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OT Pe€adaKTOpPa CIIeuaJIbHOI'O BbBIIIYCKa

B. A. Baxapos

B sToM BBIyCKe KypHaJja IIPEeICTaBJICHBI CTATHHU, MOJATOTOBJEHHBIE Ha OCHOBE HAYIHBIX
JIOKJIAJIOB, KOTOPBIE OBLIN CIIEJIaHbl HA BOCBMOM MEXKIyHapoHOM cemuHape «CeMaHTHKa, CIie-
nmudukanys u BepuduKanus IporpamMmm: Teopusi u npuioxenusi» (8-th Workshop on Program
Semantics, Specification and Verification: Theory and Applications, PSSV 2017). Sror cemu-
nap nposomuica 26 uons 2017 r. B Mockse, Ha daky/ibTeTe BBIMUCIUTEIHHON MaTeMATHKU U
kubepHeTuku MOCKOBCKOro rocyapcrsennoro yuusepcurera nmenu M.B. Jlomonocosa.

[Iporpamma cemunapa PSSV 2017 Bkitouasa 8 peryasipHbIX JIOKJIAIOB U 3 JIEKITMH [TPUTJIa-
MIEHHDBIX JTOKJIATIUKOB. B BLICTYIIEHUSX YIACTHUKOB CeMUHAPA OBLIN IIPE/ICTaB/ICHbI PE3yIbTa-
ThI 3aBEPIIIEHHBIX U MPOJIOJI2KAIOIINXCA UCCIEJOBAHUN PA3HOOOPA3HBIX 337124 B 00JACTH MaTe-
MaTHYECKOr0 MOJIC/IMPOBAHUS, CTATHICCKOIO aHAIN3a U BEPUMUKAITIT ITPOIPAMMHBIX CUCTEM, a
TaKKe 3aJ1a9, OTHOCAIINXCS K TEOPUN aBTOMATOB U Teopun cereii [lerpu. 3nauurebnoe BHUMA-
Hue ObLIO YJIeJIEHO MeTOJIaM JIeIyKTUBHOU MPOBEPKHU MPABUJILHOCTH TPOTPAMM, BepUPUKAIIUN
MofleIelt TporpaMM, IPUMEHEHUsI METOJO0B TEOPUH aBTOMATOB K TECTHPOBAHHUIO IIPOTPAMM, a
TaKKe PsIIy BOIPOCOB MOCTPOEHUS W aHaJm3a (GOPMAabHBIX MoJjejieill MHDOPMAIMOHHBIX CH-
creM. JlaHHBIA BBIIYCK »KypHaJsia BKJOUaeT 6 crareil yaacTHUKOB cemuHapa PSSV 2017.

B crarpe A.O. Astekcioka u B.M. NIibIikcoHa ommcal aBTOMAaTH3UPOBAHHBIA METO/I TEPEHOCA
[IPOrPAMMHOI0 OOeCIedeHusI U3 OJHON OUOJIMOTEKN B APYIYIO M SKCIEPUMEHTHI 110 €0 IIPUMe-
menuio. IpeyioyKeHHBII METO/ UCIIOIB3YeT CIEeNnMUKAITNIO0 ONOINOTEK B BUIE CUCTEM B3aUMO-
JgeficTByommux aproMaToB. OH 6bLI yCIEITHO OIPpOOOBaH Ha HECKOJIBKUX ceMeiicTBax OMOJIMOTEK.

T. Baap (T. Baar) B crarbe, IpeJICTABJIEHHON B 9TOM BBIILyCKe YKYPHAJIA, IPEJIOKUI MOIXOI
K KOJITYECTBEHHOU OIIEHKE COOTBETCTBUS peau3aliuii mporpaMMubix cucrem TeM UML mome-
JISIM, Ha OCHOBE KOTOPBIX 9TH CUCTEMbI OBLIM ITOCTPOEHBI. B 9TOM IOIX0/e MpeInoaraeTcs, 9To
UML momenn comyTcTByeT HAOOP TECTOB U COOTBETCTBYIOIUX UM Tpacc. Jlas KaxKaoro recra
peaJsin3alnst MOJIE/IH TIOJ[BEPraeTcsi 0COOOro poJia BUIOU3MEHEHUSIM (MYTAINSAM ), ¥ JIJIsT KAXK 101
MyTaIllUl MPOBOIUTCS IIPOBEpKa 3Toro Tecra. Jloyig Tex mMyraruii, KOTOPbIE YCIIEIIHO MIPOILIN
TECTOBBIE UCIIBITAHUSA, U SIBJISIETCS KOJTUIECTBEHHOM OmeHKoit ypoBHa abcrpakinu UML momenn
110 OTHOIIIEHUIO K €€ PeaIM3aIlni.

UccnenoBarenbckas rpyimma, B coctaB kKotopoit Bxomar [I. me Kapsamawo, M. Marapa,
B. Munresna, JI. Caduna, A. Ynaurun, H. Tpomkos (D. de Carvalho, M. Mazzara, B. Mingela,
L. Safina, A. Tchitchigin, N. Troshkov), pemasa 3a/1a1y npoBepku cOOTBETCTBHUSI THIIOB JIAHHBIX
JIJIsI I3BbIKa IIPOrPaMMEUPOBAHMA Jolie ¢ MCITOIb30BaHneM paHee M3BECTHBIX ITPAaBUJI BbIBOJA TH-
10B. ABTODBI CTATbU ONKCHIBAIOT METOJI, PEIIEHNsT ITOM 3a/1a9M IIyTEM CBEJIEHUS ee K IIpobJemMe
BBIMIOJTHUMOCTH U TOCIEIYIOIIEro MPUMEHEHNsI aBTOMATUIECKIX CPEJICTB IIPOBEPKH BBIITOJIHE-
MOCTH (DOPMYJI B JIOTUYECKUX TEOPHUSIX.

A.B. KorreHKoB B CBO€il cTaThe IIPOBEJI CPABHUTE/IbHbBIN aHAJIN3 HECKOJIBKIX METOJIOB CTaTH-
9eCKOTO aHAJM3a [IPOrPAMM, IPeIHA3HAYEHHBIX /I IPOBEPKU CBOMCTB 6€30IIaCHOCTH IIPU WHU-
uam3anun 00beKTOB B 00bEKTHO-OPUEHTUPOBAHHBIX si3bIKaX ITporpamMmMupoBanusi. CpaBHeHMe
3TUX METO/IOB MPOBEJIEHO HA OCHOBE IPEJJIOXKEHHBIX aBTOPOM KPHUTEPUEB BBIPA3UTETbHOCTH U
TIOJTHOTHI.

Crarest H.I'. Kymuk, H.B. Eprymenko, N.B. Bypaonosa u A.C. KocaueBa nocssitiieHa Me-
TOJIAM CBEJICHUS 38IaTN CHHTE3a TaK HA3BIBAEMbBIX CHHXPOHU3UPYIONTNX U YCTAHOBOTHBIX ITOCITE-
JIOBATEJILHOCTEN JIJIsi CIENMAIbHOIO KJIACCA TUTAIONIUX U TUIIYIIUX ABTOMATOB K aHAJIOTMIHBIM
3aJIataM JjIsT KJIACCOB aBTOMATOB, JIJIsi KOTOPBIX COOTBETCTBYIOIIHE 3aa9H YKe XOPOIIO U3Y-
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JeHbl. Boiziesien Kjiacc aBTOMATOB, JJjid KOTOPBIX YCTAHOBJIEHBI HEOOXOJUMBIE U JOCTATOYUHbBIE
YCJIOBHS CYIIECTBOBAHNA CHHXPOHU3UPYIOMNX M YCTAHOBOYHBIX IIOCJICIOBATE/IBHOCTEH, W IIO-
JIYYEHBI OTIEHKU JJINHBI TAKUX TI0CJIeI0OBaTebHOCTEN. Pe3ysbTaThl ncciaenoBanuit 3Toit paboTsl
MOTYT HAfiTH MPpUMEHEHNEe IPU PEIeHnN 3a/1a9 TeCTUPOBAHNS NHMOPMAITHOHHBIX CUCTEM.

Cratbs U.B. MapbsicoBa, B.A. Hemomusimero u JI.A. KongparbeBa mpo1o/KaeT KT UC-
CJIeJIOBAHUIl aBTOPOB 110 Pa3BUTHIO JEIYKTUBHOTO METOa BepUMDUKAIUN IIPOrPAMM, peajin3y-
IOIUX UTEPAIMOHHDBIE AJITOPUTMBI HAJ[ COCTABHBIME CTPYKTypaMu JaHHbIX. OCODEHHOCTD 1IPei-
JIO2KEHHOT'O METOJI8 COCTOUT B TOM, 9TO BePU(PUKAIINST IPOBOJIUTCS B YCJIOBUSIX, KOTJIa UTEPAI-
OHHBIN IUKJI He CHAOXKEH ABHO 33J[@HHBIM OJIXOAINNM nHBapuanToM. /s npeososienns 3Toi
TPY/HOCTH aBTOPBI MPEJJIaraloT MCIIOJIb30BAThH HOBOE IIPABUJIO BBIBOJA B JIOTHMKE XOAPOBCKOTO
BHUJ&, B KOTOPOM BBIYHC/IUTEIbHBIN 3(PDEKT IUK/Ia BhIPaXKaeTcs crennaabHoi dpyakmueit. s
pean3aIiy IPeJJI0KEHHOTO METO 18 ABTOPBI UCIOJIB3YIOT CUCTEMY HHTEPAKTHBHOTO ABTOMATH-
3UPOBAHHOIO J0KazaTebcTBa Teopem CVC4.
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CeMaHTIYeCKH-OPHEHTIPOBAHHAS MUTPAITI
Java-mporpaMm: olbIT TPaKTHIECKOT0 IPpUMEHEeHIS

Anekciok A. O., Unpikcon B. M.

noayywena 3 cenmabpa 2017

Awnnoranums. lanHasi cTarhsl HOCBsIEHa pa3pabOTKe MIPOIELyPbl ABTOMATH3UPOBAHHON MUTDAIH
Java-nporpamm Ha HOBbIH HaGOp GubaMOTEK. 3ajada Murpanuu (IIOPTUPOBAHUS) KOJA 9aCTO BCTPEYa-
€TCs B COBPEMEHHBIX MPOrPAMMHBIX MpOeKTax. Hampumep, Takas 3ajada MOXKET BO3HUKHYTbH, KO
MIPOEKT HEOOXOAMMO TMepeHecTH Ha 60jee 6e30macHy0 Wi (PYHKIINOHAJILHYIO OMOJIHOTEKY, Ha HOBYIO
maTdOopMy WM HA HOBYIO BEPCHUIO yIKe HCIOJb3YEMOil B MPOEKTE OUOIMOTEKN.

B nannoit pabore mpejicraBieHa mporejypa aBTOMATU3UPOBAHHON MUTPAIN, OCHOBAHHAS HA CEMAH-
THUIecKOM moaxose. s mporeaypbl Murparun Oblta pa3paboTaHa METaMo/Ie/b OUOTUOTEKN, UCIOThb-
3yIoIiasl MPeJJIOXKEHHBII paHee aBTopaMu (pOpMaJ/u3M U IpeJHA3HAYEHHAs JJIsi ONUCAHUsI OUOJIMOTEK
Ha 00'bEKTHO-OPHUEHTUPOBAHHBIX sI3bIKaX. POpMaJIn3M OMUCHIBAET IIOBEIeHNEe OUOIMOTEK € ITOMOIIBIO CH-
creMbl pacmmpenubix Koneunbix asromaroB (PKA). Ipomnenypa murpamuu pasbura Ha OaTh [IAroB,
KaXKJIpII IImar moapoOHO ONMMCAH B TEKCTE CTATbU. B MpOIemype MCIIOIb3yeTcsl aJrOPUTM BBIMHUCJIEHUS
SKBUBAJIEHTHOW TPACCHI HA OCHOBE MOWCKA B IMMUPUHY, PACIIUPEHHBIN JJTsI PEIIeHUs] 33/1a9 MUTPAIIHH.

IIpenoxkennas mporeaypa peajn30oBana B IPOTOTUIE HHCTPYMEHTa MUTPAI. VIHCTPYMEHT BKJIIO-
qaeT B cebsl MOJIYJIN U3BJIEUEHUsI TPACCHI BBIMOJHEHUST TTPOTPAMM, BU3YAJIU3AIUN MOJeseil bubImoTex,
B3aMMOJIEHCTBUSI C MOJIH30BATEIEM U HEIOCPeJCTBEHHO Murpanuu. st mHcTpyMeHTa 6611 pa3paboran
sI3BIK omnucaHusi 6ubsmorek. [IporoTun nHCTpyMEHTa OBLI MPOTECTUPOBAH KAK HA MCKYCCTBEHHBIX NPU-
Mepax, TaK U Ha CyIIEeCTBYIOIIEM MpoeKkTe. B crarbe MOApoOHO ONMUCAHBI IPOBEJIEHHBIE IKCIIEPUMEHTHI,
OTIETFHO OTMEYEHBI CJIOKHOCTHU, BOZHUKAIOIINE B IIPOIECCE MUTPAIMHA TECTOBBIX IIPUMEPOB, U TO, KaK
OHU DEIIAITCS B MPEJJIOKEHHOHN mporeaype. B kadecTBe OGHOIHMOTEK B IKCIEPUMEHTAX UCIIOJIB3YIOTCS
peanuzaruu nporokosia HTTP u 6ubsmoreku mpoTokonpoBanus. Pe3yabraThl TECTUPOBAHUS TTOKA3a-
JIA, 9TO MUI'PAIUsi KOJA MOYKeT OBITh YCIIEIIHO aBTOMATH3MPOBAaHA C HMCIIOJIb30BAHUEM pa3pabOTAHHON

IIPOTIEY PBI.

KuroueBble ciioBa:  mporpaMmHasi OMOJMOTEKAa, MUTPAIsS ITPOTPAMM, MOBEJIEHYECKOE OIUCAHUE,
TpaHcGOPMAIHS TPOrPAMM

Has murupoBanusi: Anekciok A.O., Unpikcon B.M., "CeMmaHTHYeCKU-OPUEHTUPOBAHHAS MUTDAIUA Java-IIPOrPaMM:
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BBenenue

Hlannas paboTa MOCBsIEHA aBTOMATU3UPOBAHHON MUTPAIUU TPOrPAMMHOTO Koma. Mu-
rparus Koja — akTyaJjbHas 3a/ia9a B coBpeMeHHoit nnycrpun pazpaborku [10. O6brano
pa3pabOTYNKN CTAJIKUBAIOTCS C 3TOH 3a1a4eil, Koria coOMparoTcsi OOHOBUTDH CBOI IIPOEKT
JIO HOBOI Bepcuu OUOJTMOTEKN WK TIepeHecTH ero Ha 6osee 3pdeKTuBHyI0, 6€30MacCHYI0
win (pyHKINOHAIbHYIO OubnoTeky. Kak mpaBuio, UCXOIHBIH TPOEKT OBbLT B JOCTATOYU-
HOIl CTEeIleHN MPOTECTHPOBAH U pa3pabOTINK XO4UeT ObITh yBEPEH, UTO MOPTUPOBAHHBIN
MIPOEKT COXPAHUT TAKOM K€ yPOBEeHb KadecTBa. PydHas MUTrpaIus He TapaHTUPYET OXKH-
JIAEMOTO YPOBHSI KadecTBa, Pa3pabOTIUKK JIOJIKHBI TPOTECTHPOBATH MUTPUPOBAHHDII
IIPOEKT C HYyJId KaK HOBBIIA.

HGHHMI/I 9TOI'0 UCC/ICJOBaAHNA ABJIAIOTCA:

e PazpaborTka HOBOTO MeTO/[a MUTDAIMA HA OCHOBE (DOPMAJIbHBIX crienuduKaIui
O6MOJIMOTEK, KOTOPBIN IMOJHOCTHIO aBTOMATH3UPOBAH U COXPAHAET KAdeCTBO IPO-
eKTa.

e Paspaborka MHCTpYMEHTa MUTPAIIAN.

e [IpoBepka MPUMEHHMOCTH METO/Ia U MHCTPYMEHTa Ha MIPAKTHKE.

[Ipemraraemsrit MO/IX0T OCHOBAH Ha CO3/IAHHOM paHee aBTopaMu (popMaJiu3Me JIJIst
ormcanus crenudukanun 6ubamorex [1]. Janubrii dpopmanunsm onucbiBaer GHOJINOTEKH
KaK Habop pacmupeHHbX KoHedHbIx aBromMaTroB (PKA). Kaxnpiit PKA orpaxkaer xus-
HEHHBIN UK BCeil OMOIMOTEKN WJIN ee OTIe/IbHOM cymHocTh. [IpuMepaMn Takux CyIIHO-
cTell ABJISIOTCA CTATHIECKH WK JIUHAMUYIECKH CO3JaHHbIe (ailjibl, COKEThI, ceMadOophI,
IIOTOKM, MBbIOTEKCHI, TOTOKHU 1 Tak gajiee. Cocrosiins B PKA cooTrBeTcTByIoT cocTOSTHISIM
CYIIHOCTEH B IIporpamMme, a pebpa MpeJICTaB/IgIOT cOO0i BBIZOBBI (DYHKIUN OUOJIHOTEK.
[Mosnnyio cnenudukanuio GopMaauamMa MOXKHO HaliTh B [1].

O/ tHO# M3 OCHOBHBIX TeJeil 9TO# pabOTHI siBJIsieTCs pa3paboTKa MPOTOTHUIIA UHCTPY-
MeHTa, KOTOPBIIl MOYKeT OBITH MCIOJIb30BAH JIJIsl IOATBEPKIEHNS BO3MOKHOCTH aBTOMa-
TUYECKON MUTDAIMK Ha OCHOBE ceMaHTH4decKux crenudukanuii. i sToro 6611 paspa-
foraH MpoCTOoii TpeMeTHO-opueHTupoBanHbIil 36K (Domain-specific language, DSL),
KOTOPBIl TI03BOJISET ONPee/saTh oBejenne 6udbanorek. Crerudukanum nCo/ib3yoTcs
B IIPOIIE/Iype MUT'DAIMH, KOTOpasd TpaHchOPMUPYeT UCXOIHYIO ITPOrPaMMYIO B HOBYIO B
COOTBETCTBUM C MOJICJIIMU CTApOil U HOBOW OMOJIMOTEK.

JL1st OlleHKN TPUMEHUMOCTHU CO3/IaHHOIO 10/ IX0/1a OB IIPOBEJIEH PsIJ] SKCIIEPUMEHTOB
C CHHTETHYECKUMH TPUMEPaMU ITPOTrPaMM U PeajbHBIM ITPOEKTOM C OTKPBITHIM UCXOTHBIM
KoJIoM. Bee aKcIiepuMeHThl 3aBEePIIIINCH YCIIEITHO, YTO CBUJIETEIbCTBYET O ITPUMEHUMO-
CTU TOAXOA.

Pabora cocrouT n3 4vernipex pazzesnoB. [lepBolit pasiesn cogepKuT 0030p CyIIECTBY-
IONNX TIOJXOJ0B K aBTOMAaTU3UPOBAHHON MUI'DAIMU ITPOrPAMMHOIO Koja. Bo BTOpoM
pazjiesie ONMUCBHIBACTCS TPeIaraeMblil MO/IX01 K Murparun. TpeTuit pasies mocBAIeH
peayi3anyy MTPOTOTHUIIA UHCTPYMEHTa MUrpanuu. 1eTBepToiil pas/ies MOCBSIINEeH JKCIIe-
PUMEHTABLHBIM HUCCIE0OBAHUSIM Pa3pabOTAHHOIO MHCTPYMEHTa. B 3aK/IIoueHnn aHaJim-
BUPYIOTCH MOJIYIEHHbIE PE3YJIbTaThl U 00CYZKIAI0TCsI BOSMOXKHBIE HAllpaBJICHUs JTa/IbHEl-
IIIer0 Pa3BUTHS.
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1. Amnajam3 cymecTBYOIINX MOIXOA0B K MUTPAINN

PaCCMOTpI/IM CymieCTByromue 1oAXoAbl K aBTOMAaTU3allul MUT'DallUNA IIPOrpaMMHBIX IIPO-
CKTOB.

Ucnosb3oBaHie TOTOBBIX MPOIPAMMHBIX MOyl (6ubIMOTeK) sIBJIsieTCsl CTaHIapT-
HOIl TPAKTUKOI B COBPEMEHHOM IIpOrpaMMHUpoBaHuu. MHorne 6ubJIMOTEKN CTPEMATC K
TOMY, ITOOBI CTATh BCEOOHLEMJIIOIIMMU ¥ YHUBEPCAIbHBIMU. BUOIMOTEKH TTOMOTAIOT IPO-
IPAMMHUCTY IHCATh MEHBIIIE KOJIa W IIPH 9TOM BCE IUyO:Ke MHTEIPUPYIOTCS B ITPOEKT.

OpHako mpu HEOOXOAMMOCTH OTKA3aThCA OT MCIOJIb30BAaHUA OMOJIMOTEKH B IIPOEK-
Te MPEeNMYIIeCTBa €€ UCIOJIb30BAHUS IIPEBPAIAIOTCS B HEJIOCTATKN. Kak mpaBuiio, dem
aKTUBHEE UCITOJIb30BaJINCH CPEJICTBA OMOIMOTEKN B IIPOEKTE, TeM OOJIbIIe YCUJINi He0OXO-
JIIMO 3aTPaTUTh Ha MUTPAIAIO KOAa. UTOOBI OIEHUTH CJIOXKHOCTH POy Pl MUTPAIIH,
[IePEYNC/IMM OCHOBHBIE 3a/Ia9H IIepPeHOCa Kojla Ha JPYTryio OMOIHOTEKY:

® 3aMeHa CUT'HATYP BBI30BOB OMOJIMOTEYHBIX METOJIOB M (DYHKITHUIA,

e 1Ipeobpa30BaHUe UCIIOIH3YEMBIX B IIPOI'PAMMe THUTIOB U CTPYKTYD JAHHBIX,
e ylajieHue CChLIOK Ha KOHCTAHTHI M IJI00AIbHBIE CTPYKTYPhI ONOJIUOTEKH,
e j06assienue/ ynasenue Bb30BoB APl 6ubimoreku,

e ycTpaHeHHe 3aBUCHUMOCTH OT BHYTPEHHErO COCTOSHUSI OUOJIMOTEKH,

e ucrpasjenne hyHKuii obparHoro sbzosa (callback),

® U T.II

Bce nepeunciiennble 3a/1a9n ABJIAIOTCA BECbMa, PYyTHHHBIMU, COJEPXKAIUME TTOBTOPSI-
foIuecs JIEHCTBUSA, U OTHUMAIOT BpPeMsi Y pa3paboTIuKoB. BbLIO perreHo paccMoTperhb
[IOJIXO/IbI K MUTPAIUN OTHOCUTEJIHLHO UX CIIOCODOB PeIeHHs yKa3aHHBIX 3aaad. Huxke
IIEPEYHUCIEHbI TPYHIILI ITOIX0A0B K MUTPAITUA ITPOrPAMMHOTO KOJIa:

e co3janne porpaMM-o6epTok (amysasirust APT),
® CUHTAKCUYECKUN ITOJIXO]I,
® CeMAHTUYCCKUI ITOIXO/L.

[Tporpamma-obepTka (aHrI. wrapper, 000J109Ka) — 9TO IIPOrPAMMHBIN MOJLY/Ib, KOTO-
pbiit coorBercTBYET Iporpammuomy unTepdeiicy (API) oxHoit 6ubarorekun, HO peajbHO
HE COJICPXKHUT HUKAKOW JIOTMKU. BMecTo 3TOro OH IepeaeT ympaBjeHue Jpyroit omd-
muoreke [10]. [TporpamMMbi-06epTKY SIBJISIFOTCS TPUMUTHBHON [IPOCTIORKON MEZKJTy JIBYMsI
OUOIMOTEKAMU U 10 CYTHU IMPEJCTABISIOT COOO0I TPAHCIATOD BBIZOBOB, pAOOTAIONIMIl Ha
YPOBHE TEKCTa MPOTrPAMM.

CJI0KHOCTH TTPOrPaMM-00EPTOK MOXKET CUJIBHO BapbupoBaThes. llpocteiimue mpo-
IPaMMBI-O0EPTKH IIPOCTO IEPEHANPABIAIOT BBI30BLI (DYHKIIMI B JIPYrylo OMOJIMOTEKY.
DTOT CIOCOO MUTPAITUN SIBJISIETCS JIOCTATOYHBIM, €CJIH TieJieBasi OnOIMOTeKa nMeeT (PYHK-
M C TIOXOXKeHl CHUTHATYpPOW M TOH »Ke CeMaHTHKOM, UTO M UcXojHas Oubanoreka. bBo-
Jiee CJI0¥KHBIE TIPOTIPaAMMbI-00EPTKI MOT'YT TaKzKe BBIIIOJIHSTDH IIpeodbpasoBaHue (hopMaToB
JIAHHBIX, TO €CTh IPUBOJIUTH IepejlaBaeMble B (DYHKINIO JJAHHbIE K TaKOMy (opMaTy, C
KOTOPBIM MOXKeT paboTaTh IiejieBas OndInoTeKa.

Cy1ecTByeT HECKOJIBKO HEJIOCTATKOB IOJIX0JIa K MUTPAINN C MCIIOJIB30BAHUEM ITPO-
rpaMM-00epPTOK:

e [IporpaMMbI-06€pTKHI OOBITHO MUY TCS 17151 (DUKCUPOBAHHBIX UCXOTHBIX 1 11E/I€BBIX

OubIMOTEK.
e CJ103KHBIE TIPOTPAMMBI-00EPTKI MOTYT CEPbE3HO MOBIUITH Ha IIPOU3BOINTEILHOCTD.
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e [Iporpammbi-06epTKH, KaK MPABUIO, OIPAHMYUBAIOT JIOCTYII K CTPYKTypaM U/ in
MeTOoaM IIeJIeBOI OMOJIMOTEKH.

e Eciu onHa 9acTh MporpaMMbl MUTPHPOBaHA Ha IEIEBYI0 OUOJIMOTEKY BPYIHYIO
W OJTHUM W3 METOJIOB, KOTOPBINl HEITOCPEICTBEHHO MEHseT KOJ, & JIpyras 4acTb
UCIOJIL3YeT ONOJIMOTEKY Yepe3 IPOrpaMMy-00epTKY, MOTYT BOSHUKHYThH CJIO2KHOCTU
¢ OOMEHOM JIAHHBIMU MEXKJTy STUMU YACTAMU TPOTPAMMBI.

HecmoTpst Ha Bce mepevuncsieHHbIE BBINE OTPAHUYCHUS, TTOXOJI C UCIOJIH30BAHUEM
IPOrpaMM-00EepTOK MIUPOKO MPUMEHSIETCS B ITPOMBIIIJIEHHBIX MTPOeKTax. [IporpamMmbr-
00epPTKN MOT'YT MPUMEHSIThCST TOT/IA, KOT/Ia UCXOIHBI KO MUTPUPYEMOTO IIPOEKTa HEJI0-
cryned. Bo MHOTHX cIydasx IPOIE CO3JaTh IPOrpaMMy-00epTKY, YeM ITePEHOCUTH BCe
MPOEKTHI, MCIOJIL3YIONIe HCXOAHy0 Onbsmoreky. Huke mepedncienbl HEKOTOpbIE W3-
BECTHBIE TTPOEKTHI-00EPTKU:

e ANGLE — peaymsanust nporpammuoro uarepdeiica OpenGL ES, paboratormas

nosepx 6ubmorekn Direct3D [12].

e SLF4J (Simple Logging Facade for Java) — dbpeiiMBOpK j1si TPOKOTOIMPOBAHNS,
KOTODBIN MOYKET HCIIOJL30BaTh PA3INIHbIe OMOINOTEKN B KadecTBe GoKeHa (Mo-
JLyJisi JJisl HEOCPEICTBEHHOrO (hOPMUPOBAHUS U BBIBOjA coobienuit) [13].

Meto/pl, ocHOBaHHBIE HA CHHTAKCUYECKOM IOJIXOJIE, B IPOIECCe MUTPAIUU KOJa NC-
MOJIB3YIOT MH(MOPMAIIMIO O CHHTAKCHCEe sA3bIKa MIPOrpaMMUpOBaHus. B oT/m4dne oT mpo-
rpaMM-00€PTOK, MPU HUCIIOJb30BAHUM CHHTAKCUICCKOTO IIOIX0/Ia U3MEHEHUS BHOCATCS
HEIIOCPEJICTBEHHO B IIPOTPAMMHBIN KO MUTPUPYeMOTo mpoekTa. K 9Toit rpyrmme oTHO-
CATCST METOJIBI HA OCHOBE IMAabIOHHBIX TPe00Pa30BaAHMIT U TIEPE3AIIICH TEPMOB.

[Ipumepom cpejicTBa, NCIOIB3YIONIETrO MAOIOHHBIE TPEOOPA3OBAHNS, SIBJIAETCST NHTE-
rpupoBanHas cpeja paspaborku IntelliJ] IDEA. Cucrema mabaoHHBIX Tpeobpa3oBaHmit
B IntelliJ] IDEA usnaga/ibHO paspabarbiBajach I IHOUCKA W UCIPABJIEHUS OIMNOOK B
KOJIe, HO MOYKET UCIIOJIb30BaThCs U JIjIs MUTPAIK TporpamMm. JToBoibHO 60JIbIIOe KOJTH-
9eCTBO MIA0JIOHOB M3HAYAILHO comepxkuTcsa B IDEA, monmp3oBaTeb HessBHO obOpalmaercs
K HUM, KOTjia ctarwdecknii aHasm3atop IDEA maxomuT moTeHIUAIBbHYO OMIMOKY B KO-
Jle W TpeJiaraeT Jjisd Heé nucipaBieHne. TakyKe MMeeTcs BOSMOXKHOCTD JOOABUTH CBOU
mabioHbl ¢ noMmornbio dyrkimn Structural Search and Replace [9]. aunas dbyukiums
BO MHOTOM IIOXOKa Ha OOBIYHBIN jmasor 3aMensl Tekcra (Search and Replace), ognako
YUIUTBIBAET CUHTAKCUC KOJia. Hampumep, npu MoucKe BXOXKJICHUS HE YUIUTHIBACTCH pa3-
HUIA B (POPMATUPOBAHUU MEXK/Iy IMTAOJIOHOM TOUCKA U TEKCTOM IIPOTPAMMBI, TAKXKe He
YIUTBIBAETCS TTOPSIIOK OObABIEHUST TIEPEMEHHBIX, METOJIOB, TOJIEHl U HEKOTOPBIX JIPYTHUX
CUHTAKCUIECKIX KOHCTPYKITHI.

I pyroit MeTos1, peaJu3yIoNuii CHHTAaKCHIeCKUi TTOXO0/T, UCIIOJIb3yeT TaK Ha3bIBAEMbIe
IpaBmJIa Tepe3amicu TepMoB (term rewriting). Ilpumepom peanmusarim 3T0oro MeTo/a siB-
nsiercst uacrpyment TXL [6]. OH mo3BoJIsieT ¢ MOMOIIBIO CHEIUAIBHOTO SI3bIKA 33[aBATh
[IPABUJIA M3MEHEHUsI 3JIEMEHTOB IIPOrpaMMbl. J[jist omucaHns rpaMMaTHKI S3bIKA, HA KO-
TOPOM HallCaHa IIporpaMMa, UCIob3yeTcs paciuperHas popma Bakyca—Haypa. Emé
OJTHUM ITOXOYKUM BapUAHTOM CHHTAKCHYECKOT'O TOJXO0/Ia SBJISETCS METO] CTPATEruil Ie-
pesarmcn. DToT MeTos peannsosal B cucreme Stratego/XT [3] u uncrpymenre DMS [2].

B crarbe [4] paccMOTpeHO UCIIO/Ib30BaHNE CHHTAKCUIECKOTO MOJIX0/Ia HEITOCPEICTBEH-
HO JIJIsl TOPTUPOBAaHUS IPOTpaMM. ABTOPBI CTATHU COCTABUIN HAOOP MPABUJI TIEPE3AUCH
U B PaMKaX TECTUPOBAHUs YacTUIHO TopTupoBasu mnpoekT kdelibs ¢ 6ubimorexkn Qt
Bepcun 3 Ha Qt 4.
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OcHOBHOI HEIOCTATOK CUHTAKCUIECKUX IIOJIXOJ0B — MaJjas MMOKOCTb. C MOMOIIbIO
9TUX TOXO/IOB MOYKHO BBITIOJTHUTH TOJIBKO MPOCTEMIIIe mpeodpa3oBaHust — 3aMeHa BbI-
30Ba OJHON (DYyHKIUU Ha JIPYTYIO, MEPECTAHOBKA JBYX apryMEHTOB (PYHKIINU MECTaMn
U Jpyrue npeobpasoBaHisi, 3aTPAruBAIOIIIe JIUIIIb OJIMH UM HECKOJIBKO OmepaTopos [5].
Bosee macirabuble n3MeHEHUS B CJIydae CHHTAKCUIECKUX ITOJXOJI0B OO0 TPeOyIoT Ha-
[CaHUsT KPaifHe CJIOXKHBIX Mab/I0HOB, JTUO0 BOBCE HEBO3MOKHBI.

[Tonxo/bl, onmcaHHbIe BBIINIE, UMEIOT OIPAHUYCHHBIE BO3MOXKHOCTU JIJIi aBTOMAaTU-
YeCKON MUTpAIMK UCXOTHOTO KOJIa B CJIyUAe CYIIECTBEHHONW PA3HUIIBI MEXKIY HCXOTHOMN
U 1esieBoit 6ubmorekamu. B sToM cirydae HeobXoauMa JIOMOJHATEIbHAsA WH(OpMaIus,
Takasl KaK ceMaHTUKa ONOJTUOTEKH.

JlobaByienne HOBO# MHAMOPMAIMH B CHHTAKCUIECKHI TIOIXO0, IPUBOIUT K MOSIBJIEHUIO
PYIIIBI CEMAHTUIECKUX 10/X0/10B. Ha JaHHBIT MOMEHT TOJIbKO HAUUHAIOT IOSIBJISITHCS
HHCTPYMEHTBI, pean3yolue yKa3aHHblil noaxon. OjHa n3 HemaBHux crareii [11] pac-
IMUPsIeT OCHOBAHHBIN Ha IMAb/IOHAX MOJX0/ WHMOpMAIueil 0 CeMaHTHKe JIJIsl JIy9IIero
MTOMCKa TTPOTPAMMHBIX 3JIEMEHTOB, KOTOPbIe HeOOXOIUMO TiepenecTn. Tem He MeHee, po-
1IeCC 3aMEHbBI TO-TIPEeKHEMY KOHTPOJIMPYETCss HabOPOM IIabJIOHOB U IIO9TOMY He CIIocOOeH
BBITIOJIHATD CJIOYKHBIE M3MEHEHUsI B UCXOIHOM Kojie. B oToit pabore ucob3yercs ceMaH-
THYIECKUI T0X0/1 ¢ OoJiee MOITHBIMU U YHUBEPCAJIbHBIMU MEXaHU3MAaMU.

2. Ilpenjmaraemblii moaXo0I

JItobasi cucremMa MUTpAIUU ONEPUPYET HE CAMUM KOJIOM, & €r0 MOJIEIbIO B TOM HJIM WHOM
Buge. CTpyKTypa Mojesieil 3a1aeTcs MeTaMo/Ie/Ibio. MeTraMoie/ b SIBISeTCsa BayKHOM da-
CTBIO TIOJXOJ/Ia K MUTPAIMK IIPOrPAMMHOIO KOJIa, UMEHHO OT HEE BO MHOTOM 3aBUCHT
CIEKTP BO3MOXKHOCTel mojxoma. [Ipu paspaboTke MeTaMoe M YIUTHIBAIUCH CJIETYIO-
e KPUTEpUu:

® CJIOKHOCTH aHaJIn3a,

® CIIOCOOHOCTH OTOOPaXKaTh CEMAHTUKY OMOJIMOTEK,

® JIErKOCTH CO3JIaHUs MojieJieli OuOIMOTEK.

B kadecTBe OCHOBBI JIj19 MeTaMOJIe/IU ObLIT KCIIOJIB30BAH paHee CO3/IaHHbIi (hopMaIn3M
[1]. Vkazauubiii dbopmansM ObLT CO3JaH HE TOJBKO sl 3a]a9 MHUTDAIMHA, HO U JIJIs
HCIIOJIb30BaHUsI BHYTPH JIDYTUX 00JIacTeil MpOrpaMMHONl WHXKEHEPHH, BKJIOYasd 3aa491
obHapyzKeHud JiepeKTOB 1 TeCTHPOBaHUs IIPOIPaMMHOro obecredenusda’. @opMaausM He
3a/1a€T KOHKPETHYIO METaMO/Ie/Ib ONOJIUOTEKN U €€ TPaHUIlbl, HO SBJISI€TCsT OCHOBOM JIJTst
Heé W OIUCHIBAET JIEMEHTBI, KOTOPbIE JOJ2KHBI ObITh BKJIFOUEHBI B METAMO/IE/Ib.

Metamosiesb npejicrasisier coboit Habop PKA | kaxk1piit u3 KOTOPBIX COOTBETCTBYET
CEMaHTUYIECKOMY OObEKTY IPOIPpaMMbl, KOTOPBIN OMO/IMOTEKa MOXKET 00padaThIiBATh MJIN
UCIIOJIB30BaTh i cBoux JeiicTuii. Hanmpumep, 6ubsmoreka daitsioBoro BBojia/BbIBOIA
MOXKeT uMeTh aBroMarhl «Paitny, «Umsa daitnar, «Ilorok» n Tomy momgodHOoe. OOBIY-
HO Kaxkplil Kiace (B repmunax OOII) B 6ubsmoreke mveer coorsercrByomuii PKA B
mozesn. PKA onpegensiiorest koprexxeM < @, Qo, X, V,C,CA,CP U, F,T >.

Kax et PKA B 6ubiimoreke BK/IIOYaeT B cebsi MHOXKECTBO coctosiuuit (). Hampu-
Mep, aBTomMaT «Paila» MOXKET UMeTh TakKnue COCTOsHUsA, KaK «OTKpBITO», «3aKpbITO» 1

!Cnenyer ormeTuTsb, uTo bOpPMAIN3M B HACTOSAIIEE BPeMs JOPAbATHIBACTCH U B KOHTEKCTEe JIAHHOI
CTaThbH HE JIOJIKEH PacCMaTpUBaTbhCA KaK OKOHYATeIbHas BEpCHs.
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«Tosbko myist arenust». Kaxk it aBromar orpe/iesiser Habop mnepexo/ioB 1', KOTopblie co-
OTBETCTBYIOT OINEPAIUAM HaJ O0bEKTaMU, U HEIYCTOe MHOYKECTBO HAYAJIbHBIX COCTOTHUI
Q0. X — MHOXKeCTBO (PMHAIBHBIX COCTOTHUI 00bekTa. C' — HAabOp BBIZOBOB (DYHKIINIA,
KOHCTPYKTOPOB M JIPYTHX 3JEMEHTOB KOJIa, JEMCTBYIONINX KaK CTUMYJIBI JIJIsI [IE€PEXO-
JIOB Mex1y cocrognusaMu. Takyke C' COMEPKUT 3aBUCUMOCTH, TO €CTh HAOOP 0OBHEKTOB-
CYIIHOCTEH, HEOOXOIMMBIX JIJIsI BBIITOJTHEHHS MIEPEX0/IA.

HexkoTopbie s71eMenThI TPOrpaMMbl BO3BPAIIAIOT HOBbIE OOBEKTHI ITOCJIE BBITIOTHEHUA.
CP — 310 HAbOD JI0UEPHUX ABTOMATOR, CO3JaBaeMbIX P akTuBaluu djaemenTa C.

Tax kak OOJIBIIMHCTBO CJIOYKHBIX OMOJINOTEK HE MOTYT ObITh B JIOCTATOYHON CTEIEHU
OITMCAHBI TOJILKO C TIOMOIIBIO COCTOSIHUI M TIEPEXOI0B, METaMOJIe/Ib ObLIa PACIIUpeHa aT-
pubyramMu aBTOMaToB V 1 ceMaHTHYeCKHMHU JeficTBusMu (actions) CA. Kaxaprit PKA
MOKeT UMeTh Habop aTpubyToB (properties, cBOWCTB), 1IeHTH(MDUIMPOBAHHBIX 10 UMEHH
U COJIEPZKAIIUX [TPOU3BOJIbHOE 3HaYeHNe (CTPOKH, TeJIble YiCia U Tak jajee). ATpubyrol
MOTYT ObITh U3MeHeHbl (pyHKIugMU 00HOBJeHUsS U B IPOIEcce BBHIMOJHEHUS MEPEXO/IA.
[lepexo/1 MeK/1y COCTOTHUAMU BO3MOXKEH TOJIBKO B TOM CJIydae, €CJIU 3allUTHBINA TTPe/Iu-
kar (V) ucruren. ATpuOyTBl MOTYT HCIIOJIB30BATHCS B TEX CIYYasAX, KOIJIA € MOMOIILIO
COCTOSIHUI CJIOXKHO WJIN TIOJTHOCTBIO HEBO3MOYKHO BBIPA3UTh CEMAHTHUKY OUOJIMOTEKH.

CemanTnyeckue JIeHCTBUS B MOJIE/IN OUOJIMOTEKN OIPEIE/IAI0T CEMAHTUIECKH 3HAYTU-
MbI€ COOBITHSI, KOTOPbIe HE MOTYT OBITH BBIPAYKEHBbI aTPUOyTaMU WU CMEHOU COCTOsI-
nus. JleficTBus peajn30BaHbl KaK aTpUOYT Iepexojia U CHerudUuImpyoTca CUTHATY PO
(MMeHeM U CIHCKOM apryMeHToB). Bosee moapobHyo MHMOPMAIMIO O CeMaHTHIECKIX
JIERCTBUSIX U aTpUOyTaX MOXKHO Haiitu B crarbe [1].

[Ipeytaraemas mporieypa MUTPAIUU COCTOUT U3 TSTU IIAroB:

[lepsoiii mar — n3BJIeUYeHUE TPAacchl. Tpacca — 9TO MOC/IEI0BATEILHOCTD OTICPAITHit
B aHAJIM3UpyeMoii mporpamme. Tpacca coOIep:KNUT CIUCOK 3JIEMEHTOB KOJIa, PaCIIOIOKEH-
HBIX B MOPSIJIKE WX BBITIOJIHEHUS.

Bropoii mar — 310 OoTOOparkeHue Tpacchl HA MOJIEJIb. 3ajatda dTOro Imara —
npeoOpa30BaHme TPACChl TPOTPAMMbBI B TPACCy Ha MOJIE/IH, KOTOPas SIBJISIETCH YIIOPSI0-
YEeHHO! T0CJIeJI0BATEHLHOCTHIO MIEPEXOI0B B aBTOMATAX.

Tpernit mar — pacyer SKBUBAJIEHTHOM TPACCHI — 9TO HEIIOCPEJICTBEHHO IIPOIECC
MIOMCKA 3aMEHBI JIJIsI TPACCHI U3 MCXOMHON MOJIETN. DJIEMEHThI PE3YILTUPYIOIIEH TPaCCh
— IepexoJIbl Ha MOJIeIH TieJieBoit Oubymmorekn. Tak Kak MpeJijioyKeHHas IPOIIe 1y pa, SBJIs-
eTcs peam3aleil CeMaHTHYECKOT0 MOIX0/1a, Ipeobpa30BaHKe BBITIOJTHIACTC B KOHTEKCTE
MoJieseil OnbJIMOTEK.

Paccunrannas Tpacca J0/2KHA OBITH CHHTAKCUYIECKN M CEMAHTUYECKU SKBUBAJIEHTHA
MCXOJTHOM. 3aMeHa WIETCs B COOTBETCTBUU C JIByMs KpUTepusiMu. Bo-TIepBbIX, €C/In UC-
XOJHAs Tpacca COJIEPXKUT CO3/IaHNe CYITHOCTH, Pe3yIbTUPYIONIas TPacca TaKKe JTOKHA
coznaBarh e€. Hampumep, eciim mexogHass mporpamMMma mosydaeT JUnHy daiiia, To ecTh
cozjiaer cymHocTh FileLength, pe3ysbTupyioinas Tpacca TakzKe JIOJIKHA CO3/IaBaTh ITY
CYIIHOCTBb. DTO TpeboBaHMe O0DYCJIOBJIEHO TEM, UTO MCXO/HAs IPOrPaMMa MOXKET Iepe-
JIATh CO3JIAHHBIN 0OBEKT B JIPYTYIO (DYHKIUIO U COXPAHUTDH €r0 B I0JIe KJIacca, U KOp-
PEKTHO TIepeHeceHHas MporpaMMa JIOJIKHA CeIaTh TO Ke caMoe. Bo-BTOPBIX, pe3yiib-
TUPYIOMAs TPacca JIOJKHA COJIEPYKATh TOT yKe HADOP CeMaHTHMYEeCKUX JeHCTBHIl, 9TO 1
MCXOJTHAS.

AJtropuTM™, UCIOJIB3yeMblil B MPOIEAYPEe MUTDAINHA, OCHOBAH HA TOUCKE B MIUPUHY
(breadth-first search, BFS). Momesnb 6ubimorekn paccMarpuBaercst Kak rpad, u Kpat-
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Jaimuii 1IyTh 10 MCKOMOH BepIIMHBI MOXKHO pacCMaTpUBaTh KakK IIOCJIEL0BATE/IBHOCTD
9KBUBaJICHTHBIX OHepa]_[I/IfL HOI/ICK OJHOBPEMEHHO 3allyCKaeTCd M3 HECKOJIbKUX BEPIIMH
(Bce mocTymHBbIE B OOJIACTH BHJIUMOCTH CYITHOCTH HporpaMmbl). Eciin sKBHBaIe€HTHBIH
yTh HEe HalijieH, HeOOXOIUMO 0OPATUTHCA K TOJIB30BATEIO 3& ITOMOIIIBIO.

Cragasia 6ubmoredHast Moje/b mpeobpasyercsa B rpadoBoe mpejcrapierune. Kax-
JIBI PACITUPEHHBIl KOHEYHBINH aBTOMAT Mpeobpasyercst B OTIe/bHbIH rpad (cocTosHus
[PEBPAIIAIOTCS B BEPIIUHDI, [IEPEX0/Ibl — B pebpa), Toce 4ero Bee takue rpadbl 00beu-
HsatoTcsa B ojuH. [loyaennsrit rpad comepKUT HECKOJIBKO KJIACTEPOB BEPIIUH, KOTOPbhIE
cooTBeTCTBYIOT Kazkaomy PKA.

OpHako 1yTh, HaliJeHHBI Ha TakoM rpade, He Bcerjga (GopMUDPYET MOIXOIANILYIO
Tpaccy—3ameny. Bo-mepBbix, 1mo00H0e rpadoBoe IpecTaB/ieHne He YUIUThIBACT aTpH-
6YTbI aBTOMATOB U CBA3aHHBbIC C HUMH OI'DaAHUYCHUA Ha IIEPEXOIAbI. BO—BTOprX, B TaKOM
rpade He OTparkKeHbl ceMaHTHUYIeCKHe JeiicTBus. B-Tperbux, momgo0HbIi rpad He comaep-
JKAT THPOPMAIUIO O 3aBUCUMOCTSX.

YT00bI y4ecThb 3TU OrpaHUYCHUs, B IIPOIECCEe MUTPAIIUN OTPEJIEIsIeTCs HOBbIN rpad
G', B KOTOPOM KaK/ias BEPIINHA SIBJISIETCH BO3MOXKHBIM cOocTosiHHeM moucka. ['pad G’
BKJIIOUaeT B cebs pedbpo u — v, €CJIM B COCTOSTHUU U MOYKHO JI0OABUTH IIEPEXoJ] K Tpacce,
B pe3y/ibrare dero Oy/er JOCTUTHYTO cocTosHue v. VmenHo sror rpad ucmosib3yercs B
asiroputMe toncka. COCTOsSTHIE MTOUCKa BKJIOYAET B ¢e0sl KOHTEKCT, TO €CTh MHOXKECTBO
uncranrupoBannbix PKA u ux Texkyiee cocrosnue.

Kiraccuaeckuit aaroputm BFS umeer nBe odepesn: odepejib MOCEIIEHNs, KOTOPAst
COJIEPKUT yZKE TOCEIIEHHBIE BEPIIUHBI, U OYepe/Ib OKUJIAHUNA, COJMEPIKAILYIO0 BEPIINHBI,
KOTOpBIe Oy/1yT 00pabaThiBaThCA. AJITOPUTM, HCIIOIB3YEMBIN B JaHHOM paboTe, 100aBIs-
eT TPEeThIO ouepeIb 1101 HazBaHueM «COCTOsIHUSA ¢ HEPA3PEIIeHHBIMU 3aBUCUMOCTAMU». B
HEro J00aBJISIIOTCA COCTOSHUsI, KOTOPbIE HEe MOT'YT BBIIIOJHUTD IEPEXOJ] U3-38 OTCYTCTBY-
I0Ieil B KOHTEKCTe 3aBUCUMOCTH. Kcyim B ouepesb Mocerenus M00aB/IsieTcs COCTOSTHIE
IIOMCKa, KOTOpOE€ nMeeT HeO6XO,ZLI/HVIyIO 3aBUCUMOCTD B KOHTEKCTE, TO 9T JABa COCTOAHMA
0O beIMHSIOTCS (CKJIaIBIBAIOTCST UX TPACCHI U KOHTEKCTHI) W PE3YJIbTAT IIOMENaeTcs B
odepeb OXKUIAHUA.

Ouepeb 0KUIAHISA COPTUPYETCSI, MOJIETH C CAMBIMIA KOPOTKUMU Iy TSIMU UMEIOT Hau-
BBICIIIAI TIPUOPUTET. DTO, & TaKyKe OTCYTCTBHE BeCOB y pedep rpada o0yc/IOBIHBAET
MUHUMAJIBHYIO JIJIMHY IOy 9aeMOro Iy TH.

B HEeKOTOPBIX cilydasx CJeAyIONHil epexo/ B Tpacce HaYMHAETCA He ¢ KOHEYHOI'O
COCTOSIHUS TIPEJIBIIYIIEro nepexoaa. Hampumep, mporpaMmMa onepupyer ¢ OJHOM CyITHO-
CTBIO, & I0CJIe ITOro obpalaeTcs K JAPyroi, ¢ KoTopoit ona padborasa jio storo. [lonck
1o rpady He CMOXKET HAWTU TaKOM MyTh, TaK KaK OH PACCMATPUBAET TOJILKO ONEPAIUH C
mocJieTHUM ucrotb3oBanubiM PKA. B takux ciydasx reHepupyoTcs JOMOTHATE/THHBIE
COCTOSTHMSA TIONCKA, B KOTOPBIX «aKTWBHBIM» PKA HazHagatoTcst aBTOMATHI U3 KOHTEK-
cra. Bee co3iannblie cOCTOSIHUSA TOMEIIAIOTCS B 09epe/Ib OXKUIAHIA. DTOT IIar IO3BOJISIET
BEPHYTbHCsI K JIIOOOMY OOBEKTY, HOCTYITHOMY B KOHTEKCTe. B HEKOTOPBIX Cilydasx dmc-
JIO TreHepupyeMbIxX COCTOSHUI MOXKET 6bITI) OI'POMHBIM, IIOTOMY 3TOT IIal' IPUMEHACTCA
TOJIBKO B MCKJIIOUUTEJbHBIX CIIydadax, HAIIPUMEDP, B OTCYTCTBUE JIPYTOr'O PEITCHU.

YerBepThlil mar — oTodOpa*keHrne HOBOI Tpacchl HA MOJEeJIb Koza. /[1a KaxK1oro
9JIeMEeHTa HOBOI TPACChl PACCIUTHIBACTCS MECTO €r0 BCTABKU B MOJIEb KOJIA.

[IsaThiit Iar — HemocpeICTBEHHO TpaHcdOpMamus MPOTPAMMBI € YIETOM IOJIY-
YCHHbIX Ha IIPpeJblAYyIIeM HIare 3JIEMEHTOB.
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3. Pazpaborka mporoTuiia

Y100B! TPOJIEMOHCTPUPOBATH BO3MOYKHOCTH aBTOMATU3NPOBAHHON MUTDAITIH KOJIA U [IPO-
TECTUPOBATH METAMO/IE]h, ObLIT pa3paboTaH MTPOTOTUII HHCTPYMEHTA JIJIsT MUTPAITUN TTPO-
rpaMM 2.

NucrpymenT nipeiHasnadeH Jjis MUTPAIMK KOJla Ha s3bike Java. f3bik Java Ha jgan-
HBIIf MOMEHT SBJISCTCA OJHUM U3 CAMBIX IIOMY/ISPHLIX® , 3HAUUTEIHHOE KOJIMIeCTBO HOBLIX
MIPOEKTOB pa3pabaThIBAETCsT UMEHHO Ha HEM.

Boun paccMOTpeHbI Clie Iy IoIIre OIX0/IbI /I M3BJIeYeHUs] TPACCHI ITPOIPAMMBI:

® CIIO/Tb30BAHUE ITPOrPaMMHBIX HHTepdeiicoB JVM Jj1s mHCTpYMEHTHPOBaHU KO/,

® B3aMMOJIEICTBIE C CYMIECTBYONINMI OT/IaTduKaMn Java,

® 1ICIIOJIb30BaHUE aClIeKTHO-OpUeHTUpOoBaHHOrO nporpamyuposanust (AOIT) mis e

pPEeHUs UHCTPYMEHTHUPYIOIIEro KoJia B IPOrpaMMmy.

PazpaboraHHbIit HHCTPYMEHT UCIIO/IB3YET MO/IX0/T, OCHOBAHHBIH Ha ACIIEKTHO-OPUEHTHU-
POBAHHOM IPOTPAMMHUPOBAHUH, ITOTOMY UTO CYIIECTBYEeT HECKOJBKO IMHPOKO PACIIPO-
CTPAHEHHBIX W XOPOIIOo NpoTecTupoBanubix peanusaruit AOIL, KoTopbie MO3BOIAIOT €
MUHUMAJIBHBIMU YCUJIUAME IIPOUHCTPYMEHTUPOBATEL KO [8]. JIjisi HHCTPYMEHTUPOBAHMUST
B pabore ncro/ib3oBana oubmoreka Aspect..

NucTpyMeHT MUTpaIuu UCoab3yeT oubmoreky JavaParser i aHam3a NCXOTHOTO
KO/la Ha #3bIKe Java. Dra 6ubsmoreka comepKuT cpejcrsa Jyist nocrpoenust AST (koro-
poe HCIHOJIB3yeTCsT KAK MOJIE/Ib KOJla) U BBIIOJIHEHUsT 0OPATHOIO 1TPeo0Pa30BaHUs B TEK-
cTOBOE TpejcTaBjienne. B mporecce mpeobpazoBanus OHOINOTEKA COXPAHSAET BHENTHU
BuJI, Kojia (bopMaTupoBaHie U KOMMEHTAPUNU ), 9TO OUY€Hb BAXKHO IPU TpaHChOpMAIin
nporpamm. OCOOEHHO 9TO BarXKHO MPU TOPTUPOBAHUU KOJI&, HAXOAIIETOCS TIOJT YIIPABJIEe-
HUEM CHCTeMbl KOHTPOJIsT BepcusMu, Takoit Kak Git.

CrenaibHO J1j1s1 IIPOTOTUIIA UHCTPYMEHTA ObLIT CO3/IaH IIPE/IMETHO-OPUEHTUPOBAHHBII
si3bik (DSL) jist onmcanust 6ubmorek. DSL ocHoBaH Ha s3bIKe MPOrpAMMUPOBAHUST
Kotlin [14] n mosBossier pa3pabarbiBaTh Mojean O6nbarnoTeKk 6e3 IiIybOKOro 3HAHUS ap-
XUTEKTYPHl HHCTPYMEHTA.

PazpaboTranHblit THCTPYMEHT COJIEPYKUT MOJLYJ/Ib Bulyasausainuu. Eciu ecth Bu3yaib-
HOE TIpeJicTaB/IeHne OUOIMOTETHON MOJIE/IH, TIOSBJISIETCA BO3MOXKHOCTH BOBJICYb B ITPOIIECC
pa3pabOTKU OIMUCAHUS TeX JIfo/eil, KOTOphle IMEIOT OIBIT pabOThl ¢ OMOJIMOTEKOI, HO He
IMEIOT JIOCTATOYHBIX 3HAHMIT O fA3bIKe ommcaHus. Kpome Toro, BusyaabHOe IIpeJICTaBIIe-
HIIe MOKeT OBITh KpaiiHe IOJIE3HO IIPHU OTJaJKe OIICaHnA OMOINOTEK.

