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ABTOMaTU4eckana reHepaumusa OpenCL-Kkoaa
U3 rHe3a LMKNOB C NOMOLbIO
nonuagparnbHON Mmoaenu

Anopeii Benesanyes <abel@ispras.ru>, Anexceti Kpasey <kayrick@ispras.ru>,
Anexcandp Monaxos <amonakov@ispras.ru>

AnHoTtanms. B nanHo# pabote npeiaraercs crocod aBTOMaTHYECKOM reHepaniy Koja Juis
crannapra OpenCL u3 rHe3x nuKiIoB 6€3 3aBHCHMOCTEH 110 JaHHBIM MEXKIY HTepPaLlHsIMH IS
nporpamm Ha s3bikax Cu, Cu++ n @oprpan. [y reHepanuy UCnoab3yercst ”HGPacTpyKTypa
GRAPHITE xommumstopa GCC, mncmosip3yromas MOMHIAPATIbHYI0 MOJAENb JUId aHaiu3a
MPOCTPAHCTBAa HTEpaliii M TMPOCTPAHCTBAa AAHHBIX IMKIA. OIHUCHIBAETCS BBINOIHEHHAS
peanu3anus ¥ NPOBEJCHHBIE SKCIIEPHMEHTHI, ITOKA3bIBAIONINE HAWIyYIINe Pe3yabTaThl HA
BBIYHCIIUTENBHBIX IPOrpaMMax, OCHOBHYIO YaCTh KOTOPBIX COCTABIIAIOT I'HE3/1a IUKJIOB.

Ki1roueBble ¢JI0Ba: ONITUMH3ALUH TPOTPaMMEIL, ToJM3ApanbHas Moaens, GCC, OpenCL.

1. BeedeHue

OpHoif u3 mpobieM MHapaIeNbHBIX BBIYMCICHUH SABISUIOCH OTCYTCTBHE €IUHOTO
CTaH/IapTa, OXBATHIBAIOIIETO KaK MHOTOSIJICPHBIE IPOLIECCOPHI, TaK U TpaduuecKue
yckoputenu. JJii MHOTONOTOYHBIX MPWIOXKEHUH Hcnoiib3oBagock OpenMP wnu
POSIX Threads, s rpaduueckux yckopureneit — nVidia CUDA[10-12].

s pemeHns naHHOM npobieMbl Obula pa3paboTaHa INpOrpaMMHAas MOJENb
OpenCL [1, 4, 6], koTopast MO3BOJIAET MPOrPaMMHUCTY ITHUCATh MapaLICIbHBIH KO/
JUIS. MHOTOSIJIEPHBIX IIPOLIECCOPOB M IpaMuECKUX YCKOpHTeNeH (B NaJlbHEeHIIeM
Oynem Ha3bIBaTh TaKKe yCTPOWCTBa akceieparopamu). HecmoTps Ha To, 4TO MaHHas
MOJIeTIb CTAHOBHUTCS Bce Oosiee mnonyssipHod, B GCC Ha pgaHHBIA MOMEHT
OTCYTCTBYET BO3MOXKHOCTh Hcnonb3oBanusg OpenCL B kauecTBe LENEBOro sA3bIKa
JUI TEHEpaluK NapaieIbHOro KOAa.

Ilenpro maHHOW pabOTHI SIBISIETCS peanu3aliys Ipeodpa3oBaHus THE3 | IUKIOB 0e3
3aBucUMOCTed 1mo naHHeIM B OpenCL ko& ¢ MCHONB30BaHHEM HHQPPACTPYKTYPHI
GRAPHITE (GIMPLE Represented as Polyhedra with Interchangeable Envelopes)
[7]. TIpeoOpazoBaHue TrHe3Aa LMKIOB 3aKIIOYAaeTCs B 3aMeHE KOAa THeE3.a,
BBINIOJIHAIOIIErOCS Ha  mpoueccope, Ha BbI3oB  ¢yHkuuu-sapa OpenCL,
BBITIOJIHSIOIICH COOTBETCTBYIOIIME BHIYUCICHHSI HA HEKOTOPOM akceneparope. Tak
ke HeoOXoIMMa BCTaBKa BBIZOBOB Beex TpeOyembIx st pabotel OpenCL GyHKImiA
(co3maHne KOHTEKCTa BBITIONHEHUS, co3aanne u koMmmuisiiust OpenCL-snep, oOmMeH
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JaHHBIME MEXIy LEeHTpPalbHBIM IPOLecCOpoM U akceneparopom). Ilomydennas B
pesyipTaTe IporpaMma MOXET OBITh BBINOJHEHAa Ha JIIOOOM akceiepaTope,
noxnepxuBaromieM craigapt OpenCL, @pu HaJIMYMH  COOTBETCTBYIOIIMX
OMOMMOTEK BPEMEHH BHITIOTHEHUSI.

2. lMpoepammHasi modesnib OpenCL

[porpammuas mozpens OpenCL mo3BoisieT MpOrpaMMHUCTY OIMCHIBATh (DYHKIIWH,
KOTOpBIE OYIyT MapaulebHO BEIIIOJTHEHBI HA HEKOTOPOM aKCelIepaTope Mk Habope
aKCeIepaTopoB, NOCTYNHBIX Ha MAaHHOM MammHe. Jlas 3amaHus KOHKPETHOTO
aKcelepaTropa CIyKHT HOHITHE KOHTEKCTa, KOTOPBIH 3alaeT Kiacc Tpedyemoro
yCTpOHCTBa (MHOTOSIAEPHBIN IIporeccop, rpadHuecKuii MpoIeccop) W IOHATHE
odepeny KOMaH/I, KOTOpasi COOTBETCTBYET ONPEICICHHOMY aKCelnepaTopy.

B ocnoBe mporpammuoit momenu OpenCL nexwur noustust sapa (kernel). Sapo —
910 (QYyHKOWA, KoTopas OymeT BEINONHEHA MapajUleIbHO Ha akceJepaTope
OTIpeIeIEHHBIM KOJIIMYECTBOM ITOTOKOB {111 TOTO, 9TOOBI OTINYATH Aapa-pyHKINH H
snpa Tpoleccopa B IOCICAYIOUIEM U3JOKEHUHM, IOHATUE sOpa Bceraa
UCTIONB3YeTCS B CMEICTe (DYHKIMH. Sapa ompenemsfoTcess MpoTrpaMMHUCTOM B BHJE
(yHKIMHA Ha HEKOTOpOM pacmmpeHnr s3bika Cu. Co3maHue siapa pas[elieHO Ha
HECKOJBKO JTaloB, KaXKAOMY H3 KOTOPHIX OTBEYAeT BBI30B COOTBETCTBYIOIIEH
¢ynkuun  OpenCL  Ha ueHTpanbHOM mporeccope. B Hauwanme Tpebyercs
nmpeoOpa3oBaTh UCXOAHBIA KOJ OJHOTO WJIM HECKONBKUX SJIEep, 3aJaHHBIA B BHIE
MaccuBa cTpok, B OpenCL mporpammy, majiee HOITy4eHHas MporpaMMa JIOJDKHA
OBITH CKOMIWJINPOBAHA JJIs HyXHOTO ycrpoiictBa. Ilocne xommumsamun OpenCL
MpOTpaMMbI M3 HEe MOTYT OBITh IOJIyY€HBI Apa, OTBEYAIOUINE (QYHKIUSIM B €€
HCXOJHOM KOJE.

Jns 3amycka sapa Ha akceneparope HEOOXOIMMO YKa3aTh €ro apryMEHTHI.
ApryMeHTaMH sifipa MOTYT OBbITh KaK CKaJISIpHbIC 3HAUCHHMSI, TaK U ajapeca Oy(pepos B
maMsTH akceneparopa. Tak kak B 00IeM cilydae akcelepaTop He MMeEeT MPsIMOTo
JIOCTyIIa K MaMATH LEHTPAIBHOrO Iporeccopa (HampuMep, KOTha aKCelIepaTopoM
SBIIIETCS TpadUYEeCKUil YCKOpHTENb), sapa padoOTalOT C agpecaMd B TAMSITH
akceneparopa. OpenCL mpenocTaBiser MEXaHH3M BBIJCICHHS Oy(pepoB maMsT Ha
akceneparope U oOMEHa JaHHBIMH MEXKIY MaMATHIO ICHTPAIBHOTO IMpoleccopa U
akceseparopa.

3amycKk HY)XKHOTO spa C YyKazaHHeM TpeOyeMOro KOJIMYeCTBa MOTOKOB
OCYIIECTBIISIETCS C TOMOINBI0 BbI3OBa ¢yHKuMH Onbmmorekn OpenCL Ha
HEHTPAILHOM TIporieccope. AKcenepaTop, Ha KOTOPOM OyJleT BBIOJIHATHCS SAPO
3aJjaeTcsl O4epebl0 KOMaHJ, KOTOPOH MepefaeTcsl 3alpoc Ha BBIIOIHEHUE spa.
Takum 00pa3zoM, mIporpamMMa COCTOMT M3 IIOCIEIOBAaTEILHOTO KOJAA, KOTOPBIHA
BBINIOJIHACTCS. Ha LEHTPaIbHOM Ipoleccope (I0JIb30BATEIBCKUH KOl M BBI3OBBI
oubmmorekn OpenCL), ¥ mnapamwieabHOro KoJa, KOTOpPbIE BBINOJNHACTCS Ha
akceneparope (s1pa).



3. lMpeobpa3osaHue 2He30 yuksioe 8 sidpa OpenCL

[NomydeHue rues | UUKIOB, HaJl KOTOPBIMHU OyIEeT NMPOU3BOJUTECS IpeoOpa3oBaHue,
BBINOJIHACTCT B pamkax uHppacTpykrypel GRAPHITE xommunstopa GCC.
Pesymbrar pabotst GRAPHITE moxer OviTe monmydeH B Bume Habopa SCoP-oB
(Static Control Part), xaxnmeiii u3 Kotopeix mpenctaBimeH B Bume CLAST
(cTpykTypsl maHHBIX, XpaHamed SCoP B BuIe omepaTopoB IHKIIOB, YCIOBHBIX
orepatopoB u 0a30BBIX 010k0B). Tak ke B mponecce pabotsl GRAPHITE mist Bcex
IUKJIOB, BXomsfmux B Kaxaeli SCoP, mnpousBomuTcs aHamW3 Ha HAIHYHE
3aBUCHMOCTEH MexAy wurTepanusmu. [Ipm sToM HeoOXoammo, 4TOOBI Ui BCeEX
obpamennii k nanHeIM BHyTpH SCoP mHnekcHas gyHkuumst Obiaa 061 adduHHOH, a
BCE IMKJIBI, BXOJSIIME B HETO MMeNU Obl aQUHHBIE TPaHUIBI U KOHCTAHTHBIC
miaru. HOHy‘IeHHbIe THE34a MUKJIOB MOT'YT 6I)ITB BOCCTAHOBJICHBI KaK B BUJAC ITUKJIOB
Ha LEHTpaJbHOM Tpolieccope, Tak U B Buae OpenCL siaep[13]. Huwke npuseaeHo
onucanue anroputMma BocctanoBieruss GIMPLE u3z CLAST B mpoiiecce KOTOPOTo
HEKOTOphIE THE3[a LUKIOB OymyT 3ameHeHsl Ha 3amyck OpenCL sangep Ha
aKceseparope.

3.1. OnpegeneHune UeneBbiX rHe3a UMKIOB

B mepByio ouepenp HEOOXOAWMO OIPENENHTh, KaKWe THE3la IMKIOB OymyT
npeoOpazoBansl B sapa OpenCL. JlanHble rHe3Aa JOJDKHBI  YIOBICTBOPSTH
oIpezieJIeHHOMY Habopy TpeOOBaHMiA, KOTOPbIE MOXKHO Pa3/IeIUTh HA JIBE OCHOBHBIC
rpyMIbsl — TPeOOBaHUS KOPPEKTHOCTH PabOThI M TPEOOBAHHS CKOPOCTH PabOTHI.
TpebGoBaHUsT KOPPEKTHOCTU PabOThI BKIIOYAIOT B ceOsl TpeOOBaHHE OTCYTCTBUS
3aBHCHUMOCTEH M0 JAHHBIM MEXIY SAPAMH, BBIIOJHSIIOIMIUMHUCS MAPaUICIbHO, H
CHHXPOHH3AIHIO OY(PEpOB B MAMATH aKCellepaTopa H ICHTPAIBLHOTO MPOIeccopa.

Jnist IpoBepKY HaM4Ksl 3aBUCHMOCTEN MEXIy MTepalusiMH pacCMaTpPHBAIOTCS BCE
oOpamieHnss K JaHHBIM B THE3Je IUKJIOB, KpOMe OOpamieHus K TeM IaHHBIM,
KOTOpbIe MOTYT OBITh NPHBATH3MPOBAaHBI B Tene sjapa. Hamuume 3aBuUCHMOCTEH
MEXIy HUTepalMiIMU IMKJIA O3HAa4aeT, YTO IMKJI OyJeT BBINOJHATECS Ha
LEHTPAJILHOM TIPOIIECCOPE, HO B €ro Tele MOTYT COJAEpXKaTbCid LUKIBL 0e3
3aBUCHMOCTEH, KOTOpble MOTYT OBITh BBINOJHEHBI Ha akceneparope. TakuM
00pazoM, /I OTIpeeNieHns] THe3/1a LIMKIIOB, KOTopoe OyaeT npeoOpa3oBaHo B sSIpO,
BBINIOJIHAEMOE Ha aKcelepaTope, B IEpBYIO ouepenb HeoOXOIUMO BBIICIUTH
ujeanbHble THE3/a IMKIOB, MEXIy HTEpalUsMU KOTOPBIX HET 3aBUCHUMOCTEH.
Takoe THE3/10 IMKIOB MOET OBITh 3aMENICHO NapajlIeNbHBIM BBIIIOJIHEHHEM €ro
Tella Ha akceliepaTope 0e3 HapyleHus TpeOOBaHUi KOPPEKTHOCTH.

s ompenenennss TpeOGOBaHMHA K CKOPOCTH PabOTHI Bocmoib3yeMcs (opmynon
Awmpans. [Ipu 5ToM HEOOXOAMMO YUUTHIBATh, YTO HAKJIAIHBIE PACXOIbl Ha 3aITyCK
sapa SIBISIFOTCSL TIOCIIe/IOBAaTEeNbHBIM KOJIOM. PaccmoTpuM rHe3no nwukioB N,
KOTOpPOE MOXKET OBITH NpeoOpa3oBaHO B PO, BBHINOJIHSAEMOE Ha akceyieparope (To
ecTh, BECh KOJ JAHHOTO sjApa sBIAETCS nNapaulenbHbiM). Ilycte  Bpewms,
3aTpauMBacMO€ Ha BBHIOJHEHUE JAaHHOIO IMKJIa Ha ILEHTPAJbHOM IIpoleccope



paBHO Tbase N , BpeMs, 3aTpaduuBacMO€ Ha HAKJIAJAHBIC pacXodbl Ha 3aIlyCK sdapa,

paBao T N . Torma, mo 3akoHy AMpais, YCKOpEHHE, MOIy4aeMoe IIpH

opencl

BBIIIOJTHEHUH JaHHOTO THE31a TUKIIOB HAa aKCEJIEPaTope, HE MPEBHIIIACT

1
Topencl N + Tbase N
Tbase N +T0pencl N Tbase N +Topenc| N p

T/Ie P - YMCIIO BBIYUCIUTEIBHBIX JIEMEHTOB aKceleparopa. BEIMIPHIIT OT 3aMeHBI
rHe3na nukioB N Ha 3amyck sapa Oyner B TOM ciydae, Korja 0a30Boe¢ BpeMs
pa0dOThI MPEBHIIIACT BPeMsl, TIOJIYISHHOE C MOMOIIBIO 3aKOHA AMIAJISL.

+ base (1)

Toase = T,

ase pencl

HpI/I 9TOM, H606X0,I[I/IMO 3aMCTHUTBb, 4YTO GOHBLHYIO YaCTb HaKJIAaJAHBIX PACXOA0B
COCTABJIIOT pacXoAbl Ha KOIMMPOBAHUC AAHHBIX U3 IMMAMATU AKCEJIEpATOpPa B MAMATH
HCHTPAJBbHOI'O IIponeccopa u HaO60pOT. Takum 06p8.30M, MOXXHO CKa3aTb, 4TO

T N =0 S, N +T

opencl const N ABJIACTCSA HPOCTPAHCTBOM

rie S

data data

naHHBIX THe3aa nukioB N. Tak Kak TOYHAs OLCHKA Topencl 3aTpy/lHEHa, B KauecTBe
Topencl N . Ananormuno, TouHas OLEHKA

N  Gymem paccmarpusats S,

Tbase N TaK K€ 3aTpyAHCHA, OJHAKO, UCXOd U3 TOTO, YTO N siBiseTcs THE3/10M

LHUKJIOB MOHO CYHUTATh, YTO Tb N =0 S N , tne Sitr(N) sBIsIETCS

ase iter

IpoCTpaHCcTBOM HTepanuii mukia N.

Taxum o6paszom, HepaBeHCTBO (1) mpeobpa3zyeTcs B ciemyroliee HepaBeHCTBO:

Sy N
N > Sdata + @
pxC
I'ne C — nexoropast koHcTaHTa. Vicxons n3 Toro, 4to QyHKIHH OOpaIieHus Ko
BceM JaHHBIM B N sBisercss aQQUHHOM, MOXXKHO YIPOCTUTH HEpaBeHCTBO (2),
3aMEHHB MOIIHOCTH MPOCTPAHCTB Ha UX Pa3MEPHOCTH, YTO HPUBOJAUT K CICAYIOIIEH
IBPUCTHUKE!

S

iter

I[J'If[ BBIIIOJTHCHU A r[peo6pa30BaH1/m THE3/1a IIMKJIOB N B 3aIlyCK s/pa Ha YCTpOﬁCTBC
Tpe6yeTc91, YTOOBI BEIIOJIHSIIOCH CJICAYIOLICC HEPABCHCTBO!

dim S, >dim S, (3)

TakuM 00pa3zoMm, ISl BEITIOTHEHHS MPeoOpa3zoBaHusi HEOOXOIUMO, YTOOBI TITyOHMHA
THe3a IMKJIOB ObUTa OOJIbIIE, 4YeM MaKCHMalbHas pPa3MEPHOCTh JIaHHBIX,
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KOTIMPOBAaHUE KOTOPBIX TpeOyeTcst A 3amycka maHHOTO siapa. OgHako, JaHHAsS

9BPUCTHKA HE OTOpAchIBAET Te THE3Ja IHMKIIOB, JJISI KOTOPBIX TbaseNT
cly4yae, KOrja Uil HMX 3amycka He TpeOyercs OOMEH [JaHHBIMH MEXIY
akceneparopoM u ycrpoiictBoM. Paccmorpum raesno nukioB N. Ecnm Bce THE3m0
IIUKIOB OyneT mpeoOpa3oBaHO B 3aIllycK siapa, TO HepaBeHcTBO (1) mpmoOperer
CJIEIyIOIINNA BUL:

opencl | B

T > T,

Tbase
ase const + p (4)
I'ne Teonst — BpeMsi, 3aTpaurBaeMoe Ha ciyxeOnsle oneparmu OpenCL (nepenaua
apryMEHTOB sJpa, 3aITycK siApa U T.1.). OHaKo, eClIi caMbli BHEITHNH UK THE3/1a
HE MOXeT ObITh IpeoOpa3oBaH B sIpO, JUIA BHYTPEHHETO THE3Ja IUKIIOB
HEPaBEHCTBO OYZAET BHINNIAACTH TaK:

T > T,

Tbase
ase const * Niterl + p (5)
I'e Njery — YHCIIO UTEpAIUil CaMOT0 BHEIIHETO IMKIa. TakuMm 00pa3oMm, mojaydaeM,
4TO CcleayeT u30eraTh pacmapaUICIIMBAaHUSA IUKJIOB, HAXOMSAIIUXCS TIyOOKO B
paccMaTpUBaeMOM THE3/E IIHKIIOB.

DTO IaeT CIEAYIONIYIO 3BPUCTHKY:

Jlyist BBIIOJTHEHUS IPeoOpa3oBaHusl THe3/1a MUKIOB Ngypy HAXOIAIIErOCs Ha TITyOHHEe
Depth B rue3ne nukinoB N HeoOxoauMo, 4T00bI TyOHHA rHe31a HUKIOB Ngy, OblTa
6onbmie, yem Depth.

3.2. BoccTaHoBneHne NCxXxogHOro Koaga sgpa

ITocne momydeHus THe3Aa IMKIOB, KOTOpoe OyaeT MpeoOpa3oBaHO B SAPO,
HEOOXO0JUMO BOCCTAHOBHUTH HMCXOJHBIA KOJI ATOTO THe3na. JlaHHas 3ajada MOXKET
6I>ITI) pa361/1Ta Ha Tpu noA3ajga4yu — BOCCTAHOBJICHUE HHCprKHHﬁ, OTBCYAKOIIIUX
TEIy  paccMaTpuUBaeMOro THE3Ja IMKJIOB, BOCCTAHOBJICHHE  OOBSBICHHS
MEPEMEHHbIX W THUIOB, BCTaBKa MHCTPYKLUHMHA W TNEPEMEHHBIX, OTBEYAIOLIUX 3a
OpenCL uvactb siapa.

Bce BoccTaHaBimBaeMble HMHCTPYKIIMM MOXHO pas3ieiWTh Ha JBa Kiacca —
WHCTPYKINH, BoccTraHaBimuBaemMble u3 crpykryp CLAST wu wuHCTpyKIuH,
BOCCTaHaBJIMBaeMble M3 0a30BbIX OnokoB mpezcraBienus GIMPLE. K mepBeiM
OTHOCATCS onepatopsl for U 1f, IUId KOTOPBIX T€HEPHUPYETCS] COOTBETCTBYIOMIMM
Koz Ha si3pike Cu mpu 00xo7e nepeBa CLAST, COOTBETCTBYIOMIETO JAHHOMY THE3TY
mukinoB. Ko BTOpBIM — Bce ocTanbHBIE WHCTPYKIWHU [2, 7], AN KOTOPHIX KO
TEHEPUPYETCsS C MOMOINBIO MPOLEAYPbl CHHTAKCHYECKOTO aHanu3aTopa sizbika Cu
kommuisitopa GCC, mMomupuiupoBaHHOH HaMu uisi 0OpabOTKH HMHCTPYKIIHHA
GIMPLE.

Bce uMeHa, K KOTOPBIM HICT OOpaIleHusI B KOJC SApa, JOJDKHBI OBbITh OOBSBICHEI B
saape 00 Kak JIOKaJbHBIE TepeMeHHbIe, TH00 Kak ImapaMeTpsl sipa, epeaaHHbe
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eMy IpH 3amycke. K mepBbIM OTHOCSTCS IlepeMeHHbIe, 00bsBICHHbBIE BHYTPH I'HE3/1a
IMKIOB B MCXOJHOM KOJ€; HTEpaTopbl IIMKIOB; BPEMEHHbBIE IepeMEHHEIE,
co3maHHBIe Tpu TmpeoOpa3oBaHnu ucxomHoro koma B GIMPLE; ciyxeOHbIC
nepeMeHHble W THmbl, creruduuHsle anua  OpenCL  smep  (Hampumep,
uaeHTHQHUKATOp sAnpa). OCTambHBIC IePEeMEHHBIE CUUTAIOTCS IMapaMeTpaMu spa H
OIMCHIBAIOTCSI KaK IIapaMeTpbl FTeHEPUPYEMON (QYHKIIHH.

for (scat 1 = 0; scat 1 <= 99; scat 1++)
for (scat 3 = 0; scat 3 <= 99; scat 3++)
some code (scat 1, scat 3);

Puc. 1: bazogoe ene300 yukios

__kernel void

opencl auto function 0 (int ocl mod 0, int ocl first O,

int ocl mod 1,

int ocl first 1, int ocl base 1, int ocl base 0) {
size t opencl global id = get global id (0);

int scat 1 = ((opencl global id / opencl base 0)
% opencl mod 0) * 1 + opencl first 0;
int scat 3 = ((opencl global id / opencl base 1)

% opencl mod 1) * 1 + opencl first 1;
some host code (scat 1, scat 3);

Puc. 2: Honyuennwiii k00 sdpa

Hakonen, BcraBka kofa, oTBedatomiero 3a OpenCL wacTe sapa, BBITONHAETCS MO
JIBYM NpH4YrHaM. Bo-TiepBbIX, NpHU 3aMeHe THe3Jlla IMKJIOB Ha SIpO HEOOXOJMMO B
KQXJOH HUTH, BBINOJHSIIOMEH JaHHOE SAPO, BBIUUCIUTH COOTBETCTBYIOLIHE
3HAUYEHWs WTEpaToOpOB MCXOTHBIX IHUKIOB (CM. NMpHMep KojJa Ha pHCyHKe | H
Cr€HEPHPOBaHHBIH KOJ Ha pHUCYHKE 2, IZle B SAPO BBIIEISETCS ONEpaTop
some code), UCHO0Jb3ys YHUKAJIbHBI HOMEp MOTOKa, II0Jy4aeMBbIi C IOMOLIBIO
Be3oBa get global id [6]. Bo-Bropsix, HE00OX0IUMO  OOXOAWTH
orpaHuueHust peanmsanuii crangapra OpenCL (B Hamem ciydae — pealn3alun
AMD), HarmpuMep, HEBO3MOKHOCTh OOBSIBIICHHSI MHOTOMEPHBIX MAacCHBOB [4], 9TO
NPUBOAMUT K TOMY, YTO B KOZAE s[pa HEOOXOIMMO TE€HEPHPOBATbH OOBSBICHHS
MHOTOMEpPHBIX MAaCCHBOB C IMOMOUIBIO yKa3zarened (Juid mpuMepa Ha PUCYHKE 3
(yHKIMM, TPOM3BOAAIIEH yMHOXEHHE MaTpull, OylIeT CreHepupoBaH KOA Ha
pucyHke 4).

float A[100]

[100], B[100]1([100], CI[1001[100]1;
int foo5 () {

int i,3,k;
for (i = 0; i <= 99; i ++)
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for (3 = 0; 7 <= 99; j ++) {
float sum = 0.0;
for (k = 0; k <= 99; k++)
sum += A[i] [k] * B[k][]];
C[i][3] = sum;

Puc. 3. Hcxoonas ghynkyus ¢ 06pawjeHuAMU K MHOZOMEPHBIM MACCUBAM

__kernel void

opencl auto function O (...,  global float

*oclFTmpArgo0,

__global float *oclFTmpArgl,  global float

*oclFTmpArg2) {
typedef  global float oclFTmpType0O[100];
oclFTmpType0 *C = (oclFTmpTypeO*)oclFTmpArg0;
typedef  global float oclFTmpTypel[100];
oclFTmpTypel *A = (oclFTmpTypel*)oclFTmpArgl;
typedef  global float oclFTmpType2[100];
oclFTmpType2 *B = (oclFTmpType2*)oclFTmpArg2;

.7

Puc. 4. Ilonyyennvie 00vsg1eHUs MUNOB 0I5l MHOZOMEPHBIX MACCUBOE

OO6mas cTpykTypa koaa, momydaemas u3 CLAST, nokazaHa Ha puCyHKe 5.

3.3. Co3gaHme KOHTEKCTa M ouepeaun KOMaHA, co3gaHue U
3anyck sgep

Ilepen BezoBoM moObIX QyHKOuii OpenCL HeoOXomuMo cO3MaTh KOHTEKCT U
ouepenp komann [1]. TIpu atom TpeOyeTcs, 4ToObI OHM OBUTH CO3/IaHbI OJIMH pa3 3a
BCE BpeMsI pabOTHI MporpaMMbl. 3HAYEHUSI KOHTEKCTa U OYepear KOMaHI XPaHHUTCS
B TJI00aNbHBIX TEPEMEHHBIX, JAOCTYNHBIX BCed mporpaMme. B Hauwame kaxmoi
(yHKIIMHM, B KOTOPOW MpPUCYTCTBYIOT BbI30BBI (yHkiuii OpenCL, mposepsiercs
3HAYEHUs NEPEMEHHOM, XpaHslel 3HaueHWe KOHTeKcTa. Ecnu 3HaueHue paBHO
HYJIEBOMY YKa3aTeN0, TO CO3AAETCsl HOBBII KOHTEKCT U O4epelb KOMaH, KOTOphIE
MPUCBANBAIOTCS] COOTBETCTBYIONIUM IIEPEMEHHBIM (CM. PUCYHOK 0).
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J| Memory buffers
initialization

__oc|_hContext == 0

Context and command
queue creation

Memory buffers
release

OpenCL program
creation and compilation

5CoP-n

Puc. 5. Cmpyxmypa xooda, eenepupyemoeo uz cmpykmyp CLAST

cl context  ocl hContext = 0;
if (__ocl hContext == 0) {
ocl hContext
clCreateContextFromType (0, CL DEVICE TYPE GPU,
0, 0, 0);
clGetContextInfo (_ ocl hContext,
CL_CONTEXT DEVICES, 0, O,
&nContextDescriptorSize);
cl device id * aDevices = malloc
(nContextDescriptorSize) ;
clGetContextInfo (_ ocl hContext,
CL_CONTEXT DEVICES,
nContextDescriptorSize, aDevices, 0);
__ocl hCmdQueue = clCreateCommandQueue
(__ocl hContext,
aDevices[0], 0, 0);

Puc. 6. Hnuyuanuzayus konmexcma 6 navane QyHKyuu
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Hanee, nnst kaxnod (yHKIUM CO3/1aeTCsi CTaTHYecKas IEPEeMEHHas, XpaHsIas
OpenCL-nporpamMmy, noay4ennyo n3 SCoP manHO# GpyHKuH. 1 3TOr0 B HAYaI0
(yHKOMK BCTaBISETCS KOJI, TIPOBEPSIONINI 3HAaUCHHE NaHHOHN mepeMeHHOH. Ecmum
3HAUYEHHE paBHO HYJIECBOMY YKas3aTello, TO OyAeT BBIIIOJHEHO CO3JaHHE W
koMt OpenCL-porpammel. HyxHble sapa co3garoTcs HW3 TONXyYIeHHOU
nporpaMMsl yke B HyxkHoM SCoP, Tak kak OCHOBHBIE 3aTpaThl UAYT UMEHHO Ha
KOMIMJLILIMIO  TIPOTPaMMBl, a HE Ha IMOJy4eHHE HYXKHOTO sapa  H3
CKOMITMJIMPOBAHHOHN MPOTPaMMBI.

[pu 3amycke sapa KOIMYECTBO HUTEH, B KOTOPHIX OHO OynmeT paborarth, 3aJaeTcs
IpaHULaM{ IIPOCTPAHCTBA HTEPAallMii HMCXOJHOIO THe3la IHMKIOB. CKalsipHBIC
mapaMeTpsl IepeIaloTcs HalpsIMyIo ¢ yaeToM Toro, uto OpenCL TpebyeT mepenaun
yKkazarenss Ha mapamerp (Hampumep, clSetKernelArg (kernel,
index, sizeof (arg type), & ocl scalar arg)).
Jnst MaccHBOB WM yKasaTelel IepeaeTcs ykasatelb Ha COOTBETCTBYIOIIMIA Oydep
B MAMATH aKceliepaTtopa. JTOT yKasaTellb NepefaeTcs, TakK ke KaK M CKaJAPHBIN
napamerp.

3.4. PaboTa c namMAaTbIO

Ilepenaya naHHBIX U3 MaMATH LEHTPAIBHOTO MPOLECCOPa B MaMATh akcelepaTopa u
U3 MaMTH akceleparopa B MaMATh IIEHTPAJIbHOIO Ipolieccopa MOXKET 3aHMMAaTh
CYIIECTBEHHOE BpeMsl, YTO NPHUBOJUT K TPeOOBAHUI0 MHUHHMM3ALWU KOJIWYIECTBA
TaKHX Iepeay B IIOJyIEHHOH ITporpamMmme.

B mpomecce amamm3a SCoP  gms  kaxmoro Oydepa Ha — akcermeparope
HoAJIep)KUBaeTcsl MHpopMalys 00 aKTyaJbHOCTH JaHHBIX, KOTOPbIE COllepKaTcs B
HEM M B COOTBETCTBYIOUIEH 007acTH NaMATH IIEHTPAJBHOTO IPOLEccopa,
COOTBETCTBYIOIICH 3TOMYy Oydepy. B Hauame paboThl IS Ka)XI0r0 MaccHBa HIIH
yKazaressi, KOTOpbId HCIoNb3yeTcs Ha akcenepatope B aaHHo SCoP, B Hauane
SCoP mnpomsBomutcst BblgeneHune Oydepa mamati Ha akceneparope. Tak Kak
TpeOyeMblii pa3smep Oydepa MOXKET cTaTh HM3BECTEH TOJIBKO MeEpe] HadaloM
BemosHeHuss SCoP, To Bwimenenne Oydepa Ha axceieparope HEOOXOAMMO
BCTaBJIATH B Hauajo kaxaoro SCoP. OcHOBHOM 3aaueil B JaHHOM Cilydae SBJISIETCS
ornpezeneHre 06a30BOro 00bEKTa B MaMsTH LEHTPAIBLHOTO IMPOIEccopa U pa3mepa
Hy)kHOTO Oydepa Ha akcenepaTope. B kauecTBe 6a3oBoro oObeKkTa yisi oOpareHus
K MacCHBYy WJIM VyKa3aTeN0 BBICTyMaeT aJpec MacCHBa WJIHM YyKa3aTellb
COOTBETCTBEHHO. J[ms Kakgoro oOpamieHHs K COOTBETCTBYIOIIEMY OOBEKTy B
tekyem SCoP BeUUCISIETCS MaKCHMalbHOE CMEIIEHHE OTHOCHUTEIHHO 0a30BOTO
00BEeKTa B JaHHOM oOOpameHuw, u pasmep Oydepa Oepercs kKak MaKCHMAaIbHOE
CMEIIeHNe IUTIOC eAWHUIA. Bce BblAeTIeHHBIE Oydepbl HWHUIHATH3HPYIOTCS
3HAYEHHUSMH U3 COOTBETCTBYIOIIMX 00JIacTel MaMATH LIEHTPAJILHOTO MpoLeccopa.

B mponecce pabotel koxa, noiydeHHoro u3 SCoP, dacTb BBIYMCICHHE Oyner
MPOU3BOJUTECS HAa LEHTPAIBHOM IIPOIECCOPE M 4YacTh Ha akceieparope. s
KOPPEKTHOCTH TIOJYy4YEHHOTO KOJa HEOOXOAMMO, 4TOOBI IEpeA  HadalloM
BBIUMCIICHUH TAMATh COAEpKajla Hy)KHbIE IaHHbBIE. AJNTOPHUTM, ONpPENCIISFOIINHA
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orepanydy KOMHPOBAHHUS aMSATH, HEOOXOAMMBIC IS KOPPEKTHOCTH, M MECTa HX
BCTaBKH, OTMCAH B CJIEAYyIOIIEeM moapaszene. B xonme paboTsr mis kaxaoro SCoP
NPOUCXOAUT Oo4McTKa mamsitu. s Bcex OydepoB Ha akcenepaTope, TaHHBIE B
KOTOPBIX OBUIM H3MEHEHBI, HO €Ille¢ HE CKOMUPOBaHbl B MAMATHh LIEHTPAJIHHOTO
nporieccopa, TMPOU3BOAMTCS COOTBETCTBYIOIEE KOMUpPOBaHHE MaHHBIX. [locie
KOTIMPOBAHUS MaMATH Bce Oyephl Ha akceIepaTope yIaIsOTCs.

3.4.1. Konuposanue namamu é npoyecce padonul npocpammol

Jnst kaxoro oObeKTa B MaMATH HEHTPAIBHOTO MIPOIECCOPa U COOTBETCTBYIOIIETO
eMy Oydepa Ha akcejepaTope Ha JTalle TIeHEpalMM Kola IOIJePKHUBACTCS
UHGOpPMALUs O TOM, SBISIOTCA JIM JaHHbIE B JaHHOW IAMATH KOPPEKTHBIMH.
KoppeKTHOCTB JaHHBIX U3MEHSIETCS 110 CIESAYIOMEMY aJrOpUTMY:

1. V3HavaibHO TaHHBIC KOPPEKTHBI M B AMATH LEHTPAIBHOIO NIPOLIECCOPa U
B ITaMATH aKcelepaTopa.

2. Ecnm npomsBonutcs 3amuck B Oydep Ha akcesiepaTtope, TO B
COOTBETCTBYIOIIEH 001aCTH MaMATH LIEHTPAIBHOTO IIPOLeCCcopa AaHHBIC
OOBABISIOTCS HEKOPPEKTHBIMH.

3. Ecnu mpon3BoIuTcs 3amuch B 00NACTh MAMATH LHEHTPAIBHOTO IIPOLIECCOpa,
TO B COOTBETCTBYIOIIEM Oydepe Ha akcenepaTrope JaHHbIE OO BIBISIOTCS
HEKOPPEKTHBIMH.

4. Ecnu npou3BOIUTCS KOMMPOBAHMS M3 MAMSTH LEHTPAIBLHOTO Mpolieccopa B
Oydep Ha akceneparope, TO JaHHBIE B 3TOM Oydepe 0OBsIBISTIOTCS
KOPPEKTHBIMH.

5. Ecnu npou3BoauThes KomupoBaHus u3 Oydepa akcenepaTopa B 00J1acTh
MaMSTH HEHTPAIBLHOTO MTPOIIeCcopa, TO AaHHbIE B 3TOM 00JIaCTH MaMsITH
OOBABISIOTCS] KOPPEKTHBIMHU.

Taxum 00pa3oM, HosrydaeM CIEAYIONINE NMPaBWila KOPPEKTHOCTH (X BBIMOJTHEHHUE
rapanTupyer, 4YTO HE€ BO3HHUKHET CHUTyallud, KoOrga ¢ 00BEKT B IIAMATH
LEHTPAJILHOTO Mpolieccopa M COOTBETCTBYMOLIMH eMmy Oydep Ha akceneparope
CoJiepKaT HEKOPPEKTHBIE TaHHBIE):

1. [Tlepen 3amyckom siapa Ha akceleparope HeoOXoauMo, 4TOOBI Bce Oydeps
aMATH, UCIIOJIB3YEMBIC OTUM AAPOM, COACPIKATIN KOPPEKTHBIC TaHHBIC.

2. Tlepen BbINOJHEHUEM y4acTKa KOJIa Ha LIEHTPAJIbHOM IPOIECCOpe
HE00X0IMMO, YTOOBI Bce OOBEKTHI B MAMSATH, CIIOIB3yEeMbIE B 3TOM KOJIa,
COJIepKalii KOPPEKTHBIE TaHHEBIE.

3. Jlnsg KonmmpoBaHUS U3 MaMSITH IIEHTPaILHOTO Ipolieccopa B Oydep Ha
akcenepaTope Heo0X0ArMO, 9TOOBI JaHHBIE B KOMPYEeMO# 06JacTu ObITH
KOPPEKTHBIMH.

4. Jlns konmpoBaHus Oydepa akceneparopa B 00JIaCTh aMATH LIEHTPAIbHOTO
nporeccopa HeoOX0AMMO, YTOOBI JaHHbIE B KOMpyeMoM Oydepe Obun
KOPPEKTHBIMH.
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ITocTpouMm anroput™, KOTOPBIA OMNpEACIsICT, KaKhe OIEpalliyd KOIMHPOBAHUS IS
BBIMOJIHCHHSI TPABHJI KOPPEKTHOCTH HEOOXOIMMO BCTaBHTH B NPOTPaMMy, W B
KaKkMX MecTaxX JIOJDKHa ObITh BBINMOJHEHA BCTAaBKa. bylaem paccMmarpuBarh KOI B
BUJIC JlepeBa IMKJIOB, BEPUIMHAMH KOTOPOTO SIBJISIOTCS UHKIBI, & JUCTBSIMH —
TocJeoBaTeNbHEIE OJIOKM Kofa (B AajbHeWIIeM OyneM Ha3belBaTh OJOKH KOAa U
BJIO)KCHHBIC IIMKIIBI OIeparopaMu). B maHHOM JepeBe NpPSIMbIMHA TOTOMKAMHU
BEpUIMHBI S,  COOTBETCTBYIOIIEH  Iukiay S°,  SIBISIFOTCS  BEPIIUHBI,
COOTBETCTBYIOIIME omeparopaM wukia S . TIpy 3TOM MHOPSIOK MOTOMKOB S
OTBEYaeT MOPSAKY orepatopos B Tene S . [lo mocaenoBaTebHBIM OJI0KOM KOJIa B
JTAHHOM CJyYae CJIeAyeT MOHMMATh YIaCTOK KOJla Ha IICHTPAJIBLHOM IPOIECCOPE WK
3aIycK spa Ha aKceneparope.

B mporiecce paboOThl C [IepeBOM OHO AHAIM3UPYETCSl CBEPXY BHH3 B [IyOHHY,
OpuYeM Ui KaXIOH BEpIIMHBI AepeBa ee JEeTH pacCMaTpHUBAIOTCA B TOPSIKE,
OTBEYAIOIEM MOPSIKY COOTBETCTBYIOLIUX ONEPATOPOB B Telie nukia. s Kakaoro
omeparopa B ompenmenmum MHOXectBa last (B), pred(B) um modify (B),
BBIYHCIISIEMBIE 0 CIIETYIOIINM IIPABUIIAM:

1. Ecmu B ssasercs 6mokom, To last(B)={B}, modify(B) — muoxecTBO Beex
00BEKTOB B MaMsATH LEHTPAJIBHOrO Tpoleccopa U OydepoB Ha
akceseparope, MOJAU(PHIUPYEMBIX B TaHHOM OJIOKe.

2. Ecm B seasercs uwmkiom, Tto last(B)=last(B"), rme B’ sBusercs
noceanuM 610koM win nukioM B tene B, modify(B)=U modify(Bj), rae
B; — oneparopsl, n3 KOTOPBIX COCTOMT TeJlo Lukia B.

3. Ecnmm Bj He sBusercss IEpBbIM ONEpPaTOpOM B Telle LHUKIA, TO
pred(Bi)=last(Bj), rae Bj siBnsieTcst mpsiMbIM MpeIeCTBEHHUKOM Bi.

4. Ecnu xe B; sBisieTcs TEpBBIM OMEPATOPOM B Tele IHUKJIA, TO
pred(Bi)= pred(L) U last(Bj), rme L — uuki, B Tejxe KOTOPOrO HAXOMUTCS
Bi, a Bj — nocieanuii oneparop 3T0ro nuKia.

s kakaoro Oyioka mojepkuBacTcs wHpOpMAIMs O TOM, B Kakux Oydepax
akceneparopa ¥ 00JacTsX MaMsITH JaHHbIE SIBISIOTCS KOPPEKTHBIMU M0 OKOHYAHUH
paboter 610ka. Ilepen HayamoOM BBIMONHEHUS PACCMATPUBAEMOrO THE3[A IUKIIOB
Bce Oy(epsl KOPPEKTHBI KaK Ha akcellepaTtope, TaK W COOTBETCTBYIOLIHE WM
00JacTH MaMATH [EHTPAIBHOTO IIpoleccopa. B manbpHeWNIeM KOPPEKTHOCTH
M3MEHSETCS MO ONUCAHHBIM BBINIE MpaBwiaMm, npuuem Oydep M  sBisieTcs
KOPPEKTHBIM TMEpejl HayaioM paboTel Oj0ka B TOrJa M TOJNBKO TOT/A, KOTJa OH
KOPPEKTEeH N0 OKOHYaHWUHU paboThl Bcex OnokoB m3 pred (B). Torma amroputm
OIIpe/IeICHUs] TOTO, KaKhe ONepaluy KOMHMPOBAHUS HEOOXOJMMO BCTaBUTH IEpes
OJIOKOM 17151 BBITIOJIHEHHS TIPABHJI KOPPEKTHOCTHU, OYA€T UMETh CJIEYIOLIUN B
1. Jns Tekyiero 6iaoka B onpenensiercs muoxectso pred(B).

2. Ecnu 610K OyIeT BBIMOJIHATHCS HA LEHTPATILHOM MPOLIECCOPE, TO:

a. I[H}I BCEX OOBEKTOB B IMaMATH, KOTOPBIC UCIIOJIB3YIOTCA B JAHHOM
6J'IOKC, IIPOBEPACTCA, ABJIAIOTCA JIM JAHHBIC B HUX KOPPEKTHBIMU
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10 OKOHYaHWH PaboTHI BceX 0110k0B u3 pred(B).

b. Ecau nocie kakoro-nu6o 61oka u3 pred(B) naHHbIC HE SIBISIOTCS
KOPPEKTHBIMH, TO JJIsl JAHHOTO 00BEKTa MaMsITh TpedyeTcs
BCTaBKa KOIMMPOBAHMS COOTBETCTBYIOMIETO Oyhepa ¢
aKceJiepaTopa B aMATh LEHTPAIBLHOTO IIPOLECccopa.

c. OGHoBmseTcs nH(MOPMALUS 0 KOppPEeKTHOCTH Oy(hepoB maMsTH Mo
OKOHYaHMH paboThl O10Ka B.

3. Ecnu 6510k BBITIOJHSETCS Ha aKCEIepaTope, TO:

a. /Jlna Bcex OydepoB akceneparopa, KOTOPbIE HCIIONB3YIOTCS B
JIAHHOM OJIOKE, IPOBEPSIETCS, SIBIAIOTCS JIH JaHHBIC B HUX
KOPPEKTHBIMHU 110 OKOHYaHUU paboThl Bcex 0s10koB u3 pred(B).

b. Ecau mocie kakoro-mu6o 61oka u3 pred(B) naHHbIC HE SIBISIOTCS
KOPPEKTHBIMH, TO JJIsl JAHHOTO O0BEKTa MaMsITh TpedyeTcs
BCTaBKa KOITUPOBAHHS COOTBETCTBYIOIIET0 00BbEKTa U3 MaMsTH
LEHTPaJIBHOTO HpoIieccopa Ha akcesieparop.

c. OGHoBmsieTcss MH(MOPMALHS 0 KOPPEKTHOCTH Oy(depoB mamsTH mo
OKOHYaHMU paboThl O10Ka B.

IMocne ompeneneHus OIOKOB, Iepe] KOTOPBIMU TPeOyeTCs BCTaBUTHh KOMUPOBAHMUS
MaMSTH, OCTAIOCH OMPEISIIUTh TOYHOE MECTO B MpOrpamMme, Kyaa OyaeT BCTaBICHO
Kaj0e KonupoBaHue. [[jisi MUHUMU3aIMK 9Kciia KOMUPOBAHUS MaMsITH JIEHCTBYET
MPaBUJIO, YTO KOMUPOBAHUE BCTABISIETCS] B TEJO HauOoJiee BHENTHETO IUKIA (Tpu
YCIOBHH COXPaHEHHUs KOPPEKTHOCTH). [[ng omperneneHus LHKIA, B TEJIO KOTOPOTO
ClIeZlyeT BCTaBUTHh KOIMMpOBaHHWE OOBekTa m ansd Onoka B, wmmercs Hamboiee

BJIOKCHHBIA MK L, comepamuii B cedbe B, u Takoif, uro memodify (L).
Torna xonupoBaHue 00bEKTa M JIOJDKHO OBITH BCTAaBJICHO B TEJNO LMKIA L MPSIMO
nepes 6JOKOM B WK IIUKIIOM, COJEPIKAIIUM JTOT OJIOK.

4. Pesynbmamsbli

[Nony4yeHHBI KOMIWIATOP TECTHPOBAJCSA Ha Tpex Habopax TectoB — PolyKernels
[5], SPEC CPU2000 [3], Polyhedron 2005 Benchmark Suite [8]. Tects
3aIlyCKaJIUCh HAa YETBIPEXBANEPHOM IPOLECCOPE, TO €CTh MAKCHUMAJIbHBIM
BO3MOXHBIM YCKOPEHHUEM SIBIISIETCSl YETBIPEXKPATHOE YCKOPEHUE 10 CPABHEHMIO C
TOMH K€ IPOrPaMMOii, BBIIIOIHAEMON IIOJHOCTBIO HA OJTHOM SIZIPE.

B naHHOM ciydae BaXXHO OTMETHTb, YTO, TaK KakK IEHTPAJbHBIA Hpoleccop H
aKcejeparop SBISUIMCH OJHMM M TEM JK€ IPOLECcCOpoM, Ieperada HaMsATH B
nporecce paboTel He TpeboBaack.

Tectsl conepxkatr nporpaMMsl Ha sa3bikax Cu, Cut+ u @oprpas.

Tectel PolyKernels mnpencraBisror co0oi mporpaMMbl, TII€ OCHOBHAas dYacTh
BBIYHCIICHUH CKOHLIEHTPUPOBaHA B OJHOM THe3/e LUKIOB. Takue THe3na mpu
OTCYTCTBHM B HHUX 3aBHCUMOCTEH MOTyT OBITh 3(()EeKTHBHO TpeoOpa3oBaHbl B
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BbI30B OpenCL-smpa. Pe3ynbraThl 3amycka TECTOB Ha

CPU mpencraBieHbl B

tadymne 1.
HasaHune Bpemsi paboThl YckopeHue
GRAPHITE | GRAPHITE-OpenCL
jac.c 5.87 5.92 x0.99
jac2d.c 86.24 86.28 x0.99
adi.c 0.13 0.13 x1.00
fdtd1d.c 0.93 0.97 x0.96
fdtd-2d.c 3.49 35 x0.99
gs.c 1.27 1.32 x0.96
gemver.c 0.28 0.3 x0.91
lud.c 1 0.99 x1.01
mmm.c 22.24 6.41 x3.46
mvt.c 1.36 1.82 x0.74
sor.c 443 4.43 x1.00
ssymm.c 14.55 4.22 x3.44
ssyr2k.c 17.86 17.83 x1.00
ssyrk.c 59.29 59.72 x0.99
strmm.c 59.89 59.69 x1.00
strsm.c 59.73 59.93 x0.99
tmm.c 19.06 6.99 x2.72
trisolv_if.c 0.07 0.07 x0.99
trisolv.c 25 26.02 x0.96

Tabnuya 1. Pesynemamel PolyKernels na CPU

JlomonHUTENHHO ATOT ke Habop TectoB ObuT 3amymieH Ha nVidia GPU (GeForce
GTX 260) (Tabmumna 2). B manHOM ciyd4ae, Tak Kak IIEHTPAJbHBIA MPOIECCOp U
aKcelepaTop He UMCIOT OOMIeH MmaMsTH, Iepefavya JaHHBIX MEKIY HHUMHU SBISCTCS
HeoOxomumoi. Kak BHIHO W3 pe3ynbTaToB, Ui HEKOTOPHIX TECTOB Iepenada
JAHHBIX YMCHBIIMIIA BBIMTPHII OT MapajlieIbHOTO BBIIOJHEHUS 10 CPABHEHUIO C
cooTBeTcTBYIOIIMMU pe3ynbraraMu Ha CPU. Ilpu 3TOM BpeMs BBINOJHEHUS
HEKOTOPBIX TECTOB YMEHBIITHIIOCH B HECKOJBKO Pa3.
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HassaHune Bpems paboThl YckopeHue
GRAPHITE | GRAPHITE-OpenCL
jac.c 9.35 9.34 x1.00
jac2d.c 84.58 84.73 x0.99
adi.c 0.09 0.08 x1.05
fdtdld.c 1.54 1.52 x1.01
fdtd-2d.c 3.65 3.64 x1.00
gs.c 15 15 x0.99
gemver.c 1.36 1.03 x1.32
lud.c 1.33 1.34 x0.99
mmm.c 34.82 0.91 x37.90
mvt.c 351 1.48 x2.36
sor.c 1.06 1.06 x1.00
ssymm.c 31.34 14.94 x2.09
ssyr2k.c 15.62 15.87 x0.98
ssyrk.c 51.82 49.95 x1.03
strmm.c 54.14 54.91 x0.98
strsm.c 52.62 53.05 x0.99
tmm.c 35.25 11.51 x3.06
trisolv_if.c 0.1 0.1 x0.99
trisolv.c 42.95 42.21 x1.01

Tabnuya 2. Pesynemamot PolyKernels na GPU

Pesynberater padotsr Habopa TtectoB SPEC CPU 2000 mpuBenensl B Tabiwmie 3.
Tectet SPEC CPU mnpexacrarisitor u3 cebst mporpammbl CpeaHEro o0bema, B
KOTOPBIX TPUBHAIBHO paclapauieInBaeMble MHKIBl JOCTaTOYHO TPOCTHIE H
pacripesieieHsl 10 BCeMy KOy IPOrpaMMBL. DJTO TPUBOJUT K HEKOTOPOMY
YBEIMYCHUIO HAKJIaIHBIX PAacXoJ0B IO CPAaBHEHHIO C NPENBIAYIIUM HabopoM
TECTOB, TaK KaK KOJMYECTBO 3alycKaeMbIX siiep Ooipmie. [Ipu sTom obmas moms
KOJ1a, BBITIOJIHSAEMOTO MapajuIeIbHO MeHbIIe, 4eM B cirydae PolyKernels.

HassaHune Bpemst paboThl YckopeHue
C aBpucTtnkamm Bes aBpucTuK
wupwise 76.1 x0.99 x1.07
swim 125 x1 x1.00
mgrid 115 x0.99 x0.99
mesa 59.2 x1.02 x0.99
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HasaHuve Bpems paboTbl YckopeHue
galgel 69.2 x0.96 x0.91
art 40.2 x1.00 x1.00
equake 53.7 x1 X
facerec 96.5 x1 x0.99
ammp 118 x0.98 X
lucas 83.3 x1.01 x1.07
fma3d 145 x0.99 x0.91
sixtrack 113 x0.99 X
apsi 135 x1 x0.98
gzip 97.3 x1.00 X
vpr 74.7 x0.99 x0.99
gcc 52.5 x0.99 X
mcf 94.7 x1.01 x1.00
parser 130 x1 x0.47
eon 43.9 x0.99 x0.98
perlbmk 67.4 x0.99 X
gap 50.9 x1 x0.99
vortex 80.7 x0.99 x0.99
bzip2 74.6 x1.00 X
twolf 115 x1.01 x0.98

Tabnuya 3: Pesynomamur SPEC CPU 2000 na CPU

s tecroB SPEC CPU 2000 mns neMoHCTpamuu paboThl 3BPUCTHK BBIOOpA
3G QEKTUBHBIX /U pacHapauIeTUBaHUs THE3]] IUKIOB MBI NPUBOAMM YCKOpPEHHE
paboThl C OTKIIOYEHHBIMH M BKJIIOYEHHBIMH 3BPHCTHKAMH COOTBETCTBEHHO. B
cilydae OTKJIIOUCHHBIX O3BPHCTHK BO3MOXKEH 3HAUYUTENbHBIH POCT BpPEMEHH
BBINTOJIHEHHU TporpaMMbl. Hampumep, Bpemsi pa®oThl TecTa parsSer BBIPOCIO
Oonee yeM B jaBa paza. B 3ToM TecTe ObUIO BBIJENIEHO 6 THE3 MUKIOB, MPUIEM
Ka)/I0€ THE3[0 COCTOSJIO W3 OJHOTO IWKJIA, M 3TH THE3/la HaXOAWINCh B TPEX
pa3NUYHBIX (YHKIUAX MPOTPAMMBL. JTO TIPHBEIO K CYIIECTBEHHBIM BPEMEHHBIM
3arpataM Ha Kommwisinuio OpenCL-mporpaMM M BBEINOJHEHHE CIIY>KEOHBIX
onepauui, comyTcTByrommx kaxaomy 3amycky OpenCL sgpa. Ilpu sTom Bpems
paboThl THE3]l LHMKIOB, COOTBETCTBYIOIIME IIOJyYEHHBIM sJpaM, COCTaBIISUIO
HeOOJIBIIYIO YacTh BPEMEHH Pa0dOThI NCXOJHOM MPOrpaMMBbl, YTO IPHBEIO K TOMY,
YTO BBIMTPHIII 10 BPEMEHH, ITOJTyYEeHHBIH 32 CUeT NapauIeIbHOTO BHITTOJTHEHHS ATUX
[MKJIOB, HE3HAUUTENIEH 110 CPAaBHEHUIO C HAKIAJHBIMH pacxonamu. B ciydae xe
BKJIFOUCHHBIX 9BPUCTUK MOYTH BCE T'HE3Ja IUKIOB OTOPACHIBAIOTCS Ha OCHOBAaHHUH
TOTO, YTO BPEMS BBIMOJHEHHUS CIIyXKEOHBIX OIeEpanuil, TpeOyeMbIX Ul 3alrycKa
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aapa, Oymer Oombime, 4eM BpeMs, COKOHOMJICHHOE 3a CHYET IapauIeIbHOTO
BBIITOJTHEHHS THE3/IA IUKJIA.

Hakownen, pe3ynbTaThl paboTsl TecToB Polyhedron 2005 mpencraBneHs! B Tabmwuie
4. TToBegenue 3tux TecToB cxoxe co SPEC CPU 2000.

HassaHune Bpewms paboTbl YckopeHune
GRAPHITE | GRAPHITE-OpenCL
ac 10.91 10.96 x0.99
aermod 35.02 34.9 x1.00
air 0.24 0.23 x1.04
capacita 41.24 46.89 x0.87
channel 2.56 3.13 x0.81
doduc 43.71 43.09 x1.01
fatigue 9.45 9.49 x0.99
gas_dyn 7.93 7.81 x1.01
induct 48.31 48.62 x0.99
linpk 22.52 22.5 x1.00
mdbx 12.92 12.99 x0.99
nf 21.93 21.81 x1.00
protein 37.12 37.75 x0.98
rnflow 38.02 38.09 x0.99
test fpu 10.81 12.1 x0.89
tfft 2.5 2.63 x0.95

Tabruya 4: Pesynomamot Polyhedron 2005 na CPU

W3 pe3ynbTaToB TECTOB BHJIHO, YTO HAKJIAJHbIE PAcXoibl TPH 3alycke OOJBLIOTO
yhcia HEOONBIIMX sAep MOTYT 3aHMMaTh CYIIECTBEHHOE BpeMsl paloTHI
MOJY4€HHOW TPOTpaMMBL. B HEKOTOPBIX Cciydasx BpeMms, 3aTpadydBacMoe Ha BBI3OB
cnyxebHbix QyHkuid OpenCL, mpeBbIIIaeT BRIMTPHIII 10 BPEMEHH, IONTyIEeHHBIH
3a CYeT MapaJlIeTbHOTO BBIMOJHEHUS HEKOTOPBIX LUKIOB HPOTrpaMMBL. Takum
00pa3oM, HaWIYYIIMH Pe3yNbTaT JOCTUTaeTCsl Ha BBIYMCIMTENBHBIX MPOTrpaMMax,
OCHOBHYIO 4acTb KOTOPBIX COCTaBJIIIOT THE3la LMKIOB. B Takux mporpammax
BpeMs, 3aTpaylBaeMO€ Ha HAKJaJHBIE PACXOABI MAJIO MO0 CPABHEHUIO C BPEMEHEM,
3aTpaylBaE€MbIM Ha CaMH BBIUUCIICHUSL.

5. 3aknroyeHue

B nmannoit pabore OblIa peasiM30BaHO IpeoOpa3oBaHUE KOJA, 3aMEHSIOIIee
HEKOTOpBIE T'HE3Jja NMKJIOB Ha 3allycK s/iep Ha akceneparope. beuio peann3zoBaHo
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BOCCTaHOBJIeHHE Kona Ha s3bike Cu m3 cTtpykryp CLAST, npeobpa3zoBanue 3TOr0O
koma B kon OpenCL sipa, 9BPUCTHKH, ONPEEIISIONINE ONpPaBAAHHOCTh 3aMEHBI
rHe3/1a [IMKJIOB Ha 3aIyCK SIIpa, a TaK K€ BCTaBKa BHI30BOB BCEX HEOOXOTUMBIX JUIS
3amycka sapa ¢yHkuuid. TecTHpoBaHHE MMOKa3ajo, 4TO JAaHHOE Mpeodpa3oBaHUE
JOCTUTaeT HAWIy4IlIero pe3yibTaTa Ha OONBIIMX THE3[JaX IHUKIIOB, MEPEHOCS
OCHOBHYIO YacCTh BBIUUCIICHUI HA aKCceIepaTop.

B npanbHelmeM mmaHUpyeTCsl pACHIMPSITh MHOXKECTBO KOHCTPYKIMM  SI3BIKa,
KOTOPBIE MOTYT OBITh BOCCTAHOBJICHBI B KO S7Ipa, & TAKXKE YMEHBIINTh TPEOOBAHHS
K BHJy IIUKJIOB, KOTOPBIE MOTYT OBITh IIPE0OpPa30BaHbI B 3aMyCK sSIApa.

Pa6ora moxnep:xana koHTpakToM ¢ MurOOpHayKH PO Ne 07.514.11.4001
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Automatically generating OpenCL code from loop nests
via a polyhedral model

Andrey Belevantsev <abel@ispras.ru>, Alexey Kravets <kayrick@ispras.ru=>,
Alexander Monakov <amonakov@ispras.ru>

Abstract. In this work we suggest automatically generating code for OpenCL standard from
loops with no dependencies in C/C++t/Fortran programs. We use GCC compiler’s
GRAPHITE infrastructure that represents loop nests as polyhedra. We describe our
implementation and experimental results which are the best for computational programs that
spend most of their execution time in loop nests.

Keywords: program optimizations, polyhedral model, GCC, OpenCL.
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Ucnonb3oBaHMe cTaTU4ecKoro aHanusa
ANSA NOUcKa yA3BUMOCTEN U KPUTUYECKUX
OLMOOK B UCXOAHOM KoAe nporpamm

Apymion Asemucsn <arut@ispras.ru>, Auopeii benesanyes <abel@ispras.ru>,
Anexceti Bopooun <alexey.borodin@ispras.ru>,
Braoumup Hecos <nesov@ispras.ru>

AnHoramusi. CTaTHYeCKUi aHaJIWu3 SIBISETCS MOMYISIPHBIM CPEICTBOM IIOMCKAa B MCXOIHOM
WIM JTBOMYHOM KOZAE IPOTPaMM OMpENeSIeHHbIX IIa0IOHOB WM CUTyanui (OIIMOOK CTHIISL
KOIMPOBAHUs, HApyIICHHH MPOEKTHBIX CONIAIICHUII 00 HCIIOIb30BaHUU OMpeeTIeHHbBIX
OMONMMOTEK WM CBOWCTB SI3bIKAa NPOTPaMMHPOBAHUS, KPUTUUECKHX OIINOOK, YSI3BUMOCTEH,
3aKiajoK). B naHHOW crarbe mpemnaraeTcss 0030p HMHCTPYMEHTa CTaTHYECKOrO aHalM3a
HCXOIHOTO KoJa mporpaMM Ha s3bikax Cu/Cut+, paspadorannoro B UCIT PAH mis momcka
KPUTHYECKUX OIIMOOK M yA3BUMOCTeH. IIpMMEHEHHEe MEXIPOLEeIYpHOrO aHalM3a IOTOKa
JIaHHBIX, HE TAPAHTUPYIOLIET0 HaXOXICHHUE BCEX 3aJaHHBIX CUTYAllUii, TO3BOJISAET IPOBONTD
ABTOMaTHUYECKUI aHaim3 c noneit HCTUHHBIX TIpeIynpeKACHUI B
40-80%, 4TO HAXOAWTCS Ha YPOBHE JIYYIIMX KOMMEPYECKHX HHCTPYMEHTOB CTaTHYECKOTO
aHanM3a.

KiioueBble ci10Ba: cTaTHYeCKHI aHaJIM3, aHaJIu3 IIOTOKa JAaHHBIX, I/IHTepBaHLHLII\/‘I aHaJIn3,
Me)Kl'[pOL[e}lyprIf;l aHaJin3, YA3BUMOCTH.

1. BeedeHue

BprIcokast ClIOKHOCTH NPOTpamMM BJIEYET HEOOXOAMMOCTH MEXaHM3MOB 3aIUTHI OT
aTak, B TOM 4YHCIIE€ IIOMCKAa YSI3BUMOCTEH M OIIMOOK, 4Yepe3 KOTOpBIE MOTYT
NPONCXOOUTh Takue aTakd. OIHUM U3 CPEACTB OOHAPYKEHUS KPUTHIECKHUX
OmMOOK, HE BBIIBISIEMBIX OOBIYHBIM TECTUPOBAHHMEM, SIBISIETCS CTaTHYECKUN
aHaTM3 TPOTrpaMM, a MMEHHO IOHCK CHTyallud B HCXOJHOM KOJI€ IPOTPaMMBI,
KOTOpbIE MOTYT O3HAauaTh HajlU4Yue YSI3BUMOCTH. IIpuMepoM MpOCTBIX CUTyalui
NoA0OHOTO THHA SIBJSIIOTCS  BBIJIABa€Mble KOMIIMJIATOPOM  TPEIyNpPEeKACHUS,
HarpuMmep, o0 HCIIOJIb30BAHMM yKa3aTels OJHOTO THUMa ISl MaHUITYyJIHPOBAHMS
00BEKTOM JIpyroro Tuma. B Oojee CIOXKHBIX CHTyalMsX TpeOyeTcsi NMpUMEHEHHUE
rIIyOOKOro aHayiu3a, KOTOPHI HE MOXKET OBbITh BBIIOJIHEH KOMIMJISITOPOM H3-32
NPaKTHYECKUX OTpaHUYCHUH (Hanmpumep, 1Mo BpeMeHH aHanuza). OOBIYHO Takou
aHaIlU3 PEeaNnu3yeTcsd KaK OTHENbHBI WHCTPYMEHT C IIMPOKHM IIPUBICYEHHEM
KOMITHJISITOPHBIX TEXHOJIOTHH.
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Jannast cratesi npeaiaraeT 0030p MHCTPYMEHTa CTaTHYECKOTO aHaiu3a Svace,
paspabortanHoro B MIHCTUTYTE cUCTeMHOTO nporpamMupoBanus PAH mns ananmza
nporpamMm Ha s3pikax Cw/Cu++ u moapoOHO oOmmMcaHHOTO B crarhsx [1-9].
WHCTpyMEHT TeHepHpyeT CIHCOK MPenyNpexACHHH ¢ yKa3aHHeM Tula
TPEIYNpeXACeHUs] W JaHHBIX O TOM, KaKk WMEHHO MOKET IPOU3OUTH CHUTYaIlHs,
ONMCaHHasl B NPEAYNpPEKAeHUN (HampuUMep, yKazarelb Ha OOBEKT, CO3/IaHHBIA B
OHOM (YHKIMM TNpOTrpaMMbl, MOXET IPUHATH HYJEBOE 3HAUCHHWE B JPYrou
(YHKIMH ¥ TIOCJIE MCIIONIb30BAThCS B TPETHEH).

WHcTpyMeHT pa3paboTaH ¢ y4eTOM ClIeAyIOUINX TpeOOBaHMit:

®  aHAIM3 NPOU3BOIUTCS ABTOMATUYECKH, HE TPeOyeTCsl CIIeUabHO
MOATOTABIMBATH HCXOIHBII KOJI INOO BMELIMBATHCS B XOJIC aHAIH3a;

®  aHANN3 ABJIAETCS MEXKIPOILEAYPHBIM, TO €CTh YUYUTHIBACT BIUSHHE PA3HBIX
(yHKIHIA TPOrpaMMBbI Ha €€ TIOBE/ICHHE MPH TIOMCKE 3a/IaHHBIX CUTYALHil;

e  pasMep aHaJU3UPYEMBIX IPOTPAMM MOXKET JOCTUTaTh MUJUIMOHOB CTPOK
KOJla U COTeH ThIcsY QyHKIMH (Harnpumep, ssapo OC Linux, 6paysep
Mozilla Firefox);

e uH(DPACTPYKTypa aHaJIM3a pacliupsieMa, T.e. BO3MOXKHO pa3padoTaTh
JOMOJIHUTCIIbHBIC aJITOPUTMBI IJI1 ITOMCKAa HOBBIX BUOB IMOTCHIHUAJIBHO
OIIaCHbIX CI/ITyaI_II/Iﬁ B KOJI€ TpOorpaMMbl € UCTIOJIb30BAHUEM MUMCIOIUXC
AITOPUTMOB U MOJrOTOBICHHBIX UMHU JIaHHBIX;

®  JIOCTYII K MOJHOMY MCXOJHOMY KOy MPOTPAMMBbI M KOJY HCIOJIb3YEeMbIX
MpOrpamMMoit OUOIHOTEK HE SBIISETCS HEOOXOUMBIM — JOCTATOYHO UMETh
crieU(pUKAIIH JIUITb HEKOTOPBIX YACTO UCIIOJIb3YEMBIX CTAHAAPTHBIX
OMONMHOTEYHBIX (HYHKINH;

e  3HAYHTEJ]bHAs YaCTh HAHJAECHHBIX NPEIYIPEKACHUI TODKHA OBITh
HUCTHHHOH (T.H. true positive), T.e. HEOOXOJUMO HAXOAUTh CUTYAIIUH,
)Ief/'ICTBI/ITeJ'H)HO noanagarouive noa OIMMCaHue yKa3aHHOT'O TUIla
MPEAYIPERKACHHUS KaK OMMOOYHBIC WM OMACHBIC; 3TO HE 03HAYACT, YTO
TaKHe CUTYyalH 0053aTelIbHO OYAYT ySI3BUMOCTSIMU HJIH IPOSIBATCS BO
BpeMsI BBITTOJIHEHHS MIPOTpaMMEl [ 15].

JInst TOCTYOKEHUST OMMCAHHBIX IeNiel (JOCTaTOYHO XOPOIIee Ka4ecTBO JOCTATOYHO
NIyOOKOI0 aBTOMATHYECKOTO aHajiW3a MpPU COXPAHEHHWH MAacCIITabuPyeMOCTH)
HCO6XO}1HMOCTB}O SIBJISICTCA MIPUMEHCHUEC TaKoro aHaJIn3a, KOTOpBIﬁ HE
rapaHTHPYeT HAaXOXKICHUE BCEX CHUTYallMil 3aJaHHBIX THIIOB B HMCXOIHOM KOJE
(aHrmos3pIyHEI  TepMuUH — unsound analysis), TO eCThb KadecTBO aHAIM3a
MOBBIIIACTCS 32 CYET MPOIyCKa HEKOTOPOro 4YHCla OIMMOOK. Bce wu3BecTHBIC
KOMMEpYECKHE WHCTPYMCHTHI JUIsi aBTOMAaTHYECKOTO CTATUYECKOTO aHaIH3a, He
TpeOyromero TPYAOSMKOH TOATOTOBKH  AHANM3HPYEMBIX IPOTpaMM WM
TpeboBanuii k HUM (Prevent kommanmm Coverity [12] m K9 kommanum Klocwork
[13]), ucmonp3yroT TOT ke moAxoA. IIpu 5TOM HOJIA UCTHHHBIX HPEXYNPEXKIACHUN
ITHX KOMMEPUYECKMX HHCTPYMEHTOB, TaK JKe€, KaKk M pa3paboTaHHOTO HaMH
MHCTpYMeHTa, cocraBisieT oObrgHO 0T 30% mo 80% (B 3aBHCHMOCTH OT THIIA

24



00OHapy)XKMBaeMOW CHUTYaI[MM B UCXOJHOM KOJI€; IOMOJHUTEIbHAS HHPOPMAIHS 1O
3TUM MHCTPYMEHTaM JOCTYyITHA B cpaBHeHUH [16]).

Texymast Bepcusi pa3padOTaHHOTO HAMH MHCTPYMEHTa mojaepkusaeT padbory B OC
Linux 1 Windows aist aHanusa rmporpamm, HalMcaHHbIX aist padotel Ha OC Linux
W TpegHa3HaueHHBIX Juig  cOopku  kommwistopamn GCC wmim  ARMCC.
[loms30Batento AocTymeH UHTEpQec KOMAaHAHOW CTPOKH W TpapHuUecKui
uHTepdeiic, peanmn3zoBanHbi B cpene Eclipse [14].

Janee B cTathe MBI PACCMOTPUM apXHTEKTYpy U IOBEJCHHE pPa3pabOTaHHOIO
MHCTPYMCHTA, a TaKXKE XapaKTCPUCTUKU PE3yJIbTaTOB, JOCTUTHYTHIX TPU aHAIN3C
OpOTPaMM C OTKPBITBIM HKCXOJHBIM KOJIOM. MBI OylneM Ha3bIBaTh HAMICHHYIO
OIMOOYHYI0 CUTYAIMIO B MCXOIHOM KOJE ApedynpejcoeHuem, KOTOpoe SBISCTCS
UCMUHHBLIM B Clly4ae ACHCTBUTEIBHOIO HAJMYHs OMHCHIBAEMON [TaHHBIM THIIOM
NPEeTYNPEKICHUS CUTYALUH B KOJC U J0JCHbIM B OOpAaTHOM ciy4ae. /Jemexmopom
(checker) Oymem Ha3pIBaTh KOMIIOHEHT MHCTPYMCHTA aHAJIN3a, OTBETCTBEHHEIA 3a
MOUCK MPEAYNPEKACHUN ONMPEACICHHOT0 THMA (WM CXOXHX THIOB). JleTeKTOPBI
UCIIONB3YIOT OCTANBHBIC MOJICUCTEMbI aHANK3a (B T.4. IPYTUe JETEKTOPhI) H OOBIYHO
MaJIbl [0 CPABHEHHIO CO BCEM HHCTPYMCHTOM.

2. ApxumeKkmypa uHCmpyMeHma cimamu4YecKo20 aHasu3a

WHcTpyMeHT aHanu3a onepupyeT (ainamu ¢ enympennum npeocmasienuem (IR),
CT€HEPHPOBAaHHBIMH KOMITWJIATOPOM W3 (aiIoB HCXOJHOTO KOJAA NPOTPaMMBl H
COJIEp’KalllIMU OTHMCAHMS BCEX HCIIOIb3YeMbIX THIIOB, TJIOOATBHBIX M JIOKAIBHBIX
MEpEeMEHHBIX MOIYNS KOMIIISIHMH, a TakkKe TeKCT (YHKIMH B Koja i
a0CTpaKTHOW perucTpoBoi MammHBL Hamu wmcmonp3yercss kommmsitop LLVM-
GCC nHa ocHoBe oTkpsiToro kommnmistopa GCC [10], rerepupyrouiii BHyTpeHHEe
npeacraBienne s LLVM [11] — nomymsipHOH CHCTeMBI IS MOCTPOCHHUS
komrmuisITopoB. IlpencraBaenne LLVM (T.H. OWUTKOJI) KOMIIAKTHO, €T0 MOXHO
COXpaHATh Ha JHMCKE KaKk B JBOMYHOM, TaK U B TEKCTOBOM BHJE, 100aBIATH K KOAY
MpOoTpaMMbl MeETaJaHHbIe, KOMIIOHOBaTh M T.N. Takoe MpeACTaBICHHE XOPOIIO
MOJXOIUT JUTS NCTIOIB30BAaHUS B CHCTEMAaX CTATHIECKOTO aHAIM3a.

Hdns moctpoenust ¢aino ¢ LLVM-O6urkomom (OuTKOA-(aiiinbl) HIONB3yeTCs
CrelyabHas yTWINTA nepexeama cOopKu, MOCTaBIsieMasl BMECTE C HHCTPYMEHTOM
aHalM3a, KOTopast IepexXBaThIBACT BCE 3aIyCKH YKa3aHHOTO i KOMITIIIATOpA B XOJIe
WCIIOJIHEHHsI TPOM3BOJILHOW CHCTEMbl COOPKH aHAJIM3UPYEMOH IpOrpamMMbl,
pa3bupaeT KOMaHIHYIO CTPOKY 3aIlyCKa KOMITWIATOpa, (opMupyeT KOMaHIy Ui
BoInoTHeHHs: kKommisitopa LLVM-GCC un ucnionb3yer ee Uil MoCTpoeHHs OUTKO
(aiinoB aHANM3MPYEeMOW NMpOTrpaMMbl. YTHIIUTA IepexBaTa COOPKU IOJJIEPKHUBAET
Kak OIlepallMOHHBIE cUCTeMBl Ha Oase snpa Linux, rak u OC Windows, npu 3Tom
CIIOCOOBI ee peann3anuu pasinassl i atux OC.
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Puc. 1. Cxema pa6ombl UHCmMPpYMeHma cmamuiecKkoco anaiusd.

WHCTpyMEHT CTAaTHYECKOTO aHajiu3a COCTOMT W3 HH(PACTPyKTyphl aHaiu3a,
YIPaBISIOLICH XOJOM aHaliM3a M peanu3ylolleil Habop OOIIMX alrOpUTMOB, H
Habopa JETEKTOpOB, HEOONBIIMX  KOMIIOHEHT, OCYLICCTBIIOIIMX  HOMCK
KOHKPETHBIX THIOB MPEIYNPEXICHUH M PEalU3yIOMNX CIEIHAIbHBIC AITOPUTMBI
aHanu3a, HEOOXOAWMBbIE A OOHAPYKEHHS CHTYallMii COOTBETCTBYIOIIETO BHJA.
[MomMumo (aiiloB BHYTPEHHEro MNPEICTABICHHS, NPU aHAIN3E HCIOJIb3YIOTCS
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crienmUpUKaIid HEKOTOPBIX CTaHMAPTHBIX OMOIMOTEYHBIX (YHKIIMHA, BXOMSIIUE B
COCTaB MHCTPYMEHTa aHanmm3a, M (B HEKOTOPHIX Ciydasx) (aiibl ¢ HUCXOIHBIM
KOJIOM aHaJM3UPYeMOil MporpaMmbl. Pe3ynbTarthl aHain3a BBIAAIOTCS Kak B
TEKCTOBOM BHUJE, TaK W BO BHYTpeHHeM QopmaTe, KOTOpPBIA MOXKET ObITh
npocMoTpeH B cpezie Eclipse ¢ moMOIIBIO MOCTABISIEMOro ¢ MHCTPYMEHTOM aHaIHu3a
BCTPAaUBACMOT'0 KOMIIOHCHTA — MPH 3TOM TEKCT MPEAYNPESKICHUS aBTOMATHYCCKU
MOKA3bIBACTCS B OKPYKECHHH COOTBETCTBYIOIIETO HCXOIHOTO KOJA.

Cxema pabOTBHl HHCTPYMEHTHI IIPUBEICHA Ha pHC. 1, TJie KOMIIOHEHTHI HHCTPYMEHTA
BBIZICTICHBI CHHHUM, a 00pabaThiBacMble JaHHBIE — 3€JCHBIM LBeTOM. Kommmmarop
LLVM-GCC BrieneH cepbIM, TaKk KaK OH SBJISIETCS CTOPOHHMM KOMIIOHEHTOM. B
Hayanie pa0OThHl yTWJIMTAa IEpeXBaTa 3allyCKka KOMIMIISTOpA 3aIlyCKAaeT CHUCTEMY
cOOpKH TPOrpaMMBbl OOBIYHBIM 00pa30M, MapajlIebHO Co37aBas OUTKOI-(ailiibL.
[Tocne oxoHuaHuss COOPKHM HaJi MHOXECTBOM CI€HEPHPOBAHHBIX OMTKOJ-(aiiinos
3aIlyCKaeTcsi MHCTPYMEHT aHall3a, KOTOPBIH TaKXke MOArpYXKaeT crenupuKanuu
OuONMMOTeYHbIX (YHKIMH, HEOOXOIAMMBIC Ui aHAIW3a M XPaHAIIMECS B BHIC
outkoa-tdaitnoB (nanee paboTa co crnenupUKAUUSAMH BEAETCS TaK XKe, KaK U C
ouTKoA-(haitmamMn aHAIN3UPYEMOH IPOrpaMMBl). YTIpaBIEHHE XOI0M aHaIN3a BEJET
MH(pAaCTpyKTypa aHaidW3a, BbI3BIBAIONIAs JACTEKTOPHl 110 Mepe HaJOOHOCTH
(meTeKkToppl  PErHCTPUPYIOT  OOpPaOOTYMKH  HMHTEPECYIOIMX WX  COOBITHH,
BO3HMKAIOIIMX B XOA€ aHanm3a mnporpaMmsl). Ilocie oOkoH4aHMS aHaIHM3a
CT€HEPHPOBAHHBIC TPEAYNPEKACHUS COXPAaHAIOTCI B TEKCTOBOM BHAE H
BHyTpeHHeM ¢opmate. Kommonent Eclipse mo3Bossier mpocMaTpuBaTh pe3yinbTaThl
C IIPUBS3KOH K UCXOJAHOMY KOJy IIPOIPAMMBI.

3. Xo0 aHanu3sa

3.1. MexnpoueaypHbIA aHanN1M3 U aHHoTauum

PacnpocTpansiembie Mexy (GYHKIHMSAMHU JaHHbIE O IPOrpaMMe XpaHITCs B XOJe
aHanM3a B BHUJE aHHOTAMHA QYHKIMH. AnHOomayus SBISETCS CTPYKTYpOH JaHHBIX,
CBsI3aHHOH ¢ (yHKIMEH aHAIM3UPYEeMOH NpPOrpaMMbl, KOTOpasi abCTPaKTHO
onuchIBaeT 3PQEKT OT BHINOIHEHHS JJaHHOW (DYHKLIMH B NMPOM3BOJIEHOM KOHTEKCTE
BBI30Ba — NOOOUYHBIE 3()(EKThI, BO3BpAIaeMble 3HAUEHHUSI, CIIOCOOBI NCTIOIB30BAHMS
¥ M3MEHEHHUS IapaMeTpoB W JPYIMX JIOCTYHNHBIX (YHKIMH JaHHBIX. AHHOTAIIUS
CO3/]aeTCsl aBTOMaTHYECKH KaK pe3yibTaT aHann3a (QyHKUMH. JleTeKTopbl MOryT
COXpaHATh B aHHOTAI[UM HEOOXOIMMBIE MM JaHHBIE [T MOCIEAYIONIETro aHalu3a |
BBIJIAYX TIPEAYIPEXKICHUHN.

Heob6xonuMble HHCTPYMEHTY aHaju3a Cenu(UKaIui CTaHJAPTHBIX OMOIHOTEIHBIX
¢ynknmid (Hanpumep, s3pika Cu) mumrytest takke Ha Cu B BHE 3ariyllek, B
KOTOPBIX yKa3aHbl TOJBKO IIOJIE3HbIE MJIsI aHajau3a onepauuu. McxomHslii Koa
cnemudukanuid  Tpanciupyercss kommwisitopom LLVM-GCC, wu pesynbrar
MOCTaBIIsIETCS B BHUAE OWTKOA-(aiiymoB. DTH Gainpl aHATH3UPYIOTCS IO Hadaiaa
aHanM3a OCTAIbHBIX (aliJloB, B pe3yabTaTe dYEro CO3JAI0TCS AaHHOTALUH
COOTBETCTBYIOIINX OnOIMOTeuHbIX GyHKuuid. Hanpumep, s ¢dynkuun printf
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JOCTaTOYHO YyKa3aTh, YTO €€ NEPBBIH apryMeHT BCerla pa3bIMEHOBBIBaeTcs (ITO
CBOICTBO TOJIC3HO AJIS IIOMCKA OMIMOOK pa3bIMEHOBAHHS HYJIEBOTO yKa3aTells; JUls
yKa3aHMsA 3TOTO CBOWCTBA IEPBHIN MapaMeTp SBHO Pa3bIMEHOBBIBACTCS B HCXOJHOM
Koje crnenu(UKanui) U ABiseTcs GopMaTHONH CTPOKOH (3TO CBOWCTBO BaXKHO ISt
TIOWCKA YSI3BUMOCTeH (OpPMAaTHOH CTPOKH), a TakXKe TO, YTO JaHHAS (QYHKIIUSI
SBJISIETCS TIPEJCTaBUTENIEM ceMeiicTBa QyHKIMHA 00paboTku (hopMaTHOM CTPOKH M
HE MEHSET CBOM apryMeHTHI. [lJIs1 MOMETKH O TOM, YTO HEKOTOPBIil yKa3aTelb eCTbh
(dopmarHass CTpOKa, HCIOJIB3yeTCs CHeLualbHas MHTepQelcHas (GyHKIUA
sf use format, mpenocrapnseMas IEeTEKTOPOM yA3BUMOCTeH (opmarHoi
CTPOKH (@HAJIOTUYHO 1T OCTaNbHBIX (pyHKIWI). Mcmons3oBanue 3Toi (GyHKIAN
nepexBaThIBaeTCs B xoxe aHanuza. Cama aHHOTanus Ha si3bIke CH BBINJIAUT, Kak
NIOKa3aHo Ha pHC. 2.

int printf(const char *format, ...) {
char d1 = *format;
sf_use_format(format);

sf_fun_printf_like(0);
sf_fun_does_not_update vargs(1);

Puc. 2. I[lpumep cneyuguxayuu 6ubauomeynou GynKyuu.

CraTHyecKuil aHAIIM3 MPOTPaMMEI IPOUCXOIUT B YeThIpe 3Tama. Ha mepBom »Tare
BCe OWTKOA-(aiiibl CYUTHIBAIOTCS MO-OYEPeId B MPOM3BOJILHOM IOpSJAKE, U
cTpouTcsi 00IIMiA rpad BbI30BOB mMporpamMbl. Ha BropoMm (ocHOBHOM) 3tare rpad
BBI30BOB OOXOAUTCS B OOPATHOM TOIMOJIOTHYECKOM TMOPSAKEe («CHHU3Y BBEPX»), Tak
YTO (HACKOJILKO MO3BOJISIET OTCYTCTBHE IIUKIIOB B Tpad)e BHI30BOB) Kaxk/ast (DyHKIHS
MOCEIIaeTCs MOCe TOro, KaK ObUTH MOCENICHBI BCE BBI3BIBAEMBIC U3 Hee (DYHKITHH.
Jns KaxooW IOCemeHHOW B 3TOM TMopsiike o00xoxa (QyHKIMM HpOrpamMMEl
BBITIOJIHACTCS. BHYTPHUIIPOLEAYPHBIN aHanu3. Ha Tperbem »3Tame BBHINOJIHAETCS
cneruduueckuit 11 Cut++ aHaIN3 KojAa, UCCIENYIOINI B3aMMO/ICHCTBHE METO/I0B
KinaccoB. Ha derBepromM JTame NpUHUMAIOTCS pEHIEHHs O Bbljade JiMOo
WCKIIIOYEHUH HEKOTOPBIX MNPEIYNPEXACHUH Ha OCHOBaHWHM COOpaHHBIX B XOne
OCHOBHOTO aHaJIN3a CTAaTHCTUYECKHX MAHHBIX W (PParMEHTOB HMCXOJHOTO KOJa,
COOTBETCTBYIOIINX MECTaM MOTEHIINAIFHON BBIAAYH MTPEIYTIPEKICHUI.

B xonme amamm3a KOHKPETHOW (YHKIMM HMHCTPYMEHTY IOCTYHHO BHYTpEHHEE
NpPEJCTAaBJICHUE JIUINb 3TOW (DYHKIHMHA M JAHHBIC O BBI3BIBAEMBIX €U (YHKIUAX,
NPUCYTCTBYIOIIME B BHJE aHHOTAaUWi. B pe3ynbrare aHannsa (yHKIMH CO3JaeTCs
€€ aHHOTalus, KOTopasi MOXKET UCTIONb30BaThCsl B JanbHeleM. Pasmep aHHOTanuit
OrpaHHYeH CBepXy (TpH NPEBBIIICHUH JIUMUTA W3 aHHOTAIMHM HCKIIOYAaeTCs 9acTh
JAHHBIX O TMOBEACHUH (DYHKINH, B MOPSAKE YMEHBIICHUS MMPHOPUTETA), TOSTOMY B
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X0JIe aHaM3a KakIoi (HyHKIIMU 00padaThIBaeTCs €¢ BHYTPEHHEE MPEIACTABICHNUE 1
OTPaHWYICHHBIH JOMOJHUTENBHBIH 00beM MH(OPMALIUK, HE 3aBUCSIIUHA OT MOJIHOTO
pa3mepa TporpaMMBl (KOJIMYECTBA COCTABILIOMIMX BCIO MPOTrpaMMy (YHKIHIA).
Takum oOpa3om, aHamM3 Bcel MporpaMMmbl MacmrabupyeTcs uHEHHO. Bce
aHHOTaIMM (YHKIHWH O BO3MOKHOCTH XPaHSTCS B ONEPATUBHOM MaMsITH, HO IIPH
ee HEXBaTKE CEpPHUAIM3YIOTCS Ha JMCK U CUUTHIBAIOTCS NPH HEOOXOJMMOCTH.
Cepuanu3anus Mo3BOJISIET CHATh OTPaHMYCHUE Ha pa3Mep aHAIM3UPYEMOro Koja U
BBITIOJIHATH aHAJIM3 TIPOrPaMM pa3MepoM B HECKOJIBKO MHJUIMOHOB CTPOK Kona. Tem
He MeHee, OOBIYHOI'O COBpPEMEHHOro obObema omneparnBHOH namsatu (1-4 I'b)
XBaTaeT Uil aHaJu3a MPOrpaMM U3 COTEH THICSY CTPOK KoJa 0e3 HCIIOJIb30BaHUS
CepHaIH3alIH.

3.2. BHyTpunpoueaypHbI aHanus3

[Ipn amanmsze ¢GyHKOUM CTPOWTCS €€ Tpad IOTOKA YHPABICHHS, IOCIE YETO
MPOBOJUTCS TOTOKOBO-UYBCTBHUTEIbHBIH aHAJIM3, AHAJOTWYHBIA aHAIN3Y IOTOKA
JaHHBIX (T.e. AL Pa3HBIX TOYEK (QYHKUUHM BBIYHMCISIIOTCS pa3Hble 3HAYCHUS
aTprOyTOB TOTOKA JAHHBIX), IIPA 3TOM IIOCIIE HECKOJIBKUX MPOXO/OB CBEPXY BHU3
aHAJIU3 3aBepllaeTcd NpoxoAoM cHu3y BBepx. C kaxnoil ayroil rpada morokxa
YIPaBJICHUSI aCCOLMUPYETCS KoHmekcm — WHOOPMalUst O TIOTOKE JaHHBIX,
YCTAaHOBJICHHAs JUId IyTeH BBIMOJHEHHS, NPOXOASIINX dYepe3 ITaHHYI0 yTy.
Hanpuwmep, mocne BemonHeHus ctpokd if (x >= 4 && x <= 7) B
KOHTEKCTE MOIYMHEHHOTO YCIOBHOMY BBIP@KEHHIO pebpa OymeT oTpakeHa
uHpOPMALIUSA O TOM, YTO 3HAUEHHE MEPEMEHHONW X HaXoauTca B oTpeske [4, 7].
AHanu3 MoToKa JaHHBIX MPOUCXOAUT IYTEM «IPOJBIKEHUS» KOHTEKCTa MO AyTe,
BXOJSIIEH B MHCTPYKLHIO, Y€pe3 3Ty MHCTPYKIHMIO U HOCTPOSHMSI KOHTEKCTa Ha
BBIXO/IE€ W3 WHCTPYKIIMH, OCHOBBIBASsCh HAa TOM, KaK MHCTPYKIHS MaHHITYJIHPYET
JaHHBIMH U TIAMSTHIO (IIPU 3TOM HCHOJIB3YIOTCS KOMIAKTHBIE CTPYKTYPHI JIaHHBIX,
He TpeOyromye 4pe3MepHOro AyOIMpOBaHMS JAHHBIX). [ WHCTPYKIMH BBI30Ba
NPOJBIDKEHNE KOHTEKCTAa 3aKII0YaeTcsl B MOJNYYEHHHM AHHOTAIMM BBI3BIBAEMOI
¢ynkium  (omuchiBaromied  3GQeEeKT OT BBI30BA BBI3BIBAEMOW (QYHKIMH) H
MCIIOJIb30BAaHHUN €€ JUIS IOCTPOSHHUS BBIXOJJHOTO KOHTEKCTA.

KoHTekcT ommchIBaeT B3aMMOCBS3b MEXKAY OJJIEMEHTAaMH TpeX BHIOB —
aOCTpaKkTHBIMH sSYEHKaMM TaMSTH, WACHTH(UKATOpaMH 3HaYCHUH M aTpuOyTaMmu.
AOCTpakTHBIE SYEHKM IaMATH MOJICNUPYIOT SYCHKM NaMATH, K KOTOPBIM
NPOUCXOJUT OOpalleHne B MPOrpaMMe Ha Ppa3IMYHBIX MYTSIX HCIOJIHEHHS.
Wnentndukaropsl 3HaueHW 0003HAYAIOT 3HAYEHUs, pasJesieMble pPa3IUIHBIMH
s4elikaMM aMsATH 0e3 M3MEHEeHHs (CXOXKEeH LeNn CIyaT IMOKOJICHHS IepEMEHHBIX
B TPE/CTAaBICHUH C €JIWHCTBEHHBIM NpucBamBanueM, SSA). Hakonen, aTtpuOyTsl
OTMCHIBAIOT CBOWCTBA 3HAYEHUS, OTCIIC)KMBAEMOTO HEKOTOPHIM HJICHTH(HUKATOPOM
3HaueHnsa. Hampumep, mocine 0o0paOOTKH CHEAYIOIINX WHCTPYKIMH KOHTEKCT
BBITJISIINT KaK MOKa3aHO HIDKE (B YHIPOLICHHOM BHAE):

S = 6;
*p:s;
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STuelika maMsTh o *p S

Vnentudukarop _ .
vidl vid?2
3HauCHUS
PT-TO: *p
ATpUOYTHI POSITIVE
NOT-NULL

Onemenmamu 3TOTO KOHTEKCTA SIBISIIOTCSA TpH sSUeikH mamatd (P, S U *p, 1pu
9TOM P M S COOTBETCTBYIOT SIBHO YKa3aHHBIM nepeMeHHbIM), 1Ba UAEHTH(UKATOpa
3HaueHUH (OJMH COOTBETCTBYET 3HAYCHUIO 6, APYroil COOTBETCTBYET ajapecy
sYerkn *P), u 3 arpuOyra. Sldeiika P XpaHUT 3HAUCHHE C HUACHTHUPHKATOPOM
vidl, agpecom sueliku *p. D10 oTpaxkeHo B arpudbytax PT—-TO (Kyna yka3bIBacT
p) u NOT-NULL (ecnu Obl yka3areiab ObUI HYJEBBIM, TO TPHCBAaHUBaHUE *P=S
NpHUBENO OBl K OINOKE BPEMEHH BBIIIONHEHHMS). Slueikn *p U S XpaHAT OAHO U TO
ke 3HaueHue vidZ2 (3TOT (akT ycTaHAaBIMBACTCsA IOCIE OOpabOTKH TOTO XKe
MPUCBAaMBAHMA), KOTOpPOE HMeeT artpulyT “mojoxurtenbHbBA”. Kpome »storo,
HarpuMmep, JAETEKTOp YA3BHMOCTH TIEperoJIHeHus Oydepa MOXKET OTMETHTh B
aTpuOyTe 3HaYeHus1 vid2, 4To OHO paBHO B TOYHOCTH 6.

3.3. KoHTeKCcTHasa YyBCTBUTENbHOCTb U aHHOTaUuu

[pu ananuze QyHKUMHM HE UCIIONB3yeTCs MHPOPMAIMS O TOM, OTKyJa OHAa MOIJja
ObITh BbI3BaHA. TakoW BHUJI MEXIPOLETYPHOTO aHANM3a HA3bIBACTCS KOHMMEKCHHO-
Hewy8CmeumenbHbiM, TaK KaK pa3Hble TOYKH BbI30Ba (DYHKIMH HE pa3lIMuaroTcs, U
BO3MOJKHO TIOSIBJICHHE MH(OPMAIMK O JIAaHHBIX HA “JIOXKHBIX ITyTSAX BBIOJIHEHUS,
KOTOpbIE BXOASAT B (DYHKIIHIO B OJHON TOUYKE BBI30BA M BBIXOJAT B JIpyroil (aHayim3
HE MOXXET OTOPOCHUTH ITH JaHHBIE KaK HEBO3MOYKHBIE).

Tem He MeHee, HEKOTOpas KOHTEKCTHAs YyBCTBHTEIBHOCTH OKAa3bIBAETCS
BO3MOKHOH NPH UCHOIB30BAaHUH NTaPaMETPU30BaHHBIX aHHOTALU [17].

Ha puc. 3 annoTammsa ¢ynkumun £OO oTpakaeT TOT (akT, 9TO ee BO3BpamiacMoe
3HaUYCHWE paBHO AapryMEHTy, 4Yepe3 HCIOJIb30BaHHE OJHOIO HJICHTHU(HUKATOPA

3HAUCHMS JUII 00EHMX ITHX SYEEeK MaMsTH, IPU 3TOM MIACHTH(UKATOp 3HAYCHUS HE
NPUBSI3aH K KOHKPETHBIM aTpuOyTaM.
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int g =read(...);
int s = foo(q); : -

/I s nony4eHo Int fOO(Int p) {
/I oT monb3oBaTens return p;

Puc 3. [lapamempusosannas aHnomayusi.

[Ipn nponBmwXeHWH KOHTEKCTa depe3 BbI3OB ¢yHKIMM fOO B mpumepe
UCTIONB3yeTcsl (haKTUUECKUH mapaMeTp J, 3Ha4eHHE KOTOPOTo ITOJYy9YEeHO OT BBOZA
nonbp3oBartess (“UCTIOpUeHo”, T.€. HE MOXKET OBITh HCIIOJIb30BAHO B TOTEHIMAIBEHO
OTIaCHBIX OIepanusx 0e3 MPOBEpKH Ha 0E30MacHOCTh BBOJA). B X0/1e MpoABHKEHUS
UIeHTU(HUKATOP 3HAYEHHs JJIsl SUYCHKHM S YCTaHABIMBACTCS B HWICHTU(PHKATOD
3HAUeHWsA U1 SYeHKH ¢, TeM CaMbIM 3HaueHHWE S OyIeT TaKkKe IOMEUYCHO
aTpuOyTOM “TIOITydeHO OT moib3oBatels” . [Ipu 3ToM aHanu3 Be3oBa GyHKIMH £0OO
HE BIMSET Ha €e aHHOTAIWIO, M TaKUM 00pa3zoM, MH(pOpMaIHst 00 UCIIOPUYCHHOCTH
BO3BpAI]aéMOTr0 3HAYEHMS B JIAHHOM BbI30BE HE OYyJET BIMATH HA aHAIHM3 APYTHX
BBI30BOB TOM ke ¢yHKuuH. Takod aHanmm3 OJHOBPEMEHHO KOHTEKCTHO-
YYBCTBUTEJICH U IO3BOJIAET PACIPOCTPAHATh aTPUOYTHI Yepe3 BbI3OBbI (DYHKIIMH.
Bbonee moapoOHO maHHAas mporierypa onucaHa B cTatbe [9].

IIporiecc HpoaBHKEHUS KOHTEKCTAa 4Yepe3 TOUYKY BBI30Ba (DYHKIIMM Ha3bIBaeTCA
mpanciayuell aHHomayui, T.K. TPH 3TOM SJEMEHTHl aHHOTamuu (IO CBOEH
CTPYKTYpE AaHHOTAlUsl OYEHb CXO0Xa C KOHTEKCTOM) CTaBSITCS B COOTBETCTBUE
JJIEMEHTaM KOHTEKCTa B TOYKE BBI30Ba — MOOOUYHBIE S(PQEKThl BHI3BIBAEMOIL
(I)yHKI_H/II/I OTpa)KaI-OTCSI B KOHTCKCTC TOYKH BBI3OBA, W HOBaA HHq)OpMaHHH,
MmoJlydeHHass 00 yXKe CYIIEeCTBYIONIMX B KOHTEKCTE BBI30Ba HACHTH(HUKATOpax
3Ha4eHHH (yKa3bIBalommas, Kak (paKTHUECKHE IapaMeTpsl BBI30Ba M JIOCTYIHBIC
qepe3 HHUX 3HAUYCHUA U3MCHAJINCH HUJIN HCIIOJIB30BAJINCH B BBISLIBaeMOﬁ (byHKHI/II/I),
JIOJDKHA OBITh 00BbEIMHEHA C UMEIOIIEHCs. B X0/1e TpaHCISIKU BO3MOXHO CO3/IaHHE
HOBBIX 3JIEMEHTOB KOHTEKCTA TOUKH BEI30BA.

Ha npumepe, nokazanHom Ha puc. 4, aHHOTaMs GyHKIMU £OO comep uT syerkn
Z U *Zz,y SUCHKH Z ecThb WASHTU(HKATOp 3HadeHus V1, uMmeromuil arpuoyT,
TOBOPALIMA O TOM, YTO sUeiika YKa3pIBaeT Ha *z, a y S4YeHKH *Z ecTh
uneHTnduKaTop V2, HUMeomMH aTpuOyT, MOKa3bIBAIOMIMM, YTO 3HA4YEHHE
uaeHTu(GHUKaTOpa paBHO YeThipeM. B obmieM ciydae siaeiiku, MACHTH(DUKATOPHI U
aTpuOyTHl COCTABISIIOT JIEC, B KOTOPOM IPOUCXOIMT IOUCK COOTBETCTBYIOIINX
JJIEMEHTOB KOHTEKCTa B TOUKE BbI30BA U UX CO3JAHUE B Clydae HEyJauu Noucka. B
HalleM IpuMepe, KOHTEKCT Ha pedpe, BXOSIIIEM B HHCTPYKIIMIO BBI30BA, COJCPIKUT
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JMIIb STYeHKy X, KOTopas CBs3bIBaeTCs ¢ z. OCTaJbHBIC 3JIEMEHTHI JOJDKHBEI OBITH
CO37aHbl B KOHTEKCTE MCXOJISMIEI0 W3 MHCTPYKLMH BBI30Ba pedpa rpada moroka
yIOpaBJIeHUs, TAE co3daeTcd s4Yelka MaMATH I *X U COOTBETCTBEHHO
YCTaHABIMBAeTCA aTPUOYT Uil HICHTH(QUKATOpa 3HA4YeHHWs SYCHKH X
(omuchiBarommii  TOT (akT, YTO X YyKa3plBaeT HAa *X), a TaKKe CO3MaeTcCst
uaeHTUGUKATOp 3HadeHHMs ansd *xX. [locme TOoro, Kak Bce HACHTU(PHKATOPHI
CO3/1aHBI, aTPUOYTHl HIACHTU(UKATOPOB *X M *Z MOIDKHBI OBITH OOBEIMHEHBI
(TouHee, arpuOyThl wuAeHTH(UKATOpa V2 JODKHBI OBITh TIEPEHECEHBl C
oObearHEHneM Ha aTpuOyThl HAEHTU(UKATOpa 3HAYCHUS COOTBETCTBYIOILEH
auekn * x). Tak kak paHee ss4eWKH * X HE OBUTO B KOHTEKCTE, TO MHPOPMAIINI U3
AQHHOTAIIMU TPOCTO KOMHUPYETCS B BUJE aTpuOyTa, MOKa3bIBAIOLICTO, YTO 3HAYCHHE
*X paBHO uerblpeM. Eciu Obl, Hampumep, HIACHTH(OUKATOP X B TOYKE BhI30Ba
cojiepxall aTpuOyT “HOJYYeH OT MOJb30BaTeNs , aTpUOyT WACHTU(PHUKATOpA Z 00
yKa3bIBAHUU Z Ha * Z ObLI Obl 00BETMHEH C MMEFOIIMCSI.

AHHOTaAUUSA
(ynpoueHHO)

Puc 4. Tpancnayus annomayuii.

3.4. Ucnonb3oBaHue aTpubyTOB AeTeKTopaMu

Kaxnplii  JeTeKTOp MOXKET BBOAUTH HOBBIE aTPUOYTHI AT OTCIIEKUBAHHA
HEOOXOJUMBIX CBOMCTB JaHHBIX HMPOIPaMMbl M BBIIAYM HpenynpexaeHuid. UToObt
OIPEEINTh CIIOCOOBI MPOJBIKEHUS! M CIHMSHUS HOBBIX aTpUOYTOB, HETEKTOPHI
OIUCHIBAIOT 00PabOTYNKHU ITHX COOBITHIH, KOTOPBIEC BBI3BIBAIOTCS HHPPACTPYKTYPOH
aHaIM3a, W CHeUHaIbHble (QYHKUMM MaHUIYJSIOUM —aTpuOyTaMH, KOTOpBIC
HCIIONIB3YIOTCSI TIPY HaNMCaHUM creludukannii 0MOIMoTeyHbIX (QyHKIMHA (Kak Ha
puc. 2). OOpabOTYMKH COOBITHH HMMEIOT IOCTYI K HMHCTPYKIMHM BHYTPEHHETO
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MPCACTABJICHUA, YE€PE3 KOTOPYIO MNPOABUTACTCA KOHTCKCT, MU BCEM DJJICEMCHTAM
KOHTCKCTa, Ha KOTOPBIC CCHUIAIOTCA HCITOJB3YyEMBIC B MHCTPYKINU IIEPEMCHHBIC 1
KOHCTAHTHI.
char buf[10];
buf[i]=0; // i¢[0,9] =OVERFLOW
if(i>9) {
II'i €[10,+INF); i¢[0,9] =OVERFLOW
/I = OVERFLOW
exit(1);

Puc 5. IIpoosuoicenue ampubymos.

Ha puc. 5 ommcansl marm aHanm3a, WCHONb3YeMbIE U HaXOXICHHS CHUTYalUH
nepenoiHeHus Oydepa. B xone aHanmu3a npuBeaeHHOTo (pparMeHTa Koaa BBOAATCS
nBa atpuOyta. [lepBbiif aTpuOyT OMUCHIBAET OTPE30K, BHYTPU KOTOPOTO IOJDKHO
JexaTh 3HaYCHHE, YTOObl B JaHHOW TOYKE MPOrpaMMBbl HE OBLJIO MEpEroTHEHUs
Oydepa. Bropoit arpuOyr omuchiBaeT OTpE30K, B KOTOPOM TapaHTUPOBAHHO
HaxXOAWTCS JaHHOE 3HaueHWe (T.H. ompe3ok 3naueHus). Bo BTOpoil crTpoke
paccMaTpuBaeMOro IpuMepa NepBBIA arpuOyT YCTaHAaBIMBAETCI B OTPE30K
[0, 9]. ArpulyT, cBsi3aHHBIH C WAEHTU(HUKATOPOM 3HAYCHUS, PACIPOCTPAHSIETCS
70 BeI30Ba (hyHKIMM €x1t. B Touke BbI30Ba 3TOH (yHKINHU OTPE30K 3HAUCHHUS IS
aToro wuaeHTU(uKaTopa Oyaer yctaHoBimeH B [10, +INF) kak pe3ymbraT
MPOJBIDKEHNUS Yepe3 YCIOBHOE BhIpaXXeHHUE. Tak Kak BTOPOH aTpuOyT HE COAEPIKHUT
3HAUYEHWH, HaXOJIAIIMXCS B TIIEPBOM, IETEKTOp BBIAAET MPEAYHPEXKICHHE O
neperionHeHnH Oydepa (Ha IyTAX WCHONHEHMS, NPOXOAIIMX 4Yepe3 BbI30B
¢dbyHkIMu eX 1 t, HerM30eKHO MPOUCXOIUT MEpenoHeHue Oydepa).

B penkux ciyuasx AeTEeKTOpHI MOTYT oOpamarscsi K (aiiaM ¢ HCXOIHBIM KOJOM
HPOTPaMMBI ISl OTCEUSHHMS JIOKHBIX MPEAYIPEKACHHH C MOMOIIBI0 HH)OPMALIUH,
KOTOpas He coxpaHeHa B (aillax ¢ BHYTPEHHHM NpeicTaBieHneM. Hampumep,
HECKOTOPBIC MNPCAYNPEKIACHUA MOTYT BBIJABAaTBCA B TEKCTE MAKPOCOB B MECTaX,
KOTOPBIC ABJIAOTCA MEPTBBIM KOIOM. 3HaHue 0 TOM, CTCHEPHUPOBAH JIN HeKOTOpLIﬁ
KOJl C TIOMOIIBIO Makpoca WIM HalKCaH IPOrPaMMUCTOM BpPYYHYIO, IIO3BOJIIET
OTCEATh TAKUE CIYYaH.

3.5. YnpaBneHue pe3ynbTataMmu aHanusa

Ilocne okoHuUaHWS aHaNMHM3a €ro pPe3yJlbTaThl MOTYT OBITH MPOCMOTPEHBI
MOJIb30BATENIEM Yepe3 KOMIOHEHT B cpene Eclipse. [y kaxxaoro mpeaynpexacHus
MOKA3bIBACTCS COOOICHHE M PEJICBAHTHBIC MECTa B HMCXOJHOM KOJE MPOrPaMMbI
(TakuxX MECT MOXKET OBITh HECKOJIbKO, HAIpUMeEp, MOXKET OBbITh yKa3aHa ITOJTHAS
MEXIMPOIeypHas Tpacca 1Mo QYHKIUK MPOrpaMMBbl, IpUBOAAIIas K ommoke). Jlis
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y,Z[O6CTBa II0JI30BATECIIA p€amn30BaHbI cienyromue JOIIOJTHUTCIIbHBIC
BO3MO>XHOCTH:

®  BO3MOXKHOCTb 3aITycKa aHaJIHM3a HEKOTOPOro ImpoekTa yepes cpeny Eclipse
(a HE TOJIBKO IPOCMOTP PE3yIBTATOB);

e  BO3MOXKHOCTb pa3MedaTh Pe3yJIbTaThl aHAIN3a KaK HCTUHHBIC WITH
JIO>KHEBIE;

e  [oJJepKKa UCTOPUH 3aIlyCKOB aHAIM3a. JTa YacTh HHCTPYMEHTA
MI03BOJISIET COXPAHSTH PE3yIbTaThl aHATN3a U COOTBETCTBYIOIIHE
MCXOJHBIE KOZBI B 0a3y JaHHBIX U IPOCMATPHUBATH M0 MEpe
HeoOxoxumoctu. Kpome Toro, MCTopus 3alyCKOB B COBOKYITHOCTH C
Pa3MeTKON NCTHHHBIX U JIOKHBIX TPEYIPEKICHUI TO3BOIISET HE
BbIJaBaThb MOJIB30BATCIIIO TOBTOPHO MPEAYNPEKIACHNA, KOTOPbLIC UM ObLIH
MIOMEYEHBI KaK JIOXKHbIE (B T.4. B ClTy4yae, KOTJja HCXOHBIA KOJ IIPOTPaMMBI
B XOI¢ pa3pa0dOTKu ObUT K3MEHEH, U IPEAYNPEKACHHE ObUIO BHIIAHO Ha

JPYTOM CTPOKE).
HpI/IMep IpoCMOTpa pE3yJIbTATOB dHATIN3a B ECllpse IMPpUBCJCH Ha pUC. 6.
o <C/C++= - proftpd/medulesimod_authc - Eclipse SDK MRS
Fle Edt Source Refactor Navigate Search Project Run Window Help
[ @ @B |&e 6 [+ 0v v | &9+ 4 8 B |21 1+ & v v - CHE
5 Navigator 53 = O|[¢ modulesc | [¢ mod_authc 52 = O||B= outline 22 =0
@ 8% 7 U BN e ow T
v &2 proftpd - * don't forget the terminating NULL * u confh -
> & contrib rargy = N o privsh
> (= Default ++ core_display_file(c
Y o4 c->flags |= CF_MERGEDOWN MULTI;
oc return HANDLED(emd) ; ® mpid: pid_t
> & include 3 ® auth module: me
> &b @5 TimeoutLogin - int

MODRET set_useftpusers(cnd_rec *cnd) {
int bool = -1; @5 logged_in: int

> (= modules ;
config_rec *c = NULL;

> (= sample-configurations @°% auth_tries : int

v @ sre CHECK_ARGS(emd, 1); @3 auth_pass_resp_c
CHECK_CONF(cmd, CONF_ROOT | CONF_VIRTUAL | CONF_GLOBAL | CONF_ANON) ;
[@ authc s
@* TimeoutSession
& autho if ((bool = get_boolean(cmd, 1)) == -1) d £45 auth_scan_scorebl
CONF_ERROR(cmd, "expected boolean argument.");
[ datac N v PO
- i I <> < <>
| Tasks | B Console | Properties | & Svace Analysis Results 53 new top status inherit spec hash ) = HE =8

> DEREF_OF_NULL (0/2 reviewed)
w DEREF_OF_NULLASSIGN (0/2 reviewed)
v proftpd (0/2 reviewed)
v mod_auth c:2348 Pointer 'c', which is dereferenced at line 2349, may have NULL value

>

» null at mod_auth.c:2251
> mod_core.: 1700 Pointer 'c', which is dereferenced at line 1700, may have NULL value
> DEREF_OF_NULLRETALLOC (0/1 reviewed)
> DEREF_OF_NULLRETALLOCPROC (0/5 reviewed) T

no warnina selactad

Puc.6. Ilpocmomp pezyromamos ananusa 6 cpeoe Eclipse.

4. TecmupoeaHue KOMITOHEHIMO8 UHCMpyMeHma

JleTeKTOpBI TECTUPYIOTCS C TIOMOIIBIO BPYYHYIO HAIIMCAHHBIX Ha sA3bIke CH TECTOB.
TectupoBaHue 3aKimo4yaeTcss B 3allyCKe aHaNM3a Ha JAaHHOM (aire wim Habope
¢aiinoB. Pesynprar 3amycka TecTOB ompeneisiercsi (QyHKIUSIMHU-YTBEPKACHUIMHU,
BBI3BIBAEMBIMH B XOJI€ TECTA, OOBIYHO O TOM, YTO IPENYIPEKICHUE ONPEICIICHHOTO
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THTIa OBUTO BBIJAHO (WJIM HE BBIIAHO) Ha OMpEIEICHHOHN cTpoke daiina. Bee TecTsr
MOTYT OBITh 3aIyILEHbl aBTOMATHYECKH.

Hampumep, wa puc. 7 npusenen tect A npeaynpexaeuus DEREF OF NULL
(pa3pIMEHOBaHKE yKa3aTelsl, UMEIOIIEro HyJeBOe 3HaUeHHE). DTOT TECT NMPOBEPSIET
paboTy MEXIpOoLeaypPHOTO aHAIN3a C ITOO0YHBIMU 3(PeKTaMu, BRIPAKATOIINMICS B
U3MEHEHUM 3HAYeHMH rnobambHBIX mepeMeHHbX. @ynkumus get var scerga
BO3BpAalIaeT 3HaUCHHE TTI00ANBHON IIepeMeHHOH var. B ¢pyHkunn test nepssid
YCIIOBHBI ONEpaTop BBINOJHAETCA, Koraa Qynkuusa get var sosspamaer (a
NepeMeHHass Vvar  HMeeT) HyJeBoe 3HaueHue, U  IMpeaAynpexIcHHe
DEREF OF NULL gomkHO OBITH BBIIAHO TIPH Pa3BIMEHOBAHUH 3TOTO 3HAYCHUS.
TpeOoBanne 0  BbIauYe  BBIpAXKAETCS  BBI3OBOM  (DYHKIMH-YTBEPIKACHUS
sf assert thrown, koropoil nepenaerca ums OpeaynpexieHus. Broigada
OKHJAeTCsl Ha CIIEIYIOIIEH Iocie BbI30Ba (YHKIIMU CTPOKE. AHAJIOTWYHO, BTOPOH
yCHOBHLIﬁ OIIE€paTOp BBIINOJIHACTCA IMPU HCHYJICBOM BO3Bpallla€MOM 3HAYCHUH, U
NpeaynpexACHUEC HE TOJIKHO 6I>ITI) BbIJAHO, YTO BBIPAKACTCA BbBI3OBOM q)yHKIII/II/I
sf assert not thrown.

#include "specfunc.h”
int* var;

int* get_var(void) {
return var;
}

void test(int *p, int x, int y)
{
if(get_var()) {
sf_assert_thrown(DEREF_OF_NULL);
X = *get_var();

}
if(get_var()) {
sf_assert_not_thrown(DEREF_OF_NULL);
X = *get_var();
}
}

Puc.7. Ilpumep tecra.

5. TecmupoeaHue kayecmea aHanusa

ITomuMo HEOONBIIMX, HANMCAHHBIX BPYYHYIO TECTOB, JJS TMPOBEPKH KadyecTBa
o0rmielt HHPPACTPYKTYpHI aHANN3a U OTHCIHHBIX JETEKTOPOB, a TAKXKe I MOWCKa

35



4acTO BCTPEYAIOIIUXCS CHUTyallMid W pa3pabOTKH HOBBIX IBPHUCTHK HCITOJIB3YIOTCS
HAOOpBI MMAKETOB MIPOTPAMM C OTKPBITHIM HCXOIHBIM KOIOM. PaccmarpuBaembie
MakeThl ObUIM aBTOMATHYECKH COOPaHBI AJISI TOICPIKUBAEMBIX LIENEBBIX IIATHOPM
U coZiepikaT B 00MIeH CII0KHOCTH OKOJIO 6 MIJUTHOHOB CTPOK Kofa Ha Cu u Cu++.

HyxHo 3ameTnTh, 4TO OOJbINAs 4acTh paOOTHI Hal WHCTPYMEHTOM 3aKIHOYaeTcCs
Kak pa3 B 00paboTKe pe3ynpTaToB aHali3a OONBIINX MaKETOB, OMCKE OUNIHOOK U
WICHTU(QHUKAINKA BO3MOXXHBIX YIIYYIICHHH alNrOpUTMOB HX TIOHCKa. be3 »Toi
paboTBHl IEHHOCTh OCHOBHOM WH(PACTPYKTYphl aHaJIN3a HEBHICOKA, TaK Kak
OONIBIIMHCTBO ~ JeTasiell aHanm3a, [JOCTHTAIONIMX KOHEYHOTO IIO0JIb30BaTEN,
PacKpBIBAIOTCSI OTAEIBHBIMHU JETEKTOPAaMH IPH BbIJade MPEAYNPEXICHNH, a OHU B
CBOIO Ouepesb TeM TOUHEE M HAAEKHEE, YeM OOJbIIe MPUMEPOB MCXOJHOTO KOZA
Ob110 IPOPabOTaHO TPU UX CO3TAHUH.

B xome olleHKH KayecTBa aHajgM3a HEOOXOAMMO BHIPAOOTATh KPHUTEPUU BBHIOOpPA
npeaynpexacHuil ams anaiam3a. Ha OonbiioM oObeME HCXOAHOTO KO3, Kak
OpaBWwio, OOHapyXuBaeTcsi  OONBIIOE  KOJNHUYECTBO  MPEAYNPEKICHUH, U
MPOCMOTPETh BCE BBIIAHHBIC MPEIYIMPEKICHUS U Ui KAKAOTO W3 HHUX BBIHECTH
CyXJieHHe 00 ero MCTUHHOCTH WJIM JIO)KHOCTH SIBJISIETCS YPE3MEPHO TPYHAOEMKOM
3aadeit (Ha MoJHOM Habope TECTOBBIX MAKETOB IMPOTPaMM MOKET OBITh BBIIAHO 110
HECKOJBKUX TBICAY TPEAyNpPeKAeHUH oxHOro Tuma). MBI HCHONb3yeM
TNICEBJIOCITyYaliHyl0 BBIOOPKY (DMKCHPOBAHHOTO KOJIMYECTBA MPEAYIPEKACHHUMA
KaXI0ro TWma (MM TPYHIBI CXOXKUX THIIOB), CTAOMJIBHYIO MEXIy Pa3IHYHBIMU
3amyckaMu aHanm3a. TakuMm oOpa3oM, KOJIMYECTBO pPaOOTHI, HEOOXOIUMOU IS
OLICHKH Pe3yIbTaToB, OTpaHUYEHO, HE3aBHCUMO or KOJIMYECTBA
NPOAHAM3UPOBAHHOTO  HCXOAHOro Koxa. Ciy4alHOCTh BBIOOPKH  JieNiaeT
pe3yJIbTaThl OLEHKH PENpPE3CHTATHBHBIMH Uil TPOAHATM3UPOBAHHBIX [MAKETOB
nporpamm, a OOJBIION 00bEM aHAIU3UPYEMOrO KOJa JAENaeT Pe3yabTaThl OLEHKH
pENpe3eHTATUBHBIMU CPEM BO3MOXHBIX (HE BXOMSIIMX B TECTOBBI HAOOP)
MaKeTOB MPOrPaMM.

[pu aHanm3e Kaxaoe MpeaynpexaeHue o0bIYHO KIIaCCUBHUIMPYETCs] KAaK UCTHHHOE
TM00 JIOXKHOE, HO MOIOJIHMTEIHFHO BO3HHKAET JBa Cllydas: a) MperynpexIcHUE
UCTHHHOE, TaK KaK MHCTPYMEHT Halllell POBHO Ty CHUTYallUI0 B HCXOJHOM KOJAE,
KoTopast ObUIa 3a/aHa NPU HOWCKE, HO M3 KOJa BHIHO, YTO Takas CUTyalus He
NPE/CTaBIsIeT OMMOKM M JIONyIIeHa HaMepeHHO; O0) HesICHO, SBISETCS JIH
MpeAyIpeXIeHNe NCTHHHBIM WM JIOKHBIM, JTHOO0 N3-32 HEUETKOCTH (OPMYIHPOBKH
HpenyNpexICHUs, TUO0 U3-3a CIOKHOCTH aHATM3UPYEMOT0 HCXOAHOTO KOJa.

[TomHBIe pe3ynbTaThl OLEHKH Pa3pabOTAHHOTO MHCTPYMEHTA CTaTHYECKOTO aHaIH3a
HE MOTYT OBITH PACKPBHITHI Kak IOJyYEHHBIE B XOJ€ PabOTHI M0 KOMMEPYECKUM
KOHTpakTaM. B 1menoM MOXHO cka3aTh, 4TO H3 15 Tpynm OIEeHHBaeMbIX
HOpeaynpexAeHUN cpelHsas N0 UCTUHHBIX NMpexynpexkaeHuil coctasuia 67%, ot
25% mo 100%. Bomee BBICOKas mOJis MCTHHHBIX mpenyrnpexmennii (50-85%, B
3aBUCHMOCTH OT THIA) HAOIIOAACTCS y TPYNN NPEAyNPEKACHHH O BO3MOXXHOM
pa3bIMEHOBAaHMM  HYJEBOTO  yKa3aTelss M HEOE30IIaCHOM  HCIIOJIb30BAHUH
UCIIOPYEHHBIX (KOHTPOJIMPYEMBIX BHEIIHUM BBOJOM) JaHHBIX. boiee HU3Kas moss
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(40-60%, B 3aBHCHMMOCTH OT THIA) y MPEAYIPCSKACHUN 00 yTeukax MaMsTH,
UCIIONIb30BAaHUN HEMHUIMAIN3UPOBAHHBIX JAHHBIX WA OCBOOOXKACHHOH MaMsTH, U
nepenoigHeHuu Oydepa.

6. 3aknroyeHue

WHCTpyMEHTHI aBTOMAaTHYECKOTO CTATUYECKOTO aHaIU3a SIBJISTIOTCS MOJIE3HBIMU JIJIS
3agauu oOecredeHHs Oe30IaCHOCTH MPOrpaMMHOIO OOeCHeYeHHs — C MOMOIIBIO
ITyOOKOTO MEXIPOIEAYPHOTO aHAIM3a MOXKHO JTOCTHYb XOPOIIECH JOJIHM MCTHHHBIX
npenynpexacanii (40-80%) npu npremMaeMoM BpeMeHH aHaIn3a (HECKOJIBKO 9acoB
JUTT MIJUTHOHOB CTPOK Koxa). MIHCTHUTYyTOM cucTeMHOTrOo mporpammupoBanus PAH
pa3paboTaH M ycIienrHo orpoOoBaH B KOMMEPUYECKUX MPOEKTaX TaKOH MHCTPYMEHT,
Ka4ecTBO KOTOPOTO HE YCTYIAeT Jy4YIINM KOMMEPYECKHM IIPOXYKTaM B JAaHHOM
obnactu. 3aJIoroM ycrexa sIBISIETCSl KpOIOTIMBasi paboTa 1o MpoCMOTPY PeallbHBIX
MNPOMBINUICHHBIX HporpaMm C OTKPBITBIM HCXOAHBIM KOJIOM H I[Opa60TKe
MHCTPYMEHTa aHajlh3a Ha OCHOBE €ro pe3yjbTaTOB Ha OSTHX IporpaMmax, Ui
JOCTUIKCHHUA  IMMPUEMIIEMOI'O  KOMIIpOMHCCAa MEXKIAY Kad4€CTBOM  BbIJAaBACMbBIX
pe3yJNbTaTOB W MX KOJIMYECTBOM. B mmiaHax pa®oThl Hal HWHCTPYMEHTOM —
HOAJIEPKKA PYTHX S3bIKOB MPOrpaMMHUpPOBaHus (B IEpBYIO ouepensb Java), sI3bIKOB
Web-nporpammupoBanust  (Javascript), pasButre uHTepdeiica moap30BaTeNs
(mommepkKka ymaJIeHHOTO M paclpeAeIeHHOTO aHaln3a, MOJJIepKKa KOMAaHIHOW
paboTHI), a TaKXkKe NPEeOCTaBICHUE JOCTYNa K HMHCTPYMEHTY KaK K CEpBHCY B
paMKax CHCTEM OOJIauHbIX BHIYUCICHUI.
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Using static analysis for finding security
vulnerabilities and critical errors in source code

Arutyun Avetisyan <arut@ispras.ru>
Andrey Belevantsev <abel@ispras.ru>
Alexey Borodin <alexey.borodin@ispras.ru>
Vladimir Nesov <nesov@ispras.ru>

Abstract. Static analysis is a popular way of finding given patterns in source or binary code
(e.g., coding style errors, violations of project guidelines of using specific libraries or
language features, critical errors, security vulnerabilities, malicious code). In this paper we
review the static analysis tool developed in ISP RAS for finding critical errors and security
vulnerabilities in C/C++ source code. The tool uses interprocedural unsound dataflow
analysis and allows performing fully automatic analysis resulting in 40-80% true positive rate
which is on par with the best commercial tools in this area.

