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Paspaboranbl HOBblEe MOJXOIBI K JIOKAJIBHON MOMM(UKAINN KBAa3UCTPYKTYPUPOBAHHBIX CETOK, KOTODbIE
[TO3BOJISIIOT OTCJIEINTh HEOHOPOHOCTH KPAEBOW 3aJa4i B PACUETHONH 00JIACTH U aJAITUBHBI K KPUBOJIMHEHHBIM
rpaHUIAM, 8 TaKKe IPOCTbl B WCIOJB30BAHUU M HE TpeOyloT XpaHeHusl OOJIBIIOrO oObeMa JaHHBIX, KaK 3TO
HEOOXOIMMO B HECTPYKTYPUPDOBAHHBIX CeTKax. Takue CeTKH Mpejjiaraercs WCIOIb30BaTh g 3(DMOEKTUBHOIO
MOJIEJIUPOBAHNUS IIIMPOKOT0 KJIACCA JIEKTPOPU3UIECKHUX MTPUOOPOB. DKCIEPUMEHTAILHO MMOKa3aHa HEOOXOMMOCTh
JIOKAJIGHON  MOIUMUKAIUU TPAMOYTOJbHBIX CETOK IIPU pacdeTax B 00JIACTAX C KPUBOJMHENHHON TpAHUIIEI.
Paszpaboranbl J1ByXIiaroBble ajropuTMbl JIOKAJIbHOW MOM(UKAIIMN PACCMATPUBAEMbBIX KBA3UCTPYKTYPUPOBAHHBIX
cerok. Ha mepBoM mmiare mpoBouTcst MOudUKaIUs IPUTPAHIYHBIX yY3JI0B IMyTeM WX CIBHUI'A HA TPAHUILY OOJIACTH
[0 HOpMaJi¥ K Hel, a Ha BTOPOM — peobpa30BaHUME TEX CETOYHBIX 3JIEMEHTOB, KOTOPbIE HE YJIOBJIETBOPSIOT
KPUTEPUsIM KA4eCTBa, B KAUeCTBEHHBIE CETOYHBIE JIeMEHThI. PaszpaboraHbl CrenuaibHble ajJrOpUTMbI [TPOBEJICHIUS
TAKUX [Peobpa3soBaHMil, KOTOPble HE HAPYIIAIOT CTPYKTYPUPOBAHHOCTU IIOJICETOK B mogobsiacrax.  Jlanbt
PEKOMEHJIAIMY 110 [IOCTPOEHUIO CETOK HA I'DAHUIIAX CONpsizKeHWsl 1ogobiacreil (uarepdeiice), KOTOpbIE CoJEpKAaT
HECOTJIACOBAHHbIE CETKU. Pa3paborTaHbl aJrOPUTMbL JIOKAJBHONW MOJu(UKAIMN CeTOK Ha wuHTepdeiice MexIy
o/106J1aCTSIMU, OJTHA U3 KOTOPBIX COJIEPZKUT OTPE30K I'PAHUIbl pacdeTHoil obsactu. [IpoBejieHbl cepuu Ynuc/IeHHBIX
SKCIIEPUMEHTOB TI0 PEIIEHUIO MOJIEJILHON 3a/1a4u, Pe3yJIbTaThl KOTOPBIX [MOKA3aJIi 0OOCHOBAHHOCTD IIPE/IJIAraeMbIX
ITOIXOI0B.

Karouesvie ca06a: K6a3UCTPYKMYPUPOSAHHBIE CEMKL, AOKAALHAA Modupurayus, memod 0eKxoMno3uyuL,
3a0aMU CUABHOMOUHOT INEKTNPOHUKL

OBPA3EIIl IINTUPOBAHUA
Kossipes A.H., Caemankos B.M. 0] [IOCTPOEHU N JIByMEPHBIX JIOKAJIHHO-
MO IMDUIMPOBAHHBIX KBa3UCTPYKTYPUPOBAHHBIX CETOK U PEIIEHUU HA HUX KPAeBbIX 3a7a4 B

obsactax ¢ kpuBosuneiinoit rpanuneit // Bectauk FOYpI'Y. Cepusi: Borauciurenbuas

maremaTuka u urdopmaruka. 2017. T. 6, Ne 2. C. 05-21. DOI: 10.14529/cmsel70201.

BBenenue

B pabotre [1] ObLTI HaMedeHbI OCHOBHBIE IPUHITATIBI ITOCTPOCHUS
KBA3UCTPYKTYPUPOBAHHBIX CETOK IS PelleHusl 3a/a9 CUJIbHOTOYHON 3JIEKTPOHUKH [2],
COCTOAIIMX B PpacdeTe WHTCHCABHBIX IIYyYKOB 3apAKCHHBIX YaCTHIll, JABUXKYIIAXCA B
3JIEKTPOMATHUTHBIX TOJIAX. [IpeumyriiecTBenHast OpUEHTAIUS HA JIAHHBIE 33/a9l COXPAHAETCS
u B Hacrosielr pabore. BaxkHyio pojib B HUX UI'DAeT pacyeT MOTEHIUAJIA SJIEKTPUIECKOTO
[0JIs B Pa3HOMACIITAOHBIX OOJIACTHAX € KPUBOJMHEWHON TDAHUIIEH, TPUBOISAIINN K PENIEHUIO
ypaBuenusi Ilyaccona. PaccmarpuBaemble KBa3UCTPYKTYPUPOBAHHBIE CETKH SIBJISIOTCS

aJaNnTUBHbIMU. HacTpoiika BHYTPEHHUX IIOJICETOK, BXOJSIIUX B KBAa3UCTPYKTYPUPOBAHHbBIE

2017, T. 6, Ne 2 5



(@) IIOCTPpO€HUN JABYMEPHBIX .]'IOKa.T[])HO-MO,I[I/I(bI/II_[I/IpOBaHHI)IX KBaSUCTPYKTYypPpUpPOBaHHbIX...