4. SKCHepI/IMeHTaJIbHaH IIPOBEPKa MHCTPYMEHTa
MUIr'panoyumn

Tak kak omHa M3 1eJIeil TAaHHONW CTaTbU — IIPOBEPUTH PabOTOCIIOCOOHOCTD ITOAX0JIa Ha
peasibHBIX IIPOEKTax, TO HeOOXOINMO IIPOBECTH HAOOP SKCIEPUMEHTOB.

JLnnst TecTUpOBaHMS OIX0/a HEOOXOIUMO BBIOpaTh TakKue OMOJIMOTEKH, KOTOPbhIE pe-
masi 66 OXOXKYIO 3aatdy, HO nMesi Obl pasndHble mporpaMMubie narepdeiicsr (API).

2Mcxoaublii Ko MHCTPYMEHTA JIOCTYIIeH 110 ajpecy https://github.com/h31/LibraryMigration
3https://www.tiobe.com/tiobe-index/
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B xose pabotsr ObLIN TTPOBEIEHDI JIBE CEPUU IKCIEPUMEHTOB: IIepBasi CBI3aHa ¢ OUO/IM0-
TekaMmu, peasusyiomumu mporokosl HTTP, a Bropas — ¢ dubsmorekaMu mpoTOKOIUPO-
BaHus. B KadecTBe MCTOYHUKOB TPACC BBIMOJTHEHUS MCIIOJIB30BAJINCH JIEBATH CHHTETH-
YeCcKUX MMPUMEPOB U OJINH peasbHbIN MpoeKT. PazpaboTaHHble CUHTETUYECKIE TPUMEDDI
JIOCTYTIHBI B YIOMSHYTOM PaHee PEO3UTOPUN C MUCXOHBIM KOJIOM.

4.1. DKcnepmMeHTbI ¢ OUOJIMOTEKAMY, PeaJIN3YIONIUMI IIPOTOKOJI
HTTP

Brorim cozmansr Mojienu st CaeyIonmx Ondb/moTex:
e Apache HttpClient u3 npoexta HttpComponents;
e Kimmenr uz Java Class Library (java.net. Http URLConnection u cBsi3aHHbIE C HUM
KJ1aCChI )%
o OkHttp client®.
B Ka4deCTBe WIJIIOCTPallu B JIMCTUHI'aX IIPUBEJACH ITPUMED BBIIIOJITHEHU A HpOCTefIHIeFO
GET-zamnpoca ¢ ncnosib30BaHueM JIBYX Pa3HbIX OMOINOTEK.

Jluctunr 1. llpumep ucnonnzoanus kiracca HttpURLConnection uz Java Class Library

URL url = new URL("http://api.ipify.org/");

URLConnection conn = url.openConnection();

InputStream is = conn.getInputStream();

BufferedReader br = new BufferedReader (new InputStreamReader (is))

String response = br.lines().collect(Collectors.joining("\n", "", "\n"));

TU W N~

Jlucrunr 2. [Tpumep ncnosnbzoBanus oubsmorekn Apache HttpCliennt

HttpClient httpclient = HttpClients.createDefault();

HttpGet httpget = new HttpGet ("http://api.ipify.org/");
HttpResponse httpResponse = httpclient.execute(httpget);

String response = EntityUtils.toString(httpResponse.getEntity());

=W N

Bce Tpu nepeunciennbie 6ubanorekn nmeor Habop obmux cymuocreii (URL-ampec,
HTTP-3aronosok, HTTP-craryc orsera). Oanako ectsb u pasnndaus. Hampumep, BcTpo-
eHHBbIII KaneHT Java BkJtodaer B cedsa kinacc HttpURLConnection, koTopsiii mpegocras-
JISIET JIOCTYTI KaK K 3aIpocy, TaK 1 K OTBeTy. K/ ke roBopuTh 1mpo 6ubmorekn Apache
HttpClient u OkHttp, To onn comepkaT oTae/IbHbIe KJIACChl 3aIIPOCOB U OTBETOB, OJTHAKO
U B cjIydae 3TOH mapbl OMOJIMOTEK HET abCOIOTHOTO COOTBETCTBUSI MEXKJIY KJIaCCAMHU.
Kpome Toro, B jByx sTmx Oubsmorekax ectb oobekT Client, koTopblit mo/zKeH ObITH
cozgtan Jutd BoinosHenust HT'TP-3anpocos. Berpoennbtit kimenT Java He mmeeT Takoro
KJIacca.

VKazaHHBIX Pa3IUduil JIOCTATOYHO, YTOOBI CTATH TPOOJIEMOI JIJIsi HHCTPYMEHTOB M-
rpaluu, peaan3yonnx CHHTAKCHIeCKnil 10xo/. Eein B mexXoaHol mporpaMme, UCIo/ib-
3yloleil BcTpoeHHbIi KianeHT Java, mpoucxoaut obpainenne K HTTP-orsery 1epes 06b-
ekt kyacca URLConnection, To B sKBuUBajIeHTHOI mporpamme st 6ubanorekn Apache
HttpClient HeoOxouMO cHadasa sIBHO BBIIOJTHUTD 3aIPOC ¢ TOMOIIBIO METOjIa execute,
nostyunTh 00bekT HttpResponse u yxxe depes mero obpammarbes K orBery. OqHaKO 1pu
nosropHoM obparenuun K HTTP-oTBery HeT HeoOxouMoCTH 3aHOBO OTIIPABJIATE 3AIIPOC,

‘https://hc.apache.org/httpcomponents-client-ga/index.html
Shttps://docs.oracle.com/javase/8/docs/api/java/net/HttpURLConnection.html
Shttps://square.github.io/okhttp/
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HEOOXO/IMMO BOCIIOJIb30BAThCH YK€ TOJIyYeHHBIM pPaHee OTBETOM. BoJjiee TOro, BBIIOJIHE-
HUE MTOBTOPHOI'O 3aIIpoca BBI3BIBAET HEOIIPE/IeJIEHHOEe MOBEJIeHNe, TaK KaK B IIPOTOKOJIE
HTTP wumerorcst HenmmeMioTeHTHBIE MeTObI, Takne Kak POST, 1 mosToMy BBITTOTHSIO-
asi TOBTOPHBIN 3aIIPOC TPOrpaMMa He MOXKET CYUTAThCA SKBUBaJeHTHOH. HCTpyMeHT
MUTDAIMH JIOJIZKEH He IIPOCTO BBIMOJHATEL 3aMEHY 110 IIabJIOHY, a YIUTHIBATH KOHTEKCT
BBITIOJIHEHUS W B COOTBETCTBUM C HUM BCTaBJIATH HOBbIE KOHCTPYKITUU B KOJ TPOTPAMMBI.

B mozenmn manabie ocobeHHOCTH OMOJIMOTEK OTParKeHbI ¢ IIOMOIIBI0 MEXaHU3Ma, 3aBU-
cumocteii. Ecim B Tpacce mporpaMmmbl Haiijieno ooparenne Kk HT'TP-orsery, nanpumep,
JIOCTYII K COJIEPYKIMOMY OTBETa C ITOMOIIbI0 MeTo/ia getOutputStream(), TO Jj1d BBIIOJI-
HEHUsI COOTBETCTBYIOIIETO MEPEX0o/ia B MOJIE/H IEJIeBOil OUOJIHMOTEKN HEOOXOIUMO TIPe/I-
BaputebHo co3aaTh cyrniHoctu HTTP-knuenta m HT'TP-orsera. [Ipu orobpaxkennu na
MOJIeJIb TPOIPAMMBI JJAHHBIE TIEPEXO/Ibl IPeBpalnaTca B co3aanne oobekTa HttpClient u
sIBHOE BBITIOJIHEHME 3alipoca. Mojiesb 1o cBoeMy XapaKTepy sBJISeTCs JIeKJIapaTUuBHON 1
HE OIMMCHIBAET KOHKPETHBIE ONEPAIii, KOTOPble HEOOXOMMO BBITIOJTHUTH TP MUTDAIIUN
koJia. Ecyim ykazaHHuble cynHOCTH ObLIM CO3JIaHbI PaHee B MPOIecce TMOMCKa (MIn Haiijie-
HBI B TPACCE UCXOHON POTrPAMMBI), TO HOBbIE 9K3EMILIAPBI HE CO3/AI0TCS U BMECTO HUX
[IEPEHCIIOIb3YIOTCsST UMEIOIINeCs.

Hexkoropnie oneparuu ¢ 6uOJIMOTEKON HEBO3MOXKHO OTPA3UTH TOJBKO € IIOMOIIHIO Me-
xaHn3Ma 3apucumocteit. [Ipumep — Boimosaerne POST-3ampoca ¢ ycTtaHOB/IEHHON Ha-
rpy3koii (payload). C Touku 3peHus aaropuTMma MOMCKa, YCTAHOBKA HATPY3KU HE MIPUBO-
JIAT K CO3/IAHUIO HOBBIX CYIITHOCTEH U IT03TOMY MOKeT ObITh yOpaHa U3 IeJIeBOi IIporpaM-
MBI. YTOOBI penuTh 3Ty mpodJieMy, K IepexojlaM, CBI3aHHBIM € YCTAHOBKOIN Harpys3KH,
ObLIN TPUBSA3aHbI cCeMaHTHYecKue jelicTBus usePost u setPayload. Eciin B Tpacce BbI-
MOJTHEHUST MCXOJIHOM MTpOorpamMMbl ObLIM HAMIEHBI ITePEX0/Ibl, TOMEeYeHHbIE COOTBETCTBY-
IOIIAME CEMAHTUIECKUME JIefICTBUSIMU, TO B II€JIEBOI IpOrpaMMe OYIyT BBIIOJHATHCS
9KBUBAJIEHTHBIE (B COOTBETCTBHU C MOJIEJIBIO OMOJIMOTEK) JIefiCTBIs. YCTaHABINBaCMAsT
[IPOTrPaMMOil Harpy3Ka OTpazkeHa B MO/Ie/IN KaK €Ilé OJTHA CYIITHOCTb, OT KOTOPOIl 3aBUCST
epexo/ibl, CBs3aHHbIe ¢ BhinoHeHneM POST-3ampoca.

AHaJIOrIYHO ¢ TOMOIIBIO MEXAHU3Ma, CCMAHTUYCCKUX JICHCTBUN B MOIe/ I OUOINOTeKI
oLt ommcanbl oreparnuu ycranoBku HTTP-zaromoskos. Mg 3arosoBka u ero cojiep-
KMoe (DUKCUPYETCA B MOJEIN KaK apryMEHT CeMaHTU4YeCcKoro JeiicTBus. MHcTpyMeHT
MUTPAIMA KOPPEKTHO 00padaThIBaeT CUTYallnd, KOIJa B MPOTPaMMe yCTaHABIMBAETCS
HECKOJIBKO 3ar0JIOBKOB (TO €CTh BBINIOJHAETCS HECKOJIbKO CeMaHTUIeCKUX JeficTBuii oji-
HOT'O THUIIA C PA3HBIME apryMEeHTaM#) — B TaKOM CJIydae HHCTPYMEHT MUTDAIUU JI00aB-
JISIET B II€JIEBYIO TPACCY CTOJIBKO K€ OlePallfii, CKOJBKO OBLJIO B MCXOIHOMN, M COXPaHSIS
BCe HallJleHHbIe HAOOPHI apPTYMEHTOB.

Emé onnn BayKHBIA TECT JJIsi MHCTPYMEHTa MHUTPAIMU U MeTaMoIeIu OMOJINOTeK —
CIIOCOOHOCTHL K IIEPeyIOpsAI0YuBaHuIO onepanuil. IIpuMepom curyamum, npu KOTOPOM
HEOOXOIMMO U3MEHUTH IOPSIIOK BBIMOJIHEHNS OIepaIlii, B OUEPEIHON pa3 CIyKUT KO
ycranoBkE Harpysku i POST-zanpocos. B ciyuae kimacca HttpURLConnection ycra-
HOBKa, HATPY3KHU BBIMTOJTHAETCsT 1T0C/Ie (DOPMUPOBAHUS 3aIlpoca, a B ciIydae OubJIMOTeKn
OkHttp — Bo Bpems bopmupoBanus 3ampoca. st 06paboTKu MOI00HBIX CJIydaeB B UH-
cTpyMeHTe uMmeercs oydep oneparuii. IHCTpyMeHT OCyIIecTBIIsSIeT IIONCK SKBUBAJIEHTHON
3aMEHBI JIJIs1 IIEPEX0/Ia TOJIHKO B TOT MOMEHT, KOI'/Ia 9TO HEBO3MOYKHO OTKJIA/IBIBATD JIaJIb-
1Ie, a JI0 TOr0 HAKAILIMBAET mmepexobl B Oydepe. Biaromapst Takomy pereHmnio nveer-
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Csl BOBMOYKHOCTH TIePEyIOPsII0UNBAThL orepanun B Oydepe u cOOTBETCTBEHHO B I1€JI€BOit
[porpamme.

[Tocsie Toro Kak mepBast Bepcusi MHCTPpYMeHTa Obljla 3aKOHYEHa, OHa, ObLIa IPOTEeCTH-
poBaHa Ha HabOPe MPOCTHIX CUHTETUIECKUX MPUMEPOB, KaXKIbII U3 KOTOPBIX 3aHUMAET
MeHee CTa CTPOK MCXOJIHOTO Koja. KaxKbIil TeCTOBBII mpuUMep IIpeICTaBIsgeT coDO Me-
Toji B Java-Kjacce, ucrnosb3ytommii Bozmoxkuoctn oubanorekn HTTP-kiauenta. Huxe
IIPUBE/IEHBI HECKOJIBKO CIIEHAPHEB, JIJIsT KOTOPBIX HAIMCAHBI TECTOBBIE METOIbI:

e soimosiHenne GET-3amnpoca (B HeCKOJBKUX BapraHTax, BKJIIOYAsi IIPUMED KOJla 3

od. jokymeHTanun GUOTMOTEKN ),

e soinosinenne POST-3ampoca ¢ ycTaHOBKOI HATPY3KH,

e GET-3ampoc ¢ ycTaHOBKOM JOMOJTHUTETBHBIX 3aT0JIOBKOB,

® YCJIOBHBIH Iepexo/i B 3aBUCUMOCTH OT cojiep:kumoro orseta HTTP-3ampoca.

Boumu nanmcanbr mpuMepsl 171 Becex Tpex Boibpanubix 6udmorex: HttpClient, OkHttp
n HttpURLConnection. Bee TecTtoBbie npuMepbl ObLIM YCIEITHO EPEHECEHBI HA HOBBIE
oubsmoreku. JlomoHuTEIbHO ObLIa TPOTECTUPOBaHa 0OpaTHAs MUTPAIUS, IIPU KOTOPOI
MHUTPUPOBAHHAs paHee MporpamMMa IepeHOCUTCss OOPATHO Ha CBOIO MCXOJIHYIO OUOJIMOTE-
KY.

st bosiee TirybOKOTO TeCTUPOBaHUs pa3paboTaHHasl cucTeMa ObLia IpUMEeHeHa, JJIsd
MUTPAIH peajbHOro mpoekTa. OHIM U3 BaXKHBIX TPEOOBAHMIT JIJIsI OTIEHNBAEMOTO TTPO-
eKTa OBLTI0 OOJIBIIIOE TECTOBOE MOKPBITHE — ITO HEOOXOIMMO JIJIsl JIMHAMITYECKOT'O U3BJICTe-
Hus Tpacc. s maHHoro 9KcnepuMenTa ObLT BHIOPAH IIPOEKT IO/ Ha3BaHUEM instagram-
java-scraper’, mpeHa3HAMEHHLIH 118 H3BJICUeHNs JAHHBIX 13 BeO-cTpanuIl cepsuca Insta-
gram. [Ipoexkt s seimosraenns HTTP-3ampocos ucnonbsyer kiment OkHttp. B xome
cBO€ll pabOTHI MTPOTPAMMHBIN IPOEKT YCTAHABINBAET COOCTBEHHBIE 3arOJIOBKH, UCIIO/Ib-
gyer u GET, u POST-3ampocsl, a Tak:kKe W3BJIeKaeT Pa3IuIHyI0 HH(MOPMAIMIO U3 OT-
BeToB. B KavecTBe 1eseBbix 6ubsmorek ncnosb3opaanchk HttpURLConnection n Apache
HttpClient.

DKCIIEPUMEHT MTOKA3aJ/I, ITO BCE OIepaIui ObLIN COXPAHEHBI U KOPPEKTHO TOPTUPO-
BaHbl Ha IejieByl0 OmOmorTeky. Bcee TecTbl m3 TectoBoro Habopa IpoeKTa KOPPEKTHO
BBINOJIHAJIMCH, U PYYHON ITPOCMOTP KOJIa IMOKa3aJj1, 9TO MOPTUPOBAHHBIN KOJI KOPPEKTEH.

4.2. DKcnepuMeHTHI ¢ 6MOIMOTEKAMU MPOTOKOJINPOBAHUST

Bo BrOpoIii cepun 3KCIEPUMEHTOB UCIIOIB30BAIICH OUOIMOTEKH TPOTOKOIMpoBanust (log-
ging). IIporokosmpoBanne — emié oxHa 00JIACTH, [JIe UMEETCs HECKOJIBKO KOHKYPHUPYIO-
mux Java-oub/IMoTeK, peraioux MIOX0XKYI0 3a/1a9y. Bblan co3tanbl MOJAEIN I CIELy-
IONNX OMOJIMOTEK:

e Log4j 1.28

e Log4j 2.0°

e SLF4J (yHuBepcasbHblii nHTEpPdEHC MTPOTOKOIMPOBAHIS )

JLj1st BO3MOYKHOCTH aBTOMATH3UPOBAHHON MPOBEPKH KOPPEKTHOCTH MUTPAITTH HEOOXO-
Mo yHUDUIIUPOBATH (hOpMAT IPOTOKOJIUPOBAHUS PA3HBIX OMOJINOTEK, a TaK»Ke yopaTh
13 HeTo NH(MOPMAIIHIO, SBJISIONLYIOCS aTPUOYTOM KOHKPETHOT'O 3aITyCKa: TEKYIIee BPeMs,

"https://github.com/postaddictme/instagram- java-scraper
8https://logging.apache.org/logdj/1.2/
9https://logging.apache.org/logdj/2.x/
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noTok ucnoyHerus, PID mporecca u Tomy momobnoe. Ilocse Takoit yamdukamum B Ciry-
Jae KOPPEKTHOTO MOPTUPOBaHusA (pailjl MpOTOKOJIa, CO3TaHHbBINA MCXOIHON MPOrpaMMoii,
u daiij, CO3MaHHBIN 11e/IeBOil ITPOrPaMMOI, JOJIXKHbBI COBIIAIaTh.

Boln 1MoAroToBeHbl CUHTETUYECKHE TECTOBBIC MPUMEPBI, UCIOJIb3YIONINE BBI3OBLI
O6ubJIMOTEK TTPOTOKOIMpOBaHus. Bece paspaboTaHHble TECTOBBIE TTPUMEPBI OBLIH YCIIEIITHO
MUTPHUPOBAHBI Ha HOBbIE OMOJIMOTEKH. BBLIO MPOBEIEHO IIECTh YKCIIEPUMEHTOB, B KOTO-
PBIX B Ka4eCTBe MCXOIHOM M IeJIeBOi OUOJIMOTEKH T00YePEeHO UCIIOIb30BaINCh BCe TPU
OMOJIMOTEKH TPOTOKOJIMPOBAHUSA.

Bce paccMoTpenHbIEe TECTOBBIE CIIEHAPUE ObLIM PEAJIM30BaHbl B HabOpe aBTOMAaTH-
YECKUX PErpecCHOHHBIX TECTOB MHCTPYMEHTa MUrparuu. TecToBbIil HaOOP BBIOJTHSIET
MUT'DAITII0 PACCMOTPEHHBIX PaHee IPOEKTOB U IPUMEPOB U KOHTPOJIUPYET KOPPEKTHOCTH
MTOJTyYeHHBIX TIeJIEBBIX TTporpaMM. M cXoaublil KoJI TECTOBBIX TPUMEPOB JIOCTYTIEH B PETIOo-
3UTOPHUU ITPOEKTA.

SaKJIr04YeHue

B 310l cTaThe ObLIN IIPEJICTABICHBI PE3Y/ILTATHI HAINX UCCJIE/IOBAHNI B 00JIACTA MUTDaA~
[IU IIPOI'PAMMHOI0 KOJIa Ha HOBBIe Oub/moreku. B xoje ucciieioBanus ObL1 paspaboTan
MHCTPYMEHT MUTPAIUU, KOTOPBIA UCHOIb3yeT (hopMajbHble creruduKanmm 6udImoTek
JIJI aBTOMAaTHYECKOIro IiepeHoca Java-mporpaMM Ha HOBble OuOmoreku. Paspaboran-
HBI{l THCTPYMEHT MTPOTECTUPOBAH Ha HAOOpE CHHTETHYECKUX IPUMEPOB IMPOrPAMM U Ha
peaJIbHOM IPOEKTE ¢ OTKPBLITBIM MCXOJIHLIM KOJOM. Bce mcKyccTBeHHbBIE TTPOrPAMMbBI U
PeaJIbHBIN MPOEKT OBbLIN YCIIENTHO MUTPUPOBAHBDI.
B nasnbreiinem miaHupyeTcs Yy dIlinTh IPEICTaBIEHHbIN 0/IX0 U UHCTPYMEHT MU-
rpanuu. KirtoueBbiMu HaIPaBICHUSIME OYIYIINX UCCICIOBAHUN SBIISIOTCS:
e JlajibHeliIIee pa3BUTHE (DOPMAJIM3Ma JIJIsi CO3/IaHus crenuduKanum OnOJINoTeK,
e co3zjanue 6oJjiee yI00HOTO si3bIKa creluduKaIiul Mo/jieseit OndInoTex,
® paCIIMpeHre BO3MOMKHOCTEH MO YIIPABJIEHUIO MPOIECCOM MUTPAIMH CO CTOPOHBI
I0JIH30BaTEJI,
® I[IPOBEJIEHNE JIOMOTHUTETBHBIX SKCIIEPUMEHTOB, Ha O0JIbINEM Yucje ONdIMOTeK U Ha
DOJIBIIIEM KOJTMYECTBE MHIYCTPUATBHBIX IIPOCKTOB.
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Abstract. The purpose of the study is to demonstrate the feasibility of automated code migration
to a new set of programming libraries. Code migration is a common task in modern software projects.
For example, it may arise when a project should be ported to a more secure or feature-rich library, a
new platform or a new version of an already used library. The developed method and tool are based
on the previously created by the authors a formalism for describing libraries semantics. The formalism
specifies a library behaviour by using a system of extended finite state machines (EFSM). This paper
outlines the metamodel designed to specify library descriptions and proposes an easy to use domain-
specific language (DSL), which can be used to define models for particular libraries. The mentioned
metamodel directly forms the code migration procedure. A process of migration is split into five steps,
and each step is also described in the paper. The procedure uses an algorithm based on the breadth-
first search extended for the needs of the migration task. Models and algorithms were implemented in
the prototype of an automated code migration tool. The prototype was tested by both artificial code
examples and a real-world open source project. The article describes the experiments performed, the
difficulties that have arisen in the process of migration of test samples, and how they are solved in
the proposed procedure. The results of experiments indicate that code migration can be successfully
automated.

Keywords: software library, code migration, behavioral description, program transformation
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Abstract. The notation of state machines is widely adopted as a formalism to describe the behaviour
of systems. Usually, multiple state machine models can be developed for the very same software system.
Some of these models might turn out to be equivalent, but, in many cases, different state machines
describing the same system also differ in their level of abstraction.

In this paper, we present an approach to actually measure the abstractness level of state machines
w.r.t. a given implemented software system. A state machine is considered to be less abstract when it is
conceptionally closer to the implemented system. In our approach, this distance between state machine
and implementation is measured by applying coverage criteria known from software mutation testing.

Abstractness of state machines can be considered as a new metric. As for other metrics as well, a
known value for the abstractness of a given state machine allows to assess its quality in terms of a simple
number. In model-based software development projects, the abstract metric can help to prevent model
degradation since it can actually measure the semantic distance from the behavioural specification of a
system in form of a state machine to the current implementation of the system.

In contrast to other metrics for state machines, the abstractness cannot be statically computed
based on the state machine’s structure, but requires to execute both state machine and corresponding
system implementation.

The article is published in the author’s wording.
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1. Introduction

The notation of state machines |7, 8] is widely used in industry to specify the behaviour of
software systems and is supported by numerous tools [15, 8, 9, 2|. Though the notation
comes in different flavours, the core concepts states, events, transitions, actions, state
variables, and guards are ubiquitous. Though there are some tools like Yakindu [9]
available, which offer the generation of code into a target programming language such as
C, C++, Java, etc., we will assume in this paper the (still common) situation that the
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implementation of the system has been implemented independently from the behaviour
specification in form of a state machine.

Once both the specification and the implementation of the system has been finalized,
the natural question arises whether the actual behaviour of the system is actually
reflected by the specification given as a state machine.

It is tempting to tackle this correctness question by using formal methods to actually
prove that the implementation behaves according to the specification. Abadi and Lamport
show in [1], that for each correct implementation there exists a formally definable refine-
ment mapping. However, Abadi and Lamport assume the implementation also be given in
form of a state machine. Their refinement mapping connects the two artefacts specification
and implementation, which both have been written in the same formalism of state
machine.

Our situation is quite different. While the specification is again given in form of a
state machine, the implementation can be written in any programming language. Even
worse, we do not rely on having any formal semantics of the programming language
available, but just the compiler/interpreter allowing us to execute the implementation.
Thus, we actually consider the implementation as a gray box, i.e. a combination of white
box and black box in the following sense: The white box characteristic is due to the fact
that we can execute the implementation and, moreover, we are able to stop the execution
at any time in order to inspect the internal state. For example, the internal state might
be given by the values of global variables together with the set of all existing objects
including the values of their attribute in case of object-orientation has been used as a
programming paradigm. The black box characteristic is due to the fact that we do not
have a formal semantics of the used implementation language at hand. As a consequence,
there is no chance to extract and to analyze any further artefacts such as control-flow
graph from the implementation.

Due to this gray box characteristic, we cannot formally prove that the actual behaviour
of the implemented system is correctly described by the state machine specification.
What we can do is to test the correct realization in concrete scenarios. We can stimulate
the implemented system with events and then check, whether the implemented system
changes its internal state the same way the state machine specification has prescribed.
However, this requires to define a formal correspondence between the states of the state
machine (together with the current values of the state variables) to the internal states
of the implementation. This correspondence between the state spaces of state machine
and implementation is done in terms of formal predicates and is called bridge in our
approach (cmp. Section 4.).

The second question we are interested in is how precisely the state machine reflects
the behaviour of the implementation. In this paper we propose a novel metric to measure
the abstractness of a state machine w.r.t. a given implementation. While the motivation
for this metric originated from assessing the efforts students have made to re-model an
existing application (see Section 2.), this measurement is also helpful to detect model
degradation. A well-known problem of model-based software development is that models
tend to degrade over time: if modeling artefacts are not maintained properly while the
system implementation evolves, they become less and less valuable since they do not
reflect any longer structure and/or behaviour of the implementation [16].

Technically, the abstractness is measured using the technique of mutation testing.
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For a predefined list of input events, both the state machine and the implementation
are executed in parallel. After each event has been processed, it is checked whether both
systems are in comparable states (this is checked using the bridge-predicates, which
relate both state spaces). For measuring the abstractness, the parallel executions of
implementation and state machine are repeated for the chosen list of input events, but
now the implementation has been mutated, i.e. at some point in the implementation a
statement has been changed (for example, an operator -+’ has been changed to ’-*). If the
trace of the manipulated implementation can still be mapped correctly to the trace of the
state machine, then this is a sign that the state machine does not specify the behaviour
of the original implementation precisely (since a change in the implementation is not
detected) and thus, this model is considered to be rather abstract. In the opposite case
of diverged traces, we have a witness that the state machine prescribes the behaviour of
the original implementation precisely, thus the state machine is considered to be rather
detailed.

The remaining of the paper is organized as follows. Section 2 presents a motivating
example, which already shows some pitfalls when applying the state machine notation
for the specification of real-world software. Section 3 introduces the notation of state
machine formally, while Section 4 formally defines the bridge for connecting the state
space of state machine and implementation. The core of our approach, i.e. the technique
to measure the abstractness of state machines w.r.t. a given implementation, is detailed
in Section 5 In Section 6 we review relevant literature while Section 7 concludes the

paper.

2. Motivating Example

Fig 1. Screenshot Pac-Man

Suppose, you had to describe the behaviour of the classic computer game Pac-Man®.

'For a detailed description see https://en.wikipedia.org/wiki/Pac-Man
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Using informal language, you might solve this task be referring to Figure 1, which shows
a screenshot from a open-source implementation in Java?. You might continue by saying
that the user can move the Pac-Man via keyboard or joystick through the labyrinth
and its task is to eat as many dots as possible while avoiding any collision with the
enemies (the four ghosts). The Pac-Man has three lifes and a life ends by colliding with
a ghost. The game is over when either the Pac-Man lost his last life or when it has eaten
sufficiently many dots.

Suppose someone urges you now to use instead of informal language a modeling
notation such as the ones bundled by the Unified Modeling Language (UML) [12]. Still,
your model should be easily understood by a software engineer, so that she does not
need to look into the implementation code to understand the rules of the game.

«system»
Pac-Man
eatDot
«subsystem» hitGhost
PM troll :
: Controller
]
up [ ]
down L}
left «system» 1 up o
right Pac-Man 1 down down gameobjects
- left left
. right right
— :
1 e —
1 L= Dot
Player 1 -
[ ] : Player «singleton»
. [ ]
tick
: -
«actor» ; 1 = =
Timer )

Fig 2. Naive(left) and elaborated(right) environment model — Determining the events for
the state machine

Surely, the classic state machine notation seems the right formalism to be used, but
before you can start you have to determine the external events to be taken into account.

Environment models as shown in Figure 2 can help a lot in this regard. You might
start with a basic version shown at the left side and observe, that the system receives as
input events from Player the four possible directions for moving Pac-Man. Furthermore,
since the ghosts change their position independently of the player’s input, it is quite
obvious to model also an external Timer sending events tick to the system.

Unfortunately, it turns out to be impossible to develop a state machine which is
purely based on these five events. A compelling argument is that the state machine has
to reflect that Pac-Man has three lifes at the beginning and loses a life whenever it
collides with a ghost. But how can the state machine detect such a collision? For this,
the state machine had to keep track of the position of both Pac-Man and all ghosts.

To solve this problem you might restructure the Environment model as done at the
right side of Figure 2. We split the system into a subsystem PMController and other

2The Java source code is available from https://github.com/dtschust/javapacman.
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components for the individual game objects and the timer (whether Timer is an internal
or external component remains a matter of taste). The original events from the player
are now forwarded to the game objects. Also the event tick is forwared to them. Once
the game objects detect a collision or that a dot was eaten by the Pac-Man, they issue
new events eatDot and hitGhost, which are sent to PMController.

Having found now the right level of abstraction for the input events, a compact state
machine reflecting the rules of the Pac-Man game can be developed quite easily, as shown
in Figure 3, right side?.

Nlives=2,points=0,maxPoints=8650

pacmanDead

do
IplayDeathMusic

pacmanAlive

hitGhost[lives==0]

eatDot[points < maxPoints]/points+=50

eatDot

hitGhost

pacmanRunning

hitGhost[lives>0]/lives-=1, resetPositi

eatDots[points==maxPoints]

e )

gameOver

- entry

do
/saveHighscore
exit
openMenue

Fig 3. Useless(left) and elaborated(right) state machine

This one picture (state machine) has the same value as a lot of words. It reveals
immediately how the Pac-Man game is organized and how the user can win the game.
However, to decide whether this state machine actually describes the given implementa-
tion correctly, is rather challenging. Note that the implementation can only be stimulated
with the four external events from the user, but that the state machine refers to the events
eatDot and hitGhost, which are generated internally. When testing on the correctness of
the implementation, it is crucial to find such event sequences that let the implementation
generate these internal events.

A striking example, why one could be interested in measuring the abstractness of
state machines w.r.t. an implementation is given in Figure 3, left side. One could argue
that this state machine also describes the given implementation and it is pretty obvious,

3This state model is based on a student solution submitted by Fiona Brémer, Thorsten Vaterrodt,
and Josefine Keller.
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that the description is correct (if we do not require that after the game has been finished,
the state machine must result in a final state). However, this state machine is useless
since it correctly describes any other implementation dealing with the events eatDot and
hitGhost as well.

In order to have a formal criterion on how we can distinguish useful from useless state
machines, the metric for abstractness of a state machine is developed in this paper.

3. Background: State Machines

The state machine notation comes in many different variants and some of the advanced
concepts such as hierarchical state, parallel state, history state, state variable, time-
triggered event, spontaneous transition, action, entry-/exit-action are not supported by
every tool.

In the remainder of this section, we define the version of state machines used in this
paper®. The definition is done both in terms of syntax and semantics.

3.1. Syntax

We use a rather basic version of state machines. Only the concepts state, start state
(always unique), event, transition, guard, state variable, and action (in form of parallel
assignments of arithmetic expressions to state variables) are supported.

Definition 1 (State Machine). A state machine SM is a tuple
(S, Ev,V,init, trans) where

e S, Ev, V are pairwise disjoint, non-empty sets of states, events, and (integer)
variables, respectively

e init € (Sx Bind) denotes the initial state and the initial binding of variables. Here,
Bind = {b|b:V — ZU{L}} denotes the set of all possible bindings of variables
to an integer value or to undefined (1)

o trans C S X S X Ev X Exppoo X (V -+ Expin) denotes the set of transitions. For
(Spre, Spost, €, g, asgmnt) € trans we call sy the pre-state, spost the post-state, e
the event, g the guard, and asgmnt the assignment of the transition

Exp = Expyoos U Expiy denotes the set of all arithmetic/boolean expressions over
the set of variables V. The expressions of Exp are built using the usual arithmetic and
boolean operators and must obey the usual type rules. By definition, all variables from V
are of type int.

As an example, we explore the state machine SMg, . describing the behaviour of
a stack as defined in Fig. 4. Here the variable num encodes the number of elements
currently residing on the stack. Fig. 4 shows two equivalent definitions of SMguer. In

4Tool support for the described version of state machine is available in form of the toolset SSMA
(Simple State Machine Analyzer) [2]. Deduction-based analysis techniques implemented by SSMA are
discussed in detail in [3].
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SMgiaer = (S, Ev, V,init, trans) with

- S ={e,ne}

- Ev = {push, pop}

-V ={num}

- init = (e, {num — 0})

- frans = { foptum=

(e, ne, push, true, {num — num + 1},
(ne, ne, push, true, {num — num + 1},

pop[num>1]
/num=num-1

(ne,ne, pop,num > 1, {num — num — 1}, k "
m=num
(ne, e, pop,num == 1, {num — num — 1}

}

Fig 4. Example for State Machine: Stack

the left part the definition is done in a mathematical style following the definition Def. 1
whereas in the right part, a graphical version using the well-established graphical concrete
syntax for state machines known from the Unified Modeling Language (UML) is used®.

3.2. Semantics

The semantics of a state machine is given by describing how a state machine changes
its state and the value of variables upon receiving a sequence of events. The resulting
behaviour is called a trace.

Definition 2 (Trace). Let SM = (S, Ev, V, init, trans) be a state machine and inp =
(e1,€9,€3,...,€,) with e; € Ev fori € {1,...,n} a finite sequence of (input) events. Let
eval : Exp x Bind — {true, false, L} be the usual evaluation function of erpressions
under a giwen variable binding. The evaluation w.r.t. undefinedness is strict. Then, a
trace is a sequence of execution states (eso,esi, ..., es,) where each execution state is of
form es; = (s;,b;) € S x Bind and each of the following constraints is satisfied:

1. esg = (S0, bo) = init

2. es;y1 = es; if the event is rejected since there is mno outgoing transition from
the pre-state s; for the event e;y1. Formally: {t | t = (Spre, Spost, €, g, asgmnt) €
trans and Spre = siande = €1} =0

3. es;1 = es; if the transition cannot fire due to guard evaluation: For all transitions
which are outgoing from s; and which are annotated with event e;. 1, the evaluation
of the guard does not yield true. Formally: {t | t = (Spre; Spost, €, g, asgmnt) €
trans and sye = s;ande = e; 1 andeval(g, b;) = true} = ()

4. Transition is fired and bindings for variables are updated: There exists a transition
t = (8i,Sis1, €41, 9,asgmnt) € trans with eval(g,b;) = true. The new binding
bii1 is obtained by b,y = b; < asgmnt as the update of the previous binding b;
according to the transition’s assignment asgmnt

5Mathematical and graphical definition differ solely in the chosen names for states. Thanks to the
space efficiency of the graphical notation, we can afford here longer and more expressive state names,
e.g. nonempty vs. ne.
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Example: For the above stack example S M, and for the input event sequence inp
= (pop, push, push), the sequence of execution states ((e, num — 0), (e, num — 0),(ne,
num — 1),(ne, num — 2)) would be a trace. Every other sequence of execution states
would be not a trace for the chosen input sequence inp.

4. Bridging State Machines and Implementations

Due to the semantics as defined in the previous section, state machines can be actually
used as a graphical notation to program. Tools such as Yakindu [9] offer the generation
of implementation code for a given state machine. However, a feature missed in many
state machine tools (including Yakindu) is the possibility to set the edited state machine
in relation to a given implementation.

Recall that an (object-oriented) implementation is executed by invoking methods on
objects (or, rarely, classes) and that the system state is determined by the set of currently
existing objects and the values for their attributes. In contrast, the execution of state
machines is determined by the list of incoming events. Moreover, the execution state of
a state machine consists of the currently active state and the current binding of state
variables to values.

We relate the state space of both implementation and state machine by defining a
mapping as follows, the mapping is called a bridge.

Definition 3 (Bridge). Let SM = (S, Ev,V,init, trans) be a state machine, Impl an
implementation, M,y the set of its methods, and Spmp the set of all possible states the
implementation can reach.

Then, a bridge B(SM, Impl) for SM and Impl is a tuple (Q, mape,, Pred) consisting

of
o a set Q) of queries ¢; : Spmp — ZU{L}
e a partial mapping mape, : M,y - Ev from methods to events

e qa set Pred C Expyoo of predicates. The Boolean expressions are build with the usual
boolean and arithmetic operators over variables from V', but quantifiers (¥,3) are
not allowed to occur. Boolean expressions can, in addition, contain subexpressions
q; for accessing the current state of the implementation and the atomic predicate
inState(s) where s € S

Definition 4 (Valid Bridge). Let SM be a state machine, Impl an implementation, and
B(SM, Impl) = (Q, mape,, Pred) a bridge. Let es be an execution state of SM and ies
an implementation state of Impl.

We call B(SM, Impl) a valid bridge w.r.t. the pair (es,ies), iff all predicates p €
Pred are evaluated to true in (es,ies). The evaluation of p in (es,ies) is defined via
structural induction on the terms occurring in p as usual. The subterm q; is evaluated to
gi(ies). The subterm inState(s) is evaluated to true, if and only if es is of form (s,b)
for an arbitrary binding b.
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public class Stackl |
private List<Item> items = new ArrayList<Item>(}:
public void push(Item i){

items.add (i) ;

public Item pop(){

if (items.isEmpty())

return null;
int lastIndex = items.size()-1;
return items.remove (lastIndex);

public int getLength() {
return items.size();

Fig 5. Java-Implementation of Stack

Example: We consider a possible implementation in Java of the stack as shown in
Fig. 5. A possible bridge between the state machine defined in Fig. 4 and the implementa-
tion from Fig. 5 could look as follows:

e () = {c_s} where ¢_s evaluates in a concrete implementation state to the return
value of the invocation of the method getLength()

e map., = {push() — push, pop() — pop}

o Pred = {inState(empty) impliesc_s =0,
inState(nonempty) impliesc_s > 0}

Informally speaking, the bridge maps the method calls push()/pop() to the correspon-
ding events. The two predicates actually relate the execution states of the state machine
with those of the implementation and stipulate, whenever the state machine is in state
empty, the implementation is in a state where get Length() returns zero. Furthermore, if
the state machine is in state nonempty, the invocation of getLength() yields a number
greater than zero.

Definition 5 (Valid Abstraction Trace). Let SM be a state machine, Impl an implementa-
tion and B(SM, Impl) a bridge for them.

We call the trace of the state machine (esy,. .., es,) induced by an event sequence
(e1,...,€,) a valid abstraction trace iff for the corresponding implementation trace
(ieso, . .., iesy) the following holds: For each state pair (es;,ies;) for i € {0,...,n} the
bridge B(SM, Impl) is actually a valid bridge.

The notion valid abstraction trace witnesses that the state machine has specified the
behaviour of an implementation correctly for a given list of input events.
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In the remainder of the paper, we call a state machine a presumably valid abstraction
w.r.t. a given implementation, if we cannot find any sequence of events, for which the
induced trace of the state machine is not a valid abstraction trace.

5. Measuring the Abstractness of State Machines

After we have clarified (i) syntax and semantics of the basic version of state machines used
in this paper and (ii) how a state machine trace can relate to a trace of an implementation,
we now present the core of our approach to measure the abstractness of a state machine.

The basic idea can be stated as follows: Let a state machine, an implementation and a
bridge be given. Due to successful tests on many input event sequences we are convinced
that the state machine is a presumably valid abstraction of the implementation w.r.t.
the bridge.

In order to measure the abstractness of the state machine, we repeat the same tests
but we use now a slightly changed implementation, a so-called mutation of the original
implementation. If the test fails now, this means that the state machine is detailed in
the sense that it is not an abstraction of the changed implementation. If the test is still
successful, the opposite is true: the state machine is abstract enough to ignore the change
in the implementation (at least for the current input sequence).

<<State Machine>> <<Implementation>> «Mutlate(iITpIe:ﬂer}Eanons»
SM impl «Events» mpl_1...Impl_n
ESeq T
<<State Machine>>
SM «Events»
ESeq

TestExecution TestExecution
(for Impl'_i)

-

Test Results D Test Results D

(for Impl) (for Impl'_i)

Fig 6. Repeating test on mutated implementations

Figure 6 illustrates this approach. The left part shows the parallel execution of state
machine SM and implementation I'mpl for the given input event sequence ESeq. Since
we assume that the state machine is a presumably valid abstraction, the test must have
been successful, because otherwise we had a counterexample for a valid abstraction trace.

In the right part, Figure 6 shows the test executions on the mutated implementations
Imply ... Impl! . For each mutation I'mpl,, the test is rerun for the same sequence of input
events FSeq. If the test fails, this is a sign that the state machine SM was not more
abstract than the original implementation I'mpl. If the test succeeds, the state machine
was more abstract, since the current test is also a valid abstraction trace w.r.t. the
mutated implementation Impl;. This brings us to the central definition of this paper:
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Definition 6 (Abstractness). Let a state machine SM, an implementation Impl and
a bridge B = (SM, Impl) be given. Let SM be a presumably valid abstraction of Impl
w.r.t. B. Let Mut(Impl) be a fixed set of mutations of Impl, let n = #Mut(Impl) be
the number of the considered mutations.

The abstractness of SM for a given input event sequence FESeq (denoted by
abstrgse(SM)) is a number between 0 and 1 and computed as

abstrgges(SM) = %

where k is the number of succeeding tests when running the test for input sequence ESeq
on all mutated implementations from Mut(Impl).

A mutation of implementation I'mpl is obtained by applying a mutation operator
on Impl. Mutation operators have been thorougly studied in mutation testing [10].
For Java implementations, mutation operators have been made generally available by
the Java compiler in terms of command line options, but one can also use dedicated
frameworks such as PIT [14] to mutate an existing implementation. Note that mutating a
given implementation is a repeatable transformation. When applied on the same location
within the implementation, a mutation operator will always produce the same mutated
implementation. The number of mutants (n = #Mut(Impl)) for a given implementation
I'mpl depends on i) the length and complexity of I'mpl and ii) the set of selected mutation
operators.

Modern mutation frameworks such as PIT [14] allow to control on which locations
within the implementation code the mutation operators should be applied. For the Pac-
Man example given in Section 2. it would desirable to allow mutations only in the
implementation classes controlling the behaviour of the game objects and to avoid such
mutations, for example, in GUI classes.

6. Related Work

Measuring the quality of modeling artefacts is traditionally done by metrics. Zhang
and Holzl propose in [18] a set of metrics for measuring the complexity of UML state
machines. They apply criteria known from traditional object-oriented programming met-
rics [6] such as Fanln/FanOut to assess the complexity of state machines. Furthermore,
they propose the refactoring of complex constructs such as Junction by a set of states and
transitions before measuring the complexity to make the measured values comparable.
In contrast to our approach, the metric is computed statically and does not take system
executions into account.

Model-based testing (MBT) [17, 5, 4] is a widely recognized approach to take models
as input for testing an executable system implementation. Compared to traditional pre-
/post-state specifications as used by unit tests, the test specification is much more
compact. Tools supporting MBT such as ParTeG [13| or SpecExplorer [11] support
state machines (or similar notations) as a description of the expected system behaviour.
From this input model, most MBT-tools generate traditional unit tests, which are then
executed. If all tests succeed, then the implemented system hehaves (presumably) as
specified by the state machine. MBT tools provide the ability to define a bridge between
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state machine and implementation. They use elaborated techniques to generate the 'right’
test cases by analysing the implementation code, what makes it a white-box approach.

7. Conclusion

This paper presented a novel approach to measure the abstractness of state machines. For
this measurement, beside the state machine, a correct implementation and a bridge from
the state machine to the implementation is needed. The abstractness is a value between
0 and 1 and encodes the ’semantic distance’ between state machine and implementation.

Our approach is highly flexible since it allows to combine any state machine with
any possible implementation thanks to the flexible bridging mechanism. To realize a
bridge, the user has to implement an adapter allowing the state machine to access the
internal state of the implementation at runtime. A second adapter realizes the mapping
of input events for the state machines to method calls (or any other signals) of the
implementation.
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Awnnorarusi. Cucrema 0603HaUYeHUI JuarpaMM cOCTosiHUIT (state machines) mmpoko npuMmensiercst
B KadecTBe (HOPMATILHOIO CPECTBA OIMHMCaHus moBemneHust cucreM. OOBIMHO IJIsi OJHOM M TOU XKe IPOo-
IPaMMHON CUCTEMbBI MOKHO CO3/IaTh MHOT'O Pa3HBIX Juarpamm cocrosauit. Hekoropsie n3 stux Mmomeseit
MOT'YT OKa3aTbhCs SKBUBAJEHTHBIMU, HO BO MHOTHX CJIydasX Pa3Hble AUarpaMMBbl COCTOAHUU OIMCBIBA-
0T OJIHY W Ty K€ CHCTEMY Ha PA3HBIX YPOBHAX a0OCTpaKInu. B 39Toil cTaThe MBI IIpejIaraeM MTOIXO,
[TO3BOJIAIONTUI TPOBECTH (PaKTUIECKOe M3MePEeHre yPOBHS abCTPAKINN JUATPAMM COCTOSHUI 110 OTHO-
IIEHUIO K 33/[aHHOM pean3aliiil IPOrpaMMHOIl cucTeMbl. JlnarpaMma COCTOSIHUI CUNTAETCA TeM MeHee
abCTPaKTHON, YeM OJIrzKe OHa KOHIIENTYaJbHO K pean30BaHHON cucreme. COryiacHO HAIIeMy IIOJIXO-
Oy 3Ta OTJAJIEHHOCTb JHarpaMMbl COCTOAHUN OT pean3allid CUCTEeMbl U3MepsieTcs IIyTeM IIPUMeHEHUs
KPpUATEepHsl MOKPBITHS, UCIOJb3YeMOro I TECTUPOBAHUS MYTAIMHM IPOTPAMMHOTO obecriedenusi. ¥ po-
BeHb a0CTPAKINY JUATPAMM COCTOSHUN MOXKHO PACCMATPHUBATH KAK HOBBIN BUJ METPUKH. 1TO Kacaercs
JPYTUX METPUK, TO 3HAHNE 3HAYEHUs YPOBHS abOCTPAKIINU 33JaHHON JHarpaMMBbl COCTOSHUN TaeT BO3-
MOYKHOCTD OIIEHUTH €€ KadeCTBO B YMUCJIOBBIX TepMuHaX. B Tex mpoekTax 1o pa3paboTke mporpaMMHOTO
obecriedeHnsi, KOTOPble HAYMHAIOTCS C ITOCTPOEHUS MOJE/IHN, METPUKA aOCTPAKIIANA MOXKET ITOMOYb n3be-
2KATh JIETPAJIAIINY MOJEJIel, TOCKOJBbKY OHA IO3BOJISET M3MEPUTH (DAKTUIECKOE OTIAJEHUE CIIerudu-
Kallu¥ IIOBEJIEHNUS CUCTEMBI, IIPEeJICTaBJIECHHON B BUJE JIMarPaMMbl COCTOSHUN, OT TeKyIleil peasn3aliuu
cucreMbl. B omyimdne oT MpovYnX METPHUK JJIs JUATPAMM COCTOSHUI YPOBEHb aOCTPAKIINN HEJIb3s1 BBIUUC-
JIUTh CTaTUYE€CKU, OCHOBBIBASICh JIUIIIb Ha CTPYKTYpPe caMOil JuarpaMMbl; /jid 3TOr'0 Hy2KHO CpaBHUBAThb
BBITIOJTHEHUS JIUATPAMM COCTOSIHUI M COOTBETCTBYIONLYIO peajm3anuio cucreMbl. CtaTbs myOInKyeTcs: B
ABTOPCKOI peIaKITAN.
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Abstract. Static verification of a program source code correctness is an important element of
software reliability. Formal verification of software programs involves proving that a program satisfies a
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1. Introduction

The microservice architecture is a style inspired by service-oriented computing that
promises to change the way in which software is perceived, conceived and designed [17].
The trend of migrating monolithic architectures into microservices to reap benefits of
scalability is growing fast today [7, 5|. Jolie [20] is the only language natively supporting
microservice architectures [9] and, currently, has dynamic type checking only.

Static type checking is generally desirable for programming languages improving
software quality, lowering the number of bugs and preventing avoidable errors. The
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idea is to allow compilers to identify as many issues as possible before actually run the
program, and therefore avoid a vast number of trivial bugs, catching them at a very early
stage. Despite the fact that, in the general case interesting properties of programs are
undecidable [26], static type checking, within its limits, is an effective and well established
technique of program verification. If a compiler can prove that a program is well-typed,
then it does not need to perform dynamic safety checks, allowing the resulting compiled
binary to run faster.

A static type system for Jolie has been exhaustively and formally defined only on
paper |25], but still lacks an implementation. The obstacles of programming in a language
without a static type analyzer have been witnessed by Jolie developers, especially by
newcomers. However, implementing such system is a non trivial task due to technical
challenges both of general nature and specific to the language. In this paper, we introduce
and describe the Jolie Static Type Checker (JSTC), building on top of the previous work
on the Jolie programming language [20]. Our approach follows the formal derivation rules
as defined in [25]. The project is built as a Java implementation of source code processing
and verification via Z3 SMT solver [21] and it has to be intended as our community
contribution to the Jolie programming language [2].

Section 2. recalls the basic of Jolie and section 3. discusses related work. The descrip-
tion of the static type-checking and the system architecture can be found in Section 4.,
while Section 6. draws conclusive remarks and discusses open issues.

2. Background

Microservices [6] is an architectural style evolved from Service-Oriented Architectures [12].
According to this approach, applications are composed by small independent building
blocks that communicate via message passing. These composing parts are indeed called
microservices. This paradigm has seen a dramatic growth in popularity in recent years [24].
Microservices are not limited to a specific technology. Systems can be built using a wide
range of technologies and still fit the approach. In this paper, however, we support the
idea that a paradigm-based language would bring benefit to development in terms of
simplicity and development cost.

Jolie is the first programming language constructed above the paradigm of micro-
services: each component is autonomous service that can be deployed separately and
operated by running in parallel processes. Jolie comprises formally-specified semantics,
inspired by process calculi such as CCS [18] and the 7-calculus [19]. As for practical side,
Jolie was inspired by standards for Service-Oriented Computing such as WS-BPEL [34]
and the attempts of formalizing it [13]. The composition of both theoretical and practical
aspects allows Jolie to be the preferred candidate for the application of modern research
methodologies, e.g. runtime adaptation, process-aware web applications, or correctness-
by-construction of concurrent software.

The basic abstraction unit of Jolie is the microservice [6]. It is based on a recursive
model where every microservice can be easily reused and composed to obtain, in turn,
other microservices. Such approach allows distributed architecture and guarantees simple
management of all components, which reduces maintenance and development effort.
Microservices communicate and work together by sending messages to each other. In
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Jolie, messages are represented in tree structure. A variable in Jolie is a path in a data
tree and the type of a data tree is a tree itself with the same shape but containing
types of corresponding data. Equality of types must therefore be handled with that in
mind. Variables do not require declaration before use, therefore the manipulation of the
program state must be inferred. Communications are type checked at runtime, when
messages are sent or received. Type checking of incoming messages (at runtime?) is
especially relevant, since it could moderate the consequences of errors.

The Jolie language is constructed in three layers: the behavioural layer operates
with the internal actions of a process and the communication it performs as seen from
the process’ point of view, the service layer deals with the underlying architectural
instructions and the network layer deals with connecting communicating services.

Other workflow languages are capable of expressing orchestration of (micro)services
the same way Jolie can do, for example WS-BPEL [34]. WS-BPEL allows developers
to describe workflows of services and other communication aspects (such as ports and
interfaces), and it has been also shown how dynamic workflow reconfiguration can be
expressed [15]. However, WS-BPEL has been designed for high-level orchestration, while
programming the internal logic of a single micro-service requires fine-grained procedural
constructs. Here Jolie works better.

3. Related work

The implementation of a static type checker for Jolie is part of a broader attempt to
enhance the language for practical use. Previous work on the type system has been
done, however focusing mostly on dynamic type checking. Safina extended the dynamic
type system as described in [28], where type choices have been added in order to move
computation from a process-driven to a data-driven approach.

The idea to integrate dynamic and static type checking with the introduction of
refinement types, verified via SMT solver, has been explored in [31]. The integration of
the two approaches allows a scenario where the static verification of internal services and
the dynamic verification of (potentially malicious) external services cooperates in order
to reduce testing effort and enhancing security.

The idea of using SMT Solvers for static analysis, in particular in combination
with other techniques, has been successfully adopted before for other programming
languages, for example LiquidHaskell and F*. LiquidHaskell [11]! is a notable example
of implementation of Liquid Types (Logically Qualified Data Types) [27]. It is a static
verification technique combining automated deduction (SMT solvers), model checking
(Predicate Abstraction), and type systems (Hindley-Milner inference). Liquid Types have
been implemented for several other programming languages. The original paper presented
an OCaml implementation. F* [36] instead an ML-like functional programming language
specifically designed for program verification. The F* type-checker uses a combination
of SMT solving and manual proofs to guarantee correctness.

Another direction in developing static type checking for Jolie is creating a verified
type checker? by means of proof assistant instead of SMT solver |1]. Proof assistant

1Online demo at http://goto.ucsd.edu/"rjhala/liquid/haskell/demo/
’https://github.com/ak3n/jolie
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is a software tool needed to assist with the development of formal proofs by human-
machine collaboration and helps to ascertain the correctness of them. The type checker
is expressed as well-typed program with dependent types in Agda [35]. If the types are
well formed, all required invariants and properties are described and expressed in the
types of the program meaning that the program is correct. This work is currently in
progress and evolves in parallel with ours.

4. Static type-checking implementation

This paper builds on top of Julie Meinicke Nielsen’s work [25] at the Technical University
of Denmark implementing the type system of the Jolie language. The thesis represents
the theoretical foundation for the type checking of the core fragment of the language,
which excludes recursive types, arrays, subtyping of basic types, faults and deployment
instructions such as architectural primitives. The work of Nielsen presents the first
attempt at formalizing a static type checker for the core fragment of Jolie, and the
typing rules expressed there are the core theory behind our static checker.

In Nielsen’s work typing rules are represented in the style of type theory where the
rules take form of inference rules describing how a type system assigns a type to a
syntactic construct of the language [4]. Important addition to classical inference rules is
that we use typing context I' both left and right of a turnstile. This accounts for Jolie-
specific possibility to extend a variable’s inferred typing tree while analyzing program
text which is rooted in dynamic nature of the language. The rules are then applied by
the type system to determine if a program is well typed or not. The main typing rules
will be presented in the following of this paper.

