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be3onacHocTh, BepupuKauusa 4 TeOpusi KOHPOPMHOCTH

N.b.bypaonos, A.C.Kocaues, B.B.Kynsamun

1. BgBeaeHHe U MOCTAHOBKA NMP00JIeMBbI

Kpuzuc B unaycrpun npousBoacta [IO B 2000 romy HE TOJBKO OTPE3BHJI YYaCTHUKOB
pBIHKA, pa3BesiB MHOXKECTBO TPAHAMO3HBIX, XOTS M HECOBITOYHBIX ITUIAHOB, HO M BCKPBLI
BO3ZHUKILIUN TEPEeKOC B TEXHOJOTHSIX pa3paboTku mporpamm. OHU TMO3BOJISLIM JAOCTAaTOYHO
OBICTPO U ¢ HEOONBIIUMH 3aTpaTaMH CO3/1aBaTh MPOTPAMMHBIE KOMIUIEKCHI TaKOW CIOKHOCTH,
KOTOpasi U He CHWIACh Jaxe OOJbIIMM KOJJIEKTHBAM pa3pabOT4YMKOB eule B cepeauHe 80-x
rozioB. O1HaKo IS MPOBEPKH UX 0€30MaCHOCTH M KOPPEKTHOCTH pabOTHI HCIIOJIb30BAIUCH TE Ke
METO/Ibl, KOTOpbIe ObLIN H300peTeHsl eme B 60-x rogax. Ecnu 10 kpu3uca KIMEeHTa elle MOXKHO
ObUIO yOeIUTh OTIAaTh JIEHBIHW 3a CHIPOM MPOAYKT, pachaisis €ro HaJekKAbl Ha TMOTPSCAIOIINe
pe3yNbTaThl BHEAPEHUS: CHUXKEHHE H3JEpPXKEK, MOBbIIEHHE 3PGEKTUBHOCTH U Tp., TO MOCIE
CUTYyaIlUsl Pe3KO MU3MEHIIACh. Teneph pyKOBOIUTEIN MPOEKTOB JIOJDKHBI OBUTH, CKPEMS CEepAIle,
TPaTUTh JPArolleHHOE BpEeMs U HE MEHee JIOpoTve yCUJusl pa3pabOTYMKOB HE TOJBKO Ha TO,
4TOOBI CO37aTh HEYTO HOBOE M HEBHUJIAHHOE, HO M MPOJEMOHCTPHPOBATH 3aKa3UHKY, YTO OHO
NEHCTBUTENBHO pelIaeT Hy)KHbIE €My 3a/laydl U JeJlaeT 3TO NpaBuibHO. HeoxkunanHo BbICOKas
TPYJOEMKOCTh 3TOW BTOPOM YacTH pabOT, Ha KOTOPYIO paHbIIe W BHUMAHHUSI-TO 0CO0O0 HE
oOpainany, BbIHYAWJIA 3aHATHCS MOMCKAMHU TEXHOJOTHM, MO3BOJSIONIMX CAelIaTh 3To Oosee
3P PEKTHUBHO.

B HOBbIX 00CTOATENbCTBAX BHE3ANMHO MPUTOAMIACH «HEPHIHOYHAS))  YBJIEUEHHOCTD
POTPaMMHUCTOB TIEPBOI BOJIHBI, YK€ CTaBIIMX Kiaccukamu Computer Science, KOppeKTHOCTHIO
pabotel mporpamMm. Cramu BOCTpEOOBAHHBIMHM CO3/IaHHBIE Ha OCHOBE HUX HJAEH TEXHUKH
paspabotku 1O, n3HauanbHO pabOTAIOMIETO MPABUILHO, U METOABI MPOBEPKH IMPABUIBHOCTH
(GYHKIIMOHUPOBAHUS TIPOU3BOJIBHO B3SITOM MporpaMmsbl. [laxke KoMmaHuu, 4bu MPOAyKTHl 10 jeT
Ha3aJ CJIABWIWCh JAJIEKO HE UJCAIbHOM CTaOWIBHOCTBIO H  HAJEKHOCTBIO PpPabOTHI,
MIPOBO3IIIALIAIOT KypC Ha MOBBIIIEHNE HAIe)KHOCTU U O6e3omacHocT padboTs! [10 u npoBoasT asns
CBOMX pa3pabOTYMKOB W TAPTHEPOB TPEHUHTHM MO TEXHHKAM HAMHCAHUS KOPPEKTHBIX U
0e30MacHbIX MPOTPaAMM.

[IpsiMo Ha HamWX ria3ax CKJIaAbIBA€TCA HOBas AUCIUIUIMHA, CTOSIIAs HA TPAHUIIE MEXKITY
TEOPETHUEeCKOM MH(GOPMATHKONW W TaKUMH HWHXKCHEPHBIMH HayKamH, Kak uHxeHepus [10 u
CUCTEMHAsI UHKEHEPHUSL, — Mecmuposanue Ha ochoge mooeneu. Bo MHOroM oHa onupaercs Ha
paboThl pa3IMYHBIX HCCIIe0BaTENCH, BbImogHeHHbIE B 80-X 1 B 90-X Togax mponuioro Beka u
MOCBSIICHHBIE MPOOJIeMaM TECTUPOBAHMS TEICKOMMYHUKAIIMOHHBIX MPOTOKONOB. Cambie
NepBbIE K€ CTAaThU, KOTOPBIE C IOJIHBIM MPAaBOM MOKHO OTHECTH C 3TOH 00JacTH, MOSIBHINCH
emte B KoHIEe 60-x—Hayase 70-x ronoB. Tem He MeHee, Cepbe3HbIN NMPAKTUYECKUN UHTEPEC K €€
pe3yabpTaTaM BO3HUK TOJBKO B Hauane XXI| Beka, B CBSA3M ¢ BOCTPEOOBAHHOCTHIO d(DPEKTUBHBIX
METOJIOB KOHTPOJISI M OOECIEYeHHsS] KadecTBa CIIOKHBIX MPOTPAMMHBIX W TPOTPaAMMHO-
anmnapaTHbIX CUCTEM B UHIYCTPHH.

1.1. Be3onacHOCTH, KOH()OPMHOCTH U TECTHPOBAHHUE

B niepBom npubmkeHun 0y1eM CUMTaTh, 4TO CHCTeMa Oe3omacHa (Secure), eciiu mpH JIroooM
B3aMMOJICHCTBIM C HEH  OHA HE MOXeT celds BEeCTH HeACKIapUPOBAHHBIM O0pPa30M.
JlexiiapupoOBaHHOCTh TOBENICHHS OIpenessieTcsl TpeOoBaHUSAMH K cucteme. KoH(POPMHOCTH
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MOHMMAETCS KaK COOTBETCTBUE TPEOOBaHUSAM, TO €CTh OTCYTCTBHE HEIEKIApUPOBAHHOTO
noBeseHus. Bepudukanueit cucteMbl Ha3bIBalOT MPOBEPKY €€ COOTBETCTBUS TPEOOBAHHUSM.

[ToBeneHue 1eneBO (MCCIEAYEMOI) CUCTEMBI OMUCHIBACTCS B TEPMHUHAX €€ «BHEIIHETOY, TO
ecTh HaOJII0JaeMOro B3aUMOJICHCTBUS C OKPYKEHHUEM. Y CHCTEMbI MOXKET ObIThb U BHYTPEHHSS,
HE TMPOSIBJIAIONIAACS BO BHEIIHUX  B3aWMOJACHCTBHSIX, HEHaOIIogaeMass aKTUBHOCTb.
PaccmaTtpuBaeTcst MPOKO pacipOCTPAHEHHBIN YaCTHBIN Clydail B3auMOJICHCTBUSA, IPU KOTOPOM
cucTeMa M OKpYXeHHe OOMEHHBAIOTCS MEXIy COOOH AHMCKPETHBIMM MOPLUSAMH HH(OpMAIUu
(coobmenusiMu). Takue cHCTEMbI Ha3bIBAlOT CHCTEMaMu BBoaa-BeiBoaa [23,27,30]. Coobuienue,
neperaBaeMoe M3 OKPYXXCHHUS B CUCTEMY, HasbiBaeTcs crumylsioMm (input), a cooOieHue,
nepelaBaeMoe M3 CHUCTEMbI B OKpyKeHHe, — peakmmeii (output). Cremys HOTanuu anreOpbl
nporeccoB CCS (Calculus of Communicating Systems [25, 26]), 0003HauuM CTUMYJIBI Kak 2Mm,
a peaknuu —Kak Im, rme m — cuMBOJ COOOIICHUS.

UtoObl (popMambHO OINPEACTUTh COOTBETCTBHE CHUCTEMBI TPEOOBAHUSM, HYKHO, MPEKIE
Bcero, (hopMann3oBaTh U TO u Apyroe. s 3Toro o0BEKTH peaTbHOr0 MUpa OTOOpAKAIOTCS B
MOJIeNIbHBIE (MaTeMaTndeckue) oObeKThl. Moens TpeOoBaHMI Ha3bIBaeTCs crenudukanue, a
MOJIeJTh IIEJIEBOM CUCTEMBI — peanu3anueil. Mexay 00beKTaMH-MOJCTISIMU  33/1a€TCSl OTHOIICHUE
KOH(OPMHOCTH KaK MaTeMaTH4ecKOe€ COOTBETCTBHE, TO €CTh IOJAMHOKECTBO JEKapTOBOTO
MPOU3BEICHUS MHOXXECTB peanu3anuii u crneuudukanmii. Ecim peanusanusi kKak MOAETb
cuUcTeMbl KOHQOpMHa creuudukanuu Kak MOAETU TpeOOBaHUM, TO CUUTAETCS, YTO CHUCTEMa
KoH(popMHA TpeOoBaHUsAM. Bepudukariys nposepsieT OTHOIIEHUE peau3alliy K CrielupUKaIiH,
HO CaMO MOJIEJIMpPOBAaHUE, TO €CTh COOTBETCTBHE CHCTEMbl M TPeOOBAaHUN HX MOJIECISAM,
NPEANOoJaraeTcsi «IMpaBWIbHBIM» U HE IMpoBepsieTcs. TOYyHO TakkKe MPEeanoyiaraeTcsi, 4To
oTOOpakeHHe peasbHON KOH()OPMHOCTH B MOJIEIBHOE OTHOILIEHHE TAKXKE «IIPaBUIIBHOE», TO
€CTh MOJICTIbHOE OTHOIIICHUE SBIIICTCS (popMalin3aieid HHTYUTUBHOTO TIOHUMAaHUS TPeOOBaHUN
[17].

