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BeKkTopHble Moaenu Ha OCHOBe CUMBOJIbHbIX
H-rpaMmm Ansa Mopc¢onorM4eckoro aHanu3a TeKCToB

I[.I". I'ykacsn, ORCID: 0000-0003-2389-517X <tsggukasyan@ispras.ru=>
Poccuiicko-Apmanckuti ynugepcumem,
ya. Oscena Omuna 123, Epesan, 119991 PA

AnHoTanusi. B pabore mpeactaBmsAioTcs MoaupuKanud Monenu BekTopoB fastText, ocHoBaHHBIC
UCKIIIOUMTEIbHO Ha H-TpaMMax, i MopdoJormueckoro anammsa TekcroB. fastText - Gubimorexa mjis
KIacCH(UKAIlMM TEKCTOB M OOYdYeHWs BEKTOPHBIX IpeacTaBieHHd. I[IpencraBieHne KakIOro CJlIoBa
BBIYHCILIETCS KaK CyMMa €ro OTAGIBHOTO BEKTOpa M BEKTOPOB €ro CUMBOJBHBIX H-rpaMM. fastText xpaHur u
HCIIOJNB3YeT OTAENBHBIA BEKTOP IUIS LIEJIOT0 CJIOBA, HO BO BHECIIOBAPHBIX CIIydasX TAKOH BEKTOP OTCYTCTBYET,
YTO NPUBOJUT K yXYy/UICHUIO KauyecTBa MOJIy4aeMOro BeKTopa ciioBa. KpoMe Toro, B pe3yibTaTe XpaHEHHs
BEKTOPOB JUISl IETBIX CIOB, Mojenu fastText 0OBIYHO TPeOYIOT MHOTO MaMATH JUIA XpaHEHUs u 00paboTKH
OTo CcTaHOBUTCA OCOOCHHO mpoOIeMaTHYHO I MOPQOJIOTHYECKH OOTaThIX SA3BIKOB, YUYUTHIBAS
MHOTOYHCICHHOCTh cnoBodopM. B omnmmume ot ucxomHoit Mozmenu fastText, mpeanaraemble BapHaHTBI
HCIIONB3YIOT TOJNBKO MH(pOpPMAIMIO 00 H-rpaMMax CJIOBa, H30aBisis OT 3aBUCHMOCTH OT BEKTOPOB Ha YPOBHE
CJIOB M B TO K€ BpeMs ITIOMOTasi 3HAYUTEILHO COKPATUTh KOJIMYECTBO IapaMeTpoB B Mojend. [Ipemnaraercs
IBa crocoba wn3BieueHUs] MHGOPMAIMU W3 CJIOBA. BHYTPEHHHE CHMBOJIBHBIE H-TPaMMBI H CY()(HKCEL
Monenu Tectupyrotcst Ha koprmyce CunTarPyc B 3amaue MOpQOIOTHUECKONW pasMETKH W JIEMMAaTH3aI[HU
PYCCKOTO sI3bIKa, M TIOKA3bIBAIOT PE3y/IbTAaThl, CPABHUMBIE C HCXOIHON Mozenbio fastText.

KuiroueBble c10Ba: BeKTOpa clioB; Mopdonorndeckuii ananms; lemmatization

Jasn outupoBanus: ['ykacsn II.I. BekropHble Momenu Ha OCHOBE CHUMBOJIBHBIX H-TpaMM Ul
mop¢onorndeckoro anamuza TekcroB. Tpymst UCIT PAH, tom 32, Bem. 2, 2020 r., ctp. 7-14. DOI:
10.15514/ISPRAS-2020-32(2)-1

Baaromapnoctu. Asrop Gnarogaput Emunbansia E.M., Aserucsna K.1., Koponesa C.H. u Maiioposa B./I.
3a MOMOIIb B pa3paboTKe M IKCIIepHUMeHTax, a Takxke Typaakosa [[.1O., Annpuanosa 1.A., XauarpsHa I".A.,
Tpudonosa B./l. 3a 11eHHBIE OT3BIBBI 1 00CYXKJICHUSL.

Character N-gram-Based Word Embeddings for
Morphological Analysis of Texts

Ts. Ghukasyan, ORCID: 0000-0003-2389-517X <tsggukasyan@ispras.ru>
Ivannikov Laboratory for System Programming at Russian-Armenian University,
123 Hovsep Emin str., Yerevan, 0051 Armenia

Abstract. The paper presents modifications of fastText word embedding model based solely on n-grams, for
morphological analysis of texts. fastText is a library for classifying texts and teaching vector representations.
The representation of each word is calculated as the sum of its individual vector and the vectors of its
symbolic n-grams. fastText stores and uses a separate vector for the whole word, but in extra-vocabular cases
there is no such vector, which leads to a deterioration in the quality of the resulting word vector. In addition,
as a result of storing vectors for whole words, fastText models usually require a lot of memory for storage and
processing. This becomes especially problematic for morphologically rich languages, given the large number
of word forms. Unlike the original fastText model, the proposed modifications only pretrain and use vectors
for the character n-grams of a word, eliminating the reliance on word-level vectors and at the same time
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helping to significantly reduce the number of parameters in the model. Two approaches are used to extract
information from a word: internal character n-grams and suffixes. Proposed models are tested in the task of
morphological analysis and lemmatization of the Russian language, using SynTagRus corpus, and
demonstrate results comparable to the original fastText.

Keywords: word embeddings; morphological analysis; lemmatization

For citation: Ghukasyan Ts. Character N-gram-Based Word Embeddings for Morphological Analysis of
Texts. Trudy ISP RAN/Proc. ISP RAS, vol. 32, issue 2, 2020. pp. 7-14 (in Russian). DOI:
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1. BeedeHue

BekTopa cJ10B IIMPOKO U YCHENIHO UCIIOIB3YIOTCS BO MHOTHX 3a7ia4ax 00pabOTKH €CTECTBEHHOTO
S3bIKa, HO OHH HMEIOT CEpbe3HBIC HEJNOCTATKU Uil OOpabdOTKM PENKHUX CIOB MJM CIOB H3
CJIOBApHOTO 3amaca, JUIsi KOTOPBIX BIIOXKEHHUS! JMOO HENOCTYIHBI, JIMOO HEYNOBJIETBOPUTEIbHBL
DT0 0COOEHHO MPOOJEMATUYHO JIT MOP(OIOTHUECKA OOraThIX SI3BIKOB, TNIE JICKCEMBI UMEIOT
MHOTO peIKuX CciloBoGOpM. BekTopHbIe TpencTaBieHHs CJIOB Ha OCHOBE IIOJICIOB OBLIH
HONYJISIPHBIM HamlpaBlIeHHEM HCCICIOBaHMN B MOCIEAHUE TOAbl. B HUX CIOBO paccMaTpHBaeTCs
KaK MEIIOK IMOJCIIOB, M HCIOJB3yeTCs HCKIIOYHMTEIBHO 3Ta BHYTPEHHsA HHGbOpMamus Uit
COCTABJICHHUSI BEKTOpA LIEJIOr0 CJIOBA, MO3BOJISAS MONYYaTh BEKTOPA AU BHECIOBAPHBIX CIIOB U TEM
caMbBIM TIOMOTasi IIPEOJOJIeTh NpOOJeMYy pa3peKEHHOCTH [aHHBIX. PaHHHWE MONMBITKH OBLIH
COCpPEOTOYCHBI HAa BOCCTAHOBJICHUH NPenoOy4YeHHBIX BeKTOpoB [1-4]. OxHako, 3TH MOAXOBI MO-
npekHeMy TpeOOBalM IPEABAPUTENLHOTO OOyYeHHsT BEKTOPOB Ha YPOBHE CJOB U OBLIM
pa3paboTaHbl CrenuanbHO Uil 00pabOTKM BHECIIOBapHBIX ciiydaeB. [locienyromue HOAXOMbI
ObUTH HampaBlieHbl Ha 00y4YeHHE BEKTOPOB MOP(HEMOIONOOHBIX IOJCIOB HEMOCPEACTBEHHO. B
9THX paboTax IOJydyeHHEe BEKTOpa CJOBa IPOM3BOJMIIOCH Yepe3 arperupoBaHUE BEKTOPOB
MOJICTIOB C TIOMOIIBIO OOBIYHOTO YCPEAHEHHS, PEKYPPEHTHBIX ceTell min Mexanusma self-attention
[5-6].

fastText [7] — 6ubnuoTeka mist KiIacCcu(pHUKAIMH TEKCTOB U O0YUEHHUS] BEKTOPHBIX MPEICTABICHHIA.
B nocnennem pexume fastText yuut npencTaBieHUs CIIOB C MCIOJIb30BAHUEM CHMBOJIBHBIX H-
rpammMm, o0yduas HeiiponHyio ceth Buma SkipGram win CBOW Ha Hepa3MeueHHBIX TEKCTax.
[pencraBneHue Ka)xa0ro CJI0Ba BEIYHCIIAETCS KaK CyMMa €ro OTJAEIBHOIO BEKTOPa U BEKTOPOB €r0
CHUMBOJIBHBIX H-TpaMM. OTcrofa BeITekaeT npeumyiiecTBo fastText mo cpaBHEHHIO C IPYrHMH
MOJCIISIMH BCTPAaUBaHHs CIIOB, 3aKITFOYAFOLIEECs B TOM, YTO OH MOXKET BBIUHMCIISATH MPEACTABICHUE
IUIs ciioBa BHe ciioBapHoro 3amaca (OOV), ucnone3ys ero CMMBOJIBHBIE H-rpaMMbl. Kak BHIHO,
fastText XpaHHT ¥ WCHONB3YeT OTHENBHBIA BEKTOp Ui LEJIOr0 CJIOBa, HO BO BHECIOBApHBIX
cilydassX TaKOW BEKTOp OTCYTCTBYET, YTO INPHBOAUT K YXYAUICHUIO KayecTBa IOJIY4acMOTo
BekTopa ciioBa. Kpome TOro, B pe3ysbrare XpaHeHHs BEKTOPOB IS 1IeJIbIX clioB, mojenu fastText
00BIYHO TPEOYIOT MHOTO TaMSITH Ul XpaHeHust U 06pabotku (Momemn BekTopoB oT Facebook,
obyuennbie Ha Common Crawl, secsat 7,3 T'b u 4,5 T'b B dhopmarax .bin u .vec COOTBETCTBEHHO
[8]). DOto craHoBUTCA ocoOeHHO mpobiaemaTuyHO HJIsi MOp(dOIOrHUecKkn OOTraThIX S3BIKOB,
YUUTBIBasE MHOTOYHCIEHHOCTh cloBodopM. B pesynbrarte, Ui Takux S3BIKOB IIOJIYy4YarOTCS
MOJIENIM, MMerone OoJbIIoe KOJMYECTBO IIapaMeTpoB M Tpedyiomue MHOro mnamst. [lo
CPaBHEHHUIO €O CJIOBO(OPMAMH, CIIOBAPh MOJCIOB HMEET, KaK IpaBHJIO, MEHBUIMHA pasMep M
MO3BOJISCT HOJIYYaTh MOJEIH CO 3HAUYUTENILHO 00Jiee MalIeHbKUM YHCIIOM MapaMeTpOB.

B aroii pabote paccmarpuBatotTess Mogudukanun fastText, KOTopble ynansioT BEKTOpa HA yPOBHE
CJIOB M3 MOJICNI M OCHOBBIBAIOTCSI TOJIBKO Ha CUMBOJIBHBIX H-TpaMMax [isi 00y4eHHUs ¥ TeHepaluu
NpenCcTaBICHUH. 3a UCKIIOYEHHEM HCIOJIb30BaHHS TOJIBKO H-TPAMM IIPH BBIYHCICHHH BEKTOpA
CIIOB, MPEICTABICHHBIC MOJIEITH B OCTAIbHOM He oTimyarorcs ot fastText. [IpennoxeHHble MOACTH
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TCCTI/IpyIOTCSI B 3aJa4dc MOp(l)OJ'IOI‘I/I‘leCKOI‘O aHaJIM3a MW JIEMMaTUu3alunu pyCCKHX TCKCTOB U
nokaspIBa€M, 4YTO OHH ILGMOHCTpI/Ipy}OT p€3yJ'II>TaTI>I, COIIOCTaBUMBIC C I/ICXOI[HOﬁ Bepcneﬁ
fastText.

2. O630p modenel

B atom pasnene onucanbl Mozenb Bektopo fastText u aee ee momudukamun — no-fastText u so-
fastText, mo3BossiroLIKe MOTYyYaTh BEKTOPA HA OCHOBE CHMBOJIBHBIX H-TPAMM.

2.1 fastText

B pexume 6e3 yuntens fastText oOydaer mpesicraBienus cioB. IIpu 00yYeHHH HCIIONB3YETCS
HelpoHHas ceTh ¢ apxutekrypoit CBOW wimu SkipGram [13]. SkipGram nmpuHHMAaeT B Ka4ecTBE
BXOJIHBIX JIaHHBIX BEKTOPHOE TMpPEACTaBICHHE CJIOBa U TMPUMEHSET MOJHOCBSI3aHHBIN CIOU C
softmax aktuBanuei Uil OPOTHO3UPOBAHMS €r0 KOHTEKCTHBIX CJIOB. CeTh XpaHUT OTACIbHBIN
BEKTOp UISI KaXJOTO CJIOBAa M OTpaHMYEHHOE KOJHYECTBO BEKTOPOB MJS H-TPAMM CHMBOJOB.
[IpencraBneHne Ka)KIOTO CIOBA BBHIYHCIIACTCS KaK CyMMa €ro BEKTOpa M BEKTOPOB H-TPAMM €ro
CHUMBOJIOB:

max n-—Kk+1

V= WTEW + Z z SkiTEs (1)

k=min i=1
Output = V+E' (2)
|Wx1 v
rae W — MHOKECTBO CJIOB; S — MHOKECTBO CUMBOJIBHBIX H-TpaMM; W € Z — YHUTapHBIA KO

CIIOBA; Syie € Zlfl}(l — YHHTapHbIi KOJ| CHMBOJIbHOM H-rpammel; E,, € RIWXdm y po e RISikdim _
MaTpHulbl BEKTOPOB CJIOB U CUMBOJIBHBIX H-T'pPaMM COOTBETCTBCHHO, k — MJIMHA H-TPaMMBbI (mm u
max — runepnapametpsl); E' € RY™XIWI _ mapamerprr BexomHoro cnos. B peamusamum Mozenn
CHMBOJIbHbIE H-TPaMMBI OTOOpaKarOTCSi BO MHOXECTBO MEHBIIETO pa3Mepa C IOMOIIBIO
XCIIHUPOBAHUA. Koma BCTPEYACTCA HE3HAKOMOC CJIOBO, €T0 MPEACTABJIICHUE BBIYUCIIACTCA KakK
CyMMa BEKTOPOB H-TPaMM.

B fastText Bmecto softmax BbIXOJHBIE 3HauyeHHs 00OpadaTHIBAIOTCS OT/AENBHO, Kak B 3ajadye
OuHapHO#l Kiaccupukauuu. MaTpuibl BEKTOPOB ¥ IIapaMeTpbl BBIXOIAHOTO cJ0si 00yd4aroTcs
MyTeM 00paTHOTO PAacHPOCTPAHEHHs OUIMOKU C MCIOJIB30BaHUEM HETATHMBHOTO CEMIIMPOBAHUS U
CTOXAaCTHYECKOr0 TPaJUCHTHOTO CIIyCKa.

2.2. Ngrams-only fastText

B ngrams-only fastText (no-fastText), mepBoit paccmarpuBaemoit moampukarmu fastText, Bo
BpeMs OOydeHHMS M TeHepalMd MPEeACTaBICHUS CJIOBa WUTHOPHUPYETCS BEKTOp LENOTO CJIOBa H
YYHUTBHIBAIOTCS TOJBKO H-TPAMMBI CHMBOJIOB. BEKTOp BBIUUCIAETCS CIEAYIOIIMM 00pa3oMm:

V= Z Z su’Es 3)

k=min i=1
B octanmsHoMm Mopmens uiaeHtnuHa fastText. JlaHHas MoJenb OCHOBaHA Ha TPEIINOJIOKEHUHU, UTO
CUMBOJIBHBIE H-TPaMMBI CJIOBa HECYT JOCTaTOYHO HH(MOPMAIMH, YTOOBI BOCCTAHOBHTBH €O
3HayeHue. [lo cpaBHEHHMIO CO CIIOBaMHM, CJIOBApPHBIA 3amac CUMBOJIOB H-TPaMM OrPaHUYEH, U C
UCIIOJIE30BAHUEM XCIIUPOBAHUS OHH OTOOpakaloTcs B (UKCHUPOBAHHOE YHUCIO BEKTOPOB.
CnenoBatenbHO, MOIUGUIMPOBAHHAS MOJICTh MMEET 3HAYHUTEIFHO MEHbBIIE MapaMeTpoB, YeM
HCXOIHAs.
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2.3 Suffixes-only fastText

Bropas npemnoxennas moaudukamums (suffixes-only fastText; so-fastText) aHamorn4na nepsoi,
HO C)KUMAeT MojIelb elle Gobiie. OHA UCKIIF0YaeT BHYTPEHHUE H-TPAMMBbI CHMBOJIOB U3 MOJIEH,
OCTaBIISISL TOJIBKO H-TPaMMbI, KOTOPHIE B KOHIIE CJIOBa, TO ecTh cyddukcel. [IpencraBienue ciosa

BBIYHCIIIETCS KaK CyMMa BEKTOPOB €r0 CY(QQHUKCOB Sy
max

V= Z siTE; (€))
k=min

[IpennonoskeHue, Jiexkamiee B OCHOBE 3TOW MOJEIH, 3aKIOYACTCA B TOM, 4TO CY((HHUKCHI MOTYT
collepKaTh JOCTaTO4YHO HH(poOpMaImu O (GopMe CIoBa, HEOOXOAMMOW Ui MOP(HOIOTHUECKUX
3aga4 [14]. HecMoTpst Ha TO, YTO M3MEHEHUsI MO3BOJIIOT elle OOJbIE COKPATHTh CIOBApPHBIM
3amac, ¢ y4eTOM peau3allii U MCIOJb30BAHUS XCIIMPOBAHUS KOIHYCCTBO MApaMETPOB OCTACTCS
HEM3MEHHBIM 10 cpaBHeHuIo ¢ NO-fastText. B To e Bpemsi, B 3TOM MOAUPHUKAIIUN TEOPETUUECKH
MeHee BbIpaxkeHa mpobiema komwm3uii w3 fastText m no-fastText, rme pasHble H-rpaMMbI

0T06pa>1<a}0Tc;{ B OMH U TOT K€ BEKTODP.

| mwcenaywa
I
- N
cnoao — ~~H-TPaMML1
4 Moo tstTom
/ \
/ ,...‘..,...........\.,...,..,g.g“n“[....,....‘
|f : '1 : 4 go-tastToxt -
v H - : 1
lenmenayia>  :lenm| amel.... |yia ||xa>

i sl v

BEKTOpa

| J eigdeaiiii
sapreaisennipdie e d
=

e

\ Y

I

¥

HTOroBLIN
BEKTOD CNOBA

Puc. 1. Boiuucnenue eexkmopa ciosa ¢ mooensix fastText, no-fastText, so-fastText
Fig. 1. Word vector calculation in fastText, no-fastText, so-fastText models

3. 9kcnepumeHmMbI

B »stom pa3acic oOmnMcCaHbl MMapaMeTpbl 3SKCOCPHUMCHTOB 10 OIPCACIICHUIO 3(1)(1)CI(TI/IBHOCTI/I
NMPEAJIOKCHHBIX H3MEHEHHH B MOJCJIN BEKTOPOB fastText. beum MMPOBEACHBI SKCIICPUMECHTBI IJISL
OLIEHKH IIPOU3BOJUTEIBLHOCTH no-fastText u so-fastText B 3amaue MOP(HOJOTHYECKOTO aHalu3a |
JIEeMMAaTH3a1MU PYCCKOTO s3bIKA [0 CPABHEHHIO C OPUTHHAJIBHOM Bepeueit fastText.

3.1 BekTopHble npeacTaBneHus
Jliist Bcex BeKTOpoB ObUI Mcnoib3oBaH pasmep 200 BMecTo 3HaueHus o ymosrdanuto 100, Tak kak
CoNLL Shared Task 2018 moxa3zana, uto 6ojiee BBICOKHE pa3Mephl JIydllle MOAXOISIT JIs
Mop¢omormueckoro aHanmsa [15]. B cHMBOJIBHBIX H-TpaMMOB BO BCEX MOJIEIAX HMCIOIB30BAJIACH
MUHHMaJIbHAS [UIMHA 3 M MaKCHMaybHas juinHa 6, u Obuio 3amaHo orpanumuenue 100000 mms
obmero umciaa wx BeKTOpoB. Takxke, ciaoBaps Obul orpanwmdeH 400000 Hambojee YacTHIMU
cioBamH. {7151 OCTaIBHBIX TApaMETPOB OCTABHIIN 3HAYCHHS MO0 YMOJTIAHHUIO.
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3.2 ApxuTeKkTypa aHanu3sartopa

st MOpOTIOrHYecKoro aHanM3aTopa M JeMMaTH3aluH OblIa HCIIOIb30BaHA HEHPOHHAS CETh, B
nenoMm mnpunepxuBaromascs apxurekrype COMBO [16] m3 CoNLL Shared Task 2018, c
HEOONBIIMME U3MEHEHHSAMH, KaK HCTob3oBanue highway-cnoes [17] mis nmpuU3HAKOB HA OCHOBE
CHMBOJIOB CJIOBA.

B kauecTBe BXOJHBIX HAHHBIX HCIIOJIB3YIOTCS 2 KOMIIOHEHTAa: BEKTOpP CIOBa M PE3YIbTaThl 3-
CJIOMHOM pacIlIupsIoLIeiicss CBEpTOYHOM CETH Hajl CUMBOJIAMH.

Bxonuple nanHBIe 00pabaTHIBAIOTCS OBYMS JABYHAIPABICHHBIMH PEKYPPEHTHBIMH CIIOSMH Ha
YpOBHE TPEIIOKEHHSA, 3aTeM HX pPe3yNbTaT MEepedaeTcss B OTHACIbHBIC CIOW IJIsI KOHKPETHBIX
3amad. s reMMaTn3aTopa HCIoib3yeTcs 3-CIOoiHAas pacuInpsIOIascs CBEpTOYHas CeTh, KOTopas
BBITACT OTIENBHBIA BEKTOpP MPU3HAKOB UIS KaXKAOTO CHMBOJA JEeMMEL. JleMMa cocTaBisieTcs
KOHKaTCHAIIMEH OTIENBHO IpeNCKa3aHHBIX CHMBOJIOB Ha OCHOBE STHX BEKTOPOB IPHU3HAKOB.
[Iporao3upoBarre MOP(HOIOTHIECKUX TMPUIHAKOB BBIIONHACTCS TPAaHYISIPHO, HCIOIB3YS
OTJICIbHBIM TOJIHOCBSI3HBIM CIIOM IJIS KakKAoro M3 HuUX. BakHO OTMETHTB, YTO B ATOM CETHU
napaMeTpsl TUOMYHOM mnpemoOydeHHON Momenu BekTopoB, kak fastText mmum GloVe, Gyayr
cocTaBisATh MoUTH 90% OT 00IIEro KOJIHYECTRA.

nxeHayKa

A
4 CumBone! cnosa

B0%
nNapaMeTpon ———— —

R E 6
=
- Iy v
£z 1 BerTopa
I ¥ CUMBONOR
1 €& I By O
EE] - >
| SE — l’
, £8 : Y ¥
Ditated CNN
Y o | =  —
Highway Layer
\\—réfk/
Bidirectional LSTM
Pesyppesmise
COW HE YPOBHE
framep——
¥ T
Bidirectional LSTM

Dense Dense e
| ] <G
y o\
Softmax ~ <Softmax~ Sofimax, -~ - - Softmax
UPOS FEATS LEMMA

Puc. 2. Apxumexmypa ananruzamopa
Fig. 2. Analyzer architecture
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Jlns peanmsamuy, oOydeHHMs M OLEHKH CETH HCIOJb3oBamack miatdopma BabylonDigger'. Bo
BpeMs DKCIIEPUMEHTOB B CETh IEpe/laBajliCh FOTOBBIE BEKTOpA, MPEIBAPUTEILHO OOYyYEHHBIE U
CreHEepHpOBaHHBIC JUIS KOKIOTO CIIOBAa M3 00y4aroulero, BajuAallMOHHOTO U TECTOBOrO HabOpOB.
OTH BekTOopa He OOHOBISUINCH BO BpeMst o00ydeHus, Kortopoe mmuiock 100 smox, c
HCIIONB30BaHMEM pa3Mepa makera 25 u onrummsaropa Adam [18] ¢ HagambHON CKOPOCTBIO
ooyuenns 0.01 m smHeHHBIM 3aryxaHumeM. Kaxnmeli skcrmepuMmeHT ObuT TOBTOpeH ¢ 10
Pa3INYHBIMY CITyJaifHBIMHA HHUIMAIN3AIUAMY TapaMETPOB CETH, U PE3YIIbTAThl ObUTH YCPETHEHBI.

3.3 laHHbIe

Jist o0ydeHHs BEKTOPHBIX HPEACTABICHUH OBLI HMCIONB30BaH HAOOp TEKCTOBBIX JAHHBIX W3
Buxunenun u Common Crawl, B3arsrii ¢ caiita CONLL Shared Task 2017 [15]. dust oGyueHust
aHAIN3aTOPa HMCIOJIH30BAJICS CHHTAKCHYECKH pa3MEYeHHBINH KOpIyc pycckoro si3bika SynTagRus
[19] Bepcuu Universal Dependencies v2.4.

4. Pesynbmambl

Tabn. 1. Tounocmos mopghonocuueckozo ananuza (UPOS, FEATS) u semmamuszayuu (LEMMA) ¢
UCnOIb306AHUEM PDA3HbIX Mooenell BEKMOPHO20 npe&cmasﬂenu}z Cll08

Table 1. The accuracy of morphological analysis (UPOS, FEATS) and lemmatization (LEMMA) using
different models of vector representation of words

Accuracy
Mopean UPOS FEATS LEMMA
fastText 98.00 93.70 96.49
no-fastText 98.02 93.72 96.31
so-fastText 97.75 92.88 92.88

IIpencraBneHHble MOAETH JAEMOHCTPUPYIOT COIIOCTAaBUMBIN YPOBEHb TOUHOCTH IO CPABHEHHIO C
ucxomHo#t Bepcueir fastText, mpu stom no-fastText make HEMHOTO ONEpPEKAaeT B KATETOPHSIX
UPOS u FEATS (Ta6numa 1). HecMOTpst Ha CTpOroe orpaHu4eHHe Ha HCIOJIb30BAHUE TOJBKO
cyhdukcon, Bexropa SO-fastText mpoeMOHCTPUPOBAIM OTHOCUTEIBHO XOPOIIUE Pe3yIbTaThl ISt
pycckoro s3eika [20]. B TO ke BpeMs HYKHO OTMETHTh, YTO 3Ta MOJEIb HCKIOYACT
3HAYUTENbHBI 00beM HHOpMAIK, KOTOpas Morja Obl TMOHAJOOUTHCS B CEMaHTUYECKUX
3aj1a4ax, rJe MPUMEHSIOTCS BEKTOPHBIC PEACTaBIeHuUs coB [21].

Tabn. 2. Pazmep u Koauuecmeo napamempos 8 MoOesx 6eKMOPHO20 NPeOCMAasLeHus Clo6
Table 2. The size and number of parameters in the models of the vector embedding of words

Monean .bin Axt* KoanuecTBo
(M6) (M6) | mapamerpos x10°

fastText 730 694 100

(no/so)-fastText 406 167.1 20

*TeKCTOBbI (ailil, B KOXKI0H CTPOKE KOTOPOTO XPaHATCs 3HAYCHHs BEKTOPA CIIOB/TIOJICIIOB

bnaromapst HeGobIIOMY pa3Mmepy ciioBaps, Moaean NO-fastText u so-fastText sameTHo nerue, yem
OOBIYHBIE BJIIOKCHHSI HA YPOBHE CIIOB, C TOYKH 3PEHHUS KOJIMUYECTBA MapaMeTpoB W mamsaTH (Tal.
2). B Hux oOllee KOJMYECTBO IapaMeTPOB MEHbIIE B 5 pa3. Takke, XpaHEHHE apaMeTpPOB,
HEOOXOIUMBIX JIJIsl BBIYHCIICHUSI BEKTOpa CIIOBA, B TEKCTOBOM (popmaTe Tpedyet Oosee yem 4 pasza
MEHBIIIE TAMATH B MOTU(DUIIMPOBAHHBIX MOJICIISX, YEM B MICXOJHON BEPCHH.

! https://github.com/ispras-texterra/babylondigger
12
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5.

3aknroyeHue

B pabote ObuTH npeAcTaBiIeHb MOAU(BUKALMH MO BEKTOPHOro npencrapieHus cios fastText,
KOTOPBIE HCIOJIB3YIOT TOJNBKO H-TPAMMBI CHMBOJIOB JUI TCHEpAlUH IPEACTABICHUS CIIOBA.
IlomMuMO BHYTpEHHHX H-TpaMM, Takke ObUla PacCMOTpPEHa MOIENb, IIe HCHOJB3YIOTCSA TOJBKO
cyboukcsl cnoa. DTi MOAUBUKALINE YCTPAHSIOT 3aBUCUMOCTD fastText oT BEeKTOpOB LiesbIX CIIOB,
U NPUBOAAT K OoJjiee JISTKUM MOJCNISAM C TOYKHM 3pEHHs 4Hcia IapamerpoB. Mopenu ObutH
HPOTECTUPOBAHEI B 3a/adye MOP(HOIOrHIECKOTO aHalM3a U JEMMaTH3alUN PYCCKOTO S3bIKa, IIe
HPOAEMOHCTPUPOBAIN YPOBEHb TOUHOCTH, CPABHUMBIN C HUCXOIHOH MOJEIBIO.
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AHHOTanus. TpeGoBaHUSA K MPOrPaMMHOMY OOECHEUEHHIO JTOCTATOYHO TPYAHO OOBEKTHBHO M3MEPHUTH IO
KpPUTEpHUsIM KayecTBa 0e3 BOBJICUEHMsS B IPOLECC OLIEHKH HEMNOCPEICTBEHHO CaMHUX 3aMHTEPECOBAaHHBIX
cropoH. OmeHka KadecTBa JOKYMEHTOB CICIU(HKAIMK TPeOOBAaHMII B aBTOMAaTHYECKOM PEKHME MOXKET
CYIIECTBEHHO COKpPaTUTh pPacXobl OIO/DKETa MpPOeKTa U TAKKe IPEJOTBPANIACT MOSBICHUE CKPBITHIX
neeKToB B IPOTpaMMHOM OOecIedeHHH Ha Ooyiee MO3AHMX dTamax paspabortku. KauectBo TpeGoBanmii
MOXeT OBITH OIIEHEHO, OCHOBBIBASICh HA IIIMPOKOM Pa3HO00Opa3uy aTpuOyToB KadecTBa, HO 3HAUYCHUE KayKA0TO
Takoro aTpulyTa IOCTAaTOYHO PACIIBIBYATO M HE MMEET CTPOrod NpUBSI3KU K KakoH-1nbo Hu3MepuMoin
metpuke. Vcnons3oBanue merogqa GQM (Goal-Question-Metric) B mporecce MOCTPOCHHST MOJEIH OLCHKH
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MOXKET MOMOYb BBIABUTH HanOOJee BaKHbIE KPUTEPUHU KAauecTBA U YCTAHOBUTH CBSI3b MEXIY aTpHOyTaMu U
KOHKPETHBIMH METPUKaMH, KOTOPbIE MOTYT ObITh COOpaHbI M BBIYMCIICHBI aBTOMATHUECKU. TeKCT TpeboBaHuit
K IIPOrpaMMHOMY OOECIICUeHHIO, HAIMCAHHBIH Ha €CTECTBEHHOM SI3BIKE, MOXKET OBITH NPOaHAIM3UPOBAH IPH
nomon mHCcTpymMeHToB NLP (Natural Language Processing) ¢ 1eibio BBIIBICHHUS HanOosee cllaObIX CIOB U
(pa3, KOTopHIe IeNaloT NMPEUI0KEHUS] HEOJHO3HAYHBIMA M JIBYCMBICIICHHBIMI. METPUKH 111 TAKUX KPUTEPHEB
KagecTBa KaK HEOJHO3HAYHOCTh, EJWHCTBEHHOCTb, CYOBEKTHBHOCTb, IIOJHOTa W YIOOOYHTaeMOCTh
MpEeJIOKEHBl B JaHHOU pabote. OmucaHHas MOJENb OIEHKM KadecTBa ObLIa pealn3oBaHa HPHU MOMOIIU
CTOPOHHHMX MHCTPYMEHTOB C OTKPBITBIM HCXOHBIM KOJOM IS TPEOOBAHUH, HAMMCAHHBIX HA PYCCKOM SI3BIKE.

Keywords: kauectBo TpeGoBanuii; Mmetonx GQM; oleHKa KauecTBa; 00paboTKa €CTECTBEHHOTO SI3bIKa

Jas uutupoBanus: Tumomyk E.B. Ouenka kadectBa TpeOOBaHMH K HPOTPaMMHOMY OOECHEUCHHIO C
npuMmeHeHneM Metona GQM u nHCTpyMeHTOB 00paboTkH ectecTBeHHOTO s13b1Kka. Tpymnst UCIT PAH, Tom 32,
BbIIL 2, 2020 1., ctp. 15-28 (Ha anramiickom s3eike). DOI: 10.15514/ISPRAS-2020-32(2)-2

BaarompapnocTn. Atop xoten 651 mobnarogaputs oprann3aropoB CASE in Tools International Hackathon u
BCEX, KTO BHEC CBOW BKJIQJl B YCIIEX ATOTO MEPONPHATHS. DTO HCClIeOBaHHE He OBUIO OBI BBIIOJIHEHO 0e3
noanepxkun KoHcranTHHa BaneeBa, NOCTaHOBLIMKAa 3aJa4d, KOTOPBIH IOMOT IOHATH CYTh HPOEKTa H
obecreyn1 HCCIe0BaHNE IOCTaTOYHBIMU PECYPCAMH.

1. Introduction

Low quality of requirements may cause expensive consequences during the software development
lifecycle. Issues in requirements, such as ambiguity and incompleteness may lead to time and cost
overrun in the project. Especially, if iterations are long and feedback comes too late — the faster a
problem is found, the cheaper it is to fix. However, it is not so easy to properly detect in automated
way whether a requirements specification has lack of clarity. Some of these issues require specific
domain knowledge to be uncovered. For example, it is very difficult to detect with automatic
approaches whether a requirements specification is lacking necessary features.

There are a variety of requirements management techniques, tools, and practices in the software
development field. However, they should be tailored to the choosen development methods.
Requirements engineering assumes that the requirements must meet a number of criteria.
Descriptions of such criteria can be found in both the scientific and methodological literature and
put on standards. For instance, the IEEE standard [1] for requirements engineering defines quality
attributes for a single requirement: necessary, appropriate, feasible, verifiable, correct, conforming,
complete, consistent, comprehensible etc. Several language criteria are also defined for the text of
requirements. Unbounded and ambiguous terms should be avoided. Requirements should state
‘what’ is needed, not ‘how’.

Despite the exact techniques on how to gather and validate this requirements quality metrics are
not formulated by the standard (which is obviously beyond its area of consideration), but they are
the topic for various researches.

Software requirements in industry are most often written in natural language which has no any
formal semantics. This is the main reason why issues in requirements are so hard to detect. Approach
that is presented in this paper faces the problem of fast feedback and getting some knowledge about
specification’s semantics with concrete symptoms for a requirement artefact’s quality defect.

Natural language processing (NLP) tools and systems have been applied to analysing requirements
texts since the 1980’s [2]. More and more NLP systems and tools with applying requirements
evaluation are developed in recent years. It is a most appropriate technique to analyse human text
and collect some useful data about it.

Goal-question-metric (GQM) involves defining achievable goals in order to attain quality thereby
providing questions in relation to how to achieve the goals and metrics are provided to ascertain the
progress in attaining set goals. This research work makes use of GQM by setting goals such as
unambiguity, completeness, readability that the requirements must meet, questions on how to derive
these quality attributes, and what to measure in determining if our requirements match defined goals.
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The ultimate goal of this work was encapsulating the best of these techniques and methods for
measurement requirement quality into a single model and provide a prototype of tool for
automated validation of real-world requirements against it with Russian language support. This
paper will present some measuring quality indicators for natural language requirements presented
in textual natural format. Identified quality indicators first of all should point out concrete defects
and provide suggestions for improvements. Proposed tool prototype combined all this indicators
and computes quality measures in a fully automated way.

This paper describes a workflow (see, e.g. fig 1) of a model that helps to obtain low-level quality
indicators based on some metrics of textual requirements, such as text length, number of
ambiguous terms, imperative verbal forms, etc. This model has been implemented in a tool that
computes quality metrics in a fully automated way.
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Fig. 1. Example of requirement analysis workflow for automated tool conQAT [3]

2. Related studies

Many publications discuss different problems in requirements specifications. First problem is
automatization of assessment process. Mostly researchers focus on approaches for automated
detection of specific defects in requirements specifications without any additional interaction with
user. The main features of such tools include detection of similarity in requirements [4] and
ambiguity [5], detection of missing information, linguistic flaws and passive sentences [6].

K orner and Brumm presented RESI, a tool that scans documents for linguistic flaws and reports
them to the user (see Section I1-C). It can be used to detect defects in requirements specifications,
but the high number of false positives results prohibits the actual use of this tool in a real case [7].
Fabbrini et al. presented QUARS (Quality Analyzer for Requirement Specifications) tool that
checks requirements specification by comparing with predefined word lists [5]. The lists give
indicators for problems and if the number of indicators in the phrase exceeds a given threshold,
requirements is ambigious.

Verma et al. presented their RAT (Requirements Analysis Tool) [8] tool - a word processor that
able to analyze natural language requirements based on a user-defined glossary and constrained
language. RAT highlights problematic requirements directly in the requirements specifications, but
this process requires some training by real users.

Goldin and Berry [9] implemented a tool called Abstfinder to identify the abstractions from natural
language text used for requirements elicitation.

Lee and Bryant [10] developed an automated system to assist the engineers to build a formal
representation from informal requirements.

Overhelming majority of authors suppose that ambiguity carries a high risk of misunderstanding
among different readers. Several studies dealing with ambiguity identification have aimed to help

17



Timoshchuk E.V. Assessing the quality of the requirements specification by applying GQM approach and using NLP tools. Trudy ISP
RAN/Proc. ISP RAS, vol. 32, issue 2, 2020. pp. 15-28

improve the quality of requirements documents. Some tools have been developed specifically to
detect, measure and reduce possible structural ambiguities in text.

In paper their paper, Yang H, Willis A, De Roeck A and Nuseibeh B describe an automated approach
for characterizing and detecting ambiguities that was implemented in NAI (Nocuous Ambiguity
Identification) tool prototype [11]. Implemented tool uses machine learning algorithm to determine
whether an ambiguous sentence is nocuous or innocuous, based on a set of heuristics that draw on
human judgments, which we collected as training data. The tool focuses on coordination ambiguity.
Kamsties et al. [12] described pattern-driven inspection technique to detect ambiguities in
requirements.

Mich and Garigliano [13] investigate the use of a set of ambiguity for the measurement in
syntactic and semantic ambiguity, which is implemented in tool LOLITA using NLP algorithms.
Kiyavitskaya et al. [14] proposed a two-step approach in which lexical and syntactic analysys was
performed to identify ambiguity. An automated tool was implemented to measure what is
potentially might be ambiguous specifically for each sentence.

Another important proplem related to specification quality assesment is a choice of correct criteria
for overall evaluation. Davis et al. evaluated 24 criteria and metrics for determination of the
overall requirements specification quality [15]. Some of the criteria may affect and even contradict
each other. Therefore, the authors made a conclusion that a perfect requirements specification does
not exist. Another approach was proposed by Wilson et al. — he counted the occurrences of certain
expressions in a document to evaluate its quality [16] with indicators that include completeness
and consistency. This group of researchers developed a tool that focus on a broader understanding
of requirements quality, instead of just a single aspect. Implemented ARM tool is based on the
IEEE 830 standard and aims at developing metrics for requirements quality.

Ambriola and Gervasi [17] developed a web-based NLP tool, called Circe, which was designed to
facilitate the gathering, elicitation, selection, and validation of requirements.

Unlike other related works show attempts to evaluate requirements in automatically by only one
quality criteria, current paper describes an approach to identify several correct quality attributes
with correlated metrics to measure, combining them into one overall evaluation in an automated
way. Moreover, all the mentioned-above tools support only English language and don’t support
requirements written in Russian.

3. GQM approach

The Goal-Question-Metric is a method based on system of questions and simple answers about
properties evaluation [18]. This approach consists of three main steps: specifying goals, pointing
relevant attributes and providing measurements. GQM framework helped to define appropriate
metrics and estimate the quality of requirements in current case. The goal should be defined for an
object, with a purpose, from a perspective, in an environment. The overall goal of current project it
to measure quality of requirements and it can be formulated by following template:

Analyze requirement quality

for the purpose of improving

with respect to quality attributes

from the viewpoint of project managers

in the context of product development.

In addition, several sub-goals were identified, which should be fulfilled to achieve the main goal.
For instance:

Sub-goal: Analyze requirement unambiguity for the purpose of improving with re-spect to quality
attributes from the viewpoint of project managers in the context of product development.

Question: How many vague words and weak phrases make requirement ambiguous?
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Metric: Number of ambiguous words in 1 requirement divided by an average humber of words in 1
requirement.

In this approach, identification of the questions and metrics allows to properly clarify the goals in
order to achieve the transparency and propose how and why the goals are supposed to be achieved.
Clarification becomes more concrete during the movement from top level to bottom and helps to
avoid abstract unreal goals.
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Fig. 2. Phases of Goal/Question/Metric approach [19]

GQM approach is supported by several specific methodological phases (fig. 2) [19].

e Definition — goals, questions, metrics and hypotheses are defined and documented. Main attributes,
formulas and measurement approaches and exact metrics are defined.

e Data Collection — searching and counting for ambiguous words and other quality indicators in
source text.

e Interpretation — collected data is processed into quality measurement results, that provides answers
on defined questions to reach the goal.
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Fig. 3. Process of collecting metrics and measurements [19]

GQM approach in current case consists of 5 main steps (fig. 3) [19].

e Business goal setting. The main purpose of this case is automated evaluating quality of software
requirements by range of attributes.

e  Generating questions. Breaking down goals into components, defining them in a quantifiable way,
e.g., «How much should the proposal structure be complied with so that the requirement has the
quality property of completeness»?

e Specifying measures. Detecting metrics that should be collected to answer questions, e.g.,
«Percentage of matching requirement sentence structure template.

e Defining mechanism of data collection. Measures are collected by semantic and syntax text
analysis based on matching words with predefined dictionaries.

e QGathering and analyzing of collected data. Calculated metrics should be interpreted into quality
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estimation for each requirement and overall Software Requirements Specification (SRS).

Process of measuring quality in software development has it’s certain difficulties. In order to
understand the effects of actions that are implemented in software development and gain the
understanding of how the improvements can be made for a future process a certain purpose should

be put in measurement process. The purpose may be:

1. Understanding of the product requirements. Correct measurements will allow to see the
graphical or mathematical representation of a requirement elicitation process, whether it will

be a time spend on describing every feature.

2. Controlling the product requirements. While having a graphical representation of the SRS
document, the relations between different requirements and user actions can be identified,

which further would allow to control the impact on the development process in total.

3. Improving the product requirements. can be achieved after the control of the development
processes is gained. Certain improving effect can be applied to processes, variables and their

relationships.

Metrics for the requirements should allow to determine their quality for the current

development process and to represent collected resulting data in a graphical way.

4. Quality attributes

Many authors in their methodologies have already defined the key interdependent (Fig. 4)

quality attributes [20].
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Fig. 4. Dependencies between of qualitative attributes [6]

e Validity — the clients should be able to validate (confirm) the requirement according to
their needs.

e Verifiability — the engineer must be able to verify that the system-to-be meets the

specified system.

Modifiability — requirements must be able modifiable with ease for maintenance.

Completeness — all client’s needs must be covered.

Consistency — should not be any contradiction among requirement.

Understandability — the requirements are correctly understood without difficulty.

Unambiguity — there exists only one interpretation of the requirement (no ambiguous

words in the requirement sentence).

e Traceability — there exists an explicit relationship of each requirement with design,
implementation and testing artefacts.

o Singularity — each requirement is clearly determined and identified, without mixing it
with other requirements.

Mentioned-above attributes come out from following types of unbounded or ambiguous terms that

should be avoided according to the standard:

e superlatives (‘best’, ‘most’);

e subjective language (‘user friendly’, ‘easy to use’, ‘cost-effective’);
e vague pronouns (‘it’, ‘this’, ‘that’);
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ambiguous terms such as adverbs and adjectives (‘almost always’, ‘significant’, ‘minimal’)
and ambiguous logical statements (‘or’, ‘and/or’);

open-ended, non-verifiable terms (such as ‘provide support’, ‘but not limited to’, ‘as a
minimum’);

comparative phrases (‘better than’, ‘higher quality’);

loopholes (‘if possible’, ‘as appropriate’, ‘as applicable’);

terms that imply totality (‘all’, ‘always’, ‘never’, and ‘every’);

Unambiguity. It requires that only one semantic interpretation of the requirement exists. To
evaluate the ambiguity of each requirement, we propose to use dictionaries with a set of words,
which indicates ambiguity in the requirement [21][22]. There are several types of them (Table 1).

[T 1)

Connection words dictionary — (“and”, “or”, “but”, “however”, “otherwise”, “even”,
“although”, etc.) the usage of such words not a problem in itself, but their too frequent use
leads to a decrease in the quality of requirements, especially in terms of uniqueness and
ambiguity.

Negative adverbs dictionary — the negative particle is the word not used to indicate negation,
denial, refusal, or prohibition. Repeated use of such words makes a sentence difficult to
understand and decrease the ambiguity of the requirement.

Anaphoric expressions dictionary — the use of expressions, the interpretation of which
depends on other expressions previously encountered in the text, for example: “which”, “he”,
“she”, “it”, “they”, “where”, “this”, “that”, etc. Requirements containing anaphora usually do
not have characteristics of clarity and unambiguity.

Undefined terms dictionary — In addition to connective words, the quality of requirements is
significantly affected by the use of vague terms that lead to ambiguity.

Table 1. Types of dictionaries

Type English examples Russian examples

Quality ‘best’, ‘most’, ‘appropriate’, Iydmmii’, ‘caMblii’, ‘TIOXXOISIMN’,
‘adequate’ ‘a/IeKBaTHBINH

Subjectivity ‘user-friendly’, ‘easy to use’, ‘JIETKUii B UCIIOIH30BaHUH
‘rational’

Quantity ‘about’, ‘significant’, ‘minimal’, ‘IPUMEPHO’, “HECKOJIBKO’, "THEMHOTO’
‘few’, 'all', 'each’, 'every', 'any', 'few’,
little’, 'many’, 'much’, 'several’, 'some’

Frequency ‘almost always’, ‘usually’, ‘as a rule’, | ‘mouTu Bcerma’, ‘00BIYHO’, ‘KaK MPaBMUIO’

‘never’

Persistency

‘long’, ‘longer’, ‘durable’,

‘nonro’, ‘0oJbie’, ‘MPOYHBIHA’,

‘momentary’ ‘CHIOMMHYTHOTO’

Probability ‘probably’, ‘possibly’, ‘if it possible’, | ‘BO3MOXKHO’, 'eciiit 3TO BO3MOXHO’, 'BpsiL Jint'
‘unlikely’

Open listings | ‘etc.’, ‘and so forth’, ‘and so on’ ‘U Tak ganee’

Position / size

‘close’, ‘bigger’, ‘tall’, “far’, ‘short’,
‘small’, ‘huge’

‘omm3Ko’, ‘Ooible’, ‘mageHue’, ‘ganexo’,
‘KOPOTKHIA’, ‘HEOOIBION, ‘OTPOMHBIA’

Comparative
phrases

‘better than’, ‘higher quality’, ‘same

s

as

s

‘ydire, yem’, 'BBIIIE Ka4eCTBO’, 'TO K€, 4TO

Loopholes

‘if possible’, ‘as appropriate’, ‘as
applicable’

‘€CII BO3MOXHO , ‘COOTBETCTBYIOIIHE, ‘B
Ka4yecTBe MPUMEHUMOT0’
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Weak adverb ‘as desired', 'at last', 'either’, 'Mo Kenanuio', 'HakoHel, 'Muoo', 'B KOHEYHOM
or adjective ‘eventually’, 'if appropriate’, 'if cyere', 'ecii yMECTHO', 'eClTH jKkelaTeNnbHo', 'B
desired', 'in case of', 'if necessary’' cirydae', 'eciii He00X0UMO'

As the metric for assessing ambiguity, was used the following formula:
Nambig

Unambiguity % = <1 - ) x 100

total
Where Ngppig — the number of words in the requirement, Ngpp;; — the number of ambiguous

words in the requirement.

Singularity. Statement of the requirement must relate to only one unique requirement that does
not overlap with others. The presence of several modal words tells us that the requirement contains
several meanings and that the statement does not have the characteristic of singularity. These
words may include could, may, might, can, should, will, shall, must, would, etc. The number of
connective words may also indicate the presence of several requirements within one (mentioned
above). As the metric for assessing singularity, was used the following formula:

_ (Nmodal - 1) + Nconnective

Ntotal

Singularity % = <1 ) X 100

where No:qr — the number of words in the requirement, N,,,qq: — the number of modal verbs
which are not zero, N, ypnective— the number of connective words in the requirement.

Subjectivity. This attribute indicates the presence of perspectives, feelings, or opinions entering
the decision-making process. The leading causes of subjectivity in requirements can be:

e dangerous plural with ambiguous reference,

e combination of “and” and “or” that leads to unclear associativity,

e unclear inclusion,

e  passive voice,

e imprecise and inside behavior,

e negative or too broad reason.

Readability. This attribute indicates how easily requirement text can be read and understood, it
can be based on the number of syllables per word and number of words per sentence. It can be
calculated by Flesch-Kincaid Grade Level [23], Coleman-Liau Grade Level [24], and Smog Grade
[25]. The second one was chosen:

Redabiliti CLI = 0.0588 L — 0.296S5 — 15.8

where L — average number of letters per 100 words, S — average number of sentences per 100
words. If CLI is around 10, text is easy to read, but if CLI > 15 text is too difficult for
understanding. A mapping into percentage interpretation was made (if CLI index is more than
17.5, than readability is 0%) by following formula:

. | CLI —12.5 |
Readability % =1 — — = x 100

Completeness. It requires that the requirement contain all necessary elements, including
constraints and conditions, to enable the requirement to be implemented [7].

Example of structure template in Table 2 for this requirement: «In the Combat Zone, an HQ
Switch, which is identical to a trunk node switch, shall be given two independent links to at least
two other nodes in the network».

Table. 2. Structural template for completeness

Element [ Text

Actor an HQ switch
Conditions of Action in the Combat Zone
Action two independent links

22



Tumomnryk E.B. Onenka kauectBa TpeGoBaHHUil K MPOrpaMMHOMY 00€CTIeUeHH IO ¢ puMeHeHneM Metona GQM u HHCTpyMEHTOB 00paboTKH
€CTeCTBEHHOTO si3blKa. Tpyost UCIT PAH, Tom 32, Bbim. 2, 2020 1., cTp. 15-28

Object of action -

Constraints of action To at least two other nodes in the net
Source of Object To at least two other nodes in the net
Destination of Action | Which identical to a trunk node switch

Completeness quality attribute was calculated by this formula:

Ntitiea

Completeness % = X 100

total
where N¢o.q; — the number of elements in the structural template, Ngyyeq — the number of elements
from template that were identified in requirement sentence.3

5. Natural language Processing

Natural Language Processing is a field of computer science and computational linguistics that aims
to analyze linguistic data from input using computational methods and techniques [26]. The
natural language is very complicated, it is subject to syntactic and semantic rules. It studies the
conceptual dimension that refers to «pragmatic» actions which are intended. The syntactic rules
describe the major pattern of a sentence such as nouns, adjectives, and verbs [20]. The semantic
rules refer to the meaning of each word in the sentence and relation between words when they are
combined, which is «compositional semantic» [27].

Natural language texts are used to be analyzed in a sequential process. This process starts with
lexical and structural elements. For its purpose text should be parsed in a search of the most
suitable syntax tree. After that some complex techniques are applied for interpretation of the
semantic content due to meaning understanding. Of course, such analysis does not allow to
understand fully the content and get independent meaning of the sentence without any

Processes Techniques Data Generated

NLP Tools ‘@

Pre-processed
Text

Documents

Text Pre-processing

Sentence POS Shallow
Splitting Tagging Parsing

Y

A

Word Word
Co-necurrence Distribution

discrepancies.

Fig. 5. NLP workflow for requirement analysis
Several techniques were used in current model workflow: splitting sentence in syntax tree, part-of-
speech tagging, morphological analysis and calculationg word distribution and co-occurance by
redefined dictionaries (Fig. 5). Inputed text document with requirements should go through several
text preprocessing steps: sentence splitting, POS-tagging, and phrase-based shallow parsing.
Sentence splitting. At first, the text is splitted into a set of sentences by using a sentence boundary
detector.
POS-tagging. Then, for each requirement sentence, the parser based on individual words and
associated phrase information that used to obtain word lemma and POS tags such as noun, verb,
adjective, adverb, etc. In current model the Stanford NLP library [28] was used for this. POS
tagging helped to determine so-called substituting pronouns. A detailed description of POS tagging
technical details is beyond the scope of this paper, but can be found, for example, in [29]. Given a
sentence in natural language text, it determines the role and function of each single word in the
sentence. The output is usually a so-called tag for each word, e.g. whether a word is an adjective, a
particle or a possessive pronoun. These are pronouns that do not repeat the original noun and, thus,
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need a human’s interpretation of its dependency. A syntax tree shows the main structure of the
sentence (Fig. 6), where tree’s leafs are the words of the sentence and inner nodes express the
sentence’s composition. In example «the channel selection» forms a nominal phrase (NP), as
indicated by their common parent node NP. The additional information «of the headphones» is
added as prepositional phrase (PP). The noun phrase and the prepositional phrase form a new
nominal phrase, which is the object of the verb «changes».

DT — the
+ NP <
ff MM user
ﬁ{; # VBZ - changes
N /
\ i BT — the
Nvp /
l:"u, + NP L NN — channel
\ r
\ ..J'r NN = selection
VNP
\ IN — aof
I""-. PP /
™, 0T — the
%, NP &
MMS = headphones

Fig. 6. Syntax tree for NLP workflow

Morphological Analysis. Based on POS-tagging more detailed analysis of text was performed
that determines its inflection. This step contains identifying a verb’s tense or an adjective’s
comparison. The main outcome of this step is analysis for usage of adverbs and adjectives in their
comparative or superlative form.

Dictionaries. For describing different quality attributes were used several dictionatries with
ambigious phrases and words based on quality standards and case study experience. Normalisation
technique for dicitionry words called lemmatisation was applied, that reproduces the original form
of a word. This technique is very similar to stemming, Porter Algorithm [30], that based on the
POS tag as the word’s morphological form instead of heuristics.

6. Prototype

To fully support the extraction of metrics for all before-mentioned quality attributes, the prototype

should have several features [Fig. 7].

The prototype is a software tool which main goal is to perform requirements quality measurement.

Requirements can be of any type expressed in the text form: functional, non-functional, use-cases.

The prototype is able to perform several functions:

e integration with project management system to gather textual requirements from it (via is
API).

e perform syntax and semantic analysis of said requirements (supporting Russian language
[21][22]).

The core of the prototype is the Requirement Quality Model which contains a consistent set of

requirements quality metrics and is expressed in algorithms on how to measure these metrics and

how to draw conclusions (average quality of a requirement/set of requirements). The prototype

provides a requirement engineer with a graphical user interface or command-line interface to

obtain the results of requirements measurement.

For NLP were used custom analogues of Python libraries Wordnet [31] and Spacy [32] with

Russian language support. Analysys of ambiguity was implemented based on open-source

microservice OpenReqEU.

To get results of the requirements analysis the prototype provides the requirements engineer with the

either graphical or command line interface. Here are some of the interface functions that are available:
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e list all the requirements;

e show quality metrics of the specific requirement;

e show quality metric for all requirements analysed.

The dictionaries of ambigious words were translated into Russian language. Docker container for
OpenReqEU microservice was rebuild and used as external API for further process of quality
assessment. All ambigius words in requirements highlighted according to their category after
service finished its work.

Functional Use Case Nar-Functiona:
Requirement > = Requirement
\:1 v /
PM5
Requirement
< >
PMSARI ()
v ¥
Russian /7 Syritax Analysis Q Semantic [y PMS Integraticn f;\\.] Develapment Q
Languzge Analysis = Process Metrice
Support Analysis
Requirements Quality Prototype { UlorCLl -0y Requirement (D
Model Deseription. o ®» Engineer
fay AN 4
P A v
Fleld Research Requirements () Aeguirements )
- Cuality s Cuality
Measurment Assesment

Fig. 7. Prototype scope in ArhiMate [33] notation

On the next step one more external APl was used for evaluating readability indexes by service
readability.io — text of every requirement was uploaded and resulting number was recieved from
website.

5] 2 3
£
v5
E
£
4
2
B
g 3

2

0 2 4 [ B 10 12
Number of words
B Ambiguous word Unsingularword Subjective word

Fig. 8. The number of weak words per requirement
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For graphical representation of evaluated quality results Visual Paradigm Diagram was used.
Spider graph and stacked histogram were chosen as the most appropriate visualisaition of collected
data. All the metrics that were calculated in prototype automatically synchronized with Visual
Paradigm Service and published as a web-dashboard.

7. Results

After implementing the proposed solution on requirements, it was tested on the sample
requirement text. As a result, the following distribution of weak words shown in Fig. 8 was got.
These weak words were highlighted in GUI and classified by different types of ambiguity (Fig. 9).

REQ-2Z. [lonk3oBaTet MOMET BLOpAaTL MOGYID HOBODCTL HOMMNAHUW ANA YTEHWA W Np

okoMumenTApoBaTs (B8 [EEERENID

REQ-3. [MonbiDBartels HAKMMAST KDACHYK KHONKY 8 yrny thopuel i EROHEGRamRen
B nepexopur @ (EAEAVIGHEIA" 31an BLifopa TOBAPA B MHTEPHET-MAFASNHE.

REQ-4.  “CucTeMa Ao/HA NPUHUMATE Napois cocTosnu (ERIMARNME 3 8 cMBon
ok, (HE NEDERSETENEE cotepHallvil MHOTD uMdp.”

REQ-5.  “TMoMck B cvcTeMe QOMKEH OCYILSCTBAATECA NPELNOYTUTENLHO N0 MMEeHH, b
aMHUINK NoNb3oBaTend.”

REQ-6. " MicGol Mons3opaTens (WHOFAA MOMET BB04WThL KO azponopTa, HOTEPEN
JIOMKEH ONPeARnATLEeA cHeTeMoil, D) Takke (MHBRARD HOA A3PONOPTA JDMKEH 3AMEHAT
bCA HA3BAHWEM BRMKaLIETO rOPOAA, TakMM 0fpAIOM NONMb30BATENK He TPeOyeTcA 3HaT
b KO, A3PONOPTA, (HD) CHCTEMA NID NPEMHEMY [0/IKHA 3HATL KOJ a3ponopTa.”

REQ-7. "CNHcoK AOCTYNHEIX PERCOR AOMKEH COAep™aTh MHODOPMALMA 0 HOMEpE none
T8, BREMEHH NOCAIMM W Npraamneqnn, @l nomsib) Goimh 0TCOPTHRORAHE! MO LeHe."

REQ-8. "B cucTeme gomHa GuiTe NPEAYCMOTPEHE BOIMOMHOCTE (DRERETHEHE. 3a0poHn

poBatk nonet, kynuts GuneT, [AHEOORORMMBETRY - 23003 PEMPOBATL HOMED B OTENE W
M BPeHADBATE MALMHY."

REQ9. “Mporpamma gomsHa pabotars (HACKONEKD BogmMomHD (BEiCTpD), Bce owmbke
J0/HE! DBITe YCTPaHeHs!."

Fig. 9. Hightlighted ambiguous words in every requirement
Final evaluation about overall quality was made (Fig 10).

Unambiguity
100%

Completeness Singularity

Readability Unsubjectivity

Fig. 10. Overall quality of all requirements by attributes

8. Conclusion and discussion

Natural language still prevails in the majority of requirement documents. Software engineers need
ways to cope with the ambiguity inherent in natural language requirements. In order to minimize
their side effects at the early stages of the software development lifecycle, it is important to
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develop scalable automated solution to detect potential nocuous ambiguities in natural language
requirement specifications.

The usage of quality metrics in a software development lifecycle requires considering three
important aspects. Firstly, obtaining all mentioned-above measurements by hand would be
misleading, therefore automated tools become required. Secondly, an automated prototype
implementation should avoid the refusal of requirements engineers — this tool is created due to
help in improvement of requirements elicitation process, but not for punishment and identifying
failures. Finally, decisions about which attributes and metrics to apply should be wisely and
gradually made: «Not everything that can be counted counts, and not everything that counts can be
counted» — Albert Enshtein.

Despite the fact that quantitative measurement is one of the foundations of modern empirical
science, they should be used with caution and wisdom. Assessing the quality of requirements
demands human judgment. This judgment can be assisted, but not replaced, by objective
measurements. Automated tool that provides low-level quality indicators can provide valuable
hints to improve high-level quality features of requirements.

In this paper an automated approach for characterizing and identifing potentially nocuous
ambiguities was described. Given a natural language requirements document, ambiguous instances
contained in the sentences were first extracted. Identified ambiguities can be the reason of
misunderstanding among different readers. The implementation can be usable by requirements
analysts and will allow them to experiment with iterative identification of potential ambiguity
moments in requirement documents.
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AHHoTanus. OOOCHOBaHa M MOKa3aHa Ha KOHKPETHOM IpUMEpE BO3MOXHOCTb IMPUMEHEHHS TEXHOJIOTHH
MAIIMHHOTO 00YYeHHMS JUIsl PeUICHHUS 3a1a4i aHaIN3a NPOEKTOB C LEJbI0 TOUIEPIKKH IPHHSTHS PELIeHHs 00
y4acTHM B TEHJEpEe Ha BBHINOJIHEHHE MPOEKTa. V3J105KeHbI MOAX0/Abl U MOKa3aH MPOLEecC PelIeHUs 3a1adn
OWHapHOW KIacCH(UKAIMK IPOEKTOB C HCIIOJIb30BaHMEM OmoOimmorex s3bika Python. YieneHo BHMManme
npobieme BbIOOpa ajqropuTMa MOCTpOeHHs (QYHKIHMH TPUHAUICKHOCTH, 3a1aue GOPMHPOBAHKS M aHAIM3a
MCXOJHBIX JIAHHBIX, OLCHKH TOYHOCTH pemieHus. [lokazaHo, 4To Uil paccMaTpUBaeMoi 3aJa4uy HawTydIiee
peleHne 00eceunBaeT AIrTOPUTM JIOTHCTUYECKOI PEerpeccuu.

KiroueBble ¢jIoBa: MalInHHOS 06y'-[e1-u/1e; MCKyCCTBeHHbIﬁ WHTEJUICKT, aHAJIM3 PUCKOB IIPOCKTA,; YIIPABICHUEC
IMPOCKTaMHU, TCHJCP Ha BBINIOJIHCHUE ITPOCKTA
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1. Introduction

In modern conditions, many enterprises in various industries are guided by the implementation of
projects whose customer is the «state». In accordance with the legislation of the Russian
Federation, the executors of such projects are selected based on the results of open tenders.
Participation in the tender implies a significant amount of preparatory work related to the
preparation of tender documentation, including the development of a technical and economic
proposal. Since the result of the tender may be a loss (failure to receive an order for the project),
the costs associated with preparing for the tender can be considered as risky. It is possible to
reduce the likelihood of losses associated with losing a tender by «sifting» projects at the first
stage of preparation for participation in the tender by analyzing them in detail before making the
final decision to participate in the tender and starting work on the development of a feasibility
study. It is possible to realize the «sifting» of projects on the basis of machine learning technology,
solving the classification problem. As a result of solving the classification problem, the analyzed
project can be classified as “prospective”, in this case, it is advisable to continue the preparation
for bidding, or «unpromising».

The purpose of this study is to justify the possibility of using machine learning technology to solve
the problem of analyzing projects with the aim of deciding whether to participate in a tender for its
implementation, to develop an algorithm for classifying projects to assess the possibility of
obtaining a contract for a project.

Materials and research methods. To assess the possibility of obtaining a contract for an
engineering project, most companies use qualitative risk analysis methods. In practice, the most
widely used method of expert assessments and the method of analogy [1]. The advantages and
disadvantages of these methods are shown in Table 1.

Table 1. Qualitative risk analysis methods of projects

Method Advantages Disadvantages
Expert assessment Use of reliable knowledge Limited expert pool
method Simple calculations Subjective ratings
Use of reliable knowledge Low forecast accuracy
Method of analogy Using knowledge inside the | Lack of consideration of
company individual project features

Conducting a quantitative risk assessment of the pre-project stage of work requires significant
costs. In order to reduce the cost of assessing the risks of the pre-project stage of work, it is
proposed to assess the likelihood of obtaining a contract for the implementation of the project by
solving the binary classification problem.

To solve the binary classification problem, machine learning methods will be used. Based on the
existing characteristics of the projects, the algorithm will construct a separating hyperplane [2]
between projects of the classes «prospective» (the probability of obtaining a contract is high) and
«unpromising» (the probability of obtaining a contract is low).

To achieve this goal, it is necessary to solve the following tasks:

e perform statistical analysis of data on the characteristics of projects;
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e based on the results of the analysis, select an adequate family of algorithms;
e from the family of algorithms based on the quality criterion, select the best algorithm;
e using training and test data samples, determine the quality indicator of the algorithm.

2. Project attributes

A large number of factors influence the fact of obtaining a contract for the implementation of the
project. Information about the degree of influence of each factor is recorded in the vector of
project attributes. Each component of the vector is a sign that describes the project, as well as the
relationship of the customer and the contractor in the framework of this project. Thus, the vector of
project attributes is a description of the pre-project stage of work.

Each attribute of the project must be associated with a numerical value and put it in the
corresponding component of the vector. However, not all project characteristics can be expressed
numerically. There are categorical (one value from a finite set), binary (value 1 or 0) and other
complex types (date, time, geographical location). Complex types can be represented by a set of
simple features with a numerical representation [3]. To bring categorical features to numerical
representation, the binarization method was used [4]. Each value from the set of values of a
categorical attribute is associated with its own attribute. For example, the set of «Upcoming
project work» is associated with the signs «Start-up and adjustment worky, «Design and survey
work», etc. If the type of work corresponding to the characteristic needs to be performed within
the framework of the project, then the characteristic takes the value «1», otherwise «0». Methods
for converting features are presented in Table 2.

Table 2. Methods for converting of attributes

Characteristic Characteristic Influence factor Representation | Numeric
category name type presentation
method
Attributes of Preliminary budget | Preliminary Numerical Value of the
the project (budget) assessment of income budget specified
from the by the customer
implementation of
project
Type of work (kw | Assessment of the Categorical Binarization
) complexity of work

on the project
Preliminary project | Duration estimation Date and time The number of

implementation days between pre-
period (rz_date) specified project
start and end dates
Place of Assessment of travel | Geographic Latitude and
implementation expenses, climate, longitude (GPS
(rz_place) infrastructure coordinates). It is
represented by two
real values
Characteristics | Project manager Evaluation of the Numeric Number of
of the executing | (app_manager) impact of the contracts for
company compiled project applications out of
description on further accepted by the
work manager / Number

of all applications
accepted by him

Sales Manager Evaluation of work Numeric Number of

(sale_manager) experience applications that
the manager in the
company
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conducted
Responsible Assessment of Categorical Binarization
Manager experience and
(res_manager) specialization of the
manager
Characteristics | Client's office Estimation of Numerical Distance to the
of the (cl_office) expenses for business client's office in
customer's trips kilometers
company The legal form of Assessment of the Categorical Binarization
the client’s complexity of
company (kc _...) interaction between
companies
Other Collaboration Assessment of the Numeric Percentage of
attributes efficiency impact of past implemented joint
(coop_eff) experience in projects from all
collaboration attempts to work
with a specified
customer
Application Estimation of the Date/time The number of
submission date urgency of the days between the
(app_date) project date of submission
of the application
and the
preliminary start
date of the project
Target Contract Whether the contract | Binary Takes the value
attribute conclusion for the “1” if the contract
(is_proj) implementation of was concluded,
the project was “0” if it was not
concluded

The set of vectors corresponding to the projects is a matrix, the rows of which are the sets of
values of the characteristics of a particular project, and the columns are the sets of values of a
specific attribute in all projects of an engineering company [3, 4].

3. Statistical analysis of attributes

In order to assess the quality of the source data and make sure that they can be used to assess the
possibility of obtaining a contract for the implementation of the project, it is necessary to perform
a statistical analysis of the characteristics. For convenient presentation of the matrix of traits and
subsequent statistical studies of individual traits, the Pandas, Numpy, Seaborn libraries of the
Python language were used [3].

To obtain a reliable picture, it is necessary to exclude duplication of information in the source data.
To solve this problem, it is necessary to construct a matrix of pair correlations of attributes. If the
value of the correlation coefficient of attributes modulo more than 0.4, it is concluded that the
information in these signs is duplicated and one of the columns of the matrix should be deleted [5].
After this, it is necessary to evaluate the type of data distribution in individual features and the
presence of anomalous values. Fig. 1 shows histograms of the distribution of features. The given
assessment is taken into account when choosing the parameters of the algorithm for training.

It is also necessary to normalize all numerical signs so that when using these data in training, the
relative weights of the signs are not biased. Normalization is performed according to the

X—=Xmi
formula Xnorm = ﬁ 4].
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3.1 Building a learning algorithm

After selecting and analyzing the characteristics, we obtain a certain set X and its subset X*. This
subset X! is the set of all known pairs (x;,v;)!_,, where x;- is a characteristic description of a
specific project of the company from the set of projects X, and y;- is one of two values of the target
characteristic from the set of possible responses Y = {0, 1}, corresponding to the response on the
object x; [6].
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Fig. 1. Attribute value distribution charts

There is a target function y*: X — Y, that must be restored from known values on the set X‘. The
task of learning the algorithm is to build a decisive function a: X — Y, that would approximate the
objective function y*(x), and not only on objects of the set X!, but on the whole set X [6].