The implementation of JSTC consists of two system components. Firstly, a Java
program accepts the source code of a Jolie program, builds an abstract syntax tree
(AST), visits it and produces a set of logical assertions written in SMT Lib [3] language.
At the second phase, the generated assertions are feed into Z3 solver. The basic idea is to
implement, for each Jolie node?, methods containing statements expressed in the SMT
Lib syntax. These statements can then be processed via a solver. In Figure 1 the overall
process is pictorially represented and details are described in section 4.4.

The concept of SMT solvers is closely related to logical theorems. Logic, especially
in the field of proof theory, considers theorems as statements of a formal language.
Existence of such logical expressions allows to formulate a set of axioms and inference
rules to formalize the typing rules for each of Jolie syntax nodes and then perform the
validation of the nodes using constructed theorems. Consequently, the Jolie typing rules
are the specific cases of logical theorems, that are used in the project. The concept is
implied from software verification fundamentals [10].

Since Jolie program may contain complex expressions with function calls, it is also
necessary to consider data structures representing a match between names and expressions,
in order to be able to avoid inconsistency and redundancy, that are likely to cause conflicts
during type-checking. The project implementation considers using a stack during the
recursive checking of the nodes as illustrated in section 4.4.

3 Any syntax unit is considered a node. It can be a logical or arithmetic expression, an assignment; a
condition; a loop etc. Those nodes comprise the abstract syntax tree.
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/ Jolie Verifier \

Jolie

source code

Abstract
Syntax Tree

SMT Theorems Set }—(

° Sat/ Unsat

Fig 1. Process of Type Checking in the Jolie Verifier

The decision of using an SMT-solver, instead of more lightweight techniques, was
made in order to allow a future straightforward integration of Refinement Types into
the type checker, objective on which our team is already working [28, 31|. Furthermore,
relying on a solid existing technology allowed us to prototype and release a proof of
concept of the type checker in a shorter period of time.

4.1. Jolie verifier

The Java program reuses an existing structure of a Visitor pattern developed for Jolie
interpreter and also used in a previous project for formatting Jolie source code®. It accepts
processed Jolie program source code in the form of AST and performs traversing. For
each kind of node the system creates one or more logical formulas written in SMT Lib
syntax, which are then stored into a file®. The verifier targets assignments, conditions,
and other cases of variables usage where type consistency can be violated.

4.2. SMT Solver

73 carries out the main burden of program verification. Z3 is an SMT solver from
Microsoft Research [21]. It is targeted at solving problems that arise in software verification
and software analysis. Given a set of formulas that was previously created by the verifier
in Java, Z3 processes it and returns whether this set is satisfiable or not. In case of any
contradiction in the set, the solver will signal that the overall theorem is not satisfiable,
therefore alerting that the input program is not consistent in terms of types usage.

“https://github.com/nickaleks/jolie
5At the current implementation state the theorems are collected in a single data element.
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4.3. Typing rules

Our objective is to accurately translate Jolie typing rules into SMT statements, therefore
allowing static type checking®. The foreground activity so far is producing the set of
statements for the constructs of the behavioural layer of Jolie. The layer describes the
internal actions of a process and the communications it performs as seen from the process’
point of view. The layer is chosen for the first phase of the development because it forms
foundation of the syntactical structures of Jolie. Also there is a similarity of the layer
with common programming languages in a sense of the abstraction level.

All statements at the behavioural layer of Jolie are called behaviours. We write I' 5
BrT" to indicate a behaviour B, typed with respect to an environment I', which updates
[ to I during type checking [25]. The context I' consists of variables known to the type
checker so far and their respective types.

There are some core rules presented and described below.

T-Nil. The typing rule for a nil behaviour is an axiom. In the conclusion the
typing environment is not changed, since the nil statement doesn’t affect the typing
environment.

I' Fp 0T

T-If-Then-Else. The rule for typing an if statement is standard: an if statement is
typeable if its condition has type bool, and the type checking of its branches perform the
same updates to the environment. We require the branches to perform the same updates
because we do not know which branch will be taken. The else part may also be omitted
and B; may be replaced by an empty behaviour. The conditional typing statement is
the following;:

I' e:bool T FpBioI" T b By IV
[' Fpif(e) By else Bo>T"

T-While. The rule for typing a while statement is also standard: a while statement
is typeable if its condition has type bool, and type checking its body has no influence on
the typing environment.

I' = e:bool T kg BT
I' Fp while(e)B>T

Above, it is required that the body of a while loop does not change the typing of
variables because we do not know whether the body will be executed at all, and for how
many times. We also require that expression e is type checked against type bool.

T-Seq. A sequence statement typed with respect to an environment is typeable if its
first component is typeable with respect to the environment and its second component is
typeable with respect to the update of the environment performed by the first component.
The update of the environment performed by the sequence statement is the update
performed by the second component with respect to the update performed by the first
component.

6Please note that, at the moment, not all the rules in [25] have been implemented.
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I' bg Bi>IV IV Fg By 1
T '_B Bl;BQDF”

Thus, fundamental typing rules of the behavioural layer of Jolie programming language
are presented and explained for further topic revelation.

4.4. Typing rules to SMT translation

Here we will examine an example of the conditional rule translation in order to understand
the procedure in detail.

The typing rule of the ¢f statement does not contradict intuition. The statement is
typeable when its condition expression is boolean, and the execution of both its branches
brings the same updates to the environment. This means that the set of matches between
expressions and variables with their types remains the same with no difference from a
branch choice. This is necessary since it is not possible to predict what branch will be
executed at runtime’.

The full implementation is available on Github®. In Figure 2 we show the Java

fragment that builds the corresponding SMT statement.

1 | (declare—const key Term)

2

3 | (declare—const 8% term id 4 Term)

4 |(assert (hasType 88 term id 4 string))

5 | (assert (sameType key $8 term id 4))

6 | (assert (hasType key string))

7 | (declare—const §% term id 5 Term)

8 | (declare—const animals Term)

9 | (declare—const animals.cat Term)

10

11 | (declare—const $$_ _term_id_10 Term)

12 | (assert (hasType $$__term_id_10 string))

13 | (assert (sameType animals.cat 3%__term_id_10))
14 | (assert (hasType animals.cat string))

15 | (declare—const $$__term_id_11 Term)

16 | (declare—const animals .DYNAMIC PATH 88 term id 14 Term)
17

18 | (declare—const $$__term_id_19 Term)

assert (sameType animals DYNAMIC PATH 88 term id 14 88 term id 19))
assert (hasType animals .DYNAMIC PATH %§ term id 14 int))

(

19 | (assert (hasType $% term id 19 int))
(
(

Fig 2. Code in Java for checking conditionals

The code structure represents basic steps to achieve a record with corresponding
SMT statements of the block as a result. Firstly, a condition of the if statement is
separated from the body. Then the condition is sent to be checked using the same visitor
class. Eventually after the last 'recursion’ step the condition is put in the stack of terms,
which contains any terms (expressions, variables etc.) processed during the checking. So

"The else part may also be omitted and By may be replaced by an empty behavior.
8https://github.com/innopolis-jolie-smt-typechecker/jolie
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the term corresponding to the condition is expected to be on top of the stack. Then
an assertion that says the condition term is boolean is written. Afterwards the body is
processed using one of the other overloads of the visitor. These steps can be repeated
in case of existence of nested conditional statements. In the end of the method the else
branch body of the very first if is processed if it is present. There is also an important note
that the conditional statement does not impose any other direct type restrictions besides
the condition term that is confirmed by the mentioned typing rule. Other implemented
nodes can be seen in the source mentioned above.

The Jolie verifier takes some input for processing. Let us consider a simple piece of
Jolie code of Figure 3 with a conditional statement.

1 |a=2; a= 2;
2 |b = 3; b= 3;
3[if (a>b) { if (5) 1
4 println@Console( a + b )() println@Console( a - b ) ()
5|} else{ } else{
6 println@Console( "Hello!" () println@Console( "Hello!" )()
7} }
Fig 3. Code in Jolie Fig 4. Variation of the code of Figure 3

In the case everything works, none of the typing rules are violated. Z3 agrees with
the opinion and results in 'sat’, that means the program state is satisfiable. Figure 5 lists
the SMT statements representing the condition processing.

(declare—const $8 term id 10 Term)
(assert (hasType $$__term_id_10 bool))

(assert (hasType $$__term_id_10 bool))

Fig 5. Z3 code for the conditional of Figure 3

The first assertion is made based on an expression type determination: the expression
a > b is boolean. The second one is imposed by the typing rule: the condition expression
must be boolean. In this case there is no contradiction between the two assertions.

If the condition is replaced with some other expression the typing rule may be
violated. The corresponding example of incorrect conditional expression is shown in
Figure 4 and the constructed SMT statements for the example are given in Figure 6.

(declare—const 85 term_id 10 Term)
(assert (hasType 885 term id 10 int))

(assert (hasType 85 term id 10 bool))

Fig 6. Z3 code for the conditional of Figure 4
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Now the contradiction between the assertions is notable. The checker decided the
expression to be an integer, which is correct. But the restriction on a condition type
from the typing rule simply contradicts the actual type. Consequently Z3 results in
'unsat’. This means the assertions representing program’s typing are unsatisfiable and
incorrect in terms of the considered static type checking analysis.

5. Evaluation

The question of how to prove correctness of verification tools has always been widely
discussed. How can we be sure that the output of such tool is correct? It can be poorly
written, or the hardware could malfunction. However, in most cases we tend to trust
verification tools, and in our project we have to make sure that this tool is as trustworthy
as any other. The general solution is testing. Verification of the correctness the code
being written was continuously performed during the development process. The Jolie
Team created a collection of examples of Jolie programs®. The verification results of
some of them are presented in this section.

5.1. An unsatisfiable model

The overall purpose of the type checker is to find inconsistency in (assumed) type usage.
The program listed in Figure 7 is the most basic example of a program with inconsistent
types. The variable mylInt is assigned an integer first, and then a string. The current
design of the type checker disallows this behavior.

(declare—const myInt Term)

(declare—const $$  term id 4 Term)
(assert (hasType $$3__term id_4 int))
(assert (sameType myInt $$3  term id 4))
(assert (hasType mylnt int))

main
{

mylnt = 153

mylnt = "fifteen"
} (declare—const $$__term id 10 Term)
(assert (hasType $$__term id_10 string))
(assert (sameType mylInt $3  term id 10))
(

assert (hasType mylnt string))

Fig 7. Jolie code

— O © 00O Ui Wi+

— =

Fig 8. Z3 code corresponding to Figure 7

The resulting set of SMT theorems is listed in Figure 8.

The model is unsatisfiable. Assertions on the lines 4-6 restrict type of mylnt to
integer, whereas assertions on the lines 9-11 ensure that the same variable should be of
type string. These assertions cannot be evaluated to be true in the same model. Therefore
the program is considered ill-typed.

‘nttps://github.com/jolie/examples
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5.2. A satisfiable model

In case everything in the program code is correct in terms of type consistency, the type
checker should evaluate the resulting SMT model as satisfiable. It also should ignore
cases that have not being processed properly yet, without giving any false positives. The
program listed in Figure 9, in fact, an inconsistency in types usage. The line 8 reassigns
a variable to be of type integer, whereas at the line 5 the same variable was introduced
as a variable of type string. However, as long as this assignment include a statement with
a dynamic key, the type checker ignores it. The reason for this is inability to determine
which variable this path will point to at the moment of execution.

1 |main

2 {

3 key = "cat";

4 animals.cat = "I am a cat";
5 animals . (key) = 13

6|}

Fig 9. Jolie code with dynamic key

The resulting set of SMT assertions is listed in Figure 10. The workaround for the
dynamic keys issue can be seen at Lines 20 and 21. Any time a variable is used in order
to construct another variable path, the whole Term is getting a unique identifier marked
with the DYNAMIC PATH substring. This way it will not interfere with any other
assertion, thus not affecting the overall model satisfiability.

1 | (declare—const key Term)

2

3 | (declare—const 8$__term_id_4 Term)

4 |(assert (hasType 38 term id 4 string))

5 | (assert (sameType key $3  term id 4))

6 | (assert (hasType key string))

7 | (declare—const $3__ term id 5 Term)

8 | (declare—const animals Term)

9 | (declare—const animals.cat Term)

10

11 | (declare—const $5_ _term_id_10 Term)

12 | (assert (hasType $§__term_ id_10 string))

13 | (assert (sameType animals.cat 8% term id 10))

14 | (assert (hasType animals.cat string))

15 | (declare—const $% term id 11 Term)

16 | (declare—const animals .DYNAMIC PATH $§ term id 14 Term)
17

18 | (declare—const $$__term_id_19 Term)

19 |(assert (hasType $$__term_id_19 int))

20 | (assert (sameType animals .DYNAMIC PATH 88 term id 14 38 term id 19))
21 | (assert (hasType animals DYNAMIC PATH $8 term id 14 int))

Fig 10. Z3 code corresponding to the Jolie code of Figure 9
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6. Conclusions and future works

Jolie is the first programming language specifically oriented to the microservice architec-
ture. It has been shown how software attributes such as extensibility, modifiability and
consistency can significantly benefit from a migration into the microservice paradigm |7,
5]. Projects run by our team demonstrated the efficacy of the paradigm and of the Jolie
programming language in the field of ambient intelligence and smart buildings [29, 30].
Social networks implementation would also benefit from a reorganization of the software
architecture [16]. Local projects, and beyond that a number of projects worldwide invol-
ving the use of Jolie, would immensely benefit from a fully stable implementation of the
Jolie Static Type Checker.

Static type checking allows compilers to identify certain programming mistakes (that
violate types) at compile time, i.e. before actually running the program. Therefore
a vast number of trivial bugs can be caught and fixed at a very early stage of the
software life-cycle. In this paper we described JSTC, a static type checker for the Jolie
programming language which natively supports microservices. A static type system for
the language has been exhaustively and formally defined on paper, but so far still
lacked an implementation. We introduced our ongoing work on a static type checker
and presented some details of the implementation. The type checker prototype, at the
moment, consists of a set of rules for the type system expressed in SMT Lib language.
The actual implementation covers operations such as assignments, logical statements,
conditions, literals and comparisons.

JSTC is already able to validate programs, as it has been shown in this paper.
However, it works with certain assumptions. The main assumption is that programs do
not contain implicit type casts. The Jolie language allows implicit type casts, however,
their behavior is very complex. Handling such situations is an open issue left for future
development and future versions. Two other major issues have not been addressed.

Variable types can be changed at runtime. This strictly depends on the approach
that has been chosen. Generally, static typing guarantees that a variable has a type that
cannot be changed after declaration or assignment. However, Jolie allows this operation.
We need to determine which behavior we expect from the type checker, thus deciding
how to process type changes.

Implicit type casts in Jolie are ambiguous. This is a major problem, and further
research is required in order to find a solution. While Jolie allows implicit type casts,
sometimes the result of a cast is not obvious. For example, casting a negative Integer to
Boolean will result in a False. This is an unexpected behavior when compared to other
programming languages. There may be a solid rationale for this, however, we need to
investigate all cases and make sure that the type checker works accordingly to the Jolie
actual behavior, and not to the expected one.

JSTC future releases will need to be validated in real-life applications. The plan is to
use the Jolie programming language and the type checker as a basis for the development
of future research projects, the same way was done in [29] and [30]. Potential application
scenarios are cognitive architecture [32], automotive systems [8] and smart houses [23].
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1. Introduction

Null pointer dereferencing remains one of the major day-to-day issues in software industry.
To construct a sound null-safe type system, most solutions of the problem for object-
oriented languages add a notion of non-null and maybe-null types, usually expressed with
additional type annotations. Such annotations would be sufficient to solve the null safety
problem if objects could be created in an atomic operation, so that all fields marked as
non-null were initialized with object references. Unfortunately, sequential initialization
of the fields breaks the solution. Several proposals solving the object initialization issue
[1, 2, 7, 9] suggest extending the type systems further to identify objects that are not
completely initialized.

Instead of tweaking the type system, I proposed a static-analysis-based solution [10].
This solution relies on the validity rules checked during compilation to cover the cases left
by the type system checks. Combined with removal of annotations for local variables [5],
the solution is very effective in practice for avoiding null dereferencing problems, whilst

718



Kogtenkov A. V.
Towards null safety benchmarks for object initialization 719

having low cost in compilation time: (a) it reduces the annotation overhead compared
to previous solutions for the null-safe programming; (b) it correctly accepts or rejects
code of the published examples relevant to this problem [1, 2, 7, 9]; (c) it permits new
scenarios, impossible with type-system-based solutions.

But is the solution good enough? How does it compare to other approaches that
solve the object initialization problem? In this work I review examples from the previous
publications and identify the key reasons that cause the problem. Then I focus on the
detailed criteria that can be used to compare different solutions.

The main contributions of this work are:

e identification of the roots of the object initialization problem;

e development of execution scenarios and metrics for benchmarks of different null
safety solutions.

2. Motivating examples

Every publication on the problem of object initialization has few examples that authors
use either to demonstrate issues with their approach, or to explain how the issues are
resolved. I collected all the examples from the publications as well as found in class
libraries and divided them into the following cases. I use the differences between some
examples to describe common scenarios in section 5.

i. Polymorphic call from a constructor. Manuel Fahndrich and Rustan Leino [1]
describe a call to a virtual method on this in a superclass constructor. Because subclass
fields of the object are not initialized yet, accessing them in the polymorphic call causes
NullReferenceException. Xin Qi and Andrew C. Myers [7] consider a similar example
with a class Point and its subclass CPoint that adds a color attribute.

ii. Polymorphic callback from a constructor. Accesses to an uninitialized object
can be done indirectly. If a superclass constructor passes a reference to the current object
as an argument to create another object, this “remote” constructor can call-back on the
object where not all fields are initialized yet.

iii. Modification of existing structures. Convenience of the ability to invoke
regular procedures inside a constructor can be demonstrated with a mediator pattern [3].
It decouples objects so that they do not know about each other, but still can communicate
using an intermediate object, mediator. If the communicating objects register themselves
with the mediator in the code of their constructors, clients do not need to clutter their
code with the calls to register every new communicating object after creating it.

iv. Safety violations. In addition to valid cases, authors usually mention examples
that should trigger a compiler error. This aims at the original goal: a sound solution
should catch potential null dereferencing at compile time.

v. Circular references. Manuel Fahndrich and Songtao Xia [2]| review a linked list
example with a sentinel. When a new list is constructed, a special sentinel node is created
and it should reference the original list object.
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vi. Self-referencing. This is a variant of circular references when an object references
itself rather than another object.

3. Practical void safety

3.1. Why is object initialization problematic?

Null safety is complicated for object initialization. To understand why, I suggest to look
at how program execution can lead to the null reference exception. Firstly, the object
that causes the problem should not complete its initialization, i.e., some of its fields of
non-null types should be null. Secondly, this object should be accessible — either directly
or through some variables. Thirdly, the information that its initialization is incomplete
should be lost. Otherwise, it would be easy to report the error at compile time. Finally,
the reference retrieved from the uninitialized field of the object should be dereferenced
to trigger the exception. To summarize, there are the following roots of the problem:

e Non-atomic initialization of an object leads to the possibility to have fields with
null values even when their type is non-null.

e Aliasing allows for accessing the same object from an arbitrary point of the program,
in particular, from the code that does not expect an incompletely initialized object.

e Uncontrollable control flow, interrupting the regular one, makes sequential reasoning
about program execution useless.

e Dereferencing of an uninitialized field of the incompletely initialized object triggers
the exception.

My review focuses solely on the null safe frameworks that use an existing object-
oriented language as the basis. This aims at reusing legacy code if possible and preserving
known coding techniques and patterns. In particular, I assume that constructors are
allowed to execute arbitrary code, not just a sequence of assignments of supplied argu-
ments to the fields. This implies that the current object can be used in the constructor
and to escape from it as soon as such uses and escapes are guaranteed to avoid null
dereferencing.

To achieve the safety, the solutions extending the type system with new types limit
the operations on incompletely initialized objects. For Eiffel, I developed the practical
void safety solution, briefly described in the next subsection. It specifies the conditions,
when dereferencing may be unsafe, and forbids such dereferencing altogether.

3.2. Solution outline

From the point of view of the solution that avoids additional types annotations, all
examples from section 2 can be divided into 2 major groups:

e Examples i to iv: — Can the code be reordered to initialize all fields before use?

e Examples v and vi: — Can compile-time rules ensure an object with recursive
references to itself is not used as a completely initialized one?
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The issue in the first group arises because the current object is passed before all fields
of this object are set. The issue in the second group arises because not all fields can be
set before passing a reference to the current object. Then, on the one hand, a call on
an incompletely initialized object cannot assume all attributes are properly set. On the
other hand, a qualified call does not allow seeing what operations on an incompletely
initialized object are performed. The practical void safety solution disallows qualified
calls when some objects are incompletely initialized:

Validity rule. A constructor is null-safe if it satisfies all the following conditions:

1. All fields of the class are set at the end of the constructor.
2. Every field is set before it is used.
3. Any of the following is true at every execution point:

3.1 All fields are properly set.

3.2 The reference to the current object is unused before or at the current execution
point.

3.3 The expression at the execution point is neither of

e a qualified call;
e a creation expression that makes a qualified call.

Here, the term “current object” means a special entity this (in C# and Java) or
Current (in Eiffel). The term “qualified call” stands for the call with an explicit target
(i.e., has the form target.message) whereas the term “unqualified call” is used for the
call on the current object (i.e., has the form message). The rule applies not only to
the constructors declared in the class, but also to the inherited ones. The latter should
be rechecked in descendants even if the constructors are already checked in the classes
where they are defined.

In these conditions and because types of objects that are initialized by the constructors
are known, all unqualified calls from the constructors can be resolved at compile time.
Therefore, the methods, involved in these calls, can be checked using the same validity
rule. This allows for reusing initialization methods without any special annotations.
Although the compile-time checks take advantage of the static method resolution, the
generated code for constructors can still be shared among different classes and can rely
on dynamic dispatch for unqualified calls.

4. Related work

Raw types (solve examples i and iv with 2+ annotations). Manuel Féahndrich
and K. Rustan M. Leino [1] denote attached types with T~ and detachable types with
T+ and propose to add raw types 7"~ to be used for partially initialized objects. If
class C' has an attribute of type T and some entity has type C"**~ then a qualified call
to this attribute has type T regardless of original attachment status of that attribute.
An assignment to an entity of a raw type accepts only a source expression of a non-
raw non-null type to ensure that if an object becomes fully initialized, it cannot be
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uninitialized. Also, by the end of every constructor, every non-null field should be
assigned. Unfortunately, the rules for super-class constructors are not directly applicable
to languages with multiple class inheritance, like Eiffel. Also, this approach does not
support creation of circular references.

Masked types (solve examples i to vi with many annotations). Xin Qi and
Andrew C. Myers |7] address the complete object life cycle. They instrument the type
system with so called “masks” representing sets of fields that are not currently initialized.
For example, the notation Node\parent!\Node.sub[l.parent] -> *[this.parent]
for an argument 1 tells that it has a type Node and on entry requires that its field
parent is not set and at the same time fields declared in subclasses of Node are not
set unless 1.parent is initialized. On exit the actual argument conforms to the type
Node\* [this.parent] that indicates that the node object will be completely initialized
as soon as its field parent is set. The notation is very powerful and goes far beyond null
safety, but even with its complexity authors complain that it is not sufficient for real
programs.

With masked types the results of a flow-sensitive type analysis are checked against
provided specifications, while in practical void safety approach they are used to check
the Validity rule conditions.

Free and committed types (solve examples i and iv to vi with 1+ annota-
tions). Alexander J. Summers and Peter Miiller [9] set the following design goals:

1. Modularity: the type system can check each class type separately.

2. Soundness: the type system is safe, i.e., null pointer exceptions are impossible at
run-time.

3. Expressiveness: the type system handles common initialization patterns. In par-
ticular, it allows objects to escape from constructors and supports the initialization
of cyclic structures.

4. Simplicity: the type system is simple and requires little annotation overhead.

The authors distinguish just two object states: under initialization and completely
initialized. A newly allocated object has a so called “free” type. When an object is
deeply initialized, i.e., all its fields are set to deeply initialized objects, it is said to have
a “‘committed” type. The commitment point logically changes the type of an object from
free to committed and is defined as the end of a constructor that takes only committed
arguments. Possible aliasing between free and committed types is prevented by not
having a subtyping relation between them. This differs from the convention for raw
types [1].

The Validity rule is very close in spirit to the idea of free and committed types. But
it relies on a flow-sensitive analysis and ceases free type status when all attributes are
set. This allows the practical void safety to handle cyclic data structures without explicit
annotations.

Other approaches (solve examples i to vi with 0 annotations, non-modu-
lar). Additional annotations are avoided by Bertrand Meyer in [6] using so called
“targeted expressions” and creation-involved features. The analysis is somewhat similar
to the abstract interpretation approach used by Fausto Spoto [8] and should be applied
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to the system as a whole, thus sacrificing modularity. The advantage of the non-modular
checks is in accepting larger code base as correct, i.e., in better expressiveness.

5. Benchmark criteria

The most important goal of the null safety design is soundness. This limits the possibilities
to write arbitrary code that is still null safe. Indeed, the general problem of safe object
initialization is undecidable. Therefore, some restrictions should be imposed on the code
to make sure it can be checked in finite time.

As usual, soundness and expressiveness work against each other: the simpler the
language rules, the less code can be written without violating them. If the rules are too
strict, some scenarios found in real software can become extinct. E.g., the raw types [1]
do not allow for creation of circular structures, and the free and committed types [9] rule
out registration of objects in existing object structures inside constructors.

I use the design goals suggested by Alexander J. Summers and Peter Miiller [9] as
the base criteria to evaluate usability of null safety solutions. I give a detailed analysis
of every aspect of the goals and review how it applies to distinguish characteristics of
different approaches.

5.1. Soundness

Authors of all the solutions [1, 2, 7, 9] from section 4 claim them to be sound, so do I [10]
for the practical void safety, based on the Validity rule. Unfortunately, not all aspects of
a real programming environment are usually reflected in the formal model. In particular,
none of the null safety formalizations reflects garbage collection that is an important
channel to compromise safety guarantees.

The roots of the object initialization problem, mentioned in section 3, are mapped
to the programming language constructs as follows:

e Non-atomic initialization corresponds to the order of initialization of the object
fields intermingled with other computations. This work does not consider languages
that support atomic (transactional) object initialization.

e Explicit aliasing becomes possible when an object is assigned to a field of an
existing object, either passed to the constructor as an argument or directly reachable
from the current context, or when the new object is thrown as an exception. Implicit
aliasing happens when the class declares a finalizer that gets access to the object.

e Uncontrollable control flow can be caused by concurrent execution, preemptive
execution (with exception and signal handlers), cooperative execution (coroutines).

e Dereferencing is done by a qualified call of the form target.access where access
stands for a field or method name and target is a name of a reference corresponding
to one of uninitialized field of the object.

Contrary to the formal models, programming languages, supporting some null safety
mechanisms, do not always handle object initialization properly. A notable example is
Kotlin [4] where, at the time of writing, null safety is unsound.
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class X create make feature

item: detachable A class A inherit
put (value: A) do item := value end EXCEPTIONS
make create initialize feature
do data: A
(create {A}.initialize (Current)). initialize (z: X)
data.do__nothing do
rescue z.put (Current)
if attached item as value then raise (Void)
value.data.do nothing data := Current
end end
end end
end

Fig 1. An example (in Eiffel) of a buggy scenario A-I(1a)

A. Escaping of uninitialized objects

If a program context does not expect an uninitialized object, there should be no
channels that allow for the object to escape to this context. The channels depend on the
programming language. The most common ones are discussed next.

A-I. Registration in an existing object. A program can register a new object in an
existing one. When this is done before the new object is completely initialized, there
is a problem: the incompletely initialized object can be accessed via the exiting object
because of aliasing. Thus, such registration should be disallowed. The scenario can be
further classified by

1) the source of the reference to the existing object that can be either (a) passed as
an argument to the constructor or (b) retrieved from the current context (static
data, once functions, singleton objects);

2) the type of the object in which the new one is registered: it can be (a) a user-defined
one or (b) a built-in one (e.g., an array).

A registration of the new object in the existing one requires a qualified call. The
condition 3.3 of the Validity rule disallows any qualified calls until all objects become
completely initialized. Therefore, the practical void safety solution guarantees that the
unsafe scenario with the explicit registration is impossible.

The example corresponding to this scenario is shown in fig. 1. It can be used in the
suit of benchmarks for null safety solutions. The method make of the class X creates an
object of the type A and passes a reference to itself (let’s call it z) as an argument. The
constructor initialize of the class A saves a reference to the current object in the object
x. At this point the field data is null. Then a raised exception breaks the execution of the
constructor in initialize. The rescue clause in make intercepts the exception, retrieves
the incompletely initialized object and makes a call on the field data of a non-null type.
This causes the null reference exception.
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A-1I. Reclamation of incompletely initialized objects. Finalizers are the methods called
before object’s memory is reused. The finalizers are registered for calling by the run-time
right after object’s memory is allocated and before the constructor is invoked. If the
object initialization does not complete (due to an uncaught exception in the constructor),
the finalizer is invoked on the incompletely initialized object. Unless a programmer keeps
track of object initialization, there is no way to figure out what state the object is in.
Therefore, the current object in a finalizer should be treated like at the beginning of a
constructor.

A-III. Out-of-order object transfer. Most programming languages allow for transferring
references to objects bypassing regular control flow. The most familiar mechanism is
exceptions. If a new exception object referencing an incompletely initialized one is
thrown, the reference to the incompletely initialized object becomes accessible in the
code that relies on the type system rules and does not expect uninitialized fields.

There is no special construct to raise an exception in Eiffel. A qualified call to a
library method is used to do it. According to the condition 3 of the Validity rule, all
objects should be completely initialized at this point, therefore, soundness is preserved.

B. Non-sequential control flow

Approaches solving the object initialization problem with whole-system analysis make
a safe approximation about all possible execution traces. Consequently, these approaches
are non-modular.

The modular approaches are limited by the local analysis only and should assume
worst-case scenarios for operations on incompletely initialized objects. This is achieved by
pretending that sequential execution can break anywhere. In other words, the solutions
do not exclude unexpected interruption. Therefore, here I just list possible scenarios that
can be used to build the benchmark tests:

B-1. FExceptions.
B-1I.  Concurrency.

B-III.  Cooperative execution.

C. Dereferencing

C-1. Unqualified calls. Access to uninitialized fields should either be prohibited or
result in a potentially null value. The condition 2 of the Validity rule sticks to the first
variant.

C-1I. Qualified calls. Before all objects are completely initialized, language rules
should either disallow qualified access to fields or make sure the retrieved values are
not considered as safe for use. In particular, these values may be null or (recursively)
have null values in non-null fields of referenced objects. The practical void safety solution
takes the first route and disables qualified calls until all objects are completely initialized.

5.2. Expressiveness

Any example demonstrating a soundness issue from section 5.1 can be turned into a
legitimate one. To this end, one of the conditions that cause the problem should be
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ata 1= t .
data Curren raise (Void)

data :— Current

()

z.put (Current)
raise (Void)

(a)

Fig 2. Possible fixes of the method initialize from fig. 1

made false. E.g., setting the field data before passing a reference to the current object
as in fig. 2a or avoiding leaking this reference altogether as in fig. 2b, both make the
example from fig. 1 legitimate.

D. Calls on incompletely initialized objects

Calls on incompletely initialized objects require special precaution, but they allow
for more code reuse.

D-1. Unqualified calls.

1) Method call. One of the key uses of unqualified calls is initialization itself. The
methods that set object fields can be called from different constructors to avoid
code duplication.

2) Field access. For the same reason, access to the fields that might be unset can be
useful outside of object initialization. The code would check if the field value is
null and proceed as needed.

D-11. Qualified calls. In general, qualified calls on incompletely initialized objects are
unsafe. Therefore, additional restrictions should be imposed on the code of the called
methods as well as on the code of the callers. They both cannot rely on the regular type
system rules.

1) Method call. The called methods cannot assume that fields of non-null types are
not null.

2) Flield access. Safe access to object fields can be guaranteed only if they have a basic
type without nested references.

E. Circular references.

Object structures with circular references appear to be a common design pattern.
They can be classified by the structure kind:

1) Self-referencing. A new object references itself after creation.

2) Mutual references. (a) Two objects or (b) n objects make a circular structure after
creation, where n is not necessary fixed at compile time.

3) Complex structures. A combination of cases 1) and 2).
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F. Regular use of a completely initialized object from the constructor

F-1. Callback. When an object is completely initialized, it can be passed from the
constructor as an argument to create another object that makes a callback later. This
pattern is used in some portable GUI libraries.

F-II. Escaping of initialized objects. The scenarios repeat the scenarios A:

1) Registration in an existing object.

2) Qut-of-order object transfer.

But now the object is completely initialized and does not cause a problem.
G. Genericity

Solutions can differ by the ability to use a formal generic type as a creation type.
For the practical void safety solution, special convention should be introduced to indicate
whether the constructor of the actual generic parameter satisfies the Validity rule
requirements.

5.3. Modularity

H. Scope. The solution is modular if it is sufficient to analyze (recursively) ancestors
and suppliers of the class to be checked.

The Validity rule depends on the properties of the constructors from the other classes.
Because these constructors are known at compile time, the checks do not depend on the
classes that are not directly reachable from the one being checked. Therefore, a library
can be checked as a standalone entity without the need to recheck it after inclusion in
some other project.

I. Incrementality. The metric tells if changes to previously checked code require a
partial recheck rather than a complete one.

With the practical void safety, fast recompilation is supported if information about
reachable constructors and whether they perform qualified calls is recorded for every
class.

5.4. Simplicity

This group of metrics tells how accessible is the solution.

J. Number of additional annotations. This is the number of different type marks
that need to be added besides the marks “non-null” and “maybe-null”.

K. Ease. This metric describes whether few new simple rules are added to the
language to make object initialization null safe.

L. Performance. The metrics describes the resource consumption to support the
additional checks. This includes:

1) space complexity — how much additional memory is required;

2) time complexity — how much time the new language checks take.

M. Availability. This metric tells if there is a tool (compiler/framework) that
supports the rules.
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6. Preliminary results

The table below summarizes results of selected benchmarks for different solutions (a plus
sign indicates a positive result of the benchmark, a minus sign indicates a negative one):

Solution ABC D-I(1) D-1(2) DIl E F H J K M
Raw types + + + + - - 4+ 2+ + +
Masked types + + — + + + + many — —
Free/committed types — + + + + 4+ - + 1+ + +
Targeted expressions + + — + 4+ o+ = 0 + -
Practical void safety + + — - 4+ + o+ 0 + o+

All the solutions are sound (if the scenario A-II is not taken into account) and support
simple use cases. With modularity and annotation overhead in mind, the best two
solutions are free € committed types and practical void safety. Unqualified access to
uninitialized attributes (D-1(2)) can be easily supported in the latter solution. But
inability to support registration of a newly created object from the constructor in an
existing object (F) with the former solution cannot be fixed easily. Therefore, practical
void safety seems to be a better choice to solve the object initialization problem.

7. Conclusion and future work

In this work, I identify the roots of the object initialization problem in object-oriented
languages and propose a list of benchmarks to compare different null safety solutions.
The benchmarks demonstrate very good results for the practical void safety compared
to other solutions.

The work reveals the following areas of future development:

e formalization of null safety models taking into account finalizers and possible
interruption of execution due to asynchronous signals;

e improvement of the practical void safety solution by supporting access to uninitialized
attributes and by supporting qualified calls in the context with incompletely initialized
objects;

e creation of a test suit with executable examples to compare different implementation
of null safe programming languages.
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Annoramusi. B pabore paccMaTpuBarOTCs 3aa4d [IPOBEPKHU CYIECTBOBAHUSI U CUHTE3a CUHXPO-
HU3UPYIOMIUX U YCTAHOBOYHBIX IIOCJIE/I0BATEIBHOCTEN JJ1s1 KOHEYHBIX BXO0-BBIXOJ/IHBIX I10JIyaBTOMATOB.
CoOTBETCTBYIOIIHE TOC/IEIOBATEILHOCTH MOTYT OBITh MCIIOJIB30BAHBI IPU MACHTUMUKAINA COCTOSTHUS
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BBenenue

[Ipobiema unentudukanun cocroguuii B Koneunsix apromarax (Finite State Machines
mwm FSMs B aHIIOA3BIMHON JInTepaType) akKTUBHO UCCJIEyeTCsI, HAunHasl C IIePBOil pa-
60Tl Mypa, IOCBANIEHHON CUHTE3Y TaK Ha3bIBAEMBIX «YMO3PHUTEIbHBIX» KCIIEPUMEHTOR
JJTsT KOHEUHbIX aBToMaroB [12]. Pesyabsrarsr Mypa Oblan B TaabHEAIIIEM PA3BUTHI HCCIIE-
JIOBATEJISIMA /I PA3IMIHBIX KJIACCOB KOHEYHBIX aBTOMATOB (CM., Hampumep, [2,6,11]).
[Tpu unenTuduKamu TeKyIero/ GUHaAJILHOTO COCTOSHUS HA MCCIEyeMYI0 CUCTEMY 0~
JaeTcst 3apanee cpOpMUPOBaHHAs CHHXPOHU3UPYIONIAS WM yCTAHOBOYHAA MOC/IEI0BA~
TeJIBLHOCTD. EC/n 10c/Ie10BaTe/IbHOCTD CHHXPOHU3UPYIONIAs, TO U3 JIIOOONO COCTOSHUSI
ucceyeMasi CUCTeMa IePeXOJUT B M3BECTHOE COCTOsiHMEe. Feam 1mocsenoBaTeibHOCTD
YCTAHOBOYHAs, TO 110 HAOJIOJAEMON peakIyi CUCTEMbI Ha YCTAHOBOYHYIO ITOC/IEI0Ba-
TEIBHOCTD JeJIACTCA BBIBOJ O COCTOSHUH, JTOCTUIHYTOM CHCTEMOMN IOCJIE HMOAYN OCIe-
JloBaTebHOCTH. B HacTosmeil pabore Mbl He pacCcMaTpUBaeM aJIallTUBHBIE BXOIHBIE 110~
CJIEJIOBATE/IBHOCTH, T.€. BXOJHAs CUHXPOHU3UPYIOMas (MM YCTAHOBOYHASI) MOCJIEI0BA~
TEJHLHOCTH CPOPMUPOBAHA 3apaHee, JI0 IPOBEIEHI SKCIIEPUMEHTa, ¢ CUCTEMOIA.

N neaTndukaiinsg cOCTOSHANR UCIOIB3YETC B PA3IMYIHBIX NpUao:KeHusx. OaHuM n3
TaKUX MMPUIOXKEHU sIBJISIFOTCS aBTOMATHBIE METO/bl CUHTE3a ITPOBEPSIONINX TECTOB st
JIICKPETHBIX YIPaBJsomux cucreM [4,7,13|, u cyrmecrByer 10CTaTOYHO MHOTO ITyOIMKa-
1M, KAKIM 00pa30M MOXKHO ITOCTPOUTH TaKHe IOCIeI0BATETHHOCTH JIJI JIeTEPMIUHUPO-
BAHHBIX ¥ HEJIETEPMUHMPOBAHHBIX (B TOM YHCJIEe HEHAOJIOIACMBIX), YACTHIHBIX ¥ I10JI-
HOCTBIO OIpejiesieHHbIX aBroMaroB [1,5,7,13|. Tlomumo Tak Ha3BIBAEMOIO «aKTUBHOIO»
TeCTUPOBaHUs, UJICHTU(MUKAIINA TEKYIIEro COCTOSHUS TIPOBEPAEMOil CHCTEMBbI UCIIOIb3Y-
eTcs TaKKe B 33/[a9aX MOHUTOPHHTA (TACCHBHOIO TECTUPOBAHNUS ) TIPU HAOIIIOIEHNT TIOBe-
JIeHVsT TIPOBepsieMoil peasiusanuu. B qacTHOCTH B paboTe [8] aBTOPbI HCCIIeMy 0T BOZMOK-
HOCTh YCKOPEHHUs /ONTUMU3AINN MOHUTOPHHIA [P HAJIMIUNA B CHEIUMDUKAIIMNT CUCTEMBI
CUHXPOHU3UPYIOIIUX ¥ /MM YCTAHOBOUHBIX MOCIeI0BaTebHOCTell. Ecm Tekytee cocto-
sIHUE CUCTEMbl M3BECTHO, TO MOYKHO CYIIECTBEHHO COKPATUTH MHOYKECTBO IPOBEPSIEMbIX

297

CBOMCTB pU “TIacCUBHOI BepU(MUKAIIUA CUCTEMBI.

Tem HE MeHee, TpU ONMCAHUU TIOBEJICHUS JIUCKPETHBIX YIIPABJAIONIUX CUCTEM C Iie-
JIBIO TIPOBEPKHU MX HAJICKHOCTU M KOPPEKTHOCTH (PYHKITMOHUPOBAHUSA JIOCTATOTHO YACTO
UCIOJIB3YIOTCS HE TOJBKO MOJIE]Ib KOHEYHOTO aBTOMaTa, HO TaKyKe U BXOJ0-BBIXO/HBIE
noryaBToMaThl. IIpuanHoil gBjIsiercss TOT (haKT, UTO BBIXOAHASA PEAKIUS CHCTEMBbI He
00s13aTEJILHO TIOSIBJISIETCS HEIIOCPEJICTBEHHO 110CJIe KazK/I0I0 BXOJIHOI'O CUMBOJIA, U, BOOD-
11e TOBOPs, Ha OJIWH BXOJHOI CHMBOJI BO3MOXKHA PeaKInd B BHUJIE ITOCJEI0BATEIHLHOCTA
BBIXOJ/IHBIX CUMBOJIOB. BX0/10-BBIXO/IHBIE TTOJIyaBTOMATHI TIO3BOJIAIOT OITUCATH TaKUE CUTY-
allny ITOAXOIAINel MaTeMaTHIeCKON MOJIEIbIO, OJHAKO METOIbI aHAJN3a TaKUX MojeJieit
C TOYKY 3PEHUsI JICHTU(MUKAINN TEKYIIEro /(DHHAIBLHOIO COCTOSIHIST aBTOPAM PabOThI He
n3BecTHbI. COOTBETCTBEHHO, IIpejjlaraeMble METO/Ibl IIOCTPOEHUS YCTAaHOBOYHBIX U CHH-
XPOHUBUPYIONIUX ITOCE0BATETHHOCTEN /I TAKOU MOJIESIN ABJIAIOTCS HOBBIMMU.

Cremxyer oTMeTHTb, TeM HEe MeHee, YTO CHHXPOHU3UPYIOINE SKCIEPUMEHTHI sl 10-
JIyaBTOMATOB PACCMaTPUBAJINChH U PaHee, OJHAKO B M3BECTHBIX CIyYadX JAeHCTBUSA, TTOMe-
Jarolue MepexoJibl, He Pas3JjiesieHbl Ha BXOJHbIe U Bbixojaubie 1,13, 15]. Mubivu cioBamu,
[IpU CUHTE3€ SKCIIEPUMEHTa BO BHUMAHWE MPUHUMAETCSd TOT (PaKT, U9TO B KayKJIOM CO-
CTOSTHAM TI0JIyaBTOMATa MOXKET OBbITh ITOJIaH JII000# M3 ONpE/IeJIEHHBIX B JAHHOM COCTOSI-
HUU CUMBOJIOB, KOTOPbIE MOYKHO ITOHUMATh KaK BXOHBIE CUMBOJIBI; BBIXOJHBIX CHIMBOJIOB
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cpesn feiictBuilt Her. B mannoit pabore Mbl paccMaTpuBaeMm 0oJjiee MUPOKUN KJIACC TO-
JIyaBTOMATOB, a UMEHHO IMOJIyaBTOMATBI, B KOTOPBIX B KaXKJOM COCTOSHUU MOXKET ObITb
WJIA TPUHAT BXOJIHOMN, WM ITPOU3BEIECH BBIXO/IHONW CUMBOJI. TakuM 0O6pa30M, MbI PacIIpo-
CTpaHsieM TOIy9YeHHbIE PEe3YJIbTAThI 10 CHHTE3y CUHXPOHU3UPYIONINX SKCIIEPUMEHTOB Ha
HCCJIElyeMbIil KJIACC MOJIyaBTOMATOB.

Mpb1 orMedaeM, 9To MpecTaBIeHHbIe B paboTe Pe3y/IbTaThl YaCTUTHO BOILIN B Iy OJIH-
kaiuio [16] o pesynbraram Bocbmoro cumiiosuyma 1o crenudukanuy 1 Bepudukaimm
nporpamm “Program Semantics, Specification and Verification: Theory and Applications”
(2017 r.). B macrosimeii crarbe Mbl “HaciieyeM”’ pasBUTHIE B IPEJIbIYINEH CTaThe ajro-
purMmbl. Hayunast HOBU3HA JTaHHO paboThl 3aKI0YaeTCs B 1) JI0Ka3aTeIbCTBE KOPPEKT-
HOCTH TIPEJIJIOKEHHBIX aJrOPUTMOB, 2) YCTAHOBJIEHUN OIEHOK JIJTMH CUHXPOHU3UPYOIIEit
U YCTAHOBOYHOM IOC/IEI0BATEIbHOCTEN JIJI PACCMATPUBAEMOTO KJIACCa BXO/I0-BBIXOIHBIX
[IOJTyaBTOMATOB ¥ 3) BBIJCICHUN CIIEIUATLHBIX TOJIKIACCOB BXOJI0-BBIXOIHBIX IT0JIyaBTO-
MAaTOB, JIJIsi KOTOPBIX XyjIre (B OCHOBHOM SKCIOHEHIIMAIbHBIE) OIEHKU CJIOKHOCTU He
SABJIAIOTCS JTIOCTUZKUMBIMU.

CrpykTypa paboTh! cieayoiias. B mepBoM pasjieie NpUBOIATCA OCHOBHBIE OITPeJIe-
Jlenns n obo3HadeHusi. MeTompl CUHTe3a YCTAHOBOUYHBIX M CUHXPOHUBUPYIOMIKUX IOCTIe-
JIOBATEILHOCTEN JIJI BXOJ/I0-BBIXOJIHBIX MOJIYaBTOMATOB ITPUBEJICHBI BO BTOPOM DPa3jielie.
Tperwuit pa3aen cojlep:KUT 3aKII0UYEHIE, B KOTOPOM, B YaCTHOCTH, OCBEIIAIOTCS MEPCIIEK-
TUBBL JAJIbHEAIINX HAYYHBIX UCCJICIOBAHUN.

1. OcHoBHBIE onipeaeeHnd N 0003HAYEHUS

[on 6x0d0-6viT00HbIM NOAYASMOMAMOM (HITH TIPOCTO NOAYAEMOMAMOM) B 9TOH CTa-
The nornmaercst yersepka S = (S, 1,0,Ts), tie S ecTb KOHEIHOE HEMyCTOe MHOXKECTBO
cocrosiauit; I mu O cyTh KOHEUHBbIE HellepeceKarommecs ajadaBUThl BXOIHBIX U BBIXO/I-
HBIX cuMBOJIOB; Tg C S X I x SUS x O X § ectb omnowerue neperodos, rie TPONKH
(s,4,8) € Ts u (s,0,8") € Ts cyrb nepexodw, *.

B 9r10it cTraThe MBI paccMaTpUBaeM CIEIUATbHBIN KJIACC TTOJIyaBTOMATOB, JJIsi KOTO-
PBIX BBITIOJTHSIOTCS CJIEIYIOIINE YCIOBUS.

1. B KaxKJI0M COCTOSHUU TIOJIyaBTOMATa ONpPEIeSIEHbI TOJLKO BXOMHBIE CUMBOJIbI WM
TOJILKO BBIXOJHBIE CUMBOJIBL, T.e. S = S;U Sy, S1NSy =0uTg C S xIxSU
Sy x O x S, upu4yeM B MOJIyaBTOMATE OTCYTCTBYIOT COCTOSIHHSI, U3 KOTOPBIX HET
LIEPEXO/IOB.

2. ﬂHanaMMa IIepexoa0B II0JIyaBTOMaTa He COACP2KHUT IUKJIOB, IIOMEYCHHBIX TOJIBKO
BBIXOIHBIMHU CUMBOJIAMM, T.€. sI3bIK ITOJIyaBTOMATa HE COJEPIKUT MOCJIEI0BATETHHO-
creit ¢ 6eCKOHETHBIM CYy(D@MUKCOM U3 BBIXOIHBIX CHMBOJIOB.

3. B mosiyasromare ecThb creruaabHblil BBIXOAHON cuMBoI 0 ¢ O, IpeICTaB/IsSIOmuii
TaK HasblBaeMoe “Mosrdanue’ (aHrr — “quiescence [14|”) B cocrostusAX, T€ OmIpe-
JIeJICHBI TIEPEXObI 10 BXOAHBIM CHMBOJIAM: COOTBETCTBEHHO B KayKJIOM COCTOSHHN
s € Sy ompeJiesieH mepexoJI-1eTJIs, MOMeYeHHbIii cuMBOJIOM 4, T.e. (8,0,s) € Ts.

I TakuM 06pa3oM, B JAHHOH paboTe PACCMATPUBAIOTCS IIOIyaBTOMATHI 6€3 [IePeXOI0B 110 HeHABIIONa-
€MBIM JIeACTBUSAM U 6€3 BBIJEJIEHUS] MHOYKECTB HAYAJIBHBIX U (DUHAJBHBIX COCTOSTHUI.
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[Ipumep BXOI0-BBIXOIHOIO IoJIyaBTOMaTa S mokaszaHn Ha puc. 1. IlosmyaBromar nmeer
5 cocrosiamii, T.e. S = {s1,...,85}, s KOTOPBIX S7 = {S1,89,85} U S = {s3,54}.
B kaxjom cocrosinum m3 S mosyaBTOMaT ‘TIpUHUMAET BXOJHBIE CHMBOJIBI i1 U i3. B
COCTOSIHUSIX S3 U S4 TOJIyaBTOMAT He IPUHUMAET BXOJIHBIE CUMBOJIBI, & BBIJIAET BBIXOJIHBIE
peakIyuu 07 Wil Os.

i

i2

il il 09

Puc. 1. Bxomo-BeixomHolt moayaBromar S
Fig. 1. An Input/Output automaton S

Kak 00bIvHO, CHHXPOHU3UPYIONINE U yCTAHOBOUYHBIE BXOJHBIE ITOCJIEI0BATETLHOCTI
UCIIOJIB3YIOTCH JIJIS UJIEHTUMUKAIINYA COCTOAHUS TIOJIyaBTOMATa MOCJIE TIOJIAdN TAKOI I0-
CJIe10BATEJIbHOCTH, IIPU YCJIOBUH, YTO HAYAILHOE COCTOAHNIE II0JIyaBTOMAaTa He U3BECTHO.
OcHoBbiBasich Ha [16], MBI 1aIee BBOIUM ONPE/IEIEHIsT TAKUX [TOCJIEI0BATEIbHOCTEI J1Ist
BXO/TI0-BBIXOHBIX TOJIyaBTOMATOB. OTMETHM, UTO MOjada BXOTHON MOCIeI0BATE/TbHOCTH
1 UJIeHTUMUKAIIS COCTOTHUS MTOCJe MOIavH MTOC/IeI0BATETLHOCTH OCYIIECTBIISIOTCS CO-
[JIACHO CJICAYIONIEMY NPeAIIOJIOXKEHUIO.

[Iepen momadeit mepBOro BXOTHOTO CIMBOJIA TECTEP OXKUIAET HOCTYILIEHNS BHIXOTHOTO
CHUMBOJIa B TeUeHHe OIPE/IeJIEHHOI'O BBIXOJHOIO TaliMayTa t. Kcian mosyaBTOMaT BbIJIAET
BBIXOJIHOW CUMBOJI, TO TafiMep OOHYJISIETCSI, ¥ TECTEDP KT OUePETHON BBIXOHONW CUMBOJI
B Te4YeHUe MOCIeAYIONMUX ¢ eIuHuIl BpeMeHu. Kciam B Tedenue ¢ eUHUIL BDEMEHU BbI-
XOJIHOM CUMBOJI IIOJIyaBTOMATOM HE IIPOU3BOJUTCA, TO Ha TeCTep IOJAeTCdA CJIEYIOIUi
BXOJIHOW CUMBOJI WJIM TECTUPOBAHUE 3aKAHINBAECTCs, U Taiimep obnysisgercd. Takoit mopsi-
JIOK TI0JIa9H BXOJHBIX CHMBOJIOB O0bSICHSIET HAJIMYNeE CIEeMaTIbHOTO BBIXOIHOTO CUMBOJIA
0 ¢ O; Korjia BBIXOJHOI CHMBOJI He HaOJI0JaeTcs B TedeHue | €MHUI] BPDEMEHHU, MBI
roJjiaraeM, 9TO MPOU3BOUTCS BBIXOJHONW CHUMBOJI 0. BbIXOmHON TaiiMayT 0OBIYHO OIpe-
JeJIgeTcd, UCX0Ad U3 caMOW JIJIMHHONW BO3MOXKHOW BBIXOAHOW IIOCJICIOBATEILHOCTUA HA
MOJJAHHBIA BXOJIHOW CHUMBOJI.

Kaxk obbr1H0, Tpaccoii B ojiyaBToMaTe Ha3bIBACTCs JOITYCTUMAST TIOC/IEI0BATEILHOCTh
JIeRCTBU, U Y-TIPEEMHUK COCTOSHUA § € S €CTh MHOXKECTBO COCTOSIHUI, KOTOPBIE JTOCTU-
JKAMBI U3 COCTOSTHHSI TI0 Tpacce -y, T.e. Y-TIPEEMHUK MHOMKECTBa S COJMEPKUT KazKJi0e



Modeauposanue u anaausd ungopmavyuornox cucmem. T.24, Ne6 (2017)
734 Modeling and Analysis of Information Systems. Vol. 24, No6 (2017)

cocTosiHre U3 S, JOCTHKUMOE U3 HEKOTOPOI'o COCTosHust s € S 1mo Tpacce v. CHHXPO-
HUBUPYIOIEH TOCTIeI0BATEIbHOCTHIO HA3BIBAETCS BXOHAS IOC/IEI0BATEILHOCTD, OC/IE
I0/Ia9M KOTOPOI MOJIyaBTOMAT TePEXOUT B OJIHO U TO YK€ COCTOsTHIE U3 JIF0OOT0 HAYAJb-
HOTO COCTOAHMA. JIpyrumu cjioBaMu, IOCJIEIOBATEIBHOCTD (v = 1113 .. .1 HA3BIBACTCH
CUHTPOHUSUPYOWET It ToJlyaBTOMaTa S, ecIu CyIIecTBYyeT COCTOsHUE s € S, Takoe
YTO JIJIs JIIOOOM 1OC/IeIOBATeIbHOCTH JeficTBuil 3111 8ots . . . BrigSrr1 B HOJIyaBTOMATE,
rje p eCTh JJINHA CaMOil JJIMHHOM ITOCIeI0BATEIbHOCTH TOJIBKO U3 BBIXOIHBIX CHMBOJIOB
uf5; € (OU{6})?,j=1,...,k+1, cupaBeqnuso, 410 [1i1S2is . . . BiikSk+1-IPEEMHHIK MHO-
KecTBa S (MHOXKECTBO COCTOSTHUIL (3111 oy - . . Brix s 1-state-after-S) ectsb mycroe MHO-
skecTBo win {s}. TakuM 06pasoM, CHHXPOHU3MPYIOIIAS TTOCIIEI0BATETLHOCTE O3BOJISIET
eJIMHCTBEHHBIM 00pa30M HIAEHTU(MUIIMPOBATH COCTOSHIE IIOJIyaBTOMATA, IIOCTIe €€ TOJa N
6e3 HaOJIIOIeHNS TPOU3BOAUMBIX II0JIYABTOMATOM BBIXOJIHBIX PEAKIIHiA.