Crenundukanusi cCUMTAaeTCsS WM3BECTHOW WM 3amaHHOW. UTO Kacaercs peanu3alu, TO, TaK
Ha3bIBaEMasi, «T€CTOBasl TMIIOTE3a» MPEAINOoIaraeT Julllb, YTO MOJENIb CUCTEMbI CYIIECTBYET, HO
OHa MOXeET OBbITh KaK W3BECTHA, Tak W HeusBecTHa [1]. Uro nemath B mocnenHem ciyudae? Ecnu
KOH(QOPMHOCTh  BBIp@XKAeTCs B TEPMUHAX B3aUMOJICHCTBHUS, CTAHOBUTCS BO3MOXXHBIM
TECTUPOBAHUE KaK MPOBEPKa KOH(POPMHOCTH B IKCIEPHMEHTE (IMHAMHYECKas BepH(UKAI).
[Ipu sToM 1O crnenuduKauuud TEeHEpUpPyeTcs HAOOp MOJAENBHBIX TECTOB M OMNpENeseTcs
dbopManbHOE OTHOINEHUE «peanu3alus mporura (Passes) tect». Habop TecToB Has3bIBaeTCs
MOJIHBIM, €CIIM peanu3auus KOoH(OpMHA crHeuu@HUKaluyd Torna M TOJBKO TOrja, Korjaa
peanm3anys TPOXOAWT KaXIplid TecT u3 Habopa. Ilocme 3TOro MoAENbHBIE TECTHI
TPAHCIUPYIOTCS B pealM3alliOHHOE IPEACTaBIEHHWE U IPOMYCKAIOTCS Ha IIeJIeBOil cHCTeMe.
Ecnu Bce oHM TpOXOAsT, TO KOH(POPMHOCTH CHUCTEMBI TPEOOBAHUSM CUHUTACTCS JOKA3aHHOW.
Pazymeercs, 3aech mpemnoiaraercs, YTo TPAHCISIIUS TECTOB OCYILECTBICHA «IPABUIIBHO.

1.2. KoMno3uIHOHHASI CHCTEMA M 3aNpenIéHHbIe 1eliCTBUSA

[leneBas cuctema MOXKeT OBITh (M, KaK MIPaBUJIO, SIBISICTCS]) HE MOHOJIUTHOM, a COCTOSIIEH U3
KOMIIOHEHTOB. B 3TOM cily4ae BCSKOE B3aMMOJCHCTBHE CHCTEMBI C OKPYXEHHEM BKIIIOYAET
B3aMMOJICICTBHE KOMIIOHEHTOB MeEXay coboii. Ilocriemnee CTaHOBUTCS BHYTpPEHHEH,
HEeHaOI0JaeMOl M3BHE aKTHBHOCTHIO. BO3HUKAET BOMPOC: MOXKHO JIM MOCTPOUTH OE30MaCHYIO
CUCTEMY M3 OINAaCHBIX KOMIOHEHTOB? MOXKHO, €CJIM YUYUTHIBaTh, YTO OKPYKEHHE Ka)XJI0To
KOMIIOHCHTAa HC MPOU3BOJIBHO, a OIrpaHUYCHO, 4YaCTHYHO WM TOJHOCTBIO, JAPYIruMH
KOMIIOHEHTaMH, MIOBEJICHUE KOTOPBIX ONpEeNsIeTcs TPeOOBaHUSAMH K HUM.
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B »TOM ciiydae moji omacHeIM KOMIIOHEHTOM CIIEAYyeT MOHUMAaTh He JIF000i KOMIIOHEHT, a
TaKkoH, MOBEJEHHE KOTOPOro OINpeiesieH0, HO YacTuyHo. [ 3roro crnenudukanus JOJKHA
OTHCHIBATh HE TOJILKO JIEKJIAPUPOBAHHOE MOBEJCHHUE, HO U CIIy4aW, KOTJa TMOBEICHUE «HMEET
paBo» OBITH JIIOOBIM, BKJIIOYasi 3aBeoMO He paspemieHHoe [9,24]. Takoe moBeaeHue Oymem
HA3bIBaTh «3alpelIeHHbIM» W 0003HauaTh B CHelU(UKAUKU CUMBOIOM Y. KOMIOHEHT,
KOH(OpMHBII Takol crienudukanuu, OyneM Ha3bIBaTh YCIOBHO-Oe30macHbIM. Eciu ycioBHO-
0e30MmacHbIil KOMIIOHEHT KOH(OpPMEH CBOCH crenudukanud, TO OH MOXKET HWMETh OMacHoe
MOBEJIeHWEe, HO HaM W3BECTHO, INPU KAKOM B3aUMOACMCTBHM 3TOrO KOMIIOHEHTa C €ro
OKPYXCHHEM 5TO BO3MOXKHO, a MpH KakoM HeT. KOMIO3WIIMOHHAS cHCTeMa, MOCTPOSHHAs W3
YCIIOBHO-0€30MacHbIX KOMIIOHEHTOB, 0Oe€30MacHa, €ciH 3allpellleHHOe MOBEJECHHE B JI0O0OM
KOMITOHEHTE OKXKETCS HEJIOCTH)KMMO TPH JTF0OOM B3aUMOJICHCTBUU KOMITO3UIITMOHHON CHCTEMBI
C €€ OKpPYKECHHUEM.

[MpuBeném mpuMmepsl 3ampenieHHOro moBeneHus. 1) B cucremax ITUHAMHUYECKOTO
pacnpeneneHns namsaTH MOBeAeHHE MPOLEAYPbl OCBOOOXKACHUS MaMATH HE AEKIapUPOBAHO IS
OCBOOOXKICHHsI He3aXxBaueHHON paHee mamstu. 2) «KHOMKa 3amycka pakeTbl» B HEKOTOPBIX
CIIy4asiX SIBHO HE pa3peliaercs.

1.3. Cucremsbl pa3MeUyeHHBIX Iepexo10B

B kadectBe mopeneit (peanuzanuii U crieruduKaIuii) BBIOUPEM JTOCTATOYHO TPATUIIMOHHBIC
cucTeMbl pa3meueHHbIX mepexonoB — LTS (Labelled Transition System). Omna w3 npuuux
TAKOro BBIOOpAa 3aKIIOYaeTcs B TOM, 4YTO JUIS TAaKUX CHCTEM OINpPEACNICHbI OINepaluu
KOMIIO3UINH, 3aMMCTBYEMBIE U3 anreOp MpoIecCcoB.

LTS — »sT0 opuweHTHpOBaHHBIA Tpad, B KOTOPOM BEPIIWHBI HA3BIBAIOTCS COCTOSTHUSIMHU,
BBIJICJICHO OJTHO HAYaJIbHOE COCTOSIHHE, IyTW ITOMEYCHBI CHMBOJIAMH JCHCTBHA M HAa3bIBAIOTCS
nepexonamu. [leiicTBueM MoxkeT OBITh Mepeaya CTUMYJIa WM PEaKIuu U3 33JJaHHOTO BMECTE C
LTS andaBura L BHEmHMX ACHCTBUN, a TakKe BHYTpPEHHEE, HEHaOJI0JaeMoe eHCTBHE,
TPAIUIIMOHHO 0003HAYaeMOe CUMBOJIOM T. JIOTIOJIHUTEIBHO BBEAECM 3alpelIEHHOES ICHCTBUE Y.
[Tepexom U3 COCTOSHUSA S B COCTOSHHE S 110 JACHCTBHIO Z o00Oo03HadaeTcs S—Z—S . Jlus
JATBHEUINETO HaM ITOHAIOOUTCS MOHATHE CTAOMIBLHOTO COCTOSIHHSI — COCTOSIHHSI, B KOTOPOM HET

T- U y-mepexonoB. Temeph Oe3omacHas cucTeMa ompenensiercs Kak cucrema, B LTS-momenu
KOTOPOM HET Y-NIEPEX0JI0B, JOCTUKUMBIX U3 HAYAJIbHOT'O COCTOSIHUSI.

1.4. Komno3unusa LTS

Omnpenenum kommosuiuio LTS, koropas ctpout LTS-Momens KOMIO3UIIMOHHON CHCTEMBI IO
LTS-mMomensim €€ KOMMOHEHTOB. Takylo KoMIo3uwmuio Oyaem Ha3bBaTh npawoi. OnHa
COOTBETCTBYET oOleparopy kommosunuu B anredpe mporeccoB CCS. Pesynbrar KOMIIO3UIIAN
LTS S; (Bandasure A)u S, (B andaButre B) — 310 Tpeths LTS, obo3nauaemas S;1|S». EE
COCTOSIHMSI — 9TO Tapbl cocTosHUM LTS-omepaHaoB, HadadbHOE COCTOSHHE — JTO Tapa
HAYaNbHBIX cocTostHMM. Ctumyn 7?M u peakuuwst Im  Has3wIBalOTCS NpOMUBONOLONCHBIMU
JEHCTBUAMY; ONpefesserca onepauus «mofguépkuBanue». ?m=Im u Im=?m. B andasur
KOMITO3HIIMHU TIONAaJal0T T€ BHEIIHWE JeicTBHs W3 aidaButa Kaxaoro LTS-omepanma, mis
KOTOpeix B andaBute npyroro LTS-omepanma HET TPOTUBOMONOXKHBIX —JICHCTBUU:
A11B=CA\B) U(B\A). KoMno3uuonHble Nepexoabl JeIATCS Ha aCHHXPOHHBIC U CHHXPOHHBIE.

ACHHXPOHHOMY TIEPEX0Jly COOTBETCTBYET Mepexoa B ogHoM u3 LTS-omepannoB, momeueHHBIN
BHEIIHUM JIEWCTBUEM KOMIIO3UIIMOHHOTO an(aBUTa, CHMBOJIOM T WM 7Y; U3MEHUTHCS MOKET
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COCTOSIHUME TOJIbKO oaHOro LTS-omepanma. CHHXpOHHOMY TMEpEeXOJy COOTBETCTBYET IMapa
nepexonoB B LTS-omepannax mo mnpoOTHBOMONOXKHBIM ACHCTBUSAM, KOTOpas B KOMIIO3UIIMU
CTaHOBHUTCA T-TIEPEXOJ0M; U3MEHUTHCS MOTYT cocTostHua oboux LTS-omepannoB. @opmanbHO
KOMITO3UIUS TIEPEXOJI0B OMPEAETAETCs CIEAYIOUIMMHU TPaBUIaMU BbIBOJA:

ze(A\B)U{r,7} & a—z—a" + ab—z—a’b;
ze (BN\A)YU{r,7} & b—=z—b~ F+F ab—z—ab;
zeAnB & a—z—a & b—z—b~ F ab——a'b".

1.5. IIpo6GseMa MOHOTOHHOCTH KOMIIO3HIIMY U MpeAJjaraeMoe peunieHue

Bbynem mnpenmonarate, 9TO OTHOLIEHHWE KOH(MOPMHOCTH SBJSIETCS TPEANOPSIIKOM
(penexcuBHO U TpaH3uTHBHO). [TycTh HaM 3amaHbl crienM@UKAIMA KOMIIOHEHTOB. Ornpenenim
CBOMCTBa, KOTOPBIMH JIOJDKHA 00J1a1aTh «II0THAS CIEHU(PHUKANNSA KOMIO3UIIHOHHON CHCTEMBI:
1. YcnoBue MOHOTOHHOCTH: KOMITO3HUIMS JIIOOBIX peaau3alii KOMIOHEHTOB, KOH(OPMHBIX

cBOUM crienudukanusiM, KOHGOpPMHA CTICTTM(PUKAIIMH CHCTEMBI.

2. YclioBHE MaKCHMMaJIbHOCTH TPEOOBaHMIA: CrIEU(HUKAINS CUCTEMBbI MPEABSIBISIET K CUCTEME
caMble CHJIbHBIE TpEOOBAaHUS CpeOu BCEX CHEHU(HUKANUA, KOTOPBIC YIOBIETBOPSIOT
YCIIOBHIO MOHOTOHHOCTH, TO €CTh KOH(OPMHA KaX/10H U3 HUX.