To apply machine learning algorithms, we divide the set X into three subsets: a training set, a test
set, and objects without answers. Elements of the training set will be used to solve the learning
problem and are elements of the subset X! but do not participate in the learning of the algorithm.
They help identify the problem of retraining. Retraining refers to a situation where the quality of
the algorithm on data that did not participate in training drops sharply. To avoid the problem of
retraining, the subset X! needs to be divided into training and test samples so that the ratio of the
values of the target attribute in the objects of both samples is the same.

When analyzing the literature on the research topic, it was revealed that the set task is well solved
by logistic regression algorithms and support vector methods [7, 8]. The implementation of these
algorithms was taken from the ScikitLearn library of the Python language.

33



Kultin N.B., Kultin D.N., Bauer R.V. Application of machine learning technology to analyze the probability of winning a tender for a
project. Trudy ISP RAN/Proc. ISP RAS, vol. 32, issue 2, 2020. pp. 29-36

To obtain the decisive function a, we will minimize the error functional Q on the training set of
295 vectors. The type of error functional for logistic regression and the support vector method are
presented in Table 3 [3, 6, 9].

Table 3. Error functional of selected algorithms

Logistic regression method Support vector method

; Error | iwa + C X7 log(exp (—yi(xiTw + b)) +1), %WWT + CY™,;, on condition
unctiona x;- algorithm response, y;- valid answer, w- | yiw"¢(x) +b) 21—,

weights vector, b - distance between dividing plane | X Yiw,bu C have the same

and origin, C - penalty for total error, includes L2 | meaning as in logistic regression,
regularization ¢;- error value at each object.

Three metrics were used to evaluate the algorithms: accuracy (T), completeness (P), f-measure (F).
Accuracy shows the proportion of class objects correctly classified by the decisive function among
all objects that the function has assigned to this class. Completeness shows the proportion of class
objects correctly classified by the decisive function among all objects of this class in the test
sample. The F-measure is the harmonic mean between accuracy and completeness. The values of
the quality metrics of the algorithms in the test set are presented in Table 4.

Table 4. Comparison of algorithm quality metrics

Logistic regression method| Support vector method | Number of
(polynomial loss function) |  vectors

Metrics T P F T P F

Value for class “1” 1.00 0.73 0.84 0.57 0.73 0.64 11

Value for class “0” 0.97 1.00 0.98 0.96 0.93 0.95 84

Averaae 0.97 0.97 0.97 0.92 0.91 0.91 95

3.2 Evaluation of the quality of the algorithm

To obtain a more objective assessment of the quality of the algorithms, cross-validation was
conducted on 7 sets of test and training samples [10]. During the cross-validation process, the
entire data set (matrix X') is divided into several parts - in this case, seven. Next, one part of the
data becomes a test sample, and the algorithm is trained on the remaining six. Then, accuracy is
evaluated on the test sample and the result is recorded. Then the next of seven pieces of data
becomes a test sample. In such an artificial way, the algorithm is checked for adaptability to data
from different sets [3, 4]. The cross-validation results for the algorithms are shown in Table 5.
Table 5. Cross validation results

Quality ratings 1 2 3 4 5 6 7

Logistic regression method 0.95 1093 | 095 | 095 | 090 |0.86 |0.88

Support vector method 091 1093 | 095 | 095 |0.93 |0.86 |0.86

Analysis of the data shows that the logistic regression algorithm is more suitable for a given data
structure and better solves the problem.

The algorithm was tested on data on 53 projects, applications for which were received by the
project department of the enterprise and were being processed at the time when the algorithm
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evaluated them using known parameters. After receiving information on the results of the work on
these applications, quality metrics for evaluating the algorithm were measured. The measurement
results are shown in Table 6.

Table 6. The result of testing the algorithm on real data

Metrics T P F Number of
vectors

Value for class “1” | 0.094 | 1.000 | 0.172 |4

Value for class “0” | 1.000 0.408 0.508 |49

The test results show that the algorithm coped quite well with the solution of the problem, since all
projects classified by the algorithm as unpromising are indeed such. At the same time, the
algorithm correctly classified only 40% of unpromising projects. The algorithm has not missed a
single truly promising project.

The probabilities of belonging to classes were also analyzed, which the algorithm evaluated when
working on test data. It was found that these estimates are very high, which indicates excessive
«confidence» of the algorithm.

4. Conclusions

1. Using machine learning technology to build a binary classification algorithm for projects is
possible, but requires a significant amount of information about the characteristics of projects
and the results of previous tenders.

2. The constructed classification algorithm can be adapted for use in any companies engaged in
project activities. Using the algorithm will allow you to rank current projects, reduce the cost
of the pre-project stage.

3. In the future, it is possible to refine the algorithm in the direction of expanding the number of
features, increasing the accuracy of tuning the hyperparameters of the algorithm, which will
make it possible to obtain more accurate and reasonable estimates, reduce the degree of
confidence of the algorithm in assessing the probability of belonging to the class, and increase
the accuracy metric for the class of promising projects while maintaining the current
completeness value.
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aBisierca kpunrorpadus. Mcnonb3oBaHne KIacCHYECKMX MPUMHUTHBOB CUMMETPUYHOIO M aCCUMETPHUYHOTO
mudpoBaHus He 1O3BOJsSeT oOpabaTbiBaTh JdaHHble B 3amudpoBaHHoM Buzpe. [ng  o0paboTku
KOH(OUICHIIMAIBHBIX JaHHBIX HCIOJIB3YIOT ToMoMopdHoe mmdpoBanne. ['omomoppHOe mmppoBaHHe
MO3BOJISIET TIPOM3BOJUTH apu(pMeTHYeCcKHe JAeHCTBHA C 3amM(ppOBaHHBEIM TEKCTOM M IOJydaTh
3aMM(POBaHHBIA Pe3yJIbTaT, KOTOPBIII COOTBETCTBYET PE3yJbTaTy OIEepalyii, BHITOJHEHHBIX C OTKPBITHIM
TekcToM. ORHUM W3 TIEPCIEKTHBHBIX HAIPaBICHUI [UIS ITOCTPOEHHsS TOMOMOP(HBIX IIH(POB SBISETCS
roMmoMopdHble mH(PBE, OCHOBaHHBIE Ha OOy4eHMH C omuOKamMu. B cTatee MBI HCcIeqyeM
KpunrorpapuyecKie cBoicTBa cymectByomux romomophubix mudpos (CKKS, BFV) Ha ocHoBe 00y4eHus
¢ OIMOKaMHU, CPAaBHUBAEM MX TEXHHYECKHE XapaKTEPUCTHKU: KPHIITOCTOMKOCTh M M30BITOYHOCTH JAHHBIX,
CKOPOCTh KOJUPOBAaHMS M ACKOAMPOBAHMS NAHHBIX, CKOPOCTh BBIIOJHCHUS apH(PMETHUECKHX ONeparuii
CIIOKCHUS M YMHOXKCHUS IaHHBIX, CKOPOCTbH BBINOJNHEHHs oneparu KeySwitching.

Kawuessle cioBa: romoMopdHOE MMppOBaHUE; CXEMBI TIOJHOCTHEO TOMOMOP(GHOTO MU(PPOBAHUS; CHCTEMA
ocrarounsix kinacco; BFV cxema; CKKS cxema; LattiGo; GoLang
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Baaronapuoctu: MccnenoBanue BHITOIHEHO MpH (HUHAHCOBOM moaaepkke Poccuiickoro Hayynoro ¢gonna B
pamMkax HaydHoro mpoekra Ne 19-71-10033.

1. Introduction

For large enterprises of any line of business, for smooth operation, it is necessary to maintain
information channels, as well as timely processing and transmission of information. Currently,
cloud technologies are often used to solve this problem. They allow storing information in one
place giving access to several users simultaneously. To maintain the confidentiality of information
(personal information of users, information that is a corporate secret, etc.) transmitted within the
network, cloud services must provide a high level of cryptographic stability. However, the
encryption and decryption of information takes a fairly high percentage of the computing power of
the network, the increased load on which can have a negative impact on the operation of the entire
network. The fact that homomorphic encryption allows performing calculations (changing) of
information without having to decrypt it can increase performance and speed up the response time
of the entire network, while maintaining a high degree of security.

Thus, the task is to find the most productive scheme of fully homomorphic encryption (FHE) [1-
2]. Based on the analysis of the HE [3-8] schemes, we chose two for the research: Cheon, Kim,
Kim and Song (CKKS) [12] and Brakerski/Fan-Vercauteren (BFV) [9], [10], [11]. Their main
feature is the use of the Residue Number System (RNS) for performing operations in schemes. The
study consists in measuring the execution time of the main functions in the schemes, thereby
determining the most productive one. For the study, 4 sets of parameters are taken, which
determine the dependence of performance on the degree of required security.

2. Background

For our research, schemes were selected that perform fully homomorphic encryption, and also
have a Residue Number System (RNS) implementation [14].

2.1 Homomorphic encryption

Fully homomorphic encryption (FHE) is a form of encryption, which has to satisfy the additional
requirement of homomorphism with respect to any operations on plaintexts. The encryption
function E(k, m), where m is a plaintext, k is an encryption key, is homomorphic with respect to
the operation * on plaintexts, if and only if there is an effective algorithm M that receives any pair
of ciphertexts of the form E (k, m,), E (k, m,), which then produces a ciphertext ¢ such that when
decrypting c, plaintext m; * m, will be obtained [15]. A homomorphism with respect to the
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operation + is defined similarly. When partially homomorphic cryptosystems are homomorphic
with respect to only one plaintext operation, fully homomorphic systems support homomorphism
with respect to both addition and multiplication [16]. This means that the following conditions are
fulfilled for them:

Dec(Enc(m;) ® Enc(m,)) = my *m,
{Dec(Enc(ml) @ Enc(my)) = my +m,
In this case, homomorphism in addition and multiplication operations is sufficient for the system
to be fully homomorphic [16].
It is this feature of FHE that allows us to talk about the performance growth we are claiming, the

ability to perform these operations on encrypted text can improve the performance of both cloud
storage services and cloud computing centers.

2.2 Residue Number System

RNS is non-weighted number system based on modular arithmetic [17]. The representation of a
number in RNS is based on a comparison of two integers modulo and the Chinese Remainder
Theorem (CRT). Thus, RNS can be defined as a set of coprime moduli (p4,p2,-..,ps), Whose
vector is called the base of RNS, as well as its product P = p, - p, -...- p,, and so that every
integer X that belongs to the range [0, P — 1] is associated with a set of residuals (a4, @, ..., a@y,),
where

a, = X(mod p,)

a; = X(mod p;)

a, = X(mod py)
Also, based on the corollary of CRT, the uniqueness of the representation of non-negative integers
from the interval [0, P — 1] is guaranteed [18].
In this case, the main advantage of representing numbers in the RNS is determined by the fact that
such operations as addition, subtraction and multiplication can be performed by the formula:

A*B = (ay,a,...,a,) * (B1, Bz, Byn) =
= ((ay * B1) mod py), ((a * B;) mod py), ..., ((an * B) mod py,)
where * denotes operations such as addition, multiplication or subtraction [19]. These operations
are called modular [19], since for them to be performed in RNS, one processing cycle of numerical
values is sufficient. Moreover, this processing takes place in parallel, and the value of the number
in each category is independent of other categories.

3. Homomorphic Encryption Schemes

To conduct research on HE schemes, we selected the LattiGo lattice-based cryptography library
[13], written in the GoLang language. This library contains a set of functions that implement
homomorphic encryption schemes. The LattiGo structure allows performing various studies on
schemes, to experiment with both the complete schemes and individual operations performed in
these schemes. All schemes meet publicly available safety standards. The parameters of it are
presented below.

N = 2!°8¥: the ring dimension. It determines cyclotomic polynomial degree. Moreover, it is the
amount of polynomials coefficients in both plaintext and ciphertext. It can be only a power of two.
N influences both security and performance. Because of this, for the schemes to work correctly,
setting the parameter N requires special attention.

Q: ciphertext module. In LattiGo, it is selected as the product of small, relatively simple g; moduli
that provide gq; = 1 mod 2N, which makes representation in RNS and Number Theoretic
Transform (NTT) possible. The choice of size of gq; modules is in the range from 50 to 60 bits,
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which gives better performance. Q affects security and performance at the same time; if N is fixed
and Q is bigger, this means reduced security and performance. Q is connected with N and must be
carefully selected.
o: variance, which is used for error polynomials. It influences security of the scheme.
It is also worth noting that all the schemes presented in this paper have a common HE base.
Schemes perform arithmetic over the plaintext and ciphertext spaces. The plaintext space and the
ciphertext space share a cyclotomic ring, which we denote in this paper as .

H = Zo[X1/ (XN + 1)
where N is a power of two.
Based on the arithmetic used by the scheme, various batch coding is performed. However, the
mapping of arrays of numbers in a polynomial occurs with the property inherent in all HE schemes
presented in this paper:

decode(encode(m;) ® encode(m,)) ~ m; O m,
where @ as a component-wise product, and © as a nega-cyclic convolution.

3.1 CKKS Scheme

CKKS is a homomorphic encryption scheme used for approximate number arithmetic, suggested
by Cheon, Kim, Kim, and Song. This scheme can be used for arithmetic over complex numbers
and has RNS implementation. Batch encoding of this scheme is comparable to a cyclotomic ring
as:
(CN/Z oo

Moreover CKKS depends on such parameter as plaintext scale. The values have to be scaled in
order to be encoded on polynomial with integer coefficients. This parameter affects the accuracy
of the output and the maximum permissible depth for the security parameter used. The
configuration of parameters for CKKS is very dependent on the application, requiring a
preliminary analysis of the scheme, performed in encrypted form, which in certain operations can
reduce the scheme performance.

3.2 BFV Scheme

The Fan-Vercauteren version of scale-invariant Brakerski HE scheme is also considered in this
paper. LattiGo contains RNS-implementation of this scheme. The scheme provides arithmetic over
ZY. Then the batch encoding of this scheme, similar to the CKKS scheme, consists of the
following:

Y o H
If CKKS had only one independent parameter, then the BFV scheme has the following set of
independent parameters:
P: expanded ciphertext module, which is used exclusively for the Mul operation (multiplication)
and the like, with no effect on the degree of security. It is also defined as the product of small
relatively simple moduli p; and must be selected in such a way that P > Q with a small margin (~
20 bits), which is realized by means of one smaller Q module.
t: plaintext module. This module determines the value that is maximally possible for the plaintext
coefficient. If the calculation leads to a higher value, then the value decreases modulo plaintext.
For batching to work, the value must be simple and satisfy t = 1 mod 2N. This module also does
not affect security.
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4. Analysis of HE Schemes Function performance

Benchmarking is performed for functions such as Encoding, Decoding, Encryption, Decryption,
Addition, Multiplication, Relinearization and KeySwitching. Measurements are carried out for
different dimensions of the encrypted vector (from 128 to 2048 numbers) and for different

encryption parameters (table 1) [20].

Table 1: Security parameters

1D log, N | log, Q o
1 12 109 3.2
2 13 218 3.2
3 14 438 3.2
4 15 881 3.2

4.1 Function Performance

4.1.1 Performance of Encoding Function

Measuring the performance of the Encoding function shows the superiority of the BFV scheme
(table 2, fig. 1). The results were obtained in the experiment, due to which it can be noted that the
performance of both schemes in this function does not significantly depend on the dimension of
the encrypted vector. But as security options increase, the CKKS scheme requires more time for
the Encoding function. This is due to the fact that in the CKKS scheme the encrypted vector
consists of complex numbers, and encoding it in plaintext with integer coefficients requires more

time than the similar procedure in the BFV scheme, which uses an integer vector.

Table 2. Encoding test results, ns

D Dimension of encrypted data vector
128 256 512 1024 2048
Q 1 308963 333249 375870 460903 554734
5 2 1873608 1973020 1884327 2002769 2215958
3 | 6234737 6972733 6540090 7255575 7366968
4 | 24415039 | 26627552 | 27666560 | 27404332 | 25905446
D Dimension of encrypted data vector
128 256 512 1024 2048
E 1 211498 181524 169412 181010 171326
m | 2 | 496768 484148 511326 358980 472566
3 1177199 1382577 959615 1301481 1067257
4 3020121 3607336 3947700 2737189 3241723
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is of Homomaorphic Encryption Algorithms Based on Learning with

5.E+07
o— 128 CKKS oo oo 256 CKKS
---e--- 512 CKKS - —e - 1024 CKKS
- - 2048 CKKS —— 128 BFV
...... o 256 BEV ---e--- 512 BFV
@ - -+ - 1024 BFV - - <. - 2048 BFV
0.E+00 o=
1 3 4
1D

Fig. 1. Encoding time for BFV and CKKS

4.1.2 Performance of Decoding Function

The Decoding function depends on the dimension of the vector (table 3, fig. 2). The CKKS scheme
scales worse due to the fact described above. The BFV scheme demonstrates the best speed of this
function, but its advantage is negligible.

Table 3. Decoding test results, ns

D Dimension of encrypted data vector
128 256 512 1024 2048
g |1 1018856 1285869 1625036 2418919 4052705
5 2 | 4200838 5038371 5152239 7399088 10315995
3 13104508 | 14706263 | 14633906 | 17983167 | 21821681
4 | 46158396 | 57014194 | 52938040 | 58693620 | 60117011
D Dimension of encrypted data vector
128 256 512 1024 2048
> [ 1 1154013 1175882 1048750 1274209 1075534
L
m | 2 | 3151799 4236402 3288824 4564273 3038342
3 12881134 | 16357558 | 14754335 | 13649037 | 12698237
4 42709982 | 39141703 | 59220495 | 44049092 | 41901074
LE+08 =~ —=—128CKKS = o 256 CKKS
---e--- 512 CKKS - —e - 1024 CKKS
—-- .- 2048 CKKS —— 128 BFV
------ o 256 BFV ---+--- 512 BFV
o --~=- 1024BFV  --+-- 2048 BFV A
€ 5.E+07 B

0.E+00

Fig. 2. Decoding time for BFV and CKKS
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4.1.3 Performance of Encryption Function

Both encryption options (with public key and private key) have approximately the same
performance on the first three sets of parameters. With the highest security requirement, in the case
of secret key encryption, the BFV scheme scales worse and has lower performance (table 4). In the
case of public key encryption, the results are reversed (table 5). In general, BFV is inferior in the
performance of this function (fig. 3, 4). This situation is explained by the peculiarities of
arithmetic implementation, which were described in subsection 3.2.

Table 4. Encryption with Secret Key test results, ns

D Dimension of encrypted data vector
128 256 512 1024 2048
¢ |1 2334489 2103892 2226278 2179083 2173156
5 2 9766863 9382399 9218207 10142885 9507998
3 33230264 33543617 31445147 32506263 33135191
4 127892000 | 114750689 | 120734989 | 113363544 | 118239467
D Dimension of encrypted data vector
128 256 512 1024 2048
> 1 2641997 3559443 2930780 3024797 3233360
m |2 7644061 7330153 7071365 6598306 9201644
3 34327793 34766696 37137252 36247603 36192216
4 | 87575015 145189343 | 104613338 | 97278158 147942129
2E*08 . 12gCKKS - o 256 CKKS
---0--- 512 CKKS - —e- - 1024 CKKS
- - e -~ 2048 CKKS —— 128 BFV Y
------ - 256 BFV ---¢--- 512 BFV 5
2 |Eeog ~ o~ L024BFV - .= - 2048 BFV
0.E+00 I* 2 3 4
ID
Fig. 3. Encryption Secret Key time for BFV and CKKS
Table 5. Encryption with Public Key test results, ns
D Dimension of encrypted data vector
128 256 512 1024 2048
g |1 2958304 2999553 2931131 3075510 3193087
6 2 12985601 13081973 13171425 12353057 13008715
3 | 46876542 52181155 42546888 44072000 43259396
4 188649729 | 162992743 | 185340700 | 153663429 | 164277171
D Dimension of encrypted data vector
> 128 256 512 1024 2048
@ 3504304 3091037 2876235 3835154 4615228
9948796 12968238 11532753 12323740 12444451
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3 | 45251935 45050544 42973388 49087468 34707847
4 | 124654010 | 127437450 | 177076771 | 168856400 | 172971357
2ER L proxs = 256 CEES P

-------- S12CEKS --=-- 1024 CEKS éd

2048 CKK3 —— 128EFV i

s 56BFV -----e 512BFV AT
--+-- 10M4BFY - —=-  M3EBFV -;/'-F;—':f,,f‘
¥
4

Fig. 4. Encryption Public Key time for BFV and CKKS

4.1.4 Performance of Decryption Function

When measuring the Decryption function, the results which are displayed in table 6 were obtained.
Due to the fact that the BFV scheme uses NTT at the decryption stage, which the CKKS scheme
uses in the Decode function, this function takes much less time with the CKKS scheme (fig. 5).
Table 6. Decryption test results, ns

44

D Dimension of encrypted data vector
128 256 512 1024 2048
g |1 | 75295 64490 91053 86014 83257
5 2 | 704320 558029 500854 589965 569032
3 1740359 1325015 1841163 1609382 1552320
4 | 7188552 8656303 6451143 8596062 8852536
D Dimension of encrypted data vector
128 256 512 1024 2048
E 1 1411973 1304798 1211739 1062796 893495
o | 2 | 4277947 3599959 3417547 3493461 3516575
3 14734244 | 12412934 | 17919951 12627585 | 14222562
4 79417746 | 81107353 | 59298720 | 81474821 | 82202793
LEHE — . prckes « . 256CKKS
=== 512CKKS  --+-- 024 CEES
- - - M CEKS. —— 128BFV
-+ 356BFY -+ S12BFV
--+-- 104 BFV --—=--- 248 BFY
R SEL7 gl
-
o
QE-00 It
’ 1 2 o 3 4

Fig. 5. Decryption time for BFV and CKKS
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4.1.5 Performance of Addition Function

The study of the homomorphic addition function also shows the advantage of the CKKS scheme
(table 7, fig. 6). This is because in the CKKS scheme data is properly scaled before the operation.
Table 7. Addition test results, ns

D Dimension of encrypted data vector
128 256 512 1024 2048
C |1 | 24465 37828 39856 30617 47407
5 2 145437 235402 291096 312227 299579
3 589837 981959 1081942 1020950 1071134
4 | 2692325 3453714 3695143 2700388 4009002
D Dimension of encrypted data vector
128 256 512 1024 2048
o |1 | 35960 34953 36248 35226 31980
m |2 159519 113622 158053 123147 161107
3 | 630680 635675 658730 442162 667723
4 1724961 2314835 1881167 2609253 2738442
6E+06 . 128CKKS - o 256 CKKS
---e--- 512 CKKS - —e - 1024 CKKS
--e.- 2048CKKS —— 128 BFV
------ e 256 BFV ---+--- 512 BFV
4E+06 __+ - 1024BFV  --+.- 2048 BFV

Fig. 6. Addition time for BFV and CKKS

4.1.6 Performance of Multiplication Function

Simulation of the multiplication of ciphertext by a scalar and by ciphertext showed two different
results (table 8, 9, fig. 7, 8)). When multiplied by a scalar, BFV scheme shows high performance.
But the BFV scheme has scalar multiplication only for the uint64 type, while CKKS provides a
solution for types like complex128, float64, uint64, int64 and int. The constant is represented as a
complex number, when multiplying the ciphertext by which, obviously, it takes more time than
when multiplying by a constant of the uint64 type in the BFV scheme.
Table 8. Multiplication by Scalar test results, ns

D Dimension of encrypted data vector
128 256 512 1024 2048
L |1 | 42654 62583 70964 67642 63079
5 2 231795 503098 545495 518164 550229
3 1069628 1745948 1756096 1705708 1733524
4 | 4077041 6304774 6041801 6270333 6130658
> |Ip Dimension of encrypted data vector
b 128 256 512 1024 2048
1 | 48430 48057 43500 48024 45157
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2 219919 170531 217853 186792 213763
3 854740 815247 649023 879803 839350
4 2831192 3393249 2587298 2762533 2592716

At the same time, the multiplication of ciphertext by ciphertext in the CKKS scheme has higher
performance, and also, compared to BFV, a relatively small increase in time spent with increasing
security settings.

K —=— 128 CEES - 256 CKES
e 512CKKS --*-- 1004 CKKS
- - MR CEES 128 BFV
- . 256 BFV -t 510 BFV "
.:' _____ 13 EiBF';r- = S 2543 BF‘-— ’ __._'-
A e
- -'_':'. '.:,.g;f#":ﬂ-ﬁ-
LEHN s S S e
: 1)) 3 1

Fig. 7. Multiplication by Scalar time for BFV and CKKS

T
TEHL I ZKES e i ML KEES

Sl LKA et WARE B o
A2 Sk —— LY
------ — L1 e R
e m Jhdy MY

ni

- D 5]

LD e
1

Fig. 8. Multiplication time for BFV and CKKS

Table 9. Multiplication test results, ns

D Dimension of encrypted data vector
128 256 512 1024 2048
g |1 134293 216760 180038 171766 205594
5 2 674873 1469598 1525148 1078809 1152720
3 3782338 4913585 5253617 5065445 3949636
4 13078065 12682334 17907985 15632646 17966423
D Dimension of encrypted data vector
128 256 512 1024 2048
> 1 7089414 7487352 7695449 10207294 7628154
& 2 31767778 25332290 35383221 37529547 33403094
3 170244000 | 170229078 | 158613588 | 171963733 | 180915567
4 932056250 | 967022400 | 925598350 | 556013800 | 951451000

4.1.7 Performance of Relinearization Function

From fig. 9 and table 10 we can see that the Relinearization function in the BFV scheme with
higher safety parameters is more productive. But on the first set of parameters, the implementation
of the CKKS scheme wins.

Table 10. Relinearization test results, ns
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Dimension of encrypted data vector

4.1.8 Performance of KeySwitching Function

D 128 256 512 1024 2048
g |1 1687438 2661698 3424449 2261363 3231668
E{) 2 18201540 34499628 30833154 30375355 30167662
3 100644400 | 154891650 | 153884971 | 103854875 | 146318000
4 | 383689733 | 442374400 | 633888950 | 658028000 | 666219500
D Dimension of encrypted data vector
128 256 512 1024 2048
> 1 3724441 2389712 3317893 4066252 3757963
m |2 11464962 11950768 11067133 12411460 12308602
3 69749413 70541320 75965527 61616068 75667007
4 | 290493225 | 292239375 | 350729100 | 364713920 | 306935225
LB 128CKKS e 256 CKKS
---e--- 512 CKKS - —e - 1024 CKKS
- e - 2048 CKKS —— 128 BFV
------ - 256 BFV --+--- 512 BFV A
2 - =+ - 1024BFV  --+.- 2048 BFV _}5"
0.E+00

Fig. 9. Relinearization time for BFV and CKKS

In this study, the CKKS scheme showed higher performance (table 11. Fig. 10). This function is

faster with complex numbers, not integers, since the complex number field is easier to scale.

1.E+09

—o— 128 CKKS - e 256 CKKS
---e--- 512 CKKS - -e - 1024 CKKS
- - - 2048 CKKS —— 128 BFV
------ e 256 BFV ---+--- 512 BFV
“ - -—-1024BFV  --+-- 2048 BFV
< 5.E+08
0.E+00 -
1 2 3 4
Fig. 10. KeySwitching time for BFV and CKKS
Table 11. KeySwitching test results, ns
2 | b Dimension of encrypted data vector
~ 128 256 512 1024 2048
()
1 | 2503032 3026201 3224305 3203122 2546295
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2 28739441 28862725 26122406 35456117 23952320

3 135554285 | 115695133 | 100226020 | 138455820 | 133445758
4 679806800 | 660336400 | 686261350 | 504191200 | 685178233
Dimension of encrypted data vector

'D 128 256 512 1024 2048

> |1 2938459 3010961 3227951 2688819 3374234

o 2 10792889 9802067 8450965 10495674 10323025
3 60385157 65758147 55269293 53448786 41285438
4 276312900 | 342915800 | 342230575 | 236232667 | 254161425

4.2 Signal to Noise Ratio (SNR)

It is known that the ciphertext obtained with HE has redundancy. Thus, a degree of this
redundancy is an important parameter of the HE schemes. This redundancy can be determined by
examining SNR.

4.2.1 SNR of Plaintext to Vector

When conducting SNR of the plaintext to the initial vector, a high degree of redundancy was found
in both schemes, but the CKKS scheme showed a better ratio (table 12, fig. 11).

3000
—o— 128 CKKS - oo 256 CKKS
---e--- 512 CKKS - —e - 1024 CKKS
- - .= 2048 CKKS —— 128 BFV
2000 - o 256 BFV ---+---512 BFV
x - -+ - 1024 BFV --+.- 2048 BFV
&
1000

Fig. 11. SNR of Plaintext to Vector
Table 12. SNR of Plaintext to Vector

D Dimension of encrypted data vector
128 256 512 1024 2048
¢ |1 1.049194 8.38208 4.185791 2.090729 1.04755
5 2 2.093929 16.74509 8.37439 4.188866 2.092964
3 5.538696 44.25195 22.10657 11.06628 5.530708
4 11.06649 88.49725 44.25009 22.12093 11.06154
D Dimension of encrypted data vector
128 256 512 1024 2048
> 1 39.62492 19.81713 9.907773 4.958288 2.474978
% 2 164.451 82.67813 41.0744 20.5674 10.2885
3 665.6461 | 333.0266 166.6605 83.25319 | 41.63363
4 2838.382 1422.057 710.3599 354.8242 177.552
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4.2.2 SNR of Ciphertext to Plaintext

Within plaintext encryption, the noise in the CKKS scheme increases much more than in the BFV
scheme. But with higher security settings, its increase is reduced.

40 — + 173CEES v 256 CEES
....... 512 CEES --a-- 1024 CEES
30 - = - M43 CEES 123 BFV
+-- 23§BF¥ - 512 BFV
o --4+-- 1024 BFV - -+ -.- 2048 BFV
= 20 ——
———————————————————&
10
0
1 2 3 4
jiy

Fig. 12. SNR of Ciphertext to Plaintext
Table 13. SNR of Ciphertext to Plaintext

D Dimension of encrypted data vector
128 256 512 1024 2048
1 20.30157 20.34031 20.34885 20.37499 20.34864
2 20.35725 20.36439 20.36092 20.35067 20.36643
0 3 16.05651 16.08642 16.1052 16.08278 16.08872
5 4 16.08454 16.09035 16.09035 16.09291 16.09277
D Dimension of encrypted data vector
128 256 512 1024 2048
1 1.9481 1.949288 1.949583 1.948348 1.948181
2 1.963438 1.963153 1.962645 1.963236 1.962972
> 3 1.963446 1.96309 1.963343 1.963505 1.963333
é 4 1.965543 1.965856 1.965686 1.965566 1.965581

In general, it can be noted that with lower security settings and a larger dimension of the
ciphertext, the BFV scheme shows less data redundancy. But in the case of high security settings,
the CKKS scheme is clearly more profitable.

5. Conclusion

The use of cloud technology on the one hand can reduce the cost of maintaining IT infrastructure,
but on the other hand it has a number of limitations associated with the scope of application. For
example, when processing confidential data, it is necessary to consider the risks of information
theft, to reduce the probability of data theft, homomorphic encryption is used. In our work we
investigate two schemes of CKKS and BFV homomorphic data encryption from the point of view
of technical characteristics, such as data encoding speed, data decoding speed, encryption and
decryption speed, speed of arithmetic operations with encrypted texts, evaluates noise parameters
that occur when encrypting data. A comparison of the two schemes shows that there is no one-
size-fits-all approach that can be used as a universal solution. Further we plan to investigate a
question of realization of matrix operations with use of various homomorphic encryption schemes.
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Abstract. Interrupt system is an important part of microprocessors. Interrupts are widely used for interaction
with hardware and responding to stimuli. Modern microprocessor interrupt systems include hardware support
of virtualization. Hardware support helps to increase the performance of virtual machines. However,
including additional functionality may lead to potential errors. The paper presents an overview of approaches
used for multi-core microprocessors interrupt system with virtualization support verification. Some
definitions and characteristics of interrupt systems that needed to be taken into account in the process of
verification are described. Stand-alone verification environment general scheme is presented. Universal
Verification Methodology was applied to construct test system. To simplify development of checking module
discrete-event with time accounting reference model was used. Sequences of primary requests and
automatically generated secondary requests in the special modules named auto-handlers were used for test
system behavior randomization. We describe some difficulties discovered in the verification process and
corresponding solving methods. Generalized test algorithm stages are presented. Some other techniques for
checking the correctness of interrupt system have been reviewed. In conclusion, we provide the case study of
applying the suggested approaches for interrupt system verification of microprocessors with “Elbrus” and
“SPARC-V9” architectures developed by MCST. The results and further plan of the test system development
are presented.
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Aunnotauusi. CucreMa NPEpbIBAHUN ABISETCS BaXKHOM YaCThIO MHKPOMPOLIECCOPOB. [IpephIBaHuUs MIHPOKO
HCIIOJIB3YIOTCS ISl B3aMMOJICHCTBHSA C OOOpYJOBaHHEM M pearupoBaHus Ha curHansl. COBpeMeHHbIE
MHUKPOIPOLIECCOPHBIE CHUCTEMbI IPEPBIBAHUN  BKJIKOYAIOT aNNapaTHY MOIAEPKKY BUPTyalu3aluu.
AnnapaTHas TOJJEp)KKa IOMOTaeT IIOBBICHTh IIPOM3BOAMTENBHOCTh BHPTYaNbHbIX MamuH. OfHaKoO
IoOaBIeHNe IOTIONHATEBHON HYHKIIHOHATBHOCTH MOKET TIPUBECTH K TIOSBICHUIO TTOTEHIMATBHBIX OIIHOOK.
B craree mperncTaBieH 0630p IOAXOAOB, HCIONB3YEeMBIX Ui CHCTEM MPEPHIBAHAS B MHOTOSIEPHBIX
MHKpOIIPOLIECCOpPaX C amlapaTHON MOAJEpKKOW BHpTyanusanuu. ONHCaHBl HEKOTOPHIE OMPENCNICHHS U
XapaKTEPUCTUKH CHCTEM MpEpbIBaHUM, KOTOpble HEOOXOAMMO YYMTHIBaTh B MPOIECCe IMPOBEPKH.
[IpexncrapieHa obuas cxema aBTOHOMHOM cpensl Bepudukarmu. Universal Verification Methodology 6sita
IOPUMEHEHa MUl IOCTPOCHHS TECTOBOM CHCTeMBbL. Jmsl yIpOIIeHHsI pa3paboTKM MOIYJs MPOBEPKU
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HCIONB30Ballach OJTallOHHAas MOJENb C YY4ETOM BPEMEHHBIX XapakTepucTuk. IlociaenoBaTenbHOCTH
NIEPBUYHBIX 3aIIPOCOB U aBTOMAaTUYECKH I'€HEPHPYEMbIC BTOPUUHBIC 3alIPOCHI B CHELMAIBHBIX MOIYIAX aBTO
TeHepaliy HCIOIb30BAIUCH AN PAHIOMHU3ALUK IIOBEACHHS TECTOBOM CUCTEMBL. BblIM ommcaHbl HEKOTOpHIE
TPYIHOCTH, OOHAapy>KEHHBIE B IpolLiecce BepHU(PUKALUM, a TAKKE COOTBETCTBYIOIIME METOABI MX PEIICHUS.
IIpencraBnensl 0000IIEHHBIE 3TAMBl AITOPUTMAa TECTHPOBAHUS. BBUIM paccMOTpEHBI HEKOTOpPBIE Ipyrue
METOJbI MPOBEPKU KOPPEKTHOCTH PabOTBI CHCTEMBI IpepbIBaHUI. B 3akmiodeHHe NpUBEIEHBI HMPHMEPHI
MIPUMEHEHHsI TPEATOKEHHBIX MOIXOJ0B IUIsI BEpH(UKALUKE CHCTEMbI MPEPHIBAHMNA MHKPOIPOIECCOPOB C
apxuTtektypoid Omebpyc m «SPARC-V9», paspaborannoit AO MIICT. IlpexncraBneHsl pe3ynbTaThl U
JaJIbHEUIINH MJIaH pa3BUTHUS TECTOBOM CHCTEMBI.

KnroueBble ciioBa: TecToBas CHCTeMa; aBTOHOMHAS BepH(HKAIMsl; MHOTOSIEPHBIE MHKPOIPOIECCOPHI;
cucreMma npepsiBanuii; UVM; BupTyanmm3anus

Hnsi  uurupoBanusi: Jlebeme [I.A., Kymesom B.H. TectoBoe okpyxeHue it BepubHKaluu
MHOTOITPOLIECCOPHON CHUCTEMBI MpephIBaHUN ¢ Hoanepxkoil Buptyammsammu. Tpyast UCIT PAH, tom 32,
B 2, 2020 1., ctp. 53-60 (Ha anrmmiickom s3eike). DOI: 10.15514/ISPRAS-2020-32(2)-5

1. Introduction

State of the art microprocessors are becoming complex systems. The development of new
technological processes allows integrating great number of controllers and subsystems on the one
crystal. The logic of their work becomes more complicated. As an example: interrupts delivery and
handling mechanisms. Interrupts are widely used for interaction with hardware and responding to
stimuli. Interrupt system is an important part of microprocessor and have to be tested thoroughly
because errors in this block may lead to a race condition or multiple accesses to shared memory
[1].

Virtualization is necessary for modern tasks like cloud computing, modeling, information security,
and other scientific researches. Interrupt system hardware support for virtualization is
implemented in the most of modern SoC (System on a Chip) [2 3]. Performance requirements for
virtualized systems are steadily increasing [4]. One method to increase performance of virtual
operating system is to implement hardware support. However, this becomes an additional error-
prone place in the microprocessor system. In addition, I/O virtualization is a difficult part of
system virtualization due to the increasing number of 1/0O devices attached to the computer and the
increasing diversity of 1/0 device types [5]. A significant part of the total number of interrupts is
accounted for 1/O interrupts.

Many approaches are proposed for verification of the interrupt system. In [6] authors divide
existing techniques for verifying interrupt systems into two categories. First of them is testing via
executing some programs and invocation various interrupts. The disadvantage of this approach is
probability of missing important bugs. The second one is constructing and analyzing formal
models. As was already mentioned in [7] constructing and analyzing of formal models are
complicated and requires detailed specification. In this paper, we propose simulation-based
methods for verification of interrupt system that are much simpler and could be applied at earlier
stage of RTL (Register Transfer Level) model development when first versions of specification
were available.

In [8] verification of the interrupt system provided using interrupt-driven software which launched
on the whole microprocessor system. This method gives good results in finding race condition
bugs but requires fine-tuning of interrupt sending schedule. Moreover, none of the discussed
methods recreates rare dynamic scenarios. Stand-alone verification usually used for building
necessary test conditions to achieve sufficient testing quality.

There are a number of methods to implement a standalone functional verification [7]. In this paper,
we focus on building testing environment for interrupt system using Universal Verification
Methodology (UVM) [9]. UVM is IEEE standard elaborated by Accellera Systems. UVM is a set
of class libraries defined using the syntax and semantics of SystemVerilog hardware description
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and verification language. The verification environment built using UVM divided into specific
components each of them performs its own role in test scenario. One of the main advantages of
UVM-build verification environments is reusability of components. It helps to support probable
changes in DUV (Device Under Verification). The main drawback of UVM is a complexity of its
learning. Our verification team have a number of already debugged components and classes.
Therefore, we can apply UVM for developing interrupt system stand-alone verification
environment.

The rest of the paper is organized as follows. Section 2 reviews some definitions and describes
general technique for standalone verification of the interrupt subsystem. Section 3 describes a case
study and suggests approaches for functional verification of interrupt system. Section 4 describes
additional used approaches. Section 5 reveals results and Section 6 concludes the paper.

2. Definitions and verification methods

Let us give a few definitions. An interrupt is asynchronous signal that indicates necessity for
control transferring to some external to the processor core requester. An interrupt vector
characterizes the transmitted signal. Interrupt vector points to the memory area where the
corresponding interrupt handler is located. The interrupt handler is a code that should be executed
instead of current main program. It essential to mention that interrupts change main memory and
device registers state but main context of processor work stays the same.

We can divide interrupts into two types: non-maskable and maskable. Non-maskable interrupt
cannot be disabled. It has more priority then maskable and used for exceptional conditions like
critical faults, system handling and other. Maskable interrupt is intended for maintenance of
system and user programs: the organization of external exchanges, interaction of different
processes and working with timers. Maskable interrupts usually have several levels of priority. If
an interrupt signal is received, but its priority is less than the one that came earlier, the interrupt
becomes pending. Important time characteristic is interrupt latency. This is a time interval from
the start of the interrupt request to the start of the interrupt handler execution. A set of system
setups such as interrupt enabling, current priority, and the presence of a large number of pending
interrupts can cause an interrupt loss or spurious interrupt. The spurious interrupt is an invalid,
short-duration signal on an interrupt input. It is necessary to take into account these features when
verifying interrupt system.

It is necessary to define some concepts related to virtualization. Hypervisor is a system software
that distributes physical resources between virtual machines. A computer on which a hypervisor
handles one or more virtual machines is called a host, and each virtual machine is called a guest.
As a part of hardware interrupts support, the guest can be bounded on one or more cores. These
cores are called guest cores. Without hardware support, the virtual software model of the interrupt
controller, register requests, and interrupt delivery involved interception and emulation. Because
of this, the performance of the VM is reduced.

We isolate a part of microprocessor system while providing stand-alone verification. The device
specification have to describe correct sequence of stimuli and reactions in different device states.
All interactions controlled by test environment — a program that generates input stimuli, checks
correctness of reactions and calculates the quality of testing. Therefore, test environment could be
divided into separate modules each performing its own function:

e input stimuli generator;
e correctness checking module;
e coverage collector.

Usually the interrupt controllers are handled by a set of software-visible registers. All requests to
registers processed sequentially strictly one at a time. Thus, input generator is responsible not only
for sending primary requests it also sets up a device. Next, we need to collect device responses and
process them correctly. Generation of stimulus and collection of reactions simplified by using
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Transaction Level Modeling (TLM) [10]. This method allows concentrating on the interaction
functionality with DUV. It is necessary to implement only once how to handle with interface and
then simple data sending and receiving functions are used. Collected information about functional
code coverage is used to identify untapped regions of controller during testing. Analyzing that
information helps to refine test scenarios and add new ones. This approach is called coverage
driven constrained random verification [11].
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Fig 1. Generalized scheme of test environment

Checking of behavior correctness is a complex and an important part while providing interrupt
system stand-alone verification. It is usually easier to build test environment external to the
reference model for this purpose. Identical input stimuli fed into the DUV and reference model. If
reactions differ, it indicates a possible error in the system. Reference models usually written in
high-level language (C, C++) or some specialized languages for hardware verification, such as
SystemVerilog, SystemC or «e». The reference models could be divided into three types: cycle-
accurate, discrete-event with time accounting and event models [12]. The type of verified device
defines the type of the reference model. Cycle-accurate and discrete-event with time accounting
models require specification with describing behavior on a register transfer level. Development of
models of these types is labor-intensive when the design specification is changing. However,
because the interrupt system includes the use of counters, we have to choose more accurate
reference model. To simplify development of checking module we use discrete-event with time
accounting reference model. Communication between reference model and test environment
carried out with DPI (Directed Programming Interface). The use of DPI is necessary to coordinate
the variable types used in different programming languages. Exchange of test data occurs instantly
by calling appropriate functions. Generalized scheme of test environment shown on fig. 1.

3. Using gray box approach for verification of home memory unit

Elbrus Programmable Interrupt Controller (EPIC) is a device intended for capturing, storing
external and interprocessor interrupts and delivering them to the microprocessor cores. EPIC is a
part of 16-core microprocessor with “Elbrus” architecture developing by MCST.
Software-available registers manage the controller setup and handling of interrupts. The
algorithms for working with maskable and non-maskable interrupts are different. Maskable
interrupts have four priority classes. An unhandled interrupt with the highest priority are placed on
CIR (Current Interrupt Register) or if CIR is busy placed on PMIRR (Pending Maskable Interrupt
Request Registers). Signal to the core sets only if current core priority is less than interrupt priority
in CIR register. Interrupt system implements hardware support of virtualization. Supporting
options include additional control registers representing the state of guest interrupt system and
guest-physical core mapping table.

56



Jle6ener .A., Kyueson B.H., TectoBoe okpyxeHue s BepH(HUKALIME MHOTOTIPOLIECCOPHON CHCTEMBI IIPEPhIBAHMIT C MOAACPKKON
Bupryanuzauun. Tpyowr UCIT PAH, tom 32, Beim. 2, 2020 r., ctp. 53-60

As we mentioned before, test system for stand-alone verification of the interrupt system is based
on UVM. UVM helps to setup system, generate pseudo-random constrained input requests and
monitor all changes of device states. Input stimuli generation is usually implemented at level that
is more abstract than register transfers and interface signals. Input and output device ports
combined into interfaces based on the similarity of the performed functions. Transaction level
packets are transferred on interfaces [13]. Serialization and deserialization modules transform
transaction level packets to signal level interfaces.

In modern microprocessor system, there are several sources of interrupt requests or primary
requests. Each interrupt source is replaced by a special test sequence. Generation of primary
requests should be similar to that in real microprocessor system. One of the benefits of stand-alone
verification is ability to create highly loaded test scenarios relatively easily. The efficiency of
verification increases because generated pseudo-random requests can cover most of the edge cases.
We use sequences of primary requests and generate secondary requests automatically in the special
modules named auto-handlers. In case of interrupts system secondary request is a writes and reads
sequence to the registers that simulating a real software behavior. Interrupts generated from
primary requests are monitored and collected in special buffers. After that auto-handler randomly
choose next interrupt to handle. Thus, an interrupt latency parameter randomly changes.

For virtualization support, the hardware implements a DAT (Destination Address Table) that
stores the number of the currently active guest core for each physical core. Hypervisor manages
the table by requests to the registers. The state of the table has to be the same in all processors of
multiprocessor system. This is implemented through hardware-generated control messages. Auto-
handler module with randomized parameters of sending service messages were added to verify the
described above functionality.

Maskable and non-maskable interrupt handling is differ. For maskable interrupts, it is necessary to
restore the previous core priority after handling current interrupt. For this purpose, we add
monitoring module with memory where ratio “number of core-current priority” stored.

There was a dynamic inconsistency problem between the RTL implementation of the controller
behavior and the reference model. Under dynamic test conditions, there may be situations when
we start to handle a maskable interrupt m.handle(x), read vector value from RTL-model register
and it is not equal to reference model value. For this situation, we introduce additional function
m.correct(x) that transfer RTL-model value to the reference model. During a test, the reference
model accumulates possible vectors. When there is a values inconsistency situation the special
algorithm in reference model iterates over possible vector values and makes a decision about
correction. The pseudo-code of the algorithm is presented below.
Vector correctness check:
while true do

wait m « start (x)

m.handle (x)

if check(x !=x') then

m.correct (x)

else m.print ok (x)
end
Register for non-maskable interrupts contains several types of interrupts and they represented as
one bit for an interrupt. In high-load dynamic tests with many non-maskable input requests for
interrupts there may be differences in a register content. A similar procedure for correction
nm.correct(x) is performed for non-maskable interrupts. From a functional point of view, handling
guest interrupts does not differ from the procedures described above. The only difference is setting
the bit that indicates a guest when working with registers.

Another problem is an interrupt vectors overlay. This is a subtype of dynamic inconsistency
problem when the same vector values are imposed on each other. This can happen for example
when working with cyclic timers. Additional functionality was added to the RTL and reference
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models of verified device. A special module and interface signaling about interrupt overlay
monitored in the test environment and then transferred to the reference model. Method when we
use hints from a verified device for single correct state identification named ‘“gray box”
method [7, 11]. The information about overlay type used by reference model to exclude extra
interrupts. This method required direct involvement of the device developer and a detailed
description of the interface.

In a multiprocessor system, the interrupt system settings in each processor may differ. It is possible
to configure the presence and numbers of processors and cores. It is necessary to check all possible
system setups for completeness of verification. Interrupt routing changes when we change the
processor or core numbering. This adds restrictions on generating primary requests. To simplify
primary requests generation, we added a set of functions that automatically capture changes in
system settings and allow easily select possible interrupt directions.

The generalized test algorithm is presented below:

randomization of device configuration;

configuring registers;

configuring guest cores;

choosing random requester and presence of receiver;

choosing random type of interrupt;

sending primary requests for interrupt, collecting reactions, starting auto handling;

transferring transaction information to reference model on each step of algorithm.

No ok owbdE

4. Additional verification methodsSpecial cases

To check the interrupt system functionality related to virtualization support it was necessary to
create special tests scenarios. For example, hypervisor can remove a guest from core if it receives
an intercept signal. In this moment guest may contain unfinished or unhandled interrupts. In real
system after bounding the guest back, we needed to recover it previous state. Special test cases of
this kind play a big role in verifying correctness of controller operating. The development of
algorithms for such narrowly focused tests is possible due to the availability of well-described
documentation, analysis of the functional coverage of the code, and discussions of the strategy
with the device developer.

4.2 Assertions

SystemVerilog Assertions (SVA) is a part of SystemVerilog [14]. The assertions are used to
specify the behavior of the test environment and DUV interfaces. Parts of a verification
environment have to implement certain functions. We can add assertions to check correctness of
the module. Violation of an assertion signals about an error. Usage of assertions is an effective
method of error detection especially in the beginning of the project. In addition, assertions alert
about uncertain and unconnected states of interface signals.

4.3 After test checking

Communication between test environment and reference model is provided using DPI. Special
buffers and memories contain generated answers form different interfaces. The correct behavior of
the DUV and reference model determined in providing certain number of responses. After test
scenario ending we check an absence of transactions in these communication buffers. Detection of
extra number of requests signals about a potential error either in the verified device or in the
reference model.
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5. Results

The approaches described in this paper were applied for standalone verification of interrupt system
of the 16-core microprocessor with “Elbrus” architecture and 2-core microprocessor with
“SPARC-V9” architecture.

There is some difference in interrupt systems in these microprocessors. The 16-core
microprocessor’s interrupt system has a hardware support of virtualization and specialized
interfaces for handling requests from virtual OS and hypervisor.

The 2-core microprocessor does not support virtualization. Most of interfaces differs from the
“Elbrus” interrupt system. One of its features is an additional module that handles direct MSI-X
interrupts and a separate register interface for handling MSI-X interrupts. The test environment
based on UVM made it relatively easy to change the format of modules that work with the
interfaces while preserving their functionality.

“SPARC-V9” implementation of the interrupt system contains an additional synchro signal. The
parts of the interrupt system in which several synchro signals interact should be checked carefully.
At the beginning of each test, we generate random periods of synchro signals and their shifts that
are relative to each other. Ranges of each synchro signal have to be described in the device
specification. This method helped us to detect synchronization errors in RTL-model internal
modules.

In the process of the standalone verification of the interrupt systems, we verified not only RTL-
models. Parts of reference models were used in full-system “Elbrus” and “SPARC” machine
simulators. Aforementioned approaches helped to find and correct some errors in the simulators.
Interrupt systems distribution of errors is presented in Table 1. Code functional coverage was
carried out and for “Elbrus” it was 94%, for SPARC 96% coverage was extracted.

Table 1. Distribution of errors and its quantity

Verified object Number of bugs
RTL Elbrus 84
Elbrus Simulator 163
RTL SPARC 24
SPARC Simulator 23

6. Conclusion and directions for future work

Interrupt system with hardware virtualization support is one of important parts of modern
microprocessors. The correct operation of the interrupt system allows avoiding critical errors and
improves performance of virtual machines.

In this paper, we have presented a stand-alone test environment for interrupt system based on
UVM. The proposed approaches could be used to verify interrupt systems of different multicore
microprocessors regardless of their architectures. Developed test environment and test scenarios
made it possible to detect and correct a number of errors that were not detected by other
verification methods.

In the future, we plan to enhance error diagnostics and adapt the test environment for the
forthcoming projects.
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AnHoTaums. [IpOH3BOUTENFHOCTS COBPEMEHHBIX MUKPOIIPOLIECCOPOB CYILIECTBEHHO 3aBUCUT OT YCTPOHCTBA
HX MOJCHCTEMBI NamMaTH. TakuM 00pa3oM, MporpaMMHasi MOJIENb MMOACHCTEMBI ITAMSTH SBJISETCS KIFOYEBBIM
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INOTAKTOBO-TOYHOMY CHUMYJIAATOPY YPOBH:A npnnomeﬂnﬁ, CIICUAIIM3UPOBAHHOTO Ha MOACIMPOBAHUU
MHKPOIIPOLIECCOPOB  apXUTEKTypsl  «Dnpdpyc». B cratee gaHo omucaHue oOWEH  CTPYKTYpbI
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1. Introduction

As complexity of modern microprocessor and compiler optimizations increases, it becomes almost
impossible to predict performance of application without actually running it. This is why cycle-
accurate simulators are important, especially during development of hardware.

To be useful, a cycle-accurate simulator should give reasonable approximation of behavior and
timings of real hardware, therefore it should be reasonably accurate. And a proper simulation of
memory subsystem is a major factor in overall accuracy of simulator.

Due to high complexity of the simulator itself, it is not only important to have a working simulator,
it is also important to have means to debug and evaluate it.

In this paper we describe our approach to integration of memory subsystem model into
application-level cycle-accurate simulator of Elbrus microprocessors and give an overview of the
tools that we developed to help to improve accuracy of this simulator.

The remainder of this paper has the following structure. Section 2 gives brief overview of Elbrus
microprocessor architecture, its memory subsystem characteristics and pipeline specifics. Section
3 describes synchronous part of pipeline model and its interaction with memory subsystem model.
Section 4 describes the general design of memory subsystem model. Section 5 gives an overview
of available debugging facilities for the simulator being developed. Section 6 is dedicated to the
simulator evaluation from the standpoint of its accuracy and performance. Section 7 is dedicated to
related work about simulator validation. Section 8 gives concluding remarks and briefly describes
our plans for further work.

2. Prerequisites

2.1 Elbrus Architecture

Elbrus microprocessors have ISA (Instruction Set Architecture) of VLIW (Very Long Instruction
Word) type. In such architectures, performance is achieved through the use of «Wide Instructions»
(WI). Each WI consist of several sub-operations, which are executed by hardware in parallel.
Elbrus ISA implies in-order execution. Extraction of ILP (Instruction Level Parallelism) from a
program algorithm is the responsibility of an optimizing compiler. This allows to reduce
complexity of the hardware.

Each WI of Elbrus ISA can contain several arithmetic, logical operations or memory access
operations, control transfer (CT) operations, operations on predicates and others.

2.2 Memory subsystem

Since Elbrus is a VLIW architecture, the memory subsystem accordingly has high ILP potential.
Up to 4 memory load or 2 memory store operations can be placed in a single WI.
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The cache hierarchy of the Elbrus microprocessors memory subsystem includes Instruction Buffer
(1B, responsible for code fetching and generally acting as an instruction cache), data caches (L1D,
L2, L3) and various address translation structures (ITLB, DTLB).

Additionally, Elbrus microprocessors have Array Access Unit (AAU), which is used for
programmable asynchronous data prefetch, and CLW, which is used for automatic cleanup of data
on stack. Both of them asynchronously generate requests to memory subsystem. There are also
other components (for example TLU) that insert specific memory requests into synchronous
memory access operations stream.

2.3 Pipeline Specifics

Pipeline of Elbrus microprocessors consists of the following stages (from early to late stages from
the perspective of individual instruction): L, A, FO, F1, S, D, B, R, EO, E1 etc. First of them (from
L to S) are in responsibility of Instruction Buffer. Stage R roughly corresponds to reading of
operands, and stages starting from EO are general execution stages, including arithmetic, address
calculation for loads and stores, etc.

Instruction Buffer incorporates several parallel code fetching pipelines. Special control transfer
preparation (CTP) operations can be executed to start fetching code for the upcoming control
transfers using dedicated preparation pipelines, and a prepared control transfer operation can
switch the main pipeline to the chosen preparation pipeline. This mechanism is used for hiding
latency of some control transfers.

Several types of pipeline stalls can be distinguished. Each stall type induces different pipeline
reaction.

The first stall type is regular. The stalled WI is not progressing on the pipeline until the stall
condition is resolved.

The second type of stalls includes B-Stalls and L-Stalls. The most frequent reason for such stalls
are unavailable operands. Pipeline logic detects such situations with some delay, that is why
simply stopping pipeline progression for the instruction is not enough. Instead, current results of
instruction are discarded and for the next ticks instructions are transferred back to the R stage
(from E2 for B-Stall and from EO for L-Stall) until all affected instructions are placed back into the
proper order. There is special pipeline logic for cases when one such stall happens during another
one. In most cases, one round of B-Stall effectively adds 4 ticks and L-Stall adds 2 ticks of latency.
Even if only one operation of WI triggers stall condition, the whole W1 is affected.

When WI passes stage E2, it cannot be stalled anymore and effectively continues its execution
without interruptions.

3. Synchronous Pipeline Model

3.1 Overall Design

The cycle-accurate simulator described in this paper is based on functional application-level
simulator of Elbrus microprocessor and shares most of the code base with it.

Both the architecture state and the algorithmic behavior are handled by the functional component
of simulator. This includes decoding instructions, maintaining state of memory and registers,
simulating effects of executed instructions, emulating system calls, etc.

Also, the cycle-accurate simulator reuses some of the facilities of functional simulator, such as
internal cache of decoded instructions [1], logging system, command line options parsing, events
system, various configuration mechanisms, etc.

To achieve higher simulation performance and at the same time obtain desirable levels of accuracy
and maintainability we implement pipeline model, described in [2] as "Hybrid" pipeline model.
General idea of this approach is to simulate timing behavior of instructions by as large continuous
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chunks of logic as possible, potentially with use of some educated predictions about future
behavior. For inevitable situations when predictions are false, simulator maintains additional data
for making necessary corrections and does not allow propagation of incorrect speculative behavior
to irreversible state.

For example, we assume by default that operations will not be stalled and on this basis we
speculatively register availability of the results of the operation according to this assumption. But
in case if the operation is actually stalled, the simulator corrects the earlier made assumption and
recalculates the moment when results of the operations will be available.

In our case large chunks of timing logic correspond to continuous sequences of pipeline stages that
are executed without interruptions.

The algorithm of simulation loop can be summarized by the following steps:

o for the new instructions, do simulation of its algorithmic behavior using functional component
of the simulator, saving necessary info for cycle-accurate part of simulation in the process;

o place this instruction into the pipeline model and pass necessary additional info about its
execution;

e iterate through each pipeline stage and for each stage determine which instruction is at this
stage. If it is the first stage of continuous uninterrupted sequence - speculatively simulate all
stages of this sequence;

e update pipeline state (which instructions are at which stage), taking into account possibly
occurred stalls.

3.2 Support of Memory Subsystem

Memory subsystem plays a major role in overall performance of the system. It is important to
accurately simulate its effects.

Memory subsystem of Elbrus microprocessors is rather complex, so instead of implementing its
model from the ground up we adopted the model described in [3]. From the perspective of the
pipeline model, this memory subsystem model is regarded as black box with clear but limited
interface. This helps us to achieve higher levels of modularity and limit influence of design of
cycle-accurate simulator on memory subsystem model so it can be used in several projects more
easily.

Model of memory subsystem implements IB (Instruction Buffer), all data caches (L1D, L2 and
L3) and MC (Memory Controller). Functional component of the simulator does not directly
interact with the memory subsystem model, and the cycle-accurate component directly interacts
with IB and L1D by regularly (each tick) forming and passing input to them.

Because the described simulator is application-level, there are no OS effects and no proper
memory management. The consequence of this is that there is effectively no virtual address
translation takes place during simulation, and memory subsystem functions as if all memory
accesses are physically addressed.

General architecture of the cycle-accurate simulator is presented on Fig. 1.

3.2.1 Memory Access Operations

As rather isolated component of the simulator, memory subsystem model does not implement
speculative features of the pipeline model. Moreover, because its high complexity it does not some
of the stalls (specifically, L-Stalls that affect stages R and EO, and B-Stalls that affect stages R, EO,
E1 and E2). These facts should be taken into consideration during integration of the model into
cycle-accurate simulator.

Memory subsystem model is designed as cycle-by-cycle model and expects that its main
simulation step should be executed once every simulation tick. In our approach this happens in the
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main simulation loop body of the pipeline model. From the perspective of the pipeline model, the
specific moment when this can happen must satisfy following conditions.

e It must happen before other operations that are currently on the pipeline check availability of
operands, otherwise there would be excess stalls. This check happens during simulation of the
R stage.

e It must not happen after the most recent instruction with memory access operations (which
should be send to memory subsystem model next) irreversibly (non-speculatively) reached
earliest stage of possible feedback from memory subsystem that should be immediately acted
upon. This corresponds to stage E2 when earliest possible data return from L1D cache can
happen, and which should be taken into account during checking availability of operands on
the same tick.

Memory Subsystem Model

Memory
Operations Input

I—}—

Pipeline Model

IB Input

Buffers and Queues

Pipeline Logic
T i t and State
Memaory
Code Fetch Operations Other Info
Info
Info
: 1

Functional Model

Fig. 1. General architecture of described cycle-accurate simulator
This means, at least from perspectiveof the pipeline model, that it is possible to send new memory
access operations and execute memory subsystem simulation step anywhere between simulating
(non-speculatively) stages R and E2 of instruction. But from the perspective of memory subsystem
model, the earlier it can start processing new operations, the better, as this gives to the model more
simulation steps to process each individual operation and probably will require less changes to
original memory subsystem model. So in our final approach the information about memory access
operations of instruction is sent and simulation step of memory subsystem model is executed just
after processing stage EO of this instruction just before processing stage R of other instructions.
Because memory subsystem model does not support “speculative” features of the pipeline model,
and there is no means to make corrections of the model’s state, new memory access operations
should be sent to model only when it is guaranteed that there will be no corrections that can
change the data related to these operations. In our current model, the information about memory
access operations is mostly determined by the functional component of simulator, which is not
affected by "speculative" features of the pipeline model, so this requirement is fulfilled.
Other aspect to consider is the lack of support of rollback during some stalls. This means that in
case of rollback of the instruction actions, sending of the memory access operations of this
instruction to the memory subsystem model should be postponed until the next opportunity after
the rollback. This also means that rollbacks should be known with certainty before (or at least at)
stage EO, which is true for our current model.
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Information about memory access operations is gathered during functional simulation at the start
of processing of instruction. This information includes type of operation, memory address,
destination register number (for load operations) and various other attributes. After functional
simulation, this data is saved in the pipeline model alongside with other information about
instruction and is used to form request to memory subsystem model when the time comes.

There can be several memory operations in-flight at the same time, and to distinguish them each
memory access operation is associated with a unique token (internally represented by an integer).
Because memory access operations can take many ticks to complete, response from the memory
subsystem model can arrive when relevant instruction is no longer present in pipeline model (all
instructions that pass stage E2 are deallocated from the pipeline model as there are no more stalls
that can affect it and most of the timing behavior is certain and speculatively simulated). To
address this, pipeline model implements additional buffers that hold the information necessary for
proper action on response from the memory subsystem.

3.2.2 Code Fetching

Memory subsystem model also simulates the Instruction Buffer, which handles fetching of
instructions from memory.

Process of instruction fetching is divided into several pipeline stages, but for simplicity they are
not fully represented in the pipeline model. Pipeline model uses a special pseudo stage (internally
named F) instead. New instruction is placed on this stage after its functional simulation. At the
same time, on the same simulation tick the information about this instruction (mainly its address
and size) is passed to the memory subsystem model. Instruction can leave pseudo stage F only
after there was a response from the memory subsystem model about successful completion of the
code fetching.

Some of the Elbrus control transfer instructions are separated into two parts: "control transfer
preparation" (CTP) and "control transfer" (CT) instructions. CTP instructions initiate fetching of
the code for the new path (which happens in parallel with regular fetch of the current path), and
CT instructions implement control transfer to this code. This functionality allows to reduce latency
of branches in some cases. This fetch is also a responsibility of IB and is simulated by the memory
subsystem model. Information about CTP operations is gathered during functional simulation and
passed to the memory subsystem model in the beginning of processing of the instruction by the
pipeline model (at pseudo stage F). When corresponding CT operation is executed, address of
target instruction is passed to the memory subsystem model by standard mechanism (described
earlier), and if 1B has not fetched target instruction yet, then there will be a pipeline stall (at
pseudo stage F).

3.2.3 Hardware Generated Operations

In some cases, hardware of Elbrus microprocessor issues special instructions (later referred to as
"hardware instructions™) that are not directly represented in binary code. Most notable of such
hardware instructions are instructions which spill and fill register file contents to/from memory
when active register window changes (for example, after procedural control transfers). Most of
the hardware instructions perform memory accesses, and therefore play an important role in
interaction of synchronous pipeline and the memory subsystem.

The functional simulator already simulates hardware instructions, as the triggering conditions for
them are part of instruction set, and it is necessary to account for them to correctly maintain
microprocessors Vvisible state. But functional simulation of hardware instructions is significantly
simplified, as the whole process takes place during simulation of ordinary instruction with a
triggering condition occurring during one of the simulation steps (while one spill of register file
can consist of many write accesses to memory).
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Although functional simulation of hardware instruction is inaccurate from a timing standpoint,
cycle-accurate simulation reuses most of it. During functional simulation information about all
execution of hardware instruction is saved and passed to the pipeline model alongside with the
instruction which triggered them. When this instruction reaches specific stage the saved
information about hardware instructions is used to appropriately insert them into pipeline instead
of next ordinary instruction. This continues until all hardware instructions are inserted.

It is possible to save information about hardware instructions in compact way. For example,
although each spill (or fill) of register file usually consists of a sequence of many individual
instructions, algorithm to generate them is predetermined and defined by several parameters. Also,
all of the memory accesses of each individual spill (or fill) sequence share most of the attributes.
While ordinary instructions enter and leave the pipeline model in a FIFO fashion (enter at pseudo
stage F and leave after stage E2), this is no longer true in the presence of hardware instructions.
They are not fetched from memory (as they are not directly represented in binary code) and enter
pipeline at stage R. This was not considered during original design of data structures of pipeline
model and necessary changes were implemented.

4. Memory Subsystem Model

4.1 Adaptation

For usage inside the application level (AL) cycle-accurate Elbrus architecture simulator, the
memory subsystem timing model, which originated from the system-level memory subsystem
(SLM) cycle-accurate simulator [3], underwent several changes.

According to the pipelining mechanics described above, code fetching from the IB cache and the
instruction-word related memory accesses are processed on different pipeline pseudo stages. The
timing model engine code was distributed between those pseudo stages, and separate input request
queues for the code fetching stream and the memory access operations, with respective pipeline
stalls, were created. It is worth mentioning that both parts of the model continue influencing each
other through the “lower” part of the memory subsystem.

The precise WI data dependency checking and conflict resolution logic was implemented as a part
of the core pipeline timing model. That is why a simplified scoreboarding mechanism utilized in
the SLM cycle-accurate simulator was replaced by a set of fast callbacks, which report the
memory operation processing status to the core pipeline timing model (e.g., a cache hit or a cache
miss, MU internal queues overflow, etc).

The virtual address translation mechanics is not used for the AL cycle-accurate simulator. All
virtual addresses are equal to physical addresses, and all MMU mechanics including page table
search, ITLB and DTLB lookup are disabled. In addition, the L1D cache physical tags lookup
mechanism, which is used as an anti-aliasing technique for virtual address cache indexing, is
turned off. This gives an opportunity to simplify the memory subsystem model code and to
increase its performance.

4.2 Improvements

Besides the adaptation changes described above, we significantly improved the memory subsystem
model in terms of accuracy.

Multiple enhancements of IB, L1D, L2 and L3 cache models including a multitude of refinements
for caches algorithms, latency calibrations and buffer depth adjustments were made.

For the shared L3 cache of a multicore processor, even for a single-threaded workload attached to
a specific core, one should also consider influence of idle processor cores. Each of the idle-cores
generates a sparse stream of memory accesses to the L3 cache. The combined idle-core stream can
have a sufficient magnitude to interfere with the application core stream or at least to influence L3
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cache performance metrics. To emulate the described background idle-core stream for the single-
core configuration of the simulator a synthetic adjustable L3 cache access stream was introduced.
This mechanism partially compensates idle-core traffic, and its precise adjustment is yet to be
done.

Workloads like 410.bwaves from the SPEC CPU2006 benchmark [4] show strong performance
dependency on the system memory characteristics like latency or throughput, which in turn can
vary across different memory access patterns in different workloads. With a view of the
simulator’s accuracy improvement, a model of DDR4 memory controller (MC), as a part of the
memory subsystem timing model, was implemented. Current SLM and AL simulator
configurations, which correspond to an 8-core Elbrus processor, include four MCs with the
original interleaving scheme. The MC model was simplified for the sake of performance increase
at the cost of some potential accuracy loss. Even with this tradeoff, adding MC model into the AL
cycle-accurate simulator yielded additional 4% overall accuracy improvement on the SPEC
CPU2006 benchmark, with negligible simulator speed degradation.

5. Profiling and Debugging Facilities

It is important to have debugging tools in simulator, both for users of the simulator and for its
developers. As more and more features are implemented (most notably accurate model of memory
subsystem), complexity of possible mistakes in simulator rises, which demands for more advanced
internal debugging capabilities of the simulator.

The simulator described in this paper provides two main debugging capabilities, namely execution
log and execution statistics (profiling). Their design is described in this section.

5.1 Execution Cursor

Both execution log and execution statistics need the way to identify different events in simulator.
For this purpose, the concept of «execution cursor» is implemented in pipeline model.

Content of the execution cursor should point to the specific moment of simulation process,
preferably both in terms of internal phases of simulation and in more simulator independent terms.
In our implementation execution cursor specifies execution tick (when event should have
happened on real hardware), simulation tick (when event was simulated, with respect to
«speculative» nature of pipeline model), pipeline stage, IP of instruction, fetch tick of instruction,
specific operation of instruction and internal simulator's description of operation.

Current execution cursor should be accessible from (almost) everywhere in the code. To achieve
this «current» execution cursor implemented as a field of pipeline model object, which is
accessible almost everywhere.

