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AHHOTAIMS. Obecnieuenue KOPPEKTHOCTH MHKPOIIPOIIECCOPOB u Ipyroit
MHKPO3JIEKTPOHHOM anmaparypsl sSBIsSeTCs (yHIaMEHTAIbHON MPOONeMOH, IS perIeHHs
KOTOPOM MPUMEHSAIOT Pa3HOOOpa3HbIe cpeacTBa GYHKIMOHAIbHOHM Bepudukaum. B otamune
OT TPOTpaMM, OIIMOKH B KOTOPHIX HCIIPABISAIOTCS CPABHHUTEIBHO MPOCTO, AEPEKTH B
MHTETPAIBHBIX CXeMaX (KOHCTPYKTUBHBIE U IPOU3BOACTBEHHBIE) HE MOTYT OBITh yCTPAHCHBL
HecmoTpss Ha TO, YTO IIOCTOSHHO COBEPIICHCTBYIOTCS CHCTEMBI aBTOMAaTH3HPOBAaHHOTO
npoektupoBanus (CAIIP), MHCTpYMEHTHI TeHEpalMd TECTOB M METOIbI aHAIU3a CXeM,
BepudUKanus ocTaeTcs CaMbIM Y3KHM MECTOM IIpoliecca pa3paboTKu (Ha Hee TpaTuTCs
okojio 70% Bcex pecypcoB MpoeKTUpoBaHus). B pabote nenaercs kpaTkuii 0030p cpencTB
BepU(UKaIUH MHKPOIPOIECCOPOB, PACCMAaTPHBAIOTCS MHPOOJIEMBI, BO3HHUKAIOIIUE B
MPOMBIIUICHHON MPAKTUKE, aHAIN3UPYIOTCS BOSMOXKHBIE ITyTH UX PEIICHUs. 3HAUYUTEeNlbHAS
4acTh CTAThbU IIOCBSIIEHA HCCIEIOBAHMAM II0 BepHU(UKAIMK amnmapaTypsl, IPOBOJUMBIM B
WCII PAH: noaBomsTcst UTOTH BBINOJTHEHHBIX Pa0bOT, OMUCHIBAIOTCS TEKYIIHE Pa3pabOoTKH,
(hopMyIHpPYIOTCS HaNpaBICHNS AalTbHEHIINX NCCIIET0BaHHUH.

KnroueBble c10Ba: MUKPOTPOIECCOPHI; M(pOBas anmapaTypa; BepuHKaIys; BaTuIaIws;
TECTHPOBaHUE; TEHEpalis TEeCTOB; MOJACIUPOBAHUE; S3BIKM ONHCAHMS apXUTEKTYPHI;
pacnapaiienuBaHue.

1. BeedeHue

Bepugurayueii Ha3piBaeTCs NMpoBepKa COOTBETCTBUS PE3yJIbTATOB, MOJYUYEHHBIX Ha
OTJENBHBIX 3Talax MPOEKTHPOBaHUS (pa3pabOTKM) MPOrpaMMHBIX M alMmapaTHBIX
cucTeM, TpeOOBaHMAM U OTPAHUYEHHUSIM, YCTAHOBICHHBIM JUISI HUX Ha MPEIbIIYIIIX
JTanax (Ha HayaJbHOM 3Tale MpOBEpsSeTCs COOTBETCTBHE MCXOIHBIM TPEOOBAHUIM
— TexHH4YeckoMy 3ananuio) [1]. OcHoBHOW 3amaueil BepudUKaLMM SIBISETCS
KOHTPOJb KadyecTBa IPOEKTUPOBAHMA, BKJIIOYAas TaKHEe €ro AacleKkThl, Kak
KOPPEKTHOCTb,  HAJIe)KHOCTh,  IPOU3BOAMTENILHOCTb,  JHEProInoTpedieHue,
SProHOMHMKAa U MHOTHE Apyrue. B pamkax HacTodled CTaTbU paccMaTpUBaeTCs
JUIIb OJWH W3 HHUX — (QYHKYyuonanvhas Koppekmuocms. KoMiuiekc wmep,
HAaIIeJICHHBIM Ha oOecliedeHne KOPPEKTHOCTH pa3padaTbiBaeMOil CHCTEMBI (IIpexsie
BCEro, Ha OOHApy)XeHHE W HCIIPABICHHE OIMHMOOK IMPOSKTHPOBAHUS), HA3BIBAETCS

149



@ynxyuonanvrol eepuguxayuer (B IalbHEHIIEM T10a BepupuKanuerd Oyner

MMOHUMATHCS UMEHHO (DYHKIIMOHAIbHAS BEPUPUKAITIS).

Too Muxkponpoyeccop Tpanzucmopot
1971 4004 2 300
1974 8080 5000
1978 8086 29 000
1982 186 55 000
1982 286 134 000
1985 386 275000
1989 486 1180235
1993 Pentium 3100 000
1997 Pentium 11 7 500 000
1999 Pentium 111 24 000 000
2000 Pentium 4 42 000 000
2001 Itanium 25 000 000
2002 Itanium 2 220 000 000
2004 Itanium 2 9M 592 000 000
2006 Core 2 Duo (2 sinpa) 291 000 000
2008 Core i7 (4 sigep) 731 000 000
2011 Core i7 (6 sep) 2270000 000
2012 Xeon Westmere-EX (8 szep) 2 600 000 000
2012 Xeon Phi (62) 5000 000 000

12,0

5 mnpa (Xeon Phi)
10,0 22 Hm
80 42 mrH (Pentium MWOW i7)
' 180 Hm 45 1M
6.0 120 Toic (286) 3.1 mnH (Pentium)
1.5 MKkm 800 Hm
4,0
ﬁimow
20 10 MKkm
0,0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Puc. 1. Pocm uucna mpausucmopos (ha epaguxe — decsimuuHulil 102apugm) 6
mukponpoyeccopax gupmut Intel [2]
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Tema craTbu oOrpaHmueHa HE TOJBKO BHUJIOM BEpUPUKALMHM, HO M THIIOM
paccMaTpUBaEeMbIX CHUCTEM — MUKPONPOYeccopamu, TPOTPaMMHO YIIPaBIIEMBIMH
YCTpOHCTBaMH, TIpeJHA3HAYCHHBIMU JUIS  ITUPPOBOH  00pabOTKHM  JaHHBIX.
[NockoneKy (GYHKIMOHAIEHOCTE MUKPOIIPOLIECCOPA OIpeNielseTCs pean3yeMoil M
CHCTEMOIl KOMaHJI, TO, B CaMbIX OOLIMX CJIOBaX, 3ajaya BepH(HKAIIUA COCTOUT B
MPOBEPKE TOT0, YTO MUKPOMNpoLEccop (TOUHEe, ero NPOEKTHAsE MOJIENb WIIM CXEMa)
KOPPEKTHO peajln3yeT BCE YKa3aHHbIE B TEXHHMYECKOM 3aJaHUM KOMaHJIbI
(MHCTPYKIIMHM): pe3yibTaT BBINOJHEHUs KaXXIOW KOMaHIbI BO BCEX BO3MOXKHBIX
CHTYaIUsIX COOTBETCTBYeT ee crenudukannu [3]. Bepudukamus Mukponporeccopa
— 4Ype3BBIYAHO TpyJaoeMKas 3aaava. [1o HEeKOTOpHIM OLIEHKaM, 3aTpaThl Ha Hee
cocTaBisoT nopsiaka 70% oT Bcex 3aTpaTr Ha MPOSKTHPOBAHHUE, YHCIO MHKECHEPOB-
BepH(DUKATOPOB MMPUMEPHO BABOE MPEBOCXOAUT YHCIIO HHKEHEPOB-Pa3pabOTUHKOB,
a HMCXOMHBIM KOJ TECTOBBIX cucTeM cocrtaBiser 10 80% or oOmero odnema
kona [4]. C pocToM CIIOKHOCTH MHUKpOIpoIieccopoB (3akoH Mypa [5] pabdoraet no
CHX MOP — CM. pHC. 1) CHTyamus TOJBKO yXyAIIAETCS — BO3MOXXKHOCTH METOIOB
BepH(UKALMKA OTCTAIOT OT PAa3BUTUS MHUKPONPOLECCOPOB; COOTBETCTBEHHO,
MpOBEpKa KOPPEKTHOCTHU (1 O€3 TOTO SIBJISFOLIASACS CaMbIM y3KHMM MECTOM Mpoliecca
MPOEKTHUPOBAHMS) BOBJIEKAeT B ceds Bce 0OJbLIMe 00beMbl pecypcoB. K npumepy,
HaJ Bepudwukanueir mukponporeccopa Pentium4 (2000 r.) paGorana komaHsa,
cocTosiBIIasi mpuOnu3urenbHo K3 70 yenmoBek, a IS NPOrOHa TECTOB
UCIIOJIb30BAJIOCh OKOJIO 6 THICSY KOMITBIOTEPOB, PabOTaBIIUX B KPYIJIOCYTOYHOM
pexume [6, 7].

[owyemy BepuduKanuss MUKPOIPOLECCOPOB Tak BaxkHa? [loTOMy 4YTO HHMKTO He
XOUeT J0BEPSTH CBOIO JKH3Hb, 30POBbE U OJArONOIyYyHe CHCTEMaM, COIEPIKaliM
OLIMOKH, KOTOpBIE IIPH HEKOTOPBIX OOCTOSATENBCTBAX MOTYT IIOBECTH cebs
HelpecKasyeMbiM 00pa3oM, a MHUKPONPOLECCOPHl — 3TO OCHOBAa OCHOB BCEX
KOMITBIOTEPHBIX cUcTeM. HeciaydailHO Mmosib30BaTeny KOMMBIOTEPOB (KOTOPHIX C
KaKJBIM TOJOM CTaHOBUTCSI Bce OoJibllie W OOJbIlE) OUYeHb OYpPHO pearnpyroT Ha
ommOKy, oOHapyXKHBaeMble B MHKpornpolueccopax. [lokasarenbHa B 3TOM IUIaHE
ommOKa B peanu3aliy KOMaH bl ACICHNs] B MUKpoIpolieccope Pentium koMnanun
Intel, o6Hapyxennas B 1994 r.[8]. Hecmotps Ha TO, 4YTO OOJBIIHHCTBA
HoJIb30BaTelield 3Ta mpoOlieMa He Kacajach, M BEPOSTHOCTh €€ BO3HHKHOBCHHUS
KpaifHe Maa, JUisi cCOXpaHeHusl uMumKka komnanuu Intel mpunuiocs oprann3oBatsb
3aMEeHy MHKpOCXeM, 4To obouuwioch e B 475 MHUTMOHOB JoiiapoB. B 2007 r.
MHOTO IMIyMa Hajenaja omuOKa B peajlu3ald MEXaHH3MOB KIIMpOBaHUs 4-
sneproro Mukpomnporieccopa AMD Phenom (omubka #298 [9]), kotopas MoxeT
MPUBOJUTH K 3aBUCAHHMIO CHCTEMbl Wi Topdye naHHbIX. B 2008 r. B Cetn
obcyxaanace 6im3kas npobiiema B Intel Core i7 (Nehalem), Ho, Kak BBISCHHIOCH,
TpeBora okazajiack JioxHoii [10]. C apyroit ctoponsi, B Core i7 xBaraer U Apyrux
npobieM — B cneuudukanun [11] (2011 r.) nepeunciensl 153 omwubku, u3
KOTOPBIX TOJNBKO 16 WMEIOT cTaryc «UCIpaBleHa» W 2  «HUCIIpaBJIeHHE
3araHupoBaHo». CieayeT MOHMMaTrh, YTO 3TO JIMIIb W3BECTHBIE MPOOIEMBI —
o011ee YucIiIo OMMOOK MOXKET OBITH CYIIECTBEHHO OOJIbIIE.
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TpynoeMKocTh W aKTyaJlbHOCTh  BEpU(HKALMHM  CTUMYJIUPYIOT  Hay4HbIE
uccienoBaHus B 3ToH obOmactu. OCHOBHash TEHAGHIMS B pa3BUTHH CPEICTB
BepU(UKALUA COCTOMUT B YCHJICHHH PONU POPMANbHLIX Memo008 — METOJIOB,
OCHOBAaHHBIX Ha aHajJW3e¢ MaTeMaTHUeCKuX ((POpMarbHBIX) MOIENEH CHCTEM,
MOIyJe W TMPOTOKONOB UX B3amMoneicteus [12]. B pamkax ¢opmanbHOi
BepU(UKALUM HUCIIOJIB3YIOTCS. CHEUU(PHUYECKUe TEXHHUKH, TaKUe KaK HpogepKd
Mooenell, 0eOyKMUeHvlll aHAIU3, NpogepKa oKeusalenmuocmu u apyrue [1].
Hcnons3oBanne QopManbHBIX METOJIOB TpeOyeT 3HAYMTENBbHBIX YCWINH Ha
MOCTPOEHHE MOJEel, OJHAKO €CIM MOJEIU TIOCTPOSHBI, TO HMX aHAJIU3 B
3HAYUTEIHHOW Mepe MOXKET OBITh BBINOJIHEH aBTOMaTH4YecKH. Jlunepom B obnacTu
(bopmManbHON BepubHUKaMH MUKPOIPOLIECCOPOB siBIsieTcst kommanust Intel, koropas
(hopMabHO TIPOBEPSET MIMPOKUHA KJIACC YCTPOUCTB: OT MOAYNEH apuDMETHKH C
TUTABAIOMICH TOYKOM IO MPOTOKOJIOB obecriedueHus KorepeHTHOCTH mamsTH [13]. K
2015r. Intel mmaHuWpyeT yBENMUWTH WCIONB30BaHHE (HOPMATBHBIX METOIOB B
MOJYJIbHOH BepU]HKau MukKponporeccopoB 1o 50% [14, 15]. Meroxsl
TECTUPOBAHHS IIO-TIPSKHEMY JOMHHHPYIOT, HO CIEIyeT OTMETHTh, 4YTO 3a
nocyienue 20 JeT OHU NpeTepIieny 3HaYUTeNIbHYI0 TpaHc(opManuio: CoBpeMEHHbIe
MO/IXO/IBI COYETAIOT B cebe Kak IBPUCTUYUECKHUE, TaK U (popMasbHbIe TeXHUKH [16].

Ceoifi  BKIaJ B  pa3BUTHE CpPEACTB  (DYHKUMOHAIBHOW  BepUHUKALUH
MukponpoueccopoB BHocuT U MCII PAH, 3aHumaromuiicss 3TOil TeMaTHUKON ¢
2005 . Cdepa wmHTepecoB MHCTHTYTa BKIIOYACT TEXHOJOTHH IPOMBINUICHHON
BepU(HKAUE MHKPOIPOLIECCOPOB HA MOIYJIHHOM M CHCTEMHOM YPOBHSX, a TaKXkKe
(dopmanbHBle METOIBI NPOSKTHPOBAHUS W BepUPUKALUU MHKPOIIPOLIECCOPOB.
IloMuMO  BBIONHEHHS  TEOPETHYECKHX  HCCIENOBAaHMH W pa3paboTku
HHCTPYMEHTAJBHBIX  CPEACTB  MHCTUTYT  COTpYyJHHMYaeT C  BEAYIIMMU
OTEYECTBEHHBIMH HPOM3BOAUTEISIMU MuKpomnporeccopoB, HUMCU PAH u 3A0
«MIICT», BBINONHSSA UIi HHUX TNPOEKTHI MO BepU(DUKAIMH C HCIIOIB30BAHHEM
pa3paboTaHHBIX CpEeACTB. B cTaTbe OMHMCHIBAIOTCS pPE3YNbTaThl, MOJYJYCHHBIE
Wucturyrom B obmactu BepudUKaMM MHKPOIPOLECCOPOB, PAacCMaTPUBAIOTCS
TeKyIue pa3paboTkn, 00pPUCOBBIBAIOTCS HAIIPABICHHS AATbHEHIIINX NCCIIEJOBAaHHH.

CraThsi OpraHW30BaHa CIEAyIOmMHUM o0pazoMm. Pa3gen 2 mnpexacraBiseT coOoi
KpaTKoe BBeJieHHE B TMpeAMETHYI0 o0yacTe. B pasnmene 3  omuchIBaroOTCs
BBHITIOJTHEHHBIE UCCIIEIOBaHHUS W pa3paboTku. Paszmen pa3OuT Ha &Ba mojapasfena,
MOCBAICHHBIX MOIYJIBHOH M CHCTEMHOM BepU(pHUKAIIMHA COOTBETCTBEHHO. KakapIid
MoJipa3fiell  COAEPXKUT HECKOJBKO 4YacTei, OTpa)XkaloUIMX OCHOBHBIE BEXHU
NpoJeTaHHbIX paboT. CpaBHEHHE MPEIUIOKEHHBIX METOJOB M PEaTH30BaHHBIX
MHCTPYMEHTOB C CYIIECTBYIOIIMMH MOJX0JAaMH OCYIIECTBIISIETCS HEOCPEICTBEHHO
B TOM yacTH, KOTOpas ONKCHIBAET MpeajiaraeMoe peuienue. Paznen 4 paccMarpuBaet
TEKyIUe U MepCIeKTHBHEIC pa3pabotku MHcTHTyTa. Kak u pasmen 3, oH pa3ouT Ha
JIBa TIOJ[pa3jienia, MOCBAICHHBIX MOAY/IBHONH M CHUCTEMHOW Bepudukanuu. Pasgen 5
3aBEPIIAET CTATHIO.
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2. Cpedcmea eepuchukayuu MUKpoOrpoyeccopos

B o0mmx crnoBax, Mpouecc NIPOSKTHPOBAHUS MHMKPOIPOLIECCOpa COCTOMT U3
YETHIPEX OCHOBHBIX JTallOB, Ha KaXJOM H3 KOTOPBIX CO3JAETCSI €ro MOJENb
OlpeNieNieHHoro  ypoBHS abctpakuuu: (1) apxumexmypnoe npoexmuposanue,
(2) oemanvnoe npoexmuposanue, (3) rocuueckoe npoexkmuposanue, (4) usuuecxoe
npoexmuposanue [3]. PaccMoTpuM miepBble ABa dTama Oojiee MOAPOOHO (ITaIbI
JOTMYECKOTO M (HU3MYECKOTO  CHHTE3a  aBTOMATH3MPOBaHbI  CPEACTBAMH
coBpemeHHBIX CATIP u B maHHO¥ cTaThe HE pacCMaTPUBAIOTCS).

Ha sTame apXUTEKTYpHOrO MPOEKTHPOBAHUS pPa3padaTBIBACTCS CHUCTEMa KOMAH]I
MHKPOIIpOLIEccopa (MaKpoapxumexkmypa) i yTOUHIETCS €ro BHYTPEHHsISI CTPYKTypa
(muxpoapxumexmypa). OCHOBHBIMH CPEICTBAMH, HCIIOJIBb3YEMBIMH Ha JIAHHOM
stane, sBistotes (1) asviku npocpammuposanus obwezo nasnauenus, (2) Asviku
cucmemnozo npoexmupoganusi  (SLDL, System-Level Design Languages) wu
(3) ssbiku onucanuss  apxumexmypur  (ADL,  Architecture  Description
Languages) [17, 18, 19]. TlpuMeps! S3bIKOB yKA3aHHBIX THIIOB MPEACTABICHBI B
Tabn. 1. Pe3ynpraroM apXWUTEKTYpHOTO NPOEKTHPOBAHUS SIBISACTCS CUMYIAMOP
MUKponpoyeccopa — TPOTpaMMHasi MOJIENb, TMO3BOJISIONIAS WHTEPIPETHPOBATH
MpOTpaMMBbl, HallMCaHHbIE B COOTBETCTBYIOIIEH cucteMe KoMaHj. CHMYISTOpHI
MHKPOIIPOLIECCOPOB  HCIOJB3YIOTCS Ul Kpocc-paspadotku 10, a Takke mis
BepU(HKALUM, T/A€ OHM BBICTYNAIOT B KAauyecTBE OTAJOHHBIX Mojeied (cM.
paznen 2.3).

Tabn. 1. A3viku, ucnonszyemvie npu NPOEKMUPOBAHUU MUKPONPOYECCOPO8

Tun azvika Hpumepwt

SI3BIKM  TTPOTPaMMHPOBAHUSl  OOLIETO
Ha3HAYCHUSI

C, C++, Perl, Python

SI3piku onmcanus apxutekTypsl (ADL)

LISA, EXPRESSION, ISDL, nML

SI3bIKM CHCTEMHOIO IPOEKTUPOBAHUS
(SLDL)

SystemC, SystemVerilog, Bluespec

S3pikn onucanus anmnaparypsl (HDL)

Verilog, VHDL

Ha »rame JAC€TAaJIBHOI'O

MPOCKTUPOBAHUA

NPpUMCHAKOTCA  A3bIKU  ONUCAHUA

annapamyper (HDL, Hardware Description Languages), takue xax VHDL wu
Verilog, mo3Bosstolre npeAeibHO TOYHO OIMKMCHIBATH CTPYKTYPY H IOBEICHHUE
MHKporpoueccopa [17]. Pe3yipraTtom 3Tamna sSBIsieTcst MoOenb YPOBHS Pe2UChpPOsbIX
nepeoau (RTL, Register Transfer Level), xortopas ¢ MOTaKTOBO# TOYHOCTBHIO
ompenenseT NepechbUIKH JaHHBIX, BO3HHKAIONIME Mpu pabore ycrpoiictBa. RTL-
Mozens (Ha3piBaeMas Takxke HDL-moodenvio unmu HDL-onucanuem) npeobdpasyercs
(mocpencTBOM JIOrMYECKOr0 M (DM3MYECKOr0 CHHTE3a) B IIpeJCTaBieHHe (Kak
MPaBWJIO, OCHOBAaHHOE Ha @homoutadionax), WCIONb3yeMoe MpH TPOU3BOACTBE
MHTETpaJbHBIX cxeM. XoTs BepuuKauus TNPUCYTCTBYET Ha BCEX Jramax
pa3paboTku, ocoOeHHO OHAa akTyaylibHa Tpu co3manun HDL-monenn, mockoibKy
(YHKLIHMOHATBEHOCTD, ONMCAHHAS Ha 9TOM JTarie, BIIOCIEICTBHU He n3mMeHsercs [3].
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2.1. MeToabl Bepudmkaumm MMKponpoLeccopon

Cy1iecTByronie MeToAbl BEpUPHUKAIIUNA MHUKPOIIPOIIECCOPOB MOXKHO pa3OUTh HA
Tpu ocHOBHBIX kinacca: (1) axcnepmusa, (2) umumayuonnas eepugpurayus
(simulation-based verification), Taxxe HaszpiBaeMasi duramuueckou eepupuxayuet
Wi mecmuposanuem, u (3) popmanvras eepugurayus. Kpome T0ro0, CynecTByroT
TaK Ha3BIBaGMEIC 2ubpuonsie mMemoos [16] (apyrue Ha3BaHUA — cuHmemuyecKue
memoowt [20] W noaygopmanvhvie  memoowt [21]), KOTOpBIE  HCIIOIB3YIOT
KOMOWHAIIMY YKa3aHHBIX MOAX0M0B (TIpexk e BCero, KOMOWHAIIMN NMUTAlUOHHBIX U
(hopMaITbHBIX METOIOB).

K sxcnepmusze otHocsTCs MeTOABI BepU(UKALMHU, B KOTOPBIX OLIEHKA PE3yJIbTaTOB
NPOEKTUPOBAHMS  BBIMIOJIHACTCS JIIOABMH IYTEM YMO3PHTEIBHOTO — aHajiu3a
(MHCTIEKITNS KOJa, BHU3YANbHBIM aHaiW3 cXeM H T.N.). OTINYUTEeNhHON uepTou
9KCIIEPTH3BI SBJIAETCSI BO3MOXKHOCTH €€ BBIIOJHEHHS C HMCIOJIB30BAHHUEM TOJBKO
pe3yIbTaToOB MPOSKTHPOBAHMS, a HEe UX (OpPMaNBHBIX Mojeneil (kak B hopManbHON
Bepu(UKAIINN) FIIM PE3yNbTaToB paboThl (Kak B MMHUTAIIMOHHON BepH(pHUKAINM).
I'unoreTnYeckn, SKCIEPTH3a IIO3BOJICT BBIABIATH HPAKTHYECKU JIFOOBIC BHJBI
ommOOK, MPUYEM Ha CaMBbIX PaHHUX CTaAUsAX. B To jxe BpeMs OHa HE MOXET OBITh
aBTOMAaTH3MpoBaHa U ee 3(P(PEeKTHBHOCTh CYIIECTBEHHO 3aBHCUT OT OIBITA H
MOTHBAIIMH €€ YIaCTHUKOB [1].

