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Annomayus — IlpensnosxkeHn MeToJ CUHTE3a TECTOBBLIX MPO-
rpaMM B BHJIe CeTH aBTOMAaTOB, 00eCNeYHBAIOIINX BBINOJI-
HeHHe TeCTOB C Pa3jiM4HOii pa3peliaomiei cnocodOHOCTHIO
NMpH NPOBEJIeHNN TECTHPOBAHHUS AHAJIOTO-UU(POBLIX MHTe-
rpajbHbIx cxeM (ALIMC) Ha aBTOMATHYeCKOM TeCTOBOM
odopynoBanuu. OmnpesesieHbl ABe 0a30Bble MOJEJH ONKCA-
HHMSl mpouecca uepapxuyeckoro tectupoBanus AIIAC B
BUje cern aBToMaToB. IlpeacTaBijieHO omucaHue MpenJio-
JKEHHOI'0 MeTO/1a B BH/Ie Ha0opa 6a30BbIX onepanuii.

Knroueevie cnoea — aBTOMATH3ALUS NPOEKTHPOBAHUS, Tec-
TONPHUTOJHOE NMPOEKTHPOBAHUE, TECTOBAsi NPOrpaMMa, aHa-
Jioro-uupoBasi HHTErpajbHasi cCXeMa, CeTh ABTOMATOB.

|. BBEJEHUE

TectupoBanue, obecreunBaroniee 0TOPaKOBKY HETO-
HBIX U3AEIUH U rapaHTHUpYIOIee Ka4eCTBO NMapTHUH IPOU3-
BE/ICHHBIX MHKPOCXEM, — OJHA M3 CIJIOXHBIX M JOpOTO-
cTosimux omnepanuii B xoae npoussojactsa ALIUC. Tectu-
pOBaHNE UI'PAcT BaKHYIO POJIb HA PAaHHUX CTAIMAX MIPOU3-
BOJICTBA — JIO MaCCOBOTO BBIITyCKa — IIPU BBIBICHUH MecTa
W npuyrHEl HapymeHus padotsl ALJUC. B 3aBucumoctn
OT IeIH TECTHPOBAHUS MPUMEHSIOT KOHTPOJHPYIOIINE
WM Tuarsoctideckne Tectel. C pocToM (QyHKIMOHAIEHON
U CTPYKTYPHOH CJIOKHOCTH COBPEMEHHBIX MHKPOCXEM
HaOJroaeTcsl mepexo]] K KOHULENIMH TECTOIPHUIOJHOTO
npoektupoBanus (DFT — Design-For-Testability), xorma
pa3pabOTKy CXeMbl M CIOCOOOB €€ TECTUPOBaHMS OCYIIe-
CTBILSIFOT OJJHOBPEMEHHO, HAUMHAsl C PaHHHUX CTaJui Mpo-
necca npoektupoBanusi. Clieyer OTMETHTb, YTO IS LU (-
POBBIX MOACXEM pa3pabOTaHbl M AKTUBHO HCIIOJIB3YIOTCS
s dexTuBHBIC criocobbI TecTupoBanus [1-3]. B cBoro ove-
pelb, OpraHu3alys TECTUPOBAHMS AHAJIOTOBBIX IOJCXEM
MPECTaBIAET CYIIECTBEHHYIO CI0KHOCTh B CHIIy OTCYTCT-
BUSI YHHBEPCAIBHBIX METOJOB M HEOOXOAMMOCTH pa3pa-
OOTKM WM afanTallid TECTOBBIX MEPONPHUATHN I pas-
JMYHBIX KJIACCOB aHAJIOTOBBIX CXEM HJIM JlaKe KOHKPETHO-
ro ycrpoiicrea. OTcroma clemyer, 4YTO TECTHPOBaHHE
ALIMC, ocHOBaHHOE Ha COBMECTHOH IMpOBepKe MU(POBOM
U aHAJOTOBOW MOJCXEM, — CIOXKHAs 3aja4a, KoTopasi Tpe-
OyeT cornacoBaHMsI MEXK1y COOOH METOZO0B TECTHPOBAHMS,
UCIIOB3YyeMBIX JUIst 00enx moacxem [4-8]. B paGore npen-
JI0KeH MeToZ (pOpMHUPOBAaHUS TECTOBBIX IPOTPaMM B BUJIE
CETH aBTOMAaTOB, 00ECIICYMBAONIIX BBIIIOIHEHHE TECTOB C
pa3MuHOl paspermaroniell CrlocoOHOCTHIO HPH TIPOBEJIe-
Hun tectupoBanus ALIMIC Ha aBTOMaTHYECKOM TECTOBOM
000py/I0BaHUN, KOTOPBIH COOTBETCTBYET METOJOJIOTHH

TCCTOIPUTOJHOI'O MPOCKTUPOBAHUSA aHaJ’IOI‘O-HI/I(l)pOBI)IX
HWHTETPAJIBHBIX CXEM.