Keywords: static analysis, dataflow analysis, range analysis, interprocedural analysis,
security vulnerability.
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MexaHu3mMbl paclUMpeHnss CUCTEMbI
CTaTUYECKOro aHanusa Svace getTeKkropamm
HOBbIX BUOOB YA3BUMOCTEN U KPUTUYECKUX

OLUNOOK

Apymion Asemucsin <arut@ispras.ru>, Azexceii bopooun
<alexey.borodin@ispras.ru>

Annoraunus. B VICIT PAH pa3pabarsiBaeTCsi HHCTPYMEHT CTaTHIECKOTO aHaAlM3a Svace ams
TONCKa OMHMOOK B MCXOAHOM Koje mporpamMm Ha si3eikax Cu u Cut++. Lenp Svace - HalTH
KaK MOXXHO 0oJbIIe OMMOOK IPH HU3KOM KOJMYECTBE JIOKHBIX CpabaTBIBAaHUI U pasyMHOM
UCIIOBb30BaHUN HMMEIOLINXCSL pecypcoB. BakHeIMH TpeOOBaHMSIMH, MPEABSIBIIEMBIMH K
CHCTEMaM CTaTHYECKOTO aHajn3a SBISIFOTCS MAacIiTaOMpPyeMOCTh W paclupsieMocTb. B
CTaThe OIKCBHIBACTCS BCTPOCHHBI MEXaHU3M, MOANCP)KUBAIONIIMN BKIIOYEHHE B CHCTEMY
Svace [EeTeKTOPOB HOBHIX BHJIOB OINHOOK, COXPaHSIOMMI ee MacmTabupyeMOCTb.
Hcnonp3oBanne MexXaHH3Ma MIUTIOCTPHUPYETCS Ha TIPAMepe UeTHIPEX pa3pabOTaHHBIX
JIETEKTOPOB OLTHOOK.

KunioueBsbie ci10Ba: CTaTHYECKUH aHAIN3; aHAINM3 OTOKA JaHHBIX; PACIIUPSIEMOCTb; OMINOKH
Pa3bIMEHOBAHHMS HYJIEBOTO yKa3aTels; OMHOKH pabOTHI ¢ JUHAMUYECKOH MaMSTHIO.

1. BeedeHue

B HCII PAH pa3pabaTsiBaeTCs WHCTPYMEHT CTaTHYECKOI'O aHaInW3a Svace ajst
MOMCKa OIIMOOK B HCXOAHOM KOjAE mporpamm. Texymias BepcHs HHCTpYMEHTa
NO3BOJISIET aHAIM3UPOBATh NIPOrpaMMBbl, HanucaHHble Ha s3bikax Cu u Cut+. Lens
Svace - HallTHM Kak MOXHO OOJIbIlIE OIIMOOK NPH HHU3KOM KOJHMYECTBE JIOKHBIX
cpabaTbIBaHUIl M pa3yMHOM HCIIOJIb30BAHMH MMEIOINXCS PECYPCOB.

Baxxubimu TpeOOBaHUSAMH, MPEIbIABIIEMBIMU K Svace SIBIISTFOTCS
MacmTabUPyeMOCTh M PAaCHIMPIEMOCTh. MacmTaOupyeMoCTh HEOOXoauma s
BO3MOXKHOCTH aHaiiu3a OONBIIMX IO pa3Mepy MpOrpaMM C MPOMOPIHOHAIBHBIM
VBEJIIMYCHUEM TOTPEONIIEMBIX PECypcoOB IO CPAaBHEHUIO C  HEOOJIBIIUMH
nporpaMMamu. PacmmmpsieMocTh TpeOyeTcst Uil BO3MOXKHOCTH OOpaOOTKU HOBBIX
BUJIOB OIIMOOK. PacmupseMocTs TOCTUTAaeTCs ¢ TOMOIIBIO CHCTEMBI PACIIIAPSIEMbIX
Moayel u cnerudukanyii. OCHOBHOE BHUMaHHUE TaHHOW CTAThU OYJET IMOCBAIICHO
mpo0JieMe pacIupsieMOCTH.
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2. Kpamkoe onucaHue Svace

Bxoanas mporpamma Ha s3pike Cu (wim Cut+) mpeoOpasyercs ¢ MOMOIIBIO
KOMIIWJIATOpa gcC B HAOOP MOAYIEH C IPOMEXKYTOUHBIM IPEICTABICHUEM Ha S3BIKE
LLVM, stot HabOp momaéTcst Ha BXOJI aHATIM3AaTOpy Svace.

Ha mepBom stame Svace mpocmarpuBaer Bce (ailibl M CTPOUT rpad BHI3OBOB
(hyHKIHH.

Ha BTOpom sTame 3ToT Tpad 0O6XoauTcs B OOpPaTHOM TOIMOJOTHYECKOM MOPSIKE,
TakUM o00pa3oM, 4YTO Kaxkaas (YHKIUS IOCEIaeTcsi MOCie TOro, Kak OBbUIH
MOCEIICHbl BbI3bIBaeMble W3 Heé (yHkumu. [Ipu 3TOM peKypcHUBHBIC BBI3OBBI
UTHOPHUPYIOTCS, YTO MOKET BHOCUTb HEKOTOPbIE HETOYHOCTH B aHanu3. Ha
NPaKTHKE CYIIECTBEHHBIX HPOOJIEM, CBS3aHHBIX C PEKYPCUBHBIMH (QYHKIHSMH,
o0OHapyXeHO He OBLIO.

Jdns xaxnodl mocemaeModl (YHKIMH TNPOHM3BOAMTCA e aHamu3. Pesynpratom
aHanu3a QyHKUMM OyJeT BblIaua HalJeHHBIX NMPEAYNPEKACHHUN, a TaKKe CO3JaHUe
aHHOTalMU GYHKUMH. AHHOTAIHUs OMUCHIBaeT 3()(EKT OT BHI30BA JAHHOW (HYHKIMN
B IPOM3BOJILHOM MecTe mnporpammbl. llocnme atoro QyHkuus yxe He Oyner
nepeaHaaIu3upoBaThCcsl, a Npu €€ BBI30BE U BBIYHMCICHUSA MOOOYHBIX 3(dekTon
UCIIOJIB3YeTCSsl aHHOTALHS.

Bosee moapo6HO y3HATh 0 Svace MOXKHO B cTaThsx [1-9].

3. BHympu nipouelypHbIU aHaus

[Ipn ananmze ¢(yHKOUM CTpOWTCS ee rpad IOTOKA YHPABICHHS, IOCIE Yero
MPOBOJIUTCSA ITOTOKOBO-UYBCTBUTENBHBIA aHAN3, AaHAJOTHYHBIA aHATU3y IOTOKa
nmaHHbIX. C Kaxmo#l xyroi rpada moTtoka yHmpaBICHHS aCCOLUHUPYETCS KOHTEKCT —
uHpOpPMAIMS O TIIOTOKE JaHHBIX, YCTAHOBJEGHHAs [ IIyTeH BBINOIHEHHUS,
OPOXOJAIIMX Yepe3 JaHHYI Jyry. DBOIBIIMHCTBO HHCTPYKIMH HMEIOT OIUH
BXOJIHOH KOHTEKCT, KOTOpPBIH 3aTeM mpeoOpa3yeTcs B BBIXOJAHOW KOHTEKCT B
COOTBETCTBUM C CEMAaHTHKOM MHCTPYKIMHM. WHCTpyKIMM CHOHSHUA TOTOKa
yIpaBJIE€HUs IPUHUMAIOT HECKOJIBKO BXOJHBIX KOHTEKCTOB U CO3JAl0T HA UX OCHOBE
OJIMH BBIXOJHOW. A MHCTPYKIMM BETBJIECHUS MOTYT MMETb HECKOJBKO BBIXOJHBIX
KOHTEKCTOB.

KonTekcT  ommchiBaeT  B3aMMOCBSI3b  MEXIY  CICAYIOIIUMH  DJIEMEHTaMMU:
aOCTpaKkTHBIMH sSYEHKaMM TaMATH, WICHTH(UKATOpAaMH 3HAYCHUH W aTpuOyTammu.
AOCTpakTHBIE SYEHKM IMaMATH MOJICNUPYIOT SYCHKM NaMATH, K KOTOPBIM
HPOUCXOJUT OOpalieHne B IporpaMMe Ha pa3IMuHbIX IMyTAX UCIIOIHEHUS.

NnenTudukaTtopbl 3HaY€HUH 0003HAYAIOT TPYIITY BO3MOXKHBIX 3HAUYEHUH, KOTOpHIE
MOXXET UMETh Aueika namsiTd. HeckoJbKko siueek mamsiTd MOTYT pa3AessTh OJHU U
TeXe UIACHTU(PUKATOPHI 3HAdeHWi. Hampumep, mHOA0OHOE MPOHMCXOAUT TOCIE
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00pabOTKN MHCTPYKIIMH TNPUCBAUBaHUS — 00 SUCHKH TaMsATH, YYacTBYIOIIHE B
MHCTPYKIMU TPUCBaMBaHUS OyAyT HMMETh OJHO M TOXE 3HA4YCHHE Mocie e
BBITIOJTHEHHSI.

//a - vall, b -val2
a = b;
//a —-val2, b —val2.
Puc. 1. IIpucBauBanue.

Ha puc. 1 moka3zaHo, 9T0 2 S4YSHKH MaMTH a U b TOCIIe BRIMOTHEHUS HHCTPYKIHH
OyznyT UMeTh OIHM U Te ke 3HaueHus val2. [Ipu aTom val2 — 3T0 He OHO Kakoe-
I100 KOHKPETHOE 3HAa4yeHHWe, a IeJblil Kiacc 3HaueHWH, KOTOpble sueiika maMsTH
MOJKET UMETh B pe3ysbTaTe paboThl IPOrPaMMBbI Ha PA3IMYHBIX IYTAX BBITOIHEHHUS.

ATpuOyTHI TIO3BOJISIIOT OMHICHIBATH WHTEPECYIOIINE CBOWCTBA. ATpHOYTaMH MOXHO
noMeyarb WJICHTU(QHUKATOPHI 3HAYEHHH NEpeMEHHBIX, O0JAaCTH MaMsATH M TOYKH
rpada moroka ympasieHHs. BoIBIIMHCTBO BUIOB aHATIM30B B Svace ONEPUPYIOT €
aTprOyTaMu UIEHTU(DHUKATOPOB 3HAUCHUH, T.K. HHTEPECYIOILIHE CBONCTBA SIBIISIOTCS
cBoMcTBaMH 3HaueHHd. Hanpumep, mpu noucke onmOOK pa3bIMEHOBaHUS HYJIEBOTO
yKazareyss HEoOXOJMMO TPOBEPHUTh, YTO 3HAYCHUE [EPEMEHHOH, KOTOPYIO
Pa3sbIMEHOBBIBAIOT, HE PaBHO HyN0. JUIi 3TOrO0 MOXHO CO3/aTh CIELHATBbHBINA
aTpuOyT, KOTOpbIH OyZer 0003HA4aTh CBOWMCTBO, YTO 3HAYEHHE PaBHO HYIIO
(TIpOTHBOIIONIOKHOE CBOWCTBO - ‘“3HaYeHHE HE O00s3aTENFHO PaBHO HYIKO’), U
noMeyaTrb UM HAECHTU(UKATOPHI 3HAUYCHWH NEPEeMEHHBIX, KOTOPHIE TOYHO PABHBI
Hymo. [locme 3Toro B MOMEHT pa3bIMEHOBAaHHS MOXKHO IPOBEPUTH 3HAYCHUE
yKasarelsl ¥ 3HaueHHe aTpuoyTa.

MHuorna i aHanusa CBOMCTB TOJBKO 3HAUYEHUH HE AocTaTo4yHO. [IpuMmepamu mMoryt
CIY’)XUTh (DYHKIIMH 3aBEpIICHHUs IPOrpaMMBl, MOA0OHBIe eXit. B 3rtom ciyuae
HEOOXOTMMO IOMETHTH ITYTh BBHITOIHEHHS IPOTPAMMEI TTOCIIE BRI30Ba (PYHKIIUH eXit
KaK HEJIOCTIDKHIMBIH, IS 94ero rpad MOTOKa YIIPaBICHHUS IOMEYACTCs CIICIIHATEHBIM
aTpubyToM. KoHTEKCT Ha 3TO¥ yacTh rpada He y4acTBYeT B ONEPALUSAX CIHSHUSA, a
KOJI, TOCIIe BbI30Ba (DYHKIMH €Xit, MOKET OBITh TOMEUEH KaK HEJTOCTHKHMBIH.

Jnst mpumepa aTpuOyTOB, KOTOPBIE ACCOMMUPYIOTCS C aOCTPAKTHBIMHU SUCHKAMU,
MOXXHO PacCMOTPETh aHallu3 YTEUeK MaMsATH. YTEUKH HILYTCS TOJbKO JJI TaKUX
SYCEK, KOTOPBIC BBIACICHBI B JHHAMHYCCKOW maMsITH. YTOOBI MpPaBUIIBHO
MPOU3BOJUTE aHAIU3 HEOOXOJMMO CICIHAIbHBIM aTPUOYTOM IIOMETHTh CaMH
a0CTpaKTHBIEC TYCHKH TTAMSITH.

int* p = new[10];

Puc 2. ATpuOyThI T9eEK MAMSITH.

Ha puc. 2 oOmacth mamsTH, Ha KOTOPYHO yKa3bIBacT yKa3aTelb P, BBIICIICHA B
JNIMHAMUYECKON mamsaTu. BTopas MHCTPYKIMS NPHUCBAMBACT KOHCTAHTY 7 s4eiike
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namsta p[2]. [Ipu 3TOM MeHsIeTCsl 3HaYeHUE STYCHKH, HO caMa sUIeiKa 1o TIPeKHEMY
octaércss B JAWHAMHYECKOH mamsATd. I[loaromy atpubyr, 0003HAYAOIINN
JUHAMHUYECKYIO IaMATh, HEKOPPEKTHO ACCOIMHPOBATH CO 3HAYCHHUEM SUEHKH (T.K.
TOCJIe OTIepaliil TPHCBAWBAaHUS stdeiike OyNeT COOTBETCTBOBATH HOBOE 3HAUCHUE
0e3 Hy)KHOTO aTpuOyTa).

4. Onucanue cnenuukanuii pyHkumii

s wmHOrmX  OmOmmoreyHpIX  QyHKIMI Svace mMeeT — crenu(pUKaIUH,
omuchiBalolye 1Mo0oYHbIe A(PQeKkTsl OoT BbI30Ba (GyHKIMHM. Hannume Takux
crienu()UKAIUi TPOAUKTOBAHO 2-MsI 0OCTOSITEIbCTBAMH:

1. Ucxoaublit Ko OMOIHOTeYHBIX (YHKIIMN KaK MPAaBUIIO OTCYTCTBYET.
2. YacTo CIIO’KHO BBIBECTH CEMAHTUKY paOOTHI (QyHKINH, aHATH3UPYS € KOJI.

Crneundukanus npeacraBisetr coboil GpyHkuuio Ha si3pike CH, BKIIOYAIONIYIO BHI30B
CICIHANBHBIX TPEAONpPEACACHHBIX (YHKIUN Svace, KOTOpble 00padaThIBatOTCS
aHanM3aTopoM 0coObIM 00pazoM. PesynbraToM aHanu3a crneuuduKaluyu Takxe
SIBIISICTCSL aHHOTAIIMSA, XPaHAIIas BCe yKazaHHbIC 3Q(EKThI OT BhI30BA (DYHKITHH.

Cokpaménnast cnenudukanus 1t Gpynkuun malloc npuBegena Ha puc. 3.
void *malloc(size t size) {

void* ptr;

sf overwrite (&ptr);

sf overwrite (ptr);

sf set alloc possible null(ptr);

sf new (ptr, MALLOC CATEGORY) ;

return ptr;

Puc 3. Cnenmdukarus anst malloc.

sf overwrite cooOmaer, 4To U3MECHSETCS 3HAYCHHUE YKAa3bIBAEMOW SYCUKH ITaMSTH.
Takum oOpa3om, ¢ TOMOIIBIO JBYX BBI30BOB sf overwrite cooOmaercs, uto malloc
VHUITHAIM3UPYET 3HaYeHHE yKaszarens ptr, a Takke yka3zpiBaeMol mamsitu. Jlamee ¢
nomomsio pynkimu sf set alloc possible null coobmaercs, 9To yka3aTenab MOXET
UMETh HyJeBoe 3HaueHue (HO He o0s3aTeqbHO uMeeT). M 3aTeM BBI3BIBAETCS
¢yaknms sf new, 9TOOBI MOKa3aTh, YTO Ptr yKa3pIBACT HA BHOBH BBIJCICHHYIO B
quHaMudeckoit oonactu namsate. Konctanta MALLOC CATEGORY ykaseiBaer
croco0 BBIIACTICHHS HOBOM MmaMsATH. JTO TpeOyeTcs IS BO3MOXHOCTH B
JANTBHEHIIIEM TPOBEPHUTH, YTO MaMATh ObLIa KOPPEKTHO OCBOOOKICHA C MOMOIIBIO
HYXXHOU (QYHKIIUH OCBOOOKICHHS TAMSITH.

Crneunduxanus s free npuBeeHa Ha puc. 4.

void free(void *ptr) {
sf overwrite (ptr);
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sf delete (ptr, MALLOC CATEGORY) ;

Puc. 4. Cnienudukarnus nis free.

B crenmdukaunu s free moka3pIBacTCs, 9TO M3MEHSCTCSI COCTOSIHIE MAMSITH, Ha
KOTOPYIO YKa3bIBaeT BXOIHOM apryMeHT. A Takke TO, YTO MaMsTh OCBOOOKIACTCS.
IIpu 3TOM OCBOOOKACHHE MPOMCXOAUT ISl MAMSTH, BBINCICHHOW C ITOMOLIBIO
¢ynkum malloc.

ITonp30BaTens MOXKET coO34aBaTh CBOM cOOCTBeHHbIE cnenmduxanun. Hampuwmep,
MOXHO JIETKO CO31aTh JETEKTOP, KOTOPHIA OyAeT MpOBEpsTh, YTO BCS IaAMSTh,
CO3JJaHHas IM0JIb30BaTeNbeKol GyHKImei xmalloc, ocBoOoxieHa ¢ momomipio xfree.
J11s1 3TOr0 OCTATOYHO CO3JaTh aHAJIOTUYHBIE ClICIU(UKAIMY I OTHX QYHKIMH 1
m3MeHuTs koHcTaHty MALLOC CATEGORY Ha Hekylo Ipyryro, Hampumep
XMALLOC_CATEGORY.

He cmotps Ha TO, 4TO cnenudukanuu oO0padaTHIBAIOTCS HECKOIBKO HHAYe, 4eM
oObIYHBIE (PYHKIMU, MOMEHT BbI30Ba (DYHKIHMH 0OpadaThIBacTCsi OAMHAKOBO, IPH
9TOM HCIIOJIB3YEeTCs TOJILKO aHHOTAIMsI (DYHKIIMH, KOTOpasi UMeeT eMHBII (hopmar.

B mHactosimiee Bpemst co3fgaHbl crnenudukanuu JUIs  OONBIIMHCTBA (YHKIMHA
cTaHOapTHON Ombmmoreku s3pika Cu. JIs TOImEpXKKH Opyro OMOIMOTEKH
HEoOX0AMMO cO3/1aTh CHEHU(HUKAMKA AT €€ OCHOBHBIX (YHKIHH, KOPPEKTHO
OMHUCHIBAIOIIHE TO00YHBIC 3G (DEKTHI BBI30BA.

5. Onucanue pacimMpsieMbIX MOayJ1ei

JleTekTop - 3TO KOMIIOHEHT HMHCTPYMEHTa aHajn3a, OTBETCTBEHHBIH 3a IOMCK
NpeIyIPERKICHUIA ONMPEISIICHHOTO TUIA (MJIM CX0XKHUX THIOB). J[eTeKTop cuuTaeTcs
MEXIPOLEIYPHbIM, €CIM OH paclpocTpaHseT aTpuOyThl 3a TMpeaeibl OIHOH
(GYHKIMM ¥ TIpH BbIAAa4Ye NPEAYNPEKACHHH YYUTHIBAET NOOOYHBIE 3((HEKTH OT
BBI30Ba (DYHKITHH.

BoNBIIMHCTBO AETEKTOPOB PEaTM30BAaHO B BUJIE PACIIMPSIEMBIX MOIYNEH, KOTOPHIE
PETUCTPUPYIOTCS B JUCIIETYEPE PACIIMPEHUH M 3aTeM MOJIYydYaroT yBEJOMIICHHS 00
MHTEPECYIOIUX COOBITHsIX. PaciupsieMble MOIYIH PAaCIIUPEHHUS TIPEACTABISIOT U3
ceOs Kkiaccel s3plka Java, peanm3yrommue wuHTepdelc pacmmpeHus Svace.
HekoTopsle Moaynu SBIAIOTCA BCIOMOTAaTEAbHBIMM U HE YYacTBYIOT B BbIJaue
HpeyNpexICHNH, a TOJIBKO paclpoCTPaHSIOT aTpHOYTHI.

IIpumepbl COOBITHI, KOTOPBIE JOCTYIHBI MOAYJISIM pacmupenus: add (crokeHue),
sub (Beruuranue), deref (paspiMeHoBanme), bufferAccess (mocTyn K 3ieMeHTY
MaccuBa), apply (TpaHcisnus aTpuOyTOB M3 KOHTEKCTa BBI3bIBaeMOH (QyHKLIMH B
KOHTEKCT BBI3bIBaIONIEH), annotate (co3maHue aHHOTauuu). Bce coObITHA
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MO3BOJIAIOT paboTaTh ¢ aTpuOyTaMHu: IIPOBEPSATh JPYrHue aTpuOyThl WIIH
yCTaHAaBJIMBATh CBOM, a TAK)KE BbLAABATh MPEIYPEKICHUSL.

Jns MeXNpolenypHBIX JIETEKTOPOB HEOOXOIUMO peasu30BaTh 00pPaOOTYUKH
annotate u apply. Annotate mMO3BOJISIET BHYTPEHHHE aTpUOYTHl MEPEBECTH B
aHHOTAIMIO (YHKIMH, a apply IPUMEHHUTh aHHOTALMIO K KOHTEKCTY BBI3bIBAIOLICH
(yHKIINM B MOMEHT BBI30BA.

Cuctema pacmupsieMbIX MOAYJIEH MO3BOJSET HE TOIBKO YIIydIINTh PACIINPSEMOCTh
MpOrpaMMBbl, HO U B HEKOTOPBIX CIy4asX YMEHBIIUTH BpeMs aHanu3a. Bce oOurue
JIEWCTBHS BBITIOJIHAIOTCS | pa3, IpH HEOOXOMMOCTH BI3BIBAIOTCS 0OPa0OTUUKH, Ha
KOTOpBIE IIOJANHCAHbl pacUIMpsieMble MOAYJIHM, NPU 3TOM padoTa BCeX MOAYJeH
OCYILECTBIISICTCS OAHOBPEMEHHO. MOAynu He BUIAT pe3ylbTaThl APYr Apyra A0
3aBEpLICHHUs ONEpaIy, HO HPH 3TOM HCIIONB3YIOT OOMIME CTPYKTYpPHI JaHHBIX.
bnaromapst wemy mocne peanuM3alii HOBOTO JAETEKTOpa oOIiee Bpemst paboTHI
MPOTPaMMBbI YBEIMUMBACTCA HE3HAUUTENHHO. BepHO 1 00paTHOE — eClii OTKIIIOUHTD
TMIOJIOBHHY BCEX JIETEKTOPOB, TO CKOPOCTh aHAJIM3a HE YBEIMUHUTCS BIBOE, T.K. Svace
TI0 TIPEKHEMY J0JDKEH TPATHTh BPEMsI Ha BBIYHUCIICHHE OOIINX JaHHBIX.

Kaxnplii pacmumpsieMblii MOIyib paboOTaeT co CBOMM HAa0OpOM aTpUOYTOB.
W3menenus 3Tux aTpuOyTOB HE JOJDKHBI BIUATH HA JPYrHe MOXYIH. B HEKOTOpBIX
ciry4qasx aTpuOyT He0OXOIUMO CIeNaTh BUAUMBIM JUISL APYTHX MOJIYJNEH, 4TOOBI OHH
MOTJIM TIEPEHCIIoNb30BaTh e€. [y 3Toro HeoOXOAMMO 3apEerHCTPHPOBATH ATPUOYT
KaK BUIUMBIHN.

6. Onucanue TUIIOB aTPUOYTOB

ATpuOyTHl TPYNIHUPYIOTCS MO THUMAaM aTpUOyTOB, KOTOPHIE MO3BOJISIOT Pa3eisTh
pa3Hble CBOWCTBAa M 3aJaBaTh BO3MOXKHOE IOBEJIEHHWE caMUX aTpuOyToB. PasHble
TUIBI aTpHOYTOB MOTYT MMETh pa3HbI (opMaT 3HAaYeHHH. Svace mMMeeT Habop
npeJonpeaeIEHHBIX THIIOB aTPUOYTOB, KOTOPHIE MOTYT UCIOJIb30BATHCS B KAYECTBE
OCHOBBI JUI1  IONB30BATEIbCKUX aTpuOyTOB. Hambomee BakHble OyIyT
MIEPEYUCIICHBI B 9TOM I1aBe.

Yacto BO BpeMms aHalM3a Hago0 OTCIEOUTh Kakoe-To cBoiictBo. Hampumep, uto
3HaYEHHE YKa3aTelsl PaBHO HyJ0. B JaHHOM cityuae HE BaXKHO KaKO€ KOHKPETHOE
3HaYEHUE MMeEET yKasaTenb. IIpH 3TOM He HMHTEpEecyIOT ciydad, KOrja yKa3aTellb
MOXeT ObITh paBeH Hyiro. HeoOXxoauMo ompenenuTh CUTyalMM, KOTAa yKa3aTelb
paBeH HYJIO0 Ha BCEX MYTSIX BBINOJHEHHS MPOrpaMMBbl, U TOJBKO B ATOM clydae
BBLIATh MPEAYNpPEXACHUE B Cllydyae €ro pa3bIMEHOBaHUS. B mpoTHBHOM ciiyuae
MOJYYUTCSI CIMLIKOM MHOTO JIOXKHBIX cpabaTeiBaHMK. JIJ1st TOro, YTOOBI OTCIETUTH
nogoOHbIE CBOWMCTBAa MMeeTcst [BOMUYHBIN atpuOyt BooleanFlag, koTopeiii nmeer 2
BO3MOJKHBIX 3HA4YCHUS] — WCTWHA WM JIOXKb. Bo Bpems cimsHHA Tpada MOTOKa
YNIPABIIECHUS €CTh 2 OCHOBHBIC CTPATETHN 00BEANHEHNS IBOMYHBIX aTPHOYTOB — IJIst
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ONHMCaHUA OTHOWIEHWH ‘“‘MoxeT’ u “mommken”. OrTHOIIEHHE “MOXeT”’ O03HadaeT
HEKOTOPOE CBOMCTBO, KOTOPOE BBIIIOJIHACTCS XOTS ObI Ha OJHOM ITyTH BBIITOJHEHUSI
MPOTPaMMBI, OTHOIICHUS “IOJDKeH” 0003HadaeT CBOHCTBO, KOTOpPOE MCTHHHO Ha
BCEX IIYTSAX BBITOJHEHHS IPOTPAMMBI.

CootBercTBeHHO nMetoTes 2 nonruna OrBooleanFlag n AndBooleanFlag, kotopsie
BeIyT cebs MO pasHOMYy B MOMEHT CIHMAHMA. B mpuMmepe ¢ pa3bIMEHOBaHUEM
OTIMCBHIBACTCSI OTHOWICHHWE ‘‘MOJDKEH”, MO3TOMY Jy4Ie HCIONb30BaTh aTpHOYT
AndBooleanFlag, xoTopsriit OyaeT comocTaBieH pe3yiabTaTy CIUSHHS TOJIBKO B TOM
Cllydae, eCJIM ONUCHIBAEMOE CBOMCTBO BBINOJHSIOCH Ha BCEX BETBSX CIIMSHUSL.

B HEKOTOpBIX Cilydyasx WHTEPECHHBI cpazy 00a OTHOIICHMS “MOXKeT’ M “JOJDKeH”.
MoxHO co31aTh JBa JBOWYHBIX aTpuOyTa I 3TOrO Cllydas, HO yJoOHee
orepupoBaTh OMHUM. I 3TOTO HMCHONB3yeTcs TpoudHbl atpudyT TernaryFlag c
TpeMs 3HAUCHUAMH: “UCTHHA”, “J0KB” M “BO3MOYKHO MCTHHA” (MK ““MOXET OBITH”).
3HadyeHHe “HCTHHA” 0003HAYAET, YTO HEKOTOPOE CBOICTBO BCET/A BHIMOJHACTCA,
3HAaYCHHE “‘MOXKET OBITH’ - MUCTUHHO TOJIFKO Ha HEKOTOPBIX ITyTAX BBHIIOJHCHUS
nporpamMMbl. T.e. “HCTHHA” peanm3yeT OTHOIICHHE “IOIDKCH”, a ‘“‘MOKeT OBITH”

OTHOILIEHHE “MOXKET” .

CylmecTBYIOT ¥ MHOXECTBO  JPYTHMX  HPEIONPEIENEHHBIX  aTpUOYTOB.
WuTepBanbHblil aTpUOYT MO3BOJISIET OLICHUTH JHANA30H BO3MOMKHBIX 3HAUCHHU JUIS
uenbix uucen. IlapaMeTpu3oBaHHbBIH aTpUOYT MO3BONSET CBSI3aTh BMECTE JIBE
nepeMeHHbie. [10100H0e ObIBaeT HEOOXOUMBIM TIPH JOCTYyIIE K MaccuBy. [Ipu atom
B 3aBHCHMOCTH OT JIETEKTOPa, JU0OO MAaCCUB MMEET aTPUOYT C CCHUIKON HAa UHJEKC,
60 Hao00opOoT.

7. deTekTopbl

7.1 FREE_OF_ARITHM

Hawnbonee mpocToii M3 ONMUCBIBAEMBIX JETEKTOPOB. HaxoauT Mom03puUTEIIbHOE
UCIIONIb30BaHUE (YHKIHMHA OCBOOOXKICHUS IMaMSATH, 3aKIIOYAOIICecs B YHalCHHH
HNaMsITH 10 CMEHMIEHHOMY yKasarento. [103BoseT HallTH OIIMOKH, JOMYIICHHBIC TI0
HEBHHMATEILHOCTH. B XOpOIIO OTJIaKEHHBIX MPOEKTaX KaK IPaBHIO MOJO0HOE
HCIIOJIb30BAaHUE SIBISETCS HAMEPEHHBIM.
static wvoid
limited free (gpointer mem)
{

gpointer real = ((char*)mem) - HEADER SPACE;

/] ...

free (real);
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Puc. 5. OcBoOoxAeHUE MaMATH IO CMEIEHHOMY yKa3zarenro (gtk+2.0).

B npumepe Bblle mamsTh, Ha KOTOPYIO CChUIAeTCsl yKasaTenb real, momydena 1o
cvemenntio HEADER SPACE. Takoe ucnons30BaHue SIBISETCS OA03PUTEIBHBIM,
nosToMy Svace coobmaer o0 omrbke. B 1aHHOM citydae Takoe MCIONIb30BaHUE HE
ABIISICTCS OMMOKOM, U makeT gtk+2.0 cooTBETCTBYIOMNM 00pa30M IepeompeaeiseT
JIpyTHe onepanuy paboThl ¢ AMHAMUYECKOH MaMATHIO.

Jnsi peanuzanuu JETEKTOpa, MO3BOJIIOIIETO HAXOAUTh MOJOOHBIC CHUTyallUuH
HEOOXOMUMO 3allOMHHUTh, YTO YKa3aTellb OBUI TOJYYECH CMCIICHHEM JPYroro
yKa3aTells, a 3aTeM MPOBEPHUTH, YTO 3HAYCHUE TAKOTO yKaszarelns, He mepenaércs B
(hyHKIHIO 0CBOOOXKICHHS TAMSITH.

Bcro mHMOpMammro o mMepeMeHHBIX W WX 3HAYCHHAX B Svace HEoO0XOIUMO
yKa3bIBaTh C MOMOIIbIO aTpuOyToB. sl TOro, YyTOOBI NOMETUTH yKa3arelb Kak
cMewEHHbIH, Obu1  co3gaH  atpubyt resultOfArithmeticOpFlag (pesymbrar
apudmernyeckoil onepauuu). Tak Kak NpeaynpexaeHHe HEOoOXOAMMO BBIIABATH
KOTJa yKa3zaTellb CIBHHYT Ha BCEX IyTSIX, TO B KadecTBE THUMA aTpuOyTa OBLI
BEIOpaH AndBooleanFlag. erekrop moamuceiBacTcs Ha coObitus add um sub, u
TIPOBEPSICT YTO TEPBHIN ONEpaH MMEeT THUI YKa3aTells, a BTOPOH SBISACTCS IeTBIM
HeHyneBbIM uuciioMm. Ormepanmu add (cmoxxenwme) W sub (BBIYHTAHUS), TaKUM
00pa3oM, IpUMEHEHHBIE K YKa3aTelsiM 0003HAdYaloT orepanuio cMemeHus. [locie
4Yero MOXKHO ycTaHoBUTh arpuOyr  resultOfArithmeticOpFlag Ha 3Ha4yeHue
pesynbrata omnepanuu. bonbine He TpedyeTcs HUKAKUX JEWCTBUHA C JTHM
atpubytoM. B MoMeHT cnusHus myted ¢uar pesynbraTa OyAeT YCTaHOBIICH
ABTOMATHYECKH, €CJIU ITOT (uiar ObUI YCTAHOBJICH /IS BCEX CIMBACMBIX 3HAUCHUH.
B cnydae omepauuu TpUCBaMBaHUS TEpEeMEHHAas IMOJYYUT HOBOE 3HAUYCHHE,
MOATOMY He TpeOyeTCsi HUKAKHUX JOTOJIHUTEIbHBIX NEHCTBUMN, YTOOBI CHSTh JIaHHBIH
(ar.

static void

limited free (gpointer mem, int mode)

{

gpointer real;

if (mode==1) real = ((char*)mem) - HEADER SPACE;
else real = ((char*)mem) - HEADER SPACE EX;
/...

free (real);

Puc. 6. Cinsiaue.

Ecnmu  HeMHOro MOAM(WIMPOBATH OJK3EMIULIP KO3, Kak Ha puC. 6., TO
OpeaynpexIcHue Takke OyAeT BbAAHO, T.K. B MOMEHT CIMSHUS MyTell Ha pa3HbIX
BETKaX YCIIOBHOTO OIeparopa, Svace COMOCTABUT 4YTO MepeMeHHas real mmeer
abcrpakTHoe 3HaueHue vall (paBaoe ((char*)mem) — HEADER SPACE) Ha oqHOoM
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nytd, ©u  a0ctpakTHoe  3HaueHwe val2  (paBuoe  ((char®)mem) -
HEADER SPACE EX) ma mpyrom mytu. [locne cimsHus mnepemeHHOW Oynmer
MPUCBOGHO HOBoe oOBenmHEHHOE abcTpakTHOe 3HadeHme val3, xoropoe Oymer
BKITIOYATH OOIIMe CBOWCTBA 3HAYCHHH Ha BCeX MyTsxX. [locie wero OyayT BBI3BaHEI
00padOTUMKH CIHSHUS UL BCEX aTPUOYTOB JTHX 3HAYCHUHA. OTH JEHCTBUSA
Npou3BOIAITCS MH(PpacTpyKTypoll Svace U HET HEOOXOAMMOCTH 3a00THUTHCS O HUX
NP pean3alyy IeTEeKTOPOB.

Ha stom oOpabGoTka cmelneHus 3aBeplieHa, HO TpeOyeTcs Takke HpaBHIBHO
oOpaborath BEI30B (yHKIMH free mms ocBoOoxmeHuss namatd. Jms sToro
JIOCTaTOYHO CO3AaTh 00paboTunk GyHKIWH free, KOTOPBIA OyAeT BI3BaH B HYKHBII
MOMEHT. JI7si OYeHb MHOTHX JAETEKTOPOB TAaKOTO PEIICHMS JOCTaTOYHO, HO B
JAHHOM Clly4yae OHO HMMEET HEKOTOpble HEAOCTAaTKH. Bo-mepBhHIX, MOSBISETCS
xécTkast npuBszka K Qynkuuu free. Ecnu Oyayr BbI3BaHBI JApyrue (hyHKUUH
OCBOOOXKICHHUSA TMaMATH, TO HPUAETCS MEHSATh HCXOAHBIA KOJ aHaiu3aTopa. Bo-
BTODBIX, HE OyAyT 00paboTaHbl MEXKIPOLEAYPHbIE CUTYallMH, KOTAa BBI3BIBACTCS
HeKoTopasi pyHKIus, KOTopasi B CBOIO O4epeb BbI3bIBaeT QyHKIHIO free.

UroObl pemuTh HEepByl0 HpoOieMy HEOOXOOMMO ONMCAaHHE (YHKIUH CAENaTh
cnemudukanuen. [nsg o0pabOTKM MEXIIPOLEAYPHBIX CUTYallWil, HaIo CO3/1aTh
aTpuOyT, KOTOpBI OyaeT pearupoBaTh Ha omepanud apply u annotate (cm.
Onucanue pacmupseMbix Moaynei). Ho B JaHHOM citydae 3TUX AEMCTBHIA TOXE He
Tpebyercs, T.K. Svace yxe umeer crneuudukanuo aist dpynkuun free (puc. 4), u
MO/IyJib, KOTOPBIH OTCIIC)KMBAET, YTO HaMATh OyIeT OCBOOOXKJEHA; MPHU ITOM ITa
o0nacTh mamsiTH OynleT moMedeHa crenruaitbHeM atpubdytom deleteAttr. [Ipu Takoit
peanu3anyy Hall JeTeKTop OyJneT HaXOJUTh TaKKe CUTYalMd, B KOTOPBIX MaMsTh
ocBoOokmaercs onepatopoM delete si3pika Cut++, TMOO HeCTaHAAPTHON (PYHKITUEH,
JUISL KOTOPOH Oblila CO3/jaHa aHaJIOTHYHAS CIIeU(pUKALNSI.

Ocrajiock TOJBKO CpearupoBaTh Ha IOAO3PUTEIBHYIO CUTYallMI0 U B cllydae
HEOOXOJUMOCTH BBIJIATh TpeAynpexjaeHue. s 3Toro Hamo MOANMCATHCS Ha
coObiTne apply, KoTopoe OyaeT BBI3BAHO B MOMEHT TPAHCIALMH aTpHOYyTOB M3
KOHTEKCTa BBI3BIBAEMOH (DYHKIMHM B KOHTEKCT BBI3bIBAIOIIEH. DTO COOBITHE MMEET
JBa mapamMerpa: dst m src — 06a mapamerpa 0003HayarOT OAHY M Ty K€ 00JacTb
HaMsTH, HO pa3Hble aTpuOyTHl (B ciydae, ecid 0o0JacTh MMEHOBAHHAS, TO OHHU
0003HAYaIOT IEepeMEHHbIE B BbI3bIBAIOLICH (YHKIMH W BBI3BIBAEMOHW (YHKIIHMN).
[Tapametp dst o60o3HauaeT AYeHKy maMATH Ha CTOPOHE BBI3BIBAIONIEH (QyHKIMH 10
MHCTPYKIMU BBI30BA, HapaMeTp Src 0o0O3HAa4YaeT 3Ty e sueiiky Ha CTOpOHe
BBI3BIBAEMON (DYHKIIMM TIOCIE€ WHCTPYKIMHM BBI30BA. Bce MeXIporenypHble
aTpuOyTHI JOJDKHBI OBITH MIEPEHECEHHI ¢ MapaMeTpa src Ha mapamerp dst, mpu 3ToM
KaXIbIi MOIYJb IEPEHOCHT TOJNBKO T€ aTpHOYTHI, 3a KOTOpbIE OH OTBedaeT. B
MOMEHT PACIPOCTPAHEHHUS aTPUOYTOB HEOOXOJWMO PEIINTh KaKhe aTpuOyThI U3
BbI3bIBaEMON (YHKIMHM NepeiayT B BbI3bIBalomyto. s JTaHHOTO JIeTEKTOpa
JIOCTaTOYHO TOJIBKO HPOBEPHUTH, 4TO dst MMeeT 3Ha4YeHWe, IOMeUYeHHOoe (iarom
resultOfArithmeticOpFlag,a obnacte mamstu src nomeuena atpuOyrom deleteAttr.

47



®dakTudecku 3T0 OyJeT O3HaudaTh, YTO CMENICHHBIM yKazaTellb ObLI TiepelnaH B
(hyHKIHIO, KOTOpasi OCBOOOIUT MaMSTh, Ha KOTOPYIO OH YKa3bIBaeT.

7.2 FREE_INCOMPATIBLE n
DELETE_INCOMPATIBLE

IIpenynpexxnenne FREE INCOMPATIBLE Bbimaércss B ciayyae HaxOXACHUS
CUTyallnid HECOOTBETCTBHA (YHKIMHA  BBIOCNICHUS TaMATH ®W  (QYHKOHH
ocBobokneHus. Hampumep, mpu cmemmBanuu Cu++ omeparopoB new/delete ¢
¢yaxamsamu Cu 6ubamotexn malloc/free. Ha mpakTuke BcTpedaercs He 9acTo.

WuTepecen HOJBU] IpEeRYIPEKICHUS (DELETE INCOMPATIBLE),
OIMCHIBAIOIINN YacTO-BCTPEUAIONIYIOCS OIMIMOKY, CBA3aHHYIO C HEIIOHHMaHHUEM
NPaBWIBHOW pabOTHl C oOlepaTopaMy BBIICICHUA/OCBOOOXKICHUS MaMATH S3bIKA
Cu++ omeparopoB new[]/delete. Ecmm mamsaTe OblIa BEIIENEHA C MOMOIIBIO
omeparopa new[], TO HeoOXoamMo ocBoOOmUTE e€ omeparopom delete[] mms
MaccHBOB. YacTol OMmMMOKOH SBIAETCI OCBOOOKAEGHHE IaMSITH C IOMOUIBIO
omnepatopa delete st oqMHOYHBIX AeMeHTOB. HapyreHue 3Toro npasuia BelET K
HEOIIpeAICIEHHOMY IOBeleHu0. Jlaxke eciau B TeKyllled BEpCUM NpOrpamMMbl HE
OBUIO BBISBICHO OIIMOOK, OHM MOTYT BO3HHMKHYThH IPU CMEHE KOMITWIATOPA, WIH
M3MEHEHHH OMIMH KOMIMIMpoBaHus. [103ToMy Takue OIIMOKH CJIOKHO HAXOJUTh B
XO/Ie pyYHOTO TECTHPOBAHMUS, HO CTAaTHYECKUE aHaIM3aTOPhI JIETKO CHPABIISIOTCS C
TaKoOH 3aJauei.

size t SndFile::write(int srcChannels, float** src,
size t n) {

//
float *buffer = new float[n * dstChannels];
if (srcChannels == dstChannels) {
//
else {

printf ("SndFile:write channel mismatch %$d ->
%d\n",
srcChannels, dstChannels);
delete buffer; //HeobXoIMMO MCIOJbE30BATH
delete[] buffer.
return 0;
}
int nbr = sf writef float(sf, buffer, n) ;
delete buffer; //HeobxommMmo mucnosb3o0oBaTh deletel]
buffer.
return nbr;
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Puc. 7. HempaBuibHOE 0CBOOOXKIEHHE TTAMSITH (TIPOEKT muse).

Hanee Oyner MPUBEJICHO oIMcaHue paboTsI JIeTeKTOpa
DELETE_INCOMPATIBLE, Ttk. OH HEMHOro mpome, HO TIPH 3TOM
NpUHIMNHAANEHEIX pazmnyanii B peanmsannu ¢ FREE INCOMPATIBLE wer.

Jns peanuzanmu HEoOXOOMMO CO34aTh OIWH arpuOyT createPtrAttr mms Toro,
YTOOBI IOMETUTH pe3yabTaT new[], u ogun atpuoyT deletePtrAttr, 4ToOBI TOMETHTB,
yto omnepatop delete 0CBOOOXKIAaeT CBOH apryMeHT HECOBMECTHMBIM 00pa3oM. DTH
aTpuOyThl YCTAaHABIMBAIOTCS HA 3HAYCHMsS yKa3aTelieil, 4TOObI MOHATH MOYEMY
MMEHHO Ha 3HAYCHHWS, a HE HA CaMM yKa3aTelH, CTOMT MOCMOTPETh CICAYHOIIHUi
npumep:

char* array = new char[MAX PATH];

char* ptr = array;
delete ptr;

Puc. 8. BHOBB npucBanBaHue.

B MOMEHT mnpucBaumBaHusI ptr = array CBOMCTBa OOJACTH MaMsITH, B KOTOPOH
HaxOAMTCsI yKaszaTelb ptr, He MEHSIOTCS, M03TOMY 00JacTh ptr He OyAeT moMmeueHa
aTtpubyToMm createPtrAttr, u ommbka He Oymer HaiimeHa. Ecnu ke mOMETHTH
3HAYCHHUC YKa3aTeisd 3TUM anI/I6yTOM, TO B MOMCHT IIpUCBAaWBaHUA YKa3aTCJib ptl'
MOJIYYUT 3HAYCHUE yKazaTelsl array, KOTOpOe y)Ke HMOMEYEHO 3TUM aTpuOyToM, W
omnOKka OyneTr HaljeHa.

T.x. B8 Cut+ yacTto BCTpEYarOTCS MajeHbKHE (YHKLHHM, TO aHaIU3 Halo IeJaTh
MEXMPOIETYPHBIM. DTO B TOM YHCIIE TIO3BOJUT HAWTHU OIMMOKHU, KOTJa BBIJEICHNE
MaccHBa IPOUCXOAUT B KOHCTPYKTOpE HEKOTOPOTO Kjacca, a HEKOPPEKTHOE
ocBoOOXIeHHE B JiecTpykTope. UToObl caenaTh AETEKTOp MEXIIPOLEAYPHbBIM,
JIOCTaTOYHO peann3oBaTh 00paboTumku coOblTuil apply m annotate. B manHOM
cllyyae peaqu3alyus TpHBHAJbHAas — HAJI0 IPOCTO CKOMUPOBATh aTPUOYT U3
MCTOYHHKA B IPUEMHHUK.

JerexTupoBaHne OMIMOKM TaK >Ke€ HE IIPEACTAaBISIET CIOXKHOCTH W JIeNaeTcs
aganmormgHo kak g netektopa FREE OF ARITHM. B o6pabotumke apply
HEOOXO/MMO MPOBEPHUTH, YTO MEPEeMEHHAass B KOHTEKCTE BbI30Ba MMeEET 3HA4YCHUE,
nmoMeueHHoe aTpuOyToMm createPtrAttr, a 3HaueHWe NEPEMEHHOH B KOHTEKCTE
BBI3bIBaeMOH (pyHKIMHM noMeueHo aTpubyTom deletePtrAttr.

[Ipu onmcaHuH 3TOTO AETEKTOPA 3aMETHO, YTO OYCHb MHOTHE JICTATH MOX0XH, JTHOO
WICHTHYHBI JPYIMM JIETCKTOpaM. AHAJIOTHYHO IPHU pEaln3allii JCTEKTOpa He
BO3HMKAE€T MHOXECTBA HOBBIX TPOOJEM, MPAKTHUECKH BCE HEOOXOIUMOE YxKe
BCTPEYAJIOCh B APYTUX NETEKTOPAX W BEIHECEHO B OOIIYIO IJIS BCEX MOJYJIEH JacTb,
paboTa ¢ KOTOPBI OCYIIECTBISIETCS aHATM3ATOPOM Svace.

7.3 FREE_INCONSISTENT
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Kak mpaBmio, ¢pyHKIHS 0CBOOOXKICHHUA MaMATH IOJDKHA 00padaThIBaTh BXOIHOW
apryMeHT B JII00OM cilyyae, HE3aBUCHMO HHM OT Kakux ycjoBuid. Ecmu ke
0CBOOOX/ICHNE TPOMCXOAUT TOJIBKO B HEKOTOPBIX CIIY4asiX, TO 3TO MOXET IIPUBECTH
K TpyaHoyinoBuMbiM yTeukaM mnamsaTtH. Jlerekrop FREE INCONSISTENT
NpOBEpSIET, YTO BXOAHOW IapaMeTp HEKOTopod (yHKIMH OCBOOOXKIaeTcs Ha
HEKOTOPBIX IyTSAX, U HE OCBOOOXKIaeTCsS Ha APYTHX.

Kak u FREE INCOMPATIBLE ananu3 Takxe BBIMIOJMHSACTCS HAJ 3HAUYCHISIMA
ykazareneil. Ho B jaHHOM cirydae JBOMYHOro aTpuOyTa yke OyAeT Hel0CTaTO4HO.
Ecnu ¢yHKIus ocBOOOKAEHHS BBI3BIBACTCS Ha BCEX ITYTSAX, TO OMIMOKM HET, €CIH
)K€ OHa HE BBI3BIBAETCS BOOOILE, TO OMIMOKE TOXe HET. PaKTHYeCKH HEO0OXOIMMO
HaWTH CUTyaluH, Koraa (YHKIHMsS OCBOOOM/IEHHs BBI3BIBAETCS HA HEKOTOPBIX
MYTSIX, UIsl 9TOH LeJIU MPEKPAacHO MOAX0ANT TponuHbll arpuOyT TernaryFlag.

[pu peanusanun HeT HEOOXOAUMOCTH CO31aBaTh OTHACIBHYIO CICHU(PHKALMIO IS
(GyHKIMH OCBOOOXIEHUSI TaMsATH, T.K. OHa yKe co3naHa. HeoOXomuMo TOJIBKO
no6aBuTh aeiictBus Ha oOpabotumk sf delete, koTopwlii Oyner ycraHaBIMBaThH
atpuOyT deletePtrTernaryAttr.

Tponunsiii atpuOyT yxe uUMeeT 0OpaOOTUYMK, BBI3BIBACMBIA B MOMEHT CIHSHHSA

myteil. Ecnn Ha o0omX MyTsAX 3HaueHHWE OBUIO paBHO “HCTHHA”, TO M PE3yJbTaT

Oymer “umctuHa”, eciaM ke Ha 00omMX aTpuOyT MMeN 3HaYeHHe “JNOXb’, TO WU

e3ynpTaT OyzmeT “mokp”. B ocTambHBIX cioydasx OyJeT YCTaHOBIIEHO 3HaueHHE
Y Y, yd Y, M

“MOXeT OBbITH”.

Hus nerekropa FREE INCONSISTENT 3HaueHue “moxp” OymeT O3HA4aTh, YTO
(yHKIMS OCBOOOXKIEHWS HHM pa3y He ObUla BbI3BaHAa /ISl JIAHHOTO YKa3aTels.
3HayeHHEe “WCTHHA” O3HAYaeT, YTo (PYHKIUsS OblIa BEI3BaHA Ha BCEX IMyTAX. A
3Ha4YeHHe “MOXKeT OBITh”, 4TO (yHKIUSA OBIJJa BBI3BAHA HA HEKOTOPBIX MYTHAX,
(bakTHUECKH 3TO M €CTh MCcKoMas curyanus. Korma 3aBepmunTcst aHanu3 QyHKIHH,
Svace Ha4HET cO3/1aBaTh aHHOTAIMIO, JUI ATOTO OH BBI30BET 00paboTuMK annotate
JUIT  HEOOXOIUMBIX aTpuOyTOB. B 3TOT MOMEHT M MOXXHO NPOBEPSTH, 4TO (har
deletePtrTernaryAttr nmeer 3HaueHue 1100 “I10Xb”, THOO “HCTHHA”.

BaxHO MOAYEpKHYTH, YTO aHANH3 OyJeT MPOU3BOIUTHCS ISl KaXKIOTO OTICIHLHOTO
3HAYEHMUS.
void freeSomething(char* ptrl, char* ptr2, int index) {
if (index==1)
free(ptrl);
else
free (ptr2);

Puc. 9. Crnustaue nyTeii.

B stom HamymanHOM mpumepe (QyHKOMs free BBI3BIBACTCS HAa BCEX MyTSIX, HO B
IIEpBOM CJIydae OHa BbI3bIBaeTCs AN ptrl, a Bo BropoM s ptr2. Takum oOpazom
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UL BXOMHOTO mapaMerpa ptrl ¢ynkums free BBI3BIBaeTCA TONBKO HAa OJHOM M3
MyTeil BEITIOTHEHUS, TO3TOMY OYyIET BBIJAHO IPEAYIPEKICHHE.

Ecnu 61 B Havane (yHKIMM CyLIECTBOBAJIO NpucBanBaHue ptrl = ptr2, roraa oba
yKazarelisi UMeJ Obl OJJHO U TOKE 3HaueHHE W OIIMOKHM BbIIAaHO He Obu1o OBl T.K.
NPUCBAaWBaHUs HET, TO Svace CUUTAET MapaMeTpbl Pa3HbIMH, €CIIU M0 KaKUM-JIHOO
NPUYUHAM IapaMeTphl SBIAIOTCS ITICEBIOHUMAaMH APYT Apyra, TO OyIeT BBIJAHO
JI0’KHOE TIPEIYNPEXICHHUE.

B Ommxaiimmx 1miaHax SBISETCS CO3JaHME JOMONHUTEIRHOTO aHali3a yKa3aTeJe,
KOTOpBIi BO MHOTHX CIy4yasX [O3BOJIUT TIOHSATh, YTO VYKa3aTelH SBISIOTCA
IICEBIOHNMaMH.

7.4 DEREF_OF_NULL.RET

Yacro, korna (pyHKIUs BO3BpallaeT yKa3aTelb, HyJIeBOE 3HAUCHHUE UCIIOIB3YeTCs B
cllydae BO3ZHHKHOBCHHWS Kakoi-nbo ommOku. B sToM ciiydae HeoOXoammo
MPOBEPUTH, YTO yKa3aTellb HE HYJIEBOM, Mepei ero paspiMeHoBaHueM. [l ciaydas
OTCYTCTBUS noao0HoU IIPOBEPKH Svace nMeer MIpeayIpexIeHue
DEREF_OF_NULL.RET.

Bce Takme ¢yHKOMM MOXKHO pa3fenuTh Ha 2 KaTeropuu: OWOIHOTEYHBIE H
TIOJTE30BATEIILCKHE.

B noxyMmeHTanuu K OMOJMOTEYHOW (PYHKIMU KaK MPABHIIO SBHO 3aJaHO, YTO OHA
MOJKET BEPHYTh HYIIb, IIPH 3TOM TeJO (PYHKIIUH MOXKET OBITh HeoCTyIHO. [loaTomy
UMEeT CMBICIT IeaTh SIBHBIC CIICIU(HUKAIINN IS TIOJOOHBIX (PYHKITHI.

char *getenv (const char* key) ({

char *str;

sf overwrite (&str);

sf set possible null(str);
return str;

Puc. 10. Cneuundukamys s getenv.

O6pabotunk cnenuanpHOM ¢GyHKIKMK sf set possible null nmomkeH ycTaHOBHUTH
atpuOyT PossibleNull Ha 3HaueHue aprymeHTa. DTOT aTpuOyT O3HAYaeT, 4YTO
3Ha4YeHHe HEKOTOPOro yKas3aTelslsi MOXKET OBITh paBHO HYJIIO, ITOITOMY YKa3aTelb
JKEJaTeJIbHO MPOBEPHUTH HAa HYJIb Nepesl pa3bIMEHOBaHHEM. ATPHOYT UMEET TOATHII
OrBooleanFlag — B cinyuae ciusHus myTeid, pe3ynbTaT OyaeT UMETh 3TOT aTpHOYT,
€CIIM ero HMMeeT XOTd Obl OJMH M3 apryMmeHToB. OYeBHAHO, YTO pealu3yercs
OTHOLIEHHE “MOXET”, TO €CTh HIIYTCSA CUTYalllH, KOTZa IepeMeHHas paBHA HYJIIO
XOTs1 OBl Ha OJTHOM ITyTH BBITIOJHEHUS PO PAMMBIL.
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Heo0xoaumo 3aMeTHTh, YTO CO3/1aBaTh CHEUU(HKAIMKM HYKHO TOJBKO UIS TAKHX
(GyHKUMIA, KOTOpBIE BO3BpALAIOT HYJIb B Cllydyae HEKOHTPOIHPYEMOIl OIIMOKH,
KOTOpasi HAMpsMyK HE 3aBHCHUT OT BXOJHBIX apryMEHTOB, HAIpUMep B Cliydae
orcyrcTBUs (aima. MHade OymeT MHOXKECTBO JIOKHBIX CpaOaTblBaHHWU, T.K.
pe3ynbTaT (YHKIUH MOXET OBITh JCTCPMUHHPOBAH U 3aBHCETh OT IIOTOKA
ynpasienus. Ha puc. 11 Ha mepBoii crpoke y maccua buf mocieanemy siaemeHTy
NPUCBAaWBaeTCsl CHMBOJ HOBOW CTpoku. Takum oOpasom MaccuB Oyner
rapaHTHPOBAaHHO UMETh 3TOT CHUMBOJ XOTs Obl 1 pa3. [lanee ¢ momopio GpyHKIUH
strchr wmmercss mepBoe BXOXJICHHE CHMBOJAa HOBOW CTPOKM M BMECTO HETO
YCTaHaBJIMBAECTCSl CUMBOJI OKOHYAHHs CTPOKH, TakuM 00pa3oM o0py0asi CTPOKY B
sToM Mecre. DyHkuus strchr Bo3BpalaeT Hyib, €CIM HUYEro He ObLIO HaiizeHo.
Takum 00pa3oM sl OPEAOTBPAIICHHS OMIMOKH pPa3bIMCHOBAHUSI HYJIEBOTO
yKazarelsi He0OXOIUMO MPOBEPHUTH, UTO pe3ybTar strchr He HyneBoil. Ho B jaHHOM
npuMepe, OYE€BUIHO, YTO (DYHKIUS BCEra BEPHET HEHYJIEBOE 3HAUCHHE.
buf([sizeof (buf) - 1] = '"\n';
*strchr (buf, '\n') = '\0';

Puc. 11. Br30B 1eTepMUHUPOBAHHON QYHKIIUH (IIPOEKT busybox).

Jnst peanuzalMy B caMOM IPOCTEHIEM Cliydae HEOOXOAMMO MPOBEPUTH, YTO BO
BpeMsi pa3bIMEHOBaHUs 3HaYCHUE yKa3aTeis umeer atpuOyT PossibleNull, u B atom
ciydae Bbaath npeaynpexaeHue (moaruna DEREF OF NULL.RET.LIB). Taxoke
HEOOXO0IMMO pearnpoBaTh Ha CPaBHEHHE yKa3aTelsl ¢ HYJIEM, YTOOBI MOHATH, YTO
yKaszaresb IPOBEPEeH Ha HysIb. JJsi MPOCTOil peaau3anin JOCTaTOYHO CHUMATh ITOT
aTpuOyT, €CIIM yKa3aTellb CPAaBHUBACTCS C HYJICBOW KOHCTAHTOM.

Bonee monnas peanmmzanus OyaeT OTCICKHBATh, YTO IPYrHe yKa3aTeld MOTYT
UMETh HYJIeBO€ 3HA4YE€HHE, M COOTBETCTBEHHO CpPaBHEHHE C HHMH MOXET OBITh
HKBUBAJICHTHO CPAaBHEHHUIO C HYJIEBOM KOHCTAHTOM.

JI0BOJIEHO MHTEPECHO UCTONb30BaHNe (QyHKIHK malloc ctaHmapTHOH OMOIHOTEKH.
Orta ¢QyHKOMS BBIAENSAET NaMATh 3aJaHHOTO pasMepa M B Cilydae HEyAaud
BO3BpallaeT HyNeBOH yka3zaTenb. Ha coBpeMeHHBIX cHUCTeMax, IJe NpH HEXBaTKe
ONepaTHBHON MaMsTH, €€ 4YacTh MOXKET CIPYXKaThCsl HA JAMCK, Takas CHTyalus
JIoBONBHO penaka. Kpome aToro, gacto B cilydae OIIMOKH CAENATh YK€ HUYErO
HeNb34, TM03TOMY MHOTHE IMPOTPaMMUCTHI HEe HpOBepsioT pe3ynsrar malloc. Ilo
STOH mpuumHe A GYHKIMH malloc BBIENEHO CIenuajbHOEe MPEeayNpekIeHHe
DEREF_OF NULL.RET.ALLOC. Eciaum B mNpoeKkTe CO3HATEIbHO HWTHOPUPYIOT
NpoBepKy pesysbTata (QyHKIMKM malloc, To 3TO mpenynpexaeHue MOXKHO JIETKO
OTKJIIOYHTH.

[Nownck ommOOK AJIs1 MONB30BAaTENBCKUX (PYHKIMI HEMHOTO cioxHee. Heooxomumo
M0 KOJYy ONpEAeiHnTh, 4TO (YHKIMS HHOT/IA BO3BpAIIaeT HYJIEBOE 3HAYCHHE.
Mexanu3M ompezelieHus: He OyneT moapoOHO omuchkiBaTbes. OCHOBHAS waes —
UCIIONIb30BaTh BCIIOMOTATEIbHBIH TEpHApHBIN aTpHOYyT, y KOTOPOrO 3HA4YEHHE
“UcTHHA” 03HAYAeT, YTO yKa3aTelb PaBEH HYIIO, & 3HAUEHUE “JIOXKb~, YTO HE PaBEH.
B ciywyae ciusiHus myTeH, eciy OIUH M3 aTpUOYyTOB MCTHHEH, a JPYroi JIOXKEH,
3Ha4YeHHE pe3ysbTara OyAeT “BO3MOXHO MCTHHEH”, YTO ()aKTUYECKH O3HAYAET, YTO
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yKa3aresib MOKET UMETh HyJIeBOE 3HAUCHHE. A 3TO MOYTH SKBUBAJIICHTHO CEMaHTHKE
atpuOyta possibleNull, pasamma mumbs B TOM, uTo atpuOyT possibleNull
yCTaHAaBJIMBACTCs HA BO3BpalllacMOe 3HAUCHHE.

JetektupoBaHne OIMMOOK C  IOJIb30BATCIBCKUMH — (DYHKIMSAMU  aOCOJIIOTHO
AHAJIOTUYHO, C TOW JIMIIb PA3HUICH, YTO BBLAAETCS MIPEAYIPEKICHHUE
DEREF_OF _NULL.USER. M Takxkxe Kak W B ciydae ¢ OHOIHOTCYHBIMHU
(YHKIHSIMU BO3MOXHBI JIOXKHBIE CpabaThIBAHMUS, KOTIa KOJI, BO3BPAIIAIOUINN HYJIb,
KakuM-1100 00pa3oM 3aBHCHT OT BXOJHBIX apryMeHTOB. B 3ToMm ciy4ae mpu
UCIIONb30BaHUN (YHKIIMM MOXKHO 3apaHee 3HaTh, YTO OHA HE BEPHET HYyJEBOE
3HaYeHHe, T.K. € apryMeHTtbl He ciy4daiHbl. [103TOMYy MOXXHO HE MPOBEPATH
BO3BpalEHHBIA  ykazarenb. OTIMYNATh MOJOOHBIE CHUTyallUd C [OMOMUIBIO
CTaTHYECKOT0 aHalli3a OYeHb CIIOKHO ¥ INEPBOE BpeMs MpenynpekICHUE HMEIOo
OYEHb BBICOKUI YPOBEHb JIOKHBIX cpabarbiBaHuii. Kakue-nnbo monsITKy yiaydIinTh
pe3ysibTaT 3a CY€T YCIOKEHHs MOJEIM aHalu3a He JaBalll CYyLNIECTBEHHBIX
pe3yJIbTaToB. Svace BblaBaJl OTPOMHOE KOJIMYECTBO MPEAYIPEKACHUN, KOTOphIC Ha
NEepBBII B3IJIA] Ka3aJuCh WCTUHHBIMH, HO NpW OoJiee TINATEIbHOW NpPOBEpKE
BBIICHSJIOCh, YTO B JAHHOM KOHKPETHOM cilydae (YHKIHS HE MOXET BEpHYTbH
HYJIEBOE 3HAYCHHE.

VYIIyqmuTe CUTyanuio yaaaoch ¢ MoMombio TexHonoruu Z-ranking. [Togpo6Ho ona
onucana B [10]. Dta TeXHOIOTHS MO3BOJSAET OTKHHYTh YacTh NMPEIYNPEKICHUA Ha
OCHOBE CTaTHUcTHueckoil uH(opmauuu. Maes 3akmodaeTcs B TOM, 4YTO €CIH
pe3ysbTaT GYHKIMKA HUKOT/A HE IPOBEPSIETCS B KOJIE, CIIEA0BATENBHO, CYIECTBYET
HETJIaCHOE TIPaBHJIO, YTO OHAa HE MOJXKET BEPHYTh HyJieBoe 3HaueHuWe. Ecmm xe
pe3yJsbTat, B OOJBUIMHCTBE CIIydaeB MPOBEPSIETCS, @ MHOT/IA HET, TO B MOCJIEIHEM
ciydae ¢ OOJNBINOW JOJIeH BEPOATHOCTH yOAIOCh HAWTH WCTHHHYKO OLIMOKY. Z-
ranking T1O3BONSIET JaTh  KOJWYECTBEHHYIO OIIGHKY  BEpOATHOCTH, 4TO
npenynpexaeHue OyaeT JoXHbIM. Takum 00pa3oM, MOXXHO HE TOJBKO OTCEHTbH
NpEeyNPEexICHNs, KOTOPbIE MOTYT OBITH JIOKHBIMH, HO W OTCOPTHPOBAaTh BCE
NPEAyNpeXAeHUsT B TMOPSAKE YMEHBIICHHS BEPOATHOCTH, YTO OHH OyIyT
WCTUHHBIMH.
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Mechanisms for extending the system of static analysis
Svace by new types of detectors of vulnerabilities and
critical errors

Arutyun Avetisyan <arut@ispras.ru>
Alexey Borodin <alexey.borodin@ispras.ru>

Abstract. A static analysis tool Svace finding vulnerabilities and critical errors in the source
code of C/C++ programs is developed in the ISP RAS. The purpose of Svace is to find as
many errors as possible with low level of false positives and suitable use of available
resources. Important requirements for this kind of systems are scalability and extensibility.
The article presents the mechanism supporting the addition to the Svace system detectors of
new kinds of errors that preserves the scalability. Using the mechanism illustrated by the four
detectors developed errors.

Keywords: static analysis; dataflow analysis; extensibility; null pointer dereference;
improper use of dynamic memory.
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Avalanche: NpumeHeHne oMHaMU4YecKoro
aHanusa ana aBTomMaTuyeckoro
OOHapyXeHus owmnboK B Nnporpammax
MCNONb3YKOLWMUX CeTeBbIEe cokeTbl'

Hcaes UK., Cuoopos [].B., I'epacumos A.IO., Epmaxos M K.,
iisaev@ispras.ru, sidorov@ispras.ru, agerasimov@ispras.ru, mermakov@ispras.ru

AnHoTammuss. B gaHHOH cTaTthe paccMaTpuBaeTcsi MOAM(UKAIMA H NPHMEHEHHE
uHCTpyMeHTa Avalanche st mpoBefeHHs [IMHAMHYECKOTO aHalM3a M TECTHPOBAHUS
HPHJIOKEHHUH, OMYYAOINX BXOAHBIC TaHHBIC Yepe3 COKEThl. BBOMUTCS KOHIICHIHS 3aMCHBI
HOJTy9aeMbIX JaHHBIX, OIMCHIBACTCS pPealn3alys 3TOH KOHICHIUH HPH MOMOIIU CPEACTB
Valgrind. Pasbupaercs mepexBaT ¥ 00pabOTKa CHCTEMHBIX BBI30BOB, HCIOJB3YEMBIX MPH
pabote ¢ cokeramu. PaccmarpuBaeTcs IPHMEHEHHE MOJU(DUIMPOBAHHOW BEpCHH
WHCTPYMEHTA [Jisl aHalW3a CEeTEBBIX IMPHIOKEHHH C OTKPBITHIM HCXOTHBIM KOIOM,
MEPEYHCIIIOTCST 0OHAPYKEHHBIE BO BPEMsI aHAITN3a Ae(EKTHI.

KaroueBbie cjioBa: TMHAMAYECKUIN aHATTN3; OOHAPYKEHUE OIMOOK; TECTUPOBAHHE.

1. BeedeHue.

W3BectHO, 4TO mpoOiIEeMaM HAIEKHOCTH HPOrpamMM, pabOTAIOMMX C JIaHHBIMH,
MOJTy4aeMBbIMH 4Y€pe3 CeTh, YIENSETCS TPAAWIMOHHO IIOBBILICHHOE BHHUMAaHHUE.
Hamnume ys3BUMOCTH B TakoW mporpaMMe MOXET OTpa3WThCs Ha Bcex eé
MIOJI30BATEINAX, TOCKOJIBKY JaHHBIC, BBI3BIBAIOIINE BOSHUKHOBEHHE OITUOKH, MOTYT
OBITH OBICTPO TEpEeNaHbI 10 CETH OOJBIIOMY YHUCITY IOJIb30BaTeNei. 3HAUNTEIbHBIE
YCHITHSL TPATSITCSI Ha 6OpBOY ¢ ys3BUMOCTAMHE Ge30macHoCTH B Web-TIpHiIoKeHUsIX.

Uucrpyment Avalanche B cBoeM HCXOIHOM BHIE HCIOJB3YET THHAMHYECKUN
aHaM3 JUIS  CO3JaHHsS BXOJHBIX JAaHHBIX, JEMOHCTPHPYIONIMX OINUOKH B
aHanu3upyeMoi nporpamme. [Ipu 3ToM B KauecTBe MCTOYHHMKA BXOJHBIX JAHHBIX
JUTSI TIPOTPaMMBI TIOJIZICPKUBASTCS JIUIIh €IMHCTBEHHBIN (haiij, ¢ KOTOPBIM paboTaeT
nmporpaMma. PaCIHI/IpeHI/IC CITUCKA BO3MOXXHBIX MCTOYHHKOB BXOJHBIX HAHHBIX IJISI
IporpaMMsbl Tak, qTOOBI OH BKJIFOYAJI YTECHHE JAHHBIX M3 COKETa, - OCHOBHAA LCJIb
JaHHOW paboTel. [Ipy dTOM pe3yibTaT aHamu3a, Kak U B HEMOIU(PHUITUPOBAHHOM

! padora nogaepkada rpantoM PODU Nel1-07-00466-a u PLIIT «VccienoBaHus u
pa3paboTKu o MIPHOPUTETHBIM HAIPaBJICHUSIM pasBUTHS HAYYHO-
TexHoJiorudeckoro komiiekca Poccun Ha 2007-2013 roasm I'K Ne07.514.11.4040
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Bepcun wmHCTpyMeHTa Avalanche, momkeH sBIATBCS HE TOJBKO — CIHCOK
0OHapy>XeHHBIX OIMMOOK, HO ¥ HA0Op BXOIHBIX JAHHBIX IJISI TPOTPAMMBI,
NPUBOASIINX K €€ BOSHUKHOBEHHUIO.

Unctpyment Avalanche usnauansno npeacrasieH B padore [1]. Hamomuum Kpatko
ero CTPyKTYpy U OCHOBHbIC cBoicTBa. [ist onucanus Avalanche Beogurcs noustue
CHMBOJIMYECKUX WWIM ToMedeHHbIX (tainted) maHHBIX - HaHHBIX, [ONYYEHHBIX
IpOTPaMMOIl W3 BHEIIHET0 WCTOYHHMKA (CTAaHNAPTHBIA IIOTOK BBOAA, (ailiiel,
MEpEMEHHBIE OKPY)KEHHS H T. 11.)

Avalanche cocrout u3 4 ocHOBHBIX KOMIOHEHT (cM. Pucynok 1): nByx Momyneit
pacwupenus (rmaruaoB) Valgrind - Tracegrind u  Covgrind, wuHCTpyMeHTa
OPOBEPKH BBITIOIIHUMOCTH orpanuueHuit STP u ynpasnstomiero moayins. Tracegrind
JVUHAMHYECKH OTCIEKMBAET IOTOK IIOMEYEHHBIX [aHHBIX B aHAJIM3HPYEMOH
nporpaMMe M coOupaeT ycioBus Ui 00xozma e€ HEeNpOHICHHBIX YacTed M Ui
cpabaThIBaHUS OIACHBIX ONEpanyid. YTPaBJSIOUIMNA MOIYNb nepenaér coOpaHHbIC
orpanndeHust STP [ mpoBepKH X BBIIOJHMUMOCTH. Ecimu kakue-To n3 ycloBUH
BBINIOJHUMBI, TO STP onpenmenser Te 3HAYCHHS BCEX BXOIAIIUX B YCIOBUS
MepEeMEHHBIX (B TOM 4YHCIC M 3HaucHHs OalToB BXxomHOro (haiina), KOTOpHIE
00paIamT yclioBUE B UCTHHY.

« Eciu kakoe-TO U3 OIpaHUYCHUM [UIs  BBIIOJHEHUS ONACHOM oIepanuu
BBITIOJTHUMO, YTIPABISIONIMN MOIYNb 3allycKaeT IporpaMmy emié pas (Ha 3TOT
pa3 6e30 BCSAKOH MHCTPYMEHTAIMH) C COOTBETCTBYIOIUM BXOAHBIM (aiiiom Juis
TOT0, 9YTOOBI TOATBEPAUTH OOHAPYKEHHYIO OIIHOKY.

+ BrmonHuMBIE orpaHMueHMH U1 00XoJa paHee He NPOWAEHHBIX dYacTel
MPOTPaMMBbI  OIIPENENA0T HaOOp BXOJHBIX MaHHBIX U HOBBIX 3aIlyCKOB
nporpammsbl. Takum 00pa3zom, rmocse NpoBeAeHHs 0JHOI nTepauun ananza STP
ABTOMATHYECKH BBIYUCIIAET HAOOp HOBBIX BXOAHBIX JAHHBIX JUIA IMOCIETYIONTIX
urepaui. 13 sToro Habopa He00X0AMMO BHIOPATH ONPENEIEHHOE 3HAUSHUE IS
3amycka ciexylomeil wnrtepanuu. Ilpm 5TOM B HEpByI0O OdYepeab IOJDKHBI
o0OpabaThIBaThCSl BXOAHBIC JIAaHHBIE Ha KOTOPBIX Hamboyiee BEPOSITHO
BO3HMKHOBEHHME OMMOKHM. JIist pemieHust STOH  3ajauu  MCIOJB3YeTcs
IBPUCTUYECKAsE METPHKA - KOJIMYECTBO paHee He 00OH/IEHHBIX 0a30BBIX OJIOKOB
B mporpamme. J{Ist n3MepeHns 3HAYeHUS BPUCTHKH HCIOIB3YeTCSI KOMIIOHEHT
Covgrind, B pyHKIIMH KOTOPOTO BXOAMT TaKKe (HUKCALUSA BO3MOXKHBIX OIINOOK
BeimonHeHus.  Covgrind - ropasmo Gosiee JIETKOBECHBIA MOIYIb, HEKEITH
Tracegrind, MO3TOMY BO3MOJYKHO CPaBHUTENHHO OBICTPO H3MEPHUTH 3HAUYCHHUS
3BPHUCTHKH JUISl BCEX IOJIydEHHBIX paHee BXOIHBIX (ailloB M BBIOpaTh BXOIHON
(haiina c HanbGOIBIINM €€ 3HAYCHUEM.

« Covgrind moxer oOGHapyXuBaTh TOJBKO TE OIIMOKH, KOTOpPBIE MPHBOMAAT K
aBapUHHOMY 3aBEPIICHUIO Mporpammbl. /s TOro, 4To0bl OOHAPYKUBATH HHBIC
THTIBI OIMUOOK, MOXET OBITh HWCIOJB30BaH OJWH M3 Hauboyiee MOMYyJSPHBIX
urctpymenrtos Valgrind — Memcheck.
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Bonee moapobHOe omucaHue MCXOAHOH Bepcun Avalanche MoXHO HalTH B CTaThe
[1]. HanHast ctaThst sBIsIeTCSl €€ HETIOCPEACTBEHHBIM JIOTHYSCKUM TPOJO0KEHUEM.
31mech UCTIONB3yeTCs Ta JK€ TEPMHUHOJIOTHSL, UYTO U B [1], ommyckaeTcst cymecTBeHHas
4acTh BOIPOCOB, paHee pacCMOTpeHHBIX B [1] u 1. m. PaboTa mMeeT cremyromntyio
CTPYKTypy. B pasmeme 2 BBOOWTCS KOHIENIMA 3aMEHBI IOTYYaeMbBIX BXOIHBIX
JaHHBIX, OIMUCHIBaeTcs oOmas cxema paboTel. B pasmene 3  omnuceiBaercs
crienManbHell  opmar (Gaiina, xotopsiit Avalanche wcnomssyer mns 3amycka
AQHATM3UPYEMOTO MPUWIOKEHUSI C PAa3IMYHBIMU BXOJIHBIMH JaHHBIMU. B paznene 4
OIUCHIBAETCS NEPEXBAT CUCTEMHBIX BBI30BOB, UCIIOJIB3yEMbIX IIPU B3aUMO/ICHCTBUH
KJIMEHTa C cepBepoM. B pasnene 5 nmpuBOAMTCS anropuTM 3aMeHbI IOJTyYaeMbIX
BXOJIHBIX JIaHHBIX. B mecTom pasjene nepeurcisifoTcsi N3MEHEHH B KOMIIOHEHTaX
Tracegrind u Covgrind, HeoOxoaumble i MOJJAEPXKKH COKeToB. B pasaene 7
paccMaTpUBaKOTCA Pe3yNbTaThl paboThl MoauduimpoBaHHOW Bepcuu Avalanche,
nepeurncisiiores: oOHapyxkeHHble nedektsl. Pasgen 8 ommceiBaeT uMerommecs
OTPAaHWYEHUS NPELIOKEHHOTO METOJa, a TAaKXKEe HaMedaeT HalpaBICHHS JUIA
JabHEHIIETo NCCIeAOBaHuS.

2. OpeaHu3ayus aHanu3sa

2.1. TCP n UDP cokeTbl

BONBIIMHCTBO CETEBBIX HPWIIOKEHUI MCIONB3YIOT apXUTEKTypy KIHMEHT-CepBep.
Jns  opraHu3anuu  B3aUMOJEHCTBHS MEXIy yNaJCHHBIMH MpoleccaMH Ha
TPAHCIOPTHOM YPOBHE HCHOJB3YIOTCS MPOTOKONbI TCP (OpueHTHPOBAaHHBIN Ha
ycraHoBKy coenuHeHns) u UDP (opHeHTHpOBaHHBIH Ha OTHPABKY COOOIICHWIA).
Tunmaaas MOCIe0BAaTEIFHOCT, CHCTEMHBIX BBI30BOB Ha CTOPOHE KIMEHTa MpPH
ucroNb30BaHun mpoTtokona TCP uMeet Bua:

« socket
« connect

o read/write niu send/recv

CepBep XKE 6yaeT HCIOJIB30BaTh UHYIO IMMOCICA0OBATCIIBHOCTD!:

+ socket
- bind

« listen
. accept

o read/write unu send/recv

B ciiyuae nporokona UDP mociie1oBaTeIbHOCTH CHCTEMHBIX BBI30OBOB TAKKe OYIyT
pasnmunbiME. I[Tockosnbky Avalanche ucnosbsyer Bosmoxknoctu Valgrind[2] s
JMHAMUYECKON MHCTPYMEHTALIMU M NIEPEXBATA CUCTEMHBIX BBI30BOB, TO Pa3JIMYHBIE
[OCJIENOBATENLHOCTH CHCTEMHBIX BBI30OBOB TPEOYIOT, BOOOIIE IOBOPS, PasIMYHbIX
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Mojeneil paboTel. B maHHOW paboTe paccMaTpuBaeTCs aHaNM3 KIMSHTCKUX
NPWIOKEHNH, WCIONB3YIOMMUX COKETHl, OPHEHTHPOBAHHBIE HAa yCTAHOBKY
coenuaeHus (TCP-cokeTs).

2.2. Bsanmogencreue c cepBepom

Ecnu B ciywae mpocroro uteHus w3 (haiyia A 3amrycka IpOrpaMMBbl HA HOBBIX
BXOJIHBIX J[aHHBIX JOCTaTOYHO JIMIIb W3MEHUTH COJEpKHMoe 3Toro ¢aiina, To B
cllyyae KJIMEHT-CEPBEPHOrO B3aUMOJEMCTBUS 3alyCK IpOrpaMMbl Ha HOBBIX
BXOJIHBIX JaHHBIX He Tak mpocT. OYeBHIHO, YTO COKETHI HE MOTYT OBITh
HCTOYHMKOM MOTEHIMAIbHO OMACHBIX JAHHBIX B CIIydac H30JMPOBAHHOW PabOTEI
aHATM3UPYEMOTO MPUIOKEHUA-KINEeHTa. C TOUKU 3PEHUS JIOTUKH pabOThI CETEBOTO
NPWIOKEHUS, KIMEHT COCTAaBISIET JIMIIb YacTh EJUHOW MHPOTpaMMBI — CBSI3KH
KiueHT-cepsep. [losTomy pemieHme Bompoca 00 OpraHU3alUM B3aMMOJCHCTBHSA
AQHATM3MPYEMOTO TPWIOKEHHUS C CEPBEPOM SBIACTCS OJHHM M3 KIIOUEBBIX JUIA
YCIICTITHOTO IIPOBECHUS aHAIIH3A.

Jomyctum, d9TO BO  BpeMs  aHanmM3a  NPUIIOKEHUA-KIMEHTa  JIOCTYIIHO
COOTBETCTBYIOIIEE  TPHIIOKEHHE-cepBep. TakuM 00pa3oM, KIMEHT MOJKET
OCYIIECTBIISITH OOMEH JaHHBIMH C CEPBEPOM B OOBIYHOM pekume. Torma amst Toro,
YTOOBI 3aCTaBUTh TPHIOKEHHE-KJINEHT padoTaTh C W3MECHCHHBIMH BXOJHBIMH
JaHHBIMH, JOCTaTOYHO TMOAMEHUTH JaHHBIE NPUXOASIINE OT CEpBepa, HAa JaHHBIE,
MOJTyYeHHBIE B pe3yJbTaTe MPOBEPKH BBIIOJIHHUMOCTH YCJIOBHH, COOpPAaHHBIX INpH
NpeABIAYIINX 3almyckax MporpamMmbl. Takylo TOAMEHY HY)XHO IPOM3BOAMTH
HETIOCPEACTBEHHO B MECTaX MOSABJICHMSA ITHX MAHHBIX B MpOTrpaMmMe, T. €. Cpasy
1OCTIe BBIMOJHEHUSI BBI30BOB read wiam recV, YMTAloIUX JaHHBIE W3 COKETOB,
COOTBETCTBYIOIIUX COCIUHEHHIO C CEPBEPOM.

C ucrnonb30BaHUEM TaKoOTo MoAxoa obIas cxema paboTel HHCTpyMeHTa Avalanche
IpeTepreBaeT CleAykolne HW3MeHeHHsa. lIpm mepBoM 3amycke KOMIIOHEHTa
Tracegrind, moMUMO OGBIYHBIX (BAIIOB C 3aMPOCAMH JUTSl IPOBEPKH BHIIOJHUMOCTH
ycioBuiA, popmupyercst daiis crienpanbHoro popMara, coaepiKaluii Bce JaHHbIE,
MOJy4eHHBIE aHAIM3UPYEMBIM NPWIOKEHHEM OT cepBepa. [locie mnpoBepku
BBIIMTOJIHUMOCTH COOpaHHBIX YCJIIOBHHM COAEp)XKHMOE 3Toro (aifla u3MeHseTcs
YOPaBIAIONIAM MOJYJIEM: B HEr0 MOOYEpPEeTHO MOJCTABIAIOTCA Te 3HAYCHHS,
KOTOpBIE JICNIAIOT 3TH YCJIOBHS BBIIOJIHUMBIMH (TTPOBEPKA BHIMTOJIHUMOCTH U NOAOOD
COOTBETCTBYIOIIMX 3HAYCHWH, KaKk M IpH paboTe c (aitamMu, OCyIIECTBISIOTCS
komrionentoM STP [3]). Ilpm Bcex mnociepyronux 3amyckaX KOMIIOHEHTOB
Covgrind u Tracegrind oHH 3aMEHSIOT NPHUXOILIME OT CepBepa JaHHBIC B
COOTBETCTBHU C COJIEPKHMMBIM MOAN(HUIMPOBAHHBIX (aiiIoB ¢ JaHHBIMH. Kpome
TOTO, €CJIM BO BpeMsi paboOThl KOMIOHEHTa Tracegrind mpuiokeHHe MOaydaeT OT
cepBepa MOPLHI0 JaHHBIX OOJBIIEr0 pa3Mmepa, yeM ecTh B (ailne ¢ JaHHBIMH JUIA
3aMeHBI, TO “OCTaTOK” MOJYYCHHBIX OT CEpPBEpa JaHHBIX MPHUITUCHIBACTCS K (aidmy ¢
JaHHBIMH U 3aMEHbl B HEM3MEHHOM Buze. Jlajzee pacCMOTPHM OOIIyI0 CXeMy
0oJree AETAIBHO.
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dangertrace.log,
trace.log

conditions N
checking :
modified
replacement file | v 4

avalanche -
driver ¥ e sTP

A

tracegrind

executable

replacement file execiftable

replacement

heuristeic value,
file

errors

A J

covgrind

Puc. 1. Obwas cxema

3. ®opmam c¢haiina ¢ aHHbIMU Os15s1 3aMeHbI

Yupasisiomuii MOIyJb MO0 pPe3yjibTaTaM MPOBEPKH BBIIOJIHUMOCTH (DOPMYJIBI
komroHeHToM STP dopmupyer (aiin, comepkamiuii Takue NaHHBIC, YTO HPU HX
MOJIyYE€HUHU KIIMEHTOM CO CTOPOHBI CEpBEpa BBIMOHEHHUE JOHKHO TIOUTH TI0O HOBOMY
MyTH. DTOT (ailll UIMeeT CIeAYIOIIUI BHI;

5 11

R | -

2 | | ..
—

Puc. 2. opmam gaiina c oannvimu 0151 3aMeHbI.

IlepBrie dweTslpe OaiiTa comep)kaT IEN0€ YUCIO N — KOJIMYECTBO PA3IHMIHBIX
COCJIMHCHUI KJIMEHTa U cepBepa (OHO pPaBHO KOJMYECTBY BBI3OBOB CONNECt co
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CTOPOHBI KJIMEHTA B aHAIM3UPYEMOH YacTH TPacchl KIMEHTA IIPU HpeblIylieM
3amycke). Jlanee ciexyer N rpymm. B i-oif rpymme mepsbie 4eTwipe Oaiita — 3TO
mmuHa Tpymmsr li (T. e uMcno GalT, MPOYMTAHHBIX KIMEHTOM IO  I-OMY
COCMMHEHNI0), a creayronue |li 6aiiT — 3T0 COOCTBEHHO TMOJIyYCHHBIC KIMEHTOM
JaHHEIE.

B Ttakom jxe Qopmare COXpaHSIOTCS U JIaHHBIE, MPHUBOJSIINE K BO3HHKHOBEHHIO
OIIMOKH B MICCIIEAYEMOM TIPHIIOKECHHH.

4. lMepexeam cucmeMHbIX 8bI30608

[loToK mNOTEHIMANbHO ONACHBIX JaHHBIX B aHAJIH3UPYEMOM IPHIOKCHUH
OTCIIEXKUBAETCS aHAJOTMYHO TOMY, KaK 3TO JeJaloch B IporpaMMax, paboTaIoIIIX
¢ oObryHbIMHM (aitmamMu. OJHAKO €CTh OJHO CYLIECTBEHHOE pa3liMuue — HWHOM
MCTOYHHK MOTECHIIMATIBHO OMACHBIX JAHHBIX. /sl TOrO, 4TOOBI 3a()MKCUPOBATh (BaKT
NOJIy4eHHsl JaHHBIX 4Yepe3 COKeT, IPHUXONUTCS IepeXBaThIBATh CICAYIOLINE
CHCTEMHBIC BBI30BbI, OTBETCTBEHHEIE 32 PA0OTy C COKETaMu:

« connect
. read

o recv

« close

DTH CHCTEMHBIE BBI30OBEI HEOOXOIMMO TIEpPEXBaThiBaTh KaK B KOMIIOHEHTE
Tracegrind, tak u B kommonente Covgrind, mockonbky, xoTh Covgrind u He
OTCJIEXKHMBAET TIOTOK IOTEHIIMAILHO OIACHBIX JAHHBIX B Mporpamme, HO 00a
KOMITOHEHTA JIOJDKHBI OCYIIECTBIIATH 3aMEHY HPUXOISIINX OT CEpBEpa JaHHBIX MMPH
UX TIOJyYEHUH KIIMEHTOM.

B obmem ciydae, KIMEHT MOXET yCTaHABIMBATh 3a BpPeMs PaOOTHl HECKOJIBKO
COeIMHEHUH ¢ cepBepoM. Kaxmoe yCTaHOBIEHHOE COCIMHEHUE HICHTHOUITUPYETCS
IOpY MOMOIIM CKBO3HOW HyMepallud — BCE COEAMHEHHS HYMEPYIOTCS COIJIACHO
HOPAJKY MX YCTAHOBJICHHS, HaunHas ¢ Hyias. O0a KOMIIOHEHTa MOAJECPKUBAIOT BO
BpeMs paboTHl BHYTPEHHIOI CTPYKTYPY HAaHHBIX, MO3BOJISIONIYIO YCTaHABIUBAThH
COOTBETCTBUE MEXKY HOMEpPAaMU JACCKPUIITOPOB COKETOB U HOMEPOM COEIUHEHHS, a
TaKXe MOJICINTHIBATH 00BEM JIaHHBIX, IOTyYCHHBIX MO KaXKIOMY U3 COCTUHEHUH.

Ecmu B ciydae ureHus MaHHBIX U3 (aima Ui ero MAeHTH()HUKAUN HCIIONB3YeTCs
UMs, TO CETeBOE COeIWHEeHWs uieHTHumpyercs mapoit IP-agpec miroc HOMep
nopta. Ilpu mepexBare CHUCTEMHOrO BBEI30Ba CONNECt aHANM3UPYETCS BTOPOM
napaMmeTp BbI30Ba — aJpec cepBepa, ¢ KOTOPbIM YCTaHaBJIMBAaeTCs coequnenue. IP-
ajipec ¥ HOMeEp IOpTa, 10 KOTOPOMY CepBep KIAET MOAKIIOYCHHS OT KIHEHTA,
JOJDKHBI ObITH Tepenansl Avalanche B kauecTBe mapamerpoB 3amycka (KOTOPBIE
YIPABISAIONMA MOAYJIb 3aTeM mepemaér Tracegrind mpu KakmaoM ero 3amycke).
Ecnu IP-agpec n HoMmep mopTa, colepikaiidecs BO BTOPOM Mapamerpe YCIEUIHO
3aBEpIIMBIICIOCS BBI30Ba CONNect cosmamator ¢ IP-agpecom u HOMepom mopra,
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YKa3aHHBIMH B IIapaMeTpax 3alycka, TO TaKOW BBI30B CONNECt ycTaHaBIHMBaeT
COEIMHEHNE KIIMCHTa C CEpBEpOM, W BCE NAHHBIC NEPEIaHHBIC IT0 3TOMY COKETY
MOMEYA0TCSl KaK MOTEHIHANBHO OmMacHble. [Ipy 3ToM 3amOMHHAETCs, Y9TO TEPBBIH
mapamMeTp BBI30Ba CONNECt (IECKPUITOP COKETa) COOTBETCTBYET OUYCPEAHOMY
coequHeHN0. CYETYMK TONYYCHHBIX JAHHBIX JUII  HOBOTO  COCTUHEHHS
YCTaHaBJIMBAETCS PABHBIM HYIIIO.

5. 3ameHa OaHHbIX npu pabome komnoHeHmoes Tracegrind
u Covgrind

Ilpn mepexBaTe CHCTEMHBIX BBI30BOB read mim FECV aHAIM3UPYETCS WX IIEpPBBIH
napameTp — JECKpUITOp, MO KOTOPOMY OCYIIECTBISIETCS UYTeHHE NaHHbIX. Eciu
STOT IECKPUITOP COOTBETCTBYET KAKOMY-TO M3 YCTAHOBJIEHHBIX M HE 3aKPBITBIX
COEJMHEHHUH, TO TakoW BBI30OB SBJSIETCS HMCTOYHHKOM IOTCHIMANBHO OIACHBIX
JaHHBIX B IIPOTPAMME.

IIpy mepexBaTe 3THUX BBI3OBOB M OCYIIECTBISETCS HENOCPEICTBEHHAs 3aMeHa
JaHHBIX. [Ipr 3TOM eciii KOJIMUEeCTBO OAUT yrKe MOJYyYEHHBIX 110 TOMY COEANHEHUIO,
U3 KOTOPOTO OCYHIECTBIISIETCS YTEHHE, HE IPEBOCXOJUT KOJMUYecTBa OalTOB B
COOTBETCTBYIOIIEM (haiijie ¢ JaHHBIMU JJIsI 3aMEHBI, TO IPOYUTAHHbIC JAHHbIC
3aMEHSIOTCS Ha JJaHHbIE U3 (aiina. B nmpoTHBHOM citydae 3aMeHbl HE IPOUCXOIUT, 1
aHAIM3UPYEMOE KJIMEHTCKOE IPUIOXKEHHE II0Jy4aeT OT CepBepa MMEHHO Te€
JlaHHBIE, KOTOPBIC N OBUIN TIepEaHbl.

[NosicHuM maHHOE mpaBuiIo Ha npumepe. [IycTh nepexBayeH BbI30B ead, YuTaromuii
ri Gaift U3 cokera, COOTBETCTBYIONIETO I-OMy COCMHEHHI0. [1ycTh paHee U3 3TOro
coemuHeHusI ObLTO TpounTano hi GaiiT, a JUTHHA COOTBETCTBYIOIIEH MOPIMU TAHHBIX
B (aiile ¢ maHHBIMH Ui 3ameHbl paBHa |i. Torma BO3MOXHBI CIEIyIONIHE
BapUaHTHI:

a) bi+ri<=li

B 3tom cnydae Bce Il MpOYMTAHHBIX OaiiT 3aMEHSIOTCST Ha GalWThl ¢ HOMEpaMHU C
bi + 1 o bi + ri B i-o0ii rpyrmme GaiiToB U3 daiina ¢ JaHHBIME TSI 3AMEHBI.

b) bi <Ii, bi +ri>li

Torma mepssie li - bi u3 npountanHbIx (i GaliT 3aMeHsIOTCS Ha GANTBI C HOMEpPaMH €
bi + 1 mo li B i-off rpynme GaiiToB u3 ¢aiina ¢ AaHHBIMH U1 3aMEHBI, a
nocnenyrouwe ri - (li - bi) GaiitoB nepenatorcst nmporpamme 6e3 m3menenuit. Kpome

TOro, B ciy4yae paboThl kommoHeHTa Tracegrind, atu ri - (li - bi) Gaiitos
JOTHUCHIBAIOTCS B KOHEI i-O1 TPYIIIIBL.
¢) bi >= i

Toraa Bce MpoYMTaHHBIE JaHHBIE IEPEJAOTCS POrpaMme 0e3 U3MEHEHHH U, KpoMme
TOro, B Ciy4ae paboTel KoMIoHeHTa Tracegrind, 9T JaHHbIE JONMCHIBAIOTCS B
KOHEI i-O¥ IPYIIIIBL.
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Ilocme 3TOrO0  CYCTYMK TMPOYMTAHHBIX JAHHBIX  yBENHYMBAaeTCs Ha  [i:
bi +=ri.

CucteMHBIH BBI30B FECV 00padaThIBacTCsl aHAJOTMYHO 32 OJHUM HCKIIOYEHHEM.
Ecmu B weTBépTOM mMapamerpe BeI30Ba leCV ycraHosieH ¢uiar MSG_PEEK, To sto
O3HayaeT, 4YTO NPOYHMTAHHBIC NAHHBIC HE YHAIAIOTCS M3 OYepEeq MOITyYeHHBIX
IaHHBIX, M [OCICAYIOIIe O0paIleH s K BbI30BaM read wi reCV mpovuTaroT Te JKe
JaHHBble. B TakoMm ciydae CYeTYMK NPOYMTAHHBIX JIAHHBIX MOCJIE 3aBEpIICHHS
00paboTKU YBEJIMUMBATH HE HATIO.

6. UsmeHeHusi 8 komnoHeHmax Tracegrind u Covgrind

6.1. MogenupoBaHue COKEeTOB

CoKeTbl IIPEICTABISIOTCS aHAJIOTHYHO TOMY, KaK 3TO JAENaeTCsl C BXOAHBIM (aiiioMm,
a/IpeCcHBIM NPOCTPAHCTBOM MPOTPaMMBI U HAOOPOM PETHUCTPOB B OOBIYHOM BepchH
Avalanche. Kaxxoe ycTaHOBICHHOE COCIMHEHHUE IPEACTABIIACTCS B BIIEC MacCHBa €
32-6utHBIMM HMHAEKcaMu. [Ipu mepexBaTe Ka’kKAOTO YCIIEIIHOTO BbI30Ba CONNECt,
YCTaHABJIMBAIOIIETO COEAWHEHHE C cepBepoM, B Gaiinel C STP-pexmapamusMu
no6aBiseTcs AeKIapanus Buaa

socket 2 : ARRAY BITVECTOR(32) OF BITVECTOR(S8) ;

31ech 2 — 3TO MOPSAIKOBBIM HOMEP YCTaHOBICHHOTO coeuHeHus (HaunHas ¢ 0).

6.2. leknapauuu Ans CUCTEeMHbIX BbI3OBOB

[Ipu mepexBaTe CHCTEMHBIX BBI30BOB read u recv cosmaérest HabOp JeKiapariui,
oTpaxaromux (akThl pAaBEHCTBA 3HAYEHHMH, MPOYUTAHHBIX M3  COKETa,
COJIEP)KUMOMY STYEEK TAMSITH, II0 KOTOPBIM OCYIIIECTBIISIIACH 3aIUCh:

memory_l : ARRAY BITVECTOR(32) OF BITVECTOR(8) =
memory O WITH [Ohex08090218] := socket 0[0hex00000000];
JanHast neknmapanus MOAETUPYET UTEHUE TMepBOro Oaiita, MOTYyYEHHOTO IO
MEPBOMY COEUHEHHIO, YCTAHOBJIEHHOMY aHAJIM3UPYEMbIM NPUIIOKEHUEM, B STUEHKY
namsata ¢ angpecom 0Xx08090218. AmnamormuHo dTeHHIO W3 (paiima, KaXAbId U3
BBI30BOB ead u reCV NPUBOAMT K MOSBICHHIO [EMOYKH TAKHX JeKJapaiuil — 1o
YHUCITYy IPOYNUTAHHBIX OaWT.

6.3. Taum-ayT Aonsa npeaoTBpaleHUs 611I0KMPOBKM aHanu3a

Kak yxe ymoMwHANOCh, Ui TOIJNCPKKU 3aIycka IpPOrpaMMbl Ha Pa3THYHBIX
3HAYEHMSX BXOJHBIX JAHHBIX, KOMIOHeHT COvgrind BBIHYXIEH IEpeXBaThIBATH
CHUCTEMHBIE BBI30BBI, paOOTAIONINE C COKETAMH W OCYIIECTBISATH MOAMEHY JaHHBIX.
Kpome Toro, m3MeHWIach CeMaHTHKa TalMepa, HCIIONb3YeMOr0 KOMIIOHEHTOM
Covgrind. Ecnu B ciiyyae aHaiu3a TPHIOKEHHSI, OCYIIECTBISIONIETO YTEHHE U3
(haiina, 3HAYCHUE YCTAaHABIMBACMOTO NPU CTApPTE MPUIIOKEHHS TalMepa 03HAYAIO
MaKCUMaJbHOE JIOMMyCTUMOE BpeMsi pabOThl MPHIOKCHHS, M €ro HUCTCUCHHE
HMHTEPIPETHPOBATIOCH KaK MOKA3aTeNlb HAJMYUS B TIPOrpaMMe OCCKOHEUHOTO IIMKIIA
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(T. e. ommOKH), TO B clydae aHAJIM3a CETEBBIX NMPHIIOKEHHUH MPOIOIDKUTEIBHYIO
paboTy KIIMEHTa MOXHO TPaKTOBaTh KaK OLIMOKY C ropa3[0 MEHbIIECH CTENeHbIO
yBepeHHOCTH. JlnuTenbHas paboTa KIMEHTAa MOXXET ObITh CBs3aHa, HATPHUMEp, CO
creudUKoil KOHKPETHOTO CETEBOTO MPUIIOKEHUsI (HAMpPHMEp, MPOUTPHIBAHUEC
MOTOKOBOTO ay/M0) WM C OXHJAHHEM OTKIHMKa cepBepa. [loaToMy mpH aHammse
CETEeBBIX KIUCHTCKUX TPUIOKCHUA TalMep WCHOib3yercs i OopbOBl ¢
OnmokupoBKkod amanuza — Covgrind u3Mepser MOKPBITHE aHATH3UPYEMO
OpOTrpaMMbI M (PUKCHPYET HAJMUME OLIMOOK TOJNBKO 33 OTBEAEHHOE TalMepoM
Bpemsi. Ilo wucteuenun TtaiiMepa paGora Covgrind npepsiBaeTcsi, HO 3TO He
CUMTACTCS MPU3HAKOM HAJIMYHSI OIIHOKH B aHAJTU3UPYEMOIl MporpamMmme.

6.4. BocnponsBegeHne obHapyxeHHoOro gecekra

Iomumo storo, Covgrind wucmonp3yercss Asi BOCIPOU3BEICHUS HAaWJACHHOM
ommnOku. Eciu B cirydae mpocToro 4TeHus JaHHBIX U3 (aiiia A BOCIIPON3BEACHUS
panee oOHapyXeHHOH OIMMOKH [OCTATOYHO 3alyCTUTh TPOTPaMMy  C
Npe/BapUTEIbHO COXPaHEHHBIM (hailioM, TO B Ciydae CETEBOTO IPHIOKEHHS
NPOJEMOHCTPUPOBATh  YSI3BUMOCTh CJIOXKHEE, Jake HMesl COOTBETCTBYIOIIHE
BXOJIHbIC JaHHBIC. MOXXHO OBUTO OBI ISl KaXI0¥ 0OHApPYKEHHOHN OIMMOKH CO3/1aTh
cepBep, OTCBHUIAIOIINI COOTBETCTBYIOIME HaHHBIE KIMEHTY, HO 3TO, B 0OIIeM
ciry4yae, TpeOyeT XOpOIIero 3HaHUs MPOTOKOJA, 10 KOTOPOMY cepBep oOmiaeTcs ¢
KITMEHTOM, W HE IMO3BOJISET aBTOMAaTHYeCKH (T. €. 0e3 BMeIaTelbCTBa JKCIEpTa)
BOCIIPOM3BOJIUTH OMIMOOYHYIO cuTyannto. OTHAKO, MOKHO HUCIIONB30BaTh BCE TY JKE
TEXHUKY 3aMEHBI MPUXOSIIUX OT CepBepa TaHHBIX Ha JaHHBIC, CTCHEPUPOBAHHBIC
Avalanche u jgeMoHCTpHpYIOIIHE YSI3BUMOCTh MPOrpaMMbl. Takum 00pazom, s
BOCIPOM3BE/ICHUS OMIMOKKM TOCTATOYHO OT/AeNbHO (BHe okpyxenus Avalanche)
3anyctuth Covgrind ¢ panee coxpanéHubsiM (hailioMm B COOTBETCTBYIOIIEM (hopmaTe
(cM myHKT 2).

7. Pesynbmamsbl pabomsbl Avalanche Ha peasibHbIx
MPUJsIoKeHUsIX, Mosly4arouux 0aHHbIe Yepe3 cokemabl

D¢ dexruBHOCTD MOKCKa ommbok npu momomnru Avalanche Obina muccienoBana Ha

OOJIBIIOM YHCIIE TPOEKTOB C OTKPHITBIM HCXOJHBIM KOJOM. B nmaHHOM paszene

OyIyT pacCMOTpPEHBI Pe3yIbTaThl pa0OTHI HA CICAYIOMNX 6 TIPOEKTaX:

» fetchmail-6.3.14
Fetchmail — yrunura, ucrons3yemast st coopa mours ¢ yaanéausix POP3,
IMAP, ETRN i ODMR nouToBBIX CEpBEPOB U JOCTABKHU JIOKATBHBIM
MOJIH30BATEIISIM.

¢ mencoder (Bepcust U3 PEMO3UTOPHSI IPOEKTA)
MEncoder — uHCTpYMEHT KOAUPOBaHUsI/ JEKOTUPOBAHUS U HHIbTPALNH JaHHBIX
B ayino U Buzeo Gpopmatax. SIBisercs yacTeio npoekra MPlayer, mosxker
MCIIONIB30BAThCS ISl KOHBEPTALWH (paiToB BO Beex popmarax,
noauepxkuBaeMbix MPlayer. IognepxuBaer paboTy ¢ IOTOKOBBIM ayIuo,
MOJIy4aeMbIM OT yJIJICHHOTO CepBepa.
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« nmap-5.21
Nmap — yTwinra, npegHa3HavYeHHAs I HaCTpanBaeMoTo ckaHupoBaHus IP-
cereil U onpeeNieHNs: COCTOSIHUSI 00BEKTOB CKaHUPYeMOii ceTH (TIOPTOB H
COOTBeTCTBYOMMX MM ciryk0). [TonnepxuBaet B ToM uncie u TCP-
CKaHHMpOBaHUE.
+ wget-1.12
Wget — HenHTepaKTHBHAs! KOHCOJIbHAsI IpOrpamMMa Juts 3arpy3ku daitios o
cetu. [lognepxusaer nporokossl HTTP, FTP u HTTPS.
- 099123 (vorbis-tools-1.2.0)
0gg123 — mpourpsIBaTes U BOCIIPOU3BEACHUS MENaIaHHBIX B (hopMaTax
Ogg Vorbis, Ogg Speex, Ogg FLAC. Kak u MEncoder, moanepxxuBaet paboTy ¢
MOTOKOM JIaHHBIX, MIOJIY4aeMbIX OT yJaJICHHOTO CepBepa.
B cooTBeTcTBHH C KOHIEHIMEH 3aMEHbI HPUXOJSIIIMX OT CepBepa JaHHBIX BCE
TECTUpyEeMble  MPUIOKCHHS BO BpEeMsl aHAlW3a B3aUMOJCHCTBOBAIH  C
“oXuIaeMbIM” TIPUIIOKEHUEM CEPBEPOM (T. €. C CEPBEPOM, MOIEPKUBAIOIIAM TOT
e TPOTOKOJ, YTO W aHalIu3UpyeMoe mpuioxkenue). Jns anammza mencoder u
099123 wucmoan3oBaics cepBep morokoBoro ayaumo lcecast. Fetchmail paGoran c
noutoBbIM cepBepoM Dovecot. Nmap ocymecteisin TCP-ckanupoBaHue nopra, Ha
KOTOpPOM Tarkke paboTan mouToBblid cepBep Dovecot. Wget zarpyxan daitn ¢
HTTP-cepBepa nginx.
[pu ananuze fetchmail, 0gg123 u wget ycranaBiuBaics MIECTUCEKYH/HBINH TaiM-
ayT s pabotsl kommoHenTa Covgrind. ImyGuHa mpocMoTpa BO BCeX CIydasx
ykaspiBanack pasHoit 100 ycmosusim. Ha paborty Avalanche ortBommmocs 3600
cekyHJ (4ac), 3aTeM aHaJIW3 MNPHHYAUTEIHLHO 3aBepIuancs. Pe3ynbraTsl paboTh
MpUBeCHHI B Tabimue 1.

[lepeuncaum oOHapy>keHHBIE 1e(EKTHI:
« mencoder
JedexT cBs3aH ¢ pa3sIMEHOBaHHEM HYJICBOTO yKa3aTens. Bo3Hukan mpu
omuoOKe pa3dopa nakera, MOJy4YEeHHOTO OT cepBepa. bbul ucnpasieH
pa3paboTYMKOM B T€UCHUE CYTOK TIOCTIE MOMEHTA COOOIIICHMSI.
o wget
AHaNOru4HO NpebIAYIIEMY CIy4alo, pa3bIMEHOBAaHHE HYJIEBOTO yKa3aTels MpH
pas3bope nonyueHHOro rakeTa. Pazpadorunk coobumm, 4to nedekt yxe Obut
paHee UCTIpaBJIeH B TEKyIIel pa3pabaThiBaeMOl BEPCHH MPHIIOKEHHUS.
« nmap, 0gg123, fetchmail
JedexToB B pe3ynbpTare aHann3a He OOHAPYKEHO.
[o-BumuMomy, Bce OOHapyXeHHbIE AE(EKTHl PEaM3yIOTCS B CUTYalWH, KOTAa
KIMEHT TMOJydYaeT OT cepBepa ‘HEOXKHAaHHblE” JaHHbIE, TO €CTh JaHHbIE,
MOJy4eHNE KOTOPBIX HE IPEIyCMOTPEHO NPOTOKOJIOM B3aMMOJACHCTBHA. Takum
0o0pa3oM, NpHU TOJTHOCTHIO KOPPEKTHOW paboTe cepBepa MOAOOHBIE OIMMOKH B
MIPIWIOKEHUU-KITUCHTEe HUKaK ce0s MposBIATh He OymyT. OmHaKko B ciydae, eciu
IpH peajlu3allid TPOTOKOJAa HA CTOPOHE cepBepa OIMyIIeHa OmMOKa, WIN B
KadgecTBE cepBepa MOTCHIHMAIEHO MOJXET BBICTYINATh «HEHAIEC)KHOE» IMPHII0KCHUE
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(T. e. mpUJIOKEHHE, HAMEPEHO MbITAIOUICECs] CIPOBOLMPOBATH OIIMOKY HA CTOPOHE
KIIMEHTa), TakWe OIMMOKHM OOBIYHO TPHUBOIAT K aBapUHHOMY 3aBEPIICHHIO
NPUIIOKCHUS-KITHEHTa, M MOTYT OBITh KJIacCH(UIMPOBAHBI KaK CePbE3HbIC
YSI3BUMOCTH.

fetchmail mencoder nmap wget 0ggl23
o01mee 9ncio 306 163 163 613 36
TECTOB
Ha9aJIbHOC 8199 7751 17131 6833 9154
HOKPBITHE
Tpupocr 41 (0.5%) @ 226 (3%) 380 (2.2%) 39 (0.5%) 103 (1.1%)
MOKPBITUSA
TOYHOCTD 79% 100% 100% 93% 100%
npencKa3aHus
BpeM: 35% 0.3% 38.4% 10.5% 1%
tracegrind
Bpems STP 8% 91% <1% 1% 94%
BpeMs covgrind 57% 8.7% 61% 88.5% 5%
OIacHbIe 0 0 0 0 0
orepanuu
9KCII0 1e(hEeKTOB 0 1 0 1 0
TECTOBBIC JJAHHBIC 0 1 0 9 0
tmin - 98 - 95 -
tmax - o8 - 95 -

Tabnuya 1.Pezyromamer u cmamucmuxa pabomul Avalanche npu ananuze
Cemesbix KIUCHIMCKUX NPUTONCEHUL

8. OapaHuquun U HanpaeJsieHus danbHeliwe20 passumus

Crout emé pa3 NOAYEPKHYTh, UTO aHAIH3 MPHUIOKECHUS TpeOyeT HAIH4IHs cepBepa,
paboTammEero mo MOHATHOMY MPHJIOKCHUIO MPOTOKONY. M30IMpOBAHHBIN aHAIH3
MPWIOKEHUST TpeOOBaI OBl BOCCTAHOBJICHHUS MPOTOKOJIA JIMIIB 10 €ro KIUEHTCKON
YacTH, YTO TMPEICTABISACTCS KpaiiHe 3arpyqHuTenbHbIM. [lpu pabore Han
HOJIEPIKKOM cokeToB B Avalanche Obiia mepBOHAYALHO MPEANPHHATA MOMBITKA

65



OpPraHM30BaTh aHAJIM3 TAaKUM OO0pa3oM, 4YTOOBI CEPBEPHAS YacCTh IPHIIOKEHHS
OMYJIMPOBAJIaCh YHPABIIOMIAM MoayieM uHcTpymenta Avalanche. Ilpu sTom
MOAXOA K OMYJUIIIMH CepBepa COCTOSI B CIEAYIOMEM: TPH JTOCTHXCHHA
AQHAM3MPYEMBIM  KIHMEHTCKMM  TpIIOKeHHeM  (BO  BpeMs  3amycka ¢
HHCTPYMEHTHPYIOIMM Moayiem Tracegrind wmu Covgrind) ogHOTO W3 CHCTEMHBIX
BBI3OBOB JIj1s1 paboThl ¢ coketamu (connect, select, poll, read, recv), Tracegrind wiu
Covgrind coobiaror 06 3TOM BBI30BE YIPABISIOMIEMY MOIYJIIO, U TOT BBIIOJIHSIET
OTBETHBIE JEUCTBUS MO 0OPabOTKE COOTBETCTBYIONIETO BHI30Ba. B 4acTHOCTH, B
cilyyae BBINMOJHEHHUs. BBI30Ba CONNECt yIpaBISAIOMUI MOIYJIb OJUKEH MPHUHATH
HOBOE€ COeIUHEHMs (BBIMOJHUTL CHCTEMHBIN BBI30B aCCept), a B ciydae BHI30BOB
read wim recv samucaTh paHee ONpPeeIEHHBIN MpU MOMOINU KommoneHta STP
MOPIIHIO JaHHHIX (cM. PrucyHOK 3).

I
| listen

|
\ |
‘ curHan !
connect ‘ » 7I
accept
| L
\ I
\ I
‘ curHan I
read/ i - —
recv ‘ | write/
| send
L curHan Lol
\ I
\ I
\ I
' I
aHanuanpyemoe YNpaenzAoLuA
npurnoxeHwe, moayne

3anyLleHHoe ¢
tracegrind vnu
covgrind

Puc. 3. Cxema pabomul ¢ amynsyueii cepsepa

Ot0 penrano Obl MpodIEMy 3aMycKa OPOrPaMMbl ¢ HOBBIMH BXOJHBIMH JJAHHBIMH.
O/HaKO TOMBITKA pealn3aliy AaHHOTO MOJX0Ja MpUBeNa K OOHAPYKEHUIO psija
CJIO)KHOCTEH:

1) HeoOX0MUMOCTh CHHXPOHH3AIUK MEXKIY YIPABISIONIMM  MOAYJIEM W
aHaIM3UpyeMbIM mpu Tomoind Tracegrind wmm  Covgrind mpuiokeHuem.
Hampumep, mist 06pabOTKH CHCTEMHOTO BBI30Ba read WHCTPYMEHTHpPYIOMIHit
MOJIYJb TOJDKEH KaKMM-TO 00pa3oM COOOIIUTH 00 3TOM BBI30BE YIPABISIONIEMY
MOJYJIF0 M OPUOCTAHOBUTH pabOTy MPOTrpaMMbl, a YIPABISIOLMA MOIYIb
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JOJDKEH, MOJIyYHB COOTBETCTBYIOIEEe COOOIIECHHE, 3alncaTh HEOOXOAUMYIO
HNOPLMIO JAHHBIX, M 3aT€M BBICIATh HHCTPYMEHTHPYIOIIEMY MOLIYIIIO
MOATBEPIKIICHIE O 3aBEpIICHUH 00pabOTKH, YTOOBI TOT MOT MPOJOJIKHUTE CBOE
BBIIIOJTHEHHE. B coueTaHny co CIIOXKHOCTBIO MEXKIPOLIECCHOTO B3aMMOICHCTBHS
B pamkax ¢peiimBopka Valgrind 3TO0 mpUBOAMIO K  CYHIECTBEHHOMY
yCIoKHeHHI0 koMoHeHToB Tracegrind u Covgrind.

2) TIpobGnema OOpaTHOW HWHXCHEPHH MPOTOKOJIA B3aMMOJCHCTBUS KIHEHTA H
cepBepa. Ilockonbky B 00meM cilydae NpO aHAIM3UPYEMOE IPHIIOKEHHE
3apaHee He W3BECTHO HUYETO, TO BO3HHKAeT HEOOXOAUMOCTh y4éTa GOJBLIOTO
YHClla PA3UYHBIX BapHaHTOB IIPH B3aUMOJCHCTBHM KJIWMECHTa M cepBepa —
HCIIOJIb30BAaHNE HEOJIOKUPYIOIINX COKETOB, YCTAHOBKA HEHYJICBBIX TaiM-ayTOB B
cucteMHbIX BbizoBax Poll u select u 1. a. [lpuxoautcs MuGO BBOAUTH KECTKHE
OTpaHMYEHHUS Ha aHaJIM3UpyeMble MPUIOXKEHUA (BUAA “aHaTU3UpyeMoe
MPWIOKEHNE JIOJDKHO MCIIOJIb30BaTh TOJILKO OMOKUPYIOIIUE COKETHI” W T. II.),
100 MBITAThCS OPraHU30BaTh AMYJLIMIO CEpPBEpa YIPABIIOIIMM MOJYJIEM C
HOJICPKKOH BCEX BO3MOXHBIX BapUaHTOB, YTO KpaWHe TpPYIOEMKO, €CIH
BOOOIIE BO3MOXKHO.

[TosTomy mnouck JedekToB ¢ dMyJslueil cepBepa YNPaBISIOLIMM MOJAYJIEM

yCHEIIHO paboTal TONBKO Ha MPOCTHIX, HCKYCCTBEHHO CO3IaHHBIX IpPUMEpax

YSA3BUMBIX MPWIOKEHHH. B uTOre ycremHoro aHamusa ymanoch JOOUTHCS, TOIBKO

UCIIONB3Ysl 3aMEHY JAHHBIX, IPUXOAAIINX OT HE3aBUCUMO PabOTAOIIEro cepeepa.

Kpome Toro, kak yxe ObUIO CKa3aHO, Ha JAaHHBI MOMEHT IMOJJCPHKKA COKETOB B
Ka4eCTBE UCTOYHHUKA MOTCHIIMAILHO OMACHBIX TAHHBIM Peau30BaHa B HHCTPYMEHTE
Avalanche Tompko Uit KIMEHTCKMX OPUIOKEHUH U Tonbko it TCP-cokeros.
OueBHaHO, BCTa€T BONPOC O Bo3MoxkHOCTH moanepku UDP-cokeroB, a Takxke o
BO3MOXKHOCTU aHAllW3a CEPBEPHON YacTH MPHIOKEHHH U O MPUMEHUMOCTH
KOHICTIIUK 3aMEHbl JAHHBIX K JTHM ciydasMm. MccliemoBaHUe 3THUX BOIPOCOB
MPUBEJIO K CIIEYIOIINM BbIBO/IAM.

[lo-Bugmmomy, monaepxkka UDP-cokeToB mnpenctaBisieT YHCTO TEXHHYECKYIO

3amady. HampotuB, mopjepikka BO3MOXKHOCTH aHAJIN3a CEPBEPHBIX INPHIIOKEHHUN

npescTaBisieTcs 6osiee CIoKHOM 3anadeld. OCHOBHBIE IPUYNHBI 3TOTO TAKOBBI:

» IlpunoxeHue-cepBep HacTO MPEACTaBIsET COOOH HECKOIBKO MapauIeNbHO
paboTaroIIMX MPOLECCOB.
Hammume  HECKONBKMX ~ NPOIECCOB,  OJHOBPEMEHHO  paboTarommx ¢
MOTEHIMAJIbHO ONACHBIMHM JaHHBIMH, YCJIOXHSET cOOp Tpacchl W T'eHEpalHIo
3aIpOCOB JJIsI TOJIyYeHHs] HOBOM NOPLUM TECTOBBIX MAaHHbBIX. [lpunércs
coOMpaTh OT/ENbHBIE TPACCHI ISl KQXKIOTO M3 TAKUX MPOIECCOB, YTO YCIOXKHHUT
KaK KOMIOHEHT Tracegrind, Tak W ympaBISIOMIMA MOMYJIb, OCYIIECTBISOIINIA
pa3zbop coOpaHHBIX Tpacc.

+ Heo0xonuMoCTs MHOTOKPATHOTO 3aITyCKa MPUIIOKCHUS -KIINCHTA.
Kak yxe ObUIO cKa3aHO, JUIs 3aMEHbI NPUXO/SIINX JAHHBIX BO BPEMs aHaIN3a
NPWIOKECHUSA-KIIMEHTa, HeoOxoauMm  pabortatommii  cepsep. /[ aroro
JOCTaTOYHO 3allyCTUTh TakKOW CepBep EAMHCTBEHHBIH pa3 HENOCPEACTBEHHO
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nepen Ha4dajgoMm aHanu3a. [Ipy 5TOM MHOTOKpaTHbIe 3aMyCKd KJIMEHTa 10 XOIY
aHaM3a He BIUAIOT (10 KpalHeW Mepe, CYIIeCTBEHHO) Ha paboTOCIIOCOOHOCTH
cepBepa.
Ho MHoOrokpaTHbIe 3amyCKH W 3aBEpIICHHs cepBepa (BO BpeMs €ro aHaiu3a) B
obiemM ciaydae TMOTPEOYIOT M MHOTOKPATHOTO 3amycka BCIOMOTaTeIbHOTO
MPUIIOKECHUSI-KITHEHTA, MOCKOJIbKY MPU HepabOoTaroleM CepBepe MHOTHE KIIMEHTHI
MPEKPAIIAIOT CBOIO pabOTy. DTO TAKIKE YCIIOKHUT YIPABJISIONIHA MOTYJIb.

9. Cxoxue pabomsbi

Jnsi aBTOMAaTHYECKOrO TMOWCKA M3BECTHBIX YSI3BHUMOCTEH MOTYT MPUMEHSTHCS
UHCTpyMeHTHI — ckanepsbl ysi3sumocteit (Nikto[4], Nessus[5]). Takue HHCTPYMEHTBI
NPEXKIE BCEr0 CKAaHHPYIOT IOPTHI M ONPEACNISIOT HMCHOJIB3YIOIIUE HX CEPBHUCHL
3aTeM NPOBOIMTCSA IPOBEpPKa OOHAPYKCHHBIX CEPBHCOB IPH MOMOIIM paHee
COCTaBIICHHOH 0a3bl HM3BECTHBIX ysA3BUMOCTed. Takue HHCTPYMEHTHl BecbMa
MOJIC3HBI MPH TPOBEPKE 0E30MacHOCTH TECTUPYEMBIX mpuinoxeHuid. OpHaKo, B
omimmune ot Avalanche, ¢ ux moMoIbI0 Heb3ss 0OGHAPYXKHUTH paHee HE M3BECTHYIO
ommoky. 1o CyTH, 3TH HHCTPYMEHTBI OCYHIECTBIAIOT TECTUPOBAHKE, HO HE MOUCK
HETOCPEACTBEHHBIX OIIHOOK.

Kak crarnyeckuii, Tak ¥ ANHAMUYECKUH aHAIM3 IIUPOKO MPUMEHSETCS AJIs TIOMCKa
ysa3BUMocTel Oe3omacHOCTH. B pabote [6] mcmonp3yeTcss TMHAMHYICCKUN aHAIH3
st TectupoBanust \Web-npunoxennit, Hanucanupix Ha si3pike Python. Tlpu sTom
Tak ke, kKak U B Avalanche, cobupaercst Tpacca B Buae HabOpa MHCTPYKIHA OaifT
koga. OgHaKo, OTIMYMe pabOTHI [6] 3aKIII0OYAETCS B TOM, UTO THHAMUYECKUI aHaTN3
UCTIONB3YEeTCS He JJIS PacIIMpPEHHs] MOKPBITUS TECTHPYEMOTO MPHIOKEHHS, a A
6oee TOYHOTO COCTAaBJICHHS TECTOBBIX MNAHHBIX (HAIPUMEP, €CIM KaKOW-TO H3
napameTpoB HTTP-3anpoca ncmons3yercst TONBKO IPU COCTABICHHM 3ampoca K
0ase MaHHBIX, TO O3TO NPU3HAK TOTO, YTO JaHHBIA mapamerp Oecroie3Ho
TECTUPOBATh Ha BHEAPEHUS CKpPHITa W T. I.). KpomMe TOro, OCHOBHOE BHUMAaHHE
yaensieTcss ys3BUMOCTsIM Oe3omacHocTH, 4yrto craBuT Avalanche u pabory [6] B
HECKOJIBKO Pa3JIUUHbIE KATETOPHH.