Ion umumayuonnou eepughuxayueti 0ObIYHO MOHMMAaeTCs TecTHpoBanue HDL-
MOJIeNIell ammaparypsl, BBINOJNHSAEMOE B CIHCHHANBHOW cpele WMHTAI[HOHHOTO
MonemupoBanus — HDL-cumynamope [4]. Jng TpuMeHEHHS 3TOTO IOIXOMa
HEOOX0/IMMO HMMETh MOJEIb MHUKpPOIPOLECCOPa, YTO HEBO3MOXXKHO Ha PaHHUX
sTamax IpoekTupoBaHusa. Co3maHue HabOpa TECTOB, MO3BOJIAIONINX aJE€KBATHO
MPOBEPUTh TAKOE CJIOKHOE YCTPOWCTBO, KaK MMKPOIPOIECCOp, SBISETCS
Ype3BBIYAHO TpydoeMKoW 3amadeil. OIHAKO HaIMYUE MPOCTHIX METOJIUK
(Hanpumep, cryuatinas cenepayus mecmos), a TaKkKe BO3MOXXHOCTh MPOBEPUTH
peanbHOE MOBEJCHHE Ha PEaTbHBIX MPUMEpPAxX SBIIIOTCS OCHOBHBIMU NPHUYMHAMU,
MO0 KOTOPHIM WMHTAIIMOHHAs BepUHUKAIMA IIHPOKO pacmpocTpaneHa (Ooiee
MOPOOHO TOT KJIACC METOJI0B PACCMOTPEH B pasienax 2.2 u 2.3).

Dopmanvuas  eepugpuxkayus  OCHOBaHA Ha TOCTPOSCHHHM  MaTeMaTHYecKOH
(bopManbpHOW) MOJENM CHUCTEMBI M €€ aHaIM3e Ha TPEIMET BBITOJIHUMOCTH
CBOMCTB, TakXe BBIPAXEHHBIX (opManbHO (HAampuMep, CBOWCTB Oe3omnacHocmu
(safety) — HemOCTHIKMMOCTH OMIMOOYHBIX COCTOSIHUM — W arcusocmu (liveness) —
OTCYTCTBUS 3aBHUCAaHMU W 3alUKIMBaHUi) [22]. Momenms MoOXeT pa3pabaThIBaThCs
BpyuHyr0 wiu u3Bnekatbcss U3 HDL-ommcanus yctpoiictsa [23]. Ilpeumymectso
(opmanpHON BepUPUKALMHM COCTOUT B TOM, YTO INPOBEpPKA OCYIIECTBILIETCS JUIA
BCEX BO3MOXKHBIX BapHaHTOB IIOBEJCHUS MOJAEIH, YTO TIIO3BOJISIET CYHUTATh
BepU(UKALIUIO HCUEPIBbIBAIONIEH (U1 3aJaHHBIX MOJIENM U CBO¥CTB) [24].
Henocratkom siBisieTcss BBICOKAsl TPYIOEMKOCTb, CBSI3aHHAs C HEOOXOIMMOCTHIO
pa3zpaboTku ¢GopManbHOH MoJenu (ecid MOJENb HEe M3BJICKAETCS U3 HCXOTHOTO
Koja) M OOOCHOBaHHMEM €€ a/IeKBaTHOCTH (PKBHBAJIEHTHOCTH ucxomHomy HDL-
omucannio) [25].
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B Tabn. 2 mpencraBieHO pacnpeieicHUE HaWICHHBIX OIIMOOK B 3aBHCUMOCTH OT
HCIIOJB3YEMOI0 MeToja Bepudukanuu B mpoekre Pentium 4 xommnanum Intel
(2000 1.) [6]. CormacHo TpeACTaBICHHBIM AAHHBIM, 74% OMIMOOK HAXOAUTCA C
MOMOIIIBI0 UMUTALUOHHOW BepupHUKaLuK, TpUueM OOJbIIas UX YacTh MPUXOIUTCS
HA  MOJIYJBHYIO BepupUKALIUIO (aBTOHOMHYIO MPOBEPKY  MOIyJei
MUKpornporeccopa). DPopMaabHbIE METOJBl MPUMEHSIIUCH OTPAaHHUYCHHO, MO3TOMY
MPOIICHT OINMHUOOK, HAMICHHBIX TAKMM CIIOCOOOM, HEBEIHK (0K0JI0 6%), OMHAKO ITO
TaKye OINMOKH, KOTOpBIC MPAKTHYCCKH HEBO3MOXKHO OOHAPYKUTH C IMOMOIIBIO
Jpyrux cpeactB. HecMoTps Ha TO, YTO CTATHCTUKE, IPUBEJCHHON B Ta0I. 2, Oornee
10 yreT, OHa BCe eIe COXPaHACT CBOIO aKTYallbHOCTh (OCOOCHHO JJIsi OTCUCCTBCHHBIX
KOMITaHUH, KOTOPBIC YCTYIAOT BEAYIIMM MHPOBBIM KOMIIAHUSM [0 YPOBHIO
Pa3BUTHS TEXHOIOTHiT BepH(HKAIH’).

Tabn. 2. Memoo eepugurayuu — yucio HaudeHHbIX OWUOOK
(Pentium 4, 2000 2.) [6]

Memoo eepugpuxayuu Yucno owiudpox IIpoyenm owiuooxk
NMuTannonHas: BepupUKaIHs 3411 43.5%
(MOIyBEHBINA YPOBEHB)

WmurtanuonHasi BepuQUKaius 2398 30.5%
(cucTeMHBII ypOBEHb)

DxcnepTusa (MHCTIEKITUS KOJ1a) 1554 20.0%
®dopmanbHas BepUPUKAIHS 492 6.0%

Hroro 7855 100%

JIOMUHUPYIONIAM TOAXOA0M (Jaxe B Takux KoMmmauusx, kak Intel, AMD u IBM)
MO-TIPSKHEMY SIBIIICTCS HMMUTANMOHHAs Bepuukanus. YToObl MOBBICUTH €€
3¢ PEKTUBHOCTE MUKPOTIPOIIECCOP JEKOMIIO3UPYETCSI HA MHOXECTBO OTHOCUTEIHHO
OpOCThIX MojyJiel (YCTPOHCTB, OJIOKOB, MOJCHCTEM, KIACTEPOB), KAXKAbIA U3
KOTOPBIX TIPOBEPSCTCS AaBTOHOMHO. TakuM 00pa3oM, MOMHUMO 00s3aTEeIbHON
cucmeMHoU gepuguxayuu, OlleHUBAIOIIEH Pab0TOCIIOCOOHOCTh MUKPOIIPOLIECCOpa B
L[EJIOM, TPUMEHSIOT €IIe U MOOYIbHYIO Gepugpuxayuto s 0ojee THIATEIbHON
MPOBEPKH  OTACIBHBIX YCTpOWCTB. Hibke KpaTKO paccMaTpuBaeTcs, Kak
HMHUTAIMOHHAS BepU(DUKAIUS PeaTn3yeTcss Ha MOIYJILHOM M CUCTEMHOM YPOBHSIX.

2.2. CpencTBa moaynbHOW Bepucukaumm

VmuTanuoHHast BepuduKauus Ha MOOYIbHOM YPOGHe OCYLIECTBISIETCS ¢ MOMOIIBIO
mecmogvix cucmem (testbenches) — crnennanu3npoBaHHBIX IPOrPaMM, KOTOPHIE B
ABTOMATHYECKOM pEKHME MOAal0T Ha Bepuduuupyemyo HDL-monens mecmossie
6030eticmeusi (cmumynvl) ¥ TPOBEPSIOT KOPPEKTHOCTH BBIIABAEMBIX €0 0MEEn08

! B ycnoBusx orpaHn4eHHOTO (PMHAHCUPOBAHHUS OOBIYHO SKOHOMSAT Ha

BepH(UKaINH.
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(peaxyuii) [4]. TunMuHAsS apXUTEKTYpa TECTOBOM CHCTEMBI TIPE/ICTaBIeHa Ha PHC. 2.
TectoBas cucrema BbmonHsAeTcs B HDL-cumynsarope u SMyIUpYeT okpyoiceHue
tectupyemoir HDL-momenmn. B oOmux crnoBax, oOHa pemaer TpH 3aJladyd:
(1) reHepanust  TECTOBOM  MMOCIEMOBATENHHOCTH, (2) MPOBEPKAa KOPPEKTHOCTH
nosenennss HDL-momenn u (3) olleHKa TOMHOTHI TECTHPOBAaHHA. 3a peElIeHHE
Ka)XJJOM 3a/laud OTBEYaeT CBOW KOMIIOHEHT TECTOBOH CHCTEMBI: COOTBETCTBEHHO
2eHepamop CmuMyiLo8, mecmosblil OpaxKyn U COOPUUK MeCmo8020 NOKPbIMU.

I:|DL-cmmyI1;|Tr:)p

CTimynel
Peatm Tecroanl opakyn Menepamop crulynas
H Adanrmep > o oamop v
b 3TanoHHaA MOAENL |-t———————————— - TecToBbIA cLeHapui
CocToAHME
1 CTUMYy MBI Pearuuu
v l Morpbimie

ChopLyuK mecrnosizo
Bepawmkr ROKQEIMUS

HOL-mopens

(. - - - —— - R ——

Puc. 2. Apxumexmypa mecmogoil cucmemsl (cucmemvl UMUMAYUOHHOU
sepupurayuu)

Tenepamop cmumynos Ha OCHOBE MeCMOSbIX CYeHapues WIH WHBIX Nnapamempos
2eHepayuu CO3MACT TMOTOK CTUMYNIOB Ha Tectupyemyto HDL-moxmens. Llens
reHepaTopa — peaar30BaTh MaKCHMMAIbHO BO3MOXKHOE YHCIO CHTYyaluii B pabore
yCcTpoiicTBa. B 3aBUCHMOCTH OT HCHOJB3YeMOW TEXHOJIOTHH CIICHApuH (WU
HEMOCPE/ICTBEHHO TeHEPATOPhI) OMUCHIBAIOTCS PAa3HBIMU CIIOCOOAMHU: HCIIOIB3Ys
TEXHUKH CIVYAUHOU 2eHepayuu, B TOM YUCIE CIYYAUHOU 2eHepayuu HA OCHOGe
ocpanuyenuti [26] WIM Ha OCHOBE KOHEUHO-asmomamuvix mooeneil (epaghos
cocmosinuil). TlepBeiii moaxox wucrnonbdyercss B texHomorun UVM  (Universal
Verification Methodology) [27], nponBuraemoii opranusammeit Accellera Systems
Initiative; Bropoii — B texnonoruu UniTESK (Unified TEsting and Specification
Kit) [28], paspabareiBacmoii B MCII PAH (cm. pasgen 3.1). IlepcrieKTHBHBIM
HANpaBJeHUEM SIBIISICTCS TeHEpalMs TECTOB Ha OCHOBE CTATHUYECKOTO aHaJH3a
HDL-onucanus (cMm. paszmen 4.1). JlomonHUTENHHOE TPEICTABICHHE O METOAaX
MOCTPOCHUST TECTOB JJII MHUKPOIPOIIECCOPOB JaeT paszaen 2.3, MOCBAIICHHBIN
CUCTEMHOU BepUDUKAIIH.

Tecmoswiti opakyn TIpoBepsieT KOppeKTHOCTh moBeaeHus: HDL-monenn u BRIHOCUT
6epOUKM O ero COOTBETCTBUM (MJIM HECOOTBETCTBUH) TpeOoBaHusM. Kak mpasuiio,
TpeOOBaHUS 3aJal0TCA  IOCPEICTBOM OMAIOHHOU MOOenu — YHPOLIEHHOH
peanuzanuu ycrpoiicTBa Ha sa3bike nporpammupoBanus (C wmu C++) wmm SLDL-
szpike (SystemC wnu SystemVerilog). Tarxke ucmonb3yroTcst cneuudukandd B
JCKIapaTUBHOW  dopMme:  pacwupennvle  peeynapuvle  evipagicenus [29],
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xoumpakmuvie cneyugurayuu [30], cucmemvr npasun [31] u memnopanvivie
ymeepoicoenusi [32]. CaMbIM TOMYJSIPHBIM  ()OPMATIM3MOM, HCIOJIB3YEMBIM IS
OTMCaHWA CBOICTB ammapaTypbl, SBISCTCA MeMNOPANbHAAL JI02UKA JUHENHO20
spemenu (LTL, Linear Temporal Logic) [33], pacmmperust KOTOPO# MCIOIB3YIOTCS
B aswikax eepuguxayuu annapamypur (HVL, Hardware Verification Languages):
ForSpec [34], OpenVera [35], Property Specification Language (PSL) [36], e [37],
SystemVerilog? [38].

Coopwux  mecmogoeo  nokpvimusi TpPEAHA3HA4YeH JUIi  OLIGHKH  IOJHOTHI
TECTHPOBAHUS U MPHHATHUS PEIICHHUS O ero 3aBEepIICHHUH. [ 3TOr0 MCIOMB3YIOTCA
KOJIMYCCTBEHHBIC ITOKA3aTeNin, HasbiBaeMble mempuxamu [39]. Metpuku Moryr
OTIpEeNIeNATHCS Ha OCHOBE Pa3HBIX apTedaxToB mpoektupoBanHus (HDL-ommcanms,
STaJOHHOW MojenH, GopManbHOU crienuduKanuy WM fokymMeHTanuu). OcHOBHas
uiesi COCTOMT B cuenyroomeM. HekoTopblM —cucTteMaTHdeckuM  o0pazoM
ompezensercs HabOp mecmogvix cumyayuti, COCTAaBISIONIMX B COBOKYITHOCTH
mecmosoe noxkpvimue. JIs 3aJaHHOTO BBINOJHEHHUS TecToBoW cuctems! (u HDL-
MOJIEIM) METpUKa BO3BpalllaeT YHCIO peaTu30BaHHBIX cuTyanmid. [lens
TECTHPOBAaHUS — MOKPHITH BCE CHTYallll B pPaMKaxX BHIOPAHHOH MOJEITH TOKPBITHSL.
MeTpuky Ha OCHOBE peajH3allid Ha3BIBAIOTCS CHIPYKMYPHbIMU, a METPUKHA Ha
OCHOBe crienupukanuu — ¢yuxyuonanvrvivu. IINPOKO UCIIONB3YIOTCS METPUKA
Ha ocHOBe kona (HDL-ommcanus u 3TaJOHHONH MOIENH): MOKPBITHE CTPOK KOAA,
BETBEH U ImyTelt B rpade moToka ymnpaBieHus, yciaoBuil. s ammapaTypsl O0JIBIIyIO
pOJb HWIpPalOT TaKKe METPUKA Ha OCHOBE aBTOMATHBIX MOJENCH: IOKPHITHE
COCTOSIHUH U NIEPEXONIOB.

Kak npaBuJio, TecToBbIe CHCTEMBI pa3pabaTbiBaloTcs He Ha ypoBHe RTL, a Ha Goinee
BBICOKOM ypoBHe abctpakimu — ypogre mpanzaxyuti (TLM, Transaction Level
Modeling) [40, 25]. TLM-Moeniu OCHOBaHBI Ha MAPAUIMe nepeoayu cooOueHuUl:
KOMITOHEHTBI MOJICITU COEIUHSIIOTCS KAHALAMU U B3aUMOJICHCTBYIOT JPYT C APYroM
MOCPEACTBOM mpaH3zaxyuti (MOCBUIKK U mipuema cooOuieHuii). COOTBETCTBEHHO,
CTUMYJIbl M PEAKIMH BHYTPU TECTOBOM CHCTEMBI UMEIOT (OpPMY COOOIIEHHH, a UX
nepenavya Ha éxooHuvle unmepgeticol HDL-Monenu (JIorudecky CBSI3aHHBIE TPYIIIBI
CUTHAJIOB) U TIPUEM C BbIXOOHbIX uHmepgeiicog OCYIIECTBISETCS C TMOMOIIbIO
CIICIHAT3UPOBAHHBIX KAHAIIOB, adanmepos (mpans3akmopog), NHKATCYITUPYIOIINX
JIeTaJIi TpeoOpa3oBaHusl JaHHBIX MEXAy Pa3sHbIMU YpOBHsAMH. [[ns pa3paboTku
TLM-mopneneit ucnonb3yrorcss SLDL-s13b1km, a Takke SI3BIKH MTPOTPAMMUPOBAHHS
obrrero HasHaueHus (cM. Tabi. 1).

2 S3pik SystemVerilog mMoxeT HCmonb30BaThCs Kak ISl MPOCKTHPOBAHHS

anmaparypel, Tak W s BepuduKaimn. Takue s3bIKH HA3BIBAIOTCS A3bIKAMU
onucanus u eepugpuxayuu annapamyper (HDVL, Hardware Description and
Verification Languages).
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2.3. CpencTBa cucteMHon Bepucmkaumm

Bepudukamuus Ha CuUCMEMHOM YpoeHe® OCYIIECTBIACTCS IyTeM CO3IaHHS
Mmecmoevix npozpamm W aHalIu3a pe3yibTaToB MX BbINosHeHWs Ha HDL-monmenn
MUKporpoueccopa [41, 42]. Kak npaBuio, TecToBbIe IpOrpaMMBI pa3pabaThiBalOTCs
Ha sA3bIKe accembuepa, a uX UeNblo SBIAETCS CO3JlaHNe Pa3HOOOPa3HBIX CHTYallUi B
pabore wMmmuKpomporeccopa (ocoOple CiydaW BBHIIONHEHHUS apu(pMeTHIeCKuX
oreparnyii, BO3HUKHOBEHHE MPEPHIBAHUH, 3alloJHEHHE Oy(epoB, BBHITECHEHHUE
JAHHBIX U3 KOMI-TIAMSTH, CIOXKHBIC B3aUMOJCHCTBUS MEXAY MOIYIAMH U T.IL.).
BBuay BBICOKOH TPYHOEMKOCTH BEPHU(PHKAIMHM TECTOBBIE IPOrPAMMBI OOBITHO
TEHEPUPYIOTCSI aBTOMAaTHYECKH. TeCThl, pa3paboTaHHbIE BPYYHYIO, HCIIOIB3YIOTCS
JUTSL TIPOBEPKH CIIOXKHO (pOpMaNTi3yeMbIX 1 MaJIOBEPOSITHBIX CUTYallH (TaKHUE TECTHI
CO3JJAI0TCSl C NPHUBIICUCHHEM SKCIEPTHOIO 3HAHUS 00 OCOOCHHOCTSIX peai3aluu
TOW WM WMHOW TOACHUCTEMBI MHUKporporeccopa). s Bepuuramum TakKe
MPUMEHSETCS KOJA, IOJYYCHHBIH C TOMOINBI0O KOMIIIAIUH CYIIECTBYIOIINX
MpOrpaMM Ha s3bIKaX BBICOKOTO YPOBHsS: M3BECTHHIX Oubiamorex (Bpome glibc),
ApPXUTEKTYypPHO-HE3aBUCUMBIX TECTOB (Tuma apu(pMeTHYECKOTo TecTa
PARANOIA [43]), TecTOB Ha ONTUMH3HPYIOIIUII KOMOMIATOP (CO37aBaeMblid JUIst
pa3pabaThIBaEMOT0 MUKPOIIPOIIECCOPA) U IPYTHX.

Jnisi  aBTOMATHUYECKOrO  MOCTPOCHHS  TECTOBBIX  IPOTPAMM  PHUMEHSIOTCS
crenyrone  crnocodst [44]: (1) cryuatinas  2enepayus,  (2) kombunamopHast
eenepayus, (3) cenepayusi Ha ocHose wabnonos u (4) cenepayusi Ha OCHOGE
mooeneii. Cnyyaiinas cenepayusi SIBISETCS CaMbIM PacHpOCTPAHEHHBIM METOJ0M
CO3[]aHUSI TECTOBBIX MporpamM. lIpuMepamMi T'€HepaTopoB CIy4alHBIX TECTOB
spsirorcst RAVEN  (Random  Architecture  Verification  Engine) [45],
paspaborannsiii B Obsidian Software u B HacTositiee BpeMst ucmonb3yemblii B ARM,
u INTEG [46], co3nannstit B HUMCU PAH. Unes xombunamoprou ecenepayuu
COCTOMT B CHCTEMAaTHYECKOM IIepe0ope TECTOBBIX MPOrpaMM  HEOOJBIIOTO
pa3zmepa [42]. PasnuuHble BapUaHThI 3TOTO MOJAX0J]Ia PEAIM30BaHbl B UHCTPYMEHTE
MicroTESK  (Microprocessor ~ TEsting and  Specification Kit) [47],
paszpabareiBaemom B MCII PAH (cm. paszmen 3.2.1). Bonee o6mmii moaxonm K
reHepalyy TEeCTOBBIX NpPOrpaMM OCHOBaH Ha HCIOJIb30BaHUU AOIOHOE —
aOCTpPaKTHBIX CUMBOJIMUECKHMX IPEJCTaBICHUH TECTOBBIX Hporpamm. [locrpoenue
nporpamMM 10 I1abjJoHaM OasupyeTcss Ha CAyuauHou 2eHepayuu Ha OCHOBe
oepanuvenuti [26]. TlpuMepaMu MHCTPYMEHTOB Takoro TumNa ABISIIOTCS (Genesys-
Pro [41, 48] or IBM Research u MicroTESK (cm. paszaen 3.2.2). Inst reHepaunuu
BBICOKOKaUECTBEHHBIX TECTOBBIX IIPOIPaMM MOTYT HCIIOJIB30BATHCS MOOEIU YPOBHSL
murpoapxumexmyput [49, 50]. KoMMmepueckue HHCTPYMEHTBI TAKOTO THIIA HAM HE
W3BECTHBI, OJJHAKO HCCICOBAHUS Ha 3Ty TeMy BexyTcs (cM. pasnen 4.2.1).

3 it MHOTOSIICPHBIX ~ MHKPOIPOIIECCOPOB  TaKXkKe  MPHUMEHACTCS
sepugpuxayus yposns sadpa. CkazaHHOE B OTOM pazjielie OTHOCHUTCS Kak K
CHUCTEMHOU Bepr(HUKAIMH, TAK U K BepU(DUKAIIUH YPOBHSI SIpa.
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OTanoHHas Mmoaens
(C, C++)

Tpacca
BbINONHEHUA

TecToBas

nporpamma

Komnapamop —>» Bepaukt

HDL-mozenb
(Verilog, VHDL)

Tpacca
BbINONHEHUS!

Puc. 3. Cucmemnasn sepugpuxayus nocpedcmeom cpagHenus mpacc

Juns  mpoBepkn KoppekTHOcTH TmoBeneHns HDL-momemm wMumkpomporeccopa
NPUMEHSIOTCS 7IBa OCHOBHBIX MeToja: (1) cpaBHEHHE mpacc 6blnoIHeHUs! TECTOBBIX
NPOTpaMM C 3TAJIOHHBIMH TpaccaMH U (2) UCIOIb30BaHUE TECTOBBIX IIPOTPaMM CO
scmpoennvimu nposeprxamu (Self-checking test programs). B nepsom moaxoze (cM.
puc.3) mnpu BbimonHeHMM TnporpamMbl Ha HDL-mozmenn cosnmaercs Tpacca
BBIIIOJHEHHS, OTpaXaromass CoOBITHA, BO3HHUKAIOUINE B MHKPOIIPOIECCOPE.
ITonydyeHHas Tpacca CpaBHHUBAETCS C 3TAJIOHHOW Tpaccoil — TpaccoH, MOJy4eHHOM
IpU BBIIOJIHEHWH TOW K€ MPOrpaMMbl HA CUMYAAMOpE MUKPONpOYyeccopa.
CpaBHeHHE TpacC OCYHIECTBIIIETCS C IIOMOINBIO CIEHHAIbHOW MPOrpaMMBl,
Ha3bIBAEMOU Komnapamopom. Bo BTOpoM MeTone B KOA TECTOBOW IPOrpaMMBI
(Bpy4HYI0O WM aBTOMAaTHYECKH) BKJIIOYAIOTCS IPOBEPKH, KOTOPHIE HEOOXOANMO
OCYILECTBUTh B MPOIIECCE BHIMOIHEHHUS NporpaMMel. [IporpaMmBel co BCTPOEHHBIMU
MPOBEPKaMU MOYKHO HCIOJIb30BaTh HE TONBKO I TecTHpoBaHUs mpoekta B HDL-
CHMYJISITOpPE, HO U ISl ero BepU(UKAIMK C TOMOLIBIO aNlapaTHbIX YCKOPHUTENEH U
OMBITHBIX 00pa3oB WHTErpaibHbix cxeM (post-silicon verification). TounocTs
MPOBEPOK IPHU 3TOM CHIDKAeTCs (MPOrpaMMHO MOKHO HaOMIOAATh JIHIIL MaNyIo
9acTh COOBITHH, BO3HMKAIOIMIMX B MHKPONPOIECCOpE: 3alHCh JaHHBIX B PETHCTP
WIN TIaMsTh, NIPEpbIBaHNE M JPYTrHe), OJHAKO HMPOU3BOJIUTEIBHOCTh 3HAYUTEIBHO
Bo3pacTaeT (roj KpyIrJIOCYTOYHOTO TECTHPOBAHUS C HCIOJIB30BAHUEM THICSY
KOMITBIOTEPOB ~ COOTBETCTBYET  HECKOJbKHMM MHHYTaM peajbHOH  paboThl
MHKpoIportieccopa [7]).