CETKH, OCYIIECTBJIAETCS IIyTEM PEryJIMPOBKH IIJIOTHOCTH Y3JIOB B HHX, a MOJCETKU BOJIM3U
KPUBOJIMHEHHBIX IPAHUIL TPEOYIOT CHEIUAIHLHOIO PACCMOTPEHUS, YTO U JIEJIAETCS B HACTOSIIEH
cratbe. OCHOBOI TOCTPOEHUST CJIY:KAT MPSMOYTOJbHBIE TOACETKA. [IpsaMOyrosbHbIE CeTKH
IJIOXO MPUOJINZKAIOT peleHrne BOJIM3N KPUBOJIUHENHBIX I'DAHUI], YTO, B YACTHOCTHU, CJIEJIYET U3
YUCJIEHHBIX JKCIIEPUMEHTOB, IIPOBEJIEHHBIX B HacTosdiieir pabore. B cBaA3m ¢ 3TuM,
OCYIIECTBJISETCS WX JIOKAJbHAasd MOJIMMUKAINS, OCHOBHBIE IIPUHIUIIBI KOTOPOH ObLin
sasioxkenbl B [1], a 31ech cymiecrBenHo jopaboranbl. Kpome Toro, paspaboTaHbl KpUTEPUU
[OCTPOEHUSI CETOK Ha I'DaHUIe ConpsizkeHus nozjobsacreit (unrepdeiice). OcHOBOI npoBepKu
Ka4eCTBa MOCTPOEHHBIX CETOK CJIYXKUJIM PE3yJIbTAThl YNCAEHHBIX SKCIEPUMEHTOB II0 PEIIEHUIO
MOJIEJIBHBIX 3aJlad B 00JACTAX C KPHUBOJUHEHHBIMU T'DAHUIIAMU, UMEOIINEe AHAJUTUYIECKOE
pelienue.

B wmacrosmiee BpeMsi CyIIECTBYeT HECKOJIBKO CHOCOOOB ITOCTPOEHUS A IalTUBHBIX
HECTPYKTYPUPOBAHHBIX ceToK: nuddepennuaibibie [3|, B KOTOPBIX KOOPIUHATHI Yy3JI0B
OTIPEIE/IAIOTCs IIyTeM pelteHus AuddepeHnnaabHblX YPABHEHUH B YACTHBIX ITPOU3BOIHBIX,
ajreOpamdecKkne, B KOTOPBIX KOODJWHATHI y3JI0B BBIYUCJLAIOTCA U3  aJreOpamdecKux
cooTHOIIeHui [4], BapuanMOHHBIE, OCHOBAHHbIE HA MUHAMU3AIMK (DYHKIUOHAJIA KAadecTBa
cerok |5, 6]. Mbl He paccmarpuBaeM 3/7€Ch HECTPYKTYPUPOBAHHBIE CETKH, TaK KaK PeIeHrne
3a/1a9 CUJILHOTOYHOHN SJIEKTPOHUKM HA HUX YPE3BBIYAIHO TPympoeMKo. /lejgo B ToM, 4To 1pu
HAJIUYIUU OOJIBIIIONO YUC/IA 3aPSKEHHBIX YACTUI] HA MEPBBINA IUIAH BBIXOIUT 33/a4ad, KOTOPAasd
CcKpbIiTa TpU (HOPMYJIUPOBKE YHUCJIEHHOIO AaJrOpUTMa, a WMEHHO 3a/la4ya OIIPEJIeJICHUS
CETOYHOT'O 3JIEMEHTA, KOTOPOMY IPHUHAJIEKUT 3ajaHHas Todka. Haubojee mpocrto wu
3ddekTUBHO  OHA  pEIIaeTcsd  Ha ~ CTPYKTYPUPOBAHHBIX  MPAMOYTOJBHBIX — CETKaX.
CTpyKTypupOBaHHBIE  aJAlTHBHBIE  CETKW  JIJIg  CJOXKHBIX  PACYeTHBIX  ObJracTei
paccMaTpuBaIuCh B pabore |7], HO TaKue CETKU COJepKaT DOJIBIIOE YUCI0 HENPSIMOYTOJIbHBIX
9JIEMEHTOB, YTO HEFATUBHO CKAXKETCs HA PEIIeHUN 33/1a4 CUJILHOTOYHON 3JIEKTPOHUKH.

JlokambHasa MojuduKaIys TPIMOYTOJbHBIX CETOK HauboJiee IOJHO TOJXOMUT s
[IOCTABJIEHHBIX IIeJIell, TaK KAaK HEIPsAMOYTOJIbHbIE MTab/IOHBI CTPOSATCS JIUIIL B Y3KOH I0JIOCE
BOJIN3Y KPUBOJIMHENHBIX TPAHUIL, & OOJIBIIUHCTBO ITAOJIOHOB BHYTPU ODJIACTHU, TJI€ TPOXOJUT
IIyYOK 3aPsKEHHBIX YACTHUI[, OCTAIOTCH PAMOYTOJIbHbIMU. VIes JIOKaJbHOU MOJuUKAIINA
6buia m3noxkena B padore [8]. Cpoe passurme ona mosayumiaa B paborax [9, 10|, Britouas
peanu3anyio B IporpaMMax Jjid PelIeHHsl 3aJad CUJIHHOTOYHON 3jekTponuku. B [11]
paccMaTpuBajach JIOKaJbHAsd MOJAUMUKAINA MPAMOYTOJbHBIX CETOK, HO JIJis JIMKBUIAIAN
HEKAYECTBEHHbBIX CETOYHBIX 3JIEMEHTOB J100aBJISIUCH V3JIbI, HAPYIIAION[HE
CTPYKTYPHUPOBAHHOCTEL ceTOK. OOIMMuM HEeJI0CTATKOM paboT TO JIOKAJBHON MOInpUKAIIN
CTPYKTYPUPOBAHHBIX CETOK SBJIAETCH OTCYTCTBUE 3IMDMEKTUBHBIX CPEJCTB  JIOKAJIHHOM
PEryJIMPOBKY ILIOTHOCTH Y3JIOB B TOJODJIACTH TPOXOXKJEHUS IydKa. Bce 3TO HABEIO HA
MBICJIb O Pa3paboTKe KBa3UCTPYKTYPUPOBAHHBIX JIOKAJBHO MOJAUMDUITMPOBAHHBIX CETOK,
COCTOSAIINX W3 NPSAMOYTOJbHBIX IOJICETOK, KOTOPBIE aJAlTUDPYIOTCS K BHEITHEH T'paHuUIe
[yTeM JIOKAJbHONH MOAuMUKAINA U K IIYYKy 3apsKEHHBIX YaCTHUI[ IIyT€M PEeryJupOBKH
IUIOTHOCTUA Y3JIOB MOJCETOK. KBas3suCTPYKTYpPUPOBAHHBIE CETKH C TIOJCETKAMH PA3JTUIHBIX
TUIIOB paccMarpuBajuch B pabore [12]. VX OCHOBHBIM HEIOCTATKOM SIBJISLIOCH TO, YTO
[OJICETKUA JIOJIZKHBI OBITH COTJIACOBAHHBIMHU, HYTO MPUBOJMWIO K BBEJIEHUIO OOJIBIIIOTO
KOJIMYECTBA  BCIIOMOTATEJIbHBIX  ojo0JacTeit, 9To0bl  y/IOBJETBOPUTH  TPEeOOBAHUIO
corstacopannoctu.  llpemjaraemble B Hacrtodiieit  pabore  ceTku  MOTYT  OBITb

HecoryiacopaHuabiMu. CimBKa pemeHHﬁ KpPa€eBbIX IIOA3aJaY Ha HECOIJIaCOBAHHBIX IIOACETKAaX
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A.H. Ko3sbipes, B.M. CBeurnukosn

OCYIIECTBJISCTCA TNpH  TOMOIIA  METOJa  JIeKOMIIO3HIMH, OCHOBAHHOM  Ha  IPAMOI
anmpokcumanuu ypasuenus [lyankape—CrexiioBa Ha unrepdeiice [13].

