTypa
MIPOrpaMMHUPYEMOIl JIOTUKH, CIIEHANbHO MpeIHa3HAYeH-
Hasl JUIsl peai3alii KOHEYHBIX AaBTOMAaTOB, OCHOBAaHHAs
Ha mepexomax Mexay coctosausmu (Transitionbased Re-
configurable FSM - TR-FSM). HoBas apxutekTypa Io-
3BOJIIET COKPATUTH IUIOMIA[bh KPUCTAJUIA, 3aACpPKKH CHT-
HaJIOB ¥ MOTPEOIIIEMYI0 MOIIHOCTb T10 CPaBHEHUIO C pea-
nau3anueil KoHeuHbx aBTomatoB Ha FPGA. B [10] mpen-
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JO’)KeHa HOBas MOJEJNb aBTOMAaTa, Ha3BaHHAs BUPTYalb-
HbIM KoHeuHbIM aBTOMatoM (Finite Virtual State Machine -
FVSM). BupTyajbHble KOHEUYHBIE AaBTOMATHI, pealn30BaH-
Hble Ha HOBOIl apXUTEKType, MMEIOT IPEUMYILIECTBO IO
OBICTPOJCHCTBHIO IO CPABHEHHIO C TPAIUIIMOHHON peai-
3alpell KOHeYHbIX aBTOMaToB Ha mamsati RAM. B [11]
paccMaTpuBaeTCs peajn3alns KOHEYHBIX aBTOMAaTOB C
UCIIONIb30BAHUEM BCTPOCHHBIX OJ0KoB mamsitn FPGA.
[pemmararoTess 1Be apXUTEKTypbl KOHCYHBIX aBTOMATOB C
MYJBTHIUIEKCOPaMH Ha BXOJax OJIOKOB IaMSTH, KOTOPHIC
HO3BOJIIOT YMEHBIINTD IUIONIAAb KPUCTAIUIA H YBEJIMYHUTD
OBICTpOICHCTBHE KOHEYHOTO aBToMara. B [12] paccmatpu-
BaJach 3aJadya CHIDKCHUS YHCJIa apryMeHTOB (YHKIUH
MEepPEX0I0B MyTeM pAaCIICIUICHHUs BHYTPEHHHX COCTOSHUI
KOHEYHOTO aBTOMATa, YTO CIIOCOOCTBYET KaK CHI)KCHHIO
CTOMMOCTH peaji3allii, TaK W TOBBIIICHUIO OBICTPOJCH-
CTBUsS KOHECYHBIX aBTOMaTOB NPH HX pealu3alud Ha
FPGA.

B Hacrosmelr paboTe TakKe HCIIONB3YeTCs OTeparus
pacIieryieHus] BHYTPEHHHUX COCTOSHHH, HO II€JIbI0 TAKOro
pacIieIyieHus] SABJISIETCS TOBBIIICHHE OBICTPOJACHCTBUSA
KOHEYHbIX aBTOMaToB Ha FPGA, ocHOBaHHBIX Ha (yHK-
oHaNbHBIX TeHepaTopax LUT. Omepanns pacimennienns
BHYTPEHHHX COCTOSHHH OTHOCHTCSI K OINEpalisiM SKBHBa-
JICHTHBIX NPeoOpa3oBaHUil KOHEYHOro aBTOMAara M HE M3-
MEHSIET aJlTOpUTM ero (yHKIuoHnpoBanus. IIpu pacmien-
JICHUH BHYTPEHHHX COCTOSTHHM COXpaHsETCs THI aBTOMara
(Mmwm nnm Mypa), He u3MeHseTcsl 00mas CTPyKTypa Ko-
HEYHOro aBTOMAaTa M HE UCIIOJIb3YIOTCSI BCTPOCHHBIE OJIOKH
namsata FPGA. TlostoMy mpemiaraemplii MeTOI CHHTE3a
OBICTPBIX KOHEYHbIX aBTOMaToB Ha FPGA opueHTHMpOBaH
Ha TPaKTUYECKOE HCIONB30BAHHE M MOXKET OBITH JIETKO
BKJIIOYEH B OOIIMIA MapumpyT MPOEKTHPOBAHUS LUPPOBBIX
cucreM Ha FPGA.

1.  CYTb IIPEQJIATAEMOI'O ITOJXOIA

Koneunslii aBToMaT OyZeM XapakTepH30BaTh UHCIOM
M BHyTpeHHHX cocTOosHHH MHOxecTBa A = {aj,...,am},
yhciaoM L BXOAHBIX TMepeMeHHBIX MHOXkecTBa X =
{X1,...,x}, uncnom N BBIXOJHBIX NMEPEMEHHBIX MHOXECTBA
Y = {y1,....yn}, @ Takxke MHO)ecTBOM D QyHKIMiT TIepexo-
J0B ((hyHKIMI BO30YK/ICHUS IIIEMEHTOB MAMSITH).

Jlnst cuHTe3a OBICTPBIX KOHEUHBIX aBTOMaToB HA FPGA
TPaANIMOHHO HCIIOIB3YETCsl YHApHOE KOJUpoBaHue (ONe-
hot) BHYTpeHHHX COCTOSHHMI, TIPH ITOM KaXIOMY BHYT-
PEHHEMY COCTOSIHHIO COOTBETCTBYET OTIENBHBIH TPHUITED
MaMsTH aBTOMara, yCTaHOBKa KOTOPOro B 1 03Hayaer, 4to
aBTOMAT HaXOAWTCS B JAHHOM COCTOSIHMM. BXoz Kaxaoro
TpUrrepa ymnpasisiercst GpyHKimer mepexonos O, di € D,

i=1,M , T.e. kKa%K10My BHYTpPEHHEMY COCTOSIHHIO aBTOMa-
Ta COOTBETCTBYET CBOSI DYHKIHS ITepex010B d;.