Jnisi npuHATHSL pelleHHsT O 3aBepUIeHHH Bepu(UKalWU, KaK U Ha MOJAYJbHOM
YPOBHE, HCIIONB3YIOTCS METPHKH TECTOBOTO TIOKPBITHS, OJHAKO OHU 3aJaloT
HeoOXomuMoe, HO HE JI0CTaTOYHOE YCJIOBHE CAa4yM HPOEKTa B IPOU3BOJCTBO (Ha
CHCTEMHOM YPOBHE IPAKTHUECKH HEBO3MOXHO CO3/1aTh aJEeKBATHYIO MOJENb
TECTOBOTO  MOKPBITHA). bBOJBIIMHCTBO TNPOU3BOAMTENCH MHKpPOIPOIECCOPOB
UCTIONB3YIOT TIOJIXOJ, OCHOBAHHBI HA W3MEPEHHH H4aCmOmbl OOHAPYIICEHUS.
owubHOoK. ITOT METOI MPEAToIaraeT OCTOSIHHBIHN IPOTOH CIIy4aiiHO TeHepUPYEMbIX
TECTOB: KOTJIa 4YacTOTa OOHAPYKEHUS OIMMOOK CTAHOBUTCS YCTOWYMBO HHU3KOH, U B
TE€YEHHE JUINTEIBHOTO BpPEMEHH OMMOKH HE TPOSBIAIOTCS, TECTUPOBAHHE
mpekpamaercs (MpH  yCIOBHH, YTO JIOCTUTHYTHI IIOKa3aTelH, 3a/JaHHBIC
Mmerpukamu). B Hagane 2000-x rr. B komnanuu Motorola ogauM 13 HEOOXOAMMBIX
YCIIOBUH C/Jayu TPOEKTa B MPOM3BOACTBO Obuta Oe3ommbouHast pabora HDL-
Mojienu B Tedenne 40 MUJLTHAPIOB TAKTOB HA CITy4YaiflHBIX TecTax [51].
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3. BbinosiHeHHbIe uccriedoeaHus u pa3pabomku

UccnenoBanus mno Bepudukaumu anmapatypsl Bexytess B MCIT PAH ¢ 2005 r.,
Korma ObUTa MokasaHa mpuMeHHMOCTh TexHomoruu UNiTESK [28] k MoaynbHOMY
tectupoBanuio HDL-mozmene#t, m Obutm pa3paboTaHBl CpeACTBa WHTETPAINH
TECTOBBIX CHCTEM, CO3laBaeMbIX ¢ momormbio mHcTpymMenTta CTESK [52], ¢ HDL-
cumymsaropami [53]. Hemnoro nozxe, B 2006 r., Ha9annch COBMECTHBIE pabOTHI €
HUNCHU PAH — opranmsanueii, 3aHAMAIONIEHCS MPOMBIIIICHHOW pa3padoTKoit
MUKpoIpoleccopoB. TemMol nepBoil U3 HUX CTajla FeHepalusl TECTOBBIX IPOrpaMM
JUTSL TTOICKCTEMBI yIipasieHus mamsreio (MMU, Memory Management Unit) MIPS-
COBMECTUMOTO  MuKpomponeccopa [54]. Btopas pabora (koTopas  ToXe
npoBomuiack B 2006 r.) Obula MOCBAIICHA MOMYJIBHOW Bepudukanuu Oydepa
npeoOpaszoBanus aapecos (TLB, Translation Lookaside Buffer) [55]. Dtu paboTsr
CTaJIHM OTIIPAaBHBIMHM TOYKAMH JAIBHEHIINX MCCIIeIOBaHUH U pa3paboTok B obnacTu
BepU(pHKALUE MHKPOIPOLECCOPOB, O KOTOPBIX PACCKa3bIBAETCS B ATOM paszeie
(cmemyss cTpykType CTaTbu, CHadaja OIMCBIBAIOTCS CPEICTBA MOXYJIBHOM
BepHu(UKAIINH, a TOTOM — CHCTEMHOM).

3.1. Pa3paboTkn B o6nactu moaynbHown Bepucpmnkaumm

IIpu co3maHumM cpencTB MOAYIHEHOW BepH(UKAUN MHUKPOIIPOIECCOPOB M IAPYTOH
anmnapaTypsl (Ha MOJIyJIbHOM YPOBHE MHUKPOIIPOLIECCOPHAs creludurka He 3aMeTHa)
HaMHU HCIOJIB30BAJICS UMEIOIIMICS 3a/1e B 00JIaCTH TECTUPOBAHUS MPOTrPaMMHOTO
o6ecnieuenus (I10) — mpexae Bcero, Texuonoruss UniTESK [28], pa3suBaemast B
NCIT PAH ¢ moMeHTa ero ocHOBaHUS B 1994 1. (TeXHOJIOTUS SBJISETCS IPEeMHUIICH
nogxona KVEST [56]). TexHonorus 6a3upyeTcsi Ha KOHMPAKMHbIX CHeYUDUKAYUIX
B dopMe npeo- M nocmycroeuii MHTEp(EHCHBIX oIlepanuii W Ha YHHKaJbHBIX
CpeIcTBax TeHepallMd TECTOBBIX  IIOCIECIOBATEIbHOCTEH, OCHOBAaHHBIX Ha
(hakropuzanmu (000OMICHHN) COCTOSIHAN TECTHPYEMOH CHUCTEMBI W 00xofe rpada
COCTOSIHUH C TIOMOIIBIO HeusOuimounslx aneopummos [57, 58].

Koumpaxmnvie cneyuguxayuy ¥ OCHOBAHHBIII Ha HHUX NPOLECC NPOSKTHPOBAHUS
(Design by Contract) [59] 6sutn mpemasioskensr Meiiepom B 1986 1. B pesysbrare
npuKIagHoro pasBuTua unaei dioiina, Xoapa n Heiikerper 1960-x — 1970-x rT. 0
dopmammzamuu  porpammupoBanus [60, 61, 62]. KoMmoHeHT, mpemocTaBiss
OKPYXXEHHIO HEKOTOPYIO OIEpalfio, yKa3bIBaeT TPeOOBAaHUS, KOTOpPBIC IOJIKHBI
ObITh BBINIONIHEHBI OKPYXXGHHEM TIepel] €€ BBI30BOM (npedyciosue); TpH
BBITIOJTHEHUH 33JaHHBIX TPEOOBAHUH KOMIIOHEHT, B CBOIO OYepelb, I'apaHTHPYET
JIOCTHIKEHHE OIPENeNIeHHOTO pesynbrata (nocmycnogue). CrenuduKanum Takoro
TUIIa IIHPOKO HCIOJB3YIOTCS B MpakTUKe TecTUpoBaHus [10, MOCKOIbKY OHH
NPUBBIYHBL ISl Pa3pabOTYMKOB M TMO3BOJISIIOT aBTOMATHYECKH CTPOUTH TECTOBBIC
OpPAaKyJIBL.

3.1.1 Koumpaxmmnuwie cneyugukayuu Koueeiiepa

Ucnons3ys  omeiT  TectupoBanuss  [1O, mpexae — Bcero,  peanusanui
KOMMYHHUKAIIMOHHBIX MPOTOKOJIOB (/Ui KOTOPBIX, Kak M JUIl amnmapaTypel,
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XapaKTepHBI TMapajlieiu3M W COOBITHHHBIA XapakTep MoBeAeHwMs ) [63], momxon
UniTESK 6eut amantupoBad s Bepuduranuun HDL-momeneii anmaparypsl. 910
MOTpeOOBAJIO YTOUHEHHUS MOHATHS KOHTpakTa. Kilaccnueckuii KOHTpakT — 3TO mapa
noruyeckux Gopmyn @D = (@, y), ONpPEACICHHBIX HAJl MHOXCCTBOM BHIUMBIX
MepeMeHHbIX ([TapaMeTPOB BbI30Ba OIEpalldK, BO3BPAIAEMOro eil pesylbTara,
mI00ANBHBIX TEpEeMEHHBIX mporpammel). [lepas ¢opMyna, ¢, Ha3biBaeTCs
npedycnoguem, a BTOpas, Y, — nocmycioguem. KOHTpaKT HHTEpIpEeTUPYyETCS
CIIEYIONIMM 00pa3oM: €ciM HEMOCPEACTBEHHO MEepe/ BBHI30BOM OIEpaluy ObLIO
BBIMOJIHEHO TPEAYCIOBHE (), TO HEMOCPEJCTBEHHO IMOCIE BBHIMOJHCHUS OIEpaIiu
JIOJDKHO OBITH BBIMTOJHEHO MOCTYCJIOBUE . HapyleHne KOHTpaKkTa TPaKTyeTcsl Kak
owubOKa: HapyIIeHHE MOpPEAyCIOBUSI — OLIMOKAa OKPYXKEHHs, HapylIICHUE
MOCTYCIIOBUS IIPU BBITIOJIHEHHOM TPEYCIIOBUH — OLIMOKA KOMITIOHEHTA.

B ofmem ciydae peanusyemble —anmaparypod OIepanudd HE  SBISIOTCA
AmMoMapHuiMu — 3TO TPOLECCHl, (HYHKUHOHUPYIOIIHME B AUCKPETHOM BpPEMEHH,
KOTOpBIC B OIpE/ACNICHHBIE MOMEHTBI MOTYT BCTYIAaThb BO B3aHMOACHCTBHE C
OKPY)KCHHEM, BBIIaBas HAapy)Xy pe3yJbTaThl BBINOJHEHHS OJIEMEHTAPHBIX
JedcTBUi — mukpoonepayuii. Cnemgyer oOpaTUTh BHUMaHHE Ha TO, YTO IPOILECCHI
BBIIIOJTHEHHSI pasHBIX ONepaluid MOTYT MEpeKpbIBaTbCs MO BPEMEHH: Ui
anmapaTypbl, BBUAY (U3NYECKUX OCOOCHHOCTEH ee peajH3alyH, XapaKTepeH
BBICOKHH YpOBEHb Napajulein3Ma, YTO Ha JIOTMYECKOM YPOBHE BBIpaKaeTcsl B
KOHBelepHO-TapauIeNnbHOM opranusanuu (cM. puc. 4). Ilocneanee o6CTOATENBECTBO
ompezieniIo BHIOOp Ha3BaHUS Ui [IpeAjiaraeéMoro Meroaa  (GopMalibHOM
cnenupUKaAUl — KOHmMpakmuvle cneyuurkayuu Kowugeliepa [64] (apyroe
Ha3BaHUE — KOHMPAKMHble cheyugurayuy nomaxkmogo mounocmu [65]).

Beisos onepauyuu Pesynbmame! Mukpoonepayull
(cmumyn) (peakuuu)

°
®

Konseileproe esinonHeHue
0dHOMUNHBIX onepayul

i

Mepekpsimue omepauuli
no epemeHu

0 1 2 3 4 5 Bpema (makmsi), t

Puc. 4. Kouseiiepnoe vinonmnenue 08yx 0OHOMUNHbIX onepayuil

Jnst anmapaTypbl 0e3 BHYTPEHHHX OJIOKHPOBOK KOHTPAKT OIEpallMd HMEET BHUI
D = (o, {(vi, t)}i=1n), THE @ — MpeAycIOBHE ONEPALMH, \J;j — IMOCTYCIOBUE i-OH
MHKPOOTIEpaIni, tj — BpeMsl 3aBepICHHs BBIMOIHEHHS I-0W MHKpPOOTCpaIii
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(oTHOCWTENTFHO  BpeMEHH  BBI30BA  oOmepanuu), N —  ofmee  YHCIo
mukpoornepanuii [30]. Hampumep, KOHTpakT omepanydu X, MPeACTaBICHHOW Ha
puc. 4, umeet cnenyroutyto ctpykTypy Oy = (@x, {(Wa, 1), (W, 2), (Ve, 2), (wa, H})-
CeMaHTHKYy IOJOOHBIX KOHTPAaKTOB MOXKHO ONPENCINUTh B TEPMHUHAX JIOTHKH
LTL [33]. Tak, KOHTpaKT, MpPHUBEICHHBIA BBHIIIE, AKBUBAICHTCH CJICIYIONICH
dopmyne’s G(d = ¢) A G0x = (Xwa A XX(wo A we) A XXXXyy)), rae ¢y
o0o3HaygaeT (akT BbI30Ba omepanuu X. Jpyroil cmoco0 ompemenuTbs CeMaHTHKY
cnenn(UKauii — OMUcaTh Ha UX OCHOBE TECTOBEIN opakyil. [lycte X — anmdaBut
onepaumit. st X € X BBemeM ciemyromue 0003Ha4eHMS: Wy(t) — KOHBIOHKIHS
MOCTYCJIOBUI MHUKpPOOIEpalii, TOMEYEHHBIX BPEMEHHOW MeTkoi t, Ty — Bpems
BBINIOJIHEHHSI ONepanuy (BpeMsl 3aBEpIUCHUS IOCIEeTHEH MHMKPOOIICpPAIHH).
TecroBbIll Opakyn paboTaeT CHHXPOHHO C IPOBEPSEMOI CHCTEMOW U BBI3BIBACTCS
Ha KaXJ0M TakTe. Bo3MoykHas opraHn3alys BHIIOJHIEMON MpOLeayphl NpUBeIeHa
B npumepe 1 (B Hauane paboTsl S = J u V = true; B ciaydae OmMOKH B V 3aHOCHTCS
false).

Ipumep 1. Opranusanus TeCTOBOro OpaKyJia 1Jis onepaumii 6e3 6,JJOKMPOBOK

01: forxe Xdo IpOBEPKA MPELyCIOBUI
onepanui
02: if o A -, then v « false
03: for x e X do SMYJISILKS BBI30Ba ONEpaLuii
04: if ¢ then S « S U {(x, 0)}
05: for (x, t) € S do MPOBEPKA MOCTYCIOBUHI
' MHKpOOTIEpaLuii
06: if =y, (t) then v « false

07: S {(t1)[(x ) e SAt<T} SMYJSIUA  TakTa pPaboTHI

CHCTEMBI
Ecim B ammapaType BO3MOXHBI BHYTPEHHHE OJOKHPOBKH, (opMam3auus
KOHTpPAaKTa  OTEpalliil HEMHOTO  YCIOXHsETCsA.  [IpeArmonokuMm, U910 B
paccMaTpuBaeMOM — MpUMEpe  OJHOMMEHHBIE  MHKPOOMEpaldH, a  TakxkKe
MHKPOOTIepaIiid @ U b He MOTYT BBINOJHATHCS OJHOBPEMEHHO (HANpHMEp, OHH
WCIONB3YIOT OOMIMA pecypc), MpUYeM MUKpOomepanus &8 uMeeT OOoNbIIHii
OPHOPHTET MO CPpaBHEHHUIO ¢ D, @ mpu Apyrux KOHGIMKTAX TPHOPHTET MOTydYaeT Ta
MHKpPOOIIepalysi, POJHUTEIbCKas OIepalus KOTOpoid Obula BbI3BaHA paHblue. B
TaKO# CUTyallMd KOHBEHEPHOE BBIIOJNHEHHE OINEpalidi MOIJIO Obl BBITJIAACTh, KAK
NoKa3aHo Ha puc. 5. @opManbHO OIOKHPOBKH KOHBeliepa MOTYT ObITh OMHCAHBI C
NOMOIIBI0 MPEIYCIIOBU MHUKPOOIICpPALid, HA3bIBAEMBIX TAaKKE OXPAHHBIMU
yenosusmu (guards) [64, 66]. COOTBETCTBEHHO, KOHTPAKT ONEpaldd MMEET BUJ

4 Temmnopaneusiii  oneparop G (Globally) tpebyer, urobsr ¢dopmyna

BBINOJIHAIACH BCera (HauMHasi ¢ TEKymero MoMenTa Bpemenu), X (neXt time) —
4T0OBI (POPMYJIa BBIIOJIHSIACE B CIIEAYIONIMIA MOMEHT BPEMEHH.
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@ = (o, {(yi, Vi, t)}i=1n), THE Yi — OXpaHHOE YCIOBHE I-Oi MHKpPOOMCPALIUH.
OXxpaHHbBIE YCIOBHS HHTEPIPETHPYIOTCS CIEAYIOIIMM 00pa3oM: ecid Uit
HEKOTOPOM MHKpPOOIIEpalliy 3aBEPIIMINCH BCE MPEANICCTBYIOIINE €l NeUCTBUS U
BBIIIOJTHEHO OXPaHHOE YCIIOBHE, B 9TOT MOMEHT JOJDKHBI OBITH BUIMMBI PE3YJIbTAThI
ee paboThI.

KoHghiukm au b Koudpriukm b u b

Y

0 1 2 3 4 5 6

—_

Puc. 5. Kongauxmor u 610Kkuposxu npu KongeuepHom 6binOIHEHUU Onepayuti

Bripasute Takue cBoictBa ¢ momompio LTL mpobremarnyno. Bo3MokHBIM
BapMaHTOM BHIWTCS 3aMeHa moAdopmyn Buaa X...Xy; (MCIOIB3YeMBIX IpH
OTHCaHHK onepariii 6e3 GoKnpoBoK) Ha hopmyis® —y; U (i A i), OXHAKO H 3TOT
BapUAaHT HE BIIOJHE aJeKBATEH — B HEM HE NPUHHMMAETCsl BO BHHMAaHHE TO
00CTOSITENILCTBO, YTO OXPAaHHOE YCIOBHE MHUKPOOIEPALUH JOJDKHO YUHUTHIBATHCS
TOJBKO IIOCJE TOrO, Kak 3aBEepUIMJIMCh BCE IPEANISCTBYIONIHE JIEHCTBUS
(BcmencTBMe  3TOrO  BO3MOXKHBI  JIOKHBIE — OOHapykeHus  ommbok). B
NPEANONI0KEHHH, YTO Yy KaKJOH BBIIIOJHAEMOH omepanuyd B Jr000H MOMEHT
BpeMEHH B 00paboTKe HaxoAWTCS HE Ooyiee OAHONW MHKpPOOIEpAalUH, CEMAaHTHUKY
crieQuKai MOXKHO BBIPA3UTh CJICAYIONINM aJTOPUTMOM (CM. IpUMep 2) paboThl
TECTOBOT'O OpaKya (IIEpBbIE YETHIPE CTPOKH IIOJIHOCTHIO COBIAJIAIOT C OIHMCAHHEM
ANTOpPUTMA JUISI CITydast orepanuii 6e3 OJOKHPOBOK).

> Bo3moxkxHa w® gpyras  HMHTEpIpeTanmuss —  pe3yiabTaThl  paboTh

MUKpOoOIepaiui CTAHOBATCA BUAMMBIMU 4Y€pPE3 TAKT IIOCJC TOI'O0, KaK OXpPaHHOEC

yCJI0BUEC CTAJIO UCTUHHBIM.

6 Bunapubiit Temmopanehbiit omeparop U (Until) tpeGyer, uroGer mepsas

(hopMmyra ObIya BEITIOTHEHA 10 TEX 0P, IIOKA HE CTaHET UCTHHHOHN BTOpast popmyina
(Taxoit MOMEHT 0053aTeIIFHO J0JDKEH HACTYIINTE).
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IMpumep 2. OpraHu3anus TeCTOBOT0 OpaKyJia JJs onepanuii ¢ 6;IOKHpOBKaMH

050 E«{(x,t)| (% 1) eSAnd)} BBIYUCIIEHUE MHOXKECTBA
aKTHBHBIX MHKPOOIIEPALUii
06:  for (x,t) € Edo MPOBEPKA MOCTYCIOBUI

AKTHUBHBIX MI/IKpOOHepaHI/Iﬁ
07: if -y, (t) then v « false

08: g {(x t+1) [ (x,t) e EAt< T} U (S\E) OMy/MlHs TaKkTa paboTsl

CHCTEMBI
KoHTpakTHBIE criennpuKanuy MOTyT OBITh PACIIMPEHBI JUIS ONEPALMHA CO CIOXKHON
CTPYKTypoil moroka ympaeienus [67]. ITloTok ynpaBneHHs ONHUCHIBAETCS
OPHCHTHPOBAHHEIM Ipad)oM, B KOTOPOM BO3MOXKHBI CJICIYIOIINE THIBI BEPILIMH:
Hadaio u KoHer (Start u stop), mukpoorepamnus (Stage), BETBICHHE U COCIUHCHHE
NOTOKA ympaBieHHs (SWitCh u merge), cozaaHue mapauieJbHBIX MPOLECCOB U UX
coequnenne (fork u join). CemanTMka mNOJOOHBIX OJOK-CXEM MOXET OBITh
€CTeCTBEHHBIM 00pa3oM (opmainn3oBaHa. He ocTaHaBiHBasch Ha 3TOM BOIpPOCE
noapoOHO, OTMETUM clenyromue MoMeHTH: (1) kak u mpexne, Kaxnas
MHKPOOTIEpaIysl OMKUChIBAaeTCS Mapoit (y, v); (2) 00paboTka BceX TUIIOB BEPILIUH, 33
HCKITIOYeHHeM Stage u  join  (korma ecTh HE3aBEpIIMBINHECS MPOIECCH),
OCYLIECTBJISIETCSl MIHOBEHHO (cpa3y 1mocie o0pabOTKM — MHUKpOOIEpaluu
BBIUUCIIICTCSI MHOXECTBO CIEIYIOUMX MHKpooneparuif); (3) 11d MoaenupoBaHus
3a7IepXKEK MOXKHO WCIONB30BaTh BepuHbl Thma delay, B KOTOphIX yKa3aHa
BeNMYMHA 3afiepxku (BepmmHa Oelay At packpeiBaeTcs B 1emouky u3 At
MHUKpPOOIIEpalliii ¢ TPUBHANBHBIM KOHTpakToM (true, true)). Ommcanue rtpada
MOTOKA YINpABJIEHHS ONEPAIMA W3 pPAcCMaTpUBAaeMOro mpumepa (cMm. puc. 4)
NPUBENIEHO Ha pHC. 6.

fork join

Puc. 6. Onucanue epagha nomoka ynpasienus onepayuu

start: x —>| delay: 1 |—>| stage: d |—>m

OcTaHOBMMCS Ha Ba)XXHOM BOIPOCE — MPOBEPKE BBIIOJHUMOCTH YCIIOBHIMA
cnenuduKau B Tporecce Bepupukanuu. Boobme TOBOps,  HOPMYIIEL,
UCTIONB3yeMBble B  clenuduKanuax, 3aJal0T OrpaHMYEHHS HE TONBKO Ha
uHTEepQeCHBIe CUTHAIBI, HO M Ha CcoCTosHHE YycTpoiictBa. HDL-cumymnstopsr
MPEIOCTABIAIOT CPEACTBA M JOCTyIa K BHyTpeHHHM nepeMeHHbsM HDL-monemn,
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YTO TIO3BOJIAET OIPENENSATh YCIOBHS Ha COCTOSIHHE M TIPOBEPSTH HMX B IIpoIecce
Bepudukanuu. OIHAKO CHIbHAS MPUBSA3KA creuPUKAIi (1 TECTOBOW CUCTEMBI B
[eIOM) K peayn3alliil HeXKeJaTelbHAa C TEXHOJOTHYECKOW TOYKH 3pEHHS —
W3MEHEeHHsl peanm3anuy (1Mo KpaiHed Mepe, HE3HAUWTENbHBIE) HE IOJDKHBI
NPUBOINTh K WM3MEHeHMIo crernudukanuu. Kak mpaBmio, crermudukanus uMeer
CBOH Ha0Op NepeMEHHbIX, 3HAYEeHUs KOTOPHIX JMOO CHHXPOHU3UPYIOTCS C
COCTOSIHHEM peaju3alud (C TOMOIIBI0 ajantepa — cM. paszgen 2.1), smbo
M3MEHSIOTCS B CaMo crienuduKauu (Uit 3TOro B Hee A00aBisieTCsl UCIIOIHUMAS
4acThb).

Yame Hcmomp3yeTcss BTOPOM MOAXON — Kakaas MHKpOOIEpalys OIHMCHIBACTCS
TpoiKko#i (Y, a, ), Tae o — 3TO OJeticmeue (dIeMeHTapHas mporpamma) [68].
OTMETHM Takke, 4TO TOYHOE OMpEeTCHHE OXPAHHBIX YCIOBUIl Y (MO CYLIECTBY,
YIpaBIIAIONIEH JIOTHKH YCTPOWCTBA) HE Bceraa TpedyeTcss — 4acTo HeBaXKHO, Kak
YCTPOCH apOUTp, YIPABISIOIIHIN JOCTYIIOM K HEKOTOPOMY PECypCy, IIIaBHOE, YTOOBI
OH Obl1 Gezonacnuim (safe) u cnpaseorusvim (fair) — obecreunBan B3auMHOE
HCKJTFOYCHHE MPOLECCOB M PAHO HJIM MO3JHO JaBall JOCTYI KaXKIOMY JKEIAOIIEeMy
nporecey’: G({y € Tr |y} <1) n Fy ms Bcex y e Iy, tae I'x — MHOKECTBO
OXpaHHBIX YCIOBHH MHKPOOIEpPAIUii, )KENAIMIUX MONTYyYUTh TOCTYI K pecypey R.
Korga ympasisiroriast Ioruka He CHEIUpHUIUPYETCsl JeTaabHO, OXPAHHBIC YCIOBHSI
ompenensaorcs depe3 nepeMmeHHsle HDL-monenu (BbIXogHBIC WIH BHYTpEHHHE
CHTHAIIBI) — TaKue CHCHH(UKAINN Ha3bIBAIOTCA a0aNmMuUEHbIMU, TOCKOIBKY,
UCIIONB3Ysl OOpaTHYIO CBfA3b OT pealu3aldd, OHH MOACTPAWBAIOTCS MOA ee
noBeacHue [69].

