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BBenenue

CoBpeMeHHbIE BBIYMCIUTENbHBIE CHCTEMBI, TAKHE KAK BCTPOEHHBIE CHCTE-
MBI, CHCTEMbI Ha KPHCTalUIe M CETH Ha KPHCTAJUIE, XapaKTepPHU3yIOTCs OOIBIINM
pa3HooOpasueM (YHKIHOHAIBHBIX BO3MOXXHOCTEH, CTENEHBIO CIOKHOCTH U CIIe-
(UKo MPUMEHSIEMBIX TEXHOJIIOTHH JUIsl MX pa3paboTKu M M3rotosieHus. [lpu-
BeJICHHBIC (DAKTOPHI MMEIOT OOJIBIIOE BIMSHHE HA TPHU COCTABIIIONINE BBIYUCITH-
TENIBHBIX CHCTEM, TaKHe KaK MPOrpaMMHYIO, allapaTHYI0 U 3allOMHHAIOILYI0 da-
cti cucrembl. Kaxknas U3 yka3aHHBIX COCTaBJISIOLIUX CUCTEMBI MMEET CBOU OCO-
OCHHOCTH M XapaKTepHBIC CBOMCTBA, KOTOPBIC OOYCIIOBIHBAIOT CYIIECTBOBAHUE
JIOCTaTOYHO CHELM(PUUHBIX Pa3HOBHAHOCTEI HEHCIPABHBIX COCTOSHHMI BBIYMCIIH-
TEJIFHBIX CHCTEM B IIEJIOM. DTO BBI3BAJIO 3HAUNTEIHHBIC N3MEHEHHS KaK B MPOLEC-
ce MPOEKTUPOBAHUS BBIUUCIHTENBHBIX CHCTEM, TaK M B pa3pabOTKU METOJIO0B U
CPE/ICTB UX KOHTPOJIISl M IUATHOCTUKH.

B mHacrosmieit MoHOTpadguy OCHOBHOE BHHMAaHHE yJENCHO BONPOCAM KOH-
TPOJISL U JMATHOCTUKH ITPOTPAMMHOTO U alapaTHOro o0ecreyeH s COBPEMEHHBIX
BBIYMCIUTENBHBIX CUCTEM, a TAKKe MX 3aTIOMHHAIOIIUX YCTPOUCTB C MCIONIB30Ba-
HHUEM TIOCTICTHHUX JOCTIKCHHI B 00JIACTH TEOPHH M MPAKTHKH TECTOBOTO AMATHO-
CTUPOBAHUSI.

MoHorpadust HanucaHa HA OCHOBaHUM PE3YJIBTATOB HAyYHBIX HCCIENOBA-
Huil, mpoBoaumbix B pamkax HUJI 3.3'u xacdenps! IIOUT Benopycckoro rocyaap-
CTBEHHOTO YHHMBEpCHTETa MH()OPMATHKU U PaJHOICKTPOHUKU. B mpennaraemoit
KHUTE HUCIIOJIb30BAaHbI MaTepHAIbl JCKINH, MPAKTHUSCKUX U JJAOOPaTOPHBIX 3aHS-
THH, a TaK)Ke HayYHbIX CEMHUHApOB, poBoauMbIX Ha Kadeape [TOUT nox pyxo-
BOJICTBOM aBTOpPA HACTOSIMICH MOHOTPaHU U C HEIOCPEACTBEHHBIM €T0 YYaCTHEM.
Bornbmas 9acTs m3maraeMoro MaTepuaia ObLTa MOTydeHa aBTOPOM B pe3yibTare
HAYYHBIX HCCIICIOBAHUN COBMECTHO C €T0 KOJUIEraMH U yYEeHUKaMHU MPU BBITIOJIHE-
HUH PA3HYHBIX OTEYECTBEHHBIX U 3apYOEKHBIX HAYIHBIX IPAHTOB.

B 1 u 2 rmaBax mpeAcTaBICHbI OCHOBHBIC OHATUS U OIPEICIICHHS, H3I0XKe-
HBI KJIaCCHYECKHE BOIPOCHl aBTOMAaTH3HMPOBAHHOTO MOCTPOEHMSI TECTOB KaK JUIs
MIPOTPAMMHOTO M aIIapaTHOTO 00ECTIEYCHNUS BBIYNCIUTEIBHBIX CHCTEM, TaK U IS
HX 3alOMHHAIOMUX ycTpoHcTB. [TogpoOHO paccMaTpuBaeTcs MHOroodpasue mnep-
BONPHYMH BO3HHKHOBEHUS HEUCIPABHBIX COCTOSHUN BBIYMCIHTENBHBIX CHCTEM.
AHaTI3UPYIOTCSA PA3IHIHbIC MOAXO0BI K KIaCCH(UKAINH HEUCIIPABHOCTEH CHCTEM
U UX MaTeMaTUYEeCKUE MOJENHU, KOTOPbIE MCHONb3YIOTCS ISl MOCTPOEHUSI TECTO-
BBIX [10CJIEJ0BATEIBHOCTEN.

I'maBa 3 mocBsleHa ONPENeNeHUI0 KIAaCCHYECKOTO BEPOSITHOCTHOTO TECTHU-
pOBaHMA CUCTEM M PACCMOTPEHUIO €0 OCHOBHBIX CBOWCTB IJI€ ITOKA3bIBAETCS €ro
JOMHHUPYIOIIEE TOJIOKEHNE MO OTHOIIEHHIO K JAPYTUM METOMOJOTHAM Kak JUls
MIOCTPOEHHSI TECTOB, TAK U ATl peaIn3alli TECTOBBIX MPOLEAYP BEIUUCIUTENBHBIX
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cucreM. [logpoOHO H3naraioTcs JOCTOMHCTBA M HEJOCTATKH BEPOSITHOCTHOTO Te-
CTUPOBAHUs, U TIOKA3bIBACTCS MPHUHIMITHATIBHAS BO3MOXHOCTh JIOCTHIKCHUS MakK-
CHUMaJIbHO BO3MOXKHOHW 3(QQEKTHBHOCTH BEPOSATHOCTHBIX TecToB. Ilociemyromue
[JIaBbl B TOW WJIM MHOW CTENEHHU SBISIOTCS JalbHEHIINM Pa3BUTHEM KIIACCHUYECKO-
I'0 BEPOSITHOCTHOI'O TECTHPOBAHUS JTHMOO MPECTABISAIOT METObI, KOTOPbIE OJU3KH
10 CBOEH CYTH K BEPOSITHOCTHBIM TECTaM, UJIH SBIISIOTCS €r0 almpOKCUMAIHSIMU.

B nmocnenyromux 4 u 5 raaBax moapoOHO MpOaHATM3HPOBAHEI COBPEMCHHBIC
METO/Ibl BEPOSITHOCTHOTO TECTHPOBAHUS, TAKHE KaK YIPaBIIEMOE BEPOSTHOCTHOE
TECTHPOBAHUE M €r0 MHOTOKPAaTHOE NMPUMEHEHHE B BHUJE MHOTOKPAaTHBIX BEPOST-
HOCTHBIX TECTOB C M3MEHSAEMBIMU MapameTpaMu. MaTepuan 4eTBepTOH I1aBbl MO-
CBSIIIICH HCCIICJIOBAHUIO ONTHUMANBLHBIX YIPABISEMBIX BEPOSTHOCTHBIX TECTOB, a
TaKKe YNpaBsieMbIM TecTaM Majioi IiuHbl. [laTas riaBa LENIUKOM MOCBSIIEHA
HCCIIEZIOBAHUIO MHOTOKPATHBIX BEPOSTHOCTHBIX TECTOB M OIlEHKE MX d(PEKTHBHO-
ctu. CozepkaHue yKa3aHHBIX TJIaB M BCEX MOCIEIYIONNX Pa3ieioB MOHOTpadhuu B
OoutbIIeii CBOEH YacTH MpeICTaBIseT aBTOPCKHN MaTepHaj, OMyOJIMKOBAHHBIA B
Pa3INYHBIX EPUOJINIECKUX U3/IaHUSX.

HoBoMy m mMHOTOOOEMIAIONIEMY METOJY TECTHPOBAHHWS, OCHOBAaHHOMY Ha
[IPUMEHEHUH TaK Ha3bIBa€MbIX KBa3U-CIYUYalHBIX MOCIIEA0BATEILHOCTEH, MOCBS-
meHa 6 rnasa. [IpeasiokeHHble B TAaHHOW TJlaBe PEIICHHUsS MO3BOJISIOT TEHEPUPO-
BaTh MIUPOKUN CIEKTP TECTOBBIX MOCIENOBATEIBHOCTEN C Pa3MUUHBIMU UX CBOM-
CTBaMM, TaKUMH KaK PaBHOMEPHOCTb, CJIYYalHOCTb, 1E€TEPMUHHUPOBAHHOCTh, a
Takke MHOTOOOpa3HbIMHM 3HAYEHHUSMH = YHCICHHBIX XapaKTePUCTUK KBa3u-
cIydaiHbIX TocienoBatenbHocTell. [IInpokre BO3MOXKHOCTU Ui peIleHusl 3am1ay
TECTHPOBAHUS COBPEMCHHBIX BBIYUCIHUTEIBEHBIX CUCTEM 00CCIICUNBAOT, TAK HA3bI-
BaeMbIe, nocnenoBarenbHocT Co0oIIsl, a Takke MOAU(DUIIUPOBAHHBIE TIOCIEA0BA-
TenpHOCcTH Co00Is.

B rmaBe 7 paccMaTpuBarOTCS OCHOBBI TICEBIIOCTYYAaHOTO TECTHPOBAHUS,
BaXXHOH OCOOEHHOCTBIO KOTOPOTO SIBISIETCSI TIOBTOPSIEMOCTH TECTOBOTO JKCIIEPH-
MEHTa TIPU COXPAHEHWU BCEX OCHOBHBIX JOCTOMHCTB BEPOSITHOCTHOTO TECTUPOBA-
Hus. [TokazaHo, 4TO JTOMHHHUPYIOIIEE MECTO B YAaCTH UCIIOIB3YEMBIX TICEBIOCTY-
YalHBIX TECTOBBIX IIOCIEAOBATCIBHOCTEH 3aHMMAIOT M-TIOCIEA0BATEIIBHOCTH.
[IpuBonATCS METONMKH CHHTE3a T€HEpPaTOpPOB IICEBOCIYyYaWHBIX TECTOBBIX II0O-
CJIeIOBATENBHOCTEH M TeHEepaTOpoB KOMOWHHMPOBAHHBIX TECTOBBIX IIOCIIEOBA-
TEJAbHOCTEH. AHATU3UPYIOTCS CBOMCTBA M YHUCJEHHbIE XapaKTEPUCTUKU IICEBJO-
CIIy4alHBIX TIOCIIEI0BATEIILHOCTEH, ITOKa3aHa UX OJM30CTh K HCTHHHO CITyYaiHBIM
IOCJICAOBATCIILHOCTSIM.

I'maBer 8, 9 moOCBAIIEHBI HCCIETOBAHNIO KaK CBOWCTB, TaK M METOJUK TPHU-
MEHEHMS HCYEPIbIBAIOIIMX M ICEBIO-UCUEPIILIBAIOIIMX TECTOBBIX MOCIEI0BA-
TENBHOCTEH [UISI TECTUPOBAHMS COBPEMEHHBIX BBIYHCIUTENBHBIX CHUCTEM. JlaHbBI
OTIpeieIeHuUs] ¥ TPaHUYHbIEC OLIEHKH UCYEPIBIBAIOLINX TECTOB, IOKAa3aHa UX CBSI3b C
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MOYTH HMCUEPIBIBAIOIUMH U BEPOSITHOCTHBIMU TECTOBBIMU IMOCIEA0BATENBHOCTSI-
Mu. OG0CHOBaHA OTHOCHTEIIBHAS IIPOCTOTA UX TOCTPOCHHUS M PealM3aliy, a TaKkKe
BBICOKas 3(EeKTUBHOCTh OOHAPYKEHUSI HEUCTIPaBHOCTEH crucTeM. bosbinoe BHH-
MaHHeE B I1aBe 9 yneneHo UCnoab30BaHuI0 M-1ocae10BaTeIbHOCTEH I peann3a-
LUH [ICEB/I0-UCYEPIIBIBAIOIIETO TECTUPOBAHHS CHCTEM.

B rmaBe 10 kpaTko H3JI0’KEHBI OCHOBBI METOJOB KOMIIAKTHOTO TECTHPOBA-
HUYSI, IPUBE/ICHBI OCHOBHBIC MX CBOMCTBA M METOJMKA OLECHKH MX 3(P(PEKTHBHOCTH.
IToka3zaHO, UTO OCHOBY METOJOB KOMIIAKTHOTO TECTHPOBAHUS COCTABJISIFOT aJIro-
PUTMBI U METOJUKU I'€HEPUPOBAHMS TECTOBBIX IIOCIEJOBATEIBbHOCTEH, PACCMOT-
PEHHbIE B NPEABIIYIINX pa3jeiax MoHorpaguu. B kauectBe MeTona ciKaTus BbI-
XOJHBIX PEaKLUUI TECTUPYEMBIX CHCTEM BBIIEIEH METOJl CUTHATYpHOI'O aHalu3a,
KOTOPBIU IIUPOKO NPUMEHSETCS B MIPAKTUKE peald3aluy MIPOLEIypbl CaMOTECTH-
pOBaHMS BBIYHCIUTENBHBIX CUCTeM. JleTallbHO aHAIM3UPYETCS JOCTOBEPHOCTH
CUTHAaTYPHOI'O aHaJIu3a U METOJOJIOIUs IPOEKTUPOBAHUS CUTHATYPHBIX aHA/IU3a-
TOpOB. M3110KeHBI OCHOBBI aJallTUBHOTO CUTHATYPHOTO aHAIM3a U IOKa3aHbI €ro
LOIMPOKUE BO3MOXKHOCTH HMPU TECTUPOBAHHU COBPEMEHHBIX BBIYMCIHUTEIBHBIX CH-
CTEM H, B 0COOCHHOCTH, UX 3aIIOMHUHAOIINX YCTPOMICTB.

[Mocnenyromue yeTblpe TriIaBbl MOCBSLIEHBI aHANU3Y U Pa3BUTUIO CyIlle-
CTBYIOIMX METOJOB TECTHPOBAaHMs 3alOMHMHAIOIIUX YCTPONCTB COBPEMEHHBIX
BCTPOEHHBIX BBIYHCIUTENBHBIX cucTeM. [lokasbiBaeTcs, 4To Oe3albTepHATUBHBIM
pELIEHNEM SIBISETCS MPUMEHEHHE Hepa3pyIlaroliX MaplIEBbIX TECTOB, peaau3y-
€MBbIX B paMKax IIPOLEAyp CaMOTCCTUPOBAHMsS 3allOMHHAIOIIMUX YCTPOMCTB, KOTO-
pBle XapaKTepPU3yIOTCSl CBOMCTBOM COXpaHEHHs MCXOIHOTO COAEPKHUMOTO MaMsTU
mocJe npoueaypsl Tectuposanusd. ['maBa 11 nenrkom NocBsillieHa aHAIU3Y HEpas-
PYIIAOMIEro TECTUPOBAHUSA M OCOOCHHOCTSM €r0 NMPUMEHEHHUS, B TOM 4HCIIe, B
paMKax aJlalTUBHOTO CUTHATypHoro aHanmusa. Crexyromas 12 rnaBa CKOHIEHTpU-
pOBaHa Ha UCIOJIb30BAHUU CBOMCTBA CUMMETPUU MApPILEBBIX TECTOB Ul CUHTE3a
Hepa3pymaNX TECTOB 3allOMHHAIOMUX ycTpoicTB. ['nmaBa 13 mpexacrasiser
pelIeHus 1o peann3alid MHOIOKPAaTHOTO TECTUPOBAHUS MaMATH, a riasa 14 onu-
CBIBAE€T METOZOJIOTHIO IICEBI0-UCUEPIIBIBAIOLIETO TECTUPOBAHUS COBPEMEHHBIX 3a-
[IOMHUHAIOUIUX YCTPOUCTB. B KkauecTBe MOIEIM MHOIOKPAaTHOIO BEPOSATHOCTHOIO
TECTUPOBAHMs 3alIOMUHAIONIMX YCTPOICTB B JaHHOM IJIaBe MpeJIaraeTcsi MaTeMa-
THYECKast MOJIeNb cOOMpaTeNs KyIIOHOB, KOTOpas TO3BOJISIET YCTAHOBUTH 3aBHCH-
MOCTb OJIM30CTH TECTOBOH IPOLEAYPHI K IICEBJI0-MCUEPIBIBAIOIIEMY TECTY B 3aBH-
CHMOCTH OT KPaTHOCTH TECTA.

B rnaBe 15 mpencTaBieHs! pelleHHs MO TeHEPUPOBAHUIO MCUEPIBIBAIOIIUX
JETePMUHUPOBAHHBIX TECTOBBIX MOCIEJOBATEIbHOCTEH U NMPHUBEAEHB! OLIEHKH HX
s¢dextrBHOCTH. Bonblioe BHUMaHNE yAENSECTCS Pa3MMIHBIM IpHEeMaM MoIudpu-
KallU{ CYETUYUKOBBIX MOCIe0BaTeIbHOCTEH. IHTepeCHBIMU SABIISIOTCS PE3yIbTaThl
10 MHBEPTUPOBAHUIO 3HAYEHUM Pa3pslOB CYCTUUKOBBIX IIOCIENOBATECIbHOCTEH, a
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TaKXkKe I0 MPUMEHEHHIO MOCIICA0BATEIFHOCTEH, MOTYUYCHHBIX KaK Pe3yJbTaT Je-
OUMAIHA MCXOJHOU ITOoCieoBaTeIbHOCTH. CHCTEMAaTHUSCKH H3JIOKECH MaTephal
II0 BOIIPOCaM TEHEPHUPOBAHUS TECTOBBIX ITOCIIECIOBATEIBHOCTEH C BBHICOKOH Tepe-
KITFOYATEIbHOW aKTHBHOCTBIO, K KOTOPBIM OTHOCSITCS TTOCIICIOBATEIBHOCTH aHTH-
I'pest u mocIen0BaTEIEHOCTH ¢ MAKCHMAIEHOH MTEPEKITI0YaTeIbHON aKTHBHOCTBIO.

CopeprkaTtenbHas 4aCTh KHUTH BKIIIOYAET KJIAaCCUYECKHE BOMPOCHI TECTOBOTO
JIMAarHOCTUPOBAHMS COBPEMCHHBIX BBIYHCIUTEIBHBIX CHCTEM, OJJHAKO OCHOBY JaH-
HOW MOHOTpaUH COCTABISIOT OPUTHHAIILHBIE PE3YIIBTATHI, IOJTYYCHHBIC aBTOPOM,
1 B OonblIel yacTu OmyOIMKOBaHHBIE MM COBMECTHO C €0 YYEHHKaMU U KOJLIe-
raMu B MEPHOJANYCCKUX OTCYCCTBCHHBIX U 3apYOC)KHBIX HAYYHO-TCXHUYCCKUX H3-
nmanusx. [maBel 4, 5, 6, 13 m 14 HammcaHbl aBTOPOM COBMECTHO C K.T.H.
C. B. Slpmonuk, a rmaBsl 5, 14 u maparpads! 1.5, 2.4 moAroToBIeHs! acHHpaH-
TOM KadeIpbl MporpaMMHoOe obecriedeHre HHGOpMaITMOHHBIX TexHoorui bI'Y P
B. A. JleBanneBuuem.

ABTOp HCKpeHHE OiarojapeH JOKTOPY TEXHHYECKUX HayK, Mpodeccopy
I1. H. bubuno u [oKTOpy TEXHHUECKUX Hayk, mpodeccopy M. M. Tarypy 3a 1ieH-
HbIE 3aMeYaHUs W CBOEBPEMEHHBIC PEKOMEHIAINH, KOTOPBIE CIIOCOOCTBOBAIN
YIYYIICHUIO COACPIKAHUS KHHUTH, a TAK)KE BBIPAKACT CBOIO MPH3HATEIHHOCTH 3a-
Bemyromer kapenpoi H. B. Jlanumkoit u BceM coTpymHrKaM Kadeapsl MporpamMmm-
HOro obecrieueHus: MHOOPMAIMOHHBIX TEXHOIOrHH belopycckoro rocyaapcTBeH-
HOTO YHUBEPCUTETa HHPOPMATHKH U PaTHOIICKTPOHHUKH 3a TIOMOIIb U MTOUICPIKKY
MIPH MOJITOTOBKE PYKOTIHUCH K M3/IaHUIO,
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I'maBa 1. OcHOBHBIEC IOHATHSA W ONpeAeTeHUS

1.1. TectupoBaHue, BepupuKanus ¥ BaTUIANMUS

Jlns cOBpEeMEHHBIX BBIUHCIHTENBHBIX CHCTEM BEChbMa BAKHBIMH SIBIISIOTCA
pa3nuYHBIC YPOBHU NMPOBEPKH KOPPEKTHOCTH M NMPABMIBHOCTH MX (YHKIIMOHUPO-
BaHMS, pealn3yeMble Kak B IIporiecce pa3paboTKH, TaK U B MPUMEHEHHUH 0 Ha3HA-
4yeHu1o. [ 9THX 1enel caykaT IpoLeRypsl mecmuposanus (testing), eepughuxa-
yuu (verification) u sanuoayuu (validation) [61]. HecMOTpsi Ha KaXyIIyrOCsS CXO-
JKECTh MPUBEIICHHBIX TCPMUHOB, TECTHPOBAHKE, BEPUPHUKALIUS ¥ BAIUAAIHS O3HA-
YaroT pa3HbIe MPOIECCHI MPOBEPKH (HYHKIIMOHUPOBAHUS BEIYUCITHTEIEHBIX CHCTEM.

Ton mecmuposanuem BHIMACTUTEIBHBIX CUCTEM MIOHUMAKOT BUJ JCATCIIBHO-
CTH B TIpoIlecCce HX Pa3pabOTKU M UCIIOJIB30BaHUS, CBSI3aHHBIN C BBITOJIHCHHEM
MPOIICAYP, HAIIPABJICHHBIX HA 0OHAPY)KEHUE OIMIMOOK, HECOOTBETCTBUI, HEIIOJIHO-
TBI, IBYCMBICTICHHOCTEH M APYTHX HEKOPPEKTHBIX CUTYALWi MpH (YHKIHOHUPO-
BaHWM TEKYIIEH BEPCHM BBIYMCIUTENBbHON cucteMsbl [143, 161, 184]. IIpouecc Te-
CTHPOBAHUS OTHOCHTCS, B MEPBYIO O4Yepeb, K MPOBEPKE KOPPEKTHOCTH peajm3a-
IIIH CHCTEMBI, KOTOPBII BBIIOJIHACTCS ITyTEM YNPaBIAeMOro (YHKIIHOHHPOBAHUS
CHCTEMBI C IIeTbI0 OOHApY)KEHHS HECOOTBETCTBHH MEXKIy €€ ITOBEICHHEM U
MIPEABABIIEMBIM K Hel TpeOOBAHHSM.

ITonsatne BepuuKanms BBIYUCIUTENBHBIX CHCTEM SBISIETCS Oosiee 0OIUM
MOHATHEM, 4eM TecTupoBanue. Ilon gepuguxayueri MOHUMAIOT MPOLEAYPY HPO-
BepkH (haKTa TOro, YTO BHIYUCIUTEIbHAS CUCTEMA COOTBETCTBYET HPEIbSIBISICMbIM
K Hell TpeOOBaHMAM U peain3oBaHa 0e3 HerpeayCMOTPEHHBIX (QYHKIUI U yIOBIIe-
TBOpsIET TPOEKTHBIM crenudukanusaM u craHaapram. llpomecc Bepudukarmu
BKJIIOYAET B ce0s TeCTUpoBaHue (DYyHKIMOHAJIBHOCTH CHUCTEMBI, aHAJIH3 Pe3yJibTa-
TOB TECTHUPOBaHMA, (JOPMHUPOBAHNE U aHAIHU3 OTUYETOB O BBIIBICHHBIX HECOOTBET-
CTBHsX U mpobiemax. Takum o0pa3oM, MOKHO CUHTATh, YTO MPOIECC TECTUPOBA-
HUS SBJISIETCSI COCTABHOW YaCTHIO TIpoIecca BepuUKaInu.

Banuoayus BEIYMCIUTENBFHBIX CHCTEM IMPEICTABISICT CO00I mporeaypy, Ie-
JBIO KOTOPOH SIBIISICTCS JTOKA3aTeNbCTBO TOTO, YTO B pe3yibTaTe pa3pabOTKH CH-
CTEMBI OBUTH JOCTHTHYTHI TC LIEJIM, KOTOPBIC TIAHUPOBAJIOCH JOCTHYh Olaroaps
MIPUMEHEHHIO CHCTEMBI TI0 ¢ MPSIMOMY Ha3HaueHHI0. Banmnmanus, o cyTH, sBis-
eTCsl TPOIEAYPOi TMPOBEPKH COOTBETCTBUS CHCTEMBI OXHIAHUSAM TOTPEOUTEIs,
Yarre BCero 3aKa3dynka BEIYUCIUTEIEHON CHCTEMBI.

TaxuM 06pa3om, OCHOBHBIC 3a]jauHl MIPOIECCOB BEPU(DUKAIINN W BaJHIAINI
COCTOSIT B TOM, YTOOBI IIPOBEPUTH U TMOATBEPANUTH, YTO KOHEUHBIN MPOIYKT, MPEa-
CTaBJISIFOLTAN CO0O0I BEIYMUCIUTENBHYIO CHCTEMY, OTBEYaeT HA3HAUCHHIO U yJIOBJIE-
TBOpsIET TPEOOBAHMIM 3aKa34dWKa M TOTpeOuTeNel. DTH 1Ba TIOHATHS TECHO CBSI3a-
HBI C TPOIECCaMH TECTHPOBAHMSA M 0OECTIEYCHNUs KauyecTBA BBIUYMCIUTEIBHBIX CH-
crem [13, 15, 57,207, 208, 302].

Bepudukaims u Bajauganus OCHOBaHbI Ha IUTAHUPOBAHUU UX KaK IPOIECCOB
JUISL CUCTEM B LICJIOM, TaK W JJIsi HanOoJee KPUTUYHBIX JIIEMCHTOB BBIYUCIUTEIIb-
HBIX CHCTEM, TaKUX KaK KOMIIOHEHTHI, HHTep(delchl (IporpaMMHbIe, TEXHHUECKHE
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1 UH()OPMALMOHHBIC) C MCHOIb30BAaHUEM PA3]IUYHBIX TECTOB U TECTOBBIX MPOIIC-
nyp. Tlocne mpoBepku OTJAENbHBIX KOMIIOHEHTOB CHCTEMBI MPOBOAATCS UX WHTE-
rpauysi ¥ TOBTOpHas Bepu(UKalus ¥ BaJuIAlMs WHTETPUPOBAHHON BBIYMCIIH-
TeJIbHOHN cucteMbl. CXeMaTU4HO, B YIPOIIEHHOM BHUJIE, B3aUMOCBSI3b MEXIY MPO-
LeIypaMy TECTUPOBAHUS, BEpUPHUKALINN M BaJIHIAIUU MOXKHO NPEICTABUTH Clic-
TYIOIIeH TuarpaMMoi, mpuBeneHHoi Ha puc. 1.1. Ha Gosee HU3KOM ypOBHE BBI-
TIOJHSCTCS TIPOIETypa TECTUPOBAHMUS, 3aTeM CIIETyeT BEpU(HKALNI U 3aBEpIIaro-
miell siBiseTcs Banuaanus. [loydeHne oTpUIaTeIbHOTO pe3ynbTaTa Mpu TECTHPO-
BaHNH TpeOyeT M3MEHCHUH B pealn3allii CHUCTeMbl. HeraTHBHEIA pe3ynbTaT Be-
pudukarm TpedyeT KOppeKInH (yHKINOHATBHOCTH CHCTEMBI, a BaJUIAL, IO
CYTH, OTBEUYAET 32 MPAaBUIBHOCTH (HOPMYITHUPOBKH TPEOOBAHUH K CHCTEME.

TMonsiTnst BeprupUKay U BaTUIAIMHA TECHO CBS3aHBI C MPOILECCAMU TECTHU-
poBaHus U obecreueHusI KaueCTBAa COBPEMEHHBIX BBIUMCIUTENLHBIX cucTeM. K co-
JKAJICHUIO, MHTEPIIPETAINS TOHITHH BepU(PHUKAINS M BATAIANUS B Pa3HBIX UCTOY-
HUKaX CYIIECTBEHHO OTJIMYAETCS, MX YaCTO IMyTAIOT, XOTS OTIUYUS MEXKITY HUMH
JIOCTATOYHO 3HauMMBbl. OUeHb YacTO ATH J[BA TMOHITHS OTOXIECTBIISIIOTCS, & UHO-
712 BOOOIIE MTHOPUPYIOTCSI M 3aMEHSIOTCS OHSITHEM TeCTUPOBAHUE.

TpeboBanus k Bamunanusa
CHCTEME CHCTEMBI
DyHKIUU Bepuduxanus
CHCTEMBI CHCTEMBI
Peannszanus Tectuposanue
CHCTEMBI CHCTEMBI

~_

Pucynok 1.1 — Tecmuposanue, éepughuxayus u earuoayus

B Toxe BpeMsi BepuHKaNU U BaTUAALMS OTIMYAIOTCS T€M, YTO OHH IO-
3BOJISIFOT MOJIYYUTH OTBETHI HA Pa3HbIE BOMPOCHI, KaK Ui pa3pabOTYUKOB CUCTE-
MBI, TaK U s ee moTpeduteneid. Kpome TOro, OHM MPOBOAATCS HA PAa3IHYHBIX
JTamnax >KU3HCHHOTO IUKJIa CHCTEMBI, a TaK)Ke OTIMYAIOTCS METOIOJOTUEH CBOEH
pean3aiH.

KiroueBble OTIIMYMS MEXKAY BepU(pHKALMCH M BaluAaleld MPUBEICHBI B
tabmmne 1.1.

Ecmu paccmaTtpuBaTth IpUBEICHHBIC MPOIEAYPHI C TOYKH 3PSHHMS BOIPOCA,
Ha KOTOPBIH HEOOXOANMO ITOJIYYHUTH OTBET, TO TECTHPOBAHNE OTBEYACT HA BOIIPOC
«Kax smo coenano?» nma «Coomeemcmayem iu nogedeHue paspabomanHtoil 6bi-
YUCTUMENLHOU cucmembl mpebo8aHusm?.
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Tabmuua 1.1 — Coomuowenus mesncdy eepughuxayueti u sanuoayuent

No Bepudukarus Banupauus

1 Jlenaem 51U MBI NPAaBWIIBHO BBIYMCIH- | JlemaeM 5 Mbl NPAaBUIBHYIO BBIUYUCIH-
TEJIBHYIO CUCTEMY? TEJIBHYIO CUCTEMY?

5 PeanusoBana s Bcs  QyHKUMOHaNb- | [IpaBuiibHO JM peanu3oBaHa (QyHKLHO-
HOCTh CHCTEMBbI? HaJbHOCTh CUCTEMBI?
Bepudukauns npoBoauTscs paHbiie W | Banumanus npoucxomut nocie Bepudu-

3 | BKIIOUAeT MPOBEPKY IPABWIBHOCTH | KAlMM U, Kak IIPaBWIO, OTBEYaeT 3a
HaN¥MCaHWsl JOKYMEHTAIWH, KOJIa M T. [l. | OLEHKY CHCTEMBI B IIJIOM

4 Beimonnsercst Ha ypoBHE Boimonnsiercs, B Oousblieil vacTu, Ha
pa3paboTunka ypOBHe 3aKa3umnka (morpeduTess)
Bkiroyaer cratuyeckuil aHanms, 3a- | Bkiroyaer JMHaAMUYeCKHH aHAIN3 (YHK-

5 KJIIOYAIOUIMHCS B TECTHPOBAHHM IMPO- | IMOHUPOBAHHUS CHCTEMbl B peajbHBIX
TPaMMHBIX ¥ AamIapaTHBIX CPEICTB, | YCIOBHSIX IO €€ IPSIMOMY Ha3HAUCHUIO
CpaBHEHHHU TPeOOBAHUM H T.[I.
OcHoBbIBaeTCsl Ha 00BEKTUBHOI OlleHKe | CyOBEKTHBHBIN MPOLECC, BKIFOYAFOIIHIA

6 | pealM3yeMbIX BBIYMCIUTEILHOW CHUCTE- | SKCIIEPTHYIO OIIGHKY KadecTBa pPadOThI
MOH yHKIMI CUCTEMBI

B cBoro ouepenp Bepudukanus orBeyaeT Ha Bopoc «Ymo coerano?» wnn
«Coomsemcmeyem i paspabomanHas SLIMUCTUMENbHAS CUCeMAa Mpedo8aHU-
am?». [lpouenypa Banugaluy Mo3BOJSIET MOJIYUUTh OTBET Ha Bonpoc «Coenano nu
mo, umo uyscno?» unn «Coomeememeyem u paspabomanuas cucmema 0xicuoa-
HuAM 3axazuuxa (nompebumens)?.

1.2. HeHCl’IpaBHOCTB, oIMoKa ’ HECIIPABHOE NMOBE€ACHHUE CUCTEMbI

BoJIbIIMHCTBO TEPMHUHOB ¥ MOHSTHI B 00JaCTH TECTUPOBAHUS U JIMATHOCTH-
KU BBIYMCIIUTENBHBIX CHCTEM MMEIOT JTOCTATOYHO OOIIMI CMBICI U XapaKTepHu3y-
I0TCSl OTCYTCTBHEM TOYHOCTU M OJHO3HAYHOCTH. B OCHOBHOM 3TO CBsI3aHO ¢ pas-
HOOOpa3ueM THUIIOB COBPEMEHHBIX BBIYUCIUTEIBHBIX CHCTEM, OOJBIIMM KOJHYE-
CTBOM Pa3JIMYHBIX METOJOB MX TCCTHPOBAHUS, PA3IMYHBIMU YPOBHIMHU aOCTpak-
LUK AX OIHKCAHUs, a TaKkKe (POPMYIHPOBKON IeNel 1 3a1a4 TecTupoBaHus. Pac-
CMaTpuBasi COBPEMCHHBIC BBIYMCIUTEIIBHBIC CUCTEMBI, TAKHE KAK 6CIMPOCHHbIE Cl-
cmemvl (embedded systems), cucmemol Ha kpucmanne (systems-on-a-chip) u cemu
Ha kpucmaine (nets-on-a-chip), BEIIEIUM WX OCHOBHBIC TPU COCTABILIIOIINE, TAKHE
Kak npoepammuyio (software), annapammyio (hardware) w 3anomunaiowyio
(memory) qactu cuctemsl [163, 262, 348]. Kaxxast u3 yka3aHHBIX COCTABIISIONINX
CHCTEMbI UMEET CBOM OCOOCHHOCTH M XapaKTepHbIE CBOWCTBA, KOTOPbIE 00YCIOB-
JIMBAIOT HCIOJB30BAaHUE TOCTATOYHO CHCHU(HYHBIX PAa3HOBHUIHOCTEH HEHCIIPAB-
HBIX COCTOSIHHH cHcTeMBl. [103ToMy a1 mocieyroniero o0CyKICHNs OYeHb BaXK-
HO OJIHO3HAYHO OMPEICIUTh CIEAYIOIINE TePMUHBL: usuueckuti deghexm (physi-
cal defect), owubra npoexmuposanus (mistake), neucnpasnocmo (fault), owubra
cucmemvl (error) U Heucnpagroe nogedenue cucTeMsl (failure) [57].

OOBIYHO HA CaMOM HH3KOM YPOBHE aOCTpaKIMH MCIOJIb3YeTCs] TEPMUH He-
UCNpagHOCMb Kak MaTeMaTH4eCcKasi MOJICIb, ONUChIBatoIas Gpusnueckue qedeKTo
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CHCTEMbI ¥ OLIMOKH TPH €€ MPOCKTHPOBAHUY, M3TOTOBJICHUH M HCIOJIb30BAHUU.
OCHOBHBIMH HCTOYHHKAMM HEHCIIPABHOCTEH SIBIAIOTCS: OowiubKuU cheyuguxayuu
(specification mistakes) W3-3a HETIPABUJIBHBIX WIN HEMPABUIBHO HHTEPIPETHPO-
BaHHBIX MPOCKTHBIX TPEOOBAHUI K CHCTEME W/UIU e€ crelupUKALUK;, OuuOKU
npoexmupoganus (implementation mistakes) B OCHOBHOM H3-3a OUUOOK KOOUpPO-
sanus (bugs); dusmueckue AeeKTH anmapaTHBIX KOMIIOHEHTOB CHCTEMBI (compo-
nent physical defects); snewnue axmoput (external factors), Takue Kakx yCIOBHUS
OKpY XKaroliel cpenbl (TeMrepaTtypa, SICKTPOMArHUTHBIC M PaJHaliOHHBIC H3ITY-
YeHHs W Jp.) WIN yenogeueckuil paxmop (human factor) [163, 57, 82, 87]. Torna
HEHCIPAaBHOCTh KaK MAaTEMaTHYECKYI0 MOZIETh HEHUCIPABHOTO COCTOSHHS BBIUHIC-
JIUTENHHON CHCTEMBbI, BBI3BAHHOTO BBILICMEPEUNCICHHBIMU (haKTOpaMH, OTIPEIeIs-
eTcs ciemyronM odpasom [57].

Heucnpasnocmo (Fault) — 510 Qusnueckuii neekt, HECOBEPIUICHCTBO WU
HEIOCTaTOK, KOTOPBIH IPOMCXOINT B allapaTHOM H MPOTPAMMHOM OOECIICUCHUH
BBIYMCIUTEIIFHOI CHCTEMBI, a TAK)KE B €€ 3aIIOMUHAONINX YCTPOHCTRAX.

Boree momHoe ompenencHnE HEUCIPABHOCTH BBIYUCIUTEIBHON CHCTEMBI
dopmymupyeTcs B ciaeayrommeM onpeneneHuu [ 143, 161, 184, 348].

Omnpenenenune 1.1. HencnpaBHOCTBIO BBIMUCIUTENBHON CUCTEMBI SIBIISETCS
Takasi ee (YHKIHMOHAJIBHOCTh, KOTOpPas MOXKET HNPUBOAUTH K HOBBIM BBIXOHBIM
3HAYCHMAM (HaOJF01aeMOMY TIOBE/ICHHIO) W/MJIA K HOBOMY COCTOSIHUIO CHCTCMBL,
HE COOTBETCTBYIOIIUM CIEIH(DUKAIIMU CHCTEMbL ¥ TPEOOBAHUSM, MPEIbSIBISICMbIM
K HEM.

CornacHo onpeneneHuto 1.1 HadH9IHEe HEUCTIPABHOCTH BBIYUCIUTEIEHON CH-
CTEMBI MOXXET TIPHBOJINTH K €€ HEBEPHBIM HAOIFOTaeMBIM BBIXOIHBIM 3HAYCHUSIM 1
OLIMOOYHBIM BHYTPEHHHM COCTOSHHSM HIIH TOJIBKO K OIIHOOYHBIM BHYTPEHHUM
coctostHUAM. OTMETHM, YTO HE JUISl BCEr0 MHOYKECTBA BXOJHBIX JAHHBIX CHCTEMBI
U e¢ COCTOSHHH HaJIW4re HEHCIPABHOCTH IPHBOAUT K ONIMOOYHBIM COCTOSHHSAM
CHCTEMbI ¥ OITMOOYHBIM BBIXOIHBIM 3HaueHHsM. OHAKO, B OOJBITMHCTBE CIIyda-
€B, HAJIMYUE HEUCIPABHOCTH, KaK MPABUIIO, IPHUBOIUT K OIIMOKAM BBIYHMCIINTEIb-
HOM CUCTEM.

Haunbonee kOMNakTHOE M OJHO3HAYHOE OMpPECNICHHUE OIIMOKU NPHUBEACHO
B [57].

Ouwwubka (Error) — 3T0 OTKIOHEHHE MOTYyYCHHBIX PE3yJbTaTOB OT MPABUIIb-
HBIX 3HAYEHUIl WITH UX TOYHOCTH.

Jnst  BBIYMCIMTENBHBIX CHCTEM OIpeeiIeHHe OLIMOKM MPUBEACHO B
[143, 161, 184, 348].

Onpenenenne 1.2. OmuOKoi BHIYUCIUTENBHOM CUCTEMbI M3-3a HAJMYUS B
HEll HEHWCIPABHOCTH SIBISICTCS (POPMUPOBAHHUE Ui HEKOTOPHIX IOJMHOKECTB
BXOJIHBIX JIaHHBIX U COCTOSHHN CHCTEMBI OJJHOTO WU 0OJiee HEBEPHBIX MPOMEKY-
TOYHBIX PE3yJIbTATOB, MJIN COCTOSIHUI CHCTEMBI, B TOM YHCIIE U HAOIIOAaeMBbIX BbI-
XOJIHBIX 3HAYCHHUI CHCTEMBI, OTIMYAIOIIIXCS OT 0XKHUIAEMBIX.

OmMOKN BBYUCIATEIBHON CUCTEMBI, 110 CYTH, SBIIIOTCS PE3YJIbTATOM aK-
THUBU3AIMHU €€ HewncnpaBHOCTeH. OHM MOTYT TPUBECTH K HEHUCIIPABHOMY ITOBEIC-
HUIO CHUCTEMBI (CHCTEeMHOMY C0O0I0), KOTOpO€, B CBOIO Ouepelb, MOXKET ObITh
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HAOJFOJaeMBIM MPH3HAKOM HEUCIIPABHOTO MOBEJCHUS (COCTOSIHUS) BHIYUCIUTEIIb-
HOM cuctembl. [log HeMCHPaBHBIM COCTOSIHUEM CHCTEMBI YaCTO MOHUMAIOT OTKa3
CUCTEMBI, KOTOPBIH OmpenessieMblii cieayoummM oopazom [57].

Omxa3z (Failure) — 5T0 HEBBIIIOJHEHUE CHCTEMON Kakoi-11bo mpeponpesae-
JICHHON (pYHKIIMOHABHOCTH, WIX TOJyYCHUE €0 Pe3yNbTaTa OTIUYHOTO OT OXKH-
JTAEMOTO 3HAYCHHS.

Omnpenenenne 1.3. HencnpaBHBIM NOBEIEHNEM BBIYMCIUTEIBHON CUCTEMBI
(oTka3oM, OO cOOEM BBIYMCIHMTENFHON CHCTEMBI) HasbIBacTCs (HOPMHUpOBAHUE
HaO0JI0IaeMbIX BBIXOJHBIX 3HAYCHHH CUCTEMBI, OTIMYHBIX OT OXKHIAEMBIX, TS He-
KOTOPOT'0 MHOYKECTBA €€ COCTOSIHUH M BXOJHBIX 3HAUCHU.

HeucnpaBHoe TOBeneHHe BBIYUCIUTEILHOW CHUCTEMBbI BO3HUKAET KaK pe-
3yJIbTaT aKTHBH3AIIMH M TPAHCIIOPTHPOBKH OMIMOOYHOTO 3HAYCHUS (OIIMOKH) CH-
CTEMBI Ha ee HAOII01aeMbIe BBIXOIBI.

IIpuBeneHHbIC ONMpENeNeHNs B PABHOM CTEIEHW NMPUMEHUMBI Kak K TpO-
rpaMMHOMY, TaK W anmapaTHOMY OOECIIEYeHUIO BBIYUCIUTEIBHBIX CUCTEM, a TaK-
JK€ K Pa3IMIHBIM BUJIaM HX 3alIOMHHAIONINX YCTPOUCTB. OOOCHOBAaHHOCTH U MPH-
MEHUMOCTh JTHX ONpeeNeHHH TepBOHAYATbHO NPOUILTIOCTPUPYEM MIPUMEPOM U3
MIPOrpaMMHOro obecneueHus [7].

PaccmoTpuM mporpaMmy, KOTOpasi BBIYUCISICT OCTATOK OT JICJICHHS Ha TPH,
BO3BEJICHHOTO B KBapaT (data**2), BXomaHOro 3Ha4eHus data (puc. 1.2).

begin
read (data);
data: = data*2; (< Heucnpasnocmuv)
data: = data mod 3;
write (data)
end.

Pucynox 1.2 — Ilpumep npoecpammul, codeparcawyeii HeucnpasHocmo

B cBsi3u ¢ HanM4YKMeM HEUMCIPABHOCTH, U3-3a OIIMOKY (mistake) mporpaMMmu-
CTa, B TPEThEU CTPOKE KOJa MPOrpaMMbI 3Ta MporpamMma (pakTHYCCKH BBIYHUCIISCT
OCTAaTOK OT JICTICHUSI HA TPH YJBOCHHOTO 3HAUCHUS dala, TaK Kak MPH KOIUPOBa-
HUH OMIMOOYHO BMECTO OIEpPAIMU BO3BCICHUS B CTCIICHB HCIIOJIB30BalIach Oepa-
Ul YMHOXCHHUS. PaccMOTpUM IMOBEJCHUE MPUBEICHHOTO KOJa MPOTPaMMBI JUIS
Tpex 3HaueHH data, a UMeHHO 2, 3 u 4.

[Ipu paccMOTpeHNH MpPOTpaMMBbI, MPEJACTABICHHON BBIIIC, JUII UCXOIHOTO
3HAYCHHS data = 2 BBIXOJIHOW pe3ysbTaT oreparopa data: = data*2, comepiKaiiero
HEHCIIPAaBHOCTh, COCTaBIsieT 4, YTO COOTBETCTBYET HPABHIBHOMY PE3YJIBTATy.
Takum 06pa3om, HaTMYMe HEUCIIPABHOCTH JUTA CIIy4Yas BXOJHBIX JAHHBIX dafa = 2
HE TPUBOJIUT K OIMUOOYHOMY TIPOMEKYTOYHOMY 3HAYCHHIO (OIUOKE) U TeM OoJiee
K HEHCIIPAaBHOMY HaOJII0/1aeMOMY TOBeACHHI0. To ecTh, porpamma (GpyHKIHOHHU-
PYET KOPPEKTHO C TOYKH 3PCHHUSI KaK MPOMEKYTOUHBIX 3HAYCHHIA, TAK M BBIXOHO-
ro pe3yJsbTaTa, PaBHOIO 1.
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J1nist MCXOMHOTO 3HAUCHHUS dafa = 3 BBIXOIHOH pe3ysbTaT omneparopa data: =
data*2, coaepkaiero HeuCIpaBHOCTh, COCTABISIET 6, TOTJa KaK OXHaeMOe 3Ha-
YEeHHUE, MPU OTCYTCTBHH HEHCIPABHOCTH, JOKHO ObITh 9. Takum oO6pa3om, BO3HU-
KaeT BbIYHMCIUTENbHAs omubOka. OmHako [uis data = 3 mporpamMma BBIYHCISCT
O)KHJITaeMO TPABWIBHBIA Pe3yNbTaT, a IMEHHO 0, 9YTO CBUIETEIBCTBYET 00 OTCYT-
CTBHH e¢ HAOJI0aeMOT0 HEHUCIIPABHOTO COCTOSHHS. DTO 03HAYACT, YTO 3HAYCHUS
data, paBHBIC 2 M 3, HE BBI3BIBAIOT HEHCIIPABHOTO COCTOSHUA (COOS IMTPOTPaMMBI),
TaK Kak 3HauCHHE data = 2 Ja)ke He BBI3BIBACT OIIMOKY, a 3HaUCHHE data = 3 WHU-
[UUPYET OIMMOOYHBIA MPOMEXKYTOUHBIA pe3ynbTaT, paBHBI 6, BMecTo 9. Ho B
obonx ciydasx (GopMHUpyeTcs MpaBIIIFHOE BBIXOJHOE 3HAUECHHE ITPOTPAMMBI, PaB-
Hoe 0.

Jns data = 4 nmporpamma, coieparias HEHCIPaBHOCTh B TPEThEM OIepaTo-
pe (puc. 1.2), dopmupyer ommbodHOE 3HAUCHHE (BBIYUCIUTEIBHYIO OIIMOKY).
JIeHCTBUTENTFHO, B 3TOM CIIy4ae BBEIXOIHOE 3HAYCHHE PABHICTCS 2 BMECTO OXKH/a-
€MOif BeMMYMHBI |, 9TO CBUAETENHCTBYET O HEHCIPABHOM COCTOSIHUHM MPOTPAaMMBI
1 TIPUBOJUT K €€ HEHCIPAaBHOMY ITOBEJICHUIO.

B kagecTBe BTOPOro mpumepa, WLTIOCTPUPYIOMIET0 0O0OCHOBAHHOCTh paHee
[IPUBE/ICHHBIX ONPEICICHUIN [Isi HEUCIIPABHOCTH OLIMOKU U HEHUCIIPABHOTO MOBE-
JICHUS] BBIYHCIIATCIIBHOM CUCTEMBI, PACCMOTPUM KOMOHHAIIMOHHYIO CXEMY, IPHBE-
JICHHYIO Ha puc. 1.3.

Pucynok 1.3 — Ilpumep xombunayuonnoii cxemvl, cooepaicaujeti HeuCnpPasHOCmb

B mpuBeieHHO# cxeme B cily (U3MUYECKOTO JedekTa COSqHMHEHHs BBIXOAa
BTOPOI'O JIBYXBX0JIOBOTO 3JieMeHTa 21 co BTOpBIM BX0/0M 3nieMenTa 21UJIN Bo3-
HUKJIa KOHCTaHTHAs HEUCIIPaBHOCTH ToxaecTBeHHBIN 0 (=0). Hamuune momoOHOMH
HEWCIPAaBHOCTH XapakTepu3yeTcss GOPMHUPOBAHHEM HA JAHHOM ITOJOCE TOCTOSH-
HOro ypoBHs jJoruyeckoro 0, HE3aBUCHUMO OT BBIXOJHOI'O 3HaY€HUsI BTOPOro 3Jje-
menTa 2M. Takum oOpa3oM, IpUBEICHHAs cXeMa HEHCIIPaBHA M COJCPIKUT HEHC-
MIpaBHOCTH ToXAecTBeHHbIH 0 [207, 208, 302].

dopMHUpOBaHUE, HAIIPUMED, BXOJHBIX 3HAUEHUH X1 X, x3X4 = 0 1 0 1 He npu-
BOJUT K TIOSIBIICHHIO OMMOKM B JAHHOH CXeMe, Tak KaK BBIXOJHOE 3HAUCHHE BTO-
poro snementa 21 B UCHIPAaBHOM COCTOSIHUM CXEMbI U B CIIyuae HaJU4YUsl HEUC-
npaBHocTH pasusiercst 0. Ludposas cxema st xy X, x364 =0 1 0 1 pyHKIMOHMpPYET
COTJIACHO CBOEGH Crenr(UKAINH, ONMMChIBaeMON OyneBoil QyHKIMeH f= x| x; + X3
X4. B UCTIpaBHOM M HEHCIIPABHOM COCTOSIHUSIX CXeMBI f = (), YTO CBUICTEIBCTBYET O
€€ MCIIPABHOM IOBEJICHUH.
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IIpu BXOIHBIX 3HAUEHUSX CXEMBI X; X, X3x4 = 1 1 1 1 Ha ee mpoMexKyTOUHOM
MOJIFOCE BO3HHMKAET OIIMOKA, TaK KaK BBIXOJAHOE 3HaU€HHE BTOPOro djemeHTa 21
paBHoe 0, B CHIly HaJIW4YUsl HEHCIPABHOCTH, OTJIMYAETCS OT 3HaueHHs 1, KoTopoe
JIOJDKHO (hOPMHUPOBATHCSI TIPH OTCYTCTBUH JAHHOW HEHCIPABHOCTU. B Toke Bpemst
BBIXOJIHOC 3HAa4eHHE CXeMbl / = 1 mst x; X x3x4 =11 1 1 cooTBeTcTByeT UCmpas-
HOMY COCTOSIHHIO CXEMBI. B IaHHOM cilydae Haln4ue HEHCIPaBHOCTHU ITOBJICKIIO
BO3HHKHOBEHHE OITHUOKH, OJTHAKO HE MPHUBEJIO K HEUCIPABHOMY ITOBEICHUIO CXE-
MBI, IPUBEJCHHOM Ha puc. 1.3.

IIpumenenue, HanpuMep, BXOTHBIX 3HaUEHUH x| X, X3 x4 = 0 1 1 1 npuBoaur
K TIOSIBJICHUIO KaK OIIMOKH, TaK ¥ HEUCIIPABHOTO MOBEJICHHS MPUBEICHHON CXEMBI.
B aTOM citydae BBIXOJHOE 3HAYCHHE CXEMbI OyJeT MpUHUMATh 3HaYeHue 0, KOTo-
poe OTIMYaeTCs OT CITydasi HEHCIIPABHOTO MOBEJICHHSI CXEMBI, JIJIst KoToporo f = 1.

B crenyromem npuMepe pacCMOTPHUM ammapaTHyl0 COCTaBISIIONIYIO BBIUKC-
JIUTEJIBHON CHUCTEMBI, PEACTABICHHYIO 3allOMUHAONINM ycTpoiictBoM [331, 348].
[Ipenmnonoxum, 4To MaMsATh CONEPIKUT YEThIPEXPA3PSAHBIC 3aIIOMUHAIOIINE TICH-
KH, KOTOpPbIE UCTIOJNB3YIOTCS JUISI XpAaHEHHUs] TaHHBIX, COCTOSIIMX U3 YEThIpeX OWT.
B omHOil U3 syeek MaMsATH BO3HHUKIIA KOHCTaHTHAs HEUCNPaBHOCTh =0, KoTOpas
MPUBOANUT K TOMY, YTO, HAIPUMEP, BO BTOPOM pa3pse sIUEHKH TOCTOSHHO HAaXo-
mutcs 3Hadenue 0 [331, 348]. Uto kacaeTcs OCTalbHBIX Pa3psIoB SUEHKH, TO HX
cozep:kumoe MoxkeT ObITh 0 miu 1. PaccMoTpuMm ciydail miecTHaaI[aTepUYHBIX,
JAHHBIX PaBHBIX 4, 3 U 2, KOTOpBIC TOJDKHBI OBITH 3aIMCAHbI B TYCHKY MAMSITH, CO-
JepKAIyl0 YKa3aHHYI0 HEeUCIPAaBHOCTE, U 3aTeM CUUTAHBL. J1Jisl 3HaYeHUs] JaHHBIX
4 HanM4Me HEHCIPABHOCTH BO BTOPOM OWTE SYCHKH HE MPHBOAUT K OLIMOKE, He-
CMOTpsl Ha Hajauuue HeucrnpaBHOCTH =0, Tak Kak 46 = 0 1 0 0. Oba 3HaueHus
naHHbIX 3 u 2 B neonuHoM npexctaienuu (0 0 1 1, 0 0 1 0) cogepxar 1 Bo BTO-
poM OuTe, YTO SBJISACTCS IMPUYHHON BOSHUKHOBCHUS OINUOKH BBIOOPKH MOCIIEC BbI-
MTOJIHCHHUS OTICPAIIX YTCHUsS. DTO, B CBOIO 0YEPE/Ib, MOXKET PUBECTH K HEUCIIPAB-
HOMY COCTOSIHUIO BBIYHCIIUTEIILHON CUCTEMBI B I1€JI0M. B3aUMOCBS3b HEUCIIPABHO-
T'0 TIOBEJICHUSI CUCTEMBI U €T0 TICPBONPUYMH MPHUBEJIeHA Ha puc. 1.4.

W3 nmpuBeIeHHOTO BHIIIE PUCYHKA BUIHO, YTO TIEPBONPHYNHON HEHCIIPABHO-
CTCH SIBJIAIOTCS: OIMIMOKH CrHenn(pUKAIINK, ONIMOKU peau3amnuu, GU3NIecKue Je-
(bekThI anmapaTHBIX KOMIIOHEHT CUCTEMbI M BHelmHHe (daktopsl [57, 13, 87, 271,
207, 208, 301]. Hanuume HencnpaBHOCTEH MOXKET BBI3BIBATH OIMMOKH KAk IPO-
TPaMMHBIX, U aNlapaTHBIX CPEACTB BBIUMCIUTEIBHBIX CHCTEM, TaK U UX 3allOMH-
HaIOUMX yCTpoicTB. OMMOKM BO3ZHHKAIOT B PE3yJIbTaTe aKTHBU3ALUU HEHUCIIPAB-
HOCTEH BBIYMCIUTEIBHON CHCTEMBI, KAK 9TO OBLIO [MOKA3aHO B IPUBECHHBIX BBIIIC
npuMepax. M HakoHell, aKTUBU3UPOBAHHAs OMIMOKA BBIYMCIUTENLHONW CHCTEMBI
MOJKET MPHUBECTU K HAOIIOIAEMOMY HEHCIPABHOMY MOBEICHUIO BBIYUCIUTEILHON
CHUCTEMBI.

CyIIeCTBYIOMIME METOOJIOTUH ITOCTPOCHUSI TECTOBBIX IOCJICOBATEIBHO-
CTEl peIaroT 3aJady HaXOXICHUS TaKOTO ITOJMHOKECTBA BXOIHBIX MECHOBbIX
6030eticmeuti (failure patterns), KOTOpbIe MPUBOAMIN OBl K HAOJII0JaeMOMY HEHC-
[IPaBHOMY HOBE/ICHHIO BBIYHCIUTEIILHON CUCTEMBI B CIIy4ac BOSHUKHOBCHHUS B HEH
HEUCIPaBHOCTEH Ha BCEX CTAAMSX KU3HEHHOT'O LIMKJIa cuctemsl [57, 82, 87].
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Cnenudukanus

CHCTEMBI Hewncnpasrnoctn
IIPOrPaMMHOTO
obecreyeHust OmubKu
BBIYHMCIIUTEIBHON
Omm6Ku CHCTEMBI
peanu3aruu
Heucnpasnoctu
anmapaTHON
YaCcTU CUCTEMbI
Buemnne
(baxTops! HewncnpasHoe noBezeHne
BBIYHCIIUTEIBHON
HeucnipaBHoctu CHUCTEMBI
3aIIOMHMHAFOIINX
duznyeckue VCTDONCTB
nedexTs

Pucynok 1.4 — Ilpuuunto-cnedcmeennas ces3b Mexicoy HeUCnpagHoOCmMAMU, OuUo-
Kamu U HeUCNPAagHbIM NOBEOCHUEM GbIYUCTUMETbHOT CUCTEMbL

Kak yxe orMmeuanoch panee, Kakaas U3 COCTaBJIAIOLIUX YaCTEU BBIYUCIIU-
TEJILHOW CHUCTEMBbl XapaKTepu3yeTcs crelu(uuecknumM MHOXECTBOM MOJeJell He-
ucnpaBHocreid. [locreoBaresibHO paccMOTpUM HanOosee 4YacTo IpUMEHsSEeMbIe
MOJIe/ I HEUCIIPABHOCTEH /11 aBTOMATU3UPOBAHHOI'O IOCTPOEHUSI TECTOB.

1.3. HeucnpaBHOCTH NPOrpaMMHOro o0ecneyeHust

B pycCcKOS3BIMHON ¥ aHTIIOA3BIYHOM COBPEMEHHOH JHTEpaType MOKHO
BCTPETUTH MEJBIA P CHHOHIMOB JUIS KATETOPHU HeUCHpasHOCHb TIPOTPAMMHOTO
obecrieuenus [11, 40, 57, 75, 80,-115]. Ilomumo TepmuHa HeucnpasHocms (fault)
JTIOBOJTBHO YaCTO BCTPEUAIOTCS TaKHe, [0 CyTH, SKBUBAJICHTHBIC MTOHATHSA, KaK: 6ae
(bug), owmubra (mistake, blunder), owubounoe snauenue (error), npoonema (prob-
lem), depexm (defect), neoocmamox (flaw), depuyum (deficiency), onewamxa (er-
ratum), neopesicnocmyo (botch) [11, 40, 57, 75, 80, 115]. lHora Bce 3TH TEPMHUHBI
0000IEHHO TMPENCTABIISIOTCS KAPTOHHBIM TEPMHUHOM — 2ok [57, 271]. OmgHako,
Kakoil Obl TepMUH HE OBLI HCIOJB30BAaH CYTh €r0 OCTACTCS HEU3MEHHOMU, MpO-
rpaMMHOE 00ECIIeUCHIE BO BCE CIIyYasx, HACHTH(UIIMPOBAHHBIX OIMPEICICHHBIMU
BBIIIIC TEPMHUHAMU, HE COOTBETCTBYET MPEIbSIBISIEMBIM K HEMY TPCOOBAHUSM.

CymiecTByeT IOCTaTOYHO MHOTO KIAcCH(HUKAUI HEHCHpPaBHOCTEH Mpo-
rpaMMHOTO oOecrieueHus. [Ipexie BCero 3To CBA3aHO C TE€M, YTO B OCHOBE ITHX
KJIACCU(PHKAIMIA JIeKAT pa3IMYHbIC KPUTCPHH U PA3IMYHBIC YPOBHH UX PACCMOT-
pernst. YacTp KilacCH(pHUKALNI HOCUT OOJBIIC TCOPETHYCCKUN XapaKTep, 4acTh SB-
JIA€TCSl MOJIE3HOM C MpaKkTHU4YecKol Touku 3peHus. K coxkaneHuro, 0XBaTUTh BCE
BO3MOJKHBIC KIIaCCU(HUKAIUK — 3a/1a4a TOBOJIBHO CIIOXKHASL, J1a U BPSII JIH IETIeCO-
obpazHas. OcTaHOBUMCSI HAa HEKOTOPBIX, HAaO0JIee 3HAYMMBIX U3 HUX.

B cratwe /[. Knyma (D. Knuth) [115], 06 sBotoniuu cucteMsl BepcTku TEX,
paccmaTpuBaeTcs OJHA W3 HamOoJIee PaHHWX M YacTO YITOMHHAEMBIX CXeM KIac-
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cu(UKay HEUCIIPABHOCTEH MporpaMMHOro obecneueHus. [IpuBeneHHas UM Ka-
TEropusalusi HEUCIPABHOCTEH OXBaThiBaeT 867 W3MEHEHUH, BHECEHHBIX B TEX
IpU pean3alii JaHHOW CHUCTEMBI BepCTKH Ha s3bikax SAIL u Pascal. 1. Kyt
caM BHOCHJI M3MEHCHHS U, HACKOJIBKO M3BECTHO, SIBJISUICS CAMHCTBECHHBIM I0JIb30-
BaTeNIeM CO3JaHHOW MM CXeMBbI KiIaccu(uKauy HeucrnpaBHocTei. OCHOBHAS 3asiB-
JICHHAst M IIe7Ib CXEMBI KaTeTOPH3aIllH 3aKIIF09aTach B TOM, YTOOBI TOMOYb COO-
CTBEHHOMY TIOHMMAHHIO aBTOpa 00 0OHapyKEHHBIX HEWCIPABHOCTSIX M obecre-
YHUTH YJOOHYIO OCHOBY JJIsl BBISIBICHHS HX OCOOCHHOCTEH, CBOWCTB M MPUYHH BO3-
HUKHOBCHUS.

Cxema /I. Kayra ucronps3yeTcs HETIOCPECTBEHHO IPOTPAMMUCTOM U TIPH-
MEHSIETCsI cpasy mnocie oOHapyXeHusi c00s mporpaMMHOro obecriedeHus. Bbisi-
JICHHAs! HEHCIPABHOCTh MPOTOKOJIIUPYETCSI U COOTHOCHTCS C OJHUM M3 9 KJ1accoB
HEHCIIPABHOCTEH, TOMEUYESHHBIX MIPOITMCHBIMU OyKBaMu anaBuTa:

A — negepnviil, nekoppexmuutil aneopumm (algorithm awry),

B — owubka unu nebpeacrnocms (blunder or botch);

D — uckasicenue (nospesicoenue) cmpyxmypwvl oannvix (data structure
debacle);,

F — 3abvimas ¢pynxyus (forgotten function);

L — npuyunvl omuocswuecs Kk A3bIKY -npoecpammuposanus (language
liability),

M — necoomseemcmeue meancoy mooyaamu cucmemul (mismatch between
modules);,

R — Haoesicnocmu, c601l npu nroxux 6xoouvix oanuvlx (robustness);

S — yousumenvHuvlll, HeoObIYHBIL CyeHapuil QYHKYUOHUPOBaHUs (SUrprising
scenario);

T — munuunas onevamia (trivial typo).

Hannsle, coOpannsle-b. beiizepom (B. Beizer), B pe3ynbTaTe aHajau3a KOM-
MepYeCKUX IPOCKTOB, HANMCAHHBIX HA HECKOJBKHX S3BIKaX MPOTPAMMHPOBAHHUS
(Assembler, Fortran, Ada, COBOL wn C), BKIIIOYarOT B 00mIei cioxHocTH 982 He-
ucnpaBHoctd [11]. OcHOBBIBasICh Ha WX MPUPOZE W O0COOEHHOCTAX, b. belizepom
Obla IpejiokeHa HHas cucreMa kiaccudukanuu. HekoTopble mpuMmepsl ero
CHCTEMBI BKJIIOYAIOT:

- 8pems nossnenus neucnpasnocmu (time of fault introduction), nanpumep,
Ha ypoBHE crelu(uKanny, pealtn3anny, WId MpoLe1Lypbl TECTUPOBAHNUS;

- agppexmur akmusayuu Heucnpasnocmu (effects of fault activation), nanpu-
Mep, HEXKEIaTeIbHBIN OTOK YIPABICHHS MM UCKAKCHUE TAHHBIX;

- mecmononodicerue (location), HapuMep, 0OBEKT HIH MOIYJb HPUIIOKE-
HUSL, KOTOPBIH COJCPIKUT HEHCIPABHOCTE;

- mun mpebyemozo Koppekmupyroujeeo oeticmsus (type of required correc-
tive action), Hanipumep, TpeOyeTcs, He TpeOyeTcs WK HeOJHO3HAYHO.

H. T'pait (J. Gray) B cBoeit pabote [75] BrepBble NMpeICTaBHII Kilaccu(uka-
LUIO HEUCTIPABHOCTEW C TOUKH 3PCHHUS MX BIMSHUS HA HaJIC)KHOCTH IIPOTPAMMHOTO
obecrieuenus. [1o cyTn, M OBUIH MPEIIOKEHBI IBa MHOXKECTBA HEHUCIIPABHOCTEH,
a IMEHHO:
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- coou (tramsient faults called Heisenbugs), akTHBH3aLUsl KOTOPBIX MOXET
OBbITh 3aMaCKHPOBaHa, JIPYTMMH CJIOBAMH, OHH HE MOTYT JIETKO BOCIPOM3BOIUTHCS
IIyTEeM [TOBTOPHOT'O UCIIOJIHEHUsI IPOrPaMMHOI0 IIPHIIOKEHUS;

- Heucnpagnocmu (non-transient faults called Bohrbugs), akTuBaius KOTO-
pPBIX HE MOXET OBbITh 3aMacKHpOBaHA IPU IMOBTOPHOM BOCIPOHM3BEACHHH IIPO-
TPaMMHOTO ITPWJIOXKEHHSI, TO €CTh 3TO JIETKO BOCIIPON3BOMMbIC HEUCIIPABHOCTH.

PaszpaboTunkamu ¢pupmbel IBM Obuta mpeuioskeHa Tak Ha3bIBaeMasi Opmoco-
HanvHas Kiaccugurayusi HeucnpasHocmeti (orthogonal defect classification) [40].
[pemnoxennas kinaccuUKaMs IpeHa3Havyanach JUisl oOecreueHust oOpaTHOM
CBSI3M AT IPOTPAMMHUCTOB Ha Pa3HBIX ATanax pa3pabOTKH IIPOrpaMMHOI0 obecrie-
YEHHs C LENIbI0 YMEHBIICHHUS KOJIMUECTBAa HEUCIIPABHOCTEH MPOrpaMMHOro obec-
neyeHus. ABTOpaMM JIaHHOH CHCTeMBbl KJIACCHU(UKALUKU HPEIyCMOTPEH ClIe/Iyo-
it Habop (MCKIIIOYNTENTBHBIX) THIIOB HEUCIIPAaBHOCTEH:

- ¢yuxyus (function), KOTOpas XapakTepU3yeT HENPAaBHILHYIO (HYHKIIHO-
HAJILHOCTD WJIH €€ OTCYTCTBHE, YTO MOXET MOTPeOoBaTh (OPMAILHOIO H3MEHEHUS
MIPOEKTa;

- unmepgeiic (interface) MASHTUHUIHMPYET OIIMOKH B OOLICHUH MEXITY
MOJIb30BATEIEM M IPWIOKEHHEM, MEKIy €ro MOJYJISIMH Wi JApaidBepamu
MIPUIIOKEHHS;

- nposepka (checking) Xapakrepu3yeTcs OIIMOKOW JaHHBIX B HCXOIHOM
KoJIe;

- HazHayeHue (assignment) BKIIOYAET B CeOsl HEHCIPABHOCTU aJpecaludl, B
TOM YHCJIC OIIMOO0YHYIO HHUIMATH3ALHIO;

- 8pemenHvie/nosmopsowuecs (timing/serialization) conep)XaT MHOXECTBa
HEHCIIPABHOCTEH, KOTOPbIE JIETKO MCHPABISIOTCS HPH YIYYIICHHOM YIPaBICHUH
Ppa3paboTKO POEKTa;

- npobnemvl 8 nosmopsiemvix mooyisax (build/package/merge) unentuduiy-
PYIOT TIpoOIeMbl U3-3a2 OMIMOOK B OMONMOTEUHBIX CHCTEMaxX M IIPU YNPABICHUH
N3MCHEHUSMH U KOHTPOJIE BEPCHH;

- 0okymenmayus (documentation) XapakTepu3yeT OIMMOKH B JTOKyMEHTAIHN
U, B IIEPBYIO Ouepellb, B PYKOBOJCTBE sl MOJIb30BATENCH MPOrpaMMHOrO
MIPOJYKTa;

- aneopumm (algorithm) BkIIOYaeT NpodiIeMbl cBsi3aHHbIE C d(dEeKTHBHO-
CTBIO MJIM KOPPEKTHOCTBIO IPOrPaMMHOIO MPOAYKTa, KOTOPbIE MOTYT OBITh HC-
IPaBJICHbl IyTeM IIOBTOPHOM peanu3auuu 0e3 HeoOXOJMMOCTH H3MEHEHUs
nu3aiiHa.

Bonee mpaxkTuuHO# sBisieTcs KiaccH(UKALMS, UCHONb3yeMast B psiie npo-
epamm-xonnekmopos (bug collector), nin Kak WX TPUHATO HA3bIBAaTh, — CHCTEMaX
OTCIISKMBAHUS TpobieM (chucreMax TpekuHra Oaros). K coskaneHuro, maneko He
BCE CHCTEMBI TPEKMHI'A HCIOJIB3YIOT OJHY U Ty e Kinaccudukanuto. OHako, Ona-
rozapsi THOKOCTH HACTPOEK, B OOJIBIIMHCTBE U3 HUX MOXKHO C JIETKOCTBIO MEHSATh
UCIIOJIb3yeMble TTOHATUS KIacCU(PUKAINK Ha Te, KOTOpble Ooyiee NPHUBBIYHBI HIIH
MIPUHATHI B KOMITAHUH.
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Becbma BakHOU cuCTeMOl Kiaccu(UKAIUU HEHCIPABHOCTEH MPOrpaMMHO-
ro 00ECIeUYCHUS SIBIISICTCS TONBITKA 00CCICUUTh OJHO3HAYHOCTh BO B3aUMOIIOHU-
MaHHU MEXKIY pa3pabdoTYUKaMy MPOrPAMMHOrO OOCCIICUCHHS M CICHUATHCTaAMU
10 er0 TECTUPOBAHHMIO.

Knaccudukanus, npusefeHHas Hike [271], HOCUT MCKIFOUUTENBHO TIpakK-
THYCCKHUI XapaKTep, OHa Jajeka OT COBEPIICHCTBA HO, TEM HE MCHee, MO3BOJISET
00€eCIIeUnTh JOCTaTOYHYIO CTEIICHb OJJHO3HAYHOCTH KaK JUIs pa3pabOTIMKOB, TaK U
JUTSL CHICIMAITUCTOB 110 UCIIOJIh30BAaHHIO, aHAIM3Y U TECTUPOBAHUIO IIPOIPAMMHOTO
o0ecIieueHHs:

- asaputinvie npuuunsl (causes crash) oObeTUHAIONINE BCE T€ HEHCIIPABHO-
CTH B IPOrPaMMe, KOTOPhIE MOTYT BBI3BAaTh Kpax WM 3aBHCAHHE BCCHl BBIUMCIIH-
TEJIFHOHN CHCTEMBI, CYIIIECTBEHHO HAPYIINTh CTAOMIBHOCTH €€ PaboTH;

- kpumuueckue (critical) HEUCTIPAaBHOCTH MPEJCTABISIOT co00i Bce TO, UTO
BEJIET K 3aBHCAHUIO MM Kpaxy caMOW MPOrpaMMbl, HE 3aTparuBasi BHIYHCIIATEIb-
HOW CHCTEMBI B IIEJIOM;

- yuxyuonanvhvie (functional) HEMCTIPABHOCTU XaPAKTEPUIYIOTCS OTKIIO-
HCHHUSAMH B (DYHKIIMOHAILHOM MOBEICHHU MPOTrPAMMHOI0 OOCCIICUCHHS [0 CPaB-
HEHUIO ¢ TpeOyeMbIMOM (HyHKIIMOHATBHOCTBIO;

- UHCmManIAYyuoHHsle (Sefup) — HCHCIPABHOCTH, BHECCHHBIC HA JTale WH-
CTAJUISIMU TIPOTPAMMHOTO TPHIIOKCHNS;

- Kocmemuyeckue (cosmetic) HEUCTIPABHOCTU OOBEMHSIOT OLIMOKH TU3aiiHa
(HampuMep, He TOT LBET JIMHUX WU MIPUQT), TOJIb30BATEIBLCKOT0 HHTEpdeiica U T. 1.