IMycts X(am, 8j)) — MHOKECTBO BXOIHBIX MEPEMEHHBIX,
3HaYEHHs] KOTOPBIX WHULMHPYIOT MEPEXO] M3 COCTOSHHS
an B COCTOSTHHUE &, am, 8; € A. UTOOBI pea30BaTh HEKO-
TOPBIA MEPeXo]] U3 COCTOSHUS Ay B COCTOSHUE &; HE0OXO-
JIMMO TIPOBEPHUTH 3HAYCHHME BBIXOJA TPUITEpPa aKTHBHOTO
COCTOSIHHS 8y (OAMH OWT) M 3HAYCHHS MEPEeMEHHBIX MHO-
xectBa X(ap, &), KOTOPbIe HHUIMAPYIOT AaHHBIN MEPEXO/I.
Yt00BI peanu3oBaTh GyHKUMIO nepexoda d; B coCTOsHHUE

a;, HEOOXOMMO NPOBEPUTH 3HAYEHHS BBIXOJOB TPUTTEPOB
BCEX COCTOSIHMIA, IEPEXO/IbI U3 KOTOPHIX OKAHYMBAIOTCS B
COCTOSIHMH @, T.€. |B(a;)| 3Hauenuii, rae B(a;) — MHOXKECT-
BO COCTOSIHHH, MEPEXO/bl M3 KOTOPHIX OKAHYMBAIOTCS B
COCTOSTHHH &, |A| — MomHOCTE MHOXecTBa A. Kpome Toro,
HEOOXOMMO IIPOBEPUTH 3HAUCHHS BCEX BXOJHBIX Tiepe-
MEHHBIX, KOTOPbIE MHHUIUMPYIOT HEPEXOIbI B COCTOSHUE
a;, T.e. |X(a;)| 3Hauenuit, roe X(a;) — MHOXXECTBO BXOJIHBIX
[EPEMEHHBIX, 3HAUEHUS KOTOPHIX UHULMUPYIOT TIEPEXOIbI

B cocrosame @, X (&) = U X(a,,a).

ameB(ai)

OrmpeennuM padr GyHKIMH epexoa0B d; B COCTOSIHIE
@ KaK YMCJI0 apryMEHTOB 3TOH (DYHKIMHU CIEAYIOIINM 00-
pazoM:

r=[B(a)| +|X (@) (1)

[Tyctb N — ymcno BX0J0B (DYHKIMOHAIBHBIX T'€HEpPaTo-
poB LUT. Ecnu panr r; HeKoTopo# GpyHKIuH repexoioB d;

(i=1, M ) npeBbicuT N BX0/10B (PYHKIMOHAILHOTO IeHEpa-

topa LUT, To BO3HHKaeT HEOOXOJUMOCTh B JICKOMITO3H-
uun QyHKIMK nepexooB O; U ee peanu3anun Ha HECKOJIb-
kux reseparopax LUT.

OTMmeTuM, 4TO MyTEM paCIICIUIEHHs BHYTPEHHUX CO-
CTOSIHUI HEeNb3s CHU3UTh PaHr (YHKIMH MEpexXo0B HHKE
BEITMYHHBI

r*=max(| X (a,,a) ) +1ms=1M. ()

3HaueHue BEIUYMHBI I'* B MpejjiaraeMoM METOJIEe HC-
MOJIB3yeTCsl B KaUeCTBE BEpXHEH T'paHMIBI paHTOB (DyHK-
Ui TEePeX0JI0B NPU PACIICIUIEHUH BHYTPEHHHX COCTOSI-
HUH.

V3BecTHBI 1Ba OCHOBHBIX MOAX0/1a IIPH ACKOMIIO3UIINI
OyneBBIX (DYHKIHWH: TOCIIeoBaTeNbHAs (JIMHEHAS) U Ta-
pamtensHas [1]. Tlpu mocienoBaTebHON JEKOMITO3HITHN
Bce yHKIMOHaNBHEBIE reHepaTopsl LUT mocnemoBaTensHO
COCIIMHSIFOTCS B 1IeTOuKy (puc. 1).

1

n
#— LUT 2

LUT L

LUT —d.

Puc. 1. IlocaenoBaTeabHast 1eKOMIO3HIHSA 0yJ1eBbIX (PyHK-
ig7 N7

Ha Bxon nepsoro reneparopa LUT mocrynaer n apry-
MEHTOB peain3yeMoi (YHKIMH, a Ha BXOJbI BCEX OCTAJb-
S

HbIX TeHeparopoB LUT — Ha equHumy menbie. Yucio |i

ypOBHEH (YHKIIMOHANBHBIX TeHepaTtopoB LUT mpu peanu-
3anuK (QyHKIUK M1EPEeX0JI0B paHra [ B ciIydae MocieaoBa-
TEJIHON IEKOMITO3UIINH OTIPENIENSETCS U3 BBIPAKCHUS:



I* =int % 1, 3
n —

rae int(4) — HaUMEHbIIIee 1eIoe, OOJbIIeE WK PABHOE A.

B cnywae mapamnensHON AEKOMITO3MINN  (YHKITHO-
HanbHbIe reHepaTopsl LUT coenussitoTcs B Buzae uepap-
XHYECKOM IPEBOBHUIHOMN CTPYKTYPHI (puc. 2).
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Puc. 2. ITapanneabHast AeKOMIIO3ULHUS 0y/1eBbIX QyHKIUA

3HaueHHs1 apryMeHTOB (PyHKIIMH MOCTYNAIOT Ha BXOJBI
rerepatopoB LUT mepBoro yposHsa. Ha Bxons!l Bcex mo-
cremyomux ypoBHe# reHeparopoB LUT moctymaror 3Ha-

YEeHUs] MPOMEXKXYTOUHBIX (GyHKIMH. Yucio |ip YpOBHEN

¢yHKIMOHANBHBIX TeHepaTtopoB LUT mpu mapammensHON
JIEKOMITO3MLIMK (DYHKIIMHU TIEPEXOJIOB PaHTa I ONpeeseT-
Csl CIIEYFOLLUM BBIPO)KCHHEM:

1P =int(log, ). ©)

Kakyio nexommosuinuio, MmociieoBaTeIbHyI0 WIN Ta-
paIeNbHYI0, HCIIONb3yeT KOHKPETHBIM CHUHTE3aTop, Mpe-
CKa3aTh CJIOXHO. IIpenBapuTenbHbIe UCCIIENOBAHMS MOKa-
3aim, 4To, Hampumep, B makere Quartus Il dupmer Altera
OJTHOBPEMEHHO HCIIOJB3YETCs KaK IOCIe0BaTelIbHAsI, TaK
U mapajiensHas aexommnosuims. Yucno | ypoBre# ¢yHk-
MUOHANBHBIX TeHepaTopoB LUT mnpm peanmsanuu Ha
FPGA ¢ynkuun mepexomoB d; ¢ paHroM I MOXKET Haxo-

JIATHCS MEXKy 3HAUCHUSIMU |iS u Iip izl M .