B paszmene 1 macrosmeil paGoThl TIPUBOJNTCA MOCTAHOBKA 3aJ1a9d M KPATKO H3JIAraroTCs
aJrOPDUTMBI €€ PpeIleHus. Pasgen 2 CoJIep:KUT ONHMCAaHWe AaJrOPUTMOB  JIOKAJBHOM
Mogudukanuu. B pasmene 3 NPUBOAATCS PE3YJIbTATHI YHCIEHHBIX JKCIEPUMEHTOB Ha
COTJIACOBAHHBIX M HECOTJIACOBAHHBIX CETKaxX. B 3aKIJIOYEHMN KPATKO M3JIAraloTCs TOJIyYeHHBIC

pe3yJIbTaThl U IEPCIEKTUBBI JaJIbHENIINX UCCIeI0BAHNN.

1. IlocTaHoBKa 3aJa4Yu M aJITOPUTMBI €€ penieHus

IIpunepkuBasicb OpHUEHTAIMN HA 3aJ[@4YU CHUJIBHOTOYHOW 3JIEKTPOHUKH, COCPEIOTOYUM
BHUMAaHUE Ha BJIMAHUM KPUBOJIMHEMHBIX TI'paHUI] Ha pacyeT IOTeHIHaJa 3JIeKTPUYECKOI'O
nosid. s 9Tux 1eseit paccMOTPUM CJIELYIONLYIO 3a/1a4y .

ITycts B 3aMKHYTOH JABYyMepHO# (IUIOCKOW WM OCECUMMETPUYHON, JOIYCKAIOIIEH
JIBYMEPHYIO IMOCTAHOBKY) 00JIACTH G=GUT ¢ rpanuneit [T TpeGyercs pemurh KpaeByio

zajtaqdy njs ypapaenus [lyaccona

Au=g, lu| =g, (1)
Baecy u =u(x,y) — uckomas dbyuxius, g =g,(x,y), g, =g,(x,y) — 3anaunsie GyHKIUN,
rge X,) — JIeKapTOBbI WIH I[HINHIPUIECKIE KOOPIUHATDI, IPATIEM B IOCIEIHEM CIydae X =
r,y =z, A — oneparop Jlamnaca, /| — omepaTrop TIDaHUYHBIX YCJIOBUIi, BKJIIOYAIOIINX

yeioBusi upuxiie min Helimana. Bynem mnpenmosiarars 6e3 CyIeCTBEHHOTO OTrPDAHUYEHUS
obmpocTH, uyto [ gBIgeTca KyCOIHO-TIaAKON IPAHUIEH, COCTOAIEH N3 OTPE3KOB NMPSAMBIX U
Jyr OKpyzKHOcTeil, u ycjoBue Heiimana 3a7aHO Ha OTpe3Kax IMPAMbBIX, MaPaJJIEIbHBIX
KOODJIMHATHBIM ~ OcAM. Takme  ycjaoBUsi MOUYyT OBITh  IIOCTABJIEHBI IIPU  pacyere
3J1eKTPOU3NIECKUX TPUOOPOB, IpuyeM ycjoBus Jlupuxie craBsaTcd Ha 3JIEKTPOJAX, a
ycnosus Helimana — Ha jimausx cummerpun. OrmeruM, uro 3anada Heiimana (6e3 rpanui ¢
ycaosugmu  Jlupuxiie) He BXOJIUT B paccMoTpenue, a 3ajada Jupuxsie (6e3 rpaHuil
ycnosusimu Heitmana) noryckaercst.

OnuieM BOKPYT PACUYETHON O6JIACTH IIPAMOYTOJIbHEK R = {0 <x< Dx, 0<y< Dy }, rie

D.,D, — szanaum, ((_? CR), B KOTOPOM MOCTPOMM TPSIMOYTOIBHYIO DABHOMEDHYIO
MaKPOCETKY
O Dx Dy
Q,=3X,=IH.,Y,=JH,, I=0,N,J=0,N, H, = JH, =—,
N, N,
rie 3N _,N , — AJIaHHbBIC IeJIble YUCIa, C TaraMmu H ,H , > h (h— MakcumasbHbIi mar

CeTKH, HAa KOTOPOii amnmpokcumupyercst 3agada (1)). PakTudecku Mbl T€M CAMBIM ITPOBOJIUM

0 1
Jexkommosunuio G Ha nomobnactu Gy ;. Cpemu HEX OyaeM pasjindaTb GI( ]) — BHEWHUE, GI( ]) —
2
8HYMpPeEHHUE, GI( ]) — 2PaHUYHBE TIOTO0IACTH, KOTOPBIE COOTBETCTBEHHO HE COIEPXKAT TOUYEK
G, cosepkar TOJBKO ToukM G, comepxkar Touku G u I'. Touku nepecedeHnst KOOPAUHATHBIX

auHAit x = X,, Y = Y, mMakpoceTku sBIAIOTCA MaKpOy3JaMH, KOTOPble 0G03HAYUM KaK T P

p=LP rne P — uucio MmaxpoysioB, a OTPe3KH KOODIMHATHBIX JTHHUIA, IPIHAITIEKAIIAC

pacderHoit 0bs1acT, 00PA3yIOT T'PAHUILY CONPsKEeHus 1nojobJacreit ¥ wim narepderic.
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1 =
B  3aMKHyTBIX 10J00J/1aCTAX I(,J)v G,(’ j) HOCTPOMM  pPABHOMEPHBLIE IIPSAMOYTOJILHBIC
[IOJICETKH
Q,, = {xik =X, +ihy,y, =Y, +ih,, ,=0n,,j = Obny,k}
¢ maramu h —M h —u 31ech BBeJeHa equHad HyMepalud
xhk ’ vk T ’ o & A yMmepar
nx,k ny,k
nogobiacreit um mojcerok 1o uHgekcy k =1,K, rnme K — wusBecTHoe Iesioe HUHCIIO.