B paGorte [7] ucnonb3yeTcsi HHCTpyMEHTAIWs OaiT Kojia Java asis mpeIoTBpanieHuIs
ysi3BUMOCTel Oe3omacHoctu B Java Web mnpunoxenusix. Ilpu 3TOM  CrHmcok
METOJOB, KOTOPBIE MOTYT OBITh MCTOYHUKAMH MOTCHIMAIGHO OMACHBIX JTaHHBIX,
SBISICTCS ~ ONHUM W3  [ApaMETpOB  KOHQUTYpalMH,  IPEIOCTABISCMBIX
MOJIH30BaTEIEM. AHAJIOTUYHO TPEIOCTABIIACTCS CIIMCOK METOOB, HCIIOJIH30BAHUE
MOTEHIIMATBHO OIMACHBIX JaHHBIX B KAaueCTBE MMapaMeTPOB KOTOPBIX MPHUBOJHUT K
BO3HHKHOBCHHIO OIIUOKH. HHCcTpyMeHTHPYOLITHIA KOJI OTCIIC)KUBACT
pacnpoCcTpaHEeHUe NMOTEHLUAIbHO ONACHBIX JAAHHBIX B aHAIM3UPYEMOMH IporpaMmme
Y BbI3bIBACT UCKIIIOYCHUE B TOM CJIydae, €CJIH MPOrpaMMa MbITAETCs UCIOJIb30BATh
MOTCHI[MAJIbHO OMACHbIE JaHHBIE B KauyeCTBE MapaMeTPOB OJHOTO M3 METOJOB
CHHCKa. DTOT MOJAXOJ, XOTh M CXOX B IUIAHE WHCTPYMEHTAL[MH U OTCIICKHBAHHIO
pacnpocTpaHeHHss IMOTEHIMANbHO OMAaCHbIX JaHHBIX B [OporpamMme, He
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OCYILECTBIISICT IIEJICHATIPABICHHBIH MOWCK OHmMOOK B TMporpaMMe, a JIUIIb
3aIUIIAeT OT UX BO3MOXKHBIX TIOCIEACTBHH.

10. 3aknroyeHue

MsI paccMOTpENH TOJICPIKKY TOTYYCHHST MOTCHIIMATIBHO OMACHBIX NAHHBIX Yepe3
COKETHI Ul aHAIN3a CETEeBBIX MpHIOXKeHHH npu momomm Avalanche. OcHoBHoi
ujecH, peayu3anys KOTOPOW IMO3BOJHIIA ITOTO JOOUTHCS, SBISCTCS KOHIICTIIIUS
3aMEHBI TIOJIy4aeMBIX TIPIJIOKCHHEM <‘HOPMANbHBIX® BXONHBIX JaHHBIX Ha
CIeNHaNbHO Mono0paHHbIe 3HaueHMs. HecMoTps Ha TO, 4TO MOIAEp)KKa aHaM3a
peanmm3oBaHa TIOKAa TOJNBKO IS KJIMEHTCKUX TIPWIOKEHUH, €CThb OCHOBAHHS
paccunTHIBaTh HA TO, YTO KOHIICIIIMS 3aMCHBI TAaHHBIX SBIISCTCS YHHUBEPCATBHOM, T.
€. MPUrOJHON KaKk [UIA aHali3a KIMEHTCKUX, TaK W IS aHalH3a CEPBEPHBIX
npunokeHud. Ecnu ynactes e€ peann3oBaTh U1l aHAIN3a CEPBEPHBIX NPUIT0KEHU,
3TO, BEPOSITHO, MTO3BOJIMT OOHAPYKUBATH €II€ OoJiee IICHHBIC OIUOKH, TIOCKOJIBKY, B
o01em ciydae, oIMOKK B IporpaMMe-cepBepe SBISIOTCS 0oyiee KPUTHYHBIMU, YeM
OIIMOKH B IpOrpaMMe-KIHEHTe.
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Avalanche: Using dynamic analysis for automatic defect
detection in programs based on network sockets
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Annotation. This article describes an attempt to modify and use Avalanche tool for dynamic
analysis and testing of programs reading input data from network sockets. The technique of
received data substitution is introduced, and it’s Valgrind based implementation is described.
An overview of interception and handling of network system calls is provided. The results of
analysis of open-source network applications are included, as well as a list of newly
discovered defects.
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OvHamunyeckoe npocunmupoBaHue
nporpamMmmbl Ana cuctemol LLVM

A.HU. Asemucan, K. 0. [onzopykoga; L. @. Kypmaneanees,
arut@ispras.ru, unerkannt@ispras.ru; kursh@ispras.ru

AnHoTanusa. Ilpun mocTpoeHHM CHCTEMBI KOMIHIIALUM JUIS SI3BIKOB OOIIEr0 Ha3HAYEHUS,
YUUTHIBAOLIEH crieruduieckue 0cOOCHHOCTH ENeBOH ammaparypsl U Hanbojee BepOSTHBII
CIeHapHil NCTIOIB30BaHUS, HEOOXOUMO IPHMEHATh METOBI JUHAMUYECKOH M aJanTHBHOI
ontumm3anuu. lVcciaemoBaHHe TaKMX METOAOB yAOOHO MPOBOAWTH B KOMIMIATOPHOU
nappacrpykrype LLVM. Tem He MeHee, B HacTosmmii momeHT LLVM He monnepxuBaer
JUHAMHUYECKU cOOp TpOoGWIs M IEPeKOMIMILIIMIO, a TaKXKE CONCPKUT JIHIIb OJHO
npeobpa3oBaHue, UCIOb3YIONIee JaHHbIe Mpodwii. B pamkax manHoi padoTsl, aus LLVM
ObUIa Npe;JIo’KeHa M peajn3oBaHa cucTeMa cOopa mpodwiisl anmapaTHBIX NpepbIBaHUN U
ITOPUTM, KOPPEKTHPYIOMINIT IepeoieHKy Mpoduiis, a Takke HECKOIBKO ONTHMHU3HPYIOIINX
npeoOpazoBanuii ¢ ydeTroM mpo¢wmis. BeimmonHeHa wuHTerpamms cOopa TpopuHIL U
JuHaMu4yeckoro kommuwisitopa LLVM, 4To MO3BOJIMIIO COXpaHATh KaueCTBO MPOTPaMM IpH
WX TIepeHoCce Ha JPYTYIO apXUTEKTYpYy.

KuroueBble ciioBa: HpO(bI/IJ'[I/IpOBaHI/Ie; JUHAMHWYCCKAsA KOMITUJIAIHA,

1. BeedeHue

B coBpemeHHBIX KOMOMWISATOpax sl si3bIKOB oOmiero HasHauenus (Cu/Cut+)
OCHOBHBIMHM BUJAMHU  BBINOIHAEMOW ONTUMM3ALUU  SBISETCA  CTaTUYECKas
ONTHMHU3AlMs M ONTHMHU3AalUS C MCIOJb30BaHWeM npoduis mporpammsl. Ilpu
CTaTHYECKOM ONTHMH3ALMK TEHEpPUpYeTCs OJHa Bepcusi OOBEKTHOTrOo Koja
MPOTPaMMBI, KOTOpas ONTHMHU3MPOBaHA JJIsI HEKOTOPOH ‘‘CpeqHel” MalIuHBI
JAHHOM TPOIECCOPHON apXUTEKTYPHI, a U yueTa CIeru(uIecKux ocobeHHOCTEeN
KOHKPETHOH ammapaTypsl HEOOXOIMMO CO37aBaTh M IOIJEPKUBATH HECKOJBKO
OmHapHBIX Bepcwil. Hampumep, ncmoibp30BaHME MTAHHBIX MPOQMIS TO3BOJIUT
MOBBICHTH Ka4eCTBO TUIAHUPOBAHHS.

[Ipu onTUMH3aNUU ¢ YIETOM MPOQHUIIS MPOrPaMMBI IIPOU3BOAUTCS COOP MPOQHIICH
Ha 3aJaHHOM MHOXXECTBE HAOOpOB BXOJIHBIX JAHHBIX M YYeT IIOJy4eHHOH
CTaTUCTUKH, IIPHU 3TOM OTBETCTBCHHOCTH 3a HO}IGOp BXOIHBIX JAHHBIX JIOXKUTCSA Ha
nporpammucta. OTMETHM, 4TO CTATUCTHKA HA MOJIb30BATEIbCKUX HAOOpaxX JaHHBIX
MOXET 3HAYUTENIbHO OTJIMYAThCS, YTO B HEKOTOPBIX CIIydasX MPHUBOIUT K
3aMe/UIeHHI0 nporpamMmbl. Kpome TOro, 3TOT MOJXO0J CBs3aH CO 3HAYUTEIbHBIMHU
HaKJIQJIHBIMHU pacXxoJaMH Ha cOop mpoduiiel U moa00p MmapaMeTpoB KOMITHISATOPA.

71


mailto:arut@ispras.ru
mailto:unerkannt@ispras.ru
mailto:kursh@ispras.ru

IIpennaraeMbIiM pelieHUEM SIBISIETCS MPUMEHEHUWE METoA0B auHamuueckon (JIT-
KOMITWISIIIAM) W aJalnTUBHOW ONTHUMHU3AlMU B KommmisTtopax s Cu/Cut+,
Junamudeckass ONTHMHU3alUs BO BpeMs pabOTBl TIPOTpaMMBI  HMEET TO
MPEUMYIIIECTBO, YTO MPOrpaMMa ONTHUMHU3UPYETCs Ha KOHKPETHOM Habope BXOIHBIX
JAHHBIX U1 JAHHOTO KOHKpPETHOTO 3amycka. CoOpaHHasT CTaTHCTHKA WCIIONB3YEeTCS
TOJIBKO JIJI1 ONTHMU3AIUK JAHHOTO 3aIyCKa, a pa3HbIC 3aIyCKU MPOrPaMMbl MOTYT
MPUBOJIUTH K PA3IMIHBIM ONTHMHU3AIHSIM.

Jns peanuzauuy JUHAMHYECKUX ONTHMHU3AIMH B KOMIMIISTOpE HEOOXOIMMO
pacmpocTpaHeHHE HporpaMMbI B OOBEKTHBIX (haillax, comepX aluX BHYTpEHHEE
NPEICTAaBICHUE, COXPAHSIOIEe NH(POPMANNIO BBICOKOTO YPOBHS M IO3BOJIIOLIEE
NPOBOAUTH IUHAMHYECKHH MOHHUTOPHHT, NPOQMINPOBAHHE U ONTHMU3AIHIO
IporpaMMbl. OTO MO3BOJSIET COKPAaTUTh 3aTpaThl Ha pPaclpoOCTpaHEHHE U
MOJ/ICPKKY MPOTrpaMMBbl (IOCTaTOYHO IOJAEP)KUBAaTh OJHY BEPCHIO HMPOTPAMMBEI,
npu cOOpKe KOTOPOI MPUMEHSUINCH JIMIIb MAIMHHO-HE3aBUCHMbIE ONITUMH3AIHHN).
OxoHuaTeNbHas crenuanu3anus OyAeT MPOMCXOAUTh aBTOMATHYECKH Ha MallnHe
nonp3oBarens. [Ipy 3TOM 3HaYMTENBFHO YHpoOLIAeTCs Mpolecc pa3paboTku 0e3
MOTEPh B NPOM3BOAUTEIHHOCTH IIOMYYaeMOH NPOTPAMMBI, TaKk Kak He TpeOyercs
BBITIOJTHATH MOJ00P «XOPOIIEro» Habopa BXOAHBIX JaHHBIX A cOOpa CTAaTUCTHKH.

B xadecTBe OCHOBBI [UI1 MOCTPOEHUS CUCTEMBI NUHAMHYECKOH ONTUMH3ALMH
mporpaMM Ha S3BIKaX OOINEro Ha3Ha4YeHHs yaoOHO BeIOpate LLVM [l] -
KOMITWJIITOPHYIO MH(PACTPYKTYpPY C OTKPHITBIMH HCXOAHBIMH KOJaMH Ha SI3bIKE
Cut++. B pamkax 3TOro MHpOEKTa MPEJICTABICHBI: CTATUYECKUH KOMIIMIATOP,
KOMIIOHOBIIVK, BHpTyanbHas MamuHa, JIT-kommnuasrop. @OyHKIMOHHpOBaHHE
CHCTEMBI 00ECTIeYNBAETCS €UHBIM BHYTPEHHUM IIPEICTABICHHEM, KOTOPOE MOXKET
OBITH NPEICTABICHO B TEKCTOBOM BHJE, B BHJEC CTPYKTYp JAHHBIX B ONEPAaTUBHOMN
NaMsTH, a TaKKe B JBOMYHOM BHJE KaK OUT-KOA. DTOT OWUT-KOJ MOXKET ObITh
COXPaHCH B MPOMEKYTOYHBIX OOBEKTHBIX (paiax sl JalbHEHIIeH ONTHMH3AIINH,
B TOM 4ucle JuHaMuueckod. Ilpu 23TOM BO3MOXHO UCIOJIb30BaTb BCE
npenocraBisieMple LLVM  Bo3MOXHOCTH 10 00paboTKe  BHYTPEHHETO
Npe/CTaBIeHUs (BKIIOYAsl pa3IMuHble aHAN3bI, TpaHchopMaliy | T.11.). [loaTomy
uHppactpykrypa LLVM mnpenocrasiser ynoOHyto 0a3y aiIs HCCIEIOBAaHHH 110
JUHAMMYECKOW ONTHMH3aluu nporpamm. JlaHHas paboTa sBIsSETCS pa3BUTHEM
uaeH, IpeiyIoKeHHbIX B [2]

K coxanenuto, B8 LLVM Bo3MoXHOCTH pPabOThl ¢ NpoduieM peann3oBaHbl B
MHHUMAaJBHOM O0BEMe: M3 CYIIECTBYIONIMX ONTUMM3ALMKA MPOQUIb UCTIONb3YeTCs
TOJIBKO TIPH TIepeyNopsAA0IMBaHIH 0a30BBIX OJOKOB, a paboTa C JaHHBIMH TPOPUIIS
BEAETCS JINIIb MPH CTATUYECKON KOMIIIAIMHK B BHJE OOBIYHOW IBYXIPOXOIHOMN
cxeMbl koM. [ToaToMy HeoOXoquMoM 3aqadeid sBisieTcs pa3paboTka Takon
CXeMBI  MPOQIINPOBaHMSA, KOTOpas, BO-TIEPBBIX, MOXET  MPUMEHITHCA
JUHAMUYECKH, @ BO-BTOPBIX, JOCTaTOYHO A(PQeKTHBHA. MBI NPENIOKWIN CXEMy
NpOoGUINPOBAHUS HAa OCHOBE YaCTHYHOTO MPOGWINPOBAHMSA, WIH COMIUIMHTA
(sampling). Mnes 3Toro MeToga COCTOWT B 3allUCH JIMIIb YaCTH JAHHBIX (MPo0),
BBIOPaB COOTHOILICHHE MEXKIY 3allUCHIBAEMBIMH M MPOIYCKACMBIMH JaHHBIMU
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TakuM 00pa3oM, 4TOOBI, ¢ OJHOW CTOPOHBI, MPOQUIMPOBAHUE BBHITIOIHSIOCH C
MaJbIMH 3aTpaTaMy (3aMEUICHHE NMPOTPaMMbl HE MPEBOCXOIMIO OBl HECKOJBKHX
NPOLICHTOB), a C APYrOH CTOPOHBI, IONYYEHHbIC AAHHBIE JOCTATOYHO IIOJIHO
OTpaxkanu OBl peanbHYI0 KapTHHY IIOBEAEHHS IporpaMmsl. IlpemnoikenHas cxema
npopUINPOBAaHMS pealn3oBaHa Ha ocHoBe yTwmTel Oprofile, kpome TOTO,
peau30BaH auropuTM «IIOATOHKH» MOIYYEHHOTO TUHAMHYECKOTO NpOdUIIs TaKuM
obpazoM, 4YroObl B pe3yiabTaTe JaHHbIE MNPOQUIMPOBAHUS MOTJIM  OBITH
UCIOJb30BaHbl HANpAMYK oNnrumMu3zanuaMu B kommuiaatope LLVM. Mbar
NPUMEHWIH MOJy4YeHHbIE JaHHbIE B ONTHMHU3AIMU TepeMenieHns] 0a30BbIX OJIOKOB
Y CMOTJIH ITOJTYYUTh BBIMTPHILI 10 CPABHEHHUIO C IIPOrpaMMoii, coOpaHHoi Oe3 yueTa
npodus.

2. QuHamuyeckoe npodghunuposaHue npozpamMmbl Ons
cucmewmsbi LLVM

2.1. A3mMeHeHus, BHeCEHHble B cuctemy cb6opku LLVM

Tak kak B LLVM He mpeaycMOTpeHbI CpeAcTBa MpO3pavyHOro, aBTOMaTHYECKOr0
NoJydyeHHs: OWT-KOJa C YYETOM 3aBHCHUMOCTEHl MEXIYy MOAYISIMH. A Takxke
OTCYTCTBYET HOAJEP)KKA JHHAMHIECKOTO CBA3BIBAHUSA MOXyJIeH ¢ out-komom. Jlis
IporpaMM  cHUCTeMa COOpPKH KOTOPBIX OCHOBaHAa HAa HCIIOJIB30BAHUM YTHIIUT
configure u make, Opula mpemyoXeHa CleAyIOIas CcXeMa JBYXITAIHON
KOMIHJIIIHHA (cM.puc 1).

Ha nepsoM 3Tarne npoucxoauT reHepanys yCTAaHOBOYHOI'O IAKETA, COAEPKALIETO B
cebe Momynmu OWT-KOJAa M CKPUNTH aBTOMATHYECKOT'O pa3BepThIBaHHA. BwmecTo
UCIIONIb30BaHKsl OPUTHHAIBHON yTWUIUTHI CONnfigure mpeuiaraercsi UCMOJIb30BAThH
crienuaibHyo  00epTky — configure-proxy, oOCyIiecTBISIIOmICH  HEOOXOIUMBbIe
MOJICTAHOBKH ¥ BBI3BIBAIOIIYI0 OPHUTHHANBHYIO YTHIIUTY, DPE3YJIBTATOM pPadOTHI
sBisietcss  ckpunt Mmake.sh, mnpuximn pabotel KoToporo anamoruueH. st
KOMITHJIITOPOB peaTi30BaHbl 00EPTKH, OCHOBAHHBIC HA TOM e monaxoxae. [lomumo
3TOr0 HEO0OXOTUMBbIE MU3MEHEHHUS! BHECEHBI B KOMITWIIATOPHI MEPEIHET0 IUTaHa, H
JIMHKEP, 3TU U3MEHEHHUs MO3BOJISIOT OTCIEAUTH 3aBUCUMOCTH MEXY OT/AEJIbHBIMU
MOJyJIIMU nporpaMmbl. [locie OKOHYaHHUS KOMOWJISIIUK MPOTPaMMBbl C TOMOIIBIO
CKpPHUNITOB IMOCT-00pa0OTKH MPOUCXOTUT, CO3JaHHE WHCTALISIMOHHOTO TaKeTa Ha
OCHOBE CIrEHEPUpPOBAHHBIX paHee 3aBUCUMOCTEeH. HHCTaUISIIIMOHHBIA MakeT
coepkut (aiiner ¢ 6ut-kogoM. Dailyibl, TOMEUeHHbIE KaK 3aBUCHMOCTH Ha dTarle
MOCTOOPaOOTKH, ¥ CKPUIITH KOMITWIISIIIAN M YCTaHOBKH. Ha BTOpoM 3Tare BO BpeMs
YCTaHOBKM HPOrpaMMBbl CYILIECTBYET [JB€ ajbTepHAaTUBbI. llepBblii BapuaHT
YCTaHOBKH, 3TO CTaTHUYECKasi KOMIUJISIUS, BTOPOM MCHOJIb30BaHUE NTMHAMUYECKOM
KOMIWIALIVH.
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Komnblotep
nonk3osarens

Komnbtotep
paspaboTtunka

-proxy
(obeptka Hap
configure)

Hactpoitkn

WHcTansunoHHsIi naket

Makefile

make.sh
(ckpunT cGopku)

LLC
(TeHepauus koaa)
LLI (AuHamuyeckas
KOMNnnAumus 6ut-koaa) *

cBopku)

livm-gcc-proxy/
clang-proxy (o6epTka
Haj} KOMNNAATOPOM

nepefHero nnaxa) OBbeKTHbIe
annbl

livm-Id
(KOMMOHOBLLVK)

Mocro6paboTka

WHCTannauUMoHHbI
naket

as
(accembnep)

Id (kOMMOHOBLUMK)

YcraHoska

Daiinel ¢
6uT-KO[OM

libc.so (v apyrve
AvHaMmn4eckn
3arpyxaemble
6ubnuoTekmn)

Puc. 1. Cxema 08yxsmanuoti KOMAULAYUL.

B o0oux cnyuyasx Bce MPOUCXOIUT MPO3PAYHO IS MOjb3oBaTenss. ONucaHHBINA
MOJXOX  TO3BOJSIET TNpPH KOMIWISIHAW YYUTHIBATH CHEHUPUKY KOHKPETHOU
ApPXUTEKTYphl W TEHEPUPOBATh 0OJee ONTUMAIBHBIH KOI. A Tak K€ MO3BOJSIET
HCIIOJIb30BAaTh JUHAMUYECKYI0 KOMIIWIIINUIO U IIOJHOCTBIO aBTOMAaTHU3UPOBATH
mporecc TMONYYCHHs OWT-KOAa W ONpeAelCHHS KaK CTaTHYeCKUX, TaK u
JIMHAMHUUYECKUX 3aBUCHUMOCTEH MEXAY MOAYJISMH MPOTpaMMBbl, Kak COAEpKaluMu
OUT-KOJ, TAK M1 OWHAPHBIA KOJ, JIJIsI IPOTpaMM COCTOSIIIIMX OOJIee YeM U3 OJHOTO
MOJIYJISA, ¥ HATIMCAHHBIX Ha S3bIKaX 00IIero Ha3HaYeHHs c/c++.

2.2. CywecTtBylowme noaxoabl kK coopy npoduns

CymectByeT naBa cmocoba TMONYYUTh CTAaTUCTHKY BO BpeMs HCIIOJHEHUS
MPOTPaMMEI: MHCTPYMEHTHUPOBATh €€, - TO €CTh BCTaBJIATH CUCTYMKH B KO IpPH
TCHEpallMd WIH €lle B IMPOMEXKYTOYHOE IIPEICTABIICHUE IPOTPAMMBI, - IJHOO
coOupaTh BRIOOPOYHBIM MPOPUIUPOBIINKOM allMAPaTHRIX MpepblBaHuiA. B mepBom
cJIydae KOJl yBEIHMYUBACTCS B pa3Mepax U CHIBHO 3aMeIIsIeTCs padoTa IMpOrpaMMBI.
Kak rmoka3zaigu pe3ynbTaThl TECTUPOBAaHUs Ha Habope TtecToB aburto, mpu
WHCTPYMEHTHPOBAHUHN pedep Mexay O0a30BbIMH OJIOKaMH, B XYIIIEM CiIydae
MIPOUCXOIUT 3aMeIeHne B 2-4 pa3a. DBPUCTUKH MHCTPYMEHTHPOBAHUS TIOMOTAIOT
OIyCTUTh 3Ty pasHuily juinb a0 15-30 npouentoB [3]. Bo Bropom e ciyuae
nporpamMma 3aMeuIsieTcss Bcero Ha 2-8 mporeHtoB [4], mostoMmy B 3Toi pabote
Oyzer pacCMOTPEH UMEHHO 3TOT METOJ - TPO(PHUIUPOBAHUE COMILTUHIOM.
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[Tpu npodunpoBaHUN KOMIMIMPYEMBIX HA JIETY IIPOrPaMM BO3HHMKAET CIICAYIOLIas
npobiemMa: NpoQGUIMPOBIIUK BHIMT TOJIBKO 3aIlyCKaeMble HMPOrPaMMbl M TaOIuIry
CHMBOJIOB 3THX IIPOIpaMM, a CHMBOJIBI I'€HEPHPYEMOIo Kojxa €My He BHIHBI, U
UHGOpPMALHs O TEHEPUPOBAHHOM KOJE MOMEIIAeTCS B aHOHMMHOE IIPOCTPAHCTBO
uMmeH. [l Toro, 4ToOBI 3HATH, Kakas (yHKIws ucronaseTcs JIT-kommmisTopom,
HY)KHO 33/1aThb CIIOCOO OTOOpaKeHHS CHUMBOJIOB Ha BHpTyalbHble aapeca. B
BUPTYQJIbHBIX MallMHaX Java K COMIUIMHI'Y HPUMEHSETCS CIECIYIOIINH ITOIXO.:
KOMITWJISITOp  3amuchbiBaeT B (a1l BUpPTyasbHBIE ajpeca Hayajlla W KOHIA
JUHAMHYECKH 3arpy’KaeMbIX METOJIOB MJIM YYacTKOB Koja (Kak IPaBHIIO, 3TO
IUKJIBI) TIPU MX 3arpy3Ke Wid BbITpy3ke. /it 3amucu mHGOpManuy O CHMBONAX
ucronb3yercss  OubnmorteuHslii  uHTepdeiic  JIT-areHroB, Kak  mpaBwio,
BKJIIOYAIONTHH B ce0s (YHKIMH OIIOBEIICHUH O 3arpy3Ke U BBITPY3Ke METONOB [5].

[Mocne momydeHHUs COMIUIOB HMPOQHUIMPOBIINK COMOCTABIIET MMONYyYCHHBIC B BHUJIC
map (BUPT. aapec, 3HAYCHHUE CHUETYMKA) BBHIOOpKHM C (aillaMu, 3amuCaHHBIMHU
areHTaMH, W pachpelesieT CTaTUCTUKY 0 CHMBOJIaM, 3alMChiBas ee B (aili,
KOTOPBIM MoTOM mepenaercs Ha cuuTeiBaHue JIT-kommunsaropy. Ho naHHBIN
MOJXON HE CIHIIKOM YIOOCH ISl S3BIKOB OOIIEro Ha3HAueHHs, TAE JIOTHKA
JMHAMHUYECKH 3arpyXaeMbIX KiaccoB Hempuemiema. Ho, tem He Menee, LLVM
mpeaycMaTpiBaeT BO3MOXKHOCTD — Pa3leNbHOM KOMIWIIIWKA ¥ HCIOJTHEHUS
(yHKIHH, TO3TOMY MEXaHU3M paboTHI C areHTOM MOKET OBITh MCTHONB30BaH. Ho B
9TON padoTe OBLI MCIOIB30BaH IPYTOH MOIXOM. 3a OCHOBY HMPOQHIMPOBIINKA OBLT
B3aT Oprofile 0.9.6, B KOTOpOM MeXaHW3M 3aIllICH COMILUIOB B (ailn ObUT 3aMEeHEH
obmennem ¢ JIT-kommunsatopom uepe3 FIFO daitn.

2.3. OnucaHue npegnaraemoro nogxoaa k c6opy npoduns

INockonbky mpeanaraeMasi CHCTeMa HCIONB3yeT B KadyecTBE NPO(MIMPOBIIUKA
yrunuty OProfile, onumem npunanumn ee padotsl. Oprofile cocrout u3 AByX yactei
— cOopmka WHQpOpMaNWy, pealn30BaHHOTO Kak MOAynb K sapy Linux, u
KIMEHTCKOW dYacTh, oOpabaTpIBaromiell MmomydeHHYI0 WHpopMmanuio. COopiuk
nH(QOpMalMK CYMTAEeT KOJMYECTBO pa3 cpabaTbIBaHUs HEKOTOPOTO CUETYHKA
(Hanpumep, TaliMepa MM COOBITHSI TpoMaxa KdIIa), MPU MEPENOIHEHUH 3TOTO
CUETUYMKA MPOUCXOIUT cOpoc nHdpopmanuu B Oydep cOOpuIMKa U Janee Ha IKEeCTKHH
muck. Kimenrckas dacte oOpabaThIBaeT 3amMCaHHYI0 HWH(QOPMAIUIO, CTPOUT
HEoOXouMBIe TPpadbl BEI30BOB H T.II.

Cxema pabotel OProfile Obuta mpuMmeHeHa IS peaqu3alud JUHAMHYECKOTO
npodumupoBanus B LLVM cwm. puc.2. CuctemMa COCTOUT U3 CICIYIOIIUX YaCTEH:
JIT-kommmunsiTOp cunThIBaeT M3 (Qaiina OMT-KOJI, KOMIWINPYET, 3alyCKaeT ero u
UHHUIAUPYET Tepefady CTaTUCTHKH, MOIYJb sapa Linux coOupaeT CTaTHCTHUKY O
cyeTyMKax Ha MamuHe Hu cOpachiBaeT ee B Oydep; IeMOH-TPOPUIHPOBIINK
CUMTHIBAET NaHHbIC U3 Oydepa, pacmo3HaeT u 3anuckiBaeT ux B FIFO-kaHaibl.
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Anpo Linux

Mogaynb sigpa

Oprofile /

3anuch Bydep

4YTeHue

@Tep(beﬁmaﬂ

LOemoH-
JIT-komnunaTop 6ubnMoTeKa

CurHanbl
NPOCOUNMPOBLLNK

YTeHue

FIFO-kaHanbl

Puc. 2. Bzaumooeiticmeue KOMNOHEHMOE CUCTEMbL.

JleMOH SsIBISIETCS OTAEIBHOM MpPOTPaMMOil, CUUTHIBAKOIICH NMaHHbIe U3 Oydepa,
coznanHoro monyneMm OProfile. OcHoBaHHbI Ha «poaHoM» nemoHe Oprofile, on
o0OpabaTbIBaeT TONBKO IaHHBIE, HeoOxomumble it Just-IN-Time kxommmsTOpa.
[Ipexne Bcero, BO BXOJHBIX ITapaMeTpax, HOMUMO TeX, 4To ecThb y neMoHa OProfile,
OH IIpUHHUMaeT uMst oOpasa 3amynienHoro JIT-koMmunsTopa U HICHTUPHUKATOP WIIH
HECKOJIbKO ~ MJIEHTU(HUKATOPOB  TIPOIECCOB, B KOTOPHIX Oyzer paborarh
npodummpyemsrii  kox. Tak Kak KOJI TEHEPUPYETCS W HCHOJHSETCS CaMHUM
KOMITWJIITOPOM, OH HE BHJICH CHCTEME M HE MOXET OBITh HICHTH(UIMPOBaH,
MO3TOMY IIOMEIIAeTCS B AHOHHMHOE IIPOCTPAaHCTBO HMeH. JIeMOH BEIOMpaeT
MIOMEYEHHBIE KaK aHOHMUMHBIE JaHHBIE JJIS1 KOHKPETHBIX IPOIECCOB; KOTa K HEMY
MIPUXOJUT CUTHAI C 3alPOCOM COPOCUTH COOpaHHYI0 HHPOPMAITHIO, OH 3aITUCHIBAET
ee B KaHaJ M MPOJOIDKAeT paboTy O MOIYYCHUS CHTHAJA O 3aBEPIIECHUH PaOOTHI
KomnmnsaTop, npou3BoAsMmnil ONTUMHU3AIMKA BO BpeMs WCHOJHEHus (umm Just-In-
time compiler), npencrasiger coOol ONTHMHU3MPYIOMMI KOMIWIATOP OHMT-KOJA
LLVM, koTopslii OBUI CreHEpHUpPOBAaH KOMITWIATOPOM IiepefHero riana LLVM-
GCC wm Clang c¢ s3eika Cu wmm Cut++. JIT-koMOoumsiTop MOXKeT, Kak
MHTEPIPETHPOBaTh KOJA, TaK W KOMIIWJIMPOBAaTh C Pa3IMYHBIMH yPOBHSIMH
ONITHMU3AIINH. Hammu  Obuta  BbINONIHEHa — peanu3aius 6ubmoTexy,
OCyLIeCTBIISIIOIEH ~ mHTEepdeiic  Mexay  JIeMOHOM-NIPO(QWIMPOBIIMKOM  H
KOMITIJIITOPOM. B oTnmume ot BUpTyalbHBIX MamuH Java, 6MOIHOTEKa HE MUIIET
MH(OpPMALMIO O CTCHEPHPOBAHHBIX CHMBOJAX B (ailil M HE IEPEKIaIbIBACT
OTBETCTBEHHOCTh 3a OTOOpakKCHHE CHMBOJIOB Ha anpeca yrwimram Oprofile, a
o0Imaercst ¢ JEMOHOM IIOCPEICTBOM CHTHAJIOB M MONydYacT JaHHBIE OT HETO U3
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FIFO-kananoB, popmupyst 0a3y nanHeix npoduirst. OToOpaKeHHe Ha BUPTYaIbHbIC
ajzipeca pou3BoAMTCA B mporecce padotsl JIT-koMmmumnsaTopa.

3. lMepeoueHka npoghuns

VY nonydeHHOW BBIOOPKH MOTPEIIHOCTH OYJET AOBOJBHO BEJIHMKA BBUAY 3aJCPKKH
cpabaTbIBaHMSl CUTHaJa W 3alUCH B cyeTYWK. YToOBl MONy4uTh Hamboiee
KOPPEKTHBIH MPOQUIb IPOrpaMMBbl, MBI JOJDKHBI YOEAUTHCS, YTO, TIPEICTaBUB Irpad
MIOTOKA YNPABICHUS CETHIO, NMOJIYYNM €€ TaKOH, 4TO Ha HEll OyAeT BBIOIHATHCS
TeopeMa 0 COXpaHEHHH MOTOKa. J{JIsl 3TOro MbI IPUMEHHIH K IPO(IITI0 IPOrpaMMBI
AITOPUTM TIepeorieHKH poduis [6] [7]:
1. Tlo wumeromemycs rpady IOTOKAa YNPaBICHUS W TNPOQYUIIO CTPOUTCS
pacdeTHas CeTb.
2. Jlamee Ha 3TOH ceTH WIIETCSs MaKCHMATbHBIH MOTOK MHHHMAIBHOU
CTOMMOCTH.
3. B coorBercTBuu ¢ (yHKIMEH MaKCHMaJbHOTO IOTOKAa PaCIpeeisioTCs
HOBBIC Beca B mpoguie.
ANTOpUTM TNpPUHHMAaEeT HAa BXOX CTPYKTYPHPOBAHHBIH 1O 0a30BBIM OJOKaM
npodune, a Takxke HHPOPMANMIO CTATHYECKOTO aHalM3a [MKIOB: OHa Oyner
HeoOXonuMma JUIss  TIpeBapUTENIbHONW OLIEHKHM BecoB pebep rpada moroka
yrpasieHust GyHKIuH. Tak Kak npouiab coOUpaics Ui MHCTPYKIHH, CyMMapHoe
KOJIMYECTBO COMIUIOB Ha 0a30BOM OJIOKE HE €CTh 4acToTa HCIIOJIHEHHs OJoKa,
MOATOMY OLIEHMBAEM MOCJIEIHIOI KaK CPEAHEe M0 HHCTPYKIIUSIM:

Ewstatements IIR CO'M.TIL?:I-
_ "=
BB count = N
statements
rue Nstatements N statements - 4YUCIO WHCTPYKIWHA B 633013(';’131' %%K“eﬁi

IR. count;

YHCIIO COMIUIOB ISl i-W MHCTpyKUMuU. [yt oOnerdenust paboThl alropuTMy TaKxKe
Ipe/IBapUTEIBHO yIAISIIOTCS BCE HEAOCTIKUMBIE ITyTH rpada.

3.1. NMocTpoeHne pacyeTHON ceTn

Heo6xomuMoCcTh TOCTPOCHUS TOTIOTHUTEIBLHOW pacyeTHOW CceTH OOyCIIOBIeHA
0COOEHHOCTSIMU NPUMEHAEMOI0 K HEeH BIOCJICACTBUU  aJIrOpUTMa IIOUCKaA
MaKCHUMaJIbHOTO MOTOKa MUHUMAJIbHONH CTOUMOCTH:

1. B cerH He JOJDKHO OBITH LIMKJIOB JJIMHBI, MEHBIIEH 3,

2. JOJDKHBI IIPUCYTCTBOBATH UCTOK U CTOK.
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3.2. NocTpoeHue yHKUMK MaKCUManbHoro noToka
MUHUManNbHOW CTOMMOCTHU

Jns moctpoenust QyHKIMM MaKCHMAaJIBHOTO ITOTOKAa OBUI MCIIOJIB30BaH ajlrOpPHTM
Onmonaca-Kaprma - omHa w3 peammsanuit  anroputma @Dopna-Pankepcona,
YTOUHSIONIAsA, YTO MPU IIOCTPOCHHM YBEIMYUBAIOUIETO ITyTH HCIIOIb3yeTCs
QITOPUTM IIOWMCKa B MHMpHHY. I[l03TOMYy OH SBISETCS KOHEYHBIM M BCEX
JIEHCTBUTENFHBIX 3HAYCHHUN TPOITYCKHON CIIOCOOHOCTH pedep, B OTIIHIHE OT CaMOT0
anmroputmMa Dopna-PankepcoHa, KOTOPHIA MOXET paboTaTh OECKOHEYHO IIpH
IOpPOM3BONBHOM BbeIOOpe myTH Ha Kaxgom miare [8]. Ilocme mocTpoeHus
MaKCHUMAaJbHOI'O MOTOKA CTPOUTCS OCTATOYHAs CEeTh, B KOTOPOH MO aJrOpUTMy
KiteitHa ymamsroTes [UKITBI OTPHLATENBHOM cTouMocTH [9].

3.3. NepecyeT npoduns

Ilo cetm MaxkcHMManbHOTO TOTOKAa MHHHMMANbHOM CTOMMOCTH OJHO3HAYHO
BOCCTAaHABIMBACTCS HCXOJAHBIM Tpad MOTOKAa ympaBiIeHWs: 1O  pedpam,
MIOCTPOCHHBIM B pPE3yJbTaTe MNpeoOpa3oBaHUs BEpPIIMH, MBI BOCCTaHABINBACM
npodune BepumH. Pebpa, cooTBeTcTByIOmME HCXOAHOMY Tpady, HE YAAISIOTCA
QITOPUTMOM, T.K. UM ObUIa Ha3HA4YeHa OCCKOHEYHAs MaKCHMalbHAas IPOITYyCKHAas
CIIOCOOHOCTh, 3HAYUT, TOXE MOTYT OBITh BOCCTAHOBJICHBI. Temepb NPOoQHIb
YIOBJIETBOPSIET YCIOBUIO COXPAaHEHMs MOTOKA, T.K. JUIIHUHA MOTOK OBII «CIUT» B
HCTOYHUK WM B CTOK C TIOMOIIbIO OaJaHCHPOBKHU B IpoIiecce paboThl alropurMa
Onmonaca-Kapna. Takum 006pa3oM, HOBBIMH 3HAYCHHMSMH CUETYHKOB COMILIOB
CTaHyT 3HAYEHHUS IIOTOKOB Ha pedpax ceTH MaKCUMAaJIbHOTO TIOTOKA.

3.4. CoxpaHeHue cobpaHHoro npocmnsa B coopmarte LLVM

ITocne mepecdera, y HaC €CTh HOPMAJIM30BaHHBII NMPO(UIb, €T0 MOXHO COXPAHUTh
Ha JINCK, HO HEJb3s MPUMEHUTh HEMOCPEJCTBEHHO K HMMEIOIIEMYCsl OWT-KOmy.
HecooTBercTBHE 00YyCIOBICHO TeM, UTO Mepel 3ammyckoM komoreHepannu LLVM
3aIyCKaeT HeCKOJIBbKO IPOXO0/I0B N3MEHSIOMINX MallMHHO-HE3aBUCHMOE BHYTPCHHEE
npezcrasiaenue. Takum oOpa3om, uisi 0OecriedeHusi BO3MOXKHOCTH HCIIOIb30BaHHS
npoduis coOpaHHOTO COMIIMHIOM, CJIEAYET BBIMOJHUTH  BCE ONTHMH3ALINH,
3alycKaeMble  HaJl  MallMHHO-HE3aBHCHUMBIM  IPEICTaBICHUEM,  3aIllyCTUTh
TpeOyeMble  ONTUMH3ALMH  HUCIOJB3YIOIIWE  Opoduib U COXPaHUTH
ONTUMM3UPOBAHHBIN OUT-KOA Ha AUCK. ONMHUCAaHHBIA TOIX0 ] OBLT peain30BaH HAMH
B Tekyuleil pabore. Ho B 1aHHBIE MOMEHT HMMEET HEKOTOpbIE OTpaHHYCHUS,
CBSI3aHHBIC TEM, YTO €CJIM NPHUMEHSETCS JUHAMH4YecKas KOMIOHOBKA HECKOJIBKHX
Moayneil ¢ Our-komoM, TO mpodmib coxpaHsercs Uil OOBETUHEHHOTO
NPE/ICTaBICHUS. MOJYJIel B MamsTH, B OyaymieM Mbl OyJeM COXpaHSTh Npoduib
OTAEJIBHO ISl KXKJIOTO MOJTYJISL.

78



4. Onmumu3ayuu, ucnosib3yrouwue npogursib

Wmes npoduip yxe nociie paboThl OJHOM WIIM HECKOJBKUX (DYHKIHUH, MBI MOXKEM
TOYHO OTPEJENUTh HE TOJBKO CTENEHb «TOpSYeCTH» CaMOW (YHKIHH - TO €CTh,
YacTOTYy HCIIOTHEHHSA MO CPaBHEHHUIO C APYTMMH, - HO M TaKK€ OTHOCHTEIBHYIO
«rops4ecTb» 0a30BBIX OJIOKOB, Y3KHE MECTa BHYTPH (DYHKIUH, KOTOPBIE MOXKHO
ONITIMU3UPOBATH MIPSIMO BO BpeMst paboTsI mporpaMmbl. K coxxaneHuio B HacTosIee
Bpems LLVM 2.9 umeeT noanepKKy TOIBKO OTHOM ONTUMM3AINHU, NCTIONB3YIOMIeH
uHpopmanmio o cobOpanHoM mpoduire (Basic Block Placement). J[lamee
ONMCHIBAIOTCSI HEKOTOPBIE ONTHMH3AIMM IPUMEHEHHE KOTOPBIX C Yy4YETOM
coOpanHOro mpodwisi MOXET TPHUBECTH  YBEJIMYCHUIO  OBICTPOJCHCTBHS
KOMITHJIUPYEMBIX TIPOrPaMM.

4.1. NepemeLueHne 6a30BbIX 65TOKOB

OcHoBHas HUcs PTON ONTHUMM3ALMHU 3aKJII0YACTCs B TOM, YTOOKI PaCIIOJIOXKUTL KO
YaCcTO HCIIOIHSAEMEIX 0a30BbIX OJIOKOB OJIM3KO APYT K Apyry, CoKpaiasa TeM CaMbIM
BpEMs BBIYHMCIICHHSA aApCCOB MNCPCXOAO0B MCKIAY 6J'IOI(3MI/I, a B OOJBIINHCTBE
CJIy4acB IO3BOJIAA HaXE€ HCIHOJIHATH ((FOpSI‘IPII;‘I KOI», COCTOHH.[I/Iﬁ U3 MHOCIOYKHU
6J'IOKOB, IIOCJICA0OBATCIIBHO.

4.2. PasbueHune 6nokoB

Ilon pa3OueHHEM MOHHMaeTCs YABOCHHME YacTO HCIIOJIHAEMBIX 0a30BBIX OJIOKOB
rpada noroka yrpasieHHs, UMEIOUIMX Oojee 0JHOro Mcxonsiero pebpa u Ooiee
oaHOoTO BXozsmero. CyTh alropuTMa rnokasana Ha puc. 3.

0 1000 10 1000

5 500

808 05 o 500

Puc. 3 Paszbuenue coedunenHuvix 6a308ulx 6J10K08: ciesa - 00 pazoueHus,
cnpasa - nocie.

JanHoe mnpeoOpa3oBaHWe HE SIBISETCS ONTUMU3HPYIOUMM camMo MHOo cebe, HO
MO3BOJISIET ONTUMM3AIMSIM, OCHOBAHHBIM HA aHAJIN3€ MOTOKA JAHHbBIX, - TAKUM, KaK
yIaJleHUe 3arpy3o0K, yJaalieHne I'PaHull MacCHUBOB, 3aMELICHHE Ha CTEKe H Mp., -
pabotats Oonee 3(h(heKTUBHO.
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4.3. BctpanBaHue chyHKUUMN

OuenHp BaXHBIM MPE0OPa30BaHHUEM SIBIISCTCS BCTpaWBaHKUE Tl (YHKIMI BMECTO X
BBI30BOB. BcTpauBaHue, OCHOBaHHOE TOJNBKO Ha CTaTMYECKUX IBPUCTHKAX, Ha
NpaKTHKE He BCEr/a JaeT onTUManbHbIi koa. Tak, ecian ¢pyHKIMs OyneT BCTpoeHa B
PEeAKO UCTIOJIHSAEMBIE YJaCTKH KOJa, HO OMNpPE/eNeHHbIE CTATHYECKUM aHATIH3aTOpPOM
KaK BO3MOXKHO TOpSTYHE, 3TO HE MPUHECET NMPAKTUYECKH HUKAKOH Moib3bl. Ecmm xe
OCHOBBIBAaTh PpEIICHWE O BCTpaMBaHWM (YHKIMM B KOHKDETHBIH OJOK Ha
(hakTHIECKON JacToTe ero UCTIOTHEHUS, BO3MOXKHO YBEIHYECHNE
MPOU3BOIUTENBHOCTH Aa)K€ B CPABHEHHUH CO CTATHYECKUMH KOMITHIIITOPAMH.

4.4, Pa3BepTKa LMKNOB

HNmes ,I[I/IHaMI/I‘ICCKI/Iﬁ aHaJIN3, MOXKHO TAaKXXC PA3BOPAYUBATH IUKJIbI, OCHOBBLIBASACH
Ha 4YaCcToTC HUX  HCIIOJHCHUI. HaanMep, qacTo HUCIIOJIHACMBIC  ITUKJIBI
Ppa3BopavuBaTh OoJIbIIee YHCIIO pa3 mid YBEJIMYCHUA MTPOU3SBOAUTCIIBHOCTHU, PCAKO
HUCIIOJTHACMBIC - MCHBIIICC HUJIN KC BOO6L[IC HEC pa3zBoOpavYuBaTh, YTOOBI OHU 3aHUMAJIU
MCHBIIC MMaMATH.

5. Tekywue pesynbmamabl

Ha nanHOM 3Tame peann3oBaHbl: HHPPACTPYKTypa, 0OECICUNBAIONIAs IPO3PATHYIO
KOMIMJLSIIIMIO B TPOMEXyTouHoe mpexacraBienue LLVM, aunammueckoe
CBSI3bIBAHME MOJIYJICH C MPOMEKYTOUHBIM MPEACTABICHUEM BO BPEMsI BBIIIOJIHEHHS
NpOrpaMMBbl, JEMOH-IPOGHUIMPOBIINK, OubIMoTeka paboTel ¢  mnpoduieMm,
coxpanenue npoduns B ¢opmare LLVM. Tak kak B LLVM JIT-komnuisitope
3aMeleHHEe Ha CTEKE ITOKa HAaXOJIUTCS B 3a4aTOYHOM COCTOSIHMH, TECTHPOBAaHHE
NpOXOAWIO B 2 TMpoxoja: cHadajna (YHKIUH KOMITWJIMPOBAJINCH C YPOBHEM
ontumuzannu -O2 u cOopkoil mpodwiis, a MOTOM C HCHOJIb30BaHUEM IPOQGHIA
KOMITHJIMPOBAJIHCE 3aHOBO. Pe3ynbraTel cpaBHUBaMCH ¢ GCC 4.4.3 ¢ ommusamu -02
U CTaHJApTHBEIM uHTeprperaTtopoM lli ¢ ommusimu -O2, TecTHpOBaHUE MPOBOIIIOCH
Ha MamuHe Intel Core2 Duo, E8500 3.00GHz, nva OC Linux Ubuntu 10.04 LTS.
PesynbraTel TECTHPOBAaHUS IPUBEACHBI B Ta0M. 1.

bes coo € y4eTom Ennanna
Tecr coopa HpO(l)I/Il)JIﬂ ngoq)mm gee mfaepe:nﬂ
npoduis
\Whetstone 3511,6 3219 3308 35948 MWIPS
Tfftdp 122,311 | 120,221 | 126,719 | 130,239 | VAX_FFTs
Heapsort 4458,57 | 3585,35 | 4458,57 | 2907,72 MIPS
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bes coo C YYETOM Exnanna
Tecr coopa Il Oq)I/Il)JISI nyotbmm gee millle e}lllm[
npoduiis P P P
Nsieve 2968 2667,2 3022,9 2996 MIPS
Flops 880,362 | 854,833 |1080,8889(1180,5825 MFLOPS
Fibonacci 0,72 0,97 0,72 0,86 secs
normal 048 | 052 0,49 0,48 secs
algorithm
temporary
variable in 0,49 0,5 0,47 0,49 secs
loop
unrolled 049 | o051 | 049 0,47 secs
Matrix [inner loop
Multi-  [pointers
licati
plication jused to 048 | 049 | o048 | o048 secs
access
matrices
ransposed b |4, | 14 0,12 0,14 secs
matrix
interchanged | 1, | 515 | 013 013 secs
inner loops
Scimark 1042 | 92021 | 104622 | 9g971 | Composite
Score

Tabn. 1. Pe3yriomamsl mecmupoganusl.

IMoMumo 3TOr0, OBUIM MPOBEIEHBI TECTHI 10 cOOPY NMpoduMIIs ¢ BHITPY3KOi €ro Ha
JUICK, TOCJENYIOIIUM MPUMEHEHHEM K (ailly OMT-KOoJa Ha MpHUMEPE MPOTrPaMMbI
sqlite u onmrumusanueit “Basic Block Placement”, uTo mnpuBeno K YCKOPEHHIO
paboTel TpOrpaMMBI Ha TECTOBOM Habope naHHBIX Ha ~3%. [l mpoBepku
KOPPEKTHOCTH MPOBOJAMIACH,  PEKOMIWIALMS OUT-KOJa, 0€3 ONTHMH3ALUH
UCTIONB3YIOIeH Mpo(uiIb, B 3TOM Ciiydae Mbl HAOIIOaNH 3aMEIJICHHE MOPSIKa
0,5%-1%.

Cnucok auTepaTypbl
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Dynamic profile collection for LLVM

A.l. Avetisyan, K.U. Dolgorukova; Sh. F. Kurmangaleev
arut@ispras.ru, unerkannt@ispras.ru; kursh@ispras.ru

Abstract. One has to harness dynamic and adaptive recompilation methods when designing
the system for general-purpose languages compilation which takes into account the specific
factors of target hardware and the most likely way of usage. It is favorable to research those
methods in the LLVM infrastructure environment. Unfortunately, LLVM does not support
dynamic profile collection and recompilation at the moment, as well as contains only one
profile-based optimization. Within the introduced work, we proposed and implemented the
system for hardware interruptions profile collection and the algorithm to correct profile
estimations, and, apart from that, the number of profile-based optimizations. We integrated
dynamic profile collection into the LLVM dynamic compiler resulting in constant program
quality regardless of hardware architecture.

Keywords: profiling; just in time;
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MeToabl TOYHOro U3MepPeHUss BpeMeHu
BbINOJSIHEHUA FHe34 LUMKIOB Npu aHanuse
JavaMPI-nporpamm B cpepe ParJava

A.U. Asemucan, M.C. Axonan, C.C. Iaticapan 1,
arut@ispras.ru, manuk@ispras.ru, ssg@ispras.ru

AnHoTammsi. B paboTte paccMaTpUBAaIOTCS METOJBI OLEHKM BPEMEHH BBIIOJHEHHS MOJIEIN
HapayiebHON IPOrpaMMBl Ha HHCTPYMEHTAIFHOM KOMIIBIOTEpPE, KOTOpBIC IO3BOJISIOT
JOCTaTOYHO TOYHOTO TIPEJCKA3bIBaTh BPeMs pEaJbHOTO BBIIOJHEHHS IapajuielbHON
NpOrpaMMbl  Ha 33/laHHOM  TApPaJUICIBHOM  BBIYMCIUTENBHOM —KOMIUIEKce. Mopens
paspabortana a1 mapauienbHeix SPMD mporpamMm ¢ SBHBIM OOMEHOM COOOIICHUSIMH,
HaNMCaHHBIX Ha s3bIke Java ¢ oOpamenusmu k Oubimmoreke MPI, u BiiroYeHa B COCTaB
cpenpl ParJava. B Mopmenu BBIIENSAIOTCS OINpPEACHCHHBIC BHABI LUKIOB (OJHOPOJHBIC,
penynupyemble) U MPOU3BOJMUTCS MX OLEHKA Ha y3je LEeJICBOH BBIYMCIUTEILHOH CHCTEMBI
(BBICOKONIPOM3BOUTENIBHOTO ~ KJIacTepa). JTO  IO3BOJSIET HE TONBKO  YMEHBIIUTh
HOTPEIIHOCTh MpeJCKa3aHusi, HO W YCKOPUTh BpeMsl MHTEpHpEeTalMyd MOJeIH Ha
HMHCTPYMEHTAJIEHOM KOMIIBIOTEPE.

KuroueBble ciioBa: napauICJbHbIC BBIYUCIICHUA; MOJACIUPOBAHUEC napannenLHoﬁ 10 JaHHBIM
IMporpaMmbl; OLICHKa BPDEMEHU BBITIOJIHEHUS; OLICHKA MaCH_ITaGI/IpyeMOCTI/I; MHOT'OSAZIEPHOCTb.

1. BeedeHue

Cpema ParJava [1] mpenoctaBimseT MPHKIAZHOMY TPOTPAMMECTy Habop
WHCTPYMEHTOB, TOAJCPKHUBAONINX Pa3pabOTKy NPUKIAIHBIX IapajuIeTbHBIX
OporpaMM  JUI1  BBIYMCIHTEIBHBIX CHCTEM C  PACHpeleNieHHONH IaMsThIO
(BBICOKOTIPOM3BOAUTENBHBIX ~ KJIACTEPOB) Ha  s3BIKE Java, pacHIMpeHHOM
cTaHmapTHOW OuOmmoTekoil mepenmaun coobmenwit MPI  [2, 3]. Mmuorue
MHCTPYMEHTHI cpensl ParJava MoryT BBINOJTHATECS Ha HHCTPYMEHTAJIEHOM
KOMITBIOTEpE, MCIOIb3Ysl BMECTO pa3padaThIBaeMOi NMapajuleIbHOM MpOrpaMMBbl ee
Mojens [4], KOTOpas MOMKET MHTEpIPETUPOBAThCA KaKk Ha  IeIeBOH
BBIUUCIIUTEIBHON CUCTEME, TaK U Ha MHCTPYMEHTAJILHOM KOMIIbloTepe. Mogens
napaiielbHOH IMporpaMMmbl afeKBaTHO OTpaXkaeT €€ IIOBEACHUE Ha KiacTepe,

1 HUP noxnepxana rpantamu PODU 09-07-00382-a u OIIIT «HayuHble 1 HAydHO-
negarorndeckue Kaapbl HHHOBaIMoHHo# Poccnu Ha 2009-2013 roap, 'K Nel1728
ot 12 aBrycra 2009 rona
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MO3BOJISISl  MCCJIEOBaTh JAWHAMHYECKHE XapakTePUCTHKH (B YaCTHOCTH, BpeMs
BBITIOJTHEHWSI) pa3pabaThiBaeMOii POTPaMMBI, WIIN €€ YacTeH.

Mopnens SPMD-nporpaMMbl  IpeICTaBISET COOONH COBOKYITHOCTh MOJEIEH BCEX
KJIACCOB, BXOMAAILIMX B COCTaB MOJEIUPYEeMOH mporpaMMel. Mojens Kaxkaoro
KJlacca — 3TO MHOXECTBO MOJENeH BceX METOMOB ATOT0 Kjacca, KpoMe TOro, B
MOJIENTb KJIacca BKIIOYAETCS MOJENb €Ile OJHOTO IOMOJHHUTENEHOTO METOAA,
ONHMCHIBAIONIETO TOJS KJAcCa, €ro CTaTHYeCKHe TIIepeMEHHBIE, a TaKKke
MHHULHAAIA3ANNIO TIOJIeH W CTaTHIECKUX TMEepeMEeHHBIX. Monenb MeTona ((hyHKIHH)
NPE/ICTABISIETCS B BUJIE Mapbl (MOJIENb IOTOKA YIPABJICHUs, MOJICNIb BEIYHCIICHHH).
Mopens MOTOKa YIpaBICHHUS MPEACTABISIET COO0OH MOTUPHIMPOBAHHOE IECPEBO
yIpaBJICHUS METOAA, MOTydeHHOE U3 Tpada MOTOKA YIPABICHHUS IyTeM BBIICICHUS
W CBOpauuBaHHA oOnacTedl. BHyTpeHHHWE BepIIMHBI MOJEIH COOTBETCTBYIOT
oreparopaM YIIpaBlIeHHUS MOAEIMPYEMON NPOrpaMMBl, a JIUCTOBBIE NMPEJCTABISAIOT
coboii JeckpunTopbl ee¢ 0a30BbIX 0JIOKOB. B kauecTBe 0a30BBIX OJIOKOB
paccMaTpuBaIOTCA HE TONBKO JIMHEWHbIE IIOCJIEIOBATEIbHOCTH BBIYUCICHUN
(BbIUMCHIMTENBHBIE 0A30BbIE OJIOKH), HO TaKXKE M BBI30BbI OMOIMOTEYHBIX (DYHKLUH,
BBI30BBI OJIb30BATEIBCKUX METOJOB M (DYHKIMH M BBI30BBI KOMMYHHKAIIMOHHBIX
¢bynakuid. Jns obecrnedeHrs BO3MOKHOCTH YaCTHYHON HWHTEPIPETAUU MOJCIH U
WHTEPIPETANH MOJICNH II0 YacTSAIM BBEICHO IMOHATHE PEAYLHUPOBAHHOTO OJIOKA,
KOTOPBI  MPENCTAaBISACT  3HAYCHHWSA  JAWHAMHYCCKHX  aTPUOYTOB  yKe
MPOMHTEPIIPETUPOBAHHEIX YacTeld Merona. Jleckpunrop kaxkaoro 6a3oBoro Oioka
COJICPKHT OIICHKY BPEMEHH BBIITOIHEHUS JAHHOTO 0a30BOI0 OJIOKA, ONPEACICHHYIO
0 Havaja HWHTEPIPETallid HAa OJHOM Y3IIe IENIEBOW BBIYHUCIHUTEIEHOW CHCTEMBL.
Mozenp  BBIYMCICHUH  colnepXUT  OaiiT-koj — Kaxaoro 0Oa3oBoro  Oioka
MOJICIUPYEMOTO METOJa, YTO IO03BOJSET BBIIOIHATH (MHTEPIPETHPOBATH) €€ Ha
JavaVM. Tlo oOKOHYaHWH BBIMIOJHEHUS OYEpPEAHOrO0 0a30BOro OJI0OKa MOJCITH
BBIYMCIICHUN BBI3BIBACTCS MHTEpIIpeTaTop cpeabl ParJava, KoTopslil, ¢ MOMOIIbIO
MOJIETIM TIOTOKa YIIPaBJICHHS, OIpenessieT ouepenHor 0a3oBbId OJOK, KOTOPBIH
ClIeyeT HHTepIPETHPOBATE.

B nannoi#i paborte paccMaTpuBarOTCs MPOOJIEMBI, CBSI3aHHBIE C ITPOTHO30M BPEMEHH
BBINIOJIHEHHS — ApajuIesIbHOM  NPUKIAAHOW INPOrpaMMbl M UCCIIEJOBAaHUEM
3aBUCHMOCTH BPEMEHU BBINIOJIHEHHSI IMPOrpaMMbl OT 4YHCIA Y3JIOB I[EJIeBOil
BBIYHCIIUTEIBHONW CUCTEMBI (KJIacTepa), y4aCTBYIOIMX B BBHIIOJIHEHUH MPOTPaMMBI.
O1leHKH BPeMEHHU BBITIOJIHEHHUS [TPOTPaMMBbI JUISl Pa3iIMuHbIX 3HAYCHUH YMClia yIIOB
KJacTepa, IO3BOJIIIOT  MPHUKIAJHOMY IPOrPAaMMHUCTY  IMOCTPOHUTh  Tpaduk
3aBUCHUMOCTH OLICHKM BPEMEHHM BBINOJHEHHWS €ro IporpaMMbl OT YHCIa
3aJIeHCTBOBAHHBIX Y3JIOB, OIIEHUTh TPaHUIBl 00JIACTH MaclmTabupyeMOCTH
NporpaMMbI M BBIOpaTh ONTHMaIbHOE YHCIIO Y3JIOB Kiactepa. Kpome Toro, takume
OLICHKH TIO3BOJISIIOT BPYYHYIO cOanaHCHpOBaTh OOMEHBI JaHHBIMH MEXIY
HapajuleJIbHBIMM BETBSIMH TIPOTpaMMbI 32 CYET NPaBHILHOTO BbIOOpa (yHKLMIA
6ubmmorekn MPI 1 onpenenenns onTUManbHBIX TOYEK BBI30BA 3THX (DYHKLMI.
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WHtepniperarop  MozeNM  MapauieIbHOW — NpOrpaMMbl,  paboraromuii  Ha
MHCTPYMEHTAJIILHOM KOMITBIOTEPE MCIONB3yET BPEMEHHBIE MTPOQHIN NapaieIbHONH
MPOTPaMMBI, TIOJTy9IE€HHBIE 3apaHee Ha IIeJIeBOH BEIYMCIUTEIBHON CHCTEME.

[IpoOnembl, cBs3aHHBIE C IOJYYEHHEM JOCTATOYHO TOYHBIX OICHOK BpPEMEHH
BBINIOJIHEHHSI ONEpalii OOMEeHa M0 XapaKTePHCTHKaM KOMMYHHKAI[HOHHOW CETH
KJIacTepa pacCMOTPeHHI B paboTe [5]. B manHOi paboTe paccMaTpUBarOTCS METOBI
OIICHKA BpPEMCHH BBITIONHEHUS (parMeHTOB Java-mporpaMMbel (B YacTHOCTH,
0a30BBIX OJIOKOB), HE colepKallux omepanmii oOMeHa. Kak mokasaHo B JaHHOW
paboTe, IpH NOCTPOSHHU BPEMEHHOTO POGHIIS HE CIEeAyeT OrpaHHIUTHCS OLCHKOH
BPEMEHH BBIITOJHEHHUS 0a30BBIX OJIOKOB, HHTEPIPETALUS MOXKET OBITh CYILECTBEHHO
YCKOpEHa, €CJIM OLCHMBAaTh W BpeMs BBIIOJHEHHs 0OoJjiee KPYNHBIX (parMeHTOB:
OTACIIbHBIX I/ITepaIlI/Iﬁ IUKJIOB, HUKJIOB B IICJIOM, @ B HCKOTOPBIX ClIydadX — U THE3Q
IIUKJIOB.

Bpemennoit mnpodmiap MOmemMpyeMoOd IMPOrpaMMBI  CTPOUTCSA Ha  IEJIEBOI
BBIYHCIINTEIBHON CHCTEME W YTOUHSETCS] B IPOLIECCe MHTEPIPETAluy MPOTrpaMMBbI.
C moMompl0 omepanMd peayKuud (CBEPTKH), BBeACHHOW B [4], Momems
npeobpasyercss kK (opme, oOecreuMBaroleii ee ObICTPYI0 HHTEPIIPETALHIO.
MeronaM pazOueHHs MOJENH NPOTrpaMMbl Ha JOCTATOYHO KPYIHbIE (hparMeHTEHI,
JUI KOTOPBIX BO3MOJKHO MOJTYYUTh U UCTIONB30BaTh JOCTATOYHO TOYHBIE OLEHKU MX
BPEMEHH BBHIIIOJTHEHUS, TOCBAIICHA JaHHAs CTaThs.

B pasnerne 2 nmpuBoauTCS KpaTKOE OIMCAHNWE MOJIENN IPOTPaMMBbI, METO/IOB OIIEHKH
BPEMEHHU BBIIIOJIHEHUSI NPOTPaMMBbl M €€ (hparMeHTOB, PEATM30BAHHBIX B CpEle
ParJava, u yrouHsieTcs MOCTaHOBKA 3ajaun. B paszjene 3 paccmarpuBaeTcsi cxema
YKpPYHHEHHS (pParMeHTOB MPOTPaMMBI, JUIS KOTOPBIX BO3MOXHO HOCTPOHTH
JA0CTAaTOYHO TOYHBIEC OLCHKHW BPEMCHHU HX BBIIOJIHCHUSA. B YaCTHOCTH, B JaHHOM
pas3zene paccMaTpUBAIOTCS METOMABI IIONYyYEHHsS OIEHOK Ui T'He3l LHUKIOB U
pa3buparoTcs Cilydau, KOT/Ia O3THX OLEHOK JIOCTaTOYHO JMJIsi MOJEITHPOBAHUSA
MOBEJICHNUS TPOrpaMMBl ¢ Tpebyemoil TouHOCThIO. B pasmene 4 oOcyxmaroTcs
METOJIbl M3MEPEHHs CTENEeHH pa30aJaHCHPOBAHHOCTH THE3/1a LUKJIOB W METOJBI
OLICHKM BPEMEHHU BBINOJIHEHNS pa30alaHCUPOBAHHBIX THE3/ IMKIOB B Cpele
ParJava. B pasgene 5 paccmarpuBaroTcsi METOJbI IOJIyYEHHS OICHOK BpPEMEHH
BBITIOJTHEHHST NTApaJUICJIbHBIX IUKIIOB, TPeOYIOMMX CHHXpoHM3anuu. B pasnene 6
paccMOTpPEHHBIE METOAbI IPUMEHSIIOTCS JUIsl OLIEHKH YCKOPEHHSI M TPaHHIl 00JIacTH
MaCH_ITa6I/IpyeMOCTI/I HEKOTOPBIX MOJCIBHBIX U PCAJIbHBIX ITPOrpaMM. B wactHOCTH
CTposITCA TpauKH TpeacKa3aHUsl TpaHUI] o0JacTH MacmTabUpyeMOCTH st
MPOTPaMMBI MOJICTHPOBAHIS HHTEHCUBHBIX aTMOC(hEpHBIX BUXpei [6].
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2. BblqucneHue oyeHKU epemMeHU 8bINo/IHEeHUsT Memodgdoa.

Kak omucano B [4], Momenp KaxIoro Meroja Java-mporpaMmbl PEKYPCHUBHO
CTPOHTCS W3 MOJelneil ero (1)palrMeHT0132 — 0a30BBIX OJIOKOB M WX KOMOHWHAIWIT
(TmocienoBaTeMPHOCTEH, BETBJICHMHN, NepekiIrouaTeNiel u [ukioB). V3Mmepus
3HA4YeHHE BPEMEHH BBIMIOJHEHHS Ka)KA0ro 0a30BOro OJIOKa, MOXHO B IpoOIEcce
MHTEPIPETAH MOJEIN BBIYUCISATH OLECHKA BPEMEHU BBHINOJHEHHS Ppa3IMuHBIX
KOMOMHAIMK 0a30BBIX OJIOKOB M Ooyiee KPYHHBIX (PparMeHTOB, MOJIydas B KOHIIE
UHTEpIpEeTallud METOJa OLIEHKY BpEeMEHU ero BbImonHeHus. Ilpu 3Tom Bpems
BBINIOJIHEHHSI T10CJIEJOBATEIBHOCTH (ParMeHTOB BCErjJa pPaBHO CyYMME BpeMeEH
BBITIOJIHEHHSI COCTaBJIsIOIIMX (parmeHToB. Ho ecim B coctaB dparMeHTa BXOIUT
BETBJICHUE, TO BPEMsI €TO BBINTOJHEHUS 3aBHCUT OT BPEMEHHU BBINOJIHEHUS TEKYyIeH
BETBH, T.€. OMNpEIEIsIeTCs 3HA4YCHMSIMH IlapaMeTpoB Merona. Ecmm Bpems
BBITIOJTHEHMS (hparMeHTa He 3aBHCUT OT MapaMeTpoB MeToJa (HampuMep, pparMeHT
HE COJCPKUT BETBICHWH, WM BpPEMs BBINOJHEHHS KaXJOH BETBH NPHMEPHO
oaHHaKOBos), OyneM Ha3pIBaTh Takoil QparmMeHT npocmuim. B TepmuHax [4]
Ka)XIbIil MPOCTON (pparMeHT MOXKET OBbITh PeIyLIPOBaH.

Jlerko BHIETH, YTO €CIM TEJO HUKJIA SBILSIETCS NPOCTHIM (PParMEHTOM, TO U caM
IUKJ SIBJISIETCSl TPOCTHIM (DparMEHTOM M MOXET OBbITh penyuupoBaH. Mbl Oynem
Ha3bIBaTh TaKue LUKIBL npocmuimu. [1o100HBIE COOOpaKEeHHs NMPUMEHUMBI M K
COOTBETCTBYIOIIUM THE3/1aM LIUKJIOB, KOTOPBIE TOXKE OYAYT Ha3bIBATHCS NPOCHbIMU.
Eciu MOXHO J0Ka3aTb, YTO THE3I0 LMKIJIOB SIBJISETCS IIPOCTBIM, MOXXHO IIpH
OIpe/IeJICHUH BPEMEHHOTO MPOQUIIs METOJIa U3MEPHUTH BPEMsI BBIIIOJIHEHHSI TAKOTO
THe3/1a ¥ 3aMEHHUTH €ro Ha PeAYyIHPOBAHHBIN OJIOK C COOTBETCTBYIOIINM BPEMEHEM
BBINOJIHEHHS.

Crenmyer OTMETHTB, YTO THE3/I0 LIMKJIOB, COZEpIKallee onepanui oOMeHa JaHHBIMU
yepe3 MPI, He MoXkeT OBITH MPOCTHIM, XOTS BHYTPEHHHUE IMKIBI, HE COAEprKalue
orepanuit o0OMeHa, MOTyT OBITh IPOCTHIMH U IOITYCKaTh PEIYKIIHIO.

Hns mapamtensHeix MPI-nporpamMM, HamMcaHHBIX Ha OJHOM M3 TPaJHLHOHHBIX
sa3p1k0B (C/C++, Fortran), Moxenp IOMKHA CTPOWTHCS HE HAJ MCXOTHBIM KOJIOM
NPOTPaMMBbI, a HaJl ee MPOMEKYTOUHBIM MPEACTABICHUEM C YYETOM DPE3YJIbTaTOB
CTaTHYECKOM ONTHMHU3AIMHU, TaK KaK ONTHMH3AaTOPbI COBPEMEHHBIX KOMIIHIISITOPOB
MOTYT CYIIECTBEHHO HM3MEHHTh CTPYKTYPY IMPOrpaMMbl, a CJEJOBATEIbHO, U €e
MOJIEIIb.

Juis mapamnensHeIx Java-nporpamm, ucnoib3yrmux MPI, ctpykrypa nporpammer,
BEITIOTHAEMOM Ha Java VM, mpakTHuecku He OTIMYAETCS OT CTPYKTYPBI UCXOTHOM

2 B nauHoii paGoTe paccMaTpHBaOTCs (PArMEHTbI, KOTOPBIE B JIHTEPATYPe OOBIYHO
HA3bIBAIOTCS O0JIACTSIMH WIIM PETHOHAMH, T.€. ToArpadbl rpada MOTOKA yIIpaBICHUS
METO/a, UMEIOIINE CMHCTBCHHBIN BXOJHOW 0a30BBIN OJIOK, JTOMUHHPYIOIIUA HaJ
BCEMH OCTaJHLHBIMU OJIOKaMU ()parMeHTa.

® BpemeHa BBINOTHEHHS BETBEH pasnuualoTcs Ha PY%, rie P — AOCTATOUHO MAJo
(manpumep, p = 10).
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NpOTpaMMBI: CTaTWYECKas ONTHMH3ANWs, KaK IPaBHUIIO, IPOU3BOIJHUTCS TOJBKO
BHYTpH 0a30BBIX OJIOKOB M HE BIMSET Ha CTPYKTYpy Hporpammsl. B mpomecce
BEINTONTHEHHUA Java-mporpamMmel Ha Java VM ompenensioTcss Hamboiee dYacTo
BBINIOJTHSEMBIE (ParMEHTHl MPOTPAMMEI  («2opsauue» Memoovl) W UL HUX
BBINIOJHACTCS ~JAWHAMHUYECKAas KOMIWIAIMSA C arpecCHBHOM  ONTHMH3AIMCH
(pa3paboTYnKi AMHAMHYECKHUX KOMITHJISATOPOB CYHTAIOT, YTO Takue (parMeHTHI
cocraBisiroT MeHee 20% Bceil mporpammbl [7]). Takum oOpa3zom, Gofbliasi 4acTh
METOJIOB IPOTPaMMBbI IIPOJOJKAET WHTEpIpeTHpoBarbess Ha Java VM, npuuem
TaKHe METO/Ibl OOBIYHO Y/IOBJIETBOPSIOT YCIOBHAM PEAYKIIMU M TIPH HHTEPIIPETALUH
MOJIETM BHOCST HEKOTOPHIH IIOCTOSIHHBIM BKJaJ BO BpeMs BBINOJIHEHHS
COOTBETCTBYIOIINX (PParMEHTOB (BpeMsi MHTEpHpETAllMM TaKMX METOAOB B Cpele
ParJava cpaBHUMO ¢ BpeMeHEM HHTEPIIPETAIIIH OHOTO 0a30BOTO OJI0Ka).

YTo KacaeTcsi «ropsidMx» METOIOB, TO JUIl YCKOPEHUS HHTEPIPETAlUH X MOJIeeH
C COXpaHEHHEM TOYHOCTHM OLICHOK BPEMEHHU BBIIOJHEHHS HEOOXOAUMO yMETh
BBIJICTSITh KaK MOXKHO OoJjiee KpyIHbIE ()parMeHThI, B Mpejesiax KOTOPBIX ObIBacT
COCpeloTOueHa OOoJbIlIasi YacTh CTPYKTYPHBIX HM3MEHEHWH KOJa, CBS3aHHBIX C
ONTHUMH3ALMEH, U TPH NPOQUINPOBAHUM H3MEPATb BpPEMs BBINONHEHHUS TaKHX
(parMeHTOB B LENOM, II0 BO3MOXXHOCTM WTHOPUPYsS HX CTpyKTypy. B
NapaJUIeNbHBIX MPOrpaMMax TaKUMH KPYIMHBIMH (parMeHTaMH SIBISIIOTCS THe3lIa
LIMKJIOB.

3. UsmepeHue epeMeHU 8bINosIHeHUs1 cbanaHCcupo8aHHbIX
2He30 Yukros.

Paccmotpum THe3o mukiioB for. OHO MOXeT ObITh MPEACTABICHO B BUJIE JEPEBa,
KOpHEM KOTOPOTO SIBJISIETCS CaMblil BHEIIHUIA nuki fOr, a mojiepeBbsiMu sSBISIOTCS
kel for riayOunel BioxeHnHocTd 1, ganee mo pekypcuu. Eciu y omHOro us
[IMKJIOB THE3/]a HET BJIOKEHHBIX B HETO IMKJIOB, TO COOTBETCTBYIOIIUN €My y3ell
JAC€peBa HE HUMEET NOAACPEBLEB W ABIICTCA TEPMHHAJIBHBIM B  JICPEBE,
MPECTaBIISIONIEM THE3/10 IUKJIIOB.

B MPI-porpammax, kak mpaBuiIo, pacnapauieIiBacTCs OJWH U3 BHEIIHUX [IUKIIOB
rHe3na (Yacto 3T0 OBbIBaeT camblii BHENIHMWA IWKI). B manpHeimiem Oymyt
paccMaTpuBaThCS  TOJBKO — paclapajuieiMBaeMble  MOATHE3[a, Yy  KOTOPBIX
pacrnapaieIuBaeTCsl CaMbli BHEIITHUH ITUKJI.

Paccmotpum  mmkn  for, KomM4ecTBO MOBTOPEHHMH KOTOPOrO  paBHO N.
Wntepnperanus 3TOro mMKiIa Ha HHTeprnperarope cpensl Pardava (mmbo Ha
JavaVM) no3BoJIHUT U3MEPHUTS:

(1) Bpems BBIIOTHEHUS LUK TLoop ;

oo [
(2) BpeMs BBINOJIHEHUS TeJA LIMKIIA Ha i-0H uTepanuu TLOOpBody.
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i
CpaBHeHue TLoopBody

CO CpefHHM BpEMEHEM BLINOJIHEHHS Tela IHKIA
mean _ TLOOP 6
LoopBody = ——~ TIO3BOIIUT OMIPEJIETUT CTENeHb COANTAHCHPOBAHHOCTH IMKIA
D = max|T, —T,mean Bynem roBso 0 paccMma AeMbIi
= MaX[T Loopgody ~ TLoopBody|- BYACM TOBOPHTS, HTO paccMaTpHBaeMBii Ltk

coanancuposaH, €cIM ero CTeneHb cOamaHcupoBaHHOCTH D He mpeBbImaer

mean
& | ooppody-  (IIOCKONBKY  JIOMyCTHMasi — MOTPEIIHOCTb  OLCHKH  BPCMCHH
BBITIOJTHEHHS (pparMeHToB nporpammel mopsaka 10% [1], moxuo mpunste o = 0,1).

B npotuBHOM citydyae UK OYIET CUUTATHCS pa30aiaHCUPOBAHHBIM.

[Tockonbky onTUMHM3UpYIOIIHE MpeodpazoBaHus IUKIA (Takue, KaK BHIHECEHHE U3
OUKIIa BBI‘IHCJIGHI/II?‘I, HWHBAPUAHTHBIX OTHOCHUTCIBHO ILHUKJIA, WJIW MHWHHUMH3ALUA
quciaa WHAYKTHUBHBIX HepeMeHHLIX) HEC BJIUAKOT Ha €ro CTCIICHb
C6aJ‘IaHCI/IpOBaHHOCTI/I D, HU3MCpPCHUC D MOKHO BBIIIOJHATH AJIAI UCXOAHOI'O KOoaa
MPOTPaMMEI TIPH €T0 HHTEPIpETallny Ha MHTEpIIpeTaTope cpeabl Pardava , mubo Ha
JavaVM.

I'He3n0 1MKIOB OyaeM Ha3bIBaTh COANAHCUPOBAHHBIM, €CIIH KaKIBIH ITUKI,
BXOISIIUI B €ro cocras, cOamaHCHpOBaH. AHamn3 cOalaHCHPOBAHHOTO THE3Na
IIUKJIOB BBIMTONTHACTCS, HAYMHAS C CAMBIX BHYTPCHHUX (<JTHCTOBBIX») IUKJIOB. J{7s
KaXIOT0 TaKOTO IIMKJIA HW3MEpsieTCs BPEeMs €ro BEHINOJIHEHHS, IIOCIE Yero
VKa3aHHBI [WKI pexaymupyercs. [loaToMy Ha KaxXIOM JTale  aHaIHM3a
paccMaTpUBaeTCsS IHMKI, ¥ KOTOPOTO HET BIOXCHHBIX HUKJIOB (ITOCTE PEXyKIIHU
KaXIblii BJIOXCHHBIH IIMKJI 3aMCHSETCS «IKBHUBAJICHTHBIMY» PEIYIIHPOBAHHBIM
6a3oBeiM OsiokoM). Ecnm cOanmaHcupoBaHBI Kak caM IMKI, TaK W BCE€ TOJIUKIIBI,
BXOJAIIUE B €ro TEJIO, TO IPU CHATHUU BPEMEHHOI'O HpO(i)I/IJ'Iﬂ TMOJIy4acTCda OUCHKa
BPEMCHH BBINIOJIHCHUA BCCTO IUKIIA, a OLCHKA BPEMCHU BLIITOJIHCHUSA OTHeHLHOﬁ
UTCpalrU IMUKIIA OMIPEACTIACTCA NCJICHUEM OLICHKN BPEMEHU BBITIOJTHEHU 1UKJIA HA
YHCJIO €T0 UTEepalHil.

Paccmorpum ciywaii cOalaHCHPOBaHHOTO IMKJA, YHCIIO HTEpanuii KOTOPOTo
OTIpeNieNsIeTCcs] BO BpeMs BBIONHEHHUS MPOrpaMMbl (HampuMmep, B 00BEMITIOIIEM
uKIe). B aTom ciyyae Hy)XKHO TOYYUTH OLICHKY BPEMEHHU BBITIOHEHHS IIUKIIA JIJIs
JOCTAaTOYHO OOJBIIOTO 9YHCIIA HTEpalni, MOTOM TIOJIYYHTh OLEHKY BpPEMEHHU
BBINTOJIHEHHUS OJHON HMTEpaIiy IMKIA, IIPUYEM HOCIETHSS OyIeT MCIIOIh30BaThCS
JUIA BBIYHMCIICHHWS OLIEHKM BPEMEHM BBIIIOJHEHHS pPAacCMAaTPHBAEMOTO IMKJIA Ha
KaXJOH nTepanuy OOBEMIIIOIIEr0 LUKJIA. AHAJOTHYHBIH METOA NPHUMEHHM H K
BBIUUCIICHUIO OLEHOK BPEMEHM BBINOIHEHUS LUKJIOB, DPACHpPENENsieMbIX Cpeau
Y3J10B BBIUUCIUTENBHON CHCTEMBI JUI NMapajuIeNbHOTO BBINOJIHEHUS. Pe3ynbraTsl
YHCICHHBIX pAacueTOB MOATBEPAMWIN IPABOMEPHOCTh ONMCAHHOIO MOAXOJa K
OLICHKE BPEMEHH BBINOJHEHUS COATaHCHPOBAHHBIX IIUKJIOB.
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4. U3smepeHue cmeneHu pa3banaHcupoeaHHOcMuU 2He30a
YUKII08 U epeMeHU 8bINoJyIHeHUsl pa3basaHcupoeaHHbIX
2He30 yuknoe 8 cpede ParJava.

PaccmoTpum nuki Buaa:
for(i = 0; 1 £ n; i++) {
{frl};
if(c(i)) {£fr2};
else {fr3};
{fr4}
}
Wnrepnperanust ¢pparmentoB {£rl}, {£r2}, {£r3} u {£r4} u yciosus c (i)
Ha MHTepmperaTope cpeanl ParJava (mmbo ma JavaVM) mo3BonseT HOTyduTh
NpEJBAPUTENLHBIE OLEHKA BPEMEHU MX BBINONHEHMA: Trr1, Tio, Tia Tirar Vo). 1lpm
9TOM OLIEHKa BPEMEHHU BBINOJHEHUs Teja IMKJIa MOXET OBITh BBIYHCICHA II0
dopmyne Tioopsody = Trr1 + Tegi) + Tcond + Tira, THE Tcong OTpEsEnseTCs CIEAYIOMIM
0o0pa3oM: Ha MHTEPIPETATOPE OLECHMUBAIOTCS YacTOTHl BBIIIOJIHEHUS BETBEH
ycIoBHOTO oniepaTtopa Fe, 1 Fy3, mocne gero Teong Onpenemnsiercs mo Gpopmyie

. Ffr2 'Tfr2 + Ffrs 'Tfr3

ond —

TC
I:fr2 + Ffr3

Ecmu pparmentst {£rl}, {£r2}, {£fr3} u {£rd} comepikaT BETBIICHUSI, OIICHKH
BpEMEHA WX BBHIMOJHEHHUS JOJDKHBI OBITh TIOJMY4YEHBI 3apaHee, C TMOMOIIBIO
OIUCAHHOTO METO/a.

Jns onpeneneHus cTeneHM pa30alaHCUPOBAHHOCTH IMKJA (WM THE3/a IMKIIOB)
MHTEPIPETaTOp MOJAETH 3aIlyckaeTcsi He MeHee ueM B P moTokax (P — mocratouno
Oosibioe yncno, Hanpumep P > 16), u BpeMsi MHTEpIpeTalMy THe3la LUKIIOB

u3Mepsercs B KaxxJoM noroke. ITycts TCp — OLICHKA Tcong B P-oM moToke (1 <p <

ond
P). Torma cremeHs pa30alaHCHPOBAHHOCTH BBIYUCISIETCS 1O  (opmye

D = max (chmd) —min (T, C%nd) . JIerko BUZAETh, YTO PACCMOTPEHHBIH METO[
P P

MIPUMEHHUM JIS OTICHKH pa30aJaHCHPOBAHHOCTH IIMKJIOB OOIIETO BUA.

BBuay Toro, 4to mpu BHIYUCICHUH BPEMEHH BBIIIOJHEHUS LIMKJIA U €r0 OTIEIbHBIX
UTepalril M3MepeHne BPEMEHU MPOU3BOJUTCS JIMIIL B Hauaje M KOHIE WTEPAlMH,
OILICHKA II0JIy4aeTCsl IPaBUIIbHOM, HECMOTPS Ha TO, YTO CTPYKTYpa BBIIOJHAEMOTO
[UKIa TIOoCNe JWHAMHYECKONH KOMIWIAIMA MOXET OBbITh ONTHMHU3WPOBAaHA, B
pe3yJIbTaTe 4ero OHa MOXKET CYMIECTBEHHO OTJIMYATHCS OT CTPYKTYPBI HCXOJHOTO
uukia. MoKeT M3MEHHUTHCS JaKe YHCIO UTepalMil LUKJIA M3-32 €ro 4aCTUYHOU
PaCKpyTKH. HHTepakTUBHBIN CLICHapui yYCTpaHEHUst 0OHapyKEeHHOMH
pa30aaHCUPOBAHHOCTH THE3/la ITUKIOB COCTOUT B PACHpPEISIICHUH IO ITOTOKaM
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rpyIn UTepanuii HMKiIa TakuM 00pa3oMm, YTOObI BpEMEHA BBIMOIHEHUS YKA3aHHBIX
TPYIT UTEpAUN CTaTM OJU3KH (pa3siIuvaiuch Ha TOCTATOYHO MAIYIO BEIMIUHY). B
cllydae HEJIOCTATOYHO HHU3KOW (C TOYKHM 3pEHHs TIOJIb30BaTeNs) CTENeHH
pa30amaHCUPOBAaHHOCTH  (3TO  BBIACHSAETCS C  TIOMONIBIO  HHTEPIIPETAaTOpa)
MOJIb30BATENIb  BPYYHYIO MEHSET pachpefeiieHHe W CHOBA C  [OMOIIBIO
MHTEPIPETaTOpa BBUICHSAET CTENeHb pPa30aJaHCHPOBAaHHOCTH, IIOCIE 4Yero Jubo
npolecc 3aKaH4MBaeTcs, JIMOO MpoBepsieTcsi HOBoe pacmpenesieHue. Eciu nukn
pasbanaHcUpoBaH, OIIEHKA BPEMEHH €ro BBINOJHEHMS IOJNIydYaeTcsl Kak cyMMma
OLICHOK BPEMEH BBINOJHEHHs BcexX ero urepauumit. Ilpm stom Bpems u3mepsercs
TOJIBKO B Hayalle U B KOHIIE UTEPAIMU: HHTEPIIPETaluy UTepanuii He TpedyeTcs, Tak
YTO ONTHMU3AINS HE BIUET Ha OLCHKY.

5. OueHka epeMeHU bIMNOoJIHeHUsT YukKioe, mpebyrouwux
CUHXPOHU3ayuu.

B mpenpiaymux paszienax paccMaTpUBAIMCh LUKJIIBI, IIETUKOM BBHITIOJIHSIEMBIE Ha
OITHOM M3 Y3JIOB KJIaCTepa, T.C. IUKIBI, KOTOPBIE BO BPEMsS CBOECTO BEIIONHEHHS HE
TpeOyIOT TMepHoAWYecKHX OOMEHOB IaHHBIMH MCEKOYy V3IaMH Kiactepa (|
CBSI3aHHOHU C TaKMMH 0OMEHaMH CHHXPOHHU3AIINH BEIYUCIICHUH HA PAa3HBIX y3iax). B
JAaHHOM pa3/ielie pacCMaTPHUBAIOTCSA OICHKH, HEOOXOOMMBIC U1 IPaBHIIBHOTO
(onTUManbHOTO) pa3MenieHus BbI30BOB (yHkuunit 6udimorexkn MPI B Tene nuxia,
BBINOJIHAEMOT'0 MapajuleIbHO Ha HECKOJIBKHMX Y3J1ax KjlacTepa. YKa3aHHbBIE BBI3OBBI
JIOJDKHBI OBITH pa3MeIeHbl TakuM o0pa3oM, 4ToObI (1) mepemaya JaHHBIX Belach
napajulesIbHO € pacyeramu, W (2) mepemaya NaHHBIX 3aKaHYMBAIACH TPEXKIE, YeM
notpedyercst HauaTh X 00pabotky [8]. Takum 06pazom, onTUMu3alKs (e OOBIYHO
HA3bIBAIOT HACTPOWKON MapauIeNbHOTO IUKJIA) COCTOMT B HAXOXKIEHWUU TaKOTO
B3aMMHOTO PACIIOJIOKEHUS (hParMeHTOB Tella MUKJA, TPH KOTOPOM BBITIOTHSIOTCS
ycrmoBus (1) m (2), m mis ee pemieHWs HEOOXOIMMO 3HATH OICHKH BPEMEHU
BEIMIOJTHEHHUS KaXXJIOTO W3 paccMaTpUBAaeMBIX ()parMEHTOB Tena IuKima. [Ipumep
TaKOW OMTUMH3AIUHA PACCMOTpPEH B [4].

Crnemyer OTMETHTH, YTO METOMBI, COJAEpIKAIlHe MapayiebHBIC IHKIBL, BXOIAT B
YHCIIO0 HawmboJiee YacTO BEHITONHAEMBIX METOJIOB IMPOTPaMMBI H, CIICIAOBATEIBHHO,
ONTUMH3UPYIOTCS BO BpeMs JUHAMUYECKOM KOMIOWIALUMM. 3HAYUT IS
ONTHMU3AINU (HACTPOWKM) TAaKOr0 METO/a HEOOXOAMMO YTOYHHTH €r0 MOJEIb,
OTpa3uB B HEH ONTHMHU3MPYIOIIHWE IpeoOpa3oBaHusl, BBHINOJIHEHHbIE NPU €ro
JuHaMudeckoil kommuisinuu. OCHOBHas TPYJHOCTb B TOM, 4YTO HE BCe
JMHAMHYECKHEe KOMIMIIATOPHI si3bika Java (B wactHoctH, [9]) mpemocTaBisioT
JIOCTYTI K KOJTy ONTHMHU3UPOBAaHHOM nporpaMMel. TeM He MeHee, OJTUH U3 HamboJjee
COBPEMEHHBIX JHHAMHYECKHX KOMIWIATOPOB [7], paspaborannbiii B IBM,
obecrieuynBaeT TaKOW JOCTYH, a TEM CaMbIM U TNPHHIWIHAIBHYIO BO3MOXKHOCTBH
YTOUHEHHUS] MOJEJIM PaccMaTpHBaEMOTO METOAa IMOCJIE €ro JIUHAMHYECKOH
KOMITIJISIMY. AHaIN3UPys ONTHMH3HPOBAHHBIA KOX MOKHO IOCTPOUTH €ro rpad
MOTOKA YNPABICHUS, a 3aTEM M JIEPEBO YIPABIICHHMS, JEXKAIIEEe B OCHOBE MOJCIH
napajuiesisHOM Java-nporpammel cpensl ParJava. Mcnonb3yst 3Ty BO3MOXKHOCTB, B
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cpene ParJava crpourcss yTOYHEHHas MOZENbL Tejla IapajuleNbHOro IHKIIA,
HO3BOJIAIONIAS OLICHUTH BPEMsI BEIIIOIHEHUSI KaXJOTO €ro GpparMeHTra U TeM CaMbIM
BEIOpDAaTh ONTHMANbHBIE TOYKH pACIOJOXKEHHS BBI3OBOB (YHKOHMH oOMeHa
JaHHBIMHU. Takol MOAXon SIBNISIETCS NOCTATOYHO TPYNOEMKHM, HO OH IO3BOJISCT
JOCTaTOYHO TOYHO OLICHHUTH 3a/ICP)KKH, BHI3BAHHBIC aCHHXPOHHOCTBIO BBITOJIHCHHUS
YacTell LIMKJIOB Ha y3J1axX KiacTepa, U JOOUTHCS NX MUHUMH3ALUH.

s cOanmaHCUPOBAHHOTO IUKJIA, pA3JIMYHBIC WTEPAllUH KOTOPOTO TPeOyroT
MPUMEPHO OJMHAKOBBIX 00HEMOB BBHIUMCIICHHUH, IJIAHBI BEIYUCICHUH Ha Pa3IMIHBIX
y3Iax KiacTepa OIWHAKOBEL. Bpems t, TpeOyemoe Ha OOMEH ITaHHBIMH MEXKIy
TAaKAMHU y3JIlaMH, CKIAAbIBAacTCA W3 BpeMeHH Ly, HE0OXOAMMOTo Ha Iepemady
TpeOyemMoro o0beMa TaHHBIX 4epe3 KaHal CBSI3U, U epemeHu cuHxpoHusayuu s,
KOTOpOE HJIET Ha KOMIICHCALMIO aCHHXPOHHOCTH paboThl y3JIOB KiacTepa (U siuep
YKa3aHHBIX y3JI0B). 3Has MapaMeTpbl KOMMYHHUKAIIMOHHON CETH KjacTepa MOXKHO
JIOCTaTOYHO TOYHO omnpenenutb ty. [nsg Bpemenu t; BO3MOXKHBI  JIMIIb
BEPOATHOCTHBIC OLICHKH, TaK KaK B 3TO BPEMA BXOAUT OXKHMAAHUEC B CiIydac, KOorla K
MOMEHTY OOpalleHHs K JaHHBIM, OKa3bIBACTCSA, YTO OOMEH e€Ile HE 3aBEpIICH.
HccrnenoBanme pgetanpHOTO mpodmiss cOaTaHCHPOBAHHOTO MHKJIA IO3BOJSACT
HACTPOWTh  [HWKJI, OOECIeYnB  TpHUEMIIEMBIE  3HAUYCHUS  YCKOPCHHA U
MacImTabupyeMOCTH.

B cnyuae pa36agaHCHpOBAHHOTO LMKJIA, BPEeMs BBIYMCICHUS PA3IMYHBIX UTepanui
KOTOPOTO MOJKET OTJIMYaThCS Ha OOJNbIINE 3HAYCHMSA, HACTPOWKA IPOrpaMMBI
CYILECTBEHHO ycnoxHsercsa. Ho u B 3ToM ciiydae JeTanbHbIN IPoHIIb Tela HMUKIa
MOXET ITOMOYb HAWTH METOJOM INpOo0 NpHEMIIEMOE paclpeAeleHHe JaHHBIX M0
y3J1aM KJacTepa.

6. Pe3ynibmamabl YUC/IeHHbIX pacyemoe.

Peanmzannst paccCMOTPEHHBIX METOAOB OIIGHKM BPEMEHM BBINOJNHEHHs Java-
nporpaMM © uX (parMeHTOB TI03BOJMJIA INPHMEHATh cpeny ParJava mnpu
pa3paboTke JAOCTaTOYHO CIIOKHBIX MapajuIelbHBIX IporpaMM. B naHHOM pasnene
IIPUBEJICHbl OLICHKM BPEMEHHU BBINIOJIHEHUS M JBYX IIPOrpaMM-IIPUMEPOB,
MCIIOJIb30BABIINXCS TIPH peajM3aliu cpeapl ParJava. DTu npumeps! MO3BOJIHIH
BBISIBUTH HEKOTOpPBIE OCOOCHHOCTH KJIACTEPOB C MHOTOSICPHBIMH y31aMHu. UTOOBI
NOKa3aTh NPUMEHUMOCTH cpebl ParJava npu pa3paboTke peasbHBIX MPUKIJIAIHBIX
NporpaMM TIPHBEIEHBI Pe3yNbTaThl €€ NMPUMEHEHUs] NpU pa3paboTKe MPUKIATHON
OpOrpaMMbl  UUCICHHOTO PpEIIEHUs CHCTEMBl YPAaBHEHUH, MOJENUpYyIoen
MPOIIECCHl M YCIIOBHSI T€HEepaIli MHTEHCHBHBIX aTMocdepHbIX Buxpeid (MAB) B
TpEXMEpHOU CyKUMaeMoi atMochepe, UCXOIs U3 TEOPUH Me30MaCIITaOHBIX BUXpEi
B. H. Hukomaesckoro [10]. Ha mnpuBenennsix rpadukax «JleficTBuTENBHOE
YCKOpEHHE» TIPEICTaBIAeT CO0OH YCKOpEHHE IPOrpaMMBbl, H3MEPEHHOE IIpH
BBIIIOJTHEHWM TIpOrpaMMbl  Ha 1eneBod  ruatdopme, «IIporHosmpoBaHHOE
YCKOpPEHHE» - YCKOPEHHE, NpeAcKa3aHHOe uHTepnperatopom ParJava Ha
UHCTPYMEHTANbHOI MamnHe, «Pa3HOCTh YCKOPEHMI» - MOIYNb PAa3sHOCTH MEXIY
npejcKa3aHHbIM U AeHCTBUTENBHBIM YCKOPEHUEM.
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IIpumep 1. Ilporpamma ymHOxeHuss MaTpull. Ha pucynke | mnpencraBieHBI
rpa¢Ki 3aBHCUMOCTH YCKOPEHMS OT 4YHCIAa MPOLECCOB JUIA IMPOTPaMMBbI
YMHOXCHHUSI KBaJpPaTHBIX IUIOTHBIX Marpull A m B mopsaka n. Ilporpamma
BhmmonHsutack Ha knactepe MICII PAH, comepkamem 12 y3moB. Kaxxaprit y3ex sToro
KJTACTEpA COCTOMT 3 JIBYX YeThIpexbsaepHbIx npoueccopos Intel” Xeon™ 5355, rax
4To Bcero Ha y3ne 8 snep. Kaxnoe siapo nmeer codbctBeHHbIH Kom L1 pasmepom
32Kb u xam L2 pasmepom 4Mb, pazpmensieMblii ¢ coceHUM sapoM. Kakablid
npouece obpabateian N/P crpox matpunbt A (P — 9mCIIO MPOIECCOB) U BCHO
Matpuiy B, Berumciisis cootBetcTBytomue N/P cTpok Marpuibl-tipousseeHus C. Ha
rpapukax TpeACTaBIEHBl Oelicmeumenvhoe yCKopeHue, TOIYYCHHOE IIPH
BBINIOJIHEHUH TIPOTPAMMBI, U NPOZHO3UPOBAHHOE YCKOpeHue, TOIYUYeHHOE IpH
HMHTEpPIpETALNN IporpaMMEI B cpene ParJava.

CHauana KaXI0M y3Jie KiacTepa ObLIO 3amyckanock 8 mpoueccos (o 1 mporeccy
Ha Kaxk7oe s171po). Oka3aiock, 4TO B 3TOM cllydae YCKOpPEeHUe (HIDKHASA Hapa KPUBBIX
Ha pHUCyHKe 1) IpUMepHO B J[Ba pa3a MEHbIIIE MAKCHUMAIbHOTO, ONPEALNIIEMOro 110
dbopmyne Amaans (myHKTHpHas KpuBas Ha pucyHke 1). [Ipu ucciiegoBaHum 3TOro
BOIIPOCA BBIICHWIOCH, YTO HEYIOBJIECTBOPUTEIHHOE YCKOPEHHE CBSI3aHO C
0COOCHHOCTSIMH apXHUTEKTYyphl HCIIOJIB3YEMBIX Y3JI0B: PECYPCHI Y3JIOB JEJATCS
MEXAy WX SApaMu, U IPH MOJTHOW 3arpy3ke OopnOa siiep 3a pecypchl IPUBOIHUT K
pa30alaHCUPOBAHUIO BBIYMCICHWH M TAICHUIO YCKOpeHHus. I nelcTBUTENBHO,
pacdeTsl, B KOTOPBIX Ha KaKIOM Yy3Je KiacTepa 3alycKallock 1o 4 mporiecca
(ToNIOBMHA  MAaKCMMAaJbHO BO3MOXKHOTO —KOJIMYECTBA), IIOKA3aJIM YCKOpEHHE,
JIOCTaTOYHO ONM3KOe K MaKCHMaJbHOMY (BEpPXHSS Hapa KPHBBIX HAa PHUCYHKe 1).
OTMmeTuM, 4YTO HMEHHO TaKOe€ YCKOPEHHE OXHJAAIOCh JUISI TaKOM IPOCTOM
nporpaMmMsl. OKa3anoch, YTO JUIsI pacCMaTPHUBAEMOT0 IpUMepa MPOTrHO3UPEBAHHOE
YCKOpEeHHEe B 000MX CilydasXx ObUIO HACTOJBKO OJHM3KO K peajbHO IOIy4YeHHOMY,
YTO COOTBETCTBYIOIINE IMapbl KPHBBIX Ha Trpaduke MouTH ciauiuck. Ilostomy Ha
HIDKHEM Tpaduke pucyHka | mnpuBeneHbl TpadUKd MOAYJsS Pa3sHOCTH MEXIY
NPOTHO3UPOBAaHHBIM M pEaJbHBIM 3HAYCHUSMH (a0COJIOTHAsl IOTPEITHOCTD
NporHo3a). BrIcokas TOYHOCTH NPOTrHO3a OOYCIIOBIEHa TEM, YTO HCCIEAyeMoe
THE3/I0 IUKJIOB SIBJISETCS XOPOIIO COAIaHCHPOBAHHBIM, & OOMEH JAaHHBIMH MEXIY
npoueccaMd  BO  BpeMsSl  BBINOJHEHHS  NPOTPaMMbl  HE  IIPOU3BOIMTCS.
[ocnenoBarenbHast 4acTh NporpamMMbl cocTasisieT Bcero 0,6%.

B paccmarpuBaeMoM mpumepe Topsgok marpui; N Obur paBen 5000, a ywucio
npoueccoB P B mepBoM ciryyae NpUHAMAIO 3HaUYCHUS 8 (BBIYHCIICHHS IPOBOIMIIUCE
Ha | y3ne), 16 (Ha 2 y3nax), ..., 48 (Ha 6 y3:1ax), T.e. Ha KOKIOM SIpe KaXJI0r0 y3ia
6611 3amymien MPI-niponiece. Bo BTopom cityyae BBIYHCIICHHS IPOBOJUIINCH TAKUM
00pa3oM, YTO Ha KaXJOM Yy3Je KiacTepa 3alyckajloch 4 mporecca, T.e. YHCIO
npoueccos P npuHuMao 3HadeHus 4 (BHIYMCICHUS IPOBOIMINCE Ha 1 y3ie), 8 (Ha
2 y3nax), ..., 48 (ua Bcex 12 y3nax).
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Puc. 1. 3asucumocms yckopenus npocpammsl Om YUCIa UCHOIb3VEMBIX Y3108
Knacmepa.

Hcnonps3oBanasice 32-paspsiiHas BepcHsi cpeibl Java, Tak 4TO KaXKAbIH SJIEMEHT
MaTpHuibl 3aHUMal 8 OaitoB (Tl double), a ctpoka (cronder) marpuisl — 40000

OaiiToB. 3armyck MporeccoB (He HOTOKOB ) Ha KaXIOM sIpe Ipoleccopa CBsA3aH ¢

‘B JIaHHOM CTaTh€ TEPMUH NOMOK COOTBETCTBYET MOHATHUIO «JIETKOBECHBIHN

npouece» (anri. thread).
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CYILECTBEHHBIMH HaKJIQJHBIMH pacXolaMH, B YAacTHOCTH, U1 HHTEPIpPETaLHd
HapajuIeNnbHOi Java-porpaMMbl Ha KaKAOM sIpe NOJDKHA OBITh 3allylieHa CBOS
JavaVM. B ciygae TOTOKOB 3TO HE Tak: B cperme Java peann3oBaH CHCTEMHBII
Kiracc java.util.concurrent.ExecutorService, oGecrieunBarommuii 3amyck TpeGyeMoro
YHcia MoToKoB Ha oxHO# JavaVM. Ecin 9rcio TOTOKOB HE MPEBHIALT YHcia Iep
Ha y3JIe, TO KaXKIbli TIOTOK 3aITyCKaeTcsl Ha OT/ASIBHOM spe.

Ha pucynke 2 npencrasiensl rpadMk, Ha KOTOPBIX CPaBHHBAIOTCS YCKOPEHHS
HapajuleNbHoOi Java-porpaMMbl, 3alyIIeHHOH Ha sapax OJHOTO IIpoLeccopa,
cHadana ¢ ucronb3oBanneM MPI-miporecco, a 3arem - Java-mortokoB. I'paduku
HOKa3bIBAIOT, YTO Ha OJHOM Y3JI€ HMCIOJIb30BaHHE MOTOKOB ITO3BOJIIET IONYYHTh
OonblIee yCKOPEHHE, YeM B CIydae IPOIecCOB.

K

4 I
/ —e— MPl-npoLecci
3 —5i
/ —=— Java-1pagbl
2 =

/‘ ---a -- Kpueas Amgansa ana MPI-nporpammbl [
1 g KpuBass AMgans ons Java-1pagoB

1 2 3 4 5 6 7 8

KonuyectBo npoueccos

YckopeHue

Puc. 2. Cpasnenue yckopenus npocpammol YMHONICEHUSL MAMPUY NPU ee
BbINOTHEHUU HA MHO20SI0EPHOM Y3le KIACMepd ¢ UCNONb308AHUEM
MPI-npoyeccos unu Java-nomoxos.

IIpu Bemonaennn MPIl-porpamMmm Ha Kjactepax ¢ MHOTOSACPHBIMH Y3JIaMH
0Ka3aJ0Ch, YTO XOpollas MaclTabupyeMoCTh IMOJydaeTcss B TE€X Ciydasx, KOTia
YHCIIO MIPOLECCOB (MJIM MOTOKOB), 3aITylIEHHBIX Ha OJHOM Y3J€ KJIacTepa, MEHbIIe
yucna sep Ha COOTBETCTBymomieM y3ine. Ha pucynke 3 3T0  siBiIeHHe
WUTIOCTPUPYETCS Ha IPUMEpE IPOrpaMMbl YMHOXKEHHSI MaTpHI] (B JaHHOM IIpUMepe
nopsimok marpuir N paBen 5500). BuaHo, 4TO ¢ yBEIMYCHHEM YHMCIIA IPOLECCOB,
3aIlyIIEHHbBIX Ha y3JIe, MacIITabupyeMOCTh YMEHBIIAETCSl CHaYalla HE3HAYUTEIBHO,
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KOT/la YHCJIO 3alylIEHHBIX IPOIECCOB HAMHOIO MEHBLIE YHCIa sIep, a IOTOM
BECbMa CYIIECTBEHHO. OTO SBJICHHE MOXXKHO OOBACHUTH PE3KUM BO3pPacTaHUEM
HaKJIaJHBIX PacXoJOB Ha CHHXPOHH3AIMIO OOpAaIleHMs K TaHHBIM INapauleiIbHBIX
TPOIecCOB (IIOTOKOB), 3alyIIEHHBIX Ha y3i1e. DTOT rpaduk OBUI MONyYeH Ha
kmacrepe MCL] PAH MBC-100K, koTopHIiif IMEeT Y3761 IPUMEPHO TaKHe XKe, YTO 1
kiactep MCII PAH (na xaxxgom y3ne aBa 4-saepHbIx npoueccopa Intel® Xeon®
CPU X5365 c uacroroit 3.00GHz u c wuntepdeiicHoit miatoi HP Mezzanine
Infiniband DDR), Ho y310B y Hero ropasao 6ounbiie (1410).

70
60 A
. P
% 40 // /.
g 30

20
—e— 1 npouecc Ha KaxaoMm yane
—=— 2 ripouiecca Ha KaXJoMm yane
10 —A— 4 pouecca Ha KaxaoMm yane
/ —l— 8 MpOoLIeCCOB Ha KaXXA0M y3re
0 -

1 2 4 8 16 24 32 40 48 56 64

KonunuyectBo npoueccos

Puc. 3. [lecpaoayus macuumabupyemocmu napaiierbHol npocpammbl ¢
VeruueHueM Yucia npoyeccos (HOMoKos), 3anyujeHHbIX Ha
MHO20510epHOM Y3J1e Klacmepd.

Ipumep 2. IIporpamma pemieHus YpaBHEHHUS TEIUIONPOBOAHOCTU. bBbIno
pPaccMOTPEHO JMHEHHOE YpaBHEHUE TEMIIONPOBOHOCTH:

0 ou ou
—|k—|+F(xt)=cp—,
x| Koy )T D=y

rae U(X, t) — TemmepaTypa B TOUKE N-MEPHOTO MPOCTPAHCTBA X B MOMEHT BPEMEHH {,
k — ko3¢ uupeHT TemIonpOBOAHOCTH, C — YASIbHAS TEINIOEMKOCTb, O - INIOTHOCTD
(BooO11ie roBopsi, mapamerpsl K, C U p MoryT 3aBucets oT (X, t)).
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B MOACJIBbHOM anMepe paCCManI/IBaHCﬂ cnyqaﬁ HeOI[HOpOILHOﬁ
KBaJIpaTHOM IIaCcTHHEI (N = 2), T.€. pacCMaTPUBAJIOCh YPaBHEHHUE
o (., ou 0 ou ou
—| k= |+ |k +F(X,Yat)ch—,
ox\_ ox) oyl oy ot

u(x,y,t), 0<x<1l0<y<1l0<t.

IUIOCKOM

B obmactu 0 <x<1,0<y<1,t>0. HauanpHble U rpaHUYHBIE YCIOBHS 33/1aBAIUChH

CIIEIYIOIIHM 00pa3oM:

ul_, =¢(xy), 0<x<10<y<l1,

ul,_, =wa(y,t), ul_, =w,(y,t), 0<y<10<t,

U,y =wa(x0, U, =, (x1), 0<x<10<t.

G0

50
A
40
@
=
3
a 30
2
=3
-
20
10
0
Konu4yecTBo npoueccos
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s 02 /"‘\‘
£ 015 -
3 01
" _/_'_'_'_*—
008 e
0 T T T T T T T T T T T T
—+— [leficTBUTENEHOE YCKOpEHNE —=— [1porHo3anpoBaHHoe YCKOpEHUe
---4--- [lnkoBaA NponsBoguTeneHocTe no Mycradcony Yckopenue fe3 noTepn Npon3BoANTENEHOCTH

—+— Pa3HocTe ycKopeHui

Puc. 4. Cpasnenue npedckazannozo u pakmuyecKku nOIY4eHHO20 YCKOPeHUs
NPOSPaAMMbL peutenus TUHEUHO20 YPAGHEHUs MENIONPOBOOHOCHIU HA

knacmepe UCII PAH (n=6000).
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B kauecTBe rpaHUUHBIX QYHKIHH ( U ObLIH BEIOpaHEI e (W) 100*e e+

2 2 y
rne X =(X—%)", ¥, =(Y—%)" (upu cOOTBETCTBYIOIMX IPAHMLC 3HAYCHHUIL
nepemeHHbIx). C OMOIIBIO HESBHON PAa3HOCTHOM CXEMBI 3a/1a4a CBENACh K CHCTEME
NMHeHHBIX anreGpauvecKuX ypaBHEHHMH, KOTOpas pellanach HTEPallHOHHO ¢
IOMOLLIBIO OHOTO 3 06061EeHNH MeToAa 3eiaers.

Ha pucynke 4 npencrtaBieHbl rpadMKd, MOATBEPIKIAOIINE BBICOKYIO TOYHOCTH
HPOTHO3a IPOU3BOAUTEIBHOCTH MPOrPaMMBI IIPU HCIIOIB30BAHUN 3aJaHHOTO YHCIIa
Y3JI0B C TIOMOIIBIO COOTBETCTBYIOIIET0 MHCTpyMeHTa cpensl ParJava. Crmenyer
OTMETHTh, YTO MAKCHMAIbHO JOCTHKUMOE YCKOPCHHE Ui JAHHOTO YHCIa y3JI0B
3aBHCHT OT JIOJIH IIOCIIEIOBATEIbHBIX BEIYHCICHUM IPH BBIIIOIHEHUN TIPOTPAMMBI U
B ciiydae (UKCHPOBaHHOTO o0bemMa 00padaThIBAEMBIX JaHHBIX OIpPEAEIIeTCS
3akoHoM Ampans [11]. CormacHo 3akoHy AMpaaias MaKCHMAadbHO JIOCTHKHMOE
yckoperne  Sp(p) Ha P mporeccax — ompemensercs 1o (opmyie

S,(p) = S , rme f - moms He pacmapamienuBaemoit
1+(p-1)-f

(mocnmemoBaTenbHOM) yacTH mporpamMmel. [ paccmarpmBaeMoro mpmmepa f o=

0,3%. ITyHKkTHpHAst KpUBask HA PUCYHKE — ATO rpaduk GpyHKimu Sp(p).

B pa6ote Ix. ['ycradeona [12] 6110 OKa3aHO, YTO eClid 00BeM 00pabaThIBAEMBIX
JIAHHBIX (B JAHHOM CJIyyae — 3TO MOPSJA0K MATPHIGI N) MEHSETCS TaKUM 00pa3oM,
49TOOBI 00heM 00pabaThIBAEMBIX JAHHBIX B Ka)KAOM IpoIecce ObUT MOCTOSHHBIM, TO
MaKCHMAaJIbHO TOCTHXHMOE YCKOpeHue ompezensiercss mo ¢opmyne ['ycrapcona

SG(p) =p —(p —1)- f . OcnoBHoe oTmmume Gynxumit Ammans u I'ycrapcona B

. 1 .
ux acumrrotuke: lim SA( p) = — , TOrJa KaK lim SG (p) = 00,
p—> f p—o

00

Ha pucynke 5 mpezncraBieHbl TpapuKH NPeACKa3aHHOTO M PeajbHO MOTYYCHHOTO
YCKOpPEHHMs JJIsl IPOTrPaMMbl PELICHHUs JIMHEHHOTO ypaBHEHHUs! TEIUIONPOBOAHOCTH
Ha knmactepe MCIT PAH nmns cimywas, korma oobeM oOpabaThiBaeMbIX JAaHHBIX B
KaXIOM TpoIlecce MOIAepKUBajica MOCTOSHHBIM (1o I'ycradcoHy): B KaKaoM
npouecce obpabarsiBanack Matpuna pasmepos N x k (n = 6000, k= 6000). 'paduk
MOKAa3bIBAET, YTO U B 3TOM ClIyyae YCKOPEHHE IPOrHO3MPYETCsl JOCTATOYHO TOYHO:
OTHOCHUTENIbHAsI TOTPEIIHOCTh MpOTHO3a He mpeBbimaer 1%. Jlns cpaBHeHus
IIYHKTHPOM IoKa3aH rpaduk Gynkiun Sg(p).

Mpumep 3. Ipuknaanas napaieabHas NPorpaMMa YUCIEHHOTO PELIEHHs CHCTEMBI
YpaBHEHHH, MOJETUPYIOMEH MpPOIECCHl W YCIOBHA T€HEpPaluHd WHTEHCUBHBIX
atMocdepHsix Buxpeil (MAB) B TpexmepHoi c:xnmaeMoil atMocdepe, UCXoas U3
Teopun Me3omaciTabHbIX Buxpei B.H. Hukomaesckoro.
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Puc. 5. Cpasnenue npedckazanno2o u paxmuyecku noiy4eHHO20 YCKOPEHUs.
NPOSPaAMMbL peulenus TUHEHO20 YPAGHEHUs MENIONPOSOOHOCHU NO
T'ycmadghcony.

MaremaTnueckasi MOJI€TIb ONUCHIBAETCS CHJIBHO HEITMHEWMHON MHOTOKOMIIOHEHTHOM
TPEXMEPHOM CUCTEMOH ypaBHEHHUU B YACTHBIX MPOU3BOAHBIX CMEIIAHHOTO THIIA,
KoTopas Oblia BeiBelieHa B pabote [13]; aHanuTHUECKNE pelIeHus €€ HEM3BECTHBI, a
YHCJICHHOE pelIeHHe BIEepBbIe ObIIO mosrydeHo B pabote [14]. CooTBeTcTBYyIOMIAs
napajuresibHasi mporpamMma Oblia pa3zpaboTaHa W peann3oBaHa B cpene ParJava. B
mporecce pa3paboTKH MHCTPYMEHTHI ParJava HMCIONB30BaMCH AJIS OTPEeNeHUs
o0acTi MacIITabMPyeMOCTH M ONITUMAJIFHOTO YHCIIA TTapajuIeIbHBIX MPOIECCOB, a
TaKKe JJIs HAaCTPOIKHM NapasieIbHONU MPOrpaMMBI C LIENbI0 €€ ONTUMU3AIUH.

UccrnenoBanusi Mmoka3anu, 4YTO TIPU BBIOPAHHONH CXEME BBIYHCICHUN JIOJIS
nocienoBatenbHeIX Berauciennit f = 0,83%. PazpaboranHas mporpamma moxasaina
JIOCTATOYHO BBICOKYIO MPOU3BOJUTENILHOCTh U XOPOIIYI MaciiTabupyemocts. Ha
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PHCYHKaX  IpHBEAEHb TrpauKu  3aBHCUMOCTH  YCKOPEHHS  IPOTrPaMMBI
moxaenupoBanuss MUAB mns kmactepa MCIT PAH (pucynox 6) m MCI[ PAH
(pucynox 7). TI'padukm TOKa3pIBalOT OCTATOYHO XOpOIIEe COBIAICHUE
NpEICKa3aHHBIX M peaJbHBIX 3HAYCHHUI MPOU3BOAUTENBHOCTH IPOTrPAMMBEL
MonemupoBanace 64-pa3psgHas Bepcust nporpamMmsl Ha Java 1.6. Kak BugHO u3
rpaduka, HaunHas co 120 mpoueccoB, peagbHOE YCKOPEHHE MPOrpaMMbl UIIET Ha
cnan.  Wutepmperarop — Takke — (UKCHpYeT, dYTO B  JIAHHOW  TOYKe
MPOU3BOJIUTENHEHOCTD
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Puc. 6. Ycxopenue npoepammol mooenuposanus UAB na knacmepe UCIT
PAH.

MNporpaMMebl MmaJiacT. OTMGTI/IM, YTO TAaKO€ MaJICHUC NPOU3BOJUTCIBHOCTU CBA3AHO C

. 1
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p—oe
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Puc. 7. Ycxopenue npoepammol moodenuposanus UAB na kracmepe MCI]
PAH.
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7. 3aknroyeHue.

[IpennoxkeHHbIE METOABI OIEHKM BPEMEHHM BBIIOJHEHUS T'HE3] LUKIIOB
peanu3oBaHbl W HMHTETPUPOBAHBl B HWHCTPYMEHTAIBHYIO cCpeny pa3paboTKu
napaiensHeIX nporpamm ParJava [4]. IlpeanoskeHHBI B TaHHOH CTaTbe IMOAXON
MIO3BOJISIET CYIIECTBEHHO COKPATUTDH CTENEHb YYaCTHs MPUKIAJZHOTO NMPOTPAMMHUCTA
IPU TIOJTYYEHUN YKa3aHHBIX OIEHOK M B TO XK€ BPEMs yMEHbBIINThH IOTPEIIHOCTD
NpEeICKa3aHNusl BPEMEHM BBINOIHCHHSA. OTH METOIBl NPUMEHUMBI K pealbHBIM
NPHUKJIAHBIM TapaJuIeIbHBIM IIPOrpaMMaM. PaccMOTpeHHbIE METOABI ITO3BOJIMIIN HE
TOIBKO  TOMYYHTh IIPUEMIIEMYIO OTHOCHTENBHYIO IIOTPEUIHOCTh  OLEHKH
(morpemHoCTs MpOrHO3a He mpeBblmaeT 15%), HO U YCKOpUIO BpeMms
MHTEPIPETALIH MOJICIH.

HoBble MeTO/BI OLIEHKHM BPEMEHH BBITOJIHEHUS THE3 IUKJIOB OCOOCHHO aKTyabHBI
IPH HCIIOJIb30BAaHUU KJIACTEPOB C MHOTOSAEPHBIMH Y3JIaMH, TaK KaK IO3BOJIIOT
ydecTh 3((PEKT MOTepH NMPOM3BOAMTEIBLHOCTH INPH YPE3MEPHOH 3arpys3Kke Yy3IJIOB
KJacTepa U ONpeelUTh ONTUMAIBHOE YUCIIO IIPOLIECCOB, 3allyCKaeMbIX Ha y3Jax.
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The methods of precise measurement of the loop nests'
execution time during JavaMPIl-programs analysis in
ParJava environment

A.l. Avetisyan, M.S. Akopyan, S.S. Gaissaryan
arut@ispras.ru, manuk@ispras.ru, ssg@ispras.ru

Abstract. The methods for estimating execution time of the model of a parallel program
using instrumental computer are discussed. The methods are based on accurate prediction of
the execution time of fragments of the parallel program using the target computational
platform. The model was developed for SPMD programs using explicit data exchange by
Java MPI library and is the part of ParJava IDE. Certain kinds of loops (homogeneous,
reducible) are marked out in the model and then estimated on the node of a target
computational platform (high performance cluster). The technique allows to reduce prediction
error and to accelerate the model simulation on the instrumental computer.

Keywords: parallel computing; SPMD program simulation; execution time estimation;
scalability estimation; multi-core.
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Moapepkka KOMaHA C YCNOBHbLIM
BbINOMHEHUEM B CEeNeKTUBHOM
NJaHUPOBLUMKE KOMaHA

Jmumpuii Meavnux <dm@ispras.ru=>,
Anexcandp Monaxos <amonakov@ispras.ru>

AHHOTanMsi. YCIOBHOE BBIIOJIHEHHE — allaparHas BO3MOXKHOCTb, pEAJIM30BaHHAs B
HEKOTOPBIX IMPOLIECCOPax, MO3BOJISIONIAas aHHOTHPOBAaTh KOMAH/BI YCIOBHBIM IIPEIUKATOM,
IPH STOM KOMaHJa UCHOJHIETCS TOJIBKO B CIIydae HCTUHHOCTH Npeaukara. B nanHoit pabote
MIPeAIaraeTcsl METOJ ISl MOJJCP)KKH YCIOBHOTO BBINOJHEHHS BO BpEMs IITAaHHPOBAHHS
KOMaHJ[, a TaKXKe pPacCMaTPHBAIOTCS IMPEHMYIIECTBA JAHHOTO ITOJXOJA IO CPABHEHHUIO C
OTIENBHON ONTHMHU3aNKel, paboTaromeil 10 IIaHUpOBaHUs KoMaH. [IpemioskeHHbII METO
ObUT peann30BaH B CEIEKTUBHOM IutaHupoBnmmke B kommmiarope GCC. TectupoBanme
peanu3alnii IMOKa3ajlo pocT mpousBoauTenbHocTH Ha TecTax SPECFP wabopa SPEC
CPU2000 B cpennem moutu Ha 2% (4 10 16% Ha OTACNBHBIX TECTaX).

Ki1roueBble cjioBa: IUTaHNPOBaHNE KOMaH I, yclioBHOE BeimoiaHeHue, GCC.

1. BeedeHue

CoBpeMeHHbIE MHUKPOIIPOLIECCOPbl HMCIOJIB3YIOT Mapajuleiu3M Ha Pa3iIn4HbIX
YPOBHSIX apxuTeKTypbl. OZIHUM M3 BHJOB Mapajulein3Ma sBIISIETCS apaliesiu3M Ha
YPOBHE KOMAHJ: HECKOJIbKO HE3aBUCHMBIX KOMAaHJ MPOTPaMMbl MOTYT OBITh
BBIMIOJIHEHBI HA OT/AENbHBIX (YHKIIMOHAIBHBIX YCTpO#CTBaxX mporeccopa. UToOsi
HCIIOIb30BaTh TAKOM BUJ Mapaiien3Ma, He0OXOIUMO yMETh BHIOMpPATh U3 MOTOKA
NpOTpaMMBEI HE3aBHCHMBIE KOMAaHJbI, M Ha3HaYaThb HMX Ha (QYHKIHOHAIbHBIC
ycTpoicTBa npoueccopa. it 3Toro npuMeHseTcs Moo anmnapaTHoe JHHAMHYECKOe
HepeynopsioueHHe KOMaHJ BO BpEMs BBINOJIHEHUs, MO0 MOPSJOK KOMaHJ
ONpECACIACTCA BO BpPEMA KOMIIMIALINU, o0 KOM6I/IHaHI/IH 9THUX MCETOJO0B.
JIOCTOI/IHCTBOM TIEPBOTO METOAA ABIACTCA TO, UYTO HA 3TAI€ BBIINOJIHCHUA JOCTYITHA
Oonee monHas wWHGOpPMANUSA O JONMYCTUMOCTH TEPEYHOPSIIOYEHHS KOMaHI |
(axTrueckoil 3arpy3ke (YHKIMOHAIBHBIX YCTPOWCTB, OJHAKO OH YBEIMYHUBAET
sHepromnoTpebiIeHne mporeccopa 3a cueT paboThl JTOMOJHUTENHLHON JIOTHKU B
nporeccope, KOTOpas IMpH 3TOM JO/DKHA ObITh CPaBHUTEIBHO MPOCTOH U3
cooOpaxkeHni dHeprodppekTuBHOCTH. VIMEHHO TakoW IMOIXOJ HCIOJB3YeTCsl B
npoueccopax cemeictB x86 u x86_64. COOTBETCTBEHHO, HUCIOJIb30BaHUE BTOPOTO
MeToJla M03BOJISIET CHU3UTH YHEPronoTpedieHne npoleccopa, B TO BpeMsi Kak Ha
JTane KOMIWJIILMM CTaTWYecKas ONTHMHU3alUs MOXET OBITh CKOJb YIOJHO
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CIIOXHOM (HO U MeHee TOYHOH ). IMEHHO 3TOT METOJ] UCTIONB3YETCS B ApXUTEKTYpax
C O4YeHb JJIMHHBIM KOMAHIHBIM CJIOBOM, HAIPUMEpP, B apXumexmype C SA6HbIM
napannenusmom komano — EPIC (Explicitly Parallel Instruction Computing [1]),
peanm3oBaHHONW B mpomeccopax cemeiictBa Itanium. EPIC-mporpamma comepxut
SBHBIE YKa3aHUS Ha TO, KAKH€ MHCTPYKIMH JOJKHBI BBIIIOJIHATHCS NapallIelbHO, U
Ha Kakux (yHKumoHanmsHbIX ycTpoiictBax. WUpmes EPIC cocrout B TOM, 4TOOBI
MEePeNoXKUTh 3a/ady M0 MOHCKY HE3aBHCHUMBIX MHCTPYKIMHM Ha KOMIWISATOpP, IpU
S5TOM TPEAOCTaBUB €My JONOJHUTEIbHBIE CPEJICTBA JUI1  BBINOJHEHUS
ONTUMH3ALMY, TaKHe KaK CIEKYJSITHBHOE BBINOJHEHHE, YCIOBHOE BBHIIOIHEHUE,
BpaIllalOIINeCs PEruCTPOBblE OKHA. Tarke apXUTEKTypa NpeJOCTaBisIeT OOJIbIIoe
4qUCII0 (PYHKIIMOHAIBHBIX YCTPOUCTB U OOJIBIIOE YHCIIO PETHCTPOB.