- HesHayumenvHovle (Minor) HeUCIPABHOCTH TCOPETHICCKU MaJlO3HAYMMEIC,
00 HEUCIIPABHOCTH HE YTOYHEHHOTO TCHE3NCA;

- HeUCNpasHoCcmu JceamenbHo2o muna (suggestion), KOTOpbIE 3aKIFOYAIOT-
Csl B TIPEIUIOKEHUH 00 YIYYMICHUH TPOTPaAMMHOTO O0ECIICUCHHUS B YaCTH KaKUX-
00 ero XapaKTepUCTHUK, JIMO0 cBOIcTB. lIHOTHa MOI00HBIE HEHCIIPAaBHOCTH 000-
3HAYAIOTCA Kak 0COOCHHOCTH (feature).

[MpuBenenHas KiaccuduKanys SBISCTCS YCPEOHEHHON WHTepHpeTareit
0O0JIBIIIOT0 MHOXKECTBA KITACCU(DHUKAITHIA, B TOM YUCIIE M PACCMOTPEHHBIX BBIIIIE.

1.4. HencripaBHOCTH anmapaTHON 4acTH cHCTEM

IIpobaema TecTOBOro THArHOCTHPOBAHUS alapaTHOW YacTH BBIYUCIIATEIb-
HBIX CHCTEM B OOJIbIICH Mepe CBsi3aHa C yugposvimu yempoticmeamu (digital de-
vice), COCTaBISIIOIIMMU, HapsiLy ¢ MaMsThio, UX ocHOBY [21, 120, 163, 262, 290,
302, 348]. [IpunsTO pa3auyaTh HECKOJIBKO BHIOB TEXHHYCCKOTO COCTOSHUS IH(D-
POBBIX ycTpoiicTB. OCHOBHBIM COCTOSHHEM LU(PPOBOTr0O YCTPOICTBA SIBISICTCS HC-
MPaBHOE COCTOSIHUE, IIPH KOTOPOM OHO YIIOBJIICTBOPSICT BCEM TPEOOBAHMAM, yCTa-
HOBJICHHBIM TEXHHYCCKOW JOKyMCHTalMeil. B mpoTHBHOM ciydae yCTpOMCTBO
HAXOJUTCS B OJJHOM M3 HEHCIPABHBIX COCTOsHUHN. Eciu ycTaHOBICHO, 4TO HU(pO-
BOC YCTPOWCTBO HEHCIIPABHO, TO pEIIacTCs 3ajJada ITOMCKAa HEUCIPAaBHOCTH ([e-
(exTa) ycTpOoHCTBa, ENBI0 KOTOPOTO SIBIISETCS ONPE/e/ICHNe MecTa U BHIa HEeHC-
npaBHoctH [302].
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HewncnpaBHocTi 1M(MPOBBIX YCTPOMCTB MHOSBISIFOTCS B pe3yjbTaTre MNpH-
MEHEHHUS HEHCIPABHBIX COCTABHBIX KOMIIOHEHTOB, TAKUX KaK JIOTHYECKHE HJIEMEH-
THI, peaqu3yloIue NpocTeiimue gorudeckue ¢yHknun. Kpome Toro, mpudamHON
HEHCIIPABHOCTEH MOTYT ObITh BOBHHMKHOBEHHE Pa3pbIBOB MM KOPOTKHX 3aMbIKa-
HUH B MEXKOMIIOHEHTHBIX COCAMHEHMSX, HapyLICHHE YCIOBUI SKCIUTyaTaluu
CXEeMBbI, HaJlM4Me OMMOOK NP MPOCKTUPOBAHWHM M TPOU3BOJACTBE M P IPYTHX
(axropos [302].

OOenprHATHIM TTOJX0J0M B 00JAaCTH AWArHOCTHKM alllapaTHBIX CPEICTB
BBIYHCIIUTEIILHBIX CHCTEM SIBISIETCS IPEACTABIICHNE NX HEUCIPABHBIX COCTOSHHH B
Busie 0000Imaronmx Mozeneil HeMCcHpaBHOCTEH HA JIOTHYECKOM M (DyHKIIMOHAIb-
HOM ypoBHe. ClieyeT OTMETHTh, YTO OTOOpakeHHe M3 (PpHU3N4IecKoi obiacTH Ha
JOTHYECKNi W (QYHKIIMOHATIBHBIA YPOBHM OOJIErdaeT KaK MPOIeaypy MOCTPOSHHS
TECTOB, TaK U TIpoIlecC OOHApyKEHUS HEHCIIPABHBIX COCTOSHUII IH(POBBIX
YCTpOMCTB. 3aMeTHM, YTO CIOKHOCTh TAaKOTO aHAJIN3a CYNIECTBEHHO YMCHBIIACT-
csl, TaKk KaK MHOTHE (hru3mdecKkue e(eKThl MOKHO MOACTHPOBATh OJHON M TOI ke
HEHCIPAaBHOCTBIO Ha JIOTHYECKOM WM (DYHKIIMOHAJIBHOM ypoBHE. Kpome 3toro
HEKOTOpPbIE HEUCIIPAaBHOCTH JOTUYECKOT0 MM (PYHKIIMOHAIFHOTO YPOBHS HE 3aBH-
CSIT OT TEXHOJIOTUH M3rOTOBIICHUS IM(PPOBBIX ycTpoiicTs [207, 290, 302].

V3 MHOXecTBa pa3iIMYHBIX BUJIOB HEHCIIPABHOCTEW BBIAEISCTCS KJIAcC JIO-
TMYECKHX HEHCHPABHOCTEH, KOTOPbIE N3MEHSIOT JIOTHYECKHE (DYHKIINH 3JIEMEHTOB
yughposoti cxemvr (digital circuit). YKa3aHHBII KJlacC HEHUCIPABHOCTEH 3aHUMaeT
JOMUHHPYIOIIEE MECTO Cpey HeHncrpaBHOCTeH IMQPOBBIX cxeM. [is ux ommca-
HUS B OOJIBIIMHCTBE CIIy4acB HCIIONB3YIOTCS CICAYIONINE MaTeMaTHIeCKue Mojie-
T KOHCmanmuele Heucnpasiocmu (stuck-at fault); neucnpasnocmu tana kopom-
xoe samvikanue (short fault); uneepcuvie neucnpasnocmu (inverse fault); neuc-
npagnocmu THTIA 3adepoicka cuenana (delay fault), neucnpasnocmu tuna o6puig,
oo omcymemeue koumaxkma (open fault); 1 neucnpasnocmu TAIIA nepenymuléa-
nue [2,21, 50, 163,207, 208, 250, 290, 301, 302, 348].

Hawnbonee oOmei 1 9acTo MpUMEHSIEMOI MOJIEIBIO JIOTHYECKHX HEHCIIPaB-
HOCTEH SBIAIOTCS OMWHOYHBIC KOHCMAaHmHsle Heucnpashocmu (single stuck-at
fault). PaznnyaroT aBa BHJA TaKWX HEUCIPABHOCTEH, a MMEHHO KOHCTAaHTHBIH
HOJIb (TOXJIECTBEHHBIH HOJb, WM =0) U KOHCTAHTHAsI €IUHHIA (TOXKIESCTBEHHAS
enununa, win =1) [120, 290, 302]. B aHr10s436I9HON TUTEpAaType ITU HEUCTIPAB-
HOCTH 0003HAYAIOTCS, COOTBETCTBEHHO, Kak stuck-at 0 (s-a-0) u stuck-at 1 (s-a-1),
9TO O3HAYACT HAJMYHE IMTOCTOSTHHOTO YPOBHS JIOTMYECKOTO HYJISI WIIN JIOTHYECKON
€IMHUIBI HA COCIMHEHUH MEXAy Jorndeckumu snemenTamu [302]. TTo ompenene-
HUIO, OJIMHOYHAsI KOHCTAHTHAsI HEUCIIPABHOCTh JICHCTBYET TOJIBKO HAa COEANHEHNE
MEXKy 2JIeMEHTaMH HU(POBOH CXEMbI, NMPU ITOM CYUTACTCS, YTO JIOTHYECKHE
AJIEMEHTH! (PYHKIIMOHUPYIOT TpaBuiibHO [120]. Kaxkmoe coeanHeHne TOrHYECKUX
JJIEMEHTOB CXEMBI MOXKET UMETh OJIHY U3 JABYX yKa3aHHBIX HEHCHpPaBHOCTEl: KOH-
cranty 0 u koHcTaHTy 1 (5-a-0, s-a-1), koTopsle yacTo obo3HavaroTcs kak SFO u
SF'1. Hannune KOHCTAHTHOM HEUCIIPAaBHOCTH (PMKCHPYET Ha JaHHOM IIOJIOCE I10-
CTOSIHHOE 3HaueHWe curHana 0 M 1, He3aBUCHMO OT 3HAa4YeHHs, 10/1aBaeMOro Ha
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Hee curHaia. Yacto Takue HEHCIPABHOCTH MOJACIUPYIOT 3aMbIKAHUS COCIUHCHUM
CXEMBI Ha 3eMJTIO (s-a-0) WiIn UCTOYHUK TUTaHus (s-a-1).

Odusuveckuil nedexT HuPpPOBOro yCTPOHCTBA MOKET MOAEIUPOBATHCS U
Kpamuot KoHcmanmuotl Heucnpasnocmoio (multiple stuck-at fault), pu KOoTOpOi
HECKOJIBKO COCJIMHCHHH JIOTHYECKUX JJIEMCHTOB IPUHUMAIOT MOCTOSHHOE 3Haue-
Hue 0 wm 1 omHOBpeMeHHO. OTMETHM, YTO YUCIIO KPATHBIX KOHCTAHTHBIX HEHUC-
MPaBHOCTEH pacTeT HKCIIOHECHIUAIBHO C YHUCIIOM HEUCIIPABHBIX COCAWHECHUH (Tr0-
JIFOCOB), COCTABIIIOIIUX JTAHHYK0 HEUCHpPaBHOCTh. s cxembl ¢ N monrocamu
uMeetcss 2N OIMHOYHBIX KOHCTAHTHBIX HEHCIPABHOCTEH M 3"—1 BCEBO3MOMKHBIX
KpaTHBIX KOHCTAHTHBIX HEUCIIPABHOCTEH, BKIIFOYAs U OAWHOYHBIC. Kaxneiil u3 N
TOJIFOCOB MOYKET OBITh B UCIIPABHOM COCTOSHHH, JTN0OO UMETh HEUCIIPABHOCTH S-a-
0 wmn s-a-1. OueBHIHO, YTO U TIOAMHOKECTBA U3 /77 (PUKCHPOBAHHBIX ITOJIFOCOB
umeercst 3"—1 KpaTHBIX KOHCTAHTHBIX HEHCIPABHOCTEH. UMCIO TaKMX MOIMHO-
JKECTB OTPENICICTCS COOTHOIICHUEM:

Ny N
m) m(N-m)

(1.1

HewucnpaBHocTH  muna  kopomkoe _3amvikauue — (Mocmukogvle — He-
ucnpasHocmu) BOSHUKAIOT IIPU KOPOTKOM 3aMBIKaHHU BXOJOB M BBIXOJOB JIOTUYe-
ckux anemeHToB [120, 290, 302]. Takue HEMCIPABHOCTH B aHITIOA3BIYHOI TUTEpa-
Type 0003HavarTCs Kak short fault mabo simple bridging fault [16, 120, 163]. B
3aBUCHMOCTH OT BHJA MPUMEHSEMbIX) JIOTHUECKUX SJIEMEHTOB BO3MOXKHO Pa3iInd-
HOE JICHICTBHE HEHCIIPAaBHOCTH HA IU(PPOBYIO cxemy. Tak, BOSHUKHOBEHHE MOCTH-
KOBOW HEUCIIPABHOCTH MEKAY. ITOJFOCAMHU X| M X; TPEXBXOIIOBOTO 3neMeHTa 31
(puc. 1.5) sKBUBaJICHTHO (PUKTUBHOMY BKIIFOUCHHIO IBYXBXOIOBOTO dJieMeHTa 21,
00BETMHSIONIErO YKa3aHHble moroca [302].

X1
x, : 1= x10x3

X3

Pucynok 1.5 — IIpumep cxemvl, codepoicauyeti MOCIMUKOBYIO HEUCNPABHOCTb

ITogoOHOE JelicTBHE MOCTHKOBOM HEHCHPABHOCTH CIIPABEUIUBO JUIS diie-
MEHTOB, HCIOJIB3YIOLINX MOJIOKUTEIbHYIO JIOTUKY (DYHKIIMOHUPOBAHHS, U B CITy-
yae HEUCMPaBHOTO 3ieMeHTa 31 He u3MEeHSIeT TOTHUeCKy0 QYHKIUIO /= (X X;) X3,
peann3yemMyio JaHHBIM JJIEMEHTOM. B ciiydyae mpuUMEHEHHs 2JIEMEHTOB C OTpHlla-
TENBHON JIOTUKOH (DYHKIMOHMPOBAHHS JICHCTBHEM MOCTHKOBOH HEHCIPABHOCTH,
BO3HHUKIIEH MEX/y BXOJHBIMH IOJIOCAMH JIOTHYECKHUX JIEMEHTOB, SBIsieTCS (QUK-
TUBHOE BKJIIOYEHHE JBYXBXOJI0BOro sinemenra 2MJIM, Hamuuue KOTOPOro W3-
MeHseT (QYHKIUI [ = X Xp X3, peanusyemyro snemeHToM 3U, Ha (yHKIHIO
f=(x1+x2) x5 [207, 302].

23



HeucnpaBHocTH THIIA KOpomKoe 3amblKaHue TIOAPA3ACIIAIOTCS Ha [BA BUA:
HEHCIPAaBHOCTH, BBI3BAHHBIC KOPOTKMM 3aMBIKAaHHEM BXOJOB JIOTHUECKOTO 3Je-
MeHTa (simple bridging faulf), n HeucpaBHOCTH TUNA obpamHas céAa3w (feedback
bridging fault) [302]. st kombunayuonnoil yughposoii cxemwl (combinational dig-
ital circuif), omUCBEIBAEMOM BBIp@KEHHUEM f(X1, X2, ..., X,,), KODOTKOE 3aMBIKaHHE €€ L
BXOJHBIX IOJIFOCOB NMPHUBOJUT K IOSIBIICHUIO (-KPAaTHOM HEUCHPaBHOCTH TUIA KO-
potkoe 3aMblkaHue. Ciydail IBYKpaTHOW HEHCIPABHOCTH, BBI3BAHHON KOPOTKHM
3aMbIKaHHEM BXOJOB CXEMBbI JUIS MOJOXKHUTEIbHON JIOTHKH, IpUBEAEH Ha puc. 1.5.
Ha puc. 1.6 u 1.7 noka3aHsl J1Ba npumepa JIOTUYECKON HEHCIPABHOCTH, BbI3BaH-
HOM KOPOTKMM 3aMBIKAHHEM BBIXOJHOIO IIOJIOCA CXEMBlI C €€ JBYMs BXOAAMHU
[302]. CymecTBOBaHME TIOJOOHOH CBSI3M MEXTY BBIXOIHBIM TIOJTFOCOM CXEMBI U €€
BXOJaMH MOXKET IPHBECTH WM K BO3HHUKHOBEHHIO IIPOIECCa TE€HEPHPOBAHUS BbI-
COKOYaCTOTHOT'O CHT'HAJA, MM K PeoOpa3oBaHNI0 KOMOMHAIIMOHHON CXEMBI B I10-
CJIeIOBATENBHOCTHYIO cxeMy (sequential circuit) [120, 302]. Tak, 1y cXeMBbI,
IIPUBEICHHON Ha pHC. 1.6, KOPOTKOE 3aMBIKAHHE MEXKTy BBIXOJHBIM ITOJIOCOM f 1
BXOAAMH X3 H X4, IUIT X3 = X4 = |, IPUBOANT K PEOOPa30BaHMIO PacCMaTpUBaEMON
KOMOMHAIIIOHHOW CXEeMBI B IIOCIEAOBATENBHOCTHYIO cxeMmy. HesaBucumo ot
BXOJHBIX 3HAUCHUH X; M X, HA BBIXOJE CXEMblI OyJeT IeHepUpOBATHCS 3HAUCHHE
€IMHUIIBL.

X1

X2

T f:X3(}|+}zJFX4)

i

X4

Pucynox 1.6 — Mocmuxosas neucnpasnocmn, npeodpasyiowas KoMmouHayu-
OHHYIO CXeMY 8 NOCIe008aMeNbHOCHYIO CXeMY

B T0 *xe Bpemst KOPOTKOE 3aMBIKaHHE MEXK/Y BBIXOJOM f M BXOJAMHU X| U X,
IpU X} = X, = X3 = | s cxeMsl (puc. 1.7) IpUBOJUT K TeHEPUPOBAHUIO BEICOKOYA-
CTOTHOTO K0Je0aTeIbHOT0 CUTHAIA.

B pesynbraTe MpoBEACHHBIX HCCISTOBAHUN MTOKA3aHO, YTO JF00as MOCTHKO-
Basi HEUCIIPABHOCTb HeusOwulmounol yugposou cxemvt (non-redundant combina-
tion circuit) MoxeT ObITb OOHapyxeHa. B pabote [108] npuBoasTcs ycnoBus mo-
CTPOCHMS YHHMBEPCAJIBHOIO TECTa JUlsl OOHAPY)KEHUs] BCEX KOHCTAHTHBIX HEHC-
IIPAaBHOCTEH Ha BXOJIHBIX M BBIXOIHBIX MOJIOCaX IU(POBOH cxema, a Takke oOHa-
PY)KEHHUSI BO3MOXKHBIX MOCTUKOBBIX HEHCHPABHOCTEH MEXy BXOJAMH U BBIXOJa-
M. [ToHsITHE HEN3OBITOYHOCTH SIBIISIETCS BEChbMa CYLIECTBEHHBIM IPH TPOEKTHPO-

24



BAaHMM KaK BBIYMCINTENBHBIX CHUCTEM B LEJIOM, TaK M KOMOMHAIMOHHBIX
ycTpoiicTB. B cilygyae KOMOMHAIMOHHBIX CXEM OIpeeleHHEe HEHU30BITOUHOCTU
(dopmynupyeTcs cleayonmM onpeaeneHueM [120]:

f:xs(;ﬁ}frm)

X4

Pucynok 1.7 — Mocmukosas neucnpagnocms, npueooswas K 2eHepupo8anuio blco-
KOYacmomHulX KO1e0anuil

Onpenenenne 1.4. ITox HEM3OBITOYHOWH KOMOWHAIIMOHHOW CXEMOM TOHU-
MAaloT CXeMy, KOTOpasi B HEHCIIPABHOM COCTOSHHH OMICHIBAaCTCS OYIeBOH (YHKITH-
ell, OTITMYHOM OT ()YHKIINH, COOTBETCTBYIOIIEH HCITPABHOMY €€ COCTOSIHHIO.

VHBepcHBIC HEUCIPABHOCTH ONHMCHIBAIOT (H3UYECKHE Ne(HEKThI IU(PPOBBIX
KOMOHMHAIMOHHBIX CXEM, MPUBOIAIIUX K MOSBICHUIO (PMKTUBHOIO HHBEPTOpa MO
BXO/y JHOO BBIXOAY JIOTHYECKOTO 3JIEMEHTa, BXOMAIIErO B JTaHHYIO cxemy. WH-
BEPCHBIC HEHCIPABHOCTH B COBOKYITHOCTH C KOHCTAHTHBIMH HEHCIIPABHOCTSAMH B
psiie CIydaeB HCIONB3YIOTCS, IS TOCTPOCHUS TIOJIHOM MOJETH HEHCIPABHBIX MO-
nuukanuii mudposoit cxemsl [286]. B 3ToM ciayuae BCeBO3MOXKHBIE HEHUCTIPABHO-
CTHU ONHCHIBAFOTCS TOJIBKO MOJICIIIMUA KOHCTAHTHBIX U HHBEPCHBIX HEUCIIPABHOCTCH.

[IpaBunbHOE QYHKIIMOHUPOBAHUE IH(PPOBOrO YCTPOHCTBA BOBMOMKHO TOJIb-
KO B TOM Clly4ae, KOTJla BPCMCHHBIC WHTEPBAJbl PACIIPOCTPAHCHHS CHUTHAJIOB
BJIOJIb ITyTEHl JIOTHUECKOI CXEMBI JIeXKAT B 3aJJaHHbIX mpejenax. Koraa Bpems pac-
MPOCTPAHCHUS CUTHAJIA BBIXOAUT 32 3TH MPEICIbI, TOBOPST, YTO HMEET MECTO He-
ucnpasHocms muna 3adepicku cueHana. B monaBIsionieM OOJBITMHCTBE 3TH HE-
HCTIPABHOCTH MPHUBOJIAT K YBEITHMICHUIO BPEMEHH PACIIPOCTPAHEHHsI CUTHAIIOB [99].
Hambonee pacmpocTpaHEHHBIMH W pacCMaTPHBAEMBIMH B JINTEpAType MOAEIIMHU
HEHCIIPAaBHOCTHU 3aJeP)KKU SIBISIOTCA: HEUCnpasHocms 3a0epicku nepexooa (tran-
sition delay fault) wn neucnpasnocmov 3adepocku nymu (path delay faulf)
[36, 118, 291]. OueBuaHO, YTO HEUCIIPABHOCTD 3aJICPIKKU MyTH OOJIee TOU-
Hasl, TaKk KaK TpeJIojiaraeT MCCIIeOBAaHNEe 3aJepykeK BCEX MyTeH pacrmpocTpaHe-
HUSI CHTHAJIOB OT BCEX BXOJ0B KOMOWHAIMOHHON IM(POBONH CXEMBI KO BCEM ee
BeIxoAaM. [lo mpu4nHe CIOKHOCTH JaHHOU 3aJauil MpU paboTe C COBPEMEHHBIMU
UU(PPOBBIMU YCTPOWCTBAMH, KOIJA YUCIO MyTeH SKCIIOHEHIMAIBLHO 3aBUCHT OT
CJIOKHOCTHU CXEM, TECTHPOBAaHHE BCEX ITyTel MpakTHIecKn HeBO3MOXKHO. Ha mpak-
THKE JJI TeHEePaIlK TECTOB pacCMaTpUBaeTcss HeOOoIbIIoe ynciio myTei [99, 2911].
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HewncnpaBHOCTH THIIa OTCYTCTBHE KOHTaKTa (open faults) daimie BCEro Omu-
CBIBAIOT JACHCTBUTEIBHO OTCYTCTBHE KOHTAKTa JHOO COCTUHEHHS MEXKIy HJICMEH-
TamMu nUQpoBOro ycrpoiicta. OCHOBHas MpoOiaeMa ¢ JaHHBIM THIIOM HEHUCIPaB-
HOCTEH 3aK/II0YaeTcs B TOM, YTO MX HaJHMYUEe MOXKET MpeoOpa3oBaTb KOMOMHAIIM-
OHHYIO CXE€MY B IOCJIEIOBATEIbHOCTHYIO, UTO CYIIECTBEHHO YCIOXKHSIET MPOLeay-
Py TOCTPOCHHSI TECTOB JJIsI MCXOTHOM KOMOWHAIIMOHHOW cxembl. Kak mpaBmio,
MOJJO0HBIC HEHWCIIPABHOCTH TIPEIIIONIAraloT IIOCTPOCHHE TaK HAa3bIBAEMBIX O8)X
6exmopHuix mecmog (two-pattern tests) [140]. M3ydeHue momoOHOTO TUIIA HEWC-
MPaBHOCTEH CBA3aHO C aKTHBHBIM Hcroiib3oBanueM KMOIT (CMOS) TexHonorun
JUIS M3TOTOBJICHUSI COBPEMEHHBIX ITH(POBBIX YCTpoicTB. HekoToprie hu3mueckue
nedextsl B KMOII TeXHONOTHH HE MOTYT OBITh TIPEICTaBICHB! KOHCTAHTHBIMA He-
nucnpaBHocTsIME [2, 21, 50, 163, 290]. OcHOBHAs MPUYMHA 3aKTIOYAETCS B TOM, YTO
MOII xoMOUHAMOHHBIE CXEMBI HE BCEr/Jja OCTAIOTCSI KOMOMHAIIMOHHBIMU MIPU He-
KOTOpBIX (pr3ndeckux nedexrax. Hanbosee pacrpocTpaHEeHHBIME SBISIOTCS CIIe-
nytomue BUIH nedextoB B MOIT TexHONOTHN: OOPBIB M 3aMBIKaHUE TPAH3UCTO-
POB; OOPBIBEI MEXKIy CTOKOM, HICTOKOM U 3aTBOPOM; KOPOTKHE 3aMBIKAHNS: HCTOK -
CTOK, 3aTBOp — CTOK, 3aTBOp — UCTOK [33, 104, 290].

HeucnpaBHocTy THma mepenmyThIBaHUE 3aKIIOYAIOTCS B IEPEIyThIBAHUU
CBsI3el JIOTMYECKHUX DJIEMEHTOB CXEMbl U BBI3BIBAIOTCS OILIMOKaMM, BO3HHKAIOIIU-
MU TIpH IPOCKTUPOBAHUH M IPOU3BOICTBE HUPPOBEIX ycTporcT [302]. Takue He-
HCTIPABHOCTH H3MCHSIOT (DYHKIUHU, KOTOPBIC ‘JIOJKHO BBIIONHATE IH(POBOE
ycrpoiicTBo. Kak mpaBmiio, KOJUYECTBO HEUCHPABHOCTEH NaHHOrO THUMa J10CTa-
TOYHO BEJIMKO, a MPOLEAYypa UX TOUCKA CBOANTCS K MPOLEAype MOUCKAa KOHCTaHT-
HBIX, MOCTHKOBBIX U HHBEPCHBIX HeucrpasHoctei [302].

Cy1ecTByeT psi MOJENeH HEUCHPaBHOCTEH, KOTOPbIE XapaKTEpU3YIOTCA
OIIpeAETICHHOI TEXHOJIOTHEeH MPOM3BOJICTBA IU(POBBIX YCTPONUCTB M MX apXHUTEK-
TYpHBIX ocoOeHHOCTeH. OcoOeHHOCTH (DM3MUECKUX Te(hEeKTOB COBPEMEHHBIX BHI-
YUCIUTEIBHBIX CHCTEM M UX MaTeMaTWIecKhe MOJCIH JIaHbl B paboTax [2, 21, 50,
57, 163, 290, 304, 305], npuyem pe3ynbTaThl, IpuBeneHHbie B (84, 110, 111], ot1-
HOCATCA K OTHOMY KJIacCy CHCTEM, a HIMCHHO K CHCTEMaM, TOCTPOSHHBIM Ha 1po-
epammupyemuix noeudeckux mampuyax (field programmable gate arrays — FPGA).

1.5. Moaenu HeHCIIPaBHOCTEH 3alIOMMHAIOLIUX YCTPOCTB

ITpuuuHON HEUCHPaBHOTO COCTOSIHUS 3anomutarowux ycmpoticms (3Y) siB-
JsieTcs Hanmm4yKue (PM3NYecKOoro WM MEXaHH4ecKoro aedexra JImbo MHOXKECTBa Io-
JOOHBIX J1e)eKTOB, KOIMYECTBO U MHOr000Opa3nue KOTOPHIX MPAKTHYECKU HEOTpa-
HUYEHHO. B 3aBUCHMOCTH OT TEXHOJIOTHYECKUX OCOOCHHOCTEH IPH MPOU3BOJICTBE
MaMsITH M BHEIIHHX (DAaKTOPOB IIPH €€ DKCIUIyaTallid MOTYT IOSBISITBCS HOBBIC
THITBI M pazHOBHAHOCTH nedektoB [162, 303, 331]. Onpenenenne (paxkra BO3HUK-
HOBeHUsI feeKTa U ero KiacCu(UKAIHs MPEACTABISIOTCS BEChbMa TPYIOEMKOM 1
3a4aCTyl0 Hepa3pelinMoii 3a/1aueii. DTo Mpexe BCEro OOBSICHIETCS TEM, Y4TO BO3-
HUKHOBeHHUE Jie)eKTa Jale BCEro MOKHO ONPEICIUTh JIUIIb 10 KOCBEHHBIM IPHU-
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3HaKaM, KaK MPaBUIIO, 0 (PaKTy HEMPAaBWIBHOTO (DYHKIIMOHUPOBAHUS 3aIlOMHHA-
fotero ycrporictsa [70, 73, 74, 162, 303].

Jlyisi aHaMTHYECKOTO OMUCAHUSI HEUCIIPABHBIX COCTOSHUN MAMSTH BBIYKC-
JUTENBHBIX CHCTEM, W B IEPBYIO OYCPEIOb ONEPAMUBHBIX 3ANOMUHAIOUUX
yempoticme — O3Y (random access memory — RAM), ACTIONB3YFOTCS. MaTeMaTHUe-
ckue Mmojenu HeucripaBHoctei [70, 73, 74, 162, 303], Tak WM MHa4Ye OTpaXKaro-
e peanbHbIe pr3uYecKre NeGeKTH 3aTIOMHHAIONIIX YCTPOHCTB.

[lepBbIe MOIETM HEHCIPABHOCTEH 3aIIOMHHAIONINX YCTPOWUCTB OBUIM Tpe-
JoxeHbl B Hayasie 1980-X rofioB, KOTOPbIE BKIIOUAIN KOHCIMAHMHbIE HEUCHPABHO-
cmu, HeucnpasHocmu dewtugpamopa aopecd, HeUCHPAagHOCMU 83AUMHO2O0 GIUAHUS
" Kooouyecmeumenvhule neucnpaswocmu [70, 73, 74, 162, 303, 331]. ®yHkumo-
HaJIbHBIE HEUCIPABHOCTU 3Y MOIPAa3NeNsIOTCs Ha JABa MOJMHOKECTBA: HEUCTIPAB-
HOCTHU MaTPUIBl 3anoMuHaouux snemenmos (30) U HEUCTIPABHOCTH AJIEKTPOHHO-
ro obpamieHusi. Bropoe MmoJMHOXECTBO BKIIIOYAET HEUCIPABHOCTH JEIUPpPATO-
POB ajipeca U HEUCTPABHOCTH JIOTHKHU YTEHUs/3amicH. JJOMHHUpYIOIIee 3HAUSHIE
UMEIOT HEUCIPABHOCTH MATPHIIBI 3alIOMHHAIONINX DJIEMEHTOB MaMSTH, KOTOPHIE
4acTo Ha3bIBAIOT Auetikamu (cells) mamsitu [73, 303, 331].

K HemcnpaBHOCTSM MaTpuilsl siueek 3Y B IMEPBYO OYEpelb OTHOCSAT HEHUC-
MPAaBHOCTH, B KOTOPBIX YYAaCTBYIOT: OJIHA SYCHKA; JBE STYCHKHU; HECKOJBKO SUCCK, B
obem cirydae 6oliee 4eM JiBe, Oe3 OrpaHHYCHUI Ha UX KoJmdecTBo [73].

Jannast xinaccuukanus XapakTepHa sl BCErO MHOXKECTBAa Pa3HOBHIHO-
CTel 3allOMUHAIOIINX YCTPOHCTB. PaccMoTpuM Gosiee MOAPOOHO HEHUCIPABHOCTH
MaTPHIIEl 3aIIOMHHAIOIINX AJIECMECHTOB, HCIONB3Ys HX OOLICTIPUHATYIO KIacCH(U-
karuro [70, 73, 74, 162, 303, 331].

K neuncnpaBHoCTSIM, 3aTparuBaronium ofHy sueiiky 3V, otHocar [73]:

1. Koncmanummnvie nevucnpasnocmu (stuck-at faults — SAF). HeucripaBHbIid
3aITOMUHAIOIINH 3JICMEHT MaMSTH TIOCTOSIHHO HaXOHUTCS B COCTOSIHUH JIOTHIECKO-
ro HyJis (s-a-0) WK JIOTHIEeCKOH eNuHUIIbI (s-a-1), He3aBHCUMO OT OIepalui, BbI-
MOJTHSIEMBIX C HEHCIPAaBHBIM DIIEMEHTOM W JIPYTHMH dJieMeHTaMu 3Y. AHaJIOTHY-
HO, KaK | JJIsl CIy4dasi MPOU3BOJIBHOMN JTOTHKH, Pa3IndaroT OJJHOKPATHBIE M MHOTO-
KpaTHbIE KOHCTaHTHBIE HEUCIPABHOCTH.

2. Ilepexoonvie neucnpasnocmu (transition faults — TF). TlonoOHbIe Hewc-
MPABHOCTH XapaKTEPU3YIOTCSI HEBO3MOKHOCTBIO TIepeXo/ia COCTOSHUS HEUCTPaB-
HOTO 3aroMuHaromero snementa u3 0 B 1 (TFT Yumn uz 1 B 0 (T F) IIpU BBIIIOJI-
HEHUH COOTBETCTBYIOIIMX omepanuii 3anucu [48]. JlaHHBIH THIT HEWCIPAaBHOCTH
JOCTATOYHO OJM30K MO CBOEH CyTH K KOHCTAHTHBIM HEHCHPaBHOCTAM. JleHicTBH-
TEeNbHO, €CIU s4elika, UMEIolIas epeXoIHyI0 HEHCIIPaBHOCTb, OKAa3bIBAETCS B CO-
CTOSIHUH, U3 KOTOPOTO OHAa HE MOXKET MEPEHTH B APYroe, ee MoBeIeHUE MOBTOPSIET
MOBEICHUE SYCHKH, CO/IepIKAIICH KOHCTAHTHYIO HEHCIPaBHOCTD [73].

Cpenu HeUCIPaBHOCTEH, B KOTOPBIX YYacTBYIOT JBE siuciiku 3V, BBLACISIOT
cienyrome HeucripasHoctu [73, 162, 303, 331].

3. Heucnpasrocmu ezaumuozo enusnus (coupling fault — CF). Ilpu onuca-
HUH JJAHHOU HEHCIPABHOCTH BBIICIIIOT gausowyio suelky (aggressor cell), onpe-
JETSIeMyI0 e aIpecoM i, M3MEHCHHE JIOTHYECKOTO COCTOSHUS KOTOPOH BO3JCii-
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CTBYET Ha COCTOSIHUE 3agucumotl auetiku (victim cell) ¢ anpecom j. Paznuyaror Tpu
TUTIA HEUCTIPABHOCTEH B3aMMHOTO BIIMSIHUS:

a) UHBEPCHbIE HeuCnpasHocmu 83aumnozo enuanus (inverse coupling faults —
CFin). Ilpy HanuuuK JaHHOW HEHMCIPABHOCTH M3MEHEHHE 3HAUCHHS b; BIMSIOLICH
A4eiiku BbI3bIBA€T MHBEPTUPOBAHME 3HAUCHUA b; 3aBUCUMON sueiiku. Bo3MoxkHbI
cnenyroune suapl neucnpasnocteit CFin: A(T,5,), A(¥,5,), v(T,5,), v(¥,b)).
CHUMBOJI A U CHMBOJ V 33JJal0T B3aUMHOE PACIIOIOKECHUE BIUSIOIIETO U 3aBUCUMO-
ro 3allOMUHAIOIINX DJIEMEHTOB MaMsATH. [IepBblii CUMBON A O3HauyaeTr, 4to 3D ¢
MEHBIIUM ajjpecoM BiusieT Ha 3D ¢ OompmuM agpecoM (i < j), a CUMBOI V HC-
MOJIB3YeTCs B CiIydae, KOor/ia aapec Binstomero 35 Gomblie agpeca 3aBUCHMOro 30
(i >

0) Heucnpasnocmu 83auMHO20 GIUAHUS npaAMozo Oeticmeus (idempotent
coupling faults — CFid). Ilpy u3aMeHeHny 3HaueHust b; Baustoniero 30 MpOUCXOAUT
MIPUHYAUTEIbHASL YCTAHOBKA OMPEICICHHOrO JJorn4eckoro 3Hayenus 0 wim 1 B 3a-
prucumoM 37. Pasmmuator Bocemp Hewmcrmpasaocteil nmpsivoro aeiictamsi: A(T,0),
AT, A(,0), AlLD), v(T,0), v(T,1), v({,0) 1 v({,1). TIpu uccnenosannn -
(heKTHBHOCTH TECTOB 3alIOMHHAIOIINX YCTPOICTB aHATM3HPYETCS UX ITOKPHIBAO-
Iast CriocOOHOCTB IS BCeX 12 HEMCIPaBHOCTEH B3aMMHOT'O BIIHSHUS, B KOTOPBIX
y4acTBYIOT JBe stueliku (2-coupling faults);

B) cramuiecKkue HeuCnpasHoCmu 63auMHo20-6uanus (state coupling faults
— CFst). Ilepexon 3aBUCUMOH SIYeHKM B KaKoe JJMOO COCTOSHUE b; BO3MOXKEH IPH
OIIpEACTICHHOM 3HA4YCHHUH b; BIUSIONICH sS4eiiki. Bo3MOKHO BOCEMb HEHCIIPaBHO-
creit CFst: A(0,0), A(0,1), A(1,0), A(L,1),34(0,0), v(0,1), v(1,0) 1 v(1,1).

4. Kooouyscmeumenvnvie neucnpasiocmu (pattern sensitive faults — PSF)
paccMaTpuBaroTCs Kak 00OOIMICHHE MOJeiell HeHCIPaBHOCTEH B3aWMHOTO BIIHS-
HUs. [ ToJ0OHBIX HEHCTIPABHOCTEH JIOTHYECKOE COCTOSHHE WIIM N3MEHEHHE JI0-
THYECKOTO COCTOSHUS oiHOrOo 33 3V MoXkeT 3aBUcCeTh OT cojepxumoro (0 mm 1)
nuiu ot Jornyeckux nepexoaoB u3 1 B 0 unu u3 0 B 1 Bimusromux 39 3Y. B cinyuae
KOJIOYYBCTBUTEIHHON HeucnpaBHOCTH PSFk, B KOTOPOH y4acTBYeT k 3alIOMUHAIO-
X 3J1eMeHTOB 3V, Mmoapa3yMeBaeTcsl, YT0 BAMAIOMNME 3D B NMPEACIHHOM CITy-
yae MOTYT OBITh Jt0ObIE & — 1 U3 N 3aIOMUHAIOMINX 3JeMEeHTOB 3Y, a 3aBUCUMBIM
oJuH u3 octaBmuxcst N—k + 1 30. Takue HencnpaBHOCTH HA3BIBAIOTCS HEO2PAHU-
yennvimu (unrestricted) KOJTOYYBCTBHTCIBHBIMA HEHCTIPABHOCTAMH. O4YeBHIHO,
YTO MpaKTH4YecKas 3HAUUMOCTh MOJ00HOH MOJENIN HEBBICOKA, TaK KAaK CIIOXKHOCTh
TecTa MaMsITH U BPeMsl €ro pealu3alliy NPy TaKOi MHTEpIpeTalul KOJA04yBCTBU-
TENBHON HEHWCHPaBHOCTH MPEBBIIIACT BCSIKHE BO3MOXKHBIC IPENENBI JUII COBpe-
MEHHBIX 3HadeHuH eMkocTH 3Y. [ToaToMy mpu pacCMOTPEHUH KOJI0OUYBCTBUTEIb-
HBIX HEHCIPABHOCTEIl BBOAATCS OrpaHMYEHHs Kak Ha KoaudecTBo 30 k, Tak U Ha
HX MECTOIOJI0KCHHE.

[Ipu TecTpOBaHUU COBPEMECHHBIX BBIUMCIHTEIBHBIX YCTPOUCTB, KaK IIPaBU-
JI0, TIPUICPIKUBAFOTCST MOJICITH SPAHUYHBIX KOOOYY8CHBUMENbHBIX HEUCHPABHOCEN
(neighborhood pattern sensitive faults — NPSF) xak 0oiee peaqbHOW MOJEIN KO-
JOYYBCTBUTEIBHBIX HEUCIIPaBHOCTEH. J[s Takmx Mojeneill epBbIM B HEOOXOIH-
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MBIM OTPAaHHYCHUEM SBIISIETCSI KOJIMYECTBO 3D, Yy4acTBYIOIIMX B HEHCIPABHOCTH.
Kak npasuno, k #He npessimaet 10, 3To ciemyeT U3 Toro ¢akra, 4To I TECTUPO-
BaHUs MOJOOHBIX HEHCIPABHOCTEH HEOOXOAMMO BpeMs, MPOIOPIHOHATILHOE Be-
mamae 2,

BropeiM orpanndenuem sBisieTcst puznueckoe coceactso 33. [Ipu atom 3a-
BHCHMBIN 3aTIOMUHAIONTUI 2JIEMEHT Ha3biBaeTcs 6azosuim 33 (base cell), nnu Oa-
30BOH SAUEHKOI, KOTOpast B JAHHOM CJIydae sIBISIETCS aHAJIOTOM XKEPTBBI, & OCTaIb-
Hble k — 1 30 coceonumu 33 (neighborhood cells), iy COCCTHUMU STYCHKAMH, BbI-
CTYIAIOLIMMH B POJIM arpeccopoB, KOJMUYECTBO U MECTOIOIOKEHHE KOTOPBIX MO-
XKET OBITh IPOM3BOJIBHEIM. [109TOMY Ha IpaKTHKE OOBIYHO HCIOJIB3YIOT MOJCIH
KOJIOUYBCTBUTEIBHBIX HencnpaBHocTedt NPSFk ¢ wuciaom k, paBHbIM 3, 5 1 9,
KOH(UTYparmu 1 0003HaUYeHHE KOTOPBIX MPUBEACHHI Ha puc. 1.8.

Kax BunHO u3 puc. 1.8, B ka0l U3 NPUBEIECHHBIX HEUCIIPABHOCTEH B SIB-
HOM BUJIE BBLAEISIETCS 0a30BBIM 3alIOMHMHAIONINN AEMEHT — b U cocefHue 3amo-
MUHaroIue 31eMeHTsl n. CoceHre 3aroMUHAIONINE staeiku 3Y SIBISIOTCS PHU3H-
YECKUMH COCEIIMH IO OTHOLICHUIO K 0a30BOMY 3alIOMHHAIOIIEMY JIEMCHTY.

CymiecTByioT U apyrue koHburypannun NPSFk Kak 0 B3aHMHOMY pacIio-
noxeHuo 33, Tak M Mo UX KoiamdecTBy. Hamboee pactpocTpaHeHHOH pa3HOBUA-
HOCTBIO TaKUX HEHWCIIpaBHOCTEN sBisiercss NPSFk, nist KOTOPBIX BCe k 3allOMHHa-
IOIIMX dJIEMEHTa MPHHAUIKAT OJTHOMY CTOJIOIY MM OJIHOM CTpOKe MaTpHIbl 30D
[73], a makcumanbHOe 3HaueHue k pasusercs 25 [42]. [TonoOHoe onmucanue Takux
HEHCIIPABHOCTEH SBISCTCS MICAIBHBIM C TOYKH 3PEHUS PEIICHUS MPoOIeMbl Te-
cruposanus 3Y. OQHAKO Ha NMPAKTHKE QU3MUECKOE MECTOPACIIOIOKEHHE 3aIIOMH-
HAIOUIMX 3JIeMeHTOB 3Y U UX JIOPMYECKHE a/ipeca B OCHOBHOM HE COBIAJAIOT U Ha
YPOBHE IOJIH30BATEIsI SBJISFOTCS HEMOCTYIHOM mH(popMmanmeit [42, 43, 44]. Kak
MIPaBHJIO, JIOTHYECKH cocetHre 3D (U3NUECKH pacroaraloTcs yaajaeHHO APYT OT
Jpyra, 1 Hao00poT GHU3MUecKH cocenHue 3D UMEIOT ajpeca, ylaJleHHBIE APYT OT
Ipyra B axpecHoM mpoctpaHcTtBe 3Y. IlpuumHoil maHHOTO (hakTa SBIAETCS DAL
TEXHOJIOTHYECKUX MTPUEMOB, UCTIOIB3YEMBIX MpH Npou3BoicTBe 3V [64, 73].

n n|n|n
n|b|n n|b|n n|b|n
n n|n|n
NPSF3 NPSF5 NPSF9

Pucynox 1.8 — Mooenu kooouyecmeumenvibvix neucnpagHocmeii

B 3aBucumoctn ot 3 dexra BiusHUS Ha 0a30BbI 3D PazIUYaloT HECKOIBKO
KJIACCHYECKUX THIIOB KOJIOYyBCTBUTENBHBIX HeuctpasHocteit NPSFk [73,303, 331].

Iaccusnvivmu kooouyecmeumenvHoiMu Heucnpagnocmamu (passive NPSF —
PNPSF) sBASIOTCS HEUCIPABHOCTH, IIPU KOTOPBIX COCTOSIHUE 6a30Boro 330 HE MO-
XKeT ObITh U3MEHEHO ISl ONpeJIeNIeHHOro Koja B k — 1 cocenHux 33 3anmoMuHaio-
1IEro ycTpoiicTaa.
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Hon axmusnvivu xooouyscmeumenvnvimu Heucnpagnocmamu (active NPSF
— ANPSF) NoOHUMalOT HEUCTIPAaBHOCTH, B KOTOPBIX 0a30BbIil 30 U3MEHSET CBOE CO-
CTOSIHHE M3-3a HU3MEHEHHs Koja B cocegHux 303. V3MeHeHHe KoJa A MOJOOHBIX
HEHCIPAaBHOCTEH MPOUCXOAUT B pe3yIbTaTe U3MEHEHHs COCTOSHUSA Ha IPOTUBOIIO-
JIOXKHOE TOJIBKO B OJJHOM COCEIHEM 1IIEMEHTE, B TO BpeMsl KaK OCTallbHbIE sueHKn
COXPAaHSAIOT MPEebIAYIIee COCTOSIHUE.

Cmamuueckue rodouyscmeumenvhvle Heucnpaswocmu (static NPSF —
SNPSF) XxapakTepu3ylOTCsl TEM, YTO JJIs ONPEICICHHON KOMOMHAIINK 3HAYCHUI B
coceHuxX 3D cocTostHNE 6a30BOT0 3D NMPHUHYAUTENBHO YCTAHABINBACTCS B COCTO-
saue 0 wn cocrtossHUe 1. [TTaBHBIM OTIMYHEM CTaTHYECKHX HEMCIIPaBHOCTEH OT
aKTHBHBIX KOJOUYYBCTBHTENIbHBIX HEHCIPABHOCTEH SBISETCS UIMTEIBHOCTbH MPO-
1iecca yCTaHOBJICHHSI HEBEPHOTO 3HAa4YeHMs B 0a30BOil stueiike. st craTmdeckux
HEUCTIPAaBHOCTEH 3TO BpeMsl CyIIeCTBEHHO OoubIe [73].

B xagecTBe 00BeKTa MCCIEIOBAHMS Halle BCETO PACCMATPUBAIOTCS MACCHB-
HBIE KOJIOYYBCTBHUTENbHBIC HencnpaBHOCcTH (PNPSFk), tne k o60o3HadaeT komye-
CTBO Tpon3BOIBHBIX 30D 3V eMKocThI0 N OUT, yIaCTBYIOIINX B KOHKPETHON HEHC-
MIPaBHOCTH, OANH U3 KOTOPBIX SABIAETCA 0a30BBIM, @ kK — 1 OCTaIBbHBIX — COCEAHUMU
anemeHTaMu. OTMETHM, 9TO pe3ynbTaThl, noxydeHHsie aiust PNPSFk, nerko 0600-
IIAIOTCS M JUISA IPYTUX KJIACCOB KOJOYYBCTBHUTENBHBIX HEUCIIPABHOCTEH, B CHILY
toro uto PNPSFk siBnsieTcs HanboJiee TPYAHO OOHAPYKUBAEMOW MOJIEIBbIO HEHC-
mpaBHocTel 3V, MOKphIBaroIIel qpyTHe BUABI HerncenpaBHocTe [73, 303, 331].

Boigenstot £ pasnuunbix kiaaccoB PNPSFk B 3aBUCUMOCTH OT MECTOIOJO-
JKEHUS B aJ[PeCHOM NPOCTPAHCTBE MaMATH 0a30BOr0 JIEMEHTA MO OTHOLIEHUIO K
cocennuM 3D. Hanpumep, B ciyyae k =95 cyIIecTBYeT IATH CJIEIYIOINX KIacCOB
PNPSFS: bignj np ni hig; nig biy nip niztias i iy bip iz s, Mg 1y Mg bi g, g iy hip i
bi4, TG anpeca sUeeK MMEIOT cleayomee cooTHomenue i0 < il < 2 < ... <i4.
Kaxnpiii kiacc Bkimoudaer 1Be PNPSFk B 3aBUCHMOCTH OT COCTOSIHHSI 0a30BOTO
snemenTa. B cocenHux sueiikax BO3MOXKHBI moGbie u3 2°' BOMYHBIX HAGOPOB,
Ka)KIbI M3 KOTOPBIX ONpEAesieT KOHKPETHYIO0 HEeHCIpaBHOCTh. Torzma obmee Ko-
JINYECTBO BO3MOXKHBIX PNPSFk nist mamMsté eMKOCTbIo N OWT omnpenensiercs co-
rJ1acHo BeIpaxkenuto [331]:

k-1 N k N
Q(PNPSFR)=2k2"| =k ] (1.2)

EMKOCTB COBpEMEHHBIX 3alIOMHHAIOLIMX YCTPOMCTB, KaK NpaBUIIo, BEJUKa U
SBISIETCS CYIIIECTBEHHO OOJBINEH MO CPAaBHEHHIO C KOJMYECTBOM sUeeK k, ydacT-
BYIOIIMX B KOJOYYBCTBUTEJILHOM HeucnpaBHOCTH. [loaToMy Bceraa cripaBeyinBoO
clenyioniee HepaBeHCTBO N >> k, KOTOpOe TO3BOJISIET OLEHHUTH KOJIWYECTBO
PNPSFk, onpenensemoe cootnomenreM (1.2). Torma minst & = 3 momydum, d9To
O(PNPSF3) ~N°, s k= 5 — Q(PNPSF5) ~N°, a s k = 9 — Q(PNPSF3) ~N’.
Jlns N = 10° npuBe/ieHHbIC OLEHKH MPUHUMAIOT HEPEealbHO OGOIbIINE 3HAYCHHS,
MMOKA3bIBAIOININE  CIIOKHOCTh TPOOJEMBI CHHTE3a TECTOB  3allOMHHAIONIHX
YCTPOWCTB /17151 0OHAPYKEHUS KOJJOUYBCTBUTEILHBIX HEUCTIPABHOCTEMH.
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B cTpykType KIacCHMYeCKHUX MOEICH HEUCIPABHOCTCH 3alOMHHAIOIINX
YCTPOUCTB cesa3ubie Heucnpasnocmu (linked faults) 3aHuMaroT OIHO W3 CaMBIX
BUHBIX MECT B CHJIy CIIOKHOCTU HX OOHapyXeHHus TecTamu mamartu [71, 72, 73,
131,303,311, 331]. [Tox cCBSI3HBIMU HEUCTIPABHOCTSIMHU MMOHUMAIOT HEUCIPABHOCTH
Pa3NMUYHBIX THIIOB, KOTOPBIC BKIFOYAIOT B cebOe obdmue sueiiku. [Tpumep momooHowM
HEUCIIPaBHOCTHU MPUBEJICH Ha ciieayromeM puc. 1.9 [303].

S A

a) 0) 6)

Pucynoxk 1.8 — Ilpumep ceasnoii Heucnpagnocmu

Ha puc. 1.9, a u puc. 1.9, 6 npeacraBieHs! JB¢ HEUCIPABHOCTH B3aUMHOTO
pusans (T, 1) u (T ,0) npruem agpeca saeex 7, j, [ i r, y4acTBYIOIMX B STHX He-
HCTIPABHOCTSIX PACIOJIOKEHBI 10 Bo3pacTanuio i < j </ <r. B ciyuae, xornaj = r
JIBE HEHCIIPABHOCTH B3aMMHOTO BIMSHHS, MMEIOLIME OOLIYIO SYEHKYy MXKEpTBY,
TpaHC(HOPMHUPYIOTCS B CBA3HYIO HEHUCIIPaBHOCTH (puc. 1.9, ). Bo3MoxHBI Tr00bBIC
COYCTAHMSI THIIOB M ITIOATHIIOB HEHCIIPABHOCTEH, yYacTBYIOIIMX B KOHKPETHOH
CBSI3HOW HEHCIIPAaBHOCTH. X MHOrooOpasue M KOJMYEeCTBO BCEr/ia SIBISUIUCH Ipe-
IISTCTBUEM JUTS aHAIIM3a UX OOHAPYKEHMSI KOHKPETHBIM TECTOM.

PaccmoTpeHHBIE HENCITPABHOCTH SBIISIOTCS KIIACCHYECKUMHU M HanOoJee Ja-
CTO MCTIONB3YIOTCS TPU TECTUPOBAHWH MAMSITH BBIUUCIUTENBHBIX cucteM [73, 303,
331]. OgHako CyIIECTBYST M PSJl IPYTUX MOJENeld HEeHCHPaBHOCTEH, Takke 00-
CY)KIaeMbIX M NPUMEHSEMBIX HPH TECTUPOBAHWM MaMsITH. B mepByro odepens
3J1eCh HEOOXOIMMO OTMETHTD Heucnpasnocmu dewugpamopa aopeca (address de-
coder faults — AF), una adpecnvle neucnpasnocmu [73]. OmHaKo kak ObUTO TIOKa-
3aHO paHee, OOHAPYKEHHE TTOTOOHBIX HEHCIIPAaBHOCTEH 00ecTieunBaeTCs TECTaMH,
00HAPYKUBAIOIIIMH HEUCTIPABHOCTH MATPHUIIBI 3aIIOMUHAOIIUX JIEMEHTOB [73].

Taxke K 27IEKTPOHHOMY OOpaMIIeHHIO B OoJibIeil Mepe OTHOCSTCSI HEHC-
MIPaBHOCTH THIIA OOPHBIB (stuck open fault — SOF), KOTOpBIE TaKXKE MOTYT OBITH 00-
HapyXKeHbl MPU TeCTUPOBAHUU MATPHIBI 3a[IOMUHAIOMINX JIEMEHTOB [43, 44, 64,
73,252, 254].

Jloruka uTeHus/3anucu obdecrneunBaeT HHTepQeic MK Iy MaCCUBOM SYECK U
BHEIIIHEW IMMHON JaHHBIX. JIaHHBIN (YHKIIHOHATIBHBIN OJIOK MOXKET COAEp’KaTh Te
JKE THUIIBI HEUCIIPABHOCTEH, 4yTo M MaccuB siueek namstu (SAF, TF, CFin, CFid).
Kak nmoxa3ano B psge pabot [73], i oOHapyKeHHUs] HEUCIIPAaBHOCTEH JOTUKU
YTEHMS/3aITICH HET HeOOXOANMOCTH Pa3padaThiBaTh CrEIUaIbHBIC TECTHI, B CHITY
TOTO YTO TECThl, OOHAPYKUBAIOIIIE HEUCIIPAaBHOCTH MAacCHBa sMEEK MaMsTH, 00-
HapYKUBAIOT U COOTBETCTBYIOIINE HEUCIIPABHOCTH JIOTHKU YTEHMS/3aIUCH.

Mogens THna paspyuiarowas onepayusi umenus (read disturb fault — RDF)
MIPAaKTUYECKH AaHAJIOTWYHA HEUCIIPABHOCTH CIAObI  3ANOMUHAIOWUL  DJeMeHm
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(weak cell fault — WCF) u oOHapyXHBaeTCs IIyTeM BHECCHHS B KIaCCHUYCCKUI
MapIIeBbI TECT BPEMEHHOI 3a/IepyKKU Tepe]] BHIITOTHEHHEM CIICTYIOIIEro MapIiie-
BOTO dJieMeHTa [73]. AHAJIOTUYHO MPOSBISIOT ce0sl M HEUCIPABHOCTH, XapaKTep-
HBIC JUI1 AMHAMUYECKUX 3alOMHMHAIONIUX YCTPOHCTB (pre-charge faults — PCF)
[24,48,50].

VHBIM THIIOM HEHMCIPABHOCTH JIOTHUKH YTCHU/3AIUCH SIBISICTCS HEUCIIPAB-
HOCTh OIIMOOYHAs 3amuch (false write through fault — FWTF), xoTopas IpHMeHsI-
eTcsl TS ONHMCAaHUS Me(eKTOB B CTATHYCCKOM 3allOMHHAIOIIEM ycTpoicTe [73,
303, 331]. Ans AMHAMUYECKUX 3alIOMUHAIOLINX YCTPONUCTB XapaKTepHa HEUCIpaB-
HOCTb COXpaHeHHs NaHHbIX (data retention fault — DRF), xoTopas Tak ke, Kak U
HeucnpaBHocTH RDF n WCF, oOHapyXUBaeTCs IyTeM BHECEHHs BPEMEHHBIX 3a-
JIepKEK B TECT MaMsTH [73].

CymIecTBYIOT W IpyrHe MOJETH HEHCIIPAaBHOCTEH MaMATH COBPEMEHHBIX
BBIYMCIHUTEIBHBIX CHCTEM, KOTOPHBIC ellle B OOJbIIeH Mepe 3aBUCAT OT TEXHOJIOTUI
€e M3TOTOBJICHUS, UX TEXHHYECKHX XapaKTEePUCTUK M BHEUIHHUX YCIOBUII MpHMe-
HeHnA. B To ke Bpems Hanndne MHOT00Opa3Hs MoJieiel HeHCIPaBHOCTEH mamMsITn
HEe pemiaeT mpobieMsl Kiaccuukarmu ee Ae(eKTHBIX COCTOSHHUH. Pasmmuaror
TOJIKO J1Ba BHUJA Je(EKTOB, a UMEHHO: erodanvhble deghexmul (global defect) u
moueunvle degexmul (spot defect). Ha npakTuke O4YeHB CIIOXKHO COOTHECTH KOH-
KpETHBIN (u3nueckuil AeeKT maMsaTé ¢ OJJHOI M3 MOJeNel ero HeHCIPaBHOCTEH.
Jdns oTHX meneil mpuMeHsieTcs uxHoykmueHwlll ananus (inductive fault analyses),
MO3BOJISIOIINI COOTHOCUTh (pU3MYECKUE Ne(EKThI MAMITH C UX MATEMaTHYCCKUMU
MO/ICTISIMU.

B ciyaae, korna ¢usndeckuii qedekT 3aIIOMHHAIONIETO YCTPOHCTBA HEM3Be-
CTCH, ero 0ToOpakeHHe Ha MHOKECTBO BO3MOKHBIX MOZEJeH HEHCIIPaBHOCTEH CO-
JICP’KUT OOJIBIITYIO CTETICHb HEOTpeAeTIeHHOCTH [73].

B tabmume 1.2 npexacrasiaensl nanabie mo 1192 kpucramiam 3V, comepka-
mmM ¢usngeckue nedextsl [73]. JlaHHBIC, TpUBEICHHBIC B MOCICHEH TabmuIe,
CBHIICTEIBCTBYIOT O HEBO3MO)KHOCTH OITMCAHUSI MHOTOOOPA3HBIX W 3a4acTyr0 He-
MIPeACKa3yeMBIX (I3HUYCCKUX Ne(PEKTOB MaMATH OTPAHUYCHHBIM YHCIIOM X MaTe-
MaTHYECKUX MOJEIEH.

Tabmuma 1.2 — Pacnpedenenue neucnpasnocmeti

Mopenb HeHCIPABHOCTH KomnunuectBo %
Stuck-At Faults (SA) 714 59,8
Stuck-Open Faults (SOF) 169 14,1
Data Retention Faults (DRF) 26 2,10
Multiple Access Fault (AF) 18 1,50
State Coupling Faults (CF) 9 0,75

? - 21,5
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HeanexkBaTHOCTh KJIACCHYECKUX MAaTeMaTHYCCKUX MOJEJICH HEUCTIPaBHOCTEH
Hpeuonpenenpma IIOSIBJICHUC TAaK HA3bIBACMBIX O606H1&IOHII/IX Mo,aeneﬁ HencnpaB-
HOCTEM.

1.6. O6o061arome Mo/IeJ I HEMCIIPABHOCT M

B mpempimymmx paszmenax MpuBeICHBI OCHOBHBIC MaTEMaTHYCCKHAE MOJICIH
HEHCIIPAaBHOCTEH BBIYHCIUTEIBHBIX CUCTEM, MPEICTABICHHBIC TPEMsI MHOXKECTBa-
MH. A IMEHHO, HeHCIIPAaBHOCTH MPOTPaMMHOTO 00eCIieYeH s, HeHCIIPAaBHOCTH all-
MapaTHOW COCTABIIIOIMICH CHCTEMBI ¥ HEWCIPABHOCTH €€ 3allOMHHAIOIINX
YCTPOUCTB. XapaKTepPHOW 0COOSHHOCTHIO NMPHUBEIECHHBIX Pa3HOBUIHOCTEH HEWC-
MPaBHOCTEH SABIIACTCA UX MIMPOKOE Pa3HOOOpas3ne M Upe3BEIYafHO OOJIBIIOE KOH-
YEeCTBO, YTO HE MO3BOJISAET CTPOUTH TECTOBBIE MPOIETYPHI AT OOHAPYKEHUS KaXkK-
Joi M3 0003HAUCHHBIX HEWCIpaBHOCTEH. B oOmacTh TeXHWYECKOW THArHOCTHUKU
COBPEMCHHBIX BBIUHCIUTEIBHBIX CHCTEM HCIIONB3YIOTCS Pa3IMIHbIC TIPHEMBI, T103-
BOJISIFOIME CYIIECTBEHHO YMEHBIINTH KAK PA3HOBHAHOCTH PACCMATPHBACMBIX HE-
HCTIPABHOCTEH MPU MOCTPOCHUHU TECTOBBIX MPOLEAYP, TaK U MX KoIudecTBo. [lo-
ClIeIOBaTEJILHO PacCMOTPUM HEKOTOpbIe U3 Hux [21, 50, 208, 290, 302].

[lepBOHAYANEHO BBIICIAM KIIACC HEOOHAPYICUBACMBIX HEUCHPASHOCHEN
(non-detectable faults), kKoTOpble HEBO3MOXXHO OOHAPYKHUTh C NPHMCHEHHEM Te-
CTOBBIX MPOIIEIYP, OCHOBAHHBIX Ha MPOBEPKE MPABIIBHOCTH JIOTUKH (YHKIIMOHH-
POBaHHMS CUCTEMBI M €€ COCTaBHBIX KOMITIOHEHT [206, 331]. [IprMepom momoOHBIX
HEHCIIPAaBHOCTEH MOTYT OBITh HEHCHPABHOCTH ANIapaTHOW YacTH BBIYUCIUTEIb-
HBIX CHCTEM, HAIIMYME KOTOPHIX ITIPHBOIUT K SKBHBAICHTHOMY IPEOOpa3OBaHUIO
AITOPUTMOB, JTHO0 (GYHKIMH pEaTM30BaHHBIX NHU(POBEIM ycTpoiicTBoM. OauH U3
MIPUMEPOB MOAOOHBIX HEHCIPABHOCTEH MpHUBEACH Ha puC. 1.5 I caydas moJIoKu-
TEJIHLHOM JIOTWKH, peann3yeMoil snemeHToM 3U. JlelicTBUTENBHO, MPU HATUYUUA
JAaHHOW HEWCIIPaBHOCTH (PYHKIIMOHUPOBAHME eMeHTa 311 He oTnuJaeTcs oT CIry-
4asi ero UCTPaBHOTO cocTostHUS [331].

Briensior 1Be OCHOBHBIC MPUYMHEI MOSBICHUS HEOOHAPYKUBAEMBIX HEUC-
MPaBHOCTEH, MepBasg M3 KOTOPBIX OMPEAEseTCs TeXHOIOTHUECKHIMH OCOOCHHO-
CTSIMU TIPOM3BOJCTBA IHU(POBBIX YCTPOUCTB, YTO WILIFOCTPUPYETCS MPHMEPOM,
MPUBEICHHBIM Ha puc. 1.5. BTopas npuymHa cBs3aHa ¢ HaJIMYHEM H30BITOYHOCTH B
IUQPOBBIX YCTPOHCTBaX, KOTOpasi B OCHOBHOM CBsi3aHAa C HEBO3MOXHOCTBIO pe-
LIMTh 33Ja4y ONTUMH3ALUN CTPYKTYPhI [IH(YPOBOr0 yCTPOKCTBA, B CHIIY €€ CI0XK-
HOCTH, OO OTCYTCTBHSI HEOOXOIMMOCTH B Takoi ontumuzaunuu. [lostomy, kKak
NPaBIIIO, NU(PPOBBIC YCTPOUCTBA COAEPKAT H3OBITOYHOCTH B BUAE H30BITOYHBIX
MOJIyJIeH, DIIEMEHTOB U COCIMHEHHH MeXay HuMU. [Ipoctedmii nmpumep n30bI-
TOYHOH KOMOWHAIIMOHHOW CXEMBI M SKBHBAJICHTHOW €W HEM30OBITOUYHOH CXEMBI
npuBeieH Ha puc. 1.10.

Kak BHIHO M3 MPHBEACHHOTO PUCYHKA, HAJTMYIE KOHCTAHTHON HEUCIIPABHO-
ctu s-a-1 Ha Bropom Bxoje snementa 2M-HE, nanpumep, kak pesynbrar oTCyT-
CTBHS COCTUHEHHS C BXOJOM DJICMEHTa, HCBO3MOXKHO OIPEICIHTh ITyTeM (hOpMH-
pOBaHMS BXOJHOTO TECTOBOTO BO3ACHCTBHSA. J[eHCTBUTENBHO, M aKTHBU3AIUU
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JTAHHOW HEUCIIPABHOCTH HEOOXOAUMO YTOOBI X, = 0, TaK KaK TOJBKO B 3TOM CIIy4ae
BO3HUKHET omubOka Ha BTOpoM Bxoze anementa 2U-HE. Ognako x, = 0 Bcerna
onpejieNseT NPaBUILHOE 3HAUEHHE (YHKLIMH f = x, x,, pealu3yeMoii KOMOMHAIHU-
OHHOM CXEeMO#, He3aBUCUMO OT 3Ha4eHUs (POPMUPYEMOTrO Ha BTOPOM BXOJE dJie-
menTa 2U-HE. OtMmeTum, 4To He IS BCEX TEXHOJOTHI OOPBIB BXOJIHOTO COCIH-
HEHUsI OKBUBAJICHTEH TEHEPUPOBAHUIO TIO JAHHOMY BXOJly €AMHUYHOTO 3HAYCHHUSI.

SExx . |_ f=xx0

- x &

Oksusanenmuasn cxema

Pucynok 1.10 — H36bimounas kombunayuonHas cxema u ee dK8USANCHMHAS
peanuzayus

BTOpBIM PUMEPOM CYIECTBEHHOTO YMCHBIICHUSI PACCMATPHUBAEMBIX HEUC-
MIPAaBHOCTEH SBISETCS WCIOIB30BAHMC TAaK HA3BIBACMBIX O9KBUBAICHMHBIX Heuc-
npasnocmetl (equivalent faults) [50, 286, 289]. Hdus cnydass KOMOWHAIIMOHHBIX
UU(PPOBBIX YCTPOMCTB IM0]] SKBUBAJICHTHBIMUA HEUCITPABHOCTSIMHU [MOHUMAIOT HEHC-
IIPaBHOCTH YAOBIETBOPSIOIINE CleAyIomeMy onpeaenenuto [120, 207].

Omnpenenenue 1.5. [[Be HencnpaBHOCTH o U f KOMOHMHAIIOHHOTO II(POBO-
ro yCTpOiiCTBa HA3BIBAIOTCS IKBHBAJICHTHBIMU, CCIIH OYJICBBI (DYHKIIUH, OMUCHIBA-
IolIHe 00a HEUCTIPABHBIX COCTOSHHS YCTPONUCTBA, SKBUBAJICHTHBI.

OTMeTHM, 4TO MPHUBEACHHOS OIPEACICHIE PACIIUPSICTCS KaK B YaCTH KOIIH-
YecTBa HEHCIPABHOCTEH, Tak M B HacTH OOBEKTOB TECTHPOBAHMS, KOTOPBIC MOTYT
BKIIIOYATh M TPOTPaAMMHBIC CpPEICTBA BBIYHUCIUTEIBHBIX cucTeM. [Ipocreiimme
MIPUMEpHl SKBUBAJICHTHBIX OJMHOYHBIX KOHCTAHTHBIX HEHCIIPABHOCTEH, TPUBE/C-
HBI B Tabmmme 1.3.

BaxHBIM CBOMCTBOM SKBHBAJICHTHBIX HEHCIPABHOCTEH SBISCTCS SKBUBA-
JICHTHOCTH TECTOB M TECTOBBIX HPOLEAYp IS MX oOHapyxkeHus. Hanmpumep, s
ciydast aneMenTa M ¢ n BXomamMu TeCTOBBIN HaOOp X X, X3 ... x,= 1 1 1 ... 1 obHa-
PYKHBaET JHO0YI0 W3 €ro SKBUBAJICHTHBIX HCHCIPABHOCTECH MPUBEACHHBIX B Ta0-
nare 1.3.

Tabmuua 1.3 — Dxeusanenmuvie 00UHOUHbBIE KOHCMAHMHbLIE HEUCHPAGHOCHU

Onemenm U | Dnemenm NI Onemenm U-HE Onemenm WJIN-HE

s-a-0 Ha Bcex s-a-1 Ha Bcex s-a-0 Ha BXOIHBIX s-a-1 Ha BXOJIHBIX
MOJIF0Cax MOJIF0CAX dJIe- MOJIF0Cax | s-a-1 rnosrocax u s-a-0
3JIEMEHTA MeHTa BBIXO/THOM IIOJIIOCE | BBIXOJHOM TIOJIIOCE

CyH.IeCTBCHHOG BJIMAHUC Ha KOJMYCCTBCHHOC COKpaAllCHUE paccMaTpuBac-
MBIX HeI/ICHpaBHOCTeﬁ OKa3bIBAKOT TAK Ha3bIBACMBIC domwupymmue HeucnpasHo-
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cmu (dominant faults), KOTOpbIE COOTBETCTBYIOT CJICAYIOIIEMY OIIPEICICHUIO
[50, 120, 302].

Omnpenenenne 1.6. HeucnpaBHOCTh o Ha3BIBACTCS OOMuUHUpYIOWel Heuc-
NPAasHOCHIbIO TI0 OTHOILCHUIO K HEUCHPABHOCTH f3, €CIIM BCE MHOXECTBO TECTOB,
0OHApYKNBAIOIINX HEUCIPABHOCTH ¢, SIBISIETCS IMOJAMHOXKECTBOM TECTOB, OOHa-
PY’KHBAIOIINX HEUCTIPABHOCTS f3.

Takum 006pa3oM, HEUCTIPABHOCTH f MOKET OBITh MCKIIIOUCHA U3 PACCMOTpe-
HUS [IPU NIOCTPOEHUM TECTOB, TaK KaK 000N TeCT 0OHApyKUBAIOLINI HEUCTIPAB-
HOCTb o OyJeT OOHapy)XHBaTh M HEHCIPABHOCTH . OUeHb BaXKHBIM CIIEICTBHEM
MIPUBEICHHOTO ONpEJENeHNs] ABISAETCS €ro CHpaBeUIMBOCTb JUIs COydas, Korjaa
OJTHa HEWCIPABHOCTH SBIIAETCS JTOMHUHHPYIOIIEH MO OTHOIICHWIO K HEKOTOPOMY
MIOJIMHOKECTBY HeucIpaBHOCTel. Tak ke, Kak U ompeneseHue 1.5, npuBeneHHoe
OIpefieJICHUE CIpaBeUINBO, KaK I CiIydast OOJBIIET0 KOJHMYECTBA HEHUCIIPABHO-
CTel, HaJ KOTOPBIMH JTOMUHHPYET paccMaTpuBaeMas HEHCIPaBHOCTb, TaK M IUISA
pa3NUYHBIX 00BEKTOB TECTHPOBAHUS, KOTOPBIE MOTYT BKJIIOYATh M NPOTPAMMHEIC
CPE/ICTBA BBIYMCIHUTENBHBIX CcHCTeM. lIpocreiimmie mpuMepsl JOMHHUPYIOMIHX
OJIMHOYHBIX KOHCTAHTHBIX HEHCIPaBHOCTEH mpuBeneHs! B Tabnuie 1.4.

Tabnuua 1.4 — Jomunupyiowue oounounsvie KOHCMAaHmMHvle HEUCNPAGHOCU

Onemenm N Onemenm NN | Dnemenm U-HE | Dnemenm WJIIN-HE
s-a-1 Ha BBIXO- | s-a-0 Ha BeIXOzE |- s-a-0 Ha BBIXO- s-a-1 Ha BBIXOJIE
Jie JOMHHHPYET JIOMHHHUPYET Tie IOMUHHUPYET | TOMHHHUPYET HaJ S-

Haj s-a-1 o Haj s-a-0 mo Hanx s-a-1 o a-0 1o nmobomy
no0oMy BXoay | JiroOoMy BXoJy | Jr00OMY BXOAY BXOJlY

W3 npuBeneHHOW TaOMUIBI CIIEAYyeT, YTO, HAPUMEp, B ClIydae dJIeMEHTa
WNJIN tectoBbiii Habop 0 0 0'... 0 1 0 ... 0, oOHapyxuBatomIwii s-a-0 Mo OAHOMY U3
€ro BXOJI0B, aBTOMAaTHYECKH OOHApy>KHBAeT U HEUCIPABHOCTH s-a-0 MO BBIXOTY
JTAHHOTO 3JICMEHTA.