Il.  METOJ CUHTE3A TECTOBOI ITPOIPAMMEI
B BUJIE CETU ABTOMATOB

[TpuBnedeHne moaxoa TECTONPUTOIHOTO MPOECKTHUPO-
BaHMS MO3BOJISIET OCYILECTBUTH BBHIOOpP HamOosee MOoaxo-
JSIIIAX METOZOB TECTHPOBAHUS U KAXKIOW N3 MOJCXEM C
y4eTOM MUHHUMHU3AIMU BPEMEHHBIX U CTOMMOCTHBIX 3aTpaT
Ha ero mpoBejeHHE, oOecreunBas TpeOyeMoe MOKPBITHE
HeucnpaHocTeil [9]. Ilpy mocTpOCHUH U HCTIOIB30BaHUH
JUAarHOCTUYECKUX TECTOB, KaK IMpPaBUIJIO, MPUMEHSIOT He-
papXuuecKoe TECTHPOBaHME, OOECIIEUNBAIONIEE ITOHCK
HEHCIIPaBHOCTEH Ha ypOBHE OTIENBHBIX KOMIIOHEHTOB,
¢yHKIHOHATEHBIX 0110KOB (DB), momcxem wim yerpoiictea
B 1enoMm. HMepapxuueckoe tectupoanue AILIMC Hampas-
JICHO Ha TPOBEPKY pab0TOCHOCOOHOCTH aHAIOTOBOW MOA-
cxemsl 1 ee b, udpposoii nogcxems! u ee OB, cxem mpe-
obpazoBareneit ALIT u LIAII, a Takxke Bcero ycTpoicTaa B
[eoM. DJIEMEHTBl CXEMbI, yYacTBYIOIIHE B Hepapxude-
CKOM TECTHpOBaHUH, 00pa3ytoT MHOXxecTBo E. IIpomecc
tectupoBaHust ALIUC cBoautcs K mojadye TECTOBBIX CHUT-
HaJlOB Ha BXOJ INPOBEPSIEMOTO 3JIEMEHTa W HM3MEPCHHUIO
BBIXOJHBIX PEaKIMH, HA OCHOBAaHWU KOTOPHIX IMPHHUMAET-
Csl pelIeHne 0 KOPPEKTHOCTH (YHKIIMOHUPOBAHUS CXEMBI,
T.e. HOCHT COOBITHitHBIH xapaktep [10]. Jlnst onmcanus u
CHHXPOHM3AIIMM TIPOIIECCOB pealn3alii TECTHPOBAHUS
ALNC npeyiokeHO UCTOJb30BaTh alredpandecKyro Teo-
pHIO aBTOMATOB, TJAE JUIA ONHCAHUS IPOLECCOB TECTHUPO-
BaHHUS OT/CIBHBIX AJIEMEHTOB HCIIOJIB3YETCS KOHEUHBIN
aBTOMAT CJIC/TYIOIIEr0 BHAA!

S=(AZW,81a),

B KOTOPOM A:{ao,...,am,...,aM} — MHOECTBO COCTOS-
HUMN, OMNpeAeNsIomMX CTaJud Ipoliecca TECTUPOBAHUS;

Z=9\4,....2¢,...,Lg { — MHOECTBO BXOIHBIX CHUTHAJIOB

yIIpaBJICHUS TECTHUPOBAHHEM u OCBEJIOMJICHHS;
W = {Wl,...,Wg ,...,Wc;} — MHO>ECTBO BBIXOJIHBIX CHUTHA-
JIOB, YNPABISIOLIMX MTOJICHCTEMaMH aBTOMAaTHYECKOTO Tec-
toBoro obopymnoBanust (ATO); &:AxZ — A — QyHKIUs
HepexoJI0B, peanusyromas orodpaxenue Dy = AxZ B 4,
A AxZ —-W — ¢GyHKIMS BBIXOJOB, peasU3ylomas 0To-
6paxenne D, < AxZ B W, a; — HauasbHOE COCTOSIHHE
aBTOMATa.
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ITpomecc COBMECTHOTO TECTUPOBAHHSA 3JIEMEHTOB
AIIMC npennoxeHo NpeACTaBUTh CEThI0 ABTOMATOB

Net = (Z,{S; \W, {f;}, {wi ) 9),

rae {Si =(Ai,Zi,Wi,8i,7\.i,ai0)}, 1<i<n — MHOXecTBO
aBTOMATOB; {f;} — MHOXECTBO DYHKIWMH COETMHEHHS aB-

TOMATOB; {\Vi} — MHOXECTBO BXOIHBIX (DYHKIMH; § — BBI-
xoaHast QYHKIIMS CETH.