B Buny mepeuncieHHBIX ocoOeHHOcTel apxuTekrypbl EPIC ocoOyro BaXHOCTH B
KOMITWJISITOpE TIproOperaer mianupoganue komand. OCHOBHOM 3anaueil 3Toif
ONTUMH3ALMU SIBISETCS BBIOOP HE3aBUCHMBIX KOMAaHJ M3 IMOTOKa MPOrpamMMbl U
YIaKOBKAa UX MAIIMHHBIE CJIOBa («IIAKETHI») B OINpPENEIIEHHOM MOpsIKe, KOTOphIE
BeInonHs0Tcs: EPIC-niporieccopoM napaiiensHo.

B kadectBe OCHOBBI Mg Hamied pabOTHl OBLT BBIOpaH METOX CEIEKTHBHOTO
TUTAHUPOBAHUSA [2], OCHOBHBIMH OCOOCHHOCTSIMHA KOTOPOT'O SIBJISTFOTCSL:

e Tlomnmeprka MPOU3BOIBHBIX AUKIMYECKIX PETHOHOB Tpada MmoToka
yrpaBieHus (PETUOH MOXKET UMETh HECKOJIBKO BXOJIOB M BHIXOJIOB).
IToanepsxka OOMBITNX PETHOHOB CO CIOKHBIMU CTPYKTYPaMHU yTIPaBICHHU
MO3BOJISIET HAXOJUTH OOJIBIIIE KOMaH/], KOTOPbIE MOTYT BBITIOTHATHCS
apajyiesIbHo;

o [loaneprkka KOHBelepHU3aIMH [IMKJIOB C HEM3BECTHBIM 3apaHee YUCIOM
uteparmii (non-counted loops);

o Tlognmepxka psima mpeoOpa30BaHUI KOMaH/I, TO3BOJISIONINX YCTPAHSITh
HEKOTOpPBIE€ 3aBUCUMOCTH 110 JaHHBIM U 10 YNIPABJICHUIO, & TaKXKe
OTOXAECTBIISITh KOMaH/IbI C Pa3HbIX MyTEH;

e [loanepxka co3gaHust HOBBIX KOMaH/ B NMPOLIECCE IUIAHUPOBAHHUS,
HalmpuMep, B Ka4eCTBE KOMIIEHCAIMOHHOTO KO/ia IPU MepeMeIeHUI
TOJIBKO TI0 OJJHOM JYT€ UM TOTIOJHUTEIHHBIX KOMaH]l BOCCTAHOBJICHHUS
TIPH CTIEKYJISITUBHBIX 3arpy3Kax.

B nanHO# paboTe MBI OMUCHIBAEM, KaK MOJICPKKA YCIIOBHOTO BBITONHEHHS, OJHOU
13 Bo3MokHOCcTel apxutekTypbl EPIC, MokeT ObITh peann3oBaHa B TUNIAHUPOBIIUKE
KOMaHJI, a TaK)Ke pacCMaTPUBAEM MPEUMYIIECTBA JAHHOTO MOAX0/1a 0 CPAaBHEHUIO
C OTHEJBHON ONTHMH3AIMEH, paboTaromel 10 TIIaHUPOBAHMS KOMaHa. MBI Takxke
MPHUBOJIUM pe3yNbTaThl TECTHPOBAHUS HaIIero moaxona Ha Habope tectoB SPEC
2000.

2. OnucaHue an2opumma cesIeKmueHO20 NAaHuUpPoeaHusl

B JaHHOM pas3JCjic Mbl B 06HII/IX yepTax gacM OMHMCAHUEC aJIrOpHUTMa CCJICKTUBHOI'O
IUIAHUPOBAHUA, YACIAA OCHOBHOC BHHUMAaHHC OCO6CHHOCT}IM, CYIIECTBEHHBIM C
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TOYKH 3peHHs [100aBICHUS MNOAJACPKKH YCIOBHOTO BhINMOJHEHHs. JleranbHoe
OTICAaHWE UCXOAHOTO aITOPUTMa MOXKET ObITh HalieHO B paboTe [2].

2.1. OCHOBHbIE NOHATUA U 3TaNbl CEeNIEKTUBHOIO nnaHunpoBaHusA

Ob6nacTpio pabOTHl aNTOPUTMAa SBISIETCS TPOWU3BONBHBIA AIUKINYECKUH yYacTOK
rpaga moToka ympaBmeHms. TakoH y4acTOK Mbl OyIeM HA3bIBATb PecUOHOM.
PernoH MOXeT UMETh HECKOJBKO BXOJOB M BBIXOJOB — YT, BXOJSIIUX B PETHOH
U3 IPYTUX Y4aCTKOB, WJIM UCXOJSIIUX U3 HETO.

Iapannenvnaa epynna komand — TpPyINa HE3aBUCHMBIX KOMAaHI, KOTOpHIE Ha
JAHHOM apXHUTEKType MOTYT OBITh BBINOJHEHBI OJHOBpeMeHHOo. Kaxnmas rpymma
MOXKET UMETh HECKOJbKO eparnuy (boundaries) — ayr rpada mortoka ympaBlaeHUs,
COCIMHSIIONINX KOMAaH/bl, HaxoJslidecs BHYTPH TpYIIbI, C KOMaHAaMH 3a ee
npejenamu. I'paHuipl OMHOU MapaisienabHOW rpymmsl o0pasyior 6apwep (fence),
KOTOPBII MepeMeliaeTcsi Mo Mepe BKIIOUEHHs KOMaH]| PErHOHa B MapauIeIbHYIO
rpymnny. Bo Bpemsi IiiaHupoBaHuUsI MOXKET CYLIECTBOBATh OJTHOBPEMEHHO HECKOJIBKO
napajuleNIbHBIX  Tpynn  (0apsepoB), Ha TPaHUIAX KOTOPHIX  IIPOHMCXOIUT
IUITAaHWPOBAHWE, HO B KAaXIBIH MOMEHT TOJBKO OJWMH U3 0apbhepoB SBIACTCA
akTuBHBIM. Ha puc. 1 mpomumioCTpHpOBaHbI 3TH MOHATHSA, a TAaKXKE H3MEHECHHUE
TPaHMI] TapajUIeIbHOH TPYNIBl MO Mepe BKIIOYCHHS B HEC HOBBIX KOMAaHI.
3ametruM, yto apxurekrypa EPIC nomyckaer ogHOBpEMEHHOE UCHOJHEHUE O 3-X
KOMaHJ{ yCJOBHOTO II€pexoja 3a OJMH TakT, NPU 3TOM Iepefady YHpaBICHHS
BBITIOJIHSIET TOJIBKO MEPBasi U3 KOMaHJl C UCTUHHBIM TPEIUKATOM.

Bxoa 1

1:rl=r2+7r3

2:r5 =1d [r2]

napannenbHas BxoA 2

rpynna 1

napannenbHas
rpynna 2

6apbep 1 (t=0)

6apbep 2

6apbep 1 (t=1)
6apbep 1 (t=2) \[

rpaHuubl rpynnsl 1

Puc. 1. llepemewjenue bapvepa u nosasienue HOBbIX Spanuy npu
Nnocned08amenbHOM 8KIIOUEHUU KOMAHO 8 NAPAIIENbHYIO SPYNNY.

! Mox rpadom moToKa yrpaBieHHs IPOrpaMMBbI GyIeM ITOHUMATh rpad,
BEPIIMHAMHU KOTOPOTO SIBIISIOTCS OT/AENbHbIE KOMAH/IbI IPOTPAMMBI, a TyTH
OTIPEICIISIOT OMYCTUMYIO HOCIIEOBATEILHOCTD MX BBIMOITHEHUSL.
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Ha camom BepxHeM ypoBHe, Npoleaypa CEIEeKTUBHOTO IUIAHMPOBAHUS BBITISIUT
crenyromM obpa3oM. CHadana Ha Ka)XJOM BXOJE B PErMOH CO3AIOTCS ITyCTBHIE
napajuiesibHbIe TPYNIIBl KOMaHJA, B KOTOpPBIE B MpOLECCE IUIAHWPOBAHUS OyIyT
NEPEHOCUTHCS ~ KOMAHABL. 3aTéM  IUIAHMPOBINMK  IUKJINYECKH  BBIIOJHSET
CJICYTOLIHE IIary:

e [loctpoeHre MHOXeCTBA TOCTYITHBIX KOMaHI — KaHAUIATOB IS
MepeHoca B TEKYIIYIO MapauIeNbHY0 TPYIIILY.

e OmpeneneHne MHOXKECTBA OCTYITHBIX PETUCTPOB. ISl KaX10H KOMaHIbI
U3 MHOXKECTBA JTOCTYIHBIX OMpPEeNsieTcs MHOXKECTBO PETUCTPOB
Ha3Ha4YeHHsI, C KOTOPBIMH OHA MOJKET OBITh 3aIlJIaHUPOBaHA.

e  Bribop «Hammyumiei» KOMaH (bl U3 MHOXKECTBA TOCTYIHBIX JUIS
TUTAHUPOBAHHUS C TIOMOIIIBIO IBpUCTHK. Hanpumep, yauTsiBaeTcs
BEPOSATHOCTH UCTIONHEHHS YT, 10 KOTOPBIM JIOCTYNHA KOMaH/a, JUTMHA
KPUTHYECKOTO MYyTH B Tpade 3aBUCHMOCTEH, TOCTYITHA JIM KOMaH/a TOJIBKO
B CIIEKYJISITUBHOH (hopMe, ¥ MOXKET JIH OBITh 3aITAaHMPOBAHA C HCXOJHBIM
peructpoM. bonee moapoOHO 3TH 3BPUCTHKHN PacCMaTPUBAIOTCS B paboTe

[2].

e  (dakTHuecKoe NepeMelleHre KOMaHIbI B IapauleNnbHyto rpynmny. Komanaa
HNEPEMEIAETCA U3 UICXOJHOTO MECTa B PETHOHE K IPaHULAM MapaiielbHON
TPYIIIBL, TIPH 3TOM BBIIIOJHSIOTCS BCe HEOOXOAMMBIE PeoOpa3oBaHus, a
TaK¥K€ CO3/1a€TCsl AOIMOJIHUTENbHBIN KOMIICHCALlUOHHBIN KO TaM, TI€ 3TO
HEOOXO0/IMMO JUISI COXPAHEHHUSI CEMAaHTHKH NPOTPaMMBI.

e [lepememnienue rpaHullpl mIaHupoBanusd. Eciu Texymas napanienbHas
TpyTIa 3aroJIHeHa (B Hee He MOKeT OBITh BKIIOUEHO OO0JIbIIe KOMaH]I U3-
3a OrpaHUYCHHH 110 pecypcam), TM00 MHOKECTBO JOCTYITHBIX KOMaH/{
UCUYEPIIaHO, TO Ha TPAHHULIAX TEKYLIeH MapasieIbHOW IPYIIBI CO3AK0TCS
HOBBIE TTapaie’bHble TPYNIbI (1 0apbephl), U IITAHUPOBAHKE
MPOJIOJDKAETCSI CO clleytoniero oaprepa.

B nameit pabote Hanbosee CyIieCTBEHHbIE M3MEHEHUsI ObLTA BHECEHBI B TIEPBEHIE
J(Ba IIara ajJropuTMa, HOATOMY PacCMOTPHUM HX OoJiee MoAPOOHO.

2.2. NocTpoeHne MHOXeCTBa [OCTYNHbIX BblpaXeHUn

Juist Toro 4to0Bl 3alOJHUTH MApAILICIBHYIO TPYIITY, TPEXkIe BCEr0 HEOOXOIUMO
OHpe)IeJ'II/ITB MHOX>XXCCTBO KOMAaH/, KOTOpBIe IIOTCHIIMAJIBHO MOFyT 6I)ITB BKJIFOUCHEBI B
Hee. [Ipu pemienun 3Toi 3a1a4n pacCMaTPUBAIOTCS HE TOJIBLKO MAIlIMHHbIE KOMaH/Ibl
LOCIUKOM, HO W OTACJIIBHO npaBHe qacTHu BBIp&)KCHPIﬁ, COOTBeTCTBy}OH_U/IX 3TUM
KoMaHaaM. TakoW MOJIX0[ MO3BOJISIET OTOXAECTBIISITH MPABbIE YaCTH BBIPAXKECHUH,
JIOCTYIIHBIX BJOJIb PA3JIMYHBIX MyTedl B rpade MOTOKa YIPaBICHHS, a TaKXKe
BBIOUpATH JIFO0OW JTOCTYIHBIA PETUCTP B TOYKE IUIAHHPOBAHUS, €CIU MCXOHBIN
perucTp Ha3HA4YeHUs HCIOJB3YeTCsl Ha MyTH IepeHoca KOMaHIbl K TOUYKe
TUIAaHUpOBaHus. [IpaBas 4acTh MOXKET OBITh BBIJICJICHA, €CJIM COOTBETCTBYIOIICE Ci
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BBIPAXKEHUE HE UMEET MOO0YHBIX Y(PPEKTOB, KaK, HAIPUMED, Y KOMaHIbl a = b * C.
B T0 ke BpeMs, KOMaHAbl U3 acceMOJEpHBIX BCTaBOK, KOMAaHIBI C
ABTOMHKPEMEHTOM U T.II. HE MOTYT OBITh Pa3/ICJICHBIL.

{y, ifccO, w'w, z, z+1, y#1 } {y, ifccO, w*w, z, z+1, y+1} {y, ifccO, w'w, z, z+1, y+1 }
———————— — s N
1:x=y X=y x=y

[ —— N ) z'=x+1
—
\ {ifcco, w'w, z, z+1, x+1} \ {Ifcco whw, zz+1,&1)}/ \ {lfccO w*w, zz+1,z’}’/
\s_______—’ Tem—-- ____—

A,
2:if ccO (2,2+1,2"}

{w*w, x+1 {2, z+1, x+1}

[By=w*w]|[4y=27]

{y+1, x+1} ‘Aﬂ,z’}
5:u=y+1 u=y+1
6:z=x+1 z=2'

Puc. 2. [Ipumep pabomei ancopumma 6b100pOUHO20 NAAHUPOBANHUSL.
a) ucxoouulil epagp,; 6) komanoa 7' =y+1 nepemewaemcs 6001
J1€B0IL 6em8lU; 8) KOMAHOA nepemeujaemcs 8001b NPAGoU 6emauU.

Mmnooicecmeo  docmynHvlX KomanO B TOYKE TPOTPaMMBI, MpealIecTBYOMEH
KOMaHJie I, COJCPIKUT KOMAaHJbI, KOTOPBIE JOCTYITHBI JUIS IUIAHUPOBAHUS B ITOM
Touke, ¥ 00o3Hauaercs kak av_set(i). 3mecy m manee moa KOMaHIAMH, B Ka4eCTBE
3JIEMEHTOB STHX MHOKECTB, IIOHMMAIOTCS JHOO KOMAaHABI LIEIHKOM, JIHOO HX
mpaBble YacTh 0e3 perucTpa HasHaueHHs. [locieqHie CTaHOBATCS IONHOICHHBIMHU
KOMaHJaMH TOJBKO IOCTE BEIOOpA IIEJICBOTO PErHCTPa, KOTOPHIA MPOMCXOIHT
HEMOCPEACTBEHHO Tepe/] IIIAHUPOBAHUEM KOMaH IbI.

MpHoskecTBa JOCTYIHBIX KOMAaHI BBIYUCIAIOTCA IJISA Ka)K}lOﬁ KOMaHAbI B PETUOHE B
00OpaTHOM TOIOJOTUYECKOM TOPS/KE, HAYMHAS C «JIMCTOBBIX» Komawj. CHavara
BBIYHCIISAETCS OOBEJMHEHHE MHOXECTB MOTOMKOB KOMAHJBI i, a 3aTeM M3 HEro
YIQISIOTCS KOMAH/Ibl, HEJOCTYITHBIE HAJT | (T.€. KOMaH/Ibl, UMEIOIIHE 3aBUCUMOCTH C
i). K pe3ynpTupyroiieMy MHOXECTBY J00aBIIsIeTCS caMa KOMaH a i, Tubo ee mpasas
yacTh (HIXKe oHa 0603HaueHa Kak av_op(i)):

av__set(i) = moveup_set(i, U av_set(x Ucw op(1)
x€Succ(i)

3neck Gynkmms moveup_set(i, S) ymamser U3 MHOXKeCTBa S KOMaHJIbI, HMEIOIIUE
3aBUCUMOCTH ¢ KOMaHmoi i. KpoMe TOro, oHa MOKET BBHINOJIHATH NPeoOpa3oBaHue
KOMaH/ B pOpMY, B KOTOPON OHM HE 3aBHUCAT OT i. B 4acTHOCTH, MOIEPKUBAIOTCS
NOJACTAaHOBKA 4Yepe3 MNPUCBAaMBaHME, YCIOBHOE  BBINOJHEHHE, a  TaKKe
CHEKYJIATHBHOE BHIIIOJHEHHE.
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PaccMoTpuM TIOCTpOEHHE MHOKECTB av_Set Ha mpumepe puc. 2(a), TIe OHH
MpUBEJCHb B (UTYPHBIX CKOOKAaxX IS TEPBHIX KOMaH] 0a30BBIX OJIOKOB. Tak,
KoMaHna Z + 1 u3 B MHOXkecTBa av_set(4) Gwbuta moiydeHa u3 KoMaHmel Y + 1,
npuHaIeKamein MHokecTBy av_set(5), ¢ MOMOIIBIO TOJCTAHOBKH dYepe3
NpHCBavBaHue Y = Z. Be3 BBIMOIHEHHSA 3TOr0 MpeoOpa3oBaHus MOMEHSITH MECTAMHU
KOMaH[bl 4 1 5 GbUIO GBI HEBO3MOXKHO, T.K. OHH MUMEIOT HCTUHHYIO 3aBUCHMOCTD 10
y. B 10 e Bpems, KomaHza 5 HU B Kakoii Gopme He coaepxurcs B av_set(3) uz-3a
3aBHCHMOCTH C KOMAHJOM 3, KOTOpas He MOXET ObITh YCTPaHEHa C MOMOIIBIO
HOJCTAHOBKH, T.K. KaK OHA HE SBISIETCS MPOCTOM IMEPECHUIKOW, B OTIHYHE OT
KOMaH/bI 4.

Ilocne TOro Kak BBIYMCIEHBI MHOXKECTBA JOCTYNHBIX KOMaHJ Ha TIpaHULAX
napajuleJbHOM  TPYIIbI, CTPOUTCS MHOKECTBO JOCTYNHBIX KOMaHI IS
napajuieibHOM Trpynmnbl B 1eidoM. OHO BBIYMCISETCS aHAJOTHYHBIM 00pa3oM,
pacrpocTpaHssi MHOXeCTBa aVv_Set oT rpaHul napaielbHOM IPYIIHI K €€ BEpUINHE
yepe3 YK€ 3alJlaHupOBaHHBIC OIIEpallMyd, IIpU OTOM TaK)Xe BBITIOJIHICTCS
IIOJICTAHOBKA aprymMeHTa IIpH IPOXOXKJICHUMM Ha MNYTH BBEpPX YEpe3 oONepanuu
KONUPOBaHUSA. OJTO IO3BOJSET B OJHOM NapaieNbHONW TIpynne IUIAHUPOBATh
oTepanny, KOTOphIC B MPOTUBHOM CIy4ae MMETH Obl MCTHHHBIC 3aBUCHMOCTHU IIO
maHHbIM. Ha puc. 2 BepaxkeHne X + 1, mocTymHOe Ha TpaHHMIE MapauleIbHOI
rpynmel, mpeoOpasyercss B Y + 1, xoTopoe Temeph MOXKET OBITh BBITIOJHEHO
napajuleIbHO BMECTE C YK€ 3aIUIaHHPOBAHHON KOMaHIOM X =Y.

2.3. Onpe,qeneHue MHOXeCTBa AOCTYMNHbLIX UeyieBbiX pernctpoB
AnA BblpaXeHusa

Tak Kak HEKOTOpBIE KOMaHABl B MHOXKECTBE JOCTYIIHBIX TNPHCYTCTBYIOT B HEM
TOJBKO B BHJIE CBOMX IPABBIX YacTeil 0e3 yKka3aHHs eJI€BOT0 PETUCTpPa, TO CHavana
HeoOXonmMMo  BHIOpaTh II€TIEBOM  perucTp, € KOTOpPHIM KOMaHga Oyner
3arulaHupoBaHa. [yt 3TOro HEoOXOAMMO ONpeNeNUTh MHOMKECTBO PETrHUCTPOB,
JOCTYIIHBIX Ha IIyTH ME€pPEMELICHUS] KOMaH/bl OT €€ HCXOAHOTO MECTa B PETUOHE 0
TOUKHU TJIAHUPOBAHUSI.
Kputepuem 10cTynmHOCTH perucTpa sBIseTCs BBIIOJHEHHE CIEAYIOIUX YCIOBUII:
Peructp He uuTaeTcs U He 3aNUCBHIBAETCS HU HA OJJHOM U3 IyTeH, BIOJb
KOTOPBIX JIOCTYITHA BRIOpaHHAsI KOMaH/a,

2. Peructp He )HB HETIOCPEICTBEHHO MOCIIE OIHON M3 IEPBOHAYAIIBHBIX
KOMaH/] (32 HCKITFOUCHHUEM LIEJIEBOTO PETHCTPa COOTBETCTBYOLICH
KOMaH/IBI);

3. Peructp He xHB B Hauaje JealluxX BHE MyTel IepeHoca BETBSIX
YCJIOBHBIX TIEPEXO/I0B, Yepe3 KOTOpbhIe 3Ta KOMaH/[a Oblia nepeHeceHa

1 TOro 9TOo0BI POBEPUTH TH YCIOBHSA, IS Ka)KIOTO BBIPAKCHHS BBHIITOJIHACTCS
0o0xox Tex myTeil rpada moToka ympaBlICHHS, IO KOTOPHIM IOCTYITHO HCXOIHOE
BBIpOXEHHUE, MIPHU ATOM BBIOIHIIOTCS MPeoOpa3oBaHus, 0OpaTHBIE TEM, KOTOPHIE
BBIMOJTHSUTACH TIPH MTOIBEME JAHHOTO BBIPAXKCHUS K IPAHUIIC TUIAHUPOBAHUS.
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2.4. KOHBeﬁepusauuﬂ LUKIOB Npu cesieKTuBHOM nNnaHNMpoBaHUn

C T[OMOIIBIO  CEJEeKTHBHOTO IUIAHMPOBINMKA MOXHO TAakkKe  BBIOJIHSATH
KoHBeWepu3anuioo 1UKIoB [3]. T.K. MIAHHUPOBIIMK MOXET paboTaTth TOJBKO C
alMKIMYECKUMH  PETMOHAMH, JUId IPEACTaBICHUS Teja LUKIa B  BHIC
AIMKIMYECKOr0 PEernoHa NPUMEHSIETCs criennanbHas TexHuka. OHa 3aKiroyaeTcs B
TOM, YTO B Ka)KIBIil MOMEHT MOAPa3yMEBAaeTCs, YTO LUK «Pa30pBaH» 10 TEKYIIUM
OapbepaM IUIAHMPOBAHMSA, YTO JEJIaeT BO3MOXKHBIM IepeMelIcHHe KOMaHI depes
00paTHYIO AyTy, U HEBO3MOXKHBIM — depe3 TeKyIuid 6apbep. [locie miannpoBanus
TeKyLIel MapajulebHOW TPYIIEl Oapkep NepeMentaeTcs, Yro AeNacT TOJBKO 4TO
3aIUIaHUPOBAHHBIE KOMAHIBI JOCTYIHBIMHU IJIsl IOBTOPHOTO IUIaHUPOBaHUs. Takum
o0pa3oM, 3¢ ¢eKT KOHBEHepH3aluyd TOCTUTASTCS 3a CUET IepeMeIIeHHs KOMaH[
yepe3 o0paTHYIO AyTy, a MPOJIOT IUKJIA CO3JAeTCs B Ka4eCTBE KOMIICHCALHOHHOTO
KOJla B MOMEHT Takoro rnepeMemicHus KOMaHabl.

2.5. Peannsauunsa cenektuBHoro nnaHmposwmka B GCC

Panee anroput™ CeICKTUBHOTO TUIAHUPOBAHUS ObLUT PeaIn30BaH HAMU B CBOOOHOM
kommuisitope GCC [4]. Peann3oBaHHbBIH MIaHUPOBIIMK BKIIOYEH B OCHOBHYIO
BETBh pa3pa0OTKH KOMITWIIATOpA, HauWHAas ¢ Bepcuu 4.4, W HUCIONB3YyeTcs IO
YMOJYaHHUIO C YPOBHEM ONTHUMH3aluU -O3 Ha apxurektype [tanium. B wHamiei
peanuzanuu Takxke Obuta J00aBiIeHa MOANEPHKKA CIEKYISITUBHOTO BBITOJHEHUS TIO
JIAHHBIM W YIIPaBJICHUIO [5, 6], a Takke BBINIOJHEH PsJ yCOBEPIISHCTBOBAHUI
aNropuTMa , TPEXIEe BCEro Kacaromuxcs ero OvicTponeiictus [7]. Cpemm HHX
CTOUT OTMETHUTDH ONTHMH3AINIO BEIYHCICHUS TOCTYITHOCTH PETUCTPOB, COXPAaHCHUE
UCTOpUH TIpeoOpa3oBaHMN KOMaHA, W3MEHCHHE TIPOLEAYPHl  BBIYHCICHUS
MPUOPUTETOB KOMAaHI, a TaKkKe psA APYTHX 3BPUCTUK. Peammzanus mommep:KKu
KOMaHJ] C YCIIOBHBIM BHIIIOJIHEHHEM, paccMaTpuBacMasi B JIaHHOH pabore, OblLia
BBIINIOJIHEHA B ceJeKTUBHOM anuposimke GCC.

3. YcnosHoe ebinosniHeHuUe komaHo

OpmHuM U3 (HaKTOPOB, OTPAHNIMBAIONTNX AP PEKTHBHOCT KOHBEHEPH3aIiH INKIIOB,
SBIISICTCS HAIMYME 3aBHCUMOCTEH MO yNpaBlIEHHIO BHYTPU Te€Jla KOHBEHEPU3yeMOro
mukia. [TockonbKy, BoOOIIE TOBOpS, HEBO3MOXKHO 3apaHee BBIYMCINTH, B KaKOM
HarpaBjieHUH OyJeT BBHINMOJHEH Iepexo] Ha OdYepeJHOM KOoMaHJe Iepeaadu
yIpaBJIeHus, YTOOBI He NpeKpamaTh HaroJHeHNe KOHBelepa /10 TOro MOMEHTa, Kak
9Ta KOMaHza Oy/AeT IMOJHOCTHIO BBHITONHEHA, B MPOIECCOpax MPUMEHSIOTCS CXEMBI
npeacKa3aHus MmepexonoB. VX (yHKIMOHUPOBAaHIE OCHOBBIBAETCS HA ABPHUCTHKAX U
cOope CTaTHCTHKH O TEpexoJax BO BPEMsS BBINOJHEHHS HPOTPAMMBI; TakXKe B
HEKOTOPHBIX Iporieccopax (B T.4. B [tanium) cymiecTByeT BO3MOKHOCTH MMPOTPaMMHO
BIMATH Ha TIOBEJCHHE MOAYIs TpeiackasaHus mnepexonoB. OnHako, ecid
IpescKa3aHue mepexoa ObIII0 BEIJAHO HEBEPHO, IMIPOUCXOAUT cOpOCc KOHBEHepa —
BBINOJIHEHHE BCEX KOMAaHJ, BBIJAHHBIX IOCIE HEBEPHO MpPEICKa3aHHON KOMAaHIbI
YCIOBHOTO NEPEX0Ja, OCTAHABIMBACTCA, U HAUMHACTCS BBINOJHEHHE KOMAHIBI C
MPOTUBOIOI0KHOM BETBU YCIIOBUSL.
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p6 = (a > b) _
if (p6) (p6, p7) = (a > b)
/\ (p6) rl = 1d [r2
(p7) rl = 1d [r3
rl = 1d [r2] rl = 1d [r3]
a) 0)

Puc. 3. I[Ipeobpaszosanue semenenus 6 npozpamme 6

nocnedosamenbHulil KOO
Urobb1 u30ekaTh TOTEPh B MPOU3BOMUTCIBHOCTH TPH  HENPaBUIHHOM
MpeICcKa3aHWy YCIOBHOTO TIEpEX0la, B HEKOTOPBIX MpoIleccopax peaM30BaHa
MOJIEPIKKA YCIOBHOTO BBIMOJHEHHs KoMaHa. B mpomeccope Itanium cymectyer
BO3MOXHOCTh aHHOTHpOBaTh JIOOYI0 M3 KOMaHJ OJHMM U3 64 mapHBIX
MPEIUKATHBIX PETUCTPOB, IPU 3TOM KOMaHZa OyZeT BBIIIOJHEHA B TOM U TOJNBKO B
TOM CJIy4yae, €Cli yKa3aHHBIN MPEJUKATHBIM PErucTp MMeeT 3HAaUCHHE «HCTHUHAY.
Bmecto peructpa ¢aroB, KOMaHIbl CpaBHEHHs YCTAHABIMBAIOT Iapy COCEIHHX
MPEIUKATHBIX PETUCTPOB B NMPOTUBOIOJIOXKHBIE 3HAYCHUS; TAKUM 00pa3oM, MOXKHO
OTHOBPEMEHHO XpaHWUTh pe3yibraT 31 cpaBHeHHs (3HAUCHHE HYJIEBOTO
MPEIUKATHOTO PerucTpa (UKCHPOBAHO M PAaBHO JIOTHMYECKOW emuHMIE). B koxe
KaXIOWM KOMaHIBI €CTh IIECTHOMTHOE TI0JIe, B KOTOPOM 3allcaH HOMEp
MPEIUKATHOTO PETHCTPa, KOHTPOIHUPYIOIEro ©€ BBINOJTHEHHE (HalMdue Bcerna
YCTaHOBJICHHOTO B CIWHUIY MPEIUKATHOTO PETUCTPa TO3BOJIAET SIHMHOOOpa3HO
3alMCHIBaTh YCJIOBHO ¥ OE€3YyCIIOBHO BBIMONHSIONIMECS KOMAaHJBI). Y CIIOBHBIE
Mepexo/bl 3alHCHIBAIOTCA KakK Oe3yCIOBHBIE, 3alIMIIEHHBIE COOTBETCTBYIOIINM
MPEIUKATOM.

B03MOXHOCTH YCIIOBHOTO BBINOJHEHUsI B IpoLeccope TpeOyeT COOTBETCTBYIOIICH
MOJUICP)KKA CO CTOPOHBI KOMIWIATOpa. B mpocreiimieM ciydae, oHa Oyxaer
3aKIIFOYATHCS B YAAJCHUU YCIOBHBIX IIEPEX0J0B BHYTPH Teja IMKIIA, IPU 3TOM BCE
KOMaH/Ibl B 0a30BBIX OJIOKaX, BBHIMOJHEHWE KOTOPBIX 3aBUCEIO OT ITOTO MEPEX0/a,
3aIIUIIAIOTCS  COOTBETCTBYIONMM npeaukatoMm (puc. 3). UroOer u3bexartsb
M30BITOYHOTO YBEJIMYCHHSI pa3Mepa Koja, 0OBIYHO TPUMEHSIOTCS DBPUCTUKH. Tak, B
kommusitope GCC MakcuManbHOE YHCIIO KOMaHI ISl IMpeoOpa3oBaHHOTO OJ0Ka
st apxutektypsl EPIC 3agano paBHBIM 12 (4TO COOTBETCTBYET MaKCHMAJLHOMY
YKCIly KOMaHJI, KOTOPOE MOXET ObITh BBIIIOJHEHO 3a JBa Takra), a B pabore [8]
npeoOpa3oBaHUe MPUMCHSETCS TOJIBKO K TeM 0a30BBIM OJIOKaM, KOTOPBIC HE
COJIepKAT BBI3OBOB ()YHKIIMH M JJIMHHBIX ICTIOYEK 3aBUCHMOCTEH 10 NaHHBIM. B
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pabote [9] mpemnaraercss MPOHM3BOMUTH IOJIHOE MPEOOpa3OBaHWE BETBICHUH IS
BCeX 0a30BBIX GJIOKOB IPOrpaMMbl CPaBHUTEIHFHO PaHO B MPOLECCE ONTUMM3ALUH
KoJa. DTO IMO3BOJSIET YHNPOCTHTH Tpad IMOTOKA YHPAaBICHUS U IMOCIEIYIOMINX
onTUMI3anui, HO A 3QeKTHBHON paboTel TpedyeT nmobaBieHMs yuéra
YCIIOBHOTO BBINOJHEHUSI B aHAJIM3 3aBHCHUMOCTEH 10 NaHHBIM. UTOOBI OTMEHUTH
HeraTuBHBIA 3((EeKT CIMIIKOM arpecCHBHOrO mpeoOpa3oBaHHMs KOMaHJ B
yciaoBHyl0 ¢QopMy, BO BpeMs [EpBOro INpOXoJa IUIAHHPOBIIMKA KOMaH.
npousBomUTCs  oOpaTHoe mpeoOpasoBaHue BeTBieHMd. B pabore [10]
paccMarpuBaeTcsl MOAXO0J K ONTUMM3AI[MK BETBICHHH HAa OCHOBE MUHHUMH3ALUH
JOTUYECKUX CXEM, OIHCHIBAIOIINX 3aBHCUMOCTH YCIOBUH IepexojoB. JTo
MO3BOJISIET YHPOCTHTH Ipad) MOTOKA YNPaBIECHUS U ONTUMHU3UPOBATH BHIYHMCIICHUE
NpPEIUKATOB.

OOmuM HEZOCTAaTKOM BCEX PpAcCMOTPEHHBIX IIOJXOJIOB SABIAETCS TO, HYTO
BBITOJHOCTh TNPEOOpa30BaHUS OILCHUBAETCS TOJNBKO MCXOAS W3 KOJIMYECTBa
npeoOpa3oBaHHBIX KOMaHJ, a HUX TpeOOBaHUA K pecypcaM Ipoleccopa He
YUHUTBHIBAIOTCS (HAIIpUMeEp, Ha MPOIEeccopax apXUTEKTyphl Itanium 2, 12 xomaHp
IUTaBAOLIEH TOYKOI HE MOTYT OBITh BBIIIOJIHEHBI OBICTpPEE YEM 3a 6 TAaKTOB, TaK Kak
MpoLECCOp MMEET TOJBKO JBA yCTPOWCTBA IS BEIIECTBCHHBIX BBIUMCIICHHUI, HO B
TO k€ BpeMs 12 mpocThIX apUPMETHIECKNX KOMAaHI MOTYT OBITh BBITIOJHEHBI 3a 2
takTa). KpoMe TOro, B HEKOTOPHIX CIIydasXx MMEET CMbICT IPeoOpa3OBHIBATH B
ycioBHyl0 (opMy He Imenble OJOKHM, a WX 4YacTH, HampuMmep, 4YToObl HMETb
BO3MO)KHOCTH HauaTh 3arpy3Kd M3 MaMSATH paHbIIE, 9eM NPOU30HWAET mepexo]| Ha
cofepxanuii e€ 0a30BBI OJOK (IPU YCIOBHH YTO MPEAHUKAT, KOHTPOIUPYIOIINH
3TOT NEPEXOJI, MOXKET OBITh BEIYHCIIEH I0CTaTOYHO PAHO).

OnucaHHbIe HCIOCTAaTKN MOTyT 6BITI> YCTpaHCHbI, €CJin OCYIIECTBIIATH
npeoOpa3oBaHWEe BETBICHMH B TIpolecce IUIAHWPOBAHUS KOMaHI, T.K. B
IUTaHWPOBILMKE M3BECTHA HanboJee TOYHast HHPOPMAIHS O PaclpeesleHnH KOMaH/
Ha (pyHKIMOHAJIBHBIE OJIOKM MpoILeccopa, U €€ MOXKHO MCIOIb30BaTh ISl IIPUHATHS
pemieHM O TepeHoce KOMaHJ uepe3 BeTBIeHHsI. B gaHHONH paboTte
paccMaTpuBaeTcs, Kak TMOJJEpPKKa YCIOBHOTO BBITIOJHEHHSI MOXET OBITh
pearn30BaHa B CEIEKTUBHOM TUTAHHPOBIIHKE [2].

4. ModdepikKka ycrI08HO20 BbIMOJIHEHUSI 8 CeJIeKMUBHOM
nnaHuposuwjuke
21063.BIICHI/IC MOAACPKKN KOMaHJ C YCJIIOBHBIM BBIIIOJJTHCHUEM B CEJIEKTUBHBIHN
TUIAHUPOBHIVK BKJIHOYACT CICAYIOIIHEC IMOA3aaavuun:
1. BepuuciaeHue NpeauKaTa yCIOBHO BBITIONHSIOMEHCS KOMAaHIbI,
COXpaHeHHe ero B aTpulyTax KkoMaH bl JloOaBieHHe MpeauKara K
KOMAaHJE.

2. JobaBneHue yCIIOBHO BBINOJHSIOMINXCS KOMaH] B MHOKECTBO T'OTOBBIX
UHCTPYKLHUI.
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3. OO0ecneyeHne KOPPEKTHOCTH MPH ITEPEHOCE BEIOPAHHOMN B YCIIOBHO
BBITIOJIHSAIOIIEHCS (hOpMe KOMAH/IbI K TPAHUIIC TNIAHUPOBAHUSL.

4. OobecneueHne KOPPEKTHOCTH peoOpa30BaHMiA, TPUMEHIEMBIX
CEJIeKTHBHBIM IIAHMPOBIIMKOM K KOMaH/IE B YCJIOBHO BBIIOJIHSIOIICHCS

thopme.

B mannom pa3acic Mbl paCCMOTPUM HOI[p06H0 KaXXIyro U3 3TUX 3aJa4d.

4.1. O6paboTka ycrioBUWU B NITaHUPOBLUMKE

Jns peanuzauyy NOAIEPKKH KOMAaHJ C YCIOBHBIM BBINIOJHEHHEM IMOTPEeOOBAIOCH
BHECTH P M3MEHEHUIH B CTPYKTYpHl AaHHBIX W (YHKUUM IJIAHUPOBHIMKA. B
YaCTHOCTH, B MHOXKECTBE T'OTOBBIX KOMaH] BMECTE C CaMOW KOMAaHAOH NOJDKCH
XpaHHUTBCA TaKKE M MPEAUKAT, C KOTOPbIM OHA JOCTYHHA. OJTOT MpEIuKaT
BBIUMCIIACTCS Ha JTalne WHUIUAIN3aLUN CTPYKTYp HAHHBIX IIAHUPOBIIMKA B
(yHKINH, BBITOJHSAIOMIEH aHAIN3 KOMaHABl B (hopMe BHYTPEHHETO TPECTABICHHS
xommmmrsitopa GCC. Cpenu aApyrux U3MEHEHHH MOXKHO OTMETHUTH HOOaBIICHHE K31I1a
npeoOpa3oBaHNi, ITO3BOJLIIONMIETO XPAaHUTh PA3IMYHBIC YCIOBHBIC (DOPMBI IS
KOMaHJ], JOCTYIIHBIX C Pa3HBIX BETBEHl YCIOBHOTO Iepexoja (M MOIydarollue
IpeauKaT YCIOBHOIO IEpexoja WIH €ro OTPUIlAHHE, COOTBETCTBEHHO), a TaKXke
HOAJIEPKKY pa3liesieHusi MHCTPYKLHUA B YCIOBHOW (OopMe Ha JIEBYIO M MNPaBYIO
yacTH Ha OJTale aHalu3a, YTO IMO3BOJSIET B TaKUX KOMAaHAaX BBINOIHATH
MepEeUMEHOBaHNUE PETHCTPOB.

4.2. lo6aBneHne YCNOBHO BbINOJIHAKLWMNXCA KOMaHA B
MHOXECTBO rOTOBbIX MUHCTPYKLUN

[Ipeobpa3oBanre koMaHI B (OPMY C YCIOBHBIM BBIMIOJIHEHHEM OTIMYAETCS OT
JIPYTUX MpeoOpa3oBaHull B CENIEKTUBHOM IUIAHUPOBIIUKE, TAKUX KaK MOJCTAHOBKA
4Uepe3 NMprucBanBaHUC U CIICKYJSITUBHOC BBINIOJTHCHHUEC. BO-HepBBIX, JUISA BBIIIOJIHCHU S
JJAaHHOTO TIpeoOpa3oBaHUsl HEOOXOMUMO 3HATh, HAa KAKOW BETBU YCIOBHOTO
nepexojia J0CTyIHa KOMaH/a: K KOMaHAaM C BETBH, HA KOTOPYIO OCYILECTBIISETCS
Mepexo/1, JODKEeH OBITh IPUCOEANHEH MPEIUKAT, KOHTPOJIUPYONINH Mepexo, a Il
KOMaH]| C TIPOTHUBOIIOJIOKHOW BETBU — 00paTHbIN eMy. [To3ToMy mpucoennHeHHe
NPENKATOB HEOOXOMUMO BHINOJHATH BO BpeMs OOBEIMHEHUS MHOXKECTB
JIOCTYITHBIX KOMaHJ 0T 00euX BETBEH Ha KOMaHJE YCIOBHOTO MEpexoja, a He MpH
BBIYUCIICHMH MHOECTBA JOCTYITHBIX KOMaHJ, KaK 3TO JEJIAeTCs, HApUMEp, MpH
CHCKYJISITHBHOM BBINIOJHCHUU. Bo-BTOpBIX, NpH MNpeoOpa3oBaHWM KOMaHJI B
YCIIOBHYIO (hOpMY, UCXOTHBIE KOMaH/IbI TAK)KE OCTAIOTCS B MHOXKECTBE JIOCTYITHBIX,
TaKuUM 06pa30M COXpPAHACTCA BO3MOXHOCTH BBIJIaATh HCXOAHYIO KOMAaHIy B
CIIEKYJIATUBHOHK (popMe, HapUMep, €Ilie 0 TOTO, KaK BRIYUCIICH MPEINKaT.

[ycts cond — ycioBue, KOHTPOIUPYIOLIEE epexo, avset; u avset, — MHoKecTBa
JOCTYIIHBIX KOMaHJ|, BEIYUCIEHHbIE AJI1 KOMaHJ Ha BETBSIX YCJIOBHOTO NEpexoja.
Torma MHOXECTBO JOCTYIHBIX KOMaHJ HEMOCPEICTBEHHO mocie mepexoxa J c
J00aBIEHHBIMYA KOMaHaMU B YCIOBHOH (hopMe UMeeT BUL:
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avset_below(J) = U avset(I')U

I"eSucc(I)

U {apply _predicate(I’,cond)} U U {apply _predicate(I’,—~cond)}
I’ cavsety I'cavsety

3neck dynkius apply_predicate(l, cond) mpucoenunser npexukar cond kK KoMaHse
I

Yro6bl npu mocneayromeM moabpéme avset below(J) uepes ycnoBHbIN mepexon J
KOMaHAbl B YCIOBHOW (opMe He OBUIM yAAleHbl M3 MHOXKECTBA TOTOBBIX
UHCTPYKIMH, HeOOX0IMMO SIBHO paspellarh IEPEHOC YCIOBHBIX KOMAHI 4Yepes
HEPEXOBI ¢ TEM K€ MPEIUKATOM B QYHKIMK MOVE_Up. VICKIIOUEHHE COCTABIAIOT
KOMaHIpl, MOIUGHUMPYIOIIME TNPEIUKATHBIM DPETHCTP, KOHTPOJMPYIOIIMH 3TOT
YCIIOBHBIN MEPEXOI.

4.3. NMepeHOC K rpaHuLe NNaHUPOBAHUSA

Peanuzarus moaaep KKy yCIOBHOTO BBIMOJHCHUS TPEOYET CICAYIOIIUX U3MCHEHUIN
B IpOIenype TMepeMelleHNss BBHIODAaHHOH KOMAaHABI K TEKyIIeH TIpaHUIe
wianupoBanus (GyHkims move_op [2]). Ha sTtame moucka W3HAYaIbHBIX KOMAaH]I
MPU CITyCKE Yepe3 KOMaHIy YCIOBHOTO Iepexona HeoOXOoAnMO MpeoOpa3OBHIBATH
KOMaH[Ibl, KOHTPOJIUPYEMBIC TEM K& MPEIUKAaTOM, K3 YCIOBHOW (OpMBI B
0OBIUHYIO, YJAJSIsl COOTBETCTBYIOLIUH MPEIUKAT Y KOMaH]] U3 TEKYIIEro MHOXKECTBA
W3HAYaJIbHBIX KOMaH Orig_ops. IIpu 9TOM MOUCK HEOOXOAMMO MPOIOIKATE TOJIBKO
Ha OJHOW BETBH, COOTBETCTBYIOLIEH MpenuKaTy BbBIOpaHHONH KoMaHabl. Ilomck
W3HAYaJIbHBIX KOMAaHJI Ha BETBM YCIOBHOIO OIEepaTtopa, COOTBETCTBYIOUIEH
MPOTHBOTIOIOKHOMY 3HAYCHUIO MPEIUKaTa, Jake €CIIH OHU TaM €CTh B KaKOW-TH00
(hopMme, HE TOIDKEH MPOU3BOAUTHCS U3 COOOpaKEHHI KOPPEKTHOCTH: B MIPOTHBHOM
cilydae yCJIOBHas KOMaHIa, KOTOpas He MOTJIa OBl BEIOJHUTHCS HA JAHHOM ITyTH
(T.K. OH COTEPKUT YCIOBHEIA MEPEX0/1 IO MPOTHUBOIIOIOKHOMY TIPEINKaTy), OyaeT
MOJHATA BHIIIE YCIOBHOTO IMepexoma. B 3ToM ciiyyae KOMaHAa MOXET OBITh
WCIOJIHEHA INPU COOTBETCTBYIOIIEM 3HAYEHUM INPEIUKATa, YTO NPOTHUBOPEUMUT
CEMAaHTHKE UCXOJIHON MPOrpamMMBl.

Euie ogHo n3MeHeHue kacaeTcsi CoO3JaHusl KOMIIEHCAlMOHHOTO Koaa. Bo Bpemst
MOWCKA U3HAYAIBHBIX KOMaH/I B ()YHKIIMU MOVE_Op TUIAaHHPOBIIHK YAAJSIET BCE
HalZieHHbIe (OPMBI MTEPEeMENaeMOi K TPaHUIIE TUTAHUPOBAHUS KOMaH/IbI, BKITIOYas
Y CO3/IaHHBIA paHee KOMITIEHCAITMOHHEIN Kol Tak, Ha puc. 4 moKka3aHo, Kak Mpu
IUIAaHUPOBAHUH OOBIYHOM KOMaH/BI @ = @ + b cHavana OyzeT HaiiieHa 110 JIeBOi
BETBHU U yJaJicHa W3HadaJIbHAs KOMaHa 1, 4To Ha OOpPaTHOM IyTH MPUBEIET K
CO3/IaHHMIO KOMITEHCAITMOHHOTO Ko/a 3, a 3ateM u koja 2. [locne 3Toro, yxe npu
MIPOXO/IE TT0 TIPaBBIM BETBSM, CHauana Oy/IeT Hai/leHa U yaalieHa KOMaH/a 2, a
3areM KOMaHja 3, mociie yero komManaa a = a + b Oyzer nepemerena B BepxHuii
0JI0K.
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a=a+b

a=a+b
if (p6)

if (p8)

(P8)a=a+b
if (p6)

Puc. 4. Cozdanue xomnencayuonno2o ko0a npu NAIAHUPOSAHUU:
@) 00bIUHOU KOMAHObL, O) KOMAHObL C YCIOBHBIM NPEOUKAMOM

B ciIydac€ IIJIaHUPOBAaHUA KOMAaHJ C YCJIOBHBIM IIPCAWKATOM, TaKO€ YIAJICHUEC
CO3/IaHHOTO paHee KOMIICHCAIIMOHHOTO KOJa MOXET IPUBECTH K CO3IaHHUI0
HEKOppeKkTHoro konxa. Ha puc. 4(0) moka3aHO IUIAHMPOBAHUE TOTO JKE YyYacTKa
MPOTPaMMEI, HO JIJIsl TUIAHUPOBAHHS BBIOpaHA KOMAaHJIA C YCIOBHBIM BBIITOJHCHHUEM
(p8) a = a + b. Eciu 661 MBI NOCTYNUIIM MPEXKHAM 00pa3oM U MPOCTO YAAIUIN
KOMIICHCAIIMOHHBIN KOJ, TO TEPEeMEHHON & He NPUCBAMBAJIOCh OBl MPaBUIBLHOE
3HaYCHHE B CiIydae, Korja mnpemukar P8 He ycraHoBieH. [l coxpaHeHUs
KOPPEKTHOCTH KOJa Ha BCEX ITYTAX BBINOJHCHHUA TPHU HAXOXKICHUHN W3HA4YaJIbHOM
KOMaH/bl HEO0O0XOIMMO BMECTO €€ yIaJeHus [00aBUTh K HEH MpeauKar,
MPOTUBOMOJIOXKHBII TOMY, KOTOPBIH 3Ta KOMaH/]a UMEET B MHOXKECTBE M3HAYAIbHBIX
KOMaHj Orig_ops. YmareHne KOMaHIbI MMPOUCXOAUT TOJNBKO B TOM CIydae, €CIid
KOMaH/Ia B 9TOM MHO>KE€CTBE HaXOJIUTCS B 0€3yCIIOBHOH (opme.
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9 p6 = (a > b)
PRI g o 'SR r5' ¥
el r7 = 1d [r3] I &*+)-./1.(0)0
o /7 (p6) br L1 l\(&$
]
\
Ll: AS
s - 1 [rd] r3 = 1d [r5] @

Puc. 5. Buibop pecucmpa nasnauenust 01 KOMAHObL C YCIOGHbIM
BbINOJIHEHUEM NPU NEPEUMEHOBAHUU PESUCTIPOS

4.4, BsaumogenucTeume ¢ gpyrumm npeodbpasoBaHMAMMU

4.4.1 Iloocmanoeka uepes npuceausanue

B nomosiHeHHE K MMOJICTAHOBKE PErHCTpa MPH MEPEMEIICHUH KOMAaH/IbI B YCIOBHOU
dbopme uepe3 Oe3yclIOBHOe MpHUCBaWBaHWe, JO0ABISIETCS  BO3MOXKHOCTB
OCYIIECTBIISITh MOJACTAHOBKY Yepe3 YCIOBHO BBIMOJHSIEMOE MPHCBAUBAHUE, €CIH
BBINIOJIHEHHE KOMAHJIbI, B KOTOPOI BBITIOJHSIETCS MOACTAHOBKA, KOHTPOJIUPYETCS
TeM ke mpeaukarom (tabm. 1).

Kox no npeobpazoBanus Kopx mocie mpeoOpa3oBanus
(p6) movl r32=r33 (p6) 1d4 r34=[r33]
(p6) 1d4 r34=[r32] (p6) movl r32=r33

4.4.2 Ilepeumenosanue pecucmpos

3aMeTI/IM, 4TO IEPEHOC KOMAHIBI NPHUCBAMBAHUA 4YCPE3 yCJ'IOBHI:.Iﬁ nepexoa ¢
npeobpa3oBaHHeM €€ B YCIOBHYIO (OpMY HE BIMSET Ha 3HAUYeHHE €€ IIeIEeBOTr0
perucrpa Ha BeTKe IIepexo/1a, Ha KOTOpOi 3Ta KOMaH/a He goctynHa. Hampumep, Ha
puc. 5 mnst xomauasl r3 = 1d [r4], KOTOpYIO MOXHO IpeoOpa3oBaTh B
yCIOBHYIO (OpMYy M BBIJIaTh Cpa3y IIOC]E BBIYHCICHUS IPEAMKaTa, B KadeCTBE
perucrpa Ha3HaYEHUsI MOXKET OBITH BHIOPAaH r5, HECMOTPS Ha TO, YTO €r0 3HAUCHHE
WCTIONB3yeTcsl Ha apyrod BeTBH. COOTBETCTBEHHO, ycioBue (3) W3 KpHUTEpHs
JIOCTYITHOCTH PErUCTpa B paszjiene 2.3 MOXXHO YTOUHHUTD CIIEIYIOIIMM 00pa3oMm:

(3). Peructp He %uB B Hayaie JeKalUX BHE IyTeH MepeHOCa BETBAX YCIOBHBIX
Mepexo/oB, dYepe3 KOTOphle JTa KOMaHga Oputa TiepeHeceHa 0Oe3
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npeobpa3oBanusi B (OPMY C YCJIOBHBIM BBIIOJHEHHEM MO MPEIAUKATY,
KOHTPOIIMPYIOIIEMY 3TOT TIEPEXOJ.
COOTBETCTBEHHO, MEXAHU3M BBIYUCICHHUS MHOMXECTBA HEJIOCTYIHBIX LEIEBBIX
peructpoB u atpubyta target_available [7] 6su1 MomudunmpoBan ¢ yaérom 3TOTO
yrounenns. Jlims  atpubyra target available mocratouno mpomyckate ero
OOHOBJICHHE MNpH OOBEJAWHCHHH MHOKECTB MOCTYIIHBIX KOMAHI HAa KOMAHIE
BETBJICHUS JUIS KOMaHJ[, MONYUYHBIINX TP MEPEHOCE Yepe3 BETBICHHE YCIOBHYIO

dopmy.
4.4.3 Hcnonv3o6anue cneKkyismugHblX 3azpy30K

VYcrnoBHOE BBINOJIHEHHE MOXET TakKe KOMOMHUPOBATHCS CO CIEKYJISTUBHBIM
BBINOJIHEHHEM KOMaH B IPOU3BOJIBHOM Nopsake. Hanpumep, nepenecéHHas depes
JBa BETBJCHUS M CTaBIIAs CICKYJSATUBHOM 3arpy3ka MOXKET OBITh 3aIlWINeHA
OpeIUKaToM OJHOTO H3 IEPeXOJ0B, YTO BBIFOJHO OTIUYAETCA OT MPOCTOR
CIEKYJIATHBHON ()OPMBI TEM, UTO NPH JOKHOM IpennKaTe oOpaIieHus K mamMsTH He
IIPOUCXOIUT.

4.5. KoHBenepusaums LUKIOB C UCMNOSIb3OBaHMEM YCNOBHOIO
BbINOSIHEHUSA

[MonmepxKka ycIOBHOTO BBIIOJIHEHHS TO3BOJISIET YIIyUIINTh KOHBEHEPH3aIHIO
IUKJIOB, BBIMTOJHACMYIO CEJICKTUBHBIM IIJIAHUPOBUIUKOM.

Bo-mepBBIX, mepeHOC KOMaHA uepe3 oOpaTHylo Oyry LHUKJIa ¢ J1o0aBlIeHHEM
YCIOBUSI, KOHTPOJIMPYIOLIETO BBIXOJ W3 IMKJIA, HE NPHBOAUT K YBEIMUCHHUIO
KOJIM4YCCTBA KOMaH/, KOTOpPbIC 6yI[yT BBITIOJTHCHBI npu 3aIryCKe
KOHBEHepH30BaHHOTO IMKJIA (Ha MOCIEIHEeH UTepaluy IHKIa IpeAUKaThl KOMaH,
MepeHeCEHHBIX Yepe3 00paTHYIO AYTY, OYAYT JIOKHBIMH).

Bo-BTOpPBIX, MOCKOIBKY JOCTYITHOCTH IIENICBOTO PETHCTpa He cOpachiBaeTCs IMpHU
TepeHoce Yepe3 YCIOBHBIN Mepexo ] B KOHIE NUKIA (aXKe eCIH 3TOT PETUCTD KHUB
Ha BBIXOJE W3 IHKIA), HEOOXOAWMOCTh B WCIIONE30BAHUH IIEPCHMEHOBAaHUS
PETUCTPOB BO3HUKAET PeXe. ITO MO3BOJSIET COKPATUTH YBEIWYCHHE pa3Mepa KoJa.

Hakonen, nosiBiasieTcsi BO3MOXKHOCTb IEPEHOCUTb KOMAHJbl 3arpy3Kd W3 IaMSITH
yepe3 OOpaTHYIO Iyry LUKJIA 0e3 HMCHOJIb30BaHUS CIIEKYJSTHBHOTO YTEHHMS, 4TO
MO3BOJISIET OOOHTHCH 0€3 KOMaHAbl IPOBEPKH CHEKYJSTHBHOIO UTEHHS. OJTO
IIO3BOJIIET HE TOJBKO COKPATUTh pa3Mep KOAA, HO U JOIOJHUTEIbHO OKa3bIBAET
MOJIOXKUTENBHBIM  3PPEKT Ha MPOM3BOAUTENHHOCTH 3a CUYET TOrO, YTO
YBEIMUMBAETCS PACCTOSHUE MEXIYy KOMAaHJIAMU CHEKYJATUBHOM 3arpy3ku M
IIPOBEPKH, T.K. €CJIM IpH IUIAHUPOBAHUMU CIEKYJIATHBHONM KOMAaHIbl Ha MECTO
HCXOZHOM BCTAaBJISAETCS POBEPKA CIIEKYJISITUBHOIO YTEHMSI, HE BCEI/la OKA3bIBAIOTCS
pasHeceHBl Ha JOCTaTOYHOE pacCTOSIHWE, YTOOBI TIepBas 3aKOHYIIA CBOE
BBINTOJTHEHHE J0 TOTO, KaK BTOPOH MOHAOOUTCS €€ pe3yNbTaT, YTO MOKET IPHBECTH
K 3aJI€pKKE.
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Kpome Toro, nosBusieTcss BO3MOXKHOCTh IEPEHOCUTh KOMaHIbl, 3aBUCAIINE OT 3TOU
3arpy3kd (B CIydae, €CII HCIOJB3YIOTCSl CHEKYNISTHBHBIE UYTECHUS, 3TO TpeOyeT
TeHEPUPOBAHN KOMIICHCHUPYIOLIETO KOAa B OJOKE, Ha KOTOPBIH OCYIECTBIACTCS
nepexo] KOMaHAOW TPOBEPKH; HEKOTOPHIC 3aBUCHMBIE KOMAHABI, HAIpUMEp
KOMAaH/IBI 3alUCH B MaMATh, HE MOTYT OBITh IIEPEHECEHBI, TAK KaK HE JIOMYCKAIOT
UCIIOJIb30BaHUE HEIIPOBEPEHHBIX PE3yJIbTaTOB CIIEKYJIATUBHBIX 3arPy30K).
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Puc. 6. Uzmenenue npouzsooumenvHocmu u pazmepa KoOd NPULOH#CEHUL
SPEC CPU 2000 oa5 cenexmusrozo nianuposujuka c

5. 9kcnepumMeHmMarsnbHbie pe3ysibmamabl

Pazpaboranusiii anroput™m Obul ompobosaH Ha Habope SPEC CPU 2000. Ilpu
KOMITWJIIMK J71s1 0a30BBIX M3MEPEHHH HCIIOIb30BAIMCH KIIOUM KOMIIIIIUH —O03
-ffast-math -fno-auto-inc-dec; Ha puc. 6 TOKazaHbl NPOLEHTHbHIE
W3MEHEHHs] TIPOU3BOJMTENILHOCTH M pa3Mepa Koja TECTOB IPU BKIOYCHHH
MOJJIEPKKU YCIIOBHOTO BBITIOJIHEHHUS B CEJIEKTHBHOM IIJIAHUPOBIIMKE.

[IaTh TECTOB MOKAa3alM 3aMETHBIA POCT MpoM3BogUTEeNbHOCTH (Ha 5% u Ooiee),
HECKOJILKO TECTOB 3aMeIMINCh, HO He Oonee, yemM Ha 2.5%. B 1nenom,
MPOU3BOIUTEILHOCTh HA0OPA TECTOB BEIICCTBCHHBIX BBIYMCICHHUN YBEIMYMIACH HA
2%, W3MEHEHWE TMPOU3BOJUTEIHPHOCTH TECTOB IIEIOYUCICHHBIX BBIYUCICHHH
HaxOQUTCS B TIpelenax IOTPEIIHOCTH HW3MepeHui. PasMep Kojga TeCTOBBIX
TIPUIIOKCHUH TTPAKTHIESCKH HE N3MEHHMIICS.
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6. 3aknroyeHue

B nmanHOW paboTe OBUT MPEIUIOKEH HOBBIM MOAXOJ K MOJICPKKE KOMaHI C
YCIIOBHBIM BBITIOJJTHGHHEM BO BpeMs IUIAHUPOBaHUs KoMaHA. bbeul paspaboTan
AITOPUTM, OCYIIECTBISIOUINN TpeoOpa3oBaHuEe KOMAaHA B YCIOBHYKO (opmy BO
BpeMsi pabOThl CENEKTHBHOIO IUIAHUPOBIIMKA. AJTOPUTM ObLT pealn30oBaH B
CEJIEKTUBHOM IDTaHupoBmuKke kommusatopa GCC, W momaH Ui BKIIOYCHHS B
OCHOBHYIO BETKY pa3pabOTK{ KOMIMIIATOPa HauuHasl ¢ Bepcuu 4.7.

Peanmzanus Obita mportectupoBaHa Ha Habope TectoB SPEC CPU 2000. Poct
npousBoaurensHocTH Ha Tectax SPECFP Ha6opa SPEC CPU 2000 cocraBui noutu
2%, TIpu 3TOM OTZENIBHBIE TECTHI YCKOpMINCh Ha 7 1 16%, a Takxe Ha 5% BbIpoCIH
nBa tecta u3 SPECINT. Pa3mep xona npu 3TOM U3MEHUIICS HE3HAYUTEIBHO.
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Support for Conditional Execution in Selective Scheduling

Dmitry Melnik <dm@ispras.ru>
Alexandr Monakov <amonakov@ispras.ru>

Abstract. Conditional execution is a hardware feature available in some CPUs that allows
assigning instruction a predicate so that instruction will only execute if the predicate is true.
In this paper we propose a method for supporting conditional execution in the instruction
scheduler and discuss the advantages of this approach compared to a stand-alone optimization
pass that precedes the instruction scheduling. We have implemented the proposed
optimization in the selective scheduling in GCC compiler. Experimental results show an
average improvement of 2% (and up to 16% on selected tests) for SPECFP part of SPEC
CPU2000 benchmark.

Keywords: instruction scheduling, conditional execution, predication, GCC.
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MeToZ aBTOMaTU4eCKOro BOCCTAaHOBMNEHUS
nepeMeHHbIX U3 TPacCbl UCMOMHEHUS
nporpammbi’

M.A. Knumywenxosa, B.A. Makapos,
maria.klimushenkova@ispras.ru, Vladimir.Makarov@orimtech.com

AnHoTammsi. B pabore omuceIBaeTCS METOA BOCCTAHOBIICHHS JIOKAIBHBIX IEPEMEHHBIX U3
Tpacchl HCIIOJNHEHMS HpOrpaMMbl. MeToj HCHONb3yeT OAHY U3 CXeM aHaliu3a MOTOKOB
JaHHBIX — JOCTUTAIONINEe OmpenenceHus. B Hell Taxke paccMaTpHBAIOTCS CYIIECTBYIONIHE
TOJXOMABI K PEIIEHHIO 3a1a4ll BOCCTAaHOBIICHHS IIEPEMEHHBIX.

1. BeedeHue

B mensx obecriedyeHuss 6€30MaCHOCTH MCIOJIB30BAHUS IPOTPAMMHBIX CPEJICTB,
pa3pabOTaHHBIX CTOPOHHUMH HCIOJIHHUTENISIMH, YacTO BO3HHKAaeT HEOOXOAMMOCTh
AQHATU3UPOBATh MX MHCIOJHSIEeMble (ainpl. OTO OYEHb CIOXHBIA M TPYHAOEMKHH
npouecc. s oOinerdennst pabOTHl aHATUTHKA Pa3pabOTaHO MHOTO Pa3IMYHBIX
MHCTPYMEHTANbHBIX CPeACTB. IIpuMeHEeHHe OMHCHIBAEMOr0 aIrOPUTMAa IOBBIIIAET
YpPOBEHb a0CTpPaKIMU JTaHHBIX, YTO MO3BOJISIET aHAINTHKY CKOHIIEHTPHUPOBATHCS Ha
JoTHKe 00paOOTKH JAHHBIX, 3 HE HA OCOOCHHOCTSIX MX MPE/ICTABICHUS B KOJIE.

2.0630p pabom e obnmacmu  eoccmaHoOBJ1eHUs
nepemMeHHbIX

B Hacrosimiee BpeMs CymiecTByeT He TaK MHOTO paboT B 00JacCTH BOCCTAHOBJICHHS
MePEMEHHBIX U UX TUTOB. B padorax [1], [2] u [3] ucnomb3yercst CX0XKHUI TOIXOT
IPY BBIJICNICHUN JIOKANBHBIX TepeMeHHBIX. OH OCHOBaH Ha aHajJN3e IIOTOKOB
JAHHBIX, BBIYMCICHUN JOCTUTAOIINX ompeseneHuii u mocrpoennn def-use chains.
IIpz sTOoM 00paboTKa B HHUX NPOUCXOAWT HE OTAEIBHBIMH WHCTPYKLIUSAMH, a
6a30BBIMH OJIOKaMH.

Bce paccMmoTpeHHble pelieHrs 3ajaud BOCCTAHOBJICHUS JTIOKAJBHBIX IEPEMEHHBIX B
KadecTBE BXOIHBIX JAHHBIX HCIHOJB3YIOT AaCCEeMONEpHBIM KOJ MPOTPaMMEL.
OnwuchBacMbIif METOJ TpEATIOoNaraeT aHajH3 TPAcChl HCIIOIHEHHS TPOTPaMMBI
BMECTO aHaJl3a €€ CTAaTUYECKOro Koaa. B mpolecce BBINOIHEHUS IPOrpaMMBbL
MOTYT OBITH TPOMICHBI HE BCE BETKHW, M HEKOTOPHIE WHCTPYKIIMH MOTY OCTaThCA

! PaGora momnepskana rpantom PO®U (11-07-00353).
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HeoOpaboTaHHEIME. HecMoTps Ha 53TO, MHCIIONb30BaHHE TPACChl HMEET DAl
CIEOYIOINX IPEUMyLIecTB. VM CXOIHBINH KOJ NPOrpaMMBl HE BCErJa MOXET OBITh
JOCTYIICH, a aHAJIN3 acCeMOJICPHOTO KO/, IIOJy4eHHOTO IIPH AUCACCEMOIMPOBAHUH
UCTIONHAEMOTO (paiiina, OCIOXKHICTCA IPUMEHAEMBIMI MeTogaMu o0 yckanuu. [lpn
JMHAMIYECKOM aHaIN3€ MOXKET OBITh HCIIOJb30BaHa HHGOpMALUs HE TONBKO O
TUIIaX KOMaHJ M MX apryMEHTaxX, HO M O 3HAUCHMSAX, NPUHUMAECMBIX 3JIEMEHTaAMHU
HaMsTH.

3. OnucaHue npednazaemo20 memooa

JTrobas nporpamMma OINCpUpyeT OrpaHUYCHHBIM KOJIMYCCTBOM DJJIEMCHTOB IaMATH.
O,I[I/IH U TO IKC€ DPErucTp MOKET MNOCICAOBATCIBHO TMPCACTABIATL PA3HBIC
IMCPEMCHHBIC. Hpez[naraeMLIﬁ MCTOA TIO3BOJIACT BBIYUCIWUTHL BpEMA IKU3HU
MCPEMCHHBIX U UX PA3SMCIICHUC.

AHaNM3MPYIOTCS TOJBKO PETHCTPhl OOLIEr0 HA3HAYEHUS W SYEHKM IamsTH,
NpUHAJICKANINE CTEeKy (IpeanonaraeTcs, 4To Kakaas sueiika B CTaTHYECKOH
MaMATH ABISIETCS OTACIBHOM II00aIbHOM IepeMeHHOi). Brinenenue mapamerpos,
nepenaBaeMbIX B (PyHKIHMIO, SIBISETCS OTACNBHON 3ajadell M B AaHHOM pabore He
paccMaTpUBaeTCA.

ANTOpPUTM  TOCJIEAOBATENIFHO aHAIM3UPYET BCEe MNpUHAIeKaAIUe (QyHKIUH
uHCTpyKnuu. OHU MOTYT onpedenams 3JEMEHThl IAMATH, TO €CTh IIPHCBAaNBATh UM
HOBBIE 3HAYCHUS, WJIM IIPOCTO HCIIOJIB30BaTh MX. I KaXIOH HMHCTPYKLMH
IPOXOANM BCE€ JJIEMEHTHI, KOTOpPHIE OHa MWCIOJB3yeT WIH u3MeHseT. Ecmm
MHCTPYKIHUS OIPEeNIeT JIEMEHT, TO CO3aeM HOBOE OIIPE/IENICHNE, a TAKXKe HOBYIO
NEePEMEHHYIO, H JIeJlaeM U3MEHEHHs B KapTe JOCTUraromux onpenenenuil.[4] Ecian
HHCTPYKOHUA HCIOJB3YET OJJIEMEHT, TO U3 KapTbl JOCTUTAIOIIUX onpe):[eneHI/Iﬁ
y3HaeM, KakoW NepeMeHHOH OH cooTBercTBYeT. Jlajee BHOcMM HMH(OpMAIHIO B
TabJIUIly COOTBETCTBMA OJJIEMEHT-TIepeMeHHas. I3 3Tol TaOnMIel MBI MOXEM
Y3HaTh, KaKyl0 [IEPEMEHHYI0 NIPEJCTAaBIISLI TOT WIM HHOM 3JIEMEHT Ha Ka)J/0M Ilare.

ByILGM CUHTATb, YTO OIIPEACIICHUE NOCTHUIaCT HpOI/IBBOHLHOﬁ TOYKH, €CJIM Ha IyTHU
OT onpeAcJICHUs 10 9TOM TOYKH DJIEMEHT HE NEPEoINpeaACIACTCA. CHGHyeT TaK K€
PaCKpPBITh HOHATUA KONPEACTICHUC DJIEMEHTA) U «HUCIIOJIb30BAHUEC DJIEMECHTA).

Kaxxaas HHCTPYKIHS MOXKET CO3aBaTh YeThIPE TUIIA 3aBUCUMOCTeH [5]:

—  Kill — Bo3uukaet npu n3MeHeHNH 3HAUCHHMS DIIEMEHTA Ha HOBOE, HE
3aBUCSIIEE OT JPYTHX AIEMEHTOB.
—  Check — Bo3HmKaeT mpu MpOBEPKE 3HAUCHUE DIICMCHTA.
— Update — Bo3HHKaeT Npy U3MEHEHUHU 3HAYEHHH 3JIEMEHTOB.
—  Get/Set — Bo3HUKaeT ITPU YTCHUH U3 AMSATH/3AIUCH B IAMSATb, BO
BXO0/1 3aBUCUMOCTH BKJIFOYAETCS DJIEMEHTHI OT KOTOPBIX 3aBUCHT
azpec.
Beixomubie anmementsl 3aBucumoctd Kill monyuyaroT HOBble 3HaYeHHS, TaKUM
o0pa3oM, [UIi HHX BO3HHMKAIOT HOBBIC OIpEACJICHUS. BXOmHBIE BIEMEHTHI
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3aBucuMocTr Check He M3MEHSIOT CBOEro 3HAa4YeHHE, TO €CTh MCIONB3yroTCs. Jlis
saBucumoct Update Bo3MOKHBI TpH BapuaHTa: 3JIEMEHT MPHUCYTCTBYET TOJBKO Ha
BXOZ€, TO €CTh €ro 3HAueHHEe HEe HW3MEHICTCA — MPOHCXOIHUT HCIIOJIE30BAHHE;
3JIEMEHT TPUCYTCTBYET M HA BXOJE W HA BBIXOJE 3aBHCHMOCTH, TO €CTh €ro
3HAYCHHE M3MEHACTCA, TAKXKE MPONCXOINT UCIOIB30BAHNE; HIEMEHT IPUCYTCTBYET
TOJIBKO HA BBIXOAE, TO €CTh IOJIy4aeT HOBOE 3HAUYEHHE — BO3HUKAET HOBOE
ompenenenue. Curyauuu s 3aBucuMocteil Get/Set cxosxu. DneMeHTsI Ha BBIXO/E
MOJY4aloT HOBBIE 3HAYEHMS — BO3HUKAIOT HOBBIC OMNpPEJENEHUs, a JIEMEHThl Ha
BXOJI€ TOJIBKO UCIIONB3YIOTCS.

Hcnonp3oBaHue Tpacchl B KAaU€CTBE BXOAHBIX JAHHBIX IJISI alrOPUTMA ITO3BOJIIET
00paboTaTh HECKOIBKO MPOXOJ0B McmonHeHUs (yHkiww. [Ipu aHamm3e kaxmoro
NPOX0Aa TNPOUCXOJUT YTOUYHEHHE WH(OpPMAlWH, NOIYYSHHOW Ha MPEIbIIyIINX
UTcpaluiax. Ecnu BeIMmonHEHUE MPOUCXOAWJIO IO pasHbIM BETKaM, TO BO3MOKHO
BO3HHMKHOBEHHWE CUTYalluu, M300paskeHHOM Ha puc. 1.

[Ipn nepBOM mpoxoze It perucTpa eax Oyner co3naHa nepeMeHHas varl, kotopas
Jlanee UCIob3yeTcsl B KOMaHe claokKeHus. [Ipi BTopoM Mpoxoze i peructpa eax
Oyzer co3maHa Apyras HepeMeHHas Var2, Ha CIeAyIOIleM Iare Hy)KHO PETUCTPY
€aX IOCTaBUTh B COOTBETCTBUE IEPEMEHHYIO Var2, HO OH YK€ COOTBETCTBYET
nepemeHHoi varl. HeoOxonumo oObeAMHHUTH NepeMeHHble Varl u var2 B omHO
MHOKECTBO, IIPeJCTaBIIA0IIee COO0 OHY IIEPEMEHHYIO.

[NocnenoBarensHO 00paboTaB Bce MPOX0Abl (PYHKINH, MBI TTOJy4aeM HH(POPMAIHIO
0 pa30MEeHNH 3JIEMEHTOB IaMSTH, HCIOJIB3YEMBIX € KOMaH/IaMH, Ha OTIeIIbHbIE
MIepEeMEHHBIE.

push ecx
IIpoxon 1 . IIpoxon 2
poxoa _-1 jelab_then . _ "POXOA
- < - \\\
rd ~
,// \\\
//’ \\
AN
7 lab_then: \
4 mov eax, 5 \
[ . mov eax, 1 )
\ jmp lab_end ’
\\ Y
\\ ,/
~ 4
~ ,/
\\ rd
~ < 7
~ e
s ~ /’
S~ lab_end: e

A addeax, 10 &

Puc 1. Bapuanmel ucnonnenuss npozpammol.
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4. 3aknrovyeHue

B nmanHoi#t paboTe OBUT MPEUIOKEH METOT PEIIICHUS ABYX 3a]a4: 33Jjau pa3IcICHHS
JJIEMCHTOB MaMATH Ha JIOKAIBHBIC MEPEMEHHbBIC U 3aJla4M CIUSHHUS HH()OpPMAIIHH,
MOJy4YSHHOW MPH aHANN3e HECKOJIbKUX MPoXxoa0B pyHkumu. OH peann3oBaH B BUIC
TUIaruHa K cpene TrEX.

B xone manpHEHIINX HCCIENOBaHMUI INIAHUPYETCS pa3padoTaTh aJrOpUTM, KOTOPBIi
Ha OCHOBe WH(pOpManuy, IOJYyYeHHOH NpU IUHAMHYECKOM aHaiu3e, Oyner
BOCCTaHaBJIUBATh 0a30BbIC ¥ MPOU3BOIHBIC THITbI JAHHBIX.
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[leTepMMHMpPOBaHHOE BOCNpOM3BeAeHUe
npouecca BbINOMHEHUSA NPOrpamMm B
BUPTYyanbHON MaLuvHe"

Ilasen [oseaniok
Pavel.Dovgaluk@ispras.ru

AnHoTanms. B cratee onuceiBaeTcs pa3paboTKa TEXHOIOTHH, IO3BOJIIIOIISH 3alliChIBATh U
BOCIIPOM3BOJUTh CLIEHAPUU BBIIONHEHUS INpOrpaMM B BUpPTyalbHOHl MammHe. [laHHas
TEXHOJIOTHS IO3BOJIAET BBIIOJNHATH ACTCPMUHUPOBAHHYIO OTJIAJKy IPUIOKEHHH, a Takke
JOJDKHA B JalbHEHIIIEM JIedb B OCHOBY pealn3alii Pa3IHIHBIX MEXaHU3MOB JHHAMIYECKOTO
aHanu3a HporpaMMm (B TOM 4YHCNE CHSTHS TPacChl C BBINOJIHAIOMIEHCS NPOrpaMMBI) U
PEBEPCUBHOM OTIAIKY.

1. BeedeHue

3ayacTyro MPOrpaMMHCTHI B CBOEH paboTe CTANKHMBAIOTCS C OIMMOKAMH, KOTOPHIE
TPYAHO BBIABUTH TPAAUIMOHHBIMH MeTonamu. Hampumep, mposiBIeHHS OIIHOOK
MOTYT IIpONaJaTh B PEXHUME OTIAJKH, BO3HHKATh OT Clydas K CiIydar, OBITh
pe3yJIbTaATOM  CIIOKHOTO ~ B3aMMOJEWCTBHMS ~ IMOTOKOB B MHOTONOTOYHBIX
NPWIOKEHUSX, WM TPeOOBaTh CIOXXHOW HACTPOWKH OKPY)KCHHMS, BBITIOJIHSIEMON
nepeJ KakAbIM 3aIyckoM. Bo Bcex 3Tux cirydasx Mpolecc OTIagKd MOT Obl OBITh
3HAYUTENBHO YIPOIIEH, €CIIM MOXKHO ObLIO OBl aBTOMATHUYECKH 3aIHCaTh CICHApUH,
B KOTOpDOM OMMOKa TPOSIBIISICTCS, a JMIIb 3aTeéM NPHUCTYIUTh K OTJIAJKe,
MHOT'OKPATHO IIPOUTPHIBAs TaHHBII CIIEHAPHI B CUMYIATOpE.

DTO CTAHOBHUTCS BO3MOXKHBIM mpu  HCHOJIb30BAHUM  MCXaHU3MOB  3alliUCH
HCACTCPMUHUPOBAHHBIX COﬁLITHﬁ, MMpoucxoasmmx B OTJIAXKHBAaeMOH CHCTEME U
MoCaCAyrmeM X J€TCPMUHUPOBAHHOM BOCIIPONU3BEACHUH.

2. Memodbl demepMUHUPOBaHHO20 60CIpPou3eedeHuUst
npozpaMm

BonpmmuHcTBO ux CYHIECTBYIOLIUX Ha HaCTOSIIlII/Iﬁ MOMEHT TE€XHOJIOT Uil

ACTCPMUHUPOBAHHOT'O BOCIPOM3BCACHUA mnmpouecca BBITIOJIHCHU S nporpamm

OTPaHMYMBAIOT cdepy CBOETO TPUMECHEHHUS MOIACPKKON  OIpemereHHOH
OTICPAITMOHHON CHCTEMBI, 3aIllMChI0 TOJIBKO OJHOTO TpoIecca, Ci1aboi MmoaaepKKOH

! PaGora momnepxana rpanrom PO®U (11-07-00353)
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MHOTOIIOTOYHOCTH, HEOOJBIINM IIOJMHOKECTBOM 3allUCHIBAEMBIX CHCTEMHBIX
seizosos [[1], [[2]], [[3]], [[4]]-

V3 wu3BeCTHBIX pEUICHHH TOJBKO OJHO OCHOBAHO Ha 3aMiCH JKypHaja
HeJICTEPMUHUPOBAHHBIX COOBITHI B MPOLIECCE CUMYJISIIIAU BUPTYAIbHON MAIIUHBI —
ato cumysastop VMWare [[5]]. [ atoro cumyinsitopa peaqu3oBaHbl MEXaHH3MBbI
PEBEPCHUBHOM OTIAIKH, OIHAKO, T.K. OH SBISIECTCS TMPOTPAMMON C 3aKPBITHIM
HCXOIHBIM KOJZIOM, TOOABUTH B HETO CBS3aHHYIO C JMHAMHYCCKAM aHAIN30M KOIa
(GYHKIHOHATBHOCTE HE MPEICTABIACTCS BO3MOKHBIM. KpoMme Toro, OH CHMYIHpyeT
TOJIEKO OJIHY allliapaTHyo miatdopmy — i386.

3. OnucaHue npednazaemo20 nooxooda

Jns peanuzanuy TEXHOJIOTUH JIETEPMUHUPOBAHHOTO BOCIPOU3BE/ICHHS CLICHAPUCB
BBIIIOJTHEHHSI TPOrpaMM ObLT BeIOpaH cumyisiTop Qemu. [laHHBIH CHMYISTOP
MOJICP’)KUBACT MHOXECTBO apXUTEKTyp cuMynupyembix MamuH (1386, ARM,
MIPS, PowerPC u T1.1.), ucnions3yetcs B cocraBe SDK st mmardopmsr Android, a
TaKKe HMEET OTKPBITBIA KOJA, YTO IO3BOJSET BHOCHTb B HEr0 H3MEHEHUS,
HEeOoOXOAMMBIE U TUHAMHUYECKOTO aHAIM3a IPOrPaMM.

3.1. CTpyKTypa cumynartopa

Cumynatop Qemu UMeeT CTPYKTYpY, ToKa3aHHyIo Ha puc. 1Puc. 1.

BHelwHve
ycTpovicTBa
A
Qemu
v OCHOBHOI NOTOK
Livkn oxvpanuns

A
A

Linkn BbInonHeHus
A

TpaHcnsTop koga CreHepupoBaHHbIA | MpepbiBatowumit

koa noToK

Puc. 1. Cmpyxmypa cumynsmopa Qemu
124



Hukn BeimomHeHns B Qemu MPOW3BOAUT TPAHCILIUIO KOJAA CHUMYJIHPYEMOM
MAallHbBl U UCTIOJHEHHE CTeHEPUPOBAHHOTO KOaa, 0OpadarbiBas HEOOJBIIYIO €ro
4acTh B K0 UTEpaLiH.

HapamlenLHo C OTHUM pa60TaeT HpepLIBaIOHII/Iﬁ IIOTOK, OCTaHaBJIMBAIOLIMI
BBIIIOJIHCHHUEC KOJa C onpeneneHHoﬁ NEPUOANIHOCTBIO. HpI/I O9TOM IHUKI
BBIIIOJTHEHUS TPEPBIBACTCA U IIPOUCXOAUT BO3BPAT B IUKJI OKHUIAHUSA.

B ke oxunaHus CUMYJIISITOp CHadalla MpoBEPsIET COCTOSHUE BHEITHUX YCTPONUCTB
U UHTep(EHCOB YNpaBICHHUS CUMYISITOPOM, a 3aTeM BO3BpallaeT YNpaBiICHHE B
IIUKJI BBITTOJTHEHUSL.

Tak kak mpeppIBalONMKA TMOTOK HE CHHXPOHH3HPOBAaH C  OCHOBHBIM,
JETEPMHUHUPOBAHHOE BOCHPOU3BEACHHNE MOMEHTOB BO3HHUKHOBCHHS IPEPHIBAHUN
TaliMepa HEBO3MOKHO 0e3 mepepadoTKH 3TOr0 MEXaHU3Ma.

Kpome Ttoro, Qemu B3amMmomeHCTBYyeT C BHEUIHUMH YCTPOMCTBaMH, BKIIOYAs
MBIIIb, KIABUATYpPY, CETEBYIO KapTy, amlmaparHble TaiiMepbl. Uepe3 3TH BHEIIHHE
ycTpoiictBa B Qemu MOTYT NPHXOIUTh COOOIICHHS, KOTOpbIe HE SBIAIOTCS
JCTEPMUHUPOBAHHBIMH U, CJICIOBATEIBbHO, HX 00paOOTUYHKH TAKKe JOJDKHBI OBITh
JI0pabOTaHbI.

3.2. 3anucb XypHana cobbITuin

Jist TOro 4TOOBI BOCIIPOU3BOUTH IPOLIECC BHINOJIHEHHS IPOrPaMM B BUPTYIIbHOM
MalMHe, ObUla peaju30BaHa 3alMCh BCEX HEJICTEPMHHHUPOBAHHBIX COOBITHII B
CIICIHATIbHBIN KYpHAIL.

CoObITHs, 3amKChIBaeMble B JKypHAJ, JENATCAd Ha CHHXPOHHBIE M aCHHXPOHHBIE.
CHHXPOHHBIE COOBITHSA BBI3BIBAIOTCS JEHCTBUSAMH, BBINOJIHAEMBIMH OCHOBHBIM
MOTOKOM (BBINTOJTHEHWE WHCTPYKIMHU, UTEPAUU LUK OXHUIAHHUS, YTCHHE YacoOB).
ACUHXPOHHBIE COOBITHS MPUXOIAT B CUMYJISTOP M3BHE B IPOU3BOJIBHBIH MOMEHT
BpeMeHH (IpephIBaHME TalMEpHOTO MOTOKA, Ha)kaTHWE KJIABUINM Ha KJaBUAType,
JBIDKEHUE MBIIIH, IIPUXO0J] CETEBOTO MAKeTa).

3.2.1. Boinonnenue ouepeonoii uHCmpyKyuu

BelnosnHeHNe HHCTPYKIMU SIBJISIETCSI BHYTPEHHUM JIETEPMHUHUPOBAHHBIM COOBITHEM.
OpHako, A TOTO, YTOOBI KOPPEKTHO BOCTIPOM3BOANTH MOMEHTHI BOHHKHOBEHHS
HEeIeTepMUHUPOBAHHBIX COOBITHH (BHYTPEHHHUH TaWMEpHBIH MOTOK, COOBITHS OT
BHEIIHUX YCTPOMCTB), HEOOXOAWMO YYHUTHIBATH KOJWYECTBO BBITOJHEHHBIX
UHCTPYKLHUH.

Jns mojcuera MHCTPYKIMKA OBIT M3MEHEH MOJYNb, OTBEYAIOMIMN 33 TPAHCIISLUIO
CUMYJIUDYEMOI0 KoJa B Koa cuMmyinupywomeid wmamuebel. Ilocne kona,
COOTBETCTBYIOIETO KaKIOM WMHCTPYKIUH, BBIMOJHACTCS KOJ, OTBCUAIOIIMHA 3a
YBEIIMYCHUE CUCTUYNKA HHCTPYKIIHH.

125



3.2.2. Coovimusa om uacoe

B mponecce cBoeil paGOThl CUMYISITOP OCYIIECTBISET CUMTHIBAHHE ITOKa3aHUI
yacoB pPEaJbHOTO BPEMEHH Kak Ul cBOell paboThl, Tak W Ui Iepeladd B
BUPTYaJHHYIO MAIIIHY.

Anpo gemu CuCTeMHble Yachl

3anpoc nokasaHwui 4acos
»L

Puc. 2. [lonyuenue noxkasarnuil uacos 6 ucxoonou eéepcuu Qemu

UroObl TMOKa3aHMUS YacoOB pEaJbHOTO BpPEMEHHM, IepelJaBaeMble  BHYTpPb
CUMYJIHPYEMOH CHCTEMBI, HE H3MEHWINCh IpPU BOCIPOU3BEACHUU IOBEJCHHUS
CHCTEMBI, B MOJYJIb, OCYLIECTBIISIOIINI paboTy C ammapaTHBIMH 4YacaMmH, ObLIH
BHECEHBbl M3MCHEHMs, IIO3BOJIAIOLIME 3aIMChIBATH CYUTAHHBIC IIOKA3aHHMS 4acoB B
JKypHal.

Anpo gemu UHTtepdeiic yacos Yacbl 2KypHan cobbiTui

|
|
|
3anpoc nokasaHuil Yacos |
1

|

|

|

|

|

|

|

|

|

|

|

|

o |
3anuck nokasaHuin Yacos |
1 |

1]

T
|
|
|
|
|
|
|
|
|

Puc. 3. 3anucv nokasanuii uacos 6 scyprai
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HpI/I BOCIPOM3BCACHUUN KypHajia COOBITHI BMECTO CUMTBHIBAHUS IIOKA3aHHUI
arnmapaTrHbIX  YacCcOB, BBINOJHACTCA YTCHHC HX W3 IKypHaJa. Takx kak
BOCIIPOU3BEACHUE ABJIACTCA ACTCPMHUHUPOBAHHBIM, OIICpanivsd YTCHHUA IMPOUCXOAUT
B TOT )K€ MOMCHT (OTHOCI/ITGHBHO IO3UIUHN B >1<ypHaJ1e), YTO U IIPH 3aIIUCH.

OpHakKo, B clyyae BBIXOJa CUMYJISITOpA B LUK OKHUIAHWUS U3 [UKIA BBHIIOTHEHUS
(Hanpumep, NpH OTJAJAKE), MOTYT BBIIOJHATHCS OIEPALUH YTCHHS BPEMEHH,
KOTOPBIX HE OBI0O B HCXOZHOM TIOTOKE COOBITHHA. [ Toro, 4roObl OHHU
3aBEpILIAJUCh  YCIEIIHO, TPH  BOCHPOM3BEACHUHM IKypHala  BBIMOJIHSETCS
KIIIUPOBaHKE TMOKa3zaHWi uacoB. TakuM 00pa3oM, B IHKIE OXWAAHHS OyayT
CUMTBHIBATHCS OJTHH U T€ )K€ MIOKA3aHMUs, TOKA BHIITOJHEHHE CUMYJIHUPYEMOro Ko/ia He
MPOJIOTKHUTCSL.

Anpo gemu UHTepdeiic Yacos 2KypHan cobbiTuit

3anpoc nokasaHui 4acos
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Puc. 4. Ymenue noxasanuti uacos uz scyprand

3.2.3. IIpepvisanue 8bln0IHEHUA CUMYTIUPYEMO20 KOOA C NOMOULBIO
maiimepa

s pereHns mpoOIeMbl ¢ CHHXPOHHU3ANKEH IOTOKOB BHYTpH Qemu, OBIJIO pemeHo
3aUKCHpPOBaTh TOYKH B KOAE OCHOBHOTO IIOTOKAa, B KOTOPBIX OH MOXET
B3aUMO/ICHCTBOBATh C IIPEPHIBAIOLIMM IIOTOKOM. TakuM 00pa3oM, B Ipoliecce
BOCIIPOM3BEACHHUST  JKypHaJa  COOBITMH  TOSBUTCS  BO3MOXKHOCTH  TOYHO
BOCCTaHABJIMBAaTh MOMEHTHI 3TUX B3aUMOJIEICTBUIL.

Heckonmbpko Touek BO3MOXKHBIX MTPEPHIBAHUN OBIIH pa3MENIeHBb! B IIUKJIAX OKAJAHUS
¥ BBINIOJHEHHUS, a TaKkke ObUT MOIMGHUIMPOBAH KOJ TPAHCIATOPA UL TOOABICHUS
TaKAX TOYEK TIepe] BBIIOJHEHHEM KaXAO0l WHCTpyKnMH. Takum obOpa3oMm
CTAHOBUTCA BO3MOXHBIM JCTEPMUHUPOBAHHOE BOCIPOU3BEICHUE IIOBEICHUS
CUCTEMBI AK€ IIPU [IOLIArOBOM BBIIIOJIHEHUU KOJA.
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3.2.4. Coovimusa om nepughepuu

3amuck W BOCHPOM3BEACHHE COOBITHH OT MBIIIM, KIaBUATyphl U CETEBOM KapThI
OTJINYACTCS OT HPEIBIAYIINX BHIOB COOBITHI TEM, YTO OHM MHUIMUPYIOTCSI U3BHE.
[TosTomy 3anmce MHGOPMALUK O HUX B XKypHaJ IPOU3BOJUTCS] HETIOCPEACTBEHHO B
MOMEHT BO3HHKHOBEHHS COOTBETCTBYIOIIETO COOBITHS.

Tak kak ocHOBHbIE IeiicTBHS B Qemu, a Takke 3allHCh B XKYpPHAI, BEIOJIHAIOTCS B
OJTHOM TIOTOKE, COOOIIEHUS OT MepuepriHbIX yCTpOHcTB OyayT oOpadaTsiBaThCs
CTPOTO MEXAYy KaKMMHU-THOO JIPYTMMHU COOBITHSAMH, HE IepeceKasich ¢ HUMH IO
BpeMeHU. [loaToMy mpu BOCHIPOU3BEICHHM >KypHaja (IIPU MOUCKE OYEPEIHOTO
CHHXPOHHOTO COOBITHSI) MOXKET BCTPETHTBCS TaKOe AaCHHXPOHHOE COOBITHE
(HammpuMep, Ha)KaTHE KIABHIITHN), KOTOPOE MOXKET OBITh TYT ke 00padoTaHo.

3.3. [leTepMnHUpPOBaHHOE BOCNPOM3BEAEHUNE XKypHana coobITuin

TexHomoruss  IETEPMHUHHPOBAHHOTO  BOCIIPOM3BENCHUS  JKypHaJda  COOBITHH
3aKJIIOYAa€TCs B BBIIMOJHCHHUU KOJa CUMYJIATOPA U CUUTBIBAHHUU HCO6XO,I[I/IMI)IX JJIsL
BOCHPOU3BCACHHNA MPOrpaMMbl JaHHBIX U3 )KYypHaJia:

e  CuuThIBaHHE NOKA3aHUI YAaCOB U3 )KypHaNa, KOI/la UX 3alparinBacT
Kakoi-1100 koJl. Ecnu coOTBETCTBYIONIUX MMOKA3aHUN HET — BO3BpaIaeTcs
K3IIMPOBAaHHOE 3HAYCHHUE.

e [lepenaua cooOImeHHH OT KJIABHATYPHI, MBIIIHN, 3ByKOBOM U CETEBOH KapT B
TOT MOMEHT, KOTJ[a OHHM CUHUTBIBAIOTCS U3 XKYypHAaja B COOTBETCTBYIOIIHE
00pabOTYHKH.

e  OOHOBIIEHNE BHYTPEHHETO CUETYNKA KOMaH, KOT/1a TIPOUCXOIHUT
BBITIOJTHEHHUE 04EPETHON MHCTPYKIINH.

UYroObl BOCHPOM3BEICHUE JKypHajia ObLIO JETEPMHHHUPOBAHHBIM, OHO JOJDKHO
HAYMHATHCS C TOTO K€ CaMOT'0 COCTOSIHUSI CUMYJIHPYEMOI CHCTEMBI, YTO U 3aITUCh.
CocTosiHME CHCTEMBI BKJIIOYAET B ce0sl COCTOSTHUS BCEX CHMYJIHPYEMBIX yCTPOUCTB,
BKJIIOYast 00pa3bl UCIIOIb3YEMBbIX JTUCKOB.

OcTanpHbIe yCTPOICTBa MHUIHATM3UPYETCS MPHU CTapTe CHUMYIATOpa M, HOITOMY,
UX COCTOSIHUS HE OTJIMYAIOTCS IIPU 3alIMCU U BOCIIPOU3BECHUM.

3.4. ®parmMeHT XypHana coobiTumn

CoObITHs B JKypHaJI 3allMCbIBAIOTCA IMOCICAOBATCJIBHO OAHO 3a APYI'UM. Kakoii-
1160 HWHACKCAIUM HE MPOU3BOAUTCA, TaK KakK JIJid meyen BOCHPOU3BCICHUA
XypHalia HCO6X0)II/IMO JJMIIb  TIOCJIICAOBATCIIBHOC UYTCHUC W HMCIIOJIHCHHC
HECICTCPMUHUPOBAHHBIX CO6BITI/II>'I, 3allMCaHHBIX B XYpHaJ.

Hwxe npuBeieH npuMep HECKOIBKHUX COOBITHI, 3aIICHIBAEMBIX ¢ HaYalla )KypHaJa;
1. CucrtemHoe BpeMst
2. UYacer 1
3. Yacwm 0
4. Yacer 2
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Taitmep

Iukn oxunanus 1

Iukn oxunanus 2
Yacwr 2
10. Yacsr 1

11. Iuxn oxxumanus 1

5
6
7. Hukn oxuganus 0
8
9

12. Taiimep

13. BrInonHeHHe HHCTPYKIMN
14. Hukn oxumanus 0

15, [ukn oxunganus 2

16. Yacw 2

17. Yacer 1

18. Iuxi oxxumanus 1

19. BrimonHeHNE WHCTPYKIIHN
20. BrbInosHEHHE HHCTPYKIUH
21. BbINoOJHEHWE HHCTPYKIUH
22. BrINoNHEHNE WHCTPYKIIHA
23. BbINoJHEHWE HHCTPYKIUH

B nmansBIi QparMeHT *KypHaja HOMAIM HECKOJIBKO MOKa3aHWH Pa3INYHbIX 4acoB, a
TaKXKe 3HAYCHHS CHCTEMHOTo BpeMeHH. Kpome TOoro, mpoHCXOAMIIO BBINOIHEHHE
IUKIa OXHUAaHWA. B HeMm paccTaBieHO 3 KOHTPOJBHBIX TOYKH, ITO3BOJISIONINX
YIOPaBIATh BOCIPOM3BEICHHEM (parMeHTOB LHUKJIA (MHUIIMMPOBAHUE NPEpPHIBAHUI
1 00paboTKa BHEUIHUX COOBITHI) B TOM € MOPSIKE, B KOTOPOM OHH BBITOJHSIIHCH
TIPY 3aIHCH.

Taxoke B )KypHaJe IPUCYTCTBYET HECKOJIBKO COOBITHH «BBIIIOJTHEHUE MHCTPYKIIHM.
31ech OHHU MOKa3aHbI MO0 OTAEITHHOCTH, OJHAKO 3aIUCh MX B JKYpHAI IPOU3BOANUTCS
TrpYINION — OJjHA 3aIIUCh COOTBETCTBYET LIEJIOHN NOCIEA0BATEIBHOCTH BbIIIOJIHEHHBIX
UHCTPYKLUH.

3.5. KOHTpOsb KOPPEKTHOCTU BOCNpPOU3BeAeHUs XKypHana

s Toro dYTOOB KOHTPOJNUPOBATH, SBISETCA JH IPOLECC BOCIPOW3BEACHUS
JIETEpMUHUPOBAHHBIM, TTPH CYUTHIBAHUU COOBITHII U3 (aiina KypHania MmpoBepsieTcs
clie/lyroliee OrpaHMYeHHe: B MOMEHT, KOT/Ia OXKHAAeTCs HACTYIUICHHE COOBITHS
«BBITTOJHEHUE WHCTPYKLUHW» HE IOJDKHO BO3HMKAaThb HU COOBITHS OT 4acoB, HHU
COOBITUS «IMKII OKUIAHHS.

Ecnu 310 OrpaHMYeHHE HapyIIAeTCs, 3TO O3HAYACT, YTO XOA CHMYJISALHUH OBLI
HapymieH. B ostom cimywae Bblgaercs cooOmeHue o0 ommOKe M Iporecc
BOCIIPOM3BE/ICHUS OCTaHABIUBACTCSA. DTO MO3BOJISIET KOHTPOJIMUPOBATh OTCYTCTBUE
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omuOOK B MEXaHHU3ME BOCIIPOM3BCIACHNUA W BBIIIOJIHATH OTIAAKY IIPpH HX
BO3HUKHOBCHHH.

3.6. 3ameaneHue paboTbl cumynsaTopa MpUM 3anucu XypHana
cobbITnn

Tak Kak NpU CUMYNIALUYU C BKIIIOYEHHON 3alUChIO (M BOCIIPOU3BEICHUEM) JKypHaa
BBINOJIHAIOTCS. JOMONHUTENbHBIE IEHCTBUS (HAaIpUMep, 3alucCh B >KypHAlI) IO
CPaBHEHHIO C HOPMAIBHBIM PEXXUMOM pabOThI, IPOUCXOJUT YMEHBIIEHHE CKOPOCTH
CHMYJISIINH.

Jns u3MepeHHsl CTeneHH 3aMEIJICHUS] paccMaTpHUBAalCs CICHApUM 3arpy3Kd
Windows XP 1o nosiBinenus rpaduueckoro uatepderica.

e 3arpyska Windows XP 6e3 3amucu xxypHaia — 80 cexkyH.
e 3arpyska Windows XP ¢ 3anuchio xypHana — 520 cexyHz.
e 3arpyska Windows XP npu BocmpousseneHun xypHaina — 606 cexyH.

Takoe 3amennenue (mMeHee dyeM B 10 pa3) He sBIfeTcs KPUTHYHBIM IS
OOJIBIINHCTBA HpHJ’IO)KCHHfI, YTO TIO3BOJIICT MCIIOJNB30BAaTh JJI1 HHUX ﬂaHHbIﬁ
MEXaHN3M.

O0beM (aiina ¢ 3anrcaHHBIM JKYPHAJIOM 3TOTO ClieHapus cocTaBui 18 Mera0OaiT.

4. JlemepmuHupogaHHasi omnadka C UCMNO/Ib308aHUEM
JXXYpHana cobbimulti

JerepMuHupoBaHHAas  OMIAQAKa — 3TO  cloco0  moncka  OomuOOK B
HeIeTepMUHUPOBAHHBIX TPHIIOKEHUSIX, HPHU KOTOPOM HEAETEPMUHHPOBAHHOCTH
YCTpaHseTCsl C MOMOIIBIO 3aIIUCH CLEHApUs pabOTHI CHCTEMBI (MJIM MPOTPaMMBI) B
)KypHai. Pa3paboTaHHasi TEXHOJIOTHSI TTO3BOJISIET BBINOJHATH JETEPMUHUPOBAHHYIO
OTIIaAKYy HEAETEPMUHUPOBAHHBIX NMPHUIOKEHHUH CIEIYIOIINM 00pa3oM:

1. TecTUPOBIIMK 3aITUCHIBACT CIICHAPHIA IPU BBIIIOIHCHUH KOTOPOTO
MPOSBIISIETCS Te(EKT B TECTHPYEMOU IIPOrpaMMe B KYpHAJ, a 3aTeM
HepeiaeT 3TOT KypHaJ BMECTe ¢ 00pa3aMu JIMCKOB CUCTEMbI
pa3paboT4mKy. 3/1eCh CIICHAPUH BHICTYIIAET HE TOIBKO B POJIH NCXOTHBIX
JaHHBIX IJI OTJIAAKW, HO U B POJIK OITMCAHUA cnoco6a BOCIIPOU3BEACHU A
nedekra.

2. Pa3paboTuyMk MOXKET HEOJHOKPATHO IPOUTPHIBATH IOJYYEHHBIH ClIeHapHi
B CUMYJISITOpE, aHAIN3UPYS NPUYUHEI MosBIeHus Aedekra. Pazpaborunky
HE HY)KHO HaCTPamBaTh CIOKHOE OKPY)KEHHE CUCTEMBI TaK K€, KaK 3TO
JieTIall TECTUPOBIINK, TaK KaK BCE OCOOCHHOCTH B3aMMOJECHCTBHS C 9TUM
OKpYXXCHHEM YK€ 3aIHCaHbI B )KypHAaL.
Takum 00pa3zoM, OTNIaZKa HEIECTEPMUHHUPOBAHHBIX NPHUIOKEHUH C NPUMEHEHUEM
pa3pabOTaHHONW TEXHOJOTHUH CTAHOBHUTCS ICTCPMHHHUPOBAHHOH, YTO IIO3BOJISET
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COKpaTUTh BpeMsi, 3aTpadyuBaeMoe pa3paboTYMKaMy Ha JIOKaTU3auuio Ae(eKToB B
nporpamMmme, a TECTUPOBIUKAMHU — Ha OMKHCAHKE MPOLECca X BOCIPOU3BEICHHSI.

5. 3aknroyeHue

Taxum 06pa3om, OBLIH HOTYYCHBI CIEAYIONINE Pe3yIbTaThl:

1.

Pa3paboTana TEXHOJIOTHS ASTEPMUHIPOBAHHOTO BOCIIPOU3BEICHNS,
peanu30BaHbBl MEXaHU3MBI 3aIIMCH ¥ BOCIIPOM3BEACHHUS JKypHaja
HEe/IEeTepMUHIPOBAHHBIX COOBITHH B cuMymsTope Qemu.

JanHas TexHoyOrus OblIa peanu3oBana s miarhopm x86 u x86 64, uto
TI03BOJISIET BBIMIOJIHATH OTIAAKY NMPHIIoKeHHH, padoTtarommx nog OC aist
stux miardopm (B wactHoctH, Windows u Linux), a Tak:ke BHOBB
C03/1aBaeMBIX OTICPAIIMOHHBIX CHCTEM.

3amnuck COOBITHIA MPOU3BOAUTCA 11 CUCTEMBI HEJIMKOM, BKIITOYas
TIOJIb30BATCIIBCKUE MTPOUECCHI 1 BHYTPECHHHUEC MEXaHU3MBI OHepaHI/IOHHOﬁ
CHCTCMBI, yCTaHOBHeHHOﬁ B BI/IpTyaHLHOﬁ MaIIuHE, 4YTO MO3BOJIACT YUCCTh
BCC MCIKIIPOLCCCHBIC BSaHMOHeﬁCTBHﬂ.

B ypHai coOBITHH 3aITUCHIBAIOTCS CETEBbIE MAKETHI, IIOyYSHHBIE Yepe3
BHelIHKHe uHTepdericel. Takum 00pa3om, MOKHO aHATM3UPOBATH U
OTJIaKUBATh IPUIIOXKEHUS, pabOTAIOIIUE C CETHIO.

Peann3oBaHa BO3MOXXHOCTh MHOTOKPATHOW OTJIAAKH CJIOKHBIX CLICHAPHCB
BOCIPOHM3BEACHHS OIIMOOK C TIOMOLIBIO HX IETEPMHHHPOBAHHOTO
BOCIIPOU3BEACHUSL.

Taxoke TEXHOJIOTUS MMPEeAOCTABIIACT BO3MOKHOCTHU JIA peain3alilu APpYIrux
MCEXaHU3MOB JINHAMHWYCCKOTI'O aHaIn3a IporpaMmm (B YaCTHOCTHU, CHATHUA
TPACChl UX BBIIIOJHCHUA IJIA MMOCICAYOIICTO aHanma) n pGBepCHBHOﬁ
OTJIadKH.

JleTepMUHUPOBAHHOE BOCIIPOU3BEICHHE OBLTO MPOTECTUPOBAHO KAK IS
H30JIMPOBAaHHON BHPTYAILHOW MAIIMHEI, TaK ¥ pabOTaIOMIeH B CETEBOM
OoKpyxeHuH. [Ipy TeCTUPOBAHUU UCTIONB30BANCH BUPTYAIBLHBIC MAIITUHEI C
ycranoBneHHbIME Windows XP u Linux. J[7st G0JBITIUHCTBA CETEBBIX
MIPWIOKCHUN BHOCUMOE MEXaHU3MOM COXPaHCHHS KYypHAIa 3aMeJICHHE
SIBIIICTCS HE3HAYUTEIBHBIM, TO3TOMY pa3padOTaHHAs TEXHOJIOTUS MOXKET
OBITh MCIIOIB30BaHA TSI OTJAKA U aHAIN3a TAKUX TPUIOKCHHM,

I[aJ'ILHCﬁHIeC Pa3BUTHUEC TEXHOJOTUHU JAETCPMHUHUPOBAHHOI'O BOCIIPOU3BEIACHUS
IUIAHUPYETCS B CICAYIOMIUX HAITPABJICHUAX!

1.

Peannaaunﬂ TEXHOJIOTUU JETCPMHUHUPOBAHHOT'O BOCIIPOU3BEACHUA IJIA
m1atopm, oTIIMIHBIX OT 1386 (B wactHOCTH, ARM), 94TO MO3BOJIUT
BBITIOJIHATH JETEPMHUHUPOBAHHOE BOCIIPOM3BEICHUE CLICHAPUEB PAOOTHI,
3alUCaHHBIX Ha CUMYJIATOPaX MOOIIBHBIX YCTPOHCTB.

OxHO U3 APYTUX BaXKHBIX HAIIPABICHUN — pa3paboTKa U peaTn3anus
TEXHOJIOTHH, TIO3BOJISIONIEH BEIONHATE PEBEPCUBHYIO OTIAIKY
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MPWIOKEHUH B CHMYJISITOPE C HCIOJIb30BAHUEM JCTEPMUHUPOBAHHOTO
BOCIPOM3BEACHHSI HEJICTEPMUHNPOBAHHBIX cOObITHIL. CpencTBa
PEBEPCUBHOM OTIAAKH MO3BOJISIOT OTIAAYNKY BO3BPAIIATHCS OT MECTa
MPOSIBICHUSI OIIMOKU K MECTY B IIPOTPaMMe, T 3Ta OMNOKa BOSHUKAET Ha
caMoM fiefe (HalmpuMep, 3ariuch HEKOPPEKTHOTO 3HAUCHHS B IIEPEMEHHYIO
WY YT€HHE HeMHUIMATM3UPOBAHHON SUCHKH NaMsTH).

3. Taxxe OymeT mpoBOIUTHCS paboTa Kak 110 YMEHBIICHHIO 00BeMa )KypHaa
COOBITHH, TaK ¥ IO YMEHBIICHHIO HAKJIaJHBIX PACX0I0B IIPH €T0 CO3/IaHUH,
TaK Kak [UI HEKOTOPBIX BEICOKOIIPOH3BOJUTEIBHBIX CETEBBIX IPHIIOKCHUH
co31aBaeMoe 3aMEIJICHHE OKa3bIBACTCSI KPUTHYHBIM.

4. YerBepTbIM HaIpaBJICHUEM SBISIETCS paclIMpEHHE TTOACPKKN BHEITHIX
YCTPOMCTB IIPH 3aIMCH )XypHaia. B uacTHOCTH, paboTa ¢ BHEIIHUMHA
ycTpoiicTBamy, noaxiaoyaeMeiMu yepe3 USB.
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OueHKa npon3sBoanUTEeNIbHOCTU
nporpaMmmHoOro odecne4yeHus B
BUPTYarim3a0BaHHOM OKPYXX€HMUM Ha
OCHOBE aTOMapHbIX TeCTOB

I1.A. Knemenkos
parser@cs.msu.su

AHHoTaums. B HacTosIee Bpems Bce 0OJIbIIe PacTeT HHTEPEC K MCIOIb30BAHUIO IIIaThopM
pupryammzauun (VMWare, XEN u ap.) B pasnuuHbXx cepax, BKIOYAsS KOHCOIAITALUIO
CEpPBEpOB, OpPraHM3AIMI0 XOCTHHra W oOJNauHble BBMYHCICHHSA. [IpOM3BOAMTEILHOCTH
NPWIOKEHHS B BUPTYaJbHOW MallMHE MOXET OYEeHb CHJIBHO OTJIMYAThCS  OT
NPOU3BOJMUTEIFHOCTH BHE BHPTYalIN30BAaHHOTO OKPYXXEGHHS W3-3a B3aUMOJCHCTBUH C
THIIEPBU30POM H IPYTMMH BUPTYaIbHBIMA MAIIHAMY.

B aT0#i cTaThe OmmchIBaeTcs 0O0OOIIEHHBI MOAX0A K OLEHKE TPeOyeMBIX MpOrpaMMHOMY
00€eCreYeHHIO PecypcoB TIPH MEpPEeHOce ero B BHPTYaJIW30BaHHOE OKpyxkeHHne. OCHOBHOU
TPUHIHUI [PEI0KEHHOTO MOAXO0a 3aKII0YaeTCs B MPECTABICHUM CJIOXHOW Harpy3Ku B
BUJIe KOMOMHAIMM TPOCTHIX 3aJa4 W 3aMEHBl 3THX MNPOCTBIX 3aJa4 Ha CHHTETHYECKHE
atromapHble TecThl. OIleHKa TPOM3BOJMTENIBHOCTH aTOMapHBIX TECTOB B  cpele
BUPTYyaJIM3alliH U BHE Hee MO3BOJISIET ONPEIeINTh HaKJIaJHbIE PacXo/Ibl Ha BUPTYaIH3alHIo.

KiioueBbie ciioBa: BUPTYaJIU3allnsA; OLCHKAa IMPOU3BOAUTCIBHOCTH I10; aTOMApPHBIC TECTHI,
xen

1. BeedeHue

Bupryanuzamus u aBTOMaTH3aIMsg — 3TO OCHOBHBIC COCTaBIIIFOIIUE COBPEMEHHBIX
BBIYHUCIUTENBHBIX IIEHTPOB, IO3BOJLIIONINE CO3/laBaTh Oosiee nuHAMUYHYIO |T-
HHPPACTPYKTYpy.  Bupryanmzamus  moMoraeT  HM30JUpPOBATh  BIIAZCIbIla
BBIYUCIIUTEIBHBIX PECYPCOB OT BJIaJeiblia IPOrPaAMMHOIO O0CCIICYECHNS, TTO3BOJISS
CTaHIAPTU3UPOBATh M aBTOMATH3HPOBATH MPOIECCHI HACTPOMKH, YIpPABICHHUS H
MoHuTopuHra. CKpBIBas JETald paclpeleiICHUs PECYpCOB OT IOJB30BATENICH,
BUPTyalU3alls CIIOCOOCTBYET ONTUMAIbHOMY pa3JCICHHI0 BBIYHCIUTEIHHBIX
MOIITHOCTEH MEXKIy TMPHIOKCHHUSIMH, BBIIOJHSIOIIUMICS B PA3HBIX BHPTYAITHHBIX
MallliHaX, OJlarogapsi BO3MOXHOCTH OBICTPOrO Mepenpo(uiInpOBaHus PECYPCOB IO
3ampocy. Takue (YHKIUM TO3BOJSIFOT JIy4Ile YAOBIETBOPATH MOTPEOHOCTH
npwiokeHnd u Oosiee 3(PpPeKTHBHO OTBEYaTh HA H3MEHSIONIHECS TPEOOBaHUS
omsHeca.
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B Takux ycnoBusX HEOOXOIUMBIMU CTAHOBSITCS YAOOHBIE M TOUHBIC MOJICIIN OLIEHKH
MPOU3BOIUTENBHOCTH, KOTOPHIE MO3BOJSIIOT KOHCOJIMIMPOBATh MPHIIOKCHUS H
MPENOCTAaBIATh HEOOXOANMMBIE U MX BBIIOJHEHUS pecypchl. I TOro 4TOOBI
MOHATh, KaKWEe HAarpy3KH M Ha KaKUX CEpBEpax MOXKHO OOBEIUHATH, TpeOyercs
IIPOBECTU IJJAHUPOBAHME MOILHOCTEH M aHaJlu3 CYLIECTBYIOLIEH Harpy3ku. B
NpocTelIeM ciydae MOXHO coOparh HH(OPMAlUIO O IHKOBBIX Harpyskax,
CO3/1aBaeMbIX MHOXKECTBOM MPWJIOXKECHUH, W OLEHUTh COBMECTHBIC TPEOOBaHMS K
pecypcaM Kak CyMMY NHMKOBBIX 3HaueHuil. OfHaKo Takoil mOJX0 MOXKET MPUBECTH
K BBIACJICHUIO U3JIMIIHUX MOIIMHOCTEH, T.K. OH HE YYHUTHIBaeT 3S(QPEKThl,
BO3HHMKAIOIUE MpPHU Ppa3[elIieHUH pPecypcoB MeEXIy B3aUMOAONONTHAIOUNMHU
IporpaMMaMHu.

Bosiee mepcHneKTUBHBI ¥ TOYHBI TOAXOJ OCHOBBIBAETCS HA TPACCHPOBKE
noBefcHus mnpwioxenus [1], [2]. Merton 3akirouaeTcs B CO3JaHUM PO
HCIIOJIb30BaHUsI PECYPCOB 32 HEKOTOPBIA Mepuoi BpeMeHH (0OBIYHO 3-6 MeCsIeR).
3areM 3TOT mNpodUIb HCHONB3YETCS Ui IUIAHUPOBAHUS  MOIIHOCTEH U
pacnpesieneHus Harpy3ku npu koucoiauganuu [3], [4]. Cyts noaxona 3akirouaercs
B TOM, YTO TTOBEJCHUE MPHIOKEHHS B OYIyIIIEM MOXKHO MOTMBITATHCS OTMPEICITUTh Ha
OCHOBE HAOJIOICHUH 32 CO3[[aBaeMOil UM HArpy3KOW B MPOIILIOM.

OnHako TUIAHUPOBAHUE PECYPCOB TIPH TIEPEXO0Je B BHPTYAIH30BAHHOE OKPYIKEHHE
YCIAOKHAETCS ~ BO3HHUKHOBEHHEM  JIOTIOJNHWTENBHBIX — HAKIaTHBIX  PacXooB,
BBI3BAHHBIX B3aUMOJEHCTBUEM C THIIEPBU30POM. DTH HAKJIaJHbIE PACXO/bI 3aBUCST
OT THIA BHUPTyalH3allid W KOHKPETHOW peammsanmu pemenus [5], [6], [7].
3ayacTyro IOMOJHUTENBHBIE HAKIIJHBIE PACXObI IPH Hcmons3oBanuu LIITY mpsamo
MPOMOPIIMOHAIILHBI 00beMY  BBIMOJIHIEMOTO BBOJa-BbIBO/IA [8], [9].
CyIiecTBYIOIME pEIICHAS HA OCHOBE TPACCHPOBKH HMMEIOT BO3MOKHOCTH
MacIITabupoBaTh OIEHKY Ha OCHOBE 3aJaHHOTO MHOKHTENS, YTOOBI yIHTHIBATH
pasIMYMs B armapaTHOM 00eCIIeUeHNH, OTHAKO TaKOM MOIX0/ He BCEraa PUMEHUM
TIPH TIEpPEXOJIe B CPEy BUPTYAIH3AIMH, TAe 00beM HAKIAIHBIX PACXOIO0B OIEHHUTH
HE TaK MMpoCTo.

2. OuyeHka npouseodumesibHOCMU Ha OCHoege
«MUKpO3amMepos»

CymiecTByeT M Ipyroil MOAXOJ K OLEHKE NPOU3BOAMTEILHOCTH MPWIOKEHUH NpH
MEPEHOCe X B BUPTyalu3oBaHHYIO cpeny [10]. OcHOBY MoaXoaa COCTAaBIISIFOT JIBa
npotecca:
1.IIpoBenenue 3amaHHOTO HaboOpa MHKPO3aMEpoOB IS MPOPIITUPOBKU
HaKJIaTHBIX PACXO0B Ha BUPTYATU3AIMIO JAHHOH MIaT(OPMBL.
2.Co3anne Mojienu, CBs3bIBaIOIIEH MPOQUIb MOTPEOICHUS] PECypcoB BHE
cpensl BUPTyalM3allM¥ C NPOoQHIEeM BHYTPU CpeIbl, Ha OCHOBE
perpeccuoHHoro  amroput™a. [loiaydeHHass  Monenb — IO3BOJISIET
NIPEACKa3blBaTh IOTPEOJICHHE PECYpCcoB JIIOOBIM IPUIIOKEHHEM Ha
JaHHOU TUTaThopMme.
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Bo Bpems mpoBeneHMs KaKAOro MHKpo3amepa coOupaercs HH(MopManus o
MOTPEOIEHNH PEecypcoB ANl MOCTPOEHHWsS TNPOQMIsA, HCIOIB3YyEeMOro Kak
oOyuaromuii HabOp s MoAenmn. BHe cpemsl BUpPTyaldH3alud CoOOHMpaeTcs
HHQOPMALUSI O METPHKAX, CBA3aHHBIX ¢ MoTpebierneM pecypcoB LIITY, cereroit
aKTMBHOCTH W  JAWCKOBOM  BBOJe-BbIBOme. Jlamee, 1  HaXOXKACHUS
3aKOHOMEPHOCTEH MEX/y MOTPeOICHUEM PECYpCOB B Cpelie BUPTyalIH3allid M BHE
Hee, HUCIOJB3YIOTCA MpOoQUId, COOpaHHBIE NPU IPOBEACHHH MHUKPO3aMEpOB Ha
«rOJIOM KeJe3e» W B BUPTYAJM30BAHHOM OKpYXeHUH. lcronp3yst naHHBIC
npodunun, dQopmynupyercst cucrema ypaBHEHHMH, BbIpakarolas MOTpeOJIeHue
pecypcoB LIITY kak nuHEHHYI0 KOMOWHAIIUIO PA3JIMYHBIX METPHUK:

UL =co+¢ *MI +¢c,MJ +...+¢ *xM;

UZ,=Co+C *M7 +C,MZ +...+¢c, *M/ (1)

virt

rae
e MI- M i
i 9TO 3HAUCHUC MeTpI/IKI/I i 143MepeHHoe BO BpeMeHHOI/I I/IHTepBaJI
] BHE cpenbl BUPTYyalIn3anuu

« U!

virt - 9T0 Mepa motpebnenus pecypcos LY B cpene BupTyanusamuu,

U3MEpEeHHas BO BpEMEHHOI UHTepBa |

virt virt virt
Ilyets Cy 7y C ..., C sBisIOTCA MPUOIMKEHHBIM ~ PEIIEHUEM CHUCTEMBI

ypaBHeHuit (1), Torna oosem motpebiseMbx pecypcoB LITY mis mpousBoibHOTO
MPWIOKEHNUS B BUPTYAJIIN30BAHHOM OKPYXEHHUH MOXKHO OLIEHHUTH KaK:

A . k . .
Ul =cg + 1M/ o)™ )

virt —

virt virt

virt
B O MOXHO

Hna  nomydeHuss nOpuOmMMKEHHOro pemenus —C

MNpUMEHUTb OJIMH M3 H3BCCTHBIX PETPECCUOHHBIX METOOB. OHHI/IM n3 CaMbIX
N3BCCTHBIX ABJIACTCA MCETOJ HAMMCEHBININX KBaJapaToB, KOTOpHﬁ MHUHUMU3UPYET

omuoKy:
A - 2
— J J
€= Z( virt_Uvirt)

J

irt virt irt
Ha6op ko3¢ dunrenToB Cg'r ,Ci' SAI C|\(/IIr U ONPENENSIIOT MOJIENb, OMUCHIBAIOLIYIO

CB3b MEXIy moTpebierneM pecypcoB IIIIY B cpene BupTyaId3ald U
noTpeOIIeHHEM PECYpCOB CEpBepa BHE HEe.
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ABTOpBI METOJa YTBEPXKIAKOT, YTO MJAHHBIA MOJXOJ JOCTATOYHO IIOJHO
XapaKTepU3yeT pa3InYHbIC HAKIAIHBIC PAcXOIsl HAa BHPTYyaIM3al[MI0, a MEIHaHa
ommoOKH npenckasanus Moaenn Ha trectax RUBIS u TPC-W cocrasisier meree 5%.

3. OzpaHu4eHusi Memooda «MUKPO3aMepoe»

OnucaHHBIN BbINIE MOJAXOJ MOKA3bIBaeT JOCTAaTOYHO XOPOIIME pPEe3yNbTaThl Ha
n30paHHBIX Harpyskax. «MUKpo3aMmepbl» MpeUlaraloT pelieHHe 3aladd OLCHKH
npownsBoautensHocTH 110 B BUPTyaIn30BaHHOM OKPY)KEHHH B 00IIEM, HO 3a4acTyIO
Ba)XHEE  JeNaTh  MPEAINONOXKEHWSA, OCHOBBIBAACh HA  NPe00IamaroInx
XapaKTepUCTUKaX Harpy3ku. OUeBHIHO, YTO HEKOTOPHIE MPUIIOKCHUS POU3BOIST
WHTCHCUBHBIA BBOJ-BBIBOJ], HEKOTOPHIE OOJNBIIYIO YacTh BPEMEHH HCIHONHSIOTCS B
HNPOCTPAHCTBE sJpa, NPOU3BOAS CUCTEMHBIE BBI30BBI U T.0. OmHaKko Kaxkzaas
nporpamMma IpeJCTaBisieT co0Ol COBOKYITHOCTb Pa3jIMUHBIX aKTUBHOCTEH. DTH
AKTUBHOCTH BO3JEHCTBYIOT Ipyr Ha Jpyra M Ha IPOMU3BOIUTEIHHOCTH BCETO
npunoxeHuss. C Ipyroil CTOpOHBI, OJHA U Ta K€ aKTHUBHOCTb MOXKET BBI3BIBATH
pa3nuuHble COOBITHA B pPAa3HBIX TUMepBU3opax. VIMEHHO MO3TOMY TaK BajKHO
YUUTBHIBATh 3TH OCOOCHHOCTH TPH OLIEHKE IPON3BOIUTEILHOCTH.

