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HoBocnbupckun rocyqapcTBEHHbIV YHUBEPCUTET

ABTOMaTHOE MporpamMmnpoBanne Ha 6ase cucTembl
mojennposanna n sepnthnkagnn Event-B

lMpedcmaesneH HO8bIU 513bIK @8MOMamHoO20 Npo2pamMmMupPO8aHUs], MOCMPOEHHbIU pacuupeHueM s3bika
cneyugpukayul Event-B. lNpu paspabomke modeneli 8 Event-B rnosierissiemcs 603MOXHOCMb UCI0/1b308a-
HUsi MemM0oA0o8 agmoMamHoz20 rpozpammuposaHusi 8 0MOSTHEHUE K NoMnyspHOMY MemoQdy ymoYHeHUU.
TexHonoeusi aemomMamHo20 rpoepamMmuposaHus Ha 6ase Event-B demoHcmpupyemcs Ha npumepe 3a-
Oayu ynpaesneHusi dsuxxeHUeM Ha Mocmy u3 pykogodcmea rno cucmeme Event-B. lNpednoxeHo 6ornee
rnpocmoe peweHue ¢ sepuchukayuel 8 uHcmpymeHme Rodin. 3gpgpekmuesHocmb Memodoe eepuhukalyuu
8 Event-B nodmeepxx0eHa Haxox0eHuUemM mpex HempusuarsibHbIX oWUb0K 8 NpusedeHHOM pelleHuUU.

Knroyeenle crioea: asmomamHoe npozpammuposaHue, Event-B, ymoyHeHue, mpebogaHusi, 0edyk-
mueHas eepuchbukayusi, mpaHceghopmayuu npozpamm, yHKYUOHaIbHOE po2paMmuposaHue

BBeaeHue

Event-B [1] — aT0 MeTOon dopmalibHON crieuudu-
KAy U BepU(PUKAIUKU CUCTEM B IPOTPAMMHON U CHU-
CTEMHOM MHXXEHEPUU, YCIECIIHO MCIIOJb3YEMBIA MPU
pa3paboTKe MPOU3BOACTBEHHBIX CUCTEM YIpaBJIEHUS,
0COOEHHO B XKeJIE3HOIOPOXKHOM TPAHCIOPTE U METPOIIO-
quteHe. Cuctema Event-B peanuzoBaHa Ha niaTgopme
Rodin [2]. MeTon Bepudukanuu B Event-B rapantupyet
oOHapyeHre MHOTHUX Cepbe3HbIX olnboK. HecMoTps
Ha 0O0JIbIIOE YUCJIO Pa3HOOOPAa3HbIX MPUTOXKEHUH, Cy-
1LIECTBYET psil GaKTOPOB, CACPKUBAIOLIMX IIMPOKOE BHE-
npenne noaxona Event-B, uto orMmeuaercst B o630pe [3].

ABTOMaTHOE NporpaMMupoBaHue [4—8] opueHTUPO-
BAaHO Ha KJIaCC pEaKTUBHBIX CUCTEM, B YACTHOCTH, CH-
CTeM yIpaBJieHUs1. ABTOMAaTHasl mporpaMma orpeaesieT
aBTOMAT B BUJIe TUTIePrpachOBO KOMIIO3UIINK CETMEHTOB
kona. TexHoI0rMs aBTOMATHOrO MPOrpaMMUPOBAHM S
npeayiaraeT KOMIIJIEKC METOIOB IJISI pa3pabOTKM, OI-
TUMM3ALUY U BepUGUKAIMU aBTOMATHBIX IPOrpaMM.

ITocTpoeH HOBBIM SI3BIK aBTOMATHOI'O IIPOTpaM-
MUPOBAHUS paclIMpeHUEM sI3blKa crneuudukanui
Event-B. ABTomarHasi mporpaMmma JE€rko KOaupyeTcs
B g3biKe crieuudukanuii Event-B. OT1o npaeT Bo3MoOX-
HOCTb MCIIOJIb30BAHUS TEXHOJOTUM aBTOMATHOIO IIPO-
rpaMMUpPOBaHUs B pa3paboTKe CUCTEM YIpaBJICHMS
IUIST KPUTUYECKOM MH(PpacTpyKTypHl Ha 1iatgopme
Rodin [2]. laHHBI# cTUIB pa3pabOTKU UILTIOCTPUPYETCS
Ha IIpUMepe 3a1a9y YIIpaBJICHUS IBUXKCHUEM aBTOMOOH-
JIel Ha MOCTY 13 PYKOBOACTBa o cucteme Event-B [1].
[IpennoxeHo 6oiee MpoCcTOE peliecHue ¢ BepuduKamueit
B MHCTpyMeHTe Rodin. D¢ heKTHUBHOCTh METOA0B BEpU-
¢ukanum B Event-B moarBepxxmeHa HaXOXICHUEM TPEX
HETPUBUAJBbHBIX OLIMOOK B MPUBEAECHHOM PEIICHUMU.

B pasa. 1 HacTos1el cTaThbu ONMPEAENEH KJIacc Mpo-
rpaMM-IIPOLIECCOB B KOHTEKCTE APYIUX KJACCOB MPO-

rpaMM, OIMCAaHBbI SI3bIK M TEXHOJIOTMSI aBTOMATHOIO
nporpamMmMupoBaHus. B pa3n. 2 mpencraBieH MeToO.n
Event-B. lanee B pa3a. 3 onucaHoO MOCTPOEHUE S3bI-
Ka aBTOMATHOTO MpOTpaMMHpPOBaHMS Ha 0a3e si3bIKa
cneuudukanuii Event-B. B pa3a. 4 naHbl nBa pelieHus
3aJa41 YIIPaBJICHUS IBUKEHUEM aBTOMOOMIIE Ha MOCTY
u3 pykosoactba no Event-B [1]. IIpounnatocTpupoBaHbl
yTOUHEHMS n3 pykoBomcTBa [1]. Ommcana pa3paborka
aBTOMAaTHOI MporpaMMbl, UCIIPaBIASIOLIEN HEAOCTaTKKU
peanuzanuu B Event-B. B pasn. 5 onucana Bepucduka-
LIMsI aBTOMATHOM MporpamMMbl B uHCTpyMeHTe Rodin [2].
0O630p paboT maH B pa3n. 6. B 3akioueHUM ONMUCaHbI
HUTOTOBbIE IOJIOXKEHMUSI M 3aMeYaHus IO TEXHOJOTruu
aBTOMATHOTO IIPOTrpaMMHpPOBAHUS Ha 0a3e CHUCTEMBI
Event-B.

1. ABTOMaTHOe nporpaMmmMmmpoBaHue

1.1. Knaccbl nporpamm

ABTOMAaTHBIE TIPOrpaMMbl TPEOYIOT APYTUX METOIOB
pa3paboTKu 1 BepuDUKAIINU, HEXEIU ITPOTpaMMBbI BEI-
YUCJIEHMSI HEKOTOPOTO pe3yjbTara 1o Habopy apryMeH-
toB. Hanpumep, meton Bepudbukanum droitna—Xoa-
pa [9, 10] He mpuMeHUM AJIS1 aBTOMATHBIX IPOTrpaMM.
CylecTBYIOT pa3Hble KJIACCHI MPOTPaMM CO CBOMMU
0COOEHHBIMU MeTodaMU pa3paboTKHU, crieuupUuKaLuu,
BepuUUKAIINU, MOACIUPOBAHUS U ONITUMU3AIINH.

Knaccudukauusg nporpamm [11] onpenensier He-
B3aMMOACUCTBYIOIINE TTPOTPaMMBI (MJIU ITPOrpaMMBbI-
¢GyHKLMU), peaKTUBHbIE CUCTEMBbI (MU MPOrpaMMBbI-
MIPOIIECCHI), SI3BIKOBBIE MPOIIECCOPHI M OIEepallMOHHbBIE
cpeabl. OTMETUM, YTO TaKasl KjacCupUKalus HeroJHa
U He TIOKPBIBAET CYIIECTBYIOIIETO pa3HOO0pa3ust BUIOB
IIpOrpaMM.

Knacc nporpamm-@yHKnmii (HeB3anMOAEHCTBYIOIMMNX
nporpamMm). [IporpaMma mpuHagJeXUT 3TOMY KJaccy,

"MporpammHas uHxeHepua" Tom 13, Ne 4, 2022




€CJIM OHAa He B3aUMOACHCTBYET C BHEIIHUM OKPYKEHU-
eM. TouHee, ecii BO3MOXHO TIEPECTPOUTH TIPOTPaMMy
TaKMM o0pa3oM, 4TOObI BCE OMEpaToOphl BBOJA TaHHBIX
HaXOAMJIMCh B Hayajie IpOrpaMMBbl, a BECh BBIBOJ, OBLIT
coOpaH B KOHIIe mporpamMmsl. IIporpamma o0s13aHa Bcer-
Jla 3aBeplIaThCs, MOCKOJIbKY OECKOHEYHO paboTaromniast
M HeB3auMOJIeicTByIo1Ias MporpamMma oecnosesHa. Cie-
JIOBaTEIbHO, TIpOrpaMMa onpeaessieT GyHKIIUIO, BEIYMC-
JISIONIYI0 TI0 HAaOOpy BXOMHBIX JaHHBIX (apTYMEHTOB)
HEKOTOpPHI HAOOp Pe3yIbTaTOB.

Kinacce nporpamMm-nponeccoB (peaKTHBHBIX CHCTEM).
[TporpamMmMa-miporiecc ABASIETCS PEaKTUBHOUN CUCTe-
MOIi, pearupylouieili Ha onpeaeaecHHbI HA0Op COOLITU
(coobuieHU ) BO BHEIIHEM OKPYXXEHUU MPOTPAMMBI.
IIporpamma-mipoiiecc sIBasieTCsS JIMOO aBTOMAaTHOM Ipo-
rpaMMoii, 100 OHA OMPENENSETCS B BUIE KOMIIO3UIIUK
HECKOJIBKMX aBTOMATHBIX IPOrpaMM, MUCIIOJHSIEMBIX Ia-
paJUteTbHO M B3aMMOJENCTBYIOIINX MEXIY cCOo0Oi yepe3
MpUEM,/TIOCBUIKY COOOLIEHUH U pa3aesisieMble IepeMEHHBIE.

Aemomamuas npoepamma COCTOUT U3 OMHOTO WY He-
CKOJIBKUX CeTMEeHTOB. Ceemerm UMeeT OAUH BXOI, TIOME-
YEHHBI METKON — ynpasasrouum cocmosruem. CETMEHT
MMeeT OAWH MUJIM HeCKOJIbKO BBIXOJ0B. ABTOMAaTHasI IPo-
rpamMMa ompeaesieT aBToMar B BUe Tureprpada c Ha-
0OpOM YMHpaBJISIOLIUX COCTOSSHUI B Ka4eCTBE BEPIIUH
1 HaOOpPOM CETMEHTOB B KaueCTBE OPUEHTHPOBAHHBIX
runepnyr. CocmosHue aBTOMaTHON MporpaMMbl OIpe-
NeJIsieTCsl 3HaYeHUIMU Habopa mepeMeHHBIX, MOTU (-
LUAPYEMBIX B IIpOrpaMMe.

S13pIKOBBIE MPOIECCOPBI — 3TO WHTEPITPETATOPHI ITPO-
rpaMM, KOMITUJISITOPBI, ONITUMU3ATOPHI, TpaHC(HOPMAaTO-
DBl U IpYTHE TIPOLIECCOPHI.

Kinacce nporpamm "omepanuonnas cpexa”. Ilporpam-
Ma TaHHOTO KJIacca sIBJISIETCSI aBTOMATOM OOIIero Bua.
DT0, HaIpUMep, oIrepallMOHHAs CUCTEMA B LIEJIOM UJIU €€
(parmeHT, HanmpuMep, cuctema ¢aiiion. OnepaluoHHas
cpena B KaXX bl TEKYIIUI MOMEHT (byHKIIMOHUPOBAHMSI
WMeeT HECKOJIbKO aKTMBHBIX mo3ulinii. Kaxnast mosu-
s PYyHKUIMOHUPYET KaK He3aBUCHMasl aBTOMaTHasl
mporpaMMa cO CBOMM HabOpOM YyTIpaBISIONINX U BHY-
TPEHHUX COCTOSIHUM.

ITosie3HOCTH YHMBEPCAJBHBIX METOMOB. MeTon mpu-
3HaeTCs] YHUBEPCAJIbHBIM, €CAM OH NMPUMEHUM s
HEKOTOPOTo KJjacca mporpamMMm. MeTton moJjie3eH IUist
KOHKPETHOI MpOorpaMMbl, €CJIU €ro MpuMeHeHre maeT
NPEUMYIIECTBA MO CPABHEHUIO C HEKOTOPOW TUITOBOM
TEXHOJIOTMEN, HE UCHOJIb3YIOLIECH JaHHBIM METOL.

ABTOMaTHOE MPOrpaMMHUpPOBaHUE YHUBEPCAIBHO.
Jio6asg mporpamMmma-@yHKIUS MOXKET ObITh 3alIporpam-
MHpOBaHa B BUIe aBTOMAaTHOI MpOrpaMMBbl, KOTOpas
MpU 3TOM OYyAET 3HAUYUTEJIBHO CJOXHEe aHaJOrMYHOM
(GYHKIMOHATBHON WM MMIIEPATUBHON MpPOTpPaMMHEI.
ABTOMAaTHOE MPOrpaMMHUPOBAHUE HE TTOJE3HO IJISI IPO-
rpaMM-QYHKIIUA.

ITone3HocTs MeTOda OOBEKTHO-OPUEHTUPOBAHHO-
ro MporpaMMUPOBAHUST OMPEAEISIeTCS BO3MOXHOCTBIO
MHKancyasuuu (yrnpsiTeiBaHUs) pa3HOOOpa3HBIX AeTa-
Jleil peanusalvu, MPeaOCTaBsgsT HapyXy OoJiee Mmpo-
croii unrepdeiic. Ecam He MPOUCXOOUT CYIIECTBEHHO-
ro YIIPOIICHUST BHYTPEHHET0 MHTepdeiica mporpaMMEI,
TO 00BEKTHO-OPUEHTUPOBAHHBIE KOHCTPYKIIUH IIPOCTO
3arpoOMOXKJIAI0OT IMPOTPaMMYy, YIUTMHSIS U YCIIOXHSIS ee.

Mexay TeM nMeeTcsl TOCTaTOYHO CTOWKAasl TeHIECHIIUS,
WHOTA MOAKPETJIEHHAsI MECTHBIMU CTaHAapTaMM B pa3-
HBIX cpefax pa3paboTYMKOB U MPOBOIUPYEMasi TAKUMU
I3bIKaMU, Kak Java, 3j10ynoTpebjeHruss 00beKTHO-OpU-
€HTUPOBAHHBIM TIporpamMmmupoBaHueMm. Kpowme Ttoro,
B PEIKUX CIydassXx 0ObEKTHO-OPUEHTUPOBAHHOE MPO-
rpaMMupoBaHue TpedyeTcst B MOJHOM o0beme. B mo-
MaBJSIONIEM OOJBIIMHCTBE CJIYy4aeB MOXHO OBLIO ObI
OrpaHUYUTHCS OoJiee MPOCTHIMU BO3MOXHOCTSIMU Ha
YpPOBHE a0CTpPaKTHBIX TUIIOB JaHHBIX [12].

1.2. A3bIK aBTOMaTHOro NporpaMmmMmpoBaHus

IIporpamma-nipornecc cogepXuT ¢pparMeHTHI, COOT-
BETCTBYIOLIIME TporpaMmMaM-(pyHKIuIM. [ToaToMy sI3bIK
aBTOMAaTHOTO IPOTPaAaMMHPOBAHUS IOJKEH OBITH ITO-
CTPOEH KaK paclIMpeHHUe HEKOTOPOIro 6a3UCH020 S3bIKa
(uMmepaTUBHOTO MM (GYHKIIMOHAJIBHOIO) IJIS KJlacca
nporpamMmmM-Q@yHKIui. TakuM crmocoOboM ornpeaeeHo
aBTOMAaTHOE pacluupeHue [5, 6] sa3bIka MpeguKaTHOIO
nporpammupoBaHus P [4, Pa3a. 10]. SI3bik aBTOMaTHOIrO
IIPOrPaMMHUPOBAHUSI MOXHO TIOCTPOUTh pacIIMpEeHUEM
JIT00O0TrO SI3bIKA MJIST Kjlacca MporpaMM-GyHKIIMNA U 1axe
pacipeHneM SI3bIKa CrieluUKaILINA.

IIporpamMa-mpolecc COCTOUT U3 CEKLIMA U aBTO-
MaTHBIX mporpaMM. Cexyus OIIpencIseTcs CAeayIomei
KOHCTPYKIIEH:

section <Mmga cexunn> extends <M cexkuuu>
{ <OnucaHusI TUIIOB, KOHCTAHT, IIEPEMEHHBIX
W WHBapWaHTOB> }

B cekuun onuceIBalOTCS MEPEMEHHBIE COCTOSTHUS
IIporpaMMHbl (BO3MOXHO, YaCTH COCTOSIHHSI), a TaKXKe
KOHCTAHTBI ¥ TUTTBL. OOBIYHO CEKIIUS TOMEIIAETCS TIEpPeN
aBTOMAaTHOH mporpammoil. UMs cekumu MOXET OTCYT-
cTBOBaTh. CeK1IMSI MOXET ObITh MOCTPOEHA PACIIUPEHUEM
IpyToil ceknuu npu Hannunu extends <Mms cexumm>.
B cexknmu Tak:xe momMeniaoTcsl 00IIMe MHBAPUAHTHI TSI
BCEW MPOTrpaMMBbl.

ABTOMarHasi TporpaMma OTpeAesIeTCs] CAenyoIei
KOHCTPYKIIEW:

process </Ms riporpaMMbI>(< OnmcaHus apryMEeHTOB>)
{ <CermeHTHI KOma> }

ApPryMeHTHI MOTYT OTCYTCTBOBaTb. ABTOMaTHasI MPO-
rpaMMa MOXET ObITh BbI3BaHA BHYTPU APYroii aBTOMAT-
Holl mporpaMMsbl. [IpousBonbHbIl <CerMeHT Koma>
TMIPEACTABJISIETCS CIEAYIOIEN KOHCTPYKIIUEH:

<HWmMs ynpaBisomero COCTOSTHUS >:
inv <®opmyna>; <Oneparop>

HNcnonnenne <Omepatopa> 3aBeplIaeTcsl onepa-
TOpPOM Mepexona Buaa #M, peaausyloliuM Mepexon Ha
HayaJl0 CerMeHTa C YIPaBIALIUM COCTOSHUEM M.
<@opmMmyaa> ornpeaeyasieT MHBaApUaHT, KOTOPBINA I0JI-
K€H OBITh UCTUHHBIM B Hayajle CETMEHTA JJIsI JTaHHOTO
YIIPaBJISIOLIETO COCTOSTHUS.

IIpencraBieHHass CTpyKTypa yIpaBJIeHUSI aBTOMAT-
HOUW TIpOTpaMMBbl AaHAJIOTUYHA MUCMOJb3yeMOW B S3BIKE
®opTpaH, MPUMEHSEMOM B OCHOBHOM [UJISl 3a/1ay BbI-
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YUCIUTENbHON MaTeMaTUKU, HO HE IJISI peaKTUBHBIX
CHCTEM.

CerMeHT, KOl KOTOPOIr'0 He COAEPKUT BbI30BOB APY-
TUX TIPOLIECCOB, SIBISIETCS amoMapHuiM. UCTIOJHEHUE
CerMeHTa JOJIXXHO ObITh €MMHBIM, HEIEIUMbIM aKTOM;
9TO 03HAYAET, YTO [0 3aBEPLIEHMS] UCIIOJTHEHUS CETMEH-
Ta BCe ApyTHe TMapajielibHO MCIOJHsIEMbIe MPOLEeCCHI
OCTaHaBJIMBAIOTCA.

CerMeHT Kola CJIeIYIOIIero BUaa:

M: if (<ycrioBue,>&...& <yciosue,>)
{ <pmeiictBue,>; ...; <meicrBue,> #L }

MOXET OBbITh 3allMCaH B BUJE MpaBuia [7]:

M: <ycioBue,>,..., <ycjiosue,> —
<geicTBue,>, ..., <peucraue,> #L

Cerment Buzaa M: if (C) A else B #L mMoxeT ObITh
MpeJCcTaBJieH Napoil MpaBulL:

M:C—o> A#L
M: B #L

IMpaBuna MCMOMHSIOTCS B TIOPSIIKE WX CIEAOBAHUSI.
Bropoe npasuio M: B #L MoxeT cpaboTaTh TOJIBKO ITPU
JIoxxHOM ycnoBuu C.

Hnst onepatopoB A 1 B onepatop A || B onpenensier
napaJjejabHoe UCTIOTHeHue orepaTopoB A u B. Onepatop
A | B ompenensier HeAeTEPMUHUPOBAHHBIN BBIOOD IS
MCIOJIHEHU ST OJHOTO 13 onepaTopoB, A uiau B.

B s3bIKe aBTOMAaTHOTO MPOTpaMMUPOBaHUS OMpe-
JENSII0TCST TaKXKe ONepaTophbl MpUeMa U MOCHIJIKU CO-
OOILIIEHW A, IeCTBUS CO BpeMEHEM: YCTAHOBKA TaiiMepa,
orepartop 3aiepXKHu M0 BPpeMEHU U .

1.3. Cneuncukauusa n sepucpukaums
aBTOMAaTHbIX MporpamMm

MeToabl BepudUKaLMU, YCIEUIHO MpPUMEHse-
MBIe IJIS1 TIporpaMM-¢GyHKIUNA, B YaCTHOCTH, JIOTMKA
Xoapa—®roiiaa [9, 10], HempuUromHbI 11 BepUpUKALIUKA
aBTOMATHBIX IIPOTPaMM. DTH METOIBI MOTYT IPUMEHSITh-
Cs Wb 111 (parMeHTOB aBTOMATHBIX IMMPOrpaMM, CO-
OTBETCTBYIOIINX IpOorpaMMaM-(QYHKIIUSIM.

3agaua pa3paboOTKM MmporpamMmbl-mipolecca Gopmy-
JiMpyeTcs B BUae Habopa TpedboBaHuil. Tpebosanue — yT-
BEpXKIEHUE, onpeaesiollee NoTpeOHOCTh U CBSI3aHHbIE
C Hell M3MepUMBbIe YCIIOBUS U orpaHndyeHus. TpeboBaHUs
K p€aKTHUBHOM cUCTeMe BKJIIOYalOT TpeOOBaHU S OKpYyXKe-
HUS 1 QYHKIMOHAJIBHBIC TpeOOBaHM S, OTIpeaeIIOIe
noBeneHue cucteMbl. CylIeCTBEHHBIMU SIBJISIIOTCS TaKXe
HeyHKIIMOHAJILHEIE TPEOOBAHUS HAOEXKHOCTU, 0€30-
MacCHOCTH, 3alllUIIEHHOCTH, OTCYTCTBU S AEAJTOKOB U JAP.
Pa3paboTka TpeboBaHUI JOJXKHA NPOBOAUTHLCS B COOT-
BetcTBuM co ctangaptoM ISO/IEC/ IEEE 29148 [13].

CrennduKanms IporpaMMEI-IIpoIiecca SIBseTCs ya-
CThIO TPEOOBAHMI MJIM HEMOCPEIACTBEHHO BBITEKAET U3
TpeboBaHuit. CrienndpuKanms onpeneasacTcs OOINMU
WHBapMaHTaMU M MHBapUaHTaAaMM YHOPaBISIOMIUX CO-
cTrogHU. OTMETUM, YTO MHBAPUAHTHI YIIPABIISIONINX
COCTOSTHUI M OOIIMe MHBapUaHThl MPUHIUMIIUAIBHO
OTJIMYAIOTCS OT MHBAPUAHTOB IIMKJIOB UMIICPAaTUBHOMN

nporpaMmMmbl. HBapuaHTBI YIPaBISIOIMIUX COCTOSTHUIA
4acTo SBIASIOTCSA CIA0BIMU MJIU OTCYTCTBYIOT, T. €. OKa-
3BIBAIOTCS TOXIECTBEHHO UCTUHHBIMU.

Hanee OyaeT mokazaHo, KaKUM 00pa3oM MHBApUaHT
YIIPaBJSIOLIETO COCTOSIHUS IpeoOpa3yeTcst B 00Ut
WHBapUaHT.

Obwuii uneapuanm GopMyaupyeTcs Al aBTOMAT-
HOW TIpOrpaMMBbl B CEKIIMU HEMOCPEICTBEHHO Tepen
aBTOMAaTHOM MmporpaMMoii. O0IIMiIT MHBAPUAHT JOJIKEH
OBITH UCTMHHBIM B HaJaJie Kaxaoro cermeHra. OOmuii
MHBAapUaHT MOXET ObITh MPEACTaBJICH TEMIIOPaJbHOM
dopMyoii.

HcTuHHOCTD 0011ero MHBapuaHTa rapaHTUPYeTCs 10-
Ka3aTeJIbCTBOM CJIeYIollel ceprun (popMysT KOPPEKT-
HOCTH. JIJ1s1 KaXJA0ro YIpaBJisioLIEero COCTOSSHUS He-
00XOIMMO I0Ka3aTh, YTO U3 UICTUHHOCTHU OOIIIETO MHBA-
puaHTa B Hayajle COOTBETCTBYIOIIETO CETMEHTA CJIeAyeT
WCTUHHOCTh OOIIEro MHBapuaHTa IJIsSI MOTUDUIIAPO-
BaHHbIX 3HAYEHU 1 MEPEMEHHBIX Ha KaXXJOM BbIXOIE U3
JIAaHHOTO CerMeHTa.

Jng mo6oro pparmMeHTa NporpaMMbl, COOTBETCTBY-
o11leTO TporpaMMe-GyHKIIMA, HEOOXOAUMO M0Ka3aTh
WCTUHHOCTb MPEAYCAOBUS AJsl JaHHOro dparMeHTa.
Hanpuwmep, nis onepauuu naejaeHUsT HEOOXOIMMO J10-
Ka3aTh, YTO BbIpaxkeHHUeE, SIBJSIOLIEEeCsS OeJUTeIeM, He
pPaBHO HYIIO.

Hdpyrue cBOMCTBA IPOrpaMM-IPOLIECCOB, KOTOPHIE
nojaJjiexar BepuruKalmuum, — 3TO OTCYTCTBUE B3aMMHOMU
0JJOKMPOBKU IIPOIECCOB (IEAI0KOB) U 3aBEPILICHUE KO-
HEUYHBIX ITPOIIECCOB.

JloKa3aTeIbCTBO UCTUHHOCTU BCEX MEPEUMCICHHBIX
BHI0B (DOPMYJT KOPPEKTHOCTH MO3BOJISIET M30€XKaTh MHO-
IUX CEPbE3HBIX OLIMOOK, HO OHO HE TapaHTUPYET MOJHOM
KOPPEKTHOCTH IIPOrpaMMBI B OTJIMYHE OT BepUPUKaALITN
nmporpaMMm-Q@yHKIUM, e MpaBUIbHOCTD CIleInpUKa-
LIMM ¥ I0Ka3aTeJIbCTBO (OPMYJ KOPPEKTHOCTU TapaH-
TUPYIOT KOPPEKTHOCTh IIPOrPaMMBl.

1.4. TexHOonoruss aBTOMaTHOro
nporpaMmmmpoBaHus

Pa3zpaboTka mporpaMMbl-Tiponiecca HauMHAETCS
c ompeaeieHuss Habopa TpeboBaHUi. PUKCUPYIOTCS
00BeKTHl U UX aTpUOyTHl. POPMYITUPYIOTCS TpeOOBaHU S
OKpYyXeHUSI, QYHKIIMOHAJILHEIE TpeOOBaHMSI, TpeOOBa-
HUsI O0e30macHOCTU U Ap. JocTaTouHO 4acTo aBTOMAT-
Has TIporpaMMa CTPOUTCSI MTPOCTHIM TEPENUChIBAHUEM
¢GYHKIHMOHAJBHBIX TpeboBaHul. UX ynoOHee 3amuchi-
BaThb B BUJE Jornuyeckux npasul [7]. TpeboBaHus 6€30-
MacHOCTHU (hOPMaAIU3YIOTCS B BUIE OOLIMX NHBAPUAHTOB.

OCHOBHOII MeTOJ aBTOMAaTHOTO MpPOTrpaMMUpOBa-
HUS — 3TO METOJ NEKOMIMO3UIIMM aBTOMATHOW MPO-
rpaMMBbl B BUJIE HECKOJIbKMX CETMEHTOB Kona. Kaxabrii
CETMEHT KOlla aBTOMAaTHOW MPOrpaMMBl COOTBETCTBYET
HEKOTOPOMY YTIPaBJISIIONIEMY COCTOSTHUIO U peau3yeT
HE3aBUCUMYI0 Oosiee mpocTyio noazanavy. CyKeHus st
nonzanayu GUKCUPYIOTCS MHBAPUAHTOM YIIPABIISIIOIIETO
COCTOSTHU .

luneprpacdoBas KOMIIO3UIIMST aBTOMATHOU TTPOTpam-
MBI SIBJISIETCSI ©O0JIee OOILEN 10 CPAaBHEHUIO C KOMTTO3U LM SI-
MM OIEPaTOPOB B TPAAUILIMOHHBIX SI3bIKAX, TaKUX Kak Cu.
I'mneprpadoBast KoOMIO3ULKS SBIISIETCS MPENETBHO THO-
Koii. JIto0y10 aBTOMaTHY10 NpOrpaMMy MOXHO MpeacTa-
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BUTH KOMIIO3UILIMENH ABYX CcerMeHTOB. ['mmneprpagonas
KOMTIO3UIIMSI TPEX HE3aBUCUMBIX ITPOIIECCOB MTO3BOJIMIIA
YIIPOCTUTH MPOrpamMMy yIIpaBiaeHust 1udToMm [6].

CerMeHT Kofa, peaau3yoinii TporpaMMy-QyHKIINIO
U UMEIOIIM I HECKOJIBKO BBIXOIOB, SIBJISICTCS eunephymk-
yueti [4, 14, 15]. TuntepyHKIINYT 00eCTIcYNBAIOT OO~
HUTEIbHbBIE BO3MOXHOCTH ONTUMU3AIUU IIPOrPaMM.

Hng nonyyeHus 6osee 3¢GHEKTUBHONW MPOrpamMMBbl
MIPUMEHSIOTCS 3KBUBaJICHTHBIE aBTOMAaTHBIE TpaHCGhOp-
MaIli¥, CYIIECTBEHHO MEHSIOIINE CTPYKTYPY aBTOMAT-
HOW mporpaMmsl [8].

Hnst ynpoiieHust nHTepdeiica mporpaMMBbl TTOJIE3HO
HCIIOJIb30BaTh METOIABl O0BEKTHO-OPUEHTUPOBAHHOIO
¥ acIleKTHO-OPUEHTHUPOBAHHOTO MTPOrpaMMHUPOBAHMS.
OTMETHUM, UYTO peaKO TpeOyeTCs MCIOJb30BaTh 00b-
€KTHO-OPUEHTUPOBAHHOE IPOTPaMMUPOBAHUE B ITOJI-
HOM 00beMe — JOCTATOYHO OrPaHMYUTHCS THIIOBBIMHU
KOHCTPYKIIMSIMU Ha ypOBHE aOCTPAaKTHBIX TUITOB NaH-
HBIX [12].

Crtunb a3p1Ka PopTpaH I aBTOMATHOM ITPOTrpaMMBI
B 1IEJIOM KOHTPACTUPYET CO CTHUJEM s3biKa CU BHYTpHU
cerMeHTa Koja, 0COOCHHO ITPU MCITOJIb30BaHN U IIMKJIOB
puga while u for. XKearerbsHO orpaHUYUTh UCITOJIB30-
BaHne 1uKJI0B while u for B aBTOMaTHBIX ITIporpaMMax.

2. Cncrtema Event-B n nnardopma Rodin

Event-B [1] — aT0 MeTon ¢opmaibHO# cnielupurKa-
UMY ¥ Bepu(PUKaLIUU CUCTEM B IIPOTPAMMHOM M CUCTEM-
HOI MHXEHEPUM C MCIOJIb30BAHMEM HOTALlMU TEOPUU
MHOXECTB U JIOTUKH IepBoro nopsiaka. Crenudukaims
Ha s13b1ke Event-B coCTOMT M3 KOMIIOHEHTOB IBYX BUJIOB:
KOHTEKCTOB U MalllMH. Konmekcm OIpenelisieT MHOXE-
CTBa M KOHCTAaHTBl — CTaTMYECKYIO YacTh crielubuKa-
nuu. Mawuna CONCPXUT: TIepeMEeHHBIC, MHBAPUAHTHI,
coObiTUs. COOBITUS MAllMHBI ONPEAEISIIOT MPOLEece
B BUJIC HEACTCPMUHUPOBAHHOIO aBTOMAaTa. 3JHAYCHU S
nepeMeHHBIX (GOPMUPYIOT TEKYIIEE cocmosHUue TMPO-
mecca.

Tekyliiee cocTosTHUE CIIEUU(PUKAUA MOXET ObITh
n3MeHeHO coObiTueM. Cobbimue OIpenelsieT OXpaHHBIS
YCIOBUS U AeHCTBUS. OXpanHbie yCA08Us OTPAaHUYNBAIOT
MHOXECTBO BO3MOXHBIX COCTOSIHUI, B KOTOPBIX JaH-
HO€ COOBITUE MOXET MPOU3OUTH. Jeticmeus peaausyloT
MIpUCBaBaHUS NepeMeHHBIM. DddeKT 60see CI0KHOTO
JIeCTBUSI MOXHO ONpeaeauTh before-after-mpenukarom,
CBSI3BIBAIOIINM 3HAYCHMSI ICXOOHBIX 1 MOTU(DUIIUPOBAH-
HBIX TTIepeMeHHBbIX. JIJ151 BCIKOI0 COOBITUSI UHBApUAHTHI
IOJIXXHBI OCTABAThCSI UCTUHHBIMHY IT0CJIE MOTM(PUKAIIMIA
MEePEMEHHBIX NeUCTBUSIMU COOBITHUS.

Bce cobbiTHs aTOMapHbl U MOTYT peajiu3oBaThCs,
€CJIM UICTUHHBI UX oXxpaHHbIe ycaoBus. Eciu ogHoBpe-
MEHHO MCTHMHHBI OXpaHHBIC YCJIOBHUS HECKOJBKUX CO-
OBITHI1, TO TOJBKO OAHO M3 HUX MOXET MCIOJHUTHCS
B JAaHHBIM MOMEHT; COOBITHE IJISI UCIIOJTHCHUSI BBHIOM-
paeTcsl HeleTepPMUHUPOBAaHHBIM 00pa3oM.

Crneundukanus Event-B coctouT 3 mociaemoBareinb-
HOCTH MalllMH, B KOTOPOI ouepemnHast MalllMHa SIBJSIETCS
ymoyHeHuem TIpeAbIayIeil Mamuabl. OyepeaHass Ma-
IIIMHA COAEPXMUT HOBbIE NIEPEMEHHbIE U COOBITHS, pac-
LM pAIONINe IpeabIayIyio MamnHy. [IpnyeM rmoBeneHue
HOBOW MalllMHBI B IPOEKIIUY HA HacJleayeMble 00bEKThI

U COOBITHUS TIOJTHOCTHIO MASHTUYHO TOBEACHUIO TTPEIbI-
NyILIEW MaLIWHBI.

ITnarpopma Rodin [2] onpenensieT cpeny nas pas-
paboTku u BepudUKauuu cneuuruKauuii Ha SA3bIKe
Event-B. Jloka3atenbCTBO reHepUpyeMbIX 10 crieliuu-
Kanuu ¢hopMya KOPPEKTHOCTU TIOAAEPKMBAETCS aBTO-
MaTUYECKMMHU M MHTEPAKTUBHBIMU CPEICTBAMU TOKa-
3aTeNbcTBa ¢ mpuMeHeHueM SMT-pemateneit [2]. Cre-
MeHb U BO3MOXHOCTH aBTOMaTHU3allMU A0Ka3aTeabCTBa
CYIIECTBEHHO BBIIIIE, YeM B CUCTEMaX J0Ka3aTeJbCTBa
PVS [16], Why3 [17] u Coq [18]. B yacTHOCTH, aBTOMATHU-
3MpPOBaHO NIPMMEHEHME 9KBUBaJIEHTHBIX 3aMeH. B nepese
TeKyILIEero mpoiecca 10Ka3aTeJbCTBa IBHO 0003HAUYCHBI
MO3UIIMH, IO KOTOPBIM I0JIb30BaTEIb MOXET IPOAOJI-
KUTh 10Ka3aTeJIbCTBO, BEIOPAB OAHY U3 IIpeaiaraéMbiX
aJIbTePHATHB.

B Event-B umelorcsa cpeactBa oOHapy>XKeHUSI CUTya-
LUK B3aMMHOI OJIOKUPOBKM (IeJJI0Ka), a TaKXKe JOKa-
3aTeJIbCTBA 3aBEPIICHUSI KOHEUHBIX IIPOLIECCOB.

3. fI3blk aBTOMATHOro NporpamMmM1MpoBaHust
Ha 6a3e Event-B

B aBTOMaTHOM MPOrpaMMUPOBAHMU MOXHO IpPE-
CTaBUTh JIOOYI0 TEXHOJIOTUIO JAJs IIPOrpaMM-IIpolLiecC-
coB. [laymee ompeneanM MOCTPOSHHUE HOBOTO SI3bIKA aB-
TOMAaTHOTO MPOrpaMMUPOBAHUS pacllIMpeHUEM SI3bIKa
cneuudukanuii Event-B.

[IpousBoibHOE COOBITUE ajiee OyIeM MpPeACTaBISATh
B BHJIE OIleparopa:

if (<Oxpannsie ycnosus>) { </elictBus> }
WJIH B BUJIE TIPaBUIA:
<OxpaHHBIe yCIOBUSI> —> <JleiicTBus>

B TunmyHOM ciy4dae meiicTBUSI pealIn3yIoT IIPUCBanBa-
HHE HeCKOJTBKMM TiepeMeHHBIM. Hanpumep, {c:=C;d:=D}.
BoipaxxeHust C 1 D BBIUMCISIIOTCSL M UX 3HAYCHUSI OJHO-
BPEMEHHO IPUCBANBAIOTCS MePeMEHHBIM C U d.

Jlonyctum, malimHa M coctout u3 cooniTuit A, B, Eu F
Torma mamuHy M OyzneM NpencTaBiasTh CAEAYIOIIMM IIPO-
LIECCOM C €IMHCTBECHHBIM YIPABJSIOLINM COCTOSHHUEM
cycle:

process M
{ cycle: [nA:] A| [nB:] B| [nE:] E | [nF:] F #cycle }

3necy nA, nB, nE u nF — umeHa coowmiTuit A, B, E
u F. UMeHa coObITUI, albTepHATUB HEAETEPMUHUPOBAH-
HOIl KOMMO3UIINHU, IIPEICTaBICHBI 31eCh B KBaIPaTHBIX
CKOOKax B OTJIMYME OT UMEH YIIPABJISIOIINX COCTOSIHUM.

B HOBOM s13BIKE aBTOMATHOI'O ITPOrpaMMUPOBAHUS
OyleM HCI0Jb30BaTh NpUMUTHBHBIE TUIILI BOOL, INT,
NAT s3bika Event-B u oneparop npucBauBaHus <Ilepe-
MeHHas> := <BrIpaxkeHne>.

Hekotopble koHCTpyK1MHU si3biKa Event-B 3aMeHs10T-
cs Apyrumu, 6ojiee mpuBblYHbIMU. [Ipeaukar X € BOOL
OyneM 3anuceiBaTh B Buie X: BOOL. He ucnonb3yercs
cobbiTre INITIALISATION. HavuanbpHasgd MHUIIMAIU3ALUS
IMePEMEHHBIX peaiM3yeTcs B CEKIIMU IIepe]l aBTOMaTHOM
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mporpammoii. Hampumep, x: BOOL := false. BMmecTo koH-
CTpyKLIMU partition co CI0XHON CEMAaHTUKOM MCIOJb-
3yeTcsl OMUCAHWE TUIA MEePEeYUCIeHUs enum B CTUJIEe
a3bika Cu.

4. YnpaBneHue ABMXeHUeM
aBTOMOOMNen No MmocTty

3ajmaya ynpaBjeHUs IBUXEHUEM aBTOMOOUIJIEH MO
MOCTY MpeACTaBJIcHa B Ka4eCTBE TIepBOro IIpruMepa B 13-
BecTHoi KHure J.-R. Abrial, ssBisioiieiicss pyKoBoACTBOM
no cucteme Event-B [1]. Ha 6a3e a3Toro npumepa omnpe-
NeJISIIOTCSI OCHOBHBIE TTOJIOXKeHUsT TexHoJioruu Event-B.

4.1. TpeboBaHUA K cucTeme ynpaBneHus

CoxnepxarenabHoe onucanne. MiMeeTcs MocT, coenu-
HSIIOIIMI MaTepuK U OCTPOB. MOCT y3KUil U TIO3BOJISIET
JIBUTAThCSI aBTOMOOMJISIM TIO HEMY TOJIbKO B OIHY CTO-
pony. Mmerorcs nBa cBetodopa, YyCTAHOBIEHHBIX TIPU
BBE3JIE HA MOCT C MaTepUKa M C OCTPOBa. Y KaxXI0ro
cBeTodopa aBa 1BeTa: KPACHBIN U 3eJIeHBII. ABTOMO-
OWJISIM 3alpelieHo NBUXEHWE Ha KPAacHBIN cBeToGhOp
npu Bbe3Ae Ha MOCT. UMeroTcs yeThipe ceHcopa. Kax-
IBI CEHCOpP HAXOAMTCS HAa HEKOTOPOM y4acTKe aBTO-
MOOMJIBHOI TpacChl M CIIOCOOCH (DMKCHUPOBATh CUTYa-
LIM10, KOTTa aBTOMOOWJIb HAXOAUTCS HAa 3TOM y4acTKe
Tpacchl. [1epBblil ceHCOp HAXOMUTCS Mepell Bbe3[0M Ha
MOCT ¢ MaTepuka. Bropoit ceHcop — Ha MocTy mepen
Che3I0M Ha OCTPOB. TpeTuit ceHcop — Tepea Bhe3A0oM
Ha MOCT € ocTpoBa. YeTBEPTHIN CEHCOpP Ha MOCTY Tiepes
ChE3[I0M Ha MaTepuK.

Yucno aBToMOOUIEH, KOTOPbIE MOTYT HaXOJAUThCS
Ha OCTPOBeE, orpaHnueHo. Heob6xognmo mocTpouTh KOH-
TPOJIJIep, KOTOPBIH MepeKIoyaeT CBETOMOPHI, UCTIONb3YSsI
TMOKa3aHUSI CEHCOPOB, M TAKUM 00pa3oM obecreunBaeT
O6e3omacHOe ABUXKEHUE aBTOMOOUIIEH MO MOCTY.

Hanee mpoBeneM aHa u3, IeTaau3alnio U MMEeHOBa-
HUe TpeOOBaHUA.

O0beKTH OKPyXKeHHSA: MaTepuUK, OCTPOB, MOCT,
2 cBeTodopa, 4 ceHcopa.

AtpubyThI cBeTO(DOpA: KPACHBII; 3€JIEHBIN.

ATpuOyTBI CEHCOpa: ON — CEHCOp BKJIIOYeH; off —
CEHCOP BBIKJTIOUEH.

HNmena ceeTodopoB: mtl — cBeTodop Ha MaTepuke
mpu Bbe3jAe Ha MOCT; itl — cBeTodop Ha OocTpoBe Tipu
BbE3[I€ HA MOCT.

HNmena cencopos: mlOut — ceHcop mpu BBHE3AE Ha
MOCT ¢ MaTepuKa; illn — ceHcop npu cbe3ae ¢ MOoCcTa Ha
octpos; ilOut — ceHcop mpu Bbe3ae Ha MOCT C OCTPOBA,;
mlIn — ceHcop Npu cbe3le ¢ MOCTa Ha MaTepUK.