,Z[OHyCKaIOTCH HECOTrJIaCOBaHHbIE IIOACETKH, TO €CTh HIaIrM B CMEXKHbBIX IIOJCETKaX MOI'YyT OBITH

pasHpiMu. Byzem mpennosnarars 6e3 CymeCTBEHHOTO OIDaHMYEHHs OOIIHOCTH, 9TO M, 4, 7,

— ecTb 2 B HeHOﬁ CTEIICHN M IIIar'l B CMEXKHBIX HECOIJIaCOBAHHBIX IIOACETKaX OTJINYAIOTCA B

mBa paza. llo amasiormm ¢ momoOmacTamu OydeM pasiumdaTb MOJCETKH JIBYyX THIIOB

el e
enympenrue Q) u zpanuanee QL)
— ) )
['paHnMYHbBIE TOACETKH Q,ﬁ,? [OJ[BEPralOTCsl JIOKAIBbHON Momudukanum, cocrosmeii B

C/IBUTE NPUIPAHMYHBIX Y3JI0B Ha rpaHuiy | , B pesyibraTe KOTOPOH OHM Ipeo0pasyloTcs B

2.m o
MTOJICETK U Q,(q k ). Jlokanbmas MosnduKalns y3J0B CeTKU Ha mHTepdeiice MOXKET 3aTPOHYTH

el O2m
U BHYTPEHHHUE IIOJCETKH Q},;, COCEJICTBYIOIIUE C /(11{ ), B pe3yJbTaTe 4Yero OHU

—u
npeobpasyiorcst B nogcerkn 7
Ha rpanuie CcOnpsiZKeHHsi BBeJEM CETKYy @J,, HE COJIEPKAILyl0 MAaKpOy3ibl Tp:

o, ={(x,y)ey,(x,y)#T,, i=,M}, rne M — wussectnoe nenoe umcio. [lonommms @,

Makpoysnamu 1 ,» obpasyem ceTky w, :{a)h,Tl,Tz,...T P}. Ob6benHeHNE TTO/ICETOK ,Sf}fm),

Q,(f,;m) U @, obpa3yer pe3yJbTUPYIOILYI0 KBA3UCTPYKTYPUPOBAaHHYIO ceTKy £),, Ha KOTOpOIl

peraercst kpaesas 3aiada (1).
Pemenne ucxommuoit Kpaepoit 3amadn (1) HPOBOJUTCA METOAOM JACKOMIIO3UIMU PACUYETHON
obyacTy Ha MOMO0JACTH, compsiraeMble 0e3 HajoxKenus. CIMWBKa peIeHnit B MOM00IACTIX

OCYIIECTBIsETCS MyTeM pertennst ypasHerusa [lyamkape—CrexkoBa
(+)

“)
ou ou
— | —|=| =0 (2)
on on
e e
Ha mHTEepdeiice ¥, TAe 1 — HOPMaJb K ¥, a 3HAKU +,— YKA3bIBAIOT HA TPUHAJIEKHOCTH

obbekTa pasHbIM cTOpoHaM uHTepdeiica. [nsg  ero pemrenusi  CTPOUTCs  BHENIHWUIA
UTEPAIMOHHBIN IPOIECC M0 OTBICKAHUIO NPUOJIUKEHHBIX 3HAYEHUN WMCKOMON (YHKIUH HA

uaTepdeiice, KOTOPbIe MbI 0003HAYNMM 4epe3 V, . BHemmuMm JaHHBII Ipolece Ha3BaH IOTOMY,

9TO Ha K&)K,ZLOfI €ro uTrepalmyud BHYTPEHHHM  HNTEPAIMOHHBIM  METOAOM  HaAXOJATCA

npubIMKeHHble 3HaYeHns MCKOMOi dynkmmm u, B momobmactax. B ysmax cerkm o),

ypaBHeHue (2) alpoKCUMUPYeTCsl CUCTEMOI JIMHEHHBIX ajiredpandeckux ypasHeruii [13]

Av, +b=0,
rne A= {ai’ jobj = I,_M} —  KBaJpaTHasg MaTpuia, b= {bi,i ZI,_M} —  W3BECTHBIA, A&
v, = {vh’i,i =1LM } — HCKOMBIfI BeKTOpBL. PelleHne JaHHOI CHCTEMBbI OCYIIECTBJISETCS
UTEePalMOHHBIM METOJIOM BUIA
v = A(v,i”), Av;l”)), n=0,l,... (3)
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rne A — dynxmua, onpenensomas KoHKperHbIi anroputMm. Cwmbica  dopmyssr  (3)
3aKJII09aeTCd B TOM, YTO B JJAHHOM HUTEPALMOHHOM IIPOLECCE UCIOJIb3YIOTCH JIUIIb CaM BEKTOD

V,(,") u JeiicTBue Av,(,") MaTPHIbl HA BEKTOD (371eCh BMECTO V, MOXKeT OBITb KaKOM#-T100

JIPYTO#i  BCIIOMOTATEJIbHBIA  BEKTOP). DTUM TPeOOBAHUAM  YJIOBJIETBOPSIET, HAIPUMED,
CeMeNCTBO OBICTPOCXOIANIMXCS UTEPAIMOHHBIX METOJOB B HOJIpocTpaHcTBax Kpbuiosa [14],
IIpUMEpaMM  KOTOPBbIX MOI'YT CJIY>KWUTb  METOJ COIPAXKEHHBIX I'DPAJUEHTOB, METOJL

COIIPA2KEHHBIX HEBA30K, METO/ O606HLGHHI;>IX MHUHHUMAJIBHBIX HEBA30K.

Boruucnenune mpoussenenuit Av,(,") , Kak nmokasano B [13], peanusyercs no dbopmyie

Av,(,”) :fh(ﬂ)_b7
rJie KOMIOHEHTHI fh(j) BEKTOpA fh(") OTIPEJIEIIAIOTC Kak
(), (+) =),,(=) s __
fh,i—(dh U )i_(dh U )i’ i=1LM. (4)
Brecy d ,E”, d ,(,_) =d, — omepaTopbl aNMPOKCUMAIUN HOPMAJBHBIX MPOU3BOJIHBIX, BXOSIIIX

B ypasuenue [Iyankape—Crekiosa (2), T0o ecTb

ou
~— | =du,- (5)
on ),
Hns Beraucienusi Bekropa b dyHkmus v, Ha unTepdeiice moJaraeTcsi paBHON HyJIO,
PEIIAIOTCs KpaeBble T0/3aa9i B OI00JIACTX, BBIUUCAAIOTCA PA3HOCTH MPOU3BOAHLIX (4) B

y3J1aX CeTKH (), Ha uHTepdeiice, KOTOPBIE U SBJISIOTCS KOMIOHEHTAME BEKTOpa b .
CXO0/IMMOCTh MTEPAIMOHHOIO Tpolecca (3) cuuraercs JOCTUTHYTON, ecii HOPMa HEBA3KU

H fh(")HzmaX‘ ﬂg)‘ YIOBJIETBOPSIET HEPABEHCTBY H fh(")H35, e O —— 3ajJaHHag  Masjas

BeJIMYIMHA.