Beenem renounciennbiii koapdumment k, K e [0, 10],
KOTOpBIM MO3BOJISIET aJalTHPOBATh MPEAJaraeMblil ajro-
PHUTM IIpH OIIPE/ICIICHHUH YKCiIa YPOBHEH (DyHKIIMOHAIBEHBIX
reaeparopoB LUT k xonkpetHOMy cuHTe3aTopy. B 3TOM
ciydae uucio lj ypoenei reneparopoB LUT, HeoOxomu-
MBIX JUIs peanusanun (yHKmun mepexomos d; padra rj,
OyzeT onpenessAThCs CIEAYIONIMM BEIPaKCHUEM:

=it 10K, K ). )
10 ' 10

W3 Beipaxenust (5) crenyer, uto npu K = 0 umeem
li = |ip , T.C. YHCJIO YPOBHEH COOTBETCTBYET CaMoOil OBICT-
poii mapasienbHOM nekommo3uimu, a npu K = 10 umeem
I = |iS , T.€. YACJIO YPOBHEW COOTBETCTBYET CaMOU Mel-

JIEHHOM TOCNEeNoBaTeIbHON nexomno3uuuu. KoHkpeTHoe
3HaueHne Kod(dHUIHeHTa K 3aBUCUT OT apXUTEKTYpHI ce-
meticta [IJIMC u ucmons3yeMoro cCHHTE3aTOpA.

Crenyromeld mpoOieMol B HpeiaracMoM IOAXO0Je
SIBISIETCSI OTBET Ha BOMNPOC: KOTAA CIEOYeT OCTaHOBHUTH
MIPOLIECC PaCUICTUICHNS! BHYTPEHHUX COCTOSHUN CHHTE3H-
pyeMoro KoHe4Horo aBromara? Jleno B TOM, YTO IIpH pac-

mersienuu Hekotoporo coctosuust & (i=1, M ) xpome

YBENMYCHHST YHCIa COCTOSHHA M Takke yBEIHYHBACTCS
YHCIIO MEPEX0JI0B B cOCTOsIHMS MHOXKecTBa A(a;), Tae A(a;)
— MHOYECTBO COCTOSIHHH, B KOTOPBIX OKaHYHUBAIOTCS Iie-
PEXOIBI U3 COCTOSHUA @;. B pesynmbrare pacuierieHus co-
CTOSIHHS 8; JUT COCTOSHHMI MHOXecTBa A(Q;) yBenuuuBa-
FOTCSL MOIIHOCTH MHOXecTB B(an), an € A(a). IToatomy
Jutst cocTosiHuit MHOKecTBa A(a;), cormacuo (1), Bo3pacta-
FOT paHrd QYHKIMHA MEPEX0I0B, YTO MOKET MPHUBECTH K

v IS
YBCJIIMYCHUIO 3HAUCHUUN Ii , Iip u Ii-

B mpemnaraeMoM anroputMme mHpolecc paclieruIeHUs
BHYTPEHHHUX COCTOSIHUI TMPEKpAIaeTCs MMPU BbITOIHEHUH
CJIE/TYIOIIETO yCIIOBHSI:

Imax < int(lmid)’ (6)

T1€ /g — 9UCIIO YPOBHEH (YHKIMOHAIBHBIX T'€HEPATOPOB
LUT, HeoOXOAMMBIX Ui pealu3allid CaMOW «IIOXOi»
(YHKIMHM, UMEIoIel MaKCUMallbHBIA PaHT; /,,; — CpeaHe-
apudmMeTHYecKoe 3HAaUYE€HHE YHuciIa YpoBHEH (QyHKIHO-
HaBHBIX TeHepatopoB LUT mis Bcex QyHKIMA mepexo-
J0B. OTMETHM, YTO B IIPOLECCE PACILIEIICHHS BHYTPEHHUX
COCTOSIHUH /,,;; OyeT yBenn4IuBaThCs, a /,,,, — YMEHBIIIATh-
Csl, TIO3TOMY BBITIOJIHEHHE aJTOPUTMa BCEria 3aKaHIHMBa-
eTcH.

IIl.  METOJl CUHTE3A BbICTPbIX KOHEYHBIX
ABTOMATOB

C y4eToM BBIIICH3IOKESHHOTO OOIIUIl aIrOpPUTM pac-
MICTICHUST BHYTPSHHUX COCTOSHHHN JJIsI CHHTE3a OBICTPBIX
KOHEYHBIX aBTOMATOB BBITJISAUT CJICIYIOIUM 00pazoMm.

Aaroputm 1.

1. Onpenensiercs 3nauenue kodddupenta k, k e [0, 10],
KOTOPBIM OTPa)KaeT UCIOJb3YEMBbId CHHTE3aTOPOM IIa-
KeTa TPOEKTUPOBaHUS CIIOCO0 AEKOMITO3UITUU OyJIEBBIX
GyHKIUH.

2.CornacHo (1) ompenensitorcst paHrd i QyHKIMH nepe-

X0710B KOHeuHoro aBToMmara, i=1, M .

3.Ha ocuoBanuu (3), (4) u (5) mis kaxmoi GyHKIUHU T1e-
pexomoB d; ompenensiercst gucno |; ypoBHe# QyHKIHO-



HaIBHBIX TeHepaTopoB LUT, HeoOXomumbIxX 1st ee pea-
JIN3aLUY.