Hpyroii mpobiaeMoil MeToa «MHKpPO3aMEPOBY SBIICTCS MPHUPOJa TeCTOB. Kaxkaprit
MHKpO3aMep TI0 CBOCH CyTH fABIsIeTCS CUHTETHYeCcKOoi Harpy3koi. [loaTomy BBIGOD
MOIXOAIIEr0 MUKpO3aMepa SIBIIETCS CIOKHOHN 3afaueil, KOTOPYIO TPYAHO PEIIUTh
C YIOBJIETBOPUTEIHHON TOYHOCTHIO.

4. Memo0d pa30esnieHuUs1 C/I0XKHOU Haz2py3KU Ha amoMapHble
mecmali

OnucbIiBaeMblif MHOI 1OJIXOJl OCHOBAH Ha MPEIONOKEHUU O TOM, YTO HEKOTOpbIE
THUIIBI CIIOXKHBIX Harpy30K MOTYT ObITh IPEACTABICHBI KaK COBOKYIHOCTb Oouiee
HpOCThIX aKTUBHOCTEH. ITycTh T - BpeMsl BBIIOJHEHWs. HEKOTOPOM HArpys3ku. ITo
MOXeT OBIThb cO3JlaHMe TIpolecca, oOpaboTka 3ampoca Ha BBOJ-BBIBOJ M T.I.
T moxer ObITh BBIpaKEHA KaK JIMHEHHAss KOMOWHALMS HECKOJBKHX aTOMAapPHBIX
AKTUBHOCTEW OIEPALlMOHHOW CHUCTEMBI (00paboTKa HMCKIIOYEHHS, MEPEeKII0YCHNE
KOHTeKcTa, 00paboTKa OMMOKY CTPAHHIIBI U T.11.):

N
T=> ar+U+F T, (3)
i=1
rie
o I’i - Bp€MA BBITIOJTHEHU A aTOMapHOﬁ AKTHUBHOCTHU | X
I’ - BEeKTOp BPEMECH BBIMOJHEHHUSI BCEX aTOMApPHBIX aKTHBHOCTEIH;
* ;- KOdQULNEHTHI;
U

- KOHCTaHTa, BbIpaKarolas HCYUYTCHHbBIC 3HAUYCHUS
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o F(F)- orknonenne monenn. OyHKUHSA TAKXKE BBIPAXKACT B3AUMOBIMSHHC

ATOMApHbIX aKTUBHOCTEH ri .

J7s TOro 4ToObl BOCMONE30BAThCSA ypaBHEHUEM (3) HEOOXOAMMO M3MEPHUTH Bee I .

OT0 HOBONBHO CJIOXKHAs 3ajaya, HECMOTPSA Ha TO, YTO CYLIECTBYeT LEJbIH P
nogxonsamux wHCTpyMeHToB [11], [12]. Eme cmokHee mpon3BecTH H3MEpPEHHsS C
YJIOBJIETBOPHUTENLHON TOYHOCTBIO. J[JIsl MpakTH4ecKoro MpuMeHeHHs Heo0X0IUMO
YIPOCTUTH MOJIEJIb.

Jns  ynpomieHWs NpeAnaraeTcs 3aMEHHMTh  aTOMapHble aKTUBHOCTH [ Tak

Ha3blBAGMBIMU aTOMapHBIMU TecTaMH. ATOMapHBIi TeCT — 3TO IPOCTOE
IPUIIOKEHUE, KOTOPOE  OSMyJIUpyeT IOBEJCHHE  aTOMAPHOM  aKTMBHOCTHU
OICpallMOHHON cuctembl. /[l npuMepa, Mbl MOXEM M3MEPUTb  BpeMs
HNEPEKIIOYEHUS] KOHTEKCTa ¢ MOMOILBIO MPHIOKEHH, CO3AAIOUIEr0 ABa MpoLecca,
B3aMMOJICHCTBYIOIINX 4Yepe3 HEHMEHOBaHHBIN KaHain. OO003HauMM  BpeMs

BBITIOJIHEHHSI aTOMapHOro TecTa uepes t;. anee Beipasum t;:
i =A%+, 4)

rae
e [f3;- ko3 puuueHTs;

L4 Ui - KOHCTAHTBI, BbIPAKAIOINE HCYUTCHHBIC 3(1)(1)61@51.

Teneps nokakeM JMHEHHOCTh BbIpakeHUs (4). s 3TOro BHECEM HEKOTOpBIC
W3MEHEHHUS B THIIEPBHU30D U BBIITOJHUM TECT B BUPTYAIM30BAaHHOM OKpY)KeHHUH. Jlis

TOro 4TOOBI NOBJIMATL HA 1;, MOXHO peanu30BaTh B MOHHUTOPE BUPTYaJbHBIX
MallMH MCKYCCTBEHHYIO 3aJlepXKKy. Bpems BeinonHeHus aromapHoro Tecta
JIOJDKHO PAcTH IIPOIOPLIHOHANIBHO:

t= B, (ri +1'A)+Ui

ti; =ﬁi(ri +2‘A)+ui
t =4 +3-4)+y, (5)

tik :ﬂi(ri +k'A)+ui
B kauectBe moKa3aTeNnbCTBAa JIMHEHHOCTH BhIpakeHUs (4) Obuia pa3paboraHa
yIOMSIHYTasi —BBIIIE MpOrpaMma B3aHUMOJICHCTBHS JIByX MpPOLIECCOB dYepes
HEMMEHOBAaHHbBIII  KaHaj. BBIMONHEHHE  MPOrpaMMbl  OCYIIECTBISUIOCH B
BUPTyaJIbHOW MammmHe TMox ympaBieHueMm rumnepsusopa XEN. 3agepxka Obuia
peaiu30BaHa B BHJE MPOCTOTO IMKIA B (DYHKIMU, OOHOBISIOMICH KOHTPOJIBHBIH
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peructp CR3 mnpu nepexiodeHrH KOHTEKCTA. JIMHeWHas 3aBHCUMOCTh BpPEMEHH
BBITTOJIHEHHS AaTOMApHOTO TECTa OT YMCIIa UTepalnii IUKJIa MoKa3aHa Ha rpaduke:

Bpems BeINoneHns aToMapHoro TecTa
(cek.)

100,00

90,00 —
80,00 |¥=18.3140+20471 _—
70,00 - —

60,00 —

50,00 —

40,00 —

30,00
20,00
10,00
0,00 T T T T
0 1 2 3 4 5
‘ + BpeMs BbINONHEHWA onepauyn (MKc) |
=—/JIuHEeNHaA (BPeMA BLINONHEHNA ONEPALINK (MKC))
5. OuyeHka npoussodumesibHocmu no memody
amomMapHbIX mecmoe

Tenepb MOKHO BbIPasUTh I U3 GopMyiisl (4) ¥ clIENaTh COOTBETCTBYIOLIME 3aMEHBI
B (3):
N o N o N
Tzzﬁ'ti—zﬁ'ui+U+F(F) => 7t +U"+F(F) (6)
i=1 Mj i=1 Mj

i=1

Hanee ypaBHeHUe (6) MOXKHO TIpeoOpazoBath K Ooyiee YIOOHOMY, ISl TPUMEHEHHUS
Ha MPaKTHKE, BUAY:

T:T0+i7/iAti+F*(F) @)

i=1

[Ipaktnyeckass 1eHHocTh ¢Gopmynsl (7) 3akiaroyaeTrcss B TOM, 4YTO BpeMs
BBITIOJIHEHHS CJIOKHON HAarpy3ku [ MOXKHO M3MEPUTh TOJBKO OJMH pa3, a 3aTeM

HUCIIOJIB30BaTh €TI0 1IJid OLICHKU  BPEMCHU pa60TbI JTOU Harpysku B
BUPTYaJIM30BaHHOM OKpPYKCHUHN T . IIOACTaBJIASA XapaKTCPpUCTUICCKHUEC

K03(QGUUMEHTHl ¥, UCHIONB3yeMOro runepsusopa. Hopma  (ynxumm HF*(I’M

138



BBIPaXKACT OTKJIOHCHHE HM3MEPEHHOTO BPEMEHH |,0T BPEMEHH, IIPEICKA3aHHOIO
MO/IEJIBIO.
Taxxe HeOOXOJUMO OTMETUTh HEKOTOPBIC OCOOCHHOCTH MTPUBEICHHON MOJICIIH:

e VYcnoBue (4) MOIDKHO BHIMONHATBCS BCerha, T.K. aTOMapHBIE TECTHI
00s13aHBI TIMHEITHO 3aBUCETh OT ATOMAPHBIX aKTHBHOCTEH.

e Cucrema mommKHAa OBITH IIONHOW OTHOCHUTENBHO BEIpaxkeHus (3). DTo
3HAYHUT, YTO HA0Op aTOMAapHBIX TECTOB JOJDKEH ITOJHOCTBHIO IMTOKPHIBATH
paccMaTpuBaeMyr0  Harpy3ky. OTCIenuTh  HadUuuWe  HEYYTCHHBIX
ATOMApPHBIX AKTUBHOCTCH MOXKHO MO HM3MCHCHHUSIM 3HAYCHUS KOHCTAHTHI

u.

Crenyer OTMETHTH, YTO 3HaueHWe KOHCTaHTHI U HeoOXoauMo moaduparh st

=
Ka)KJJOTO THIIEPBU30pa B OTACIBHOCTH, OTPAaHIYNBAsI HOPMY (QYHKIMN ” F (r j‘ .

6. 3aknroyeHue

Ilepenoc mporpaMMHOro OOECIEUYCHHsS B BHUPTYaJHU30BAHHOE OKPY)KCHHE BCeria
MPUBOIUT K CHIDKECHHIO OOIIeH MpOM3BOAMTENBHOCTH. [lo3TOMY BayKHOU 3amadeit
SBIISICTCS OIICHKA TPEOYEMBIX MPUIOKEHUSAME PECYypPCOB Iepell HX KOHCOIUIALNCH.
B »sToli craThe OBLI MPEACTAaBICH MOIXOA K OIEHKe mpomsBomurTenbHocTH [10,
OCHOBaHHBIN Ha aTOMapHOM TecTupoBaHud. CyTh MOJIX0/1a 3aKII0YAETCSI B TOM, YTO
mo0bast CJI0XKHas Harpy3ka MOXKET OBbITh MpeACTaBleHa, KaK COBOKYITHOCTD MPOCTHIX
aKTUBHOCTEW. A mpeacKa3aTh BpeMs paboThl MPUIOKEHNUS B BUPTYaTbHON MallnHE,
MOXXHO CcOOpaB JaHHbIE O MPOU3BOJUTEIHLHOCTH AaTOMapHBIX TECTOB B
WCTIOJIb3YEMOM BUPTYaTN30BaHHOM OKPY>KEHUH M BHE HETO.

Ha nanHoMm sTane mccnenoBanus chopMyJIMPOBAaHHON 3a/1a4H, OblIa MpE/ICTaBICHA
TEopeTHYecKas MOJEIb, HOATBEPKICHHAS HEKOTOPBIMHU MPAKTUIECKUMHU TaHHBIMH.
JanpHeimass pabora OymeT HampaBiieHa Ha JOKA3aTENbCTBO CIHPABEATIHMBOCTH
MOJIENIN ¥ €€ YTOYHEHHE, ITyTeM pacIMpeHns Habopa aTOMapHBIX TECTOB M cOopa
JTAaHHBIX B pealbHON MPOTyKTHBHOM Cpeie.
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Software performance estimation in a virtualized
environment based on atomic tests

Pavel A. Klemenkov
parser@cs.msu.su
Lomonosov Moscow State University

Annotation. Virtual Machine (VM) environments are experiencing a resurgence of interest
for diverse uses including server consolidation and shared hosting. An application
performance in a virtual machine environment can differ markedly from its performance in a
non-virtualized environment because of interactions with the underlying virtual machine
monitor and other virtual machines.

In this paper, | describe a general approach for estimating the resource requirements of
applications when they are transferred to a virtual environment. The core principle of this
approach is splitting complex workload into a combination of smaller tasks and replacing
these tasks with synthetic atomic tests. Performance evaluation of atomic tests on native
hardware and in the virtual machine allows us to define virtualization overhead for the given
platform.

Keywords: virtualization; software performance estimation; atomic tests; xen
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NMpumeHeHue anrebpbl NoACTaHOBOK ANS
YHUdUMKauum nporpamm

B.A.3axapos, T.A. Hosuxosa
{zakh@cs.msu.su} {taniaelf@mail.ru}

AHHOTAUMA. [ pelmeHuss MHOTHX 3a1ad CHCTEMHOTO MPOTPaAMMHPOBAHHUS, K YHCITY
KOTOPBIX OTHOCATCSA 33/1audl PEOpraHu3alMy TPOrpamMM, JAeo0dyckanuu INporpamm,
BBISBJICHHMS  YS3BUMOCTEl B NPOrpaMMHOM KOAE€ M Jp., JKEJATeJIbHO  HMETh
HHCTPYMEHTAIBHOE CPEACTBO, II03BOJIAIONIEE OOHApyXKUBaTh (parMeHThl IPOrpamm,
umeromue cxonHoe mnoseneHne. COBPEMEHHBIE CPEACTBA OOHAPYKEHHS HPOrPaMMHBIX
KJIOHOB TO3BOJIIIOT  BBIABIATH JIMIIb (ParMeHTHl IIPOTpaMM, HMEIOLIME CXOJHOE
CHHTaKCHYECKOE YCTPOICTBO, IIOCKONBKY Ooiee TIiyOOKMH CEMaHTHYECKMH aHanu3
IporpaMM  CTaIKHBaeTCI C  ITOPUTMHYECKOH  HEpaspelIMMOCTBI0  IPOOIEMBI
(YHKINOHATBHON SKBUBAJIEHTHOCTH IPOTrpamMM. J[iist Toro 4ToOb! H30eKaTh aaropuTMHIECKU
TPYIOHBIX 3a7a4 NMPOBEpPKH (YHKIMOHAIBHON SKBHBAJICHTHOCTH, aBTOPHI HACTOSIIEH CTaThbH
Npe/UiaraloT  BOCIOJIB30BAaThCSl ~ Oojiee  CHJIBHBIM  Pa3peliMMbIM  OTHOLICHHEM
9KBHUBAJIEHTHOCTH TPOTPaMM — JIOTHKO-TEPMAJIbHOI SKBHBAJECHTHOCTBIO, — BBEJCHHOW B
1972 r. B.3. UtkuabiM. B naHHO# cTaTthe pa3paOoTaH HOBBIH aJTOPUTM MPOBEPKH JIOTHKO-
TepMaJlbHOH SKBHUBAJEHTHOCTH IPOTPaMM, OCHOBAHHbIH Ha OINEpAllUM BBIYHCICHHUS TOYHOH
HIDKHEH TpaHH B pelleTKe KOHEeYHBIX IOJCTaHOBOK. Ha ocHOBe 3TOro ajaropurMa aBTOpam
CTaThbU YNAJIOCh TAKKEe PEIINTh 3aJady JIOTMKO-TEPMAILHOW YHH(HUKALMKA IIPOrPaMM,
KOTOpasi COCTOUT B IIOCTPOSHUH JUTsl IBYX 3aJJaHHBIX ()parMEHTOB MPOrPaMMHOI0O KOJ1a TaKOH
HpOLeAypbl, KOTOpas mpejcTaBiser coboil Hambonee OOLIyIO CIEHUANN3ALUI0 TUX JBYX
(dparMeHTOB.

KirodeBble cioBa: nporpamma, oOHapy)Ke€HHE KJIOHOB, 3KBHBAJIEHTHOCTb, MOJCTAHOBKA,
yHUUKALKS, aHTHYHADHUKALIHS.

1. BeedeHue

PesynbTaThl CTaTHCTUYECKUX UCCICIOBAHHUNA, O KOTOPBIX TOBOPUTCS B padoTax [1],
[2], [3], cBHOETENBCTBYIOT O TOM, YTO CyMMapHBIH 00BEM KIOHOB ((parMeHTOB
MPOrpaMM, UMEIOIUX CXOTHOE CHHTAKCUIECKOE YCTPOUCTBO) B OONBIIUX MPOESKTaX
00b19HO coctaBisieT 7—20%, a B HEKOTOPBIX Ciydasx AoXoAauT u 1o 50%. Hamuuaue
0OJBIIIOTO YKCITa KJIOHOB MPUBOJAUT K YBEIIHUEHUIO CTOMMOCTH TOANEPIKKH KOJa, K
BO3PACTaHUIO PECYPCOB, HEOOXOAUMBIX JUIS KOMIWISAIUU W XPaHCHUSA
CKOMIWJIMPOBAHHOW MPOTPaMMBI, a TaKXKEe K YBCIUYCHHIO BEPOSITHOCTH
BO3HMKHOBCHHS HOBBIX M PACIPOCTPAHCHHS CYIIECTBYIONMX OmmMOOoK [4,5].
IToatomy OT M30BITOYHOrO AYOIMPOBAHUS KOJA IENIeCO00pa3HO M30aBIATHCS MPH
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MOMOIIM  CYIIECTBYIONIMX METOJIOB peopraHm3anuu (pedakTopuHTa) KOAA,
HampuMmep, MpH MOMOIIM OPOLEAYPHOH abCTpakuuH, TaKKe Ha3bIBACMOM
“Brigenennem merona” (Extract Method) B Tepmunonorun ®@aynepa [6]. B cratse
[7] mpennoxeH MeTon MPOIEAYPHOW aOCTPaKIUH, TO3BOJITIONINHA IS 33aJaHHON
COBOKYITHOCTH MPOTPAMMHBIX KIIOHOB MOCTPOHUTH IPOLEAYPY, BBI30B KOTOPOI
3aMEHACT KaXIBIA U3 BBIICICHHBIX KIOHOB. OIIHAKO MPUMEHEHHE STOr0 METOIa
TpeOyeT MpPEeNBapUTEILHOTO BBIACICHUS MOJOOHBIX (ParMEHTOB MPOTpPaMM
(xmoHoB). K cokaJeHHIO, CHCIHMAIMCTBI B 00JaCTH aHAIW3a MPOrPaMMHOIO
obecrieueHns1 emeé He BBIPAOOTATM OOMIETPHUHITOTO (POPMATBHOTO OIpEICTICHHS
MNOHATUS KJIOHA. B OTIMYMEe OT MHOTHUX JAPYIHX UIMPOKO HCIOIb3yEeMbIX B
NPOTPaMMHUPOBAHUM TMOHSATHH (HAIPHMEp, MPOLEIYPhI, alrOPUTMa) B HACTOSIICE
BpEMs HE CYHICCTBYCT CTPOroro Mar€eMaTH4CCKOI'O OIMPCACIICHUA MNMOHATHUA KJIOHA.
Bce wmccnemoBaTenu CXOAATCA B TOM, YTO KIOHOM Ha3bIBAIOTCS ()ParMEHTHI,
HUMCIOMINE HE3HAYUTEIbHBIC CMHTAKCHYCCKUE OTIUYHA APYr OT JApyra, HO JO0 CUX
HOp elle He CJIOXKHJIOCh OOIIEro MHEHHs O TOM, KaKH€ MMEHHO CHHTAKCHYECKHE
OTJINYHS MOXKHO TPU3HATH HE3HAYUTEIIbHBIMU.

B o0630pe [8] omucano Gonblnoe pa3HOOOpa3de METOIOB BBINCICHHS KIOHOB Ha
pasHBIX YPOBHAX MPEACTaBICHUS MPOrpaMMbl (TEKCTOBOE Ipe/CTaBIICHHE,
aOCTpaKTHOE CHHTAaKCHYECKOE AepeBO, rpad MOTOKOB YNPABICHHUS W JaHHBIX).
OnHako TpH BCeM PA3HOOOpasMHM 3THUX METONOB OHHM OIPAaHUYHMBAIOTCS TOJBKO
HOBEPXHOCTHBIM CHHTAKCHYECKHM aHAIIM30M MPOrPaMM H MOJHOCTHI HTHOPHPYIOT
NPOBEPKY CeMaHTHYeCKUX ((yHKIMOHAIBHBIX) CBOMCTB mporpamMM. Bmecre ¢ Tem,
MMCHHO Ha OCHOBaHHMHM aHaM3a (QYyHKIMH, BBIYMCIMMBIX NPOrPaMMaMHU, MOXKHO
JlaTh CTPOTOE MaTeMaTHYeCKOe OINpelesieHHe OTHOLICHUs Mojo0us (parMeHTOB
nporpaMM M pas3paboTtaTh Oojiee HM3OIIPEHHbIE aJTOPUTMBI BBIIENEHUS KIOHOB.
3aza4y BBIJENICHUS] NPOTPAMMHBIX KJIIOHOB MOXXHO C(OpPMYJIMPOBATh, HalpUMeEp,

Tak: Jis Tapel mporpamm 77y, 7T, , peamusytonmx dyukman D, (X) u D, (X),

TpeOyeTCs BBISICHATH, CYIIECTBYET JIM Takas Mporpamma 77, (MporpaMMa-madion),

peanusyromast dyHKIHIIO D,(x), st KOTOPOii paBeHCTBA
D, (X) =y1 (Do (P (X)) 1 Dy (X) =y, (P (9,(X))) srmOMHTIOTES MW
HeKOTOpbIX ~ QyHKUMH W, @, 1=12, BbMMCIMMBIX OYEHb MPOCTHIMH

[nporpamMMmamMu; 5TU HOPOrpaMMbl OCYHICCTBJIAIOT MHHUIHAJIU3AHUI0 NEPEMEHHBIX U
MOCICAYIOUIYO CliCHUaIN3alui0  BbIYUCICHHOI'O0 pe3yJibTaTa. B »stom cllydae

IPOrpaMMy-IMaliIOH /T, MOXHO BBIIEIHMTH B OTIAENBHBIA MOIYJb (MPONLELYDPY) H

3aMEHUTb 00€ IporpaMMmbl  7T;,7T, COOTBETCTBYIOIIMMH BbI30BAMH OITOH
MpOLEAYPHI.

HerpynHo BuaeTh, 4TO B caMOi O0IIeH MMOCTAaHOBKE 3aJjava paclo3HaBaHUs KIIOHOB
BCET/Ia UMEET BBIPOKICHHOE PELNICHUE — B KAYECTBE MA0JI0OHA /T, MOXKHO BBIOpPaTh

MYCTYIO IporpaMmy, — U IMO3TOMY HHTEPEC NPCACTABJIAIOT JIMIIb TAKUC BapUAHTDLL
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3aJa4yr, B KOTOPbLIX Ha q)yHKIII/II/I WHHUIUaJIn3allun wi n crneuuain3aluu l//i

HajararoTcsi  JIONOJHMTEIbHBIE  OrpaHMYeHWA. B Hacrosmed — craTthe
paccMaTpuBaeTCsl OJMH BapHaHT 3aJaddl PAcloO3HABAaHHS KJIOHOB, B KOTOPOM Ha

CTaTyC IporpaMmbI-lIIa0JIOHA OPETCHAYET OJHA U3 [ABYX aHAJIU3HUPYCEMbIX
Growa 77,

nporpaMm 7;,7,, a B KadecTBe MPOLEAyphl HHHIMANH3ALHH HEPEMEHHBIX
pasperaeTcsi HCHOJIb30BaTh TOJIBKO MOCIEI0BATENbHYI0 KOMIIO3HUIUIO OIIEPaTOPOB
npucsamBanus Buma X, =1;X, =1,;...X, =1 . B srom ciydgae mporpamma-
1wabIoH (HanpuMep, 77; ) CTAHOBHUTCSA NPOLENYPOH, a BTopas nporpaMma (B JaHHOM
caydae /T,) 3aMEHsAeTCS BBI30BOM ITOH MPOLEAypsl ¢ HaGOpOM IapaMeTpoB

(tl,tz,...,tn). B Ttakoii mocTaHOBKE 3aJaya pPacHO3HABAHHS KIIOHOB SIBISCTCS

YaCTHBIM cliydaeM Oosiee 001ieit 3a1aun YHU(DUKAIIMHA TPOTPaMM.

B 3anaue ynndukaumn soipakennii E; u E, tpebyercs otsickats mapy nanGonee
! ! o

o6umx sxBuBaneHTHoIX npumepos E; = E 6, n E, = E,0, stux Boipakenuii.

! !
Yaue Beero skBuBaseHTHOCTb npumepos E; u E, npeanonaraer cunrakcnueckoe

COBIIaJICHAE ITHX BBIpOXEHWH. MHTepec K 3ajade CHHTAKCHYECKOW YHH(HUKALIMU
ObUT OOYCIIOBJICH, B MEpPBYI OdYepenb, pa3paOOTKOW M HPHUMEHEHHEM MeToja
PE30IFOLHIA B JIOTMKE IPEIUKATOB MEPBOro Hopsaka [9] u pa3BUTHEM Ha €ro OCHOBE
NapajurMbl  JIOTHYECKOT0  HpOrpaMMmupoBaHus.  DakTHYECKH,  alrOpUTM
YHAQHUKAIMK — 3TO OCHOBHOM MEXaHU3M BBIYMCIICHHS JIOTHYECKUX IPOrpaMM.
3ajaya yHUPUKALMK M3yYalach TaKKe M JJIsl SI3bIKOB 00Jiee BBICOKOTO MOPSIKA; B
ATUX SA3bIKaX 3Ta 3ajada OKasajach alrOpUTMHUYECKH Hepazpemumoin (cMm. [10]).
Hapsiny ¢ 3agadell CHHTAKCHYECKOH BepU(HMKAIMK BO MHOTHX IPUIOKESHHSIX
UHTEpPEC IPEACTaBIACT Takke M OoJiee CIIOXKHAs 3aJada CeMaHTHYECKON
yaudukanuu (win E-yHupUKanmm); B 3TOM ciiydae SKBHBaJCHTHOCTh BBIPAYKCHHM

' ' o
El u E2 npeanojiara€t paBeHCTBO J3THUX BbIPAKCHUUM B TEX WIM HHBIX

AKCHOMATHYECKUX TeOpHsxX. HeKoTopsle pe3ynbTaThl HCCIEIOBAHMN 3ajadu
CEMAaHTHYECKOW YHH(PHKAIMKU B Pa3NUYHBIX JOTHMYECKHX U aireOpandeckux
TEOPMSIX TpenacTaBieHsl B pabore [11]. B Hacrosme# crtatbe BIEpBBIC
chopMynIupoBaHa M  HCCIEIOBaHa 3aJada CEMaHTUYECKOW  yHH(UKanuu
MIOCJIE/IOBATENILHBIX MMIIEPATUBHBIX MPOrpaMM. JTa 3a/1a4a COCTOUT B TOM, YTOOBI

JUIL  TIPOM3BOJIBHOH Napsl 1POrpamMMm  7T;,7T, BBIYACIHTH TAaKyl Iapy
VHULMQIM3UPYIOIMX  TOCIeNoBaTeNbHocTell  oneparopos 6,0,  Buna
X =1,;X, =1,;...X, =1, ama xotopoil mocIEIOBaTEIbHBIE KOMIIO3HIIHH
nporpamm O, ; 77, u 0, 7T, 0Ka3bIBAIOTCS SKBUBATEHTHBIMH.

O4eBHIHO, YTO ANTOPUTMHUYECKAs PAa3pEIIMMOCTh 3aadd YHH(UKAIIUH IPOTPaMM
BO3MOKHA JIMILIb B TOM CIIy4ae, KOI/la pa3peinMo TO OTHOIIEHHE SKBUBAJICHTHOCTH
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IpOrpaMM, B paMKax KOTOpOro copMyiaupoBaHa 3Ta 3agada. M3BecTHO, OIHAKO,
4T0 (YHKIMOHAIBHAsl 3KBHBAJIEHTHOCTh IIPOTPAaMM, CEMaHTHKa KOTOPBIX 3ajaHa B
CBOOOIHBIX anrebpandecKux cucTemax, Hepaspemmma [12]. bomee Toro, kak OBIIO
NOKa3aHO B crartbe [13] HepekypcHBHO BCSKOE HEBBIPOXKICHHOE OTHOLICHHE
9KBUBAJICHTHOCTU MPOTPaMM, KOTOPOE OIpeJessieTcss Ha OCHOBAaHHWU BBIYMCICHUH
nporpamMM B MHTEpIpeTanusx (anredpandeckux cucremax). [lostomy B Hactosmien
CTaThbe HaMH ObUIO BBIOpAaHO OJHO U3 HamOonee cHalbbIX —pa3peruMbIX
HEWHTEPIIPETAlMOHHBIX OTHOUICHHH SKBUBAJCHTHOCTH MPOTrpPaMM — OTHOLICHUE
JIOTHKO-TEPMAJIbHOM SKBUBAJIEHTHOCTH.

Z[BC IporpaMmsl 7Z'l n 71'2 CHHUTAIOTCS JIOTUKO-TEPMAJIBHO SKBUBAJICHTHBIMHU, €CIIA

o o ! o
I 000N CHHTAKCHUYECKH JONyCTHMOW Tpacchl tI'B ommoii w3 mporpamm

cymecTByeT Takas Tpacca LI” B gpyroii mporpamme, uto B 00EHX Tpaccax
JIOTMYEeCKHe ycloBUA (IpeAMKaThl) TPOBEPSIOTCS B OAHOM H  TOH ke
MOCJIEIOBATENILHOCTH /ISl OJHMX M TeX e HaOOpOB 3HAuYCHUI IIEPEeMEHHBIX.
Jloruko-TepmanbHas (J1.-T.) SKBUBaJICHTHOCTh ObliIa BBeJIcHA B cTaThe [14]. MHTepec
K JI.-T. 9KBUBAJICHTHOCTH IIPOTrpaMM ObLT 0OYCIIOBIIEH ABYMs €€ CBOMCTBAMU:

1) n.-T. SKBMBAaJE€HTHOCTb MNpPOrpaMM /I; W 7T, BiedeT (QyHKUHOHAIBHYIO
SKBHUBAJIEHTHOCTH 3THX Iporpamu [14],

2) OTHOIIEHHE JI.-T. SKBHBAJICHTHOCTH MPOTPAMM Pa3pelInMoO 3a TOJIHHOMHAIIEHOE
Bpems [15].

BbuT0 yCTaHOBIEHO TaKkke, YTO JI.-T. SKBHBAJEHTHOCTh — 3TO OJHO U3 Hambojee
CITa0bIX PEKypPCUBHBIX OTHOIIICHAHN SKBHBaJICHTHOCTH poTrpamm,
ANMPOKCHUMHUPYIOMIUX OTHOIICHHE ()yHKIIMOHATHHOMN SKBHBAJICHTHOCTH.

B Hacrosimieil crathe MpeACTaBICHBI 1Ba OCHOBHBIX Pe3ylbTaTa M3y4YeHHs 3a/auu
YHH(HKALIH IPOrpamMM:

1) HOBBIN aNTOPUTM NPOBEPKH JI.-T. SKBUBAICHTHOCTH MPOTPaMM, HCIIOIb3YIOIINHA
orepalyy KOMIIO3UIIMHU U aHTHYHU(HUKALINY B aliredpe KOHEYHBIX MOJICTaHOBOK,

2) anropuT™M J.-T. YHU(PUKAIUU TPOTpamMM, pa3pabOTaHHBI Ha OCHOBE alTOPUTMAa
MPOBEPKH JI.-T. SKBUBAJIEHTHOCTH MIPOIPaAMM.

Cratbs coctout u3 7 pa3zaenoB. B pasnene 2. BBEJICHb OCHOBHBIE MOHATHS TEOPUU
KOHCYHBIX IIOJCTAaHOBOK. Bo pasaenax 3 u4ds TEPMHUHAX TEOPUHU KOHCYHBIX
MOJICTAHOBOK OTpe/esieHa MOJENTh CTaHAapTHBIX CXE€M TMpOoTrpaMM U JIOTHKO-
TepMallbHasi HKBHUBAJIEHTHOCTh Iporpamm. B pasnenax 5 u 6 omnucaH anroputrm
MPOBEPKHU JI.T. IKBUBAIICHTHOCTH MPOTPAMM H aITOPUTM YHH(PHKAIUU nporpamMm. B
3aKIIIOYCHUU OOCYKIAIOTCS HANpaBIICHHUS JANTbHEHIINX WCCICAOBAHUN 3alaun
YHH(UKANT IPOTpaMM.

2. Anzebpa KOHeYHbIX M0OOCMaHOB0K

PaccMoTpuM KOHEYHBIH aji(aBUT, COCTOSIINNA W3 MHOXECTBA (YHKIIMOHAIBHBIX
cuMBOJIOB F , MHOKECTBA IpeAMKATHBIX CUMBOIOB P 1 MHOXECTBa IIpeIMETHEIX
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nepemennsix Var. Muoxectso tepmos Term(F,Var) - osro nanvensmee

MHOXECTBO,  YAOBJIETBOpSIONIEE  CIEAYIOIIUM  JABYM  YCJIOBHSAM: 1)
Var c Term(F,Var), W 2) ecn fMeF u
{t,,t,,...t ycTerm(F,var), w f®(,t,,....t,) cTerm(F,Var).
Atomapras QopMmyna (WIH TPOCTO aToOM) — 3TO BCSIKOE BBIPAXCHHE BHIA

p(m)(tl,tz,...,tn), e p(m) eP,a t,t,,...,t, — rtepmel. MuoxkecTBo
atomapHbIx (opmy: obosnaunm samucsio AtOM(F,Var) . 3anucn Var, u Var,

0003HAaYaIOT MHOKECTBO TIEPEMEHHBIX, BXxoasumx B Tepm [ m atom A
COOTBETCTBEHHO.

Hycts X u Y — 1Ba KOHEUHBIX MHOKECTBA TlepeMeHHbIX. [10ICTAHOBKOM HAa30BeM
Besikoe  otobpaxenne 6@ X —Term(F,Y), conocrapnsromee — kaxnoii

nepemennoit u3 X Hekoropsiit Tepm u3 T€rM(F,Y) . Muoxectso Beex Takux
MOJICTAHOBOK ~ ycroBuMcs  obosnauate  samuckto  SUDSt(X,F,Y). Ecm
X ={X1,X2,...,Xn} u Q(Xi) =1, nna Bcex i, 1<i<n, to noncranoska 6
OJIHO3Ha4YHO onpenensercs MHOKECTBOM (ctiuckom) nap
{1t %, Ity X, It} Ecom t; = X;, To napa (ceska) {X; /t;} moxer
OBITH OMmymleHa B 5ToM crucke. 3anuck Var, Oymer ucnons3oBathes s
n
06o3Hauenns MHOXKecTBa mepemennbix | JVar, |, BXOAAINX B COCTaB BCEX TEPMOB
i=1 '
noncranoBku . Pesynbrarom npumenenus nojctaHoBku 0k Tepmy
t,t eTerm(F, X), wnaseBaerca tepm t6, monywarommiics oaHOBpeMeHHOI
samenoif B { kaxnoii nepemennoit X; tepmom @(X;). Ananoruuno onpeznensiercs
pe3ynbTaT MpUMEHEHHs MOJCTAHOBKM K atoMy. Beipaxkenume E 6@, nmomyuennoe B

pE3yabTATC NMPUMEHCHUA K BBIPAKCHUIO E IIOJACTAaHOBKH 9, 6y}I€M Ha3bIBATh
IMPpUMEPOM BBIPpAKCHUA E , CIICUAJIU3UPOBAHHOT O HO}ICTaHOBKOﬁ 9 . KOM]’IOSI/IHI/ISI

On  mnoncramosox @ € Subst(X,F,Y), #neSubst(Y,F,Z) - om0
noncranoska wu3  muoxkectBa  SUDSt(X,F,Z), xoropas ompenensercs
pasencteom  O1(X) = (B(X))n7 nns xaxmoit mepemennoit X, X € X . Besxas
ouexims 6 1Y —> Y HaseIBaeTCS IEpEeMMEHOBAHHEM.

Ha wmuoxkectBe moncranook  SUDSt(X,F,Y)  onpenemum  ornomrenue
NpEANOpsiIka < M OTHOLIEHHE JKBUBAIEHTHOCTH & : JJis Naphl TOJCTAHOBOK

60,,0, ornomenue @, < 6, BrmonHseTCA, €CM CYIIECTBYET Takasi MOJCTAHOBKA
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n e Subst(Y,F,Y),uro 6, = 0,17, u otnomenue G, ~ @, sunonusercs, eciu
0, = 0,p nna nekoToporo nepenmeHosanust O . OTHOIIEHHE MPENOpPsKA —
MHIYIMPYeT Ha MHOkecTBe krnaccos sksupanentHoctu SUDSt(X,F,Y)/ =~
OTHOIIIGHHE YAaCTHYHOIO TOpsAAKa <. YaCTHYHO YIOPAZOYEHHOE MHOKECTBO
(Subst(X,F,Y)/ =, <) obpasyer pelieTky, HAUMEHBIIHM 3IEMEHTOM KOTOPOi
ABISIETCA KJIACC DKBUBAJIEHTHOCTH, IIOPOXKIEHHBIM TaK Ha3blBAEMOM ITyCTOH
noacranoskoit {X; /Y, X, /Y,,..., X, /'Y, }. nsa Toro 4ro6sl caenate pemerky

nOoJACTaAaHOBOK HOHHOﬁ, Z[OGE[BI/IM K MHOXCCTBY IOJACTAHOBOK B Ka4YC€CTBC
HanOOJIBIIIErO QJICMCHTA CIICHUAJIbHYTO MHHUMYIO MNOJACTAaHOBKY T,

ynosnetsopsitomyto pasectBam 10 =0r =1 u Er=E,r amx moboii
nozcTanoBku @ u BeIpakeHwmii E11 E2 . Onepauus B3ITHA TOYHOW BEpXHEH IpaHU
B OTOH peuieTke Ha3bIBaeTcsi YyHH(UKalMeil IMOJCTaHOBOK M 0003Ha4aeTcs
cuvBotoM 1 , a omepaunus B3ATHA TOYHOM HW)KHEH TpaHH Ha3bIBacTCA

aHTUYHU(UKAIMEH TIOJCTAHOBOK M 0003HAYaeTCsl CHMBOJIOM J . Pemerxa
(Subst(X,F,Y)/ =, <) ynosneropsier ycioBuio o6pbiBa yOBIBAIONIMX TEMEH.

I[anee 3alliCH 91 ?92 u 91 \LQZ 6y,[[€M HUCIIOJIB30BATh JIA 0003HaYCHUS

POM3BOIIBHOI MOJICTAHOBKU U3 KIACCOB KBUBATEHTHOCTH ) ) 0, n 6 J 0, .
o ! ’ !
Taxe gama  moboit mapsl  moactamosok @', @' € Subst(X',F,Y) u
” n 4 ! n
0", 0" € Subst(X",F,Y) B tom cnyuae, ecru X' N X" =, mp1 Gynem
A 14
ucronb3oBath 3amuck @'\U 6" nns 0603HAYEHHS TOJCTAHOBKH 7], KOTOpas
MpencTaBiasieT  co00l  TEOPETUKO-MHOXKECTBEHHOE  OOBEIUHEHHE  CBS30K
! n
nozactanosok @' u 6" . Pemerka mojcTaHoBok Oblia MOAPOGHO HMCCIEIOBAHA B
crathsix [16], [17]. B dYacTHOCTH, yCTaHOBJIEHO, YTO OMEpAIUS KOMITO3UIIH
o0azaer CIeAyIOMHUMH IBYMSI BaXXHBIMH CBOMCTBAMU:
1. ceoiictBom monoToRHOCTH: O, <6, = 16, <no.
1 2 1 2
2. CBOWCTBOM JIEBOHl  JMCTPHUOYTHMBHOCTH  OTHOCHUTEIBHO  OIEpalvu
AHTUYHU(UKALINK: 77(91 J 92) = (7791) J (7792) .
HIMeHHO 3TH CBOWCTBA KOMIIO3WIIMU ITOJICTAHOBOK OOECIICUMBAIOT KOPPEKTHOCTH
MPEJTI0KEHHOT'0 HAMH JITOPUTMA IPOBEPKH JIOTHKO-TEPMaIbHONW IKBUBAJIEHTHOCTH.

Onepanuu yHUQUKANIMA W AHTHYHUQUKANWA TOACTAHOBOK — 3TO OCHOBHBIE
anreOpanvecKue Onepanuu, KOTOpbIe OYIyT HCIOIB30BATHCS IS PEIICHUS 33aaud
yauukanuu nporpamm. [loaTomMy B 3TOM paszene Mbl MPHUBEICM TaKXKe IBa
HanOonee 3(P(EKTUBHBIX ANTOPUTMAa BBIYUCICHUS JITHX OINCPALUN B PCIICTKE
MOJICTaHOBOK.
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2.1. Anroputm yHuUcukKaumm noactaHoOBOK

OnwucaHHBIN HIDKE alNTOPUTM YHHU(HUKAINH ITOACTAHOBOK OBLT IPEIJIOKEH B padoTe
[18]. B ToM city4ae, ecim MHOXKECTBA TEpPMOB M3 00JIaCTH 3HAYEHHH TO/ICTAHOBOK
3aJ]al0TCSI OPUEHTUPOBAHHBIMU AIMKIMYECKUMH TpadaMH, 3TOT aITOPUTM HMeEeT
JIMHEHHYIO CJIOKHOCTh KaK [0 BPEMEHH, TaK U 10 00beMY HCIIOIb3YEMOH aMSTH.

[ycte 3ajadsl  aBe  moxactaHoBkn O ={Xl /'[1', X, /té yeenr X, /tr:} u
0" = {x,/ '[1” X, ! tg, v Xy ! t: }. NpHHAJIEKALIHE MHOeCTBaM

Subst(X,F,Y") u Subst(X,F,Y") coorserctenno Takum, uTO

’ ” ! 14
Y'NY"=O. Jlng Toro 4to6bl BEIMMCINTE X yHUDUKaIHIO & 10" cocranm
CHCTEMY TepMaJIbHBIX YpPaBHEHUH

=t/
t, =t
t! — t”

n n

U OyZeM NPUMEHSTh B MPOU3BOJILHOM IOPSIIKE K TOM CHCTEM ypaBHEHMH, JI0 TeX
MOp TIOKA 3TO BO3MOXKHO, CIeIyonie 6 MpaByil MePEeNUCHIBAaHUS YpaBHEHHH.

1. VYpaBHeHue f (Sl', S; Yoo Sr'n) =f (51”’ Sg, ceny Sr';) 3aMeIaeTcs
CUCTEMOM ypaBHEHUI
SR
S, =S5
Sy =Sy

14

2. VYpaBHeHHue f(Sl',S;,...,Sr'n) = g(sl,sg,...,s,;’) B TOM CJydYae, €clid

f # g, 3aBepmaer pabory anropurMa ¢ pesyasratom 6’ 10" =¢ ;

w

Vpasuenue (toxaectso) { =1 uckmrowaercsa uz cucremsr;
4. VYpasumenne t =Y B TOM ciyuae, ecniu Y — 310 Mepemennas, a t — sTo

TE€pM, OTJINYHBIN OT NEPEMEHHOM, 3aMeIaeTCsl ypaBHEHUEM Y = t;
5. VYpasuenne Y =1 B Tom ciyuae, ecnmu Y — 910 mepemennas, a I — aro
TepM, cojlepkaiuii Y W OTIMUHBIA OT Y , 3aBepumiaeT paboTy airopuTMa
! 14
¢ pesynmpraTom 10" =r;
6. VYpasuenne Y =1 B TOM cinyuae, ecnmu Y — o710 mepemennas, { — aro

TCPM, HC coz[epxcamni/i y , 1 ICpeMCHHas y COACPIKUTCH CUIC XOTA Obl B
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OJIHOM YpaBHEHMM CHCTeMbl, TpebyeT npumenenus nosacranosku {Y/t}
KO BCEM OCTAJIbHBIM YPABHEHHSM CHCTEMBI (HX JIEBHIM M MPABBIM YaCTAM);

B tom ciyuae, korma oOpasyeTcs cucteMa ypaBHEHHH, K KOTOPOH HePUMEHNMA HH
OJHO W3 YKa3aHHBIX BBIIIEC MPaBWJ, 3Ta CHCTEMa OyAET COCTOATh M3 ypaBHEHHH

Y, = '[1, cea Y = tk , B KOTOPBIX BCE NIEPEMEHHEIE Y, ..., Y, TIONapHO OTAMYHBI U

HE cozepKaTcs B TepMax t,..o 1. Torna
oTo = Oy, 1t Y It =0y, 1,y Tt 3

Omnepanyst yHU(UKAIUK BO3HHKACT NPU PEIICHUH 3aJayll YHU(HUKALUH, KOTopas
o ’ 14
COCTOUT B BbIYHMCIEHMH Hambonee obmiero mpuMepa ayx Beipaxkenuit E', E".

Ecm E'=p(t,,...,t,), E"=p(S,,...,S,) — 210 aromapubie popmymsi, u
npu >tom Var., NVar., =<, to nan6onee o61IMM NPEMEPOM THX BHIPAKEHHIA

SIBJIAETCS aToM Eo = p(le,...,Xn)H , rae
O, ={x It,,...x [t }T{x/s,,....x, /s, }.

[IprBeneHHBIN BBINIE aNTOPUTM YHUGHUKAIUK MOXKHO NMPUMEHATh W IS PELICHUS
Oosee oOmel 3amaun yHU(UKANNM KOHEYHBIX MHOXECTB IIap BBIPAKECHHH

{( El', El"), (E;, Eg), cen (E,:1 ) Er:; )}. Dra samaua coctouT B BBIYMCIEHHH

nojictaHoBkH €, MpUMeHeHHe KOTOPOW MPUBOAMT KasIAyH Tapy BBIPAKEHMH K
obmemy Buny. B stom cimywae pabora anroputma yHH(HKAIMM HAYMHACTCS C

cuctemsl ypasnennit E/ =E/, E; =EJ,...,E/ =E/.

2.2. ANropuTM aHTUYHUMKaLMN NOACTAaHOBOK

Onepaiyst aHTHyHU(HUKALUK IOJCTAHOBOK HMMEET Topa3Jio MEHBIIYI 00JacTh
NPUMEHEHHUs, 4eM orepauus yHupukanuu. AHTHyHU(UKanus Obuta BBeaeHa I
IInoTkuHBIM B crathe [19] W aKTHBHO WHCIONB30BaNach IS PEUICHHS 3a1ad
cynepkomnmsiiuu B ctatbe [20]. B pabote [21] ObulO mMOKa3aHO HPUMEHEHHUE
orepalyu  AaHTUYHU(HKAMM TOJCTAHOBOK JUI  BBIYKMCICHHS HWHBapHaHTOB
OpOorpaMM M BBLAEICHUS CUHTAKCUYECKHX KJIOHOB. ONTHMAJbHBIM 10 BpEMEHU
ITOPUTM BBIUHCIICHUS aHTHYHUUKAIN MOJICTAHOBOK, 3aJJaHHBIX
OPHEHTHPOBAHHBIMH ALMKINYECKUMHU Tpadamu, omucaH B crathe [22]. Hmxe
NpUBOIWTCS  OojJee TPOCTOM  almrOpuTM  aHTUYHH(UKAIMM  [OJCTAHOBOK,
3aMMCTBOBaHHBIN U3 cTaThu [23].

Mycrs  samamst  ase  moxcranosku O ={X [t/ , X, /t;,..., X, [t} =n

Q" ={x 1t/ X, /t5,....,X, [t/ } w3 muoxecrsa Subst(X,F,Y), u nycrs
n n

Z =Y \(UVar, ulUVar,) — muoxectso BcrioMoraTensHBIX TepeMEHHBIX, He
=
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v ! "

BXOIAOIMX B COCTaB TEPMOB U3 o0JlacTH 3HAYECHUH IIOACTAaHOBOK 0 )48 0 .
!i/ " o

Autnynudukanus @' ¥ @" BbuMcnseTCS MTEpaTHBHBIM AJTOPUTMOM, KOTOPBIH
CTpOUT Hey6BIBaIOIlIyIO IIOCJICA0BATCIBbHOCTh IIOACTAHOBOK 770,771 . npeo6pa3y51
o ! n

CUCTEMY aHHOTHUPOBAHHBIX YPAaBHCHHH, IMOPOKIACHHBIX MTOACTaAHOBKAMHA 0 nu 0 .

Kaxnoe ypaBHEHHME CHUCTEMBI I[OMEYAaeTCd HEKOTOPOM  BCIIOMOTraTENIbHOM

nepeMeHHOM U3 MHoxecTBa Z . B Hauane paboThl airopuIMa CHCTEMa
AHHOTHPOBAHHBIX YPaBHCHUH UMEET BUA

z,: t =t/
z,: t,=t;
z,: t =t

u 1, ={x12,,%,12,,...,X,/2,}. Nanee na xaxnom |-om mare pa6orbl

ajqroputTMa K JTOH CHUCTEM YpaBHEHUH, O TE€X MOp TMOKa 3TO BO3MOXKHO, B
MPOM3BOJIFHOM TIOPSIKE MPUMEHSIOTCS CIEAYIONe 2 TpaBmia IepPenrChIBaHUSL

ypaBHeHI/Iﬁ W BBIYHUCJICHUA ITOCICAOBATCIBbHOCTH IMOACTAHOBOK 770 y 771, oo

1. AHHOTHpOBaHHOE ypaBHEHUE Z . f (Si, Sé yeeo S,%) =f (Sl”, Sg, vy Sr’;)
3aMEILAeTCsl CUCTEMOM ypaBHEHUIM
. r_ o
Ing - S =95

. "ol
ZN+2 . SZ - S2

z S, =S

N+m - m m
tne Zygr1Zynior-+-Zyym — HEPEMEHHBIE U3 MHOXKECTBA Z , panee He
WCIOJB30BaHHBIE U Ppa3sMETKU JAPYIHMX YPaBHEHMH; @IpU 3TOM
77i = 77i71{2/ f (ZN+1’ ZN+2" : ‘ZN+m)}'

2. Ecmu B cucreMe ecTh mapa OJMHAKOBBIX aHHOTHPOBAHHBIX YpaBHEHHH
P! ! " .gn " o
2:t'=8" w z":t"=S8", 10 omHo w3 ypaBHenuii (Hanpumep,
I ! ! ’ "
Z':t' =S') ynansercs U3 CHCTEMBI; IPH 9TOM 7; = 77i_1{Z /z '}

Kak Tonmpko OymeT mocTpoeHa Takas CHCTEeMa AaHHOTHPOBAHHBIX YpaBHEHUH
- ! ” - ! ” o

Zyii1-S) =S1s--5Zpok - Sk = Sk, K KOTOpPOU HE TPUMEHHMO HH

OJTHO M3 YKa3aHHBIX ABYX MPaBHJI, aTOPUTM IIpeKpainaeT padoty. PesympraTom ero

PaGOTHI ABIACTCS MOCIEIHSAA M3 IOCTPOCHHBIX TOAICTAHOBOK 77; = 6 40" Tapu
noxcranosox  {Zy /87y u {zy,;/si}. J=1..,K, coorsercrayiomme
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ypaBHEHHSAM CGOPMHPOBABIICHCA B KOHIE pabOTHl aNrOpUTMa CHCTEMBI
AHHOTHPOBAHHBIX  ypaBHEHWH, MBI OyZeM  Ha3pBaTh  AHHOTHPYIOIINMH

MOACTaHOBKaMU IJIs1 BCIIOMOTAaTCJIbHBIX NEPEMEHHBIX ZM+1’ ooy ZM+k; JJIs1 HUX
CIIpaBCINBEI paBeHCTBaA
r__ ’ " !/ !/ r __ ’ " 14 14

0 =0 0zyi!ls)azya SO0 =0 4Ozt 19 2y | St
Onepaum{ aHTI/IyHI/I(l)I/IKaIII/II/I BO3HUKACT IMPHU BBIYUCICHUN Han60nee ClrieuaJIbHOIo

mabnona asyx Beipaxenuii E,, E,, T.e. Taxoro Bepaxenus E,, mpumepom

kotoporo sBusercs kak E;, tak m  E,. Eem E; =p(t,,...t,),
E, =p(s,,...,S,) — oro aromapusie (opMyibl, TO HanGolee CIELHATLHBIM
mwaGnoHoM 5THX BbIpakeHmii sBuserca atom  Eg = P(X,,..., X, )8, rae

O, ={x It,,...x It 3L {x, Is,,...,x, /s, }.

3. CmaHOapmHbIe cxeMbl Npo2paMmm

CraHzapTHele CXeMbl IporpamMMm ObUIM BBelIeHbI B cratbe [12] B KadecTBe
MaTreMaTHYecKOi MOIeNu Jjs pEUIeHUs 3agad BepUHKAMK W ONTUMH3ALUH
MIOCJIC/IOBATENLHBIX HMMIIEPAaTHBHBIX mporpamM. CTaHgapTHas cXeMa HporpaMmm
NpPEe/CTaBIsIeT COo0OM KOHEYHYIO CHCTEMY IepexoJioB  (OpHEHTHPOBAHHBINA
pa3MedeHHbIH rpad), BEPIIMHEI KOTOPOH COOTBETCTBYIOT ONEpaTOpaM BETBIICHUS,
MPOBEPSIONIMM BBITIOJHUMOCTD JIOTHYECKHX YCIOBHH (TIPEIUKATOB), @ MEPEXO0JIbI
MEXAy BepmiMHaMH (Oyrn Tpada) COOTBETCTBYIOT JIMHEHHBIM — y4dacTKam
MPOTPaMMBI, Ha KOTOPBIX BBITIOJHAIOTCS TIOCNIEIOBAaTENIFHOCTH ONEpaToOpoB
npucBauBanus. Kaxmaoe JTOrnyeckoe yCaoBUE OMUCHIBACTCS aTOMapHOU (HOPMYJIOW.
Kaxnaeii oneparop mpucBausanusi Buma Y =1 Moxker ObITH accormupoBaH ¢

MOJICTAHOBKOM {y/ t}; TakuM 00pa3oM, JHWHEHHOMY YYacTKy IIpOrpaMMEl,

conocrasnena komnosuuus noacranosok @ ={y, [t }{y, /t,}--{y, It}

KOTOpasg aAC€KBATHO OTPAXKACT B paMKax anre6p},1 IIOJACTaHOBOK BBIYHCIIMTCIHHBIN
3(1)(1)CKT BBIIIOJIHEHH A OIIEPATOPOB 3TOT'O JIMHEHHOT'O yJacTka.

cocrosmemy u3 omepatopoB Y, =t;; Yy, =1,;...,y, =1, , moxer Obts

dopmansHOe ONpejeieHne CTAaHAAPTHOM CXeMbl MporpaMm (majgee mpocTo
nporpamMMbl) TakoBO. IlyCTh 3afaHbl JBa KOHEYHBIX MHOXECTBA MMEPEMEHHBIX

X={X,..- X} v Y={Y,,...,V,,}. Tepemennsie muokecrsa X - 3T0

BXOJHBIC TCPECMCHHBIC (napaMeTpLI) nporpaMmsbl, NMEPEMEHHBIC MHOXKECTBA Y —
9TO BHYTPCHHUC (J'IOKaJ'II)HLIG) IMEPEMCHHBIC TMPOTIPaMMEI. Ilomumo >1HX ABYX
MHOKECTB NEPEMCHHBIX npu BBITIOJIHCHHU N ornepauunu aHTI/IyHI/Iq)I/IKaHI/II/I
nOoJACTaHOBOK MBI 6y[l€M HCIIOJIb30BATHL MHOXKCCTBO BCIIOMOI'aTC/IbHBIX NIEPEMEHHBIX

Z.
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Iporpammoii Haj MHOkecTBoM mepemeHHbIX X , Y HasblBaeTcs pasMedyeHHas
CHCTEMA TIEPEXOJI0B 7T = <X ,Y,V,entry, exit,—, B, /10> , B KOTOpO#

V' — 570 KOHEUHOE MHOXECTBO TOYEK MPOTPAMMBI, BKIIOYAIOIIEE TOUKY BXOAA
entry u touky Bbixoma €XIt,

B:V — Atom(F,Y) - s1o ¢yHkuus npussku, COMOCTABISAMONAS Kakuoi
TOYKE TPOTrpaMMBbI aTOMApHYIO (OpPMYJy (JIOTHYECKOE YCIOBHE, MPOBEPAEMOE B

sroit Touke), —> (V \{exit})x{0,} — Subst(Y,F,Y)xV - sro dynxuus
Tepex0/I0B, KOTOPast /Ulsl Kak/I0i TOUKH MPOTPaMMbl, OTJTMYHOH OT TOUKH BBIXOJIA,
M 7T KakJIOTO MCTMHHOCTHOTO 3HAY€HHsl JIOTMYECKOrO YCIOBHS B 3TOM Touke
YKa3bIBa€T MOACTAHOBKY, OIIMCBIBAIOIYIO PE3YyJIbTaT BBINOJHCHUA JIMHEWHOTO
Y4acTKa MPOTPAMMBI, M TOYKY MPOrPaMMbl, B KOTOPYIO Mepe/iaeTcs ympasieHue
IOCJIC BBIMOJIHEHHUS 3TOTO JIMHEHHOTO y4dacTka,

20 e Subst(Y, F, X) —TIO/ICTAHOBKA,  WHHUIMAJIM3HUPYIOIasi  JIOKaJbHbIC
MIepeMEHHBIE ITPOTPaMMBI.

B nmanpHedimem mpum oOpameHnn K (QYHKOMM TEpEXOZ0B BMECTO 3allUCH
— (V,A) =(6,u) wmpl OGyzem wucronb30BaTh GoNlee NPUBBLIYHYIO 3aIHCh

A0
V———>Uu.
UYroOBl MOTYEPKHYTH 0COOYIO POJIb HEKOTOPBIX BEPIIMH MPOIPAMMBI, YCIOBHMCS
CYMTaTh, YTO TOYKE BhIxoma mporpammbl €XI{ mpumucana aromapmas dopmyna

BUIA OUT(yi1 Yireea Y, ), KOTOpast BBIIENAET BHIXOIHbIE TIEPEMEHHBIE CPEH

JIOKAJIbHBIX TIEPEMEHHBIX MPOTrpaMMbl. B 3TOM ciiydae MOKHO BBECTU OIpeICICHHE
BBIYMCIICHUS] TMPOTpaMMBl B 3aJlaHHOW MHTEPIpETallid Ha 3aJaHHOW OlEHKe
BXOJTHBIX TIEpEMEHHBIX (CM. B [24]).

ITycTh 3a1aHa NpOM3BOJIbHAS MHTEpNpeTanys | = <D, F, §> curnarypst (F,P).

OneHkoii MHOXkecTBa nepeMennbIx VAl B untepnperaunn | naswiBaercs Beskoe
orobpaxenne d :Var — D, conocrasusomee Kax/0ii IepeMeHHOI 2MEMEHT 13

obnactu unTepnperanuu. Ecmu Var ={Zl, e Zk}, TO JIsl 0003HAYCHUS OLECHKU

O OyzeM HCIONb30BaTh  3aIliCh {Z1 <— J(Zl), el 5(zk )} Hns

00603HaYeHHs] MHOKECTBA BCEX OIEHOK mepemeHHbix Var B umurtepnperannn |
6ynem ucronms3osath 3ammcs Val(Var, ).

Jns xaxnoit matepnperammu | =<D, F, |5> u onenxu d, d eval(X,1),

OOBIYHBIM 00Pa30M ONpEAeNsIOTCs diMeMeHT obmactu uuTepnperammn  t[d],

ABNAIOIIMNCA 3HaueHueM Tepma t, t eTerm(X, F) , ¥ UICTUHHOCTHOE 3HA4Y€HUC
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A[CT ] aromapnoit dopmymsr A, Ae Atom(X,F). Bcsakas noxcranoska
0, 0 € Subst(X,F,Y), B unrepnperaimn | npeoGpasyer MHOXeCTBO OlEHOK

nepemennsix  Val(X,l) B wmuoxectBo ouenox mnepemennsix Val(Y, 1)
CITe Ty FOTITHM obpazom: eciu o={y,/t,y,/t,,....y, It} TO
6’(6) :{yl <_t1[a]7 Y2 (_tz[c_l]- Y <1 [a]}

Jns  Kakaoidl  TIpOrpaMMbI T = <X .Y,V entry, exit, —, B,/IO> "
untepnperammn | omenku nepemennsix Val(X, 1) wurpator pons Bxommbix
nannpix, a ouenku namubix Val(Y,l) swictymaror pomu cocrosmmit gaHHBIX

BBIYHCIICHUI porpaMMEl. Brruucienune nporpaMmbl 77 B HUHTCpHpETALIUM I JUIA

OLCHKHU BXOJHBIX MNEPEMCHHBIX d, d EVa|(X, I) — O3TO MaKCHMaJlbHas
nocCiICa0BaTCIIBHOCTD

comp(z, | ,CT) = (V01ao)a (V11al): (Vz’az)’---’ (vi’ai)1 (Vi+1’ai+1)!"' 1
YIOBIICTBOPSIOLIAS CIIEAYIOLIMM YCIOBUAM:
1) v, =entry, d, =A,(d);

2) ans mo6oro 1, 1>1, B nporpamme 77 cymectsyer nepexon V, —&8 5y
e A= B(Vi)(c_li), U TIPH 9TOM JM = Q(Ji) .

i+l

Ecnu Beiuncnenue comp(;z, | ,d) OECKOHEUHO, TO PE3YJIbTAT €r0 HE OMPE/EIICH.
Ecnu soiuncienne COMP(z, 1,d) sasepuwaercs mapoit (€Xit, dN ), u Touke

BhixOfa mpunucama  atomapuas  dopmymra  OUT(Y,, Y, ,....¥; ), 7o

pe3ynbTaTOM  BBIYMCIEHHMS  sBAAeTc  HAOOp  3HAYEHMH  HEpPEMEHHBIX

(d N (yil ),d N (yi2 ),...,d N (yik )) . Takum o6pasom, s Kax/I0i MHTEpHIpeTaIH

| 3mauenuem mporpaMmbel 77 B 9TOH HMHTEpHpeTAllMM SABJSETCSA YACTHYHAS
. k

dynxmms D, :Val(X, 1) > D*, ocymecrsasiomas orobpakenne omneHok

BXOJHBIX MEPEMCHHLIX B Ha60p1,1 3HAYCHUH MEPEMECHHBIX Ha BBIXOJC IMPOTPpaMMBI.
' "

HpOFpaMMLI T W 7T CUHTAIOTCA (I)yHKIII/IOHaJ'ILHO OKBHUBAJICHTHBIMHU, €CJIHU JJIA

000 HUHTEpIIpETAllUN I 9T NPOrpaMMbl BBIYUCIIAIOT OAMHAKOBBIC (byHKHI/II/I, T.C.

cDﬂ’,I = CDzr”,I '

B paGore [12] Obul0 dOKa3aHO, 4YTO ONpEICICHHAas TakuM oOpa3oMm
(yHKIMOHATBHAS KBHBAJICHTHOCTh IIPOrPAMM AITOPUTMHUYECKH HEpaspelmma.
IMocnenyromue MccaeIOBaHUs MOKA3aIH, YTO JTF000E HEBBIPOXKIACHHOE OTHOIICHHE
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SKBHBAJICHTHOCTH NPOTpPaMM, OIpeAeIieMoe Ha OCHOBE BBIYHCICHHH B
MHTEPIpPETALMH, HEPa3pelmmMo aake ais odenb mpocthix curnatyp (F,P). B

CBSI3M C 3TUM B cTaThe [14] OblIa mpeuioxKeHa nHasi pa3sHOBUIHOCTh ITPOTPAMMHOM
SKBUBAJIEHTHOCTH, — JIOTUKO-T€PMalbHasi 3KBUBAJIEHTHOCTh, — KOTOpas 3aHUMaeT
MPOMEKYTOUHOE TIONO0XKEHHE MEXAYy CEeMEHCTBOM UHCTO CEMaHTHYECKHX
OTHOIIGHWH  OKBUBAJCHTHOCTH  NporpamM, Hamoxobue  (QyHKIHOHAIBHOM
SKBUBAJEHTHOCTH, U  CEMEWCTBOM YHCTO CHHTaKCHUECKUX  OTHOLICHHUH
9KBUBAJICHTHOCTH, HAo1001e n3oMopdu3ma mporpamm.

4. Jloeuko-mepmasibHasi 3KeueasieHmMHoOCMb rPo2pamMm

B ommume or (QyHKUMOHANBHOW DKBHBAJICHTHOCTH, OIUpAIOLIEHCS Ha
CEMaHTHUYECKOE [IOHATHE BBIYUCIICHUS IIPOrPAMMBI B HHTEPIPETALIUU, OIIPEIEICHHUE
JIOTUKO-TEPMaJIbHAsl  SKBUBAJICHTHOCTH IIPOIPAaMM  OCHOBBIBA€TCS JIMIIb HA
COIMOCTABICHUU CHHTAKCUYECKHX XapaKTEPUCTUK aHAIU3UPYEMBIX IMPOrpaMM —
MHOX€ECTB TPAacC, BEAYIIUX U3 BXOAOB IPOTPaMM B HX BBIXOJBI.

HOCJ’IGZ[OBEITCJ'ILHOCTL MNepexoJ0B B IporpaMme 77

tr=v 20.% yy A sy 22,6, An Oy
0 1 2

oo N
>V >V

B KOTOpOH V, = entry, s Gyaem Ha3blBaTh TPACCON B Iporpamme 77 , BEAyLIeH B

Touky V,,;. Ecu Vy,; = €Xit, o tpacca tr Gyzer HasbiBathest nONHOM Tpaccoii.
MHOMKECTBO BCEX MONHBIX TPacC NPOrpaMMBl 77  00O3HAYMM  3aIlUChIO
CompTr(z). Tpepuxc mmmmer 1, 0<i< N +1tpaccr tr  6Gymer
o6o3nauatbes sammcsto I | ; mpu oTom Ml nonaraem tr | o=V, u tr_ ,=tr.
Kaxmas Ttpacca tI B  mporpaMme /77  BBIYHCISET  MOJACTAHOBKY

a[tr] = O --6,0,0,A,, xoropas mpencraBusier  co0oli  KOMIO3HIIO

I/IHI/ILII/IaJ'II/ISI/Ipy}OH.IGﬁ IIOJACTAaHOBKH /10 U BCEX IMOACTAHOBOK 90, Hl’ 92,...9 y

MPUITHCAHHBIX TIepexoJaM dToi Tpaccel. Jlormko-tepManbHast wctopus (JI.-T.
UcTOopHs) MoJHOM Tpacesl {F — 3To mocnemxoBaTensHOCTH Hap

Ith(tr) = (B(vp)O(tr (), Ay),-- (BV)Otr ), A;),--.(B(vy )O(r |y ), Ay ), (B(vy,,)tr),0),
B KOTOPOH IepBble KOMIOHEHTH map — 9T0 npumepsl artomos B(V;),
NPUIMCAHHBIX TOYKaM Tpaccsl (I M CHenMantu3MpoOBaHHBIE I10JCTAHOBKAMH
O(tr|.;), sbluncieHHbIME B 5THX TOYKaX Tpacchl, a BTOPblE KOMIOHEHTBI Tap —
3TO MCTHHHOCTHBIE 3HAYEHHs STHX aTOMOB, OOECIEYMBAIOLIME MPOXOKJIECHHE
tpaccel. Muoxectso Det(z) ={lth(tr) :tr e CompTr(z)} n-r. ucropuii
BCEX IMOJHBIX TPACC NPOTPaMMbl 7 HA3BIBAETCS ACTEPMUHAHTOM TMPOTPAMMBL.
Mporpammer 7' w  7"  cunraloTcs  JL-T.  OKBUBAIEHTHBIMH,  €CIIH

Det(z') = Det(z").
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[anee, He orpaHn4MBasi OOIIHOCTH, MBI OyJIeM HoJaraTh, 4TO B PaCCMaTPUBAEMBIX
IporpamMMax 4epe3 KaXIyl TOYKY IPOXOAWT XOTsS Obl OfHA MOJHAs Tpacca, T.€. B
IporpaMMax OTCYTCTBYIOT HEIOCTIDKMMBIE M TYNHKOBBIE TOUYKH. lIporpamMmsr
TaKoro BH7a Oy/eM Ha3bIBaTh PEAYIHNPOBAHHBIMH.

Jloruko-TepManbHas 3KBHUBAJICHTHOCTh MpOrpaMM Obutla mpemjioxkeHa B.D.
UrknaeiMm B crathe [14]. B oroif ke craTthe OBIIa JOKazaHa TeopeMa,
yCTaHaBJIMBAIOIAs B3aUMOCBSI3b OTHOIICHHU JIOTUKO-TepMaIbHOM u
(YHKIHOHATBHOW SKBUBAJIIEHTHOCTH POTPaMM.

! 14 o
Teopema [14]. Ecim mporpamMmsl 777 W 77 J.-T. SKBHBAJICHTHBL, TO B JIIOOOU
MHTEPIPETALIH 3TH IPOTPAMMBI BBIYUCIISIIOT OJJMHAKOBBIE (DYHKIIHH.

Ota Teopema IOKa3bIBaeT, YTO VIS IPOBEPKH (HYHKIMOHAIHHONH 3KBHBAICHTHOCTH
JBYX MPOrpaMM JOCTaTOYHO MPOBEPUTH HMX I.-T. SKBHBaJIEHTHOCTh. Ha ocHOBaHUM
STOH TEOPEMBI J.-T. 3KBUBAJIEHTHOCTb IPOrpaMM MOXHO HCIOIB30BATh MpPH
peLIeHUH 33/1a4 BepUPHUKALNH U ONITUMU3AIMY TIPOTPaMM.

5. Anzopumm npoeepku J102UKO-mepMasibHOU
3KeueasieHMHOCMu rnpoz2paMmm

IlepBrrit anropuT™, pa3pemIafoNINi JI.-T. 3KBHBAJICHTHOCTH CTAaHIAPTHBIX CXEM
mporpaMmM ObUT mpeasioskeH B cTatbe [14]. CnoXHOCTh €ro OIEHUBAETCs TBOMHOM
HKCIIOHEHTOM, 3aBHCAIIEH OT pa3Mepa IMpPOBEpsSEMBIX Nporpamm. Bmocneactsum
ObUTH co3laHbl Oosiee A(PEKTUBHBIE ANTOPUTMBL; B YaCTHOCTH, B pabdote [15] Obun
pa3paboTaH aIrOpuTM TPOBEPKH JI.-T. AKBHUBAJIEHTHOCTH IPOTpamMM 3a BpeMms,
MOJIMHOMHATIbHOE OTHOCHUTEIFHO pa3MepoB IporpamM. B 3Ttom pasgene craTeu
OTHCaH ere 0oiee MpPOCTOH alTrOPUTM MPOBEPKH JI.-T. SKBUBAJICHTHOCTH IIPOTPAMM.
MEI CBOIOMM TPOBEPKY JI.-T. IKBUBAJICHTHOCTU MPOTPAMM K BBIYHCICHHUIO TOYHOM
HIDKHEH TpaHM B PETYSIPHOM MHOXKECTBE WOJCTAHOBOK; OSTO BBIYHCICHUE
OCYILIECTBIISICTCS HTEPAaTUBHON NPOLEAYPOi, B KOTOPOW IPHUMEHSIOTCS TOJBKO
orepalyy KOMIO3UIKMK U anTuyHuuKkauu. s 3aBepiueHns: paboThl npolenype
TpeOyeTcsl COBEPIINTh MOJIMHOMHAIBHOE dYHCIO mIaroB. Kpome Toro, mocme
HEOONBIION MOAMGHUKAIINK ATy MPOLEAYPY MOXKHO HCIIONB30BaTh UIS PELICHHUS
3a]]a4M JIOTUKO-TEPMaIbHON YHU(DUKALINH [IPOTPaAMM.

CHCHYIOIHCC H€06XOHI/IMOC U  J0CTATOYHOEC YCJIOBUC JI.-T. DOKBUBAJICHTHOCTHU
[NporpaMMm BBITCKA€T HCEIOCPCACTBEHHO U3 OHNPEACJICHUSA OSTOr0 OTHOLICHHA
OKBUBAJICHTHOCTH IIPOTrpaMM.

Teopema 1. Jna TOTO Y4TOOBI penyLuupOBaHHbIE IPOrpaMMBbl
7' =(X,Y"V' entry’ exit’,—', B’ 15) u
a" = <X YY"V entry” exit”, —»", B, /16'> ObUTM  JI.-.T. OKBHBAJCHTHBIMHU

HEOOXOQMMO M  JOCTATOYHO, YTOOBI Ig J000H KOHEYHOM JBOMYHOM
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nocneposarensroctn @ = Ay, A;,..., A, Besakuii pa3, Korma B OIHOH U3
[
nporpamm (HampuMep, B IIporpaMme 77 ) CyIECTBYET Tpacca
"\ Aoy gt ALGL LYRZEEN ' Ay O '
tr'=v) >V >V, >V, s

MCPEXOJabI KOTOpOI7I pa3MeyeHbl CHMMBOJAMH MOCIEAOBATECIBHOCTH ) B L[pyl"OfI

>V

"
nporpaMMe (B JaHHOM CiIydae, B IIiporpaMMme 77 ) CYIIECTBYET Tpacca
"\ " A5\ ALGL A0 " Ay 04
tr'=vy >V, >V, >V
nepexobl KOTOPOl pa3MeUYeHbl CUMBOJIAMH TOM )K€ MOCIIE0BATENBHOCTH () , U TIPH

5TOM BBIIIOJIHAETCS PABEHCTBO B'(V;\l +1)l9[tl"] = B”(VL +1)¢9[tr”]

N 14
’VN+1 '

Tpaccsr tr' u tr”, o xoropeix roBopuTCs B Teopeme 1, GymeM Ha3bIBaTh
JOTUYECKH COTJIACOBAaHHBIMHM TpaccamMH. Takum oOpasoMm, Teopema 1 cBoauT
NPOBEPKY JL.T. O3KBHBAICHTHOCTH TNPOTpaMM K AaHAIM3y Map JOTHYECKH
COTJIACOBAHHBIX TPACC B 3THX MPOrpamMmax. DTOT aHAJU3 OCYIIECTBIAETCS B Tpade

' "
COrJIaCOBAaHHBIX Tpacc MNporpaMm 77 M 7T , NOpEACTaBIIAIOIIEM BCEC IIapbl
JIOTUYCCKHU COTJIACOBAHHBIX TPACC B 3TUX IIPOrpaMMax.

IIpennonoxxum, 4to TpebyeTcs MPOBEPUTH JIOTMKO-TEPMAIbHYIO 3KBHUBAJICHTHOCTh
JIBYX IIpOrpamm

! :<X,Y’,V’,entry’,exit’,ﬂ’, B’,AO’> uo " =(X,Y" V" entry” exit”,—",B”, ),
MMEIONUX OJHO M TO K€ MHOKECTBO BXOJHBIX mepeMeHHbX X W
! ” 1 14
Herepecekaloluecss MHOXkecTBa Jokanbhbix nepemennsix Y, Y", Y'nY" =
I'pad JIOTHYECKH COIJIACOBAHHBIX  Tpacc 3THX IporpamMm
' z"= <V "<V Wy, =, /10> YCTpOeH ciiefyrolmM obpasoM Bepmmzamu
rpada seasiotes Beeosmoskubie mapst W = (V', V") touek nporpamm 7" u 7", u
KaK710# Takoi BepimmHe mpumHcana mapa atomapubix dopmyn (B'(V'), B"(v")).
B rpape I'[7', 7"] oco6o Bbinenena xopuesas sepunna W, = (entry’,entry”).
Jlyru (nepexonsr) rpada I'[77', "] onpenensiores ornomenmnem nepexoos
= < V'xV"xSubst(Y'OY", F,Y'OY")xV'xV"
Kak w jgns mporpamm, BMeECTO 3amucu (V',V", 0, U', U") €= Mbl Oyaem

HCII0JIB30BATh Ooiee €CTCCTBCHHYIO 3aITUCh OTHOILICHUA MEPEX010B

0
(V',v") = (u’,u") . Dr0 oTHOWICHHE TOTUMHSACTCS CIIEYIOMEMY TPEOOBAHHIO:

0 , p
V' V)= @Uu) & FA G v AL VAV AL " A0=0"U8"

155



mns kakson mapet Touek (V/,V") u (U,u”) rpada I'[7',7"] u nomcranosxu
0,0 eSubst(Y' OY" F,Y'"UY"). U, mnakomen, A, =A;UA] - os10
MHHIATM3UPYIOIIAs TOJICTAHOBKA rpad)a IOTHIECKH COTIACOBAHHBIX TPACC.

Mapmpytom B rpade normdecku cormacopanubix Ttpace 1 [7',7"] 6Gynem
HA3bIBATH BCAKYIO TOCIIEI0BATETLHOCTD nyr

!/ / % U 4 !/ /) b N ! "

path = (Vy, V) = (V) = (v;,v;) = -+ = (V\,,Vy,;),  HAUMHAIOILYIOCS B
kopueBoil Bepmmne W, = (entry’,entry”). Kak u B ciyuae mnporpamm,
soipakerne  O[path]  Gymer oGosmaware xommosnumo 6 ---60,6,6,4, .
COCTOANIYI0 W3 MHWIMATH3WpYomleil mnoncTaHoBku A, rpada normueckn

COTJIaCOBAaHHBIX TpacCcC U BCEX NOACTAHOBOK, IPUIIMCAHHBIX AYTraM 3TOT'O ITyTH.

U3 Teopembl 1 M omucaHus ycTpoiicTBa rpada JOTMYECKHM COTVIACOBAHHBIX TPAace
! " o o !
I'[7', £"] BoITexaer cnemyrommii kpuTepHii 1.-T. IKBUBATEHTHOCTH MPOTPaMM 7T

ur”.

Teopema 2. PenylupoBaHHbIe NPOrpaMMbl 77 W 77" J.-T. SKBUBATICHTHBI TOTA U
TOJLKO TOT/IA, KOT/Ia U Jro6oro koneunoro mapmpyta Path, sexymem B rpade
I'[z',7"] wus xopuesoit Bepumms W, = (entry’,entry”) s sepummny
W = (V', V"), Buinonnsercs pasencrso B'(Vy ., )d[ path] = B"(vy,,,)0[ path].

! L4
Hockonbky B rpade [[7', "] moryr cymectsoBath Bepumubl, B KOTOpHIE BeeT

0CCKOHEYHO MHOTO MAapIIPYTOB, YCJIOBHSA MPOBEPKH J.-T. JSKBUBAJICHTHOCTH
poTpaMM, MPECTaBICHHBIC B TeOpeMe 2, HYXKIAIOTCS B JalbHEHIIEM YIPOIICHIH.
st 3TOrO BOCIONIB3yEeMCsl ClIeAYIOIIEN IEMMOM.

Jdemma 1. Jlna moGoii mapsl atomapusix Gopmyn A, A, u nns moGoii maper

noncranoBok @', @" crpaBexnmuBo cooTHOMICHNME
AO=AO AAO"=A0" <= A@BI)V=A©16)
Joxasamenvcmeo. (=) Ecru AQ = A,0" u AO" = A,0", 10 510 03HAUAET,

YTO aTOMBbI A11 A2 yHHGHUIUPYEMBI U UMEIOT Hanbosiee oOmuil yandukarop A ,

a1 KoToporo BepHbl HepasenctBa M <@ wu < 6@". Onepanus
anTHYHUQHKAMK BBIMHCIsET TouHylo HwkHiolo rpans O’ ¥ 0" moxcramosok
0',0", u nooromy u—<46' 3 0". Crenosarensro, moncranosxka O’ 1o
yHUDHIIPYET ATOMBI ALA,, T.C. BEPHO PABEHCTBO
A@oN=A©6".
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(<) OueBuaHO B CUITY ONPEICIEHHS TOYHON HUYKHEH IPaHU MOJCTAHOBOK. O
!/ ”n
Jlns sanansoro rpada ['[72, 7"] noruuecku cornacopanubix Tpace B mporpamMmmax

7' u 7" wmw Gynem ucmomszosate sarmmck PathSet(w) mna o6osmauenus

MHOYECTBA BCEX MapIIPyTOB, BeXyIINX U3 KOpHA rpada B BepmuHy W . Torma u3
TeOpeMbI 2 U IeMMBI | criefyeT

Teopema 3. PeaynupoBanHbie mporpaMMbl 77 U 77" J1.-T. SKBUBAICHTHBI TOIA U
TONBKO TOTMA, Korma mimsa jroGoit Bepmmmst W = (V',V") B rpade T'[z',7"],
BBITOJTHAETCS PaBEHCTBO B'(v)g[w] = B"(v")g[w], rae

o[w] =! pathePathSet(w) [ path].

Takum oOpa3om, 3ajada MPOBEPKHU JI.-T. SIKBUBAJIEHTHOCTH MPOTPAMM CBOAHUTCA K
o ! " o o
3a/aue BhUMCIeHHUs s Kaxnaoi sepmmust W rpada [[7', 7"] Tounoit muxueit

TpaHU MHOXKECTBA BCCX IMOJACTAHOBOK, BBIYMCJIIMMBIX Ha Mapuipyrax, BEAYIIUX B
BepuimHy W . Jlng peuieHuss 3TOM 3aiaud mpenjaraercs cieAyrolias Npoleaypa
rI00aNbEHON pa3MeTKy Tpada JOTHIeCKH COTIACOBAaHHBIX TPACC.

5.1. Mpouenypa rno6anbHou pa3meTku rpada Iz, z"]

B aroii nponenype riodansHON pa3mMeTku rpada F[ﬂ', 72'"] KaxJou BepunHe W
3Toro rpada MNpUIHUCHIBAETCA MOJCTAHOBKA 7], KOTOpas NPHOIMXKAET CBEPXY
HUCKOMYIO TOYHYIO HWKHIOIO I'DaHb Q[W] ; 9TO MPUOIMIKEHHE YTOUHSETCS MO XOIY
paboTel anroputma. B Hauwanme pa®oThl mpomeaypsl KOPHEBOW — BepIIMHE
W, = (entry’,entry”) npunucbiBaercs mnoacranoska Ny, =49, @ BeeM
octanbHeIM BepmmHam W, W # W, TpUNMCHIBAETCS HamOONbIIas B PEIIETKE
HNOJCTAaHOBOK MHMMasl MOACTaHOBKa 7 . Jlanmee, 10 TeX HOP MOKAa 3TO BO3MOKHO,
HPUMEHSIETCSI CIICYIOIIee TIPABIIIO MIEPENUChIBAHNS TIOJCTAHOBOK 7], , KOTOPBIMH

MTOMEYEHBI BEPIINHEI rpada:
0
ecn B rpade [z, 7 "] cymectByer ayra U=—W, nas KoTopoil He

BBIIIOJIHACTCA HEPAaBEHCTBO 77, < (977u , To BepmmHe W  BMmecCTO
4 —_—
HOJICTAHOBKH 7}, NPHUIUCBIBACTCS MIOICTAHOBKA 7], = 7], »L 977u .
[Ipouenypa nepenuceiBaHus 3aBepIIacT padOTy B TOM Cilydyae, €cid JJIsl BCeX AyT
0
!’ "
U=W rpada F[ﬁ VT ] BBITMIOJIHSCTCSL HEPABCHCTBO 77, < 4977u.

! " o

Teopema 4. KakoBbl Obl HE ObUTH TIPOTPpaMMbBI /7 W 7T TIpOIeaypa III00ATbLHOM
! ”n !

pasmerku rpada ['[7', 7"] noruuecku cornacoannbx Tpace B mporpammax 7' u
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7" 3aBeprmaer cBOIO PaboTy M BHIMHCISCT B Kamoi Bepmuae W IOACTAHOBKY
M, = 0[wW] = ‘J’pathepathSet(w) O path].

Jokazamenvcmeo. CBOWCTBO 00pbIBa YOBIBAIOIIMX IETICH B peIIETKE MOJICTaHOBOK
rapaHTHPYET 3aBEpIIacMOCTh paboThI MIPOTIC Ty PHI TIePETICHIBAHS.
Bocnonp3oBaBmch WHAYKIOUEH MO YHCIAY IIaroB MPONEIyphl W TPUMEHSA
CBOWMCTBO JIEBOW NUCTPUOYTHBHOCTH KOMIIO3HIIMH MOJCTAaHOBOK OTHOCHUTEIHHO

onepann antnysnduxamwm 77(6, v 6,) = (76,) ¥ (76,) , moxmo noxazars,
yro ~ Ha  KakaoM ~ mware  paboTBl  MpPOUEAYPhl  HEPABEHCTBO

erathepathsa(w) O path] < 1],, BBIONHAETCS Ans Kakaod BepummHel W rpacda
F[ﬂ',ﬁ”]. Bocnonp3oBaBimince MHAYKIMEN MO AJMHE MaplipyTa U HpUMEHss
CBOMCTBO MOHOTOHHOCTH KOMIIO3ULIMHU MOJACTAaHOBOK (91 < 92 = 776’1 <nb,,
MO>KHO ITOKa3aTh, UTO JJIs KaxKIOH BepIIuHbl W rpa(ba r[ﬂ' ', VA "] " I KaKJ0ro
Mapupyra path, Beymiero B BepurHy W, 10 OKOHYAHUH PabOTHI MPOIEIYPHI
NEPENUCHIBAHNS BBITIONHACTCS HEPABEHCTBO 7}, < 9[ path]. DTO O3HAYaeT, UTo
BEIYUCIICHHAS B KOHIIC Pa0OTHI MPOLEAYpPHI TIIOOANEHOW pa3METKH ITOJICTAHOBKA

1], YAOBIETBOPSET PABEHCTRY 7], = J«pathepathsm(w) 9[ path] .0

! n
Takum o00pazoM, U1 HNPOBEPKM JI.-T. 3KBUBAIEHTHOCTH NporpaMMm 77 W 7T
! ”n

JOCTaTOYHO IIOCTPOHUTH rpad F[ﬂ' ,7[] JIOTUYECKU COTJIACOBAHHBIX Tpacc B
! 14 o

nporpamMMmax 7z W 77, IPUMEHHUTb ONHCAHHYIO BBIIIE MPOLEAYPY II0OAIbHOM

o !/ "
pasMETKH M 3aTE€M IPOBEPUTH I KaXKIOW BEPIIMHEI W=(V ,V) B Tpade
! " ’ r 4 "

I'[7',7"] bmonuumocts pasencrsa B'(V')n, =B"(V")n,,, rae 71, - o10

TIOJICTAHOBKA, BRIYHCIICHHAS MPOIETypOr TII00ATBHOW pa3METKH A BepiIuHbl W .
Teopembl 2-4 rapaHTHPYIOT 3aBEPIIAEMOCTh M KOPPEKTHOCTH IPEII0KEHHOTO
aNropuTMa MPOBEPKH JI.-T.

o ! "
3amMeTHM Takke, UYTO TpoIenypa IJIOOATbHOW pa3MeTku rpada F[ﬂ /4 ],
NPUMEHSIOAsT AITOPUTM AHTUYHHU(HKAIMM, BBIUUCISIET HE TOJNBKO TOYHBIC
HWKHME TpaHu mojactaHoBok O[W] :‘LpathePathSet(w) O path] nns xammoit

BepmHbl W , HO TakXKe U KOHEYHbIE MHOKECTBA Map aHHOTUPYIOLIUX MOACTaHOBOK
JUIS BCIIOMOTATEJIBHBIX IIEPEMEHHBIX. OJTH aHHOTHPYIOIIUE IIOJICTAHOBKU OymyT
UTpaTh KIIOYEBYIO POJIb B PEIICHNUH 3aJa4ll YHU(PHUKALUHA TPOTPAMM.
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6. Jlocuko-mepmarnbHasi yHughukayusi npocpaMmm

VcIoBUMCS, 9TO sl KaKIOH MpOrpaMMel /T = <X .Y,V entry, exit,—, B, ﬂ,o>
U IOJACTAaHOBKH n 3aIliCh n Oynmer  0003HA4YaTh  MPOrpaMMy
T = <X ,Y,V,entry, EXit, —>, B,6’077>, TOJIYYEHHYIO U3 MCXOJHOM IpOorpamMMbl

3aMeHOii MHMIMATU3Upyoleil moacTanoBku 6, kommnosuuueii noacranosok G717
IIporpamma 7] HaselBacTCsA IpuMepoM mporpammsel 77 . IlogcranoBka 77

HA3BIBACTCS JIOTMKO-TEPMATLHEIM YHH(UKATOPOM Hapsl IporpaMm 77 u 7", ecin
PUMEPHI 71"77 u "77 9TUX HPOTPaMM JL.-T. SKBHBAJICHTHBL YHUDUKATOp 7]
nporpamm 77 u 77" cumraercs Hambonee OOIIMM JI.-T. YHHMUKATOPOM, ECIH UL
moboro m.-T. yHHpUKaTOopa [/ OSTHX IPOrPaMM BBINOJHACTCS HEPaBEHCTBO
n < . 3agada n.-T. YHUQUKALME IPOrPaMM COCTOHMT B TOM, YTOOBI ISt JTFO00M
3aJIaHHOM Maphl MPOTPaMM BEIYHCIIHTE UX HAHOOJIee OOMIMH JI.-T. YHUPHUKATOP.

3amady J1.-T. yHH(QUKAIMK [OPOTPaMM MOXHO CBECTH K 3ajaue yHH(pHUKAIUU
MHOXKECTBA Map aTOMapHbIX (OPMYJ, HO 3TO MHOKECTBO B OOIIEM CIy4ae MOMKET
coJiepKaTh OECKOHEYHO MHOrO mMap aroMoB. [IpelnoioKuM, YTO HUMEIOTCS JBE

IIPOrPaMMEI ' :<X’,Y',V’,entry’,exit’,—>', B',/16> u
"= <X "Y" V" entry" exit",—",B", /1(;’> , Y KOTOPBIX MHOKECTBA BXOHBIX
nepemennpix X', X" wu  noxameubix mepemennmix  Y',Y" momapHo He

! "
nepecekatorcs. Pacemorpum rpad I'[77, 7"] noruueckn cormacosanmsix tpacc B

nporpammax 77 u 7". Kak um mpexie, 3ammch PathSet(w) o6o3nauaer
MHO>KECTBO BCEX MapLIPyTOB, BEAYIIMX M3 KOpHs rpada B Bepiinny W .

Teopema 5. Tloxcranoska 77, 77 € Subst(X'w X", F, XU X"), ssnsercs

! "
1.-T. yHHU(UKATOpOM IporpaMm 7 M 7T TOrJa M TONBKO TOrJa, Korza 77
SIBIISIETCSl YHU(PUKATOPOM MHOXKECTBA Tap aTOMAPHBIX GOpMYIT

{(B'(v")d[ path], B”"(v")g[ path]) : (v/,v")eV’'xV”, path € PathSet((v’,v"))}..

CrpaBeUIMBOCTh TEOPEMbI 5 CIEAYeT M3 TeOpeMbl 3 U OIpPEACICHHs JI.-T.
yuudukaropa nporpamm. Takum oGpasoM, s YHHGUKALME IpOrpaMM 77 u 77"
JIOCTaTOYHO pPa3paboTaTh Ccrmocod YHUPHUKAIUKW OECKOHEUYHOTO MHOXKECTBA Tap
aToMapHbIX (Gopmyn. PemuTs 3Ty 3agady mpu MOMOINM OJHOTO JIMINL alTOpPHUTMAa
yHu(UKanuy, omucaHHOro B paszmene 2.1, HeBo3MoxkHO. s ee pemieHus Mbl
BOCIIOJIb3YeMCSI KOMOWHAITMCH IIByX aJIrOPUTMOB — NPOIEAYpPOH TIII00aIbHOM
pasMeTKku rpada JOTHYECKU COTJIIACOBAHHBIX TPAcC M AITOPUTMOM YHU(DUKAITUH
KOHEYHOrO MHOXKecTBa map aromapHbix (opmyn. Iloouyepenno mpoBons
MIOOANBHYIO Pa3METKy Tpada JIOTHYeCKH COTJIACOBAHHBIX TPAcC U YHH(DHKALHUIO
KOHEYHOr0 4HWClia Map aToMapHbIX (OPMyJ, OMKCAHHAs HWXKE Mpouexypa J.-T.
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yHI(UKaIIH TporpaMM (GOpPMHPYET KOHEUHYIO TOCIIE0BATEFHOCTh MOICTAHOBOK

M Myse o]y > TPUOIMKAIOMMX CHHU3Y JL-T. YHH(HMKAaTOp 3aJaHHOM maphl

1porpamm 77, , KOTOPBI BBIYUCIISETCA Ha IIOCIEAHEM dTale pabOThI IPOLELYPHI.

6.1. Mpoueaypa n.-T. yHumkaumm nporpamMmm.
B Hauaie TIEPBOTO sramna paboThI MpOLENYPEI roJjlaraeM
m ={X{ / X{, cen Xr: / Xr: , Xl" / Xl” Yooy Xr'; / Xr';} (TOXIeCcTBEHHAs IOJICTAHOBKA)

Ha xaxnaoM |-oM sTame paGoThl mpomeayphl CTpOHTCS rpady F[7Z"77i,72' ”77i]

! n, ! n
JIOTMYECKH COITaCOBAHHBIX TPAcC B IpUMepax 77 7];, 7T 1]; mporpamMm 7 u 7T .

3arem k rpapy [[7'n;,7"n,] npumensercs npouenypa rmo6ansHoil pasMerku,
KOTOpas ~ BBIMMCISET i Kakuoi  BepmmHbl W TIOJCTaHOBKY
A[w], [w] € Subst(Y' UY", F, X" U X" UZ) , n koreunoe MHOKeCTBO map
AHHOTHPYIOLIMX TI0/ICTAHOBOK {({z/s%}{z/s"}) :zeZ} st
BCMIOMOTATENBHBIX TIEPEMEHHBIX, BO3HUKAIONIMX 110 X0y NMPUMEHEHHs ONepaluu

antuyHudukanuu. B rpade F[ﬂ'?]i ,ﬂ"?]i] BBIIENAEM MHOXECTBO BEPIIMH
Wi ={W . W= (V',V") A\ B'(V')Q[W] * B”(V")@[W]}, B KOTOPBIX
HApYIIAeTCs YCIIOBHE JI.-T. SKBUBAJICHTHOCTH TPHUMEPOB mporpamM 77 77;, 77,

OTIFCaHHOE B TeopeMe 3.
! n
Ecu W, =&, 10 cormacHo Teopeme 3 mpuMepsl mporpamm 7 17,, 71
1 I 1
SBIIIOTCS J1.-T. SKBUBAICHTHBIMH, U TOJICTAHOBKA 7]; OOBSBISIETCS PE3yIbTaTOM
! "
paboThI MPOLEAYPHI JI.-T. YHH(DUKAIMU IpOTpaMM 77 U 7T .

Ecru W, #, To k KoHeuHOMY MHOXeCTBYy Nap aToOMapHbIX (opmys

IpUMEHSeTCS MOAM(PHUINPOBAaHHBIM anroput™M yHH(UKanun. Ha BXox »3Toro
JIrOpUTMa IOCTYNAET CUCTEMA YPABHEHUH

{B'(V)Ow]=B"(v")O[W] : w=(V,v")eW}.

K oroii cucreme, 10 Tex HOp HOKAa 3TO BO3MOXKHO, NPHUMEHSIOTCS 7 IIPaBHII
MEPENHChIBAHUA ypaBHeHHﬁ, 3aMMCTBOBAHHBIX U3 aJlropuT™Ma yHI/I(bI/IKaHI/H/I.
IlepBpie 5 mpaBmWI B TOYHOCTH COBMANAIOT C mpaBmiamu 1-5 u3 pasmena 2.1., B
KOTOPOM OIIMCAaH aJITOPUTM BBITIOJTHCHUA OIICpalnuu yHI/I(i)I/IKaHI/II/I IIOACTAaHOBOK.
[ocnennue nBa nmpaBwia MPEACTABISIFOT COOOH CleIyonne MOAU(PHUKAILINN TIPaBHiIa
6 u3 pasnmena 2.1:

6.1. Ypasmenme X =1 B TOM ciywae, ecmm X — 5TO BXOIHAA MepeMEHHAs

’ 14 v
u3 muoxectea X U X", U — 210 Tepm, He conepxkammii X, u
nepeMeHHass X COHEpPXKUTCS elle XOTd Obl B OJHOM YpPaBHEHUH

160



cuctembl, Tpebyer mnpumenenus nonctanoskn {X/t} ko Bcem

OCTaJIbHBIM YPABHEHUSAM CHUCTEMBI (MX JIEBBIM U NIPABBIM YaCTAM);
6.2. Vpasuenue Z =1 B Tom crnyuae, ecnmu Z — 3TO BClOMOTraresbHas

nepeMeHHas U3 MHOXKecTBa Z , CHAO)KEHHAs Napoil aHHOTHPYHOIINX
[/ o
noncranosok {2/S} u {2/5"}, a t — 510 Tepm, He conepammit

! 14
Z , TpebyeT 3aMeHbl Kakioro ypasHenus cucremsl t' =1" (kmrouas

o o !’ "
camo ypasHenne Z =1) mapoii ypasnennit t'{z/s}=1"{z/s'} u

! I/ " [/
t{z/s"}=t"{z/s"}.

ECv HU OZHO M3 NPAaBUJI 2 MIIM 5 «aBapUHHOTO» 3aBEPUICHAs pabOTHI AIrOpUTMa
yHUUKALME HE TPUMEHSETCS, TO MOAM(DHMIMPOBAHHBIA ANTOPUTM yHU(UKALUHU
TIPEKPAIIAET CBOE BBHINOIHEHHE, KAK TOIBKO Oy/IET IOCTPOEHA CHCTEMA yPABHEHHUI,

K KOTOpOW HENPHUMEHHMO HH OJHO W3 TEpPEeYUCIeHHBIX mpaBmn 1-5, 6.1, 6.2.

OO6pa3oBaHHAsl B 3TOM CiIydae CHCTEMa YPaBHEHHUIl COCTOUT TOJBKO M3 YpaBHEHHH

X, =t,...,X, =1, B xotopeix Bce mepemenubie Xj,...,X, — 3TO MONAapHO
! 14

pasJIMYHbIE BXOIHBIE TIepeMeHHbIe M3 MHOKecTBa X U X", He comepkammecs B

tepmax 1;,...,T,. Torma pesynbrarom paGotbl |-oro srama mpouEmypbl JL-T.

yHU(UKaLmK 06baBIseTes noactanoska 77, , = 1, {X /t,,..., X, [t }.

Teopema 6. KakoBbl ObI HH OBUTH TPOTPAMMEI 7' u 7[", OIMCAHHAas BBIIIE
nporeaypa YHU(pHKAIMKA [IPOrpaMM 3aBepIaeT CBOE BbImoyHeHHe. [lomcTaHoBKa
1]\ > BBIUHCIIEHHAs 3TOH HpouenypoH, sBisierca HauOosee oOmUM yHU(DUKATOPOM
porpamm 7' ur”.

Hoxazamenscmeo. UToObl yOemUThCS B 3aBEPIIACMOCTH OIMCAHHOW MHPOLEAYPHI,
JIOCTAaTOYHO 3aMETUTh, YTO JUIA TIOCIEI0OBATEIbHOCTH TIOACTAHOBOK 77, ,7)5,.. 7]y
BEIYUCIICHHBIX Ha Ka)XKJOM JTare ee¢ padOThl, UMEET MECTO CTPOroe BKIIOUYCHHE
Varﬂm cVar,h . CruenmoparenpHO, TpoleAypa HE MOXET UMETh Oolee
| X' | + | X" | 3TAroB BBINOJHCHHS.

Y106l 060CHOBATH KOPPEKTHOCTH MPOIEAYPHI, JOCTATOUYHO JT0KA3aTh, MCTIOIB3YSI
MHAYKLHIO 110 YUCIY 3TAIoB, CIIPABEIJIMBOCTD CIEAYIOMINX JIBYX yTBEpXAeHUMH: 1)

[TOCJIEIOBATEILHOCTE My ally SBJSIETCSL  CTPOr0  BO3pacTaroliei
NI0CJIEZI0BATENBHOCTRIO B PELIETKE I0JICTAHOBOK, M 2) AJId JI000ro 4jaeHa 77; 3ToH
! 14
HOCIIeZI0BATEIBHOCTH M VIS JIIOOOTO JI.-T. YHU(UKaTOpa O NporpamMm 7 H 7T
BBIIONHAETCA HepaBeHCTBO 7]; < 0. CHpaBeAnMBOCTb II€PBOIO YTBEPXKACHUSA

CIIELYET U3 ONPEJENEHUS MOCIEOBATENLHOCTU MOJCTAHOBOK 77,775, ..., ]y - s

J0Ka3aTCIbCTBA IMMOCICIHETO U3 3TUX ABYX yTBCp)KI[CHI/Iﬁ CJICOYET BOCIIOJIB30BATHCA
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TEOpEeMOi 5 M 3aMETHUTh, YTO COTJIACHO OIHMCAHHIO MPOIEAYPHI J.-T. YHH(DUKAITUN
KaXaasi M3 MOJCTaHOBOK 7, ABIAETCA HauOonee OOMIMM  YHU(QHUKATOPOM

HEITyCTOTO MHOKECTBA Map aTOMAapHBIX (popmMy
{(B'(V")d[ path], B"(vV")d[ path]) : (V,V")eW, pathe R}

m1s HekoToporo moamHokecta Mapmpytos R < PathSet((V',v")) » rpade

' "
JIOTUYCCKH COTIJIaCOBaHHBIX Tpacc B TIporpaMmax v u T

O

[IpennoxeHHbI HAMU aITOPUTM JI.-T. YHH()HUKAIIMN IPOTPaMM MOXHO IPHUMEHSTH
JUIL  pelleHHWs 3ajadd  npouenypHod  abctpakuuu.  Ilpenmnonokum, — 9To

YHH(UKATOPOM TMaphl HMPOTpaMM 7= <X ',Y ',V ', entry’, exit’, —)', B', /16> u
a" = <X "Y" V" entry" exit",—",B", /1(;'> SIBIISIETCS OJICTAHOBKA

n ={x1t,...x" [t }, B xoropoii Bece Tepmbl t;,...,1 3aBucaT TomBKO OT

! !
TIEPEMEHHBIX M3 MHOKeCTBa X' (OT BXOJHBIX MAPaMeTPOB mporpammbl 77 ). Toraa
n !
nporpaMMa 7 SBJSIETCS IPUMEPOM INporpamMMmbl 77 . B 3ToM ciydae mporpammy
! o o "
7T° MOXHO OOBSBUTH OTIENBHOM IPOIETypOH, a BCe BXOXKIEHHUS NMPOTrPaMMBbl 7T

o ’
MOXHO 3ameHuTh BBI30oBoM 5ol mpomenypsr Call 7'(t;,...,t.)) co crmckom

napamerpos {,...,t .

7. 3aknroyeHue

OCHOBHOI pe3yJIbTaT 3TOW CTAaTbU — 3TO pPElleHHe JBYX 3a/1a4, BO3HUKAIOIINX TPH
aHAJIM3€ MOCJICOBATENBHBIX HMIEPATHBHBIX MPOrpaMM, — 33/a4dl NPOBEPKH
9KBHBAJIICHTHOCTH MPOrpaMM M 3afavyd yHU(UKanuu nporpamm. [lns penreHus
obeunx 3ana4 ObUT 3a/IeiCTBOBAH MaTeMaTHYECKHI anmapar areOpbl MOACTaHOBOK C
JBYMsI OCHOBHBIMM OIIEpALlMsIMUA — OIEpaneil B3ATHS TOYHOH BEpXHEH TIpaHH
(yaucukaums) v TOYHOH HIDKHEH rpaHu (aHTHYHH(UKaNWA) IBYX NOJCTaHOBOK. Ha
OCHOBE OTHX Omepauuid ObUIM TMPEUIOKEHbl AITOPUTM TPOBEPKU  JIOTHKO-
TEpMaJIbHOW JKBHBAJIEHTHOCTH M QITOPUTM JIOTHKO-TEPMaNbHON YHH(UKALNU
nporpamMM. ODTH aITOPUTMbl MOXHO HCIOJB30BaTh Ul PEIISHHsT MHOTHX 3aj1a4
CEeMaHTHYECKOTr0 aHalli3a M YKBHBAJCHTHBIX MPeoOpa3oBaHUil MPOTrpaMM, BKIIFOUAs
3aJ]a4y ONITUMU3AIINH, BEpUPHUKALINH U PEOPraHU3alUK IPOTPAMM,

Bmecre ¢ TeM, mpakTHYecKoe NPUMEHEHHE NPEAJIOKCHHBIX HAMU alTOPUTMOB
TpeOyeT  pemieHHss IeJIOr0  psifa  BOIMPOCOB,  KAaCAOMUXCS  CIOXKHOCTH
PacCMOTPECHHBIX 3a1a4. BOT JIHIIb HEKOTOPHIC U3 HUX.

1. OO6a omepanuu HaJl MOJCTAHOBKAMY — YHHU(DHUKAIMK U aHTHYHUDHUKALINSA, —
MOTYT OBITh BBINOJHEHBI 3a BpEMsl, IMPOMOPIHOHAILHOE pasMepaM
HUCXOAHBIX NaHHBIX. OmHako Hambonbmas 3P(GHEKTUBHOCTH BBIIOJTHESHHUS
STHX ONEpamuii JOCTUTAeTCS Ha PasHbIX (GOpMax MpeACTaBICHHUS
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MOJICTAHOBOK: JJIS1 3P PEKTUBHOTO BBITOJHEHUS OTEparuil YHUPUKALAN
JKeJIaTesibHO,  4TOOBl ~ TepMbl  ObUIM  MpPEACTaBICHBI B BHAC
OpPHEHTHPOBAHHBIX Pa3MEUYEHHBIX AMUKINYECKUX rpadoB, B TO BpeMs Kak
orepanys aHTHYHH(KANIWK HAWITydIIAM oOpa3oM MpHcrocoOieHa Ui
paboThl C JPEBECHBIM MpPEICTABICHHEM TEPMOB. [I0CKOJIbKY B alropuT™Me
J.-T. YHA(UKAIUU OPOrpaMM 3aJeiCTBOBaHbI 00€ Oomepaiy, He0OX0AUMO
OTBICKaTh Takyl (OpPMYy TPEICTaBIECHUS TEPMOB, KOTOpas Obuia OBl
ONTHMAJILHOH JUIsl 00E€UX onepanuii.

2. Jnsg mpoBEpKH JI.-T. JKBUBAJIEHTHOCTH IPOrPaMM JOCTaTOYHO YMETh
BBIYHCIIATH JIIOOYI0 (HE 0053aTeNbHO TOYHYIO) HIIKHIOIO TPaHb JBYX
MOJCTAHOBOK NPHW YCIIOBHH, YTO OMepanusl BBHIYUCICHUS DTOW HIDKHEH
rpanu  Oymer oOmamaTh  CBOMCTBOM  JIEBOM  JUCTPUOYTHBHOCTH
OTHOCHTEJIFHO OMNepanuyl KOMIIO3HIUK MOJCTAaHOBOK, M Uil Hee Oyner
crpaBe/yiuBa iemMMa 1. B cBsI3M ¢ 3THM Iielieco00pa3Ho U3Y4UTh BOMPOC O
BHIOOpE ONTHUMANBHONW MO CIIOKHOCTU BBIYKMCIICHHS OIEpald B3STHS
KaKkoW-IM0O HWXHEW TpaHd JABYX MOJACTAHOBOK, KOTOPYK) MOMKHO
UCIIONIb30BaTh B THpolenype miodalbHOM pa3MeTku rpada JOrHIecKd
COTJIACOBAHHBIX TPACC JUISl IPOBEPKH JI.-T. SKBUBAJICHTHOCTHU IPOTIPaMM.

3. IlpeanoxxeHHBI HaMU aNrOPUTM JI.-T. YHH(UKAIMU TMPOrpaMM — 3TO
MHOTOIIPOXO/THAS npoueaypa pasMeTku rpagos JIOTUYECKU
COIJIACOBaHHBIX Tpacc mnporpamm. I[loaToMy OIHO U3 HampaBieHHN
noBbIeHUsST 3()(HEKTHUBHOCTH aIrOpUTMa JI.-T. YHU(PHKAIMHA [TPOrpamMM
COCTOHT B COKPAII[CHUH YKCIIA TIPOXOJIOB ITOM MPOIETYPHI.

OTMeTHM TakKe, 4TO alrOPUTMHYECKOE pelIeHHEe 3aJad MPOBEPKH JIOTHMKO-
TEepMaJIbHOW 3KBHBAJIECHTHOCTH HPOIPAaMM M BBINOJIHEHHS JIOTHMKO-TEPMaJIbHOMN
YHU(UKALUK NPOrpaMM CO3JaeT XOPOIIHME MPEANOCBUIKH Ul PELISHUs 3aJadH,
UMeronell OoJiee BaKHOE MPUKIATHOE 3HAYEHHE, — BBIYMCICHHE Hambolee
CliellManbHOrO  ImabiioHa  JBYX  [porpaMM  (3aadd  JIOTHKO-TePMallbHOM
AHTHYHH(UKAIIUH TIPOTPaAMM).
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On the application of substitution algebra to program
unification

V.A.Zakharov (ISP RAS),
T.A. Novikova (Faculty of Computational Mathematics and Cybernetics,
Lomonosov Moscow State University) {zakh@cs.msu.su} {taniaelf@mail.ru}

Abstract. Many problems in software engineering such as program refactoring,
deobfuscation, vulnerability detection, require an efficient toolset for detecting pieces of code
that have similar behavior. Current state of art in software clone detection makes it possible
to find out only those pieces of code which have the same syntactic structure since. A more
profound analysis of functional properties of programs encounters with undecidability of
equivalence checking problem for Turing-complete models of computation. To overcome this
principal deficiency of modern clone detection techniques we suggest to use equivalence
relations on programs that are more strong than functional equivalence. One of such
equivalences is a so called logic&term program equivalence introduced by V.E. Itkin in 1972
r. In this paper we build a new algorithm for checking logic&term equivalence of programs.
This algorithm is based on the operations for computing the least upper bound and the
greatest upper bound in the lattice of finite substitutions. Using this algorithm we also
develop a procedure for solving the unification problem for sequential programs, i.e. the
problem of computing the most general common instance (specialization) of a given pair of
programs (pieces of code).

Keywords: program, clone detection, equivalence, substitution, unification, antiunification.
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Puckun npoekTupoBaHuA U NPoOM3BOACTBA
MOOUIbHbLIX NPOrPaMMHbIX MPOAYKTOB

B.B. Jlunaes
lip@ispras.ru

AHHOTauMsl. BBOIATCS OCHOBHBIC IOHATUS M CBOIMCTBa PUCKOB KOMIUIEKCOB IPOTPaMM.
PaccmarpuBaroTest akTOphI U BUIBI PUCKOB KOMITJIEKCOB IporpaMM U cucteM. O0cyxaaercs
MOATOTOBKA HCXOJHBIX JaHHBIX U aHalM3a, IPOTHO3MPOBAHUS M COKPAIICHUS PUCKOB
KOMILIIEKCOB IporpamMM. ONHCHIBAIOTCS BBIJEICHUE, UICHTU(DUKALUS, aHAIH3 YTPO3 U PUCKOB
B KOMIUIEKCaxX IporpamMM. PaccmaTpuBaloTCsi METOIBI COKpANIEHHs M JIMKBUIALUMHA ONAaCHBIX
PHCKOB, PErUCTPaIlMU U YTBEPIKICHUS AOIyCTHMOTO MHTETPAJBHOIO PHUCKA MPOTrPaMMHOTO
HPOJYKTa.

KniodeBble cjoBa: IMporpaMMHBIE MPOAYKTHI, KAadeCTBO U BHIBI PHUCKOB IIPOTPAMM;
JeeKThl, HACHTU(HKAINSA, YTPO3bl PUCKOB IIPU NPOHM3BOJACTBE U HCMBITAHHUAX IPOTPAMM;
perucTpanys, COKpaleHue 1 JIMKBUAALMS PUCKOB IPOrPaMMHBIX IIPOJIYKTOB.

1. OcHOBHbIe MOHsIMUSI U ceolicmea PUCKO8 MOO6UJIbHbIX
KOMI/1ieKcoe npoz2pamMm

CoBpeMeHHbIE MPOTPAaMMHBIE MPOAYKTHI IS CJHOXKHBIX CHCTEM aKTHUBHO
NPUMEHSIOTCS B KPUTHYECKHX W OTBETCTBEHHBIX CHCTEMaxX JHHAMHYECKOTO
YIIPABIICHUS B PeanbHOM épemeHnu 00bEKTaMHt, B BHICOKOTOYHOM TEXHOJIOTHYECKOM
NPOM3BOJICTBE, B ABHAILIMH, B YNPAaBJICHUH KOCMUYECKHMH armnapaTraMy, aTOMHBIMH
JNEKTPOCTAHIMSAMHU U 000POHHON TeXHUKOH. OHM SBJIAIOTCS OJHUMH M3 HanOosee
CIIOXKHBIX UHMEINEKMYANbHBIX CUCHEM 6bICOKO20 Kayecmed, CO31aBacMbIX
YEJIOBEKOM ¥ UX PE3yJbTaToB — MPOrPaMMHBIX MpoaykToB [1, 4]. Ouenku kauectpa
MPOTPAMMHBIX HPOAYKTOB MOTYT TPOBOAMTHECS C IBYX MO3MLUI: C no3uuuu
nonoycumenwvnoi  >PHEKTUBHOCTM W aJEKBATHOCTH HMX  XapaKTEPHUCTHK
Ha3HAYEHHIO, LIENIAM CO3/aHHsA M NPUMEHEHUS, a TaKXKE C He2aAMmueHol no3uyuu
BO3MOXKHOTO TPH 3TOM ymep0a — pHCKa IMPH HUX CO3MAHHU WM HCIOIH30BAaHHUM.
XapaKTepUCTUKHA KadecTBa M PHUCKH OOBEKTOB M IPONECCOB OOBIYHO TECHO
CBSI3aHBI, Ha HUX BIMSIOT MOJOOHBIE (AKTOPHI, KOTOPHIE C pPa3HBIX CTOPOH
OTpaxKaroTCsl Ha CBOICTBaX CHCTEM MM KOMILIEKCOB mporpamm. Ilokasarenu
Ka4yecTBa IMPEUMYILECTBEHHO OTPAXKAIOT IOJIOXKUTEIbHBIH 3 (EeKT OT Np UMEHEHHS
CHUCTEMBl WIM IPOrpaMMHOrO IIPOJYKTAa W OCHOBHAs 3ajauya pa3pabdoT4HKOB
IPOEKTa COCTOMUT B oOecrneyeHnH TpeOOBaHUI 3aKka3unka M MOJIb30BaTENCH
3a/laHHOTO KadecTBa. [IOBBIICHHIO KadyecTBa NPOEKTa OOBIYHO conymcmeyem

167



CHIDKGHHE €ro pPHCKOB W HAo0OpOT COKpameHHEe pPHCKOB CIOCOOCTBYET
VIIY9IICHUIO XapaKTepUCTHK KadecTBa. [103TOMy METOIBI M CUCTEMBI YIIPaBICHHS
KauyecTBOM OJHM3KA K METOJaM aHajiW3a M YIPaBICHHUS PHUCKAMH KOMILJICKCOB
IporpaMM, OHH JOJDKHBI WX JIOTIONHATH W COBMECTHO CIIOCOOCTBOBAThH
COBEPIIICHCTBOBAHUIO MTPOTPaMMHBIX IIPOAYKTOB M CHCTEM Ha HX OCHOBE.

Pucku — 310 HEraTHBHBIE COOBITHS W WX IOCJIEICTBUS, OTpPaKaloOUIHE IOTEpH,
yOBITKH WM yIIepO OT MPOLEecCOB MM IPOAYKTOB, BEI3BAHHBIC peaslM3aluell yrpos
IpY HAJIMYUH YSA3BUMOCTH U CHUMCEHUA Oe30nacHocmu TIPUMCHEHUS CHUCTEMBL
OHH TPOSABIAIOTCS TPH HEeJOCTaTKaX U neekTax 00O0CHOBAHMUS, IPOCKTHPOBAHHUA,
NPOU3BOACTBA M BCEr0 IKU3HEHHOIO IMKJIAa KOMIUIEKCOB MpOrpaMMm. OTO
HEraTHBHbBIC MMOCJIENCTBUS (YHKIMOHUPOBAHUS W/HIM IPUMEHEHUS IPOIPaMMHBIX
NPOJYKTOB, B PE3YJIbTaTe OTKJIIOHEHHSI XapaKTEPUCTUK OOBEKTOB HIIM TIPOLIECCOB OT
3aJJaHHBIX TPEOOBaHMN 3aKa3yKKa, COTJIACOBAHHBIX C Pa3pabOTUYMKAMH, KOTOPbHIE
CIOCOOHBI HapyllaTh O€30MaCHOCTh W BBI3BATh yHIepO cucTeme, BHELIHEH cpere
WM noJyib3oBarento [3, 7, 10].

[IprunHaMU BOSHHKHOBEHHS U TPOSIBIICHHUS PHCKOB MOTYT OBITB: 3710yMbluieHHbIE,
aKmueHbvle 6030€iiCeus 3aUHMEPECOGAHHBIX TUY UIH CyYaiinble He2amugHule
nposaenenus 0eghekmoe BHEIIHEH Cpebl, CUCTEMBI, OIIMOKU Pa3pabdOTUYMKOB HIIH
moJib3oBarteieil. B mepBoM ciyyae pucKd MOTYT ObITh OOYCJIOBJICHBI HCKAXKCHUSIMHE
nporpaMM ¥ MH(QOPMAIMOHHBIX  PECYpCOB W HMX  YSI3BHMOCTBIO  OT
NPEIYMBIIUICHHBIX, BHEIIHMX BO3JACHCTBUI (aTak) C IEIbI0 HE3aKOHHOTO
HUCIIOJIb30BAaHUA HWJIN HCKAXCHHUA I/IH(bOpMaL[I/II/I " nporpamMm, KOTOPBIC IO CBOEMY
COJICPKAHUIO TIPEIHA3HAYCHBI ISl PUMEHEHUSI OTPAaHHICHHBIM KpyroM jmil. [lpu
9TOM TMOJpa3yMeBaeTCs HAIWYWe JUI, 3aWHTEPECOBAHHBIX B JOCTYIE K
KOHQHICHIHATGHON WM MOJe3HOH WH(POpPMAaNUW B CHCTEMaX, C MEIbI0 ee
UCIIOJIE30BAHUSI WTH Pa3pyLICHUS.

Pucku npu cayuaiinplx, Oecmadunuzupylomux eo3oeicmeunx 1ehekToB u
OTCYTCTBUH NPEAYMBIIIJIICHHOI'O HETATUBHOT'O BJIMSAHUA HAa CUCTEMBI, HpOI‘paMMHLIﬁ
OPOAYKT WIM HHPOpMAIMIO 0a3 JaHHBIX 3aBUCAT OT OTKA30BBIX CHUTYyalui,
OTPHIIATEIIFHO OTPAKAIOIMIUXCS Ha pPabOTOCIIOCOOHOCTH ¥ peajH3alHud KX
OCHOBHBIX (yHKIHHU. [Ipu 3TOM KaTacTpopUUECKH, KPUTHICCKH WU CYIIECTBEHHO
UCKa)kaeTcs Tpolecc (QYHKIMOHMPOBAHUS MPOTPAMMHOTO HPOAYKTa M CHUCTEMBI,
YTO MOXET HAHOCUTHh 3HAYUTCIBHBIN yuepd Oe3onacHocmu WX TPUMCHEHUS.
OmHUM M3 KOCBEHHBIX METOIOB OIPEICICHUS GEAIUUUHBI PUCKA MOXKET ObITh
OUEeHKA COBOKYRHBIX 3ampam, HEOOXOIMMBIX JUIS JMKBHIALUUK HEraTHBHBIX
MOCJEACTBUM pUCKA B IPOIPaMMHOM IIPOAYKTE, CHUCTEME MM BHEIIHEH cpene,
MPOABJIAIONIUXCA B PE3YIHTATEC KOHKPETHOTO PUCKOBOT'O CO6BITI/I$I.

AHanu3bl pUCKoE — TPOLECCHl OINpENeNeHUs] HWCTOYHUKOB M KOJIMYECTBEHHOTO
OIICHUBAHHS PHCKOB, YIpo3, YSI3BUMOCTEH, BO3MOXHOIO ymepba, a Takxe
KOHTPMEp M MX YMEHbIICHHSA. /[ 3TOro mpeaBapHTENbHO IOJDKHBI OBITH
oTpeziesieHbl TPEOOBaHMUA K XapaKTePUCTHKAM KOMIUIEKCAa IPOTpaMM W OICHKH
BO3MOXXHOTO ymiep0a MpH MX HapymIeHWH. AHaIW3 HETaTUBHOTO BO3ICHCTBUS,
JIOJDKEH yCTAaHABIIMBATH KPUTEPUH, HCIIOIB3yEMBIC I WACHTU(DUKAIINYA BTOPUIHBIC
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HOCIEACTBUS, PACIPOCTPAHAIONIMECS Ha KOMIIOHEHTHI M CHCTeMbl. Mogenn
HOCIEACTBUI TpeOyIOTCS Ul NPOTHO3MPOBAHHMSA pPa3MEpPOB BO3MOXKHBIX aBapHi,
KaTacTpod M APYTrUX HETATUBHBIX SBJICHUH B Pa3iIMYHBIX cHcTeMaX. OHH BKIIIOYAIOT
UICHTH(HUKALMIO OIIACHOCTEH, YTPO3 M OLICHKU BO3MOXKHBIX IOCJICICTBUH | yIepoa
OT TPOSBICHUS PHCKOB; MPOBEPKY IOCTOBEPHOCTH PE3YJIBTATOB aHAIN3a PUCKOB;
JIOKyMEHTaJIbHOE O0OOCHOBaHHWE BO3MOXKHBIX PHUCKOB. B pesyibrare aHanuza
ClleflyeT CO34aBaTh IUIAH OMCAEHCUGAHUA U3MEHEHUA U COKPAU|EHUA PUCKOB
6 JCU3HEHHOM WUKIe KOMNJIEKCA NpoZpamm, KOTOPBIA NOIDKEH pPEeryyspHO
paccMmaTpuBaThCsl 1 KOppeKTupoBathes. [7, 8, 10].

Vnpaenenue puckamu — npouiecc MaeHTUPUKALMK, YIPABICHUS, YCTPAHSHUS WU
YMEHbIIICHUSI BEPOSTHOCTU COOBITHH, KOTOPbIE MOTYT HETaTHBHO BO3JCHCTBOBATH
Ha KOMILJICKC IIporpaMM, CUCTEMY U BHCUIHIOIO CpEAy, [[el‘/’ICTBI/ISI, OCYIICCTBIIAEMBIC
JUIsL BBIIIOJIHEHUSI PELICHUM 110 MOHUTOPUHIY M COKpallleHHI0 pucKoB. IIponecc
BKJIFOYAET aHAJU3 COOTHOIICHUS CTOMMOCTH/3(P(GEKTHBHOCTH KOHTPMEp, BHIOOD,
MOCTPOCHHE U WCIMBITAHWE TOJACUCTEMBl o0fecneueHus 0Oe3onacHocmu, u
MCCJICJIOBAaHUE BCEX ACTICKTOB MPOSBIICHHS PUCKOB CHCTEMBI. YTIPaBICHUS PUCKAMU
OpEANoaracT SICHOE MOHUMAHUE CIEUANTNCTAMUA BHYTPEHHHX M BHEIIHHX
MPUYUH M BO3MOXKHBIX PEANbHBIX HCTOYHUKOB Yrpo3, BIHSIOIIUX HA KA4eCTBO
MPOrPaMMHOTI'0 MPOYKTa, KOTOPhIE MOTYT MPUBECTH K OOJIBbIIOMY yIIEpOy.

AHanu3oM u pa3pabOTKOW METONOB BBISBJICHUS M YCTPaHEHHS DPUCKOB CHCTEM
3anuMaetrcss @Dedepayus espONENCKON  ACCOUUAUUN MEHEONHCEPO8 PUCKO8 —
FERMA. Paspaboran u omyOiIMKoBaH psAI MojAelIed U  CTaHAApTOB,
pETITaMEHTHPYIONINX METOABI aHAIN3a U YIPaBICHHUS PHCKAMH MPOCKTHPOBAHUSA U
MIPOM3BOJICTBA CIIOKHBIX CUCTEM. OfOugue memoovl aHaAnu3d PUCKO8 8 CIOHCHBIX
cucmemax, pernamentuposanbl crangapramu ISO/IEC 17799, TOCT P 51901,
CeMeiicTBOM  MEXIYHAPOIJHBIX CTAaHOAPTOB YTpaBIeHUS HWH(POPMAIMOHHON
6e3omacHoctero 1SO 27000, cranmaprom 1SO 15408 — OOmue KpuTepuu ONEHKH
0e30MaCHOCTH W PUCKOB HMH()OPMAIIMOHHBIX TEXHONOTHHA. V3TOXEeHHBIE B
CTaH/apTax PEeKOMEHIALUH MOTYT OBbITh, B YaCTHOCTH, IIPUMEHEHBI TIPH aHAIN3e U
JUKBHJIAIIUN PUCKOB CIIOXKHBIX KOMILIEKCOB TIpOrpamMM H cuctem [3, 7, 8, 10].