Logically execution cursor should have different structure for different events and parts of the
simulation path. For example, some events (like pipeline stall on code fetching) should be
attributed for whole instruction, but specifying one operation is meaningless for them. But for
simplification and performance purposes, in our implementation the execution cursor always
specifies whole range of attributes, possible with garbage values, but its users (various code pieces
of the simulator) know which part of it is valid and which is not. For example, when a pipeline
stall happens on fetching and appropriate counter of execution statistics is going to be
incremented, it is known that operation related attributes of the execution cursor are undefined.
Also, the execution cursor should function like a stack, since most of the simulation process is
stack-like (whole pipeline is at the bottom of the stack and specific instructions and operations are
at the top). When simulation moves higher into the stack, relevant attributes of execution cursor
should be updated, and when simulation returns back, the execution cursor should be restored as
earlier updates are no more relevant. For performance reasons, restoration of execution cursor state
is not implemented, as most of the time updated attributes are not valid in lower parts of
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simulation stack, so no information is lost. In a few cases where information is lost during update,
saving and restoration of the execution cursor are implemented manually.

5.2 Execution Log

The main function of execution log is to present a detailed view of execution process and of
microprocessor state evolution with respect to timing. Execution log includes information about
ticks when each executed instruction reached certain pipeline stage, whether it was stalled, its stall
reasons and etc. This information can be used to investigate performance anomalies and
unexpected behavior.

Due to «speculative» features of the pipeline model, the execution log can not simply reuse
standard logging facilities of functional simulator. For example, if availability of some register was
speculatively but incorrectly updated, it would be wrong to include this update in the log.
Therefore logging of any such event should be postponed until its correctness is certain. To
support this, any intention to log an event is placed in execution log queue, indexed by tick number
when event should actually (hon-speculatively) happen. This queue is inspected every simulation
step, and every event that is indexed by current non-speculative tick («tick of no return») and is
still in the queue, is printed. If some speculation was wrong and a correction of speculative state is
needed, then the queue of execution log is scanned and all wrong events are erased.

When an event is placed in the queue, current execution cursor is examined and all its information
relevant for logging is placed in the queue alongside with the event. For example, when
availability of a register changes, the information about current operation (which, in fact, is the
reason for this event happening) is saved in the queue for a more informative output.

5.3 Execution Statistics

Other useful functionality of the simulator is the ability to gather statistics of execution. While the
execution log is useful for analyzing specific moment of execution, execution statistics provide
more convenient view of integral characteristics of the whole execution process. In other words
data of the execution log is spaced in time domain and data of execution statistics are spaced in
code domain.

As a tool, execution statistics collection is implemented as two main parts:

o facilities (internal for cycle-accurate simulator) for accumulation and counting of interesting
events and for forming (raw) output with accumulated data.

o facilities for processing and transforming (raw) output with statistics into a more human
readable format.

5.3.1 Accumulation of Statistics

Execution statistics collection in cycle-accurate simulator is represented as an in-memory map
indexed by addresses of instructions (IPs). Each entry of this map contains some general counters
for this IP (like number of executions, number of stalls etc.) and a map of event counters, indexed
by event type and attributes.

All of the events that are currently being collected by simulator are always certain and can not be
speculative, unlike events of the execution log. This allows to simplify current implementation of
execution statistics, but it is always possible to apply solution from execution log implementation,
if necessary.

For each IP, execution statistics accumulate the following information:

o total number of executions, stalls, NOPs etc.;
e number of stalls of each type (for example, stalls caused by unavailable data in register file and
bypasses, stalls caused by fetching of instructions, etc.);
e number of procedural control transfers;
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e number of non-procedural control transfers;

e some other statistics.

It is important to properly count pipeline stalls. For example, instruction can be stalled at stage B,
but not because it has some reason itself, but because currently B-Stall (or L-Stall) is active, which
blocks pipeline progression for instruction on stage B. Counting such stall not only misattributes
stall for wrong instruction, but also counts effects of real reason for stall (reason of B-Stall) twice.
It can be useful to separate stalls not only by their general type, but also by some additional
factors. For example, for every stall caused by unavailability of data in register file, there is a
producer of this data and a consumer of this data, which is actually stalled. For this reason,
statistics counters are indexed not only by type of event, but also by additional attributes, such as
specific channel of instruction that was stalled, IP and channel of instruction that produces the
result that leads to stall etc. For different types of events different types of additional attributes are
used.

Counter of (non-)procedural control transfers are specific for each target. These counters are later
used for construction of call graph and calculation of approximate inclusive costs of functions.
Non-procedural control transfers are also essential for this, as some compiler optimizations (such
as tail call optimization) transform procedural transfers into non-procedural ones. Information
about non-procedural control transfers helps to detect such transformations.

5.3.2 Processing of Statistics

Although raw output of execution statistics is text based and can be analyzed directly without any
additional processing, it is meant to be transformed into a more human readable format with some
tools external to the simulator.
For this purpose, a separate tool was implemented as a script with the following possible output
options:
¢ disassembly annotated with counters from raw output of execution statistics;
e summary of counters, aggregated for functions (with non-inclusive aggregation across
instructions of function body and with inclusive aggregation across instructions of all callers);
e summary in the format compatible with the profile visualization tools such as KCachegrind [5].
Unprocessed execution statistics do not contain function names or disassembly. They are supposed
to be obtained with objdump utility with support of Elbrus ELF files from binary executable file of
the program being investigated.
The first step of execution statistics processing is its parsing and converting into a representation
more suitable for further transformations. Then, a call graph is constructed, if necessary for chosen
output.
As raw execution statistics for each control transfer counter contain only IPs of source (caller) and
target (callee) of the transfer, it is impossible to construct a call graph which considers full call
stack at the moment of transfer. To address this, during construction of a call graph a simple
heuristic is used, which assumes that for each function all executions of its body are similar for all
real call stacks. This assumption allows to calculate inclusive costs of functions by evenly
distributing all counters of a callee across all individual calls from callers, starting from leaves of
the call graph.
This method of inclusive function costs calculation does not work if a call graph has cycles, which
are usually caused by recursive calls. To combat this, before calculation happens all cycles (more
specifically, all strongly connected components) are detected and converted into special
aggregated nodes of the call graph.
During construction of a call graph, not only procedural control transfers are considered, but also
non-procedural ones. But not all non-procedural control transfers should be taken into account, as
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most of them are truly logically non-procedural. In our implementation, only non-procedural
control transfers that cross function boundaries are converted into calls.

For visualization of execution statistics, we use KCachegrind program. It is mainly used for
visualization of output from callgrind utility, but the input format is simple and flexible enough for
visualization of other call graph like data. Our script supports output in KCachegrind compatible
format with only aggregated information about functions and with more granular information
about individual instructions. KCachegrind was built in support for viewing annotated
disassembly, but not for the Elbrus disassembly. To achieve similar functionality, we utilize view
of annotated source code, but in place of source code we use disassembly manually obtained with
objdump utility with support of Elbrus binary format.

5.4 A Validation Case Study

As an illustration of the introduced simulator statistics usage, the authors present a simulator
validation case study. During one of the validation iterations, a significant run time mismatch for
the 444.namd workload (taken from SPEC CPU2006 benchmark) was found: the AL cycle-
accurate simulation duration result was increased by 17%, while the cache hit rate differences
stayed tolerable. The tasks’ reference system and simulator profiles were collected using perf
Linux profiler and the described AL simulator’s statistical tools and methodology, respectively.
The key profiling parameter was the total number of pipeline stalls. The profiles are shown in
listings 1 and 2.

12,05% ComputeNonbondedUtil::calc pair fullelect
11,45% ComputeNonbondedUtil::calc pair energy fullelect
9,45% ComputeNonbondedUtil::calc pair

Listing 1.444.namd perf-generated profile, reference machine

13,19% +49,45%  ZN20ComputeNonbondedUtillScalc pair
fullelectEP9nonbonded <0x38a30>
13,00% +13,57%  ZN20ComputeNonbondedUtil26calc pair
energy fullelectEP9nonbonded <0x448a0>
9,53% +40,79% 7ZN20ComputeNonbondedUtil9calc pair
EP9nonbonded <0x20a98>

Listing 2.444.namd simulator-generated profile with relative function weight difference

5.02 |3f£f78:

faddd, sm $db[94], %db[103],

40020:

stgdd %rd46, 0x0, %db[62]

Listing 3.444.namd perf-annotated disassembly, reference machine
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0x3££78 # E=20510404 5=10408678
N=0 HW=0 LD=0 ST=0

# IB FETCH NOT READY = 178

#

faddd, sm %db[94], %db[103], %db[62] RF_REG NOT READY

<source IP 0x3f728> = 88
# RF_REG_NOT READY
<source IP 0x3fb00> = 116

# RF_REG_NOT READY
<source IP 0x40428> = 877024
# RF_REG_NOT READY

<source IP 0x40450> 9531272

0x40020 # E=20510404 S=66987408
N=0 HW=0 LD=0 ST=19440799
# RF_REG_NOT_ READY
<source IP 0x3ff78> =
66987408

Listing 4.444.namd simulator-annotated disassembly

For the AL cycle-accurate simulator the relative weight of the hottest procedures
calc_pair_fullelect and calc_pair_energy_fullelect has increased by 9% and 14%, respectively.
Taking a closer look at the annotated disassembly of the hottest procedure calc_pair_fullelect
revealed a significant stall increase (almost up to 9%) for an instruction at the 0x40020 address,
which executed absolutely seamlessly on the reference machine. The perf-generated and the
simulator-annotated disassemblies are shown in listings 3 and 4.

As we can see, the data for the store operation (%db[62]) in the 0x40020 instruction word is
produced by floating-point addition instruction located at Ox3ff78. The consumer (store at
0x40020) is scheduled for execution with a 4-cycle latency after the operand producer (faddd at
0x3£f78), but it gets stalled very frequently because faddd’s result is not ready. Notably, on the real
hardware the consumer instruction does not stall at all. The authors checked the CPU’s scheduling
rules, which are a part of the Elbrus ISA. It turned out that the result availability latency of type
{faddd — integer / memory} is 6 cycles, but for the special case {faddd — store data}, the latency
is 4 cycles. Thus, the complier created an optimally scheduled code. Further examination revealed
that this very special case was not taken into account by the simulator’s logic. Fixing this
inaccuracy shrinked the total run time error of the 444.namd workload to a negligible value (below
1%).

6. Evaluation

6.1 Simulator Accuracy

Accuracy is one of the key simulator quality markers in a sense of reference and modelled system
characteristics convergence. It can vary significantly across different classes of workloads (for
instance, integer or floating-point workloads), and, moreover, across different workloads of the
same class. As for physical microprocessor systems, for the cycle-accurate microprocessor
simulator characteristics evaluation, a standard benchmark, which includes a variety of workloads
from different classes and problem domains, should be used. The authors chose the standard cross-
platform SPEC CPU2006 benchmark, which has been used for the Elbrus architecture
microprocessors performance evaluation [6][7]. We compiled SPEC CPU2006 workloads with the
Elbrus compiler toolchain developed by JSC MCST. It is essential that, for the sake of cycle-
accurate simulator compatibility, some optimization features were disabled at compile time. For
example, the usage of Array Access Unit was disabled because the latter is not yet appropriately
supported in the timing model of the simulator. In other words, all the reference system and the
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simulator data presented below correspond to some intermediate performance mode sufficient for
the simulator validation, but not to the peak performance mode.

The authors used a physical machine based on 8-core Elbrus CPU as a reference system for the AL
cycle-accurate simulator accuracy benchmarking. The configuration of the reference system is
presented in Table 1.

For most of the SPEC CPU2006 tasks the test input data set was used, and a smaller fraction of
workloads was run with the train data set. This choice of input data sets was motivated by a
reduction in simulator run time for those workloads, which in turn allowed the authors to speedup
the simulator validation workflow loop that requires frequent task re-execution.

Fig. 2 and 3 present the main accuracy evaluation results for the AL cycle-accurate simulator,
namely the task run time normalized by the run time on the physical reference system (Fig. 2), and
the workload error distribution (Fig. 3). Workloads on Fig. 2 were run with the test input except
workloads where the train input data is explicitly specified. The geometric mean (GM) is presented
for benchmarks that include multiple runs. These results show that for more than a half of the
workloads the error stays inside a 4% limit, where the CINT tasks have, on average, a lower error
in comparison to the CFP tasks. The vast majority of the tasks has a 12% upper bound with several
outlying cases with 25% error at worst. The geometric mean for the error on the whole SPEC
CPU2006 set is below 5%, which is an admissible result [8][9].
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Fig. 3. SPEC CPU2006 workload error distribution

Table I. Reference s
CPU

stem configuration

Elbrus, 8 cores, 1 node

Clock frequency

1500 MHz

L1 instruction

128 KBytes, 256-byte cache line, 4-way set-

cache (IB) associative, virtually addressed

L1D cache 64 Kbytes, 32-byte cache line, 4-way set-
associative, virtually addressed

L2 cache 512 Kbytes, 64-byte cache line, 4-way set-

associative, 4-banks interleaved, physically
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addressed

Shared L3 cache | 16 Mbytes, 64-byte cache line, 16-way set-
associative, 8-banks interleaved, physically

addressed
RAM channels 4 channels DDR4
RAM size DDR4-2400, 128 GBytes

Operating system | OS Elbrus based on the Linux kernel

Linux kernel 4.9.0-4.1-e8c2
version

Memory subsystem is one of the most contributing sources of pipeline stalls, especially for a
VLIW architecture like Elbrus since memory accesses can have sophisticated behavior that can be
difficult to be predicted and tackled at compile time. In this context, the hit rate for different levels
of the cache hierarchy is an important metric that correlates with the overall system performance,
and matching of reference and simulator-originated hit rate values is an important simulator timing
validation criterion. Fig. 4, 5 and 6 show hit rates for the L1D, L2 and L3 caches on the reference
system and the AL simulator. For private core caches (L1D and L2) there is a high correlation
between hit rates on the real and modelled CPU (mean hit rate error is 3% and 2% respectively).
The situation is different for the L3 cache, namely the mean L3 hit rate error is noticeably higher
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Fig. 6. SPEC CPU2006 L3 cache hit rate
Modelling errors, which result in performance metrics value mismatches described above, can be
arranged in a number of groups as a rule of thumb.

e Functional limitations of the cycle-accurate simulator, like hardwired CPU execution mode,
simplified system configuration, etc.

e Logical inaccuracy in the timing model. E.g., redundant or insufficient pipeline stalls, wrong
hardware algorithms implementation, etc. This group of errors should be diagnosed and fixed
during cycle-accurate simulator validation (see 444.namd validation case study above).

o Different performance counters interpretation. As an example of this error group, one can
consider a pipelined cache memory with an number of intermediate structures like Store Miss
Buffer, Miss Status Hold Registers, etc. In-flight operations can be stored in these buffers in a
multitude of internal states, which in turn can be interpreted in a different way by physical and
modelled performance counters.

¢ Incremental cache hierarchy error propagation. If an error appears at some level of the cache
hierarchy model, it tends to propagate further down the lower levels. For example, an illegal
L1D cache miss causes a spurious L2 cache request, which alters the hole underlying memory
subsystem behavior. That is why lower cache levels in the simulator have higher relative
variation in request stream intensity and structure (and, as a result, a greater hit rate error) in
comparison with higher level caches like the L1D cache.

When analyzing the error rate for the overall accuracy data on Fig. 2, one can notice several

outliers with the highest error: 433.milc (test — 16%, train — 25%), 429.mcf (18%), 445.gobmk

(14%) and 450 soplex (train — 13%). These cases are worth discussing while keeping in mind the

modelling error classification presented above.

For 433.milc workload (both test and train input data), a relatively high DTLB hit rate is common.

On the reference system, among the overall 7017 million memory accesses, DTLB misses

comprise around 1%, or 70 million misses in total. This exceeds DTLB miss rate of most tasks

considered in this paper by several orders of magnitude. Suppose each DTLB miss takes one
memory reference for the page table lookup, and it always hits in the L3 cache (which is an
optimistic estimate). The L3 cache hit latency takes a few tens of clock cycles, so the cumulative

DTLB miss stall penalty will definitely exceed 1000 million clock cycles. The latter number fully

explains the difference in real and modelled execution time. This is a simulator functional

limitation case, namely the absence of address translation mechanisms and MMU cache lookups in

the AL cycle-accurate simulator. One can say that the AL cycle-accurate simulator has both 100%

ITLB and DTLB hit rates, which result in the absence of TLB miss-originated pipeline stalls.

For the AL cycle-accurate simulator, the 429.mcf and 450.soplex (train) tasks have a higher L1D

hit rate than expected, which could result in erroneous task speedup. In both cases the reasons for

the divergence are likely to be simulator logical inaccuracy, which are yet to be fully investigated.

Also, there are some functional limitations of the simulator that tend to distort memory subsystem

dynamics and complicate the analysis. Namely, on a real machine, the memory allocation is

eventually done by the OS kernel memory management mechanism using processor’s MMU
hardware. Virtual memory is allocated in 4KB, 2MB or 1GB physical memory pages, which are
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often grouped into contiguous blocks by the allocation algorithm, where possible. Moreover, some
virtual memory pages with distinct virtual addresses can be mapped to the same underlying
physical memory page, e.g. for the copy-on-write and zero pages, techniques used by the Linux
kernel. The AL cycle-accurate simulator does not reproduce those algorithms. The underlying
physical memory is always available, and all physical addresses are identical to virtual, as noted
above. This results in effectively different physical addresses footprint for the AL cycle-accurate
simulator with respect to the reference system, hence different memory subsystem behavior
starting from the L2 cache and below. We found some indirect markers of the limitation’s impact.
To begin with, we used the page-types Linux utility to get a glance on the virtual-to-physical
address mapping of the 426.mcf’s task on the reference machine, where only the referenced pages
were considered. A physical address heatmap was collected for the cycle-accurate simulator, with
physical memory region granularity of 4KBytes. We found that the physical memory footprint on
the real machine is far more dense in comparison with the AL simulator, especially when it comes
to usage of virtual pages mapped to the same physical page. Also, using aliased virtual pages can
cause additional L1D cache misses from the anti-aliasing mechanism, which is not present in the
AL version of the cycle-accurate simulator. Secondly, an interesting difference in the L3 statistics
for the 429.mcf workload was found. The L3 cache has a special hardware structure for in-flight
requests. A hit in this structure occurs when multiple in-flight L3 cache requests access the same
cache line. In this situation some additional stalls can occur. The overall L3 request number on the
simulator is close to the reference machine (with 20% difference), but the number of hits in the in-
flight requests buffer for the reference machine is by three orders of magnitude greater. Thus,
frequent physical address collisions on the reference system are not reproduced by the AL cycle-
accurate simulator, which indirectly points to L2 cache model inaccuracy or to the address
mapping limitation described above, or both.

The 445.gobmk workload with test input consists of several subtasks, which have very diverse
numbers of instructions, from tens of millions to billions. «Short» subtasks tend to have high
inaccuracy due to the reference machine run time variation and some simulator limitation effects,
which are negligible for «long» workloads. Those «short» subtasks have high negative impact on
the overall 445.gobmk workload accuracy. For the same reason, the 462.libquantum task was run
only with the train input data.

The cache hit rate error data on Fig. 4, 5 and 6 can be also interpreted with the help of the
introduced simulator error classification. Generally speaking, the private core caches (L1D and
L2) hit rate errors are quite low except a couple of outliers, but the mean shared L3 cache hit rate
error is greater. For private core caches (Fig. 4, 5) most high error cases are likely to be
performance counter interpretation errors of the memory subsystem timing model (like
462.libquantum for L1D and 482.sphinx3 for L2). The L1D and L2 errors are almost uniformly
distributed across workloads, and it is difficult to pick an evident error group for most of them. For
the L3 cache the situation is different. Here errors of all four groups severely distort modelling
results. Multicore reference configuration has idle core L3 traffic. Moreover, cache coherency
mechanisms impact the L3 cache hit rate and alter L3 performance metrics meaning on the
reference system. Incremental error propagation uniformly augments error margins across all
workloads. Finally, some specific L3 cache model logical inaccuracies exist. For the 410.bwaves
task, the hit rate is too high, since this workload is known as a streaming one with low L3 hit rate
[6]. Nevertheless, high L3 hit rate error does not always severely influence overall results, since
for most tests the memory accesses stream intensity falls when moving to the lower levels of
memory hierarchy, especially for workloads that fit in higher level caches.

6.2 Simulator Performance

Running speed is an important cycle-accurate simulator characteristic. It directly affects the
simulator validation rate and also the simulator’s usability: the speed should be sufficient to run
the standard benchmarks common for the modelled architecture. Here we present a brief speed
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comparison of the pure functional Elbrus architecture simulator (FUNC), the considered AL cycle-
accurate simulator (AL) and the system-level memory subsystem simulator described in [3]
(SLM). We conducted comparison on several benchmarks from the CINT and the CFP packages.
Those benchmarks are chosen in such a way that their clocks-per-instruction (CPI) parameter
varies significantly. We chose the clock-per-wide instruction (CPWI) characteristic measured on
the reference system as a simple approximation of the CPI. Modelling results are shown in Table
2.

Functional simulator speed is often expressed in terms of ticks per second, where a tick basically
corresponds to an executed instruction. In case of comparison with the cycle-accurate simulators,
choosing this performance measurement unit would create some confusion. Instead we expressed
the functional simulator’s speed in the same performance units as both cycle-accurate simulators’
speed, notably in cycles per second, where the number of cycles was obtained from the AL
simulator run for a particular benchmark. Table 2 shows that functional simulator’s speed is
between 5,081 MHz and 10,565 MHz, which is comparable to FPGA processor prototypes. The
AL simulator speed varies between 462 KHz and 817 KHz, which is an order of magnitude slower
than pure functional instruction set modelling. This is typical since detailed timing models
overhead is usually quite severe.For the SLM simulator, the selected benchmarks were run under
OS “Elbrus” based no the Linux kernel version 4.19.72. The speed is within the limits of 577 KHz
and 1066 KHz. For both considered cycle-accurate simulators the speed tends to increase with the
CPWI parameter. This can be explained by simulators’ design: during the stall cycles processing,
only a smaller fraction of pipeline and memory subsystem model mechanisms are active, and such
kind of cycles usually run faster. On average, the SLM simulator is by 13% faster than the AL
simulator. For the considered CFP workloads the geometric mean speed difference is 4%, and for
the CINT workloads is 21%. The gap gets narrower for lower CPWI tasks (453.povray and
471.omnetpp), and wider for higher CPW1 tasks (410.bwaves and 429.mcf). The latter means that
the full accurate Elbrus core pipeline timing model overhead of the AL cycle-accurate simulator is
greater than the SLM simulator’s overhead imposed by the MMU model, lightweight memory
scoreboarding and the OS code simulation time combined together. Yet there is some room or
optimization (see Section 8). To summarize, simulators’ running speeds are quite comparable to
each other and acceptable for running the SPEC benchmark package with test and train input data
sets: running a 40-billion cycle benchmark, takes roughly a 24-hour period.

Table 2. The AL cycle-accurate simulator and the SL memory subsystem simulator speed comparison

CFP CINT
Workload 453, 434, 410. 471 462. 429,

povray | zeusmp | bwaves | omnetpp | libquantum | mcf
CPWI 1.6 3.1 6.6 1.7 35 4.6

Intel Core i7-2600 .

CPU @ 3.40GHz, II:QZ?'{/IXeon E3-12xx v2 (lvy Bridge), 32GB
Machine 16GB RAM
Simulator |_FUNC 5.081 4.152 9.442 3.579 3.361 | 10.565
i%:ed, AL 0.796 0.670 0.817 0.462 0.609 | 0.795

z
SLM 0.734 0.699 0.965 0.577 0.733 | 1.066

Speed (FUNC) / 8.37 8.43 12.67 6.30 543 | 13.77
speed (AL)
Speed (AL) / speed 1.09 0.96 0.85 0.80 0.83 0.75
(SLM)
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7. Related Work

It was demonstrated by [10] that proper validation and calibration of simulator is very important
for its accuracy. Accuracy evaluation made during this study showed that the least error in
accuracy is achieved by simulators Sniper and ZSim, which have been validated against real
hardware. It is also worth mentioning that these simulators are most accurate despite being of
application level type.

Simulator Sniper was validated [11] against Intel Nehalem architecture and was shown to achieve
average error of 11.1% on the SPLASH-2 benchmarks [12]. This high accuracy preserved (with
reasonable variation) during later evaluation conducted in [10] on SPEC-CPU2006 [4] and
MiBench [13] benchmarks targeting Intel Haswell architecture.

Simulator ZSim was validated [14] against Intel Westmere architecture. It achieved absolute IPC
error of 8.5% on SPEC-CPU2006 [4] benchmark (single-threaded benchmarks) and .11.2% on
combination of PARSEC [14], SPLASH-2 [12] and SPEC-OMP2001 [15] benchmarks (multi-
threaded benchmarks). Absolute error for Intel Silvermont configuration of simulator is 20.9%,
which is roughly twice as large comparing to Intel Westmere configuration. This emphasizes
importance of validation and calibration against specific target hardware.

Simulator SINUCA was validated [9] against Intel Core 2 Duo and Intel Sandy Bridge
microprocessors. Validation was conducted on two sets of benchmarks: specially constructed
micro-benchmarks and SPEC-CPU2006 suit [4]. Micro-benchmarks were constructed to evaluate
specific features of microarchitecture and interactions of different components of microprocessor.
On these micro-benchmarks simulator achieves average error of 10% for Intel Core 2 Duo and 6%
for Intel Sandy Bridge, while on SPEC-CPU2006 it achieves average error of 19% for both
hardware configurations, which is significantly larger than for microbenchmarks. This error
increase reaffirms importance of selection of representative workloads during simulator accuracy
validation.

8. Conclusion and Future Work

Cycle-accurate simulators are very useful and important class of tools for investigating
performance of applications and for exploring and evaluating design space of processor
microarchitectures. And memory subsystem simulation is major part of any cycle-accurate
simulator.

But, as microprocessors become more and more complex, simulator complexity grows
accordingly. That is why it is important not only to implement working software model of
microprocessor, but also to have means to debug it and make it more accurate.

In this paper we described our approach to integration of memory subsystem model into
application-level cycle-accurate simulator of Elbrus microprocessors and the tools we
implemented and used to debug this simulator.

However, while the simulator described in this paper is reasonably performant and accurate (with
mean running time error below 5%), there is always more work to be done.

Firstly, there are still some features and components of microprocessor that are not yet simulated
with sufficient accuracy. Most notably, simulation of Array Access Unit (AAU) is still very
simplified. Part of our future work is to properly implement more components. Also, one can
always find bugs and inaccuracies that should be fixed.

For the memory subsystem timing model specifically, the authors plan to further validate the
model and to reduce the error rate via fixing of simulator inaccuracies and adjustment of
performance counters.

It is known that behavior of OS and effects of 1/O can have significant effect on performance
[16][17]. Such details are not properly captured by application-level simulators, unlike system-
level simulators. Concrete examples of this can be seen in our evaluation. It is interesting to
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explore ways to take into account such details (for example, stalls caused by DTLB, TLU and
other components), while staying within AL simulation.

Secondly, while performance of simulator is reasonable enough and stays within our original
requirements, complete simulation of many applications can take days of real time. It is important
to improve this situation.

One obvious way to address this is to reduce inefficiencies of current implementation. The main
advantage of this approach is that it does not negatively affect accuracy of simulation. The work
on several optimizations of this sort is currently in progress.

Another way to speed up the simulation process is to identify and simplify the least impactful parts
of the simulation. It is less obvious how to do it properly, but as accuracy and reliability of current
simulator increases, it becomes easier to investigate and evaluate such options.

Thirdly, as it became evident during implementation of cycle-accurate simulator, proper tooling
has significant impact on productivity. And it is quite reasonable to improve existing tools to
further improve efficiency of debugging and developing of simulator. For example, it could be
useful to add more types of events to execution statistics and to implement more verbose version
of execution log.

Finally, the support of the upcoming version of the Elbrus ISA is yet to be done.
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AnHoTanus. CrucreMa KOMaHZA — 3TO CTEP)KEHb, BOKPYT KOTOPOTO CTPOHTCSI BECh OCTaIbHOH IPOLECCOP.
OmuOKH WM HETHOKOCTh B PEUICHHSX, OJHAKABI 3aJI0KCHHBIE B CHCTEMY KOMaHJ, OCTAalOTCS C OTHM
MIOKOJICHUEM IIpolieccopoB HaBcerga. [losToMy ofHa M3 KIIOYEBBIX MPUYMH, IO KOTOPOH poOCT
MPOM3BOAUTENILHOCTH coBpeMeHHbIX CPU 3amemiuics, 3akirouaeTcss B TOM, YTO UCXOJHBIM KoOJ
IPOLIECCOPOB KUCHOPTUIICA» B IPSIMOM U IEPEHOCHOM CMBICIIC 3TOTO CJI0BA: IPOLECCOPBI BHYTPHU CTAHOBATCS
CIIO)KHBIMH, U3-32 4Yero WX AajibHEeHInee pa3BHTHE 3aTpyaHseTcsa. PaspaboTka coBpemeHHbix OBM (CPU,
GPU wunu crieruanu3upoBaHHbIX CHCTEM) — 3TO KpaifHe JOPOrOCTOSIIHIA MPOLECcC, COCTOSIINMA U3 GOIBIIOro
KOJIMYECTBA 3aTpaTHBIX crareil. IloaToMy BOIpOC NEHBI, WM, CKOpEe, IIEeNecOOOPasHOCTH pa3pabOTKH
mponeccopa SBIAETCS KIIOYEBBIM. B maHHONH paboTe MBI IIPOBENM HCCIEAOBAaHME CYIIECTBYIOMINX
HOIYJSIPHBIX CHUCTEM KOMAaHJ IpOILieccopa M CHeNald BbIBOJABI O IEPCHEKTHBHOCTH B HACTOSIICE BpeMs
HanpasieHus RISC-V u npyrux oTkpsITeix cucteM koMman] CPU. Mbl noctapanuch OTBETUTD Ha CIEAYHOIUE
BOMPOCHL: MMOYEMy CHCTEMa KOMaH] Mpolieccopa — 3T0 ACHCTBUTENBHO BaxkHOo? [louemy mmenno RISC-V,
yeM oH Jy4me octanbHbIX? Kakume BozmokHocTH RISC-V OTKpbIBaeT i poCCHHCKHX pa3pabOTYHMKOB M
KaKue y Hero ecTb aHajaoru?
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Abstract. An Instruction Set Architecture (ISA) is the core around which the rest of the CPU is built. Errors
or inflexibility in decisions once embedded in a system of instructions remain with this generation of
processors forever. Therefore, one of the key reasons why the performance growth of modern CPUs has
slowed down is that the source code of the processors “got corrupted” in literal and figurative sense of the
word: the processors inside become complex which makes their further development difficult. The
development of modern computers (CPU, GPU or specialized ones) is in any case an extremely expensive
process consisting of a large number of costly articles. Therefore, the issue of cost of developing a processor
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is the corestone. In this work we conducted a study of existing popular processor command systems and made
conclusions about the prospects of the RISC-V and other open source instruction set architectures. We tried to
answer the following questions: why the processor instruction set architecture is really important? Why
RISC-V, why is it better than the others? Which opportunities does RISC-V open for developers around the
world and what analogues does it have?
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1. BeedeHue

OpnHa W3 HAUX OCHOBHBIX IieNiell Kak pa3paOOTYMKOB — YMEThb NHCATh BBICOKOA((EKTHUBHBIE
npwioxkenus. [Ipobiema B TOM, 4TO B COBPEMEHHOM MHpE 3TO HE TaK MPOCTO CHAENATb.
Cpennecraructuueckuii ko Ha C++ HCHOJNB3YeT eABa JH JECATYIO JOJII0 MPOU3BOIUTEIBHOCTH
coBpemenHsix CPU [1]. Takas cuTyanus BO MHOTOM CIIOXHJIACh OT OTCYTCTBHUSI MPO3PAYHOTO
uHTepdeiica Mex Iy IPOrpaMMHUCTOM H annapaTypou.

e  BrICOKOYpOBHEBOE alrOpuTMHUUEcKoe onucanue Ha C++ (Wim Apyrom si3bIKe) TPAHCIUPYETCS
B acceM0iep ¢ TPUMEHEHHMEM CaMbIX pa3HbIX TEXHHUK ONTHMHU3AIMU BIUIOTH JIO
aBTOMaTHUYEeCKO# BekTopu3auuu. Ha 3ToM sTane KOMIMIATOP aKTUBHO MCIOJIB3YET MalIMHHO-
3aBUCHMBIC OINTHMHU3AIMU (TO €CTh ONTHMH3HPYET KOJ JUIS KOHKPETHOTO CeMelcTBa
MIPOLIECCOPOB).

e AccemOnep B IEHCTBUTENBFHOCTH HE MO3BOJISIET MONYYHUTh IPEJICTABICHHE O TOM, HACKOIBKO
JIAaHHBIH KOJ ONTHMHU3UPOBaH, AK€ HECMOTPSl HA TO, YTO OH HANpsMYIO TPaHCIHpYeTCs B
MaIIMHHBIN Koa. BoT 31ech ects pyHmaMeHTansHast mpobiema.

Jleno B TOM, 4TO MOMHUMO apXUTEKTYPHOT'O YPOBHS, TO €CTh HEMOCPEJICTBEHHO CHCTEMBI KOMaH],
BUIMMOM KOMITWJIITOPY W NPOTPaMMHUCTY, CYHIECTBYET emé MHKPOAPXHMTEKTYpHBIH — TO, Kak
MMEHHO 3TH KOMaHbl BBINOJHSAIOTCS BHYTPH Iporieccopa. TakuM oOpa3oM, cucreMa KOMaHz —
9TO HE YTO MHOE, KaK MHTepdeiic, a KOHKPETHOE IMOKOJICHHE mporeccopoB (Hampumep, AMD Zen
[2] wmm Intel Cascade Lake) — ato peamusaumst untepdeiica. Korma unTepdeiic ycrapeBaer
(lepecTaér yZOBICTBOPATH aKTyaJ bHBIM TPEOOBAHMSAM MO KAKOH-IMOO NMpPUYMHE), TPOrPaMMHUCT
ero Menser. OfHAKO CYIIECTBYIOT CHUTyallWH, KOrAa MHTep(deiic Hemb3sh M3MEHHTh — €CIH €ro
cTapoil Bepcuel Moib3ylTes Apyrue pa3padoTyuku. J1Jiss IporpaMMHBIX CUCTEM 3TO HE SBIISETCS
60bIION TIPOOJIEMOH, MOCKONBKY CTapbhlii MHTepdeic, Kak MPaBUIO0, MOXET OBITh pealn30BaH
4yepe3 HOBBIM W, TakuM 00pa3oM, MOXHO JIBUTaThCsl BIEPEI, COXpaHss MOAJEPKKY IS
noJib3oBareneit ctaporo uHrepdeiica kakoe-to Bpemsi. OJHAKO [UIsl anmnaparypbl 3TO He TaK.

Ilpoonema #1: Jrob6as nuuHss GyHKIMOHAIBHOCTh B CHCTEME KOMaHJ OyJeT TPaTHTh PECypChl

KpucTajula (TPaH3UCTOPBI, YACTOTY, TEIJIOBBIACICHHE) W YBEIMYUBATH CIIOKHOCTh PEIICHUS B

uenoM. J{onoJHUTENbHBIE CTaJuM KOHBeiiepa, HallelieHHbIe, HallpuMep, Ha COXPaHEHHE YacTOTHI

OyIyT NMPUYMHON POCTA JIATEHTHOCTH (HETIOCPEACTBEHHOE BPEMsI BBIIIOJIHEHHUS) HHCTPYKIUH, 4TO

MOXET MOBIHATH Ha 3(PPEKTUBHOCTh OCTANBHON cucTeMbl. [I0CKOJIbKY 00paTHash COBMECTHMOCTD

it CPU BaxHa, ¢ KaXIbIM HOBBIM ITOKOJICHHEM IIPOIECCOPa, PACIIMPSIONIMM 0a30BbIH

nnTepdeiic, npobiIeMbl PacTyT Kak CHEXHBIH KOM. MBI pacCMOTPUM HEIAOCTATKH CYIIECTBYIOIINX
cucteM KoMmaHZ B 0030pe. OnHaKo Mpexk/e 4YeM MbI K HUM IepeiéM, HeoOX0IMMO YIOMSHYTb
emé HECKOJIBKO POOJIEM.

Ilpoonema  #2:  OrcyrcrBHe  KpoccmiaT(opmenHocTH.  Brlcokonpous3sBogUTENbHBIE

NIPOrpaMMHBIE KOMIIOHEHTHI (OMOJIMOTEKH) Ha CEroJHSIIHMN JIeHb OYEHb CHIIBHO 3aBHCAT OT

KOHKPETHO! ammapaTypsl. [Ipou3BOAMTENN MNPOLECCOPOB HAMEPEHHO BBIMTYCKAIOT “‘OTKPBITHIN”

co)T, HAMMYKAHHBIH KaK MOXKHO OOJBIIMM 4YHCIOM CBOMX HHCTpyKimi. Hampumep, Intel

IpelocTaBIsieT OecruiaTHylo OuOIMOTEeKy TpaccHpoBKM Jydeii Embree (m mHorme papyrue

OecrutaTHple  OMONMMOTEKM), CBEpXy 1O  HHU3Yy  MPOIMKTYI0  alNnapaTHO-3aBUCHMBIMH

«MHCTPUHCHKaMM». VI3IWIIHE yNOMHHATH O CTOMMOCTH IIPOIECCOPOB Xeon, MOJ KOTOPbHIE 3Ta
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OoubmmoTeka onTuUMuUsMpyercs. IlepeHecTH NOAOOHYI0 OMONMOTEKY Ha NpOLECCOp C JAPYrou
CHCTEMO#1 KOMaH]| — 3a/1a4a, SKBHBAJICHTHAs [0 CTOMMOCTH HAITHMCAHUIO CBOETO aHAIIOra C HYJIS.
XyXe BCero, 4ro MEPeHOC Koma «B JI00» MNpPUBEAET K HU3KOH MPOWU3BOAUTENHHOCTH, H,
ClIeIOBATENIbHO, HE OYAET UMETh CMBICIA.

[puseaém mpoctoit mpumep. B x64 ects nncTpykuus shuffle, kotopasi mo3BossIeT MPOU3BOIBHBIM
00pa3oM HepepacipesesIuTh COASPKUMOE BEKTOPHOTO pericTpa. C MOMOIIBI0 TaKOH HHCTPYKIHH,
HampuMep, MOXHO pPealr30BaTh BEKTOPHOC MPOM3BEICHHE IS IBYX TPEXMEPHBIX BEKTOPOB,
XPAHAIINXCS B PETHCTPAX:

~ ml28 shuffle yzxw(_ ml28 a src)
{ return mm shuffle ps(a src, a src, MM SHUFFLE(3, 0, 2, 1)); }

~ ml28 cross(const  ml28 a, const ml28 b)

{

const ml28 a yzx shuffle yzxw(a);
const ml28 b yzx = shuffle yzxw(b);
const ml28 c =
~mm_sub ps( mm mul ps(a, b yzx), mm mul ps(a yzx, b));
return shuffle yzxw(c);

}
OpHako okas3wiBaeTcs, 4To d(dekTuBHO peanmn3oBath Ha ARM ananor shuffle umMerHO ¢ Takum
MOPSJKOM KOMIIOHEHT (yZXW), KaK M B 00IIeM cirydae, HeBO3MOkKHO. Ho 3T0 He 3Ha4uT, TeM He
MEHEee, 4TO KOJ, HCIOJb3YIOIINH BEKTOPHBIE IPOW3BEACHHSA, HE MOXET OBITh 3((EeKTHBHO
peanmmzoBad Ha ARM. IIpocTo BEMHCIEHUS U JaHHBIE H3HAYAIBHO JIOJDKHBI OBITH OPraHH30BaHEI
Ho-ZIpyroMy (HampuMmep, IOJHOLCHHAs BEKTOpM3amus Kojxa ¢ oOpaboTkod mo 4 snmeMeHTaMm,
KOTOpast B 00IIeM ciiydae naxe Ha x64 paboraeT nyumie). KOHEYHO, ONBITHBINA YUTATEIh MOXKET
BO3pasuTh, YTO, OIPAHUYMBASCH JIMIIL KOHCTPYKUHMSMH sI3bIKa MPOrpaMMHUpOBaHMs (Hanmpumep,
C++ unu Ada), oH MOXeT u30ekaTh MPOOJIEM ¢ IepeHOCUMOCThI0. OIHAKO, TaXKe eClid He OpaTh B
pacuéT anmapaTHO-3aBHCHMBIE OMOITHOTEKH, COXPAHAIOTCS HIOAHCHI (CM. HHUXeE).
IIpo6aema #3: Komnuasitop. Pazpaborunku nporeccopoB (Hampumep, AMD) akTHBHO BHOCST
CBOM BKJaj, ocoOeHHO B gcc [2] u aapo Linux [3], mOTOMy YTO OHM B 3TOM HENOCPEJICTBEHHO
3anHTepecoBaHbl. Kommuisttop u OC — 3TO Takoi e 3aBUCUMBIH OT MPOU3BOAMTEINS annapaTypbl
copr. Henb3s 0xuaath, 4TO OAMH M TOT K€ KOJA ONTUMH3HMPYETCS IOJ| Pa3HbIe IMPOIECCOPBI
OJIMHAKOBO XOPOILIO, Aa)e €CIIM OHW UMEIOT MPAaKTHUECKH WACHTUYHYIO ()YHKIHMOHAIBHOCTD (XOTS
LLVM u aMmopTH3HpYET 3Ty MPOOIEMY, HO JIUIIb OTIACTH).
CoBepIIIEHHO OT/AENBHBIN Pa3sroBop — 0€30MaACHOCTh cucTeMbl (npodnema #4). 3necy BCE OueHb
IUI0X0, TIOTOMY YTO BaM €€, MOMPOCTy TOBOPS, HUKTO HE TapaHTUPYET (CM. YA3BHUMOCTHU «Spectrex»
u «Meltdown»). Xotute OBITH 3aIUINEHBl — JeNaiTe IeTuKoM cBoi kommbiotep Tumoc OC,
KOMITHJISITOP M ApaiiBEpPHI C HYJIS.
U, uakouen, (npoonema #5) — 3¢ppexTnBHOE B3aMMOJEiCTBHE MOTOKOB B MHOTOMOTOYHOM
porpaMMe — BONPOC, HE PEHIEHHBIH B OOJBIIMHCTBE CHCTEM KOMAaHJl Ha JIOJDKHOM YpOBHE.
Ceituac 370 0cOOEHHO Ba)KHO, TaK KakK IMPOIIECCOPHBIX SA€P CTAHOBUTCS BCE OOIIBIIIE.
Takum 00pa3oM, NPOU3BOAMTENH IPOLECCOPOB TAHYT OJESUIO0 HA ceds, 3a4acTyl0 HaMEpPEeHHO
n00aBisIs «ymoOHBIE» MHCTPYKIMH B CBOM IIPOLECCOpPHI. Pa3paboTUMKM NMpPOrpaMMHBIX CHCTEM
HAYMHAIOT MPHUBBIKATh K 3TOMY «yZOOCTBY», HE NMOHHMas, K YeMy 3TO NPUBEIET B JajbHEHIIEM
IpU TepeHoce Koja Ha IPOLEccop ¢ APYroil cucreMod KoMaHA. MBI HE XOTHM CKa3aTb, YTO
KOHKpeTHO MHCTpyKuus shuffle — aTo ruroxast maes. Mbl XOTUM CKa3aTh, YTO 3TOT BOINPOC HE
JIOJDKEH pelIaThesl OJTHOM KOMITaHUeH, eciii KpoccIutaTpOpMEHHOCTh, 00paTHAsi COBMECTHMOCTh U
6e30macHOCTh I Hac BakHBL. JloyokeH OBITH YCTOMYMBBIA CTaHIApT, Ha KOTOPBIA BBI, Kak
pa3paboT4nK, MOXKETe ONHpaThcs, 9YTOOBI Balla TporpaMmMa B OyaymeM Moria Obl OBITh
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IepeHeceHa Ha HOBBIE, Jydmne, Oosiee ObIcTpble, 3HeprodddexTuBHBIE WM 0Oe30macHbIe
BBIYHCIIUTEIIbHBIE CHCTEMBI 0€3 CYIECTBEHHBIX ITOTEPh B IPOU3BOANTEIBHOCTH.

3ameuanue. VHTepecHO YNOMSAHYTb B 3TOil cBA3u rpaduueckue mnpoueccopbl. Ilockonbky
oOpaTHasi COBMECTUMOCTh Ui HUX HHUKOrga He sBsuiack wnensto, GPU mporpeccupoBanu
CYIIECTBEHHO ObICTpee M JOCTHIJIM M3BECTHBIX YCIEeX0B. Helnb3sl cka3ark, 4To TaM BCE MPOCTO, HO
npoOiembl nepeHocumocty [1O aist HUX pelaroTest Ha ypoBHE rpaMueCcKUX M BHIYUCIUTENBHBIX
API, gro camo mo cebe HamHOro Ooinee rubko, YyeM cHcTeMa KOMaHJ. B HacTosmee Bpems
npomnszBonutenn GPU cMorinm mOTOBOPUTHECS O €IMHOM OTKPBITOM CTaHAAPTE, HA3bIBAEMOM
Vulkan, KOTOpBIi TOAIEPKUBAIOT IIOYTH BCE COBPEMEHHBIE NeckTomHble n MoomwipHbIe GPU. Kak
u RISC-V, Vulkan — xopommii # TpaMOTHO CIIPOEKTHPOBAHHBINA CTaHAAPT. MBI HaJeeMCs, UTO
pacckaxxeM O TOM, IIOYEMY 3TO TaK B Halled cieayrouie craTtbe. A IOKa MBI MOXEM
pE3IOMHpPOBATh, 4TO, KaK OBl CTPAaHHO 3TO HM 3BY4Yajo, B COBPEMEHHOM MHpPE IPOrpaMMHBIC
CHCTEMbl W aJITOPUTMBI, HMHTEHCHBHO wncnosbesytomue GPU, B menom ropasmo Oosee
kpoccriathopmenssl, yeM ux CPU ananoru.

2. 0630p cyuwjecmeyrowux cucmem KOMaHo

IIpexne Bcero, HEOOXOUMO Pa30OpaThCs B HAKOIUIEHHOM MHPOBOM OIIBITE.

2.1 X86/X64

Intel 1 AMD nobununce ycriexoB B paclipoCTpaHEHUH ITPOIECCOPOB 3TOH apXUTEKTYpHl Oimarogaps
0oOpaTHOW COBMECTUMOCTH, AarpecCHBHBIM ONTHMHU3AIMAM M JIHIUPYIOIIUM TEXHOJIOTHSIM
npousBocTBa [4]. Jlu3aiin Habopa HHCTPYKIMI — HEe UX CHIIbHAs cTOpoHa. OO 3TOM TOBOPHT XOTS
Obl TO, YTO BHYTPH O3THX IPOLECCOPOB X86/X64 MHCTPYKIUHM NaBHO YK€ TPAHCIUPYIOTCS B
HekoTopoe Oonee npocroe, RISC-nonobHoe npencrasienue. Bcé 310 oueHb HaOMHUHAET KaKyIo-
HUOYb CTapyro mporpamMmy ¢ legacy QyHKIMOHAIBHOCTBIO, KOTOpasi 10 CHX IOp JKHBA TOJIBKO
IIOTOMY, YTO Bce K Hel yxe mpuBblkin. Ho ecim oTOPOCHUTH COBMECTHMMOCTH M MOCMOTPETH
00beKkTUBHO, B X86/x64 «mpocto HeT cmbicia» ([4], c.12). A Beap 3To OBUIO cKazaHO emé B
nanékom 1994 r. [5]. OcHoBHas mpobOnema x86/x64 — 3TO HUCKIIOYUTENBHO paszmyTtas (OoibIie
2000) ¥ I0XO CTPYKTYpUpOBaHHAs cuCTeMa KOMaHJ. MHOTHe KOMaHIpbl y>K€ NaBHO HUKEM He
UCTIONB3YIOTCSL ¥ HE IOJ/ICPKHUBAIOTCS, HO NMPOJOIDKAIOT OCTAaBAThCS B CUCTEME KOMaH[ B CHITY
00paTHOM COBMECTUMOCTH. BOT HECKOIBKO OCHOBHBIX ITPOOJIEM.

KoxupoBanue komana B x86/x64. B x86/x64 koMaH/IBI MOT'YT 3aHIMATh pa3HOE YUCIO OaiT: ot 1
mo 15. Ilpm srtom Oonee KOPOTKHE OIEpAlMM CO BPEMEHEM CTajl HCIIOIb30BATHCS DPEXKe.
W3nauyanbHas uuest Obuta B TOM, 4YTOOBI KOJMPOBATh HawOoJee dYacThle OIEpalyy MEHBIINM
grcaoM Oaiit (cM. kombl Xaddmana). Ho co BpeMeHeM OHa MOBEpHYJACh O0OpaTHOW CTOPOHOM.
Hanpumep, nensix 6 8-OMTHBIX MHCTPYKLIHMH IOJDKHBI 00pabaThIBaTh 4YMClia B JECATCPHUHOM
MpeACTaBIeHUH, 4YTO YK€ JaBHO He monnepxkuBaetcs B gec ([4], c.12) m He peamusyercs
COBPEMEHHBIMH TIPOIIECCOPAMHU, HO TIO-TIPE)KHEMY 3aHMMAaeT MECTO B CHCTEME KOAWPOBAHHS
KOMaH/. AHaJOTMYHO MOXXHO CKa3aTh M IPO BeCh cormpoieccop X87, KOTOphId XOTh H
HCTIONB3YeTCs B CTaphIX 32 OUTHBIX mporpammax, B 2020 roxy sSBIsETCS aTaBU3ZMOM.

Perucrpsnl. B x86/x64 pernctpos ouenr MHoro (puc. 1). Ho B T0o e Bpems, Kak HU CTPaHHO, UX
O4YeHb Maylo. MHOro — W3-3a OOpaTHOM COBMECTHMOCTH X64 ¢ X86 M €ro CcerMeHTHBIMHU
peructpamu, x87 crekom FPU 1 nmpounMu yxe JaBHO HHUKEM HE HCIOJIb3yEeMBIMHU BelmamMu. Mao,
ITOTOMY YTO TIOJIE3HBIX PETHCTPOB JHIIb 16 (a B Xx86 ux Bcero 8). IIpu 3TOM, HOBBIE PETHCTPHI BCE
BpeMsi HapacTaloT MOBepX crapblx (puc. 1), moroMy 4to 32 OUTHBIE MPOLECCOPHI JIOKHBI OBLIH
YMETb BBINOJHATh CYIIECTBYIOMNI OMHAPHBIN 16 OUTHBIN KOA, a 64 pa3psiaHble — 32 OUTHBIMH.
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ST(0)[MMO || ST(1)[MM1 | [STiaxeax|RAX | um] v |
sT(2)[MM2 | sT(3)[MMm3 | [EEmxeexjRex|[E v relEFedras] | CR1 || RS
ST(4)[MM4 || 5T(5)[MM5 | [EERCXEC X|RCX|fEhimrio0 | | cr2 || cre
sT(6)[MM6 | ST(7)[MM7 | EEmxeoxRDX|E _ CR3 || CR7
[ ]EPEBPRBP FI]»_EDJ RoI| [P Eer RIP| | cR3 || cre
cw |[Fr_ip|Fp_oP|FP_cs| [EIsiesiRsI| [ElsPESPRSP| [msw || cro
SW CR10
™w W &bt register ] 32 bit register ]| 80-bit register [J| 256-bit register CR11
B 16-tit register [l 64-bit register ] 128-bit register | 512-bit register
FP DS CR12
rp_opc|Fp_ DP| FPIP] [ cs ][ ss || os | [ GDTR | IDTR | [ DRO | DR6 | [cR13
[es | Fs [ s TR | toTR | [ DR1 | DR7 | [cR14
zMmo  [YMMO [XMMo || ZMM1  [YMM1 [XMM1 -’!LAGS: DR2 | DR8 | [CR15 IMxcsF
ZMM2  [YMM2 [XMM2 J[ZMM3  [YMM3 [XMM3 || | DR3 | DRo
ZMM4 | YMM4 lMH|ZMM5 YMMS5 _[XMM5 | DR4 DR10! DR12 |DR14
ZMM6  [YMM6_[XWMM6 ]| ZMM7  [YMM7_[XMM7 | DRs | DR11 | DR13 | DR15
ZMM8  [YMM8 [XMM8 J|ZMM9  [YMM9_[xmM9 ]
ZMM10 [YMMI10 |xmmo'||| ZMM11 [YMMI11[XMviL]
12] zMM13  [YMM13 [XMM13]
[zMM14 |YMM14|;<_MM14]]|2MM15 YMM15 [XMM15 |
ZMM16| ZMM17| ZMM18| ZMM1Df| ZMM20| ZMMm21| ZM-‘"I:Z' Z'\"MQ"'
zmm2al[ zMM2s|| 2vmze| zvmz7|| zvmzs] zMm20] ZMM:D| zu.m3_=|

Puc. 1. Pecucmpul X64
Fig. 1. x64 registers

MoskeT moKka3aThCsl, YTO JUII COBPEMEHHBIX YHUIIOB 3TO YHCIIO HE TaK BEJIMKO, HO 3TO COBEPIICHHO
He Tak: (1) PerucrpoBas mamsats B coBpeMeHHbIX CPU MoxeT umMeTs 60IbI10€ KOJTHYECTBO TIOPTOB
U B JIEHCTBUTENBHOCTH OBITH OYECHb JOPOroi; (2) MeXaHHW3M II€PEUMEHOBAHHS PErHCTpPOB,
6e3ycII0BHO NMpHMEHsAEMBII BO Bcex coBpeMeHHbIX CPU ¢ BHEoUYepeAHBIM BBIOJIHEHHEM KOMAaH],
ucronb3yer B N pa3 Oojblie (U3NUECKHX PErMCTPOB, YeM B CHCTEME KOMaHJ JIOCTYIHO
norndeckux (rae N o0braHO oT 2 10 4). Takoe OoibIIOE YMCIO HEUCIIONB3YEMBIX PETHCTPOB
rpaHn4uT c npectymieaneM. Ho 31o emé He BcE m coBpeMeHHBIH x64 o0namaeT psAaoM Ipyrux
mpo0em.

e JIByxanpecHble MHCTPYKUMH. Takue HMHCTPYKLIMHM BCerja Iepe3alHChiBAlOT OAWH M3
OIIEpPaH/IOB, YTO TPEISITCTBYET HOPMAJBHBIM ONTHMHU3ALUSIM W BBIHYXIACT KOMITHIISATOP
BCTaBIISITh IOTIOJIHUTEIIBHBIE OMEpaiy «MOVy. IT1a npodiemMa Aaxe Mopoaiia CBoeoOpasHbIil
MeM B IporpaMmMHuCTCcKoii cpene: «i like to mov it mov ity.

e HekoTopsle npeauKaTHbIE MHCTPYKIMHM HPU3BaHbI HOBBICUTH NPOU3BOIAMTENHHOCTE. TeM He
MEHee, 3a4acTyio 3Ta Lenb B X064 He J0oCTHraercs, T. K. UX CEMaHTHKa IUIOXO INpojayMaHa.
Hanpumep, B x64 ectb komaHIa yclIOBHOW 3arpy3ku. OjHako, ecnm Juisi Oe3yCIIOBHOM
3arpy3Kd MCKIIIOUCHHE NPH OOpalleHHH N0 HEKOPPEKTHOMY aJlpecy CTpPOro o0s3aTelbHO, TO
JUISL YCIIOBHOHM 3arpy3kd 3TO He crenu¢unupyercs. 13-3a 3T0ro KOMOUIATOP OYEHb PENKO
MOXET HCIOIb30BaTh 3Ty MHCTPYKIHIO UL BBIIOIHEHHS ONTHMHU3ALNH, KOTIa HEOOXOAUMO
rapaHTHPOBaTh KOPPEKTHOCTH BBINOJHEHUS Koja. KcTaTu roBOps, IMEHHO 3TH MHCTPYKLUH
AKTUBHO HCIIOJIB3YIOTCS B HMIMPOKO M3BECTHBIX YSI3BHUMOCTX Spectre m Meltdown (kotopsie,
BIOPOYEM, 3aTParuMBalOT OONBIIMHCTBO COBPEMEHHBIX  apXHUTEKTYp, HCHOIB3YHOIINX
CIEKYIATHBHOE MCHONHEHHE Komanp). Ilocme ucnpaBieHMN KPUTHYECKHX YS3BUMOCTEH B
npaiiBepax OC npou3BOAMTENFHOCTh HEKOTOPBIX IPHIIOKEHUH HaoOopoT ynana Ha 30%.
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e HekoTopele peructpbl oOIIEro Ha3Ha4eHWs B JICHCTBUTEIBHOCTH TaKUMH HE SIBIISIOTCA.
Hanpumep, pesynbrar aeneHus Becerna Oyaer HaxoauTbes B nape DX/AX, a pesynbrat casura
Bcerna nocrymnaer yepe3 DX. ESI/EDI rtaxke MMEIOT CHeLMalbHYIO CEMaHTHKY. B memom
TakoW IIa0JOH NPOEKTUPOBAHUS IMPUBOAUT K HEIPPEKTUBHOMY IMEPEMELICHUIO JaHHBIX
MEXITy perUCTpaMHy U cTeKoM [4].

2.2 ARMv7

Ha ceromusimamii neHp x86/x64 akkyMynupyeT B ceO¢ CYIIECTBEHHO OOJBIIEC HEJOCTATKOB, YeM
BCe JApYyrue CHUCTeMBbl. HeymuBHTenpHO, YTO B OONAaCTH BCTPOSHHBIX CHCTEM, TAE Ba)KHA
sHeprodpekTuBHOCTh, X86/x64 mpoumrpana apxurekrype ARM. Ecmm cpaBamBath ARM m
x86/x64, To ARM 6e3ycnoBHO BBRITIAAUT Jydie. OqHAKO U 3/1eCh IPOOIIEM TOCTATOTHO.

e  OrcyTcTBHE NOAACPKKH 64-OUTHOTO anpecHOro mpoctpancTBa B ARMv7.

e  ARMV7 — 310, Ha caMOM Jiefie He OfHA, a IIeNBIX 3 CHCTEMbI KOMaH/: OOBIYHBIA PEKUM U JIBa
cxkatbix: Thumb u Thumb 2. U3-3a 3T0T0, B UTOTE, JEKOAEPHI KOMAH/ JOJDKHBI IOHUMATH TPU
CHCTEeMbl KOMaHJ, 4YTO YBEIMYHBAET JHEPronoTpeOieHue, 3aaepKKy H CTOUMOCTD
MPOCKTUPOBAHHSL.

e ARMvV7 no dakry He sBusercs kiaccmaeckuM RISC mabopom. Hampumep, mporpamMMHEIA
CYETUYUK — 5TO OAWH M3 aJPECYEeMBIX PErucTpoB. A 3TO O3HAYAeT, YTO IOYTH JI00as
MHCTPYKIMS MOKET U3MEHUTD MOTOK YIPaBJICHU (T. €. BBIIOIHHUTH IEpexon). Xyxke BCEro To,
YTO TOCICIHMH 3HAYamMi OWT CYETYMKA NPOTPaMMBI OTpa)kaeT, KaKOW HMEHHO Habop
KOMaH/l B IaHHbIi MOMEHT BbinonHseTcs (ARM umu Thumb), To ecth 00bIYHAS MHCTPYKIHMS
CIOKEHUSI MOXKET M3MEHUTb TO, KakoW HMEHHO Habop KOMaHA B JaHHBIH MOMEHT
BBITIONTHSIETCS Ha Mpolieccope!

e lcnonb3oBaHKME KOJOB YCJIOBHM Uil TIEPEXOA0B M MPEAMKALMH MO (DAKTY JIMIIb YCIOXKHSIET
BBICOKOIIPOMU3BOAUTEIILHBIC pCaiu3allii C BHCOYCPCAHBIM BBIIIOJHCHHUCM KOMAaH/, XOTA
MOXET OBITh ILIFOCOM A4 TPOHECCOPOB € OYEPECAHBIM BBIMMOJHCHHUEM MJIKM TPOCTBIM
BHEOYEPEHBIM BHITIOJIHEHHEM Ha OCHOBe scoreboard.

e CoBepIICHHO OT/EJbHAsi UCTOPHS — KOMIUIEKCHBIE KOMAaH[bl JJisi BbI30Ba (YHKLHUH Bpoje
«LDMIAEQ SP, R4-R7, PCy», koTopasi «BBIIOJHIET 6 3arpy3oK, yBEIMYHMBAeT CUYETUMK
NPOrpaMM U 3alMChIBAET 7 PErHCTPOB B CTEK, BKIIIOYAs aJIpec BO3BpaTa ... U, KPOME TOT0, 3TO
yCJIOBHAs KOMaHJia, TO €CTh Ha CaAMOM JIejie 3TO el OJJHOBPEMEHHO M YCJIOBHBII Mepexoj»
[4].

e Haxkonen, ARMvV7 — 3T0 oueHb OoublIas cuCTeMa KOMaHJ, BKIItodaromias B cedst 6onee 600
HHCTPYKIHMH naxe 6e3 miaBaromeii Touku 1 SIMD.

KomneuHo, BOIIPOC 0 Bpejie WM MOJIb3€ KOMIUIEKCHBIX KOMAaH/I, KaK U BOIIPOC O Pa3AyTOCTH CaMoi
CUCTEMBI KOMaH/l, HC OYC€BUJICH: MHOT'O KOMaH/] — 9TO XOPOLIO HUJIN HHOXO? CJ'IO)KHBIG HWHCTPYKIHUU
— 910 Xopomio wiu mi0xo? [TompodyeM OOBSICHUTH HAIly TO3UINIO, UCTIONB3Ys aHajoruto. Korma
BHI pa3pabaThiBaeTe MPOrpaMMHBIN HHTEPQEIC, OH JOKEH MaKCUMAIILHO MPOCTHIM U OYEBUIAHBIM
CHOC06OM BbIpaXXaThb TO, YTO IMPOUCXOIUT B Ballel CHUCTEME U OTpaXaTb TE€ HEJIH, KOTOPHIC BbI
npecienyere. OH He JMOMKEH OBITh CIIMIIKOM BBICOKOYPOBHEBBIM HIIM, HA00OPOT, CIHIITKOM
HU3KOYPOBHEBBIM JUIs Bammx 3amad. OH HE JOIDKCH CONEepXaTh JIMITHUX (PYHKIUH, TaK KakK 3TO
YCIIOKHUT TMOMICPKKY B Oyaymem. CucreMa KOMaHJ TIpoIeccopa — 3TO KBHHTICCEHIIHS
uHTEepdeiica MEXIy IPOrpaMMON U ammapaTypoi, — M 3Ta KBHHTICCEHIS JOJDKHA COAEPIKATh
TOJIBKO TO, YTO JICHCTBUTEIHLHO OYAET peaM30BaHO Ha allapaTHOM ypoBHe. [loatomy miis oTBeta
Ha STOT BONIPOC CIEAyeT OOpaTHTh BHHUMAHHE HA CYIICCTBYIONIMA OIBIT H JUIS KaXJIOro
MoJO00HOr0 Cilydass TPUHATH B3BEHICHHOEC pelieHue. Ecau cpemd meaed Mbl  BHIUM
MePEHOCUMOCTb, TPOCTOTY, OOpPATHYIH) COBMECTHMMOCTh U O€30MacHOCTb, TO, BEPOSITHO, OT
KOMINIEKCHBIX KOMaH/I JIYYII€C OTKAa3aTbCA.
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2.3 ARMvS8

B 2011 romy, uepe3 roa mocine Hauana npoekrta RISC-V, ARM aHoHcupoBana MDOJHOCTBIO
nepepaboTanHyto cuctemy koMaHa ARMVS ¢ 64-OuTHBIME afpecaMu B PacIIHPEHHBIM HabopoM
[EJIOYUCIICHHBIX PETUCTPOB. B HOBOH apxutekType nmkeHepsl ARM ybpann pynkxmmm ARMv7,
KOTOpBIC YCIOXHSIM PEIN3AIMIO; CUETYNK KOMaHJ OOJbIIe HE SBISETCS dYacThio Habopa
IIETIOYHCIICHHBIX PETHCTPOB; MPEIUKATHBIX MHCTPYKIUH OOJIbIE HET; KOMIUICKCHBIE HHCTPYKIIUH
C MHOKECTBCHHOW 3arpy3KOi M COXpaHEHHEM ObUTH YAAICHBI, a KOAUPOBAHHE KOMAHA B IIEIOM
ynpomiero. OIHaKO He Bce MPOOIEeMBI OBUTH PEIIeHEI, H, KpOME TOTO, T0OABHUINCH HOBEIC.

e VYCIOBHBIE KOIBI IIO-TPEKHEMY HCIIONB3YIOTCS B ONEpalMsAX IEPEeMEIICHUS CMmOoV, 4YTO
co3maér omnpeneiSHHbIE NMPOOJIeMBl AT NEePeUMEHOBAHHS PETUCTPOB: €CIIM YCIOBHE HE
BBIIIOJIHACTCS, KOMaHIa BCE paBHO JMOJDKHA CKONUPOBATh CTapoe 3HAYCHHE B HOBBIM
(usngeckuil peructp. OTO (aKTHUSCKH JAeiaeT YCIOBHOE IepeMeIIeHHe €IUHCTBEHHON
MHCTPYKLHEH, YUTAIOESH TPH HCXOJHBIX ONIEPaH/a BMECTO JIBYX.

e ARMVE He sBugercs monyinpHoH. Hampumep, SIMD wuHCTpykuuu, npeamnonararouiie
Hanmune 32 «KUPHBIX» BEKTOPHBIX PETHCTPOB CTPOro 00A3aTEIbHBI K pealu3anui. JTO HeE
MNOAXOAWT JUI MHOTHX BCTPOCHHBIX PEIICHMH, TJE BaKHBl HHU3KHE CE0ECTOMMOCTh H
9HEpronoTpedIeHue.

B nenom ARMVS siBisieTcst odeHb OOJBIIOI M HAIMYKAHHOM caMoi pa3HON (DYHKIIMOHAIBEHOCTHIO

KOMMep4Yeckoil cucremoir komaHza: Oonee 1000 wHCTpykmmid B 53 ¢dopmaTax, OmHCaHHEIC

npumepHo Ha 6000 ctpaHur; mokymeHTanuu. IIpu 3TOM, HEKOTOphIe BaXKHbIE BEIIUM BCE XKe

VIYLIEHbI: HallpuMep, OTCYTCTBYeT Kakoi-mu6o anamor Thumb (4To BaKHO UII MHOTHX

BCTPOCHHBIX CUCTEM B CHJIY OTpaHHYEHHON MaMATH JUII KoJa), HeT O0BbeIUHEHHBIX MHCTPYKIHH

cpaBHeHust + mepexona. Kpome Toro, Takas (yHKIMOHAJbHOCTh KaK pPa3MENICHUE KOHCTaHT

HETIOCPEJICTBEHHO B KOJE€ WHCTPYKLUMM (Tak Ha3biBaeMbld immediate (opmMaT MHCTPYKLMH) B

obOeux Bepcusx ARM orpaHuueHa: HET BO3MOXHOCTH 3arpy3uTh IPOH3BOJIBHYIO 32 OUTHYIO

KOHCTAHTY HENOCPEICTBEHHO M3 KOJIa ITPOrpaMMBbl 3a | mitH, XoTs Obl, 32 2 MHCTPYKIHNH.

2.4 MIPS

OcnoBHas mpobiema MIPS — HemocraToyHass THOKOCTH cucTeMbl koMman. Ecmm x64 m ARM
3a4acTyi0 COJIep>KaT CIIMIIKOM BBICOKOYPOBHEBBIE HHCTPYKIMH, To B MIPS mepexoc uaér B
JPYTyI0 CTOPOHY: KOMaHABI OITyCKAaIOTCS A0 YPOBHSA MHUKPOAPXHUTEKTYpHI, MpeAroJiaras CTporo
ONpeNleNéHHYI0 pealn3aliio B ammapatype. Hampumep, pe3ynbTaT yMHOXKEHHS U JEICHHS
COXpaHseTCs B CIIEIMAIbHOM BHYTpeHHeM 64 OuTHOM peructpe. To ecTh pe3yipTaT HY)KHO
MOJTy4aTh OTAEIHHON KOMaHIOH JaXke eCiIM BaM HY>KHBI TOJIBKO 32 MIIQAIINX OuTa.

mult R2, R3

mfhi R4

mflo RS

[To dakty crapmme 32 6ura mouTH Beerga oTOpachIBaroTCs (Kak BbI JymMaeTe, Kako THI OyaeT
UMETh Pe3yNIbTaT YMHOKEHHS ABYX 32 OWTHBIX YHMCEN B gCC C HACTPOMKAaMH MO YMOJYaHHUIO?), a
UCIIONIB3YETCS TOIBKO MIIAJIasl 4acThb. 3/1€Chb Mbl BUJIUM 3aJE€PXKKY, HICKYCCTBEHHO BBEJEHHYIO B
cucTeMy KoMaHj (eme OJHWUM MPUMEPOM Takou 3amepxkku B MIPS sBrsercs Tak Ha3biBaeMas
Branch Delay Slot — komanma «NOpP», KOTOpas BCTaBJIAETCS Cpa3dy 3a KOMaHIOH IMEPEXO0ja).
[Ipobnemy pa3HOW ATMHBI KOHBeHepa JUId Pa3HbIX KOMaHA MOKHO PEIINTh, PEai30BaB MPOCTOH
BapHaHT BHEOUYEPEAHOTO BEHIMONHEHHMS KoMaHJ (scoreboard), HO ocTaBasich IMpH 3TOM B paMKax
MOJTHOTO JIeTepMUHM3MA M TPocTOThl. C APYroil CTOPOHBI, HAJWMYHE 3TOTO JOMOIHHUTEIHHOTO
BHYTPEHHETO COCTOSIHUSL ~ YCIOXKHSET CYNEpCKalApHYI0 pealu3alii0 C BHEOYEpPEAHBIM
BbINIOJTHEHHEM KoMaH ([4], cTp. 4).