Onpenenenne. CeHCOp omka0uaemcsi, €ClI OH U3-
MEHSsIeT CBOe 3HaYeHue ¢ on Ha off.

Kaxaplii ceHcop compsixkeH ¢ HEKOTOPBIM y4acTKOM
aBTOMOOUJIbHOU Tpacchl. CeHCOp BKJIIOYEH, €CIU Ha
JaHHOM Y4YacTKe HaXOAUTCS aBTOMOOMIb. OTKITI0YeHUE
CEHCOopa 03HAYaeT, YTO aBTOMOOUJIb CheXall C JAHHOTO
yJacrka.

CoopmynupyeM QyHKILMOHAJIbHbIE TPEOOBaHUS.

RF1. Orknwouenue cencopa mlOut — aBTOMOOMIIB
BbEXaJ Ha MOCT C MaTepuKa.

RF2. Otkitouenue ceHcopa illn — aBToMOOUIIb Chexa
C MOCTa Ha OCTPOB.

CeeTodop CeeTodop

Mocr

Octpos Martepuk

-

Céchhhl
Puc. 1. Cxema mocTa co cBetodopamMn u ceHCOpaMu

RF3. Otknrouenne ceHcopa ilOut — aBTOMOOMITb Bhe-
XaJl Ha MOCT C OCTpOBa.

RF4. OTkitoueHne ceHcopa mlIn — aBTOMOOUIB Che-
XaJl ¢ MOCTa Ha MaTepuK.

RF5. Yucyio aBToMoOUIE HA OCTPOBE OTPAHUYEHO.

RF6. JIBuzkeHue aBTOMOOMIIE 1O MOCTY BO3MOXKHO
b0 ¢ MaTepukKa Ha OCTPOB, MO0 C OCTpOBa Ha Ma-
TepUK.

OmnpenennM TpeOOBaHUS 6E30IMACHOCTH.

RS1. IIpu kpacHom cBeTodope mtl 3anpelieHo OBU-
XKeHHNe C MaTeprKa Ha MOCT.

RS2. Ipu kxpacHoMm cBeTodope itl 3anmpelneHo aBUKe-
HUE C OCTPOBa Ha MOCT.

IIpencraBieHHas cucTeMa yIpaBJeHUS ABUXKEHU-
€M MO0 MOCTY B IICJIOM W apXUTEKTypa 00OpyIOBaHMS
(puc. 1) B 4aCTHOCTHU MMEIOT CEepbe3Hble HEAOCTATKU
W HE MOTYT WCIIOJNIb30BaThCs Ha MpakTuke. Huurto He
MOXeT IToMelllaTh aBTOMOOMJIIO BCTaTh HAa CEHCOP, a 3a-
TEM MoexaTb B 0OpaTHOM HampaBJeHUU. ABTOMOOUJIb
MOXeT TaKxe 3aexaTh Ha MOCT, a IIOTOM CheXaTh C HEro
3aJHUM XomoM. [loaToMy maHHYIO 3amady TTOCTPOEHUS
KOHTpOJLJIepa yIIpaBJeHUs IBUXKEHUEM IO MOCTY MOXXHO
paccMaTpuBaTh TOJBKO KaK YUEOHYIO.

4.2. PazpaboTka OT npocTeuLien mogenm

IMocTpoenue crienudukalvu ynpaBaeHUs ABUXE-
HHMEM MO MOCTY MpeacTaBieHO B KHuUre [1] B BUaIe npo-
CTel1Iei MOJEU U TOCeNYIOMX TpeX yToUHeHu . JIas
WJUTIOCTpaluy TexHojoruu Event-B Bocripou3BeaeM Ha-
YaJIbHYIO MOJIEJIb U MEPBbIC ABAa YTOUHECHUS Ha S3BIKE
aBTOMAaTHOTO ITPOrpaMMUPOBAHMSI.

B HavanpHOIT MOAENIM MOCT U OCTPOB paccMaTpu-
BalOTCs Kak eauHoe liejioe. B Mmogenu pukcupyroTcs
aBTOMOOMJIM, YXOISIINE C MaTepruKa, 1 aBTOMOOWJIHN,
MMpUXonsIIe Ha MaTepuk. IlycTh N — YMCIIO aBTOMO-
Oujieil Ha MOCTY M Ha ocTpoBe. BBegem KoHcTaHTy d,
OMNpeneNsdIyl0 MaKCUMalbHOE YHUCI0 aBTOMOOUJIEH
Ha octpoBe. [IpeacTtaBum (puc. 2) aBTOMATHYIO MPO-
rpamMMy JJIST Ha4aJTbHOM MAIIMHBI C IBYMS COOBITUSIMU:
yXOJI aBTOMOOMJISI C MaTepuKa U IPUXOJ aBTOMOOUIS
Ha MaTepuK.

Jlerko oOHapyXUTh, YTO B MOJEIU €CTh OLIMOKU.
IlepBas omrmbOKa: HET TapaHTUM, YTO ITOCJEC OEHCTBUSI
n:=n+1 He OymeT NMpeBbILLIEH JUMUT aBTOMOOMIIEH d.
OddexkTuBHOCTh MeTona Event-B [1] B TOM, 4TO OH MO-
3BOJISIET 00HAPYXKMUBATh BCE OIIMOKU TaAKOTO poja B IIPO-
1ecce noKas3aTeabeTBa (opMya KOPPEKTHOCTU. B maHHOM
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section St0 {
const d: NAT
n: NAT
inv n<d

¥

process carBridgeOer {
cycle: [ML_out:] n :=n+1 |
[ML_in:] n:=n-1
#cycle
by

Puc. 2. HayanbpHasa Mogeb ¢ OIHOKAMH

ciayyae OyneT mpeacTaBieHa ¢hopmysia KOPPEKTHOCTH:
n+1<d, KoTopas 3mech Hemokasyema. JIst mcupaBieHUS
OLIMOKM HeoOXoanuMo H00aBUTh yciaoBHe: n<d. Bropas
ommoOKa: IS meicTBUs h:=n—1 OymeT creHeprMpoBaHa
¢dopMyna kKoppekTHOcTU N-1e NAT, KkoTopasi oKa3biBa-
eTcs HemokKaszyemoii. HeoOxognMo BCTaBUTH YCIIOBUE:
n>0. TpeTbs owmnMOKa: B HaYaJbHbI MOMEHT pPabOThI
MaIIMHBI HE BBITIOJNHSIETCS (OpMYyJia KOPPEKTHOCTH:
n<d. [IpyynrHa B TOM, YTO IIepeMEHHAsI N He UHULIUAJIH-
3upoBaHa. B cexuuu St0 HeoO6X0nMMO BCTaBUTh UHULIU-
anuszauuio: n:= 0. [locie ucnpapieHUs TaHHBIX OIIMOOK
MOSBIISIETCS YeTBepTast omnoka. [Ipu rmoncke 0J10KMpo-
BOK ([eI1JIOKOB) reHepupyeTcs hopMysia KOPPEKTHOCTH:
n<d = n<d v n>0, koTopas Hemokaszyema mpu d=0.
B cinyuae d=0 geiicTBUTEIBHO BO3ZHMKAET ACIJIOK, I10-
3TOMY Heobxommmo yciaoBue d>0 B BUIEe aKCUOMEI.
Ha puc. 3 naHa ucnpaBjieHHasi HadyajabHasi MOJEb.

OmnpenennM yTouHeHUe HaYaIbHOW Momenu (puc. 4).
byneMm paziuyaTb aBTOMOOMJIM, HAXOASIIMECS HA MOCTY
M Ha OCTPOBe. 3aMEHHUM CTapylo MePEeMEeHHYIO N TpeMsI
HOBBIMHU MEPEMEHHBIMU: @ — YHCJIO aBTOMOOMJIEH, 1BU-
XKYIIUXCS IO MOCTY C MaTeprKa Ha OCTPOB; b — 4nCiI0
aBTOMOOMJIEl Ha OCTPOBE; C — YMCJIO aBTOMOOUJIEH,
IBUXYIIMXCS II0 MOCTY C OCTpOBa Ha MaTepuK. BBo-
IUTCS ceasyiowuli uneapuanm a+b+c=n, onpenenasioniui
OTHOIIICHUE MEXIY CTAPBIMU ¥ HOBBIMH IIEPEMCHHBIMM.
TlosiBASIIOTCS 1Ba HOBBIX COOBITHSI: aBTOMOOMJIb Che3Ka-
eT ¢ mocta Ha ocTpoB (IL_in) m aBTOMOOMIIb Bbe3KaeT
Ha MocT ¢ ocTpoBa (IL_out).

MoxXHO BUAETh, YTO coObITUsI ML_out 1 ML_in B yTou-
HEHHOM MOJEM OTIIMYAIOTCS OT 3TUX XK€ COOBITUI B Ha-

section St0 {
const d : NAT // makcumanbeHoe unciio apTomMoOMIel Ha oCTpOBE
axiomd >0
n: NAT :=0
inv nsd
}
process carBridge0 {
cycle: [ML_out:]n<d—n:=n+1|
[ML_in:] n>0—>n:=n-1
#cycle

¥

Puc. 3. McnipaBjieHHas HAYaJbHAS MOJENb

section Stl1 extends St0{

a:NAT:=0
b: NAT :=0
c: NAT:=0

inva+b+c=n
inva=0Ovc=0
}
process carBridgel refines carBridge0 {
cycle: [ML_out:] a+b<d, c¢=0— a:=a+1 |
[ML_in:] >0 —» ci=c-1|
[IL_out:] b>0,a=0— b:=b-1, c:=c+1 |
[IL_in:] a>0 — a:=a-1, b:=b+1
#cycle
}

Puc. 4. IlepBoe yrouHeHue

yayjbHO Monenau. st atux coowiTuii B Event-B rene-
pupyOTCsI GOPMYIBI KOPPEKTHOCTH, MTOKA3aTEIbCTBO
KOTOPBIX FapaHTUPYeT UISHTUYHOCTh MOBEIECHMU S CTAphIX
1 HOBBIX COOBITHI. KOPpPEeKTHOCTE YTOUHEHUS AJISI TO-
O6aBieHHBbIX coObITUi IL_out u IL_in GymeT obecrnieueHa,
€CJIM 3TH COOBITHUS He MEHSIIOT 3HAUCHU CTaphIX Iepe-
MEHHBIX, T. €. 3HaUYEHUS MEPEMEHHOI N.

Crenytoias Monesb (puc. 5) cTpouTcs Kak yTOYHEe-
Hue Moxaenu carBridgel. DTo yrouHeHHWe Opyroro BUa.
B monenu carBridgel yTouHSINCHh CTPYKTYPBl JaHHBIX.
31ech XKe MPOUCXOIUT T00aBICHNE HOBBIX CTPYKTYP JaH-
HBIX ¥ HOBBIX COOBITHI.

IMogBasioTest cBeTodopbl: mtl — Ha MaTepuKe Mpu
Bbe3e Ha MOCT; itl — Ha ocTpoBe IIpU Bhe3de HAa MOCT.
HNuBapuanTt mtl=red v itl=red cooTrBeTCcTBYeT TpebOOBa-
Huto RF6. JIBa npyrux MHBapuaHTa OTPaxaroT CIeay-
Iol[Me MPaBUJIO KOPPEKTHOCTU YTOUHEHUS: OXpaHHOE
YCJIOBHE HEKOTOPOI'0 COOBITHSI B YTOUHEHHOM MOIEIN
JIOJIXKHO OBITh HE ciabee aHaJOIrMYHOro yCJIOBUS B IIpe-
IBIIYIIEH MOISIIN.

Ha nyctom MocTy HoBble coObiTus Mtl_green
u Itl_green mepexaogaloT cBeTODOPH TaK, YTOOBI CTAJIO
BO3MOXHBIM JABUXEHHWE B IPOTHUBOMOJOXHYIO CTOPOHY.
Hanee, MTOCKOJIBKY MOCT BCe eIll¢ MMyCTOM, MOXET cpa-
00TaTh Ipyroe coObITHE, NTEPEKII0YaoIIee CBETO(MOPHI.
B pesynbrare nomyunM 0€CKOHEUHBIN IPOIIECC OBICTPOTO

section St2 extends St1{
type Colour = enum {red, green}
mtll: Colour := red
itl: Colour := red
inv mtl=red v itl=red
inv mtl=green => a+b<d & c=0
inv itl=green => b>0 & a=0
}
process carBridge2 refines carBridgel{
cycle: [ML_out:] mtl=green —» a:= a+1 |
[ML_ in:] >0 —ci=c-1 |
[IL_out:] itl=green — b:=b-1, c:=c+1 |
[IL_in:] a>0— a:=a-1, b:=b+1|
[Mtl_green:] mtl=red, c=0, b<d — mtl:=green, itl:=red |
[Itl_green:] itl=red, a=0, b>0 — itl:=green, mtl:=red
#cycle
}

Puc. 5. Bropoe yrounenue
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nepexarodYeHus cBeToPopoB. YTOOKI HE JOMYCTUTH TAKYIO
CUTyallM10, JaJibHelIIee NepeKIoYeHrne cBeTo(popoB
O0noKMpyeTcsa B MoauduKaMy MalluHBL carBridge2 mo
TMOSIBJIEHW S aBTOMOOMJISI HA MOCTY € TIPOTHUBOIOJIOXHOMN
CTOpOHBI. JlaHHOE pellleHWe HeYIOBIeTBOPUTEILHO, I10-
CKOJIBKY OXHAAHWE aBTOMOOWJISI C MPOTUBOIIOJOXHOMN
CTOPOHBI MOXET 0Ka3aThCs JOJITUM.

IIpaBuibHOE pelieHue caenytouee. MisMeHeHre Ha-
MpaBJeHUs IBUXEHUSI BO3MOXHO, €CJIM ¢ IPOTUBOIIO-
JIOXXHOUW CTOPOHBI UMEETCSI aBTOMOOUJIb, CTOSIINN Ha
CEHCOpEe B OXXMIAHUU 3eJICHOr0 cBeTodopa.

B TpeTheM yTOUHEHU U 100aBISIOTCS CEHCOphL. Monenb
oKa3zaJiach cJIoXHOM. i1 mpoBeneHusT YTOUYHEHU S 110~
TpebGoBaJioch BBECTU 11 HOBBIX MTEPEMEHHBIX.

VYrounenue B Event-B ¢akTuuecku equHCTBEHHBIN
MeTon. OH MO3UIIMOHUPYETCS KaK YHUBEPCATbHBIMI
1 3DOEKTUBHBIN A1 1EKOMITO3ULIMU CIOXHBIX MOJE-
Jieii. B nanHHOM mprMepe U3 pykoBoacTsa [1] yrouHeHus
OBIIM BBEACHBI B YYCOHBIX LIeNAX. TpeThe YyTOUHEHUE
0Ka3aJI0Ch HEOMPaBAAHHO CI0XHBIM. BbIs10 ObI HAMHOTO
MpPOIIEe TOCTPOUTH MOJIEJIb, HE MTpruberasi K YTOUHEHUSIM.

Meton yTouHeHUi siBAsieTCd 2DHEKTUBHBIM IS
uepapxuueckux mogaeneil. [ToctpoeHne MCKycCTBEHHOM
nepapXxruu oObIYHO HE TaeT XOPOIIEro pe3yjabrara. MeTton
YTOYHEHUI He BCerma MoJie3eH.

4.3. PaspaboTka no TexHONOrnm aBToMaTHoOro
nporpamMmmMumpoBaHuA

N3MeHeHUs 4yncia aBTOMOOWJIE Ha MOCTY W Ha
OCTPOBE OMPEAENSIOTCS Yepe3 U3MEHEHU ST TTOKa3aHU it
ceHcopoB. PYHKIITMOHUPOBAHUE CEHCOPOB €CTECTBEHHO
OMpeaeuTh HE3aBUCUMBIMU TIPOIIECCAMU, BHIYUCISI-
OIMMH YUCIIO aBTOMOOWJIE HA MOCTY M Ha OCTPOBE.
YrpasneHue cBeTodopaMu ymoOHee peain30BaTh Ipy-
ruM mporeccoM. [loaHas mporpamMma-mponecc ynpas-
JICHUS JBUXEHUEM aBTOMOOWJIENW HAa MOCTY MpPEACTaB-
JIsieTcs MapaieIbHON KOMITO3UIIMEN TTSITU aBTOMATHBIX
MpOTpamMM:

process carBridge {
LightControl || ML_out || IL_in || IL_out || ML_in

PaccMoTpuM aBTOMAaTHYIO IIPOTpaMMYy YIIpaBJICHUS
cBetodopamu LightControl. O4eBUIHBIMU SIBISIOTCS Clie-
IYIOIINE TPU YIPABISIOIINX COCTOSHMUSI:

e Zero — MOCT MycT, 06a cBeTodopa KpacHBbIE;

e right — peanmsyercs OBUXEHHUE CJieBa HAIIpaBo,
T. €. C OCTPOBa Ha MaTepuK;

o left — peanmsyercs nBuUXKeHME CIIpaBa HAJIEBO, T. €.
C MaTepuKa Ha OCTPOB.

Kaxmoe ympasisioniee COCTOSIHUE OIPEAcIsieT He-
3aBUCUMYIO Moa3anady, 6ojee MpoCcTyIo Mo CpaBHEHUIO
C UCXOOHOH 3amayeid.

B cocrostHum right peanusyeTrcst ynpaBjieHUe IBU-
KEHHEM C OCTPOBa Ha MaTepHUK. DTa 3aJadya HaAMHOTO
npolille UCXOAHOW 3amayu. Hampumep, HET HEOOXOA M-
MOCTH IIPOBEPSATH OrpaHMYCHUE YKCJIa aBTOMOOMJICH Ha
ocTpoBe. Eciii MOCT CTaHOBUTCS MYCThIM, HEOOXOAUMO
MEPENUTU B COCTOSIHUE ZErO.

B cocrosaum left peanusyercst yrpaBieHue IBUXKE-
HHEM C MaTepuka Ha ocTpoB. Ecim MOCT cTaHOBUTCS

ITYCTHIM, MIPOUCXOIUT IIepexol B cocTosHHe zero. [Ipu
MOSIBJICHU Y aBTOMOOMJISI, BbE3XKAIOIIero Ha MOCT C MaTe-
pviKa, TaKxXe TIpoBepsieTcst orpaHnndyeHne a+b<d. B cuty-
anuu a+b=d cetodop mtl ycraHaBIMBaeTCsT KpaCHBIM.
J st TOro 4ToObI MEPENTHU B COCTOSIHUE Z€r0, HEOOXOA -
MO CHayaja 0CBOOOAUTH MOCT. OCBOOOXIEHHE MOCTa
KOHTPOJIMUPYETCS] B HOTIOJHUTEIBHOM YIIPaBIISIONIEM
cocrossHuM leftscan.

B cocrostHum zero moct mmyct. Oba cBeTodopa Kpac-
Heie. Ilepexon B cocTostHue right unu left craHoBuTCs
BO3MOXHBIM, KOTJIa Y MOCTa Ha CEHCOPE OCTaHaBJIMBA-
€TCsI aBTOMOOMJIb B OXMIaHUM 3€JIeHOro cBeTodopa.
YToOBI OTCIEXWBATh OCTAHOBKY aBTOMOOWMJISI HA CEH-
cope Iepea MOCTOM, BBOISITCS IBe HOBBIE IIEpEMEHHEIE.
IMepemennast ml_out=true, ectu cercop mlOut BKITIOUEH,
T. €. HA HEM CO CTOPOHBI MaTepuKa B JaHHBIA MOMEHT
HaxomuTcst aBToMoOmIb. [lepemernnast il_out = true, ecim
ceHcop ilOut BKJIIOYeH — Ha HEM HaXOAUTCSl aBTOMOOMJIb
CO CTOPOHBI OCTPOBA.

OueBHMIHO, YTO MOCJIE Ilepexona ¢ zero Ha right uim
left HEMenIeHHO TIPOM30IIET BO3BpAT Ha ZEro, MOTOMY
YTO aBTOMOOWJIbL HE yCIleeT 3aeXaTh Ha IIYCTOM MOCT.
[Tonyuyum ObICTpOEe MepllaHue cBeTodopa ¢ 3eJeHOTO
Ha KpacHbI#i. YToOBI N30eKaTh MepLUAHUs CBETOPOPOB,
TIePEeXO C Zero peaamn3yeTcsi B HOBBIE COCTOSTHUSA right0
u left0, rme oxumaeTcs MosiBJeHUE Ha MOCTY IIEpPBOIO
aBTOMOOUJIS.

Ecau b=d B cocroanunm leftd, To npu nmogsieHun
TIepBOTO aBTOMOOMJISI HA MOCTY OyJeT HapylIeHO orpa-
HuuyeHue a+b<d. B cBsI3u ¢ a3TUM, npu nepexoae ¢ zero
Ha left0) HeoOXoMMMO MOTIOTHUTETHFHO TTPOBEPSITH YCIIO-
Bue b<d.

BosHukaeT cuTyanmst 6JJOKMPOBKHU (IeIJIOKa) B CO-
crossHusx right0 u left0, eciu mepBBIii aBTOMOOMIIB T10-
SIBUJICSI HA MOCTY W yCIIeJl BbleXaTh C MOCTa paHbIIIe,
yeM cpaboTaj CerMeHT Koaa B cocTosiHMSX right0 unu
left0. TTomo6HOE BO3MOXHO, Koraa mpotecc LightControl
OyaeTt npuocTaHoBjieH. Bo n3dexaHue 6JJOKMPOBKU BBE-
JIEeH TIpU3HaK MyCcTOro MocTa empty, KOTOphIif TacuTCs
B cocTostHMX right0 vau left0. [Ipu ucTUHHOM 3HaYEHUU
empty aBTOMOOMJIb HE MOXET IIOKUHYThH MOCT.

Ha puc. 6 npencraBieHa CeKIUs IJIsl ITOJTHOM MpPO-
rpaMMBI YIIpaBJIeHUs ABIKeHeM 110 MocTy. KoHcTaHTa d,

section St0 {

const d : NAT
axiomd >0
a: NAT :=0
b: NAT :=0

type Colour = enum {red, green}
mtl: Colour := red

itl:  Colour := red

ml_out: BOOL := false

il_out: BOOL := false

empty: BOOL := false
inva+b<sd

inv mtl = red v itl = red

}

Puc. 6. Cexuus Ajast noJHOI MPOrpaMmbl

"MporpammHas uHxeHepusa" Tom 13, Ne 4, 2022




process LightControl {
zero: inv a=0 & mtl = red & itl = red & not empty;
if (il_out) {itl := green; empty := true #right0}
else if (ml_out & b< d) {mtl := green; empty := true #left0}
else #zero
right0: inv mtl = red & itl = green & empty;
if (a=0) #right0 else { empty := false #right}
right: inv mtl = red & itl = green & not empty;
a=0 — itl := red #zero
leftD: inv itl = red & b< d & empty;
if (a=0) #left0 else { empty := false #left }
left: invitl = red & not empty;
if (a+b=d) {mtl := red; #leftscan}
else if (a=0) {mtl := red #zero }
else #left
leftscan: inv mtl = red & itl = red & not empty;
a=0 — #zero

b

Puc. 7. ABromaTnas nporpamma LightControl

nepeMeHHBIE b, mtl, u itl ompemensgioTcT TakXe Kak
M B ONMCAaHHON BbIIIe peanusanuu. [lepemMeHHas a
OoITpeielIsIeT YHNCIIO aBTOMOOMIIE Ha MOCTY B JTI0OOM 13
HanpaBJieHU ABuXeHus. [lepeMeHHast C UCKITIOUEHa.

Ha puc. 7 npexncraBiieHa aBToMaTHas IporpaMmMma
LightControl. Kaxkgoe ymmpaBisiolee cCoOCTOSIHUE cCHa0Xka-
€TCSI THBAapMAaHTOM, KOTOPBIH JOJIKEH OBITh NCTUHHBIM
B HayaJie COOTBETCTBYIOIETO CErMEHTA.

4.4. NMporpamMmbl ynpaBrneHusi CeHcopamm

IMpocreiiiee GyHKLIUOHUPOBAHKUE CEHCOpa Mpel-
CTaBJISIETCS IPOrpaMMOM U3 JBYX CETMEHTOB BKIIOUEH U ST
U BBIKJIIOUEHMSI CEHCopa:

off: #on
on: #off

B nmeiicTBUTENBHOCTH, aBTOMAaTHBIE TPOTPAMMBI
YIIpaBJICHMS CEHCOpaMU HaTrpy>XeHbI BBIYMCICHUEM 3Ha-
YeHWU TepeMeHHBIX a, b, ml_out u il_out. [TporpamMmMsr
ML_out n IL_out peanusyioT nepekoueHnus ¢ on Ha off
TIpu 3eJIeHOM cBeTodope.

ITporpamMMBbl yripaBjieHHsI CEHCOpaMM ITOJIKHBI yCIIe -
BaTh OTCJIEXWBATh U3MEHEHUS TTOKAa3aHUI CEHCOPOB.
D10 caenyeT cpopMyIMpOBaTh B BUAE CICAYIOIIUX TPE-
OoBaHU.

RF7. BkiouyeHue ceHcopa MpU MOSIBJIEHUM Ha HEM
ABTOMOOWJISI IOJI3KHO OBITH 3a(hUKCUPOBAHO paHbIIIe, YeM
aBTOMOOMJIb CHEACT C CEHCopa.

RF8. BrikioueHHE ceHcopa MpU Che3Je C Hero aB-
TOMOOMJISI AOJIXKHO OBITh 3a(pMKCUPOBAHO paHbIlle, YeM
JIPYTOli aBTOMOOWJIb 3a€IeT Ha 3TOT CEHCOP.

Ha nyctom mMocty, npu a=0, HEBO3MOXHA CUTyaLU s
"aBTOMOOMJIb TTOKUJAET MOCT", T. €. TIEpPEeX0l C On Ha
off. B meicTBUTEIBHOCTU TaKOro U He Ipou3oiineT. Ecimn
aBTOMOOWJIb HAaXOAMTCS Ha CEHCOpPE MJIM 3ae3XaeT Ha
HEro, To MOCT He IycT. [To3ToMy HE0OXOIMMO BCTaBUTh
JonoaHuTenbHOe yesoBue: a>0. be3 Hero oneparop a:=a—1
OKasKeTCsI HEKOPPEKTHBIM. AHAJIOTUYHBIM 00pasoM,
HEoO0X0oMMMO BCTaBUTH ycioBue b>0 nst 6JIOKMPOBKH
CUTYallMU Bbe3la Ha MOCT C OCTPOBA IPU OTCYTCTBUU
Ha HEM aBTOMOOWJIEH.

IIporpamMMBbl ypaBJIeHUSI CEHCOPAMH IIPEACTaBICHbI
naniee.

process ML_out {
off: ml_out: = true #on
on: if (mtl = green){ a:=a+1; ml_out:=false #onl
} else #on
onl: if (@ + b = d){ mtl:=red #off } else #off
b

B nporpamme ML_out npu 3eneHom cBetodope mtl
B COCTOSIHUM ON aBTOMOOMJIb BhE3XaeT Ha MOCT, YBe-
JIMYKUBAsT YUCJIO aBTOMOOMIIeH Ha MocTy. Ecitu ux 4yuciio
Ha MOCTY M OCTpOBe mocturaer d, TO TyT Xe B COCTO-
sHuuU onl cBetodop mtl mepexknoyaeTcss Ha KpacHBIIA.
B npuHuMITe, TaKOe MEepeKIII0YeH e JOIKHO HEMEIJIEH-
HO IIPOU30ITH B cocTostHuU left mporpammuer LightControl.
Ecnu ynanute ycraHoBky mtl:=red B coctosiHuu onl, To
MOTEHLIMAJILHO, XOTsI M KpalilHe MaJIOBEPOSITHO, CJIEAYIO-
LKA aBTOMOOMJIb YCIIEET ChEXaTh C MaTepUKa Ha MOCT
paHee, yeM nporpamma LightControl BeITIOTHUT orepaTop
mtl:=red B cocTossanM left.

process IL_in {
off: a>0, not empty, itl=red — #on
on: a:=a-1; b:=b + 1 #off

b

B mporpamMme IL_in B cermenTe off mcmonp3yer-
cs ycioBue not empty mis mpenoTBpaieHus AeIOKa
B coctossHuM left. OTMeTnM, 4TO B Clyyae UCTUHHOIO
3HaYeHUs1 empty aBTOMOOMITL BCE PABHO CHEAET C MOCTA,
OIHAKO UCIIOJIHEHUE cerMeHTa off OyaeT 3amepxkaHo 10
roraiieHus mpu3Haka empty B cermeHnTe left0. Takas
3aliepXKKa IIp¥ OTCYTCTBUM IPYTUX aBTOMOOMIIEN HE AB-
JIIeTCS KPUTUIHOIN.

Ecnu ynanuthk yciosue itl=red B cermente off mpo-
rpaMMbl IL_in, To aBTOMOOUJIb, TOJIBKO YTO BhEXaBIIUI
Ha MOCT C OCTPOBa, CMOXET BEPHYThCS Ha3aj IO JaH-
HoMmy cerMmeHTYy Off. [TOHSITHO, YTO B IEMCTBUTEIBHOCTH
TaKOro He MPOM30IAET, MOCKOJIbKY 00paTHOE ABUKECHUE
3ampenieHo. 31ech K¢ MPUXOIUTCS OJIOKMPOBATH TAKYIO
BO3MOXXHOCTb BCTaBKOM ycioBus itl=red.

process ML_in {
off: itl=green, a>0, not empty — #on
on: a:=a-1 #off

by

B mporpamme ML_in ucnions3yetcs ycnosue itl=green.
OTO ycioBUE HE MPOBEPSIETCSl MPU ChE3[Ee C MOCTa Ha
MaTepukK B CUJYy OTCYTCTBMS TaMm cBeTodopa. JlaHnHoe
yclioBUe OJIOKHUPYET BO3MOXHOCTh BO3BpAIUEHUST aBTO-
MOOUJISI, TOJBKO YTO BBEXABIIETO HA MOCT C MaTepuKa.

process IL_out {
off: b>0 — il_out:=true #on
on: itl=green — b:=b-1, a;=a+1, il_out:=false #off

¥

Korpma onuH aBTOMOOUITH 3a€3KaeT Ha MOCT, a Apyroi
aBTOMOOUJIb Che3XKaeT C MOCTa, JABE pa3Hble IPOrpaMMBlI,
HCIIOJTHSIEMbIE TTapajiieIbHO, OYAYT MBITATHCS, BO3MOX-
HO, OMHOBPEMEHHO, U3MEHUTH 3HAUYEH e ITIEPEMEHHOIA a.
[Momo6GHOE CTAHOBUTCSI KPUTUYHBIM, KOTJAa ITPOTPaMMBbI
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yIIpaBJIEHUSI CEHCOpPaMU peau3yl0TCs pa3HbIMH IIPO-
IIECCOpPaMMU.

Y1oOBl MCKIIOUUTH BO3MOXHOCTbh OJHOBPEMEHHOTO
JMOCTYTIa K TIEpEMEHHOM a pa3HBIMHU IIpolleccaMy, B pa-
6ote [19] ucnoab3yeTcss MOHUTOP [JISI IiepecyeTa nepe-
MEHHBIX @ U b, yrmpaBiasgeMbIil cemadopaMu.

5. OnbiT Bepudmkauum B cucteme Rodin

IIporpamma yIpaBjieHUST ABUKEHUEM aBTOMOOUJIEH
10 MOCTY, IIpeICTaBlIeHHAas BhIlle, Oblja 3aKOAMpPOBaHA
B BuAe crneuudukauuu Ha sg3bike Event-B [1] u Bepu-
dunuponaHa B nHcTpyMeHTe Rodin [2]. JocTynHa pea-
nu3anusa B Rodin: https://persons.iis.nsk.su/files/persons/
pages/bridge.zip

KonnpoBaHue nepexomaoB Mo yIpaBasiOIIUM COCTO-
SHUSM TIPOBOJMTCS METOAOM, aHAJOTMYHBIM Switch-
TexHogoruu [20]. Yrpaisioluye COCTOSIHUST Mporpam-
MmHI LightControl konnpyroTcst Kak 3HaYeHU ST TIepeMEHHOM
state Tuna nepeuuciaenus State:

type State = enum { zero, rightQ, right, left0, left, leftscan }

CermeHT Koga M: A #L 3amMmeHseTcsa omepaTopom
if (state = M) {A; state := L}. Tuneprpacdosas kommno-
3ULMSI CETMEHTOB KOJa 3aMEHSIeTCS OJHUM O€CKOHEeY-
HBIM IUKJIOM, T€JI0 KOTOPOr0 — HEeASCTepPMUHMPOBaHHAS
KOMITO3U LM MOAUGUIIMPOBAHHBIX cerMeHTOoB. Ilpena-
BapUTEIILHO CETMEHTHI Koma OyaeT yooOHee IMpeaCcTaBUTh
B Buge npasui. [IporpamMma LightControl mpeo6pa3syeTcs
K BHY, IIOKa3aHHOMY Ha puc. 8.

Kaxxnmas anpTepHaTMBa HEAETEPMUHUPOBAHHOM KOM-
MO3UIIMY HEITOCPEICTBEHHO MEePENUCHIBACTCS B BUAE CO-
obiTus Ha a3bike Event-B [1]. Hanpumep, anbTepHaTuBa
IUIST yIIpaBJIsIIoNIero cocrosiHus leftscan mpencrapisieTcsa
CJIEAYIOLIMM COOBITHEM:

EVENT Leftscan

WHERE
grdl: state = leftscan
grd2:a=0
THEN
actl: state := zero
END

MHBapraHTHl yIPaBASOUIUX COCTOSTHUN MOTYT OBITh
npeoOpa3oBaHbI B 001IMe MHBapUaHThEL. OHM OKa3bIBa-
I0TCS TOJIE3HBIMU TIPU J0Ka3aTeabcTBe (HOPMYJT KOp-
pekTHocTu. Hampumep, MHBapUaHT AJIST YIIPABJISIOLIE-

process LightControl {
State state := zero;

IO COCTOSIHUSI ZE€r0 MOXET OBbIThb npeacTaBJICH 0o0ILIUM
MHBApUaHTOM:

state = zero = a=0 & mtl=red & itl=red & not empty

KoavpoBaHue aBTOMaTHBIX NPOrpaMM JJisl CEHCO-
POB MOXHO TIPOBECTH 0€3 yIpaBIsIOMMNX cOCTosTHU Off
1 0N, UCTOIb3Yys NepeMeHHbIe ml_out u il_out. 1714 npo-
rpamm IL_in u ML_in npuMeHseTcs aBTOMaTHasI TPaHC-
dopmanus [8], 3aMeHsII01asT KOMIO3ULIMIO

off: A #on
on: B #off

omHuM cermeHToM off: A; B #of. Jlanee omeparop A; B
konupyetcs: coobiTuem Event-B.

I19Th aBTOMATHEIX IIPOTPaMM, MCITOJTHSIEMBIX TTapaj-
JIEJIbHO B MOJIHOW MporpaMMe yIIpaBA€HUS IBUXECHMU-
€M Ha MOCTY, KOOMPYIOTCSI B OMHOM MaIllInHe Ha SI3bIKe
Event-B. NtoroBasi cMech BceX COOBITHI B paMKax OQHOI
MAaIIMHB QaKTUYECKH pean3yeT ITOJTHOE TTepeMeIlInBa-
HU€ (MHTEPJIMBMHI) aTOMapHbIX CETMEHTOB IMSATU aBTO-
MAaTHBIX IIPOTPaMM.

CTo creHeprupoBaHHBIX (POPMYJ KOPPEKTHOCTU MH-
BapMaHTOB OBIJIM IOKa3aHBI aBTOMAaTHYECKU B CUCTEME
Rodin. Kpome onHoit ¢popMyJibl, 1OKa3aHHON C TTOMO-
b0 MHTEPAKTUBHBIX CPEICTB IoKa3zaTeabCcTBa. MH-
BapUaHThl YIIPaBISIOLIMX COCTOSTHUI ObLIM Ipeobpa-
30BaHbl B O0IIIMEe WHBApWMAHTHI U OOOAaBJIECHBI K IBYM
OCHOBHBIM MHBapHaHTaM IPOrpaMMBbl.

HanpHelas BepupuUKausg IPpoOBOANIACE TIPUME-
HEeHUeM anumamopa — KoMmnoHeHTa Rodin, peanusyio-
IIETO TIOIIaroBOe UCIOoIHeHue crienuduKkanmm Event-B
C BU3yaJiM3allieil TeKyIIero COCTOSIHUSI, BO3MOXHOCTbBIO
BBIOOpA JTI000T0 13 BO3MOXHBIX BAPMAHTOB MCITOJTHEHU S
1 BO3MOXHOCTBIO BEpHYThCS Ha3ad B MPOLECCe UCIOI-
HeHHs. TeopeTHUeCcKM YHUCIIO BapUAHTOB MCUYMCIISCT-
Ccs aCTPOHOMUYECKUM yuciaoM. OgHako (pakKTUYEeCKU
B KaXXIBI1 MOMEHT JOCTYITHBI IS ICITIOJTHEHU S He 0oJiee
TpeX COOBITUI — OCTaJIbHbIe COOBITHS 3a0JIOKMPOBAHBI,
IIOCKOJIBKY WX OXpaHHEIE YCIIOBUSA JoXHBIE. [loaToMy
0Ka3aJIoCh BO3MOXHBIM 3¢ GheKTUBHO MepedpaTh C IMo-
MOIIBI0 aHWMMAaTOpa KJIIOUeBbIe BapUaHTHl MCITOJIHE-
HUS U OOHApYXMTh CJIEAYIOLIME OLIMOKM B IIporpaMme
VIIpaBJICHUS ABUXEHUEM Ha MOCTY.

CHauaJsa (mepBas oirbka) ObLJI 00HAPYXKEH AEIIOK
B cocTosTHUSX right0 u left0, korma mepBBIit aBTOMOOMITH
Ha MOCTY Bbl€3XaeT C Hero paHbllle cpabaTbhlBaHUS
cerMeHTa B cocTtostHUAX right0 mmm left0. bein BBemen
Mmpu3HaK empty mjis nmyctoro moctra. Bropas omumobka:

Cycle: [Zerol:] state=zero, il_out — itl := green, empty := true, state:=right0 |
[Zero2:] state=zero, ml_out, b<d — mtl := green, empty := true, state:=left0 |
[Right0:] state= right0, a # 0 — empty := false, state := right |

[Leftscan:] state = leftscan, a = 0 —» state := zero

#Cycle

b

Puc. 8. KogupoBanue ynpapasiiomux coOCTOSHUI nmporpaMmsel LightControl
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nennok B coctogHuu left0 mpu b=d. [Insa ucmpaBiaecHUS
OLIMOKM BBEIEHO JAOMOJIHUTENbHOE OXPaHHOE YCJIOBHUE
b<d B coctosinuu zero. Tperbs ommnbka oOHapyxkeHa
Ha OJHOM M3 BapuaHTOB aHuManuu. Ilocie Bbe3ga Ha
MOCT MIEPBOTO aBTOMOOMJISI C OCTPOBA 3TOT aBTOMOOMITH
HEOoXMAAHHO BO3Bpalllajcs Ha OCTPOB. 3AeCh 0Ka3aaoCh
BO3MOXHBIM cpabarsiBaHue cermeHTa Off mportecca IL_in.
Hnsa ucnpaBieHUsT OlIMOKMU BBEAEHO MOMOJHUTEIbHOE
oxpaHHoOe ycioBue itl=red.

Takum obGpasoM, cucteMa Rodin moka3zajia cBolo
9 HEeKTUBHOCTD TIPU BepUDUKAIIMYA aBTOMATHBIX TPO-
rpamm.

YerBepras omunbka oOHapyXeHa MpU HATTUCAHUU
cratbu. B mporpamme ML_out B cerMeHTe ON UCHOJb-
30BaJioch ycioBue a+b<d mns mpormycka aBTOMOOUIIS
Ha MOCT ¢ MaTtepuka. OTMETUM, YTO CEHCOp pearupy-
€T TOJBbKO Ha TMOSIBJICHWE HAa HEM WJIM Che3lle C Hero
aBTOMOOMJISI. A aBTOMOOUJIb MOXET CheXaTh TOJbKO
pu 3eJIecHOM cBeTodope; yciaoBue a+b<d He Moxer
BO3AeiicTBOBaTh Ha aBToMoOuUIb. Ilocae mepecueTa
a:=a+1 B cermeHTe On gayiee cerMeHT left mporpammMbl
LightControl mpu nctuHHocTH ycioBus a+b=d ycTtaHaB-
JIMBaeT KpacHbiil cBeTodop. [ToTeHmansHO, XOTS 1 Ma-
JIOBEPOSITHO, CJACHYIOLINIA aBTOMOOMJIb MOXET YCIIeTh
BbEXaTh Ha MOCT paHblie (ITpu 3eJeHOM cBeTodope),
yeM cerMeHT left BeimoHuT onepatop mtl:=red. ITo aToit
mpuynHe poBepka a+b=d u yctanoska mtl:=red moyrx-
HBI IPOBOAUTHLCS B Iporpamme ML_out cpasy xke mocie
nepecuyeta a:=a+1l B cermeHTe on. Ilocne ucnpaBieHus
JNaHHOM OIIMOKY AJIsI TOoKa3aTeabCTBa (hOPMYJI KOPPEKT-
HOCTHU TOTpeOOBaICSI MOTMOTHUTENbHBIA WHBApUAHT:
@thm_ml_out a+b = d = mtl=red.

VYnanenue repeMeHHON C 0Ka3aJoCh HEMPaBUJIbHBIM
peleHueM, YCIOXHSIOIUM TporpaMmy. DTO pellleHue
CITPOBOILIMPOBAJIO TPETHIO ONIMOKY, YCIOXHUIIO TOKa3a-
TEJIbCTBO, a TaKXe MOTPeOOBaI0 BCTABUTh JOMOJIHUTEIb-
HYIO IPOBEPKY itl=green B cermeHTe ON mporpaMmer ML_in.

6. O630p paboT

ABTOMaTHOE MpPOrpaMMHpOBaHHE. ABTOMAaTHBIC Me-
TOIBI MPOTPaMMUPOBAHUS 3aJ0KEHBI BO MHOTUX H3-
BECTHBIX s13bIKax, Takux Kak SDL [21], UML, TLA+ [22],
Event-B [1], ApakoHn [23], a Takxxe LD, FBD u SFC,
onpenensembix crangaptoMm IEC 61131-3 aisa nporpam-
MUPYEMBIX JIOTMYECKUX KOHTPOJJIEPOB. BOIBIIMHCTBO
ATUX S3BIKOB SIBJISIIOTCS TpaUIeCKUMU.

ABTOMaTHOeE TIIporpaMmmupoBaHue [5—8, 20, 24] pa3s-
BUBAETCS MCKIIOUNTENbHO B Poccnu, HaunHas ¢ 1990-x
rogoB. OHO moka3ajao cBoOIO 3(P¢GEeKTUBHOCTh HAa MHO-
JKeCTBE Pa3HOOOpPA3HBIX MPUIOKEHUI. ABTOMaTHAas
nporpamMmma KOHCTPYUpPYETCs B Bule rumneprpacdoBoit
KOMMO3ULINY CETMEHTOB KoJa, 0oJjiee obIIeil B cpaBHe-
HHUM C KOMITIO3UIIMSIMU ONEpaTOPOB B TPaIUIIMOHHOM
mporpaMMupoBaHuU. KaXXaplii cerMeHT Koma METHUTCS
VIIPABJISIOUIMM COCTOSIHMEM U peain3yeT He3aBUCUMYIO
1Mo/3a/1a4yy, YCJIOBUE KOTOPOW YaCTUYHO OTPaKaeTcsT MH-
BapMaHTOM YIIPaBJISIOLIEro cOCcTossHUSA. KoHlienus aB-
TOMAaTHOTO MTPOTPaMMUPOBaHUSI Ha 0a3e yIpaBJIsSIONINX
COCTOSIHUI paHee TMpeaJiokeHa B padorax [20, 24].