4. Onpenensrorcst 3HaUEHHS |y ¥ lig. Eciin BBIIONIHSIIOT-
cs1 ycnoBus (6), TO MATH K MyHKTY 7, WHaUe — K ITyHKTY

5. BeiOupaeTcs cocTosgHuE a;, IUIsT KOTOpOro i = Max, ec-
JIM TAKMX COCTOSIHHM HECKOIIBKO, CPeM HHX BBHIOMpAeT-
cs1 cocrosiame, st kotoporo |A(a;)| = min (MuUHAMHA3H-
pyercsl yBEeIMYEHHE PAHIOB APYTUX COCTOSHHU B pe-
3yJbTaTe PACIIEIUIEHUS COCTOSIHUS &;).

6. C MOMOIIBIO alrOpuT™Ma 2 BBIIONHIETCS PaCIIEIUICHUE
COCTOSIHMS @j, BEIOPAHHOTO B IYHKTE 5, Ha MHHHMAJlb-
Hoe 4ucio H cocTosHUH @; g,...,8 4 TaKHUM 00pa3oM,

9TO6BI I Kaxaoro cocrostaust a; p, h=1,H , Bbimosn-
HATOCh [y < I'*, rae '™ ompezensieTcst coriacHo (2).

Wntu x myHKTY 2.
7.Komnermn.

JanpHeHmmii CUHTE3 KOHEYHOTO aBTOMATa BBITIOJIHS-
€TCsl TPaAULIMOHHBIMU METOJAaMU, HallpUMEp, aBTOMaTH4e-
CKH C TIOMOUIBIO CUHTE3aTOPa UCIOJIb3YEMOIO MaKeTa Ipo-
eKTUpoBaHus. I 3TOro JOCTaTOYHO OMMCATh KOHEYHBIH
aBTOMAT, MOJIYYEHHBIH MOCJE PacCIlEIIEHUs BHYTPEHHUX
COCTOSIHU#, Ha OJTHOM U3 S3bIKOB mpoektupoBanus (Veri-
log unu VHDL).

3naueHre Kod(pduirenta K, BBOIUMOro B myHKTe 1
anroputMma 1, OmpeAeNseTcss IMIUPUUCSCKU TyTEM CHHTE3a
TECTOBBIX IPUMEPOB C MOMOIIBI0 HCIOJIb3YEMOI0 MaKeTa
MPOEKTHUPOBAHUSL.

JI11s pacuieruieHns HEKOToporo cocTosiaus a;, i=1, M

BBITIOJTHAEMOTO B ITyHKTE 6 aiqroputMma 1, cTpoutcs OyneBa
matpuna W cnexyrorum obpazom. Ctpoku Matpuier W
COOTBETCTBYIOT MHOXecTBY mnepexonoB C(a;), KoTopbie
OKAHYHUBAIOTCA B cocTOsiHUK @;. CtonbOuer Matpuiel W ne-
JATCS HA JIBE YaCTH B COOTBETCTBUU C THUIIAMH apTyMEHTOB
¢byuxirn nepexozos d;. IlepBast 4acTh CTONOIOB MATPHUIIBI
W coorBercTByeT MHOXeCTBY B(a;) cocTosinuii, mepexoipt
U3 KOTOPBIX OKAaHYMBAIOTCSI B COCTOSHHUHM &, a BTOpas
4acTh — MHOXeCTBY X(8;j) BXOJHBIX NMEPEMEHHBIX, 3HAYE-
HUSI KOTOPHIX HHUIMUPYIOT TIEPEXOIbl B COCTOsHIE a;. Ha

nepeceuenun ctpoku t, t=1T , T = |C(a;)|, u cronbua j
nepBoit yactu matpuibl W CTaBUTCS €AMHULIA, ECITH Mepe-
XOn C;, C; € C(a;), BBIIONHSETCS U3 COCTOSHUSA &, 8 €
B(a;). Ha nepeceuenuu crpoku t u ctonbua j Bropoit yactu
matpuisl W CTaBUTCS €IMHUIIA, CCITH BXOJHAs TEPEMEH-
Has Xj, X € X(@), IpUHMMaeT 3Hauallee 3HAYCHHE
(0 wim 1) Ha mepexoze Cy, C; € C(&).

Teneps 3amava cBoguTCcs K pasdueHuro matpuinl W Ha
MuUHUMaNbHOEe 4Hucio H crtpouneix muHopoB Wi,...,.Wy
TakuM 00pa3oM, YTOOBI YHCIIO CTOJIOIIOB, COAEPIKAIINX

€JIMHHUIIBI, B KaKI0M MuHOpe Wi, h=1H, re MIPEBBIIIAIIO

BENMUUHY I'™*, onpenensiemyto coriacHo (2). CTpokH Kax-
nmoro muHOpa W, OymyT ompenemsiTh MepexoJbl B BBOIU-

Moe cocrostaue & p, =1, H .

ITycth W; — HeKkoTopas ctpoka Matpuiel W. s Haxo-
JKJICHUSI CTPOYHOTO pa3OueHus MaTpuibl W Ha MHHUMAIb-
Hoe uncio H ctpounbix muHopoB Wi,...,Wy MoxeT ObITh
HCTIOJB30BaH CICAYIONIHUI alTOPUTM.

Aaroputm 2.

1.Tlonaraercs h := 0.

2.Tlonmaraercst h := h + 1. Hauunaercst ¢popMupoBaHue
muHopa W,. B xauectBe omopHoii crpoku B munop Wy
BBIOMpaeTCs CTPOKa W; ¢ MaKCUMaJIbHBIM UHCIOM €IH-
aun. Ctpoka W; BKimrodaetrcs B MuHOp Wy u uckimoya-
eTcs U3 JaJbHEeHIIero paccMotpenus, monaraercst Wy, =
{w, W= W\{w}.