BecpMa OpUTHHATBHBIM H 3aCTY)KUBAIOIIUM BHAMAHUS MTOJXOJOM SIBISCTCS
MTOJTHOE a0CTparupoBaHKe OT HEHCHPABHOCTEH BBIYMCIUTEIBHBIX CHCTEM U €e CO-
CTaBHBIX 4acTeil. B maHHOM cilydae mpeisiaractcsi pacCMOTPCHHE MHOXKECTBA
BXOJHBIX TECTOBBIX BO3JACHCTBHUI, KOTOPHIC MPHBOAAT K HAOJIOAaEMOMY HEHC-
MPaBHOMY TIOBEICHHIO cHCTeM. OYeBHIHO, YTO JAaHHBIC MHOJXKECTBA SBIIFOTCS
YHUKAIBHBIMH JUT K)XKJOTO M3 OOBEKTOB TECTHPOBAHMS M 3aBHCAT OT MHOTHX
(axTopoB (cM. puc. 1.4) u, B IepBYI0 04epeb, OT €T0 apXUTEKTYPHl M (HyHKIIHO-
HAJBHOCTH. B TOXe BpeMs CTPYKTYpHI BXOAHBIX TECTOBBIX BO3/CHCTBHUI XapakTe-
PHU3YIOTCS PSIIOM 3aKOHOMEPHOCTEH, OTMEYEHHBIX B MOCIIEAHUX COBPEMEHHBIX
nybommkanusx [29, 172, 173, 176, 197].

Bonbmroit 00beM SMIHUPHYECKHX M IKCIEPUMEHTAIBHBIX HCCICAOBAHUH, B
MEepBYI0 OYepe/ib, PA3IUYHOTO POAA MPOTPAMMHOTO OOECIeueHHs MoKaszail 0000-
LIEHHOCTb (CTPYKTYPHUPOBAHHOCTH) BXOJHBIX BO3ICUCTBUII (HAOOPOB), KOTOPBIE
WHHULIUUPYIOT HCHCIPABHOC MOBEICHHUE CUCTEM, T. €. SIBISIIOTCS TECTOBBIMH BO3-
neiictBusamu [29, 172, 176, 197]. B ocHoBononaratomieii padote [29] 6buia mpe-
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cTaBJIeHa KJ1acCH(UKALHs 0000IICHHBIX BXOJHBIX TECTOBBIX BO3JCHCTBUN. X TpH
KaTErOpHU: moyeynvle mecmosvle Habopwl (point patterns), y3KONOIOCHble me-
cmosvle Habopbl (Strip patterns) u Oaounvie mecmosvie Habopul (block patterns).
Jnst wimocTpauuy  AaHHOW KJIacCU(MKAIMU TPOCTPAHCTBO BXOAHBIX HaOOpPOB
paccMaTpHBaeTCsl Kak JIByXMEpHOE MPOCTPAHCTBO, XOTS Ha MPAaKTHUKE MPOCTpaH-
CTBO BXOJHBIX BO3JCHCTBHII MOXXET MMETh IPOM3BOJILHYIO pa3MepHOCTH. Torma
UL ABYXMEPHOTO Cilydas TPU KaTerOpHH BXOJHBIX TECTOBBIX HAaOOPOB HMMEIOT
MIPOCTYIO TeoMeTpHuecKyto uHTepnpetauuto (puc. 1.11) [29, 172, 176, 197].

a) 0) 6)
Pucynok 1.11 — Tunogvie 6xoonvie mecmoswvie 6030eticmeus

Ha puc. 1.11 obmactu, BBIICIICHHBIC YEPHBIM [IBETOM, COOTBETCTBYIOT BXO/I-
HBIM BO3JICHCTBISIM, IPUBOIAIINM K HAOJIOTaeMOMY. HEUCTIPABHOMY ITOBEIICHHUIO
BBIYMCIIMTEIILHOI CUCTEMBI, a (PUTYPBI KBAAPATOB COOTBETCTBYIOT 00JIAaCTsIM BXO/I-
HbIX Bo3zercTBuid [29, 176, 201]. CooTBETCTBEHHO, TOYEUHBIC TECTOBBIC HAOOPHI
(puc. 1.11, a) cCOOTBETCTBYIOT YHUKAIBHBIM BXOJHBIM HaOOpaM JIHOO0 HEOOJIBIINM
HX KOJIMYECTBaM, paclpelesieHHbIM [0 BCEMY MPOCTPAHCTBY BXOAHBIX HAOOPOB,
MIpUYEM UX pacrpe/ielieHie B OOJBITHHCTBE CIIy4aeB UMEET PETYISIPHYIO CTPYKTY-
py. Y3KomoiocHsle TecToBble Haboph! (puc. 1.11, 6) xapakTepu3yroTcsi HETIPephIB-
HBIMH MHO’XE€CTBAMH BXOJHBIX BO3ACUCTBUI MMEIOIINX BUJ Y3KUX mojoc. TecTo-
BbIe HaOops! 6109HOTO THIA (pHc. 1.11, 8) mpencTaBIsArOT cO00IT oxHYy MO0 He-
CKOJIBKO HETIPEPBIBHBIX 00JacTell BXOJIHBIX BO3ACHCTBUH, MPUBOIAIINX K HAOIIO-
JTa€MOMY HEHCIIPaBHOMY IIOBEJIEHUIO CUCTEMBI.

Kax npaBuiio, 3Tu TUTIOBBIE BXOJIHBIC BO3JICHCTBHUS BEIONPAIOTCSI B KAUECTBE
MoJienell BXOAHBIX TECTOBBIX BO3JEHCTBUI, MOCKOJIbKY MHOTOYHCICHHBIE SMIIH-
pHUYECKHE MCCIICAOBAHUS MTOATBEPKAAIOT 1EIeCO00pa3HOCTh MX HCIONB30BAHUS B
KaueCcTBe MPHUOIIMKEHNS K PEaTbHBIM BXOHBIM TECTOBBIM BO3ICHCTBHSIM [29, 172,
176, 201]. HecMoTps Ha TO, 4TO ATH MOJIEIIHA HE SIBJISIFOTCS HEKUM CTaHIApTOM JJIst
BCEr0 MHOXKECTBA BBIYMCIUTEIbHBIX CUCTEM, UX IIPUMEHEHHE, a TAK)KE IPUMEHE-
HHUE MX KOMOMHANUI OKa3biBaeTcs BechbMa 3()(EKTUBHBIM MPU OCTPOCHUHU TECTO-
BBIX IOCJIEJOBATEILHOCTEH Ul peajbHbIX BBIYUCIUTEIbHBIX cuUcTeM [29, 172,
176, 201].

3HauUTeNbHAs YacTh alMnapaTHONW COCTABIIAIONICH BHIYUCIUTEIBLHBIX CHCTEM,
0COOCHHO CHCTEM Ha KPHUCTAJUIC W BCTPOCHHBIX CHCTEM, BKIIFOYACT B CeOsl BCTPO-
€HHYIO MaMSTh, KOTOPasi, B COOTBETCTBUU C MPOTHO3aMHU OyIeT 3aHUMATh JOMUHH-
PYIOIIYIO YacTh Ha KPHUCTAJIAX BBIYUCIUTEIBHBIX cucteM. [loatomy addexrrBHOEC
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TECTUPOBAHUE MaMSITA M COBEPIICHHAs METOJOJIOTHS aHajl3a HEUCIPABHOCTEH
3aIIOMUHAIONIAX YCTPOUCTB OyJeT CIIOCOOCTBOBATH MOBBIIICHHIO HAJIC)KHOCTH U
BBIXOJ]a TOMHBIX BCTPOCHHBIX CHCTEM H CHCTEM Ha KpHCTaJIe, OCOOCHHO MIpH
YCKOPEHHBIX MPOIECcax MX pa3pabOTKU U MPUMEHEHHH MEPEHOBBIX TEXHOJIOIHN
uzrotosnenus [21, 163, 331].

IIpruuHHO-CNEICTBEHHBIN MOAX0] MOXET OBITh MCIOJB30BaH ISl MMPOTHO-
3HPOBAHMsSI HCHUCIIPABHOTO ITOBEICHUS 3alIOMUHAIOUINX YCTPOICTB, B Clydae BO3-
HUKHOBEHUs1 pu3nueckux aedexkroB. HeucnpaBHoe moBeeHUe MaMATH TIPEACTaB-
JSieTCS PacTpOBBIM M300paskeHHeM (DU3UYECKOTO TOMOJOTHMUYECKOTO MpeCcTaBie-
HUSl PE3yJbTaTOB TECTUPOBAHUS, MMOKA3BIBAIOLIMM PACIOJIOKEHHE HEHCIPaBHBIX
3aIMIOMHUHAIONINX sYeek. Yarie BCero BO3SHHMKAIOT OJMHOYHBIC HEUCIPABHOCTH 3a-
MMOMHMHAIONINX SY€eK MaMsATH; HEUCIPABHOCTU TPYII 3alIOMUHAIOIINX SYeeK; He-
HCTIPaBHOCTH Jentidparopa aapeca sraeHK NaMsTH; HeHCIPaBHOCTH IITFH JTaHHBIX
1 IpyTHe HEeUCIPaBHOCTH 3alIOMUHAIONINX ycTpoicTs [197, 176, 331].

CortacHO yCTOsIBIICHCS KTacCH(UKAIMU HEUCIIPABHOCTEH 3aIIOMHHAFOIIIX
YCTPOMCTB pa3InYaloT JBa NX MHOKECTBA, @ IMEHHO: IIPOCTHIE, B KOTOPHIX yJacT-
BYIOT OJ[HA JTHOO JIBE STYEHKHU MaMSTH, U CIIOKHBIC, BKIIOYAIONIHE B ceOs MHOXe-
ctBO sueek [73, 331]. K HeucnpaBHOCTAM, 3aTParuBalolIMM OAHY SIYEHKY, OTHO-
CSTCS KOHCTaHTHBIC HEHCIIPABHOCTH W TEPEXOJHBIC HEHMCIPAaBHOCTH, a K HEWC-
MPAaBHOCTSIM, B KOTOPBIX YYAaCTBYIOT IIBE SIUCIHKH, — HEHCIPABHOCTH B3aUMHOTO
BimsiHEA [73, 331]. B 060ux cimydasix 0000ImIaromieii MoIeIbl0 BXOTHBIX TECTOBBIX
BO3CUCTBUI (aApECOB sUeEeK MaMsTH) SIBISIETCSl ToueyHas Monenb (puc. 1.12, a)
aubo, A Ciydas MHOTOKPATHBIX HEHCIIPABHOCTEH IAHHBIX THUIIOB, OJIOKOBas
(puc. 1.12, 6) [7, 143]. KomouyBcTBUTEIbHBIE HEUCIPABHOCTH, HEUCHPABHOCTH
nemugparopa aapeca U HEHUCIIPABHOCTU TUTIA pazpyuiaiowas onepayust YmeHus u
TUMA OwUOOUHAsA 3aNUCh TIOKPHIBAIOTCS MOJCIBI0 Y3KOIOJIOCHBIX BXOIHBIX BO3-
newicruit (puc. 1.12, 6) [73, 173, 197, 331]. B ciyuae xkoMOuHAIUN (GrU3HIecKux
NePEeKTOB MaMsITH, a TAaKKe MX MHOTOKPATHBIX Pa3HOBUIHOCTEH BXOIHBIE TECTO-
BbIC BO3JICHCTBHSI ONMUCHIBAIOTCS KOMOMHUPOBAHHOW Mojienbio (puc. 1.12, 2), 00b-
€IMHSIONIEH OJIOKOBBIN U Y3KOIIOJIOCHBIH THITHI [173].

Takum 06pa3zom, BCE MHOKECTBO MOJEINEH HEHCIPABHOTO MOBEIEHHSI 3aI10-
MHUHAIOIIAX YCTPOICTB OIUCHIBACTCS YETHIPHMS OOOOIICHHBIMHI MOJEIISIMH BXO/I-
HBIX TECTOBBIX BO3/ICHCTBUM, IPeACTaBICHHBIX Ha puc. 1.12 [173].

B cpaBHEHHHU ¢ BXOJHBIMH TECTOBBIMH HaOOpaMH JJIsl IPOrPaMMHOTO 00ec-
TICYCHHST TECTOBBIC BO3JCHCTBHS 3aIIOMHUHAIONIAX YCTPOHCTB B OOJBIIMHCTBE CITY-
YaeB UMCIOT PCATIbHYIO JBYXMEPHYIO CTPYKTYPY B CHIIY (PH3HYECKOTO JBYXMEPHO-
r'0 MPEACTABICHUS MaTPHUIIBl 3alIOMHHAIOINX stueek [73]. B maHHOM cityyae BX0-
HBIMH TECTOBBIMH JTAaHHBIMH SBJIAIOTCS aJjpeca 3aTIOMHHAIONINX SICCK, COCTOSIIHNE
13 aJpecoB MO TOPU30HTAIBHON U BEPTUKAIBHOM OCH MATPHIIbI TYCEK TaMsITH.

37



a) 0) 6) 2)
Pucynok 1.12 — Tunogvie 6xo0nsie mecmogvie 6030eiicmeus 3anoOMUHArWUX YCmpocmes

Kak BuIHO W3 NPHBEICHHOTO aHAJM3a, THIIOBHIC BXOJIHBIC TECTOBBIC BO3-
NeHcTBUSL AJIi TPOTPaMMHOTO OOecredeHUs] BBIYMCIUTENIbHBIX CHUCTEM W IS
OOJBIIEH YacTH ammapaTHBIX CPEICTB BBIYMCIUTEIBHBIX CHCTEM OIMUCHIBAIOTCS
AHAJIOTMYHBIMH MOJICISIMH, YTO, OYEBHIHO, MO3BOJISICT HCIONB30BATh CIMHBII
MOJIXOJ JAJISl TECTUPOBAHUS BEIYUCIUTENBHBIX CHCTEM B LIeoM. CIIeIyIommM Bax-
HBIM BBIBOJIOM aHAJIM3a TUIOBBIX BXOJHBIX TECTOBBIX BO3JEHCTBUU SBISETCS MX
Pa3HOPOTHOCTH MO CTpyKType (cM. puc. 1.10 m 1.11), uro 3aTpymHseT BBIOOp
Hanboee 3G (HEeKTHBHOTO METOA JJIsl TECTUPOBAHHS BEIYHCITUTEIIBHBIX CUCTEM.
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I'nasa 2. MeToabl ABTOMATH3UPOBAHHOIO NMOCTPOEHMSI TECTOB
2.1. Buabl npoueayp TecTUPOBAHUS

B Hacrosmee BpeMs CyIIecTByeT OOJBIIOC MHOTOOOpa3Hue KPUTEPUCB KiIac-
CH(HKAIMX TECTOBBIX MPOIEIAYP COBPEMEHHBIX BBIYHUCIUTEIBHBIX CHCTEM IO HX
Bugam [13, 15, 57, 60, 61, 82, 87, 271, 274]. [IpuBenem HanboJee 4acTO BCTpeda-
FOLIHMECS KPUTEPUH U TPH3HAKU KIACCU(PHKAIMHA M COOTBETCTBYIOIINE MM BHIIBI
npouexyp TectTupoBanus [271, 274].

[To cmenenu 3nanus sviuuciumenvHoll cucmemsl Pa3IAYalOT TECTHPOBAHNE
uepnoco awuka (black box testing), mecmuposanus 6enozo swuxa (white box test-
ing) u mecmuposanue cepozo suyuxa (grey box testing). Hanbomnee pacmpoctpa-
HCHHBIM U3 [IPUBCICHHBIX BUIOB TCCTUPOBAHUS SIBISICTCSI METOJI YCPHOT'O SIIIHUKA.

TecTHpOBaHKE IO METOLY YePHO2O SUUuKA OCHOBBIBACTCS HA 3HAHHH TOJBKO
nHTep(elica BBIYUCIUTEIBHON CUCTEMBI U €€ (PYHKITMOHAIBHOCTH 0e3 JieTaieit pe-
aIM3alMid CHCTeMbl. J[aHHBIA BUJI TECTHPOBAHMS, KaK MPABUJIO, [IPOBOIUTCS HA
YPOBHE 3aKa34yuKa JIMOO MOTPEOUTEINsi BBIYMCIMTEILHON CHCTEMbI M IO3BOJISIET
MPOBOAUTH KaK BEPUPHKALIUIO CUCTEMbI B [[EJIOM, TaK U €€ BAIUIALIHIO.

Merton 6en0eo siwuxka OCHOBBIBACTCS HA MOJTHOM 3HAHHH O CHCTEME, BIUIOTh
JI0 JIeTaJied apXHUTEKTyphl CHCTEMBI, NPHHIMIIHATBHBIX CXEM allapaTHOW YacTH
CHCTEMBI, KOJIOB MPOTrPaMMHOI0 oOecreyeHus: U (JOPMATOB JaHHBIX, a TAKXKE Op-
TaHU3AIMU 3aTIOMHHAIONINX YCTPOUCTB-HA BCEeX YPOBHAX. [10JJOOHBIN BUI TeCTH-
poBaHHUs B OOJNBIICH CBOCH YacTH BXOAWT B MPOIECC MPOCKTUPOBAHUS H, KaK Ipa-
BHWJIO, BEITTOJHACTCS Pa3padOTINKaMH CHCTEMBI.

TecTHpOBaHKME 1O METOMLY Cepo20 AuuKa TO CBOCH CYTH BKIIIOYACT JBa
MPEABIIYIIMX METOAa M SIBJIICTCS METOIOM, KOTOPBIN MO3BOJISICT MTPOBOAUTH HC-
CIICZIOBAaHUE CHCTEMBI KaK TIOTPEOUTENI0, KOTOPHIH MPpH HEOOXOAUMOCTH MOXKET
AHAJM3UPOBATh HEKOTOPHIC NETAaNH PEajM3alliil CHUCTEMBI, TaK W Pa3paboTUHKy
BBIYHCIUTEIIHON CHCTEMBI.

Io cmenenu agmomamuszayuu NPOUCAYPH TECTUPOBAHUS PAZACISIOT Pyy-
Hoe (manual testing), aemomamusuposannoe (automated testing) u nouy-
asmomamusuposannoe (semi-automated testing).

Pyunoe mecmupoeanue MOTHOCTHIO BBIOIHSIETCS CIICIHATACTOM 10 TECTH-
POBaHHIO WM Pa3pabOTUNKOM CHUCTEMBI 0€3 MPUMEHEHUS CIICIHATbHBIX CPEICTB
aBTOMATHU3aIMK 3TOTO MpoIecca.

AsmomamuzuposanHoe mecmupo6anue BBITIONHACTCS C MOMOIIBIO OTICIBHO
HATMCAHHBIX CIICIMANBHBIX IPOrPaMM, YCTPOUCTB M CTEHIOBOTO 00OPYIOBaHHMS,
KOTOPBIC BBIMIOJHSS 3alIPOrPaMMHUPOBAHHBIC B HUX aJTOPUTMbI U METOJBI TECTH-
POBaHHS, IIPOBEPSIOT PAOOTOCIIOCOOHOCTH CHCTEMBI.

THonyasmomamu3zuposantoe mecmupoganue TOAPa3yMeBacT, 4YT0 aBTOMATHU-
3MPOBaHA JIMIIb MaJIasi 4aCTh BCEX TECTOBBIX MPOLEAYP, JTHOO MPUMECHSIOTCS Cpe/l-
CTBa, KOTOpPBIC YAaCTUYHO CIIOCOOHBI TECTHPOBATH IMPOAYKT, HO U UX PabOTHI
TpeOyeTcs MOCTOSTHHBIH KOHTPOJb CO CTOPOHBI CIICIIHAIACTA.
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[o BUnRY no3umuenocmu pasfessiFoT MPOBEPKY BBIYHCIUTEIBHON CHCTEMBI
Ha MPEIMET IMPABUIBHOCTH €€ (GYHKIIMOHUPOBAHUS B IITATHOM PEIKUME (no3umues-
HOe mecmuposanue) U B PekKUME, KOrja CHCTeMa JODKHA aJeKBATHO CPearupo-
BaTh, €CJIM OT HeE MOTPEOYIOT Yero-To HEOXKUAAHHOTO M € HECBOWCTBEHHOI'O
(Hecamusnoe mecmupoganue).

Tozumuenvle mecmul (positive tests) IPOBEPSIOT GPAKT TOTO, YTO MPH oAU
BEIYHCIHUTEIFHOI CHCTEME BXOIHBIX TTAPaMETPOB, COOTBETCTBYIOIINX TPEOOBAHM-
sIM, OHa (PYHKIIHOHHPYET HOPMAIIBHO.

Heeamugnvie mecmol (negative tests) IpOBEpsIOT (aKT TOTO, YTO CHCTEMA
KOPPEKTHO OTpaboTaeT HEMITATHYIO CHTYAI[HIO B CIydae ITOSBICHUS HEOXHIAaH-
HBIX HCKOPPEKTHBIX BXOAHBIX JaHHBIX M [IAPAMETPOB.

IMo cmenenu nodzomosnennocmu criepanucTa Mo TECTUPOBAHHUIO BbIJIe-
JISIIOT mecmuposanue no doxymenmayuu (formal testing), paszsedvieamenvHoe me-
cmuposanue  (exploratory — testing) W ummyumusHoe  mecmMupo8aHue
(ad hoc testing).

Tecmupoganue no 0oKyMenmayuu TMPOBOJUTCS B COOTBETCTBHHU CO CIICIH-
AIBHOM JOKYMEHTAIMeH, TaK Ha3bIBaeMbIMH, mecm Keticamu (test cases), B KOTO-
PBIX OIKCaHbI HEOOXOIUMBIC NCHCTBUS M MX PErJIaMEHT JUIs MPOLEAYPBl TECTUPO-
BaHMUS.

Paseeovieamenvroe mecmuposanue MpeaIoNaraeT MOJHOE OTCYTCTBUE 3Ha-
HUH 0 TECTHPYEMOM O0BEKTE.

Humyumuenoe mecmuposarue BO MHOI'OM TOBTOPSICT Pa3BeIbIBATEIBHOE,
HO 3JIeCh CYHTACTCS, YTO CIICIHAINCT IO TeCTUPOBAHUIO YKe PaboTall C TeCTUpye-
MO CHCTEMOH | 3HAET, KaK OHA YCTPOCHA.

CrenyromumM KpUTepHeM KIIacCH(UKAINH SIBISICTCS 6peMsA nPo8edeHUs me-
cmuposanusa BEMACIUTEIBHON CHCTEMBI B IIPOIIecce ee pa3paboTKu.

Ha xaxmoit (haze pa3paboTku CHCTEMBI TPeOyeTCst MPOBEPSTH Pa3HBIC acleK-
THI e¢ pabOTHI M TECTHPOBATH Pa3HYIO e¢ (PYHKIHMOHATBHOCTH. [0 BpeMeHn mpoBe-
JICHHUS TECTHPOBAHHS BBIACISIOT CIEAYIOIINE €r0 BHABL anbpha mecmuposanue
(alpha testing); 6ema mecmuposanue (beta testing); OvimHoe mecmupoganue
(smoke testing); peepeccuonnoe mecmupoganue (regression testing); U npuemou-
Hoe mecmuposanue (user acceptance testing).

Anvpa mecmuposanue peannsyercs pa3pabOTINKAMHU CHCTEMBI JJIsl OIpe-
JICTICHUS] €€ COOTBETCTBUS IPENbSIBISEMBIM TpeOOBaHMUAM. Anb(a TECTHPOBAHUE
MIPOBOAUTCSI IJIsl TOTO, YTOOBI BEISIBUTH U YCTPAHUTh HECOOTBETCTBUS CHELU(HKA-
LUK TOJTHOCTHIO PEaTM30BAHHON CUCTEMBI MIEPE]] e¢ Mepeaucii 3aka3unKy.

Bema mecmuposanue cucTeMBI IPOBOANUTCS OTPAHHYCHHBIM KPYrOM JIHI,
KOTOpBIC HE SBISIIOTCS COTPYJHHKAaMH KOMIIAHHU M TPHUBIICKAIOTCS CO CTOPOHBI
JUTSL He3aBUCHMOH OIIGHKH M CBEXKETO B3TJIs/Ia HA TOTOBYIO CHCTEMY.

JlvlmHoe mecmupoeanue TIPEICTABISCT TOBEPXHOCTHBIN aHAIU3 CUCTEMBI Ha
MPEAMET e¢ CIIocOOHOCTH (DYHKIMOHHPOBATh M BBIIIOJHITE OCHOBHBIC (DYHKITHH.
3TO TeCTHpOBaHUE MPOBOAUTCS JUISI TOTO, YTOOBI KaKOW-TO MOJYJIb CHCTEMBI WITH
BCIO CHCTEMY B JTAITbHEHIIIEM ITOIBEPTHYTH OOJIee TIIATEIFHOMY aHAITU3Y.
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Pecpeccuonnoe mecmuposanue POBOAUTCS Ha HOBOW BEPCHU CHCTEMBI C
LIEJIBIO IIPOBEPHUTH OTCYTCTBUE HCIIPABICHHBIX HEUCIPABHOCTEH 1 OMIMOOK, a TaK-
e OTCYTCTBHME HOBBIX HEHCIPABHOCTEH M OMIMOOK, KOTOPbIE MOTYT MOSBUTHCS B
MPOIIECCE YCTPAHEHHS YXKE BbISBICHHBIX.

Ilpuemounoe mecmupoganue TIPOBOJHUTCS MIEPCOHATIOM 3aKa3yHMKa IJIs MOJI-
TBEPXKICHUS TOTO, YTO OH IMOJYYHI 3aKa3aHHBII MM MPOIYKT, KOTOPBIH yIOBIIE-
TBOPSICT MPEIBABISIEMBIM K HEMY TPEOOBAHMUSM.

[Ipu TecTUpoBaHMH MOKHO MPOBEPSTH KaKyIO-TO OJHY KOMIIOHCHTY BBIYHC-
JUTENFHON CHUCTEMBI, JINOO MPOBEPUTH Cpa3y HECKOJIBKO ¢¢ KOMIOHEHT WM JKe
BCIO cucTeMy B menoM. COOTBETCTBEHHO, TI0 CIMEeneHU U30AUPOGAHHOCIU KOM-
NOHeNnmOo8 BBIICTSIOT: MOoOyibHoe mecmuposanue (unit testing); KOMNOHeHMHOe
mecmuposanue (component/unit testing); unmezpayuonnoe mecmuposanuem (in-
tegration testing); cucmemHnoe mecmuposanue (system/end-to-end testing).

Hon mooynenviv mecmuposanuem TIOHAMAIOT TIPOBEPKY MHUHHMAIBEHO
(YHKITMOHATIFHO aBTOHOMHOM COCTABIISIONICH BEIYNCIUTEIBHON CHCTEMBI.

Komnonenmnoe mecmuposanue mpeacTaBisieT co00i TeCTHPOBAHUE OJHOTO
OTAETBHOTO KOMIIOHEHTA B CHUCTEME.

Humeepayuonnoe mecmupoeéanue COCTOUT B MPOBEPKE B3aHUMOICHCTBHS
MEXY pa3InYHBIMU KOMIIOHCHTaMH CHCTCMBI.

Cucmemnoe mecmuposatue TIPEIICTABIACT COOON TECTUPOBAHUE MMOJIHOCTHIO
COOpaHHOM CHCTEMBI B TOM BHIC, B KOTOPOM OHa OYAET TMOCTaBISTHCS
MOTPEOUTENIO.

Bunpl TectupoBaHHs €HIE PA3NCIAIOT HA CHIAMUYECKOE MeCmupOSaHUe
(static testing) v ounamuueckoe mecmuposarue (dynamic testing).

Cmamuueckoe mecmupoganue 3aKIIOYaeTCS B TECTUPOBAHUH CHCTEMEI 0e3
WCTIOJTHEHHUS €0 cBomX (pyHkumii. CHcTemMa He 3aIyCKaeTcCsl, a BBIITOTHACTCS TIpO-
BEepKa MCXOIHOTO KoJa MPOrpaMM, JOKYMEHTAIMH, TPEOOBAHUH M TEXHHYCCKUX
0030poB.

Hunamuueckoe mecmuposanue — 3T0 paboTa HETTOCPEICTBEHHO C BBIYHCIIH-
TeNBPHON cucTeMoi. JI7s MaHHOTO BHIA TECTHPOBAHHUS CHCTEMa JOJDKHA OBITh
CKOH(UTYpHpOBaHa, pabOTOCIIOCOOHA U 3aIyIleHa ISl BHIIOJHEHUS! CBOUX (DyHK-
LHUH.

HauGonbiiee uncao BUAOB TECTHPOBAHUS OMNpENENAeTCs M0 00veKkmy me-
cmuposanua. Hanbosee 3HAYMMBIMHI U3 HUX SABIIOTCS: (OYHKYUOHATbHOE Mechu-
posanue (functional testing); Hedhpynxkyuonanonoe mecmuposanue (non functional
testing); naepyzounoe mecmuposanue (load testing); mecmuposanue npouz6o0u-
menvHocmu (performance testing); cmpeccogoe mecmupoganue (stress testing);
mecmuposarue cmabunvHocmu (stability/endurance testing); mecmuposanue 6e3-
onacrocmu (security testing); mecmuposarnue noxkanusayuu (localization testing);
mecmuposarue unmepHayuonanuzayuu (internalization testing), mecmupoganue
coemecmumocmu (compatibility testing); mecmuposanue yoobcmea ucnonb306a-
Hus (usability testing); mecmupoganue nonvzosamenbckozo unmepgetica (user in-
terface testing).
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[IpuBeneHHBINA MEepevYeHb BUIOB TCCTUPOBAHMUS, IMOKA3bIBACT HX OOJBIIOEC
pasHooOpasue u crnenupuky npuMeHeHus. [Ipu peanusaiym Bcex BHIOB TECTUPO-
BaHHSA, B TOM YHCIIC U NPHUBEJCHHBIX BBIIIE, UCTIOIB3YIOTCS TaK Ha3bIBAEMBIC 7me-
cmwl (tests, test patterns set), KOTOpbIe UMEIOT Psil aIbTEPHATUBHBIX HA3BaHUM, Ta-
KHX KakK: mecmogvle HaOopul (test patterns), mecm-keticol (test cases) U HabOpbvL
mecm-keticos (test case suites). O4eBHUHO, YTO CBOWCTBA U OCHOBHBIE XapaKTEPH-
CTHKH TECTOB, IPUMEHSAEMBIX NP PA3JIMYHbIX BUAAX TECTUPOBAHUS, OMPEACISIIOT
KaK Ka4ecTBO CaMOW MPOIEIyphl TECTHPOBAHMS, TaK W KayecTBO pa3padaThIBac-
MBIX BBIYUCIIUTENBHBIX cHcTeM. [103TOMY METOJbI MOCTPOEHHS TECTOB SIBIISIOTCS
KITFOUEBOH MPOOIJIeMOil B 00JIACTH TECTUPOBAHUS BRIYNCIUTEIBHBIX cucteM. OTMe-
TUM, 4YTO Py4YHOE HEAaBTOMATU3UPOBAHHOE IIOCTPOCHUE TECTOB B CIIy4ae BBIYUCIIH-
TENBHBIX CHCTEM MaJ03()(hEeKTHBHO M MPAKTHUECKH HE TMPHMEHSICTCS Ha MPAKTHUKE.
IloaToMy nanbHelllee BHUMAHUE CKOHLEHTPUPYEM Ha aBTOMATU3UPOBAHHOM IIO-
CTPOCHUU TECTOB, KOTOPOE SIBISIETCS OCHOBOM COBPEMEHHOI'O TECTHUPOBAHUS BbI-
YHUCJIUTEIbHBIX CUCTEM.

2.2. ABTOMATH3MPOBAaHHOE IOCTPOEHHME TeCTOB [Jisi HPOrPaMMHOIO
obecnieyeHus

TecTupoBanue sBIsSETCS HEOTHEMIIEMOI YacThIO OOIIEH METONONIOrHU pa3-
pabOTKM MPOrpaMMHOr0 OOECIICUCHUsI U XapaKTepU3yeTcsi BBICOKOW TPYIO0EMKO-
CTBIO U COOTBETCTBEHHO CTOMMOCTBIO, KOTOpas, KaK IPaBWIJIO, JOCTUraeT Oosee
50 % obumx 3arpaT Ha pa3padboTKy. CHIKEHUE 3aTpaT U MoBbIIeHHe dpdexTnB-
HOCTH TECTHPOBAHMSI MPOTPAMMHOTIO O0ECIIEUYCHUSI BO3MOXHO, B OCHOBHOM, 32
CUeT aBTOMATH3allMK MPOIECcca TECTUPOBAHMS M B MEPBYIO OUYEpEb aBTOMATH3a-
[IUY TIPOIIECCOB MOCTpOeHUs TecToB 8, 18, 160, 241, 274].

Cpenn MHOTHX ITPOOJIEM M-33/1a4 110 TECTHPOBAHHIO MOCTPOCHHUE TECTOB SIB-
JISIeTCS OHOM M3 CaMbIX CIIOKHBIX HHTEIUIEKTYAJIBHBIX 33714, TOCKOJIBKY Ka4eCTBO
TECTOBBIX IOCJICIOBATEILHOCTEH M TPYNOEMKOCTh HX TIOCTPOCHHS OKa3bIBAlOT
CHJIbHOE BIMSHHE Ha 3(PQPEKTHBHOCTH Pa3pabOTKH IPOTPaMMHOTO O00ECTIeUCHHUS
[8, 18, 160, 241, 271, 274].

B o0mem ciryuae TecTsl, Kak BaXHBIH apmegakm (artifact) IporpaMMHOTO
obecrieueHUs, JOMKHBI CTPOUTHCA HA OCHOBAHUHM HEKOTOPOH HMH(OpPMALUH, TO
€CTh HEKOTOPBIX JPYTUX THIIOB apTedakToB nporpamm [8]. Tumsr apredakToB, KO-
TOpPBIE HCHONB3YIOTCA B KaUeCTBE BXOAHOW MH(OPMAIUHU IS TOCTPOCHUS TECTOB,
BKJIIOYAIOT B Ce0sl: CTPYKTYpPY MPOTrPaMMBbI /UM UCXOAHBIN KOJ; creu(uKaruio
IIPOrPaMMHOI0 00ECIICUSHUsI U/MIIN MOJICIIH €TI0 MPOEKTHPOBAHUS; HH(POPMALIHIO O
IIPOCTPAHCTBE JIAHHBIX BBOJA/BBIBOJA W MH(OPMALMIO, JTUHAMUYECKH IOJIydae-
MYIO B pe3yJbTaTe BBIIOJHEHMS IporpamMMbl. OCHOBBIBAsICH Ha YKa3aHHBIX apTe-
(hakTax, Bce MHO)KECTBO METO/IOB aBTOMATH3UPOBAHHOI'O [IOCTPOCHHS TECTOB PO-
rpaMMHOT0 o0ecIieyeHyst IPEICTaBIsIeTCs] B BUJIE CIICTYIONINX MISITH MHOXECTB [8]:

- CUMBONbHOE GbINOIHEHUE W MeCmUposanue ROKPbIMuUs CHMPYKMypbl
npozpammut (symbolic execution and program structural coverage testing),
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- nocmpoenue mecma Ha ocHoge mooenu (model-based test case
generation),

- Kombunamopnoe mecmuposanue (combinatorial testing),

- adanmuenoe gepossmuocmuoe mecmuposanue (adaptive random testing);

- nouckosoe mecmuposanue (search-based testing).

MeTonsl cumeonbH020 6blnOIHEeHUA OCHOBAHEI Ha aHATHM3E KOJa MporpaM-
MBI JUIl aBTOMaTHYECKOTO TCHEPUPOBAHUS TECTOBBIX JaHHBIX MpPOTpaMMEL. B oT-
JMYKE OT TTOIXO0/I0B K TCHEPUPOBAHUIO TECTOBBIX JAHHBIX YEPHOTO SIINKA, B JaH-
HOM CITyJae HCIOJB3YeTCs MOIX0. Oesloro sIIuKa, OCHOBAHHBIN Ha aHAJHM3€ IpO-
TpPaMMBI €€ HCXOIHOTO KOJa WIN JBOWYHOTO Koja. CHMBOIBEHOE BEITOTHEHHUE FIC-
TOJIb3YET CHMBOJILHBIC 3HAUCHHSI BMECTO KOHKPETHBIX 3HAYCHUH BXOIHBIX JaHHBIX
U MIPEICTABISICT 3HAYCHHS POrPAMMHBIX [IEPEMEHHBIX KaK CHMBOJIBHBIC BBIPAXKe-
HUSl 9TUX BXOAHBIX NaHHBIX [112]. HecMoTps Ha TO, 4TO METOABI CUMBOJBHOTO
BBITIOJIHEHUSI BBIYHUCIUTENIBHO CYIIECTBEHHO CJIOXKHEE, YeM JIpyrHe METOJbl I10-
CTPOCHHSI TECTOB, B HACTOSILEE BPEMsI OHH TOJIYHYMIIN OOJIbIIIOE BHUMAHHE HCCIIe-
J0BaTesIel MO ABYM MpUYMHAM. BO-IEPBBIX, IPUMEHECHHE CHMBOJIBHOTO BBIITOJIHE-
HUSL ISl KPYITHBIX TPOrPaMM PeaibHOTO MHpa TPEOyeT PEIICHHUS CI0XKHBIX Hepe-
LICHHBIX TCOPETHYCCKUX 3a/]a4 C Pa3INUYHbIMU OTPAHHUYCHUSIMH. BO-BTOpBIX, cero-
JHSALIHAE JOCTYITHbIC BBIYUCIUTEIBHBIC MOLITHOCTH, M B YaCTHOCTH COBPEMCHHBIC
Cpe/cTBa JUIs OOJaYHBIX BBMHUCICHUH (cloud. computing), IPeNOCTaBISIOT MPaK-
THUYCCKH HEOTPAHUUCHHBIC BOZMOYKHOCTH,

CHMBOJIBHOE BBITIOJHEHHUE WCIIOJIB30BANIOCH JJIsI TCHEPUPOBAHUS TECTOB
pa3NMUYHOTO Ha3HAYCHHS, OJJHAKO HaHOOJIee N3BECTHOE UCIIOIB30BAaHHUE ATOTO MOI-
XO/a 3aKJIF0YaeTCsl B CO3MaHIH TECTOBBIX MaHHBIX JUIS YIIYUIICHUS HOKPbIMUS KO-
da (code coverage) mporpammel [24, 25], aBTOMaTHYECKOTO MOCTPOCHHS Hacp)-
sounbix mecmos (load tests) [239], perpecCHOHHBIX TECTOB (regression tests)
[167], TecTOB aiisl aHANIM3a HAJGKHOCTU Tporpamm (robustness testing) [124], a
TaKke TECTOB UIs 06a3 MaHHBIX ¢ KOH(UACHIIMAIFHBIMA TECTOBBIMU JaHHBIMH (da-
ta privacy testing) [76]. HecMOTpsi Ha CBOIO O4EBUAHYIO S PEKTUBHOCTH, METOIBI
CHMBOJILHOTO BBIMTOJHEHHsI TPEOYIOT PElICHHs, 10 KpaitHeil mepe, Tpex ¢yHma-
MEHTAJIBHBIX TPOOJIEM JJIsl COBPEMEHHOTO MPOrPAMMHOI0 00CCIICUCHHUS, KOTOPBIC
3aKJIFOYAIOTCS B! YPE3BhIYAMHO OOJBIIOM YHKCIE MYTeH B COBPEMEHHBIX IPOrpam-
Max (path explosion); nuBepreHuyu myten (path divergence); N HATMYUU CIIOMKHBIX
OTpPaHWYCHUH ISl peanu3aliy JaHHOTO MeToia (complex constraints) [8].

ITocmpoenue mecmog na ochoee modenu TPEACTABIACT cO00H hopmais-
HYI0 METOJIOJIOTHIO, KOTOpasi MCIOIb3YeT Pa3InuHbIe MOJCIU MPOTPAMMHBIX CH-
CTeM JUIsl MOJYYCHHS TECTOBBIX HAOOPOB. AKIICHT CTaBUTCS Ha MOBEACHYCCKOM
YPOBHE MPOTpaMM, HHOT/Ia TaKXKe Ha3bIBAEMBIM (DYHKIMOHAIBHBIM YEPHBIM SIIIIH-
KOM, KOTOPBIA TECTUPYET MPOrpamMMy II0 e¢ HaOIroJaeMOMy HOBeICHHIO. Bhie-
JSIFOT J1BA OCHOBHBIX HAIPABJICHUS B METOIOJIOTHH MMOCTPOCHUS TECTOB HA OCHOBE
MOJICITU: aKcuomMamuyeckue nooxoowsl (axiomatic approaches) M MOIXOIbI C UC-
MIOJIb30BAaHHEM MOJIEIICH KoHeuHbix agmomamos (finite state machine — FSM) [8].

Axcuomamuueckue OCHO8bI METONIOB ITOCTPOCHUS TECTOB, HCIOJB3YIOITHX
MojenH, 6a3upyroTcs Ha HEKOTopoi (opme ormaeckoro ncuucienus. Hamboree
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3HaYMMBbIe Pe3yJbTaThl B TAHHOH 00JacTh MpoaHalIM3upoBaHbl B pabote [66], rie
TaKke MPUBOAUTCA 0000IIEHHE METOI0B TOCTPOCHHS TECTOB IO MOJIETISIM, 3a/1aBa-
eMbIM anredpanmdeckoil crmenudukarnueil. B pamMkax akCHOMAaTHUECKHX TOAXOMIO0B
ObLTH pa3paOOTaHbl Pa3IUUYHbIE MOHSATUS TECTOBBIX T'MIOTE3, B YAaCTHOCTH pey-
ssiprocme (regularity) u omHOPOIHOCTH (uniformity) [8]. B cOOTBETCTBUU C THIIO-
T€30/ O PEryJIIPHOCTH BCE BO3MOXKHBIE 3HAUEHUS X [UIS BXOJHBIX TECTOBBIX BO3-
JEWCTBHI 0 HEKOTOPOH CIIOXKHOCTH A CUUTAIOTCS JOCTATOYHBIMHU TSl TOCTHIKE-
HUS He00X0IMMOiT 3 PeKTHBHOCTH TecTa. B cOOTBETCTBHHM C I'MIIOTE301 OZHOPOI-
HOCTH OJHO 3HAYE€HHWE MMl KaKAOTo KJlacca BXOIHBIX JAaHHBIX CUMTAETCs JOCTa-
TOYHBIM JJIS1 JIOCTHXKCHUS TPEOYEeMOH MOTHOTHI MMOKPBITHS TecTa [8, 66, 95].

OCHOBOM METOAOB MOCTPOEHHSI TECTOB B COOTBETCTBUHU C MX MOJEISMU B
OOJIBIIMHCTBE CIIy4aeB SBISIOTCA KOHEYHBIE aBTOMATHI U PA3IMYHbBIC UX MOU(H-
Karun. Koneunviii asmomam TIPeACTaBIIeT cOOON CHCTEMY ¢ KOHEYHBIM MHOXKe-
CTBOM COCTOSIHWH, CpPeIW KOTOPBHIX BBIACIAIOTCS HaYaJbHOE COCTOSHHE W KOHEU-
HBIE MHOXKECTBA BOCTIPHHAMAEMBIX M3BHE CTUMYJIOB (BXOIHBIX JaHHBIX), a TaKXKe
(hopMUpyEeMBIX UM peakiuil (BBIXOJHBIX JAaHHBIX) [272, 299]. Kpome 3TOTO, B KO-
HEYHOM aBTOMAaTe OINpeAercH HabOp MEepexOmOoB MEXKAY COCTOSHUSMH, MIpUYEM
KaX/[bIil TIEpEeXO0/1 TOMEUCH BBI3BIBAIOIIIM €TI0 BXOJAHBIM 3HAUCHHUEM (CTUMYJIOM) U
TE€HEepUPYEMOM BBIXOJIHOM peakuuei.

[Tpumep KOHEYHOro aBTOMAara ¢ MHOKECTBOM COCTOSHHH {dy, di, d2}, MHO-
KECTBOM CTHUMYIOB {X;, X} U MHOXECTBOM peakuuit {y,, y,} H300paxeH Ha
puc. 2.1.

x1/y1 x1/y1
(@)
ao )e ai
Xa/y2 Xa2/y2

e x1/y2

Pucynok 2.1 — Koneunwiii asmomam

OYHKIIMOHUPOBAHNE KOHEYHOI'O aBTOMAaTa OCYMICCTBIICTCS IyTEM ITOCIIC-
JIOBATEIBHON TOJIaYM HA €0 BXOBI CTUMYINOB. Toryma aBToMaT, B 3aBHCUMOCTH OT
I0JJTAaBaEMBIX CTUMYJIOB, BHIITOJHSCT IIEPEXO0/Ibl, HAUNHAS C HAYAITEHOTO COCTOSHUYSL.
BrimonHeHHe mepexo/ia 3aKI09aeTcss B M3MEHCHUH TEKYILEr0 COCTOSIHUS M BbIa-
YH peakIid, KOTOPOH IMOMeYeH MaHHBIM mepexoi. Tak, eciu cYuTaTh Ha4albHBIM
COCTOSIHHEM, TTOKa3aHHOTO Ha puc. 2.1, aBTOMaTa COCTOSIHUE d(, TO MOCIIE MOauHl
Ha €ro BXOJI ITOCTEIOBATEIBHOCTH X| X, X| X X| X; OH HEPEHIET B COCTOSIHUE ) 1
CTEHEePHpPYET IOCIeI0BATeIFHOCTE PEAKIINH V| 1, V2 V2 Vi V1. TakuM obpas3om, Ko-
HEYHBI aBTOMAaT pealin3yeT HEKOTOpoe MpeoOpa3oBaHWEe KOHEYHBIX MOCIE0Ba-
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TEJNIHOCTEH BXOJHBIX CTUMYJIOB B KOHCYHBIC ITOCICIOBATCIBHOCTH BBIXOHBIX
peakuui.

OpnauM U3 00001IEHI KOHEUHBIX aBTOMATOB SIBIISIIOTCSI KOHEYHblE CUCTNEMbl
nomeuennvix nepexodos (labeled transition systems — LTS) [273]. B cucteme me-
PEX0I0B KaXK/ABIH TIepPeXo/l IIOMEYEH TOJIBKO OJHUM CHMBOJIOM, & HIMCHHO CHMBO-
JIOM CTHMYJIa, JINOO CUMBOJIOM peakimu (input output LTS), KpoMe TOTO, OH MOKET
BOOOIIC HE MMETh METKH (BBIIOJIHEHHWE TaKOTO IMepexoja HUKAK HE MPOSBISCTCS
BOBHE).

[TocTpoeHHe TECTOB HAa OCHOBE MOJICITM MPEICTABIIET COO0I METOIOJIOTHIO,
OCHOBaHHYIO Ha PAa3IMYHBIX Pa3HOBHUIHOCTSX (POPMATBEHOTO OITUCAHUS ITPOTPaMM-
HBIX TPOJIYKTOB, CPEIH KOTOPHIX BBLACIAIOT TPU OCHOBHBIX, @ IMEHHO: OpueHmu-
posannvie Ha cyenapuil (scenario-oriented), OpUCHTHPOBAHHBIE HAa COCTOSHHE
(state-oriented) u opueHTHPOBaHHBIE Ha TIpoliecc (process-oriented) [8].

®dopManbHBIC OTHMCAHUS, OPUCHTHPOBAHHbBIC HA CyeHapuil, HETTOCPEICTBEH-
HO OIMCBHIBAIOT BXOJHBIC/BBIXOIHBIC MOCIEIOBATEIFHOCTH MEXKIY TECTHPYEMOit
mporpammoil u BHemHe# cpemoit [51, 89]. IlomoOHOe omumcaHHE TECTHPYEMOTo
o0bekTa (IIporpaMMBbl) BeChbMa MOHITHO 0 CBOEH CyTH M ITOTOMY Haubojee 4acTo
HCIIOJIb3YETCSI /15l IOCTPOCHUSI TECTOB HA OCHOBAHHUHU (POPMATTBHBIX MOJICIICH.

OmnucaHusi, OPUCHTUPOBAHHBIC HA COCMIOSAHUSA, OIHCBIBAIOT HCCIICIyeMOe
MIPOrpaMMHOE MTPUIIOKEHHE N0 PEaKIMK Ha BXOJHOE BO3IACHCTBUE B 33JaHHOM €ro
cocrosiHuu [8, 77, 153]. IlonoOHbIe onucanusi OOBIYHO MCIONB3YIOT, TaK Ha3blBae-
MBI€ Juaecpammul cocmosnuil (state chart) [153] wnu TekcroBble onucanus (textual
form) [77].

Horammu, opueHTHpOBaHHBIE ‘Ha #Mpoyecc, OMHACHIBAIOT IPOTPaMMHOE TpHU-
JIOKEHHE B TIPOLIETYPHOM CTHJIE, T/IC BXOHbBIC BO3/ICHCTBIS U BBIXOIHBIC PEAKIIHN
paccMaTpHBalOTCS Kak cooOmeHns B kaHamax cBsa3u [8, 100, 193]. ITpumepom mo-
JOOHBIX OMHCAaHUK MOXKET OBITh MPOICAYPHO-AITeOpandecKkue S3bIKH, TaKHe Kak
LOTOS [193], a Takxke S3bIKM NMPOTPAMMHPOBAHUS, KOTOPbIE BHEAPSIIOT pa3iiny-
HbIE MPUMUTHUBBI KaHaoB cBsizu [100].

ABTOMaTH3UPOBAHHOE TTOCTPOCHUE TECTOB JISI KOMOUHAMOPHO20 Mechiu-
PO6aHusa OCHOBAaHO Ha BHIOOPE BXOJHBIX MApaMETPOB WM KOHQHUTYPAITHH
HACTPOMKH, KOTOPbIE OXBATBHIBAIOT 33JaHHOEC MOAMHOXECTBO KOMOWHAIMH 3e-
MEHTOB MPOrPaMMBI, MOAJIEKAIINX TeCTUpoBaHuI0. Hanbonee pacnpocTpaHeHHOI
Pa3HOBUIHOCTHIO KOMOMHATOPHOTO TECTUPOBAHUS SABIIACTCA KOMOUHAMOPHOE 83a-
umoceazannoe mecmuposanue (combinatorial interaction testing), e Bce (t-way)
KOMOMHAIIMM 3HAUYeHUH MapaMeTpoB (WIH pa3sHOBUAHOCTEH KoH(puUrypaimu) co-
JIepIKaTCs B TECTE.

OCHOBBI KOMOMHATOPHOTO TECTHPOBAHMUS IPOUCXOJAT U3 pas3liesia MaTeMa-
THYCCKOH CTATHCTHKH, KOTOPBIN HA3bIBACTCS MIAHUPOBAHUE IKCNEPUMEHMA
(design of experiments) [41, 62]. Ha ocHOBaHMU HICH IJIAHUPOBAHHS DKCIICPH-
MeHTa B 1985 rony Manon (Mandl) wicrionp3oBan KOMOWHALMK 3HAYCHUIT mapa-
METPOB B NMPOTPAMMHOM OOCCIICUYCHHU M OIHCAT UX OPTOTOHAJIBHBIMHU JIATHHCKU-
Mu kBajpatamu [128]. PasButrem 3Toi pabOTHI SBHJIACh OPTOTOHAIBHAS CHCTEMA
TecTupoBaHus MaccuBOB, OATS, B KOTOPBIX HCIOJIB30BAIUCH OPTOrOHAJILHBIC
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MAacCHBBI JUISl OIIPE/ICNICHUs] KOMOMHALMK cucTeMsl 3eKTpoHHoi noutsl AT&T, B
KOTOpOH Bce Maphl 3HAYCHUH (pakTopa MpoBepsAOTCs poBHO oauH pa3 [20]. OcHo-
BOM pe3ynbTaTOB, H3I0XKEHHBIX B pabotax [20, 128], sBiseTcs TaTUHCKHUNA KBaapar
n-TO NOPSAJIKA, KOTOPBIM ABIISIETCS AByMepHas matpuna O = (q;) pa3MepoM n X n,
3aI0JIHEHHAS 1 DJIEMEHTaMH MHOXKECTBa M TakiM 00pa3oM, 4TO B KaXKIOH CTPOKe
U B KaXJIOM CTOJIOIE TaOIMIBI KaXIbIil 2JIeMEHT U3 M BcTpedaeTcss B TOUHOCTH
onuH pas. [Ipumep naTrHCKOTO KBajgpara 3-ro MopsaaKa A MHOKECTBA IIENIbIX YH-
cen {1, 2, 3} npuBeneH Ha puc. 2.2.

—_ W N

3
1|
2

Q
I
W N =

Pucynok 2.2 — Jlamunckuii keaopam

JBa naTunckux kBaapata Q = (g;) u E = (e;) n-ro nopsjxa Ha3bIBaroTCs Op-
TOrOHAJIbHBIMH, €CJIU BCE YIOPsAJA0YEHHBIE MapHI (¢, €;) pasiudnbl. [Ipumep nByx
OpPTOTOHAITLHBIX JIATHHCKUX KBAJPAaTOB M COOTBETCTBYIONIME MM YIOPSIOYCHHBIC
Tapsl AJIEMEHTOB JIJIsl © = 3 TIpUBeEJIeH Ha puc 2.3.

1 23 123 L) (2,2 (3,3)
0=02 3 1, E=|3 12, [@3) G L2)|
3012 231 (3,2) (L3) (2

Pucynok 2.3 — Opmoconansuvie ramunckue xeaopamoi

[TpuMeHeHre OpTOTrOHAJBHBIX JIATHHCKUX KBaJPAaTOB MO3BOJSIET CHCTEMa-
THYECKUM 00pa3zoM (OpMHPOBATh, HAIIPUMEp, BCEBO3ZMOXKHbBIE ITapbl MHOTO3HAY-
HBIX JJAHHBIX TIPH MTOCTPOCHUH TECTOBON mpoueaypsl. Kak BuaHo u3 puc. 2.3, op-
TOrOHaJbHbIe KBaJapaThl O U E MO3BOJISIOT CreHEpUpPOBATh BCEBO3MOXKHBIC Maphl
gucen 1, 2, u 3, mpudeM Kaxkaas napa GopMHUPYeTCst TOIBKO OJIH pa3.

B paborax Koawua (Cohen), OCBSIEHHBIX MeTOAaM (OPMHPOBAHUS TECTO-
BBIX BO3JCHCTBUI, ObUIO C(HOPMYIUPOBAHO KIIOUEBOE CBONCTBO ISl TECTOBBIX
HaOOpOB, KOTOPOE B OTJIMYHE OT TECTOB, MOCTPOCHHBIX HAa OCHOBAaHUU OPTOrO-
HAJIbHBIX MAacCCHBOB BMECTO OTPaHUYCHUS mouHO o0uH pas (exactly once), uc-
MOJIb30BAJIO OTPAaHUYCHUE He MeHee 00HO20 pasa (at least once) [45, 88, 186].
B pesynbrare Obuta copMYITHPOBAHO IOHATHE TAaK HA3BIBACMBIX HOKDbIGAIOUUX
maccusos (covering arrays — CA), NCTIONB30BaHHE KOTOPHIX FAPAHTHPOBAIIO, UYTO
MIpOBEpsieMbIC MapaMeTPbl MPOrpaMMbl OyIYT MPOBEPEHBI HE PEKE OIHOTO pasa.
[oxpriBaromuii maccuB CA(%, k, v) mpencraBisieT codoii IByXMepHBId N X k mac-
CHIB, COCTOSIINI M3 N CTPOK M TOCTPOCHHBIN U3 V TTAPaMETPOB TaKHM 00pazoM,
410 JIIOOBIE ¢ < k cOYeTaHWsI U3 V MapaMeTPOB BCTPETSTCS B TAHHOM MAacCHBE He
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MeHee OJJHOro pa3a. B kadecTBe mpumepa Ha puc. 2.4 IPUBEICH MOKPHIBAOLIHN
maccuB CA(3, 4, 2).

Kak BHIHO U3 JaHHOTO PUCYHKA, MaccuB coaepkuT N = 9 cTpok u obecrie-
YMBAET BCEBO3MOMKHbIE 2° = 8 JBOMYHBIE (Vv = 2) KOMOWHAIIUYU Ha JIFOOBIX /= 3 U3
k =4 cronbiax MaTPHIIBL.

0001
0010
0100
0111
1000
1010
1101
11160
1011

Pucynok 2.4 — [lokpuieaiowuii maccue CA(3, 4, 2)

[ToHATHE TOKPHIBAIOIINX MAaCCHBOB YaCTO OTOXKAECTBILIETCS C 1cegio-
ucuepnviearowumu mecmamu (pseudo-exhaustive tests) [88, 105, 121, 186, 187],
KOTOpBIE SIBIISIIOTCSI PAa3BUTUEM ucuepnvigaiowux mecmos (exhaustive tests) [14],
MIEPBOHAYAIEHO PACCMATPUBAEMBIX TOIBKO U CIIydas TECTHPOBAHMSA KOMOWHa-
[IMOHHBIX TH(POBBIX YCTPOICTB M- ONMEPATUBHBIX 3aMOMHHAIONINX YCTPOMUCTB.
IIceBno-ucuepnpiBatoniye TeCThl. B(7, k) ABIAIOTCS pealbHOW aabTEPHATUBOW HC-
YEPIBIBAIOIINM TECTaM M OCHOBBIBAIOTCS Ha (DOPMUPOBAHUM MHOXKECTBA TECTOBBIX
HabopoB B BHIE MOKpbIBaromiero maccuBa CA(Z, k, v) A IBOMYHOTO CITydas
(v = 2). Ilomo6HBIE TeCTb! 0OECHIEUHBAIOT BCEBO3MOKHBIE 2’ IBOMYHBIE KOMOUHA-
LUH HA JIIOOBIX 7 U3 k BX0JaX TECTHUPYEMOro KOMOMHAIIMOHHOTO YCTPONUCTBA MU B
TFOOBIX f M3 k siueiiKax 3allOMUHAIOIIET0 YCTPOoicTBa. XapaKTepHOH 0COOCHHOCTBIO
MICEBI0-MCYCPIIBIBAIONINX TeCTOB B(Z, k) sIBIsieTCs TO, UTO UX clokHOCTh O(B(t, k))
CYIIECTBEHHO MCHBIIIE TI0 CPABHEHHIO CO CIIOKHOCTBIO MCUCPIIBIBAIOIINX TECTOB.
Tak, mna tecta B(¢, k) = B(2,6) = {000000, 000011, 011100, 101101, 110110,
111011}, mpuBenennoro B [105], cI0KHOCTh (KOJMYECTBO TECTOBBIX HaOOPOB)
O(B(2, 6)) nceBno-ucuepIpiBaromero Tecta B(2, 6) Oyaer paBHa 6, 4TO 3aMETHO
MEHBIIE, YeM CIIOKHOCTH MCUEPITBIBAIOIIETO TecTa, KOoTopas Ui k = 6 paBHAETCA
28 = 2% = 64. Jlna obumero cuyuas cuoxsocts O(B(N, k)) mceBmo-
HcuepIbIBatoero tecta B(z, k) onenmnBaercs HepaserncteoM 2' < O(B(t, k)) < 2.

Aoanmuenoe 6epoamHocmHoe mecmuposanue OTHOCUTCS K JOCTATOYHO
HOBOMY HAIpaBIICHUIO B aBTOMAaTHYECKOM ITOCTPOCHUH TECTOB M SIBIISICTCS ab-
TEpHATHBON BEPOSTHOCTHOMY TECTHPOBAaHMIO. Taxke, Kak M BEPOSTHOCTHOE Te-
CTHPOBaHHE, aJJaITUBHOE BEPOSTHOCTHOE TECTHPOBAHHE pealn3yeT IOAXOMA dYep-
Horo smwka [126]. B aTom ciaydae cTpykTypa U (yHKIMOHAIBHOCTh OOBEKTa Te-
CTHPOBAHUS MPUHUMAFOTCSI HEU3BECTHOMU, JIMOO CYMTAIOTCS TAKOBOW, M HUKAK HE
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YUHUTBIBAIOTCS Npu (POPMHUPOBAHUM TECTOBBIX HabopoB. bosee Toro BeposTHOCT-
HOE TeCTHPOBaHME HE MCHONb3yeT MH(OpManuio, KOTopas AOCTyIIHA B Ipolecce
TEHEPUPOBAHUS OUEPEIHOr0 TECTOBOro Habopa. DTa MHGOpMAIMs MOXKET OBITh
MOJTy4YeHa U3 MPEIbIAYLIIMX TECTOBbIX HA0OPOB M HCIOJIb30BaHa IIPpU (HPOPMHUPOBa-
HUHU OYEPETHOr0 TeCTOBOrO BO3AeUCTBUS [126]. AbTepHATUBHBIM Pa3BUTHEM Be-
POSITHOCTHOTO TECTHPOBAHUS TakKe SBISCTCS METOJ, Ha3bIBAGMbBIH ammiu-
8epPOSMHOCIMHBIM mecmuposanuem (anti-random testing), KOTOPBIHA TIO CBOEH CyTH
COOTBETCTBYET AJaNTUBHOMY BEPOSTHOCTHOMY TeCTHpoBaHMIO. OH OCHOBaH Ha
TOM, YTO KQ)KIBIH TTOCIIETYIOMNH TECTOBBIH HA00p GOpMUPYETCs C UCIIONB30BAHH-
€M HEKOTOpOH XapaKTepHCTHKH, MO0 HECKOIBKHX XapaKTePHCTHK, ITOIydacMbIX
Ha OCHOBaHWH TPEIBIIYIINX TECTOBBIX Habopom [126, 202, 203]. 3avacTyio >Tn
JIBa BHJa TECTHPOBAHMS OTOXKAECTBILIOT, XOTS 00JIee MINPOKUM IOHATHEM CUNTa-
eTcs aJJallTHBHOE BEPOSITHOCTHOE TECTUPOBAHMUE.

OCHOBHas TIPEATIOCHUIKA aHTH-BEPOSITHOCTHOTO TECTHPOBAHHS 3aKITI0YACTCS
B TOM, YTO B IEJIAX JOCTIDKCHHS OoJyiee BBICOKOTO IMOKPBITHSA HEHCIPAaBHOCTEH
(omm6b0K), 0OHAPY)KUBAEMBIX TECTOM, U MUHHUMH3AIIUU €TI0 CIOXKHOCTH, TO €CTh B
MOBBIMIEHUH 3((HEKTUBHOCTH BEPOSITHOCTHOTO TECTa, HEOOXOJAMMO IeIeHarpaB-
JICHHO BBIOMpATh OYEPE/HOI TECTOBBIH HAOOp B 3aBUCHUMOCTH OT paHee CreHepH-
pOBaHHBIX HaOOpoB. OUEBHAHBIM MPUMEPOM IOBBILIEHHST dPPEKTHBHOCTH BEpO-
STHOCTHOTO TECTa SIBJIACTCS MPOCTEHIIee MCKIIOYEHHE OBTOPSIOMINXCS Cydai-
HBIX HAa0OPOB, KOTOPBIE BO3MOKHBI P PEANTH3aIlK CIy4aiHOTro TeCTHpOoBaHus. B
o0mieM ciydae KpUTEpHeM BbIOOpa OUYEpEeJHOTO CIyYaiHOro TecToBOoro Habopa
SIBIICTCS HaXOX/ICHHE MAKCHMAJIBHO OTJIIMGHOTO (MAaKCHMAJIbHO YAAJICHHOTO) Te-
cToBOro Habopa OT paHee CreHEepPHUpPOBAHHBIX HaOOpoB. JI KOIMYECTBEHHOH
OLICHKH OTIHMYHA (PACCTOSHHUS) TEKYIIEro TECTOBOTO Habopa OT TPEIbLAYIINX
Ha0OpOB OBUTH TPETOKEHBI METOIbI, OCHOBAHHBIC HA TPHUMEHECHUH pPACCHOAHUA
Xemmunea n dexapmosa (esknuoosa) paccmosinus [126, 202]. HoBbIi TecTOBBII
Ha0OP COMIACHO yKa3aHHBIM METOZAAM BBIOMpAJICS TaKMM 00pa3oM, 4TOOBI METPHU-
KM pa3iuuus NpUHUMAIN MakcuUMaibHOe 3HadeHue [126, 202, 203]. Dror noaxon
okazaicst 6onee 3(h(HEeKTUBHBIM 110 CPABHEHHUIO C BEPOSTHOCTHBIM TECTUPOBAHHEM
[126, 202]. K coxaneHunio, OCHOBHBIM HEOCTATKOM aHTHU-BEPOSITHOCTHOTO TECTH-
pOBaHUsI SIBISIETCS €ro OOJIbIIAst BEIYUCIUTEINbHAS CII0XKHOCTD. [To cymiecTBy pea-
JIM3aIMsl aHTHU-BEPOSTHOCTHOTO METOZA MOCTPOCHHS TECTOB TpeOyeT Irepeducie-
HUSI BCEBO3MOXKHBIX BXOJIHBIX TECTOBBIX BO3/CHCTBUIl M BBIYNCIICHUS PACCTOSIHUS
JUTS KaXK10TO MOTEHIMAIBHOrO KaHAUWAaTa B OYepeiHble TeCToBbIe HaObophI [126].

PaznuuHble MOAM(UKAINY aHTH-BEPOSTHOCTHOIO TECTUPOBAHUS, TAKUE KAK:
bvicmpoe anmu-eeposmHocmHoe TectupoBanue (fast antirandom — FAR) [130];
aoanmueHoe 8eposimHOCcmHoe TecTupoBanue (adaptive random testing) [34, 102,
240]; seomoyuonHoe seposmHocmHoe TecTHpoBaHue (evolutionary random
testing) [188]; apghexmusnoe sepossimnocmuoe tecrupoBanue (good random test-
ing) [30]; oepanuuennoe eepossmmocmuoe TtectupoBanue (restricted random
testing) [31, 32]; seprxanvroe geposimuocmuoe TecTUpOBaHUE (mirror random test-
ing) [119]; ynopsoouennoe eeposimnocmuoe tectupoBanue (orderly random test-
ing) [204]; ynpasrsemoe geposimnocmuoe TectupoBanue (control random testing)
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[334, 346, 347], u npyrue pelieHus: Tak)Ke OCHOBAHbI Ha BHIYMCICHUH XapaKTepu-
CTUK AJIsl MPEABIIYIINX TECTOBBIX HAOOPOB, M TAaKKE XapaKTEPU3YIOTCS Cylie-
CTBEHHOM BBIYMCIIUTEIBHOM CII0KHOCTBIO.

Ilouckosoe mecmuposanue OCHOBaHO Ha HCIIOJNB30BAHUH HPOrPAMMHOIO
obecIieueH s, B KOTOPOM MIPUMEHSIIOTCS AITOPUTMBI OIITUMH3AIIH JIs1 aBTOMAaTH-
3alli¥ MTOWCKA TECTOBBIX JTaHHBIX, KOTOPHIC MAaKCHMU3UPYIOT JOCTI)KCHHE IIeeh
TECTUPOBAHUS, OMHOBPEMEHHO CBOJISI K MUHUMYMY PacXoibl Ha MOCTPOCHHE Te-
cToB. [loXOIBl TIOMCKOBOTO TECTUPOBAHUS OXBATHIBAIOT IMUPOKHUN KpPYyT IMPU-
KJIaIHBIX OO0JIAcTel, BKIFOUAS: 260JI0YUOHHOE MecmuposaHue, OCHOBAHHOE Ha
MPOTPaMMHBIX areHrtax [146]; smnupuueckuii no0xo0 K IONCKOBOMY TECTHPOBA-
Huto [85]; cmpykmypusiti no0xo0 K TECTUPOBAHUIO B3aMMOACUCTBHA [48]; mynib-
MU-960110YUOHHBIN NOOX00 K WHTETPAMOHHOMY TecTHpoBaHUIO [49]; gwvicoko-
YPOBHEBbINI MYMAYUOHHBIN N00X00 K (HOPMHUPOBAHUIO TECTOBBIX MaHHBIX [86];
(hopMUpPOBaHHS TECTOBBIX NAHHBIX JUIS cmpeccogoeo mecmuposanus [79]; reHe-
pUpoBaHWE TECTOB I web mpunoxcenuii [6], a Takxke U pecpeccCuoHHO20 Te-
ctupoBanus [196].

2.3. ABTOMAaTH3MPOBAHHOE MOCTPOEHNE TECTOB /IS ANMAPATHOIO
olecneyeHust

[Tpu aBTOMaTH3UPOBAHHOM I'€HEPUPOBAHUU TECTOB JUIsl BHIYMCINTEILHBIX
cucTeM B 0OIIEM Cilyyae pPeIlaroTCs [BS OCHOBHBIC 3a/lavyd, a HMCHHO 3a/ada
obecricueHHsT HAOJIFOIAeMOCTH HEUCHPABHOCTH B TOYKE BOSHUKHOBCHHUS U 3aja-
Ya ee¢ TPAHCIIOPTUPOBKH Ha OJIMH M3 BHEIIHHX, JINOO HAOIIOJaeMBIX U3BHE BEI-
XOZOB CHCTeMBL. JIJIs 9THX IIeJied B HACTOSIIEE BPEMs HCIIONB3YIOTCS pa3iind-
HBIC TIOAXOABI M METOJBI, Peanu3ylolre Kak IBPUCTHYCCKHE, TaK W CTPOTHE
(hopMabHBIC METOBI U TIOIXO/IBL.

B ciyuae ammapatHOro oOecnedeHHs, HCTOPUYECKH OJHUM W3 IEPBBIX
TOJTXO/IOB, TIPAMEHIEMBIX JJIs1 TCHEPUPOBAHMUS TECTOB, SIBIISICTCS METOM aKmuUGU-
sayuu oonomepnoeo nymu (one dimensional path sensitizing) [207, 302]. Cymi-
HOCTb €ro 3aKJI0YaeTcsi B TOM, YTO JJIsl TPAHCIIOPTHPOBKH HEHCIPABHOCTH OT
MecTa ee BOSHMKHOBEHUS JI0 OJTHOTO M3 BBIXOJOB LU(POBOIl CXeMbl aKTUBH3H-
pyercst ofHOMEpHBIN 1yTh. [Iporieaypa akTHBHU3ALUK OCYILIECTBISETCS B ClIeNy-
IOLLEH [TOCIIE0BATEIbHOCTH.

1. Ompenensiercst ycioBue, Ipy KOTOPOM 3aJIaHHAsi HEUCIIPABHOCTh IPO-
SIBJISIETCS. B TOYKE €€ BOSHMKHOBEHMs. Tak, Halpumep, JUlsi HeHMCHpaBHOCTH =1
ycioBueM HaOiogaeMocTu OyneT oOecreyeHre 3HAueHHs! JIOTUYECKOro HYyJIs
JUTSL TIOJTFOCA CXEMBI, Ha KOTOPOM BO3HUKIIA TAHHAS] HEHCIIPABHOCTb.

2. BeiOupaercss myTh, M0 KOTOPOMY HCHCIPABHOCTH TPAHCIIOPTUPYETCS
Ha BBIXOJ, KOTOPBIH 337aeTcsi B BHUJE IOCIEI0BATEIEHOCTH 3JIEMEHTOB, JiexKa-
[IMX HA HEM.

3. OnpenenstoTcs yCIOBHsS aKTHBHOCTH BBIOPaHHOTO IMYTH B TEPMHHAX
3HAYCHUI BXOJHBIX IIEPEMEHHBIX AJIEMEHTOB, 00pasyronux ero. /s sjaeMenTa
BBEIOPaHHOTO ITyTH BXOJHBIC TIEPEMEHHBIC 3aJaf0TCS TAKMM 00pa3oM, YTOOHI €ro
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BBIXOJIHOC 3HAUCHUE OMPECISICTCS TOJIBKO BXOJOM, TOAKIIOUYCHHBIM K BBIXOIY
MIPEBIYIIETO JIEMEHTA, JISXKAIero Ha TAHHOM ITyTH.

4. BIYHCHSIOTCS 3HAUYSHUS BXOJHBIX MEPEMEHHBIX LIU(POBOM CXEMBI, KO-
TOpBIC OIPEACISIOT YCIOBHS HAOIOIaeMOCTH HEUCIIPABHOCTH M €€ TPAHCIIOP-
TUPOBKH Ha BBIXOJ CXEMBI, T. €. TOJIy4aeTCsl YCIOBUE OOHAPYKCHUS 3alaHHOW
HEHCIPAaBHOCTH B TEPMHHAX BXOJIHBIX NEPEMEHHBIX CXEMBL. Pe3yiabTaToM BBI-
YUCJICHUH U OyJIeT NCKOMBIH TECT.