3anava ynpaBJjieHHsI ABMKEHHEM aBTOMOOWJIel mo
MocTy. 3amada UCIOJb3yeTcs B padore [25] mast MiIo-

cTpauuu MeToaa nmocTpoeHus cneuudukauum Event-B
CHU3Y, HAaUMHas ¢ 6oJiee MTPOCTHIX KOMIIOHEHTOB (CEHCO-
POB U CBETO(GOPOB), KOTOPHIE 3aTE€M BKJIIOYAIOTCS B OC-
HOBHYIO crielnduKanmnio. MexaHu3M MOCTPOSHUST CHU3Y
UHTETPUPOBAH C TEXHUKON YTOUHEHMUI, peaiu3yeMon
cBepxy. PaHee mpemiaraauchk Apyrue MeToabl KOHCTPY-
UpOBaHUs crielinbUuKaluu U3 HE3aBUCUMBIX MOIYJIEH.
MonynbHasi AeKOMITO3UIINST peajin30oBaHa B KJlacCHyie-
ckoM Mmetone B [26], omHako Oblia yTepsiHa MpH pas-
pa6otke Event-B.

B paboTte [25] mocTpoeHbl YHUBEpCaIbHbIE MOACIU
CEHCOPOB U CBETO(MOPOB, Kaxaas MpUMEeHEHUEeM Tpex
yTouHeHMi1. OCHOBHAs MOJAEAb CTPOUTCS B BUIE 1i€-
TMOYKY M3 BOCBMM MAIllWH, TTOJYYEHHBIX YTOUHEHUSIMU
U BKJIIOYEHUSIMU ToamMoneeil. Utorosas peanuzanus
MOJyYnIach TPOMO3KOW — OIHA U3 MAIlMH C BKJIIO-
YEHHBIMU TTOAMOIEISIMU OJUHOI B 379 cTpok. EnquH-
CTBEHHasI MalllMHa, MOJyYeHHas! U3 TMSTU aBTOMAaTHBIX
MMporpaMM, ComepXuT 165 cTpoxk.

I[TpuMmeHeHWEe YyTOYHEHUIT TIpU pa3paboOTKe MOIeIn
yIpaBJIeHUSI IBUXEHUEM Ha MOCTY B PYKOBOACTBE IO
Event-B [1] u B pabote [25] He ynpolaeT Mone/b, a yc-
JIOXKHSET ee. DTO 0OHapYyKMBaeTCs IMPU COMOCTAaBICHUU
¢ peanu3aliueil B aBTOMaTHOM MPOTrpaMMUPOBAHUH.

KonupoBanue aBToMaTHbIX mporpamm. CyIleCTBYIOT
pa3Hble CMOCOOBI MpeaCcTaBIeHUsI aBTOMATHBIX TPO-
rpamMmm:

e CTUJb siI36ika PopTpaH, UCIIONB3YEMBI B TIpe-
CTaBJICHHOM IIOJXO[IE;

e Tpaduueckue SI3bIKU;

e KomupoBaHue 1o Switch-texHonoruu [20];

e UCTIONBb30BaHUE PEKYPCUBHBIX BHI30BOB BMECTO
oIepaTopoB Iepexoa;

e TIpEIMETHO-OpUEeHTUpOBaHHbBIE sI3bIKU (DSL).

SI3BIK aBTOMATHOTO IPOTrpaMMUPOBAHUS COYETAET
B cebe ctunm sa361koB Cu 1 @oprpan. [TogoOHEBIN CcTUIB
BCTpevaeTcst Takxe B mporpammax siapa OC Linux!.

Hcnonb3oBanne meToK B TLA+ [22] BHelTHe TTOX0Xe
Ha YIpaBJIsIIOlIMe COCTOSHUS B aBTOMAaTHOM ITpOIrpaM-
MUupoBaHUU. JleKIapupoBaHO, YTO METKU BCETO JIMIIb
(GUKCUPYIOT YyYaCTKM aTOMapHOCTU B clielUUKALIUU
TLA+.

Anroput™m Ha rpadudeckoMm sa3bike pakoH [23] apro-
HOMUWYHO TIPEACTaBsIET TUTIePrpadoByI0 KOMITIO3UIIUIO
aBTOMAaTHOI IMpOrpaMMBbl: BeTKa ajJropuTMa Herocpen-
CTBEHHO COOTBETCTBYET CETMEHTY KOJNla; BCE TEPEXOIbI
10 UMEHaM BETOK PeaJM3yIOTCs [0 KOHTYPY aJropuTMa.

B Switch-TexHonmoruu [20] ympaBisiionine cocTos-
HUS CTAHOBSITCS 3HAYEHUSIMU HEKOTOPOU IIEPEMEHHOM,
a CerMeHTHI KoJla — aJibTepHaTUBaMU oriepaTopa switch.
IIpu Takom mpeobpa3oBaHUU MpoTrpamMMa CTAHOBUTCS
JUTMHHEE, CJIoXHee U MeHee 9 deKTUBHOMI. B 3TOM MOX-
HO yOenuThbcs, cpaBHUB Iporpammy LightControl (rmoa-
pasn. 4.3) ¢ ee mpeobpa3oBaHHOU Bepcueil B pas3m. 5.
s SI3bIKOB, HEe COAepXKalllMX ollepaTopa Iepexonaa, 3To
JIYUIIIWA CTOCO0 KOMMPOBAHU S aBTOMATHBIX TTPOT PaMM.

CermMeHT Koa aBTOMaTHOM MPOrpaMMbl MOXKHO ITpe.-
CTaBUTH B BUJIC PEKYPCUBHON PYHKIUU. ApryMeHTaMH
(GYHKUUU SIBISIOTCS TIEPEeMEHHBIE COCTOSIHUS IIPOrpaM-

! Hanpuwmep, https://elixir.bootlin.com/linux/v5.11.8/source/
kernel/bpf/hashtab.c#L1467
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Mbl. DYHKIMS BEIYUCISIET HAO0P 3HAYCHU I MOAUDULIT-
POBAaHHOTO COCTOSTHUS MPOTpaMMBI TIPU 3aBepPIICHUN
HMCIIOJIHEHUSI cerMeHTa. Omneparop Iepexoaa Ha JpyToi
CeTMEHT 3aMEHSIETCS BBI30BOM PEKYPCHUBHOM (hyHKIIMK
IUISI COOTBETCTBYIOIIETo cerMeHTa. [IpeoGpa3oBaHHas
nmporpamMma AJMHHEE W CJIOXHEE, YeM B TPeabIay-
LIMX CIIoco0axX KOAMPOBAHMUS aBTOMATHBIX IIPOTPaMM.
JaHHBIN cmoco0 MpUMEHSETCS B ajredpax MpoleccoB
CCS [27], CSP [28] u ap., a TakKe B (yHKIIMOHATHLHOM
s3pike Erlang [29], opyeHTHpOBaHHOM Ha pa3paboTKy
pacrnpenelieHHbIX BRIYMCIUTEIbHBIX cUcTeM. OTMETUM,
4yTO TUTeprpadoBass KOMITIO3UIIMSI MOTJIa OBl CTaTh IPY-
ruM 0a3KUCOM [JIsl TTIOCTPOCHUS aJIreOp MPOLIECCOB.

XyAIIM CITOCOOOM SIBJISIETCSI KOMMPOBAHUE aBTO-
MaTa MpOorpaMMBl B CIIEIIMAJIbHOM IpEeIMETHO-OpUEH-
TUpOBaHHOM si3biKe (domain-specific language, DSL).
3t1o, HanpuMmep, A36Iku AbC [30] u Microsoft P [31, 32].
Habop simeMeHTapHBIX KOHCTPYKLIWI B TaKUX SI3BIKAX
orpaHuyeH. McrojaHeHHe MporpaMM peain3yeTcs yepe3
nHTepnperarop. MMeeTcs Takke BO3MOXHOCTb TPaHC-
JISIIAY TIporpaMMBbl Ha sI3bIK Cu.

B coObITUIiHO-OpUEHTUPOBAHHOI (event-driven) na-
pagurme [33] mporpamma IpeacTaBjieHa B BUAE LIMKJIIA,
B KOTOPOM TIOCJIEZIOBATEIbHO ITPOCMATPUBAETCSI OIIpe-
NIeJIeHHBI Habop coObITUl (cooOIIeHnT). [I1s1 BCIKOro
COOBITHS 3aITyCKAETCS COOTBETCTBYIOIIMI 0O6pabOTUUK
CcoOBITHSI. ABTOMATHas MporpaMmma HelpeJicTaBiMa B Ta-
KOM1 cxeMe, 0COOeHHO Korjga 00paboTKa OJHOTO COOBITUS
peanu3yeTcs B pa3HBIX CETMEHTaxX Koja.

3akntoyeHue

B crarbhe ompenmesieH HOBBIM SI3BIK aBTOMATHOTO
nporpaMMUpOBaHus Ha 0a3e sA3blKa cneuubuKanui
Event-B [1]. Ero ncnonb3oBaHue HaeT BO3MOXHOCTH
pa3paboTKM MporpaMM MO TEXHOJOIMU aBTOMATHOTO
MPOrpaMMHUPOBAHUS C IPUMEHEHUEM Pa3HOOOPa3HBIX
3P PeKTUBHBIX UHCTPYMEHTOB Bepu(pUKaALUU CUCTEMBbI
Rodin [2]. Takasgs BO3MOXHOCTh OCOOEHHO aKTyaJibHa
Il pa3pabOTKHU CHUCTEM YMpaBJIeHUS B KPUTUYECKOM
MHPPACTPYKType C BEICOKOM 1IeHOM omnbku. Hannuue
TPYAHO OOHAapyKMBaeMbIX OIIMOOK B pacnpeaeJeHHbIX
cuCTeMax — TUIIMYHOE SIBJICHHE, YTO YOSIUTEILHO IIPO-
JEMOHCTPUPOBAHO B pas. 5.

Crneundukauusg Event-B mpencraBisier coboii 1e-
MOYKY YyTOYHEHUI MallMH. MalllMHa omnpeneasieTcs
HEICTePMUHUPOBAHHONM KOMIIO3UIINEH COOBITUI. A CO-
ObITHE — DKBMBAJIEHT IIPOCTOI'0 YCIOBHOIO oIeparopa.
B aBTOMaTHOM IMpOrpaMMHUPOBAHUY KPOME HEACTCPMHU-
HUPOBAHHOW KOMITIO3UILIMU NOMYCKAETCS PSAJ IPYTHUX.
OCHOBHOI1 sIBIIsIeTCS TUNeprpadoBasi KOMOO3UIUS I10
YIPaBASIOLIMM COCTOSIHUSM. BO3MOXHBI TaKXKe mapaJ-
JIeJIbHasI KOMITO3UIIM S IIPOLIECCOB, 00BEKTHO-OPUCHTH -
pOBaHHas U aCMEKTHO-OPUEHTUPOBAHHASI KOMITO3UIIUH.
IIpouecc MoxeT ObITH BbI3BaH M3 APYroro mnpoiecca.
HMMeroTcs Takxe MEXaHU3M COOOIICHUI U IeHCTBUIA CO
BpeMeHeM. [IpenMylecTBa aBTOMAaTHOIO MPOrpaMMMU-
POBaHUS MPOJEMOHCTPUPOBAHBI HA U3BECTHOI 3amaye
yIpaBjeHUsS IBUXCHUEM aBTOMOOMIIC HA MOCTY.

ABTOMAaTHYIO MpOrpaMMy HETPYIAHO Iepenucarhb
B cnenupukanmio Event-B. TexHuka Takoro mepemnu-
ChIBaHMS IMOKa3aHa B pasa. 5. OmHako mpeaBapuTesb-

HO CJIeAyeT YyCTPAHMUThb BbI30BBI IIPOLIECCOB, BbI30OBBI
mporpaMM-GYHKIIUN, ONpeaeIsieMbIX He3aBUCUMO OT
aBTOMATHOM MPOrpaMMbl, U BbI30OBbI IIPEAMKATOB, UC-
MMOJIB3yeMBIX B (popMysiax. BMecTO BBI30Ba ITporpaM-
MBI-(PYHKIIMY MOKHO UCIIOJIb30BAaTh €€ CrelinPruKamnio
yepe3 before-after-mpenukar. MHOTHA TPYAHO HANTH K-
BUBaJieHT B Event-B nig mociienoBarebHOTO omnepaTo-
pa: A; B. 3mech MOXHO BOCIIOJIB30BaThCS aBTOMAaTHOM
TpaHcdopmanueit, 3aMeHsoIIeil cermeHT M: A; B #N
koMmOuHanuenn M: A #K u K: B #N.

IMonHoueHHast peaau3alnus CUCTEMbl aBTOMAaTHOTO
MIPOrpaMMMPOBaHMS IOJKXHA IPeIycCMaTpuBaTh TeHepa-
U0 GOpMYJ KOPPEKTHOCTU JJISI aBTOMATHBIX IIPOrpaMM
B MHTETPALINH C TPAIUIIMOHHONW CUCTEMOM BepUDUKAILITN
Ha 0a3e Joruku Xoapa [9] mist ¢pparMeHTOB aBTOMAaTHBIX
MIpOrpaMM, OTHOCSIIIIXCS K KJIACCY MPOrpaMM-(hyHKIINA.
Bepudukaliiysi aBToOMaTHBIX ITPOrpaMM JOJIKHA ObITh IO/~
JIepXKaHa WHCTPYMEHTAMU, KOTOPBIE IO CBOMM BO3MOX-
HOCTSIM MHTerpupyioT cuctembl Rodin [2] 1 Why3 [17].

HoctynHas aBTopckas peanusauus B Rodin 3ana-
Yy yIpaBJeHUs IBHXEHUEM aBTOMOOMJICH HAa MOCTY
MpencTaBiieHa 1o ccblike https://persons.iis.nsk.su/files/
persons/pages/bridge.zip.
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A new automata-based programming language has been built by extending the Event-B specification language.
When developing models in Event-B, it becomes possible to use automata-based methods in addition to the popular
refinement method. Automata-based software engineering, supported by deductive verification in Event-B, can be
successfully used for the development of control systems in critical infrastructure with a high cost of error.

A model of the Event-B specification in the automata-based programming language is constructed. The Event-B
specification is a chain of machine refinements. The machine is defined by a non-deterministic composition of events.
An event is the equivalent of a simple conditional statement without else branch. In automata-based software engi-
neering, in addition to non-deterministic composition, a number of other compositions are allowed. The main one is
a hypergraphic composition with respect to control states. Parallel process composition, object-oriented and aspect-
oriented compositions are also possible. A process can be called from another process. It is possible to send and
receive messages. There are different time actions. It is not difficult to rewrite an automata-based program into the
Event-B specification.

The automata-based software engineering with Event-B is demonstrated by the example of the problem of traffic
control on the bridge from the Event-B system manual. A simpler solution with verification in the Rodin tool is pro-
posed. The effectiveness of Event-B verification methods is confirmed by finding three non-trivial errors in our solution.

Keywords: automata-based engineering, Event-B, refinement, requirements, program transformation, deductive
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LleJ'IbFO KOH(*)epeHU,VII/I ABNAeTCA npencrtaBlieHne OOCTMXEHUN pOCCI/II7ICKVIX Y4Y€eHbIX B pa3Butun (*)yH,ElaMeHTaJ'IbeIX
nccnegoBaHum m npuknagHbixX paspa60TOK B obnactu MHOronpouecCopHbIX BbIYUCIINTENbHbIX U YNpaBnALWNUX CACTEM.

HanpaBneHus pa6oThbl

o Akagemuk PAH A. B. KansaeB 1 ero Hay4yHas Lwkona

L] ApXVITEKTypa MHOronpouecCCOpPHbIX BbIYUCITNTESbHbIX U yNpaBiAaWNX CUCTEM
e MaremaTuyeckoe 1 cucteMHoe nporpamMmMmHoe obecneyeHune MHOronpoueccopHbIX BbIYUCIINTESNIbHbBIX U ynpaBiaAloLWnx

cmctem
e PekoHdUrypmpyemble BbIYUCIIUTENIBHBIE CUCTEMBI

L] |_|pOGJ’IeMHO-OpMeHTMpOBaHHbIe M BCTpanBaemble BblHUCTTUTESIbHbIE CUCTEMDbI
L] MHoronpou.eccoprle BblHUCNUTENbHbIE U YNpaBndloWwne CUCTeMbl B CUCTEMAX UCKYCCTBEHHOIO MHTENNEKTa

Modpo6Hocmu: https:/iconf.mvs.sfedu.ru/

"MporpammHas uHxeHepua" Tom 13, Ne 4, 2022

167




YK 004.054 DOI: 10.17587/prin.13.168-177

A. H. lToayHoB, kaHa. huns.-maT. Hayk, 3aB. oTaenom, nkag@niisi.ras.ru,

WU. U. XomeHKOB, Bea. UHX., nkigor@niisi.ras.ru, B. I. LLlenkoB, Bea. nHX., nkvs@niisi.ras.ru,
depepanbHbI HAYYHbIW LEeHTP HayyHo-nccnegoBaTenbCKUM MHCTUTYT CUCTEMHBIX
nccrneposaHu Poccuinckon akagemunn Hayk (PHL HANCK PAH), Mocksa,

A. B. Xopowunos, kaHA. pua.-maT. Hayk, Beq. Hay4. coTp., khoroshilov@ispras.ru, UHCTUTYT
CUCTEMHOro nporpammmpoBaHnsa um. B. . MBaHHMKoBa Poccuinckon akagemmm Hayk

(MCIM PAH), Mocksa

Konthurypnpyemaa trectosaa cuctema gna 0CPB
cemelncTsa barer

OnucaHa mecmosasi cucmema, ripedHa3HadyeHHas 0715l MPo8epKuU pabomocriocobHocmuU onepayUoOHHbIX
cucmeM peasibHO20 8peMeHU, komopasi bbina paspabomaHa u ucrons3yemcsi 8 HUMCU PAH dnst aesmoma-
mu3ayuu rpoyecca mecmupogaHus rnpoepamMmmHo2o obecrniedeHus. Ecriu 6onbwuHCM8o mecmosbix cucmem
npoekmupyromcs, 8 nepsyro o4epedsb, ¢ opueHmauuel Ha asmomamu3sayuro c6opKu, nposedeHue mecmupo-
saHusi, a makxe cbopa, obpabomku u susyanusayuu rnosly4eHHbIX pe3yrbmamos, mo 8 paccMampusaemol
cucmeme roMuUMO 3moeo rnpedyCMOmpeEHb! crneyuanbHblie 803MOXHOCMU O yrpoweHuUss omaadKku u uc-
rpassieHust 0bHapykueaembiX rpobsiem, Ymo rMo380719eM COKpamume ycusus paspabomuyuxkos ornepauyuoHHoOU
cucmeMbl peasibHO20 8PEMEHU Ha aHaru3 pesysibmarmos mecmupo8aHUs.

Knrodeenie cnoea: onepayuoHHas cucmema peanbHo20 epemeHu (OCPB), mecmuposaHue npo-
epaMMHO20 obecrevyeHus], asmomamu3ayusi MpoepamMMupO8aHUsi, Kpocc-rnnamgopMeHHas paspabomka,

A3bIKU ripoepammuposaHus C, C++, POSIX, ARINC-653

BBeaeHue

ITpu pazpaboTke onepallMOHHBIX CUCTEM HEOOXOAUMO
TIPOBOANTH TECTHUPOBAHUE ISl IIPOBEPKHU HAIEKHOCTHU
W COOTBETCTBMS CTaHmapTaM. M Kak cliemoBaJo OXMH-
JIaTh, CYIIECTBYET CIICIIMAaTIU3NPOBAHHOE IIPOrPaMMHOE
obecnieuenue (I10) niast aBTOMaTU3allMU TECTUPOBAHUS
Unix-mogoOHBIX ONMEpallMOHHBIX CUCTEM, HaIlpUMep,
Avocado [1], LAVA [2], Linux Test Project [3], Linux
Distribution Checker [4], Open POSIX Test Suite [5],
UnixBench [6] u T. 1. Ho ucrnonb3oBaHMe TaKUX I'O-
TOBBIX ITPOTPaAaMMHBIX CHCTEM HE Bcerma yaoOHO, Tak
KaK OHHU JIMOO comepXaT TOJbKO Y3KOCITeIMaJIu3upo-
BaHHBIE HAOOPBI TECTOB, JUOO MOAIEPKMUBAIOT TOJIBKO
OTpe/ieICHHYIO amnmapaTypy, 1100 He copepKaT rhmOKoin
CHCTEeMBI KOH(GUTYyprupoBaHus. Tak MM mHaYe, TpeoOy-
[OTCSI OOJIBIIINE TPYAO3aTPaThl Ha aJaIlTalluio TOTOBOM
TECTOBOM CUCTEMBI IJII TECTUPOBAHUS HOBOI'O CEMEW-
CTBa OIEePALIMOHHBIX CUCTEM. YHUBEPCAJIbHbIC CUCTEMBbI
aBTOMAaTU3alluM TeCTUpOBaHUs, Takue Kak BuildBot [7],
Jenkins [8], GitLab CI [9] u ap., He YUUTHIBAIOT OCO-
OEHHOCTM TECTUPOBAHMS ONEPALIMOHHBIX CUCTEM, CBSI-
3aHHbIE C HEOOXOAMMOCTBIO BHITIOJTHEHU ST TECTUPYEMOI
CHCTEMBbI Ha ammapaTHbIX YCTPONUCTBAX WU UX BMYJISI-
TOpax U TaKXke TpeOyIoT cyllecTBeHHON nopadotku. Ilo-
stromy B HUMCH PAH 6n11a pa3zpaboTaHa cooCTBEeHHas
opurnHanbHas TecToBasg cucrtema (TC) mist mpoBepKu
padoOTOCIIOCOOHOCTH OIePAIIMOHHBIX CUCTEM PeaIbHOTO

BpeMeHu (OCPB) cemeiictBa baret [10], koTopbie pa3-
pabatsiBarorcs B HUMCHU PAH gna npumeHeHus BO
BCTpaMBaeMbIX CUCTEMaX.

1. HasaHayeHne n BO3MOXHOCTHU

TecTupoBaHUE SBISIECTCI HEOTHEMJIEMOUN YaCTBIO
paspabotku I10. [l noCcTUXEHU S BBICOKOTO KayecTBa
I1O tpebyeTcs, KaK IIPaBUIIO, BHIIIOJHEHHNE OOJIBIIOTO
yuciaa TecToB. Mx pa3paboTka cpaBHMMa IO TPYIOEM-
KOCTH ¢ pa3paboTKoit coocTBeHHO TecTupyeMoro I10.
OTMETUM, YTO TECThl MPUXOAMUTCS 3aIlyCKaTh MHOIO-
KpaTHO B pa3JMYHbIX KOHPUTYpaLMsAIX HAa pa3JauyHbIX
YCTPOMCTBAX, KakK B mpoliecce pa3padoTku HoBoro I10,
TaK W MPU BbINYCKE OOHOBJEHUI YK€ CyLIECTBYIOLIETO.

Bpems BBINIOJIHEHM S TECTOB B ciaydae ciaoxHoro 1O
MOXEeT ObITh 3HAUMTEIbHBIM (BILUIOTH O HECKOJIBKUX CY-
TOK), 3aIlycK TecToB (yKa3aHUe 3HaUYeHUU MmapaMeTpoB
u coznanue [10 HyXHOI KOHUTYpallMK) U aHATU3 pe-
3yJIbTAaTOB TPEOYIOT MHOT'O BPEMEHH U BBICOKOU KBaJIH-
dUKaLM TECTUPOBIIMKOB. B CHIy 3TOro BO3HMKAET MO-
TpPeOHOCTh B aBTOMATHU3alIUHU TIPOIecca TECTUPOBAHUSI.

C aroit uensio B HUMCHU PAH B corpymHuyecTBe
¢ UCII PAH 6r11a paspaborana TC, koTopast yxke He-
CKOJIBKO JIeT ucnojib3yeTcsl npu pazpabotrke OCPB ce-
MelicTBa barer.

IIpu paspadorke TC craBuauCh 3aga4u co34aTh ya00-
HBIIf THCTPYMEHT TECTUPOBAaHMSI KaK JIJIST TECTUPOBIIIH -
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KOB, TaK U JJII IPOrPaMMUCTOB, CHU3UTD TPYAOEMKOCTh
U COKPaTUTh BpeMs TECTUPOBaHUS. TeCTUPOBLIUKH,
C OJHOU CTOPOHBI, HYXJAKTCSI B yIOOHOM CpEeICTBE
JUTSL 3amycKa OOJIBIIOro YKcja pa3HOOOpa3HbIX TECTOB
0e3 TpyIoeMKOro ykazaHusl BCEro Habopa IapamMeTpoB
OCPB. C apyroii CTOpOHBI, IPOTPAMMUCTAM HYXXHO
WMeTh BO3MOXHOCTBH OBICTPO HAWTU TECT, 3aBEPIIUB-
LIUIACS C OIIMOKOM, U ONIPEJETNUTD YCIOBUSI, B KOTOPBIX
OH BbinoHsIcs. Eciy Takas omimobka Oblyia ooHapy:keHa
paHee W 3apeTUCTPUPOBAHA B CUCTEME OTCJICKMBAHUS
OIIMOOK, HY>KHO HAWTHU €€ OIUCaHMe, OOCYXKICHHUE U Te-
Kylliee TOJIOXEeHHE NIeJI 110 €€ YCTPaHEHUIO.

IIpu cospmanuu npukiaagHoro IO nas OCPB wuc-
MoJIb3yeTCsl Kpocc-IaThopMeHHas pa3paboTKa, Koria
npolecc pa3padoOTKX MPOrpaMMHOI0 Kojla U MCHOJIHE-
HHE TOTOBBIX MPOrpaMM MPOUCXOASIT HA KOMIbIOTEpax
¢ pa3Hoil apxuTekTypoil. KoMIboTep, Ha KOTOPOM
BemeTcs pa3paboTKa, Ha3bIBaeTCS MHCTPYMEHTAJbLHOM
OBM (MDBM), a KOMITbIOTEp, Ha KOTOPOM BEITIOJTHSIET-
cs 10, — uenesoit DBM (LIDBM). Tlocne 3aBepiieHus
mukia pazpadborku 10 moxet paborats Ha LIDBM ag-
TOHOMHO. B Hamem ciryyae U®BM — 3To KoMmbIOTEp
¢ npoueccopoM Intel, koTopslit paboTaeT 1moa yrnpaniie-
HHMEM oIlepallMoOHHOI cucteMbl Linux, a IDBM — sTo
KOMITBIOTEP C MUKPOMPOLIECCOPOM apXUTeKTypbsl MIPS
non ynpasaeHuem OCPB cemeiicTBa barer.

TecToBast cucteMa MMeeT KJIMEHT-CEPBEPHYIO ap-
xutekTypy. Cepep TC (mpuiaoxeHue, HalmMCaHHOE Ha
sa3pike JAVA) yctaHaBauBaeTcd Ha UOBM. B kauecTse
KJIMEHTOB MCIOJIB3YIOTCSI Web-0pay3epbl, KOTOPbBIE C T10-
MOIIIbIO YI0OHOTO MHTepdelica MO3BOJSIOT 3aNyCKaTh
tectel OCPB Ha pasaeix IDBM u anaan3mpoBaTh pe-
3yJILTATHl TECTUPOBAHUS.

TecToBas cuctema obecrneyrMBacT aBTOMaTHU3AINIO
CIIEAYIONIINX PYTUHHBIX ITpolieccoB TectTupoBaHuss OCPB:

e yCTaHOBKY HOBBHIX Bepcuit OCPB (a Tak:ke ynmae-
HUE UM IepeyCTaHOBKY CTapbIX BepCuil);

e KkoHpurypupoanue OCPB, T. e. HacTpoiiKy ma-
pameTpoB AJig KoHkpeTHoil LIDBM (ceTeBnie ampeca,
MMEHa TepMUHAJIOB, KaTaJOru Ha cepBepe U T. 11.);

e cOopKy ucrojHsgeMbix o6pazoB OCPB (c pa3nuy-
HbBIMU T€CTaMU, BKJIOYEHHBIMU B 00pa3s);

e 3arpy3ky Ha LIDBM wucronusembrx oopazos OCPB
U TI0OYEPENHBIN 3aMyCK TECTOB;

e cOOp WM XpaHeHHE Ha cCepBepe NPOTOKOJIOB
BBITIOJTHEHHSI TECTOB M MX KOMIUIEKCHBIN aHAJIN3;

e TIPEICTaBIICHUE PE3YJIBTaTOB TECTUPOBAHMSI B yI00-
HOi1 ¢popMe, X apXUBHPOBAaHUE Ha CepBepe U BU3yaU-
3allMI0 MO0 3aIIpocy oleparopa.

IIpouecc nonHoro tectupoBanusi OCPB (ot 3amy-
CKa TeCTOB JI0 IOJYyYEHU S pPe3ybTaTOB) MOXET ObITh
JTUTUTENbHBIM. {11 S5KOHOMWU BpEMEHU MPEAyCMOTPEHBI
pa3jIMyHbIe CLieHapUHM 3aIlycka TecToB. BoaMoXeH 3amyck
HE TOJIbKO BCEX TECTOB CPa3y Ha BCEM CIIEKTpe 000pyI0oBa-
HHUS, HO M 3aITYyCK BEIOPAHHBIX TPYIIIT TECTOB HA BEIOpaH-
HBIX apXUTEKTYypax, a TaKke 3aMyCK OMMHOYHBIX TECTOB,
4yTO yAoOHO B mpoiiecce pa3padbotku u otiaagku OCPB.
HMMeroTcs Takxe apyrue cnocodbl yrpaBieHUs 00beMOM
TECTUPOBAaHMSI, HAIIPUMEP, MOKXHO 3aITyCTUTh BBHITIOJIHE-

HHE TOJBKO TE€X TECTOB, KOTOpPblE HEe OBLIM BBIIIOJIHEHBI
WUJIU ObLIN BBIMOJIHEHbI ¢ OLIMOKOM paHee. Takoit moaxon,
K TECTUPOBAHUIO MO3BOJISIET 9KOHOMUTH MHOI'O BpEMEHU
U PECYPCOB 3a CUET aBTOMATU3allM1 PYTUHHBIX Olleparuit
u 6osee 3(pheKTUBHOIrO UCHOIB30BAaHUS 0O00PYTOBAHUS
U paboyero BpeMeHU. TecToBasi cucTeMa MOXET BBIITO-
HSTB TECTHI OMHOBPEMEHHO Ha HecKOoMbKUX [IDBM, mak-
CUMaJIbHO 3arpyXasi 000pyJIOBaHUE W SKOHOMSI BPEMSI.

Takxkxe CyIIecTByeT BO3MOXHOCTE 3aITyCKaTh TECTHI
OCPB TpaguIIMOHHBIM CITOCOOOM (B PyYHOM PEXUME).
Taxoit crtoco6 TecTUPOBAHUS UCIIOIL3YeTCs, KOTrIa HYX-
HO IIPOBECTU CEPUI0 OJHOTUIIHBIX ODUIIMATBHBIX UC-
neiTanuiit OCPB. [Ing aBToMaTu3aluyuy 3TOro Impoiecca
B TC 0Obi10 pa3paboTaHo NMpUIOXKEHUE Ha s3bIKe JAVA,
KOTOPO€ HCIIO0Jb3yeT UHTepdelic KOMaHIHON CTPOKU
BMecCTO rpauueckoro web-nHtepdeiica. OHO MO3BOISIET
BBITIOJIHSITH BCE PYTUHHBIC TTPOIECAYPHI IT0 KOHPUTYpH-
poBaHU10, COOPKeE, 3aITyCKY TECTOB M COOPKE IMPOTOKOJIOB
TecTupoBaHus. Ho aHaiu3 MPOTOKOJIOB BBITIOTHSETCS
BPYYHYIO (TTOJTyaBTOMAaTUYECKUN PEXUM).

Takum obpa3zoM MOXHO ckKazaTh, YTo TC saBisgeTcs
IMOJIE3HBIM U 3(PpPEeKTUBHBIM MHCTPYMEHTOM, KOTOPBIH
MMO3BOJISIET:

e TIOBBICUTH KaueCcTBO KOHeUHOro nponykra (OCPB)
3a CYET BO3MOXHOCTHU BBIIIOJHEHUST OOJIBIIOrO Yyucia
TECTOB Ha OOJIBILION HOMEHKJIaType 000pYyI0BaHU S,

e CHM3UTh CYMMapHOE BpeMsI IIPOBEACHU S ITOJHOTO
TECTUPOBAHUS 3a CYET aBTOMATU3allMU BCEX MOATOTOBU-
TeJIbHBIX Ollepallnii, pacrapajjieJuBaHus TECTUPOBAHUS
1 BO3MOXXHOCTH HEeTIPEPbIBHOI KPYIJIOCYTOYHOI paboTHI;

e CHU3UTH YHUCJIO OIIMOOK IMPU TECTUPOBAHUMU, CBSI-
3aHHBIX C "4esoBeYeCKUM (akTopoM" (HEBHUMATEIb-
HOCTb, 3a0BIBUMBOCTh, TOPOILIMBOCTh U T. 1I.), M, KaK
CIIEICTBHUE, TTOBBICUTDH TOCTOBEPHOCTh PE3YJILTATOB TE-
CTUPOBAHUS U COKPATUTh BpeMs TECTUPOBAHUS,

e VYMEHBIIUTHh BpeMs Ha IOUCK OIIMOOK 3a CYEeT
aBTOMATMYECKOr0 aHaJn3a MPOTOKOJOB TECTUPOBAHUS
1 BO3MOXHOCTHU OBICTPO MOBTOPUTH TECT, 3aBEPILIMB-
LIUICS C OLIMOKOIA;

e apXMBHUPOBATh PE3yJIbTaThl TECTUPOBAHUS Ha CEp-
Bepe, XpaHUTb UX CKOJIb YTOIHO J0JITO U TIPEAOCTABISITh
MporpaMMHMCTaM I10 TTIEPBOMY TPEOOBAHUIO CO CBOMX pa-
00UYMX MECT;

e UCIMOJIb30BaTh Web-mHTepdeiic A1 MakCuMalb-
Horo ynmooctsa pabotsl ¢ TC.

2. Ucnonb3yemas annapartypa

2.1. CocTaB cTeHaa

Ha pwuc. 1 nmpencraBieHbl (pparMeHTH peaJbHOTO
CTeHJa, Ha KoTopoM mnpoucxoaut tectupoBanue OCPB
B HUMCH PAH.

Crenp ans trectupoBaHus u paspadborku OCPB co-
cTouT U3 ogHoit UOBM (BbICOKONPOU3BOAMUTEIbHBIMI
BhIJIEJIEHHBIN cepBep, Ha KoTopoM ycTtaHoBlieHa TC),
coBoKynHocTu LIDBM pa3HBIX TUIOB U UHPPACTPYK-
TYpbl, HEOOXOMUMOM IS UX B3aUMOIEUCTBHSI:

e BHEIIHSS CETh MO3BOJISIET HECKOTBKUM ITPOTpaM-
MUCTaM OTHOBpEeMeHHO paboTtarh ynajseHHo ¢ TC u 1mo-
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Puc. 1. Odopynosanue TC:
a — (parMeHT TeCTOBOro cCTeHaa; 6 — kpeiT; 6 — HBBM

JIy4aTh pe3yJbTaThl TECTUPOBAHMS CO CBOMX PabOvYMX
MeCT;

e BHYTPEHHSS CETh WCIOJbL3YETCS IUISI OpraHu3a-
I B3aWMONEUCTBUS MEXIY Pa3TUIHBIMA KOMITOHEH-
TaM¥ TeCTOBOTO cTeHpaa mno cetu Ethernet;

e KOMMYTATOPBI MOCEAOBATEIbHBIX TOPTOB RS-232
HWCTIONB3YIOTCS O monkiaouyeHus K LIODBM uepes
TepMUHAJBbHBIN MHTEepQeiic, KOTOpbIi obecreynBaeT
peanu3alnio MHTepdeiica ynpaBisioleil KOMaHIHOMK
CTPOKH, a TakKKe IOJyYeHHEe TEKCTOBOM MHGOpMalluK
C pe3yJibTaTaMU BBIMOJHEHUS TECTOB; B3aMOIEUCTBHE
Mexay KommyTaTopaMu noptoB RS-232 u UBBM ocy-
miecTBasgeTcs no cetu Ethernet;

e TreHepartop ammapaTHEIX curHajaoB RESET Ha me-
pesarpy3ky LIDBM; Beiaueit CUTHAIOB Ha Mepe3arpy3Ky
yrpasisiet cepep TC o cetu Ethernet;

e Trpaduyueckme MOHUTOPHI, rpacuvecKre MaHUITY-
JIITOPHI M KJIaBHATYpPhl UCHOJIb3YIOTCS B KaueCTBE Ipa-

3 Yt e e
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duueckux repmuHaioB [IDBM, korma pa3padareiBaloTcs
npuiroxenus myiss OCPB, kotopsle TpeOYIOT MHTEpaK-
THUBHOTO B3aMMOICUCTBHS C YEJIOBEKOM, HallpuMep, pa-
0ouee MeCcTO oreparopa.

B cocTaB cTeHma B HacTosI11Iee BpEMST BXOISIT HECKOJTBKO
necsitkoB LIOBM ¢ paznuyHbIMU TUTIAMU TTPOLIECCOPOB,
pazpadotanHeix B HUMCH PAH, Takux xkak KOM/IB32,
KOM/INB64, KOMAKWB64-SMP, KOMJHNB64-RIO,
KOMAKWBI28-RIO [11]. Btu IBBM (Momynu) BcTaBis-
10T B KpPEeHTHl (KOPITYC ¢ OOllIell IIMHOMN) MO HECKOJIbKO
wTyK. KpeiTsl, B CBOIO oyepeab, MOHTUPYIOTCS B MHIY-
CTpUaJIbHbIE CTOMKM C HEOOXOMMMOW BCIIOMOTaTe/IbHOM MH-
dbpacrpykrypoit. CTeH 17151 TECTUPOBAHUS U Pa3pabOTKU
OCPB cocTouT 13 HeCKOJIbKHUX CTOEK ¢ 000pyIOBaHUEM,
KOTOpBIC B 3HAYUTEILHOM CTENICHU HE 3aBUCSIT APYT OT
npyra. Takoit Toaxo TMO3BOJISIET JIETKO MaclliTabnpoBaTh
CTEH]I TS TIONKTIOYCHUST HOBBIX TUIIOB LIDBM mytem mo-
OaBJIeHMSI HOBBIX CTOEK MJIM HOBBIX KPEHTOB.
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TecruposaHne Tecrossie LI13BM Ouepeap 3agaHmil Bepcun OC AuHanuTHKa Pasuoe Kpeitta Bepcua TecTos
Ynpaenenue TecroesiMu [I3BM
= Bce Tectosbie LI3BM
| Cpu | Geo | Hmall3BM | Tun LI3BM | Mimn kpeiita IP agpec Craryc Tepmunan
| 4 0x61 | bt124 cp2l btl2 192.168.0.124 | Free moxa 192.168.0.222 953
1 0x1f02 | b9l 119BM |R124 v |
LI Ll | e CpoiicTBa MoyR configos.h x_configbrd.h usermake.def
0|3 0x1f05 | bt93
0|4 0x1f22 | bt94 Hms napamerpa | 3navenne
5 | Ox1£03 | bi95 Tn [13BM |[cp21
6 0x1104 | bi96 KpeiiT B KOTOpOM YCTaHORNEH MOy . 21
' 0 0 o Wwms ceresoro uxtepdeiica va RIO)
e AtpubyTh configos.h x_configbrd.h usermake.def
[ Appec cetesoro HTepdeiica Ha RI
Wms ethernet uutepdeiica (gh9) . Hmna napamerpa | 3nauenue
Agpec ethemet untepdeiica | Tun LI9BM |cp21

Puc. 2. Crpanunsl ynpasienus tectoBbivu [IDBM,
HACTPOMKH 1 KOHKpeTHOH LIDBM u HacTpoiku ajs
Bcex IIDBM nannoro Tuma

2.2. KoHdurypupoBaHue LLOBM

[Mporpammuslii cepsep TC paboTtaeTr Ha UDBM u B3a-
HMOIEUCTBYET co BceM crieKTpoMm LIDBM. s 3Toro oH
HCITOJIb3yeT (POpMaJIbHOE ONMMCAHUE BCEX MMEIOIIMXCS
Ha cteHae LIDBM. Crpanuna "YnpaBieHue TECTOBBI-
mu LIOBM" cepBepa coaep:XUT CBOIHYIO TaOIMIy BCEX
IBBM, 3apeructpupoBaHHbiX B TC ((pparMeHT TaOIUIIbI
MpuBeACH Ha puc. 2).

Kaxknmas cTpoka B CBOOHOI Ta0aM1e OTHOCUTCS K Ofl-
Hoit LIDBM (111 K oMHOMY MPOLECCOPY B MHOTOITPOLIEC-
COPHBIX MOAYJISIX), & B MOJISIX 3TOI CTPOKU MEPEYUCICHBI
HanboJjiee BaXKHbIE ITapaMeTPhl, KOTOPHIE UCITOIb3YIOTCS
TC nmig B3amMOIOEeUCTBUSI ¢ 3TOM KOHKpeTHoU 1[DBM.
B sT10i1 Tabnuile MOXHO 100aBIATE HOBEIe LIDBM (Ha-
KaB KHOINKY BHHM3Y TaOJIWIIBI) WU PeTaKTHPOBATh
HACTpOUKM yxe cymecTBylomux. Hactpoiiku [IDBM
IEJISITCS Ha ABE TPYIIIBL: HACTPOMKU IJIST KOHKPETHOMN
1IDBM u Hactpoiiku piisa Bcex LIDBM panHoro tuma.

I1pu HaxkaTum Ha CcCHIIKY B cTos6O1e "YUMsa" cBomHO
TaOJMIbl IPOUCXOAUT MEPEXOa Ha CTpaHHUILY, TIe yKa-
3bIBAIOTCS aTpuOyThl (ITapaMeTphbl) TOJbKO MJIsI OOHOM
KoHKpeTHol LIDBM (cpeaHsiss Tabauiia Ha puc. 2).

Iepeiins mo ccouike B ctonbiue "Tun LIDBM" cBon-
HOI TaGJIMIIBI, MOXHO ITOITACTh Ha CTPAHUIy aTpHUOyTOB
atoro tuma [[DBM (HuxHss Tabnuia Ha puc. 2). OTn
HaCTpOWKHU NpuMeHsitotcs 1is Bcex [LIDBM Takoro Tumna.

3. NporpammHoe o6ecnevyeHne

3.1. YctaHoBKa 1 yaaneHue sepcun OCPB B TC

Huctpubdytus OCPB comepxxut 6a30Bblii HabOp NpoO-
rpamM, clieHap1eB U OMOIMOTEK, HEOOXOAMMBbIX JIJIsI TIOCTPO-

| Paamep UDP naketa B Harpy304HeIX TecTax |

| Konnyecreo UDP nakeToB B ceKyH[y B Harpy3ouHbIX TecTax |

€HUs UCToaHsIeMbIXx 00pa3oB. [nsa ycranosku OCPB
Ha KOMIBIOTEP UCMOJIb3YETCS CLIEHAPUA, HAITMCAHHBII
Ha g3bIKe KOMaHJIHOI'o MHTeprpeTaropa Linux. Ycra-
HoBJeHHag TakuMm obpazom OCPB cogepXuTt Bce He-
00XxoauMoe ISl MOAAEPKKU KOHKPETHONH MUKPOMNPO-
LIECCOPHON apXUTEKTYphbl, HO HE CONEPKUT IpaliBepoB
nepucdepuiHbIX YCTPONUCTB, KOTOPbIE MOT'YT pa3anyaTbCs
Jist pa3Hbix TunoB LIODBM. TToaTomy, KpoMe yCTaHOBKU
nuctpubytTuBa OCPB HY>XHO yCTAaHOBUTBH ONWH WU HE-
CKOJIBKO MMakeToB noaaepxxku moayJei (ITTIM), kotopsie
colepKat ApaiBephl OIS KOHKPETHBHIX TUIIOB LIDBM.