C mnaparomeit Toukoit B MIPS Tarke He Bc€ xopomo. OOpature BHMMaHme, 4ro B MIPS
accemMOJyiepe WHCTPYKITMH, pa0OTaIoONIie C IBOWHONH TOYHOCTHIO, HCIIONB3YIOT TOJIHKO YETHBIC
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HOMepa perucTpoB. Tak NPOMCXOAWT, MOCKOJBKY YHCIa C JBOHHOM TOYHOCTBHIO 3aHMMAIOT 2
CMEXKHBIX perucTpa — Hanpumep, napy (f2, £3) npu obpamenuu 2.

add.s $f1, $f0, s$f1 # single precision add
sub.s $f0, $f0, $f2 # single precision sub
add.d $f2, $f4, Sfo # double precision add
sub.d $f2, $f4, S$fo # double precision sub

Takoe pemeHue umeeT cBOM IUTIOCHL. [10CKOJBKY /BOWHAsE M OJWHAPHAsh TOYHOCTH OOBIYHO HE
cmemmuBaroTcss B C++ kxome, MOXHO Oonee 3(pGEKTHBHO HCIONB30BaTh OMUH M TOT XK€ HabOp
(U3MIeCKUX PErHCTPOB: OO0 IS TOTO, TUOO0 I TOTo. DTO KOHTPACTHPYET, HalpuMep, ¢ X64 u
ARMVS, B KOTOpBIX Il ABOWHOW TOYHOCTH HCIIONB3YETCs MOJOBHHA 128 OUTHOTO perucrpa, a
JUIl OIMHAPHOW — OfHA 4eTBepTh. Kpome Toro, mpeoOpa3oBaHHs M3 OJUHAPHOW TOYHOCTU B
JIBOMHYIO MOTYT OBITH peajH30BaHbl OTHOCUTENBHO Oe300je3HeHHO (mpaBaa st x64 u ARMvS
9TO TOXe BepHO). OHAKO €cTh U MHUHYC. VcIoap30BaHNe CMEXKHBIX Map PETHCTPOB YCIIOXKHSET
CYNEepCKASIPHYI0 peajH3allMi0 C BHEOYEPEIHBIM BBINOJHEHUE KOMaHI TMpH peai3aluu
MepEeMMEHOBAHUS PETHCTPOB: JIOTHYECKH CMEXKHBIE MOCIE EPEMMEHOBAHUS PETUCTPHI [IEPECTAIOT
OBITh TAKOBBIMH B (DU3MIECKOM perucTpoBoM daiine ([4], ctp.6, m.3).

2.5 SPARC

OrnununtensHag yepta SPARC 310 peructpoBble okHa. Ha mepBblil B3risa uies He Takas yxK
wroxas. Bel pacmmpsere (akTHueckoe KOJIMYECTBO PErMCTPOB MPH MOMOINM Ipuéma «baza +
cmerenue». ITumere R1, a dakruuecku mnoapasymeBaecte SP+R1. Ymoono. Kycouek creka
coxpaHnsieTcsi Ha peructpax. [Ipu Bei3oBe (DyHKLMI HE HY)KHO HMUYETO HHUKYJa MepeMellaTh, 1a u
KOMIMJISITOP CTAHOBUTCSA, BPOJE KaK, HEMHOIO IPOIIIE.

OmHaKo pErucTPOBBIE OKHA JOPOTH B IUIaHe peanm3anud. OTpOMHOE KOJIMYECTBO PETHCTPOB,
HaXOIAIINXCSI «B CTEKe», MO (aKTy HE HCHONB3YIOTCS (HAMOMHUM, YTO PETUCTPHI BCE-TaKU
mopoxke dem L1 Kdm-maMsaTe #3-3a2 HEOOXOTUMOCTH MHOTOIOPTOBOW MaMATH; HAIlpUMep, B
Dnpbpyce, kotopblit ocHoBaH Ha SPARC, peructpoBsiii daiin conepxut 20 MopToB, 4TO Ha HaII
B3rsi odeHb MHOro ([6], c.126). Kpome Toro, korma peructpoBasl HamsiTh BCE-TaKH
3aKaHYMBAETCS, HACTYMAET alOKAJIHUIICHC B oTiepallnoHHo# cucteme ([4], ¢.6).

CripaBeUTMBOCTH pajii CIIEyeT CKa3aTh, YTO MOXHO ObLIO ObI pea30BaTh CTEK PErHCTPOB Yepes
KOJIbIIEBOM Oydep U BBINONHATH MAPAIUIEIBHO OTKAYKY/MOJKAYKY HEHCIOIb3YeMOH YacTH
peructpoB B mamsite. Ho st 3TOro HyXHO JenaTh emié OoJiblie MOPTOB B PErHCTPOBOM mamsTy!
UT0-TO MOX0Kee HAOII0IAeTCs B yiKe YIOMIHYTOM Dnsopyce ([6], ¢.139), Ho B MeToanuke [6] 3Ta
T€Ma Ha Hall B3IJIS PACKPBITa HENOCTATOYHO MOJIHO. B HMTOre COBpEeMEHHBIE HCCIIEA0BATENN
CXOJISITCS. BO MHEHHUM: €CJIM Yy Bac €CTh JIMIIHUE TPAH3MCTOPBI, Jy4IlIe MPOCTO CleNiaTh OOJbIIe
PETUCTPOB M TNPEIOCTAaBUTh KOMIMJISATOPY pa3BIEKaThCS CO BeTpanBaHHeM ¢yHkuuil. He crout
MepeKIaabIBaTh 3Ty 3a/1a4y Ha YPOBEHbB aIapaTyphl.

Opnako ecth emé oaHa joxka IErts. B SPARC cymiecTByeT oTnenbHBI HAOOp PETUCTPOB LI
raBarorie Touku (opranm3oBaH aHasorngHo MIPS). Ilepemaua Mexnmy IelOYNCICHHBIMH
pPETHUCTpaMH M PETUCTPAMH C IIIABAIONIEH TOYKOW OCYIIECTBISIETCS TOJNBKO Yepe3 MaMATh. A emé
ecTb § rio6anbHBIX perucTpoB. Ecim mporenypa ucnone3yer apuMeTHKY ¢ MIIaBaIOIIEi TOUKOH
WM MEHSET TTI00aIbHBIE PETHCTPHI, UX HY)KHO COXpaHATH B cTeke. Ho B kakom mMeHHO cteke? To
€CTh y HacC MX TEeTeph ABa, OAWH B MaMSITH JUIA IJIABAIONMIEH TOYKH W II00aJIbHBIX PETUCTPOB H
OJIUH Ha perucTpax Juisl LeibiX unced. Ecnu Bcé-Taku cTek TOJIBKO OJMH, TO MBI JOJDKHBI CHadasa
COXPaHUTb JIJaHHBIC BO BPEMEHHBIE SUYEHKH MAMSTH TOJIBKO JUIS TOTO, YTOOBI IIOTOM ITIOMECTUTD HX
B Halll PErHCTPOBBIA CTEK, IJI€ OHM, KCTaTW TOBOpS, HUKAK He OyayT HcCIoib30BaThes. B
pe3ynbTare uies perncTpoBBIX OKOH sl 1uaBatomeit Touku B SPARC He paboTtaert.
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2.6 Power

Cuctema xomaHj Power mnosBuiace B pe3ynbTaTe ABOJIOLMM U Pa3BUTUS CUCTEM KOMaHJ,
pa3pabaTbIBaBIINXCS B IIEPBYIO ouepens komnanneii IBM. Xox pa3BuTus BRTIISIONT TaK:

POWER —> PowerPC —> Power ISA v2.x —> Power ISA v3.X.

C oxnoit cToponsl, Power — 3T0 JOBOJIBFHO CIIOXKHASA CHCTEMa KOMaHJ, KOTopasi pa3padaTbiBajiach
TIIaBHBIM 00pa3om kommanuer IBM, koTopas He cilaBUTCS OTKPHITOCTHIO. C APYrol CTOPOHHI, C
HEABHUX IIOp 3Ta apXUTEKTypa CTaja IOJHOCTbIO OTKPBITOM Ha BECbMa IPUBJIEKATENbHBIX
ycnoBusix [7]. Xorsa cuctemy komaHn Power Henb3si Ha3BaTh MpocTol — uyTh Menblie 1000
MHCTpYKIuit B 25 ¢opmarax (BKIOYas BEKTOPHBIE WHCTPYKIIMHM), BCE JK€ OHA HE CTOJIb CIIOXKHA
kak ARM. Kpome Ttoro, ocobenHocThto Power sBisieTCsl MOIYJIBHOCTh — KaXKABIH pEructp
OTHOCHTCS K (YHKIMOHAJIBHOMY KJlaccy, a OOJIbIIMHCTBO MHCTPYKIMH BHYTPH KJiacca
UCIIOJIB3YIOT TOJIBKO MPHHAAJIEKAIIHE K 3TOMY KIIacCy PErucTphl. TOJIBKO HEOOJIBIIOE KOIMYECTBO
WHCTPYKLIMH TEpeJaroT JaHHBIE MEXAYy pa3HbIMH  (QYHKIMOHATBHBIMH  Kilaccamu. K
(hyHKIMOHATBHBIM KJIACCAM OTHOCATCS: YCJIOBHBIH, ¢ (PUKCHPOBAHHOW TOYKOW, C IUIABAIOLICH
TOYKOM W BEKTOpHBIA. Takum 00pa3oM, KOHKpETHas pealn3alds MOXKET He IOIJCpKHUBATH,
HalpUMep, OIEepaldy C IUIABaIOmIe TOYKOM (Kak HEKOTOpBIE BCTPOCHHBIC pEUICHHS Ha
apxurektype Power). I «OTKIIIOYUTE» MOANECPIKKY OKA3BIBACTCS OTHOCHTENBHO IMPOCTO. Takxke
Takoe paszeneHne (pyHKIIMOHAIFHOCTH B IMpoIleccope AaeT HHPOPMAIUIO O 3aBHCUMOCTH MEXKIY
peructpamu KoMnuisiTopy. OHaKO y TaKoOro IMojxoja HEeM30eKHO TOSBIISIOTCS U HEAOCTATKH —
B3aUMOJICHICTBUE MEXKIYy pa3HbIMH (YHKUMOHAJIBHBIMH KJIacCaMHU MOXET MpPUBOJIUTH K
3aJiep)KKaM, 3aBUCHMBIM OT peaiu3alui. 3a0eras BHEpEN, CKaXXEM, YTO ATOT MOAXOJ O4YEHb
HaroMuHaeT RISC-V u, Bo3MoXkHO, MMeHHO modToMy paspabotuuku RISC-V ymanuuearom o
cucmeme komano Power B pabore [4].

OTaensHO ClieyeT YIOMSHYTh yCiIoBHbIe peructpbl. Takke kak B ARM u SPARC, B Power ecTs
CIelUaJbHbIe PETUCTPhL, B KOTOPBIX BBICTABISIIOTCS 4 OHWTa COCTOSHMS IIOCJIE BBIOJHEHHS
onepauuii cpaBHeHus. Ho B Power mpucyrctByroT 8 nx xommii. Kaxkmas u3 3THX KOIMHUH MOXeT
OBITH pPE3YyNbTaTOM MHCTPYKIIMM CPaBHEHHA M KaxJgas KOIMUS MOXET OBITh HCTOYHHKOM
BeTBJICHUS. Takas W30BITOYHOCTD MMPUMEHSETCS, YTOOBI HHCTPYKIIMH MOTJIH HCIIOJIh30BaTh Pa3HEIC
YCIIOBHBIE COCTOSIHHSA 0e3 KOH(IUKTa (KOTJa B Pa3HBIX BETBIX KOJAa MOJYYarOTCS pa3HbIC
COCTOSIHUSL U TOCHEQYIONIMX BeTBIeHHH). Kpome TOro, mpemocTaBiseTcs BO3MOXKHOCTh
COBEpILATh JIOTHYECKUE OIEPAlUN MEXKAY ITHUMU 4-X OUTHBIMH PETHCTPaMH, YTO ITO3BOJISET
OJTHOW BETBH MIPOBEPSTH OOJIEE CIOKHBIEC YCIOBHS.

Emé omma ocobenHocts Power — mBa cmermmanpHbiX permctpa Link m Count. Permerp Link
UCTIONIE3YETCS BMECTO PErucTpa OOIIero Ha3Ha4YeHUs (Kak BO MHOTHX JPYTHX apXUTEKTypax) Ui
XpaHEHUs aJpeca BO3BparTa Mpu BbI3oBe npoueaypsl. Peructp Count ucnonb3yercs Kak CUETYHK B
IUKJIaX ¢ (UKCHPOBAHHBIM YHCJIOM HUTEpaluid. lcnone3yst 3TOT CHeUUalbHBIA pErucTp,
amnmapaTtHoe oOecledeHre BETBICHUS MOXKET OBICTPO ONPEAeTUTh BEPOSATHOE BETBIICHHE, TaK KaK
3HAa4YCHNWE PETHUCTpPa M3BECTHO B Hadalle IWKJIa BeIMONHEHWA. Kpome Toro, oba permcrpa mMoryT
COZIepXKaTh aJpec YCIOBHOW BETBH W HMEIOTCS CIICHHAIbHBIE HHCTPYKIUH, IO3BOJISIONINE
MOJYYHTH 3TOT anapec. I[logobHoe perenne ¢ OMHON CTOPOHBI AaeT OIpeesICHHbIE TPEHMYIIECTBa
B CKOpPOCTH NpH 00pabOTKe BETBJICHHH, a C APYroil BHOCHT IOMOJHHUTENBHYIO CJIOXHOCTH B
peanu3anuo.

B cucreme xomann Power ecTp psa M OpyTruX CHEU(PUYHBIX MHCTPYKIMA — MHOXXECTBEHHON
3arpy3Kd B coxpaHeHust (10 32 perucTpoB), reHepalyy CIy4aiHOTO YKcia B perucTpe, Habop u3
48 WHCTpYKUMH IJs1 MOAJNEPKKH JECSATHUYHOM IUIaBaroniel Touku W nap. B 1uiaHe BEKTOpPHOro
pacuIMpeHusi MOXKHO OTMETHThH TMOJAEPKKY 128-OMTHBIX uucen ¢ (UKCUPOBAHHOI TOYKOH, a
TaKXKe pacIIupeHHs, JOOABISIONIET0 BEKTOPHO-CKAISPHbIE HMHCTPYKIUHU. Takum obpaszom, Power
o0JyiaiaeT psiIOM JIOBOJIBHO CHEHU(PHYHBIX OCOOCHHOCTEH, KOTOpPBIE MOTYT OBITh KaK ILTIOCOM
(IpOM3BOAMTENBHOCTE), TaK M MHHYCOM (CIOXHOCTh). JTa CHEUM(PHUYHOCTh HAllIa CBOE
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OTPaXEHHE U B CYIIECTBYIOUIMX NPUMEHEHUSX U pealu3alisX 3TOH CUCTeMbl KOMaHA -
CynepKoMIbIoTeph! (TIepBble aBe cTpouku B pedrnHre TOPS500 3aHnMaioT KOMIbIOTEpHl Ha Oase
Power9) nu MUKpOKOHTpPOJUIEPHI (TIIaBHBIM 00pa3oM B aBTOMOOWIILHOM M aBUALlMOHHOM OTpacisx).
Cpenu Apyrux NpUMEpoB pean3allii CUCTEMbI KoMaHA Power — 0JJHa U3 KOMIIOHEHT Ipolieccopa
Cell Broadband Engine urpoBoii koHcomnn Playstation 3, a Taxxe komnbioTepsl Apple Power Mac,
BhITycKaBmmecs 1o 2006 roxa.

Pa3zHooOpasue mpumeHeHuid Power mpuBeno K TOMy, 4TO OJHAa M3 OCHOBHBIX mpobiem Power
3aKTIOYaeTCsl HE B CHCTEME KOMaHJA KakK TaKOBOH, a B JKOCHCTEME, KOTOpas CO3acTCs
MOJTB30BATEISIME  — Pa3pabOTYMKaMHU. Y3KOCHEUHUAIH3UPOBAHHBIC MPUMEHEHHS HE [aroT
c(hopMHUpPOBATECS IIHPOKOMY  COOOMmECTBY  pa3pabOTYMKOB, CHOCOOHBIX  pa3pabaThIBaTh
3¢ QEeKTUBHBIE TPUIOKECHUS IOJ 3Ty CHCTEMY KOMAaHJ M CIOCOOCTBYIOIIMX €€ MOAIEPIKKE H
Pa3BUTHIO.

OpHako B MOCJIEAHUE TOABI 3Ta CUTyalus Hadaiga MEHAThCS. [10SBMIINCE NOCTYNHBIE OOBIYHOMY
MONIB30BATENI0O MEPCOHANBHBIE KOMITBIOTEpPHI, HCIONB3yIOmue mpomeccop Power9 [§],
OTJIIMYAIOIINECS OTKPHITOCTBIO «IPOIIMBOKY (firmware) 3arpy3dnka U JPYrHX «COITyTCTBYIOIIHX)
KOMIIOHEHTOB. CTajla OTKpBITOM caMa chcTeMa KOMaH[, NosBwiMch peanusauud B FPGA ¢
OTKPBITBIM HCXOJIHBIM KoaoM [9]. A mpoekT mo pazpadorke otkpeiToro GPU, wucxomno
HasbiBaBmmiicst Libre-RISCV [10], u, kak cienyer u3 Ha3BaHus1, opueHTHpoBaBInuiics Ha RISC-V,
MEepeKIIoUniIcs Ha apxurekrypy Power (mpuumHBL, TpaBaa, ckopee monutuueckue [11]).
Pa3BuBaeTcs MpoeKT Mo CO3AaHUI0 OTKpHITOro HOyTOyKa Ha O6a3ze PowerPC [12]. Ho Bce e moka
YTO BCE pealu3alluid apXUTEeKTypsl Power B KpeMHHM HPOHCXOIIMIN MPH HEMOCPEICTBEHHOM
yuactuu IBM. Ionyuurcs nu y Power, craBiieir oTkpbiTol, norate RISC-V unu Bpems Bce xe
ynymesno, 1 IBM, omgHaXIpl MOTEpsSB PHIHOK IEPCOHANBHBIX KOMIIBIOTEPOB, BHOBbH IOBTOpPHIIA
CBOIO OMIMOKY — Oyayriee mokaxet. Ha Ham B3rmsaa Power — goctoitaerit koakypent RISC-V.

3. UccnedosaHue cucmemMbi komaHO RISC-V

Cuctema komang RISC-V paspabateiBaercs B yHusepcurete Berkley. Ix ocHOBHasi KOHUeNus

3BY4HT cienytonmmM obpazom: RISC-V nomkHa cTaTh eAMHONW CUCTEMOW KOMAaH] JJIsl BCEX THIIOB

OBM 0T MUKPOKOHTPOJUIEPOB 10 BBHICOKOTIPOM3BOJUTENBHBIX. B NEHCTBUTENLHOCTH, 32 JTUM

nep(eKINOHNCTCKIM JO3YHIOM CTOUT Psii IPAaKTHYECKUX U OYeHb KOHKPETHBIX Iieleil.

1. TloBblmeHnne 3Heprod)eKTHBHOCTH M MPOU3BOAUTEJBHOCTH, YMCHBIICHHE YHCIIA
HEOOXOIMMBIX TPAH3HCTOPOB, YICIIECBICHNUE Pa3pabOTKH U MOANEPKKHU IPOLECCOPHBIX sAIep
3a Cc4yéT TIpaMOTHO CO3JaHHOTrO UHTepdeiica: pa3pabOTUMKK MPOLIECCOPHBIX sIiep B
MUHHMAaJIbHOM BapHaHTe O0S3aHBl PEaTM30BBIBATH JIMIIH OTHOCHTEIHHO HEOOJIBIION Habop
MHCTPYKIHH (110 CPAaBHEHHIO C OCTAIBHBIMH OTKPBITHIMH M 3aKPBITBIMH CHCTEMaMi KOMaH[)
JUIl  TIOJyYeHWs TIOJHOIIGHHO paboTatomedl cucteMbl. [lociae dYero OHHM  MOTYT
COCPEIOTOUNTHCS HA HHTEPECYIOINX UMEHHO HX 00JIacTsIX.

2. MoayabHOCTh H pacInpsieMocTh. MUHUMAaILHBIX HAOOPOB KOMaH]| Ha CETOAHSIIHUN JIEeHb
cymecTByeT aoctatoyHo MHoOro u RISC-V panexo He camblii MUHMMAaJIbHBIM M3 HHUX.
OcHoBHas mpo0eMa CyIIECTBYIOIIMX CUCTEM KOMaH B TOM, YTO HEOOJIBIION HaOOp KOMaHI
He yHuBepcasieH. OH ObIBaeT OpPHEHTHUPOBAH, HAaNpPUMEp, U1 BBICOKOIPOW3BOIUTEIHLHBIX
BBIYMCIICHUH WM oOnactel, TpeOyommx cneuupuyeckoi anmapaTHOW (yHKIMOHAIBHOCTH
(HanpuMep, MHOTOIIOTOYHOCTH, Tpaduka, kpunrorpaduueckue cuctemsl). RISC-V npussan
pemuTh 3Ty mpobiieMy Oiarogapst MOTYIbHOH CTPYKType CHUCTeMBI KOMaHZ. Pa3zpaboTdmku
3BM MoryT peanu3oBBIBaTh CYIIECTBYONINE pacmupenus (Hanpumep, RVF32 mxns pabotsr ¢
mwraBaforied touko wnnm RVA32 s aTtomapHBIX omeparuii), Ju00 100aBIATH CBOU
COOCTBEHHBIE — CHCTEMa KOMAaHJ CIIPOEKTHPOBAaHA C NPHUIEJIOM Ha pacumupeHue. To ecTb
MIPEIOIaraeTcsl, YTo BbI, KaK pa3paboTYNK KOHKPETHOM CHCTEMBI, OyaeTe e€ pacmmupars. ITo
B KopHe oTnmdaeT RISC-V, mampumep, or ARM, rae He TONBKO pacIIUpATHCS YK€ OUYCHb
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Hp06H€MaTI/I‘IHO, HO U cama komnanusi ARM npsaMo 3anpeniacTt HOHO6HLI€ pacliupeHus 1o
YCJIOBUAM JIMIICH3UU.

YiaemenJieHue pa3pa60T1m Pa3JIMYIHBIX JJICKTPOHHBIX CHUCTEM 3a CU€T CO3JaHus CAUHOM
OTKpLITOﬁ OKOCHUCTEMbI: KOMIWIATOPBI, ONCPALMOHHBIC CHCTCMBbI, apaﬁBepLI, nepmbeplxm.
Hannuune OTKPBITBIX PEMO3UTOPUEB, B KOTOPBIX MHOI'OC YXKC pC€aJln30BaHO U 3a Ccuér
MHOTOJICTHEU MOAACPIKKHN COO6III€CTBa JOBEACHO OO0 BBICOKOI'O Kade€CTBa, HC HYXKIACTCA B
JOMOJIHUTCIIbHBIX KOMMCHTapUiX.

OOpaTHasi COBMeCTHMOCTH IIPOTPaMMHOr0 oOecreueHHs M paboTa Ha Oynymee —
MpOrpaMMBl, pa3paboTaHHbIE JUIS CTapbIX MPOLIECCOPOB (BEpHEE, MPOLIECCOPOB € MOAICPIKKON
MEHBIINM KOJMYECTBOM PACIIUPEHHH), JOJKHBI paboTaTh Ha HOBBIX (BepHee, Mpoleccopax
TOW K€ CHCTEMBI KOMaH/, HO C OONBIIMM KOJMYECTBOM PEalM30BAHHBIX pacIIUpeHuil) Oe3
nepekoMmsinuy. [Imoc coBMecTHMOCTh OHMONMMOTEK Ha OWHapHOM YpoBHe. To ecTh,
CKOMITMJIMPOBaHHAs cTaTHdeckas Ombmmoreka miust ogHoit OC M OFHOTO TpoIeccopa MOXKET
OBITh WCIIONB30BaHAa Kak ecTh Ha japyroi OC ¢ gpyrmMm mporeccopoMm Omaromaps
COBMECTUMOCTH Ha YypPOBHE KOMIMJIATOpa M COOCTBEHHO Ipomeccopa. 3aech, KOHEYHO,
cliefyeT crenarb OJHY OTOBOpKy. Eciam B mporpamMMe BBl HCIOJB3YeTE€ HEKOTOpPOE
CYIIECTBYIOIIEE pacIIUpeHne (HarpruMmep, IUIaBarollyl0 TOUKY) U, TeM OoJiee, KaKoe-TO CBOE
CrelaIbHOE PacIIMpEeHne, TO KaK eCTh 3Ta OMOIMOTEKa Ha APYroil cucreMe, BO3MOXKHO, HE
3apabortaer. Tem He MeHee, Oyarojapsi HaIMYUIO CrelU(UKALWMU PACIIMPEHUH CHTYaIus
nonpaBuMa! KoMmmuisTop MOXKET NEepeKOMIMIMPOBATh Bally OWOJIMOTEKY, 3aMEHHB,
HalpuMep, KOMaHIbl IJIaBarolleil TOYKM MM KOMAaHABI JIF0OOTO JPYyroro pacIIupeHus Ha
BBI30BBI COOTBETCTBYIOIIMX (YHKIHMH C IPOTrpaMMHON peanmsanuei. B cirydae 3oomapka
KOMMEPYECKHX CUCTEM KoMaHJ Bpozae x64 i ARM 3To crenats CymecTBeHHO TpyJHEE.
BezonacHocts #1 (Security). Ecium B Hexoropom RISC-V  mpomeccope oOHapykeHa
yS3BUMOCTB, BBl MOXKETE JIETKO 3aMeHUTH ero Ha apyroil RISC-V mpoueccop, nmycts U He
Takoi 3((eKTHBHBIN, HO 3aTO 0€3 3aKIaJOK MOTCHIMAJIbHOTO NPOTHBHUKA. [IpM 3TOM BHI
CMOJXKETE 3aIyCcTHTh Ha HEM Bc€ cymiecTBytomee [10 ¢ MUHUMAaNbHBIME 3aTpaTaMH YCHINH 1
BpPEMEHHU.

Be3omacHoctsb #2 (Safety). [IporpammHOe oOecriedeHue, 0T KOTOPOTO 3aBUCHT JKU3HB JIFOJICH,
MPOXOANT CHENHAIBHYIO TPOLEAYpY cepTH(UKAIMU M WHOTAA (OpManbHOH BepHHUKaIny,
I7ile KOPPEKTHOCTH IPOTPaMMBbl JIOKa3bIBaeTcs MareMarhHdeckd. CTOMMOCTh 3THX TPOLEILYp
MOXET MHOTOKPATHO TPEBBIIIATh 3aTPaThl Ha HEIOCPEICTBEHHYIO pa3pabotky I10. Oxnako,
JlaKe eciM Bbl, HAIPUMeEp, JO0Ka3aJInd KOPPEKTHOCTh BAIIETO spa ONEPalMOHHOW CHCTEMBI,
npoueaypa cepTudGUKaIK — 3TO OTJeNbHasi NPoOJieMa U 3a4acTyI0 CMEHHTB alaparypy rnpu
9TOM HE MpEACTaBIsAETCS BO3MOXHBIM. Ilo 3TOM mpuumHa cucrtema komanja Power Ha
CETOJHSIIHUN JIeHb TaK MPOYHO O0OOCHOBAJIACh B 00JACTH TpaxkaaHCKoW aBuanuu. CTaHmapT
RISC-V npu3BaH yJemeBuTh IpoLenypy cepTH(UKAINU OCKOJIbKY CHCTEMa KOMaHa U codr
no Oosblel 4acTu ocTaroTcsi Hem3MeHHbIMU (VmeeTcss BBHUIlY, YTO Kakas-TO 4acTh Ballei
CHCTEMBI OyAeT MEHATHCS TaK WM WHade B CHIy TPeOOBAHMH TOTO WM MHOTO 3aKa3yHKa.
BaxHo, 4T0o0BI 3Ta YacTh OcTaBajach HEOOJBIION, TOrJa 3aTpaThl Ha cepTH(UKALHIO OyayT
HU3KUMHU).

3.1 ba3oBbIn Habop uHcTpykuun RISC-V

Cuctema xomang RISC-V umeer cnenyronue OTINUUTENBHBIE YEPTHL:

1.

OtcyrcTBHe HeSIBHBIX BHYTPEHHHX cocTOsiHMM. Pesynbrar mo6oil onepauuu (Kpome
KOMaHJI Ilepexojia) BCer/ia MOMEIaeTcsi B peructp oduiero HasHadeHus. To ectb B RISC-V
HEeT, Hanpumep, (JIaroB COCTOSHUH, KOTOPbIE yCTaHABIMBAET MHCTPYKIUSA cmp B Xx86. Bmecto
9TOr0 pe3yNbTaT KOMAaHJbl CpPAaBHEHHs IIOMEIIAEeTCs B OJAWH W3 PErHCTPOB 0OIIEero
Ha3zHaueHUs. Takol MOAXOA CYLIECTBEHHO YMPOLIAeT CYHNEPCKATSIPHYI0 peanu3aluio ¢
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BHEOYEPEAHBIM BBIIIOJTHEHHEM KOMaHJ, HO IIPU 3TOM I10 CPABHEHUIO C (praraMu WM IpyruMH
COCTOSTHUSIMHM OH HE BHOCHT CYILIECTBEHHBIX HAaKJIaIHBIX PACXOJIOB JUIS TIPOCTHIX peal3aliii.
OTtcyTcTBHE NPEeIMKATHBIX HHCTPYKIMii. BepHee, nx HeT B 6a30BOM Habope, HO OHH €CTh B
BEKTOPHOM paciiupeHuu. [IpequkaTHble HHCTPYKIMK COBEpLIEHHO HeoOxoxumbl it VLIW
npoueccopoB (DnpOpyc) M Ais BEKTOpHOI 00paGoTku maHHbIX. OJHAKO, BBIUTPHIN B
CKaJIPHOM KOZI¢ OT HHX OOBIYHO HEe odeHb Oompmioil. /[ moBbimeHus 3¢GQGEKTHBHOCTH
BeTBIeHHH paspaborumkm RISC-V  mpemmaraioTr m00aBISATh TPOCTYIO — PEaH3aIHio
mpenckasarens BerBieHui (T. H. Branch Target Buffer B Bune HeOompmmoii Tabauier agpecos
mepexoaa), KoTopas JOTONHUTENFHO mMo3BoisieTr m30aBuThcs W oT Branch Delay Slot. C
JIPyroil CTOPOHBI, B OTCYTCTBHE TaKHMX MWHCTPYKIMH OHa YHPOLIAET pEaTn3aIfio
CYNEPCKAISIPHOTO MPOIIECCOPa C BHEOUEPEAHBIM BBITOJHEHUEM KOMaH]I.

KomnakTHblIii 6a30BbIii HaGop mHCTpYKIHUii. B 6azoBoM Habope (puc. 2) Bcero 11 6a30BbIX
apu(MEeTHIECKUX MHCTPYKIWI (OOJBIIMHCTBO M3 HUX MOTYT BCTpedaThesl B 2-X Qopmax,
nmaBas B cymme 21 mHCTpyKIuio), 10 HHCTpYKIuil At oOpaieHnus B MaMsITh U 8 HHCTPYKIHHA
111 mepexoioB. Mtoro — 39 uHCTpyKIHii.

3arpy3ka npou3BoJIbHOI 32 GUTHOWH KOHCTAHTBI U3 AMATH HHCTPYKIMH 3a 2 koManzs! (liu
+ crnenyromas komanaa B [-popmare). [Ipu 3ToM Oostbliias 4acTh KOHCTAHT JJUHOM B 12 OHUT
WJIN MEHBIIE 3arpyKaloTcs 13 Koja IporpaMmsl 3a 1 nHeTpyknuio (codctBeHHo I-popmar).

32 perucrpa o0mero Ha3Ha4YeHHsi, 9TO B 2 pa3a Oonpme dem B OonpmmHcTBe RISC
AHaJIOTOB.

Haauume cxatoro 16-6mTHOoro mpeacrasiaeHuss komaunasl (RV32C) amamormuno ARM
Thumb 111 MEKPOKOHTPOJIICPOB.

Hoaneprkka Tak Ha3bIBaeMoii ociiadiaeHHoit mogenan namatu (Relaxed Memory Model) B
6azoBoM Habope MHCTpYKIMH (puc. 3). DTO He HACTOSIIME aTOMapHbIE ONEepanuy, U HUX
ecTh crnenuanbHoe pacmupeHue RV32A. OcnabneHHass Moaenb MaMaTd — 3TO Ooliee SBHOE
(ueM TPHHATO TPATUIHOHHO) BBIPAKEHHE CHHXPOHM3AIMH JIaHHBIX MEXAY MOTOKAaMH B
MHOTOIIOTOYHO# nporpamme. B C++ aiist 3TOT0 CyIecTByeT crienuaibHas 4acTh CTaHIapTHOH
oubmorexu (cMm. std::memory_order). [lesio B TOM, 4TO mepeaya JaHHBIX MKy MOTOKAMH —
9TO B JECHCTBUTENBHOCTH OYECHb HEMPOCTasl U 3a4acTyl0 JOPOTOCTOAIIAs ONepanus ¢ y4€ToM
MHOTOYPOBHEBOT'O K3IIa B COBPEMEHHBIX Ipolieccopax. TpalulMOHHO MPUHSATAs CHIIbHAS
MOJIeNb TaMATH, KOTJa JIf000e M3MEHEHHE B IMaMATH, CACIAHHOE B OJIHOM IOTOKE JOJDKHO
OBbITh HEME/JICHHO YBHUJIEHO B JIPYrOM IIOTOKE, SIBJISETCS OJAHUM M3 KPaeyroJIbHBIX KaMHEH,
OTPaHUYMBAIOIINX POCT HMPOU3BOJIUTENHLHOCTH TIPH pocTe KonmdecTBa siaep. OcnabiieHHas
MO/IeTIb ITAMSATH ITIOMOTAEeT IIPOrpaMMHCTy OoJiee SIBHO BBIPa3UTh €r0 HAMEPEHUS H, HalIpUMep,
HE BBIMIOJHATH JIOPOTOCTOSIIIYIO ONEpaIMI0 CHHXPOHM3AIMK JaHHbIX yepe3 L2/L3 kam mpu
3aIlMCH B STYCHKY IAMSITH, €CJIM OHA HEe HY)KHA MPOTPAMMHUCTY B JAHHBIH MOMEHT.

Hanuumne cnapennbix (fused) omepanuii cpaBHeHHs + TMepeXoid, YMEHbBIIAIOIINAE pPa3Mep
MIPOTrPaMMHOTO KOJa.

Wuerpyknny, yckopsiiomue BbI3oB (yHknmii (jal), BBI30B BHPTYyalIbHBIX (GYHKIMHA H
BBITIOJTHEHHE oniepaTopoB switch (jalr) Takke IpUCYTCTBYIOT.
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Instruction Format Meaning

add rd, rsl, rs2 R Add registers

sub rd, rsl, rs2 R Subtract registers

sll rd, rsil, rs2 R Shift left logical by register

srl rd, rsl, rs2 R Shift right logical by register

sra rd, rsl, rs2 R Shift right arithmetic by register
and rd, rsi, rs2 R Bitwise AND with register

or rd, rsl, rs2 R Bitwise OR with register

xor rd, rsl, rs2 R Bitwise XOR with register

slt rd, rsi, rs2 R Set if less than register, 2's complement
sltu rd, rsl, rs2 R Set if less than register, unsigned
addi rd, rsl, imm[11:0] 1 Add immediate

811li rd, rsi1, shamt[4:0] I Shift left logical by immediate

srli rd, rsl, shamt[4:0] I Shift right logical by immediate
srai rd, rsl, shamt[4:0] 1 Shift right arithmetic by immediate
andi rd, rs1, imm[11:0] I Bitwise AND with immediate

ori rd, rsl, imm[11:0] I Bitwise OR with immediate

xori rd, rsl, imm[11:0] 1 Bitwise XOR with immediate

slti rd, rs1l, imm[11:0] I Set il less than immediate. 2's complement
sltiu rd, rsl, imm[11:0] 1 Set if less than immediate. unsigned
lui  rd, imm[31:12] 8] Load upper immediate

auipc rd, imm[31:12] U Add upper immediate to pc

Puc. 2. Boiuucrumenvuvie uncmpykyuu RISC-V. Llenouuciennvie uncmpykyuu u3 6a308020 Habopa
RISC-V. B oeticmeumenvrocmu paznuunvix uHcmpykyuil 6cezo 11, nockonvky 601buidas 4yacmes UuHCMpyKyutl
npocmo ecmpeuaemces ¢ 2-x popmamax — R-popmam (cmanoapmmuuiii) u I-popmam (kozda emopoii oneparno
cuumuleaemcs npamo u3 camou uncmpyxkyuu). Cnedyem ckazams, 4mo Xpanums KOHCMAHMbL 8 KOOe — 3Mo
OmJauvHasA udeﬂ, nossiutarowast np0u3sodumeﬂbnocmb. HOCKO/ley UHCMPYKYUU MAK UL UHA4e yoice
HAX00AMCA 6 uune, npodumamos KOHCMAHmy U3 namamu UHCMpyKyuu Huieco He cmoum
Fig. 2. Computational instructions of RISC-V. Integer instructions from the RISC-V core set. In reality, there
are only 11 different instructions, since most of the instructions are just found in 2 formats — R-format
(standard) and I-format (when the second operand is read directly from the instruction itself). It should be
said that storing constants in code is a great idea that improves performance. Since instructions are already
on the chip one way or another, reading a constant from the instruction memory is worthless

Instruction Format Meaning

1b rd, imm[11:0](rs1) 1 Load byte, signed

1bu rd, imm[11:0](rs1) I Load byte, unsigned

1h rd, imm[11:0](rs1) I Load half-word, signed
lhu rd, imm[11:0](rs1) 1 Load half-word, unsigned
1w rd, imm[11:0](rs1) 1 Load word

sb rs2, imm[11:0] (rs1) S Store byte

sh rs2, imm[11:0](rs1) S Store half-word

sw rs2, imm[11:0](rsi) S Store word

fence pred, succ 1 Memory ordering fence
fence.i I Instruction memaory ordering fence

Puc. 3. Hnempyxyuu RISC-V ona pabomer ¢ namamoio, 8K04As CReyUuanibHble UHCMPYKyuu fence ons
CUHXpOHU3aAYUU OQHHBIX 8 MHO20NOMOYHbBIX npoepammax
Fig. 3. RISC-V instructions for working with memory, including special fence instructions for synchronizing
data in multi-threaded programs

Takum 00pa3oM, HCKITIOYUTEITFHO KOMITAKTHBIH Habop mMeHee dyeM B 40 MHCTPYKIMI COIEPKHUT
BHYIIUTENbHBIA 00BEM MOJIE3HOM (DYHKIIMOHATLHOCTH.
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3.2 NnaBawuwiana Touyka B RISC-V

Pacmupenne RV32F, nobapinsromee TuraBaromnyo Touky, 1o06asnseT 32 HOBBIX peructpa. Cpasy
oOparaer Ha ce0st BHUMaHNE HAINYNE WHCTPYKIMH IpeoOpa3oBaHus B LieJIble YUCIa U 00paTHO U,
KpOME TOTrO0, WHCTPYKIMH HENOCPEICTBEHHOTO MepeMEIIeHHs AaHHBIX M3 LEeJIOYHCICHHOTO
perucTpa B perucTp C IUIABArOIIEeH TOUKOM, UTO SIBISETCS MPOOIEMOM sl MHOTHX CYIIECTBYIOIIMX
cUCTeM KOMaHJI, KOT/ia JaHHbIe IPUXOIUTCS MepeMenaTh yepe3 namsth. /1y IBOHHOI TOYHOCTH B
RV32D onepanuii nepemenieHus HET, MOCKOJIbKY PErHCTPhI JBOMHOW TOYHOCTH 3aHMMAIOT B 2
pasa Ooublie OuT (TeM He MeHee, OHU ecTh B RV64D), Ho onepaunu npeobpa3oBaHus IIaBaroIieit
TOYKH B LIEJOYHCICHHYI0 B 00patHO B RV32D coxpansiorcs. Emé oOpamaer Ha ce0s BHUMaHHE
Hamune WHCTpYyKuid FMA (cmapeHHass omepanus YMHOXCHHS H  CIIOKEHHS/BBIYATAHHA),
CYIIECTBEHHO COKPAIAIONINX pa3Mep KOJa M TOBBIIAIOIINX TPOU3BOAUTEIHHOCTS.

3.3 BektopHoe pacwumpeHue RISC-V

Cucrema komaux RISC-V comeput emé MHOTO MHTEPECHBIX pacIiIupeHuii. MeI XOTUM 00paTUTh
BHUMaHHE 4HWTaTelsl Ha pacmuperne RV32V, mpenHazHaueHHOE Ul peaM3alii BEKTOPHBIX
omeparuii. OHO UMEET CIEeYIONINE KIIF0UYEBbIE 0COOCHHOCTH.

1. Jlnuna BekTOpa He (uKcHpyeTcss B HaOOpe WHCTPYKUIMH, a 3amaércsi B IIporpaMme
CTHEIUAIBHOW MHCTPYKIMEH. OTO B KOPHE OTIMYACTCS OT CYIIECTBYIOLIIMX IOJXOAOB H
MO3BOJIICT BaM BBINIOJIHATH HA TPOLECCOpax ¢ HEOOJBIIONW UIMHOM BEKTOpa IPOTPaMMBI,
CKOMITIJIMPOBaHHBIE 1107 Ooree MHUPOKHii BeKTOp. I1ycTh 1 ¢ MeHbIIEH POU3BOJUTEIHHOCTHIO.
B coBpemenHBIX X64 mporieccopax, HalpuMmep, 3To He Tak. Eciiu BBl coOpany Bally nmporpammy,
Hanpumep, ¢ AVX512, To 5Ta nmporpaMma CMOXKET BBITMIOJHATHCSI TOJIBKO Ha JTIOPOTHUX MOJEINSX
Xeon u nocnenHux nponeccopax 109*0X, copeprkalux MIMPOKKHE BEKTOPHBIE PETHCTPBI ZMmim.

2. IlpenukaTHOe BBINOJTHEHHUE, TO €CTh HAINYME MAacOK BO BCEX BEKTOPHBIX onepauusx. Takoi
MOJX0/ OJMHAKOBO Xopoml Kak Juis oOblyHbIXx CPU mporpamm, Tak M A peagu3alyu
MaccuBHO-TapayenbHbix cucteM (OpenCL u aHamorn).

3. BekTopHBIEe PEerucTpbl CYIIECTBYIOT OT/AENHHO OT OCTAIBHBIX PETMCTPOB, a MEPEMELICHUE
JTAHHBIX MEXJy CKaJIIpOM M BEKTOPOM TaKXe TOAJIEpKUBAETCS anmapaTHo. biarogaps stomy
B RISC-V otTcyTcTBYIOT HEOXHJaHHbIE HIOAHCHI B CMEIIAaHHOM CKaJSIPHO-BEKTOPHOM KOJE,
KaK 3TO e€CTh, Hanmpumep, B Xx64 (1 ocobeHHO B X86), e 3a4acTyro JIy4Ille SBHO HCIIOIh30BATh
BekTOpHBIA T _ ml28 Bmecto float wiu int, eciii Bbl XOTHTE OBITH YBEpEHBI B TOM, YTO
JTaHHbIE B AMSTh U3 BEKTOPHBIX PETHCTPOB JIMIIHUI pa3 HE BBITPY>KAIOTCSI.

4. Jlpyrue HeoOXOoAMMbIe B BEKTOPHOM KOJI€ ONEpallly BPOJE 3arpy3KH JaHHBIX U3 MaMATH C
ompene€HHBIM Imarom, gather u scatter, a Taxoke moagepKKa MaTPHUIL.

B 1eoM MOXHO cKa3aTh, YTO BEKTOPHOE PaCIIUPEHHE CIIPOEKTHPOBAHO C YUETOM OIBITa MHOTHUX

CYIIECTBYIOIINX apXUTEKTyp M, KaK U OCTaJbHasl YaCTh CUCTEMbI KOMAaHJ, BBIIIOJIHEHO TPAMOTHO.

WHTepecHO B ATOM CBSI3M OTMETUTH TaKOM MPOEKT Kak OuOiIMoTeKy enoki, KoTopas yixe CerojHs

IIBITAETCA SMYIUPOBATh MOXOXKYIO (YHKIHOHAJIBHOCTH MporpaMMHO Ha x64 m ARM, a B gcc

BapbHUpyeMas JUIMHA BEKTOpa B HACTOAIIMH MOMEHT pealu30BaHa HA YPOBHE KOMIIMISATOpPA

(mpaBIa B gcc OHA JIOKHA OBITH KpaTHa 4) [13].

4. RISC-V ce200Hs

B HacTosmuii MoMeHT B coodmectBo RISC-V BXoauT 60MBIIOE YHCIIO H3BECTHBIX KOMIAHUN (pHUC
4). Y3 naubornee MHTEPECHBIX MBI OBl XOTENH YIOMSHYTh KoMmnaHuro Nvidia, MCIIONIB3YIOIIYIO
RISC-V u s3pik Ada s co3manust OSCHIIOTHBIX aBTOMOOMIeH, U kommanuio Alibaba, koTopas
npeacrasmwia jgerom 2019 1. mepsbiit IP-610k U1 mckyccTBeHHOro mMHTEIekra. Kpome Toro,
RISC-V yxe nmony4aeT nmomyssspHOCTh Ha YPOBHE KPYIHBIX IOCYAAapCTBEHHBIX CTPYKTyp: MHmus
o0psBuiia RISC-V  nanmonansHbiM ctanmaproM, US DARPA tpebyer RISC-V B kadecrtse
00513aTeNFHOr0 KOMIIOHEHTa MO psiy MporpamMM, B TOM 4YHCIie — 10 BceMy HampaBieHuto HW

94



®ponos B.A., l'anaktronos B.A., Camxapos B.B. Hccnenosanue texuonorun RISC-V. Tpyowt UCIT PAH, Tom 32, Bbim. 2, 2020 ., cTp. 81-
98

security research, Israel Innovation Authority co3naer o6myro miarpopmy GenPro na 6aze RISC-
V, B Kutae o0bsBiIeHa 00beMHasi nporpamma roc. cyocuaupoBanus pemenuii Ha 6ase RISC-V
(2018), a EBpomeiickuii Coro3 00cCykIaeT KpyIHYIO HpOTpaMMy BBICOKOIPOWU3BOJUTENBHBIX
BeruucneHuit Ha ocHoBe RISC-V. Kpome Toro, RISC-V craHOBHTCS OCHOBOW YUEOHBIX MPOrpaMM
mo Computer Science u Electronic Engeneering HampaBieHHH BO MHOTHX YHUBEpPCHUTETaX.
Hakonen, RISC-V nponuk u B Poccuro [14].
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Fig. 4. Some of the companies involved in the development of the RISC-V ecosystem and using this ecosystem
in their decisions
Mpb1 yBepeHbl, YTO MOXHO HalTH elé npuMepsl, JOKa3bIBaIOLIUE 3pENoCTh cTanaapra. BaxxHo He
3TO, & TO, 4TO Ha ceroAusnHui MoMeHT RISC-V yxe umeer chopMHPOBAHHYIO 3KOCUCTEMY:

e Open Source I1O: GCC, Linux, BSD, LLVM, QEMU, FreeRTOS, ZephyrOS, LiteOS,
SylixOs;

e kommepueckoe [10: Lauterbach, Segger, Micrium, ExpressLogic u ap.;

e OTKphITHIE Tporeccopusbie spa: Rocket, BOOM, RISCY, Ariane, PicoRV32, Piccolo, SCR1
(Poccuiickoe siapo ot Syntacore), Hummingbird u ap.;

e koMMepueckue mporieccopusie sjpa: Codasip, Cortus, C-Sky, Nuclei, SiFive, Syntacore
(Poccuiickas) u ap.;

e yucnonp3oBanre RISC-V Buyrpn xommanmu: Nvidia, Western Digital, Qualcom, CloudBear
(Poccuiickas) u jp.

4.1 MNepcneKTuBLbI ANsi OTe4YeCTBEHHbIX pa3paboTumkoB

Henb3st He ynoMsiHYTh HanOoJiee H3BECTHBIC OTEYECTBEHHBIE poreccopbl — Dpopyc o MLICT u
HeMmHOTO MeHee n3BecTHble NMC4 (neripomarpuke) ot HTL] Moaynb, 1 «MyJIbTHKOP» OT DIIBHC.
Kak Dumpbpyc, Tak 1 NMC4 sBusrorest npoueccopamu VLIW co cBomMu kommmistopamMu u
LEUKOM cBoel MHOpacTpykTypoil. C TeXHHMYECKOH TOYKM 3peHHs, Ha Hall B3IV, 9TO OYEHb
XOpOIIKME pPEeIIeHHs], 0COOEHHO Korja HEeOoOXOAMMO JOOMBATHCS BBHICOKOW NPOU3BOAMTEIILHOCTH.
Hanpumep, coBpeMeHHBII Dnb0pyc sBiIsSETCS aOCOMIOTHBIM PEKOPJCMEHOM 10 YHCIy KOMaHH B
TakT (10 50) W Ha MHOTHX 3ajadax mobOexmaer mociemaHue HOBHHKH OT Intel 1 AMD. Ho atu
pELICHNUsT JOPOTHE U MO OOJBIIEH YaCTH 3aKPBITHIE.
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[TpoGnema OOJIBIIMHCTBA OTEYECTBEHHBIX KOMIIAHHMM B TOM, YTO MX PELICHUS HE CIEAYIOT
OTKPBITBIM CTaHIApTaM B JOCTaTOYHOHM CTENEHH, M3-332 Yero Aakeé BHYTPU HalleW CTpaHbl MX
MOXXHO HCIIONIb30BaTh JIMIIL OTPaHUYEHHO. [lepecekasch ¢ OTEYECTBEHHBIMH pa3padOTKaMu B
obnactu 1O st rpaskAaHCKOM aBHAIMKM, MBI BCTpEYaeM HEXKelaHHe pa3pabOTINKOB CBS3BIBATHCS
C 3aKpBITOM M CHenn(pUIECKOil 3KocHUCTeMoi DnpOpyca, Kak M ¢ JI000# Apyroil 3akphITOH U
MAJIOTIOHATHON cHCTeMOH B puHnune. I1pu 3ToM HE0OXOIMMO TIOMHUTB, YTO AJISI ABUAINH, KAK U
JUIL MHOTHX APYTHX CHCTEM HEOOXOIMMBI MPOLEIYphl CEpTH(UKAINH, TAE 3aKPHITHIC PELICHHS
HenormycTuMbl. ClieqyeT cka3aTb M O TOM, YTO SKCIIOPTHBIE CHUCTEMBI BOOPYKCHHS 3a4acTYIO
TaKXKe IOCTABISIOTCA ¢ MHOCTPAHHOH 3JEKTPOHMKOM, MOTOMY YTO Hameil (Kak u Jr000i npyroi
3aKpBITOH CHCTEME) 3aKa3UHKU HE TOBEPSIOT.

[Ipu Bcex e€ mpemmymiecTBax, K coxaneruto, VLIW-texaomorus (ucmonszyemas DIs0pycoM U
NMC4) nukak He cocTeikyercs ¢ uaeonorueir RISC-V, mockomsky mpoTHBOpEUHE 3aI0KEHO B
kopre: ecnu RISC-V moaxon npedocmasnaem unmepdpetic, pa3nemnss apXUTEKTYPHBI U MHAKPO-
apXUTEKTYypHbI ypoBHHM, TO VLIW-noaxon npsMo IPOTUBOIOJIOXKEH: CUCTEMA KOMAaHI
(bopMupyeTCst HEOCPEACTBEHHO 0] MUKPOApXUTEKTYPHBIH YPOBEHb KOHKPETHOT'O MpoLieccopa ¢
KOHKPETHBIM YHCJIOM OJIOKOB OIpenenéHHoro Thna. To ecTh, Hampumep, €cli y JBYX PasHBIX
VLIW-mporieccopoB pa3Hoe KOJHUECTBO OJOKOB YMHOMKEHHs C IUIaBaroIied Toukoil (1 Gosblie
OHM HHYEM HE OTJIIMYAIOTCA), TO KOMIMIIITOP FeHEepUpYeT AN HUX pa3Hble mporpaMmMel. C npyroi
CTOPOHBI, 3TO HE 3HAUYUT, 4To Ju11 VLIW-nonxona cranaapTusanus U OTKPBITOCTh HEBO3MOXHA B
npunnune. Hampumep, 310 Moxer 661Te OpenCL mim Vulkan: eciam paccMOTpeTh BBIIOJHEHHUE
pabodeit TpymIel TOTOKOB (Hampumep, u3 256 wim 512 371eMeHTOB) B MAaCcCHBHO-TIAPaJUICIEHOM
MOJENW KakK IMKJI, TOTAAa TaKOW IUKJI, OYEBHIHO, MOKHO KOHBEHEpPH30BaTh IPOTPAMMHO.
IMockonbky B OompmmHCTBe cinydaeB nmotokn OpenCL pabGotaioT Hajg JaHHBIMH HE3aBHCHMO,
MEXaHM3M IIPOrPaMMHOI KOHBEHEPH3ALUH [TUKIIOB J0JDKEH ITOKA3aTh XOPOIIHNE Pe3yIbTaThl.

4.2 HepoctaTtku RISC-V

Hecmotps Ha psipg odeBugHbIX npemmymiecTB RISC-V mo cpaBHeHHWIO C aHAIOraMH, €CTh PN

HIOQHCOB:

1. JrwoOas opraHuzamnms Mo cTaHAapTU3aluu Mogo0Has KoHcopuyMy RISC-V (umu, Hampumep,
Khronos) umeer nBe ctopons! Meaanu. OgHa CTOPOHA — 3TO OTKPHITOCTh, COBMECTUMOCTE U
NETKOCTh BXOXKAEHHUA B 00JAcTb JUId HEOOJIBIIMX KOMMaHWH. [lpyras cTOpoHa COCTOMT B
OTrpaHMYEHUH TUOKOCTH — MPEUIOKHUTh CBOE PACIIMPEHUE CHUCTEMbl KOMaH] MO3BOJISETCS
JIMLIb OYEHb KPYIHBIM CIOHCOPaM U JIaXke Ul HUX DTOT Ipoliecc He npocToil. Kak Mbl yxe
YIOMHHAIH, IPOEKT 1Mo paszpaborke otkpeitoro GPU, HassiBatrormuiics Libre-RISCV (tak u He
CMEHUBILHI Ha3BaHUE), IEPEKIFOYMIICS Ha apXUTEKTypy POWer, Cchiiasch Ha HEBO3MOXKHOCTD
MOJYYUTh HEOOXOAUMYIO JIOKYMEHTALUIO OT cooOuiecTBa. [IpuyrHbBl KOHQIIMKTA MOHSATHBIL:
paspabotuuku Libre-RISCV mpemnaranu BekTopHOEe paciiupenue (HazBanHoe umu Simple-
V), koTopoe, mo-BUIUMOMY, ObIIO He mHTepecHO coobmectBy RISC-V m3-3a rotoBHOCTH
COOCTBEHHOT'O BEKTOPHOTO aHaJIora.

2. Korma peub MIET O BBHICOKOW MPOM3BOAMTEIBHOCTH, NMPAKTUUECKH BO BCEX MarepHajax Mo
RISC-V BHIHO 0YeHb CHIIbHOE CMEIEHHE B CTOPOHY CYNEPCKAISIPHBIX SAEp ¢ BHEOUSPEIHBIM
BBINIOJTHEHHEM KoMaHA. C OfHOH CTOPOHBI, 3TO OHJAEMO, IOCKOJIBKY TakOW CHoco0
TIOBBILIEHUS] TIPOU3BOJUTEIILHOCTU SIBISETCSA JIOTHYeCKUM pasButueMm wujeosornn RISC B
npunnune. C Apyroi CTOPOHBI, 3TO BHITIBIUT Kak J0OOMPOBAaHNE ONPEIEIEHHON TEXHOIOTHH
C LIEJBIO IPOABMIKEHHSI COOCTBEHHBIX Pa3pabOTOK.

3. RISC-V Bcé-rakm He sBiseTCsS MaHAIleeld, ITOCKOJIBKY B TEKYIIEM BHJIEC HE MOXKET OBITH
ocHoBoi, Hanpumep, a1 VLIW mponeccopoB (u VLIW mnoaxox B mpuHImne Hurie He
ynomuHaercs). Kpome toro, coobmectBo RISC-V B momamisromemM OONBIIMHCTBE CIydacs
yMaJqyuBaeT O TpadUuecKHX TIpoleccopax, oO0Xo[sch B NPE3CHTAUMAX TYMaHHBIMHU
OTrOBOPKaMH.
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4. Tlo cpaBHenuto, Harpumep, ¢ Power skocuctema RISC-V BeImsiasr meHee 3peio (XOTb U
GoJiee LIEIOCTHO), TIOCKOJIBKY pean3aluii B KpeMHUH B HacToswiee Bpems y RISC-V Bcé-raku
CYIIECTBEHHO MeHblIIe, a POWEr y)e 1aBHO HCIOIb3YeTCs B aBHALIUH.

5. 3aknroyeHue

CoBpeMeHHbIE 3JIEKTPOHHBIE CHCTEMBI CTalid HACTOJIBKO CJIOXKHBI, YTO CJIEOBAHUE OTKPHITHIM
CTaH/JapTaM KpPUTHYECKH BaKHO MJIsI JKU3HECHIOCOOHOCTH IIPOEKTa M €ro 3KOHOMHYECKOW
nenecooOpasHocTH. Jlaxke pu oCTpoil HEOOXOAMMOCTH B HaJIMYMK Criel(HUIecKol anmapaTHON
(YHKIIMOHAJIBHOCTH HET HU OJHOM IPUYMHBI JUI TOTO, YTOOBI HE paccMaTpuBaTh OTKpPBITHIC
CTaHIApTHl Kak 0a3y mus paspabareiBaeMoii TexHomoruu. RISC-V — xopommii m TpamMOTHO
CTIPOEKTHPOBAHHBIN CTaHAAPT, MO3BOJLIOLINN PENIaTh IPH Pa3pabOTKe MPOrpaMMHO-aNapaTHBIX
CHCTEM Takhe TNPOoOJEeMBbl KaK COBMECTHMOCTh (B TOM 4HCiIEe OOpaTHas COBMECTHMOCTH B
JOJITOCPOYHOH TIePCIIeKTHBE), 0€30MMacHOCTh, CePTUPHUKAINA, YHEepronoTpediacHne, 3hdhekTnBHAL
peann3anysg MHOTOINOTOYHOCTH M YZACHICBICHHE pPa3pabOTKH. DTO BaKHO IIPEXKIE BCEro IpH
pa3paboTke IEHTPAIbHBIX MPOLIECCOPOB U HMX OKpYXeHHs (MHTepdeiic maMsaTH, K3II U Jp.),
OIEPAIMOHHBIX CHCTEM, KOMIHJSTOPOB, JPAaBEpOB M BBICOKOIIPOM3BOAUTEIBHBIX OHOIMOTEK.
Ecnu BB HauMHaeTe HOBBIM IPOEKT B OJJHOM U3 3THX obiacTell — crout paccMoTpers RISC-V.
Cpenu aHajoOroB JOCTOMHBIM KOHKYpEHTOM SBISeTCA cucTeMa KoMaHa Power (M mpoexT
OpenPOWER), koTopas Ha aene 10Ka3ajia BO3MOKHOCTh PUMEHEHUS €IMHON CUCTEMbI KOMaH B
Pa3NUYHBIX NPHIOKEHUAX: OT BCTPOCHHBIX CHUCTEM [0 CyNepKoMmbioTepoB. Ha Hero crtout
00paTHTh BHUMAaHHWE, €CJIM AJISI BaC BaXKHA 3PEJIOCTh TEXHOJIOTHH, HO, BO3MOXHO, MEHEE Ba)KHBI
3aTpaThl Ha CTOMMOCTh Pa3padOTKH caMOTo YHMIIa WM UMEETCs Xopoliee rotoBoe pemreHue. MIPS
HEIaBHO TaKXKe CTana OTKPHITOH Omaromaps passutuio RISC-V, Ho e€ HemocTaTKi OrpaHIYUBAIOT
pacumpenne. SPARC — oueHp ycTapeBmas cucTeMa KOMaH, HE OIpaBjaaBIIas ceOs cpasy B
HECKOJIbKUX pEIICHHUAX (IMPEeXIE BCETro perucTpoBblie OkHA). Kpome Toro, ects mpoOiemsl c
npeoOpa3oBaHNEM IUTaBAIOIICH TOYKH B IIebIe gucia u 00patHo, moaTomy SPARC — B HacTosmee
BpEMs 3TO OJIFH U3 CAMBIX IJIOXMX BapHAHTOB.

OcTanpHble PACCMOTPEHHBIE HAMH HOIYJISIPHBIE CUCTEMBI KOMaH[{ — 3aKpbITas MHTEIUIEKTyaJIbHas
COOCTBEHHOCTh KOMMEPYECKUX KOMIAHHUM, TOJBKO JIMIIb JIUIEH3UPOBAHNE KOTOPBIX CTOWT OT 1
MWJJIMOHA JOJuTapoB. JloMuHHpyOmass Ha ceromHsumHui JgeHb ARM, wMes OTrpoMHBIN
(hakTHUeCKHil THUpPaX CBOMX YWIOB (M BBIUTPHIBAaf, B OCHOBHOM, JICIIEBU3HOW OTHEIHHBIX
9K3EMIUIIPOB) IO TOCIEAHET0 OYyAeT CONPOTHBISTHCS IEPEXOAy MHPOBOTO COOOIIECTBA Ha
OTKpBITHIE TEXHOJIOTHH, HO Ha HaIl B3IJISAJ 3TO JIMIIH BOIpoc BpeMeHn. KpoMe Toro, ¢ pasBuTHeM
OTKPBITOTO TIPOTPaMMHOTO OO0EcIeueHUs] HeOOXOIUMOCTh B Toanepxkke x86/x64 B 2020 romy
UcYe3arolle Maja ¥ BEJIMKa BEPOSTHOCTh TOT'O, YTO CO BPEMEHEM IEPCOHAIbHBIE KOMITBIOTEPHI
taxke repedayt Ha RISC-V, motomy uro B x86/x64 Ha CeroqHANTHUN AEHBb «IIPOCTO HET CMBICITA»
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AnHoTanus. Ha cerogHsmHuil neHb TPYJOEMKON M HETpUBUAJBHOM 3ajayeil sBiseTcs aBTOMaTH3alMs
MOHHTOPHHTA JTUCKOBBIX HOCHTENEH B KIACTEPHOW WHOPACTPYKTYype WPH HUCIIOIB30BAHUN CHCTEMBI
ynpasineHuss KoHTeitHepamu Kubernetes. B pabore paccMaTpHBarOTCS CYIIECTBYIOIIUE ITOIXOABI K
MOHHTOPHHTY JHCKOBBIX HOCHTEIEH B CHCTEME OpKecTpalun KoHTeiiHepoB Kubernetes m mpuBeneH ux
CpaBHHUTENBHBIN aHamn3. Ha OCHOBe MpPEACTaBICHHOTO aHajln3a JIeNlacTCs BBIBOJ O HEOOXOJAUMOCTH
COBEpPIICHCTBOBaHMWS W aBTOMAaTH3allMK TOAX0A0B. Jlast 3Toro B paboTe mpemiaraeTcs IMOAXO.
aBTOMATH3aIMd cOOpa METPUK C JUCKOBBIX HOCHTENEH 3a cuer peanmsanui Kubernetes «omeparopay s
UHCTPYMEHTA, ¢ TIOMOIIBIO KOTOPOTO MOXHO 3((EKTHBHO MOTydaTh HHPOPMAIMIO O COCTOSHHH JAUCKOBBIX
HOCcHTENe B cucTeMe. DB kadecTBe pe3yJibTaTOB MPUBEACHBI BPEMEHHBIE XapaKTEPUCTHKH cOOpa
HHPOPMAIIMH O JUCKaxX C KCIOJNh30BaHHEM CYIICCTBYIOIIUX IOJXOMOB M MPEAJIaracMoro IoIX0/a.
IIpuBeneHBI YUCIICHHBIX PE3YIBTATHI U TPa(UKH, TEMOHCTPUPYIOIIUE BBIUTPHIII IPEIIaraeéMoro moaxoa.
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KOHTENHEPOB

Jnsi nurupoBanus: Ilemsxunckas A.C., Huxugpopor W.B. Iloxxon aBTOMaTH3alii MOHHUTOPHHTA
JIICKOBBIX HOCHTENEH JUIsl CHCTEeMBI opkecTpanun kKoHTeitHepoB Kubernetes. Tpyxer ICII PAH, Tom 32, BB
2, 2020 r., ctp. 99-106 (na anrmmiickom si3bike). DOI: 10.15514/ISPRAS-2020-32(2)-8

1. Introduction

Currently container orchestration systems for the automatic deployment of applications in a cluster
infrastructure are gaining popularity. These systems include Kubernetes [1], Docker Swarm [2],
Mesos [3].

At the same time a lot of applications need to store their data on hard drives, which sets in turn
increasing requirements for the reliability of used hard drives. That’s why special attention is paid
to monitoring of hard drive state in a cluster infrastructure to prevent their failure and data loss.
Many companies such as Dell EMC encounter the problem of disk monitoring.

System administrators and engineers who monitor hard drives in a cluster system use different
methods and approaches for obtaining disk information, discussed in Section 2.

Section 3 provides a theoretical basis and defines container orchestration systems using
Kubernetes as an example. Section 4 describes the operator pattern for Kubernetes.

Section 5 describes advantages of the proposed approach for automating disk monitoring in a
Kubernetes cluster.

Section 6 covers the implementation of the proposed approach using the “operator” for disk
monitoring tool.

Section 7presents the results and temporal characteristics of collecting information about disks
using existing approaches and the proposed one. Charts show the time gain while using the
proposed approach.

2. Approaches for evaluation of the hard drives statuses

One way to get the state of hard drive is to use utilities built into the Linux operating system such
as Isblk, fdisk, etc. Isblk utility [4] displays information about all available or specified device
blocks. It reads information from the sysfs and udev db file systems. The problem with this
approach is that the Isblk utility does not provide information about the current state and
availability of the disk.

Another disk health evaluation utility is smartctl. This Linux utility allows to retrieve SM.A.R.T.
disk information. S.M.A.R.T. is a technology which allows to analyze and predict the state of hard
drives [5]. S.M.A.R.T. monitors the main characteristics of the drive. Each receives estimates and
then recounts them into numbers. Depending on the reference value, the state of the disk can be
estimated from the result. There are over 150 S.M.A.R.T. indicators with their own reference
values, so manual analysis of such information is quite time-consuming for a person. To reduce the
complexity of the analysis S.M.A.R.T. indicators, neural networks can be used, which is described
in [6, 7].

There is also an intelligent platform management interface (IPMI) designed for remote monitoring
and control of a computer system [8]. It is possibly to connect remotely to the server and manage
its operation using IPMI. The IPMI specification standardizes an interface. Various companies
have the implementations of this interface: IDRAC (DELL), Cisco IMC (Cisco), ILO (HP). This
approach is more efficient than using Isblk and smartctl utilities, because specific IPMI
implementations (IDRAC, IMC, ILO) provide a graphical interface and a wide range of server
functionality in addition to monitoring hard drives. The disadvantage of this method is the lack of
free licenses for products that implement the IPMI interface.
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The last of the considered approaches is the Linux ipmitool command [9], which implements the
interface, but its functionality is limited by the ability to provide information about FRU, LAN
configuration, sensor readings and remote power management. The hardware also must have a
special BMC port in order to use IPMI, so this approach is not universal.

Considering the approaches, the automating analysis of the state of hard drive through the
implementation of Kubernetes «operator» of the disk monitoring tool is proposed. A more detailed
definition of the «operator» of Kubernetes is given in Section 4.

The proposed approach is better than others, because of efficient and automatic provision of
information on the current state of disks without creating additional load on the Kubernetes cluster.

3. Container orchestration systems

Containerization is an approach in software development which allows an application or service,
its dependencies and configuration (abstract deployment manifest files) to be packaged together
into a container image [10]. In fact, this is virtualization at the operating system level. Containers
greatly simplify and automate application deployment regardless of environment. In turn, the
Docker tool [11] helps simplify the creation and launch of containers. As modern applications
include more and more containers and distributed servers require complex management and
deployment of applications, there is a need for container orchestration systems.

Container orchestration allows to determine how to select, deploy, track and dynamically manage
the configuration of multi-container packaged applications [12].

Container orchestration concerns not only the initial deployment of multi-container applications,
but also includes management, for example, scaling a multi-container application as a single
object.

The most popular is the Kubernetes container orchestration system [1]. Kubernetes is the open
source software needed to manage and deploy a Docker container cluster.

A Kubernetes deployment is known as a cluster. Kubernetes cluster can be imagined as two parts:
a management layer, which consists of the main node(s) and worker nodes. Pods consisting of
containers are made on working nodes. Each node represents its own Linux environment and can
be either a physical or virtual machine.

4. Pattern «operator»

«Operator» is a Kubernetes plug-in that uses user resources to manage applications and their
components [13].

A resource in Kubernetes stores a collection of specific types of API objects. Kubernetes objects
are persistent resources in the Kubernetes system. Each resource has HTTP request at a unique
address, which is processed by the server with the Kubernetes API and returns information about
this resource. Kubernetes uses these entities to represent the state of a cluster. For example,
Kubernetes Deployment is an object that can represent an application running in a cluster. While
deploying applications, there should be a specification for the final configuration. For example,
setting up three replicas of an application makes Kubernetes system reads the specification and
starts three instances of the desired application, updating the state according to the configuration.
Pods can be example of resources. It is embedded resource and it contains a collection of pod
objects. Custom Resource is a Kubernetes APl extension that is not necessarily available when
Kubernetes is installed by default.

«Operator» combines user resources and custom controllers. They allow to monitor the specified
resources and maintain their state in accordance with the value the user set. When a corresponding
event occurs with a resource, the “operator” reacts and performs a specific action.

5. Disk information gathering automating approach using «operator»
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Fig. 1 shows the scheme of the disk information gathering automating  approach in the
Kubernetes cluster and user interaction.
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Fig. 1. Scheme of the "the disk information gathering automating approach " in the Kubernetes cluster

The approach proposes to introduce an «operator» into the Kubernetes container orchestration
system to automate monitoring of hard drives on nodes. «Operator» is an application deployed on
a Kubernetes cluster. It works with its Kubernetes AP1 and monitors events within the cluster. Its
task is to collect information from cluster nodes about hard drives, create disk objects on the
cluster and monitor them.

$ operator-sdk new monitoring-operator --repo
github.com/example-inc/monitoring-operator
$ cd monitoring-operator

$ operator-sdk add api --api-
version=app.example.com/vlalphal --kind=Disk

$ operator-sdk add controller --api-
version=app.example.com/vlalphal --kind=Disk

Fig. 2. Command for generating code template

Once objects are created, Kubernetes can provide information about them through a client
application. Using the command line utility, the user can access the Kubernetes cluster to obtain
information about the specified resources. The use of the «operator» has several advantages.

e  «Operator» allows to take advantage of Kubernetes, e.g. work with custom resources.

e  One of the advantages of the “operator” is the ability to process the network events of the
Kubernetes cluster (GET, CREATE, DELETE, PATCH, etc.), that is, the programmer
decides what should happen to the custom resource during an event.

e  Since a resource is created in the system, this opens the possibility of using the Kubernetes
command-line interface. The user can get information about all resources with a single
command (Fig. 2).
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e The information that Kubernetes can show about resources also might be regulated. For
example, if you need to know the status of disks, then the command line can show only the
requested information. This filtering approach reduces human analysis time.

e  Kubernetes provides data in the form of a table, which simplifies the analysis of information
by a person.

e  Kubernetes administrators can create volumes, knowing which drives can be used for this.