IIpUMEHHUTENFHO K HEPApXHIECKOMY TECTHPOBAHHIO
AITUC MOHO BBIJIEIUTH JIBE OCHOBHBIE MOJEIH OIKCA-
HUSA mporiecca TectupoBanus [11]:

1) cetb aBTOMATOB, OMMCHIBAIOLIAs MHOYXECTBO He3a-
BUCHUMBIX HapaJUICNIbHBIX IIPOLIECCOB, O00ECIICUMBAIOLINX
TECTUPOBAHHE OTJEIBHBIX KOMIOHEHTOB win Db anano-
TOBOH W IU(POBOH MOACXEM, a TakXke mpeobdpazoBareneit

(puc. 1, a).

2) CeTb aBTOMATOB, OIMCHIBAIOLIAS MHOXECTBO IIa-
paJUIeNbHBIX MPOLECCOB, 00ECTIEYNBAOIINX COBMECTHOE,
COTJIACOBAaHHOE BO BpeMeHH TecTUpoBaHue Db anamoro-
BoW 1 1M(poBoii noacxembl. CoriaacoBaHue BO BPEMEHHU
peanu3yeTcs BBEACHHEM B CETh CHHXPOHH3HPYIOIIUX CO-
crosiuuii (puc. 1, 6).

Yacrelii ciiyyait Monenu 2 — KOMIUIEKCHOE TECTUPOBa-
nue Bcedd ALIMIC ¢ mojaueit TECTOBBIX CHUTHAJIOB Ha Tep-
BUYHBIE BXO/IbI aHATOTOBOW M IU(PPOBON MOACXEM U M3Me-
PEHHEM OTKJIMKOB OTHOCUTENIFHO NEPBUYHBIX BBIXO/IOB.

[Mpennaraemslii MeTo GOPMHUPOBAHHS TECTOBBIX MPO-
TpaMM B BHJIC CETH KOHEUHBIX aBTOMATOB C YU€TOM IIpe-
CTaBJICHHBIX MOJIENIEH BKIIOYAeT CIEAyIOIuid Habop orme-

0)

Puc. 1. Moaenb onucaHusi npouecca TeCTHPOBAHMSA
B BHJe CETHU:
HEe3aBHCHMBbIX BO BPEMEeHH aBTOMATOB (a),
COrJIAaCOBAHHBIX BO BpeMEeHH aBTOMATOB (6)

panwii (puc. 2):

Netlist;
MHoxecTtBo
CTPYKTYPHbIX
peLeHui E

CehopmunposaTb
MHOXECTBO y3roB
Nin 1 Nout
I
OnucaTb ucnonb3yemble
METOZAbI TECTUPOBAHMS!
Ansi E koHeYHbIMM
asTomatamu S = {S}

I

CchopmupoBaTb MaTpuLly

(U) ucnonb3osaHus
yanos ALIC ans S

AsTOMATHI
He3aBMCUMbI?

OnpeaenuTb MHOXeCTBO
HE3aBUCUMbIX
npoueccos (IP)

OnpeaenuTb MHOXECTBO
COrNacoBaHHbIX
npoueccos (AP)

CchopmupoBaTh
napannenbHyto cetb
asTomatoB ans IP

CchopmunpoBaTh CeTb aBTOMATOB C
nocnefoBaTeNbHOM, napanmnensHou
1AW nocneaoBaTensHo-

napannenbHoit cTpykTypoit ansa AP

Puc. 2. Biaok-cxema (popMHpPOBaHHS cCETH aBTOMATOB
AJ1s1 TeCTOBOIi IPOrpaMMbl

1) chopMHUpOBaTH MHOMKECTBO BXOJHBIX M BBIXOTHBIX
y3m0oB AIITMIC (N), ucronb3yeMbiX NpU TECTUPOBAHUH, C
paszeneHrueM 1o (pyHKIMOHAJIBHOMY MPHU3HAKy Ha MH(OP-
MaIlMOHHbIE (TIOAAI0T TECTOBBIC NAHHBIC) W YNPABIIAIOIINE
(TTIomaroT CUTHABI YIIPaBJIECHHS IPOLIECCOM TECTHUPOBAHHMSA)

N = NinANoyt »
_njdatay pgctrl
rae Nijy =Nj; “ANjy — MHOXECTBO NEpPBUYHBIX HH-
(OpPMalMOHHBIX M YNPABISIONMX  BXOAHBIX  Y3JIOB,

rl
Nout = NgSEaANgtut — MHOJKECTBO NMEPBUYHBIX MH(pOpMa-
LIMOHHBIX U YIPaBIIIOMIUX BBIXOJHBIX Y3/I0B.
2) Metonmp! TecTHpoBaHus Ut Beex snementoB AIJMC
u3 E onmcath KOHEUYHBIMU aBTOMATaMH {Si}, YUHUTHIBAIO-

MU 0COOEHHOCTH TECTUPYEMOM CXEMBI M HCIIOIB3yeMO-
T'O TECTOBOTO 000PYAOBaHUS.