TectoBas cuctemMa mMMeeT AOCTYN K KaraJjioram,
KylIa pa3pabOTUYMKM ITOMEIIAIoT JUCTPUOYTUBEI BEp-
cuit OCPB, n neproamyecku MpoBepsieT COASPKUMOE
stux Katanoro. Ctpanuua TC "Bepcuun OC" mo3BosseT
ycTaHaBIuBaTh 1 yaansath Bepcuu OCPB u I1T1M c no-
MOIIBIO CJIECAYIOIIMX BKJIAIOK:

e YcTaHOBJIEHHbIE BepCHM — TabJMIlAa CO CITMCKOM
yxe yctaHoBJeHHbIX B TC Bepcuit OCPB, a Takxke Bep-
cuii I1II1M K HuwMm;

e HeycTaHnoBjieHHbIe BepCMH — TalJulla BepCcuid
OCPB, koTopble ObLIM CO3IaHbI, HO €11e He ObLIN yCTa-
HoBJieHH B TC;

e ApxuBHBIE BEPCHH — JOTIOTHUTEIBbHBIN pas3nel,
KOTOPBHIM aHAaJOTWYeH pa3aeiy "YCTaHOBIEHHBIC BEp-
cun"; 3gech nepeunciaeHel Bepcuu OCPB, pa3paborka
KOTOPBIX Oblja 3aBepllieHa.

ITocne ycrieniHoi ycTaHOBKY MH(MOPMALIMS O BEpCUU
nepeMelaeTcs u3 pasgeia "HeyctaHoBiaeHHbIE Bepcuu’”
B paszaen "YcTaHOBJEHHBIE Bepcun' . s TOro 4ToObl
Bepcuss OCPB nomnana crnyucok apxuBHBIX BEpCUii, HY3KHO
MPUCBOUTH €if COOTBETCTBYIOIIMI CTATYC.
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IIpu ycranoske OCPB co3gaioTcs onMH MU He-
CKOJIBKO KAaTaJioroB, MpeaHa3HAaYeHHBIX AJs padoThl
nporpaMMMKCTa, KOTOPble Ha3blBAlOT 1eJeBbIMU. OHU
colepXkaTr BCe HeoOXOaMMbIe KOMITIOHEHTHI sl IOCTPO-
eHus ucrnosHseMoro obpaza OCPB a1 KOHKpeTHOro
tuna HOBM (mo ogHOMY KaTaJloTy Ha KaXJIbld TUIT
LIDBM). B 1ieteBoM Karajiore pa3MelIaloTcs NCXOTHBIC
TeKCThl mporpamMm Ha s3bikax C unum C++. [ToctpoeHue
HCITOJTHSIEMOTO 00pa3a HauMHAETCSI C 3aIlycka KOH(pU-
rypatopa OCPB. Konduryparop no3BojsieT BKIIOIATH
TEKCThl IPOrpaMM B CO3JaBaeMblil UCIIOJHSIEMbIi1 0O0pa3
OCPB, a Tak:xe 3amaTh KOHPUTYpALIMOHHBIC TAapaMeTPhI
OCPB (pa3Mep maMsTu, ceTeBble aapeca U T. A.). I1o
3aBePIICHUI0 KOH(PUTYPUPOBAaHUS NPUBOIUTCS KOMITH-
Jnauus u coopka ucnonHsemoro obpasza OCPB B Buae
(aitna, KOTOpPHIA MOXHO 3arpy3uTh U BBINIOJHUTH Ha
ISBM.

3.2. Ctpyktypa TectoB OCPB

Bce Tectel OCPB crpynnupoBaHbl B MogKaTajaoru
MO MPUHIMIY MTPOBEPKU KAaKONU-HUOYAb OJHOM MOACH-
crembl OCPB. TecToBbIM HaOOpPOM aBTOPHI Ha3bIBAIOT
BC€ TECTHI OJHOT'O TaKoro moakaraora. Kaxmerii Te-
CTOBBI1 HAOOpP COCTOUT M3 OTHENbHBIX TECTOB, KOTO-
poie odopMmiieHB B Buje (aiinoB Ha s3bike C (C++).
OOBIYHO BCE TECTHI TECTOBOrO Habopa MOMeEIIaioTCs
B OIUH HcCIHOJHSeMBIT 00pa3 OCPB u BHINIOMHSAIOT-
Csl TIOCJICHOBATEIBHO, XOTS €CTh M MCKJIIOUYEHMS U3
9TOTO MpaBuia. MHorma ciy4yaloTcs CUTyallMM, KOraa
olnOKa, BOZHUKINAS MNPU BHIMOJHEHUM OJHOTO Te-
CcTa, MOXET MOBJUSITh Ha BBIMOJHEHNE MOCIESAYIOIUX
TEeCTOB (Halmpumep, OolIMOOYHOE 3aTUpaHUe MaMSITH).
Ecau Heo6XoAMMO UCKJIIOUUTHh BO3MOXHOE BJIMSHUE
OJHOTO TeCTa Ha NPYyTroil, TO MOXHO MOCTPOUTH MC-
noaHsieMblii 06pa3 OCPB ToibKO ¢ OAHUM TECTOM U3
TECTOBOTO Habopa M BHIMTOJHUTH TOJBKO €ro (Takoi
pPEeXUM TECTUPOBAHUS TPeOyeT CYyIIECTBEHHO OOJbIIe
BpEMEHN).

Ilepeurcaum HanboJee BaXKHbIE TECTOBbIE HAOOPHI:

e TecTol mus nmpoBepku OCPB Ha coorBeTcTBUE
crangapty ARINC-653;

e TecThl a1 npoBepku OCPB Ha cooTBeTcTBUE
crangapty POSIX;

e TECThI AJISI IPOBEPKU MaTeMaTUUYeCKUX DYHKIIMKA
(sin, cos ¥ T. A.) HA TOYHOCTh BBIYMCJIEHUS pE3yJbTa-
Ta C yYETOM PA3JIMYHBIX PEXKUMOB OKPYTJICHUS YMCET
C MJIaBaIoIlIEei TOYKOM;

e Tecthl A5 poBepku OCPB (cemeiictBa OC4000)
Ha COOTBETCTBUE CTAHAAPTY si3bika C++;

e TECTHI MPOU3BOAUTEIHLHOCTHU, U3MEPSIONINE CKO-
pPOCTh BHITIOJIHEHUS pa3nndyHbiX GyHKuIuit OCPB (mmpu
3TOM HE IIPOBEPSETCS KOPPEKTHOCTD BHITTOJTHEHUST 3TUX
byHKIIMIT).

IMocaenHuit MyHKT TpeOyeT AOMOIHUTEABHBIX IMO-
sicHeHu . TecTbl Mpou3BOAUTENbHOCTHU (benchmarks) He
SIBJISIIOTCS KOPPEKTHBIMU T€CTAMU, HO MO3BOJISIIOT OLIE-
HUBaTh BpeMeHHbIe xapakTepuctTuku OCPB u cpas-
HUBAaTh MEXAY CO00W OBICTPOAEHCTBUE pa3TIMUYHBIX
MUKPOTIPOIIECCOPHBIX MOMYJIEH U Pa3IMYHBIX BEPCUA

OCPB (oT0 MOXHO caenaTh Ha cTpaHUlle "AHAJIUTHU-
Ka", onrcaHHOU HUXe). JIONOJTHUTEIBHO OHU SIBJISIIOTCSI
cpeACcTBOM OOHapykeHUs "CKpBITHIX" TpobieM B I10.
HanmpuMmep, eciam TecT BBIYMCICHUST KaKOi-TnbOO Ma-
TeMaTU4YeCcKoil (byHKIIUY JaeT BEPHBIN pe3yabrar (4To
MpoBepsIeTCs MaTeMaTHYEeCKMUMM TeCTaMU), HO BpeMs
€€ BBITIOJTHEHW ST CUJTBHO YBEJIMYMBAETCS 10 CPAaBHEHUIO
¢ npeapinynumu Bepcusimu OCPB (uto mpoBepsiioT
TE€CThI IIPOU3BOAUTEIBHOCTH), MOXHO MPEAIOI0XUTD,
YTO B XOJII€ BBIMOJIHEHUS 3TOM (PYHKLUU IPOUCXOAST
HUCKJIIOUUTEbHBIE CUTYalluu (exceptions). DTU UCKIIO-
YUTEJIbHbIE CUTYallUM KOPPEKTHO oOpabaThIiBaloTCs
COOTBETCTBYIOLIUMU 00pabOTUMKaMU, HO 3TU oOpa-
OOTYMKU TPEeOYIOT HOMOJHUTEIBHOTO ITPOLIECCOPHO-
ro BPpEMEHH, YTO MOXET ObITh KPUTUYHO B CHUCTEMax
peanbHOTO BpeMeHM. TeCThl MpOU3BOAUTEIBHOCTH
MOTYT TaKXe SIBJISITHCS CPEACTBOM NMPOGUIMPOBAHUS
ITO (c6opoM CTATUCTUKU O BPEMEHU BLIMOJHEHUS
KakKoi-11mb0 (GYyHKIMHU M O YKUCJIE BBI3OBOB 3TOU
(byHKIIMU) 1 TTOMOTAaTh ONMTUMU3MPOBATH MPOTPAMM-
HBIN KOJI.

3.3. YnpaBneHue TecToBbIMM Habopamu

Ilepen ncmonbp30BaHUEM TECTOB COOTBETCTBYIOIINE
TECTOBBIE HAOOPHI AOJXHBI OBITH TPEIABAPUTEIHHO
3apeructpupoBadbl B TC. [disg 3TUX LieJedd CIYyXKUT
cTpaHula "YmpaBJlieHHEe TecTaMHU' , IIPeICTaBICHHAS
Ha puc. 3.

DTa cTpaHULA COOECPXKUT TabIULy, TAC IePEUNCICHbI
Bce TecToBble HaOOphl. OHa TaKXKe MO3BOJISIET YIIPaBJISITh
UMM 100aBISATh, yIalIATh, peAaKTUpPOBaTh U T. A. Ilpu
HaXXaTWH Ha CCBIJIKY B cToi61e "MMs TecToBoro Habopa”
MIPOMCXOOUT MEePEX0o Ha CTPAHUILY KOH(DUTYPUPOBAHUS
IUTST JAaHHOTO TeCTOBOro Habopa. Tam ykaswIBaeTcs, Ha
KaKuX ILIeJIEBbIX IIaT(opMax U ¢ KaKMMU TapaMmeTpa-
MU 3TOT TECTOBBIII HAaOOp MOXeT 3amyckarbcs. Kpome
TOT0, HAa CTPAHUIIE CONEPKMTCS TIOJTHBI CITUCOK TECTOB
B 3TOM Habope. DTO IMO3BOJISIET CPABHUTh CIMCOK pe-
aJIbHO BBIMOJIHEHHBIX TECTOB C DTAJIOHHBIM CIIMCKOM
1 00HAPYKUTb HEBBIIIOJIHEHHbIE MJIU IIPOITYILEHHBIE I10
KaKHUM-TO IIPUYMHAM TECTHI.

3.4. NMocTtpoeHue ucnonHsiembix oopaszos OCPB

BaxkHBIM 3TanoM IIpu MOCTPOCHUU MCIIOTHSIEMOTO
obpasza OCPB saBrasercsa npouecc KOHGUTYPUPOBAHUSI.
3nech 3amal0Tcsl KOHKPETHBIE MapaMeTphl U CTPYKTypa
Oynylero oopasa, HalIpuMep, CETeBbIE aJipeca, KaTaJoru
¢ daiizaMu, NOJb30BaTEIbLCKME IpOrpaMMbl U T. A. Bce
9TU HACTPOMKU COXPAHSIOTCS B BUIE€ KOH(PUTYpALIMOH-
HBIX (paitnos.

st aBTOMaTU3aIuu mpolecca KOHPUTypupoBaHuU st
B TC 3apaHee 3aroTtoBjieHbl (DparMeHThl KOHpUTrypa-
LIMOHHBIX (hailjIoB, OTHOCSIIMECS K PA3JTMIHBIM PEXU-
Mam paboTet OCPB, IOBM u TecToBbiX HaOOPOB. DTH
¢dparmeHTH KOHPUTYpALITMOHHBIX (DalijIOB XpaHATCS
B oTaeabHOM KaTtajore TC, KOTOPHI UMEET CIOXHYIO
CHUCTEeMY ITOAKATaJIOroB U Ha3BaHM 1 (pailjioB, TO3BOJISTIO-
LIYI0 OBICTPO MOJYYHUTh AOCTYII K HY>KHBIM (pparMeHTam
koHpurypauuu OCPB.
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Tecruposauue Tecrossie LI3BM QOuepesn 3anaHuit Bepcun OC AHAIHTHEA Pasuoe Kpeitrs! Bepcua Tectos
Pa3noe Worker JoxkymeHTaiua Ynpasneune Tectamu Tunsl Mogynen
Cnmcok TecToB
Hms TecTosoro nabopa Karanor HacTpoex YpoBeHb TECTHPOBAHHA
1 oc2000 /home/nkigor/oc3000-ts/tests/etc/test_programs/oc2000 normal
2 [ oc2000-abi Cnncox KoHurypaunmii s Tecra 0c2000
3 o0c2000-benchmark-math Hms Kﬂﬂdllﬂ'}']]alllﬂ{ Yposesn g
4 0c2000-command [ ygan'“-bi[b[lza_z‘o_ﬂpfs_ns | [ low v| cond.attr pshar
5 [ cond.broadcast
fif 0c2000-config [ yaanuTe i“buza_z_gms-gcou ||[low  ~]||||cond.broadcast _
6 ‘ 2 0c2000-m: cond.bug34
m 2 0c2000-math | Yaanutb h||b1128—2.0-nl‘s~tracer | [normal v||||cond.buge3s
- — LT cond.bug@36
& oc2000-niis Ypanutb |btl28~2.0-not5-tracer| ]nurma] V| cond.bug@37
8 0C2000-printf cond.bug@38
S (anurs )| [b1202-2.0-ipts-ris | |[low ||| cond.buge39
__AaﬂuTb 0c2000-scanf cond. buge4e
[ [bt202-2.0-nfs-gcov  ||[low  v| cond . bug74
cond.bug@7s
Ypanut bt202-2.0-nfs-tracer normal v
&0 | |l | cond.bual63

Puc. 3. Crpanunbl ynpasJjieHds] H KOH()UTYPHPOBAHHS TECTOB

st Toro 4ToObl cOo30aTh KOHKPETHYIO KOH(PUTY-
pauuio a1y tectupoBaHusi OCPB, nmporpammuct (rmpu
nepBoHavaJibHoU HacTporike TC) 3agaeT ee UMsI clieaylo-
MM 00pa3oM: UMST KOHGUTYPAITUU JOJIKHO COCTOSITh U3
LIETIOYKY KJTIOUEBBIX CJIOB, COEAMHEHHBIX MEXY CODOI
neducamu. KirtoueBbie ci0Ba B MMEHU — 3TO HA3BaAHU S
OTHeNbHBIX (haityioB ¢ hparMeHTaMu KOH(pUTYpaluii, Ko-
TOpbIE HaXOASTC B OAKATAJI0IaX, YIIOMSIHYThIX BBILIE.
Ot painasl OyayT 100aBaSITHLCI K KOHPUTYpAaLIMOHHBIM
daitmam OCPB B npoliecce aBToMaTM4eCcKOro KOH(pU-
TypUpPOBaHMSI.

WM koHpUTIypallMu MOXHO YBUIETh B IIEPBOM
CcTOJIOE TabJULbI TeCTUPOBaHUS (pUC. 4, CM. BTOPYIO
CTOpOHY 0010XKHM). Hanmpumep, Ha puc. 4 oTKphbiTa
crpaHuua TectupoBaHus B TC, Beiopansl Bepcuss OCPB
0c3000-3.52.215 u TectoBblit Habop 0c3000-math B KOH-
durypauun bt206-3.0-nfs-dbg. JIns onpeneneHHOCTH
YKaxeM IPOLIeCCOPHBI Moayb bt6l B kauecTBe [IDBM.
3amyctuth npouecc tectupoBanuss OCPB B manHoit
KOH(PUTYypallud MOXHO, HaxkaB KHONKY "BBIIOTHUTH
TecThl" B CBOAHOI Tabmuie TecTupoBaHusa (puc. 4,
CM. BTOPYIO CTOPOHY OOJIOXKKM) B CTPOKE, KOTOpasi Ha-
YMHAeTCsl ¢ Ha3BaHMS Hallleil KOHQUrypauuu U OTHO-
CUTCS K BbhIOpaHHOMY TecToBoMY Habopy. Ilpu stom
TC Oynmet 3HaTh, YTO HYKHO MCITOJIb30BaTh CICAYIONIYIO
KOH(MUTYypalMOHHY10 MHQOPMALIMIO AJIsI TTOCTPOEHUS
ucnoaHsgemoro oopasza OCPB:

e Bepcus OCPB — 0c3000-3.52.215 (Ha3BaHMe Ka-
Tajora ¢ yctanosieHHoir OCPB);

e TecToBHIT HAbop — 0c3000-math (Ha3BaHUeE Ka-
Tajora ¢ TECTOBBIM HAOOPOM [JIsl TECTUPOBAHUS MaTe-
MaTH4YeCKUX QYHKIIHN);

e MUKpoOIpoleccopHas apxuTektypa HIOBM —
bt206 (Ha3BaHue LeneBoro karajora s LIOBM Ttuna
bt206 ¢ mukpomnpoieccopoMm RM7000);

o cewmeiictBo OCPB — 3.0;

e THUN (aitnoBoit cucteMbl — nfs (MOAKIIOYUTH
ceTeByl0 (DalJIOBYIO CHCTEMY [UIST YTeHUS (paiiioB 3Ta-
JIOHHBIX JaHHBIX ¢ UBBM);

e Bepcus 6ubaumorek OCPB — dbg (ucmonb3oBaTh
OTJIAJOYHBIN HabOp OMOJMMOTEK U KJIOUEeid KOMITUJISI-
TOpA);

e KoHKpeTHas LIDBM — bt61 (ucmosib3oBaTh ceTe-
Boit agpec 192.168.0.61 u 1. 1.).

KoHpurypupoBaHue u cOopka UCIOJTHSIEMOTO 00-
paza OCPB npoBoasiTcs caeaymoiuM oopazoM. CHaua-
Jla OTAeJIbHO KonupyeTcs LejeBoii katajior OCPB, 3a-
TeM hopMuUpyltoTcst KoHburypannoHHbeie daitist OCPB
IMyTeM KONMpOBaHUSA pparMeHTOB KOHPUTYpaLlNK U3
pa3HbuIx ¢aitnoB. [Tocie oKoHUaHUS KOHPUTYPUPO-
BaHUA OyAeT BBIMOJHEHA mpoueaypa cOOPKU UCIOJ-
Hsiemoro oopa3a OCPB (xkoMnumsinus Bcex MCXOTHBIX
TEKCTOB IPOEKTa M CO3JaHME UCIIOJHSIEMOro obpasa
CUCTEMBI).

4. TectupoBaHue
4.1. Npouecc TectupoBaHna OCPB

Hactpoiika u koHpurypuposanue camoit TC poBo-
JISITCS TIOCJIe €€ YCTaHOBKM Ha CcepBep, a TaKXKe 10 Mepe
HEoOXOoAMMOCTHU (HampuMep, B cliydyae MOMKIIOYEHU S
HOBOT'0 00OpYIOBaHUS K CTCHAY).

Ucnonp3oBanue TC mpeamnonaraeT BLINIOJTHEHUE
caenylomux nericrBuii. Ha cepBep ycTtaHaBiauBaloTCs
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Bepcuss OCPB gng tectupoBaHus U HaAOOpP COOTBET-
cteyowmux INTIM gns pasHbix Moayiaeil. 3aTeM mpo-
BOASITCS KOH(GUIYypUPOBaHUE U COOpPKa MCIIOJHSIEMBbIX
ob6pazoB OCPB. Ha crnenymoliiemM atarne OpoOUCXOAsT
3arpyska ucnojHsieMblx oopazos OCPB na 1IOBM
U 3anyck TecTtoB. B 3aknwoyeHue TC mpoBoAWT aHa-
JIN3 TIPOTOKOJIOB UCIIOJTHEHU ST TECTOB U ITPENCTaBICHUE
pe3yabTaToB B yI0OHOI nj1st mpocMoTpa dopme. Janbiine
TECTUPOBIIMK OOJXEH caM IIpOaHaJIn3MpPOBaTh ITOJY-
yeHHble TC maHHBIE W cOeaTh BHIBOABI 0 KayecTBe [10
M eTo JajibHellei cynnoe.

PesynpraTel TeCTUpOBAaHMSI KOHKPETHOM BEpCUU
OCPB xpaHsTCs Ha cepBepe U JOCTYITHHI B J11000€ Bpe-
Msl, TIOKa MOJIb30BaTeNIb HE YIAJUT UX SIBHO.

B xone BbINOJHEHM S TeCThl BBIBOISIT HA KOHCOJIb ITPO-
TOKOJI TECTUPOBAHU I, KOTOPbIi HAUMHAETCS C Ha3BaHUS
TecTa M 3aKaHYMBAeTCsI OKOHYATEJbHBIM BEPIUKTOM:

e PASS — TecT mpolen ycneniHo;

e FAIL — 06b1n1a 0GHapyXeHa OolIMOKa U BO3HUK-
JIN KaKWe-TO TPYIHOCTH IIPU BBITIOJTHEHUM TECTa;

e UNTESTED — TecT He OB 3aIlyIllicH B XOIe
TECTUPOBAHUSA B CBSI3M C HEBO3MOXHOCTBIO €TI0 BBI-
NOJHEHMUS Ha OaHHOM IIpOrpaMMHO-ammapaTHOM
naaTgopme.

Bepaukt UNTESTED He gaBnsieTcs omnOKoil Te-
cTupoBaHus. OH SIBJSIETCS CJIEACTBUEM UCIIOIb30BaHMS
eIMHOro Habopa TeCTOB AJIs Bcero Habopa obopygoBa-
HUS 1 Bcex KoHpurypauuit OCPB B uensax ynpolueHus
nognepxku TC B aKTyaJIbHOM COCTOSTHUY Y TTOBBILIICH W ST
ee HaJgeXXHOCTU. [T0aTOMY HEKOTOpBIE TECTHI 3aITyCKalOT-
Cs TOJTBKO B TOM cJIydyae, KoTrjaa AJisl 3TOTO CYIIECTBYIOT
omnpeseeHHbIE YCIIOBU S, HATIPUMED, HaJIUUME COOTBET-
CTBYIOIIETO 00OPYIOBaHUS.

IIpu TectupoBannuu OCPB okoHYaTeIbHBIN BEPANKT
SIBJISIETCS COBOKYITHOCTBIO BEPAMKTOB BBITTOJTHEHUS OT-
JIeJIbHBIX TECTOBBIX HAOOPOB B Pa3IMUHBIX pexXMMax
1 KOH(UTypaLUsIX.

4.2. 3anyck TectoB OCPB

3amnycTuTh TECTH MOXXHO Ha cTpaHule "TecTupona-
Hue". 3mech BCe TECThI CIPYNIIMPOBAHBI B BUAE CBOIHOM
Tabauubl. Beg Tabnuia mMoxkeT ObITh OYEHb AJTMHHON
U TI0RTOMY MMEET ABa IPEACTaBACHUSI — Pa3BEPHYTHIN
M KOMNAKTHBIN (pUc. 4, CM. BTOPYIO CTOPOHY OOJIOKKU).

Ilepen 3amyckoM TeCTOB BbBIOMpaeTCs CeMelCTBO
OCPB baret: 0c2000, 0c3000, 0c4000 mnu 0c4000.64
(64-paspsagnas Bepcust OCPB OC4000). 3arem BbIOK-
paeTcss Homep KoHKpeTHOU Bepcuu OCPB (Hampumep,
0c3000-3.52.215). Ecnimt cTpOYKHM 3TOM TAOIUIIBI COmEp-
KaT TOJIbKO Ha3BaHMS TECTOBBIX HAOOPOB U OKpPAIIICHBI
B OeJIBli IBeT, TO TecTUupoBaHUe 310 Bepcun OCPB eme
He TIpoBOANI0Ch. ECIM HEKOTOphIe CTPOUYKU TAOIUIIBI
OKpallleHbl B KaKOH-TO IIBET M COIepKaT KaKym-J11u0o
MHPOpPMAIINIO, TO COOTBETCTBYIOIINE TECTHI YK€ ObLIU
3aMlyIIeHbl U MOXHO IMMOCMOTPETh OTYET O pe3yjbTaTrax
TECTUPOBAHMUS.

Tabauna coaepXUT ynpaBasoniie KHONKHU, KOTO-
pBIe TTO3BOJIAIOT 3aIyCKaTh TECTHl B HYKHOM ITOPSIIKE
¥ B HY>XKHOM 00beMe. MOKHO 3aITyCTUTh Ha BBITIOJTHCHUE:

e BCE TECThI Ha BceX IIeJeBhIX IIaTdopmax (Oymet
3aroJIHeHa BCSl TeCTOBas TabauU1A);

e BCE TCCTHhl Ha BHIOpaHHON I1ieJieBOi IaTdopme
(OyneT 3amojiHeH pa3fien TeCTOBOI TaOIULIbI);

e TpYINY TECTOB Ha BHIOPaHHOMN LieJIeBO# miaTdop-
M€ B pa3nuyuHbix KoHDurypauusgax OCPB (6ynyT 3anon-
HEHBI HECKOJIBKO CTPOK TE€CTOBOU TaOJIMIIBI);

e TpYIINY TECTOB Ha BHIOPAHHOMN LieJIeBOH TiaTdop-
Me B BeiOpaHHOU KoHburypauuu OCPB (Oyner 3amor-
HEHa OJHa CTPOKAa TECTOBOI TaOJIMIIbI);

e TOabKO onuH TecT OCPB Ha BeIOpaHHOI 1IeJIeBOit
nnatgopme B BeIOpaHHO# KoHdurypanuu OCPB.

st mepexona B pexXXMM BBIIMOJIHEHUS] OAMHOYHOTO
TecTa HYy>KHO HaXaTb Ha CChIJIKY B ITIEPBOIl KOJIOHKE Ta0-
quubl. [Tociae aToro ocyiiecTBUTCS MEPexo] Ha CTpaHU-
11y BbIOOpA, Iie JaHHBII TECTOBBIM HAOOP MpeACTaBICH
B BHUJIE YIIPABJISIOIIMX KHOTIOK C Ha3BaHUSIMHU OIMHOY-
HBIX TECTOB MJIM KHOITKaMM ¢ Ha3BaHUEM TPYIII TECTOB
W3 TaHHOTO TECTOBOTI'0 Habopa (puc. 5, CM. BTOPYIO CTO-
poHy 00J10xK1). Ternmepb MOXHO 3aITyCTUTh TOJTBKO ONWUH
TECT WJIM HEOOJBIIYIO TPYNNY BEIOPAHHBIX TECTOB. DTO
yIOOHO IJIST TIOMCKA OIIMOOK IPU OTJIAIKe.

Otmetum, uyto B TC TecThl 3amycKaloTcsl He cpas3y.
Bnavane oHM momagamT B oyepedb 3alaHUI Ha TECTHU-
poBaHue. Ouepeab GopMUPYETCS U ABUXKETCS aBTO-
MaTUYECKU IO Mepe 3aIlycka TeCTOB M OCBOOOXICHUS
000pyIOBaHU S 1JIs1 TECTUPOBAHU . DTO MO3BOJISIET 3aIly-
CKaTb 0O0JIBIIOE YHUCJIO TECTOB Ha IJIMTEJbHBINM CPOK, Ha-
MpUMep, Ha HOYb, KOT/Ia TeCTOBBIM cTeH1 cBoboaeH. Ha
crpanuie "Odepenpb 3aJaHuil" MOXHO BUIETh TEKYIIce
COCTOSTHME ouepeny (KaKue TeCThl Ceiiuac BBITIOTHSIOTCS
W Ha KaKOM 00OpyIoBaHUM). 31eCh MOXHO OCTAHOBUTH
BBITIOJIHEHHE BCEX TECTOB M OUMCTUTD OUYepeab 3aJaHui
(HaxkaB KHOIKY "OCTaHOBUTH BCE TECTHI'), HO HEJIb3s
YHOpaBASITh caMOil o4Yepenbio, U3MEH SIS YUCIO M Oue-
peaHOCTh 3agaHuil. J100aBUTh UM yIaJIUTh OTACIbHbIE
TECTOBbIE HAOOpPHI M3 OYepeau MOXKHO Ha CTpaHMIIEe
"TecTupoBaHMe", HaxXaB COOTBETCTBYIOIINE KHOMKH.
ANroput™M paboThl oYepenu 3aJaHUil Ha TECTUPOBaHUE
He MpenycMaTpruBaeT HUKaAKMX IIPUOPUTETOB B BHITIOIHE-
HUU TECTOB (0Yepenb IBUKETCS JIMHENHO), HO TIPU 3TOM
MOXET 3alycKaTh IapajjelbHOe BBITTOJTHEHUE OITHOIO
3alaHUsI Cpa3y Ha HECKOJBbKHUX MOAYJISIX OJHOBPEMEH-
Ho. HampuMmep, ecnu 3amycTuin OAWH TECTOBBIN HAOOP
C MaTeMaTUYECKUMHU TECTAMHU U €CTh IIECTh CBOOOMHBIX,
MOAXOASLLMX [0 TUILY MPOLECCOPHBIX MoayJeit, To TC
3alyCTUT Cpa3y LIECTh TECTOB M3 3TOTO TECTOBOI'O Ha-
6opa (oguH Impoieccop OyIAEeT BHIMOJHSITH TECTUPOBAHUE
(yHKLMY sin, a Apyroit — ¢pyHKIMM cos U T. A.). [To Mepe
OKOHYaHMS TECTUPOBAHMSI OYepeIHON MaTeMaTHYeCKOn
(GYHKIIMU KaXKAbIA M3 IIECTU MPOLIECCOPHBIX MOAYJIEH Oy-
JIEeT MOoJIy4aTh HOBYIO, TAKMM 00pa30M CHUJILHO YCKOPSIETCS
Mpoliecc TeCTUpoBaHusI. B JOoruky paboThl ouepenu 3a-
JMaHW# TaKXe BKJIFOUEHO CJIEXKEHUE 32 BpEMEHEM BBITIOJN-
HEeHUS TecToB. Eciu TecT TpaTUT GOblle OTBEAEHHOTO
€My BPEMEHU, TO €0 BHITIOJTHEHUE TPEKPAIIAeTCs, TECT
cunTaercs HeygaayHbeiM, a TC nmepexoauT K BEIIOJITHEHUIO
cJIeNyIOLIEro 3aaaHus B ouepeau. Takum oOpa3oMm peliia-
eTcs nmpobaeMa "3aBUCAHUS" TECTOB.

e
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ITo 3aBepieHUIO TeCTUPOBAaHUS (BO3MOXHO, Uyepe3
HECKOJIbLKO 4aCOB) MOXHO MOJYYMTh BCE PE3yJIbTAThl
TecToB. DTo Tabauua (puc. 4, cM. BTOPYIO CTOPOHY
00JIOXXKH), TI€ CTPOKHU COAEepKaT Ha3BaHUS TECTOBBIX
HAO0OpPOB U pe3yabTaThl TeCTUpoBaHMs. CTPOYKU HUTO-
TOBOM TaOJAMIIBI pacKpalllcHBl B pa3Hble IIBeTa. LIBeT
TO3BOJISIET OBICTPO OLICHUTH PE3YIBTaThl TECTUPOBAHMUSI.
Ecnu cTpouka TaGnuilbl oKpailieHa B 3eJIeHbII 1IBET, TO
pe3yJIbTaThl BCEX TECTOB COOTBETCTBYIOIICH TPYIIITHI
MOJIOXUTENbHBIE (B Uaeaie BCs TabaMLA AOJXKHA ObITh
3€JICHOTO 1IBETA), a €CJIM CTPOYKaA KpacHasl, TO pe3yJIbTar
XOT$I ObI OTHOTO TECTa OTPULIATENbHEIN. Bo3MOXeH TakKe
¢duoseToBbIl 1BeT, Koraa Tectbl OCPB 3akoHumnnuce
¢ olMOKaMM, HO BCE 3TU OUIMOKM yKe M3BECTHBI, 3a-
pPEerMCTPUPOBAHBI M HAXOASITCS B CTalUM YCTPAaHECHMHS.
XKenrtwlii IBET 03HAYaeT, YTO BCE PE3yJbTAaThl TECTOB
ATOI TPYNIBI OBIIM MMOJIOXKUTENbHBIE (HEe OBLJIO OTPH-
LaTeJbHBIX), HO YMCJIO TOJOXUTEIbHBIX Pe3yJIbTaTOB
HE COBMAJaeT C OOIIMM OXMIaeMBbIM YHUCJIOM TECTOB
9TOU TPyHITEL. JIpyTUMH clIoBaMU, KaKME-TO TECTHI HE
BHITIOJTHUJINCH (HET Ha3BaHMS TECTa B IIPOTOKOJIE Te-
CTUPOBAHUSI, HET OKOHYATEJIbHOIO BEpAMKTA 32 OTBE-
JeHHoe BpeMsi, ToaToMy TC He MOXeT aBTOMaTUYeCKU
KBaIU(PUIIMPOBATh CUTYAIIUIO) U IIPOTPAMMMUCTY CJIeAyeT
pa3obpaThcsl ¢ 3TUM TECTOM CaMOCTOSITeIbHO. Takoe
BO3MOXKHO, HaIIpUMEp, €CJIM IPHU CTapTe TeCTa BO3HUK-
Jla UCKJIIOUMTEIbHASI CUTYalus (exception), KOTOpast He
MOXET OBITh KOPPEKTHO 00paboTaHa, W onepallMOHHAas
CHCTeMa OCTaHaBJIIMBAET BBITIOJTHEHHWE 3TOTO TECTa, T. €.
MOJIyYeH OTPUIIATENIbHBIN pe3yabTaT AJis 3TOTO TecTa,
HO KOCBEHHBIM 00pa3oM, KakK OTCYTCTBUE KaKOW-JTH-
60 mHpOpMaMM 0 HeM. PO30BBIN LIBET TOBOPUT, UTO
OIIMOKM BO3HUKIIU €Ille A0 3allycKa TECTOB Ha 3Tare
koMmmmsiuuu uinn rectupopanne OCPB mpepsanocsk 1mo
HeusBecTHOU npuunHe. Hampumep, Kakoil-To KpeiT ObLT
BBIKJIIOUEH 10 3aBeplieHus TecToB. HamoMmHuM, uTo Oe-
JIBII LIBET CTPOK B Ta0JIMIle TOBOPUT O TOM, YTO 3aIlyCK
COOTBETCTBYIOLIEH IPYIIITLI TECTOB €1lle He ITPOBOMIMIICS.

Hannucu B 3TUX CTpoKax, TakKXke KaK U IIBET CO-
o01alT O pe3yabTaTax TECTUPOBAHUS, HANpUMeED,
"Het mpoGyiem" o3HayaeT, 4YTO TECTHI MPOILLIN yCIElI-
Ho, a "Ommnboxk N" o3HaAyYaeT, YTO B XO/I€ TECTUPOBAHMUS
Ob1710 OOHapyXkeHOo N OIKnOOK.

B Tabnuny tecTupoBaHUS BHECEHBI JUIIbL CaMble
KpaTKue CBEICHUSI O pPe3yJbTaTaX BBIITOJHECHUS TECTOB:
CKOJIBKO TE€CTOB OBLJIO 3aIyILEHO, CKOJIbKO BBIIIOJHEHO
M CKOJIBKO OBIJIO OIIMOO0K. YTOOBI MOJYUYUTh MOAPOOHEIE
MIPOTOKOJIBI O Pe3yJIbTaTaX BbIIIOJIHEHUS IPYIIIIbl TECTOB
HY>XHO HaXaTbh Ha CCBUIKY B CTPOKE TaOJIMIIbI C KOJIM-
yeCcTBOM OIMOOK (HampuMep, "Omubok: 1") — Oyzner
BBIBEJIEHA CTPaHUIIA C TTOAPOOHBIM OTYETOM, KOTOpAs
MmocTpoeHa Ha 0a3e aHajM3a pe3yJbTaToOB, MOJTYyYEH-
HbIX ¢ [IDBM. BTa cTpaHuula sIBASIETCS pe3yJbTaToM
00paboTKM BCeX MPOTOKOJOB BHIMOJHEHUS JAaHHOTO
TecToBOro Habopa. OHa COmEPXUT CTPYKTYPUPOBAH-
HYI0 MHOOPMAIIUIO O 3aIycKe TECTOB W pe3yabTaTax
HMX BBINIOJIHEHUS. B Hayaje cTpaHMUILBI pacIoOXeHa
nHdopmanus o koHburypauuu obpaza OCPB, Bpe-
MEHM Hayajla U OKOHYAaHUSI TeCTHUPOBAHMSI, KpaTKUii

CIIMCOK TECTOB C pe3yjbTaTaMU BBIIMOJHEHUS (TECThI
C OIIMOKAMU BBIACNSIOTCS KPAaCHBIM 1LIBETOM). 3aTeM
UAET NOAPOOHBIN OTUYET IO BHIMOJHEHUIO KaXA0r0 Te-
CTa B OTIEJIbHOCTU. DTO JaeT BO3MOXHOCTb MOJy4aTh
JIeTaJIbHY10 MH(POpMaLrio 00 olKOKaX MakKCUMaJabHO
OBICTPO 0€3 YTOMUTEIBHOTO MPOCMaTPUBAHUS MHO-
XecTBa NMpoTokojoB. Ecau Kakas-To omubka Oblaa
oOHapyxXeHa paHHee, TO MOXHO HaWTH CCHIJIIKY Ha 3a-
IMACh B 0a3e MAaHHBIX OTCIEXHWBAHUS OMIMNOOK (Mantis
Bug Tracker) m y3HaTh TeKylllee COCTOSIHHE IEJI 110 e¢
YCTpPaHEHMUIO.

4.3. CpaBHeHue pe3ynbLTaToB

Bxmanka "AHanutuka" mMO3BOJISIET CPaBHUBATH pe-
3yabTaThl TecTupoBaHus Bepcuit OCPB 1o HekoTopoMy
BBIOpAHHOMY KPUTEPUIO.

CpaBHUBATh MOXHO BpeMsl BBIIIOJTHEHHUS TECTOB
Ha pasHbIX Bepcusx OCPB. DTo no3BosiseTr HaXOAUTH
omnoku B OCPB ecnu, Hanmpumep, MPOU3BOAUTEb-
HOCTb OINEPALlMOHHON CUCTEeMbl CUJILHO YXYAIIAeTCs.
Taxk>ke MOXXHO CpaBHMBATb BpeMS BBITIOJTHEHUSI TECTOB
oaHoi u Toi ke Bepcuu OCPB, HO Ha pa3HBIX MUKPO-
MPOIECCOPHBIX MOAYJISIX. DTO MaeT BO3MOXHOCTD IT10-
HSATb, HACKOJIBKO OIWH MUKPOIIPOIIECCOPHBI MOMYJb
MIPOU3BOAUTENIbHEE IPYTOTO, a TAKKE HAXOMAUTDH OIITMOKA
B OCPB, ecinu BpeMs BBITIOJHEHUSI MECHSICTCS HEIPO-
IMOPIIMOHAJIBHO Ha pa3HBIX MUKPOIIPOLECCOPHBIX ap-
XHUTEKTypax.

st cpaBHEHUST BepCUil peaJl30BaHO HECKOJBKO
aJrOPUTMOB, KOTOpbIe IPEACTaBJIECHBI B CIECAYIOLIUX
3aKJjaaKax:

e CpaBHeHMe THIIOB — B 3TOM pa3/iejie MOXHO IOIy-
YUTH TAOJUILY, TI€ CPABHUBAETCS BPEMS BBITTOJTHEHMUS
HEKOTOPBIX CHELMaJIbHO BRIOpaHHBIX QYHKIIUN OXHOMU
u Toii xxe Bepcur OCPB, HO AJ151 pa3HbIX MUKPOMpPOLIEC-
COPHBIX MOJIYJICIA;

e MaremaTnyeckue PyHKIMH — STOT pa3les aHa-
JIOTUYEH TIPENBINYIIEeMY, HO JJISI CPAaBHEHUSI CKOPOCTHU
BBITIOJIHEHU S PYHKIUI omHOU 1 Tolt Xe Bepcuu OCPB
Ha pa3JIMIHBIX MUKPOIPOLIECCOPHBIX apPXUTEKTYPaX BbI-
OuparTCcs TOJBKO MaTeMaTuuecKue GyHKIIUU CTaHaapTa
POSIX;

e ARINC-¢dyHkmum — 3TOT pasaes aHaJOTMUYEH
NPeIbIAYIIMM, HO JJIS CPaBHEHUS CKOPOCTHU BBIIOJ-
HeHUs PyHKUu ogHoOW M Toi xe Bepcuu OCPB Ha
Pa3IMYHBIX MUKPOIIPOIECCOPHBIX apXUTEKTypax Bbl-
O6upatoTcs Toabko GyHkuuu ctangapra ARING;

e IIponsBoauTEeLHOCTH MO BEPCUSIM — 3/1€Ch MOXHO
CpaBHUTb, HaCKOJIbKO ogHa Bepcusi OCPB oObicTpee niu
MeJJIeHHEee, YeM Jpyrasi Ha OHOU U TO Xe MUKPOTIPO-
LIECCOPHOU apXUTEKTYPE;

e CpaBuenue Bepcuii — 3TOT pa3aes OTIMYATCS OT
MPEIbIAYIIMX TeM, YTO CPAaBHUBAIOTCSI HE BpeMEHHBIE
XapakTepUCTUKHU pa3HbIX Bepcuit OCPB, a To uucino
OLlIMOOK, KOTOPOE OBbIJIO BBISIBJIEHO MPU TECTUPOBa-
HMM; TAKUM 0Opa3oM MOXHO OTCJEXMHBaTh, KaK MC-
npasJiisitoTcst ooHapyxeHHble B OCPB ominbku u yBe-
Ju4yuBaeTcs crabuabHocTh Bepcuit OCPB B xome ux
pa3paboTKHU.
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PesynbraToM cpaBHEHUS SIBASETCS TEKCTOBBIH (haiin
C pacuiMpeHueM .csv (comma-separated values), KOTOpbIi
MOXHO MMIIOPTUPOBATh B MPOrpaMmy 3JEKTPOHHBIX
Tabau1l, a gJaablie oopadoTaTh MHGOPMALIMIO B HY>KHOM
BUJZIE C TIOMOIIbIO BCTPOCHHBIX (DYHKUWH (Harpumep,
MOCTPOUTH rpaduKM).