Thus, the use of the «operator» allows not only to automate monitoring of hard drives, but also to
reduce the time of analyzing disk information. Working with the Kubernetes API allows to take
advantage of Kubernetes described above.

6. «Operator» implementation

6.1 Structure of «operator» units
Fig. 3 shows the architecture of the «operator» for disk monitoring.

Operator Disk
" object

Meanitoring tool | Disk . Kubernetes AP | Disk
controller controller server object

. Disk
¥ a . . object

Node 1 Node 2 Node 3
gRPC server gRPCserver gRPC server

Fig. 3. The architecture of the «operator»

«Operator» is a software tool for Kubernetes, which implements two controllers: monitoring tool
controller and disk resource controller.

The controller of the monitoring tool deploys a server on each node of the cluster, which collects
information about the hard drives of this node on request.

The disk resource controller requests this information and sends a request to create a resource in
Kubernetes. Kubernetes APl server based on the received information creates custom resources
(CR) for disks. Disks CR store information about a specific drive from a node, for example, serial
number, size, etc.

6.2 Technical implementation features

Since all Kubernetes «operators» have the same structure, it is possible to generate common code,
filling it with own logic. Usually such tools are used for generation as Operator-SDK [14],
Kubebuilder [15], Code-Generator [16] and written. Usually Golang programming language is
used for «operator» development

The Operator-SDK tool was used in this work. It allows to generate a resource structure template
for Kubernetes, in the case of an “operator” for disk monitoring - Disk Custom Resource
Definition (CRD) and a resource represented disk monitoring tool on each machine in the
Kubernetes cluster. It runs as a gRPC server. To generate code template Operator-sdk has a
command (fig. 3). Controllers have also been created to manage these resources. Each controller
has a synchronization function (Reconcile loop). It is called by the Kubernetes system every time
during any events happening to a custom resource.

e  First command generates Golang project for «operator».
e Second command generate Golang structure represented Kubernetes objects (fig. 4).
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e Third command generate code template for object controller with Reconcile loop.

type DiskSpec struct {

DiskID string
“json: "disk id"”

KodeID string
jeon:"node_id"

Path string
“json:"path”

Capacity int

"Json:"capacity”™”
SerialNumber string
"json:"serialNumber™”
DriverHealth string
“json; “driveHealth"”

Fig. 4. Disk structure in Golang

In the operator implementation, the controller of the disk monitoring tool in the Reconcile loop
ensures that the gRPC server is running on each node of the cluster. In turn, the Disk CRD
controller in the synchronization function creates a connection with the monitoring servers and
makes a request for information about the disks. Then using a REST client, the request for creating
resources is sent. Based on the information received, Kubernetes creates disk object. If such object
already exists, then Kubernetes updates it. The synchronization cycle is called every 2 seconds to
keep disk information up to date.

To build docker image the command on fig. 5 can be used.

aperator-sdk build operatorv0 0.1

Fig. 5. Command for building docker image
To deploy «operator» in Kubernetes cluster Helm tool was used [17]. This tool allows to deploy
application using one command (fig. 6). We can develop special manifests (charts) for Helm to
represent «operator» application in Kubernetes. These manifests contain all necessary information
about the application, so Kubernetes deploy it correctly. For example, we can specify how many
replicas of application should be deployed on Kubernetes cluster.

helm install operator chants/operator

Fig. 6. Command for deploying “operator” in Kubernetes cluster

Thus, Kubernetes has a resource that can be accessed using the command line or an HTTP request.
Output is shown in fig. 7.

~% kubect] gat disks

NAME NODE HEALTH
disl-nodel-dev-sds node] HEALTH_GOOD
disk-nodel gev-sdb nodel HEALTH GOOD

digk- nodad-devsdr  noded HEALTH_UMEMNOWHN
digk- noded -devedb noded HEALTH _FAILED

Fig. 7. Command line output

7. Results

Table 1 shows the results of assessing the status of the Kubernetes cluster hard drives in three
ways:

e using the smartclt utility;

e using the IDRAC program (implementation of the ipmi interface);
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e the proposed approach with the “operator” Kubernetes.
The characteristics of the tested cluster are:
e the cluster consists of 4 nodes;
e each node has 4 hard drives (system drive: 112 GB SSD, 3 drives: 8 TB HDD)
e each node has a Linux operating system deployed.
The necessary command was entered on each node in order to obtain information.
Measurements were performed three times on the cluster. It was made of the time to enter the
necessary tool commands to obtain information about the disks. The time of manual analysis of the
output of commands is also measured. The average 3
value of each measurement was taken. In the future, it is planned to automate this process and
collect more metrics.

Table 1. Comparative analysis of disk monitoring approaches

Time\Approac Smartctl ipmi Using operator
h utility (IDRAC)
T, (seconds) 5 7 S
T4 (seconds per 10 2 2
disk)
T, (second) in 60 36 28
tested system
70
&0
60
50
: 40 36
%30 . 2
20
10 - 5 7
=2
0 . [ |l
T d Tc T
W smartctl ® Ipmi % operator

Fig. 8. Chart of spending time on analysis for various instruments

T4 expresses the time for manual analysis of the received logs from the specified methods.

T, is the time to enter commands into the terminal.

T, — the total time spent in the tested system. This is the time to enter the command and the time to
analyze the logs.

We can conclude from table 1 and the graph in fig. 8, the gain of the “operator” approach
compared to IDRAC was 8 seconds, and for smartctl utility the total analysis time decreased by 2
times.

7. Conclusion

Thus an “operator” approach was developed for Kubernetes, which provides information about
hard drives in a cluster infrastructure.

This approach requires 2 times less time than using built-in utilities in the Linux operating system.
The proposed approach is suitable for different platforms, as it runs in a Kubernetes cluster, which
can be run on different platforms.

However, the approach has several disadvantages compared to the existing ones. For example, the
smartctl utility and the ipmi IDRAC implementation provide more information about hard drives,
while the “operator” provides only status.
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In the future, it is planned to expand the list of indicators that can be analyzed through the kubectl
utility using the "operator" and to create a graphical interface and scripts to automate command
input to reduce the amount of time analyzing disk information.
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decision procedures implemented in SMT solvers are complete for some combinations of logical theories
(logics), in particular for the QF UFLIA logic. At the same time, when verifying C programs, it is often
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1. BeedeHue

B mportecce pazpaborku mporpaMMHOTO odecriedeHns Ha si3bIke CH 9acTO BOZHHKAIOT OIIMOKH,
CBSI3aHHBIE C HENPABWIBHBIM HCIIONB30BAHUEM apU(METHYECKUX OIepanuif, KOTOpble MOTYT
MIPUBECTH K TIEPENOHEHUI0, W, KaK CJIEICTBHE, HENPEIBHICHHOMY ITOBEACHHIO IIPOTPaAMM,
HECMOTpS Ha JONroe M TIIaTelbHOe TecTHpoBaHue. Ho Omaromapst ¢opManbHBIM MeTonam
BepU(UKAIMKM INIPOrpaMMHOTO KOZa BO3MOXKHO HAaWTH HEOYEBHIHBIE, HO B TO JKE€ BpeMd
MHOTOYHCIICHHBIE OUIMOKH, CBSI3aHHBIE C ONEpalMsAMH HaJl LEJIOYMCICHHBIMH THUIIAMH U HX
3HAYeHWAMH. MHOrME METONbl M WHCTPYMEHTHl JIEIyKTUBHON BepHUKALNN HCIONB3YIOT
pemaTeny 3ajavn BBIIOTHUMOCTH (OpMyN B TEOpHsxX, Ha3blBaeMble Takke SMT-pemarensmu.
AJNTOPUTMBI TAKUX peIIaTeNIe MONHBI Ui HEKOTOPHIX KOMOWHAIIMHA JIOTUYMECKHX TEOpHi, B
gactHoctH, 11t torukd QF UFLIA. Hecmortpst Ha mpuMmeHuMocts SMT-pernareneii kK mmupoKoMy
KJIaccy 3ajad, 4acTo HEOOXOMMO NMPUMEHSTh PEeIIarolIie MPOIeaypsl K (popMynaM B JTOTHUECKHX
TEOpHsAX, KOTOPBIE SBISIOTCS pa3pellMMBIMM, HO HE BCErJa MOTHOCTBIO mojepxkuBatorcs SMT-
pemarensmu. K TakuM JTOTHYECKHM TEOpWSIM MOXKHO OTHECTH OTrpaHMYEHHBIC IENble Kak ¢
TIeperioTHeHNneM (11 0e33HaKOBBIX 1EbIX B CH), Tak 1 6€3 IepernonHeHust (JUIst 3HaKOBBIX IIENbIX),
TEOPHUU KOHEYHBIX MHTEPIPETUPYEMBIX MHOXKECTB (IS TTOJIEPKKH PaMOYHBIX yCIIoBHUil) u ip. B
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JaHHOM paboTe C Wenbl0 aBTOMATHU3MPOBAHHOIO TIIOJYYEHHsS JOKa3aTelIbCTB B CHUCTEME
WMHTEPaKTUBHOIO JI0KazarenbcTBa TeopeM Isabelle/HOL [1] MBI copmynupoBaiit METO TPOBEPKH
BBINTOJTHUMOCTH (hOPMYII C OTpaHUIEHHBIMHY [IEJI0YMCICHHBIMH 3HAYSHUSIMA [TEPEMEHHBIX, KOTOPBIH
ocHoBaH Ha npumeHeHnn SMT-pematens B noruke QF UFLIA. Ham Meton sBnsieTcs pemaromei
npoueaypoit Hax (opmynamMu B TeopuH orpaHudeHHBIX menbix (BLIA), xoTopas peanm3oBaHa B
Bune Mmerona Isabelle/HOL u cocTOMT M3 MHCTAHIMPOBAaHUS WCXOMHOW (DOPMYNIBI aKCHOMaMU
TEOpPHUU OTPaHMYEHHBIX HENbIX (sBissrommxcs Jemmamu teopun HOL-Word[2]), uarepnperanmn
noyuenHoid  popmyner B Teopun QF UFLIA, nmpumenenust pematomieil npouenypsl SMT-
pemiarenst W TOCIEAYIONIET0 BOCCTaHOBJICHUS JOKa3aTelbcTBa cpeactBamu Isabelle. B cBoro
oyepellb, J0Ka3aTelIbCTBO IOJHOTHI MPEUIOKEHHOI'0 METO/Ia OCHOBBIBAETCSl Ha IPE0Opa30BaHUH
nony4yeHHoil or SMT-pematens moaenu B noruke QF UFLIA B Monens B TeOpUM OrpaHUYEHHBIX
LIEJIBIX.

HecmoTpss Ha WHCTAHIIMPOBAHHME AaKCUOM HCXOJHOW TEOPHUH, KOTOPOE YBEIWYHMBAET JUIMHY
aHam3upyeMoi popMyIibl, HaM He TpeOyeTcs BHOCHTH CYIIECTBEHHbIE U3MEHEHHUSI B UHCTPYMEHTBI
BOCIIPOM3BEACHUS JOKa3aTebCcTB cucTeMbl Isabelle 1 SMT-pemarens, a Gnaronapsi onTHMHU3anUH
AKCHOM TEOpUHM OTPaHUYECHHBIX ILENBIX MBI IIOJyd4aeM JIMHEHHOE MO KOJIMYECTBY BXOXKIACHHH
(YHKIIMOHAIBHBIX CHMBOJIOB YBEIMUYEHHE JJTMHBI WCXOAHOW (OPMYJBI, MOITOMY CIIOKHOCTB
METO/Ia He CYIIECTBEHHO YBEJIMUHMBAETCS IO CPABHEHHUIO C UCTIOJIb30BAaHUEM PEIIAOLINX MPOLEaYp,
peaM30BaHHBIX HEMOCPEeACTBeHHO BHYTpU SMT-pernareneii. OCHOBHOM LieNbl0 Halllel padoThI
ABJISUIOCH JOKA3aTeNbCTBO MOITHOTHI U KOPPEKTHOCTHU TPEATI0KEHHOM MPOoIeTyphl IpeoOpa3oBaHUs
(dbopMyn U3 TeopuH orpaHnveHHbIX 1enbix B Joruky QF UFLIA.

Taroke MBI PacCMOTpPENN HEKOTOPBIE CTaThH O MOAYIbHOI apudmeruke [3], [4], [5], rne onucaHbl
OLIMOKH C TEPEroIHEHUsMH TIEPEMEHHBIX THIA int ¥ Bepr(UKAIUs NPOrpamMM, HCIOIb3YIOMINX
orpaHuyeHHble nenbie. B padore [3] chopMynaupoBaHbl MeTOBI Mpeodpa3zoBaHus st GOPMYIT B
HEJIMHEHHOW MOIYNbHOH apu(MeTuKe C OrpaHWYCHHBIMH LEJIBIMH, KOTOPBIC MHPENIoiararoT
M3MEHEHHEe BHYTPEHHHX anroputMoB SMT-pematens. IloTeHrmanpsHO mody4aeMble MpPU ATOM
JIOKa3aTeNnbCcTBa (COOTBETCTBYIOIIAs JIENYKTHBHAs CHUCTEMa IOAPOOHO HE OMHCaHa B CTaThe),
MHOTJa CJIOKHO BOCIIPOM3BECTH C MCIHONB30BAHUEM CYIIECTBYIOIIUX BO3MOXHOCTEH CHCTEM
ABTOMATH3UPOBAHHBIX JOKA3aTeNbCTB. B craThe [4] momyueHa OIlGHKa CIIOKHOCTH pEIIaoNIei
npouenyps! i IDL. IDL — 370 noruka pasHocTd Haj LenbMu uuciaaMu. Ilo onpenenenuro, 3to
OyneBbl KOMOMHAIIMK HEPABEHCTB Bujla X — Y < b, IZie X ¥ Y — LEJOYUCICHHBIE IEpEMEHHbIE, a b
— LIEJIOUMCIIEHHAs KOHCTaHTa. Pemaromas mpoueaypa JaHHOW JOTMKU siBisieTcss NP-TpynHoi;
aganormyHas Jjoruka QF UFLIA, xoropas sBmsercs pacmupeHueMm jorukud IDL omepanmeit
YMHOEHMSI Ha KOHCTaHTy, — To)ke NP-nionHas 3anayda.

2. MMpedeapumenbHas uHghopmayusi

B crammapre SMT-LIB[8] QF UFLIA - o510 mormka OGeCKBaHTOPHBIX (OPMYI C
HEWHTEPNPETUPYEMBIMH CHMBOJIAMH M DPAaBEHCTBOM B KOMOWHAIMM TEOpHUH JHMHEHHOU
LENIOYHCIICHHOW apuMeTnku u HeuHrepnperupyembix ¢ynkumit. Jloruky QF UFLIA mMoxHO
paccmatpuBath kKak koMmOmHarmio Joruk QF LIA m QF UF. QF _LIA o060o3HadatoT 3aMKHYTHIE
OeCKBaHTOPHBIC ()OPMYIIBI C PABEHCTBOM B TEOPHH JIMHEHHOM nenouncieHnoi apupmeruxu (LIA).
B curHarypy 3T0ii TEOpHU BXOIST CIeLyrolIHe (YHKIMOHAIBHBIE CUMBONBL: {+, ¢ X-. <}, rme ¢ —
nenouncnenHas koHcraHTa. QF UF oOo3Hauaer 3aMKHyTBIE OCCKBAHTOpHBIE (DOPMYIBI C
PaBEHCTBOM B TEOPHU HEMHTEPIPETUPYEMBIX ()YHKIIHH.

OOmen3BecCTHBIM METOJIOM DEIICHMS 33Jadyd JI0Ka3aTelbCTBA YCIOBHH KOPPEKTHOCTH C
OTPaHWYECHHBIMH LETBIMH YUCIAMHU SIBIISIETCS TIPEACTABICHHE LENBIX YHCEN B BHAE OWTOBBIX
BekTopoB. Ho kak Hammcano B cratee [11], moruka QF BV odeHs cioxHas B o0IeM cirydae, Ha
MIPaKTHKE pa3mudue Bo BpemeHu paszpernenus Gopmyn B QF BV u QF LIA gacTo BBRITTISANAT Kak
sKcrioHeHnmansHoe. Kpome Toro, cmoxsocts pemenuss B QF BV 3aBucur or pasmepa
OTPaHWYEHHOTO IEJIOr0, TMO3TOMY Ul OONBIIMX OTrpaHHUYEHHBIX MENBIX, HampuMep, 256 Owr,
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pasmuaue 3¢ dexruaocTr Mexay QF BV u QF LIA moxer 0bITh 0ueHBs OonbmmM. it QF LIA
pa3Mep HUKak He BiauseT Ha Bpems pemeHusa. Jns QF BV Her nmopnepxku BOCIpPOU3BEAECHUS
nokazaTenbeTB B Isabelle. M mokaszarenmscTBa 00bIMHO Oonbine 1Mo cpaBHeHHIO ¢ LIA, Tak kak
OCHOBaHBI Ha Tmiepedope OONBIIOro 4YWcia BapHaHTOB M HE IEPEHCIIONB3YIOT BCTPOCHHYIO
npoueaypy A tuHeiHo! apudmernku B Isabelle. Ho ects ¢parmentsr noruku QF BV, xoropsie
MOXXKHO pelaTh CYIIECTBEHHO Oonee 3()()EeKTHBHO, HO B pemIaTeIsX pPEaJu30BaHbI HE 3TU
QITOPUTMBI, a 00Kt cirydaid. D(PEKTHBHYIO PENIAIONIYIO TPOLEAYPY ISl IMHEHHOro (hparMeHTa
CO CIBUTaMH ¥ ITOOUTOBBIMH OIEPAIASIMEI MOXKHO TOXKE CIeJIaTh Ha OCHOBE IPOLIETypPhl KOHEYHOTO
WHCTaHIIUPOBAHMsI, aHAJIOTHYHO KaK B 3TOW pabore.
Teopwuro nuHeWHON apUPMETHKH ¢ OrPaHUYEHHBIMU LIEIBIMU MBI Oy/IeM 3a/1aBaTh aKCHOMAaTHYECKH
KaK pacIIMpeHre TEOpHH JIMHEHHOW LeNOYHCIeHHOH apudmeTruku. B ee curHatypy momumo
cuMBOJIOB Teopur LIA BrimoumMm cneaymomue (yHKIHOHAIbHBIE CHMBOJBL {4, -, C X,
,v(*), (D, <p'}, Tle ¢ — HEeOrpaHUUEHHAS [IEIOYUCIIEHHAsE KOHCTaHTa. TepMbI B 9TOM TEOPHU MOTYT
OBITh IBYX PA3IMYHBIX THUIIOB — OTPAHUYCHHBIC W HEOTPaHUYEHHBIE 1eNble. OrpaHUYCHHbIC LeTbIe
MIPUHUMAIOT 1IEJIOYMCIIEHHBIE 3HAYEHUsI M3 HEKOTOpOro quana3ona [L.. U]. DT 3HaueHHs SBISFOTCS
HEOrPaHUYEHHBIMH LEJIBIMH U MOIYT OBITh MOJYYEHBI C MOMOIIBIO TpuMeHenus QyHkiun v(-).
Bynem ucnone3oBath a, b u d B KauecTBe IEPEMEHHBIX, OTHOCSIIUXCS K COPTY OrpaHUYEHHBIX
nenbIx. J{i1s copra HeorpaHWUEHHBIX LIENBIX OyJeM UCIIOIb30BaTh MEPEMEHHBIE X, Y U C, IPH 3TOM
¢ Bceraa Oyner 0003HaYaTh MHTEPIPETUPYEMYIO [IETOUNCICHHYIO0 KOHCTAaHTy. Takum o0pa3om, aist
71000r0 OrpaHUYEHHOro IeJIoro a OyaeT BeIMOMHEHO cooTHomenne L < v(a) < U. CemaHTHKa
orepanyi - +, - M *X;, - TAKOBA, YTO MX PE3YJIbTaThl COBIAAIOT C PE3YJIbTaTaMH COOTBETCTBYIOIINX
HEJIOYUCICHHBIX OHepaHHﬁ, INPUMEHEHHBIX K 3HAYCHUAM OTPAHUYCHHBIX apryMEHTOB, €CJIH 3THU
PE3YyabTaThl MOI'yT 6I)ITB MpeaAcCTaBJICHbI B BUJAC OIrPaHUYCHHBIX LEIIbIX. B IMPOTUBHOM CJIydac€ 3THU
pe3yNnbTaThl HE OIpEAEIeHbl, TO €CTh MX MOJelb He (UKCHpOBaHA M MOXET ObITh BhIOpaHa
MPOU3BOJILHO VIS KaXKAOH KOHKpETHOH (opmyibsl. Oneparys -, BO3BpaIlaeT OrpaHMIEeHHOE LIeNIoe
C 3aJaHHBIM 3HAUEHUEM, €CIIM 3TO 3HAUYCHHUE JISKUT B quanasone [L.. U] n umeer HeonpeaeaeHHbIH
pe3yabTaT B IPOTUBHOM ciiydae. Oneparus -<,- CpaBHUBAET 3HAYECHUS OTPAaHUYCHHBIX LEJIBIX U 110
CYTH SIBJISIETCS COKpaUICHHBIM OOO3Ha4YeHueM s Bolpaxkenus Buga v(-) < v(-). B kauectse
IpUMEPOB (GOPMYI B TEOPUHU OIPAHUUCHHBIX LIEIBIX PACCMOTPHUM CIELYIOLIHE:
v(a) <5a5<v(a) A (5), X, a+,(1), # (26), 1 Y]

a<, B)paB)p<panr(Gxvia)+1-26), # (0), 2
bynem cuurate L =0 u U = 25. B srtux mnpeamnonoxenusx ¢opmyna (1) Oymer sBIAThCS
BBITIOJTHUMO#, HATIPUMEp, €CJIM B3ATh B KadecTBe 3HaueHus v(a) OrpaHHYCHHON MEpeMEHHON a
gucino 5 (v(a) =5, (5), X, a = (25),, Ho (5), X}, a+,(1), u (26), He onpeneneHo, TaK KaK
25+ 1 = 26 > 25 u moxer ObITh BBIOpaHO paBHBIM, Hanpumep, (0),). @opmyna (2) xe sBIsIETCS
He BBINOIHUMOM, Tak Kak u3 a <, (5), A (5), <, a cnenyer, uro v(a) = 5, a 3Hauur 5 X v(a) +
1—-26=0u(0), = (0),.
Jnst perreHust 3agadd O BBIIOJTHUMOCTH (OPMYJI B TEOPHH OrPaHMYCHHBIX ILIENBIX Oynem
ncnonb3oBate mporenypy tpancmsnuu B joruky QF UFLIA. Ilpomexypa mnpeobpa3zoBaHHS
¢dopMynel F COCTOMT M3 MOCNIENOBATEILHOIO MHCTAHIMPOBAHUS aKCHOM TEOPHH OTPaHHUYEHHBIX
LeJbIX. VHCTaHIMpOBaHHEM aKCHOMBI IS HEKOTOpoi (opmymel F OyneM Ha3bIBaTh B3STHE
KOHBIOHKIIMM OT AaKCHOMBI C HEKOTOpOW TojacTtaHoBKOM U  dopmynsl F. Omnepamums
WHCTAHIMPOBAHUS aKCHOMBI JIOBOJIbHA MPOCTA, MBI IPHMEHSIEM WHCTaHIMPOBAHUE, KOT/IA MOXKEM
HAUTH MOIXOAAIINA TepM B GopmMyne F coriracHO mpaBWIIaM MPOLeaypsl mpeodpa3oBanus. Takoe
mpeoOpa3oBaHHEe CO3MaeT HEKOTOpyo (opmyny F*, KOTOpYIO MBI MHTEPIPETHPYEM B TEOPHUH
QF UFLIA, n 3amyckaeMm pematomyo npouenypy SMT-pemrarens, momydas JAOKa3aTelbCTBO,
KOTOpOEe 3aTeéM BOCHpOM3BOAMTCS (cepTuduumpyercs) cpenctBamu Isabelle [6], [7]. s
JI0Ka3aTeJIbCTBA IMONHOTHI TPOLEAYPHl NpeoOpa3oBaHMs paccMaTpuBaeM Clydaid, KOrga Mbl
TIOTYYMJIH HEKOTOpYIO Mozenb R mpeoOpasoBaHHOW ¢opmynsl F* B noruke QF UFLIA. [lamee
OyaeM Ha3blBaTh MOAETb R peanmsanmeid popmysbl F. B naHHO# craThe MBI IOKa3bIBaeM, KaK U3
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peammzanmu R MoxeT OBITH BOCCTAHOBIIEHa Mojenb M wucxonmHod Qopmynsl F B Teopun
OrpaHMYEHHBIX IEJbIX. B cilemyrommx pas3genax pacCMOTPEHBI OCHOBHBIE OOO3HAYCHUS H
OIIpeIeIIeHNs], ONMCHIBAIONINE JAaHHYIO MPOLENYPY, IpUMeEp paboThl anropuT™a, GOpMyIIUpOBKa 1
JI0Ka3aTeNbCTBO COOTBETCTBYIOLIEN TEOPEMBI O MOTHOTE.

3. MlocmaHoeka 3adayqyu

ITycTh Z — MHOXECTBO LIENBIX YUCEN, Z,—MHOKECTBO OPAHAYEHHBIX LENBIX U ), = {+,,%Xp, <p} —
curHarypa teopud T TUHEWHOH apupMeTHKH ¢ orpaHndeHHbIMH nenbiMu (BLIA). F — dopmyna B
BLIA, B koTOpOIi NEepeMeHHbIE IPUHUMAIOT 3HAUYCHHS U3 MHOXKECTBA Z),.

MHOECTBO aKCHOM TEOPHU OIPaHUUEHHBIX LEBIX COCTOUT U3 aKCHOM JIMHEHHOM 1eTI0UNCIICHHOM
apudpmerrku u 5 ¢popmyn (cMm. puc. 1). O603HauUM 3TO0 MHOXKECTBO 3a Ty, rne L u U sBisirorcs
OTpaHMYEHUSIMUA Ha IIeNble, CUMBONI +;, OOO3Ha4aeT oOmNepalnyio CyMMHUpPOBaHHs B Z,, X, —
YMHOXEHHE B Zj, QyHKIMS ¥ oTOOpakaeT U3 MHOXKeCTBa Z;, B Z. B mpakTndeckoil peanuzanuu
Hamero uHctpymenTa B Isabelle/HOL mbl paccMaTpuBaem ati 5 popmyst kak iemMbl Teopurt « HOL-
Word» [2]. Tak kak akcuoma A6 B Teopun T, 3aBHCHUT OT JIByX NMEPEMEHHBIX d U b, MBI BBOJIUM
pacummpenue teopun T, — Teoputo Ty, uTOOBI M30eXaTh KBaJpPAaTUYHOTO YBEIWYEHHs pa3Mepa
(OopMyJBl ¢ MHCTaHIIMPOBAHHBIMU akcMoMaMu. [loaToMy Haml anropuTM peam3yer Mpouenypy
WHCTAHIMPOBAHUS aKCHOMaMHU U3 TeopuH T; .

Teopust T; ornmuaercst ot Ty, akcuomoit A6 (cm. akcuomy A6’ Ha puc. 1).

[ToxaxeM 3KBUBaJIEHTHOCTH Teopuit Ty u T; .

Teopema 1. Kaoicoas popmyna F 6e3 c60600HbIx nepemennblx 6 cueHanmype Y, 6binOIHUMA 6 Meopul
Ty moeda u monvko mozoa, ko20a ona eeinorHuma 6 meopuu Ty .

Hoxazamenvcmeo. Tlokaxem, uto st moboi Gopmynst F, umetomeir moxens M B Teopuu Ty,
CyIIeCcTBYeT Ta ke Mozienb M B Teopuu T; ¥ HA00OPOT.

[ycts popmyna F umeer mozaens M B Teopuu T,,. Toraa Bce akcroMsl, kpome (A6°), comepxarcs B
M. Bo3pMmeM Npou3BOJIBEHOE orpaHnndeHHoe 1enoe a. [lockonbky (A4) coxpaHseTcs, Mbl UMeeM

L<vM(a) <U.
O6o3nauum v™ (a) xak ¢. Torma L < ¢ = v™(a) < U, u nockonsky (A5) coxpansercs, uMeeM
vM((0)p) =c.

Homnyuaum, uto v™ ((c)) = ¢ = v™(a) u no akcuome (A6) umeem

©y =a
Teneps u3 v" (@) = ¢ cornacHo paBeHCTBY UMEEM
(@M (@)y) = v ()3,

U cornacHo (46),
@M@y = @y
Crnenosatenbho, (VM (a))M = (c)¥ = a u nonydaem (A6) 1115 POM3BOIBLHOTO .

Teneps npennonoxuM, uro F umeer monenb M B T;. Torma Bce akcromsl, kpome (A6) comepxatcs
B M. CnenoBatensHo, 11 MoObIX a U b Takux, uto v™ (a) = v™ (b), no akcrome (46") nmeem

@M(@)y = an @ (b)) = b.
U3 vM(a) = v™ (b) nonyaum (v™ (a))¥ = (v™(b))M cornacHo NpUBeIEHHOMY BBIIIE PABEHCTBY.
Takum o6pazom, u (A6) coxpaHseTcs AJst Tr00bIX a U b. O

4. lpoyedypa uHCMaHyupoeaHus

3amanuM nporenypy tpaHcasuuu Gopmynsl F B Teopun BLIA B skBuBaneHTHyo ¢opmyny F* B
teopuu QF UFLIA nsst Toro, 9ToOBI IPOBEPUTH BEITOTHUMOCTD (hOpMyIs F.

111



Sadykov R., Mandrykin M. Verified Isabelle/HOL tactic for the theory of bounded integers based on quantifier instantiation and SMT. Trudy
ISP RAN/Proc. ISP RAS, vol. 32, issue 2, 2020. pp. 107-124

Ora npotenypa UCIIONb3yeT aKCHOMBI TeOpHH T; /TSl COCTaBIICHNS TIPABWJI HHCTAHIIMPOBAHUS 110
¢dopmyne F cremyromum o0pazoMm:
e (A1) uncrannupoBaHa ¢ a u b s mo6oro Tepma a+,b B hopmyre F.
e (A2) wuHCcTaHIMpPOBaHa C ¢ ¥ a JIs Jr000r0 TepMa ¢ X, a B popmyrne F.
e (A3) mHcraHnmpoBaHa ¢ a M b s moboro Tepma a <, b B dpopmyne F.
e (A4) uHcTaHIIMpOBaHA C @ IS Jr000ro TepMma Tuna Zy, B opmyne F.
e (A5) uHcTaHIIUpPOBaHA C ¢ I JTr000ro Tepma Buma (¢); B popmyie F.
e (A6’) uHcTaHIMpOBaHa ¢ a I JIT0Ooro TepMma tuna Zy, B popmyre F.
O6o3HaunMm 3a F* ¢popmyny F Tocine BBIIOJIHEHUS alTOpPUTMa WHCTAHIUPOBAHUS aKCHOM.
OGosnaunm 3a F* MHOXECTBO (GOpMyI, MOTY4EHHBIX MHCTAHIMPOBAHMEM akCHOMEBI (A1) mis
moboro Tepma a+,b B popmyie F.
Amanorn4Ho onpeenum MuokectBa F* st (A2), F= s (A3), F€ mis (A4), F€ s (A5), F™ anst
(46").
[locme Bcex TpaHCIALMHA, CHUMBOJBI YMHOXKEHHS W CYMMHPOBaHHS BOCIHPUHHMAIOTCS Kak
HEHHTEPIPETUPYyEMble CUMBOJIBL. M1 CHMBOJIOM AA 0003HAYHM OTIEpalUIO B3STHSI KOHBIOHKIIUH BCEX
(GhopMyIT U3 MHOXKECTBA.
Torna nonyuenHas popmyia paBHa CIIEAYIOIIEM Y

F*= FAWAFT) AAAFX) AAAFS) AAAFE) A(AAFS) A(AAF™).
®opmyna F* pemaercs B Teopunt QF UFLIA ¢ nomormpio SMT-pematens. B aTom nozaxone Mol
TIOJIL3YEMCSI TEM, YTO HaM He TpeOyeTcsi pa3padaThiBaTh MHCTPYMEHT LISl PEIlIeHHs Hallel 3a/1auu,
BMECTO 3TOr0 MbI MOkeM 0Oe3 m3MeHeHus SMT-pemateneld, KOTOpble NpenHa3HAYEeHBI ISt
IMIMPOKOT0 Kjlacca 3ajiady, IMPOM3BECTH NPOBEPKY BBIPAKEHUH W OCYIECTBUTH PEIIAIOIIYIO
HPOLEYPY, ONUCHIBAIONIYIO HEKOTOPBIE ONIEPALMU U TUIIBI S3bIKA IporpaMMupoBanus Cu.

Y= {+,, %X, <p}a,b € Zy,v(a) € Z,c € Z,c — KOHCTAHTA
Va,b € Z,. L < v(a) + v(b) < U = v(a+,b) = v(a) +v(b), (A1)
Va € Z,.(c X, a) = ¢ x v(a), (42)
VYa,b €Z,a<, b= v(a) <vb), (A3)
Va€Z,L<v(a) <U, (44)
VceZ.L<c<U=v((c),) =c (A45)
Va,b €Zy,(a)+v(b) =a=b (46)
Va €7, (v(a), =a (46°)

Puc. 1. Axcuomsl, onpedensiowjue meopuio 02paHuyeHHbIX Yenbix
Fig. 1. Axioms defining the theory of bounded integes

2.1 Mpumep npoueaypbl TPAHCAAUUN
IIpumep. Ilycts
F = (25), <, aAN—=1X%, a+,(25), # (0),.
U orpanuueHuns paBHbI CACAYOUMM 3HadeHusMm: L = —25, U = 25.
ITaru uHCTAaHIMPOBAHUS:
1.Mcnionb3ys akcnomy (A1):
1%, a+,(25), €EF =
=25 <v(-1X%x,a)+v((25),) <25=
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v(=1 X, a+,(25)p) = v(=1 X, a) + v((25),),
2.Vcnionb3ys akcuomy (A2):

—1X,a€F=>

-25<-1xv(a) £25=2v(-1X%X,a)=-1x%xv(a),
3. Ucnons3ys akcuomy (A3):

(25), <p A € F = (25), <, a & v((25),)) < v(@),
4. Ucnone3ys akcuomy (A4):
a€F=-25<v(a) <25,

5. Ucnons3ys akcuomy (AS):

(25), € F > —25 < 25 < 25 = v((25),) = 25,

6. Ucnonp3ys akcuomy (A6’):
—1 Xb a+b(25)b € F = (v(_l Xb a+b(25)b))b = —1 Xb a+b(25)b.

Torma ¢opmyna F* pasHa F A (=25 <v(-1x%,a)+v((25),) <25=>--)A... Crour
3aMeTUTh, 4TO npaBuwiia A4 U A6’ BBINIAIAT OJMHAKOBO, HO B NpHUMepe ObUIM MPUMEHEHbI IS
Pa3HBIX TEPMOB, JaHHAsA 3aIllUChb 6])].]'[3 cAciiaHa IJId HariaIsiJHOCTH, B HpOFpaMMHOﬁ pcaiunsanu B
Isabelle/HOL Ttakue mnpaBuiaa WHCTAHIMPOBHHUS TPUMEHSIOTCS JUIS OJUHAKOBBIX TEPMOB.
[Mokaxkem, uto popmysna F HeBbinmonHUMa B sioruke BLIA.

Yr1Bep:xkaenue 1. Qopwyna F nesvinonnuma 6 nocuxe BLIA.

Hoxazamenvcmso. Bocrnonbp3yemcs NolydeHHBIMH (popMylTaMu HOCIe MPUMEHEHHS HPOLEayphl
WHCTaHuupoBaHus. M3 wuHCTaHimpoBaHus (AS) nonyunm  v((25),) = 25. Torma wu3
WHCTAHIUPOBaHUsST akcHOMbl (A3) momyunm 25 = v((25),)) < v(a) ¥ uU3 WHCTAHIMPOBAHHUS
akcuoMsbl (A4) nmeeM v(a) < 25. Takum obpasom, v(a) = 25.

Tenepp u3 uncranumpoBanus (A2) nonyuum v(—1 X, a) = —1 X v(a) = —25, torna u3z (Al)
v(—=1 %, a+,(25),) = v(—=1 X, a) + v((25),) = —=25+25=0.

U3 akcuomsl (A6’) monyunm —1 X, a+,(25), = (v(—=1 X, a+,(25),)), = (0).

Orcroma monydaeM Ciegyloliee MPOTHBOPEYHE CO BTOPHIM KOHBIOHKTOM (QopMyinsl F
—1 X, a+,(25), # (0),

CnenoBarenbHo, Gpopmyna F HEBBIIONTHAMA. O

Ham HyXHO &IOKa3aTh IOIHOTY M KOPPEKTHOCTb IIPOLENYPbl MHCTaHIMPOBAHHA IJISI TEOPUH
OrpaHUYECHHBIX LEJBIX.

KoppektHocTh OueBHAHO cieayeT u3 Toro, uro ecnu (opmyna F Bemonauma B BLIA, TO
¢dopmyna F* taxke BeinonHuma B QF _UFLIA, Tak kak cOCTOUT U3 pe3yibraTa WHCTAHIIMPOBAHHS
axcrom BLIA u ¢popmyner F.

3. oka3zamesibcmeo nosIHomsl

31mech MBI paCCMOTPHM IPOU3BOIBHYIO POpMyITy 6e3 CBOOOIHBIX mepeMeHHBIX F B Teopun BLIA,
e TpaHcmAnuio F*, TIOMydeHHYIO 4epe3 MpOLeNypy WHCTAHIIMPOBAHHUS AaKCHOM, W MOHIENb R,
nonyaeHnyo u3 Tparcsimua F* B QF UFLIA, koTopyro MBI Ha3bIBaeM peatu3aliueii.

Tepmbl 1 peankatsl Gopmyn F u F* Oymem 0603Hadats kKak v(u) + v(t), a ©X COOTBETCTBYOLINE
BBIpaXeHUs B peanuzaiuu kak vi (uR)+RvR (¢F).

CBoOoIHBIE TepPMBI OTPaHUYEHHBIX IETBIX OyneM 00o03HauaTh OykBamu t M U, CBOOOIHBIC TEPMEI
LEJBIX grcen 0003HaYnuM Yepe3 k u 1, a IpoH3BONbHBIC BHIOpaHHBIC OrpaHUYCHHBIE LETbIe KaK a ’
b, cooTBeTCTBYIONIME HEOTPAHMYEHHBIE LIENBIE Yepe3 X, Y WIH C.
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JloKa3aTeNbCTBO OCYIIECTBISIETCS € TIOMOIIBIO BOCCTAHOBIIEHHS Mofenu M ucxomHoit Gpopmyisl F
B Teopuu BLIA u3 peanuzanuu R.

Jlnst Havana JoKakeM HECKOJIBKO BCIIOMOTATEbHBIX JIEMM.

Jemma 1. Tepm e6uoa v(t) npunaonexcum gopmynre F* moeda u monvko mozda, Koeod
oepanuyenHblll yerviii mepm t npunadaexcum F.

Hokazamenvcmeo. Ilycts TepMm t comepkutcs B F. Torma cormacHo mpaBuily MHCTAHIIMPOBAaHUS
akcuomsl (A4) tepm v(t) conepxkurcs B F*.

Teneps npennoamKuM, 9to v(t) IPUHAIICKHUT MHOKECTBY TepMOB F*. TIokaxkeM, YTO 3TOT TepM
BO3HHUKAET TONBKO ONarofaps Mpoleaype HHCTAHIHUPOBAHHS C TEPMOM t, KOTOPBIH MPHHAIUICKHT
MHOXECTBY TepMOB F.

Jloka3arenbCTBO TEpeyrCcICHUEM TPaBWI MHCTaHIMpoBaHus. Paccmorpum mpaBmino (Al). OHo
cozepHuT 3 cirydast mpuMeHeHust GyHKImu v, obo3Havaemsbie v(t+,u) , v(t) u v(w).

Axcruoma (Al) mpumeHsieTcst TONBKO TOrna, Korjaa TepMmbl t+,u coxepxkarcs F. CrenoBarenbHo,
TepMHI t, U U t+,uU yxe conepxkarcs B F.

Jloka3aTenbCTBO OTHOCHTENBHO JPYTUX MpaBmi aHanorndHo. Crydait korma v(t) MpUHAIIEKUT
MHOXECTBY TepMOB F oueBHIeH.O

Jlemma 2. Tepu suda (v(t)), npumaonescum ¢opmyre F* moeda u monvko mozoa, Kozoa
oepanuyenusiil yeawviti mepv t npunaonesxcum F.

Jokazamenvcmeo. Ilycts TepMm t comepxkutcs B F. Torma corimacHO MpaBHTy WHCTAHIIUPOBAHUS
akcuomsl (A6”) Tepm (v(t)), conepxxutcs B F™.

Tenepp mnpennonoxum, uto (v(t)), NPHHAUISKUT MHOXECTBY TepMOB F*. Axcuoma (A6’)
IPUMEHSETCSl TONBKO Torna, korma TepMm t comepxutcsa B F. Cmywait (v(t)), npHHAIIeKHUT
MHOXECTBY TepMOB F oueBHAEH.O

Jlemma 3. Tepu 6uda (n), npunaonexcum gopmyne F* mozoa u monvko moeda, koeoa ou yoice
npunaonexcum F, nubo n pasen v(t), ede t npunaonexcum F.

Hoxazamenvcmeo. Tlycts TepMm t comepxurcs B F. Torma cormacHo nemme 2 tepMm (v(t)),
conepxurcst B F*. Takum obpazom, (n), npunamiexut Gopmyne F*, rne n = v(t).

Teneps npeanonoxum, 4ro tepM (n);, conepxutcs B F* u He conepxkurcs B F. B Takom cnydae Ham
HY)XHO II0Ka3arh, 4to J1bo (n), comepxwurcs B F, nubo n Buma v(t), tue t comepxurcs B F.
JlokaskeM 3TO IepedrcIeHUEM MIPABIUT HHCTAHIMPOBaHUS. ToimbKo akcHoMBI (AS) u (A6”) comepxar
cumBon (+),. CornacHo npasuity (AS) (n), conepxurcs B F, B cinydae (A6’) n umeeT TpeOyeMblit
BUJ. O

Janee mamuM HECKONIBKO IOIONHUTENBHBIX OOO3HAYEHWH, KOTOpble MBI OyleM NpUMEHATh B
JI0Ka3aTeNbCTBAX.

Omnpenenum 00pa3 MoAMHOKECTBA X Ha MHOXKECTBE A ¢ IoMoIIpto crenytorieit Gpynkiuu f: A = B
kak f[X]. BBenem crnenytoriee o00o3HaueHue:

{fX) 1P} = fl{x | P(x)}], tme {x | P(x)} — MHOXXECTBO TEPMOB X, YIOBJIETBOPAIOLINX
npenukary P(x).

Jajee onpeneinM cieqyrone MHOKEeCTBa:

BR = {tR | v(t) € F*},

CR ={n® | (n), € F*}, rue, xak Mbl onpenenuny B Hadane pasi. 3, tR u nR o6o3Hauaror
O3Ha4YMBAHHUE ONPEIEeNICHHBIX TEPMOB t U N B peanu3anuu R. Peanuszanus R conep)XUT 4acTUYHbIC
mozenu ¢yHkiumid v(:) u (), Ha COOTBETCTBYIOLIMX MHOXECTBA, ONPEACIIEMbIX TepMaMu B F .
Paccmorpum dyrkimn vR () u ()R (koTopwle Gynem cuuTaTh peaau3alUAsMH COOTBETCTBYIOMIMX
¢yuxuuii v(+) u (+),), onpeneneHHble Ha MHOKecTBax BR u CR coorsercrsenHo.

Haiee nokaxeM HeKOTopble cBoicTBa GYHKIMA V(+) U (+)p.
Jlemma 4. vR[BR] c CR.
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Jlokazamenvcmeo.

vR[BR] = {vR(a) | a € BR}
={vR(@) la€e{tR|v(t) € F*}}
= {wR@®) | v(t) € F*}
= {vR(tR) | t € F} (no nemme 1)
= {vR@E®) | (v(t)), € F*} (mo nemme 2)
= {1 w®), € F}
={nf|(n), € F*Adt.n=v(t)}
c{nl(n), eF}
= CR.o

Jlemma 5. vR[BR] c [L, U].
Hoxazamenvcmeo. Tlo onpenenenuto BR s nmro6oro nesoro ¢ takoro, uto ¢ € vR[BR] umeem ¢ =
vR(tR), tne v(t) € F*. U3 nemmsl 1 cienyer t € F. D10, B CBOIO 0Yepe/b, O3HAYAET, YTO aKCHOMA
(A4) Obuta mHCTaHIMpoBaHA ¢ TepMoM t, To ecth L < v(t) < U — momrepMm 0e3 CBOOOIHBIX
nepemenHsIX B F*. ITockonbky R sBasercs mozensio F*, L < vR(tR) < U u, cnegoparensho, L <
¢ < U nna moboro ¢ € BR.o
Jlemma 6. vR[BR] € CR n[L,U].
Jloxazamenvcmeo. Crienyet HanpsiMyto 3 ieMM 4 u 5. O
Jlemma 7. vRunvexmuena na mmosicecmse onpedenenus BR.
Hoxazamenvbcmeo. BozbMeM MPOU3BOIBHBIC 3HAYCHHS OIPAHHYCHHO IETBIX X U Y U3 MHOXECTBA
BR. Torna numeem x = t®, y = uf, v(t) € F* u v(u) € F*. Torna no nemme 1 t EF u u € F n,
TakuM o0pa3oMm, akcuoma (A6’) Obula MHCTaHIMPOBAHA C STHMH TEPMaMH, COXPaHSIOIINE
npenukatel (v(t)), =t u (v(u)), = t aBusAOTCA NonTepMaMu 0e3 CBOOOIHBIX NEPEMEHHBIX B F ™.
Tak kak R monenb F*, Mol umeem (VR (tR))R = tRu (vR(uR))R = uR u nockonbky R sBnsercs
mozenbio B Teopun QF UFLIA, koropas Bkito4aeT B cedsi CpaBHEHHUE HEUHTEPIPETHPOBAHHBIX
dynkumii (takux xak (-),) umeem vR(tR) = vR(WR) = WR(EF)E = WRWR))X umm, o T0 K
camoe, uto VR (tR) = vR(uR) = tR = uR, 10 ects VR (X) = vR(y) = x = y s mo6bIX X U Y U3
MHOkecTBa BR.O
Jlemma 8. vR ciopvexmusna na mmoxcecmee snavenuti CR 0 [L, U].
Hoxazamenvcmeo.
CR ={n® | (n), € F*} (no onpenenenuto CR)
={nk| (n), € F}U{(w()F | t € F} (no nemme 3)
={nk| (), € F}U{(w(®))F | v(t) € F*} (o nemme 1)
={n® 1 (), € FFU{R{ER) 1 v(t) € F'}
={n® 1 (), € FFUV[{t? | v(t) € F}]
={nkR | (n), € F} U v[BR] (no onpenenenunoBR).
Taxum 06pazom, 4tobbl gokasats CR N [L, U] € vR[BR] mMel gomxsel nokasars, uro {nf | (n), €
F}n [L,U] € vR[BR]. Paccmorpum mo6oii TepMm n Takoii, uto (1), € F.
IMockonbky (n), € F, (A5) Obliia MHCTAHIIMPOBaHA C N U, creaoBarelibHo, L < n < U = v((n),) =
N SBISETCS MOATEPMOM Oe3 CBOOOMHBIX NMEepeMEHHBIX B F* m, R sBusiercs Momenbro it F*, L <
nR < U = vR((nP)F) =nR. Tak uro, ecnu nk € [L,U], T0o nR = vR((nF)R) € wR(nPF) |
(n), € F}. CnenoBarensHo,
{n®1 (), € F}n[L,U] € v*((n™)5) | (), € F}
= (MM | (M), € F}
={wR({R IteFAInt=mn),} S {vR(ER) It EF}
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{vR(ER) | v(t) € F*} (no nemme 1)
vRI{tR | v(t) € F*}]
= vR[BR].o

Jlemma 9. v Guexmusna na mmoocecmeax BRu C® 0 [L, U] u ¢ynxyus (-)§ aensemes obpamnoii x
Hell.

Hoxazamenvcmeo. YTBepxaeHue 0 ToMm, uto VR aensercsa Ouexumeit mexay BR u CRn[L, U]
CIIEYET HEMOCPENCTBEHHO n3 JeMM 7 u 8. Takum o6pazoM, VR mmeer oOpaTHyI0 GHEKTHBHYIO
byHkIm0. OTa obparHas (QYHKIHS MOXET ObITh OTHO3HAYHO OXapaKTepH30BaHA ypaBHEHHEM
W™ t(wk(a)) =a nns mobGoro a € BR. Ho mna xaxmoro a € BR, snauemne a moxHO
npencTaButh Kak tR, e v(t) € F*. Tlo nemme 1 Tepm t € F u, crieoBarensHo, akcruoMa (A6”) GbLia
MHCTaHIMpOBaHa ¢ TepMoM t. Takum obpasom, (VR (tR))R = tR u, cnenosarensho, (v (a))f = a
s oboro a € BR. Takum o6pazoM, obpaTHas GuekTnBHas (GyHKIMs coBmanaeT ¢ QpyHkuuei (-
%0

Jlemma 10. (-)R[CR] < BR.

Hokazamenvcmeo.

()5[CR = O)5[n® | (W), € F*}] (o onpenenermio CF)
= (OXnR 1 (), € F}U {(v(t))R | t € F}] (no nemme 3)
= (F[n® 1 () € F}1U (@) I t € F}] (no onpenenermio)
={n®)5 1 (M) € F}U{(w(t)P)5 | t € F}
={(MpF 1 (), € F}U{WR(tR); I t € F}.
{(MWF 1), €FY={tR |t €F An.t = (n),}
c{tR|teF}
= {t® | v(t) € F*} (no nemme 1)
= BR (no onpenenenuo BF).

Just kaxzoro t € F (A6”) ObL1 nHCTAaHIMPOBaH ¢ t, moatomy (v(t)), = t siBisieTcs moaTepMoM Oe3

R
CBOGOIHEIX TIEPEeMEHHBIX B (popMyne F*, i nmockonbky R sBiserca moxenbio F*, (VR (tF)) by = tR,
Takum 00pa3oM, 110 ONPEIEICHUI0 COOTBETCTBYIOIIETO MHOKECTBA,

{WRAMNRI1teF}={tFIteF}
= {tR | v(t) € F*} = BR (no nemme 1 u onpenenenmio BF).

Ucnone3ys TpuBeneHHoe Bbimie npenctapienue ()X[CR] mbl Hakonenm umeeMm TpeGyemoe
seipaxenne (\)X[CR] € BR.o

IMonyyuM CUTyaLMIo, M300paKeHHyIo Ha puc. 2, Tae VR sapnsercs 6uexuueii mexay BR u CFn
[L,U]. (X aBnsercs eé obparHoii pynkumeii na BR u onpenenena na Muoxectse CX.

Be3 orpanndenus oOUIHOCTH, PACCMOTPUM citydaid, korna [L, U]\ CR # 0.

Ecnu muoxecrsa CRu [L, U ] coBnanaior, cieayrowiee 10Ka3aTelbCTBO MO-IPEKHEMY HPAaBUILHO
(HEKOTOpBIE APTYMEHTHI HE NPUHHMAIOT HUKAKHX 3HAYCHUH W MX MOKHO HE PacCMaTpHBATh).
CootBeTcTBEHHO, Taroke mpeamonokm L < 0 < U.

Tenepsr paccmorpuM MHOKkecTBO [L, U]\ CR, mMommocts xotoporo me mpebmmaer U — L + 1.
ITo3ToMy MBI IPOM3BOJILHO BhIOUpaeM Heckonbko |[L, U]\ CF| pasnuunbix anemeHToB M3 110601t
obracTtu, kotopas He nepecekaercs ¢ B, n ycranasnmsaem 6ueximio v’ (+) MEXLy STUMH HETBHBIMH
sneMeHTaMu M MHOkecTBOM [L, U] \ CR. O603HauuM pe3ynsTupyromuii Habop cOOTBETCTBYIOLIUX
OT/IENbHBIX HESIBHBIX DJIEMEHTOB Kak Z'p W coOTBeTCTBYOIAs obparHas Ouexuus v'(+) kak ().
Temeps MBI TOTOBBI BBECTH OIpENENICHHE BOCCTAHOBICHHOW Moxenmd M (w3 peammsammu R)
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UCXOIHOM (opmynsl F, koTopas 3amaHa Ha puc. 3. Jlanee nokakeM HEOOXOIMMBIE CBOMCTBA 3TOTO
OlpeeneHus.

Puc. 2. Pacuupenue buexyuu mexcdy muoxcecmsamu BR u C® N [L, U] na muoscecmsa T = BR U
Zb, u [L, U ]
Fig. 2. Extending the bijection between BR and C® 0 [L, U] to the whole sets T = BR U Z," and
[L,U]

Z¥ = BR 7
oM (@) = {-uf"’(a), a ¢ BE,

v'(a), a¢ B

(©f, ceCH,
(M =4 (e);, ce[L,U\CE,
eZM, c¢ CEU[L,U],
a+fb, (a,b) e {(tR,u®)|t+,ue F*},
(v™(a) + 'uM(b))iw .
a+Mb= (a,b) & {7, uft) | t+,ue F*},

L<oMia) +0M(b) < U,

(0)p-
exfa, (¢a)e{(ntR)|nx,tef*},
(r} X L'A"(c.!)}iw ;
exMo = (e,u) & Tl 47 | mse b€ FRY),
L<exovM(a) <U,

(0)s,
a<Mv=vM(a) <ovM(b).

Puc. 3. Onpeoenenue soccmanosnennoi mooenu M ¢ meopuu BLIA
Fig. 3. Definition of the reconstructed model M in BLIA

Jemma 11. Boccmanosnennas mooens M na puc. 3 00no3HauHo onpedenena.

Jlokazamenvcmeo. BoccranosneHHas Momens M, TokazaHHAas Ha puc. 3, BKIO4aeT B ceds
omnpeneneHne obnacTu Z, OrpaHUYCHHBIX LEJbIX, a TaKXkKe ONpeleleHus Ui BceX (QYHKIMH 3
COOTBETCTBYIOIIEN curHaTypsl Teopun BLIA {+,,%X,, <,, v(), (+),}. Takum 00pa3oM, Mbl TOJKHBI
MOKa3aTh, 9TO (YHKIMH, OIPEACICHHbIE KaK Ha PUCYHKE, JNCHCTBHUTEIEHO OTOOPa)KaloT JOOYIO
KOMOMHAIIMIO CBOMX AapryMEHTOB, B3SThIE M3 COOTBETCTBYIOIIMX JOMEHOB B OJIEMEHTH W3
COOTBETCTBYIOLIMX IUana3oHoB. Cirydau 17t GYHKIMHU ¥ ¥ IPEIUKAT <; OYEeBHIHBL TeM He MeHee,
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MBI JIOKHBI YOEIHUThCS, UTO BHIOPAHHOE MHOKECTBO ZL NeHCTBUTENBHO CONEPKHUT BCE 3HAYEHHUS,
B3aTeie pyrkumamu ()M, +M u x| unaue Hame onpenenenure Mo IPOTHBOPEYMBO.
Paccmorpum ciydau st pynkuuu (-) . B nepom ciiydae (¢)X € BR nis mo6oro ¢ € CR cormacuo
nemme 10, mostomy (¢)¥ € Z¥. Bo Bropom cnyuae (¢)'p, € Z', S Z¥ cormacho noctpoenuto.

B TpetheM cnydae €Zy € Z) no onpenenenuro sncuioH-onepatopa lunbbepra € (BBIOOD
MPOM3BONBHOTO JIEMEHTA HEMyCTOro MHOXKeCTBa), Tak kak |ZM| > |Z'y| = |[L, U]\ CR| >0 (8
obmiem ciydae nu6o Z',, oo BR ne mycrsr).

Teneps paccmorpum Qynkimio +j . Bropoii u Tpetuii cnyaan ((v™(a) + v™ (b))} n (0),) sBHO
onpezieneHsl, mockonbky (€)Y ssHo onpenenen s MOGOTO ¢, Kak MOKAa3aHO BHIIIE.

Bo-1iepBhIX, B Cily4ae, €CIM Mbl IOCTYIIAEM [0 WHAYKIUH [0 MPABHIAM WHCTAHIMPOBAHUS W
MOKa3bIBAEM, YTO TEPM BHJA t+5U MOXET BO3HHUKATh TOIBKO BO BPEMsI HHCTAHIIUPOBAHHUS, KOTIA OH
yxe comepxkurca B F (emuHcTBeHHas akcuoma (Al) MHCTaHUIUMpyeTcs BCSKHMH pa3, xoraa t+,u
conepxurcst B F). 3arem u3 t+,u € F* cinenyer t+,u € F u mo nemme 1, v(t+,u) € F*.
Hockoneky a = tR, b = uk, a+,b = tR+5Fuk = (t+,u)R € BR € Z} 1o onpenenenmio BX.
JlokazaTenbCTBO 115t GyHKIMM X aHAIOTMYHO. O

Jemma 12. Axcuomot (A4), (A5) u (A6°) meopuu BLIA coxpansrtomest ¢ mooenu M.
Jlokazamenvcmeo. Pacemorpum akcromy (A4) mis npousBonsHoro a € ZY = BR U Z',). B ciyuae
a € BR, vM(a) = vR(a) € [L, U] no nemme 5.

B cnyuae, ecu a € Z'p,, vM(a) = v'(a) € [L, U]\ C® € [L, U] comacHo nocTpoeHuIo.
PaccmorpuM  akcumomy (AS) g mpousBonbHOro 1enoro uuciaa c. ComlacHO mpaBMly
VHCTaHIIMPOBaHUs aKCMOMBI, MbI JIOJDKHBI MOKa3aTh paseHctBo VM (())) = ¢ mns moboro ¢ €
[L,U] = (CRN[L,UD U (L U]\ CF). B cnysae ¢ € CRN[L,U], ucions3ys ompeneieHus Ha
pucynke 3 u B siemme 9 Mbl tonydaem (¢)) = (c)® € BR, a taxxe vM ((c))) = vR(0)F) =¢. B
cnydae ¢ € [L, U]\ CR mp1 nonyanm (c)¥ = (¢)', € Z'yu v™ ((0)¥) = v'((¢)',) = ¢ cornacno
HOCTPOCHHIO.

Haxkoner, B ciydae akcuoMbl (A6’) Mbl nomxHbl Tokasats (VM (a))Y = a ans mo6oro a € ZY =
BRUZ',. B cnyuae a € BR mo nemme 9 umeem vM(a) = vF(a) € CRN[L,Ulu (UM(a))Z[ =
(17R(a))2e a. B ciyuae, ecnmu a € Z'p, nonysaem vM(a) = v'(a) € [L, U]\ CF u (v (a))¥ =
(v'(a))', = a comIacHoO MOCTPOEHHMIO. O

Jemma 13. Axcuomot (A1), (A2) u (A3) meopuu BLIA coxpanaromes 6 modeau M.
Jokazamenscmeo. CHauana Mbl poBepuM akcuoMy (Al). Paccmorpum ciydan B ompeneieHUd
onepammu +4/ .

Paccmorpum ciyuait (a,b) € {(t®,uR) | t+,u € F*}. B nokasarenscrse jemmbl 11 (mocmenanii
a03ar) rmokazaHo, 4To u3 t+,u € F* cnexyer t+,u € F. Ilo npaBuiry HHCTAaHINPOBAHHUS AKCHOMBI
(Al) zakmrouaem, uro L <v(t)+v(u) <U = v(t+,u) = v(t) + v(u)sasusercss OCHOBHBIM
noarepmoM F* u, nockonbKy R siBnsercs mozensto F*, mbl umeem L < vR(tR) + vR@wR) < U =
vR(ER+BuR) = vR(ER) + vR (k).

Uz daxra (a,b) € {(tR,uR) | t+,u € F*} cnenyer a =t® u b =uR, nosromy L < vR(a) +
vR(a) < U = vR(a+Rb) = vR(a) + vR(b).

Teneps, Tak Kak t+,u € F, Mpiumeem t € F, u € F, u B crty iemmsl 1, v(t+,u) € F*, v(t) € F*
u v(u) € F*. D10 o3nauaer a+5b = tR+8uR = (t+,u)R € BR, a=tR € BR ub =tk € Bf no
onpenenenuio BR. Takum o6pasom, cornacHo onpeneneHuam Ha pucynke 3, L < vM(a) + vM(b) <
U = vM(a+¥b) = v™(a) + v™(b).

Teneps pacemorpuM ciydaii L < vM(a) + vM(b) < U. Uz nemmsl 12 akcuoma (A5) coxpansercs
B M wu, cneoBatensho, L < ¢ < U = vM((c)M) = ¢ ana moboro ¢ u, B yactHoctn, L < v™(a) +
vM(b) < U = vM((wM(a) + v (b)) = vM(a) + v™(b).
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Ilo onpenenenmto +,' Ha pucynke 3 monydaem L < vM(a)+vM(b) <U = vM(a+}b) =
vM(a) + v™ (b).

Haxomen, B cmysae v™(a) + v™(b) € [L, U], npenmonoxenne L < v™(a)+v™(b) < U nue
BBINONHSAETCS |, CJIEJIOBATENIbHO, akcroMa (A1) oueBHIHO COXpaHSeTCs.

Jloka3aTenbCTBO IS akCHOMBI (A2) aHAJIOTHYHO U B ciaydae (A3) HEMOCPENCTBEHHO CICoyeT W3
onpenenenns <) Ha puc. 30

Jemma 14. Mooenoe M mooicem 6vimb pacuiupeHa HeuHmepnpemupyemviMy KOHCMAHMAMU,
Komopbie cooepocamcs 6 F makue, umo ona mobozo noomepma t € F eco unmepnpemayuu 6
modenu M u 6 pearusayuu R coenadarom, mo ecmo tM = tR,

Hoxazamenvcmeo. be3 orpaHnueHnsi OOIIHOCTH PacCMOTPUM CITydaid, Korma t HE CONEpKHT
BXOXKJICHUS] HEMHTEPIIPETUPOBAHHBIX (YHKIMH C apHOCTbIO Oonblue Hyis. Pacmmpenue 3TOro
JIOKa3aTesIbCTBA Ha TEPMbI C HEMHTEPIPETUPYEMbIMU (PYHKIMSIMHU (2 HE KOHCTAHTaMH) OYEBHHO.
JlokazarenbcTBO IPOBOAUTCSI MHAYKIKEH M0 CTPYKTYpe TepMa t.

MbI HauHEM C PacCMOTPEHUs MOITEPMOB HYJIEBOW apHOCTH, TO €CTh KOHCTAHT.
WHTepripeTrpyeMble KOHCTAHTHI (YHCIIa) UMEIOT OMHAKOBBIC (PUKCHPOBAHHBIC HHTEPIIPETAIINH KaK
B R, Tak u B M. BribGepeM HHTEpIPETAIMIO HEUHTEPIPETUPYEMbIX KOHCTAHT, BCTpevaroluecs B F,
OHU OyIyT ONWHAKOBBIMU B 00ouX Momenssix M u R. DTo cormacyercs, MOCKOIBKY eciu TepM t
conepxkutcs B F, To o nemme 1, v(t) Berpeuaercs B F* u nostomy tR € BR ¢ 7.

AHaNnoru4Ho, ecnu t sBIAETCsS apryMeHTOM (YHKLIUH U, KOTOPBIA conepuTcs B F u t" =tk 10
tR € BR u no onpenenenuro Ha pucynke 3 v (tM) = vR(tR), uro no onpenenenuro o3HauMBanus
naer (v(t))” = (v(t))R. Ecau (n), sxomut B F, To 10 jleMMe 3 OH Taxxke copepxurcsa B F* u,
Takum obpasom, nR € CR. Crnenoarensno, eciu n™ = nR torma ((n),)" = (W)Y = (nF)Y =
MP)E = (W,)".

Eciun X, t Bcrpedaercs B F, TO 110 MOCTPOSHUIO HHCTAaHIMPOBAHHAS (POPMYIIa TAKIKE CONEPIKUTCS
B F”.

Ecnu, kpome toro, t” = tR, 1o (n x, )M = nM XM tM = nR xM tR = nR xR tR = (n x, t)R. To
’K€ OTHOCHUTCS M K +,.

Haxonen, eciiu t < u;, conepxurcs B F, To coniacHO npaBuiIaM WHCTaHLIUPOBaHUS, akcuoma (A3)
OblLTa HHCTaHIMPOBAHA ¢ t U U, cienoBatenbHo, tF <R uk & vR(tR) < vR k).

ITo npeanonoxenuto uaaykuuu umeem vM (tM) = vR(tR) u v (uM) = vR (urR). Kpome Toro, no
onpenesennio Ha puc. 3 y Hac ectb tM <M uM & vM (M) < vM(uM).

Takum o6pazom, t” <M uM o vR(tR) < vRWR) & tF <R uR.o

Teneps MonHOTa NPOLENyPbl MHCTAHIMPOBAHHUS HAMIPAMYIO CJISAYET U3 BBIICYKa3aHHBIX JIEMM.
Teopema 2. Kascoas popmyna F 6e3 c60000ubIx nepemennbix blnoanuma 6 meopuu BLIA mozeda u
monvKo moeoa, koeoa eé mpancaayus F*evinonnuma ¢ QF UFLIA.

Jokaszamenvcmeo. Ecmun F Bemomamma B BLIA, 1o F*Bemomamma B QF UFLIA wm3-3a
KOPPEKTHOCTH TIPOLENyPbl HHCTaHIUPOBAHUSL.

penmonoxmm, gto F* BemomanMa B QF UFLIA ¢ monmensto R. 3arem o nemmam 11, 12 u 13
BOCCTaHOBJIIEHHass mMonenb M sBisiercst mopenpio Teopun BLIA. Kpome toro, mo memme 14, Bes
dbopmyna F kak TepM UMeEeT ONWHAKOBOE 3HadYeHHe B o0omx R wm M, pacmmpeHHas
COOTBETCTBYIOLIMMH HEHHTEPIPETUPOBAHHBIMUA KOHCTaHTaMH. Tak Kak F sBISeTCsS OCHOBHBIM
moaTepMoM F* U, CIIeNoBaTeIbHO, SIBIISIECTCS UCTUHOW B R, OHA TakKe BRIONMHNMA B M. O

4. dopmanu3sayus.

JloKa3aTeNbCTBO IMONHOTHI TPEICTaBICHO B MpeIblaylieM pasnene U Obulo O(pOpMIICHO B
Isabelle/HOL. B atoit ¢popmanu3amy Mbl HCIOIB30BAIN OS3TUIIOBBIM CHHTAKCHC HaJl (hOpMyITaMH
(untyped deep embedding), 4TOOBI NPUMEHATH NPOCTYI0 HHAYKIHMIO C ABYMS BO3MOXKHBIMH
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KOHCTPYKIMAMHU ((QyHKIMS W TIEpeMEHHas) B CTPYKType (oOpMyIT M COCTaBUTH OOOCHOBaHHE
HHTEpIpeTanuid 3TuX GOpMYI B Pa3INYHBIX MOIEISIX 0OBEKTHOM JIOTHKH.

CylecTByIOT J1Ba HamOolee 3aMETHBIX Pa3IHYus, OTIMYAIOIINX MONHOCTHIO (OPMANTHU30BAHHOE
noka3zarenscTBo B Isabelle/HOL or mokazaTenbeTB B cTaThe.

Bo-nepBrIX, Hcnonp3o0BaHue OE3TUITOBOTO CHHTaKcHca Haja ¢popmynamu (untyped deep embedding)
3HAYMUTENBHO YIPOLIAET CTPYKTYPHOE MpEeACTaBlIcHHE (OPMYN, TMO3BONSAET MPEACTABIATH
OeCCMBICTICHHBIE MCKAKCHHBIC (OPMYIBI M MOTCHIIMATBHO HHTEPIPETUPOBATh MX B OOBEKTHOI
noruke. Hanpumep, takue dopmynst: ((a), < n) + (b), X; 2, rae Kaxapli cUMBOI (YHKLIUH
NpUMEHSETCS MO KpalHed Mepe K OJHOMY HEYMOPSAOYCHHOMY THITY, KOTOPBIH MOXKET OBITh
MpEJICTABICH B HAIlleM CHUHTaKchce. UTOObI MCKIIOUUTH Takhe (HOpPMYIbI, MbI CHOPMYITHPOBAIH
SIBHOE OrPaHHYCHHE OJIHO3HAYHOM OmpeneNeHHOCTH (B (opMe CHeHaNbHOTO MpeauKaTa) |
HCIIONB30BAJIH €T0 B KaUeCTBE TPEBAPUTEIIBHBIX YCIOBHI B PA3IMYHBIX JIeMMaX, a TAKKe B HALIIEM
OIpe/eNICHHH BHITTOTHUMOCTH.

B HamieM momxome MHTEPIpETAIs MOXKET TONBKO MOJETUPOBATh OIHO3HAYHO OMpPENeICHHYIO
opmymy.