KontpakTHbIe cnenudukanuy KOHBEHepa MOXHO HCIOJIB30BATH HE TOJBKO ML
MPOBEPKU KOppeKTHOCTH nosenerans HDL-mMonenu, HO 1 A1 MOCTPOEHUS TECTOBOH
nocienosarensHocty [65]. B moxxome, ommcanHoM B [66],  TecroBas
MOCIIEI0BATENILHOCTE TeHepupyeTes na gemy (on the fly) ma ocHoBe 06xo0ma
COCTOSIHMH yIpaBiieHHs (MHOXKECTB MapajjIesIbHO BBIOIHAEMbBIX MUKPOOTIEPAINH).
JUIs  3TOTO  WCIIONMB3YIOTCA — HeuzbblmouHvle —aneopummvl  0b6xooa epagos,
MIO3BOJISIOIIHE MOMIArOBO OOXOIUTH CHIIBHO CBSI3HBIE Tpadbl, pacroiaras B KakKablid
MOMEHT BpPEMEHH TOJBKO HH(pOpMAaIMedl o TeKyliedl BepummHe (COCTOSHUM) H
MHOXECTBE HCXONSAMIMX W3 Hee MAyr (AOMycTHMBIX cTuMysoB) [57, 58]. B
OOJIBIIMHCTBE TNPOEKTOB 110  BepHU(UKAIMK  anmapatypsl  HCIOJIb30BaJIach
ONTHMU3UPOBAHHAS BEPCHUS AJITOPUTMA Olngrsm, OPHEHTHPOBAHHOTO Ha rpadbl, B
KOTOPBIX UMEETCS JeTePMHUHUPOBAHHBIN (110 CTUMYJIaM) CHJIBHO-CBSI3HBII MOJIHBIH
octoBHBIH moarpad [70].

3ameTnM, 4TO Tpad, COCTOSSHUAMU KOTOPOTO SIBISIOTCSA MHOXECTBA MapalIeIbHO
BBITIOJTHAEMBIX MHKpOOIIEpaliid, He 00s3aH OBITh JAETEPMHHHUPOBAHHBIM (aXke B
CMBICIIE ~ HaJIM4Msi  JETEPMHUHHPOBAHHOIO  OCTOBHOro  moarpada).  Jlus

! Temmnopaneueiii omepatop F (in the Future) tpebyer, utoGsl (opmyia

KOTJa-HUOY/Ab BBIMOJIHWIACH (HA4YMHAs C TEKYyIIETO MOMEHTa BpeMmeHH): Fy =
true Uy.
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JeTepMHUHU3AIMKA 00XoauMoro rpada ObUT TpEeIoKeH CIEeAYIOMHUNA TOIXO0: B
cocTtosiHue 0O0pabOTKH oreparuu (4acTh COCTOSHHS YIIPaBJICHHUS) H00aBISIeTCS
undopmauuss o cumyayuu, BO3HUKAIOUICW TIPH BBIIOJHCHUH OIEpalNH, |
3asucumocmax OTEpally OT OPYyrux oOpadaTeiBaeMbIX omepanuii [65]. Curyanuns
3aJaeT nyTh B rpade MOTOKa yNpaBJieHUs onepaiuy (Mexay BepinuHamu Start u
Stop) M JeTepMUHU3UPYET BHIOOP OYEPETHOM MHUKPOONEpalUH, 3aBUCHMOCTH
OTIPEEIAIOT KOH(DIMKTBI MEXIy ONEpalisiMd W JIETePMHHU3UPYIOT YCTAaHOBKY
O6nmokupoBok. I[lOHATHO, YTO JUIL CJIOXKHOTO YCTPOWCTBAa rpad MOXeT OBbITh
OTPOMHBIM, @ €ro OOOOLICHHWE MOXKET CHH3UTh KadecTBO Bepudukanmu. Jlis
penieHust 3Toi MpobaeMbl OBUI IIPEUIOKEH METO/I apajuiesIbHOT0 00xoxa rpada Ha
KOMIIBIOTEPHOM Kiactepe (cM. pasaen 3.1.3).

VHcTpyMeHTanbHas NOAJEPKKAa pa3pabOTKM  KOHTPAKTHBIX  CHELH(UKAIH
KOHBeliepa M TECTOB Ha WX OCHOBE peaJM3oBaHa B BHJE OHMOIMOTEYHOrO
pacuupenus PIPE (ot amrm. pipeline — xkonseiiep) unctpymenta CTESK [52].
bubaunorexa paspaborana na s3bike SeC  (Specification extension of C),
ucnone3yemoM B umHCcTpyMeHTe CTESK, m He mpuBsi3aHa K KOHKPETHOMY SI3BIKY
omucanus anmaparypel. OCHOBHBIE BO3MOXKHOCTH Oubimorekn PIPE moxxHO
pa3ouTh Ha aBe rpymubl: (1) omucaHue CTPYKTYyphl KOHBeiiepa — KOMITO3HLIUS
ornepanuii U3 MHOXXECTBa MUKPOOICPALUi C HCIIOJIb30BAHHEM ONMMCAHHBIX BBIIIC
npumutHBOB (Switch, merge, fork, join u mpyrux); (2) sMynsius MOOBEACHUS
KOHBeliepa — TOTAaKTOBOE MOJICIMPOBAHHE KOHBeWepa, OCHOBaHHOE HaA
OTCIICKMBAHUM MHOXKECTBA I1apAJUICIIBHO  BBIOJHACMBIX MHUKPOOICpaluid, u
BBINIOJIHEHHE IIPOBEPOK, OINpEIETICHHBIX B IIOCTYCIOBHAX MHKpoorepaimi. s
pa3pabOTKM TECTOBBIX CIEHAPUEB W TEHEpallMd TECTOB  HCIIOJIb30BAJIUChH
craniaptHele cpeactBa nHcrpymenra CTESK. B npumepe 3 npuBeneno onucanue
rpada TOTOKa YyIpaBIEHHS OIEpalUd, pPacCMOTPEHHON panee (cM. puc. 6),
cpencrBamu 6ubanorexu PIPE.

Ipumep 3. Onucanue onepanum ¢ UCNOJIb30BaHueM NpumuTuBOB PIPE

01:  specification void x(...) { OIHCAHKE OTEPAIUH X:

02: pre{..} OICaHHe peyCIOBUsI
oTiepaIu

03: coverage{ ... } OIUCAHKE TECTOBOIO MIOKPBITHSI

04:

05:  reaction Process* a(void) { OIUCaHKe MUKPOOTIEPAIIHH .

06: pre{..} OIMMCaHNE OXPAHHOI'O YCIOBHSA
MHKPOOTIEPAIHH

07: post{..} OITUCaHKe MOCTYCIIOBHUS
MHKPOOTIEPAIHH

08:. }

09:  Operation *op = create_Operation(x);  omucaHue rpada MOTOKA
YIIpaBJIEHUS OIEPALUU X:

10:  register_Stage  (op, 0, a); BepmnHa Stage (merka O,
crienuduKaiys a)
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11:  register_Fork (op, 1, 3); Bepummaa  fork  (merka 1,
CJIeyIONIHe BEpIIMHBI 2 U 3)

12:  register_Stage  (op, 2, b); BepmHa Stage (metka 2,
crierugukars b)

13:  register_Edge  (op, 2, 4); JIyTa MEK/y BepuHaMu 2 u 4

14:  register_Stage  (op, 3, ¢); BepmmHa Stage (metka 3,
crierupHuKanys C)

15:  register_Join (op, 4); BepiuHa join (MeTka 4)

16:  register_Delay (op, 5, 1); BepmnHa delay (metka 5,
3ajepxka 1)

17:  register_Stage  (op, 6, d); BepimmHa Stage (Mmetka 6,
crieru¢ukarys d)

18:  register_Stop (op, 7); BepinuHa Stop (MeTka 7)

IpemnoxxenHsrit MeTon u moanepxuBaromuii ero nacTpymeHT (CTESK BMecTe ¢
oubmmotekoit PIPE) 8 2007-2010 rr. MCHONB30BANHCE B HECKOJIBKUX MPOCKTAX IO
BepUUKAUE MOZYJICHl MHKpPONpOIecCOpoB: Oydepa mpeoOpa3oBaHUsS aIpecoB
TLB [55], moayns apudmernku ¢ ruiaBatomein toukoir (FPU, Floating Point
Unit)® [71], xom-nmamsitt Broporo yposHs (L2) [72] ¥ KOMMyTaTopa CEBEPHOTO
mocta (Databox) [67]. Bo Bcex Momyisix Obliv OGHApYKEHBI ONIMOKH (BKIIOYAS
KPUTHYECKHE), KOTOpBIE OBUTH MPOMYIIEHbI IPYTUMH METOIaMH Bepu(pUKauu (3To
HE YJIUBUTEIBbHO, TOCKOJIBKY IETalbHOCTh clielu(pUKAIU W CHUCTEMaTHYHOCTh
nepedopa COCTOSHHIA JENal0T MOAXO0J CPABHUMBIM IO IMOJHOTE BEepUMUKALUU C
¢opmanpHeIME  MeTomamu). Hambonee  CIOXHBIA — MOXydb, MPOBEPEHHBIH
ONMMCAaHHBIM METOJOM, — KOMMYTAaTOp CEBEPHOTO MocTa (OMHCaHWE MOJIYJII
COCTaBIISIET OKOJIO 6 THICSY CTPOK Ha si3bike Verilog; Monayme peanusyet okoio 60
PA3IIMUHBIX THIIOB ONEPAIMil’; BBITOIHEHHE HEKOTOPBIX ONMEPAIHil 3aHHMAET OKOJIO
40 TakToB). MeToz xopomio cedst 3apeKOMEH 10BN JJIsl CPAaBHUTEILHO HEOOIBIINX
JIETAILHO 33JJOKyMEHTHPOBAHHBIX YCTPONCTB; JUIS CIOXKHBIX IPOEKTOB CO CKYJHOM
JIOKyMEHTalel 3aTparhl Ha pa3pabOTKy M OTJIAJIKYy MOTAaKTOBBIX CHEUU(pHUKALUii
TpyaHo oneHuts [73]. TpymoeMmMkocTs BepHUHUKAIMM  YCTPOHCTB  CpeaHeH
cioxHoCTH (3-6 ThICSY CTPOK Koza) cocTaBisitoT 0.7-1.3 denoBeko-mecsia Ha 1
TBICSYY CTPOK Koja [72].

CpaBHUBasi KOHTpPaKTHbIE clieln(pUKanNy KOHBeHepa ¢ IpyruMu Qopmanusmamu,
UCTIONB3YEMBIMH JUIS ONMCAHMS IIOBEJICHHS almapaTypbl, cJIeayeT emje pas3
YIOOMSHYTh TeMIopanbHyio Joruky LTL u ee BapuanTel. Kak Oputo mokazaHo
panee, normka LTL He cmocoOHa amexkBaTHO OmHCaTh HEKOTOPHIE CBOWMCTBA,
KOTOpBIE ~ TPOCTBIM ~ 00pa3oM  ONHMCHIBAIOTCS C  MOMOIIBIO  KOHTPAKTHBIX

8 [Mpu Bepupukanny Moyt apupMETHKH C IUIABAIONIEH TOYKOH OCHOBHOE

BHUMaHUE YJEISIOCh HE OIIUCAHUIO CTPYKTYPBI KOHBEHepa, a FreHepaliii TECTOBBIX
JTAaHHBIX.
’ ITox Tunamu onepauuii 31€Ch NOHUMAOTCS HE TOJIBKO KOJbI ONIEPALU, HO
1 pa3IMYHBIE CIIOCOOBI BEITIOHEHUS (BETBH (DYHKIIMOHAIBEHOCTH).
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criennukanuii. B sa3pIkax BepuduKanuM  anmaparypel, I[TOJJEP>KUBAIOIIMX
TEeMITOpaJIbHbIE YTBEPKACHUS (CM. pasnen 2.2), Belpa3uTenbHble Bo3MOoxHOCTH LTL
CYIECTBEHHO PACIIMPEHBI: MOXXHO OOpaIlaThCsl K 3HAYCHUSAM IEPEMEHHBIX B
IponnioM W OymymieM, 3alaBaTh BPEMEHHBIE WHTCPBAIBI HACTYIUICHHS COOBITHIA,
OIMCHIBATh PETYISPHBIE COOBITUS, CO3/aBaTh IapaMETPU30BAHHbBIC IIAOJIOHEI
YTBEPXKICHHUH, UCTIONB30BaTh B YTBEPXKICHUIX npucBanBaHus [34]. TemmopanbHas
JIOTMKA TaKOTO BHA MO3BOJISIET ONUCHIBATH IIMPOKHUH AMAa30H CBOWCTB M aKTHBHO
UCIIONIb3YeTCST B MMHUTAIlMOHHOW BepH(UKAIMM, OJHAKO, KaK ITOKa3bIBAET OIBIT,
WH)KEHEPHI HE UCTIONB3YIOT BCEX €€ BO3MOXHOCTEH, a OTPaHUYMBAIOTCSI OTMCAHUEM
NPOCTBHIX TPUYMHHO-CIICICTBEHHBIX CBs3€H, KOTOpBle, Ha Hall B3IV, Ooliee
€CTECTBEHHO OIMCHIBAIOTCS B TEPMHHAX KOHTPAKTOB M HEHCTBHH: (Y, o, ) —
«ECIH 7, BBITIOJHUTH OL U IPOBEPUTH ).

3ameTHM, 4TO 100ABICHIE B KOHTPAKTHI JEHCTBUI NPHBOIHUT HAC K KJIACCHYECKOMY
dopmanusmy —  oxpamsiemvim  Oeticmeusim  (guarded actions), BBemeHHOMY
Hetiketpoit B 1975 1. [74], KOTOpPBIii B TOC/eIHEE BpEMS aKTUBHO HUCTIOIB3YETCS TSt
BBICOKOYPOBHEI'O  OIMCAHUSl  allaparypbl ¢  MOCICAYIOIIUM  JIOTUYECKHM
cunTe3oM [75] (B OTOW cCBSA3M CIeAyeT YNOMSHYTh s3bIK  Bluespec [76]).
OxpaHsieMbIMU JCHCTBUSIMU HA3bIBAIOTCS maphl (Y, o) (B apyroit hopme — y — ),
UHTEPIPETHPYEMbIE  CICAYIOIUM 00pa3oM: KOrJa HCTHHHO YCJIOBHE v,
BBITIIOJTHACTCS JEHCTBHE O. YUYHUTBIBas TO, YTO B KOHTPAKTHBIX CHEHU(UKALUIX
KOHBeliepa YCIOBHS M [CUCTBHsS CTPYKTYpUpOBaHbl B Tpadsl (cM. puc. 6),
paccMatpuBacMmas  ¢opma  crnenudHUKanMi  MMEEeT ~ MHOrO  0o0mero ¢
aneopummuyeckumu mawunamu cocmosnuii (ASM, Algorithmic State Machines) —
JuarpaMMamu, IpUMEHSEeMBIMH JJIs1 ONUCAHMs U CHHTe3a anmapartypsl [77, 78]. B
ASM, omHako, HET TPOBEPOK (MOCTYCIOBHA MHKpPOOIEpaIlii) © HE
HOJACPKUBACTCS MApaUIeNIbHOE BBHINOJIHEHHE MHUKpPOONepanuii (BEpIIMHBI THIA
fork u join).

3.1.2 Coobimuiinsie cneyugurxayuu annapamyput

[lpy npumeHeHMHM MeTola BepU(UKAIMKM HA OCHOBE IOTAKTOBO TOYHBIX
KOHTPAKTHBIX crenudukanuii B NPOMBIIUICHHONW NPaKTHKE ObUIM BBISBIEHBI €r0
orpanndyenuss u cnaboie Mecrta [40]: (1) svicoxue mpebosanus x kauecmey
O0OKyMeHmayuu — Kak TPaBWIO, OIMCAaHHE MOAYJEeH He OTJIMYAeTCsl MOJHOTOH
(akueHT nenaeTcs Ha MX CTPYKTYpe, a He Ha TPeOOBAaHMAX K IOBEJCHUIO); TOHKOCTH
paboTBl yCTpPOHCTBA, HEOOXOJAMMBIC JUIS CO3JaHMS TOTAKTOBBIX CHEIM(UKAIINH,
OIMCHIBAIOTCSI pa3paboTYMKaMH C TPYJAOM (4YacTo NPOUCXOJUT ameuisiius K
HCXOZHOMY Kony); (2) mednennuviii cmapm eepuguxayuu — CPOKH TPOBEACHHS
BepU(UKALUH OTPAHUYCHBI, & Pe3yIbTaThl (€IMHCTBEHHBIM 3HAYUMbBIM PE3YJIHTATOM
Ha TIPaKTHKE SBISIOTCS HaWJCHHBIE OIIMOKM) TpeOyeTcs MOIyYHTh KaK MOKHO
CKopee; AeTallbHble CHEeHU(PUKAIMK O3BOJISIOT MPOBECTH TUIATEILHYIO MPOBEPKY,
HO pe3yiabTaThl MOTYT OBITh MOJYYEHBI CIMIIKOM TO37HO; (3) crnooscHocmo
uHmezpayuu 8  Npoyeccbl  NPOEKMUposanus —  pa3paboTKa  MOIyNeH
MHKPOIIPOLIECCOPOB YaCTO COMPOBOXKIAECTCS CO3/IaHHEM HMX OOOOIICHHBIX MOJEINeiH
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Ha sI3bIKAX BBICOKOTO ypoBHs, Takux kak C++ u SystemC; Bmecto pa3paboTKu
crienuuKanyi ¢ HyJsl IeJIeCo00pa3HO MCITOIb30BaTh NMEIOIIUECT HAPAOOTKH.

B pesynbraTe aHanmMsa ONbBITa NPOMBIIIIEHHOH BepU(HUKALMKM HCIIOIb3YEMbIH
noaxox Obut pacuuper (2011 r.). B TeopernyeckoM IuiaHe, pacuimpeHre NOAXoaa
CBSI3aHO C IEPEXOJOM OT IOTAKTOBOW MapajurMbl K COObIMULIHOL, YTO TO3BOJISET
UCTIONBb30BaTh CIIEIM(UKAINN C HETOUYHOI MOZAENBIO0 BPEMEHH (C YNPOIIECHHONW N
OTCYTCTBYIOIIEH yIIpaBisiomeld Jorukoi). lcmompsyemass TEXHHKAa IPOBEPKU
KoppekTHOCTH moBeneHus HDL-monmemeli ocHoBaHa Ha  OMHAMHYECKOM
COTIOCTaBJICHNH Tpacc (JaCTHYHO YHOPSIIOYEHHBIX MHOXECTB COOBITHI) [79]: omHa
Tpacca TOPOXIAeTcs peanu3ariel, BTopas — crerudukanueil (ITaIoOHHOM
Mozenbio). IlpakTudeckass cTopoHa pabOT cBs3aHA C MepexomoM oT sa3eika SeC
(ucnonezyemom B CTESK pacmmpennss ANSI C) x si3bIKy HpOrpaMMHUpPOBaHUS
C++, 4T0 maeT BO3MOXHOCThH HCIIOJIB30BAaTh B COCTaBE TECTOBBIX CHUCTEM MOJIEIH
YCTPOMCTB (KOMIOHEHTHI CUMYJIATOPA), CO3JjaBaeMble B MPOLIECCE APXUTEKTYPHOTO
OPOEKTUPOBAHUS (CM. paszen 2).

Hab6momaemoe moBemenne HDL-momenym omuceIBaeTCsS @pemenHviM C1080M —
NOCTICIOBAaTENBHOCTEI0 BUIa {(&;, ti)}io, THe @ — coObiTHe, a i — BpeMs ero
HacTyruleHus1. CoOBITHSA, MPOUCXOMAIINE B OXHO U TO K€ BPEMS, JOIYCTHMBI, HO
JIOJDKHBI BO3HUKATh Ha pasHbIX MHTep(eiicax ycrpoiicTBa. [loBenenne 3tanoHHOM
MOJIETIM 3aJaeTCsl gpemenno mpaccoi (WIH TPOCTO MPAcColl) — YaCTHYHO
YOOPSIOYCHHBIM MHOXecTBOM map (a,t). YacTWYHBIM MOPAAOK ONUCHIBACT
NPUYUHHO-CJIC/ICTBEHHBIE CBSI3M MEXIY COOBITUSIMH W Jpyrue OTpaHHYCHUs,
CBSI3aHHBIE C YNOPAJOYEHHOCTHIO. 3aMETUM, YTO BPEMEHHBIC CJIOBA SIBISIOTCS
YaCTHOM Pa3HOBHIHOCTBIO TPacc — TpaccaMy C TPHUBHAIBHBIM MOPSIKOM (TI0 CyTH,
3TO O3HAa4YaeT OTCYTCTBHE MH(POPMAIMU O B3aUMOCBS3SIX MEXIy cOOBITHsMN). [Ipn
WCIIONIb30BaHUN HETOYHBIX ATAIOHHBIX MOZENeH Tpacchl 0000IarTCs — BMECTO
BPEMEHHEBIX METOK YKA3bIBAIOTCS GPEMEHHbIE UHMEPBAIbl, 3a1al0INe OTPaHNICHHS
Ha BpEeMCHa BO3HHKHOBEHHs coObITHI B peammsarnmu [80]. Ilpumep mokazaH Ha
puc. 7: Habmomaemoe moBeneHne Bepuduuupyemoir HDL-Momenn ommcwiBaeTCst
tpaccoit {(b, 1), (a, 2), (¢, 3), (d, 5)}, moBenenue sramonnoit momenun — {(a, 1),
(b, 2), (c,2), (d,3)}; mpu 06OOUIEHNH STAJOHHON TPACCHl BPEMEHHBIC METKH
pacumpsoTcs 0 HWHTEpBaJlOB, HO, BMECTe C TeM, B Tpaccy Jo0aBisercs
MHPOPMALIUS O 3aBUCHMOCTSAX MEXIY COOBITHUSIMH.
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Tpacca HOL-modeny Tpacea amanoaHoll modeny
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Mposemia Obobuenue
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0.2 G Y@ 11,51

Hnmepeanetas mpacca

Puc. 7. Cxema nposepxu coomseemcmaus mescdy HDL-modenvio u smanonnoii
MoOdenvio

B 00mux cioBax, CyTh BBIOJIHSEMOH IIPOBEPKH MOBEACHHS CIEAYIOIIas: Tpacca
peanuzanuu (HDL-mMozenn) noimkHa ObITh JIMHEapU3alMed Tpacchl CHelU(pUKaUK
(3TaNOHHON MoOnenH), a BPEMEHHBIC METKH COOBITHH peanu3alii HE JOJDKHBI
BBIXO/IUTh 32 pPaMKH HWHTEPBAJIOB, 33/IaHHBIX B COOTBETCTBYIOIIUX COOBITHSIX
cnenupukanuu (GopMaiabHOE ONpeaeicHHe MOXHO Haith B padote [79]). Baxuo
OTMETUTbH, YTO TPOBEPKAa COOTBETCTBHS TPAacC BBIMOJHACTCS B JUHAMHKE, a HE
nocJie 3aBepueHns Bepudukamyuu. Puc. 8§ wimmocTpupyeT npoBepKy KOPPEKTHOCTH
MOBE/ICHNS HAa IIPUMEPE Tpacc, MOKa3aHHBIX Ha pHc. 7 (paccMaTpUBAETCS MOMEHT
BpemeHH t = 4). B BepxHeil actu m3o0paxensl peakuun HDL-Monmenwn, B HIDKHEH
— pEaKkuMH STaJOHHON MOJENH; OTHOUICHHE TMOpSAKA MEXIY pPEaKIusiIMU
STAJOHHOW MOJENN TIOKAa3aHO CTPEIKaMH; ITyHKTHPHbIE JMHHUH COCIUHSIOT
COIOCTABJICHHBIEC PEAKIHH.

TecToBBI Opakyll, OCYLIECTBISIIOIIUN COIOCTaBICHUE Tpacc, MMEeT JABa THUIIA
Bx0z0B: (1) peakunu HDL-mMoxenu u (2) peakiun 3TadoHHON Moaenn. Ha xaxmom
TaKTe TECTOBBI OPaKyJl BBINOJHSIET cienylomue nencTsus: (1) npuem peaxyuii —
MOJyYCHHBIE pPEaKIUM chennpuKanuy U peanusanu, X' u Y’, 3aHoCATCS B
COOTBETCTBYIOIIME YACTUYHO YIOPSIOYEHHBbIE MHOXecTBa coObithit, X u Y
X XUX, Y« YUY’ u3 000MX MHOXKECTB YHAISICTCS IIEPECCUCHIE MHOKECTB
MUHHMAJIBHBIX (IT0 OTHOIIECHHIO MOPSAAKA) snementos’;

X« X\ (min(X) N min(Y)), Y < Y \ (min(X) N min(Y))

(2) nposepra npesviuenus aumuma épemeHy — €CITA BPEMSI HAXOXKICHUS PEAKI[UH
B COOTBETCTBYIOIIIEM MHOXECTBE MPEBHINIACT 3aJaHHYIO BEINYMHY, DUKCHPYETCS
ommbKa: nponywennas peaxyus (JUId peakuu CICU(DUKAIIN) WA HeONCUOAHHAS
peaxyus (JUTs peaKkinuy peann3aun).