[ynkTel 1-3 NpUBEICHHON MPOIIEAYPHI IIOCTPOCHHUS TECTa YacTO Ha3bIBa-
10T npsamoil (pazoli MeToJja aKTUBH3ALUKH OJHOMEPHOTO ITyTH, a MyHKT 4 — 06-
pamuot ¢pazoti. B xauecTBe mpUMepa, HUTIOCTPUPYIONIETO METO/I aKTHBH3AINU
OJTHOMEPHOTO TyTH, PACCMOTPHUM ITUPPOBYIO CXEMY, TIPUBEICHHYIO Ha pHC. 2.5
[207, 302].

x| 5

X2

_ 3 6
X3 1 _\fl Js

x4—& ﬁ_j-

Pucynok 2.5 — IIpumep yughpogoii cxemol, unniocmpupyiowuii Memoo
AKMUeU3AYUU OOHOMEPHO20 NYMU

[ocTponM 1T Hee TecT, TIO3BOJISIONMH 0OHAPYKUBATH HEHCIPABHOCTD =1
0 BBIXOJY 37eMeHTa 4. CorylacHO IIPUBE/ICHHOM MpOoLeaype, 3a/laHHas HeHCIIPaB-
HOCTB OyzieT HabroJaeMa B MECTE €€ BO3HUKHOBEHHMS IIPU BBINOJIHCHUH YCIOBHS
f1+ = 0 wiy, yduTeiBas (YHKIIUIO, BBITIOJIHAEMYIO DJIEMEHTOM 4, TAHHOE yCIOBHE
MOYKHO 3aITHCaTh KaK: X4 (X5 + X4) x; = 0. [lanmee BeIOMpaeTcs MyTh, MPOXOIAIINI
gepe3 AJIEMEHTHI S M 6 OT MecTa BO3HHKHOBEHHSI HEHCIIPABHOCTH J0 BBIXOAA CXe-
MBL. AKTUBHOCTB ITyTH Ue€pe3 3JIEMEHT J ompenensercs 3HaueHueM f; = 0 Ha BTO-
pPOM €ro BXOZE, B 3TOM Clly4ae U3MEHEHHE f4 MPUBEIET K U3MEHEHHIO f5. Bpimosn-
HEHHE paBeHCTBa f; = | oOecreuynBaeT yCIOBHE AaKTUBHOCTH MYTH 4Yepe3
aNIeMeHT 6. B pesynbraTe mpuMeHEeHUs NpsAMOoi (a3sl METOAA aKTUBH3ALUK OHO-
MEpHOTO MyTH, (GOPMUPYETCS YCIOBHE HAOMIOJAaEMOCTH HEUCIIPABHOCTH B TOUKE
€ BO3HMKHOBEHWS M TPAHCIOPTHPOBKM Ha BBIXOJ B BHJE CHUCTEMBI JIOTHUECKUX
YpaBHEHMIA:

£i=0, fi=0, f=L (2.1)
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Penrenne cuctemsl ypaBHeHHH (2.1) comepiKaTeNbHO MPEACTABISICT COOOM
MIPOILEAYPY, BHINOIHIEMYIO B Ipolecce 0OpaTHOH (ha3pl METOAA aKTUBH3ALUH OI-
HOMepHOro myT. C yd4eToM (YHKIHH, pealn3yeMbIX SJIEMCHTAMH CXEMBI, aHHAS
cucTeMa NpUMeT BHI:

fi=xxx +x,xx,=0, fi=x=0, fi=x+x,=1

YpaBHEHUAM TIOJNyYCHHON CHCTEMBI OyJeT YHOBICTBOPATH MHOXKECTBO pe-
HICHUH, KaXkK10€ U3 KOTOPBIX SBJISIETCS TECTOM, MO3BOJSIOINM OOHAPYKUBATh 3a-
JAHHYIO HEUCTIPABHOCTb. J[eHiCTBUTENBHO, AT BEKTOPA TIEPEMEHHBIX X| X X3 X4 X5 X6
x7=111011 1, npencraBisromero 0JJHO U3 BO3MOKHBIX PEIICHHI, 3HAYCHHUE fq
Ha BBIXOJIE CXeMBbI (pHc. 2.5) B cioydae HaJU4YUs HEHCIPABHOCTH =1 Ha MOJIOCE fi
paBHseTcq 1, a B caydae ee OTCYTCTBHSA f; = 0. DTO CBHICTENBCTBYET O HabMOAae-
MOCTH HEHCIIPABHOCTH IO BBIXOIY CXCMBI.

OpHAKO, HECMOTPS HA OYCBHIHYIO IPOCTOTY Pealn3allii, METO]l aKTHBH3a-
UM OJHOMEPHOTrO ITyTH HE HAIlle]l MIHPOKOTO MPAKTUYECKOTO NMPHMEHEHHUs, TaK
KaK 110 MPUBEACHHBIM IIPOLEIypaM NpsIMON M 00paTHOM (a3bl MeTOAa aKTHBH3A-
LUUH OJHOMEPHOIO MYTH HE BCErJa BO3MOXKHO MOJYYUTh MCKOMBIA TECT. DTOT
(daxT wuTIoCTpHpyeTes Ha KiaccudeckoM npuMmepe lllneiinepa (Schneider) moka-
3BIBAIOIIEM HEOOXOIMMOCTh aKTHBH3AIMU MHOTOMepHOoTO myTH [171,207, 302].

Merton akxmusuzayuu mHocomeprnozo nymu (multi-dimensional path sensitiz-
ing), peanoxenneblii Pomom (Roth), SBISETCS, IO CyTH, NMEPBBIM aJITOPHUTMHUYE-
CKHM METOZIOM IOCTPOCHHS TECTOB JUISI HEM3OBITOUHBIX KOMOMHAITMOHHBIX ITH(D-
poBBIX cxeM. YacTo 3TOT MeToJ]l Ha3bIBAIOT d-aneopummom (d-algorithm) Pota u
paccMaTpuBaeTcs Kak YHHBEPCAIBHBIN METOM JUIS aBTOMATH3AaIUH ITOCTPOCHHS Te-
cTOB U(POBLIX ycTpoicTs [165, 207, 302,]. laHHBII MeTON rapaHTHPYET HaXO0XK-
JICHHE TeCTa JUIS 3aJJaHHOI HEeHCIIPaBHOCTH, €CJIN Takoi TecT cymecTtByeT. OH oc-
HOBaH Ha NPUMEHEHUHU KyOUYIeCKOro OnucaHus OylIeBbIX (QyHKIUH, KOTOpOe SBIs-
eTCsl OJTHOI U3 BO3MOXKHBIX (hopM uXx 3amanust. Cpean KyOHMYecKHUX MpeacTaBICHUI
OyneBbIX (DYHKIUH, MCIOIB3YEMbIX B YKa3aHHOM aJTOPUTME, MOXKHO BBIICIHTH
TaK Ha3bIBaeMBbIE cuHeyisApHble Kyoul (singular cubes), COBOKYTHOCTb KOTOPBIX SIB-
JSICTCSL CUHRYNIAPHBIM nokpeimuem (singular cover) cXembl, peanu3yroleii OyneBy
¢bynkpro [120]. 1i1st 3aqaHus CHHTYIISIPHBIX KyOOB IPUMEHSIOTCS CHMBOJIBL 0, 1 1
X, tne X € {0, 1} o3Hagaer, 9TO MepeMeHHAs M0 JAHHOH KOOPJMHATE MOXET MpO-
M3BOJIBHO MPUHHUMATh KaK HYJIEBOE, TaK M eAMHUYHOE 3HaueHue [120]. dopmanbHO
CHHTYJISIpHBIC KyOBI CTPOSITCS IIyTeM 3alaHWs MHHHMAIBHOTO KOJHYECTBA OIpe-
JeTIeHHBIX 3HaueHnH 0 uiam 1 1Mo BXoJaM 3JIeMEHTa I TOIyYeHHS Ha eT0 BBIXO/IEe
0 mu6o 1. ITo ocrampHBIM BXOAaM 3amactcs 3HadeHue X. Ha puc. 2.6 mpuBeneHo
MHOKECTBO CHHTYIIIPHBIX KyOOB IUIS 3JIEMEHTOB HPOCTEHIIEH KOMOMHAIIMOHHOM
CXEMBI.

PaccMoTpeHHBIE CHHTYISIpHBIE KyOBI HCHOJNB3YIOTCA UL MOCTPOCHHS
d-ky606 (d-cubes), 1151 3a71aHUsT KOTOPBIX NpuMeHstoTest cumBonbl 0, 1, X, d v d

[120]. CumBon d MOXeT MpUHUMATh 3HAYCHHE, KaK HyNs, TaK W SAWHUIEL, a d
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IIPOTHBOIIOJIOXHOE 3HaUeHHe. [[J1s1 KOHKPETHON IU(POBON CXEMBI BCe CUMBOIIBI d
MIPUHUMAIOT OJTHO W TO e 3HaueHue O nim 1, a d coorBerctBeHHO | mitn 0.

d-Ky0, ommchiBaromuii moBeeHHe MU(PPOBOH CXEMBI, MOJydaeTcs B pe-
3yJbTaTe BBIMOJHEHUS TTOKOOPAMHATHOMN OIEepany MepecedeHus IBYX CHHTYIISIp-
HBIX KyOOB U3 CHHTYJISIPHOTO TOKPBITHSI CXEMbI C Pa3JIMYHBIM 3HAYEHUEM TI0 BBI-
XOJTHOH KOOpJMHATE Ha OCHOBAHWU COOTHOIIEHHH (2.2).

0N10=0,0NX =0, XN0=0;1N1=L1NX =1

— 2.2

XNI=LXNX=X;0Nl=d;1N0=d. (2:2)

Tak, Harpumep, Ha ocHoBaHMK Ky0oB X 0 1 m 1 1 0 u3 cuHTYIsIpHOTO I10-

kpoitus anementa 2U-HE (cm. puc. 2.6) B pe3ysbraTe UX IOKOOPJAWHATHOTO Mepe-
CeueHHs MOIyYuM: X 01N110=1d d.

X1 'S wmm
X2 2 &
5
_— 1 7 F
6
X3 3 ——
&
X4 4
| l‘/:zl \:.
2n 21-HE nim
1 2 5 3 4 6 5 6 7
0o X 0 0 X 1 1 X 1
X 0 0 X 0 1 X 1 1
1 1 1 1 1 0 0 0 0

Pucynox 2.6 — Kombunayuonnas cxema u cuneyisipHvlie NOKpblmus ee 91eMeHmo8s

Jnst onmcaHusi 3a/laHHOM HEMCIPABHOCTH MCHOJIB3YIOTCS TaK Ha3blBaeMble
npumMumueHvie d-Kyovl HeucnpagHocmu, KOTOpbIE COCTOSIT M3 BXOAHOro Habopa,
MO3BOJISIOIIETO HAOIONAaTh HEHCIIPABHOCTH MO BBIXOAY JIEMEHTa, M CHMBOIA d
WM d B BBIXOJHOH KOOpAMHATE. B JIAHHOM clyyae CHMBOJ d O3HAYaeT, YTo B
HCIIPaBHOM COCTOSIHMM IO BBIXOJHON KOOpJHMHATE JOJDKEH ObITh CHMBOI 1, a B
HencnpaBHoM 0. B TOke BpeMms CMMBOJ d CBMJIETEIBCTBYET O TOM, YTO B HC-
IpaBHOM cocTostHuK Oyzer 0, a HercnpaBHOM — 1. [l mpumepa, IpUBEICHHOTO
Ha puc. 2.6 u HeucnpaBHocTH =1 no Bbxoay saemenrta 2M-HE, cooTBeTcTBy!O-
WA TPUMUTHBHBIN d-Ky0 OyJIeT NUMETh BH/I:

346
11

Ul
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d-Ky0 HencnpaBHOCTU CPaBHHTEIBHO JIETKO CTPOUTHCS JJIsI OZHOTO dJie-
MEHTa CXEMbI, Ha BBIXO/Ie KOTOPOTO IMPHUCYTCTBYET KOHCTAHTHAs HEUCIIPABHOCTb.
OJnHakO OCHOBHOW 3ajayell d-alroputMma SBISIETCS HOCTpOEHHE d-Kyba Hewmc-
MPaBHOCTH BCCH paccMaTpuBaeMoi cxeMbl. [IJIst 3TOro MCmoab3yeTcs onepanus d-
nepeceuenus (d-intersections ((,)), BBeZieHHas PoToMm ¢ menpio (opMannzanun
MpOLEAYphl aKTUBU3aLMU MHOroMmepHoro nytu [120, 165, 207, 302]. Ilpumenu-
TEJIFHO K d-alTOpPUTMY IIpOLEAypa d-TiepecedeHns IByX d-kyboB A = (ay, aa, ...,
a) uB=(by, by, ..., by), T a;, bie {0, 1, X, d, d }, i =1, n, BHITIONHIETCS IO COOT-
HomeHwsM (2.3):

LXN,b=b;aN,X=a,.

a,ecnmua; = b, 23
2.Bcma,#Xub#Xr10a,(, b= i i =0 2.3)
) , B TP OTHBHOM CITy Yae.

CumBon J 03HAYaeT IyCTOE MHOXKECTBO, JINOO OTCYTCTBHE pe3yibTara Iie-
pecedenusi. OKOHYATEIBHBIM PE3yIbTaTOM d-TiepeceyeHusl AByX KyOoB A u B Oy-
IeT SBIAThCS Ky0 AN, B = (a,N, by, axN, b, ..., a,N,b,), ecnu ais modoro i a;N,
b; # J, B iporuBHOM cityyae AN, B = .

HenocpencTBeHHO d-aaropuTM BO MHOTOM IOBTOPSICT METOJ AKTUBH3ALUI
OJHOMEPHOTO MYTH, UCTIONIb3Ys MPU 3TOM (POPMAIbHBII MOAX0A HOCTPOCHUS ONHU-
CaHUsl HEUCIIPABHOTO MOBEICHUS CXEMbI, KOTOPBHIH OCHOBBIBACTCS HA OICPALIUH
d-niepecevenus [120, 207, 302,]. B eaydae npuMepa, IpUBEICHHOTO Ha puc. 2.6,
OIMMCAaHUE HEHCIIPAaBHOTO TIOBEICHUS CXEMBI, Co/IepKamell HeHCIPaBHOCTh =1 110
BbIX01y ieMenTa 2M-HE, npescraBnsercs pe3yIbTHPYIOIIUM d-KyOoM:

3 45
1 10

Ul
AUl

1 2
0 X

COOTBETCTBEHHO, TECTOM X X; X3 X4 OyJeT SABIATHCS ONUH W3 JBOMYHBIX
HabopoB, 0 01 1 mmu 0 1 1 1. IIpu mogade Ha BXOJBI CXEMBI TI000T0 U3 yKa3aH-
HBIX HaOOPOB B HCIPABHOM COCTOSIHUH 3Ha4eHHUE [ Ha BBIXOJE CXeMbI OyIeT pPoB-
HAThCs 0, a IPU HAJTUYUH HEUCIIPABHOCTH — 1.

JlokazaHo, 9TO d-anropuT™ HO3BOJSAET (POPMUPOBATEH TECT, €CIU TAKOH Cy-
LIECTBYET A KaXAOH HEHCIPaBHOCTH KOMOWMHAIMOHHOM cxembl [207, 302].
Kpome TOro, maHHBIA alrOpUTM MO3BOJISET WACHTU(DHUIUPOBATH HATUYUE U30bI-
TOYHOCTH HUPPOBOIT CXeMBI, TPEOYET CPABHUTEIBHO HEOOJBIIOT0 00bEMa TAMSTH
U OTJIMYACTCS MPAKTHYCCKU PEabHOW TPYHIOEMKOCTBIO, YTO TO3BOJISCT LIHPOKO
HCTIONIB30BaTh €r0 B CHCTEMaxX aBTOMATH3MPOBAHHOTO IIOCTPOCHUS TECTOB
[207, 302].

Hanndne n30BITOYHOCTH B KOMOMHAIIMOHHOM CXEMe TT03BOJISIET HACHTH(H-
LUPOBaTh U Oy1e60-0ughdepenyuanvuviii (boolean differences) MeTon MoCTPOCHHS
tectoB [207, 302, 174]. CymHOCTh JaHHOTO METOAAa COCTOMT B HCIOJIb30BAHUU
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Oynesvix paznocmeti (0Y1€6bIX 4ACMHBIX NPOU3BOOHBIX), KOTOPBIE ONPEEISIOTCS
cnenyroumm odpazom [207, 302].

Bynesoit yacTHOM mpou3BoaHOH, OyneBoil Gpynkuuu F(x, Xy, ..., X,), 0 Oy-
JICBOH MEepeMEHHOM x;, i€ {1, 2, ..., n} Ha3pIBaeTcs OyseBa (QyHKIIHS:
OF (X,,X55..0,X,) —
15X
% =F (X, X500y Xy X)) D F (X, Xy ey Xy 0y X,) (2.4)
X .

i

AHAJIOTHYHO ONPEAEISAETCS W YacTHas MPOM3BOAHAs OT GyHKIMU F(xi, Xy,
..+, X,;) OTHOCHTEJILHO [IEPEMEHHO} f;, GopMHUpyeMOii Ha BHYTPEHHEM k-OM IOJIOCE
IUPOBOM CXEMBI, PeaTH3YIONICH NaHHYI0 (QYHKIHIO. VCIonb3ys ompenesieHue
OyneBoit mpousBoHON At GyHKMH F(Xx, X, ..., X,) TIO TIEpEMEHHOM X;, i€ {1, 2,
..., N}, MOXHO IT0Ka3aTh, YTO IPH BHITOJHEHHH PABCHCTBA:

OF (X, X5,...,X,) _
ox,;

i

1 2.5)

N3MCHEHHE TIEPEeMEHHON X; INPUBOANT K W3MEHEHHMIO 3HAuCHUsl (QYHKIHH
F(xy, x, ..., X,), B IPOTUBHOM CJIy4ae 3HaUCHHUE X; HE BIMSICT Ha 3HaYCHHUE (DYHK-
mun. JIpyrumu cioBamu, COOTHOMIEHHE (2.5) ecTh ycioBHe HAOIIOJAEMOCTH H3-
MEHEHHs T[EePeMEHHOW X; TIO0 BBIXOIY CXeMbl, pealn3yromed (yHKIHIO
F(xy, x2, ..., x,). YKazaHHO€ CBOWCTBO OyJIeBOW pa3HOCTH MCTIONB3YETCS JIISl yCTa-
HOBJICHUS YCIIOBUI TPAHCIIOPTHPOBKU HEUCIIPABHOCTH MPH (JOPMHUPOBAHUU TECTO-
BOro Habopa. YcinoBueM HaOII0JaeMOCTH HEHCIPABHOCTH B TOYKE €€ BO3HUKHO-
BeHHs OyJeT paBeHCTBO (DyHKINH fj, peann3yeMoil Ha JaHHOM IOJIOCe, SANHHUIIE,
ecnu HeucnpaBHOCTh =0, u Hymo, ecnu =1. [Ipu oObeIMHEHHH ABYX YCIOBHH
MOYKHO ITOCTPOUTH CUCTEMY JIOTUYECKUX yPABHEHUI I HencnpaBHocTH =0:

OF (X,,Xy,...,X,, [;)

:l’
o

ﬁ((xtha'"sxn) = 1,

U 7151 HeUCTIPAaBHOCTH =1:

OF (X, Xy,..00X,), [3)
o

S (x,%,,..,x,) =0, =1.

Ha npaxTuke yka3zaHHBIE CHCTEMbI yPABHEHHUI NMEIOT BUJ OJHOTO
YpaBHEHUSL:

OF (X, X503 X5 f1)
s =1, 2.6
o, (2.6)

Ji(x,xy,.0,x,)
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OF (X,,X,5.., %, [3)
o/

=1. 2.7)

Ji(x%55005X,)

JItoboe peuieHue, ynoBIETBOpsIONIEE ypaBHEHHIO (2.6), SIBISETCS TECTOM
Ui oOHapy)keHHs HewcrpaBHOCTH =0, a pelieHue ypaBHeHuUs (2.7) sBISIETCS Te-
CTOM JUIsI HSHCIIPABHOCTH =1, BO3HUKIIIEH Ha MOIIOCe k paccMaTpuBacMoi udpo-
BOH CXEMBI, OIMChIBaeMO# GyHKIHeH F(x1, X2, ..., X,). JJI1 IpuMepa, pUBEICHHO-
T0O Ha puc. 2.6, TECTOM, TIO3BOJIIONIIM O0OHAPYKUBATh HEUCTIPABHOCTH fs =1, OyzxeT
petienue ypasuenus (2.7) s fo = xpx, M F = xxp+ fo. YuntsiBas, 4to 8 F(xx,+

)/ 0fs = xx, IOIydaeM:
Jo) X, oIy

ZM:%MR:L
P

JIro0oe perieHre MOCIeIHEr0 YPaBHEHHs OyIeT TECTOM JJIsl HEUCTIPABHOCTH
fe=1.

PaccMoTpeHHBII MeTO TOCTPOEHUS TECTOB MO3BOJIAET (POPMUPOBATH TECTHI
JUTSL pa3MYHBIX HEHCIpaBHOCTEH nudpoBoit cxemsl [120], KoTOpbIe BKIFOYAIOT U
MHOTOKpaTHbIC HEUCHpaBHOCTH [174], mpudeM 3amaHHAs HEHCIPABHOCTH MOXKET
TPaHCIIOPTHPOBATHCS HA BBIXOJ CXEMBI IO, JIFOOOMY MPEIBAPUTEIBEHO OIpEIeIICH-
HoMy myTtH. K HemocraTtkam MeToja CHleIyeT OTHECTH BBIYHCIUTEIBHYIO CIIOXK-
HOCTH M HCTIOJIE30BaHUE OONBIINX 00BEMOB ITaMSATH.

BounbIroif BEMHUCIATETIHHON CIOKHOCTBIO M TPUMEHCHHEM CYIIECTBEHHBIX
00BEMOB TAMSATH XapaKTEPU3YETCS METOJ TeHEPHPOBAHUS TECTOB, C IIOMOIIBIO KO-
TOPOTO MOXKHO MOCTPOUTH 3()(HEKTHBHYIO, TIOYTH MUHHMAIBHYIO, MX TOCIIEI0BA-
TeNbHOCTH [9, 256]. JlaHHBIA METOA, IUPOKO U3BECTHBIN KaK METOM dKGUBANCHM-
Holx Hopmanvhwix hopm (DHD), ocHoBan Ha noctpoeHnn DHD st nccnemyeMoit
OJTHO-BBIXOJJHOM KOMOMHAIIMOHHOM CXEMBI, MPOIeaypa MOTyYCHHUsS KOTOPOH CO-
CTOUT U3 CIEAYIOIINUX OCHOBHBIX 3TAIOB!

1. Bcem smemeHTaM CXEMBI HPHCBAMBAIOTCS IOCIIEIOBATEIBHBIC HOMEpa
(MHAEKCHI).

2. 3amuceiBaeTcs OyJeBO BBIPaXKEHHUE, pPealn3yeMoe CXeMOH TakuM obpa-
30M, YTO KQXKIIOMY i-MYy 3JIEMEHTY CXEMbI COOTBETCTBYET Iapa CKOOOK C HHICKCOM
i, a BCC ICPCMCHHBIC B BRIPAKCHHUU SIBIISIFOTCS] BXOJHBIMU TIEPEMCHHBIMH.

3. INoyueHHOE BBIpaXCHUE NPeoOpazyeTcst B TU3BIOHKTHBHYIO HOPMAlb-
Hyl©0 (opMy. YjpaneHue mapbl CKOOOK CBS3aHO C NPUIMCHIBAHUEM €€ HHICKCA
KaXIIOW MEPEeMEHHOI BHYTpPHU 3TOM CKOOKH. Kpome TOro, M30bITOYHBIC YICHBI HE
YIAISIOTCA.

B kadectBe mpumepa moctpoeHuss IH@ paccMoTpuM HH(POBYIO cXeMy
(puc. 2.6), B kotopoii anementy WM onpenenum unnekc 1, snementy M-HE unnmexc
2 u anementy UJIN — 3. Torma F = ((x1 x2), + (x3 x4),);. [lanee packpsiBast cKo0-
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K, monyduM F = x13x2 3 + x323 x4,3, 4TO mpeacraBisieT co6oit DIHD cxeMsl, TIpH-
BEJICHHOM Ha puc. 2.6.

B obmem cinyuae OH® mo6oit 1udpoBoit CXeMBI XapaKTepU3yeTcs TaKUM
CBOMCTBOM, YTO Kask/ias ee IepeMeHHast COJICPIKUT MOJIHYI0 HHpopmarmio 06 o1
HOM U3 BO3MOXKHBIX MyTell B cxeMe. KOHKpeTHbIH MyTh HauMHAETCs B TOUKE MPU-
JI0KeHHsl epeMeHHol OH® 1 mpoXoJuT 4epe3 JIEMEHThI, HOMepa KOTOPbIX SB-
JSAI0TCS ee MHAeKcamu. Tak, Hampumep, A DH@ cxembl, MOKa3aHHOW Ha pUC.
2.6, mepeMeHHas x3,3 ONUCHIBAET ITyTh, HAUMHAIOUIUIACS B TOUKE NPUIOKEHUS X3 U
HPOXOJSIIHN Yepe3 JEMEHTHI ¢ MHAeKCaMU 2 1 3 10 BBIXOJa CXEMBI.

ANTOPUTM HOCTPOEHHs TECTOB MO METOAY JKBUBAJIEHTHBIX HOPMAJbHBIX
(hopM COCTOUT U3 CIEAYIOIINX 3TAIIOB.

1. Crpoutca DH® 11 UCCIIEAYEMOM CXEMBI.

2. Ompenensercs MyTh B BUJE MOCIEAOBATEIEHOCTH 3JIEMEHTOB, HA KOTOPOM
JIEKUT paccMaTpuBaeMasi HEMCIPaBHOCTb.

3. BeiOpaHHSBIH TyTh 3aaeTcs epeMeHHoi DH @, 1erouka HHISKCOB KOTO-
POIf COOTBETCTBYET HOMEPAM JICMEHTOB ITyTH.

4. ObecrnieunBaeTCs yCIOBHUE CYIIECTBEHHOCTH BBIOPAHHOTO MyTH. [[iist 3TO-
ro B OJHOM M3 TEPMOB, B KOTOPBII BXOIUT BeIOpaHHas nepeMeHHas DH®, Bce
OCTaJIbHbIE COMHOXKUTEIH JOONPEEISIOTCS 10 €UHULIBL, a B IPYTUX TEPMaxX XOTs
ObI OZIMH COMHOXHTEINb J10 HYJIS.

B kadecTBe mpumepa NOCTPOEHHsS T€CTA, COTTACHO PACCMOTPEHHOMY METO-
Iy, UCCIIEyeM CXeMy, NPUBEICHHYIO Ha pucC. 2.6, Ui ciy4as HEUCIIPABHOCTH fg
=1. IIpu 5TOM NOCNEA0BATENBHO MOTYYHM:;

1. F=xl1 13 X213 + X323X423.

2. BoiOupaeTcs myTh, IPOXOIANIMIA Yepe3 IEMEHTHI 2 U 3, Ha KOTOPOM Jie-
KUT HEUCTIPAaBHOCTH fi=1.

3. BeiOpaHHblii yTh 33/1a€TCsI B BUZE EPEMEHHOH x353.

4. OOecrieunBaeTcst yclIOBHE CYIIECTBEHHOCTH HaHHOrO IyTH. CoOTBeT-
CTBEHHO OyneM mMeTh: x4 =1, x1=0, x2 = 1.

B pesympraTe mpHMEHEHHWS METOAAa SKBHUBAJICHTHBIX HOPMAJIBHBIX IS
paccMaTpuBaeMOro  IpHMepa  IOJIy4aeM  BXOAHOM  TECTOBBIM  Habop
X1 X2 X3X4 = 0111.

OmnpenensiomuM HEI0CTaTKOM JaHHOTO METOjJa SIBISETCS TPYAOEMKOCTh
€T0 peaym3anyy s MU(POBBIX YCTPOHCTB COBPEMEHHBIX BBIYMCIHTEIBHBIX CH-
CTeM, COofeprKaliX OONIbIIOe KOJMYECTBO 3JIEMEHTOB. JJaHHBINH HETOCTATOK OTHO-
CHTBCSI KO BCEM BBIIIE PACCMOTPEHHBIM METOJaM IOCTPOCHUS TECTOB JUIS amia-
paTHOI cocTaBIAOMIEH BEIUMCIUTENBHBIX CUCTEM.

Bonee 3KOHOMUYHBIM SBISETCS HMOAXOM, OCHOBAHHBIM HA MPUHIIUIE MOJE-
JIUPOBaHMS HEUCIIPaBHOCTEH H(POBBIX ycTpoiicTs [33, 251, 286]. CymHOCTh ero
COCTOUT B TOM, YTO Cy4aiiHble HAOOPHI BXOTHBIX BO3/ACHCTBUI MOJAIOTCS HA JBE
WJICHTHYHBIC IIM(PPOBBIC CXeMbl WM UX Mozaenu. OjHa U3 HUX SIBISIETCS ITAJIOH-
HOM, a BO BTOpPYIO IOCJEIOBATEIbHO BHOCATCS HeucnpaBHocTu [286]. B ciyuae
OTJINYUS BBIXOJHBIX PEAKIMH JTAJOHHOH CXEMBI M CXEMBI C HEHCIPABHOCTBIO
BXOJHOW CITlydaliHBIII HaOOp CYHMTACTCS TECTOM, MPOBEPSIOMNM TaHHYIO HEHC-
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paBHOCTH. [lociie10BaTeIbHO BHOCS BCE HEHCIPABHOCTH, CTPOUTCSI ITOJHBIH TECT,
MIPH 3TOM JJIsSi MOJEIUPOBAHMS HEUCTPABHOCTEH HCIONB3YETCSI HOCIe008ameb-
Hoe, napanienvHoe WIH OedykmugHoe MonenupoBanue [286]. DddexTuBHOCTH
JAHHOTO TIO/IXO/1a, KOTOPBIA YacTO HA3bIBACTCS CayyatmbiM nouckom (random
search) [251], oOBsICHSIETCS TeM, YTO MHOTHE HEHCIPABHOCTH OOHAPYIKHBAKOTCS
OOJIBIIINM MHOKECTBOM TeCTOB. OIHAKO TAaHHBIA METOJ Maio d(PPEKTUBCH B CITy-
Yae HEHCIPABHOCTEH, IS KOTOPBIX CYIIECTBYET Majloe KOJIWYECTBO TECTOBBIX
HaOopoB. Hann4une nByX MOAMHOKECTB HEHCIPABHOCTEH, K IEPBOMY U3 KOTOPBIX
OTHOCSITCS HEUCIIPaBHOCTH, OOHApyXKHBaeMbIe OOJBIIUM MHOKECTBOM TECTOBBIX
HaOOpOB, a KO BTOPOMY OTHOCSATCSI HEHCIIPABHOCTH, UMEIOIINE MaJoe YUCIO Te-
CTOBBIX HAOOPOB, XOPOIIO HIUTFOCTPUPYETCS TPUMEPOM CXEMBI, TIPUBEICHHON Ha
puc. 2.6. JIeMCTBUTENbHO JUIsl HEMCIPABHOCTH X3 =1 JTAaHHOM CXEMbl MHOXECTBO
TECTOBBIX HAOOPOB X| X, X3 X4 COCTOUT U3 TpexX Habopo 0 001,01 01,1001, a
JUTST HEUCTIPABHOCTH X1 =1 oauH yHHKaIbHBIH Hatop 0 1 1 1. [TosToMy Ha mpakTH-
Ke, KaK IMPaBIIO, UCIIONB3YETCS KOMOUHUPOBAHHLI NOOX0O TIOCTPOSHHS TECTOB
[207, 302]. B aTOM ciy4ae Ha IEpBOM dTare NPUMEHSIETCS METO]l CITydaifHOTO T0-
HCKa, TIO3BOJISIIONINIA CPABHUTENHEHO OBICTPO MOCTPOUTH TECT JUISI HEUCTIPABHOCTEMH,
00Hapy>KMBAEMBIX MHOXKECTBOM TECTOBBIX HaOOpOB, a JJsl HEUCTIPABHOCTEH, Tpe-
OYIOIUX JJIsl CBOET0 OOHAPYKEHUS] KOHKPETHOTO BXOJHOTO Ha00OPa, HCIOIb3YeTCsI
OMMH W3  METOHOB  HANPAGIeHHO20 noucka  (d-amroputM,  OyleBo-
nuddepeHunanbHbIi METOI U AP. ).

HecMoTpst Ha cpaBHUTEIBHO BBICOKHH MPOLICHT OOHAPYKCHUSI HEUCIIPABHO-
CTell B pe3yJibTaTe MPUMCHCHHS TPAJAWIMOHHBIX ITOJXOJOB IOCTPOCHHS TECTOB,
mpobieMa cuHTe3a Y(PPEKTUBHBIX TECTOB €Ille He PelIeHa, TaK KaK MPaKTHICCKU
BCE pEalN30BaHHBIC METOAB! (POPMHUPOBAHMS TECTOB OPHEHTHPOBAHBI Ha KIacc
OJIMHOYHBIX KOHCTAHTHBIX HEHCIIPABHOCTEH, U COOTBETCTBYIONIUE OICHKH MX d(-
(DeKTHBHOCTH TPUBOISTCS -OTHOCUTEIBHO YKAa3aHHOTO Kilacca HEUCIIPAaBHOCTEH.
Panee oTmewanoch, 4TO pealbHbIC HEHUCIIPABHOCTH COBPEMECHHBIX BBIYHCIUTEITH-
HBIX MaIllliH U B 0COOCHHOCTH MX allapaTHOW COCTAaBJISIONIEH, KaK MpaBuio, Ja-
JIEKO HE UCUEPITBIBAIOTCSI MOJICIBIO OJJMHOYHBIX HEUCIIPABHOCTEH.

Takum 00pa3oM, yueT peajbHBIX HEHCHpaBHOCTEH TpeOyeT HOBBIX MOAXO-
JIOB JUTSL pelieHus mpoOieMbl aBTOMAaTU3UPOBAHHOTO TOCTPOCHUSI TECTOB HU(PO-
BBIX cxeM. Kpome Toro, mpHHAIICKHOCTh 33[a4ll MOCTPOCHHS TECTOB K KJIacCy
yrusepcanvhbix nepebopuuix (NP-complete) IpUBOINT K TOMyY, uTO mpuMepHo 10°
9JIEMEHTOB SIBIISIETCS] TIPAKTUYECKUM MpeaesioM d2QPEeKTHBHOTO MPUMEHEHHUS Tpa-
JTUIIMOHHBIX METOA0B aBTOMATU3UPOBAHHOIO OoCcTpoeHus Tectos [207, 257, 302].

Heo0xoauMoCTh NPUMEHEHUsI KAYECTBEHHO HOBBIX METOJOB M IOJXOJIOB
JUIL PELICHUS 3a/1a4d aBTOMATU3UPOBAHHOIO IOCTPOCHUS TECTOB OOYCIOBJICHO
BBICOKOH TPYAOCMKOCTBIO TIOCTPOCHHS TECTOB ISl IIU(POBBIX YCTPOWCTB COBpE-
MEHHBIX cucTeM. OTHIM U3 CaMbIX PEAJIbHBIX MOIXOIOB VIS PELICHUS TPOOICMBI
ABTOMATHU3AIIMU ITOCTPOCHUS TECTOB SIBIISICTCS YYET 3a/1a4 TECTOBOTO JAMATHOCTH-
pOBaHMs Ha dTalle MPOCKTUPOBAHUS IH(POBBIX YCTPOWCTB. B maHHOM ciryyae
MIPUMEHSIOTCS KaK Pa3iIYHbIC MTPaBUIIa JIOTHYECKOTO U KOHCTPYKTOPCKOTO TPOCK-
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TUPOBAHMs, YIIPOLIAIOLINE 3aja4y TECTUPOBAHUS, TAK U HOBBIE IIPUHLIUIIBI CXEMO-
TEXHUYECKOTO MOCTPOCHUS IU(POBBIX YCTPOUCTB.

2.4. IlocTpoeHue TeCTOB /JIs1 3ANIOMUHAIOIIUX YCTPOIiCTB

Cpeau MHOXECTBA TECTOB 3aTIOMHHAIOIINX YCTPOWCTB BBIICISIOT TaK Ha3bI-
BaeMbIe TPAIHUIIMOHHBIC TeCTH. [lox HIM MOapa3yMeBarOT TECTHI, KOTOPBIC OBLIN
pa3pabotanbl opueHTHPOBOYHO 10 1980 roxa. Bee TpaauimoHHbIe TeCTh HE OBUTH
HalleJIeHBl HAa BBIABICHHEC KOHKPETHBIX HEHCIPABHOCTEH  3allOMHHAIOIINX
YCTPOHCTB, a TO3BOJIUIN 00ECIEYNBATh HEKOTOPYIO CTETEHb ITOKPHITHS BO3MOXK-
HBIX HEHUCIPAaBHOCTEH TPHU COOTBETCTBYIONIMX BPEMEHHBIX 3arparaxX. K mmpoko
M3BECTHBIM TPAJUIIMOHHBIM TECTaM 3aTIOMUHAIOIINX YCTPOMCTB OTHOCAT TECT THIIA
waxmamuas oocka (checkerboard), Tect 6ecywasn 1/0 (walking 1/0), Tect 6eecywasn
ouaconans (sliding diagonal), Tect nune-none (ping-pong), TeCT earonupyrouas
1/0 (galloping 1/0) u npyrue [69, 73, 144, 254, 303]. Haubonee yacTo mpuMeHsie-
MBIM Ha MPAKTHKE B T€ BPEMEHa SIBJISIETCS TECT TUMA IaxMmarHas nocka. [Tpu mc-
M0JIb30BAaHUM JIAHHOTO TeCTa JIOTHYECKasl CTPYKTypa ABYMEPHOro maccuBa u3z N
3a[IOMUHAIOIINX JJIEMEHTOB Pa30MBaeTCs HA [[Ba KJIacca sS4eeK, a UMEHHO: Kiacc A
u knace B (puc. 2.7).

Cam TecT MOXeT OBITh OIMCAaH KakK IOCJICIOBATEIBHOCTh CIEAYIOIINX
IaroB.

1. 3anucatp 1 BO Bce sueliku kiiacca 4, a B siueiiku kinacca B 3anucats 0.

2. [IpoynTaTh COACPIKUMOE BCEX SYCEK TIAMSITH.

3. 3anmcath 0 Bo Bce sTuehKM Kiacea A, a B TYEHKHM Kiacca B 3amucath 1.

4. IlpoynTaTh COACPIKIMOE BCEX STICCK TTAMSTH.

SSIRNY IV IS
SNEEvI NG
SSIRNJ I TN
SNJEeI NG

Pucynok 2.7 — Jloeuueckas cmpykmypa maccuga 32 05t mecma waxmamuasi 00cKd

OtmeruM, 4TO BO Beex Tectax 3V, B TOM YMCIIE U ONMCAHHOM BBILIIE, Ollepa-
LUsL YTCHUSI COJEPIKUMOTO SUEHKH CONPSDKEHA C MPOBEPKON IPOYNTAHHOTO 3HAYe-
Hust 0/1 ¢ panee 3anmcanHbM 3HaueHHeM 0/1 B TaHHYIO SYCHKY.

OJIHMM 13 OCHOBHBIX KPHTEPHEB OLEHKN 3(P(PEKTUBHOCTH TeCTOB 3Y SBIIS-
€TCsl BpeMsI BBHIIIOJIHEHUSI TeCTa, KOTOPOE 3aBUCHT OT KOJIMYECTBA Oleparuii oopa-
IIEHUS K TECTHPYEMOMY YCTPOMCTBY M OT BpEMEHH OTKJIHMKa yCTpoiicTBa. B crmy
pasnuuus BpeMEHHBIX ITapaMeTpoB TECTUPYEMBbIX 3Y Oblia BBeleHa 0000Imatonas
XapaKTepUCTUKa MX 3(PQEKTUBHOCTH MOJ Ha3BaHHEM CIIOXXHOCTh Tecta ((TecT).
OTa XapaKTepUCTHKA OIICHUBAETCS KaK KOJMYECTBO BCEX AIEMEHTAPHBIX ONepanuii
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(uTeHHue/3amnch), HEOOXOMUMBIX JJIsl peali3aluy TecTa. Tak, CI0KHOCTh TecTa
THUIIA [IAXMaTHas 10CKa MOXKET ObITh OLIEHEHA T10 CIeayIolel hopmyre:

O(uwaxmamnast docka)= N+ N+ N+ N =4N. (2.8)

Benuunna 4N mpezcraBiseT co0OW KOJIMYECTBO DIIEMEHTAPHBIX OTEparn,
HEOOXOAMMBIX JIJIsl BEITIOJTHEHUS TAHHOTO TECTa.

Bce MHOXECTBO TpaJUIMOHHBIX TECTOB AETUTHCS HA YEThIpE MOAMHOXE-
ctBa. Pasmuuator tectst Tmma N, Nlog, N, N*? u N’ mukinos obpauiesus K
TIAMSITH, T]Ie TPUBEICHHbIC 3HAUCHNS TIPECTABISIIOT COO0H TTOPAIOK CIOKHOCTH O
TecTa Kak MPUOIM3NUTEIBHYIO OICHKY KOJMYECTBA ONEpaNdil YTCHU/3aINCH, He-
00XOIMMBIX JUIS peaTn3aliiy TecTa. TecT THIa maxMaTHas J0CKa OTHOCHTCS K Te-
CTaM TIepPBOro MOAMHOXKECTBA, TaK KaK €ro CIOXKHOCTh olleHHBaeTca kak O(N). B
Tabmuie 2.1 mpuBeIeHB! BEIWYUHBI CIOKHOCTH U MOPSIKU CIOKHOCTH Hanboiee
M3BECTHBIX TPaTUIIMOHHBIX TecToB 3Y [303].

Tabmuma 2.1 — Oyenku crosrcnocmu mpaouyuonvix mecmog 3y

Hassanwme tecta | CrnoxkHOCTh TecTa () Hopsnox
cinoxkHoct O

Checkerboard 4N N

Galloping 1/0 2N*+6N N?

Walking 1/0 AN> 2N N?

Sliding diagonal | 2NN + 6N N3?

Butterfly 2BN+5N(N/2-1)) | Nlog, N

TeHIeHIMA K IIOCTOSSHHOMY POCTY HH(OPMAIIOHHOTO 00beMa COBPEMCH-
HbIX 3Y mpuBelia He TOJIBKO K SKOHOMHYECKOM, HO M K (PH3MUECKON HEBO3MOXKHO-
CTH TPUMEHCHUsI (DYHKIMOHAJIBHBIX TECTOB, CIOKHOCTh KOTOPBIX OLICHUBACTCS
senmunnamn  O(N?),0(Nlog, N),O(N*"?). IpuBenennas Hwke Ttabmuma 2.2
HarJsiIHO JIEMOHCTPUPYET 3aBHCHMOCTh BPEMEHH TeCTHpoBaHUS 3Y OT ero MH-
(hopmaIoHHOTo 00heMa U OT CIOKHOCTH MIPUMEHSIEMOT0 TecTa. Bpems moctyma k
3V npuHATO cuuTaTh paBHBIM 60 Hc, a BpeMEHHbIE 3aTpaThl IPUBEICHBI B CEKYH-
nax (c), sacax (v), masax (0) m rogax (e) [73, 303, 331].

U3 tabmuier 2.2 BUIHO, YTO IOCIIEIHMAE IBa Kjacca TECTOB IS 3allOMUHA-
FOIIUX YCTPOMCTB HE HAXOMAT MPUMEHEHHS B CHIIy OOJIBIIION BPEMEHHOH CIIOXKHO-
CTH, OINpEJeNIIeMON €MKOCThIO COBPEMEHHOW MaMaTu. B ToXe Bpemsi HIMpoKoe
MPUMEHEHUE HaXOAST TECThl, MMEIONINE JMHEHHYI 3aBHCHUMOCThH CIJIOKHOCTH
O(N)ot emkoctu N maMmsTH, TOIYYUBIINE Ha3BaHUE Mapuiesvbie mecmoul (march
tests) [73, 74, 166, 254, 303, 331]. DTu TecThl 00JaIAIOT PSIOM TOCTOMHCTB, Cpe-
JIU KOTOPBIX MOKHO BBIICIHUTH MPUEMIIEMYIO MOKPBHIBAIOILYIO CITOCOOHOCTH HEUC-
[IPAaBHOCTEN 3allOMMHAIOLIMX YCTPOUCTB U IIPOCTOTY peald3alud TECTOBOU IIPO-
LeAypbl Kak BpEMEHHYI0, TaK U alnaparypHyo. IT0 0COOEHHO BaKHO AJIS 6CMpO-
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ennvlx cpedcme camomecmupoganusi (Built-In Self-Test — BIST) [72, 260, 268,
303, 331].

Tabmuua 2.2 — 3asucumocmsv epemenu mecmuposanus 3Y om unghopmayuon-
HO20 00beMa U CI0ACHOCTU mecmd

Wudopmarronnast Cno)XHOCTB TecTa
eMKOCT(L],v;s ourax O(N) O(Nlog, N) | ov*?y | ov?)
1 Moum 0,06¢ 1,26¢ 64,5¢ 18,3u
4Mbum 0,25¢ 5,54¢ 515,4¢ 293,24
16 M6um 1,01¢c 24,16¢ 1,24 1960
64 Moum 4,03¢ 104,7¢ 9,2y 8,51
256 Moum 16,11c¢ | 451,0c 73,3u 137
LI '6um 64,43¢ 1932,8¢ 586,4u 21942
2I'6um 128,9¢ | 3994.,4c 1658,6u |

B o0miem ciydae MapiieBbiii TECT COCTOUT M3 KOHCYHOTO YHCIIA MAPUIEGDIX
anemenmos (march elements) [73, 166, 254, 303, 331]. B cBoro ouyepenp, Kaxablii
MapIIEeBBIH IEMEHT COACPKUT CHUMBOJI, OMPEICIISIOIINI TOPSI0K (HOPMHUPOBAHUS
adpecnoii nocnedosamenvrocmu (address sequence) JUIsi TECTUPYEMOTO 3aIIOMH-
HAIOIIETO YCTPOMCTBA, TIe CHMBON {1 OmpesessieT mocie0BaTeNbHbIA nepeop
azpecoB 3Y 10 Bo3pacTaHmio, cuMBoI U ompesenser mocienoBarebHI mepeGop
aJ[pecoB 1o yObIBAHKIO U codeTanne aByX cumBosoB (1 osnauaer popmuposanme
a/IpecoB TI0 YOBIBAHHUIO JINOO TT0 BO3PACTaHUIO. Y OBIBAIOIIAs TIOCIEIOBATEIFHOCTh
aJIpecoB MPEJICTABISIET COOO0M MOCIEAOBATEIBHOCTE, KOTOpast (hopMHUPyeTCst B 00-
paTHOM MOPSAKE 10 CPABHEHMIO -C BO3PACTAIOIICH OCICI0BATEIBHOCTRIO. [Ipn
9TOM BO3PACTAIOMIAs TIOCIIEIOBATSIIFHOCTE MOKET OBITH JIF00O0I IOCIeI0BaTEIbHO-
CTBIO azpecoB. Kpome 3TOro, MapIiieBbiii 3JIEMEHT COJCPIKUT MTOCICI0BATEIBHOCTE
onepayuii umenus (read — r) u 3anucu (write — w), 3aKITIOUEHHBIX B KPYTJIbIe CKOO-
KM W pa3iesieMbIX TOYKOW ¢ 3amsiTod. Kakjas omeparusi mpencTaBiseT coOoit
9JIEMEHT U3 cIeylomero Habopa: 70 — omneparys 4YTeHHs COACPKUMOTo 33 ¢ 0XKH-
naembIM 3HadeHueM 0, 1 — omepauust uteHus 3D ¢ OXKHIAEMbIM 3HauYeHHEM 1,
w0 — onepauus 3anmucu 0 B 39, wl — onepauus 3anucu 1 B 30. OgHa win He-
CKOJIBKO OIEpaliii B MapIICBOM 3JIEMCHTE HCIOJIb3YIOTCS MOCICAOBATEIBHO IS
aapecyemoit stueiiku O3Y. Ilepexon k creayromei suelike OyAeT OCYIIECTBICH
TOJBKO TIOCJIC BBIMOJHEHHS BCEX OINEpalMii B TEKYIIEM MapIICBOM 3JCMEHTE
[331].

Mapmessiit Tect MATS (modified algorithmic test sequence — MATS) ume-
er crenyromtyio 3amuck: {{TU(w0); N(-0,w1); U(r1)}, cormacro koropoii manHbIi
TECT COCTOMT M3 TPEX MAapIICBBIX 3JICMEHTOB U MMeeT CIOXKHOCTh 4N. [lepBbiid
mapmessiii smement 1U(w0) massBaercs gasoii unuyuanusayuu (initialization
phase), TPUMEHASMOM IJIsI 3aIMCH HauaibHoeo cocmosinus (background) 3amomu-
HAIOIIETO yCTpoiicTBa. DTa (asa, Kak IMPaBUIIO, BBITIONHACTCS PU U3MCHEHHUH al-

PECOB OT MJIaAUICTO aApeCa K CTapuieMy aaApeCy Hn, HaO60p0T, ITyTEM 3aIllMCHU BO
60



Bce sUCiKM HyJIeBoro 3Ha4eHus. Bropas daza Tecta MATS N1(r0, w1) ompexnensier
BO3PACTAIOIINIT OPSIOK aIPECOB U ISl KAXKAOT0 3D COCTOHT U3 ONEPaIly YTCHUS
(70), xorna oxxugaeMoe 3HaUeHHUE CoJepKUMOTo 3D 0, M 3aMMCH B TaHHYIO STYCHKY
1 (wl). B tpetbeii daze U1y conepkumoe 3Y CUUTBHIBAETCS MOCIEI0BATEIbHO,
[P 9TOM TOPSIOK U3MEHEHHUS aiPECOB 0OOPATHBIN MO OTHOIICHHIO K TPEAbIAYIIEH
(asze, a oxuIaCMOE CUNTHIBAEMOE 3HAYCHUE PABHO 1.

KonudecTBo MapIieBhIX 3JEMEHTOB, UX B3aMMHOC PACIIONOKEHUE, a TAKKe
BHJ KaXJOTO M3 3THUX D3JCMCHTOB OIPEACISIIOT HOKPbIBAIOUVI0 CHOCOOHOCHb
Mmaputesoco mecma (fault coverage) [73, 74, 166, 254, 303, 331], 1. e. apdekTnB-
HOCTh OOHApyKCHHS BCEX BHIOB BO3MOXKHBIX HEHCIIPABHOCTEH 3aIlOMHHAFOIIECTO
ycrpoiicTBa. Jlo HACTOSIIIEr0 BPEMEHH MPOIeypa CO3AaHMUs HOBBIX MapIICBbIX Te-
CTOB IPAKTUYECKH HE (POpPMANN30BaHa N3-32 MHOTO00pa3us (pakTOPOB, BIMSFONIHX
Ha ux dddexkruBHOCTE [28, 73, 74, 90, 91, 166, 199, 254, 303, 331]. Bo-mepBhIX,
9TO TpeboBaHHE MUHIMAILHONH BPEMEHHON CIIOKHOCTH. BO-BTOPBIX, BBICOKOMH ITO-
KPBIBAOIIEH CIIOCOOHOCTH, a TakoKe psijia APYruX TpeOOBaHUM, 3aBUCAIINX OT TEX-
HOJIOTHYECKUX O0COOEHHOCTEH 3alIOMHHAIOIIETO YCTPOUCTBA U CHEHU(DHUKU MPOIe-
Iyphl ero TecTupoBaHusi. Hambomnee 4acTo MCONb3yeMble MapIIeBble TECTHI MPH-
BeneHbl B Tabmute 2.3 [73, 74, 166, 254, 303, 331].

Tabnuna 2.3 — Kraccuueckue mapuesvle mecmol

No HazBanue CI0XHOCTh Onncanue Tecra
TeCTa TECTa
1 | Scan 4N (MU woy; MU (0); T (wi); MU (1)}
2 | MATS 4N (MU (wo); NG0,wl); UNGe1)}
3 | MATS+ 5N {MUwo); N0,w1); U(r1,w0)}
4 | MATS++ 6N {MUwo); NE0,w); U(r1,w0,-0)}
. {MUwo); NG0,w1,r1); Ur1,w0,10);
5 | Marching 1/0 MY U : N6 Lw0.0): Urowt 1)
March X 6N {MUwo); NG0,w1); U(r1,w0); MU0)}
March Y 8N {MUwo); NG0,w1,r1); U(r1,w0,70); T0)}
{MUw0); NG0,wl); N(r1,wo); MUE0); Uro,wl);
8 | March C 1IN Uﬁﬁswo);gu(ro)} , ; ;
a {TIOwO0); N(F0,wl); T(r1,w0); Y(r0,wl); Y(r1,w0);
9 | March C 10N ﬂ#ﬁro)} . ,
{TIYw0); 1(r0,w1,w0,wl); T(r1,w0,wl);
10| March 4 BN 01001 00): LG0T w0)}
{MUw0); NG0,w1,r1,w0,70,wl); N(r1,wo,wl);
11| March B VN 001 w001 0); D01 100)
. {MUwOo); N0,w1,w0,wl); N(1,w0,-0,wl);
12| Algorithm B VN1 101 w001 w0): Ur0.w1 1 aw0)
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(MUw0); N(r0,r0,w1); N(r1,r1,w0); U(r0,r0,w1);

13 | March C-R BN e r1,w0); UN(0,00))

(10000): N0 Lr1): TorLw0.r0); V0w L rD):
14 | PMOVI BN 01 w0000}
15 | PMOVI-R iy | R0 MGOwLrLrD: 1L, w0,r0,10);

Urowl, r1,r1); U (r1,w0,70,10)}

(MUw0); NG0,w1,r1,w0,70,wl); N(r1,wo,wl);
16 | March G 23N+2D | U(r1, wo,w1,w0); U(r0,w1,w0); D;
M@0,w1,r1); D; NU(r1,w0,-0)}

(MUwo); NG0,w1,r1,w0); N(0,wl);

17| March U BN 001 w00, wi): U (1,003
(MU wo); N0,wl,r1,w0); D; N(0,wl); D;
18 | March UD BNFZD 100, r0.01); Ut w0))
. {MUw0y; NE0,wl,r1r1,w0); N(0,wl);
19| March  U-R BN 01 w0,00, 0.w1): U1y}
20 | March LR 14N (MUwo); J0,wl); N(r1,w0,0,wl); N(r1,w0); N

(r0,wl,r1,w0); U(rO)}

(MUw0); NG0,w1,w0,wlrl);

21 | March LA 22N N1,w0,w1,w0,0); U0,wl,w0,wl rl);

U1, w0,w1,w0,-0): U(r0)}

(MUwo); N0w1r1,w0); TU0); N0,wl); MU@r1);

22 | March M OV w0000 M o)y
M ow0); N0,w1,r1,w0,/0,wl); N 1,w0,r0,wl,r1);
23 | March P ) {
3 | March P§ N N 1,w0,/0,w1,1,w0); N(0,w1,r1,w0,r0)}
(MUW0):N0,w1,r1,w0); V(0,w1); N(1,w0,70,wl);
24 | March PNPSFk 18N A6 w0) N0y, b0 r0))
25 | Cheng test 17y < A0 LrLwo): 0w ): N1 w0,r0,w1);

N1G-1,w0); U(0,w1); UG1,w0); T G0)}

B pabotax [1, 54, 55, 56, 113, 129, 144, 145, 185] ObutH NPOBEJCHBI OI[CHKH
00HApYKMUBAIOIIUX CIIOCOOHOCTEH MapIIeBBIX TECTOB OTHOCHUTEIBHO OTMHOYHBIX
HEHCIPaBHOCTEH pa3NuuHBIX KiaccoB. B Tabmune 2.4 mpuBeneHb! MaplIeBble Te-
CTBI, CIICLUATIBHO pa3pabOTaHHBIC i OOHAPYKCHUST HEUCIIPABHOCTEH, XapaKTep-
HBIX JUIS CTaTHYCCKUX 3aIlIOMUHAIONINX yCTPOWCTB. Kak Moka3plBaeT aHANU3 IO-
KPBIBAIOIINX CIIOCOOHOCTEH, HE BCE MapIleBBIC TECTHI CIIOCOOHBI B ITOJHOM Mepe
OOHapy)KUBaTh pa3UYHBbIC KIACChl HEUCIpaBHOCTEH. M3 mpuBeneHHOI TaOIUIIbI
MTOKPBIBAIOIIUX CIIOCOOHOCTEH TECTOB BHIHO, YTO, HECMOTPS Ha pa3UYHBIC
CTPYKTYPY M CJIO0KHOCTh MapIICBBIX TECTOB, OTKPBITOH MPOOJIEMOi ocTaeTcs 00-
Hapy>XCHHUE B TIOJHOW Mepe HEHCIPABHOCTEH B3aMMHOTO BIIMSTHUS U CIIOXKHBIX CBSI-
3aHHBIX HeucrpaBHoctel [303, 331].

Jlns n3ydeHns mpupo/Isl Pa3INgHBIX MOKPHIBAIOIINX CIIOCOOHOCTEH Mapie-
BEIX TECTOB B paMKaxX MpPEICTABICHHBIX KJIACCOB HEHCIPABHOCTEH OBLT MpOBEICH
aHaJHM3 CTPYKTYPHI M TIOCIEIOBATEIFHOCTH MapIIEBBIX 3JIEMEHTOB C IIETIBIO BBISB-
JISHVsI YCIIOBUH aKTHBH3AINY U YCIOBUH 0OHApYyKeHHs HeucrnpaBHocTei [73, 303,
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331]. Ilpu ompenesneHun 0OHaPYKUBAIOLIEH CIIOCOOHOCTH MapLIEBBIX TECTOB MC-
MOJIL3YIOTCSI YCIIOBUS, MONTyYeHHbIe B padoTax [73, 303, 331], koTopbIe SABISIOTCS
HEOOXOIMMBIMH I 0OHAPYKEHHUS OCHOBHBIX KJIACCOB HEUCIIPABHOCTEH 3aIlOMU-
HAIOUIMX YCTPOKCTB. B KauecTBe NMpUMEPOB PACCMOTPUM HEKOTOPBIC U3 HUX.

Tabmuua 2.4 — Ceoonas mabauya obHapyscugaroujeli CnocoOOHOCMU Pa3TUYHBIX

mecmos 3Y
Hasganue o O6Hapy)KI/IBaCMI>I; ;{encng;}a;locmCF -
i ; - a- in- id-
TecTa AF | SAF | TF | CFin | CFid CF CFid CFin CFi
MATS AN I
MATS+ SN |+ |+
MATS++ 6N |+ I T
March X 6N |+ + + |+
March Y 8N |+ + + |+ T
Marching 1/0 | 14N |+ |+ + |+ T
March C 1IN |+ |+ + |+ + +
March C— 10N | + + T |+ T T
March A 15N | + + + |+ + T
March B 17N | + + + |+ + + +
Algorithm B | 17N | + + + |+ T T T

YecaoBue 2.1. [Ins oOHapyKEHHs] KOHCTAHTHBIX HEHCIpaBHOCTEH SAF
HEOOXO0MMO HaJIMYHe B MapIIeBLIX TecTax onepanuii 70 u rl.

Hanpumep, tect MATS (tabmuna 2.3) sBIsfeTcs TECTOM MHHHUMAIbHOM
CJIO)KHOCTH, TIO3BOJISIIOIIMI OOHApy»KMBaTh Bce HeucrnpaBHocTH Tuna SAF. Ilep-
Bblit Mapiresbiii snement (MU(w0) sBisercs ycnoBHeM TposBICHHS BCEX KOH-
CTaHTHBIX HewcnpaBHocTell Tuna SAF1, a oneparus #0 BTOpOro MapIieBoro 3Je-
MEHTa SBJSIETCS yClIoBHeM oOHapyxeHHs SAF1. AHaIOrHYHO, BTOpasi Oleparys
wl BTOpOTO MapIeBOTO 3JIEMEHTA SIBISIETCS YCIOBHEM MPOSBICHNS HEHUCIIPAaBHO-
ctu SAF0, a mocineHUI MapIIeBBIi AIEMEHT — yclIoBUeM oOHapykeHus SAF0.

Yeaosue 2.2. [Ins oOHapyXeHUS TEPEXOAHBIX HewcrnpaBHocTed TF HeoO-
XOIUMO, YTOOBI MapHIEBBIIl TECT comepXkan B cede OIepalny 3alHCH, KOTOpHIE
OCYIIECTBIITIOT BCEBO3MOKHBIC JIOTHUECKHE TIEPEXOBI B KAXKIOH sUeike u omepa-
IIUH YTEHHS COACPKIMOTO SUCHKH MOCIIe KaXKI0T0 TMepexoa.

IIpumepom TecTa, MO3BOJIAIOMNM OOHAPYKMBAaTh BCE IEPEXOAHBIE HEHUC-
MpaBHOCTH, siBisieTcsl TecT MATS++ (tabnuua 2.3). JlaHHBIA TeCT sABISETCS Te-
CTOM MHHHMAIIFHOH CI0KHOCTH, KOTOPBIH yJOBIETBOPSIET YCIOBHM, ITO3BOJIIO-
MM OOHApYKUBAaTh BCE HEUCIPABHOCTH THNOB SAF, TF u AF. bonee cloxHyIO
IPUPOTYy UMEIOT HEUCIIPABHOCTH B3aUMHOrO BiustHuA. VX oOHapyxeHHe obecre-
YUBaeTCs MapIeBbIM TecToM March C—, KOTOpBIiT yIOBIETBOPSAET YCIOBUIO OOHA-
PY)XEHHSI BCEX BOCBMH THIIOB HeucnpaBHocted CFid. Jla yka3aHHBIX TecTa
MATS++ u March C— sBisitoTcst Hanbojiee 4acTo MCIOJIb3yeMBbIMH Ha TPAKTHKE
TeCTaMH 3alOMHHAIOIINX YCTPOHCTB.
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I'naBa 3. BeposiTHOCTHOE TeCTHpPOBaHHE

3.1. CymHOCTb M JOCTOMHCTBA BEPOSITHOCTHOIO TECTUPOBAHMS

OJ1HO#i M3 caMBbIX PacIPOCTPAHEHHBIX TEXHOJIOTHH TECTUPOBAHUS 10 METOY
YEPHOro SIIMKA SIBISIETCS PeaU3allis TaK Ha3bIBAEMOIO GEPOSIMHOCHIIHO2O Me-
cmuposanus (random testing), KOTOpOe 3a4acTyrO MPUMEHSETCS JJIsi TeCTHPOBa-
HUSI BBIYUCIUTEIBHBIX CUCTEM. B ciydae BEpOSITHOCTHOTO TECTHPOBAHHS CTPYKTY-
pa ¥ pYHKIMOHAILHOCTh OOBEKTA TECTUPOBAHUS IPHUHUMAIOTCS HEU3BECTHOM, JTU-
00 CUUTAIOTCS TAaKOBOM, U MPAKTHYCCKA HE YUUTHIBAIOTCS MPU (HOPMHUPOBAHUH Te-
CTOBBIX HaOOpoB. HecMoTpsi Ha mIMpoKoe MPUMEHEHHE BEPOSITHOCTHOTO TECTHPO-
BaHUs Ha TMPAKTHUKE, CBEIICHUS O HEM HOCST Pa3pO3HCHHBIA M 3a4acTyIO MPOTUBO-
peuuBblii xapaktep. Tak, Hampumep, B 00JacTH TECTUPOBAaHHS MPOTPAMMHOTO
o0ecIieueHHs1 BEPOSTHOCTHOE TECTUPOBAHUE YaCTO MHTEPIPETUPYETCS KaK 0be3b-
sanve mecmuposanue (monkey testing) [10, 143].

O0e3psHBE TECTHPOBAHUE TPEICTABIIET COOOH METON TECTHPOBAHHUS MPO-
IPaMMHOIO 00ECIeUeHHMs], KOI/a MO0JIb30BaTeIb TECTUPYET NpUIIoKeHne, Gopmu-
pysl CilyuaiiHble BXOJHBIC NaHHbIE, CIydaiHble MOCIIE0BATEILHOCTH JAHHBIX H
KOMaH/I, IPOBEPSIsl TPU 3TOM MOBEJICHHE TECTHPYeMOro o0bekTa. Jis aroro Meto-
Jla He CYIIECTBYET ONpPEACICHHBIX MMPaBHJI, OH HE CHEIyeT 3a MpeIoIpe/ie/IeHHbI-
MH TECTOBBIMHM HpHMEpaMH WM CTpaTerusiMi H; TakuMm oOpa3om, paboraer Ha
HACTPOCHUH U YyBCTBAX CIELMAINCTA MO TECTHPOBAHHUIO.

Ha3BaHue qaHHOrO METO/]a TECTUPOBAHUS MOXKHO OOBSICHUTH TEM, YTO HHO-
IJla IOBE/ICHHUE CICLHUAIICTA 110 TECTHPOBAHUIO, Pa3padOTUUKa HIIH IT0JIb30BATEIIS
HAlOMHHAIOT TOBEJCHHE O00€3bsIHBI; KOTOpas padoTaeT ¢ MPHIOKEHUEM HEOoCOo-
3HaHHO M 0€3 ONpENENCHHBIX IIENEil U CMbICIa BBOJIHUT IPOM3BOJIBHBIC TaHHBIE.
Paznuyaror Tpu TN 00€3bIHBEIO TECTHPOBAHMS, @ IMCHHO TECTUPOBAHUE MYHOL
obesvsanvl (dumb monkey), ymnoii 06ezvanvl (smart monkey) u 6recmsueti 06e3vsi-
uot (brilliant monkey) [10, 143].

B Tecrax mynoii obesbsanbl Tpolieypa TECTHPOBAHMS BBITOJHACTCS TIPU
[OJIHOM HE3HaHUH O CHCTeME WM MpuiioxkeHud. [lob30Barelip, MpOBOASIIHIA Te-
CTHpOBAaHHE, HE UMEET HH MAJICHINEeTO MPEICTaBICHUS O BXOTHBIX TaHHBIX IPH-
JIOXKEHUS M O TOM, SIBITIOTCS JIW OHU JEHCTBUTEIHHBIMHU, HEXKETATSIFHBIMA WITN
3anpenieHHbIMH.

TecTbl ymHOU 06e3bsHbl BBHITOIHSIIOTCS IIPH XOPOLIEM TIPEACTABICHUH O CH-
cremMe WiH npuiokeHnH. CreualicT 1o TECTUPOBAHMIO TOYHO 3HAET (YHKIHO-
HAJILHOCTh MPOJYKTa M (OPMHUPYET NCHCTBUTEIBLHBIC BXOJHBIC TaHHBIC LIS HPO-
BEICHUS TCCTHPOBAHMS.

Peanuzarusi TeCTOB Onecmsiwyeti 0be3bsiibl OCHOBaHA Ha 3HAHWUHM (yHKIHO-
HAJIBHOCTH MPUJIOKEHHS ero Ha3HAUYCHWH U OCOOCHHOCTSIX MPUMEHEHHs Ha IpaK-
tuke. [TogoOHOe TecTHpOBaHNE MPOBOUTCS C TOUKHU 3PEHHS IT0JIb30BATEILS.

Ormpezenenne BEpOSITHOCTHOTO TECTHPOBAHUSI BIIEPBbIE ObLIO cHOPMYIUPO-
BaHO /U Cilydyas TecTHpOBaHWs IMQPOBBIX yctpoiictB [190, 207, 245, 246,
247, 302].
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IIpn BepOSTHOCTHOM TECTUPOBAHWHM Ha HCCIENYEMbIH OOBEKT IOJAaroTCs
ClTydaliHbIe WJIM TICEBIOCITy4YalHBIC BXOAHBIC MOCIIEAOBATENFHOCTU. ['TaBHOE 10-
CTOMHCTBO TaKOTO MOAXOJA 3aKJII0YaeTCs B TOM, YTO HCKIIIOUAeTCs HEoOXOomu-
MOCTb TPEJBApUTENBHOrO MOCTPOSHUS JETEPMHHUPOBAHHOTO TECTa, MpOIeaypa
MOCTPOEHHsI KOTOPOTO MOXKET OKa3aThCsl CIMIIKOM CIIOXKHOH, a B cllydae COBpe-
MCHHBIX BBIYHCINTENBHBIX CUCTEM U Hepeann3yeMoil. [loo0Hast cuTyamms BO3HH-
KaeT Tpu OoibmnX (QyHKIMOHAIBHBIX BO3MOXKHOCTSIX MCIBITYEMOH CHCTEMbI HIIH
B TOM CIy4ae, KOra HeT J0CTaTOUHbIX CBEJCHUI 0 ee BHyTpeHHeN cTpykType. To-
I/l [eIeco00pa3HbIM SBISCTCS IPIMEHEHNE BEPOSATHOCTHOTO TECTHPOBAHHSL.

CyIIecTBYIOT IBa OCHOBHBIX CIIOC00a OpraHM3alliK BEPOSATHOCTHOTO TECTHPO-
BaHwsL. [1epBbIit cIOCO0 MCTIONB3YET STATOHHBIH OOBEKT TECTHPOBAHUS (cM. puc. 3.1).

BxomHble HaOOPHI CIy4aiHBIX W HE3aBUCHMBIX 3HAYCHUI BEPOATHOCTHOTO
TecTa, BEIpAOaTHIBAGMBIE T€HEPATOPOM TECTOBON MOCIIENOBATEIBHOCTH, OTHOBpE-
MEHHO TOCTYIAIOT Ha BXOJBI TECTHPYEMOTO M TAJOHHOTO 00BEKTOB. VX BBIXOA-
HbIe peakiuy (3HAUSHHsI) CPAaBHUBAIOTCS CXEMOH cpaBHEHHUs. B ciydae pacxox-
JICHNS BBIXOJHBIX 3HAUCHMI JENaeTCsl BBIBOA O HEHCIPABHOCTH HCIIBITYEMOTO
00beKTa, B MPOTUBHOM CIydae OOBEKT CUMTACTCS UCHpaBHBIM. OCHOBHBIM HEO-
CTaTKOM KJIACCHYECKOH CXEMbI BEPOSTHOCTHOTO TECTHPOBAHMUS, IMPUBEJCHHON Ha
puc. 3.1, sBisieTcs HEOOXOANMOCTb HAINYHUS HTAIOHHOTO 00BEKTa, KOTOPBIH CUH-
TaeTCs 3aBEJJOMO HCIPABHBIM.

DTanoHHEIH
o0BexT
T HWcnpasen/
Srieparop oy Heuncnpasen
YaWHEIX TECTO- |— Cxema .

CpaBHCHHA

BBIX HabOpOB

| Tectupyemsri
00BEKT

Pucynoxk 3.1 — Cxema geposmnocmuozo mecmuposanus

Bropoit crioco6 oTamyaeTcst METOIOM CPaBHEHMS BBIXOIHBIX PEAKIHi M HE
peJoiaraeT HaJluuKsl UCIIPAaBHOIO 00bEKTa TeCTUpOBaHus. B aToMm ciryuae peak-
U UCTIBITYEMOT'O 00BEKTA TMIPUBOJAUTCA K KOMIIAKTHOMY BUAY C TOMOIIBIO CXEMBI
CKaTHA, a Pe3yJIbTaT CPABHUBACTCA CO CXKATHIM 3TaoHOM (cM. puc. 3.2). Yacto
HO[[O6HI)II7[ BUJ TECTUPOBAHUS HA3BIBAIOT KOMNAKMHbIM mecmupoeanuem (compact
testing) [207, 302].

Bropoii crioco® BeposSTHOCTHOrO TECTHPOBAHMSI BBHIYMCIUTENBHBIX CHCTEM
LIMPOKO TMPUMEHSIETCS JUISl peaIn3allii BCTPOCHHOTO MX camoTecThpoBanus. Cpe-
JI HECOMHEHHBIX JIOCTOMHCTB BEPOSTHOCTHOTO TECTUPOBAHUS BBIIACIISIOT:

1. OTcyTCTBHE CIIOKHBIX MPOLEAYP MOCTPOCHHS TECTOB U TECTOBBIX CIEHA-
pueB. COOTBETCTBEHHO, ITOJIOTOBUTENIBHBIN 3Tall HE TPEOYIOT OOJBIIMX BPEMEH-
HBIX 3aTpar.
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2. HemocpezncTBeHHO TIpolieypa BEpOSITHOCTHOTO TECTUPOBAHUS Oa3upyeT-
Cs Ha WCHONb30BAaHMU HEOONBIIMX OOBEMOB JOMOJHHUTENBHBIX IPOTPaM-
MHO/aNMnapaTypHBIX CPEICTB.

3. Taxoif noxxoJ MoMoraer oOHapyXKUTh HOBbIE HEHCIPABHOCTU TECTHPYe-
MOH CHCTEMBI, KOTOPBIC HENb3sl ObIII0 OB HANTH C MMOMOIIBIO CHIEIUATIBHBIX TECTO-
BBIX TIPOIIE/YP U CLICHAPHEB.

4. C moMoIIpo CrIeNUaIbHBIX HHCTPYMEHTOB BEPOATHOCTHOE TECTHPOBAHHE
MOKHO JIETKO aBTOMaTH3UPOBATb.

5. BepositHocTHOE TecTHpoBaHME SIBIsIeTCS BecbMa 3()(DEKTUBHBIM JUISl BBI-
TIOJTHEHUsSI CTPECC TECTUPOBAHMS U HATPy309HOTO TECTUPOBAHMS.

Tectupyembiii Cxema
00BEKT COKATUS Hcnpasen/
Cxema Hewucnpasen
>
CpaBHEHHA
T'eneparop ’
CITyaiHbIX OranoHHoe
TECTOBBIX 3HaYCHHE

Pucynoxk 3.2 — Cxema 6eposamnocmno2o KOMRaKmHo20 mecmuposanis

TeMm He MeHee, BEpOATHOCTHOE TECTUPOBAHHUE HE AT BO3MOKHOCTH BOCIIPOM3BE-
CTH HEHCHPaBHOCTH U YOEIUTCS, YTO 3TO JEHCTBUTENILHO HEKHI 1eeKT, a He 0COo-
OeHHOCTD (DYHKIIMOHATA CHCTEMpl. AHAIN3 HAHICHHBIX MPOOJIEM B XOJE BEPOST-
HOCTHOT'O TECTUPOBAHMs 3aHUMAET MHOT'O BPEMEHH U CUJI, TaK KaK HET TOYHOTO HX
OIMCAHUs W MIar0B BOCHPOM3BEACHHS. TakuM o0pa3oMm, K Hanbolee CyIIeCTBEH-
HBIM HEZ0CTaTKaM BEPOSATHOCTHOTO TECTHPOBAHMUS OTHOCSAT:

1. Tect, npoBeCHHBINM BO BpeMs BEPOSITHOCTHOI'O TECTUPOBAHUS, HACTOIBKO
CITy4aeH, YTO OYCHb CJIO0KHO JTMOO HEBO3MOXHO BOCCO3AATh YCIOBHS JUId 0OHApy-
KEHUS] KOHKPETHON HEUCTIPABHOCTH.