Bropas npobnema He Tak oueBuaHa. TpaJUIIHOHHOE OMpeneeHIe HHTEePIPETalny st (POPMYIBI C
KBaHTOpaMH (Takod KaK aKCHOMa) BKIIOYaeT B ceOs JOMOMHUTENbHBIA MapaMerp, OOBIYHO
Ha3bIBAEMBIN O3HAUMBAHHEM [, KOTOPbIH OTOOpa)kaeT HEsSBHBbIE MEPEMEHHBIE B COOTBETCTBYIOLIHE
UM UHTepIperarui. TakuM 06pa3oM, ¢ MOMOIIBIO 3TOTO OMPEeTIeHHs TPUIILIOCEH TIEPEOPEIENATh
HE TONIBKO (POPMYIIBI M MHTEpIpeTalyu (MOIEIN), HO U COOTBETCTBYIOLIME O3HAaYMBaHMS. B sTOM
CTHJIC PACCY)X/ICHUI YCTaHOBJIEHHE Ka3aJloCh Obl, TPMBHUAIBLHOTO MPABUIIA MTOJICTAHOBKH, T.€. €CITH
Va.FM(a) mel umeem FM(xM) = (F(x))™ ecnmu a He cBoGonHass mepeMeHHas B X, TpeOyeT
OIpE/IENEH s IIPOMEXKYTOYHOTO 03HaYnBanus (' = u o [a — xM] u ouennBas popmyisl F B Mozienu
M ¢ 06ouMH O3HAUMBAHUAMHY [ U ['. BMECTO 3TOTO MBI UCTIONB3YEM OTIPENENICHNE MHTEPTPETAIIUH,
OCHOBAaHHOE Ha MOJCTaHOBKE, U (hopMan3yeM CIEIYIOLIMM 00pa3oM:

Va € D.FM(a) & (Vt.vars(t) = 0 = ([t/a]F(a))), rme mobas momens M  JomxHa
YIOBIIETBOPATH CIIENYIOIEMY OIPAHHYEHHIO:

Va € D.3t. t" = a. 3nech D - MHOKECTBO, BHIOPAHHOE ISl MHTEPIPETALMU TEPMOB (B YACTHOCTH,
NepEeMEHHBIX) COOTBETCTBYIOIIETO THIA, [t/a] 0003HaYaeT MOACTAHOBKY NEPEMEHHOH a TEpMOM t.
ITockonbKy TepM ¢ ¢ TIOACTAHOBKOM HE MMeeT CBOOOIHBIX IEPEMEHHBIX, TO HET HEOOXOIUMOCTH B
JOTIONHUTENIBHBIX METOax IO MPEeJOTBPAIEHUIO 3aMBIKaHIs NIepeMeHHbIX. bonee Toro, B Hameit
(opMaH3aMy HaM HUKOTJAa He TPeOOBAIHMCH BIOKEHHBIX KBAHTOPOB, II03TOMY MBI HCIIONB30BAIIH
aOCTpaKTHBIE CXeMaTHYeCKHe MepeMEHHbIE BMECTO KBAaHTOPOB M, TAaKHM O0Pa30M, 3HAYUTEIHHO
YIPOCTHIIX TIpeAcTaBiIeHne GopMynsl. B camoM nere, Mbl emie Oonblie yIpoCTHIH Halll TI0AX0[ Ha
OCHOBE 3aMEeLIEeHHS ITyTeM OIpaHUYCHUS (POPMBI LEIOUYNCICHHBIX OTPAaHUYEHHBIX LEIbIX TEPMOB ¢
B TIOJICTAHOBKE.

Ecmu Va € Z,,.3c € Z.(c), = a, Mbl MOXKEM TIEPEUTH OT KBAHTOPOB HaJl OTPAHUYCHHBIMH LIEIIBIMU
TepMaMH t K KBAHTOPaM HaJI LEIBIMH:

(Vt.vars(t) = @ = ([t/a]F (a))M) & Vc € Z.(F(c)p)M, Takum 0Opa3oM, NOTHOCTbIO U3MEHSA
UCIIOJIb30BaHUE KBAaHTOPOB B o0ObekTHOM soruke (B BLIA/QF _UFLIA) B wMeranmoruky c¢
ucrosib3oBanueM kBaHTopoB B HOL. D10 Hambonee o6miast (opMa OOBEKTHOW JIOTHKH C
KBaHTOpPAMH, KOTOPYIO MBI HCIIONB3yeM B HameM (GOpMadbHOM JOKa3aTenbcTBe [9]
(cootBercTByrontuii okymeHT Isabelle HazpBaercs TSMT Bound Complete).

5. CpasHeHue ¢ Opy2umMu makmukamu

MpI peanu3oBaii peniarollyro IPOLeaAypy Ha OCHOBE MPOLENYPhl HHCTAHIIMPOBAHHUS, ONIMCAHHYIO
B 0JTOH crarbe, BHYTpH cucteMbl Isabelle B Taktmke pacmmpenus SMT ¢ momomipio
WHCTaHIMPOBAHMS KBAaHTOPOB TPUTTEPaMH.
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Hannas taktuka HasbBaeTrcss TSMT [9] u He ommcana B 3T10# padore. 3Mech MBI JIHIIb KPaTKO
OTMETHUM, YTO 3TO ITO3BOJISIET BBHIMOIHUTH MPEIBAPUTENHHOE MOATOTOBKY TeKymied unenn (Oyayun
¢dopmynmolf ¢ KBAaHTOPaMH) CO BCEMH HMHCTAHIMPOBAHUSIMH TPHUITEPOB B COOTBETCTBYIOIIMX
ronopMyNax B IEJIH.

KBaHTOpHI TIpencTaBiIeHbl B BHAE JIEMM M TPUITEphl MOAGOPMYI MOTYT OBITh ONpEIENeHBl C
WCIIOIb30BAHUEM CHEIUATIBHBIX aTPUOYTOB JIEMMBL.

TakTuka Tarke NOUIEP)KHBAET KOPPEKTHOE BOCCTAHOBIICHHME OKA3aTENbCTBA JUIA (OPMYIBI C
WHCTaHIUPOBAHUSAMH (HCIIONB3Ys CYIIECTBYIONINE BO3MOXXHOCTH TaKTUKK Z3 ISl JOKa3aTelbCTBa
B [sabelle), a Taroke u3BNIEUEHHE MOAENH (KOHTPIIPUMEPA) TEKYIIEH eI U MTOKa3bIBas IOTYUYEHHYIO
MOJZIENb JJIsI ITOJTb30BaTEIS.

OueHKa KOHKPETHOW TaKTUKH JJIS1 CHCTEMBI aBTOMaTH3HPOBAHHBIX JI0KA3aTENbCTB — 3TO HEMPOCTas
3aja4a, TaKk KaKk MMEETCsl He TaK MHOTO JIETKOJOCTYITHBIX KOHTPOJBHBIX IOKa3aTeNel Il TaKuX
WHCTPYMEHTOB M IIOAABJISIONIee OOJBIIMHCTBO JOCTYIHBIX JIOKA3aTEIbCTB YK€ CIIEIHAbHO
a/IaliTUPOBAHbI JUIS HCIIOJB30BAHUS CYIIECTBYIOIIMX TaKTHK CO BCEMH HMX OCOOCHHOCTSIMH W
orpaHnyeHusiMu. bnmkaiimas gocrynHas takthka B Isabelle/HOL, koropast mpemocraBiseT
aHaJIOTMYHbIE BOBMOXXHOCTH, 3TO TakThka uint arith u3 Teopum HOL-Word. Ona Takxke mbiTaercs
WHCTaHIMPOBATh TEKYIIYIO II€Jb JONOJHHUTEILHBIMH TPEANOIOKEHUIMU 00 apudMeTHKe Ha
OrpaHMYEHHBIX IIENbIX YKMCIaX W Mojlaraercsi Ha paboTy MO YIPOIIEHHIO IIENU 10 CTaHAapTHOM
apu(MeTHYecKol TaKTHKe (CTaHIapTHas Mpoleaypa yrnpouieHus, presburger u linarith).

Tem He MeHee, B OTIIMUME OT HAIIETO MOJXOJa, TPAHCIALMS, peai30BaHHas B TakTUKe uint arith,
BOOOIIE TOBOps, HE sBIAeTCH HONHOW. TakTuka uint arith He OueHb IIMPOKO HCHONB3YeTCS B
6OJ'IBU_II/IHCTBC MPaKTUYCCKUX HpI/IJ’IO)KCHI/Iﬁ, TIIOCKOJIBKY (S BO3MOXXHOCTH AHAJIOTUYHbI
BO3MOKHOCTSIM TaKTHKM unat arith (moxokasi TakTHKa JUIsi HaTYpaJlbHBIX, @ HE LENBIX YHhCeN),
KOTOpasi 4acTo MCIONIB3yeTCsi BMECTO uint_arith.

INockonbky apupMeTHKa HATypajbHBIX YHCEN HE pPEaU3yeTcs HampsMyl0 B OOJBLIMHCTBE
pemareneit SMT, MbI pa3pabarbiBaiv Hallly TAKTHKY Ha apUQMETHKe 11eJIbIX Yncel. Takum o0pazom,
9TOOBI OLIEHUTH HAIY PEAIU3aLUIO, MBI B3S/IM HECKOIBKO HanOoMee TPyI0eMKHX LieIeH, peraeMbIx
C TIOMOIIBIO TaKTHKW unat arith U BpydHyI0 NpeoOpa3oBajd HMX B COOTBETCTBYIOLIHME LEIH,
MoAXoAsAIIMe Kak Ausl uint arith, Tak u Juis Hanieil TakTuku (peodpa3oBaHie B OCHOBHOM YHCTO
CHHTAKCHYeCKOe, KpoMe J00aBIeHHsI HEKOTOPBIX HEIOCTAIOMMX OorpaHnyeHnid suna n > 0). Llenn
OBIIM B3SATHl M3 PEANBHBIX NPUMEPOB C Y4acTHEM BepUPUIMPOBaHHBIX (GyHKIMI Ha s3bike CH,
TakuxX kak memcpy u quicksort, popmanuzoBannbie B pamkax AutoCorres [10]. [Ipumep Brirouaer
B cebs Oonmee 130 Bh3oBOB uint arith, 3 koropbix Mbl BbIOpaiu 11 Hambonee Tpynoemkux. B
J100aBOK K CYIIECTBYIOIIMM IIpEMepaM Mbl 00ABHJIM HECKOIBKO OY€Hb IPOCTBIX JIEMM B
LEJIOYUCIICHHON apu(METHKe C OrpaHUYECHHUSIMH, TJIe TAKTHKA uint_arith He MOXeT JJoKa3arh 11eb.
PesymeraThl omeHKH Noka3aHsl B Ta0n. 1. Bpemst penreHns 3a1a4 oKa3bIBaeTCs B CEKYHIAX, €CIH
ono mpesrimaer 0,1, B mpoTHBHOM ciydae Bpemsi momedeHo kak < 0.1. Bpems ams meneid, He
pelaeMbIX C IOMOIIBIO TAKTHKH, O0OO3HA4YaeTcs Kak «-» BMeECTe ¢ TpeOyeMbIM BpeMeHeM Ha
TIOIBITKY 1O BO3BpaTa K Pe3yIBTHPYIOLIEMY COCTOSIHHIO JOKa3aTeNbCTBa (MHCTAaHIIMPOBAHHAS LETb
B ciyuae uint arith). B Isabelle/HOL mporecc nokazarenscTBa OCHOBAH Ha HWHTEPAKTUBHBIX
(OpMaJBbHBIX JTOKYMEHTaX, BpeMs PEIICHWs BaKHO, TaK KaK OHO HANpPAMYIO BIHSET Ha olIee
Bpems, TpeOyemoe Uil OOHOBJICHHS MOIESNH JIOKYMEHTa Ha KaXIOe B3aMMOJCHCTBHE C
oIb30BaTeNeM (0COOEHHO /ISl HECTPYKTYPHUPOBAHHBIX JOKA3aTENBCTB).

Tabn. 1. Oyenxa maxmuku TSMT BLIA u uint_arith na opmynax u peanvhvix nod3adavax u3z npumMepos
AUTOCORRES.

Tablle 1. Evaluation of TSMT BLIA and uint_arith tactics on sample formulas and real subgoals from
AUTOCORRES examples.

Heasn Bpemsi paGoThbl, cek.
uint_arith
memcpy wp’ 1 0.366 0.329
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memcpy wp’ 2 <0.1 0.450
memcpy word 1 <0.1 0.320
memecpy word 2 <0.1 0.350
memcpy wp’ 3 0.201 0.320
memcpy wp’ 4 0.508 0.315
memcpy wp’ 5 0.250 0.509
partition correct 1 0.468 0.581
partition correct 2 0.401 0.441
gsort unat sub subl <0.1 0.526
quicksort correct 1 0.251 0.493
simple example - (<0.1) 0.196
simple 2a mn 1 pl b —(1.202) 0.860
simple div2 mul2 —(0.102) 0.756
simple 2 min mn 1 pl min | — (0.897) <0.1
simple div3 mul3 —(0.145) 0.779

Pe3ynbratel JEeMOHCTPHPYIOT, UYTO Hallla pealu3alldss HE 3HAYUTENbHO MEAJICHHee, ueM
CyLIECTBYIOI[asl TaKTHKa, HECMOTPS Ha MHCHONb30BAaHME MCUYEPNBIBAIOIIEH IPOLETyPHI
HMHCTAHIIMPOBAHUS, BBI30B BHEUIHMX pemarened (Z3), a Taxke NMapCHHT U BOCCTaHOBJIECHHUE
IOJy4eHHBIX JI0Ka3aTeNbeTB. bonee Toro, 310 odecneynBaeT HECKONBKO 3aMETHBIX NIPEUMYyILECTB.

e Takruka oOnazaeT CBOMCTBOM MOJHOTHI, IOATOMY OH TapaHTHPOBAHHO PELIMT JIOOYIO Leh B
npenenax OMNpeNeseHHOro Kiacca, B TO BpeMsl Kak TakTHkKa uint arith He monHa u ee
CHOCOOHOCTB PEIINTh KOHKPETHYIO 1IeJ1h HE TaK JIETKO MPEeICcKa3aTh;

e brarogaps cBoeli moiHOTE, Hallla TAKTHKa ClIOCOOHA HE TONBKO BEPU(UIIMPOBATH TPABMIIbHYIO
1IeN1b, HO, YTO ellle BakKHee, OCMBICIIEHHO ONPOBEPIraTh HEBEPHBIE LIEIH B OIPEAEIEHHOM KiIacce
(tme TakTHKa TOMHA). DTa CHOCOOHOCTh Ba)KHA B KOHTEKCTE WTEPATHBHON pa3paboTKu
JIOKa3aTesIbCTBa, I[E€ I3TO LIMPOKO H3BECTHO, 4YTO MPOMEKYTOUHBIC TIIONBITKM JIOKA3aTh
HelpaBWJIbHBIE YTBEPXKACHUS Ooliee paclpOCTpaHEHbl, 4YeM HEyIauyd WH3-3a HETONHOTHI
TAKTUKH/METO/a JOKa3aTeIbCTRA.

e Hama Takrthka HMEET NPUMEPHO ONMHAKOBYIO NPOU3BOAHUTEIBHOCTh B Cllydae YCHEIIHOH
HOMBITKA JI0KA3aTeJIbCTBA M B CIydae IIOMCKAa KOHTPIPHUMEpA, IIOTOMY YTO OHO BeIeT cels
OIMHAKOBO B 00OMX ClIy4asix, B TO BpeMs Kak uint_arith mocnegoBaTenbHO MBITACTCS PELIUTh
MHCTAHIMPOBAHHYIO I[ETb CO BCEMHU 3aPeTHCTPUPOBAHHBIMU apU(PMETHICCKUMU TAKTUKAMH U
MOJXET TIOTPATHUTh JOMOIHUTEIBHOE BPEMsT Ha HEYIa4YHbIC TOIBITKIL

e Ham moaxon JIerko pacIiMpsieMblil, TaK KaK CEMAaHTHKA HOBBIX (DyHKIHOHAJIBHBIX CHMBOJIOB
MOXKET OBITh JIETKO JOMOJHEHa COOTBETCTBYIOIIMMHE JEMMaMi ¢ X Tpurrepamu. Ha camom
JIeIie, JIETKOCTh PACIIUPSEMOCTH HALICH TAKTUKH COMOCTaBHMA CO CTAHIAPTHBIM YIPOLICHUEM
B Isabelle. B mpumepax MbI paCIIMPHITA HAILY TAKTUKY IOAACPIKKOM LETOIUCICHHOTO ICICHUS,
BBIYUTAHHUS, MAKCHMyMa W MHHHMYMa, 94TOOBI COOTBETCTBOBATh BO3SMOKHOCTSM CTaHIAPTHBIX
apudmMeTHueckux TakTuk B Isabelle.

e Pacmmpenne Hameli TakTKu He TpeOyeT mporpaMMHpoBaHHsS Ha s3blke ML, TakTmka
peanm3oBaHa moBepx oOmer Taktukn TSMT (oCHOBHas dYacTh HAIIero HWHCTPyMEHTa
MHCTaHLIMPOBAHMA), MIPOCTO KaK TpyIIa JIEMM C COOTBETCTBYIOIIMMH WHCTaHIMPOBAHHEM
TPUTTEPOB, B TO BpeMsI Kak uint_arith peanmsyercst HenocpencTeerHo B Isabelle/ML.

OCHOBHOE OTpaHHYCHHUE HAIICH TEKYIIeH pearn3alliil B CPAaBHEHWH C CYIICCTBYIOIIECH TaKTHKOW

uint_arith — HEBO3MOKHOCTB TPAaBMIIEHO 00padaThIBaTh KBAHTOPEI, BIOKCHHBIE B CaMy LeNlb M HE

JIOTIOJTHEHBI COOTBETCTBYIOIIMMHU Tpurrepamu. Hamia TakThka B HacTosIIee BPEeMsS HTHOPHPYET

J00BIe KBAaHTOPBI, IPUCYTCTBYIONIHE B 1enu. [IpuMepsl, ymoMsHyThle Ha pHCYHKE 4, TOCTYIIHBI B

HameM mpuMmepe Teopud [9]  (coorBercTByrommid  gokymeHT Isabelle  HaspBaercs

TSMT Bounded Examples).
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6. JanbHellwue uccnedosaHUusl.

OCHOBHBIMH HalpaBICHUSIMHE OyIyIIeii paOoThI BKIIIOYAIOT pa3pab0TKy HEKOTOPHIX MPECcKa3yeMbIX
(XoT W HENMOJHBIX) NOAXOMOB K 00paboTke KBAaHTOPOB, BCTpedarolyecss B Ienu  0e3
COOTBETCTBYIOIMX TPHUITEPOB (CTpaTeru sl oOpaOOTKM KBAaHTOPOB BHYTPU CYIECTBYIOIIHX
pemareneid oueHb 3((HEKTUBHBI, HO PEIKO NpeackazyeMbl). Emie oqHo BaKHOE HarpaBieHHE 3TO
(dopManm3alys W OIEHKa PpeIIeHUs, OCHOBAaHHOTO Ha pealM3allid TPOLEAYpHl Ui APYTHX
pa3pelmMbIX TEOpHH, TaKMX Kak 3(QPEKTHBHO pa3pelInMbIil (parMeHT TEOpHH OHT-BEKTOPOB,
MOAYIbHAsl JIMHEWHAs IEJNOYMCIIEHHAs apu(MeTHKa, pa3peliuMblii  (QparMeHT TeopuH,
(dopManm3ylomeil pa3iuyYHbIE ONEepalMy Haj CHHCKaMH, TEOpHs aJpecHON apudMeTuku c
OrpaHUYEeHHbIMU ajpecaMu (HO ¢ Cu-omoOHBIM pasieneHueM Ha Helepecekaromuecs OIoKu
MaMsITH), TEOPHsl MHTEPIPETUPYEMBIX MHOKECTB (JUII KOTOPBIX €CTh HECKOJIBKO JOKA3aTEIbCTB
MONHOTHI, HO 0Oe3 (¢opMann3anuu B CHCTEME HMHTEPAKTHUBHBIX JIOKA3aTENbCTB) M IPOYHE
MIPaKTHYECKUE aKTyaJIbHbIE TEOPUH U UX (PParMeHTHI.

7. 3aknoyeHue.

B pabore mnpencrapieHa TeopHsi OrpaHMYEHHBIX LIENBIX, MMO3BOJSIONIAS COCTABUTH PELIAONIYIO
nporenypy B Isabelle/HOL Ha ocHoBe pematencii SMT. Drta pernarorias mporeaypa mo3BoiseT
IIPOBEPUTH HEKOTOPLIE KOHCTPYKLHH sA3bIKa IMPOrpaMMHUpPOBAHUA Cu. Crour 3aMETUTh, YTO
pa3paboTKa petarolInX MPOLEAYP 10 MHOXECTBY Pa3lINuHbIX TEOPUI NMEET BaKHOE 3HAUCHUE MTPU
BepU(HKAIIMKM TPOrpaMMHOr0 olecrieueHHs. MBI 0OXapaKTepU30BalId CIOKHOCTb HPOOIEMBI
BBITIOJIHUMOCTH ¥ obecriedmsin 3¢ ekTiBHOE cokpamieHne cioxHoctd peumienus B QF UFLIA.
Ham pesynsrar mnokaspiBaer, uto Oonee 3(h(deKTHBHO pa3padaThiBaTh CENUATN3UPOBAHHBIC
QJITOPUTMBI, YeM NPUMEHSTh o0uwmid anroput™ i apudmeruku [IpecOyprepa. Kpome Toro, B
HalleM CIy4ae YHCIO WHCTAHIMPOBAHUH SIBIACTCS JIMHCHHBIM OTHOCHTENBHO UIMHBI BXOIHOM

(bopMyIbL.
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Abstract. Trace models such as Finite State Machines (FSMs) are widely used in the area of analysis and
synthesis of discrete event systems. FSM minimization is a well-known optimization problem which allows
to reduce the number of FSM states by deriving the canonical form that is unique up to isomorphism. In
particular, the latter is a base for FSM-based ‘black-box’ test derivation methods such as W-method and its
modifications. Since nowadays the behavior of many software and hardware systems significantly depends on
time aspects, classical FSMs are extended by clock variables including input and output timeouts. The
minimization of a Timed Finite State Machine (TFSM) includes both state and time aspects reduction.
Existing approaches allow to derive the canonical representation for non-initialized deterministic TFSMs
while for initialized TFSMs, i.e., TFSMs with the designated initial state, several pair-wise non-isomorphic
minimal forms can exist. In this paper, we determine initialized TFSM classes for which the minimal form is
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AHHOTaIII/lfl. MO}IGJ’[H C KOHEYHBIM YHCIIOM COCTOSTHUH HIMPOKO MCIIOJIB3YIOTCA MPU PEIICHUN 3a1a4 aHaJIu3a
U CHUHTE3a JUCKPCTHBIX CUCTEM, U MHUHUMHU3ALUA KOHCYHBIX aBTOMATOB ABJISACTCA HU3BECTHOM npo6neM0i«'1
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OMHUCHIBAIOLIECTO TIOBEICHHE JUCKPETHOH CHCTEMBbI, Ha OCHOBE HCIIOJIb30BAHHUs €ro MPUBEACHHOI (GOpMBL
Takast popMa eJUHCTBEHHA C TOYHOCTBIO 10 M30MOp(H3Ma /Ul KJIACCHYECKHX KOHEYHBIX aBTOMATOB, 4TO, B
YACTHOCTH, SIBJISIETCSI OCHOBOM JJIi COOTBETCTBYIOIIMX METOJOB CHHTE3a TECTOB C TapaHTHUPOBAHHOM
MOJTHOTON OTHOCHTENBHO «UYEPHOTO SIIMKa», Takux kak W-merom u ero moaupukarmu. [1OoCKOIBKY
MOBEJICHUE COBPEMEHHOTO MPOTPAMMHOTO M allapaTHOro OOECICYCHHUS 3a9acTYI0 3aBHCHT OT BPEMEHHBIX
aCIeKTOB, B HACTOAIIEe BpeMs KIacCHUYeCKHe aBTOMAaThl PACHIUPSIOTCS BPEMEHHON IEepeMEeHHOW U
CBSI3aHHBIMU C HEH BXOAHBIMH W BBIXOOHBIMU TaiimMayTamu. CyliecTBYIOIIHME MOAXOIbl K MHUHHMH3AIUU
BPEMEHHBIX AaBTOMAaTOB OXBATHIBAIOT ONTHMH3ALMUIO KaK COCTOSHHMN, TaKk M BPEMEHHBIX AacleKTOB, U
MO3BOJIAIOT TOJIYYUTh COMHCTBEHHYIO MHHUMAJIBbHYIO (OpMY A HEHMHUIMATBHBIX JETEPMHUHHPOBAHHBIX
BPEMEHHBIX aBTOMATOB. B TO jke Bpems I MHUOUANBHBIX BPEMEHHBIX aBTOMAaTOB, T.C. aBTOMAaTOB C
BBIJICIICHHBIM HaYaJbHBIM COCTOSSHHEM, MOTYT CYIIECTBOBATh pa3jMYHBIC IIOMAPHO HEH30MOpP(HEIC
MUHHMaITbHBIE popMBI. B HacTosimei paboTe MBI ONpeessieM KIaCcChl HHUIIHAITBHBIX BPEMCHHBIX aBTOMATOB,
JUTS KOTOPBIX MUHUMAITbHAsE (hOpMa STUHCTBCHHA C TOYHOCTBIO JI0 H30MOphu3Ma.

KiroueBsble ciioBa: BPCMCHHBIC aBTOMAThl; MUHUMHU3ALIKs, TaﬁMayTBI; WHHUIHWAJIbHBIC aBTOMAThI

Jas nurupoBanusi: Tsapnosckuid A.C. EBtymenko H.B. O MHUHHMH3anuM HHUIMAJIBHBIX aBTOMATOB C
taiimayramu. Tpyast UCIT PAH, tom 32, Beim. 2, 2020 r., ctp. 125-134 (ua anriwmiickom s3eike). DOI:
10.15514/ISPRAS-2020-32(2)-10

BaarogapuocTu: PaboTa BhINOMHEHA TP YaCTHYHOM moaaepxke rpanra PODOU Ne 19-07-00327.

1. Introduction

Finite State Machines (FSM) [1, 2] are widely used for synthesis and analysis of discrete
components of telecommunication and other hardware and software systems [3, 4, 5]. The
complexity of solving many problems significantly depends on the number of states of an FSM
that represents the system (component) specification; moreover, having the canonical form of a
model usually simplifies solving these problems. For example, almost all FSM-based test
derivation methods [6, 7] with guaranteed fault coverage for telecommunication protocols and
other control systems with deterministic behavior are developed for reduced FSMs, i.e., FSMs
which have different behavior at any two different states and such a reduced machine is unique for
any complete deterministic FSM.

In the classical FSM theory, FSM minimization methods are well developed [1], i.e., given a
deterministic complete FSM, it is well known how to derive a reduced form of the FSM that in fact
is the canonical representation of a complete deterministic FSM. Nowadays time aspects become
very important when describing the behavior of digital and hybrid systems, and, respectively,
classical FSMs have been extended with time variables [see, for example, 8, 9, 10, 11]. A timed
FSM (TFSM) is an FSM annotated with a clock and extended by input/output timeouts and
input/output timed guards [10, 12]. Input timed guards describe the behavior at a given state for
inputs which arrive during an appropriate time interval until timeout at the state expires. If no input
is applied until the clock value reaches an (input) timeout then the system can spontaneously move
to another state. An output timeout describes how long an applied input is processed at a given
state. In the number of cases [10], an FSM with output timed guards is considered when an interval
of possible output delays for processing each transition is given. In this paper, we assume that
every output timeout is a non-negative integer. As a simple example, computers or mobiles can be
considered when the devices move to a sleep mode if no button is pressed during an appropriate
number of time units, i.e., no input is applied.

When minimizing classical FSMs (and other trace models) most attention is paid to minimizing
the number of states of the machine under investigation. Differently from classical FSMs, a timed
FSM can have several non-isomorphic state reduced forms and time aspects should be also taken
into account when minimizing a TFSM. In [13], the notion of a time and state reduced non-
initialized FSM with timed guards and timeouts is introduced. The authors also show that such
minimal form is unique up to isomorphism for a non-initialized complete TFSM. However, such
minimal form is not unique for an initialized complete FSM with timeouts while such machines
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are widely used for modeling timed systems with a reliable reset signal. For example, a number of
test derivation techniques are developed for initialized FSMs and the absence of the unique
reduced form for Timed FSMs do not allow to directly apply W-methods and its derivatives to
initialized TFSMs [14].

It is known that the reason for having several minimal forms is closely related to input timeouts
[15], since for FSMs with timed guards there is the unique state and time reduced FSM with time
guards [16]. In this paper, we determine classes of initialized FSMs with timeouts for which the
unique minimal form can be derived.

The structure of the paper is as follows. Section 2 contains the preliminaries for classical and timed
FSMs. In Section 3, the related work on minimizing TFSMs is briefly described. In Section 4, we
determine a class of initialized TFSMs for which the minimal form is unique up to isomorphism.
In Section 5, we show how the unique form can be derived for an FSM with timeouts based on its
transformation to an FSM with timed guards. Section 6 concludes the paper.

2. Preliminaries
This section contains basic definitions of classical and timed Finite State Machines.

2.1 Finite State Machines

The model of a Finite State Machine (FSM) [1] is used for describing the behavior of a system that
moves from state to state under input stimuli and produces predefined output responses. If the
system has a reliable reset then usually the system behavior is described by an initialized FSM,
i.e., by an FSM with the designated initial state. Formally, an initialized FSM is a 5-tuple S = (S, I,
0, hs, so) where S is a finite non-empty set of states with the designated initial state sq, | and O
are input and output alphabets, and hs = (S x | x O x S) is the transition (behavior) relation. A
transition (s, i, 0, s’) describes the situation when an input i is applied to S at the current state s and
S moves to state s’ and produces the output (response) o.

A trace or an Input/Output sequence o/y of the FSM S at state s is a sequence of consecutive
input/output pairs starting at the state s. There is a trace a/y = i,/0y, i,/0,, ..., i,/0, at state s of FSM
S if and only if there exist transitions (s, i1, 01, S1), (S1, 2, 02, S2), ..., (Sn-1, In, On, Sn). Given a trace
aly, a is the input projection of the trace (input sequence) while v is the corresponding output
projection (output sequence), i.e., an output response of the FSM when the input sequence o is
applied at state s. In this paper, if the converse is not explicitly stated, we consider complete
and deterministic FSMs where for each state s and input sequence o there exists a single trace
aly. Given an input sequence o of a deterministic complete FSM, state s’ is the a-successor of
state s in FSM S if S moves from state s to state s” when a is applied. Given an initialized FSM
S, a trace a/y is a trace of the FSM if it is a trace at the initial state of S.

2.2 Timed Finite State Machines

In this paper, a Timed FSM (TFSM) is an FSM with timeouts that can spontaneously move to
another state when the timeout expires at a current state. Respectively, a TFSM is an FSM
annotated with a clock (timed variable) and timeouts. A good example is a server implementation
which can decline the connection when a client request is not applied within an appropriate
timeout. Correspondingly, an initialized TFSM is a 6-tuple S = (S, 1, O, hs, As, So) Where S is a
finite non-empty set of states with the designated initial state sy, | and O are input and output
alphabets, hs © S x | x O x S x Zis the transition relation, As is the timeout function and Z is a
set of output delays which are nonnegative integers. We consider the timeout function As: S — S
x (N U {o}) where N is the set of positive integers: for each state this function specifies the
maximum time for waiting for an input. If no input is applied until an (input) timeout expires then
the system can spontaneously move to another state. By definition, for each state of the TFSM
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exactly one timeout is specified. An output delay describes the number of ticks when an output has
to be produced after applying an input. A transition (s, i, 0, s', d) describes the situation when an
input i is applied to S at the current state s. In this case, the FSM moves to state s', the clock value
then is set to zero and S produces output o after d time units. Given state s of TFSM S such that
As(s) = (s', T), if no input is applied before the timeout T expires then the TFSM S moves to
state s' while the clock value is set to zero. If As(s) = (s', ) then s' =s; in other words, in this
case, the TFSM can stay at state s infinitely long waiting for an input.

In this work, we consider complete and deterministic TFSMs where for each pair (s, i) € S x I,
there exists a single transition (s, i, 0, s', d) € hs.

Similar to [7], for each state s of TFSM S we consider the function time(s, t) = s' that determines
state s' that will be reached by the TFSM if no input is applied during t time units.

A timed input is a pair (i, t) where i € | and t is a real; a timed input (i, t) means that input i is
applied to the TFSM at time instance t. A timed output is a pair (o, d) where 0 € O and d is the
output delay. A sequence of timed inputs o = (iy, t1) ... (in, ty) is a timed input sequence, a
sequence of timed outputs y = (04, dy) ... (0, dy) is a timed output sequence. A sequence afy = (iy,
t)/(04, dy) ... (in, t)/(0n, dy) Of consecutive pairs of timed inputs and timed outputs starting at the
state s is a timed 1/O sequence or a timed trace of TFSM S at state s. Similar to FSMs, a is an
applied timed input sequence while y is the corresponding output response of the TFSM to
sequence o, of applied inputs. The behavior of TFSM S at state s is the set of all timed traces at
this state. For a timed input sequence o of TFSM S at state s the a-successor is defined similar
to FSM.

In order to determine the output response of the TFSM at state s to a timed input (i, t), state s’ =
time(s, t) is calculated first. State s'is a state where the TFSM moves from state s via timeout
transitions such that the maximum sum ¥ of all timeouts starting from state s is less than # and ¢ —
¥ < T, where As(S) = (s, T). At the second step, a transition (s, i, o, s"”, d) is used and
respectively, the machine produces the output (0, d) to a timed input (i, t) applied at state s and
moves to the next state s”. Thus, the output response of the TFSM to a timed input sequence at
state S is iteratively determined starting from state S. Similar to FSMs, the set of all timed traces at
the initial state of the initialized TFSM determines the TFSM behavior.

A timed input sequence o is a transfer sequence for state s or simply an s-transfer sequence in
TFSM S if state s is the a-successor of the initial state of S. If for state s of TFSM S there exists a
transfer timed input sequence o, then s is an input-reachable state, otherwise s is input-
unreachable. By default, the initial state is input-reachable, since it is reachable by the empty input
sequence. If for an input-unreachable state s' there exists a time instance t and input-reachable
state s such that time(s, t) = s' then s' is time-reachable. The TFSM S is initially connected or
simply connected if each state s e S is input- or time-reachable. In this paper, we consider only
connected TFSMs.

Example. Consider a TFSM S in Figure 1 with the initial state a. This TFSM is connected but
state b is input-unreachable.

ilo,

@0+ *+-¢
w

ilo,

lf()z

Fig. 1. State and time reduced equivalent initialized TFSMs S with the initial state a (on the left) and 2 with the
initial state e (on the right)
Puc. 1. Ilpusedénnvie no cocmosHusam u 6pemeHy UHUYUATbHble 8peMerHble agmomambl S (cresa) u P
(cnpasa) C HAYAIbHbIMU COCMOSAHUAMU A U € COOMBEMCMEEHHO
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3. Minimization problem

There is a big body of work for minimizing a classical deterministic complete FSM based on
the state equivalence [1]. We now remind the notion of equivalent states for deterministic
complete (Timed) FSMs [1, 12]. Given complete deterministic (Timed) FSMs S and P with
their states s and p, states s and p are equivalent if (timed) output responses at these states
coincide for each (timed) input sequence. If states s and p are not equivalent then they are
distinguishable. Initialized (Timed) FSMs are equivalent if their initial states are equivalent.
Equivalent (Timed) FSMs have the same behavior. Two TFSMs S and P are isomorphic if
there exists the one-to-one correspondence H: S — P such that there exists a transition (s, i, 0,
s', d) e ks if and only if there exists a transition (H(s), i, 0, H(s'), d) € #p and Ap(H(s)) = (H(s"),
T) if and only if As(s) = (s', T). A complete deterministic (Timed) FSM S is state reduced if
every two different states s, s, € S are not equivalent.

3.1 FSM Minimization

The minimal form of a (initialized) deterministic complete FSM S is defined as a (initialized)
state reduced FSM which is equivalent to S. An algorithm for deriving the minimal form (or an
FSM minimization algorithm) for classical deterministic complete FSMs has been proposed in
[1] and is based on partitioning the state set into equivalence classes, i.e., subsets with pairwise
equivalent states. The equivalence relation induces a partition E of the set of states of a complete
deterministic FSM. Any two states of the same class of the partition £ are equivalent; any two
states of different classes of partition E are distinguishable. Respectively, states of the reduced
form correspond to classes of the partition E, i.e., the number of states of the reduced form equals
the cardinality of E. The transition relation of the reduced form is derived based on transitions
between E classes. It is shown that the minimal form of an initialized FSM as well as of a non-
initialized deterministic complete FSM is unique up to isomorphism.

3.2 TFSM Minimization

The notions of a state reduced TFSM and the partition into equivalent states are defined similar to
those of classical FSMs. A state reduced form of an FSM with timeouts can be derived based on its
FSM abstraction [13, 15]. Moreover, in order to derive the unique minimal form up to
isomorphism for a non-initialized FSM with timeouts, a so-called time reduced form should be
also constructed.

A non-initialized FSM with timeouts S is time reduced if for each state s such that As(s) = (s/, T), it
holds that for each state s” € S and integer 7" < 7, TFSM S’ which is obtained from S by replacing
the timeout at state s to As(S) = (8", T'), is not equivalent to S. Minimal timeouts for states of
TFSM S can be found based on its FSM abstraction [13]. In other words, when deriving a time
reduced form of a non-initialized TFSM, the timeout for each state s should be set to the minimum
value in such a way that the TFSM behavior at state s is not changed.

In [13], the following theorem has been proven.

Theorem 1. Two non-initialized deterministic complete state and time reduced FSMs with
timeouts are equivalent if and only if they are isomorphic.

Respectively, the minimal form of a non-initialized deterministic complete TFSM is unique up to
isomorphism.

3.3 The uniqueness of the minimal form of initialized FSMs with timeouts

Unlike non-initialized Timed FSMs, a complete deterministic initialized FSM with timeouts
can have several non-isomorphic state and time reduced forms. An example is shown in Figure
1 where two equivalent minimal initialized FSMs with timeouts are presented. However, those
TFSMs are not isomorphic. The reason is that for non-initialized equivalent TFSMs, for each
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state of one machine there is an equivalent state of another machine and vice versa. For
initialized machines it is not the case for input-unreachable states.

In fact, there can exist some states in TFSMs which are only time-reachable, i.e., are not input-
reachable, for example, state b of TFSM S (Figure 1). This input-unreachable state can be
removed from the TFSM if the TFSM moves from state a to state c via a timeout transition. The
corresponding TFSM P is presented in the Figure 1 on the right where the timeout of value two is
used instead of two timeouts of value one. Therefore, the problem that a reduced form of an FSM
with timeouts is not unique is closely related to states which are only time-reachable because for
these states, the requirement for the one-to-one correspondence between states of initialized
equivalent TFSMs does not need to necessarily hold. In this paper, we specify classes of
initialized FSMs with timeouts for which the state and time reduced form is unique up to
isomorphism.

4. Input-connected FSM with timeouts

Since the existence of several state and time reduced equivalent but non-isomorphic initialized
FSMs with timeouts is closely related to time-reachable states, we first consider TFSMs without
such states.

An FSM with timeouts S is input-connected if each state s € S is input-reachable. In other
words, given a state s of an input-connected initialized FSM with timeouts, there exists a
transfer timed input sequence from initial state to state s. For input-connected TFSMs, the
following proposition can be proven.

Proposition 1. Two deterministic complete state and time reduced initialized input-connected
FSMs with timeouts are equivalent if and only if they are isomorphic.

Proof. Let deterministic complete state and time reduced initialized input-connected FSMs S and
P with timeouts be equivalent. Since the TFSMs are equivalent then a-successors s and p of
initial states TFSMs S and P respectively are equivalent for any timed input sequence o.
Moreover, since S and P are state reduced then one-to-one correspondence H;: S — P can be
established such that p = Hy(s) is an input-reachable state of TFSM P which is equivalent to the
input-reachable state s. Similar to [13], for each transition (s, i, 0, ', d) € As there exists a
transition (H,(s), i, 0, H,(s"), d) € &p. Let there exist a pair of states s and p = Hy(s) such that As(S)
= (s', Ts) and Ap(p) = (p', Tp) and T, < Ts. Due to the fact that S and P are equivalent, there
exists state s" which is equivalent to state p’ = Hy(s'"). Since states s and p are also equivalent, the
timeout at state s can be replaced by As(s) = (s”, Ts) where T’ = T, < T,. The latter is not
possible as S is time reduced. Since P is time reduced too, the same reasoning can be applied
when T, < T, and thus, Ts = T,. Since states s and p are equivalent, states time(s, Ts) and time(p,
Tp) are also equivalent and respectively, p' = H(s'). Thus, Ap(H,(S)) = (H«(s"), T) if and only if
As(s) = (s, T).

Since isomorphic TFSMs coincide up to state renaming, isomorphic TFSMs are equivalent.
Corollary. The minimal (state and time reduced) form of an input-connected initialized FSM
with timeouts is unique up to isomorphism.

However, there exist FSMs with timeouts which have time-reachable states, i.e., are not input-
connected. We next consider such TFSMs and discuss when the unique minimal form for
TFSMs with input-unreachable states can be derived.

5. Minimization procedure using FSMs with timed guards

Given an FSM with timeouts, according to the corollary to Proposition 1, if this FSM has a state
and time reduced input-connected form, then this form is unique up to isomorphism. However, just
now we do not know whether such a minimal form exists for any FSM with timeouts. On the other
hand, FSMs with timed guards can be considered as another type of the minimal form and such
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TFSMs are input-connected. It is known [12] that there exists a class of FSMs with timeouts which
can be represented by a corresponding FSM with timed guards. Respectively, in this section, we
show that if for an FSM with timeouts there exists a minimal form with timed guards then such
minimal form is unique up to isomorphism.

5.1 FSM with timed guards

An initialized FSM with timed guards is a 5-tuple S = (S, I, O, s,, hs) where | and O are input and
output alphabets, S is the finite non-empty set of states with the designated initial state sq, hs < (S
x I x O x S x ITx Z)is the transition relation with the set of input timed guards /Z An input timed
guard g € [7describes the time domain when a transition can be executed and is given in the form
of interval [ min, max | from [0; o), where [ € {(, [}, | €{), 1}. The transition (s, i, 0, ', g, d) € S x
I x O x S x [Tx Z means that TFSM S being at state s accepts an input i applied at time t € ¢
measured from the moment when TFSM S entered state s; the clock then is set to zero, S produces
output 0 and moves to state s’ after d time units.

The state reduced form for FSM with timed guards can be derived based on its FSM abstraction
[13] or by the algorithm presented in [16]. Moreover, an FSM with timed guards is time reduced if
for each two transitions (s, i, o, s', g1, d), (s, i, 0, s, g2, d) € hs it holds that timed guards g, and g,
cannot be merged into a single guard. Thus, in order to derive the time reduced form for an FSM
with timed guards, transitions under the same input with the same output and output delay,
between the same states, the timed guards which can be merged should be replaced by a single
transition. The uniqueness of the minimal form of a non-initialized FSM with timed guards has
been proven in [13] and next we formulate a similar proposition for initialized TFSMs.
Proposition 2. Two deterministic complete time and state reduced initialized connected FSMs with
timed guards are equivalent if and only if they are isomorphic.

Proof. Let deterministic complete time and state reduced initialized connected FSMs with timed
guards S and P be equivalent. Since TFSMs S and P are equivalent, the a-successors s and p of
initial states of these TFSMs are also equivalent for each a, i.e., at these states there are the same
output responses for each timed input sequence. Moreover, since S and P are state reduced then the
one-to-one correspondence H: S — P can be established such that p = H(s) is a state of TFSM P
which is equivalent to state s. We now show that for each transition (s, i, 0, Sy, g, d) € As there
exists a transition (py, i, 0, o, g, d) € Ap, Where p; = H(sy) and p, = H(s,). Let there exist (sy, i, 0,
Sy, 0, d) € As, but (H(sy), i, 0, H(S2), g, d) ¢ Ap. Since s; and p; are equivalent, the behavior of P at
state p; in time interval g coincides with that of the TFSM S at state s;. Respectively (py, i, 0, pa,
g', d) € Ap, Where g — @', because P is state and time reduced. However, the behavior of TFSM S
for the same input i at state s for time instances in g differs from that in adjacent intervals since S
is state and time reduced. Thus, there exists t € g' \ g, such that the output responses to (i, t) at
states s and p do not coincide. In a similar way, we can show that for each transition (H(s,), i, 0,
H(s,), g, d) € Ap there exists a transition (sy, i, 0, S, g, d) € As and thus, S and P are isomorphic.
Since isomorphic TFSMs coincide up to state renaming, isomorphic TFSMs are equivalent.

Thus, the minimal (state and time reduced) form of an initialized FSM with timed guards is unique
up to isomorphism and next we show how FSM with timeouts can be represented by a TFSM with
timed guards in some cases.

5.2 Transformation of an FSM with timeouts into an FSM with timed guards

An FSM with timeouts S is timeout loop-free [12] if there is no cycle of transitions labeled with
timeouts. A timeout loop-free FSM can be represented as an FSM with timed guards by the
algorithms proposed in [12].

Algorithm 1: Transforming a timeout loop-free FSM into an FSM with timed guards
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Input: A timeout loop-free FSM S' = (S, 1, O, hs, As, Sp)
Output: The FSM with timed guards S
While there exists sj € S such that As(sj) = (S, T), T <o do
for each (s, i, [t1, t2), 0, S, d) € As dO hs= hs U {(sj, i, [t + T, t, + T), 0, Sn, d)};
it As(sk) = (sr, Tr) then As(s;) = (s, Tz + T) else As(s)) = (Sj, 0);
Return S = (S, I, O, hs, Sp).
Proposition 3 [12]. Given a complete deterministic initialized timeout loop-free FSM S', let S

be an FSM with time guards returned by Algorithm 1 for S'. TFSM S is a complete
deterministic initialized FSM with timed guards that is equivalent to S'.

Let S be an FSM with timed guards that is returned by Algorithm 1 for a timeout loop-free
FSM S'. Note that each time-reachable state of TFSM S' becomes unreachable from the initial
state of TFSM S and, respectively, can be removed since the behavior at this state does not
affect the machine behavior at the initial state. As an example, for the timeout loop-free FSM S
in Figure 1 the corresponding FSM with timed guards Q is presented in Figure 2.

i, [2, DO)/‘GZ .i, [0, 2)/01

@.@’ 1, oo)/ozfp i, [0, 1)/o, /c>
4 Nl \

Fig. 2. An FSM with timed guards Qthat is equivalent to FSM with timeouts Sin Fig. 1
Puc. 2. Asmomam ¢ pemenubiMu 02panuyeHusmu Q, IKGUSANCHMHbIL AGMOMAMY ¢ MauMaymamu S Ha
pucynxe 1

State b of TFSM Q becomes unreachable from the initial state a and can be removed without
changing the initialized TFSM behavior. The following proposition can be proven based on
Proposition 2 and results from [12].

Proposition 4. Two deterministic complete initialized timeout loop-free FSMs are equivalent if and
only if corresponding state and time reduced FSMs with timed guards are isomorphic.

Given an initialized timeout loop-free FSM S, the state and time reduced form can be derived for S
as such a form for a corresponding FSM with timed guards. Respectively, the unique minimal form
for FSM with timed guards or timeouts P can be derived by the following algorithm.

Algorithm 2: Deriving the minimal form of an initialized FSM with timed guards or timeouts
Input: An initialized FSM with timed guards or an initialized FSM with timeouts S

Output: The minimal FSM with timed guards S'

Step 1. If S is an FSM with timeouts then Step 2, else Step 3.

Step 2. If S is a timeout loop-free FSM then call Algorithm 1 for deriving a corresponding FSM
with timed guards and Step 3, else the unique minimal form as an FSM with timed guards cannot be
derived.

Step 3. The unique minimal form with timed guards S' is derived as described in [16].

Proposition 5. Let P be a TFSM returned by the Algorithm 2 for a complete deterministic
initialized timeout loop-free FSM or an FSM with timed guards S. TFSM P is a complete
deterministic initialized state and timed reduced FSM with timed guards which is equivalent to S.
Given an FSM with timed guards or timeouts, we next determine a corresponding class of TFSMs
with the unique minimal form in the following way.

Theorem 2. Given two deterministic complete FSMs with timed guards or timeouts S and P
which are initialized connected timeout loop-free TFSMs, S and P are equivalent if and only if
their time and state reduced forms of corresponding FSMs with timed guards are isomorphic.
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6. Conclusion

In this work, we have investigated the uniqueness of the minimal form for initialized FSMs with
timeouts. We determine two TFSM classes for which the minimal form is unique up to
isomorphism. The first class contains initialized TFSMs for which all states are reachable from
initial state under a timed input sequence. The second class contains TFSMs which are timeout
loop-free, i.e., their transition diagrams have no loops labeled with timeouts.

We also note that the uniqueness of the minimal form for Timed FSMs allows to directly adapt
classical W-based test derivation methods for TFSMs. These methods are based on checking the
equivalence relation by checking the isomorphism (or possibly another relation for
nondeterministic TFSMs) between the specification and an implementation under test. We also
plan to study the possibility of deriving homing and synchronizing sequences for FSMs with
timeouts based on their minimal forms.
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AnHotauus. Teopust GOpManbHBIX SA3bIKOB AKTUBHO U3y4aeTCs M HAXOAUT IIHPOKOE NIPUMEHEHHE BO MHOT'HX
obnacrsax. Hampumep, B GunonHpopMaTHKe B 3aJauax pacro3HaBaHHsA M KIacCHM(HUKALUKM MHOTAA Tpedyercs
HaWTH NOJIOCIIEJ0BATEIbHOCTH T€HETHYECKHX 1IeTI04YeK, 00JIa/1arolie HEKOTOPBIMH XapaKTePHBIMH YepTaMH,
KOTOpBIE MOT'YT OBbITh ONHCAHBI C MOMOIIBIO TPaMMATHKH. 3ajaya IOMCKA 3THX IOAIOCIEI0BATEIBHOCTEN
CBOJUTCS K NPOBEPKE MX IPUHAUISKHOCTH HEKOTOPOMY (hopMasbHOMY SI3BIKY, 33JlaHHOMY I'DaMMAaTHKOM.
Ilpun srom wacro Tpebyerca 3¢¢exruBHas oOpaborTka OONbIIMX OOBEMOB IaHHBIX, YTO IMPUBOIUT K
HEOOXOIMMOCTH YCOBEPIICHCTBOBAHUS CYIIECTBYIOIIMX METOJOB CHHTAKCHYECKOro aHanusa. Ha naHHbIH
MOMEHT Cpe/ll JITOPUTMOB CHHTaKCHYECKOro aHalu3a, paboTarolux ¢ npous3BoibHoi KC-rpammarikoi,
OJIHUM U3 CaMbIX OBICTpBIX SBIISETCS aNrOopuTM BammaHnTa, OCHOBaHHBIH HAa MCIONB30BAaHUM MATPUUHBIX
onepauuii. B nanHoit paboTe npeanoxeH anropuT™, KOTOPBIU sBIsieTCsS MoAU(UKalpei anroputma Banuanra.
Ero OCHOBHBIM JIOCTOMHCTBOM SIBJISI€TCS BO3MOXKHOCTH Da3OMEHMs MaTpHIpl pa3bopa Ha IOACIOU
HEMNepeceKaroIUXCs MOMATPHLI, KOTOPbIe MOTYT OBbITh 00paboTaHbl He3aBUCHMO. Jloka3aHa KOPPEKTHOCTh U
IpHBE/IEHA OLICHKA CIIOKHOCTH TPEUIOKEHHOr0 anroputMa. IIpoBesieHHbIe SKCIEPHMEHTHI OKa3bIBAIOT, UTO
OH COXPAHWJI OCHOBHbIE NPEHMYIIECTBA MCXONHOIO aJOPUTMA, TIJABHOE U3 KOTOPBIX — BBHICOKAs
IPOU3BOJUTENILHOCTD, TOMYYEHHAs 38 CUET HCIOIb30BAHUS 3(P(EKTUBHBIX METOJIOB NEPEMHOXKEHHS MATPHIL.
Taxoke IpeI0KeHHbIH aNrOpPUTM IO3BOJIHII 3aMETHO YMEHBIIUTh BPEMs, 3aTPaulBaeMOe Ha IIOUCK MOJICTPOK,
COKPATUB OONBIIOE KONUYECTBO H30BITOUHBIX BEIYUCIEHHI.
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Modification of Valiant’s algorithm for the string-matching problem
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Abstract. The theory of formal languages and, particularly, context-free grammars has been extensively studied
and applied in different areas. For example, several approaches to the recognition and classification problems
in bioinformatics are based on searching the genomic subsequences possessing some specific features which
can be described by a context-free grammar. Therefore, the string-matching problem can be reduced to parsing
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— verification if some subsequence can be derived in this grammar. Such field of application as bioinformatics
requires working with a large amount of data, so it is necessary to improve the existing parsing techniques. The
most asymptotically efficient parsing algorithm that can be applied to any context-free grammar is a matrix-
based algorithm proposed by Valiant. This paper aims to present Valiant’s algorithm modification, which main
advantage is the possibility to divide the parsing table into successively computed layers of disjoint submatrices
where each submatrix of the layer can be processed independently. Moreover, our approach is easily adapted
for the string-matching problem. Our evaluation shows that the proposed modification retains all benefits of
Valiant’s algorithm, especially its high performance achieved by using fast matrix multiplication methods.
Also, the modified version decreases a large amount of excessive computations and accelerates the substrings
searching.
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1. BeedeHue

Teopml (bOpMaJ'II)HI)IX SI3BIKOB aKTUBHO M3YYacTCsA U HAXOAUT HMIMPOKOC MPUMEHEHHUE BO MHOI'UX
obnactsx [2], mpexie Bcero, B MH(POPMATHKE, [UTS OMKMCAHHS SI3BIKOB TIPOrpaMMHUpOBanus. Takke
CYIIECTBYET MHOKECTBO HCCJIEIOBaHHH, KOTOPBIE MOKa3bIBAIOT 3()(HEKTUBHOCTH HCIOIBb30BAHUS
KC-rpammaruk B 6nontdopmaruke [12, 13]. Tak, popmanbHbie I36IKH TPUMEHIFOTCS TS PEIICHHUS
3a/ia4 pacro3HaBaHus U Kiaccuukanyy B OMOMHPOpPMATHKE, HEKOTOPbIE U3 KOTOPBIX OCHOBAHBI
Ha TOM, YTO BTOpHYHAs CTpyKTypa nocnenoarensHocteil JJHK u PHK coxepxur B cede BaxxkHYIO
uHbopMmanuio 06 opranusme [16]. XapakrepHbie 0COOEHHOCTH BTOPHIHON CTPYKTYPBI MOTYT OBITH
omucansl ¢ momoinsio KC-rpammaruku [14, 15], uto mo3Bosnser cBecTr MpobiieMy pacro3HaBaHUs
U KIaccu(uKaHy K 3aJa4e CHHTAKCHYECKOTO aHaM3a (ONpeAeICHN s IPHHAIEHOCTH HEKOTOPOH
CTPOKH K SI3BIKY, 33JaHHOMY I'PaMMaTHKOMH).

BoNbIIMHCTBO alrOPUTMOB CHHTAKCHYECKOr0 aHajiu3a Jin0o padoTaloT 3a KyOuueckoe BpeMs
(Kacamu [3], Surep [4], Dpau [10]), 1ubo npuMeHSIOTCS TONBKO K onpeaeieHHbpIM noakiaccam KC-
rpammaTuk (beprnapmu, Kmayccen [11]). Ha naHHBIf MOMEHT OZHMM H3 CaMbIX OBICTPBIX
QJITOPUTMOB, paboratomux c Jitoboit KC-rpammarukoii, siBisiercst anroputM BanuanTa [5]. Bonee
TOrO, JaHHBIH ajarOpUTM OBLT PAaCIIMPEH IS KOHBIOHKTUBHBIX M OYJEBBIX I'pPaMMAaTHK, KOTOpPBIE
obnamarorT Oonblnel BeIpasutenbHOCTBIO, ueM KC-rpammaruku [1,7,8]. Ommako aiaroputm
BanmnaHnTta m1oxo npuMeHHM K mpobieMe HaXOKIEHHS BCeX IOACTPOK ONpEIeNeHHON JIHHEL, TaK
Kak OH OyJeT BBHIIOIHATH MHOT'O JIMIITHUX BBI30BOB IIEPEMHOKEHUS MaTPHIL.

B manHO# pabote npemiokeH alropuT™, KOTOPBIH sIBIsieTcs Moaudukanueii anropurma BannanTa.
3a cuer W3MEHEHMS IIOpsOKA BBIYHCICHUS IMEPEMHOKEHUII MAaTpHI] IMOSBHIACH BO3MOXKHOCTH
pa30OueHHss MaTpHUIbl pa3dopa Ha CIIOW HelepeceKaloIXcs MoAMaTpHL. [IpeaoKeHHbIH Moax o
YaCTUYHO pemIaeT npoOieMy MOMCKA IOJCTPOK 3a CYET MPOCTOH OCTAaHOBKM ajrOpUTMa IOCTe
3alloJTHEHHS ompeeNieHHoro cios. Kpome Toro, xaxkmas MaTpuia ciios MOXeT o0pabaTeIBaThCs
HE3aBUCHUMO, YTO B JaJIbHEHIIIEM ITO3BOJIMT IOBBICUTH (P PEKTHBHOCTH aJNTOPUTMA, HCIOJIb3YS
TEeXHUKH HapaJUIeJbHBIX BBMHCICHHH. J[OKazaHa KOPPEKTHOCTh NPEIOKEHHOTO AITOPHTMa H
NpUBEICHA OLICHKA CIIOKHOCTH. [IpOBeNIeHBI SKCIIEPUMEHTHI, TI0Ka3bIBAIOIIHE, YTO TPEATI0KCHHBIH
QJITOPUTM HE MPOUTPHIBACT B IPOU3BOAUTENILHOCTH aNroputMy Bammanta u MoxeT OBITh
3¢ (eKTHBHO MPUMEHEH K 3aa4e MONCKA TTOACTPOK.

Pabora opranmsoBaHa ciemyrommM o0pa3oM. B pa3n. 2 maHBI OCHOBHEIC TOHATHS M TIPHBEICH
HCXONHBIN anropuT™ BanmaHTa; B pa3a. 3 mpeAcTaBiIeH alTOPUTM, SBILSFOIIUICS MOAH(HUKAIINEH
anroputMa BanmanTa, 1erKo afanTupyeMsli K 3aJ1ade oMcKa IMOJCTPOK U TI03BOJISIFOLIMH MOBBICUTD
WCTIONIB30BAHNE MApAJIETbHBIX TEXHHK, a TAaKXKe JOKa3aHa KOPPEKTHOCTh W MpPUBENCHA OLCHKA
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CJIO)KHOCTH MOI[I/I(l)I/IHI/IpOBaHHHﬁ BE€pCHU; B pasn. 4 moxka3zaHa NPUMEHUMOCTD MPCATTOKCHHOT'O
HaMU aJiIrOpuTMa K 3aJia4ye MorcCKa MmoACTPOK; B pasn. 5 MpCACTABJICHBI PE3YIIbTAThI IMIPOBEACHHBIX
OKCIICPUMECHTOB; 3aKJIFOYCHUEC U HAIIPABJICHUA 6yﬂyIIII/IX I/ICCHCHOBaHI/Iﬁ OPUBCACHBI B PA3JICIIC 6.

2. 0630p

B stom pasaciic Mbl BBEIEM OCHOBHBIC OIPCACIICHUA U OIMUIIEM aJI'OPUTM BaJ’II/IaHTa, Ha KOTOpOM
OCHOBBIBACTCs NPEAJIOKCHHAs B }IaHHOﬁ pa60Te MOZ[I/I(i)I/IKaHI/IH.

2.1 TepmuHonorus

I'pammaTukoii Oymem HasbiBaTh uerBepky (X, N,R,S), rme X — KOHEYHOE MHOXKECTBO
TEPMHUHAIBHBIX CUMBOJIOB, N — KOHEUHOE€ MHOXECTBO HETEPMHUHAJIBHBIX CUMBOJIOB, R — KOHEUHOE
MHOXECTBO NpaBUn BUpa @ — y,raea € VNV*,y € V*,V =Y UN uS € N — crapTOBbIil CUMBOJL
I'pammaTrka HazbIBaeTcsi KOHTEKCTHO-cBoOoaHOM (KC), ecm moboe ee nmpaBuio r € R umeer B
A-fB,tneAd € N,LEV™

KC-rpammatuka G = (X, N, R, S) Ha3pIBaeTCsl rpaMMaTHKON B HOPMabHOM (popme XOMCKOro, eCi
nr000€e ee IPaBUIIO UMEET OJHY U3 CIEAYIOMUX (OopM:

e A- BC,

e A-a,

e S - g(ecumycras CTpoKa € € L),

rne A,B,C €N, a € X, L; — A3bIK, OPOXKJa€MBbIil rpaMMaTHKOH G .

C nomomsio L (A) Oynem 0603HauaTh s3bIK, IOPOXKIaEMBbIN rpammatikoit G4, = (X, N, R, A).

2.2 Anroputm BanuaHTa

3agaveil CHHTAaKCHYECKOro aHa/IN3a SBIISETCS IPOBEPKa MPUHAIIECKHOCTH BXOIHOH CTPOKH S3BIKY,
NIOPOXKIAEMOMY HEKOTOPOM I'PaMMAaTHUKOM.
B3sTeiii 32 OCHOBY B JaHHO# cTaThe ainroput™ BanmaHta OTHOCHTCS K TaOJWYHBIM MeETOIaM
CHHTAKCHMYECKOrO aHalu3a, IJIaBHAs HAes KOTOPBIX — IIOCTPOGHHE Uil BXOAHOH CTPOKH
a = a, ..a, nu KC-rpammaruku B HOpManbHOU ¢(opme Xomckoro G = (X,N,R,S) Tabmuisl
(manee — matpuubl) pasbopa T pasmepa (n+1) X (n+ 1), rne T;; = {A: A€EN, a4 ..q; €
Ls(A)} ans Beex i < j.
OneMeHTHl MaTpuibl T IOJDKHBI 3alONHATHCS IOCIENOBATEIbHO, HaYMHAS C JUArOHAJM:
T;_1; ={A: A—>a; € R}.
3arem T; j Beraucistores no gopmyae T; ; = f(P; ), rae

j-1

Py ;

= | I Ti,k X Tk,j )
k=i+1
f(P,;) ={AI3A->BC€R,(B,C) € P}.
BxonHas cTpoka @ = @ ..., NIPUHANJIEKHT A3BIKY L, TOrga u Tonbpko Toraa, korga S € Ty 4.
Ecnu Bce aneMenTsI MaTpuIlel T 3aNI0OTHSATH MTOCIEA0BATEIBHO, TO BBIYUCIUTENbHAS CII0KHOCTD
naHHOro anroputma Oyaer pasHa O(n®). HambGonee 3aTpaTHOU 1O BpeMeHM omepauuei
j-1
apysiercss Boramcnenne U _,; Tix X Ty ;. Bammant Tpemnoknyn peopraHn3oBaTh MOPAIOK
3aIIOJIHEHNS 3JIEMEHTOB MAaTpHIbl pa30opa Tak, 9TO CTaJ0 BO3MOXKHBIM BBIIIOJHUTH 3TH

BBIYUCJIICHUA KaK IIEPEMHOXKECHUE HEKOTOPOTO KOJTUMYECTBA 6yJ'ICBBIX MaTpuil.
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Bxoausie nannbie: G — KC-rpammaruka, a = a, ...a,, a; € 2,n = 1, rnen + 1 —creneHs 1BOHKU
main():

compute (0,n + 1);

acceptifand onlyif S € Ty ,,

compute (I, m):

ifm—1=>= 4 then
compute (l,HTm );

compute (HTm, m)
complete (Z,HTm,HTm,m)
complete (I, m,l',m’):
ifm—1=1andm = [’ then
Ti—l,i = {A' A—- a; € R},
elseifm—1=1andm <[’ then
T;; = f(Pj);
elseif m—1> 1 then
l+m I+m

leftgrounded = (Z’T’T'm); rightgrounded = (

p U+mr b+ .
U,V————m);

bottom = (%, m, I, "2™); left = (I, I, "2,
right = (5, m, "2, m"); top = (L35, %, m);
complete(bottom);,

Pleft = Pleft U (Tleftgrounded X Tpottom)s
complete(lef't),

Pright = Pright U (Tbottom X Trightgrounded);
complete(right);

Ptop = Ptop U (Tleftgrounded X Tright);
Ptop = Ptop U (Tleft X Trightgrounded);
complete(top)

Jucmune 1. Ancopumm Banuanma
Listing 1. Valiant s algorithm

CHayaJa BBeIeM HOHATHE MIEPEMHOXKEHHSI ABYX MOAMATpPUIl MaTpuLbl pa3zdopa T.

Iycts X € (2V)™*L Y € (2N)*™ — nee moamatpunpl T, Torma X XY = Z, rae Z € (2N)™" u
Zy;=Uko Xip XYy )

Teneps MoskHO mpezncTaBuTh X X Y = Z xak nepeMHoxenue |N|? 6yneBbIX MaTpull (Hs Kaskaoi
napel HeTepMUHaJIoB). ONpeeuM MaTpPUILy, COOTBETCTBYIOIYIO Nape HetepmuHaioB (B, (), kak
ACIO N4 l.(f'c) = 1 Torma u Toneko Toraa, korma (B, C) € Z; ;. Taxxke samernm, uro Z B = X5 x
Y¢. Bonee Toro, Kaxmoe U3 HEPEMHOXKEHMIT OyIeBBIX MATPHUL MOXKET ObITH 00paOOTaHO
HE3aBUCHUMO.

C 3THMU U3MEHEHHUSMH CII0XKHOCTh anroputMa cocrasisier O(BMM (n)log(n)), rne BMM (n) —
BpeMsl, He0OXOIMMOe IS IEPEMHOXKEHUS JIBYX OYJIEeBBIX MATpHI] pa3mepa n X mn.

Anroputm Banmanta mnpeacraBneH Ha nuctuare |. Bcee oamementsr marpun T u P
MHAIUAIM3UPYIOTCS  IYCTBIMH ~ MHOXKECTBAMHU. 3aTeM 3TH 3JIEMEHTHl  IIOCIEIOBATENbHO
3aIMOTHAIOTCS IBYMS PEKYypPCHBHBIMH IPOLIEyPAMHU.

[Tpouenypa compute(l, m) koppekTHo 3anonnseT Bee T; j i Beex [ < i < j < m.

Hponenypa complete(l,m,l',m’) 3anonmnser Bce T;; mns Beex [<i<mu I'<j<m'. s
KOPPEKTHON paboThl STOM MPOUENYpPHI, BO-NEPBBIX, HEOOXONNUMO, YTOOBI >aeMeHThl T; j s
Beex i U j, Takux uro [ <i<j<mul' <i<j<m' yxke 6buM mocTpoeHsl. Bo-BTOPHIX,
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Tekyuiee 3Hauenue P;; nus Beex i u j, Takux uro [Si<m u ' < j <m’, 10/10KHO OBITH
CIIEIYIOLIUM:

Pj={(B,C)3k,(m <k <) a;4y ...ax € Lg(B), Ay .. q; € Ls(C)}.
Iporecc pa3dueHuss MATPUIBI BO BpeMsl BBIIONHEHUs ipouenypsl complete(l,m,l’,m")
nokasas Ha puc. 1. MaTpuia B JaHHOM ciydae 3a1ana yetsepkoit (I, m,l’,m"), u ona nenurcs

l+m r+mrs
Ha YEThIPE PaBHBIC KBAaAPATHBIC MOJAMATPHIIBI: bottom = ( m,l, ) left =
l+m +ms l+m lr+m l+m lr+mrs

(l—l’ ), right = (=, m ,m'), top = (L,—,
puc. l I/I306pa>KeHLI JIBE TIOIMATPHIIBI, chomﬂy}omnecs[ B HepeMHO)KeHI/II/I. leftgrounded =
( l+m l+m , U+mr U+mo ,)

l—,— m) rightgrounded = (l P

2

m) Kpowme Toro, Ha

m' i
a+m) 8 p (I+m)
W e

m

r

(1+m) '+m')

Puc. 1. Pazbuenue mampuy, ucnonvsoeannoe 6 npoyedype complete(l,m,l',m")
Fig. 1. Matrix partition used in complete(l,m,l’,m") procedure

Ha puc. 2 npexcraBieHo Hayano Iporecca 3arolHeHus: MaTpHLb! pa3bopa. B cnenyromem paszaene
Oyaer npuBeneH NpuMep padOoThl MOAMGUKAIMK, KOTOPBI HATTSOHO MPOJEMOHCTPUPYET
MIPEUMYIIECTBA MTPEATIOKEHHON HAMU BEPCUH.

PR W CW o
ENCR B0 0N I00 FOOOIPS FOIN

Puc. 2. llpumep pabomor arcopumma Baruanma
Fig. 2. An example of Valiant’s algorithm

2.3 3apaya noucka nogcTpokK

[Ipn ananu3e reHETHYECKUX MOCIEeI0BATENbHOCTEH B OMOMH(OpPMATHKE YacTO BO3HUKAET 3a/1ada
HaXOXJICHUS OTHOW MJIM HECKOJIBKHX ITOJIIIOCIIEI0BATEIbHOCTEH,

00J1a1af0MMX KaKHMH-TH00 XapaKTepHbIMU YepTaMy. Hannane 3THX MOAIOCIEn0BaTeIbHOCTEH, a
TaKKe UX B3aNMHOE PACIOIOKEHHE MTO3BOJIIOT HOMYYUTh BAKHYIO HH(OPMALNIO 00 HCCIeTyeMOM
OpraHu3Me, HalpHMep, O €ro MPOUCXOKICHNH. YacTh MOJX00B, HCIIONB3YEMBIX A UX TTONCKa,
OCHOBaHBI Ha (POPMAITBHBIX TPAMMATHKaX, C TOMOIIBIO KOTOPBIX MOKHO 3(h(hDEeKTHBHO OIMHCATh 3TH
4epThl. [ JIaBHBIM HEJOCTATKOM TAaKWX IIOAXOJOB SBIISIOTCS CYIIECTBEHHBIC MPOOIEMBI C
MPOM3BOAUTENBHOCTIO [16], KOTOPBIE MOXKHO PELIMTH C MOMOLIBIO anropurtMa BanuanTa, HO ero
TPYIHO OCTAaHOBUTH Ha OINpPENENICHHOM JTale 3alloJHEeHWs] MaTpUIbl pa3dopa M 3To morpedyer
MHOT0 JINIIHUX TIEPEMHOKEHUI MaTpHIL.
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3. Modudgpukayus anzopumma BanuaHma

B nanHOM paszene MBI TpeNCTaBIsSIEeM ajrOPHUTM, SIBISIOLIMICAS Momudukanmeil amropurMma
Bannanra. 3a cuer W3MEHEHHs TIOpPs/IKA BBIYUCICHHUS ITOAMATPHI] IMPEATIOKEHHBIH aIrOpUTM
o0llafiaeT TaKMMU TPAKTUYECKUMH NPEHMYIIECTBAMH, KaK BO3MOXXHOCTh MPHUMEHEHUS JUIS
pelIeHus 3a/1a9y MOUCKA MOACTPOK U YIPOIIEHHE HCIONb30BaHMs TapaJUIeIbHBIX BHIYUCICHHUH.
['maBHOE OTIIMYME IPEIUIOKEHHOTO AITOPUTMA — 3TO BO3MOXKHOCTh pa3/IeIeHHs MaTpHUIIbl pazdopa
Ha CJIOM HETIepEeceKarolnXCsl IOIMaTPHLl OMHAKOBOTrO pasMmepa. [Ipumep pa3OueHus mMaTpuil Ha
TaKue CJIOU MpeAcTaBieH Ha puc. 3. Kaxaplid cioif COCTOMT U3 KBaJpaTHBIX MOIMATPHI, pa3Mep
KoTopbIX paBeH 2", rfen > 0. Crnon 3amONHSIOTCS TOCIENOBATEIbHO, CHHU3Y BBEpX, M KaxKaas
MaTpHIIa CJI0s MOKET 00pabaThIBATHCS He3aBUCHMO. Ha puc. 3 KaXkIpIii CII0H BBIACICH OTACTBHBIM
LIBETOM, HYDKHSISI IOIMATpHILIA MaTPHULBI ciiost (bottom), MpUHAUISKUT TIPEIBIAYILIEMY CIIO0 U y)KE
3amonHeHa. TakuM 00pa3oM, JUTsl KaXKIOW MaTPHUIIBI CJIOS HAM HEOOXOIUMO 3arOHUTh TOJBKO
left, right u top-nogMaTpuIbl, TOATOMY TaKHe CJIOU MbI Oy/ieM Ha3biBaTh V-00pa3HBIMHU.