YeTaHOBOYHAST TIOCJIEI0OBATEIHLHOCTD O3BOJIAET €INHCTBEHHBIM 00Pa3soM HIeHTH(dH-
[IIPOBATH COCTOSTHUE ITOJIyaBTOMATa IMOCJIe ee MOAadu U HabJIIOIeHUsT TPOU3BOINMBIX 110~
JIyaBTOMAaTOM BBIXOJIHBIX peakimii. TakuM oO6pasoM, MOCaeI0BaTe/IbHOCTh o = 1113 . . . i,
HA3BIBACTCA  YCMAHO80YHOU JIJIsi  TIOJlyaBTOMaTa S, ecJu JJisd  KaxKJI0i Tpacchl
Briifais ... Pricbet1, B3 € (O U {o})P, j = 1,...,k + 1, cupaBemiuso, 4TO
B1i1Pats . . . BripPri1-TTPEEMHUK MHOXKECTBa S €CTh IIyCTOe MHOYKECTBO WJIM CHUHTJIETOH.
HermocpeicTBerHoit MpoBepKOil MOYXKHO YOeIUThCsI, 9TO Jjid aBromara S Ha puc. 1
Q = 1111 SABJIFETCS YCTAHOBOYHOM IOC/IEI0BATEIHHOCTHIO.

2. Meroabl cuHTe3a CUMHXPOHU3UPYIOIINX
1 YCTAaHOBOYHBIX ITIOCJIeJ0BaTeIbHOCTE
JJIl BXO/10-BBIXO/IHBIX I10/IyaBTOMAaTOB

B JaHHOM pa3/ieJsie Mbl IIpe/lJlaracM aJropuTMbl IIOCTPOCHUA CUHXPOHUSUPYIONIUX U YCTa-
HOBOYHBIX HOCJIG,ZLOB&TGJH:;HOCTGI'/JI JJId BXO/I0-BBIXO/IHBIX ITIOJIyaBTOMATOB U3 OIIMCaHHOI'O
BbIIIIE KJIacCCa. KpOMe TOr'o, Mbl YTOYHAEM OLHEHKHU CJIO2KHOCTHU ITOCTPOCHUA TaKUX IIOCJIE-
,HOBaTeHbHOCTeﬁ 1 pacCMaTpuBacM KJIaCCBhI IIOJIyaBTOMaTOB C IIOHM2KCHHBIMU OIICHKaMMU
JJINH CUMHXPOHUSUDPYIOMNUX U YCTaHOBOYIHBIX HOCJ’[GLLOB&TGIIBHOCTGI;'I.

2.1. TlocTpoeHue CMHXPOHU3UPYIOIINX I1OCJI€10BaTEIbHOCTEM

Kak ormeuasioch panee, CHHXPOHU3UPYIONINE MTOCIEI0BATEILHOCTA U METO/Ibl UX CUHTE3a,
XOPOIIO U3YYEHBI JJIsd “KJIACCUIECKUX  IOJIYaBTOMATOB, B KOTOPBIX aJipaBUT JeiHCTBUI
He pas3/ieJieH Ha [OJMHOYKECTBA BXOIHBIX (CTHMYJIOB) ¥ BBIXOJIHBIX (peaxiuii) JeicTBuii
CcOOTBETCTBEHHO. Ecm B mosryaBroMare S ompesesieHbl Mepexobl TOJABKO 110 BXOIHBIM
JIECTBUSAM, TO MOCJIEIOBATEIBHOCTD JICHCTBUI (v HA3BIBACTCH CUHIPOHUSUPYIOULET, CTI
CYIIIECTBYET COCTOSHUE TI0JIyaBTOMATa, B KOTOPOE (v TIEPEBOJIUT TIOJIyaBTOMAT U3 JIFOOOTO
HAJaIbHOTO COCTOSTHUST. AJITOPUTMBI ITPOBEPKHM CYIIECTBOBAHNUSI 1 TOCTPOEHUsT CHHXPDOH-
SUPYIOIIUX TTOCIEI0BATETLHOCTE (eC/n CYIIeCTBYIOT) JJIsi TAKUX, B TOM JHCJIe HEJIeTep-
MUHUPOBAHHBIX U, BO3MOYKHO, YACTHYHBIX, IT0JIyaBTOMATOB olryoimkoBanbl B [1,5,13,15].
[Ipu mocTpoeHNN CUHXPOHU3UPYIOIIEH TOC/Ie10BATEILHOCTH JIJIsT BXOI0-BBIXOIHOI'O TTOJIY-
aBroMarTa S, KOTOPBI yI0BJIETBOPSIET YCAOBUIM 1—3, OIMMCAHHBIM BBIIIE, MbI IIPe/IIaracM



Kymux H.T'., Esrymenxo H. B., Bypnonos U. B., Koca1es A. C.
K cunTesy cHHXpOHH3HUPYIOMINUX U yCTAHOBOYHBIX IIOCIEIOBATEIHLHOCTEH JJIS . . . IOJIyaBTOMATOB 735

[epexo/l K “KJaacCuIecKoMy’ IMOJIyaBTOMATy 0e3 BBIXOIHBIX AefiCTBHil, KOTOPBI 00/1a,/1aeT
TEeM K€ CAMBbIM MHOYKECTBOM CHHXPOHHU3UPYIOIIIX ITOCIEI0BATETIHLHOCTEI.

Anropurm 1: cunres nosyasromara A

Bxox : Bxomo-Beixomnnoit nosyasromar S = (S, 1,0, Ts)

Boixoma: [Tonyasromar A

IMTar 1 Crpoum mosyasromar A = (S, 1,T4) ¢ MyCTHIM MHOXKECTBOM
nepexonos, T.e. T4 = ().

IMTar 2. Jlnsa kaxoro nepexoia (s,i,s"”) € Ts, rue s, 8" € Sy, nobasiasem K Ty
nepexon (s, i, s”); mist Kaxoro nepexona (s,i,s”), rue s € Sy u s’ € Sy,
nobasiisieM K T4 nepexon (s, 1, 8™), tne s € S; u " aBisiercsa S-npeeMHUKOM
cocrosiaust s” B mostyaBromare S, 5 € O*.

YrBepxkaenune 1. Muootcecmsa CuHTpOHUSUPYIOULUT NOCAED0BAMENLHOCTNET OAA TOAY-
asmomamos A (nocmpoen no anrzopummy 1) u S cosnadarom.

Zoxazameavcmeo. 1lo onpeaenennto, Mocae0BATEILHOCTD (v = 17 . . . i}, IEPEBOIUT IOy~
aproMaT A u3 cocrosinust s € S; B cocrosinue s € Sq, €CM U TOJBKO €CJIM CYIIECTBYIOT
B; € (OU{o})P, j = 1,...,k+ 1, rakue, a10 [171 5205 . .. ByikSrr1-IPEEMHUK COCTO-
sHUs S BO BXOJIO-BBIXOJIHOM IojyaBromMare S ecTh cocroguue S. IlociemnoBareibHOCTD
Qv ABJISIETCs] CHHXPOHU3UPYIOINIEH B mojyaBToMare A, eclii U TOJbKO €C/IU CYIIEeCTBYeT
cocrosiHue S € S7, TaKoe, 94TO (-IIPEEMHMK JII0OOr0 COCTOsTHMSA IoJyaBroMara A paBeH
{s}. locnennee o3nauaer, ato [1i1 P2l . . . Pri rr1-TIPEEMHUK JF060T0 cocTosiHust §' € Sy
BXO/I0-BBIXOHOI'O TIOJlyaBTOMaTa S, IJle p eCTh JJINHA CaMOM JIMHHOM IOC/IeI0BATE b
HOCTH TOJILKO M3 BBIXOAHBIX cuMBosIoB 1 3 € (OU{d})?, j =1,...,k+ 1, ecrb mycroe
MHOXKeCTBO win {s}. O6parHo, ecjin (v SBJISIeTCS CHHXPOHU3MPYIOIIEH Ooc/Ie10BaTe b-
HOCTBIO BO BXOJIO-BBIXOJIHOM IIOJIyaBTOMAaTe S, TO CYIIECTBYeT COCTOsIHIE S € S, TaKoe
910 [111 0202 - . . Brig Sk 1-TIPEEMHUK JTFOOOTO COCTOSIHUS BXOJI0-BBIXO/IHOTO TIOJTyaBTOMATA
S ecThb IycTOE MHOKECTBO WK {S}, T.€. (v CTh CHHXPOHU3UPYIOIIAsI OCIe[0BATETLHOCTD
B rojiyaBTomate A. O

CraencrBue 1. Brodo-6vxodhoti noayasmomam S obaadaem cunrporudupyrowets nocie-
0068GMENLHOCTNDIO, ECAU U MOALKO €CAU NOAYAEMOMAM A, NOCMPOEHHBIT NO AAOPUMMY
1, obaadaem cunzporudupyrOwet nocaedo8amessHoCmbvIO.

OTrmeTnM, 9TO OIpeIe/IeHHBIN BBIITE KJIACC BXO/I0-BBIXOIHBIX MTOJIyaBTOMATOB He Tpe-
OyeT TOJIHOI ompeie/IeHHOCTH (DYHKITUN TTOBEJICHUS B COCTOSTHUAX U3 MHOYXKECTBa S IO
BXOJIHBIM cuMBoOJiaM. [loaTomy rosyaBromar A, cHHTE3MPYEMBbIi 110 ajaroputMmy 1, Mo-
JKET 0Ka3aThCs YaCTUIHO ONPEIe/IEHHBIM, €CJIM B UCXO/IHOM TIOJTyaBTOMAaTe B HEKOTOPOM
COCTOSTHUM U3 MHOYKECTBa S| OIPEJEICHBI MEPEXOJIbl HE IO BCEM BXOJHBIM CHMBOJIAM.
C apyroit cTOPOHBI, MHOXKECTBO KJIACCHIECKUX ITOJIYABTOMATOB 00pa3yeT MOJIK/IACC WC-
CJIeJTyeEMOT0 KJIaCCa BXOJ/I0-BBIXOJHBIX aBTOMATOB, M, BMECTE C TeM, JIJId YACTUIHBIX JIe-
TEPMUHUPOBAHHBIX MOJIyaBTOMATOB (B aHI0sA3bI4HON JuTeparype Partial Deterministic
Automaton wim PDA) 3amadya mpoBepKu CyIecTBOBaHUsI CHHXPOHU3UPYIOIIEH moce-
nosaresbuoctu gsisercs PSPACE-nosmoit [3]. Dtor daxr obocuoseiBaer PSPACE-
TPYHOCTD 3aJIa9M ITPOBEPKH CYIECTBOBAHNS CUHXPOHUBUPYIOIIEN TTOCIeI0BATETbHOCTI
JIJIS BXOJIO-BBIXO/THBIX TTOJTyaBTOMATOB, UCC/IEIYEMBIX B JIAHHOI CTaThe.
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Bricokue orieHKM C/TI02KHOCTH 3a/1a4 ITPOBEPKH CYIIIECTBOBAHUS 10C/I€I0BATEIbHOCTEI],
UJIEHTUDUITUPYIONIUX TEKYIIee COCTOTHUE T0JIyaBTOMaTa, KaK N3BeCTHO, TECHO CBsI3aHbI
¢ MAaKCUMAJIbHBIMU OIEHKAMW MUHUMAJIBHBIX JIJINH 9TUX OCIeoBarebHocTeir. Criey-
€T OTMETUTH, YTO JIJISI BXOHO-BBIXOIHBIX IIOJyaBTOMATOB M3 MCCJIEIYEMOrO KJIacca 3Ta
OIlEHKa {BJIETCA SKCIIOHEHIINAJIBLHON Jake B Cjydae, KOTJa IOBeJeHUE IM0JIyaBTOMAaTa
oIIpeIeIeHO 110 BCEeM BXOJIHBIM CUMBOJIAM B COCTOSHHSIX U3 MHOXKECTBa, S].

YrBepxkaenue 2. Jlia cunTporusupyemozo 6r0do-6virodnozo noayasmomama S, no-
gedenue KOMOPo2o ONPEOEACHO NO BCEM BLTOOHVIM CUMBOAAM 6 KAHCIOM U3 COCTNOANUL
u3 muooicecmea Sy, dauna Kpamuatuweld CunTPOHUSUPYIOUEt NoCAeI0BAMEALHOCTIU He
npesocrodum O(2511).

Jlokazamenvcmso. Tloxyasromar A, cunresupyemsiii o aaropurmy 1, umeer | S| cocro-
stuuii u || geficTBuil. DTOT 1MOJIyaBTOMAT SIBJISIETCS TOJIHOCTHIO OIPEIEJICHHBIM, OJIHAKO
OH MOXKET OBITh HEJIEeTePMUHHPOBAHHBIM, ITOCKOJBKY JJIA OJHOIO M TOIO K€ BXOIHO-
IO CHMBOJIa B HEKOTOPOM COCTOSTHUM BO3MOXKHO CYINECTBOBAHUE PA3JIUIHBIX BBIXOTHBIX
IOCJIEJIOBATEIHHOCTE, TIePEBOISINNX NCXOIHBIN BXO/I0-BBIXOIHOM ToIyaBTOMaT S B pas-
JIMYHBIE COCTOSIHUS U3 OJHOIO U TOTO YK€ COCTOSHMS U3 MHOxKecTBa Si. JlnnHa Kpar-
vaifireil CHHXPOHU3UPYIOIIEH TOCIeI0BATEIbHOCTH HoJIyaBTOMaTa A B XyJIIeM ciydae
SKCIIOHEHITUAILHO 3aBUCHAT OT YMCJIa COCTOAHUI, B YACTHOCTH, JIJIsI “KJIACCHIECKOTO  TI0-
JIyaBTOMATA C MHOXKECTBOM COCTOSHHH S; MOXKET MMeThb JIMHY mopsiaka 21! [5], aro
JIOKa3bIBaeT yTBEPZXKICHUE. ]

B kauecTBe npuMepa paccMOTPHUM IIPOBEPKY CYIIECTBOBaHUS CUHXPOHU3UPYIOIIEH 110-
CJIeIOBATETLHOCTH JJIsI THoJiyaBToMaTa Ha puc. 1. CooTBeTCTBYOMIMIA “KIaccuIecKuii” mo-
ayasromar A (6e3 BBIXOJHBIX JieficTBIil) TIoOKa3aH Ha puc. 2. HemocpeacTsenHoii mposep-
KO MOYKHO yOeIUThCs, ITO JIJIst IToJiyaBToMaTa A Ha puc. 2 He CyIIeCTBYeT CUHXPOHU3H-
pyfoleit mocsieoBareibHOCTH. TakuM 00pa3oM, U JjIsd BXOI0-BBIXOIHOIO MIOJIyaBTOMATa,
Ha puc. 1 He CyNecTBYeT CUHXPOHU3UPYIOIIEH 1OCse10BaTeILHOCTH.

02 g1

02

Puc. 2. TToryaBromar A, 1mojiydeHHbIi TIOCTIE IPUMEHEHUs ajropurma 1
Fig. 2. Automaton A returned by Algorithm 1
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2.2. HOCTpOGHI/Ie YCTaHOBOYHbBIX HOCHGﬂOBaTeﬂbHOCTeﬁ

B macrosmeit pabore 3aja4a MPOBEPKU CYIIECTBOBAHUA M CHHTE3a YCTAHOBOUHBIX IIO-
CJIeIOBATE/ILHOCTEN I BXOI0-BBIXOAHBIX IIOJIyaBTOMATOB CBOIUTCS K 3ajade CHHTE3a
YCTAHOBOYHBIX ITOCJICI0BATEILHOCTEH I KJIACCHIECKIX, BO3MOXKHO, YACTUIHBIX U HEJIC-
TEePMIHUPOBAHHBIX aBTOMATOB, JIJIsI KOTOPBIX TaKas 3a/ada XOPOIIOo HccieoBaHa [6-8).

Pacemorpum koneunstit apromar M = (M, 1,0, hy) [2], B koropom M — koHedHoe
HEIyCToe MHOXKECTBO cocTostHuil, I nm O - KOHeUHbIE HElEePeCeKaroNuecst BXOIHON U Bbl-
X0[HO# andaBuThl. B oTiimume 0T paccMOTPEHHON BBIIIE MOJEIN BXOJI0-BBIXOIHOIO I10-
JyaBTOMATA [EPEXOJAMU B aBTOMATE SIBJIAIOTCS YeTBEPKH (S, 1, 0, s'), T.e. B JII00OI Tpacce
ABTOMATA 34 KAsKJIBIM BXOJHBLIM CHMBOJIOM CJICJIyeT BBIXOIHON CUMBOJI, U KasKJ1asd TPacca
3aKAHIMBAETCHA BBIXOIHBIM CUMBOJIOM. ABTOMAT HA3LIBAETCSA NOAHOCIGIO ONPEOEACHHBIM,
eC/I B KazKJIOM COCTOSHUM OIIPEJIEIeH MEePEX0Jl 10 KazKJI0MYy BXOIHOMY CHUMBOJLY, HHAYE,
ABTOMAT HA3BIBAETCS YACTHYIHO ONPEIeICHHBIM. ABTOMAT HA3LIBACTCA 0eMEPMUHUPOCUH-
HbLM, €CTTH B KazKJIOM COCTOSIHUM 110 KayKJOMY BXOIHOMY CHMBOJIY OIPEIEICHO He 6o-
JIee OJTHOT'O Iepexojia, MHade, aBTOMAT HA3BIBACTCH HedemepMmunuposanibim. OOLITHBIM
00pa3oM OTHOIIEHUE MePexoJ0B aBTOMATa PACIIPOCTPAHACTCS HA BXOIHBIC M BBIXOJHDIC
HOCJIEIOBATEILHOCTH. ABTOMAT HA3BIBAETCS CUABHO CEA3HBIM, €CJIU IS JIOOBIX JIBYX
COCTOSTHUIL 1M1 1 My CYIIECTBYET BXOJHAA IIOC/IEI0BATEILHOCTD, MEPEBOIAIast aBTOMAT
U3 COCTOSIHUSA 1My B COCTOAHHE My. JleTepMUHMPOBAHHBIA aBTOMAT HA3LIBACTCSA NPUGE-
OeHHvLM, €CIIN I JTIOOBIX JIBYX COCTOSIHHII CyIECTBYeT BXOJHASA HOCJIEI0BATEILHOCTD,
BBIXOJIHBIC PEAKIUH Ha KOTOPYIO B 3TUX COCTOSHUSX PA3/IMIHBL.

BxojHas moc/ie0BaTelbHOCTh (v Ha3bIBAETCA YCMaAH060YHOT B ABTOMATE, €CJIH JIJIs
J000#1 Tpacchl 7y, IMPOEKIUs KOTOPOii Ha BXOAHON ajdaBUT paBHa (v, Y-IIPEEMHUK KazK-
JIOrO MOJMHOKECTBA COCTOAHMI MMeeT MOIIHOCThL He 0oJiee eIMHUILI, IIPUIEM OJIUHAKO-
BbIE BLIXOJIHBIC PEAKIINHI Ha MOCIeI0BATEILHOCT (v FAPAHTUPYIOT JTOCTUKAMOCTE OJTHOTO
U TOrO K€ CcOCTOAHMA. MeToJpl CMHTe3a YyCTAHOBOYHBLIX MOCJICIOBATEILHOCTEN I KO-
HEYHBIX aBTOMATOB XOPOIIIO MCCJIEJI0BAHbBI, B 4ACTHOCTH, JIJIs IOJHOCTBIO OIPE/IETeHHBIX
JIeTePMUHUPOBAHHBIX aBTOMATOB — B |6, 13]; /19 HEeTepMUHUPOBAHHBIX ABTOMATOB —
B [8]; mist wactuunbix aBromaros — B [17]. Tlogo6HO MeToy TTOCTPOEHMSI CHHXPOHU3UPY-
IOIIX ITOCIEI0BATEILHOCTEI, MBI IIPeIJIaraeM J0CTATOTHO IPOCTYIO POy Py HOCTPOE-
HIS KOHEYIHOI'O aBTOMATA, 110 3aJJaHHOMY BXOJI0-BBIXOIHOMY IIOJIyaBTOMATY, IS KOTOPBIX
MHOYKECTBa YCTAHOBOUHBIX TOCJIEIOBATEILHOCTEN COBIIAIAIOT.

AgropurMm 2: cuare3 aBromarta M

Bxon : Bxomo-seixossoit nosyasromar S = (S, 1,0, Ts)

Breixoa: Asromar M

IITar 1 Crpoum asromar M = (S;, 1,0 UO?* U---UOP U {8}, Ty) ¢ mycTbim
MHOKECTBOM I1epeXojI0B, T.e. Th; = @, rae p eCThb JJINHA CaMOM JIJIMHHON
IOCJIeI0BATEILHOCTH N3 BLIXOAHBIX CUMBOJIOB B IIOJIyaBTOMaTe S.

ITar 2. Jlns kaxkgoro cocrostaus s € Sy, Takoro 4o (s,i,s") € Ty, s € S,
nobasssieM K Ty niepexos (s, 1,0, s).

ITar 3. /lns kaxoro cocrosiaust § € Sy, Takoro 4to (s,,s') € Ts, s' € S,
nobasiisieM K Ty mepexof (8,4,0109 .. .0k, 5"), k < p, tme s” € Sy ecrb
0103 . . . O)p-IIPEEMHUK COCTOSIHUS .
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YrBepxkaeuue 3. Mroowcecmsa ycmanosounvix nocaedosamesvrnocmeti asmomama M
(nocmpoen no aszopummy 2) u noayasmomama S cosnadarom.

oxazamenavcmeo. Ilo onpemesieHnio, MOC/IEI0BATEILHOCTD (v = 11 . . . 1) ABJISIETCS yCTa-
HOBOYHOI B aBroMare M, ecym i J1i00OM TPacChl 7, MPOEKIHS KOTOPOW Ha BXOJIHOM
aJipaBUT paBHA «r, Y-IIPEEMHUK KazKJOr0 ITOJMHOMKECTBA COCTOSTHUI MMeeT MOIIHOCTD
He 6ojiee €IMHUILI, IIPUYEM OJIMHAKOBLIE BLIXOJIHBLIE PEAKIIMN Ha IIOCIEI0BATEILHOCTD (v
rapaHTUPYIOT JOCTUKUMOCTH OJIHOIO M TOrO »Ke cocroguus. Ilo mocrpoennio aBromara
M, nocnennaee o3uadaet, 9T0 [1i1 9o . . . BrigPrs1-TPEEMHUK JIFOOOTO COCTOSIHUST BXOJI0-
BBIXO/IHOI'O TIOJIyaBTOMaTa S, I'e P eCTh JJIMHA CaMOil JIJIMHHONM II0CJIeI0BATEIHLHOCTH
TOJIBKO U3 BBIXOAHBIX cuMBOJIOB 1 [3; € (OU{6})P, j =1,...,k+1, ecTb ImycTOe MHOKe-
cTBO win { s} Jist MOAXOJAIIEro § € S, IPUYeM OJMHAKOBbIE TPACCHI 3111 oty - . . BrigOrr1
rapaHTUPYIOT JIOCTUKUMOCTB OJHOIO M TOI'O K€ COCTOSIHUS U3 Pa3INYHBIX COCTOSHUI.
Ob6paTHO, eci (v SIBJIIETCA YCTAHOBOYHON IIOC/IEI0BATEIBHOCTHIO BO BXOJIO-BBIXOIHOM
nojiyaBromare S, 1o 111 5a0s - . . BiigPrs1-TTPEEMHUK JTFOOOTO COCTOSTHUS BXOJI0-BBIXOHOTO
mojiyaBTomMaTa S He OoJjiee WeM OJIHOJIEMEHTEH, T.e. (v eCTh YCTAHOBOYHAs TIOCTIeI0Ba~
TeJbHOCTb B aBToMare M. [

CrnencrBue 2. Bxodo-evixodroti nosyasmomam S obaadaem ycmarnosouroti nocaedo-
B8AMENBHOCTIBIO, ECAU U MOALKO ecau asmomam M, nocmpoennwvid no aszopummy 2,
obaadaem ycmarnosourot NocAedo8amMesbHOCTIBIO.

Kak ormegasioch panee, /It IPOBEPKU CYIIECTBOBAHMS W IIOCTPOEHHUS] YCTAHOBOY-
HOI TocIemoBaTe/IbHOCTH B aBroMare M MOXKHO BOCIOJIB30BATHCA AJITOPUTMAMU U3
[6, 8,9, 13|, koropbie “obpabaThiBalOT” JETEPMUHUPOBAHHBIE U HEJIETEPMUHUDOBAHHBIE,
MOJTHOCTBIO U YaCTUIHO OIpeJiesIeHHbIe aBToMaThl. OTMeTHM Tak:Ke, 9TO B CIydae HeHa-
OJII0IAEMOCTH HeJeTePMUHU3MA TIOJIYIeHHOI0 KOHEIHOro aBroMaTa M B CHIy BBICOKOM
CJIOZKHOCTH 3aIa9H UIeHTUPUKAINNA (DUHAJIBHOIO COCTOSTHUS aBTOMAaTa yI00HO BOCIIOIb-
30BaTbCs PA3INIHBIMU SBPUCTUKAMHI YCedeHUsI TaK HA3hIBAEMOI'O YCTAHOBOYHOTO JIEPEBA
(mostywaercst U3 JiepeBa IPEEMHUKOB, TIPEJICTABIISAIONIErO “Pa3BepTKy’ MOBEeIeHNs aBTOMA-
ta). Hanpumep, B pabore [8| npeyiaraercs MCHoib30BaTh MOUCK YCTAHOBOYHOI MOCJIE10-
BaTEJIbHOCTU JIJI JACTHIHOTO, BO3MOXKHO, HEHADJ/IIOAAEMOI0 aBTOMATa C OI'PAHUICHHEM
Ha MaKCUMAJIbHYIO JIJIHHY TpeOyeMoil MOCIeI0BaTeIbHOCTH. DTOT (paKT 0O0CHOBLIBAETCS
OIICHKON JIIMHBI KpaTYalIled yCTAaHOBOYHON IIOCJICA0BATEIBHOCTHU JITd HEACTECPMUHUPO-
BaHHBIX aBTOMATOB JIazKe B CJIydae, KOTJIa NCXOIHBIN MTOJIyaBTOMAT SIBJISIETCST OIIPEIeIeH-
HBIM 110 BCEM BXOJIHBIM CUMBOJIAM B COCTOSAHHUSX U3 MHOXKECTBa S7.

N3BecTHBIE pE3yabTATHI 110 JOCTUXKUMOCTHU OIEHKHU JIJIMHBI KpaTdaiiiieil ycTaHoBOY-
HOII TI0CJIeI0BATEIbHOCTH J1JIsi HAOJIF01aeMOT'0 TIOJTHOCTBIO OITPEJIe/IEHHOTO aBTOMaTa 000C-
HOBBIBAIOT JTOCTHUXKIMOCTD 3KCIIOHEHITNAIBHON OIEHKHU JIIMHBI YCTAHOBOYHOI ITOC/Ie10BAa-
TeJIbHOCTH JIJIsE BXOJIO-BBIXOJIHOTO MOJlyaBTOMarTa. B 91oM cirydae apromar u3 paborsr [10]
MOXKET OBITh €CTECTBEHHBIM 00Pa3oM IpeoOpa30BaH B IOJIyaBTOMAT ‘pa3BEPTKON” KazK-
JIOTO TIepexojia /0 B MOCIeI0BaTeIbHOCTD 10 JTMHBL JBa. TakuM o6pa3oM, uMeer MecTo
CTIEJTIYIOIEee YTBEPIKICHUE.

YrBepxkaeuune 4. Jlaa a06020 n > 3 cyuecmsyem 8xrodo-6uirodnoti NoAYASMOMAM,
S, daa xomopoeo |S1| = n u dauna Kpamuatiwed yemarosounol nocaedosamesbHoCmu
cocmasasem 21 — 1.
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Bo3MOXKHOCTD OIKMCAHHOTO BBIIIE IIPEOOPa30BaHUsi KOHETHOIO aBTOMaTa BO BXOJIO-
BBIXOJIHOM IOJTyaBTOMAT Tak:ke obocHoBbIBaeT u PSPACE-TpynHOCTh 3amaun mpoBep-
KN CyIIeCTBOBAHUsI YCTAHOBOYHON IOC/I€IOBATEILHOCTH, MOCKOJBbKY 3ajada TPOBEPKN
CYIIECTBOBAHUSI YCTAHOBOYHOM mocyenoBarTesbaocTu siBisiercs PSPACE-momroit maxke
JIJIsT 9aCTUIHO OIIPeJIeJIEHHOTO JAeTepMuHnpoBanaoro apromara. PSPACE-morHoTY 33818~
YU IIPOBEPKHU CYIIECTBOBAHMS YCTAHOBOYHOMN IIOC/IEI0BATETLHOCTH JJIsi BXO/I0-BBIXOIHBIX
[IOJIyaBTOMATOB HY?KHO HCCJIEI0BATh JIOMOJHUTEIHLHO, IIOCKOJIBKY B PE3yJIbTrare IIepexo-
Ja, (TOJTMHOMUAJIBHOM CJIOXKHOCTH) K KJIACCHIECKOMY aBTOMATY MOYKHO B XYJIIIIEM CJIydae
MOJIYINTh JaCTUIHBIN HEHAOTIOJaeMblil aBTOMAT, JJIsT KOTOPOTO TMPUHAJIEKHOCTD TT0JT-
xongameit 3aa4un Kiaaccy PSPACE ocraercs 1o Bommpocom.

B kagecTBe nmpumepa mpoBepuM HaJUUNE YCTAHOBOYHO TOC/I€I0BATE/IHbHOCTU B ITOJTY-
apromare S Ha puc. 1. B a3Tom mosryaBroMare HET CHHXPOHU3UPYIOMIEH IOC/IE0BATE b
HOCTH, OJIHAKO HEIOCPEJICTBEHHON MPOBEPKOI ¢ MCIOJIB30BaHHEM MeTo/oB u3 (6,7, 13]
MOKHO yOeIuThes, 9T0 coorBercTByomuii apromar M (puc. 3) obsagaer yeTaHOBOTHOI
IOCJIEIOBATETHLHOCTRIO (v = 1111.

22/(5 i1/02
i /5

i2/0102

ia/0101

Puc. 3. Asromar M, nosiydennbiii u3 S mocJie MpuMeHEHNsT aJropuT™Ma 2
Fig. 3. Automaton M returned for S by Algorithm 2

CorytacHO TIPUBEIEHHBIM BBINIE PACCYKICHUAM W YTBEPKICHUAM, 38290 TPOBEPKH
CYIIECTBOBAHUSI U TIOCTPOEHMS CHHXPOHU3UPYIOMNX ¥ YCTAHOBOYHBIX ITOCJIEI0BATETHHO-
cTell I paccMaTPUBAEMOTO KJI1acCa BXO/I0-BBIXOIHBIX TOJIYABTOMATOB HMEIOT J0CTATOY-
HO BBICOKYIO CJIOKHOCTh. OIHAKO B psijie CIydaeB 3Ta CJA0KHOCTH MOYKET ObITh ITOHHMKEe-
Ha 3a CYET HaJIOZKCHUA JOIIOJIHUTCIbHBIX OFpaHI/I‘leHI/Iﬁ Ha I/ICCJ’IG,ZLYGIWBHZ IIoJiyaBTOMAT.
Hamnpumep, BHOBb 0OpaTUMCs K IIOJlyaBTOMATaM, B KOTOPBIX B KaXKJOM JIOITYyCTUMOM CO-
CTOSTHUU OTIPEJIeJIEH MTEPEXO/T 110 KaryKIOMY BXOJHOMY CHMBOJTY. JloroBopuMCsT Tak¥Ke, ITO
B KaXXJIOM COCTOSTHUU U3 MHOXKECTBa Sp OIPEJIEIEH €IUHCTBEHHDBIN BBIXO/IHON CHUMBOJI,
T.€. TTOCJIe KaXKJI0T0 BXOIHOTO CUMBOJIA CJAeIyeT €JIMHCTBEHHAs OC/IeI0BaTEIbHOCTD BbI-
XOAHbIX CUMBOJIOB.

B srom ciyuae mogxomsimuii apromar M u momyaBToMaTr A, CHHTE3MpyeMble 110 aJl-
roput™MaM 1 u 2, npejcTaBagiorT coboil “xoporue” JeTepMUHUPOBaHHbBIE, BCIOLY OIpeJIie-
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JIEHHBIE CHUCTEMBI IIePEXO0JIOB. 3a/ladil IIPOBEPKHU CYIIECTBOBAHUS U CHHTE3a yCTAHOBOY-
HBIX U CHHXPOHU3UPYIONINX TOCJIE/I0BATEIBHOCTEH JIJIsl TOJIHOCTHIO OIIPEIE/IEHHBIX CUITh-
HO CBSI3HBIX IIPUBEJIEHHBIX JIETEPMUHUPOBAHHBIX aBTOMATOB (M “KJIACCHIECKUX IIOJIY-
ABTOMATOB COOTBETCTBEHHO) MOIYT OBIThH DeIleHbl 3a MOJMHOMUAIBLHOE BPEMsl, TO3TOMY
pobsieMa mieHTHGUKAINT (DHHAIBLHOTO / TEKYIIEr0 COCTOSTHUST TAKOT'O BXOJI0-BBIXO/[HOTO
[OJIyaBTOMAaTa MOXKET OBITH pellleHa 3a MOJNHOMHUAIbHOE BpeMsi. BoJjiee TOTo, JIUIMHBI CO-
OTBETCTBYIOIINX BXOJIHBIX TOC/IE0BATE/ILHOCTENH OIPAHUINBAIOTCS TIOJIMHOMOM BTOPOM 1
TpeTbell cTereHell OTHOCUTETLHO MOITHOCTH MOJIMHOYKECTBA, COCTOSHUIT TTI0IyaBTOMATA, B
KOTOPBIX OIpeesIeHbl IIePEeX0Ibl 110 BXOJHBIM cuMBoJIaM. [Ipumepom “xoporiero” Kiacca
BXO/I0-BBIXO/IHBIX ITOJTyaBTOMATOB MOXKET CJIYZKHUTb MOIMHOYKECTBO JIETEPMUHUPOBAHHBIX
[0 BBIXOJIAM IIOJIYyABTOMATOB, Y KOTOPBIX B COCTOSIHUSIX U3 MHOXKECTBa S7 OIpeJeseH
1epexoJl 10 KazKJIOMY BXOJIHOMY CHMBOJIY ¢ € I, a B COCTOSHUSIX M3 MHOXKECTBa Sy —
[IePEX0JI TOJIHKO 110 OJTHOMY BBIXOJIHOMY CUMBOJY. Ecim Jij1s KayK0ro BXO/10-BBIXO/IHOTO
MOJIyaBTOMATa W3 JIAHHOTO MOIK/IACCA OIXOAAIN aBToMaT M SBIISIeTCS PUBEIeHHBIM
U CHJIBHO CBSI3HBIM, TO BCAKHII NCCTIETYEeMBIN BXO/IO-BBIXO/IHOM MTOIyaBTOMAT 00g3aTe b
HO 00JIaJ]aeT YCTAHOBOYHON MOCJIEI0OBATEILHOCTRIO, IPUYEM JIJIMHA 9TOH MOCIe0BATE b
Hoctu He npesocxomut |Sp|(|S1| — 1)/2. UccnenoBanne pacumpenns MHOKECTBA TAKHX
“xopormx’ TOJIK/IACCOB TTOJIyaBTOMATOB SIBJISETCH YacTbIO JaJIbHENIell pabOTHhI.

3. 3akJjiroueHue

B macrogmieit pabore mcciemnyeTcs 3ajlada CUHTE3a CHHXPOHU3UPYIONIUX W YCTAHOBOY-
HBIX TIOCJIEOBATEBHOCTEN JIJIsI CIIEINAIbHOTO KJIACCa BXO/I0-BBIXOIHBIX TIOJIyaBTOMATOB,
B KOTOPBIX B KaXKJIOM COCTOSTHUM OIIpeJIe/IEHbl TOJIBKO BXO/HBIE WJIM TOJIBKO BBIXO/THBIE
JefCTBUSA, U B JIMarpaMMe IePeX0 0B OTCYTCTBYIOT IUKJIBI, TOMEYEHHBIE TOJHKO BBIXO/I-
HBIMHU JleficTBUsAME. Mbl TTOKa3bIBaeM, KAKUM 00Pa3oM 3a/lady CHHTe3a CUHXPOHU3UPYIO-
et 1 yCTaHOBOYHON 110CJI€/I0BATEIbHOCTEH J1J1s1 TI0JIyaBTOMATOB U3 3TOI'0 KJ1acca MOXKHO
CBECTH K PEIIEHUIO TOJIOOHBIX 3aJiad I KJIACCUIECKUX aBTOMATOB M IOJIyaBTOMATOB,
JI71s1 KOTOPBIX TaKue aJrOpUTMBbI CyIIeCcTBYIOT. Kpome Toro, B cTaTrbe MOJIyUYeHBI OIEeH-
KW CJIOYKHOCTU TIPOBEPKU CYIIIECTBOBAHUS W ITOCTPOEHUS TaKUX IIOC/IET0BATEILHOCTEN.
Omnmcan oWH U3 KJIACCOB BXOJO-BBIXOJIHBIX IIOJIYABTOMATOB, JJIs KOTOPBIX IOy YeHHbIE
OIIEHKH CJIO?KHOCTH MOI'YT OBbITh IOHHKEHBbI. B J1ajibHeiieM Mbl ILIAHUPYEM ITPOJI0JI-
2KUTh UCCJIEJOBAHUE KJIACCOB BXOJIO-BBIXO/IHBIX IIOJIYyaBTOMATOB C ITOHUKEHHBIMU OIIEH-
KaM® CJIOXKHOCTH JIJIsI CUHXPOHU3UPYIOMINX U yCTAHOBOYHBIX IIOCJ/IE0BATELHOCTEN, B
YaCTHOCTH, 38 CYET UCIIOJIb30BAHNUA aJIAlITUBHBIX “‘YMO3PUTEIbHBIX SKCIEePUMEHTOB. MbI
TaKKe MJIaHUPyeM ITPOBECTH UCCJIEJIOBAHUS 110 PACIIMPEHUIO KJIACCA PAacCMaTPUBAEMBIX
BXO/I0-BBIXOJIHBIX IT0JIyaBTOMATOB, JT00ABUB HEHAOIOJaeMoe JefiCTBUE T, & TaKyKe JIOIy-
IIIEHNE O CyNIECTBOBAHUN KOMIIO3UTHBIX COCTOSHUM, B KOTOPBIX JOIIYCTUMBI KaK BXOJIHbBIE,
TaK ¥ BBIXOJHBIE NEeUCTBUSI.
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Introduction

C program verification is an important task nowadays. A lot of projects (e. g. [3, 4])
propose different solutions. But none of the mentioned above suggests any methods for
loop verification without invariants whose construction is a challenge. Therefore, the user
has to provide these invariants. In many cases it is a difficult task. Tuerk [13]| suggested
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to use pre- and post-conditions for while-loops but the user still has to construct them
himself.

Our method describes a class of loops, which can be verified without invariants or
pre- and post-conditions for loops. It deals with a definite iteration of a special form. We
extend our mixed axiomatic semantics of the C-light language [1] with a new rule for
verification of such iterations. This extension includes a verification method for definite
iteration over unchangeable arrays with a loop exit in C-light programs. The method
includes an inference rule for the iteration without invariants, which uses a special
function that expresses loop body. This rule was implemented in verification conditions
generator, which is the part of our C-light verification system.

At the proof stage, the SMT-solver CVC4 2] is used. A rewriting strategy for the
induction based verification conditions is suggested to prove them in CVC4.

Also an algorithm based on theory extension by special implications to prove
verification conditions is suggested. It allows a source formula to be proved successfully.
The induction processing approach [12] implemented in CVC4 is too constrained by
orientation to inductive data types. The suggested algorithm allows to overcome this

difficulty.

1. Definite Iteration and Replacement Operation

The method of loop invariants elimination for definite iteration was suggested in [11]. It
includes four cases:

1. Definite iteration over unchangeable data structures without loop exits.
2. Definite iteration over unchangeable data structures with a loop exit.
3. Definite iteration over changeable data structures with a loop exit.

4. Definite iteration over hierarchical data structures with a loop exit.

The first case was considered in [7]. Our paper deals with the second case.
Consider the statement

for x in S do v := body(v,x) end

where S is a structure, x is the variable of the type “an element S”, v is a vector of
loop variables which does not contain x and body represents the loop body computation,
which does not modify z and S, and which terminates for each x € memb(S), where
memb(S) is the multiset of elements of the structure S. The loop body can contain
only the assignment statements, the if statements and the break statements. Such for
statement is named a definite iteration.

To express the effect of the iteration let us define a replacement operation rep(v, S,
body,n), where rep(v, S, body,0) = v, rep(v, S, body,i) = body(rep(v, S, body,i — 1), ;)
foralli =1,2,... ,nif mempty(95).

A number of theorems, which express important properties of the replacement ope-
ration, were proved in [11].

The inference rule [10] for definite iterations has the form [§]:
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E,SPEA{F P(v+ ') ANv=rep(t, S body)} A;{Q}
E,SPt+ {P}for xin S do v := body(v,x) end A:{Q}

Here A are program statements after the loop. We use forward tracing: we move from
the program beginning to its end and eliminate the leftmost operator (at the top level)
applying the corresponding rule of the mixed axiomatic semantics [1] of C-light. E' is the
environment which contains an information about current function (its identifier, type
and body) which is verified, an information about current block and label identifier if
goto statement occurred earlier. SP is program specification which includes all precon-
ditions, postconditions, and invariants of loops and labeled statements.

2. Definite Iteration over Arrays with a Loop Exit

Let S be a one-dimensional array of n elements. Consider the special case of definite
iteration

for (i=0;i<n;i+ +) v:=body(v,i) end

where v := body (v, i) consists of assignment statements, if statements (possibly nested)
and break statements.

In order to generate verification conditions we have to determine v, body(v,1), and
the function rep [8].

Let the loop body has the form

{x1 = expry(x1,Xa, ..., Xgk);
Xg = €Xpra(Xi,Xa, ..., Xg);
Xy = expri(xi,Xa,...,Xk); }

where expr;(j = 1,2,...k) are some C-light expressions.

The vector v of loop variable consists of all variables from left parts of assignment
statements: v = (x1, s, ...,2,). From the statements before the loop, we can get the
initial value of v and obtain the first axiom for rep:

rep(v, S, body,0) = (T14, T2y - - - » Thy)

where z,,7 = 1,2,..., k are the initial values of z; before the loop execution.
At the next step, we make consecutive substitutions

x1 = expri(T1, Lo, . .., Tp);
xo = expro(expri(T1, T, ..., Tk), Ty .o, Tp);
xy, = expri(expri(x1, Ty, . .., T), expra(expri(T1, Ta, . .o, Tk), Tay -y Th)s -+ o5 Th);

And then in the right parts rep((z1, 22, ..., %), S, body, i — 1) is substituted for x;.

For each if statement of the form if (e(i,x1,x2,...,xk)){A; } else {B;}, where A
and B are compound statements consisting of assignment statements, two axioms are
added to the output of verification conditions generator:
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Vo Vg .. Vo e(i, x1, 29, ..., x5) = A*
Ve Ve .. Vo —e(i, 1, T, ..., x) = B*

where A* and B* are obtained by consecutive substitutions as described above.

The break statement could appear at the top level of the loop or in the if statement.
The first case is obvious, it means that the loop iterates no more than once and all the
statements after break in the loop body are ignored. Therefore, the function rep is
defined for ¢ = 0, 1.

The second case means that for some j such that 0 < j < n a loop exit occurs and
such j is defined by the condition of the if statement. Therefore, for all ¢ such that
J<is<n

rep((xy, xa, ..., xx), S, body, i) = rep((x1, x2, ..., xx), S, body, 7)
In this case the following axiom is added:
Vo Voo .. Vo e(i, 21, Ta, ..., x) = (A A (Vi <1 = AY))

For the case when the break statement is located in the else statement, the negation
of e is used.

For each nested if statements of the form if (e (i, X1, X2, ..., Xk )){A1;if (ea(i, x1, X2,
..., Xk))Azelse Ag; Ayt else {B; }, where Ay, As, ... Ay are compound statements con-
sisting of assignment statements, the following axioms are added to the output of verifi-
cation conditions generator:

Vo Vg .. Vo ((e1(d, 21, 22, ..., x) = AT) Aes(i, x1, 29, ..., 75)) = (Ag; Ag)*
VaiVay .. Vg ((en(i, 21,22, ... xk) = A]) A mea(iy 21,22, .. @) = (As; Ag)”
Va Vs .. Vo —ei(i,x1, o, ..., T5) = B*

where Af, (Ay; Ay)*, (As; Ay)* and B* are obtained by consecutive substitutions as
described above. For multiple nested if statements we make axioms in the similar way.

Vi(l < ¢ < k) rep; is automatically generated to simplify the proof of rep-based
verification conditions in CVC4. Note that Vi(1 < ¢ < k) rep; corresponds to variable
x;. This generation is based on substitution of the i-th rep by rep;.

3. Extending Theory to
Prove Verification Conditions

To prove by induction some proposition Vn P(n) we use Leino approach [6]. It is to add
an extra axiom (induction step) of the form Vj P(j) = P(j + 1) and to modify the
verification condition by adding a base case of induction P(1). In our case of definite
iteration over unchangeable one-dimensional arrays the inductive variable is the length
of array. Therefore, the verification conditions generator is able to rewrite the verification
condition which contains a rep function automatically.

Let us consider the following method of proving formula ¢, which has the form:

Vo 2o Xy 1Ty a(T1Z2. Ty 1T) = b(T1X9... Ty 1T0,), (1)

where
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a = Hl(xKllxKQ"'xKlll—lxKlll) VAN H2($K21Q3K22...SL’K212_133K212) VAN

(2)

/\anl(xKn,llxKn,b "'xanlln, 113[(”7””71 ) AN Hn(:cKnl SL’KnQ "'J;K"lnflxK”ln ),

1—

K1UKQUUKn_1UKn = {17 ,m} and |K1| = ll, |K2| = lQ, ey |Kn—1| = ln—l; |Kn| = ln
The formula ¢ and set of axioms and theorems are the input arguments of the
algorithm.
Let us consider the set of axioms and theorems:

Vy11y12---y1p171y1p1 f17 vy21y22~--312;;2713/2192 fz--- (3)
qu—llyq—m“-yq—lpq—l—lyq—lpq—1 fq—la qulqu---yqpq—lyqpq fq

The message "The formula ¢ is true" or "unknown" is the output value of the
algorithm.

1. Let i:=1.

2. Let us consider Vyilin---yipi—lylpi fz

If the structure of f; is of the form of c(yayio.. Yipi—1Y1p;) = d(Yi1¥iz---Yip;—1Y1p;)
then go to the step 3 else go to the step 9.

3. If the structure of ¢ is in the form of

G1(Yry, YRiy - YRi, _ YRi,, ) N G2(YRy, YRsy - YRa, YRy, ) N

thfllt_l ) NGy (thl YRty YRy thlt )7

()
NG (YR, 1, YRy YR

sg_1—1 s¢—1

where t < n, R1 U R2 u...u Rtfl U Rt = {ZLZQ, ,Zpl} and ’Rl‘ = 51, |R2‘ =
Sy ey |Ri—1| = S¢-1, |Re| = s then go to the step 4 else go to the step 9.

4. Let us consider a subformula of ¢ o' = H{(z") A Hy(z") A ... N H]_,(2") N H] (2')
where each conjunct H!(x') results from conjunct Hi@KilxKQ---xKil,_lxKil_) by

substitution of all occurrences of x K CKy T, TK, by unique identifier .
i

i, —
Let us consider subformula ¢ = G| (2') A Gy(2') A ... AG}_1(2") NGi(z") where each
conjunct Gj(a’) results from conjunct Gi(yr, Yr.,---Yr, _ Yr., ) by substitution of

all occurrences of yg, yr,, .--Yr, _ Yr, by unique identifier z’.

tg.
S;

Let us consider bijection set {eq,es, ..., e, 1,€,} where Vi e; is bijection from the
set {1,..,t} of conjunct indexes of subformula ¢ to the subset U of conjunct indexes
of a. Note that e;(w) = u <= G, (2') is syntactically equal to H, (z').

5. Let j:=1.

6. Generate a table of correspondence w between variables y of formula ¢ and variables
x of the following formula

Hej(l) A He].(g) NN Hej(t—l) AN Hej(t)~ (5)
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using matching between G, and H,,(,) subformulas. If there is not such correct
table w then go to the step 8 else go to the step 7.

7. Let us consider the following formula
o) ol Jelne) =
dlya <+ w(yin), Yiz < W(Yi2), s Yipi—1  W(Yip,—1); Y1p; < W (Y1p,)]
It has been generated using simultaneous substitution of y;1, via, ..., Yip,—1, Y1p; DY
corresponding variables w(v:1), w(yi2), .- W(Yip;—1) s W(Y1p; )-
Let us consider the following formula
Vo129 Ty 1Ty, aANd = b (7)
It may be proved using Leino approach based on induction. The SMT solver CVC4
may be used in such case. If such proving results in "unsat" then go to the step 11
else go to the step 8.
8. Let j:= 7+ 1. If j <wv then go to the step 6 else go to the step 9.
9. Let ¢ := i+ 1. If i < g then go to the step 2 else go to the step 10.
10. The algorithm results in "unknown".
11. The algorithm results in "The formula ¢ is true".

The suggested algorithm allows the theory for proving verification conditions to be
extended by new theorems. They may be used to simplify proof.

4.

Example: Array Searching Program

Let us demonstrate the application of our method. Consider the following function
search count. For a given integers key and entr it returns 1 if not less than entr
elements of the given array of integers arr are equal to key, where length is arr length.
Otherwise the function returns 0.

The annotated (in SMT-LIB v2 syntax of CVC4) C-light [5] program has the form:

/* (assert (and (> length 0) (> entr 0))) */

int

search_count (int* arr, int length, int key, int entr){
auto int result = 0, cnt = 0, i;
for (i = 0; i < length; i++){

if ((key == arr[i]) && (entr > (cnt + 1))){

cnt++;

}

else if ((key == arr[i]) && (entr == (cnt + 1))){
cnt++;

result = 1;
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break;

3

return result;
+
/* (assert (and
(=> (<= entr (COUNT length arr key entr)) (= result 1))
(=> (> entr (COUNT length arr key entr)) (= result 0))) */

The logical function COUNT returns the number of occurrences of key in arr from 0
to length — 1. Note that in CVC4 all functions must be total, so we also need to consider
the case for 7 < 0. The other axioms describe the common case and define COUNT
recursively. Let us consider some of axioms of the function COUNT:

(declare-fun COUNT (Int (Array Int Int) Int Int) Int)

(assert (forall ((i Int) (arr (Array Int Int)) (key Int) (entr Int))
(=>
(and (< 0 i) (= (select arr (- i 1)) key))
(= (COUNT i arr key entr) (+ (COUNT (- i 1) arr key entr) 1)))))

(assert (forall ((i Int) (arr (Array Int Int)) (key Int) (entr Int))
(=
(and (< 0 1) (not (= (select arr (- i 1)) key)))
(= (COUNT i arr key entr) (COUNT (- i 1) arr key entr)))))

In rep function v = (ent,result) and its initial value before the iteration is (0,0).
The approach from section 2 allows axioms of rep to be generated. Let us consider some
of these axioms:

(declare-fun repl (Int (Array Int Int) Int Int) Int)
(declare-fun rep2 (Int (Array Int Int) Int Int) Int)

(assert (forall ((i Int) (arr (Array Int Int)) (key Int) (entr Int))
(=>
(and
(<0 1)
(= key (select arr (- i 1)))
(> entr (+ (repl (- i 1) arr key entr) 1)))
(= (repl i arr key entr) (+ (repl (- i 1) arr key entr) 1)))))

(assert (forall ((i Int) (arr (Array Int Int)) (key Int) (entr Int))
(=>
(and
(< 0 1)
(not (= key (select arr (- i 1))))
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(> entr (+ (repl (- i 1) arr key entr) 1)))
(= (repl i arr key entr) (repl (- i 1) arr key entr)))))

(assert (forall ((i Int) (arr (Array Int Int)) (key Int) (entr Int))
(=>
(and
(<0 1)
(> entr (+ (repl (- i 1) arr key entr) 1)))
(= (rep2 i arr key entr) (rep2 (- i 1) arr key entr)))))

(assert (forall ((i Int) (arr (Array Int Int)) (key Int) (entr Int))
(=>
(and
(<0 1)
(= key (select arr (- i 1)))
(= entr (+ (repl (- i 1) arr key entr) 1)))
(= (rep2 i arr key entr) 1))))

CVC(A4 is the SMT-solver but our task is to check a validity of verification conditions,
not satisfiability. Therefore, the verification conditions generator produces the negation
of the verification condition:

(assert (not (forall ((length Int) (arr (Array Int Int))
(key Int) (entr Int) (result Int))
(=>
(and (> length 0) (> entr 0) (= result (rep2 j arr key entr)))
(and
(=>
(<= entr (COUNT length arr key entr))
(= result 1))
(=>
(> entr (COUNT length arr key entr))
(= result 0)))))))

And then we expect the answer “unsat” which means that the negation is unsatisfiable
therefore the verification condition is true.

However, SMT solvers do not support proofs by induction, which appears inevitably
in our verification method. In this example we get the answer “unknown” which means
that CVC4 is not able to determine whether the formula is satisfiable or not. Rustan
Leino suggested a rewriting strategy and a heuristic for when to apply it to verify simple
inductive theorems [6].

The simplification of verification condition allows it to be considered as a conjunction
of the first conjunct

(assert (forall ((length Int) (arr (Array Int Int))
(key Int) (entr Int) (result Int))
(=>
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(and
(> length 0)
(> entr 0)
(= result (rep2 length arr key entr))
(> entr (COUNT length arr key entr)))
(= result 0))))

and the second conjunct

(assert (forall ((length Int) (arr (Array Int Int))
(key Int) (entr Int) (result Int))
(=>
(and
(> length 0)
(> entr 0)
(= result (rep2 length arr key entr))
(<= entr (COUNT length arr key entr)))
(= result 1))))

They are referred to as the first and the second part of verification condition.
Algorithm from section 3 allows the first conjunct to be proved. The theory has been
extended by the following theorem:

(assert (forall ((j Int) (arr (Array Int Int))
(key Int) (entr Int))
(=
(and
> j o
(> entr 0)
(> entr (COUNT j arr key entr)))
(> entr (repl j arr key entr)))))

It has been proved using CVC4. This proof is based on Leino approach.

Note that renaming variables can result in equality of premises of this formula and
some of premises of the first part of the verification condition. Thus, it can result in
extension of premises of the first part of the verification condition by conclusion of the
considered formula.

Leino approach allows extended verification condition to be proved using CVC4. The
base case of induction is trivial. Let us consider the extension of theory by negation of
the induction step:

(assert (not (forall ((length Int))
(=>
(forall ((arr (Array Int Int)) (key Int)
(entr Int) (result Int))
(=>
(and
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(> length 0)
(> entr 0)
(= result (rep2 length arr key entr))
(> entr (COUNT length arr key entr))
(> entr (repl length arr key entr)))
(= result 0)))
(forall ((arr (Array Int Int)) (key Int)
(entr Int) (result Int))
(=>
(and
(> (+ length 1) 0)
(> entr 0)
(= result (rep2 (+ length 1) arr key entr))
(> entr (COUNT (+ length 1) arr key entr))
(> entr (repl (+ length 1) arr key entr))
(= result 0)))))))

This theorem has been proved using CVCA4.
The proof of the second part of verification condition is similar to the proof of the
first one. The theory has been extended by the following theorem:

(assert (forall ((j Int) (arr (Array Int Int))
(key Int) (entr Int))
(=>
(and
>3 0
(> entr 0)
(<= entr (COUNT j arr key entr)))
(<= entr (repl j arr key entr)))))

Leino approach allows it to be proved using CVC4. Also this approach has been
applied at the step 7 of the algorithm from section 3. Thus, this algorithm allows the
second part of verification condition to be proved.

Therefore the verification condition has been proved.

5. Conclusion

This paper represents an extension of our system [9] for C-light program verification. In
the case of definite iteration over unchangeable arrays with a loop exit, this extension
allows us to generate verification conditions without loop invariants. This generation is
based on the described inference rule for the C-light for statement which introduces the
replacement operation. It expresses definite iteration in the special form described in the
paper.

The suggested rewriting strategy for induction-based formulas allowed us to prove
obtained verification conditions using CVC4 [2|. The proposed algorithm of extending
the theory allows verification condition to be proved. Proving formula a = b is the
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goal of the algorithm execution. Note that this algorithm is based on using implication
¢ = d where c¢ is a subformula of a after variables renaming. The proof of formula
a = b is reduced to proof of formula (a A d) = b. Using unique identifier allows a
and ¢ to be matched. Also the table of correspondence between variables of a and c is
created by the algorithm. Note that this table is used for renaming variables of formula
d.

The rewriting strategy allowed CVC4 to prove the partial correctness of the example
from [7]. It iterates over an array of integers and for a given integer computes the number
of its occurrences in this array. Another successfully proved example is the program which
for a given integer finds its first occurrence in the given array of integers [§].