Homonnus v, 3HadYeHnsIMH B Makpoy3max [ » TOJIyIMM BEKTOD V, , OILpeJIeIeHHbI Ha
cerke @), . KOMIIOHEHTBI JAHHOIO BEKTOPA B MAKPOY3JIaX OIPEIENIIOTCS U3 yPABHEHHIT

(A7%,), =0 j=M+LM+P, (6)

rie A(f ) anmpokcuMmanus oneparopa Jlamraca Ha cerouHOM I1a0JI0HE, BKIIIOYAIONIEM Y3JIbI

CeTKN ), , 3HaYEHUA (DYHKIMN B KOTOPBIX IPEJIOJIAraloTcd M3BECTHLIMH Ha TeKyIe# 7]-oit

ureparnyu (3), U OJIUH U3 MAKPOY3JIOB.
B nenom pemenne kpaeBoii 3agaun (1) MOXKHO HPEICTABUTL B BUJE TOC/IEI0BATETHLHOCTI
CJIEJTYIOIINX IIArOB.

5(0)

[ar 1. Bagaercss HAYAIbHOE IPUOINAKEHIE V), B y3JIaX CETKH @), .

]'_H 2 B 6 Odm ‘O2.m
ar z. O BHYTPEHHUX ¢ T'PAaHUMYHBIX IIOA00JIaCTAX Ha CeTKaX Wk Bk METOI0M

KOHEYHBIX OOBEMOB PEIIAlOTCA  KpaeBble IOJ33Ja4dd, NpPHYeM Ha  OTpe3Kax
unTepdeiica CTaBATCA IPAHUYHBIE YCJIOBUA Jlupuxie, onpeiesieMble M0 3HATECHUAM
)
v,”.

[Tar 3. PaccunThbiBaioTcss pa3HOCTU MIPOU3BOIHBIX 110 (hopMysiam (4).

[MIar 4. Hemaercs ouepemnoii (77 + 1) -brit mar mo pemennio ypasuenusi [Tyankape—CTekioBa

[pU [IOMOIIU UTEPAIMOHHOIO Tporecca (3), B pe3ysbTare 4ero HaXOJATCs 3HAYEHUS

WY g yanax cerkn @, (6e3 Makpoy3JIOB).
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[Tar 5. 113 dopmyasr (6) HaxomsTCsi 3HAYEHUs UCKOMON (DyHKIUM HA TeKylleil BHEIIHei

—(+1
ATepalluyl B MaKpoy3Jjax, 4To JIaeT V}f" ).

[Tar 6. Eciau cXoauMOoCTh BHEITHEIO UTEPAIMOHHOIO mporiecca (3) JOCTUIHYTa, TO CUUTAETC s,
9TO NMPHUOJIMKEHHOE PelleHre MCXOIHOM 3aJa4d IOJIYUEeHO, €CJIU K€ 3TO He TaK, TO

MIOBTOPSIIOTCS IIaru 2-5.

2. Moaudukaiiysi IoACETOK BOJJIN3U TI'PAHMUI]

Kak yke oTmedasioch, HACTOSIIAs CTaThs COJEPXKUT passuThe paborTsl 1| B wacrtm
JIOKAJTBHON ~ MOIMMUKAIKA  KBa3UCTPYKTYPUPOBAHHBIX ceTOK. (OcHOBHBIE TpebOBaHU,
KOTOPBIM JIOJZKHBI COOTBETCTBOBATH IIOCTPOEHHBIE B HacTodAleir pabore cerku, ObLIN
caepyomuMu: 1) coxpaHeHue CTPYKTYPUPOBAHHOCTH IIOJICETOK, 2) COBJIIOIEHNe MOPIKa

TOYHOCTH pellleHud Ha KBa3UCTPYKTYPUPOBAHHBIX CETKAaX.

2.1. Moandukanusa BHYTPEHHUX IIPUTPAHUYHBIX y3JIOB

JlokagbHoit MoOjmbUKAIMKA TOBEPTaIOTCsH nmogcerkn ), , TyTem caBUTA Y3JIOB,

OTCTOAIUX OT I'PAaHUIBI Ha PACCTOAHNE
h

5<3 (7)

rje h — mar mozjceTku, Ha TPAHUILY 00JIACTH.

IIpu upoBenenun  JOKaJBHON — MOAMMUKAIMU  MOACETOK  I[OMUMO  COXPaHEHUs
CTPYKTYPUPOBAHHOCTH IIOJCETOK MbI Oy/IEM CTPEMUTHCS K IOCTPOEHUIO CETOYHBIX IIa0JIOHOB,
yaosyerBopsomux  ycaosuto  esone  [15]. st 9TOro  J0CTATOYHO — MOCTPOEHUSI
HETYIIOYTOJIbHBIX CETOYHBIX JJIEMEHTOB.

Jlokampnasa MojuduKalusa OCyIIeCTBIIAeTCS B JjBa 3Tarna. Ha mepBoM u3 HUX y3JIbI,
yJoBjieTBOpstomue  ycjaosuto (7)), CABATAIOTCS HA TPAHUIly [0 HOPMAaJju K  Heil.
[IpsimoyrosbHbIil M1aOJ/IOH IPU 3TOM MOXKET TPAHC(OPMUPOBATHCH KAK B TPEYTOJIbHBINA, TAK U
B  NPOU3BOJIBHBIA  YETHIPEXYTOJIBHBIA  IMIA0JIOH, KOTOPBIA  Kpardaimeil IMaroHajbio
pa30buBaeTcsi Ha JBa TPEyroJibHUKA. B pe3y/ibraTe HE UCKJIOYEHO IOSABJIEHUE TYIIOYTOJIHHBIX

TPeyroabHUKOB. s ux sukBuganuu (BTopoil Tai) mocTynaeM CJIelyomuM 0Opa3oM.

r/
2 4
pfbe-a |3
N 0
S
f \\
| .
Vol
\
N —— 1
1

Puc. 1. /Ipa TyubIx yrjia Ha OJHONH CTOPOHE YETHIPEXYTOJILHOTO JIEMEHTA

Ha pwuc. 1 wuszobparkena curyalus, OpA KOTOPOH MOSABJSIOTCS TYIHOYTOJIbHBIE
TPEYTOJBHUKN M3-3a HAJUYAA JIBYX TYNBIX YTJIOB HA OJHOM CTOPOHE YeThIPEXyTOJIbHOTO
mabsiona (Ha puc. 1 3ro cropona 34). Vx JuKBuiarms OCYHIIECTBIISETCS O CJIELYIOIIAM
npaBusaM, npuBeieHHbIM B padore [1]. Menbmmit Tynoit yron 234 3amensiercs npsimbim 2'34.