4.4. lononHunTeNbHble BO3MOXHOCTH

B paszmene "PasHoe" ecTh CIMCOK 3apeTrMCTPUPOBAH-
Hbix npobisem B OCPB. baza manubix ommbok dop-
MUPYETCS HA OCHOBAHUU PETUCTPALIMU COOOLIEHUN 00
omnbkax (tickef) B cucTeMe perucTpaluid U OTCICXKHU-
BaHUSA ommO0K Mantis Bug Tracker [12]. Pazpabotuuku
OCPB peructpupyoot coobiieHus o6 ommnbdbkax OCPB
B cucteMe Mantis B pydHoOM pexxume. J1Jisi 5Toro Hy>KHO
CHauaJia co37aTh COOOIIeHHNe 00 olmoKe (fickef), a cucte-
Ma Mantis NIpyMCBOUT 3TOMY COOOILIEHUIO YHUKAJIbHbIA
HoMmep. B 3ToM cooOleHUY HYXHO OMUCATh MPOOJIEMY,
MIPUCBOUTH €11 CTaTyC U HA3HAYUTh OTBETCTBEHHOTO 3a €€
peuieHue. B nanbHeiilliemM ctaTyc 3TOil MpoOIEMbl MOXET
MEHSThCA (B IIpoliecce paboT IO YCTPAaHEHUIO OIIMOKN):
HOBasi, Ha3HAUEHHasl, pelieHHas, 3aKpbiTast u T. 1. Cu-
crema Mantis He sBisgeTcs 4actelo TC, HO TIpemocTaB-
JISIET BO3MOXHOCTbh Y3HATh yAAJIEHHO (IO CeTU) TeKyIuit
CTaTyC COOOIIEHUS 00 OIIMOKEe IO €ro YHHKAJIbHOMY
HOMEpY. DTy 0COOEHHOCTD ucmob3dyeT TC mjas aBToMma-
TUYECKOTO CJIEXEHUS 32 OlMOKaMu, BO3HUKAIOIIUMU
B xome tectupoBanuss OCPB. [Ins storo TC BemeT cBOIO
COOCTBEHHYI0 0a3y MaHHBIX OLIMOOK Ha CBOEM CEpPBEpPE
U TPEJOCTABIISIET TECTUPOBIINKY BO3MOXHOCTD CBSI3aTh
KOHKPETHYIO OIIMOKY, BBISIBJIEHHYIO TIPY TECTUPOBAHUU
OCPB, u HOMEp 3aperuCcTPUPOBAHHOTO COOOIICHUS 00
3TOM onbKe B Mantis, HaXkaB COOTBETCTBYIOLLYIO KHOI-
Ky TpU TIPOCMOTPE OTYETOB O TecTupoBaHuU. Briocnen-
CTBUU 3TO 1aeT BO3MOXHOCTh TC BCTaBISATH CCHIIKM Ha
3aperucTprupoBaHHbIE B Mantis COOOIIEHN I, OTHOCSIIIU-
ecsl K JaHHOU mpobsieMe, U MEHSITh BUJ COOOLIEHUS 00
omnbKax, 0a3Mpysach Ha CTaTyce COOOIIEHUS 00 OIIoOKe
B cucteMe Mantis. 3To ouyeHb ymOoOHO, TaK KaK MOXHO
TMOHSTH TEKYIIEe COCTOSTHUE ITOUM MPOOJIEMBI U YTO Je-
JlaeTcsl ISl ee pa3pellieHus Ha TeKylnui MoMmeHT. OT-
METUM JOTIOJTHUTEIbHO, YTO €CJIU MPU TeCTUPOBAHUU
OCPB 06b111 00Hapy>KeHBI OIIMOKHN 1 BCE 3THU OIIMOKM
ObLIM 3apErMCTPUPOBAHBI B cucTeMe Mantis, TO B CBOTHOM
TabJM1Ee TECTUPOBAHUS CTPOKA C BTOM TpyIIION TECTOB
3aKpalluBaeTCsl He B KPACHBIH 11BET, a B (PUOJIETOBBIN —
9TO 3HAYUT, YTO OUIUOKU €CTh, BCE OHU M3BECTHBHI, 3a-
peructpupoBaHbl B Mantis 1 XIyT CBOEro UCTIPaBIEHUS.

3akntouyeHue

B pabore npeacraBieHa koHpurypupyemas TC, Ko-
TOpas pellaeT CIAeAYIOUIMe OCHOBHBIE 3a/1a4M:

e VYIIPABJICHUE PACHPEACICHHOM U pa3HOPOIHOM
MHPPACTPYKTYypPOil TECTOBOIO CTCHIA;

e paclpeneeHue MPOLECCOPHBIX MOMYJIEH 1IeJIEBbIX
OBM TecToBOro cTeHaa MexX 1y 3aJayaMy TeCTUPOBAHU S
C YYETOM HEOOXOAUMOCTHU 00eCIIeunBaTh OMePaTUBHYIO
nepenavy 3TUX MOIYJeil B MOJIb30BaHME Pa3paboTUYNKOB
OCPB;

e aBTOMAaTH3ALIMI0O PYTUHHBIX ONepaluii, CBI3aH-
HBbIX C IIOATOTOBKOM TECTOB K BBHIIIOJIHEHUIO, 3arpy3KOM
o6pazoB OCPB B npoiieccopHbie MOAYJIH LieJieBbIX DBM,
cOOpOM XYpHaJIOB TECTUPOBAHUS;

e TIpeJocTaBJieHUe yIoOHOoro uHTepdeiica aas Ha-
CTPOMKM CUCTEMBI, IOCTAHOBKM 3aaa4 TeCTUPOBAHUS,
MOHUTOPMHIA COCTOSIHUSI TECTOBOrO CTE€HIAa, OTJIadKH
U UCIIPABJICHUSI OOHAPY XM BaeMbIX IIPOOJIEeM.

MHoroseTHui onbIT ucnoab3oBanus TC gias OCPB
B HUMCHU PAH mnoka3zan ap¢peKTUBHOCTDL €€ Ipume-
HEHUS JJIS1 TOBBIIICHUSI KaueCcTBa MPOrpaMMHBIX IIPO-
IYKTOB, COKpallleHUsI BpeMEHHBIX 3aTpaT, YCKOPEHUS
npouecca pa3padboTku HOBbIX Bepcuii [10, a Takke yrpo-
LIEHU S TIpoliecca OTIaAKU, HAXOXACHUS U UCIIPpaBJICHU S
omnbok paspadborunkamu I10.

Ilyb6aukayus evinoaHena 6 pamkax e0cyo0apcmeeHHo20
3adaHus no npogedeHuro QyHOamMeHmMaibHblX UcCCcAed06a-
Hutl no meme «Hccaedoganue u pearusayus npoepammuol
naama@opmol 045 NepCReKmuBHbIX MHO20S0ePHbIX NPoUec-
copoe» (FNEF-2022-002).
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The article describes a test system designed for verification of the real-time operating system BAGET Family
for embedded systems, developed and used at the Scientific Research Institute for System Analysis of the Russian
Academy of Sciences (SRISA RAS). This Unix-like operating system is based on the POSIX and ARINC-653 pro-
gramming standards. Of course, there is specialized software for automating testing of Unix-like operating systems,
for example, Avocado, LAVA, Linux Test Project, Linux Distribution Checker, Open POSIX Test Suite, UnixBench,
etc. But the use of such ready-made software systems is not always convenient since they either contain only highly
specialized test suites, support only specific hardware, or do not contain a flexible configuration system. Therefore,
In SRISA RAS, its own original test system was developed. The task was to create a convenient testing tool for both
software testers and programmers. Many years of experience in utilizing the test system has shown the effective-
ness of its use to improve the quality of software products, reduction of time spent on testing and analysis of results,
maximum automation of software testing process, speed up the process of developing new software versions, as
well as simplify the process of debugging, finding and fixing errors by software developers.
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I b. EBreHeB, O-p TexH. HayK, Nnpod., g.evgenev@mail.ru, MI'TY um. H. 3. BaymaHa

Poccuiickaa Texnonorna nngyctpun 5.0. Metaoutonorna

OnucaHbl Memodbl u cpedcmea co3d0aHusi UHMeapupo8aHHbIX UHMenekmyarsbHbIX cUCMeM KOH-
CMPYKMOPCKO-MEXHOI02UHECKO20 MPOeKmMupo8aHus 8 MawuHocmpoeHuu. BeedeHo noHsmue npeod-
cmaeneHusi Modyriel 3HaHuUl 05151 HerpoapaMmMucmos.

Knrouyeenie cnoea: lnOycmpus 4.0, MUHOycmpus 5.0, yughpossie npoussodcmea, MIHmepHem 3HaHu,
UHmepHem sewiel, UHMe2puUpPOB8aHHbIE CUCMEMbI, UHMEINIEKMYallbHble CUCMEMb]

BeepeHune

Haubonee cepbe3Hblli BbI3OB, C KOTOPHIM CTaJIKU-
BaeTcsl 9KoHomuKa Poccuun, — 310 HU3Kas 3¢ HeKTUB-
HOCTbh. be3 MomepHU3aMy HEeNb3s CO3MaTh HAMEXKHBIN
(byHIaMEHT MOBBILLICHUST YPOBHS XU3HU U 00CCIIEYUTh
HaJeXHYI0 0e30MacHOCTh CTpaHbl B HECTAOMIBHOM
mupe. B cBs3u ¢ atuM B coctaB HalimoHa bHBIX HpoO-
ekToB Poccum Ha nepuon ¢ 2019 mo 2024 rr. BKIIIOYEH
npoekT "ludposas skoHoMmuka". B gucie meneit sToro
MMPOEKTa — UCTOJIb30BaHUE OTEUECTBEHHOTO ITPOTPaMM-
HOro obdecrneyeHust B 00JlacTU UM(GPOBBIX MPOU3BOACTB,
a TaKXe CO3[laHue CKBO3HBIX IIM(MPOBBIX TEXHOJOTUN
MPEeUMMYILIECTBEHHO Ha OCHOBE OTEYECTBEHHBIX pa3pabo-
Tok. CtaBuUTCS 3ama4a MpeoOpa3oBaHUS MPOMBIIILICH-
HOCTH IOCPEACTBOM BHEAPEHM S LIU(PPOBBIX TEXHOJIOT Ui
¥ IaaTOPMEHHBIX PELICHUA.

Mopaynu 3HaHumn

B HacTosmee BpeMs NMPOUCXOOUT YeTBEpPTass MpPO-
MbllLIeHHas peBoiwouus (4I1P), nast o6o3HaueHUs KO-
TOopoil ucnonndyerca tepMmuH Muaycrpusa 4.0. [1—4].
B paboTe [5] mpuBOAUTCS UHTEPBBIO C TIPEACTABUTEIEM
SITIOHCKOW KOMIIAHWU O Pa3BUTHH IU(PPOBOro obIIe-
crBa. OT™MeueHo, uto Muaycrpus 4.0 — auib oyepeaHoi
aTan B npouecce ¢ nepexoga K O6iectBy 5.0, KoTopoe
MpencTaBiIsIeT cOO0O0M CTYyNeHb, CAEAYIOLIYIO 3a UH(OP-
MaLMOHHBIM o01IecTBOM [6]. O61ecTBo 5.0 npeacras-
JIsIeT co0O0i ONTUMU3AIIMIO PECYPCOB COLIMYMa B 1LIEJIOM
yepe3 MHTeTpalnio GU3NIEeCKOro MpoCTPaHCTBA U KH-
o6epnpoctpaHcTBa. Ha ocHoBe pyHmameHTa, co3gaBae-
moro TexHosorueit Uunyctpus 4.0, B HacTos1lee BpeMs
Heo0XonMMOo 00eCeUynTh Tepexo K TexHoaoruu MHay-
ctpus 5.0 [7].

Hacrosimast ctaTbsl oCBsIlIeHAa ONKMCAHUIO TIPOU3-
BOJICTBEHHBIX METOMIOB, O0OECIIEUNBAIOIINX TTOBBIIIICHIE
MPOU3BOAUTEIBHOCTU Tpyaa. CTaThsl YUUTHIBACT OCHOB-
Hble MOJ0XeHUs cTaHaapTa [8]. OnucbiBaeMble MOJI0Xe-
HUSI CTaTbU MOACIMPYIOT XXMU3HEHHBINM IIMKJI MaIllMHO-
CTPOUTEILHOTO U3JEINSI M MOTYT OBITH IIPUMEHEHBI IS
BCEX COOTBETCTBYIOLIUX MpeanpusTuii. CTaTbs IOCBSI-
meHa WHGOPMAIIMOHHOMY KJIAaCcCy CMCTEM M OCHOBaHa
Ha MOAYJILHOM MpPUHIIHUIE, pa3pabOTaHHOM aBTOPOM.

ITockoNBKY 31eCh peub UAET 00 MHTEIIEKTyaIbHBIX
CHCTEMaX, TO BaXKHEHIIIMM 3JIEMEHTOM SIBJISIETCS MOIYJIb

3HaHui (M3), B KauecTBEe KOTOPOrO BRIOpaH MOIYJb
crangapta IDEFO0 (puc. 1), npenctaBiasieMblii Ha SI3bIKe
JIEJIOBOM ITPO3HI.

Ocob6eHHocThio cTanaapTta IDEFO0 sBnsgeTcsa akueHT
Ha cornogunHeHHOCTh 00bekTOoB. B IDEF0 paccmarpu-
BAIOTCS JIOTMYECKHE OTHOLUEHUS MEXIY MOIYJISIMU.
Onucanue M3 Ha s13bIKe [€JI0BOM IIPO3bI BHILJISIUT KaK
"YepHBIA MUK ¢ BXOZAMHU, BHIXOZAMHU, YIIpaBICHUEM
1 MEXaHU3MOM, KOTOPBIi MOCTENIEHHO AeTaIU3UPyeTCsI
o Heobxonumoro ypoBHs. B IDEF0 cyiiecTByoT ciioBa-
pU ONKMCAHUS AKTUBHOCTEM U CTPEJIOK, B 3TUX CIIOBAPIX
MOXHO JaTh ONMMCAHUSI TOro, KaKOM CMBIC] BKJIaJbIBa-
€TCd B TY MJIM UHYIO aKTMBHOCTb JIUOO CTPEJIKY.

Onucanue metogoioruu IDEF0 cogepxutcst B pe-
koMeHpanusx P 50.1.028-2001 "UudopMalinoHHBIEC TEX-
HOJIOTMM TIOAJIEPXKKU XMU3HEHHOTO LIMKJIa MPOAYKIIUH.
MeTtonmonorus ¢pyHKIIMOHAIBHOIO MOICIMPOBAHMS .

OTo0OpaxkaloTcsl Bce CUTHadbl yIpaBieHus. Moaenb
B pamkax IDEF0 ucnonbs3yeTcs Impu opraHu3amuy On3-
HEC-ITPOIIECCOB 1 MPOEKTOB, OCHOBAHHBIX Ha MOJIC/IM-
pOBaHUM BCEX IPOLIECCOB.

®opmupoBaHre M3 oCyIIEeCTBASIETCS C TTOMOIIBIO
cuctembl CITPYT-D«kcllpo [9]. B monyne Ha puc. 2 mpo-
BOIMTCS pacyeT o hopMyiaM 3HAYCHU N psifa BEIUYMH.

C nomomsio M3 1151 ontucaHusi GOpMya MOKHO ¢Ghop-
MUPOBaTh TEKCTOBLIE TIepeMEHHbBIC, HAIIpUMep, 0003Ha-
YEHUS U3AEINIA, TEKCThI COAEePKAHUS TEXHOJIOTUYECKUX
omnepaluii, nepexonoB u T. A. Ha puc. 3 npuBeneH npu-
Mep OpPMUPOBAHUS COAEPXKAHUS IIepexo1a MexaHuye -
CKO#1 00pabOTKU B COOTBETCTBUM co cTaHaapToM ECT]]
(EnmHOI cHCTEMO# TEXHOJIOTUUECKON TOKYMEHTAIINH).
ITpy 3HAYEHUSIX BXOTHBIX epeMeHHBIX Per = "Touuty',

YnpasneHue
Bxoapbl Vims EbIXOﬂbI
—> —>
MexaHu3Mbl

Puc. 1. Baemnee npeacrasienue moayins B crannapre IDEF0
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Momynb: V13

PazpaboTumk:
HammveHoOBaHUE :
VlcTouHMK MHOOPpMaALMM :

Esrener I'. B.

PacueT HOMMHAJILHOM BeJMUMHE IebopMalumn
llypajior C. A. MeTomMuecCKMe yKa3aHMA I[IO0 pacyeTy BOJIHOBHIX

3yOuaTHX nepenay Ha 9BM. Msn. MI'TY muMm. H.3. Baywmana, 1987

HammMmeHOBaHME VMmsa OrpaHuUUYeHMe

Tun penyxkropa TunPen |[BOJHOBOM OIHOBEHLIOBEI

[lepenaToOyHOE OTHOIEHUE uz (0,)

3aImaHHOe

Yucio 3yObeB IT'UOK. zf

Komieca npenmap.

Kosd. VYBenmueHusa Bpall. K1 1.9
MomMeHTa npm HnyCckKe

HoMmHamnbHas BeJl. NWo 0.84+0.001*uz+1.6*10" (=-3)
PanuasnbHOM ImedopMalyum *K1*uz”(1/2)+0.15*10" (-3) *Kl*uz

I'nmybrHa 3axoma 3yObeB hd 4*NWo- (4.6-4*NWo) *zf£/1073-2.45
OOIyCT., MM

Puc. 2. BHemHee npeacraBjieHne KOMOMHUPOBAHHOTO MOILYJIs

Momynb: TKP3
Paspaboruuk: EBrener I'. B.
HamMeHoBaHMe: QOpMMPOBaHME COINEPXaHMA Iepexona
JicrouHuk mHOpopMaumm: ECTI
HaumveHOBaHME 121581 OrpaHudYeHUE
[lepexon oOpaboTKM pesaHueM |Per
SyeMeHT OOpabaThBaeMElt ElObr
Homep siiemMeHTa NoE1l [1,)
JonoynHuT. mHOOpPMaLMA DinPer?2
nepexona 2
HomosuuT . mHbOpPpMaLMs DinPeri4
nepexona 4
KonmmuecTBO BJIEMEHTOB KolE1l
HomMmep sieMeHTa CTPOKOBEIM NoElStr [ STR(NoE1l:0)
ComepxaHue nepexozna SodPer |Per+” “+ DinPer2+” “+ ElObr+”
“+ NoElStr+” “+ DinPer4

Puc. 3. BHemHee npeacrasjeHne Moayiass — (opmyasl (hOpMHUPOBAHUS TEKCTOBOI NMepeMeHHO

ElObr = "kanaBky", NoEl = 1, DinPer2 = "konapI.",
DinPer4 = "okoHuaTeNlbHO" coaepKaHue Tiepexona OyaeT
WMeTh TakKoit BuI: "TOYNTH KOJIBII. KaHAaBKy 1 OKOHYa-
tenbHO". dyHkums STR obGecrnieunBaeT nepeBoa JaHHBIX
W3 YUCTIOBOW (DOPMBI B CTPOKOBYIO.

DyHKIMOHAJIbHBIE 3aBUCMMOCTH YacTO UMEIOT Tab-
Tu4YHyIo popmy mpencraBieHus. s BBoga TaKuXx 3a-
BHUCHUMOCTEI B 0a3bl 3HAHUI McIoJIb3yoTca M3 ¢ Me-
XaHU3MaMu B Buje Tabiauil (puc. 4).

B cucrteme, mocTpoeHHOI Ha OCHOBE MPOrpaMMHBIX
cpenct CITPYT [11], reoMeTprUYecKEe M CIOXHBIC Ma-
TeMaTUYECKME BHIYMCIICHU S HE MOTYT OBITh MIPeACTaBJIC-
HBI B hopme M3. [I1sT MCTTONIb30BaHM ST MaTeMaTUUECKUX
3HAaHUI BBEJAEHBI MONYJIU C MEXaHU3MaMU B BUJE TIPO-
TpaMMHBIX Monyieit. [IppMep TaKoro MOmyJis IPUBEACH
Ha puc. 5. 9Totr M3 nipeaHa3HaueH JJisl TeHepaluy yep-
TexXa CIPOeKTUPOBAHHOM eTaiu. AHaJIOTUYHBIM 00Opa-
30M MOTYT I€HepUPOBATHCS TTOBEPXHOCTHBIE U TBEPHO-
TEJIbHbIE MOJEJIU U3CIUI, a TAKXKe oOpalleHue K Mpo-
TpaMMHBIM CpeacTBaM, co3naHHbIM BHe cpeabl CITPYT.

CreHepupoBaHHbIE U3 3JIeMEHTapHBIX M3 MeTOoa bl
(cnoxxHbIe (YHKIIMU) MOTYT OBITh IPEACTAaBICHBI B BUIE
M3 1 ucnosIb30BaHBI JJ15 PEIIeHN ST KOMTIJIEKCHBIX 3a1a4.

B cucreme CIIPYT mpenycMoTpeHa BO3MOXHOCTD
OpraHu3aluy [UKINYECKUX TpoleccoB. LIUKbI TeHe-
PUPYIOTCSI aBTOMAaTUUYECKU ITPU TTOSIBJICHUU B BHIXOTHBIX
TepeMEHHBIX OJTHOTO U3 MOAYJIei MEeTO/a, BBITIOTHSOIIIE-
ro (PyHKIIMIO YIIpaBJICHUS IIOBTOPEHUEM LIMKJIA BBIACICH-
Holi nepeMeHHoM ¢ uaeHTudukatopom FinCalc. B MeTone
MOXKET CONepPKaThCs TOJBKO ONUH UK. JIJ1s1 ycTaHOBKM
TePEeMEHHBIX IIUKJIa UCTIOJIb3YIOTCSI MOIYJIM MHKEHEPHBIX
3HaHMI 0€3 BXOIHBIX ITIEPEMEHHBIX, KOTOPhIE HE BKJIIOYa-
I0TCS B T€JIO 1IMKJa, pacrojarasch repen HUM.

LudpoBas peBooLMs D0JXHA JaTh BO3MOXHOCTD
HEMPOrpaMMUPYIOIIEMY HOCUTENIO 3HAHW I BBOAUTH UX
B KOMIIbIOTEP 0€3 MOCPEeTHUKOB. DTO CTAJIO0 BO3MOXHBIM
Onarogapst METOIOJOTUU IKCHEPMHO20 NPOPAMMUPOBA-
Hus [12]. B a0l MeTOmOIOrMM 3HAHUS, KaK OMNMUCAHO
BBIIIIE, M3JIaTal0TCsI Ha SI3bIKE 0€410801 Npo3bl. DTOT SI3bIK
MaKCHMaJIbHO MIPUOIUKEH K IUTEPATYPHOMY SI3BIKY, HO
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M3: "NzTpzbCh" - Hazaa49enne Tn3 6a30B0ro 4.1 9epBAIHBIX KOJIeC

IIpeaycioBHA 3a0ycKa
HMSA HaHMeHOBaHHe THN | YCJI0BHE
ViZubKol$ Bua syduaroro xoseca|STRING [uepeaunoe
BxoaHbIle CBOHCTBA
| HMA HaHMeHOBaHHe THN SHadYeHHE
ZamPris$ 3amena npucnocodaeHIA STRING
VidPod$ [Bua momaumuepeaunoi MoayasHoH ppessl|STRING
HarNal$ XapaxreprcTHKa HaaagsH STRING
m_ Moxyae qeTamm, My REAL
Mexansn3m - Tabaana
Kongrurypanna cEofcTE B TaOaHme
|ZamPris$
m_
HaNal$ VidPodS tpzb
Tadamma
€ 3aMeHOH YCTAHOBOYHEIX |0es 3aMeHEl YCTAHOBOYHEIX
TIPHCIOCOOTeHm TIPHCTIOCOOTeHE
06] |(6.12] |(12) |06] [6.12] |(12)
Bes sameHsl pagmamsmaz 29 38 47 17 23 27
tpesepHOTO ' ' IR 5
cymmopTa .'ram'erm;nan:bm 31 40 50 19 24 30
C 3aMEeHOH |pazmaTsHan 39 52 |6? |ZT 37 42
dpesepHOTO ' - - i
cymopTa .'ram‘eman:bm 41 56 12 29 40 52
BeIX0JHBIC CEOHCTEA
M HAaHMEeHOEBaHHe THI [Ha4YeHHe
tpzb HopMaTHE moATOTOBHTEIRHO-3a KIHUHTEIBHOTO EpeMeH: 0a30Be, M REAL
Puc. 4. BHemnee npeacTaBlieHne MOAYJIS — TAOIHIBI
Monmysnb: M8
Pazspaborumk: Errener I'. B.
HaumMeHnoBaHue: GopMMUPOBAHME uUepTexa
VicTouHuk mMHbOOpMauum: AHypbeB B.M. COpaBOUYHMK KOHCTPYKTOpa, T.2, CTP.7
HammveHoOBaHME VMma OrpaHUueHMe
Tun ocu TO OCh TIJlamkad
IvaMeTp OCU CTAaHIAPTHHEM, MM [D (0 , 50]
InrHa oCM CcTaHIapTHasda, MM L
lluprHa Qacky, MM C
UepTex IOeTanm AXLE AXLES.prt

Puc. 5. BHemnee npeacTaBjieHne MOAYIsi — reOMeTPHYECKOil Mpouenypbli: UM — HAMMEHOBAHHE CErMEHTa
rpaduyeckoii 6a3pl; orpaHnuenue — ums nporpammbl AXLES.prt

¢opmMalin3oBaH HACTOJBKO, YTO MMEETCS BO3MOXHOCTD
aBTOMAaTHUYECKOM TeHepalluu IPOrpaMMHBIX CPEICTB,
COOTBETCTBYIOLIMX UCXOMHBIM TEKCTaM.

I/IHTenneKTyaanoe npoun3BoacTBo

HHTeexTyaabHOE IPOU3BOICTBO — MPOAYKT YeJIO-
BEUECKOT0 MHTEJUIEKTA, NeSITeIbHOCTD IO CO3MaHMI0 UH-
TENJIEKTYaJIbHBIX M MaTepuaabHbIX Onar. [lorpebiaeHue

3TUX LIEHHOCTEN 00ecIeunBaeT JUYHOE U OOLIIECTBEHHOE
61arococtosiHue. MHTEIEKTyaIbHBI KaTATAJ BBICTY-
MmaeT KaK OCHOBHOI BOCIIPOU3BOAUMBIN (PaKTOpP MPOU3-
BOJICTBA.

HMutennexryanbHbiii Kanutan (MK) — 310 3HaHu4,
HaBBIKY ¥ TIPOM3BOACTBEHHBI OMBIT KOHKPETHBIX JII0-
Jleit 1 HeMaTepuaibHble aKTUBbI. 3HAHU S 3TU BKJIIOYAIOT
MaTeHTHhI, 0a3bl JaHHBIX, TPOTPaAaMMHOE obecIieueHue,
TOBapHbIe 3HAKU U NIP., KOTOPbIE UCIMOJb3YIOTCS B 1Ie-
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JISIX MAKCUMHU3ALY IPUOBLIN U APYTUX SKOHOMUYECKHX
W TEXHUYSCKUX PE3YyJIBTaTOB.

Pasnble couyeTaHUs cIOCOOOB YBEJMUEHU ST TPOU3BO-
JUTETBbHBIX CUJT 3KOHOMUUYECKOW CUCTEMBI OTTPENEIISTIOT
ee CTPYKTYpY M AuHaMukKy pa3putus. [lo ompenene-
Huto K. Mapkca, "DKOHOMWYECKIE 3TI0XU pa3IndaioTCs
HEe TeM, YTO MPOM3BOAUTCS, a TeM, KaK IPOU3BOAUTCS,
Kakumu cpeactBamu Tpyna” [10]. B cBs13u ¢ aTM 3HA4M-
MOCTb OTIEJIbHBIX BUIOB PECYPCOB U3MEHSIETCS IO MEpe
nepexoaa OT JOMHAYCTPUAJIBHOM K MHIAYCTPUAJBHOM,
a OT Hee K IMOCTUHAYCTPUAIbHONW TEXHOJOTHUU.

B mouHmycTpraabHOM 0O0IIIECTBE MTPUOPUTET TTPUHAI-
JieXaJl IpUPOAHBIM U TPYAOBBIM peCcypcaM, B UHIAYCTPU-
aJTbHOM OOIIECTBE — MaTepHaJibHBIM PECypcoM, B TO-
CTUHAYCTPUATBHOM OOIIECTBE — WMHTEJJIEKTYaJlbHbIM
1 MHGOPMAIIMOHHBIM pecypcaM. B HacTosiee BpeMs
TEXHOJIOTMYeCcKasl PeBOJIOLUS ¢ MHOOPMALIMOHHBIMU
TEXHOJIOTUSIMU B LIEHTPE 3aHOBO (hOPMUPYET MaTepu-
aJIbHYI0 OCHOBY o01iecTBa. B HOBOI MHpOpMaLIMOHHO
3KOHOMUKE — 3KOHOMMKE, OCHOBAaHHOM Ha 3HAHUSIX, —
WCTOYHUK MTPOU3BOAUTEIBHOCTH 3aKII0UAETCS B TEXHO-
JIOTUW TeHEepUpPOBaHUS 3HAHWH.

IMonstue "uHMOpMaLIMOHHASI SKOHOMMKA" (KaK U UH-
GopMalLlMOHHOE O0IIEeCTBO) OBIJIO BBEAEHO B HAYUHBIN
o6opoT B Havane 1960-x rr. 3HaHUS U MHPOpPMaLIUS
SIBJISIOTCS KPUTUUECKH BaXXHBIMU 3JIeMEHTaMU BO BCEX
9KOHOMMYECKUX CUCTEMAaX, TaK KaK MpOoLeCcC MPOU3BOI-
CTBa BCETJa OCHOBaH Ha HEKOTOPOM YPOBHE 3HAHW I 1 HA
00paboTke MHPOPMALIUH.

CornacHo omnpenenenuio K. Mapkca [10] "Pazsutue
OCHOBHOIO KanuTaja SBJseTCs MoKa3aTeJleM TOro, o
KaKoi CTereHM BceoOulee 00ILIeCTBEHHOE 3HAHUE Tpe-
BpalllaeTCsl 8 HenocpedCcmeeHHyw Npou3e00UmenbHYH0
cuny, M 0TCIoIa — ToKasaTeJIieM TOro, 10 KaKoil CTereHn
YCJIOBUSI CAMOTO O0IIIECTBEHHOI'0 XKM3HEHHOT O Ipoliecca
MOAYMHEHBI KOHTPOJIIO BCEOOIIETO MHTEJIEKTa U TTpe-
00pa3oBaHbI B COOTBETCTBUU ¢ HUM". COBpeMEeHHOE 13-
MEHEHME TEXHOJIOTMYECKOM MapaaurMbl paccMaTpruBaOT
KaK CIBUT OT TE€XHOJIOTMH, OCHOBAHHOM TJIaBHBIM 00-
pa3oM Ha BJIOXEHUHU JEIIEBO SHEPTUHU, K TEXHOJIOTHUH,
OCHOBaHHOU MPEUMYIIECTBEHHO Ha JEIIeBBIX BJIOXE-
HUSAX 3HAHUSA M WHOOpMALIUU, CTABIIUX MPEIMETOM
¥ CpeICcTBOM Tpyda. BrmepBrie B ucTopuu 4yejaoBeuecKast
MBICJIb TIPSIMO SIBJISIETCSI IPOU3BOAUTENBHOM CUJION, a He
MPOCTO ONpeaeeHHBIM 3JIEMEHTOM ITPOU3BOACTBEHHOM
CHCTEMBI. XapaKTepu3ys yCJI0BUsI (DOPMUPOBAHU ST MaC-
coBoro npousBoacTBa, K. Mapkc ormeuan [10]: "BriepBbie
B KPYITHBIX MacilTabax MogqIMHSIET HEMMOCPEACTBEHHOMY
MpoILecCy NPOU3BOACTBA ClUAbl NPUPOObL ... DTU CUJIBI
MPUPONBI KaK TaKOBbIE Huyeeo He cmosim'. B yCrnoBusx
HOBOM MOCTUHAYCTPUATIbHON S9KOHOMUKU M3MEHUJINUCH
HE BUIBI ACSITEIILHOCTH YeJIOBEUECTBA, a TEXHOJOTHYE-
CcKasl CIIOCOOHOCTb MCIIOJb30BaTh B KAUeCTBE MPSIMOI
MIPOM3BOIUTENBLHOI CHUJIBI TO, UTO OTJIMYAET YeJIOBEKa OT
JPYTrUX OMOJIOrMYECKUX CO3AaHU M, a UMEHHO — CII0C00-
HOCTh 00pabaThIBaTh M TOHMMATh CUMBOJIHI.

BwmecTte ¢ TeM B 3THUX HOBBIX 9KOHOMUYECKHUX YCJIO-
BHUSIX OCOOYIO aKTyaJbHOCTb IPUOOpPETAET IMOJIOXEHUE
K. Mapkca [10] o BasKkHOCTM MHIAMBUAYaJIbHBIX 3HAHU I
B NIPMMEHEHUU HAyKW [UISI aHaJM3a Ipollecca IMpou3-
BOJCTBA (TpaIMIIMOHHBIX CBEACHMU I, HAOMIONCHU 1, IIPO-
deccrnoHaIbHBIX CEKPETOB, MOJYYSHHBIX 9KCTIEPUMEH-

TaJIbHBIM IyTeM). Takasi aKTyaJbHOCTb OOyCJIOBJIEHA
IIpUMEHEHHNEM €CTECTBEHHBIX HayK K MaTepHaJIbHOMY
IIPOU3BOJICTBY.

KoHue nTyanbHasa moaenb
UHTeNnIeKTyalnbHbIX NPON3BOACTB

CyliecTByolIasi TeOpHsl MPOU3BOACTBEHHON Dup-
Mbl [11—13] ocHOBaHa Ha JEeTepPMUHUPOBAHHONW MOIEIHU,
B TO BpeMsI KaK cpefa OKPYKEeHUS IJisl OOJBbIIMHCTBA I0-
CTaTOYHO KPYMHBIX GUPM SIBISETCS CTOXaCTUYECKOM.
B cooTBeTcTBMU C 3aKOHOM pa3HOOOpa3usl Takasi MOMAEJIb
MOXET ObITh MOJIE3HON TOJIBKO JJISI aHaJKM3a OTAEIbHBIX
cratuyeckux curyauuid. [Ipu 3ToM KoMnaHus He Croco0-
Ha BBIXXUTb B pPeajIbHbIX YCJIOBUSIX PHIHOYHON SKOHOMUKHU.
OHTOMIOTMYeCcKast MOIEIb 5KOHOMUKM, OCHOBAaHHOI Ha 3Ha-
HUSX, CBOAMT €€ B IIJIOCKOCTb MHHOBAIIMOHHON S5KOHOMUKU
C eIMHCTBEHHOI (DOPMOI MpUpaIIeHUs] CTOMMOCTH (IIOTY-
YEeHU s LIEHHOCTEM) B BUIE HOBBIX TEXHUUYECKUX PE3YJIBTATOB.

Orcroma cieayer, 4To caMO IIPOM3BOACTBO JOJIXKHO
OTHOCUTBCSI K KaTerOpUM TMOKUX MPOU3BOACTBEHHbBIX
cucteM. B cooTBeTCTBUM CO CTaHAAPTOM rubOKasi mpou3-
BOJCTBEHHAsI CUCTEMa — BTO yIpaBJjsgeMasi CpeacTBaMu
BBIYMCIUTEIBHON TEXHUKH COBOKYMHOCTH TEXHOJIOTH-
YEeCKOTO0 O0OpYyAOBAaHUS, COCTOSIIETO U3 Pa3HBIX CO-
YyeTaHUI T'MOKUX MPOU3BOACTBEHHBIX MOMYJIEH W (MJIM)
rMOKMX MPOU3BOACTBEHHBIX siueeK. B Takoil cucteme
JIOJI>KHBI IPUCYTCTBOBATh aBTOMAaTU3NMPOBAaHHASI CUCTEMa
TEXHOJIOTMYECKOU MOATOTOBKM MPOU3BOACTBA U CUCTE-
Ma obecrieyeHusT GyHKIUOHUpoBaHUS. CHUCTeMa IOMI-
FOTOBKHM IMPOU3BOJACTBA JOJXKHA 00JaaaTh CBOMCTBOM
aBTOMATU3WPOBAHHON IepeHaJagKU IIPU U3MCHCHUU
MpOorpaMMbl TMTPOU3BOJACTBA U3JAEIUN, PA3HOBUIHOCTHU
KOTOPBIX OTPAaHUYCHBI TEXHOJOTUYECKUMHU BO3MOXK-
HOCTSIMU oOopynoBaHus. Takass ¢popMyaupoBKa JaeT
MMOCTUHAYCTPUATIBHYIO XapaKTePUCTUKY TMOKOM Mpo-
M3BOACTBEHHOM CHCTEMBI, cXeMa KOTOPO M300pakeHa
najnee Ha puc. 6. Ha aToM pucyHKe mpuBeieHa cxema
METAOHTOJIOTUM WHTEJNJIEeKTYaJbHbIX NPOM3BOACTB.
MeTaoHTOJIOTUS CONEPXKUT OOIIME MOHSATUS U OTHOILIE-
HHUS, He3aBUCSLIME OT NMpeaMeTHON obnactu. OTcrona
CIIEyeT, YTO CaMO IPOU3BOACTBO MOJXKHO OTHOCUTBCS
K KaTeropuu ruOKMX MPpOU3BOACTBEHHBIX CUCTEM.

Ha puc. 6 onucaHue nmpou3BOACTBA JA€TCS C TOYKHU
3peHUs KaK MPEeAMETHON OHTOJOTMU, TaK U OHTOJOT UM
3HaHu#. C mpeaMeTHOI TOYKM 3peHUs TMOKAas MPOU3-
BOJCTBEHHAsI CUCTEMa — BTO yIpaBJjsgeMas CpeacTBaMu
BBIUMCIUTEIBHON TEXHUKHU COBOKYITHOCTh TEXHOJIOTYE-
CKOro o0opynoBaHus. DTa CUCTEMa COCTOUT U3 Pa3HbIX
coYeTaHUI TMOKUX IIPOM3BOACTBEHHBIX MOMYJICH 1 (V1K)
rMOKMX IPOU3BOACTBEHHBIX siUeeK.

C TOUKM 3peHUS 3HAHUI B COCTaB I'MOKOI Ipom3-
BOJACTBEHHOI CHCTEMBbI BXOIST aBTOMaTU3MpPOBaHHAas
MMOJACHCTEMa TEXHOJIOTUUECKON MOATOTOBKHU IIPOU3BOI-
CTBa M MojJcucTeMa odecneyeHus1 GyHKIIMOHUPOBAHM .
IMoncucrema momaep:XKKu (PyHKIIMOHUPOBAHMS 00J1amacT
CBOCTBOM aBTOMAaTU3UMPOBAHHOM NMepeHa aaKu IIPU U3-
MEHECHHMHU IIPOTpPaMMBbl IIPOM3BOICTBA U3IEIMIl, pa3HO-
BUIHOCTU KOTOPBIX OTPAHUYEHBI TEXHOJOTMUYECKUMU
BO3MOXHOCTSIMUA O00OpYIOBaHMUSI.

IIpu nepexone K NOCTMHAYCTPUAJIBHBIM TEXHOJIOTH-
SIM CloJla TOJIXKHBI OBITH BKJIIOUEHBI BCE KOMITOHEHTBI
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KU3HEHHOTO LIMKJIA MPeANpUusITUil u usgenuii. B stor
IIMKJI BXOIST: TIJIaHUPOBaHME, BKITIOUAST CTPaTETMIeCKOe,
TeKylllee U oNepaTUBHOE; MPOEKTUPOBAHUE, BKJIOUas
MMPOEKTUPOBAHME M3IEINIA U TTPOLIECCOB, POTPAMMUPO-
BaHMe 00pabOTKM; yIpaBjeHUe MPEANpUsITUEM U TIPO-
W3BOJICTBOM.

baHk 3HaHMII COCTOUT M3 CICAYIOLIMX B3aMMOCBSI-
3aHHBIX KOMITOHEHTOB: UCXOAHBIE CUCTEMBI; CUCTEMBbI
JaHHBIX; TOPOXAAIOIINE CUCTEMBbI; CTPYKTYPHUPOBaHHbBIE
JaHHBIE; METAaCUCTEMBbl. DT KOMTIOHEHTHI OMUCHIBAIOT
pa3IMYHbIE 2nUCMeMoa02utecKue YPO8HU, T. €. YPOBHU
3HaHUS OTHOCHUTEIBHO paccMaTpUBaeMbIX SIBJICHUIA.

HacTtos1as ctaTbs mpeacTaBisieT cO00i U3JI0KEHUE
MaTepuasioB B COOTBETCTBUU MPENCTaBICHHOM Ha pHC. 6
METAOHTOJIOTHEH, KOTOpasl omnpeleasieT ee CTPYKTypy
(cMm. Tabiuiry).

Jiob6ast mpoekTupyemasi cucmema COCTOUT U3 DJIEMEH-
TOB ¥ CBsI3ell Mexay Humu [14]. @opmaibHO CTPYKTYPY
CUCTeMBI (M3IeIMsI UJIU IIPOLIecca) MOXKHO IPeaCcTaBUTh
B BUIe yropsmodyeHHOU mapel S = < A, R >, rme A —
MHOXECTBO 2JIEMEHTOB CHUCTEMBbI; R — MHOXECTBO OT-
HOIIIEHU ! MEXITy dTUMU dJIeMEHTaMMU.

OTcroga ciaeayeT, YTo KjacCuuKauums mpoeKTUupye-
MBIX CUCTEM MOXET OBITh ITOCTPOEHA C MCTIOJIb30BAHUEM
OIHOTO U3 ABYX DyHIAMEHTaJIbHBIX KPUTEPUEB pa3u-
Yus: @ — TI0 TUIY 3JIEMEHTOB, 00pa3yIolNX CUCTEMY;
6 — 10 TUNY OTHOLUIEHU M, CBSI3BIBAIOIINX 3TU 3JIEMEHTHI
B cucteMy [14]. DTm kmaccudukalmMoHHbIE KPUTEPUU
MOXHO paccMaTpuBaTh KaK He3aBHUCHMBIE.

IIpuMepoM MCTIONIB30BAHUS KPUTEPUS a CIYXKUT
TpaaAULIMOHHOE pas3fie/ieHue HayKU U TeXHUKU Ha JUC-

LUTUJIMHBL U CHELMATbHOCTH, KaXaass U3 KOTOPBIX U3-
YYaeT 3JIeMEHTHI OMpPEACIEHHBIX TUNOB. [IpuMEeHUTETBHO
K KOHCTPYUPOBAHUIO U3ACINUN — 3TO pa3acicHue B CO-
OTBETCTBUM C KJjaccudukanueid MallMH U anmnaparos,
Hanpumep, no cucteme ECKJI (Exgunast cuctema KOH-
CTPYKTOPCKOI JOKyMeHTauuu). [I[pyMeHUTETBbHO K TeX-
HOJIOTUH — 3TO KJIacCU(pUKAIMSI MO TEXHOJIOTMYECKUM
MetonaMm B cooTBetcTBUuM ¢ ECTJ/l (Hampumep, JTuThe,
00paboTKa JaBieHueM, pe3aHueM, TepMuYecKas 1 T. 11.).
ITockonbKY BJEMEHTHI pa3HbIX TUIIOB TPEOYIOT Pa3HbIX
SKCIEPUMEHTANbHBIX CPEACTB IJIs1 cOOpa JaHHBIX, 3Ta
KJaccuurkanus MUMeeT dKCIEPUMEHTAIbHYIO OCHOBY.

Kputepnii 6 gaet coBeplieHHO MHYIO Kjiaccudurka-
LIMIO0 CUCTEM, @ UMEHHO — KJIaCC OMPEAeasieTCs TUTIOM
OTHOIIIEHU, a TUIT 2JIEMEHTOB, Ha KOTOPBIX 3aJaHbl 3TU
OTHOIIEHUS, He pukcupyercsa. Takas knaccupukanus
CBsI3aHa ¢ 00pPabOTKOM JaHHBIX, a HE C UX cOOPOM, U OC-
HOBa €€ MPEeUMMYLIECTBEHHO TeopeTuueckas. o mosB-
JICHUSI CPEACTB BBIYMUCIUTEIBHON TEXHUKHU B KayeCTBe
KpUTEpUS 6 MOTJIM MCITOJb30BAThCS JUILIb TUITBI MaTe-
MaTUYECKUX MOAEICH MPOEKTUPYEMBIX CUCTEM, TaK KakK
MaTeMaTU4YeCKre MOJEIU NUMEIOT aKCMOMaTUYeCKOE 0~
CTpoeHUe U aOCTparupoBaHbl OT MaTepUaJbHON U SHEP-
TETUYECKOM CYILIIHOCTEN SIBJICHUM.