1
0 Kak oTmeuanoch BbIllle, TIOBEIEHWE peanu3anud (KaKk MPaBHIIO)

MOJIETUPYETCSI TPAcCO C TPUBHAIBHBIM TIOPSAKOM (TIOPSIKOM, 3a/iaBaeMbIM
OTHOIIICHHEM PABEHCTBA), JAJIs1 KOTOPOTO BCE COOBITHS SBJIIOTCS MUHUMAJIHHBIMHU.
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Puc. 8. Coomeemcmeue meaxncdy HDL-umodenvio u asmanonnoti mooenvio

VYhpomeHHoe ONHCaHWe alroputMa paboThl OpaKylla Ha KaKIOM TakTe
BepuduKaluu mpuBeseHo B npuMepe 4 (B Havane pabotel X =Y = u v =true; B
cmydae omubku B V 3aHocutcsi false). Boiee merampHOe W (opmaan3oBaHHOE
OITICaHNe MOXKHO Haiitu B pabote [79].

IIpumep 4. IIpuMepHBIii a1ropuT™M padoThl TECTOBOIO OpPaKyJIa

01: receive X, ¥’ IIPUEM MHOKECTB PEAKIUI Ha
TEKyIEM TaKTe

COIIOCTABJICHUE PEAKIIUM DTAJIOHHOM

MOJeNn

(HecomnocTaBJIeHHbBIE PEAKINH

OTKJIAJIbIBAIOTCSI)

comnocraBienue peaxkuu HDL-

MOJIENN

(HecomnocTaBJIeHHbBIE PEAKINH

OTKJIAJIbIBAIOTCSI)

€CIIU JUIsl PEaKIIMU 3TaIOHHON

MO/IEJIN TIPEBBIIIEH JIUMHUT BPEMEHH,

02:  for (x,t) e X’ do
03: if (x,t) ¢ Y then X « (x, 1)
04: for(y,t) e Y'do
05: if (y,t) ¢ XthenY « (y, 1)

06: for (x,t) € Xdo

(ukcupyercs ommoKa:
NpoNyujeHHas peakyust
eciu i peakuuna HDL-monemu
MIPEBBIIIEH JJUMUT BPEMEHH,
¢ukcupyercs omnoka:
HeONCUOAHHASL PeaKyus

07: if timeout(x, t) then v « false
08: for(y,t)eYdo

09: if timeout(y, t) then v < false
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PaccMmoTpeHHBIH I0AX01 K IPOBEpKe KoppekTHOCTH moBeneHust HDL-mozneneit Ot
peammzoBan B uHCTpyMeHTe C++TESK [81]. OrtHomeHne mopsaka MeEXIy
peaKLUsIMUA  OTAJTOHHOW MO MOXET OBbITh 3aJaH0 JBYMsl CIOCOOamHu:
(1) HemocpeCTBEHHO B STAJIOHHON Momend W (2) ¢ TIOMOIIBIO  apOumpos
peaxyuii [40]. ApOutp peakuunii 3amaeTcs Ul K&KIOTO BEIXOJHOTO MHTepdetica u
0 3aIPOCy TECTOBOHM CHUCTEMBI BBLIACT OUEPEIHYIO PEAKIHIO TaJOHHOW MOJIEIIH.
ApOutpsl gernsitcs Ha Tpu THna: (1) modenvuvie apbumpul (KOTOPHIC MPH BBIOOPE
peaKiMyd OPUCHTUPYIOTCS TOJBKO HA MOPSAIOK WX BBIIAYM ITAJOHHON MOJEIBIO),
(2) aoanmuenvie apbumper (KOTOpBIE OCYLIECTBIISIOT BHIOOP PEAKIUHM ITATOHHOU
MOJICIM MyTEM COMOCTABICHUS C 3aJaHHOM peakIMed peanu3aiuu) |
(3) osyxyposnesvie apbumpur (KOTOpble pabOTAOT B JBa JTama: CHa4yajia CTPOST
MHO>KECTBO BO3MOXKHBIX PEaKIMM 3TaJOHHON MOJENIH, HUCIOJb3ys MOJAEIbHBIN
apOuTp (MHOKECTBO MHHHMAJBHBIX II0 OTHONICHHIO TOPSIKA PEaKIHii), a 3aTeM
MPUMEHSIOT K TIOJIy4eHHOMY MHOXECTBY aJIalITUBHBIH apOUTp).

B ocnoBe C++TESK nexur Oubnuoreka KiaccoB, oOecreunBaromas pa3padoTKy
tectoBrix cucteM s HDL-monmeneit ammapatypel Ha ypoBHe TLM (cwm.
paszzen 2.2). CpencTBa MHCTPYMEHTa IO3BOJIIIOT CO3[aBaTh TaKHE KOMIIOHEHTBHI,
Kak ATaJOHHBIC MOJENH, aJanTepbl, TECTOBBIE CIIEHApHH, COOPIIMKH TECTOBOTO
MOKpPBITUS U Apyrue (cM. puc. 2). Mcnonb3oBaHue Al CO3OaHUS TECTOBBIX CHCTEM
A3bIKa mporpammupoBanust C++ mo3BosseT 6e3 TpyAa BCTpanBaTh B HUX CTOPOHHHUE
STAJOHHBIE MOJENH, pa3pabOTaHHBIE HAa 3TOM s3bIKe. B mpumepe 5 mokazaHo
OTIMCaHMe OTIepalny, M300pakeHHo! Ha puc. 6, cpeactBamu C++TESK. O6patum
BHUMaHHME, 4YTO IIPOLECChl MOTyT OBITh 3amylleHbl Kak IapajuielbHbIM
(PARALLEL), tak u mocnemoBatenpubiM 00pazom (SEQUENTIAL). Ipu 3amycke
npouecca ykaseiBaetcs uHTepdeiic (iface,, iface,, iface,, ifacey) u BxomHOE
coobienune st 00paboTku (MSQYs, MSQPp, MSYe, MSYg)-

IMpumep 5. Onucanue onepanuu ¢ MCNojab3oBanueM npumutTuBoB C++TESK

01: DEFINE_STIMULUS (x) { OIUCAHKE OTIEPAIUH X:
02: START_STIMULUS(); HAYaJo Oreparuu
CALL_PROCESS(SEQUENTIAL,

03: a, iface,, msg.): 3aIyCcK MAKPOOTIePaNyH a
i CALL_PROCESS(SEQUENTIAL,
04: . . 3aImycK MEKpoormneparmu b
b, iface,, msgy);
05 CALL_PROCESS(PARALLEL, 3alycK MHKpOOIepanuu C
' c, iface,, msg.); (mapannensHo b)
06: CYCLE(); 3aJIEpKKa B OJIUH TaKT
i CALL_PROCESS(SEQUENTIAL, d,
o7 . ) 3amyck MEKpoornepaiuu d
ifaceq, msgq);
08: STOP_STIMULUS(); 3aBeplIeHHE Olepanny
09: } OITMCaHUEe OTIePAINH X:
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Wuctpyment C++TESK B 2011-2013 rr. ucrmonb3oBajics B psife IPOEKTOB IO
BepupUKauu MOAyJel MukpornpoieccopoB [40, 79, 73]: MeXnporeccopHOro
kommytaropa ganueix (MAU Hub, Memory Access Unit’s Hub), cucremuoro
kouTposuiepa mpepeiBanuii (SAPIC, System Advanced Programmable Interrupt
Controller), monyms moncka mo Ttabmume crpannn (TLU, Table Lookup Unit),
KoMMyTaTopa ceBepHoro mocra (Databox), 6ydepa komann (1B, Instruction Buffer),
MOACUCTEM K3MHMpoBaHUsl 2-oro u 3-oro ypoBedl (L2 u L3). [IpeanoxeHHbIH
METOJI TO3BOJWJI CO3JaTh 3TAJIOHHBIE MOJEIH JJISI MOIYJIEH CpeqHed CI0KHOCTH
0e3 Hanu4Msl JEeTAILHON JOKYMEHTAllMU M HaWTH OOJBLIOE KOJMYECTBO CIOXKHBIX
omnOoK. TpynoeMKocTh pa3paboTKU TECTOBOW CHCTEMBI B CPEJHEM OLICHMBACTCS B
1 gyenoBeko-Mecs Ha 1 Teicsuy cTpok koma HDL-ommcanus (mpuuem paboTa mo
CO3JaHMIO ATAJIOHHOW MOZENH TPYAHO paclapajuleNuBaeTcs). MeTox MpUMEHHM
U1 BepuUKAIINA MOIYJeH cpemHeidl ciaokHOCTH (mo 10 THICAY CTPOK Koma) M
Mozxynei Oompmoit ciaoxHOCTH (10-50 TBICAY CTPOK KOJa), HO IOMYCKAOIIMX
abCTpakiMi0  ympaBiolieid Jiormkd. s Oojee  CIOXKHBIX — HOACHCTEM
1eecoo0pasHee HCIOJIb30BaTh BEPUPHUKALMIO ¢ MOMOIIBIO TECTOBBIX MPOrpaMMm
(cM. pazzen 3.2).

PaccmoTpum momxonpl, Onu3kHe K mOpemiaraeMomMy Merony. B pabote [82]
UCHIONB3YeTCs  MOJEIb  asmomama ¢ Y4ACMUYHO — YROPAOOUEHHbIMU
exoonvimu/svixoonvimu  coovimusmu  (POIOA, Partial  Order Input/Output
Automaton) nns mpencTaBlIeHHS IOBEICHHS JTaJOHHOW MOJENH M pean3alui.
Ecmm (1) peanmsaumst cooOmmaer o0 mpueMe HENOANCPKHBACMBIX CTHMYJIOB,
(2) MOXHO yCTaHOBHTH MOPSIOK BHIIAYM PEaKIUii peaim3anuei, (3) BpeMs oTBeTa
peanu3anuu OrpaHudeHo, U (4) KXl eMIUHUYHBIN EPEX0]l B ATATIOHHON MOJACTH
COOTBETCTBYET CIMHMYHOMY TIEPEXOJy B peaju3allii, MOXXHO YCTaHOBHThH
COOTBETCTBHE MEXIY peaiu3alieii W JTaJOHHONW MOIENbI0: OHH COOTBETCTBYIOT
JIpYT JAPYTY, €CIIH pealu3ais NPHHHUMAET IOMYCTHMBIC 3TAJOHHON MOJIEBI0
CTUMYIIBI W BBIJIACT OIMMCHIBAEMbBIC €0 PEaKIMH B JOMYCTHMOM TOpsimke. JlaHHBII
HOAXOJ K ONPENEJICHHI0 COOTBETCTBUS CXOX C MPEIUIOKEHHBIM HAaMH, HO
OTJINYaeTCs OTCYTCTBHEM KOHTPOJS BPEMEHHBIX HHTepBanoB. B paGote [63]
paccMaTpuBaeTcs MOJAXOA K TECTHPOBAHHIO MapajlIeJbHBIX CHCTEM C ITOMOLIBIO
HESIBHO 3aJIaHHBIX ACUHXPOHHBIX Koneunvix aemomamos (AFSM, Asynchronous
Finite State Machines). TloBenenue peanusalMu TMPOBEPSETCS TOIBKO B
CTAIIMOHAPHBIX COCTOSHUAX, B KOTOPBIX HE OXKHIACTCSA BbIAa4a PEaKIHii:
(1) cobupatoTcsi Bce COOBITHS, W ONPEAETSIETCS HMX YaCTHYHBIH MOPSIOK;
(2) crposiTes 1 IPOBEPSIOTCS BCE BO3MOXKHBIE JIMHEApH3aIuu coopiTrii. Cunrtaercs,
YTO peanu3alys COOTBETCTBYET JTAJOHHOW MOJEIH, €CIIU JOIMYCKAeTCsl XOTS Obl
oJHa IHHeapu3anus. J[aHHBIA MOIX0M, B OTIMYHE OT MPEUIOKEHHOTO METO/a, He
MO’KET HMCIIOJIB30BATHCS C TPOU3BOJIIBHBIMHU T€HEPATOPAMH CTHMYJIOB, TOCKOIBKY B
HeM TpeOyeTcsi, 4YTOOBI B MPOLECCe TECTUPOBAHUS PEryISPHO BO3HHKAIU
CTallMOHAPHBIE COCTOSIHHSA, HO, C APYrOW CTOPOHBI, OH MPHUMEHUM B TOM Ciyyae,
KOT'JIa He U3BECTEH TOUHBIH MOPSIOK BBIIAYH PEAKLUH peatn3ainei.
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3.1.3 Pacnapannenueanue npoyecca eepugurxayuu

Crnioco0 reHepaiyy TeCTOBBIX MOCIIEA0BATEIILHOCTEH, NCTIONB3YEMbIil B TEXHOJIOTHH
UniTESK [28], ocHoBaH Ha o00xome rpada COCTOSHHA TECTHPYEMOH CHCTEMBI.
OTIMYATENFHOW YepTOW TEXHOJIOTHH SBISAETCS TO, YTO Tpad COCTOSHUHN 3agaeTcs
HESBHO (C MOMOINBI0 (DYHKIMHM MOCTPOCHHUS TEKYIIETO COCTOSHHSA W MHOXKECTBA
JIOITyCTUMBIX CTUMYJIOB) H CTPOHTCS IO Mepe ero obxoma [57, 58]. IIpu mpoxoze mo
Iyre Tpada OCYIIECTBIIETCS Iojlada CTUMYJa Ha TecTHpyeMylo cuctemy. O6xon
rpacda 3aBeprIaeTcs IOCIe MPOXOXKACHUS BeeX AYT (Korma OOHapyKeHO, 9TO HU U3
OJTHOM M3BECTHOW BEPIIMHBI HE BBIXOJHUT HETIPOMICHHAS Ayra) WIN OOHAPYKCHHS
OomHOKH (TIpH HEBBINOJIHEHUH OJTHOTO M3 TocTycioBui). st tectupoBanus HDL-
MoJieJied  amnmapaTypbl IIPOCTPAHCTBO COCTOSIHMM 3a/1aBajloCh MHOXKECTBAMH
NapajulelIbHO BBITIOJIHAEMBIX MUKpoornepanuid (cMm. paszen 3.1.1). Takoi cnoco6
MO3BOJISIET JOOUTHCS BRICOKHX MOKAa3aTeNeii TeCTOBOro MOKpBITHS (cM. pasmen 2.2),
OJTHAKO MOJIy4aeMble rpadbl MOTYT OBITh O4Y€Hb OONBIIMMU. Tak, AJsl CUCTEMHOTO
KoHTpoiuiepa mpepeBanmid  SAPIC  (mpocroro ycrpotictBa, HDL-ommcanue
KOTOPOTO COJEPKUT OKOJIO 2 THICSY CTPOK KOAa) rpad) COCTOSHMHN (A1 OHOTO U3
TECTOBBIX C].[eHapI/IeBll) conepkan okosio 100 Teicsy BepminH U 500 ThICsSY Ayr, a
JUISL MOJIETT KOMMYyTaTopa ceBepHoro Mocta Databox (0Koso 6 ThICSY CTPOK KOAa)
— okomo 500 TeICAY cocTOsSHMA W 2 MIJUIHOHOB nayr. Pasmep rpados,
UCTIONB3YEMbIX ISl TeHEpalid TECTOBBIX IOCIEAOBATENBHOCTEH, MOXET OBITh
YMEHBIIIEH C TOMOIIBI0 TEXHUK COKpalieHus [83], oJHaKo 3TO MOXKET CHHU3UTh
Ka4yecTBO BepHU(HUKALINH.

YroObl yCKOpUTH Mpolecc TecTHpoBaHHs (00Xoa OoybIIuX TpadoB COCTOSHHM)
OBUTH  WCIIONB30BaHBl  BO3MOXKHOCTH, MPEIOCTABIIEMBIE  PACIPEACICHHBIMU
BBEIYUCITUTENFHBIME CUCTEMaMH (KOMITBIOTEPHBIMU KiacTepamu). Bein paspaboran
METOJ, TIO3BOJLIIONIMIA JWHAMHYECKH pachapaienuBath o0xox rpada, He
pacrnionarasi mpM 3TOM HHUKakod uH(opmanueidl o ero CTpykType A0 Hadaia
TectupoBanus [84]. Peanuzanus merona morpeboBana pacuIMpeHuss KIaCCUYECKOM
ApXHUTEKTYpBbl TECTOBOW CHCTEMBI. DTO OBLIO CleNaHO cienyromuMm obpasom. Ha
KaX/IOM KOMITBIOTepe KJlacTepa BBIIOIHAETCS CBOW MPOIECC TECTOBOW CHCTEMBL.
Iporecc ocymecTBIsieT 00X0/1 rpada, a NoIyIeHHOW HHpOpMaIUei O MPoiIeHHON
yacTd Tpada OOMEHHMBAeTCs C MpoIleccaMH Ha JPYTrUX KOMIBIOTEepax Kiacrepa
(3ameTrM, 4YTO pa3HBIC MPOLECCHl MOTYT HWCIIONB30BATh pa3HBIC AalTOPUTMBI
o0xoma). ApXUTEKTypa TIpolecca  pPaclpeleNIiCHHONM  TECTOBOW  CHCTEMBI
MpecTaBieHa Ha puc. 9 (U1 HATSITHOCTH TaKWe KOMIIOHEHTHI, KaK TECTOBBIM
Opaxysl ¥ afanTep, OMyLICHBI).

IIpomecc BrmrodaeT B cebs craemyronue KoMnoHeHTwl: (1) pearusayus arcopumma
06x00a  (06x00uux), (2) npedcmaenenue ecpagpa cocmosnuil  (xpanunuwye),

1 Kaxnpiii  TecToBBIM  clieHapuil — npenHa3HaueH Uil [POBEPKH

OTIPENICNIEHHOT0 aCHEeKTa TECTUPYEMOM CHCTEMBI; MOJIyJYaeMbId B pe3ynpTate rpad
COCTOSIHUI OOBIYHO CYIIECTBEHHO MEHBIIIE COBOKYITHOTO Tpada, MOAEIHPYIOMIEro
CHCTEMY.
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(3) cunxponuzamop u (3) cenepamop cmumynos. O6XOMUMK — ITO OMOIMOTEUHBIM
KOMITOHEHT, KOTOPBIi 110 3alpoCcy CTPOUT MAPIIPYT U3 TeKylled BepiinHbl rpada B
BEpIINHY, U3 KOTOPOH BBIXOJAT €llle HE MPOI/ICHHbIC IyTd, U BHIOUPACT OAHY M3
HUX. XpaHWIWIIE OTBEYaeT 3a TIPEACTABICHHE TMPOHACHHONW dacTH rpada
(MOCeIIeHHBIX BEPILINH, JOMYyCTHMBIX B HHX CTUMYJIOB, MNPOWICHHBIX JYT).
CuHHXpOHHM3aTOp MHOJyyaeT OT 00XoJuuKa HMH(POPMAIMIO O HOBBIX IPOHICHHBIX
Jyrax W pacchllaeT ee CHHXPOHHM3aToOpaM JPYIHX MPOIECCOB; OH TAaKXKE IOJTydaeT
nHpopMaLuio 0 ITyrax, MPOHAECHHBIX APYTHMMH IPOLECCAMH, U MIEPEIacT ee CBOEMY
00xoqunKy (KOTOphli no0aBiseT uHGOpMauuio B XpaHwiuiue). [eneparop
CTHMYJIOB SIBJISICTCS aKTUBHOM 4YacThl0 TECTOBOW CHCTEMBI, HCHOJB3YIOMIEH
00XOIUUK JUIsl TOCTPOEHHMS MyTeil B rpade M TECTOBBIM CLIEHAPHUI ISl BEIYHCIICHHS
TEKYIIEro COCTOSHHS U OTpENeNieHHus] JOMYCTUMBIX B HEM CTHUMYJIOB. bBosee
MOAPOOHO APXUTEKTYpa TECTOBOI CHCTEMBI U IIPOTOKOJ CHHXPOHM3AIMH TPOIIECCOB
orrcansl B padote [84].

lMpoyecc mecmosou cucmems!

TeHepamop cmumyrios
P P v CuHxpoHU3amopb!

3>
Tectupyemas >
o o CuHxpoHusamop Opyaux
cucrema TecToBbIN cueHapun
npoueccoe

Peanusayus anzopumma 06x00a (06x004UK)

v 1

lMpedcmasneHue epagha cocmosiHull (XpaHunuuie)

Y

A
A

Puc. 9. Apxumexmypa npoyecca pacnpedenienHou mecmogou cucmembl

[IpemnoxxenHpIit MeTon peann3oBaH B pamkax npoekra CTESK [52] (B Hacrosmee
BpeMs pa3paboTaHHbBIE CPEeICTBA TAKKe JOCTYIHbI B nHCTpyMente C++TESK [81]).
Jns  ynpaBieHHMs — IPOLECCOM  TECTHUPOBAHUS  pa3pabOTaH  KOOPOUHAMOP,
nospoistomuii - wepes  Web-unrepdeiic  3amaBaTh TakMe mMapamMeTphl, Kak
UCIIONIb3YEMBIE ISl TECTUPOBAHHUSI KOMIIBIOTEPHI, TOMOJIOTHIO CBSI3eH MEXAy HUMHU
(rpa¢ obmena wundopmanmeir) u apyrue. KoopauHaTop 3amyckaeT NpOLECCHI
TECTOBOI CUCTEMBI M cOOMpaeT HHPOPMALIMIO O COCTOSIHUU TECTUPOBaHU (pa3Mepe
npoWaeHHoro rpada, 4YHClie HaHJEHHBIX OIIMOKAaX M JOCTUTHYTOM YpOBHE
TECTOBOT'O IMOKPHITHS). Tak kak 00xox rpada MOXKeT 3aHMMATh IPOJOIDKUTEIHLHOE
BpeMsi, CHCTEeMa HOAJCPKUBAECT BO3MOXKHOCTH COXPAaHEHHS M IOCIEAYIOLIETO
BOCCTAHOBJIEHUsI IPOHAEHHON YacTh rpada. ITO MO3BOISET NPU HEOOXOIUMOCTH
npepBaTh TECTHUPOBAHME WM K€ IPOJOIDKHTH ero rmocie cbos 06e3 moTepH
MOJIyYSHHBIX PE3YJIbTATOB.

B 2010-2012 rr. noaxoa HpUMEHsUICS NpU BepU(UKAINU HECKOJBKUX MOJYJIeH
MHKpPOINPOLIECCOPOB: KOMMYyTaTtopa ceBepHoro Mocta Databox, cucremuoro
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KoHTposutepa npepbiBanuii SAPIC u MEXIIPOIECCOPHOTO KOMMYTaTropa IaHHBIX
MAU Hub. Pasmepsl rpadoB IOXOIWIH 0 HECKOJBKHX MHUIUIHOHOB BEPIIHH.
Hcnonp3oBaHie OMMCAHHOTO MOAXO/a MO3BOJMIO CYHIECTBEHHO CHU3UTH BpEMs
BHIIOJIHEHUS ~ TECTOB, Ko3(pduiueHT >(PGPEeKTUBHOCTH  pacmapauIeIHBaHUSL
npeBocxogun 0.8 (TO ecTh mpH HCHOIB30BaHWH, Hampumep, 100 KOMIBIOTEpOB
BpeMsi BBINIOJIHEHHS TECTOB yMEHbIIAnoch Ooiee vem B 80 pa3s) [85].
CymiecTBylomasi peajinsanys UMeeT OrpaHMYEeHHE — KaXKIIbIH MPOIIECC TECTOBOH
CHCTEMBI XpaHUT COBOKYIHBIN rpad) COCTOSIHUH, MEXIy TeM, rpadbl MOTYyT OBITH
HACTOJIBKO BEJIMKH, YTO HE TMOMELIAIOTCS B ONEPaTHBHOM MaMsATH KOMIbloTepa (a
NPU HUCIIOJNB30BAaHUM BHEIIHEH NaMSATH CHUJIBHO BO3PAacTaeT BpEMs IMOCTPOCHHS
nyteid). OmHO W3 BO3MOXHBIX pELIEHHH 3TOH MpoOieMbl NpemiaraeTcs B
cratbe [86] — cmoco6 mapamiensHOTO 00X0/a, TIO3BOJIIONIMA  M30EXaTh
nyOonupoBaHus WHGOpPMANMKM O TNPOWOCHHOM wYacth Tpada B Mporeccax,
pachpeensis ee MeX1y HUMH.

3.2. PaspaboTku B o6nactu cuctemHon Bepmudmrkaumm

Ecnu npu co3paHuy METOMOJIOTMH MOIYJIBHONH BepH(UKAINH MHKPOIPOLECCOPOB
MBI OTTQIKMBAJIUCH OT OMNbITA pPa3pabOTKM W NPUMEHEHHs TEXHOJIOTHH
tectupoBanus UNITESK [28], To, cronkuysmics B 2006 T. ¢ HOBO# s Hac
3aja4yeil cucTeMHOW BepuUdUKauu (C 3aadell TeHepalnuy TeCTOBBIX IpOrpaMM Ha
s3bIKe accemoOiepa it ofHosgaepHoro MIPS-coBmecTnmoro mumkpormporieccopa),
BBIOOp MeTozma pemeHHsi ObLT HeoueBHAeH. Hambonee ONM3KMMH TOAXOAAMH,
pa3paboranaeivu B WCII PAH, mpencraBmsimch METONBI aBTOMATHYECKOTO
MOCTPOCHHS TECTOB (IIPOrpaMM Ha A3bIKaX BBICOKOTO YPOBHSA) UIA HPOBEPKH
CHUHTAKCUYECKUX aHAJIU3aTOPOB [87] U ONTUMHU3UPYIOLIUX KOMIMIATOPOB [88]. DT
METOJIbl OCHOBaHbI HAa CHHTAKCHYECKHX MOJEJISX: B IIEPBOM M3 HUX HCIIOJIB3YeTCS
rpaMMaTHKa s3bIKa, BO BTOPOM — peXyLHpOBaHHAs TpaMMaTHKa, IOCTPOCHHAs C
YYeTOM aJITOpPUTMa ONTUMHU3AIHH.