2. Heobxoxnmbl OoJbIIMe BpEeMEHHBIE 3aTpaThl Ul aHANIN3a HECTaHIapT-
HBIX U HEOXKHMIAHHBIX NMPOOJIeM, BO3HHUKAIOIIUX BO BPEeMs BEPOSITHOCTHOTO TECTH-
poBaHHUA.

3. CnenuanucTsl MO TECTUPOBAHUIO UCIBITBIBAIOT TPYAHOCTH C OINpesese-
HHUEM CLIEHapUeB TECTUPOBAHMSA Ja’K€ B YaCTH 3aKOHOB PACHpEENICHUs] BEPOSITHO-
CTel BXOJHBIX TECTOBBIX JAHHBIX U UX JUIUHBI.

4. OrcyrcTByeT rapanTus 3p(QeKTHBHOCTH BEPOSITHOCTHBIX TECTOB.

5. BeposiTHOCTHOE TECTMPOBAaHME XapaKTEpU3yeTCsl OOJBIION BpEeMEHHOU
CJIOKHOCTBIO. Kak MpaBuiio, KOJMYECTBO TECTOBBIX HAOOPOB BEPOSTHOCTHOIO Te-
CTa CYIIECTBEHHO TPEBBIMIACT KOJIMUECTBO HAOOPOB I€TEPMHUHHPOBAHHOTO TECTA.

[omeiTkn yBenmuueHus 3PpPEKTHBHOCTH BEPOSTHOCTHOTO TECTHPOBAHHUS OC-
HOBBIBAIOTCS Ha y4eTe 0coOEeHHOCTeW oObekTa TecTupoBaHus. Hambonee ycmeni-
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HBIMH SBJIAKOTCA PE3YJIbTAThl, OJTYYCHHBIC IJIA I.IPI(l)pOBBIX yCTpOﬁCTB BBIYUCJIN-
TENbHBIX cUCTEM. B JaHHOM CJIy4ac OKa3bIBACTCA BO3MOKHBIM OIIPCIACICHUE BEPO-
ATHOCTHOI'O OIMMCAHUA UX MOBCACHHUSA, YTO IMO3BOJACT CTPOUTH S(I)CI)GKTI/IBHLIS BC-
POATHOCTHBIC TECTHI.

3.2. BeposiTHocTHOE onucaHue HU(POBHIX YCTPOICTB

OCHOBHasi OTJIMYHUTENBHAS OCOOCHHOCTH BEPOSTHOCTHOTO TECTHPOBAHUS
IUQPPOBBIX YCTPOICTB COCTOUT B MPUMEHEHUH ITOCICAOBATEIBHOCTEH CIIyJaiHBIX
HE3aBUCHUMBIX JIBOMYHBIX IH(P, ITOaBaCMBIX Ha BXOIBI TPOBEPsieMOro IudpoBoro
yctpoiictBa. Ilpm 3TOM ciydaiiHas W He3aBMCHMas JBOMYHAs II€pPEMEHHas
x; €40, 1}, i=1,n, mHojaBaeMas Ha i-i BXOJ, OIIMCHIBAETCS BEPOSATHOCTBIO p(X; = 1)
ee eAMHIYHOTO 3HAUCHHS.

Krnaccuueckoit sBisieTcs cxema BepOSATHOCTHOTO TECTHPOBAHMSA, COCTOSIIIC-
T0 W3 TeHepaTopa IOCICIOBATEIBHOCTEH CIyJaifHBIX HE3aBHCHMBIX TBOMYHBIX
udp, IpoBepsIeMOil U ITAJOHHOW IU(PPOBBIX CXEM, a Takke OJI0Ka CpaBHCHHSA
BBIXOAHBIX peakiuid (puc. 3.1). I'eHeparop mHocCienoBaTENIbHOCTE ABOMYHBIX
nudp mpeaHasHa4deH Ui (GOPMHUPOBAHMS CIyYalHBIX HE3aBUCHMBIX HUGP C 3a-
JAHHBIM 3aKOHOM pacHpenieNieHus BeposiTHocTel p(x; = 1). @opmupyemble Ha
BBIXOJ/I€ T€HepaTopa JBOWYHbIE HAOOPHI U3 7' OUT MOJAIOTCS OJAHOBPEMEHHO Ha
BXOJBI TIPOBEPSEMOIl M 3TAIIOHHON IU(POBBIX CXEM, BBIXOJHBIC PEaKIHU KOTO-
PBIX aHATH3UPYIOTCS B OJIOKE CpaBHEHMs BBIXOAHBIX peakuuil. B cmyyae coBma-
JIeHUs TOJIYYEHHBIX peakuuii 0O0eHuX CXeM IMpoBepsieMas CXeMa CUUTAeTCs HC-
[IPaBHOI, B MPOTUBHOM Cilydae MPUHUMAETCS TMIIOTE3a 00 €€ HEUCIPABHOM CO-
CTOSIHMHM Y PEeIaeTcs 3a7a4da noucka neucripasaoctu [207, 302].

B mepBeIXx paboTax; MOCBSIICHHBIX BEPOSTHOCTHOMY TECTHPOBAHHIO
[190, 245], paccmaTpuBaiiach 3ajja4a BEpPOSITHOCTHOTO OMUCAHUS MTOBEICHUS (-
poBbIX ycTpoiicTB. Takas 3ajiaua 3aKitoyanach B ONPEAEICHUN STAJIOHHBIX 3Have-
HUI BEpOSITHOCTEH IMOSIBICHUS €IMHUYHBIX CUMBOJIOB Ha IIPOMEKYTOUHBIX U BbI-
XOIHBIX MOMocax cxeMbl. COTIacHO MPEUTOKeHHBIM METO/IaM 3TAJOHHBIC 3HAYe-
HUS BEPOATHOCTEH, ONpeeNiCHHbIC aHAJUTHUCCKUM ITyTeM, WCIIOIB30BAINCH IS
CPaBHEHHUS C PEabHO MOJTYYCHHBIMH BEPOSITHOCTSMH B paMKax BTOPOTO METOna
peanu3any BEpOsITHOCTHOTO TecTupoBaHus (cM. puc. 3.2). Takum oOpazom, npo-
Ieypa BEpOATHOCTHOTO TECTHPOBAHMS 3aKIIOYalach B HAXOXKICHUH PEaIbHBIX
3HAYEHUH BEPOATHOCTEH 1 CPABHECHHUHU HX C 3TAJIOHHBIMH BEIMIHHAMI.

PaccmoTpum  3aBUCMMOCTb ~ BEpOSITHOCTEH  BBIXOAHBIX  3HAYCHUU
fx1, X2, ...y Xy), UL IPOCTEHIIUX 72-BXOJIOBBIX JIOTHUECKUX DJIEMEHTOB, OT BEPOSIT-
Hocrelt p(x; = 1) u p(x; = 0) = 1 — p(x; = 1) UX BXOAHBIX JBOUYHBIX MEPEMEHHBIX
X1y X2y vuny Xy

IlepBonauanbHo uccineayem gorndeckuii anement HE, Bxoanas nepemeHn-
Has X; KOTOPOTO OJHO3HAYHO OMNpEJeNseT BHIXOAHOE 3HaueHue f, rue f =X, .
Torna:
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p(f =D =p(x, =0)=1-p(x, =1). (3.1

Jlns uccneoBaHus 3aBHCUMOCTH BeposiTHOCTH p(f = 1) anemenTa U noxa-

JIMM Ha €ro BXOJIbl [10CJIC/IOBATEIILHOCTH CIy4alHBIX JBOMYHBIX LIU(P, KOTOPbIC

SIBIISTFOTCSL HE3aBUCHMBIMH BeJTMYMHAMH. BeIxoqHOE 3HaueHue iemenTa U Oyzer

PaBHO eIUHUIIE TOJBKO B CIIydae PaBCHCTBA €MHUIIC BCEX BXOAHBIX IEPEeMEH-
HbIX. BepoaTHocTh 3TOr0 coObITUS onpeaensercs kak [246]:

P =D =P =1x =1 o, =D =] [ (3, =D, (62)

rae f=xyxp... X,

B ciiyyae maoroexomoBoro anementa WJINM, BEIXOAHOE 3HAYCHUE KOTOPOTO
OIpeessieTCs BEIpakeHHeM f =x;+ x,+ ... + X, B pe3yJbTaTe IPOCTCHIINX Mpe-
obOpasoBanuii, mpuMenss (3.1) u (3.2), a Takke yIUTHIBasi HE3aBUCUMOCTD CO-

OBITHI X, X,, ..., U X,, TIOJyYHM:

p(f =)= p(x, + %, +..+ %, =)= p(x, X, ... X, =1) =1 =p(x, x, ... x, =1) =

I n (3.3)
=1-[ [ =D=1-T[01- p(x =D}

Boree momHbIA mepedeHh COOTHOIICHMH, CBA3BIBAIOIINX BBIXOJHEIC BEPO-
SITHOCTH JIOTMYECKUX AJIEMCHTOB KaK (DYHKIHH BEpOATHOCTEH BXOIHBIX Iepe-
MEHHBIX ¥ UX KOPPEISIMOHHBIX (yHKIHH, puBeaeH B [158, 300]. B atux cooT-
HOIICHUSX BBIPAYKCHUS, ONHCHIBafoIIue Jiormdeckue areMentsl U, NJIN, moryt
MIPUHAMATh COBEPIICHHO OTIMYHBIA BUA OT cooTHomreHuit (3.2) u (3.3). Tak,
HampuMep, A IBYXBXOJOBOTO 3yeMeHTa M, Ha o0a BXoJa KOTOPOTO MOZaeTcs
MIepeMEHHas X| BBIXOIHAs BEPOATHOCTH OyneT nmeTh BHA [158]:

p(f=1 =p(xx, =D = p(x, =1).

HO,I[O6HBIM 06p3.30M MOKHO ITOKa3aThb, 4YTO:

pxx, =1)=0, p(x, +x, =1) = p(x, = 1), p(x, +x, =1) =1.

B mpocreiimmx ciay4asx KOMOMHAIIMOHHBIX IPCBOBUIHBIX IU(PPOBBIX CXeM
JOCTaTOYHO TNPHMCHATH IIONyYCHHBIC COOTHOIICHMs mis siaemeHtoB HE, U u
WJINY, Ha ocHOBaHMH KOTOPBIX MOXKHO HAaWTH 3HAUYCHHUs BEPOSITHOCTEH HA MpoMe-
JKYTOUHBIX M BBIXOJHBIX TMOJIOCAX MPOU3BOJIbLHOW MUMPOBOM cxeMbl. B kauecTBe
mpuMepa paccCMOTPUM H(POBYIO CXeMy, IPUBEICHHYIO Ha puUC. 3.3, Ha BXOJBI KO-
TOPO¥ MOAIOTCS MOCIEAOBATEILHOCTH CYYaliHbIX HE3aBUCUMBIX TBOMYHBIX ITU(D
¢ BeposITHOCTAMU p(x; =1) =p(x,=1)=p;=1)=px;=1)=pxs=1) =p.
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Ipumensist cootHorenus (3.3) u (3.2), COOTBETCTBEHHO OyaeM UMeTh p(f; =
D=p p(h=1)=1-(1—-(1-p))=1-2p+ p*. OKOHYATETLHO VIS BEIXOIHO-
T'0 3HAYCHUS CXEMBI TIOJTyUHM:

p(fs=D=p(f,=Dp(f =1)=p’(A-2p+p*)=p’ =2p* + p’.

ITpu p = 0,5 >TanoHHBIC 3HAYCHUS BEPOSATHOCTEH OyayT UMeTh BUJ p(f; = 1)
= 0,125, p(f, = 1) = 0,25, p(; = 1) = 0,03125. Tlpu peanmzaiuu BepOSTHOCTHOTO
TECTUPOBAHUSI PACCMATPUBAEMON CXEMbI PEalibHO TOTyYCHHBIC OLICHKH BEPOSITHO-
creit p’(fi = 1), p’(b = 1) u p’(f; = 1) cpaBHUBAIOTCSI C ATAJIOHHBIMU 3HAYCHUSMH,
3aTeM MPUHUMAETCS PEIICHUE O COCTOSIHUU CXEMBI.

X1 f]

xz: &

xsﬁ 1 & ﬁ
X4 fz 3
s

Pucynok 3.3 — IIpumep komounayuonoii cxemol

B cnyyae BOZHMKHOBEHHUSI HEHCIIPABHOCTEH peaibHble 3HAYSHUSI BEPOSTHO-
CTei, KaK MPaBHJIO, OTIUYAIOTCS OT VX STATIOHHBIX BEIMUYWH. Tak, HampuMmep, Mpu
BO3HMKHOBEHHH HEHCHPABHOCTH f; =1 Oymem umets p’(fi = 1) =1, p’(h =1) =
0,25, u p’(f;=1)= 0,25, 4TO CBUIETENBCTBYET O HEUCIIPABHOM COCTOSIHUU CXEMBI.

B o61em cityuae ompeseneHue 3TalOHHbIX BEPOSTHOCTEH MPeICTaBIIseT CO-
00i1 CIIOKHYIO aHATUTHYCCKYIO 3a/1a4y, B OCOOCHHOCTHU ISl IU(PPOBBIX CXEM IIPO-
M3BOJIHOTO BUJIA, YTO TPEOYET MCIIOIb30BAHMUS CIICIIAAIBLHBIX METOIHK.

OnHMMU U3 TIEPBBIX METOJIUK aHAIUTHYECKOTO OMPEIETICHUS BEPOSITHOCTHO-
ro onucaHus MU(POBBIX CXEM SIBJISIOTCS JIBa AITOPUTMA MPEJIOKCHHBIC B paboTe
[158]. Onu ucnonp3ytoT noiayueHHsle panee cootHouenus (3.1), (3.2) u 3.3) u
MIPUMEHSIOTCS U1 KOMOMHAIIMOHHBIX cXeM. [IepBEIl alrOpUTM COCTOHT U3 JBYX
rocienoBaTeNbHbIX 3TanoB [156, 158]. [lepBoHauanbHO BBINMONHAETCS MOATOTOBH-
TEJLHBIN ATAl, COCTOSALINI U3 ClIeAyomux maros [158].

1. DBymeBa (¢yHKIWS, ONHCHIBAIOIIAS MPOW3BOJIBHBIA IIONIOC  KOM-
OMHAIIMOHHON LM(POBOI CXEMBI, NPEACTABISCTCS B BHUIC JIOTHICCKOH CYMMBI
MIPOU3BEJEHUN BXOAHBIX [IEPEMEHHBIX U UX OTPHULIAHUI.

2. Bynesa ¢dyHKIus, 3anncanHas Kak cyMMa IIPOM3BEICHUH, IPECTABIACT-
Csl B BUJI€ KAHOHUYECKOW CYMMBI IPOU3BEICHUI f =m+tmt..+ om0 TT= 0
s i#je{l, 2, ..., k}.

HermocpencTBeHHO aJTOPUTM BBIYWCIICHUSI BEPOSTHOCTU TOSIBICHUS €/IU-
HUYHOTO 3HA4YEeHUsI HAa TIPOM3BOJIBHOM IONIOCE MU(POBOI CXEMBI COCTOUT H3 CJe-
JTYIOIIUX IIaroB.
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Jnst 3aaHHOrO NoJtoca HUQPOBOIT CXeMBI MOJy4aeTCsl aHATUTHYECKOE BbI-
pakeHHe B BHJIE€ KAHOHWYECKOH CyMMBbI Npou3BeAeHul f =m + m + ... + m. Jus
KaXJI0ro TIpou3BeaeHus 7, i€ {1, 2, ..., k}, ucnons3ys coorHommenus (3.1) u (3.2),
onpenenseTcs 3HaueHue BEPOSITHOCTH P(ﬂ/ =1).

3. B cuy HecoBmecTHOCTH coOBITHH 7; =1 W 7; =1 3Ha4eHue p(f = 1) BbI-
YUCISIETCs IO BhIpasKeHHIO (3.4):

p(f=D= Zp(ﬁi =1). (3.4)

B kauecTBe mpumepa HCIOIb30BaHMsI PACCMOTPEHHOIO aJIrOPUTMa BO3bMEM
nudpoByr cxeMmy (puc. 3.4), OIUCHIBAEMYIO BBIDAKCHUEM f = (X] + X) X3 + X1 X2,
JUI KOTOpo#t Hainmem 3Hadenue p(f = 1) [15, 16, 154]. I[lepBoHadaipHO OyseBa
byHKIESA = (X; + X3) X3 + X| Xo IPESIACTABISCTCS B BHJIC KAHOHUIECKOH CYyMMBI
MIPOU3BEICHUMN:

=0 4+x)x, T XX, =X,%, X, + X, X, X, + X, X, X3 + X, X, X5

ToC/Ie10BATENbHO  BHIMUCISIOTCA  3HaueHHs P(X, X, Xy = 1), p(x, x, x; = 1),
p(xx,x; =1 up(x x,x, =1).

X1

fi

X2

=] [~

Pucynok 3.4 — Kombunayuonnas cxema

Ha ocnoBanuu (3.4) onpeznensiercs 3SHaYCHHE HCKOMOM BEPOSITHOCTH:

p(f =D =plxx,x, =)+ p(;le x; =1+ p(x, ;2X3 =D+ p(x, x, xj =)=
p(x, =Dp(x, =D+ p(x, =D p(x; =D+ p(x, =D p(x; =D —
2p(x, =D p(x, =Dp(x; =1).

Tl p(xi= 1) = p(xs= 1) = p(x3 = 1) = p, nonysmu, uro p(f =1)=3p* ~2p".

CylLeCTBEHHBIM HEJOCTAaTKOM PAaCCMOTPEHHOM METOAMKH SIBIISIETCSA CIOXK-
HOCTb IIOJYYCHHUS AHAJIUTUYECKOI'O BBIPAKEHUS B BUJIE KAHOHUYECKOH CyMMBI
mpousBeaeHuil. [ mpakTUYecKoro MpUMEHEHHs: Haubosee MpoCT BTOPOH airo-
PHUTM, MO3BOJISIIOLIMI HOJYYUTh BEPOSITHOCTHOE OIMcaHne NUPPOBOH CXeMbl HA
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OCHOBaHHU ¢€ (yHKIMOHANBbHON cxembl [302, 207, 208]. CyIHOCTh AaHHOTO -
TOPUTMa OCHOBBIBAETCSI HA CBOMCTBE BEPOSITHOCTH 3aBUCUMBIX cOOBITHH. [TosicHuM
yKa3aHHOE CBOWMCTBO Ha npumepe aiemeHra U ¢ marero Bxogamu. Ilycts Ha Tpu
€ro MepBbIX BXO0Ja MOJAETCs NepeMeHHas X, IJIsi KOTOPOil BEepOATHOCTh €IWHUY-
HOTO 3HAYCHHUS COCTABIACT p(X;= |) B COOTBETCTBEHHO X, X3 HA YETBEPTHIH U IIsi-
TBII BXOJIbI, OTMIMCHIBAEMbIC BEpOSTHOCTAMU p(x,= 1) u p(x3= 1). CormiacHo cooT-
HoteHHo (3.2) BeposATHOCTH p(f = 1) eAMHNYHOTO 3HAUCHHS HA BBIXOJE JIAHHOTO
anemMeHTa U OyneT onpeiensaThCst BBIPaXKCHUCM:

p(f=D=p*(x, =Dp(x, =D p(x; =1),

rae p(x;= 1) BXoauT B mocieqHee BhIpaKeHUE B TpeTheid crenenu. C apyroi cTo-
POHBI, paccMaTpHBas JOTUKY (DYHKIMOHUPOBaHHS AJIeMEHTa 1, MOXHO 3aKIIio-
YHUTh, YTO BEPOSTHOCTh CAMHHYHOTO 3HAYCHHUS HA €r0 BBIXOJC XapaKTepU3yeTCs
BEPOSITHOCTHED COBMECTHOTO COOBITUS X1 = |, X,= | 1 x3= |, KOTOpast i1 He3aBHUCH-
MBIX ICPEMEHHBIX X1, Xy ¥ X3 BEIYHCIIACTCS KaK MPOU3BEICHUE BEPOSTHOCTEH

p(f =D =plx, =D)p(x, =D p(x; =1),

I7ie BCe BEPOSITHOCTH UMEIOT TOJIBKO MEPBYIO CTeNeHb. Takum o6pa3om, i Ho-
JIy9eHUsI IPaBUIBHON OIIEHKH BEPOATHOCTH, OIICHIBAIOIICH MOBEACHHE KOMOMHA-
IIHOHHOM CXEMBI, COJIepIKaIIe CXOSIINECS Pa3BETBICHNUS (3aBUCHMBIE COOBITHS),
B BBIPKEHUU BEPOATHOCTH, MOIyuY€HHOM Mo cooTHomeHusMm (3.2), (3.3) u (3.4)
MoKa3aTesu CTeNeHel BepOsITHOCTEN YMEHbBILAIOTCS 10 TIepBoii cTenenu [158].

ANTOpPHUTM, HCIOJB3YIOIINI TaHHOE CBOWCTBO, COCTOMT H3 CIICIYFOIIHX
JTAaIoB:

1. Bce monroca paccMatpuBaeMoi IHM(POBOH cXeMbl 0003HAYAIOTCS pa3-
JIMYHBIMU TIEPEMCHHBIMH.

2. JIns KasKI0TO JIEMEHTA CXCMBI BEIYMCIISIETCS BRIXOHASI BEPOSITHOCTH KaK
(hYHKIIUS BEpOSATHOCTEH BXOJHBIX MEPEMEHHBIX, MPHYEM JIaHHAS TPOIenypa BbI-
TIOJHSACTCS TOCJIEOBATEIIFHO OT JJIEMEHTOB, K KOTOPBIM TOAKIIOYEHBI BXOJBI
CXEMBI K 3JIEMEHTY, Ha BBIXOAE KoToporo (opmupyercs GpyHKOus, peamnsyemas
cxeMoi. [ TmosydeHns NMpaBWIIBHOTO BBIPAXKCHUS BEPOSTHOCTHOTO ONHMCAHMS
CXEMBI BCE TTOKa3aTeNN CTETIeHH YMEHBIIAIOTCS 10 €TMHUYHOTO 3HAYCHUS.

B kagecTBe mpmMepa, WLTIOCTPHPYIOMIETO PACCMOTPEHHBIH alTOpPHTM,
onpexenuM p(f = 1) At cxeMsl, IpuBeIeHHON Ha puc. 3.4. IIpuMeHss cooTHOmIe-
uus (3.2), (3.3) u (3.4), nonyunm:

p(fi=D=p(x, =) p(x, =1);
p(f,=D=p(x, =D+ p(x, =1)— p(x, =D p(x, =D);

p(f; =)= p(f,=Dp(x; =1)= p(x, =D p(x; =) + p(x, =D p(x; =1) -
= plx; =D p(x, =) p(x; =1);
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p(f=D)=p(fi=D+p(fi=D-p(f,=Dp(f; =D = p(x, =D)p(x, =1)+

Py =Dp(x; =D+ plx, =D plx; =1)— p(x; =D p(x, =D p(x; =1) -

=P =1)p(x, =D)p(x, =) = p(x, =) p*(x, =) p(x, =1) +

+ pz(xl = 1)p2(x2 =Dp(x; =1).

YMeHleI/IB HOKa3aTesiy CTeHneHen J0 €IUHUIIbI, OKOHYATCJIbHO UMCCM:

p(f =D =px, =D)p(x, =D+ plx, =D p(x; =D+ p(x, =D p(x; =1) -
2p(x, =) p(x, =D p(x; =1).

3amava ompeseneHusi BEPOSITHOCTHOTO OMHCAHUS IIU(PPOBON CXEMbI MOXKET
OBITH 3HAYUTENHHO YMPOIIEHA JJIsl CIIydas peam3alliy TOCIeHe Ha OJHOTHII-
HBIX JIOTHYECKUX dJeMeHTaxX. Tak, B [3, 4] mokazaHo, 4TO Ui JPEBOBHIHOMN
CTPYKTYpBI IH(POBOIl cxembl, peanu3oBanHoi Ha snemeHTax M-HE, Bxoapl kax-
JIOTO 13 KOTOPBIX MOAKIIOYEHBI K BBIXOJaM JIEMEHTOB MPEAbIIYIIET0 YPOBHSI, Be-
POATHOCTHOE omucaHue OyaeT uMeTh BU [3]:

p(=D=p(y=D=[l-p (r=0)]",

rae p(y = 0) u p(y = 1) BepOATHOCTH HOSBJICHHUS HYJICBOTO M SIUHUIHOTO 3HAYEC-
HUM Ha BBIXOZaX 3JIEMEHTOB /-0 YPOBHSI.

OpuruHangbHBIA aNrOPUTM, OCHOBAHHBIM Ha IPeoOpa3oBaHUM HCXOJHOM
(poBoil cXeMbl B JPEBOBUIHYIO CTPYKTYpY, paccmarpusaercs B [169]. Cymi-
HOCTb IaHHOTO METOJIa 3aKJII0YaeTCs B OIPEAEICHUH MPE/esoB, B KOTOPHIX HaXo-
JIUTCSI HICKOMasl BEPOSITHOCTb, 3@ CUET UCKYCCTBEHHOTO 3aJaHUSI TPAHUYHBIX BEpPO-
STHOCTEH B TOYKAX Pa3BETBICHUS. B 5TOM citydae pa3BeTBICHHE MPE/ICTABIISECTCS
B BHJIC HE3aBUCHUMBIX BXOJIOB, BEPOSITHOCTh MOSBJICHUS €JHHUIBI HA KOTOPBIX Jie-
xuT B nipeaenax ot 0 mo 1. Tak, Hanpumep, KOMOMHAIIMOHHAS CXEMa, NTPUBECH-
Hast Ha puc. 3.4, umeer pas3BeTBICHUS. I 5TOI CXEMBI, COMIACHO YKa3aHHOMY
MeTo/ly, Ha Bxojax sinemenTa MJIN (2) BeposTHOCTH MOSBICHHS €AMHUYHBIX CHT-
HAJIOB IPUHUMAIOTCS paBHBIMK BeimuuHaM B ipeenax ot 0 g0 1 (0 - 1). CootBer-
ctBeHHO p(h=1)=0-1up(s=1)=p(r=Dp(x3=1) =0 - p(x3=1). BeposT-
HOCTB TTOSIBJICHUS €JMHUYHOTO CUTHAJIA Ha BBIXoe aneMenTa 1 (1) paBHa p(x; = 1)
p(x, = 1), a BRIXOAHASA BEPOSATHOCTh COOTBETCTBEHHO p(f = 1) = p(fi = 1) +
p(s=1)—p(fi = 1) p(fs = 1). lloncrasmsasa sBepxuuit (p(x;=1)) u HrxHUI (0) mpe-
JeTsl U3MEHEHHsT BeNMW4uHB! p(f; = 1) B TmocienHee BBIpakeHHE, OKOHYATEIHFHO
MOTy4aeM:

p(f =1)=[p(x, =1)p(x, =1)-
-[p(x, =D p(x, = 1)+ p(x, =1)= p(x, =1) p(x, =D p(x, =1)].
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IIpu p(x;=1) =p(x,=1) = p(x;=1) = p Oyaem umeTb:
p(f=D=(p")-(p+p" -p",

rae p> up + p*— p’, COOTBETCTBEHHO HIKHSS M BEPXHSIS OLIEHKH BEPOSTHOCTH
p(f=1).

Bonee cioxHO siBisieTcs 3aa4a OnpeeneHuss BEpOATHOCTHOTO OMUCAHUS
MOCJICI0BATEIEHOCTHBIX U(POBBIX cxeM. B TaHHOM ciTydae aHAIUTHYCCKUAC TOA-
XOABI MPAaKTUUECKH HempuemieMsl. EMMHCTBEHHOH anbTepHATHBOII MOXET OBITh
MPUMEHEHHE CTATUCTHYECKOro dKcIepuMenTa. [IpumepoM peanusaluu CTaTUCTH-
YECKOT0 IMOJXO0Ja JUIA ONPEICIICHNS BEPOATHOCTHOTO OMUCAHUS HU(PPOBBIX CXEM
ciyxut npunoxkenue STAFAN (Statistic Fault Analysis) [101], npeacrasisonee
co0oif cucTeMy MaTeMaTHYECKOTO OOCCIECUYCHHS, MO3BOJIIONIYI0, B YaCTHOCTH,
OLICHUTH BEPOSITHOCTH MOSBJICHUS SIMHUYHOTO CHT'HANA Ha JIIOOOM W3 ITOJOCOB
CXEMBI.

BeposiTHOCTHOE onmcanue IH(POBOH CXEMBI, MOTYYCHHOE JTHOO aHAIHTHU-
9ecKH, MO0 M0 SKCIEePUMEHTANBHBIM JTaHHBIM, HEOOXOIMMO JIUIIb IS (popMu-
POBaHHS ATATOHHBIX BEPOSTHOCTEH, HCIIONB3yEMBIX IIPH CPABHEHHUHN HX C PEaNbHO
OIIpeACTICHHBIMY 3HAUCHUAMH B Pe3yJbTaTe TeCTHPOBAaHHS IH(POBEIX cxem. Ta-
KH€ BEpOSTHOCTH YacTO Ha3bIBAIOT CUTHANBHBIMU [3, 169]. C uX moMOIIbp0 MOX-
HO OIICHWTH BEPOATHOCTDH MOSBJICHHS €IUHUYHOTO CHTHANA Ha 33aJaHHBIX IOJIO-
Cax CXEMBI.

3agaua onpeseseHUs] BEPOSITHOCTEH 0OHApyKEHUSI HEHCIIPAaBHOCTEH Ha 3a-
JAHHBIX MOJfocax MU(POBOH cxeMbl Hanbojee BakHAs, YTO JaeT BO3MOXKHOCTh
OLICHUTH IPPEKTUBHOCTH BEPOSTHOCTHOIO TECTHPOBAHHS B KAXKJIOM KOHKPETHOM
cllyyae U HaAMETUTb IyTH €€ YBeJIMYeHUs. PaccMOTpUM psii MPaKTUUECKUX MOA-
XOJIOB, UCIIONIB3YEMBIX ISl OIICHKU BEPOSTHOCTH OOHApPYKCHUS 3aJaHHBIX HEHC-
[IPaBHOCTEH.

3.3. OueHka BepoOSITHOCTH O0HAPY KEHUS] HEHMCIIPABHOCTH

BepostHocTs pAf =y), Toe {0, 1}, oOHapyXeHNS KOHCTAaHTHOW HEWcC-
MIPaBHOCTH =y Ha TOJIoce f TUPPOBOH CXEMBI TpeICTaBIsIeT OO0l Mepy OICHKH
3 (eKTUBHOCTH BEPOSATHOCTHOTO TECTHPOBAHUS U XapaKTEPH3YET CIO0KHOCTh
OIIpe/IeJICHUs] 3a/laHHOI HEHCIIPAaBHOCTH LU(POBOH cxeMbl. bonee neransHO Co-
JiepyKaHHe TTOHATHS BEpOATHOCTH OOHAPY)KEHHUS HEHCIPABHOCTH PACCMOTPHUM Ha
npuMepe udpoBoii cXxeMbl, UMEIONIEH B #-BXOI0BOTO 31eMeHTa M.

Kax u ju1s1 obmiero ciydast, nporeaypa TeCTHpoBaHus 3nemeHTa 1 cocrount
B IT0JIaY€ Ha €T0 BXOJIBI ITOCIEI0BATEIbHOCTEH CIyJaifHbIX JBOMYHBIX IU(P C Be-
postHOCTAMHE p(x; = 1), p(x; =1), ..., p(x, = 1) n aHanM3e BEIXOAHON peakunu. He
HapymIas 00IHOCTH PACCYKIACHUH, TPEAMONIOKUM, 9T0 p(x; =) =p(x; =) =..=
plx, =1 =p.

BeposrtHocts pf =y) oOHapyKeHHs] HEUCTIPABHOCTH =y XapaKTEePU3YyeTCs
BEPOSTHOCTHIO COBMECTHOT'O BBIIIOJIHEHHSI IBYX COOBITHI, 2 MIMEHHO IIPOSIBICHHS
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HCHCIPABHOCTU B TOYKE €€ BOSHUKHOBCHHUS M TPAHCIOPTUPOBKH Ha OJUH U3 BBI-
X0/I0B cxeMbl. [Ipu 3TOM COOBITHE TPOSBICHUS HEUCIPABHOCTH =y MOXKHO OIle-
HUTH BEPOSITHOCTBIO p.(f =y) NpOSIBICHHUS €¢ Ha 3aJaHHOM IIOJIFOCE f, a COOBITHE
TPAHCIIOPTUPOBKHU, COOTBETCTBEHHO BEPOATHOCTBIO p/(f =y) HaOMOAEHHUs 3TOM
HEHCIPABHOCTHU XOTs OBI 10 OTHOMY M3 BBIXOJIOB CXCMBL.

s n-BxomoBoro snemeHTa M BEpOSTHOCTH TMPOSIBICHUS] HEUCIPABHOCTH
=0 mo mepBOMY BXOIy OyAeT paBHA BEpPOSTHOCTH MOSBIEHHS Ha JAHHOM BXOJE
CMHUYHOTO CUMBOIA, T. €. p(x; =0) = p(x; = 1) = p, a wis p.(x; =), cooTBeT-
CTBCHHO BEPOSATHOCTH IIOSBJICHUS Ha JaHHOM BXOZE HyJIeBOro ypoBHs. Torma
pelx1 =1) = p(x; = 0) = 1= p(x; = 1) =1— p. YcaoBueM TpaHCIIOPTHPOBKH OO0
HEHCIPaBHOCTH IIEPBOTO BXO0Ja 1eMeHTa Y OyaeT akTHBHOCTH IyTH OT JaHHOTO
BXO/Ia K BBIXOJY 2JIEMCHTA. YKa3aHHOE YCIOBUE OMpPEICIeTCs COOBITHEM X, = 1,
x3=1, ..., x,=1 ¢ BeposTHOCTBIO p(X; = 1,x3=1, ..., x, = 1). YuuThIBas HE3aBUCHU-
MOCTh BXOJHBIX CITyYaifHBIX JBOMYHBIX MOCIICAOBATEIFHOCTEH, OKOHYATEIFHO 0~
nygaeM plf =g) = p(x= 1) p(xs= 1) ... p(x, = 1) = p"". BepostHocTb p(y =%)
IIPOSIBJICHUS] HEMCIIPABHOCTU =y 110 BbIXOAY 31eMeHTa U st =0 onpenensiercs Be-
postHOCTIO p(y = 1), a ms =1 BepositHOCTBIO p(y = 0), IPH TOM BEPOSTHOCTH
py =)) cTporo paBHa eIWHUIIE, TaK KaK BBIXOJ] dJIeMeHTa I SIBIISETCS BHIXOTHBIM
HaOJIFOJAeMBIM ITOJTFOCOM CXEMBI.

JIs pacCMOTPEHHOTO TPOCTEHIETro ciydast MU(POBOH CXEMBI COOBITHS
MIPOSIBJICHNS] HEUCTIPABHOCTH U €€ TPAHCIOPTHPOBKH HE3aBHCHMBIC, MTO3TOMY B
JTAHHOM CITy4ae BEPOSTHOCTb p(f =) BBIYUCIACTCS COTIACHO CICAYIOLIEMY COOT-
HOIICHHIO:

p(f=20=p.(f=20p(f = 7).

B tabnmme 3.1 nmpuBeneHs! BepoaTHOCTH p(f =), pAf =yx) u pAf =y) nas
KOHCTAHTHBIX HEHUCIPABHOCTEH i-X BX0J0B i €{1, 2, ..., n}, ¥ BBIXOJIOB SJICMEHTOB
W wu WA ans cyyas p(x; =1) =p(x, =1)=...=p(x, =1)=p.

Tabmuua 3.1 — 3nauenus eeposmmuocmert NposgIeHUs, MPAHCNOPMUPOSKU U
obnapyacenus oas snemenmog N u NI ¢ n exodamu

_ 1 WIN
1=z plf =0 | pf =) | pdf =2) | pAf =0 | plf =x) | pdf =2
x=0 p P P ) (I-p" " | p1-p)""
xi=1 1-p P P 1-p ap" | (d-p)
=0 7' 1 P 1-(1-p)" 1 1-(1-p)"
y=l 1" 1 1" (I-p)’ | (1-p)

s p = 1/2, coriacHO COOTHOIICHUSAM, pACCMOTPEHHBIM B Tabmuie 3.1, Be-
POSTHOCTB p(x; =0) 11t n = 4 w snementa U pasma p = 1/2°, a p(y =1) =1 - 1/2".
TloHATHST BEpPOSATHOCTCH OOHAPYKCHUSI, MPOSBICHHUS M TPAHCIOPTHPOBKH
HCHCIIPABHOCTU B 3HAYUTEIILHOM CTEIICHN aHAIOTHYHBI MOHSATHSIM YIIPABIIEMOCTH,
HaOJI0AaeMOCTH U TeCTHpyeMocTH 1udpoBoii cxemsl [208, 302]. OTnnune cocto-
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UT JHIIb B TOM, YTO JAHHBIC XapaKTCPHCTHKH BEPOSATHOCTEH OOHApPYKCHUS, PO-
SIBIICHUSI U TPAHCIIOPTHUPOBKHU BBIYUCIISIIOTCS HE TOJBKO AJISi pABHOMEPHOTO pac-
MIpe/iesIeHus] TeCTOBBIX HAOOPOB, a U JUIs TPOU3BOJIBHOTO pacHpeaeeHHUs BXOJHBIX
BEpOSITHOCTEH.

AHaTUTHYECKOE OIpeIeTICHUE 3HAYCHUI BEPOSTHOCTEH py, p. U p, IUIs 1A (D-
POBBIX CXEeM OOINEro BHIA 3HAYUTEIBHO YCIOXKHSICTCS 3aBHCUMOCTBIO COOBITHI
MIPOSIBIICHUS HEHCIIPABHOCTH M €€ TPAHCTIOPTHPOBKH Ha OJIMH U3 BBIXOJIOB CXEMBI.
[TosTOMY B OOJBIIMHCTBE CIyYacB BBIYMCIISACTCS JIAIIb HEKOTOPask OLICHKA BEPOSIT-
HOCTH OOHApy)XeHHs HewucnpaBHOCTH. Tak, B [169] 3amava ompenerneHus yka-
3aHHOHM BEPOATHOCTH CBOIUTCS K 3a/1a4€ BBIYUCIICHUS CHUTHAJBHOW BEPOSTHOCTH
€JIMHUYHOTO 3HAYCHHS Ha BBIXOJIC NCKYCCTBEHHO BBEIEHHOTO deMenTa U (), Kak
9TO TIOKA3aHO Ha MPUBEJIEHHOM TpuMepe (puc. 3.5).

®parmeHT U(POBOIT CXEMBI, TPUBEACHHON HA PUCYHKE, COCTOUT M3 IOCTIe-
JIOBaTeNbHO coenuHeHHbIX demenToB M-HE (7), U (2), WU (3), UJIU-HE (4).
B kauecTBe HEHCIIPABHOCTH PACCMOTPUM KOHCTAHTHYIO HEHCIIPAaBHOCTH f; =0, Ko-
TOpasi TPAHCIOPTHUPYETCSI Ha BBIXOJ F' 1O MYyTH, MPOXOMAIIEMY Yepe3 dIeMEHTHI
2,3, u4.

VYcnoBuem mposiBiCHUST HEUCHpaBHOCTH f; =0 B TOUKe €€ BO3HHUKHOBEHUS
SIBIISIETCS TIOSIBJICHNE €IMHUYHOTO CUTHalla Ha BbIxoje nepsoro snementa U (1). B
TOXKE BPEMs YCIOBUEM €€ TPAaHCIIOPTUPOBKH Ha BBIXOA F SIBJISCTCS HaJH4YHE 3HA-
YeHMs eJIMHUIIBI HA TIEpPBOM BXojie dneMenta M (2) u HyJisl Ha TIEpBBIX BXO/AX dJie-
meHToB MJIN (3) u (4). llpuBeneHHOE MHOKECTBO YCIOBHMA, ONpPEAEISIOMINX
HaOJIF0JaeMOCTh HEHCIIPABHOCTH fi =0; 00bEIMHACTCS ITyTEM BBEICHUS (PUKTUBHO-
ro sneMenTa U (¢), BBIXOJHOE 3HAUCHHE KOTOPOTO PAaBHSCTCS CIUHMIC TOJIBKO B
cily4ae BBITIOJIHEHUS BCeX Mpeablayux yciosuii [208, 302].

Fy

Pucynok 3.5 —IIpumep ceéederus 3adauu onpedenenus 6eposmHoCmu 0OHAPYIICeHUs
HeucnpasHocmu f1 =0 K 3a0aue onpedenenus CUZHANLHOL 6eposMHOCIU Ha 6bixooe F,
uckyccmeenno esedennoeo snemenma Y (¢)

CnenoBatenpHo, BeposTHOCTH p(f,= 1) paBeHCTBAa €IMHHIE BBIXOIHOIO

3Ha4YeHNs (QUKTHBHOTO 31eMeHTa U () OyaeT COOTBETCTBOBATh BEPOSATHOCTH 00-
Hapy)XCHUS 3aJaHHON HEUCTIPaBHOCTH f] =0, TO €CTb:
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pa(i=0)=p(F, =1).

TakuM 00pa3oM, BBIYMCICHNE BEPOSTHOCTH OOHApPYKCHUS HEHCIIPAaBHOCTU
CBOJIUTCSI K ONPEAEIECHUIO0 CUTHAIBHOM BEPOSITHOCTHU. JIJIsl TOr0 MOTYT UCIOJb30-
BaThCs TIOOBIC M3 paHee PacCMOTPEHHBIX METOJOB. B ToM ciywae, korma cymie-
CTBYET MHOKECTBO BO3MOKHBIX ITyTeH TPaHCIOPTHPOBKH HEUCIIPABHOCTH HA BBI-
XOZBI IU(POBOH CXEMBI, CHTHAJIBHAS BEPOSTHOCTH [UIS BBIXOJHOTO TTOJIFOCA (DUK-
THUBHOTO 3JeMeHTa 1 OyneT CIyXUTh HIDKHEH OLIEHKOH HCKOMOW BEPOSTHOCTH
oOHapykeHHs HeucnpaBHOCTH. KpoMe Toro, HeT HeOOXOUMOCTH B ONPEICICHUN
BEPOSATHOCTEH 0OHApYKEHHsI BCEBO3MOXHBIX HEHCTIPAaBHOCTEW cxeMbl. [locTaTou-
HO BBIYUCIUTb TOJBKO BEPOSTHOCTH OOHAPYKEHHS XapaKTEPHUCTUUECKUX HEHC-
MIPABHOCTEH, T. €. HEUCIPABHOCTEH, JeKaIllMX Ha BXOJHBIX IOJIOCAX CXEMBI U Ha
MOJIFOCAaX, COOTBETCTBYIOIIMX Y3JlaM pasBeTBiieHus [15]. AHanu3 BeposiTHOCTEH
0OHapyKEeHHsI HEHCIIPABHOCTEH MO3BOJISIET OLIEHUTH d(P(PEKTUBHOCTD BEPOSITHOCT-
HOT'O TECTUPOBaHUS IIU(YPOBOU CXEMBI, KOTOpasi B IIEPBYIO OYCPEIb XapaKTEepU3y-
€TCsl €r0 CJIOKHOCTBIO, ONPEAeIeMO JUTMHOM BEPOSTHOCTHOTO TECTa.

3.4. OnpeneJieHne JJIUHbI BEPOSTHOCTHOIO TECTA

OCHOBHBIM TTapaMETPOM CHCTEM KOHTPOJISI ‘U TUArHOCTHKU BBIYHCIUTEINb-
HBIX CHCTEM SBJISIETCS BPEeMs, HEOOXOIMMOE /ISl TIPOBECHNUS MPOIETyPhl TECTH-
pOBaHMsA, KOTOPOE OJHO3HAYHO ONpPEENAeTCs [UIMHON TECTOBBIX MOCIEAOBATENb-
HOCTeH. B ciydyae neTepMHUHUPOBAHHBIX METOOB CHHTE3a TECTOB X JUJIMHA OMpe-
Jensercss TpeOyeMoii TOMHOTON MOKPBITUS BOSMOXHBIX HEUCIIPABHOCTEH CXEMBI U
B CpEIHEM IPHHMUMACT TIPHEMIIEMbIC BeTUUNHEL. CIeqyeT OTMETHTh, YTO C YBEIHU-
YeHHEM KOJIMYeCTBa HaOOPOB BO3PACTAET MOJTHOTA MOKPHITHSA. AHAJIOTHYHAs 3a-
BUCHMOCTh, OUYEBHUHO, CIIPAaBEIJINBA U U1 BEPOATHOCTHOrO TecTupoBaHus. OO
9TOM CBUJETENbCTBYET MPUMEP HCIOJIB30BaHUS CIYYalHBIX TECTOBBIX HAOOPOB
U TECTUPOBAHUS JBYX HOCTATOYHO CIOXKHBIX IHU(MPOBBIX YCTPOHCTB, PacCMOT-
peHHBIX B [58].

Kax BuznHo n3 Tabmuusl 3.2, MONHOTa NOKPBITHS HEUCIIPABHOCTEH BEpOsT-
HOCTHBIM TE€CTOM JUIs 000UX IU(POBBIX YCTPONCTB MOBBIIIACTCS C YBEIHUCHHEM
YHCIa TECTOBBIX HAOOPOB, MPENCTABIAIONINX COOOH paBHOMEPHO paclpejieicH-
Hble cimydaitaeie yncna [58, 207, 302]. CpaBHuBaeMasi IOJHOTA TIOKPBITHS C TIOJI-
HOTOH TOKPBITHS IS IETEPMUHUPOBAHHBIX TECTOB JIOCTUTACTCS TIPH JUTHHE BEPO-
SITHOCTHOTO TecTa, paBHO# 10 000 HabopoB. B Toxxe BpeMs Uit CpaBHUTENEHO He-
Gompmroro yncia Habopos, paBHOro 100 3HAYEHHUSAM IOJHOTHI TOKPHITHS BEPOAT-
HOCTHOTO TE€CTA, JOCTATOYHO BBICOKHE.
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Tabnuua 3.2 — 3nauenus norHomul NOKpbIMUsL 6ePOSAMHOCIMHO20 MECma

8 3a8UCUMOCTNU 0N €20 ONUHbL

3aBHCHMOCTb MOJIHOTBI 110~ IMonxota
0,
IlI/I(bmeoe Kommuectso | Kommaeerso kpbiTHs (%) OT KOJIMUeCcTBa TOKPBITUS
YCTpOIi- TECTOBBIX HAOOPOB JIETePMHUHU-
18O BXOJIOB JJIECMEHTOB POBAHHOTO
100 1000 10000
TecTa
Nel 63 926 86,1 94,1 96,3 96,7
Ne2 54 1103 75,2 92,3 95,9 97,1

3aBHCHUMOCTD IOJHOTHI MOKPBITHSI HEHCIPABHOCTEH OT KOJIMYECTBA TECTO-
BEIX HaOOPOB, MPEICTABIAIONINX COOOH CIydJaifHbIe 3HAUCHHS, BIIEPBBIC ObLIa
IKCIIEPUMEHTAIBHO HccieoBana B pabote [58]. TlokazaHo, YTO MOIHOTA TTOKPHI-
tust Fe, KoTOpas qocTuraercs npu (GopmupoBannu N ciaydaifHBIX TECTOBBIX Ha0O-
POB, MOKET OBITh aNMPOKCUMHUPOBaHA YKCIIOHEHTOH cieayromiero Buaa [58]:

F.=(—-e""")x100%, (3.5)

rae A mpeacTaBiseT coOOi MOCTOSHHYIO BEJIMYMHY, KOTOpas NPUHMMAeT KOH-
KPETHBIE 3HAUEHUS U KaXKI0TO ONPEAETICHHOTO THIIa IH(POBEIX YCTPOUCTB.

AHanoru4sasi 3aBUCUMOCTb MOKET OBITh MOJTy4eHa B Pe3ylbTaTe CIeAyIo-
X PAcCyXIEHUH OTHOCHTEIHEHO HEHCIPABHOCTH, MMEIOLIEi BEpOSTHOCTh OOHa-
PYKEeHUsI, paBHYIO p,. Kak ¥ B IpeabIAyIIMX pa3/ienax, JaHHas BEPOSITHOCTD Xapak-
TEpHU3yeT BEPOATHOCTh OOHAPYKEHHS 331aHHOI HEHCIIPaBHOCTH MPH I10Ja4e OHO-
IO TECTOBOTO HabOpa BEPOSITHOCTHOTO TecTa. OTMETHM, YTO BEPOSITHOCTHBIN TECT
cocTOuT U3 N CilydaifHbIX M HE3aBUCHMBIX HaOopoB. Takum oOpa3oMm, mmpu mopade
oJIHOrO Habopa paccMarpuBacMasi HEHCIIPAaBHOCTH OyzieT 0OHapyKeHa ¢ BEpOsSTHO-
cTbto pA1) = p, 1 COOTBETCTBEHHO HE OOHApYKEHa C BEPOIATHOCTHIO p,(1) =1 — p,.
[pu nomaue AByX TECTOBBIX HAOOPOB BEPOATHOCTD TOTO, YTO HEUCIIPABHOCTH OyIeT
He obHapysKeHa, paBHsieTcst p,(2) = (1 — py )>. COOTBETCTBEHHO BEPOATHOCTH OOHA-
pY’KE€HHs HEHCIPAaBHOCTH IPH TOJa4e IBYX TECTOBBIX HAOOPOB NMPHMET 3HAUCHHUE
pd2)=1-p,2)=1-(1 - py) Tlpu nogaue N He3aBUCHMBIX CIydJaifHbIX Ha0O-
POB yKa3aHHas BEpPOSATHOCTH OyAET BO3pacTaTh M B OOIIEM CIydae ONpeaesaTh-
CSl COOTHOIIICHUEM:

Py(N)=1=p,(N). (3.6)
rae pAN) npencrapisier co00l BEpOSITHOCTh OOHAPYKEHHS HEHCIIPABHOCTU TIPU
nojaue N TeCTOBBIX HAOOPOB, a p,(/N) — BepOATHOCT HEOOHAPYKCHUS yKa3aHHON
HEWCIIPAaBHOCTH. YUNTHIBas HE3aBUCHMOCTh (DOPMHPYEMBIX TECTOBBIX HAOOPOB,
BEPOSITHOCTB p,(/N) MOXKET OBITH BBIYHCIICHA KaK MIPOM3BEACHNE N COMHOXKHUTENEH
(1 = p4), mpeacTaBIAIONIMX COOOH BEPOSTHOCTH HEOOHAPYKECHHUS HEHCIPAaBHOCTH
IIpU MoJaye OAHOrO TecToBOro Habopa. C yd4eToM HOCIEAHEro 3aMedaHHs COOT-
HoueHue (3.6) npumer BUA:
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p.(N)=1-(1-p)",

OTKYyZa IJIst 3alaHHOIl JOCTOBEPHOCTH TECTHPOBAHUS, ONPEACIIAEMON BEPOSTHO-
CTBIO p(NN), HEOOXOIMMOE KOJINIECTBO CIyYaHBIX TECTOBBIX HAOOPOB BEPOST-
HOCTHOT'O TeCTa MOXHO HAliTH ClIeLyIOIHIM 00pa3oM:

v n=p,(V)
In(1-p,)
Jnsa n-BxomoBoro sneMeHTa M KOIMYECTBO TeCTOBBIX HaOOpoB N BeposT-
HOCTHOTO TECTa, HEOOXOIMMOE Ul OMPENCNICHHUS €ro HeuchpaBHOCTH ) =0 (cM.
Tabmuiry 3.1) ¢ TOCTOBEPHOCTHIO, OMpEAesieMON TOBEPUTEIBHON BEPOSTHOCTHIO
pdN) = 0,99, Boruncnsiercs cornacuo (3.7). YuuThiBas paBeHCTBO py = p” Juist pac-
CMAaTpUBaEMON HEUCTIPABHOCTH, TIOJTyUHM:

(3.7)

N=mn(1-0,99)/In(1- p"),

IJie p €CTh BEPOSATHOCTH TOSBJICHUS SAMHUYHOTO 3HAUCHUS B CIIyYaHBIX MOCIe-
JIOBATEBHOCTSIX, IBOMYHBIX HAOOPOB TeCTa IMOJAaBAEMbBIX Ha BXOBI /7-BXOJOBOTO
anementa U.

Ananu3 mocneaHed 3aBUCHMOCTH TTOKa3bIBACT, YTO JUIMHA N TECTOBOM IO-
CJIEIOBATENILHOCTH 3HAYUTENBHO 3aBUCHT OT BHUJIA TECTUPYEMOi u(pPOBOIl cXeMbl
(B maHHOM cllyyae OT KOJIMYECTBa 7 BXOJO0B dneMeHTa W) u pacnpeneneHus BXo-
HBIX BeposaTHocTell p. KoHKkpeTHbI mpumep, paccMOTpeHHbIH B [3] 1 cioydas
UQpPOBBIX cXeM, peann3oBaHHbIX Ha 3ieMeHTax W-HE, mokassiBaer, uTo ist
BXOJHBIX BeposiTHOCTe p =0,5, HCHONB30BaHHBIX [UI TECTHPOBAHHUS
13-ypoBHEBBIX IH(POBBIX CXEM € JOBEPHTEIBHON BepOsATHOCTHIO p(N) = 0,99,
BEPOSTHOCTHBIN TECT JOJKEH COCTOSATh U3 N = 3x108 JnBoUYHBIX Habopos. Komu-
4eCTBO HEOOXOAMMBIX TECTOBBLIX HAOOpOB N yMEHbLIAETCS 10 BEJIUYMHBI 2x10*
IIPU 33JJaHUU BXOJIHBIX BeposiTHOCTEH p, paBHbIX 0,617.

[IpuBeneHHbIC TPUMEPHI CBUICTEIBCTBYIOT O HEOOXOAMMOCTH PEIICHUS 3a-
Jla41 OTIPEICTICHNS] 3HAYCHUI BXOIHBIX BEPOSITHOCTEH, TIO3BOJISIFOIUX MUHUMU3H-
POBAaTh IJIMHY BEPOSTHOCTHBIX TECTOBBIX ITOCIIENOBATEIHLHOCTEH.

3.5. MeTtoapl onpe/ieeHusi ONTUMAJLHBIX 3HAYEHHIT BepOsITHOCTE

[oa onTHMabHBIMK 3HAYCHUSIMU BEPOSTHOCTEH BXOIHBIX MIEPEMEHHBIX Be-
POSTHOCTHBIX TECTOB MOHUMAIOTCS TAKHE UX 3HAYCHUS, KOTOPBIC MO3BOJSIIOT H0-
CTUYb MHHUMAJIBLHOM JUIMHBI /N TECTOBOM IIOCIIEI0BATEILHOCTH, 00CCIICYNBAOIIEH
3aJIaHHYIO BEPOSITHOCTh OOHAPYKEHUS Hauboree mpyoHou 015 0OHAPYICEHUs He-
ucnpasnocmu (hard to detect fault) [296, 302]. Haubonee TpyaHoi Juist oOHapy-
JKCHUST HCHCIPABHOCTBIO CYMTACTCS TaKasi HEUCIIPABHOCTh, KOTOpasi UMEET MHHU-
MallbHOC 3HaYCHHE BEPOSITHOCTH p, ee 0OHapykeHus. Takum o0pa3oM, OCHOBHOU
poOJIEMOH TIPU OTIPEIENICHAH ONTHMAIBHBIX 3HAYCHUI BEPOSATHOCTEH BXOIHBIX
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MePEMEHHBIX SBILIETCSI 00CCICUCHUE MAaKCUMAIIbHO BO3MOXKHOTO 3HAYCHHS MUHU-
MaJIbHOI BEPOSITHOCTH OOHAPYKCHHUSI HEUCTIPABHOCTH I (DPOBOI CXCMBIL.

B kauecTBe mpuMepa, WLTKOCTPUPYIOLIETO OMPEICICHAE ONTUMAIIBHBIX 3HA-
YCHUIl BXOJHBIX BEPOSITHOCTEH, PACCMOTPUM CIly4ail n-BXOJIOBOTO 3yieMeHTa U,
BEPOSITHOCTH OOHAPYKEHHS HEUCIIPABHOCTEH KOTOPOTO MpUBEACHBI B Tabuie 3.1.
3HavYeHHs BEPOATHOCTEN OOHAPYIKEHHUS HEMCIIPABHOCTEH p(x; =0) = p", pAx; =1) =
P =p", pdy =0) = p" u pAy =1) = | — p" 3aBUCAT KaK OT BEPOSTHOCTH p MOSIBIIC-
HUS CIMHUYHBIX 3HAYCHUII Ha BXOAaX 3JeMeHTa M, Tak M OT KOIIM4ecTBa ero BXo-
JIOB 7. AHAITN3 3aBUCHMOCTEH p; OT p TIOKa3bIBACT, UTO:

m?x min(pﬂ! l_pna p”’lp")’

st n = 2 mocturaercs pu p = 0,5, a st n = 3 npu p = 2/3 = 0,666 [207, 302].
Jlns TPOM3BOJBHOTO 7 ONTHUMAIBHYIO BEPOSTHOCTB p) TOSBICHHS CIUHHIHBIX
CHMBOJIOB BEPOSITHOCTHOTO TECTa Ha BXOJax »ieMeHTa I ompernensercss u3 ypas-
HEHWSL:

a(pn—l _pn) _ 0
op

OTtkyna noiydaeM, u4to py = (n — 1)/n [207, 302]. AHanormuHbiM 00pazom
MOXHO ONpEAeIuTb py U1 LUGPOBOM CXEMBI, MPEACTABIAIONEH CcoOoi
n-BxozoBoit anement UJINM. B atoM ciydae p, 1, Hanpumep, # = 2 IpUHUMAET
3HaueHue 0,617.

B T0 Xe Bpems HEOOXOQAWMO OTMETUTH, YTO Ui OOIIEro ciaydas 3axada
OTpeNeIeHNs] ONITUMAIbHBIX 3HAUEHHWI BXOJHBIX BEPOSTHOCTEH SBISACTCS HEIH-
HEHHOH 3a7auell ONTUMHU3AIMH, TPEOYIOLIEH CIOKHBIX MAaTEMAaTUYECKUX BBIYUC-
JICHUH.

B pabore [296] uccienoBaH OIWH U3 BO3MOXKHBIX METOJOB ONPEICICHUS
ONTHUMAJIBHBIX 3HAYEHHUN BXOHBIX BEPOATHOCTEH JJIsl peanu3aliii BEpOSTHOCTHO-
ro tectupoBanug. CyIIHOCTh TNPEJIOKEHHOTO METOJIa 3aKJII0YaeTCss B MaKCH-
MaJIbHOM YBEIWYCHUH MHUHHMAIBFHOH BEPOSTHOCTH OOHApPY)KCHHS HEHCIPaBHO-
CcTel CXeMbl, SIBIISIOLIUXCS CAaMbIMU TPYJIHBIMU JUIsl HAXOXKJICHHUS (HEUCIPABHO-
CTe ¢ MUHHMAJIBHBIME BEPOSTHOCTSAMH OOHapykeHus ). [TokazaHo, 4T0 BO3MOXK-
HBIMA MECTaMHU HEUCIIPAaBHOCTEH ¢ MUHHMMAJIbHOH BEPOATHOCTHIO OOHAPYIKEHHS
SIBIISIFOTCST BXOJIHBIE TIOJTFOCA CXEMBI, a TaKKe TONoca, Oepylire cBoe Havajao B
TOUYKax pa3BeTBieHUs. OnpeneneHne BeKTOpa ONTUMAIBLHBIX BXOJHBIX BEPOSTHO-
CTe OCHOBaHO Ha MAaKCHMH3AITUH IIEJICBOH (YHKIIWH, MPEICTABIISIONEH co00i
MUHUMAaJILHYIO BEPOSTHOCTh OOHAPYKEHUST HEUCTIPABHOCTH. J[JIs1 3TOTO MCIOIB3Y-
€TCsl TaK Ha3bIBAEMbIH peIaKCallMOHHBIN METO/I, KOTOPBIA HE BO BCEX Cllydyasix Ja-
€T onTuManbHoe perrenre. OHaKo pelieHne, NOIYyYeHHOEe HA OCHOBAHWH yKa3aH-
HOTO METOjIa, BCEra Jy4lle TPUBUAIBHOTO ClIydasi, KOrJa BXOJHbIC BEPOSTHOCTH
paBubl 0,5.
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AHanoruysas 3ajaya onpeaeseHusl ONTUMAbHBIX pacnpeieIeHUid BXOAHbBIX
BEPOSATHOCTEH MpuBeneHa B [S], Tae TaKkKe paccMaTpUBAeTCs Ciydyail KoMOWHAIIH-
OHHBIX IU(POBEIX cxeM. [loka3aHo, 4TO AT MPOM3BOJIBHON HU(POBOIl CXeMbl,
coleprKalied 5JIeMEHTBl MaMATH, 3a7aya BBIYMCICHUS ONTHMAJIbHBIX 3HAUEHUI
BXOJHBIX BEPOSTHOCTEH ClIOKHEe 3a/laud MOCTPOCHUS NETEPMHHUPOBAHHBIX TEC-
TOBBIX IOCJIEI0OBATEILHOCTEH. B CBSI3M C 3THUM NpPHUMEHEHHE BEPOSITHOCTHBIX
MIPUHIIATIOB OKa3bIBaeTCsl HEIPPEKTUBHBIM.

Omnpeneneare >(PPEKTUBHOCTH HCIOIB30BAHUS BEPOSTHOCTHOTO TECTHPO-
BaHUS U HU(PPOBEIX CXEM 110 MHHUMAaJIBHOW HHPOPMAIIAHU O MPOBEPSeMOi Hud-
poBoii cxeme nmaHo B [5]. llemecooOpa3HOCTh MPUMEHEHHsI BEPOSTHOCTHOTO Te-
CTHPOBAHMS YCTAHABIMBACTCA II0 TPEM OCHOBHBIM ITapaMeTpaM CXEMBI, a IMCHHO
KOJIMYECTBY 7 BXOJIOB CXEMBI, MAKCHMAJIBHOMY YHCIy L 3JIeMEHTOB, IOCIE0Ba-
TEJIBHO BKJIIOYCHHBIX MEKIY BXOAAMH U BBIXOJAMU CXEMBI, H CPEIHEMY KOJIHUe-
CTBY 1, BXOJIOB 3JIEMEHTOB CXeéMbl. HecMOTps Ha yNpOLIEeHHBIH MOAXO0/, UCIOb-
30BaHHBIN aBTOPOM, Pe3yIbTaTHl PAOOTHI [5], MpencTaBIeHHBIE B BHJEC AUArpaM-
MBI, MOTYT OBITh ITOJIE3HBI I pa3pabOTKH MPaKTHIECKUX PEKOMEHIAIH 1Mo Mc-
MOJB30BAaHAIO BEPOSATHOCTHOTO TCCTUPOBAHHS.

JlanpHeHINM pa3BUTHEM BEPOSTHOCTHOTO TECTUPOBAHUS SBIACTCS MpPUME-
HEHHE Pa3IHYHbIX MOIU(UKAIMN KaK OOIIEH CXeMbl BEPOSTHOCTHOIO TECTHPOBA-
HUSl, TaK U OTJEJIbHBIX €r0 KOMIIOHEHTOB. BecbMa HHTEPECHBIM U NMEPCIIEKTUBHBIM
SIBIISICTCS] IPUMEHECHUE AJISI COBPEMEHHBIX BBIUHCIUTENBHBIX CUCTEM YIPABISIEMO-
r'0 BEPOSITHOCTHOTO TECTUPOBAHMUSI.
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I'naBa 4. YnpasJisiemoe BepOSITHOCTHOE TeCTHPOBAaHHE
4.1. CyllIHOCT]) U BU/IbI AaHTU-BEPOATHOCTHOI'0 TECTUPOBAHUSA

Kak ormeuanock paHee, 0JHOW M3 CaMBIX PacIpPOCTPAHEHHBIX TEXHOJIOTHH
MIPUMEHEHHSI BEPOSITHOCTHOTO TECTUPOBAHMS HU(PPOBBIX YCTPOUCTB M MPOTPAMM-
HOTO oOecrieueHus, SBISIETCS METOJ YepHoro smwka [78, 125, 127, 175]. B stom
cllydae CTPYKTypa M (DyHKIMOHAJIBHOCTb OOBEKTa TECTUPOBAHMS TPUHUMAIOTCS
HEHM3BECTHOIL, MO0 CYNTAIOTCS TAKOBOI, M HUKAK HE YYUTHIBAIOTCS MPH (POPMUPO-
BaHNH TECTOBBIX HaOOpOB. Bosiee TOro BepOsATHOCTHOE TECTHPOBAHHUE HE MCHONb-
3yeT MH(OPMAIIIO, KOTOPas JOCTYIIHA B MPOIECCe TCHEPHUPOBAHUS OYEPETHOTO
TECTOBOTO Habopa. JTa MH(MOPMAIUS MOXKET OBITh IMOJIydeHA U3 MPEAbIIYIIUX Te-
CTOBBIX Ha0OPOB M MCHOJIb30BaHA NpU (HOPMUPOBAHMU OYEPEHOrO TECTOBOTO
Bo3zelicTBus [126]. Pa3BuTHEeM BEpOSTHOCTHOTO TECTHPOBAHMSA SBISICTCS HOBBIN
MOAXOJ, Ha3bIBAEMbIH aHmMuU-6epOAMHOCMHbIM mecmuposanuem (antirandom test-
ing —AT), KOTOpBIIt OCHOBAH Ha TOM, YTO KakJAbli MOCIEIYIOMIUI TeCTOBBII Habop
(opMHpyeTCst ¢ UCTIOIb30BAHIEM HEKOTOPOIl XapaKTEPUCTHKH, THOO HECKOIbKUX
XapaKTEPUCTUK, IMOTyYaeMbIX Ha OCHOBAHMU INPEIBIIYIINX TECTOBBIX HAOOPOB
[126,202,203].

OcHOBHasl IPEIIOCHIIKA aHTH-BEPOSTHOCTHOTO TECTUPOBAHNUS 3aKIIFOUACTCS
B TOM, YTO B LIEJISIX JIOCTHKEHMS 00JIee BHICOKOTO TIOKPBITHSI HEUCIIPABHOCTEH, 00-
Hapy>KUBAEMbIX TECTOM, 1 MUHHMH3ALMU €r0 CIOXHOCTH, TO €CTh B IOBBIIICHUH
3¢ (PEeKTUBHOCTH BEPOATHOCTHOTO TECTa, HEOOXOIMMO IIEJICHAIPABICHHO BBHIOW-
paTh OdYepeHOW TECTOBBI HAOOP B 3aBHCHMOCTH OT paHEe CTeHEPHUPOBAHHBIX
HabopoB. OYEBUIAHBIM MPHMEPOM MOBBIIICHUS YPPEKTUBHOCTH BEPOSITHOCTHOTO
TecTa SIBISETCS MPOCTEHIIee UCKIIOUEHHE OBTOPSAIOMINXCS CIydaifHBIX HaOOpOB,
KOTOpBIE BO3MOXKHBI TIPH. PEATM3alH BEPOSATHOCTHOTO TeCTHpOBaHWA. B obmem
cilydae KpHTepHeM BBIOOpA OYEPETHOTO CIIyJaiHOTO TECTOBOTO HAabopa SBISETCS
HaXOXI€HHE MaKCHUMAJIBFHO OTIMYHOTO (MAaKCHMAlIbHO YAaJCHHOT0) TECTOBOTO
Habopa OT paHee CreHepHUPOBAHHBIX HAOOPOB. [/ KONMYECTBEHHOHN OLEHKH OT-
J4us (paccTOsIHMS) TEKYILEro TECTOBOro Habopa OT MpeabIAyIINX HaOOPOB, ObLITH
MIPEUTOKEHBI METO/bI, OCHOBAHHBIE Ha IPUMEHEHHU paccmosnus XoMmmunea
(Hamming distance) n esxiuoosa paccmosinus (Euclidean distance) [126, 202].
HoBslit TecTOBBII HAOOP COIIACHO YKa3aHHBIM METOJIaM BBIOMpaeTcs: TakKuM o0Opa-
30M, YTOOBI METPHUKH pa3uyus MPHHUMAIM MaKCHManbHOe 3HaueHue [126, 202,
203]. Dot moaxon okazaics Oosee IPPEKTUBHBIM MO0 CPABHEHHIO C BEPOSITHOCT-
HbIM TecTupoBanueM [126, 202, 203]. K coxaneHnto, OCHOBHBIM HEJIOCTATKOM aH-
TH-BEpPOSITHOCTHOTO TECTUPOBAHMS SBISETCS €ro OoJbIIas BBIYUCIUTEIbHAS
CIIOXKHOCTB. [lo cymecTBy peann3anusi aHTH-BEPOATHOCTHOTO TECTUPOBAHUS Tpe-
OyeT mepeuncIiIeHus BCeBO3MOXKHBIX BXOIHBIX TECTOBBIX BO3AEHCTBHI M BBIYHCIIC-
HUSI PACCTOSIHUS JJIsI KQXKIOTO MTOTEHIMAIBHOTO KaHANIaTa B OUepEHbIE TECTOBBIE
HabopsI [126].

Paznuanbie MOTMQUKAINHA aHTH-BEPOATHOCTHOTO TECTHPOBAHMS, TAKHE KaK:
bvicmpoe anmu-eeposmuocmuoe mecmuposanue (fast antirandom — FAR) [130];
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aoanmugroe seposimHocmuoe mecmuposarue (adaptive random testing) [34, 102,
240]1; asoatoyuonnoe seposmuocmuoe mecmupogarue (evolutionary random test-
ing) [188]; agppexmusnoe eepossmuocmuoe mecmuposanue (good random testing)
[30]; oepanuuennoe seposimuocmuoe mecmuposanue (restricted random testing)
[31, 32]; sepranvHoe eepossmnocmuoe mecmuposanue (mirror random testing)
[119]; ynopsoouennoe seposmuocmuoe mecmuposanue (orderly random testing)
[204] m npyrue penieHus, TaKKe OCHOBAHBI HA BBIUMCICHUH XapaKTEPUCTHK JIs
MPEABIIYIIAX TECTOBBIX HA0OOPOB, M TAKXKE XapaKTCPU3YIOTCS OOJIBIION BBIYHCITH-
TENBHOHN CII0)KHOCTBIO.

on ynpasnsemviv seposmuocmuvim mecmuposanuem (controlled random
testing) B nampHeHIIeM OyneM IMOHMMATh CIyYalHYI0 TECTOBYIO ITOCIEIOBATENb-
HOCTB, B KOTOPOH OYepeTHON TECTOBBIN HAOOp (popMHUpyeTCs ¢ yIeTOM paHee cre-
HEPUPOBAHHBIX MpeablayIuX HabopoB [228, 334, 347]. KiroueBoil 0COOEHHOCTBIO
KOHTPOJINPYEMOTO TeHEPHUPOBAHUS CIyJalHBIX TECTOBBIX HAOOPOB SIBISACTCS MH-
(dopmarist, KOTopas U3BICKACTCS B BHJIC HEKOTOPHIX XapaKTEPHUCTHK (METPHK) M3
paHee CreHepHpPOBAaHHBIX TECTOBBIX HAOOPOB M MCHONB3yeTCs s (hopMHUpOBaHUS
OUEepeZIHOTO TecTOBOrO Habopa [228, 334]. lns BceX METOIOB YIIPABISEMOrO CIIy-
YaifHOr0 TECTUPOBAHHUSI, UCIIOIB3YEMOr'0 Ul TECTOBOIO JUATHOCTUPOBAHUS UG-
POBBIX YCTPOMCTB M NPOrPAaMMHBIX HMPHIIOKCHUI ¢ N. BXOJAMH U IIPOCTPAHCTBOM
BXOJIHBIX HAGOPOB, cocToAmmMM 13 2" IBOHYHEIX HAGOPOB (BEKTOPOB), CIIPABEUTH-
BBI CJICAYIOIIHE ONPEACTCHUS.

Onpenenenne 4.1. Tecm (T) npencrapisier co6oit MHOKecTBO U3 ¢ < 2 Te-
croBbIX HA00POB {1y, Ty, Tn, ..., Ty1}, tA@ T = tin-1, tin-2, ..., Lin, Liy, tig B 1€ {0,
1}, a N siBisieTcst pasMepoM Habopa B OUTax.

Onpenenenune 4.2. Beposmuocmmnviti mecm (RT) npencrasiseT co0oi Tect
RT={Ty, T\, T», ..., T;1}, KOTOPBIi COCTOUT U3 q < 2N CIly4yalHBIX U HE3aBHCHU-
MBIX TecToBBIX HabopoB T}, i€ {0, 1,2, ..., g—1}.

Onpenenenne 4.3. Ynpasnsemvin eepossimuocmuvim mecmom CRT= {Ty, Ty,
T, ..., Ty} aBnsercs tect T, COCTOSLIMI U3 CTEHEPUPOBAHHBIX CllyyaiiHbIM 00pa-
30M TeCTOBBIX HabopoB 7T}, i€ {0, 1, 2, ..., g—1}, Takux, uto 7; yIOBIETBOpPSET Ka-
KOMY-TIHOO0 KPUTEPHIO, THO0 KPUTEPHUAM, ITOTYyICHHBIM Ha OCHOBAHHH MHO)KECTBA
{To, T\, T», ..., Ti-1} mpenpmymux HaOOPOB.