MaremaTnyeckue MOAEIN OMHOIO M TOTrO XKe Kjacca
MOTYT HUCIOJb30BaThCS AJIS ONMMCAHUS CBSI3€ CBOMCTB
2JIEMEHTOB pa3JIMYHOI MaTepuaJIbHOM CylIIHOCTU. Bme-
CT€ C TeM BO BTOPOI MoJoBHHE XX BeKa MOSBUJICS DS
HOBBIX POACTBEHHBIX TEOPETUYCCKUX AUCLUUILINH, HE-
MOCPEACTBEHHO CBSI3aHHBIX C PA3BUTUEM BBIUYMCIUTE b-
HOI TexHUKHU. K MX 4MCy OTHOCATCS: KUOEpHETUKA;

TpaaunuoHHas KiaccupuKanus NPUKIATHBIX 00JaCTell M IMUCTEMOJIOrNYECKas KiaaccupuKkanmus ypoBHeil 3HaAHMIA

. DnucreMosiornyecKas
TpaguumoHHast KiaccuduKanys IpUKIATHBIX 00JacTei
KJaccubuKalms
Hayka TexHuka Jpyrue obmactu
DNUCTEMOJOTUYECKHE
YPOBHU
®usuka | Xumus MexaHuka | DIeKTpOHUKA MenunuHa | My3bika
VYpoBHHU 4, 5
METACHUCTEMBbI

(OTHOHJCHI/IH MEXIY ONpeACICHHbBIMU
HNXE OTHO]_[ICHI/IHMI/I)

YpoBeHb 3
CTPYKTYPUPOBAHHBIE CUCTEMbI
(OTHOULICHMST MEXY OTpeNeIeHHBIMU
HUXE CUCTEMaMU)

VYpoBeHs 2
TMOPOXJAKIMNE CUCTEMBbI
(Mozmenu, reHepupylolue
omnpeneeHHbIe HUXe TaHHbBIE)

YposeHsb 1
CUCTEMbI JAHHBIX
(maHHBIE, CTPYKTYpPa KOTOPBIX
orpenesieHa HUXe)

VYposeHs 0
NCXOOAHBIE CUCTEMBI
(3BIK OTpeneieHusT TaHHBIX)
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00lIIeCUCTEMHbBIEC UCCIENOBaHMS; MaTeMaTruieckas Teo-
pYsI CUCTEM; TeOpHUSI IIPUHSTHAS pelIeHWi; UCCIIeOBaHNE
orepaluii; TeoOpusi UCKYCCTBEHHOI0 MHTEJJIEKTA.

ODTH IUCHUTIIUHBI 00J1afal0T OAHWUM OOIIUM CBOM-
CTBOM — OHU CBSI3aHBI C TAKUMU CUCTEMHBIMHM 3a1aya-
MU, B KOTOPHIX TJIABEHCTBYIOIIUMMU SIBIISTIOTCS HE THUII
CYLIIHOCTE#, U3 KOTOPhIX COCTOMUT cCUCTeMa, a UHMOp-
MaIlMOHHBIC, PESIINOHHBIE U CTPYKTYPHEIC acIIeKTHI.

CaMbIMU OOJIBIIMMU IO KPUTEPUIO O SIBISIIOTCS
KJIacChl, OTIMCBHIBAIOIINE PAa3JIMUYHBIC INUCMEMON02U-
YyecKue YypoeHUu, T. €. YPOBHU 3HAHUSI OTHOCUTEJIHHO
paccMaTpuBaeMBIX SIBJIeHUM. Jlamee oHU yTOYHSIIOTCS
C TIOMOILIBIO PA3JUYHBIX METOAOJOTMYECKUX OTIUYUIA.
Kaxapiit BEISIBJIEHHBIM TaKUM 00pa3oM KJiacc TMoapas-
NeJisgeTcsl Aajiee Ha MEHbBIINUE, COCTOSIIME U3 CUCTEM,
SKBUBAJICHTHBIX C TOYKHW 3pEHUST KOHKPETHEIX, TTpaK-
TUYECKHU CYIIECTBEHHBIX CTOPOH, OMPEACICHHBIX B HUX
oTHOIIeHUH. [TOCKOMBKY CUCTEMBI B KaxKIOM M3 TaKUX
KJIaCCOB 3KBHUBAJIECHTHBI TOJIBKO C TOUYKHU 3PEHUS HEKO-
TOPBIX XapaKTEPUCTUK WX OTHOIICHW, OHU MOTYT Oa-
3UPOBAThCSl Ha COBEPIIEHHO Pa3HbIX TUIMAX DJIEMEHTOB.
Ecnu paccmaTpuBaTh TOIBKO XapaKTEPUCTUKY OTHOIIIE-
HUM B CUCTEMAX, TO TOCTATOYHO KaXKIbIi TaKOM KJjacc
CHUCTEM 3aMEHUTh OJHOW CHCTEMOI, MpeaCTaBIISIONIEH
3TOT KJIacc.

B obnacte cucmemonoeuu [14] BXOoOsiT BCE THUITBI
CBOICTB OTHOIIEHUM, CYIIECTBEHHBIE NIl OTAEJIbHBIX
KJIACCOB WJIM AJISI BCeX cCUCTeM. BriOpaHHasT Kjlaccu-
(ukanus cucTeM 1o OTHOIICHUSIM OIpeaessieT CIocoo
pa3OuMeHus CUCTEMOJIOTUM Ha TTOI00IacTH, TaK Xe Kak
TpaIMIIMOHHAS HayKa moapasiesisieTcs Ha pa3iudHbIe
JUCLHUTUIMHBI M CIIEIIMATBHOCTU. 3HAHUS B HayKe O CH-
cTeMax, T. €. 3HaHU S, OTHOCSIIMECS K pa3IMUHbBIM KJjlac-
caM CBOWCTB OTHOILIIEHU# B CUCTEMax, MOXHO TOJIy4YaTh
JI0O C MOMOIIBIO MAaTEMATUKH, JIMOO C ITOMOIIBIO 3KC-
MePUMEHTOB C UX MoneasiMu Ha DBM.

Cucmemuas memodoaoeus MPeACTABISET COOO COBO-
KYIHOCTb METOIOB U3YUYEHU ST CBOMCTB pa3sIMUHBIX KJIac-
COB CHCTEM U pelIeHUSI CUCTEMHBIX 3amay, T. €. 3ajady,
MOCTAHOBKM KOTOPBIX KacaloTCs OTHOILIEHUI B CHCTE-
Max. AdnpoM CUCTEMOJIOTUHM SIBJIsIETCS KJacCcU(pUuKaLUs
CHCTEM C TOYKM 3pPCHUS TaKUX OTHOIIEHMH. [TaBHasd
3a7a4ya CUCTEMHOUN METOHOJOIMM — IIpeaoCTaBICHUE
B pacrnopsikeHHWe MOTEeHIIMaJIbHBIX ToJib30oBaTelieil u3
pa3HBIX TUCLHUTUIMH U MPEAMETHBIX 00J1acTeil METOI0B
pelIeH’ST BCeX TUITOB XapaKTEePHBIX UM 3aj1ad.

OCHOBOI MepapxXM4YecKoil KJacCuPUKALIUU CUCTEM
B CHCTEMOJIOTUH SIBJISIETCS MepapXusl UX SMUCTEMOJIO-
TMYECKUX YPOBHEH (CM. TaOnuily). DTa uepapxus Oomnu-
paeTcs Ha cJenymoliue 3JeMeHTapHbIe TTOHSTUS:

e HcciegoBaTeNlb (KOHCTPYKTOP, TEXHOJIOT) U €To
cpena;

e uccienyemas (IIpoeKTUpyeMasl) CUCTeMa 1 ee cpena;

e B3aMMOEHCTBUE MEXIY MCCIEAOBaTEIeM U CH-
CTEMO.

CambIif HUXXHHWU ypOBEHb B 3TOW mepapxuu 00o0-
3HayvaeTcsl Kak HyJeBoit (0) ypoBeHb. Ha aTOoM ypoBHe
CUCTEMa OTIpeNeIsieTCs Yepe3 MHOXECTBO CBOMCTB (TTepe-
MEHHBIX), MHOXECTBO MOTEHIIUAIbHBIX COCTOSTHUH (3Ha-
YEeHUI) 3TUX CBOMCTB M OINEPALlMOHHBIN CIIOCOO OIMU-
CaHUS CMBICJIA 9TUX COCTOSTHUN B TEPMUHAX 3HAYEHU I
COOTBETCTBYIOIIMX aTpUOYTOB HJAaHHOUW cuCTeMEl. s

CHCTEM, ONpeaeIeHHbIX Ha 3TOM YPOBHE, MCIIOJb3yeT-
csl TEPMUH UCX00HAs cucmema, yKa3blBalOUINN Ha TO,
YTO OHAa SABJSIETCY, 110 KpaliHEel Mepe, MOTECHUMAIbHO,
WCTOYHNKOM SMIHMPHUYECKUX TAaHHBIX. B nmuTeparype
HCITOJNIb3YeTCs TaKxKe Ha3BaHMe "cucTeMa 0e3 MJaHHBIX',
O3Havaloliee, YTO CUCTEMA 3TOTO YPOBHS MPEICTaBIsIET
co00i1 TIpoCTeNlyI0 CTaAUIO Mpoliecca UCCIEeIOBaHUSI,
HE MCITOJIb3YIOIIYIO JaHHBIC O JOCTYITHBIX ITEPEMEHHBIX.
WUubiMu cioBamu, Ha ypoBHe 0 paccmaTpuBaloTCs
XapaKTEepUCTUKN M B3aMMOCBI3M MEXKIY CBOMCTBAMU
(mepeMeHHBIMU) UCCIIeayeMOolt (TPOeKTUPYEMOIi) CUCTe-
MHI. B KauecTBe TeoOpeTHUEeCKO OCHOBEI Ha 3TOM YPOBHE
MOXKET UCIIOJIb30BaThCs MaTeMaTU4yecKasl TMHIBUCTHKA,
A3yyvalolas MOHSATHASI, UMEHA, TCPMUHEI U CBSI3U MEXITY
HuMHU. s cnenuaaucToB B 00JaCTU aBTOMAaTU3allUU
IIPOEKTUPOBAHMS SI3BIK BEICTYIIAET KaK CPEICTBO OITHCA-
HUS UCXOMHBIX cucTeM. Jlekcnueckre eqMHUIBI SI3bIKa,
WCTIONIb3yeMbIe TS 0003HAYCHM ST UCXOMHBIX CUCTEM, Ha-
3pIBaloTCs nowamuamu. [ToHsITUe 0003HaYaeT HE KaKOM-
TO KOHKPETHBIH TIPeAMET, a KJIacC OMHOPOMTHBIX Tpe-
MeTOB (rmpoleccoB). [IoHATHSIM COOTBETCTBYET HEKOTO-
past cmpykmypa, onpenensiolniasi Habop 00s3aTebHBIX
XapaKTepUCTUK KJjacca MpeaMeTOB. XapaKTepUCTUKU
B SI3bIKE O00O3HAYAIOTCS UMeHamu, 3 KOHKPETHBIE 3Ha-
yeHUs1 UMeH — mepmunamu. C IMOMOIIbIO TEPMUHOB U3
KJIacca TIPEeIMETOB BBIACISICTCS OMUH KOHKPETHBI.
Ha GoJiee BBICOKMX 3MUCTEMOJIOTMYECKUX YPOBHSIX
CHUCTEMBI OTJIMYAIOTCS OPYT OT Apyra colaepxKaHueM
3HAHUN OTHOCHUTEJbHO MEPEMEHHBIX COOTBETCTBYIO-
et mcxomHoi crcteMbl. Ha ©6ojiee BHICOKOM YpOBHE
HCIIOJIB3YIOTCS BCE 3HAHUS PACIIONOXEHHBIX HUXKE IO
CUCTEMHON MepapXxuu CUCTEM U, KPOME TOTO, HOIOJ-
HUTENbHBIC 3HAHUSI, HENOCTYITHbBIE HU3IINM YPOBHSIM.
ITocie Toro XKax mcxomHasl cMcTeMa AOIOJTHEHA JaH-
HBIMH, T. €. GAKTUYECKUMU COCTOSIHUSIMU OCHOBHBIX
MMepEeMEeHHBIX TIPU OINpeAeIeHHOM Habope MmapaMeTpoB,
paccMaTpuUBalOT HOBYIO (MCXOAHYIO CUCTEMY C NaHHBI-
MM), KaK OMpeAesIeHHYIO Ha SITICTEMOJIOTMIECKOM YPOB-
He 1. CucTtemMBbl 3TOTO YpOBHS Ha3bIBAIOTCS cucmemamu
dannbix. B 3aBUCMMOCTH OT 3aJa4M JaHHBIE MOTYT OBITh
MOJIyYEHbI M3 HAOIIOACHU I UM C TIOMOIIbIO U3MEPEH M1
(KaK B 3ajaye MOIEIMPOBAHUS) MU OIpenesieHbl KaK
XKeJaTeJbHbIe COCTOSIHMS (B 3ajJa4e MPOSKTUPOBAHUS).
IIpy KOHCTPYMPOBAHUM UCHONB3YIOTCS TaHHBIC ap-
XHMBa paHee CIPOSKTUPOBAHHBIX KOHCTPYKIIMIA, TaHHbBIC
00 nMerInXcs YHUGUIIMPOBAHHBIX COOPOYHBIX SAMHM-
11axX 1 AeTaJIsIX, O TUTIOBBIX KOHCTPYKTOPCKO-TEXHOJIOTH-
YeCKMX dJIeMEHTaX JIeTajeil u T. i. I1pu mpoeKTupoBaHn
TEXHOJIOTUYECKHUX MPOLIECCOB UCIOJIb3YIOTCS JaHHbBIC ap-
XWBa paHee CIIPOCKTUPOBAHHBIX MPOLIECCOB, TaHHBIE 00
UMEIOLIMXCS YHUDUILIMPOBAHHBIX TEXHOJOTMYECKUX IIPO-
Ieccax, CpeICTBaX TEXHOJIOIMUECKOTO OCHAIIICHUS 1 T. T1.
Boree BbICOKHE SIUCTEMOIOTMYECKIE YPOBHU COIEP-
XaT 3HaHUS 00 OTHOILICHMSIX paccMaTpUBaeMBIX ITepe-
MEHHBIX, ITOCPEICTBOM KOTOPBHIX MOXHO T'€HEpHUPOBATh
JTaHHBIE TP COOTBETCTBYIOIINX HAYaJIbHBIX U TPAHUY-
HBIX YCIOBUSIX. DTU XapaKTePUCTUKN OTHOILIEHUM comep-
XaTcss OOBIYHO B HOPMATUBHOM TEXHUYECKON TOKYMEH-
TallMy, MHOTJA X UICTOUHUKOM SIBJISICTCS MPAKTUYCCKUIA
WH3KCHEPHBIN OITBIT.
YpoBeHb 2 NpUMEHUTEIbHO K 3aJayaM aBTOMAaTU-
3allMU IMPOSKTUPOBAHUS TIPEICTABISICT COO0I YPOBEHbB
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0a3bl 3HAHUIN TeHepalluu 3HAUEHUIN MepeMEeHHBIX,
OTpeeISTIONIMX CBONCTBA N3N U TEXHOJOTUUECKUX
npoleccoB. 31ech 3aJal0TCd MHBapUaHTHBIEC MMapaMe-
TpaM PYHKIIMOHAJBHEIE CBI3M OCHOBHEIX IIEPEMEHHBIX,
B YHCJIO KOTOPBIX BXOAST ONpeaesieMble COOTBETCTBY-
FOIIe MCXOMHOM CUCTEMOM TIepeMEeHHBIC U, BO3MOXHO,
HEKOTOphIE NOMOJHUTEAbHBIC. Kaxkmass TONMOJTHUTEb-
Hasg TepeMeHHas oIIpeaeIsieTCs] KOHKPETHBIM ITpa-
BUJIOM IIpeoOpa3oBaHMUsI Ha MHOXECTBE IapaMeTpOB,
NPUMEHUMOM MJIA K OCHOBHOM TEPEMEHHOM MCXOTHOM
CUCTEMBbl, UJIM K TUMNOTETUUYECKOUN (HeHabIomaeMoii),
BBEJCHHON ITOJIb30BaTeseM (COCTAaBUTEEM MOJMIEIIN).
DTy nepeMeHHYI0 Ha3blBaIOT éHympeHHell. Kaxaoe mpa-
BUJIO TIpeoOpa3oBaHus 6a3bl 3HAHUI Ha 9TOM YPOBHE
0OBIYHO TIpeACTaBIsIeT COO0 OAHO3HAYHYIO (PYHKIIMIO,
MIPUCBAMBAIOIIYIO KaXXIOMY 2JIEMEHTY MHOXECTBA Tiepe-
MEHHBIX, pacCMaTprMBaeMOMY B 3TOM IIpaBUJjIe B Kaue-
CTBE BBIXOIHOTO, EAMHCTBEHHOE 3HAUYCHUE M3 MHOXE-
CTBa JTOMYCTUMBIX.

[MTockonbKy 3amaueil reHepallMu CBOMCTB SIBJISIET-
csl peajm3alius Ipoliecca, Ipu KOTOPOM COCTOSIHMS
OCHOBHEBIX TTEPEMEHHBIX MOTYT ITOPOXIATHCS TI0 MHO-
JKE€CTBY MapaMeTpOB IIPU JIOOBIX HaYaJIbHBIX UM Ipa-
HUYHBIX YCIOBUSAX, CUCTEMBI YPOBHS 2 Ha3bIBAIOTCS
nopoicdarowumu cucteMaMu (generative system). Ilpu
KOHCTPYMPOBAaHUM Ha YpOBHE 2 pacIriojlaraloTcs 0a3bl
3HAaHUM, CBSI3aHHBIE C pacyeTOM KOHCTPYKIUM, NpuU
TMIPOEKTUPOBAHUY TEXHOJOTMUECKUX ITPOIIECCOB — 0a3bl
3HAaHUI MO BHIOOPY 3aroTOBOK, (POPMUPOBAHUIO Ha-
0opa mepexoJaoB, pacyeTy peXXUMOB 00pabOTKU, HOPM
BPEMEHHU U T. II.

Ha snucremMonornuecKux ypoBHSX 4 M BBIIIE CUCTE-
MbI COCTOSIT U3 Habopa omnpeaeeHHbIX Ha 0ojiee HU3-
KOM YPOBHE CUCTEM U HEKOTOPOI MemaxapaKkmepucmuky
(mpaBuJia, OTHOLLIEHU S, MPOLEAYPHI), OIMMMCHIBAIOIICH 13-
MEHEHUsI B cUcTeMax 0oJiee HU3KOro YpoBHs. Takue cu-
CTeMbl Ha3bIBalOTCSI Memacucmemamu. TpedyeTcsi, 4TOOBI
METAaCUCTEMBI UMEJI OJHY M TY Xe MCXOTHYIO CUCTEMY
¥ ObIJIM OompenesieHbl Ha YpoBHe 1, 2 unm 3.

3akntoyeHune

I[IpencraBiaeHbl 0a30Bble MOJOXEHUS U METOIbI
CO3JaHMsl MHTEJJIEKTYaJIbHBIX ITPOU3BOJACTB B pamMKax
koHuenmuu "Munyctpus 5.0". Takue moaoxeHus pac-
CMaTpUBAIOTCS KaK TMOJAXOAbl Ha Pa3BUTHUE TEXHOJIOTUI
HMHTepHeTa Bellleil W MIPUHIONIIOB MHTepHEeTa 3HAHUIA.
OnucaHa KOHLIETNTyaJIbHasl MOJEIb TaKUX ITPOU3BOICTB.
JlaHo onucaHue 6aHKa 3HAHUI U SITUCTEMOJIOTMUYECKUX
YPOBHEM IIPEICTABICHUS 3HAHUM.
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HauunoHanbHbIN nccnegoBaTenbCkui saepHbin yHusepcutet "MUOU"

pumenenne MeTofoB MawnuHoro oby4enna 6es yuntens
AnA obecneyenna HenpoTNBOPEYNBOCTI TPeOoBaHwi

Cmambsi nocesweHa npobrieme obecrniedeHusi Kadecmea mpebosaHul K CIIOKHbIM MexXHU4Yeckum cucmemam. Llerb
amol cmambU — npuMeHuUms Memo0dbl MallUHHO20 06y4YeHus 6e3 ydumerisi, Y4mobbl nposepums Habop mpebosaHull
Ha Heripomueope4usocma. [Ipednonazaemcs, Ymo krnacmepu3auyus mpebosaHutl mo3eonum onpedenume Hauboree
651u3Kue Mo cMbicy K 3a0aHHOMY mpebosaHuUs, a Mo MOXem yKa3sbi8amb Ha 803MOXHOE rIpomugopeyue U nompe-
608ampb O0MOSTHUMENLHOU MPOBEPKU MomMeHyuanbHO KOHIUKmMyrouwux mpebosaHuli. Paccmampugsaemcsi cpagHe-
Hue makux Memodo8 Kriacmepusayuu, Kak k-means, azriomepamusHas uepapxudeckas knacmepu3sauyusi, DBSCAN,
EM-anzopumm, a makxe memoOsbl! npeobpasosaHusi npednoxeHull e yucrosble eekmopbi TF-IDF, doc2vec, BERT.
Haunyywue pe3ynbmamsi nokasan BERT e maHdeme ¢ k-means, 4mo 11036801Ur10 r1o/1yHumb Kriacmep, 8 Komopbil
8KJ/TI0YEHbI MOJILKO KOHhukmyouwue mpebosaHus.

Knro4deenie cnoea: o6pabomka ecmecmeeHHO20 si3bika, 06ydeHue 6e3 yyumernsi, Knacmepusayus, yripaese-
Hue mpeboeaHusMU, UHXeHepusi mpeboeaHull, Henpomusopeyueocms mpebosaHull

! The article is based on the materials of the report at the Seventh International Conference "Actual problems of Systems and Software
Engineering” APSSE 2021.
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Introduction

Requirements make it possible to determine what
stakeholders want to get from the system being created
and what properties the system should have to satisfy their
needs [1]. They are necessary so that the project team
has a clear and consistent idea of what system will need
to be developed, what functionality this system should
have and what problem the end user should solve. One of
the key and important stages of work on a project is the
stage of developing system requirements. It is at this stage
that it becomes possible to designate the boundaries of
the problem area, then to select from it a specific list of
problems, and when formulating requirements, compare
each problem to some specific solution. The result of such
work will be a description of the concept of a system that
will be able to completely solve all the client’s problems,
and therefore will be economically profitable [2].

The development of high-quality system requirements
plays a decisive, key role in the process of working on a
project, regardless of its scale, be it the design of a nuclear
power plant or the creation of a portable audio player.
The timing of implementation, the cost of development
and other indicators of the project’s effectiveness directly
depend on how accurately and correctly the system
requirements describe the current reality, determine the
key "problem" of the client and, in a language that is simple
and understandable to all members of the project team,
describe the criteria that the system must satisfy in the
final the end result [3]. Cases where insufficient resources
are allocated to requirements development certainly entail
risks related to the earliest stages of the project work life
cycle. And as you know, risks of this nature can cause
the most significant damage to the cost and timing of the
project. This is why it is necessary to pay special attention
to requirements engineering in design practices.

Taking into account the fact, how complex large-scale
projects can be, it would be logical to assert that the
number of requirements in them can amount to several
thousand. And since the development of requirements is
entirely on the shoulders of analysts, it would be logical
to assume that it cannot but depend on the human factor:
inattention, negligence, haste. But in cases where huge
sums of money are at stake, and due to the imperfection
of the human resource, the project executor may suffer
significant losses, it is necessary to minimize the human
factor.

An excellent example of the situation described above
would be a possible conflict of system requirements with
each other. When several thousand requirements describe
a large-scale system, and a staff of analysts is working on
their development, it is easy to overlook such a case, as
if requirement #78 said "The kettle must boil in at least
50 seconds." not less than 60 s. How easy it is to make such
an annoying mistake, it is just as difficult for a person to
find it, and only an automated intelligent tool can help
improve the situation. This is precisely the purpose of
this work — to provide an automated consistency check
of system requirements.

In particular, it is assumed that the developed algorithms
will make it possible to determine the requirements that
are closest in semantic meaning to a certain given one,

after which the algorithm will issue a recommendation
to re-check the requirements from the found group for
contradictions with each other. Undoubtedly, one cannot
expect that the system will unambiguously and accurately
determine the presence or absence of the aforementioned
problem, however, one can definitely count on the fact that
it will be able to competently separate the requirements by
meaning and divide them into a large number, depending
on the number of requirements, semantic groups — clusters.
And taking into account the amended condition, the size
of each cluster will not exceed two to four elements, and
the presence of requirements in one cluster can potentially
signal the problem of inconsistency. In this case, the
analyst is left with checking several proposals, instead of
a full-fledged revision of the requirements.

1. Writing the requirements

Regardless of what area the system being developed
belongs to, what scale it is, the requirements should be
easy to read and easy to work with.

For easy readability, it is assumed that the wording of
the requirement should follow some special pattern, such
that it will be convenient for the user to perceive it [4].
For example, [User Category] must have the [Capability]
feature. The analyst’s tasks are:

e a competent choice of a requirement template;

e substitution of values of quantities in the
corresponding gaps in the requirement template.

Using patterns allows you to generate requirements
at any time without spending more resources on it than
possible, as well as:

e simplifies the process of changing several
requirements of the same type — it is enough to change
the parent template;

o simplifies the process of searching for requirements,
for example, by filtering by a specific value of the initiating
event;

o allow you to encapsulate confidential information,
since it can be stored in a closed loop, and the process
of forming a request will only have an interface for
obtaining a request template, substituting secret data in
the appropriate sections.

In the case of light work, the requirements should
provide a range of possibilities. Below is a sample list.

o The ability to distinguish between requirements by
unique identifiers.

e The ability to classify requirements for a certain
set of parameters.

e Ability to monitor changes in the statuses of
requirements.

o The ability to evaluate and analyze requirements as
part of a whole (requirements specification).

e The ability to search the specification of
requirements in order to find a specific requirement based
on the context.

e The ability to establish relationships between
requirements.

Based on this, it becomes obvious that it would be bad
form to match the unique identifier of the requirement
with the content of its content. Therefore, you should
use meta information for each unit of the requirements
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specification, and put some defining requirements in
the meta information. Requirement attributes are called
these values. The use of attributes will allow, firstly,
to distinguish requirements as separate objects with
unique identification numbers, which further implies the
possibility of establishing links between objects. Second,
the presence of meta information for each requirement
allows, without reading into the text of the requirement
itself, to obtain important characteristics just by simply
"skimming" a glance at the specification. Third, meta
information denies the overload of the requirement text —
there is no need to indicate the priority, the verification
method in the text itself, because such data can be taken
out into meta information. And finally, the last, search
capabilities are multiplied many times, if the search can
be carried out not only in the text of the requirement, but
also in the fields of meta information.

However, these tips are not enough to ensure the quality
of the requirements. The quality of the requirements can
be judged by the presence of the following properties:

e uniqueness — each requirement must have a unique
identifier to distinguish it from others;

e feasibility — there must be an opportunity to
implement the requirement within a specified time frame
and with a specified budget;

e legality — the requirement must not contradict
applicable laws;

e clarity — there should be no ambiguity in the
requirement;

e accuracy — the requirement should be concise;

o verifiability — a strategy should be in place to verify
that the requirement has been met;

e abstractness — the requirement should not define
the implementation.

With regard to the dataset, there are the following
characteristics:

e completeness — the requirements cover the entire
functionality of the system;

e consistency — there are no conflicting requirements;

e no redundancy — there are no repetitions in the
requirements;

e modularity — requirements that are similar in
meaning are in the same category;

e structuredness — there is a clear structure in the
requirements specification;

o satisfaction — all requirements marked "satisfied
by" refer to existing requirements;

e testability — requirements are covered by tests at
the desired level.

Inconsistency of a requirement or a set of requirements
even with one criterion indicates that the specification is of
poor quality, and that problems are likely to arise during
the further design and implementation of the system.
Therefore, the only solution is the timely correction of
the error at the earliest stages of the project development.
First of all, in order to make changes to the incorrect
wording, it is necessary to detect the problem. However,
when the requirements specification is calculated, in
the case of large-scale projects with tens of thousands
of requirements, the problem lies precisely in finding an
error (even though it may not exist at all). In this case,
an expert team is involved, which re-checks the wording

of the requirements. But if the discrepancy between a
separate requirement and a separate criterion is checked
rather quickly (although a full check still takes a long
time), then checking a set of requirements can take up a
significant amount of resources, even without taking into
account the human factor (i. e., that the error will not be
detected even after repeated verification). Therefore, in this
case, it makes sense to create an intelligent system that
will help the team of systems engineers in requirements
management processes.

In this work we will focus on one criterion. As part of
this work, it is necessary to create a system that can read
a set of requirements and check them for consistency.
In other words, this system will determine the closest in
meaning requirements to a user-specified requirement and
issue a recommendation to check three or four proposals
instead of the entire specification.

2. Description of the approach
to identifying conflicting requirements

In the previous section, we identified the core of
requirements engineering and requirements management
discipline — the resource-intensive process of checking a
set of requirements for inconsistency, including human
factors. But it is necessary to assume how the invited
expert would solve this problem? Of course, the easiest
way is to consistently go through the list of requirements
and, making pairs "each requirement with each
requirement”, check them for contradiction. But, obviously,
this process is incredibly time consuming. Assuming that
it will take ~20 s to compose and verify one pair of
requirements, how long will it take to verify a requirement
specification consisting of 500 elements? Applying the
formula (1) combinations of 2 elements out of 500 from
combinatorics, we carry out elementary calculations:

! 500!
ck-_ " 2 _ W
"R =k % T3 498 (1)
=124 750 pairs— 124 750 - 20 =~ 693 hours.

Obviously, this is not possible to spend about a month
without interruption on such a check "head-on". Most
likely, the requirements specialist would try to divide the
specification into logical subgroups if the requirements
were in the same subgroup — this means that they are
similar in meaning. And then, instead of checking the
consistency of the combination of all requirements with
all, he would perform a similar task within one small
structure. While we do not take into account the process of
dividing the requirements into groups, we will assume that
this task has already been completed: there are 50 groups
of 10 requirements each. Then our formula for calculating
the amount of time spent on the expert assessment of
consistency will look like this:

n! 10!
T NG LN
K\(n— k) 218! Q)
= 45 pairs— (45x 20) x 50 = 12.5 hours.

Thus, the time was reduced by an order of magnitude,
however, checking 50 groups of 15 minutes each, which
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is still quite a long time, but at least once this task can
be completed.

In addition, it is possible to radically change the
approach to solving this problem — not to check all the
requirements in the aggregate, but to check the contradiction
of the new requirement of the existing specification, and not
even the entire specification — for each new requirement
the closest semantic group will be selected, and only
inside her. At the beginning of the development of the
requirements specification, the number of groups and
the number of requirements within the groups will be
very small, and by the time the specification has grown
enough to have 10 requirements in each group, the old
requirements will be tested long ago. This approach is
carried out in approximately the same time frame as the
previous one.

But you can go even further in thinking — if you
introduce a metric according to which it will be possible to
determine the distance between requirements, and those
that are closer in semantics will be at a shorter distance
than more distant ones. Then it is necessary to enter some
threshold value and establish that if the distance between
the requirements is below this value, then this means that
the requirements contradict each other. In this case, it is
possible to carry out a full check of all requirements. If
you measure the distances within semantic groups, then
you will need to personally check only those formulations
of requirements, the distance between which is below a
certain threshold value.

And here we come to the most difficult question:
how exactly to divide requirements into groups? Different
requirements can refer to different levels of decomposition,
describe different functional features, and it is not always
clear where one semantic group ends and another begins.
If asked to divide requirements into groups, an examiner
will most likely separate each N requirements of the
specification into a separate structure, assuming that
the specification is structured and sequential. However,
conflicting requirements can be at different ends of the
specification, and splitting them up in this way will not
only get the project team closer to solving the problem, but
rather wasteful validation process will take up valuable time.
As for the idea of introducing a metric for requirements,
this defies commentary, because the expert assessment in
this case will be a subjective value, as well as the division
into semantic groups is also very subjective.

Therefore, we need a tool devoid of any subjective view.
This tool is an electronic computer, all value judgments
of which have a mathematical basis.

And so, getting close to the value judgments made by
the computer, we begin to dive into machine learning.

Machine learning (ML) addresses the question of how
to build computers that improve automatically through
experience [5]. In another way, it can be formulated like
this — it is a process of searching for patterns in a large
amount of information and making the best decision
without human participation.

Machine learning is used in many areas of daily
life. Smart "news feeds", contextual advertising, face
recognition systems — all these are the results of ML
algorithms. In addition, other experimental solutions
are already being actively implemented, for example, the

construction of a treatment regimen for a patient without
human intervention. Definitely, in the future, the field of
application of machine learning will only increase.

There are three main areas of ML [6]. The first thing
we’ll talk about is supervised learning. The tasks of this
direction are reduced to approximately one thing: it is
necessary to analyze the incoming labeled dataset and test
some hypothesis. The second type of machine learning
is deep machine learning — it can only work with what’s
called big data.

But we will be more interested in the third direction of
machine learning — ML without a teacher. Unsupervised
machine learning operates only with objects — class labels,
one might say, are not available. And thus the algorithm
must draw its own conclusions from the input datasets,
without having any examples, in order to make decisions
by analogy. Here are the tasks that ML solves without a
teacher:

e clustering task;

e the task of finding association rules;

e anomaly detection task;

e dimensionality reduction problem;

e data visualization task.

The clustering task means dividing the original dataset
into separate groups, called clusters, so that the objects
of one cluster are similar, and the objects of neighboring
clusters are different. The task of searching for association
rules implies that the data is presented in the form of
feature descriptions, and it is necessary from the entire
array of features to find such feature values that are most
often found in feature descriptions of objects. The task of
finding anomalies is that the algorithm must determine
an unusual set of data among all, that is, to detect that
some objects behave in a fundamentally different way
than expected from it. The problem of dimensionality
reduction is posed when each object in the initial data
has a large number of characteristics that determine it,
and it is necessary to select from all of them only the
most informative parameters that determine the behavior
and, finally, the task of data visualization is used when
it is necessary to somehow represent multidimensional
quantities — in this case, objects from N-dimensional
space are translated into one- two- or three-dimensional,
after which they are reflected on a flat graph or in space.

Now let’s go back to where we started — you need
a tool that is devoid of a subjective view or is equally
subjective in all cases, which will allow you to divide the
specification of requirements into separate subgroups, and
such that the requirements in different subgroups will differ
in meaning, and in the same — be similar. We got the
definition of clustering, in other words, according to our
initial reasoning, it is necessary to cluster the requirements.
And the unsupervised machine learning model just knows
how to solve the clustering problem.

Thus, to summarize: to determine whether a new
requirement contradicts the specification, it is necessary
to cluster the specification and check the contradiction
of the new requirement with those that are in the same
cluster with it. In order to check the entire specification
for consistency, it is necessary to cluster the specification,
introduce the metric of the distance between the
requirements within the cluster, and set the limit value at
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which the requirements should be located without being
conflicting, check all cases when the distance between the
requirements is less than a given value. To do this, you
need to understand how clustering works, which will be
covered in the next section.

3. Methods for solving the clustering problem

When solving the clustering problem, we have N
objects — Xxj...xy, each of which must belong to some
class, as well as class labels y;...y,;, M < N. For example,
objects can be bicycles, or rather, their parametric
description — weight, length, number of speeds, and class
labels — the type of bicycle — children, sports, walking.
Objects can be people of a specific height and weight,
and class labels can be gender (male or female). Also, the
objects can be requirements, and labels — the number of
the semantic group, which the requirement belongs to. The
task of clustering is to correctly place labels on objects in
such a way that similar objects to each other fall into the
same class, and objects that are fundamentally different —
into different classes.

You can measure the quality of the clustering operation
performed. We will definitely want the intra-cluster
distance to be as small as possible and the distance between
the clusters as large as possible. In mathematical terms,
the formula is as follows: let F{, be the average intra-cluster
distance, and F; is the average distance between clusters.
Then these values are calculated according to the formulas (3)
and (4), and it is necessary to minimize their quotient, as
shown in the formula (5):

X = Te (s x))

k= — min. 3)
’ Zi<j[yi =]
A 22i<j|:yi =¥ ]p (% X)) s max. @)
Zi<j|:yi ;tyj:l
%amin. 5)

1

Clusters can be nested within each other. Depending
on the level of decomposition, two objects can be located
both in the same cluster or in different ones. With
hard clustering, one object can be assigned to only
one cluster; with soft clustering, it can be assigned to
several classes with an indication of the weight. Clusters
come in many different shapes, and fig. 1 shows an
illustration of six different cluster views. Obviously,
some methods do well with some forms, others with

Fig. 1. Various forms of clusters

others. And speaking of clustering methods, now we
will analyze the main models.

The easiest way of clustering is k-means [7]. Objects
that we clusterize are points in N-dimensional space.
You must first select a number k£ — the number of clusters.
It is assumed that it is known. Then all of a set of points
you need to randomly select k pieces — this will be the
centers of clusters. Then the distance of each point are
measured for each center point is determined and in
that cluster, the center of which it is closest. His new
center, after which the operation is repeated as long as
the change in position of the center of the cluster will not
be substantially larger (smaller than a certain threshold
value) for each of the resulting cluster is determined —
then the cluster centers are recalculated. This method
of k-means behalf Ball Hall. In the implementation of
McKean cluster centers are recalculated whenever the
object. When working with large data, not considering
the arithmetic mean of all the objects of the cluster,
it is taken from the random sample and the center is
considered to be on it — it is an implementation of
the Mini Batch. There is another implementation of
k-means — the k-means++. In her initial approach is
not chosen at random, and with a uniform distribution.
And each successive approximation center of the cluster
is set to be the most plausible in this situation. Fig. 2
(see the 2nd side of cover) shows an example of clustering
added using this algorithm.

The result of the k-means method: in order to initiate
the k-means object, you need to specify the number of
clusters. The Mini Batch implementation allows you to
work on a very large sample. The distance between the
clusters is Euclidean. The k-means method is best used
when the goal of the experiment is to identify clusters of
approximately the same size.

The next clustering method is the EM (expectation—
maximization) algorithm [8]. Let there be a sample of
some random variable, and our task is to cluster the objects
of this sample. The essence of the algorithm is in two
steps — E and M. At step E, we need to define some
hidden variables. At step M, depending on the values
of the hidden variables, we calculate the probabilities of
determining a particular object to a particular cluster and
recalculate the hidden variables. Let our random variable
be uniformly distributed, and then the hidden variables
that we will determine at step E will be the mathematical
expectation u the value of the variance . Then, at step
E, substituting certain p and o, we obtain the value of the
probability density of attributing one or another object (x;)
to one or another cluster (j):

1 (xi_“j)z
py(x) =—exp| oL, (©)

Then, applying the Bayes formula, the probabilities
of determining the i-th object to the j-th cluster are
calculated:

gi=P(Jjlx) ZM (7)
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At the second step (M-step), the likelihood
maximization problem with fixed values of P(j|x;) is
solved. If we equate the derivatives with respect to the
parameters to zero, we obtain the expressions:

Zgﬂ :

—argmaxz,gﬂ Ing(6; x).  (8)
i=1

At the same step, the hidden values are recalculated and
the transition to step E is carried out. The cycle continues
until convergence occurs (i. €., changes in the probabilities
of assigning objects to different classes do not exceed some
value specified by the user).

The clustering problem using the EM-algorithm is the
problem of dividing a mixture of distributions: in which
it is necessary to estimate the weights w; and parameters
0, of individual components. Figure 3 (see the 2nd side of
cover) shows a visual reproduction of the application of
the algorithm that was described above.

Summing up the results of EM clustering, to create
an instance of a class, you need to specify the number of
components. A model on a small sample can be retrained,
i. e. get too close to a specific sample, and at the same time
show a low result on test data, therefore, it is preferable
to use it on a large sample. This model restores the
distribution density; the resulting clusters are most likely
to be convex. The distance between clusters is calculated
in Euclidean metric.

The next technique for clustering is agglomerative
hierarchical clustering [9]. First of all, let’s define what is
hierarchical clustering? This is clustering, in which clusters
can be nested within each other. There are two fundamentally
different methods for identifying such clusters:

e agglomerative — at the first stage, each object is
placed into its own cluster, and at each next step, close
clusters are combined into one.

o divisional — at the first stage, all objects are placed
in one cluster, and at each next step, the cluster is split
into smaller clusters.

The most common method is the first, and therefore
in this work we will talk about agglomerative hierarchical
clustering. This algorithm is preferable to use when we
are talking about a strictly specified number of clusters —
in this case, it is enough to wait until the objects are
combined into a set of clusters, and the cardinality of the
set will coincide with a fixed value.

In fact, this algorithm appears to be intuitive. The
complexity can arise only when we think about how to
calculate the distance between clusters? There are several
possible ways. The distance between two clusters is the
distance between the nearest neighbors of these clusters.
Formalizing the above, we get:

RPW,S)= min p(w, 3). )

welW, se

Similarly, the distance between two clusters can be
defined as the distance between the most distant neighbors
of these clusters:

RAW, S)= max

weW, se§

p(w, s). (10)

You can calculate the average distance between all
objects of one and the other clusters:

RE(W, S) |W”S| > Sp(w, s) (11)

welW seS

Another way is to calculate the centers of the clusters
and consider the distance between them as the distance
between the clusters:

RYW, §) = 2[ v LJ 12)
P2 T &S]

Finishing with the problem of measuring the distance
between clusters, we propose another possible measure —
the Ward distance:

N4

IS+ 1 2[2 Tk ij )

seS

RYW, S) =

Figure 4 shows a step-by-step view of the agglomerative
hierarchical clustering process.

Summing up the discussion of agglomerative
hierarchical clustering, to initialize the model, it is
necessary to set the number of clusters, the method for
calculating the distance between clusters from those
described above, and the metric. This method shows
itself well in the case of a large number of objects, and
in the case of a large number of clusters — in fact, in
this situation the model demonstrates the best results,
and any metric can be set.

‘We now turn to the final clustering model, the density-
based model DBSCAN [10]. Such models work on the
assumption that objects are a set of points distributed
with certain densities, and in the vicinity of some points
there are other points. Let there be some point (object)
consider its neighborhood of radius R. If there are N or
more other point objects in the specified neighborhood,
then such a point is the main one. If in the vicinity of
points there are less than N, but there is at least one
main point, then it will be called a boundary point.
In all other cases, it is noise.

A

B
C:l_‘ BC
. BCDEF — " ABCDEF
D
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Agglomerative >

Fig. 4. Agglomerative clustering
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Fig. 5. DBSCAN Clustering

The DBSCAN algorithm is as follows.

o It is necessary to assign each point to one of the
classes (main, borderline, noise).

o Connect the points at a distance L to each other —
the result of the work is a graph.

o Combine all main points connected by a line into
one cluster — in other words, select the components of
the graph’s connectivity.

e Assign the remaining border points to the
corresponding clusters.

In practice, DBSCAN shows high results on complex
shapes of clusters, it perfectly detects noises that pretty
much spoil other clustering algorithms. However, when
dealing with simple cluster shapes that are close to each
other, DBSCAN can be wrong. Figure 5 shows the result
of this algorithm.

Summing up the conversation about DBCAN, to
initialize the model, it is necessary to set the radius of the
neighborhood in which to search for nearby points, and the
number of neighbors that the point must have in order for it
to become the main one. The algorithm shows good results
on a large number of objects and a small number of clusters
and does an excellent job in identifying non-trivial forms. The
distance between clusters is calculated in Euclidean metric.