3) st MHOXECTBa MOCTPOCHHBIX aBTOMAaTOB S = {Si}

chopMHpOBaTh MaTpHIly UcToNb30BaHus y310B ALIVIC BO
BpEeMsI TECTUPOBAHUS

U=(u;ef01]), 1<i<sn, 0<j<k,
rae SN — CyMMAapHOE€ KOJIMYECTBO Y3JIOB, MCIIOJIb3YEMBbIX S

BO BpeMsI TECTHPOBaHUsI, K — KOJINYECTBO BPEMEHHBIX TO-
YeK B X0JIe TeCTUpOoBaHus (puc. 3).



Bpems
Yaen | Astomar

btttk tk
Si 11111101 0]..10

n
Sn ol1]11111 0
S ojojoyp1]1 1

n2
S2 oJ1]1101]0 0
S gjoj1)111]0 0

ni
S3 ojojojoqg1 1

Puc. 3. MaTpuna ucnojib30BaHus y3/10B
BO BpeMsi TeCTHPOBAHUSI

4) Inst Mopenu 1 ompezeniuTs MHOXECTBO HE3aBHCH-
MBIX MPOIECCOB, B KOTOPHIX B XOJI€ TECTUPOBAHUS OTCYT-
CTBYET KOH(IIUKT HCTIOIB30BaHUS Y3JIOB

IP={IR ={S;.Sq}: V(p.a). p #0,Ns "Ns =0},
Ng ={n:z(n)eZVw(n)eW,zZAW Sy}, ()
Ns, ={n:z(n)eZVw(n)eW,ZAW €Sy},

rae Nsp — MHOXCCTBO TCCTOBBIX Y3JIOB, HUCIIOJb3YCMbIX B
KOHEYHOM aBTOMaTe S p ) qu — MHOXKECTBO TCCTOBBIX

Y3JI0B, MCTIONB3YEMBIX B KOHEUHOM aBTOMate Sg .

5) Jns muoxectB IR €IP chopmupoBats mapan-
JenpHy0 ceTh aBToMartoB Net, oOecreunBaronIyro OmHO-
BpPEMEHHOE TECTHPOBAaHHE OTAEIbHBIX KOMIIOHEHTOB WJIH
@b anaoroBoii u MUQpPOBOI MOJICXEM, a TaKXkKe Ipeodpa-
30BaTEIICH.

6) BoimonHuTh fexommo3uiuio Matpuisl U B cooTBeT-
CTBUM C MHOKECTBOM COBMECTHO TecThpyemMbix @b u nonu-
cxeM. [nst Mogenu 2 onpeaenuTb MHOXECTBO COIJIaco-
BaHHBIX TPOIIECCOB, B KOTOPBIX B XOJIe TECTUPOBAHUS OT-
CYTCTBYET KOH(IUKT UCTIONH30BaHUS Y3JI0B

AP ={AR ={S;,S4}: V(p.a), p # q,fi, Ny =0},
p={np(t)e[0]:n, eNs 0<t<t}, (2
Ay ={ng(t) e [01]:ng e Ns 0=t <t}

rae N — BEKTOP MCIIONBb30BaHMs y3na Ny BO BpeMs Tec-
TUPOBaHUS, Ny — BEKTOP MCTONB30BAaHUS y31ma Ny BO Bpe-

M TECTUPOBAHUS, tk — KOHCYHOC BpEMs TCCTUPOBAHUS.

7) dns muOkectB AR € AP cdopMupoBaTh ceTh aB-

tomaToB Net, 06ecrieunBarOIIYI0 COBMECTHOE COTJIACOBAH-
HOE BO BpeMeHH TecTupoBanne @b aHanoropoi u mudpo-
BO# moncxembl. Dopmupyemasi ceTh MOXKET 00JIanaTh Io-
CJIeZIOBATENIbHOM, MapauieIbHOM WIIM TOCe0BaTeNbHO-
napaJuieIbHON CTPYKTYPOH M MPU HEOOXOIMMOCTH BKJIFO-
4aTh CHHXPOHM3HMPYIOIINE COCTOSHUS, OOECIICUHBAIOIINE

cornacosanue pabotsl apromatos Sj € AR B xoze pabo-

Tbl B COOTBCTCTBHUH C BBIGpaHHBIM METOOOM TECTHUPOBA-
HUA.

[TomyueHHast B pe3ynpTaTe CETh aBTOMAaTOB O0ECHEUH-
BaeT JETepPMUHHUPOBAHHBII CHHTE3 CUTHANOB YIPABICHUS
mporieccoM tectupoBanueM ALIMC c¢ pasmmanO# paspe-
HIaloIIeil CrocoOHOCThIO, @ TAK)KE CUTHAJIOB aKTHBH3AIMU
COOTBETCTBYIOILINX TECTOBBIX CUTHAJIOB.