We plan to consider the case of elimination of loop invariant for changeable data
structures and to verify classical array sorting programs without invariants.
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COJIEP2KUT MIPABUJIO BBIBOJA JjIst UTepanuu 6€3 NHBAPUAHTOB, KOTOPOE UCIIOJIB3YeT CIEIUAIbHYI0 PYHK-
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BBenenue

[Tporpammuo-koudurypupyembie cetu (IIKC) — mepcriektusHOe Hampas/ieHue B pa3Bu-
THH KOMIIBIOTEPHBIX CeTeil. YIIpaB/IeHIe CeThI0, OTIEIEHHOE OT allllapaTHON pean3alli,
[IPEIOCTAB/ISIET HOBBIE BO3MOYKHOCTH JIJIsI PEATUBAINN CETEBbIX TPUIOKEHNN, UCIIOTb3Y
COBpPEMEHHBIE IMPAKTUKU pa3pabOTKU IIPOrpaMMHOro obecriedenus. [IporpamMubie pere-
HUASA UMEIOT CJIOXKHYIO MPHUPOJLY, B CBA3M C YeM BO3HUKAET HEOOXOIUMOCTH B JOTIOJIHU-
TeJIbHBIX MHCTPYMEHTaX BepuUKAINK IIPOIPAMM KaK CO CTOPOHBI KOPPEKTHOCTH, TaK 1
€O CTOPOHBI Oe3ortacHOCTH. B manHOil pabore npepcrapiaeHa moeib besonacaoct [TKC,
HOCTPOeHHBIX Ha Oaze mporokosa OpenFlow [5].
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1. Mogeab KOMMYHIUKAIIMOHHOI ceTu

B pabore paccmarpuBaeTcs MOJIe/Ib KOMMYHUKAITMOHHON CETH, B KOTOPO# CeTh COCTOUT U3
KOHEYHBIX y3JI0B, TeHEPUPYIONINX TPahUK, a TaKKe MPOMEKYTOUYHBIX Y3JI0B, OCYIIECTB-
JIIONUX ero MapmipyTusanuio. Mpel mpemosaraeM, 9TO KOHEYHBIMU y3JIaMU ABJISIOTCS
MIPOIIECCHI, UCIIOIL3YIOIIIE BUPTYaIbHbIE TIOPTHI TPAHCIOPTHOI'O YPOBHS, & TPOMEKYTOU-
uble y37bl — 9310 OpenFlow-kommyTaropsr [5]. B Takoit Mojien nepejada JaHHBIX MOYKET
OCYIIECTBJISTHCA BHYTPU OTJEIBHOIO BBIYUCIUTETHHOTO Y3718 MEYKILY BBITTOJIHAIOTTIMU-
¢ Ha HEM IPOIECCAMM, YTO CTABUT JIOTOJHUTEIbHBIC 33/1a4U B 00eCIIeYeHI Oe3011acHO-
CTH! Bcell cucTeMbl. B KOMMYyHUKAITMOHHON CETU CYIIECTBYET BBIJIEJIEHHBIN YIIPABIAIONTNT
y3eJI — KOHTPOJLIEP, KOTOPBII 110 3aIUIIEHHBIM KAHAIaM CBSI3U B3aUMOJIENCTBYET CO BCe-
Mu KoMMmyTaTopamu. Konrposiep obagaer quHaMudeckKu oOHOBJIeMOil nH(OopMaIueit
0 crpykType u tomnosioruu ceru. OCHOBBIBasiCh Ha 3TON MHMOPMAIUH, OH €HEPUPYET
U TepejlaeT KOMaH bl JIJIsT KayKJIOr0 KOMMYTaTopa, pemias 3aJadu, MOCTaBJIeHHbIE TTPU
CO3JIaHNN KOMMYHUKAIIMOHHON CEeTH.

KomMmyTaTop ucnosbsyer jiist pabOThl OIHY UJIU HECKOJIBKO TAOJIUI] IOTOKOB U I'PYII-
oByt0 Tadsuiry. TaOIuIbl TOTOKOB 3AIIOTHSIOTCS TOJBKO HA OCHOBAHUU ITOJTyYeHHBIX OT
KOoHTpoJLIepa KoMau . [Ipu oMoy 3Tux Tab/nIL TpoucxoauT odpaboTKa U IepeHarpas-
JIeHre TIakeToB. TabJ/uIbl IpyIIT B JIaHHON paboTe He paccMaTPUBAIOTCS, TaK KaK MOTYT
OBITH TTPOMOJIEJTMPOBAHBI TIPU ITIOMOIIINA TAOJIUI] IIOTOKOB.

KonTpoJsuiep ornpasiisier Habop KOMaH/I JI/Isi KOMMYTaTOpa B OTBET Ha COOBITHS, KO-
TOpBIE MPOM3OIILIA B CeTH (HAIPUMED, IIPUXOJ| TaKeTa Ha KOMMYTATOD) JIHOO SIBJISIFOT-
¢ COOBITUSIME OKpYzKaroIieil cpeabl. Kakias 3amch 9TOro CIucKa COCTOUT U3 Habopa
norudecknx yeaosuit (match fields), nacrpykunii (action) u caéramkoB. Dror HAGOD
3AHOCHUTCSI B TAOJIUILy TOTOKOB KOMMYTATOPA.

Habop normdeckux ycioBuit match Hak/iaJbIBaeT YCJIOBUsI HA OT/Ie/IbHBIE 3ar0JIOBKA
nakera, Baodas Ethernet, IP u TCP zaronosku. Bech npeaukar match moxuo mpes-
CTaBUTb KaK match = Mg A Myst, TJI€ Mg T Mgs — TPETUKATHI, COOTBETCTBYIOIIHE
YCJIOBUAM JIJIsl @JIPECOB UCTOYHUKA W HA3HAYEHUS.

Ecnu obpabaTbiBaeMblil ITakeT yJI0BJIETBOPsAET HaOOPY JIOTUYECKUX YCJI0BU match,
TO JIJI HETO BBITIOJIHAIOTCS WHCTPYKITUU U3 COOTBETCTBYIOIIErO CIIMCKa KOMaH[. B jan-
HO#T MoJiesi pacemarpuBaiorcsd Komauasl: Qutput, Drop, Set u Delete. Ecnu maker e
COOTHOCUTCS HU C OJIHOM M3 3armceil TabJIMIIbl IOTOKOB, TO B paMKaX JaHHOM MOJe/n OH
nepejgacTcd Ha KOHTPOJLIED.

[Ipenprmymmit moaxo/1 3aK/I09acsa B pa3paboTKe MoJe I 0€30MacHOTO BO3IEHCTBUS
B [IKC [6], aknenTupysi BHuManue Ha nojutuke kondugennuaibuoctu jig [IKC cern.
Crenatb 060CHOBaHHBIN BBIBOJI O COOJIIOJCHUN ITON MOJUTUKU CTAJIO BO3MOXKHO OJIaro-
Japd cpopMUPOBaHHON (hOPMAJILHOM CHUCTEME ITPABUJI, COCTABJIAIONIUX CEMAHTUIECKYIO
Mojenb [1].

2. ITlocTrpoenme cemMmaHTHMYECKOII Moae/ i 0€30MacHOCTU

B sTo0it pabore MBI 11pejIaraeM OOIINi IPUHITAIL, COTJIACHO KOTOPOMY MOXKHO OIIPEIeINTh
CeMaHTUKH, OTPazKalolue pa3JmdHble cBoiicTBa be3onacHocTu. Ha mipeamver cobtioeHnst
MOJTUTUKY O€30ITaCHOCTU PACCMATPUBAETCS CIUCOK KOMAHJ], KOTOPbII KOHTPOJIJIEP B OT-
BeT Ha COOBITHE OTIPAB/ISIET HA KOMMYTATOP. DTOT YIOPSIOUEHHBI HaOOp 3ammceil B
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paMKax JIAHHOTO ITOJIX0/Ia MOYKHO MPEJICTABUTH KaK rmapbl match X action. Camo cobbiTue
OTIpeIe/IsIeT TIEPBYI0 KOMAH/Iy B CIIMCKE, HA3BIBAEMYI) KOHTEKCTOM 0OpabOTKH MakKeTa.

st perienns 9Toit 3a/1a491 HEOOXOIUMO OCTPOUTH MHOXKECTBO ITPABUJI 38/IAHUS TH-
OB S, COTVIACHO KOTOPOMY YCTAHABJINBAETCS, KAKOW YPOBEHD O€30ITacHOCTH JIOJIZKEH OBIThH
HA3HAYEH CITUCKY KOMAH].

s onpenenenusi ypoBHel 0€30MACHOCTH Il TOTOKOB JIAHHBIX 33JIal0TCS YPOBHU
6e3011acHOCTH KOHEYHBIX Y3JI0B CEeTH, KOTOPbIE IIPEJICTAB/ISIOT I0JIb30BATE/ILCKIE IPO-
mecchbl. Kak1oMy KOHEUHOMY y3J1y P CTABUTCA B COOTBETCTBHUE YPOBEHb 0OE30TACHOCTH
(BbICOKMIA, p : high, nin HU3KHi, p : low). Mbl penonaraemM, 9T0 ypoBeHb HE30MACHO-
CTU BCEX Y3JI0B CETH M3BECTeH KOHTPOJLIEPY W MOYKET OBITH OIpejie/IeH, HAIIPUMEp, IIph
MIOMOII IIPOTOKOJIa &y TeHTU(DUKAIIH.

[Tockosbky oTHe/bHBIE 3amucu Tadmil ToTokoB B KoMMyTaTopax [TKC-cetn moryT
MePEHAIPABIISITH TPAMUK MEXK/Ty OTACTbHBIMU TOJICETIMHI, KOTOPBIE COCTOSIT U3 MHOTHX
Y3JI0B, JIJI OPeJieJIeHNs] TOro, Ha KaKie IMOTOKHU BJIMAIOT 3TU 3aIlUCU, MBI BBEJEM IIpe-
qukaT forall, TO3BOIAIONIUI ONPEIEIUTh YPOBEHD O€30IMaCHOCTH MHOYKECTBA ITOTOKOB.

Haunem dhopmupoBanue MHOYKeCTBA TIPABUIT 3a/aHUsT TUIIOB S: BHECEM B HETO TIPABU-
JIa TUIU3aIun npejaukarta forall, KOTOPBIt TOMOTaeT ONpeessiTh CBONCTBA, CBSI3aHHbIE
¢ ypOBHAMU 0€30ITaCHOCTU MHOYKECTB Y3JIOB:

{p1 : low, ... p, : low} (1)
F forall(py,...,pn) : low’

{p1: high, ... p, : high}
F forall(py, ... ,pn) : high’

Takum 0O6pa3oM IMOJACETh B IEJIOM TUIU3UPYETCS B COOTBETCTBHH C THUIIOM Oe30I1ac-
HOCTHU Y3JIOB, KOTOPBIe B Hee BXOAAT. Kcin B TOJICeTh BXOAAT Y3JIbI PA3HBIX THUIIOB, TO
TUIM3UPOBATH NpeuKaT forall Heab3d. DTO MO3BOJISAET KECTKO PA3/IEIUTh OTOKU JIaH-
HBIX [4], oTHOCAIIECST K PA3HBIM YPOBHSIM 0€30IIACHOCTH, XOTsI U O'PAHUIUBAET TPAKTU-

(2)

YeCKYyI0 IPUMEHIMOCTDb HAIIIEro MeToja. BIocaieacTBun Mbl IOKaXKeM, KaK MOKHO OCJIa-
OUTH 3TN TPeOOBAHUSA C TEJIBIO OOJIBITEN TPAKTUIHOCTH.

[IpomomkuM opMupoBaHue MHOXKECTBA S IIPABUIAMU, KOTOPBIE CIIPABEIIUBBI JIJIsI
JKeJlaeMOol TIOJIUTUKKM Oe301TacHOCTU. B 9T0 MHOXKECTBO JI00aBJIAIOTCS IIpaBHUJIa OIIPe/ie-
JICHIS THUIa 0e30MaCHOCTH I KaXKJI0T0 BO3MOXKHOI'O COOLITHs. Tui 6e30IIacHOCTH CO-
OBITHS OITpeiesIsieT KOHTEKCT, B KOTOPOM ITPOMCXO/IUT YCTAHOBKA KOMaH 1. UTOOBI 38/1aTh
MOJIUTUKY OE301IaCHOCTH CEeTH, JJIsd KaKJI0f KOMaH/Ibl HEOOXOIMMO OIIPEICUTh, HaJl Ka-
KUMHU UHQGOPMAIMOHHBIME TTOTOKAMHU BO3MOYKHO €€ IPUMEHEHNE B KayKJIOM KOHTEKCTE
6e30I1aCHOCTH COOBITHIA.

BozbméMm abcTpakTHYI0 KOMAHJTY W ONPEJIE/IM JIJIsi Heé MOJTUTUKY O€301TacHOCTH: JIJIs
KaXKJ0r0 KOHTEKCTa W WH(MOPMAaIMOHHOTO TOTOKA YKarKeM, HapymaeT Uid coOJIioiaeT
JlaHHast KOMaHIa TpedyemMoe CBOMCTBO OE3011acHOCTH.

Temepb MOXKHO OIpEIE/INTH CEMAHTUYECKHE IIPaBUIa JIJIs 3TOW KoMaHIbl. Ecim B
koHTekcre 6e3onacuoctu [C] pasperer HOTOK TUINA tg.. — tgsy, TO MPABIIO IPHHUMAET
BUJI;:

F forall(sre(match)) : tg.. F forall(dst(match)) : tys
[C] + match x action '

(3)
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HmeeT ¢cMBICT TOIBITATHCS IPEJACTABUTE STH IIpaBuia B 6oJ1ee éMKoM Buje. s sroro
Ipe/IIaraeTcs: IOCTPOUTD JIEPEBO PEIeHuil, KOTOPOe MOYKHO PeLyInpPOBaTh, U UCIIOJIb30-
BaTh JIJIsI TIOCTPOEHHsI DoJIee KOMITAKTHOINO MHOXKecTBa, S. [lorydeHnbie mpaBmia BHIBOIA
JIJIST KazK 0 KOMaH bl J00aBIAIOTCSI B MHOXKECTBO S.

Tak:ke B 9T0O MHOXKECTBO HEOOXOIMMO JI00ABUTH ITPABUJIO, TTO3BOJIAIONIEE TUIIU3UPO-
BaTh KOMIIO3UIINNA KOMAH/I;

[pc] A [pc+ B
[pc] H A; B

COBOKYITHOCTD ITPaBUJI U3 MTOJIYIEHHOTO MHOYXKeCTBa S 1IpeJIcTaB/isieT coboit (hopmaib-
Hyto cucremy Oeszonacuoctu s [TKC, ¢ momorbio KOTOpoit MOXKHO CeIaTh BBIBOJT O
COBJIIOJICHUN UJTH HAPYIIEHUN 3aaHHON OJUTUKU Oe30ITaCHOCTH: €CJIM BECh CITHCOK KO-
MaH]T MOYKeT OBITh TUIHU3UPOBAH IPU MOMOIIU PEJICTABICHHON CHUCTEMBI, TO JAHHBIHI
CIIUCOK CODJIIOJIA€T YCTAHOBJICHHYIO MTOJUTUKY O€30IaCHOCTH.

SaKJII0uYeHue

Jlamnast paboTa pejiaraeT Moaxo/I, OCHOBaHHBIN Ha pa3paboTaHHON hOopMaIbLHONI MOIe-
s 6e3onacuoctu [TKC. ChopmupoBanHasi COrVIACHO MPEJICTABICHHOMY AJTOPUTMY CH-
cTeMa rapaHTUPYeT, 9TO IPUJIOKEHNEe Ha KOHTPOJLIEpe He HapyaeT TpedyeMyto OJIUTH-
Ky OesomacHoctu. [lociie cozmanust Mojieu mpe/ylaraeTcsi paciiupeHne: BBEIeHUE Mpa-
BIJIA JIEK/TACCHU(DUKAINN, KOTOPOE YBEJIUINBAET €€ MPAKTUIECKYI0 IMeHHOCTh. Cucrema
0e30I1aCHOCTH MOXKET OBITh peaim30BaHa KaK IPOrPaAMMHBIN MOJIyJ/Ib KOHTPOJLIEPA, KO-
TOPBIi Oy/IeT TPOBEPSATH, HE HAPYIIAIOT JIM IPUIOXKEHN, 3allyCKaeMble Ha KOHTPOJLIEPE,
CBOICTBa OE30IIACHOCTH.

B kauecTBe masibHEHINX HalpaBIeHUN HCCIEI0BAHUII NHTEPECHO PacCMOTPETh IIPO-
6stemy Oezorracnoctu [TKC B Gostee komiiekcnom Bujie. [10CKOIbKY KOHTPOJLIED MOXKET
pearnpoBaTh Ha COOBITHS BHEITHEI'O MUPa U SABJISIETCS CJIOKHDBIM ITPOIPAMMHBIM CPE/I-
CTBOM, TO IEPCHEKTUBHBIM IIOJIXOJIOM SIBJII€TCs Pa3paboTKa CeMaHTHIECKON CHCTeMBbI
6€3011aCHOCTH, KOTOPasl yYNTHIBAET TaKxKe MOTOK YIIpaBJIEHUS KOHTPOJLIEPA.
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Abstract. Software-defined networking is a promising technology for constructing communication
networks where the network management is the software that configures network devices. This contrasts
with the traditional point of view where the network behaviour is updated by manual configuration
uploading to devices under control. The software controller allows dynamic routing configuration inside
the net depending on the quality of service. However, there must be a proof that ensures that every
network flow is secure, for example, we can define security policy as follows: confidential nodes can
not send data to the public segment of the network. The paper shows how this problem can be solved
by using a semantic security model. We propose a method that allows us to construct semantics that
captures necessary security properties the network must follow. This involves the specification that
states allowed and forbidden network flows. The specification is then modeled as a decision tree that
may be reduced. We use the decision tree for semantic construction that captures security requirements.
The semantic can be implemented as a module of the controller software so the correctness of the control
plane of the network can be ensured on-the-fly.
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06 ompeaeneany ypoBHS MOJ€3HLIX CUTHAJIOB
opy pacimm@poBKe MAarHUTHBIX U BEXPETOKOBBIX
nedekTorpaMm

Kyssmun E. B.!, Top6ynos O. E., IInorauxos II. O., Tiokun B. A.
noaywena 16 oxkmabpa 2017

Annoramusa. [l obecnedennst 6e30aCHOCTH IBUKEHUS HA YKEJIE3HOIOPOXKHOM TPAHCIIOPTE Pery-
JIIPHO TIPOBOJINTCST HEPA3PY AN KOHTPOJIb PEILCOB C IPUMEHEHUEM PA3IMIHBIX HOIX0JI0B U METO-
JIOB, BKJIIOYAs METOJIBI MAIHUTHON U BUXPETOKOBOI JiedekTockornmu. CTaThst TOCBSINEHA 3a/a9e aBTOMa-
TUYECKOIO OLPEesIeH s [I0OPOrOBOr0 yPOBHSI aMILIUTY/L [I0Je3HbIX CUIHAJIOB (0T JedeKTOB U KOHCTPYK-
TUBHBIX 3JIEMEHTOB PEJIbCOBOIO IIyTH) IpH paciudpoBKe jgedeKTorpaMM MArHUTHBIX M BUXPETOKOBBIX
nedekTockoroB. CUrHaJ CIMTACTCS MOJIE3HBIM (M MOJIEXKUT JaJIbHEHIIEeMY aHAJU3Y ), €CJIU OTKJIOHEHUE
€ro 3HAYEHUs OT CPEHEr0 3HAYEHUs BCEX CHUTHAJOB KAK MUHUMYM B JBa Pa3a IIPEBOCXOIUT IMOPOTOBLIH
YPOBEHbB IIyMa PEJIbCOB. BeposTHOCTD TOSIBIEHUsI CUTHAJIA ¢ HEKOTOPOH aMILIUTYI0 B 6e3/1e(DeKTHBIX
pebcax Ha ydacTKe 0e3 KOHCTPYKTUBHBIX 3JIEMEHTOB, T. €. SIBJISIIONIErOCs PEIbCOBBIM IIIyMOM, XapaKTe-
pu3yeTcsi 32aKOHOM HOPMaJIbHOTO pacupejesennsi. Takum o6pa3oM, Jjisi BEIYUC/IEHNs] TIOPOI'OBOIO YPOB-
Hsl [IyMa MOXKET OBbITh 3aJIefICTBOBAHO MPABUJIO TPEX CUIM. A yJIBOEHHE IOpOora IMyMa JaeT YPOBEHD,
MIPEBBINEHNE KOTOPOTO O AMILIATYIHOMY OTKJIOHEHHIO OT BBIOOPOYHOI'O CPETHErO O3HAYAET, UTO CHI-
HaJI sIBJISIETCs] TIOJIE3HBIM. B cTarhe mpejjiaraercs ajaropuTM HAXOXKJEHHs] MOPOTOBOIO YPOBHS IIyMa
PeJIbCOB U JIAETCsT €r0 TeopeTudecKoe 0OOCHOBAaHUE, a TaKyKe PACCMaTPUBAIOTCS TPUMEPHI €ro paboTh
HA HECKOJIbKUX (pparmMeHTax peasibHbIX MarHUTHBIX U BUXPETOKOBBIX JI€(DEKTOIPAMM.

KirroueBbie cjioBa: HepaspyIIaONUil KOHTPOJIb PEIbCOB, MATHUTHAS U BUXPETOKOBas J1e(PEeKTOCKO-
nusi, ObHapyKeHue j1ePeKTOB, aBTOMATUIECKUI aHAJIN3 MArHUTHBIX U BUXPETOKOBBIX JedeKkTorpaMm

Has uutuposanusi: Kysemun E. B., Top6ynos O. E., ITnoraukos I1. O., Tokuna B. A., "O6 onpenenernu ypoBHS MOJIE3-
HBIX CHTHAJIOB IIPU PacIIMdpPOBKE MArHUTHBIX U BUXPETOKOBBIX Jaedekrorpamm", Modeauposarue u anasud un@opmayu-
onnwux cucmem, 24:6 (2017), 760-771.
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BBenenue

s obecriedenunst 0E30IMaCHOCTU JIBUXKEHUS Ha KEJIE€3HOJIOPOKHOM TPAHCIIOPTE pery-
JISPHO TPOBOJIMTCS HEPa3pyIIAIONH KOHTPOJIb PEIbCOB C IPUMEHEHHEM Pa3IuIHbIX
IIOJIXO/IOB M METOJIOB, BKJIIOUAs METOJbl MAUHUTHOW W BUXPETOKOBOH H1e(heKTOCKOIIHIH.
[Ipu mepaspymamoiiemM KOHTPOJE PETbCOB C HCIOJIH30BAHUEM MATHUTHBIX U BUXPETO-
KOBBIX J1e(PEKTOCKOIIOB TTPOBEPSIETCS KarXKIbIil MUJITUMETD yYIacTKa MyTH. DTO IPUBO-
JIAT K HEOOXOMMOCTH aBTOMATHYECKOTO aHaM3a OOJIBIION0 MACCHBa JaHHBIX (1edek-
TOIpaMM), KOTODPbIE MOCTYHAIOT OT COOTBETCTBYyMoIero obopymosanus. [loj anammsom
[MOHUMAETCsI IIPOIECC OIIpeIesIeHus 110 JedeKTorpaMMaM HAJTUIUs 1e(PEeKTHBIX YIaCTKOB
HAPSIJTy C BBISB/IEHUEM KOHCTPYKTUBHBIX 3JIEMEHTOB PeJibcoBOTO myTu. [Ipu sTom B yciio-
BUAX 3HAYUTEILHBIX 00HEMOB MOCTYIIAIONIEl Ha 00pabOTKy mHMOpPMaIuu HAOOILITNI
MHTEpEC TPEJICTAB/ISIOT OBICTPhIE AJITOPUTMbBI aHAJIN3a, TAHHBIX.

DTa craThd MOCBAIEHA 3ajad9e aBTOMATHIECKOrO OIpeJIeIeHIs TTOPOTOBOTO YPOBHS
AMILIUTY/] TIOJIE3HBIX CUT'HAJIOB IIPU pacmudpoBke jieeKTorpaMM MarHUTHBIX U BUXPe-
TOKOBBIX J1e6(PeKTOCKOIIOB. Pe3yabraThl paboThl MIPE/INoIaraeTcs NCIoab30BaTh PH I10-
CTPOEHUH alllapaTHO-IPOrPAMMHBIX KOMILIEKCOB PeIbCcoBOil Jedexkrockormu [1-4].

B crarwhe paccmarpuBaroTest 00001IeHIST peATBHBIX YCTPONCTB, KOTOPbIe AKTUBHO MTPHU-
MEHAIOTCS Ha IPpaKTHKE, B BUJIe aOCTPAKTHBIX 8-pa3psiIHOro MaruuTHOro u 10-pa3psiHo-
I'0 BUXPETOKOBOTO J1IeheKTOCKONOB. CUTHAJIBI, PETUCTPUPYEMbIE STUMU JIe(EKTOCKOIIAMH,
MOXKHO Pa3/Ie/INTh Ha JIBa TUIIA — 1) PEIbCOBBIIL IIyM ¥ 2) CUTHAJIBI OT KOHCTPYKTUBHBIX
9JIEMEHTOB U J1e(hEKTOB.

Cursasibl, SBJSIONIAECS MIYMOM OT PEIbCOB, OOBIMHO cocTaBisaior bosee 90% Beex
curHaJjoB jiepeKTorpamMmbl. [1o/Ie3HBIME SBIISIIOTCS CUTHAJIBI BTOPOTO TUIIA, T. €. CUTHAJIBI
OT J1e(peKTOB U KOHCTPYKTUBHBIX JIEMEHTOB PEJIbCOBOTO Iy TH.

[Ipu aBTOMaTHYeCKOM aHaju3e yI00HO pa3duBaTh JedeKTorpaMMbl Ha (DparMeHThl,
KOTOPBIE COOTBETCTBYIOT H0-METPOBBIM ydacTKaM IIyTH. DTO O3HAYAET, 9TO IPU CHATUU
moKasaHuil jeeKTOCKOIa ¢ KaxK/I0r0 MUJIJTUMETpa IyTH OJIOK aHa/II3a IIPEICTaB/ISIeT
coboit maccuB u3 50000 3/1eMeHTOB, TJie JIEMEHT MACCUBA — ITO 3HAYEHHE aMILIUTY/IbI
curnasia. B ciydae 8-paspsiinoro jiedekTockomna nmeeM He Oosiee 256 3HaYCHUT aMILIN-
Ty, a oT 10-pa3psHOro BUXpETOKOBOT'O J1e(heKTOCKOIIa MOXKET OCTYIaTh He boJiee 1024
Pa3IMYIHbIX 3HAUEHUN CUTHAJIOB.

Bynem nosiarath, 910 3HaYMEHUS AMILUIUTY/ CUT'HAJIOB PEIUCTPUPYIOTCH J1e(heKTOCKO-
maMu B BHUJe HaTypaJabHbIX ducea oT 1 jo 1024 B 10-pa3psgaom caydae u ot 1 j10 256
B ciydae 8-pa3pgaHoro jaedeKkTocKora.

HeboutbIoe oTK/IOHEHNE 3HAYEHHUS aMILIATY/IbI OT BHIOOPOYHOI'O CPEJIHEr0 3HAYEHUS
COOTBETCTBYET CJIADOMY CHUTHAJTY, a 060JibInoe — cuibHOMY. CHIbHBIE CUTHAJIBI O3HATAIOT
Hajn4ane J1eeKTOB W KOHCTPYKTUBHBIX 9JIEMEHTOB U 110 aAMILIATYIHOMY OTKJIOHEHHUIO
3HAYMUTE/ILHO TTPEBOCXO/IAT PEIbCOBBII Ty M.

[IpakTuaeckuii ombIT paboOTHI ¢ JAHHBIMUA MArHUTHBIX ¥ BUXPETOKOBBIX J1e(heKTOCKO-
[IOB TTOKAa3aJI, YTO BEPOSITHOCTD TIOSIBJIEHUSI CHUTHAJIA C HEKOTOPOI aMILINTYIO0N B Oe3ie-
(beKTHBIX pesibcax Ha ydacTKe 63 KOHCTPYKTUBHBIX 9JIEMEHTOB MOUnHsIeTCsl (B pubim-
JKEHIN ) 3aKOHY HOPMAaJIbHOT'O PACIIPEJIEICHS.

CurHaj cuuTaeTcsl MOJIE3HBIM (U TO/JIEXKUT JIAJbHEHIIIeMY AHATU3Y ), €CJIH OTKJIO-
HEHUE ero 3HAYEHUsl OT CPEJIHEr0 3HAUCHUS BCEX CUT'HAJOB KaK MUHUMYM B JIBa Pa3a
[IPEBOCXOUT TIOPOTOBBIN YPOBEHD IITyMa PEThCOB.
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[Toy moporosbiM ypoBHeM miyma OyjeM moHuMaTh oTKjaoHeHue Level or cpesmnero
3HAYEHUs (i CUTHAJIOB PACCMATPUBAEMOro (bparMenTta jedexkrorpammvbl (Janube ¢ 50-
METPOBOIO y9acTKa), TP KOTOPOM CHIHAJIBI CO 3HAYEHUSAME aMILIUTYJ] U3 JIHAa30Ha
[ — Level; u + Level] siBaistorest 1ryMoM peJibCoB.

Taxum 0O6pa30oM, MOCKOJIBKY PETHCOBBIH IIIyM MMeeT HOPMAaJIbHbIN 3aKOH pacipejeie-
HUSsI, JIJIsT BBIYUCIEHUS €10 TIOPOTOBOT'O YPOBHS MOXKET OBITh 3a/IefICTBOBAHO IIPABUIIO TPEX
curm. A yJiBoeHue 1mopora IryMa JJaeT YPOBEHb, IPEBBIIIEHNE KOTOPOTO 110 aMILIATYIHOMY
OTKJIOHECHUIO OT BBHIOOPOYHOTO CPEJHEI0 O3HAYAET, YTO CUTHAJ SABJIAETCS MOJIC3HBIM.

OTMeTnM, 9TO €CJIH MOPOTOBLIil YPOBEHD ITyMa Menbiie 10 e IMHuIl, 3aiuch CINTAeTCS
IJIOXOM (HAIIpUMED, 110 IPUYNHE HEIPABIJILHON KAJIHOPOBKU 0OOPYIOBAHMsI) 1 HE MOJIe-
KUT anaausy. Borpoc aBToMaTuyeckoil OIeHKN KadecTBa 3arucu jieheKTorpamMM B JIaH-
HOIl cTaThe He paccMmarpuBaeTcsd. /lasee OGygem nosararsb, 4To BCe MArHUTHBIE U BUXPe-
TOKOBBIE Je(DeKTOTpaMMBI, KOTOPBIE TIEPeIAl0TCsI Ha aHAJN3, 3AINCAHBI KAIeCTBEHHO.

B caenyromux paspenax mpejjaraeTcs aJrOPUTM HAXOXKIEHWS MOPOTOBOTO YPOBHS
IIyMa PeJIbCOB U JIAeTCs ero TeopeTudeckoe 0DOCHOBaHUE, a TaKyKe PacCMaTPUBAIOTCS
IIPUMEPHI ero pabOThl HA HECKOJBKUX (pparMeHTax peaibHbIX MarHUTHBIX U BUXPETOKO-
BBIX JIePEKTOTPAMM.

1. Axaropurm

Hecmotpst Ha TO, 9TO IIyM pe/IbCOB XapaKTEePU3yeTCs HOPMAJILHBIM 3aKOHOM PacIpe/ie-
JIEHUsI BEPOSITHOCTE, U3-38 HAJIMYKsI CHJIBHBIX CUTHAJIOB (0T JeeKTOB U KOHCTPYKTHB-
HBIX 9JIEMEHTOB) HE IMPEJICTABIISICTCS BO3MOXKHBIM MPUMEHEHHE B YUCTOM BHUJIE MTPABU-
JIa TpeX CUI'M, COIJIACHO KOTOpOMY OKOsI0 99,73% cHurHaJIOB IIyMa JIeXKUT B UHTEPBAJIC
[ — 30;pu + 30|, tme p — 9TO BBIOOPOYHOE CpeJiHee, a 0 — CpeJiHee KBaJpaTHIecKoe
OTKJIOHEHHE. ﬂpyr‘I/IMH CJIOBaMH, CHUJIbHbBIC CUT'HaJIbl OKa3bIBAalOT 3HAYUTE/ILHOEC BJINAHUC
Ha Pe3y/IbTaT BBIYHUC/ICHUS CPEJIHETO KBaIPATUIECKOrO OTKJIOHEHUS 110 BCeil BHIOOPKE.

JIs1 ocTpoeHusi mpuemMJieMoro ypoBHs miyma Level &~ 30 HeoOX0oguMO 1P BBIYHC-
JICHUN HpI/I6.HI/I}KeHHOFO 3Ha4YCHUA 0 UCKJIIOYUTH U3 PaCCMOTPCHUA (CI/IJIbeIe) CUT'HAJIbI
aHAJM3UPYEMOIl BBIOOPKHU, KOTOpPbIE HE YKJIAJIBIBAIOTCA B paMKN 3aKOHA HOPMAJIbHOI'O
pacupeenenns. Takum obpa3oM, Jjisd HaxoxK AeHus mopora Level mpejiaraercs uCIoab-
30BaTh CJACAYIOIUN UTEPAIMOHHBINA aJIrOPUTM, PEAJU3YIONUN 3Ty UICIO.

OcHoBHBIE STAIIBI aJIrOPUTMa HaXOXKJICHUA ITIOPOIrOBOI'0 YPOBHY IIIyMa PEJILCOB Level:

1. IMomyunrs maccus 3uadennii ammuTys curaanos X [1..50000] (manubie or gedek-
TocKoma ¢ 50-MeTpOBOro y4acTKa pesibCOBOrO IIYTH).

2. Borancantb cpeaHnee apI/ICbMeTI/I‘{eCKOG 3Ha49€eHUEe [ 9JIEMEHTOB MaCCUBa X.

3. Tlo anementam mMaccuBa X, 3HAYEHHs] KOTODBIX JieXKaT B JUAlA30He [ — 45 i+ 1],
re ¢ € N u3HagajbHo paBHO 1, MOCTPOUTH CpejiHee KBaIPATHIECKOE OTKJIOHEHUE O
OT 3HAYEHU [i. YBEJUYUTDH ¢ Ha 1.

4. TloBTOPATDH IYHKT 3 JI0 T€X MOp, ITOKa He Oy/eT BLIIOJIHEHO ycaoBue 3 -0 > 1,3 -1
[PU 9HCTIe 9JIEMEHTOB CO 3HaYeHneM u3 [u — i; p + 1] 6osee 30% ot obrmero ducia.

5. IlpucBouts mepemennoii Level snadenne 3 - o, a OldLevel — snadenue 0.
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6. IloBTOpsaTh CileayIONLy O IpOIEAYPY M0 Tex mop, moka Level — OldLevel > 0.

(a) ITo snemenrtam maccuBa X, 3HaYeHMs] KOTOPBIX JIeKAT B U3MEHEHHOM J[Halla-
somue [ — Level; 4 Level], mocrpouts HOBOE CcpejiHee KBaIpATHIECKOE OTKIIO-
HEeHHUe 0 OT 3HAYEHUS L.

(b) IIpucsouts nepemennoit OldLevel 3nauenune Level, a Level — suavenue 3 - 0.
7. Bwinars 3navenne Level B kKadecTBe MCKOMOTO MOPOrOBOTO YPOBHS IIIyMA.
Hwxke nipejicraBiiena peau3alids OMUCAHHOTO aJITOPUTMa B TICEBJIOKOJIE.

PROGRAM NoiseLevel

CONST N=1024; L=50000;

VAR X: array [1..L] of integer; /* MaccuB 3HaYeHWH aMIINTYZ CUTCHAJIOB */
A: array [1..N] of integer = 0; /* A[k] -- ROIMYeCTBO CUTHAIOB C aMIIIATymo# k */
h, i, k, s, f, cnt, cntall: word;
mu, sig, sum, Level, OldLevel: double;

BEGIN_PROGRAM

load(X); h=size(X); cntall=0;

for i=1:h
A[X[i]]1=A[X[i]]1+1; cntall=cntall+1;
end;
s=1; f=N; cnt=0; sum=0;
for k=s:f
cnt=cnt+A[k]; sum=sum+A/[k]*k;
end;
mu=sum/cnt; k=round(mu); /* round() -- orpyrnerue mo OGnuxaimero menoro */
sum=(k-mu) * (k-mu) *A[k] ; cnt=A[k];
for i=1:N

s=round (mu-i); f=round(mu+i);
if s>=1 cnt=cnt+A[s]; sum=sum+(s-mu)*(s-mu)*A[s]; end;
if f<=N cnt=cnt+A[f]; sum=sum+(f-mu)*(f-mu)*A[f]; end;
sig=sqrt(sum/cnt) ;
if cnt>0.3*cntall & 3*sig>1.3*i break; end;
end;
Level=3*sig; 0ldLevel=0;
while (Level-0ldLevel)>0
s=round (mu-Level); s=max(s,1); f=round(mu+Level); f=min(f,N); cnt=0; sum=0;

for k=s:f
cnt=cnt+A[k]; sum=sum+(k-mu)*(k-mu)*A[k];
end;
sig=sqrt(sum/cnt); 0ldLevel=Level; Level=3*sig;
end;

END_PROGRAM.

2. (O6ocHoBaHHTE aJITOPUTMA

[IycTh HenpepbiBHAsA ciydaiiHasd BeaudnHa X MMeeT HOPMAJbHOE PACIIpPEJIe/ICHIE BEPO-
sTHOCTeH. i MpocTOThI BRIYUC/IeHNIT Oy IeM ToJ1araTh, YTO MaTeMaTHICCKOE OXKIIAHNE
M[X] pasuo 0. Torpa dyHKIUS IWIOTHOCTH pacCIpPeIeeHNsl BEPOATHOCTH UMEET BUI

1 o2

f(l‘) = 0_\/%6_2”72'
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Puc. 1. l'paduxn dyukmmii ¢(x) n ¢(x) Ha yaacrke (0; 3] mpur Az = 0,0001
Fig. 1. Graphs of functions ¢(z) and ¥ (x) on the section (0; 3] with Az = 0,0001

Beraucimm npubiimzkeHHble 3HadeHns DYHKIWN ¢(x) s Beex © = k - Ax, rje mar
Az = 0,0001, a k = 1..30000. I'padux dbysxmu p(zr), TOCTPOSHHBIN 10 BHIYUCIECHHBIM
3HAYEHUSIM, [IPEJICTaBIeH Ha puc. | (BepxHuii rpaduk).

Oyukims p(x) MO3BOJISIET OIEHUTD, BO CKOJIBKO Pa3 TPU 3HAYECHUST CPEJIHErO KBapa-
THYECKOT'0 OTKJIOHEHUSI, TIOCTPOEHHOTO 110 3JIEMEHTAM BHIOOPKH CO 3HAYEHUSIMU U3 JTAATIa-
30Ha |—x0; +x0|, 6oJbIe 3HAUEHUST T0, TJe 0 — CPelHee KBaIpaTuiecKoe OTKJIOHEHHE,
[OCTPOEHHOE TOJIBKO IO TeM JIeMEHTaM BBIOOPKHU, KOTOPbBIE sIBJISIIOTCS MIyMOM (COOTBET-
CTBYIOT HOPMAJIbHOMY 3aKOHY DACIIPEJIeJIeHUs] BEPOSITHOCTE!H ).

@akr, uro p(x) > 1,3 Toabko npu = € [0,8911;1,9584], obecrieunBaer 060CHOBAHIE
MAroB ¢ 3 10 H aJropuTMa OIpeJIeJIeHU YPOBHS IIyMa, KOTOPbIE HAXOIAT CTAPTOBYIO
TOYKY JIJIs CJIEJIYIONIEll NTEePATUBHON YaCTU 9TOro ajaropuTMa. Takmm oOpas3oM, BBITIOJI-
HUB IATHI I1ar, aJaroput™ (B WIeaJbHOM CIydae) B KadecTBe cTapToBoro Level Gymer
UMEeTb 3HaYCeHHE MPUOJIMKeHHo paBHoe 1,16 0.

Ha npakTuke, oueBuiHO, 1 9T0 Oy/IeT MOKA3aHO Jlajiee Ha IIPUMEPax, peaJbHoe cTap-
ToBOe 3HadYeHue Level Oymer OTKJIOHAThCA OT yKazaHnHoro. Ho 1esbio mepBhIX MIaroB aJi-
FOPUTMA ABJIAETCA BBIXOJ Ha Ko duimenT 1,3, Mo3BOIMIONNN TOHAYATY YBEJIUINBATD
MOYTH Ha TPETh JUAITA30H aMILIUTY/L JIJIs PACCMATPUBAEMBIX 3JIEMEHTOB BHIOOPKHU.
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JIJ1st OIleHKM TIOrPEITHOCTH BBIUUC/IeHNs 3HAUEHUI paccMaTpuBaeMoil byHKImn ()
OTMETHUM, YTO IPU £ =3 U N =9

435 2 437 2

v 0,00002 v 0,000005
35(17!) |, ’ ’ 37(181) |, ’

OrmernM TakzKe, 910 BeIOpaHHOi JuckperHocTH ¢ marom Az = 0,0001 BrosiHe gocTa-
TOYHO, TaK Kak 10-paspsiablii JedeKTOCKOI BbIIaeT 3HaueHus u3 uarepsaia [1;1024],
T.€. CpeJiHee KBaIPaTUIeCKOe OTKJIOHEHUE He MOKeT ObITh Oosiee H12, a 10 yC/IOBUIO
KOPPEKTHOi 3amnucu JieeKTorpaMM OHO He JIOJIPKHO OBITH MeHee 3.

Pacemorpum ertie oay HOByIO dyHKIMO ¥ () = 2 - o(x) mua ¢ = k- Az, x € (0; 3].
D1a DYHKIUS COOTBETCTBYET Iary 6 aaropuTMa ornpeie/IeHus ITOPOroBOro yPOBHS IITyMa
penbcoB Level. Ha mmxkuem rpaduke puc. 1 BHIHO, UTO JJId BCEX PACCMATPUBAEMBIX T
snadenne ¢(x) menbiie 3. [lockombky ¢(x) > 1 ma npomexyrtke (0,443; 2,9492), o,
CTApPTOBAaB U3 JIIOO0I TOYKU ITOTO TPOMEKYTKA, B UICAJTHLHOM CJIydae aJIlOPUTM CXOIUTCS
B Touke x = 2.9492. 3amernm, uro misg x € (2,9492; 3] BeinosHsieTcs yeaosue x < (x).

BamycTuM aJropuTM € MIECTOrO IIara B cTapToBoit Touke g = 1,16. [Tomyanm cremry-
IOIILY 10 [IOC/IE0BATEILHOCTD (€ TOYHOCTBIO Bhiancaernii 10 0,0001): 1 = ¢(xy) = 1,5922;
xo = Y(x1) = 2,1861; x3 = ¥(x2) = 2,7021; x4 = P(x3) = 2,9041; x5 = (x4) = 2,9427;
xre = P(x5) = 2,9483; x7 = P(w6) = 2,9491; x5 = P(w7) = 2,9492; x9 = P (xs) = 2,9492;
rJle g = Tg. TaKuM 00pa3oM, 3Ta MOCJIEI0BATETLHOCTD JIAET TPUMEPHOE ITPEJICTABIEHNE
0 KOJIMYECTBE IMOBTOPEHUI Hanboiee TPYJI0EMKOIO IIECTOro Iara ajropurMa.

B sakmouenne ormernM, uro BepostHOCTh P(|X| < 20) nonajganus HOpMaJIbHO pac-
IpeJIesIeHHOI crydaiinoii Bejmaunbl X Ha ydacTok (—xo; +xo), rie x € (0,443; 0,8911],
npuHaIeKuT npomMekyTky ot 0,34 1o 0,63. 9TOT y4acTOK COOTBETCTBYET 3HAYEHUSAM
dbyurim ¢(z) u3 uarepsaia (1; 1,3]. Takum 06pazom, 0HO U3 YCIOBHIA BBIXO/A U3 ITHK-
Ja Ha mare 4 aaropurMma, Tpedymomee obpaborku 6ostee 30% Bcex CUIHAIOB, OPHEHTH-
poBaHO Ha JlepeKTorpaMMbl, KOTopble cogepzkar oT 90% mo 50% curnamnop mryma.

3. Ilpumepsl

IIpumep 1. Ha Bepxuem rpaduke puc. 2 npejicrapieHa JedeKTorpaMma, 3alncaHHasi
8-pa3psHBIM MArHUTHBIM J1e(PeKTOCKOIIOM Ha H0-MEeTpOBOM ydYacTKe PeIbCOBOIO ITy-
tu. Cpemnuit rpaduk — dparMeHT 3anucu, KOTOPbIi COOTBETCTBYET CBAPHOMY CTBHIKY
(coenuHenmo0) pesibcoB. Perucrpariust JTaHHBIX TPOBOAMIACH KAXKJIbI MUJLIUMETD IIyTH
(ock X). AMILITUTY/THOE 3HAYEHUE CUTHAJA, HOJIyUYeHHOEe Ha OJTHOM Ilare CKAaHUPOBAHWUS,
oTKJIajbIBaeTcd 1o ocu Y. Hukuuii rpaduk puc. 2 mnpejcrapigeT coboil OIEHKY ILIOT-
HOCTHU PACIIPEJIC/ICHIS BEePOATHOCTH IOABJICHUsT HEKOTOPOH aMILIMTY bl HA PacCMaTpU-
BaeMOM ydacTke pesibcoB. Ha Bcex rpadukax puc. 2 mokasaHbl Pe3yabTaThl aJropuTMa
B BHUJIE JIMHUI OTCEYKH IIIyMa PEIbCOB U YPOBHS HAUAJIA TOJIE3HBIX CUTHAJIOB. JIJ1s1 BbIUMC-
JIEHUsI TTIOPOTOBOIO YPOBHSI IIyMa PesibcoB Level morpeboBaioch 6 OCHOBHBIX UTEpAITHiL
aaropurma: Levely = 9,5706, Level; = 17,1632, Levely = 26,1227, Levely = 29,6068,
Levely, = 29,9479, Levels = 29,9726, Levelg = 29,9726 = Level.

IIpumep 2. Ha Bepxuewm rpaduke puc. 3 npejicrapieHa jJedeKTorpaMma 8-paspsi/i-
HOI'O MAarHUTHOTO JeeKTOCKOIA (3aich JaHHbIX ¢ H0-MeTpoBoro ydacrka myTtn). Cpe-
Huit rpacduk — QparMeHT 3arucu, COOTBETCTBYIONNN OOJITOBOMY CTBIKY PEIhCOB ¢ 0O0-
KOBBIMH COEIMHUTE/IbHBIMU HaK/IakaMu. Hukuauii rpaduk puc. 3 — OeHKa MJI0THOCTH
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Fig. 2. Representations of flaw detector data and algorithm work results
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paciipejiesieHus BEPOATHOCTU TOSBJIEHUsT HEKOTOPO# aMILIUTY/Ibl HA PaCcCMaTPUBAEMOM
ydacTke pesbcoB. Ha Bcex rpadukax puc. 3 Mmoka3aHbl Pe3y/IbTaThl ajrOPUTMa B BH-
Jie JIMHUH OTCEYKM IIyMa pPelbCOB M YPOBHA HaYaJIa IMOJIE3HBIX CUTHAIOB. I BBIUMC-
JIEHUsI TIOPOT'OBOTO YPOBHA IIyMa pesibcoB Level morpeboBaioch 7 OCHOBHBIX HTepaIluil
agropurMma: Levelg = 6,0095, Level; = 11,0208, Levely, = 17,2490, Levely = 21,1645,
Levely, = 22,5926, Levels = 23,0529, Levelg = 23,1936, Level; = 23,1936 = Level.

IIpumep 3. Ha Bepxuem rpaduke puc. 4 mnpegcrapieHa AedeKTorpaMMa, KOTopast
ObL1a 3amucana 10-pa3pgaIHbIM BUXPETOKOBBIM J1eEeKTOCKOTIOM Ha H0-MEeTPOBOM ydacT-
ke pesbcooro myTtu. Cpeannit rpaduk — dparMenT 3ammcn, COOTBETCTBYIOIIMI cBap-
HOMY CTBIKY peJibcoB. [Ilar ckanupoBanus — 1 mMm. Hukawuit rpacduk puc. 4 — orenka
IJIOTHOCTH PACIIPE/Ie/IEHIS BEPOITHOCTH TIOSIBJICHUST HEKOTOPOI aMILIUTY/IbI HA pacCcMaT-
puBaeMoM ydacTKe pesibcoB. Ha Bcex rpadukax puc. 4 mokasaHbl pe3yJbTaThl ajro-
puT™Ma B BUJE JIMHUI OTCEUKU IIyMa PEJbCOB U YPOBHS HAYaJa TOJE3HBIX CUTHAJIOB.
g BbIYUC/IEHUA TTOPOrOBOIO YyPOBHA Iyma pesibcoB Level morpeboBasioch 8 0oCHOB-
HbIX uTeparmii anropurMma: Levely = 11,0542, Level; = 18,6767, Level, = 28,0950,
Levels = 37,2262, Levely = 43,4621, Levels = 46,7912, Levelg = 48,2453, Level; = 48,7251,
Levelg = 48,7251 = Level.

Ha paccMOTpeHHBIX TIpuMepax BHJIHO, YTO IIyM PETbCOB (B MPUOIUAKEHUM) TIOUH-
HSETCS 3aKOHY HOPMAJIBHOI'O pacipejie/ieHust BeposTHocTell. ['paduk OMeHKH ILI0THO-
CTU pacIpeiesieHus MyMa 0JIM30K K rpaduKy IIOTHOCTH HOPMAaJIbLHOTO PacCIpeIe/IeHusT
¢ mapamerpamu i u Level, rime u — maremarmdeckoe oxkuganme, a Level — cpesHee
KBa/IpaTHIECKOe OTKJIOHEHHE.
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Abstract. To ensure traffic safety of railway transport, non-destructive testing of rails is regu-
larly carried out by using various approaches and methods, including magnetic and eddy current flaw
detection methods. The paper is devoted to the problem of automatic determination of a threshold
level of amplitudes of useful signals (from defects and structural elements of a railway track) during the
analysis of defectograms (records) of magnetic and eddy current flaw detectors. A signal is considered
useful (and is subject to further analysis) if a deviation of its value from an average of all signals is
at least twice the threshold noise level of rails. The probability of obtaining a signal from a section
without structural elements (a rail noise signal) is characterized by the normal distribution law. Thus,
the rule of three sigma can be used to calculate the threshold noise level. And a signal is useful if its
amplitude deviation from a sample mean exceeds twice the threshold noise level. The paper proposes an
algorithm for finding the threshold level of a rail noise and gives its theoretical justification, and it also
examines examples of its operation on several fragments of real magnetic and eddy current defectograms.

Keywords: nondestructive testing, magnetic and eddy current testing, rail flaw detection, automated
analysis of magnetic and eddy current defectograms
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AHajm3 MCcHoJb30BaHNd Pa3IMIHBLIX TUIIOB CBI3€il
MeKIy TepMUHAMU Te3aypyca,
CT€HEPHPOBAHHOTO C IIOMOINILI0 THOPUIHBIX METO/IOB,
B 3aJa49ax KJaaccHu(pHUKAIUI TeKCTOB

Jaryruna H. C., Jlaryruna K. B., IIlutos U. A., Ilapamonos 1. B.!?
noayywena 16 okmabpa 2017

Awnnoranusa. llenp mammoil cTaThby — MIPOAHATIN3UPOBATEH, HACKOJILKO 3(MPEKTUBHO MOTYT IIPUME-
HATHCA Pa3/IMYHbIe THUIIBI T€3ayPYCHBIX CBsI3el B 3aja4ax Kjaaccudukanuu TekcroB. OCHOBOI uccieno-
BAHUSA SIBJISIETCSI aBTOMATUYIECKN CTE€HEPUPOBAHHBIN Te3aypycC MPEIMETHON OOJACTU, COAEPIKAIINN TPHU
TUIIA CBsA3€il: CHHOHUMIYECKUE, NEPAPXUIECKIE U aCCOIUATUBHBIE. /[jIsT reHepanum Te3aypyca UCIOIb3y-
ercsi TUOPUIHBIIN METOJI, OCHOBAHHBIN HA HECKOJIBKUX JIMHIBUCTUIECKUX U CTATUCTUYECKUX AJTOPUTMAX
BBIJIEICHNST CEMAHTHIECKUX CBSI3€il M MO3BOJIAIONINI CO3aTh TE3aypPyC C JOCTATOTIHO OOJIBIIIM IHUCIOM
TEPMUHOB U CBA3eil MeXKy HUMU. ABTOPBI PACCMATPUBAIOT JIBE 3aJa4Ul: TEMATHIECKas KJIaCCU(DUKAIIN
TEKCTOB M KJjaccudukaiys OOJbIINX HOBOCTHBIX cTaTeil mo ToHagbHOCTH. s penrenus Kaxkaoil u3
HUX aBTOpaMU OBLIM MCIIOJIb30BAHDI JIBa TOJIX0/IA, KAXKIBIN U3 KOTOPBIX JIOMOJTHSIET CTAHIAPTHBIE aJIro-
PUTMBI TIPOTIEIY PO, TPUMEHSIONIEH CBSI3M Te3aypyca JJjis OIPEeJeIeHNs] CEMAHTUIECKUX OCOOECHHOCTEMH
TekcToB. [lomxom K TeMaTndecKoil KiaaccupuKaIuy BKIIOYAET B cebsl CTaHIApTHBIM agropurM BM25
BUIa «OOydeHne 6€3 yIuTe sy U MPOIELy Py, UCIOIb3YIONYI0 CAHOHIMUIECKIE U NePAPXUICCKIE CBI3N
Te3aypyca mnpeamerHoit obsactu. Iloaxon K KiraccuduKanm MO0 TOHAJHLHOCTA COCTOUT U3 JIBYX IIAroB.
Ha mepBowm mrare cozaercs Te3aypyc, TOHAJIbHBIE BECa, TEPMUHOB KOTOPOT'O CUMTAIOTCS B 3aBUCUMOCTH
OT YaCTOTHI BCTPEYaeMOCTH B 00ydaeMoil BLIDOPKEe MJIM OT Beca coceleil 1o Te3aypycy. Ha BTopowm mare
Te3aypyc MPUMEHSIETCS JJIsi BBIYUC/ICHNS TPU3HAKOB CJIOB M3 TEKCTOB U KJIACCU(PUKAIIMA TEKCTOB METO-
JIOM OTIOPHBIX BEKTOPOB MJIM HAMBHBIM OafleCOBCKUM KJIaCCH(MUKATOPOM. B 3KcIepuMeHTax ¢ KOPILyCAMI
BBCSport, Reuters, PubMed u xopirycom crareii 06 aMepuKaHCKIX UMMUTPAHTaX aBTOPHI BAPbUPOBa-
JIM TUIbI CBsA3€il, KOTOpbIE yYIACTBYIOT B KJacCU(PUKAINN, U CTEIIeHb WX UCIOJb30BaHudA. Pe3ybTaTol
9KCIIEPUMEHTOB TIO3BOJISIIOT OIEHUTH (P(DEKTUBHOCTH NPUMEHEHUs] Te3ayPYCHBIX CBsi3eil I KJIaCcCH-
duKaIMM TEKCTOB HA €CTECTBEHHOM SI3bIKE W OIPEJEIUTh, IIPU KAKUX YCJIOBUSAX T€ WJIA WHBIE CBSI3U
UMeIOT OOJIBIIYI0 3HAYNMOCTh. B 9acTHOCTH, HamboJIee MOJE3HBIMIA TE3ayPYCHBIMU CBA3AMUI OKA3AJINCH
CUHOHUMWYECKUE W MePAPXUIeCKNe, TaK KaK OHM ODECIIednBAET JIydUIliee KA9eCTBO KIaCCU(MDUKAIAN.