OfHUM W3 TEpBBHIX ITTOIXOJ0B K KOHTPOIHpPYeMOMY (OPMHUPOBAHHUIO CITy-
YalHBIX TECTOBBIX HAOOPOB SBIACTCS aHTU-BEPOSTHOCTHOE TECTHPOBAHME, TIPHBE-
nernoe B [102]. TIpenoxeHHbIH MOIX0 MCIOIB30BAT TOT (aKT, YTO €CIH Ode-
penHoit TecToBbIH HaOOp OyneT chOPMUPOBAH B 3aBUCHUMOCTH OT paHee CreHepu-
POBaHHBIX HAOOPOB, ITO MO3BOJIUT AOCTUYL OojblIel 3¢ dexTuBHOCTH TecTa. [lo-
n00HAas 3aBHCHMOCTD CYIIECTBEHHO M3MEHSACT CTPYKTYPY BEPOSTHOCTHOTO TECTa,
CBOICTBA KOTOPOr'0 BECbMa JIaleKd OT CBOMCTB CIIy4alHbIX OCIEI0BATEIILHOCTEH.
ITosTOMy OHHM M3 MEPBLIX Ha3BaHUI YIPaBIAEMBIX BEPOSATHOCTHBIX TECTOB ObLI
HCIOJIB30BaH TePMUH anmu-eeposimuocmuuiii mecm (AT), KOTOPBIA COOTBETCTBYET
onpexaencuuto 4.3 [102]. dnst Toro 4to0bI 0YepeIHOM TeCTOBBII HaObOp 7; sBISUIICS
MaKCHMAaJbHO OTIIMYHBIM OT HpeAblaymux Hadopos Ty, 7', 75, ..., T;-), B KauecTBe
KPUTEPUECB HCIOIB30BAIICE PACCTOSIHUE XAMMHUHIAa M JCKapTOBO (EBKIHIOBO)
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paccrosiaue [102]. laHHbIe XapaKTEPUCTHKH OMPEACIISIIUCD [ IBOMUHBIX TECTO-
BbIX HabopoB T; u T}, rae paccrosuue Xammunra HD(T;, T;) BeIYUCIANOCH KaK BEC
w(T;@® T)) Bextopa 7;® T; cOr1acCHO COOTHOILIECHUIO:

HD(T,T) = w(T, ®T) = (1, 1,)), @1

JUist OLIEHKH pa3iIudus MKy JBYMs TECTOBBIMH HaGopamu T;= t;y-1, tin-2,
v ting by o B T;= by, N2, .., L2, B 1, Eo OTIPENIENIACTCS XapaKTePUCTUKA Syo( T,
T)), rne q, g€ {0, 1} ABiseTcs 4UCIOM Iap KOMIOHEHT (¥, #), TAKHX, UTO 1= g U
ty = g. Pasznmnuaror yetsipe BesmuuHbl Sye(7;, 7)), a umenso: Soo( 75, 1), Soi(T;, T)),
S\o(T;, T;) n S\1(T;, T;), KOTOpble UCIONB3YIOTCS I ONPENENeHUs PasIudus Wi
1noi06ust [BOMYHBIX BeKTOpoB [194]. Ortmerum, uto HD(T;, T)) = So(T;, T)) +
SIO(Tia 7})
Hexaproso paccrosuue CD(T;, T;) onpenensercs B COOTBETCTBUU C BhIpa-
JKEHUEM:

CD(T,.T)) = \/Z(ti,l 1)} = \/Z =t = \/Z(t,»,, ®1,) = JHD(T,.T). (42)

1=0

Ipumep 4.1. ot nByx asomudbix HabopoB 7; = 0 0 0 0 0 O u
T;,=101010mnonyanm HD(T;, T)) =3 n CD(T;, T)) =3 =1,732.

OuepenHoii TecToBbIH HaOOpP- T; popMupyeTCs: TAKUM 00pa3oM, 4TOObI OBITH
MaKCHMAJBHO OTJIMYHBIM OT BCEX paHee CreHEPUPOBAHHBIX HAO0OpOB. B maHHOM
clly4ae IIPHHUMACTCS TUIOTE3a, YTO IS IBYX TECTOBBIX HAOOPOB, UMEIOIINX MH-
HUMaJIbHOE paccTostHue (4.1) wm (4.2), KOIU4eCTBO 0OHAPY)KUBAEMBIX HEHCIIPAB-
HoCcTel (omuOOK) BTOPHIM HA0OPOM OyZeT MHHUMAIBHBIM U, HA00OPOT, IS MaK-
CHMaJbHBIX 3HAYEeHWH YyKa3aHHBIX XapaKTepHCTHUK OOHApyKHBAIOIIAs CII0CO0-
HOCTb BTOpOTo Habopa MakcuMaibHa [202, 203]. [y KoauuecTBa paccMaTpHrBac-
MBIX TECTOBBIX HaOOpoB Oojee yeM 1Ba, pu GopmupoBaHnu Habopa 7; IpUMEHs-

FOTCSI CyMMapHBI€ 3HA4YE€HUS paccTosHUU 71; mo otHowenuto K Ty, 11, Tp, ..., Ti-
[202]. Torma anst ouepemnoro Habopa 7; CcymMMapHOe 3HAUYEHUE PACCTOSIHUN OTHO-
CUTENBHO Tpeapnymux HabopoB Ty, T, 15, ..., Ti—| BEIYUCISETCS KaK:
i—1 i—1
THIT,) = Y HD(T,.T,); TCD(T,)= CD(T,.T)). 43)
j=0 j=0

3necy THD(T;) n TCD(T;) npeAcTaBisitoT coboil cymmaproe paccmosmue
Xommunea (total hamming distance — THD) u cymmapHoe 0ekapmogo paccmositue
(total cartesian distance — TCD), COOTBETCTBEHHO.
IMpumep 4.2. /{nsa antu-sepositHocTHOro Tecta AT={000,111,010,10
1} ¢ mapamerpamu N = 3 u g = 4 3Ha4YeHUs1 paHee ONpeAeeHHbIX XapaKTEPUCTHK
npuBeeHbI B Taduuie 4.1.
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Tabmuua 4.1 — 3navenus paccmosanutt THD(T;) u TCD(T;)

i | Habop (T)) | tiz 1 o | THD(T)) | TCD(T)
0 To 000 - -

1 T, 111 3 1,7320
2 T 010 3 2,4142
3 T 101 6 4,1460

Paziauyaror TECThl C MAKCUMATbHLIM CYMMAPHbIM paccmosiiuem XomMmuHea
(maximal hamming distance antirandom test — MHDAT) w maxcumanoHsim Oe-
xkapmogvim paccmosmnuem (maximal cartesian distance antirandom test — MCDAT)
[126, 202, 203]. B npuBenennom npumepe A7={000,111,010,10 1} sBns-
ercst ogHoBpeMeHHO MHDAT u MCDAT.

B o6mmem cnywae miust MHDAT v MCDAT BBITIONHSIOTCS CIICAYOIIHE CBOM-
CTBA.

PesynbraToM ImpoM3BOJIBHOM NEPECTAHOBKM OUT #;; BO BCeX Habopax TecTa
MHDAT (MCDAT) omuoBpemenHo sBisiercst tect MHDAT (MCDAT) [126, 202].

PesynbraToM mHBEpTHpOBaHUS BeeX OUT HabopoB Tecta MHDAT (MCDAT)
sBrsieTcst tect MHDAT (MCDAT) [126, 202].

JIrob6ott MHDAT (MCDAT) Bcerna conep KT WHBEPCHBIE HAOOPHI, TaKue,

4to 3a Habopom 7T, Beerma Oyaer cienoBarb Habop 1o, =T mmn k=0, 1,2, ...
[333].

IIpuBeneHHbIe CBOIICTBA IO3BOJISIIOT YMEHBIIAT CIIOKHOCTh T€HEPUPOBAHHUS
MHDAT (MCDAT), ogHako B 001IeM Cliydae, K COKaleHHUI0, He UCKIIOYAIoT Mpo-
LeTypHl TIEPEUHCIICHHS TPOCTPAHCTBA BO3MOKHBIX TECTOBBIX HAOOPOB M BBIUUCIIC-
HUS PACCTOSIHUH JJISI KQKIOr0 MOTCHIIMAIBHOTO KaHAMIATa B TECTOBBIC HaOOPHI
[333]. [Jaxe nams yaydlIeHHBIX BEpPCHH METOJOB TI'CHEPUPOBAHUS AHTU-
BEPOSTHOCTHBIX TECTOB BBIYUCIUTENbHAS CIOXHOCTD Ul peaibHbIX 3HaueHU N
SIBIISICTCS YPE3BBIYAtHO OOJBIION.

I'enepupoBanue OBICTPBIX aHTH-BEPOSTHOCTHBIX TECTOB (fast antirandom —
FAR) ocHOBaHO Ha BBIYUCIICHUH TaK Ha3bIBAEMBIX yeHmpoudos (centroid pattern),
oTpeiesieMbIX Ha OCHOBaHHMM Tpeabinymux Habopos Ty, T, Tp, ..., Ti—y mus T; =
Lin-1s Lin-2s -+ Lids ti1, tio [130]. CormacHo FAR anroputMmy TecToBble HaOOpHI Ty,
Ty, T», ..., Ti.y paccMaTpUBAIOTCS KaK JIByXMEpPHBbIC MaccuBbie ixX/N Out. J{mst kax-
noro cronoua /e {N—1, N-2, N=3, ..., 1, 0} 3HaueHue /-ro aneMeHTa ¢; YyeHmpou-
0a C=cy-1, Cy—2 , ..., C2, C1, Co OTIpETIENIACTCA Kak cymMma ;€ {0, 1}, nenenHas Ha
KOJIMYECTBO i CTPOK. B pe3ynbraTe monydaercst HEHTPOUI, HJIEMEHThI KOTOPOTO ¢;
[IpUHUMAIOT 3HaueHus B uHtepBasie ot 0 no 1. Jlanee cornmacHo FAR anroputmy
3HaueHue ¢; okpyriasiercs ao 0, ecou ¢; < 0,5 unum go 1, ecnu ¢; > 0,5. B cnyuae, xo-
raa ¢; = 0,5 FAR anroputM perjJaMeHTHPYeT PaBHOBEPOSTHOE OKpyrieHue ¢; 10 0
nunu 1 [130]. Kak pe3ynbTaT npuBeACHHBIX IpeoOpa3oBaHui (hOPMUPYETCS TBOUY-
He1id ieaTpon C,. Ha ¢puHampHOM 3Tamne reHepupyercst 7; Kak pe3ysibTaT WHBEP-

tupoBanust Cp, T0 ectb 1; = Cs.
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IIpumep 4.3. B xauecTBe npumMepa BozbMeM TecToBbie Haboper 7o=0 0 0, 7}
=111uT,=01 0, Torga snemMeHTs! IEHTPOUAA IPUMYT CIeAyIome 3HaueHus C
=, c1, c0= 1/3, 2/3, 1/3 = 0,333, 0,666, 0,333. CooTBeTCTBYIOIIMNI OUHAPHBII
nentpous C,= 01 0, a ero uaBepcHoe 3HadeHue 1 0 1 u Oyaer TecTOBBIM HAOOPOM
T5=10 1. Cnenyer OTMETUTh UICHTUYHOCTh MOJYYCHHOTO pe3yibrarta 73 ¢ aHa-
JIOTHYHBIM Ha0OpoM, chOPMHPOBAHHBIM COTIIACHO KJIACCHYECKOW MHTEPIPETAIIHN
AHTH-BEPOSITHOCTHOTO TECTUPOBAHUSA (cM. ripuMmep 4.2).

[IpuMeHeHre BEpOSATHOCTHOTO OKPYTIICHHS JUTS cliydast, kormga ¢; = 0,5, mMo-
JKET MPHUBECTUH K OIMMOKaM, CHIDKAIOMUM 3()()EKTHBHOCTh JaHHOTO ajlrOpHTMA.
JleHCTBUTENBHO, U TIPEIBLIYIIETOo TpuMepa, KOTJa pacCMaTPHBAIOTCS J1Ba Ha0o-
paTp=000,7,=11 1 uenrpoun C = c, ¢;,¢p= 0,5, 0,5, 0,5, Torna ouepenHbIM
HabopoM T, MOXKET OBITh JII000H HAOOp, COCTOSIINE U3 TpeX OUT, B TOM uucie T)=
000uT=111.

Konmenmus ynopsa04eHHBIX BEPOITHOCTHBIX TECTOB BIEPBBIC OBITA IpE-
noxkeHa B [204] kak anmu-eeposmHocmusle mecmsl ¢ NOLY-MAKCUMANbHBIM pac-
cmosanuem (semi-maximum distance testing sequences — SMDTYS), 11 KOTOPBIX
KaKIBI TECTOBBIM HAOOp, BXOJSIIMN B TECT, MMEET CBOE MHBEPCHOE 3HAUCHHE.
Hanpumep, 7={000,111,010,10 1} ects SMDTS, Tak xax {0 00,1 1 1} u
{010, 10 1} siBIsIrOTCS MHBEPCHBIMU 3HAYCHHSIMH TECTOBBIX HaOopoB. Jlist
SMDTS ObutH TIpeIoKeHBI HOBBIC XapaKTEPUCTHUKHU JUTS OIICHKU PACCTOSIHUS TIPU
TEHEPUPOBAHIK OYepeIHOro TecToBoro Habopa 7; [205]. Tlo cyTH, npenioKeHHbIC
B [204, 205] xapakrepuctuku THD(T) u. TCD(T) npeacTaBisioT co0oil cymmaproe
paccmosinue Xommunea (total hamming distance — THD) u cymmaproe dexapmoso
paccmosnue (total cartesian distance — TCD), cOOTBETCTBEHHO, s TecTta 1, co-
CTOSIIIIETO U3 ¢ TECTOBBIX HAOOPOB, M BEIYMCIIICTCS, KaK:

g-1 i-1 g-1 i-1

THD(T)=3 Y HD(T,.T));  TCD(T)=3% % CD(T,.T)). 4.4)

i=1 j=0 i=1 j=0

3necs HD(T;, Tj) u CD(T;, T;) Beruncsiiotcs st Beex i #j; i, j€{0, 1, ...,
q—1}.

IIpouenypa renepupoBanust SMDTS, conepxamero g = 2k, k=10, 1, 2, ...
HabOpPOB, COCTOUT M3 CIyYailHBIX TECTOBBIX HAOOPOB C YETHBIMU MHAEKcaMu. To
ectb 1y, T, Ty, ... TEHEPUPYIOTCS KaK PaBHOBEPOSITHbIE TBOUYHBIE BEKTOPHI, CO-
crosime u3 N OuT, a TecToBble HAOOpHI ¢ HeYeTHbIMU uHIekcamu Ty, T5, Ts, ...
SIBJISIIOTCS. MHBEPCHBIMM 3HAUEHUsIMU 1O OTHoweHuto K Ty, 75, Ty, ... . Torma
THD(T) nnsa SMDTS = Ty, T, T, ..., Toi—, Tri—1, paBHsieTCS KN [205]. Ans panee
paccmotpennoro mpumepa 4.2 tecta SMDTS={000,111,010,101} k=2mu
N =3, rorma THD(T) = K*N = 2*3 = 12, uro COOTBETCTBYET COOTHOILEHHIO (4.4). B
CHJIy TOTO, YTO TOJBKO TOJIOBHHA TECTOBBIX HAOOPOB JOCTHUTACT MaKCHMAJIHOTO
paccTosiHusl XEeMMUHIa, TAaKUE 110CIIEA0BATEIbHOCTH U OIYYHIN Ha3BaHUE TECTOB
C MOJIy-MaKCUMaJIbHBIM paccTosinueM [204, 205].

TecTl ¢ MONHBIM MaKCHMAaJBHBIM paccTosHUEM (fotal maximum distance
test sequences — TMDTS) sABIAIOTCS TaTbHEHIINM Pa3BUTHEM YITOPSIOUYCHHBIX BE-
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posTHOCTHBIX TecToB [204]. [l uX reHepupoBaHUs OJHOBPEMEHHO HCIOIb3YIOT-
cst 00e metpuku THD u TCD B cOOTBETCTBUU CO ClieAyIolIei npoueaypoit [204].

Hpouenypa 4.1. ITocrpoerne TMDTS nnst g = 2k.

1. ITepBbIii TecToBBIN HAOOP T FeHEPUPYETCs KaK CIIydaiHbIA TBOMYHBIN N
pa3psAAHBINA BEKTOP.

2. lns mostydeHust ouepeanoro i-ro maoopa Ty, Ts, Ts, ... Tr-) C HEUECTHBIM

MHJEKCOM HCTIOJb3yeTcst cooTHotenue 1y, =12k, koTopoe mist k = 0 npuHHMa-

ersun: I, =To.

3. Jlnst modydeHust kaxmporo HoBoro Habopa 7s, Ty, Tg, ... To—p C YSTHBIM
WMHIEKCOM M3 MHOKECTBA BO3MOXKHBIX KAHIUIATOB B TECTHI BBHIOMpAETCS TaKOH,
it kotoporo THD(T) u TCD(T) npuHEMAIOT MaKCHMaJIbHbBIC 3HAYCHHS, TIPUIEM
JUTSL UX BBIYMCIICHUS HCIIONB3YIOTCS PaHee CreHePUPOBAHHBIC TECTOBBIE HAOOPHI.

4. Ortanpl 2 1 3 MOBTOPSIOTCSA 70 TeX MOp, MOKa Bce g HAOOpoB HE OymyT
CT€HEPUPOBAHBI.

OdeBHHO, UTO HanboJee TPYILOEMKHM SIBISIETCS 3Tal 3, KOTOPBIA TpedyeT
0011b1I0T0 00beMa BBIYHCICHUH.

OcHoBHBIM HestocTaTkoM TMDTS sBisieTcsl OrpaHUYeHUe JJIMHbBI TaKuX Te-
CTOB, POBHO KaK M BCEX YHNOPSIOYEHHBIX CIYyYalHBIX TECTOB. DTO CIEAYET U3 TOTO
¢axra, 4o, uem Gonbine MuHUMabHOe paccTosHue minCD(T;, T;), ncroneszyemoe
KaK KpUTEepHid BKIOYEHUs T; B TECT, TeM MeHbIIe OyaeT KoamdecTBo O KaHIuIa-
TOB B TECTBI, 3TO CIEAYET U3 MPEACIbHOU oyeHku Xommunea (Hamming bound)

[83]. Dta ouenka ans minHD(T;, Tj)) = 2r+ 1 u minCD(T;, Tj)) =~2r+1 moxer
OBITh MPE/ICTABIICHA KAK HEPABCHCTBO:

2N
Zr: N 4.5)
=0 /

o<

Hanpumep, B cirydae, korna N = 15 u minHD(T;, T;)) = 5 =2 x 2 + 1 nexap-

TOBO PaccTOsiHKE yaoBjieTBopsieT HepaBeHCTBY CD(T;, Tj) > V5 . Taxum obpasom,
CYIIECTBYET HE Oolee ueM:

Q< 215 3 215 B 215
_22: 15 15 N 15 . 15) 1+15+105
/ 0 1 2

1=0

=270=2°

BO3MOJKHBIX KaHIUIATOB B TECTHI ¢ JeKapToBbIM paccrostaueM CD(T;, T;) Gonbiue

W PaBHBIM V5 . Vaursisas HWHBEPCHBIC 3HAYCHHs HAOOPOB, MaKCUMAJIbHAS JIJIH-
9
Ha TMDTS pasusiercs g = 2°. OgHako yBEJIMYEHHE JEKApPTOBOTO PACCTOSHUSA,
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HAaNpUMep, 0 3HAYEHUS J7 CyLIECTBEHHO yMeHbIaer mmny TMDTS. B stom
ciydae KommaecTBo HaGopo TMDTS pasusiercs 2°= 64.

4.2. OnTuMajJbHbIE YupapJ/isieMbl€ BEPOSATHOCTHBIE TECTbI

O0600mass MHOroo6pasHble MOAUGHUKALUKN YHIPABIIEMbIX BEPOSTHOCTHBIX
TECTOB, CJIEIyeT OTMETHTh EANHOO0pa3ue B MPOLEAypPE FeHEPUPOBAHUS OUEPEIHO-
ro TectoBoro Habopa T; [228]. Bo Bcex cilydasix KpUTEPHUEM SIBISICTCS MaKCUMaJIb-
HOE MM MUHHMAlbHOE 3HAauYeHHE HEKOTOPOU XapaKTEePUCTHUKU (XapaKTepUCTHK),
Kak IIPaBHJI0, UMEIOIICH HEOObIIYIO BEIYMCINTENBHYIO CI0KHOCTh M ONpeiersie-
MOW Ha OCHOBaHHH TPEIBIAYIIUX TeCTOBBIX HabopoB Ty, Ty, T, ..., Ti- [228]. K
YHCITy TAKUX XapaKTEPUCTUK OTHOCUTCS pacCTOSIHUE XAMMHUHTA M JIEKapTOBO pac-
crosiHHE. Bo Bcex paHee pacCMOTPEHHBIX METO/aX HaXOAWTCS JIydllee, MM JIO-
KaJIbHO JIydIlIee PeIICHHEe Ha OCHOBAHWH MPOCTEHIINX METPHK I10 JCAOHOMY aneo-
pummy (Greedy algorithm), KOTOPBI 3aKIIOYACTCS B MPUHITHH JIOKAJBHO OITH-
MaJIbHBIX PEHICHNI Ha KaXOM 3TaIle, AOIyCKasl, YTO KOHCYHOE PEIICHUE TaKkKe
OKa)KeTCsl ONTHMalbHBIM. Eciu rimobanpHas ONTHMaIbHOCTH ANTOPUTMAa HMEET
MECTO MPAKTHYECKH BCET/Ia, )KaIHBIH aJTOPUTM SBISICTCS MPEATIOYTUTEIHHBIM 110
OTHOIICHHIO K JIPYTUM METOAAM ONTHMHU3AINHI, TAKUM KaK, HallpuMep, AHHAMUYe-
CKO€ MporpaMMHpOBaHue. B cilyuae ynmpaBisieMbIX CIy4alHbIX TECTOB >KaJHBbIH
QITOPUTM SIBJIACTCA €IMHCTBEHHO BO3MOXKHBIM JUI NMPAKTHYECKOTO HCIIONIB30BA-
HUS B CHUTy €TO CYIIECTBCHHO MEHBIICH BBIYHNCIUTEIBHON CIOKHOCTH 11O CpaBHE-
HUIO C APYTUMH ONTHMHU3AIIMOHHBIME QITOPUTMAMH.

Vcnonb3yst METPUKH, PACCMOTPEHHBIC B IPEABLAYIIEM pasjesie, a UMEHHO
paccrosinue Xommunra HD(T;;.T;) ans tectoBeix Habopos T; u T (4.1); nekapToBo
paccrosuue CD(T;, T;) (4.2); cymmapuoe paccrosnue Xommunra THD(T;) nns
ciepyromiero Hadopa 7; (4.3); cymmapHoe nexaptoBo pacctosaue 7CD(T)) (4.3);
cymmapHoe paccrosiuue Xommunra THD(T) nnsa tecta T (4.4) u cymMMapHoe Jie-
xaptoBo paccrosiHue 7CD(T) (4.4) [228], cuHTe3upyeM ONTHMANbHBIN ympasise-
MBI BEPOSTHOCTHBII TECT.

Ha nepBom mare, ciemys KOHLIEMIUH YEPHOTO SIINKA, TCHEPUPYEM IIPOH3-
BOJIBHBII TecTOBBIN Habop 7 cocrosmuii u3 N 6ur. OTMeTHM, 9TO B KadecTBe 7|
MOXeT 6bITh mo6oit u3 2" TecToBEIX HaGopoB. He Hapymas oGIHOCTH JaTbHEH-
IIUX PacCyX ACHUM, peanosoxum, 9to 7o=000 ... 0.

B kagecTBe BrOporo TecroBoro Habopa 7j, B COOTBETCTBUH CO BCEMH paHee
MIpHUBEICHHBIMI MeTpukamu (4.1) — (4.4), onTUMAaIBHEIM OyZIeT MHBEPCHBIH BEK-

TOp 10 oTHOMWeEHHIO K Ty, To ects T} =1; . Torma onmumanshwiii ynpaensemiil
cayuaiinvii mecm (optimal controlled random test — OCRT), cocToSIIMNA U3 IBYX ¢

= 2 nabopos, npunumaet Bun OCRT = {T,, T;}, rne T) = T, . Jlna panee npuse-

nenroro npumepa 1, =70=000...0=111...1. OnrumansHOCTh BHIOOPA BTOPOTO
TecTOBOTr0 Habopa 7 Kak MHBEPCHIO MEPBOTO 7 MOATBEPIKAACTCS MAKCHMAIIbHBI-
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MU 3HaYeHUSIMU BCEX paHee pacCMOTPEHHbIX MeTpuk. JelctBurensuo, HD(Ty, T1)

=THD(T\) = THD(T) = N, u CD(T,, T\) = TCD(T,) = TCD(T) = JN.

Jlns nonydenust Tpetbero Habopa 7, OCRT Helb3sl UCTIONB30BaTh XapaKTe-
puctuxku HD(T;, T;) u CD(T;, T;). 910 00bsACHAETCA TEM (AKTOM, YTO MaKCUMH3a-
st ux 3HaueHuit HD(T,, Ty) u CD(T,, T\) NpUBOAUT K MPOTUBOPEIUBOMY PE3YIIb-
Tary, a UMEHHO, 4T0 15 = 7. IlosTOMY mpu JaJbHEHININX MCCIEIOBAHUAX AAHHBIE
XapaKTEePUCTHKH HE OYIyT HCIOJb30BaHbl. AHAIOTHYHOE 3aKJIIOUYEHHUE MOXKET
OBITH clienaHo 1o otHoureHuo Metpuk THD(T;) u THD(T). Dto ciemyer u3 TOro
¢akra, uro mist OCRT = {Ty, Ty, T,}, tne Ty = T, , 1060t Tpetuii Habop T» 1O3BO-
JIIeT MaKCUMHU3UPOBAaTh JAHHBbIE XapaKTePUCTHKH. JleHCTBUTENbHO, Ui MPOU3-
BosbHOrO 75 THD(T,) = N u THD(T) = 2N. Cnenyetr OTMETUTb, YTO AaxKe JUIsl CIy-
yaes, korna 7, = Ty u T, = T} yKa3aHHble METPUKU NIPUHUMAIOT MAaKCUMaJIbHO BO3-
MoskHble 3HaueHust THD(T,) = N u THD(T) = 2N, 9T0 CBUICTEILCTBYET 00 ONTH-
MaJbHOCTH BbIOOpa 7) B 000UX CITydasXx.

C y4eToM IpHBEIEHHOTO aHAJIM3a KaHANAATOM B KaueCTBE TPEThEro Habopa
T, OCRT moxet ObITh 0001 HA00p 75, KOTOPBIH YZOBIETBOPSET CIEAYIONIIM
cootHomreHusiM 1> # To u T, # T). Tlpenmonoxum, 4To B KadecTBe 7, BHIOpaH
Habop, ms koroporo HD(T;, T;) npunumaer 3Hauenue HD(T,, T,), Torna HD(T),
T;) = N — HD(T,,T). XapakTepHCTHKH, OCHOBAHHbIC HA JIEKAPTOBOM PACCTOSHHUH,
MIPUHUMAIOT 3HAYCHHUS:

TCD(T) = CD(Ty, T5)+CD(T},T5) =JHD(T,, T,) + [N — HD(T,,T,)

TCD(T) = CD(To, 1) + CD(Ty,15) + CD(T',T>) =
=N +.JHD(T,.T,) + \[N<HD(T,.T,).

Torna TCD(T;) u TCD(T) npuHUMalOT MaKCUMaJlbHOE 3HauY€HHUEe AJISl OITH-
ManeHON BenmmunHbl HD(Ty, T,) = N/2, NOIXy4eHHOW KaK peUIeHHE CIICIYIOMIEro
YpaBHEHUSI:

OWH(Ty, T,) + N -H(T,,T,)) _
O(H(T,.T,)) -

IIpunsaB nomymienue, 4yTo BeduyuHa N ABISETCS YETHOW BEJIMYMHOM, IS
puMepa, PaCCMOTPEHHOTO BBIIIC ONTUMAIBHBIM TECTOBBIM Habopom T, AJst ABYX
panee nosy4yeHHbIx BektopoB 7,=000...0000...0u 7h'=111... 1111 ...
1 sBusiercst HaOop, cocTosmui n3 N/2 OUT, MpUHUMArOIUX 3HayeHue 0 U u3 N/2
6ur, paBHbeIX 1, Toectb 7, =000 ... 01 1 1 ... 1. Takum obpazom, gt g = 3
OCRT={T,, T\, T,}={000...0000...0,111...1111...1,000...011
1...1}.

s cremyromiero KaHAWAATa B TECTOBBIE HAOOPHI HEOOXOAWMO TaKKe JO-
cTHYb MakcuMabHBIX 3HadeHud TCD(T) m TCD(T). C 1nenplo MaKCHUMHU3AIUH

88



HD(Ty, T5) u HD(T), T5) HeoOxoaumMo BbIOMpaTh 75 U3 MHOXKECTBA HaOOPOB, JJIs
xoTopeix cymma HD(Ty, T;) + HD(T), T;) npuHIMaeT MaKCUMalbHOE 3HAYCHHUE, TO
€CTb Ul KaHAMUJaTa B YETBEPTHIA TECTOBBIM HAOOp JOKHO BBITIOTHITHCS PaBEH-
ctBo W(T;) = N/2. JIns noiaydeHus: MakCUMalbHbIX 3HaueHuid Metpuk 7CD(T5) u

TCD(T) oueBUIHBIM W €IMHCTBEHHBIM pemieHneM spisercss 73 = T, . Jlna panee
paccmoTpenHoro npumepa noayyum 73=111... 1000 ... 0u OCRT = {T,, T},
I, 7;4={000...0000...0, 111...1111...1,000...0111...1,111
...1000...0}.

AHaNOTUYHBINA pe3ynbTaT OyAeT MOJTydYeH C UCHONb30BaHueM FAR anropur-
ma [130]. CornacHo JaHHOMY aJrOPUTMY, OCHOBBIBASICH HAa TpEX MPeIbIIyLINX
Habopax 7,=000...0000...0,7,=111...1111...1u7,=000...011
1 ... 1, Mmoxer ObITh MOMy4eH neHTpoun C = Cy-1, Cy-2 , ..., C2, €1, Co =1/3, 1/3, 1/3,
..., 1/3,2/3,2/3,2/3, ...,2/3, a Ha ero ocHoBe OuHapHLIH neHTpous C, =000 ... 0
111...1[130]. U nakoHel, UHBEPTUPYS 3HAYCHUS JIEMEHTOB OMHAPHOTO LIEHT-
pouna, okoruyarenbHo moayduMm 73=111... 1000 ... 0. lnsg vadopa T3 nekap-
TOBBl METPHKHM HPHHUMAIOT MAaKCHMAJIbHBIC, 3HAYCHUSI PaBHBIC COOTBETCTBEHHO

TCD(T3) = NN +24/N/2 w TCD(T) =2JN +4JN /2 .

Huns npouenyps! popmupoBanus OCRT ¢ y4eToM MPEIbIAYIIUX ITallOB MO-
JKeT OBITh MCIIOIB30BAHO CIIENyIoIIee YCIOBHE. Ha Bcex MOCIEIyIOMUX STamax
(hopMHpOBaHHS OUYEPETHOTO TECTOBOTO Habopa HEOOXOIMMO MaKCHMHU3HUPOBATH
sHaueHus metpuk 7CD(T;) u TCD(T). Torna nmst Habopa 7; ¢ YeTHBIM 3HAYCHUCM
i€{0,2,4,...,2k— 2} TOJKHBI BHITIOIHITHCS PAaBEHCTBA:

maxTCD(T) = ix~N /2,
(4.6)

maxTCD(T) = (i/2)><\/.]\7+(i2 I2)xN/2, i€{0,2,4,...2k2}.

OTMeTHM, 4TO MpPUBEICHHBIE PABEHCTBA MPEACTABIAIOT MAKCUMAIbHO BO3-
MoxkHbIe 3HaueHNs MeTpuk 7CD(T;) m TCD(T), KoTopble 00eCTICYNBAIOTCS IyTEM
BbIOOpa HaOopa 7; ¢ 4eTHBIM MHJAEKcOM i Takoro, uto HD(T;, T;) = N/2 mexny
Habopom 7; 1 BceMu npebLyumu Habopamu 7;, j <.

B Toxe Bpemst HabOp ¢ HeueTHbIME UHIEKcamu i€ {1, 3,5, ..., 2k — 1} sBis-
€TCsl MHBEPCHBIM 3HAYEHHEM I10 OTHOIICHUIO K MpeablayIieMy Habopy, TO ecTb 7;
= T, , 94TO TI03BOJISIET MaKCUMHU3HUPOBaTh 3HaueHust MeTpuk 7TCD(T;) u TCD(T):

i

maxTCD(T;) =~/N +(i—1)x/N/2;
maxTCD(T) = (i +1)/2)xIN +((i> =1)/2)xN /2, (4.7)
ic{0,2,4,...2k-2}.

B kadecTBe mpuMepa paccCMOTPHM City4aii, korma N = 2", Torma KOJIu4ecTBo
g nabopos OCRT = {Ty,, T\, T, ..., T, } paBuserca 2(m + 1). {na obuero ciryyas
Koim4yecTBO HabopoB OCRT ompenensieTcst Kak: ¢ = 2(|—10g2N—| + 1), a KOHCTPYK-
TUBHBII aTOPUTM JUTsl (POPMUPOBAHUS TECTOBBIX HAOOPOB IpeicTaBlicH B [186].
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Ipu N = 2" u m = 3 OCRT, npeamnoiaras, 4to To=000 00 0 0 0, Oyxer
cocrosath u3 2(m + 1) = 2(3 + 1) = 8 TecTOBBIX HAOOPOB, MPUBECHHBIX B TAOIUIIE
4.2. B oTo0ii jxe Tabauile MpeACTaBIeHbl COOTBETCTBYIOIINE 3HaYeHus (4.6) u (4.7)
g maxTCD(T;) u maxTCD(T).

Crenyer OTMETHTB, 4TO B PE3yJIbTaTe CHHTE3a ONTHMAIBHOTO YIIPABISIEMO-
ro tecta OCRT, UCTIONB3Ys KaJIHBIA aarOPUTM, OBbLI MOJYYECH TOCTATOYHO TPHBH-
ANBHBIN pe3ynbTaT. Takoil ke pe3ynbTar JIETKO MOXKET OBITh TIOJydeH Ha OCHOBA-
HUH KJIACCHYECKOT0 allropuT™Ma OMHapHOTO ToucKa (divide and conquer algorithm)
[114]. Tect OCRT Takxe MOXeET OBITh MOJTydeH KaK pe3yJIbTaT MPUMEHEHUS OJHO-
T'O U3 M3BECTHBIX METOJIOB TEHEPHPOBAHMS YIIPABISEMBIX BEPOSTHOCTHBIX TECTOB,
a MIMEHHO TIPY MCIIOJIb30BAaHUH MPOIENypPhl TCHEPUPOBAHUS aHTU-BEPOSITHOCTHBIX
tectoB [126, 202, 203]; mpoumemypsl (GOPMHPOBaHUS OBICTPHIX aHTH-
BEpOATHOCTHBIX TecTOB [130]; orpanndeHHbIX ciydaiiHbIX TecToB [31, 32], 1 MHO-
TOYHCIICHHBIX X MoAuduKanuii. Bee nepedrcieHHbie METOIbl UCIIONB3YIOT KPH-
TepHH BBEIOOpA 0YEPETHOTO TECTOBOTO HabOpa Ha OCHOBE PACcCTOSHHSA XEMMHIHTA U
JIeKapTOBa PACCTOSIHUSL.

Tabnuua 4.2 — Onmumanshslil ynpasisiemvlii 6epOAMHOCHHbLY mecm O q = 8

Ti |tz tig tis tig iz tio tin tig | maxTCD(T)) | maxTCD(T)
|0 0 0 0 0 0 0 0 - -
111 1 1 1 1 1 J8 J8
o 0o 0 0 1 1 1 1 24 V824
T501 1 1 1 0 0 00| 84244 | 284442
75/0 0 1 1 0 01 1 4.4 2/8+8/4
Ts| 1 1 0 0 11 0 0| 8+44 |3/8+12+/4
/0 1 0 1 0 1 0 1 6/4 38 +18/4
01 0 1 0 1 0 1 0| J8+642 | 4/8 4244

B xauecTBe yHHBEpCAaIBHOW TPOIEAYPHl (OPMHUPOBAHUS ONTHMAIBHBIX
YIpaBsieMbIX CiydaiHbIX TecToB OCRT mpuMeHHMMa CIenyromas Mporeaypa
[228].

Mpouenypa 4.2. ®opmuposanre OCRT mist N = 2",

1. [TepBoHauaNBEHO TEHEpUpPYETCsT MaTpuIia M, coaepskarias N cTOJIOIOB U ¢
=2(m + 1) cTpoK, UCTIOB3YS, HAIPHMEP, ATTOPUTM OMHAPHOTO MTOHCKA.

IlepBast crpoxka M, marpuubl M NPUHMMAET HyJIEBOE 3HAUCHHE, BTOpasd
cTpoka M, cocrout u3 N enunuu. Ilocienyromue cTpoku MaTpuubl M ¢ 4eTHBIMU
uHaekcaMu i > 0 mpeacTaBiIsAIOT c000i MHOKECTBO, COCTOSAIIEE U3 YETHOTO KOJIU-
4yecTBa OJIOKOB OJMHAKOBOM Pa3MEPHOCTH, MOJOBHHA KOTOPBIX MPEACTABISET CO-
6011 HysneBble OJIOKM, a BTOpas MOJOBMHA — eAuHUuHBIe. Ha kaxgoil urepanuu
odepesiHas CTPOKAa C YETHBIM MHAEKCOM (DOPMHUPYETCSl M3 MPEAbIIYIIeH CTPOKH
JUISL Y€THOTO i, IPH 3TOM Bce OJIOKM TpPEAbIAYIIeH CTPOKHM AeNsTcs Ha aBa OJIOKa,
TIEPBBIH M3 KOTOPBIX SBJISAETCS HYJIEBBIM OJIOKOM, a BTOPOIl — eAnHNYHBIM. Kaxas
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CTPOKa C HEYCTHBIM HWHICKCOM (DOPMHpPYETCs KaK pe3yjibTaT HWHBEPTUPOBAHUS
9JIEMEHTOB MPEIbIAYIIEeii CTPOKU C YETHBIM HHJICKCOM.

2. OCHOBBIBAsICH HA OJHOM W3 aJTOPUTMOB TEPECTAHOBOK, CTOIOIBI MaTpU-
161 M mepeMenMBaioTCs JUIS MOTYdeH s MATPUIIBI M, TaK HA3hIBACMBIX BEKTO-
POB MacoK.

3. Cy4aiiHeIM 00pa3oM (GOpPMHUPYETCS IBOUYIHBIA BEKTOpP, COCTOSIIMI 13 N
OWT, KOTOPBIA IPUHUMAETCS Kak mepBbiid Habop Ty OCRT TecTa.

4. Kaxnpiit nocnenyroumit Hadop T, Tp, T3, ..., Thye OIpenenseTcs Kak mo-
paspsiiHas cymMmMa BekTopa T M COOTBETCTBYIOIICH CTPOKH MaTpuisl M, T ecTh
Ti =T 0 D M ‘* .

5. Dtam 4 moBTOpsieTCS 10 TEX MOp, Moka Bce 2(m + 1) Habopsl He OymyT
CTEHEPHPOBAHBI.

Crenyer OTMETUTh, YTO IMEPECTAHOBKA CTOJIOIIOB MATPHIBI HE H3MCHSET
3HAYEHHs PAacCTOSHUS XEMMHHIa MEKIY IBYMsI CTpOKamu (HabOpami), 4To Clie-
JyeT u3 cooTHoueHus (4.1).

Mpumep 4.4. B xauecTse npumepa paccmotpum OCRT s N = 2" =27,

1. Matpuna M ¢ N = 8 cronbuamu u g = 2(3 + 1) = 8 cTpokamMu cTpOUTHCA
TakuM obpasoM, uto M;=00000000,aM,=1111111 1. Cuenyromas
CTPOKa C YEeTHBIM MHIEKCOM M, (popMmupyeTcs Ha OCHOBaHWUHU M, IyTeM JCICHUS
M, Ha 1Ba paBHBIX OJIOKa, MEPBBI M3 KOTOPBIX COICPKUT HYJICBBIC 3HAYCHUS, a
BTOpOH — enuHuYHbIe, TO ecTh Mr=00001111.M;3=111100 0 0 nonyuaer-
Csl IyTeM WHBEPTUPOBAHUS 3HAYCHUH CTPOKU M,. AHAJOTWYHO IMOIYYaOTCS JIBE
cnenytomue ctpoku My;=00110011uM;=110011 0 0 marpuns M. Ilo-
cienHue aBe CTpoku npuHUMaroT BUIG Mg=01010101 M;=10101010
(cm. Tabmuty 4.2).

2. Marpuna M ' BEKTOPOB MAacOK KaK Pe3yJbTaT MePecTaHOBOK CTOJIOIIOB
MaTpunsl M (tabnuia 4.2) npeacrasieHa B Tabmune 4.3.

3. Cuyuaitasiv o6pazom dopmupyercst 7o=01111010.

4. Kaxnpiit HOBBIN i-b1i HAOOp Ty, T5, T3, ..., T; TMONydaeTcs Kak cymma
Ti=Ty © M, ,tne M, BoiOupaercs u3 Tabmuusl 4.3.

Ta6uuua 4.3 — Mampuya M~ eexkmopos macok 0 m =3

*

M; | tix tis tin tia iz iz bis lip
,/0 0 0 0 0 0 0 0
M1 1 1 1 1 1 1
M;|1 0 1 0 1 0 0 1
M;l0o 1 0 1 0 1 1 0
M;l0 0 1 1 0 0 1 1
M;|1 1 0 0 I 1 0 0
Mgt 1 0 1L 0 0 0 1
M;10 0 1 0 1 1 1 0

Nel
—_



5. Bce g =2(m + 1) = 8 nabops! aiust OCRT npencrapieHs! B Tadiuisl 4.4 ¢
COOTBETCTBYIOIIUMU 3HaYeHUsAMU Xapakrepuctuk maxTCD(T;) u maxTCD(T).

Tabnuna 4.4 — Vnpasnaemviii seposmuocmusitt mecm OCRT onam =3

Ti | tiz tie tis tia tiz tia tin tio | maxTCD(T)) | maxTCD(T)
b0 1 1 1 1 0 1 0 - -
7v/1 0 0 0 0 1 0 1 NG J8
L1 1 0 1 0 0 1 1 244 V8424
7500 0 1 0 1 1 0 0| JsS+242 | 2/8+44
10 1 0 0 1 0 0 1 44 28484
Ts |1 0 1 1 0 1 1 0| J8+4y4 | 3J8+1244
o |1 1 0 1 0 0 0 1 64 38 +18/4
500 0 1 0 1 1 1 0] J846J4 | 4/8+424+2

B nanHOM pazzene mpeacTaBiIeH METOJ| T'€HEpHUPOBaHUs ONTHUMAJbHBIX
YIPaBISIEMBIX BEPOSITHOCTHBIX TECTOB, KaK OOOOMICHUE MU3BECTHBIX allTOPHUTMOB,
HCHOJB3YIOUMX B CBOEH OCHOBE »aJHBIH alllOPUTM, A TAKXKE PacCTOSIHUE XeM-
MHHTa 1 JICKapTOBO PACCTOSHHE B KaYECTBE KPUTECPHS BEIOOPA OYEPETHOTO TECTO-
Boro Habopa. B oTimyme 0T U3BECTHBIX PEIICHUHA MPEAI0KEHHBIH METOJT TapaHTH-
POBaHHO OOecCIeYnBacT MaAKCUMAaIbHO BO3MOXHbBIE 3HaUeHus paccTossuuit TCD(T;)
u TCD(T). Cnenyetr OTMETHTD, YTO aHAJOTHYHBIA PE3yJIbTAT MOXKET OBITh IMOJTyUeH
C WCIOJIG30BAHHEM HW3BECTHBIX DPEIICHHWH, OJHAKO €ro JOCTIKCHHE HE SBIISCTCS
TapaHTHPOBAHHBIM U TpeOyeT O0MbIIoro 00beMa BEIUMCICHNH, CBA3aHHBIX C OTpe-
JIeTICHNEeM XapaKTEePUCTUK PACCTOSIHUS JUIA KaXXI0TO MOTEHIIMAIBHOTO KaHAWaTa
B TECTOBBEIE HAOOPEIL. B CBOIO ouepens onTHMalbHEIE YIIpaBIIeMble CIydaifHbIe Te-
ctbl (OCRT) NUMEIOT 049EBUIHOE TPEUMYIIECTBO IT0 OTHOIICHHUIO KO BCEM H3BECT-
HBIM MeToJaM (hOpMHUPOBAHHMS YIIPABIIEMBIX CIydaiHBIX TecToB. OHU XapakTepH-
3YIOTCS MUHHMAJIBHOHN BBIYHCIMTEIBHOM CIONKHOCTBIO B CHIIy OTCYTCTBHUS IPOIIe-
Jyp MEepeuuclIeHUs] BCEBO3MOXKHBIX KAHANUAATOB B TECTOBbIE HAOOPHI M BBIUHCIE-
HUSL U1 HUX COOTBETCTBYIOIIUX XapakTepuctuk. [ npousBomabHOro N Hanbosee
TpynoeMkoi mpoueaypoit mpu ¢opmuposannu OCRT sBisercs mpouexypa Io-
CTpOEHHUs1 MaTpulbl M, cocrosiieit u3 ¢ = 2(m + 1) CTpOK U BBIIIOJHEHUS MTEpeMe-
[IMBAHMSA €€ CTONOIOB IS TTOTydeHuss M .

4.3. YHuBepcaJbHasi MeTPHKAa /ISl YNPaBJsieMbIX BEPOSTHOCTHBIX
TEeCTOB

B kadectBe Mepbl 3(PGEKTUBHOCTH YIPABISIEMBIX BEPOSITHOCTHBIX TECTOB
paccMOTpUM WX CTEMeHb MNPHOMMKCHUS K HCYCPIBIBAIONIAM U TICEBJIO-
ncuepnbiBatomuM Tectam [334]. M3BecTHO, 4TO MCEBAO-UCUYEPIBIBAIOLIMNA TeCT
T(N, k) wcueprbIBafolle MOKPHIBAET BCEBO3MOXKHBIE k& W3 N IOAIPOCTPAHCTB
N-mepnoro npoctpanctsa [52, 186, 187].
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Tak, tect 7(4,2)={0000,0111,1011,1101,1110} dopmupyer
BCeBO3MOXKHBIE 2 = 2% BoMUHbIC KOMOHHAIMH [U1st BeeX k = 2 u3 N = 4 pa3psiaoB
TECTOBBIX HAOOPOB T;= t;3, 12,11, t;0, UTO CIEyeT U3 TAOIUIILI 4.5.

Tabnuua 4.5 — Oyenka nokpuisaroweti cnocoonocmu mecma 1(4, 2)

3

tisliolintio | tiaotio | tio.lio | tigtio | tialin | tinlin | Gistip | finlintio | tinlintio | tisliolio | tisliofin
To 0000 xx00 | x0x0 | 0xx0 | x00x | 0x0Ox | 00xx | x000 0x00 00x0 000x
T, 0111 xx11 | x1x1 | Oxx1 | x11x | Ox1x | Olxx | x111 0x11 01x1 011x
T, 1011 xxxx | x0x1 | 1xx1 | x01x | 1x1x | 10xx | x011 1x11 10x1 101x
T 1101 xx01 | xxxx | xxxx | x10x | 1x0x | 11xx | x101 1x01 11x1 110x
T4 1110 xx10 | x1x0 | 1xx0 | xxxx | xxxx | xxxx | x110 1x10 11x0 111x

B 1o %e Bpemst Tect 7(4, 2) renepupyer 5 u3 2* = 2° = 8 qBonunbIx KOMOHU-
HAUWH 1A k = 3 ¥ Takoe »Ke KOJIMYEeCTBO KoMOmHanwmii g k = 4 u3 16 BO3MOX-
HBIX (cM. Tabmmiy 4.5).

ITo ompenenenuto mnceBno-ucuepneiBaommii Tect 7(N, k) obecneunBaet
100% mokpsITHE [T KOHKPETHOTO 3Ha4eHUsl k < N, U, COOTBETCTBEHHO, rapaHTH-
pyer 100% mOKpBITHE JUIsl BCEBOBMOXHBIX #* < k n3 N MoAIpocTpaHcTB N-MEpHOro
npoctpaHcTBa [88, 333].

I r > k apdextuBrocts E(T(N, k), r)-ICEBIO-UCUEPITBIBAIONIETO TECTA, B
MIPOIICHTHOM HCUYHUCIICHUH, MOXET OBITh OLICHEHa KaK KOJMYECTBO KOMOWMHAmmit
C(T(N, k), r) n3 r 6ut, dopmupyemsix-TectoM 7(N, k) Ha BCEBO3MOXHBIX 7 U3
N paspsinax reneHHoe Ha o0Iee KOJMYeCTBO BO3MOXKHBIX KOMOMHAIIHIA:

o (N] (4.8)
r

Jns mpumepa, npuBegeHHOro B Tabnuie 4.5, cornacHo (4.8) momydum, 4to
E(T(4,2),3)==((5+5+5+5)/(8 x 4))100% = 62,5%, u E(1(4, 2), 4) = 5/(16 %
1)100% = 31,25%.

Mepa s dextuBHocTH (4.8) TiceBao-UcUepIbIBaromero Tecta 7(N, k) MoxeT
OBITH MCTIONB30BaHA IS OLEHKH 3()(EKTHBHOCTH YIPABISEMBIX BEPOSTHOCTHBIX
TecToB. [logo0Hass XapakTepucTuka HOpMYTHPYETCs IS CIEIYIOIIEro TECTOBOTO
Habopa T; 1 HeKOTOporo TecTa, B ToM uncie u CRT [334].

Onpeneaenne 4.4. Metpukoii E(T;, ) U1 ouepeHOTO TecToBoro Habopa 7;
tecta T = {To, T\, T», ..., T;} sABIsIETCS JOTIOJHHUTEIBHOE KOJMYECTBO JBOMYHBIX
KOMOWMHAITMI Ha BCEBO3MOXKHBIX 7 M3 N paspsiiax TeHepUPYEeMbIX TeCTOBBIM Ha0O-
pom T; o oTHOIIEHHUIO K ipeabLaymuM Habopam To, Ty, Ts, ..., Ti-i.

Omnpenenenue 4.5. Merpuxoii E(7, ) tecta T = {Ty, Th, T», ..., T;} sBusAeTcs
KOJIMYECTBO JBOMYHBIX KOMOMHAIMI Ha BCEBO3MOXKHBIX 7 U3 N paspsaax, FeHepH-
pyembIx TecToM 7.

Hns obeux merpuk E(T;, r) u E(T, r), nogo6Ho, kak u (4.8), MOTYT OBITH HC-
0JIb30BaHbI UX B3BEIICHHBIE NpoLeHTHbIE oueHku WE(T;, r) u WE(T, r). Tak, ms
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seposamHocmHozo mecma RT, cocrosiiiero u3 g ciydaitnoro Hadbopa RTy, RT), .
RT,,, cornacHo onpejenenuto 4.5 nomyuum [346]:

.oy

WE(RT,r) :[l—(l—;jq]loo%_ 4.9)

Metpuka WE(RT;, r) st 04epeaHOro i-ro TecToBoro Habopa R7 onpenens-
eTcsl, Kak:

i+l i
WE(RTi,r):[l—[l—zlJ }100%—[1—[1—21,j ]100%:
:1(1—1j 100%.

2

3uauenust WE(RT, r) nyis HeOONbIINX BETUYUH 7 IPUBEIEHBI B TabnuIe 4.6.

(4.10)

Tabmuua 4.6 — Yucnennvie snavenus WE(RT, r) ons-éeposmuocmuoeo mecma RT

To To,T] T(),...,T3 To,...,Ts To,...,T7 T(),...,Tg To,...,T]l To,...,T13
250 43,7 | 683 82,2 89,9 | 943 96,8 982
12,5 234 | 413 55,1 656 | 73,7 79,8 84,5
6,25 | 12,1 | 22,7 32,1 203 | 476 53,9 59,4
312 6,15 | 11,9 17.3 224 | 272 31,7 35,8

(O RN USRS

OueBUIHO, YTO MaKCHMaJIbHas TIOKPHIBAIOIIAs CIOCOOHOCTh BEPOSATHOCTHO-
ro tecta RT, paBHas 100%, nocturaercst s ¥ << N u ¢ — oo.

Vnpasisiemble BepoATHOCTHbIE TecThl CRT, 110 cpaBHEHUIO ¢ RT, IO3BOJISIIOT
MOBBICUTH (P eKkTHBHOCTE (hopMHUPOBaHMS BCEBO3MOXKHBIX JBOMYHBIX KOMOMHA-
U Ha JIFOOBIX # U3 N paspsiax TeHepHUpyeMBIX TECTOBBIX Ha0opoB. Tak, s ciry-
4asg ONTHMAIBHBIX YIPABIIEMBIX BEpOATHOCTHBIX TecToB (OCRT), mpuHUMAs J10-
nymenue, uto N°>> N u r << N, MOXKHO 1n0Ka3ath, uto WE(OCRT, r) Gyzer Bbi-
YHUCIATHCS B COOTBETCTBUHU C BBIPAKECHUEM:!

r=1 a/2
WE(OCRT,r) = 1—(22” 1) 100%; g =2,4.6... 4.11)

IIpuBeneHHOE COOTHOIIEHNE BBHITEKAET U3 OLIEHOK, MOJyUYEHHBIX B [226] mis
ciyyvasi, korna OCRT coCTOUT M3 YETHOTO 4UCia g = 2(r10g2N—| + 1) HabopoB u

BKJIFOYACT MOCJIC0BATEIbHbIC HHBEPCHBIC mapsl HabopoB T;=Ti-1, ie{l, 3,5, ...,
g-1}.
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B3BenieHHoe KOAMYECTBO  JIOIOJIHHUTENBHBIX JBOMYHBLIX KOMOWHAIUI
WE(OCRT(T:-1, T;), r) nns 1100bIx » 3 N OUT reHepupyeMbIx napoi 7;-y, T; Tecto-
BbIX Ha00poB OCRT BBIMUCISAETCS, KaK:

T

1 (i-1)/2 1 (2 _1 (i-1)/2 .
—(1—[ = J JlOO%:zrl[ = j 100%.

OueBHUHO, YTO B CUIIy HHBEPCHOTO cooTHOIIeHus Mexny I; u T;, i €{1, 3,
5, ..q— 1}

i1 \0#D/2
WE(OCRT(T,,.T,),r) = {1 —(2 1) }00%—
(4.12)

NG
WE(OCRT,,r) = WE(OCRT..,,r) = 21(2211j 100%. (4.13)

B 1a6m. 4.7 npuBenens! unciaennsie 3Hauenus 1is WE(OCRT, r).

Tabmuna 4.7 — Yucaennvie snavernus WE(OCRT, r) ons OCRT onsng =2 4, ..., 14

r | T, T | To, ..., Ts TO’T;" TO’T;"’ TO’T;" Toy s Tiy | Toy ooy Tis
2 ] 50,0 75,00 87,5 93,75 96,87 98,43 99,2
3] 25,0 4375 57,8 68,35 76,26 82,20 86,65
4] 12,5 23,43 33,0 41,4 48,71 55,1 60,73
516,25 12,10 17,6 22,8 27,6 32,1 36,35

CpaaurenbHast dpdexkruBHocts OCRT 1o oTHOmeHuto kK RT s i €{1, 3,
5, ...,q — 1} ouenuBaercst cootHoleHHEeM (4.14), yucieHHble 3HaYeHUs KOTOPOTO
IIpHUBE/ICHBI Ha pHcC. 4.1.

(i-1)/2 :
WE = WE(OCRT,,r)~ WE(RT,,) = 21((1 - ;lj - (1 - 21] }00%.. (4.14)
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Pucynok 4.1 — Oyenxa WE cpasnumenvhot sgppexmuenocmu OCRT
no omuoutenuio k RT

AHanM3 MPHUBEACHHBIX PE3yJbTaTOB MOKA3bIBAET BBHICOKYIO 3(P(PEKTHBHOCTH
tecta OCRT 1O OTHOMICHUIO K TeCTy R7 TOJIBKO AJst HEOONBIINX 3HAYCHUIT k U i,
YTO CIIeIyeT U3 JaHHBIX, IIPUBEICHHBIX B TaOmmmax 4.6 u 4.7, a Taxoke Ha puc. 4.1.
OTOT aKT mpenonpenenseT HHTepec K pa3padoTKe ONTHMAIBHBIX YIPaBISIEMbIX
BEPOSITHOCTHBIX TECTOB MaJIOH JTHHBI.

4.4. OnTumMajbHbIe YyHpaBjsieMble BEPOATHOCTHbIE TeCThl MaJoii
JJUHBI

Kak Ob110 TOKa3aHO B TPENbIAyIIEM pasfeiie, Xxapakrtepuctuku E(T;, r) u
E(T, r), Tak e, Kak U UX B3BelLLEHHbIE TpoueHTHble aHanoru WE(T;, r) u WE(T, r),
MTO3BOJIIIOT OJTHO3HAYHO OLCHHUTH 3(P()EKTHBHOCTh KaXKIOT0 KaHANAATa B YIIPABIIs-
eMBIC BEpPOSTHOCTHBIC TecThl. OHAKO B CPAaBHCHUH C METPHKAMHU, UCIIOJIB30BaH-
HBIMH JJIS1 U3BECTHBIX YIPABISIEMBIX BEPOSTHOCTHBIX TECTOB, YHUBEPCAJIbHBIC Xa-
paxrepuctuku E(T;, r) u E(T, r) TpeOyoT OONbINX 00HEMOB BBIYHCICHHUN JUIS
KaXIOT0 KaHAWAAaTa B TeCThl. TONBKO B Cilydae (UKCHPOBAHHON CTPYKTYPHI
YIPaBISIEMBIX BEPOSTHOCTHBIX TecTOB, Hanpumep RT u OCRT, oxa3bIBaeTCsl BO3-
MOYKHBIM TIOJyYeHHE aHAJINTHYECKUX OIEHOK yKa3aHHBIX MeTpHk. Kak ormeua-
nock B pasgene 4.2, s OCRT seinonusercs HepaseHcTBo HD(T;, 1) > N/2, u3
KOTOPOro MOYHO 3aKII0UMTh, 4To B cinydae OCRT minHD(T;, T;) = N/2. B 1o xe
BpeMs 11t RT naHHOE YCIIOBHE HE BBIIONHSACTCS; 3TO MO3BOJIACT MPEANOTIOKHUTD,
9TO I AOCTIDKEHHSA Oombinei 3(h(eKTHBHOCTH YHPABIAEMBIX BEPOSTHOCTHBIX
TECTOB Heo0XxoauMo Makcumusuposats minHD(T;, T;), nonyckas, 4To ¢ yBeJuJe-
nueM minHD(T;, T;) nnuna g CRT Oyner ymenbiathes. JlocTHKeHHE MaKCUMaIlb-
Horo 3nauenust minHD(T;, T;) Takxke MakcumMusupyeT xapakrepuctuku THD(T)) u
TCD(T;) (4.3), u ux cymmsl THD(T) u TCD(T) [112].
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JL1s TeHEPUPOBAHUS ONMUMAIbHBIX YAPAGIAEMbIX 8€POAMHOCHIHBIX MECHO8
manoti Onunst (short optimal controlled random tests — SOCRT) ¢ ManbIM Kon4e-
CTBOM Ha0OPOB ¢ MEPBOHAYAIBHO PACCMOTPHM KOJIBI C MAaKCHMAaJIbHBIM MHUHH-
MaJIbHBIM paccTosiHueM XeMMmuHra. Teopema [lnomkuHa TO3BOJSIET ONPEICITUTH
MaKCHMAJEHO BO3MOKHOE KOJMYECTBO ¢ KOJOBBIX CJIOB B JIBONYHOM KOJIC JITTHHBI
N UIs MHHUMAJILHOTO KOJIOBOTO pacCTOsSHUS d, a epanuya [lnomkuna (Plotkin
bound) naet BepxHUii peet 3Toro Koiamdectna [159].

Teopema 4.1. (I panuya [lnomxuna) Ecmm d > N/2, To s ¢ BBINONHASTCS
HEpPaBEHCTBO:

2d
, ama 2d—N>0,
4<3y2d-N (4.15)
4d, mi 2d—-N=0.

Just cityyasi, korna 2d — N > 0, cripaBeiMBO ClIEyIOIEe COOTHOIICHHUE:
d<gN/(2(qg — 1)). (4.16)

OcHoBbIBasich Ha TeopeMe 4.1, onpenenuM HOBYIO XapaKTepUCTUKY IS I10-
crpoenust SOCRT(q, d) = {Ty, Ti, T», ..., T,;} ¢ OrpaHMYEHHBIM KOJIMYECTBOM ¢
HabOPOB M PACCTOSTHUEM PaBHBIM d.

Omnpenenenne 4.6. MakcumansHOE MHHUMAJIbHOE PACCTOSHHE XOMMHHTA
max_minHD(T;, T;) onpezensercs Kak MaKCUMalbHOE MUHUMAJILHOE PACCTOSHUE
Mmex 1y mo0eivu BymMst Habopamu-T; u T; recta SOCRT={T,, T\, T>, ..., Ty }.

CootHomrenue (4.16) 1mMo3BoNsIET MOMYYUTh MAKCUMalbHOE MHUHUMAIBHOE
paccrosaue d = max_minHD(T;, T;) 15 pa3nuuHbIX 3Ha4eHui g€ {2, 3, ...}. Qi q
= 2, cornacHo (4.16), max_minHD(T;, T;) < N. B npeaeinyiiem pasjene npu mno-
crpoenun OCRT miist ¢ = 2 B KauecTBe BTOPOTo TECTOBOT0 Habopa 7 UCIONIb30Ba-

nach MHBepcHs nepBoro 7o Hadopa, T. e. [;=To. B aTOM cinydae mocturaercs: Mak-

cumanbroe 3Hauenue HD(Ty, T)) = N, torna SOCRT(2, N) = OCRT = {T,, T }.

Hnsa g = 3, cornacuo (4.16), max_minHD(T;, T;) < 3N/4. bimxaiimee ontu-
MaJIbHOE PELIEHUE MOXKET OBITH IOTy4YEHO TObKO aitst max_minHID(T;, T;) = 2N/3,
3neck 2N/3 < 3N/4. lokaxem, 9to [yt cinydast g = 3, max_minHD(T,, T;) He MOXeT
ObITH OombIe ueM 2N/3 [334].

Teopema 4.2. /[[na SOCRT = {Ty, T\, T>} max_minHD(T;, T;) = 2N/3.

Jloxaszamenvcmeo meopemsvt 4.2. Jlokaxkem ot obpartnoro. [Ipennonoxum,
yro jus uenoro 2N/3 max_minHD(T, T;) = 2N/3 + A, tne A > 0, 1. e.
max_minHD(T;,T;) > 2N/3. Torna mns SOCRT = {T,, T\, T>} paccrosaus HD(T,,
Tv), HD(Ty, T,) n HD(T), T;) MeXIy TeCTOBBIMI HaOOpaMH JOJDKHBI OBITH OOJBIIE
unu paBHAThes 2N/3 + A. Tlycte paccrostaue HD(Ty, T1) = Soi(To, T1) + Sio(To, T1)
=2N/3 + A, CJI€A0BATCIbHO, So()(To, Tl) + Sll(TOs Tl) =N -2N/3 — A=N/3 -A. Hﬂﬂ
obecrieueHrsT MAKCUMAaIBHOTO OTIIHYMsI TpeTbero Habopa T, ot mepBoro Ty ¥ BTO-
poro 7| HabOpPOB, OH MOJDKCH OTJIMYATHCS OT HUX B MO3HLHUSIX C OJMHAKOBBIMU
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cumBosamu 0 wiu 1, T.e. B Soo(7y, T1) + S11(To, T1) = N/3 — A nosunusx. Torna
HD(Ty, T,) = N/3 — A+ Q, u ¢ yuetom Toro, uto Sy (7o, T1) + S1o(To, T1) = 2N/3 +
A, monyuum, uto HD(T, T») = N/3 — A+ (2N/3 + A — Q) = N — Q. 1 obecnieye-
Hus HepaBenctBa HD(Ty, T;) > 2N/3 + A 3HaueHue Q NODKHO YAOBICTBOPSTH CO-
otnomenuo Q > N/3 + 2A, torma HD(Ty, T,) =N — Q < N— (N/3 + 2A) = 2N/3 —
2A, uto wMeHbmie, uem 2N/3 + A, criemoBareibHO, MPEANOIOKEHHE, YTO
max_minHD(T;,T;) > 2N/3 HeBepHo. UT0 1 TpeOOBAIOCH 10Ka3aTh.
Tect SOCRT(3, 2N/3), cocrosuuii U3 Tpex HAOOPOB, UMECT BUJI:

T, = Lynvoiston-asesloonizsloon/saismslonizslonizts-sloaslorstoos
I = Linastineasstiansstionisatseobinzsloniaasslins Lt s (4.17)
T, =1yl yasolaanizstaonaaselanizslonizasslaasly sl

Hns N = 6 coorBerctBytonuii rect SOCRT(3,4) = {1y, T\, T,} = {00000
0,111100,001111}.

Jns ciydas g = 4 B coorserctBuH ¢ (4.16) max_minHD(T;, T;) < 2N/3. On-
tumanbhbiil TecT SOCRT(4, 2N/3) umeet max_minHD(T;,T;) = 2N/3, uto cnemyer
13 Teopemsl 4.3.

Teopema 4.3. Ina SOCRT = {Ty, T}, T>, T3} max_minHD(T,,T;) = 2N/3.

Jloxkazamenvcmeo meopemol 4.3. YUUThIBasA, 4TO COrjacHo Teopeme 4.2 st
q = 3 max_minHD(T;, T;) = 2N/3, MOXHO 3aKJII04UTh, 9TO I Tecta SOCRT, co-
crosmero w3 g = 4 wnabopoB To,T),7, w T5 TakkKe HENb3s IOIYYUTHh
max_minHD(T,,T;) > 2N/3. D10 3HAuuT, 4TO HAWIY4IIUM perienueM aiai SOCRT
cocrosimmero u3 Habopos Ty, Ty, T, m T5 Oyner tpu Habopa SOCRI(3, 2N/3) u
Habop 75 paBHOYIAJCHHBII OT MEPBEIX Tpex Ty, 71 u T, Ha paccrosaue HD(Ty, T3)
= HD(T,, T5) = HD(T», T5) = 2N/3. B cinyuae SOCRT(3, 2N/3), Ty u T, umeror
So1(To, T1) + S10(To, T1) = 2N/3 pazmuunsix Out. Tpetnit Habop T, Gopmupyercs ¢
HCTIOJIb30BAHUEM TIOJIOBUHBI 3TUX OUT U3 Habopa T U APYroil MOJOBUHBEI OUT U3
Ty, a Taxke ¢ noMotsio uaBepcun Beex Soo( 7o, 71) + S11(To, T1) = N/3 onuHaKOBBIX
out g Ty u Ty. JIna dopmupoBanus gerseproro Habopa 73 ans Hero u3 Soi( 7o,
Ty) + S10(To, Ty) = 2N/3 paznuunbix OuT HaOopoB T, u 7 BEIOUPAIOTCS APYTHE MO-
noBuHbI B cpaBHeHuu ¢ T, u unsepcust Soo(7o, T1) + S11(To, T1) = N/3 6uros Habo-
poB Ty u Ty. icxons u3 onucaHHO# mpoueaypsl popmupoBanust 75 u 75 MOKHO 3a-
KitouuTh, 9T0 B So1(To, 1) + S10(To, T1) = 2N/3 NO3UIHAX C pa3IMIHBIMH OUTaMU
st Ty u Ty Habopsl T u T3 uMeroT uHBepcHBIe 3HaueHus: out. Torma HD(T,, Ts) =
2N/3 u cootBerctBenno HD(T,, T)) = HD(T,, T,) = HD(T,, T5) = HD(Ty, T,) =
HD(T\, T5) = HD(T,, T5) = 2N/3. Uto u TpebOBaJIOCh TOKA3aTh.

Tect SOCRT(4, 2N/3) numeet Bupa (4.18).

Js N = 6 momyuum, uto SOCRT(4, 4) = {Ty, T\, T», T5} = {0 0 0 0 0 0,
111100,001111,11001 1}. Cnenyer OTMETHTB, 9TO ITPHUBEICHHBIC MTPH-
Mmepsl SOCRT(4, 4) u SOCRT(3, 4) SBIAIOTCA HE €ANHCTBEHHBIMU PEIICHUAMH IS
N=6.
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=

= tO,N—l > Z‘O,N—Z 20y tO,2N/3 > 10,21\1/3—1 2ty Z‘0,]\1/3 ’ tO,N/}—l EARE t0.2 ’ tO,l ’ t0,0 >

I = boverstiveasestionsastiansat otz sloy oo bios fiistigs

P (4.18)
T, =1 vos by neaseo b s baon st v s oy taastags by
T3 Syl y ooty oz lion sty nizslay oo ls0sla)5 0

Kpome Toro, mist 3agaHHOTO ¢ = 4 BO3MOXKHBI W JIpyTHe pPELICHUs It
MeHbIUX 3HaueHuil max_minHD(T;, T}), yem 2N/3, HO Taxke OJNM3KUX K ONTH-
MaJbHBIM 3HAYEHUsIM, ompeaessieMbIM cooTHoueHueM (4.16). OgHuM U3 TakuX
pewenuit spasercst rect SOCRT(4, SN/8) ¢ max_minHD(T;, T;) = 5N/8 < 2NJ/3,
UMeIni cnexyromuii Bus [334]:

TO = tO,N—l 7t0,N—2 ""’IO,SN/S 7t0.3N/8—1 ""’tO,}N/8 9t0,3N/8—1 ""’to,l > t0,0 4

~
I

1N-2o b ans s Tianssosee Do Bpstigs

B (4.19)

T, = byncislyncasestysnis Dasnisaaootaas oy Do

TS = t3,N—17t3,N—2 ""7t34,5N/87t3,5N/8—1""’t3,3N/8 713,31\//8—1""’ t3,1’t3,0‘

B cuny Toro, uro HD(Ty, T\) = HD(T,, T>) = HD(T\, T5) = HD(T>, T5) = 5N/8
u HD(Ty, T5) = HD(Ty, T,) = 6N/8 nnsi(4.19), nomyuum, uro max_minHD(T;, T;) =
SN/8. OTMeTnM, 9TO TS peau3alui JaHHOTO TecTa He0OX0IMMO 00eCTIeunTh Jie-
auMocth N Ha 8, 9TO SIBIISICTCS 0OJiee MPAKTHYSCKUM CIIy9aeM IO CPaBHCHHUIO C
nenrMocThio N Ha 3, HeoOX0IuMOoH TpH ucronb3oBanuu (4.17) u (4.18).

IIpumepamu SOCRT(4, 5N/8) (4.19) moryt 06116 SOCRT(4, 5) = {T\, T}, T5,
753={00000000,00011111,11111000,1110011 1} uSOCRT(4,
10)={To, T\, T,, T:} ={0000000000000000,000000111111111
,1111111111000000,1111110000111111} qsN=28u leo.
JBa npuBeneHnsix npumepa SOCRT(4, 2N/3) (4.18) u SOCRT(4, 5N/8) (4.19),
OYCBH[IHO, SIBJIAIOTCS HAMIYYIIMMHU PEIICHUSIMH, COOTBETCTBYIOIIUMHU YCIOBHSIM
Teopembl 4.1 1 cooTHoIIeHNIO (4.16) 11st g = 4.

I g = 5, cormacho (4.16), max_minHD(T;, T;) < 5N/8, 0oqHaKO HAWITYIIITAM
PEIICHUEM, OYEBUJIHO, SIBIISICTCS TECT:

Ty =ty naston-astosnizot 4 4 losst

038 /7-12> Lo /3415 Lon /300500150005
T] = tl,N—l ’tl,N—Z""’tl,3N/7 sl N 710000 lias tl,]’tl,o;
Tz = tZ,N—] 5t2,N—2 seeslyans7 baani7a a-~~>t2,2:72,1 > tz,o;
SR (4.20)
T3 =hnslyo ""’t3,5N/7’t3,5N/7—1""7t3,2N/7 sl on 7o B31 0305
T, 1

= t4,N—1 ’t4,N—Z 2°2"4,6N /7 ’t4,6N/7—1 7""t4,5N/7 ’14,5N/7—1 ""’14,4N/7 >

t4,4N/7—1 ""’t4,3N/7 ’t4,3N/7—1 5""t4,2N/7 ’t4,2N/7—1 ""’t4,N/7 ’t4,N/7—l 7""tl,0’
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s npusenennoro tecta SOCRT(S, 4N/T) = {Ty, Ty, T», 15, T4}, Benmuuuna
max_minHD (T;, T;) = 4N/7 < SN/8. Ilpumepom tecta SOCRT(S, 4N/7) nna N =7
MoxeT Ob1Tb SOCRT(S, 4) = {To, T1, T, T3, T4} ={0000000,1111000,00
01111,1100011,101010 1}. IIpumepst recra SOCRT(5,4N/7) nnst N =17,
14 u 21 npuBeneHs! B Tabmuie 4.8.