Crnenn¢ukanuio, yIOBIECTBOPSIONIYI0 YCIOBHIO MOHOTOHHOCTH, OyJeM Ha3bIBaTh
Koppekmuotl cuenrupukanueil. 3aMeTuM, 4TO crienuUKaIys, pa3pemaromnas «Bcé», 3aBe10MO
KoppekTHa. Ecnmu ke KoppekTHas crenu@ukays yIOBICTBOPSET YCIOBHIO MaKCHMAaJIbHOCTH
TpeGoBaHuUH, TO OyJeM Ha3bIBaTh €€ Kocou KOMITO3UIMEN crierdukanuii KOMIOHEHTOB. Takyio

KOCYI0 KOMITO3UIMI0 OyneM o0Oo3Havath Si//S,. [lpobrnema 3akirodaercs B TOM, 4TO MpsMast

KOMIIO3ULUS cllelU(pUKalUi KOMIIOHEHTOB, BOOOIIE TOBOps, HE SIBJIAETCS HE TOJIBKO KOCOM
KOMITO3UIIMEH, HO W BOOOIIE KOPPEKTHOW crenuduKaleid CHCTEMBI: OHAa MOXET He
YIOBJIETBOPATH YCIIOBHIO MOHOTOHHOCTH [18,10,11]. B 4yacTHOCTH, BO3MOXXHO HApYyIICHHE
0€30MaCHOCTH: TpsiMas KOMITO3UIUS crienuuKanuii 6e3omacHa, a KOMIIO3UIMS KOH(POPMHBIX
peanu3anuii ornacHa.

OcHoOBHast ujes TMpenIaraeMoro penIeHUs MPOoOJIEeMbl 3aKIIOYAeTCs B TOM, YTOOBI KOCYIO
KOMIIO3ULMIO BBIIIOJHATh Kak HPAMYI0 KOMIIO3UIMIO IPeoOpa3oBaHHBIX crHenuduKanuii.

[TpeobpazoBanue T-LTS—LTS, ynosaerBopsromee ycinoBuio T{S1)1|T(S2)=S1//S2, Oynem

Ha3bIBATh MOHOMOHHBIM npeobpazosanuem. [IpeodpazoBanHas cnenuduKanus I0DKHA OBITh
SKBUBAJICHTHA HCXOI[HOﬁ CHGHI/Iq)I/IKaI_[I/II/I II0 OTHOIICHUIO KOHq)OpMHOCTI/I: MHOXECTBO
KOH()OPMHBIX peanu3anuii COXpaHsIeTcs Mpu MpeoOpa3oBaHHH.

2.  OrtHomeHue KOHGOPMHOCTH i0COp,;

PaccmarpuBaercss oTHOIIEHHE KOH()OPMHOCTH, OCHOBAaHHOE€ HAa MHUHHMMAJBHBIX TECTOBBIX
BO3MOJKHOCTSIX T10 YINPAaBICHUIO pealu3anueil (TECTOBBbIC BO3JCHUCTBHS) U HAOIIOJACHUIO €8
noBeJeHUA. TecT MOXKET MOChUIATh B PEATH3AIMI0 OTACIbHBIM CTUMYI U HaOM0aTh JH00 ero
npuéM peanuzanued, 1100 0TKa3 B mpuéme cTumyia. Takke TeCT MOXKET MPUHHUMATH JII0OYI0
peakiuio OT peanu3anuy, Habmogas auOO BBIJABAaEMYIO peanu3alnuedl peakiuio, 0o
OTCYTCTBHE BbIJaBaeMbIX peakiuil. OTHomeHne KoHGOpPMHOCTH (DOpMyIHpyeTcs B TepMHUHaX
Tpacc (mocieaoBaTeabHOCTeH) HAOMIOEHUI U CKIaIbIBacTCS M3 JIBYX YCIIOBHUE: 1) rumoresa o
0e30MacHOCTH, KOTOpas SBIAETCS MPEAYCIOBHEM TECTHPOBAaHUS U OIpeAesieT Kiacc
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peanu3anuii, Npu TECTUPOBAHUM KOTOPHIX HE BOZHUKAET 3aNPELIEHHBIX IEUCTBUM, U 2) yCIOBHE,
IpOBEPsAEMOE IPU TECTUPOBAHUM Pealu3aliii, yAO0BIETBOPSAIOLINX TUIIOTE3€ O OE30MaCHOCTH.

2.1. Tpaccel Habaw0OAEHUT

Jlis Toro 4ytoObl MOKHO OBLJIO MPOBOJUTH KaK CTATHYECKYI0, TaK U JUHAMUYECKYIO
Bepudukanuio, Oymem (opmanu3oBaTh MOBEIEHHE CHUCTEMBI KaK MHOXECTBO Tpacc
(mocnengoBaTeNbHOCTEH) HAOMIONEHUM, KOTOPhIE MOTYT OBITh TOJTYYEHBI B  TECTOBBIX
JKCIepUMEHTax ¢ cucreMoil. Crienndukanuio Takxe OyaeM MOHMMATh KaK MHOKECTBO Tpacce, a
KOH(OPMHOCTh KaK OTHOIIEHHE MEXIy IBYMS MHO)KecTBaMHu Tpacc. [loCKonbKy cocTosHus
TECTUPYEMOW CHUCTEMBbI, KaK MpaBUJIO, HE HaOII0JaeMbl NpU TECTHPOBAHWHU, HE Oyaem
paccmaTpuBaTh OTHOIIEHHS KOH(GOPMHOCTH, OCHOBaHHbIE Ha COCTOSHUSAX, TakKHe Kak
U30MOp(H3M M BCEBO3MOXKHBIC CUMYJISIMH: CuiabHas (Strong), cmabas (weak), u t.m. B Tom
clly4yae, KOIJla COCTOSHUSI pealu3aluu BCE K€ OTKPBITHI, OyleM CUMTaTh, 4YTO HMEETCs
crieluanbHasl peakiys «coodmenne o coctossHumM» (Status message). IIpennonaraercs, 4ro 3ta
peakuus «10CTOBEpHa», TO €CTh OHA BBHINAETCS B TOM COCTOSTHUHM, O KOTOPOM OHa COOOIAET, U
cama He MEHsET 3TOTro cocTosiHUs. HalmroneHus: Takux crenuanbHbIX peakiuil, €CId OHHU €CTbh,
TaK)Ke BKIIOUAIOTCS B TPAcChl HAOMIOAeHUH. MOKHO OTMETUTH, YTO TECTUPOBAHKE PEaTU3aIHi C
OTKPBITBIMUA COCTOSTHUSIMU CYILECTBEHHO YIPOIIAETCSs, CBOISICH, (paKTHUECKH, K 00xoxny rpada
nepexomoB LTS [24,4, 5, 6, 20, 7].

Bynem paccunThiBaTh Ha MUHHUMAJIbHBIE TECTOBBIE BOSMOXKHOCTH YIPABJICHUS pealln3alluei,
KOTOpBIE CBOJSTCS K TECTOBBIM BO3ICHCTBHAM ABYX THUIOB: MPUEM peaklUil OT peanu3alud U
NOCBIIKA CTUMYJIA B peanu3auuio. [Ipu 3Tom Oyaem cuuTarh, 4TO TECTEpP HE MOKET «BBIOUPATHY,
KaKyl0 pEaKkIUIo OT peaju3aldd eMy IpHUHATh, a KaKyl HeT: MO0 mpuHHUMaeTcs Jolas
peakius, MO0 HUKakasg He mpuHumaercs. CTUMyJ, HaNpOTUB, BCETNa MOCHUIACTCS OJUH. HET
COBMEILIEHUS TOCBUIKU CTUMYJIa C MPUEMOM peaKLUi WK MOCBUIKOM IPyroro CTUMyJa.

Taxke OyneMm paccuMTBHIBaTh Ha MHHHMAJbHBIE TECTOBbIE BO3MOXKHOCTU HAOIIOJCHMUS,
KOTOpBIC CBOJATCSA K JBYM THIAM: HaOJIOJCHHE BHEIIHETro JeHCTBUs (BblAadya peaau3anueit
peakuuyu WM IpUEM pealu3alMeld CTUMyJa) U OTKa3, MOHMMAaEeMblii KaK OTCYTCTBUE TaKUX
HaOmoneHuit. [locnennee BO3MOXHO B TOM Cily4ae, KOrJa BO B3aWMOJICHCTBHMM BO3HHKAET
TYNUK: pealn3alns HIYero He MOXKET JeNlaTh U ocmaHnasiugaemcs (10 CIEeIyIOLUEero TeCTOBOro
BO3JICHCTBHUS, KOTOPOE MOXET 3TOT TYIHK pa3pennth). II0CKONBKY T- W y-ACHCTBHS BCerjaa
MOTYT BBIMOJHATHCS, TYNHK BO3HHMKAE€T TOJBKO B CTAOMJIBHBIX COCTOSIHMSIX. J[sl ykazaHHBIX
BBIIIIE TUTIOB TECTOBBIX BO3JICHCTBUIA y HAC MOTYT OBITh OTKA3bl IBYX THUIIOB:

a) Cmayuonaprocms KaK OTCYTCTBHE peakimii (quiescent), koraa Tectep MPUHAMAET PEaKIIUH;
o6o3nauaercst cumBosioM O [30,31]. CooTBeTCTBYIOIIEE COCTOSIHAE peaTU3allii Ha3bIBACTCS
CTallMIOHAPHBIM.

b) broxuposka cmumyna (input refusal) kax oTka3 B mnpuéme nmaHHOrO cTUMyda 72X,
MOCHLIAEMOT0 B pealiu3alliio TecTepoM; obo3nauaercs kak {?X} [28,29,22,2,8,16,14].

CrannoHapHOCTh MOXET HaOIIOIAThCs, €CIIM, HApHUMep, BPeMs OXKUIAHUS CJeIyroIIen
peaKkuu OrpaHUYEHO CBEPXY M3BECTHBIM TaliM-ayroMm. lcreueHue TaliM-ayTa O3HA4YaeT, 4YTO
peakmuii OoJpiie HEe OyneT 10 HOBOTO TECTOBOTO BO3MEWUCTBHS (MOCBUIKM cTUMYyna). [pyroit
BapUaHT: OKPY)XEHUE TIOJIy4aeT CIHEIHaJbHOe 0CTOBepHOe (0Oe30mubouHoe M, 3HAYMUT, HE
TpeOyroliee TECTUPOBAHUS) «U3BEIIEHHWE O MpEeKpallleHuu Mepefadd peakiuii». biokuposka
cTUMyJia HaOJroaemMa, eciy MOChUIKA CTUMYJIa B PEAM3alHUI0 MPEeIyCMaTpUBAET TOCTOBEPHOE
«YBEIOMJIEHHE O BpPYUYEHHUU», KOTOpOE€ JOKHO NHPUITH 3a BpeMs, OTPaHMYEHHOE CBEpXY
U3BECTHBIM TaiiM-ayToM. Jlpyroii BapHaHT: OKpY)XEHHE JOCTOBEPHO TOJy4aeT JHbo
«yBEIOMJICHUE O BPYUYCHUMN, INOO «yBEIOMIIEHHUE O HEBPYUECHU.
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HaGmoienne 0oTka3oB BO3MOXKHO TONBKO, eciid B LTS HeT auBepreHmmm — OECKOHEUHOM
MOCJIEIOBATEILHOCTH T-ICUCTBUH, TTOCKOJIBKY B 9TOM CITy4ae CHCTEMa HE BBITIOJHSACT HUKAKUX
BHEIIHUX JCHCTBUH W HE OcTaHaBIMBacTcsA. Ha kakmoe TecToBoe BO3JEHCTBHE (HAOJIOICHUE
BHEIITHETO JIEHCTBHS WJIM OTKa3a) >KeJIaTeNIbHO TOJYYCeHHE OTBETa, IMOATOMY JIUBEPTCHIINIO
OyJeM cuuTaTh 3alpelIeHHBIM JCHCTBHEM U PACCMAaTPUBATh KaK OJMH U3 BUJIOB Y-ICHCTBUS.