&

Puc. 3. Jlenenue mampuy na \'-obpasuvie ciou
Fig. 3. Matrix partition on V-shaped layers

[Ipumep paboTh! anropuTMa nokasas Ha puc. 4. HuwxHuii c10M, COCTOSIIMN U3 OAMATPHIL pa3Mepa
1, BeIuMCIIsIeTCA 3apaHee, a 3aloHEHHE MaTPUIbl HAYMHAETCS CO BTOPOro ciod. (3aech U aanee,
MOZ CJI0eM MaTpHl OyneM MOHMMAaTh HEKOTOPOEe MHOXKECTBO e€ moamartpul paszbopa.) Taxxke Ha
puc. 4 Ha Ka)XKIOM IIare H300pakeHb! OllepaLiy, KOTOPbIE MOT'YT OBITH BBINOIHEHHBIE HE3aBHCHMO,
YTO ITO3BOJISAET 3HAYUTENIFHO YIPOCTHUTH Pa3paboTKy MapauieIbHOW BEPCHH allrOpUTMa.
Mopudukanus anropurma Banuanra npezicrasiena Ha mucrunre 1. [Ipouenypa main() 3anonuser
HwKHUA cnoif matpuie! (Ty; 4 1), @ 3aTeM pas3JensieT MaTPUIly Ha CJIOM TaK, KaK OBLIO OMHMCaHO
paHee, ¥ 3TU CJIOM KOPPEKTHO BBIMHCISIOTCS B Tporenype completeV Layer(). Takum obpazom,
BbI30B (yHKIMK Mmain() 3amoJHUT BCIO MAaTPUILy pa3dopa U BepHET HH(POPMAIHIO O BBIBOJUMOCTH
CTPOKH IS 3aJaHHON IPaMMAaTHKU.

HENOCTUTaHHbIE
[ nocunTaktbie

. B npouecce

HEMDCYUTaHHBIE
Ha TeryLeM cnoe

Puc. 4. Ipumep pabomuvl moduduxayuu areopumma Banuanma
Fig. 4. An example of the modification of Valiant’s algorithm
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Bxonubie gannbie: G — KC-rpammaruka, @ = a; ...d,, @; €EX,n>1,rnen+1 =27
main():
forle {1,...,n}do
T4 ={A: A>a; € R}
fori<i<p-—1do
completeV Layer (constructLayer(i))
accept ifand only if S € T ,,
constructLayer (i):
{(k2%, (k + 124 (k+ 125, (k+2)2) |0 < k < 2Pt — 1}
completeLayer (M):
ifv(,mU,m)eEM (m—1=1)then
for (I,m,I',m") € M do
T = f(Puu)
else
completeLayer (bottomsublayer(M));
completeV Layer (M)
completeVLayer(M):
multiplicationTask, =
{left(subm), leftgrounded(subm), bottom(subm) | subm € M} U
{right(subm), bottom(subm), rightgrounded(subm) | subm € M};
multiplicationTask, =
{top(subm), leftgrounded(subm),right(subm) | subm € M};
multiplicationTask; =
{top(subm), left(subm),rightgrounded(subm) | subm € M};
performMultiplication(multiplicationTask,);
completeLayer(leftsublayer(M) U rightsublayer(M));
performMultiplication(multiplicationT ask,);
performMultiplication(multiplicationT asks);
completeLayer(topsublayer(M)
performMultiplication(tasks):
for (m,m1, m2) € tasks do
Pn = Pp U (Trn1 X Tinz)

Jucmune 2. Moougpukayus ancopumma Banuanma
Listing 2. Modification of Valiant’s algorithm
Jnst KpaTKOCTH, aHaJOTMYHO TOMY, KaK CIENaHO B airopurMe BanmanTa, omnpenennm
nornonHutensHble  QyHkuuu: left(subm), right(subm), bottom(subm), top(subm),
rightgrounded(subm) and leftgrounded(subm), KOTOpble BO3BpPAINAIOT pPa3IHYHbBIC
noaMaTpunbl A Mmatpuisl subm = (I,m,l,m’). Taxxke onpenenuM GYHKIMA Ui CIOS
noaMatpun M:
e hottomsublayer(M) = {bottom(subm) | subm € M},
leftsublayer(M) = {left(subm) | subm € M3},
e rightsublayer(M) = {right(subm) | subm € M},
e topsublayer(M) = {top(subm) | subm € M}.
Ipouenypa completeVLayer (M) npruHUMAET Ha BXOJ CJION HEMEPECEKAIOIIUXCSI TOIMATPHUI]
OMHAKOBOro pa3mepa M. [lns kaxaoit subm = (I, m,l’,m’) € M sta nporeaypa BeIYUACIISET
left(subm), right(subm), top(subm). [lyis KOppeKTHOMH pabOThI 3TOM MPOIEAYPHI, BO-
NEPBBIX, HEOOXOAMMO, YTOOBI SeMeHThl bottom(subm) u T; j nis Beex i ¥ j, Takux 410 [ <
i<j<mul <i<j<m/, yxe 6bum nocrpoensl. Bo-BTopeIX, Tekymee 3Hauenue P; ; 11
Beex i v j, Takux uto [ < i <mul’' < j < m’, 10IKHO OBITH CICAYIOIIUM:

P j= {(B,C):3k,(m <k <), a4y ...ax € Lg(B), g1 - a; € L (C)}.
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[Ipouenypa completeLayer(M) Taxke NpUHMMAeET Ha BXOA HabOp moaMaTpun M, HO KakIyro
subm € M 3anonHsieT NoNMHOCTHI0. OrpaHHYCHUs] Ha BXOJHBIC JAHHBIC Y 3TOI MPOLEIyphl TaKHe
XKe, Kak U y npouenypsl completeVLayer(), 3a uckinoueHueM orpanudenust Ha bottom(subm),
KOTOpOE B JTAHHOM Cliydae He TpeOyeTcs.
Hpyrumu  cnoBamu, completeVLayer(M) Beramcisier Bech V-o0pasubnii cimoii M, a
completeLayer(M,) — BcioMoraTenbHasi (PYHKIUS, HEOOXOAUMAs I BBIYUCICHUS MEHBIIUX
KBaJIPATHBIX MOAMATPUIL CJI0sT M.
Haxkonern nmponenypa per formMultiplication(tasks), e tasks —3T0 MacCHB TPOEK TOAMATPHII,
peanu3yer OCHOBHOM MIAr aJroputMa — rnepeMHoxeHne MaTpull. CTOUT 3aMEeTUTh, YTO B OTIHIHE
OT HCXOMHOI'0 airoputMa BanuaHTa, B maHHOM ciydae |tasks| = 1 u xaxneni task € tasks
MOKET OBITh BBIMIOIHEH MapalIeIbHO.
JIsist peCTaBISHHOTO arOPUTMa JJOKAXEM CIEAYIOIIHE YTBEPKICHHS.
Jlemma 1. Tlycte M — cnoii u s Beex (I, m, I, m') € M cnpaseniBo crenyromiee:
e muBcexiuj,Takmxurol <i<j<mul <i<j<m,
T, ={A: ay;..q; € LD}

e muiBcexiuj,Takuxurol <i<mul <j<m,

P j={(B,C):3k,(m <k <l'),a;41 ...ax € Lg(B), ay4q ...q; € Ls(C)}.
Torna npouenypa completeLayer (M) Bo3BpamaeT KOPPEKTHO 3anoiHeHHbie T; j 1 Beex i U J,
Takux 4to l < i <mul' <j <m’ npusrom (I,m,l',m") € M.
Jloxa3zaTejbCTBO.
WHnykims mo pasmepy MaTpull B cioe M. m
Teopema 1. (Koppexmuocms ancopumma). AJTOPUTM, TPEACTABICHHBIM HA JIMCTHHTE 2,
KOpPpeKTHO 3anonuseT T; ; 1uist BCeX i U j, ¥ BXOTHAS CTPOKA a; ...y, € L (S) Torma u TonbKo Tora,
korma S € Ty,
Joka3zarteJbCTBO.
Iepexn Tem, Kak HOKa3aTh YTBEP)KICHHE TEOPEMBI, JOKKEM [0 HHIYKIUHU, YTO BCE CJIOM MaTPULIBI
pas3bopa T BBIUUCISAIOTCS KOPPEKTHO.
basza unoykyuu. Crnoit pazmMepa 1 X 1 KOppeKTHO 3amONHAETCS B CTpOKax 2-3 nucTuHra 2.
Huoyxyuonnwiii nepexoo. TIpeanonoxum, 4to Bce ciIod pasMepa < 2P72 x 2P~2 ppaucieHst
KOPPEKTHO.
OGo3HauuM cioif pasmepa 2P~! x 2P~1 kak M. Bymem paccMaTpuBaTh OIHY MATpMILy CJIOS
subm = (I,m,l',m"), Tak Kax 3aIOMHEHNE OCTAIBHBIX TOAMATPHI] IPOU3BOIUTCS AHAJOTUIHO.
Paccmotpum BBI30B Tiponenypel completeVLayer(M). 3ametum, 4uto Bee T; j s Beex i H J,
Takux 4t0 [ <i <j<m m I'<i<j<m, yKe KOpPPEeKTHO 3allOJIHEHBI, TaK KaK JTH
JJIEMEHTEHI JISKAT B CIIOAX, KOTOPBIE YK€ BBIYUCIEHBI 10 HHAYKIIHOHHOMY MPEATOI0KEHHIO.
B Havaie BBIMOJTHEHU ST MPOLIEAYPHI completeVLayer(M),

performMultiplication(multiplicationTask,) nobaenser k Kaxaomy P;; Bce mapsl

Herepmunanos (B, C), Takue uto 3Kk, (HTm <k< l’),ai+1 @y € Lg(B), gy -0 € Lg(C) mna

lr+mr

Beex (i,j) € leftsublayer(M) u Bce maper (B, C), takue uto 3k, (m <k < T),aiﬂ @y €
Ls(B), Qg1 -0 € L(C) mus Beex (i,j) € rightsublayer(M). Teneps Bce HpemycloBHs JUIs
BbI30Ba Tiporeypsl completeLayer(leftsublayer(M) U rightsublayer(M)) BbINOTHEHBI  OHA
BEpHET KOPPEKTHO 3amnonueHHsie leftsublayer(M) U rightsublayer(M).

3arem ¢yukuus performMultiplication BebiBaetcs ot aprymenroB multiplicationTask, u

multiplicationTask; u k xaxmomy P;; noGasnser napel nerepmunanos (B, (), Takue uTO
l+m

3k, (T <k< m),ai+1 Qi € Lg(B), Qyyq - a5 € Lg(C) m (B,C), takme uro 3k, (l' <k<
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%),am @y € Lg(B), Qyyq - a; € L(C) nns Beex (i,j) € topsublayer(M). Tak xak m' =

[ (13 mocTpoenus cros), yciaoBus Ha MaTpuily P Bemonuensr u completeLayer(topsublayer)

BEPHET KOPPEKTHO 3aIoJHEHHBIN topsublayer(M).

Takum obpazom, completeVLayer(M) nns kaxmnoro ciost M Bo3Bpariaer KOppeKTHLIe T;; mus

Bcex (i,j) € M marpunel T W CTpOKH 4-6 JIMCTHHTA 2 BO3BpAIIAIOT BCE {A A EN,

Qi1 -0 € Ls(A)}. =

Jlemma 2. Tlycrs calls; — 5T0 KONMM4YECTBO BBI30BOB TpoLenypsl completeVLayer(M), rae s

Beex (I,m,lI',m") € M Bemonaeno m — [ = 2P~'. Toraa UCTHHHBI CIEAYIOIIAE YTBEPKICHU:

o mmiBcexi€ {1,...,p—1} TS| M| = 22i-1 — it

e s Bcex i € {1,...,p — 1} Marpuusl pasmepa 2P~ X 2P~! mepemHoxkaroTcs poBHO 22171 —
2! pas.

l]

Joka3zaTejbCTBO.

CHayaJja TOKa)keM TIepBOe YTBEPIKACHHE HHAYKIIUEH 110 .

Baza unoykyuu. Tpu i =1: calls; = 1u|M| = 1. Cnenoparensno, 2271 — 2i=1 = 21 —
20 = 1.

HUnoyxyuonnwiii nepexoo. IIpenmonoxum, 9ro anllsl M| = 2%-1 — 271 g peexi € {1,...,j}.
IMycte i = j + 1.

3amernm, uto dynkuus constructLayer(i) Bosspamaer 2P~¢ — 1 matpui pasmepa 2¢ X 2i, 1o
€CTh TPH  BBI30BE  IPOLEAYPHI completeVLayer(constructLayer(k i)) mnporenypa
constructLayer(k —i) Bepmer 2{— 1 wmatpun pasmepa 2P x 2P7i Taxoxke,

completeVLayer(M) Oyner BbI3BaH 3 pasa Juisi JIEBBIX, MPABBIX M BEPXHHUX MOJMATPHI] MATPUII
pasmepa 2P~ =1 x 2P~ -1 Kpome Toro, completeVLayer(M) BoibBactcs 4 pasa ans
HIDKHMX, JIEBBIX, TPABBIX M BEPXHMX TOAMATPUI] MaTpui pasmepa 2P~ (1=2) x 2P=(i=2) 33
MICKJTIOUEHHEM JIEBBIX, TIPABBIX M BEPXHUX TIOAMATPHIl pasMepa 2¢ ~ 2 — 1 MaTpuil, KOTOpbIE K 3TOMY
MOMEHTY YK€ ObLTH TIOCYUTAHBL.

u - 1) — i—2) —
Takum o6pasom, Yoo, |M| = 28 — 1 + 3 » (227D -1 — 2(-D-1y 4 4 4 (2202 -1 _
2(L 2) — 1) (212_1)_2211 211

1 i—1)— i—1)—
Temeps MBI 3HaeM, 4TO Yoo, ' t|M| = 22(-D-1 — 20-D-1" y yoxkem mOKasaTh BTOPOE
yTBepKaeHne. [TocunTaeM KOTHUECTBO TEPEMHOKEHHH MaTpuil pasMepa 2P~F X 2P~ dynxims
per formMultiplication BeBBIBacTcs 3 pasa, |multiplicationTask,| =2 x (22(-D-1 —
20D y |multiplicationTask,| = |multiplicationTask,| = 22(=D~1 — 2G=D~-1 To ects,
KONMYECTBO TEPEMHOKEHMH momMaTpuil pasmepa 2P~1 X 2P70 papmo 4 x (22(-D-1 —
2(1’—1)—1) — 22i—1 _ 21’ u
Teopema 2. (Oyenxa croocnocmu areopumma). Ilycts |G| — niiHa onmucaHus TpaMMAaTHKA G 1 1
— JUTMHAa BXOTHOH cTpoku. Toraa anropurs, MpeacTaBiIeHHbIH Ha JIUCTHHE 2, 3aM0HICT MATPHUILY
T 3a O(|G|BMM(n)log(n)), rme BMM(n) — Bpems, HEOOXOMMMOE IS IIEPEMHOKEHHS IBYX
OyIIeBBIX MATPHII pa3mMepan X n.
Jloka3zaTreJbCcTBO.
Tak Kak B jieMMe 2 OBUIO [TOKa3aHO, YTO KOJIUYECTBO MEPEMHOKCHHH MATPHUIl HE H3MEHHIOCH IO
CpaBHEHHIO C WCXOIHOH BepcHel anroputMma BammaHTta, TO J0Ka3aTeNbCTBO OyAeT WACHTHIHO
JI0Ka3aTeIbCTBY TeopeMsl 1 B [8]. m

Takum 00pa3oM, MBI TOKa3aId KOPPEKTHOCTH MPEATIOKEHHOTO aITOPUTMA, a TAaKKe MOKa3aJd, 9To
€ro CI0XKHOCTB OCTAJIaCh TAKOH ke, KaK CI0KHOCTh MCXOJHOr0 anroputMa Banuanra.
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4. MpumeHeHue anzopumma K 3adaye rnoucka noAcmpokK

B nmanHOM paszene MBI NPOJEMOHCTPUPYEM, KaK MPEUIOKCHHBIH aJrOpUTM MOXET OBITH
MIPUMEHEHa K 3a/1a4e ITONCKa TOJICTPOK.

[TycTb 11 BXOAHOW CTPOKHM pa3mMepan = 2P MBI XOTHM HaiTH BCe TOJICTPOKH pa3Mepa S, KOTOpbIe
TIPUHAUIEKAT SA3BIKY, 3aJAHHOMY I'paMMaTHKOH G . Toraa MbI IOJKHBI IIOCYUTATH CIIOH TTOIMATPHII,
pasMep KOTOPBIX He npeBbimaer 27, e 27 "2 < s < 271,

[Iycts r = p - (m — 2) u, cnegoBarenbHo, M — 2 =p - 1.

Jlns Bcex m < i < p HepeMHOKeHHe MaTpHIl pasmepa 2P ¢ X 2P~ ppmonusercs poHo 2271 —
2! pa3 u kax0e U3 HUX BKIrouaer nepemuoxkenne C = O(|G|) GyneBbIX moaMAaTpHII,

14 r
C * Z 22i—1 % Zw(p—i) *f(zp—i) =(C % 207 & Z 2(2—m)i * 22(p—r)—1 * f(zr—i)
i=m i=2

T T
< C * 207 *f(zr) % 22(p—r)—1 % Z Z(Z—w)i — BMM(ZT) * 22(p—r)—1 * Z 2(2—w)i
i=2 i=2
BpemeHnHass CIOKHOCTH ~ @JTOpUTMa JUIsi  TIOMCKa BCeX TOACTPOK JUIMHBI S  paBHA
0(22®~"-1G|BMM(2")log(n)), rae MONOTHUTEIbHBI MHOXKHTETh OGO3HAUYAET KOJTHUYECTBO
MaTpull B TIIOCIEJAHEM BBIYUCICHHOM cjoe. OJHAKO JTOT MHOXHTENb, BO-TIEPBBIX, Mal
OTHOCHTENFHO 001l 0 BpeMeHHU paboThl ajlropuTMa, BO-BTOPHIX, HE CYLIECTBEHEH, TaK KaK 3TH
MaTpHll MOTYT OBITh 00pa0oTaHbl TNapajuleNbHO. AnroputM Banumanra, B OTJIIMUME OT
Moan(HUKAIHU, HE MOXKET TakK JIETKO ObITh MPUMEHEH K JIaHHOW 3ajade. B Hem Oyner HeoOXoaumo
HIOJIHOCTBIO BBIYUCIINTh, KAK MUHUMYM, JIBE€ TPEYTrOJIbHBIC MOIMATPHIIBI pa3Mepa g (kak mokazaHo

Ha puC. 5). DTO 3HAYMT, YTO B JIOOOM CiIydae HE IOIYYUTCS JOOUTHCS CIOXKHOCTH JIy4Ile, YeM
0(IGIBMM(2P~Hlog(p — 2)).

Puc. 5. Komuuecmeo snemenmos, goluucisemvlx 6 anzopumme Baruanma (2 mpeyzonsnoie noomampuypl
paszmepa g 6bIOC/ICHHBLE 3C/EHbIM YBEMOM)
Fig. 5. Elements computed in Valiant’s algorithm (at least 2 triangle submatrices of size 2 , which are
marked in green).
B 3aBepiiieHne JaHHOTO pa3/ienia CKaXeM, YTO MPEATI0KEHHBINA alrOpUTM MOXKET ObITh 3()(DEKTUBHO
MIPUMEHEH ISl CTPOK pa3Mepa S << 1, 94To ¥ OBIIO TIOKa3aHO B MPOBEAEHHBIX IKCIIEPHMEHTAX.

5. dkcnepumeHmMbI

B »sTOM pasgene MbI NPHBOAMM PE3YIbTAaThl SKCIIEPUMEHTOB, LENBI0 KOTOPBIX SBISETCA
JEMOHCTpanysl NMPAaKTUYECKOH IMPUMEHUMOCTH TPEUIOKEHHOTO alropuTMa K 3ajade MOHCKa
TIOACTPOK.

5.1 NocTtaHOBKa aKCNepPUMEHTOB

DKCIIEPUMEHTHI TIPOBOMMIACH Ha pabouell CTAHIMH CO CIEAYIOIIMMH XapaKTepPUCTHKAMU:
orepanronHas cucrema — Linux Mint 19.1, TITTY — Intel i5-8250U, 1600-3400 Mhz, 4 Core(s), 8
Logical Processor(s), oneparuBHas mamsite — 8 GB.
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Bbla BEIMOTHEHA peann3alys HCXOIHOTO alropuT™Ma BaniaHTa U NpeayioKeHHOro alnropuTMa Ha
s3bIKe porpammupoBanus C++. J171s mepeMHOKEeHH s TOAMATPHI] HCIIOIb30BaIach ONOIHOTEKa AJIst
BbICOKOd(h(hekTHBHOM paboThl ¢ OyneBbiMu MaTpuiiaMu M4RI [9].

OCHOBHOW WEJBI0 MOCTaBICHHBIX JKCIEPHUMEHTOB OBbUIO HCCienoBaHHe 3I(P(HEKTUBHOCTH
MPEUIOKEHHOTO aTOPUTMA.

JLsist 5TOro ObLIH MOCTABIICHBI CIIEMYIOIINE BOIPOCHL:

RQL. Cpasnernue npeonosicennozo ancopumma ¢ uCXOOHbIM aneopummom Banuanma.

RQ2. Ogppexmusnocms npumenenust npeodiodiceHH020 aneopumma 0Jist 3a0ayu HOUCKA NOOCMPOK.
JI7isl CpaBHUTENBHOTO aHAIN3a aIrOPUTMbI OBLTH PeaTn30BaHbl B COOTBETCTBHH C JTUCTUHraMH 1 u
2. Tlpu uccnenoBanuu 3PHEKTUBHOCTH MPEATOKEHHOTO alropuTMa K 3ajade MOMCcKa MOICTPOK
ObiTa m3MeHeHa GyHKUs main() W3 JHUCTHHTA 2. Telepb OHA MPUHHUMACT OMOTHUTENbHBIH
ApryMEHT S — JUTHHY MaKCHMAJIbHOH UCKOMO# MOJCTPOKU U BBIUKMCIISAET TOIBKO TE CIIOU, KOTOPbIC
coziepkaT B cebe Hy)KHbIE MOMCTPOKH, Kak ObLIO MOKa3aHO B MPEIBIAYIIEM pa3/iene.

Jna sxcnepuMenToB Hcnonb3oBanack KC-rpamMaruka D,, nopoxkaaromas si3elk Jluka ¢ AByMs
BUJIaMHU CKOOOK U cTapTOBbIM HeTepMmuHaioM S [17]. [IpaBuna faHHOW rpaMMAaTHKH
npencraBieHsl Ha puc. 6. [[IpuBiIekuTe BHUMAHNE YATATENS C TOMOIIBIO SIPKO# [IMTATHI U3
JIOKYMEHTA HJIH UCTIONB3YHTE 3TO MECTO, YTOOBI BBICTUT KITFOYEBOi MOMEHT. UTOOBI TOMECTHTH
3TO TEKCTOBOE TIOJIE B JIFOOOM YaCTH CTPAHHIIBI, TPOCTO MEPETAIIHUTE €ro. |

S>> SS1(S)|[S]]e

Puc. 6. I'pammamuxa D,
Fig. 6. Grammar D,

OT1a rpaMMaTtuKa Oblja BEIOpaHa OTOMY, YTO TPAMMATHKH AJIsL OIIMCAHUS PABUIIBHBIX CKOOOYHBIX
MOCIIEZIOBATENILHOCTEH YacTO NPUMEHSIOTCS IIPU aHaJIM3€e CTPOK B OMOMH(pOpMAaTHKE.

I'pammatuka D, epeBoaUTCs B HOpMaNIbHYIO (hopMy XOMCKOT0 ¥ IIOJaeTcsl Ha BXOJ aJITOPUTMY CO
CHEIHaIbHO CIeHEPUPOBAHHBIMHU CTpOoKaMH paznuuHoi ummHbl (127-8191 cumBonoB). Ctpoku
COCTaBJICHBI CIICIYIOIIMM 00pa30M: 3apaHee CO3/aeTcs MOACTPOKaA, MpUHaAIeKammas s3bIKy Juka,
Jiajiee B TOJIHYIO CTPOKY BCTaBJIIETCSI MAKCHMaJIbHO BO3MOXKHOE KOJTHMYECTBO CO3AaHHbIX MOJCTPOK,
KOTOpbIE MOXKHO pa3JeNuTh ‘‘TieperoponkaMu’ (TepMUHAJIAMH, H3-32 KOTOPBIX BCE OCTaJIbHBIE
CTPOKH, KPOME BCTAaBJICHHBIX, OYIyT HEBBIBOOUMBIMH B TpamMMaTuke D,). CTpOKH OBLIN CO3aHbI
TaKUM 00pa3oM, YTOOBI IPOBEPATH KOPPEKTHOCTH MPEIIOKEHHOTO aJITOPUTMA.

5.2 AHanu3 pe3ynbTaToB

RQ1. Cpasnenue npeonoscennozo areopumma ¢ ucXoouvbim areopummom Baranma.

Pe3ynbpTaThl CpaBHUTENFHOTO aHANM3a ajNroputMa BanuaHta u ero Moau(UKauy MPEICTABICHBI B
Tabn. 1, rne N — minHa creHepupoBaHHON cTpoku. st qByX peanm3anuii — anroputMma Bammanra
(VAL) u penoxentoro anmropurma (MOD) nipezacTasiieHo BpeMst paboThl B MIJUTHCEKYH/IAX.
PesympTaTtel cpaBHUTENBHOTO aHamm3a (cM. Tabm. 1) TOKa3pIBalOT, YTO MPEIOKEHHAS
Moau(HKaIUs U UCXOAHBIN anropuT™ BanmaHta paboTaroT NpakTHYECKH OAHHAKOBO.

RQ2. D¢ghpexmusrocms npumenenus npeoiodicenno2o aneopumma OJist 3a0ayu HOUCKA HOOCMPOK.
Pe3ynbTaThl paboTHl aIaNTHPOBAHHOM K 3a7ade IMOMCKa MOICTPOK MOIU(BHKAIMHU TIPEACTABICHEI B
Tabn. 2, rme N — [iHAa CTeHepUPOBAaHHOM CTPOKH, S — UTMHA HCKOMBIX TOICTPOK. {71 anropurma
Bamunanrta (VAL) u momudukaru ¢ usmeHennoi gyukiueit main() (ADP) npencraBieHo Bpemst
paboTHl B MUJUTUCEKYHIAX.
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Tabn. 1. Pezynvmamoel CpasHUmMeNbHO20 aHAIU3A
Table 1. Evaluation results for comparative analysis

N VAL MOD
127 78 76
255 289 292
511 1212 1177
1023 4858 4779

2047 19613 19279
4095 78361 78279
8191 315677 = 315088
Tabn. 2. Pe3ynomamul pabomsl aneopumma 0is 3a0auu NOUCKA NOOCHpPOK
Table 2. Evaluation results for string-matching problem
S N VAL ADP
250 1023 4858 2996
250 2047 19613 6649
510 2047 19613 12178
250 4095 78361 | 13825
510 4095 78361 | 26576
1020 =~ 4095 78361 | 48314
250 8191 = 315677 = 28904
510 8191 = 315677 = 56703
1020 8191 = 315677 108382
2040 8191 315677 197324
Pe3ysnbraThl BTOpPOro 3KkcnepuMeHTa (CM. TaOi. 2) MOKa3bIBAIOT, YTO aJaNTHPOBAaHHAs BEPCHs
Mou(UKAIMK MOXKET ObITh PPEKTUBHO MPUMEHEHA K 3aj1a4e MOUCKA MOJICTPOK: OHA KOPPEKTHO
HaXOJUT BCE BBIBOJUMBIE IOJCTPOKH B CTPOKE M pabOTaeT CyIIECTBEHHO OBbICTpee alropuTMa
BanmnanTa, KOTOpBI coBepIIaeT OONBIIOE KOTHIESCTBO JIMIITHUX BEIYHUCICHHH H3-3a CIIOXKHOCTH €T
NIPEXAEBPEMEHHON OCTAHOBKHU.

Taxum 00pa3oM, MOCTaBICHHBIE KCIEPUMEHTHI JEMOHCTPHPYIOT IPAKTHYECKYIO IPHUMEHUMOCTD
MIPEATI0KEHHOTO AJITOPUTMA.

6. 3aknroyeHue

B nanHoif pabote ObLT peATIOKEH aJTOPUTM, SBJISIONIEiica Moaudukanueit anroputMa Bannanra,
KOTOPBI 00JIaZjaeT HEKOTOPHIMH MPEUMYIIECTBAMH 0 CPAaBHEHHUIO C MCXOIHOH Bepcueit. 3a cuer
pa30ueHnsT UCXOMHOW MaTpHUIBl HA CJIOW IMOAMATPHIl MOSBHIACH BO3MOXKHOCTH OCTaHABIHMBAThH
pabory amropurMa, HE BBIYHCISAS BCIO MaTpHIly pa30opa H0 KOHIA, €CIH 3TOro Tpedyer
MocTaBJIeHHas 3a1a4a. [IpoBeaeHHbIE SKCIIEPUMEHTHI TOKA3aIH, YTO MPEUIOKCHHBIN allrTOPUTM He
MIPOUTPHIBAET B MPON3BOAUTEIFHOCTH MCXOIHON BEpCHH anroputMa. bomee Toro, Obl1a moka3aHa
MIPUMEHUMOCTh TaHHOW MOAN(HKALNH K 33]a4e MOMCKa ITOICTPOK.

OmnpenenyM HECKOJIBKO HANpaBICHUH Al OyAymux ucciaenoBaHuid. Tak Kak BCe MOAMATPHIBI B
cioe MoryTt ObITh 00pa®oTaHBI HE3aBUCHIMO, HEOOXOAMMO MPOBEPHUTH, HACKONBKO 3((HEKTUBHO
MOT'YT OBITh IPIMEHEHBI TEXHUKH MTapaJUIENbHBIX BRIYUCICHUH. Kpome Toro, OTKpHITEIM OcTaeTcs
BOIIPOC, MOXXHO JIM Kak-HUOYZAb €Ile M3MEHHTHh IOPSIOK IMEPEeMHOXEHHUS IOIMATPHI, YTOOBI
TIOTHOCTBIO N30aBHUTH aJITOPHTM OT PEKYPCHUBHBIX BHI30BOB?
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Abstract. The language-oriented approach is becoming more and more popular in the development of
information systems, but the existing DSM platforms that implement this paradigm have significant limitations,
including insufficient expressive capabilities of the models used to implement visual model editors for complex
subject areas and limited abilities to transform visual models. Visual languages are usually based on graph
models, but the types of graphs used have certain limitations, such as insufficient expressiveness, the
complexity of representing large-dimensional models and operation executions. For creating a tool that does
not have the described constraints, development of a new formal model is needed. HP-graphs can become a
solution for this problem. It is not only possible to create new visual languages for diverse domains based on
them, but also to develop efficient algorithms to perform different operations on models constructed using these
languages. The HP-graph definition is given and the justification of the expressive power of the proposed model
is presented, the main operations for HP-graphs are described. The chosen graph formalism combines the
capabilities of different types of graphs to represent visual models and allows creating a flexible model editor
for the DSM platform, to implement effective algorithms of performing operations, in particular, model
transformations.
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AHHOTaUMsA. SI3bIKOBO-OPHMEHTHPOBAHHBIN IIOAXOJ CTAHOBHMTCSA Bce Oonee MOMYJISAPHBIM IpU pa3paboTke
UH(POPMAIMOHHBIX CHCTEM, OIHAKO cyliecTBytomue DSM-uiaropMel, peanisyronye 5Ty napagiurmy, IMEIoT
CYLIECTBEHHBIC OTPAaHUYEHHMS, BKIOYAIOIIME HEJIOCTATOYHBIC BBIPA3UTENbHBIE BOSMOXXHOCTH MOJENICH,
HCHOJIB3YEMbIX IS pealii3allii PEAaKTOPOB BU3YaJbHBIX MOJENEH Ul CIOXKHBIX MPEIMETHBIX 00JacTeil, u
OrpaHUYEHHbIE BO3MOXKHOCTH JUISl TpaHC(opManuM BH3yalbHBIX MOZENeH. BusyanbHbIe S3bIKM OOBIYHO
OCHOBaHBI Ha rpad)OBBIX MOJIEIISIX, OJHAKO UCIIOJIb3YeMbIe TUIIBI IPad)OB UMEIOT ONpe/ieIeHHbIE OrPAaHUYCHHS,
TaKHe KaKk HeZI0CTATOYHAsl BBIPA3UTEIILHOCTD, CIIOKHOCTD MPEJICTaBICHUs MOJieliel OOMBIION pa3MEpHOCTH, a
TaKKe TPYJOEMKOCTb BBIIOIHEHUS onieparuii. J{ist co3nanus MHCTPYMEHTA, HE HMEFOLIErO OMHCaHHbBIX BbIIIE
orpaHuYeHM, HeoOxommuma pa3paboTka HOBoW (opmaibHOW Moaenu. HP-rpadsl MoOryr crath perieHueM
JaHHOI mpobiembl. ViMeeTcsi He TOJIbKO BO3MOMKHOCTB CO3/IaBaTh HOBBIC BH3YAJIbHBIC SI3BIKH JUISl PA3INYHBIX
MpeIMETHBIX o0JacTeld Ha WX OCHOBE, HO W pa3paborarh 3P(GEKTHBHBIC aITOPUTMBI AJIS BBIIOJIHEHHS
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pa3IMYHBIX ONepalii HaJ MOJCNISIMH, IOCTPOSCHHBIMH C HCIIONB30BAaHHEM JTHX SI3BIKOB. B crarhe maHO
ompenenenne HP-rpada, a Takxke mpuBeneHO 0OOCHOBAHHE BBIPA3HTEIBHON MOIIHOCTH MPEIIOKEHHOH
MOJIENH, OIMCaHbl OCHOBHEIE omeparmu a1t HP-rpados. BriOpanusiii rpadosrii Gpopmann3m o0beIuHIET
BO3MOXXHOCTH PA3JIMYHBIX THIOB I'pad)oB TS MPEACTaBICHUS BU3yalbHBIX MOJIENICH M MO3BOMISET CO3JaTh Ha
€ro ocHoBe TrHOKMH pemakrop Mozened it DSM-mmardopmsl, peamusoBath >(QEKTUBHBIE aITOPUTMBI
BEITIOJTHEHHS ONIEpaIii, B YaCTHOCTH, TPaHCOPMALUH MOEIICH.

KitioueBbie c10Ba: npeqMeTHO-OpHEHTHPOBAHHEIH s13p1K; DSM 1atdopma; Bu3yanbHas MOIENb; TpadoBast
Mozenb, HP-rpad; anropurmsl Ha rpadax.

Jdas uutupoBanusi: CysopoB H.M., Jlsmosa JLH. HP-rpad xax ocHoBa misi pa3paboTKu penakTopa
Bu3yanbHEIX Mozeneld DSM-margopmer. Tpyner CIT PAH, Tom 32, Bemm. 2, 2020 r., crp. 149-160 (ma
anrnuiickoM si3sike). DOI: 10.15514/ISPRAS-2020-32(2)-12

1. Introduction

The study of any objects and processes, as well as their design, can barely be done without modeling,
that is why software tools that allow non-IT specialists to build various models and formalize
descriptions of objects and processes, or use modeling as a method of analysis for the study of
objects are becoming more popular. Among the subject areas where modeling is particularly
important, the development of information systems stands out. Currently the main approach to
creating large information systems is a model-oriented approach [1]. Using it, developers usually
deal only with models, which helps to ensure high quality of programs and prevent errors. CASE
tools [2], which automate the system development process as much as possible due to the capabilities
of visual modeling, model interpretation, and code generation based on the created models, are used
especially for these purposes.

However, the traditional model-oriented approach to developing systems has its drawbacks, among
which are:

o universality of the languages used for system development as languages operate not in terms of
the subject area, but in constructs of the means by which the system is created;

e immutability of modeling languages, which does not allow all the subtleties, pitfalls, and
limitations of the subject area to be displayed and taken into account;

o complexity of modification of the created systems as making changes to the system is possible
only if there are development tools, source codes and a professional IT specialist;

e the impossibility of transitioning from one modeling language to another, but, creating large
systems usually involves building several models describing the system from different points of
view, with different granularity, so in such cases, there is a need to harmonize the models created
by different professionals at different stages of development, which requires the ability to
perform a transition from one modeling language to another.

These problems are solved by a paradigm called language-oriented programming [3]. This paradigm

at the initial stage of development implies the creation of a metamodel of a subject area represented

by one or more languages for solving various project tasks. These languages are used to build the
necessary models for implementing the system. For implementing this approach DSM-platforms

[4], language tools, and Meta-CASE systems, such as MetaEdit+ [5], which facilitate the

development of domain-specific languages (DSL), are usually used. These languages operate in

terms of the subject area and reflect the specifics of the tasks they solve. Moreover, subject-oriented

languages can also consider the qualifications of users who will use them [6].

Nevertheless, existing tools only partially solve the problems of the traditional approach to

modeling. To solve all the problems described above, a language tool must meet the particular

requirements [4], [7], [8]. It should

o have an ability to define modeling languages for most subject areas;
¢ have an ability to dynamically change the modeling language;
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e have an ability to alienate the created modeling language from the system where it has been
developed;

e have an ability to modify the visual model of the system, rather than the source code, when a
modeled process or system undergoes changes;

o unify representation and description of both models and metamodels, which allows a person to
work with models and metamodels using the same tools, as well as, for example, provides the
opportunity to perform vertical and horizontal transformations of visual models.

To create a tool that has all these features, the development of a new formal model is needed. Visual
languages are usually based on graph models [1], but the types of graphs used have limitations, such
as insufficient expressiveness of the created models, inefficiency, and complexity of operations.
However, there is a more powerful formal model that solves these problems, but has not been used
by developers yet, which is called a hypergraph with poles (HP-graph) [9], which connects the
expressive capabilities of various types of graph models.

2. Related works

Many different tools have been created that allow people to develop modeling languages and build
models based on these languages. These tools are Microsoft DSL Tools [10], Eclipse Sirius [11],
MetaEdit+ [5], Microsoft Visio [12], QReal [13], etc. Detailed description and comparison of these
platforms is given in [4]. All these platforms have some limitations and do not fully meet the
requirements described above. Consideration of main constraints of the platforms is given below.
Microsoft DSL Tools uses templates based on UML diagrams to create a new DSL, which leads to
complexity and confusion when building model hierarchies and leads to appearance of limitations
and inaccuracies in the resulting modeling language [8]. Moreover, this platform is characterized by
the lack of the ability to dynamically change metamodels and transform models, as well as the
inability to use DSLs outside of MS Visual Studio.

Eclipse Sirius offers a solution for rapid development of a graphical tool for DSM, but certain
complex tasks may require changes to the EMF and GMF code. There is also a need for interpreted
expressions which will be evaluated at runtime to provide a behavior specific to domain and
representations and which can only be written in Acceleo, OCL or Java [11]. Sirius allows a user to
perform horizontal transformations, but the knowledge of special addons is needed.

MetaEdit+ contains only limited possibilities for transforming visual models. Models exported from
the platform have their own format, which makes it difficult to use models created in this platform
in other software tools.

The main drawbacks of Microsoft Visio are the inability to change the modeling language while the
system is running, and the need to purchase MS Visio to use the tools developed on its basis. Also,
a language metamodel can only be built using a UML class diagram, which significantly limits the
platform's capabilities and complicates the process of creating languages.

The QReal platform does not have the ability to change the metalanguage, the ability to transform
models, and this platform is characterized by the complexity of modifying the created modeling
language.

As it seems from the Table 1, there is no platform that meets all the previously given requirements.
Nevertheless, it should be noted that at least some of the requirements for tools are met by each of
the platforms listed.
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Table 1. The comparison of the tools

;k;;l;ty to define modeling languages for most subject + + + + +
Ability to dynamically change the modeling language - - + - -
Ability to alienate the created language from the system - + - - -
Ability to modify the visual model + + + + +
Ability to perform a horizontal transformation - + - - -

Modeling and designing information systems tend to be done using special methodological
approaches which can be divided to structural and object-oriented approaches. Despite the difference
in the approaches and the division of all tools into two large groups depending on the approach
underlying them (UML and "No-UML"), there are general modeling principles that the model
should be aimed to implement.
The essence of the structural approach is to decompose a process into automated functions — the
function of the upper level is decomposed and divided into subfunctions, refining properties of the
functions at the upper levels of the hierarchy. Each subfunction, in turn, is decomposed into elements
of the next level, and this happens until the obtained structure becomes trivial enough. Among the
diagrams of this approach are Structural Analysis and Design Technique (SADT), a Data-Flow
Diagram (DFD) and an Entity-Relation Diagram (ERD). The structural approach is used in
simulation systems [15], as well as for functional and information modeling [16]. DSL can also be
developed as part of this approach [17].
The essence of the object-oriented approach is an object decomposition, when the system is
represented as a set of objects that exchange messages during the interaction. Moreover, the object
itself in this case is an independent entity characterized by its state, behavior, and semantics [18].
Based on this approach, a set of DSLs [19],[20] is developed, but this approach is characterized by
certain disadvantages, among which the complexity of building a hierarchy of models is highlighted.
Using this approach does not always allow a person to properly express the concepts of the subject
area, so the resulting language may have some limitations and inaccuracies. However, using it we
can significantly reduce the language development time [21]. With all this in mind, the formalism
underlying the visual model editor for a DSM-platform must meet the following requirements:
o toallow multi-level and multi-aspect modeling, which makes the decomposition of models from
different points of view possible;
e tounify the description of models at different levels of the hierarchy, which means that the same
formalism should be used to describe both models and metamodels;
e to allow development of modeling languages for a wide range of subject areas;
e to allow a user to discard constructions that are not details of the subject area, which will
simplify the study of the developed language by end users;
o to perform both horizontal and vertical transformations.
Various types of graph formalisms are used for constructing and visualizing models, including
oriented graphs, multigraphs [22], hypergraphs [23], hi-graphs [24], [25], meta-graphs [7], [26],
P-graphs [27], [28]. Nevertheless, all these formalisms cannot meet all the mentioned requirements
due to their certain limitations, therefore, development of a new graph model is needed.
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3. Description of the graph model

Hypergraph with poles (HP-graph) is a graph model which meets the given requirements and can

be used as a base for a visual model editor.

HP-graph is an ordered triple G = (P, V, W), where P = {m,...,n} is a set of external poles,

V = {vi,...,Vvm} IS @ non-empty set of vertices, W = {w,...,wi} is a set of edges [9]. Let Pol be an

abstract set of all poles of the graph. Thus, 27! is a powerset of all poles of the graph. Then:

e Every vertex v e V is a subset of the set of all subsets of poles (v = 2™') but VvieV,VvjeV
[i #j—vinv; =], which means that V is a set of mutually disjoint subsets of Pol.

o A set of external poles P is also a subset of the powerset of poles (P < 2P). This set consists of
input and output poles of the graph (P = I(G)uO(G)). Each vertex of the graph v € V is also
represented by a set of input (I(v)) and output (O(v)) poles Py = {pw,...pu}
(WveV 3l(v) < Py, 30(v) < Py[I(v)wO(v) = v]). Sets of input and output poles can also intersect.
If no poles are specified for a vertex, it is assumed that the vertex consists of a single pole, which
is both input and output (1(v) = O(v)).

e Each edge w € W defines connections between vertices and is represented as a subset of the
powerset of poles (W= Py = {Pus,...,Pw} < 27°"). An edge cannot be represented as an empty set
(YweW: [Pw£J]). The edge can allow a vertex to be even linked to itself. Each edge must
contain at least one input pole and one output pole, so for YveV(G), YweW(G) the following
condition must be met: [Ipewn(I(v)wI(G)) and Irewn(I(v)UI(G))].

An example of the hypergraph with poles is demonstrated in fig. 1.
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Fig. 1. Example of an HP-graph

In this figure, external poles are represented by a set P = {m,...,ns}, edges are represented by a set
W = {w,...,Ws} and vertices are represented by a set V = {vi, V2, vs}. Every vertex contains a certain
number of poles p, which are connected to other poles by means of hyperedges from the set W.

In the HP-graph, edges and vertices are represented as sets of inputs and outputs, while the actual
structure of these elements is hidden. Thus, it can be assumed that these elements are represented as
a «Black box».

3.1 Main operations

To describe main operations on the HP-graph, let us define G = (P, V, W) as an original HP-graph,
G'= (P, V', W) as a resulting HP-graph, v as a vertex, pl as an inner pole, p2 as an outer pole and
w as an edge.

The following operations add elements to an HP-graph:
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e v+ plis the addition of the inner pole to the node. The pole is added to both the vertex itself
and the set of all poles of the graph:

Pol(G") = Pol(G)u{pl},
v'=vu{pl}.

e G +vistheaddition of the node to the graph. If a cardinality of v is more than 0 (Jv|>0), a vertex
is added to the set of vertices V(G), and all poles of this vertex are added to the set of all poles
of the graph:

Pol(G") = Pol(G)wy,
V(G) = {V(G) AV} v[>0}.

e G +wistheaddition of the edge to the graph. An edge is formed from the already existing poles
of the graph by combining them into a single set. Let I(w) be the set of input poles of an edge
w, and O(w) be the set of output poles of w, then the operation is represented as:

W(G") = {W(G){w}| |I(w)|>0 and |O(w)|>0}.

e w + plis the addition of the inner pole to the edge. An existing pole belonging to one of the

vertexes is added to the edge (IveV(G) [pleVv]), which is represented as:
w =wu{pl}.

e W+ p2isthe addition of the outer pole to the edge. An existing pole belonging to the set of outer

poles (p2eP(G)) of the graph is added to the edge:
w =wu{p2}.

e G + p2 is the addition of the outer pole to the graph. A pole is added to both the set of outer
poles of the graph G and the set of all poles:

Pol(G") = Pol(G) u{p2},
P(G) = P(G) w{p2}.

The following operations remove elements from an HP-graph:

e v —plisthe removal of the inner pole from the node. When a pole is removed from a vertex,
all its occurrences in the edges are cut off and it is removed from the set of all poles of the graph:

vweW(G) [w = {w\{p1} [ {pl}ew}],
Pol(G’) = Pol(G)\{p1},
v ={v\{pl}|v>1}.

e G —vistheremoval of the node from the graph. In addition to deleting a vertex, all occurrences
of the poles of this vertex in the edges are cut off, and all poles of the vertex are removed from
the set of poles of the graph:

vweW(G) Vpev [w={w\{p}| pew}],
Pol(G") = Pol(G) \{v},
V(G") = V(G) {v}.

e G — wis the removal of the edge from the graph. Performing this operation only removes an
edge from the set of all edges of the graph, leaving the external poles and vertex poles
unchanged:

W(G") = W(G) \{w}.

e w—plisthe removal of the inner pole from the edge. A pole is removed only from an edge w,
without changing the set of all poles of the graph and the set of poles of the vertex to which it
belongs, but if the resulting edge w” does not contain at least one input and one output pole, then
the edge is removed:

w' =w\{pl},
W(G’) = {W(G) {w}| [I(w)| = 0 or |O(w)| = 0}.
e w-p2isthe removal of the external pole from the edge, which is equal to the previous operation.
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e G -—p2isthe removal of the outer pole from the graph, which also includes removing this pole
from all edges that contain this pole:

vweW(G) [w={w\{p2} | {p2}ew}],
P(G") = P(G) {p2},
Pol(G") = Pol(G) \{p2}.

3.2 Operations of Decomposition

A hypergraph with poles allows vertices and edges to be decomposed during the decryption
operation. This feature makes multilevel representation possible. This possibility is achieved by
correctly correlating the poles of the source and received graph which is done by implementing a
mapping function.

The mapping f: v — P, which is a decoding function for a vertex v, must be concordant with the sets
I(v) and O(v), so that Vpel(v): [f(p)el(G)], VreO(v): [f(r)eO(G)]. Thus, the mapping of the pole
pev to the next level of the hierarchy is represented as f(p) ==, where neP(G), which means that a
pole p becomes the external pole 7 for a resulting graph.

Fig. 2 illustrates decomposition of the vertex vs by a new HP-graph.

p5(1,0] # PelLO]
Vs ® p9[0]
P71 p8[l]
. Open = (vs, G_v3)
G_v3 el
O m5[1,0] no[o] O
vl T8[1]

Fig. 2. Example of vertex decomposition by a new HP-graph
An edge can be decomposed similarly but with the help of mapping f: w — P which also must be
concordant with sets of input (I(w)) and output (O(w)) poles, so that Vpel(w): [f(p)el(G)],
vreO(w): [f(r)eO(G)]. Thus, the mapping of the pole pew to the next level of the hierarchy is also

represented as f(p) = «, where © € P(G). Example of decomposition of the edge ws is demonstrated
in Fig. 3.

* p12[0] T[1,0]
* p11[l]
* p9[0] Ws
‘ Open = (ws, G_w6)
T12[0] G W6
jen()
ris[1,0] QO
119[0]

Fig. 3. Example of edge decomposition by a new HP-graph
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As is seen, the decomposition of edges and vertices is almost equal, therefore, it is possible to define
a common decryption algorithm for these structures.

To do it, let us define a set of structures Str =V U W. Hence, str e Str is a structure which can be
either a vertex or an edge. The algorithm of the structure decomposition by a new HP-graph can be
described as follows (Listing 1):

Procedure DecomposeStructure:
G = new HPGraph();

foreach pestr:
if (peI(str)):
I(G) = I(G) VU p;
if (peO(str)):
0(G) = 0(G) VU p;
Openstr = Opensey J (str, G)

Listing 1. Pseudocode of the algorithm of structure decomposition by a new HP-graph

As is seen from the algorithm, for every structure str several decoding operations can be defined.
Generally, they can be presented as Opensy < str x Gan, where Gay is the set of all HP-graphs
determined on the set Pol.

An edge of an HP-graph can also be decrypted by ordinary links between the poles. To implement
this operation, it is necessary to define the set Ew = {es,....en} < I(w) x O(w) for each edge w € W,
so that every link (e € Ey) is represented by a pair (p, r) provided that p € I(w), r € O(w). Thus, the
decoding of the edge w € W can be represented by the mapping function f: w — Ey, which replaces
the hyperedge with normal connections between the input and output poles.

Fig. 4 illustrates the example of hyperedge decoding by ordinary links. As Ey, < I(w) x O(w), some
input and output poles can be unconnected such as poles p9[O] and p11[l] in fig. 4.

* p12(0] n5[1,0]
e p11[l]
* p9[0] Ws

Open = (ws, E
512(0) ‘ p (we, E)

»

11[1]

5[1,0]

»

p9[0]

Fig. 4. Example of edge decomposition by ordinary links

3.3 Operations of Transformation

Many different approaches are used to transform visual models, but from the point of view of some
scientists and developers [8], [29] the most promising one is the algebraic approach [30], which
allows parsing graphs and checking graph models for consistency. This approach and its
modifications are implemented in such tools as MetaLanguage [8], AGG [31] and VIATRA [32]. It
is worth mentioning that there are also toolsets, such as ATL [14], that implement technologies from
other areas of software engineering, but most of them have considerable restrictions.

To determine transformation operations, it is necessary to give a definition to a subgraph of a HP-
graph. A subgraph of the HP graph G = (P, V, W) is an HP-graph G' = (P', V', W') that is a part of
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the graph G(P'cP & (WeV' IveV:[Vcv])&W W) and fulfills the condition
Open' = Open. The subgraph must also meet the condition (1) to make transformation operations
possible.

(VW € V'\ Vpartiat [peV] & IweW[pew]) — weW 1)

The set V'partial 1S @ Set of the incomplete vertices in the graph, where V'partial V'
A subgraph can contain vertices called incomplete whose sets of poles can only be a part of the sets
of poles of the vertices of the original graph.
To perform a transformation, it is needed to select the source and the target graph and set production
rules that describe the transformation. A production rule is represented as p = (G, Ggr), where G is
a pattern-graph and Gg is a replacement graph. Nevertheless, there is a restriction which is
represented in (1) and must be satisfied to perform a transformation. It can be explained by the fact
that it is unknown how certain hyperedges should change during the transformation while this
restriction obliges to redefine all edges which are incident to poles involved in the transformation.
To display all hyperedges, all the poles that are included in them must be displayed, so it is needed
to add such auxiliary (incomplete) vertexes that store only those poles that belong to the displayed
hyperedges.
An algorithm for the transformation can be divided into two functions. The first one removes a
subgraph isomorphic to the pattern and the second one adds a replacement graph to the original
graph.
The first step can be described as follows (listing 2):
Procedure Function DeleteGraph (HostG, GL):
G’ = Find Isomorphic_Subgraph (HostG, Gi);
partials = {}
foreach w’ eW(G”):
W(HostG) = W(HostG) \ {w'};
foreach v’/eV(G’):
if (v’ eV (HostG)) :
V(HostG) = V(HostG) \ {v'};
else:
partials = partials U {v'};
foreach p’eP(G"):
if (~dweW(HostG) [p' ew]) :
P(HostG) = P(HostG)\p';
return partials;

Listing 2. Pseudocode of the algorithm that removes a subgraph isomorphic to the pattern

The second step of the algorithm will be following (listing 3):
Procedure AddGraph (HostG, GR, partials):
foreach peP(Gg) :
if pgP(HostG) :
P(HostG) = P(HostG) U {p};
foreach veV(Gr):
if (vePartials):
V(HostG) = V(HostG) U {v};
foreach weW(Gg) :
W(HostG) = W(HostG) U {w};

Jucmune 3. Ilcegdokoo anrcopumma dobagnenus 2paga 3amemvt 8 UCXOOHbLI 2pag

These algorithms can be repeated several times as the set of transformation rules may not be limited
to just one rule.
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4. Justification of expressive power of formalism

It is possible to justify the transcending expressive power of the HP-graph by proving that the graph
formalisms generally used for building and visualizing models can be represented as an HP-graph.
Previously, it was mentioned that oriented graphs, hypergraphs, hi-graphs, meta-graphs and
P-graphs are most frequently used for such purposes. Table 2 describes formulas which represent
these graph structures as an HP-graph.

Table 2. Representation of graphs as an HP-graph

Graph model | Representation in the HP-graph G' = (P*, V', W")
Oriented Graph |V =P'= V', where Yv'eV" [|v| = 1]
G=(V,E) E =W, where Yw'eW": [|w] = 2])
Hypergraph X =P'=V', where YV'eV" [|V| = 1]
G=(X,E) E=W
Hi-graph {X|xeX &|x| =1} =P’ =V’, where YV’ eV’: [[v’| = 1]
G=(X,E) Eu{x|xeX&K>1}=W
Metagraph V =P'=V', where WW'eV" [[v| = 1]
G=(V,MV,E) [EUMV=W
P=P

P-graph V=V
G=(P,V,

( W) W =W, where VW' eW" [|[w’| =2]

From the table it can be concluded that the HP-graph has more expressive power than the previously
described graph models. These graph models are special cases of the HP-graph; thus, the HP-graph
is a generalization of all of these graph formalisms.

5. Conclusion

The definition of the mathematical apparatus underlying the visual model editor was given above,
including a detailed description of the graph structure itself, as well as the operations that can be
performed on it. For the selected graph formalism, algorithms for decoding vertices and edges, as
well as algorithms for performing transformations, were described.

The HP-graph combines expressive possibilities of various types of graphs, therefore, algorithms
that are designed for these types of graphs (particularly model transformation algorithms [33], [34])
can also be implemented for HP-graphs. The time complexity of model transformation algorithms
can be reduced. The paper proves that HP-graph allows the creation of a flexible visual model editor
based on this graph formalism for a DSM platform. Representing both vertices and links as sets of
poles simplifies the object model of DSM editor and visual model editing algorithms.

It is planned to develop a program that will demonstrate the practical significance of the selected
graph formalism.
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CTaOWIIBHOCTD MPHJIOKEHUI P 00paboTKe MCEeBIOCTYYaliHO CreHepUPOBaHHbBIX BXOAHBIX JaHHBIX. B xone
TECTHPOBAHUS MPHUIOKEHHUE 3aITyCKAaeTCsd Ha MHOXKECTBE IPOM3BOJIBHBIX BXOAHBIX JAHHBIX, KOTOPBIC MOTYT
OBITh HEJICHCTBUTEIBHBIMI/HEOKHJAHHBIMU. COBpEMEHHOE IPOrpaMMHOE 00eCIIeueHHE YacTo MPEOCTaBIIAET
nporpamMMHsbIii uHTepdeiic (Application programming interface) 1uist paciumpeHus: BO3MOKHOCTEH IPOrpaMMBbl.
Or1o eme OoONbIIE YCIOXKHAST TECTUPOBAHME HPOrPAaMMHOIO OOECHEYEHHUS, IIOCKOIBKY CTaHOBHTCS
HEOOXOIMMBIM YYHTBIBaTh BCE BO3MOJKHBIE CLIEHAPHUHM MCIIOJNB30BAHHS HPEIOCTABICHHBIX MHTEP(EHCHBIX
¢bynkupit. IlpumeHenue ¢a33uHra Wi reHepalMd pasHbIX CLEHApHEB HCIHOJIb30BAHUS HPOrPaMMHOIO
uHTepdeiica NMPUIOKEHHsST M COOTBETCTBYIOIIMX BXOAHBIX JaHHBIX MO3BOJISET 3(P(EeKTHBHBIM 00pa3zoM
BBISIBUTD OLIMOKHM B peain3alyi GyHKIMH mporpaMMHOro uHrepdeiica. B 1aHHO# craThe ONMMCHIBACTCS HOBBIN
Meton (a33uHr-rectupoBanus it Android mpunoxeHuid u OMONHOTEK, HANKCAHHBIX Ha s3bIKe Java.
Pa3paboraHHbIi MHCTPYMEHT ()a33MHT-TECTUPOBAHMS BBIABII 15 YHHKAIBHBIX Ne(EKTOB, NPUBOMILIIMX K
aBapuitHOMY 3aBepiieHuo npuioxenus SmartThings, pazpaboranHoro kommnanueit Samsung.

KitioueBble cjioBa: HHTEPHET Bellieil; (pa33uHr; rereparus Boi30BoB API

Jons uurupoBanus: Capresn C.C., Bapgausu B.I'., AxomsH J[x.A., Arabamia A.M., Merpabsa M.C.,
Kypmanranees II1.®., T'epacumoB A.}O., EpmakoB M.K., Bapranos C.II. Ilnardhopma aBTOMaTH4ECKOrO
(a3zsunra nporpammuoro untepdeiica npunoxenuit. Tpyast CIT PAH, Tom 32, Beim. 2, 2020 r., ctp. 161-
174. DOI: 10.15514/ISPRAS-2020-32(2)-13

Baaronapuocru: PaGora mojiepkana komnanueii Samsung-Electronics.
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Abstract. Randomized testing (fuzzing) is a well-known approach for finding bugs in programs. Fuzzing is
typically performed during the finishing stage of quality assurance in order to check the stability of the target
program in the face of malformed or unexpected input data. Modern software more than often provides an API
for extending its functionality by third-party developers; since an APl is an entry point to software internals, its
functionality and usage scenarios must be tested as well. Thorough API testing must involve checking a large
number of possible scenarios and it is fairly obvious that fuzzing can be applied to this task by generating usage
scenarios in an automatic randomized way—which brings us to the concept of API fuzzing. In this paper we
describe an automatic approach to randomized testing of API libraries for Android/desktop Java. Proposed
method is able to change the sequence of called API functions in order to discover new execution paths. It
consists of two basic stages. In the first stage the arguments of currently called API functions are mutated.
When mutation of called API functions arguments can’t find new execution path the tool switches to the second
stage. In the second stage current sequence of API functions calls is mutated. Mutation can add new API
functions calls or remove some of them. After API calls sequence mutation, the tool switches back to the first
stage. Switches between the first and the second stages are continued during whole process of fuzzing. During
the experimental setup developed method of randomized testing were able to find 15 crashes in SmartThings
application developed by Samsung.
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1. BeedeHue

KoHTpons kadecTBa MporpaMMHOro 00€CTIEUeHHS SIBJISETCS 0JTHOM U3 HanOoJiee BaXKHBIX 3a/1a4 MPH
ero paspaborke. [ms pemieHmss 3TOW TpoOIEMBl KOMIAHWK BHEIPSIOT B KU3HEHHBIA ITHKIT
pa3paboTKK MPOrpaMMHOr0 00eCTiedeHns pa3jinuHble MHCTPYMEHTHI aHamm3a mporpamm  [1].
CrnexkTp WHCTPYMEHTOB JOCTATOYHO INMPOK W MOXET BKIIOYaTh B ce0S CTaTHUECKHHA U
IMHAMUYECKHH aHann3 Kkoma mporpamm. @assubr [2] sBusercss omamMm w3 Hambonee
pacIpocTpaHeHHbBIX 1 3((PEKTUBHBIX METOJOB JHHAMHYECKOTO aHanu3a. MeToa npuMeHsIcs emé
B cepeaune 1950-x romoB, HO mepBBIe OBUT OMMcaH B paboTe TOCBSMICHHON OICHKE HAJEKHOCTH
Unix yrumur [3]. DbdexTHBHOCTD MPEIOKEHHOTO0 METOAa MOATBEP)KIACTCS MHOKECTBOM
ne(eKToB, HalleHHBIX Ha Pa3HBIX yTIinTax n3 uncrpymenrapus UNIX [4]. Metonst v moaxomst
(a33uHra TMOCTENEHHO COBEPIICHCTBYIOTCS, M B JaHHBIH MOMEHT CYIIECTBYET MHO)KECTBO
HWHCTPYMEHTOB, TMpeNHa3HaueHHbIX s (a33uar-tectupoBanmss. AFL  [5]  ucnonesyer
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TEHETHYECKHI alrOpUTM BBIOOPKU BXOJHBIX JAHHBIX, YTO TMO3BOJSET 3(P(HEKTUBHO YBEINYUBATH

MOKpBITHE Koza. B pabote [6] onmchiBaeTcs reHepanus CTPYKTYPUPOBAHHBIX JaHHBIX, 33/IAHHBIX B

¢dopme BNF, mis (a33uHra KOMIUISITOPOB, HHTEPIPETATOPOB M TPAHCIATOPOB. MHCTpyMeHT [7]

MPOU3BOAUT HANpPABJICHHBIN (Da33MHT Ha OCHOBE JMHAMHYECKOW WHCTPYMEHTALMH LIENCBOH

nporpammbl. B pabote [8] ¢azsuHr coBmeniaercs ¢ AMHAMHYECKHM CHMBOJIBHBIM HCHOJHEHHEM

NpOrpaMMbl C LETI0 YBENHWYeHHs] TMOKphITUs kozaa. IIpoekt libFuzzer [9] wcnonb3yercs st

(haz3uHTa OMOIMOTEUHBIX (DYHKIMI HAMMCAHHBIX Ha s13bIke C/C++. Pa3paboTuuK TOMHKEH TOMUCaTh

Kol (YHKIMH-00EPTKU Jsl (a33MHra KOHKPETHOH (yYHKIMM U3 OnoOnmoreku. [IporpammHbIe

uHctpymentsl Trinity [10] u syzkaller [11] npennasHauens ajist pa33uHra CHCTEMHBIX BBHI30BOB

ornepanroHHoi cuctembl Linux [12]. DTH HHCTPYMEHTBI TEHEPUPYIOT MHOXXECTBO MAJICHBKHX

IporpamMM, COJEp)KallliX CHCTEMHBIE BBI3OBBI, M 3allyCKalOT HMX B OKPYKEHHH IIEIEBOH

orepalioHHON cucteMbl. [Ipu 3amycke IpON3BOJUTCS MOHUTOPHHI COCTOSIHUE CHCTEMBI B LIENSX

oOHapyKeHHs COOCB.

Hdnst  ¢a33uHra OMOMMOTEUHBIX/MHTEPPEHCHBIX  (YHKIMH  CYIIECTBYIOUIME HHCTPYMEHTBI

UCIIONIB3YIOT JTMO0 aHHOTAIMK 3THX (PYHKIHUH, IM00 aganTepsl, KOTOpbIE 00ECIIEYNBAIOT UX BHI30B.

3TO MPUBOTUT K HEBO3SMOXHOCTH TMOJHOCTBIO aBTOMATHYECKOTO HMX MPUMEHEHHS JUISi HOBBIX

OMOMMOTEYHBIX WM MHTEpercHbIX (yHKIMHA. CoBpeMEHHOE MPOrpaMMHOe OOecreueHHe 4acTo

NPENOCTAaBISIET OONBIIOE YUCIO HMHTepQelcHbIX (QYHKIMH, KOTOpbIE WCHONB3YIOTCS st

peanu3anuy MoJKII0YaeMbIX MOIYJIeH U MO3BOJSIOT PaCIIUPATh (PYHKIIMOHABHBIE BO3MOXKHOCTH

nporpammbl.  [IpenocraBnsemble uHTepdeiicHble (OYHKIUM JODKHBIL HMMETh KOHKPETHYIO
cnenu(UKAIMI0 M CICHAPHM HUCmoib30oBaHusa. Cucrema TmpenocTaBisomas HHTepdeicHbIe

(GyHKIMH TODKHA yMeTh 00padaThiBaTh BCE HENEHCTBUTENBHBIE CIIGHAPHH MX HCIONb30BaHMs. B

o011eM citydae 3ajaqa MOXKeT ObITh Hepa3pelMOoi, MOCKOIBKY KOJTMYECTBO CLIEHAPHEB BO3PACTAET

9KCIIOHEHIIMAIBHO OT KOJMMYeCTBa MpeaocTaBiasieMblx (yHKIMH. [IpumeHeHue ¢as33uHra K Takum
cucTeMaM MOXKeT 3((EKTUBHBIM 00pa30M BBIBIIATH HEIEHCTBUTEIbHBIC CLIEHAPUH HCIIOTIb30BAHUS

NpenocTaBIAeMoll (yHKIMOHAIBHOCTH.

B nanHo#t pabore mpemiaraercss HOBBIM monmxon sl ¢a33uHra uHrepeicHbIX (QyHKIUHA U3

6ubnmorexk si3bika Java (JAR daiinsr [13]). [Ipemiaraemblit METO HIMEET HECKOIBKO TIPEUMYIIIECTB:

1. TlonHOCTBIO aBTOMaTHYECKH BOCCTAHABIMBAIOTCS aHHOTALMM (QYHKUUH U KiaccoB u3 JAR
¢aiina, uyTO TO3BONSET TPH UIMEHEHWH BepcuHM OuOIMoTekH (HobOaBleHHe/ ynaneHue
uHTepQeiicHbIX (QYHKIMIA) 3aHOBO T€HEPUPOBATh AHHOTALIUH.

2. Co3pmaercst TeHepaTop TOCIIENOBATEIBHOCTH BBI30BOB HMHTEP(EHCHBIX (QYHKIMA H HX
apryMEHTOB, KOTOPBIA MOXET OTNpPAaBIATH CICHEPUPOBAHHBIE JaHHBIE Ha BBHIOpAaHHBIC
ycTpoiicTBa (Hanpumep, MOOMIbHBIE TelnedoHb). B TOM dMcine OH MOXKET HPOU3BOOHUTH
napaiebHbIN 3aITycK (PYHKIINI HA MHOXKECTBE YCTPOMCTB C CHHXPOHU3AIIMEH PE3yNIbTaTOB.

3. OoOecrieunBaercss  TOAACPXKKA  IMIAOJIOHOB  HAYalbHBIX  CIIEHAPHEB  KCIIOIb30BAHUS
uHTepdeiicHbIX QYHKIMI (HanpuMep, HHULUAIH3AH H OYUICHHE PECYPCOB 0 WM HOCIe
OCHOBHBIX BBI30BOB HMHTep(deicHbIX (yHKIHMI). ITO mo3BossieT 3()GEKTUBHO YBEIMYMBATH
NOKPBITHE KOda M CHIDKAaTh KOJIMYECTBO HENPABWIBHBIX —CIICHAPUEB, YBEIMYHMBAs
3¢ PeKTUBHOCTD IpUMeHeHHs (a33epa.

IMpemmaraemsrit oaxox OBUT peaTn30BaH B paMkax HHCTpyMmenTa |SP-Fuzzer [14], paspaborartoro

B MHcTuTyTE cucreMHoro nporpammupoBanus uMm. B. I1. UBannukoBa PAH u nporectupoBaHHOr 0

Ha 6ubnmoreke PluginBase, xotopast BXomut B coctaB miaTdopMel SmartThings [15], co3gannoi

kommanueii Samsung [16]. B pesynbTaTe 3KCHEPUMEHTAIBHOTO 3aIlycka pa3paboTaHHBIH

HHCTPYMEHT CMOT BBISBUTH 15 YHUKaJbHBIX NE(EKTOB, MPUBOIALIMX K OTKA3y CHCTEMBI, YTO

JEeMOHCTpUPYeT 3(PQEeKTHBHOCTh NpeiaraeMoro penieHus. I[lodmydeHHbIE pe3yabTaThl OBUIH

TIOTBEPIKICHBI KOMITaHHEeH Samsung.
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2. BbicokoypoeHegoe ornucaHue niamgopmbi

Ha puc. 1 mpuBomutcs obmas cxema npempiaraeMoit miatdopmMel. CepBepHas 4acTh HHCTPYMEHTA
MIPOM3BOIUT TEHEPAIMIO JAHHBIX (ITOCIENOBATEIBHOCTh BBI3OBOB HHTEP(EHCHBIX (YHKIUU C
COOTBETCTBYIOIIIMMH apTryMEHTaMHt), KOTOpHIC OYAYT BBINONHEHBI Ha KIMCHTCKOH CTOpOHE.
CepBepHasi 4aCThb MOXET OJHOBPEMEHHO PaboTaTh ¢ MHOXKECTBOM KIIMEHTCKHX TPUIOKCHUH U
CHHXPOHHM30BaTh IIOJYUYCHHBIE PE3YAbTAThL. IJTO TO3BOJSIET MHOTOKPATHO  YBEIHYHUTH
3¢ GeKTUBHOCTH (pa33uHra.