Tabmumua 4.8 — Tecm SOCRT(5, 4N/7) ons pazauunvix 3navenuii N

MMHD(5)
N 7 14 21

To | 0000000 | 00000000000000 | 000000000000000000000
7, | 1111000 | 11111111000000 | 111111111111000000000
T, | 0001111 | 00000011111111 | 0000000001 11111111111
T5 | 1100011 | 11110000001111 | 111111000000000111111
7, | 1010101 | 11001100110011 | 111000111000111000111

Kak BuAHO W3 TPHUBENCHHBIX IPHUMEPOB U OOIIEH CTPYKTYpHI TecTa
SOCRIT(S, 4N/T) (4.20), HD(Ty, T\) = 4N/7, HD(Ty, T>) = 4N/7, HD(Ty, T;) =
4N/7, HD(Ty, Ty) = 4N/7, HD(Ty, T,) = 6N/7, HD(T\, T5) = 4N/7, HD(Ty, T,) =
4N/7, HD(T,, T5) = 4N/7, HD(T», Ty) = 4N/7T v HD(T3, Ty) = 4N/7. C y4eToM Toro,
gto 4N/7 < 6N/7, Tect SOCRT(5, 4N/7) nmeetr max min{SOCRT(5, 4N/7) } =
4N/7.

Hus tecta SOCRT(5, 4N/7) Tak ke, KaKk u AT OPEABIIYIIAX TECTOB
SOCRT(3, 2N/3) u SOCRT(4, 2N/3), HaklaibIBacTCs OTPaHHYCHUEC HA pa3Mep-
HocTh N tecta. B ciydae SOCRT(S, 4N/7), HeOOXOAUMO BBITIOJTHECHHUE YCIOBHS JC-
sumocTtu N Ha 7.

Hns g = 6, B coorsercTBuM ¢(4.16), max_minHD(T;, T;) < 3N/5. Taxk xe, kak
U B TPEABIIYIIEM ClIydae, OKa3bIBACTCS HEBO3MOXKHBIM ITOCTPOCHHE TECTa M3 IIe-
CTH HaOOpPOB ¥ MHHHMAIbHBIM MaKCHMAIIbHBIM PACCTOSHUEM XEMMHHTA, PABHBIM
3N/5. Haubomnee OMU3KUM pe3yNbTaTOM K ONTHMAIBFHOMY PEIICHHUIO, OMpeIese-
MoMy Teopemoit 4.1, sBisercs SOCRT(6, 8N/15), nnst xotoporo max_minHD(T;,
T)) < 8N/15. Ilpumepom SOCRT(6, 8N/15) MoxeT OBITH TECT, HOCTPOEHHBIH 110
aHAJIOTUYHOW TIpoTieype, Kak u npeasiayime Tectel SOCRT(4, 2N/3) u SOCRT(S,
4N/7), y xoropwix max_minHD(T;, T;) paBusercs 2N/3 u 4N/7, cOOTBETCTBEHHO.
Torma st SOCRT(6, 8N/15) nepBble yeThipe Ha0Opa MOBTOPSIIOT CTPYKTYPY TecTa
SOCRT(4, 2N/3) [227, 340]. Jnma N = 15 momyamm 7o=00000000000000
0,77=111111110000000,7=000000011111111luTz=1111
0000000111 1. Hdanee, ucnons3ys npuxium nocrpoenuss OCRT, oCHOBaH-
HBII Ha TIOJIOBUHHOM JIEJICHUH, TTOJTyYHM J[Ba OCTaBIIMECS TeCTOBBIX Habopa T, = 1
1001100011001 1u7s=10101010101010 1. JInst npuBeneHHOTO
TeCTa COOTBETCTBYIOIINE PACCTOAHUS XOMMHUHTa MpHUHUMAIOT 3HaueHus HD(Ty,
Tl) = 8, HD(T(), Tz) = 8, HD(T(), T3) = 8, HD(T(), T4) = 8, HD(T(), T5) = 8, HD(Tl,
T2) = 14, HD(T], T3) = 8, HD(TI, T4) = 8, HD(TI, T5) = 8, HD(Tz, T3) = 8, HD(Tz,
T4) = 8, HD(Tz, T5) = 8, HD(Tg, T4) = 8, HD(T3, T5) =8u HD(T4, T5) = 8. ﬂﬂﬂ ]V,
pasHoOro 15m, rue m — uenoe, Bce 3nauenus paccrosuuit HD(T;, Ty), i #j n i#l, j #
2;1,je{0,1,2,3,4,5} paBustorcs 8N/15, kpome HD(T', T,) = 14N/15.
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OO0o00miasi pacCMOTPEHHYIO 3BPHCTHYECKYIO MHPOLEAYPY HAXOXKACHUS
SOCRT(q) nnst MasbIX 3HA4EHHUH ¢, MIPEACTaBUM (OpMaTBHBIN aIrOPUTM CHHTE3a
tecta SOCRT(q) anst 3amaHHOrO ¢ > 4. B COOTBETCTBHM C JAHHBIM aJTOPHTMOM
O6yner cdopmupoBan Tect SOCRT(q), cocrosmuii u3 g HabOpoB ¢
max_min{SOCRT(q)} = 2¢>N/(29*— 1). OrmeTnM, 4TO UTs MOGOTO LETOrO ¢ pac-
crosmue 29 N9 — 1 6osbIie, yeM N/2, 0THAKO ¢ POCTOM ¢, cTpemsieecs Kk N/2.
KommdecTBo paspsinoB N TecTOBBIX HAOOPOB B OMTax JODKHO MPUHMMATh 3HaYe-
HUsA, KpaTHBle BenuumHe 297 — 1, IpHYeM MHUHHMAIBHOE €r0 3HAUYCHHE PABHO
271

Paccmorpum  mpomenypy — ¢dopmmpoBanuss  tecta  SOCRT(q) ¢
max_min{SOCRT(¢q)} = 29>°N/(2*— 1) u N =297~ | [1st 3aJaHHOTO KOJINIECTBA
¢ TECTOBBIX HAOOPOB.

Mpouenypa 4.3. T'enepupoBanue SOCRT(q) nna ge{4, 5, 6, ...}u
N=277—1.

1. IlepBoHauansHO (OpMHUpPYETCS MEPBBIH TecToBBI Habop 7). B obmem
ciryqae B KadecTBe 7 MOXKET OBITh MCIONB30BAH CIyYaiHBIH BEKTOP, COCTOSIINI
u3 277 — 1 6ut. He Hapyuras oGUIHOCTH JaibHEHINX paccy K eHuil, B kauectse T
HCTIOJIb3yEeM BEKTOD, BKiouarommii 29— 1 HyJieii.

2. Bropoii TecTosslit Habop T hopmupyeres kak 27 exunmm u 271 10-
CIIEAYIOLIMX HYyJIEH.

3. Tperuii TectoBbIit HaGop T» hopmupyercs kak 2¢°—1 mymeit u 277 moce-
JYIOIIUX SIUHHUIL.

4. YersepThlii TecToBbI HAGOP T3 hopmupyercs kak 29 exmpmmi u 297 ny-
JIeH, cIeBa HAIPABO B IepBOil momoBuHe U3 29 6ur u 29 exunnn u 277 Hyeit,
CIpaBa HaNeBO BO BTOPOil monosnue u3 29 6ut BekTopa amuHoi 297 — 1. Bee ve-
Thipe 6J10Ka IMHKIL 1 HyJIeil IMEIOT OIMHAKOBYIO pasMepHocTh 2¢ % u pacronara-
I0TCS B TAKOM TOCIIEI0BATENBHOCTH, YTO 1B HYJIEBBIX OJOKa cTposTes u3 2¢° — 1
OWT TIyTeM WCIOJNB30BAHMSA  IIEHTPAJIHHOTO OWTa BeKTOpa B  000HX
HYJIEBBIX OJIOKaX.

5. Mocnenytomue g — 4 HabOpbI HOPMUPYIOTCS SAMHOOOPA3HO, UCTIONB3YS
HUTEPAMOHHYIO TPOIEAYPY, MPHUEM JUII IMOCTPOCHHS CIEAYIOIIEro TECTOBOTO
Habopa 7; mcnomb3yercss mpensiaymui 7;-; Habop. s remepupoBanus 7, mc-
nonb3yercs 73 ¥ Tak ganee. Ha xakmoi ntepanny o9epeqHol TecToBbIH Habop T;
(dopmupyeTcss U3 Ipeaslaymero 7; ), Mpyu 3TOM Bce OJIOKM MEpPBOI MOJIOBUHBI U3
297 GuT npeapILyIIero Habopa ACIATCA Ha 1Ba GII0Ka, HEPBbIil 3 KOTOPBIX SBJIs-
eTCs eIMHUYHBIM OJIOKOM, a BTOPOH — HYJIEBBIM (CJI€Ba HAMPaBO). AHATOTHIHBIM
Pe0OPA3OBAHKAM TIO{BEPrarOTCs GIOKH BTOPOil MOTOBHHBI U3 29 GUT TpembLTy-
mero Habopa 7 , ¢ TOH JUIIb pa3HHLEH, YTO €JUHUYHBIE W HYIJEBbIE OJOKU
CTPOSITCSI CIIPaBa HAJIEBO.

O0001mIeHreM TaHHOM Tpoueaypsl 4.3 SBISIETCS UCIOJIb30BAHUE HA €ro Tep-
BOM MIare Mpou3BOJILHOTO cirydaiiHoro Hadopa 7,. Toraa eanHuYHBIC 3HAYEHUS B
MOCJICIYIOIMX HA0Opax, COTIACHO JAaHHOW Ipoleaype, OyIyT COOTBETCTBOBATH
MHBEPTHPOBaHHIO OUT Habopa 7y, a HyJIeBble 3HAUCHUs OTCYTCTBUIO HHBEPCHH OUT
Habopa Tj.
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[pumep 4.5. B kauecTBe mpuMepa pacCMOTPUM IIPOLEAYPY CHHTE3a
SOCRT(g) mnst q=TuN=21"—-1=2"-1=31.

1. IlepBonauampHO  ¢opMupyeTCS  TEpBBI  TECTOBBIE  HabOp
To=0000000000000000000 000000000000, cocTostuii u3 31 Hynei.

2. Bropoii TectoBsiii HaGop T dopmupyercs kak 2’ ° = 16 exuHMI I
2773-1 =15 nyneit, . e. 7= 1111111111111111000000000000000.

3. Tpernii TectoBbii HaGop T» dopmupyercs kak 2’ ° — 1 = 15 Hyieit u
273 =16 eqummy, . e. T»=0000000000000001111111111111111.

4. YerBepThlii TecToBbIT HaGop T3 (opmupyercs Kak 2’ ' = 8 eQMHHI 1
2% =8 wHyueii, ciieBa HampaBo B TepBoi mosoBuHe U3 2 ° = 16 Gur u 2" *=8
equun i 27 ¢ = 8 Hyieit, cripaBa HAlIeBO BO BTOPOif MOJNOBHHE U3 2 ° GUT BEKTOP
JUINHOU 2 - 1. B pe3ynbTare MTOJIyYAM T =
1111111100000000000000011111111. BeineneHHBIH TEHTPATbHBIA  HYJIEBOI
CHIMBOJI HCTIOJIE3YETCS B IBYX BOCBMH OWTHBIX HYJICBBIX OJIOKaXx.

5. Jlns renepupoBanus 7, UCTIONB3yeTcs 75 IyTeM AETCHHUS YeThIpeX OIo-
koB 75 Ha 1Ba 610Ka 11 HOPMHUPOBAHUS HYJIEBBIX U €IUHUYHBIX OJIOKOB JUTS MEPBOI
MOJIOBUHBI 75 ClleBa HAImpaBo M JUIsl BTOPOM MOJOBUHBI clipaBa HalleBO. B pe3yiib-
tare nomyuuMm 74 = 1111000011110000000 111100001111. AranoruussiM 06pa-
30M Qopmupyeres Ts= 1100110011001100011001100110 011 u Tx= 1010101010
101010101010101010101.

ITono6ueiM 06pazom cuntesupyercss SOCRI(q) 1y TPOU3BOIBHOTO 3HAUE-
Hust ¢g. Ilpu yBenudenun umcina HabopoB ¢, 3HaueHue max min{SOCRT(q)} =
29°N2TP— 1 = NI(2 — 1/297) GbicTpo cxofuTes K Benuuunae N/2, KOTOpas Xapak-
tepHa i TectoB SOCRT(q). [ToaToMy JTaHHBIN alTOPUTM IEJIECO00Pa3HO MpHMe-
HATH JJISI CHHTE3a BEPOSTHOCTHBIX TECTOB C MaJbIM YuCIioM Habopo ¢ < 10. Pe-
3yJIBTAT CHHTE3a, COrNacHo mpouemype 4.3 mst N =277 — 1, nerko o6obmaercst Ha
MIPOHM3BONIBHBIN CITy4ail, B TOM YHCIIC W C UCIIOJIH30BAaHHEM CIICIYIOIIUX CBOICTB
[126, 159]. U3BecTHBI YeThIpe OCHOBHBIX AJITOPUTMA IMOCTPOCHHUS MHOXKECTBA Te-
CTOB (KOZIOB) C 3aJlaHHBIMH CBOWCTBaMH Ha OCHOBAaHMH HCXOJIHOTO TecTa (Koja)
[126, 159]. OTu anropuT™Mbl UCMOJIB3YIOT CIELYIOLINE YEThIPE CBOWCTBA, KOTOPhIE
chopmymupyem ans ciydast SOCRT(q).

CgoiicTBo 4.1. Pe3ynbraToM nepecTaHOBKM OUT #;; OJHOBPEMEHHO BO BCEX ¢
TeCTOBBIX HaboOpax T; = t;n-ilin-2...tiatitip Tecta SOCRT(q) = {Ty, T1, ..., Ty},
seisieTcs Tect SOCRT(q).

CgoiicTBo 4.2. Pe3ynbTaToM UHBEPTHUPOBAHUSA OUT #;; BO BCEX ¢ TECTOBLIX
Ha60an T, =tiN-1tin-2.. .ti,zl‘,',ll‘,"() TCCTa SOCRT(q) :{TQ, Tl, ey qul} TAKXKC ABJIsA-
etcst rect SOCRT(q).

CgoiictBo 4.3. Tect SOCRT(q) = {To, T, ..., Ty-1} ¢ TecToBbIMU HabOpaMu
T; = tian-1 tion—2...tintistip, cocTosiUME U3 2N OHUT, GOPMHUPYETCST U3 TECTOBBIX
HA00pOB T; = t;y-1tiN—2 .. .lioti1tip UcXogHOTO TecTa SOCRT(g) myTeM UX KOHKaTe-
HalWU (HOBTOPEHUA), T.€. T /=t; y—1t;n-2...tioli1 Liolin-1tiN-2- - -Lintinlio.

CsoiicTBo 4.4. PesynpraToM MacmTabrupoBaHus (YBEIHUCHHUS) B v pa3 TecTa
SOCRT(q) = {T, T}, ..., T, } saBnserca tect SOCRT(g), COCTOAIIMIA U3 TECTOBBIX
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Ha6opoB ;= (t;v-1)" (tinv-2)" ... (t:2)" (1)) (t:0)", vO@ T} = t;n-1tin-a...Lintiatip — Te-
ctoBbIil Habop Tecta SOCRT(q).

B3sB 3a ocHOBy, Hanpumep, Tect SOCRT(4) = SOCRT(4,2) = {000, 110,
011, 101} s N = 3 ¢ max_min{SOCRT (4)} = 2N/3 = 2, MOXXHO HNOJYYUTH TECT
SOCRT(4) = {000, 011, 110, 101} xak pe3yibTaT MEPECTAHOBHU IIEPBOTO H TPEThE-
ro 6uta Bcex HaOopoB. [IpuMeHNB HMHBEPCHIO KO BCEM HabOpaM MCXOJHOTO TECTa
SOCRT(4), taxxe nomyanm SOCRT(4) = {111, 001, 100, 010}. Ins N = 6, Ha oc-
HOBaHMHU cBO¥CTBa 4.3, chopmupyem tect SOCRT(4) = {000000, 110110, 011011,
101101}. Mcronb3ys cBoicTBO 4.4 11 yBenmueHus ncxoanoro tecta SOCRT(4) =
{000, 110, 011, 101} B v = 3 pasa, momyanm SOCRT(4) = {(0)’ (0)*(0),
(D10, (0Y’(1)’(1)°, (1)’(0y’(1)’}y = {000000000, 111111000, 000111111,
111000111}. OT™MeTHM, 4TO BCEe BHOBB ITOMyYEHHBIC TECTHI MPHUHAICKAT OTHOMY
1 ToMy ke ceMmeicTBy TecToB SOCRT(q), cocTodmux u3 ¢ = 4 TECTOBBIX HAOOPOB.
Kaxzaplii W3 TEcTOB [aHHOTO CEMEWCTBa HMMEET OJHO M TO JK€ 3HAUCHHUE
max_min{SOCRT(4)} = 2N/3.

CoBMECTHOE HCIIOIB30BAaHHE BCEX YETHIPEX CBOMCTB MO3BOIACT CHOPMUPO-
BaTh CEMENCTBO TecTOBBIX HabopoB SOCRT(q).

4.5. Ananu3 3¢ ¢peKTHBHOCTH yNPaBJsieMbIX BEPOSTHOCTHBIX TECTOB

Kak Obuto mokazano B pasgene 4:3, B kadectBe Mepbl 3((heKTHBHOCTH
YIIPaBISIEMbIX BEPOSITHOCTHBIX TECTOB PACCMATPUBACTCS UX OJIM30CTh K TECTaM C
MaKCHUMaJIbHOH A(P(PEKTUBHOCTEIO, ~B. Ka4eCTBE KOTOPBIX BBICTYIAIOT IICEBJIO-
ncuepmsiBatomue tectel 7(N, k). o onpenencruto 7(N, k) obecneunBaer 100 %
TTOKPBITHE U1 KOHKPETHOTO 3HA4eHUs & < N M IS BCEBO3MOXHBIX 7 < k m3 N
MOIPOCTpaHCTB N-MepHoro-mpocTtpanctsa [340]. [na » > k >ddexTuBHOCTD
E(T(N, k), r) nceBmo-mcYepHbIBAIONIETO TECTA, B IPOLICHTHOM HCYHCICHUH, MOXKET
OBITH OlleHeHa Kak koimdectBo koMmOuHanuit C(T(N, k), r) u3 r out, popmupye-
MBIX TecToM T(NV, k) Ha BCEBO3MOXKHBIX 7 M3 N pa3psanax, IeJleHHOe Ha olIee Ko-
JMYECTBO BO3MOXKHBIX KOMOMHANuUH (4.8).

Hcnonb3zyeM xapakTepucTuky (4.8) A OIeHKH KadecTBa BEPOSTHOCTHBIX
TecTOB oleHNM 3P PeKTHBHOCTh TecToB OCRT(q) m SOCRT(q). TlepBoHauanbHO
paccmotpum ciydau TectoB OCRT(q) u SOCRT(q), coctosimux u3 ¢ =3 u g =4
TECTOBBIX HAOOPOB, KAXIBIH M3 KOTOPBIX cocTouT m3 N 6ut. Ha puc. 4.2 mpen-
craBiensl TecTsl OCRT(3) u SOCRT(3) nnst g = 3, a Ha puc. 4.3 tectst OCRT(4) n
SOCRT(4).

Kax Bunno uz OCRT(3), npusenentoro Ha puc. 4.2, HD(T,, T,) = N, HD(Ty,
Tz) =N2wu HD(Tl, Tz) = N/2, a st SOCRT(3) HD(T(), Tl) = d, HD(T(), Tz) =du
HD(T\, T,) = 2N — 2d. MakcumansHoe 3HaueHue max min{SOCRT(3)} =
max_min{HD(Ty, T)), HD(Ty, T>), HD(T\, T>)} = max_min{d, 2N — 2d} mis
SOCRT(3) nocturaercst Ipy BBIIOJIHEHUN paBeHCTBa d = 2N — 2d. Ilpennonaras,
yro N pemutcs Ha 3, momydnm, urto max_min{SOCRT(3)} = 2N/3 [340]. B Toxe
Bpemst max_min{OCRT (3)} = N/2.
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N N

Ty= 000000000000000000000000000000 Ty=000000000000000000000000000000
d=N d

T= 11111 T\= 111111111111111111110000000000
d=N/2 d

T=111111111111111000000000000000 T,= 00000000001 1111111111111111111

OCRT(3) SOCRT(3)

Pucynok 4.2 — Tecmvt OCRT(3) u SOCRT(3)

U3 puc. 4.3 cnenyer, uro mis OCRT(4) HD(T,, T\) = N, HD(T,, T,) = N/2,
HD(Ty, T5) = N2, HD(T\, T5) = N2 w HD(T,, T5) = N, a nqna SOCRT(4) - HD(Ty,
T]) = d, HD(T(), Tz) = d, HD(T(), T3) = 2\/, HD(T], T2) =2N — 2d, HD(T], T3) =dn
I‘]D(T’z7 T3) =d.

N N

Ty=000000000000000000000000000000 Ty=000000000000000000000000000000
d=N d

Ty= 111 et Ty=111111111111111111110000000000

d=N/2 d

T=111111111111111000000000000000 T,= 00000000001 11 TTITTIITTTIT11111
2d-N

d=N/2 V v

Ty=00000000000000011 1111111111111 Ty= 111111000000000000000000111111

OCRT(4) SOCRT(4)
Pucynok 4.3 — Tecmet OCRT(4) u SOCRT(4)

MakcumanibHoe 3Hauenue max min{MMHD(4)} = max_min{d, 2N — 2d,
2v} st SOCRT(3) mocturaercs Py BBIOJIHCHUU paBeHCTBA d = 2N — 2d u 2v =
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d. llpeanonarasi, uro N nenurtcs Ha 3, moiyduM, uto max_min{ MMHD(4)} = 2N/3
[340]. B 1o xe Bpemst max_min{OCRT (4)} = N/2.

Komnuectso xombunaruit C(OCRT(3), ) u3 r 6UT, GOPMUPYEMBIX TECTOM
OCRT(3) Ha BceBO3MOXHBIX 7 u3 N paspsaax Habopos Ty, 71 u 75, mpennonaras,
410 N YeTHOE, OTPEEIACTCS KaK:

NY ZM(N/2) (N/2
C(OCRT(3),r):2><[FJ+Z[[F_J>{ . D 4.21)

3nauenne C(OCRT(4),r) nns tecta OCRT(4) BBIYHCISETCS COTJIACHO COOT-
HOIIICHUIO:

N/2\ (N/2
C(OCRT(4),r):2><[ J+2x2£[ J [ . jj (4.22)

1

Hna =2 mnonyunm, uto C(OCRT (3),2)=N(Nf1)+(N/2)(N/2)=5N2/47N
C(OCRT(4),2) = N(N-1) + 2(N/2)(N/2) = 3N*2=N. A s ciydasi, KOraa r=3, mo-
nyaum C(OCRT(3),3) = (N(N-1)(N-2))/3 + (N2 (N/2—-1) = 11N*/24 — 5N*/4 +
2N/3, C(OCRT(4),3) = (N(N-1) (N-2))/3 42(N/2)*(N/2—1) = TN*/12-3N*/2 +2N/3.

Amnanornynbie xapakrepuctuku it SOCRT(3) u SOCRT(4) (cm. puc. 4.2 u
puc. 4.3) ¢ max_minHD(T;,T;) = 2N/3 nmeror Buj:

cwocrrap V)2,
=)

(NJ [2N/3j (N/3j
C(SOCRT(4),r) = + + 4
r r

7

ey )

Jnsa r=2wur=3 cormacHo (4.23) u (4.24) momy4umnm, 91O

C(SOCRT(3), 2) = (N(N — 1))/2 + ((2N/3)(2N/3 — 1))/2 + (N/3)(N/3 — 1))/2
+2(2N/3) x (N/3)) + (N/3)(N/3)) = 4N*/3 — N,

C(SOCRT(4), 2) = (N(N — 1))/2 + (2N/3)(2N/3 — 1))/2 + (N/3)(N/3 — 1))/2
+3(2N/3) x (N/3)) + 2(N/3) (N/3)) = 5N*/3 — N,

(4.23)

(4.24)
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C(SOCRT(3), 3) = (N(N — )(N — 2))/6 + ((2N/3)(2N/3 —=1)(2N/3 — 2))/6 +
((N/3)(N/3 = 1) (N/3 = 2))/6 + 2((2N/3)(N/3)N/3 — 1)) + (N/3)(2N/3 — 1)(N/3)) +
(N/3)(N/3)(NI3) = 13N*/27 — 4N*/3 + 2N/3.

C(SOCRT(4), 3) = (N(N — 1) (N — 2))/6 + ((2N/3)(2N/3 — 1)(2N/3 — 2))/6 +
((N/3)(N/3 — 1)(N/3 — 2))/6 + 3((2N/3)(N/3)N/3 — 1)) + (N/3)(2N/3 — 1)(N/3)) +
2(N/3)(N/3)(NI3) = 17N*/27 — 5N*/3 + 2NJ/3.

OcHoBeiBasich Ha 3HaYeHUAX C(OCRT(q), r) u C(SOCRT(q),r) nasi KOHKpET-
HBIX BEJIMYHHU ¢, CONOCTaBUTEIbHAS dP()EKTUBHOCTh MOKET ObITh OIlEHEHA Pa3HO-
CTBIO JIAHHBIX BEIHYHH:

A(q,r)=C(SOCRT(q),r)—C(OCRT(q),r). (4.25)

Ipu ¢ =3 gt r =2 u r = 3 monmyuum  A(3, 2) = C(SOCRT(3), 2) —
C(OCRT(3), 2) = N*/12, A(3, 3) = C(SOCRT(3), 3) — C(OCRT(3), 3) = 5N*/216 —
N/12.

Ipu ¢ =4 qna r = 2 nu r = 3 nonyunm A(4, 2) = C(SOCRT4), 2) —
C(OCRT(4), 2) = N*/6, A(4,3) = C(SOCRT(4), 3) — C(OCRT(4), 3) = 5N°/108 —
N°/6.

s obmiero ciydast, UCTIONB3ys COOTHOIIEHHE (4.8), mpuMeHseMoe I
OLICHKH (P (PEKTUBHOCTH HCUYCPIBIBAIOIIETO TECTUPOBAHUS, BBEJEM OTHOCHTEIb-
HYI0 XapakTepucTuky (4.26) s cpaBHUTENbHOro anammsa tectoB OCRT(4) u
SOCRT(4).

5(q.r) = 24 10004,

X [N J (4.26)
.

Ilpu g =3 g r =2 u r =3 nonyuum:

5(3,2)=;100%; 0(3,3)= S_18/N 5=100%.
24(1-1/N) 288(1-3/N+2/N7)
Ipu g =4 g r =2 n r = 3 nony4nM:
0(4,2) ! 100%; o(4,3)= S_I8/N 100%.

T120-1/N) 144(1-3/N +2/N?)

Hdnst N—oo 6(3, 2) = 4,17%, 5(4, 2) = 8,33%, J(3, 3) = 1,74% u 5(4, 3) =
3,47%. 3aBucumMocth (4, ) ipu N—o0 A7l TPOU3BOJIBHOTO 3HAUCHHS 7 TIOKa3aHa
Ha puc. 4.4.

AHanu3 MPUBEACHHBIX PE3yIbTATOB MO3BOJSICT CHIENIATh CICAYIOIIUE BhIBO-
Jb1. Kak BUHO W3 MPUBEICHHBIX BBIIIIE COOTHOLIEHHN 1, B 0COOCHHOCTH, puc. 4.4,
3G PEKTUBHOCTD YIPABIISCMbBIX BEPOSTHOCTHBIX TECTOB CYIECTBEHHO OOJIBINE IS
MaJIbIX 3HAUCHUH 7, mpu4eM uX 3((GEKTUBHOCTh YBEIUYUBACTCS C YBEIUYCHHEM
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max_minHD(T;, T;), IpUMEHAEMOro IpH CUHTE3€ TecTa KaK Kpurepuil 3(pexTus-
HocTH [227, 340].

%

O = N W & 0o N o

Pucynok 4.4 — 3asucumocmuv-0(4, r) npu N —

B To xe Bpems ysenuuenue merpuku max_minHD(T;, T;) cyllecTBEHHO
YMEHbIIACT KOJIMYECTBO ¢ TECTOBBIX HAOOPOB, KOTOpOe, Kak cienyeT u3 (4.5),
OrpaHMYHMBAaCTCsl HECKOJIBKIMHU Habopamu [227, 340].

s 3navennii g = 2, 3 u 4 rectel SOCRT(2), SOCRT(3) u SOCRT(4) ¢ mak-
cuManbHbeIM 3HaueHueM max_minfD(T;, T;) nomyuens! B [337], a ux a¢ddexrus-
HOCTb AKCIIEPUMEHTANIbHO MoATBepxkIeHa B [331] Ha npumepe TectupoBanus O3Y.

Jis comocTaBUTENFHOTO aHaim3a 3(P(EKTHBHOCTH BEPOSTHOCTHBIX TECTOB
RT, onTUManbHBIX YIPaBIsieMbIX BEpPOATHOCTHBIX TecTOB OCRT M ONTUMAIbHBIX
YIPAaBIIIEMbIX BEPOSTHOCTHBIX TecTOB Mayio manuubl SOCRT ucnonb3dyem g = 4
Habopa OCRT u SOCRT(4, 2N/3), KOTOpbIe s KaXI0W UTepaluu OyaeM MpuMe-
HATH B KauecTBe Macok M mnst momubukammun M @ Tp ciydaitHoro Hadopa Tp.
Hanmpumep, it N=6 OCRT={000000,111111,000111,111000} =
SOCRT(44)={000000,111100,001111,11001 1}. Torma ms cy-
qaifHoro Habopa 73 =01 0 1 0 1 Texymeit ureparwn, getsipe Habopa OCRT npu-
MyrBun010101,101010,010010m101101,ammaSOCRT-01010
1,101001,011010n100110.

Kax 6pu10 mokazano panee [331, 334], Bce cymecTByroue Moan(GUKaum
BEPOSITHOCTHBIX TECTOB SBISIOTCS AMMPOKCUMALUSAMHU IICEBA0-UCUEPIIBIBAIOIINX
TECTOB, MO3BOJIAOUIMX H0CTHYb 100 % MONHOTHI MOKPBITHUS AJISI 33IaHHOTO KOJIH-
4YecTBa Pa3panoB 7 TECTOBBIX HaOopoB. ITosToMy B kauecTBe kpuTepus 3dexTus-
Hoctu g cpaBHenus R7, OCRT w SOCRT ucnonb3yeMm cCpeaHee KOJIHMUECTBO
Ha0OpOB Ayt 0OecIieueH s BCCBO3MOKHBIX KOMOMHAIMA B 7 = 3, 4 u 5 pa3psimax
TECTOBBIX HaOOpoB u3 N = 6, 9 u 15 Out. Pe3ynbraThl SKCIIEPUMEHTAIBHBIX HC-
CJIeJIOBaHU MTPHUBEICHBI B Ta0uUIe 4.9.
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Tabnuua 4.9 — Cpeonee konuuecmso nabopos 0ns obecneyenus 2"

KomOuHayuil
RT OCRT SOCRT(4, 2N/3)
r -~ _ N= _ _ N= _ -~ N=
N=6 | N=9 15 N=6 | N=9 15 N=6 | N=9 15

31219 | 214 | 218 15,0 | 16,9 16,4 | 11,7 12,8 13,1
53,9 | 54,4 | 53,8 | 32,6 | 42,1 | 40,7 | 33,0 | 33,7 | 33,9
51 127,8 | 128,4 | 129,6 | 91,8 | 104,5 | 100,5 | 90,8 | 86,2 | 86,7

£

Kak BuHO U3 npHBeACHHOI Tabmuiibl, Harboiee 3P GEKTHBHBIMU SBIISIOTCS
SOCRT, Tak KaKk IpH UX UTCPALIMOHHOM NPHMEHEHUH OOECIICUCHHE BCEX J[BOWY-
HBIX KOMOMHAIMI JIJIs1 BCEBO3MOXKHBIX 7 = 3, 4 u 5 u3 N =6, 9 u 15 6ur nocrura-
eTCsl Ul MEHBIIEro KOJIMYeCTBa TeCTOBbIX HaOOpoB. COOTBETCTBEHHO, HAUXYIl-
LIMA pe3yabTaT JOCTHTACTCs MPH UCIOIB30BAHUH KIACCHYCCKUX BEPOSTHOCTHBIX
TECTOB.
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I'maBa 5. MHOrokpaTHoe BepOSITHOCTHOE TECTHPOBAaHHE

5.1. OmnpeaeneHue MHOIOKPATHBIX YIPaBJIsieMbIX BePOSTHOCTHBIX Te-
CTOB

Wnes MHOTOKpPaTHOTO TECTHPOBAHHS M3HAYATIBHO ObLIa c(OPMYITHpPOBaHA B
pamKax uepaspyuiaioujeco mecmuposanus (transparent testing) [149], a 3atem uc-
YEepIBIBAIONICTO W  TICEBIO-MCYCPITBIBAIOIIETO TECTHPOBAHUS 3aTIOMHHAIONIIX
ycrporictB [105], OCHOBaHHOTO Ha WCIIOJIE30BAHUH TTOBTOPSIOIIEHCS TECTOBOI
OpOLEAYPHl AN PAa3IMYHBIX IEPBOHAYANBHBIX COCTOSHHMN 3aIIOMHHAIONIUX
ycrpoiict. Kax ormeuanocs B psiie HcToUHUKOB [52, 134, 346], Hepazpymiaroiiee
TECTUPOBAHUE TEOPETHUECKH IO3BOJIAET OOHAPYKHUTh TI0OBIC HEUCIIPABHBIE CO-
CTOSIHHS 3aIIOMUHAIONINX YCTPOWCTB, YTO HA MPaKTHKE TpeOyeT MHOTOKPATHOTO
MIOBTOPEHUSI OJHOTO JTNO0 HECKOJIBKHX TECTOB C M3MECHAEMBIMM HaudaJbHBIMU IIa-
pamerpamu. DPPEeKTHBHOCT, MHOT'OKPATHOTO TECTHPOBAHUS 3aBUCUT KaK OT (-
(PEeKTUBHOCTH HCIIOJIB3YyEMBIX TECTOB M MX KOJMYECTBA, TaK M OT U3MEHAEMBIX I1e-
pel KaxKIbIM TIOBTOPHBIM IIPUMEHEHHEM TECTA Ha4albHBIX YCIOBHA.

MHorokpaTHOe IPUMEHEHUE UCUEPIBIBAIOLINX, IICEBI0-HCUEPIIBIBAIOIINX H
TTOYTH TICEB/I0-MCUYEPITBIBAIOMINX BEPOSITHOCTHBIX TECTOB I IIEJIeH TeCTHPOBAHUS
C pa3sNUYHBIMHM HaYalbHBIMU NapaMeTpaMH; TaKUMU KaK: HCXOJHOE COCTOSIHUE
BBIYMCIIUTENBHON CHCTEMBI MM HadalbHbIA CIIy4yalHO Cr€HepUPOBAHHBIA TECTO-
BBII{ HAOOp TMO3BOJIAIOT JOCTHYB BHICOKOH 3(P(EeKTHBHOCTH MPOIEIypHl TECTHPO-
BaHus [8].

O06o00meHneM CymIeCTBYIOMUX MOAUMUKAINN yIPABISIEMBIX BEPOSITHOCT-
HBIX TECTOB (CM. pa3fe’d 4), OCHOBAaHHBIX Ha MCHOJIB30BAHUHU PA3IMYHBIX METPHK
paccTOSHUSA, SABIACTCA ONTHMAIBHBIN YIPABIIEMBII BEpOATHOCTHBIN TecT [334,
347]. TlomoOHBI TecT, OYEBUIHO, SIBIISETCS €AMHCTBEHHBIM IPEICTABUTEIIEM W3
MHOXECTBA YIPABIISICMbIX BEPOSITHOCTHBIX TECTOB, KOTOPBIH 1O CBOCH cyTu mpe-
rojiaraeT MHOTOKPAaTHOE MTPUMEHEHHE.

IIpoBeneHHBIN aHAIU3 MHOTOKPATHBIX TECTOB MOKAa3bIBAET UX OOLIHOCThH B
YacTH MOAXOAO0B JUIA MX (OPMHPOBaHMs. Bo-mepBbIX, OCHOBHbBIE yCHiUs pa3pa-
0OTYNKOB MHOTOKPATHBIX TECTOB IIPWJIATAIOTCS Ul HOCTPOSHMsI 0a30BOTO TeCTa
JUIs OJIHOKPATHOTO €ro MPUMEHEHUs], TIPH 3TOM aKTUBHO UCIOJIB3YIOTCS BCEBO3-
MOXHBIC MEPbI Pa3JINuMs MEXITy TeCTOBBIMU Habopamu. Bo-BTOPBIX, B OOJIBIIMH-
CTBE CITy4aeB NpH (GOPMHUPOBAHUN MOCICIYIONINX UTepanuii 0a30BOro TecTa MpH-
MEHSETCS HEKUH CIlydalHblil napaMeTp, Kak IpPaBUJIO, HAYaJbHBIA TECTOBBII
Habop. B-TpeThnx, Bce WTepany MHOTOKPATHBIX TECTOB HE TPEOYIOT 3HAYUTEINb-
HBIX BBIYHCIUTEIBHBIX 3aTpaT U (POPMHUPYIOTCS COTJIACHO JIETEPMHUHHUPOBAHHBIM
AJITOPUTMAaM.

OCHOBBIBasICh Ha METOJOJOTHUH YIPABIIEMBIX BEPOSTHOCTHBIX TECTOB, Ja-
JIFIM OTIPE/IeIEHIe MHOTOKPATHOTO YIIPABIIIEMOTO TECTa.

Omnpenenenue S.1. Muozokpamuuiii ynpasisaemviti 6eposmHOCMHbIN MeCh
MCRT, coCTOUT U3 F OJHOKPATHBIX YIPABISIEMbIX BEPOATHOCTHBIX TecToB CRT,
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CRTy, CRT,, ..., CRT,-,, rne CRT, ynoBieTBOpsieT onpeneneHuto 4.3, a nocieay-
tomme tecthl CRT), j € {1, 2,3, ..., r—1} dopMHUPYIOTCS COTTIACHO HEKOTOPHIM aJl-
TOpUTMaM, TaKuM 00pa3oM, 4TOOBl OHU YAOBJIETBOPSIIH OINpPENEICHHOMY KpHUTE-
puto, MO0 KpUTEpHUsIM, MONTYYEHHBIM HAa OCHOBAaHUU TpeAblaymux TectoB CRTy,
CRT,, CRT,, ..., CRT;,.

YacTo Ha MPAaKTUKE B KAYECTBE MEPBI PACCTOSHHUS HCIIOIB3YETCsl PACCTOSHIE
EBKimaa, BEIYHCIIIEMOE KaK KOPSHb KBAIPATHBIN M3 CYMMBI KBaJJpaTOB Pa3sHOCTEH
KOOpJAHMHAT (2JIEMEHTOB) IByX MHOI'O3HAYHBIX BEKTOpPOB. boiree obimeit mepoii pac-
CTOsIHUS (pa3nuuusi) siBIsieTcsi paccmosinue Murnkosckoeo (Minkowski distance
—MD), xoTopoe I citydasl IByX YIPAaBISIEMBIX BEPOSTHOCTHBIX TecToB CRT; =
{Teos Tits Tias -oos Thgy 1 CRT; = {Ty0, Ty, Thas ..., Tig-1}, BBIUHCIIETCS COLTIAC-
HO BBIPAXCHUIO:

A

q-1
MD(CRT,,CRT) =:| 3 |T,, - T,
i=0

(5.1)

Jns A = 2 paccrosane MUHKOBCKOTO SIBJIICTCS paccTosiHueM EBkimaa, mpu
A = oo — paccrostuuem YeoOwimeBa (Chebyshev distance), a ipu A = 1 npuHAMaeT
Buj apudmernyeckoro paccrosinuss AD(CRT;, CRT)[331, 333, 342]. Ormerum,
uro CRT; u CRT, SBIAIOTCS p-WYHBIMH BEKTOpaMu, rae p = 2", a UX TECTOBBIC
Habops! Ty, u 1);,i € {0, 1,2, ..., g—1} npencTapisiior coOoii p-MUHbIE KOJBL.

ITo ananoruu c (4.1) u (4.2) paccMoTpum paccmosnue Xommunea u paccmo-
sanue Eexnuoa nnsa nByx tectoB CRT,u CRT,. IlepBoHavyaabHO OTMETUM, YTO pac-
crosiuue Xommuura HD(CRTy, CRT)) (5:2), koTopoe paBHSETCS YUCIY HECOBIIa-
narommx KommoHeHT Ty; u 7;;, ucxomHoro tectra CRT; u ¢popmupyemoro CRT),
MOJKET pacCMaTPHBAThCA KaK HEOOXOIUMOE yCIOBUE, KOTOPOMY JIOJDKEH yIOBJIC-
TBOpsATH TecT CRT}:

HD(CRT,,CRT))=Y_ [ (T, .T,.); [ (T,,.T;,)= (5.2)

i=0

U Leem T, #T,;
0,ecmu T, =T,

B atom citywae paccrostaue Xommvuara HD(CRT,, CRT)) paBHSeTCS YUCITy
HECOBNAAAOMMX KOMIIOHEHT T} ; u 7T;; BektopoB CRT; u CRT; MakcumalbHOE
3HavyeHne koroporo maxHD(CRT;, CRT) = q, a muanmansHoe minH/D(CRT),
CRT);) = 0. OueBnmHO, 9TO TPEOOBAHUEM C TOYKH 3PEHHS MAaKCUMAILHOTO pa3iiu-
4yusi, KOTOPOMY JOJDKHBI cooTBeTcTBOBaTh CRT; u CRT), ABNseTCA OTCYTCTBUE Y
HUX COBHAJAIONINX KOMHOHEHT 7y; u 7, 9TO SKBUBAJICHTHO BBITIOJHCHMIO Hepa-
BeHnctBa 7y # Ty, i€{0, 1,2, ... ,g—1}.

Paccrosinue EBknmuna nnst CRT, u CRT, onpenensiercs, Kax:

q-1
CD(CRT,.CRT)) = | Y (T, ~T,))". (53)
i=0
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AHanorn4yHo, Kak M cyMMapHsle 3HaueHus paccrostauit THD(T;) u TCD(T;)
(4.3) nns TecroBoro Habopa 7;, MO OTHOUICHHUIO K MpeaslayummM Hadopam Ty, T,
T, ..., T~y ynpaBisieMoro BeposiTHocTHoro tecta CRT, BBeJieM aHAIOTUYHYIO Me-
PY paccTOsHUSL MEXIY ABYMS YIPaBIsieMbIMU BEPOSTHOCTHBIMU TecTaMu CRTj u
CRT,. Ilpu sToM Kaxas mapa KOMIoHeHT 7 ; u 7;; AByX TECTOB PacCMaTPUBAETCS
KaK JIBOMYHBIC 7-Pa3psIHbIE BEKTOPBI:

- i1
THD(CRT,) =) HD(CRT,,CRT,); TCD(CRT,)=)» CD(CRT,,CRT,)). (5.4)

i=0 i=0

Mpumep 5.1. B kauecTse npumepa tecta, GopMupyromero p-ndusie (p = 2%)
JAHHBIE, HCIIOIBb3YEeM YIIPaBIsieMbIil BepoaTHOCTHBIN TecT CRT,;= {0010 (2),0 1
11(7),1101(3),0100(4),1001(9)}. Tect cocTOUT U3 ¢ = 5 TECTOBBIX
Ha00pOB, Pa3pAAHOCTH /1 KAKIOT0 U3 KOTOPBIX paBHsETCS 4. 37ech B CKOOKaxX yKa-
3aHO JIECSITUYHOE 3HAUYSHUE TECTOBBIX JAHHBIX.

OtmetnM, uto tecT CRT) MOXET OBITh TOJy4eH Ha OCHOBAHWUHM OJHOTO U3
M3BECTHBIX METOJIOB TIOCTPOCHUSI MOJOOHBIX TECTOB, PACCMOTPEHHBIX B MPEIbITY-
mem pasnene. s popmupoBanusi tecta CRTy OyaeM HCIONB30BaTh UCXOTHBIN
tecT CRT, 1, HaIpuUMep, OTMEPALMI0 UHBEPTUPOBAHUS [IJIsI TIOJTy4eHUsI HAaOOpOB Te-
cra T); Ha ocHOBaHuM 7; Tak, MHBepTUpPYs TOJBKO MIaAMUil OUT TECTOBBIX
HabopoB Ttecta CRT), OyneT NONIydYeH YIpaBIsieMblid BepOsSTHOCTHBIH TecT CRT| =
{00113),0110(6),1100(12),0101(5),1000(8)}.3na4enns mOKOMIO-
HEHTHBIX paccTossHui i1 TectoB:CRTyu CRT, npuBeaeHs! B Tadbauie S.1.

Tax xak HD(CRT;, CRT;) paBHseTCs YUCITy HECOBMAJAIOMINX KOMIIOHEHT, TO
Ha ocHoBaHuH (5.2) HD(CRTy, CRTy) = 5, TO ecTb NPUHUMAET MaKCUMaJIbHO BO3-
MOKHOe 3HaueHHe. Paccrosaue EBkiuma ompenensieTcs B cooTBeTcTBUU ¢ (5.3),
kak CD(CRT,, CRT)) = (1*+ 17+ 1*+ 12+ 172 =223,

Tabmuua 5.1 — 3uauenus nokomnonenmuvix paccmosnuii onsi CRTyu CRTy

i | To=tostostortoo | Tri=tistiatiatio | HD(Tos To)) | (Toi— Tii)
0 0010 0011 1 1
1 0111 0110 1 1
2 1101 1100 1 1
3 0100 0101 1 1
4 1001 1000 1 1

CosmecTHOE mpuMeHeHue AByX TectoB CRT, u CRT, mnsa (opmMupoBaHUS
BXOJIHBIX TECTOBBIX JaHHBIX MOKa3bIBA€T HEPAaBHOMEPHOCTh MOKPHITUS BXOIHOTO
IPOCTPAHCTBA p-HuHbIX (p = 2*) TaHHBIX, KaK TO BHIHO U3 TaGIHIb! 5.2.

IIpumep 5.2. Vcnons3yst TOT xKe UCXOAHBINA YIPaBIsSEMbI BEpOATHOCTHBII
Tect CRT;,={0010(2),0111(7),1101(13),0100(4),1001 (9)} unpu-
MEHUB TY K€ OIepaLMIO OTPHILIAHUS, HO yXKe CTapllero paspsjia TeCTOBBIX Ha0OpOB
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CRT,, nonyaum CRT>={1010(10),1111(15),0101(5),1100(12),000 1
(D}

Tabnuua 5.2 — Oyenka nokpuisaioweti cnocoonocmu mecmos CRTyu CRTy

Bxopupie manapie |0 |1 (2|34 (516|789 10|11 12|13 |14 15
CRTy + + + + +
CRT, + + |+ + +
CRTy&CRT, + |+ |+ |+ |+ ]+ |+ |+ + | +

Tabmuua 5.3 — 3nauenus noxomnonenmuuvix paccmosanuti onst CRTou CRT,

i | To=tostostortoo | Tri=tistiatiatio | HD(Tou, Th) | (Toi— Tha)
0 0010 1010 1 8
1 0111 1111 1 8
2 1101 0101 1 8
3 0100 1100 1 8
4 1001 0001 1 8

Ha ocnoBanuu (5.2) Tak xe, kak u B npeabiaywem ciryyae HD(CRTy, CRT;)
=5, TO ecTh IPHHUMAET MaKCUMaJIbHO BO3MOXKHOE 3Ha4deHue. Paccrosaue EBkin-
Ja onpesersiercsi B cootBercTBrn ¢ (5.3), kak CD(CRT,, CRT») = (8°+ 8°+ 87+ 8’
+ 82)1/2 =17,88. CoBmecTHOe npumMeHeHue IBYX TecToB CRTy u CRT, mist popmu-
pOBaHMS BXOJIHBIX TECTOBBIX JAHHBIX ITOKAa3bIBACT 3aMETHO JYYIIYI0 paBHOMEp-
HOCTb MOKPBITHS BXOIHOTO IPOCTPAHCTBA P<HUHBIX (p = 2') JaHHBIX, KaK 9TO BUI-
HO U3 Tabauue! 5.4.

Tabmuma 5.4 — Oyenka noxpwisaioweti cnocoornocmu mecmos CRTyu CRT,

Bxoaupie manabie |0 | 1 [ 2 (3145|6789 1011|1213 |14 |15
CRT) + + + + +

CRT, + + + + +

CRTo&CRT, + |+ + |+ + +| + + | + +

CpasnuBas nBa npumepa (5.1) u (5.2) mist recroB CRT; u CRT,, 06a u3 Ko-
TOPBIX MOITY4YEHbl HA OCHOBAaHUM OJJTHOTO U TOT'O e UCXOAHOro TecTa CRT)H, MOKHO
OTMETHTbh, YTO BO BTOpoM ciydae (CRT,) JOCTHraeTcs CYIIECTBEHHO OOJbIIast
PaBHOMEPHOCTH IMOKPBITHS BXOJHOTO MPOCTPAHCTBA TECTOBBEIMH JAHHBIMH, (oOp-
mupyemsimMu TectaMu CRTy u CRT,, o cpaBHenuto ¢ CRTy u CRT, (cM. Tabimiry
5.4, u Tabimy 5.2).

B xagectBe Gomnee 3(h(EKTUBHBIX KPUTEPUECB OIEHKH KadyecTBA MHOTOKpAT-
HBIX YIPaBIAEMBIX BEPOSATHOCTHBIX TECTOB ONpPEICINM MAaKCHMAaJIbHOE MUHH-
MajibHOe 3HaueHue pacctossHus Xommuura MHD(CRT(v)) n MakcUMalbHOE MH-
HUMalbHOE 3HaueHue paccrostaust EBkimna MCD(CRT(v)) (5.5).

3navenue ve {0, 1, ..., w — 1}, a w npeacrasnger co0oi KOIUYECTBO pac-
CMAaTPUBAEMBIX KAHAWIATOB B OYEPEIHON BEpOATHOCTHHIN TecT CRT;, a caMu Xa-
paxTepucTuku (5.5) Hcnoab3yroTes npu noctpoeHuu Tecta CRT.
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MHD(CRT (v)) = min HD(CRT,(v).CRT,)}:

max {
CRT; (v),ve{0,1,...w=1} je{0,1,...5~

MCD(CRT,(v))= _ max  { min ED(CRT,(v),CRT,)}.

CRT;(v),ve{0,1,...w-1} je{0,1,...j-1}

(5.5)

CoracHO TIPUBEICHHBIM METpUKaM (5.5) ouepenHON yIpaBIsieMbIil BEpOSIT-
HocTHbIH Tect CRT; BeiOupaercs u3 mHoxxectBa {CRT{0), CRT(1), CRT(2), ...,
CRT(w — 1)} xaHIUIATOB B TECTHI 10 KPUTEPUIO MAKCUMATbHOCTH MHHUMAIBHOTO
paccrosiHuii XoMMuHTa U EBKIHMIAa 10 OTHOIICHHIO K PaHEe CreHEPHPOBAHHBIM
ynpasisieMbIM BeposiTHOCTHBIM TectaM CRTy, CRTy, ..., CRT;-;.

5.2. XapaKTepHCTHKl/I pa3inuud 151 MHOTOKPATHBIX TECTOB

ITepBoHavanbHO OTMETHM, YTO paccrostane Xommuura HD(CRT;, CRT)),
KOTOPOE PaBHAETCSI YUCIYy HECOBMNAAAIOIIMX KOMIOHEHT Tj; U 1;;, HICXOJHOIO Te-
cta CRT; u dopmupyemoro CRT), MOKET paccMaTpUBATBhCA Kak HEOOXOIMMOE
yCIIOBHE, KOTOPOMY JOJDKEH yA0BIeTBOPATH TecT CRT). O4eBUAHO, UTO YCIOBHEM,
KOTOPOMY JOJKHBI cO0TBeTCTBOBaTh CRT; m CRT), ABIACTCA OTCYTCTBHE y HHX
COBIAJAIOIINX KOMIIOHEHT 7} ; U 7);,, YTO 3KBUBAJIECHTHO BBITIOJIHCHUIO HEPABEH-
crBa Ty;# Ty i € {0, 1,2, ..., g — 1}. ®opManbHO 3TO TpeboBaHUE 0OECIIEUNBACT-
csi myTeM Makcumm3auuu pacctosHus. - Xommuura HD(CRT;, CRT,;), koTopoe
JIOJDKHO PaBHSTHCS .

OCHOBO# TSI BEIYUCIICHUSI XAPAKTEPUCTHK pa3inyusi, MPUBEICHHBIX B pa3-
jene 5.1, sBaseTCS COOTHOILIEHUE Map TeCTOBBIX Habopos Ty, u 1j; i€{0, 1, 2, ..,
q—1}, g AByX ympaBisieMbIX BEPOSTHOCTHBIX TECTOB, & HMEHHO — HCXOJHOTO
CRT} u popmupyemoro CRT;. Uem Goree pa3indHbIME, HECOBIAAIOIIUMHU SBIIS-
10Tcsl Kozbl HabopoB 7; u Tj; TeM, o4eBUAHO, Ooiee dPQeKTUBHBIM OymeT Hc-
nonibzoBanue tectoB CRT; u CRT; npu peanuzauuu MHOrokpatHoro tecta MCRT,,
COCTOSIIIETO U3 ¥ OJTHOKPATHBIX TECTOB.

B kauecTBe OCHOBHOTO anroputMma (HOpPMHUPOBAHHS MHOTOKPATHBIX TECTOB
HCIOJIb3yEeM XOPOILO apoOUPOBaHHbIN METOJl, OCHOBAaHHBIN Ha MPUMEHEHUU Ma-
COK JIBOMYHBIX BEKTOPOB A, 1, A2y +..r A1, A9 #0, 0, ..., 0, 0, onipeiensrommx uH-
BepcUH OHWT McXomHoro 6azoBoro tecra CRT) MO OTHOIICHHIO K HOBOMY TECTY
CRT;[331, 333].

IMpennonoxus, uro ucxoxHslid Tect CRT; COCTOUT U3 TECTOBBIX HAOOPOB T} ;
= fk,mfl, tk,mfz, ey l‘k,z, tk,l, tk,O; rae l‘k’/‘ S {0, 1}, )IJ'IHj S {0, 1, 2, ey M — 1}, TOTrga
BEIpakeHne i Habopos 7;; # Ty, Tecta CRT, OyneT uMeTh BUI:

7;,1‘ = tk,mfllmilatk,mfz;m*za ees tk,olo = (ﬂ’m—l ('Dt/f,mf]):(lmfz ® tk,m—Z)""’(AO (_Btk,())’ (5~6)

rae npu A;= 1 oTpuLaHue Haj f; NPUCYTCTBYET, a npu A4, = 0 — orcyrcTByer. OT-
METHM, YTO B KAUECTBE NCXOAHOT0 3HaUCHUsI T}; MOXKET OBITh Jito0ast m-pa3psaHast
naBonyHas komOuHanust. Otianune 7;; ot T); OnpenesseTcst JBOMYHBIM BEKTOPOM
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Aty Amay ---5 A1, Ao I3 HEpaBeHCTBA T); # T} 5, CCIYET, UTO Ay 1y Ay ---r A1y Ao #
0,0,...,0,0.

Jlns mpom3BOIBHON Maphl TECTOBBIX HaO0poB Ty; u T;; W3 ABYX yIpaBisie-
MBIX BepOSITHOCTHBIX TecTOB CRT; m CRT; nokaxeMm cienayroiryto Teopemy [333].

TeopeMa 5.1 3Haqeﬂne Tk,i_Tl,i: JJISA Tk,i = tk,m*l, tk,m72a ey tk,Z, tk,l) l‘k’(), rae
tiy€ {0, 1}, mpuj € {0, 1,2, ..., m=1} u Ty =t tima™ s ooyt 110" =
A1 @ tem-1)y A2 ®@ tim2)s ooy (A @ 1), (Ao @ t40), U KOTOPHIX g 3HAUCHUH
Aas Apy A oo As, (> > y>...> 0) paBHsIOTCA 1, @ OCcTanbHble m — g 3HAUCHUS
Amskza=f=y#... #oraek, o B,y ..., 0 € {0, 1,2, ..., m—1} paBHAIOTCS
0, BBIYHCIIACTCS KaK:

T,-T,= (. —|t.-1D2 (5.7)

cela, oy 0}

Jlokazamenvcmeo meopemuvt 5.1. IlepBoHaUaNbHO TECTOBBIE HAOOPHI T ; U
T,; IpeACTaBUM B MO3MLMOHHOM KOJE, Ul KOTOPOro Kaxabli j-biif, j € {0, 1 ,2,
.., m — 1} pa3psn umeer Bec 2, ompe/enseMslii cTeneHbo Boiiku. Torna Bemu-
yuHa pasHoctu 1),—7;; nna npousBoasHoro i € {0, 1,2, ..., g—1} Oyner Berumc-
TATBCA, KaK: (fr o — (1 @ £,))2 + (tip— (1 @ tkﬁ))2ﬂ Flti,— (L@ 1 ))2% + ...+
(ths — (1 ® 1,5))2° Trae 3HaK (-) 0O3HAYAET apUGMETHUECKYIO ONMEPALMIO BHIUMTA-
HUS, a 3HaK (@) TOTHUECKYIO ONepaIHIO CI0KEHUS IO MOAYIIO 1Ba. OTMETHM, 4TO
COTJIACHO YCIIOBUIO TEOPEMBI, BHITIOMHIETCS HEPABEHCTBO & > 3> y >...> 0, KpoMe
Toro, Kaxaoe ciaraemoe (.. — (1 @ #..))2°, tne ¢ € {a, B, 7, ..., O} MOXKHO TIpeJ-
CTaBUTb, KakK: (. — |t — 1/)2°. B 3aBicHMOCTH OT BemuuuHsl 7. € {0, 1} BbIpaxke-
aue (fy. — |t — 1])2° npuHEMaeT 3HaucHue —2° win +2°. JIeHCTBUTENBHO, €CIH fy . =
0, T0 (fy. — |tr.—1])2° paBusieTcst —2°, a st ;. = | mpuHUMaeT 3Ha4yeHne + 2°. To-
rla, OKOHYATEeIbHO, 3HaUeHue pasuoctu Ty; — 1;,; paBusercs (f, — |to — 1))2% +
(tip—tip— 1027+ (tiy — iy — 127 ... + (trs — |trs — 1])2°. Uro u TpeGoBanocs
JI0Ka3aTh.
IMpumep 5.3. {nst rectobix HabopoB 7o, =110wu 71,=0 0 1, yaursiBag,
4910 Ay, A1, Ao=1, 1, 1, momyuum, uto Tor — T1p = (to2 — |to2 — 1|)22 + (to —
12" + (fop— |too— 1])2° =27 +2' = 2°=5.
Teopema 5.1 no3BossIeT CPOPMYITUPOBATE Psifl CICACTBHIA AJIsI CITydast, Koraa

fo,1 —

Bce TecToBble HAOOPHI 11, 171,712, - .-, Ti4-1, T€CTA CRT; cHhOpMUPOBAHBI U3 TECTO-
BbIX Ha00poB Ty, Ty 1, Tk, -, Tiy—1 HA OCHOBAaHUM COOTHOLIEHUS (5.6), IpH HcC-
IOJIb30BAHUHU OJHOTO U TOTO XKE TBOUYHOTO BEKTOpPA OTPULAHUH A,y 1, Ay oy «- oy Al

Ap. Ormerum, uto 4; € {0,1}, a Ay, Aoy ..o, A1, 402 0,0, ..., 0, 0. Ilepponayans-
HO PacCMOTPUM apugpmemuyeckoe paccmosHue, dalie Ha3bIBaeMOe MAHXIMIMEH-
ckum pacemosinuem (Manhattan distance, unu city block distance) [191].

g-1
AD(CRT,,CRT))= Y| T, - T,,| (5.8)
i=0
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Cdopmynupyem ABe CIEAYIOMIME TEOPEMBI Ui apUPMETUIECKOTO U eBKIIU-
noBa pacctossauil mexay tectamu CRT, u CRT; [210, 315,317, 331].

Teopema 5.2. Apupmeruyeckoe paccrosiuue AD(CRTy, CRT)) nist TectoB
CRT; w CRT, tae CRT; = {Tio, Ti1s T2y ..., Tiy-1} BKIEOHAET ¢ = 2" m-
Pa3psIHBIX, HEMOBTOPSIOMINXCS, CTCHEPUPOBAHHBIX CITydaifHBIM 00pa3oM, TECTO-
BBIX HA0OPOB 7}, @ TecTOBBIC HAOOPHI 7; MOIydEHBI COTIacHO (5.60) Ha OCHOBaHUH
BEKTOPAa OTPULAHUN A1, Ao, ..., A1, Ao, 1UI1 KOTOPOroO g 3HAUCHUH Ay, Ag, Ay, ...,
As, (> B> y> ... >0) paBusiorcs 1, Berumcisercs kak 2" %

Mpumep 5.4. [{ns tectra CRT;={100,111,110,011,000,001,01
0,101}, rne m=3,aqg=2"=8, ucnoib3ys BEKTOp oTpulianuii A, 1, 4o=0, 1, 1
monyunm, CRT;={111,100,101,000,011,010,00 1,1 10}. Torna B co-
otBetcTBUH C (5.8), AD(CRT), CRT\)=14—-7|+|7—4|+|6-5]+|3-0/+|0-3|+
[1 —=2|+]2—1|+|5—6|=16. OTMeTHM, 4TO TAKOH K& pe3yJIbTAT MOXKET OBITH IO~
n;lt{eH Ha OCHOBaHMH TeopeMsl 5.2. JlefictButensno, AD(CRT,, CRT;) = 2""* =
2= 16.

Kak BugHO M3 Teopemsl 5.2 u mpuMmepa 5.4, apu(pMETHIECKOE PACCTOSHUE
AD(CRT}, CRT;) He 3aBHCUT OT BHJa JBOMYHOTO BEKTOpa OTPUIAHUN A, |, A, 2,
..., A1, Ay, TOUHEE OT BCEX €r0 HEHYIEBBIX KOMHOHEHT A, Ag, Ay, ..., A5 THE 0>
> y>...>0, a oIpeAesIeTcs TONbKO HHACKCOM ¢ CTapIiel HEeHYIeBOH KOMIOHEHTHI
Ao HetictButensho, ecit CRT), coCTOUT. U3 2" m-pa3psAHbIX, HETOBTOPSOIIHXCSL,
CTCHEPUPOBAHHBIX CITy4alfHBIM 00pa3oM, TeCTOBBIX HaOOpoB 7 ;, a CRT; momy4deH
cornacHo (5.6) Ha OCHOBAaHUH A, 1, Ay 2, ..., A1, Ao CO CTApILIEH HEHYNEBOW KOMIIO-
HEHTO# A, TO B 9ToM ciydae AD(CRT,, CRT)) =2"""

Teopema 5.2 no3BoMET CAeNaTh JBa BAXXHBIX BbIBOAA. Bo-mepBhIx, 3Haue-
Hue apudmerndeckoro paccrostaust AD(CRTy, CRT)) nns cimydas, Korjaa KOJIHde-
CTBO TECTOBBIX HaOOpOB g = 2", MOKET OBITh MCIIOJIB30BAHO KaK CpE/IHEE 3Hade-
HHUe s apupmernueckoro pacctossHus 1ectoB CRT; u CRT, npou3BOIBHON AJTH-
HBI ¢ < 2", chopMHUPOBaHHBIX cormacHo (5.6). Bo-BTOpBIX, aOCOMOTHOE 3HAYCHUE
AD(CRT;, CRT);) BO3pacTaeT ¢ pOCTOM MHJAEKCA ¢ CTaplIel HEHyJIeBOil KOMIIOHEH-
ThI BEKTOpa OTPULAHUHN A, 1, Ay 2, ..., A1, Ao, IPUMEHEHHOTO B (5.6) M1 moMTy4e-
aus CRT, na ocuoBanuu CRT,.

Crenyromas TeopeMa cIpaBeInBa Jis ciydas paccrosHust Eskimna [317].

Teopema 5.3. Paccrosinue EBkmuna CD(CRT,, CRT;) nns tectoB CRT; u
CRT,, tne CRT = {Tyo, Tr1» Ti2s ---> Thg-1} BKIIOUAET g = 2" m-pa3psaHbIX, HEMO-
BTOPSIIOIIMXCSI, CTCHEPHUPOBAHHBIX CIy4alHBIM 00pa3oM, TECTOBBIX HAOOpoB 7Ty, a
TecToBble HAOOpPBI 77, MOTydYeHb! cornacHo (5.6) Ha OCHOBaHMM BEKTOpa OTpPHIA-
HUH Aty Apas .., A1, Ao, AT KOTOPOTO g 3HAYEHUH A, Ag, Ay, ..., As, (00> > 1>
... >0) paBHsIOTCA 1, BRIUHCIsAETCA, Kak (5.9).

Mpumep 5.5. Idns rectoB CRTyu CRT), npuBeAeHHBIX B pumepe 5.4, nc-
noe3ys (5.3), momyanm CD(CRT,, CRT)) = ((4—7)" + (7—4)* + (6 — 5)* + (3 - 0)°
+(0 =37+ (1 -2+ @2-1)7>+(5-6))"=40"". Ananornunsrii pe3yabTaT Mo-
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JKET OBITh IOJIy4YCeH Ha OCHOBaHUU TeopeMsl 5.3. [leiictBurensHo, CD(CRT,, CRT))
_ (2372(_21 B 20)2 +(2'+ 20)2 + (2! = 20)2 4 (+21 n 20)2)1/z: QO+1+1+ 9))1/2
— 402

11..1 _ _ R
CD(CRT,,CRT) = (2% Sty 102 +(t 1, )27 4o+ (15 —1,)2° )
lealt pdes =000 (5.9)

B ommmume ot apuMeTHUecKoro paccTOsHuSA, paccrosHue EBkimmma, co-
[JIACHO 5.9, 3aBUCHT OT BCEX HCHYJICBBIX KOMIIOHCHT BEKTOPA OTPUIAHUH A, 1, A,
2, -y A1, Ao. HeTpymHO mOKa3aTh, 4TO, C POCTOM KOJIHYECTBA HECHYJICBBIX KOMIIO-
HEHT BEKTOpa OTPULIAHHM, a TaK)Ke MHJEKCa CTapUIero HEHYJIEBOTO MHICKCA «,
3Hauenne MeTpuku paccrosausi CD(CRT;, CRT;) Bospacrtaer. [leiicTBUTENBHO,
MPEAINOJI0KUB, YTO KOJHMYESCTBO OTPUIAHUH (HEHYJIEBBIX KOMIIOHCHT BEKTOpa A, 1,
A2y ..y A1, Ag) yBEIINUUBAECTCS HAa OJHO OTPHULAHUE A, = 1, MOIy4YHM HOBBIE 3HA-
YEHHS CIIaraeMbIX, KOTOPBIMH SIBIISTFOTCSI TECTOBBIE HAOOPHI T ; 1 T} ;, B BRIPAKCHUN
(5.9). B atoM ciyuae, w1 2” ' TecToBBIX HaGOpoB T); MX 3HAUCHUS yBEIHUATCS HA
2. a JUIA BTOPOI HX TIOJOBUHBI, TAKXKE COCTOAIIMX U3 2" ' HaGOPOB, yMEHBIIATHCS
Ha 3Ty ’Ke Beln4uHy. TakuM o0pa3oMm, At 1r000ro UHICKCA i, BCET/1a CYIECTBYET
uHaekc j, tae i #j€{0, 1,2, ..., 2" — 1}, 11 KOTOPBIX PA3HOCTh TECTOBLIX HAOOPOB
npumer 3Hadenus Ty, — 7); + 2= A+ 2" u Ty, = T, — 2" = A — 2*. YuursIBas, 4o
AP+ A< (A+ 2 + (A =21 = A* + A* + 2% MOKHO 3aKITIOUHTB, YTO C YBEITH-
YEeHHUEeM Ha OIHO oTpullanue A, = 1, 3Ha4€Hus BEKTOpa OTPUIAHUI, yBeIUUUBaACT-
csl CyMMa KBaJpaTOB PAa3HOCTEH TECTOBBIX HAOOPOB, U COOTBETCTBEHHO 3HAUCHUE
paccrosiuust EBknuja.

[IpuBeeHHBINM aHATH3 U COOTBETCTBYIOIINE YTBEPKACHHUS MOATBEPKIAKOTCS
YUCJICHHBIMH 3HAUYEHUSMH YKAa3aHHBIX METPUK PACCTOSHUS Ui BCEBO3MOYKHBIX
BEKTOPOB oTpuLanus Ay, A, Ay # 0, 0, 0 mpu momydenun cornacHo (5.6) Tecta
CRT; 1 npou3BoiIbHOro ucxoaHoro tecta CRTy = a,a,a,IOATBEPKIAETCS TaHHBIMU

MIPUBEICHHBIMU B Ta0HIe 5.5.

Tabmuua 5.5 — 3nauenus apugpmemuuecxkozo paccmosinus u paccmosinus Eexnuoa

onm=3
CRT,;
CRTy=a,a,a, = = — 1 = = =1 — —=
44,4, | a,aqq, | d,a,4, | 4,4, | 44,4, | A,4,4, | d,4,4,
AD(CRTy, CRT)) 8 16 16 32 32 32 32
CD(CRTy, CRT) V8 V32 V4o | V128 | V136 | 160 | 168

Cootnoutenue (5.9) nnsa paccrosuust EBknuna CD(CRTy, CRT;) MOXeT ObITH
3aMETHO YIIPOIICHO, OCHOBBIBASICh Ha CIICAYIOLICH TeopeMe.

Teopema 5.4. Paccrosnue EBkmuna CD(CRT,, CRT;) nns tectoB CRT; u
CRT,, tne CRT= {Tyo, Ti1s Th2s .- Tig-1} BKIFOUACT g = 2" m-paspsiiHbIX, HEMO-

116



BTOPSIIOIIMXCSI, CTCHEPUPOBAHHBIX CIy4alHBIM 00pa3oM, TeCTOBBIX HaOOpoB 7Ty, a
TecTOBbIe HAOOPH! 7;; MOIy4YeHB! COrfacHoO (5.0) Ha OCHOBAaHMU BEKTOpa OTpPHUIlA-
HUH Aty Apas - -, A1, Ao, A KOTOPOTO g 3HAUCHUE Ay, Ag, ..., Ay, As, (> f>..>
x> O) paBHSIOTCS |, BEIYMCIIACTCS KaK:

CD(CRT,,CRT,) = 2" (22 + 2% + ..+ 2% +2%), (5.10)
Jlokasamenvcmeo meopemul 5.4. BolpaxkeHue
[ =002+t~ 10)2" ot (b, 1, )2+ (s 1))

M0JI 3HAKOM CYMMHPOBAHHUSI B COOTHOWIEHHU (5.9) MOXHO MPEACTaBUTh KaK JBa
claraemble a U b, BO3BelEHHbIE B KBaJparT, T.c. (a+b)™. Hanpumep, B kauectse
CllaraeMoro b paccMOTPUM KOMIIOHEHTY ¢ MHAEKcaMu k ¥ 8, Toraa b=(t,; —1,;)2’.
OcrTaBmasicst 9acTh cooTHomeHus (5.9) Oyner mpeacTaBiaTh coOOW ciaraeMoe a.
OtMmeruMm, uTo JUts ciydasi ¢ = 2" 1o 3HAKOM CYMMHUPOBAHUSI OY/IyT UCIIONb30Ba-
HBbI BCEBO3MOXKHBIE 77 - pa3psiIHble KOMOWHAIMH, COOTBETCTBEHHO IBOMYHAS Iie-
pEMEHHas f; 5 B TIOJIOBUHE CITydacB IMpuMeT 3HaueHue 0, a U1 BTOPOI MOJIOBUHEI —
3HaveHne 1. OTKyna ciieyer, 4To ciaaraeMoe b OyneT UMeTh 3HAK IUTFOC JUIS fy 5 =
1, a nns 5= 0 3Hax Munyc. Toraa:

11.11 . . - N
> [(tkﬂ 1 )2 (= 1,20+ L (1, — 1, )27 + (U, —zkﬁ)zg]zz

Ul gt s =00..00

11.1 . . P
= Sl — 12 Wy —1))2 o (t, — )2+ 224

lpal gty =00..0

[, — 2"+ (1 =1 )2+ (1, — 1027 =20,

Hcnoms3ys cootsommenue (a + b)*+ (a — b)*=2(a” + b*), momyamnm:

11...1 . P - N .
2 S~ 102+ y— 1 )2 ot — 1, )2 |22} =227
leai gy =00..0

11...1
P 1 o P |2
225 Sl =102+ (12 + ot (4, — )20
Cal ity =00..0
ITomo6HBIM 06pa30M, HOCIEAOBATEILHO PACCMATPHBAs OCTABIIMECS ClIaTae-
MBIC 1104 3HAKOM CyMMBI, OKOHYATCJIbHO l‘[OJIy‘{I/IM:

CD(CRT,,CRT)) = A[27(2%% + 22/ + ..+ 2%% +2%).