2. OcHOBHble ¢hbakmopbl U 6UObl PUCKO8 KOMIJIEKCO8
npozpamMMm u cucmem

HeoOxomumbiM TpeOOBaHMEM K CHEIHWATUCTaM JJIs BBITIOJHEHHUS aHaIW3a |
YIOpaBIEHUS] PUCKAMHU JIOJDKHO OBITh 0OCHI06epHOe 3HaHUe yenell u CMmpyKmypol
KOMRJIeKca RnpoZpamm, UCCedyeMoil CUCHeMbl U GHeulHell cpedbl, a TaKKe
JIOCTYITHBIX METOJIOB aHaJH3a M IPOTHO3HPOBAaHHS PUCKOB. OONACTh MPUMECHEHUS
METOZIOB aHajM3a W COKpAICHHMs pPHCKOB JOJDKHA OBITh ONpeieiicHa U
JIOKYMEHTAJIBbHO 3auKcupoBana. /i1 3TOro ciueayeT COCTABUTh OMMCAHUE OCHOBHBIX
npoOJeM, ONMPEeNeNMBIINX IIEIECO00Pa3HOCTh MPOBEACHUS HCCICIOBAHUS PUCKOB.
Jis BBIpaOOTKM IUIaHA WCCICIAOBAHUIA 001ACMb AHANU3A PUCKOE NODKHA OBITH
ompeneiicHa W JIOKYMEHTalnbHO ycraHoBiicHa. OHa JODKHA BKJIIOYaTh B ceOs
cleyroree:
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- ONMCaHWe OCHOBAaHWW W/WiIHM TPoOJIeM, IMOBJICKIIUX HEOOXOIUMOCTh
aHajM3a PUCKOB, KOTOPOE BKJIIOYACT: ()OPMYJIHUPOBKY 33a1ay aHAIH3a PUCKOB,
OCHOBAaHHBIX Ha WACHTU(PUIMPOBAHHBIX MOTCHIMANBHBIX OMACHOCTSIX,
yrpo3ax; ONpeAC]ICHUH KpHUTepHeB pabOTOCIMOCOOHOCTH W OTKa30B
CHCTEMET;

- ONHCaHWE WCCIECAYEMOM CHUCTEMBI — OIpPEIENICHHE TpaHUIl U olmacTel
uHTepdeiica co CMEXHBIMUA CHCTEMaMH; OIMCAHUE YCIIOBHUH OKpYXKaromiei
cpemsl;

- YCTaHOBJICHHE BO3MOXXHBIX HCTOYHHUKOB, IPEJOCTABIIOMUX HOIPOOHYIO
MH(OPMAIMIO O BCEX TEXHUYECKUX, CBS3aHHBIX C OKpYXaloIIed Ccpenow,
NPaBOBBIX, OPraHW3allMOHHBIX M 4YeJOBEUeCKHX (hakTopax, HMEIOLUIHX
OTHOIICHHE K aHAIM3UPYEMBIM JEHCTBHSM M IpoOieMe; 0OCTOSTENbCTBA,
BIIMSIOIINE HAa O€3011aCHOCTD;

- OIHCAaHHC HCIIOJIb3YCMbIX HpeZ[HOHO)KeHI/Iﬁ 1 OrpaHN4IUBAIOIINX y()J'IOBHfI npu
MPOBCJACHUH aHAJIN3a U IIPOTHO3UPOBAHUN PUCKOB;

- (opMynMpOBKa BO3MOXHBIX pEIIEHWH MO COKPAIIEHUIO pHUCKOB,
KOTOPbIE MOTYT OBITh NIPUHSTHI, OMUCAHNE TPEOYEMBIX BBIXOIHBIX JJaHHBIX,
MONYYCHHBIX TI0 PE3yJbTaTaM MCCICAOBAHUH M OT JIUI, MPUHUMAIOIINX
penIeHus.

Oobuweii 3a0aueil ananuza pucka siIsieTcs: 000CHOBaHWE U MOATOTOBKA PEIISHUH,
Kacaromunxcs COKpaleHUd pUCKOB KPUTHUUCCKUX MTPOTPAMMHBIX MTPOAYKTOB U CUCTEM
Ha JIByX OCHOBHBIX CTA/IMSIX KU3HEHHOTO [[UKJIA.

Ha cmaouu npoexmuposanus:.
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- MPEeIOCTaBICHUE WMCXOIHBIX MAHHBIX IS OLEHKH KadeCcTBA CHCTEMBI B
LIEJIOM;

- BBIAIBJICHHMC  TIJIaBHBIX  BO3MOJKHBIX  HCTOYHHUKOB  YIpOo3 PHUCKOB U
MpeArnoJaracMbIx (baKTOpOB, CYHICCTBCHHO BJIMAIOLINX HA PUCKU,

- OompeacjeHue U OLCHKa 3(1)(1)€KTI/IBHOCTI/I BO3MOXHBIX MEpP obecreueHus
6630HaCHOCTI/I, 3aKJiIaIbIBACMbIX B HpOFpaMMHLIfI MPOAYKT U CUCTEMY,

- MPEJIOCTaBJICHUE HMCXOMHBIX JAHHBIX JUISl OIIEHKH MOTEHUHAIBbHO OMACHBIX
JIEHCTBHI, KOMIIOHEHTOB 000PY/IOBaHHS UM CUCTEMBI,

- obecmeyeHne CIENHMAJIUCTOB COOTBETCTBYIOMIEH uH(poOpManuein mpu
MPOBEACHUH OIBITHO-KOHCTPYKTOPCKUX paboT, OPHEHTHUPOBAHHBIX Ha
HOpPMAaJbHBIE W Ype3BBIYAWHBIC YCIOBUSA (DYHKIMOHHUPOBAHHUA KOMILIEKCA
MPOTPaMM U CUCTEMBI;

- OLCHKAa PHUCKOB C YYC€TOM PCTJIIAMCHTOB U APYTUX Tp€6OBaHI/II71 MOAACPIKKU
MPUMEHCHUA KOMIUICKCOB MIPOIpaMMm;

- - OLICHKa aJIbTCPHATUBHBIX, KOHCTPYKTUBHBIX peHIeHI/Iﬁ I COKpalCHUs



PHCKOB IIPH MTPOEKTUPOBAHUH KOMIUIEKCA IIPOTPaMM.
Ha cragumu npou3BoOACTBA M IKCILUIyaTaAllMM KOMILIEKCOB MPOrpaMm:

- KOHTPOJIb W ONICHKA AJaHHBIX JKCITyaTallud C M[CJIbKO COIIOCTAaBJICHUSA
q)aKTI/ILIeCKI/IX noka3aTejiel kauecTBa ¢ COOTBETCTBYIOILIUMU Tpe6OBaHI/IHMI/I;

- obecrieueHHe WCXOIHBIMH JaHHBIMH IIPOIIECCOB IIPOM3BOJICTBA, METOAUK
9KCIUTyaTalluy, TEXHUYECKOTO OOCITyKHBAaHUS, KOHTPOISI W ACHCTBUHA B
YpE3BBIYANHBIX CUTYAIUAX HPOSBICHHUS PUCKOB;

- KOPPEKTHUpOBKa MH(OPMAIUK 00 OCHOBHBIX HCTOYHUKAX yIPO3, PHCKOB H
BIHSIONINX (haKTOPaXx;

- OpeaOCTaBJICHUC I/IHCI)OpMaL[I/II/I 0 3HAYUMMOCTH pHUCKA IAJId HOPUHATHUA
OICPATUBHBIX peH.IeHI/Iﬁ €T0 COKpAIICHUA;

- ompezelieHHE BIMAHUS Ha PUCKH H3MEHEHUI B OpraHM3allMOHHOU
CTPYKTYpe, MpPOU3BOJCTBE, MNpPOLEAypax 3KCIUIyaTallkd M KOMIIOHEHTax
MPOTrPaMMHOTI0 NMPOAYKTA U CUCTEMBI;

- DOArOTOBKa II€pCoOHAIa K MNPUMCHCHHUIO MPOrpaMMHOIO IMPOAYKTa U
CHUCTEMBI IIPU BO3MOKHOCTU MTPOABJIICHUSA PUCKOB.

[IposiBneHUst pUCKOB MOTYT BKJIIOYATh B3aNMOCBS3aHHBIE CTOMMOCTHBIC U TIJIAHOBBIC
BUJBI PHUCKOB. Cmoumocmuble pucku COCTABISIOT: HApPyNICHUs OTPaHWYCHUS
CYMMapHOT0 00/)KeTa IPOEKTUPOBAHMS U ITPOU3BOACTBA MPOTrPAMMHOTO IPOIYKTa;
HapyLIeHUs 3aJaHHOH OTpaHNYeHHON JUINTEIFHOCTH MPOU3BOCTBAa KOMIIOHEHTOB H
KOMIUIEKCOB nporpamm. Ilnamnogvie pucku BKIIOHAIOT: yiepd oOT JedekToB
CTpaTeTMH M IUIAHUPOBAHMA TIPOEKTa IPOU3BOJACTBA KOMIUIEKCA IPOTPAMM;
JIOCTOBEPHOCTH IJIAaHOB, CPOKOB W JTaloB >KH3HEHHOTO IMKJIA KOMILIEKCa
nporpamM; HapyuieHHs TpeOOBaHMH W CTaHIAPTOB IPEJOTBPALICHHS, YIPABICHUS U
COKPAIIEHHUS PUCKOB.

B mpoekTax CIIOKHBIX CHCTEM, MCIOJIB3YIONIMX NPOTPaMMHBIE MPOIYKTHI, PUCKH
MOTYT OBITH 00yCIIOBJIEHBI JAehekTaMu (YHKIHOHAJIBHBIX XapaKTEPHCTHUK CaMUX
MpOTPaMM M WX JXH3HEHHOTO IMKJIA, a TAaKXKe HEeJIOCTaTKaMH CHCTEM M BHEUIHEH
cpensl, B KOTOpOHl OHH HCIONB3yIoTca. OCHOBHOW yuiepé6 om puckog
RPOZPAMMHBIX NPOOYKMOE TPOSIBISETCA B TOCIEACTBUAX HMX NPUMEHEHHS — 6
dehekmax u Hedocmamkax PYHKUYUOHUPOGAHUA CUCMEM U GHEUIHell Cpeobl.
[TosTOMY aHanmM3 M OIEHKAa PHUCKOB KOMIIJIEKCOB MPOTPaMM JOJDKHBI OBITH TECHO
CBSI3aHBl C UCCIICOBAHHEM HUX MPOSIBIEHHS B CHCTEMAax, 1€ OHU HUCHOIb3YHOTCH,
NPUYUHAMHE  KOTOPBIX MOTYT OBITh CJEIYIOIINE 6UObl PUCKOE. Peau3aliu
(YHKIIMOHAJIBHOW  NPUTOAHOCTH  NPOTPaMMHBIX  MPOJYKTOB;  peall3aluu
KOHCTPYKTUBHBIX  XapaKTEPUCTHK IPOrpPaMMHOIO KOMIUIEKCA; OrpaHHYCHHUH
pecypcoB Ha MPOEKTUPOBAHME W TMPOM3BOACTBO IIPOrPAMMHOTO IIPOAYKTA.
Pesynprupyronyii yugepé B COBOKYIHOCTH 3aBHCHT OT BEIUYUHBI M BEPOSTHOCTH
MIPOSIBIICHUS KAHCO020 6U0A PUCKA.
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Puckn  peanmzanum  (QyHKOHMOHANBHOH  NPHIOJHOCTH  NPOrPaMMHBIX
NPOAYKTOB BKJIYAKOT: Ha3HaueHHE; (PyHKOnHU; Macmrad — pasMep; CIO0XKHOCTb
HPOrPaMMHOTO KOMILJIEKCa.

Pucku  peanusayuu  KOHCMPYKMUGHLIX — XAPAKMEPUCMUK  HPOZPAMMHOZO0
KOMNJieKca coCmaensaiom. KOPPEeKTHOCTh IPOrpaMM KOMITIOHEHTOB M KOMILIEKCa;
CIIOCOOHOCTH KOMIIOHEHTOB K B3aHMMOJCHCTBHIO; 3aIUIICHHOCTh — OE30IIaCHOCTE,
HAJIe)KHOCTb — TOTOBHOCTH; BpeMeHHas 3()(EeKTHBHOCTH (QYHKIMOHHUPOBAHUS;
COIIPOBOXKIAEMOCTb — H3MEHAEMOCTh BEPCHIl IPOIPAMMHOTO ITPOIYKTA.

Pucku pecypcos npoeKmuposanus u npou3so0Cmea RpoZPAMMHOZ0 RPOOYKMa
ofdycnoenenvt  opanuueHUAMU.  SKOHOMHMYECKMX U  TPYIOBBIX  3aTpaT;
KBAIN(UKAIUK KOJUIEKTHBA CIICLUAINCTOB;, TEXHMYECKUX, BBIYUCIUTEIBHBIX
pecypcoB  Ha  NPOSKTHPOBAaHME, NPOWU3BOJACTBO M  (YHKIHOHHPOBAHUE
MPOTPAaMMHOTO TIPOIYKTA.

[lpu aHanu3e W ymNpaBJICHUH COKPAIIEHHEM PHCKOB MPOTPAMMHBIX MPOJIYKTOB
1enecooOpa3Ho BBIIENATh Haubosee xapakTepHble drtanbl ux JKII: TexHHKO-
9KOHOMHUYECKOT0 000CHOBaHHE MPOEKTa; pa3paboTKy TpeOoBaHuil criennpuKanuii;
NPOEKTHPOBAaHKWE; KOAMPOBAHHUE; TECTHPOBAaHWE, M IOKyMEHTHpoBaHHE. [lpm
00OCHOBaHMH U peaqH3alii KOMIUICKCOB NPOTPAaMM, aHAJIW3 W YNpPaBICHHE HX
PHUCKaMH JTOJDKHBI SBIISTHCS YacCThIO OOLIEH npobdiiembl obecneueHus GvlCOKO20
Kauecmea npoeKkma, npeoomepauienus u cOKpAujeHus PUCKOE 8 cucmeme u
enewinen cpede [1, 2, 6]. DT mpouecchl COCTOSAT B BBISBIEHHUH BO3MOXKHBIX
HETaTUBHBIX OTKJIOHEHWH XapaKTEepPUCTHK KOMIUIEKCAa MPOrpaMM U CHCTEM OT
TpeOOBaHMII KOHTPAKTa, TEXHUYECKOrO 3aJaHusi W crenupuKanuii, a TaKxke B
co3aHuu 0as3bl JJIsl IPUHATHS MEp 10 MUHUMH3aLUK TaKUX OTKJIOHEHUH, ¢ y4eToM
OTpaHMYEHHBIX PECYPCOB Ha MX peaju3aluio U Apyrux dakropos. st aToro mpu
OLICHWBAaHUU  PHCKOB MPOrPaMMHBIX MPOJIYKTOB, ux HEO0OX0JMMO
TpaHcOpMHUPOBATh B BEJIMYUHBI BO3MOXXHBIX PUCKO8 Ol CUCHEM, CPedbl U
nonv3oeameneil, KOTOpBIE SABISIOTCS BaKHEHIIMMH W ONPEACNAIONINMU TIPH
NPUMEHEHWH TIPOrpaMMHBIX HpOAyKTOoB. C TOYKM 3pEHUS CIEHUAINCTOB-
Pa3pabOTYMKOB CHCTEM, MPUHUMAIOIINX PEUICHHs, K OCHOBHBIM MeMo0am aHaau3a
OTHOCSTCS:

- CUCTEMATHYCCKasa I/I}IeHTI/I(i)I/IKaL[I/IH IOTCHIIUMAJIbHBIX OHaCHOCTeﬁ, yrpos un
BHUJI0B BO3MOKHBIX OTKAa30B KOHKpCTHOﬁ CHUCTCMBI,

- KOJIMYECTBEHHBIC OIICHKW WU PAaH)XHPOBAHWUE OMACHOCTH — ymiepba oT
BO3MOYHBIX PHCKOB;

- OIlCHKa HAAS)KHOCTH W J(PQPEKTUBHOCTH BO3MOXKHBIX KOHTpPMEpP U
MOAU(UKAIMA  CHUCTEMBl Ui  CHIDKGHHMS pUCKAa W JOCTHIXKCHHUS
MPENOUTUTENBHBIX YPOBHEN €€ KauecTBa;

- BBIABJICHUC (baKTOpOB, 06yCHaBJ’II/IBaIOHH/IX BO3MOJKHBIHN PUCK, U ciadbIX
3BCHBLCB B CUCTEMC,

- CONOCTAaBJICHHUC BO3MOXHBIX PHCKOB HCCHeﬂyGMOﬁ CHUCTCMbI C PpHCKaMU
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AIIbTCPHATUBHBIX CUCTEM MU TEXHOJIOTHH.

Huxe BHMMaHHE COCPEROTOUCHO HA RMPAKMUYECKUX 3A0AUaX U Memo0on0Zuu
aHalu3a, OIICHMBAHUS M COKpAIIEHUS PUCKOB MPOrPaMMHBIX IPOAYKTOB, B
mporiecce HMX NPOEKTUPOBaHMA U MpousBoAcTBa. (OCHOBHbBIE Pe3yJbTATh
0000menust Mozneneld U (GakTOpPOB VISl COKPAIICHHsS] PUCKOB OTPa)KEHBI IMmanamu
NPOEeKMupoBanus u Npou3600CHEa, KOTOPbIE PEKOMEHIYETCsl BBINOIHATH IIPH
peanuzanyu  0a30BBIX Pa0OT IKU3HEHHOTO LMKJIA CIOXHBIX IMPOTPaMMHBIX
KOMIUIEKCOB, U MOTYT CIIY’)KUTb OCHOBOH JUIs pa3pabOTKH COOTBETCTBYIOIIMX
IUTAaHOB pa0OT NPH YIPaBICHUH, IPOTHO3UPOBAHUH U COKPAILICHUHU PHCKOB.

3. [MloGcomoeka UCXOOHbLIX OaHHbIX Ol aHasu3a,
NPO2HO3UPOB8aHUsT U COKpauw,eHUsl PUCKO8 KOMI/IeKCco8
npozpamMm

OOBIYHO OTCYTCTBYIOT OTHAEIbHBIC, TpelICKa3yeMble (AKTOPHI I METOIBI,
CIIOCOOHBIC CYIIECTBEHHO M3MEHATh OCHOBHBIE PUCKH IIpolLiecca pa3pabOTKH
nporpamMm. Pucku B XKL KoMmmekca mnporpaMMm MOTYT OBITH OOYCIIOBJICHBI
HEJOCTAaTKAaMU WM  HENPEAYMBIIUICHHBIMH, HE2AMUBHbIMU  OeiiCHGUAMU
PA3IUYNHBIX UY, YYACTBYIOIIMX B CO3JAaHMM WJIM TPUMEHCHHH CHCTEMBI H
IPOTPaMMHOTO TPOAyKTa. OCHOBHBIMH UCHIOUHUKAMU HENPEOYMbLULIEHHBIX
PUCKOG TIPOTPAaMMHBIX TIPOAYKTOB, KOTOPBIE MOTYT IPUBOJHUTH K yIIepOy HpH HX
pa3paboTKe ¥ IPUMEHEHUH, SIBIISIOTCS:

- 3aKazyuKu, ONPEICIAIONUMEe Ha3HAYeHHe ¢ (QYHKIUHA CHCTEMBI U
IMpOTrpaMMHOTO TIPOJAYKTA, KOTOPLIC MOTYT 3aJdaBaTb HEKOPPEKTHBIC WA
Hepeanu3dyemble  pa3paboTuynkaMu TpeOOBaHWS K HUM, a TakKke
OrpaHUYMUBAIOT BBIACJICHHBIC U JOCTYIHBIC IJIA NPOCKTAa PECYPCHI: 6IOI[)KCT,
BpEMs, 3aTpaThbl HA TEXHOJIOTUIO U HHCTPYMCHTAJIBHBIC CPEJICTBA,

- paspadomyuku CUCTEMbl W KOMIUIEKCa IpOrpaMM, oOOecIeunBarolye
peammzamio  ero JKI[, moryr nomyckaTh JedeKTl W OMIMOKH IIpH
000CHOBaHMM NPOEKTa, HE BBIIOJIHATH COTJIACOBAHHBIE C 3aKa3uMKOM
TpeOOBaHUS K XapaKTEPUCTUKAM M KauecTBY KOMILIEKCa MPOrpamMM, a TakkKe
HPEBBIIATh JOMYCTUMOE HCIOJIb30BAHUE BBIIEJIEHHBIX PECYpCOB, UTO
MOXET OTPaXKaThCsl Ha MPOSIBJICHUH U MOCIIEJCTBUSIX PHCKOB Ha PA3IMYHBIX
TEXHOJIOTHYECKUX ATaIax;

- Meneo.ﬂcepbl U IKcnepmbsbl ynpaejienHusa puckamu — KOOPAUHATOPBI
BBaHMOIIeﬁCTBH}I 3aKa34YuKOB H paspa60Tqm<03, KOTOPBIC YIOJIHOMOYCHBI
IIPpUHUMATh PCIICHUA O HCO6XO}1HMOCTH X UBMECHCHUA, MYTEM ITPUMEHCHUA
HCO6XOZ[I/IMI>IX KOHTPMEDP, a TAKXKEC O HOIIYCTUMOCTH NMPHUMCHCHUSA CHCTCMBI
W/Ainu MMporpaMMHOr0o MpoAyKTa ¢ NPOTrHO3UPYEMbIMU WU AOCTUTHYTBIMHU,
KOHKPETHBIMU YPOBHSAMU PUCKOB.

VcrounukamMu M NpPUYMHAMU PHUCKOB (YHKIMOHHUPOBAHUS MOTYT OBITH TaKKe
nonb306amenu, HEKOMIICTCHTHO NPHUMEHSIONINE CHCTEMY WM TIPOrPaMMHBIA
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MPOAYKT C OTKJIOHCHHSAMH OT TPeOOBAaHWH MOKYMEHTAIWH 1O (PYHKIIMOHAIBEHOU
NPUTOAHOCTH WM C  HEJONMYCTHMBIM  HCIOJB30BAaHHEM  PECypcoB  IpH
SKCIUTyaTaIuH.

Iloozomoeéka ucxoO0HbIX OGHHBLIX [ aHaIM3a M YOPABICHUS PHCKAMHU
IPOrPaMMHOIO HPOAYKTa MHO/DKHA YCHMAHAGIUEAMb UCMOYHUKU TIOIPOOHOH
MH(POPMAIIUIO O BCEX TEXHHYECKUX, CBA3AHHBIX C OKPY)KAIOLIeH Cpenoil, MpaBoOBBIX,
OPraHU3aLMOHHBIX ¥ 4YeJOBEYeCKMX (akTopax, HMEIOIIMX OTHOIICHHE K
aHaIM3UpyeMol  mpoOieMe, HPOrpaMMHOMY  KOMIUIGKCY M CHCTEME,
NPeOnoaolHcenus o CONCPKaHNH, MECTE U YCIIOBHAX BO3MOXKHOTO TIPOSIBIICHHS PHCKOB.
Crnenyer copMyIHPOBATh OKHAAEMbIE 1 BO3MOYKHBIC aJIbTCPHATUBHBIC PELICHNUS,
KOTOpBIE MOTYT OBITh NPHHSATHI, CTPYKTYpa M ONMCAHUE NPEIIOIaraéMbIX PHCKOB
o pe3yjabTaTam I/ICCHGI[OBaHI/Iﬁ u OT Jikll, TPUHUMAIOINX PCEHICHUA. I/ICXOL[HI)IC
JlaHHBIE IPOEKTAa IPOTPAMMHOI0 KOMILUIEKCA JIOJKHBI COJIEPIKATH!

- TpeOoBaHU K (QYHKIHSIM M XapaKTEpUCTHKaM KadecTBa KOMILIEKCA
Iporpamwm;

- OIIUCaHUC H rpaqml{ecxoe NpeACTABJIICHHUC €TI0 ApXUTCKTYPBhI, 0asbl
JaHHBIX U B3aHMOJICHCTBUSI KOMITIOHCHTOB;

- OpeanojaracMyro MOACIb JKU3HCHHOTO IIUKJIA KOMIIJICKCA ITPOTPaAMM;

- OPpEABAPUTCIBbHBIC IIJIaHBI MOCJICAYIOIIUX ITAallOB MPOCKTUPOBAHUA U
MMPOU3BOACTBA KOMIIJIEKCA ITPOTpaMM;

- MPOCKThl TEXHUYECKOrO 3aJaHMsi M KOHTPaKTa Ha JETaIbHOE MPOCK-
THPOBAaHKE U BECh )KU3HEHHBIHM IUKJ KOMIUIEKCA mporpamum [2, 6, 8].

Ju1st aTOTO ChenyeT NOATOTOBUTh Mpedosanus K 00Kymenmayuu u 00ecieunTh X
peanu3aimioo, KOTOpas JOJDKHa  OBITh  OJHO3HAYHOM —  HamkcaHa B
CTaH/IapPTH3UPOBAHHBIX TepPMHHAX, YTOUYHSIEMBIX, eciu HEOOXO0AUMO,
COOTBETCTBYIOIIUMH KOMMEHTapusMHU. JIOMKHA OBITh BBINOJHEHA IEPBUYHAS
UICHTU(UKAIMST  BO3MOXKHBIX ~ OMACHOCTEH, Yrpo3 W TPEABAPUTENbHAS  OIEHKA
BO3MOXHBIX WX TOCICACTBUH, SIBISIFOIIUXCS MPUYUHOH pHUCKOB. V3BecTHEIC
MOTCHIHAIBHBIC OMACHOCTU JIOJDKHBI OBITh YSTKO M TOYHO OMPE/CIICHBI U OIUCAHbI.
[IpenBapuTenpHyI0 OLEHKY 3HA4YEHHS HWICHTHU(DHIIMPOBAHHBIX OMACHOCTEH — yrpo3
HeO6XOJII/IMO BBITIOJIHATH, OCHOBBIBAsACh Ha AaHAJIN3C HOCHC}ICTBI/Iﬁ PUCKOB U
N3Y4YCHHUHN UX OCHOBHBIX ITPUYHH Y aHAJIOTUYHBIX ITPOCKTOB.

[Iporpammuble TPOAYKTHI Uil 00pabOTKM HMH(OPMAIMK M YIpPaBIEHUS OOBIYHO
BXOJISIT KOMIIOHEHTaMHU B CUCTEMBI 00Jiee BHICOKOTO YPOBHSI M 3aBUCST OT BHEIIHEH
cpenbl M (YHKIMH CHCTEMBI, B KOTOpOW OHHM HCHoONb3ytoTcs. OrmucaHus
Ha3HaueHWs, (YHKIUH W TpeOOoBaHMH K XapaKTEPHUCTHKAM CHCTEMBI, BHEIIHEH
cpeosl M KOMIUIEKCA IIPOTPaMM  SBIIIIOTCS. HMCXOAHBIMHM ~ JAHHBIMH  TpeX
B3aMMOCBS3aHHBIX TEXHOJIOTHYECKHX ITPOLECCOB!

- 6a3OBLIX, PECrIIaMCHTHUPOBAHHBIX  MEXHO/I02UYeCKUX  npoueccoes u
UHCmMpymenmapus JJIA ux aBToMaTu3aluu, O6CCHCLII/IBaIOIHI/IX
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MPOEKTHPOBAaHUE W TIPOU3BOJICTBO CIOKHBIX MPOTPAMMHBIX IIPOIYKTOB;

- METOZOB U CPEICTB 00ecredeHus, TpeOyeMbIX XapaKTEpUCTHK KOMITIEKCa
IporpaMM Ha 0ase cucmemsvl agmomamu3ayuy KOHmMpons u obecneueHus
Kauecmea TpOLECcCOB U MPOAYKTOB B UX KU3HECHHOM LIUKIIC;

- TIPOIIECCOB M CHCTEMBI ABTOMATHU3UPOBAHHOTO AHAU3A, YNPAGIEHUA U
COKpauwieHus puckoe pu CO3JaHUU U MPUMEHEHUH KOMILIEKCOB MPOTrpamMm
Y CUCTEM B 3aJlaHHOM BHELIHEH cpee.

Jns obecrieyeHnst BBICOKOTO KauecTBa MPOTPAMMHOIO IMPOJIYKTa Ieleco00pa3Ho
(opMupOBaTh TPYNIBI 3KCIEPTOB U aHAIW3a YIPO3 M YNPABICHUS PHCKAMH
NPOCKTUPOBAaHUA ¥ NPOW3BOJACTBA IPOrpaMMHOTO mpoxykra. Mx cuexpyer
6bI0CIAMb U3 OCHOBHO20 HCUZHEHHOZ0 WUKNA KOMHJIEKCA RPOZPamm W TOpydaTh
JKCTepTaM, pa3paboTKy TpeOoBaHMH K (QYHKIHOHAIHHOW TNPHUTOAHOCTH U
KOHCTPYKTHBHBIM  XapaKTepHUCTHKaM MPOTPaMMHOTO MPOAYKTa C  YYETOM
BO3MOXHBIX PUCKOB[1, 2, 6].

4. BoiOeneHue, uéeHmudbukayusi, aHasu3 y2po3 U PUCKO8
8 KoMrieKcax rnpoz2pamMm

B mponecce ymnpasneHHs MPOEKTOM 3HAYUTENBHOE BHUMAHHE AOJDKHO YIENATHCS
IIPOrHO3UPOBAHUIO YIPO3 U PUCKOB, UMEIOIIMX KAaK BHEUIHME, TaK U BHYTPCHHUE
IPUYUHBL. DTOT 9Man AHAIU3a BKIIOYACT:

- BBIJIEJICHHE BO3MOJKHBIX MCTOYHHKOB M YIpo3 HapylIeHUs TpeOOBaHWN W
OTPAaHWYEHUH pEeCcypcoB B IKM3HEHHOM IMKJIE KOMIUIEKCA MPOTPaMM,
olpezielIeHNe KpUTepueB (QYHKIMOHAIBHOH paboTOCIIOCOOHOCTH W/MIH
OTKa3a CHCTEMBl W NPOTPAMMHOTO NPOJYKTa BCIEICTBHE IPOSBICHUS
PHCKOB;

- nAeHTU(UKALMIO U aHAIIU3 [IPUYMH, BBIACICHHE KaTeropuil 1 BO3MOKHBIX
MOCTEACTBUNA MPOSBICHUS PHUCKOB (YHKIMOHANBHOM MPHUIOJHOCTH H
KOHCTPYKTUBHBIX XapaKTEPUCTUK POIPaMMHOTO NIPOYKTa;

- MOCHTU(UKAIMIO U aHANINU3 [IPUYHH, BBIACICHHE KaTETOPHA M BO3MOXKHBIX
MOCJIEACTBUM PUCKOB HAapyLICHHUsS OIPAHUYEHHUH JOCTYIHBIX PECYpPCOB I
IIPOEKTa KOMIUIEKCA IPOrPaMM.

HaxoruteHHbld ombIT M 0000IIEHHE IPOBENCHHBIX HCCIEIOBAHUH TO3BOJIMIN
BBIICIIUT OCHOBHBIE 2pynnbl (pakmopos [1, 5, 6], BIMAIOIMX HA PHCKU IMPH
MIPOM3BOJICTBE KOMIIEKCOB MIPOTPaMM:

- (akTophl, OTpaxkaoue OCOOCHHOCTH  CO3[aBa€MOr0  KOMILIEKca
mporpaMM, Kak ofvexkma pa3pabOTKH, TpeOOBaHWS K (QYHKIIMOHAIBHBIM
XapaKTCPUCTHKAM U K KAU4eCTBY;

- (akTopbl, ONPEACTAIONINE  Op2aHu3auuilo  npoyecca  PazpabOTKH
KOMIUIEKCA TMporpaMM W ero obecrneveHne KBalu(UIIUPOBAHHBIMU
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CriICquaJIuCTaMu,

- (baKTOPBI, XapaKTEPUIYIOLINE MEXHON0ZUYECKYI0 Cpedy I OCHAIICHHOCTD
MHCTPYMEHTAIBHBIMHA CPEACTBAMH aBTOMATH3ALUH Pa3pabOTKH KOMILIEKCA
IporpamM;

- (aKkTOpbl, OTpaXAlOLIWEe OCHALIEHHOCTb IMPOHM3BOJCTBEHHOIO IpoLecca
ANRAPAMYPHBIMU  GLIYUCTUMETbHBIMU — Cpedcmeamu, Ha  KOTOPBIX
pEANU3YIOTCSI KOMIUICKCHI TPOrpaMM U 0a3HUpYyIOTCS HHCTPYMCHTAJbHBIC
CHCTEMBI aBTOMATH3ALUH Pa3pabOTKH.

Pucku ¢yuxyuonanvuoii npuzoonocmu UMEOT NOMUHHpYIOILIEE 3HAU€HUE U
M3MCHEHHS IPYIHX BHIOB PUCKOB OOBIYHO IOJDKHBI OBITh, B HEPBYIO OYepenb,
HOTYMHEHBI COKPAICHUIO STHX PUCKOB CHCTEMBI U KOMIUIeKca nmporpamm. Llens u
Ha3HA4YeHUE INPOTPaMMHOTO NPOAYKTa NETANM3HPYIOTCS M (OPMaIH3yIOTCS B
mpebosanuax K @GYHKYuAM KOMIIOHCHTOB M BCEro KOMIUIEKCA IPOrpaMM,
CIIOCOOHOTO pean30BaTh JCKJIAPHUPOBAHHBIC LIEJIU CHUCTEMBI IPH OTCYTCTBHUH HJIH
JONMYCTUMBIX ~ pUckax. IloaToMy aHanM3 pHUCKOB M  BO3MOXHBIX  YIpo3
1Ie1eCO00pa3sHO  MPOBOAUTH  CHCTEMATHU3MPOBAHO,  HA4YMHAs C  PUCKOB
(YHKIMOHAJIBHOW MPUTOJHOCTH. YIIepO, BCIEACTBUE OMIMOOK (YHKIIMOHAIBHBIX
TpeOOBaHMII K TPOEKTY MPOTPAMMHOIO KOMIUIEKCA MOXKET MPOSBIATHCS ABYMSI
BUJIAMH PHCKOB: HEJOCTATKAMH IOCTUTHYTBIX XaAPAKMEPUCMUK, U PUCKAMHU OT
HApYLICHHS OTPaHWYCHUH JOCTYIHBIX M HCIOJB3YyEMBIX Pecypcoé B KN3HEHHOM
MKJIEe KOMIUIeKca mporpaMM. IlpembsBieHHe 3aKa3dyMKOM HEOOOCHOBaHHBIX
TpeOOBaHUil K (HYHKINOHAIBEHOM MPUTOAHOCTH, MPOSBICHHS B HUX KOH(IUKTOB H
BHYTPEHHHUX IPOTUBOPEYHil B COIepKaHUH QYHKIMI 1 KOMIIOHEHTOB, IIPU PEaTbHO
JOCTYIHBIX PEcypcax ¥ BO3MOXHBIX YCIOBHAX BHEIIHEH Cpeabl NPHMEHCHHS,
MOTYT BBI3bIBaTh HanboJee CyliecTBeHHbIH ymepo B XKL

enb 1 GyHKIMU TPOTPAMMHOTO MPOAYKTA PEAM3YIOTCS TOTIA, KOTIAa 8bIXOOHAs
UH(popmayun  OCTUTAET TOTpeOUTENE — CHUCTEMBI WM  OIEpPaTOpPOB-
MOJIb30BaTENEeH, ¢ TpeOyeMBbIM COAep)KaHHEM W KadeCTBOM, IOCTATOYHBIM IS
obecrieuennst ux 3¢dexTruBHOrO nMpuMeHeHus. CTENeHb MOKPBITHS BCEH BBIXOHOM
nHdopmanmeil: nenei, HazHayeHWs M QYHKIOMHA U TOJb30Baresei, ciemyer
paccMaTpuBaTh KaK OCHOGHYIO Mepy DPUCKO8 (QYHKUUOHANbHOU RPU200HOCHU.
[IpocnexuBanne W OLEHMWBAaHWE AJEKBATHOCTH W IIOJHOTHI COCTaBa BBIXOJHOM
MHQOPMAIMM CHHU3Y BBEPX K HA3HAUYEHHIO IPOTPAMMHOIO MPOAYKTa JOJKHBI
3aBepIiaTh BBIOOP 0a30BBIX XapaKTepUCTHK (YHKIMOHATHHOM MPUTOIHOCTH,
HE3aBUCHUMO OT cdepsl TNpUMEHEHHs CHUcTeMbl. [Ipm 3TOM HEKOTOpHIE
XapaKTEepPUCTUKH B pEalbHOM IPOEKTe MOTrYT INpHoOperarh 3HaueHHs Oolee
BBICOKHE, YeM JCHCTBUTEIBHO TPEOYIOTCS, HA YTO HEPAIMOHAIBHO PaCXOIYIOTCS
pecypcsl, a Ipyrue — He YIOBJIETBOPATH TPEOOBAaHMSAM KOHTPAKTa M TEXHHYECKOTO
3aganus. Jlns paspemieHus 3TOr0 NPOTHBOPEUMsT OCHOBHOE 3HAa4YE€HHE HMEeT
JIeTeIIbHOCTh MEHEPKepa PUCKOB, KOTOPBII J0JDKEH BPOZHO3UPOGAM b, TIPOBOIUTH
NOATAIHBIA aHaJM3, KOHTPOJIb, OLICHMBAHWE W MOHHUTOPUHI BO3MOXHBIX H
peabHBIX OTKJIOHEHUH OT TpeOyeMbIX XapaKTEPHCTHK U HCIIOJIb3yEMBIX PECYpCOB,
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ynpaejiamb KOHmMmpmepamu u noC/1e008amenbHO UIMEHAMb UX O/l COKpauienusn
UHmMeZPpAibHO20 pucKa BCEH CHCTEMEL.

Cokpaujenue puckoe KOHCIPYKMUGHBIX XAPAKMEPUCHUK CIIOXKHBIX KOMIIIEKCOB

IporpamMM IieJecoo0pa3HO MPOBOJIUTH C y4eTOM HMX mnepeuHs B cranaapre 1SO
9126. OcHoBHOI P ]EKT MO CHUIKEHHIO PHUCKOB KOHCTPYKTHBHBIX XapaKTEPUCTHK
MOXXET IOCTHI'aThCsd Ha Ha4yajJbHBIX JTarnax IPOSKTUPOBAHHUS, KOIZa BO3MOXKHO
NPEeJOTBPAICHAE WM COKpAIleHHEe MHOTHX M3 HHX ¢ MHHHMAaJbHBIMH 3aTpaTaMu
BpEMEHH M JAPYTHUX pecypcoB. [l 3TOro B mexHo02uveckom npoyecce
npou3600cmea HEOOXOIUMO UCIIONIB30BATE Mem00bl, KOMOpPble 6KAIOUAION.

- CHCTEeMaTH3alluio, JOKyMEHTUPOBAaHHE W OlCHUBaHUE 3(PPEKTUBHOCTH
JIOCTYTIHBIX METOJIOB, CPEICTB U PECYpCOB KOHTPMEp Ui COKpAaIleHUs
PHUCKOB (YHKIIMOHAJIBHOW NPHUIOJAHOCTH M BBIJCICHHBIX KOHCTPYKTHBHBIX
XapaKTepPUCTHK;

- ompeaciICeHUC HNPUOPUTETOB KOHCTPYKTUBHBIX XapaKTCPUCTHK KadcCTBa,
KOMIIOHCHTOB H JTaIlOB )KI_[, KOTOpbIC MOT'YT HMCTb IMOTCHIHAJIbHBIC
TCXHUYCCKUEC, CTOMMOCTHBIC NN IIJIAHOBBIC PUCKHU;

- OLICHMBAaHUE BEPOSATHOCTH KaXKJOrO0 BUAA Yrpo3 KOHCTPYKTHBHON
XapaKTEepUCTUKH KauyecTBa, NMOTCHIUAIbHON BEIWYUHBI U BEPOSTHOCTH HX
BO3MOYKHOTO HETaTUBHOTO BO3ACHCTBHS HAa KaXAYK XapaKTEPUCTHKY
(hyHKIIMOHATIBHOMN MPUTOTHOCTH CUCTEMBI M IPOTPAMMHOT0O TIPOTYKTa;

- OIICHHBaHHUE YSI3BUMOCTH M BO3MOMKHBIX MOCIEACTBHH Ne(hEKTOB KaxIoil
KOHCTPYKTUBHOHM XapaKTEPUCTUKHU U 3aTPAT PECYpPCOB JI BOCCTAHOBIICHUS
TpeOyeMoii (GyHKIIMOHAIEHON MPUTOAHOCTH MPH MPOSIBICHUN PHUCKOB;

- IUIAHMPOBAaHUE U pa3pabOTKy pelIeHUH M0 KOHTpMepaM JJisi 00ecrieueHus
JIOIIYCTHMOT'O YPOBHSI HHTETPaIbHOTO PHCKa (DYHKIIMOHAIBHON MPUTOJAHOCTH
U KOHCTPYKTUBHBIX XapaKT€PHCTUK CHUCTEMBI, B TOM YHCIE BO3MOXHO 32
CYeT M3MEHEHHMs TPeOOBAaHMH K MPOTPaMMHOMY HPOIYKTY, CHCTEME H/WIH
JIOCTYIIHBIX PECYPCOB.

Pucku orpaHuueHuil TOCTYNHBIX U HCIONIB3yeMbIX pecypcoB B XKL xommuexcos
MPOTPaMM MOTYT BKJIFOYATh:

- OKOHOMHWYECKHUEC PHUCKH — MPEBBINICHUC pa3pa60TthOM O60CHOB3HHHX,
JAONMYCTUMBIX II0 KOHTPAKTY pasMEpoB CTOUMOCTH, TPYHAOEMKOCTU U
OKCILTYaTallMOHHBIX 3aTpaT Ha MPOTrPaMMHBIC KOMIIOHCHTBI U KOMIUICKC B
OCJIOM, KOTOPBIE MOTYT TaKKE€ OTpaKaTbCd Ha HUX (byHKHI/IOHaHBHOﬁ
MNPUTOJAHOCTHU U APYIUX XapaKTECPUCTHUKAX KaY€CTBA,

- IJTAHOBBIE PUCKH — HapyIIEHHE Pa3paboTIMKOM JOMYCTHUMBIX BPEMEHHBIX
3arpar B rpadukax paboT, CPOKOB peallu3aliy STAOB U MPOCKTA B LIEJIOM, a
TaKKe pachpelesieHdid 3aJad 1o MNOApAJYMKAM, NOApa3AeieHUusIM |
CHETHANIHCTaM, 9TO MOKET TaKXKe YBEIMUNBATh PUCKH XapaKTEPUCTHK;
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- KaJpOBbIC PUCKH — HEJOCTATOYHAs KBATU(UKALUS U YHCIIO CHEHUATUCTOB,
OTpaXkaloIiasicss Ha KauecTBe pa3pabOTKH, COBEPLICHCTBOBAHUS W/WIN
MPUMEHEHHS POrPAMMHOTO MPOTIYKTa;

- TEXHUYECKHE DPHCKH — HEJAOCTATOYHOCTH BBIYMCIUTEIBHBIX PECYPCOB,
HECOTJIACOBAHHOCTh PECYpPCOB BHYTPEHHEH W BHEIIHEH cpemsl Uit
peanu3aly OCHOBHBIX (pyHKIHMIT MPOrpaMMHOTO TPOIYKTa;

- TEXHOJIOTUYECKUE PUCKU — HEJOCTATOYHOE KaueCTBO UHCTPYMEHTAPHS IS
apToMaTm3anuu  Bcero  JKI[ M TEXHOJOrMYECKMX  MPOIECCOB,
npeiHa3HaYeHHBIX JuIsi oOecledyeHHs TrapaHTUPOBAHHOTO —COKpAIIEHHS
PHUCKOB IIPOTPAMMHOTO MPOAYKTa;

- pacmpeieieHHe pecypcoB Ha KOHTPMEphI [Uisi  cOalnaHCHPOBAHHOTO
COKpallleHUs] ~ MHTErPalbHOrO  pHCKAa  KOMIUIEKCA  [porpamMm  H
OTBETCTBCHHOCTH CIEUHUATMCTOB 33 pEAlU3alUI0 COKpAIICHUS pPUCKOB
KOMILIEKCA MPOTPaMM.

[Ipamble pucky, 0OYyCIOBICHHBIE ONIMOKAMH 33JaHHBIX HKOHOMHYECKHX
XapaKTepPUCTUK, MOTYT BBI3BATh YIIEpO 3aKa34UKy NPU 3AGbIMEHUN CHIOUMOCHIU
npoexma OTHOCUTENILHO peajbHO HeOOXOAMMOI, uiy yuepo pa3paboT4nukaM, eciu
CMOUMOCIb OYeHeHa HeOOCMAamOouHOoU NIJsl ero YCIEUIHON peanusaluu. OTU
PUCKKM MOI'YT YMCHbBLIATBCA TMPHU MTOCJICAOBATCIbHOM YTOYHCHHU pasMcepa
KOMIUIEKCa ITPOTPaMM Ha dTanax (GOpMHUPOBAaHUs TpEOOBAHUH, TIPEIBAPUTEIEHOTO U
JIETAILHOTO TPOSKTHPOBAHNUS, OJHAKO OHM HE TOJHOCTBHIO YYUTHIBAIOT PEasbHOE
BIIMSTHUE OTPaHMYEHUH PecypcoB Ha IPOLECCHl U PUCKH pa3pabOTKH M KOHEYHOTO
MPOTPaMMHOTO TIPOIYKTA.

5. CokpanneHue H JUKBUAALIHUS ONACHBIX PUCKOB, PETHCTPALHS U
yTBep:KIeHHe JOIMYCTHMOT0 HHTerPaJbHOI0 PHCKA MPOrPAMMHOIO0 NMPOIYKTa

s BeIpaOOTKHM IJIaHA aHAIM3a PUCKOB M IIPUMEHEHHS KOHTPMEP MX COKPAILICHUS
JODKHA OBITH  OMpeAeieHa W JOKYMEHTAJIbHO YCTAHOBJEHA MemOoOUKa
NPUMEHEHUA NOCIe006AMENbHO20 AHAIU3A YZPO3, YAZGUMOCHICH U UIMEHEHUA
nposienenus puckoe [3, 7, 10]. Tlocme TOro Kak MeEHEKEPH MPOESKTa
UICHTUQUIUPYIOT PUCKH B JKU3HEHHOM I[HMKIIE Pa3pabOTKH, a TaKkKe YTOYHST
TAKTUKY WTEPaldil NPUMEHEHUS KOHTPMEP [0 COKPAICHHI0 WX BIHSHUS,
BO3HHUKAET HEOOXOMAUMOCTh B UOCHMUMUKAUUU YPOGHA  OORYCHUMOCHIU
ocmamounozo pucka. B 3aBHCHMOCTH OT TpeOOBaHHI K XapaKTePUCTHKAM, YPOBHU
JOITYCTUMOCTH PUCKOB M KOHTPMEP MOI'YyT BapbUPOBATHCA OT KAYECTBCHHBIX
OLICHOK pi(e] HUTEPALTMOHHBIX HeﬁCTBHﬁ, mpeamnoIararonmx HUCIIOJIb30BAHUC
AIIBTEPHATHBHBIX TIOJXOJ0B M JOTOIHHUTEIbHBIX, MMOCIEI0BATENbHBIX Pa3paboToK
OPOTPAMMHBIX KOMIIOHEHTOB KOHTPMED ISl COKPAIIIEHHSI PUCKOB.

CoBMecTHOE BIHUSHHC HAa pEaIM3aldi0 TPeOOBAaHWI 3aKa3uMka K KOMIUICKCY
MpOTPaMM, PHUCKOB XapaKTEPUCTHK IMPOTPaMM W PECYpCOB s WX pea3allvd,
JOJDKHO OBITH COANAHCUPOBAHO KOHMPMEPAMU OONYCIMUMOZ0 UIMEHEHUA TeX U
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JIPyTUX BHUAOB PUCKOB. B KpailHem ciydae, eciu MHTETPalIbHBIM PUCK OCTAeTCs
HEAOMyCTUMO  OOJNBIIMM, BO3MOXKHa TI0 COTJIACOBAHWIO C  3aKa3YMKOM,
KOpPEeKmupoeKka mpedosanuii K NPOZPAMMHOMY HPOOYKMY WU 6blOENAEMbIX
pecypcos. Otu TpeOOBAHUA M OTPAHUYCHUS MOTYT HE TOJIHOCTHIO BBITOJNHATHCA Ha
nocienyronux 3tanax JKL, 9To npuBoIUT K yimepOy y 3aKa3uuKoOB, pa3paboTINKOB
U monp3oBateneil. [IpuumHamu Takoro yimepba MOTYT OBITH OINMOKH, a TaKkKe
3aBBIIICHHBIC 3aKA3YMKOM TPEOOBAaHUS K XapaKTePUCTUKaM, KOTOPhIE HE MOTYT
OBITh pCANM30BaHBI NPHU BBIICICHHBIX PECypcax, HIH HEIOCTATOYHOE KAueCTBO
TEXHOJIOTHM M KBaJH(HKAIUSA CICIUATUCTOB — Pa3paOO0TUYMKOB, HCIIOTHSIIOIINUX
npoekT. Eciu uHTerpanbHble pUCKH OOYCIOBJIEHBI HEIOCTATOYHON BEIHMYMHOMN
OJIHOTO U3 BUJOB pecypca, TO MPUXOAUTCS MepepacnpeaesisaTh TOCTYIHbIE PeCypCh
WA MCKATh 3aKa3UUKy CHOCOOBI YBETHUCHHS HEKOTOPOTO, KPUTHYECKOTO pecypca.
B cooTBercTBHE C WX 3HAYCHHWSAMHU CJICIyeT OTKOPPEKTHPOBAaTh U YTBEPAUTH
OOHOBIICHHBIC, YKOHOMHYECKH W (PYHKIIMOHAIBFHO OIpaBIaHHEIC, TPeOOBaHUA K
XapaKTepUCTHKAM, HCIIONB3YeMBIM pecypcaM W TexHomoruu. [lpm mro0BIX
CTpaTerusix Hauboree cmaduabHLIMU  00MHCHBL  Oblmb mpedosanus K
DYHKYUOHALHOU NPUZOOHOCIMU KOMNIEKCA NPOZPAMM.

Jns  evibopa Kpumuueckozo ypoeHA OORYCIMUMBIX PUCKOE HEOOXOIUMO
HCCIIEOBAaTh  OCOOCHHOCTH  CHCTEMBI,  MOCIEIOBATEIILHOCTH  BO3MOXHOTO
NPOSBICHUS TIOTCHIMAIBEHO ONACHBIX COOBITHI, JFOOBIe cMArvaronpe (HakTopbl U
XapaKkTepUCTUKH, a TaKKe MPUPOJY M 4YacTOTYy BO3MOXHBIX HETaTHBHBIX
HOCJIEACTBUH HWICHTHOUIUPOBAHHBIX Yrpo3 B NPOrPAMMHOM MPOAYKTE U B
cucreme. [Ipu 3Ttom Ui cOallaHCHPOBAHHOTO CHIDKEHUS! MHTETPAIbHOTO PHCKa,
MOXET OKas3aThbCA 3(1)(1)CKTI/IBHI)IM CpaBHUTEJILHOC, KOJIMYCCTBCHHOC nin
KaueCTBEHHOE  PaH)KMPOBaHWE PHUCKOB  (IIPUCBOCHHE WM  IIPHOPUTETORB)
CHENMANNCTAMH, XOPOIIO WH(GOPMHUPOBAHHBIMH 6 HPOOIEMHOU obnacmu
NMPUMEHEHUA COOTBETCTBYIOIIUX CUCTEM.

Ucnone3ys naamet ynpaenenus puckamu, MEHEIKep IOIDKCH OCYIIECTBIATH
pacnpesesieHne pecypcoB KOHTPMED, HANPaBIEHHBIX HA MPEOJI0JIEHNEe HETaTUBHBIX
cinyyaiiHocTed. Ha HawanpHBIX 3Tanax >KU3HEHHOTO I[MKJIa, MHBECTULIMHU B MPOEKT
MOCTETICHHO PACTyT BILIOTH 10 (hOPMYIUPOBAaHHUS KOHKPETHBIX TpeOoBaHWi. J[is
obecrieueHnss TpeOyeMoro KadecTBa MPOTPaMMHBIX KOMIUIEKCOB HEO0X0auMa
opzanu3ayus KOHmpmep B TIPOIlECCE YIPABIEHUS PUCKaMHU. 3ajada MEHeKepa
PUCKOB COCTOMT B BBIIBICHHA U UACHTU(QUKAIIMA HCTOYHUKOB PHCKOB,
MPOTHBOPEYHH TPeOOBAaHUI XapaKTEPUCTHK M PECYPCOB UL UX PEajU3allid U B
NPEVIOKEHUH 33aKa34WKy U pa3pabOTUMKAM PAUUOHANLHBIX U  6O3ZMONCHBIX
KOoHmpmep, 00CCIICUNBAIONINX COKPAICHHE PHCKOB 10 IOMYCTHMBIX MPEICIIOB.
KonTpmeps! u1s1 cOKpallleHHs pUCKOB MOXHO Pa3AeuTh Ha TP THIIA:

- COKpalICHHE WA UCKIIOYCHHUE HEPEUYHBIX NPUUUH — Y2po3, Ne(PEKTOB U
OommOOK B KOMIIOHEHTaX W KOMIUIEKCE TMPOrpamMM, OOYCIIOBIICHHBIX
HEIOCTaTKaMH WX TIPOCKTHPOBAHMS, pPa3pabOTKH WM MOAM(UKAIINH,
OTpaXAIOMUXCA HAa pHUCKAaX (QYHKIHMOHAIHHOM  TNPHUTOTHOCTH  WIIH
XapaKTEPUCTUK KOMILIEKCOB MTPOTPaMM;
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- COKpalllcHHE WIN JINKBUAALWS YA36UMOCHU KOMIIOHEHTOB HPOTpaMM H
JaHHBIX TIPH BO3ACHCTBUM HA HUX YIpo3, AE(EKTOB U OMIMOOK, IMyTeM
BBE/ICHUS CPE/ICTB 3aIINUTHI U OJIOKUPOBAHUS X BO3MOKHOTO HETaTHBHOTO
BO3JCHCTBUS Ha PHUCKH (DYHKIHMOHWPOBAaHMS M TPUMEHEHHUS KOMILIEKCa
porpamm;

- HENOCPEICTBEHHOE U3MEHEHUE U COKPAILECHUE HOCIe0CH Ul NPOAGIEHUA
puckoé  (QYHKIMOHAJIBHOW TPHUIOJAHOCTH, IIyTEM HX OIEpPaTUBHOTO
oOHapy)XeHHMsT W JMKBUAALWM Yyllepba Ipu COXpaHEeHHH (BO3MOYKHO)
BBI3BIBAIOIINX X MIEPBUYHBIX NCTOYHMKOB M IPUUMUH.

KpynHele nporpaMMHble MHpPOEKTHI IOCTOSHHO YCIOXKHSIOTCS,, Pa3BUBAIOTCS U
MOIU(MUIMPYIOTCS, BCICACTBHE YEro BEChbMa 3aTPYIHUTENBHO pPACCMaTPHBAThH
MPOIYKT KaK eIMHOE CTaOMIBHOE IeJloe. B HEKOTOPBIX Cydasx MpoIecchl aHaIu3a
U COKpalICHUS PHCKOB MOTYT ObITh ymnpomieHs! [8]. [lns sToro menecooOpasHo
BBIICIIATH 1 KOHTPOJIUPOBATH TOJBKO OTAENbHBIE (2 — 3), HAUOOMBIINE [0 BETUINHE
MOCJI/ICTBUI ¥ 110 BEPOSITHOCTH MPOSIBJICHUS, PUCKU OTKJIOHEHHS OT TpeOOBaHUM, 1
MHHUMH3HMPOBATh BO3MOXKHBIH B pe3yibraTe ymepo s (yHKIHMOHAILHOM
[IPUTOJHOCTH CUCTEMBI.

B mpomeccax ycTpaHEHHs PHCKOB CIIOXKHBIX KOMIUIEKCOB IPOTPaMM, MOXKET
y4acTBOBaTh OOJBIIOE YHCIO CIEHHAINCTOB pA3JIMYHBIX HANpaBICHUH U
KBaJTH(UKAIMU, KOTOpHIE, IPH HEOOXOTUMOCTH, MOTYT OOBEAUHATHCS B CAyHCOy
CONPOGOICOEHUs U YRPABIEHUA KOHPUZypayuell npozpammnozo npooykma [4, 6,
10] (cranmapt 1SO 15846). CtpykTypa Takod Ciy»Obl 3aBHCHUT OT CJIIOKHOCTH W
(ha3pl pa3BUTHS NMPOEKTa, OT CTPYKTYPHI MPEINpPUATHS, OT €€ B3auMOJEHCTBHA C
3aKa34yMKOM M CyOmnoapsituMkamMu W OT psna Apyrux ¢axropoB. Heobxomumo
YCTaHOBUTh HOJHOMOYUA CHREYUAIUCMOE [l BBHIOJHEHUS KOHTPMEp W
U3MEHEHHH PHCKOB Ha Ka)K/IOM YPOBHE MPOEKTA.

Ocnosnoni 3adaueil ynpagnenus KoHuypayueil SBISETCS ITOKyMEHTAIBHOE
opopmieHre M obecredeHHEe IOTHONW HATJSAHOCTH BBIIOIHSIEMBIX H3MEHEHHH,
TEKyIIeH KOH(PUTYpAIlU IPOTPaMM U TaHHBIX U CTETIEHHU BBHITOJHEHHS TPeOOBaHMI
K UX (QYHKIIMOHATHHONW HPUTOJHOCTH M KOHCTPYKTHBHBIM XapaKTEpHUCTHKaM MpHU
COKpamleHHH pHUCKOB. J[lpyras 3ajgada 3akKIIO9aeTcss B TOM, YTOOBI BCE IHIIA,
paOoratonyie HaJ TPOEKTOM, B JIIO00OH MOMEHT €ro J>KM3HEHHOIO IHKJIa
UCIIONIb30BAJIM  JIOCTOBEPHYIO M TOYHYI0 HWH(OPMALMIO O BCEX EIMHHUIAX
KOH(QUTypauy NpOeKTa W HX B3aUMOJCHCTBHU. VI3MeHeHHMs KOHQUTyparuu
KOMILJIEKCA U €0 KOMIOHEHTOB NP COKPAILEHUH PUCKOB JOJDKHBI INIAHUPOBATHCS
U NpeyCMaTpUBaTh JEHCTBUS C YUETKHMU pa3eIaMu:

- nouemy W C KaKOH ILENbI0 TMPOM3BOIUTCS KOPPEKTHPOBKA MPOTPAMM HIIH
JAHHBIX;

- Kmo TICPCOHAJIBHO OICHMBACT PUCKHU ©W BBIIIOJIHACT KOHTPMEPHI,
CAaHKINUOHUPYCT U YTBECPKAACT IMPOBECACHUC M3MEHCHHM KOMILIEKCA WIN
KOMIIOHCHTOB,
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- Kakue NISHCTBUS U MIPOIEAYPHI JODKHBI OBITH BBITIOHEHBI TS peau3aliiy
M3MEHEHNH PUCKOB U KOH(HUTYpaLny;

- K020a 10 CPOKaM U B KOOpJAUHALMH, C KAKUMH IpyruMHU npouenypamu JKI{
CIIEyeT  pPeaJM30BaTh ONPENCICHHYI0O KOPPEKTHPOBKY pHCKOB U
KOH(UTypanuy KOMIIIEKCa IPOTpaMm;

- Kak 1 C HUCIOJIb30BAHUEM, KaKUX METOAOB, CPCACTB U PECCYPCOB IOJIKHBI
OBITh BBITIOJHEHBI 3alJITaHUPOBAHHBIC HM3MCHCHUA KOMIUICKCA MporpamMm Hn
KOMIIOHCHTOB.

J171s1 KOHKPETHOTO MPOEKTa JIOJKHBI OBITH ONpe/IeNieHbl U 3a()UKCUPOBAHbI HPAGUIA
ynpagnenue  Kouguzypayueil, = OOKYMEHMUPOGAHUA U  YMGEPIHCOCHUS
UHMEZPATbHO20  pucka  @epcuil, TPUMEHEHUs  aJMUHHCTPATUBHBIX U
TEXHOJIOTHYECKUX MPOLEAYP X MOHHUTOPHHIA HAa BCEM MPOTSIKEHUHU KM3HEHHOIO
LUKJIa IpOrpaMMHOro mpoxaykra. OpraHmsanys JOKYMEHTHPOBaHHMs JOJKHA OHpe-
JEATh CTPATeruro, CTaHAApThI, MPOLEXYpPBl, PACIpPeAeCHUE PECYpCOB M IUIAHBI
CO3[JaHUS, U3MECHEHMS M NPUMEHCHMS JOKYMEHTOB Ha NpOrpaMMbl M JaHHbIE. J{i1s
9TOrO B OOLIEM ClTydae JOJIKHBI OBITb BBIJEICHBI CHEUUATUCHIbL, KOTOPBIE 00s3aHbI
IUIAHUPOBaTh, YTBEP)KAATh, BBIMYCKaThb, pAacIpOCTPaHATh U  COIPOBOXKIAThH
KOMIUIEKTBl ~ YTBEP)KAEHHBIX  JOKyMEHTOB. OHM  JODKHBI  CTUMYJIMPOBAaTh
pa3paboTYNKOB MPOTPaMMHBIX  CPEJCTB, OCYIIECTBIIATh HeTIpephIBHOE,
pETNIaMEHTHPOBAaHHOE JOKYMEHTHPOBAaHHME IIPOLECCOB M pPe3ylabTaToB  CBOEH
JEATeIbHOCTH, a TaKXKe KOHTPOJIMPOBaTh IIOJHOTY U KaueCTBO YTBEPXKICHHOIO
UTOTOBOTO OTYETa IO Pe3ynbTaTaM COKpAIlEHUs M JHUKBUAALUH PHUCKOB
IPOTrPaMMHOTO MPOAYKTA.
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Risks of Design and Development of
Portable Software Products

V.V. Lipaev
lip@ispras.ru

Abstract. The paper introduces main notions and properties of risks of software complexes.
Factors and types of such risks are considered. Preparation of input data for analysis,
prediction, and reduction of complex software is discussed. Then the paper describes
discovering, identification, and analysis of threads and risks in complex software. Finally,
methods of http://www.multitran.ru/c/m.exe?a=110&t=22064 2_1&sc=0dangerous
risks reduction and removing, registration and approving acceptable integral risk of software
products are considered. BOAATCS OCHOBHBIE IOHSTHS M CBOWCTBA PUCKOB KOMILIEKCOB
MPOrpamMMm.

Keywords: software product, its quality and types of risks; defects of software, threads of
risks and their identification during software development and testing; registration, reduction
and removing complex software risks.
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PeweHune npobnembl NULL B 3anpocax K
pensunoHHou 6a3e AaHHbIX, UCMNOSb3YA
oneparopbl pensaumoHHoun anredpol A

U.B. Fnyoos.
ivan.bludov@gmail.com

AnHoTammsi. B omeparopax orpaHMYeHMs Tpe[UaraeTcs JIOTHYECKHE BBIPAKCHUS
HUHTEPIPETHPOBATh KaK PEIIUOHHBIE. TOYHEee, CUUTACTCS, YTO Ollepanys pPESSIIHOHHOTO
orpannuenus (R WHERE b) nax otHomeHnem R 10 HEKOTOPOMY JIOTHYECKOMY BBIPKEHUIO
b Moxker OwITh mpesncraBiena kak coeauHenne (R<AND>B) szamanHoro orHomieHust R ¢
PETSMOHHBIM BBIp@XKEHHEM B, MOIYYEHHBIM W3 HCXOIHOTO JIOTHYECKOTO BhIpaxeHHs b
3aMeHOl Jormdyeckux omepatopoB AND, OR u NOT Ha cOOTBETCTBYIOIINE pPEISALUOHHBIE
omeparopsl <AND>, <OR> u <NOT>. Torma mmsi HEKOTOPOTO KOpTEXa | OIpeneiuM
3HaUeHHue arpubyra A Kak OTHOLICHHE C OJHMM KOPTEKEM W OJHHM 3HAauCHHEM
unrepecyroero Hac arpubyra — RELATION<A>{{a}}. 3nauenue arpubyra, ykazaHHOE KaK
NULL, B kauecTBe 3HaUEHUE «HEH3BECTHO», ONpPENeIUM KaK OTHOIIEHHE C 3arOJIOBKOM U3
MHTEPECYIOIEro Hac aTpudyTa W TeJOM, COJEpKAallMM BCEBO3MOXKHBIE 3HAUCHHS THIIA
atpudyra A — RELATION<A>{...}. CpaBHeHHe 3HaueHH aTprOyTOB Ha PaBEHCTBO OyneT
BBITJBSIIETh KaK COEAWHEHHE TaKWX 3HAYeHHH aTpHOYTOB, MPEACTABICHHBIX OTHOIICHHUSIMH.
Koprex T, KOTOpbIi MOXKeT OBITH OMpEIEeNieH KaK JEeKapTOBOE MPOM3BEIEHHE BCEX CBOMX
aTpuOyTOB, OyAeT Temeps NPENCTAaBNATH OTHOmEeHHE Ry. McTuHHOCTH Takoro koprexa T,
HPEICTABICHHOTO OTHOLICHHEM Ry, MO 3aJaHHOMY JIOTMYECKOMY BBIPOXKEHHIO b, o3Hauaer
HCTHHHOCTh KBAaHTOpPa BCEOOIIHOCTH HaJ 3HAYCHHsAMU Ry MO BhIpaxkeHHIO D, 4TO B CBOIHO
odepep 03Ha4YaeT paBeHCTBO coequHeHus (Rt <AND> B)u Ry — (Rt <AND> B) = R;.

KuroueBble cioBa: persinuonHas monens naHHbix; NULL; orcyrcTByromas uH(opManus;
pensuonHas anredpa A.

1. BeedeHue

B ocHOBy maHHOW CTaThu Jierja W3BEYHas MpoOJeMa HECOCTOSITEIbHOCTH
TPEX3HAYHOU JIOTHKH, UCTIONb3yeMoi B SQL a1 moaaep KKk MexaHu3ma padoThl C
orcyrcTByronieid mHpopmarmeii. Kpucrodpep [eiit B pabore [1] mokaseiBaeT
HEBO3MOXXHOCTh MCIIOJL30BaHMUs N-3HAYHBIX JIOTHMKaX. B 4aCTHOCTH, OH KPUTHKYET
npemioxkeHabie Tamom KommoM TabiaHIlel HCTHHHOCTH 3JI€MEHTApHBIX JTOTHYECKIX
OMEepaToOpoOB TPEX3HAYHOM JIOTHKHU, HCHONb3yeMbix B SQL, a Ttakke apyrue
nonbiTk Komna BBeneHHWs TaONMII WCTHHHOCTH 3JCMEHTAPHBIX JIOTHYCCKHX
OMepaTopoB ISl YETHIPEX3HAYHON JIOTHKH. OcCHOBHas TpPUYHMHA TaKOW
HECOCTOSATECIFHOCTH N-3HAYHBIX JIOTHKAX COCTOMT B TOM, YTO MHOXECTBA TOXKICCTB
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Y IPOTUBOPEUHUH (BBIPAXKCHHS, BEIYUCISIEMBIX KaK UCMUHHA I 10J#Ch TIPH JFOOBIX
3HAYECHUSX OIEpPaH/), UCIOJIb3YEMBIX B Pa3HBIX JIOTHKAX, pa3iM4Hbl. B wactHOCTH,
ormrumm3atopbl  SQL-3ampocoB  TpaHC(HOPMHUPYIOT — BBIPAKEHHS, HCIONB3YS
HEKOPPEKTHOE, C TOYKH 3peHUS JABYX3HAUHOH JIOTMKH (peansHOro Mupa),
MHOXXECTBO TOXKASCTB M  IpoTUBOpeunid. B  pesymbrare dyero Takme
TpaHc()OPMHUPOBAHHBIE PEJSIHMOHHBIC BBIPAXKEHUsSI BO3BPAILAIOT HEKOPPEKTHHIE, C
TOYKH 3PEHUS PEabHOTO MUPA, PE3YJIbTATHI.

B kauecTBe OMHOrO TMpUMEpPa HECOCTOATENLHOCTH TPEX3HAYHOM JOTUKM B SQL
et npusoaut B [2],[3] cnemyrommii 3ampoc. JIiist 6a3sl JaHHBIX

IocraBmmku S Jderanu P
SNO* S CITY PNO* P CITY
S1 ‘London’ P1 NULL

«omyuuth mapsl SNO-PNO, 11d KOTOpBIX TOpoJa MOCTaBIIMKA M JeTaad
Pa3IMYHBI WM FOPOIOM JAeTand He sBisercs Ilapmwk (Jubo 00a 3TH yCIOBHA)Y.
[pemmoraercs ciemyromas «o4eBHIHAS (GOPMYIUPOBKA 3TOTO 3ampoca Ha S3BIKE
SQL»: SELECT S.SNO, P.PNO FROM S, P WHERE S.CITY <> P.CITY OR
P.CITY <> 'Paris'. B pe3ynprate aaxe BO3HUK crop Mexay Kiogom PyGuacOHOM
[4], ¢ onHoii croponsl, u Jeiitom[5] u Jxxonom I'panrom[6], ¢ mpyroii.

YT100BI MOAIEPKHYTH «BEYHOCTH) OMUCAHHOW MPOOIEME, MOXKHO MOBTOPHUTH MBICITH
Heiita 0 TOM, 4TO BpeMs OT BPEMEHHM JIOOM M3 coolOuiecTBa 0a3 JaHHBIX VIS
peLICHUS] OMUCAHHON MPOOJIEMBI IBITAIOTCSA NPUAYMATh KaKyr-HHOYAb K-3HaYHYyIO
JOTHMKY W ONPENeNHTbh JJIA Hee TaOJWIbl MCTHHHOCTH OCHOBHBIX OIEPAaTOPOB,
nomnajiasi mpd 3TOM B PacHpOCTPAHEHHYKO JIOBYLIKY. YUHTHIBas 3TO, TO €CTbh
OCTaBasCh B paMKax JIBYX3HAYHOM JIOTMKH, IPU HCCICIOBAHUM TNPOOIEMBI
OTCYTCTBYIOIICH HH(pOpMAUU 5 HAYMHAIO C MOHATHS HMCTUHHOCTH JIOTHYECKOTO
BBIPQKEHHE M TOTO, YeM, TI0 CYTH, SIBISETCS OTHOIICHHE — MHOYKECTBOM HCTHHHBIX
yrBeprkaeHuii [2], [3]. BeickasbiBaeTcst uiest 0 TOM, JJOTHUECKHE BBIPAKEHHUSI MOYKHO
paccMmarpuBarh Kak HOAMHOMXECTBO JPYroro Kiacca BBIPAXKEHUH — PeNISIHOHHBIX
BBIp@XEHHUI. B TO Bpemsi, Kak JIOTHUECKHE BBIPAKCHHS OMEPUPYIOT OJMHOYHBIMA
YTBEPIKACHUAMH, PEIIIIMOHHBIC BBIPAXKEHHUS OIEPUPYIOT MHOKECTBAMH TaKHUX
yTBepKACHUI. CIIONBb3yIOTCS OnepaTophl pesisiinoHHON anredpsl A [7], koTopsle,
1O CYTH, SBJSIOTCSA JIOTHYCCKMMH OINEPaTopaMH Hall MHOXECTBOM HCTHHHBIX
YTBEPXKACHUH, TO €CTh OTHOIICHUsMH. B Oonbliell yacTH cTaThbu pa3dupaercs
npuMep, KOTOpBIA MOKa3blBaeT, KaK MOXHO B OIEpaTope PpeSSILHOHHOTO
orpannyenus (R WHERE b) norudeckoe BeipaxkeHue b IpecTaBuTh pesisiiMOHHBIM
BBIDOKEHUEM, 3aMeHsst Jjormueckue omepatopel  OR, AND, NOT =Ha
COOTBETCTBYIOIIHE PEISIUOHHBIEC orepaTopsl aareopsr A <OR>, <AND>, <NOT>.
Janee u3BecTHOe 3HaueHHE aTpuOyTa A ompenensiercs, Kak OTHOLICHHE ¢ OTHUM
koprexxeM u uHrepecyromum 3HaueHneM (RELATION<A>{{a}}); NULL B
KauecTBe 3HaYCHHE HEH3BECTHO ONpPEIeNseTcs, KaKk OTHOLICHHE, COJepiKallhe Bce
BO3MOXHbIe 3HaueHus arpuOyra A (RELATION<A>{...}); koprex - Kak
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JIEKapTOBOE IIPOM3BEIEHHE BCEX CBOMX AaTpHOYTOB. OTO MO3BOJSET IONYyYUTH
YCTOMYMBOE pEIICHNE TPOOIEMBI OTCYTCTBYIOIEH MH(DOPMAITHIH.

2. [fpedcmaeneHue 102U4eCKO20 8bIPaXKeHuUs1 8 onepayuu
o2paHuUYeHUsl KaK pensiyuoOHHO20 8bIpaXKeHusl
2.1.

Paccmorpum omepanuto orpanmycHus Haa otHomeHneM REL WHERE P(gg), rioe
P(reL) — HEKOTOpOE JIOTHUECKOE BBIpRKCHHE Hal aTpuOyTamMu oTHommeHus REL.
Bynem paccmarpuBaTh TOJBKO HEKOTOPOE IOAMHOKECTBO U3 BCEX BO3MOXKHBIX
JIOTUYECKUX BBIPAXKEHUI: ycTh P(rgl) OMpeAenseTcs cleIyonmumM oopa3om:

<normueckoe BblpaxkeHne™>::= NOT <mormueckoe BbIpaKeHHE™ |
<norudeckoe BblpaxkeHne> AND <morumueckoe BbIpakeHHE™ |
<normdeckoe BblpaxkeHne™> OR <yormyeckoe BbIpakeHHE™ |
<JIOTMYECKOEe BBIPAKECHUE™> = <JIOTHYECKOE BBIPAKEHHE™ |

<JIOTHYECKOE BBIPAKEHHE™> <> <JIOTMYECKOE BEIPAKCHUE™ |

<cpaBHEHHE aTpuOyTa M KOHCTAHTHL> | <CpaBHCHHE [IByX aTpPHOYTOB> |
<JIOTMYeCKasi KOHCTaHTa>

OTMeTHM, 9TO MOXKHO OTIPEAETNTh ONEPaTOPBl CPABHEHUS JTOTMYECKUX BBIPAKESHHH:

A = B xak (A and B) or (not (A) and not (B));
A <> B kak (not(A) and B) or (A and not (B)).

Torxaa onpeznenenue P(rg ) MOXKHO CBEICHO A0 CJIEIYIOIIETO:
<mormueckoe BoIpaxeHue>::= NOT <mormueckoe BBIpaXKeHHE™ |

<normueckoe BblpaxkeHne> AND <mormueckoe BbIpakeHHE™ |

Q <joruueckoe BoIpaxkeHne> OR <jtorudeckoe BhIpaKECHUE™ |
<cpaBHeHHE aTpHOyTa M KOHCTAHTHI> |[<CpaBHEHHE JIByX aTpHOYyTOB>|
<JIOTMYECKas_KOHCTaHTa>

2.2.

3anunieM HEKOTOphle OOLIEH3BECTHBIE IIpaBWiIa NpeoOpa3oBaHMN B TEpPMHHAX
HOBOI1 PeNAIIMOHHON anreOps! A:

e XWHERE (aORb) =
(X WHERE a) UNION (X WHERE b) = (X WHERE a) <OR> (X WHERE b)
e XWHERE (a AND b) =
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(X WHERE a) INTERSECT (X WHERE b) = (X WHERE a) <AND> (X
WHERE b)

e  UsBectHo, uro moboe Beipaxkenume Buma (X WHERE b) moxer ObiTh
MPE/ICTABICHO, KaK COCJMHEHHE OTHOLICHUS X C HEKOTOPBIM IPYrUM
oTHONIeHWEeM B Takwm, 9To 3arosioBkw (THIBI) OTHOmeHWH X u B
OJIMHAKOBEBIC, a KOPTEXKU OTHOIICHUsA B mpencTaBiseT Bce BO3MOXKHBIC
UCTUHHBIE 3HAYCHUS JIOTUIECKOTO BRIPAKEHHUS D.

X WHERE b <=> X <AND> B.
e 3akoH Jle Moprana:
O  JUIA JIOTUYECKUX BBIPAXKECHUI:
NOT (a AND b) = NOT (a) OR NOT (b);
NOT (a OR b) = NOT (a) AND NOT (b);
O  JUIA PeNALUOHHBIX BHIPKCHH:
<NOT> (A <AND> B) = (<NOT> A) <OR> (<NOT>B);
<NOT> (A <OR> B) = (<NOT> A) <AND> (<NOT>B);
e  CBOHCTBO AUCTPUOYTHBHOCTH:
O  JUIA JIOTUY9ECKUX BBIPAKECHUI:
(a AND b) OR ¢ = (a OR ¢) AND (b OR c);
(2 OR b) AND ¢ = (a AND c) OR (b AND c);
O  JUIA PeNSIIMOHHBIX BBIPAKCHUH!
(A <AND> B) <OR> C = (A <OR> C) <AND> (B <OR> C);
(A <OR> B) <AND> C = (A <AND> C) <OR> (B <AND> C);

e X WHERE (NOT b) = X MINUS (X WHERE b) = X <AND> <NOT>(X
WHERE b) = X <AND> <NOT> (X <AND> B) = X <AND> ((<NOT>X)
<OR> (<NOT>B)) = (X <AND> <NOT>X) <OR> (X <AND> <NOT>B)
= X <AND> <NOT> B, nockoinbky (X <AND> <NOT> X) — myctoe
OTHOLICHHE.

2.3.

Vcnonb3ys HepedrcieHHbIC BhILIC MpaBuia (IIAaBHBIM 00pa3oM, mpaBwia miast X
WHERE (a OR b); X WHERE (a AND b); X WHERE (NOT b)) ans
npeobpasoBanusi ucxomHoro BoipakeHus REL WHERE P(rg), Mbl momyuum
PEINSILIMOHHOE BBIPAKEHHWE C COCOUHCHMSMH, IIEPECCUCHMSMH M OTPULAHUSIMH
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npocteix orpannuennii Buga REL WHERE P(Atr_i), REL WHERE P(Atr_i, Atr_j),
REL WHERE P(), T0 ecThb ¢ IPOCTHIMHU JIOTHYECKUMH BBIPaYKEHUSIMU BHIA:

<JIOTHYECKOE BBIpAKECHHE™::= <CpaBHEHHE aTpUOyTa M KOHCTAHTHL™ |
<cpaBHEHHE IBYX aTpUOYyTOB> |
<JIOTHYECKas KOHCTaHTa>

IIpuBenem npumep:

X WHERE ( NOT((A=B)=(B=b)) AND ( ( (C=c) AND FALSE) OR TRUE)) (2)

X <AND>

<NOT> (
( X WHERE (A=B) <AND> X WHERE (B=h) ) <OR> (3)
(X <AND> <NOT> (X WHERE (A=B)) <AND> <NOT> (X WHERE (B=h)))

)
<AND> ((X WHERE (C=c) <AND> X WHERE FALSE) <OR> X WHERE TRUE)

2.4,
Hanee npocteie orpannyenus Buga REL WHERE P(Atr i) Oyaem paccmarpuBaTh
kak coemuHeHne REL<AND>PAtr i, rme KopTexkm OTHommeHHs PAtr i

NpEICTaBIsieT BCE BO3MOXKHBIC HCTHHHBIC 3HAYCHHUS JIOTHMYECKOTO BBIPAKCHHUS
P(Atr_i):
e Cpasuenne arpubyta u koHcTaHTH: ( X WHERE A<cmp_op> const ) = (

X <AND> CONST)
e (Cpasuenne aByx arpuOyToB: ( X WHERE A<cmp op>B ) = ( X <AND>
AB)
e Jloruueckas KOHCTaHTa:
(X WHERE TRUE ) = ( X <AND> TABLE _DEE ) u
( X WHERE FALSE) = ( X <AND> TABLE_DUM )

Torna pensinnoHHOE BeIpaxkeHue (3) mpeoOpasyeTcs K ciIeayIoeMy BUIY:
X <AND>

<NOT>(
(X <AND> AB <AND> X <AND> B) <OR> (@)
( X <AND> <NOT> (X <AND> AB) <AND> <NOT> (X <AND> B) )
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)
<AND> ( (X <AND> C <AND> X <AND> TABLE_DUM) <OR> X <AND>
TABLE_DEE)

2.5.

Temnepb, korma y ucxoasoe otHorneane REL WHERE P(rg ) npencrtasieHo B Bune
(4), «sprTamm» (BbiHeceM 3a ckoOkW) KOHBIOHKT REL. To ecth mpencraBum
BeIpakeHue (4) B Buae coenmHerns REL ¢ BeIpakeHHWeM, HE COAEpKaIIuM
orHomenne REL. OtMernM, 9YTO 3TO BO3MOXHO U3-32 AUCTPUOYTHBHOCTH
omeparopoB <AND> u <OR>, a Tarke W3-3a TOTO, YTO PEIIIMOHHBIN OmepaTop
<NOT> (ucmone3yembiii B Bbipakenne X <AND> (<NOT> EXP)) xots u
BO3BpallaeT JU3BIOHKIINIO KOHBIOHKTOB, colIepkammx kak X, Tak u <NOT> X,
KOHBIOHKTBI ¢ <NOT> X cokpatriTcs, TMOCKOJIbKY KM Bcerja Oyaer
IIpeUIeCTBOBATh COeIUHEHHE C X.

Tornaa pessiiinoOHHOE BhIpakeHHUE (4) Mpeodpas3yeTcs K CACAYIOIEMY BUIY:

X <AND>

<NOT>(AB <AND> B <OR> <NOT> AB <AND> <NOT> B) (5)
<AND> (C <AND> TABLE_DUM <OR> TABLE_DEE))

Ecnu B cxoqHOM orpaHudeHud (2) MpeICcTaBUTh PABCHCTBO
(A=B) = (B=Db) xax ( ((A=B) AND (B=b)) OR (NOT (A=B) AND NOT (B=b)) ),

TO ITOJIYYUM BBIPDAKCHUC
X WHERE (NOT (((A=B) AND (B=b)) OR (NOT (A=B) AND NOT (B=h))) AND

(((C=c) AND FALSE) OR TRUE)) (6),

KOTOpO€ O4eHb Cx0Ke ¢ BhipaxeHueM (5):

X WHERE X <AND>
NOT ( <NOT>(

((A=B) AND (B=b)) AB <AND> B

OR <OR>

(NOT (A=B) AND NOT <NOT> AB <AND> <NOT> B

(B=b)) )

) <AND> (C <AND> TABLE_DUM
AND ( ( C=c) AND FALSE OR | <OR> TABLE_DEE))

TRUE)

Ha cxoxectu Boipaxkenuii (5) u (6), MOJYYEHHBIX B PE3yIbTaTe NPUBEICHHBIX
BEINIIE TMPeoOpa3oBaHMii, OCHOBaHA OJHA W3 TJIABHBIX HIEH ITaHHOW CTaThbU O
603MOMNCHOCMU UHMEPRPEMAUUU J102ZUHECKO20 BbIPAXHCEHUA KAK PeAUUOHHOZ0
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svipasicenus. To ecth omepaTop pemsiuuonHoro orpanuuenus (X WHERE b) ¢
HEKOTOPBIM JIOTHYECKAM BBIpakeHHeM D Buma (1) MokeT OBITH MpEACTaBIeH Kak
coenuHeHNEe X M HEKOTOPOTO PEISAIHOHHOTO BhIpaxeHus R, — X <AND> Ry, rae
PEJAIMOHHOE BBIpaXKeHHE Rp MOJTYYEHO W3 JIOTHYECKOTO BhIpakeHHs D 3ameHoit
normyeckux omeparopoB NOT, AND, OR Ha COOTBETCTBYIOIIWE PpEISINOHHBIC
onepatopbl <NOT>, <AND>, <OR>; cpaBHeHUs aTprOyTOB ¥ 3HAUECHUI/aTPHOYTOB
Ha OTHOIUCHMS, NPEACTABISAIONIMX JaHHbIE CpPaBHEHHMsS Ha  MHOXECTBE
BCEBO3MOXHBIX 3HaueHuH; Jorndeckux kKoHCTaHT TRUE u FALSE Ha oTtHOmeHus-
koHctantel TABLE DEE u TABLE DUM cootBerctBeHHo. Kpome Toro,
MOCKOJIbKY B pEISIIHOHHON anrebper A mo6oe orpannyenue (X WHERE b) moxer
OBITH IPE/CTAaBICHO KaK coeJnHEeHHWe X C HEKOTOPBIM OTHOLIEHWEM B, koptexu
KOTOPOTO TIPE/ICTABISIET BCE BO3MOXKHBIC WCTHHHBIC 3HAYCHHS JIOTHYECKOTO
BeIpaxkeHust b, mo moctpoenuio B siBusiercss pesynbraTtoMm BeramcieHus Ry Takum
obpazoMm, Ry, sABmsgercs QYHKIWH OTpaHWYCHHS HAJ BCEMH BO3MOXKHBIMU
3HadeHmIMHE X, a X <AND> R} sBnsiercss BEI30BOM 3TOW (DYHKIMH IS 3aJaHHOTO
3HAYCHUS OTHOIICHHUS X.

2.6.
BepHeMcs k BelpaskeHHIO (3) M NMYHKTY, JUIS KOTOPOTO BBINOJIHHUM IIOJCTaHOBKY
CJIEIYIOIIETO BUJA:

e  (CpaBHeHHe aTpUOyTa U KOHCTAHTHI:

( X WHERE A<cmp_op>const ) = ( X <AND> X{A} <AND> CONST)
e (CpaBHeHHE IBYX aTpHOYTOB:

(X WHERE A<cmp_op>B ) = ( X <AND> X{A,B} <AND> AB)
o Jlormdyeckas KOHCTAHTA:

(X WHERE TRUE ) = ( X <AND> TABLE_DEE) u

( X WHERE FALSE) = ( X <AND> TABLE_DUM)

ITonyuum:
X <AND>
<NOT>(
(X WHERE (A=B) <AND> X WHERE (B=b) ) <OR>
( X <AND> <NOT> (X WHERE (A=B) ) <AND> <NOT> (X WHERE (B=h)))

)
<AND> ( (X WHERE (C=c) <AND> X WHERE FALSE) <OR> X WHERE TRUE )

X <AND>
<NOT>(
(X <AND> X{A,B} <AND> AB <AND> X <AND> X{B}<AND> B) <OR>
(X <AND> <NOT> (X <AND> X{A,B} <AND> AB) <AND> <NOT> (X <AND>
X{B} <AND> B))
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)
<AND> ( (X <AND> C <AND> X <AND> TABLE_DUM) <OR> X <AND>
TABLE_DEE)

Han mosrydeHHBIM BEIpaKEHUEM BHOBb «BBITALINM» KOHBIOHKT X:
X <AND>

<NOT>(
(X <AND> X{A,B} <AND> AB <AND> X <AND> X{B}<AND> B) <OR>

(X <AND> <NOT> (X <AND> X{A,B} <AND> AB) <AND> <NOT> (X <AND>
X{B} <AND> B))

)

<AND> ( (X <AND> C <AND> X <AND> TABLE_DUM) <OR> X <AND>
TABLE_DEE)

X <AND>
<NOT>(
((X{A,B} <AND> AB )<AND>(X{B}<AND> B)) <OR>
(KNOT> (X{A,B} <AND> AB) <AND> <NOT> (X{B} <AND> B)) (7)

)
<AND> (C <AND> TABLE_DUM <OR> TABLE_DEE)

Takum oOpaszom, BblpakeHue (7) B cpaBHEHMHM C BbIpaxeHue (5), oTdacTH yxe
COJIEP’KHUT BBI30B (DYHKIMH OrpaHndeHus. To ecTb eciu
<NOT> (AB <AND> B <OR> <NOT> AB <AND> <NOT> B)

<AND> (C <AND> TABLE_DUM <OR> TABLE_DEE)) -

(hyHKIHS orpaHUYEHUS B 00IIeM BUJIE, TOTAa
<NOT>(

((X{A,B} <AND> AB )<AND>(X{B}<AND> B)) <OR>
(SNOT> (X{A,B} <AND> AB) <AND> <NOT> (X{B} <AND> B))

)
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<AND> (C <AND> TABLE_DUM <OR> TABLE_DEE)

YK€ OTYACTH COIEPKUT BBI30B 00IIel (pyHKIMH OTpaHHUYCHUS C HHTEPECYIOMNMHU
HAac 3HAYCHHUSIMH, ¥ MOXET OBITh PAacCMOTPEH KaK YacTHBIM ciaydail (yHKIHH
OTpaHWIEHHUS.

2.7.

BepHemcss k paccMoTpenuto omepanuto orpanmdeHns REL WHERE  P(gg).
Otnomenne REL MokeT OBITh MpPEICTABICHO KaK OOBEAMHCHHE MHOXXECTBA BCEX
CBOMX KOPTEXEH, TOUHEee KaKk 00beIMHEHNE OTHOIICHHUH, COACPIKAIINX TOJIBKO OJUH
koptex u3 REL, nnst kaxxnoro koprexxa u3z REL.
(UN I ON(RTUP|611 RTupIer .. 'aRTupIe_N))WH ERE (<OR>(RTUD|817 RTupIeZa .. ~aRTupIe_N))
P(reL) <AND> Pgg,
Hcnonb3yst CBOMCTBO TUCTPHOYTUBHOCTH OMEpAllMii OrpaHHUYCHUS U OOBCIUHCHHUS,
MOy IHM

UNION( <OR>(

Rruptet WHERE P(reL), Rrypter SAND> Pgg,
Rruptez WHERE P(reL), Rrypiez SAND> Pgeg,
Rruptle N WHERE P(reL)) Rruptle N <AND> Pgey)

OueBuyuo, uto orpaHuueHue Rryype k WHERE P(re) ( Rrype k <AND> Pgg )
BO3BpaIaere JIMOO MyCTOE OTHOIIEHHE, €CIH YCIOBHE JIOKHO; U0 6X00HOe
omnowenue, ecau ycaosue ucmunno. (IIpumeuanue: B nanbHelImeM OyaeMm
HA3bIBATh OTHOLICHUS BUIA Rryple k — OMHOWEHUSMU-KOpMEdICAMU)

2.8.

Teneppr npHMeHMM OTrpaHWYEHHMsT W3 TyHKTa 2.6, TOe CpaBHEHHUS aTpuoyT
NpeJ/ICTaBIICHBI KaK:
e (CpaBHeHue aTpubOyTa M KOHCTAHTHI:
( X WHERE A<cmp_op>const ) = ( X <AND> X{A} <AND> CONST)
e (CpaBHEeHHE IBYX aTpHUOYT:
( X WHERE A<cmp_op>B ) = ( X <AND> X{A,B} <AND> AB)
WHJMBUYallbHO K OTHOLIEHUAM-KOPTEX)aM Xtyple K (RTumeiK n3 nmyHkra 3.7).

Takum o6pasom, npoekiuu BuAa Xty k{A} JagyT OTHOIIEHHE C OJHHMM
KOPTEXXeM, ColepkaliuM oaHO 3HadeHue mis atpubyra A — RELATION<A>{{A
a}} (mpumeuanue: B panmpHeilieM OyneM Has3blBaTh TaKHe OTHOILCHUS —
omuowenuamu-3uavenusmu). Ilpoexumn Xrqype k{A, B}, mockombky Xryyple k
COJICP)KUT TOJBKO OJMH KOPTEX, MOXHO paccMaTpuBaTh KaKk COCAMHEHHE TaKUX
oTHoMeHNH-3HaueHUH Xryple k{A} SAND> Xrype k{B}.

Tenepb cpaBHEHUsI aTPUOYTOB OYIyT BBITIISIACTH CISAYIONTUM 00Pa3oM.
e CpaBHeHHe aTpUOyTa U KOHCTAHTBI:

191



Xruple k. WHERE  A<cmp_op>const = Xrype k  <AND> Xy k{A}

<AND> CONST

e (CpaBHeHHE ABYX aTpUOYT:

Xrupte k WHERE A<cmp_op>B = Xrypie k SAND> Xrypie k{A} <AND> AB
<AND> XTupIe_K{B}
Ecrm  BepHyTBCS OT aOCTpakTHBIX OTHOomeHHMH A wu AB, conmepxkamux
BCEBO3MOXXHBIC 3HAYEHUS, MCIONB3YEMBIX B OIPENECICHUS CPaBHEHHH aTpuOyTOB,
TOTZla CpaBHEHHWE HECYT CMBICT SKBHUCOCIWHEHHS HaJ BXOIHBIMH OTHOIICHHSIMH-
3HAYCHUSIMH (OTHUILEM C TpHBJICYeHHEM TepMUHOB SQL):

e CpaBHeHue aTpuOyTa U KOHCTAHTBIL:
Xruple k WHERE A<cmp_op>const =
Xruple k. SAND>  (Xrypie k{A} JOIN RELATION<CONST>{{const}} ON
(A<cmp_op>CONST)){A}

e CpaBHcHHE JABYX aTpUOYT:
Xruple k WHERE A<cmp_op>B =
Xruple k SAND> (Xrypie k{A} JOIN Xrypie k{B} ON (A<cmp_op>B))
Koneuno, mHOorma MoxeT OBITh ym00HO st orpaHuueHus Xyype k. WHERE
A<cmp_op>B wucnonp3oBaTh OTpHULAHHE OT OOPATHOTO OmNepaTopa CpaBHEHHUS
Xtuple k WHERE NOT(A<inverse_cmp_op>B). KoTopblii MOXHO yIPOCTUTB:
Xruple k WHERE A<cmp_op>B =

Xruple Kk WHERE NOT (A<inverse_cmp_op>B) =
Xruple k <AND>  <NOT> ( Xrype k {A} <AND> <INVERSE_AB> <AND>
XTupIe_K {B})

2.9.

Bce onmcanHbIe BbINIE YTBEP)KICHNUS BEPHBI I pessiiuoHHON Moaemu 6e3 NULL.
Teneps xe BBeaeM NULL u nokaxem onepanuy CpaBHEHUsI HaJl HUMH.

OcHOBHas uaes COCTOMT B TOM, 4ToObl paccmatpuBaTh NULL s HekoToporo
atpubyta AynknowNn, B CIydae 3Hau€HHE HE W3BECTHO (3HAUYEHHWE HE OMpEaelieHO,
3Haue€HHWE HE JIOCTOBEpHO, 3HAUEHWE HE TPEJOCTaBICHO), KaK OTHONICHHE C
3ar0JIOBKOM, COJIEpXKAIllUM TOJBKO HWHTEPECYIOIMUNA Hac aTtpudyT Aynknown, H
TEJIOM, COZEPKAIIUM BCEBO3MOXKHBIMY 3HAYSHUSIMU TSI 33JIAHHOTO THIA aTpuOyTa
Aunknown. Boree TouHo, Hac B Ooibiueil Mepe MHTEpecyeT MpoeKuHs Xryple k 1
Aunknown | #3 myHKTa 2.8, TO ecTh pe3yiNbTaTOM TakoW IPOEKIUH OyneT
OTHOIIICHHE C 3arojIOBKOM M3 aTpuOyTa Ay nknowN, B TEJIOM CO BCEBO3MOXKHBIMH
3HAYCHUSAMH JUIS THIIA aTPUOYTa AynKNOWN-

Yro xacaercs NULL mist atpubyra Ana, B KadyecTBe 3HAYEHHE HEIOMYyCTHMO
(3HaueHHWE HE CYIIECTBYET, 3HAUCHHUEM SIBIISCTCS ITyCTOE MHOKECTBO), W3HAYAIHHO
TUIAHUPOBAJIOCH OMPEICIIUTh €T0 KaK MyCTOE OTHOIICHHE C 3ar0JIOBKOM U3 aTpuOyTa
Ana, OJTHAKO, KaK OKa3aJOCh TAKOC MOBEICHHE HE BCETJa BEPHO, W JaXKE MOMKET
OBITh yHpOIICHO. PaccMOTpUM €ro 4yTh MO3Ke.
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2.10.

C Beenenuem NULL, B cioydae 3HaueHHE HE W3BECTHO, OTHOLIEHHME Xtyple K
W3HAYAIBHO COACPKABIIHMNA TOJIBKO OJMH KOPTEXK, TEIEPh KE COACPIKUT MHOKECTBO
KOpPTEKEH, KOTOPOE MOJIYYHIOCh KaK JEKapTOBOC MPOU3BEACHUE CBOUX aTPUOYTOB.
Orpannuenue Xryple k WHERE P(reL), Kak roBopuiiocs B ImyHKTe 3.7 «6036pawyaeme
6X00HOEe OMHOWEeHUe, ecly YCI08Ue UCMUHHOY», TPUHAMAET CMBICT UCTHHHOCTH
KBAaHTOPa BCEOOIIHOCTH JUIS OTHOIICHUS Xryple k HaJ BbIpakeHHeM P(gg ). To ecth
ecn pe3ynbTaT Xryple k WHERE P(reL) paBeH HCXOTHOMY OTHOIICHHIO Xryple Kk, 3TO
O3HAYaeT WCTHHHOCTH KBAHTOpa BCEOOMIHOCTH, W TOTOMy KopTek Tuple K wu3
orHomennss REL (cm. myskt VII), moGaBusercss B pesynsTar orpanmdyeHne REL
WHERE P(geL).

3. lMpumepnbl

PaccmorpuM mpuBeneHHBI BO BBeJAeHMU Tpumep Jlelra, mNoKa3bIBarOIIUI
HECOCTOSITENIbHOCTh TPEX3HauHOM Joruku B SQL.

ITocTaBIIMKM U JeTaJH

IMocraBuuku S Heranu P
SNO* S CITY PNO* P_CITY
S1 ‘London’ P1 NULL
3anpoc

SELECT S.SNO, P.PNO FROM S, P
WHERE S.CITY <> P.CITY OR P.CITY <> ’Paris’

IpencraBum coenunenue koprexeit S u P kak ornomenne TUPLE_S JOIN_P, n
Jaee OyJeM MCIIOIb30BaTh ONEPaTOPhI PENSIIIMOHHON anreOpshl, a He SQL.

TUPLE_S_JOIN_P WHERE (S_CITY<>P_CITY) OR (P_CITY<>'Paris’)

TUPLE_S_JOIN_P <AND>

(<NOT> ((TUPLE_S_JOIN_P {S _CITY} RENAME S_CITY AS P_CITY)
<AND> TUPLE_S_JOIN_P {P_CITY})

<OR>

<NOT> (TUPLE_S_JOIN_P {P_CITY} <AND> RELATION< P_CITY>
{{‘Paris’} }))

(cm. TIpeoGpaszoBanue 3)
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Boinosaum noacraHoBky 3HaueHuii P_CITY

3.1. 3Hau4eHune P_CITY onpegeneHo
Otnomenune TUPLE_S JOIN_P:

SNO S_CITY PNO P_CITY

S1 ‘London’ P1 ‘Paris’

TUPLE_S JOIN_P =
RELATION<SNO> {{S1}} <AND> RELATION<S_CITY> {{‘London’}} <AND>
REALTION {{P1}} <AND> RELATION<P_CITY>{{ Paris’}}

TUPLE_S_JOIN_P WHERE (S_CITY<>P_CITY) OR (P_CITY<>’Paris’)

TUPLE_S_JOIN_P <AND>

(<NOT>(RELATION<P_ CITY>{{‘London’}} <AND> RELATION<
P CITY>{{‘Paris’}})

<OR>

<NOT>( RELATION<P_CITY>{{Paris’} } <AND>
RELATION<P_CITY>{{‘Paris’}}))

TUPLE_S_JOIN_P <AND>

(<NOT> RELATION<P_CITY>{} <OR>
<NOT>RELATION<P_CITY>{{*Paris’}})

TUPLE_S_JOIN_P <AND>

(RELATION<P CITY>{...} <OR> RELATION<P CITY>{.../{Paris’}})

rie  RELATION< P CITY>{...} o03HagaeT OTHOIIEHHE, COAEpKaIee
BceBo3MOxHBIE KopTexH; a RELATION<P CITY>{.../{‘Paris’}} o3Hauaer
OTHOIIICHHE, COJAEpKallee BCEBO3MOXKHBIE KOPTEXHM 3a HCKIIOYCHHEM KOpTeka
{‘Paris’}

TUPLE_S JOIN_P <AND> RELATION<P_CITY>{...}

OueBHIHO, 4YTO  PACCMOTPEHHOE  OrpaHUYEHHE  BEPHET  OTHOIICHHE
TUPLE_S_JOIN_P, gto Gyner o3Ha4aTh HCTHHHOCTH KBAHTOPA BCEOOIIHOCTH — TO
ectb i Bcex koprexkei otHomenms TUPLE_S JOIN_P BepHO BeIpaskeHme
(S_CITY <> P_CITY OR P_CITY <> ’Paris’)
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3.2. 3HayeHue P_CITY HeonpepeneHHO
Otnomenune TUPLE_S JOIN_P:

SNO S_CITY PNO P_CITY

S1 ‘London’ P1 UNKNOWN

TUPLE_S_JOIN_P =
RELATION<SNO> {{S1}} <AND> RELATION<S CITY> {{ London’}} <AND>
REALTION {{P1}} <AND> RELATION<P CITY>{...}

TUPLE_S_JOIN_P <AND>
( <NOT>(RELATION< P _CITY>{{‘London’ 1 <AND>
RELATION<P_CITY>{...})

<OR>

<NOT>( RELATION<P_CITY>{...} <AND> RELATION<P CITY>{{‘Paris’}}))

TUPLE_S_JOIN_P <AND>
(<NOT> RELATION<P_CITY>{{‘London’}} <OR>
<NOT>RELATION<P_CITY>{{‘Paris’}})

TUPLE_S_JOIN_P <AND>
(RELATION<P CITY>{.../’London’} <OR>
RELATION<P CITY>{.../{*Paris’}})

RELATION<SNO, S CITY, PNO, P_CITY>{{S1, ’London’, P1, ...}} <AND>
RELATION<P_CITY>{...}

[JanHoe orpanmuyenue Ttakxke BepHer orHomenue TUPLE_S_JOIN_P, To ecrts
HCTHHHOCTh KBaHTOpa BceoOmHoctr i 3Hadennii RELATION<SNO, S_CITY,
PNO, P_CITY>{{S1, "London’, P1, ...}} Hax Beipaxxeanem (S_CITY <> P_CITY
OR P _CITY <> ’Paris’)

3.3. 3HayeHue P_CITY HeponycTumO
Otromrenne TUPLE_S_JOIN_P:

SNO S_CITY PNO P_CITY

S1 ‘London’ P1 N/A

Kak Obuio ynomsinyro panee B myHkre 2.10, H3Ha4aibHO IUIAHUPOBAJIOCH
onpenenuth NULL, B KauecTBe 3HaU€HHUE HEJOIYCTUMO, KaK IyCTOE OTHOILICHHE, C
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3aroJIOBKOM COOTBETCTBYIOIIETO aTpuOyTa. IIoCKONBKY CpaBHEHHE Ha PaBEHCTBO
aTpuOyTOB IIPEACTABISIETCS] KAK COCAMHEHUE OMHOWEHUL-3HAYeH Ul CPABHUBACMBIX
aTpuOYTOB, a COEAMHEHHE C ITyCTHIM OTHOIICHHWEM BCEr/a 1acT ITyCTOEC OTHOLICHHUE,
YTO oO3Hadanmo Obl J0Xkb. OJHAKO CpaBHEHHWE 3HAYCHUS IBYX aTpUOYTOB C
HEJOMyCTUMBIM 3HAYCHHWEM, TOXKE JAacT IyCTOE OTHOLICHHE, XOTS OXKHAANIACh
uctuHa. Kpome Ttoro, He oueBugHo kak mpencrasisite TUPLE S JOIN P.
Mockomeky TUPLE S JOIN P = RELATION<SNO> {{S1}} <AND>
RELATION<S CITY> {{‘London’}} <AND> REALTION {{P1}} <AND>
RELATION<P_CITY>{}, ecrecTBeHHO JacT IyCTO€ OTHOIICHHE, a JJS MYCTOTO
OTHOIIECHHUSA KBAaHTOP BCEOOIIHOCTH BCEr/a MCTUHEH, JJaXKe €CIIH YCIOBHE JIOXKHO.
Opnako B jaeiictButenbHOCTH ciaydail NULL, kak 3HaYeHUE HEAOMYCTHMO, Ooee
BBIpOXKAEHHBIM, ueMm caydail NULL, kak 3HadeHHEe HEU3BECTHO, IOCKOJIbKY
BO3BpAIacT UCTUHY, TOJIBKO ecii 00a 3HaYeHUs HeJOIMyCcTUMBI. [loToMy pe3ymbrar
€ro CpaBHEHHE MOXET OBITh NMPOCTO MPEICTABIICH JIOTHYECKUMHI KOHCTAHTAMH, WIH
ke TABLE DEE u TABLE DUM, ecnu MBI paboTaeM ¢ oTHomeHusAMu. Ocraercs
OTKpBITHIM BoMpoc u3 myHkra 2.10, kak onpeaenuTs 100aBisaTh U koptex Tuple K
u3 otHoureHust REL B pesynbrat orpanndenne REL WHERE P(rg ), rie paBeHCTBO
OTHOLIEHUS Xrypie k ¥ OrpaHudeHus Xyyple k WHERE P(re ) 03HauaeT uctTuHHOCTH
KBAaHTOPA BCEOOLIHOCTH JJd OTHOLIEHUA-KOpTEkXa Xryple k. VICTUHHOCTB ke
KBaHTOpa BceoOumHocTy B ciydae NULL, 3HaueHHe HEZOMyCTUMO, MpeAsiaraercs
BBECTH KaK HMCTHHHOCTb PaBeHCTBO HpoeKuuH (Xrype k ALL BUT (Awa...)) n
OrpaHUYCHUA (XTupIe_K ALL BUT (ANA: ) WHERE P(REL))-

Tak pesynbrar (TUPLE_S_JOIN_P {S_CITY} RENAME S_CITY AS P_CITY)
<AND> TUPLE_S JOIN_P {P _CITY} onpenenum kax TABLE DUM, pe3ynbrar
(TUPLE_S_JOIN_P {P _CITY} <AND> RELATION< P _CITY> {{‘Paris’}})
takxe onpenenuM kak TABLE DUM. Torna

(TUPLE_S_JOIN_P ALL BUT P_CITY) <AND>
(<NOT>TABLE_DEE <OR> <NOT>TABLE_DUM)

(TUPLE_S_JOIN_P ALL BUT P_CITY) <AND> TABLE_DEE

(TUPLE_S JOIN_P ALL BUT P_CITY)
O‘JCBHHHO YTO, KBAHTOP BC€06IIIHOCTI/I HCTHUHCH.

(cMm. ITpumepsr)

4. CMexXHble eonpochbl

4.1. CpaBHeHus aTpmbyTa Ha paBeHCTBO bonbluie/MeHbLue

PaccMoTpuM  BOMpOCHI CpaBHEHHsi aTpuOyTa W KOHCTAHTHI Ha PaBEHCTBO
6onbmie/mMenbire. M3 myHkra 2.8 omepaTopsl CpaBHEHHS aTprOyTa W KOHCTAHTHI
OIIpEeJIeTICHBI CIIEYIOINM 00pa3oM:
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Xrupte k. WHERE  A<cmp_op>const = Xrypie k. <AND> Xy k{A} <AND>
CONST, niu xe

Xruple k WHERE A<cmp_op>const =

XTupIe k <AND> (XTupIe K{A} JOIN RELAT|ON<CONST>{{C0nSt}} ON
(A<cmp_op>CONST)){A}

IIycte aTpudyT A mmeer tun T, AL KOTOPOTO OIPENENICHBI OIEePAaluy CPAaBHEHUS
Ha Oompme/MeHbuie. Ilo ompeneneHnio Kakablii THI ONpPEAETsieT MHOXKECTBOM
3HAUYeHWH, TPHHAANCKANMX JaHHOMY Tumy. Ormnepanus OrpaHWYEHHS B
penanuoHHON anrebpe A mnpeamonaraer cymectBoBaHue oTHomeHuss CONST,
KOpTe)XKaMU KOTOPOTO SABISIOTCS BCE 3HAUEHUS T, yIOBIETBOPSIOIIUE YCIOBUIO
t<cmp>const. Pesynbratom coenunenue Xrypie k{A} <AND> CONST, nockoisbky
Xtuple k{A} IpencTaBIseT OTHOLICHHE C BCEBO3MOXKHBIMHU 3HAUYCHHSAMH HaJ THIIOM
T, oueBunno Oynet orHomenne CONST.

3anpoc 1
Rel:
A REAL

UNKNOWN

Rel WHERE A>3 OR A<4 =

Rel <AND> ( (Rel{A} <AND> REAL>3) <OR> (Rel{A} <AND> REAL<))
rae REAL .3 o3Hagaer otaomnienne RELATION<A REAL>{A|A>3}

Rel <AND> (RELATION<A>{...} <AND> REAL>3
)<OR>(RELATION<A>{...}<AND>REAL,)

Rel <AND> (REALA>;<OR> REALs;) =
Rel <AND> REALITON<A > {...}

KBaHTOp BCEOOUTHOCTH NCTHHEH.

3anpoc 2

TYPE REAL_1 TO_10 IS REAL CONSTRAINT R>=1 AND R<=10;
Rel:

AREAL_1 TO_10
UNKNOWN

Rel WHERE A>0 =
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Rel <AND> Rel{A} <AND> REAL sy =
Rel <AND> RELATION<A REAL 1 TO_10>{...} <AND> REAL pso=
Rel <AND> RELATION<A REAL_1_TO_10>{...}

KBaHTOp BCEOOIHOCTH NCTHHEH

4.2. CpaBHeHMe ABYX HeonpeAenéHHbIX 3HaYeHUN

PaccmoTpuM cpaBHeHHE JBYX HEOIpeeNEHHbIX 3HaueHHH. OueBHIHO, YTO
CpaBHEHUsI IBYX aTpHOYTOB, ONIMCAHHBIX B IyHKTE 2.8 Kak:

Xtuple k. WHERE A<cmp_op>B = Xyypie k <AND> Xpype k{A} <AND> AB
<AND> xTupIe_K{B}v

HJIN XKC

XTupIe_K WHERE A<Cmp_op>B = XTupIe_K <AND> (XTupIe_K{A} JOIN XTupIe_K{B}
ON (A<cmp_op>B)),

B ciyuae, xorma aTpuOyThl IPEICTABICHBI HEOMPEICIEHHBIM 3HAYEHUEM, TP OCKIINU
Xruple k 1A} U Xqyple k{B} NPECTaBIAIOT MHOXKECTBO BCEBO3MOKHBIX 3HAUYEHUIH,
TOTZIa BO3HHUKACT CJIOKHOCTh B MPEICTABICHUM OTHOIICHUs AB, He roBops o
BBIYUCITUTEIBHBIX CIOXKHOCTSIX. [IOCKONIbKY HaAM K TOMY JK€ CIEIyeT MpPOBEPSATH
HUCTHHHOCTh KBAHTOPA BCEOOITHOCTH: «KaXKIBIH YSIIOBEK BBIIIE JIFOOOTO APYroro» —
TO TPEAIOJaracTcs, YTO TAKOE CPABHEHHE HEOMPEICIEHHBIX 3HAYCHHUN aTpUOYyTOB
Oyzet noxb0. To ectb coenuneHus: (Xrypie k{A} <AND> AB <AND> Xrype {B})
w ke (Xryple k{A} JOIN Xrypie k{B} ON (A<cmp_op>B)) — Oyxyr BO3Bpamarh
nycTbie oTHOIIeH!s. KOHEUHO, 3TO He MO3BOJIHUT MOKa3aTh HCTUHHOCTh BBIPAXKEHUS:
«Bce mubo BbIlle APYrux, JUOO HUKE IPYrUX, JUO0 OJMHOKOTO poctay. Takxke
clielyeT MOMHHTh O THUNAX aTPHOYTOB, MOCKOJBbKY HEONpEACIEHHbIE 3HAYCHHUS
OTPEICTSIOTCSI KAK MHOXKECTBO BCEBO3MOXHBIX 3HAUEHHI HAJ| 33J]AHHBIM THIIOM:
TaK OYEBHJHO, YTO KAKOH-TMOO YENOBEK BBINIE, CKAXKEM, K NPUMEPY, KOTro-imubo
MypaBbsi.

Taxoke BBICKa3bIBAETCS WJEs, YTO MPH JT0OABJICHUW HEOTPEACIEHHOTO 3HAYCHHS B
0a3y J[JaHHBIX, B CHCTEME aBTOMATHYCCKH BBOJUTCS HEKHH YHUKAIbHBINA
UICHTU(QHUKATOP MJII HOBOTO HEOINPEISIIEHHOTO 3HAdeHHUs. Toraa CTaHOBHTCS
BO3MOJKHEIM CPaBHEHHUE HEOIPEJCIICHHOTO 3HAYCHHS C CaMUM COOOM, YTO JaeT
uctuHy. bonee TOro, eciim Takoe COOTHONICHHE YHUKAIFHOTO HICHTH(UKATOpA U
HEOIPEeIeNEHHOTO 3HAYCHHUS CYIIECTBYET, TOTAa CHCTeMa 0a3bl JTaHHBIX CMOXET
BCET/Ia OTCJIEKNBATH MUTPAIMIO TAKOTO HEOTPEJEIICHHOTO 3HAYEHUS, U BBITIOJIHATh
KOPPEKTHOE CpaBHUBAHHUE UX, JAKE €CIIM OHU HAXOATCS B PA3HBIX OTHOIICHHSX.

5. 3aknroyeHue

B naHHOW crarthbe s MOMBITANCS JOKa3aTh, uto orpannuennu (R WHERE B)
HEKOTOPOTO OTHOMICHHS R 1O JIOTHYECKOMY BBIPAXKCHHIO b MOXKET OBITh 3aluCaHO

198



kKak coenuHeHne R<AND>B, rme B pensiioHHOe BbIpaX€HUE, IMOJICUCHHOE W3
JIOTUIECKOT0 BhIpaXeHHs b 3aMeHOH, jorndeckux omepatopoB AND, OR, NOT nHa
COOTBETCTBYIOIINE OIEPATOPHl HOBOW pEISAIHMOHHON anreoper <AND>, <OR>,
<NOT>, a cpaBHeHHE aTpHOYTOB, MPEACTABICHHBIX OTHOIICHUEM, IIPEIICTABIIACTCS
skBUcoeauHeHueM. Toraa g onpexnensito NULL, B kauecTBe 3HaUu€HHE HEU3BECTHO,
KaK OTHOILICHHE CO BCEBO3MOXKHBIMHM 3HAYCHUSIMH HaJ COOTBETCTBYIOIIUM THIIOM
atpubyrta. Koprexxa T u3 R, comepkamiero Heomnpenesl€HHOE 3HAUYEHHE JUIS
HEKOTOpOro artpulyTa, NpPEJCTaBISETCS Kak JeKapTOBOE IPOU3BEICHHE CBOUX
aTpuOyToB — Ry. MICTMHHOCTH Takoro Koprexa 1, HPEeICTaBICHHOIO OTHOIICHHEM
Ry, MO 3a1aHHOMY JIOTHYECKOMY BBIPQXCHHIO D, 03HAa4aeT MCTHHHOCTH KBaHTOpA
BCCOOIIHOCTH HAJ 3HAYCHUSIMH Ry Mo BbIpakeHHIO D, 9TO O3HAYaeT PaBEHCTBO
coenunenust (Rt <AND> B) u Ry. Takxke st paccMOTpen HEKOTOPbIC MPAKTUYECKUE
BOIIPOCHI CPaBHCHUS HEOIPENEIEHHOTO 3HAYCHHS aTpHOyTa, MPENCTaBICHHOTO
OTHOIIICHHEM CO BCEBO3MOKHBIMHU 3HAYCHHUAMHU.
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Solving NULL issue in queries to a relational database
using the operators of relational algebra A.

lvan. V. Bludov
ivan.bludov@gmail.com

Annotation. Suggest interpreting logical expressions in the relational restriction operator as
relational expressions. To be more precise, the relational restriction operator (R WHERE b)
over the relation R on some logical expression b can be represented as join (R<AND>B) of
given relation R and relational expression B, which is derived from original logical
expression b replacing of logical operators AND, OR, NOT for corresponding relational
operators <AND>, <OR>, <NOT>. Then for some tuple T we define a value of attribute A as
the relation with the single tuple with the single value of concerned attribute —
RELATION<A> {{a}}. The value of attribute marked as NULL meaning the unknown value
we define as the relation with a head including concerned attribute and the body including all
possible values over the type of attribute A — REALTIONAL<A>{...}. The equality values
of attributes are definite as equijoin of these attributes represented as relation. The tuple T,
which could be presented as Cartesian product over all its attributes, is also definite as a
relation Ry. The validity of this tuple T represented as relation Ry over the original logical
expression b means the truth of universal quantifier over the tuples of Ry on expression b,
which means equality of join (R <AND> B)and Ry — (Ry <AND> B) = Ry.

Keys: relational model, NULL, missing information, relational algebra A
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O630p Mogenen AaHHbIX OOBLEKTHO-
opueHTUpoBaHHbIX CYB[]

A.M. Dnvoapxarnos
033555@gmail.com

Annotanusi. O0bpexTHO-opHeHTHpoBaHHBIE CYBJ] — omHO W3 Hamboiee MEepCHeKTHBHBIX
HaNpaBIeHUI Pa3BUTHS COBPEMEHHOH TeopuH 0a3 JAHHBIX, HapsAOy C ACAYKTHBHBIMH H
temmnopansHeiMiE CYBJI. Tem He MeHee, CEpbE3HBIM TPEMATCTBHEM K MOCTPOCHHUIO
teoperndecknx ocHoB OOCYB/] u BHenpenmto aeiictByromux OOCYB]] sBisercs Oonpast
Pa3pO3HEHHOCTh IIOJXONOB M OTCYTCTBHE €IMHOIO CTaHJapTa Kak B 0OJACTH TEOpHH
(ucuncieHne oOBEKTOB, KOHIECNIIMY MOJENCH NaHHBIX), TaK U B OOJACTH NMPAKTHKU (S3BIK
3anpocoB, API 1t OO-s3b1k0B. . .). Llenbto 1aHHOI cTaThy SIBISETCSA aHATIU3 CYLIECTBYIOIIUX
Ha CETOAHSIIHUI JeHb KOHIENIHH (OpMaIbHOTO yCTPOHCTBA 00BEKTHO-OPHEHTUPOBAHHBIX
CVYB/l, HaunHas ¢ Mojeieil JaHHBIX M Jajnee mepexonas K (opMajbHBIM MaTeMaTHIECKUM
MOJIENISIM  (MCUUCIICHUAM OOBEKTOB, (HOpMaTH3alUsIM OOBEKTHBIX SI3BIKOB 3ampocoB). B
3aBepIICHUE JleNlaeTcs 3aKI0UYeHHe O HamOoJiee aKTyadbHBIX NMPOOIEeMax MOJETHPOBAHHS
OOCVYB/.

KunroueBsbie ci10Ba: Moielib JaHHBIX, 00beKTHO-0pueHTHpoBaHHbIe CYB/]

1. BeedeHue. Ucmopu4ecKasi cripaska.

CoBpeMeHHass KOHIlENIMsA 00BeKkTHO-opueHTHpoBaHHbIX CYBJ] BO3HMKIAa Kak
pe3ynbTat pa3BuTHs 1ByX nokosenuidt CYB/I.

ITepBoe nokoJieHne, peaCTaBIeHHOE HepapxudeckumMu u ceteBbiMU CYBJ] 70-b1x
ToJI0B, BBEJO Takue pyHaamentambHbie aneMeHThl CYB/], kak cxema 0a3bl TaHHBIX,
A3bIK ONpE/eNIeHNs] JaHHBIX, S3bIK 3allpOCOB, BHIOOpKaA (select), kopTex M Apyrue.
Mozenp TaHHBIX B 3TUX CHUCTEMax SBIsUIAch JiepeBoM (nepapxudeckune CYBJI) mmm
npou3BoJbHBIM oprpadom (cereBeie CYB/]). Bepmmna rpada o3Hauana ceMeiicTBO
OJTHOTHITHBIX KOpTeXel (aHayor Tabuunbl B pensuuoHHoi bJ1); kopTexu, Kak sicHO
U3 BHIAa MOJENH, OBIIM CBSI3aHBI OTHOIICHHEM POAMTENL-TIOTOMOK, HHMKaKHX
OrpPaHUYEHUI Ha CBSI3U HE HAJIArajaoch — 9Ta 33/1a4a JIOXKMIACh HETIOCPEACTBEHHO Ha
poTrpaMMHCTa. BakHBIM 3Ha4YeHHEM ATHX MoJeneil OBUIO TO, YTO OHH 3AJI0XKHIH
NPUHIAI JAEKOMIIO3UIIMN pPEaJbHBIX [aHHBIX Ha CBS3aHHBIE MEXIy COO0OH
OJHOTHITHBIE KOPTEXH, KOTOPBIH C TEX MOP IO CYTH MPUMEHSIETCS MPAKTUIECKH BO
Bcex CYB/l BHe 3aBUCHMOCTH OT HMX Kjacca. Tem He menee, peanusanuu CYB/] ¢
HEPApXUUECKOH U CETEBOM MOETBI0 00Jagamy 3HAYUTENbHBIM HEIOCTATKOM:
OTCYTCTBHEM AEKIApPATUBHOTO f3bIKa 3ampoca K AaHHbIM. llomp3oBarenu 3TmX
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CYBJl Obutd BBIHYXXIIEHBI TIONIArOBO MPOTPaMMHUpPOBATH IMPOIECC TOTO, KakK W3
XpaHWINIIa OyAyT W3BJICUEHBI ITaHHBIE, BMECTO TOTO YTOOBI NPOCTO yKa3aTh B
3ampoce JeKIapaTUBHBIM 00pa3oM, Kakue JaHHBIC HY)KHBI IPUIOKEHUIO B JaHHBINA
MoMeHT. PeBourorust mponzonnia ¢ nosisiueHneM perssnnoHHeXx CYB/], B KoTOphIX
UMIICPATHBHBIC SI3BIKH CO3JAHWS 3alpoCOB OBUTM 3aMEHEHBI ICKJIApaTUBHBIM
s3pikoM SQL. D10 cranmo Bo3MOxHO Onaromapss mosBicHHI0 anreopsl Kopna,
(dbopManM3yrOmEell  COOTHONICHHS  MEXAYy KOPTeKaMH M, B  YaCTHOCTH,
MpEeJOCTaBUBIICH KOHIEHIMI0 HopMmanbHOW (opmer BJ[. Bc€ 3to obecmeunio
pensumonasiM  CYBJl  HacTombko  BBICOKYHO — 3(P(EKTHBHOCTH  CO3MaHUS
npuwioxenuit, uto PCYB]] mo ceil aeHb coxpaHWIn 0E3yCIOBHOE JHICPCTBO Ha
peiake CYB/I.

Tem He Menee, yxe B cepeauHe 80-bIX TOJOB B OOJACTH CHCTEM YIIPABICHHS
JAHHBIMH BO3HHUK DS 3ahad, JUIS KOTOPBIX W pEJALMOHHAs MOJeNb Oblia
HeocTatoyHo dddextuBHa. Kpyr ux Obul 1ocTaroyHO MIMPOK, Tak uto B CYB/]
c(OpPMHUPOBATIOCH HECKOJBKO  HANpPaBICHUH, 3HAYUTENHFHO  Pa3IHMYarOLIMXCS
I[eJIeBBIMU NPpOoGJIeMaMH U TOAX00M K Mojienu bJ] — 00beKkTHO-OpHEeHTHPOBAHHBIE
CYB, nmenyxtuHble (normueckme) CYBJI, aktuBHple CYB]l, TemmopansHbIC
CYB/. Bee oHE B cOBOKYIHOCTH 00pa3oBaiu Tperbe mokosaenne CYB/I.

Knacc CYBJ] Tperpero mnokojieHHs, O KOTOPOM HUAET pedb B ITOW CTaTbe, —
o0bexkTHO-opueHTHpoBaHHbIe CYB/l — BO3HHK Kak peakiiys Ha HEONTUMalIbHOCTb
(impedance mismatch) pemsitonssix CYB]l 11 pUMEHEHHSI B TaKKX 0ONACTSX,
KaKk aBTOMaTH3MpOBaHHOe TpoekTupoBanue (computer aided design, CAD);
aBTOMATH3HPOBaHHOE TMpou3BoacTBO (computer aided manufacturing, CAM);
ABTOMATH3HPOBAaHHBIE CUCTeMBI ympaBieHus mnpexamnpustaeM (ERP); cucremsr,
ocHoBaHHbIe Ha 3HaHuUsX (Knowledge-based systems), MynbTHMeAUIHbBIE CHCTEMBI.
IIpo6nemsr PCYB /1, BEISIBIICHHBIE B 3TUX 00JIACTSIX, COCTABIISIOT (IPUOIU3UTEIHHO)
CIIEIYIOIIHNIA CIIHCOK:

— OrpaHMYeHHOCTH Ha0Opa MPOCTHIX TUIIOB M OTHOIICHUH MEXIY CYITHOCTSIMH.
(ITocegnee (akTHYECKH MPEICTABICHO BCETO OJHUM JK3EMIULIPOM — CBS3b Yepes
kiro4.) Ilpn Hamumuum B mpeaMeTHOH 00JacTH CIOXKHBIX CIEIM(UUECKUX THIIOB
JaHHBIX M CTaHJApPTHBIX ONEpalMii HaJl HUMH HMX HPUXOIHUTCS 3MYJIHPOBATH
CO3[JAHMEM COCTaBHBIX CTPYKTYp HaJ pa3peli€HHbBIMUA IPOCTBIMH  THIAMH
JIAHHBIX/OTHOMEPHBIMU TAONMIAMHA W HAllMCAHHEM CJIOKHBIX TPUITEPOB Ha
TabNIMIAX C ITUMHU CTPYKTYPaMH, YTO SIBJISETCS MPEXK/Ie BCEro KpailHe rpOMO3/IKOiM
3a7auen.