B omnmume OT SA3BIKOB BBICOKOTO YPOBHS A3BIK accembiepa uMmeeT OemHBIH,
HEPEKYPCUBHBIH  CHHTAaKCHC, 4YTO CHW)KACT 3HAYMMOCTh CHHTAKCHYECKH-
OPHEHTHPOBAHHBIX METOMOB (XOTSI B HEKOTOpOW (hOpME OHM HCIIOJB3YIOTCS JUIS
TeHepanuy acceMOIepHBIX porpaMM [89] u MOTyT OBITh IOJIE3HBI IS TOCTPOCHUS
rpadoB noToka ynpasieHus nporpamm [90] U KOMIIO3UIMK CIIOKHBIX TPOIPaMM H3
npocteix [91]). Crexyer Takxe OTMETHTBH, YTO METOMBI, ONUCcaHHBIE B [87, 88] He
YYUTBIBAIOT CEMAHTHUKY IPAMMATHYECKUX KOHCTPYKIIMH — MEXIY TE€M, 3TO Ba)XKHO
JUIL TEHEpAaLUU MeCcmosbiX HpOSPAMM CO GCMPOEHHbIMU npogepkamu  (CM.
pa3zen 2.3). Ha ocHoBe aHamm3a OOJIBIIOTO YWCIIa METOAOB M HHCTPYMEHTOB
TeHepalny TEeCTOBBIX MPOrpaMM Ui MHKPOIIPOIECCOPOB (CM., Hampumep, [42]) B
KavecTBe crieliuuKannii ObUIH BEIOPAHBI MOOeaU YPOBHS CUCTEMbL KOMAHO.

3.2.1 Kombunamopnasn zenepauus mecmoswix npozpamm

Mopnenn ypoBHS CHCTEMBI KOMaHJ OIKCBIBAIOT MHKpOIporeccop B (opme
MIEPEMEHHBIX (PETHUCTPOB W TaMsATH) MU KOMaHJ — aTOMapHBIX ACHCTBHMA Haj
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MEPEMEHHBIMU (TSI KOTOPBIX TaK)K€ YKa3bIBAIOTCS MPenycyioBus). B ormudame ot
NETANBHBIX ~ MOJAENeH,  WCMONb3yeMbIX IS MOIYJBHOW  BepudHKaIum
MHKPOIIPOLIECCOPOB, TaKWE MOJEIH abCTParupyroTcs OT CTPYKTYpPhl KOHBelepa u
COBMECTHOI'O BBIIIOJHCHHUSA KOMAHI Ha HEM. OCHOBHOG Ha3HAYCHUC MOHCHCﬁ
YPOBHSI CHCTEMBI KOMaH] — (hopMaln3aIisl CEMaHTUKA KOMaHA U (opMupoBaHue
MMpOTrpaMMHUCTCKOT'O0  B3rjigAa Ha MHUKPOIIPOLECCOpP (HpOFpaMMI/ICT, COCTaBJIAA
nporpamMmy, CUUTA€T KOMaH/Jbl aTOMapHbIMU — BBIIIOJIHECHUEC MTOCJICA0BATCIbHOCTH
KOMaHJ PaBHOCWIIBHO WX IOCJIACAOBATCIBHOMY BBIIIOJIHEHUIO OJHA 3a apyroﬁ).
OI'II/IcaHI/Ie CCMAaHTUKN KOMaHJ Ha MNCEBJOKOJC MOXHO BCTPETUTH B 60J'II)HII/IHCTB6
PYKOBOJCTB IO apXUTEKType MHUKpompoueccopoB. B mpumepe 6 mpuseneHo
onucanne komauel ADD (11e709HCICHHOE CII0KEHUE) U3 PYKOBOJICTBA MO CUCTEME
xkomaua MIPS [92]. Komanna umeer gopmar ADD rd, rs, rt, rme rs, rt u rd — arto
HOMepa perucTpos obiero Hasaauerus (GPR, General-Purpose Registers).

IMpumep 6. Onucanue komauabl ADD apxurextypst MIPS [92]

01: if NotWordValue(GPR[rs]) or TIPOBEPKa TPE Ty CIIOBHUS
" NotWordValue(GPR[rt]) then KOMaH/IbI;
02: UNPREDICTABLE CeIH TIPEAYCIOBHE He
BBINOJIHEHO,
03 endif pEe3yJbTAT KOMAH/IbI
HEMpeICKa3yeM
04: temp < (GPR[rs]z1||GPR[rs]s1.0) + OMKCAHKE MPOU3BOTUMBIX
’ (GPR[rt]31||GPR[I’t]310) ICUCTBHIA:
05: if temps, = temps; then ©CJIM BO3HHUKACT MEPEOTHCHUE,
06: SignalException(IntegerOverflow)  T'eHepupyeTcs HCKIIOUEHHE,
07: else B IIPOTHBHOM CITydae
08: GPRJrd] < sign_extend(temps; o)  3amCHIBAETCS B PpErucTp I
) . [POBEPKA [PEYCIIOBUS
09:  endif KOMAHJTB:

Ha ocHoBe ananu3a crenu@ukaiuy KOMaHIbl MOXKHO BBIACIUTH HAOOp mecmosuix
cumyayuti — OrpaHMYEHUI Ha 3HAYEHHs OIEpPaHIOB KOMAaHIbl U COCTOSHHE
MHUKpPOTIPOIIECCOPa, XapaKTePU3YIOMUX PAa3UIHbIE CHOCOOBI BBITIOTHEHUS 3TOH
koMaHzbl. Kak mpaBuiio, TecToBasi CUTyalsi COOTBETCTBYET OJJHOMY M3 BO3MOXKHBIX
myTeil B Tpade MOTOKa yImpaBiieHWs cHenu(UKamuu. B TpUBEICHHOM BEIIIE
NpUMepe MOXKHO WJICHTU(QHUIMPOBATh IBE TECTOBBIE CUTYALUH: YEI0UUCTEHHOE
nepenonnenue (temps, # tempsy) u Hopmanvroe evinoanenue (temps; = temps), rae
temp = (GPRI[rs]s; || GPR[rs]s1.0) + (GPR[rtls; || GPR[rtls1.0) (cumBoI || 0603HaUaeT
KOHKATEHAIIMI0 OWTOBBIX BEKTOPOB, a HIKHHE WHICKCH HCIIONB3YIOTCS IS
BBIIENIEHUsT ToaMaccuBa). IIoKpeITHE BCeX TECTOBBIX CHUTYyallMH pealn3yeMBIX
MHUKpPOIIPOIIECCOPOM KOMAaHJ SBJISIETCS HEOOXOIMMBIM, HO HE JOCTaTOYHBIM
YCIIOBHEM Ka4eCTBEHHOM CHCTEMHON BepU(UKAITIH.
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Jpyrum THIOM WH(POPMALKY, MOJE3HBIM IS BEPUPHUKAIMA MHUKPOIPOILIECCOPA,
SABISICTCA MH(DOPMAINS O 3a8UcCUMOCHAX MEXIY KOMaHIaMH, XapaKTepH3yIoIas
COBMECTHOE BBINIOJTHEHHE KOMaHI Ha KOHBeHWepe M, MpEekAe BCEero, KOH(DIMKTHI
WCTIONB30BaHUS pecypcoB (cM. puc. 5). OObpaHO mOmoOHBIE CBemeHUs (3a
UCKJIFOYCHHEM OYEBHUAHBIX 3aBHCHMOCTEH II0 pPETHCTpaM) HE OTpPaXKaroTcd B
MOJICJIIX YPOBHSI CUCTEMbI KOMaHJ (M PYKOBOJCTBAxX IO CHCTEMaM KOMaHN) — UX
HUCTOYHHUKOM BBICTYMAIOT CHENU(UKAIMN KOHKPETHBIX MHKPOIIPOIECCOPOB. B
Ka4yecTBE MpHMEpa PAcCMOTPHM CICIYIOIIYK) 3aBHCUMOCTh MEXKIY KOMAaHIaMU
oOpamieHHuss B TaMsITh — TMOMAJaHWE B pas3Hble CTPOKH Ki3ml-mamstu L1,
pacCIOJIOKEHHBIE TIO0 OIHOMY HWHICKCY (B OJHOM MHOXECTBE). 3aBHCHMOCTh
OTMpENeNsAeTCs OpraHM3allieil KIMIMPOBaHHUSI. B MHKpompoleccopax ceMmeicTBa
RM7000 xsmmmpoBaHWE OCYMIECTBISECTCS MO (QHU3MYECKUM 36-OMTHBIM ampecam:
outsr 2..0 agpeca OmpenesioT MO3UNKI0 OaiiTa BHYTpH IBOWHOTO CJIOBa, OUTHI 4..3
— TIO3UIIHIO IBOMHOTO CJIOBA B CTPOKE KAII-TIAMSATH, OUTHI 11..5 — WHAEKC cTpoKn
1, HaKOHeTIl, OUTHI 35..12 — TAT, UCHONB3YEMBIH IS MIPOBEPKH MOTTAaHNS JaHHBIX
B K3uI-namsath [93] (cm. npumep 7).

Ipumep 7. ®opmar pusuyeckoro aapeca B Mukpomnpoueccope RM7000 [93]

T2 oannvix Hnoexc cmpoxu | Homep 06oitnozo Homep oaiima
L1 cnosa
35 12 11 5 4 3 2 0

Takum 0o0Opa3om, J1Be KOMaHIbl CBS3aHbl 3aBUCHMOCTBIO JaHHOTO THIIA, €CIH VIS
(u3MYeCKUX aapecoB, MO KOTOPHIM MPOHUCXOIUT pealbHOe OOpalieHHe B HaMsTh
(0603HauMM HX X ¥ Y), BBIIOJHEHO orpaHudeHue (Xi1s=VYi1.5) A (X35.12 # Y35.12)-
Buptyansubie 40-6utHbie anpeca (0603HAYMM UX & U D) TODKHBI OBITH TIOIO0OPAHBI

COOTBETCTBYIOIIUM 00pa3oM — €cjM pa3Mep CTPaHUIbl BUPTYAIbHON NaMsTH
cocraBiseT 4 kunobaiita (B aToM ciydae 6utel 11..0 BUpTyaapHOTO ajapeca 3a1aloT
cMmenieHne, a outel 39..12 — HOMep CTpaHHMIBI), JOJDKHO BBIOJIHATHCS YCIOBHE

(A11.5=b11.5) A (As9.12 # bag.12), mpuuem map(asg 12) # Map(Psg 12), e map —
OTOOpaKEHHE CTPAHUI] BUPTYAJIbHOM MAMSTH B CTPAHHMUbI (PU3MUECKOU MaMSTH,
OCYILIECTBIIEMOE C IIOMOIIBIO Oydepa TpaHCIAMH agpecoB. Bomee neraibHO
pa3UYHBIC THIBI 3aBUCHMOCTEH 10 (U3MYECKUM W BHPTYaIbHBIM aapecam
paccMmoTpeHs B ctatbe [54].

Wpest npeasio)keHHOro T0/1X0/1a K TIOCTPOSHUIO TECTOBBIX MPOTrpaMM, Ha3BaHHOI'O
KOMOUHamMopHot  2enepayueli Ha ocHose mooenei [94], ocHOBaHa Ha JBYX
npeanonoxenusx: (1) moBexeHre MHKpomnpoleccopa ONpeIesieTcss MHOXKECTBOM
NapajuleJIbHO  BBIIIOJIHSEMBIX KOMaHA (3arpy3koil KoHBelepa), 3aBHCUMOCTSIMH
MEX1y KOMaHJIaMHu (XapakTepoM OOpallleHMH K pecypcaM MHKpOIpoIieccopa), a
TaKKe CHUTYalMsIMHM, BO3HUKAIOIMMHU TIPH BBHIMOJHEHHUH KOMaHJ (MyTsSIMH
BBITIOJIHEHHUSI KOMaHJ B KoHBeiepe); (2) onmbku (B RISC-mponeccopax) moryr
OBITH OOHAPY)KEHBI C TOMOIIBIO HEOOIBIINX TECTOBBIX MPUMEPOB (COCTOSIIIMX U3 2-
5 womann) [42, 94]. B mpocreiiiieM cilydae TeHEpamds TECTOBBIX IMPOrPaMm
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OCYIIIECTBIISAETCS yTeM CHCTEMAaTHYECKOT0 nepebopa KOPOTKHX
HOCIIeZIOBATENbHOCTEH KOMaHJ (BKJIIOYass mepe0op TECTOBBIX CHTyallWH Ui
OT/CNIbHBIX KOMaHJI M 3aBUCUMOCTEH MeXmy napamu Komann). s cokpaiueHus
nepebopa MOTYT HCIIONB30BaThCS AIBPUCTHKH (0OBEAWHEHHE KOMaHI B KJIACCHI
9KBHBAJICHTHOCTH, OTPAaHWYCHHE YHCIIA 3aBHCUMOCTEI U IpyTue).

Ioaxom Tarkke MO3BONSAET KOMOMHHPOBATH MPOCTBIE TECTOBBIC IIAGIOHBI
(mocnenoBaTeIbHOCTH KOMaHJI C 33/JIaHHBIMH  TECTOBBIMU ~ CHUTYAalMSIMH U
3aBUCHMOCTSIMHU 0€3 yKa3aHUs KOHKPETHBIX 3HAUCHHUI OTlepaHioB) B cioxubie [91].
Lenpro KOMOMHUPOBAHMUS SIBIISICTCS. CO3/IaHME HETPUBUANBHBIX CUTyaluil B paboTe
MHKpOIIpoIieccopa (0JHOBPEMEHHBIX HUCKIIOYCHHH, MapajieibHbIX KOH(IUKTOB U
npyrux). CocTaBieHHE CJIOXHBIX TECTOBBIX MHIA0JOHOB W3 MPOCTBIX MOXKET
OCYIIECTBIIAITHCA C TMOMOIIBIO CIEAYIOIUX onepanuii: naroxcenue (Ty|| T, —
00BeMMHEHHE MHOXECTB TECTOBBIX CHTYAallMil M 3aBUCHMOCTEH Y OIHOTHITHBIX
mabnoHoB), cosue (T;>>T, — coenuHeHue HIa0IOHOB 0€3 OTOXIECTBICHUS
KOMaHJI CO C/BUTOM OJHOTO OTHOCUTEIBbHO Apyroro), xouxamenayus (Ty-T, —
MOCJIEI0BATENILHOE PACIIOIOKEHHE IA0J0HOB JAPYT 3a ApyroM) u groxcerue (T1[T,]
— MOMeIIeHIe OIHOTO abIoOHa BHYTPh APYroro). ['eHepariys TeCTOBBIX MPOrpaMm
Ui (UKCUPOBAHHOTO Habopa 0a30BbIX IAOJOHOB OCYIIECTBIISICTCS IyTEM
nepebopa CHHTAKCHYECKHUX JIEPEBHEB OIPAHUYEHHOTO pa3Mepa, OIMHCHIBAOIINX
cocTaBHble MmabnoHbl. B mnpumepe 8 mpuBeneH pe3yibTaT KOMOMHUPOBAHHS
MOPOCTHIX ~ TECTOBBIX  IIAOJOHOB C  MOMOIIBID  YKA3aHHBIX  OMEPAaLii
(Ta[T2 >> T3] - T4) [95].

IIpumep 8. Pe3yapbTaT KOMOMHHPOBAHUS TECTOBBIX MIAGJIOHOB

mabiod T, (3aBHCHMOCTH 110

01: LD?,72(?) @ hit<TLB>(PFN1) apecan)
02: ADDT, 2,2 mabiod T, (3aBHCHMOCTB 110
perucrpam)
03: DIV.S?, 2,2 ma6oH T3 (KoHIUKT
= MEXy KOMaHIaMH)
04: SUuB?,r,? mabion T,
05: DIV.D?,?,? maboH T3
06: P °C) mwabnon T
" @ hit<TLB>(PFN2) && PEN1 = PEN2 !
07: FPU?,?2,? @ Overflow mabon T4 (MCKITFOUeHME

OTaenbHOTO YIOMHHAHUS 3aCITy)KHBAET OAXO0/1 K T€HEPAIUH TECTOBBIX MPOTPaMM,
comepKamux KOMaHAbl BETBJICHUA. Kak MHUHUMYM, TaKHUC ITPOrpaMMbl HE HOJIXKHBI
3alUKIMBATLCS. [lOCTpOEHHE TECTOBBIX MNPOTPaMM OCYIIECTBISIETCS Iepedopom
pazHo0Opa3HBIX TpadoB MOTOKA YHPABIEHUS (CMpYyKmyp nepexo0og) U MapiipyToB
B HuUX (mpacc evinoanenus) [90]. TlepeGop Tpacc BBINOJHEHHS IS 3aIaHHOM
CTPYKTYPHI IEPEX0JI0B OCHOBAH Ha MOUCKE B TIIyOMHY B rpade MOTOKa yNpaBICHHS.
YroObl mporpaMma BBIMOJHSIIACH COTTIACHO 33J[aHHOM MOCTPOSHHOM Tpacce, B Hee
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BCTPAMBAIOTCA  BCIIOMOTATEIbHBIC KOMAaHIbl, HA3bIBAEMBIC  VHPAGIAIOWUMU.
IIpencTaBicHHBIN HIKE TpUMEp 9 comepkuT KoMauay nepexona BEQ (mepexon mo
PaBEHCTBY), KOTOpask BBIOIHSETCS J[Ba pa3a (KOTJa OHa BBIIOJIHSETCS IEPBBIH pa3s,
yCIOBHE TIEpexo/ia MCTUHHO; 3aTE€M YCIIOBHE AETAeTCS JOXKHBIM, M BBIOJIHEHUE
TecTa 3aBepmraetcs). Ynpasistomas komauaa (ADDI) umHKpeMeHTHpYyeT oauH H3
PETHCTPOB, HMCIOJIB3YEMBIX B KOMaHJE Iiepexona (BHayale 3HAUYEHHs PErUcTpOB
PaBHBI).

Ipumep 9. TecToBbIN 1A0T0H, COTePKALIUI KOMAHABI BeTBJICHUS

01: | INIT: HMHHULHMATA3aLUs PETUCTPOB
02: ORI r1, r0, 2014 rl=2014
03: ORI r2, r0, 2014 r2 =2014
04:
05: J START Mepexo1 Ha Ha4allbHYI0 METKY
06:
07: | BACK: MIPOMEKYTOUHAsI MEeTKa
08: ADDI r1,r1, 1 yIpaBisionas KoMaH1a
09: FPU ?, ?, ? KOMaHa TECTOBOTO IIa0I0Ha
10: | START: HadalbHas METKa
11: BEQ rl, r2, BACK @ trace = | YC/OBHBIH nepexos mo

{true, false} PaBCHCTBY
12: LD ?, 2(?) KOMaHJ]a TECTOBOTO ITa0JI0HA
13: | STOP: MHHUIHAIA3ALHUS PETHCTPOB

[pemmoxeHHbId MeTON OBUI peajM30BaH B T€HEPATOPE TECTOBBIX MPOrpaMM Jis
MHUKPOTIPOIIECCOPOB MicroTESK™ [47] (mepBOoHAYATBPHO MHCTPYMEHT OBLI Ha3BaH
TestFusion 4M [94]). I'eneparop peann3oBaH Ha sA3bIKE MPOrPaMMHUPOBaHMs Java u
COCTOMT M3 TPEeX OCHOBHBIX KOMIOHEHTOB: (1) 6ubiuomexa mooderuposanus —
Cpe/ICTBa BBHICOKOYPOBHEBOT'O OINMCAHUSI MHKPOIPOLIECCOPOB U PEAM3yeMbIX UMH
KoMaH; (2) bubnuomexa mecmuposanuss — CpeJCcTBa pa3pabOTKH T'€HEPAaTOPOB
TECTOBBIX JAaHHBIX M TECTOBBIX NocienoBaresbHocTel; (3) epaduueckas obonrouxa
— TI0JIL30BaTENbCKUI MHTEp(deElic, MO3BONIMIOMNI 3a1aBaTh TapaMeTPhl TeHepaluu
TecTOBbIX porpamm. CrenyeT oTMeTuTh, uTo B MicroTESK TecToBble cuTyaluu u

12 B stom paszene peus ujaer o reneparope MicroTESK sepcun 1.0 (2006-

2008 rr.); B Tekymei Bepcunm uHCTpyMmeHTa (Bepcum 2.0) peanr30BaHbI
JIOTIOJIHUTENbHBIE BO3MOKHOCTH, KOTOPBIE paccCMaTpUBatOTCs B paszene 3.2.2.
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3aBUCHMOCTH OIMCBHIBAIOTCS KOHCTPYKTUBHO — JJIsI K&KAOTO THIA TECTOBOM
curyanud (M 3aBHCHMOCTH) pa3palaTbIBaeTcs TeHEpaTop, KOHCTPYUPYIOMINH
CIy4ailHblE TECTOBbIE JAHHBIC, YJOBJIETBOPSIOIIME 3aJaHHOM curyauuu. B
npumepe 10 npuBeneH ¢parment ommcanus komanasl ADD apxurextyper MIPS
(cMm. iprmep 6).

Hpumep 10. Onmcanme xomanasi ADD ¢ ncmosib30BaHHeM NPUMHTHBOB
MicroTESK

01: . . KJIacC, OIKCHIBAIOIIHUI
public class ADD extends Instruction { Kkomary ADD

KOHCTPYKTOp  KJjacca

02: public ADD() {

KOMaH/bI:
03: rd = add(this, OUT, GPR, WORD); AODABICHHE
OTIepaH/IoB
04:
05: }
METO/, HIMYJIUP YOI
06: public void execute(Processor processor) { BBIIIOJIHCHHE
KOMaHAbI:
KO COOTBCTCTBYCT
. cnenuuKauu
07: Data result = add(rs.getWord(), rt.getWord());  gomanmer (cu.
npumep 6)
08: if(isOverflow32(result))
09: { setException(new IntegerOverflow()); }
10: else
1L { rd.setWord(result); }
12: }
. . . . MCTO/J BBIBOAA
13 public String toString() { KOMaRBI B hopmarte
14: return format("ADD %s, %s, %s", rd, rs, rt); ~ fA3blKa accemOuepa
15: }

[pennoxeHHbI METOJ W TeHepaTop TecToBbIX mporpamMm MicroTESK B 2006-
2010 rr.  WCHONB30BAJIMCH B HECKOJNbKMX  IPOEKTaXx MO  BepuU(HUKALUH
MHUKPOIIPOIIECCOPOB M MX KOMIIOHEHTOB: TOACHCTEMA yrpasiieHus nmamsateio (MMU,
Memory Management Unit) [42, 54], MIPS-coBmectumbIii Mukpomporeccop [42],
nBa apudmernyeckux comporieccopa (CP1l, CP2)[91]. Bo Bcex yKasaHHBIX
MPOEeKTax ObUIM OOHApYXKEHBI OMIMOKH, KOTOpPbIE OBIIM TPOIYIICHBI APYTHMHU
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meromamu  Bepudukauuu. Haubonee ClIOXKHOE YCTPOMCTBO, IPOBEPEHHOE
onucaHHbIM MeTonoM, — MIPS-coBMecTHMBIH MUKpomporieccop (OIHOSACPHBIN
MHUKpoTIporieccop, peanu3yrommii 6onee 200 koMaHJ; MMEET B CBOEM COCTaBe
Oydep TpaHCIAINK agpecoB U ABYXYPOBHEBYIO KAII-TIAMATH). [IpH MCIIONB30BaHIH
MeTo/ia He ObLIO BBISIBICHO OIPAaHUYEHHN HA CIOXKHOCTh BEPU(DUIIMPYEMbIX CHCTEM
(B xmacce ONHOSAEPHBIX MHKpompoueccopo). TpynoeMKocTb pa3paboTKu
reHepaTopa TECTOBBIX MPOTrPaMM OIPEAEISETCS YHCIOM KOMaH] MUKPOIIpoleccopa
U cocraBysieT mpubamsurensHo 0.8 denoBeko-IHS HAa OAHY KOMaHay (CyZds IO
BCEMY, OTOT TIOKa3aTelb MOXET OBITh CHIDKEH 3a CYET HCIIOJIb30BaHUS
cneruann3upoBanHblx ADL-sa3b1k0B). [Ipyrue moaxoabl K I'eHEpalMu TECTOBBIX
MporpaMM PacCMOTpPEHBI B paznene 2.3.