3. lobamsitorest ctpoku B muHOop Wy, [lnst atoro cpenu
cTpok Matpuisl W BBIOMpaeTcs cTpoka Wi, Ui KOTOpOr

Bomonnsercs nepasenctso |W, U{W S r* | rue

W, U{W,}| — cymmapnoe uucno enunui B cronbéuax

muHopa Wy u cTpoke W; mociie 00bEAMHEHUS UX IO
WJIN. Ecnm Takux CTPOK MOXKET OBITh BBIOpaHO He-
CKOJIBKO, TO CpPEIH HHUX BBHIOMpaeTcs CTpoka Wi, HMETO-
mas MaKCUMaJIbHOE YHCJIO OOIIMX €AMHUII ¢ MHHOPOM
Wy, T.e. |Wh ﬂ{Wt}|: max , rme |Wh ﬁ{Wt}| -
CYMMapHO€ 4YHCJIO eIuHUI] B croybiax muHopa W, u
cTpoke W; mocie oObenuHeHus ux mo M. Ctpoka W,
BKIIOYaercst B MUHOp Wy, M MCKiIO9aeTcs W3 AanbHeH-
mero paccMotpenus, nomaraercs Wy = Wy U {w,
W = W\{w;}. ITyskr 3 moBTOpsieTcs A0 TEX MOp, MOKa B
MuHOp W), MOKeT OBITh BKITIOYCHA XOTSI OBI OJTHA CTPO-
Ka.

4.Ecmm B marpune W Bce CTPOKH pacIpefeieHbl MexXay
MHHOpaMH, TO UITH K IIYHKTY 5, UHa4€ — K IIYHKTY 2.

5. Kosnerr.

PaGoTy mpemiaraeMoro MeToja CHHTE3a MPOJIEMOHCT-
pupyem Ha npumepe. Ilycth HEOOXOIMMO CHHTE3UPOBATH
OBICTPBINA KOHEUHBIH aBTOMAT, Tpad) KOTOPOro MOKasaH Ha
puc. 3.

»=0 =1

u 11, e, x5) \m 1 R
! NG

3

Puc. 3. I'pa¢ koHeuHOr0o aBTOMATA U3 MpPUMepa

JlaHHBII aBTOMAT MPEJCTaBISICT COOOW aBTOMAT THIIA
Mypa, uMeeT 6 COCTOSHHA aj,...,8, 10 BXOIHBIX Mepe-
MEHHBIX Xj,...,X10 H OJJHY BBIXOJIHYIO IIEPEMEHHYIO Y, 3Ha-
YeHHE KOTOPOW Ha PHC. 3 IMOKAa3aHO BO3JI€ KaXKIOTO CO-



crosinus. Ilepexonpl U3 COCTOSIHUMN a3, 84 U 8g ABIAIOTCS
0e3yCJIOBHBIMH, TI09TOMY Ha 3THX MEpPEXOoAax B KauecTBe
YCJIOBUS Tlepexolia 3allMCcaHO JIOTMYECKOe 3HadeHue 1.
3nauenus MHOkecTB B(a;) u X(a;), a Takxke paHru I GpyHk-
Ui TIePeX0I0B MUl JaHHOTO KOHEYHOT'O aBTOMATa MpHBe-
JeHbl B Ta0i. 1. [lockonbKy Asist JaHHOTO MpUMeEpa UMeeM
max(|X(amas)]) = 5, To cormacuo (2), BennumHa r* = 6.
[Iycthb HEOOXOIUMO MOCTPOMTH KOHEYHBIH aBTOMAr Ha
FPGA, mns KOTOpPOro MAaKCHMAalbHOE YHCIO BXOIIOB
¢yHKIMOHANBHBIX reHeparopoB LUT pasHo 6, T.e. umeem
n==6.

Tab6muma 1
Hauanvnwvle snavenus eenuqun B(a), X(&), ri, |iS u |ip
Cocrostane | B(a) X(a&) s | P
1 1
a {as} | {Xe:X7.Xs:Xo,X10} | 6 1 1
a, {as,a6} | {X1,X0, X3, X4, X5, | 12 | 3 2
X6:X7, X8, X0, X10}
as {a:} {X1 X2, X3 XaXs} | 6 | 1 1
dy {az,ag} {Xl} 3 1 1
ds {az,a4} {Xl} 3 1 1
s {as} 0 1 1 1

Cormacuo (3) u (4) ompexmernseM 3HAYCHUS |is u |ip

IUTSL K&KIAOTO COCTOSIHUS (TIPUBEICHBI B COOTBETCTBYIOIIHUX
ctosbmax Tabu. 1). [Ipeamonoum, 9YT0 MBI HE 3HAEM, IO
KaKOMy aJITOPUTMY KOMITHJIATOP BBINOJHSET IECKOMIIO3H-
o OyseBbIX (YHKIMH, MOITOMY HPUHUMAeM Hauxy/.-
WA BapuaHT: IOCIEAOBATENbHYIO JIekoMmosunuw. [lo-
3TOMY 3Ha4eHue kodhduimenta K B BeipakeHnu (5) mona-
raetcs pasabiM 10, T.e. umeem K = 10. B pesysbrare uncio
ypoBHe#i reHepaTtopoB LUT, HeoOXomuMbIX i peanm3a-
MU KaXJIOH (QYHKIIMU NEPEX0I0B, ONPEIeIseTCs BEIHIH-

Hoit | |is. Hnst mamero mpumepa umeeM int(lyg) =

int(8/6) = 2. IIpyrumu clioBaMH, MPOIECC PACHIETIIEHHS
BHYTPEHHHX COCTOSIHHH MPEKpaIlaeTcs, KaK TOJBKO Kax-
Jast QyHKIMS TEepexol0oB MOXKET OBITh peaqn30oBaHa Ha
JIBYX ypOBHAX rereparopos LUT.