— OtcyrcTBre Object persistence, T.e. BO3MOKHOCTH MMOCTOSHHOTO XPaHEHHUs B
B/l cocraBHOro o0bekTa Kak eauHoro nenoro. B pemsumonnsix CYBJ] cocraBHble
CYIIHOCTH HE XpaHITCS KaK OTHETbHbIA 00BeKT, a cobuparorcst B run-time c
nomomnpio omeparpu JOIN w3 Tabmuun. B ToM 4ymcne 3TO NPUBOIAUT K
HEOOXOTUMOCTH JTOTIOJTHUTEIBHBIX BEIYUCIUTEIbHBIX 3aTpaT Ha JOIN; mwin — ecnu ¢
B/l paboTaer HEKOTOpOE KIMEHTCKOE INPHIOKEHHE M HW3MEHSET IPOrpaMMHbIE
00BEKTHI, arperupyeMble N3 HECKOJIBKHUX TaOJIHI] — K BBIYUCIUTENBHBIM 3aTpaTaM Ha
pa3HeceHne N3MEHEHHH 3TOTO 00BEKTa Ha COCTABISIONINE €0 TaOIHIIBL.
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— OrcyrcTBue uueHTUGUKaUUA cymnHocTeld. B ocHoBe pemsimonHbIXx CYB]]
JISKUT aCCONMATHBHEIN TOCTYI K TaHHBIM, TO €CTh JOCTYI K 3aIFCSIM Ha OCHOBE HX
snauennii (SELECT FROM... WHERE field="value”), B8 otiuume ot amgpecHoro
JOCTyIIa, T/ie OOpalieHie K DIEMEHTY NaHHBIX MPOUCXOAUT 10 id, WMEHH WiIH
azipecy 3JeMeHTa. DTO IPUBOIUT K Py MpobieM — K MpUMepy, K HECOOTBETCTBUIO
MEXI1y MEXaHHU3MOM JIOCTyNa K JAaHHBIMHU ¢ TOYKH 3peHust SQL (acconuaTuUBHBIN
MEXaHHM3M) U MEXaHU3MOM JIOCTyIa K JaHHBIM Ha HOocHuTese (aIpeCHbI MEeXaHU3M,
it kotoporo  PCYBJl  BBIHYXIEHa  BBINOJHATE  OpeoOpa3soBaHHE B
aCCOILIMATUBHBIN).

— Beruancnurensras HenonaHoTa. YncTsiit SQL, 63 mpomeypHbIX paciIipeHid,
HEe Ccroco0eH pemuTh HEKOTOphle <pa3pelinMbIe C TEOPETHKO-MHOKECTBEHHOM
TOUYKU 3pEHMS™> 3a/lauM BBIOOPKH JaHHBIX M3 persiunuoHHoi BJI. Ilpumep: mycts B
b1 xpauutcst undopMariys 00 OTHOIICHHH "POAUTENL-PEOEHOK" cpeid HEKOTOPOrO
MHOYeCTBa Jitofei. [l mpoCTOTHI, MyCTh JIOAU 3aJal0TCS TOJBKO cBouMH id, a
6a3a maHHBIX 3a7aHa | Tabmuieil ¢ 2 HexmoueBbiMU mossimu: parent id u child_id.
TpeOyeTcs BRIBECTH Ha IMeYaTh BCEX MOTOMKOB YeJIOBEKa ¢ AaHHBIM id (T. H. 3a/1a4a
BBIUUCIICHHUS TPAH3UTHBHOTO 3aMBIKAHUS OTHOIICHHS POAHMTEIb-PeOEHOK). Jlerko
HarmcaTh SQL-3ampoc, BeIBOmSMmMEA it ngaHHOrOo id BCeX ero MOTOMKOB I
MOKOJICHUs (AeTel), Bcex mOoToMKoB Il mokosieHus (BHYKOB) WT.A., HO BBIBECTH
MOTOMKOB BCEX ITOKOJCHHH (MCKOMOE MHOXECTBO) HENb3sd, T.K. 3apaHee He
W3BECTHO HykHOe ymcio maroB — JOIN'oB tabmuis! ¢ coboii. [lake 0TBIEKasCh OT
SQL, B pensmuoHHO# anredpe 3amada IMOCTPOCHUS TaKOTO 00BEKTa, KaK 3aMBIKAHUE
OTHOIICHHSA, aNTOPUTMHYCCKH HepaspemmMa. B cBs3m ¢ 3Tod mpoOiemoil B
Hekotopeie PCYB/l BBOAAT AONOJHHUTENIBHBIC CPEACTBA, 00ECICUnBAIOIINE PabOTy
¢ uepapxusamu (peKypcuBHBIE BpeMeHHble Tabmuisl Common Table Expressions,
pekypcuBHabiii onepatop CONNECT BY). Mx npuHumn aedcTBusi OCHOBaH Ha
pa3pelieHny B XO€ 3ampoca CO3/1aBaTh HMEHOBAHHBIC ITPOMEKYTOUHBIC BHIOOPKH
JaHHBIX ¢ BO3MOXKHOCTHIO JOIN-a ux ¢ co0oif — 4TO MPUBOAWT K BO3MOXKHOCTH
BBIYHCIICHUSI pe3yiIbTaTa TAaKOTO 3ampoca, €CIM OH BBITIOJHAETCS Ha HepapXUIECKOM
CTPYKTYpE TaHHBIX.

— Hemnpospaunocts uHTEepdeiica pensiuonHoit b/l mis npunoxenuit Ha OO-
SI3BIKAX. MHoecTBa MIPUMHUTHBOB MOJIeTTH JTAHHBIX OO-s3bIKOB
nporpaMMupoBaHus (00beKkTh W nuTepansl) U pensuuoHHoi CYBJ] (mons,
KOPTEXH, TAOJMIBI) TEPECEKAIOTCS JIMIIL IO TMPEACTABUTENSAM MPOCTHIX THIIOB
JIAHHBIX, TAKUM KaK IEJIbIM YHCIIaM WIH CUMBOJIBHBIM CTPOKaM, B OCTaIbHOM OHH
HE COBMANaroT. [[OMUMO NaHHBIX, CHJIBHO Pa3IMYAIOTCS TaKkKe (QYHKIIMOHAIBHBIC
Y4acTu.

Konnenust  o0bekTHO-opueHTHpoBaHHOW CVYBJl BO3HMKIIA Kak peanm3arius
NPUHIUIIOB O00BEKTHO-OPUCHTHPOBAHHOTO NPOTPAMMHUpPOBAHHUS B TEOpHH 0a3
JAHHBIX W TO3WIMOHUPOBANA CeOsS KaK CPEACTBO Pa3pCIICHUS MHOTHX YKa3aHHBIX
BBIIIIC 3a/1a4. B yacTHOCTH, OHA MO3BOJIIIIA pa3pabOTYMKaM THOKO peain30BHIBATH
BCIO CICHU(HKY MPEIMETHON O00JacTH Yepe3 MEXaHU3M KIAcCOB, MPEIOCTaBIISS
MPOTPAMMUCTY BO3MOXHOCTb B TOM YHUCIIC 33/1aBaTh COOCTBEHHBIC COCTABHBIC TUIIBI
JAaHHBIX (TOYHEE, KJIAcCHl, T. K. kiacc u Tui — He Bo Bcex OOCYB]] oxHO U TO *e)
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BMECTE C HEOTICIMMBIMHU OT HUX 0A30BBIMH OINEPALIUAME (METOJAMH KJIACCOB), KaK
u B "o0brunom" OOII.

Teoperuueckue ocHoBanua OOCYB]] ¢ camoro Havana pa3BUBAJIUCH MPAKTUYECKU
HE3aBUCUMBIMH TPYIIIaMU pa3pabOTYUKOB, B OCHOBHOM KAaK MAaTeMaTHYECKHE
MoJend W Moneiu HaHHbix moja koHkperHbie OOCYBII. IloHauany OCHOBHBIMH
npencraputesmu Taknx OOCYB]] SBISINCh MCCIEIOBATENBCKAE IPOEKTHI, TAKHE
kak IRIS (by Hewlett-Packard) [1] wit ORION (by Microelectronics and Computer
Technology Corporation) [2]; mamee MOSBHINCH W KOMMEPYECKHE TPOMYKTHI —
Gemstone [3], Jasmine [4], O2 [5]. HeraTuBHBIM CIECICTBHEM CHTYalldH CTajo
OTCYTCTBHE €IUHOTO CTAHAAPTa HA OOBEKTHYIO MOJIEIb JTaHHBIX, OOBEKTHBIN SI3BIK
3alpPOCOB H T.J., YTO aKTYaJbHO W HAa CETOMHSAIIHHUN JeHb; BIPOYECM, PEIAIINOHHBIC
CYB/] Takxe npoXoauiIu Yepes3 3Ty CTaaulo.

Hexumn mnomneiTkamu  npuBeneHus OOCYB]Jl k  craHpapTaM cTand — Takue
nyonukanun, kak "Manupect OOCYB/" [6], "Manudect cuctem 6a3 gaHHBIX
tpetbero mokosenus" [7], "Tperuit manudpect” [8], cranmapter ODMG 1.0-3.0
(xoucopiym ODMG, 1991-2001, [9]) , o koTOphIxX emié MOWAET peub aanee B
crathbe. HecMOTps Ha TO, YTO HEKOTOPBIE U3 ITHX CTAHIAPTOB BO3BIMENH ycmex (K
npumepy, ODMG 3.0 [10] 6bu1 (dopMambHO TPHHIT KaK CTAHAAPT MHOTUMH
BeHaopamy, BxoxsumMu B ODMG), equHcTBa Bc€ paBHO He BO3HHKIO. Ciemyer
OTMETUTh, YTO OJHHM M3 OCHOBHBIX CHOPHBIX MOMEHTOB B IIOJIOKCHHUSX 3THUX
CTaH/IapTOB SIBJISIETCS] BO3MOXKHOCTD BBIPA3UTh OOBEKTHYIO MOJENb PEISILIMOHHBIMU
CpEe/ACTBaMU: MO3WIMU CTAHJAPTOB BApBUPYIOTCS OT OTKa3a OT PEJISLUOHHOIM
mozenu (IlepBeiii MaHm(ecT) 10 NMPOTHUBOIOIOXKHON IMO3UINHU, YTO OOBEKTHAS
MOJIeINTb TIETUKOM U ToNHOCTEI0 peanmsyema B OPCYB/] (Tperuit manudect). Tak
WIM MHAa4Ye, CO BPEMEHEM IPOMCXOJIMIO CONIDKEHHE OOBEKTHOW M PEIIIHOHHON
KOHIICTIIIUI: C OJJHO¥ CTOpPOHBI, B craHmapT s3bika SQL 1999 roxa [11] — SQL-3 —
ObUTH BKJIIOUEHBI OOBEKTHBIC CPEICTBA, IIO3KE pEaIn30BaHHBIE B TOM YHCIE B
TakuX KpymHbIX npeacraBureisix peiaka CYB]], kak Oracle n Postgres; a ¢ apyroit
CTOpOHBI, Mo3aHUE cTaHaapThl co ctopoHsl OOCYB/-Benaopos, Tot e ODMG
3.0, BKIOYATH B TOM YHCIIE CTaHIAPTHI HA OOBEKTHO-PENSAIIMOHHYIO IMPUBA3KY
(mapping).

BaxupiM stanom passutust OOCYB/] crana paspaborka k cepenune 2000-x rr.
ansrepHaTuBbl MexaHusMy API OOCVYB/] misa B3auMoAedcTBUS ¢ IPUIIOKEHUSIMH,
a MMEHHO BKJIIOYCHHE CPEJICTB KOHCTPYHPOBAHHS 3allPOCOB HEMOCPEICTBEHHO B
JIAHHBIN SI3BIK [TPOrPaMMHPOBAHUS. JTO BBIPA3UIIOCH B CO3JAHUHM TaKUX CPEICTB,
kak Native Queries (st Java u C#) [12] 1 Microsoft LINQ [13] (s .NET).

Taxoke B cepenune 2000-x rr. Habmoxaancs poct nomyiasipHocty OOCYB/] B cBs3u
C MOSIBIICHUEM H IOCTYMHOCTBIO open-source OOCYB/I, nanpumep db4o [14].

B 2006 romy xoncopiimym OMG 00BSBHI O BO3MOXHOCTH BBITTyCKa YETBEPTOM
penakuuu crangapra ODMG [15].
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2. Obwee ycmpoticmeo OOCYBE/.

3agauqy cozmanusi odol otnensHo B3stod OOCYB]/] MoXHO paccmarpuBarh C
TOYKM 3pEHHs CIEeAyIOUMX ypPOBHEW mpeicTaBieHus JaHHbIX. ([leneHue
JOCTaTOYHO YCIOBHOE, T.K. NPH JKETAaHWM KaXIBIH M3 YPOBHEH MOXKHO
MOJpa3eNuTh Ha Ooiee MonpoOHBIC.) YPOBHH YKa3aHBI B TOpSAAKE yOBIBaHUS
abctpakmmu. [lepBeIM IBYM M3 HUX Jajiee NOCBSIIEHO M0 OTAEIBHON TaBe CTaThU.

YpoBenb ¢QopmanbHoii MaTemaTudeckoid Mmogenu. Ha nHéM HeoOxomumo
OIIPEIeINTh JaHHBIE KakK (popMyIsbl HEKOTOPOil opMaIbHOW TEOPHH, U3BECTHOH B
MaTeMaTUKe WM CKOHCTPYMPOBaHHOW caMocCTOATeNbHO. BooOmie roBops, ams
noctpoerns moaemn OOCYB]] nocrarodno Jump ammapara MOCTpoeHHUS (GpopMyt
(SIBIISFOIIIETOCS JINIIB YaCThI0 COOTBETCTBYIOUIEH eMy (hOpManbHOH TEOpHH, HAPSIILY
C aKCHOMAaTHKOW W MpaBHIaMH BBIBOAA (OPMYII), HO AJISI JIOTHIECKOTO MOAXOAA K
cozmaamro OOCYB]l xapakTepHO MOJNHOE NPUMEHEHHE aTpUOyTOB (hOopMalbHOU
TEOpHH, B TOM HYHCJIE JIOTHYECKOTO BbIBoja. K 3amave dopmanmsamum IaHHBIX
TECHO TPHUMBIKAET 33jada (opMaiM3aliy JEKIapaTHBHOTO s3bIKa 3aIlpOCOB: B
NepBoi 3anaue B BHAE (GOPMYJT CTPOSTCS CaMU CTPYKTYpPBI J@HHBIX, BO BTODPOWi
3aja4ye — MyTH 00X0Ja ITUX CTPYKTYP.

B Oyayiiem HEOOXOJMMO TaKXKe ONMPEICNHTh, KAKHM CYHIHOCTSM CJEAYIOIIEro
YPOBHS NPE/ICTABJICHUS — YPOBHS MOJEJIM JAHHBIX, CM. CICAYIOIIUI MyHKT — 3TH
0OBEKTHl COOTBETCTBYIOT, WHAYEe MAT.MOJAEIb OYAET H30JIMPOBAHHON "BElIbIO B
cebe". Ho moka ¢opMasibHO Ha YpOBHE MAT.MOJCIH JIMIIb HYXHO ONPEICIUTH
Hekylo (anrebpandeckyio?) CTPYKTYpy, HE 3ayMbIBasICh O €€ MHTepPIpETaIliH.

K npumepy, pensiiuonHas anredpa MMeeT OCHOBOM (opMmanbHyto KaHTOpoBckyro
TEOPHIO0 MHOXKECTB, JOTIOJHEHHYIO PSIIOM OIlepaliii HaJl OJJHUM M3 €€ JIEMEHTOB —
OWHApHBIMHA OTHOLICHUSIMH. VI3HadaJlbHO ONpPENeNsIIoTCs Takue OOBEKTHI, Kak
MHOXXECTBO M €r0 3JIEMEHT, 3aTeM JAEKapTOBO IPOM3BEJCHHE MHOXECTB, 3aTEM
HEKHIl TpeanKaT Ha J3TOM Mpou3BeleHWH (OWHApHOE OTHOIIEHWE), W T. 1.
I/IHTepHpeTaHI/IHMI/I 9THX OOBEKTOB B peHHHI/IOHHOﬁ MOACIN OAHHBIX SABJIAKOTCA,
COOTBETCTBEHHO, 110JI€ <y TaONUIBI> U €T0 I0OMEH, 3aTeM KOPTEX U T.J.

I[OCTOI/IHCTBO MaTeMaTHYEeCKOH MOJEIU B €€ q)OpMaJ'IBHOCTI/I — CTpOro OornpeaAciiCHbL
pa3pen1éHHLIe 0OBEKTHI K ﬂeﬁCTBHH HaJa HUMMU.

YpoBenbs moaenu aaHHbIX. CYBJ/l Ha ypoBHE MoOIenM MaHHBIX — 3TO TaKXKe
(opmanbpHO-MaTeMaTHYeCKasi MOJIeNb, HO B KadyecTBe €€ JJIeMEHTOB OepyTcsi He
MaTeMaTHYECKUE MPUMHUTHUBBL, & IPUMUTHBBI HEKOTOPOTO A3bIKA MAaHUITYJTUPOBAHUS
JanHeiMH. K npumepy, B cilydae pesiiMOHHOM MOJENU 3TO THUI JAaHHBIX, KOPTEXK,
Tabnuia, K04, HMHIEKC, CBiI3b 10 K04y, 3ampoc. B oObekTHOM ciydae,
NPUMHTHBAMH BBICTYINAIOT KJIacC, OOBEKT, OMATh THIl JaHHBIX, yKaszaTelb, uid u
npodyee, a TAK)Ke BCEBO3MOXKHBIC TPOM3BOJHBIE OT HUX; COOTBETCTBEHHO, TPEOyeTCs
OTIPEICTNTh JOMYCTUMbIC 3HAYECHHS NPHIMUTHBOB U B KAKUX COOTHOIICHUSIX MOTYT
COCTOSITh 3TH NPHMHUTHBBI — CHCTEMa THIIOB, BUJ TUIH3ALMH, KaK COOTHOCSATCS
THUIIBI ¥ KJIACChl, KaK yCTPOEHO HaclenoBaHue, uT.1. Ha 3ToM ke ypoBHE 3amaroTcs
METOJIbI KJIACCOB, CHHTAKCHC SI3bIKAa 3alPOCOB, SA3BIK YNPABICHUS IaHHBIMH. JTO

209



OCHOBHOH ypoBeHb pa3pabotrku CYBJI, Oonbpmnas 4acTh CTaTbH IOCBAIICHA €MY.
Crnenyer otnu4date paspabotky CYBJl ot pa3pabotku koHkpeTHou B/l mom Heé;
mepBas 3a7jada HEM3MEPHMO CJIOXKHEEe, T. K. BTOpas COCTOUT JIMIIb B CO3JaHHUH
KOHKPETHON peanu3alud MOJIENU NaHHBIX — T.e. cxeMbl b/ — u HamosnHeHus eé
JAaHHBIMH W CPEICTBAMH WX KOHTPOJHA, TONB3YSICh YK€  CO3JaHHBIM
unctpymentapueM CYBJI.

®usnueckuii yposenb. Ha 3ToMm ypoBHe 3anaéres npsimoe B3aumopencteue CYB/]
¢ OBM — neiicTBHA C OMEepaTHBHONW MaMSTHIO, GU3MUECKAM XPaHIINIIEM JaHHBIX,
NPOLIECCOPHBIMA MHCTPYKIMSIMH, @ TakKe BCEBO3MOXKHBIC OOCITYXHMBAIOIIUE
anementsl CYBJl, He oTHOcsAmecs HAampsAMyI0 K MOJCIHUPOBAHHUIO NAHHBIX —
KOHTPOJIb COBMECTHOT'O IOCTYIIa K JJAHHBIM, CHCTeMa O9KaIloB, HHACKCHpOBaHue. B
YHUCIO 3aJad 3TOro 3Tama BXOAMT pa3pabOTKa MEXaHHW3Ma BBIIOIHEHUS S3bIKa
3ampocoB (B OTIMYME OT MpPEeABIIyLIero YpOBHS, The 3adaBajcs JIMIIb €ro
CHHTAKCHC), crocoba paclpenelieHHuss IaHHbIX M0 (U3MYECKHM XpaHWJIMIIAM,
CHCTEMBI K3IIMPOBAaHUSI 3aIIPOCOB.

Crout yka3aTh 6azoBsie st MmEHOTUX OOCYB]] cBoiicTBa, HE OTHOCS HX K KAKOMY-
60 U3 ypoBHEH MpeacTaBICHUS:

— MHcnonp3oBanne 00beKTOB. OOBEKT — 0a30BBIM 3JIEMEHT MOJAENN JaHHBIX

OOCYB/l, mo3Bonstomuil MPUMEHATh OOBEKTHO-OPUEHTHPOBAHHBIN ITOAXO] MPH
nporpammupoBanuu 3toii CYBJI. On xapakrepusyercss HAOOpOM CBOHMX aTpUOYTOB
Y METO/IOB. B oTinune oT pessinnoHHOI MoJienu, Tie B OCHOBHOM Bengrcsi pabora ¢
KOpTeXaMu aTpUOyTOB, aTpUOyThl OOBEKTOB IPUHITO CKPHIBATh OT BHEIIHETO
JIOCTyTa, peanu3ys IOCTYH K HHMM depe3 MeToAsl. Eciam Bce mond SABISIOTCA
CKPBITBIMH (T.€. OTKPBITBIMU TOJBKO JUII METOAOB Kjacca), TO FOBOPAT O "4HUCTOM
00BeKTHOM cucteme" [16], uam, 9TO TO K€ caMoe, YTO OOBEKTH B TAKOW CHCTEMeE
SIBJISTFOTCSI CKAJIIPaMH.
Hammane o6wexToB mo3BoisieT He Tonbko npuMersts OOIL, Ho u gemaer OOCYB /]
Ooiee mpo3padHON TPH HOCTyNe K Hed w3 mpunoxkeHmid Ha OO-s3BIKaX, T.K.
00BEKTHI B TAKOM CIIydae SIBJISAIOTCS NMPUMUTHBAMH Kak s3bIKa, Tak u b/l, ynpomas
3agauy co3nanus API.

— MHWcnoms3oBanne umeHTH(OUKATOPOB 00BekTOB (0id) M mocTtpoeHwme ¢ wx
MIOMOIIBIO COCTaBHBIX 00BekToB. IlocnmenHee o3Hadaer, 4ro aTpHUOYT OOBEKTA
MOXeT ObiTh 0id-oM, TO ecThb OXUH OOBEKT MOXKET OBITh CTPYKTYPHBIM
NoA00BEKTOM JIpyroro (MM, B TEPMHUHAX KJIACCOB, KJIACC MOXXET MMETh aTpuoOyT,
NpUHAJISKANH HEe K TIPOCTOMY THITY JaHHBIX, a K APYTOMy Kiaccy):

class TDept:{ /l Knacc "oTgen komnaHun"
char* name; /l Ha3BaHue otoena
TEmployee chief;,  // HayanbHuk otaena

.}

Tako¥ MOIXOA, HECMOTPS HAa CBOM MpeuMyliecTBa (THOKOCTh, KOMIIAKTHOCTh
JaHHBIX, TPOCTOTA TPEICTABICHUS HEPAPXUUCCKUX CTPYKTYp), MUMEET U CBOH
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HEZOCTaTKH, TAaKhe Kak, HAIpHMeEp, OJIHOHAMPABICHHOCTH CCBHUIOK 1o 0id-y: w3
obwekTa kiacca TDept MOXHO HEMOCPEACTBEHHO aApecoBaTh €ro HadaJbHUKA, HO
He Haobopot. Ilmroc, mosBiseTcs HEOOXOIUMOCTH COOPKH Mycopa — yIOaJeHHS
00BEKTOB, HA KOTOPHIE HE OCTAJIOCh CCHIIOK.

— BO3MOXHOCTE TEperpy3KM METOIOB, TO ©CTh BBEIEHHUS HECKOJIBKUX
OTHOMMEHHBIX METOJIOB C pa3HBIMH HaOOpaMH BXOJHBIX ITapaMeTpoB. DTO BEIET K
HEBO3MO)XHOCTH OTIPENEJICHUSI THIA BXOIHBIX IapaMEeTPOB B HEKOTOPBIX TOYKaX
BBI30Ba METOJIa Ha dTale KOMITIIAIUHN. Bo3HuKmas nmpobiiemMa paspemaeTcs, Kak u
B OO-s13bIKaX, BBEJICHUEM BO3MOXKHOCTH TMO3JHETO CBS3BIBAHUS, T.€. ONPEICICHHS
THITa BXOIHBIX [TApaMETPOB Ha JTalle BHIOJIHEHHS NPOrpaMMBbI (B JaHHOM CiIydac B
MOMEHT BBI30Ba METOJIa B 00bEKTHOM 3ampoce K bJI).

— CoxpamnsieMocTh 006eKTOB (Object persistence). OnpezeseHne 3TOro CBOHCTBA
naHo Beime. Jns  peanuszammm coxpansemoctn B OOCYBJl mnpumensiercs
CleAyromuid mpuéM: B IMyJde OOBEKTOB BBIACIACTCA HEKOTOPOE MHOXKECTBO
KOpHEBBIX (r00t) 00BEKTOB, KOTOPHIC XPAHATCS KaK €IMHOE IeNIoe (TIePCUCTEHTHBI)
Bcerga. 3areM 000 COCTaBHOW OOBEKT, B CTPYKTYpHOM rpade KOTOPOTO ecTh
KOpHEBBIE OOBEKTH, CaM OOBSBISCTCS TEPCHCTCHTHBIM. 3ajadya yHaJCHUS
00BEKTOB, K KOTOPHIM HE OCTaJIOCh HH OJHOTO CTPYKTYPHOTO ITIYTH OT KOPHEBBIX
00BEKTOB, pelaeTcs, Kak U B CIydae CO CChLUIKaMu 1o 0id, cOOpIIMKOM Mycopa.

3. YpoeeHb modenu daHHbix OOCYB/.

IlpencraBnenue OOBJl Ha ypoBHE MOJENM JaHHBIX HOApPA3AEIsAeTCS Ha
CTPYKTYPHYI0 U TIOBedeHYecKyI0 dJacT. [lepBas mpencTaBisieT AaHHBIE U HUX
JIOMEHBI, BTOpast — QYHKIIMOHAIEHYIO COCTABJISIONIYIO, TO €CTh (DYHKITHH, METOABI H
HCKITFOUEHUS.

CrpyKTypHas 4acTh, B CBOIO OUYepe/ib, MOJPa3IeNAeTCs Ha ypoBeHb AaHHbIx (data
level) u ypoBenb cxembl (schema level). IlepBeiii mpezacraBiseT cOOCTBEHHO
JIaHHBIE W COOTHOLIEHHS] MEXIY HUMH, BTOPOH — "HCKYCCTBEHHBIE" CYLIHOCTH,
HETIOCPE/ICTBEHHO B J[aHHBIE HE 3aJI0KCHHBIC, TaKHE KaK KJACCHI, THIIBI, POJIM H
OTHOIICHHUSI.

YpoBeHb JaHHBIX

HawnbGonee yauBepcanpHoe onucanue moaenu ganHbpix OOB /] mpuBoIuTCS B CTaThe
[2]. B a3T0it cTaTbe OOBEKTHI CUMTAFOTCS ATOMApHBIMHU dneMeHTamMd B/l u um He
JaéTCsl HUKAKOTO BHYTPEHHETO OTpE/IeNICHHUSI.

(Ha mepBblif B3rusia, 3TO OTIMYAET JaHHYIO MOJEIb OT MOJENH, NMPHHATOH B
6ospimHCcTBE OO-SA3BIKOB IPOTPAMMUPOBAHUS, TI€ OOBEKT COAEPIKHUT aTpPUOYTHI U
meronsl. Tem He MeHee, 3aberas BIepEn, CKakeM, YTO Ha CaMOM JieJie MOJEJb
Beepu peanusyeT Ty ke caMmylo WCOJIOTHIO, JIMIIb BhIpakasi €€ B TepPMUHAX TCOPUU
rpagoB — OOBEKTHI €CTh BEPIIMHBI HEKOTOporo oprpada, a ero pédpa ecTh
OTHOIICHHS Hamopooue "ObITh aTpudyTOM".)
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Kaxnplii 00beKT XapakTepu3yercst CBOMM YHHKaJIbHBIM HIeHTH(]HKaTOopoM (oid,
object identifier). Dto BaxueWmmit npumutuB 10001 OOCYB/l, aHamormyHbII
TOHATHIO Kitoda B persimuonaoit CYB/I.

Hanee, ecu mMb1 xotuMm BBectd B OOCYB/] kakue-1100 MpOCThIC THITBI JAHHBIX H
9K3EMIUIPBl ATHX THIIOB, MBI MOXEM BBIICIHTh HEKOTOPHIC OOBCKTHI W3 IIyja
OOBEKTOB U TMOCTaBUTh KAXKIOMY H3 HHX B COOTBETCTBHE  LIEJIOC YHCIIO,
CHMBOJIbHYIO CTPOKY HJIH JIF000O€ APYroe 3HaYCHUE-MPEACTABUTENb IPOCTOrO THIIA.
Takue 0OBEKTHI Ha30BEM o6be1<mamu-3naltenu;wu1, OCTaJIbHBIC — AOCMPAKMHBIMU
obvekmamu. Y 00bEKTOB-3HAYCHHH OTHMaaaeT HeOOXOIUMOCTh UMETh 0id, Tak Kak
BMECTO 3TOTO TaKUE OOBEKTHI MOYKHO 3aMCHUTH Ha CYIIIHOCTH, TOCTABJICHHBIC UM B
COOTBETCTBHE: SICHO, UTO, K MpuMepy, uucio "7" wim ctpoka "abced" oaHO3HAYHO 1
MOJIHOCTBIO OY/IYT OMPEENATh COOTBETCTBYIOLIMI UM OOBEKT.

Hanee ompenennm Haj OOBEKTaMU COCTABHBIC OIEpally, TaKWe Kak set, array, W
tuple. (Habop cocraBubix omepauuii mmsi  pasnmuyabix  OOCYBJ]  moxer
BapbupoBaThcst). JIroOasi cocTaBHas OIEpaius CTaBUT B COOTBETCTBHEC CIHCKY
00BEKTOB el OAUH OOBEKT.

array — co3maér MacCHB OJHOTHITHBIX O00BEKTOB. OTHOIICHHE OJHOTHUITHOCTH
3amaTcs CHApY)KU OINEPalUU array ¢ MOMOIINBI0 OOBSIBICHUS MPUHAICKHOCTH
00BEKTOB K THUIAM U KJIaccam, CM. HIDKE.

set — co3maéT MHOXKECTBO OJHOTHUIIHBIX OOBEKTOB. TO ’Ke, 4UTO M array, HO
HOPSIJIOK DJIEMEHTOB OTCYTCTBYEeT.  AJIbTEpPHATHUBOM SIBISIETCSl OMepainus iSa,
3amaromas, HaoOOpOT, OTHOUICHHWE MPUHAMICKHOCTH WM HWHCTAHIUPOBAHHUS.
TpaguuuoHHO B SI3BIKAX OMpENeNeHus JaHHBIX o0Oo3HadaeTrcs (UTYpPHBIMA
ckoOkamu {}.

tuple — co3aaér kKopTek <BO3MOMKHO, PA3HOPOIHBIX> 00BEKTOB. TPaAUIMOHHO B
SI3BIKAX OTIPENICIICHUS TaHHBIX 0003HaYaeTcsl KBaApaTHEIMH CKOOKaMH [].
B 3aBucumoctu ot koHkpetHo OOCYB/I, MOXHO 3a1aTh U APyrue onepauuu Haj
00BEKTaMU, HATIPUMED:

state — cTaBUT B COOTBETCTBHE OOBEKTY NPYTroil 0OBEKT, MIOHUMAEMBIH KaK ero
cocmosinue. K mpumepy, coctossuueM o0bekTa oidl, anpecyromero paOoTHHKa
OPSINPUITHS, MOXET CIYXHTh OOBEKT 0id2, SBISIOMUNACT Pe3yIbTaTOM
npuMeHeHus oneparnuu tuple k tpoiike ("Smith", "$1000", 0id3). HeodxoaumocTts
JTOW omepanuu SBJSIETCS MpeaIMeToM AuCKyccuit (mumemma "attributes vs tuple-
based states"); cpenu e€ mMpeUMyIIECTB — BO3MOXHOCTh SIBHO Pa3pelinTh BAKHYIO
mpoOyieMy OTHeNeHUs 3aJadd  CpaBHEHWs] OOBEKTOB OT 3aJa4yd CpPaBHEHHS
COCTOSTHUH 00BEKTOB, CPEIM HETOCTATKOB — BO3MOXKHAS N30BITOYHOCTD.
Ilocne 3TMxX cornmameHui 0a3y JAHHBIX MOXHO IPEICTaBUTh B BHIC Tpada,
BEPIIMHAMHU KOTOPOTO SBIISIOTCS OOBEKTHI, a péOpamMu — OTHOIICHHS BHIA "OBITH
i-BIM OIIEPAHIOM OIEPAIIMH C JaHHBIM PE3yIbTaTOM":

1 B ODMG 3.0 ucrnons3yercs TepMuH "aurepai’.
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oid] u 0id2 — unmeHTH(HUKATOPHI 2 CTYICHTOB, CTYACHT 3aJaéTCS KOPTEXKEM U3
UMEHHU U roja poxacHus. HaGop (Set) atux 2 cTyIeHTOB cocTaBiseT 00beKT 0id3.
OG6bekT 0id4 — By3, sABISIOLIMIICS KOPTEXKEM M3 O0BEKTa-HA3BaHUA M OOBEKTA-
MHO’KeCTBa CBOMX cTyaeHToB. Homep mocie "tuple" o3nauaer, kakoii 3T0 1Mo CYETY
OIlepaH/l OIIePaLlU COCTABIICHUS KOPTEXa.

YpoBeHb cxembl

Ha ypoBHe cxeMmbl, Kak y»e€ CKa3aHO, 3aJal0TCSl THIIbI, KJIACChl, OTHOLIEHUS U
POJIM, eclTi OHU €CTh. Beex uX mpeiaraeTcsi CYUTaTh OMSITh XK€ HEONpeAesieMbIMU
"aromamMu" cxXeMmbl JaHHBIX, TO €CTh 3a/laBa€MbIMH HUCKJIIOUHTEIBHO Yepe3 HX
COOTHOILICHUSI IPYT C IPYTOM U C OOBEKTaMH MPEABIAYIIETO YPOBHS.

Kak um Ha mpenmpimymeM ypoBHE, CXeMa JaHHBIX IOHHUMAeTCS KaK HEKOTOPHIN
(BO3MOYKHO HECBSI3HBIN) oprpad, BEpIIHHBI KOTOPOTO SIBJIIOTCS YKa3aHHBIMU BBIIIC
aToMamH, a péOpa 03HAYarOT ONEpaluy CO3JaHus COCTaBHBIX 00BEKTORB (tuple, set,
array...) ¥ mpovre CrenupUIeCKue onepaluu, K IpuMepy:

state — omepauus CONOCTaBJIEHUS COCTOSHUSA, aHAJOrM4HO State Ha ypoBHE
JaHHBIX. A uMmeHHo, ecnu OOCYB/l noaepKuBaeT COCTOSIHUS, TO BEPIIMHBI-THIIbI
B HEW MbI pa30uMBacM Ha JBE Pa3HOBUAHOCTU: CTPYKTYPHBIC THIbI (OOBEKTHI
KOTOPBIX CIYXaT KaK COCTOSIHWs) W aOcTpakTHele Thmbl. Jlanmee crpenmka State
COCIMHSCT a0CTPAKTHBIH THII C €r0 THUIIOM-COCTOSTHUEM.

inherits (isa) — omepaius HacieAOBaHUS THUIIOB MJIM KJIACCOB, O HEH HIET pedb
HIDKE.

Crnenyer 3ameruth, 4TOo Tpad cxembl omimmyaercs OT Tpada OOBEKTOB MO
WCIIONIb30BaHUIO OMEpaluid CO3/IaHusl OJHOPOAHBIX HabopoB (Setarray). B rpade
00BEKTOB BCE BEPIIMHBI-HAOOPHI CO3/IAIOTCS SIBHO YKa3aHHUEM BCEX CTPEIJIOK Set MitH
array ot BepIIHMHBI-HAOOpa K BepIIMHAM-3JIeMeHTaM. B rpade cxembl ke CTaBUTCS
CANHCTBCHHAsA CTPCIIKa set mim array OT BECPIINHBI-THUIIA K BEPHINHE, OSHa‘Ia}OHIGﬁ
OJTHOPOJTHBIH HaOOP 3JIEMEHTOB 3TOT'0 THIIA.

type TStudent = [name: string, birth_year: integer]
type TStudents={student:TStudent}
type Tlnst=[name: string, students: TStudents].

Juarpamma tunoB mist B/l cTyAeHTOB U By30B, YIOMSIHYTOM BBIIIE, U €€ 3aJaHUC Ha
runoretuyeckom DDL

Tunsl u kaacewsl: CymectBenHoit ueproii OOCYB]] sBnsieTcss BbIIEICHHE
pa3HUIBI MEXIy THUIIaMH W KiaccamMu. B TepmuHax rpada cxeMbl pasHHIA
Cllelyollas: BHaYajie B IyJie OOBEKTOB BBIIEISIOTCS BCE OJHOPOAHBIE HAOOPBHI,
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COCTaB KOTOPBIX 3ajiaH 3apanee (K mpuMepy, iNteger, win mepeurcIMMBIN THTI, WA
MHOKECTBO CTPYKTYpPHO CO3JIaHHBIX OOBEKTOB C OJHON W TOW K€ CTPYKTypoi). B
rpade cxeMBl Ha KaKIBIH Takold HaOOp co3maéTcsl BepIIMHA, Ha3bIBaeMas THIIOM,
3aTeM TaKHe BEePIIWHBI-THITEI COCIUHSIIOTCS CTPEIKAMH CTPYKTYPHBIX OIIepaTOpOB,
ecli KaKWe-T0 W3 JTHX THIIOB CTPYKTYpHO 00pa3oBaHbl H3 JApYyrux. B
MPOTHBOIOJIOKHOCTE 3TOMY, KJIACCOM HA3bIBAIOT BEPIIUHY, 0003HAYAIONIYIO
a0CTpaKTHBIN, 3apaHee HE 33JaHHBIA OTHOPOIHBIN HA0Op OOBEKTOB JAHHOTO THIIA,
YTO pealu3yeTcss BBEJACHUEM elIé OJHOW 0c000i pPa3HOBHUIHOCTH CTPEINKH,
3a/1a01lel MPUHAJIEKHOCTh Kilacca K THILY.

WHbiMH crioBamu, JJisi BEPIIMHBI-THIIA 3apaHee MOXHO yKaszaTh €€ paclIhpeHue
(crimcox 0OBEKTOB JAHHOTO THIIA), a JJIS BEPIINHBI-KIacca HEeJb3sl.

CooTHOIIIeHHEe MEXAy NPUMUTHBAMM THII U KJIACC SBJISETCS JOCTATOYHO CHOPHBIM
BonpocoM B paznuuHblx OOCVYBJl. CymectBytor kak OOCYBJl, B cxemax
KOTOPBIX HCIIONB3YeTCsS TOJNBKO OJWH W3 J3THX HPHMHTHUBOB (K IIpUMEpY, B
cucreMax, HanmucaHHBIX HA CLOS, 9acTo ecTh TOMBKO KJIACCHI M HET THIOB), TaK H

OOCYB/, nognepxuBaromue o0a MPUMHATHBA, TeM 0oJiee 94TO MOCIEeTHETO TpeOyeT
ODMG.

OtHomenus (ects He Bo Bcex Mozenax OOCYB/I): OtHomeHne ¢ TOYKH 3pEeHUs
MaTeMaTHYECKOW JIOTHKH — 3TO (YHKIHUS, OTOOpa)karomasi HEKOTOPOe MHOXKECTBO
OTHOTHUITHBIX OOBEKTOB Ha MHOXeCTBO {false,true}.

B OOCVYBJl otHomienus 3amaroTcsi kiaccamu. Kiacc ompenensieT HEKOTOpoe
MHOXECTBO OJHOTHITHBIX OOBEKTOB. Bce 0OBEKTHI, KOTOpBIC BXOIAT B JAHHBII
Kiacc (TIOTEHIMAIBHO MOTYT CYIIECTBOBATh APYrHe OOBEKTHI 3TOTO )K€ THUMA C
JpYrMMH 3HAYCHHUSMH aTpUOyTOB, HE BXOJSIINE B KiIacc), (GOPMHUPYIOT OTHOLICHHE
TaK ke, Kak (OopMHUPYIOT OTHOWICHHS KOPTEXKH, Haxozsmuecs B Tabmumax PCYB/I.
Takum obpazom, B OOCYB]/] kiacc 3amaeT HEKOTOpPOE OTHOIICHUE TaK Ke, KaK B
PCVYB/1 oTHOIIEHHE 3a0aETCs TaOIHIICH.

PacmpocTpaH€HHBIN ITpUMep OTHOIIEHUS — OMHApHOE OTHOLICHME, 3aJjaBaeéMoe Ha
JEKapTOBOM MPOU3BEACHUU 2 MHOXECTB M O3HAYaIOILIEe, YTO €CIH AN JaHHOU
napsl OOBEKTOB OHO HCTMHHO, TO 3TH 2 00BEKTa COCTOAT B HEKOTOPOM
"(hnznueckoM" OTHOLIEHUM, HANPHMEpP OTHOLICHWH DPOJACTBA MEXIYy OOBEKTaMH-
JIOABMH, a €CIIU JIOKHO — TO HE COCTOST. TeMm caMmbIM sl 3aJaHHs OTHOLIECHHS
JIOCTaTOYHO Ha 0O0JacTH OIpeleseHUs] OTHOLICHHs 3aJaTh ITOJMHOXKECTBO, Ha
KOTOPOM H TOJBKO Ha KOTOPOM (YHKIIHS HCTHHHA.

B OOCYB/l nmns 3amaHust OTHOIIGHHS MEXAY JABYMS OOBEKTaMH MOTYT
npuMeHsaTbesi ccbliku 1o 0id. Ecim ob6bexr 0_employee 3HaueHHeM CBOero
atpubyta wWorks_in_dept umeer cchiiky Ha 00beKT O_dept, TO MOXXHO FOBOPUTB YTO
3TOT 00BEKT ciyxkariero 0_employee naxomurcst B otHoreHnu WOrks_in_dept c
obvekToM otmena 0_dept, T.e. ciyxamuit 0_employee paboraer B otnene 0_dept.
IIpu >TOM HYyXHO oOOpaTuTh BHMMaHHe Ha TO, 4To cchutkd B OOCYB/]
onHoHampaBieHsl U B ommuue oT PCYBJ[ Hemb3sh TOBOPUTH O TOM HYTO OTHEI
0_dept HaxomuTCs B CHMMETPUYHOM OTHOIIEHHH "CONCPKHT paboTHHWKA"' K
coyxamemy 0_employee. DTo CBSI3aHHO € TEXHHYECKUMH  CIIOKHOCTSIMH
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peammsanmn B OOCYB]] moncka BceX OOBEKTOB, CChIIAIOMIMECS Ha HEKOTOPHIN
3aaHHbli  00BekT. [Ipm HeoOXomuMOCTH TakoW (YHKIIMOHAT MOXKET OBITh
peann3oBaH aHAJTOTUYHO TOMY, KaK pealM30BaH IOUCK MO MHJIEKCY B COBPEMEHHBIX
PCYB/l. B xadecTBe mpmmMepa TaKOTO paCIIUPEHHS TPAKTOBKH CCBUIOK MOXKHO
NPUBECTH MEXaHW3M 3alpPOCOB WHTETPHPOBAHHBIX B SI3BIK IPOrPAMMHUPOBAHUS
(LINQ) paspabotku kommanuu Microsoft. Tor MexaHU3M MO3BOJSIET HAWTH BCEX
pabOTHHUKOB 3aJaHHOTO OTJIENa:

from emp in employees where emp.works in dept ==
o _dept select emp;

B rpage cxembr OOCYB/] oTHOIIEHHSs 3aJal0TCsl TaK K€, KaK M KIJIACChl, TO €CTh
BBCJICHHEM BEPIINH-OTHOILICHHUH U CTPENOK rel, yKka3bIBaromnux Ha BEpIIMHY-THIL.

RInversion il = TRational2.Create ((2,5),(5,2));
RInversion i2 = TRational2.Create ((1,3),(3,1));

OTHolIeHNe 00PaTHOCTH JIBYX PallMOHAIBHBIX YHCEN U 100AaBJICHNE B HETO Map
(2/5,5/2) u (1/3, 3), B npennonoxennu Hanuuusi C++-1moJ00HOTO SA3bIKA
ompejieieHust TaHHBIX U Kiaacca TRational

Tem camMbpIM BBEJ€HHE OTHOIICHUN BBINISAUT H30BITOYHBIM, AYOIHPYIOIIUM
(YHKIMOHAJIBHOCTh KJIACCOB, HO NPU BBEICHHU CTAHAAPTHBIX ONEpalyil Haj
OTHOIICHHUSAMH T03BOJISIET (haKTHUECKU CO3[aBaTh B paccMaTpuBacMoM '"rpad)oBoM
(peliMBOpKe" peNIAIIMOHHBIC MOAETH JAHHBIX.

Posmm (ecte He Bo Bcex Mmomemix OOCYBM): OcHoBHas 3amadya poled —
peann30BaTh BO3MOKHOCTh JMHAMHUYECKOTO HACJIeIOBAHHUS.

PaccmorpuMm pacnpoctpanéuuyio npobaemy [18]: mycts B OOBJ] ecth Kiacchl
"paborauk" u "yenosek" — CEmployee u cPerson, u B HEKOTOPbIf MOMEHT YEJIOBEK,
3aHecéHHBIN B b/l xak 00bekT Kiacca CPerson, Obu1 B3AT Ha padoTY, T.€. BO3HUKIIA
HE0OXOAMMOCTh <BPEMEHHO™> NPHIATh €My IOJS U METOABI Kiacca CEmployee, a B
OymymieM, BO3MOXKHO, JIMIIUTh €0 IPHCBOEGHHBIX aTpUOyTOB. DTO MOXKET OBITh
peann30BaHO CO3JaHMEM HOBOTO KJIacCa, yHACIEJOBAaHHOIO OT ABYX Ha3BAHHBIX
(ecmm mMeeTcss BO3MOYKHOCTh MHOJKECTBEHHOTO HACJICHAOBAaHHWS M B Kjaccax HeET
OIMHAKOBBIX ToNeld Hamomobme "mms'"), mmbo co3manmeM cEmployee xkax
yHacienoBaHHOro oT cPerson. JlaHHBIE CHOCOOBI MPEICTABIAIOTCS HEYZOOHBIMH:
MEepBEI W3 HUX HapymiaeT NMPHHIUN 3amemieHus JIuckoB ("'mpeacraBUTeNd THIIA
JOJDKEH Oe30MacHO 3aMEHATHCS Ha MPEJICTaBHTENS yHACIeAOBAaHHOTO THMA"), T.K.
kinaccel  cEmployee wu  cPerson JMmaroTcsi  €CTECTBEHHOTO  OTHOLICHUS
BJIO’KEHHOCTH, BTOPOM )K€ IPUBOIUT K HEOOXOMMMOCTH YAAINUTH NPEXXHUH 0O0BEKT U
nepeco3/1aTh ero Kak 0ObeKT HOBOTO Kilacca.

VkazanHas mpoOsiema HasplBaeTCs 3amaueil  peanusaluu  JIHHAMHYECKOTO
HaCJICIOBAHM U MOXKET OBITh paspeleHa cleayonmM oopasoM. Cpenn 00beKTOB-
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MpEeACTaBUTENIEH KJIACCOB BBIJEIMM HEKOTOphle M HA30BEM HX poasMu. Jlamee
BBeIEM B rpad OOBEKTOB OCOOBIM THUI CTpeiaku has_role mexmy OOBIYHBIM
00BEKTOM M 00BEKTOM-PONIBI0. CMBICT TaKOH KOHCTPYKIUH — OOBIYHOMY OOBEKTY
MPUCBAaMBACTCA BpPEMEHHAs INPUHAUICKHOCTH K OO0BEKTaM [OaHHOTO KJlacca,
BO3MOXKHOCTB "CHITPATh pob" 00BEKTa JAHHOTO Kilacca.

BosBpamasce k 3amgaue o cPerson u cEmployee, pois MokHO Ha3HAYNTD Tak:

I[anee npu HeO6XOZ[I/IMOCTI/I A JaHHOI'O 00BeKTa MNPpUCBAUBAIOTCA WU
OTHUMAIOTCA POJIA.

IToBeaeHYecKH acHeKT.

I[MomuMo CTPYKTypHOW dYacTH, XpaHSIIEH COOCTBEHHO NaHHBIC, MOJAETh BCSIKOU
OOB/l Takxe oOmamaeT T.H. NOBEACHYECKOH YacThio, Y KOTOPOI HET aHaiora B
perauoHHON Monenu. OCHOBHBIMHU 3JICMEHTAMHU TOBEICHYECKOM YaCTH SABJISFOTCS:
METAaKJIaCChl, KJIaCCOBBIC aTPUOYTHI, OMEpanus HACICIOBAHUS, METOABI U (DYHKI[HH.
[17]

Memaxknaccei. [ BBeIEHUS METAKIACCOB IPEIaraeTcsi HECKOJIbKO H3MEHHTH
CTPYKTYPY IAaHHBIX, MEPEMECTHB BEPIIMHBI-KIAacChl W3 rpada cxeMmbl B rpad
00BEKTOB (cHenmaB WX aOCTpaKkTHBIMH OOBeKTamMH). g Kakaoro Kiacca, IIo
OMpPENEIICHUIO Klacca BBIIIE, [IPU 3TOM HEOOXOIMMO BBECTH CHIE OMHY BEPIIUHY,
o6o3Havaronyr0 Habop 0OBEKTOB JAaHHOTO KJIacca, M COCTUHUTHh MX CTPENKOn Set.
D10 naéT BO3MOXKHOCTH MPOHU3BOIUTH CTPYKTYPHBIC OINEpAlMd HAJ KJIACCAMH,
paboTas ¢ HUMHU Kak ¢ 00bekTaMu. J{J1s1 opranu3anuu KOJUIeKIHi 00 beKTOB-KIIACCOB
B rpad) CXeMbl BBOISTCS HOBBIC BCPIIMHBI, HA3bIBACMBIC METAKJIACCAMH, C
KOTOPBIMH 00BEKTHI-KJIACCHI MOXHO CBSI3BIBATH CTpeskoi has_class.

Knaccosvie ampubymuvi. OObEeKTHbIE MOJETH C METaKJacCaMH  ITO3BOJIIOT
peanu3oBats m3BecTHeIe 0 OOII kyIaccoBble aTPUOYTHI, TO €CTh BO3MOXKHOCTb
HaJIM4Ms y Kjacca aTpuOyTa, 3HAUYCHHE KOTOPOTO OJTHO M TO K€ JUII BCeX 0OBEKTOB
JAHHOTO Kiacca. bomee TOWHO, Tak Kak KJIACCHI TEMEph SBISIOTCS OOBEKTaMH,
KJIACCOBBIH aTpHOyT €cTh HE UYTO HHOE, KaK BEpIINHA-00BEKT (OOBIYHBIN),
COeIMHEHHAs CTPEJIKOM CTPYKTYPHOI Ollepaluy ¢ BEpIIMHOM-KIaccoM.

Hacneoosanue. Brilie yKa3bIBaJOCh, YTO CYHIECTBYeT crpenka inherits mexmy
THIIAMH WM KJIaccamMH, O0O3HauaroIlas HaclieqoBaHuWe. B 1maHHON OOBEKTHOMU
MOJIETTH HACJIeJOBAHMEM THIOB HA3bIBAIOT OMNEPAIMIO CO3JAHHS OJIHOTO THIA U3
JIPYTOro C TIOMOIIBIO CTPYKTYPHOTO JTOOaBIE€HUS BEpPUIMH. OTO OOBICHIET
oroxnaectsienne B [17] omepammii inherits u isa, Tak Kak TakoW IMMOIXOJ €CTh
peanuszanus BJIOKEHHOCTU THUIIOB: MPEICTABUTENM THUIA-MOTOMKA rapaHTUPOBAHHO
MMEIOT B CBOEM COCTaBE TE XK€ IOJIsl, YTO U MPEeICTaBUTEIN TUMA-TIpeaKa (1, MOXKET
OBITh, CIIE KAKUE-TO), TaK YTO MOTYT HUCIOJIb30BaThCS BMECTO IPEACTaBUTEINCH
TUIA-TIPEJIKa COTIACHO MPUHIUIY 3aMeleHus JIuckos.

TEmployee=[name:string, salary:integer]
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TEmployeeChief inherits TEmployee add dept:TDept

HacnenoBaHue KiaccoB €CTh HACIEAOBAHHUE COOTBETCTBYIOIIMX MM THIIOB ILTIOC
TpeboBaHUE YHACIIEAOBATh KJIacCOBbIe aTpHOYyTHI Ha rpade 0ObEKTOB (eciu MOJETb
C MeTakJlacCaMHM U KJIaCCOBBIMH aTpuOyTaMH), a TaKKe YHacleI0BaTb METOJBI
POIUTENIHCKOrO Ki1acca.

Memoout u ¢ynxkyuu. Ito dyngameHTanbHble coctaBisonie OOCYB/l, HescHpIM
MOXET BHaJaye I0Ka3aTbCsi UX MecTo B rpade 0ObeKTOB M rpade cXeMbl, Tak Kak
OHHU HeE SBJSIIOTCS JaHHBIMH WM JoMeHamH. CyIIecTBYeT MOJXOJ, MPU KOTOPOM
OHU CYMTAIOTCSl HE BXOJSIIMMH B OOBEKTHYIO MOJENIb M BHEIIHMM 00pa3oMm
MaHUIYJIUPYIOT JaHHBIME. Takas npaktuka ucrnonssyercs B OOCYB/], B koTopbIx
UL MOAM(UKALMK  JaHHBIX  HUCIOJB3YeTCs  HEMOCPEICTBEHHO  SI3BIK
nporpammupoBanus bJl, a He A3bIK ynpasieHHs NaHHbIMH, Hanpumep Caché [18],
db4o (XOTs1 OHM OTPaHUUYCHHO MOJIEPKUBAIOT TAKXKE YNPABICHUE NAaHHBIMU Yepes3
SQL). DtoT momxox ropasio IMpomie MPOYHX, HO OH HUKAaK HE MPHHAMACT BO
BHHMAaHHE [IEJIOCTHOCTb IAHHBIX ¥ KOHTPOJIb LIETOCTHOCTH.

CymiecTByeT BO3MOXHOCTh BKJIIOYHTh METOJbI U (DYHKIMH B OOBEKTHYIO MOJIEINb,
JUIL 4ero npuUMeHseTcs TOT (akt, 4Yro Jrobas maremaThyeckas (QYHKIMS
NpeICcTaBUMa Ha TEOPETHKO-MHOXKECTBEHHOM SI3BIKE KaK BBIIEICHHOE MHOXKECTBO
nap BHIa [BXOJHAs IIEPEMEHHAs, BBIXOAHAs IepeMeHHast|. MHBIMH ciloBamH,
(GYHKIUST €CTh HEKOe OTHOLICHHE, a OTHOIICHUS BXOIST B OOBEKTHYHO MOJEIIb.
CrenyeT 3aMeTUTh, YTO TPEICTAaBICHHE B BHUIC OTHOIICHUS Uil (GYHKUHWI
HECKOJIbKUX IMEPEeMEeHHBIX HEOJHO3HAYHO: HANpHMeEpP, (YHKIHIO, BO3BPAILAOLIYIO
JUISL JIaHHBIX JIByX POJHTENICil MHOMXECTBO X JeTel, MOXXHO NpEICTaBUTh Kak
MUHHMYM 2 cIIocO6aMHu.

1. Tepuapuoe otHomenue: (0_person, o_person, {o_person}).
2. BioxeHue  OWHAPHBIX  OTHOIICHHIA: (o_person, (o_person,

{o_person})).

st momHoTO BKITOUSHMST QYHKIMI B OOBEKTHYIO MOZIENb ClIeyeT 100aBUTh B HEE
CTPYKTYpHBIE  oOlepanud  Hajg  (QYHKOWSIMH, XOpOIIO  H3BECTHBIE U3
(hYHKIIMOHATLHOTO TPOTPaAaMMUPOBaHUs: KoMmo3uius, apply-to-all u apyrue (cwm.
HIDKE 0 (PyHKIIMOHATIHHOM ITOJIX0/I€ B MATEMaTHYECKOH MOIEIIH).

Octaércst BOMpOC, KaK C IOMOIIBI0 TAKOTO IMOJXOAa PEAIM30BAHO BKIFOUYCHUE
METOAOB KitaccoB (a He abctpakTHBIX (yHkwmiA) B rpadh OOCYB/I, HOo 3TO CKOpee
TEXHUYECKHUU BOIPOC, PEIICHUE KOTOPOTO CXO0XKE C PEUICHHUEM 3aJa4d BKIIFOUYCHHUS
OTHOIIEHHUH, METAKJIACCOB UT.J. B O0BEKTHYIO MOJENb U MO3TOMY He OyIeT 31ech
MPUBOIUATHCS.

4. YpoeeHb Mamemamu4eckol modenu OOCYB/.

Kak yxke ckazano Beime, 3amgada ¢opmanusanuu maHHbix OOCYB]J] cxoxa ¢
3amadedl (hopManM3alUK JIEKIAPATHBHOTO S3bIKA ONPEACICHHS IAHHBIX: 00¢ OHH
MPEIONIaraloT MOCTPOCHHE OOBEKTOB WJIM 3alpOCOB K HUM B BuAc (Gopmyi
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HEKOTOpoi ¢opManbHOl Teopun. CyIIecTBYyeT JBa IMOAXOAa K CO3JAaHUI0 TaKOH
(hopmanbHOM TeOpUHU — (PYHKIMOHAIbHBIN 1 JTOrHYeCKH (1eTyKTUBHBIN).

[Ipu dyHKUMOHANBEHOM MOJX0Je M3 Bcel (QopMalibHOW TEOPUM 33/JAI0TCS TOJIBKO
CTPYKTYpPHBIE IIpaBWiia co3aanusi GOpMyJl U, OBITh MOXKET, OLIEHKH X UCTUHHOCTH,
TO €CTh CeMaHTHKa TeopuH. Jlorndeckuii BeIBOA He npuMeHsercs. [lonxoxn momyunn
cBOé Has3BaHHE OT (YHKIMOHAIBHOTO MPOTrPaMMHpPOBAHUSA, OCHOBOH KOTOPOTO
ABSIETCA  TIOCTPOGHHE pe3ynbTara pabOThl MHpOrpaMMBI  Kak  pe3yiabTaTa
MIOCJICIOBATEIFHOTO BBIYMCIICHHS HEKOTOPOH MaTeMaTHdecKOW (yHKIUH, dYTO
CXOJKe€ C MOCIIE0BATEIbHBIM IIOCTPOCHHEM (POPMYIL.

B [17] BeigessieTcss aBa OCHOBHBIX (YHKIIMOHANBHBIX MOaxoja: anrebpa select-
project-join (SPJ) 1 MHOrOCOpTHOE HMCUMCICHUE MPEIUKATOB BBICIIErO MOPSIKA
(Ha3pIBaeMOE y HErO MOJHBIM HCYHCIEHHEM 00bEKTOB).

OcHOBO# (DYHKIIMOHANBHOTO MOJXOJAa SBIACTCSA 3aJaHHe OOBEKTOB, 0a30BBIX
GyHKUMIA Hag HUMU U CTPYKTYpHBIX onepauuii Han ¢yHkumsmu. B anredpe SPJ
(uneonoruto kKoTopoi ucnoib3yer SQL) oObeKTaMU SBISIOTCS: aTOMBI OOBEKTHOM
Mozeny, Habopbsl OJHOPOJHBIX JJIEMEHTOB (set, array), KopTexu. bazoBbiMu
(GYHKLIMSIMU SBISIOTCS:

1. pa3HOOOpa3HbIe 3IeMEHTapHbIC OIepalluy HaJl YUCIaMHU U CTPOKaMHU

(cymMma, KOHKaTeHaIUs UTH);

o (pred)(set) — mpenukaT pred Ha MHOKecTBe set (aka BBIOOpKa);

3. p (fun)(set) — npumeHeHune oHOMECTHOM (yHKIMH fun K KaXIoMy
aeMeHTy MHOKecTBa set (aka apply-to-all uz @II).

>

CTpyKTypHBIE ONEpali — KOMIIO3HMIUS, KOPTEX, arperamus (Ha BXOJ IMOJIydYaeT
OJTHOPOJHBIA Ha0op W OWHapHYIO (QYHKIMIO f, HampUMep CIIOXKEHWE, Ha BBIXOJE
BeIIAET pe3ynbTar f(x1,f(Xo,f(Xs...)...))), oneparus if-then-else u 1. 1.

[IpuBenéM HECKOJIBKO MPUMEPOB IMPABUIBHO IMOCTPOCHHBIX 3alpPOCOB B airedpe
SPJ.

Kaxnplit 3 HUX JomyckaeT 2 (OpMBI 3aIlicu: BBIpakKeHHe Ha HekoTopoM SQL-
MOJOOHOM SI3BIKE W BBIpAKEHHE Ha S3bIKe JsMOma-ucumcieHus. Kpome Toro,
nobaBuM emé, 3aberas BHepén, 3amuch B BUAE (OPMYJIBI Ha S3BIKE IIOJHOTO
WCUNCIIEHHUsI, YTOOBI TpOBecTH cpaBHeHHE. OUYEBHUAHO, TPEThS 3alMCh HE €CTh
anbTepHATHBHAA (opMa 3alUCH IBYX MNPENbIIyNINX, T.K. IMOJHOE HCUYHCICHHE
yCcTpoeHo uHaue, ueM SPJ-anrebpa.

ITycTh 6a3a qaHHBIX 3a1aHa Tak (mpumep u3 [17], HO 6e3 cocTOosIHMIA):

o _type o person = [name:string, b-date:date]

o_type o_empl inherits O_person add [sal:int,
children: {c_persons}]

o _type o dept=[dname:string, budget:int, mgr:c empls,
employees: {c_empls}]
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class c persons: O person
class c_empls: o _empl
class c_depts: o _dept

//3anosHeHye 0Oasbl
deptl: o dept = (xakoM-TO BES3OB KOHCTPYKTOpPAa)

dept2: o dept = (xaxkol-TO BE3OB KOHCTPYKTOpPa)

depts: {deptl,dept2,...}

3anpoc 1: Haiitn Bcex Ha9aTbHUKOB OT/IENOB, OFOKET KOTOPHIX <OTIEIOB> Ooee
1000.

SQL: select mgr from depts where
budget>1000

Jlamboa-mcumcijeHue : p (mgr) (o (budget>1000) (depts))
dopmyia: d.mgr: d€ depts & d.budget>1000

3amnpoc 2: J]ns kaxa0ro oT/ea, BEIBECTH €ro Ha3BaHHE, HMEHA COTPYIHHKOB C >3
JIETEMU, K UMEHA UX JCTEH.
SQL: select dname, (select name, (select
name from children)
from employees
where count (children) >3)

JiamMboa-mcumciieHue : p (dname, p (name,
p (name) (children))
(0 (aggr (+,p(f_1,children))>3) (employees))) (depts)
dopmyrnia: e.dname, {d.name, {c.name: ce€d.children}:

count (d.children)>3}:d€Ee.employees

(rne f 1 — ©OazoBas ¢yHKOWSA, TPUHUMAIONIAsi HAa BXOJ string M Ha BBIXOHE
BBIIAIOMIAS TOKIACCTBEHHYIO |; TOMYyCTHUM, OHA OOBSIBICHA BHIIIIE)

BuaHo, 4TO MosHOE MCYHUCIEHHE 00BEKTOB OTIHYaeTcst oT anredpsl SPJ B nepByro
ouepeqb TEM, UYTO OHO JOMyCKAaeT ONepallio MPUHAAIEKHOCTH K THIAM, TO €CTh
SBIISICTCS MHOTOCOPTHBIM, a TaKkKe€ YTO OHO SBIISETCS WCUYHCICHHEM IPEANKATOB
BBICIIETO (BBIIIE TIEPBOTO) TIOPSIKA, TaK KaK JOMyCKaeT KBaHTU(UKATOPHI HE
TOJIBKO HAJ| aTOMapHBIMH OOBEKTaMH. DTO JOCTaTOYHO HEYHNOOHAas 4epTa, Tak Kak
W3BECTHO, YTO TEOPHH BBICIIErO MOpPSAKAa HE aKCHOMATH3MPYEMBI (HE CYIIECTBYET
Habopa (opMysT TAKOTO, YTO BCE OCTANIFHBIC PABMUIIBHO IMTOCTPOSHHBIE (hOPMYIIBI 13
HUX BBIBOJIATCS), YTO B CBOIO OdYepenb BeIET K OOJBIION BBIYMUCIHUTENBHOM
CJIOKHOCTH 33/1a4d TPOBEPKH MCTHHHOCTH (opMyn (cuuTaeMm, 4YTO 3a/aHa
ceMaHTHKa (GopMyI, TO ecTh oToOpakeHHe MHOXecTBa (opmyl Ha {true,false}), B
TO BpeMs KaK B CIydae aKCHOMAaTU3UPYEMOH pa3pelirMOi TeOpUU Ui MPOBEPKHU
HCTUHHOCTH (POPMYJIBI TOCTATOYHO OBIJIO ObI MPOBEPUTH €€ Ha pa3pemmnmocTb. Jis
CpaBHEHMs], PEeNALUOHHAs MOJAEIb OCHOBAHA HAa MCUUCICHHM NPEIUKATOB MEPBOIO
HOPSIKA, TOMYCKAIOIIEM aKCHOMAaTH3aLHUIO.
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JenykTuBHBIA moAX0A. OTOT MOAXOJ MPEACTaBIsEeT LENOe HalpaBleHUE B
COBPEMCHHOH TeopuM 0a3 MHaHHBIX, NPHYEM, YTO XapaKTEPHO, OOBEKTHO-
OPHEHTHPOBAHHBIE CHCTEMBI IPUMEHSIOT HEKOTOPBIE Iy KTHBHBIC MEXaHU3MBI — K
pUMEpPY, B CO3JaHUU S3BIKOB 3alPOCOB (T. H. SA3bIKM, OCHOBAaHHBIC HAa NPaBHIIAX)
WU B 33/1a49aX KOHTPOJIS LIEJIOCTHOCTH.

OOmas uaes sToro noxaxoxa — npencrasieHue 3anpocoB CYB/l B Buzne dopmyn
HEKOTOpOH (hopManbHON TEOPHH, TMOTYIAEMBIX C TOMOIIBIO JIOTHIECKOTO BBIBO/IA B
3TOM Teopuu. JIorrmyecKuii BBIBOJ HaJ MHOKECTBOM (DOPMYI MPEICTABISAECT U3 CeOS
3apaHee BBIIEICHHBIH Habop (GopMys, Ha3pIBAGMBIX aKCHOMaMH, U TPaBUI (CXeM)
BBIBOJIA, ITO3BOJIIOIINM CTaBUTh B COOTBETCTBHE Habopy ¢opMmyn emé oaHy
(opMyiTy, Ha3bIBAGMYI0 CHHTAKCHYCCKHM CIICJCTBHEM W3 JaHHBIX (GopMmyrl. 3a
aKCHOMBI OOBIYHO OepyTcsi 0a3oBbIe NPEIUKATHI MPHUHAIICHKHOCTH JIUTEPAIOB K
OPOCTHIM THIIAM U 3apaHee onpenenéHHbie oTHoueHus. [Ipumep npasuna [16]:

MOTHER_OF ( X,Y), MOTHER_OF (Y,Z) - GRANDMOTHER_OF(X,Z)

3nece MOTHER OF u GRANDMOTHER OF — nmeHa npeaukaToB, 03Ha4aromux
COOTBETCTBYIOIINE (DOPMBI POACTBA.

SlcHo, uto ecnu B snorndeckoi BJl Oymer 3amaHa NMPHHAUICKHOCTH HEKOTOPBIX
mopeit k npenukatam MOTHER OF 1 GRANDMOTHER OF B Buze akcuom, To
6aza Oyner MMeThb BO3MOMKHOCTH 00pabaThlBaTh 3alpoChl BHIA, K IIPUMEpY,
SELECT * FROM persons p WHERE GRANDMOTHER OF(p,p0), Beramcuss
UCTUHHOCTh  NPEIUKATOB IS pasHbIX P C TOMOIIBIO WJIM  aKCHOM
HeToCcpeACTBeHHON mpuHamIexkHocTH denoBeka kK GRANDMOTHER OF(-,p0),
WM TaHHOTO TIpaBMJIa BBIBOJIA.

3HAYNUTENBHBIM IIIFOCOM TaKOI'O noaxonaa SABJICTCA MOAACPIKKA PEKYPCUBHBIX
3aIpoCoB. Yacro HpHBOZ[HMBIﬁ MPpUMEP — 3alIUCh TPAH3UTUBHOI'O 3aMbIKAHUA.

[IycTh ecTh rpad ¥ Ha MHOXKECTBE €ro BepuiMH ecTh oTHouueHue child (Bropas
BEpIIMHA €CTh MpPsSMOW NOTOMOK II€pBOif), TpeOyeTcsi ONpeleNuTh ero
TPaH3UTHUBHOE 3aMbIKaHHE, TO €CTh OTHOIICHHE path exists (BTopas BepIIMHA
JOCTHKMMa M3 TepBoi). s 3TOro MOXXHO HCIONB30BaTh Mapy AEAyKTHBHBIX
AKCHOM:

child(x,y) — path_exists (X,y)
path_exists(x,z), child (z,y) — path_exists (x,y).

B takoii akcuomaruke Gopmyna path _exists (x,y) Oymer pa3pemnma Toria 1 TOJIbKO
TOTJIa, KOT/Ia ¥ TOCTHKUM U3 X, 4TO U TpeboBanoch oT b/I.

Kpowme Toro, npencrasnenne bJl B neaykTuBHON (hopMe MO3BOISIET €AMHOOOPA3HO,
B BHJC AaKCHOM, 3a/aBaTh OTPAaHWYEHHS LEIOCTHOCTH (HAmpuMep, B BHIC
MPENKATOB MTPUHAIC)KHOCTH)

Tem He MeHee, B MPUMEHEHHH JIOTHIECKOTo Toxoa k moaenmupoannio OOCYB]]
€CTh HECKOJbKO TpyaHOcTed. OJJHAa M3 OCHOBHBIX IPOOJIEM CBs3aHA C HAINYUEM B
OOCYB/l, BO3MOXKHO, HEpa3pelIUMOil peKypCUH B MpaBuUile, K NPUMEPY €ClIU MPpU
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BBIYUCIICHUH TeJla TpaBWIa HEOOXOIWMO TIepedpaTh D3JEMEHTHl OTHOIICHHS,
MOTU(PHUIHIPYEMOTO B BEIBOJIE TIPABIJIA, HATIPUMED:

pl(XvY) - PZ(X,{Y})

DT0 MpaBUIIO peanu3yeT ONepanuio group by 1o IepBoMy apryMeHTy: IS KaKA0ro
(ukcupoBaHHOTO 00BEKTa X OepyTcs Bce 00BEKTH Y, KOTOPHIE YAOBIETBOPSIOT B
nape ¢ 3TUM X OTHOLICHUIO P, U OOBEOUHSAIOTCS B <3aBHCALIEE OT X> MHOXXECTBO
{Y}, mocne uyero nmapa u3 3Toro X U COOTBETCTBYIOLIETO €My 00BEKTa-MHOXKECTBA
{Y} BriIOYaeTcs B HOBOE OTHOILIEHHUE Pp, KOTOPOE CIIENyeT Ha3BaTh OTHOLICHUEM
rpynnupoBkd. Ho ecinu MOJOXKUTBE p;=Pp, TO MOJydaeTcs, 4YTO JjId o00Xoja
MHOecTBa nap {X,Y} B TOM 4nciie HEOOXOAUMO 3HATh, BXOJUT JIH CO3JaBaeMast
napa B OTHOIIECHUE, a 3TO HEU3BECTHO, T.K. IPaBUIIO emE He cpaboTao.

Metogom OOppOBI ¢ 3TOH TpoOIEMOW SBISCTCS BBEICHHEC BBEICHHE T. H.
OTpPaHUYCHUM CcTpaTU(HUKAIMK HAa TPABWIIA, 3aIPCIIAIONINX PEAUKATY B BBIBOJC
MpaBUJIa 3aBUCETH OT CeOsl CaMOro B TEJIe IPaBUIa.

5. Bbie00Obl U OCHOBHbIE NpobriemMbl.

IIpencraBnenHas CTpyKTypHas MOAEIb JAAaHHBIX SBISIETCS MNPEICTABICHHEM Ha
A3bIKE TEOpHH TpadoB IEIOr0 Kiacca CTPYKTYPHBIX OOBEKTHBIX MOJENEeH H
JOCTaTOYHO TOYHO peanusyeT kKak ocHoBHbIE nmpuHIMIBI OOII (oids, cTpyKkTypHBIE
OOBEKThl,  MEPCHCTEHTHOCTh  OOBEKTOB,  WHKAICYJSALMIO,  HACJeJ0BaHUE,
nonumopdusm), Tak W aOCTpakUMU TPYNIHPOBKH JaHHBIX — aOCTpaKTHbIE
MHOXECTBA, THUIIBI, KJIacChl. MOJENb COCTOUT U3 JIBYX YPOBHEH, CTPYKTYpHOTO U
MIOBE/ICHYECKOr0, NEPBBIA U3 KOTOPBIX €CTh YCIOXKHEHHAS BEPCUS PEISILIMOHHOM
MOJIENIN JTaHHBIX, BTOPOH MPEICTaBIsACT arperupyrone 00beKThl — THIIBI, KIAacCHI,
oTHomeHHd, (yHKiuKu. [IpaBo arperupyroonmx OOBEKTOB B JaHHOH Mojenu
y4acTBOBaTh B TEX )K€ OINEpAlMAX, YTO M WHAWBUAyaIbHBIE OOBEKTHI, MAET B
Ka4yecTBE MaTeMaTH4ecKol (hopMai3aliy 3TOH CTPYKTYPHOH MOJIENIN JOCTATOYHO
BBIPA3UTEIbHYIO CHUCTEMY — TIOJHOE€ OOBEKTHOE WCUYHUCICHUE, SBIIIOIIEECS
Pa3HOBHIHOCTBIO JIOTHKH BTOPOTO IIOPS/IKA, HO OJJHOBPEMEHHO 3TO IPaBo (Hapsmy
¢ pazHooOpa3ueM 6a3oBbIx sremenToB OOCYB/] u cBsA3eil Mex 1y HUMH) TPUBOIUT
K TpoOiieMe HEBO3MOXXHOCTH CO31aTh €AMHOOOpAa3HOE CPEJICTBO MPOBEPKH
KOPPEKTHOCTH OOBEKTa Teopuu (deM Obl OH HU ObUT — (HOPMYIJION CTPYKTYPHOTO
THIA, IPEJUKATOM, IPABIIIOM WM YeM-THOO0 IPYTHM), BRIPAXXEHHOE Ha S3BIKE 3TOU
TeopuH. VMHBIMH CIIOBaMH, MOXKHO CKa3aTh, YTO OTpaHHYEHHWS Ha KOPPEKTHOCTH
00BEKTOB TEOPHH SIBISIOTCS MMOKA HA CETOMHSIIHUM JEHb BHEIIHUMH CPEICTBAMHU
10 OTHONICHWI0O K TEOPHH, B OCHOBHOM BBIPQXEHHBIMH B (QOpMe yKa3aHHA
KOHKPETHBIX ~ KJACCOB HEKOPPEKTHBIX OOBEKTOB C 0003HayaeHHEM IIyTH
paspeleHus poOIeMBl.

Kpome ykasannoii (kpaTko HaspiBaemoit B [17] "higher-orderness problem™)
B@XKHOM SIBISIETCS TaKKe HpoOieMa peanu3alid B JAHHOW MOJIETH COYCTAHHS
(GYHKIMOHANBPHOTO M JIOTWYECKOro MporpaMMupoBaHms. IlepBoe mpexacraBisier

221



anmapat 111 paboTsl ¢ QYHKIUSIMHU KaK C JAHHBIMH, BTOPOE — C OTHOIICHUSIMH KaK
C JaHHBIMH (ONEpanMyl C OTHOIICHMSAMH TaKKe MPEJOCTABIAET, OYEBHIHO,
PEIMIINOHHOE HCYHCIICHNE; H3BECTHO, uTo pelrinuonHas CYB/I sBnseTcs 9acTHBIM
ciaydaeMm Jormdeckoif). OOa ammapata HEOOXOIWUMBI, T.K. XOTA (QYHKIMH U
NpPEICTaBUMBI, KaK CKa3aHO BBINIE, B BUIE OTHOIICHUH, HO 3TO MNPEICTABICHUE
Heyno0Ho. [lomHoit QopManuzanuu BKIFOUCHHUS (GYHKIUH M OTHOIICHUH B
00BEKTHYIO MOJIEIIb [TOKa HE CO3/IaHO.
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An Overview of Data Models of Object-Oriented DBMSs

A.M. Eldarkhanov
033555@gmail.com

Abstract: Object-oriented DBMS theory is one of the most prospective areas of modern
database theory, along with deductive and temporal DBMS. Nevertheless, a high variety of
different approaches and absence of a uniform standard, both in theoretical OODBMS area
(object calculus, data models) and in practical area (query languages, database API for
programming languages), seriously hinder creation of firm OODBMS basics. The purpose of
this article is to analyze the existing concepts of OODBMS structure, observing object data
models and formal mathematical models; finally, a number of primary actual problems of
OODBMS theory is formulated.

Keywords: data model, object-oriented DBMSs
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Snapshot Isolation Protocol
Performance Evaluation

D. Vasilik
Saint Petersburg State University
Dmitri.Vasilik@gmail.com

Abstract. Snapshot Isolation (SI) level is extensively used in commercial database systems.
We developed a simple SI implementation protocol for distributed DBMS and implemented it
in the Apache HBase. This work presents the performance evaluation of the protocol in
HBase cluster for the OLAP-like workload. We have measured the performance of a single-
node system and validated the model using the obtained results.

Key Words: Snapshot Isolation; distributed systems; performance modelling; HBase.

1. Introduction

In the last ten years the special class of data-intensive web-application has emerged.
Youtube, Google Maps, social networks, etc. represent the applications of the class.
These applications can be characterized by the following features: they work with
large volumes of data and typically do not need ACID transactions.

The choice of the concurrency control to employ in the application is of great
importance, since it affects the performance of the application as well as the
complexity and cost of development. For example, choice of eventual consistency
(EC) as an isolation level may result in increased complexity of programming
model. Thus, application designer has to carefully look for the most suitable
compromise between level of guarantees he gets and performance of isolation level
protocols.

The Snapshot Isolation (SI) isolation level was introduced in [2]. It is widely
adopted by the commercial and open-source systems thanks to its ability to cope
with read intensive workloads and high degree of consistency guarantees. It is even
used instead of serializable isolation level in Oracle and PostgreSQL. This decision
can be justified by level of guarantees Sl actually offers.

The transaction executed under Sl reads data from a snapshot of the data as of the
time the transaction started. Two transactions are called competitive if they have
overlapping execution intervals and they have written the same data item. When the
transaction is ready to commit, it is assigned the commit timestamp and in case if
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there is no competing transactions in the system it commits. This feature is called
“First-Commiter-Wins”.

We developed Sl protocol for distributed DBMS. We have presented it in [12] along
with its implementation prototype. We have chosen HBase to implement it in
because it is open source distributed data storage which has natively supported only
EC1. In [12] we have measured the performance of the prototype in a single-node
mode and compared it with that of HBase, but we had not an opportunity to run the
system in a distributed mode. Compared to [12], in this work we present
performance model of the protocol and the comparison of the protocol simulation
results with HBase simulation results for the distributed mode.

The remainder of this paper is organized as follows. In Section 2 we discuss
literature works on the DBMS performance evaluation with concurrency control
performance comparison being in focus. Section 3 contains the description of the
protocol and its implementation. Performance model is provided in Section 4.
Section 5 presents results of conducted simulation experiments. Section 6 contains
discussion of protocol implementation performance along with model validation
issues. In section 7 the results are summed up.

2. Related Work

A lot of concurrency control algorithms was introduced in the last 30 years.
Considerable research was devoted to evaluating the performance of concurrency
control algorithm in the 80s and the earlier 90s.

In [1] authors has examined the assumption set employed in concurrency control
performance (CC) modelling. Authors has investigated the reasons of apparent
contradictions in performance results of earlier studies. In particular, the common
assumption of infinite resources was critically examined. The paper [11] lists the
CC methods along with results gained from analytical and simulation studies. For a
given CC method the models employed for its performance evaluation are briefly
described. In [10] issues in modeling performance are discussed. The paper contains
tens of questions to be solved by the researcher before he starts to implement his
model along with some critique of using one’s intuition in performance modelling.

Works [7, 6, 5] are focused on the distributed systems performance evaluation,
however, this studies do not have the CC methods in the main focus. In [6]
performance models classification based on the model assumption set is provided.
The paper [7] contains a detailed comparison of Shared Disk and Shared Nothing
(SN) architectures. In particular, the performance of Scan and Join operators is
discussed. The paper [5] contains a comprehensive SN DBMS performance study,
performance is modeled using three different workloads, one of them being
generated from database traces.

! Optimistic concurrency control was the only available alternative for HBase by the
moment we started implementation.
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The work [8] presents an analytical SI performance model for a standalone server
machine.

Recently there was a number of studies related to SI implementation in distributed
systems [14, 4, 13]. The work [4] presents a technique to preserve the behaviour of
centralized Sl system in guaranteeing global Sl in distributed, lazily replicated
system. The technique leverages local SI concurrency control. A simulation model
was developed to study the cost of using the technique. This model is rather simple
in aspects of single-node performance, e.g. the service time per operation is
specified as model parameter.

The article [13] presents a cloud storage system named ecStore. The article contains
a brief description of concurrency control protocols used, but it does not contain CC
performance comparison.

In the paper [14] an approach to use HBase as a cloud database solution with global
Sl is described. The paper presents an optimistic protocol, which uses 4 special
tables and several queries to provide Sl gaurentees. The protocol is implemented on
top of bare-bones HBase on the client side, it’s imlementation is rather high-level, it
does not introduce any changes to server code. Authors have conducted several
experiments in a distributed environment (3-machine cluster) to evaluate the cost of
employing the proposed protocol.

In this work we present performance models for our protocol and HBase and the

comparison of simulation results. To the best of our knowledge the performance
model of Key Value store like HBase has not been presented yet.

3. Implementation Protocol

3.1. Protocol Description

Let us suppose that current transaction state, its start timestamp and end timestamp
(if a transaction has been already committed or aborted) are available at the
execution time.

Read operation execution is straightforward. To read a data object X the transaction
t performs a selection of all versions of X, committed before start time of t. Then
it traverses obtained list of versions to find the latest committed version. If the list
contains version written by t, this version is read instead of the latest committed.

Before the value of X can be updated the transaction has to ensure, that no
competitive transaction had already written X. If X was updated by transaction,
which was committed after t had started or by active transaction, than t aborts.

We have formally proved the correctness of the protocol in [12], but the prove is not
in the scope of this work.
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3.2. Data Storage Design Issues

We have implemented our protocol in HBase. HBase is an open-source distributed
data storage written in Java. It was made after Google Bigtable. In [3] Bigtable is
presented along with design and implementation decisions made by developers.

Authors has called Bigtable “a sparse distributed persistent multidimensional sorted
map”. Bigtable API is very simple. HBase API is also restricted to get, put, delete
and scan operations. The data processing necessary for a query can not be pushed as
close as possible to data, as it is usually done in distributed RDBMS. If a client
wants to update data according to a special rule, it requests the data, updates it
locally and puts the updated data to the storage. That is, complex query execution is
decomposed into two or more phases. As it was said before, initially only eventual
consistency isolation guarantees were provided by HBase. HBase/Bigtable users
who needed transactional execution, were suggested to implement it themselves
using data timestamps.

HBase cluster consists of servers of two types: master nodes and region nodes.
Every region server manages a number of regions. HBase uses horizontal
partitioning, each region contains data for an interval of keys.

HBase is column oriented storage, that is, data is stored on a per column basis in
main memory and in the file system. Every column store has its own set of files and
a per file buffer pool employing the classical LRU discipline to manage pages.
HBase use immutable files to store data. When the total space occupied by updates
kept in main memory exceeds specified threshold a new file is written to the file
system. This is done in a special thread. HBase uses write ahead log (WAL), that is,
every update is written to log before it gets to main memory store.

3.3. Protocol Performance Discussion

The “First-Commiter-Wins” feature has an optimistic nature, thus SI definition
naturally accepts the optimistic protocol. Our approach is not optimistic, it should
be rather called “First-Updater-Wins”.

Although the algorithm is nonlocking, it is more close to restart oriented locking
methods such as immediate-restart. Immediate-restart algorithm description, its
performance modelling and comparison with blocking and optimistic methods can
be found in [1]. More sophisticated restart oriented methods exist such as wound-
wait or wait-die, which could outperform the immediate-restart method in most
cases ([11]). We did not attempt to build a protocol on top of these ideas.

Before a data object is written the version check is performed. All data object
versions made after the transaction had started must be selected and traversed. It
may take a considerable amount of time, because some of committed versions of
data object may have been already written to the file system. In this case a number
of page reads is to be performed.

Some tricks could be used to avoid unnecessary disk accesses or at least reduce their
probability. The main memory store could be assigned a timestamp each time its
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contents are flushed to a new file. The version check performed in main memory is
sufficient to ensure “First-Writer-Wins” feature if the transaction started after the
main memory store had been written to disk last time. The second trick which may
be used is to write only the oldest versions to file, keeping new ones in memory.

Given average transaction execution time tavg, we can keep versions with

timestamps greater than now()-t

avg

To ensure transactional execution of queries in distributed data storage we used the
distributed commit protocol. We have chosen a protocol similar to Two Phase
Commit (2PC) for its implementation simplicity. The classical 2PC successfully
commit scenario consists of the following steps. The transaction initiator waits for
READY message from all the participated servers. When all the participants voted
to commit, it sends them COMMIT message and waits for ACK messages. After all
ACK messages were received, initiator finishes the transaction.

Since HBase uses WAL, when subtransaction sends READY message to the
transaction home node (client machine), it has no additional work to do before it can
commit. It can not be aborted by other local subtransaction. When the transaction
initiator receives READY message from all the execution region servers, it just
sends them COMMIT message and commits the transaction locally. It does not wait
for ACK messages from executor servers as in the classical 2PC.

Let us summarize the overheads introduced by the protocol.

o Employing distributed commit protocol leads to additional communication
overhead.

e Version check may lead to additional (local) disk accesses and may
consume CPU.

e  Certain resources are wasted due to additional aborts by protocol reasons

4. Simulation Performance Model

The simulation model was written in Java using Simkit simulation package [9]. Our
model is rather hardware resource bounded than data contention bounded. We
believe that HBase was not intended to be used for the workloads with high data
contention. Our model was not aided to solve some fundamental questions, it
concentrates on answering the engineering questions only. We have modeled the
particular distributed data storage performance, so the model is much less universal
than models employed in mentioned related works. However, the model is rather
simple. It abstracts from some details. For example, the primary copy replication
used in HBase, may affect the performance, but it is not reflected in the model.

The model will be described in terms of queries, we will use the term transaction
when we need to outline the differences.
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Parameters Settings
CPU: cores per PE 2
processor capacity (MIPS) 9000
#avg instr.. BOE and EOE steps 5000
per object reference for 25000
message 5000
for 10 operation 3000
Disks: count per PE 1
access time mean (ms) 8
page transmission time (ms) 0.2
Network: throughput (Mbit/sec) 100
min packet size 540
Database:  page size (Kb) 4
count of pages per PE 53000000
count of pages in buffer pool 500000

Table 1: System parameter settings.

4.1. Modelling Assumptions

We use a close system model. There is always the same number of queries in the
system. After one query had completed its execution, the new one immediately
replaces it. Since the concurrency control performance hardly depends on the active
query count in the system, we decided to keep these humber constant.

The cluster is modelled as a queueing network, each node is itself modeled as a
queueing network.

We use quite common assumption called “homogeneity assumption” in [6].

o All database sites have the same structure and the same service capacity.
e The amounts of data allocated to each unit are equal.
e Data accesses are spread among nodes in uniform manner.

We do not use a sophisticated model of a communication network as well, because
we believe that network should not be a bottleneck. In our model there is a virtual
connection between every query initiator (client) and executor node with
100Mbit/sec throughput.

Table 1 contains the system settings used for experiments.
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Parameters Settings
M 7
N 1000
r 10
N, 10
NVC
data access pattern 99%-1%
percent of sequential 10 5%

Table 2: Workload parameter settings.

4.2. Workload Model

The workload model is homogeneous, i.e. it consists of queries of one type. As was
mentioned above, the complex query is executed in a number of steps. We evaluate
the performance for the query which has two execution steps.

e Several regions are scanned. After the scan results are send to the client
(query initiator machine).

e Some of the objects obtained on the first step are updated. Updates take
place in the same regions, and thus are performed by the same region
Servers.

The number of nodes participating in query execution is distributed according to
Poisson distribution with mean M . The number of data objects query reads per

region server is exponentially distributed with the mean N, writes count is

distributed in a similar way with the mean N, . Reads and writes are distributed
among the nodes uniformly.

The 99%-1% data access pattern is used. 99% of transactions references 1% of data
objects. In our model the data access pattern influences both the buffer pool hit rate
and the data contention.

For the model simplicity we assumed that the data object version has a page size. It
is reasonable assumption, because HBase was not designated to work with objects
of small size. Thus, the granule for CC algorithm is represented by a page in our
model.

Workload parameters can be found in the Table 2.

4.3. Query Execution Model

Each query has a home node. The home node is the client machine it has arrived to.
After a query has arrived, it is split to a number of subqueries, each of which is local
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to one of execution nodes. Each subquery is modeled as a list of data references
(pages) to be processed. For each subquery the message is sent to the execution site
to start up the execution. Each query joins the Net queue and consumes CPU time to
send a message to execution sites.

When the subquery start message arrives to the execution site, the subquery is
created and it joins the Net queue on the execution site and consumes CPU time
needed to read a message. Than it consumes CPU to begin execution.

The subquery execution consists of Begin-Of-Execution (BOE) step, a number of
data reference processing iterations and End-Of-Execution (EOE) step.

For each data object reference it goes to the buffer pool to get the data. If the
required page is not already in memory, subguery consumes processor time to start
10 and joins the disk queue. Than the subquery goes to CPU queue and consumes
time to process data reference (to find appropriate version). In case there are some
more references the subquery repeats a similar data reference processing iterations.

After the subquery has successfully finished its execution it sends requested data (if
present) and the READY message to the home node. After that, the subquery is
finished, so it goes to CPU queue and consumes time for EOE step.

The client receives data from all the participated servers, process it and sends a
message to each participant to perform updates of the second execution stage.

A write subquery is executed in the similar way with a read subquery. Its behaviour
differs in data processing iteration. The write subquery firstly consumes CPU for
reference processing and after that writes the log page to the file system and
engueues the page write (it does not wait until the page will be written).

4.4. Transaction Execution Model

Read subtransactions do not differ from read subqueries in their execution model.
Although they may consume more CPU time for a data reference processing to find
appropriate version, the performed steps are same.

Write subtransaction performs version check before each write. If the version check
failed, the transaction is to be aborted, and subtransaction goes to the Net node to
send an ABORT message. The probability of version check success will be
discussed later.

The probability that versions needed for version check were not flushed to a file
since the transaction had started is quite high for not write intensive workload.

Therefore, the version check step is modeled as processing of ch pages, each of
which is already in buffer pool, so disk 10 is not needed.

After the write subtransaction has finished execution it sends READY to the home
node and waits for COMMIT or ABORT message in reply. The transaction initiator
waits until all READY messages (or one ABORT message) will be received. Than
it sends the COMMIT (ABORT) message to all executors and the transaction is
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finished. After the subquery received the COMMIT (ABORT) message, it writes a
log page and goes to the CPU queue to perform the EOE step.

4.5. Abort Probability

Let us consider the probability of version check failure. Suppose the transaction t
which was started at the moment u0 is going to update the value of data object x at
the moment u.

The failure of version check may be caused by two types of transactions that had
updated X recently.

e X may been written by the transaction which was committed after t had
started. Given the throughput of the server T (u) for the moment U, the

number of transactions committed in the time interval [U,,u] can be
A(U)+2*T (u)*(u—u,)
> .

e X may been written by the transaction, that had not already committed.
Let A(U) denote the number of write subtransaction active at the server as
for the moment U. The average number of writes made by active
subtransactions may be approximated by NW/ 2. The number of writes

made by all active transaction as for a moment U may be estimated with
N, *Au)/2.

approximated by K(u,u,) =N, *

The count of updates written by transactions which execution interval overlaps with
execution interval of t may be approximated by
AU)+2*T (u)*(u—u,)

K(u,uy)=N,™*
(u,0;) ,

Let us consider the @a—b data access pattern and the case when t belongs to
majority of transactions. The number of updates made by transactions of major class

is a*K(u,u,), while the number of data objects t can access is D*b. The
probability of observing update made by a transaction of the same class is

a*K(u,u,)
D*b

The probability of observing updates made by transactions of the other class is
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(I-a)*K(u,u,)
5 .

Thus, for a transaction of the first type the probability of version check failure can
be estimated by

b*(1-a)+a, K(u,uy)
b D

Pl(u!uo)z

and for a transaction of the second type by

K(u,u,)

Pz(ufuo)z D

5. Simulation Results

The main goal of our performance study consists in evaluation of performance
degradation caused by additional overheads introduced by the protocol. We
measured the performance of the protocol in terms of the system throughput and
average response time. We evaluated the throughput degradation for a particular
parameter settings as the difference between the EC and Sl throughputs divided by
EC throughput.

In this section we use the abbreviation EC to denote HBase version, which uses
eventual consistency, and Sl for HBase, which uses our protocol. For most of the
experiments we present two diagrams: one depicts normal workload results, while
the other reflects the situation when all the available resources are already saturated.
We have payed a special attention to the saturated system performance to examine
the influence of transaction aborts on the throughput.

Fig. 1 and 2 plot throughput results against the active queries count in the system.
The maximum degradation obtained for normal workload was 3.3% and 7.7% for
saturated system. In the latter case transaction aborts make significant contribution
to the throughput degradation. As the number of queries in the system increase, the
throughput degradation raises to the mentioned maximum of 7.7% for 1400 queries.
When the number of queries is equal to 100, aborts number per second is less than
30% of difference between EC and Sl throughputs. The rate of aborts count per
second to difference of throughputs reaches the maximum of 98.8% at the point of
700 queries.
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Figure 2: Saturated workload throughput
against the active queries count.

Fig. 3 and 4 give the average response time against the active queries count in the
system. Relative response time increase is quite small, it does not exceed 3%. After
the queries count reaches 35 the relative response time increase does not change
significantly. It remains about 3% for the highly saturated workload too.
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As expected the use of distributed commit protocol does not make considerable
contribution to the average response time for the long-running transactions. The
disk system appears to be the bottleneck for this kind of workload. The performance
of the system is substantially influenced by the buffer pool hit rate.
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Fig. 5 and 6 shows the throughput results for EC and Sl against buffer pool hit rate.
These experiments were conducted with the systems running 70 (Fig. 5) and 400
(Fig. 6) transactions. The partition size was varied to provide needed buffer pool hit
rate. The results obtained from both experiments are similar. In both experiments
systems show significant speedup with buffer pool hit rate verging towards 1. EC
outperforms Sl by 0.51-6.3% in case of normal workload and by 2.9-6.7%

otherwise.
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Fig. 7 gives response time against buffer pool hit rate for the system running 70
queries. Response time is not as sensible to buffer pool hit rate as throughput. The
graph is close to linear. However, relative response time increase grows rapidly with
buffer pool hit rate getting closer to 1 and reaches the maximum of 6.25% for
normal workload and 3.87% for saturated workload.
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Figure 7: Normal workload response
time against buffer pool hit rate.
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Fig. 8 presents Sl scaleup against the node count in the system. Scaleup
characterizes the ability of the N-times larger system to perform N-times larger job.
Scaleup is defined ([15]) as a rate of small system elapse time on small problem to
large system elapse time on large problem.

To evaluate the scaleup we slightly changed the workload in such a way that every
query spans all region servers. We varied the number of nodes in the cluster from 10
to 85, while the number of transactions in the system remained constant.
Experiments were conducted with 10 simultaneously executed transactions.

In our model the scaleup decrease main reason is the overhead introduced by
distributed commit protocol. This overhead increases linearly with the increasing of
the number of nodes the transaction spans.

Scaleup value on the graph is in 0.87-0.97 bounds, the minimum of 0.87 is reached
for the cluster with 85 machines. Scaleup is not significantly lower than linear, so
the distributed commit protocol does not decrease the performance dramatically.

6. Model Validation

We have implemented the protocol in HBase. Initially we have evaluated the
protocol performance using the prototype. We have measured the prototype
performance for a workload, which consisted of short-running queries. Each query
read and updated 3 values of double type. The prototype has shown relatively good
results for such workload: the throughput was 3 times lower than that of initial
HBase version.

To validate our model mentioned test set was changed. If each query writes 3
double values, size of log entries to be flushed to disk before query finishes is small.
So we replaced double values with 4Kb sized byte arrays. After the changes had
been made we discovered HBase throughput being ten times greater than that of the
prototype.

We suppose the prototype implementation showed such a poor performance,
because it copies data objects for internal purposes. For every single get and put
operation at least one data object is copied. We suppose that despite the fact that
main memory reads and writes are extremely fast, copying of data objects may
affect the performance in case of no disk accesses.

The values of model parameters for EC were selected in such a way, that EC
throughput was as close as possible to HBase throughput. The experiment
conducted with the same parameters using SI model has shown the throughput 1.5
times lower than for EC (1200 vs. 1800).

To have the SI model performance close to that of the prototype, we adjusted the
mean page processing time parameter to be 270000 instruction instead of default
25000. The primary goal of this experiment was to validate the abort probability
model. Fig. 8 shows the prototype throughput and SI model throughput, and 9
shows abort rates obtained. The difference between the aborts rates obtained from
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the model and the prototype has not exceeded 3% being about 2% at average. We
conclude that our model captures the system behavior adequate.

7. Summary

In this work we presented Sl protocol and evaluated its performance. The advantage
of the protocol under EC is obvious: the data storage user is provided with SI
consistency guarantees. However, the protocol introduces several additional
overheads, which may affect the performance. We have modeled the performance
for the particular kind of workload and validated the model using the prototype we
have presented in [12]. Although, the protocol implementation prototype has shown
quite poor performance, it does not imply that the protocol is ineffective itself.

We have payed a special attention to the performance degradation caused by
overheads introduced by distributed commits and aborts by protocol reasons. The
ability of the protocol to scale was examined as well. The simulation results has
shown that use of the protocol does not lead to significant performance degradation
for this workload type.
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OueHka NMpoussoautensHocTn MNMpoTokona Peanusauum
Snapshot Isolation
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AuHoTamms. YpoBedp wusomsinuu Snapshot Isolation (SI) wmmpoko wucnoms3yercs B
KOMMEpUYECKHX cHUCTeMax 0a3 MaHHBIX. MBI pa3paboTanud MpoCTOd MpoKoN peannzanuu Sl
mis pacnpeneneHHbix CYBJl m peanmmsoBamm ero B Apache HBase, pacmpenereHHOM
XpaHWIMIIE JaHHBIX C OTKPBHITHIM HCXOJHBIM KOJIOM. B naHHOH paboTe mpencraBieHa
oleHKa ero npoussoautensHoctd B OLAP 3anavax B pacnpeneneHHoM kinacrepe HBase. s
BaIMJAMM MOJENIN OBLIM HCIIOJBb30BAHBl PE3yJbTaThl M3MEPEHHH Ha OJHO-CEpBEPHOU
KOH(UTypaluH.

KaroueBbie caoBa: Snapshot Isolation; pacrnpeneneHnbie cHCTEMBI; MOISIHPOBAHHE
npou3BoaAuTeNsHOCTH; HBase.
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Empirical study of parallel SQL query
execution
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Abstract. In this paper we experiment with two major types of query parallelization
techniques - intra and inter operator parallelism and their combinations. We evaluate these
techniques applied to a query tree with a number of join operators in the multithreaded
environment. In our experiments we vary thread count, buffer size, workload characteristics,
measure the relative performance of several distinct join algorithms and observe several
modes which appear in the series of experiments.

Keywords: database, experimentation, parallelism, multithreading, query execution

1. Introduction

Distributed database systems (DDBS) had appeared more than three decades ago
and since that time there is constant demand in DDBS technologies. The driving
force of this demand is the ever-growing volume of data which require processing.
The scalability of distributed databases gives us a promise to handle this mass of
data. The present demands new effective algorithms, models, architectural solutions
so the field remains active and relevant.

In early 90s a substantial portion of research effort was dedicated to ascertainment
of how we should divide the work (speaking more precisely a query execution plan
or a part of it) between processing elements. This research effort was not specific to
a distributed, but aimed for a wide range of database systems. Extensive
experiments were conducted regarding the query plan execution techniques, and a
pool of knowledge was formed. Now, query execution parallelism is the
commonplace and is employed by a various commercial systems.

Despite these experiments, nowadays, the same questions had become relevant
again due to the following reasons:

1) Shortage of research concerning utilization of threads and processes.
Research papers usually had following distinct attitudes: use one
process/thread per processing element, allocate much higher number of
threads than processing elements [1] or not to touch this issue in detail.

2) The advancement of hardware — a few generations of CPUs had been
developed. The improvements were not just clock speeds and cache size
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growth, but also more sophisticated ones. Notable examples are
multithreading and multicore processing.

3) Advancement of software — mainly thread/process scheduling software
involved.

Even alone items two and three can alter or invalidate principles of thread usage in
database system.

The goal of this study is to determine how we should utilize threads designing a
distributed database which runs on a modern hardware. We re-evaluate a few
classical approaches to process joins in a distributed databases taking into
consideration threading aspect. There are two ideas being considered: intra and inter
operation parallelism and their combinations. The first one is how we can divide our
work processing inside one operator treating our cores as separate processing
elements. The latter covers matters of executing several operators in different
threads.

This paper is organized as follows: in section 2 we briefly review some crucial
aspects of DDBS which are related to our study; in section 3 we present our
prototype of DDBS and provide some insights into implementation details. Section
4 reviews several possible ways of thread usage for parallelizing join operation in
our system. Sections 5 and 6 describe our experiments and their interpretation
results respectively.

2. Related work and DDBS technology overview

2.1. Overview of important technology concepts of DDBS

Extensive research in this field had been conducted for decades and a lot of
knowledge had been accumulated. In this section we will review some part of it (by
giving definitions at least), which will be referred to in this study.

The first aspect to consider designing a distributed database is its architecture. Here
we imply the hardware architecture, how the data is distributed, stored and
processed on the lowest level. Most popular architectures are shared-nothing,
shared-disk and shared memory [1]. This choice impacts all further decisions
regarding all constituent parts the design.

The second aspect is the system processing model. There are two basic alternatives
and a lot of different combinations. This choice is the choice between pipelined
execution and a materialized one. The former is the policy when a tuple passes
through all operators of query tree without “stops”. The latter approach means that
some “stops” are allowed. The stop is essentially a blocking operator [2], e.g. an
operator which requires all tuples to carry out its task. The sort operator is the
blocking one, while predicate filtering operator is the non-blocking. The pipelined
execution has a huge benefit over materialization-based, namely all operations can
be done in memory. While materialization often requires extensive disk operations
which are caused by intermediate result being too large to fit into memory.
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Another important aspect to consider is the tuple routing mechanisms. There are a
few approaches, namely each tuple passes the operators in the same order, or not.
The latter is known as adaptive execution [2]. The next major choice is the choice
between data-driven (also called producer-consumer) and demand-driven (known as
workflow) execution. Demand-driven execution works by “pumping” tuples from
the leaves of the tree to the root, through the operators involved. In this scheme,
each operator of a higher rank sends a notification request to its children to get
tuples. Consequently, this request propagates to the leaf nodes, which usually deal
with disk-based operations. The data-driven approach is the vice-versa: the leaf
nodes generate intermediate result, notify its parents and submit the result. The data-
driven approach is the more appealing one in case of distributed database system,
because it has great potential for parallelization. Also, it offers more freedom and
convenience implementing leaf operators. However, this approach requires great
care programming it, due to synchronization and work distribution issues.

Yet another pair of aspects to consider designing a distributed database system is the
operator parallelization methods. Considering a single query optimization task one
can name the following ways: inter- and intra-operator parallelism. Intra-operation
parallelism refers to the parallel execution of a single operator and inter-operation
parallelism means executing a multiple operators in parallel. The first heavily relies
on the data partitioning techniques and the latter is more architectural-dependent.

2.2. Threads and processes in databases

Threading and processing aspects are of critical importance and should be taken into
consideration building high performance database engine. However, there is
shortage of studies related to threading and its impact on operator parallelism. With
the increasing popularity of multicore processors the demand for the reevaluation of
these threading technologies had risen greatly. Let’s briefly review the threading in
databases.

One of the first most prominent database systems which implemented threading was
Volcano [3]. The following conclusions were presented [3]: it is beneficial to use
multiple threads running concurrently on the same processor. However, running
each operator in its own dedicated thread is unfeasible: synchronization and thread
switching will eat up all the benefits. The same results presented here [4], also
another important question is mentioned: how much memory we should provide to
the thread. This question affects the number of threads which could be run
effectively. In this paper [2] an adaptive query processing is considered, and shown
that each adaptive symmetric hash join operator can work effectively in the separate
thread.

2.3. Current state of parallelism in contemporary DBMS

In this section we deal not with the idea of running several transactions
concurrently, but consider the possibility of executing several select queries in
parallel. The idea of executing a single query in parallel, which in most cases
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implies inter or intra operator parallelism had become widely applied since 90.
Now, almost all major DBMS have capabilities for query parallelism. In most
systems the parallelism is controlled using the Degree Of Parallelism (DOP)
mechanism. The DOP is the value which describes how much of logical processing
elements we would like to dedicate to a query. User may specify the minimum and
maximum values or use default settings. Then, the DBMS schedules the work and
maps logical processing element into real ones — processors or cores. DBMS can
also be tuned to cancel query execution if there are not enough free processing
elements. The resulting performance heavily depends on the number of available
processors, the data and query specifics and so on. Thus, it requires careful engine
tuning to achieve good performance.

We can name Microsoft SQL Server [5], Oracle [6], IBM DB2 [7] products among
the commercial systems that offer mechanisms for such parallelism. At the same
time, to the best of our knowledge, neither MySQL, nor PostgreSQL have this
feature. For these products, there are several third party frameworks exist. These
frameworks offer a substitute to query parallelism which can be described as a layer
which allows parallelization of a query via horizontal partitioning of the underlying
data in a shared-nothing architecture.

Unfortunately, the control interfaces of contemporary DBMS supporting query
parallelism do not provide sufficient degree of freedom. We can’t have much
influence on how the threads would be used. Thus, we can’t use these systems to
perform our experiments.

3. Our system

The experiments which are described in this work were conducted using our
prototype of distributed query engine developed by authors. This system is devised
for simple SPJ conjunctive queries [2] and is capable of serving simultaneously a
substantial number of clients. The architecture of the system is described on a Pic. 1
and it is essentially a shared-nothing design with a number of processing nodes
distributed among network. We partition nodes into two types: master and slave.
There is only one master node per setup and it is responsible for handling incoming
queries. For purpose of paper’s experiments we run slave processes on the same
compulter.

Our system is based on assumption that data are pre-distributed and reside on slave
nodes. The data are collection of relations, where each attribute may be either
integer value or string. Each relation is partitioned horizontally and may be
replicated.

The overall design of the system resembles a classical Volcano [4], where QEP
(query execution plan) is defined as a tree of various operators and candidate tuples
have to pass them in order for result to be produced. In our system there are the
following operators: selection (actually consisting of both selection and projection),
join and cross-product. Details regarding our implementation of join operator can be
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found in part 4, but it is essential to note that the overall architecture was designed
for non-blocking operations, so the join operator should be non-blocking too.

\ Master
P
Slave
5 5 5 nodes

R S T

X

Picture 1: architecture

The QEP generation procedure also is a very unpretentious and is based entirely on
heuristics, which resemble classical ones described [8]. The plan generation doesn’t
affect our benchmarks much because we use very specific loads (described in part
5) to assess the performance. Some details regarding implementation can be found
in [9]. To conclude, we should mention that despite its simplicity our system is
sufficient for use in our benchmarks to reach our goal.

4. Considered approaches

We considered the following approaches to incorporation of threading into join
processing. Our initial algorithm was essentially nested loop join algorithm [4]
which was modified to cope with the networking issues. The main difference is the
bulk processing technique which provides bufferization to lessen the
communication burden (as opposed to per record processing). When the both sets of
tuples are received, we sort one of them and use the second as the probing one.
Also, we employ in-operation caching to lessen the network stress further. This
caching works as follows: if one of the participating relations is small enough to fit
in memory, it is put into inner operation cache. This baseline method is working
inside a single thread (all joins and cross-products are working inside one thread),
Pic. 2.
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Picture 2: initial join design

To introduce parallelism we consider the technique which employs a number of
threads for data processing. The core idea is to partition data supplied by one of the
child nodes, while leaving the other one intact, then use different threads to process
it (shown on Pic. 3).

Also, we consider a hash join operator. In this case, the processing of a join
operation is separated into two separate phases: a build phase and a probe phase.
During the build phase, a table which was chosen as a build one is used in building
a hash-table. Then, the next phase is essentially a traversal of a probe table to locate
the match. The evident drawback of this technique is the temporary “freeze” of the
system. This is caused by the build stage, e.g. the dependent operators should wait
until the build phase is finished. This drawback is a critical issue, because it breaks
[2] the pipelining execution, or this join operator becomes a blocking operator. If we
are dealing with the QEP of a sufficient depth the blocking operators can become
the source of a major slowdown in processing of the whole query. Also, this
blocking especially adversely affects inter-operation parallelism (threads will wait
for tuples to arrive). Thus, blocking operations should be taken into consideration.

To parallelize this join we employ the similar technique: we partition the build
relation into a few fragments and each fragment is processed inside its dedicated
thread.
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Picture 3: join parallelization

To overcome the blocking nature of the previous approach we would consider a
symmetric hash-join operator [2]. The core idea is to have two join nodes, which
have different building relations. The processing happens as follows: given a tuple
from relation R we probe it against build relation of S join operator and at the same
time, we use this tuple in building relation of R join operator. Likewise, given a
tuple from relation S we use it to probe it in R and build it in S operators. This join
is correct due to the fact that if a tuple arrives too early (e.g. no relevant tuples from
other relation had been built) it would be probed later, because it is built in other
join operator. This type of hash join operator is a hon-blocking operator. However,
this advantage comes at a price — additional memory and time constraints (twice as
much as a simple hash join) and more sophisticated programming techniques are
required.
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Picture 4: symmetric hash join operator design

To implement data partitioning in our system we introduced two new operators
(much alike exchange operator in volcano system), for distribution and collection of
the results. These operators are inserted in QEP around join operator which is going
to be parallelized. We call helper threads the threads which hold the additional join
nodes which will appear as the result of our parallelization.

5. Experiments

5.1. Parameters used in experiments

We implemented the proposed approaches and examined them using our system on
a variety of workloads. First we characterize the data used in our experiments:

1) Size of the tables are 150Mb (first type of workload)

2) Each table contained three attributes: primary key, integer attribute used for
joining and predicate which defines selectivity. We used only 4 byte integer
data in our experiments and it is uniformly distributed.

The processing details:

1) Number of helper threads per processing node (QEP one): 1, 2, 5, 10
2) Methods (node types) of join:

Hash join

Block nested loop (sort)

Block multithreaded nested loop (sort)

Block multithreaded nested loop (hash)

Symmetric hash join

PoooTe
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3) Operation cache (also, size of bulk which is transferred from one QEP node
to another): 2, 5, 10 MB
4) Join operators use results of a sequential scan over table (no index is used)

Query type details:

1) Query to evaluate intra-operation parallelism: a single join of two tables
2) Query to evaluate inter-operation parallelism: a QEP which contains 2
joins and 3 tables

5.2. Hardware and software

The following setup was used: Intel(R) Pentium(R) D CPU 3.00GHz, RAM 3Gb,
which run GNU/Linux 2.6.35.10 x86, and we used gcc 4.5.2.

NPTL threads are used for multithreading, threads communicate via chunk of
shared memory. Notifications are implemented using POSIX pipes along with select
core. For hashes we used c++0x unordered map STL container.

5.3. Experiments performed

We had evaluated our algorithms on two distinct groups of workloads, namely
workloads which evaluate intra-operator parallelism and inter-operator parallelism.
The first ones evaluate our algorithms using QEP which contains only one join
operation, which is fueled by two scan operations. The Table 1 contains
summarized results over all runs in this group of experiments (here we measured
execution time in seconds). Each experiment was repeated 100 times and the
average value was used. Detailed results are presented in diagrams 1-3, where each
histogram shows results for a fixed cache size.

Method/Cache size 2Mb 5Mb 10Mb
Block NL Hash 50.69 50.77 56.60
Block NL Sort 57.50 56.56 57.45
Symmetric HJ 67.60 | 66.98 68.16
Block NL Hash MT 2 47.96 45.28 44.78
Block NL Sort MT 2 48.36 45.74 45.43
Block NL Hash MT 5 26.75 4556 44.32
Block NL Sort MT 5 47.31 45.05 47.64
Block NL Hash MT 10 45.34 45.19 45.94
Block NL Sort MT 10 5162 44.93 46.47

Table 1: Intra-operation parallelism
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In this experiment we varied the following parameters: operation cache and number
of helper threads. The last six methods describe parallelized join methods (for
threads amount of 2, 5, 10 respectively) of two distinct methods: sort and hash. Sort
method is a plain block nested loop, where one relation’s block is sorted before
probing by another.

In multithreaded tests we observed several modes. This phenomenon can be
explained by system thread scheduler fluctuations. The distributions of measured
values for block nested loop are presented in histograms 1-2, bin size is determined
by Sturges’ formula in each case. The Table 1 presents main mode value.
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The Block NL Hash MT version of the operator is constructed in such way, that
hash relation is always hashed and fully resides in the memory. So, it can be
considered a true hash join. We can draw the following conclusions:

1

2)

3)

4)

5)

6)

Parallelization does help to speed-up join processing on modern hardware,
under several conditions. Our initial experiments were conducted with bulk
size of 1Mb and parallelized joins had shown worse results that single-
threaded ones.
Increasing bulk size does increase performance, up to some point. Our
assumption is the following: there is a tradeoff between a number of data
transfers and degree of thread utilization, e.g. increasing amount of work
one may ensure that communication does not happens too often, but we
have to communicate frequently enough in order to have a benefits of
parallelism and pipelining.
Increasing number of threads further does not improve performance on dual
core CPU.
Parallelization leads to multi-mode distribution of measured execution time.
This behavior may affect estimation of parallel plan execution time.
Examining single-threaded join methods (first three mentioned operators)
had shown us the following:

a. Hash join better than nested loop

b. Symmetric hash join is actually worse than nested loop
Other results (not shown here) state the following: hash-based parallel
algorithms a bit worse than sort-based ones on workload which converges to
cross-product and vice versa (join which has both tables filtered on the same
field and value). Our hypothesis is the following: this behavior could be
attributed to our implementation of sort-based algorithm (we implemented a
quicksort algorithm) which is tightly coupled with pointers for efficiency
and to a large amount of collisions which arise considering this workload.

Another group of experiments we considered was the group which tested the QEP
containing 2 join nodes. The goal was to run each join in separate threads. We
restrict ourselves to having both join operators of the same type. The results of these
experiments were the following:

1)

2)
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There are not much intermediate results of the first join processing to load
second one in such way to see different results. So is unfeasible to use the
original dataset in order to evaluate these approaches. To cope with this
problem we raised scan selectivity 5 times.

Under the new conditions we got the following results:

a. Difference between non-threaded hash join and symmetric hash
join is about 5% (hash join is better). Overall performance of QEP
had increased over the same case of the first group (8% loss). We
presume that this happens due to enabling of pipelining.



b. Threaded versions worse 2.5 times compared to single-threaded
hash join on the smallest buffer size (2MB). Unfortunately, now, it
is unclear whether our programming technique was sufficient to
implement this threading correctly or it is the hardware processing
specifics guarantee us these bad results (different operators cause
constant cache resets). We can also say for sure, that it is not thread
scheduler problem, because adding more threads does not have any
effect.

c. Bulk size has a huge impact on performance in such case also. It is
becoming even more evident here. Increasing bulk size increases
performance of threaded joins almost 2 times (single-threaded ones
get approximately 10%), but still threaded joins lose to single
threaded ones.

6. Conclusions and future work

We presented results of evaluation of a set of join algorithms. The results imply that
thread usage is beneficial for join processing and can give up to 50% increase in
performance on simple queries. However, these approaches require extra
programming effort, extensive parameter tuning and heavily rely on thread
scheduler. Symmetric hash join has a promise for deep QEPs over threaded joins on
such hardware.

This is a relatively small piece of work for this vast and evolved topic. A lot of
aspects require our attention and they hadn’t been touched at all in this paper. The
future work will include parallelization of symmetric hash join algorithm, deeper
join trees for more thorough analysis of threading effects to pipelining, proper
evaluation of scale-up, and possibly evaluation on more productive equipment.
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JKcnepuMeHTanbHoe uccrnefoBaHue napannenbHOro
ncnonHeHus SQL 3anpocos

K. K. Cmupnos, I'A. Yepuviues
Kirill.k.smirnov@math.spbu.ru, Chernishev@gmail.com

AnHoTammsi. B nanHOW paboTe MBI 3KCHEPUMEHTAIGHO HM3y4aeM IBa OCHOBHBIX THIA
[apaJuIeIbHOTO MCIIOIHEHHsS 3allPpOCOB — MHTEP U MHTPA ONECPALlMOHHBIN Mapayieau3M U Ux
KoMOMHaru. MBI paccMaTpyBaeM JTH TEXHHKH B IPHUMEHEHHH K JEpeBy 3ampoca,
COJIeprKalllero HECKOJIbKO OIIEpaToOpOB COCUHEHMS], B YCIOBUAX MHOTOIIOTOYHOCTH. B Hammx
SKCIIEpIMEHTaX MBI BapbUPyeM KOJIHYECTBO IIOTOKOB, pa3Mep Oydepa, XapaKTepHCTUKU
TECTOBBIX JAHHBIX JUIS TOTO, YTOOBI CPAaBHUTH NIPOU3BOJUTEIBHOCTD PA3IHIHBIX aITOPUTMOB
coeIMHEeHNs. B xoe sKcrepnMeHTOB ObIIO BEISIBIEHO MYITbTHMO/OBOE IIOBEACHHUE CHCTEMBI.

KmaroueBble cjioBa: 0a3bl JaHHBIX, OJKCIHCPUMEHTHI, Napalvi€iIn3M, MHOI'OIIOTOYHOCTD,
HCIIOJTHEHUE 3aIIPOCOB
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Integrating Fuzzy c-Means Clustering
with PostgreSQL*

R. M. Miniakhmetov
tavein@gmail.com

Abstract. Many data sets to be clustered are stored in relational databases. Having a
clusterization algorithm implemented in SQL provides easier clusterization inside a relational
DBMS than outside with some alternative tools. In this paper we propose Fuzzy c-Means
clustering algorithm adapted for PostgreSQL open-source relational DBMS.

Keywords: fuzzy c-means; fcm; fuzzy clustering; postgresql; integrating clustering;
relational doms.

1. Introduction

Integrating clustering algorithms is a topic issue for database programmers [1]. Such
an approach, on the one hand, encapsulates DBMS internal details from application
programmer. On the other hand, it allows to avoid overhead connected with export
data outside a relational DBMS. The Fuzzy c-Means (FCM) [2], [3], [4] clustering
algorithm provides a fuzzy clustering of data. Currently this algorithm have many
implementations on a high-level programming languages [5], [6]. For
implementation the FCM algorithm in SQL we choose an open-source PostgreSQL
DBMS [7].

The paper is organized as follows. Section 2 introduces basic definitions and an
overview of the FCM algorithm. Section 3 proposes implementation of the FCM in
SQL called pgFCM. Section 4 briefly discusses related work. Section 5 contains
conclusion remarks and directions for future work.

2. The Fuzzy c-Means Algorithm

The K-Means [8] is one of the most popular clustering algorithms, it is a simple and
fairly fast [9]. The FCM algorithm generalizes K-Means to provide fuzzy clustering,
where data vectors can belong to several partitions (clusters) at the same time with a

! This paper is supported by the Russian Foundation for Basic Research (grant No.
09-07-00241-a) and the Ministry of Education and Science of the Russian
Federation (state contract No. 07.514.11.4036).
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given weight (membership degree). To describe FCM we use the following
notation:

« d € N —dimensionality of a data vectors (or data items) space;

l eN:1<1<d - subscript of the vector's coordinate;
» N €N — cardinal number of training set;

« X =R — training set for data vectors;
« 1 eN:1<i<n —vector subscript in a training set;

X, € X —the i -th vector in the sample;

« k € N — number of clusters;

« JeN:1< j <k —cluster number;

- C = R* _ matrix with clusters' centers (centroids);

* C; € R — center of cluster j, d -dimensional vector;

X;;,C; €R — | -s coordinates of vectors X; and C; respectively;

« U cR™ - matrix with membership degrees, where u; eR: 0<y; <1
is a membership degree between vector X; and cluster | ;

o(X ,Cj) — distance function, defines a membership degree between vector

X; and cluster j;

m e R : m >1 — the fuzzyfication degree of objective function;
« Jecu — objective function.
The FCM is based on minimization of the objective function J ¢y, :
Nk
Jrem (X, K, m) :;Zluisz(xi’Cj) (@)
i=1 j=

Fuzzy clusterization is carried out through an iterative optimization of the objective
function (1). Membership matrix U and centroids C; are updated using the
following formulas:
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Let S is a number of iteration, U™ and u{*™ are elements of matrix U on steps

2

s and S+1 respectively, and & € (0,1) R is a termination criterion. Then the
termination condition can be written as follows:

max{| ui™ —ui [}<e 4
ij

Objective function (1) converges to a local minimum (or a saddle point) [10].

Input: X,k,m, &
Ouput: U
1. 5= 0,U = (uy) {initialization}

2. repeat
{computation of new centroids' coordinates}

3. Compute C® = (c;) using formula (3) where U; €U )

{update matrixes values}
4. compute U ® and U &™) using formula (2)
5.s=s+1

6. until max{J Uy —ul™ }<e
1)

Fig. 1. The Fuzzy c-Means Algorithm.

Algorithm showed on Fig. 1 presents the basic FCM. The input of algorithm
receives a set of data vectors X =(X1,X2,...,Xn), number of clusters Kk,
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fuzzyfication degree m, and termination criterion &. The output is a matrix of
membership degrees U.

3. Implementation of Fuzzy c-Means Algorithm using
PostgreSQL

In this section we suggest pgFCM algorithm as a way to integrate FCM algorithm

with PostgreSQL DBMS.

3.1. General Definitions

To integrate FCM algorithm with a relational DBMS it is necessary to perform
matrixes U and X as relational tables. Subscripts for identification elements of
relational tables are presented in Table 1 (numbers n,K,d are defined above in a
section 2).

Subscript Range Semantics
[ 1,_n vector subscript
j 1,_k cluster subscript
| ﬁ vector's coordinate subscript

Table 1. Data Elements Subscripts.

As a function of distance p(Xi,Cj), without loss of generality, we use the
Euclidean metric:

p(xiicj):]/Z(xil_le)z ®)

To compute the termination criterion (4) we introduce the function o as follows:
— (s+1) (s)
o= mlt'le{| Ui —Uj 1} (6)

3.2. Database Scheme

Table 2 summarizes database scheme of pgFCM algorithm (underlined columns are
primary keys).
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No. | Table Semantics Columns Number of

rows
1 gy | training set for data vectors ,X1,%2,...,xd
(horizontal form)
training set for data vectors ;
2 sV (vertical form) L1, val n-d
3 C | centroids' coordinates J. val k-d
4 SD | distances between X; and C; i, j,dist n-k

degree of membership vector X;

toacluster C; onstep S

degree of membership vector X;

6 | UT i, j,val n-k
toacluster C; onstep S+1 —

result of computation function d,k,n,s,delta
O (6) onstep S

Table 2. Relational Tables of pgfFCM Algorithm

In order to store sample of a data vectors from set X it is necessary to define table
SH (i, x1, x2,...,Xxd) . Each row of sample stores vector of data with dimension

d and subscript i. Table SH has n rows and column i as a primary key. FCM
steps demand aggregation of vector coordinates (sum, maximum, etc.) from set X .
However, because of its definition, table SH does not allow using SQL

aggregation functions. To avoid this obstacle we define a table SV (i,l,val),
which contains N-d rows and have a composite primary key (i,l). Table SV

represents a data sample from table SH ans supports SQL aggregation functions
Max and SUM. Due to store coordinates of cluster centroids temporary table

C(J.1,val) is defined. Table C has k-d rows and the composite primary key
(j,1). Like the table SV, structure of table C allows to use aggregation
functions. In order to store distances p(X;,C;) table SD(i, j, dist) is used. This
table has N-k rows and the composite primary key (i, j). Table U(i, j,val)

stores membership degrees, calculated on s-th step. To store membership degrees on
S+1 step similar table UT (i, j,val) is used. Both tables have Nn-K rows and the

composite primary key (i, j). Finally, table P(d,k,n,s,delta) stores iteration
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number S and the result of computation function (6) delta for this iteration number.
Number of rows in table P depends on the number of iterations.