KirroueBbie cjioBa: Te3aypyc, CEMAHTUYECKHE OTHOIIEHUS, T€3ayPYCHbIE CBA3U, TEMATHYECKAs KJIac-
cudukalys, KJIacCuduKaIusg M0 TOHAJTHLHOCTH
s uuruposanus: Jlaryruna H. C., Jlaryruna K. B., [Ilutos U. A., [Tapamonos U. B., "Ananus ucrnonb3oBanus pas-

JIMYHBIX THIIOB CBA3€H MeXK/y TEepMHHAMH Te3aypyca, CT€HEPpHPOBAHHOTO C MOMOIILIO TMOPHUIHBIX METOJOB, B 3aJadax
kiaccudukanun tekcros", Modeauposanue u anaausd un@opmayuonnur cucmem, 24:6 (2017), 772-787.
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BuaaromapaocTu:

1PaBora BrImoHeHa mpu bUHAHCOBOI TOfIepyKe TpanTa IIpesumenta Poccuiickoit ®emeparuy s TOCYIaPCTBEHHON
MOZIEP?KKH MOJIOZIBIX POCCHICKHMX y4eHbIX (rocymapcrsenublii konrpakT Ne MK-5456.2016.9).

2 ABTOpBI Gy1Ar0/IAPAT 3aBeIyoNIyI0 KadeIpoii HHOCTPAHHBIX A3BIKOB TyMaHHTapHBIX dakynbreros Apl'Y, nonenrta Ha-
tasmio Hukonaesny Kacarkuny 3a moAroroBky kopiiyca crareil 06 aMEPUKAHCKUX MMMHUIDAHTaX.

BBenenue

ABTOMaTI/IquKaH 06pa60TKa TEKCTOB Ha €CTECTBEHHBIX A3bIKAX {BJSIETCI HEOTbEMJIEMON
YaCTbI0 COBPEMEHHBIX HH(MOPMAIMOHHBIX TexHo10rnii. HeoOxomMocTh anan3a TeKCTOB
BOBHUKAET IPU PEIIeHNH TaKuX 3a/1a9, KaK IMOUCK MH(MOPMAINH, ITONCK OTBETOB Ha BO-
[IPOCHI, pyOpUKaIys, KJIacCupuKaIis, aHHOTHPOBAHIE JIOKYMEHTOB, MAITUHHBIN IT€PEBO/T
U MHOTO€ JIpyTOe.

OFpOMHoe KOJIM9EeCTBO I/IHCbOpMaL[I/H/I COJEPZKUTCA KaK B KOJIJIEKIIUAX JOKYMEHTOB U3
Nurepuera, Tak ¥ B KHATAX, CTAThAX, Y3KOCIEITHAJIM3UPOBAHHBIX HH(MPOPMAIMOHHBIX Oa-
3ax u T. 1. 151 KatecTBeHHOTO U 3(hPHEKTUBHOTO UCIIOIH30BAHIS ITUX PECYPCOB HEJIOCTA~
TOYHO PacCMaTpUBATh TEKCT KaK HAOOP HE3aBUCUMBIX TEPMHUHOB, TPEOYETCsT YIUTHIBATH
CTPYKTYPY HPEJJIOKEHUI U CBI3b MEKJIY CJIOBAMHU U TEPMHHAMU IIPEIMETHON 00J1acTH.
DTO O3HAYAET, 9TO HEOOXOMMAa MOJIE/Th, OObeIUHSIONAs 3HAHNS O A3bIKe U OCOOEHHO-
CTIX MPeJMETHOI 001acTu. Takoil MOJIEIbIO MOXKET CJIYKHUTH Te3ayPyC, BKIIOYAIONINI B
cebst TEPMUHBI TTPEJIMETHON 00JIACTU U CBA3U MEXKJIy HUMHU.

NzHavyayibHO TE3aypychl CO3IaBAJIMCH JIJIsT WHJIEKCUPOBAHUS JTOKYMEHTOB BPYYHYIO.
B cdepe apromaTuzanum 0HO U3 IEPBLIX TPUMEHEHH Te3aypyca MPOU30IILI0 B 00/1aCTH
MaIHHOTO iepeBojia B 1954 romy [1]. Oxnrako npu aBroMarndeckoii 00paboTKe TeKCTOB
MEXKJIY TEKCTOM U Pe3yJIbTATOM PadOThI HET YeJIOBEKA-IIOCPEIHUKA, UCIIOIL3YIONIEro He
TOJIBKO T€3ayPyC WK CJI0BAPh, HO U CBOM 3HAHUS O IIPeIMeTe UCCaeI0BaHusd. KcTh TOJIBKO
aBTOMaTUIECKHIT IIPOIECC U Te3ayPyC, KOTOPBIH TOJI:KEH BKI0YaTh KaK HabOP OOIIeyIIo-
Tpe6I/ITeJIbHI)IX TEPMHUHOB U cBdA3el MeEXK/y HUMU, TaK U Te 3HaHUdAd, KOTOPbIEC UCIIOJIL3YET
9KCIIEPT JJI aHAJmM3a TekcTa. TakuM oOpa3oM, Te3aypyc, MpeTHA3HATEHHbIN JJIsT aBTO-
MaTUYIeCKOil 00pabOTKI TEKCTOB, J0JI2KEH COJIeprKaTh 3HAUNTEIbHO 00JIbIle HHPOPMAIUN
O IpeIMeTHOI 00/I1aCTH, B YACTHOCTH, OOJIbIIee KOJIMIECTBO TEPMUHOB U OOJIbIIIee KOJIN-
4ecTBO cBsi3eil [2].

Pacmmupenue 6a3bl Te3aypyca BeJeT K yBEJIUIEHUIO U YCI0KHEHUIO OTHOIIEHU MEXK Ly
NOHATHAME Te3aypyca. [[oaToMy, KpoMe pa3BUTHSA W COBEPIIECHCTBOBAHUA METOJOB BbI-
JICJICHUS TAKUX CBA3€H, HEOOXO0IMMO TIOHUMAHKE TOTO, KaK pa3Hble BUJbI CBA3CH BJIUAIOT
Ha 9P HEKTUBHOCTH UCIOJIb30BaHUS TE3ayPyCcOB B TeX WM MHBIX 3ajladaX aBTOMaTHIe-
CKOit 00pabOTKM TEeKCTOB. BO MHOTMX COBPEMEHHBIX MCCJIEIOBAHUAX OTHOIICHUS MEKLY
TepMHHaMM aKTHUBHO HCIIOJIB3YIOTCHA, OJHAKO IIPpAaKTUYI€CKN HUT'JIE BUIAbI CBd3€l He ,ZLI/I(b—
depenrupytorcs, u, Tem 0oJiee, He aHAIU3UPYETCs BIUSIHUE PAa3HBIX THUIIOB CBaA3el HA
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Ka4vecTBO PENIeHnsd paccMaTpuBaeMoit 3aja4un. [1oaToMy aBTOpBI CTaThy B paMKax CBOUX
HCCJIeIOBaHUI B 00/IacTh KitacCu(UKAIUN TEKCTOB 110 TOHAJIBHOCTH ITOCTABUJIN BOIIPOC
O CTeleHU BJIUAHUA CBA3€il TEPMUHOB IPUMEHEHHOTO Te3aypyca. B jannoit pabore omnu-
CaHbI ITPOBEJIEHHBIE B 9TON 00JIACTH SKCIEPUMEHTHI U UX PE3YJIHTATHL.

1. Tezaypychbl u BuJIbl CBs3€ii

Tezaypyc npencrapiger coboil cJI0Bapb, BKIIOUAIOMNI B ceOs TEpMUHDBI WA HOHSATHS,
OpPraHU30BAHHLIN TaKUM 00Pa30M, 9TOOBI YCTAHOBUTDL SIBHBIE OTHOIICHHS MEZKJLy STHMU
repmunamu [3]. TepMun Te3aypyca — 9T0 CJIOBO WM CJIOBOCOYETAHUE, OOLIYHO B (hopMe
CYTIECTBUTETHHOTO WJIM UMEHHOU IPYIIIbI, ABJIAIONIEeCd TOYHBIM 0003HAYEHUEM OIpe/ie-
JIEHHOT'O HMOHATHS Kakoi-1mbo obiaacry 3nanuda. Onuimem 6oJiee IOAPOGHO pasImIHbIe
BUJIbI OTHOIIIEHU Me>K;[y TepMHUHaMU Te3aypyca. O;[HI/IM N3 OCHOBHBIX ABJIAETCA OTHO-
IICHUEe CUHOHUMUK — TOXKICCTBEHHOCTD UM OJIM30CTh 3HAYCHUS CJIOB, a TaKzKe MopdeM,
CHHTaKCHYECKUX KOHCTPYKIUii, cioBocoderanuii. B KilaccmuecKnx Tezaypycax KazkKiast
IpyIIla CUHOHUMOB (POPMHUPYET OTACALHYIO ¢IUHHILY ciaoBapsd — cuHceT. Cpeau CuHO-
HUMOB BBIOMPAETCs JIECKPUIITOP — TEPMUH, KOTOPBIN MPEJICTaB/IAET OTACIbHOE TTOHATHE
npeaMeTHoi obsactu. Jpyrue TepMUHBI U3 CHHOHUMHUYIECKOTO PsJia, BKIIOUYEHHbBIE B CHUH-
CeT, HA3bIBAIOTCA acKpumropamu [4].

B cooTBercTBHM €O CTAHIAPTOM OCHOBHBLIME THIIAMU OTHOMICHUI MEXKY CHHCETAME
Te3aypyca ABISIOTCH CIIeLyIOIIue:

® DOl — BU;
® JacTh — IIEJIOE;

® IIpUYNHA — CJIEJICTBUE;

® ChIPbE — IIPOJIYKT;

® 1IpoIecCc — OObEKT;

® IIpoliecc — CyObeKT;

® CBOICTBO — HOCUTEJb CBOMCTBA;
e (QYHKIMOHAJIBHOE CXOJICTBO;

® A IMUHUCTPATUBHAS UEPAPXUSI;
® AHTOHWMUSI.

B Te3aypycax, NCHOJIB3YEMBIX I aBTOMATHIeCKON 00pabOTKM TEKCTa, BCE 3TU OT-
HOIIICHN, KaK IIPaBUJIO, JeJdTcd Ha JBa THIA: UEepapXUYeCKHe U acCOIlMaTHUBHBIE, TJIe
aCCOIMATUBHAS CBA3b 00O3HAYAET HAJUYUE CBA3U MEXKJy MOHATUAMU, OTIHMIAIONIeiics
OT CHHOHUMUYECKON 1 mepapxudeckoii. Takum obpazoMm, Te3aypyc MpeICcTaBIsgeT co0oit
MOJIeJ/Tb IIPEIMETHON 00/IaCTH, COCTOSIIYIO U3 TEPMUHOB U CHHOHUMHUYECKUX, UepapXuie-
CKIX U aCCOIMATUBHBIX CBA3E MEXKTy HUMM.
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2. (00630p cMexXKHBIX pPaboT

Biuganue Te3aypycHBIX CBs3€eil HA KAYECTBO aHAIN3a TEKCTa PEJIKO AHAJIM3UPYETCS B Ha-
y4HO#l uTeparype. JacTh ucc/ieloBaHnii Ha JTAHHYIO TeMY KacaeTcs 3aJ1a9u UHIEKCUPO-
BaHUsA JOKYMEHTOB U OJIM3KO# K Hell TPo0JIeMbl TEMATUIECKOTO MOJICTUPOBAHUS, JIPYTHe
obsacTi 06pabOTKN TEKCTOB MPAKTUIEeCKU He 3aTpParuBaroTcs. ABTOPBI IPOaHAJN3UPO-
BaJI HECKOJIbKO paboT, MOCBSIIEHHBIX U3YyUYEHUI0 CTPYKTYPhI Te€3aypyca U ee 3HAUEHUs
JIUTSl PEIieHnst TPAKTHIECKUX 3a/1ad.

B pabore [5] ananusupyercs BiusiHIe CTPYKTYPBI Te3ayPyca Ha KA4eCTBO [PEJIMETHO-
r'0 MHJICKCUPOBAaHUs. ABTOPBI pa3pabOTa/I METO/I WH/IEKCUPOBAHNUS, KOTOPBII BK/IIOYAET
B cebsl aJIrOPUTM CjaydaiiHoro OsyxKiaanus. J[aHubIil aaroputM obpadaThIBAET Pa3/ind-
Hble CEMAHTUYIECKUE CBA3U C PA3JIMIHBIMU BEPOSITHOCTSAMU, W, TAKUM 00pa30M, CBA3M U3
Te3aypyca BIUSIOT Ha pe3yabTraT B OOJIbINell W MeHbIeil crerneHn. ABTOPBI IKCIIepH-
MEHTHPOBaJH ¢ YeThipbMs pydrbiMu Te3aypycamm: AGROVOC, HEP, NALT u MeSH —
U BEPOSITHOCTSIMHU JIJIsI MePAPXUICCKUX U aCCOIUATUBHBIX CBs3eil. [lomydennas cpeansis
tounocthb 19.01% nocrarouno mmskag. Ona J1ocTUraeTcss HECKOJBLKUMH BO3MOXKHBIMI
KOMOMHAIIUSAME TIapaMeTPOB MeTOJIa: JIjId TPeX Te3aypyCcoB HEOOXOJIMMO 3aJIaTh BbICO-
KYI0 BEPOATHOCTH JIJIsI aCCONMAIMil W HU3KYIO JIsI OCTAJIbHBIX CBsieit. C Tesaypycom
HEP BosHmKaeT IpPOTHUBOIIOIOXKHAST CUTYyalllsi, THIEPOHUMBbI BJIUSIOT CUJIbHEE JIPYTUX
CBA3ei.

ABropsr crarbu [6] TakyKe MPUMEHSIOT Te3aypyc sl UHJIEKCUPOBAHUS JOKYMEHTOB.
Omnu paszpaborasu noayasromarundeckuii uncrpyment DigiDoc MetaEdit, koropsrit mo3-
BOJISIET TI0JIB30BATEII0 COOTHOCUTHL TepMuHbl n3 Te3aypyca ¢ HTML-nokymentamu. n-
CTPYMEHT COCTaBJIZET HAOOpP BO3MOXKHBIX KJ/IIOUEBBIX CJIOB B 3aBUCUMOCTH OT YACTOTHI
MOSABJIEHUS U PEJIEBAHTHOCTUA TEPMUHA U JIOMOJIHAET 9TOT HaOOP Te3aypPyCHBIMU CHHOHMU-
MaMi, TUIIOHUMAaMU, TUIIEPOHUMAaMU U acconuanusaMu. [Ipu sTom mapamMeTps! aaropurMa
38JIAI0TCS [TOJTb30BATEIEM.

DKCIepUMEHTHI MPOBOAMIACH cO 100 NCHaHCKUMU KYPHAIBHBIMU CTAThAME C TIOPTa-
na BiD u resaypycom TLIS (Thesaurus on Library and Information Science). Asropsr
cpaBHUBaAJI YPHEKTUBHOCTD aBTOMATUYIECKON YacTU MHCTPYMEHTA JIJIsd CIydaeB, KOrja
OH IIPUMEHSIET pa3/IMIHbIe BUIbI Te€3aypyCHBIX cBs3eil. Jlyumras noamora 73% mocrura-
eTCsl IIPU MCIOJIL30BAHUK BCEX BHUJIOB CBs3eil. VcmoJib3oBanne TOIBKO TOPU30HTAIBHBIX
CBSA3EH 1I03BOJIAET 10CTUYL TOIBKO 64%, mepapxuuecknx — 58%. Anropurm 6e3 Tesay-
pyca JIeMOHCTPHUPYET caMylo HU3KyIo mnoanory — 49%.

H. JlykameBud ¢ coaBropamu 7| mpejiaraioT MeTo 1 peleHust 3aa91 TeMaTHIeCKOro
MOJIEJTUPOBAHUS, KOTOPBIi JIONOTHAET HAOOPHI OJM3KUX TeM TePpMHUHAMHU U3 Te3aypyca,
COBJIAHHOTO BPYYHYIO. ABTODBI IIPOBEIN HECKOJIBKO IKCIEPUMEHTOB C ajropurMamMu 6e3
Te3aypyca, ¢ CHHOHUMaM# U C CHHOHMMAMU U TUIEPOHUMAMU, HCIOJIB3Ys JIJId U3Mepe-
HUsI KQIeCTBa METPUKY YHUKAJIbHOCTH sijipa. OHa ONMUChIBaeT, HACKOIBKO Pa3/IMTHBIE Te-
MBI, OIIpEJIe/IIeMbIe TPYIIIAMHU CBA3aHHBIX TE3ayPYCHBIX TEPMUHOB, OTIHYAIOTC JIPYT OT
npyra. B pesyibrate KOMOMHAIMSA JIBYX CBsA3€il obecrieanBaeT JIydiinee 3HaUeHne JTaHHON
merpukn: 0.4-0.7, Torja Kak B ciaydae ajropurva 0e3 Tezaypyca 3Ta XapaKTEePUCTUKA
pasnua 0.3-0.5.

Jlannble uccseoBaHus JEMOHCTPUPYIOT, UTO Pa3JIUYHbIE CIIOCOOBI MCIIOJIb30BAHUSA
cBdA3€ll U3 Te3aypyca CyIMECTBEHHO BJIUAIOT HA PE3Y/ILTAT aHAJM3a TEKCTa HA €CTeCTBEH-
HOM si3bIKe. K coxKasieHnio, 3HaYNMOCTh Te3ayPYCHBIX CBsA3€ll B JaHHON 00/IacTh U3ydeHa
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HEJIOCTATOYHO, B TOM YHUCJIe JJId 3a/a9 KjiaccubuKaIluu TeKCTOB 110 TeMaM I TOHAJIb-
HocTU. B MeTojiax perenus 3Tux 3a/7a4 OObITHO TPUMEHAETCA OJINH THII CBA3€i W BCe
CBA3U yHUMDUIUPYIOTCA U 00pabATHIBAIOTCA OJIMHAKOBO KAK aCCOIMAIINAM.

B pabore (8| perraercst 3a1a1a KiaccuduKaIu TEKCTOB 110 TEMaM [P TOMOIIU Te3a-
ypyca. Tezaypyc OpenOffice 6pasmiabckoro BapuaHTa HOPTYTaIbCKOIO A3bIKA SBJISIETCS
BCIIOMOT'aTe/IbHBIM UHCTPYMEHTOM JIjII COOTHECEHHUS TEKCTOB U TEPMUHOB U3 OHTOJIOTHH.
AJtropuT™ HIET JUTA KaXK0r0 CJIOBA U3 TeKCTa OJIMKaiilime CBsI3aHHble TEDMUHBI U3 Te-
3aypyca u oTOUpaeT Te U3 HUX, KOTOpPbIE COJIEp:KaTCA TakKe U B onToJsioruu. Ha ocnose
9THUX JIAaHHBIX PabOTaeT MPeIoKeHHbIN aBTopamMu Kjaccudurarop. ToIHOCTH U TOJTHO-
Ta, pesysbrara Bbipactaior Ha 7-10% (1m0 60-70%) 110 cpaBHEHUIO ¢ METOJIOM OIOPHBIX
BEKTOPOB 0Oe3 Te3aypyca. Ha cieryromnem srare nccjaeJ0BaHuA T€3ayPyc U OHTOJIOTHS J10-
MOJTHAIOTCS TEPMUHAMU U CBA3AMU BPYYHYIO IIPU MTOMOIIHM SKCIIEPTOB, & TaKXKe aBTOPDI
U3MEHAIOT Mepy OJIM30CTH TePMUHA U TEKCTa. DTO MO3BOJIAET JOCTUYD OJIHUX U3 JIYUIINX
pes3ysbraToB 1o obsactu: 96% TOYHOCTH U TIOJIHOTHIL.

B crarbe |9] uccnenyercs npobiema KiaaccuuKAIMI OT3bIBOB T0JIb30BaTe el HTep-
HEeTa Ha [MO3UTUBHBIE U HErATHBHBIE. ABTODBI IIPEJJIAraioT KJIacCuuKaTop, OCHOBAHHBIN
Ha TPUMEHEHHH aBTOMATHUYECKH CO3JI@HHOIO Te3aypyca. le3aypyc CTPOUTCS 110 BCEMY
KOPIIyCY TEKCTOB, HA KOTOPOM BIIOCJIE/ICTBUU OyJieT 00ydaThcs U padoTaTh KJaccudu-
karop. CjioBa MapKUpPyTCs Ha TOJOXKUTETbHbIE U OTPUINATETbHBIE B 3aBUCUMOCTH OT
TOHAJBHOCTH TEKCTOB, B KOTOPBIX OHM Hallle BCTPEYAIOTCH. TepPMUHDBI, MOSABIAIONIECS
B OJIHOM IIPEJIJIOXKEHUH, CIUTAIOTCS CBA3AHHBIMU aCCOIMATHBHON CBA3BIO, NPUYEM BeC
JIAHHO# CBA3M TaKXKe 3aBHCHT OT YaCTOThI BCTPEYAEMOCTH TEPMHUHOB B OJIHOM W TOM
e Tekcre. Jlajee BBIUHC/IAIOTCS Beca Map TEePMUH—OT3BIB B 3aBHCHMOCTU OT KOJIMYe-
CTBa W Beca CBA3€EH B Te3aypyce MKy JAHHBIM TEPMUHOM M JIPYTUMU CJIOBAMH OT3bIBA.
OTH XapaKTePUCTUKN (GOPMUPYIOT BEKTOPBI OT3BIBOB, KOTOPhIE B UTOrE MOCTYIIAIOT Ha
BXO/I KJ1acCU(UKATOPY, UCIIOJIB3YIOMIEMY METO/I MaKCUMAaJIbHOI SHTponuu. B pesyabrare
nosIydeHsnl ciaemytonie pe3yiabrarsl g 800 nmo3utuBHbIX 1 800 HEraTMBHBIX OT3BIBOB
¢ Amazon: Tounocts 6e3 Tesaypyca 62-72%, TounocTb ¢ Tesaypycom 72-87% — oana us
JIydImX Jijist gannoit 3ajgaqu. [IpesiaraeMbrit MeTO/I MO3UIIMOHUPYETCS KAK HE3ABUCH-
MBIl OT TIPEJIMETHOM 00JIACTH, T.€. €r0 OTEHIINAIBHO MOYKHO UCIIOIb30BATD JIJIsT TEKCTOB
OT3BIBOB 110 JTIOOOI TeMe.

Takum obpasoMm, HECMOTpsI Ha TO, UTO OOJBIIMHCTBO HCCJemoBaresneit He mudde-
PEHIIUPYIOT CEMAHTUUIECKNE CBSI3U PA3JINIHBIX THUIIOB MKy TEPMUHAME Te3aypPyca JIJIst
KJ1accrpUKAIIN TEKCTOB, JTaHHasI AesT ObLIa YCIEITHO TPUMEHEHA, [IJIT HEKOTOPBIX 3a1at
aHaJIM3a TEKCTOB HA €CTECTBEHHOM s3bIKe, ITOITOMY €€ MOYKHO TOIBITAThCS PacIIpOCTpa-
HUTH U Ha cdepy KaaccupuKaimn.

3. Kuaaccudukammsa TeKCTOB 110 TeMaM C IIPUMEHEeHneM
Te3zaypyca

Temaruyeckas Kiraccudukalus TEKCTOB — 9TO 3ajada pas3jesienns KOpIlyca TeKCTOB Ha
HECKOJIBKO KJIACCOB (BO3MOYKHO TI€PECEKAONIIXCS ), KAXKIbIil U3 KOTOPBIX 0003HAYAET OC-
HOBHYIO TeMy TeKcTa. [l 1eseil JaHHOTO HCCeIOBaHUS aBTOPBI MCIOJIB3YIOT aJIro-
PUTM TEMATUYECKONW KIacCU(UKAINI, KOTOPBIN JIOMOJTHAET CYIIECTBYIONUH aJIropuTM
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BM25 [10] mpore/ypoit, npuMeHsiforieii crenuaan3upoBaHHbIil Te3aypyc, pa3paboTaH-
HBI aBTOpaMU.

3.1. T'enepanus Te3aypyca

Crenuain3upoBaHHbII T€3aypyC MeHEPUPYETCsI MOJHOCTIO aBTOMATUIECKN Ha KOPITyCe
TEKCTOB 3aJaHHON MpeIMETHON 001acTH, KOTOPBIe 3aTeM OyIyT KJIacCupUIMPOBATHCS.
DTO MO3BOJIFET CO3JATh MOJENb IPEeIMETHON 00/IaCTH, OIMUCHIBAIONLYI0 OCHOBHBIE TE€MbI
JIAaHHOM 00JIaCTH M CBA3M MexKy HuMH. [logpobHas xXapakKTepucTuKa pa3paboTaHHOIO
ruOpPUJIHOIO AJINOPUTMA M IIOJIYYaloIerocss B pe3y/braTe Te3aypyca JaHa B IPeIbLLy-
mieit crarbe aBropos [11]. JarHbrit aaroputm obbennHsier B cebe HECKOJIBKO CYIIECTBYO-
MNX CTAaTUCTUYICCKUX 1 JINHI'BUCTUYECCKUX aﬂFOpI/ITMOB BbIJIc/ICHUA TeSayPYCHbIX CBHSeﬁ,
32 CYET 3TOr0 OH II03BOJIAET IOCTPOUTH 3HAYUTELHOE KOJIMYECTBO PA3JIMYHBIX CEMaH-
TUYECKUX CBsA3eil MeXKJly TepMHHaMU. KparTkoe olmcaHne MaroB ajroOpuTMa BBITJISLIUT
CTCIYIONUM 00pa30M:

1. Beraenenne repyunos amropurmom TextRank [12].

2. HOCTpOGHI/Ie CEMaHTHUYECKUX CBA3el MeE2KYy TEpMUHaAMN (aCCOHI/IaTI/IBHbIX, CHUHOHU-
MHNYECKHUX U1 I‘I/IHOHI/IMO-FI/IHepOHI/IMI/IquKI/IX) I‘I/I6pI/I,ZLHbIM METOJO0M.

3. OunpTpanusd TEPMUHOB, HE UMEIONINX CBA3EN.

B pesysibrare paboTh aJiropuT™Ma co3aeTCs Te3aypyc ¢ OOIBITUM HAOOPOM TEPMUHOB
U Pa3JUYIHBIX CBA3€EN MeXK Ty HUMU. TaKyKe OCHOBHBIM JIOCTOMHCTBOM &JITOPUTMA ABJISIET-
¢ TO, YTO OH PabOTAET IMOJTHOCTHIO ABTOMATUYECKU U HE TPeOYET BMEIIATeIbCTBA SKCIIED-
Ta HU HAa OJTHOM dTalle, TIO9TOMY Te3aypPyC FeHePUPYETCs JT0CTaTouHO ObicTpo. CpaBHeHne
C CYIIECTBYIOIIUM Te€3ayPyCOM, IIOCTPOEHHBIM BPYUYHYIO, I0KA3aJI0, YTO aBTOMATUIECKU
Te3aypyc MOKa3bIBAET XOPOIINe TOYHOCTb U IMOJHOTY TEPMUHOB M CBHA3€M, ITO3TOMY OH
MOZKET YCIEIIHO IPUMEHSThCs 7T 00paboTKu TekcToBoit nadopmanuu [11].

3.2. Kiuaccudukaliusa TeKCTOB

[TocTpoenHblit Te3aypyc MPUMEHSIETCsT aBTOPAMHU JIJIsi TEMaTUIeCKON KIacCupPUKAITIN TeK-
CTOB Ha €CTECTBEHHOM A3BIKE. ABTOM&TI/I‘{eCKaH KJI&CCI/I(i)I/IKaL[I/IH OCYIIECTBJIACTCA IIPpU
IIOMOIIH CTaHapTHOTO ajropurMa BM25 Buja «obydenne 6e3 yuuressd», KOTOPBIH J10-
MTOJTHUTETHHO YINTHIBAET CBA3HM MEKIYy TEPMUHAMHU Te3aypyca. BXOTHBIMYU JaHHBIME JJTs
AJITOPpUTMa ABJIAIOTCA KOPIIYC TEKCTOB, HE Pa3ME€YCHHbIX II0 KJIaCCaM, CIIMCOK KJIaCCOB U
aBTOMATUYECKUI Te3aypycC.

AJITOPUTM COCTOUT U3 CJIEYIOMINX IIaroB:

1. BbI,ZLeJIeHI/IG BCE€X CYIIECTBUTEJ/IbHBIX U IIpUJIaraTe/JIbHbIX U3 TEKCTOB U BbIYUCJ/ICHUE
JaCTOT UX BCTpEIaeMOCTH.

2. Cosztanue Jijisd KakJI0ro K/jacca CIIICKa TEPMUHOB-COCEIEl 110 Te3aypycy.

3. PamxupoBanue 1map TekcT-KJjacc ajropurmom BM25 B 3aBUCHMOCTH OT YaCTOTHI
BCTPEYAEMOCTU TEPMHUHOB KJIACCA U UX COCEICH.
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CuavaJjia aJropuT™ BeIOUPAET U3 TEKCTOB OT/Ie/IbHbIE TEPMUHBI, CTPOUT JIJIsl KAXKJIOTO
TEKCTa MHBEPTUPOBAHHBIN UHJIEKC M CUATAET YaCTOTY BCTPEYAEMOCTH KarKJIOTO CJIOBA.

3areM 1T TEPMUHOB KJIACCA HAXOJATCS COCEU 110 Te3aypycy IIepBOro MopsjKa, T.€.
TEPMUHBI, UMEIOINTUE C HUMU MPAMYIO CBI3b — CHHOHUMUYECKYIO, TUIIOHUMUYECKYIO WU
TUIEePOHNMUYIECKYT0. Acconmariuu He 0OpabaThIBAIOTCs, TAK KaK OHU 9acTO 0003HAYAIOT
JIOBOJILHO CJIA0YIO0 CEMAHTUYIECKYIO CBA3b U JIaYKe MOT'YT CBA3BIBATE CJI0BA U3 PA3HBIX TEM,
HAIPUMED, «TPOMO» U «cepiednblil Kianany. C CHHOHUMHYECKUMH W MepapXuieCKUMU
CBA3AMU CUTyalldsi oOpaTHas: OHU B OOJIBITUHCTBE CJIYUAEB OTPAXKAIOT CBA3U MEXKJLY
TepMUHAMU U3 OJIHON M TON K€ TeMbI, TaK YTO JIyUIle TOJXOJIT JIJIT TeEMaTUIeCKOTO
COIIOCTABJIEHNS] TEKCTOB U KJIACCOB.

Ha nocnienenm mrare npumensierca BM25 yia nap TekeT—KJacc, 9To0bI paHKUPOBATH
TEKCTBI B 3aBUCUMOCTHU OT TEPMUHOB KJIACCOB U UX TEPMHUHOB-COCeIeil 110 Te3aypycy. Jlan-
HBII aJITOPUTM TOIYJIAPEH TPU PEMICHUN PA3IUIHbIX 38/1a9 aHaIn3a TEKCTOB, B TOM YUC-
ne kiaccudukanun [13]. Takke oH He TpeGyeT HACTPONKHU JTOMOJTHUTETHHBIX TAPAMETPOB
1 O0ydYeHUs Ha CYIIECTBYIONIMX KOPITycax JAHHBIX, TIO9TOMY OH JIETKO JIOMOJIHAETCS 00-
paboTKoil uHbOpMaIUu U3 Te3ayPyca, TaK UTO XOPOIIO MOJXOJUT JIJId ITesieil JAHHOIO
UCCTIEJIOBAHUS.

4. Kiraaccudukanms TEKCTOB II0 TOHAJIbHOCTHI
C IPUMEHEHNEM Te3aypyca

[Ipobsiema kiaccudukaum TEKCTOB 10 TOHAJBHOCTU TOJAPa3yMEBAET pa3jie/ieHue KOp-
IIyca TeKCTOB Ha J[Ba UJIU DOJiee KIacca B 3aBUCHMOCTH OT TOHAJIBHOCTU TEKCTa B IEJIOM:
Ha ITIOJIO2KUTEJIbHbIE WMJIM OTpHUIlaTe/JIbHbIC, MJIN Ha IIOJIO2KHUTEJIbHBbIE, OTPpUIlaTE/IbHBIC U
HeliTpajbHble. B jgaHHOI paboTe paccMaTpuBaeTcs 3ajada KaacCUPUKAIUN OOJIBIITNX
HOBOCTHBIX CTaTell Ha JBa KJIACCA C UCIOJb30BAHUEM aBTOMATHIECKU CTEHEPUPOBAHHOTO
Te3aypyca.

[Ipearaemblit aBTOpaMU TOAXO, COCTOUT U3 CJACIYIONINX JIBYX IArOB: CO3IaHUe TO-
HAJILHOTO Te3aypyca U Kiaccudukalius TekcToB. Ha mepBoMm 1mmare moiHOCTbIO aBTOMATH-
YECKM CO3/IAeTCsl Te3aypPycC, Ha BTOPOM CTAThU KJIACCUMDUITUPYIOTCS TIPU TOMOIIU METOa
OIIOPHBIX BEKTOPOB M HAMBHOI'O 0aileCOBCKOTO KJlacCH(PUKATOPA, IIPUIEM BEKTOPHI IPU-
3HAKOB COCTaBJISIIOTCsI HAa OCHOBE BECOB TEPMHUHOB B Tesaypyce. Oba Imara mojrydaror
Ha BXO/I KOPITyC HeoOPabOTAHHBIX HOBOCTHBIX CTaTell, IIPEIBAPUTEIHLHO Pa3/IeICHHBIN Ha
00y YAIOIIY IO U TeCTOBYIO BRIOOPKHU. OOyUatomiasi BBIOOPKa N3HAYAIHLHO ObLIA ITPOMAPKU-
poBana dKcrepTaMu-(puIogoraMu.

4.1. T'enepanusa Te3aypyca

B kadecTBe TEpMUHOB TOHAJIBLHOI'O Te3aypyca BBIOMPAIOTCS BCE CJIOBA, KOTOPbIE MOT'YT
IMETh MOJIOZKUTEJIbHYIO WJIM OTPUIATEIbHYIO CEMAaHTHUKY: CYIIIECCTBUTEIbHBIC, IIPUJIara-
TeJIbHBIE, IJIaroJibl n Hapeuns. CBA31 MeK/ 1y HUMU CTPOSTCS 10 aJITOPUTMY, OITUCAHHOMY
B IIpebLIyIeil riase. Pe3ysibTaToM JAaHHOTO aJropuTMa SBJISETCH CIEUAJIT3UPOBaH-
HBII T€3ayPyc ¢ OOJIBIITIM KOJTUIECTBOM CUHOHUMHUYECKUX, ACCOIUATUBHBIX U TMIIOHUMO-
TUNIEPOHUMUYECKHUX CBsA3ell. BOJIbIoe KOJMYIECTBO CBA3EN MOYKET TO3BOJIMTH BBITUCIUTH
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6oJ1ee TOIHYIO UNCIOBYIO XapaKTEPUCTUKY TOHAJILHOCTA TEPMHUHA, TaK KaK TOHAJIbHOCTH
B JIAHHOM cJIydae OyJIeT 3aBUCETH CPa3y OT HEeCKOJBLKUX COCEJIEll TEpMUHA TI0 Te3aypycCy.

Ha mociennem stame renepaiiuu TepMUHAM COIIOCTABJIAIOTCS TOHAJIbHBIE Beca, 000-
3HaJAoNe TOHAJLHOCTL: oT —1 ;o 0 jjisg orpunaresbHbIX U oT 0 g0 1 Jutd 1oJI0Ku-
TeJbHBIX TepMUHOB. CHavaja CIMTAIOTCS Beca TeX TEPMHUHOB, KOTOPhIE BCTPEYAIOTCS B
obOyuarorieil BbIOOpKe TeKCTOB. [[0CKO/IBbKY TEKCTHI B JAHHON BBIOOPKE YK€ ITPOMAapPKU-
POBaHBI 10 TOHAJTBHOCTH, €€ MOYKHO PaCIpPOCTPAHUTHL U HA TEPMUHBI.

ABTOpPBI TIPEINOIOKIIN, UTO MOJOKATEILHBIE TEPMUHBI Yallle BCTPEYAIOTCS B I10-
JIOXKUTEJILHBIX TEKCTaX, & OTPUIATeTbHbIE — B OTPUIATETHHBIX, TTOITOMY HCIIOIH30BAIN
JIUIsE Beca TEPMEHA CJIeyontyto dopmyny: w = (p—n)/(p—+n), rue p obo3HAUAET, CKOJIb-
KO pa3 TEePMHH IOABUJICA B TOJIOYKUTEJILHBIX TEKCTaX, 1 — B OTpUNATEIbHBIX. /lanHasd
dopmysia MO3BOJISIET HA3HAYUTh TOHAJBHOCTH M3 juala3oHa oT —1 o 1, onmcaHHOIO
BBIIIIE.

Jlasee HEOOXOAMMO BBIYUCIUTD BECa TEPMHUHOB, KOTOPHIE HE BCTPEYAIOTCA B 00ydato-
el BEIOOPKe, HO HOSIBJISIIOTCST B TECTOBO. ABTODPHI IIPEIIIOIOKIIN, 9TO TEPMIHBI, NMe-
IoIe OOIIYIO Te3aypPYyCHYIO CBA3b, UMEIOT M OJIM3KYIO TOHAJIbHOCTH. [loaToMy TOHAL-
HOCTH MOYKHO BBIYHC/INTH, OMUpasch Ha Beca cocelieil 1o Te3aypycy. ra peammzamun
JIAHHOHM MJIen KaXKJIOMY THUIly CBA3M OBbLI HA3HAYEH CBOH KOI(MPUITUEHT I Tpeodpaso-
BaHUs TOHAJbHOCTHU, KOTOPBIH BapbupoBaJcsd ot 0.1 g0 1.0.

AJtropuT™M BBIYHCIEHUST BECOB 110 TE3ayPYCHBIM CBSI3AM cJieytomuii. Ecim y repmuna
€CTh CHHOHUMbI, MAPKUPOBAHHBIE 110 TOHAJILHOCTH, OEPETCsT NX CPEJIHNI BeC 1 yMHOXKAET-
cs1 Ha, KOO (DUIMEHT CBSI3U, PE3y/IbTaT 3alllUChIBACTCs KaK Bec TepMuHa. Ecin y Tepmuna
TaKUX CUHOHUMOB HET, HO €CTh I'MIIEPOHUMBI, aHAJOTMIHO MOCTyHalT ¢ HuMu. U ecian
y TepMHUHA UMEIOTCA TOJIBLKO acCOIMAINN, CpejHee 3HaUeHne, YMHOKEHHOe Ha, Ko du-
IIMEHT, CIUTAEeTCsd JIJIA HUX. TaK KaK CBA3eil B Te3aypyce JOCTATOYHO MHOTO, Y KaxKJI0TO
TepMuHa OyJIeT XOTs ObI OJUH MAapPKUPOBAHHBIN coces.

Takum obOpasoM, creHepupOBaHHBIN Te3aypyc COJAEPXKUT HaOOP TEPMHUHOB U3 IIPE]I-
METHO# 00JIACTH, CEMaHTHIECKUE CBA3M MEK/Iy HUMU U TOHAJIbHBIE BECa BCEX TEPMHIHOB.

4.2. Kuaaccudukamms TEKCTOB

ToraIbHOCTH TEPMUHOB CO3JAHHOTO Te3aypyca HMCIOIb3YeTCsl JJI BBIYUC/IEHUS] BEKTO-
POB IIPU3HAKOB, MCIIOJIb3yEeMbIX Jlajlee B aJaropurMme Kiaaccudukannn. Kaxkmgomy Tekcry
CTABUTCS B COOTBETCTBHE YHCJIOBOI BEKTOP, Pa3Mep KOTOPOTO PaBeH KOJTUIECTBY TEPMHU-
HOB B Te3aypyce. KaKplil 3/1eMeHT BEeKTOPa COOTBETCTBYET KOHKPETHOMY T€3ayPYCHOMY
TEPMUHY U CUNTAETCs KaK MpousBejieHue w - F, rje w — 310 Bec TepmuHa, a F — HeKo-
TOpasi CTAaHJAPTHAsS CTATUCTUIECKAs XapPAKTEPUCTUKA IMapbl TEPMIH—TEKCT, 3aBUCHIIA
OT YacTOThl BCTPEUYAEMOCTH TEPMUHA B KOPIIyCe WJIM TEKCTe U/UJIM OT ero Beca B Te-
3aypyce. ABTOPBI HCIOJIB30BAIN YETHIPE PA3JIUIHbIE CTATHCTUIECKIE XapaKTePUCTUKU:
TF*IDF, koadpdunuent Ixunu, paccrosaue Kynnbaka—/Jleiibaepa, B3aumuas nadop-
Malst 1 Kputepuit x? [14].

Ha nocseaem sTalte BEeKTOPBI IPU3HAKOB TOIAIOTCS Ha BXOJ OJHOMY U3 CTaHIapT-
HBbIX OMHAPHBIX KJiaccuukaTropoB. MHOIHe McciIeloBaHus MOKA3bIBAIOT, YTO JIYYITUMU
KJIaccuuKaTopaMu Jjisi BBIYUCICHUS TOHAJTBHOCTU TEKCTOB SIBJISIIOTCS AJITOPUTMbI Ma-
muHHOro 06yuenus [15]. Cpen JaHHBIX AJTOPUTMOB OJHUMHU U3 caMbIX 3(DOEKTHBHBIX
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CUUTAIOTCS METOJI OIIOPHBIX BEKTOPOB U HAaWBHBI OaitecoBckuil kiaccudukarop [16], mo-
TOMY OHM OBLIN BBIOPAHBI aBTOPAMU IS PEAIN3AIAN IPEJIaraeMoro IMOIX0IA.

5. Kopnyca TeKCTOB M MeTOANKAa MPOBedeHUS
9KCIIEPUMEHTOB

Hpe,Z[JIO}KeHHbIe aBTOpaMM aJI'OPUTMBI KJIaCCI/ICbI/IKaHI/H/I TECTUPOBaJINCh Ha HECKOJIBKHX
KopIlryCaX aHIVIOA3bIYHBIX TEKCTOB U3 Pa3/IMYHBIX obsacTeil 3HaHMIL:

e Kopnyc PubMed (https://www.nlm.nih.gov/databases/download/pubmed_
medline.html) comepxkur 1000 memunuuCcKuX crareii u3 63 Kiaccos, obinee KO-
JmdecTBO 0B — 154 850.

e Kopmyc Reuters (http://www.daviddlewis.com/resources/testcollections/
reuters21578/) cogepxkur 1534 sKoOHOMIUECKHE CTATHH U3 15 KIaccoB, obiee Ko-
JimgecTBO cj1oB — 294 813.

e Kopmyc BBCSport (http://mlg.ucd.ie/datasets/bbc.html) comepxkur 737 HO-
BOCTHBIX CIIOPTUBHBIX CTaTeil U3 5 KJIACCOB, 00IIee KOJIUIeCTBO CJIOB — 253 667.

e Kopmyc crareit 06 amepukanckux umMurpantax un3 razetr The New York Times,
The New York Post u The Los Angeles Times. On comepxkut 56 crareit, u3 aux 34
ITOJIOYKUTEJILHBIX U 22 OTPUIATE/ILHBIX, 00IIee KOJIMIecTBO c10oB — 37 669. Kopiryc
OBLI CO3/IaH U pa3MeveH [0 TOHAJIHHOCTH SKCIIePTaMU-(DUI0I0raMu.

[IepBbie Tpu KoOpIlyca TEKCTOB UCIOJIHL30BAIUCH JIJI TEMATHYECKO KJiaccuduKalu,
MOCJIETHUI — J1JTs1 KJIACCU(DUKAIIY 110 TOHAJILHOCTH. TaKKe 4eTBePThIil KOPITyC ObLIT pa3-
JIeJieH Ha 00y YaloIy 0 M TECTOBYIO BBIOOPKH, 110 17 IOJIOKUTEIbHBIX U 11 oTpHuIiaTe/ IbHbIX
craTeil B KaxKJI0M.

Oba anropurma KaacCupUKAINY Pean30BaHbl Ha S3bIKe MporpaMMupoBanus Python
c ucnosbzoBarneM oubanoreku NLTK (http://www.nltk.org). lannas 6ubinoreka co-
JIEPYKUT peaM3alii CTaHJAPTHBIX aJrOPUTMOB 00pabOTKN TEKCTOB M MAITMHHOTO 00Y-
YeHUsI, B TOM YUCJI€ HAUBHOIO 0aiileCOBCKOTO KJIACCU(MUKATOPA U METOJIa OIMOPHBIX BEK-
TOPOB.

[Ipornieypa oreHKN pe3ysibTaToOB K/IacCHMUKAIINN TaKyKe OblLIa HAlMCAHA HA S3bIKE
Python. ABTopb!l mpuMeHWIN JIjIsT OIEHKH CTAHIAPTHBIE METPUKHU KAYIeCTBa: TOUHOCTD,
HOJTHOTY, F-Mepy ¥ 110J110 TIpaBUIbHBIX 0TBETOB [17].

Crestyer OTMETUTD, 9TO JIJIsT TEMATHIECKOH K/taccuuKaIuu ObLIN BBIOPAHBI MIKPO-
yCPeTHEHHbIE METPUKHU, KOTOPbIE CUUTAIOT TOJIHOTY U TOYHOCTH OJTHOBPEMEHHO IO BCEM
KJIACCaM, TaK KaK KJACCOB y TEKCTOB JIOCTATOYHO MHOI'O ¥ MOJICYET OTJETbHBIX 3HAUe-
HUI MEeTPUK JJIs KaXKJIOTO KJIacca YCJIOXKHUAT aHaIn3 pe3y/abTaTa. 3a/iada BTOPOro THIIA,
KJIACCU(DUKAIIHS 110 TOHAJTBHOCTH, TIOJPAa3yMEBACT JIeJIEHUE BCEr0 HA J[Ba KJIACCA, I0ITOMY
TOYHOCTB, OJIHOTA 1 F-Mepa cuauTa/mch OT/Ie/IbHO I TTOJOKUTETbHBIX U OTPUIATE b=
HBIX TEKCTOB.


https://www.nlm.nih.gov/databases/download/pubmed_medline.html
https://www.nlm.nih.gov/databases/download/pubmed_medline.html
http://www.daviddlewis.com/resources/testcollections/reuters21578/
http://www.daviddlewis.com/resources/testcollections/reuters21578/
http://mlg.ucd.ie/datasets/bbc.html
http://www.nltk.org
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6. Pe3yibTarbl 3KCHEPUMEHTOB

ABTOpBI TIOCTABUJIN HECKOJIBKO SKCIIEPUMEHTOB C pa3pabOTaHHBIMU aJITOPUTMaMU U IIPU
9TOM BapbUPOBAJJIN WX HapaMeTPhl: TMOAKJIIOYAIN PA3JINIHbIe TUITHI CBA3EH 110 OT/IeIHLHO-
cTH U B KomOuHaruu. /ljis aaropurma reMaTndeckoil KiaaccuuKaIul TakK»Ke N3MeHsIICS
nopor duibTpanuu: ecan pesyiabrar BM25 6b11 MeHbie onpeesnennoro mopora (0, 2
i 4), napa KJIacc—TeKeT oTBeprasach. /s ajqropurma KaaccuUKAIMU [0 TOHATIBHO-
CTH pPacCMATPUBAJIMCH pa3jmdHbie Koadduimentsl cs3eit or 0.1 g0 1.0 ¢ marom 0.1.
B nmammom citydae K03 UIUEHTHI JIsT PA3HBIX TUIIOB CBI3€il MCIIOIb30BAINCH, ITOOBI
ITPOaHAJIN3UPOBATH U3MEHEHHUE CTEIIeHN BJIUSHUSA KayKJ0TO TUTIA CBA3KW B OTJIEJTHHOCTH.

Tabmuma 1. Temarmdaeckas knaccudukamnusa kopiyca BBCSport
Table 1. Topical classification of the BBCSport corpus

Cesi3u [Topor dunbrparmmn P R F A

HeT 4 0.835 0.096 0.173 0.815
CUHOHUMBI 4 0.828 0.098 0.175 0.815
TUIIOHUMBI 4 0.790 0.107 0.189 0.816
TUTIEPOHUMBI 0 0.403 0.479 0.438 0.754
CUHOHWUMBI U TUIIOHUMBI 4 0.784 0.109 0.191 0.816
CUHOHUMBI U THIIEPOHUMBI 0 0.399 0.482 0.437 0.751

Tabsuna 2. Tematudeckas kiaccudukarus Kopiyca Reuters
Table 2. Topical classification of the Reuters corpus

Casaznu [Topor dunbrparmm P R F A

HET 4 0.738 0.246 0.369 0.933
CHUHOHUMBI 2 0.519 0.559 0.538 0.924
CHHOHUMBI 4 0.749 0.276 0.404 0.935
BCE 0 0.329 0.746 0.457 0.859

Tabmuma 3. Temarudeckas kiaaccudukanus kopiyca PubMed
Table 3. Topical classification of the PubMed corpus

Casaznu [Topor dunbrparun P R F A

HeT 4 0.234 0.065 0.101 0.943
CUHOHUMBI 4 0.216 0.072 0.109 0.941
TUTIEPOHUMBI 2 0.169 0.169 0.169 0.917
BCE 0 0.125 0.201 0.154 0.890

B rabsmmax 1, 2, 3 mpejcTaBiieHbl JIydIlne pe3y/IbTaThl KJIACCH(PUKAIIUN IO TeMaM
JUTsT Kayk10ro Kopiryca TekctoB. CumBosibl P, R u F' 0603HA9a0T TOYHOCTH, TOJHOTY
u F-mepy coorBercrBeHHO. A —3TO 70/ IpaBUIBHBIX OTBeTOB (OT accuracy). «Her»
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B I[IEPBOM CTOJIOIE 3HAYUT, UTO JIAHHBIN SKCIEPUMEHT MPOBOJUJICA C AJTOPUTMOM 0e3
CBdA3€l, a «BCe» — YTO MOJKIIOYAINUCH BCE CBIA3U: TUIIOHUMbBI, TUTIEPOHUMbBI U CHHOHUMHBI.

N3 pesynabraTos Kiaccudukanun Hopocreit BBCSport BugHO, 9TO JIydIIyIO TOYHOCTD
0.835, o camyio Huzkyto noaHoty 0.096 obecrieunBaeT ajaropuT™, KOTOPBIH HE UCIOJIb-
3yeT Te3aypyc. Jlydmas mosmrora 0.482 u BMecTe ¢ TeM Xyamas TouHocTh 0.399 y asro-
PUTMA, UCIOIB3YIONIEr0 CHHOHUMBI U TUIIEPOHUMBI U BMECTE C T€M He HCIOJIL3YIOMIETO
dunbrpanuo. [pumedarenbao, uro ero F-mepa 0.437 oTnmmyaercd or Jiydiineil Bcero na
0.1, KoTopas ABJIgETCS PE3yIBTATOM aJrOPUTMa C THIepoHuMamu. Jlydmas mnoss mpa-
BIWJIBLHBIX OTBETOB (.816 y ajropmuTMoB ¢ CHHOHMMAaM{ W THIOHHMAMH, T.€. OHH JAIOT
OOoJIbIIIe BCETrO MPAaBWILHBIX OTBETOB, HO F-Mepa y Bcex mux nHuskas: 0.175-0.191. Ta-
KM 00pa3oM, Jiydiine Xapakrtepuctuku s Kopinyca BBCSport mocruratorces 3a cuer
UCIIOTb30BaHUS UEPAPXUIECKUX CBA3ZEN.

g xopryca Reuters caMbIMI 3HAYMMBIME CBSI3IMU OKa3aJMCh CUHOHUMBIL. VIMeHnHO
AJICOPUTMBI ¢ HUMHE obecrieanBaroT Jjiydinyo F-mepy 0.538 u jiydIinyro J10/10 MpaBuIbHbIX
orBeToB 0.935.

Pezynbrarsr kinaccudukamun PubMed mosryuniuch HUBKUMU JIJIsi BCeX KOMOMHAITMIMA
Te3aypPYCHBIX CBsI3eil. AJITOPUTM BBIJAJ CJUITKOM MAJIO AP KJIaCC—TEKCT, TIO9TOMY TOU-
HOCTb U 1TOJTHOTa He 1peBbimalor 0.25. {osg npaBuIbHBIX OTBETOB BBICOKA 3a CUYET TOrO,
YTO OHA YYUTHIBAET, CKOJBKO TEKCTOB ObLIO BEPHO HE COOTHECEHO C HETOIXOSIIIMU
KJIACCAMHE, U 32 cYeT GOJIBIIOro KOJIMIecTBa KaaccoB (63) 9T0 YHCIO TOCTATOYHO OOJIb-
Ioe.

KauecrBo kiraccudukaium 1o TOHAJILHOCTH BBIIIIE TEMATUIECKON B aOCOIIOTHBIX UHC-
snax. Ee pesynbrars! npejiacrasienbl B Tadumnax 4-10. P, R u F' o6o3HavYal0T TOTHOCTb,
notHOTY U F-Mepy, HUKHUE MHJIEKCHI neg U pos — OTPUIATEIbHBIN U TOJIOKUTEIHLHDBIIT
kjacchl TekcToB. CioBa Hyp, Syn n Assoc mojipasyMeBaioT UCIOJIB30BaHUE B IKCIIEPHU-
MeHTe TMIIEPOHNMOB, CHHOHUMOB M aCCOIAAIUi.

Tabmuma 4. Knaccudukarms 1o TOHAJILHOCTH ¢ METOIOM OIIOPHBIX BEKTOPOB 1 KO3 u-
nmenToM JIxkunn
Table 4. Sentiment classification with SVM and Gini Index

Casa3u Kosdbdunnensr A Preg  Rpeg  Freg  Ppos  Rpos  Fpos
HeT 0 0.643 0.571 0.364 0.444 0.667 0.824 0.737
Hyp 0.1,0.3,0.7,0.9 0.750 1.000 0.364 0.533 0.708 1.000 0.829
Syn u Assoc 1.0 m 0.6 0.714 0.800 0.364 0.500 0.696 0.941 0.800

Tabmna 5. Kitaccudukarus 1mo TOHATBHOCTA ¢ HAMBHBIM 6aifleCOBCKUM KJIacCH(DUKATO-
pom u Koapburnmentom Jxxunn
Table 5. Sentiment classification with Naive Bayes and Gini Index

Csasnu Kosddunmeno A Preg  Rneg  Frneg  Ppos  Rpos  Fpos
HeT 0 0.607 0.500 0.273 0.353 0.636 0.824 0.718
Syn 0.5 0.714 0.800 0.364 0.500 0.696 0.941 0.800
Assoc 0.6 0.679 0.667 0.364 0.471 0.682 0.882 0.769

Syn n Hyp 1.0 1.0 0.679 0.667 0.364 0.471 0.682 0.882 0.769
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Tabmua 6. Kinaccudukarus 1o TOHAIBHOCTH C METOJIOM OIMOPHBIX BEKTOPOB U PACCTO-
aunem Kynbbaka—/leiibmepa
Table 6. Sentiment classification with SVM and information gain

Cas13u Kosddunmento A Preg  Rpeg  Freg  Ppos  Rpos  Fpos
HET 0 0.571 0.444 0.364 0.400 0.632 0.706 0.667
Synu Hyp 1.0m 0.5,0.6,0.9 0.750 0.833 0.455 0.588 0.727 0.941 0.821
Syn u Assoc 1.0 m 0.5 0.714 0.714 0.455 0.556 0.714 0.882 0.789

Tabmmma 7. Knaccudukarus 1Mo TOHaJIbHOCTA ¢ HAaUBHBIM OaileCOBCKUM KJIacCH(pUKATO-
pom u paccrogaueM Kynnoaka—/Jleitbiepa
Table 7. Sentiment classification with Naive Bayes and information gain

Casasu KosddurmenTor A Preg  Rneg  Freg  Ppos  Rpos  Fpos
HET 0 0.643 0.667 0.182 0.286 0.640 0.941 0.762
Syn 1.0 0.714 0.800 0.364 0.500 0.696 0.941 0.800
Syn u Hyp 1.0 0.1, 0.9 0.750 1.000 0.364 0.533 0.708 1.000 0.829
Syn u Assoc 1.0 0.3 0.714 0.800 0.364 0.500 0.696 0.941 0.800

Tabsmma 8. Kitaccudukaliyst 110 TOHAJIBHOCTH ¢ METOIOM OITOPHBIX BEKTOPOB U B3aUMHOI
nHdopmarmei
Table 8. Sentiment classification with SVM and mutual information

Casa3u Kosdbdurnmennr A Preg  Rneg  Frneg  Ppos  Rpos  Fpos
HET 0 0.607 0.500 0.364 0.421 0.650 0.765 0.703
Syn 0.1-0.9 0.643 0.571 0.364 0.444 0.667 0.824 0.737
Hyp 0.5 0.714 0.800 0.364 0.500 0.696 0.941 0.800

Syn u Hyp 1.0m 04,08 0.643 0.571 0.364 0.444 0.667 0.824 0.737

Tabsuna 9. Knaccudukarys 1o TOHAILHOCTH ¢ HAUBHBIM 6aiieCOBCKUM KJIacCu(DUKATO-
poM U B3amMHOI nHMOpMAaIueit
Table 9. Sentiment classification with Naive Bayes and mutual information

Cssazn Kosdbdurnmenor A Preg  Rneg  Frneg  Ppos  Rpos  Fpos
HET 0 0.607 0.500 0.273 0.353 0.636 0.824 0.718
Hyp 1.0 0.750 0.833 0.455 0.588 0.727 0.941 0.821

Synu Hyp 1.0m 05,08 0.750 0.750 0.545 0.632 0.750 0.882 0.811

Kazktast Tabsmuia onmucbiBaeT pe3ysIbTaThl KIacCuUKAINI cTaTeil 00 aMepuKaHCKIX
UMMUTPaHTaX I [Map KJjaccupuKkaTop—XapakTepucTUKa Beca TepMuHa. B Tabauibl He
pormn tapel ¢ TF*IDF u mapa GaitecoBckuil KiaccudukaTop — Y2, Tak KaK UX Pe3yiIb-
TaThl OKA3aJMCh HUXKE OCTAJbHBIX U IIPU 9TOM HE 3aBUCEJH OT CII0c00a MCIIOIb30BAHUST
re3aypyca. OTMETHM, 9TO BO BCEX CJIYUIAAX PE3YIbTATHI JIJIsT AJITOPUTMOB C TE3YAPYCOM
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Tabmma 10. Kiaccuduxanus mo TOHAJILHOCTH ¢ METOJIOM OHOPHBIX BEKTOPOB 1 >
Table 10. Sentiment classification with SVM and x?