Y-nercTBre OyJIeM CUMTaTh YCIOBHO-HAONIOAA€MBIM JIEHCTBHEM, U BKJIIOYATh €0 B Tpaccy.
Kak coObITHE Y-I€CTBHE MOXKET BO3HHMKATh TPH B3aUMOJCHCTBHUH, HO B JaJIbHEHUIIIEM
OTPAaHUYUMCS TOJBKO TAKUM TECTUPOBAHUEM, IPU KOTOPOM Y-IEUCTBHS HE OYAYT BBITOTHATHCA.
Tem cambIM, mpearosaraercs, 4ro OKPYKEHHE JOJDKHO B3aMMOJICHCTBOBATH C peaM3aluen
MPaBUJILHO B TOM CMBICIIE, YTO TaKO€ B3aWMOJCHCTBHE HE JOHKHO MPUBOJUTH K Y-ACHCTBUSAM
peanuzanuu. Ecnm, Hanpumep, nHTEpPEiic peann3anun COIEPKUT ONEPAIMH C MPETyCIOBUIMH,
TO OKPY)KCHHE HE JIOJDKHO BBI3BIBATH ITU OMNEPALMH C HAPYIICHUEM MPEIyCIOBUI: MOBEACHHE
peaau3anuy B 3TOM CIlIydae CUMTACTCS HEeXKEIaTeIbHBIM (HEOTpeneaEHHBIM) U MOJICTTUPYETCS V-
neiictBueM. MIHBIMU CTTOBaMH, MIOCKOJIBKY MBI XOTUM YOEIUTHCS B PABUILHOCTH peaU3aliy, a
HE OKPY)KCHHMs, HAC HE HWHTEpPECyeT IOBEJICHHWE pealn3allid TMPU BBI3OBE €€ orepanui ¢
HApyIICHUEM TMPEAYCIOBUN, W TaKoe TMOBEICHHWE HE pPErJaMeHTHPYeTCs CIenu(UKanei.
CemaHTHKA Y-IE€HCTBUS TPEAINOJaraeT, 4To IOCJe HEro JitoOble HAaOI0EeHNUS HEAOCTOBEPHBI,
MOATOMY TIOCTIE Y-JICHCTBHS HUKaKHe HAOMI0ICHUS HEeBO3MOXKHBI. HamoMHuM, 4TO Hamia 1eiasb —
YMETh CTPOUTH OE30MaCHBIE CHCTEMBI W3 YCIOBHO-0€30MAaCHBIX KOMIIOHEHTOB, KOTJa TMpHU
B3aUMOJICICTBUY KOMITOHEHTOB Y-/ICHCTBHS B HUX HE BBITOTHSIIOTCS.

Jlist monmydenust Bcex Tpacc LTS mocrarouHo B KakaoM CTaOMILHOM COCTOSSHHMHM JOOaBHTH
METIII0, TIOMEYCHHYIO OTKa30M, KOTOPBIA B 9TOM COCTOSSHUM MOXKET BO3HHKaTh. Kpome ToroO,
KOKJBIA Y-TIepeXoJ]l TepeHanpaBUM B J00AaBICHHOEC TEPMUHAIBLHOE Y-COCTOSIHHE, W IS
MOJICTTUPOBAHUS TUBEPTEHIINU Y-IEHCTBUEM U3 KaXIOTO TUBEPTEHTHOTO COCTOSHUS (B KOTOPOM
HAYMHACTCS JUBEPTeHIMs) JO0OaBUM Y-TiepeXxoj]] B y-cocTostHMe. [locie 3Toro HyXHO B3STh
MOCJIEIOBATEILHOCTH CHUMBOJIOB, KPOME CHMBOJIa T, KOTOPBIMH ITOMEYEHBI BCE KOHEYHBIC
nenoyku nepexoqos LTS, HaunHaromuecs: B Ha9aabHOM COCTOSTHUM. MHOXxecTBo Tpacc LTS S
Oynem oOo3HauaTh Kak Traces(S) wu Ha3bIBaTh MpaAcco8ou MOOelblo. 3aMETHUM, YTO TaKHE
Tpacchl, B KOTOPbIE, KPOME BHEIIHUX JEHCTBHM, BXOMAT OTKA3bl, SBISIOTCS PAa3HOBUIHOCTHIO
tpacc ¢ orkazamu (failure traces) [12,13]. Otiauune B TOM, 94TO MBI pa3pellacM TOJIBKO 1Ba THIIA
OTKA30B: CTAIIHOHAPHOCTH M OJIOKHPOBKU CTUMYJIOB.

2.2. Be3onacHble Tpacchbl M THNOTE3a 0 0€30MACHOCTH

Bymem roBOpuTh, YTO TECTHPOBAHHE OE30MAaCHO, €CJAM OHO HE MPUBOIUT K Y-ACHCTBUAM
(Bximrouass guBepreiuio). Omnpenenum 310 dopmanbHo st LTS S, 3amerum, uro Bce
ornpeeneHuss 0€30IMacHOCTH CYIIECTBEHHO 3aBUCAT TOJBKO OT TpaccoBoi moaenu Traces(S),
TO ecTh LTS ¢ oqHUM MHOXECTBOM Tpacc SKBUBAJICHTHBI C TOYKU 3pEHUS 0€301MaCHOCTH.

Crumyn ?X wu ero OmokupoBka {?X} Oc3omacHbl IOCIE TpacChl G, €CIHU
o?xygTraces(S). Bee peakiuu U CTallMOHAPHOCTH OE30MACHBI TIOCIIE TPACCHl G, €CIH HH JIJIsI
Kakoii peakimu 'y He cymectByer Tpacchl olyygTraces(S). MHOXECTBO CHMBOJIOB,
Oesomacubix B LTS S mocnme Tpaccel o, obosnauaercs kak SafeSymbols(S after o).
3ameTnM, 4TO, eciu Tpacca o ¢ lraces(S), Bce cuUMBOIBI O€30MacHbl Mocjie HeE, a eciu
oeTraces(S), o 3to He obs3arenbHO Tak. Kpome Toro, mpomomkeHue Tpacchl o e Traces(S)
0€30MMacHBIM CHMBOJIOM MOXET NMPHHAICKATh MM HE TMPUHAICKATh MHOXKECTBY Tpacc LTS.
Tpacca o Oe3omacHa, ecmu yg Traces(S), oeTraces(S) wu moboit npedukc Tpacchl G
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IpOJOIDKAETCS B HEW CHMBOJIOM, O€30macHbIM mociie 3Toro mnpeduxca. I[loaMHOXKeCTBO
6e3omacubix Tpacc LTS S Oymem o6o3nauats kak SafeTraces(S). LTS Oe3onacHa, eciiu Bce
e€ Tpaccel  0E30MAaCHBI: S secure =qer SafeTraces(S)=Traces(S). TecrtupoBanue
0e301acHo, ecii HabJII0AAI0TCs TOIBKO OE30TMaCHbBIE TPACCHI.

[TockonbKy TecTHpyeTCs HEHW3BECTHAs pealu3aius, HEe MOXET ObITh aOCONIOTHOU
YBEPEHHOCTH B 0€30macHOCTH TecTHpoBaHUsA. 110aTOMy HEOOXOAMMO BBIABUHYTH THIIOTE3Y O
TOM, 9YTO pealu3anusi MPHHAIICKUT HEKOTOPOMY KIIACCy 0Oe30naCHO-Mecmupyembix
peanuzanuii. Takyio rumoredy OyaeM Has3bIBaTh eunomesoti o bezonacHocmu. OrpaHHYUMCS
TaKUMHU OTHOIICHUSIMH KOH(QOPMHOCTH, KOTOPBIE MPOBEPSIEMbI ITpH 0€30MaCHOM TECTHPOBaHUH,
U TI03TOMY JKENIaTeIbHO, YTOOBI KilacC KOH(DOPMHBIX pean3alyil sSBISUICS MMOAKIACCOM Kiacca
0€30IaCHO-TECTUPYEMBIX peanu3anuii. B 3ToM ciydyae mmeercsi MOTCHIMAIbHAS BO3MOXKHOCTh
YIOCTOBEPUTHCS, SIBISICTCS JIM JII00as peanu3anus KOHPOPMHOW WM HET: €Clid OHa He
YIIOBJIETBOPSIET THIIOTE3¢ O OE30MAaCHOCTH, OHA HEKOH(POPMHA, a €CIIM YAOBJIECTBOPSET, TO
IPOBOJUM TECTUPOBAHHE. 3/1€Ch OTHOIICHHE KOH()OPMHOCTH CKJIAJIbIBAETCS U3 JBYX YCIOBHI:
1) rumoTre3a 0 G€30MaCHOCTH, KOTOpas SBISICTCS MPETyCIOBUEM TECTUPOBAaHUS, U 2) YCIOBHE,
pOBEPsSEMOE TPU TECTUPOBAHUU PEaTU3alUi, YAOBICTBOPSIOLINX TUIIOTE3€ O OE30MaCHOCTH.

be3oTHOCUTENPHO K cCHEHU(UKAIMA peau3aus O0e30MacHO-TECTHpyeMa TOJNBKO TOTAA,
KOTJa B Heil BooOIIe HeT y-AecTBUil. XOTs B 3TOM cilydyae Jito0oe TeCTUpOoBaHUe 06e301acHO, HU
OTKyJa HE CIIeIyeT, YTO TaKOH KJacC COACPKUT BCE pealu3alvu, KOH(POPMHBIC JaHHOM
cnenudukanuu. Beixoa B ToM, 4TOOBI MPOBOJAUTH TECTUPOBAHUE HE «BOOOIIE», a TSI IPOBEPKU
KOH(OPMHOCTH 3aJJaHHOM, H3BECTHOM crienupuKaiu. D10 yxe OyneT He T000e TeCTUPOBaHHE.
Hampumep, HaM He HY)KHO CpaBHUBATh IMOBEICHUE PealN3alluil M CIICIU(PHUKAIIMH TTOCIIE TPACCHI,
KOTOPOH, COTIacHO crienu(pHUKaINU, HE TOJKHO ObITh B KOH()OpMHOU peanu3anuu. OakTUu4ecKH,
371€Ch HIIET peYb O TOM, YTO TECTUPOBAHHE ITPOBOIUTCS, BOOOIIE TOBOPS, «JI0 TIEPBOM OMIMOKIY.
Taxum oOpa3oM, Kinacc 0€30MaCHO-TECTUPYEMBIX peaTu3aliil 3aBUCUT OT CIICHU(UKALIHIH.

Cdhopmynupyem mpeaaraeMyro TUIIOTe3y O O€30MaCHOCTH ISl BRIOPAHHBIX HAMHU TECTOBBIX
BO3MOXKHOCTeH: peammsarus | Oe3omacHo-TecTupyema i 3aaHHOM crnenupuKamuum S,
obo3nauaercss | safe for S Ttorma u TOJBKO TOTA, KOT/IA BBIMOJIHSIOTCS JIBa YCIIOBHS:

1. ygTraces(S) = ygTraces(l).
2. VoeSafeTraces(S) VueSafeSymbols(S after o) ueSafeSymbols(l after o).