TectupoBanue coBpemeHHbIX AIIMC BBIMOTHSIOT Ha
aBTOMAaTHYECKOM TecToBoM obopymoBanun (ATO), mpo-
LlecC TECTUPOBaHMA IJII KOTOPOrO 33Jal0T C IOMOILBIO
TECTOBBIX HporpamMMm. Takas mporpamMma OmpenessieT
BXOJIHBIE y3JIbl MUKPOCXEMBI U HOMEP TECTOBOTO CUTHajIa,
¢dopmupyemoro BHyTpeHHHM TeHepaTopoM ATO, koTopsIit
MOJIaeTCs HA CXEMY, BBIXOJHBIE Y3JIbl, OTHOCUTENBHO KO-
TOPBIX OyZAET MPOHUCXOAUTh N3MEPEHUE BBIXOJHBIX OTKIIH-
KOB, M HUX STaJOHHBIC 3HAYCHHUS, a TAKXKe JIUTEIBHOCTh
Bcex mporeccoB. TakuM 00pa3oM, TECTOBBIE IPOTPAMMBI
CHHXPOHMU3UPYIOT IPOLECChl MHOIKIIOYEHUS BXOIHBIX U
BBIXOAHBIX IIynmoB ATO K KOHTaKTHBIM IIIOIIAAKaM IIIa-
CTHUHbI HUJIKM BbIBOJAM HHTeraHLHOﬁ CXCMBI, IMoga4Yu TCC-
TOBBIX CHUTHAJIOB, M3MEPEHUS BBIXOJHBIX OTKJIMKOB, CPaB-
HCHUA WX C OTAJIOHHBIMH 3HAYCHUAMHN U NPUHATUA PCUIC-
HUSL O KOPPEKTHOCTH IPOXOkKAeHMs Tecta. Hecmotps Ha
CYIIECTBEHHBIC Pa3lIH4Ms METOIOB TECTHPOBAHUS aHAJO-
roBeiXx U 1udpoBeix UC, moarotoBka M MCIOJHEHUE TeC-
TOBBIX MPOTPaMM JUISI HUX HOCUT CXOXHH XapakTep.

TpaHcnsMs NOJy4YE€HHON CETH aBTOMATOB B KOMaH/IbI
1 ONMCaHUs, COOTBETCTBYOIIME (hopMaTy HCIOIB3yeMOro
TECTOBOTO 00OpYJIOBaHUs, JICKUT B OCHOBE HalMCaHUSA
tectoBoi mporpammbl it ATO. DdhekTHBHBIM HHCTPY-
MEHTOM MOJ00HOr0 MpPeoOpa3OBaHUsI, KOTOPOE MOXKET
OBITH BBINOJHEHO B aBTOMAaTHYECKOM DPEXHME, SBISIOTCS
Switch- mu aBTOMaTHOE MPOrPaMMUPOBAHHE.

OKCIIepIMEHTAIBHOE HCCICIOBAHUE TPEIOKEHHOTO
MeTona npoBogmiock Ha AIIMC, Briogarome aHanoro-
BBI UIIBTP, LU(POBOH KOMIAPATOp W CKAHUPYIOLIYO
nemns [11]. KoMiuiekcHOe TeCTHPOBaHUE YCTPOMCTBA OCHO-
BaHO Ha MEPApXMYECKOM IOJIXOJE, B X0l KOTOPOro pea-
JIM3YIOTCSI CIIEYIOLINE MTPOLIECChI TECTUPOBAHUSL:

1) recTupoBaHue QUIBTPA C UCIONB30BAHHEM METOMA
peKkoHbHUTYpHpOBaHHs B aBToreneparop [12];

2) pyHKIOHANBEHOE TECTUPOBaHHE UU(PPOBOrO KOM-
HapaTopa;

3) Tect ckaHUpyrOIIE 1enu OUTOBOI MOCIIEI0BATEIb-
HOCTBIO «0011...»;

4) COBMECTHOE TECTUPOBaHUE (YHKIHMOHAIBHBIX OJIO-
KOB yCTPOMCTBA.

MHOXeCTBO BHENIHUX Y3JI0B CXEMBI, HCIOJB3YEMBIX
qutst ectupoBanust, Bkarodaer N = {Init, Mode, TDI, TDO,

Test}, mpraem, NP2 =£TDI}, N& ={Init, Mode, Test},

Ngﬁ{a:{T DO} , rme Init — curHan MHUANUATW3ALMH,

Mode — BBIGOp pexuma paboThl ckanupyromei uemnu, 1DI
u TDO — BXOJHbIE M BBIXOJIHBIE TaHHBIC CKAHUPYIOICH
ey, Test — curHan BeIOOpa pexxuMa padoThl aHAIOTOBOH
TOJICXeMBI (HOPMAaJIBHBIN/ TECTHPOBAHHE).