3.3. The pgFCM Algorithm

The pgFCM algorithm is implemented by means of a stored function in PL/pgSQL
language. Fig. 2 shows the main steps of the pgFCM algorithm.

Input: SH,k, m,eps
Ouput: U
{initialization}
1. Create and initialize temporary tables (U, P, SV , etc.)

2. repeat
{computations}
3. Compute centroids coordinates. Update table C.

4. Compute distances p(X;,C;) . Update table SD.

5. Compute membership degrees UT = (ut;;) .

{update}
6. Update tables P and U.
{check for termination}

7. until P.delta>eps

Fig. 2. The pgFCM Algorithm.

The input set of data vectors X stored in table SH . Fuzzyfication degree m,
termination criterion &, and number of clusters K are function parameters. The
table U contains a result of pgFCM work.

3.4. Initialization

Initialization of tables SV, U , and P provided by SQL-code 11, I2, and I3
respectively. Table SV is formed by sampling records from the table SH .

I1l: INSERT INTO SV
SELECT SH.i, 1, x1
FROM SH;

INSERT INTO SV

SELECT SH.i, d, xd
FROM SH;

268



For table U a membership degree between data vector X; and cluster | takes 1
forall i=j.

I2: INSERT INTO U (i, j, val)
VALUES (1, 1, 0);

INSERT INTO U (i, j, val)
VALUES (3, 3, 1)

INSERT INTO U (i, j, val)
VALUES (n, k, 0);

In other words, as a start coordinates of centroids, first d data vectors from sample
X are used.

Vi=]j u;=1=¢; =x

When initializing the table P, the number of points K is taken as a parameter of
the function pgFCM . A data vectors space dimensionality d and a cardinal

number of the training set N also provided by function pgFCM parameters. The
iteration number s and delta initializes as zeros.

I3: INSERT INTO P(d, k, n, s, delta)
VALUES (d, k, n, 0, 0.0);

3.5. Computations

According to Fig. 2, the computation stage is splitted to the following three sub-
steps: computation coordinates of centroids, computation of distances, and
computation membership degrees, marked as C1, C2, and C3 respectively.

Cl: INSERT INTO C
SELECT R1.j, R1.1, Rl.sl / R2.s2 AS val
FROM (SELECT j, 1, sum(U.val”m * SV.val) AS sl
FROM U, SV
WHERE U.i = SV.1i
GROUP BY j, 1) AS RI1,
(SELECT j, sum(U.val”m) AS s2
FROM U
GROUP BY j) AS R2
WHERE R1.j = R2.7;
C2: INSERT INTO SD
SELECT i, j, sgrt(sum((SVv.val - C.val)”2))) AS dist
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FROM SV, C

WHERE SV.1 = C.1

GROUP BY i, i;
Through the FCM, computations of the distances provide by formula (2). In formula
(3) the fraction's numerator does not depend on t, then we can rewrite this formula
as follows:

2 K2 -1

Uj; :pm(xi,cj)- me(xi’ct) %

t=1
Thus, the computation of membership degrees can be written as follows:

C3: INSERT INTO UT
SELECT i, 3j, SD.dist”(2.07(1.0-m)) * SDl.den AS
val
FROM (SELECT i, 1.0 / sum(dist”(2.0"(m-1.0))) AS den
FROM SD
GROUP BY i) AS SD1l, SD
WHERE SD.i = SDl1.i;

3.6. Update

Update stage of the pgFCM modifies P and U tables as shown below in U1 and
U2 respectively.

Ul: INSERT INTO P

SELECT L.d, L.k, L.n, L.s + 1 AS s, E.delta

FROM (SELECT i, j, max(abs(UT.val - U.val)) AS delta
FROM U, UT
GROUP BY i, j) AS E,
(SELECT d, k, n, max(s) AS s
FROM P
GROUP BY d, k, n) AS L) AS R

Table UT stores temporary membership degrees to be inserted into table U . To

provide the rapid removal all the table U rows, obtained at the previous iteration,
we use the truncate operator.

U2: TRUNCATE U;
INSERT INTO U SELECT * FROM UT;

3.7. Check

This stage is the final for the algorithm pgFCM. On each iteration the termination
condition (4) must be checked.
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To implement the check, the result delta of the function (6) from table P is stored
in the temporary variable tmp.

CH1: SELECT delta INTO tmp
FROM P, (SELECT d, k, n, max(s) AS max_s
FROM P
GROUP BY d, k, n) AS L
WHERE P.s = L.max s AND P.d = L.d AND P.k = L.k AND
P.n =L.n;

After selecting the delta, we need to check the condition & < &. Then if this
condition is true we should stop, otherwise, work will be continued.

CH2: IF (tmp < eps) THEN
RETURN;
END IF;

The final result of the algorithm pgFCM will be stored in table U .

4. Related Work

Research on integrating data mining algorithms with relational DBMS includes the
following. Association rules mining is explored in [11]. General data mining
primitives are suggested in [12]. Primitives for decision trees mining are proposed
in [13].

Our research was inspired by papers [1], [14], where integrating K-Means clustering
algorithm with relational DBMS, was carried out. The way we exploit is similar to
mentioned above. The main contribution of the paper is an extension of results
presented in [1], [14] for the case where data vectors may belong to several clusters.
Such a case is very important in problems connected with medicine data analysis
[15], [16]. To the best of our knowledge there are no papers devoted to
implementing fuzzy clustering with relational DBMS.

5. Conclusion

In this paper we have proposed the pgFCM algorithm. pgFCM implements Fuzzy c-
Means clustering algorithm and processes data stored in relational tables using
PostgreSQL open-source DBMS. There are following issues to continue our
research. Firstly, we plan to investigate pgFCM scalability using both synthetical
and real data sets. The second direction of our research is developing a parallel
version of pgFCM for distribution memory multiprocessors.
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P. M. Munuaxmemos
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AnHoTanus. boipimme 06beMbl TaHHBIX, KOTOPBIE MOTYT OBITh KJIACTEPH30BAHbI, XPAHATCS B
peAIMOHHBIX 0a3ax NaHHBIX. AJTOPUTM KIaCTEPH3ALUH, pealn30BaHHBIN Ha s3bike SQL,
obecrieunBaeT Oosee JIETKU Tpolecc KIacTepU3alHd, 10 CPAaBHEHUIO C HCIIOIB30BAHUEM
BHEITHUX YTWINT. B NaHHO# cTaThe mpeanoxkeHa peaimsaius anroputMa Fuzzy c-Means,
agantupoBaHHoro st pensinuonHol CYB/] ¢ oTkpbIThIM HcxoaHbIM KotoM PostgreSQL.

KiroueBble cioBa: fuzzy c-means; fom; HeueTkas kiacTepusaiys; postgresql; HHTErpaus
ANrOpUTMa KIIACTEPH3AlUK; PEIALMOHHBIE CYOI.
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Detecting Content Spam on the Web
through Text Diversity Analysis

Anton Pavlov, Boris Dobrov
pawvloff@yandex.ru, dobroff@mail.cir.ru

Abstract. Web spam is considered to be one of the greatest threats to modern search engines.
Spammers use a wide range of content generation techniques known as content spam to fill
search results with low quality pages. We argue that content spam must be tackled using a
wide range of content quality features. In this paper we propose a set of content diversity
features based on frequency rank distributions for terms and topics. We combine them with a
wide range of other content features to produce a content spam classifier that outperforms
existing results.

Keywords: search spam; feature analysis; topical diversity.

1. Introduction

Web spam or spamdexing is defined as “any deliberate action that is meant to
trigger an unjustifiably favorable relevance or importance for some Web page,
considering the page’s true value” [1]. Studies show that at least 20 percent of hosts
on the Web are spam [2]. Web spam is widely acknowledged as one of the most
important challenges to web search engines [3].

There is a wide range of spamming techniques usually aimed at different algorithms
used in search engines. This article is dedicated to content spam detection
algorithms. Content spamming or term spamming refers to “techniques that tailor
the contents of text fields in order to make spam pages relevant for some queries”
[1]. We argue that content spam can be detected using a combination of text quality
features that cover multiple characteristics of natural texts. In this work we
introduce several novel features based on frequency rank distributions for terms and
topics that substantially improve content spam classification.

In Section 2 we provide basic assumptions behind our research. In Section 3 we
describe the content spam detection framework. Section 4 contains evaluation
results. Section 5 is dedicated to future work and conclusions.

1.1. Related Work

Many spam detection techniques have been proposed in recent years during the
Web Spam Challenge [4]. Some content features we used were proposed by Ntoulas
et. al. [5]. This work showed that compressibility of text and some HTML-related
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characteristics distinguish content spam from normal pages. A large amount of
linguistic features were explored in a work by Piskorski et. al. [6]. Latent Dirichlet
Allocation [7] is known to perform well in text classification tasks. Biro et al. did a
lot of research on modifying the LDA model to suit Web spam detection. They
developed the multi-corpus LDA [8] and linked LDA [9] models. The former builds
separate LDA models for spam and ham and uses topic weights as classification
features. The later incorporates the link data into LDA model to spam classification.

Web spam is also aimed at web graph features used by search engines so many
researchers focused on detecting link spam. Techniques like TrustRank [10]
minimize the impact spam pages in ranking. Much attention has been focused on
fighting link farms — web graph structures designed to accumulate PageRank and
affect other pages rankings [11]. Finally more and more researchers combine the
link and content data to improve classification results [12, 9]. In this work we didn’t
use any link spam detection techniques as we focused on content spam.

Fetterly et. al. proposed using duplicates analysis to detect web spam [13]. They
measured phrase-level duplication of content across the web and found that spam
tends to have greater number of popular shingles per document.

2. Understanding Content Spam

We believe that tackling Web spam is impossible without understanding how it
works. Content spamming is aimed at text relevance algorithms, such as BM25 and
tf.idf [1]. These algorithms are particularly vulnerable to content spam as there is a
strong correlation between document relevance and amount of query terms found in
the text.

Content spam is often used in doorways — pages and sites designed specifically to
attract and redirect traffic. Doorways are only efficient if they reach the top of
search results. Spammers prefer to generate thousands of doorway pages, each
optimized for a specific query, to maximize amount of traffic collected.

This leads to several requirements that content spam must satisfy to be efficient:

e It must be generated in thousands of pages;
e Each page must maximize text relevance for some search query.

e Thus spammers have very little options of generating content for their
doorways:

e They may generate content automatically;
e They may duplicate texts from other web sites;
e Or they may use a combination of both techniques.
Automatic text generation is a difficult task that does not have a satisfactory

solution yet. Natural texts have multiple levels of consistency that are extremely
hard to emulate all at once. In text generation tasks such as automatic document
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summarization researchers distinguish multiple qualities of natural texts.
Experiments show that even specialized text generation algorithms score low in
most of these measures [14].

The levels of consistency include local coherence, style and authorship consistency,
topical consistency, logical structure of the document etc. In this setting the
uniqueness of text is just another type of constraint that is inherent for natural texts.
Our approach is based on controlling as much natural text constraints as possible,
making it harder for spammers to conceal low quality content.

There is a wide range of text generation techniques that generate locally coherent
yet unreadable texts. Techniques like Markovian text generators are often used by
web spammers to generate unique texts in great numbers. We were especially
interested in designing text quality analyzer that would detect such advanced types
of web spam.

3. Content Spam Detection Framework

Our work was based on assumption that spammers cannot emulate all aspects of
natural texts. Our goal was to address as many domains of consistency as possible,
by using various features. We measured multiple aspects of text quality and used
supervised learning to combine them into content spam classifier. Despite a popular
trend of combining link and content detection methods we focused solely on content
analysis.

The basic natural language characteristics such as readability and POS ratios are
overviewed in Section 3.1. The novel part of our spam detection framework is a set
of text diversity features. We designed a range diversity features based on frequency
rank distributions for different aspects of text diversity. The description and analysis
of these features are provided in Section 3.2. Topical classification and topical
diversity features based on LDA statistical model are presented in Section 3.3.

All statistics on described features were collected on WEBSPAM-UK?2007 dataset
[15]. The spam prevalence histograms provided in this section were generated on
the set of 3995 labeled hosts from the training part of the dataset.

3.1. Statistical Features

The benefit of using wide range of linguistic features has been shown before by
Piskorski et. al [6]. These features are commonly used in stylometry and authorship
identification. We used POS tagger to tag every word in the dataset. We also
substantially elaborated linguistic features by implementing a set of style-related
diversity features that are described in Section 3.2.

In order to extract maximum information from POS tagging we calculated ratios of
different parts of speech in words and ratios of different grammatical categories:

e POS ratios:
o Adjectives;
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Nouns;
Pronouns;
Verbs;
Numerals;
Particles;
Conjunctions;

o Atrticles;
e Grammatical categories:

o Number;

o Tense;

o Aspect;

o Mood.

Combinations of different parts of speech and categories resulted in 82 distinct
grammatical forms. We calculated the ratio of each grammatical form:

O O O O O O

] # form ren
Ratio( form) = orm._oceure ces.
#words

We also measured ratios of grammatical categories for specific parts of speech, e.g.
ratio of verbs in past tense compared to all verbs:

#verb _in_ past_tense
#verbs '

Ratio,,, (past _tense) =

As a result, we used a total of 145 POS-related statistical features.

Another domain we took features from was text readability research. Readability
metrics were developed for military and educational purposes to measure how hard
the text is to understand. Such features are helpful as automatically generated texts
are usually unreadable. Some readability features have already been investigated by
Ntoulas et. al. [5]. We implemented a set of readability features:

Average word length;

Average sentence length;

Average number of punctuation symbols per sentence;
Ratio of words longer than 7 symbols;

Ratio of words shorter than 3 symbols;

Maximum sentence length;

Minimum sentence length.
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The set of 152 statistical features described above allows detecting simple
anomalies in text, such as query dumping, but it is still inadequate to fight advanced
types of spam.

3.2. Text Diversity Features

Many researchers noticed that entropy and compressibility distinguishes content
spam from normal texts [5]. We argue that this trait stems from auto generated
nature of content spam. Currently no text generation algorithm can repeat the
variety of natural language.

Some diversity-related features are easily faked by spammers. It is not uncommon
for content spammers to use garbage text to decrease compressibility of texts in
attempt to foil spam detection algorithms. To overcome these limitations we
propose measuring variety of content in multiple aspects.

3.2.1. Character-Level Diversity

Compressibility is a well-known text variety feature. This characteristic has been
used in both e-mail [16] and web spam detection [5]. Some content spamming
techniques such as keyword stuffing produce texts with large number of repetitions.
We use gzip and bz2 compression algorithms to measure compressibility of a
document.

3.2.2. Term-Level Diversity

Compressibility is known to work well, when repeated keywords are located nearby
in text. Spammers often dilute normal texts with keywords, thus making them
harder to detect. Such subtle statistical violations can be detected by analyzing word
frequency distributions.

Words in natural texts are known to obey power law frequency distributions. The
most notable is Zipf law [17] that states that the frequency of any term is inversely
proportional to its rank. Given a word w, with a frequency rank of rank(w), its
frequency may be estimated using the following formula:

const

freq(w) ~ m.

Parameter s characterizes variety of words in the given corpus of texts. We will
refer to this value as to uniformity of terms. Greater uniformity leads to greater
frequency of the most probable words, and lower frequencies of other words. The
easiest way to calculate uniformity for a document is to convert the Zipf law to
logarithmic scale:

log( freq(w)) ~ slog(rank(w)) +const .
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Using this equation uniformity can be estimated using linear least squares. Let n be
the number of different words in text, then:

» = log(freq(w));
r,, = log(rank(w)); *)

n» rf,=> > f,
nz:(rw)2 _[Z rw]

We estimated terms uniformity to detect texts that contain multiple repeating
keywords. In order to reduce the effect of stopwords we also calculated uniformity
for nouns.

We also used a simpler approximation of term-level diversity by calculating the
average number of terms that are repeated in neighbor sentences.
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Figure 1. Prevalence of spam relative to term uniformity

The prevalence of spam relative to term uniformity is shown in Figure 1. In this
figure the horizontal axis corresponds to different levels of term uniformity. The
white bars correspond to number of hosts from the WEBSPAM-UK2007 training
set with a given level of term uniformity and the black line corresponds to ratio of
spam among those hosts. The figure shows that content spam tends to have greater
uniformity, as spammers often repeat search keywords.
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3.2.3. Sentence Structure Diversity

Most of content spam generation techniques produce new unique texts from a set of
natural samples. Spammers may use Markovian text generator, which is trained on a
set of natural documents, or they may simply take sentences from different texts, to
form a single page content. These techniques often yield locally coherent texts that
are hard to detect. To fight these types of spam we developed a set of features to
measure the diversity of styles used in text.

We elaborated POS features described in Section 3.1 by adding a wide range of
linguistic diversity features to detect style anomalies in texts. For each one of 145
POS ratio features we calculated its variance across sentences of text. A distribution
of variances of adjectives ratio is shown in Figure 2, similar distributions work for
other parts of speech and different grammatical categories. The graph confirms our
hypotheses that content spam tends to mix styles from different texts, resulting in
higher variances.
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Figure 2. Prevalence of spam relative to adjective ratio variance across
sentences

3.3. Topical Analysis

Web spam has a tendency to belong to several popular topics, like insurance, or
pornography. We used topical features for two purposes. Firstly we used Latent
Dirichlet Allocation (LDA) to measure the weights of different topics in texts and
used these weights as classification features. Secondly we analyzed the frequency
rank distributions for these weights in order to detect topical structure anomalies.
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3.3.1. LDA

We decided to implement a set of topical classification features using Latent
Dirichlet Allocation [7]. LDA is a fully generative probabilistic model for texts.
LDA assumes that each document is generated by a mixture of topics. The weights
of these topics can be used for topical classification. Most importantly LDA weights
were used to measure topical diversity of texts. LDA-based topical diversity
features are described in Section 3.3.2.

LDA has well-established parameter estimation and inference procedures, based on
Monte Carlo Markov chains [18]. We used GibbsLDA++ library [19] that
implements Gibbs Sampling algorithm for inference and parameter estimation. We
trained LDA model on 20K random documents from WEBSPAM-UK?2007 dataset,
using 100 topics and « =0.5, f=0.01 for hyper-parameters.

We could have used tf.idf for topical classification, but LDA also served as a
dimensionality reduction algorithm. As a result we mapped every document in 100-
dimension topic space, instead of using high-dimensional term vector space. The
weights of different topics served as features in classification.
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Figure 3a. Sample spam page with low topical uniformity (http://www.harrogate-
toy-xmas-fair.co.uk/). The page consists of excerpts from different sources.
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Figure 3b. Sample spam page with high topical uniformity
(http://www.sherwoodguesthouseedinburgh.co.uk/). Notice keywords in the top
and side of the page and highlighted keywords in text.

3.3.2. Topical Diversity

The analysis of LDA topic weights showed that these weights also have a power
law distribution. Figure 5 shows the weights distribution for several samples of
spam and non-spam hosts. Topical distributions are correlated with term frequency
distributions, but have an advantage over them. LDA accounts for correlated terms
thus a single LDA topic usually covers a whole set of terms that often co-occur.
This ensures that synonyms and similar terms are counted together, and leaves
spammers less chances to affect the feature.
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Figure 5. Topical frequency distributions for different types of spam

For each document we estimated the uniformity of frequency rank distributions of
the LDA weights using the formula (*) using topic frequencies instead on word
frequencies. The prevalence of spam for different levels of topical uniformity is
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shown in Figure 4. The probability of spam is greater for hosts with both high and
low uniformity. These two zones account for different types of content spam.

Hosts with higher uniformity usually contain texts stuffed with keywords (e.g.
www.sherwoodguesthouseedinburgh.co.uk, Figure 3a). The other group of spam
hosts has very low topical entropy. Texts from this group usually contain search
results or sentences taken from multiple other texts (e.g. www.harrogate-toy-xmas-
fair.co.uk, Figure 3b). Topical distributions for these hosts are provided in Figure 5.

We also researched an alternative approach to measuring the topical diversity.
Being a probabilistic model LDA only generates the most probable topics weights
distribution for the text. In order to detect spam content we calculated the
probability of a document having uniform topical distribution (all topics having the
same weight). Considering this as a statistical hypothesis the Pearson's chi-squared
statistics can be used to check it. Let N be the number of topics, then:
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Figure 6. Prevalence of spam relative to chi-squared topical score

We used this statistics as a classification feature. The prevalence of spam depending
on ° score is provided in Figure 6. The higher % score means that the hosts have
lower probability of having uniform topical distribution. The spam probability for
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hosts with x* score greater than 0.1 is substantially higher than average spam
probability.

3.4. Machine Learning

Using LDA as a dimensionality reduction algorithm allowed us to use algorithms
designed for dense data, without implementing complex ensembles of classifiers.

We used logistic regression with L2 regularization. We used a fixed regularization
parameter value of 0.25. It generates a relatively simple linear classifier with
regression coefficients which can be interpreted as contribution of features to the
classification task. Some features such as topical uniformity show non-linear
behavior that cannot be accounted for using a linear classification formula.

3.5. Complexity estimation

To prove that the proposed algorithm can be used in web-scale spam detection tasks
we also estimated the complexity of the proposed algorithm during the classification
phase. The algorithm can be loosely split in 3 parts:

e  Statistical features calculation;
e Topical diversity estimation based on LDA,;
e Machine learning;

The first phase includes POS tagging and compressibility analysis. We used simple
POS taggers that analyze single words and do not take previous words in account.
The complexity of the POS tagging process in on the order of document’s length
o(ld)).

The first phase also includes term-level diversity calculation that implies words
being sorted by their frequencies. So the complexity of the diversity calculation is
on the order of O(|d|log(|d])).

The second part of the algorithm starts with LDA inference. Gibbs sampling is used
for inference and complexity of each iteration is proportional to the length of the
document and number of topics used [18]. Instead of running Gibbs sampling until
convergence we used fixed number of iterations that suited our purposed well. So
the complexity of the Gibbs sampling phase was O(|d]).

The calculation of topical diversity after the topic weights were estimated depends
only on number of topics and its complexity can assumed constant.

Finally in machine learning phase we used constant number of features in a linear
classification formula and its complexity is also constant. In whole the complexity
of the proposed classification algorithm is O(|d|log(]d])), where |d] is the length of
the classified document.
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4. Experiments

The evaluation of the proposed framework consisted of two experiments. First we
tested the ability of our approach to detect synthetic automatically generated texts.
The second experiment was dedicated to measuring the benefit of the proposed
features.

Finally we tested the framework in the Web Spam Challenge [4] settings.

4.1. Synthetic Text Experiment

First we tested the capability of the described features to detect automatically
generated low quality texts. We created a set of synthetic texts using a Markovian
text generator. The generator was trained on a collection of 20K random documents
from the WEBSPAM-UK2007 dataset. Here is a sample of such synthetic text
generated from this article:

Tf.idf and other term-weighting approaches are often used by web spammers to
generate thousands of doorway pages, each optimized for a specific query, to
maximize amount of text, and ratio of verbs in past tense compared to all verbs:
We used POS tagger to tag every word in the dataset.

Such texts consist of locally coherent pieces collected from other documents. We
used 10K of synthetic documents and random 10K documents from the
WEBSPAM-UK?2007 dataset as a training set. The test set for the experiment was
created in a similar fashion. We used two Markov chains of order 2 (MC2) and 3
(MC3) to measure the effects of this parameter on classification.

Precision Recall F-measure
MC2, SF + LDA 96.19% 96.11% 96.15%
MC3, SF + LDA 94.08% 92.29% 93.18%
MC2, All 98.37% 97.93% 98.14%
MC3, All 97.72% 97.09% 97.40%

Table 1. Precision, Recall, and F-measure for synthetic text detection
experiment

In order to measure the effect of the proposed features we made two runs of the
experiment. First we used only statistical features and LDA weights as a baseline
experiment (SF+LDA). During the second run we used all available features
including diversity features (All).

Table 1 contains results of the experiment. High F-measure rate suggests that
described features are adequate for detecting such advanced types of content spam.
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Increase in Markov chain order causes the generator repeat larger pieces of original
documents. This reduces detection rate, but increases the amount of non-unique
content in such texts. The results also show that the proposed diversity features
substantially improve the classifier. In fact they reduce the number of false positives
and false negatives in half.

4.2. Feature Analysis

The purpose of the second experiment was to estimate power of each of the 334
features. The settings of this experiment were similar to the synthetic text detection
experiment. We used 20K documents from WEBSPAM-UK2007 dataset as a non-
spam sample and generated 20K documents using a Markov chain text generator
with the chain length of 2. These sets were then split evenly in training and testing
datasets.

For each feature we trained a separate classifier. Each classifier was trained on a
single feature. The classification F-measure of the given classifier can be viewed as
a measure of usefulness of the corresponding feature. Table 2 contains the 20 most
useful features for synthetic texts classification task.

The results of the experiment show that diversity features are paramount for
detecting Markov chain generated texts. The proposed topical diversity features
score best on this metric, along with text compressibility. Other diversity features
also can be seen among the top-20.

Feature
Feature F-measure
type
Topical uniformity 91.23% Diversity
Gzip compression rate 89.70% Diversity
x* score for LDA weights 87.03% Diversity
bz2 compression rate 85.04% Diversity
Term uniformity 81.28% Diversity
Average number of words repeated in o
) 79.60% Diversity
neighbor sentences
Verbs in past tense ratio 74.49% Statistical
Number of expressive punctuation marks per o
73.54% Statistical
sentence
Verbs in past tense variance 73.34% Diversity
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Feature F-measure Feature

type
Modal verbs variance 72.88% Diversity
Fraction of sentences with several verbs 71.27% Statistical
Personal pronouns ratio 71.13% Statistical
Proper nouns ratio 71.06% Statistical
Possessive endings variance 70.66% Diversity
Words with one syllable ratio 70.63% Statistical
Modal verbs ratio 70.59% Statistical
Words with two syllables ratio 70.56% Statistical
Cardinal numbers variance 70.55% Diversity
Cardinal numbers ratio 70.06% Statistical
Determiners ratio 69.82% Statistical

4.3. Webspam-UK2007 Experiment

In this experiment we followed the evaluation protocol of the Web Spam Challenge
[4]. Using this evaluation procedure we could compare our results with other
studies. The Web Spam Challenge 2008 was held on a WEBSPAM-UK2007 dataset
[15]. The training and testing labels are also defined in the dataset. The official
quality measure for the challenge was the Area under ROC Curve (AUC ROC). We
also calculated optimal F-measure for the classification task.

We compared against best results on this dataset. The winners of the 2008 Web
Spam Challenge Geng et. al. [20] used pre-computed features and advanced bagging
strategies to reach the AUC of 0.85. Biro et. al. [9] used linked LDA model to
combine link and content features yielding the AUC score of 0.854. Dai et. al. [21]
used temporal features and achieved classification F-measure of 0.521.

We combined the features into four groups:

e SF - statistical features (Section 3.1);
e DF —various text diversity features (Section 3.2, Section 3.3.2);
e L DA —the Latent Dirichlet Allocation topic weights (Section 3.3.1);
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Features AUC F1
Geng et. al. 0.85 -
Biro et. al. 0.854 -

SF 0.746 0.284
DF 0.744 0.323
LDA 0.845 0.442

SF+DF 0.777 0.348

SF+LDA 0.867 0.433

DF+LDA 0.864 0.448

All (SF+DF+LDA) 0.871 0.458

SF — statistical features;
LDA - Latent Dirichlet Allocation topic weights;

DF — diversity features;

Table 3. Results for WEBSPAM-UK2007 experiment

The results of classification using various groups of features and machine learning
algorithms are provided in Table 3. Using the logistic regression the best result of
0.871 AUC is achieved when combining all features. Our approach substantially
improves over the nearest result of 0.854 AUC. The results show that topical
classification features (LDA) are still crucial to web spam detection, but statistical
features (SF) and diversity features (DF) improve the results substantially.

5. Conclusion and Future Work

The results of our research show that advanced content features are useful for
content spam detection. We analyzed different aspects of natural texts and produced
a set of features to cover as many aspects as possible. The resulting spam classifier
performed well on both synthetic and real-life tasks.

The proposed approach is based solely on content analysis and doesn’t take link
data into account. Combining the proposed method with existing link-spam
detection techniques is likely to improve results. Another possible extension is to
use the diversity measures and rank distributions on link data to detect unnatural
link structures.

Web spam is primarily an economic phenomenon and the amount of spam depends
on efficiency and costs of different spam generation techniques. We hope that
multiple diversity features described in this work can substantially decrease the
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efficiency of automatically generated content spam. There are many properties of
natural texts that are not covered by this article. We plan to continue research on
various aspects of natural texts that are hard to reproduce.
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O6HapyxeHne nomckoBoro cnama B Bebe Ha ocHoBe
aHanus3a pa3HoOOOpa3nA TEKCTOB

Iasnos A.C., [Jobpos B.B.
pavvloff@yandex.ru, dobroff@mail.cir.ru

AnHoTtamms. [louckoBbIM cnam cuMTaeTcsi OJHOM M3 OCHOBHBIX YIPO3 COBPEMEHHBIM
TONCKOBBIM cucTeMaM. Cramepsl HCIONB3YIOT Pa3sHOOOpa3HbIE METOIB MOPOXKACHHS
TEKCTOB, U3BECTHBIE KaK TEKCTOBBIN cIllaM, YTOOBI HAIIOJHUTH BblJauyy IOMCKOBBIX CHCTEM
HH3KOKaYeCTBEHHBIMH CTpaHHIAMH. MeTtoabl OOphOBI C TEKCTOBBIM CIIaMOM JOJDKHBI
OCHOBBIBAaTbCS HA OOJIBIIOM KOJIMYECTBE TEKCTOBBIX XapaKTEPUCTHUK. B nmaHHO# craTbe
npejuiaraetcs Habop XapaKTepUCTHK TEKCTOBOTO Pa3HOOOpasMs, OCHOBAHHBIX Ha PAHTOBBIX
pacrpeneneHusX A CIOB M TeMaTHK. [IpeasiokeHHble XapaKTepPHCTHKH OOBEIUHSIOTCS C
JpyruMH (haKTOpaMH, B PE3yNbTATEe YEro ITOMyJaeTCsl KIaCcCH(HKATOP ITOMCKOBOTO CIHaMa,
TIPEBOCXOAAIINIT N3BECTHBIC aHATOTH.

KirodeBble €10Ba: IOMCKOBBIH cllaM; aHAJIU3 IPU3HAKOB; TEMAaTHYECKOE Pa3HOOOpasue.
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Extracting Objects and Their Attributes
from Tables in Text Documents

Nikita Astrakhantsev
astrakhantsev@ispras.ru

Abstract. Extracting information from tables is an important and rather complex part of
information retrieval.

For the task of objects extraction from HTML tables we introduce the following methods:
determining table orientation, processing of aggregating objects (like Total) and scattered
headers (super row labels, subheaders).

Keywords. Information extraction; information retrieval; natural language processing; table
processing; table extraction; semi-structured information extraction; html; wiki markup.

1. Introduction

Significant amount of text information has relational structure, which is often
represented in a table view. Since this view is designed for humans and contains
many ambiguous elements, it follows that automatic processing of tables is rather
complex.

For example, table 1 contains scattered header, complex hierarchical header, special
objects, and other elements. They play particular roles in the table and, thus, should
be treated in a special way. These elements are described in the rest of the paper.
Another non-trivial task is to determine table orientation: it can be horizontal (row
wise, table 1) or vertical (column wise, table 2).

We consider tables in structured formats such as HTML and Wiki markup®. The
main goal of our table processing is to extract objects as collections of attribute-
value pairs. Thereupon we focus on determining table orientation and understanding
the role of each element in the table.

! Wiki markup is a lightweight markup language used to write pages in wiki
websites, such as Wikipedia, and is a simplified alternative/intermediate to HTML.
http://en.wikipedia.org/wiki/Wiki_markup
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Power
Model Version Year Production
hp kW
A
f Sports cars I
1993 5,276
1994 240 179 N
9 ]
1995 \ 2,280
Total \ 7,556
SVT A
199‘f \ 4,000
Lightning 360 || 268 7
20%) \ 4,966
10
2[4{01 380 I 283 \ 6,381
/ﬂ Totall \ 28,124
//Total I \35,680
'y
/ |4 I !
Scattered Special Complex Empty cell
header objects header
Table 1
CS100 CS100ER CS300
Seat Pitch 32in (81 cm)
Seat Width 19in (48 cm)
Flight crew 2 (pilot, co-pilot)
Length 34.9 m (115 ft) 38.0 m (124.7 ft)
Wingspan 35.1 m (115 ft)

Wing Area (net)

112.3 m? (1,209 sq ft)

Fuselage max
diameter

3.7m (12 fY)

Cargo Volume

23.2 m’ (820 cu ft)

30 m® (1,100 cu ft)

Max range

4,074 km (2,200
nmi)

5,463 km (2,950
nmi)

4,074 km (2,200
nmi)
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Cs100 CS100ER CS300
Typical cruise Mach 0.78 (828 km/h, 447 kn, 514 mph)
speed
Landing field 1,350 m (4,430 ft) 1,448 m (4,751 ft)
length
Table 2

2. Related work

Silva et al [1] distinguish five tasks of extraction information from table in their
detailed survey:

1. Location: differentiating the table from other text elements such as body
text, titles, lists, etc.

2. Segmentation: identifying table cells, rows, and columns and their relative
positions.

3. Functional analysis: classifying a table area (cell, column, row) to data or
attribute area.

4. Structural analysis: connecting each data cell to all characterizing
attribute cells.

5. Interpretation: understanding and further using extracted information.

First of them occurs mostly in plain text and image formats. The last task depends
on kind of table usage: generating ontology from tables [2], mapping extracted
information to predefined scheme [3], and so on.

Our work is devoted to the three last tasks while structural analysis is a principal
one.

2.1. Plain text format

Early works deal with tables in plain text, usually in ASCII format [4-7]. The main
problem here is to detect table, to recognize table delimiters (spaces, tabs, special
characters like hyphens, etc), and thereby to understand table structure.

Rus and Summers [4] consider a text block to be a table if it consists of columns
separated by white space and if cells of such columns are lexically persistent. A
similar approach is used in the work of Douglas et al. [5]; they group text blocks
surrounded by white spaces and use heuristic to determine whether these blocks are
parts of tables.

There are many works concerned plain text and most of them use approaches
inapplicable for HTML tables. However there are some useful ideas, which were
explored in these works and inspired by linguistic characteristics of table content.
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For example, similarity/cohesion among different table elements
(cells/lines/columns) became a common feature in future works including HTML
tables oriented ones. Hurst and Douglas [6] suggest explicit string-based formulas
for computing cell values cohesion.

Pinto et al. [7] present Conditional random field algorithm for classification of each

row in ASCII table to one of 12 classes such as “data row”, “section header”, “super
header”, etc.

2.2. Image format

The majority of these works are devoted to performing location and segmentation of
a table (Tupaj et al. [8], Wang et al. [9, 10], inter alia).

At a distance, Gatterbauer et al. [11] process HTML tables treating them as images.
More precisely, they distinguish two representations of web pages: DOM tree
representation and visual box (topological) representation. Our work is based on the
first representation, while their approach is based on the second one, and thereby it
cannot be applied to our work.

2.3. HTML format

A main source of HTML tables is Web pages, but many Web-tables are created just
for layout, not for representing relational information. Wang and Hu [12] call such
tables non-genuine. They suggest machine learning classifiers (SVM and decision
tree) to determine whether the table is genuine or non-genuine. Features are divided
into three types: length consistency of the cell contents, type of cell content, and
word group.

Chen et al. [13] apply string and content type similarity to this task. They also use
cell similarity for determining table orientation.

Yoshida et al. [14] suggest Expectation Maximization algorithm for classifying each
table into one of 9 predefined types. Ontological knowledge are used as a parameter
for the model, e.g. "Name" and "Birthday" are more often attributes than values.

Cafarella et al. [15] process the corpus of 14 billion Web tables. They introduce a
tool for synonymic attributes searching (Attribute Correlation Statistics), which can
be useful in the task of attribute/value classifying. Also the statistics gathered by
authors corroborates the assumption that there is a small set of schemas that most
tables in the world conform to.

3. Table orientation

What is an object in a table? Often the answer is obvious. For example, in table 2
objects are two airbuses: A310-200 and A310-200F. Table 1 is a little bit vaguer. It
contains SVT vehicles manufactured in different years. Sometimes tables with
nondefinable objects are found, e.g. multiplication table or table 3.
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NFPA 704

b

Fire diamond for aluminium shot

Table 3

As a rough definition, table object is a real world entity, whose attributes are set in
the table. We assume that either row or column represents an object. So, table has
either horizontal or vertical orientation.

We use 2 machine learning algorithms with the same features to determine table
orientation: decision tree and naive Bayes. All features have common nature: some
function is computed on horizontal table as well as on vertical one and the
difference between obtained values is found.

First feature is the difference in header depth. The function is very simple; it returns
the depth of table header hierarchy. E.g. the header depth for horizontal orientation
of table 1 is 2, due to Power, hp, and kW cells; the header depth for the vertical table
is 1. The header depths for both orientations of table 2 are 1. The motivation is
following: orientation with deeper header is more likely to be correct.

Second feature is difference in maximum cell cohesion. Cell cohesion is an average
string similarity of all cells in a row or in a column. Average string similarity is
computed by summation of all pairwise string similarities/metrics of cells and
normalization (dividing by square of total count of cells). Maximum cell cohesion
for the horizontal table is simply a maximum of cell cohesion in all rows; the same
stands for the vertical one with replacement of rows by columns.

Third feature is the difference in average cell cohesion. The only distinction from
the previous feature is that all cell cohesions are summed and then divided by total
count of rows or columns.

After experiments with a small set of Wikipedia tables (about 70) we found that the
most valuable feature is the difference in average cell cohesion. All other features
aren’t presented in decision tree without overlearning (see figure 1).

Also we experimented with introducing the third type of tables, which contain no
object, but effectiveness decreased dramatically. This can be easy explained because
even human can’t label classify some table into the third type with confidence. So
we don't take into account tables without objects.
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diffAvgCellCohesion

<=0.03659 > 0.03659
Horizontal Vertical
Figure 1

4. Aggregating objects processing

Some tables contain aggregating objects, which actually store information about
other objects from the same table. For example, in table 4 the last row isn't an
ordinary entity and should be processed in special way.

System Affiliates %
FONASA 12,248,257 72.69
ISAPRE 2,780,396 16.50
Total pop. 16,849,081 100.00
Table 4

Recognizing such objects by only presence of a keyword (e.g. Total) isn’t efficient
because of cells like “Total depravity, with prevenient grace, does not preclude free
will”. So we collected statistics on thousands of Wikipedia tables and developed the
heuristic for determining aggregating objects on basis of the next features:

e Type of keyword in the cell content.

e  Number of words in the cell.

e Position of the cell (sequence number of its column).

e Decoration (bold, uppercase, <th>-tag).
All keywords are split into 2 types: the strong type (Total, Totals, Tot., Subtotal)
and the weak type (All, Sum).
The cells containing words from the weak type must satisfy next conditions:

e exactly 1 word

302



e decorated
e position is not greater than 2

The cells containing words from the strong type must satisfy next conditions:

e ifthereis 1 word - no condition
e if there are 2 words - the cell must be decorated

o if there are from 3 to 5 words - the cell must be decorated and its position
must be not greater than 2

The heuristic was inspired by the following considerations. The aggregating cells
store information about special objects, so they should be noticeable by human
readers. If the cell string is long or if it contains common word like all, then it must
have some decorations in order to attract attention.

In future we plan to develop machine learning approach with these heuristics as
features.

5. Scattered header processing

Some tables contain special rows, or scattered headers, which add structural
information and are not table objects. Example is the row Sports car from table 1.
We called the object extracted from such scattered header row during the initial
processing the scattered header object.

We extract scattered header objects only from the object set, which corresponds to
the horizontal orientation of the table. Vertical objects aren't processed, because
width of any table is limited and scattered headers are useless in vertical tables.

5.1. Scattered header recognizing

Deciding whether each row is a scattered header (SH) is based on the assumptions
that only one cell in the row is nonempty and the row must stand out against other
table. In addition, we don't consider empty rows and last rows.

We divide all SHs into three subclasses: single-cell SH, middle SH, first-cell SH.

1) Single-cell SH is a row with just one cell in a table where other rows have more
than 1 cell (in HTML terms, a row with colspan greater than 1).

The example is given in table 5 (rows Monohydric alcohols and Polyhydric
alcohols).

Chemical Formula IUPAC Name | Common Name
Monohydric alcohols
CH;OH Methanol Wood alcohol
C,HsOH Ethanol Grain alcohol
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CsH4;,0OH | Pentanol Amyl alcohol
Polyhydric alcohols
C,H4(OH), Ethane-1 ,2-diol Ethylene glycol
C3Hs5(OH); Propane-1,2,3-triol Glycerin
C4H¢(OH), Butane-1 ,2,3,4-tetraol Erythritol
Table 5

We consider such row to be an SH without other criteria.

2) Middle SH is a row with just one nonempty cell, located in the middle of the
table.

The 7th row Bonus track of table 6 is a middle SH.

# | Title Songwriters Length

1. | "Mixing pot" ("Tacho") Hermeto Pascoal | 9:18

2. | "Slaves mass" ("Missa dos escravos") Hermeto Pascoal | 4:19

3. | "Little cry for him" ("Chorinho para ele") Hermeto Pascoal | 2:11

4. | "Cannon (Dedicated to Cannonball Hermeto Pascoal | 5:20
Adderley)"

5. | "Just listen" ("Escuta meu piano") Hermeto Pascoal | 7:08

6. | "That waltz" ("Aquela valsa™) Hermeto Pascoal | 2:46
Bonus tracks

7. | "Open field" ("Campo aberto") Hermeto Pascoal | 4:25

8. | "Pica pau (Take 1)" Hermeto Pascoal | 14:20

Table 6

We require the nonempty cell of such row to be decorated.

In addition, we check the table to be non-sparse. Sparse table is a table with many
empty cells, e.g. table 7. It is evident that the heuristic for determining middle SH
doesn't work correctly with sparse tables.
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Km | Exit Junctions To Remarks
SMT Bandar Sekolah Menengah Teknik
Penawar Bandar
BANDAR SOUTH T-
PENAWAR Bandar Penawar junctions
SMS Kota Sekolah Menengah Sains Kota
Tinggi Tinggi
SMKA Bandar Sekolah Menengah Kebangsaan
Penawar
0 SMK Bandar Sekolah Menengah Kebangsaan
Penawar
Desaru
guardpost
DESARU Desaru Impian
Desaru Golf & Country Resort

Table 7

So we check the rows near the concerned middle SH row (3 rows above and 3
below). If they have empty cells, then the row under review isn't a middle SH. Of
course, the row with empty cells can be another middle SH; to address this issue we
don't take such rows into account while checking their cells. But previous and next
rows must differ from the concerned one, because scattered headers never have the
same structure and content with another SH.

Thereby table 7 contains no SH.

3) First-cell SH is a row whose only nonempty cell is first.
For example, the third row Cities (10 Largest) of table 8 belongs to this type.

Census Metropolitan Areas: 2006 2001 1996
Calgary CMA 1,079,310 951,395 821,628
Edmonton CMA 1,034,945 937,845 862,597
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Cities (10 Largest):

Calgary 988,193 878,866 768,082

Edmonton 730,372 666,104 616,306

Red Deer 82,772 67,707 60,075

Strathcona County 82,511 71,986 64,176
Table 8

The criteria for this type are the same as for the previous type.

5.2. Scattered header processing

Scattered header object are removed from the original set before the aggregating
objects processing. Therefore created aggregating objects have no information about
scattered header objects.

We update attributes of all objects by adding the new field; currently its name is
Type. Every table object located below the current scattered header and above the
next scattered header (if it exists) is updated by adding a new value, which is the
content of the corresponding scattered header.

6. Conclusions and future work

In this paper we concerned on the task of objects extraction from HTML tables,
gave a short survey of occurring problems, and introduced methods (mostly
heuristics) for their solving. Of course, there are many cases uncovered by this
paper, e.g. accurate detection of table header, processing of non-aggregating special
objects and so on. It's the scope of future research.

The most common usage of extracted objects is to map them to predefined relational
scheme. Embley et al. [3] worked towards this task, but we believe that fully
automatic processing will be ineffective. Gatterbauer et al. [11] make a similar note:
“domain-independent table interpretation cannot result in unambiguously structured
information because of existing inherent domain-specific ambiguities that can
sometimes not even be resolved by humans”. Therefore, we consider the computer-
aided way to be more promising for the task of objects mapping and, in general, for
table interpretation.
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Abstract. Finding relationships between words in text and articles from Wikipedia is an
extremely popular task known as wikification. However there is still no gold standard corpus
for wikifiers comparison. We present WikifyMe, the online tool for collaborative work on
universal test collection which allows users to easily prepare tests for two most difficult
problems in wikification: word-sense disambiguation and keyphrase extraction.

Keywords: “Wikipedia”, natural languages processing, word sense disambiguation,
keywords extraction, testing, collective work, crowdsourcing, Web tools, text preparatiion.

1. Introduction

Enrichment of text documents with links to Wikipedia’s pages has become an
extremely popular task. This task is called wikification. Wikification is necessary for
intelligent systems that use knowledge extracted from Wikipedia for different
purposes [5 ,8]. Showing wikified documents to reader of blogs or news feed is
common as well [10 ,4].

Enrichment text with links to Wikipedia usually consists of two steps: extraction of
key terms from a document and associating these terms with Wikipedia pages.
Lexical ambiguity of language presents a main difficulty for automatic wikification.
Therefore, word sense disambiguation (WSD) is a necessary step for the automatic
wikifiers.

Another challenge for the automatic wikification is choosing terms that should be
associated with Wikipedia articles. Marking every term described in Wikipedia with
links makes the document hard to read. Therefore, only most relevant terms should
be presented as links for a particular document. Such terms are usually called key
terms.

There are many approaches to automatic wikification. Most successful wikifiers use
supervised learning algorithms for word sense disambiguation and key terms
extraction. For such algorithms, Wikipedia serves as a training corpus. However, the
lack of testing corpora based on real data makes it extremely hard to compare
differrent wikifiers and choose the best one.

In order to estimate the quality of automatic wikifier on real data, part of this data
should be wikified manually by human expert. Difficulty of manual wikification
depends on the number of key terms that should be linked to Wikipedia. In general
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case, all terms in text should be associated with Wikipedia articles and some of
them should be marked as key terms. This is required for separated testing of WSD
and key term extraction algorithms.

This paper introduces WikifyMe', a Web-based system that aims at creating large
wikified corpora with the aid of Web users. This system has a user-friendly
interface that makes manual wikification much easier. We expect that this system
will yield good corpora for comparing different wikifiers at a relatively lower cost.
The rest of the paper is organized as follows. Related work is described in the next
section. Sect. 3 gives overview of the WikifyMe and provides intuition for decisions
we made during development of the system. In Sect. 4, a description of a current
dataset is presented. Conclusion and future work are discussed in Sect. 5.

2. Related Work

Wikipedia is an evident corpus for wikifiers evaluation. Each regular Wikipedia’s
page describes one unambiguous concept and has links to other pages of Wikipedia.
In general case, each link consists of two parts: destination page and caption shown
to readers. Therefore, the link could be interpreted as the annotation of the text in
caption with meaning described by destination page. Another assumption
concerning internal links is that users of Wikipedia make links only for key terms.
Based on these ideas, researches extract random samples of Wikipedia’s regular
pages and use them as testing corpora.

Main drawback of this approach is a bias of testing results for algorithms that use
Wikipedia’s links for training. In addition, behaviour of key terms extractors trained
with the aid of Wikipedia’s internal links on real data is not well studied. Therefore,
researchers make their own corpora based on different data sources.

Mihalcea [9] manually mapped some Wikipedia terms to WordNet terms in order to
carry out experiments on commonly accepted standard tests of the SenseEval
corpus. However, there is no one-for-one mapping between Wikipedia and
Wordnet, therefore this approach is not commonly used.

Cucerzan created his own corpus for evaluation of the system described in the paper
[3]. A set of 100 news stories on a diverse range of topics was marked with named
entities, which were also associated with articles of Wikipedia. This corpus is
publicly available, but annotations in there are sparse and limited to a few entity
types.

Milne and Witten [10] used Mechanical Turk [1] service to annotate subset of 50
documents from the AQUAINT text corpus: a collection of newswire stories from
the Xinhua News Service, the New York Times, and the Associated Press. However
they only ask to annotate key terms. Therefore their corpus cannot be used for WSD
evaluation with high recall.

1 http://wikifyme.ispras.ru
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Kulkarni et. al. [7] developed browser based annotation tool for creating test corpus.
They collected about 19,000 annotations by six volunteers. Documents for manual
annotation were collected from the links within homepages of popular sites
belonging to a handful domains including sports, entertainment, science,
technology, and health. The number of distinct Wikipedia entities that were linked
to was about 3,800. About 40% of the spots was labeled n/a, highlighting the
importance of backoffs. This corpus is good for testing WSD algorithms, but it
doesn’t contain any information about keywords.

Similar corpus was created for evaluation of the algorithms described in paper [11].
Like previous one, this corpus has tags for all possible segments, even though there
is no correct mark for them (these segments are marked as n/a). This corpus didn’t
provide any information about keywords as well. We added this corpus to our
system, then revised marks and included information about keywords.

The idea of involving Web users into creation of training and testing corpora was
described and implemented in OMWE project [2]. The aim of this project was
creation of a large corpus for WSD task with the aid of Web users. Result of this
project was a corpus for WSD tracks on the Senseval 3 conference. However, this
corpus is based on WordNet senses. Therefore, it could not be directly used for
wikifiers evaluation.

3. Description of the System

3.1. Terminology

To create a new test, the user have to upload and mark up a text file (we call such
file “a document”). Document consists of plain text and metadata that represents
terms, concepts and keyphrases. Term models a continous part of text which have
significant semantic value and thus some meaning. Meanings are represented by
concepts, that is, articles in Wikipedia. We defined the special “not-in-wikipedia”
concept for cases when the term have valuable sense, but there is no right concept to
reflect the sense.

The union of all term meanings forms the set of document’s concepts. Some
concepts may be thought as key concepts, which reflect main topic(s) of the
document. So we think of keyphrases as the terms (that is pieces of text) whose
meanings are key concepts.

3.2. Process of the Wikification

User selects by mouse some part of the text to mark up a term there. It’s very
important to accurately select the term boundaries, so we had implemented several
techniques that help users to do that.

The first feature is selection expansion to the boundaries of selected words. For
example, selecton “Scala is a great p[rogramming langu]age ” would be expanded
to “Scala is a great [programming language] ”.
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The second technique allows to remove unnecessary spaces from the selection.
“Evaluation of [delimited continuations Jis supported” becomes “Evaluation of
[delimited continuations] is supported”. Both techniques can be enabled or
disabled at any moment.

After the term has been created the user is offered to select a meaning for the term
(see Figure 1). The meaning can be represented by any article in Wikipedia,
hovewer for each term we provide a list of recommended concepts. These concepts
were obtained from wiki-links appeared in Wikipedia articles that contain the term
text. The concepts are ranked according to how often links to them anchored the
term text. If certain concept was used once as a meaning for the term in the
document, then the system put it in the top of list

Ouwiubka! Obvexm He Modcem Oblmb CO30AH U3 KOO0 NOJell peOaKMUPOBaAHUS.

Figure 1: List of recommended meanings for the “AT&T” term

List of document concepts are shown on the right panel (fig. 2). User may click on
any concept and mark it a key concept. This will mark all term representation of the
concept as keyphrases.

Hello, sbos. Logout Theme: Smoothness

&= browse test files # Settings

Text Meanings

AT&T shows thinking on new iPhone subsidy AT&T :\?2'?“1 : I;r‘lce

(T) laid out the case for a subsidy that would lower fterati Pp’e "c'd

the price for consumers to buy the next iteration erative an
incremental

of Apple's (AAPL) iPhone.

Set all reviewed Remove unreviewed

Figure 2: Preparing the test. Green terms are reviewed, red ones are
unreviewed.

Bold concepts on the left side are marked as key concepts.We have restricted the
term markup by only one term on a single part of text. That means no two different
terms could be intersected by each other. We have found such restriction is a
reasonable simplification, which lighten the user interface and facilitate user’s
interaction with the system. Also, our experience in the creation of WSD tests
shows that single user has no need in making one piece of text a part of several
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terms and this limitation is very common. However, if several users select
overlapping parts of text as a terms in their versions of the same document, then this
will be represented in resulting test as we describe in 3.5.

3.3. Preprocessing

To make the test creating process more easy we provide automatic preprocessing
feature which uses wikifier described in [6] to automatically detect terms in
documents, assign them right meanings and select key concepts. Meanings assigned
in such way are marked as non-reviewed. This feature significantly improves the
speed and usability of test creation process because users should just review these
meanings as well as “key” status of document concepts.

3.4. Documents and Folders

Documents in WikifyMe are organized in folders. Each folder has a name and
optionally a description. Users are able to create new folders, so the user who
creates a new folder is treated as this folder owner. Each folder is accessible to all
users. However only folder owner can delete it or upload new documents into it. To
allow other users upload new documents to the folder, it has to be marked as
“public” by its owner.

Whenever user opens a document uploaded by another user, the new version of the
document is being created. This version doesn’t contain any information from the
original document except the plain text, so users have to work on the same
documents independently. This is good because each user is not affected by possible
mistakes of others. Users can delete their versions of documents, but original
documents can be deleted only by owners of containing folders.

3.5. Getting the Tests

Everyone can get the whole test collection by click on the “Merge and download”
button. WikifyMe will merge all versions of all files and provide the results in a
singe archive.

The process of merging is quite simple: to merge a set of documents WikifyMe
builds a resulting document which consists of terms, meanings and key concepts
from all these documents. Then the system counts an agree level (we call it a
confidence) for each term, meaning and key concept (a keyphraseness) selection.

The meaning confidence for each term is counted by formula:

confidence = | 1S meaning selections | )
| this term selections |

The keyphraseness of key concepts is counted as:
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| versions where the concept is key | 2
keyphraseness = -
| versions where the concept appear |

WikifyMe also count the confidence of term selection:

| this term selections | 3
| other terms overlapped by this term |

confidence =

We treat two terms the same if their boundaries are matching exactly. So the
confidence of two terms which meanings just overlap does not decrease, but the
confidence of term selection does.

3.6. Output format

The XML as a widespread format for annotated text files has been chosen for the
output format of merged documents. The example of the document is shown in
Figure 3.

The concept tag define the concept in the document with name and id attributes
that refer to Wikipedia article’s name and ID obtained from Wikipedia dump.

concept tag also contain the representation tags, each of them define the term

associated with containing concept as their meaning. span attribute have a
“start..end” and indicate the position of term in the text.

term tag also defines a term and completely duplicates an information from certain
combination of concept and representation. This redundancy is due to different
data structures are more suitable for different tasks. Thus, usage of term tags is

convenient for word-sense disambiguation while concept tags are suitable for
semantic analysis of the document.

Sense of confidence and keyphraseness attributes have been described above.

Ommbka! OOBEKT HE MOXKET OBITH CO3JJaH M3 KOJIOB MOJIEH pelakTHPOBaHUSI.

Figure 3: Example of downloaded XML test file.

4. Data

Currently, WikifyMe contains 8 folders with 132 documents from very different
sources - from scientific papers and blog posts to summaries from Google News.
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Such variety is quite helpful for testing on different kind of texts and we except the
document collection to be broaden by users.

Folder # of terms avg. doc length
Greg-January-2008 661 336.7
Monah-DBMS2-May-2008 686 242.7
news_google com 26 may 2008 844 386.3
radar_oreilly jan_2007 482 803.6
scientific_papers 858 1761
sqlsummit-June2008 419 89.5
UPI_Entertainment_17 22 may_ 1898 162.6
2008

UPI_Health_01_06_june_2008 1297 201.2

Table 1. Statistics for base corpora

Greg-January-2008, Monah-DBMS2-May-2008, radar_oreilly_jan_2007 refer to
blog posts collection from Greg Linden, DBMS2 and Tim O’Reilly blogs
respectively. news_google_com_26_may_ 2008 folder contains news articles by 26th
May of 2008 from Google News, UPI_Entertainment 17 22 may 2008 and
UPI_Health_01_06_june 2008 - from Health and Entertainment sections of
“United Press International”. scientific_papers as the name suggests consists of
scientfic papers directly converted from PDF to plain text and sglsummit-June2008
contains short news summaries from “SQL Summit” blog. Summary for the corpora
is presented in the Table 1.

Initially the base corpora has been marked up by one person in average, thus the
confedence and keyphraseness metrics are about 1.0 and are not representative at the
current stage.

Corpus Number of terms
WikifyMe 7145

Milne et. al. tests 314

Kulkarni et. al. (1ITB) 17200

Table 2. Comparison of corpora.

Table 2 contains the comparison by number of terms between Kulkarni et. al. [7]
manually collected “ground truth” corpus named IITB, Millne et. al. [10] test
corpus, which was automatically wikified by their tool and manually verified then,
and WikifyMe manually collected corpus. As we can see, at the moment
WikifyMe’s corpus is comparable to IITB and outperforms Millne et. al. corpus by
number of tagged terms, so it’s suitable enough for WSD benchmarking tasks.
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5. Conclusion

Despite WikifyMe is a ready-to-work system already there are still lot of
possibilites to make it better and at first we plan to add the existing test corpora such
as Kulkarni et. al. [7] and Milne et. al. [10] used in their researches.

As a key of the whole project success is the active contribution of users we will add
several features to the web tool to stimulate the user activity. For example, public
statistics for amount of work made by each user (maybe included in the archive with
tests). We believe that it will make a sense because it’s important for a user to feel
that he or she is a part of the project and the value of self contribution made is
visible to everyone.

We hope that WikifyMe will gather the active user community and help to create a
large and high-quality test collection useful for researchers in wikification.

References

[1] DsemenTbI oryiaBeHUsI He Hali/IEHBI.

WikifyMe: cospaHue moaenu cpaBHeHUs Ans
BUKMdUKaTopoB

bapmynos C.O., Bondaxos A.A., Typoaxos /[.1O.
sbartunov@gmail.com, boldakov@gmail.com, turdakov@ispras.ru

AnHotanms. Ilouck B3auMOCBsI3el MEXIy CIOBaMHU B TeCTKe M cTaThsaMH ‘‘Buxunenumn’-
Ype3BHIYAHO TMOMyJsIpHAs 3a]ada, W3BECTHas Kak BUKUukamus. He cmoTps Ha eé
HOMYJIAPHOCTh, 0 CHUX IIOp HE CYLIECTBYET OOLIENPH3HAHHOIO TECTOBOI'O KOpIyca I
cpaBHeHUs] BUKH(UKATOPOB. B maHHOW cTaThe NPECTABICH OHJIAHH-MHCTPYMEHT [UIst
COBMECTHOM paboThl HAJl YHUBEPCAIBHON KOJUIEKIMEIl TECTOB Ul IBYX HanOoJiee CI0KHBIX
3aMa4 B BUKH(DHUKAIMM — Pa3pelieHUs] JIEKCHYECKOW MHOTO3HAYHOCTH U BBIJACICHUS
KJIFOYEBBIX CIIOB.

KmoueBble cioBa: “Bukunenus”’, o0paboTka €CTECCTBEHHBIX SI3BIKOB, pa3pelIcHHEe
JICKCUYECKOW MHOTO3HAYHOCTH, BBIACICHHE KIIIOUEBBIX CJIOB, TECTHPOBAHHE, COBMECTHAs
paboTa, KpayaCOPCHHT, BeO-MHCTPYMEHTBI, IOATOTOBKA TECTOB.

318



319



320



321



322



A category-driven approach to deriving
domain specific subsets of Wikipedia

Anton V. Korshunov,
Denis Yu. Turdakov
{korshunov, turdakov}@ispras.ru.

Jinguk Jeong, Minho Lee, Changsung Moon
Convergence Solution Team, DMC R&D Center,
Samsung Electronics Co., Ltd.
{jinguk.jeong, minho03.lee, albert.moon}@samsung.com

Abstract. While many researchers attempt to build up different kinds of ontologies by means
of Wikipedia, the possibility of deriving high-quality domain specific subset of Wikipedia
using its own category structure still remains undervalued. We prove the necessity of such
processing in this paper and also propose an appropriate technique. As a result, the size of
knowledge base for our text processing framework has been reduced by more than order,
while the precision of disambiguating musical metadata (ID3 tags) has decreased from 98%
to 64%.

Keywords. Wikipedia; ontology; automated ontology building; category; taxonomy;
semantic relatedness; natural language processing; Texterra.

1. Introduction

There's no need to introduce Wikipedia as a world's largest and most rapidly
expanding source of information on many domains in almost every language. At the
time of drafting this paper, there are 279 Wikipedias in different languages, with
more than 17,870,000 articles, 1,920,000 uploaded images, and 27,540,000
registered users [1]. 39 Wikipedias contain more than 100,000 articles each. The
English edition remains the largest Wikipedia, over three times as large as the
second largest edition, the German Wikipedia. That's why it is reasonable to start
investigating new possibilities with English Wikipedia as a most comprehensive
source.

By now, Wikipedia has already got a lot of colorful detailed descriptions.
Conventional features of Wikipedia are well-known and discussed widely in [2, 25].
They include concept identification by ID or URL, multiple and dense link
structure, and category system which is edited and maintained by Wikipedia users
as well as articles.
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Researching community has proved more than once that structure and content of
Wikipedia are very peculiar and valuable domains to study. One of the most
promising directions is automated ontology building which may be accomplished by
extracting well-defined concepts and relations among them from Wikipedia. The
latest efforts in this field are DBpedia [3], the work of Ponzetto et al. [4],
YAGO [5], etc. All these approaches mainly exploit the data derived from
infoboxes and category structure. Due to continuous enriching these techniques with
better algorithms and data sources, the quality of resulting ontologies becomes
remarkable.

Despite these successes in automated upper-level ontology building, most of domain
specific ontologies (for instance, UMLS [6]) are still assembled manually. Needless
to say, they are often costly to build and to keep them up to date.

In this paper, we consider the possibility of loosely supervised extraction of domain
specific ontologies from upper-level ones. This is becoming feasible in recent years
as high-quality upper-level ontologies grow more versatile and involve the
knowledge of many new domains. Moreover, many field experts from all around the
world often tend to pay their efforts to expand existing widespread ontologies,
rather than to create their own or refine domain specific ones.

Our interest in this research is caused by necessity of reducing the knowledge base
for our text processing framework Texterra®. This base comprises a number of
textual indices produced by our Wikipedia parser. These indices are loaded into
RAM during the initialization of Texterra server and take roughly 4.5 Gb of disk
space and 2 Gb of RAM. Such a consumption is acceptable for workstations, but not
for mobile devices with restricted amount of memory. Thus, if one would attempt to
build a standalone mobile application intended for text processing, then its data
structures simply would not fit in the RAM. Obviously, such applications - if
developed - would be highly demanded to date.

The disambiguation® of musical metadata (i.e., ID3 tags of MP3 files) is an
important part of Texterra functionality. These algorithms are well-tuned by the
moment and show the precision of 98% on our test set. But it's obvious that only a
narrow range of Wikipedia dictionary is utilized during processing 1D3 tags of MP3
files. There are mostly named entities, such as musical compositions, song writers,
singers, etc. Generally speaking, the amount of knowledge required to perform such
a disambiguation is likely much less than that available from the entire knowledge
base.

1 http://modis.ispras.ru/texterra

2 Word sense disambiguation is an open problem of natural language processing,
which governs the process of identifying which sense of a word (i.e. meaning) is
used in a sentence, when the word has multiple meanings (polysemy).
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Making the knowledge base more specialized by removing concepts which are
unimportant for this task is what comes to mind first in this case. So, we've
implemented a system intended to produce Wikipedia subsets covering the
knowledge of the given domain. We decided not to narrow the scope of our research
to Wikipedia derivates (such as YAGO). But, although the algorithms have been
evaluated with Wikipedia only, they are applicable to any ontology with well-
defined polyhierarchical taxonomy.

Of many interesting aspects of Wikipedia, here we take into account only
categorization and linkage within its content. The category system in Wikipedia
plays the role of a taxonomy and provides the function to search articles by
narrowing down categories. Given this, the task of deriving domain specific
concepts from Wikipedia dictionary seems to be solvable by mining the category
system for the list of concepts tightly connected with the given base categories.
However, it is impossible to simply determine all concepts belonging to a particular
category. The reason is that the category system of Wikipedia is organized into
network structure, not a perfect tree structure. Furthermore, the lists of parent
categories for many articles are redundant and contradictory. Thus, they don’t allow
detecting the most relevant categories for a given page without analyzing the
neighbour pages.

Therefore, we utilized concept vectorization method specialized for the category
system in Wikipedia, with several additional expansion methods, as proposed in [2].
The authors express affiliation relations among concepts as category-based concept
vectors. Each element (dimension) of a concept vector represents not only binary
affiliation information (whether the concept belongs to a certain category or not),
but also the degree of affiliation (called belonging degree in the rest of this paper).
After applying different cutting techniques to the obtained concept vectors, the list
of domain specific concept IDs is outputted. This list is further applied to Texterra
knowledge base resulting in the reduced domain specific version of the latter. The
explanation of our approach is given in Section 4.

Section 2 contains the review of related work. The key features of Wikipedia
category structure are discussed in Section 3.

Having a fast access to any point of Wikipedia category structure was one of the
crucial tasks for our research. After a number of unsuccessful tries to reuse the
existing graph libraries, we've coded our own implementation, named WikiGraph.
See Section 5 for details.

Given a set of specialized versions of the knowledge base, we conducted a series of
experiments in order to learn how the reducing of Texterra knowledge base affects
the accuracy of results. Refer to Section 6 for evaluation methodology. Section 7
contains experimental results and discussion.

We conclude in Section 8 with our research findings and discussion about possible
improvements.
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2. Related work

2.1. Automated ontology building

The field of automated ontology learning usually acts by taking textual input and
transforming it into a taxonomy or a proper ontology. The texts are usually obtained
from printed sources (books, magazines, newspapers) and Internet (online media,
blogposts, results of querying search engines). However, the learned ontologies are
small and hard-to-update; in addition, evaluations have revealed a rather poor
performance [7].

As mentioned before, the most accurate and, thus, valuable non-human assembled
ontologies are now built by automatically deriving explicit facts from Wikipedia.
One of the early attempts was the work of Gregorowicz and Kramer [8]. They
focused on deriving a term-concept map which consists of terms, concepts, and
relationships between them. Only articles, redirects, and disambiguation pages are
considered. Ponzetto and Strube [4] were deriving a taxonomy from the entire
Wikipedia category structure. Despite their successes, the resulted taxonomy is
rather simple (supports only is-a and not-is-a relations) and domain independent.
The work described in[9] enhances this taxonomy with instance and class
information for each node. Cui et al. [10] introduce even more sophisticated
approach to building the ontology of concepts by making use of infobox structures,
definition sentences, and category labels. Finally, YAGO?2 [11] is probably the most
complete and accurate semantic knowledge base derived automatically from
Wikipedia and other sources. The information extraction technique for YAGO2
assumes varied utilization of infoboxes, category structure, redirects, and other data
within Wikipedia. Furthermore, the quality check is performed to find possible
mistakes. As a result, the quality of extracted ontology is sufficient for the majority
of IR- and NLP-related tasks.

Notwithstanding the foregoing, newly emerging research fields often require well-
structured and comprehensive domain specific ontologies. Researchers don't need a
huge knowledge base, but an extensible corpus of specific concepts with good
coverage of domain knowledge. If such ontologies were built in a completely
automated way, then this would avoid the necessity of assembling them from
scratch manually. We believe that Wikipedia contains enough information for this
task to be completed. Below is the description of approaches we've applied to
narrowing Wikipedia dictionary to domain specific subset.

2.2. Computing semantic relatedness

We consider the key problem of our study as the computation of semantic
relatedness between base top-level categories and underlying articles. According to
Budanitsky and Hirst [12], semantic relatedness is defined to cover any kind of
lexical or functional association that may exist between two words. This definition
suits us more than semantic similarity, which is typically defined via the lexical
relations of synonymy and hypernymy.
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There were many approaches proposed for estimation of semantic relatedness
between concepts in Wordnet (Rada et al., Leacock and Chodorow, Wu and Palmer,
Resnik, Jiang and Conrath, Lin) and between Wikipedia articles [13] (Dice, Jaccard,
SimRank). Among them are purely graph-based measures and those involving
information content. In this paper, we consider only graph-based approaches.

Since a significant part of Wikipedia knowledge is encoded in its graph-like link
structure, it seems reasonable to apply existing graph-based methods or introduce
new ones. Zesch and Gurevych [14] proved that many Wordnet-based semantic
similarity measures are applicable to Wikipedia with minor changes.

Obviously, it’s also attractive to estimate the strength of ties between different
levels of taxonomy (between base categories and its articles, in our case). In this
context, the links among articles appear not so important. Therefore, new category-
based semantic relatedness measures are emerging.

Chernov et al. [15] measured semantic relatedness between categories, not between
concepts and categories, as it's required for our task. Nonetheless, they proposed
several very useful and applicable techniques.

Strube and Ponzetto [16] employed Wikipedia, Wordnet, and Google for computing
semantic relatedness between concepts. For two Wikipedia articles being compared,
they extracted two categories lists. Given the category lists, for each category pair
they performed a depth-limited search of maximum depth of 4 for a least common
ancestor. As they noticed, limiting the search improves the results. But this is
obviously inappropriate for computing relatedness between top-level category and
articles from all its subcategories.

2.3. Identifying domain specific concepts

Syed et al. [17] tried to predict the topic of textual documents by matching them
against Wikipedia articles based on cosine similarity’. Then, they extracted
categories of found articles and scored them based on different scoring schemes
with or without spreading activation®. The proposed approach implies scoring the
links with many categories for each given Wikipedia article using bottom-up

3 Cosine similarity is a measure of similarity between two vectors by measuring
the cosine of the angle between them. Calculating the cosine of the angle between
two vectors thus determines whether two vectors are pointing in roughly the same
direction. This is often used to compare documents in text mining.

4 Spreading activation is a method for searching associative networks, neural
networks, or semantic networks. The search process is initiated by labelling a set of
source nodes with weights or "activation" and then iteratively propagating or
"spreading" that activation out to other nodes linked to the source nodes.
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traversing of category structure. This is acceptable for a small set of articles, but not
for our task.

To the best of our knowledge, Cui et al. [18] were the first who introduced an
approach to deriving domain specific corpus from Wikipedia. The main idea is to
generate a domain hierarchy from the hyperlinked pages of Wikipedia. Then, only
articles strongly linked to this hierarchy are selected. They build a so-called
Classification Tree by traversing down the directed graph of Wikipedia category
structure starting from the root node. This tree includes both categories and articles
and in fact is merely a connected branch of Wikipedia classification graph with a
specified root node. Then, the Classification Tree is traversed with a simple
adaption of breadth-first search algorithm. During the traversal, each node is given a
score on the relevance to the specific domain. Once the traversal is completed, the
terminal nodes (article pages) are ranked according to the domain relevance scores.
Pages over a certain threshold are considered domain relevant. The node score can
consider either ingoing or outgoing edges. Despite the proposed technique is quite
simple, the results are remarkable.

A more sophisticated algorithm has been proposed later by Shirakawa et al. [2]. The
concept vectorization method is introduced for finding concepts which are highly
correlated with the base category (refer to Section 1 for brief explanation). The main
assumption there is that the relatedness between categories gets lower as the number
of traversed pages (i.e., hopcount) increases. In addition to the number of links for
each node, they also take into account the number of paths between the concept and
the base category, as well as hopcounts of these paths. As it seems to us, this
understanding reflects the nature of Wikipedia classification approach much more
precisely than ever before. Several heuristics are suggested for estimation of
semantic relatedness by counting paths properties in the subgraph of desired base
category. However, authors didn't compute these scores for thousands of articles
with hundreds of paths for each of them at a time, as it's required in this research.
Moreover, the efficiency of both approaches described in [2] and [18] has not been
evaluated in real tasks. In both cases, the evaluation was performed by comparing
the results of algorithms with answers of experts knowledgeable in certain fields.
This looks persuasively when proving the theoretical applicability, but is not enough
for unconditional embedding into the real system.

In this work, we mainly exploited the ideas formulated in [2] and [18]. Our main
goal was to estimate the scalability and practical applicability of these approaches
for real tasks which imply processing of large amount of data.

3. Features of Wikipedia category structure

The advantages of Wikipedia category structure were studied by authors of [14] and
many others. Here we summarize only those features needed for better
understanding of our approach.
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Categories of Wikipedia can be organized in a graph, where the nodes are categories
and the edges are hyperlinks. In this work we also add articles to this graph.
However, we still name it the Wikipedia category graph (WCG in the rest of the
paper).
The links expressing which concept belongs to what categories are called category
links. We call them belonging links or belonged links according to their direction. In
this paper, we only consider the belonging links, i.e. links from articles or
subcategories to upper-level categories. The English version of Wikipedia, as of
September 2010, contains ~13 million category links.
<page>
<title>My Heart Will Go On</titlex
<id»923235<,/id>
<revision»
<id>»390604275</1id>
<timestamp>2010-10-14T00:14:19%</cimestamp>

<text xzml:=zpace="preserve">
{{Infobox =single
| Hame = My Heart Will Go On

b}

"My Heart Will Go On'''" is the
[[theme songl] of the 1997 blockbuster
[[£ilm]] ''[[Titaniec (1997 film) |Titanic]]'".

[[Category:Celine Dion songs]]
[[Category:1997 singles]]
[[Category:1998 =ingles]]
[[Category:1990= ballads]]
[[Category: Love themes]]
[[Category:Pop ballads]]

</text>
</revision>
</page>

Fig. 1. Sample XML structure of categorized Wikipedia article page

The typical code of categorized article page is shown at Fig. 1. It combines XML
and Wiki markup. The list of belonging categories is situated at the bottom.
Categories have their own pages similar to articles. Category links at these pages
also express which category belongs to what categories.
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Categorization is a useful tool to group articles for ease of navigation, and
correlating similar information. However, not every verifiable fact (or the
intersection of two or more such facts) in an article requires an associated category.
For lengthy articles, this could potentially result in hundreds of categories, most of
which aren't particularly relevant. This may also make it more difficult to find any
particular category for a specific article. Such overcategorization is also known as
"category clutter” [19].

For these reasons, the WCG has an extremely complex nature. It is directed and has
not a strong hierarchical structure as some may expect. Any category may branch
into subcategories, and it is possible for a category to be a subcategory of more than
one parent [20]. Upon closer inspection, the WCG is rather a polyhierarchy, or even
a net (Fig. 2).

Sound recording

Entertainment

Media by interest

Music industry

Recorded music

Recordin
9 Music media

Muslc

Cultural media

Musical culture

Data management

Performing arts

Sound

Fig. 2. A fragment of Wikipedia category structure

The figure has been produced by CatGraph [21]. This tool draws a cloud of links
for the desired category. Each rectangle represents a category. Each arrow
connecting two rectangles denotes a "belongs-to™ relation, that is, the destination
category is a subcategory of the initial one (an example of belonging link). The
cloud shown in the figure is for "Recorded music" category (bolded).

It's worth noting here that not every Wikipedia page is categorized. According to
statistics [22, 23], there are thousands of uncategorized articles and categories.
Moreover, certain categories are assigned incorrectly [24]. We suggest considering
these facts as a possible drawbacks for any category-based algorithm. In addition,
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automated categorizing (i.e., determining a topic of an uncategorized page) seems to
be a challenging task. This can be done with certain accuracy by processing page
title and text with specific NLP techniques and finding appropriate categories in
WCG.

4. Deriving a domain specific subsets

The developed system consists of three main parts:
1.Link Filter produces a ready-for-load textual representation of WCG;

2.Topic Deriver performs the main processing;
3.Reducer produces a domain specific version of the Texterra knowledge

base®.

All algorithms evaluated in this paper were implemented in the Java programming
language.

4.1. Link Filter

The input for Link Filter is Wikipedia links file containing information about all
links between Wikipedia pages, along with their type and direction. The result is
category links file that contains only links forming the WCG. Every line of this file
denotes the affiliation of belonging between two pages and sets the type of the
belonging page. For example,

12 780754 0

means that page with ID 12 ("Anarchism") is belonging to the category with 1D
780754 ("Category:Anarchism™). Moreover, the belonging page ("Anarchism") is
an article because the last field is "0" (1" would mean that the belonging page is a
category).

Thus, category links file is a complete textual representation of the WCG and
contains no unwanted data such as page titles and link types. Furthermore, unlike
the authors of [18], we’ve also removed pages of certain types: lists, classifications,
portals, redirects, disambiguation pages, and user pages. This helped us to make the
WCG more lightweight without loss of any meaningful concepts. As a result,
category links file contains 13,001,687 links between 593,796 categories and
3,156,822 articles.

4.2. Topic Deriver

Topic Deriver loads category links file on start and fills in the internal structures of
WikiGraph (refer to Section 5 for details). The workflow for this stage is shown at
the Fig. 3. Here we touch on only the main steps.

5 The Texterra knowledge base for this research has been obtained by parsing the
dump of English Wikipedia, as of September 2010.
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For our analysis, we denote W as a set of concepts, V as a set of categories, and E
as a set of belonging links. Then, the category system in Wikipedia is expressed as a
directed graph G={W, V,E}. A path is a sequence of edges that connects one node
with another. The path length (hopcount) is the number of edges along that path.
Musical compositions
Recorded music
Music-related lists
Texterra knowledge base
ID,
940477
ID,
2722900
1D,
1520543
Wikipedia category graph
"Musical compositions"

SUBGRAPH
"Recorded music"
SUBGRAPH
"Music-related lists"
SUBGRAPH
"Musical compositions"
VECTOR
"Recorded music"
VECTOR
"Music-related lists"
VECTOR
16256
723678
90381
2763203
392
84678
280482
1.56
1.12
0.92
0.56
0.35
0.24
0.03
1234
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491358
76036
386421
6032
16937
1.25
1.042
0.89
0.33
0.19
0.01
67891
2297721
6788201
404313
51578
30557
18358
1.02
0.90
0.78
0.44
0.36
0.20
0.09
LIST OF EXTRACTED CONCEPTS
Knowledge base (complete)
Knowledge base
(domain specific)
Step 1. Get the list of categories to be processed.
Step 2. Get connected to Texterra server and obtain an ID for each category.
Step 3. Explore the pre-loaded Wikipedia category graph and build a separate
subgraph for each category.
Step 5. Apply cutting technique to each vector. Collect the remaining IDs into
common list of extracted concepts.
Step 4. Traverse the subgraphs and build concept vectors. Each vector consists of
"concept ID — belonging degree" pairs.
Step 6. Process Texterra knowledge base in a way to save only records associated
with obtained list.

Fig. 3. Overall architecture of Topic Deriver
The key task of Topic Deriver is to obtain the list of concepts connected

semantically with certain domain. Herewith, this connection should be the tightest
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one, that is, these concepts should be more relevant to the desired domain than to
others. As this task is computationally complex and, thus, supposed to be run rarely,
it’s allowably to choose the base categories manually for experiments. We’ve
selected 3 base categories that likely cover the majority of concepts required for
disambiguating musical metadata:

. Category:Musical compositions
. Category:Recorded music
. Category:Music-related lists

For each of selected base categories, a separate subgraph is built. This subgraph is
almost the same as Classification Tree in [18]. The base category serves as a root
node, and a tree-like structure of underlying pages is obtained from WCG. The only
difference from approach proposed in [18] is that we use depth-first search (DFS),
not breadth-first search (BFS). The reason for this is that the resulting subgraphs are
often large enough, thus, it’s inappropriate to waste the memory for storing the
FIFO queue required for BFS traversal [26]. Moreover, as depth-first tree is
expected to contain back edges and cross edges, the list of visited nodes has been
added to avoid repetitive visiting and loops.

A concept vector in our research specifies the degree of affiliation between the base
category and each of articles reachable by traversing down the subgraph of the base
category starting from its root node. As mentioned, the heuristics for building
concept vectors have been borrowed from [2] with some modifications. We describe
them briefly below, for more detailed information refer to the source paper.

BVG (Basic Vector Generation method) generates concept vectors by tracking
back parent categories in the category system and calculating the belonging degree
to each concept.

The belonging degree I(wi,vj) from concept wi to category vj is defined by the
following equation:

Iwi,vj= p€ePijld(tl) (D

Here, Pij denotes a set of paths from wi to vj, tl denotes the hopcount of path pl, d

denotes a monotonically increasing function on the hopcount of path pl (given as
2tl).

It’s noteworthy that in the original method [2] paths with a hopcount of more than 4
were ignored. We asked the authors for the reasons of this. The response was
“Because long paths scarcely affect values in concept vectors in most cases. Of
course, sometimes long paths affect the values”. We’ve decided to remove this
constraint in our experiments, that is, we consider all paths between two nodes.

As a result, processing time may become too large for base categories from high
levels of the WCG hierarchy. The reason for such behaviour is an exclusive
computational complexity of finding all paths between two arbitrary nodes in the
graph. It's well-known that this task is NP-complete in general case.
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Since WCG contains millions of edges, the maximal path length may reach
hundreds of edges, leading to impetuous increase of processing time when trying to
process top-level categories. This is exactly why we've picked up a "safe" set of
categories, which are processed relatively fast and cover the knowledge of field
we've chosen for experiments.

Notwithstanding, we believe that taking all existing paths between two nodes into
account allows to estimate the belonging degree more precisely. However, we didn’t
confirm this assumption experimentally.

To reduce the complexity of finding all paths between two arbitrary nodes, we tried
to re-use one of existing techniques [27-29]. Finally, the APAC algorithm [29] has
been chosen. This algorithm does not need to keep track of all visited vertices and
only stores the feasible paths.

For domain specific areas where categories are excessively segmentalized, the BVG
method cannot extract accurately concept vectors due to the increase in hopcount.
To solve this problem, the Single Parent Integration (SPI) method is proposed.
The authors confirmed from their experiences that a part in the category system
which corresponds to (excessively segmentalized) categories for a domain specific
area forms almost a tree structure. Based on this fact, when a concept or a category
has only one (onehop/multihop) belonging link, the SPI method shortens the
belonging link. This is based on the idea that the characteristic is not dispersed even
when parent categories are tracked back if the concept or category has only one
(onehop or multihop) belonging link.

In the SPI method, if there is only one belonging link ek from node vi (or wi) to
VeV, the path length of ek is accounted as 0, which results in reformation of E to
E', and then the BVG method is applied to G'={W, V,E'}.

VVG (Variance-based Vector Generation method) considers the weight of each
category link. This method is based on the idea that the belonging degree from a
certain category (concept) to parent categories depends on the number of parent
categories, thus the weight of each category link is inversely proportional to the
number of parent categories.

Thus, the weight of a category link becomes 1 if the category has only one parent
category. That’s why the authors argue that the VVG method contains the same
feature as the SPI method. Therefore, they didn’t combined VVG with SPI. We, on
the other hand, tried both BVG + SPI and VVG + SPI combinations and confirmed
that VVG + SPI performs slightly better than VVG itself (see Section 7 for details).

In the VVG method, weights are set to all belonging links, and the belonging degree
from concept wi to category vj is calculated according to the weights. When the

number of belonging links from node vi (or wi) to category veV is n, weight bek of
each of the belonging links ek is defined as follows:

bek=1n (2)
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Then, given all paths P={p1,p2,...,pn} from wi to vj, belonging degree I(wi,vj)
from concept wi to category vj is defined as follows:

Iwi,vji=p€Pc(pl) 3)

c(pl) is the weight of path pl, calculated by the following equation:

cpl=eh€Elbeh 4)

Here, El={el,e2,...,em} denotes a set of all belonging links forming path pl and eh
denotes a belonging link.

After the vector is built and sorted in descending order of belonging degree, it's time
to apply cutting technique to it and get the list of IDs most relevant to the base
category. We've tried out two approaches:

1. belonging degree threshold — concepts with belonging degrees less than
the mean value of belonging degree for each vector are filtered;

2. percent threshold - 25% of concepts with the lowest belonging degrees
are filtered.

Finally, Topic Deriver produces domain concepts file that contains IDs of derived
concepts.

4.3. Reducer

Reducer is the final part of the system. It takes domain concepts file as input,
applies the concepts' list to complete Texterra knowledge base, and produces the
reduced domain specific version of the latter. It contains not only concept IDs, but
also full information about each of them, including the part of category structure
that covers selected concepts. Therefore, the domain specific version is consistent
and ready for loading into Texterra.

5. An approach to storing Wikipedia category graph

As showed above, fast access to any point of Wikipedia category structure is
necessary for efficiency of all described computations. In particular, VVG method
requires both entire WCG and subgraph of current base category to be available
simultaneously.

Chernov et al. [15] studied semantic relationships between Wikipedia categories.
They exported the dataset of about 670 thousands pages into a MySQL database.
The data size was ~1.2 Gh. But, like many other researchers, they picked just a
small sample of pages for processing (few thousands). For such small-scale
approaches, even a usual on-disk relational DB is fast enough.
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But our goal was to create a technique for fast iterative traversing through even a
top-level categories with millions pages. Thus, we resorted to in-memory storage of
WCG.

5.1. Evaluation results for known graph libraries

We've tried out two third-party libraries for storing the WCG in the JVM's memory.
First of them, JUNG [30], showed satisfying performance results on small-scale
subgraphs. But the entire WCG was impetuously expanding while loading and
didn’t fit in the RAM of the test machine (8 Gb). Second one, JGraphT [31],
demonstrated almost the same behaviour: the WCG consumed a bit less amount of
memory, but still too much. These observations hinder to utilize these libraries as a
solution for WCG storing.

But there are a number of other libraries for graph storage which provide handy
interface to stored data. We've found neo4j [32] and WebGraph [33] libraries.
They may appear useful during the further research.

5.2. WikiGraph

The common shortcoming of all Java graph implementations we've tested seemed to
be the redundancy of data stored in the RAM. Thus, the right way is to change the
data storage manner. We put this into practice in WikiGraph.

All the prominent features of WikiGraph are due to the fact that it's intended to store
WCG:

1. Itis directed (as category links have a direction);

2. Itintroduces the notions of category and article and provides a powerful
tooling to store and maintain the data on affiliations between them;

3. Only IDs and types of pages are stored. Each vertex is presented as a
map consisting of [ID, isCategory] entries. This allows to store page type as
a Boolean variable (TRUE is for category, FALSE is for article). All page
data are saved as primitive variables, not an objects;

4. Incidence list has been chosen as a main data structure (along with
vertices and edges lists). This is particularly important as the WCG is quite
dense: number of edgesnumber of vertices~41. The incidence list is
organized into a set of [vertex, [list of incident edges]] entries. Each list is
sorted in ascending order of edges IDs just after the loading. This avoids
the need to look over the entire incidence list to get all the edges incident to
an arbitrary vertex. Moreover, due to sorting of the lists, it's allowed to
interrupt the search over them after the edge with greatest expected ID is
found,

5. All kinks (self-to-self links) are removed;
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6. Initial capacity of the incidence list is beforehand set to approximate
amount of vertices in WCG (3,500,000 for this case). This saves some
memory allocation costs while loading;

7. A set of helper methods is developed also (for instance, a method for
deriving a subgraph of a given base category). This set provides usable and
fast interface to the WCG data.

After the described features were implemented, they allowed us to fit WCG entirely
in the RAM (~4 Gb needed) and lead to significant speed-up of loading and
processing.

6. Evaluation methodology

Obviously, a domain specific subset of Wikipedia should have a good coverage of
domain knowledge. But there is no easy direct way to evaluate quality of such a
subset. The reason is that we must evaluate the completeness of knowledge
available from Wikipedia's articles in resulting subset compared to that of specific
domain. It's clear that this is rather difficult. In addition, the quality of link structure
in the resulting subset should be also evaluated.

Therefore, we applied so called in vivo approach for evaluation. To estimate the
quality of proposed methods, we studied how applying of the extracted subsets
affects the performance of Texterra as a whole.

As mentioned before, one of Texterra parts is the system that enriches ID3 tags for
musical recordings with links to corresponding articles of Wikipedia. This system
utilizes graph structure to compute semantic relatedness between Wikipedia
pages [13]. Then, semantic relatedness is exploited by word sense disambiguation
algorithm. The latter is intended to choose the most relevant Wikipedia page from
several homonymic variants.

We assume that each page of Wikipedia describes one possible meaning. WSD
algorithm selects the most consistent combination of meanings that correspond to
input 1D3 tags. For sequence of input tags, it computes similarity between all pairs
of meanings. The weight of a sequence is a sum of weights of all its pairs. Then, the
algorithm detects a sequence with greatest weight.

To show good results, the derived subset should include as much as possible
Wikipedia articles associated with a specific domain. In additional, link structure
should be good enough for relatedness computation. Therefore, this approach allows
evaluating both the quality of dictionary content and the quality of link structure.

For testing purpose, we derived several music-related subsets of Wikipedia by
running different combinations of heuristics and used these subsets for described
system. Then, we consequentially loaded these domain specific versions of
knowledge base into Texterra and ran the tests. We used a small corpus of 20
random musical compositions and 49 different tags. Then, we estimated the
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precision of automated disambiguation by comparing the results of algorithm with
manually disambiguated tags.

7. Experimental results

The configuration of test workstation was as follows: Intel Core 2 Duo CPU (3.16
GHz), 8 Gb RAM, Windows 7 Enterprise 64 bit, Java SE 6 Development Kit
1.6.0.20.

Sample vectors for different combinations of heuristics are provided in Tables 1-4.
Each sample vector comprises three concepts with highest belonging degree and
three concepts with lowest values. The base category is Category:Musical
compositions. It’s noteworthy that BVG vector differs significantly from VVG one.
Furthermore, enabling SPI affects both vectors.

ID Title Belonging degree
1784928 | Candle in the Wind 1997 0.54
1523941 | Axel F 0.50
1728643 | Jeremy (song) 0.49
3720518 | Ludwig Streicher 2.44 * 107"
2175948 | Tan Bousfield 2.44 x 107*
875344 | Willi Boskovsky 2.44 * 107*

Table 1. Sample vector produced by the BVG method

ID Title Belonging degree
27684606 Niagara Falls Suite 0.50
20053503 Kumikyoku Nico Nico Douga 0.50
2501716 Megamix 0.50
14054430 Oh, by the Way 6.02 * 1077
454136 A Collection of Great Dance 6.02 * 1077

Songs
361654 Echoes: The Best of Pink Floyd 6.02 * 107’

Table 2. Sample vector produced by the VVG method

ID Title Belonging degree
1523941 | Axel F 5.53
1815726 | I Will Always Love You 3.88
923235 | My Heart Will Go On 3.50

9010 Dance Dance Revolution 0.00
4527 Béla Bartodk 0.00
1370 Ambrose 0.00

Table 3. Sample vector produced by the BVG method with SPI enabled
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SPI Threshold Number Size, Precision,

enabled of IDs Mb %
belonging | 35,575 | 1123 45,10
yes degree
Basic Vector percent 574,810 251,2 62,75
Generation belonging 434,229 159,2 4510
no degree
percent 574,940 251,8 64,71
belonging | 156307 | 1548 49,02
Variance- yes degree
percent 549,791 2445 60,78
based Vector belonain
Generation 9Ng | 418998 | 150,1 41,18
no degree
percent 549,639 2455 56,86
No threshold — — 675,228 311,5 72,55
Ground truth — — 8,476,942 | 4528,3 98,04

Table 4. Sample vector produced by the VVG method with SPI enabled

ID Title Belonging degree
27684606 | Niagara Falls Suite 0.50
20053503 | Kumikyoku Nico Nico Douga 0.50
2501716 Megamix 0.50
9010 Dance Dance Revolution 0.00
4527 Béla Bartdk 0.00
1370 Ambrose 0.00

Table 5. Experimental results

The results of the experiments with different combinations of vector generation
methods and cutting techniques are presented in Table 5. Contents of all 3 base
categories listed in Section 4.2 are included.

Ground truth row corresponds to original Texterra knowledge base. As can be seen,
it is huge, but ensures the best accuracy of disambiguation.

No threshold is for case when no cutting technique is applied to the concept vectors.
In other words, this set of IDs exactly matches the set of all articles from subgraphs
of all base categories. This version is much smaller, but the precision gets lower
also. This precision drop (when no threshold is applied yet) is only due to imperfect
choice of base categories. They merely don't cover all concepts required for precise
disambiguation. It's also obvious that all comparisons of heuristics results should be
done with no threshold results, not with ground truth.

As one can see, BVG performs a bit better than VVG. The most accurate
combinations of heuristics are BVG + percent threshold and BVG + SPI + percent
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threshold. Enabling SPI for VVG slightly increases the precision of disambiguation.
Percent threshold is definitely better than belonging degree threshold.

What's important here is that the size of Texterra knowledge base (both on disk and
in RAM) depends linearly on the number of concepts. Thus, the challenge is to find
a compromise between the precision of disambiguation and the size (and contents)
of the knowledge base.

The conducted experiment was just our first effort of this kind. Implemented
algorithms allowed us to reduce the size of Texterra knowledge base by more than
order, while the precision of disambiguating musical metadata has decreased from
98% to 64%. We believe that these results prove the applicability of proposed
approach for deriving domain specific subset of Wikipedia. Certainly, there're still
many things to improve.

8. Conclusion and future work
According to the results of this study, we outline the following:

¢ Wikipedia categories network may be utilized for domain specific subset
of Wikipedia;

e Using concept vectors seems to be appropriate way to represent the
affiliations of belonging between Wikipedia pages;

e BVG performs a bit better than VVG,;
e SPI often improves the results;

o Percent threshold showed the best results as a cutting technique.
Possible directions of future work include:

1. As noted by the authors of [18], the selection of the root node is vital to
the quality of the domain specific corpus. Thus, it’s reasonable to introduce
some heuristics for automated identifying of the most appropriate base
category given just a set of specific keywords. Moreover, there can be
several base categories with either manually or automatically set relevance
levels. For example, to perform the search for "Musicians of World War 11" a
user should provide 2 base categories as an input: Category:Musicians with
relevance level of 0.9 and Category:World_War_Il with relevance level of
0.5;

2. Try other cutting techniques for concept vectors (i.e., attempt to detect
the distribution of belonging degrees and utilize it);

3. Detect and remove meaningless pages from the WCG (i.e., pages from
administrative section of Wikipedia [4]);

4. Distinguishing between classes and instances among categories [9] may
help to prune and/or reorganize the WCG;
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5. Add a facility for storing the results of semantic relatedness computation
to boost the further processing;

6. Develop the approximation algorithm for finding all paths between two
arbitrary nodes in the WCG.

In this work, we’ve demonstrated the possible benefits of automated building of the
domain specific ontologies. Also, we’ve tested different heuristics while
implementing the system for such processing. An original approach to storing WCG
in the RAM has been proposed, along with specific evaluation methodology.

The described approach can be applied to any ontology with well-defined
polyhierarchical taxonomy (for instance, YAGO?2). As it seems to us, weighting the
existing semantic connections is always a challenging task while building any more
or less large ontology. This may be helpful for any domain dependent Wikipedia-
related research [34, 35].

9. Acknowledgement

This research was collaborated with and supported by the Samsung Electronics Co.,
Ltd. DMC R&D Center Convergence Solution Team.

References

[1] List of Wikipedias - Meta. http://meta.wikimedia.org/wiki/List_of_Wikipedias

[2] M. Shirakawa, K. Nakayama, T. Hara, S. Nishio. Concept Vector Extraction from
Wikipedia Category Network. In Proceedings of 3rd International Conference on
Ubiquitous Information Management and Communication (ICUIMC 2009), pp. 71-79,
20009.

[3] S. Auer, C. Bizer, G. Kobilarov, J. Lehmann, R. Cyganiak, Z. G. Ives. Dbpedia: A
nucleus for a web of open data. In ISWC, volume 4825 of LNCS, pages 722—735.
Springer, 2007.

[4] Simone P. Ponzetto, Michael Strube. Deriving a large scale taxonomy from Wikipedia.
In AAAI'07: Proceedings of the 22nd national conference on Artificial intelligence, pp.
1440-1445, 2007.

[5] Fabian M. Suchanek, Gjergji Kasneci, Gerhard Weikum. YAGO: A Large Ontology from
Wikipedia and WordNet. In Elsevier Journal of Web Semantics, Vol. 6, No. 3, pp. 203-
217, 2008.

[6] Unified Medical Language System (UMLS) - Home.
http://www.nIm.nih.gov/research/umls/

[7] P. Buitelaar, P. Cimiano, B. Magnini (Eds.). Ontology Learning from Text: Methods,
Evaluation and Applications. In Frontiers in Artificial Intelligence and
Applications Series, VVol. 123, 10S Press, July 2005.

[8] A. Gregorowicz, M. A. Kramer. Mining a Large-Scale Term-Concept Network from
Wikipedia. Technical Report #06-1028, The MITRE Corp., Oct. 2006.

[9] Cicilia Zirn, Vivi Nastase, Michael Strube. Distinguishing between instances and
classes in the Wikipedia taxonomy. In Proc. of ESWC-08, pages 376-387, 2008.

342



[10] Gaoying Cui, Qin Lu, Wenjie Li, Yi-Rong Chen. Mining Concepts from Wikipedia for
Ontology Construction. In Proceedings of Web Intelligence/IAT Workshops, pp.287-
290, 2009.

[11] J. Hoffart, F. Suchanek, K. Berberich, G. Weikum. YAGO2: A Spatially and Temporally
Enhanced Knowledge Base from Wikipedia. Research Report MPI-1-2010-5-007, Max-
Planck-Institut fiir Informatik, November 2010.

[12] A. Budanitsky, G. Hirst. Evaluating WordNet-based measures of semantic distance. In
Computational Linguistics, 32(1), pp. 13-47, March 2006.

[13] D. Turdakov, P. Velikhov. Semantic Relatedness Metric for Wikipedia Concepts Based
on Link Analysis and its Application to Word Sense Disambiguation. In Proc. of
SYRCoDIS, 2008.

[14] T. Zesch, I. Gurevych. Analysis of the Wikipedia Category Graph for NLP Applications.
In Proceedings of the TextGraphs-2 Workshop (NAACL-HLT), 2007.

[15] S. Chernov, T. lofciu, W. Nejdl, X. Zhou. Extracting Semantic Relationships between
Wikipedia Categories. In Proceedings of the First International Workshop on Semantic
Wikis - From Wiki To Semantics, June 2006.

[16] M. Strube, S. P. Ponzetto. WikiRelate! Computing semantic relatedness using Wikipedia.
In Proceedings of the 21st national conference on Artificial intelligence (AAAI'06), pp.
1419-1424, 2006.

[17] Z. Syed, T. Finin, and A. Joshi. Wikipedia as an Ontology for Describing Documents. In
Proceedings of the Second International Conference on Weblogs and Social Media,
2008.

[18] G. Y. Cui, Q. Lu, W. J. Li, Y. R. Chen. Corpus Exploitation from Wikipedia for
Ontology Construction. In LREC 2008, Marrakech, pp. 2125-2132, 2008.

[19] Wikipedia:Overcategorization - Wikipedia, the free encyclopedia.
http://en.wikipedia.org/wiki/Wikipedia:Overcategorization

[20] Wikipedia:Categorization - Wikipedia, the free encyclopedia.
http://en.wikipedia.org/wiki/Wikipedia:Categorization

[21] Catgraph. http://toolserver.org/~dapete/catgraph/

[22] Wikipedia:WikiProject Categories/uncategorized - Wikipedia, the free encyclopedia.
http://en.wikipedia.org/wiki/Wikipedia:WikiProject_Categories/uncategorized

[23] Wikipedia:Database reports/Uncategorized categories - Wikipedia, the free
encyclopedia.
http://en.wikipedia.org/wiki/Wikipedia:Database_reports/Uncategorized_categories

[24] Category:Better category needed - Wikipedia, the free encyclopedia.
http://en.wikipedia.org/wiki/Category:Better_category_needed

[25] J. Soto. Wikipedia: A Quantitative Analysis. PhD thesis, 2009.

[26] T. H. Cormen, C. E. Leiserson, R. L. Rivest, C. Stein. Introduction to Algorithms,
Second Edition. MIT Press and McGraw-Hill, 2001. Section 22.3: Depth-first search, pp.
540-549.

[27] L.-E. Thorelli. An algorithm for computing all paths in a graph. In BIT 6, 347—349,
1966.

[28] M. Migliore , V. Martorana , F. Sciortino. An algorithm to find all paths between two
nodes in a graph. In Journal of Computational Physics, v.87 n.1, pp.231-236, March
1990.

[29] R. Simoes. APAC: An exact algorithm for retrieving cycles and paths in all kinds of
graphs. In Tékhne, no.12, p.39-55, 2009.

[30] JUNG - Java Universal Network/Graph Framework. http://jung.sourceforge.net/

[31] JGraphT - a free Java graph library. http://www.jgrapht.org/

343



[32] neo4j open source nosql graph database. http://neodj.org/

[33] WebGraph. http://webgraph.dsi.unimi.it/

[34] Wikipedia:Academic studies of Wikipedia - Wikipedia, the free encyclopedia.
http://en.wikipedia.org/wiki/Wikipedia:Academic_studies_of Wikipedia

[35] Academic studies about Wikipedia - Wikipedia, the free encyclopedia.
http://en.wikipedia.org/wiki/Academic_studies_about_Wikipedia#Natural_language_pro
cessing

N3BneyeHne npeAMeHTHO-OPUEHTUPOBAHHbIX
NoAMHOXecCTB crioBapsi Bukunegum ¢ ncnonbsoBaHnem
CTPYKTYpPbI KaTeropum

A.B. Kopwynos, J1.10. Typoaxos
{korshunov, turdakov}@ispras.ru

Yuneyx Yone, Munxo Jlu, Yancyne Myn

I'pynna Paspabomxu Pewenuii ons Obecneuenus Coemecmumocmu, Llenmp
HUOKP no Hugpposvin CMU u Kommynukayusm,

Camcyne Dnexmponuxc Ko., JImo.

{jinguk.jeong, minho03.lee, albert.moon}@samsung.com

AHHOTammsi. B TOo BpeMmsi kak MHOTHME HCCIIEIOBATEIN MBITAIOTCS MOCTPOMTH PA3INYHbBIC
OHTOJIOTHH C MOMOIIBI0 BUKHneauu, BO3MOKHOCTh MOJMYYSHUS] KAYECTBEHHBIX MPEAMETHO-
OPHUEHTHPOBAHHBIX IOJMHOXECTB clioBaps Bukuneaun octaércsi HEJOOLEHEHHOW. Ml
JEMOHCTPUPYeM HEOOXOANMOCTh MOAOOHOH Mpomemyphl M MpeIaraéM COOTBETCTBYIOIIYIO
MeTOAMKY. B pesynpraTe pasmep 0a3bl 3HaHHI Hamero GppeiiMBopka ais 00paboTKH TEKCTOB
yMeHbIIIICST Oojee dYeM Ha TOPSAOK, a TOYHOCTh JAW3AaMOMTYalMd MeTaJJaHHBIX
My3bIKTBHBIX (aiinoB (ID3-teros) ymensimnacsk ¢ 98% mo 64%.

KniodeBble c1oBa. Buxumenys; oHTOIOTHS; aBTOMAaTH3HPOBAHHOE MOCTPOSHUE OHTOJIOTHI;
KaTeropusi; TAKCOHOMHMS; CEMaHTHUYECKas CBSI3aHHOCTb, 00pabOTKa €CTECTBEHHOTO S3BIKA;
Tekcreppa.

344


mailto:korshunov@ispras.ru
mailto:korshunov@ispras.ru

345



346



347



348



Heuristic data modeling in information
systems

Martin Davtyan
martin.davtyan@gmail.com

Abstract. The paper describes research-in-progress work on information systems that store
semi-structured data and use heuristics to make hypotheses about possible data structure.
Such systems are intended to be more user-friendly as data formalization is performed by
answering simple questions.

Keywords: data modeling, information systems, semi-structured data.

1. Introduction

As the information technology spreads over the globe, more and more people
become involved in tasks of storing and exchanging information. Most of these
people have no skills or time for programming or installing database software,
neither these people can do data formalization needed. Blogging systems made it
convenient for every person to share textual information or multimedia content. In
some cases, like notes or shopping lists, the textual data representation is enough.
But in other cases, people also need to structure their information somehow, to
make it convenient to understand or share, for example, when storing small shop
catalogues or club participant lists. There are also search benefits to that point, as
having some data structure allows us to make search queries more meaningful than
the full-text search queries. There are no tools allowing a non-professional user to
set up a system to store and exchange semi-structured data. The requirements for
such a system would be:

+ Users should be able to store information and share it with other users.

It should have a user-friendly interface for data structuring.

+ It should also have a convenient search tool making use of the structure
created.

In this article we propose an approach to constructing such a system.

Such a system would allow users with no preliminary knowledge of data structures
or logic take full advantage of structured data, such as convenient navigation and
powerful search. It would also free users from data formalization attempts when
there is not enough data to formalize, but it still needs to be published.
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The main challenge here is setting up the data structure. Making up a ‘schema’
implies proper formalization of the data, which is not always possible due to
inability of a user. Formalization is also difficult if it is impossible to predict, what
kind of properties or variables are about to be stored, before we get enough data to
analyze.

This paper proposes a new approach for building user-friendly information system,
letting a user store data in terms of objects of no predefined structure, and to
simplify formalization of the stored data. Making propositions about a possible
structure of data and asking user simple questions about it, we can use provided
answers to construct a semantic-aware search in addition to a full-text search. Our
hypothesis about ‘schema’ that fits the stored data can be also used for effective
visual representation of this data on the Web, allowing more convenient way to
share it. That way we can make use of data structure without forcing user to
explicitly set it up for us.

2. Existing systems

There are two ways to build an information system required that people use now.
The first way is to store information in tables. There is a variety of convenient
spreadsheet software products providing intuitive way of data formalization, and
there is no problem with adding new columns if we encounter new fields. The
problems here are:

» The formalism user provides when setting up the column names is not used
for searching, the search is still full-text. If there are ways to use complex
queries in particular spreadsheet software system (i.e. queries that use the
‘schema’ provided by user), they are way too complicated for an average
computer user to understand.

» Sharing is complicated, as users often end up emailing spreadsheet files to
each other, copying rows from one table to another.

The second way of solving the problem is to invite programmers and data modelers
to build a website. The user explains how exactly the data he intends to store looks
like, and data modelers make up a database, in most cases a relational one, that is
capable of display that data. Programmers then add a web application that allows
user to create, edit and share that data on the Web. The problems of this approach
are:

*  Programmers and data modelers’ work requires money and time.
» Any change in a data scheme will require calling programmers and data
modelers again.
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3. System overview and motivating example

In this section we propose a model of an information system that meets the
requirements stated in Introduction.

The simplest and fastest way to share information with someone is to use the
Internet, so we propose a system to have a website interface. User should be able to
create objects — named key-value mappings of no predefined structure (as
mentioned above) — and store them in a personal set. To illustrate the related
workflow, let us consider an example.

Suppose the user intends to store car rental data and share it with current and
prospective clients. There is only one basic action a user can perform when starting
to work with the system — create an object. The user describes a car in terms of
properties: {‘transmission’ : ’manual’, ‘mileage’ : 30000km’, ‘horsepower’ :
‘101°}. He also gives the object a name — ‘Skoda Octavia I Tour’ — and saves it.
After saving the object, he is offered to create another one with the same property
names, so he now only needs to fill in property values. As the quantity of user’s
objects increase, user gets exposed to the first question. The system outputs a
number of objects (most likely with the same property set) and asks a user if it is
possible to give all these objects a common name. The user’s answer, if positive
(e.g. “Vehicle’), is used as a name of a new class. This is how classes are created.

Classes emerge in the system as the user inputs information. Suppose we have two
classes registered — ‘Vehicle’ and ‘Truck’, only differentiating in a ‘cargo weight’
property the ‘Truck’ class has. The system outputs a number of objects of both
classes and asks whether all ‘Truck’s are ‘Vehicle’s. If user confirms, the
corresponding subclass relationship is registered.

By the time the user has published enough information, he is also being asked,
whether the ‘horsepower’ property is always a number. If true, this property is
registered to be of a certain data type.

All the data structure information the system gets from user’s answers is used for
user interface optimization. Being given an object classification, the navigation
through user’s objects is arranged accordingly. User also gets organized shortcuts
for creating objects of registered classes. Data type information allows validation of
newly created objects if they belong to a registered class.

The example shows how the system takes advantage of formal data structure
without forcing user to do the formalization. Asking simple questions and providing
related object examples to assist answering, data structure is exposed to the extent
that is usable for crucial interface and search improvements.
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4. System architecture and workflow

4.1. Input data and storage

As questions of building user interface and developing web applications are not in
the scope of this paper, we shall make assumptions about what data we get from
user. We assume that user provides objects, i.e. lists of key-value pairs, where key
values are called property names, and values are called property values. We can
state the data we store is semi-structured [1].

An intuitive solution for storing objects discussed above is a document-oriented
database, such as CouchDB or MongoDB, as the structure of ‘object’ described
above strictly corresponds to the structure of ‘document’. In addition, using
document-oriented database will make it easy to store data in a cloud storage.
Another solution could be an XML database.

4.2. Workflow

We have no data model predefined when user starts to push data into the system,
and, accordingly, our database has no schema. But as the user inputs some data, we
make hypotheses about its structure, which we then check by asking the user simple
yes/no questions.

One can think of information about data structure we get from user as a schema [2].
As schema in relational database systems is defined before storing actual data, and
should be supported by DBMS, we propose a term ‘heuristic schema’ for data
model information that is built according to data. Heuristic schema can emerge only
after the data is stored, and it is only supported on application level.

4.3. Making hypotheses

Suppose we have a number of objects in our database, and consider different
hypotheses can be made when analyzing their structure. The names examples of
such hypotheses are given below:

 Heuristic class. If a number of objects have exactly the same property names,
they are probably in the same class. The problem of finding classes is
discussed below.

+ Heuristic subclass. If heuristic class A has property names Py, Py, P3 ... Py,
and class B has property names Py, Py, P ... Py, ... Py, heuristic class B is a
subclass of heuristic class A.

» Heuristic data type. If property values stored under property name N are
always numbers, property N is probably numerical. The same idea can be
used with any popular data types, as strings or URLS. In general case one can
think of any constraint that applies to values of N property as a data type [3].

Each of these hypotheses triggers asking user a corresponding question, as his
answer causes refutation or confirmation. If a hypothesis is confirmed, user is also
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asked to give a new heuristic data structure a name, to make it usable in further data
input or search queries.

4.4. Using string distance for class hypotheses

Making heuristic class hypotheses only in case of exact match of all the object
property names is useless in case of user’s misspellings. This problem can be solved
using string distances for property names.

As two objects belong to the same class only having the equal number of properties
and property values have no impact on making class hypothesis, let us consider the
sets of N property name strings. Dealing with misspelling problem, we use
Damerau—Levenshtein distance for measuring difference between the strings.
Damerau-Levenshtein distance is a string metric given by counting minimal amount
of insertions, deletions or transpositions to transform one string to another. These
operations correspond to more than 80 percent of human misspellings [4].

With distance between individual property name strings defined, we now need to
define a similarity measure between string sets, which represent objects. Let us
consider two sets A = {aj, ay, ..., ay} and B = {by, b, ..., by} and Damerau—
Levenshtein distance function d(a;, bj). Given a particular mapping F: A — B,
similarity between two sets can be calculated as follows:

N
5= Z d(a;, F(a;)) (1)

i=1

As objects having the same property names belong to the same class regardless of
the order in which properties are listed, we need to find the least possible distance
between two sets. The problem of finding a mapping function F so that S is
minimized is known as an assignment problem [5], which can be effectively solved
by Munkres algorithm [6]. After using the algorithm to determine F, we use the
corresponding S as a similarity measure. Setting up a threshold value for this
measure will determine whether the class hypothesis should be made.

4.5. Using heuristic schema

These are the most important benefits of having schema in semi-structured data
storage:

» Better user interface. After making user passively define a class and give it a
name, we are able to create a template for this class. User now just has to
choose a class for an object, instead of manually inputting property names.

« Classes can be also used for the Web representation of the stored data, with
class hierarchy acting like a catalogue tree for navigation through site.

» Heuristic classes and data types can be used for data search using semantics,
not only full-text search. For example, search query can set constraints on a
certain heuristic field (e.g. number field), or certain class.

353



5. Related work

Ideas discussed in this paper are connected with Semantic Web technologies in a
way they also intend to add some additional structure to the weakly structured data
sets [7]. Semantic Web has a great stack of technologies for storing and exchanging
semantic data, like OWL, RDF and others, that can be used as a formal
representation of heuristic schema.

6. Future work
We are currently working on a prototype of the described system. It is planned to:

» Use semantic web standards for schema representation.

» Use current research results in automated ontology construction for
heuristics.

» However, the main direction of our research is associated with cluster
analysis. It is planned to define similarity on the whole object set, regardless
of property amount. This will enable using clustering algorithms, which are
useful for hypothesis construction:

» Hierarchical clustering results in a dendrogram, which can be used to build a
taxonomy hypothesis.

+ Validation within unclassified object set — error hypothesis proposed for
objects not belonging to any existing cluster.

7. Conclusion

The described system acts like a compromise between easy and convenient text
storage and powerful and searchable fixed schema databases. It allows user to
publish data as soon as possible, and it also has all benefits of a structured data
storage.
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Abstract. The paper describes the architecture and the design of PargreSQL parallel database
management system (DBMS) for distributed memory multiprocessors. PargreSQL is based
upon PostgreSQL open-source DBMS and exploits partitioned parallelism.
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1. Introduction

Currently open-source PostgreSQL DBMS [1] is a reliable alternative for
commercial DBMSes. There are many both practical database applications based
upon PostgreSQL and research projects devoted to extension and improvement of
PostgreSQL.

One of the directions mentioned above is to adapt PostgreSQL for parallel query
processing. In this paper we describe the architecture and design of PargreSQL
parallel DBMS for analytical data processing on distributed multiprocessors.
PargreSQL represents PostgreSQL with embedded partitioned parallelism.

The paper is organized as follows. Section 2 briefly discusses related work. Section
3 gives a description of the PostgreSQL DBMS architecture. Section 4 introduces
design principles and architecture of PargreSQL DBMS. The results of experiments
on the current partial implementation are shown in section 5. Section 6 contains
concluding remarks and directions for future work.

2. Related Work
The research on extension and improvement of PostgreSQL DBMS includes the
following.

In [2] native XML type support in PostgreSQL is discussed. Adding data types to
provide support of HL7 medical information exchange standard in PostgreSQL is

The paper is supported by the Ministry of Education and Science of the Russian
Federation (state contract No. 07.514.11.4036

357



described in[3]. The authors of [4] propose an image-handling extension to
PostgreSQL. In [5] an approach to integration of PostgreSQL with the Semantic
Web is presented.

There are papers investigating adoption of PostgreSQL for parallel query processing
as well. In [6] the authors introduce their work on extending PostgreSQL to support
distributed query processing. Several limitations in PostgreSQL’s query engine and
corresponding query execution techniques to improve performance of distributed
query processing are presented. ParGRES [7] is an open-source database cluster
middleware for high performance OLAP query processing. ParGRES exploits intra-
query parallelism on PC clusters and uses adaptive virtual partitioning of the
database. GParGRES [8] exploits database replication and inter- and intra-query
parallelism to efficiently support OLAP queries in a grid. The approach has two
levels of query splitting: grid-level splitting, implemented by GParGRES, and node-
level splitting, implemented by ParGRES.

In [9] building a hybrid between MapReduce and parallel database is explored. The
authors have created a prototype named HadoopDB on the basis of Hadoop and
PostgreSQL, that is as efficient as a parallel DBMS, but as scalable, fault tolerant
and flexible as MapReduce systems. PostgreSQL is used as the database layer and
Hadoop as the communication layer.

Out contribution is embedding partitioned parallelism [10] into PostgreSQL. We use
methods for parallel query processing, proposed in [11] and [12].

3. PostgreSQL Architecture

PostgreSQL is based on the client-server model. A session involves three processes
into interaction: a frontend, a backend and a daemon (see fig. 1).

connects 1
Daemon
k 1
Frontend <<create>>
-user 1 k
Backend
queryexec 1
-executor

Fig. 1. PostgreSQL processes

The daemon handles incoming connections from frontends and creates a backend
for each one. Each backend executes queries received from the related frontend. The
activity diagram of a PostgreSQL session is shown in fig. 2.
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Frontend Daemon Backend

?
(e o)

{ fork

send query exec query

send result

recv result

[more

. else
queries]

Fig. 2. A PostgreSQL session

There are following steps of query processing in PostgreSQL: parse, rewrite,
plan/optimize, and execute.

Respective PostgreSQL subsystems are depicted in fig. 3. Parser checks the syntax
of the query string and builds a parse tree. Rewriter processes the tree according to
the rules specified by the user (e.g. view definitions). Planner creates an optimal
execution plan for this query tree. Executor takes the execution plan and processes it
recursively from the root. Storage provides functions to store and retrieve tuples and
metadata.

|
PostgreSQL
— —
Parser ] Storage |
— —
Rewriter ‘ Executor |
Planner
—
libpg
1 1
libpg-be | libpg-fe |

Fig. 3. PostgreSQL subsystems
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libpg implements frontend-backend interaction protocol and consists of two parts:
the frontend (libpg-fe) and the backend (libpg-be). The former is deployed on the
client side and serves as an API for the end-user application. The latter is deployed
on the server side and serves as an API for libpg-fe, as shown in fig. 4.

Server Client

Backend £] C) libpg-fe £l

libpg-be

Q libpg-fe

app £l

Fig 4. PostgreSQL deployment

4. PargreSQL Architecture

PargreSQL utilizes the idea of partitioned parallelism [12] as shown in fig. 5. This
form of parallelism supposes partitioning relations among the disks of the
multiprocessor system.

S.SID @ Result relation
S; ={t|t € S,¢(t) =i} 20 -
i=0,...,9 : ]
9
10
5 .S 9, )
19 45' ! c
2 L1es
b [«2]
1% =
L : 9 | O
Partitioning function ; @
o(t) = (¢.SID div 10) mod 10 99 A
]

Fig. 5. Parallel query processing

The way the partitioning is done is defined by a fragmentation function, which for
each tuple of the relation calculates the number of the processor node which this
tuple should be placed at. A query is executed in parallel on all processor nodes as a
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set of parallel agents. Each agent processes its own fragment and generates a partial
query result. The partial results are merged into the resulting relation.

The architecture of PargreSQL, in contrast with PostgreSQL, assumes that a client
connects to two or more servers (see fig. 6).

connects

n

Daemon
k 1
par_Frontend <<create>>
-user 1 k
queryexec - par_Backend —{ Backend

-executor

Fig. 6. PargreSQL processes

The interaction sequence is shown in fig. 7. As opposed to PostgreSQL there are
many daemons running in PargreSQL. A frontend connects to each of them, sends
the same query to many backends, and receives the result relation.

2.1: create()
—

d, : Daemaon b; : par_Backend
11: connect()‘\ 3.1 sendquery()/'/SJ: sendresult()
. f: par_Frontend .

1.n: connect() , =

dn : Daemon

T:l.n: exchange(

3.n: sendquery()\:\ 5.n: sendresult()

14.1 : exchange()

bn : par_Backend

—_—
2.n: create()

Fig. 7. Interaction of PargreSQL clients and servers

Parallel query processing in PargreSQL is done in more steps: parse, rewrite,
plan/optimize, parallelize, execute, and balance. During the query execution each
agent processes its own part of the relation independently so, to obtain the correct
result, transfers of tuples are required. Parallelization stages creation of a parallel
plan by inserting special exchange operators into the corresponding places of the
plan. Balance provides load-balancing of the server nodes.

PargreSQL subsystems are depicted in fig. 8. PostgreSQL is one of them.
PargreSQL development involves changes in Storage, Executor, and Planner
subsystems of PostgreSQL.

The changes in the old code are needed in order to integrate it with the new
subsystems. par_Storage is responsible for storing partitioning metadata of the
relations. par_Exchange encapsulates the exchange operator implementation.
Exchange operator is meant to compute the exchange function  for each tuple of
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the relation, send “alien” tuples to the other nodes, and receive “own” tuples in
response.

| PargreSQL
PostgreSQL
— — —
Parser Storage }--55‘55-9?-)--- par_Storage
— — —
Rewriter Executor |{-SU527.y par_Exchange

- =<use>>
Y par_Balancer

—
Planner |{-=Y72__y par_Parallelizer |

—1 —1
libpg par_libpg
. . <<yse>> .
libpg-be | libpg-fe |(-- ---------- { par_libpg-fe

par_Compat

Fig. 8. PargreSQL subsystems

There are however some new subsystems which do not require any changes in the
old code: par_libpg-fe and par_Compat. par_libpg-fe is a wrapper around libpg-fe,
it is needed in order to propagate queries from an application to many servers.
par_Compat makes this propagation transparent to the application.

Server Client
| par_Backend &1 O>_ libpg-fe &1 .
libpg-be libpg-fe

. libpg-fe

Fig. 9. PargreSQL deployment

The only difference of the deployment schemes (see fig. 9) is that there is one more
component on the client side — the libpg-fe wrapper.
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4.1. par_libpq Design

par_libpg subsystem consists of par_lib-fe library and a set of macros
(par_Compat).

par_libpg-fe is a library that is linked into frontend applications instead of the

original PostgreSQL libpg-fe, arouch which it is a wrapper. Its design is illustrated
with a class diagram in fig. 10.

1 1
libpg-fe par_libpg-fe
PGconn par_PGconn
PQconnectdb() |, 1 | par_PQconnectdbi()
PQstatus() 4 par_PQstatus()
PQexec() par_PQexec()
PQfinish() par_PQfinish()

Fig. 10. PargreSQL libpg-fe wrapper

The idea is to use the original library for connecting to many servers
simultaneously.

par_Compat is a set of C preprocessor definitions for transparent usage of
par_libpg-fe. An example of what these macros are is given in fig. 11.

define PGconn par_PGconn

define PQconnectdb(X) par_PQconnectdb(
define PQfinish(X) par_PQfinish(X)
define PQstatus(X) par_PQstatus(X)
define PQexec(X,Y) par_PQexec(X,Y)

Fig. 11. PargreSQL compatibility macros

Using these macros an application programmer can switch from PostgreSQL to
PargreSQL without global changes in the application code.

4.2. Exchange Operator Design

Exchange operator [11, 12] serves to exchange tuples between the parallel agents. It
is inserted into execution plans by Parallelizer subsystem. The operator’s
architecture is presented in fig. 12.
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Fig. 12. Exchange operator architecture

Fig. 13 shows new classes (grouped in par_Exchange package) that implement

exchange operator.

par_Exchange

Executor

1
0| Plan

+init()
+next()

+reset()
AN

Exchange_Factory <<entity>>

—1 par_Plan

+make_exchange() MPS +frag_attr
!

*I x | * *

Split Merge Scatter Gather
+init() -even —Port ' -port
+next() it +isSending -NULLcnt
+reset() +next() +init() +init()

+reset() +next() +next()
+reset() +reset()

Fig. 13. Exchange operator classes

MPS subsystem (Message Passing System) is used by Scatter and Gather to transmit
tuples. Its interface is like MPI reduced to three methods: 1Send, IRecv, and Test.
They are actually implemented on top of MPI.
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Figs. 14, 15, 16, and 17 show algorithms for next() method of four exchange
subnodes.

[right.isSending

@wait

right.next

right.buffer := tuple]

[alien]

Fig. 14. Split.next() method

Split is meant to calculate the exchange function for each tuple and to choose
whether to keep the tuple on the processor node or send it to other processor node.

even := not even

left.next

else  /

else
I[NULL] N\ I[NULL]
NULL NULL

Fig. 15. Merge.next() method

Merge merges tuples from Gather and Split.
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end(tuple, ¢) @nuLL

isSending := TRUE —>@NuULL

Fig. 16. Scatter.next() method

Scatter sends tuples coming from Split to other processor nodes.
[all NULLs

@NULL

@ wait

(NULLCI’]'[‘H'H Irecv )

Fig. 17. Gather.next() method

@tuple

Gather does the opposite, receiving tuples from other processor nodes.

5. Experimental Evaluation

At the moment we have implemented par_libpg and par_Exchange subsystems of
PargreSQL. The implementation has been tested on the following query:

select * from tab where tab.col % 10000 = 0

The query has been run against table tab consisting of 10° tuples. The speedup over
PostgreSQL is shown in fig. 18.
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6
= Linear
-&= Actual

(PostgresSQL) Nodes

Fig. 18. PargreSQL speedup

6. Conclusion

In this paper we have described the architecture and the design of PargreSQL
parallel DBNS for distributed memory multiprocessors. PargreSQL is based upon
PostgreSQL open-source DBMS and exploits partitioned parallelism.

There are following issues in out future research. We plan to complete the
implementation and to investigate its speedup and scalability. The future research is
also going to be concentrated on implementing data updates, transactions and fault
tolerance.
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AnHortamms. [laHHas paboTa MOCBSILICHA apXHTEKType M MPOSKTUPOBAHMIO MapajuieIbHON
CHCTeMBl  ympaBieHus: 0azamu  JgaHHbIX  PargreSQL  ams  MHOTrOmpoIiecCOpHBIX
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