Kopode 310 MOXHO CHOpMYNIHpPOBaTh, UCIONB3Ysl TECTOBbIE Tpacchl. Tpacca HasbIBaeTcs
TECTOBOM, €CJIM OHa Oe30macHa WJIM SIBJISIETCS MPOJIOJDKEHHEM O€301acHON TPacChl CHMBOJIOM,
6e3omacHbIM Tocie Heé. O003Hauass MHOXKeCTBO TecTOBBIX Tpacc LTS S kak TestTraces(S),
umeem: | safefor S < TestTraces(S)nTraces(1) < TestTraces(l). TecroBsie Tpaccht
cneun(UKauy — 3TO KaK pa3 Te TPACChl, KOTOPbIE HYXKHBI JIJIsl IPOBEPKU KOH(POPMHOCTH 1000
0€30IaCHO-TECTUPYEMO peaTn3aIu.

2.3. OtHoleHne KOH(pOpMHOCTH

[IpaBuia npeayaraeMoro OTHOIIECHUS KOHGOPMHOCTH 10COg,5 NPUMEHSIOTCS K Oe30macHo-
TECTUPYEMBIM pealM3alusiIM U UMEIOT BUJ “‘Peanusayus modxcem ... moabko mozod, koeod Ol
cneyugukayuu 2mo 603MONMCHO 6 MAKOU dce Cumyayui, mo ecms, Nocie Mol e Camoll
mpaccel, 6esonacHoll 6 cneyuguxkayuy’, TAE MHOTOTOYME O3HAYAECT CUMBOJ, OCHMABIAIOWULL
mpaccy 6e3onacholl 8 cneyugukayui, TO €CTh OJHO U3 CIETYIONINX:

[IpaBuiio peakiuu: “BbLAATH TAHHYIO PEAKIIUIO .
[IpaBuiao CTaIMOHAPHOCTHU: ‘‘HE BbIAABATh HUKAKUX PEAKIUN .
IIpaBuio crumydna: “OPUHSTH JaHHBIA CTUMYT .
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[1paBuI0 GIOKHPOBKHU: “OIOKMPOBATH JAHHBIA CTUMYI .

Teneprs naaum GopmanbHOE onpeaesneHue (3aMeTHM, YTO OHO 3aBUCUT TOJIBKO OT TPACCOBBIX
MoOJIeJIeH pealn3aluy U CreuUKaInn):
I iocog,s S =ger | safefor S &
VoeSafeTraces(S) VueSafeSymbols(S after ) cueTraces(1) = ocueTraces(S).

B TepMuHax TECTOBBIX Tpacc MPOBEPSIEMOE YCIOBUE 3aIUCHIBACTCS KOpPOYe:

TestTraces(S)Traces(1)cTraces(S). CooTBETCTBEHHO:

I iocog,s S < TestTraces(S)nTraces(1)cTraces(S)TestTraces(l).

Ha Puc 1 npuBenensl mpumMepsl crienudukanuu U Tpéx peanusauuil. [lepBas peanusanus
koH(popMHa crenuduKanuu, BTOpas HE YIOBJIETBOPSIET TUIIOTE3E O OE30MacCHOCTH, TPEThS
0e301acHO-TecCTUpyeMa, HO He KOH(POPMHA.

Spec Impl, Impl, Impl;
7a Ix

L={7a,?b,!x,ly}
?a,7b

?b

Impl, jocog,; Spec Impl,safefor Spec Impl;Jeee; ; Spec
Puc 1. Kondopmubie 1 HeKOH()OPMHBIE peaTu3alli.

Ecnu cnenmdukanus 6e3omnacHa, KOHGOPMHOCTh CBOAUTCS K BIIOKEHHOCTH Tpacc. Ha Puc 2
MPUBEJIEHBI TIPUMEPBI OE30MacHO peann3aluu, KoTopas KOHGOpMHa Kak Oe30macHO#, Tak U
onacHoi cnenugukanusam. [locaenuss, B cuiny pedrekcuBHOCTH, KOH(pOpMHa cama cebe.

Spec, Impl Spec,
ly
L={?a,!x,!y}
Spec, secure Impl secure Spec, sostre

Impl jocog,; Spec, Spec, foco,,; Spec,
Impl jocog,; Spec,

Puc 2. bBe3onacHbie u onacHbIe peanu3aiiy 1 creupuKaimm.

3. MonoToHHOe Tpeodpa3oBaHue cnenupuKanuu

HamomamM, d9TO 1eMhI0 MOHOTOHHOTO  TpeoOpa3oBaHUsl  SBISETCS  MOJTYYCHHE
cnenuduKalnuy, SKBUBAJCHTHOM HMCXOJHON crneuudukanmuy 1Mo MHOXECTBY KOH(GOPMHBIX
peanu3aiyii, HO YJIOBIETBOPSIONIEH YCIOBUIO MOHOTOHHOCTH: KOMITO3HIIHS JIFOOBIX pean3aliuii
KOMIIOHEHTOB,  KOH(OPMHBIX  CBOMM  crnenudukanusM, KOHPOpMHA  KOMIIO3HUIIUU
peoOpa3oBaHHBIX CHEIUPUKAIUA.
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3.1. Bo3MO:KHOCTH MOCTPOEHHS 0€30MaACHON CHCTEMbI M3 ONACHBIX KOMIIOHEHTOB

Jlnst mpoBepku 0€30MacHOCTH CHUCTEMBI, IMOCTPOSHHOW W3 KOMITOHEHTOB, KOH(OPMHBIX
CBOMM CHEIU(HUKAIMUIM, HAaM HYXHO: 1) MOCTPOUTh KOCYIO KOMIO3HMIIMIO CIEHU(pUKAINN
KOMITOHCHTOB, 2) MPOBEPHUTH €€ 0€30MacHOCTh (HEIOCTHKUMOCTD y-IeicTBHit). [Ipexkae Bcero,
NPOJIEMOHCTPUPYEM BO3MOXKHOCTH 3TOro Ha mnpoctom mnpumepe (Puc 3). 3mech kocas
KOMITO3HUITUS OMACHBIX CTIeNU(UKAINI COBIAAeT C X MPSMON KOMITO3UITUEH U caMa Oe30omnacHa.

A={?a,lb,lc} B={a,?b,?d} Al|B={lc,7d}
S, S, S$,7/5,75,4118,
?a ¥ 7d 7d

Ib .!c ”?bI la .py = TI -!c

Puc 3. be3onachHas cucrema, HOCTpOCHHAs U3 OMACHBIX KOMIIOHEHTOB

3.2. CyumecTBoBaHHE MOHOTOHHOI'O MPeoOpa30BaHMA

MonotoHnHbIX mpeobOpazoBanmii LTS-cnenudukanuii mMoxxker ObITh MHOTO. CHauama
MOKaXKeM, 4TO Takoe mpeobOpa3oBanue cymecTByeT. Onpeaenum odobenuHenne MHoxecTBa LTS
kak HoBywo LTS, koTopas crtpoutcs m00aBICHMEM HOBOTO HAYaJbHOTO COCTOSHHS U
NPOBEICHUEM M3 HETO T-MIEPEX0/I0B BO BCE HAYalIbHBIC COCTOSIHUS 00beauHsIeMbix LTS (Puc 4).
TpaccoBass mozmens oOwveauneHust LTS coBmamaer ¢ oObeIMHEHMEM TPAcCOBBIX MoOJENeH

00pemuHseMbIx LTS.

T T T
new initial state

Puc 4. OOvenunenue LTS.

HerpynHo mokaszate, 4YTO 0OBEAMHEHHE peanu3auuid, KOH(GOPMHBIX  3aJaHHOU
cneundukanuy, sBiseTcss €€ MOHOTOHHBIM IpeoOpa3oBaHueM. KoHeuHo, Takoe ompezeicHue
npeoOpa3oBaHusl HEKOHCTPYKTHBHO U, KakK MpaBHJIO, HeaaroputMusyemMo. B dacTHOCTH,
KOH(OPMHBIX peaau3aiuii MOKeT ObITh HeCcUéTHOe MHOKecTBO. Kpome Toro, oObemuHeHue
KOH(OPMHBIX peaju3aluidl COJNEPKUT MHOTO <«IWIIHEro», 0e3 Yero MOKHO OOOHTHCH B
MOHOTOHHO THpeoOpa3oBaHHON crneundukanuu. IloaTomy panee naauM KOHCTPYKTHUBHOE
OTIpesieIeHUe JPyroro MOHOTOHHOT'O MPeo0pa3oBaHMs, KOTOPOE IMPU HEKOTOPBIX OTPaHUYEHUSIX
Ha LTS-cnenmuduxaiito MOXeT OBITh aITOPUTMHU3YEMO.

3.3. IlpuyMHBI HECOXPaHeHUsI KOH(POPMHOCTH M HapyllIeHUs 0e30MaCHOCTH

CHavaia pacCMOTPUM TPUMEPHI HECOXPaHEHUS! KOH(DOPMHOCTH U HapylIeHHs 0€30TTaCHOCTH
Ipu KOMIIO3UIIUH. BBI,Z[G.HI/IM YCTBIPC MNPUYHUHBI 3TOr0 M YCTLIPC AaCIICKTa IMpcAIaracMoro
MOHOTOHHOT'O TTpeoOpa3oBaHusl crieuUKAIII.

3.3.1. TonHoE cTaOUIABHOE COCTOSIHUE

[TonHOEe CcTaOMIBHOE COCTOSHUE — 3TO CTA0WIBHOE COCTOSHHE, B KOTOPOM OTMPEICIICHBI
nepexoApl MO0 BCEM CTUMYyJaM M, MO KpalHeW Mmepe, MO0 OJHOM peaklMH, TO €CTh B HEM HET
OJIOKMPOBOK CTUMYJIOB M CTallMOHapHOCTH. B mpumepe Ha Puc 5 y mepBoro KOMIOHEHTa
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peammzanms | xoHdbopmHa cnenupukanuu S. OHU pa3IUYaAIOTCS TEM, YTO B CCU(pUKAITIN
HayaJbHOE COCTOSIHME HECTa0MIBbHOE, a B peajlu3alMyd MOJHOE cTabuibHOe. Y BTOPOIO
KOMIIOHEHTa creuunpukamus ©u peanu3anus cosmagator — 3to LTS T, koropas (mo
pedIiekCuBHOCTH OTHOILICHHS) KOHPOpPMHA cama cebe. Y mpsAMol KOMIO3HMLINU CHenr(UKAIUA
S||T HayanbHOE COCTOSIHME HECTAOWIIbHO, a y MpsiMOM Kommosuiuu peanm3amuit  11|T -

HEToJIHOEe cTadmibHOe. M3-3a 3TOro B KOMITO3UIIMY peanu3anuii ecth Tpacca {?a}!X, koTopoit
HEeT B KoMmmosunmu crenuduranuid. [TockompKy y-IeMCTBHE B KOMITO3MIMH CHEIUDHUKAITAN
OTCYTCTBYET, KOH(POPMHOCTh SKBHBAJICHTHA BJIOXEHHOCTH Tpacc. Ho B 3TOM mpumepe
KOH(OPMHOCTB HE COXPaAHSAETCS MPHU NMPSIMOM KOMITO3UITUHN CHICITU(DUKAITHH.

A={Ix Iy} B={?a} AllB={?a,!x,!y}
Ix Ix
s TO S
T T
Unstable state Unstable state
| iocog,; S T iocoy,; T 11T 46605 S1|T
Ix Ix
' iy
Complete stable state Incomplete stable state
liocog,; AS)e= S ~ioco,. AS) INIT iocoy,; 7S) 11T
@ @O
T(s) transformation (S)1|T
T T
Complete stable state Incomplete stable state

Puc 5. TlomHOe cTaOMIBHOE COCTOSIHUE.