9T0 (HaKTUIECKN O3HAYAET MOJUMDUKAINIO CETKHU B JAHHOW OKPECTHOCTH HE TI0 HOPMAJIH, &
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BIOJIb KOOPAMHATHOM JIMHUK, TO €CcTh BMecTo casura 02 nmpumensiercs capur 02'. Ecin ke nBa
TYNBIX yIJIa TOABIAIOTCA Ha CTOPOHE, TpUMBIKaiomeil k 1, To amasormunas mporemypa
CJIBUTA BJIOJIb KOOPAMHATHBIX JIMHUI TPUMEHSETCS K OOOUM y3JI1aM.

Paccmorpum jgBa BapuaHnTa ycCTpaHEHHS TYIbIX YIJIOB B TPEYTrOJbHBIX 3JIEMEHTAX,
KOTODBIE MPEJJIAraloTCsi B HaCTosIel pabore (ajaropurmbl, npuBejieHHbie B [1| He maBan
TpebyeMoit TOUHOCTH ).

Bapumanr 1 mambosee mpocroit. O m30bpaxkeH Ha puc. 2, rhe yroa 123  Tymnoii.
BuccekTpucoit 24, mnpopejeHHOIt 10 IepecedeHusl ¢ rpaHuneit [, pazobbeM ero Ha Ba
OCTPOYTOJIbHBIX TpeyrobHuka 124 u 423 (myHKTUPOM 37eCh W Ha pUC. 3 HU300parKeHbI
BCrioMoraresibHble JiuHun). [losiBjieHre Touku 4 He BIUsIET HA CTPYKTYPUPOBAHHOCTH CETKU.
Ieno B TOM, 94TO IO TIPEJIIIOJIOXKEHUIO HA PACCMATPUBAEMOM KPUBOJIMHEHHOM KYCKE TDAHUIIHI
I' momkmo 6BITH 3amanHo ycnoeue Jlupuxiie, KOTOpOE YYUTBIBAETCS HPH  IIOCTPOCHUH
CEeTOYHOTO ypaBHeHus B y3ijie 2. B pe3gysbrare Touka 4 HMCKJIIOYAETCH U3 PACUYETOB, TO €CTh
JIAHHAS TPOIE/Iypa pa30ueHus BBIMOJIHAETCH TOJILKO IPU pacdere KOd(POUIIMEHTOB CETOYHBIX
YPaBHEHUN.

Puc. 2. Bapuanr 1 TynoyrojbHbIX TPEYTOJILHUKOB

Bapuantr 2 nokazam wa puc. 3, rme yros 236 Tymoit. B sTOoM ciiydae UpUMEHUTD
NPEJIBIIYINYIO TPOIEAYPY HEIb3d, TaK KaK B pe3yJbrare pa30ueHus IOJydaTcs TaKKe
TYIOYTOJIbHbIE TPEYTOJbHUKH, IOITOMY IOCTYIUM Cjemyfomum obpa3om. M3 Touku 3
IPOIOIZKAM JIMHUIO CeTKH 10 Tepecedenus ¢ rpanuneil [T B Touke 1. [lomyunm mpa siementa:
1) 136 npsmoyrosbHbIi TpeyroabHuk u 2) 24531  uaruyrosbuuk. Ilocsemnuii pasobbem
guauaMu 51 w52 Ha TOPAMOYTOJbHbIE TPEYTOJMbBHUKK 153, 245 U OCTPOYIOJIbHBIH
tpeyrosibuuk  251. Tak ke, Kak B NPEIbIYIIEM BapHaHTe, TOYKa 1 SABJIAETCH
BcromoratenbHoi. OHa He HAPYIIAET CTPYKTYPUPOBAHHOCTU CETOK, TAK KaK WCKJIIOYACTCS U3
CETOYHBIX YPABHEHUH B y3/1aX 3 U O 3a CUET yUeTa TPAHNIHBIX yCJIOBUIA.

~N
6

Puc. 3. Bapuanr 2 TynoyrojbHbIX TPEyTOJIbHUKOB
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2.2. IlocTtpoenme ceTku Ha wuHTepdeiice M aNIPOKCUMAIAA ypPaBHEHUS
Ilyankape— CrtekJyioBa
IIpennaraerca ciaemyronuii cocod MOCTPOeHUsl CeTKH ), Ha mHTepdeiice Y. Ha puc. 4
1300PasKeHO JIBa BO3MOYKHBIX BapHAHTa CONPsKeHns cMekubix nogacerok €, , u €2, : ciesa

COorJiaCOBaHHbBbIE IIOJCETKHU, CIIpaBa — HeCOI'JIaCOBaHHbBbIE ITOJCETKHU.

L -;:'._ C');’I Q;Z‘_ Q}:._ i’h Q;Z— —
2 1 0 3 4 2 1 '0 3 [4 |5 |6

Puc. 4. Iloctpoenne cerkn ), na unrepdeiice

,Z[I[H COIJTaCOBaHHBIX IIOJCETOK IIpEejIaracTCda B CETKY a)h BKJIIO9aThb Y3JIbI IIOJCETOK Qh +

u €, | nexamue na ¥ (Ha puc. 4 3TO BblJeJeHHbIE y3/bl). B cilydae HeCOrJacoBAHHBIX

IIOACETOK, €C/In CJIea0oBaThb 3TON 2Ke TEXHOJIOTUH, BO3HHUKACT BOIIPOC: Y3JIbI KaKOn IIOICETKH

BKJTIOYaTb B (0, — TycToii mim peakoii! OTBer Ha Hero Iajgd pPe3yJIbTaThl YHCICHHBIX

9KCIIEDIMEHTOB 110 DENIEHNIO 3aJavi, NPUBEIEHHON HIKEe B 1.3, KOTOPble IMOKA3aJM, UTO

JOCTaTOYHO BKJIIOYUTL B Cl)h Y3JIbI pe,HKOﬁ IIOJCETKH, TaK KaK BKJIIOYECHHE Y3JI0B I‘yCTOfI

MOJICETKY He YBEJIUYNBAET TOYHOCTH PACIETOB. ITO OOCTOSTETHCTBO TO3BOJISIET OOOWTUCH

MaJbIM UHCJIOM ypaBHEHHUit, ammpokcuMmupyomnx ypasuenne Ilyamkape—CreknioBa, d9TO

IIOJIOZKUTEJIBHO CKa3bIBaeTCd Ha BPEMEHU DEIIeHUs 3aJa4d B IE€JIOM.