S
Jlnst paccMaTpuBaeMoro npuMepa uMeeM lya = |2 =3,
T.e. ycroBue (9) HapymIeHO Al COCTOSIHUS 8y, MIOCKOIBKY
S .
lnax = |2 = 3 > int(lyig) = 2. [ToaTOMY BBINOHSIETCS pac-

IISIJICHAE COCTOSIHUS @, ¢ MOMOIbI0 anroputma 2. Ctpo-
utca marpuna W 11 paciierieHus COCTOSHUS 8y (puc. 4).

a; ag X7 Xy X3 Xy X5 Xg X7 Xg X9 Xjp

wiltjoj1f1ryrfry1rfofofojojo
wrojptrfofojojojof1ryp1ryp1y1g1

Puc. 4. Marpuna W ai1s1 paciuenJieHusi COCTOSIHUSA 8,

Marpuna W na puc. 4 conepur jBe cTpoku. CTpoka
W; COOTBETCTBYET IIEPEXOJLy U3 COCTOSIHUS 8; B COCTOSIHHE
ay, a CTpPOKAa W, COOTBETCTBYET MEPEXOAY U3 COCTOSHUS dg
B COCTOSIHUE 8p. BrImoiHeHme anroputma 2 MPUBOAWT K
pasobuenuto crpok Mmarpuipl W Ha J(Ba IOJMHOXECTBA!

Wy = {w.} u W, = {w,}. TTooTOoMy cocTosiHHE @, pacIuen-
JIIETCS Ha JIBA COCTOSAHMS, KaK MOKa3aHo Ha puc. 5. Hosle

sHauenus BemmunH B(a), X(@), ri, I° u |ip TIPUBEJICHBI B

i
tabin. 2. Tenepb uMeeM lpax = Inig = 1, moaTomy BeImOITHE-
HHUe anroputMa | 3aBepiaercs.

y=0 y=1 y=0

1o !
@ 1(Depe, e, 1xs) )@ 1 R

1(tex, e, )

y=1

Puc. 5. I'pad aBromara nocJjie pacienjieHust COCTOSTHUS 8,

Tabnuma 2

3uauenusn senuyun B(a;), X(a;), ri, |is u |ip nocne pacujen-

JIeHUs1 COCMOSIHUSL Ay

Cocrosiane | B(ay) X(a) AN
a {as} | {XeXzXeXoXwo} |6 1 | 1
a1 {a.} {XuXoXaXaXs} |6 1 | 1
ay {as} | {XeXzXeXoXwo} |6 1 | 1
as {a.} {XuXoXaXaXs} |6 1 | 1
a4 {2z 1,83} {x.} 3|11 1
as {22 2,84} {x.} 3|11 1
dg {as} (%) 1 1 1

Takum o6pa3om, AJisi JTaHHOTO MPUMeEpa MyTeM paciie-
IUICHUS. COCTOSHHA 8, YAaJOCh CHHU3UTh MaKCHMAIIbHOE
quciio ypoBHed reHepartopoB LUT, HeoOXoauMmbIx mjist
peanu3zamu GYHKIHA MEPEX0J0B KOHEYHOTO aBTOMATa, C
3 o 1 B cinyyae mociieoBaTelbHON 1EKOMIO3HULIMU U C 2
1o 1 B cimydae napayuieTbHON T1EKOMITO3UITHH.

IV. PE3VJIbTATBI DKCIIEPUMEHTAJIbHBIX
UCCJIEJJOBAHUI

D¢ heKTUBHOCTh NpeIaraeMoro MeTojia CuHTe3a Obl-
CTPBIX KOHEYHBIX aBTOMAaTOB NPOBEPSUIACH NPHU peajn3a-
IIMM KOHEYHOTO aBTOMAaTa, NMPEJCTAaBIEHHOTO Ha pUC. 3 U
puc. 5 va IIJTUC ¢upmsr Altera ¢ moMolpio makera aBTo-
MaTH3MPOBAaHHOTO MpoekTupoBanus Quartus 1l Bepcumn
15.0. B xauecTBe OCHOBHOTO KPUTEPHS ONTUMHU3ALNHI ObLI
BBIOpaH mapameTtp «Speed» (GricTposeiicTBrE), B KAUeCTBE
croco0a KOIUPOBAaHHS BHYTPEHHUX COCTOSHHINA HCXOIHOTO
KOHEYHOro aBToMaTa ObUT BBIOpaH «One-hot» (yHapHoe
KOAMPOBAHKE), a TOCJIe CHHTe3a — «USEr» (KOIBI COCTOS-
HUH ONPE/IEIIIOTCS U3 OMMCAaHNSI KOHEYHOT'O aBTOMATa).




B Tabn. 3 mpencraBieHBI pe3yNbTaThl KCIIEPUMEH-
TaJIbHBIX HCCIIEJOBAaHUHM pPaccMaTpUBAaEMOro METO/a CHH-
Te3a OBICTPBIX KOHEYHBIX ABTOMATOB [UISl PA3JIMYHBIX CE-
meiicts [TJIUC, rae nLUT; u nLUT, — gucno ucnons3ye-
MBIX (QYHKIMOHAJIBHBIX TeHepaTopoB LUT mpu peammsa-
IIMM UCXOJTHOTO KOHEYHOTO aBTOMATa M CHHTE3UPOBAHHOTO
KOHEYHOT0 aBTOMaTa COOTBETCTBEHHO; F; m F, — makcu-
MajbHas YactoTa (QyHKiuOHHpoBaHus (B MHZ) mns wuc-
XOJIHOTO U CHHTE3MPOBAHHOTO KOHEYHOT'0 aBTOMAaTa COOT-
BeTCTBeHHO; Fi/F, — OTHOIICHHE COOTBETCTBYIOIIUX Ia-
paMeTpoB.