Kak coxpanute koH(popmHOCTE? PaccMoTpum  mpeoOpa3oBaHHe, co3jaioliee B
cnenudukanud S moJaHOE cTabuiabHOE cocrostHue. [IpeoOpaszoBannas crenudpukamus TS)

SKBUBAJEHTHA HCXOMHOU cnenudukamun S, caemosatensHo, | 10C0gs T(S). Ho temeps B

kommosuiu crnenubukanuii T(S)1|T MOSIBHIOCH HEMOJIHOE CTaOMIBLHOE COCTOSHHE, KakK B

peamuzanmu 11| T, 1 KOHPOPMHOCTH COXpaHSETCS.

3.3.2. CHUHTYVIIPHOCTH

CUHTYJISIpHBIM COCTOSIHUEM Ha3blBa€M CTaOUJIbHOE COCTOSIHHME, U3 KOTOPOIO BBIXOAMT HE
OoJiee 0IHOTO TIepexo/1a, MOMEYEHHOTo peakuueil. B mpumepe Ha Puc 6 y nmepBoro kommnoHeHra
peamuzamust | xondopmHua cnenmdpukamuu  S. OHU Pa3IUYaAOTCsA TEM, YTO B CIEUU(UKALTUH
HAYaJIbHOE COCTOSIHUE HECUHTYISIPHO, a B peajM3alluy — CUHTYJSPHO. Y BTOPOrO KOMIIOHEHTA
cnenuduKanus U peanusanus copmagaioT — 310 LTS T. Kak u B mpeapiaymem mpumepe y

npsiMol kommosunuu crenupukanmii S| T HavanpbHOE COCTOSHHE HECTAOWIIBHO, a Y TPSIMOM
komno3uiu peanusanuii  11|T — HemonHoe crabunbHoe. M3-3a 3TOro B KOMITO3HIIUU

peanu3zaruii ectb Tpacca {?a} !X, KOTOpoit HET B KOMIO3MIKHU crieiuduKamnmii. [IocKOIbKY Y-
JEICTBUS B KOMITO3ULIMU CTIeUU(PUKAINI OTCYTCTBYIOT, B 3TOM MPUMEpPE TakKe KOHPOPMHOCTH
HE COXPAHSAETCS MPH MPSIMON KOMITO3UIMU CIelN(UKAIUI.

st coxpaHeHus: KOH(OPMHOCTH HYXHO MpeoOpa3oBaTh CHEHU(PUKAINIO, «PACIICTIHB
HECHHTYIIIPHOE COCTOSHME Ha HECKOIBbKO (MO0 YHUCIY BBIXOISIINX PEAKIU) CHHTYISIPHBIX
cocrosHuil. B nmanHoM mnpumepe HecuHryinspHoe coctosHue O pacmiervisiercss Ha JBa
cuHrysipHeix cocrostuuss 01X wm Oy, M3 KOTOpBIX BeayTCsl Mepexoabl TOJBKO MO OIHOU
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peakuun Ix u 1y, coorBercTBenHO. [IpeoOpa3oBannas cneuudukanus T(S) 3KBHBaJICHTHA

ucxoauoi S, HO Temeph B Kommosuiwu crennpukamuii  T(S)]|T MOSBHIOCH HEMOIHOE

cTabunpHOE cocTosiHUE, Kak B peanu3anuu 11| T, 1 KoHDOPMHOCTH coXpaHseTcs.

A={?a,Ix,ly} B={?y} A1|B={?a,!x}
Ix 5 Ix
s T %’ 1T
I T
Non-singularystable state Unstable state
liocoy,; S T iocoy,, T 1T 4668, S1|T
Ix Ix
' T
Singular stable state Incomplete stable state
| iocoy,; AS) < S ~ioco,, AS) 11|T iocoy,; AS) 11T
-0 5 @O
1(5)@ transformation 7(S)1|T @“o
~Qyy Sy
Singular stable states Incomplete stable state

Puc 6. CuHrynspHoOCTb.

3.3.3. DkcnonenTtHasa LTS

Eme omHuMM acnekToM mpeoOpa3oBaHMsl SBISIETCS MPeoOpa3oBaHHE, KOTOPOE Has3hIBACTCS
akcnoHenyuposanuem. OHO TIOXOXXKE Ha H3BECTHOE IpeoOpa3oBaHHE JAETEPMUHU3ALUH
KOHe4YHOro aBroMata [15] ¢ Tem, oJHaKO, OTIMYHEM, YTO Y HAC COXPAHSIOTCS T-TIEPEXOIbI.
PesynpTar Takoro mpeoOpasoBaHus OymeM HasbBaTh axcnonenmuou LTS. CocrosHus
9KCNOHEHTHOM LTS (sxcnonenmmuvie cocmosinust) COOTBETCTBYIOT Tpaccam ucxonHou LTS S u

SIBIIIIOTCS. MHOXKECTBAMHM  COCTOSIHMM mocie 3Tux Tpacc. Jlns Tpaccel  ceTraces(S)

COOTBETCTBYIOIIIEE JKCIIOHCHTHOE cocTossHMe Oyaem o6o3Hauath [o]. HauanmsHoe
IKCIIOHEHTHOe cocTtosiHne [e] cooTBercTByer mycroit Tpacce. B oskcmonenTHoit LTS

npoBogutcs nepexonx [o]—z—[oz], eciu z#t wu ozeTraces(S). 3aecy [oz]
COBIIAJAET C MHOXKECTBO KOHIIOB b Bcex mepexomoB Buma a—z—b, rme a mnpobGeraer

MHOXecTBO A. Buyrpennuii nepexon [o]—c—[op] mnpoBomutcs, eciu Tpacca p COCTOWT

ToJbKO U3 oTKa3zoB U opeTraces(S). 3aecy [op] cocrout u3 tex cocrosuuit Sel[o],

KOTOpbIE CTAaOMUJIBHBI M MOPOXKAAIOT BCE OTKa3zbl U3 p. HeTpyaHo mokas3ark, 4TO SKCHOHEHTHAs
LTS skBuBajieHTHA UCXOIHOM IO OTHOIICHUIO KOH()OPMHOCTH.
Ha Puc 7 npuBenéH mnpumep YaCTUYHOIO OHKCIIOHEHLHUPOBAHUA U  IOCIEAYIOLIECH

CUHTYJIIpU3aluu. I[O6aB.H}IIOTC$I OKCIIOHCHTHBIC COCTOSAHHA TOJIBKO HYCTOﬁ TpacCbl € U BCCX

Tpacc O0TKa3oB. Kpome Toro, u3 SKCHOHEHTHOro coctosiusi [e] mpoBeaeHbI TONBKO T-
nepexo/ibl. B aToM nmpumepe 3Toro 40CTaTOYHO JIsi MOHOTOHHOCTH ITPe0Opa3oBaHusl.
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S ~ioco,, A(S)

Puc 7. DxcnoHeHUUMpOBaHUE.

[MTokaxxem HE0OX0MUMOCTh Beex 3kcroHeHTHBIX coctostamit: [{?d}]={1}, [{?c}]1={2}
u [{?b}]={12}, pacmemisemoro Ha 1Ba CHHTYISApHBIX cocTosiaus {12¥1x} u {121y},
HeoOxoauMocTh  COXpaHEHHS  COCTOSIHUS {1} nmokazano Ha  Puc 8.

[Tockonbky S 10C0gs T(S) u T iocops T, momkno  OwiTe SYT i0cog,s T(S)IIT.
[Tockonpky B cnenudukanuu Y-ISUCTBUH HET, [OJDKHA OBITh BJIOKEHHOCTh Tpace
Traces(S1|T)cTraces(7(S)1|T). Onnako B komno3umuu S||T  umeercs Tpacca

{?b}?aly, koropoii He ObuT0 OBl B KOMIO3uKuH T(S)1|T, eciau ObI TaM He OBLTO COCTOSIHUS

{1}. AHamoru4Ho MoOKa3bIBa€TCS HEOOXOIUMOCTh COXpaHeHus cocTosiuust {2}.

ST A1|B={?a,?b,?¢c,?d Ix,ly} AS)1IT

T
B=pay 4O
Puc 8. DkcroHeHIIMpOBaHKE: HEOOXOIUMOCTh coxpaHeHus cocrosiaust {1},
HeobOxomumocts  moOaBnenuss  cocrostuus — {121x} nmokazano Ha Puc 9.
[Tockonbky 1 iocogs S m T iocog,s T, momxno OwiTe 11|T i0cog,s T(S)|T. 3amernm,
gro 11|T —iocops ST, To ectp 6Ge3 mpeoOpa3oBaHUs KOH(POPMHOCTH HE COXPAHSIETCS.

[Tockonpky B crienuuKauy y-IeHCTBUM HET, OJDKHA OBITh BIOKEHHOCTh Tpacc. OpHako B
kommosuiuu 11| T wumeercs tpacca {?b}?alx, xoropoit mer B kommosuimu Si|T. B

kommosuiun T(S)1|T ota Tpacca ectb, HO 0e3 cocrosuus {121Xx} eé Obl He ObLIO.

AHAJIOTHYHO MMOKa3bIBA€TCA HEOOXOIUMOCTh coXpaHeHus coctosuus {121y},

12
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ST A1|B={?a,?b,?c,?d,!x,ly} US)1IT

I B={?y} hr l ioco, ; S
‘—Q Byd
¢ ?c 7d Ix , T ¢ ?c 72d Ix ,7 |1lTi9691;7531LT
?a .72 ,
._T. (Q 2y .____!): ___‘ IIT ioco,,; T(S) 11T

Puc 9. DkcnoHeHIUpoBaHKUEe: HEOOXOAUMOCTh 100aBIeHus cocTossHust {12 1x}.

3.3.4. y-0IHOPOIHOCTD

CocrositHue Ha3bIBAETCS Y-OJHOPOIHBIM, €CITH TOCTIE BCEX PEAKIUN CIEeNYeT Y-ACUCTBUE WU
Bce peakuuu Oe3omacHbl. Ha Puc 10 npuBenéH npumep, Korga HayalbHOE COCTOSIHHE
cenuukanuu S HE y-OIHOPOIHO: MEPEXOJ] MO Peaknuu !X TPUBOAMT K y-ACUCTBUIO, a
nepexona no peaknuu 1y Her. B xoHbopMmHOi peamm3anu |, HA000pOT, HET mMepexoaa 1Mo
peakuu X, a mepexoy mo peakuuu !y TPUBOAMT K y-AeHCTBUIO. M3-32 3TOTO KOMITO3HIIHS
cnenudukanuii S||T Oe3omacHa, a kommosunus koHGopmHbIX peanusanuii 11| T omacha, uto
O3HayaeT ¥ HeKOH(OPMHOCTb.

UtoOBI cOXpaHuTh KOH(GOPMHOCTh, HY’)KHO TIpeoOpa3oBaTh crenudukaimioo, caenaB Bce eé
COCTOSTHUS Y-OAHOPOIHBIMU. ECIH B COCTOSIHUU €CTh MEpPEeXoi MO PeaKlHH, MPUBOASIINN K V-
NEHCTBHUIO, M00aBIsieM MEpPEeXOAbl M3 ATOTO COCTOSIHHSI MO BCEM pPEaKIUsSM, BEIyllue K Y-
nercTBuio. byneM cuuMTarh, 4TO BCE MEPEXOHbI MO OIMACHBIM JEUCTBHUSAM (IEHCTBUSIM, TOCIHE
KOTOPBIX BO3MOXXHO Y-JIEHCTBUE) BEAYT B CHEIHAIBHOE COCTOSHUE [, B KOTOpPOM ompejenieHa
TOJIBKO Y-TI€TJISI.