3.2.2 I'enepayus mecmoegvix npozpamm Ha 0CHO8E UIADI0H08

OpHa 3 mpoOIieM, KOTopasi BOSHUKAET P pa3paboTKe HOBOTO MHKPOIIPOIIECCOPa,
COCTOMT B TOM, YTO MMEIOIIMECS TeHepaTOpbl TECTOBBIX IIPOTPAaMM CIIOKHO
aJanTupoBaTh K ero apxurTekrype. Jlus 3TOro IpUXOIUTCS  BPYYHYIO
MOJAU(UIMPOBATH JOTUKY T€HEPALMH, YTO MPUBOIUT K JOMOIHHUTEIBHBIM 3aTpaTaM
peCypcoB M 4YpeBaTo BHECEHHWEM OIIMOOK. ['eHepaTophl, OCHOBaHHbBIE Ha MOJEISX,
takue kak Genesys-Pro [41], pemarot 3Ty npoOiiemy, BB GYHKIIUN TEHEPAIIH
B apXHUTEKTYPHO-HE3aBUCHMBIE  KOMIIOHEHTBL.  AjanTamust — TeHeparopa
OCYIIECTBIISICTCS ITyTEM HM3MEHEHUS MOJEIH, WHKANCYIHPYIOIEH apXHUTEKTYpHO-
3aBUCHMYI0 MH(popManuio. 11 Toro 4roObl OOJNETYNTH CO3AaHHE MOJICIH HAMH
ObLT Mpe/IoKeH moaxo [96], cocrosiuuii B ucnonszoBanuun ADL-s3b1koB [19].

[To xapakTtepy omuchiBaeMbIX CBOWCTB ADL-s3bIKM TPHHATO pa3iemnsTh Ha JIBE
TPYIIIBL: CMpPYKMypHble 1 hogedeHuecKue. SI3bIKN MepBOH IpyNIbl OPHEHTHPOBAHEI
Ha CHenu(UKAUI0O MHUKPOAPXUTEKTYpPHl (IIPUMEPOM TaKOTO sSI3bIKa SBISETCS
MIMOLA). Bropas Trpymma KOHISHTPHUPYETCS Ha  ONHUCAHUH  KOMaH]
MHKpoTporeccopa (kK 3Toit kateropun MoxkHo otHecTr ISDL u nML). Kpome Toro,
CYIIECTBYIOT CMelantble A3biKi, COUETAIOMINE BO3MOKHOCTH S3BIKOB 00CHX TPYIIT
(mammpumep, LISA mw EXPRESSION). [lns crenmudukanud MaKpOapXHTEKTypHI
HanOosiee moaxoaat nopeAacHueckrue ADL-S3bIKH, TTO3BOJISIONINE SIBHO OMHUCHIBATH
CHHTaKCHC M CEMaHTHKy KomaHa. Ha ocHoBe 3Toil MHQOpManuud MOXeT ObITh
MOCTpoeHa  000OIIeHHass  MOJEeNb  MHKPOIIPOIlecCOpa,  KOTOPYIO — MOXHO
UCIIONIb30BaTh JJIsi HACTPOWKM TeHEpaTopa I0Ji KOHKPETHYIO apXuTekrypy. U3
HECKOJIbKMX TMOBEJCHYECKMX M cMemaHHbIX ADL-s3bikoB, Takux kak LISA,
EXPRESSION, ISDL u nML [19], Obur BbIOpaH mocnemHuil. JlaHHBIA SI3BIK
00J1a/1aeT MHTYUTHBHO MOHSATHBIM CHHTAKCUCOM, UMEET JJOCTYIHYIO JOKYMEHTAIHIO
U UCIIONIB3YeTCS B HECKOJIIBKUX 3apyOeKHBIX YHHBEPCHTETaX M KOMMEPYECKHX
KOMITaHHSX.

S3sik nML [97] 65611 pa3pabotan B Hadane 1990-x rr. B bepnuHCKOM TeXHHYECKOM
yauBepcurete (Technische Universitét Berlin) 1 n3nagansHO npeaHa3Hayvancs i
CO3JJaHUSI CUMYJISITOPOB MHKPOIIPOLIECCOPOB M HACTPaMBaEMbIX KOMIWIATOPOB. C
xoHua 1990-x rr. nML akTuBHO ucnosne3yercs Target Compiler Technologies [98]
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JUIsL pelIeHus TaKuX 3a7ad, KaK TeHepalusi CUMYJSTOpoB, KoMnuiasTopoB 1 HDL-
Mojeneil. DTa KOMIIaHus pacmupuia s3elk nML cpeacTBaMu MoAeTUpOBaHUS
KoHBeiiepa [98, 19]. dpyras sepcus s3pika NML Gpima paspabortana B Muauiickom
texHonornueckoM mHctutyTe Kanmyp (Indian Institute of Technology Kanpur) u
nonyumiia HazBaHue Sim-NML [99]. B s3pik ObiIH 10OaBIIEHBI CPEACTBA OMMUCAHUS
pecypcoB Mukpormporeccopa. B HccienoBaTenbckoM WHCTUTYTE MHOOPMATHKH B
Tynyse (Institut de Recherche en Informatique de Toulouse) mis co3mganus
CUMYJIITOPOB MHKPOTIPOIIECCOPOB MpUMeEHsIeTCs si3bIk NMP, ocHOBaHHBINM Ha Sim-
NML [100, 101]. Cpena renepanuu TectoBbix mporpamm MicroTESK (Bepcuu
2.0) [47], paspabateiBaemass B MCIT PAH c¢ 2010r., ucnone3dyer nML s
crenu(UKaIUN apXUTEKTYPhl BEPHUPUIUPYEMOTr0 MUKPOIIPOIECCOPa.

Ipumep 11. Onucanne komanast ADD na si3pike NML

01: op ADD (rd : index, rs: REG, rt: REG) komanmga ADD:
02: syntax = format("ADD %d, %s, %s" acceMOJICpHBIi
rd, rs.syntax, rt.syntax) dopmat
03: image = format("000000%s%s%5b00000100000",  GunapHbIii

rs.image, rt.image, rd) dopmat
04: - - OIIMCaHUuC
action { CEMAaHTHUKHU
05: temp = rs<31..31>::rs<31..0> + rt<31..31>::rt<31..0>;
06: if (temp<32..32> 1= temp<31..31>) then
07: SignalException("Integer Overflow Exception");
08: else
09: GPR[rd] = temp<31..0>;
10: endif;
11: }
. . pexum
12:  mode REG _(r > index) = if (r == 0) then 0 else anpecamu
GPR[r] endif REG:

13: - acceMOIIepHBIi
. syntax = format("%d", r) bopmar
14: image = format("%?5b", r Ounapubiii

¢dopmar

Crneundukanuss Ha s3plke nML BKiIroyaeT omucaHue CIEAYIOUIMX CYIIHOCTEH:
(1) anemenmoe xpanenus Oanuvix (IAMATH, PETUCTPOB, BHYTPCHHUX MEPEMEHHBIX),
OTIPEJICIISIONINX COCTOSTHIE MHKpOTpoIrieccopa; (2) komano, BRIIOTHEHHE KOTOPHIX
M3MEHseT 3TO cocTosiHue; (3) peocumos aopecayuu, peaIn3yOMUX aOCTPAKIIUIO
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JIOCTyIa K dJIEMEHTaM XpaHeHws MaHHBIX. [Ipumep 11 comepkuT crenudukaimio
komaHael ADD apxurextypsr MIPS (cMm. mpumep 6) W CreHU(UKALMIO PEXHUMa
agpecaimu REG, koTopblii OHa HCIHONB3yeT Ul YTCHHUsI JaHHBIX M3 PErHCTPOB
00IIIETO HAa3HAYECHUS.

ApXHUTEKTypa cpeabl reHepaiuu TecToBbix mporpamMm MicroTESK mokazana Ha
puc. 10. Cpema BxmogaeTr B cebs mpaHciamop, KOTOPBI mpeobOpasyeT
criennpuKaMo Ha s3bike nML B HCHONHHMYIO Modens Mukponpoyeccopa W
MoOenb noxkpeimus. Moaeab MHUKPOIIPOIIECCOPa CTPOUTCS Ha OCHOBE OubOiuomexu
MoOenupoganusi W peanmsyeT cienyromme ¢yHknuu: (1) mpemocraBieHne Mmema-
uHghopmayuy, ONUCHIBAIONMICH 3JIEMEHTHl MHKpPOIpoueccopa (PerHcTphl, MaMsTh,
KOMaHOsl u T.1.); (2) cumyrayua KoMmaHA MHUKpompoueccopa; (3) monumopune
COCTOSIHMSI ~ DJIEMEHTOB IaMATH MoJeNu. Mozenb IMOKPBITHS — COAEPIKUT
nH(OpMAaLUIO O CUTYalHUsIX, KOTOPbIE MOTYT BO3HHKHYTH B IPOIIECCE BBIOIHEHHUS
xomanz [102].

MicroTESK
TpaHcnsmop Bu6bnuomeka Modens
Mogaynk resepauun BubnuoTeka MoaenuposaHus| Mopenb
dopmanbHbie |, ay! pauy AenmMp A Mogenb nokpbITUs
® mogenu MUKPOMPOLIECCOPOB MUKponpoLeccopa
Mogaynb ussneveHus Bubnuoteka onncaxus MeTa-uHcpopmaLmst
NOKPBITUS NOKPbITUS!
CumynsTop
reHepamop Pewamenu
‘
O6paboTunk TECTOBbIX YhuBepcanbHble
wabnoHos

pewartenu

T [eHepaTopbl TECTOBbIX
€cmoakle | .|| | nocneposatensHocteit Tecmossie

, ‘ CneumarnbHsle npozpammsi

[eHepaTopbl TECTOBbIX pewarenu
AaHHbIX

Puc. 10. Apxumexmypa cpeovl cenepayuu mecmogwix npoepamm MicroTESK

MicroTESK reHepupyeT TeCTHl Ha OCHOBE meCmogblx uabioH08, TIPEICTABISIONINX
coboit aOcTpakTHbIE OIMCaHMsI TECTOBBIX mporpamm. Jlns ux pa3paboTku
UCTIONB3YETCS 53bIK ONUCAHUSL MECMOSbIX WAabIOH08, PEaIU30BaHHBI B BHIE
Habopa Oubmmorexk Ha s3bike Ruby [103], uTo ommyaeT ero or
Y3KOCTICLIHAIN3UPOBAHHBIX SI3BIKOB, HCIHOJB3yEeMBIX B HHCTpyMeHTax (Genesys-
Pro [41] m RAVEN [45]. CpencTBa sI3pIKa ONMICAHUS TECTOBBIX MAOJIOHOB MOYKHO
paszmenuts Ha JaBe Tpymnmbl: (1) BCTpoeHHBIE KOHCTpYKIMH Ruby (ycioBHbIe
OIIepaTophl, ONEpaTophl IHMKIOB W T.1.) U (2) cpeacrBa Oubmmorek MicroTESK
(ba3oBble KIAacChl TECTOBBIX INAO0JIOHOB, KOHCTPYKIMHM OIMCAaHUS OJOKOB
MOCTPOEHMSI ~ TECTOBBIX  MOCienoBaTeNibHOCTE W apyrue).  [Ipumep 12
JIEMOHCTPHpPYET (hOpMaT TECTOBOTO LIA0JIOHA.
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Mpumep 12. CTpykTypa TecTOBOro mada0Ha Ha si3bIke Ruby

01: class Template2014 < Template KSlacc TeCToBOro npumepa
02: def pre ... end VHULIMANU3NPYIOLWWI Koa,
03: def run ... end OCHOBHOM Kof,

04: def post ... end 3aBepLiaoLLmin koa

05 end

OcHOBHasi CeKIMsS TECTOBOro INalloHA IIPEJCTaBISET COOOH HepapXU4ecKylo
CHCTeMYy OJIOKOB, Ka)XKIBIH M3 KOTOPBIX OIHMCBHIBAET CHOCOO IeHepaluu TEeCTOBOW
nocienoBatenbHOoCcTH. OOBEIUHSAIONTNE OJIOKH 3aJaHHBIM 00pa3soM KOMOWMHHPYIOT
TECTOBBIC IIOCIEIOBATCIBHOCTH, ONHMCAaHHBIE BO BJIOXKCHHBIX OJIOKaX (CM.
pasmen 3.2.1). Takodi mnoaxoj TMO3BOJSAET MPHUMEHATh Ppa3NUYHbIE METOMBI
MOCTPOCHHS TECTOB B OJJTHOM TE€CTOBOM m1abioHe (cM. mpumep 13).

Mpumep 13. ®parmMeHT TeCTOBOTO MIA0I0HA ¢ BJIOKEHHBIMHU 0JI0KAMU

01:  block (:combine => "product", 00beAMHSIOMHN 00K
CJIy4aiiHO CMEILIUBAET BCE
BO3MOXXHbIC KOM6I/IH‘dLlI/II/I
PE3YJIbTATOB BJIOKCHHBIX

0JI0KOB

02: :compose => "random™) {

03: block (:engine => "random", BJIOKEHHBIH OJIOK
TEHEpUpPYeET 2 Cily4aiHble
II0CJI€A0BATCIIBHOCTH
JUJIAHEI 3

04: :length => 3, :count => 2) {

05: ADD reg(8), reg(16), reg(17)

06: SUB reg(9), reg(18), reg(19)

07: AND reg(10), reg(16), reg(17)

08: OR reg(11), reg(18), reg(19)

09: }

10: block (:engine => "permutate™) { BJIO)KCHHBIN OJIOK TeHE-
pHpYeT mocaenoBa-
TCJIBbHOCTHU U3 BCECX BO3-
MOJXKHBIX IEPECTAHOBOK

11: LW reg(12), reg(20), imm16(0) KOMaH]

12: SW reg(19), reg(21), imm16(4)

13: }

4. 3

3a reHepaiyio TECTOBBIX MporpaMM Mo madiaoHaMm B cpeae MicroTESK orewaer
obpabomyux ~ mecmosvlx  wabioHo8,  KOTOPBIH  (QOPMHUPYET  TECTOBBIC
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MOCJIE/IOBATENILHOCTH, BBI3BIBAs 2eHEpAmopbl, yKa3aHHble B Onokax. Pesysibrarom
SIBJISIFOTCSL CUMBONIUYECKUE MECHogble NPOSPAMMbL, B KOTOPBIX OMEPaHIbl KOMaH]I
3a[al0TCSI C TIOMOILBIO mecmogvlx cumyayuii (OTPAaHUYCHHH, OMUCHIBAIOLINX
YCIIOBHS BO3HHKHOBCHHS ONPEAEICHHBIX COOBITHII B paboTe MHKPOIpoIieccopa).
Jnsi  KOHCTpYHMpPOBAaHUSI 3HAUCHUH OINMEPAHIOB HCIOJB3YIOTCS 2eHepamopbl
mecmoevix OaHHLIX, OCHOBAHHbBIE Ha pewtamensix ozpanudenuii. Ilocne reHepaunu
3HA4YEHUH OIEPaH/IOB B TECTOBYIO NPOTPaMMy JOOABISIETCS UHUYUATUSUDYIOUUTI
KOO, B KOTOPOM IIOJyYE€HHbIC 3HAUCHUS 3allUCHIBAIOTCSI B COOTBETCTBYIOIIUE
anemenTsl mamsatd. Cpema MicroTESK mpenocrasiser HabOp yHusepcanvhvix U
cneyuanvubix pemateneil. [lepBble NpUMEHHMMBI Ui OTPAHWYEHHH B IIMPOKOM
Kiacce Teopuii (OyseBoil anreOpbl, HEIOYNCICHHON apU(PMETHKH, TEOPUH OUTOBBIX
BEKTOPOB ¥ MHOTHX JpYrux). BTopble ke mpeAHa3HAa4eHbl ISl pEIICHHS
Y3KOCHEIHATU3NPOBAHHBIX 3a/a4 (Hampumep, Uil BOCHPOU3BEACHHS COOBITHH,
CBSI3aHHBIX C MOJCHCTEMON yrpaBieHust mamateio [104, 105]).

4. Tekywjue pabomsi u nepcriekmuebl

Ilpu BeIOOpe Tem s cBoux wuccienosanuit MCII PAH otrankuBaercs or
MoTpeOHOCTEH WHIYCTpHH. ITapTHepckue OTHOILLIECHUSA c BEAYIIUMU
OTEUYECTBEHHBIMH pa3paboTunkamu MukponpoueccopoB — HUUCU PAH u 3A0
«MLCT» — TO3BONAIOT W3HYTPH YBHUIETh MPOOJIEMBI, BO3HUKAIOIINE MpHU
MPOMBIIICHHON BepU(HKAINH, 1 TOCTABUTh AKTyaJbHBIC 331241 Nepe]] HayIHBIMH
COTPYAHHMKAaMH, acIupaHTaMu M CTyAeHTaMH. ONHCaHHBIE BbINIE MNOAXOABI K
MPOBEPKE MHKPOIPOLECCOPOB OBLIM MCIBITAHBI B PEAbHBIX IIPOEKTAX, W, HAIO
CKa3aTh, HE BCErJa Pe3yJbTaThl UX HCIOJIB30BaHMS OBLIM MOJOXKHTEIbHBIMA [73].
MBI THIATENBHO AHAJW3UPYyeM HETaTHBHBIM OIBIT, TIyOXe MpPOHHKaeM B
MpobJIeMaTHKy U cTapaeMcsl HAWTH pelleH:s BO3HUKAIONINX 3a1a4d. B aToMm paznerne
JlenaeTcs KpaTkuii 0630p TeM, HajJ KOTOPBIMH MBI padoTaeM B HACTOSIIIEE BpEMs, U
KOTOpBbIE, TaK WM HHAaUe, UMEIOT MHIYCTPHAIIbHBIE KOPHH.

4.1. PasBuTtne cpeactB moayribHON Bepudmukaumm

B mpOMBINUICHHBIX TEXHOJOTUSX BepU(HUKALUK MUKPOIPOLECCOPOB BO3PACTAET
ponb  (GOpManbHBIX METOJOB (TIPOBEpKM MOJeNeH, AEAyKTHBHOTO aHAJIN3a,
NPOBEPKH 3KBHUBAJIEHTHOCTH). ONHOH W3 TPHUOPHUTETHBIX 33/a4 MOIYJIHHOH
BepU(UKALUK SIBISIETCS aBTOMATHYECKOE ITOCTPOCHHE (OPMAIBHONH MOAENH 110
HDL-onucanuio u reHepaiisi TeCTOB Ha €e OCHOBE. EcTecTBEHHBIM (POpPMATH3MOM
JUIA ONMCAHMSA TAKUX MOJEIEH SBISCTCS PACUUPEHHbINI KOHEUHbI a8momam
(EFSM, Extended Finite State Machine). B oTianume OT K1acCHYe€CKOro aBTOMaTa,
EFSM o6namgaer mepeMeHHBIMH, a €ro Mepexoabl UMEIOT ocoObii Bua. Kakmawrid
Mepexol COJACPKUT OXPAHHOE YCIOBHE U NEHCTBHE HaJ| NMEPEMEHHBIMH: IEePEeXojl
MOXeT cpaboTaTh, TOJLKO KOTJd MCTHHHO OXpPaHHOE YCJIOBHE;, MpPU OTOM
BBITIOJIHSACTCS AericTBre. Takum obpasom, EFSM — 3T0 MHOXECTBO oxpaHsembix
Oeticmeuii (cM. paszaen 3.1.1) Hax oOMMMH HEpEeMEHHBIMH, CTPYKTYPUPOBaHHOE B
cucreMy rmepexonoB. PopManu3M OXpaH’AEMBIX IEHCTBHH IpUMEHsETCsS Ul
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OIKCAHMSA CIIOKHBIX ANIapaTHbIX CHCTEM, U JJI HETO pa3paboranbl 3(hPEKTUBHBIE
anroput™Msl cunTesa [106].

Hns wm3Bneuenuss EFSM-monenu (aBromara) m3 HDL-ommcanus mnpennaraercs
caenyromuii moaxon [23]. CHayasa U3 UCXOAHOTO KOAA MU3BJICKAIOTCS OXpaHseMbIe
JISWCTBHS. 3aTeM W3 MHOXKECTBa BXOAHBIX curHaioB HDL-omucanust Beinensiercs
CHTHAJ, IO N3MEHEHHIO KOTOPOTO MEHSETCS BHYTPEHHEE COCTOSIHUE ONHCHIBAEMOTO
ycTpotictBa (cmHXpocurHan). Ilocme 4dero WACHTUQHUIUPYIOTCS BHYTPEHHHE
nepemennble  HDL-ommcanms, 3HadeHUS KOTOPHIX KOAHMPYIOT  COCTOSIHHS
ycTpoiicTBa. MHOXECTBO COCTOSIHMM aBTOMAaTa CTPOUTCS IYTEM JEKOMIO3ULUH
OXPaHHBIX YCJIOBHH, COAEPKAILINX BBIACICHHBIC IIEPEMEHHBIE COCTOSHMS, Ha HA0Op
MONAapHO HECOBMECTHBIX OTPAHMUYCHMH (Ka)XIOE N3 TIOJyYCHHBIX OIpaHWYCHUI
COOTBETCTBYET OJHOMY cocrosiHuio EFSM-monenu). OTHoleHHE IIepexo/oB
KOHCTpYyUpyeTcst cienyommMm obpazoM. s Kaxaoro aedcTBUs TpoBepseTcs
COBMECTUMOCTh €r0 OXPaHHOTO YCIOBUS C OrPaHMYCHHSMH, 33Jal0IIUMH
COCTOSIHMSI aBTOMara. TakuM o0pa3oM oOmpenensiercsi, U3 KaKMX COCTOSIHUI eCTb
MepexXoJibl, IMOMCUYCHHLIC JTaHHBIM OXpPaHACMbIM I[eﬁCTBI/IeM. Ecmn wumeercs
HECKOJIbKO COCTOSIHMH aBTOMara, ¢ KOTOPBIMH COBMECTHMO OXPaHJIEMOE YCIIOBHE,
OCYIIECTBIISIETCS «pacIIeIUICHHe» nepexona. s Toro 4ToObl ONpefeNnThb, B KaKOe
COCTOSIHWE  BEIET  MEpexoi, MpOoBepseTcs  COBMECTUMOCTh  pe3yibTaTa
CHMBOJIMYECKOTO BBIIIOJTHEHHS ACHCTBUS C OTPAaHUUCHHUSMH COCTOSTHHH.

B kadectBe HampaBleHUH JaJbHEHIIMX HCCIENOBAaHUN PaccMaTpUBAOTCS
caenyromue 3amadu: (1) reHepanusi TECTOBBIX IMOCJIEIOBATENLHOCTE Ha OCHOBE
EFSM-mopeneii [107] u (2) popmanbHeni amamu3z EFSM-moneneit Ha mpenmer
JOCTIDKAMOCTH ~ OMIMOOYHBIX  CUTyalmid (TOHOK, 3aBHUCaHHWH, KOH(MIMKTOB
ucnonb3oBaHus pecypcos) [108].

4.2. Pa3Butune cpencTB cUCTeMHON Bepudukaumm

B pamkax cucreMHO# Bepu(UKalMM MHKPOIPOLECCOPOB MMEIOTCS JIBE Ba)KHBIE H
B3aUMOCBSI3aHHBIE TEMbl, MPAKTHYECKH HE 3aTPOHYThIE HAIIUMH pa3pabOTKaMu:
(1) Bepudukanmss ~ MHKPOMPOLECCOPOB ~ HA  OCHOBE  MoOeleidl  YPOBHS
muxpoapxumexmypor 1 (2) Bepudukaysi mMHo2050epHblX MUKPOTPOIIECCOPOB H
MHO2ONPOYECCOPHbIX BBIMUCIIUTEIBHBIX KOMIUIEKCOB. B Hacrosiee Bpems B MCII
PAH BenmyTtcs mccienoBaHus Mo 00OMM HampaBJieHHsSM. PaboTHI 1Mo mepBoi Teme
NPOBOMATCA B KOHTEKCTE CO3/aHMS Cpelbl TE€HEepalid TECTOBBIX IPOrpamMM
MicroTESK (cm. pasmen 3.2). HccnenoBanusi 1Mo BTOPOil TEMeE BBIMOJHSIFOTCS
coMectHo ¢ kommanmedn 3A0 «MIICT», 3anumaromeiicss pa3paboTKoi
MHOTOSIIEPHBIX MHUKPOMPOIIECCOPOB M cucTeM Ha ux ocHoBe: MIICT-R500S (2
anpa, 2008 r.), Dnp0pyc-2C+ (2+4 saapa, 2011 r.), MLICT-R1000 (4 smpa, 2012 r.)
u npyrux [109]. PaccmoTpuM KpaTko conepkaHne 0003HaYeHHBIX paboT.

4.2.1 Mooenuposanue na ypogHe MUKpoapxumeKkmypbol

Mopenu, wucrnons3yeMbie B Hactosimiee Bpemss B MiCroTESK, wurHOpupyroT
YCTPONCTBO KOHBEMepa U JUHAMUKY COBMECTHOTO BBINONHEHUs koMaHA. C onHOM
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CTOPOHBI, 3TO JeNaeT WHCTPYMEHT Hpome U o0lerdaer ero W3y4eHHE U
ucnonb3oBanue. C Ipyroil CTOPOHBI, 3TO CKa3bIBaeTCS Ha Ka4eCTBE TEHEPHUPYEMBIX
TECTOBBIX TIPOTPaMM — Ha HEKOTOPOM JTale YBEIWYCHHE YPOBHS TECTOBOTO
MOKPBITHST MUKPOIIPOIIECCOpA CTAHOBUTCS BO3MOYKHBIM TOJIBKO TIPH CYIIECTBEHHOM
yBenmueHHN oObema TecToB. OOBMHO 3Ta mpobjeMa pemaercss ¢ IMMOMOIIBI0
PYYHOTO CO3JaHMS HANpagNeHHbIX mMecnog, TOUEHHO IOKPHIBAIOIIUX CUTYalluH,
OCTaBIIMECS HEOXBAUEHHBIMH, OJHAKO TaKOW IOAXOJ MMEeT JBa OYEBUIHBIX
HenmocTaTka: (1) CTPYKTYpHBIE METPHKH TECTOBOTO TOKPBITHs (cM. pasaen 2.2) He
MO3BOJISIIOT BBIPA3UTh CUTYAIUM, CBA3aHHBIE C B3aUMOACUCTBHSIMMU NapauIeIbHBIX
npoueccos; (2) py4Hast pa3paboTKka TeCTOB TpeOyeT MHOTO PECYpPCOB.