Tabmuma 3

P€3yﬂbmambl IKCcnepumenmajlbHvlx ucciedosanuil

CeMencTBO nLUTl Fl nLUTz Fz Fz/Fl

Arria Il GX 8 1307 7 1269 | 0.97

Cyclone IVE 9 778 10 793 | 1.02

Cyclone IV GX 9 729 10 802 | 1.10

Cyclone V 6 686 6 925 | 1.35
MAX 10 10 800 11 816 | 1.02
MAXV 10 343 9 314 | 0.92
MAX I 10 389 9 593 | 1.52

Amnanu3 Ta071. 3 moKa3bIBaeT, YTO OBICTPOJCHCTBHE KO-
HEYHOTO aBTOMAaTa B pe3yibTaTe MPUMEHEHHS Mpeasiarac-
MOro MeToJa yBenuumnach i 5 cemeicts u3 7. Ilpu
stoMm st cemetictea MAX |l OpicTponeticTBre yBeamyn-
Jock B 1.52 pasa (wim Ha 52%), a s cemeiictBa Cyclone
V — B 1.35 paza (umm Ha 35%). Kpome Toro, s cemeiicTs
Arria Il GX, MAX V u MAX |l B pe3ynbrare mpUMCEHEHHUSI
paccMaTprBaeMOTO METOJa CHHTE3a HaOIOTACTCS CHIKE-
HHE CTOMMOCTH pean3aln.

3AKJIIOYEHUE

[IpuBeneHHbIE pe3yJbTaThl AKCHEPUMEHTANBHBIX HC-
clel0BaHuM nokasanu cienymouee. HecMmorps Ha To, 4TO B
paccMaTpuBaeMOM IpUMepe ObUT YMEHbLIEH MaKCHMalb-
HbII1 paHr QyHKIMH nepexofoB ¢ 12 10 6, 4TO MO3BOJIMIIO
cHm3uTh yucio yposueit LUT ¢ 3 mo 1 B ciryuae mocnemo-
BaTeIbHON JEKOMITO3UIMK U ¢ 2 10 | B ciydae mapai-
JENBHOH JIGKOMITO3MIMH, OBICTPOCHCTBUE KOHEYHOTO
aBTOMAaTa yBEJIMYMIOCH He Juisl Bcex cemeiicTB FPGA. Dto
OOBSICHSIETCS CIIOKHOCTBIO 33/Iaull CHHTE3a OBICTPBIX KO-
HEYHbIX aBTOMATOB, HAlPUMeED, 110 CPABHEHUIO C 3a/1aueii
YMEHBIICHHUS CTOMMOCTH peanu3aluu. Jleno B ToM, 4To Ha
OBICTPOJICHICTBHE KOHEUHOT'O aBTOMATa BIIMSIOT HE TOJILKO
pe3yJIbTaThl JIOTHYECKOTO CHHTE3a, HO TaKKe Pe3yJbTaThl
pa3MeIleH s U TPACCHUPOBKH.

CHIWKeHHEe CTOMMOCTH pealn3allid Uil HEKOTOPBIX
cemeiictB FPGA B pesysbrare npruMeHEHHs JaHHOTO Me-
TOJa OOBACHAETCS IPOCTO: B PE3YJIbTATE YMEHBIICHHS
YHca ypoBHEH (QYHKIMOHAIBHBIX TeHepaTopoB LUT, He-
00XOMMBIX JUIS peau3aluu (QyHKIUH IepexoJioB, TaKkKe
YMEHBINIAETCs M Komm4decTBO reHeparopos LUT.

OTMCTI/IM, qTO Hpe)IHaFaGMBIﬁ METOA MOXET TaKXE
HOPUMEHSITHCSI U TIPU TIOCTPOECHUU OBICTPHIX KOHEYHBIX aB-
TomatoB Ha mukpocxemax ASIC. J[yis 3TOro I0oCTaTouHO

OTIpEICTTUTh OIIEHKH YHciia YpoBHEH cxeMbl (3) u (4) mist
KOHKpeTHOH apxutektypbl ASIC.

JlanpHelee pa3BUTHE METOJIOB CHHTE3a OBICTPHIX KO-
HEYHBIX aBTOMAaTOB MOXET MITH IO IYTH UCIIOIb30BaHUS
CIICIMAJTIBHBIX CTPYKTYPHBIX MOZENICH KOHCYHBIX aBTOMa-
TOB, apXHUTEKTYypHbIX cBoWcTB FPGA, cneuunanbpHOro
YIpaBICHUs CUTHAJIOM CHHXPOHU3ALUH IaMATH KOHEYHO-
ro aBTOMara u Jip.

PaboTa BeIONTHEHA TP YacTHYHOHN (PUHAHCOBOH MOJ-
Jepkke bBerocTOKCKOro TEeXHHYeCKOro YHHUBEPCHTETa
(Tonema), rpaut S/WI/1/2013.
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ABSTRACT

A design method of high-speed finite state machines
(FSMs) on LUT-based field programmable gate array
(FPGA) by internal state splitting is offered. The method is
aimed for the practical usage. The method does not change
FSM’s type (Mealy or Moore) [1], the method does not
demand introduction of additional blocks or clock signals,
and it can be easily included in a designing flow of digital
systems on FPGA.

Many articles are devoted to problems of high-speed
FSM design on FPGA. The paper [2] presents a technique
for improving the performance of a synchronous circuit
configured as a look-up table based FPGA without chang-
ing the initial circuit configuration; only the register loca-
tion is altered. It improves clock speed and data throughput
at the expense of latency. The article [3] present new
methods and tools for state encoding and combinational
synthesis of sequential circuits based on new criteria of
information flow optimization. Together they form a uni-
fied and complete pre-placement synthesis chain. In [4] the
method of optimization of synchronization of difficult fi-
nite state machines is offered. The method is based on the
concept of catalytic agents (catalyst) and adds the excess
unit which includes part of the combinative circuit and
several other registers to the circuit. As result, critical paths
are divided on stages. The paper [4] proposes a timing op-
timization technique for a complex FSM that consists of
not only random logic but data operators also. The pro-
posed technique, based on the concept of catalyst, adds a
functionally redundant block (which includes a piece of
combinational logic and several other registers) to the cir-
cuits under consideration so that the timing critical paths
are divided on stages. In [5,6] styles of the FSM descrip-
tion in VHDL language and also the known methods of
encoding of internal states for implementation of the fast
FSMs are researched. The work [7] proposes usage of the
evolutionary methodology to yield optimal evolvable
hardware that implements the state machine control com-
ponent. The evolved hardware requires a minimal hard-
ware area and introduces a minimal propagation delay of
the machine output signals. In [8], the task of FSM state
assignment and optimization of the combinational circuit
in case of implementation on CPLD of fast FSMs is con-
sidered. In [9], the new architecture of programmed logic
which is specially intended for the implementation of
FSMs based on transitions between statuses is provided
(Transition-based Reconfigurable FSM - TR-FSM). The
new architecture allows reduction of the chip area, time