4. Methods for vector representation
of sentences

Let’s start with the simplest method, the simple cosine
distance method [11]. The first step of the algorithm
is to tokenize sentences into words. The next step is
lemmatization, i. e. reducing all words to their normal
forms and excluding everything except words. The third
step of the algorithm is to determine the set of words
for all these sentences. Let us define a vector space V of
dimension n, where n is the cardinality of the set, and
assign to each word from the set some vector in V so
that the obtained vectors constitute a system of pairwise
orthogonal vectors. Thus, we get that the j-th coordinate
of the i-th word will be equal to:

li=j
aj = . 14
! {ov + ,} ()
The fourth step of the algorithm is to determine for
each sentence of our text its vector in the space V. This

procedure can be described in simple words: we sequentially
consider each word of the "bag of words" [12], if the i-th
word of the dictionary is present in the sentence, then
its i-th the coordinate of the vector of the corresponding
sentence takes the value of one, and otherwise — zero.
This procedure can be clearly seen at table 1.

Table 1
Definition of vectors from word space

a

(5] o [

S 3 ) =

5 1 g g = = 5 2 )
E = = g = © o = S =
9] > a = n 2] %] &3] > =
1 1 1 1 1 1 1 0 0 0
2 0 0 1 1 1 1 1 0 0
3 0 0 1 1 0 0 0 1 1

The final stage of the algorithm is to select the sentence
for which we want to determine the closest sentence in
meaning, determine the cosine distances between the
vector corresponding to the target sentence and all other
vectors. The minimum cosine distance means the greatest
semantic similarity. According to the formula (15) the
order of calculating the cosine distances between vectors
is determined:

Peos (X5 ¥) = arccos[ (x, ») J -

Il ]

d
> i ()

= arccos S ) S .

d l_z 4
zxi : zyi
i=1 i=1

Applying the resulting formula to the vectors above,
we get that pes(a, @) =0.73,  peos(ay, a3) =04,
Peos (@2, @3) ~0.45. The algorithm determined, as
expected, the first and second sentences as the closest
pair, and the first and third sentences as the farthest. But
this trivial approach only works with simple examples like
the one above. With regard to the practice of developing
requirements, in the specification it is quite likely that
requirements of the form: "The walls of the building should
be painted blue", "The ceiling of the building should be
painted white". Obviously, the algorithm described above
will take into account the almost identical filling of both
sentences with words, and will issue a recommendation
to check these requirements for possible inconsistency.
However, there is no contradiction, because the key
and most important detail in this proposal is not the
description of the function (should be painted), but the
object that this function is aimed at — the walls or ceiling.
Therefore, the transformation of sentences into numerical
vectors based only on the presence or absence of certain
words is obviously fraught with problems. Moreover, this
algorithm in no way took into account the frequency of
occurrence of words, but took into account the words
"common" for all requirements, which should not be.
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Regarding the last remark, of course, there is a high-
quality add-on for this algorithm. It’s about TF-IDF
Vectorizer.

TF-IDF (Term Frequency Inverse Document
Frequency) [13] is a very common sentence-to-numeric
vector algorithm used in unsupervised machine learning.
TF-IDF is an algorithm that determines a measure of
the originality of a word by comparing the number of
times a word appears in a document with the number of
documents in which that word appears. The calculation
of the originality of a word is performed according to the
following formula:

TF-IDF =TF(t, d)x IDF (t) =
TF(1, d)xlog—1 4, (16)
1+dfd, t)
where TF (t, d) is the frequency of the word, the number of
times the word ¢ occurs in the document d, is the reciprocal
frequency of the document, calculated according to n —
the number of documents, and df(d, f) — the number of

documents in which the given word occurs.

The algorithm is as follows — at the first step, you
also need to create a dictionary based on sentences
(documents), having previously reduced them to normal
form. We will consecutively number all the words that
occur in sentences. Stop words (for example, for the
Russian language these are conjunctions, prepositions)
will not be counted and numbered, since they do not
represent any information. The second step is to transform
the sentence space into a vector space. We define the
following function TF (¢, d):

Lx=t
TF(t, d) %FR(x, 1); FR(x, t) {O,x ot 17)

As a result, sentences d ...d,, in the word space f,...t,
will have the following form:

Vg =(TF (1, d;), TF (1, d;), ..., TF (1, d;)). (18)

Combining the vectors of the sentence space into a
matrix, we get a matrix TF,,,. The next step is to calculate
IDF using formula (17), as a result of which the resulting
vector of dimension # is reduced to the form of a diagonal
matrix IDF of size nXn. At the final stage, the matrices
TF and IDF are multiplied, and the obtained normalized
result is a matrix, along the rows of which the sentence
vectors are located in the numerical space. This result is
somewhat more meaningful than the method of simple
cosine distances, it takes into account the frequency of
words both within a sentence, as in other sentences of the
text, but the algorithm still depends on the presence of
a particular word in the sample and does not take into
account different formulations of the same essence.

The latest Google development is the Word2Vec
algorithm [14], which transforms words into the space
of numeric vectors, taking into account the semantics of
words. There are two fundamentally different approaches
to Word2Vec — CBOW and skip-gram. Let’s take a look
at each of these approaches in turn.

The CBOW (Continuous bag of words) method allows
you to predict words based on context. Suppose you have
an input sentence "It is raining outside the window."
The CBOW method will read the words "for", "window",
"rain" and will try to predict the word "pouring”. Words
in Word2Vec are represented as N-dimensional vectors.
A pretrained neural network is used to transform a word
as a set of letters into an N-dimensional vector. With
each prediction of a word from the context, the neural
network is retrained and determines the value of the new
N-dimensional vector as a new word.

The skip-gram method, in another case, allows one to
predict the context one word at a time. For example, using
the word "pouring” to restore the words "for", "window",
"rain". This method is somewhat slower, but works better
with words that are infrequent. It also uses a neural
network.

The result of the work of any of the Word2Vec algorithms
are N-dimensional vectors that define the words of the
sentence. The advantage of Word2Vec over the TF-IDF
algorithm described above is that TF-IDF vectors have a
dimension that matches the cardinality of a dictionary per
document — and this is an order of more than 100,000,
while the dimension of Word2Vec vectors ~ 300. Therefore,
the resulting vectors can be used in supervised machine
learning methods, for example, in the classification
problem, if we consider each coordinate of the vectors as
a feature value. But the main advantage of Word2Vec is
the restored semantic relations between the words of the
dictionary. The resulting numeric representations of words
allow relational operations on words. The most striking and
recognizable example of Word2Vec sounds like this: the
difference between the words "king" and "queen" is equal
to the difference between the words "man" and "woman",
i. e. "King — queen = man — woman".

However, when working with requirements, it is not
enough for us to be able to transform individual words
into vectors — it is necessary to do the same with whole
sentences. The first intuitive and method that comes to
mind will be averaging all the word vectors in a sentence,
but this approach does not take into account the change
in word order in any way, so let’s delve deeper into the
search for a technology that extends Word2Vec to the
entire document — and such a technology exists and is
called Doc2Vec.

According to [15], the Doc2Vec approach can be
described as follows — each sentence is transformed into
a numeric vector, which is a column in the matrix D, each
word is also transformed into a numeric vector according
to the well-known Word2Vec algorithm, which is a column
in the matrix W. Thus, in addition to use only vectors of
words to predict another word, we additionally introduce
a sentence vector that is unique for each sentence. Thus,
the result of training the neural network is the sentence
vector we are looking for.

As in the case of Word2Vec, there are two approaches to
defining the sentence vector — DM (distributed memory)
and DBOW (distributed bag of words). DM allows you to
define a word from a context, DBOW — a context from
a sentence vector.

Summing up the consideration of this model, we can
say with confidence that doc2vec is a new step towards
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the development of technology for transforming sentences
into numerical vectors. However, it also has a number
of disadvantages, first of all, it is the dependence on
the independent learning of the neural network, and
this requires rather large data. From the articles on the
implementation of doc2vec, it was found that if you train
doc2vec on data of 100,000 sentences, then the accuracy
of the results of the regression algorithms, classification,
using the vector coordinates obtained as a result of the
doc2vec algorithm as a feature, is only 74...76 %. Certainly,
it cannot be argued that if the supervised machine learning
models show such a mediocre result, then the clustering
of the obtained vectors will be insignificantly better,
but this makes one think. And returning to the context
of the application of algorithms — the specification of
requirements — you involuntarily ask yourself the question
"will there be 100,000 proposals in the specification of
the requirements of any industrial project?” Of course
not, not in all. But definitely, the assumption that the
doc2vec model will perform poorly on small amounts of
data should be tested.

The final model to be discussed in this paper is
BERT [16]. The BERT model was announced and made
public in 2018. In addition to the fact that the algorithm
demonstrated the highest results of work, the BERT
developers provided already trained data models on large
datasets, and thus relieved potential system developers
who decided to use BERT from training problems. It is
enough to import the finished model into the code, after
which it is possible to start development.

Initially, the BERT model is trained on a huge amount
of text taken from books, Wikipedia, etc., and in several
languages. This technology is based on such algorithms
developed by the NLP community as learning with partial
involvement of a teacher, ELMo models (Embeddings from
Language Models), ULMFiT (Universal Language Model
Fine-Tuning), OpenAl Transformer and others.

BERT is based on the Transformer, in fact, BERT is a
trained stack of Transformer encoders. Encoders are objects
of the same structure, but with different weights. Each
encoder consists of two parts — an inner understanding
layer and a propagation layer. The encoder receives as
input numerical vectors obtained from words, processes
the vectors at the level of the internal understanding layer
and transmits them to the feedforward neural network.
The result of the output of one encoder level is the input
for the next encoder. Encoders form a stack of 12 (24 for
deeply trained models) elements, an encoder stack, and is
the backbone of BERT, as mentioned. Each sent word in
BERT goes through a chain of encoders and as a result, for
each word, a numeric vector of dimension 768 is formed
for the base BERT implementation. The obtained vectors
are the required ones in the framework of this problem.
Further, it is possible to perform various operations with
them: cluster, use as input data in supervised machine
learning algorithms, for example, for a logistic regression
problem.

Let’s note some more unique features of BERT. BERT
is not a single directional model, it means that it does not
perceive words sequentially from left to right, for example.
Such a method definitely allows one to take into account
the context of words without reference to two neighbors.

Obviously, the most difficult stage in the life of a BERT
is the prediction stage, which corresponds to the results
of the development of the encoder propagation layer.
Whereas conventional models predict words from left to
right, BERT avoids this solution in the following way:
before reading a list of words, a BERT component called
a marker replaces 15 % of each line, thus masking the
terms. After that, BERT tries to guess the changed words
in accordance with the context in which the marker did
not work. To predict a specific word, you first need to
introduce a word classification tool at the encoder output
and calculate the probability of the presence of each word
using softmax.

By receiving different words from the same sentence
as input, BERT tries to predict whether the second word
is a logical continuation of the first, assuming that half
of all input is pairs and the remaining half of the words
are random. In order for the model to understand the
difference between the two words during training, the
CLS indicator is inserted at the beginning of each word,
and the SEP indicator at the end.

To summarize the description of BERT, it is an
extremely efficient model for NLP problems and extremely
difficult to understand. The presence of an already trained
neural network of several hundred hidden levels allows
you to obtain the highest results in solving the problem,
without spending computer resources and time resources.
And multilingualism allows you to work with the semantics
of sentences in a variety of languages.

5. Results

This chapter presents the results of applying the
algorithms described above to test data. As test data,
a specification of requirements from 282 requirements
in Russian was used, and several of them were artificially
added to create inconsistencies that will need to be found
by our algorithms. Therefore, two groups of contradictions
were created, each with three requirements. The first group
contradicts in terms of the timer division value, and the
second — in terms of errors:

R-0224: Ilena denenus maimepa 00AXHCHA COCMABASMb
1 munymy

R-0278: Ilena denenus wxanvt matimepa 1 mun

R-0282: llena deaenus wkans maimepa 2 MuH

R-0238: Iloepewnocms matimepa 00AICHA COCMABASMb
0,5 muH.

R-0221: Hoepewnocmev maimepa 00AXuCHA COCMABASMb
1 mun.

R-0277: Taiimep doaxcen npouzso0ums omcuem épe-
MeHU ¢ noepeuHocmoio He boaee 0.5 mun

As can be seen from these contradictions, a couple of
sentences in theory should be defined very simply — they
simply change the number corresponding to either the
division price or the error. For each group, a contradiction
was introduced with a reformulation — if the system is able
to identify such contradictions too, this can be regarded
as a success.

First, let’s try to compare clustering models with each
other. Let us fix the TF-IDF algorithm as an algorithm
for obtaining vectors from sentences and successively try
to determine the cluster for the requirements R-0282,
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ID Requirement ID Requirement
221 R-0224 UeHa genexus Taiimepa gomkHa cocTaenate 1 MuuyTy 209 R-0212  PaGoumit yron Taiimepa Jom«es cocTasnATs 360 rpa...
275 R-0278 LleHa aeneHns Weansl TaiMepa 1 Mmus 218 R-0221 MorpeluHocTs TalMepa SOMKHa COCTaBNAT: 1 MUH.
279 R-0282 Uesa geneHus Wwransl Taimepa 2 mve 235 R-0238  MorpeluHocTs TaliMepa goMm«Ha cOCTaenATs 0.5 MUH.

Fig. 7. The result of the work of k-means

R-0238. Let’s start by checking the k-means clustering,
which is visualized in the fig. 6 (see the 3rd side of cover).

We will evaluate the result of clustering (both this and
the others) as follows: all conflicting requirements must be
in one cluster, other requirements either should not exist
at all, or their number must be minimal. In the case of
k-means, we get clusters (fig. 7).

In such a degenerate case, the algorithm was able to
identify in one cluster all the contradictions of group 1
(3/3) and nothing more. No other requirements that do
not tell about the division price of the timer scale were
not found in this cluster. However, for the second group,
the circumstances were not so successful. We managed to
identify two (2/3) contradictions, but instead of the third,
a "normal” requirement was added to the group. Thus, the
algorithm made a mistake once.

Now consider the EM algorithm, the clustering of
which is presented at fig. 8 (see the 3rd side of cover).

The EM algorithm specializes in separating mixtures.
Indeed, if we take a close look at the two images, comparing
them with k-means, we can see how EM is trying to divide
some volumetric clusters into several (perhaps even when
it is not needed). For example, the cluster of points at the
coordinate (—20, 20) was determined by k-means in one
cluster, while EM tried to restore the distribution over
mixed clusters. When trying to identify inconsistencies, the
EM-algorithm correctly identifies group 1 (3/3, 0 false),
however, compared to the previous one, it adds two extra

requirements to the second cluster, determining only two
true (2/3, 3 false) (fig. 9).

Probably, the test specification of the requirements
does not contain a mixture of clusters, and therefore the
legitimacy of the use of clustering, which specifies the
separation of mixtures, is called into question.

The next clustering model is agglomerative hierarchical
clustering, which aims to separate nested clusters. The first
option is that the distance between clusters is the average
distance between all elements.

The fig. 10 (see the 3rd side of cover) shows just such
a variant of hierarchical clustering. As for the results, then
(3/3, 0 false) for the first group, (2/3, 4 false) for the second
(fig. 11). Again, the first group can be dealt with quite easily,
while the errors for the second only grow. Apparently, there
are no hierarchical clusters in the specification.

If we begin to define the distance between clusters
as the smallest distance between its elements, then such
clustering will lead to the situation at fig. 12, see the
3rd side of cover. Already from the rendered picture, it
becomes clear that no positive results can be expected
from such a setting — the mechanism for determining
the boundaries of clusters, based on the position that the
distance between the clusters coincides with the distance
of the nearest elements, leads to the fact that the clusters
collapse very quickly, and that’s it. the timer requirements
fell into one large cluster of 80 objects. There is no sense
in such clustering.

ID Requirement D Requirement
221 R-0224 Llewa aenexns TaiMmepa AomkHa cocTasnaTe 1 MukyTy 209 R-0212  Pabouwid yron Taiimepa fomkes cocTaenATs 360 rpa...
275 R-0278 Llexa genexuA wkans! Taimepa 1 mud 218 R-0221 MNorpew+-ocTs TakMepa fomeHa COCTaanAT: 1 MUK,
279 R-0282 Llesa fenequa wkansi Taimepa 2 mus 229 R-0232  KoadbuumeHT onTUYECKore KoHTpacTa uucbepBnara n..
235 R-0238 MorpeLsHoCTs TalMepa 4OMiHa CocTagnAT: 0.5 MuH

276 R-0279  KOHTpaCTHOCTB WKaNs! K KOPMYCY Talmepa A0oMmkHa C

Fig. 9. The result of the EM algorithm

D Requirement D Requirement

221 R-0224 Llewa fenexus TaiMepa 4OMKHA COCTAENATE 1 MMHyTy 209 R-0212 PaBouwit yron Taimepa fonwes coCTasnaTs 360 rpa...

275 R-0278 Llewa nenenus wrkane Taiimepa 1 MuH 218 R-0221 MorpeLsHoCTs TalMepa JOMm«Ha COCTasNAT: 1 MUH

279 R-0282 LleHa geneHus Wweans Taimepa 2 mud 229 R-0232 KosM@UUMEHT ONTHYECKOND KOHTPaCTa UndepBnatan...

235 R-0238 MorpewHoCcTs TaimMepa GOM«Ha COCTABNATL 0.5 MUMH.

236 R-0239 Kopnyc TaitMepa A0M¥EH WMETs rapodobHoe NoKpLITHe

276 R-0279 KOHTPACTHOCTS WiKaNs! K KOPNyCy Taimepa A0MmEHa C

Fig.11. The result of the Agglomerative Average
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If we go from the opposite, to maximize the distance
between the clusters, then the algorithm will try to "pull
apart”" the clusters as far from each other as possible
(fig. 13, see the 3rd side of cover).

And already these results may be of interest to us.
The algorithm made a mistake once in the search for
group (3/3, 1 false), and three times in the second group
(2/3, 4 false). As you can see (fig. 14), this setting of
agglomerative clustering is an order of magnitude better,
however, it is far from perfect, which raises a natural
question — is there any point in implementing it.

The latest implementation of this algorithm is
Agglomerative Ward. The model tries to minimize the
number of combined clusters, and in theory, the picture
observed with this algorithm should be the opposite of
Agglomerative Single (fig. 15, see the 4th side of cover).

The result of this algorithm is shown in the fig. 16. The
totals table looks pretty good: (3/3, 1 false), (2/3, 1 false). In
general, this result is comparable to the k-means algorithm.

If we compare all the implementations of agglomerative
clustering presented above, we can say that plus or minus
the results are similar (if we do not take into account, of
course, the algorithm in which the distance was measured
as the minimum distance between cluster objects). However,
one cannot achieve one hundred percent result, perhaps
nested clusters are also not a picture that corresponds to
the test specification.

And finally, the DBSCAN algorithm was considered
(fig. 17, see the 4th side of cover).

Frankly speaking, it was clear in advance that this
algorithm would not give the desired result — since it
is based on the density of a distributed quantity, and in
our case it cannot be argued that the density will be
constant anywhere. Therefore, it turned out that again
a large number of requirements were in one cluster, and
such clustering is not informative. Yes, the user will learn
the obvious — all requirements for a timer belong to one
semantic group. However, finding contradictions among
the 83 requirements is a very non-trivial task, and it cannot

be said that in this case the goal of the system will be
achieved, because the user will not significantly reduce the
time for checking the requirements specification.

An intermediate result can be summed up: after
testing all clustering options on the TF-IDF model, it
turned out that the k-means method would be the best
option. However, this method did not quite correctly
identify group 2, so we will try to replace the model for
transforming sentences into vectors, although it is worth
noting here that TF-IDF has shown itself very well at the
level of trivial examples.

The first option is the simple cosine distance method
(fig. 18, see the 4th side of cover).

This method is a lightweight version of the TF-IDF
algorithm. It does not take into account repetitions, it does
not take into account "garbage" words, i. e. those words
that occur in most sentences, and of course, it cannot be
taken seriously. The picture in the figure above does not
imply clustering at all — the points are almost evenly
distributed on the surface, and no clusters are visually
observed. Even on the basis of visual observation, it can
be concluded that this model is unsuitable — and the
results confirm this assumption. 43 requirements end up
in the cluster, where group 1 was lucky enough to get, and
22 requirements, respectively, in group 2. This is one of
those models that cannot be used in any form and was
presented here purely out of its simplicity to facilitate
understanding of the process.

The next model is doc2vec (fig. 19, see the 4th side of
cover). And here we are faced with the first surprise —
doc2vec does not show results. Regardless of whether to
lemmatize sentences or not, whether to expose a distributed
memory method or bags of words, the results leave much
to be desired. Here is one option — DBOW (fig. 20).

Yes, both clusters speak about one thing — about the
timer, but in the first case we have not a single revealed
contradiction (1/3, 14 false) and a huge number of
requirements that do not contradict the given one. In the
second case, the picture is somewhat more pleasant — two

ID Requirement ID Requirement
220 R-0223 [lo gwameTpy Taumepa AoMmkHs! ObiTh pacnonoxxsl ge.. 155 R-0158 CoOTHOLWEHME WWPKHE! NONOC B COCEAHMX TPyNnax Ac. ..
221 R-0224  LleHa penesus TallMepa JOMKHE COCTABNATE 1 MMHyTy 209 R-0212  Pabouwii yron TaiMepa JOMKeH COCTaBnATs 360 rpa. .
275 R-0278 Llexa genexus Wiansl Taimepa 1 mus 218 R-0221 MorpeLHoCTs TailMepa JOMm«Ha COCTARNAT: 1 MUtH.
279 R-0282 LleHa Aenenus Wransl TaiMepa 2 muH 229 R-0232  KozM@WUMEHT ONTUYECKOro KOHTpacTa unihbepdnata n...
235 R-0238 MorpelsHocTs TaliMepa 4orkHa CoCTasnATe 0.5 MUH.
Fig. 14. Result of Agglomerative Complete
ID Requirement ID Requirement
220 R-0223 Mo guameTpy Taimepa JoMmKHel ObiTe pacnonoxHsl ge... 209 R-0212 PaGouwii yron TaiMepa JOM¥eH cocTaenATe 360 rpa...
221 R-0224 LUeHa fenexuA Taimepa AOMKHAa COCTaBNATL 1 MuHyTy 218 R-0221 MorpeluHoCcTs TaliMepa ormkHa COCTaBMNATL 1 MUH.
275 R-0278 LleHa geneHus Wwkanel Taimepa 1 mua 235 R-0238  MorpeluHocTs TaliMepa JoMm«Ha COCTaBNATs 0.5 MUH.
279 R-0282 LleHa geneHus Wkans TalMepa 2 MuH

Fig. 16. The result of the Agglomerative Ward
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1D Requirement

ID Requirement

21 R-0022 Cp3M He gomsssl yxyaWaTs MyHEUMOHANEHLIE XapaKTe.
217 R-0220 CpOK 3KCNNyaTauMi TaiMepa QOMKeH COCTABNATL He.
220 R-0223 Mo grameTpy Tanmepa O0MEHL! ObiTe PACNONO#HLI A8, .
223 R-0226 Ha undepGnarte gomsHel GbiTb MCNONs308aHEI apadckm...
224 R-0227 UwdepSnar QoMmeeH PACNONAraTsCA Ha HUKHER YacTu...
230 R-0233 LiseT CTpenkM 4OMKeH COOTBETCTEOEATL UBETY uide. .
232 R-0235 [wameTp TaiMepa He JOIHeH NPeBLIWaTE 6 cM
233 R-0236 BbicOTa TAaHMEDE HE J0MTKHE NPEBbIWETE 7 CM
236 R-0239 Kopnyc Tamepa A0MKEH MMETL rMapodobHoe NoKpLITHE
247 R-0250 Y Taimepa JoMmwHa ObiTs 33LMTE MEXaHM3IME OT BHeLW. .
263 R-0266 3BYK OTCYETa BPEMEHM JOIKeH ObiTe ChbILeH (NOCeK...
266 R-0269 [afapuTel TaAMEpa HE OM¥HE npesbiwuate 10x10x10 .
273 R-0276  TaWmep JOM¥eH WMETE BOSMOXHOCTE AOCPOMHOMD OTK

279 R-0282 LleHa geneHus Wrans! Taumepa 2 MuH

Fig. 20. Doc2Vec DBOW Results

1D

210 R-0213 ¥ Taimepa fomsHa GuiTe BO3MONHOCTE A033B0AKM
213 R-0216 HWHHAR YacTs TalMepa gomkHa OuiTs annapaTHoM
214 R-0217 BepxHAA 4acTs TaliMepa AomsHa ObiTe NOOBWMHHOM
218 R-0221 MorpeluHocTs TaiMepa QOM¥Ha COCTAENATL 1 MUH.
231 R-0234 Talmep aomxeH GbiTs UMNWHADMYECKOR dopmsl

235 R-0238 MorpewHocTs TaiMepa JOM¥Ha COCTAENATs 0.5 MUH.

238 R-0241 Y TaiMepa Son#Ha OblTs HIKHAR YaCTs

269 R-0272 Taimep JOM¥EH 3a804WTLCA NOBOPOTOM PYYKH

270 R-0273 Taimep O0M¥eH OTCYUTLIEATE BpeMA
Requirement

206 R-0209 [nuTensHOCTbL 3BYKOBOrO CMrHana gon¥Ha cocTasna...

218 R-0221 MorpeLHoCTs TalMepa foMm¥Ha COCTABNATL 1 MUH.

221 R-0224 LeHa pgeneHuR Taimepa JOMmKHa COCTABNATL 1 MUHYTY

235 R-0238 MorpeluHocTs TalMepa JoN%Ha COCTaBNATs 0.5 MUH.

274 R-0277 Taiimep AOMKEeH NPOM3BOAMTL OTCYET BPEMEHK C MOor...

275 R-0278 LleHa geneHnA Wranel Taumepa 1 MuH

279 R-0282 LleHa geneHna Wkans! Taimepa 2 MyH

Fig. 22. Result of BERT

contradictions have been found, but the errors are still
significant (2/3, 7 false).

What is the reason for this? The situation is, in fact,
extremely simple — we are using the untrained doc2vec
model. First, it needs to be trained on our requirements,
and 280 pieces are negligible, even if you use cross-
validation. This is why the model lacks the information
to build a vocabulary, and therefore the results come out so
unimpressive. But here it is impossible to operate only with
the fact that the specification is not voluminous enough.
There are also small projects, and in such cases the number
of requirements is estimated at several hundred, which
means the algorithm will not work. We need to take an
already trained model for our calculations.

And there is such a model — we will use BERT trained
on Wikipedia data, etc. It is enough to load the already
trained neural network (moreover, it is configured just to
search for duplicates), and you can start getting vectors
for sentences from it (fig. 21, see the 4th side of cover).

Already from the illustration there is a feeling that the
results will be successful. In the picture above, clusters
are visible, the points do not overlap each other strongly

enough, which is a good signal. The search for clusters
brings amazing results: both groups end up in the same
cluster and in full. This algorithm was able to determine
both simple contradictions associated with a change in one
digit in the text of the requirement, and reformulation.
This is the first algorithm that determined (6/6) with only
one error — BERT added the R-0209 requirement to the
cluster, which does not contradict anything (fig. 22).

Conclusion

In the process of writing the article, an analysis was
made of clustering methods and methods for converting
sentences into vectors.

The analysis was carried out as follows: contradictions
were deliberately introduced into the requirements
specification, after which all possible algorithms for
converting sentences into vectors with clustering models
were launched. As a result, the most successful options
were identified that are suitable for use in industrial
requirements development. The table 2 illustrates the
possibility of using a combination of the two models. The
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NLP-clustering intersections that are not recommended
for work are marked in black, the combinations that have
demonstrated high results are in striped.

Table 2
Applicability of models for verification of requirements
Clustering Algorithm
.. " = = > 2
S5 8| 8|8|8) <
cosine
TF-TDF
doc2vecdbow
doc2vecdm
BERT VAV 4 V AV AV 4

In the future, it is planned to continue working on the
topic. The implementation of DeepPavlov [17], Fasttext [18]
and the search for other models for converting sentences
into numeric vectors are already planned. Already from
this work, it became clear that models based not on the
frequency of the presence of words in a sentence, but
on deeply trained neural networks, will show themselves
best. Therefore, an additional analysis of the available
options is required. It is also possible to find a pre-trained
doc2vec model, or to conduct an analysis on a specification
consisting of several thousand requirements and achieve
a positive result.

With regard to the interface, it is planned to develop
a plugin for Google Docs. It often happens that the
requirements are stored in the cloud as a table in a .docx
file. Google Docs’ Check Requirement button would make
life easier for analysts, if only because it would not require
them to upload requirements specification into.csv format.
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MOCKOBCKVIVI PU3NKO-TEXHUYECKUIA UHCTUTYT,
2 HaumMoHanbHbI UCCeAoBaTENLCKUM YHUBEPCUTET "BhicLuast LKona skoHoMukK", Mocksa

ABTOMAaTNYecKan sepudinKayng MHOroCTOPOHHNNX
COrnawWenwii n nnannpoBaxne oTnpaskn coobuenni
B CUCTEMAX pacnpejjenenioro peecipa

MHo2o0cmopoHHUEe coenaweHus1 Ucrnosib3yromcsi 8 cucmemax pacrpedesieHHo20 peecmpa u br10K-
yeliH-cemsx 075l coelacosaHusi usMeHeHul 8 cucmeme. Ecriu 0OuH u3 y4acmHuKko8 cemu rpednazaem
mpaH3aKyur Ha 3anucb, mo cHavana ee 00/KHbl MoOmeepOumsb onpedesieHHbIe yHacmHUKU cemu.
MHoaocmopoHHee coanaweHue, unu KOHCEHCYC, onpedesisiem cocmas amux y4acmHukos. Ha ocHose
npedbIdyuux omeemos MOXHO nocHdumamsa 8eposiMHOCMb MoOmeepx0eHUss mpaH3akyuu 015 Kaxoo-
20 U3 yHyacmHukos. B Hacmosiwel pabome npednoxeH Memod cmamucmu4eckol nposepku modenel
0ns onpedenieHUs 8ePOSAMHOCMU MOo20, YMO KOHceHcyc bydem docmuaHym. Omripaeka 3arnpocos Ha
noomeepxxoeHue Mmoxem mpebosams dononHUMeNbHbIX 3ampam. Kpome ommedeHHOU 8eposimHocmu
8bI4UCIIEHO MameMamu4eckoe oxudaHue Yucrna coobuweHul, Komopbie npowsiu 8 cemu 00 docmuxxe-
Husi KOHceHcyca. NpusedeHa MoOerb Unnu HECKONIbKO Modersiell KOHCEHCyca 8 sude MapKo8CcKol yenu
C pasniuYyHbIMU cmpameausiMu omrnpasku coobweHull. Ha ocHoge anzopummos rnocmpoeHusi Mooesnu
u cneyugukayuu pazpabomaHo UHCmMpymeHmarsnbHoe cpedcmeo aHau3a KOHCeHcyca U omrnpasku co-
obuweHuli Ha nodmeepxoeHue.

Knro4yeenle cnoea: KOHCeHcycC, briokyeliH, sepuchukayusi, cmamucmudyeckas rnposepka modened,

MapKoecKasd yerib

BBegeHue

TexHoJOrMs paclpeneJeHHOro peecTpa Iojyduiia
B MOCJIETHEE BPeMSI IITMPOKOE pacIIpocTpaHeHNe. XpaHu-
JIMIA HA OCHOBE TEXHOJOTUHU OJIOKYCHH UCIIOIb3YIOTCS
B Pa3JIMYHBIX O0JIACTSIX: IOPUCIIPYICHIINS; OTCICXKUBA-
HUE aKTUBOB; (PMHAHCOBBII CEKTOp U psa Apyrux [1].
BnokueiiH ymo0OeH IIpy UCHOIb30BaHUU B CUCTEMAX, THE
HECKOJIbKO 3aMHTEPECOBAHHBIX CTOPOH, HE TOBEPSIIOIINX
IPYT APYTY, TOJIKHBI JOCTUTHYTH corameHns. KoHceH-
CyC YTBEPXIaeT COCTAaB YYaCTHUKOB, KOTOPHIE TOJXKHBI
MOATBEPIUTH TPaH3aKIMI0, YTOOB OHA CUMTAJIACh Ba-
JIMJTHOM AJIs1 BCeX YYaCTHUKOB ceTu [2].

KaxkmeIit ydyaCTHHK CETH MOXKET JIMOO TTOATBEPAUTD,
100 OTKJOHMUTH TpaH3aKIMI0. Tak KaK OTBET KaXJI0-
ro yyacTHHUKA 3apaHee HEM3BECTEH, TO IPOIECC IOMI-
TBEPXKJIECHMS TPAaH3aKIIMK SBJISIETCS BEPOSITHOCTHBIM.
Ha ocHoBe mosiyueHHBIX OTBETOB OT KaxKIOTO yYaCTHH-
Ka KOHCEHCYCa MOXHO BBIYMCIUTH BEPOSITHOCThH TOTO,
YTO B CJICAYIONIEM payHIe MOATBEPXKIACHUS YUYaCTHUK
KOHCEHCYyca MOATBEPAUT TPaH3aKIUIO. YCIOBUS KOH-
CeHCyca MOTYT 3aJaBaThbCsd B BHIE JOTHMUYECKOUN op-
MyJibl. TakuM 06pa3oM ycaoBMsI KOHCEHCYCa 3a1al0TCs
Bo (¢peitmBopke Hyperledger Fabric (HLF), koTopsriii
SIBJISICTCSI OMHOM M3 CaMbIX MCIIOJb3yeMBbIX ILJIaTHOPM

IUTST TIocTpoeHu s OyiokueitH-cucteM [3]. [IpennoxkeHHbIE
B CTaThe aJIOPUTMbl U UHCTPYMEHTaJbHbIE CpeaCcTBa
MOTYT MCTIOJIb30BaThCS [IJISI BEpUMUKAIIMU TTPABUII 0100~
penust HLF.

Ya3BUMOCTU B OJIOKYEHH-CHCTEeMax MPUBOIUIN
K 3HaYUTEJIbHLIM NoTepsM [4]. B yacTHOCTH, yI3BUMOCTU
B IPUHSATHIX TpaBuJiax onoopenuit HLF gBasgnuce nmpu-
YUHOM (pHAHCOBBIX MOTEPH [5]. Bepudukanus MHOro-
CTOPOHHUX COTJIAIIEHUI TTO3BOISET BBISIBUTH YSI3BUMO-
CTU 10 pa3BepPThIBAHUS COIVIALLIEHUN B CETH.

B uccnenoBaHuuM, pe3yabpTaThl KOTOPOTO MPEACTaB-
JICHBI B HACTOSIIEH CTaThe, MPEACTaBICHO MOCTPOSHUE
MOJIeJT KOHCEHCYCa B BUJIe MAapPKOBCKOM IIETIN. YCTOBUS
KOHCEHCYyCa IepenamTcs B BUIE BEpPOSITHOCTHON JIH-
HeTHOI BpeMeHHOo toruku (probabilistic linear temporal
logic, pLTL) [6]. Mcnio1b30BaH METOHA CTATUCTHYECKOMN
MPOBEPKU Moaenei [7] ans onpeneneHusl BEPOITHOCTU
MOCTUXXEHUSI KOHCeHcyca. Mcmonb30BaHbl pa3anyHbIe
YHUKAaJIbHbIE KOMOMHAIIMU MOCJIeI0BaTeIbHOCTEN OT-
MpaBKU COOOILIEHU Ha MOATBepxKAeHUEe. B 1ie10M, pe-
3yJIbTATHl MpeaJiaraeMoro aBTopaMu CTaThW TOAX0O1a
COCTOSIT B CJICAYIOILIEM:

e TIPEIJIOXKEH aJTOPUTM IOCTPOEHUSI MapKOBCKOM
LeNnyu U creuupuKaluu A5l KOHCeHCyca, 3aJaHHOI0
B Bune pLTL-dbopmynsr;
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e paspaboTaH MOAYJb aBTOMaTU4E€CKOro IOCTPOEC-
HUSI MOJIENTN M TIPOBEPKU CITeINPUKAIINH;

e TMIPEIJIOXKEH aJrOPUTM OTIIPABKU COOOIIEHMI Ha
MOATBEPXIeHWE Ha OCHOBE BBIOpAHHOW MOIEIM Map-
KOBCKOM LIETIN;

e pa3paboTaH MOIYJTb aBTOMAaTUYECKOU OTITpPaBKHU
COOOIlIeHN I Ha TOATBEPXKIeHNE;

e TIpelcTaBJieHa BO3MOXHOCTb MHTETpalluM pa3pa-
0OTaHHOI'0 MHCTPYMEHTAJIBHOI'O CpeCcTBa ¢ (hpeiiMBOp-
koM Hyperledger Fabric.

CMeXHble paboTbl

dopmanbHble METOIBI BEpUPUKALISI U TECTUPOBA-
HUSI IPUMEHSIIOTCS B TIpoliecce pa3pabOTKU U OTJIAIKHU
O010KkueiH-cucTeM [8]. Bepudukalus ¢ mOMOIIbIO METO-
J1a CTATUCTUYECKOM MTPOBEPKU MOJIECJIEN XOPOIIO U3YyUYCHA,
W JJIS1 9TOTO MOTYT MCHOJIb30BaThCS Pa3IMYHbIE HHCTPY-
MeHTaJIbHble cpenacTBa [9]. B HegpaBHUX McclienoBaHU-
sax [10, 11] aBTopbl NpOAEMOHCTPUPOBAIN BO3MOXHOCTh
WCIIOJIb30BAHMS CTAaTUCTUYECKOM IPOBEPKU MOICIICH IJIsI
BepuduKaluu 0J0KYeH-cucTeM. Mozenb B BUlIe Map-
KOBCKOI 1enu u cnenudukauus B Buae pLTL-dopmyabl
MOXKET ObITh MPeACTaBJIeHa JJ151 TPOTOKOJIOB B3BEIIIEHHO-
ro koHceHcyca [12]. B pabdote [12] mpu 3TOM He Hcclie-
JIOBaH BOMPOC MOAUMUKAILIMU MOJIEIN KOHCEHCYCa, €CIU
BEPOSITHOCTD IIPUHSITUS TPaH3aKIIMX HEIOCTAaTOIHA IJIST
noab3oBarteisd. boyee Toro, pesyabrar BepuduKaluu
MOXET OBITh IIPMMEHEH IIJII aBTOMAaTUYEeCKOTO peXrmMa
MJaHWUPOBAHUS U OTIPABKU COOOLICHUNA AJS AOCTU-
KEHHUS KOHCeHcyca. MHTepeceH BONPOC MHTErpalluu
WHCTPYMEHTAJIbHBIX CPEACTB BepubUKallM1 KOHCEHCYCa
C CYILIECTBYIOIIMMHU ILIAT(GOPMAaMU IMOCTPOCHUS OJIOK-
yeliH-ceTell. B HacTosilIel cTaTbe pacCMOTPEHBI Mepe-
YHUCJICHHBIE OTKPHITHIC BOIIPOCHI.

TexHonorusi pacnpegeneHHoro peectpa
M MeTopA CTaTUCTUUYECKON NPOBEepPKN Moaenen

B HacTosmeM pasmese MpeAcTaBACHBI ITPOTOKOJBI
KOHCEHCYyca, KOTOPBIE BITOCAEACTBUU OyIyT BepUpUIII-
poBaHbl. Takxke paccMOTpPEeHBI METOABI M MHCTPYMEH-
TaJbHBIE CPEACTBA CTATUCTUYCCKOM IPOBEPKU MOJCIICI,
KOTOpBIC UCTIOIB3YIOTCS ISl BepU(PUKALIUN MHOTOCTO-
POHHUX COTJIAIICHMIA.

MHOrocTOopoHHHE COIJIANIEHAS B 0JI0KYEiH-CHCTEMAX.
BrnokueiiH siBiIsieTCs paclpeleieHHBIM PeecTpoM, TIe
KaXXIBII M3 YIACTHUKOB XPAaHUT BCE 3aITMCH, KOTOPHIE
cuuTaroTcd BaauaHbIMU 1ist ceTu [13]. Kaxabiii yuyacT-
HHUK CEeTH MOXET IPEIJIOXUTD TPAaH3aKIINIO Ha 3aINCh.
Ecnu ompeneneHHbIe yYaCTHUKU, KOTOPHIC 3aJaHbl
B MTPOTOKOJIE KOHCEHCYCa, MOATBEePKIaI0T TPAaH3aKIINIO,
TO TPaH3aKILU CUMTACTCA BaJIUIHOM U BCE YYACTHUKM
CeTH e¢ MPUHUMAIOT.

B Gy10KUeifH-CceTSIX MPUCYTCTBYIOT pa3HbIE IPOTOKO-
JIBl KOHCEHCYCA: TOKA3aTeJIbCTBO PabOTHI; JOKA3aTeb-
CTBO J0JM; JoKa3aTelbCTBO Beca u ap. [13]. Ycinosue
KOHCEHCYCa MOXKET 3aJaBaThCs B BUE JIOTUIECKOI hop-
MYyJbl. 3HaUYeHUEe KaXI0il ITepeMeHHOI (DOpMYJIBI IIpe-
CTaBJISIET OTBET OMPENEIEHHOTO YUYacTHIKA KOHCEHCYca.
B HLF ycnoBue cornaiieHus 1Mo TpaH3aKIMU, KOTOPOe
Ha3BIBAIOT IIPABUJIOM OIOOpEHM S, MOXHO 3aJ1aTh JOTH-

yeckoi (popmyroii [14]. Kaxgoro yuacTHMKa mpaBuia
onobpenuss B HLF mpuHSTO Ha3bIBaTh OpraHu3alue.
Harnee 1o TekcTy OyaeM NpuaepXKUBaThCcsl JaHHOHN Tep-
MUWHOJIOTUH.

M3 mpeniecTBYONIUX MO BpeMEHU JaHHBIX MOXHO
TMOJIYYUTh CTAaTUCTUKY OTBETOB IMOATBEPXIECHUN W OT-
Kasa TpaH3aKUMi Oas Kaxaoi opranusauuu. M3 co-
OpaHHOW CTaTUCTMKM [JIS1 KaXJIOT0 yYaCTHMKA MOXHO
OIIPENeNNTh BEPOSITHOCTh MOATBEPKACHUS CAeAYIOLIeH
TpaH3aKLMHU C IOMOLLbIO GaliecoBckoro rmoaxoaa [15, 16].
Takum o6pa3om, JOCTUKEHUE KOHCEHCYCa SIBJISICTCS Be-
POSITHOCTHBIM COOBITHEM.

CrarucTtuueckas mpoBepka mojedneii. [Iposepka
MojeJieil SIBISIeTCSI OMHUM U3 (DOpMaJibHBIX METOI0B
Bepudukauuu. IIpoBepka Momeaeil COCTOUT U3 Tepe-
YKCJIEHHBIX aajee Tpex das [6].

e ®a3za MomeaupoBaHus. MoaearpoBaHUE CUCTE-
MBI, (hOopMaM3aInsi CBOMCTB I UX TIPOBEPKH.

e aza 3amycka, a MMEHHO 3aITyCK MHCTPYMEHTAJIb-
HBIX MEXaHU3MOB IpoBepKu Mmogeieit. [Iposepka Toro,
YTO MOJEJb YAOBJIETBOPSIET crieluUKAILIUHU.

e @aza aHanmM3a, Ha KOTOPON MOXHO TPOBEPSATH
cleaymollue aajee CBOMCTBaA, €CAM MOJEJb yIOBJIET-
BOpsieT cnenudukanuu. B mpoTUBHOM ciiydae HYXHO
U3MEHUTDh MOAEIb UJIU ClenUpUKAINIO U TTOBTOPUTH
MpOoIIeNypy TPOBEPKU MOJIEIH.