B uepapxu4eckoM TECTHPOBAHWH YYaCTBYIOT CKaHH-
pyromas uens (e ), uudposoii komnaparop (€, ) 1 aHaJo-
roBblii (uibTp ( €3 ), KOTOpblE O0OPa3ylOT MHOMKECTBO
E={e,e,e3} . Merons!l TecTHpOBaHUA I KaxKIOTO
anemeHTa u3 E mpeacTaBuM KOHEYHBIMU aBTOMAaTaMu
(S={51,5,,S3} ), xoropsie (opMupyOT HEOOXOAUMBIE

SHAUCHUA JId YIIPABJIAIOMINX CUTHAJIOB U3 Nfrt]rl

B cootsercrum ¢ (1) IP ={{S}.{S>},{S3}} — mHO-

JKECTBO HE3aBHCHUMBIX IIPOLIECCOB, B KOTOPBIX B XOJIE TEC-
TUPOBAHUS OTCYTCTBYET KOH(IMKT UCIIOIH30BAHUS y3JIOB.
Cerb aBTOMAaToB AN Kaxkaoro MHoxectsa [P Oymer

IpeJCcTaBIeHa COOCTBEHHO KOHEYHBIM aBTOMATOM Sj ,
HOCKOJIbKY MOIIHOCTH NOJTYy4YEeHHBIX MHOXecTB |P, paBHa

CIUHUILIC. I/Iepapanecxoe TCCTUPOBAHUE CXEMBI B COOT-
BC€TCTBHH C MOJICIIBIO 1 BO3MOKHO TOJILKO B nocjeaoBa-
TCJIBHOM PECIKUME I KaKA0Io 3JIECMCHTA U3 E.

B cootBercTBHHE € (2) chOpMHPOBAHO MHOKECTBO CO-
TJIACOBAHHBIX IPOIIECCOB, B KOTOPBIX B XOJE TECTHPOBa-
HHS OTCYTCTBYeT KOH(QIHMKT HCIIOJB30BAHUS  Y3JIOB:
AP ={{S;,53},{S,,53}}. Cerp aBTOMATOB IUIS KAXKIOTO

MHOkecTBa AR mpezacTaBieHa NapaisenbHONH CTPYKTY-
poii koHeuHbIX aBTOMaToB Sy € AR, kKoTopas obecreuu-
BAET OJIHOBPEMEHHOE TECTUPOBAHHUE JJIEMEHTOB € € E,
He TpeOyrolee CHHXPOHN3AIHH IPOLIECCOB.

Jis pemieHus 3a7a4dl BHYTPUCXEMHOH OLIEHKH IOMa-
JIaHUsI 4acTOThl CaMOBO30YKaeHHsT (QUIIbTpa B JOMYCTH-
MBI/ IMANa30H 3HAYCHUH, Pealn3yeMoil B pexXHMe TeCTH-
POBaHUSs, MOYKHO 3aJIeiiCTBOBATh LIU(POBOIT KOMIIapaTop 1
CKaHMPYIOUIYIO Iienb. TakuM 00pa3oM, BCe DIEMEHTHI M3
MHOXecTBa E OyayT coBMecTHO yuacTBOBaTh B Ipolecce

tectupoBanust. AP ={{S,,S3},{S1}{S>},{S1}} — wmmo-

JKECTBO COIJIACOBAHHBIX MPOIECCOB 0€3 KOHQIIMKTA WC-
M0JIb30BaHust y370B. [Ipu popMUpOBaHHUU CETH aBTOMATOB
st AP koHeuHble aBTOMaThl Kaxkzgoro AR oOpasyror

HapasuleNIbHbIe CTPYKTYPBI, KOTOPbIE COEAUHSIOT MOCIEN0-
BaTeNbHO. [IpM 3TOM BBIXOIBI HAPAIIIENBHBIX CTPYKTYP
JIOJDKHBI OBITh CHHXPOHHU3HPOBaHBEL. B paccmarpuBaeMoMm
Cllydae BBIXOJ MapajuleIbHO UCIONHIEMBIX aBTOMATOB Sy

u 83 MOCTYIMNACT Ha BXOJA AOMOJHUTCIBHOTO CUHXPOHU3U-

PYIOIIETO COCTOSIHHS, KOTOpOoe OOeCIieYrBacT OXKHIAHHE
3aBepIeHuss 000MX MPOIIECCOB IEepe] MEePexoaoM B Clie-
Jyrolmuii ocaenoBaTeNbHbIN IpoLecc Sy .