Caasu Kosdbdunnenor A Preg  Rneg  Frneg  Ppos  Rpos  Fpos
HET 0 0.643 0.571 0.364 0.444 0.667 0.824 0.737
Hyp 0.2, 0.6 0.679 0.667 0.364 0.471 0.682 0.882 0.769
Syn u Hyp 1.0u 04 0.679 0.667 0.364 0.471 0.682 0.882 0.769
Syn u Hyp 1.0mu1 0.8 0.679 0.625 0.455 0.526 0.700 0.824 0.757

Syn n Assoc 1.0 0.1-0.9 0.679 0.625 0.455 0.526 0.700 0.824 0.757

OKAa3aJIiCh BBIIIE PE3Y/ILTATOB AJITOPUTMa Oe3 HEro, a B OOJIBIIIMHCTBE CJIyYIaeB — 3HATM-
TEJILHO BBIIIIE.

B coderanun ¢ METOJIOM ONOPHBIX BEKTOPOB 1 Kodhduimentom [xkunn (tabauna 4)
JIYUIINNA Pe3y/IbTaT M0 BCEM XapaKTEPUCTUKAM JIaJI0 UCIOJIb30BaHUE TUIIEPOHUMOB, ITPH-
qeM KO3 UIUEHT TUIEPOHUMOB MPAKTHYECKU HE UTPAET POJIU: OH MOXKeT ObITb 0.1,
0.3, 0.7 wmm 0.9. [l cogeranus OaitecoBckuii Kaaccudurarop — kodddurment /Kunn
(Tabisiuia 5) TO yKe MOYKHO CKa3aTh [IPO CHHOHUMBI ¢ Koaddurmentom 0.5.

[Ipu sxcnepumenTax ¢ KoMOUHAIEH MeTO/Ia OTIOPHBIX BEKTOPOB 1 paccTogHus Kyib-
baka—/leiibsiepa (Tabiuma 6) cHOBa BBIJE/ISETCS KOHKPETHBIN CIydail ¢ CHHOHUMAMU U
UIIEPOHUMAaMU, KOTOPbIl obecriedanBaeT Jiydiine pe3yabrarbl. Cjie/lyeT OTMETUTb, 9TO
caydail ¢ CHHOHUMAMM M aCCOIMAIMAMU HE3HAYUTETLHO XYy2Ke, IMOYTH BCE €r0 METPU-
KU OTJUYAIOTCA OT JIydmmuX He Gosbiie gem Ha 5%. U nng kombunanmm GaiiecoBCKmii
kyaccudukarop — paccrosaue Kynbbaka—/Jleitbiepa (Tabauma 7) jydinme pes3yabraThbl
o0ecIevnBalOTCs MMEHHO CMHOHUMAaMU ¢ Kodddurmentom 1.0.

[t KoMOMHAIMI METOJI OIIOPHBIX BEKTOPOB — B3auMHasi utdopmarus (tabsuna 8) u
baitecoBcKuil Kiraccudukarop — B3anMHast nHdopManus (Tadbuura 9) SBISIOTCS 3HAYU-
MBIMHU U CHHOHUMBI, ¥ TUIIEPOHUMbI, TaK KAK UMEHHO OHU U UX I1apa MO3BOJIAIOT JIOCTUYh
CaMbIX BBICOKMX 3HadeHuit MmeTpuk kadectBa 0.75-0.95. [Ipumevarenbuo, 9To Ko du-
IUEHT CUHOHUMOB ObL1 paBeH 1.0, a kodddumment runeponnmon Kojedasicga ot 0.4 j10
1.0.

[Ipu sKcHepuMeHTax ¢ KOMOMHAIMell MeTo/la ONOPHBIX BeKTOpoB u X2 (Tabsuna 10)
ObLJIO OOHAPYZKEHO, YTO TUI UCIOJIb3YEeMOIl Te3ayPYCHO CBA3U He UrpaeT OOJIBITION POJIn:
XOpoIIue pe3y/IbTaThl ObLIN 0OeclieueHbl KaK T'MIIEPOHIMAMU U UX MAPOil ¢ CHHOHIMAMH,
TaK U Mapoil CHHOHUMBI — aCCOIUAIINN, TTPUIEM KOIMD@PUIIMEHT acCOIMAINil OKA3AJICS He
3HAYUMBIM.

[TogBoj1st mTOTM BCEX IKCIEPUMEHTOB, ABTOPhI OOHAPYKUJIN CJIEIYIONINE 3aKOHOMED-
Hoctu. Vcnosmb3oBanue Te3aypyCcHBIX CBA3€l CYIIECTBEHHO yBEJIMYUBAET KavdeCTBO pe-
3yJIbTaTa MO0 BCEM XapaKTepHCTUKAaM 10 CPaBHEHWIO ¢ ajropuTMamu Oe3 tesaypyca. Ca-
MBIMH 3HQYMMBIMHU CBA35IMH B Te3aypyce OKa3aIich CHHOHIMUYECKNEe U nepapXxmiaecKue,
TaK KaK B Pellenusx o0enx 3a/1a4 KacCuuKaIluu UMEHHO OHU ODECIIEINIIN JIYUIIIe Pe-
gyabTarhl: F-mepy 0.5-0.8 u j1os1t0 npaBusbHbix orBeToB 0.75-0.9. AcconmaTuBHbIe CBsA3U
He CJIeJIaIn CYIIEeCTBEHHOTO BKJIAJIa B KAYeCTBO PE3YJIbTaTa, KaK BUJIHO TPAKTUYECKH U3
BCEX HKCIIEPUMEHTOB C PA3HBIMU TTapaMeTPaMU.

Jpyrag 3aKOHOMEPHOCTD 3aKJII0YAETCd B 3aBUCHMOCTH CIIOCODA UCITOJIb30BaHUs Te3a-
ypyca OT IpeMeTHOH 00JIaCTH TEKCTOB. DKCIIEPUMEHTHI MOKA3a/ i, ITO JJIsT HOBOCTHBIX
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tekcroB BBCSport 6o/tee KatecTBEHHBIN pe3y/IbTaT JAI0T HePapXUIeCKue CBA3U, a JIJIsd
SKOHOMUYIECKHUX TeKcToB Reuters — cunonnmudeckue. /Ijist Oobmmx ra3eTHbIX crareii 06
NMMHUTPAHTaX OKA3a/MCh BaXKHBIMI CPa3y JBa THUIA CBs3eil: CHHOHUMBI W THIIEPOHUMBI,
pudeM HU OJHY U3 HUX HEJIb3s BBIJICJUTH KaK HanboJiee 3HAUUMYIO.

SaKJII0UeHue

UccnemoBanne pe3ysibraToB KaacCHDUKAIIMA TEKCTOB U3 PA3HBIX MPEJIMETHBIX 00/1acTell
[O3BOJIAET CJIEJIATh HE TOJBKO OOIINi BRIBOJ, O HAMOOJIee CYIECTBEHHOM BJIMSIHUU CHHO-
HUMUYECKUX U MEPAPXUIECKUX CBSI3€f 110 CPABHEHHUIO C aCCOIMATUBHBIMU, HO U BBIJIE-
JINTH OoJiee JleTajibHble 3akoHOMepHOCTH. Hanbosiee BasKHBIM ¢ TOUYKM 3PEHUS aBTOPOB
SIBJISIETCST TO, 9TO B XOJIe KJIACCU(PUKAIINA KOPOTKUX HOBOCTHBIX TEKCTOB CYIIECTBEHHOE
BJIMSTHIE OKa3aJ/l OJINH THUII CBsi3eil, B TO BpeMs KaK MPHU KJIACCUPUKAINN cTaTeil O0JIbITOo-
ro obbemMa HaWIydIlie Pe3yJIbTaThl OKa3a/iCh [IPU MCIIOJIB30BAHUN BCEX CBA3EH MeXK Iy
TepMUHAMU Te3aypyca. ITO MOXKET ObITH OOYCJIOBIEHO TE€M, YTO TOJIHOIEHHbBIE ITyOJIHITH-
CTUYECKHE TEKCThI HA €CTECTBEHHOM SI3BbIKE UCIOJIb3YIOT ropa3ao 60jiee 60raTyio JeKCUKy
U CTPYKTYPY HPEJIOKEeHNI, B OT/IMINe OT KOPOTKUX HOBOCTHBIX IybOsimkarnmii. [Tosromy
JUTST aHAJIM3a TAKMX TEKCTOB HEOOXOINM Te3aypyc, 0018 Iafominii OOTBITIM KOJIMIECTBOM
TEPMUHOB U CBA3EH MEXKIy HUMH.

Jlpyroit BarKHBII BBIBOJI 3aK/II0YAETCS B TOM, UTO BJIMSHHE Pa3HBIX THUIIOB CBSI3€i
MEXK/Iy TEePMUHAME 3aBHCUT OT KOHKPETHOW MpeIMEeTHO# 00/jiacTu. DTO HaDJIOIeHMe
HYKJIaeTCsI B JOMTOJTHUTEIHHOM TIATEIHHOM UCCe0BaHun. Eie 01HO HallpaBIeHue Jist
JaJIbHEIIel paboThl 3aK/II0YACTC B JICTATU3AIIME aCCOIMATUBHDBIX CBA3EH 1 aHAIN3e X
BJIMAHUSA 1IpU 00pA0OTKe OOJIBIINX TEKCTOB, KaK IYOJIUIUCTUYECKUX, TAK U HAYYIHBIX,
XYJIOKECTBEHHBIX U T.JI. B jirobom ciydae, uccjeoBaHus MOKa3aJ/Iu, 9TO CBI3U MEWKLY
TEepMUHAMU SIBJISIOTCS BaXKHEHTIEH 1acThio Te3aypyca Kak MOJEH IPeIMEeTHOH 001acTu
U 9TO TIIATE/JBHBIH BBIOOP CIocoba MX MCIOJIB30BAHUS MO3BOJIAET 00Jiee KavdeCTBEHHO
pemrarhb 3aJa91 aBTOMaTHIeCKO 00pabOTKI TEKCTa.
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Abstract. The main purpose of the article is to analyze how effectively different types of thesaurus
relations can be used for solutions of text classification tasks. The basis of the study is an automatically
generated thesaurus of a subject area, that contains three types of relations: synonymous, hierarchical
and associative. To generate the thesaurus the authors use a hybrid method based on several linguistic
and statistical algorithms for extraction of semantic relations. The method allows to create a thesaurus
with a sufficiently large number of terms and relations among them. The authors consider two problems:
topical text classification and sentiment classification of large newspaper articles. To solve them, the
authors developed two approaches that complement standard algorithms with a procedure that take
into account thesaurus relations to determine semantic features of texts. The approach to topical
classification includes the standard unsupervised BM25 algorithm and the procedure, that take into
account synonymous and hierarchical relations of the thesaurus of the subject area. The approach to
sentiment classification consists of two steps. At the first step, a thesaurus is created, whose terms
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weight polarities are calculated depending on the term occurrences in the training set or on the weights
of related thesaurus terms. At the second step, the thesaurus is used to compute the features of
words from texts and to classify texts by the algorithm SVM or Naive Bayes. In experiments with
text corpora BBCSport, Reuters, PubMed and the corpus of articles about American immigrants, the
authors varied the types of thesaurus relations that are involved in the classification and the degree of
their use. The results of the experiments make it possible to evaluate the efficiency of the application
of thesaurus relations for classification of raw texts and to determine under what conditions certain
relationships affect more or less. In particular, the most useful thesaurus connections are synonymous
and hierarchical, as they provide a better quality of classification.

Keywords: thesaurus, semantic relations, thesaurus relations, topical classification, sentiment classi-
fication
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3agada o KpardaiiliieM IMyTH B KpaTHOM Ipade

Cyvupros A.B.!

noayvena 23 aseycma 2017

AnHOTaN M.

B crarpe BBOmUTCS OmpesesieHre HEOPHEHTHPOBAHHOTO KPATHOTO rpada Mpon3BOIBLHON HATYPAIh-
Hoil kparnoctu k > 1. Kparusrit rpad comepkut pedbpa Tpex THIOB: OObIYHbIE, KDATHBIE H MYJIBTUPEODA.
Pebpa mocieauux AByX THUIIOB MIPEJICTABISIOT OO0 00beanHeHne k CBSI3aHHBIX pedbep, KOTOPhIe COeTu-
HsatoT 2 wiu k + 1 BepmiuHy coorBercrBeHHO. CBsizaHHBIE peOpa MOI'YT HCIOJIB30BATHCSI TOJBKO COTJIa-
coBaHHO. Fcim BepmnHa MHIMIEHTHA KAKOMY-JIHOO0 KpATHOMY PeOPY, TO OHA MOXKET OBbITh WHITAIEHTHA,
IPYTUM KPATHBIM pedpaM, a TaKyKe OHA MOXKET OBITH OOITMM KOHIIOM Kk CBSI3AHHBIX pPebep KaKOTro-JIr0o
MyabTupebpa. Ecin Bepmmna SBIsTeTCss OOIUM KOHIIOM KAKOTO-IU00 MYJILTAPEOpa, TO OHA, HE MOXKET
OBITH OOIIIM KOHIIOM HUKAKOrO JPYTroro MyabTupedpa.

O1ie/IbHO paccMaTpUBAETCsl KJIACC JEJIUMbBIX KPATHBIX rpadoB, OCHOBHOI OCOOEHHOCTHIO KOTOPBIX
SIBJISIETCsl BO3MOYKHOCTD BbIJIeJIeHUsI k dacTeil, COrJIAaCOBAHHBIX Ha BCEX CBI3aHHBIX pedpax U He Coiep-
xKamunx obmux pebep. Kaxknas u3z gacreil sBasgeTcss OOBITHBIM IPAdOM.

s kparHOrOo rpada 060OIAIOTCS TMOHATHST CTEIMEHW BEPINUHDBI, CBA3HOCTH rpada, MyTH, KA,
Beca pebpa U JITUHBI Ty TH.

BBOLLI/ITCH IIOHATHUE MHOXKeCTBa JOCTUZKMMOCTHU IIO O6bI‘{HbIl\fI " 110 KpaTHbIM pe6paM, onpeaesdeTcd
CBOIICTBO CMEXKHOCTH JIBYX MHOXKECTB JOCTIRKHMOCTH. [loKa3aHO, 9TO IIPOBEpKaA CBSI3HOCTH KPAaTHOTO
rpada MOXKeT OBITh BBITIOJHEHA 33 IOJAHOMHUAJBHOE BPEMs C MOMOIIBHIO AJTOPUTMA, OCHOBAHHOIO HA
MMOMCKE MHOYKECTB JOCTUKUMOCTH ¥ MPOBEPKHU UX CMEXKHOCTH.

PaccmarpuBaercst Kpurepuit CymecTBOBaHUST KPATHOTO IIYTH MEXKJY JBYMsl BEPIIHHAMU U CTABUT-
¢ 3aJ1av9a 0 KpaTdaiiieMm KpaTHOM myTH. CTPOUTCsST aJIfOPUTM MOMCKA KPATUAMIIETro MyTH B KPATHOM
rpade, KOTOPBIi UCIOJIB3YeT ajaroputM JlefKeTphl j1jis noncka Kpardaimmx myTeil B moarpadax, coor-
BETCTBYIOIIUX OTIAEIbHBIM MHOXKECTBAM JIOCTUZKAMOCTH.

KiroueBsbie ciioBa: kpaTHbIl rpad, geauMblit rpad, MHOYXKECTBO JIOCTUXKUMOCTH, CBSI3HOCTD, KPATHBIH
IyTh, KpaT4YalIuil IryTh
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BBenenmne

B namnoit craThbe MbI BBeJEM HOHATHE kpamtozo 2paga KpaTHocTu k > 1 u paccMoTpum
3aj1ady o KpaTdaiimeM myTu B neMm. Kparnbie rpadsr coaepkar Tpu Tuna pebep (00brd-
Hble, KPATHBIE U MYyJIbTHPeOpa) U SBJsIIOTC 00001IeHneM 00bIYHBIX rpadoB — M0 CyTH,
0OBbIYHBIHN rpad mMeeT KpaTHOCTh k = 1.

Cpesin Apyrux u3BeCTHBIX 0000IeHNT rpacOB CTOUT BBIJIE/IUTH MYJIBTUTPAMDBI, I'U-
neprpadsl (cMm., Hanpumep, [1] — [2]), a rakxke metarpadsr (em. [3] — [4]), kKak HAmbOICE
Omm3Kue HaM KoHIenmuu. /lelicTBUTEIbHO, KaK U B MyJbTHIpadax, B KPaTHLIX rpadax
JIOIYCKAETCsT HAJIMIKe HECKOJIbKIX pebep MexK Iy mapoil BepuiuH (Habop Takux pebep Mbl
Oy/ieM B JlajibHERIeM Ha3bIBaTh KpamHvim pebpom), OJHAKO B CIydae KpaTHOro rpada
KOJIMYECTBO Takux pebep JI0JKHO OBITh cTporo paHbiM k. B kparHbix rpadax mpu-
CYTCTBYIOT MYAbmMupebpa, coenHdgroNme MexK 1y coboit k + 1 Bepmmnay. Ho B oriutine
oT runeppebdbep runeprpada, MyJabTUPeOPO TPeJICTaB/IAeTCA B BUJie k CBA3aHHBIX pedep,
UMEIOIINX OJUH OOIIUil KOHeIl, IpudeM Bce 3TH k pedep T0KHBI HCIIO0JIb30BaTbCS CO-
ritacoBanto. o cyru, nmousgTue MyapTupedpa OJIM3KO MOHATHIO pedpa MeXK/Iy BEPIITHHOM
u MetaBepimHoit B Mertarpade. [Ipu sTom B Mertarpade, HAIIOMHUM, METAIYTb MeXK-
Jly JIBYMsI MeTaBepITuHaMi (DAKTUIECKHN MOJETUPYET IPUIUHHO-CJIE/ICTBEHHBIE CBSA3U B
HEKOTOPO# TpeMeTHo obstactu. OIHAKO B KPaTHOM Tpade HCIOIb3yeTCs IPUHITAIIN-
AJIbHO MHOM TTOX0/T K OIPEIETeHUIO Ty TH: KPamHovili nymb JTOJIKEH COCTOATH POBHO W3
k OOBIYHBIX IIyTel, MPOXOAAIINX IO OOBIYHBIM pebpaM, a TaKKe 110 CBA3aHHBIM pedpam
KPaTHBIX ¥ MYJIbTHPEOEp; IPH 9TOM IIyTH JOJZKHBI OBITH COIVIACOBAHBI (OJIMHAKOBBI) HA
KPaTHBIX U MyJbTHpeOpax. [losromy KpaTHbIil rpad HEMb3s CIUTATH YACTHBIM CJIydaeM
MeTtarpada.

Pamee (cm. [5] — [6]) M paspaborasim obobmienue Teopun norokos Popaa—Pankepcona
(em. [7]), HA3BaHHOE KPATHBIMH CETSMH M KpaTHBIMU HOTOKaMu. B crarbax [8] — [10]
KPATHBIE CEeTH U MOTOKHU UCIOJIB3YIOTCS JJI TIOUCKA PENIeHrs 3a/1a91 [eJT0YNCIeHHOTO
cOa/laHCUPOBAaHUS TPEX- U YeThIPEXMEPHONH MATPHIIBL. 3ajada Ie/JJ09nCIeHHOTO cOaIaH-
CUPOBaHUS SIBJISIETCS TACTHBIM CJIydaeM MHOTOMHJIEKCHBIX 3a/1ad IEeJI0UUCTeHHOTO JIH-
HeifHoro mporpammupoBanus (cMm., Hanpumep, [11] — [13]), upu srom ona N P-moina
(em. [14]). B pabore [8] mokazano, 4To CBeeHME 38149 [IEJIOIUCIACHHOTO COATaHCHPOBa-
HUS TPEXMEPHON MATPHUIIBI K TOUCKY HAMOOJIBIIET0 KPATHOTO IOTOKA B CETH KPATHOCTH 2
B OOJIBIIMHCTBE CJIydaeB OKasbiBaeTcsi Oosiee 3(hMEKTUBHBIM, HEXKEIU TPUMEHEHNEe CTaH-
JIAPTHBIX METOJIOB PEIeHUs 3313t 1eJI0OUUC/IEHHOTO JTUHEHTHOTO MPOrpaMMIPOBaHUs. 3a-
MEeTHM, ITO 3a/1a49a IEeJOUNCICHHOr0 cOaTaHCUPOBAHUS UMEeT Psijl IPUJIOKEeHHH B cdepe
SKOHOMUKHY, YIIPABJICHUS, (DUHAHCOB.

CiretlyeT OTMETUTH, YTO KPATHBIE CETU SIBJISIIOTCS YACTHBIM CJIYIaeM KPATHBIX I'Da-
dboB, paccMaTpuBaeMbIX B HACTOSIIEH CTaThe, a TMOHATHE KPATHOTO ITyTH B KPATHOM I'Da-
e 6m3KO MOHATHIO 0H6OOIIEHHOTO TyTH MPOPBIBA, HA MMOCTPOCHUH KOTOPOI'O OCHOBAHBI
AJITOPUTMBI TIONCKA, HAUOOJIBIIETO TIOTOKA B KPATHON CETH.

1. Kparnasbiii rpad

B [5] — [6] 6bL10 BBemeno nonsaTHE Kpammol cemu U PACCMOTpEHa 3a/atda O HanOOJIbIIeM
KPaTHOM IIOTOKE B Takoii cerr. Tak ke, Kak 0OBbIYHAS CETh ABJIACTCS YACTHBIM CJLYYacM
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obbraHOro rpada, KpaTHas CeTh sIBJISETCS YaCTHBIM CydaeM KpaTHoro rpada. Beemem
COOTBETCTBYIOIINE OIIPEIeICHUS.

Onpenenenue 1. B xauecmee KpaTHOro rpada npoudsosbhots Hamypaivhotl Kpammo-
cmu k > 1 pacemampusaemen epagp G(X, E), meocdy sepwunamu kKomopozo mo2ym
bvims pebpa 00Ho20 u3 3 6udos:

1) oberanoe pebpo e°; MmHoscecmeo obvunmx pebep 0603navum wepes E°;

2) KkpartHoe pebpo eF mesrcdy deymsa eepwunamu, xomopoe cocmoum us k odunaro-
BbLT CBAAHHBIT PebEP; CA3AHHBIE PEOPA KPAMHO20 PEOPA MO2YM UCTLOABI0BAMBCA TMOND-
KO CO2AACOBANNO; MHOICECTNGO KpamHur pebep obosnavum wepes B ;

3) cBs3aHHOE PEOPO € MeHcdy 08YMA BEPUUHAMU, UMeIOwee 00uH 00WUl Koney ¢
dpyeumu k — 1 pebpamu (y aobvx deyx u3 k ceasannvir pebep moavko 00un Koney
ABAAEMCA OOULUM,); MHONCECTNBO CEAZAHHHIL 00wLell epuunol pebep bydem Ha3vleamov
MyJIBTUPEOpOM €™ ceazarHble Pebpa MYLLMUPEODA MO2YM UCTLOABI0BATNDHCA MONKO CO-
2AGCOBAMMHO; MHONCECTNBO MYyAbMUPebep 0003navum wepes ™.

Ecau sepuuna unyudenmua xaxomy-subo xKpammomy pebpy, mo oxa moxcem 6vimo
UHYUJEHMHG OPY2UM KPAMHOLM PEODAM, G MAKHCE OHA MOACEM OBIMDL 00UUM KOHUOM
KaK020-AUO0 MYALMUPEOPQ.

Ecau sepwuna aeasemces o6uwum KOHUOM KaK020-AUbO0 MYALMUPEODA, MO OHA He
Motcem. bvimsb 00ULUM KOHUOM HUKAK020 OPY2020 MYALMUPEODA.

Onpenenenue 2. Kpamnoit epad Aeaaemcs OPUEHTHPOBAHHBIM, €CAU TOMA Obl Ha 00-
HOM OOBIYHOM, KPAMHOM UMY MYsvMuUpedpe 3adano nanpasaenue. [Ipu amom opuenma-
YUA BCET CBAZANNBIT PEOED KPAMHO20 UM MYALMUPEOPA CO6NAJAEM.

B namnoit paboTe MbI OrpaHUYMMCHA PACCMOTPEHUEM HEOPUEHTUPOBAHHBIX KPATHBIX
rpados.

Onpepenenue 3. llerneit 6 xpammom epage aAsisemcesa obviuHoe U KpamHoe peopo
suda {x,x}, ede x € X.

OrmernM, ato niersist {x, 2} B KpaTHOM Tpade 00sI3aTeIbHO SIBJISIETCsT KPATHBIM pPeb-
POM, eCJTi BEPIIUHA & WHIIAIEHTHA KAKOMY-IU00 KpaTHOMY PeOpy M/IN ABJISIETCs OOINM
KOHIIOM MyJibTupebpa. B mporusHOM cirydae netist {x, z} obsi3aTeIbHO ABIAETCS 00BIY-
HBIM PEOPOM.

Onpenenenue 4. /las 110600 cepuwunov. © € X onpedeaena ee crenerb degr — xoauve-
CMB0O OOBIMHBLT UAU CEAZAHHBLT pebep, UHUUJEHMHBIT .

Takum obpasoM, Kaxjoe obbidaHOe pebpo Buja {z,y} nobasiser 1 kK degz, Kax-
Joe kparaoe pebpo Buga {x,y} mobasisier k K degx, a Kaxkioe MyJbTHPEOPO BUIA
{z,{y1,...,yr}} nobasnser k x degx u 1 K KaxgoMy U3 degy;.

Onpenenenne 5. Bepuiuna A6AAEMCSA BUCITIEH, eCAl OHG UHYUOEHMHA MOABKO 00HOMY
peopy.

Cremxyer OTMETHTD, UTO CTEIIEHb BHCsYell BEPIIUHBI paBHA 1, ec/ii OHA MHITUIECHTHA
0OBITHOMY pPedpy JIMOO SIBJISIETCs KOHIIOM OJIHOI'O CBSI3aHHOI'O pedpa KaKOT'o-TO MYJIbTH-
pebpa. Ecin ke Bucgdas Bepimna WHIMICHTHA KPATHOMY peOpy JIMOO ABJIAETCSA OOIIIM
KOHIIOM MyJIbTHpeOpa, TO ee cTeleHb OyIeT paBHa k.
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Teopema 1. > degz =2 (|E°| + k|E¥| + k|E™]).
zeX
CripaBe IIBOCTb TeOPEMbI | cJiejiyeT HEoCpe ICTBEHHO U3 ONPe/Ie/IeHHsT CTETIeHU Bep-
IUHBI B KPAaTHOM rpade.

CJIG,[[CTBI/IG 1. Koauvecmeo GEPWUH HEWEMHOol cmenenu 4emHo.

Onpeneinienue 6. /lemmMbiM KpaTHBIM TpadoM Ha306eM Makot 2pad, O0ad Kaxrcdo20
MYALMUPEOPA KOTOPO20 HE CYULLCTNEYEM NYMU U3 KOHUA 00H020 C8A3GHH020 Pebpa 6 Ko-
Hey, dpy2020 C8A3AHH020 PEOPA MO020 HCE MYALMUPEOPA, NPOLOOAUE20 TOAKO NO 00bIY-
HOLM PEOPAM.

OueBuIHO, UTO NIPU YIAAJEHUU BCEX MYJIbTUDPEOED /UMb Tpad Pacruaiercs Ha n
KOMIIOHEHT CBSA3HOCTH (CBSI3HOCTb 3JI€Ch TIOHUMAETCsI B TOM YK€ CMBICJIe, UTO U JJIsT 0ObIY-
HBIX TpadOB), KazK1ast 13 KOTOPBIX COJIEPKUT TOJBKO KpaTHbIE pebpa 60 TOJIBKO 00bIY-
uble pebpa. [Ipu sToM cBaA3aHHbBIEe pedpa KaxKJI0ro MyJIbTHpedpa MOXKHO ITPOHYMEPOBATH
or 1 no k Takmm 0Opas3oM, UTO KaxKIOW KOMIIOHEHTE CBA3HOCTU, COJEpIKAIeil TOJIBKO
oObrunble pedpa, OyAyT MHIMJIECHTHBI CBA3aHHBIE pedpa MYJIbTUpeOEep C OJIMHAKOBLIMU
HOMEPaMU.

Omnpegnenenne 7. Yacroio G; (i € 1,k) deaumozo epaga G(X, E) nazosem nodzpag,
codepoicawuti ceA3anNvIe PEOPA C HOMEPOM T GCET KPATMHBIT U MYALMUPEOED, a4 MaKIICe
KOMNOHEHMbL CEAZHOCTAU, COCMOAULUE U3 0ObMHBLT DEbEp U UHUUOEHHDIE T-M CEA3AH-
HOLM pebpam 6cex myasvmupeodep.

OueBngHO, UTO KaxKkgasd 4acTh (7; gBjigeTcs oObIIHBIM I'padoM. IIpu sToM Bo3MOK-
HOCTB BBIJeIeHUsT dacTeit (G; SIBJIgeTcs 0COOEHHOCTRIO JeINMbBIX I'pacdoB. B obiem ciaydae
oIy 9uTh 9actu (G; He yIacTes.

2. KparHblii yTh U 3ajila4a O HAMMEHbIIIEM KpaTHOM
MMyTHU

Jaaum Terepsb orpejiesieHne KparHoro mytu. OCHOBHOE OT/INYne KPATHOTO Iy TH OT Iy TH
B OOBIYHOM T'pade COCTOUT B TOM, UTO CBA3aHHbIE pedpa KaxKJI0ro KPaTHOTO U MYJIbTH-
pebpa JTOIKHBI TTPOXOIUTHCA B 9TOM IIYTU COIJIACOBAHHO.

Ounpenenenne 8. S(r,y) = UX Si(z,y) acasemca KpaTHBIM IyTeMm U3 BepIIMHB T B
Bepimny y 6 epagie G(X, E), ecau 8vnoanenvs caedyrousue yeao6us:

1) Si(z,y) = ({z,v}} {vl, o5}, .. {vl_y, vi}h, {vl y}), 2de p > 0, — nocaedosamenn-
Hocmb pebep, npedcmasasouLas coboti 0bvunwLll (Hekpamuouil) nymov u3 x 6 y, 2de Kaoic-
doe pebpo {a,b} ascasemea aubo obvrunvim pebpom 6 epage G(X, E), aubo i-m ceazan-
HoLM PEOPOM KPamHo20 Uiy Mysvmupebpa. Ecau 6 nymo S(x,y) ne exodum nu 00Ho2o
Kpammoeo uau mysvmupebpa, mo S*(x,y) = S3(x,y) = ... = S¥(z,y) = o;

2) sepuwutvl, He ABAAOULUECA OOULUM KOHUOM CEAZAHHLT pebep MYysbmupebpa u He
unyudenmuvie Kpammnvim pebpam, mo2ym ecmpenamuvcs 6 S'(x,y) Heckoavko pas, mo
ecmo S*(x,y) mooicem codeporcamnv UuKAvL;

3) sepwunvl, UHUUIEHMHDBIE KPAMHOM PEOPaM AUOO ABAAOULUECA OOULUM KOHUOM
myavmupebpa, ne mozym ecmpemumuca 6 S*(x,y) deascov;
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4) moboe obwiuroe pebpo mosicem ecmpevamvea 6 SU(x,y) Heckoavko pas, npuuem
HANPABACHUSA, 6 KOMOPHIL OHO NPOTOOUMCA 6 PASHHIL STOHCOCHUAT, MO2YM He COGNA-
damu;

5) obviunoe pebpo, exodswee 6 S'(x,y), moocem makoice 6xodumn 6 moboti S (x,y),
j A |

6) ece nymu S*(x,y) coeaacosanst (00unaK06bL) Ha 06WET wacmu. IMo Yciosue 03Ha-
Yaem, 4mo ecal CeA3GHHOE PEOPO KAK020-MO KPAMH020 U MYALMUPEOpa 6X00um 6
nexomopuiti nymo S*(z,y), mo ocmaavrve ceazanmvie pebpa JoAHCHDL 6TOOUMDB 60 GCe
Si(z,y), j £ (no odnomy ceasamnomy pebpy 6 xasicovd S?(x,y) ). IIpu smom nopadox
6T02ICOEHUA 6CET KPAMHHLT U Myavmupebep 6o 6ce S'(x,y) odunaxos;

7) ecau S(x,y) codeporcum myavmupebpo {xo,{x1,...,xr}}, nporodumoe 6 nanpas-
ACHUL OM 06ULe20 KOHUA, MO OH HE MONCEM CO0epIHCAmb HUKAK020 0pY2020 MYALMU-
pebpa {yo, {x1,...,2k}}, nporodumozo 6 mom oice nanpasaenuu. Anarozuunoe ycaosue
DONIHCHO BHINOAHATNGCA U 6 CAYUAE OGUNCEHUA K 0OUEMY KOHUY.

Ounpepnenienne 9. Kpamuvid nymov S(x,y) A6aaemcs KPATHBIM IUKJIOM, €CAU T =Y U

S(z,y) # 2.

VcisoBue 6 B onpefiesieHnn 8 (paKTUIECKH sABJISETCs TpeOOBaHMEM CUHXPOHHOCTHU WC-
HOJIb30BAHUST CBS3aHHBIX pebep (IpU JBUKEHUU [0 KPATHOMY IIyTH COOTBETCTBYIOIIUE
CBsI3aHHBIE PeOpa MPOXOJIATCS MAPAJIIETHHO). TaKoii MOJIX01 K OIpeIeIeHII0 KPaTHOTO
yTH $BJIsIeTCs HamboJjiee ecTecTBeHHBbIM. [Ipm 3TOoM ycmoBusg 2 u 4 JIOMyCKAIOT HAJIU-
qne MUKJINYECKHX yYaCcTKOB B vacTsax 1yTH S°(z,y), COBOKYIHOCTH KOTOPBIX, OJIHAKO,
He 00pa3yeT KPaTHOro IMUKIa. Bo3MOXKHOCTE J00aB/IeHNs] TAKUX ITUKJIOB B IIyTh BIOJIHE
OlpaB/IaHa JlazKe I JIEJUMBIX KPATHBIX IpadoB, YTO MOXKHO TPOUJLIIOCTPUPOBATH CJIe-
JIYIOIITUM TTPUMEPOM.

[Ipumep 1. [Iycrs KpaTHOCTb kK = 2 1 A IMMBII Tpad UMEET CTPYKTYPY, IIPeICTaBICH-
HyIO Ha puc. 1 (PKUPHBIMEU JITHUSIME 000O3HAYEHBI KPATHBIE peOpa, pas/BarBaOIIIMUCST
JIMHUSME 0003HAYEHBI MYJIBTHPEODA).

Puc. 1. Henuwmbrit rpad kparHocTu 2
Fig. 1. Divisible graph of multiplicity 2

Herpynuo ybemurbest, 9to myTh S(Zg,T12) B 9TOM rpade MOKHO MOCTPOUTH €JIH-
CTBEHHBIM 00pa3oM (cBsi3aHHBIE pebpa KPaTHBIX pebep BBIJIEJIEHbI OJHOKPATHBIM I0JI-
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YepPKUBAHUEM, MYJIbTHPEOEp — JBONHBIM MOUEPKUBAHIEM ):

Sl(xo, T19) = <{$0, I1}, {Il, 335}, {305, ZE2}7 {$2, $4}, {$4, $3}, {«'1037 xﬁ}; {%; $12}> ;

52(370, le) - ({.CUO, xl}? {Il, x7}7 {x77 xll}a {xlla 1'10}, {x107 x8}7 {'r87 x2}7 {:UQ, x4}7

{x47 x3}7 {ZE37 'Tg}u {I‘Q, x10}7 {x107 x11}7 {x117 le}) .

[Ipu srom yuacrok nyrtu ({xi9, 28}, {xs, X2}, {xae, x4}, {x4, 23}, {23, 29}, {T9, x10}) B Ua-
cru S?(wg, 212) ABIAETCA IUKIMYecKUM. BoJtee Toro, pebpo {Z1g, 11 } TPOXOUTCS B 3TOM
9acTU JBaXK/(bl (B IPOTUBOIIOIOKHBIX HAIPABJIEHUAX ).

OTrMeTuM Tak»Ke, 9TO COBOKYIIHOCTh YCJIOBUI 2—5 1 7 U3 onpee/ieHns 8 OrpaHuInBa-
eT HaJIM9Ire KPATHBIX IIUKJIOB BHYTpH IyTH S(z,y): MUKIXIeCKIM (B KPATHOM CMBICTIE)
Y9IACTKOM MOXKET OBITh TOJIBKO YYIACTOK ITyTH, HATMHAIOIIMICI W 3aKAHIUBAIOIINNCT B
BepIIMHE Z, WHIMJICHTHON OObIYHBIM pebpam. Ecim jgomosnuTebHO moTpeboBaTh MU-
HUMAaJIbHOCTD IIYTH, TAKOH yIaCTOK OYEBUIHO OyIeT OTOPOIIeH. 3alpeT BceX BAapHAHTOB
KPATHOI'O IUKJIa BHYTPHU Iy TH (38 UCKJIIOUEHNEM OTMEUYEHHOI'0) TAKKe BIIOJIHE OlIPaBJIAH,
TaK KaK BO3MOXKHOCTD J00aBJ/IeHUs] KPATHBIX IIUKJIOB B IIyTh CYIIECTBEHHO YBEJIUIUT KO-
JIMIECTBO ONEPaInii, HEOOXOIUMBIX JIJIsT OTBICKAHUS 3TOTO Iy TH.

Kpome Toro, 3amerum, 4To I JIeIUMBIX I'padOB YCIOBHe D U3 OIpejiesieHns] 8 He
HYZKHO, TaK KaK KaxKJblil U3 nyreit Si(x, y) GyJer mpoxouTh 1o cBoeit wactu rpada G,
npu 3ToM dactu (G; HEe UMEIOT o0ImMX OOBIIHBIX pedbep. Ilo oToit ke nmpuvnne B 1yTH B
JIeJIMMOM Tpade He MOXKET BOZHHUKHYTH HUKAKOI'O KPATHOI'O IUKJIA.

Terepb MbI MOKEM BBECTH MOHSTUE CBI3HOCTH JIjIsT KPATHOTO rpada.

Onpepesienne 10. Kpamnwiti epagp G(X, E) Acasemea CBSI3HBIM, €cat 00HOSPEMENHO
BUINOAHEHDL 0BG YCAOBUA:

1) das mobwx dsyx sepwun x € X, y € X, Kasrcdas u3 Komopwixr Aubo UHYUIEHMHA
KpamHomy pebpy, Aubo ABAAEMCA 0OUUM KOHUOM MYALMUPEODA, CYULLCTNEYEM KPaAmH il
nymo S(x,y);

2) me6o3mooicno evideaumsv maxot nodepad G' C G, xomopuii 6ydem codeporcamv
moavko obvrunvie pebpa, u npu smom nodepago. G' u G\ G' ne 6ydym coedunenv, nu
00HUM PEOPOM (00BLHHBIM DEOPOM UAL CBAAHHBIM DEOPOM MYALMUPEOPA).

B ornmmune ot 006bIMHBIX TPAdOB CBA3HOCTH KPATHOTO I'pada He IMpeJIoaraeT HaIu-
Yne KPaTHBIX IyTell U3 KaxKJ0i BEPIIMHBI B KayK/Iylo. DaKkTudeckn B CBA3HOM KPATHOM
rpade MexKJly KazKJIOi Mapoii BEepIIUH JIOJKEH CYIIeCTBOBATH OObIUHBIH (HEKPATHBII)
IyTh, UCIOJIb3YIONINil CBsI3aHHBIE PeOpa KPATHBIX M MYJbTHPEOep HECOrIaCOBAHHO, a
KpaTHbI€ IIyTH O6HSaTeﬂbHO JOJIZKHBI CyIIEeCTBOBATb TOJIBKO JId IIap BEPHINH, KazK/lad
13 KOTOPBIX WHIMICHTHA KPATHBIM peOpaM MJIA ABJIAETCA OOIIMM KOHIIOM MYJIbTHpeOpa.
Paccmorpum mpumep.

[Ipumep 2. [lycrs rpad KparHoctu k = 2 coctouT u3 4 BepIIUH U 2 MYJIbTUpPEOED
(puc. 2).

['pacd oueBmMmHO ABJISIETCS CBA3HBIM, HO IIPW 3TOM B HEM HE CYIIECTBYeT ITyTeil
S(x1,xq), S(x1,23), S(T4,22) u S(x4,x3), TOCKOIBKY WX HEBO3MOXKHO IMOCTPOUTH CO-
[JIACOBAHHO OTHOCUTEJIHHO CBI3aHHBIX pedep.
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O O O

X1 X X4
X3

Puc. 2. I'pad kparrocTu 2
Fig. 2. Graph of multiplicity 2

AJropuT™M IpOBEPKHU CBA3HOCTH KPATHOIO Ipada OyIeT paccMOTpeH B pasiese 3.

OrmernMm, 9TO JIJIsT AEJIUMOTO KpaTHoro rpada onpejerenne 10 MoKeT ObITh Meperu-
caHo B OoJiee 1pocToit popme, ITO 00YCJIOBJICHO CTPYKTYPOit rpada.

Onpenenenne 11. Jeaumvid xkpamuod epad G(X, E) aeasemcs CBSI3HBIM, €CAlU 00HO-
BPEMEHHO BBINOAHEHDL J6A YCAOBUA:

1) daa mobwix dsyx sepwun x € X, y € X, kaotcdaa u3 Komopux Aubo uHyudenmna
KPAMHOMY PeOPY, AUO0 ABAACMCA 0OUUM KOHUOM MYALTUPEODPA, CYULLCTNEYEM, KPATHVIT
nymuv S(x,y);

2) kaorcoan uz wacmets G; ABAACMCA CEAZHBIM 2PAPOM.

[TocTaBum 3aa1y 0 HauMeHbITeM KpaTHOM ITyTu. CHavYaa ONMpeIenM JIJINHY pedpa.

Onpepenenne 12. [Jesovucaennan pyrxyus l(e), onpedeaennan das ecex pebep e € E,
aeasemces ayuHoi (Becom) pebpa 6 kpamnom 2page G(X, E), ecau vmoaneno ciedyro-
wee:

1) l(e) > 0 daa awbozo pebpa e;

2) ecau e ABAACTNCA KPAMHLM UAU MYsvmupeopom, mo l(e1) = l(e2) = ... = l(ex) u
lle) =Fk-l(er), 2de e,..., e, —amo ceazannvie pebpa dannozo pebpa e.

Torma dauna nymu S(z,y) Oymer onpegesasaTbes 1Mo (opmyJie

k

(S(z,y) =D 1S z,y) =" S ley,

i=1 i=1 ;€S (a)

IPU STOM MOXKET OKa3aThCd €; = €, (j # p), TO €CThb B CyMMe YUHTBIBACTCSH KazKJ0€
HOBTOPHOE BXOXKJIeHHe 00bI9HOTO pebpa B S*(x,y).

Bagaua 1. B xpamnom epage G(X, E) mpebyemesa natimu KpaTdailllinii myTh U3 Bep-
IIUHBL & B BEPIIUHY Y, MO €CMb MaKot nymbv Smin(T,y), wmo daa mobozo nymu S(z,y)
BHINONHEHO

[(Smin(7, ) < 1(S(2,y))-

YeJIoBHS CyTIECTBOBaHUs KPATHOTO IIyTH U aJIFOPUTM pellenus 3ajadu 1 OyayT pac-
CMOTPEeHBI B pa3zjee 4.
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3. MHoxkecTBa JOCTU2KUMOCTH U CBSI3HOCTH KPAaTHOTO
rpada

B namnnoM paszjesie Mbl TOJIYYUM TOJTUHOMUAIBHBIN aJrOPUTM JIJIsi IIPOBEPKH CBSI3HOCTH
KpaTHOro rpada.

Onpenenenue 13. MHOXKeCTBOM JOCTUKUMOCTH 110 KPATHBIM pedpamM das Hexomopot
sepuiunbl T Hazoeem muodcecmeo RY ecex sepwun y maruz, wmo cywecmeyem nymo
U3 T 8 Y, NPOTOIAUUT MOABKO NO KPAMHILM DEOPAM.

Onpenenenue 14. MHOXKECTBOM JOCTHKUMOCTH 110 OOBITHBIM pebpaM 044 Hexkomopot
BEPUWIUNDL T HA306eM MHOHCECME0 RY 6cex sepwiun Yy maKkuzr, 4mo cywecmsyem nymo
U3 T 8 1Y, NPOTodAUUT MOALKO NO 00LINHLIM PEODAM.

Ouesmino, uro € RY x € R%. Ecqomy € R, o R”yC = RF. Ecmny € R, 10 Ry = R3.

Mbr Gyziem orpe/iesiaTh MHOKecTBa RE ToMbKO /1 BepmmH 2, WHITMIEHTHBIX KpaT-
HBIM peOpaM JIOO SBJISIONMNXCS OOIMUM KOHIIOM MyJIbTHpeOpa, a MHOKecTBa R MBI
OyIeM OIpee/IATh TOJIBKO IS BEPIIUH &, HHIUIECHTHBIX OOBIYHBIM pebpaM JInOO sSBJIs-
IOINUXCA KOHIIOM OJIHOIO CBSI3aHHOI'O pedpa KaKOoro-TO MYJIbTHpeOpa.

Onpenesnienue 15. Mroowcecmea docmustcumocmau R'; U RlyC ABAANWMCA CMEKHBIMU, €C-
AU OAA NPOUSGONLHHLT cepuwun a € RE b € R”yC cywecmeyem coeduHAOUULT UX KPamroitl
nymo S(a,b).

O4eBUIHO, YTO OTHOIIEHHE CMEXKHOCTHU SIBJSIETCS PePACKCUBHBIM, CUMMEMPULHDIM T
MPAHIUMUBHDIM.

Mbl 6yﬂeM HCIIOJIB30BaTh MHOXKECTBa JOCTUZKUMOCTH 1 CBOMCTBO CMEXKHOCTHU dTUX
MHOKECTB JIJIsI IIPOBEPKU CBA3HOCTU KpaTHOro rpada. Herpymuo ybeurbes, 1ro Oyaer
CIIPaBEeIJINB CJIY IO KPUTEPHii CBI3HOCTH.

Teopema 2. Kpammwidi epad A6asaemes c6aznolm mozda u moavko moada, xozda ece R
ABAANOMCA NONAPHO CMEHCHBMU U 6 Kasicdom uz Ry natidemces sepuiuna, uHYUIEHMHAA
00HOMY CBAZAHHOMY PEOPY KAKO20-AUOO MYALMUPEODA.

Anropurm 1 (nocmpoenue mroscecmea docmuAicuMocmu no Kpammvim peopam 0
GEPULUHDL T).

1. Bee Bepimumnbl rpada sBIAIOTC HepoeMoTpennbivu. RY = {x}.

2. Bepem 1pom3BOIBHYIO HEIPOCMOTpPEeHHYTo Bepmnny 2z € R, Ecmm taxmx Beprmm
Het, MHOKecTBO RY chopMmpoBano, BBIXOI.

3. Jlns xaxoro pebpa {z,y} € E* Biouaem sepmuny y B RY| eciin ona siisercs
HEIIPOCMOTPEHHOI.

4. Bepmuna z ctaHoBUTCd mpocMoTperHoit. [lepexomum na mar 2.

AsropurMm 2 (nocmpoerue MHOHCECMBA JOCTUNCUMOCTIU NO 00VYHBIM PEOPAM 0N
BEPULUHDL T).

Awnasiormano asropur™y 1, HO paccmarpuBaeM pebpa u3 F°.

AnropurtMm 3 (nouck 6Cex nap CMEHCHHIT MHOHCECTNG DOCTNUNCUMOCTIU NO KPATHBIM
pebpam).

1. Beibupaem wu3 wmuOXKectBa E™ mapy wmynabrupebep {a,{ai,...,ar}} wu

{b,{b1,...,bx}}.
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2. Ecomn jyist Beex i € 1, k BBimosHeno a; € Ry, To BKIIIO9aeM {RE, RF} B criucok map
CMEKHBIX MHOYKECTB JIOCTUXKMMOCTHU. Kcm ocTa/jmch HEPOCMOTPEHHbBIE TIAphbl MYJIHTHU-
pebep, mepexouM Ha, 1miar 1.

3. Iloyib3ysich CBOMCTBOM TPAH3UTUBHOCTU OTHOIIECHUSA CMEXKHOCTH, JIOTIOJIHAEM CITH-
COK IIap CMEYKHBIX MHOYKECTB JOCTHUKUMOCTH, ITOKa 9TO BO3MOYKHO.

AgroputMm 4 (nposepra ceasnocmu Kpammozo 2paga).

1. C momoIipio aJropurMa 2 uIineM Bce RZ. Ecau xota 651 ommo us RZ HE COJIEPYKUT
BEPIINUHBI, MHIIAJIEHTHOM CBA3AHHOMY PeOpy KaKOro-to MyabTupebpa, To rpad HecBg3eH,
BBIXO/I.

2. C nomoripio ajropurMa 1 HIeM Bce R’;. [Tocste sTOrO MpUMeHsieM aJITOPUTM 3
JIJIS OIIpEJIe/IEHNsT TIap CMEXKHBIX MHOXKECTB JIOCTHXKUMOCTHU. Ecin XoTst Obl ojiHa Iapa
{R* RF} ne Bomuia B 3TOT CIUCOK, TO rpad HECBI3eH, BBHIXOJ.

3. I'pad cBszen.

OTrmeTnM, 9TO BCe NPUBEJIEHHBIE B JAHHOM pa3jiejie aJITOPUTMbI BBITOJTHAIOTCA 3a
MOJTMHOMHUAJTLHOE BPEMs.

4. AjaropmtMm nomcKa KpaTdaimniero IryTm B KpaTHOM
rpade

[Ipexk e vem chopMyIMpoBaThH aJrOPUTM MOUCKA MUHUMAJILHOTO KPATHOTO ITyTH, OIpe-
JEJIUM yCJIOBUS, IIPA KOTOPBIX 3TOT IIYTh CYIIECTBYET.

Teopema 3. B xpamnom epage G(X, E) cywecmeyem nymv us eepuwunv, x € X 6
sepwury y € X moezda u moavko moezda, xK020a 6bINOAHEHO 00HO U3 YCAOBUL:
0 .

1)xe R%,

2) v € R;;

3) Kaorcdas uz sepuiun T U Y UHUUICHMHA KPAMHOLM PEOPAM AUOO ABAAECMCA 0OULUM
KOHUOM CEA3AHMLT pebep myavmupebpa, u npu smom RE R’; , no RE u RZ CMEHCHDL;

4) T Uy He UHYUIEHMHDL KPAMHbM DEOPAM U He ABAAIOMCHA 0OUUM KOHUOM CEA-
sannvir pebep myavmupebpa, npu smom Ry # Ry, no ¢ E™ ecmo dea myavmupebpa
{a,{a1,...;ax}} u{b,{by,...,bx}} maxue, wmo das ecex i € 1,k evnoaneno a; € RS u
b; € R), a R u Ry cmeorc;

5) x unyudenmen KpammoLM PEOPAM AUOO ABAACTNCA OOULUM KOHUOM CEA3AHHHLL Pe-
bep myavmupebpa, a y nem, 1o npu smom 6 E™ ecmv myavmupebpo {a,{ay,...,ar}}
makoe, wmo das ecex i € 1,k evnoaneno a; € Ry, a R* u R cmeorcriv;

6) y unyudenmen KpammviM peopam AUO0 ABAACTNCA OOULUM KOHUOM CEA3ANHHLL Pe-
bep myavmupebpa, a T wem, Ho npu smom 6 E™ ecmv myavmupebpo {a,{aq,. .., ar}}
maxoe, wmo dasn écex i € 1,k evmoaneno a; € R%, a R¥ u R’lyC CMECHDL.

CrpaBelyIMBOCTE JAHHOI TEOPEMBI BHITEKAET HEITOCPEICTBEHHO U3 CBOMCTB MHOXKECTB
JIOCTUKIUMOCTH 1 OTHOIIEHHUSI CMEXKHOCTH.

Cremxyer OTMETHUTB, UTO JJjIsd JIFOOBIX JBYX BEPIIUH KPATHOTO Tpada BHITOJHEHNE
YCJIOBHS T€OPEMbI MOKHO ITPOBEPUTH 38 MOJIUHOMHUAJIBLHOE BPEMS, UCIIOIb3Ys aJrOPUTMbI
1-3 u3 npeapiyero pasjesa. Ipu sTrom i1 JIeTMMBIX KpaTHBIX I'padOB JIOCTATOTHO
IIPOBEPSITH TOJIBKO II€PBBIE TPU YCJOBUSA, ITOCKOJIBKY CTPYKTypa TakKuxX rpadoB jesaaer
HEBO3MOXKHBIM BBITIOJIHEHUE OCTABIIMXCS YCJIOBUIA.
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Cdopmynupyem Terepb ajroput™m perienus 3aaa4qun 1. Ha oraenbHbIX marax 3Toro
AJITOPUTMA JIJIT HAXOXKICHIS MUHUMAJIBHBIX YIaCTKOB IIyTH 06€3 MyJIbTupedbep Mbl Oy/1em
HCIOJIb30BATh U3BeCTHBIN anroputm leiitkerper (em. [15]).

B anropurme mbI OyjieM UCIIOIB30BATE CJIEIYIONINE CTPYKTYPhI JAHHBIX:

— MHOZKeCTBa Joctixkumoctu RY u RY;

— MUHUMAJIbHBIN Ha TEKYIIUH MOMEHT IyTh Sg JIUHBL Lyyin;

— MHOXKeCTBO TyTei-kauuaaroB C' (B 970 MHOXKECTBO OyIyT H00aBISITHCS CTPOSIIIIH-
ecs yTH S;, KOTOPbIe MOTYT B UTOT€ OKA3aThCs MUHUMAJLHBIME; B KOHIIE BBITOJTHEHUS
AJITOPUTMA 9TO MHOYKECTBO OKAYKETCsI ITyCThIM );

— M; — MHOXKeCTBO 3aIpeleHHbIX BePIIUH JJis CTPOosiIerocst mytu S; (CoriacHo ompe-
JIEJICHUIO KPATHOTO IIyTH BEPIINHBI, HHIHICHTHBIE KPATHBIM pebpaM JTHOO0 SBIISIONINECs
OBIIMM KOHIIOM MYJIBTUPEOpA, HE MOTYT UCIIOJIb30BATHCS JBAYK/IBI).

Anroputm 5 (nouck MUHUMAALHO20 KPAMHO20 NYMU U3 T 8 Y).

0. C momoIIpo aaropuT™MoB 1-3 TpoBepsieM CyIecTBOBaHWe MyTH U3 & B Y. Ecim
YCJIOBHE BBIIIOJIHEHO, YCTAHABAUBACM Ly, = 00 M Hepexo/iuM Ha mmar 1, mwHade BBIXO/.