signal delay and power consumption in comparison with
the implementation of FSMs on FPGA. The paper [10]
presents a study of performance of RAM-based implemen-
tations in FPGAs of FSMs. The influence of the FSM
characteristics on speed and area has been studied, taking
into account the particular features of different FPGA
families, like the size of LUTS, the size of memory blocks,
the number of embedded multiplexer levels and the specif-
ic decoding logic for distributed RAM. In [11], the imple-
mentation of FSMs with the use of internal FPGA memory
blocks is considered. Two architectures of the finite state
machines with multiplexers on inputs of memory blocks,
allowing reduction of the chip area and increasing high-
speed performance of the FSM are offered. In [12], the
way to decrease the number of arguments of FSM transi-
tion functions by decomposition of internal states of the
FSM was considered. It is promotes both implementation
reduction in cost, and increase of high-speed performance
of FSMs in case of their implementation on FPGA.

Let A = {ay, ..., ay} be the set of internal states, X =
{X4, ..., X_} be the set of input variables, Y = {y, ..., yn} be
the set of output variables, and D = {d, ..., dg} be the set
of transition functions of FSM.

A one-hot state assignment is traditionally used for
synthesis of the high-speed FSMs on FPGAs. Thus, to each
internal state corresponds the separate flip-flop of FSM’s
memory, which setting in 1 means that the FSM is in the
given state. The input of each flip-flop is controlled by
transition function d;, d; € D, i.e. to each internal state of
the FSM corresponds own transition function d;.

Let X(an,a;) be the set of the FSM input variables
which values initiate the transition from the state a, to the
state a; (am, @i € A). To implement some transition from
the state a,, to the state a, it is necessary to check the value
of the flip-flop output for the active state a,, (one bit) and
the input variable values of the set X(an,a;), which initiates
the given transition. To implement the transition function
d;, it is necessary to check the values of flip-flop outputs
for all states from which transitions lead to the state a;, i.e.
|B(a;)| values, where B(a;) is the set of states from which
transitions terminate in the state a;, where |A| is the capaci-
ty of the set A. Besides, it is necessary to check the values
of all input variables which initiate transitions to the state
a;, i.e. |[X(a&)| values, where X(&) is the set of the input vari-
ables which values initiate transitions to the state a;.

Let r; (1) be a rank of the transition function d;. Let n
be a number of inputs of the functional generators LUT. If
the rank r; for the some transition function d; exceeds n
inputs there is a necessity in a decomposition of the transi-



tion function d; and its implementations on the several
LUTs.

Note, that by splitting of internal states, it is impossible
to lower the rank of the transition functions below the val-
ue r* (2). In the proposed method, the value r* is used as
an upper bound of the ranks of the transition functions at
splitting of FSM internal states.

Two basic approaches at the decomposition of Boolean
functions are well-known: sequential and parallel [1]. At
the sequential decomposition, all functional generator
LUTSs sequentially are connected in a chain. The n argu-
ments of the function d; arrive on inputs of the first LUT,
and the (n-1) arguments arrive on inputs of all remaining

LUTs. The number |iS of the LUT’s levels in case the se-

quential decomposition of the transition function d; having
the rank r; is defined from expression (3).

In case of parallel decomposition, the functional gener-
ator LUTSs incorporate in the form of the hierarchical tree
structure. The values of function arguments arrive on in-
puts of the first level LUTS, and the values of the interme-
diate functions arrive on inputs of all next levels of the
LUTSs. Because the number of the LUT’s levels in case the
parallel decomposition the transition function d; having the
rank r; is defined by expression (4)

It is difficult to predict what decomposition (sequential
or parallel) is used by the specific synthesizer. The prelim-
inary researches have showed that, for example, in packet
Quartus Il from Altera, both sequential and parallel de-
composition are used simultaneously. The number [; levels
of the functional generators LUT at implementation on
FPGA transition function d; with the rank r; can is between

values|; and I”.

Let us enter integer coefficient k, k e [0,10], which al-
lows adaptation of the proposed algorithm at determination
of the number of the LUT’s levels for the specific synthe-
sizer. In this case, the number |; of the LUT’s levels for
implementation of the transition function d; having the
rank r; will be defined by expression (5).

The next problem of the offered approach is to find an
answer to the question: when it is necessary to stop split-
ting of the FSM states? The matter is that at splitting of the
some state a; except the increase of the number M of the
FSM states, the number of the transitions in the states of a
set A(a;) is also grown, where A(a;) is the set of the states in
which transitions from the state a; terminates. At splitting
of the state a;, the capacities of the sets B(an), an € A(aj),
are increased for the states of set A(a;). Therefore, accord-
ing to (1), for states of set A(a;), the ranks of the transition
functions grow what can lead to the increase of the values

and I°, 7, and I,

In the proposed algorithm, the process of state splitting
is stopped when the following condition is performed (6),
where |y is the number of the LUT levels which neces-
sary for implementation of the most "bad" function having
the maximum rank; |4 is the arithmetic mean value of

number of the LUT levels for all transition functions. Note
that the value l,ijq will increase in the splitting process of
internal states, and the value | will decrease, therefore
the algorithm execution always comes to the end.

The analysis of experimental researches shows that
high-speed performance of the FSM, as the result of appli-
cation of the offered method, is increased for 5 families
from 7. Thus, for the family MAX II, the high-speed per-
formance is increased at 1.52 time (or by 52 %), and for
the family Cyclone V, the high-speed performance is in-
creased at 1.35 time (or on 35 %).
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