Cepeep Boment

Assoram API [IafmoHes Henoaek

D asIHr-EINEHT
1. Zanvex drovHKLI ©
onpeaeIf HHBIMT

Ll(‘]'.lﬂ‘-l.}:ﬂ EETIOBOH

Pazzep
I. TeseTmirsecknil aaropirms i 3.P'F!-1H-‘H1'-'!htll
TEHEPALITH TECTOBAIX CLCHAPIIER v—T1 2+ Coop noEpaTig
1. MyTaumns nocIencEATe THOCTIE J___. 3 ('Dx]'mfﬂlllc JNHHBX (114
HBEIEOBOE dr_\'H ELIIT T s BRAPILITEOTe TRBePImeHIEa 11

1. Myramnus sHateHnd aprvMeRTon SARICREI TP OT Pl
4. BannsomeficTeie ¢ £IMeHTOM L n'f“'l"'""“';' 4. Baamsonericrane c

2, Coom CepRepoM

3. Jamicaning

Puc. 1. Obwas cxema npeonodicennotl niamepopmol

Fig. 1. The general scheme of the proposed platform
Ha ocHoBe aHHOTanuid (yHKIMHA, KOTOpbIE MEpEeNaroTcsi HHCTPYMEHTY,  CTPOSTCS
TIOCJIE/IOBATENILHOCTU (LIEMIOYKH) BBI30BOB MHTepdeiicHbIX (yHKIMiA. Pa3paboraH crienuaibHbIi
IIPOTOKOJI TEepeaudl JaHHBIX MEXIY CEpBEpOM M KIMEHTaMH, KOTOpPbIH MO3BOISET OTIPABIATH
CTeHEpUPOBAHHYIO IIOC/IEOBATENbHOCTh BBI30BOB HMHTepdeicHbIX (yHKIMH H HOMy4aTh
HEoOXOJMMOe MOKpHITHE Koxa. B 3aBHCMMOCTH OT TOro, Kakoe IOKpHITHE oO0ecreynBaeT
CreHepUpOBaHHAs  IOCIEJOBAaTEIbHOCTh  BBI30BOB, T'€HETHYECKHI alroputM mnoadupaer
CIIEYIOIIYIO ITOCNIE0BATENEHOCT BEI30BOB U HAOOp aprymeHToB. [locienoBaTenbHOCTH BHI30BOB,
KOTOpBIC TPUBEIH K aBapUIIHOMY 3aBEPILCHUIO WM 3aBUCAHHUIO IPOrPAMMBI, COXPAHSIOTCS IS
TIOCJIEAYIOLIETO aHaIN3a SKCIEPTaMHU.
C mnomoipio KOHQUryparoHHOro (aiila MOXHO yKa3aTh IA0JIOHBl TEHEepalud HOBBIX
MocIeioBaTeNibHOCTEl BhI30BOB. HampuMep, MOXKHO ykazaTh uHTepdeiicHbIe (yHKIHMH, KOTOpbIe
OyIyT BBI3BAaHBI IEpE]] M MOCIE KAKTAOW CreHEPHPOBAHHOW IOCIEOBATENbHOCTH BBI30OBOB JUIS
peanu3anuy crenuduaeckoro MpoOTOKoJa UCIIOIB30BAHUS TPOrPaMMHOT0 HHTepderica.

2.1 ®a33nHr uHTepdencHbIX PyHKUUN Ha Nnpumepe 6nbnmnortekn PluginBase

Ha puc. 2 npuBoautcs cxema (azzunra nHrepdericHpx Qynkuunit u3z oubnmorexku PluginBase (JAR
¢aiin), Bxomsuieii B cocraB SmartThings. SmartThings mnatdopma cBS3bIBaeT pa3Hbie yCTPOHCTBA
MHTEpHETA BEIIEH M OCYIIECTBISIET YIIPaBICHUE UMH. Y IPABJICHHE YCTPOWCTBAMHU TPOM3BOANTCS
yepe3 uHTepdeticapie GpyHKMH, BXomsamue B oudmuotexy PluginBase. J{ns BemonHenns dhaz3uHTa
oubmmorekn PluginBase 6pit pa3zpaboTaHsl 1Ba HHCTpyMEHTa. [lepBoIif HHCTPYMEHT TeHEPHPYET
AHHOTALIMH [UTS KJIACCOB W METOMO0B, Bxomamux B JAR Oubmuorexy. Ha ocHOBe 3THX aHHOTAIHA
TEHEPHPYIOTCS IIOCIEI0BATEIHPHOCTH BBI30BOB MHTEP(EHCHBIX (YHKIMH ISl WCTIONHEHHS Ha
KIHeHTcKoW Mammee. Ecnu QyHKImMsS momydaeT Kak apryMeHT HpPOW3BOIHBIM OOBEKT, CHCTEMa
CreHepHupyeT KOJ ISl CO3/IaHMs 3TOro oobekTa. [locTpoeHue CIOKHBIX OOBEKTOB IMPOM3BOAUTCS
CJIEAYIONIM 00pa3oM:
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1. Ecnu ects untepdetiicHas GyHKIMs, KOTOpasi BO3BpaNIaeT 00bEKT JaHHOTO THIIA, TPOU3BOJUTCS
BBI30B 3TOH (PyHKIHH.

2. B mporuBHOM ciydae BBI3BIBAETCS KOHCTPYKTOpP IAaHHOro oObekra. Ecim KoHCTpyKTOp
MIPUHAMAET KaK apryMEHT CIIOKHBIH OOBEKT, IPOIecC MOBTOPSIETCS PEKYPCHBHO IIOKAa BCE
apryMeHThl CO3/1aBa€MOr0 OOBEKTa HE OyIyT HMeTh TPUMUTHUBHBIA THN WIH THII,
CKOHCTPYUPOBaHHBIM U3 MPUMUTUBHBIX THIIOB.

Bpexa cOopin npoekta

[ JAR file(PluginBase) ]

{4 <

Momvremine aaroTamg AP Ienepatop daammr-LamesTa

HJ!':".\SS NCHOJHEHITH

[I[[afmnnm cueHApIEE ]

A — Henoaxa
Pazsep BLTIOBOR
.  Tenermecxiii AITORITM Bntmorexa PluginBase
TeHepaLIm Tec TORRTX CIeHAPIeR
3 Mymamna  moCaeIOBATEERHOCTI - 83 i
BETHROE g HEHIN :' o + DATIHT-RATIERT (://a"'l
3. MyTauna IHATEHIT APryMeHTOR . Tloxpsrrne
4. BranmnoueiicTENe ¢ KIHeHTOM 2. Chon

3. Jasncanng

i
g

D B 0 S B O A B A ey B

Puc. 2. Cxema ¢pazzunza unmepgpeiicnvix gpynxyuii PluginBase
Fig. 2. Fuzzing scheme of PluginBase interface functions

Bropoii uHCTpyMEHT reHepupyeT BCTpauBaeMblii MOIYIb (TUIArKH) Ui npuiokeHnid SmartThings,
KOTOpBIM TIONy4aeT MOCIIEA0BATEIbHOCTh BBI30BOB HMHTEepQelcHbIX (YHKIMI OT cepBepa H
BBHINIOJIHAET WX Ha KiIueHTe (MoOmiabHOM Tenedone). Peanmsamms BCTpanBaeMoOro MOZYIS
MPE/ICTAaBIsIeT COOOM KOHEUHBIH aBTOMAT, MOIICPKHUBAIOIINN MPOTOKON OOILEHHSI C CEpBEpOM
(momy4aer mOCIENOBATEIbHOCTh KOMAaHJ, OTMIPABIAECT MOKPBHITHE Koma W uH(popMmanuio o
NaJCHUAX/3aBUCAHMAX  NPWIOKEHUs). J(ONOMHHUTENEHO WHCTPYMEHTHPYETCS KOX  CaMoi
oubmmorekn PluginBase mis moxydeHHs MOKpPHITHS KoAa B TIPOLECCE HCIIONHEHUS IIEMOYEK
BBI30BOB.

2.2 NeHepauus BbI3OBOB UHTEpPtheNCHbIX OYyHKLNIN

I'eneparnust mocineqoBaTelbHOCTH BBI30BOB APl yHKIHMI COCTOMT M3 JABYX OCHOBHBIX 3TaroB. Ha
TIEPBOM 3Tare MpOM3BOAMTCS BbI30B BceX APl dymkuuit (pasmuaka — warm-up). Llens manHOTO
sTama — cOOp HAYaFHOTO TOKPHITHA KOIa, KOTOpBI obecrmeunBaeT >(PQGEKTHBHYIO padoTy
TEHETUYECKOro anroput™a. Eciam 3ToT 3Tam mpomyiieH, 100aBieHHe BhI30Ba HOBOW (pyHKINHU B
LIETTIOYKY BBI30BOB BCET/A OYyAET yBENWYMBATh TOKPHITHE KOJa M T€HETHYECKWH alrOpHTM HE
CMOXXET OTIIMYINTH 3((EKTUBHBIE MYTAIIUH ITOCIEAOBATEIILHOCTH BBI30BOB M apTyMEHTOB (DyHKIHH
or HeapdexTuBHEIX. Kpome 3TOro, Ha JaHHOM 3Tare BCeM (YHKLIHUSM MEpeIaroTCsl HYJEBBIC
yKaszaTenu Ha 00BEKTHI, B IEISIX ONpeAeIeHUsI HeoOpaOOTaHHBIX CITydaeB HCIOIb30BAHMUS HYJIEBBIX
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ykasareneit (NullPointerException). Ha sTane pa3MuHKH, KaK MPaBHJIO, JOCTUTAETCS MMOKPHITHE

Koza 1o 6a30BbIM Onokam B 30-40%.

Ha BTopom sTtame (puc. 3) HauMHAETCS OCHOBHOHW IMKI (ha33uHTa (MyTaIUs [IEMOYKH BBHI30BOB

¢yHKIMH 1 uX aprymenToB). [Ipon3BonbHBIM 00pa3oM reHepHpyeTcsi HA0Op HadaIbHBIX HEMOYeK

(MyTanuio IETOYKH BBI30BOB MOXKHO OTPaHHWYUTH 4depe3 KOH(UTYypalHoHHBIA (aiin mabioHOB

nerioyek). OpHa W3 HayaJbHBIX LEMOYEK BBI30BOB (DYHKIMH 3arpyxkaercss s oOpaOOTKH.

[IponsBonsTCS MyTanuu Bcex apryMeHTOB (DYHKIMH M3 IIETIOYKH, KOTOPHIE MTPOIODKAIOTCS 0 TeX

TIOp, TIOKa MOKPBITHE KOJa MepecTaeT YBeIMYMBAeTCA. B 3TOT MOMEHT MHCTPYMEHT IEePEXOIUT K

MyTalusIM HOCJIeI0BAaTEIbHOCTH BBI30BOB (DYHKIMH B IIeNouke. B mporecce 3Toi MyTanyy MOryT

ObITh 100ABJICHBI WM YNAJIEHBI HEKOTOpPhIE BBHI3OBHL. EcCin creHepupoBaHHAs LETIOYKa BHI30OBOB

YBEIMYMBAET IOKPBITHE KO/A, OHA COXpaHsercs s AanpHelmeil obopaborku. Yem Oombie

YBEJIMYMBAETCS TOKPBITHE KOJA, TEM JI0JIbIle OYayT 00padaThIBaTHCSI COOTBETCTBYIOMIAS IENOYKa

BBI30BOB U apryMeHThl (hyHKIMHA. HabmonaeMblid MpUpOCT MOKPBITHS HA BTOPOW CTaanuu (a33uHra

B TeueHue Henenu cocrapiser eul€ 30-40%. [Tonp3oBaTens MOXKET yIpaBiIsATh NPOLECCOM MYTallUH,

3a]aB B A0JIOHHOM (haiiie clienyrolne napaMmeTpol:

1. nocnenoBaTenbHOCTH BBI30BOB (DYHKIIMIA, KOTOPBIE TOMKHBI OBITH 00paboTaHbl IEPBBIMU;

2. Habop Myraumii 1yt apryMeHToB (YHKIIHUII;

3. Habop (yHKIMH, KOTOPBIE TOKHBI OBITh BBI3BAHBI J0 U TIOCIIE KaXK/I0H LIETTOYKH BEI30BOB;

4. 3aBucuMocTd MexAy (yHKIHMsIMHU. B uwacTHOCTH, BO3BpalaeMoe 3HaueHUe OJHOW (QYHKIMi
JIOJDKHO OBITh MCIIOJIB30BaHO, KAK apTyMEHT BbI30Ba JPYTOM.

Crmitcor metogon API | [ HIabrons yenovey

Hawadease menodkn
_____________________________ —:-
Dariep (CepBEpHAA TICTE) 1| %  SEmmcuMECRLG

uu:"'{:————-L BOABPAINAEMEIM SHATEHIIAM

T~ 3 [Tlpe- nnoct- peBoRk
i
[}
i
I I
i
i
i

Bd e
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ILPHE!T_H[LII'H APTYMEHTOE BRIZ0ORD METO4E

MeTpIKn meper Ik e I MY TALIT

Bi‘-ﬁ"ﬁ‘ﬂl{“ !-I.E'I'ID'IIZE BEROBOE C ApryMCeHTEMI
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FKIHEHT/CepEep

Puc. 3. Cxema ocnognozo yukia ¢hazzunea Ha cepgeprol mawune

Fig. 3. The scheme of the main fuzzing cycle on the server machine
IMocrne Toro, Kak menoYka BEI30BOB (PYHKITHH M COOTBETCTBYIOIINE apIyMEHTHI CT€HEPHPOBAHbI, OHH
TIepeslaroTes CIEAYIONIEMY KOMIIOHEHTY (TeHepaTop IMOCIeI0BaTeIbHOCTH KOMaH/T BBITIOTHEHHS —
I'TIKB, Execution command sequence generator). [ TIKB monydaer mociegoBaTensHOCTh KOMaH,

166



Capresa C.C., Bapnausu B.I'., Akonsir [[x.A., Arabansa A.M., Merpa6sz M.C., Kypmanranees 111.®., I'epacumos A.1O., Epmakos M K.,
Bapranos C.II. [Tnatdopma aBTomarudeckoro (haz3uHra mporpaMMHoro uatepdeiica npunoxennit. Ipyost UCI1 PAH, Tom 32, Beim. 2, 2020
r., cTp. 161-174

BBITIOJIHCHHUE KOTOPBIX Ha KJIUEHTCKOM CTOPOHE 00€CIIEUNT BBI3OBBI HHTep(l)efICHLIX (l)yHKIIPIfI C
COOTBETCTBYIOIIIUMU apTyYMCHTAMMU.

2.2.1. MyTauusa aaHHbIX

Moyib MyTaIliK JaHHBIX MOTYYaeT Ha BXOJ HAYAIBHOE 3HAUCHHE (MOXKET OBITh ITYyCTHIM) U JITHHY
TpeOyeMoii IoCIeI0BaTeIFHOCTH TaHHBIX. Bo3BpaliaeT MyTHpoBaHHbIS/CTeHEPHPOBAHHEIC TaHHBIC
3aIaHHOH JUTMHHBI. B HHCTpyMEHTE OIep>KUBACTCS CIICAYFOMIHA HAO0Op MyTaluii TaHHBIX:

1. pacmmpeHWe JaHHBIX: C OIMHAKOBBIM TPOW3BOJBHBIM 3HAUCHHEM, IPOU3BOIBHBIMHU
3HAYCHUSIMH, C HYJICBEIMH OaiiTaMu;

2. COKpaIlcHUE NaHHBIX ITyTeM YIaJeHHS MPOM3BOIBHOTO KOTMUYCCTBA OANTOB;

3. MomupuKanus JaHHBIX: IPUCBOCHHUE MOCICIOBATEIILHOCTA OAWTOR MPOM3BOIBHBIX 3HAYCHHUS,
MIPUCBOCHUE TOCIICAOBATCIIEHOCTH OAaWTOB ONHOTO M TOrO JKE MPOHM3BOIBHOTO 3HAUCHHS,
MIPUCBOCHUE MPOU3BOILHOMY HHTEPBAY 0aliTOB HYJIEBOT0/IPOU3BOIHLHOIO 3HAYCHUS ;

4. wuHBepcHs MPOU3BOIBHOTO OUTA;

5. TreHepaimus CTPOKOBBIX JaHHBIX: MIOBTOPCHUE CTPOKH, CO37aHue He BamuaHoro crucka UTF-8
cTpoK, co3nanre BOM (byte order mark U+FEFF);

6. MomupHKanus CTPOKOBBIX JaHHBIX: NIEPEBOI CHMBOJIOB B HUKHUIN/BEPXHHUN PETHCTD;

7. Momu(pHUKaNus YUCIOBBIX 3HAYCHUI: MPUCBOCHUE MAaKCHMAJIbHOIO/MUHHMAIBHOTO 3HAYCHHUS,
NpUMEHEHHE apUPMETHUCCKUX OIeparuii.

2.2.2. MyTtauus ueno4ek BbI30OBOB MHTEPPENCHbIX hyHKUNN

B xozme myranuii 1ieno4ex BbI30BOB HCIONIb3yeTcss MH(OpMalus 0 3aBUCUMOCTSAX WHTepEeHCHBIX

¢GbyHKIMH (aBTOMATHYECKH BOCCTAHOBIICHHAS WM YKa3aHHas IOJIb30BaTesieM). DTO Jiefaercs B

LEISIX MOJIYYCHUS! CEMAHTUUECKH «CBSI3aHHBIX» MPOrPaMM, KOI/la BO3BpAIlaeMO€e 3HAUE€HHUE OHON

u3 ¢QyHKUMN ucnonb3yercs apyrod. [Ipu co3paHuM HOBOHM LEMOYKH BHI3OBOB IPOU3BOJBHBIM

o0pa3om BeIOMpaetcst Hekoropast pyHkims f 13 cricka 0CcTyMHBIX HHTEpGEHCHBIX QyHKIWHA. Ecin

cymecTByeT (yHKIHMS, BO3BpallaeMOe 3HAUYEHHE KOTOPOH MOXKET OBbITh HCHOJIB30BAHO Kak

apryment ¢yukimu f, To mepex BbzoBoM f mobaBisieTcst BBI3OB 3TOi (YHKINH, a BO3BpAIIaeMoe

3HavyeHne mepemaéress Kak aprymeHT BbioBy f. Ilpomecc mOBTOpsieTCS PEKYPCHBHO ISt

n00aBIeHHBIX (QYHKIUI 0 TEX MOp, TOKA JUIMHA LETIOYKU HEe MPEBBICUT 33JaHHYIO TPaHUILY.

B ciaywae  Mmyrammii  [ENOYKM — MPOM3BOAMTCS  JOOaBJiEHHE/yJalleHHE  HEKOTOpOW

TI0CJIEI0BATENILHOCTU BBI30BOB, KOTOPBIE HE 3aBUCAT JIPYr OT Apyra. MakcumainbHas AJIHHA TaKHUX

TI0CJIeI0BaTeNIbHOCTEH 3a/1aeTcs mosb3oBareneM. Ha MyTanuy nenouek BbI30BOB MOYKHO MOBIIHATH

¢ IOMOIIBI0 KOH(HUTYpalloHHOT 0 (aiina mabioHos. [Ipenocrapisercs BO3SMOXKHOCT:

1. onpenenuts HAOOp (HYHKIMI, KOTOPbIE OYAYT BBI3BAHBI MEPE/TIOCIE KAXKIOH [ETOYKH;

2. ONpEemeNuTh KOHKPETHBIE 3HAYESHHS HIIM HHTEPBaJIbl 3HAUSHHUH JUIs apryMEeHTOB (pyHKINIA;

3. cocraBUTh CHHCOK (YHKLHMH, KOTOpble MOTYT WIM HE MOTYT NPHCYTCTBOBAaTh B IENOYKAX
BBI30BOB;

4. 3amaBaTh 3aBUCHMOCTH MEXAY (QYHKIHAMH.

2.2.3. FeHepaums nocnenoBaTeNlbHOCTN KOMaHA BbINOSTHEHUS

I/IHCprMeHT MUMECT ABAa OCHOBHBIX HA3HAYCHUS .

1. i maHHOW MENMOYKH BBI30OBOB BBIYHCIIATH, CKOJIBKO JAHHBIX MOTPEOYeTCs, YTOOBI TONYYUTh
KOHKPETHBIE apTyMEHTHI BceX (PYHKIIHIA;

2. TeHepHpoBaTh MOCIEI0BATEILHOCTD OAUTOB, KOTOpast OYIET BBIMTOIHEHA/UHTEPIPETUPOBAHA HA
KJIMEHTCKON MaIlInHe.

I[J'IH BBITTIOJTHCHU A HepBOﬁ CBO€I>'I 3aaavu UHCTPYMCHTY HCO6XOZ[I/IM3 IICITOYKa BBI3OBOB U aHHOTaL[I/Iﬁ

nHTepdeiicHbIx QyHKIMA W KiaaccoB. s BBIMONHEHHS BTOPOW 3aJadll MHCTPYMEHTY TakKe

HEO0OX0ANMO TTOTyIUTh KOHKPETHBIE apTyMEHTHI (YHKIMH (JaHHBIC OT MOAYJIS MYTAIlUX TaHHBIX).
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Beruncienne pasmepa HeOOXOIMMBIX JAaHHBIX (3a1a4a 1) MPOU3BOIAMTCS PEKYPCHBHBIM 00XO0IIOM
COCTaBHBIX THIIOB CJIO)KHOI'O OOBEKTa. PasMep NaHHBIX BBMHCISETCS CyMMHpPOBAaHHEM pa3sMepa
COCTaBHBIX THIIOB. Ha 3TOM 3Tame coOupaercs AOMOMHHUTENbHass MH(OpManus O BO3MOMKHBIX
3HAYCHUSX KOHKPETHBIX apryMeHTOB. ECTh TpH OCHOBHBIX BHIA Takux 3HaueHuid: MustBeNull
(aprymenrt Bcerna nomkeH uMmeth 3HadeHue null), NOtNull (aprymeHT HUKOrIa HEe TOKEH UMETh
3navyeHue null), Any (aprymMeHT MOXXeT UMeTh J1fo00e 3HaueHue). JDTa nHopMauus rneperacTcs
MOJYIII0 MYTalWi Ui TeHepalud KOPPEKTHBIX MaHHBIX. JTO O00ECIIeYMBAET CEMaHTHYECKYIO
KOPpPEKTHOCTh BBI30BOB (hyHKIMH. Hampumep, HEKOTOpble TPUMHUTHBHBIE THIIBI B Java HE MOTYT
nmets 3Hayenue null. Ecimu ectp yHKIMS ¢ apryMEHTOM TaKoro THIA, TO BHI3OB 3TOH (hyHKIMH
(BBI30B NPOM3BOAMT KIMEHT (ha33MHIa — MHTEPIPETATop IOCIIEN0BaTeIbHOCTH KoMaHa) ¢ null
apryMEHTOM NPHBEJET K HEKOPPEKTHOMY TMOBE/ICHHIO TIporpaMMbl. Ha mpakTrke Takas CHTyalus
BO3HHUKHYTh HE MOXKET, ITOCKOJIBKY KOMIIHJISITOP Java He TI03BOJIHUT MPOBECTH KOMITHIISILIUIO TAKOTO
Kofa.

Tabn. 1. Koowl onepayuii pecucmpogoii Mauiukvl

Table 1. Codes of operations of the register machine

Onucanue KOMaHAbI Kon onepaumii OmnepaHabl
[TonoXKTh 3HAUEHHUE B 1-8 (B 3aBUCHMOCTH OT
«IepeMEHHas», «3HAYCHHUE»
NepEMEHHYIO THIIA)
ITonoxxuts UTF 3HaueHue
9 «riepeMenHasny, «UTF crpoka»
B IIEPEMEHHYIO
ITooXuTh Maccus B 10 «epeMeHHast», «UICHTH(HHKATOP THIIAY,
MIEPEMEHHYIO «IIIMHAY, {«GHAYCHHIY}
[onoxuts null B
11 «repeMeHHas)
MepEeMEHHYIO
[onoxuTh CTPOKY B
12 «IepeMeHHAsy, «IJIHHAY, {«3HAYCHUN»}
MepEeMEHHYIO
[MonoxwuTh MaccuB
NepEeMEHHBIX B 13 «HepeMeHHasy, «IIHHAY, {«IIepeMeHHBIC» }
MepEeMEHHYIO
«TIepEeMEeHHasD»], «CChLTKa 00bEKTa
Bb130B MeTOMIA «method ID» [«aiep l ’

{«napameTpbl MeToa»}

BrI30B cTaTuueckoro

«method ID» [«nepemenHas»], {«mapameTpsl MeToga»}
Meroza
IMonmyunTh 3HaAYEHUS OIS «IepEeMEHHas», «IIePEeMEHHas, B KOTOPOii
«get field ID»
o0bekra CCBUIKA Ha 00BEKT»
[Nony4uuts 3HaueHUs
Y4 «get field ID» «IepeMeHHas)
CTaTH4ECKOr0 HOJIs
IMonoxxuth 3Ha4YECHHUE B «out field Dy «epeMeHHast, B KOTOPOH CChIJIKAa Ha 0OBEKTY,
nosie 00beKTa ® «epeMeHHast, B KOTOPOl 3HaueHHE»
[NonoxuTs 3HaUeHKE B o
«put field ID» «repeMeHHasi, B KOTOPOi 3HAUYCHUE»

CTaTU4YCCKOC MOJIE

[eHepauusi 1MOCIEIOBATEILHOCTH KOMAH/ BBHIOJHEHHs MPOW3BOAMTCA HAa OCHOBE IPOCTEHINEH
perucTpoBoii MauHbl. Kaxxaas oneparys (MOJI0KHUTh 3HAYCHHE B TIEPEMEHHYIO, BBI3BATh (PYHKIIHIO
W TaK Jaliee) KOAUpyeTcs B MpoTokone (B Tabn. | mpuBemeHBI KOABI). AITOPUTM MPOXOAUT IO
LETIOYKEe BHI30BOB (DYHKIMH M IOTydYaeT MOCIe0BaTEIbHOCTh KOMAH ISl PETUCTPOBON MaIlIMHBL

2.3 UHTepnpeTaTop KOMaHA

I/IHTepr[peTaTop IpeACTaBIIACT co0oit OIepaTop-nepeKIOYaTCIIb, KOTOpLIfI B 3aBUCUMOCTH OT KOJa
or[epaum‘/'l BBITIOJIHACT COOTBCTCTBYIOLIYIO OICpaluro. Taxke mmeercs 6y(1)ep NEPEMCHHBIX, B
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KOTOpPOM XpaHSTCsI HEOOXOIUMEBIE TIepEMEHHbIE (3TO, 110 CYTH, PETUCTPHI PETHCTPOBOH MalIuHb). B
Tabn. 1 mMpHUBOITCS MOCTYIHBIE KOJBI orepanmid. Kaxkaplidi MeTon U Kiacc (Takke Hoiisl Kiacca)
MMEIOT YHUKAJIBHBIA uaeHTudukarop ID, KOTOpEIA TO3BONISIET ONPEeUTh HYKHBIH METOI, KJIacc
U noJist Kinacca. B Tabnmiie 3ToT uneHTU(UKaTOp SBISIETCS KOJIOM HEKOTOpoi komanapl. Ha puc. 4
MIPUBOANTCS ()parMeHT KoJa M COOTBETCTBYIOIIAs ITOCIE/IOBATEIBHOCTh KOMAaHJ PETHCTPOBOH
MaIlNHEBL.

f ™

//Static function call of class A

L A

-~
4 N\
/{Pseudocode

x12 = 25; // 25-7 19, 12 -> C B WeCTHaAUATEPMYHON CMCTEME CHMCAEHMNA

o S
g

-
//MocnegosaTensHocTs BalToB

000000050000000C00019 // %12 = 25;

(.

Puc. 4. llpumep nocrnedosamenvrhocmu KOMAno
Fig. 4. Example sequence of commands

ABTOpamu pa3paboTaH OTIENbHBI HHCTPYMEHT, KOTOpBIH 13 anHoTauuit JAR-(aiina renepupyer
HHTEpIpeTaTop. DTO MO3BOJSAET HPU OOHOBICHMM OHOIMOTEKH aBTOMAaTHYECKH TI'€HEPHPOBAThH
HOBBIW HHTEPIPETATOP, MOICPKUBAIOIINIT BBI30BBI 100ABICHHBIX/MOAUPHUIIUPOBAHHBIX () YHKIUA.

2.4 MNMony4yeHWe NOKPbITUA KoAa

JUi1st moy4eHust HOKPBITHS KOJa UCIIONB3YeTCs TEXHUKA, peann3oBanHas B nacrpymente AFL [5]:

1. Kaxnomy 6azoBomy OJIOKY LielIeBOM OMOIMOTEKH COMOCTABIAETCS LIENI0e YUCIO U3 MHTepBalia
[0, 65536). [lyst cOOpa HOKPBITHUSI UCIIONB3YIOTCS JIBE I100ATbHbBIC IepeMEHHbIC: KapTa MaMsTH
(map) B pasmepe 65536 osnemeHtoB u mnepemeHHas prevLocation. O0e mepeMeHHbIE
WHULUATI3UPOBAHbI HYIAMH.

2. Ilpwu BeImonHeHnn 6a30BoOro O0Ka X, KOTOPOMY OBLIO MPUCBOEHO 1enoe unciio bblndexX (uar
1), mpou3BoOAUTCS ceAyIoIIee U3MEHEHNE B KapTe MaMsITHU:

id := bblIndexX " prevLocation;
map[id] := mapl[id] + 1;
prevLocation := bbindexX >> 1;

Takum 00pa3oM B KapTe maMATH XPAaHUTCS HH(GOPMAIIKS O BHITOTHEHHBIX 0a30BBIX OJIOKAX.

Taxoii MoAX0M MO3BOJAET BHLIBUTH YHUKAJIBHBIE ITYTH BBINOIHEHHS (XOTS BO3MOXKHBI KOJUTH3UH).
Peasnm3arust HHCTpYMEHTAIIMH ObliIa BHITIOHEHA Ha ocHOBE ruatdopmsr ASM [17].

3. Pesynbmamsl

B xone sxcriepuMeHTanpHOr o 3amycka Ha onbmmoreke PluginBase Bxomsmmii B coctaB miaTgopMbl
SmartThings (Bepcust 1.7.9) paspaboTaHHBIII WHCTPYMEHT BBISIBIUI 15 YHHKAIBHBIX aBapHHBIX
3aBepIICHUI MPOrpaMMbl. Pe3ynbTaThl OBUTH ITOATBEP)KACHBI KOMAHION TECTHPOBaHUA Samsung
Electronics R&D. Ha puc. 5 mpuBOAATCSI HEKOTOPBIE METO/BI, BBI30OBBI KOTOPBIX C YKa3aHHBIMU
rapamMeTpaMi MNPUBOAAT K BO3HUKHOBEHHIO MCKIIOYMTENBHBIX cHTyanmi. Kak BugHO u3
pe3yNbTaToOB MHCTPYMEHT MOXKET HAalTH HE TOJIBKO IIPOCTHIe» OIMHMOKHM, Koraa mepenarorcs null
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00BEKTHI. YCIIEIHO ObUTH HaMIEHbI UCKIIIOUEHHS BBIXOJIa MHJIEKCA 32 MPEAENbl CTPOKH U JpYyrue
THUIIBI HCKJIIOYEHUH, ONpeeIeHHbIX B caMoii utatgopme SmartThings. [laHHBIE pe3yabTaThl ObIIH
TIOJTYYEeHBI B Pe3yJbTaTe MapauIebHOro (Da33MHIa Ha IBYX YCTPOMCTBAX B TEUCHUH CEMU JTHEH.
Ha puc. 6 nmpuBomurcst pparMeHT Koza, JeMOHCTPUPYIOIIUH BEIIIE yKa3aHHbBIE OIINOKH

[/ com.samsung.android.plugins. PluginDataStorageException
JSONConverter.jsonToResRep ("$}");

/I java.lang.StringIndexOutOfBoundsException
ShpConverter.vidToShpSSID ("nohyphen");

/I java.lang NullPointerException
QcPluginDevice.getQcPluginDevice ("foo");

/I os.android.RemoteException
AutomationManager.getInstance ().getRegisteredAutomation ("'1");

Puc. 5. Haiioennvie neobpabomanmvlie UCKIOUUMENbHbLE CUMYAYUU
Fig. 5. Unhandled exceptions found

package com. samsung. android plugin fu;
import android, 0s. Bundle;

import android. view. Window;

import android, view. Window Manager,
import jeva io ByvtedrrenTnputStracm;
import java io JOException;

import jeve io InputStream;

import java ner. TnerSocketdddress;

import com. samsung andvoid onecovmect utils SkoConverter;
import com.samsung android.plugins, QcPluginDevice;
import com . samsung android plugi 1, tion. At ionManag

import com.samsung, andreid.scclient JIONCormverter;
public class MamActivity extends PluginBaseActivity {

(@ Override
protected vaid onCreate( Bundle savedstanceState)
super.onCreatefsavedinstanceState);

final Window window = getWindow();
wirndow.setSoftlnputModel
WindowManager.LavoutParams. SOFT INPUT ADJUST RESIZE |
WindowManager. LayoutParams SOFT INPUT STATE HIDDEN);
getTheme().applhiStile(R stvle. AppTheme, mue);

setContentView(R.lamvout activity main);

Sj.'.szlfm. out.printin(" JSONConverter.jsonToRcsRep”);
puls
JSONConverter jsonToRcsRen (™},
) catch (Threwable ) {
e printstackTracer);

S]..s;lrem. our.prinnin(" ShoConverier.vidToShpS5ID");
oy

" ShpConverter.vidToShpSSID("nokyphen");
) eateh (Throwable a) {
| e priveStackTracel);

System. out.prigin(" QcPluginDevice. getOc PluginDevice");

wry .
ggrPh{,qian-fm.gathPﬂf.q'ianw'ce{’_’ oo
} catch (Throwable e) {
e printStackTrace();
}
Sysiem. out.prmtin(" AutomationMarager. getRegisteredAutomation”);
oy
AutomationManager mgr = AutomationManager gethistance();
mgr. getRegistereddutomation(™1");
} catch (Throwable el

eprintStackTrace();

|
¢

}
}

Puc. 6. Dpacmenm xooa, demoncmpupyrowjuii HallOeHHble UCKIIOYEHUs
Fig. 6. Code fragment showing exceptions found
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4. CpaeHeHue ¢ aHal102UYHbLIMU peweHuUsImu

EvoSuite [18] siBasieTcst oJHON M3 W3BECTHBIX MIAT(GOPM, KOTOpask aBTOMAaTHYECKH TCHEPHPYET
TecThl 11 Java-kinaccoB. VIHCTpYMEHT y4MTHIBAEeT MOKPHITHE KOZAA, W IIYTEM TeHEpaIlMH Pa3HbIX
TECTOB MOXKET JOCTUYB OOJIBIIOT0/TIOTHOTO MOKPHITHS Kozia. EvoSuite Takxke MOXKET TeHEpHpOBaTh
JUnit4 [19] tectsl. [laHHBIN HHCTPYMEHT HMEET HEKOTOPBIC OTPaHHYCHHS.

1. Her BO3MOXXHOCTH T'€HEpHPOBATH ITOCIENOBATENFHOCTH BBI30BOB (yHKIMH. Takum obOpazom
OLIMOKH, KOTOPBIE BOCIIPOM3BOIATCS TPH HEKOTOPOH IOCIIE0BATEILHOCTH BBI30BOB (PyHKIMIA
HE MOT'YT OBITh HAWJCHBI.

2. Henp3s yka3arh MAOIOHKI ISl TEHEPALIUH [TOCIIEA0BATEIFHOCTH BBI30BOB (hyHKIMH. Hampumep,
yKa3aTh KOPPEKTHOE CO3/[aHHEe/0CBOOKICHIE PECYPCOB IIEPE/TIOCIIE BBI30BOB (DYHKIIHIA.

3. Ecnu 3amyck nporpamMMbl IPOM3BOAUTCS B ClIENMANIbHOM cpene, EvoSuite Toxe He MOXeT ObITh
npumeHeH. Hanpumep, B cimydae Oubmuorekn PluginBase BBI3OB €€ MeTONOB MOXHO
NPOU3BOJUTH TOJIBKO B TOM Cilydae, Korga OuOIMOTeKa 3arpykeHa depe3 miaTdopmy
SmartThings (B cpene OC Android [20]).

DSD-Crasher [21] (ero mpeamecteennuk — JCrasher [22]) reHepupyeT TecThl st METOIOB Java
KJIaCCOB B LEJIAX BBIABJICHUS HEOOBABICHHBIX UCKIIOUeHUH. OH Takke ymeeT reHepuposath JUnit
TecThl. [ HOCTWKEHUH 3TON 1eJM HHCTPYMEHT KOMOWHHUPOBAHHO MCIIONb3YeT AMHAMHYECKHH U
craTrdeckuii ananus. Kak u B cixygae EvoSuite, 3TOT HHCTpYMEHT He MOXKET peliaTh IOCTaBICHHYIO
3aJauy, IOCKOJbKY UMEET T€ JK€ CaMble OTPaHUUYCHHUSL.

Randoop [23] B ormtnurie EvoSuite 1 DSD-Crasher MoxeT BbI3bIBATH HECKOIBKO METOIOB OJHOTO
Kiacca B oMHOM Tecte. Ho BRI30B METOIOB M3 Pa3HBIX KJIACCOB HE Mpou3BoauTCs. Takum o6pazom
reHepanus nocjaea0BaTeIbHOCTH BBI30BOB (byHKuI/II‘/'I permraercs yactuaHo. Kpome atoro, RandOOp
HE YYHTHIBACT I[IOKPHITHE KOJa /ISl TCHEpalWil HOBBIX TECTOB, YTO SIBJISICTCS CIIE OJXHHM
HEZOCTAaTKOM.

Takum oOpa3oM, NpeVIOKEHHBI aBTOpaMHM METOH HMMeEeT psI NPEUMYLIECTB MpH
PaHAOMHU3UPOBAHHOM TECTUPOBAHUU MHTEP(EHCHBIX (DYHKIHMIT 10 CPaBHEHHIO C BBIICYKa3aHHBIMU
HHCTPYMEHTaMH.
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Abstract. Avionic industry in Russian Federation faces difficulties in organizing the reliable instrumental
support of development processes. State-wide active direction on digitalization of the economy doesn’t
facilitate the issue solving. The choice of software tools is an important component of success while developing
complex certifiable software such as aircraft onboard systems. The same situation could be observed in other
industries as well. Nowadays the Russian IT-market provides a sufficient amount of different software that can
cover the development lifecycle processes of complex certifiable software for avionics in a varying degree.
This article analyses the current situation on Russian software market and the impact of import substitution
policy of Russian Federation on software developers and consumers — industrial enterprises. Details of
regulation document DO-178C for onboard software development are considered to show the importance of
correct choice of project’s instrumental landscape. Certain types of specialized software tools for development
processes automating are considered. Authors identified the basic groups of tool functionality that provide
support for the development lifecycle of onboard software. The Russian and foreign PLM (Product Lifecycle
Management) and PDM (Product Data Management) systems and other software were examined for
compliance with the necessary functionality. For comparative analysis the method based on additive
verification of software by criteria was proposed. Research results allowed authors to make a conclusion about
current Russian software level in comparison with worldwide analogues. Also some prospects of Russian
software further evolution have received justification based on results of this research. Recommendations for
the directions of software development and completion are given. The analysis, presented in the article, can be
useful for avionic and other industries enterprises which need to choose some software for support the
development lifecycle processes in new and ongoing projects of complex systems development. Also specialists
who are interested in the current state of Russian IT industry can find some valuable information in this article.
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Dedepanvhoe 20Cy0apCmeeHHoe YHUMApPHOe Rpeonpusimue
«Focy()apcmgeHHblﬁ HayllHO'UCCJWOOGame‘JleKulZ UHCmumym aeuayuOHHblXx cucmemy
125319 Poccus, Mockea, yn1. Bukmopenko, 0. 7

AHHoOTanms. ABHalloHHas oTpacib B Poccuiickoil deaepanuy cTajlkuBaeTcs ¢ TPYAHOCTSIMU OpraHU3aL|H
WHCTPYMEHTAJILHON TTOJUIEP)KKM TIPOLIECCOB  Pa3pa0OTKH. AKTHBHBIM Kypc TOCYZapcTBa B CTOPOHY
U pOBU3ALIH SKOHOMHKM HE CIIOCOOCTBYET PELISHHIO JaHHOH mpoOieMbl. Beibop MHCTpyMEHTa sBIIsieTCS
Ba)KHBIM KpPHTEPHEM YCHENIHON pa3paboTKu CIOKHOro cepruduimpyemoro [10 - GOpTOBBIX aBHAIIMOHHBIX
cucteM. [TomoOHas cuTyanust HaOMIoAaeTcsl ¥ B IPYrHX OTPACIsX MPOMBIIUIEHHOCTH. B HacTosmee Bpemst Ha
poccuiickom UT-peIHKE IPEICTaBICHO JOCTATOYHOE KOJTMIECTBO IIPOrpaMMHOr0 00eciedeH s, CHOCOOHOTO B
pa3IMYHON CTENeHH IIOKPHITh T€ WIM HHBIE MpOIECCHl JKH3HEHHOTO LKA pa3paboTKH  CIOXKHOTO
cepTH(UIUPYeMOro TpOrpaMMHOro obecrieueHuss B cdepe aBHOHMKH. B pamkax JaHHOW CTaTbhH
aHaJIM3MUPYeTCs TEKYIasi CATYalsl HA POCCUICKOM PBIHKE IPOrPaMMHOT0 00€CIIeYeHH s U BIIMSTHHE TTOJTUTHKA
umroprozamenieHust Poccuiickoii ®Denepanmy Ha pa3pa0OTYMKOB IIPOrpaMMHOrO OOECHEYEeHHs M ero
HoTpeduTeNei - MPOMBIIUICHHBIX NpeanpusTiid. Jleranu HopMarusHoro gokymenta KT-178C nis pazpaborku
0OPTOBOTrO MPOrpaMMHOT0 00eCHeYeH s TTOKa3bIBAIOT BXKHOCTH BHIOOpa HHCTPYMEHTAIBHON CPEIbl POSKTa.
ABTOpBI ONPENENTMIN OCHOBHBIE TPYNIBI (YHKIHOHAIBHBIX BO3MOKHOCTEH HWHCTPYMEHTOB, KOTOpbIE
00ecreYrBaoT MOAACPKKY JKU3HEHHOTO IHMKIa pPa3paboTKH OOPTOBOrO INPOrpaMMHOTIO oOeCHedeHHs.
Poccuiickue u 3apyoexnsie PLM (Product Lifecycle Management) u PDM (Product Data Management)
CHCTEMBI, a TaKXkKe JAPYroe HporpaMMHoe oOecreueHHe ObLIM IPOBEpPEHbI HA COOTBETCTBHE HEOOXOAMMON
GyHKIMOHANBHOCTH. [{)1 CpaBHUTEIBHOIO aHANN3a ObLI NPEUIOKEH METOA, OCHOBAHHBIM Ha aJITUTHBHOW
BepU(DHUKALMY IIPOrPAMMHOr0 00ECTICUEHHS 110 33JaHHBIM KPUTEPHUAM. Pe3ynbraThl ncciejoBaHmil 03BONTMITH
aBTOpaM CJeNaTh BHIBOJ O COBPEMEHHOM YPOBHE POCCHICKOIrO MPOrpaMMHOI0 0OecHedeHHs! B CPABHEHUH C
3apyOe)KHbIMM aHaJloraMd. Ha OCHOBaHMM pE3yNbTaTOB aHaIM3a IOJYYHIM OOOCHOBAaHHE IEPCIEKTUBBI
JanbHEeHIIel SBOMIIOLMH POCCHICKOr0 IPOrpaMMHOro obecredeHus. Taxxke pe3ysbTaThl aHaIu3a MO03BOIMIH
copMyIMpoBaTh PEKOMEHAALMU MO HAIPaBJICHUSIM Pa3paboTKU U 10pabOTKU MPOrpaMMHOr0 o0ecredeH s
U cucTteM. AHau3, MPEICTaBICHHbIN B CTaThe, MOXET OBITh MOJIE3EH IS NPEANPUATHIA aBUOHUKH U APYTUX
oTpaciei, nepei KOTOpbIMU CTOST 3aa4d BBIOOpa IMPOrpaMMHOr0 00eCcHeYeHHMs ISl HOIEPIKKH IIPOLIECCOB
KU3HEHHOT'0 1IMKJIa Pa3padOTKH B HOBBIX U TEKYIIMX HPOEKTaX pa3paboTKHU CIOKHBIX cucTeM. Takke JaHHbIe
0 IPOAYKTax M BBIBOJABI MOI'YT OBITH MOJIE3HBI CHNELUAINCTAM, UHTEPECYIOLIMMCS TEKYIIHMM COCTOSHHEM
poccuiickoit UT-unnycrpu.

KiroueBble ciioBa: mporpaMMHoe OO€ClieYeHHE, aHajIM3 IPOrPaAMMHOrO OOECleuYeHHs; CpaBHEHHE
IPOrpaMMHOTr0 00ECIeUeHHsI; POCCHHCKOE IIPOrpaMMHOE 00€CTIeUeHHE,; )KU3HEHHBIN LUK, dKU3HSHHbBIH LIUKIT
pa3paborky; OOpTOBbIE CHUCTEMBI, OOpTOBOE IpOrpaMMHOE OOEcHedYeHHE; HMIIOPTO3aMElleHHE,;
cepTu(UKALKSL; YIIPABICHHE KM3HEHHBIM [IUKIOM nponykTa; PLM; ynpasienue nanHbiMu o ipoaykre; PDM;
cnoxuble cucremsl, KT-178C; agauTUBHBIN METOLI.

Jas nutupoBanus: ['openun H.K., I'ykoBa A.C., Kpacnommekos JI.B. Ananu3 poccuiickoro nporpaMMHOro
obecrieyeHust Tl TOAJEPKKN JKU3HEHHOrO LKA pa3paboTKH OOPTOBBIX CHCTEM B YCIOBHUSX IOJUTHKH
ummnoprozamenienust. Tpyast ICIT PAH, Tom 32, Beim. 2, 2020 r., ctp. 175-190 (na anrnuiickom sizeike). DOIL:
10.15514/ISPRAS—-2020-32(2)-14

1. Introduction

In addition to the high requirements for the reliability and safety of developing software and
products, another huge problem in the production of certified products for domestic avionics is the
modern governmental policy on technological independence.
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Import substitution and digitalization become two main factors in the development of the Russian
economy today [1]-[3].

According to the Federal State Statistics Service (Rosstat), if the import substitution policy
implemented, the civil aircraft industry expected in 2020 to reduce import dependence from the level
of 60-80% to the level of 50-40% [4].

Developers who recently started to automate processes using foreign software are now forced to
seek for adaptable software again among Russian products. However, there is no credible
information — if there are fully functional qualified analogues of foreign-made software on the
Russian market in the form familiar to the user or not. Is the quality of the product or service that
provides it sufficient to develop safety-critical products?

Accordingly, the problem of developing certified software, in addition to meeting the requirements
and recommendations of numerous aviation documents (international standards, national standards,
guidelines, and qualification requirements acting in the industry), has significantly expanded by the
need to comply with the course of technological independence in the Russian Federation.

This article provides an actual overview and analysis of Russian software tools for lifecycle
management in the development of certified software. As well there is shown the comparison of
Russian software with foreign-made analogues traditionally used in the avionic industry in the
Russian Federation and abroad (such as Siemens, IBM, etc.).

The article also provides recommendations that may be in demand by enterprises from different
industries that need to migrate from foreign to domestic tool platforms, but first of all avionic
industry is main interest for this research.

2. Related work and background

2.1 Related work

Software analysis interests a large number of researchers throughout the Russian Federation and
affects different field of activity.

There are not many reviews of software for the avionic industry in the scientific sources available
to the general public — that is why the appearance of this review was influenced.

Among the scientific works devoted to the topic of comparative analysis of software, we can
distinguish the works of Khubaev G.N. [5][6], Shcherbakov S.M. [7], Boikov S.A. [8], Shirobokova
S.N. and Serikov O.N. [9], Lisetsky Yu.M. [10], Maslov Yu.G. [11], Zhukov A.G. [12],
Krakovskaya T.A co-authored with Tyurnev A.S. [13], Mukhina E.R. [14], Dzyuba E.A. co-
authored with Shibanov S.V. and Gerasina A.l. [15], Ozerkova A.V. co-authored with Trubaeva
A.L. and Lebedeva M.Yu. [16].

In their work, the authors used three types of methods for software analysis: methods of comparative
analysis of software using absorption matrices and graphs [5]-[9], methods of comparison based on
binary tables [11]-[13] and simple text reviews [14]-[16]. Separately we would like to highlight the
work [10], where author presented the algorithm for selecting the most optimal method for software
analysis based on the approach of pairwise comparison of methods.

Our article uses a method of comparative analysis based on additive verification by criteria for
selecting software, similar to the one proposed in [11] and adapted for the purposes of this work.
The choice of this method is due to the fact that in the case of analyzing tool samples for a small list
of parameters, it is quite visual, but at the same time it is not a labor-intensive method to reflect the
functional features of the software.

The data obtained as a result of the analysis should first of all be of practical significance for direct
users of software (developers, project managers, etc.). In the future, the authors would be interested
to develop this topic deeply and to compare software using the method proposed by G.N. Khubaev
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[5] and his followers, in order to obtain results for comparing both approaches to analysis and draw
conclusions about the applicability of different types of analysis methods.

2.2 Background

Work described in this article was started in GosNIIAS in 2018 in the scope of one of the research
and development projects.

First step was made in 2018 and consisted in identification and justification of criteria, which
configuration management process puts forward as a requirements for IT-landscape of certifiable
product development (especially in avionic industry) [17]. Set of selected criteria was used for
analysis of popular requirements management instruments. Results were published and reported
during SYRCOSE 2018 conference and some other scientific and practical events.

Next step touched upon the topic of requirements management and its importance for projects in
avionic industry [18].

Cursory review of lifecycle management software for certifiable aviation software development was
made by authors in 2018 and reported on conference 111 All-Russian Scientific and Technical
Conference «Modeling of aviation systemsy [19].

Then special review of requirements management tools for development of safety-critical systems
was made by one of the authors and specialists from ISP RAS and published in 2019 [20]. Analytic
work was continued and its approach, details and results are described in this article.

3. Research method

In this paper the analysis based on additive comparison was chosen as the research method in order

to compare Russian and foreign software. Analysis consisted of the following steps.

1. Formulation of the problem. At this step some aspects and reasons of tools choice complexity
were formulated.

2. Overview of software and selection of two sets — Russian software and foreign software.
Software sets were based on the current state of the IT market, available for estimation from
open sources data in the Internet, and the authors’ knowledge on the current situation at some
domestic manufacturing enterprises, which were accumulated as a result of their professional
activity. During the software choosing main preferences were given to the software, which is
often used in avionic industry enterprises.

3. Selection of a list of functions for software examination. Functions for software examination
were chosen based on requirements, regulations and recommendation of industry standards and
best practices.

4. Analytic research publicly available from open sources data about software, empirical test
of tools which were available for authors. An analysis of the compliance of the tool with the
tested features was performed with:

e analytical research of information published in open sources available for everyone in the
Internet — websites of software developing companies, reference and help materials,

e interaction with software providers,

e attraction authors’ own practical experience with some of selected software.

Found results for both sets were added into the table. Table consists of tools in rows and

functions in columns. The following notation was chosen in the table:

e + - function is supported by tool,

e —-function is not supported by tool,

e — | -function is not supported by tool, integration with third-party tools is required.
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5. Counting the formulas for analysis and visualization of data on the diagrams. For counting
and visual analysis “+” value was taken as 1, “—” value was taken as 0, “—, I’ value was taken
as 0.5. Data from the table was examined in two projections with formulas (1) and (2):

n

Vj = 1,m: function; = Z Xij (1)
i=1
m
Vi= 1,_71: tOOli = Z xij (2)
j=1

Where:
e mnisasize of tools set (with letter i as index),
e m isasize of functions list (with letter j as index),
e x;; are values from the table cells,
e tool; is summed value for each tool,
e function; is summed value for each function.
6. Fixing conclusions and recommendations.

4. Comparative analysis of software

4.1 Formulation of the problem

Before considering the tools for managing the software development lifecycle it is necessary to refer
to the aviation regulation document DO-178C [21] and its Russian analogue Qualification
requirements part 178C [22] as an example of tools choice complexity.
DO-178C defines the rules for the organization of onboard aviation software development processes
which are necessary for successful achievement an acceptable level of confidence in product safety
and to confirm this level by passing certification and obtaining special aviation certificate. DO-178C
defines such important goals like change management and quality management for all of the
lifecycle phases.
Regulation document DO-178C specifies the processes of onboard development lifecycle: their
definition, input and output data, recommended activities, criteria for the transition between them
and many other useful details. But DO-178C does not prescribe the developers of certified software
the preferred models of software development lifecycles and the interaction between them. Perhaps
this is the reason why the choice of tools becomes such a time-consuming decision for airborne
systems software developers, causing numerous disputes, questions and consequences Ommuoka!
Hcrounuk cepliku He HaiigeH.. In the case of the wrong choice of tool, the cost of resources for
changing the IT-landscape and subsequent changes in the project can be very significant especially
on the last stages because of the need for certification to start the whole project from almost the very
beginning with new set of software. This inevitable decision will cause the loss of pace and the
competitive advantage in the market as a result.
In this work we wouldn’t analyze tools for compliance with DO-178C requirements. Partly this work
was done in other articles of authors [17][18][20].
The next sections of this article describe some packages of Russian software that partially or fully
cover the entire software development lifecycle. As well there is maid a comparison of chosen
software tools functionality on a set of features with foreign analogues.
For the other parts of aircraft processes such as level of hardware or level of the whole system the
developer should analyze lifecycle processes by himself. All of conclusion from this article could
be applicable for other levels of processes after some analysis and adaptation if it needs. For
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example, lifecycle processes for airborne hardware with regulation document DO-254 [24][25]
aren’t significantly differ from software lifecycle processes.

Product lifecycle management systems (managing product data) support the full cycle of product
and software development and have advanced functionality compared with single-process targeted
tools.

Systems, supporting the full cycle of product and software development, include such software
groups as Product Data Management systems — PDM systems, Product Lifecycle Management
systems — PLM systems, and Collaborating Lifecycle Management systems — CLM systems.
During the analysis two sets of domestic and foreign PLM/PDM systems were formed. Chosen
systems cover a similar functional basis of the lifecycle processes. And also a list of functions was
selected, which must be automated by tools. The results of the analysis are given below (Table 1).

4.2 Overview of software and sets selection

This subsection contains briefly overview of some CIS-made but in general Russian systems.
Complete description could be found on developers sites. These systems will be analyzed below.

4.2.1T-FLEX DOCs PLM

T-FLEX DOCs software is a scalable solution for product lifecycle management (PLM) and
enterprise organization [26]. The solution is based on a set of software T-FLEX
CAD/CAM/CAE/CAPP/PDM/CRM/PM/MDM/RM/ — a set of software supplied by one
manufacturer — Russian company «Top Systems». It makes possible to organize a single
environment for design and technological document flow, design and production preparation.

The solution «T-FLEX DOCs» includes the following capabilities:

Engineering Processes and Design Management; General Office and Desk Workflow; Enterprise
Knowledge Management and Archive; Project Management, Cost and Resource Planning; Mail and
Tasks, Workflow Management; Integration with ERP Systems; Managing Company Product Range,
Corporate Data and Classifiers; Product Structure Management, Bill of Materials, Configurations
and Versions; Integration with Major MCAD Systems; Customized Information Systems.

4.2.2 Full Lifecycle Management System: «Digital enterprise» (TIS: Digital enterprise)

It is domestic protected system for managing the full lifecycle of products «Digital enterprisey,
developed by Russian Federal Nuclear Center — «Rfyats-Vniief» [27].

The software product «Digital enterprise» includes:

Complex of software for digital enterprise resource management, digital enterprise personnel
management, production management system, performance management system based on Bl-
solutions, project and program management, integration platform, regulatory and reference
information management, portal services, product lifecycle management, PDM system, protected
operating system «Synergy 1.0».

4.2.3 Soyz PLM

Soyuz-PLM is a system for managing engineering and technical information throughout the product
lifecycle, developed by Russian company — «Programsoyuz» [28]. Soyuz-PLM is a software
package designed to solve various problems of engineering data management in the field of
mechanical engineering, instrumentation, architecture, construction and related fields.

The main features are dynamic configuration of the data model as the enterprise develops, the ability
to work in a geographically distributed environment, access differentiation and management, and
the design of text-based technical documentation for PLM data, integration with external
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applications, management of processes and regulated procedures, document management, secure
storage of engineering data.

4.2.4 IPS PLM (Intermech Professional Solutions)

A universal information system for product lifecycle management based on enterprise-level
INTERMECH solutions designed to manage engineering data and provide information support for
a product at various stages of its lifecycle [29]. Currently, IPS PLM is used in various industries —
mechanical engineering, instrumentation, industrial and civil construction, nuclear industry, and the
military-industrial complex. The software was developed by Belorussian company «Intermechy.

4.2.5 Appius-PLM

Integrated information system for product lifecycle management and ERP regulatory framework on
the 1C platform: Enterprise 8.3, developed by Russian company «Appius» [30]. Appius-PLM - the
solution for managing entire enterprise as a single complex, created based on experience in the
development and implementation of CAD/CAM/CAPP/PDM/PLM systems, which allows
including design and technological divisions in a single information space of the enterprise, with a
single database.

4.3 Selection the PLM/DPM tools for comparison

Among Russian systems, supporting the full cycle of product and software development —
PLM/PDM systems we can distinguish the following set: T-FLEX DOCs, Full lifecycle
management system «Digital Enterprise» (TIS: Digital Enterprise), APPIUS PLM, Lotsman PLM,
Lotsia PLM, Soyuz PLM etc. Also it was decided to include in the analysis the Belorussian software
IPS PLM, as the most common system in the CIS countries. The following tools were chosen for
the set TOOLS 1: T-FLEX DOCs [26], Full lifecycle management system «Digital Enterprise» [27],
Soyuz PLM [28], IPS TDM| PDM| PLM | Workflow (Automated Control Systems for Design and
Technological Preparation of Production) [29], APPIUS PLM [30].

Among foreign systems with similar functions for the full cycle of product and software
development the following systems were chosen for analysis: Siemens Team Center PLM [31], PTC
Windchill PLM [32], Dassault Systemes Enovia [33], SolidWorks Enterprise PDM [34]. Also it was
decided to include integral solution from IBM - IBM Rational Collaborating Lifecycle Management
[35] to the foreign set. Because some components of this solution (such as DOORS / DOORS NG,
Change / Synergy, Team Concert, Rhapsody, Test RealTime and others) are most often used at
aviation enterprises in the Russian Federation either in separate way of using or in some varies of
integration (more rarely). These tools put together a set TOOLS 2.

4.4 Selection the list of functions for comparison

Industry regulations [21]-[25][37]-[41], national and international standards [42]-[45], best practices

and requirements from enterprises and users for PLM/PDM systems and separate types of tools,

accumulated by authors during their work way, were analyzed and gave a huge list of useful and

necessary functions for tools for the full lifecycle coverage. Some functions were chosen to make a

comparative analysis of systems in sets TOOLS 1 and TOOLS 2 — necessary features for

automation or support the full cycle of product and software development. These features made up

a list of parameters PLM/PDM PARAMS (short name of parameter for diagram put in braces):

o ability to integrate with CAD systems (short: CAD),

o reference data management (short: RDM),

¢ ability to make custom agreement processes with electronic signature and other types of
workflows (short: Workflow),
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o technological support of production (short: Prod.support),
e requirements management (short: RM),
e quality management (short: QM).

4.5 Comparative analysis

This chapter presents comparative analysis of selected tools from the sets TOOLS 1 and TOOLS 2
with selected criteria from the list of functions PLM/PDM PARAMS. Table 1 contains results of
experiments and estimation of software, which will be used below for counting with formulas (1)
and (2) and further visualization.

Table 1. Comparative analysis of PLM/PDM systems: functions

Name of software Russian | cap | Rpm | workflow | P79 | Rm | oQm
software support

Set TOOLS 1: Russian/CIS software
T-FLEX DOCs

Full  lifecycle  management
system “Digital Enterprise”

Soyuz PLM

IPS TDM| PDM| PLM |
Workflow

Appius PLM
Set TOOLS 2: foreign software
SolidWorks Enterprise PDM —

IBM  Rational Collaborating
Lifecycle Management

Dassault Systemes Enovia —
PTC Windchill PLM -
Siemens Team Center PLM —

+| + [+ + |+
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4.6 Counting and visualization

Then in first case tools score from each set was summed up for each parameter from the set of
functions. Here the formula (1) was used.

6

ETOOLS1
mTOOLS 2

TOOLS 1& TOOLS 2
[ I e T Y. ]

Fig. 1. How many tools from sets TOOLS 1 and TOOLS 2 have functions from PLM/PDM PARAMS list
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On the Fig. 1 there is a comparison between two sets TOOLS 1 and TOOLS 2 by PLM/PDM
PARAMS - how many tools from each set have selected functions. Fig. 1 shows that there are some
more attractive features for product developers, whereas other features are very important as well.
In the second case values of features for each software were summed. Both sets TOOLS 1 and
TOOLS 2 were compared between each other and with some hypothetical Reference tool — how
many functions from PLM/PDM PARAMS list has each software from sets TOOLS 1 and TOOLS
2. Reference tool has all features - 6. Here the formula (2) was used. Fig. 2 shows that no one tool
from both sets has all features. And also it is seen on both Fig. 1 and Fig. 2 that in set TOOLS 1
(Russian software) more instruments have necessary functions than in set TOOLS 2 (foreign
software).
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Fig. 2. How many functions software from sets TOOLS 1 and TOOLS 2 covers

4.7 Intermediate conclusion

All of the listed software products have much in common by functionality. Foreign software, unlike
Russian, does not take into account the existing mentality and work culture of specialists in the post-
Soviet space and enterprises. Domestic software was created to solve problems and based on the
needs of only Russian enterprises, considering their specificity and the established regulatory
framework.

Because of this fact the functionality and technological processes in domestic PLM and PDM
systems are developed with better attention to local needs and rules. The built-in processes,
document flow, data formats, reports and etc. more closely correspond to Russian standards.

In order to support processes, which are common to all developers, and also domestic-specific
Russian processes, software from foreign vendors must either be integrated with Russian modules
or develop add-ons with similar functionality. All of these additional activities will lead to extra
costs and time losses during implementation of software that is already very expensive.

Nowadays Russian aviation enterprises solve the problems of supporting the full lifecycle of their
products. And these problems go beyond the design and technological preparation of production.
That is why Russian PLM systems are also growing dynamically. However, they are moving after
Russian enterprises - their development takes place and has a direction depending on the needs of
specific customers. The solutions of foreign vendors such as DASSAULT Systemes, Siemens PLM,
PTC, IBM and other foreign developers contain the experience of Western industrial enterprises,
which are much more advanced than domestic ones due to the earlier and balanced implementation
of approaches and practices of systems engineering [42]Omm6ka! McTOYHHK CCHUIKH He
Haiinen.[47].

Nevertheless, the teams of domestic developers deeply understand the need to automate the
processes of lifecycle and the provision of end-to-end technologies in their software. Today
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developers already add to their product lines such modules as, for example, requirements
management (T-FLEX DOCs, Soyuz PLM) or complaint management (T-FLEX DOCs). Also it
makes sense to highlight the software product 8D from ASCON [48]. 8D wasn’t included to the set
TOOLS 1 but nevertheless 8D is one of the few products in the Russian Federation in which quality
management support has appeared.

All these facts allow us to surely conclude that domestic PLM and PDM systems are ready to
correspond foreign analogues, and even bypass them according to a number of criteria. Moreover,
Russian software is closer to Russian production realities, which probably makes the introduction
of such software less “traumatic” for users.

5. Recommendations for choosing software

In the context of the import substitution policy in Russian Federation, it is necessary to consider
additional parameters besides to functionality when choosing software. The same additive method
as proposed in this article was used for analyzing and visualizing the result.
Some characteristics were chosen to estimate the readiness of Russian software to replace foreign
analogues from the point of view of the import substitution program for increasing technological
independence of Russian Federation. These characteristics made up a list of parameters
SUBSTITUTION PARAMS:
e registration in the Russian Register (Unified Register of Russian programs for electronic
computers and databases) [49];
e earning the certificate of FSTEC of Russia (Federal Service for Technical and Export
Control) [50];
e integration with other software tools or built-in software functions (CAD/ECAD systems,
workflow systems, configuration management systems, master data management systems,
ERP systems, etc.)
e Russian-speaking technical support;
e compliance with the statement of the problem — providing functions which cover
necessary aspects of lifecycle processes and features of foreign analogues;
o successful implementation to the aviation industry enterprises;
e successful implementation to the other industries enterprises.
Just to show the example of these recommendations applying here will be given one more analysis
— software tools from the set TOOLS 1 were taken for analysis with SUBSTITUTION PARAMS.
The results of the analysis are given below (see Table 2, Fig. 3 and Fig. 4).

Table 2. Comparative analysis of Russian software: import substitution

Russian e .
. Certificate . Russian . Other
Name of software Regrlste of ESTEC Integration support Aviation industries

T-FLEX Docs + — + + + +
Full lifecycle

management system + + + + — +
“Digital Enterprise”

Soyuz PLM + — + + _ +
IPS TDM| PDM|

PLM | Workflow - + + + + +
Appius PLM + — + + + +

Similarly with the previous analysis Fig. 3 and Fig. 4 were formed. Fig. 3 shows how many tools
from set TOOLS 1 automate each feature from SUBSTITUTION PARAMS list. It is seen that not
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all instruments satisfied all parameters - some parameters are more difficult to satisfy than others.
Here the formula (1) was used.

Fig. 3. How many tools from set TOOLS 1 have features from SUBSTITUTION PARAMS list

SUNSTITUTION PARAMS
ORMNWERUIO

Fig. 4. How many features software from set TOOLS 1 covers

Fig. 4 shows how many features from SUBSTITUTION PARAMS list has each software from set
TOOLS 1. Instruments were compared between each other and with some hypothetical Reference
tool. It is seen that there is no real instrument in set TOOLS 1, which could satisfy all import
substitution parameters like Reference tool with 6 score. Here the formula (2) was used.

Some more facts should be carefully checked out and used as potential parameters for comparison
during choosing software: comparison with analogues, geographical location, staff for
implementation and history of successful implementations. Here is a short description of these facts
below as text just not to complicate the table and figures.

It is important to know during choosing a software if any comparisons with foreign analogues were
carried out. For example, what percent of the functions of a foreign analogue are covered by software
under review? And what plans for further development are existed — whether it is planned by
developer to cover 100% of the functions in the near future?

For nowadays situation with import substitution the aspect of geographical location is very important
as well. Enterprises should pay attention on it — if developer’s servers and software development
itself are located on the territory of the Russian Federation. For example, if the software was
developed by a foreign company, and then a company in the Russian Federation bought it— presently
software’s origin may become an obstruction to its implementation in Russian governmental
enterprises in the boundaries of import substitution.

Additional advantages to software developer while choosing software are a pool of partners or their
own experienced staff for implementation and training and a history of successful implementation
in the avionic industry or related industries.
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6. Conclusion

In Russian Federation not only avionic industry but also aerospace, nuclear, railway, automobile,
shipbuilding, medical and other industries have difficulties in automating development processes,
despite the active digitalization course of the state.

Choosing the toolset that will be used throughout the project is an important element in planning the
development of complex certified software. IT-landscape has a significant impact on the success
and cost of the entire project.

Software developers in the aviation sector do not have a common opinion about what should be an
ideal tool for managing the processes of software and product development and its entire lifecycle.
Some developers want to see a single platform to support development lifecycle and complete
automation of all processes. Another part of developers insists that more processes should be
controlled manually, because not all processes can be properly automated at the moment for various
reasons.

There is no consensus on this issue - regulatory documents usually do not impose the development
process or preferred lifecycle models by the developer, but only provide recommendations for the
organization of this process and its limitations.

At the time of writing this article, there is no ideal tool for solving problems of automation the
development processes in the industry, which has proven itself in practice in the Russian Federation
- the concept of unity of digital platforms is only at the beginning of its path.

But it is already being discussed at the state level, so we have chance to see its successful
implementation in the future.

As in the case of foreign software — it is not enough just to buy and install "boxed" Russian software—
it also requires huge labor costs for adapting processes, methodology, implementation and training
of enterprise personnel.

There is bit public information about the successful implementation of Russian systems in aviation.
There is only information published on the official websites of vendors that indicates the fact of
purchasing software. The last decade authors’ experience of interaction with Russian industrial
enterprises and software suppliers has shown that the purchase of software licenses does not
guarantee the use and successful implementation on the enterprise. Despite it at the same time the
project can be listed on the developer's website as an example of successful implementation because
of business interests.

However today there is a sufficient amount of software available on the Russian market that can
cover part of the software lifecycle processes in the development of complex certified software.
Many software developers are open to interaction with enterprises and users and, reviewing the trend
of recent years, are ready to refine their software in accordance with industry requests. For example,
important modules for requirements management and quality management have already appeared
in some Russian systems although previously these modules were missing.

Based on the results of the analysis, we can make a conclusion about the active development and
use of domestic Russian systems and tools with an insufficient level of integration between them.
The effectiveness of using an isolated tool decreases due to the need to convert, and sometimes re-
enter existing (in another system) source data. The same output can be noted for using the results of
work that require additional actions to transfer data to the system for further use.

Russian software covers the automation of technological processes of domestic Russian enterprises
better than foreign software. And today Russian software is not inferior to foreign manufacturers in
integration with design data. And it is pleased to note that some Russian analogues of CAD and
ECAD systems have been developed already.
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The results of the analysis and suggested recommendations given in this article should help
enterprises and organizations from various industries at the initial stages of choosing import-
substituting tools for automating enterprise development processes.
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