UYro u TpeboBaIoCh JOKa3aTh.
Jliist TeopeMsl 5.4 cripaBeUBbI CISIYIOIINE CISICTBUSL.
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CaencrBue 5.1. Yucnennoe 3nauenue CD(CRT), CRT)), B COOTBETCTBUU C
TEopeMoii 5.3, I IBOUYHOTO BEKTOPA Ay 1, A2y -+ s Aists Ai Aicts -5 A1, A= 0, 0,
.., 0, 1,1, ..., 1, 1 1 BUCTIONB30BAaHUN BCEBO3MOKHBIX 7-PA3PSITHBIX JABOUIHBIX
komOuHanwmii B tectrax CRT; u CRT}, npuHUMAET CIEAYIOIUI BHI

2m (22(i+1) _ 1)

CD(CRT,,CRT) =2 (2% + 2 +.. 42’ +2) = 5

(5.11)
Makcumainbroe 3Haueaue CD(CRT;, CRT)), B COOTBETCTBUU CO CJICJICTBUCM

5.1, mocturaercst il IBOMYHOTO BeKTOpa A, 1, Ao, ..oy A, o=1,1, ..., 1, 1u
MIPUHUMACT BUI:

272" —1
CD(CRT,,CRT,) == T (5.12)

OtmetnM, 4uTo, B ciydae MakcuMaibHoro 3Hauenus CD(CRT;, CRT)), BTo-
poit rect CRT, mpencraBisieT co00il HHBEPCHBIC 3HAYCHHS TECTOBBIX HAOOPOB HC-
xonnoro tecra CRT}. Hanpumep, ms cinydas, koraa Tect CRT, = t,t, 1, ,= {111,
110,101,100,011,010,00 1,000}, a tect CRT;= 1,,,,1,,= {0 00,00 1,0
10,011,100,101,110,11 1}. KomuuectBo TectoBbix HabopoB B CRT u
CRT, paBusiercs ¢ = 2" = 2° = 8. U3 Tabmusl 5.5 u coorromenust (5.12) cienyer,
aro CD(CRT,, CRT)) =+/168 . Ilpumenus cooTHOMmEHHUS (5.9), TIOMTyYnM aHAJIOTHY-
ubit pesyasrar CD(CRTy, CRT) = (7 =0+ (6 — 1)*+ (5 = 2)*+ (4 — 3)*+ (3 —
4%+ 2 =57+ (1 —6) >+ (0— 7)) =168.

CaencrBue 5.2. Ynucnennoe 3nauenune CD(CRT;, CRT)), B COOTBETCTBHH C
TEOopeMOoH 5.3, At ABOMYHOTO BEKTOPA MACOK A,y 1, Ay 2y ooy Aicts Ais Aicls v A1y Ao
=0,0,...,0,1,0,...,0, 0 1 UCTIOJI30BaHIH BCEBO3MOKHBIX 77-Pa3PSAHBIX JBOUY-
HbIX KomMOuHamii B Tectax CRT; u CRT}, B COOTBETCTBUU C (5.6) MpUHUMAET CJie-
JIYIOIINANA BU:

CD(CRT,,CRT,) =~/2*"". (5.13)

MunumansHoe 3HaueHue CD(CRTy, CRT;) B cOOTBETCTBUM ¢ TeopeMoid 5.4
JIOCTUTAETCS ISl IBOMYHOTO BEKTOPa MAcoK A, 1, A2y ooos A1, 40=0,0,...,0, 1 1

paBHseTCSA N s coorHomienust (5.13), B ormmume ot (5.11) u (5.12), cnpasen-
JIMBO 0600IIIEHIE TSl IPOM3BOJILHOTO 3HaYeHus g < 2"

ED(CRT,,CRT))=4/q2"". (5.14)

HeiictButensHo, s TectoB CRTy, CRT, u CRT, cornacuo (5.14) moryunwm,
cootBerctBerHo CD(CRTy, CRT)) = /q2% =5x2>° =/5u
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CD(CRT,, CRT,) =+/¢2* =/5x2>* =/320.

Otmernm, uto Beipaxkerus (5.10) — (5.13) crpaBe el 11t ¢ = 2™ 1 MOTYT
OBITH MCIIOIB30BAHBI KaK CPEIHEE 3HAUCHHE TS IPOM3BOILHOTO 3HAYCHUS g < 2",

Taxum obpazom, abcomotHoe 3HaueHue CD(CRT;, CRT);) Bo3pacraer ¢ po-
CTOM KaK MHJEKCa ¢ CTaplleil HEeHYJIEBOH KOMIIOHEHTHI ¥ MOCIEIYIONIMX KOMIIO-
HEHT BeKTOpa OTpHUAHUU A, 1, Ayo, ..., A1, Ay, TAK U OOIIEr0 KOJIUYECTBA €rO
HEHYJICBBIX KOMITOHEHT TpH noxyueann CRT; Ha ocHoBaHUU CRT.

Kak oTrmeuanocs panee, CyMMapHO€ TOKOMIIOHEHTHOE X3MMHHIOBO PaccTo-
ssuue THD(CRT;, CRT)) nns AByX yNpaBIsieMbIX BEpOATHOCTHBIX TecToB CRT) u
CRT, Bo3pacTaeT ¢ pPOCTOM YHCJIa HEHYJEBBIX KOMIIOHEHT BEKTOpa OTPHLAHHMA,
ucnoap3zyeMoro /it noiayuenust CRT; Ha ocHoBaHuM (5.6).

C ydyeroM MOCIETHUX PACCYKACHHI I1e1ecOo00pasHbIM IPEACTABIACTCS
npuMeHeHue apudmernueckoro paccrosuuss AD(CRT;, CRT;) u paccrosnus Es-
xmuaa CD(CRT, CRT);) ans ueneil NOCTpOEHUsT MHOTOKPATHBIX YIIPaBIIIEMBbIX Be-
POSITHOCTHBIX TecTOB. COBMECTHOE NMPUMEHEHHE CYMMAapHOTO NMOKOMIIOHEHTHOTO
xaMmmuHTOBOrO pacctosiuust THD(CRT;, CRT)), KOTOpoe TakKe He TpeOyeT CII0XK-
HBIX BBIYHMCIICHHH, TO3BOJISIET OJHOBPEMEHHO MaKCHMH3HMPOBAaTh M PACCTOSHHUE
EBknnna.

5.3. MHOFOKpaTHLIe YupaBJisi€eMbI€ BEPOATHOCTHBIE TECTDI

OmHMM M3 TIEPBBIX MPUMEPOB MHOTOKPATHBIX TECTOB SIBJISIFOTCS MHOTOKpAT-
HbI€ MapIleBble TECThI, HCIOJB30BaHHBIC ISl TECTUPOBAHUS 3aIIOMHHAIOLIMX
yerporict [331, 333, 342]. [lpu peanuzanuy MHOTOKPATHBIX MapIIeBBIX TECTOB
3aIMIOMHUHAIONINX YCTPOUCTB B KAUeCTBE MEPhI OTIINYHS aJ[PECHBIX MOCIE0BATEIb-
HOCTEH HCIOIb30BaNIOCh <apuPMETUIECKOE PACCTOSIHUE, IMO3BOJISIOIEE ONpe/e-
JUTH HAOOp alpeCHBIX MOCIENOBATEILHOCTEH (TECTOB), MMEIOIUX MaKCUMaIbHOE
ommYHe MexIy coboii [331, 333].

B [333] moka3aHo, 4TO YeM cTapiie WHBEPCHBIH OWUT MCXOMHOM ajpecHOi
MOCJIEIOBATEIbHOCTH IPU (POPMUPOBAHUU BTOPOH aAPECHOM MOCIEIOBATEIBHOCTH
cornacHo (5.6), TeM OoJble apUPMETHICCKOE PACCTOSHUE M TEM, COOTBETCTBCH-
HO, OOJTBIIIE ITOJTHOTA TIOKPHITHS TecTa. B Toxke BpeMst 0OTMedaeTcsi, YTo IPH PaBEH-
CTBE 3HAYCHUH apH(METHUECKOTO PACCTOSHUSA HAOIIOMAeTCsl HE3HAYUTEIBHOE, HO
BCE-TaKH OTIIMYHME MOKPHIBAIONIEH CIIOCOOHOCTH TecTa (ero 3(PeKTHBHOCTH), KO-
TOpasi OJTHO3HAYHO 3aBUCHUT OT APYrod METPUKH, a UMEHHO EBKIWmIOBa paccTos-
Hust CD(CRTy,, CRT)). Kak nokazano B [331, 333], npu UCIOIL30BaHUH JJIST BTO-
poro tecta CRT| qBOUYHOTO BeKTOpa As, A4, A3, Ay, 41, 40=0, 1, 1, 1, 1, 1, cym-
MapHOE 3HAYCHUE IIOJHOTHI IOKPBITHS CIOKHBIX HEHCIPAaBHOCTEH paBHACTCS
12,07%. Ucnons3oBanue BekTopa As, A4, A3, A2, 41, 4o=0, 1, 0, 0, 0, 0 xapakrepu-
3yeTcsi MOMHOTOH NoKpeIThsA 10,67%. s mepBoro u BTOPOTo CIiydeB apupMeTH-
YECKOE PACCTOSIHUE NMPUHUMAET OJMHAKOBOE 3HAYECHHUE, PAaBHOE 26”, a CD(CRT,,
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CRT)) npuHUMaeT pa3InyHble 3HAUEHUsI, B IEPBOM Cilydae OHO paBHsieTcs 147,73,
a Bo BTopoM — 128,00.

Kak BuaHO u3 momy4yeHHbIX B [333] sKCepUMEHTAIBHBIX PE3yIbTaTOB JUIs
Clly4as MHOTOKPATHBIX MapIIeBbIX TecToB, Merpuka CD(CRT,, CRT)) no3Boiser
OIPENeIISITh BUJ ABOMYHOTO BEKTOPA A,y 1, A2, ..., A1, Ao, TIPH KOTOPOM JIOCTHTa-
eTcs MakcHMManbHas 3()()EKTHBHOCTh MHOTOKPATHBIX MapIICBBIX TECTOB 3allOMH-
HAIOIIUX YCTPOICTB.

CootHomenne (5.6) mpuMeHsieMoe Ui (GOopMUPOBAHHUS MHOTOKPATHBIX Te-
CTOB, OCHOBAHO Ha HCIIOJIb30BAHUY JBOUYHBIX BEKTOPOB Macok M =4, 1, Ayp 2, ...,
A, Aoy Ai € {0, 1},i€{0, 1, 2, ..., m — 1}. Tak, ecim s nomyuenust tecta CRT),
Ha ocHoBaHum Tecta CRT,, nucnonn3yercs Bekrop M(0, 1) = 4,,1(0, 1), 4,,2(0, 1),
oy 1100, 1), A0(0, 1), Torna mst momydenuss CRT, Ha ocaoBanuu CRT, Oyzner uc-
MOJIb30BaThCs JApyroi BekTop macok M(0, 2) = 4,,1(0, 2), 4,,,(0, 2), ..., 41(0, 2),
A0(0, 2). Takum 0Opa3om, /I BCeX MOCISAYIOIINX TECTOB MHOTOKPATHOTO TeCTa
MCRT, = {CRT,, CRT,, CRT), ..., CRT,_;} WCHONB3yeTCs MHOXECTBO MAacCOK
{M(0, 1), M(0, 2), M0, 3), ..., M0, r — 1)}.

Hcnonb3yst cBOWCTBO A, =4, JBOMYHOI OllepaliMd OTPULIAHUs, [TPUMEHsIe-
Mo 17151 MeTo1a (POPMUPOBAHUSI MHOTOKPATHBIX TeCTOB (5.6), chopmymnupyem psi
YTBEPKACHUM.

YrBepixkaenue 5.1. Ecnu Tect CRT) nony4en u3 ucxonnoro recta CRT}, Ha
OCHOBAHHHU JIBOMYHOTO BekTopa Macok M(k, [) = A, (k, 1), Ano(k, D), ..., Li(k, D),
Ao(k, 1), B cootBeTcTBHH C (5.6), TO HCMOIB3YS ATOT ke BeKTOp Macok M(k, /), a B
kadecTBe ucxomHoro tecra CRT;, Ha OCHOBaHHM TOTO ke anroput™ma (5.6), Oymer
nostyueH tect CRTj.

dopmanbHO 3TO YTBEpKIeHHE onnchiBaeTcst paBeHcTBoM M (k, [) = M (I, k).

YrBep:xkaenue 5.2. Ecnu tect CRT; chopMHpPOBaH M3 HCXOIHOTO TECTa
CRT), Ha OCHOBaHUM JIBOWYHOTO BekTopa Macok M(k, [) = A, 1(k, 1), Ano(k, D), ...,
Ak, 1), Ao(k, 1), a Tect CRT; nonyden u3z CRT, na ocHoBanuu Macku M(k, j) = A,
1k, )y Ak, ), ..., Au(k, ), Ao(k, j), B coorBeTcTBUM € (5.6), Toraa Tect CRT; Mo-
JKEeT OBITh MOJTyueH Ha ocHOBaHWU TecTa CRT), MCIONB3ys TBOMYHBIA BEKTOP Ma-
COK M(]) l) = M(k,]) D M(k9 l) = /’i‘m—l(kvj) ® 1 —1(k7 l): im—2(kaj) ® lm—Z(ka l), [EES)
Ak, ) © Ai(k, 1), Ao(k, ) © Aok, D).

Mpumep 5.6. Ecnu rect CRT, mony4deH Ha ocHOBaHHU Tecta CRT) U BEKTO-
pa macku M(0, 1) = A3, 1, 41, 40 =0,0, 0, 1, a rect CRT, Ha 6a3e CRT) ¢ UCTIOIb-
30BaHueM Bektopa macku M(0, 2) = 43, A, 41, 4g =1, 0, 0,0. Cornmacuo yTBepxke-
Huto 5.2, tect CRT, Ha ocHoBaHuH CRT| MOXKET OBITh MOJYYCH B COOTBETCTBUU C
(5.6) mpu ucnonp3oBanuu Bexktopa M(1,2) = A3, 1, 41, 1p=1@ 0,02 0,0 0,0
®1=1,0,0, 1. CnpaBennuBo u obpatHoe (cM. yrBepxaenue 5.1), rect CRT| Ha
ocHoBaHMNn CRT, MOKeT OBITh TIOJyYeH MpH uctnonb3oBanuu M(2, 1) = A3, A, 44,
AH=0©1,0©0,000,1®0=1,0,0, 1.

Crnenyrotee yTBepxaeHre cHOpMyTHPyeM B BUJIE TEOPEMBI.
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Teopema 5.5. Eciu tect CRT; chopmupoBan u3 ucxonnoro tecra CRTy Ha
OCHOBaHUM JIBOMYHOr0 BekTOopa Macok M(k, [), a Tect CRT; nonyden u3 CRT; na
ocnoBanuu M(k, j) > M(k, /) B cooTBeTCcTBUU C (5.6), TO BBITIOIHSAETCS] HEPABEHCTBO
CD(CRTy, CRT)) > CD(CRT;, CRT)).

Jlokazamenvbcmeo meopemol 5.5. JIBOWYHBIA YHUTApHBIH BEKTOpP MacoOK
A1y Am2s +ovs A1, Ao, THE 4,€40, 1},i€{0, 1,2, ..., m — 1}, IpUMEHIEMBII B METO-
Jic TCHEPUPOBAHUS YIIPABIIIEMBIX BEPOSITHOCTHBIX TECTOB (5.6), MOKHO HHTEPIIpE-
THPOBATh KaK YHCIOBOE 3HAUCHHE, MPE/ICTABICHHOE B IMO3HIMOHHOM KOJE Kak
M= 2y X2+ Ly px2" 2+ 4 <2+ 2gx2°. Torma, M(k, [) = Api(k, 1), Amo(k,
D, ..., Li(k, ), Aok, I) moxxHO 3ammcath B Buje uucina Mk, [) = A, 1(k, [) % 24
Apa(le, 1) % 2"+ 4 Ak, 1) < 2704 A, 1) % 204 Aoy (ke 1) < 27+ o+ Ak, D)
x 2+ do(k, 1) % 2°, a M(k, ) = A r(k, J), Aok ), ..., Ak, )), Ao(k, j) Kax ancio
Mk, ) = Apr(ky J) % 277+ Ao, ) X 272+ o+ Ak, ) x 271+ Ak, ) x 2 +
Ain(k, J) % 2%+ Ak, j) * 20 Ao(k, ) x 2°. Ormerum, 4o M(k, ) ucnionb3y-
etrcst B (5.6) s nonyyenus CRT; Ha 6a3e ucxomnoro tecta CRTy, a M(k, j) nnst
nonydenus Tecta CRT; npu UCHONb30BaHUM TOro e ucxoauoro tecra CRT;. Ha
ocHoBanuu HepaBencTBa M(k, j) > M(k, [), MOKHO 3aKIIFOUNTH, YTO BCEraa CyIIe-
ctByeT Takoe i€ {0, 1, 2, ..., m — 1} must kotoporo Ak, j) =1, a A(k, [) = 0, xpome
toro Ak, j) = Ak, ) mna ce{i+ 1,i+2,...,m= 1}. Ocranpubie pa3psas! A.(k, [)
u Ak, j), ec{0, 1,2, ..., i — 1} macok A(k,]) n A(k, j) npUHIMAIOT TIPOU3BOJILHBIE
3HaveHus. MakcumaibHO Oim3koe uncioboe 3Hadenue M(k, /) k 3Hauenuro M(k, )
JOCTHTaeTCs JUIA ciydast, korna A.(k,j) =0, a Ak, /) = 1 ma Beex e. Torma pas-
wocts M(k, j) — M(k, I) npunIMaeT MHHEMaIbHOE 3HaueHue, pasHoe 2° = 1. [pu-
Mepowm, korna M(k, j) > M(k, [) moryt 66Tk 3HaueHUS Macok M(k, j) = Ag, As, Aa,
13, 12, ﬂ,], ﬂ.{): 0, 1, 0, 1, 0, O, Owu M(k, l) = ﬂﬁ, /15, 14, 13, AQ, l], 2.0 = 0, 1, 0, O, 1, 1,
1, toe i = 3, Tak kak A;(ksj)=1, a A3(k, [) = 0, a Taxke Ak, j) = Ak, [) nns ce {4,
5,6} u Ak, j)=0,a Ak, )=1nnnaec{0, 1, 2}.

Omnpenennm paccrostuus Esximna CD(CRTy, CRT;) n CD(CRT}, CRT)) nnsa
tectoB CRT;u CRT; no otHomenuio k CRT. PaccMoTpuM ciydaii, Koraa BeKTopa
macok Mk, j) m M(k, I)), nnst KOTOpBIX BeIONHseTCs HepaBeHcTBO M(k, j) > M(k,
/), IPUHUMAIOT MaKCUMaJIbHO OJM3KHE YMCICHHBIC 3HAUYCHHS, T.e. Koraa A.(k, j) =
Ak, Dmnsace{i+1,i+2,....m— 1}, Ak, j)=1,a Ak, ]) = 0, a Taxxe Ak, j) =
0,a Ak, ) =1 qnsa ec{0, 1, 2, ..., i — 1}. Tlpeanomnoxxum, uto cpeau m — i —1
crapIux paspsjioB BeKTopoB macok M(k, j) u M(k, [) Tonbko Ag, Ag, ..., As, (a> B
> ... > J) IPUHUMAIOT SIUHIYHOE 3HaUeHHe Toraa cornacHo (5.10) moxydnM, uTto:

CD(CRT,,CRT,) =2" (2% + 2%/ +..+2% +2%);

i—1
CD(CRT,,CRT)) I\/Zm(f“ +2 42 2

n=0

j (5.15)
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i1 22i -1
22r1 _
YuuThIBasi COOTHOIIIEHUE ==
n=0

nosrydeHnn BoipaxkeHus (5.11) cnexctBus 5.1, MOKHO 3aKTIOUUTb, YTO IS ITPHUBE-
JIEHHOTO HAUXY/IIETr0 COOTHOIICHUsI BEKTOPOB Macok M(k, j) u M(k, [), korna M(k,
J) = M(k, I) + 1 Beimmonusercs HepaseHctBo CD(CRTy, CRT;) > CD(CRTy, CRT)). B
OCTaJIBHBIX cydasx, koraa M(k, j) Goible 4eM Ha eUHHILY TPEBBIIIACT YACICH-
Hoe 3Hauenue M(k, ), anamornyHbiM oOpa3oMm mokasbiBaercsi, yto CD(CRT},
CRT)) > CD(CRTy, CRT)). Yto u TpebOBanoch J0Ka3aTh.

UYucnennsle 3nauenus CD(CRT;, CRT;) nna m = 3 (cm. Tabauuy 5.5) u apy-
THX m TOATBEPXKIAIOT PE3yNIbTaThl TeOpeMbl 5.5. JIelcTBUTENBHO, YeM OOIIbIIe
snauenne Mk, [) = A, 11, =1, 1, 1, ucronszoBannoe s nonydenns CRT; co-
rinacHo (5.6), Tem Oombiie paccrostaue Eskimuna CD(CRTy, CRT)) = 12,96.

BaxxubIM crieficTBHEM T€OpeMbl 5.5 ABISETCS BO3MOKHOCTb MCIOJIb30BaHUS
BekTopa Macok M = A, 1, Ana, ..., A1, Ay B KauecTBE METPHKH, ITO3BOJISIOLICH
CTPOHUTh MHOTOKPATHBIE YIpaBiIsIeMble BEPOSTHOCTHBIE TECThl C UCIOIb30BaHUEM
cooTHoteHus (5.6).

[NocnenoBaTenbHO pacCMOTPUM MHOTOKpATHBIC YIIPABISIEMbIC BEPOSTHOCT-
Hble TecTbl MCRT, pa3nu4yHON KpaTHOCTH, HAUMHAas ¢ ABYKpaTHbIX TecToB MCRT,
cocrosiuux u3 CRTy u CRT,, rne CRT; Qopmupyercs Ha ocHoBanuu CRT; co-
riacHo (5.6).

B ciyuae nBykpaTHbIX TecTOB MakcuMaibHoe 3HaueHue M(0, 1) nocturaer-
Csl Tl TBOMYHOTO BeKTOpa Macok M = A, (, Ay o, ..., A1, Ao=1, 1, ..., 1, 1, mpen-
CTaBJISFOLICTO COO0I MaKCHMabHOE YHCIOBOE 3HAUCHHE 77-Pa3psAHOTO TBOMIHO-
ro BekTopa Macok. OTMeTum, 4To B JaHHOM citydae BTopoi tect CRT) npeacras-
JIsieT co0O0 WHBEpCHBIE 3HAYCHUSE TECTOBBIX HabopoB mcxomHoro tecta CRT.
Hampumep, mms m = 4 3magenme M(0, 1) paBHseTcs 15 W COOTBETCTBEHHO
CD(CRT,, CRT)) = 36,68, 4T0 paBHO MaKCUMaJIbHOMY 3HAYEHHIO.

B ciyuae TpexxpaTHOro BeposITHOCTHOTO TecTta MCRT; 11 TOJTydeHus BTO-
poro CRT, u tpethero CRT, TecTa Ha OCHOBaHUU UCXOAHOTO Tecta CRT, HE0OXo-
JIMMO HMCTI0JIb30BaTh ONTUMAJIbHbBIE COUETaHUS IBOMUHBIX BEKTOPOB M = A, 1, A, 2,
..., A1, Ao pykoBoacTBysick Teopemoit 5.4. Ucnonwzyst M(0, 1) = A, 1, Aoy --.5 A1,
Ap=1,1, ..., 1, 1 nna nomydenust CRT|, Ha ocHOBaHuU CRT| TOJy4NM MaKCH-
MasbHO Bo3MokHOe pacctosiane CD(CRT,, CRT|) MeXIy TEepBBIM U BTOPBIM Te-
cramu. Jlns dpopmupoBanus ynpasisieMoro Tecta CRT, Ha ocHoBanuu CRTj, co-
riacHo (5.6), B COOTBETCTBUHU C TeopeMoil 5.5, HE0OXOAMMO MaKCHUMH3HPOBATh
paccrosiaue Tecta CRT, ot CRTy u CRT;. D10 03Ha4aeT, 4yTo BekTop Macku M(0,
D) = Awt, Amas ---» A1, Ao UCTIONB3YeMBIi Ui mOydeHust CRT) Ha OCHOBaHHHU
CRT, n Bextopsl Macok M(0, 2) u M(1, 2), onpenenstoue paccrostuuss CRT, ot
CRTy u CRT| 01HOBpEMEHHO NPUHUMAIM MAaKCUMaJIbHO BO3MOKHbBIE 3HaueHus. To
€CTh, 4YTOOBI MHHUMAJIBHOE YHCIOBOE 3HAUCHHE JUIS JIEMEHTOB MHOXKecTBa { M(0,
1), M(0, 2), M(1, 2)} O6buUIO0 MakCHUMajJbHO BO3MOXKHBIM. OTMETHM, YTO COTJIACHO
yrBepxaenuto 5.2 M(1, 2) = M(0, 1) ® M(0, 2). C yaerom Toro, uro M(0, 1) =1,

2i
<2% | koTOpOE HCIIOIB30BANIOCH IPH
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1, ..., 1, 1, Bo3MOxHBI JBa BapuanTta 3HaueHuil st M(0, 2), a umenno M(0, 2) =
/Im—la ﬂvm—b ey /11, /10 = 0, 1, . 1, 1, 0o M(O, 2) = /’Lm—la lm,z, ceey /11, /10 = 1, 0, .
0, 0. B mepBom cayuae, M(1,2) = A1, Aoy -5 A1, Ao=1,0, ..., 0, 0, a BO BTopom
M1, 2)= Aty Aoy ooy A1, A9 =0, 1, ..., 1, 1. [lnsa npumepa, Koraa m = 4 MHOXe-
ctBO Macok umeer Bug {M(0, 1), M(0, 2), M(1,2)} ={1111,1000,0111}=
{15, 8, 7} W COOTBETCTBEHHO MWHHMAaJbHOE YHCICHHOE 3HAUYECHHUE SJIEMEHTOB
muoxkectBa {M(0, 1), M(0, 2), M(1, 2)} npuHUMaeT MaKCUMaIbHO BO3MOMHOE
3Hayenue paBHoe 0111 (7). Ananu3 pe3ynpTaToB, A ciaydas m = 4, IOKa3bIBaeT,
yro gt M(0,1)=1111u M(0,2)=10 0 0, cooTHOLIEeHNE 3HAUEHUI pacCTOSIHUI
EBxmuna CD(CRT,, CRT)) = 36,68, CD(CRTy, CRT,) = 32 u CD(CRT,, CRT)) =
18,33 obecreunBalOT MaKCUMAJIbHYIO yIAICHHOCTh Kaxjaoro u3 tectoB CRTY,
CRT, nu CRT, npyr oT apyra, NpuYeM MHUHUMAaJIbHAs YIaJIEHHOCTb B TEPMMHAX
paccrosaus Epkimna paBusercsa 18,33. Ilpu apyrux coderanusix 3Hadenuii M(0,
1) u M(0, 2) xpome M(0, 1)=1111u M0,2)=01 1 1 MEUHUMaAJIbHOE 3HAYCHHE
paccrostaust EBkimaa Beerna Oynet MeHbIne yem 18,33.

O6006mas npuBeneHHbIA aHamu3 s cinydas MCRT;, MOKHO 3aKITIOUUTD,
YTO ONTHMAIBHBIM codeTaHneM BekTopos M(0, 1) u M(0, 2) nisa nomyuenns CRT)
u CRT, cornacHo (5.6) sABISIOTCS 1Ba BO3MOXHBIX Habopa (1 1 1... 111,011 ...
111)m6o(111...111,100...000).

Jlns cimydast 4eTBIPEeXKPaTHBIX BEPOSATHOCTHBIX TecToB MCRT, Habop mBo-
naHBIX BekTopoB {M(0, 1), M(0, 2), M(0,3)} obecrednBaronMx MaKCHMAaIbHbIC
3Ha4YeHHs MUHUManbHOro pacctosHus EBknuga CD(CRT), CRT)) mexay JI00bIMU
nBymsa tectamu u3 uetbipex CRTy, CRTy, CRT,u CRTsumeer Bun {1 11 ... 111,
011...111,100...000}. Tax, nus npumepa, koraa m = 4 Hadop macok {M(0,
1), M(0, 2), M(0, 3), M(1, 2), M(1,3), M2,3)} ={1111,0111,1000,1000,
0111,1111},acoorBercTByromue pacctosuust EBkinaa Oombie 1u00 paBHs-
[oTCs 3HadyeHuro 18,33.

s ob1ero cirydasi MHOTOKPATHBIX YIPABISIEMBIX BEPOSITHOCTHBIX TECTOB
MCRT, onTUMabHBIM COYETaHUEM HaOOpa JBOMYHBIX BEKTOPOB Macok M = A, i,
A2y ooey A1y Ao s TecTOB CRT,, CRT), CRT,, ..., CRT,, OynyT BekTOpa chopmu-
pOBaHHBIE clieayomuM 0opa3om. [lepBrie cTapime qBOUYHBIC 3HAYCHHS BEKTOPOB
Macok M = Ay, 1, A s ..., A1, Ao, COCTOsIINE U3 [log, ] OUT BEKTOPA COOTBETCTBY-
0T ABOMYHOMY KOJY MHICKCY i, i€ {1, 2,3, ..., r—1} tecta CRT;, a ocTaJibHBIC I10-
BTOPSIIOT 3HAUYEHUE MJaJlIero Oura Koaa uHaekca i. Hampumep, Ui MHOTOKpaT-
Horo tecta MCRT), Bkmovaromero BepostHoctHbie TecThl CRT,, CRT,, CRT,,
CRT;, ..., CRT\pux nBonuHbie BeKTOphI mpuHuMaroT B 000000 ...000,00
0o7r11..111,001000...000,001711...111,...,101000...000.
B nannom ciyuae[log, r | = [log,11] = 4.

B kauyectBe Mepbl 3((GEKTHBHOCTH MHOTOKPATHBIX YIIPABISEMBIX BEpOST-
HOCTHBIX TecToB MCRT, wucnonszyem metpuky E(k, 2™), BBenennyio B [334], nuis
(hopMUpOBaHHS OYEPEITHBIX TECTOBBIX HA0OPOB JJIsI OMHOKPATHOTO YIIPABISIEMOTO
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BEPOSTHOCTHOTO TecTa. JlaHHas MeTprKa MoApOOHO MCCIIe0BaHa B IPEIbLIYIIEM
pasziene u COOTBETCTBYET onpeseneHusm 4.4 u 4.5.

B cmyyae MHOTOKpATHBIX TECTOB MOJ00HAs XapaKTEPUCTHKA MPUMEHSETCS
ans oyepeaHoro tecta CRT;, 1 MOXKET OBITh ONpe/IeNieHa CIeyIOIUM 00pa3oM.

Onpenenenne 5.2. Mepoii sdpdpextusroctn E(k, 2™) mis odepeanHoro
ympapisemoro Tecta CRIT; sBisieTcs JONOJHUTENBHOE KOJIMYECTBO IBOUYHBIX
KOMOWHAIMI Ha BCEBO3MOXHBIX k W3 2" paspsgax I'eHepHPYCMbIX TECTOBBIMH
Habopamu Tecta CRT; 0 OTHOIICHHIO K MHOKECTBY k U3 2" IBOMYHBIX KOMOMHA-
Ui creHepupoBaHHble npeabinymmuMu tectamu CRT,, CRT,, CRT,, ..., CRT;,
MHorokpatHoro tecta MCRT,.

OueBUIHO, YTO YeM OOJIbIIIe 3HAUYCHHE JaHHOH METPHKH, TeM Ooiee rddek-
TUBHBIM SBJISACTCA O9EPENHON ynpaBisieMblil TecT CRT;, KOTOPBIA B COBOKYITHOCTH
C TPEABIAYIIUMH TECTaMH IO3BOJIICT JIOCTHYh MAKCHMAJIbHOHW 3((EKTHBHOCTH.
OtMmeTnM, 4TO B IpPEABIAYLIMX pa3zesiax ObUIO ITOKa3aHO, YTO JUISl JOCTHIKEHUS
MaKCHMaNbHOH S((GEKTHBHOCTH MHOTOKPATHBIX YIPAaBIIAEMbIX BEPOSTHOCTHBIX
tectoB MCRT, neob6xonumo, uToObl paccTosHue Esximina pns tecra CRT; 6b110
MaKCHMAJIBHBIM 10 OTHOIICHHUIO K paHee chopmupoBaHHbIM TecTam CRTy, CRT),
CRT, ..., CRT;,, uto obecreunBaeTcs MaKCUMHU3ALMENH JBOMYHOIO BEKTOpA Ma-
COK M= /Im—la /lm—Z, ceey /11, /10

Jnst conoctaBUTENBHOTO aHam3a dP(EKTUBHOCTH PACCMOTPEHHBIX MHOI'O-
KPaTHBIX YIPaBIIIEMbIX BEPOSITHOCTHBIX TecTOoB MCRT,, ucrnonb3yeM 3anady Te-
CTUPOBAHUS 3aIIOMHHAIOIUX yCTPOHUCTB. IlepBOHAYaIbHO PAacCMOTPUM 3aIllOMH-
HAJOIIee YCTPOICTBO, cocTosee 13 2° = 8 sueek, I KOTOPOrO MPUMEHHM B Ka-
yecTBe nepBoro tecta tect CRT) cocTosimmii U3 (GOPMHUPOBAHHST BCEBO3MOMHBIX
azapecos a,a,a,= {000,001,010,011,100,101,110,11 1} 3amomunaro-
IIET0 YCTPOHCTBA MO CXeMe MpocTeHmmx MapmieBbix TectoB [331]. Ilpu dopmu-
POBaHHMM OYEPEITHOTO ajgpeca MepBOHAYAIBLHOE HYJIEBOE COCTOSHHE SYCHKM Mams-
TH U3MEHSETCS Ha eANHUYHOE 3HaueHHe. TakuM 00pa3oM, HadalbHOE HyJIEBOE CO-
CTOSIHHE BCEX SUEEK 3alIOMHHAIOIIETO yCTPOUCTBA M3MEHSETCS HA EAUHHYHOE CO-
crostaue. Otmerum, uto 3HaueHus CD(CRT,, CRT;) mnst nByx tectoB CRT,, CRT)
n m=3 mpuBeneHBI B Tabmume 5.5. B kadecTBe BTOPOro ympaBIseMOTrO BEPOST-
HoctHOro Tecta CRT) NCHOIBb3yeM TECT, TIOIy4YeHHBIN coriacHo (5.6) s BCEBO3-
MOXKHBIX 3HAUEHMIl JABOWYHBIX BEKTOPOB Ay, A1, Ao # 0, 0, 0. PesynpTupyromue
3nayenust Metpuku E(k, 2™) 1uist AByKpaTHOTO TeCTa, COCTOAMIEro U3 TecToB CRTy=
a,a,a,1 CRT)=(a, ® A,)(a, ® 4,)(a, ® 4,) , IPUBEAEHHI B TaduIe 5.6.

Tabnumua 5.6. Oyenxa s3¢ppexmusnocmu 08yKpamuo2o mecma Oisk 3aNOMu-
Halowe20 ycmpoucmed, cocmosiue2o u3 8 3anOMuHalouux s4eex

E(k, 2™) - 1ONIONMHUTENBHOE KOJIUYECTBO
A2, A1, JIBOMYHBIX KOMOMHAIUN
o E3,8) | E4,8) | E5,8) | E6,8)
001 24 60 80 60
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010 48 118 152 108
011 64 142 162 112
100 96 204 224 140
101 104 208 224 140
110 112 210 224 140
111 112 210 224 140

Kak BuIHO W3 TPUBEICHHBIX YHCICHHBIX 3HaueHHUH 3(P(EKTHBHOCTH IBY-
KpaTHOTO TEeCTa HaXOJHWTCS B CTPOTrOM cOOTBeTCTBHU co 3HaueHuemM CD(CRT),
CRT)), npuBeneHHbIM B Tabmuie 5.5. JleiictBurensHo, it Ay, Ay, 4o =0, 0, 1 pac-

crosinue EBkmuna mexny CRTy u CRT| paBHseTcs \/§ (cm. Tabnumy 5.5) U Ko-
JIMYECTBO JOTTOJHUTENBHBIX JBOWIHBIX KOMOWHAIMN paBHsETCS 24. B ToXe Bpemst
st Ay, A, Ao =1, 1, 1 1 coorBeTcTBEeHHO MakcuMaiabHOro 3HaueHus CD(CRT,
CRT)) = J168 wucio JIOTIOJTHUTEITLHBIX KOMOUHAIWIA paBHseTcs 112.
AHanoru4ssle pe3ysibTaThl, HOATBEPkKAAIOIINE paOOTOCIOCOOHOCTL PACCTO-
stHust EBKia B kadectBe Mephl APPEKTUBHOCTH MHOTOKPATHOTO TECTa, JUIS 3a-
ITOMHHAIONIETO YCTPOICTBA, COCTOSIIETo U3 16 siueek, NpUBeICHBI B Tabumie 5.7.

Tabnumua 5.7. Oyenxa s¢pghexmusnocmu 08yKpamuo2o mecma 3anoMuHaio-
we2o yempoiicmea cocmosiuje2o uz-16 3anoMunalowux siueex

E(k, 2™) - nononHnTebHOE KOJMIECTBO JBOHY-
A2y A2y A1, HBIX KOMOWHAIMH

Ao E@3,8) E@4,8) E(5,8) E(6, 8)
0000 2240 9100 26208 56056
0001 112 728 2912 8008
0010 224 1452 5776 15752
0011 320 1980 7536 19712
0100 448 2840 10880 28280
0101 528 3200 11840 29960
0110 608 3556 12768 31528
0111 672 3780 13216 32088
1000 896 5040 17024 39760
1001 944 5160 17184 39880
1010 992 5276 17328 39976
1011 1024 5324 17360 39984
1100 1088 5448 17472 40040
1101 1104 5456 17472 40040
1110 1120 5460 17472 40040
1111 1120 5460 17472 40040

B rpaduueckom Bujie AaHHOE YTBEPIKICHUE MMOATBEPIKAACTCS M VIS 3all0-
MUHAIOIIEro YCTpoicTBa eMKocThio 32 Ourta. Ha puc. 5.1 npuBeneHo 3HaueHue
merpuku E(k, 2™) mist nBykpatHOro Tecra. Kak BHIHO M3 NMPHBEICHHOIO PHCYHKA
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MaKCHMasbHast 3(PEKTUBHOCTh NBYKpaTHOrO TecTa cocrosimero u3 CRTy u CRT)
JnocTuraeTes st qBonuHoro Bekropa M(0, 1) = Ay, A3, Ay, A, =1, 1,1, 1, 1.
OtmetuM, uTO B 9TOM ciydae u paccrosaue EBkmuna CD(CRT,, CRT)),
[NPUHAMAET MaKCUMallbHOE 3Ha4yeHue paBHoe 1360 . B toxke Bpems st Bek-
Topa M(0, 1) =4 A3 4, 41 4 =000 0 1 nmeeM MUHUMATBHYIO 3QPEKTHBHOCTD
JBYKPAaTHOTO TECTa, O YeM W CBUICTEIBCTBYCT MUHIMaNbHOe 3HaueHue CD(CRT,
CRT)) paBuoe~/32. ['paduuecky BUIHO CyLIECTBEHHOE OTiIHYHE 3(PPEKTUBHOCTU
JBYKPATHOT'O TeCTa JUIA ABYX pa3auyHbIX BeKTopoB M(0, 1) = A4, A3, Ay, 41, 49 =0,
1,1,1,1u MO, 1) = A4, A3, b, 41, 4o =1, 0, 0, 0, 0. ITOT pakT moATBEpIKAACTCS
3HaueHussMu pacctossHust EBxinga CD(CRTy, CRT)). [leicTBUTENBHO B MEPBOM
cryqae mpu M(0, 1) = 01111 mmeem CD(CRT,, CRT)) =\/ﬁ, a BO BTOPOM

CD(CRT,, CRT,) =~1024 , 4To COOTBETCTBYET pe3yJabTaTaM, HMPUBEICHHBIM Ha
puc. 5.1.

200000 -

160000 -
sovos | @
120000 <
100000
§0000
G000
40000 |

20000 -

Jlonoauureassoe koanyecrso komGunaumii E(k,2™)

0

00000
00001 =

00010 j—

00011 j—
00100 —
00101 p—
00110  —

Jsonunbiii BeKTOp by by by by by

. 4
Puc. 5.1. Koauuecmeso oononnumensvuix 0gouunvix komounayuii E(k,2") hopmu-
pyemvix mecmom CRT| na npoussonvhuix k=5 uz 32 aueex 3anomunarowezo
ycmpoticmaa.

PaccMmoTpeHHbIil MeTO/I TOCTPOEHUST MHOI'OKPAaTHBIX TECTOB MOXKET pac-
CMaTpUBaThCs KaK albTepHATHBA KJIACCUYECKUM YIPABISEMbIM BEPOATHOCTHBIM
TectaM. [lokazaHo, YTO HCIONB3Ysl HMCXOJHBINH BEPOSTHOCTHBIN TecT, 0e3 cyle-
CTBEHHBIX BBIYUCIHUTEIBHBIX 3aTPaT, MOXKHO C(HOPMUPOBATH €ro MOJH(UKAIUU
KaK Mocjenyolue TeCcTbl MHOrOKpaTtHoro tecta. IloaTBepkeHa NPUMEHUMOCTh
paccrosiHus EBKitmzia Juts miesieid TOCTPOCHUST MHOTOKPATHBIX TECTOB. D(PQEKTHB-
HOCTb IIPEUIOKEHHBIX PEIIEHUH cOrjacyercs ¢ HKCIEPUMEHTAIBHBIMU PE3yibTa-
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TaMy, IIPUBEACHHBIMU B 3aK/JIHOYUTCIBHOW YacTH JJI Cllydas MHOIOKPATHBIX Te-
CTOB 3alIOMHUHAIOUIUX YCTPOUCTB.

5.4. IlocTpoeHne MHOTOKPATHBIX YIIPABJIsSEMbIX BEPOSITHOCTHBIX TECTOB

B kavecTBe OCHOBHOII OIepalii, UCIOIB3YyEMOM Ui MOCTPOCHUS MHOTO-
KpaTHBIX BEPOSTHOCTHBIX TecToB MCRT,, IPIMEHUM OMNEPALUIO CIO0XKEHHS, YTO
MO3BOJIUT 00CCIICUUTh MUHHUMAIBHYIO BBIYUCIUTEIBHYIO CIOKHOCTh HIPH UX (Pop-
MupoBaHuu. JledcTBUTEIbHO, Bee nocaenytouue tectsl CRTy, CRT;..., CRT,— Mo-
r'yT OBITB Jerko chopmupoBanbl Ha 6aze CRT|, myTeM OJHOKPATHOT'O MPUMCHCHHUS
JUTSL K&XKIOTO TECTOBOTO HAOOpa OIepaniy CIOKCHUS.

CornacHo omnpenenenuto 4.3, ynpapisieMblil BeposTHOCTHBIH TecT CRT co-
CTOUT U3 ¢ TeCTOBBIX HabopoB T;, i€ {0, 1, 2, ..., ¢g— 1}, KAl U3 KOTOPBIX MPE.I-
CTaBJISIET COOOM m-paspsAaHBIA ABOMYHBIA BEKTOP 7; = tim1, Lim—2> -5 1i2s i1y ti0s
rae #;; €{0,1}. Takum oOpa3om, TecTOBbIE HAOOPH! 7; YIPABIIEMOTO BEPOSITHOCT-
noro tecta CRT MOTYT MHTEPIPETHPOBAThHCA Kak g = 2"-nmunble nanusie Tie {0, 1,
2,...,2" —1}. Torna, Hanpumep, Tect CRT={0011,0110,1100,0101,10
0 0} MOXHO TIpe/IcTaBUThL Kak HaOop 16-wmunbIX maHHbix CRT = {3, 6, 12, 5, 8},
MIPUBE/ICHHBIX B JCCATHYHOW CHCTEME CUMCIICHWA. B ciydae HMCXOIHOTO Tecrta
CRT, = {Ty(k), Ti(k), Tx(k), ..., T,~1(k)} cooTHOlIeHHE /s MOIYyUYEHUs] HOBOI'O Te-
cra CRT; = {To(]), Tv(]), Tx()), ..., T,~1([)} npumer Buj.

T(Hh=T(k)+d mod 2"; i=0,g-1 (5.16)

B npuBeneHHOM cooTHomIeHHH mapamertp de {1, 2, 3, ..., 2" — 1} ucmons3y-
eTCs TS OCTIKCHUS PasInygusl MKy TECTOBBIMH HaOOpaMu M, COOTBETCTBEHHO,
tectamu CRT; n CRT). 3HadeHne 3TOTO MapameTpa sBISICTCS ONPEACIISIONIAM IS
JIOCTIKEHUST MakcumanbHoro otinuuusi tecta CRT; ot tecta CRT, B TepMHUHAX
ompeneNeHHbIX panee MeTpuK. [yt cooTHomeHust (5.16) cpaBeuInBo cieayoiiee

YTBEpIKICHHE.
YrBep:xaenue 5.3. Ecniu tect CRT; nonyyeHn u3 ucxoganoro recra CRT; Ha
OCHOBaHHMU cooTHomenus (5.16) s mapamerpa de{l, 2, 3, ..., 2" —1}, 10 uc-

none3yst 1uist tecta CRT) B KauecTBe TapaMerpa 3Hadenue 2" — d u, IpUMeHss TO-
xe cooTHoureHue (5.16), 6ynet noxyueH ucxousiii rect CRT;. D70 yTBepKaeHHE
BBITEKAET U3 paBeHcTBa d + 2" —d mod 2" = 0.

Hpumep 5.7. Ilpu m = 4 gnst ucxonsoro tecra CRT, = {3, 6, 12, 5, 8} u na-
pametpa d = 8, cornacuo (5.16), noxyunm CRT; = {11, 14, 4, 13, 0}. Hcnons3ys B
kadecTBe ncxoanoro tecta CRT;= {11, 14, 4, 13, 0} u ToXe 3HaUeHUE d = 8§ MOJTy-
qum tect CRT; = {3, 6, 12, 5, 8}, 9TO COOTBETCTBYET yTBEepKIeHHUIO 5.3. J{iist TOTO
ke uexoanoro tecta CRT, = {3, 6, 12, 5, 8} u npyroro mapamerpa d = 5 Oynem
HMMETh HHOW pe3ynbTraT, a umenno CRT;= {8, 11, 1, 10, 13}.

Mpumep 5.8. {nsa recra CRT, = {3,7,0,6,2,5, 1,4}, HOCTpOCHHOTO IS 1
= 3 u napametpa d = 4, cornacHo (5.16) momyaum uro CRT, = {7, 3,4, 2,6, 1, 5,
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0}. Jlnst TOro e UCXOIHOro TecTa, u mapamerpa d = 5 OyleM HMeThb APYroi pe-
synmeraT CRT; = {0, 4, 5, 3, 7,2, 6, 1}. OT™MeTuM, 4TO B JaHHOM TIpUMepe MpHBe-
JICHHbIE TECThI BKJIIOYAIOT BCEBO3MOKHBIE BOCbMEPUYHbIE 3HAUCHNUS TaHHBIX.

AHanM3Mpys IPUBCICHHBIC TIPUMEPBI, B KAXKIOM U3 KOTOPBIX MPEICTABICHO
IO JIBAa HOBBIX TECTA, MOJYYCHHBIX B COOTBETCTBHU C (5.16), BO3HHKAET BOIPOC,
KaKOi W3 ATUX JBYX TECTOB SBIIIETCSA Ooiiee d(PPEKTUBHBIM [UIS IIeJeld MHOTO-
KpaTHOTO TeCTUPOBaHU. TakuM 00pa3oM, CTOHT 3a/ada ONPECIICHUS ONTHMATb-
HOTO 3HAYEHHs IapaMeTpa d, MPU UCIOJIb30BAHUH, B KAUeCTBE METPHKH KauyecTBa
JUTST MHOTOKPATHBIX TeCTOB, pacctosiHus Epkmna. [Tepeonavansuo mis CD(CRTy,
CRT)), tne tect CRT, noxy4eH coriacHo (5.16), TokaxeM Teopemy.

Teopema 5.6. Paccrossaue EBkimuna CD(CRT,, CRT)) mns tectoB CRT, u
CRT,, rae CRT, = {Ty(k), T\(k), Tx(k), ..., T,-1(k)} coctout us g=2" m-paspsuHbix,
HEMOBTOPSIONIMXCSI, CTeHEPUPOBAHHBIX CITy4aliHBIM 00pa30M TECTOBBIX HaOOpOB
T(k)e{0, 1, 2, .., 2"=1}, a tecroBble Habopbl T{/) MONyYEHBI COTIACHO

T,(H)=T(k)+d mod2"; i=0,q—1,eruncasercs xkak

CD(CRT,,CRT)) =+/2"d(2" — d). (5.17)

Jlokasamenvcmeo meopemvl 5.6. BplpaxeHue 11 pacctosiHus EBkimna
CD(CRT(k), CRT(I)) npuHAMaET BH]

CD(CRT,,CRT,) = \/ Srw-107f = \/ ST - @ k) +d mod 2]

i=0

Vuurtsiass TOT (akT, uyTo TecToBble HabOphl Ti(k) coctost uz g = 2" m-
PpaspsIHbIX, HEMOBTOPAOMMXCS JanHbix {0, 1,2, ..., 2" — 1}, MOXKHO clienath cie-
ayromue 3akimroueHus. 3uadenust Ty(/) cornacHo (5.16) B 2" — d ciaydasx OyayTt
npunumath Bux Ti(/) = Ti(k) + d. Kak Bunno u3 npumepa 5.8, s d=582" —d =
27— 5 =3 cayuasx T(]) = T(k) + 5, a mmenno, mst Ty(k) = {0, 1, 2}. Kpome Toro,
3naveHns 7;(/) cormacHo (5.16) B d cmydasx Oymxyt npuauMath Bun 13(/) = T(k) +
2" — d. C y4eTOM NpUBEJIEHHBIX COOTHONIEHUH BBIpAKEHHUE JUIsS paccTosiHus EB-
KJIHJa IPUMET BUI.

CD(CRT,,CRT)) = \/ sz‘;ﬂ + di(z'" —dy =\JQ"—d)d> +d(2" —d) =2"d(2" - d).

i=0

Yrto 1 TpebOBAIOCH JOKA3aTh.

Mpumep 5.9. Paccrosnue EBknmuna ans rectoB CRT, = {3,7,0,6,2,5, 1, 4}
u CRT,={7,3,4,2,6,1,5,0} u3 npumepa 5.8 onpenensiercs kak CD(CRT}, CRT))
=[BT+ T =3+ 0 -4+ (6 -2+ Q2 -6+ (S~ I+ (1 -5+ @~
0)*]"* =4/128 . Takoe e 3HauYeHUE MOXKET OBITh TOTYUYEHO HA OCHOBAHMH TEOPEMBI

5.6 /23 x4x(2° —4) =128 .
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3HaveHust paccTostHui EBKuaa 1u1s ciydast m = 3 ¥ BCCBO3MOXKHBIX 3Ha4e-
HUH d npuBeeHs! B Tabmuue 5.8.

Tabmuma 5.8. 3uauenus paccmosinuii Eexnuda onssm =3

d 1 2 3 4 5 6 7
CD(CRT}, CRT) | /56 | ~/96 | 120 | V128 | +120 | +/96 | /56

JI71s IpUBEICHHOM TEOpEMBI 5.6 CTIpaBe MBI CISAYIOIINE CIEICTBUSL.

Caencrue 5.3. 3nauenue paccrosiaust EBknuna CD(CRTy, CRT;) npuHAMa-
eT MaKkCHMalbHOE 3HaueHHe Tph d = 2" ', 4TO COOTBETCTBYET PELICHHIO YpaBHE-
HUS

2" d(2" —d) o
od -

CrpaBelJIMBOCTh JAHHOTO CJIEACTBUS MOJITBEPIKAACTCS Pe3ybTaTaMu, MPH-
BEJEHHBLIMU B Tabuumie 5.8, roe st d = ml=0¥l=y paccrosiuue EBknuaa npu-
HHUMAeT MaKCHUMAIbHOE 3HAYeHHE PaBHOE /128 .

Caeacreue 5.4. Paccrosane Esxmmma CD(CRT;, CRT)), nomy4eHHOE IS
napameTpa d paBHSIETCs paccTosiHuio EBkamma st mapamerpa pasHoro 2" — d,
YTO CJICAYET U3 PABEHCTBA

J27dQ" —d) =327 " —d)2" — (2" - d)).

WmocTpanyei TaHHOTO CBOMCTBA SIBIISIOTCS] YHCIICHHBIC 3HAYCHUS PacCTo-
ssHUs EBKIIH A, IpUBeICHHBIC B TabmmIe 5.8.

CaencrBue 5.5 3nauenue paccrosaus Eskmmnma CD(CRT,, CRT) =
\2"d(2" -d) (5.17), nonyuennoe mus rectoB CRT, u CRT), cocrosmmx u3 g = 2"

m-paspsimHeix maHeeix {0, 1, 2, ..., 2"—1}, MOXeT OBITh HCIOIB30BaHO KaK CPejl-

Hee 3HaueHue paccrosuus Exiuna ACD(CRT;, CRT)) paBHoe +/qd (2" —d)

mexay Tectamu CRT; u CRT), BrarowaromuMu g < 2" TeCTOBBIX Ha0OPOB.
T mpumepa 5.7 u recta CRT; = {11, 14, 4, 13, 0}, oIy4eHHOTO HA OCHO-
BaHuu ucxonuoro tecta CRT, = {3, 6, 12, 5, 8} nipu d = 8, cornacuo (5.16) momy-

uynm, uto ACD(CRT}, CRT)) = 5><8><(23 -8) = \/@ OTMeTHM, 9TO JUIST STHX
TECTOB paccTosHue EBKiMAA CTPOro paBHACTCA €ro CpeidHeMy 3HaueHuro. Jlei-
crButensno, CD(CRTy, CRT) =[(3 — 11>+ (6 — 14)*+ (12 — 4+ (5 — 13)*+ (8
_ 0)2]1/2 _ \/ﬁ )

Caeactsue 5.6. Ecim paccrosane Esximmna CD(CRTy, CRT)) Mexny yrnpas-
JsIeMBIMH BepOsITHOCTHBIMU TecTaMu CRT; u CRT; cormacHO Teopeme 5.6 paBHS-
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erca +2"d, (2" —d)), a mgna rtecroB CRIT, u CRT,, CD(CRT,, CRT, =

\2"d, (2" —d,), to CD(CRT,, CRT,)=+/2"d.(2" —d.) ,tne d.= d;— d, mod 2".

B cootBerctBuu ¢ mpumepom 5.8 CRT,; = {0,4,5,3,7,2,6,1},a CRT,= {7,
3,4,2,6,1, 5,0}, us ciexcrus 5.6 nmoiayuum, uto d. = d;— d, mod 2" =5 — 4
mod 2° = 1 u CD(CRT,, CRT,) = 2"d.(2" —d.) =+/2°x1x(2* 1) =+/56. HUc-
[I0JIb3Ysl KJIACCHYECKOE OIpefesieHue paccTosiHus EBKiuzaa, NOIy4uM, 4YTO
CD(CRT; ,CRT,) =[(0 = T+ (4 = 3)’+ (5 4+ (3 =2’ + (7 - 6)'+ (2 — 1)+
(6 =572+ —0)]" = J/56.

B kauecTBe OCHOBBI IIOCTPOCHHS MHOTOKPATHBIX YIPABISEMBIX BEPOST-
HoctHbIX TecToB MCRT, = {CRT,, CRT,, CRT>, ..., CRT,,} OyaeT UCroab30BaTh-
csi cooTHomeHue (5.16), KOTOpoe XapaKTepu3yeTcsi MUHUMAIbHONH BBIYUCIUTENb-
HOM CIIOKHOCTBIO IpH nosydeHuu nocienyromux rectoB CRTy, CRT,, ..., CRT,,
Ha ocHoBaHUU ucxoaHoro CRTy,.

IIpu  GopMHPOBAaHMU MHOTOKPATHBIX BEPOATHOCTHBIX TecToB MCRT, =
{CRT,, CRT,, CRT,, ..., CRT,}, B xauecTBe Mep 3PPEKTUBHOCTH, B TAbHEHIIIEM
OyIyT HMCIOJB30BATHCS MaKCHMAILHOCTh MUHHMAIBHOTO PACCTOSHUS XIMMUHTA
MHD(CRT;, CRT)) u MakcMMaJbHOCTh MHHHMAJIBHOTO paccTosHus EBkiuaa
MCD(CRTy, CRT)), k#1€{0, 1,2, ..., r—1} (5.5).

ITepBoHaYaIbHO OTMETHM, YTO MaKCHMalbHOCTh 3HadeHuss MHD(CRT,,
CRT)), nocTuraeTcs 3a CUeT BBHINOJHECHUS HEPABEHCTBA d) # dh # d3 # ... #d—.
JleHcTBUTETHO, KaK OTMEYAJIOCh paHee, HeOOXOANMBIM YCIOBHEM C TOUKH 3PSHUS
MaKCUMaJIbHOTO 3HaueHus pacctosHuss Xommuara MHD(CRT,, CRT)), koTopomy
JOJDKHBI cOOTBeTCTBOBATh TecThl CRIu CRT), k#1€{0, 1,2, ..., r — 1}, sBisieTrcst
OTCYTCTBHE Yy 3THX TECTOB COBIAIAIOIINX TeCTOBBIX Habopos Ti(k) n T(/), i€ {0, 1,
2, ..., q — 1}, 9TO SKBUBAJCHTHO BBINOJHEHHIO HepaBeHCTBa 1{(k) # T(/). Tax kak
tectoBble Habops! Ti(k) m T{(/) B3auMocBs3aHbI cooTHOIEHHEM (5.16), TO BBIITOI-
nenne HepaBeHcTBa Ti(k) # T{[) mocturaercs 3a CUeT NMPUMEHEHHs] HEHYJIEBOTO
3Ha4eHus napametpa d # 0 U1 moaydeHus TecToBbix Habopos 7y(/) Tecta CRT, Ha
OCHOBaHMM TecToBBIX HabopoB 7(k) ncxomgnoro tecta CRT.

[TocnenoBaTeabHO pacCMOTPUM MHOTOKpATHBIC YIIPaBIsieMbIE BEPOSITHOCT-
Hele Tectsl MCRT, pa3nudHOl KPaTHOCTH, HAYMHAS C ABYKPATHBIX TecToB MCRT,
coctostmux u3 CRTy u CRT), tae BTopoii Tect CRT) opMupyercst HA OCHOBaHUHT
ucxoxnoro tecra CRTy cormacHo (5.16). OntumanbHOe 3HAa4YeHHE mapameTpa d
st nonyuennss CRT), COracHo ciencTBmio 5.3, pasusercs 2" '. B sTom ciyuae
paccrosHue EBxmmna mexay tectamu CRTy, u CRT, mpuHMMaeT MaKCUMAaJbHOE
3HaYEHHE, YTO 00CECICUNBACT MAKCUMAIBHOE PA3IHYNE MEKAY 3TUMH TeCTaMU U
MaKCUMaIIbHYIO 9(()EKTUBHOCTh UX COBMECTHOTO IPUMEHEHUSL.

Jns tectoB MCRT,, KpaTHOCTb KOTOPBIX 7 > 2, TOKaXKeM CIEIYIOIIYIO Teo-
pemy.

Teopema 5.7. Makcumansaoe sHauenne MHD(CRT;, CRT)), xotopomy
TOJDKHBI cooTBeTCTBOBaTh TecThl CRT, u CRT, k #1€{0, 1, 2, ..., r — 1}, MHOTO-

130



KpaTHOI'O yIpaBisieMoro BepositHocTHOro tecta MCRT,, cocrosmiero u3 r > 2 Be-
positHocTHBIX TecToB {CRTy, CRT), CRT), ..., CRT,_,}, K&Kl U3 KOTOPBIX CO-
Jepxkut g < 2" m-pa3psHBIX TECTOBBIX HAOOPOB, JIOCTUTACTCS MPU MAKCUMAIIb-
HOM MUHHMMAJIBHOM 3Ha4YeHuu d; — dj, k #1€{0, 1,2, ..., r — 1}, a dy # die{l, 2,
c, 2" =11

Jlokazamenvcmeo meopemvr 5.7. IIpy MOCTPOEHUH MHOTOKPAaTHOTO YIpaB-
nsiemoro BepositHocTHoro Tecta MCRT, = {CRT,, CRT,, CRT,, ..., CRT,}, no-
cnenytome tectel CRTy, CRT,, ..., CRT,—, crposrcsa Ha ocHoBanuu CRTy, uc-
MoJIb3ysl cooTHomIeHue (5.16) U MHOXKECTBO mapameTpoB d €{d,, d>, ds, ..., d.—1}.
B ciryuae, xorna r > 2, 3Ha4eHUs MapaMeTpa d BRIOUPAIOTCST TaKUM 00pa3oM, 4To-
OBl MAKCUMH3HPOBATh PACCTOSIHUEC XIMMHUHTA, 2 UMCHHO 4TOOBI BBIIIOJIHSIOCH HE-
paBeHCTBO d| # ch # ds # ... # d,—.

[Mpeamnonoxus, 4to ¢ = 2", MOKHO 3aKIIOYHTh, YTO JUIS JABYX MPOHM3BOJIb-
HbIX TecToB CRT, v CRT), k #1€{0, 1,2, ..., » — 1}, cormacHo (5.17), paccrosiaue

EBkinza paBasietTcst Beipakenuio /2" d(2” —d) s napamerpa d paBroro d; — dj
mod 2", Tlpu » > 2 Jy1s1 IPOM3BOJILHBIX Tap mapameTpoB d; u dy, k #1€{0, 1,2, ...,
r — 1}, MUHMMabHas UX pasHocTh d; — d; mod 2" Bcerga Goublie HylIs U MEHBIIE

-1
2", OrMerum, uto GyHKUMA paccTosHus Epkmana /2" d(2" —d) asnsercs Bo3-

pactaromeil ¢yskmmeit g d =0,2”"' . Toraa MOXHO 3aKIIOYHTH, YTO, UEM
GoJIbIlle MUHUMANIbHAs PasHOCTh d; — dj-mod 2", Tem GoJbliue OyaeT 3HauCHUE
MCD(CRT;, CRT)), k#1€{0, 1,2, ...;7— 1} (5.17). YUto u TpebOBaIOCh T0KA3aTh.

OCHOBBIBAsICh Ha JTIOKAa3aHHOIT TeOpeMe MOXKHO 3aKJIFOUYHUTh, YTO JJIs OOLIECTO
cirydass MHOrokpatHoro tecta MCRT,, onTHMAaNbHBIME 3HAYCHUSIMA TApaMETPOB
d\, dy, ..., d.| SBIAIOTCS 3HAYCHUS, KOTOPBIC JIEJIAT JHANa30H LEeNbIX gucer ot 0
70 2" Ha paBHbBIE HHTEPBAJIBI U BEIYHCIIIFOTCS COTIACHO COOTHOMICHHIO.

2" .
d=—+0,5|ie{l,2,..,r—1}. (5.18)

r

B cayuae TtpexkpaTHOro BepositTHocTHOro tecta MCRT5, ansi mOydeHUst
Broporo CRT; u tperbero CRT, tecta, Ha ocHoBaHMM HcxoaHoro tecra CRT,
HE0OXOMMO HCIOJB30BaTh ONTUMAIIbHBIE COYETaHMsI rmapaMeTpoB d; u d> (5.18),
npuMeHsieMblx A1 nonydeHust rectoB CRTy u CRT, cornacHo (5.16). CooTBeT-

CTBEHHO JUIS TPEXKPaTHBIX BEPOATHOCTHBIX TECTOB  d, =L1><2m/ 3+0,5J, a
d2:L2x2”’/3+0,5J_ st m = 3 nonyuum, uto dy = 3,ady=5,anmam=4 -d; =5, a
d2 =11.

Pacemorpum MCRT; ={CRT,, CRT,, CRT,} mns m = 4, Ipu UCHOIb30BaHUU
dy=5wud,=11. Paccrosaue EBxina mexxay tecramu CRTy u CRT| BIYHCIIACTCS

crnenytommM obpazom CD(CRTy, CRT;) =,/16x5x(16—5) =~/880 =29,7. Ocrab-
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HBIC 3HAUCHUSI PAcCTOsIHUI EBKIMIa, ISl MPOU3BOJIBHOTO 3HAUCHUSI d, IPUBEICHBI
B Tabmure 5.9.

Tabmuua 5.9. 3uauenus paccmosnuii Eexnuoa ons m=4

d 1 2 3 4 5 6 7 8
CD(CRT,, CRT)) | 15,5 | 21,2 | 24,9 | 27,7 | 29,7 | 30,9 | 31,7 | 32,0

d 9 10 11 12 13 14 15 16
CD(CRT, CRT)) | 31,7 | 30,9 | 29,7 | 27,7 | 249 | 21,2 | 15,5 0

CornacHo ykazaHHOW Tabmuie 3HaueHue paccrostaus EBkmuma CD(CRT,
CRT) = 29,7. B Ttoxe Bpems pacctosiHue Mexay tectamu CRT, u CRT,, B co0T-
BETCTBHUH CO CIIEACTBUEM 5.6, Ui d omnpenensieMoro kak d, — dy =11 — 5 = 6 pas-
usercs CD(CRTy, CRT;) =29,7.

AHanu3 NpuUBEJCHHBIX 3HAYCHUN paccTOsHUN EBKinaa, 1 paccMaTpuBae-
Moro MCRT;, nokassiBaet, uto MCD(CRT;, CRT)) = 29,7 mna k # 1€{0, 1, 2}
(5.5), u TCD(CRT,) = CD(CRT,, CRT,) + CD(CRT,, CRTy) =29,7+29,7=594
(5.4) npuHUMAIOT MaKCUMaJbHbIE 3HAUECHUSI.

Hns gersipexkpaTtHoro tecta MCRT, ={CRT,, CRT,, CRT,, CRT}, ucmoinsb-
3ys cootHomenwue (5.18), Hanpumep, s m = 4 mony4dum, 9to d, =4, do=8 u ds =
12. 3HaueHus paccTOAHUM Mexay No0bIMU AByMs TecTaMu MCRT, npuBeJeHbl B
Tabmmme 5.10.

Tabmumua 5.10. 3navenus paccmosnuii Esxnuoa ons mecma MCRT,

CRT) CRT, CRT, CRT;

CRT, - 277 | 320 | 277
CRT, | 27,7 - 27,7 | 32,0
CRT, | 32,0 | 277 - 27,7

CRT; 27,7 32,0 27,7 -

Kax BumHO 13 Tabmuier 5.10 3nauenne MCD(CRT;, CRT)), k#1€{0, 1,2, 3}
st MCRT, npyuHUMaeT MaKCUMaJIbHO BO3MOKHOE 3Ha4YeHUE paBHOE 27,7.

5.5. O pexTHBHOCTE MHOTOKPATHBIX BEPOSITHOCTHBIX TECTOB

B xauectBe Mepbl 3 (HEKTHBHOCTH MHOTOKDPATHBIX YIPABISEMBIX BEpOST-
HOCTHBIX TecToB MCRT, ucnons3yem metpuky E(k, 2™), BBenennyto B [334] mst
neneil hopMHUPOBAHUS OUEPEIHBIX TECTOBBIX HAOOPOB MPU T'€HEPHUPOBAHUU OIHO-
KpaTHOTO YIIPABIIEMOT0 BEPOSATHOCTHOTO TeCTa. MOXHO TPEAIOIOKHUTE, YTO YeM
OouibIlie 3HAYCHUE JAHHOM METPUKH, TeM Oonee 3(GEeKTUBHBIM ABISIETCS OYepes-
HoM ympaBinsieMsli TecT CRT;, KOTOPBIA B COBOKYITHOCTU C MPEIbIAYIIUMH TEeCTa-
MU T03BOJISIET JIOCTUYb MaKCUMaIbHOH 3¢ dekTuBHOoCTH. OTMETHM, YTO B IPE/bI-
JAYLMX paszgenax ObUIO IOKAa3aHO, YTO ISl JOCTHXKEHHs MaKcHMaibHOH addek-
TUBHOCTH MHOTOKPATHBIX YIPaBIISIEMBIX BEPOSITHOCTHBIX TecToB MCRT, HeobOXo-
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MO, 4T00BI paccTosiHue EBkmina s tecta CRT; ObUI0 MaKCUMAIbHBIM TI0 OT-
HOILIEHHIO K panee cpopmupoBanHbiM Tectam CRTy, CRT), CRT, ..., CRT ;.

Jns conmoctaBuTenbHOTO anain3a 3(h(GeKTHBHOCTH MHOTOKPATHBIX YIPaBIIsi-
EMBIX BEPOATHOCTHBIX TecTOB MCRT,, NCTIONB3yeM 3a/1ady TECTHPOBAHUS 3aIIOMH-
Hatoux yerpoiicts [331, 333]. I[lepBoHauanbHO PAacCMOTPUM 3allOMUHAOIIEE
YCTPOHCTBO, coCcTOsAmEe U3 2° = 8 3aMOMUHAIONINX syeeK. Jis ero TeCTHPOBAHHS
npumeHuM Tect CRT), TpeacTaBIsIIONNA co00i BCEBO3MOXKHBIE TpeXpa3psiIHbIe
azapeca, (opMupyeMbIe COTIACHO METOHOJIOTHH MapiueBbix TectoB [331, 333].
[Ipu dopmMupoBaHHK OYEpEIHOrO axpeca MEpBOHAYAIBHOE HYJICBOC COCTOSHHUE
SYCUKN TTaMATH U3MEHSCTCS Ha eIUHUYHOE COCTOSHME. TakuM 00pa3oM, Hadaib-
HOE HYJICBOC COCTOSHHE BCEX SUECK 3alIOMHUHAIONIETO YCTPOMCTBA M3MEHSICTCS Ha
ux equHIYHOE cocTosinue. Otmernm, uto 3HaueHust CD(CRT,, CRT)) nist IByX Te-
ctoB CRT,, CRT, u m = 3 npuBeneHsl B Tabuue 5.8. B kagecTBe BTOPOro ympas-
JsIeMOT0 BeposiTHOCTHOTO Tecta CRT| WCIONB3yeM TECT, MOJIYYCHHBIH COTIACHO
(5.16) s BCeBO3MOKHBIX 3HauCHMI mapamerpa d. PesympTupyroniue 3HaYCHUS
metpuku E(k, 2™) nis nsykparnoro tecta MCRT,, cocrosimero u3 tectoB CRT, u
CRT,, npuBesens! B Tabmume 5.11.

Kax BUIHO W3 MpUBENEHHBIX YHMCICHHBIX 3HaueHH, 3(pHeKTHBHOCTH NBY-
KpaTHOTO TeCTa HaXOIUTCS B CTPOroM cooTBeTCTBHU co 3HaueHussMu CD(CRT,,
CRT)), npuBeneHHbIME B Tabnuie 5.8. [erictBurensHo, it d = 1 u d = 7 paccro-
snne Epxmuna mexay CRT, u CRT paBHSETCS MMHHMANBHOMY 3HAYCHHIO /56
(cM. Tabmmiy 5.8), COOTBETCTBEHHO M KOJHYECTBO JOTONHHUTEIBHBIX JIBOMYHBIX
KOMOWMHAITM MUHUMAJILHO JJIs1 BCeX 3Ha4eHuH k. B Toxke BpeMs it d = 4 1 cooT-
BETCTBEHHO MakcuMalibHOTO 3HaueHuss CD(CRT,, CRT) =/128 9HCIIO KOMOIHH-
TENBHBIX KOMOMHAIINN MakCUMANBHO (cM. Tabmwmiy 5.11).

Tabmumua 5.11. Oyenxa agppexmusnocmu 08yKpammozo mecma 0ist 3aNOMUHATO-
we20 yempoucmaa, cocmosue2o u3 60cbMmu sanomunaiowux sueex (2" = 8), ons k

=3,4,5,6

E(k, 2™) - mOMOTHUTENBHOE KOJUYECTBO
d JIBOMYHBIX KOMOMHAIHT

EG,8) | E@4,8) | EG,8) | E,8)
1 42 105 140 105
2 72 165 200 135
3 90 195 220 140
4 96 204 224 140
5 90 195 220 140
6 72 165 200 135
7 42 105 140 105

AHaorn4HbIe Pe3ybTaThl, TIOATBEPIKIAIONINE paboTOoCTIOcOOHOCTh EBKITH-
JIOBa PacCTOSHHSA B KadecTBe Mepbl 3()(EKTHBHOCTH MHOTOKPATHOTO TecTa Ha
npumepe nBykpatHoro tecta MCRT,, s 3alIOMUHAIOIIETO YCTPOMCTBA, COCTOS-
mero u3 128 saeex u k = 3, mpuBeaeHs! Ha puc. 5.2.
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IpuBenenusie B Tabmuue 5.11 u Ha puc. 5.2 pe3yabTaThl MOATBEPKIAFOT
CIPaBEJTUBOCTh MOJTYYECHHBIX TEOPETUUECKUX TOJO0KEHUH, U B TIEPBYIO O4Yepeb
IIPAaBOMEPHOCTb TEOPEMBL 5.7.

[Ipu HCHOJB30BaHUU YIPABISIEMBIX BEPOSTHOCTHBIX TECTOB 4Yallle BCEro,
KOJIMYECTBO ¢ TECTOBBIX HaOOPOB MEHBIIE OOMIEro KOJInuecTBa 2" m-paspsaHbIX
BXOAHBIX HabopoB [331, 333]. CoOTBETCTBEHHO CYIIECTBCHHOE 3HAUCHHE IS
TIPEATIOKEHHOTO MeTo/a (OPMHUPOBAHUS YIIPABISIEMBIX BEPOSTHOCTHBIX 