OmnucaHue U MOJCIUPOBAHNE KOHEYHBIX aBTOMATOB H
cetu aBToMaToB [P u AP BBINOJHEHO B cpeie UMUTALIUOH-
Horo mozenupoBanus Simulink makera mareMaTH4ecKHX
pacueroB MATLAB. [leTrepMHHHPOBAHHOCTh W YCTOHYH-
BOCTh (DOPMHPOBAHHUS TECTOBBIX CHTHAJIOB JUIT CXEMBI
OBUTH TOJTBEPIKICHBI TOJYYCHHBIMH PE3yJIbTaTaMU aHa-
nu3a ¢(hOpMHUPOBAHHBIX MOJIENEH, OTUCHIBAIOIINX TPOIIECC
HEPapXUUYECKOTO TECTHPOBAHUS aHAIOTO-IU(PPOBOI cxe-
MBI

I1l.  3AKJIIOYEHHUE

TecToBble porpamMMsl, GOpMUpPYEMBIE C TPUBJICYECHH-
€M almapara ceTeil KOHEUHBIX aBTOMATOB B COOTBETCTBUHU
C NPEAJIOKEHHBIM METOAOM, NEMOHCTPUPYIOT aJeKBaT-
HOCTB TIporieccy uepapxmdeckoro tectuposanusi ALIMC.
[IpeanoxxeHHBIE MeTON OOEcCreunBaeT BO3MOXKHOCTH aB-
TOMATH3alMN CHHTE3a TECTOBBIX MPOTPaMM ISl IPOBELC-
HUSL TECTHPOBAHMS aHAIOTO-IU(POBBIX HHTETPATBHBIX
CXEM C pa3IWIHON pa3pemaromeil CrrocoOHOCTHIO, TTI03BO-
TSl COTIacoBaTh MEXAY CO00M HCHOIb3yeMble METOJbI
TECTHPOBAHUS AHAIOTOBOH M IU(POBOI MOJACXEM B paMm-
Kax MapuipyTa TECTONPHUIOJHOTO MpoekTupoBaHus. [Ipu-
MEHEHHE TIPEJCTaBICHHBIX MOEIEH OMMCAaHUs Iporecca
nepapxuueckoro tectupoBanust ALIMC u metona popmu-
pOBaHUS TECTOBBIX HPOTPAMM DPACIIUPSIET BO3MOXKHOCTH
aBTOMAaTH3alMM TECTONPUIOJHOTO MPOEKTUPOBAaHUS aHa-
JOTO-IN(POBEIX WHTETPANBHBIX CXeM, oOecreduBasi CHU-
JKCHHE BPEMEHHBIX U CTOMMOCTHBIX 3aTpaT Ha 3Tale Tec-
THPOBAHHS.
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ABSTRACT

Testing plays important role at early stages of imple-
mentation before mass production at detection the place
and reason of violation in a Circuit-under-Test (CUT) op-
eration. Checking and diagnostic tests are used in depend-
ence of the testing purpose. The active application of the
design-for-testability concept (DFT) is observed nowadays
with rising functional and structural complexity of the
state-of-the-art 1C, where circuit development is realized
simultaneously with the corresponding tests at early stages
of design process.

The effective test methods for digital 1C have been de-
veloped and are actively used now. In turn, the testing of
analog circuits is associated with the sufficient complexity
due to absence of the universal methods and necessity to
develop and adapt test techniques for different classes of
analog circuits or even for individual devices. Hence, test-
ing of mixed-signal integrated circuits (MSIC) based on
the joint test of digital and analog subcircuits is complex
task requiring the matching of test methods used for both
subcircuits.

Efficient generation of test programs ensuring compre-
hensive testing and diagnosis of MSIC, effective utilization
of automated test equipment, reduction of time and money
costs on test preparation and execution, etc. is one of the
challenges in the area of mixed-signal testing.

The method of test program generation in the form of
automata network providing test execution with various
resolving abilities for MSIC using the automated test
equipment is proposed.

Hierarchical testing ensuring fault detection at the level
of individual components, functional blocks (FB),
subcircuits or of the whole device is typically used at prep-
aration and application the diagnostic tests.

Hierarchical testing of MSIC is aimed at test of analog
subcircuits and its FB, digital subcircuits and its FB, con-
verter circuits ADC and DAC, as well as the entire device.
The circuit elements involved in the hierarchical testing

form a set E. The testing process of MSIC is reduced to
application of the test signal to the input of the checked
element and measuring the output responses, based on
which decision on the correctness of the circuit operation is
made. So, the testing of analog and digital subcircuits can
be considered as event-driven process. Algebraic automata
theory is proposed to describe and synchronize the pro-
cesses of MSIC test implementation. Finite-state machine
is used to describe the processes of testing individual ele-
ments.

Two basic models for description of the test process of
MSIC with respect to hierarchical testing are proposed.

1) Automata network describing a set of independent
parallel processes which provide testing individual ele-
ments or FB of analog and digital subcircuits as well as
converters.

2) Automata network describing a set of parallel pro-
cesses ensuring joint and matched in time testing of analog
and digital functional blocks. Matching in time is realized
by including additional synchronization conditions into the
network. The comprehensive testing of MSIC with appli-
cation of test signals to the primary inputs of analog and
digital subcircuits and responses acquisition at the primary
outputs is a particular case of model 2.

The proposed method of test program generation in the
form of automata network with a view of models consid-
ered above is described as the set of operations:

1. Prepare a set of input and output nodes of MSIC
used at testing.

2. Describe the test methods for all elements of MSIC
from the set E as finite state machines taking into account
the features of circuit under test and the used test equip-
ment.