B kitaccuyeckoii mpoBepkKe MOAEIN HE YUUTHIBAIOTCS
BEPOSITHOCTHBIE CBOMCTBA MOIeIM. MeTo CTaTUCTUYe -
CKOU MPOBEPKU MOMEJIEN IIO3BOJISIET IIPOBEPUTH HA MO-
JIe TV BEPOSITHOCTHBIE CBOMCTBA. MeTo CcTaTUCTUYECKON
MMPOBEPKU MOJEJeii MMO3BOJISET OTBETUTDh Ha CJIEAYIOLINe
Borpocs [17]:

e KOJMYECTBEHHBIII — BEPOSITHOCTH TOrO, YTO CH-
cTeMa yJIOBJIETBOPUT ClieIM(UKAIIMY HA YPOBHE OOJIbIIIe
IMOPOTOBOT0 3HAUYCHMU S,

e KavyeCTBEHHBI, MOKa3BIBAIOIINI KAKOBA BEPOSIT-
HOCTbh YIOBJETBOPUTH TPeOOBaHUAM CIlellUUKALIVH.

st oTBeTa Ha MOCTaBJIEHHBIE BOITPOCH! UCITOIb3yeT-
Csl OMH U3 MEPEYMCICHHBIX JaJiee METOHOB.

e MeTon MpoBEepKM CTaTUCTUYECKUX TUnoTe3. Jlo-
MyCcTUM, p = Pr(x) — BEpOSITHOCTb CIy4YallHOTO COOBI-
s x. YTOOBI onpenenTh, uTo p = Th, tome Th — HEeKOTOo-
poe MoporoBoe 3Ha4eHUe, HEOOXOAUMO ITPOTECTUPOBATh
runotedy H: p > Th v tunoresy K: p < Th.

e MeToa MHTEPBAJbLHON OLIEHKU CTaTUCTUYECKUX
rmapameTpoB. Micrionb3yeTcs I1st onpeneieHu s 3HaYeHU i
CJIy4allHBIX COOBITUH ¢ 3alaHHBIM pacIpeie/icHUEM.

B Hacroseit paboTe mpeacTaBieH OTBET Ha Kade-
CTBEHHBII Borpoc. [Ipy 3ToM ucnoib3yeTcst MeTO Ipo-
BEPKM CTaTUCTUYECKUX TUTIOTE3, TAaK KaK METOJ OLIEHKU
CTaTUCTUYECKUX MapaMeTPOB OOJIbIIIE TTOAXOIUT JIJIST DM-
MMPUUYECKHUX SKCTIepuMeHTOB [18]. B MeTome nHTepBaTh-
HOM OLIEHKM CTaTMCTUYECKMX MapaMeTpOB HEOOXOIUMO
CTPOUTH OIIEHKY BEPOSITHOCTHBIX BEJIMYWH Ha OCHOBE
¢GYHKLUY pacnpeneaeHns BeposiTHOCTU. M3 ctatucTrue-
CKUWX TAHHBIX TTOATBEPKACHUS M OTKJIOHEHW S TPAaH3aKIINU
He BCerga MOXHO ONpeAeJuTh (PYHKIIMIO pacipeneecHus
BEPOSITHOCTH, TIO3TOMY TIPUMEHSIETCS METOM TTPOBEPKU
cTaTucTUYeckux rumnore3. IlpeanoxeHHoe pellleHue uc-
TOJTB3YyeT MHCTpyMeHTanbHoe cpencTBo PRISM [19]. Ono
MO3BOJISIET IMOCTPOUTH MOJIEJIb KOHCEHCYCa B BUIE MOICIN
MapKOBCKOI LIeTH ¢ AMCKpeTHBIM BpemeHeM (MLIJIB, niu
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discrete-time Markov chain — DTMC), a TakXe 3a1aTb
crieniuukanuio B Buae pLTL-bopMybr.

MocTpoeHue U ucnonb3oBaHMe Moaenu
M cneuundmkKaLmum AN NPOTOKONOB
MHOTFOCTOPOHHEro cornaiieHus

IocTpoenne Moaenn NpoToKojia KoHcencyca. [lomb-
30BaTesib MOXET TlepeaaTh KOHPUTypaluunmo KOHCeHcyca
B CJIEAYIOLIEM BUIIE:

e MHOXECTBO OpraHM3aIlNii;

e JIJIS1 KaXIOW OpraHM3alvu i BEPOSITHOCTH IMOMI-
TBEpXXIEHUS TpaH3akUuu P;;

e crnenuduKalns KOHCEHCYCa B BUIE JIOTUYECKON
(bopmynbl, KOTOpasi U3HAYAJTBLHO MOXET OBITh 3aJaHa
B JIIOOOM BU[IE, OMHAKO MJIsI IOCTPOEHUS] MOJEIU He-
0o0xoauMo OyaeT 3anaBaTh (hOPMYITy B AU3BIOHKTUBHOMN
HopMabHOM (popme (AHD).

Anroput™m 1 (CM. manee) OMUCHIBAET CO3MaHUE MO-
JeId KOHCEHCyca. AJITOPUTMY TIEPENaeTCs] MHOXECTBO
map orgs. Kaxnas mapa — 3T0 uMS$ opraHu3aiuu 1 Be-
POSITHOCTbH MONTBEPXACHUS TPaH3aKUWU IS JAHHOU
opraHusauuu. Moaenab npeacTaBisieT co0oil GuHapHOe
JEPEBO, IIE KAXIOMY Y3y COOTBETCTBYET OpraHU3alusl.
Kax it y3en xpanut nHgopmanuio o pogurene, od oT-
BETE, KOTOPBIU Aal pPOAUTENb HA MTOATBEPKIEHUE TPaH-
3aKLIMU, a TaKXKe P; — BEPOSITHOCTH Mepexona no pedpy,
KOTOPOE COOTBETCTBYET MOATBEPXKIACHUIO TPAH3AKIIWH,
i — TIOpSIIKOBBINM HOMep opraHmn3auuu. CHadaja BEIOU-
paeTcs opraHu3alus IJsi KOpHS AepeBa, OT KOTOPOTO
cTposiTcs aBa nepexona. OOWH Mepexol COOTBETCTBY-
€T MOATBEPXKAAIOIIEMY OTBETY OpPTaHU3alMU, KOTOPO
MOCTaBJIEH B COOTBETCTBUE KOPEHb, BTOPON — OTKa3y.
Ilepexon mo mepBoMy pedpy MPOUCXOMUT C BEPOSITHO-
CTBIO P;, IO BTOPOMY — C BeposATHOCTBIO | — P;. Jlanee
KOpEHb YyJaiseTcs] U3 MHOXECTBA 0rgs U PEKYPCUBHO

CTPOUTCH JIeBOe U mpaBoe moaaepeBo. Ilopsgok opra-
HU3aIMii B MHOXECTBE 0rgs He Baxk€H, TaK KakK TIpe.-
MOJIaraeTCsl, YTO BEPOSITHOCTH MOATBEPXKIACHUM pa3HBIX
OpraHM3allii He3aBUCUMBI.

ITocTpoenne cnenupHuKanuu AJA NPOTOKOJA KOH-
cencyca. M3 crenudukanuu B Bune Gopmyns JHD
MOXHO IMOJIYYUTh MHOXECTBO y3JI0B, KOTOPbIE COOTBET-
CTBYIOT IOCTUKEHUIO KOHCEHCYca. AJITOPUTM 2 (CM. a-
Jiee) onuchiBaeT Ipoiecc noaydyeHue pLTL-dopmysl.
JJ1st Kaxxmoro auTepasa u3 N3HaUYaIbHOU CIIepUKAIINT
B Buae JH® mpoucxoaut o6xon mepeBa MapKOBCKOM
enu Br1yob. Eciiu opranusanusi, KOTopasi COOTBETCTBY-
eT TeKyllleMy y3J1y o0Xxola, HaXOOUTCS B JIMTepaJe, TO
COBepIIaeTcs MepPexo 1Mo pedpy, KOTOPOE COOTBETCTBYET
MOATBepXIaloleMy oTBeTy. Eciiu Xe opraHu3alnus He
IIPUCYTCTBYET B IMTepalie, IPOUCXOOUT MIEPEXO 1 B JIe-
BO€, U B IIPaBO€ MOIAEPEBO, TaAK KaK 3TO COOTBETCTBYET
KaK TOATBEPXKACHWIO TPAaH3aKIINU, TaK M OTKJIIOHEHUIO
ee. Jlanee npogomnxkaeTcst o0Xom BriayOb Mo ABYM MOAIE-
peBbsIM. B mTore OymeT moy4yeHO MHOXKECTBO JTUCTHEB,
KaXJ0€ U3 KOTOPbIX COOTBETCTBYET IOATBEPXKICHMIO
TpaH3aKIINH.

Jng moaTBepxKAECHUS TpaH3aKIIMU HEOOXOAMMO J0-
CTUYB XOTS OB OOWH M3 TaAKUX JINCTHEB, IIO3TOMY CTPO-
UTCSA UX OU3BIOHKIMUS. TaKk KaK JOCTATOYHO IOCETUTh
JINCT OOWH pa3, Tiepel TUIBIOHKIINEH CTaBUTCS BpEMEH-
Hoit onepatop "Eventually” F, a TakXe BEepOSITHOCTHBI i
omneparop P.

Yucao y3710B B MOIEIH, IIOCTPOCHHOM B COOTBET-
CTBHHU C aJITOPUTMOM 1, pacTeT 3KCIIOHEHIIUAJIBHO OT-
HOCUTEJIbHO YKCJia opraHusanuii. Takum odbpa3om, ani-
ropuT™ | MMeeT 3KCIOHEHIINANbHYIO CIOXHOCTB. AJl-
TFOPUTM 2 TaKKe MMEeT SKCIIOHEHIIUATbHYIO CJI0XKHOCTbD,
TaK Kak B XyJIIEeM clydae HaJo 000MTH BCe MOAAePEBbSI,
YTOOBI MOJYYUTh JTUCThsI, KOTOPHIE COOTBETCTBYIOT IO/~
TBEPKICHUIO.

Anroput™m 1: cozganue momenu DTMC-creation

BxoaHble 1aHHbIe: MHOXECTBO Map <opraHu3alusi, BepOSITHOCTb> 0rgs, KOPeHb F0of, MHOXECTBO Y3JIOB nodes
PesyabTaT: MHOXECTBO C y3JlaMU MOZAENU nodes, XpaHAIIUMX WHOOPMALIUIO O MOIETU
€CJIM JIUCT Orgs He IYCTOM, TO:
M3BJIEYb U3 JIUCTA OPraHU3aLuio nextOrg ¢ BEPOSATHOCTBIO Poyi0r,
// TOCTPOUTH MOAACPEBO C MOATBEPKIAIOIINM OTBETOM:
co31aTh Y3€ N,oy10re PONMTEIEM KOTOPOTO SABJISIETCS F0O%, € IapaMeTpoM P,
OTBETOM;
106aBUTH Y3l N,py:0r € MONTBEPXKAAIOLUIMM OTBETOM POAUTENSI B MHOXECTBO nodes,
//3aIyCTUTD aJITOPUTM PEKYPCUBHO IJISI TTIOCTPOCHUS TIOIepeBa;
DTMC-creation(copy(orgs), Nyexiore n0des);
//TIOCTPOUTH TIOIEPEBO C OTBETOM OTKa3a:
CO3IaTh Y3€I N,0y10res POAUTEIEM KOTOPOTO SIBISIETCS 100%, € TAPAMETPOM Npr/0r,
N06aBUTD Y31 N,0y;0,, C OTBETOM OTKA3a POAUTEIS B MHOXECTBO nodes,
// 3allyCTUTh aJITOPUTM PEKYPCUBHO AJisl OCTPOEHU S MOAAepeBa:
DTMC-creation(orgs, N, nodes);
€CJIM JUCT 07gs MyCTOii, TO:
€O3/aTh IBa JIMCTOBBIX y3Jla U3 KOPHS Foot C IBYMsI IIepeXoJaMU, COOTBETCTBYIOIIMMHU OTBETaM
MOATBEPXACHUS U OTKAa3a;
N00aBUTh JIMCThSI B MHOXECTBO nodes,
3aBepIICHUE aJroOpuTMA.

extOrg 1 TIONTBEPXAAIOLIMM

1 C OTBETOM 0OTKa3a,

extOrg’
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Anroputm 2: cozganue cneuupukauuu aias mogenu DTMC

Bxoaubie mannbie: MHOXECTBO y3J10B Mojenu nodes, cneundukauus B suge JHD s

Pesynbrar: cienucdukanus B suge pLTL s new

WHULIMAJIU3UPOBaTh MHOXECTBO JIMCTOBBIX Y3JIOB leqfs;

Jnsg xaxnporo aurtepana lit u3 cieunukauu s o000NTHU AepeBO BIyOb:
€CJIM OpraHM3alysl, COOTBETCTBYIOIIAS Y31y, BCTpevyaeTcs B /it, TO COBEPLIUTD IIEPEXO/l, COOTBETCTBY IOIIMIA

TMOATBECPKACHUNIO TPAH3aKIINU;

€CJIM HC BCTPEUACTCA, TO NPOAOJIKUTL NMEPEXOd IO ABYM NOAACPECBbAM: OAHO COOTBETCTBYET INOATBCPXK-

JCHUIO, BTOPOC — OTKJIIOHCHUIO TPAaH3aKIINH,;

KaXIbIi JTUCT, KOTOPBI OBLT JOCTUTHYT MpHU 00xoxie BrIyOb, 700aBUTh B MHOXECTBO leafs;

S_new = TU3BIOHKLUS Y3JI0B U3 MHOXeCTBa leafs;
J00aBUTH B HAYaJIO S_new BPEMEHHOI orneparop F;

n06aBUTh B HAYaJIO S_new BEPOSITHOCTHBIN oreparop P;

BO3BpATUTDH DOPMYITY S_Hew.

Hcnoab3oBanne Moaeau M cnenupukanuu ajsd oT-
NMPABKH TPAH3AKINHA HA moATBepxkaAeHne. [locie Toro kak
MOJIb30BaTEeNIb MOCTPOUJ MOJETb, MOXHO OTIIPABJISITh
COOOIIEHNS B COOTBETCTBUHU C 3TOI Moaeblo. OTIIpaBKa
COOOIICHNIT HaYMHAeTCs ¢ KOPHS nepeBa. Ecam moiry-
YeH OTBET IMOATBEPXKACHUS, TO COBEPIIAECTCS MEPEXO,
COOTBETCTBYIOIINIA YTBEPAUTEIBHOMY OTBeTY. Ilepexon
10 JePEeBY 3aKaHYMBAETCS, KaK TOJIBKO TOCTUTHYT ONUH
U3 TUCTheB. Eciiu TucTOBOM y3e MpUHAIJIEKUT MHOXE-
CTBY S_new, KOTOpO€ OBLJIO ITOJIY4eHO U3 aJIrOpuTM™Ma 2,
TO KOHCEHCYC 3aKaHUYMBAETCS MPUHSITUEM TPaH3aKIIUHU.
[Ipu kaxkmom mepexome OTIIpaBisIeTCS COOOIIeHUE Ha
MOATBEPXACHUE.

B HekoTOpBIX MOIESIX B Cy4yae MOJIYyIeHHUSI OTBETA
00 OTKJIOHEHMHU TPaH3aKIIMKU MOXET ObITh COBEPILIEH 00-
paTHBIM niepexon. OOpaTHBIN Tepexol BeAeT K KOPHIO
JIepeBa U MHULIMMPYET Mpoliecc 00xoma MOJAEaN 3aHOBO
oT KopHs. OOpaTHbIe TIepexoAbl YBEINUNBAIOT BEPOSIT-
HOCTb ITOATBEPXKIACHUS TPAaH3aKIIMK, HO TAKXKE YBEIUYM-
BAaIOT Y YHCJIO COOOIICHM I, IIPOIICHIINX B ceTU. MoXeT
OBbITh HAJIOKEHO OTPaHUYEHME HAa MAKCUMaJIbHOE YUCJIO
cooO1IeHuit B Moaelu. boliee metaibHO pacCMOTPUM
MpUMEHEHUE OOPaTHBIX MEPEXOA0B B pa3aesie OMMCaHu s
MHCTPYMEHTAJBbHOTO CPEACTBA.

MUHCcTpyMeHTanbHbIe cpeacTBa
aBTomMaTuyeckoun Bepudunkaumm
M NNaHUpoOBaHUSA OTNpPaBKKU COOOLLUEHUN
B NPOTOKOJSIaX MHOrFOCTOPOHHEro cornatlueHus

B mpenwbiayniem pasnesie onmucaHbl aJrOPUTMBI TTO-
nydyeHus moxenu B Buae MIIJIB, a cneuupukanum —
B Buae pLTL-dopmynsl. OnucaH nmpouecc OTIpaBKu
TpaH3aKLMU HA TTOATBEPXKIEHNE B COOTBETCTBUU C BbI-
OpaHHOIl Moaenbio. TakuM oOpa3oM, peaqr30BaHBI
aJropuTMbl B MHCTPYMEHTAJIbHBIC CPEICTBA, KOTOPHIE
COCTOSIT U3 IBYX ONMMCAHHBIX ajiee MOIYJICH.

o Consensus analyzer. JlaHHBI1 MOLYJIb TIPUHUMAET
Ha BXOJl KOHGMUTYypalUIo KOHCeHcyca. B koHburypaunu
CONEPKUTCSI MHOXECTBO OpraHu3alliii, BEPOSITHOCTD
MOATBEPKIEHU S TPAH3aKIUYW IS KaXI0W opraHu3a-
LIMHU, a TaKXKe joruueckas popmyna. [locne atoro crpo-
WUTCS MOJEJb MAapKOBCKOM HENM M BBIYMCIISIETCSI BEPO-
SITHOCTDb JOCTHMKEHHSI KOHCEHCyca U MaTeMaTHuYecKoe

oXuaaHue yuciaa coobieHuil. ONIMOHAJIbHO MOIYT
OBITH MOCTPOCHBI MOIEM IJISI BCEX BO3MOXHBIX KOM-
OMHaLMil 0OpaTHBIX MEPEXOIOB.

e Consensus scheduler. Moaynb MpMHUMAET Ha BXO/,
MoJIeJib, KOTOpas Obljla TOCTPOeHa MOMYJIEM aHaIu3aTo-
pa, a Takxke peaan3alMio JOTUKHU OTIPaBKU TpaH3aKIIUU
Ha MOATBepKaeHNE. B COOTBETCTBUU C MONIEIbIO MOIYJIb
OCYILECTBJISIET OTIIPABKY COOOINEHW OpPraHU3alUSIM
JUIS TIOATBEPXKACHUS TPaH3aKIIH.

PaspaboTaHHBII1 aBTOpaMU TTPOTpaMMHBIN MEXaHU3M
peanu3oBaH Ha s3bike Java 11. [IporpaMmMHBIit Koo MOIY-
JIeli MOXXHO HalTu B git-penio3utopun [20, 21]. B momyne
aHajM3aTopa NPUCYTCTBYET 3aBUCMMOCTb C UHCTPYMEH-
TaJIbHBIM CPEACTBOM CTATUCTHUYECKOI MPOBEPKU MO-
neneit PRISM [19]. Moayap miiaHMpoOBIIMKA HE UMEET
BHEIIHUX 3aBUCUMOCTell. Ha MOMEHT HamMcaHuUsI CTaThU
MOMYJIb OTTIPaBKM COOOIIEHN peanin3oBaH Ha Java, HO
JTaHHBI MOAYJIb MOXET OBITh peaJiM30BaH Ha JIO00M
SI3pIKE TIPOTPAaMMUPOBAHMS, TaK KaK OH He TpedyeT
BHELIHUX 3aBUCUMOCTe. DTO obecrneuynBaeT KpoccriaT-
¢dopMeHHOCTH pPabOTHl MHCTPYMEHTAJILHOTO CpPEICTBa.
Monenb MOXET OBITh IOCTPOEHA Ha OJHOM MalllMHe, T
Tpedyetrcs Java u 3aBucuMoctb PRISM. [lanee monenb
B BUJE TEKCTOBOTO (paityia B popMarte .json nepemaercs
Ha IpyTYyIo MalllMHY, KOTOpasi MOAKJII0YeHa K OJIOKYeiH-
cet. Ha 3T0if MalmnHe yCTaHOBJIEH MOIYJIb OTHPAaBKH
cooOleHui. B Tekylem pasaeie AeTaJlbHO pacCCMOTPUM
paboTy KaxIa0To U3 MPeacTaBICHHBIX BBIIIE MOMYJICH.

Consensus analyzer. DTOT MOIYJIb IPUHUMAET Ha BXOI
KOH(pUrypamuio KonceHcyca B ¢popmare .yaml. Konodury-
parus ConepXUT MMEHa OpraHU3allnii, a TAKXKE BepOsSIT-
HOCTb NMPUHATHS TPaH3aKLMU IJIs1 KaXIOH opraHusa-
. KoHdurypamuus coaepXuT yCI0BUE KOHCEHCYCa:
JIOTUYECKYIO (hOpMYITy, TIe Kaxkaas mepeMeHHast — 3TO
UMS OpraHM3alliy, YYacTBYIOlel B KOHceHcyce. s
3amycKa MOAYJISI HEOOXOIMMO COXPaHUTh €ro UCXOMHBII
kon u PRISM B onHy U Ty Xe nupekTopulio. lagee HyX-
HO 3amycTUTh make-daiin aisg monynsg u oy PRISM.
IMocne aTOro MCXomHBIN KOA OymeT CKOMITMJIMPOBAH
1 MOXHO 3alycKaTh aHaJIU3aTop. 3almycKaTh €ro MOX-
HO B IBYX peXMMax: IMEepBbIi CTPOUT OJHY MOAEIb 0e3
00paTHBIX NEPEXOA0B; BTOPOIA — MHOXECTBO MOAEJEH co
BCEMM YHUKAJbHBIMU KOMOMHALIMSIMU OOpPaTHBIX Tepe-
XOJOB OT y3Jia K KOPHIO B cllyyae, €Clii ObL1 JaH OTBET
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OTKJIOHEHUS TpaH3aKIUU. JIJ1s1 KaXXa10i MOAEIN BbIYMC-
JISTIOTCS BEPOSITHOCTD IIPUHSITUS TPaH3aKIIUM, a TaKXKe
MaTeMaTU4YeCKoe OXHAaHWe Yucjaa COOOIIEHUM, TPO-
IIEeIIINX B CETH IO TMIPUHITHUS TPpaH3aKIIUU.

Mopaynp paboTaeT ciaeayomumumMm odbpa3om. CHaya-
Jla CYMTHIBaeTCs KOHUTrypamnus, a jorudeckas ¢op-
myisa nipuBonutcsa B Bua JJH®. Ha ocHoBe anropurma
1 cTpouTcst MOZIEeIb MAapPKOBCKOM 1IEMTH, a HA OCHOBE aJi-
roputMa 2 — pLTL-¢popmyna. Eciu Moaynb 3amyliieH
B peXUMe OOpaTHBIX MEPEXOA0B, TO TaKKe BBHIYMCIISI-
IOTCSI BCE BO3MOXHBIE KOMOMHAIIMM OOpaTHBIX ITepexo-
JIOB U JJIS1 KaXIOWU CTPOUTCS MOJAEIb MAaPKOBCKOU LIEMU
u cneuudukauud. g Kaxaoil Moaean ¢ MOMOIIbIO
WHCTPYMeHTaNbHBIX cpeacTB PRISM BerumcisieTcs Be-
POSITHOCTD NOCTUKEHUSI KOHCEHCYyca, a TaKxKe MaTeMa-
TUYECKOE OXUIaHUE YKCIIa MepeJaHHbIX COOOIIEeHU T 10
TOr0 KaK TpaH3aKIUs NPUHSATA HEOOXOAUMBIM YHMCIIOM
Y4YaCTHUKOB KOHCeHcyca. Pe3yabpraTroM paboThl MOmYIS
aBiaseTcd daita B ¢opMmaTe .json, rae Kaxkaoi Moaeau
CTaBSATCS B COOTBETCTBUE BEPOSITHOCTH M YHMCJIO CO-
oO1IeHn1. Monysb CTPOUT TEKCTOBOE IpeacTaBIcHUE
KaX 10U MOMIeNIN, a TaKXe rpadmK 3aBUCUMOCTH BEPOSIT-
HOCTH MOATBEPXKACHMUS OT MAaTeMaTUYECKOI'0 OKUIaHU ST
yucna coobueHuit. ITo rpaduky noab3oBaTeslb MOXET
OIIpENeIUTh MOJe/Ib, KOTOpasi eMy HanboJiee MOIXOIHT.
BriGpaHHY0 MOJIENb UCTIOIB3YET BTOPOI MOAYJIb, TIPE-
Ha3Ha4YeHHBI# NI OTIPaBKU COOOIIECHMIA.

Consensus scheduler. /lTanHBIIT MOAYJIb TPUHUMAET
Ha BXOJ json-¢aiij, KOTOPHIi TOJydaeTcsl Ha BHIXOMAE
MomyJisi consensus analyzer. ITocie 3Toro moib3oBare-
JII0 TIpejiaraeTcsl BbIOpaTh MapaMeTphl aJITOPUTMa OT-
MpaBKM COOOIIEHWI, a TaKXe MOJEb IS OTITPaBKH.
ITapameTpaMu ajaroputMa OTHPABKU SIBISIIOTCS MakK-
CHMaJIbHOE YMCJIO COOOIIEHUI B CETH, MaKCUMaJIbHOE
YUCJIO COOOIIEHU I, KOTOPOE MOXET ObITh OTIPABJIEHO
OIHOW OpraHM3allMU, a TAaKXKe BPeMsT OXKUJAAHUS MEX-
Iy OTIIpaBKaMU COOOIIEHUII OJHOMY U TOMY Xe€ y3IYy.
Monynab paboTaeT UCXOAS U3 MPEATNOJOXEHUS, YTO
BpeMs MeXAy OTIpaBKaMM COOOIIEHUI OJisl ONHON
MW TOH Xe OpraHu3aluy JOCTATOYHO UJISI TOTO, YTOOBI
opraHu3alus U3MEeHMJa OTBET Ha IIPUHSTUE TpaH3aK-
uuu. ITopor aasg MakCUMaabHOTO YHMCaa COOOIIEHU N
MOXET IOMOYb B Clydyae, €Clii OAHA WUJIM HECKOJBbKO
OpraHu3alMii MO0 TEeXHUYECKUM IMPUUYUHAM TIepecTanin
oTBevath. [Ipeamnonaraercs, 4To NOCTUKEHME TaliMayTa
OTBETA JJIsI OPraHU3alluyu PaBHOCUJIBHO OTKJIOHEHUIO
TpaH3aKIUU.

Monyiab MOXHO MOAKJIOYUTh KaK CTOPOHHIOIO
Java-3aBucumocTth. Bo3MoxXHa uHTErpauus MOIyas
¢ ¢ppeitmBopkom HLF, koTopblit nMeeT mporpaMMHBI i
uHTepdeiic Java, mo3BoasIOLMIA 3a1aBaTh JOTUKY OT-
MMpaBKY TpaH3aKIIMK Ha MOATBEpPXAeHUE. B mporpaMm-
HBIN KOJ, THe ucrnoyb3yercsa ¢ppeiimBopk HLF, MoxHO
MOIKJIIOUUTh 3aBUCUMOCTDH MOAYJS TUIAHMPOBIIMKA,
KOTOPHBIN NMTpUMET Ha Bxof ¢haiin aHanuzaTopa. Hanee,
WCIIOIB3Yyd MPOTPaMMHBIA MHTepdeiic MIaHupPOBIIN-
Ka, MoJIb30BaTelb MOXET UHUIMUPOBATH aBTOMAaTHU e -
CKYIO OTIpPaBKy TpaH3aKIIMK1 Ha MOATBEPKIEHHUE B CO-
OTBETCTBUU C BBIOPpAaHHON MOMEJIbI0O M IapaMeTpaMu
OTIpaBKU. B ciemylonieM pasaesie pacCMOTPUM Pl
9KCIIEPUMEHTOB ¢ yYacCTHUEM pa3padOTaHHOTO MHCTPY-
MEHTaJbHOT'O CPEeNCTRBa.

3KCI16pI/IMEHTal1bHaﬂ Ol eHKa pa6OTbI
UHCTPYMEHTanbHOro cpeacTBa

I[Ipounnwocrpupyem padboTy aJropuTMOB U IIPO-
rpaMMHOTO MeXaHW3Ma Ha MpUMepe TTOCTPOEHUST MO-
e KOHceHcyca. Moaenb moxoxa Ha Ty, KoTopas
WCTIOJIb30Bajlach B TIpenbIAyIeid paboTe aBTOpoB [12]
mo »Toi Tematuke. OMHAKO B JaHHOM DKCIIEpUMEHTE
MOJIeJIb CTPOUTCS HE IUISI B3BEIIEHHOr0 KOHCEHCYyca,
a JJ1s1 KOHCEHCYyca, YCJIOBUE KOTOPOro IMpeacTaBIeHO
B BUJIE JIOTUYECKON (POPMYJIBI. DKCIIEPUMEHT TIpece-
nyeT cieayoliue 1eiau. Bo-nmepBbiXx, cieayeT Mpou-
JIIOCTPUPOBATH PAOOTY MPEIJIOKEHHOTO ITPOTPAaMMHOTO
KOMILJIeKCa U MHCTPYMEHTAaJbHBIX MEXaHU3MOB CTaTH-
cTrueckoil mposepku Moneneit PRISM nmnsa ananusa
MPOTOKOJOB KOHCeHcyca. Bo-BTopbiXx, HEOOXOOUMO
IIPOBEPUTH KOPPEKTHOCTH PAOOTHI MHCTPYMEHTAJILHOTO
CpEICTBAa U aJITOPUTMOB. B aTHX LesIX U3MEHUM Mapa-
MeTpPbI KOHCEHCYca U TIPOBEPUM, KaK MEHSIETCS Pe3yJIb-
TaT, KOTOPBIA MOKAa3bIBAET IIPOrPAMMHBIA MEXaHU3M.
PaccMoTpuM KOHCEHCYC, B KOTOPOM YYaCTBYIOT TpH
OpraHu3allid ¢ COOTBETCTBYIOLIMMU BEPOSTHOCTIMU
TOATBEPKIEHU ST TPAH3AKIIMW, KOTOPbIE TTIPUMEH SIJTUCh
B pabote [12]:

e opranuzanus 1, ums Orgl, BEpOSITHOCTH TOA-
TBepxaeHus TpaH3akuuu 0,93;

e opra"Hmzanusg 2, umsa Org2, BEpOSITHOCTD TOA-
TBepxXaeHus TpaH3akuuu 0,99;

e opranusanus 3, ums Org, BEpOSATHOCTb TMOJ-
TBepxXaeHus TpaH3akuuu 0,98,

YcnoBre KOHCEHCYCa BBITJISIAWUT CIEIYIOIIUM o0pa-
30M: TpaH3aKIMsI MPUHUMAETCSI CEThIO, €CJIU OOJIBIIMH-
CTBO OpraHM3allMii, yYaCTBYIOIIMX B MpaBuUJjie 0mo0pe-
HUS$, IOATBEpAUIN TpaH3akuuwo. B Buge nornyeckou
(opMyIBI 3TO yCIOBME MOXHO 3aImvcaTh CIeIYIONINM
oOpa3om:

(Orgl AND Org2) OR (Org2 AND Org3)
OR (Orgl AND Org3).

Mognenb, TIOCTpOeHHAs IS TpeX OpraHu3anuii 1Mo
aaroputmy 1, nmpeacraBiaeHa Ha puc. 1. Pazdoepem moa-
pobHO Tipoliecc mocTpoeHus. CHavana U3 MHOXeCTBa
opraHu3aluii BbIOMpaeM MepBYI0 OpraHM3alnio, KOTO-
pyIo TIOCTaBMM B KOpeHb, 3T0 Orgl. [lanee, cTpouM OT
Hee JBa pedpa: OMHO COOTBETCTBYET MOATBEPKICHMIO
TpaH3aKIUHI; BTOPOe — OTKJIOHEeHUI0. COOTBETCTBEHHO,
rnepexoi o pedpy, KOTOPOE COOTBETCTBYET IOIATBEPXK-
IEHWIO, CIIyJaeTcs ¢ BeposaTHOCTRIO 0,93, a Mo BTOpOMY
pedpy, KOTOpOE COOTBETCTBYET OTKJIOHEHHUIO, C BEPO-
ATHOCTBIO oTKJIoHeHUIO 0,07. Janmee BeIOMpaeM BTOPYIO
OpraHM3alMIo U3 MHOXeCTBa, 3T0 Org2, U peKypCUBHO
IIPUMEHSIEM aJITOPUTM | K JIeBOMY U IIpaBOMY ITOIIepe-
BbSIM C HOBBIM KopHeM Org2. I1oToM aHaJIOTMYHO CTPO-
UM TIONIePEeBhs AJisd opraHu3anuu Org3, U OT KaxXI0ro
y3J1a, KOTOPbIil COOTBETCTBYeT Org3, CTpOMM IIBa JIU-
CTOBHIX y3JIa, TaK KaK 3TO MOCJEAHSIS OpraHM3aluns 13
MHOXecTBa. Mojesib MApKOBCKOM LIETH [JIST aITOpUTMa
KOHCEHCYyca MOCTPOoeHa, Aajiee pacCCMOTPUM ITOCTPOCHUE
creubUKauy 111 MOICIIH.

B cooTBeTCTBUM C aIrOpUTMOM 2 IJIS TIOCTPOCHUS
cneun@UKaK IPOXOAUM AEePEeBO MAapKOBCKOM IIEMHU
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Puc. 1. Monear MapKoOBCKO#i enu 1Jisi IPOTOKOJIA KOHCEHCYCA

BIJIYOb IJISI KaXJAOro JuTepana. PaccMoTpum Ha mpu-
mepe nurepana (Orgl AND Org2). Ot y3na O, Ko-
TOPBIA COOTBETCTBYET opraHu3zanuu Orgl, mepexoaum
1o mpaBoMy pebpy, Tak Kak Orgl IpUCyTCTBYET B JIU-
TepaJjie, a MpaBoe pedpO COOTBETCTBYET NMPUHITUIO
TpaH3aK1UU. AHaJOrUYHO 1is y3na O,, TaKXe nepe-
XOAUM TI0 TIpaBoMy pedpy. Opranuzanus Org3 He TTpu-
CYTCTBYET B JIMTEpaje, IMO3TOMY COBepIIaeM IIePeXo.
KakK 1o MnpaBoMy, Tak U Mo JeBoMmy pebpam. B urtore
nojyyvarorcs y3iabl O, O, KOTOPbIE COOTBETCTBYIOT
MNPUHSITUIO TPAaH3aKIIUH.

BbuIn paccMOTpeHBI Y3JIbl TOJBKO JJs TIEPBOIO JIM-
Tepajia. AHaJOTMYHO MOXHO IOJYUYMUTh y3JIbl, KOTOPhIE
COOTBETCTBYIOT NMPUHATHUIO TPaH3aKLMU M5
BTOPOro W TpeThero JurepanoB. Ha puc. 1 atu
y3J1bl 0003HaYeHbl KBagparaMu. st JocTuke-
HUS COTJIallleHUWs IO MPUHSATHUIO TPaH3aKIUU
HEOOXOAMMO TIOCETUTh XOTS ObI OAUH U3 y3JIOB,
TMMO3TOMY CTPOWM MU3BIOHKIINIO Y3JIOB, KOTOPHIE
COOTBETCTBYIOT IIPUHSITHIO TpaH3aKOUHU. Tak
KaK HEOOXOIMMO ITOCETHUTH y3eJ OOWH pa3, TO
CTaBUM Iepel NU3BIOHKIIUEN BPEMEHHOM OIle-
patop "Eventually”". B cooTBeTCTBUM C aNaropur-
MOM 2 crieuudukanus ajiasi MapKoBCKOU 1enu
BBITTIAAUT TaK:

P =2[F(0,, OR O, OR Op; OR Op).

Takum obOpa3om, aeTaibHO pa3odpaHO IO-
CTPOCHUE MOIEIHN W CIleIuPUKAINNA, KOTOpPHIE
aBTOMATUYECKHN CTPOSITCS C IOMOIIBIO MPO-
TpaMMHOTO MOAYJs consensus analyzer. [laiee
3allyCTUM UHCTPYMEHTaJbHbIE CPEACTBA U IO-
JIYYUM BE€POSTHOCTb NMPUHSITUS TPaH3aKLUU.
Cnenndukaunio mpoToKoJia KOHCEHCYca MOKHO
Ha¥iTh B git-penosutopun [20].

CHayaJa 3armyckaeM aHaJIu3aTop 6e3 o0paTHBIX Iepe-
X0moB. BeposATHOCTh MOATBEPXKACHW S TPAaH3aKIIMKU PaBHA
0,997728, cpenHee YUCIO COOOIIEHUIN OO0 TOCTUXEHUS
KOHCeHcyca — 3. DTOT pe3yJibTaT COOTBETCTBYET OXU-
JaHugM. Tak Kak BepOSITHOCTD IMTOATBEPXKACHUS KaXKI0M
OpraHM3alliM TI0 OTACIBHOCTHA BBICOKA, TO M UTOTOBas
BEPOSITHOCTH NMPUHSTUS TPpaH3aKIHUU OyIeT BHICOKAS.
[IpyHMMaeM BO BHUMaHHUE BCEro OAMH pPayH.I MOMd-
TBEPXACHUS U TPU OPraHU3aLUKU — OXMIAEMOE YUCIIO
COOOIIEHN T TaKXKe paBHO TPEM.

Janee 3amyckaem aJropuTM aHajim3a ¢ 0OpaTHBIMU
nepexomamu. OmHa U3 Mojaeiell ¢ 0OpaTHBIMU TIePEX0-
JaMU IIPOMJIIIOCTPUPOBaHa Ha puc. 2.

Puc. 2. Moaeas MapKoBCKOii Iienu ¢ 00paTHBIMH NEpPeXoaamMu
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BribpaHa Momenb ¢ 0OpaTHBIMU TlepexoJaMu, KOTO-
pasi COOTBETCTBYET HAMOOJbIIEH BEPOATHOCTHU AOCTU-
JKEHMSI KOHCEHCyca IPpU HauMMEHbIIeM 4Yuciie cooOlie-
HUU. BeposITHOCTh NMPUHSITUSA TPaH3aKI MU paBHa 1,
MaTeMaTMuyeCcKoe OXUAaHue yucia coodlueHuit 3,2212.
Kaxk BumHO Ha puc. 2, Bce TIepexonbl BEAyT K JIUCThSIM,
KOTOpbIE COOTBETCTBYIOT MPUHATUIO TpaH3akuuu Oy ,
O, UTO [aeT CTOMPOLEHTHYIO BEPOSATHOCTh MOATBEP-
KICHUST TPaH3aKIINH.

Tenepsb paccMOTpUM, KaK MEHSIETCSI pe3yJIbTaT aHaI!-
3a IIpY U3MEHEHHN U ITapaMeTpoB KOHceHcyca. [TomHuMem
BEPOSITHOCTD MOATBEPKICHUS TPaH3aKIIMU IS TIEPBOM
¥ BTOpoii opranuzanuii 1o 1. [IporpaMMHBI MeXaHU3M
MOKa3bIBaeT, UTO BEPOSITHOCTh MPUHSTUS TpaH3aKLMUU
B 9TOM cjiyyae Takxke paBHa 1. DTo oxumaeMo, TaK Kak
B cnenubuKalid BepOSITHOCTb, YTO MEPBBIA JUTepa
OyneT BepeH, paBHa 1.

[TpoBeneM MPOTUBOITONIOXHBIM 3KCIIEPUMEHT: CHU3UM
BEPOSITHOCTD IMTPUHSATHS TPAH3AKIIU Y IS OpTaHU3ALIUKA
3 mo Hy7s. B 3TOM ciy4ae aHaIM3aTop MOKa3bIBAeT, UTO
BEPOSITHOCTh MPUHATHUS TpaH3akiuu paBHa 0,9207. DTo
TaKXXe COOTBETCTBYET OXMIAHMSIM, TaK KaK 3TO YHMCIIO
PaBHO IIPOU3BEACHUIO BEPOSITHOCTEH MEPBOM U BTOPOM
opranuszauuii: 0,93 x 0,99 = 0,9207.

Htak, mokazaHo, 4TO pe3yJbTaThl 9KCIIEPUMEHTOB,
MOJIyYEHHbIE B X0/1€ paOOTHl MHCTPYMEHTAJIbHOI'O CpeI-
CTBa, COBIIaAAIOT C TEOPETUUYECKMMU pacueTamu. Hasee
ONHY W3 MoOJeJieii MOXHO IepeaaTh Ha BXOJ MOIYJIO
consensus scheduler. Moayiab consensus scheduler mo-
3BOJISIET BHIOpPATh MOIEIb C HAMMEHBIIUM MaTeMaTH-
YeCKUM OXMIaHUEeM Yucjia COOOIIeHUM B CEeTU, UM
MOJIEJTb C HaWBBICIIIE BEPOSITHOCTHIO TTOATBEPKICHNS,
60 JI00YI0 OIPYTYI0 MOIENIb, TOCTPOSHHYIO MOMYJIEM
consensus analyzer. BeiOop Momean ocTtaeTcsl Ha YCMO-
TpeHUE TI0JIb30BaTeIs.

3akntouyeHue

B HacTog1ieill paboTe mpencTaBieHbl pa3paboTaH-
HbIE aBTOPAMU aJITOPUTMBI TOCTPOEHU ST MOZAEJIY U CIIE-
nudbUKaIUU JJIs1 IPOTOKOJIOB KOHCEHCYca, 3alaBaeMoi
B Buje Joruueckux gopmyna. IIpoageMoHCTpUPOBAHO,
KaK Ha OCHOBE BBIOpAHHOW MOJEIW IMOJb30BATEJb
MOXET aBTOMAaTUYECKU OTIPABJSITh TPAaH3aKIIMU Ha
noaTBepxaAeHUe. PazpaboTaHHBIN TPpOrpaMMHBIN Me-
XaHU3M peajn3yeT MpeajokeHHbie anroputTMmbl. OH co-
CTOUT U3 JABYX MPOrpaMMHBIX Moayieil. Moaynb st
aHaJM3a KOHCeHcyca consensus analyzer ompenensieT
BEPOSITHOCTb MPUHSITHUS TPAH3aKI[MU, a TAKKE MaTeMa-
TUYECKOE OXUAAHUE YUCJa COOOLIEHU, MPOIIEIIINX
B CETH NI0 TTOATBEPXKIEHUS TpaH3akuu. [locie sToro
pe3yJibTaT aHaJau3aTopa MOXET ObITh MepeaaH MOAYIIIO
consensus scheduler, KOTOpbIi MHULUUPYET OTMPABKY
COOOIIEHUU B COOTBETCTBUU C BHIOPAHHOUW MONENBIO.
Pa3paboTaHHBII TPOTpaMMHBIN MEXaHU3M MOXET OBbITh
nHTerpupoBaH ¢ (ppeiimBopkom Hyperledger Fabric.
IMepcrieKTMBHBIM HAMPABIEHUEM SIBJISIETCSI €70 UCTIONb-
30BaHUE B MPOMBIIIJIEHHBIX CUCTEMaX, a TaKXe Mpo-
BeJleHUE UCIILITAHUI C MOMOIIbIO MeToda ab-test [22]

C LIeJIbIO BBISIBUTH M3MEHEHUE 4YMcja MOATBEPXKICHUS
TpaH3aKLIWK ¢ pabOTOIl MHCTPYMEHTANIBHBIX CPEACTB
u 6e3 HUX.
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One can use a multi-party agreement in distributed ledger systems and blockchain networks to reach an agre-
ement on changes of the state of the system. If one of the network members proposes a transaction, then certain
network participants shall confirm it. After that the whole network can consider transaction as a valid one. A multi-
party agreement or consensus determines the composition of these participants. Based on the historical data set,
one can calculate the probability of confirming a transaction for each of the participants. In this paper, we use a
statistical model checking approach to determine the likelihood that the network accepts a transaction. Sending
confirmation requests may require an additional fee. We calculate the probability, and the mathematical expecta-
tion of the number of messages before reaching a consensus. Further, consensus models are built in the form of a
Markov chain with various strategies for sending messages. Based on the proposed methods, we design a tool that
automatically builds models for various strategies of sending messages and verifies the model using a statistical
model verification approach. After choosing the optimal model, one can send confirmation messages using the
scheduler module of developed tool.
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Fig. 10. Clustering Agglomerative Average
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Fig.13. Clustering Agglomerative Complete
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Fig. 18. Clustering the method Fig. 19. Doc2Vee DBOW clustering
of simple cosine distances
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