3amMeTuM, 4TO MPU COUYCTAaHUH CHHTYIISIPU3AIUU U Y-OJHOPOJHOCTH U3 KaKJIOTO CTAOMIBHOTO
COCTOSIHHS BEJIET OO TOJIBKO OJIMH MEePeXo/1 o 6€30macHO peaKIuu, JIM00 TEPEeXobl 110 BCeM
OTTACHBIM PEaKIUsM B cocTosiHue I, 1100 HU OJHOTO MEPEeX0/1a PeaKIIHsIM.

s O_!X_.py A={?a,?b,!xly,...} (S) o::::py

$1|T O transform

Y S ~ioco,, AS) 7S) 1T oi:p !
T

liocog,; S B={la,!lb,?x,?y,...}
I1|T secure ) 7(S) 1| T-sesure-
S1|T-seetre- T (Q o I1|T jocog,; 7(S) 11T
nT 1"666-&]3 ST

Puc 10. y-oagHOpOoaHOCTH
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3.4. ®opMaJibHOe onpe/ieJieHe MOHOTOHHOIO NPeodpa3oBaHus

Tenmepp MOXXHO (DOPMAJIBHO OINPEACTUTh IpeIaracMoe MOHOTOHHOE IpeoOpa3oBaHUe
cnenudukanuu. Ilyctp 3amana LTS-cmenmdukamms S B andasutre L. CocrosHus
npeoOpazoBanHoir LTS T(S) crposTcs Ha OCHOBE DKCHOHEHTHBIX COCTOSSHUN. HauaibHbIM

SBJISIETCSL OKCIIOHEHTHOe coctosinue [e], coorBercTByromee mycroi Tpacce. llepexozp

OTIpENENAIOTCS PaBUIaMU BbIBOJa B Tabmuie, roe T=T1races(S), S=SafeTraces(S), n -
Tpacca, He 3aKaHYMBAIOIIAsICsA Ha OTKA3, © P — HEIyCTas Tpacca OTKa30B.

1) - T—yT;

2) uIxeS Fo[u]—">x—=[ptx];

3) 3ly ulyyeT F [u]—'x—T;

4) n?aesS F [u]—?a—[n?al;

5) p?ayeT F [u]l—?a—T;

6) V?belL u?beT & ulxeS F [u]—— ] " x—Ix—[utx];
7)-"— —"— —r— —r— —r— & p?aeS F [p]'x—2a—[u?a];

8)-—"— —"— —r— —r— —r_ & pRayeT F [u]'x—?a—T;

9) V?belL u?beT & Fly ulyyeT F [u]l—=—[p]y—"%x—T;

10) -"— —"— —r— —rn— —r— & p?aeS F [ulr—?a—[n?al;

11) —"— —r— —r— —r— —r_ & y?ayelT + [uly—2a—T;

12) uptxeS F [u]l——[pp] Y x—Ix—[puptx];
13) —"— —"— —r— —rn— —r_ & pp?aeS F [pp]'x—2a—[pp?al;

14) —r— —r— —r— —rn— _r_ & pp?ayeT F [pp]Ix—2a—T;

15) 3ty pplyyeT = [nl——L[ppdy—!x-T;

16) —"— —"— —r— —rn— —r—_ & pp?aeS F [pply—?a—[pp?al;

17) —"— —"— —r— —n— _r_ & pp?ayeT + [uply—7a—T;

18) VlyelL ulygT& pupeS F o [ul——Lupels;

19) —"— —r"— —r— —n— —_r_ & pp?aeS F [puplo—2a—[up?al;

20) —"— —"— —r— —r— _r_ & yp?ayeT + [up]o—2a—T.

[TosicHuM 3Tu npaBuIia BBIBOJA.

IIpaBuno 1 onuceiBaeT crnenuanbHoe coctosiHue I', B KOTOpOM ompenesnsercs TOJIbKO Y-
netis. B aTo cocrosiHue OyayT BecTH Bce MEPEXObl 10 ONACHBIM CTUMYJIAM U PEAKIMAIM, Kak
3TO JIEAJI0Ch TS MOIy4eHUs Y-0qHOpoaHOM LTS.

IIpaBuna 2+5 onuceIBalOT HEpexoAbl MO CTUMYJaM M PEAKUUAM U3 HECTaOMJIBHOTO
IKCIIOHEHTHOTO cocTosiHus [u] ams Ge3omacHoit Tpacchl L.

[IpaBuna 6+8 onuchIBaIOT Cilydaid, KOT/1a peakiuu 0e30MacHbl mocie 6e301nacHoi Tpacchl
p. Ompenensiorcss  T-EpexXoAbl BO BCE CHUHTYISAPHBIC TOJHBIE CTaOWIBHBIE COCTOSHUS U
HIepeXOo/Ibl U3 HHUX IO CTUMYJaM M peakuusMm. Kaxmoe takoe cocrosiaue umeet Bug [p] !X, n
U3 HEro ONpeseisieTcsl Iepexol TOIbKO M0 OHON peakuun X,

[IpaBuna 9+11 omuckIBaIOT ciydaid, KOTa peaKIiy OTaCHBI IMOCe 0€30MacHON TPacChl L.
OmnpenenstoTcs T-Iepexoabl BO BCE Y-OAHOPOIHBIE MOJIHbIE CTAOUIIBHBIE COCTOSIHUS U NTEPEXO/IbI
U3 HHUX 10 CTUMYJaM M peakuusMm. Kaxmoe takoe cocrosHue umeeT Bun [ul]y, u u3 Hero
OTIpeNeNAIOTCS EPEXObl 10 BCEM peaklusM B cocTosiHue I
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[IpaBuna 12+14 onwmceBalOT cCiy4yaid, korjma Oe3omacHas Tpacca | Oe3omacHO
MPOJ/IOJDKACTCS. HEMYCTOW Tpaccoil OTKAa30B P, M pPEakIuu Oe30IMacHBl IMOCIE TPacchl L.
OnpenenstoTcst  T-TEpexXoAbl BO BCE CHHTYJSPHBIC HEMOJHBIC CTAOMIbHBIE COCTOSIHUS W
Hepexo/Ibl U3 HUX IO CTUMYJIaM | peakimsaM. Kaxnoe takoe cocrosiaue umeet Bua [up] X, u
U3 HETO OMpPEAEISeTCs Mepexo/] TOIBKO MO OHOU peakiuu !X.

[lpaBuna 15+17 omnmceBarOT ciy4yail, korjma Oe3omacHas Tpacca | Oe3omacHO
MPOJIOIKACTCS HEMYCTOH Tpaccoil OTKa3o0B P, a peaklWH OMacHbI IOCIE TPacCchl L.
OmnpenenstoTcst T-Tepexonbl BO BCE Y-OJHOPOJTHBIC HEIMOJHBIC CTAOMIBHBIC COCTOSHHS W
HIepexo/Ibl U3 HUX M0 CTHMYJIaM U peakiusM. Kaxkmoe takoe cocrosiuue umeet Bua [up]y, u u3
HETO OIPEAETSIOTCS IEPEXOIbI 0 BCEM PEaKIUsIM B cocTosiHue [

[IpaBuna 18+20 ommceBarOT ciy4yail, korjma Oe3omacHas Tpacca | Oe3omacHO
IPOJIOJDKACTCS HEMYCTOM Tpaccoil OTKa3oB P, a P HE MPOJODKACTCS PEAKIHUSIMU B
crnenudukanuu. OnpenenstoTcs T-Mepexoabl BO BCE CTallMOHAPHBIC (HETOJHBIE) CTaOWIIbHBIC
COCTOSIHHS ¥ TIEPEXO0/Ibl U3 HUX 10 cTuMyiaM. Kaxoe Takoe coctosinue umeet Bug [up]o.

3a oTcyTcTBHEM MecTa (POpMAIbHOE JT0OKA3aTeILbCTBO MOHOTOHHOCTH ATOTO MPE0Opa30BaHUs
OITyCKaeTcsl.

4. MoHoTOHHOE NMpeo0pa3oBaHNe B YACTHBIX CJIy4Yasix

4.1. Cucrembl 6€3 0JIOKMPOBOK CTUMYJIOB

MOoXHO TOKa3aTh, YTO JUIsI BaXXHOTO YaCTHOTO cliydas crenudukanmii 6e3 OJIOKHpPOBOK
CTUMYJIOB MOHOTOHHOE IMpeo0pa30oBaHUE MOXKHO CYIIECTBEHHO YNpOCTUTh. [l 3Toro
JIOCTaTOYHO TOJIBKO Y-OJHOPOAHOCTH. IIpu OTCYTCTBHHM Y-A€HCTBUI MOHOTOHHO TOXIECTBEHHOE
npeoOpa3oBaHueE.

[Ipu orcyrcTBUM OJOKMPOBOK B crielU(UKAIMIX KOMIIOHEHTOB, €CIM KOCas KOMITO3HIIMS
Oe30macHa, TO OHAa COBIAJAET ¢ MPsAMON Kommno3zunueil cneunpukanuii. OTcloa Cleayer, 4yTo
Uit cucteM 0e3 OJIOKMPOBOK Kocas KOMITO3UILIMS HYXHa TOJBKO JUIsl MPOBEPKH OE30MacCHOCTH.
Be3omacHOCTh MOXKET OBITh HapyIICHAa TOJBKO W3-3a JAWBEPreHIINH, KOTOPYIO CUYHTAETCS
HE)KeNaTeNIbHBIM TIOBEIEHUEM U MOJAenupyeTcss Yy-AeiictBueM. Takas AuBepreHuus B
KOMIIO3UITMH MOKET TOPOXKAAThCS OECKOHEYHOH IEMOYKON CHHXPOHHBIX TepexooB. [losTomy
poBepKa 0€30MacHOCTH, (PAKTUYECKH, CBOUTCS K MMPOBEPKE JUBEPTEHIINHN B Kommozummu LTS.

3amernm, 9To M1 crienudukanuii 6e3 OJIOKMPOBOK Hallle OTHOIICHHE 10COg,s COBIIANACT C
U3BECTHBIM OTHOIIECHHEM I0CO, KOTOpPOE CTPOMTCS Ha Tpaccax Oe3 OJOKHMpPOBOK M 0e3 Y-
neiictBuii [30]. Ornmuwe awme B TOM, YTO JUIsI OTHOIIEHHS I0CO TpeOyeTcs OTCYTCTBHE

OJIOKMPOBOK B KaXJIOM COCTOSIHUM PEAIM3alM{, a IS OTHOIICHUS i0COg,5 — TOJNBKO B TeX
COCTOSIHHSX, KOTOPBIE TOCTHKUMBI ITO TpaccaM, Oe30MacHBIM B CIICIM(DUKAIIHH.