3. Generate the matrix of MSIC nodes utilization dur-
ing the testing for the set of constructed automata.

4. For model 1 define the set of independent processes
in which there are no conflicts of node utilization during
the testing.

5. Generate parallel automata network Net for the sets
of independent processes ensuring the simultaneous testing



of individual elements or FB of analog and digital
subcircuits as well as converters.

6. For model 2 define the set of matched processes in
which there are no conflicts of node utilization during the
testing.

7. Generate automata network Net for the sets of
matched processes ensuring joint and matched in time test-
ing of functional blocks of analog and digital subcircuits.
The generated network may possess a serial, parallel or
serial-parallel structure and, as required, includes synchro-
nization conditions providing the matching of automatons
operation in accordance with selected test methods.

The automata network obtained as the result ensures
deterministic synthesis of control signals for MSIC testing
process with different resolving abilities, as well as activa-
tion signals for the used test signals.

Translation of obtained automata network into instruc-
tions and scripts relevant to the formats of the used test
equipment underlies the generating test program for ATE.
Switch- or automata programming is the effective tool for
such translation which can be done in automated mode.

An application of the proposed method for mixed-
signal circuit including analog filter, digital comparator
and scan-chain is considered. The CUT comprehensive
testing is based on the hierarchical approach which com-
prises the following test processes:

1) Analog filter testing using OBIST method,;
2) Functional testing of the digital comparator;

3) The scan-chain testing by the bit sequence
“0011...”;

4) Joint testing of the CUT functional blocks.

Description and simulation of the generated finite-state
machines and the automata network have been done in the
Simulink toolbox of MATLAB software. The analysis re-
sults for the models describing the process of MSIC hierar-
chical testing have confirmed the determinacy and stability
of test signal generation.

Experimental results have confirmed the efficiency of
the proposed method for generating test programs for hier-
archical testing of MSIC on automated test equipment. The
proposed models for description of the test processes and
the method of test program generation correspond to the
methodology of design-for-testability automation of MSIC

and increase the efficiency of DFT concept application for
mixed-signal integrated circuits design.

REFERENCES

[1] Grishkin M., Lopatkin G.S., Mikhailov A.N,
Ovsyannikov D. A. Interface-based method of generation
the input stimuli for testing electronic digital modules —
Voprosy radioelektroniki, 2013, no. 1, pp. 80-89 (in
Russian).

[2] Matrosova A. Yu., Mitrofanov E. V. Delay testable
sequential circuit design — Tomsk State University Journal
of Control and Computer Science, 2013, No. 2 (23), C. 140-
147 (in Russian).

[3] Matyushin D.V., Kurganskii S.l. Simulation of the
configuring and testing system of the field programmable
gate array - Control systems and information technologies,
2011, vol. 46, No. 4.1, pp. 151-154 (in Russian).

[4] Austin T. Creating a Mixed-Signal Simulation Capability
for Concurrent IC Design and Test Program Development //
Proc. International Test Conference, 1993, pp. 125 — 132.

[5] Diamant P. E., Harrold S. J. Automatic Generation of
Mixed-Signal Test Programs from Simulation Data // IEE
Colloquium on Testing Mixed Signal Circuits, 1992,
pp. 6/1 - 6/4.

[6] Huang Wei-Hsing, Wey Chin-Long. ATPRG: an
Automatic Test Program Generator Using HDL-A for Fault
Diagnosis of Analog/Mixed-Signal Integrated Circuits -
IEEE Transactions on Instrumentation and
Measurement, Vol. 47, No. 2, 1998, pp. 426 — 431.

[7] Keady A., Lyden C., Ryan J., Claffey S., Murphy N., Long
B. Mixed-Signal Automatic Test Program Generation -
Proc. of European Test Conference, 1993, pp. 528 — 529.

[8] Richardson A., Lechner A., Olbrich T. Design for
Testability Strategies for Mixed Signal & Analogue
Designs-from Layout to System - Proc. IEEE Int.
Conference on Electronics, Circuits and Systems, Vol. 2,
1998, pp. 425 - 432.

[9] Mosin S. G. Design-for-testability automation of mixed-
signal integrated circuits - Proc. IEEE 26th International
SOC Conference (SOCC 2013), 2013, pp. 244-249.

[10] Mosin S.G. Structural Solutions on Design-for-Testability
of the Application Specific Integrated Circuits - Information
technologies, 2008, No. 11, pp. 2-10 (in Russian).

[11] Mosin S. G. The technique of test program generation in the
form of automata network for testing the mixed-signal
integrated circuits - Dynamics of Complex Systems — XXI
century, 2015, vol. 9, No. 3, pp. 29-35 (in Russian).

[12] Mosin S.G. A Built-in Self-Test Circuitry Based on
Reconfiguration for Analog and Mixed-Signal IC -
Information Technology and Control, vol. 40, no. 3, 2011,
pp. 260 — 264.