1. Ecrm z € R, To ¢ nomompo aaropurma JIefKCTpbl HAXOMUM KpaTdaiimii myTh
S(,y), TPOXOISAIIHMIT TOJILKO TI0 BePIIMHAM W3 MHOXKecTBa [y (9TOT myTh Gyser cosep-
JKATh TOJILKO OObIYHBIE PeOpa).

Banomunaem S(z,y) Kak myTh Sp u ycranasmmBaeM Ly, = [(S(x,y)).

Ecnu npu sTom rpad saBiseTcs meiuMbIiM, HARIEHHBIH Ty Th S sIBISIETCS MIUHUMAIb-
HBIM, BBIXO].

2. Ecm x € R’;, TO C IMOMOMIBIO ajiropuTMa JlefiKcTpbl HAXOUM KpaTdaiIimil myTh
S(z,y), mpoxoAAIIuil TOJBKO 110 BEpIINHAM M3 MHOXKECTBa R’; (sTOT IMyTH ByIET Comep-
JKATh TOJILKO KPaTHBIE pebpa).

Banomunaem S(x,y) Kak myTh Sy u ycraHasauBaeM Ly, = [(S(x,y)).

3. Ecimm x nnnuienTen KpaTHbIM pedpaM UJIn gBJIgeTca OOIUM KOHIIOM MYJIBTUDPEOpa,
repexouM Ha mar 4.

Unave s xaxoro mymbtupebpa suta eyt = {{bi,..., by}, b}, e see b, € Ry
(p € 1, k), maxomum ¢ momomnipio ajaropurma Jlefikerpsl kpardaitiue myTt S(x, by), mpo-
XOJISIIUe TOJIBKO 110 BepInnHaM n3 MHOyKecTBa RY. Eciau npu sTom

k

S U(S(.b,)) + ) < L

p=1

TO ydacToK Kparnoro mytu S; = S(z,b;) U... U S(x,b,) U e}’ nobasiseM B MHOXKe-
crBo myTeit Kauaugaros C' (i — 9TO HEKOTOPBI YHUKAJIBHBIN B mpejesiax MHoxkecrsa C
njieHTHUKATOP).

Ca3biBaeM ¢ S; MHOYKECTBO 3allpelieHHbIX Bepiud M; = &.

[Tepexogum Ha 1mIar 5.

4. Jlns KazK10it BepimHbl a € RY | apjisiomeiicss HauaioM Kakoro-imbo MyabTupedpa,
HAXOJUM C TOMOIIBI0 anroputma Jlefikerpel Kpardaiimmit myTs S(z,a), TPOXOISIIHi
TOJILKO 110 BepIMHaM U3 MHOxKecTBa RF (eciu a = x, 3TOT 11yTh GyjleT UMeTh HyJIeByIo
qmny ). Ecin

[(S(z,a)) +1(e]') + k < Lpin,

rjae e’ — MyJapTHpeOpo ¢ HAYAJIOM B @, TO y9acTOK KparHoro mytu S; = S(z,a) U el
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J106aBJIsieM B MHOZKeCTBO IyTeii-kauanaatoB C' (i — YHUKAJIBHBIH B IpeieiaXx MHOKECTBA
C' unentudukaTop).

CasasbiBaeM ¢ S; MHOXKECTBO 3allpelleHHbIX BepimnH M;, comepsKalliee BCe BEPIINHEI
nytn S(z,a).

5. Eciin muoxkectBo C' 1IyCcTO, TO 3AIIOMHEHHBIH 1IyTh S JUIMHBL Lyyi, ABISETCS MUHU-
MaJIbHBIM, BBIXO/I.

6. V3BiiekaeM MpOM3BOJIBHBIN ydacToK myTu S; m3 MHOKecTBa C'. Ecim mociemmsist
BepINNHA S; MHIMJIEHTHA KPATHOMY peOpy WM ABJIsIeTCsl OOIUM KOHIIOM MYJIbTHpebpa,
repexoIuM Ha Tmar 7.

UNnadge nmepexoanm Ha mar 9.

7. Ilyctb a — nocsieinsist BepinHa 1yt S;. PaceMoTpuM MHOXKECTBO R’; \ M;.

Ecmu y € R¥\ M;, To ¢ nomomipio anropurma JlefikeTpbl uimem Kpardafiimmii myTh
S(a,y), TpOXOAAIUIl TOJIBKO MO BEPIIHHAM U3 MHOXKECTBA R’; \ M;. Ecim takoit myTh
CyIIECTBYET 1

Z(Sl) + l(S(aay)) < Lmim

TO 3alOMUHAeM KpaTHbIi myTh S; U S(a,y) Kak Sy u ycranaBiuBaeM Ly, = [(S;) +
1(S(a,y)).

8. PaccmoTpum Bee Beprmunbl b € RF \ M;, Kax1as u3 KOTOPIX ABJISETCA HaYaIoM
mysbTHpedpa et = {b,{by,...,bx}}, ecim pu 3TOM B IyThH S; paHee He OBLIO BKIIOUCHO
MyJIBTHPEOPO {¢, {b1, ..., bg}}, Ipoxomumoe B TOM 2Ke HalpaBJeHnH (0T OBIIEro KOHIA).
Byznem ¢ nomormpio anropurMa JIedKeTpbl uckaTh Kpardaiinmmii myTs S(a, b), mpoxoss-
Uit TOJIBKO MO BepHmHaM 13 MHOKecTBa RF \ M;. Ecim Takoit myTh cymecTsyer n

1(S;) +1(S(a,b)) + l(eft) + k < Luin,

to nobasisiem B C' yuactok kparHoro mytn S; = S; U S(a,b) Ue)* (j — yHUKATIBHBI B
npejenax Mao)ectBa C' mieHTudUKaTOD).

MuozxectBo M; cOCTONT U3 BCeX BepIIMH MHOXKecTBa M; 1 Beex Beputnt myTn S(a, b).

[Tepexomum Ha mar 5.

9. [ociemqaumu BepimHaMu S; sIBJSIIOTCS BEPIUIUHBL {ay, . . ., g } — k KOHIIOB HEKOTO-
poro MyJIbTUpEOPA.

Ecm Bee a, € R (p € 1,k) (mns memumoro rpada 3TO ycoBHe 3aBeioMO He Oy-
JIeT BBIIIOJIHEHO, TaK KaK B JiemMoM rpade Ry N Ry = &, ecimn g # $), TO C TIOMOIIBIO
asropurMa Jlefikerpbl naxonuM Kpatyaiimnme myTi S(ay, y), IPOXO/ISIITe TOJIBKO 110 Bep-
IIMHAM 13 MHOXKecTBa Ry, Eciu

k
LS+ US(ap,y)) < Lunin,

p=1
TO 3alOMHUHAEM IOJIyUIHBIIHiicst KpaTHblil myTh S; U S(ay,y) U ... U S(ak,y) Kak Sy u
k
ycranaBiauBaeM Ly, = 1(S;) + > 1(S(ap, v)).
p=1

10. Pacemorpum Bee MynbTupedpa suia €' = {{bi,..., by}, b} Takue, aro b, € R
(p € 1,k) u B myTh S; He 6BLIO panee BKIOYEHO MyJIbTHPeOpo {{by,..., b}, c}, mpo-
XOJIMMOE B TOM 2Ke HalpasyeHnu (K obmiemy KoHity). [Tpu srom mysbrupebpa, oTsimda-
IOIINECs TOJBKO HOPSIKOM CJIEJOBAHUSA BEPIINH b, B IE€PEUNCICHUN KOHIIOB, MBI CUH-
TaeM OJIMHAKOBBIMHU U TIOBTOPHO HE PAcCMATpHUBaeM (3Ta CHUTYyallds BO3HUKAET, KOTJa
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rpad He sBistercs JeMuMbIM U R = R, q # s; TODJa OJHO M TO JKe MyJIbTHDeO-

PO €' MOXKHO paccMarpuBarh Kak B Buge {{b1,...,bs ... bs, ..., bx}, b}, Tax u B BuzE

{{b1, ... bsy .o gy, bk}, b)),

Mg xaxxgoro MynabTHpebpa ey’ yKa3aHHOIO BHJA Haii/leM C HOMOIIBIO aJIrOPUTMa
Jeiikcrper kpardaiimue myt S(ay,, b,), IPOXOISIIIE TOIBKO 1O BEPIIHHAM COOTBETCTBY-
IOIIUX MHOXKeCTB [ (p € 1,k). Ecom

U(S5) + D US(ap, by)) + Ue") < Luuin,

p=1

to nobasiseM B C' ydaacTok KparHoro mytu S; = S; U S(a1,b1) U...US(ak, by) Uep (j —
VHUKAJIbHBIN B TIpejiesiax MHOKecTBa C' njeHTudukaTop).

Ycranasmusaem M; = M,;.

[Iepexosum Ha tIar 5.

OrmerumMm, 9To Ha marax 4 u 8 ajropurMa 4 CTPOUTCS YIaCTOK IIYyTH, OKAHINBAIO-
muiicsa k pa3IudHBIMU BePIMHAMU-KOHIIAMH MyJIbTHpeOpa. [losromy mis mocTmkenns
BEPIIUHBI Y HAM 3aBEJOMO MOTPeOYETCS yBEININTH JIIMHY 9TOTO IIyTH He MeHee UeM Ha
k — 1 jyist npou3BoJIbHOrO KpaTHOro rpada (eciu y — oJMH U3 KOHIOB MyJIbTHpeOpa, a
ocrajibble k — 1 KOHIOB My/IbTHpEOpa COEIMHEHBI € Y OOBIYHBIME PebpaMu JIMHBL 1) 1
He MeHee YeM Ha k Jyist Jesmmvoro rpada (MyabTupedpo MuHIMAabHOM JynHb ). CooTBeT-
CTBEHHO, IIPU ITPOBEPKE YCJIOBUS Ha mmarax 4, 8 nmogsisercd ciaaraeMoe k. JIas nmeammoro
rpada yKazaHHOe YCJIOBHE MOXKHO IIPEJICTABUTH KaK CTPOroe HepaBEHCTBO.

Kaxkprit u3 maros aaropurma 4 moJUHOMHUAJIEH, OJIHAKO ITArd MOTYT ITOBTOPATLCS
9KCIIOHEHITHAJIbHOE KOJIMIeCTBO pa3. B Xy/iiiem ciiydae aaropurs rnepedeper Bce BO3MOXK-
Hble BapUAHTHI 1yTH u3 = B y. OJHAKO CJIeyeT OTMETHTD, 4TO 3aja4da 1 cKopee BCero
siBjisiercst N P-TI0/1HO#. DTO MOXKHO TIPE/IITOJIOKUTD, MUCXOAd U3 TOro, 410 N P-10/1HOi’
ABJIFETCA 3a/1a9a 0 HAXOKJIEHUN MaKCUMAJIbHOIO MOTOKA B KparHoii cern (cm. [5] — [6]),
pellienre KOTOPOil TOJTyYaeTcs ¢ IIOMOIIBIO MTOC/Ie/I0BATETLHOTO HAXOXK/IEHUS 1 HACDIIIE-
HUsi 0OOOIIEHHBIX IIyTell TPOPbIBA, OIPeie/IeHne KOTOPBIX OJIN3KO OIIPE/Ie/IEHUI0 KPATHO-
ro Iy TH.

Kommgecrso onepanmit B aaroputMe 4 MOXKHO CYIIECTBEHHO COKPATUTH, €CIN U3HAa-
JAJILHO 3JIaTh KAKOW-TO MyTh Sy MeXIy x u y. Takke npu obHoBIeHUn Sy U 3HAUE-
Hus L,y MOXKHO NMPOCMATPUBATHL MHOXKeCTBO C' M MCKIIOYATH OTTyJa IyTu S;, JJINHA
KOTOPBIX cTaja 0osibie Ly, €C/Iu MOCe Hssd Bepiiuna S; ABJgeTcs OOIMUM KOHIIOM
MysibTupebpa, uin 6osbine Ly, — k + 1 B IPOTUBHOM cJIydae.

SaKJII0UeHue

B nannoit crarbe Mbl BBeJIM MOHATHE KPATHOTO rpada, KOTOPBIH COJIEPKUT OOBIMHBIE,
KpaTHble U MyJabTupedpa. 1lpu sToMm 11g KpaTHbiX rpadoB Mbl 0600IIMIN P/l ITOHATHI,
HCIOJIb3YEMBIX JJ1s OOBIYHBIX TpadoB (CTeleHb BEPIIUHBI, CBI3HOCTD, IIYTh), TIOCTABIIN
3819y O MUHUMAaJILHOM KPATHOM ITyTH MeK]Ty JBYMSI BepIIUHAMU.

Takzke MBI MOCTPOMJIM TOJUHOMUAJIBHBIN AJITOPUTM ITPOBEPKU CBI3HOCTU KPATHOTO
rpada U IKCIOHEHITUAIBHBII aJrOPUTM [TOUCKA HAMMEHBIIEr0 KPATHOI'O IIYTH, KOTOPbI
saBjgeTcda 0bobmenneM aaroputMa JeilKeTpoi.
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Abstract. In the article, the definition of an undirected multiple graph of any natural multiplicity
k > 1 is stated. There are edges of three types: ordinary edges, multiple edges and multi-edges. Each
edge of the last two types is the union of k linked edges, which connect 2 or k+1 vertices, correspondingly.
The linked edges should be used simultaneously. If a vertex is incident to a multiple edge, it can be
also incident to other multiple edges and it can be the common ending vertex to k linked edges of some
multi-edge. If a vertex is the common end of some multi-edge, it cannot be the common end of any other
multi-edge. Also, a class of the divisible multiple graphs is considered. The main peculiarity of them is
a possibility to divide the graph into k& parts, which are adjusted on the linked edges and which have
no common edges. Each part is an ordinary graph. The following terms are generalized: the degree of
a vertex, the connectedness of a graph, the path, the cycle, the weight of an edge, and the path length.
There is stated the definition of the reachability set for the ordinary and multiple edges. The adjacency
property is defined for a pair of reachability sets. It is shown, that we can check the connectedness of
some multiple graph with the polynomial algorithm based on the search for the reachability sets and
testing their adjacency. There is considered a criterion of the existence of a multiple path between two
given vertices. The shortest multiple path problem is stated. Then we suggest an algorithm of finding
the shortest path in a multiple graph. It uses Dijkstra’s algorithm of finding the shortest paths in
subgraphs, which correspond to different reachability sets.
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CunTe3 ynpapiieHHs 1 HabJIIOgaTe IS
NJI9 cJIa00 HeJIMHEHHBIX CACTEM
HA OCHOBE TEXHWKMN IICEBI0IMHEeAPI3aIN

Makapos /1. A.!

noaywena 15 mapma 2017

Annoramnus. B pabore jij1s1 07HOr0 Kjiacca ¢j1abo HeJIMHEHHBIX CUCTEM C 3aBUCATIIUMU OT COCTOSIHUSI
KO3 DUIMEHTAME PACCMATPUBAETCS [IOIX0]] K TOCTPOEHUIO HEJIMHEHHOTO CJIEJISIIEro yIIpaBIeHrs 110 Bbl-
XOJy Ha KOHEYHOM MHTEepBaJie BpeMmenu. [IpesjioyKeHHbIil MeTO CHHTE3a, COCTOUT U3 JBYX OCHOBHBIX JTa-
moB. CHavaJIa ¢ MOMOIIBIO PaHee TIPEJJIOKEHHOI0 ABTOPOM aJI'OPUTMAa Ha OCHOBE ypaBHeHmit Pukkaru, ¢
3aBUCAIIMME OT cocrostHus Koaddunuentamu (State Dependent Riccati Equation — SDRE), naxoaurcs
HEJIMHENHBI PeryssaTop MO COCTOSHUIO. Ha BTOpOM 3Talle CTaBUTCS 3aJia4ua MOCTPOEHMsT HabJI0IaTeIst
IIOJTHOTO TIOPsIJIKA, KOTOPasi CBOAUTCS K 3aade auddepeHnnaabHoi urpbl. Buj eé perienust moJrydes ¢
IIOMOIIBIO TTPUHITUIIA TAPAHTUPOBAHHOTO YIIPABJIEHNUsI, TO3BOJISIFOINET0 OTHOCUTEIBHO 33 IAHHOrO (DYHK-
MOHAJIA HANTH HaWIydnne Ko3pUIMeHTb HAbIIOmaTe I IPU HANXYIIIeH PeaJn3aui HeolpeIeseH-
Hocreit. OJHOTUITHOCTD MOJIYIEHHBIX YPABHEHUN TTO3BOJIMIIA JJIS OIIPE/IeJIeHNsT MATPUIILI HAOJIIOIaTe s
HCIIOJIb30BAaTh aJITOPUTM DEHIeHNs U3 IIEePBOI'0 dTalla. OCO6eHHOCTH1\H/I IPEJJI0O2KEHHOI'O TI0/IX0/1a ABJIfA-
IOTCsl OTCYTCTBUE MPUHIINIIA, Pa3JesieHns] 3aJlad CHHTe3a YIIPaBJIeHUsI W HAOJIIOeHNsI, KOTOPBI nMeer
MECTO B JIMHEIHBIX CHCTEMAX, IIOCKOJIbKY MATPHUIA KOI(DMUITNEHTOB HADJIIOIATE IS OKA3AJIACH 3aBUCUMOIT
OT MaTpuilbl KO3(h OUINEHTOB 00PATHON CBA3U, W MCIOIL30BAHNE UNCIEHHO-AHATUTUIECKUX ITPOIETYD
JIJIsT OTIPEJIEJIEHUST ITUX MATPHUIl, YTO MTO3BOJISET 3HAYUTEHHO CHU3UTH BBIYUCIUTETHHYIO CJIOKHOCTH
AJICOPUTMA, YIPABJICHUSI.

KuroueBble ciioBa: 3ajata CJIe:KeHusl, HeJIMHEHHOe yIIpaBJIeHne, ypaBHeHns PUKKATH ¢ 3aBUCATIINMEI
OT cocTosiHUS KO3 PUIIMEeHTaMU, TrapaHTUPOBAHHOE YIIPABJICHUE

Has nutuposanusi: Makapos 1. A., "Cunres ynpasisienust u HabironaTess Jjisi CIa00 HEJINHEHHBIX CIHCTEM Ha OCHOBE
TEeXHUKH HceBronuneapusamun’, Modeauposarue u anaiud un@opmayuonnoi cucmenm, 24:6 (2017), 802-810.
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BBenenue

B HaCTOdAIIee BpeMd JIJId pelleHud 3aJa4d YIIpaBJICHUA HeJIMHEHHBIMU CUCTEMaMU npu-
MEHAETCA MHOXKECTBO IIOJAXOI0B. OI[HI/HVI U3 IEPCIHEKTUBHBIX ABJIACTCA TEXHHUKa, OCHO-
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BaHHAs Ha PEIIeHNN MAaTPUYIHBLIX ypaBHeHuit Pukkaru jyis cucrem ¢ kosdduimenramu
(SDRE), zaBucamumu ot cocrostaus (cMm. 0630pst [1, 2]). E€ cyTb cocrout B mipecrasiie-
HUU UCXOJHOM CHCTEMBI B TICEBJIOJTMHENHOM BHJIe, B KOTOPOM MaTPHIII CUCTEMBI U YIIPpaB-
JIEHUSI 3aBUCSAT OT COCTOSIHUsI. 3aKOH yIpaBJIeHWs WMeeT CTaHIApPTHBIN JId JIMHEHHO-
KB IPATHIHON 3a/1a91 BUJI, OJIHAKO JIJIsi €r0 peau3allii B IPOoIecce yIIpaBJIeHUs HE00-
XOJIMMO B KayKJIblii MOMEHT BPEeMEHH YHCJIECHHO HAXOJWTh peIIeHne COOTBETCTBYIOIIE-
ro SDRE, uro MoxKeT HATAIKUBATHCS HA BBIUUCIATEIbHBIE orpanndeHus. B pabore [3]
Ha ocHoBe SDRE-TexHnKm ObLI MpeaIosKeH MOAX0/ /I PEIIeHns 3aa9n CJIeKEeHN Ha,
KOHEYHOM HHTEPBaJje PEryJUPOBAHUSA I CJAa00 HEJIUHEHHBIX TOJIHOCTHIO HaOJII0Iae-
MBIX cucTeM. [ToCKOIbKY OTBICKaHHe TOYHOI'O pElIeHus B ODINEM ciiydae IIpeCcTaBIsieT-
¢ IOCTATOYHO TPYAOEMKON ¢ BBIYHCIUTE/ILHON TOUKN 3peHus 3ada4eil, ObLI IIpeII0KeH
YUCJICHHO-AHAJIMTUICCKII aJITOPUTM [PUOJUKEHHOTO CHHTE3a, CYIIECTBEHHO CHUZKAIO-
U BBITUCIUTETBHY IO CJIO?KHOCTD 110 CPABHEHUIO ¢ pactpocrpanentoit SDRE-rexuukoii.
OsiHAaKO 15T IpUMEHeHHsI 10/1X0/1a 3| HeoOXO MO TIOCTPOUTH COOTBETCTBYFOIIHI HAGITIO-
JlaTesIb, MO3BOJISIIONIUI IOy IUTh OIEHKY HEN3BECTHOTO COCTOSTHUSI CHCTEMBI. DTa, 3a,/1a4a
CBOJIUTCS K 3aJlade CHHTE3a yIPaBJIeHUd IIPU HEOIPEJIeIEHHOCTH, JIJIsi PEIIeHns KOTOPOit
UCIIOJIB3YeTC MUHUMAKCHBI ipuHnun u3 [4-6].

1. Cunte3 peryagaropa
PaccmoTpuM ynpaBiisieMyto HEJTMHEWHYIO CHCTEMY BHIA

i = A(x,u)z + B(x,p)u, y = Cx, x(ty) = a°,
A(:'U7M> :A0+/LA1($), B(.T,/L) :B0+MBl(x)7 (]-)
r€XCR" yeYCR™ uwelR", teltyt], 0<pu< pu,

IJe T, Y U U — BEKTOPBI COCTOSHUS, BBIXO/Ia M yIIPABJIEHNUs COOTBETCTBEHHO, (i) — HEKO-
TOpOE 3aJIAHHOE JIOCTATOYHO MaJioe MoJiokuTeabnoe 1ucio, Ay, By u C — usBecTHBIE
nocrognuble Marpunpl, A;(x) € R™" By(r) € R™" — usBecTHble MATPUIILI C JIOCTA-
TOYHO IVIQJKIMU M OTPAaHMYIEHHBIMH 110 apTyMEHTY T jeMeHTaMu, X u Y — HEKOTOphIe
OrpaHMYeHHbIE MHOKECTBA, JIJI JIIOOOr0 HEIPEPLIBHOIO yrpapieHus u(l) TpaeKTopun
3aMKHYTOii cucrembl (1) CyIecTBYOT, €/IMHCTBEHHBI 1 TIpHHAIeRAT X Ha [to, t1].

[Iycts srasionHoe mosejenue cucreMbl (1) omuceiBaercs penienneM Juddepeniualib-
HOT'O ypPaBHEHUS

i, = A (z,, W)z, yp = Cxpy x,(tg) = 22,

Ar(mra,u) = AT,O + Ar,l(xr)> Tr € Xa Yyr € Y7 te [to,tl],

rJe I U Y, — JKeJaeMble (9TAJOHHBIE) TPAGKTOPUS CUCTEMBI U ee BbIXoJ, A, o — u3Bect-
Has [OCTOsHHAs Marpura, a A, ;(x.) — u3BecTHas MATPHUIA C JOCTATOYHO IVIAJIKUMIE
U OrpaHMYEHHBIMU 110 apTyMEHTy &, dj1eMeHTamu. Hauanbuble coctoguus 2° u 2,0 B 06-
IeM CIyHae MoJIaraloTes HemssecTHeIME. Ecmm 7, m3BecTHo, TO Bes 9TaIoHHAd TPAEKTO-
pust (paKTUIECKH 3apaHee M3BECTHA. JTOMY CJIYUIA0 MOKET COOTBETCTBOBATH, HAIIPUMED,
HACIOJIB30BAHNE CIICIIAJIBHOIO 33/IaI0IIEr0 yCTPORCTBa, HadaJbHOe COCTOAHNE KOTOPOIO
MOXKET BBIOMPATHCH.

Omnpemennm caeayronuii GyHKIIHOHAT Ka4eCTBa
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I(u) = se*'(t1)Fe(t1) + 3 ftzl (e"Q(y, yr, p)e + uT Ru) dt — min,
QW yr, 1) = Qo + pQ1(y, yr), € =y — yr,

rje 3aJaHable cuMMeTpudecKne MaTpuiiel Q(y, vy, 1) > 0, Qo > 0, R > 0, F > 0 upn
v,y €Y, 0 < p < po. 3mech u nasiee 3aakamu >0 (>0) 0603HAUAETCS TOJIOKUTE b
Hasl OIPEJICJIEHHOCTD (TIOJIyOIIPEJIeJIEHHOCTD) COOTBETCTBYOMEH Marpuiibl. Heobxomumo
HaliTH TAKoe HEeIPEepBhIBHOE YIIpaBJIeHHe 10 BHIXOLY u(y, i, t), KOTOpoe obecrednBaeT
npubJIIZKeHHOe perrrenne 3ajadn (1)—(2).

(2)

Ussecrro, urto ucxoanas 3a1a4da (1)—(2) moxker 6bITh HpejcrasieHa |7| B Buje

:~‘Zl( y K )j—i_é(xmu) 7:%(750)_‘%0

I(u) = 337 (1) Fi(t) + & J* (87 QU w)# + " Ru) di — min, (3)
rme r = [; ] € R™ g = l;j } € R?*™ — pacimmpenHble BEKTOPLI COCTOAHUS 1
BBIXO/Ia, ' '
< Az, 0 nxIn B(z, o
A(JZ,LL)Z{ <0N) Ar<xTu>}€R2 xsz(x’M):{ <0H)]€R2x,

~ [ cCtrCc -CTFC

Q(ZLM) _ |: CTQ(Q,;L)O _CTQ(gvM)C :| c RanZn > 0’

F= ~-CTFC CTFC
HyJIeBbIe OJIOKU B MaTPUIIAX A(x [ u B (x, ) ecTb MATPHIIBI COOTBETCTBYIOIIUX Pa3Mep-
HOCTeI.

Baja M pecTaBIeHIs

:| c R2n><2n > O,

(&, 1) = Ao + p Ay (8), B(x,p) = By + pBi(x), Q5 1) = Qo + pQu(9),
e T I R R S N I S R
Oy = { —CgTC)CSSO _CCT”QQDCC ] COu) = { CTQu(y)C —CTQl(?])CC

S

Brenem cresyrtomniue ycioBus:

[. Tpaexropun 3aMKHYTOI cucTeMbl (1) CyIIEeCTBYIOT, € IMHCTBEHHBI 1 TPHHAIERKAT X
Ha [to,t1] e TI060TO HempepbIBHOTO yrpasienns u(t), rie X — HeKOTOpoe orpa-
HIYEHHOe MHOYKECTBO IIPOCTPAHCTBA COCTOSIHMIL; sieMentsl Marpui A, (%), Bi(x)
OrpaHMYeHHbIe, HEIPEPBIBHBIE U JOCTATOYHO riaakue npu =, z, € X; u € (0, puo.

I1. Tpoiika maTpwuir {flo, By, H p}, rie HLHp = Qo, CrabIIM3UpyeMa I HABJLIOIACMA.

III. Marpunpl cucreMbl Ao,fll(:i), BO,Bl(as) U CUMMETPUYECKHE MATPHIbl KPUTEPUd
R>0, Qo>0, Qi (y) >0, F>0,araxxe y9 > 0 takoBsr, aro Py+puP;(Z,t) > 0
Ipn , Tp € X7 te [t07t1>7 e (07 /1’0]

B pa6ore [3| npu ycmosusix [-I11 s mosHOCTBIO HAOIIOMAEMOl CHCTEMBI (BEKTOD
TOYHO U3BECTEH) TIPEJITIOZKEHO yIpaBJieHne, IPUOINKEeHHO peraroliee 3aaady (3), B BUe
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u(i,u,t) = —K(fa/iat)f:UO@)‘FHW(@»@M)» (4)
rie K(,u,t) = R By + ubBi(#)"(Py + pPi(7,t), u(z) = —R'BIP# -~

JMHelHas — 9acTh, a HeJWHeidHyo Koppekmuio  dopmupyer  pug (T, t, i) =
=—puR™! (BlT( )Py + (By + pBy(%))T Py(%, t)) z. Cormacuo [3] npu ycrosusx I-11T ume-
eM CJIeyIONMil YMCIeHHO-aHA U THICCKHIT aJIFOPUTM II0CTPOCHH S IPUO/INKEHHOTO YIIPaB-
JIeHUsI B 3a/1a49€ HEJIMHEHHOTO CJIeZKeHNU.

1. Haxomum ug(T) Kax ug(7) = — R~ 1BTP()$ Fae Po — IOJIOXKHUTEIHLHO OIPeie/IeHHOe
pellleHne ypaBHEHUS POAO + AO PO POBORO B Po + QO =0.

2. Haxomum Py (Z, j1,t) ¢ moMoIpio
Pu(a 1) = et O pedrast ot o [ Mo Dp(@)etrards, (5)
0

- ~ - -~ ~ ~ o NI . ~ ~
mie Dp() = Py <A1 - BlR‘lBgPO) + (A1 - BIR‘lBg’P()) Py + Qr, Apyy =

1210 — BOR“BE;FPO, a Marpurna Mp HAXOAUTCS Kak
1 -~ D X ar o ~ Ay 00
Mp = (P = Fu) = [ %7 D 3(0)) 0o
0

3. Ompejesistem urorosoe ynpasienne (4).

CrenaeM HecKOIbKO 3aMedanuil. [IockoJbKy Oyiiytas TpaeKTOPHsi CHCTEMBI SIBJISTET-
Cs1 HEM3BECTHOM, B IPeJIIOZKEeHHOM asiroputme Marpuria Dp (Z(t1)) BeraucageTcs B Ipe/-
nosioxkenun, 9ro &(t) u T(t;) caabo ormmdatorcs BOJm3M tp, T.e. BMeCcTO Z(t1) MCIOJIb-
syercs Z(t). Eciu s1ajoHHas TpaeKTopHsl M3BECTHA 3apaHee, TO MOYKHO, IIpeJIIioJiaras
6mmzoctb z(t1) K 2,(t1), Beraucants Dp, uctionb3ys x(t1) = x.(t1). «2KecTrocTb» 9THX

JIBYX TIPEJIIIOJIOXKEHUI cMsrdaeTcst TeM, 9To nepbiil wien B (5) B cury Re <A Pcl7()> <0

CYIIECTBEHEH JINIIb B OKPeCTHOCTH £1. OTMETHM, UTO aJrOPUTM IIpejjIaracT aHaJUuTHIe-

CKYI0 (hOpPMYJIY JIJIsT HEM3BECTHON MATPUIIBI 151 (Z,t), 3aBucCsIeil OT COCTOSIHUSI CHCTEMBI,

9TO CYIIECTBEHHO CHUZKAET BBIYUCIUTEIILHYIO CIIOKHOCTH aJrOPUTMa YIIPABJICHUS.
Kpome Toro, ormeTnM, 9TO UMEET MECTO BbIParKEHHE

P(Z,t, 1) = Po+ pPy(,t,p) =
eAPcl olti— )FeAPcl o(t1i—t) + ﬁo _ eAvacz,o(tl—t)poeflpcl,o(tl—t)+

W < OOO APcl 0 D( ( ))eAPCl,OUdO' — eAPcl,O(tlit) f()oo eAgcl,OUD (i‘(t)) eAPCl,OUdO'QAPCl,O(tl_t)) i

Takum 06pasoM, 1ocKoubKy e’ re.o(1=8) FeAraoti=t) 4 B — eAba, 01— poArao(ti=t) >
0 pu t € [tg,t1), To yeaosue 111 Gyer Beerja BBIIOJIHEHO TPU JOCTATOYHO MAJOM flg.
Kpowme toro, mis seimosnenus 11 gocrarouno, arobsr D (Z(t)) > 0 upu x, x, € X, t €
[to, t1).

eIJIOZKEHHBIN aJroOpuTM MOXKET OBbITH IIPUMEHEH K 3aJiade yIIpaBJIeHUs 110 BBIXO

Ipen, 0 Jade y 1y,
€CJIN TIOCTPOUTH COOTBETCTBYIOIINI HAOJIIOAATE b, OIMPEIE/IAIONINI B KaXK/Iblii MOMEHT
BpeMeHnun OHeHKy HEN3BECTHOT'O COCTOAHUA .fi'
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2. Cunre3 HabJIOgaTE S

CocraBuM ypaBHeHUe HaOJIIOIATesl COCTOSIHUS MOJTHOIO MOpsijika [8]

X =AX, WX + B, mu+TCE-%), %(0)=7", (6)

X

rie x = [ X } € R?" — BeKTOp OLEHKHU COCTOSHMSA I, T.e. X — OIEHKa T, a ), — OIeHKa

¢ 0
0 C

MaTpuria KoddurmenTo HabmoaTesst. Beraurast (6) n3 mepBoro ypaBHEHUST CHCTEMBbI
(3), momyvaem

r

Z, X, xr € X, C = [ € R2mx2n o ' € R?W2™ — pongeskaimas OIpeIeIeHnIo

T =X =A@ w)T = AR, mX + (B(w, j1) = B, j))u = TC(F = X) =
(Ag = TC) (& = X) + 1 (A1(8)F = AT+ (Bi(2) = Bi())u)

Bresiem ommbKy ciiexKenus e, = T — X, TOTJIa MOC/Ie/IHee YPaBHEHUE MOYKHO ITeperTu-
caTh B BUJIE

éa = (Ao = TC)e, 4t (A1(8)F = LT + (Bi(x) = Bi(x))u)

HO;LqepKHeM, 9T0 .f' n T 34eChb ABJIAIOTCAd HEU3BECCTHBIMMU. PaCCl\AOTpI/IM HEOAHOPOI-
HOCTh, TIPUCYTCTBYIONLYIO nipu ji. C yderom Toro, uro yupasienue (4) Gyaer cTpouThes
Ha ocHOBe Hab/onaTeN s, cipaeymeo u = —K (X, f1,t)X. Torna mveem

) ) Ay (2 )55—141( )X — (Bi(z) — Bi(x))Kx =

A(1)7 — (A1(0) + (Bu(x) — Bi(X) K)X + (Ay

i i i (AI(X) (Bi(x) — ( ) K

(A1(2) = Ai(X) — (Bi(z) — Bi(x))K)Z + (Au(
(A1(X) — Bi(x)K)ex + Bi(z )Kex (A1(2) — Ar(X)
R (Al( ) ( ) )€x+l<I X :U’Jt>7 R
e U(E, X, 1) = Bi(2) K (X, p, t)ea+ (A1 (8) = A1 (X) = (Bi(2) = B1 () K (X, 11, 1)) 7 € R
— HeusBecTHbIH BeKTOD. [Ipencrasum | B Buse [(Z, X, i1, t) = L(X, p, t)es, tae L(x, i1, t) €
R27%2" — geyspecTHad MaTpuia. Toria ypaBHeHne JUHAMUKE OITHOKH HMeeT BT

(X ) (Bl(@ - Bi(x))K)z—

ée = (Ag = TC + p(Ay(X) = Bi(X)K + L))e, =
(Ao = TC + p(Aai (X s 1) + L))ew = WX, i, t, L)ey,

rae W()Zv K, t? L) = AO _FC+M(ACZ,1(>~C7 K, t)+L)7Acl,1(>~<7 K, t) = Al(f() _Bl (X)K(Xa H, t)

OT moJTy9eHHO CHCTEMBI JIJI OIMMOKY TepeiijieM K JIpyToif, obJia1aroleil mpn Kaxk-
JIOM X, [, t, L, TemMu 3Ke cOOCTBEHHBIMU 3HAYECHUSIME, & 3HAYUT, B JIMHEHHOM TTPUOJINKEHUN
3KBUBAJICHTHYIO UCXOJ/IHOU C TOYKU 3PEHUSA CBOUCTB yCTOMYUBOCTUA

= WT()ZJ M, ta L)@z = (AO - Fé + H(Acl,1(>~<7 H, t) + L))Te =
(Ao + pAui (X, 1, tNTe, — CTTI'Te, + ulLte,.

Taxum obpaszoM, NPUXOJIUM K CUCTEME

éx = AT (X, i, t)e, — CTv + v, (7)
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e AT()Zvﬂvt) = Ag + “Ag,l(iﬁlﬂ t)’ a U(ﬁfa#at) = FTez’ < RZma U(:Z‘>X7M’t) =
puLte, € R*™ — HoBble ynpap/ienne U HEUM3BECTHOE BO3MYIICHIE.

Pacemorpum HeonpeiesieHHOCTE U(Z, X, M4, 1) KaK yIpaB/eHue IPOTHBOIEHCTBYIONIEro
urpoka. Takas TpakToBKa NPpUBOIUT K jnuddepenimaibioil urpe. /s eé perenns mpu-
MEHUM IPUHIUI FAPAHTHPOBAHHOIO yIipaBjieHust [4—6], KOTOpbIil IPUBOUT K OTHICKAHUIO
onTuMaJsbHOro v(T, X, i, t) IIpu HAUXYy/IIIe peajn3aiun v ¢ TOUYKU 3peHus (DYHKIINOHAIA

I.(v,v) =
sel(t) Foey(t) + 5 ft';l (e£Qe(X, m)eg + v Ryv — v Ryv) dt — minmax | (g)

Qe()%a ,u) = Qe,O + MQe,l(fC)a ' ’

riae Fo >0, Qeo >0, Q1 >0, R, >0,R, >0 — 3a1annbie BeCOBbIE MaTPHIIBI.

OmpejiesiuM yeaoBus

IV. Ilapa maTpuir {flT(f(,u,t),C'T} yupasysemMa npu Beex X, xr € X, u € (0, pol,
t e [to,tl].

V. CTR;'C — R;' > 0.

[To amasoruu ¢ paboroii [6|, re WHTEpBAT PEryIHPOBAHMS IPEIIOIATaeTCI TOCTa~
TOYHO OOJIBINAM 110 CPABHEHHUIO CO BPEMEHEM IEPEXOHOTO IPOIECCa, MTPU BBITOJHEHUH
[V-V 3aKoHbl yIpaB/IeHUs U BO3MYIIEHUs onpeesstiores Kak v = Ry 'ON(X, i, t)es,
v=R;N(X, p,t)es, tne N(X, i, t) — NOJOKHUTEIHHO ONPEJIEJICHHOE PEIICHNE YPABHEHUS
SDRE

N+ NAT 4 AN - N ((?TRglé—R;l> N+Q.=0, N(t)=F., 9)
W3 oty 9eHHBIX COOTHOIIEHU CJTeTyer, 9To

T(%, 1, t) = N(X, i, t)CTR Y,
L(X, i, t) = N (X, ) R,

OcCHOBHYIO TPY/JHOCTH HpejcTaBisier pemenne nuddepennuaapaoro SDRE (9). Og-
HAKO MOXKHO 3aMeTHUTh, 9TO chopMyIrpoBaHHasi Bbime 3amada (3) u 3agada (7)—(8)
UMEIOT CXOXKYI0 CTpyKTypy. [losromy mis npubimkenuoro perterus (9) B 3ajade mo-
cTpoeHust HABJIIOJATe s MOKHO [IPUMEHUTh YK€ W3JI0KEHHBIH BbIllle ajroputm u3 (3],
UCIIOJIb30BaBIHiiCs it perierns: cxoxkero SDRE B 3ajade cunresa yupasienus. s
9TOrO BBEJIEM YCJIOBUSI

(10)

VI. TpaekTopuu samkiyToii cuctembt (7) Ha [to, t1] CymecTBYIOT, JIMHCTBEHHBL 1 X, X, €
X jyrst 1106b1X HenpepbIBHBIX U(t), v(t); smemenTsl MaTpuitel A(X, 4, t) orpaHnteH-
HBI, HEIIPEPBIBHBI U JOCTATOYHO IIaKue pu X, X, € X, 1 € (0, uol,t € [to, t1].

VII. Tpoiika maTpuiy {AOT, CT H N}, rie HYHy = Q.p, crabuimsupyema n Hab/o1ae-
Ma.
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VIII. Marpurbl cucteMbl Ay, flcl’l(f(, i, t), Cu CUMMeTpUYeCKre MaTpUIlbl Kpurepus 2, >
0,R, > 0, Qeco > 0,Qca(x) > 0, F. > 0, a Takxke fip > 0 TAKOBLI, {UTO
No + puNi(X, pu,t) > 0 mpu x, x» € X, t € [to,t1), pu € (0, fiq].

Takum 0Opa3oM, B COOTBETCTBUU € Pa3/ieJioM 1 HAXOIUTCS PETYJIATOP IO COCTOSHHUIO.
BareMm, npu BoeiosaHexnuu [V-VIII crpourcs wabiromaresnb 1o ciemyiomeil 4ucjieHHo-
AHAJIMTUYCCKOU IIPOLIeype.

1. Haxomum Ny Kak IOJIOKUTETBHO OIPEJICJIEHHOE PEIIeHIe YPaBHEHUS

N()Ag + A[)NO - N() (C(TRJIC - R;1> NO + Qe,O =0.

2. Haxomum Ni(X, pt,t) ¢ momorpo
Ny (%, p, ) = etRetal 0o D) 4 / " A Dy (3, . Ao,
0
rjie
My = 5(Fe = No) = [ a0 Dy (2(t). 1) 54,y €4 7o
(X, i, t

|
DN()%?H’) t) = NOAZ;,I(fO[%t) +Acl,1 )NO +Qe,1(>~<)7
Anao = A5 - (CTR;\C - R) No.

3. Ompenensiem I'(X, i, t) ¢ momorwio (10), cauras N (X, i1, t) = No + puN1(X, 4, t).

4. Haxomum HabmogaTesb (6), 3a/aB HauaJIbHOE COCTOAHKE X MPOU3BOJLHBIM 0Opa-
BOM.

Terepb MbI MOKeM TIPUMEHUTH HaifijleHHoe yrpasjerue (4), HCIOb3ysl B HEM BMECTO
HEM3BECTHOTO BEKTOPA COCTOSIHUSI T €r0 OIEHKY X.

Bamevanue 1. B ommune or juHeiHbIx cucteM [9] B JaHHOM cJiydae TIPUHIAI Pas3-
JIeJIeHnsT 3a/1a9 CHHTEe3a YIPABJICHUS U HAOJIOJIEHNUs TOJHOCTBIO HE BBIMOJIHAETCS, MO-
CKOJIbKY Marpuiia Koddduinentos Habdsmogaress [ 3aBucut ot MaTpuibl Kosdhuimen-
TOB oOpaTHOI cBsi3u K.

Bameuanne 2. Ecim ussectno nadaiabHoe cocrosguue x° i 7,0, Torna upu t > tg
C TIOMOIIIBIO HADJTIO/IATE ST MOYKHO MTOJIYIUTh aDCOTFOTHO TOYHBIE OIEHKHM BEKTOpPA & WA
7, coorsercTBenno, 3agas X' = z° wm x,° = 2,.°. Ecau sranonnas TpaekTopus T, U3-
BECTHA 3apaHee (UTO O3HAYAET X, = . COIVIACHO 3aMEYAHUIO BBIIIE), TO MOXKHO, IPeJi-
nostarast 6;m3octhb 2(t) K @-(f) u 6mmusocts X (t) K X (f1), BEMHCHATH Dy, UCIOIB3YS
x(t) = xr(t) = z:(t).

3ameuanue 3. Kak B ciaydae ¢ ycmosuem 111, yemosue VIII Bemmosasercs mpu 10-
CTATOYHO MaJIOM [lg.
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SaKJII0UeHnue

B nmammoit crarbe paccMOTPEH IMOJIX0/ K MOCTPOEHUIO HEJTMHEHHOTO yIIpaBJIeHUs 10 BbI-
XOJy JIUIs 3ajladn cjiexkenus B cyabo nenuneitnoit cucreme. [locrpoenne nabinogaresis
COCTOsIHUSI OCHOBAHO Ha IPUHITUIIE TAPAHTUPOBAHHOTO yiipaBseHus. CHHTE3 yIpaB/ieHUsI
u HabJIIo/IaTe I MPUBOJIUT K HEOOXOIMMOCTH PACCMOTPEHHS ITOJ00HBIX ypaBHeHU! Puk-
KaTHU, C 3aBUCAIIUMU OT COCTOAHUSA KOIDDUIUEHTAMU, U JIId UX PEIICHUs TPUMEHAETCs
OJINH W TOT Ke NMPUOJMKEHHBIN Tox0a. Ero ocHOBHOE JTOCTOMHCTBO — HMCIIOJIBb30BAHIE
AHAJINTUYIECKUX BBIPAKEHUil, KOTOPBIE CYIECTBEHHO CHUKAIOT BBIYUCIUTEbHbIE 3aTPa-
ThI 110 CPABHEHUIO ¢ OOBIYHBIM METOJIOM, KOIJia COOTBETCTBYIOIee ypaBHeHnue Pukkatu
pelaeTcs B IPOIECce YIIPaBICHUS JIJId KaXKJI0TO COCTOSHUSA CHCTEMBI.
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Abstract. In this paper, an approach to the construction of nonlinear output tracking control
on a finite time interval for a class of weakly nonlinear systems with state-dependent coefficients is
considered. The proposed method of control synthesis consists of two main stages. At the first stage,
a nonlinear state feedback regulator is constructed by using a previously proposed control algorithm
based on the State Dependent Riccati Equation (SDRE). At the second stage, the problem of full-
order observer construction is formulated and then it is reduced to the differential game problem. The
form of its solution is obtained with the help of the guaranteed (minimax) control principle, which
allows to find the best observer coefficients with respect to a given functional considering the worst-
case uncertainty realization. The form of the obtained equations made it possible to use the algorithm
from the first stage to determine the observer matrix. The proposed approach is characterized by the
nonapplicability of the estimation and control separation principle used for linear systems, since the
matrix of observer coefficients turned out to be dependent on the feedback coefficients matrix. The
use of numerical-analytical procedures for determination of observer and feedback coefficients matrices
significantly reduces the computational complexity of the control algorithm.
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[Tox mosToI0rKeit moHuMaeTcst IpyIia JUCIUILIIAH, OPUEHTHPOBAHHASA Ha BCECTOPOH-
Hee TeopeTUIecKoe W NCTOPUIECKOe U3ydeHne 1M093un (KaK Crocoba OpraHu3aiui pedn),
ee TeKCTOB U CTUXa (KaK CerMeHTa MOITUIECKOrO TEKCTa).

Bajiaueil n3ydeHnst MOITUIECKOrO TEKCTa KAK 0O'beKTa MO9TOTOIUH sIBJISIETCST €10 Clie-
uUKAIUs, T.€., C OJHON CTOPOHBI, 3aJlaHKe apaMeTpoB clrenudUuKaI — Olpe/IeIeH-
HOIT MaTpurpl (popmysisipa) XapakKTepHbIX aTpubyToB (IPU3HAKOB, CBOMCTB, 0COGEHHO-
cTeil) HEKOTOPOTro KJjiacca OObEKTOB UCC/IEI0BAHMUSI; C JPYTO CTOPOHBI, IPOIE/LYyPa UIEeH-
TUdUKAIIN 00bEKTa — BBIABIECHNE CHEIU(MUICCKUX 3HAYCHUI 3TUX aTpUOyTOB /I KOH-
KPEeTHOI'0 0ObeKTa.

Takoro poja W3ydeHHe MPEJNoJaraeT MeTaolUCAHUEe MOITUIECKONO0 TeKCTa B Tep-
MHUHAX Te3aypyca 110 MOITOJIOIUH U, CJIeJ0BATeIbHO, CO3/IaHre Takoro resaypyca. 1log
Te3aypPyCcoOM TIOHUMAETCsI COBOKYIHOCTH TEPMHUHOB (CJIOB WJIM CJIOBOCOUYETAHUIl), mpeji-
CTABJIAIONINX MOHATHS (KOHIENTHI) JaHHOM IpPeJIMeTHON 06JIaCTH ¢ COOTBETCTBYOIIUMIE
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UM OIIPEJIeJIEHUSAMU, & TaKXKe OTHOIIEHUAMU U CBA3AMU MEXKJY HUMU, COCTABJISIONIU-
M ux crenudukanuio [3]. Takum 06pazom, 00bEKTaAMI HCCIEOBAHNS I COOTBETCTBEHHO
YCTaHOBJIEHUsI UX CHelUKAIIN (METAONCAHNSI) B TIO9TOJIOTUH ABJISIOTCS KaK TO9THIe-
CKHe TIPOU3BeIeHNs (CTUXOBbIE TEKCTHI), TAK U CAMHI TEPMHUHBI TE3ayPyCa M0 MOITOJOIHUH.
Komrmuiekcnoe perrrenne 9Tux 3aJiad MPeJICTaBIIsET ITO3TOJOIMIO KaK MH(MOPMAIMOHHO-
AHAJINTHYIECKYIO cucremy [1-2].

Tezaypyc 1Mo 1mo3TosI0rUM B paHee MPOBEJICHHBIX HCC/ICIOBAHUAX 3a]aeTCsAd KaK WH-
CTPYMEHT JIMHI'BO-CTUXOBEUYECKOTO M MCTOPHUKO-JIUTEPATYPHOIO METAOINCAHUS T1093UN
1 1109THYecKoro rekera [5-9,11-14|. MexomHblit TepMUHOIOTTYECKHIi CIIOBHUK Te3aypyca
10 TTIO3TOJIOIUH cocTaByieH u3 1544 ciioB u ciaoBocoderanuii. Co3jian nepapxudeckuil yka-
3aTesIb /)i BEPXHUX YPOBHEN MepPaApXUU TEPMUHOB C KJacTepU3alieil HUKHUX yPOBHEN,
T.e. pyOpUKaIMsg TEPMUHOB Te3aypyca IO MOITOJOTHHU Ha 110,100/1acTH:

. Cruxosejienue;

. Crummeruka;

. [TosTuka;

. Puropuka;

Wcropus smmrepaTyphbr;

. [lepeBosioBeienme 1 InTEpPATypHAs KOMIAPATUBUCTUKA;
. Texcronorus;

. l'epmeneBTuka;

. TeopeTndeckue MIKOJIBI 1 HAITPABJIEHUST;

10. Jloruka u MeTo10710TUA HAYKH.

He nnsa Bcex pa3zesoB mepBOTO YpPOBHS Te3aypyca MOYKET MPUMEHSATHCS aBTOMa-
THYECKOe TOCTPOeHNe. DoJIBbITMHCTBO TEPMUHOB Te3aypyca MPeICTaBIIIOT IPEIMETHYIO
o1001acth CTUxOBeeHMe, OJPYyOpUKa KOTOPOro — IepBas PyOpUKa BTOPOrO YPOBHs
«Crux» — pazbuBaercsd Ha 6 MOAPYOPUK TPETHETO YPOBHS:

1.1.1 Metrpuxa;

1.1.2. ¢{Bnenns navaaa M KOHIA CTUXOTBOPHOI CTPOKH;

1.1.3. Purmuxka;

1.1.4. Crpoduxa;

1.1.5. Pudmuxka;

1.1.6. JIuarsucTuka cruxa.

OcHoBHBIE aTPUOYTHI STUX MOAPYOPUK MOTYT MO/JIABATHCS ABTOMATHIECKOMY aHAJIU-
3y U 33/IaBATh COOTBETCTBYIONIYIO CHEIU(PUKAIINIO CTUXOBOI'O TEKCTA.

© 00N O U W N

B mmpoKkoM cMBICIe TTpeTHa3HAYeHIeM PAcCMaTPUBaeMOil HH(MOPMATIMOHHO-aHATATH-
YECKON CHCTEMBI ABJISETCA YCTAHOBJIEHUE TPeX YPOBHEN crieruduKanum TeKCTa;

C1. Merpuko-crpodudeckast crieruduKkalys KOHKPETHOIO TI0ITUIECKOTO TPOU3BE/Ie-
HUsE (CTUXOBOTO TEKCTA);

C2. Tloaruko-cruncrndeckas crenudukams mo3THIecKOro TBOPIECTBa KOHKPETHO-
o0 aBTOpa Ha OCHOBE METPHKO-CTPOMDUIECKON crienuduKaIuy ero Mpou3BeIeHuil;

C3. Ucropuko-mureparypHast creruduKalys HalpaBJIeHni, KO U HEePUOJOB Ha
OCHOBE CTATUCTUIECKOH GJIM30CTH MOITUKO-CTUIMCTHIECKO CrielubUKAIMN Pa3InTHBIX
ABTOPOB.

B mporiecce anamsa HeOOXOMMO Pa3/IMIATE TI0OITUUECKOE TIPOU3BEJICHNE KaK CTETH-
YECKYIO TEJIOCTHOCTD U CTUXOBOI TEKCT MPOU3BEIeHN Kak 00bekT usydenus B CTuxose-
Jlennn. B ¢BA3M ¢ 9TUM Clle/lyeT pasamdaTh JUHIBO-CTHXOBEIUECKYIO PA3METKY CTUXa U
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crienuUKAIMI0 CTUXOBOIO TEKCTA MOITUIECKOro IponssejeHns. Pasmerka cruxa orpa-
JKAeT B OCHOBHOM YHCJIOBBIE (KOJMIECTBEHHBIE 1 TIOPSTKOBBIE) XaPAKTEPUCTHKI CTUXOBO-
IO TeKCTa, a crennduKaIus MpecTaBigeT cobOi ero MeTaolncaHie Ha OCHOBE TTOHSATHIA
Te3aypyca 10 MO9TOJIOTIH.

Pasmerka cruxa (CTPOKH) TIO3BOJISIET HOJLY IUTH (OPMAIbHO-SI3BIKOBOE CJIOTOBOE IIPE/I-
crasienue cruxa [4,10]:

WA d* M@ Ayds @) bk Ay ds )

rjie B IEHOYKe CMMBOJIOB A 03Ha4aeT MKThI (METPpUYECKU YJapHble cJiorn), k — KoJiu-
YeCTBO UKTOB, b 1 d o3HadaloT Oe3ygapHble COOTBETCTBEHHO TPEIO3UTUBHBIE U MOCTIIO-
3UTHUBHBIC CJIOTU MEXKJIy UKTaMU, " U S JJINHY COOTBETCTBYIOIINX IOJIEIIOUEK Oe3y1ap-
uerx ciaoros. Ioanenouxn b"(Y (anaxpysa), d*®) (knayzymna), d*0b"0+Y (mesx mynkroBbiit
uarepsai), j = 1,2,...(k — 1), BMecre ¢ 94ucjiOM UKTOB k M 9HCJIOM CJIOTOB B CTPOKE
(E+>2(r(j)+5s(j +1))j=1,2,.(k—1)) IPEACTABIAIOT COOOI PEryIATUBLI, OIIPEJIE/IAIONIAC B
PA3JIMIHBIX COYETAHUSX UX 3HAUCHUIT perepryap MeTpo-puTMutdeckux ¢popM cruxa. [Tos-
HBII periepTyap METPUIECKUX CXeM JOJIZKEH BKJII0YaTh BO BeeX (popMax BCEBO3MOXKHBIE
IPOITYCKU CXEMHBIX yJapeHuil u cBepxcxeMHble (BHeMerpuueckue) yiapenus. Ompee-
JIEHE€ METPO-PUTMUYIECKOH (POPMBI CTUXa ABJIAETCH BarKHeIeil xapaKTepucTUKoi ero
creruuKaIIT.

C TedeHneM BpeMeHHU MOSBJISTIOTCS HOBBIE ABTOPBI MMOITHIECKUX TEKCTOB, TOIAC TIPHU-
BHOCSIIME HOBIIECTBA B CTUXOCJIOXKEHUE, a B CTUXOBEJICHUU IOABJIAIOTCI HOBBIE HCCJIE-
JIOBaTE/IM, OTKPBIBAIOIINE HOBBIE SBJIEHUA B MOITOJIOIUU, YTO BHOCHT KaK JOIOJIHEHUS
TEPMUHOB B Te3aypycC, TaK W U3MEHEHHs U JIOIOJHEHUSA CHEIU(PUKAINA €r0 TEPMUHOB.
9TO0, B CBOIO OY€PE/ib, BHOCUT KOPPEKTUBBI B MATPHILY CHEIU(PUKAINKA TOITUICCKOIO
TeKcTa. TakuM 0O6pa3oM, MOITOJIOrUs KaK MH(MOPMAIMOHHO-aHAJTUTHIECKad CUCTEMA He
MOZKET, JIa U He JIOJIZKHA UMETb 3aBEepIIeHUs.
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