Taxoke 3ameTM, 4To OTHOIIEHHE 10CO (opmanbHo onpenensercs it LTS-cnenudukanmi,
B KOTOPBIX MOTYT OBITH OJOKHMPOBKH CTUMYJIOB, HO 3TH OJIOKMPOBKHM HTHOpupyroTcs. M3-3a
aTOrO Mpsimas komnosunusa LTS-cnenndukanunii okassiBaetcs, BOOOIIE roBOpsi, HEKOPPEKTHOM 1
JUIsl OTHOLIEHHs 10CO. BOT modemy craparoTcs BHIIIOJIHUTD, TaK Ha3bIBaeMoe, mornonHenue LTS-
cnemuduranuii [9,24], To ecth Takoe mpeoOpa3oBaHHE, KOTOPOE COXpaHseT (WM IOYTH
COXpaHsEeT) MHOKECTBO KOH(OPMHBIX peau3alvii, HO yaajseT Bce O0mokupoBkH. [locie Takoro
NOTIONTHEHHST (MIPH OTCYTCTBHHM Y-JCHCTBHIA) JanbpHeHee npeoOpa3oBaHue He TpeOyercs uis

MOHOTOHHOCTH, TO €CTb CaMO TaKO€ IIOIIOJIHCHUEC ABJIACTCA MOHOTOHHBIM HpeO6p330BaHI/IeM
[11].
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Ecnu Her y-meiicTBHiA, TO MOXKET OKa3aThCs, YTO Tpacca B UCXOAHOW crenudUKanuu He
NpOAOJKAIACh  HEKOTOPHIM  CTUMYJIOM.  OJTO  NOPUBOAUT K  TOMY, 4YTO  JJIS
OTHOIIEHHsI 10CO BOOOIIE HE MPOBEPSETCS MOBEICHUE PeaM3ally 110 MOBOIY 3TOTO CTUMYIIA.
®dopmanbHO KOH(MOPMHAs peann3aius MOXXET JTOT CTHUMYJ OJOKHpPOBATh WM NMPUHUMATH C
JTI00BIM anbHeWMM moBeneHueM [11]. daktudecku peub UAET O TOM, UYTO IOBEACHUC
peanu3alii 1Mo MOBOAY 3TOr0 CTuMyJa He omnpezaencHo [9,24]. Ilpu Hamem moaxoje, Kormaa
JIOITYCKAKOTCS Y-IAEUCTBHS, 3TO JIETKO MOJAEIHUPYETCS MPOJOJIKEHUEM TaKOW TPACChl CTUMYJIOM U
nanee y-AeicTBueM. B pesynbTare MONYyYHTCS TOTOJHEHHAs CrenuuKanus C y-ACHCTBUIMH,
KOTOPYIO JIJI1 MOHOTOHHOCTH HYXHO JOMOJHUTEIBHO TPUBECTH K Y-OJHOPOIHOCTH.

4.2. Cucrembl 6e3 y-neiicTBUil

Jns  cucrem ©0e3 y-nmefictBuii (HO € BO3MOXKHBIMH  OJIOKHPOBKaMH) MOHOTOHHOE
npeoOpa3oBaHKe HE HAMHOTO TPOIIEe, YeM B 001IeM ciaydae. OTCYTCTBYET JUIITL TpeOOBaHUE Y-
omHOpoaHOocTH. OHAKO Kiace Takux LTS-cructemM mMeeT TOT CyIEeCTBEHHBIM HEIOCTAaTOK, YTO
OH HE3aMKHYT MO KOMMO3WIHH. J[emo B TOM, YTO TpPH KOMITO3UIIMM MOXKET BO3HUKATh
JTUBEpreHIus, MopoxkaaeMas OECKOHEUHOHM IeMOYKOM CHHXPOHHBIX mepexoqoB. I[lockonbky
JTUBEPTEHIUST PACCMaTPUBACTCS KaK HEXeNaTeIbHOE MOBECHUE M MOJACIUPYETCS Y-ICHCTBHEM,
TaKHe Y-IEHCTBUS MOTYT MOSBIATHCS MPU KOMIO3UIMHU U B TOM ciiydae, korga LTS-onepans
HE UMEJH Y-JICHCTBUH.

5. AaropurMuYeckKue nNpodaeMbl

3a OoTCyTCTBHEM MecTa He OyJeM paccMaTpHuBaTh MOJPOOHO BOMPOCHI AJITOPUTMH3AIMU
npeoOpa3oBaHMsl M TOCIEAYIONIEH TPsAMON KOMIIO3HWIMH. bosiee ToO4HO, pedb HAET O Tex

OTPaHUYEHUSAX, KOTOpblE HYXHO HAJOXHUTh Ha CHElU(HKaIMio, 4ToObl mpeoOpa3oBaHue U

nocyenyromas npsiMasi KOMITO3UIIMS CTalu allfOpUTMHYEeCKUMU. Pazymeercs, m cama LTS-

cnenuduKanys T0JDKHA OBITh 3aJaHa AJITOPUTMHUYECKHM CIOCOOOM, TO €CTh ajlrOpUTMaMH,

OTIpeeIAIONIMMU TepeXoabl U3 Kaxkaoro coctosiHust LTS. 3aech nuie BKpartiie ykakeM Ha psil

KITFOYEBBIX MOMEHTOB.

1) MHOXeCTBO COCTOSIHMI IOCJAe O€30MmacHOW Tpacchl MOKHO OBITh KOHEYHBIM. OTO
HEOOXOIUMO IS TOTO, YTOOBI aITOPUTMUYECKU CTPOUTH AKCIIOHCHTHBIE COCTOSIHHUS H
nepexoasl U3 Hux. [ 3TOro Hy)XKHO OTpaHMYUTH CTeNeHb BeTBIeHUs LTS. B obOmewm,
JIOCTaTOYHO MOTPEOOBAaTh KOHEYHOCTH BETBIEHUS: B KAXKJIOM COCTOSHUU (JIOCTHKUMOM IIO
0e30IacHOl Tpacce) J0KHO OBITh OMPEIEIeH0 KOHSUHOE YHCII0 TepexoaoB [21].

2) TlockonbKy IUBEPreHIMS MOICITUPYETCS pa3pylIeHHUEM, HYKHO YMETh aJrOPUTMHUCCKU
pacmo3HaBaTh JMBEpPreHLMI0. Takas JUBEpreHIUs BCerja paclo3HaBaeMma, €cid OHa
SIBIISIETCS. OECKOHEYHOW I[EMOYKON T-TIEPEeX0/10B, MOPOXKAEHHON T-1IuKIoM B LTS. C yuérom
Y-IeUCTBUN JIOCTATOYHO HAJIOXUTh TaKWe OTrPAaHUYCHHS, YTOOBI TpPHU TOCTPOSHUU T-
3aMbIKaHUsl COCTOSTHUS (MHOXKECTBA COCTOSIHUM, TOCTH)KUMBIX U3 JAHHOTO COCTOSTHUS TIO T-
nepexojiaM) TapaHTUPOBAHHO W 32 KOHEYHOE BpeMsi OOHApYKUBAJICS JIMOO T-IIUKJI, JTHOO V-
nepexo.

3) JuBepreniuss B KOMITO3UIMOHHON LTS MokeT OBITh HE TOJBKO YHACICIOBAHHOW OT
TUBEpreHIuu oT onHoro u3 LTS-omepanmoB, HO U MOPOXKIATHCS OECKOHEYHOH IIETIOYKOMA
CHHXPOHHBIX nepexoioB. HyxHo HanoxuTh Ha LTS-omepanabl Takue orpaHUYeHUS, YTOOBI
Takas JWBEPreHIMS TakKe OOHapyKMBajdach 3a KOHEYHOE Bpems. B oOmem, 3tH
OTPAaHWYEHUSI CBOJIATCA K HEKOTOpPOW «perymsipHocTu» LTS-omepanmgoB: Kaxmas
OeckoHeuHasi Tpacca 0e3 y-OTBETBICHUH JIOJDKHA IMOPOXKAATHCS «PETYISPHON» IIETIOYKOM
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MEPEeX0JI0B, TO €CTh TaKOH IIEMOYKOH, KOTOpas «yKJIaJbIBaeTcs» B KOHEUHYH mona-LTS
(MpOXOIUT Yepe3 KOHEYHOE YMCIIO COCTOSTHHM ).

6. 3akjauyeHue

B nannoii pabote Qopmanusyercs MOHATHE 3aNpelEHHOrO IMOBEIEHHs, YTO IO3BOJISIET
dbopManbHO ompenenuTh Oe30MacHble CHUCTEMbl M YCIOBHO-0€30MacHble KOMIIOHEHTBI TaKHUX
cucreM. Takke BBOIUTCS MOHATHE KOCON KOMITO3UIIUH CIICU(pHUKAINNA, KOTopasi: 1) KoppekTHa,
TO €CThb YJOBIIETBOPSIET YCJIOBHUIO MOHOTOHHOCTH (KOH(OPMHOCTH COXpaHsieTcsl Npu
KOMITO3UIINH), U 2) SBJSIETCS CaMOW «CHIIbHOMY (TPeAbABIAIONIEH MaKCUMalIbHbIE TpeOOBaHMS)
cpeau BceX KOpPpeKTHBIX crnenudukanuii. [Ipy 3agaHHbIX cnenu@uKanusax KOMIIOHEHTOB Kocast
KOMIIO3UIMSL 3TUX crenuukanuii sBIseTCS TOYHOW crHeruduKainueid CHUCTeMbl U MOXKET
MCIOJIb30BATHCS IPU UCIIOJIB30BAHUN CUCTEMbI BHEIIIHUMU KIIUEHTaMH.

B nanHoli paboTe MoKa3aHO, YTO MPU 3aJaHHBIX clenu(UKAIHSIX KOMIOHEHTOB MOXKHO
MOJIYYUTh KOCYI0 KOMITO3HMIIMIO CHEIU(pUKAIUN KaK MPSMYI0 KOMIIO3ULIHUIO COOTBETCTBYIOIIUM
00pa3om npeoOpa3oBaHHBIX CIICIU(DUKAIIHA.

DTO MO3BOJISIET PEUINUTD CIACAYIOMNE BAXKHEHIIIHE MPOOJICMBI.

1. Ecnm 3amaHpl HE TONBKO CHENU(PUKANWKA KOMIIOHEHTOB, HO WM CHEHH(HKAIUS CUCTEMBI,
MOXXHO BEpH(PHUIIUPOBATH JEKOMITO3HMIIMIO TPEOOBAHHWM (COTIaCOBAaHHOCTH CHEIU(HUKAIIAN
CUCTEeMBI M €€ KOMIIOHEHTOB). JIeKOMMO3WIMs KOPPEKTHA, €CITU Kocas KOMITO3HIIHS
KOH(OpMHa 3aTaHHON CrIeU(PUKAIINA CUCTEMBI.

2. Tlpu ngocTraTouHOW TOMHOTE TECTUPOBAHHMS KOMIIOHEHTOB CHHUMAaeTcs Mpodiema
TECTUPOBAHUS CHCTEMBbI (Ha KOH(GOPMHOCTh KOCOW KOMITO3UIIMHM M, TeM OoJiee, 3aJaHHOU
crienu(UKAUU CUCTEMBI, €CJIH JCKOMIIO3HIIUS TPEOOBAHH MTPABUIIbHA).

3. Ecnu HeT yBepeHHOCTH B MOJHOTE TECTUPOBAHUSI KOMIIOHEHTOB, KOCasi KOMIIO3ULIUS MOKET
HCTIOJIb30BAThLCS JJIsl TCHEPAIH CUCTEMHBIX TECTOB.

Jlannast paboTa OblTa BBIIIOJHEHA B paMKax pa3BHTHSA TexHOnoruu tectupoBanus UniTESK
[19,20]. OtnmenbHble YacTH 3TOM pabOThI  BBINOJHSJIUCH KaK YacTH HCCIICIOBaHUM,
¢bunancupyempix rpaHtamMmu PODU u kontpaktamu ¢ Ilpesmamymom PAH. Pesynbrars
JIOKJIA/IBIBAJTUCH HAa HECKOJIbKUX KOH(epeHnusx [2,3,8].
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