(+) -)
d,

Oneparopamu  d,"’, ANIPOKCUMUPYIOIUME  HOPMaJibHble TIpou3BojHbe (5) B

ypaaennn Ilyankape—CTek/oBa, CIYKWIN TPEXTOUYEUHBIE CXEMbl BTOPOTO TOPSJIKA,
KOTODBbIe [[JIs1 COCEJHUX PABHOOTCTOSINUX C ImaraMu /A, , h_ y370B, ob6o3HadeHHBIX IHudpamn
0,1,2,u0, 3, 4, mmeror BUZ

(d(+)u ) _ 3(”h )o - 4(”}. )1 + (”h )z (d(—)u ) _

+

- 3(”h )0 + 4(”1. )3 - (”h )4 '
2h

IIpumenenne manubix GOPMYJI I CMEXKHBIX BHYTPEHHUX COTLJIACOBAHHBIX ITOJCETOK IIPHU

(8)

h,=h =h w©e BbBbBaer 3arpygHenuit. made o6CTOMT — Z€10, BO-TIEPBBIX, C

HECOTJIACOBAHHBIMU BHYTPEHHUMU TOJCETKAMY U, BO—BTOPBIX, C TPAHUIHBIMU TIO/ICETKAMU.
PacemorpuMm cmydait Hecor/iacoBaHHBIX BHYTPEHHUX TIOICETOK, M300PasKEHHBIN ClipaBa Ha

puc. 4. Henocpencrsennoe upumenenue dopmysn (8) mpuBogur K TOMYy, 4YTO OepyTcst

nepapuble marm: mar A, B mogcerke €Y, wm mar A B noxcerke £, | a Takxke

coorBercrBeHHO y37abl 0, 1, 2 u 0, 3, 4. HucjeHnubie 3KCIEPUMEHTDI, TPOBEJIEHHBIE C TAKOIA
aANIPOKCAMAITNENl TPOM3BOIHBIX-C PA3JINIHBIMU IMIaraMu, HE JaJH YJIOBJIETBOPUTEIHHOM
rounoctu (cM. Taba. 4 B m.3). Torga GbUIO PEIIEHO B3ATh P BHIYMCIEHUN TPOU3BOHBIX B

Qh,_ mar h, u y3uast 0, 4, 6, TO eCTb MPOBECTH PACYETHI IMPOU3BOJHBIX C OIHUAM H TEM K€

marom A, B pasubix mogobmacrax Y, w €2, _. B 3roM ciyuae TOYHOCTH pacUeToOB
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MOBBICUIACH, ITO TOKazaHo B Tabia. 4. ObbscHenme 3TOMy cieayiommee. HemocpemcTBeHHBIM

pa3siokenneM B psif Teittopa MOXKHO yOeIuThCs B TOM, UTO
+
u2(0)= (dy ), +7.(0),

IJie OCTaTOYHbIA YIeH 7, (0) paBeH
1(0)= Ju"(O)i + ().

3mech IWNTPUXM O3HAYAIOT IPOM3BOAHBLIC II0 HOPMAJIH, a h=max(h+,h_). Torma masa

pa3HoCTel TPOU3BOIHBIX CHPABEIJIUBBI COOTHOIIIEHUSA
£0)=u,0)-u2(0)= (a5 ), ~ (a5 ) 4502 =12+ 0.

Orciona caemyer, 9TO IPH PABHBLIX Mmarax /A, =/ pPa3sHOCTH MPOU3BOIHBIX MMeEET Ha MOPIOK

BbIIIIE€ TOIYHOCTDb, 9€M B CJIy1a€ HEPABHBIX IIaroB.

Ilepeiinem Temepb K PaCcCMOTPEHMIO IPAHMYHBIX IIOJCETOK. B pabore (1] y3ibl cetku @),

HA WHTepdeiice He MTOMBEPTATNCH MOAUMUKAINNA. ITO MOTJIO TPUBECTH K TOMY, UTO B
HPUTPAHUYHBIX y3/1ax uHTepdeiica ) Mexkay rpaHudHOil 1m0om06sacTbio G, U BHyTpeHHElH
nogobsacreio G Ha puc. 5, Hanpumep, B y3ie 1 npoussoguas (5) B ypasaenun Ilyankape—
Creki0Ba aNMPOKCHMUPOBAJIACH TI0 IBYM TOYKaM 1 m 3 ¢ mepBBIM TOPSAKOM TOIHOCTH. Kak
[IOKA3aJM YUCJEHHbIE 3SKCIEPUMEHTBI, TOr/[A U PpEeIIeHne WMEJIO IepBbiil mopsiaok. /Jlis
MOBBIINIEHUS TIOPsJIKA TOYHOCTH OBLIO IPEIJIOKEHO ITPOBOJUTH JIOKAJIBHYIO MOJANMDUKAIIAIO
y3710B uHTepdeiica IyTeM WuX CJABUTA BJOJIb KOODJMHATHBIX JIMHUW Ha TPAHUAILY, UYTO

oTpazkaercda Ha CMEXKHONH mnoncerke B momobmactu G, He ABILIOMEHCsS IPAHWYHONM (He

coziepzkarieil BuenHo rpaauity). To ectb y3en 1 npemjiaraercs CABUHYTb B TOUKY 3, TOT/A
B HeM yxKe He pemaerca ypasHenme Ilyankape—CrekyioBa, Tak Kak OH CTaHOBUTCS

rpanudHbIM. [Ipu 9TOM CTaBUTCH OrpaHWYEHUEe: CMEXKHBbIE IIOJICETKH, UMEIoIne UHTepdeiic

Y G-

[y
-

2 8

BOJIM3M BHEITHEH TI'paHUIBI JOJKHBI OBITH COIJIACOBAHHBIMH. Takas MOAMMUKAINAA, KaK
cileIyeT u3 Pe3yJbTaTOB UHNCIEHHBIX SKCIIEPUMEHTOB, IPHUBEICHHBIX HUXKE, IOBBIIIAET

IOPAIJOK TOYHOCTHU 1O BTOPOIO.