Mopnenn ypoBHS MHKPOAPXHUTEKTYPHI IO3BOJIAIOT 3a1aBaTh Ooyiee aJeKBAaTHBIC
METPHUKH TECTOBOI'O IMOKPBITUS, a TAKXKE aBTOMAaTU3UPOBATh I'E€HEPALMIO TECTOB,
HANpaBJICHHBIX HA BO3HUKHOBCHHEC OINPEJACICHHBIX COOBITHH B  pabore
MUKporporeccopa (0COOBIX CIy4acB BBIMOJHCHUS OICpAlMid, NpPEPHIBAHMUIA,
cutyanui 3amnonHeHus OydepoB u T.m.). Kpome TOro, oHu Aeiar0T BO3MOXKHOMN
dhopMabHY0 BepU(BHUKAIHIO TPOSKTa U MOTYT MCIOJIb30BaThCs it cuHTe3a HDL-
OTIMCaHWA U TeHEepaIMy TaKNX MHCTPYMEHTOB, KaK CUMYJIATOP M KOMITIIATOP (Kak
MpaBWJIO, YeM JleTaJbHee MOJeib, TEM TOYHEe CHMYIATOp M 3PQeKTHBHEE
KOMIIIJIATOpP). B cBOIO ouepenp, HaIW4HME CPEACTB KPOCC-pa3padOTKU IMO3BOJSACT
WCCIICIOBATh ANBTEPHATHBBl IPOCKTHBIX peIIeHHH (BBIOOp TOM WM WHOH
MHKPOApXHUTEKTYpHl) ¢ Hcmonb3oBaueM [10 (THIOBBIX 3a7ad), IpeAHA3HAYEHHOTO
JUTSL LIEJIeBOro MUKporporeccopa [19].

Crneundukanuss MHKpOIpOLECCOpa — 3TO OYEHb CIIOKHAs 3aja4ya, U BBIOOD
aleKBaTHOro  (opMayl3Ma HMeEeT [EepBOCTCIICHHOE 3HAueHWe. BaxHBIMU
TpeOOBaHUSAMHU K bopmanuzmy, UCIIONB3yEeMOMY v OIHCAHUS

MHUKPOAPXHUTEKTYpHl, SBISAIOTCSA: (1) BOBMOXKHOCTh YACTHYHOHN CIICIIU(DHKAIINN
MPOEKTa (BO3MOKHOCTh HHKPEMEHTAILHOTO OIHMCAHUS MOJCUCTEM U CBS3EH MEXKIY
HUMH), (2) BO3SMOXXHOCTH CIICIU(UKAIIMA Ha pPa3HBIX YPOBHAX aOcTpakumuu (OT
000OIIEHHBIX MPOTOKOJIOB B3aUMOJICHCTBUSI MOJCHUCTEM 10 AETaJbHO OIMHMCAHHBIX
KOMMYHHMKAIIMOHHBIX ~ ceTei), (3) BO3MOXKHOCTh IOBTOPHOTO  HCITOJIb30BAHUS
AJIEMEHTOB MOJIeNel (BO3MOXKHOCTh COCTaBJICHHS MOJICNIEH U3 UMEIOIUXCS YacTeil).
Ckopee Bcero, penieHne mpeCcTaBisieT co00i KOMOMHAIINIO PA3INIHBIX MMOJIXO0/0B:
ceteil [leTpu, KOHEUHBIX aBTOMATOB, anre0p U UCUUCICHHUH MPOIIECCOB.

Cpen  BO3MOXKHBIX ~ BapUaHTOB — pPAcCMaTPHBAIOTCS  CICAYIOIIME  HOTALMU:
(1) rpaduueckue s3pkm THma UML (Unified Modeling Language) [110]; (2) Sim-
nML [101] — pacumpenne ADL-s3p1ka NML, ucmons3yeMoro B TeHepaTope
tectoBbiX mporpamm MicroTESK (cm. pasgen 3.2.2); (3) EXPRESSION [19] —
ADL-s3pIK CMENIaHHOTO THMA (ITO3BOJISIOMIMK ONHCHIBATE HE TOJBKO CHCTEMY
KOMaHJlT MHKpPOIIpoIleccopa, HO W €ro Crpykrypy); (4) XMAS (Executable
MicroArchitecture Specifications) [111] — si3bIk onMcaHHs KOMMYHHKAIMOHHBIX
cereid; (5) Promela (Process meta language) [112] — s3bIk onucaHus MPOLECCOB U
MPOTOKOJIOB, HCIIOJB3YeMbIi B HHCTpyMeHTe mpoBepku Mogueneir  SPIN;
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(6) Bluespec [76] — s3bIK, OCHOBAaHHBIM Ha MApajuIMe aTOMApPHBIX OXPAHIEMBIX
TIEWCTBUM.

4.2.2 Bepughuxayus peanusayuii npoOmoKon08 KozepeHmHocmu

Bropas 3amava  (BepuduKanmMs ~ MHOTOSICPHBIX  MHKPOINPOLECCOPOB U
MHOT'OIPOIICCCOPHBIX ~ KOMILJICKCOB)  CBsi3aHA C  MPOBEPKOW  MEXaHU3MOB
obecrieueHust koeepenmuocmu namamu. Kaxnplid y3esl cUCTeMBbl (BBIYUCIUTEIHHOE
SIPO WM MHKPOIIPOILIECCOP) MMEET B CBOEM COCTaBE KIII-TIAMATh, M3-32 4YETO B
CHCTEME MOTYT CYIIECTBOBAaTh HECKOJHKO KOIMHWI OJHUX NAaHHBIX — OJHA KOIHUS B
OCHOBHOHM HaMsTH M HECKOJbKO KOMMHM B K3II-MAMATU y3710B. Ilpu u3meHeHUUH
KOIIMH JaHHBIX B OAHOM M3 Y3JIOB APYTHE COBIANCNBIBI STHX ITAHHBIX IOJDKHBI
COTJIACOBaHHBIM  00pa3oM W3MEHHTh CBOM Kommu (WIHM  yOAIUTh  HX).
B3anmopeiicTBre MeXIy y3/laMH CUCTEMBI OCYLIECTBIISICTCS COTJIACHO MPOMOKOIY
KocepeHmHocmuy, 3a PpeaM3alUI0  KOTOPOTO  OTBEYAIOT COOTBETCTBYIOIIWE
MEXaHU3MBI MOJICHCTEMBI yIPaBJICHHUs MaMAThI0. X pa3paboTka OCYIIECTRISIETCS B
nBa ortama: (1) mpoexkTupoBaHME NPOTOKOJA KOTEPEHTHOCTH (M CO3JAaHHE €ro
dhopMmanbHOU MoeNN); (2) peanu3alus MPOTOKoJa B anmnapaTrype. Ha mepBom sTame
ocyliecTBIIsieTcs BepuuKauus modenu TPOTOKONA; JJIS ITOrO HCIOJB3YHOTCS
(hopManbHBIE METOAHI (TIPEKIE BCETO, MPOBEPKA MOJEICH U JETyKTHUBHBIN aHAN3).
Hus nposepku peanusayuu nporokona (HDL-mozenmn momcucTeMsl yrpaBIieHUS
MaMsATbI0) OOBIYHO HWCHOJB3yeTCs CiIy4YaliHas TeHepamus TEeCTOB, 4YTO He
TapaHTHPYeT BBIABICHHUS BCeX OIMMOOK (mpumep — ommbka #298 B AMD
Phenom [9]).

[IpexncraBnsiercst 1enecoOOpa3HBIM  HMCIOJIB30BATH MOJICIH, NPUMEHSIEMBIE s
BepUUKAIUE [POTOKOJIOB KOTEPEHTHOCTH, [uiss TectupoBanus HDL-moneneit
MOJICUCTEM  YIPABICHUS MaMmsThio. [IpU STOM BO3HHUKAIOT JIBE 3aJ1a4H:
(1) renepanust TectoB mo wmojaenu W (2) qETepMUHUPOBAHHOE (COXpaHSIOLICe
MOPSIJIOK  COOBITHIA) BOCHPOU3BEACHHE IMOCTPOCHHBIX TECTOB HA pealIU3allnu.
IepBas 3ajava penraeTcs METOAaMH TECTHPOBAHUS HAa OCHOBE Mojeneil (B TOM
yucie MetoJaMu obxoma rpadoB cocrosHuit). MccienoBaHus, MPOBOAUMBIC
coBmecTHO ¢ 3A0 «MLCT», chokycupoBansl Ha BTOPOIl 3a/ade W HalleJCHBI Ha
CO3JJaHWE CPEICTB, [MO3BOJIIOIINX TECTUPOBATH pPEAIU3allMd  HPOTOKOJIOB
KOTEPEeHTHOCTH Ha OCHOBE mpdacc BBINONHEHUs: Moxeneil. PaspabarbiBaemble
Cpe/ACTBa TMO3BOJISIIOT BOCIPOM3BOJMTB TpPAacCchl HAa pealn3aluy, I[POBEPSThH
KOPPEKTHOCTH NMOBCJICHUA p€aIn3aliui U OLICHUBATHL YPOBEHL TECTOBOI'O MOKPBLITUSA.
Kpowme Toro, cpencra sSBISIOTCS yHUBEPCATBHBIMI — IIPUMEHUMBIMH K CHCTEMaM,
OCHOBaHHBIM Ha pa3HBIX apXUTEKTYpaXx M MPOTOKOJaxX KorepeHTHOCTH [113].
[IporoTnn MHCTpyMEHTa IO3BOJIMUI OOHAPY)XUTh OIIMOKY B 3TaJOHHOW MOJEIH
MOJICUCTEMBI yNpPAaBJIEHUS MaMsThlO, KOTOpas He Oblia OoOHapykeHa ApPYIHMH
crioco6amu BepuHUKALIIH.
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4.3. YHudukauumsa n uHTerpauua cpeacte Bepucpukanmm

Cpenu 3azad, penraeMbIX pa3HBIMH CPEJCTBAMH BEPU(PHUKALNHE MHKPOIPOLIECCOPOB
(kKaK MOAYJBHOTO, TaK M CHUCTEMHOTO YpPOBHEil), €CThb MHOIO IOXOXKHX.
Vuudukauus uHTephEicoB mexanuszmos (ENQINES) pemieHus oOMMX MOA33Aa4y H
co3JjaHue OMOJMOTEK MEePEHCHONB3YEMBIX KOMIIOHEHTOB CHMIKAET TPYJOEMKOCTb
pa3pabOTKM HMHCTPYMEHTOB BepH(HKALWH, YNPOIIAET WX HHTETPALUIO IPYT C
JIPYTOM ¥ CO3/aeT TPEAMOCHUIKH ISl CO3[aHus pacimpsieMsix cpen [20, 44, 114].
Tak, Bo MHOTHX cpeAcTBax Bepupukanuu (PopMaTbHOH W HWMHUTALMOHHOMN)
NPUMEHSIOTCS TEXHWKH pa3pelleHHs OTpPaHHMYCHWH ¥ pealu3ylome Hux
HHCTPYMEHTHI — pewamenu (Solvers), nanpumep, Yices [115], Z3 [116] u npyrue.
Coepa TpUMeHEHHsI pelmaresiei IMMpOKa: TEHEpaIus TECTOBBIX JaHHBIX [26],
CTaTUYECKUH  aHaIu3 HDL-omucanwmii [23], CUMBOJIMYECKas  IIPOBEpKa
Mojenelt [117]. BBumy MHOTOYHCIEHHOCTH TaKMX MHCTPYMEHTOB (KaXKIblit
pemaTeiib JIy4YlI€ CIIPaBIACTCA C OTPAHUYCHUAMU TOT'O WJIM UHOTO BI/IZLa) HUMECTCA
NOTPeOHOCTh B YHU(UKAIIMK HHTEPPEHCOB pabOThI C HUMHU.

B UCII PAH 6buta paspaborana oubmuoreka JCS API (Java Constraint Solver
API) [118], mno3Bonsifomasi OMUCHIBATH OTpaHUYECHUs] B  ¢GopMe OOBEKTOB
(cMHTaKCHMUYEeCKHX JIepeBbEB) Ha si3blke Java (Ha KOTOpPOM pa3paboTaHbl MHOTHE
Halld MHCTPYMEHTBI) M BBI3bIBaTh BHEIIHHME peniatesid. B kauecTBe OCHOBHOTO
cpenctea B3aumoneiictBus JCS API ¢ perratensmu ucnoss3yercs si3pik SMT-LIB
(Satisfiability Modulo Theories Library) [119], moamep:kuBacMbiii MHOTHMH
MHCTpyMeHTaMH. bunbnnorexa, M3HadalbHO pa3pabOTaHHAas B paMKax IIPOEKTa
MicroTESK [47], rne oHa mpuMeHsJIach Al TEHEPALUH TECTOBBIX JaHHBIX (CM.
paszen 3.2.2), B HacTOsIIEee BPEMs aKTHBHO HCIIONIB3YETCsI B HAIIMX pa3paboTKax B
obmactn amamm3a HDL-ommcammit (cm. pasgen 4.1). Passutme JCS API
OCyLIECTBIISIETCST 1O  TpeM  HampasieHusM: (1) pacmmpeHue  MHOXeCTBa
MOJJIEP)KUBAEMBIX ~ ONEpalliii W THUNOB JAHHBIX; (2) pa3paboTKa CpeaCTB
TpaHchopManmu orpaHndeHud (M Apyrux ¢opmyn); (3) cosmanme 3)HEKTUBHBIX
peuiaresneii, OpHEHTHPOBAHHBIX HA THITUYHBIE BUJIbI OTPAaHUYCHHI, BCTPEYAIOIIHECS
npy BepruUKalny anmnapaTypsbl.

Hpyrumu  pabotamm obmiero xapaxrepa, BbmonHiemsiMHd B MCII PAH wu
CBSI3aHHBIMH C BepH(]HKanuell MHKPOIPOIEcCOpoB, ABISIOTCS: (1) addexTrBHAS
peanuzamnys onepanuii Hajx OMTOBBIMH BEKTOpaMHu (Takue OIepalud MOTYT OBITH
MOJIE3HBI TP TocTpoeHnn cuMyisitopoB HDL- mw ADL-moneneli, a Takxke mpu
CO3/IaHMH TEeHEpPaTOpPOB TECTOBBIX JMaHHBIX); (2) pa3paboTka OHOIHOTEKH IS
Npe/ICTaBICHUsT MOJIeJiel anmaparypbl (aBTOMAaToOB, CeTeil M T.M.) U MX aHajIu3a
(6bnbmmoTeka MOXET MPUMEHATHCA B COCTAaBE PA3HBIX HHCTPYMEHTOB BepU(UKAIIHH,
BKJTIOUAsi TEHEPATOPHI TECTOB U MHCTPYMEHTHI MMPOBEPKU MoJieneit); (3) pa3paboTka
CPE/ICTB HWHTErpalMi Pa3HbIX HHCTPYMEHTOB Bepudukamuu (mpeobpazoBaresneii
MOJIeTIeH, MPeICTaBIeHHBIX B (hopMaTe OJHOTO MHCTPYMEHTA, B (JOpMaT APYroro).
B kauecTBe mpmmepa HMHTErpalMy Pa3HBIX MHCTPYMEHTOB BEpPH(UKAIMU MOXHO
npuBecTH cuenyromuii. s cratmdeckoro aHamm3a HDL-ommcanmit  (cMm.
paznen 4.1) Mbl ucnonb3yeM OTKpBITYRO athopmy ZamiaCAD [120], kotopas mo
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omucaHuo anmaparypsl Ha s3bike VHDL crpout epagh sxzemnaspos mooynetr (IG,
Instantiation Graph), mnpeoOpasyeMblii ¢ IOMOILIBIO CPEACTB HHTErPALUH BO
BHYTpPEHHEE MPE/ICTABICHNE HAIIMX HHCTPYMEHTOB.

5. 3aknroyeHue

Hecmorpss Ha pa3BuTHe MeTONOB (DYHKIMOHANBHOM  BepupUKaLUHM, HUX
BO3MOXKHOCTH ~ HE  CHpAaBJISIIOTCS CO  BCE  BO3pAcTaloled  CI0XXHOCTHIO
MuKponporneccopos [3]. Eciu nepBbie ycTpoiicTBa MOT IIPOBEPUTH OYKBAIBHO OAWH
YEJIOBEK ITyTEM HEIOCPEICTBEHHOTO aHaIM3a (SKCIIEPTH3bI) CXEMbI U3 JIOTHYECKUX
BEHTHWJICH WU Jake TpaH3ucTOpoB (Mukpocxema 4004, BeimmymienHas B 1971 r.,
COCTOsUIa MEHEe 4eM u3 2.5 ThICSY TPAaH3UCTOPOB, COCTUHEHHUS MEXIY KOTOPBIMH
MOXXHO W300pa3WTh Ha JIHCTE BaTMaHa), TO cefdac INTAaT WHXXCHEPOB-
BEpU(HUKATOPOB JOCTUracT BHYIIUTEIBHBIX pa3sMepoB (mocieaHue oOpasusbl
MHKPOIIPOLIECCOPOB COJIEpKaT B 2 MUJUTMOHA pa3 0oJIbliee YUCIO TPAH3UCTOPOB IO
cpaBHeHMIO ¢ Mukpocxemoid 4004 — cm. puc. 1[2]). Koctix KomaHABI,
paboraromieil Hax mpoBepkoii Pentium Pro (5.5 MuiinoHa TpaH3UCTOPORB), COCTOSIT
u3 10 yemoBek, B mpoekte Pentium4 (42 MWLIHOHA TPAH3UCTOPOB) K HHUM
npucoeauamwioch eme 60 [6]. Ckopee Bcero, ceiyac mrar Bepu(UKaTOPOB B TAKHX
KOMIIaHHAX, Kak Intel, HacuuThIBaeT HECKOJBKO COTEH CIICLMAIKCTOB (C TEX IIOp
nponuio 6omee 10 5eT, a 4UCIO TPAH3UCTOPOB BHIpocio Ooxee deM B 100 pa3s).
TpynoeMkocTs BepupHUKaui OrpoMHa — COTHH YEJIOBEKO-JIET ¥ MIJIJTHOHBI YacOB
KOMITBIOTEPHOTO BpeMEHHU (TONbKO Ha (opmanbHyr mpoBepky Pentium 4 Gbuio
3arpadeHo 60 genoBeko-ner [51]).

Meuroil BceX NPOU3BOAUTEIEH MUKPOIPOLECCOPOB SBIIETCS ABTOMATHYECKOE
JIOKA3aTeNbCTBO  KOPPEKTHOCTH  NPOEKTHPOBaHMsA. HekoTopele  KOMIIaHWH,
YHHUBEPCUTETHl W MCCIIEAOBATEILCKIHE HHCTHTYTHI HPOBOIAT OONBIIYIO PadoTYy,
4TOOBI IPUOIH3UTECS K 3TOM Meute. [1o 3asBnenuio boba bentnu (Bob Bentley), k
2015 r. Intel nnanupyer yBeaMYHUTH JOJO UCIIOJIB30BAHHS (POPMAIIBHBIX METOIOB B
MOJYJIbHOH BepU(HKAIIMH MHUKPOINPOILeccopoB 10 50% — 3TO cepbe3HBIH BBI30B,
KOTOPBII notpedyer KapIUHAILHON MepecTpOrKH MPOLIECCOB
npoektupoBanus [ 14]. Eciiv TOBOPUTH O CUTyallK B HACTOSIIIUHA MOMEHT BPEMEHH,
TO OCHOBHBIM MOJXOJIOM TO-TIPEKHEMY OCTaeTCs TECTHPOBaHHE; HO, HYKHO
OTMETUTh, METOJbl TECTHPOBAHUSI HE CTOSNT HA MECTe W MHOrO€ 3aMMCTBYIOT U3
(hopmanbHBIX MeTO10B. CKOpee BCero, B3aMMHOE IPOHUKHOBEHHUE Pa3HBIX METO/I0B
BepuuKauu OyAeT TpPONOJDKAThCS, 4YTO NPHUBENET K TOSBICHHIO HOBBIX
THOPU/IHBIX METOJIOB. VIMEHHO TakMM MOAXOAaM, HaXOJSIIMMCS Ha CTHIKE Pa3HBIX
METOJIOB, TOCBSIIIEHHl HccienoBanus, Beimonasemsle B MCIT PAH: ¢opmansHas
cnerudukanysa (Ha YpOBHIX MHUKpPO- M MakpOapXHUTEKTYphl), T€HEpalysi TECTOB 110
MoJIeJIsIM (TIOTAaKTOBBIM, COOBITHIHHBIM, 0000IICHHBIM), cTaTi4eckuii anamn3 HDL-
omucaHui M Apyrue. Pe3ynbTraThl 3THX HCCIEJOBAaHMH HAILIM BOIUIOLICHHE B
unctpymenrax CTESK [52], C++TESK [81], MicroTESK [47] u JCS API [118],

KOTOPBIC YCTICITHO NPUMCHSINCH B IPOMBIINIJICHHBIX ITPOCKTAaX.
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OtaenpHO clienyeT ynomsHyTh mpobmemy kaapoB. Ken Onbun (Ken Albin) u3
xkommanun Motorola crpaBefnMBO yTBEpIKAACT, YTO HHKCHEPHI-BEPUPUKATOPHI
JOIDKHBI HMMETh COBEPIICHHO Jpyroil HabOp 3HAaHWH W HABBIKOB, HEXCEIH
WHKeHepeI-poekTHpoBOINKH [51].  Cpemm  KadecTB,  JKENMATeNbHBIX VLA
Bepu(pUKATOpPAa, MOKHO OTMETHTh CIICAYIONINE: YMEHHE W3MCHATh YpPOBEHb
aOCTpaKkIMU MOJENH, ONBIT IPOrPaMMHUPOBAHMS, 3HAHWE OCHOB HPOEKTHPOBAHMS
anmapaTypbl, yMeHHE pPaboTaTh C OTPOMHBIMH MAacCHBaMH JIaHHBIX, XOpOIIHE
KOMMYHHUKAIIMOHHBIE HABBIKK U BHYTPEHHss1 MoTuBanusi. Kpome Toro, s paboTsl
B oOmactu ¢opmanpHOW Bepudukauuu TpedyeTcs cepbe3Has MaTeMaTHdecKas
MOATOTOBKA  (JUCKpEeTHas MareMaTHKa, MareMaTH4yecKas JIOTHKa, TeopHs
TpaHCISIIMU M TpeoOpa3oBaHMs HporpamMm). MHOTHE KOMMEpUYECKHE KOMITaHUH
OCO3HAIOT HEOOXOIMMOCTh B MOATOTOBKE BBICOKOKIACCHBIX BEPH(PHKATOPOB H
COTPYJHHYAIOT C BEAYLNIMMH yHHBepcHTeTaMH. JIIsl pa3BUTHS OTpaciu KpaiHe
BQ)XHO, UTOOBI YHHBEPCHUTETHI U  HCCIIEAOBATEILCKAE WHCTUTYTHI — BEIH
00pa3oBaTeNbHYIO JAEATEIBHOCTH B o0OmacTh BepupHUKaIMM W  TOTOBHIH
KBanuduuupoBaHHble Kanpbl. Ha mporsxennn Heckonpkmx yer B MCIT PAH
YUTAIOTCS JICKIMH [0 METoJaM BepU(UKAMH IS CTYASHTOB CTApIIMX KypCOB
M®TU. Msi paccuuThiBaeM, 4To padota MHCTUTYTa OYIET CIIOCOOCTBOBATh POCTY
HaJIe)KHOCTH MUKPOIPOLIECCOPOB.
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Microprocessors
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Abstract. Ensuring the correctness of microprocessors and other microelectronic equipment
is a fundamental problem. To deal with it, various tools for functional verification are used.
Unlike bugs in software programs which are relatively easy to fix (it does not apply to their
consequences), defects in integrated circuits (both design and manufacturing ones) cannot be
removed. In spite of continuous development of computer-aided design (CAD) systems, test
generation tools and approaches to analysis of circuits, verification remains the bottleneck of
the microprocessor design cycle (it accounts for approximately 70 percent of total design
resources). The article gives a brief overview of microprocessor verification tools, describes
issues that commonly occur in industrial practice and analyzes possible ways to solve them.
The main part of the article is dedicated to research in the field of unit- and system-level
hardware verification conducted at ISPRAS. It describes such approaches as contract
specification of pipeline, event-driven hardware specification, parallel/distributed testing,
combinatorial test program generation and template-based test program generation. The
article also summarizes the outcomes of accomplished projects, describes the present works
and formulates the directions of further research.

Keywords: microprocessors, hardware, verification, validation, testing, test generation,
modeling, architecture description languages, parallelization.
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