Puc. 5. Mojudukarusa y3m08 nunrepdeiica BOJIM3KM BHEITHENR TPAHUITHI

3. HucsieHHbIE 3KCIIEPUMEHTHI

OCHOBHBIM KpPHUTEPUEM OIECHKW KAYeCTBA TIOCTPOEHHBIX CETOK CJIYXKAT Ppe3yJIbTATHI
YUCJIEHHBIX JKCIIEPUMEHTOB 110 PEIIeHUIO CJEAyIomeld MOJeIbHON KpaeBoit 3amaun. B
MUIAHIPUYICCKOM KOHEHCATOPE, OTPAHUYCHHOM IBYMS KOHICHTPUYCCKUMU OKPYZKHOCTAMHU C

paguycamu R =01 m R,=1 c samammpiMm Ha Hux noTenmmagamu g(R)=1, g(R,)=2
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Tpebyercss pacCUMTaTh 3JIEKTPUYECKOe II0Jie, TO eCTh Haiitn pemienne 3ajaun (1). Ee
AHAJIMTUIECKOE DEIIEHNE eCTh

_1—1R2 "Ry
u(r)=In Al In Az . (9)
1

Yucmennoe pereHne JAHHON 3a7ad9d  TPOBOIUIOCH B JIBYMEDHOW TOCTAHOBKE B
JEKapTOBBIX KoopamHarax. llocTraHoBKa paccMaTpuBaeMoil 3aaadn BO Bceelr obsiactu ObLia
cleaHa € TEJIbI0 KOHTPOJIST CUMMETPUH CeTKH ¥ 3HadeHuil dyHkimu. CummMerpus ObLIa
MO/ITBEPIKIEHA IKCIEPUMEHTAJIBHO. KpoMe TOro, ¢ Te/bi0 BBISICHEHUS BJIMSHUAS YCIOBUS

Heitmana wa TO4YHOCTH JaHHAsd 3ajlada paCCMATpUBaJIach JJid 4YeTBepTH obJiacTw,

ou

orpannvenHoit uauAMI X =0 u y =0, Ha KOTOPBIX 3aaBAJIOCh ycyioBue cummerpun — =0 .
n

Pegynbrarhl 9mMCIEHHBIX SKCIEPUMEHTOB TIOKA3aJId, 9TO YCIOBHE CUMMETPUM HE OKA3LIBAET
CYIITECTBEHHOTO BJIMSHNUS HA TOTHOCTb.

[TocraBiennass BbIIIe 3amada  pelnajach KaK Ha  COTVIACOBAHHBIX, TakK © Ha
HECOTJIACOBAHHBIX KBA3UCTPYKTYPUPOBAHHBIX CETKaX. [Mpuanmmbr MTOCTPOEHU ST
HECOIJIACOBAHHBIX CEeTOK Obuin ciemyrommmu. Kak BugHo u3 (9), paccmarpuBaemas 3a1ada
nmeer ocobennoctb npu 7 —> (0. B cBf3uM ¢ 3TUM, B IPAHUYHBIX MOI00JACTAX, COJAEPIKAIIIX
I'PaHUIly C MEHBIINM paamycoM R,, cTpomsnch Gojiee TycTble HOACETKH, MMEIOIue Inar B 2
pa3a MeHbINU{, YeM Imar B OCTaJbHBIX TmOsobnacTax. Makpocerka u mojceTku ObLin
KBaJpaTHbIMU, uMeomue napamerper: N =N =N, n

1 1 2 2
IIOCETOK n)(c}{ = nﬂ =n,, n)(c ,Z = n;,z =N, — IJ19 HeCOIJIACOBAHHBIX HOJCeTOK. KoHKpeTHbIE

x.k = ny’k =Nn — OJ4 COIVIaCOBAaHHBIX

3HAYEHUS TIApPaMeTPOB IIPUBOJIATCS B HIRKecaemyomux tabnaunax. KpaeBas 3aada (1)
ATMPOKCUMIPOBAJIACH HA MSATUTOYEYHBIX ITA0JI0HAX B PEryJSPHBIX y3JaX U, B ODIIEM CIIy4ae,
Ha J€BATUTOYECTHDBIX mabIo0HaX B JIOKAJIBHO MO,ILI/I(I)I/IHI/IPOB&HHI)IX y3j1axX CO BTOPbBIM
IOPAAKOM  TOYHOCTH. B umciennbix KCIIEpUMEHTaX IIOJACYUTBhIBaJIaChb MaKCHUMaJIbHad
OTHOCHUTEJIbHAS TIOTPEITHOCTD & 110 (hOpMyJIe

£ = max By~ Wi _(uh)i’j .

i,jeQ, uij

(10)

Pacuersl mpoBOAMIMCH, TpPU HOMOIIM MaKeTa IMPUKJIIHBIX mnporpamm DPA-DD [16].
Kaxmasi cepusi YHC/IEHHBIX SKCIEPUMEHTOB ObLia HAIPABJIEHA HA PEIIEHUE KOHKPETHOIrO

BOIIPOCA, KOTOPOMY HUZKe IIOCBAIIAETCA OTHAEJIbHBIN ITyHKT.
3.1. HeobxoamMoCTh JIOKAJIBbHON MOAUMDUKAIIAN

Isi oTBeTa HA BOIPOC O HEOOXOIMMOCTHU JIOKAJIHHOM MOIUMUKAIUU ObLIH TPOBEIEHBI
SKCHEPUMEHTLI IO PEIICHUIO [OCTAaBJICHHOM BbIIIC MOICJIBHOM 3ajla4yv Ha pPaBHOMEPHON
KBaJPATHON ceTke (mpocreiimmii BapuaHT KBa3suCTPyKTypupoBaHHOH cerku). Cerka He
nojBeprajach Mojudukanuu. ['panudHbie yciaoBus Jupuxiie yUUTBHIBAJIUCH B TOYKAX
IIePEeCeYCHNA KOODJAMHATHBIX JIMHWUNA CEeTKW C TpPaHUIeid, 9TO IPUBOAWIO K HOABJICHUAIO
CETOYHBIX MIAOJIOHOB C HEPABHOMEDPHBIMHU ITATAMU.

PesysnbTaTsl pacueToB Ha pa3inyHbIX ceTkax npu R, = 0,1 npusenener B Tabmn. 1, rae &

— TIOrPENIHOCTh, BhluucaeHHas 110 (opmyte (10).

Tabauna 1

ITorpemHocTu & 6e3 JIOKAJIBHON MOIMMDUKAIIT
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Cerka | 32x32 | 64x64 | 128x128
& 1,66 0,85 0,48

W3 nannoit Tabuuipbl BUJIHO, YTO IOTPENIHOCTH JIMHEWHO, a He KBaJIPATUIHO, KaK
npejickasbiBaer Teopus [17|, yOblBaeT ¢ yMeHbIIEHMEM IIara CeTKd. llpudmHa 3TOro B
MOSIBJIEHUM 11a0JIOHOB C CUJIbHO HEPABHOMEDHBIMHU IIAraM#, OT KOTOPBIX HEOOXOIIMMO
n30aBJIATHCA. JTOTO MBI JOCTUTAEM TP TOMOIIN JIOKAJIHHON MOAMMUKAINN TPUTPAHUTHBIX

Y3JI0B.
3.2. YHucieHHbIe IKCIIEPpUMEHTBI Ha COIJIaCOBaHHBIX CeTKaxX

ITocraBnenHas Bblllle MeTOJMYECKas 3ajada peliajach Ha CONJIACOBAHHBIX CETKAX,
KOTOpPbBIE TOJIBEPrajiuCh JIOKAJIbHON MOAMMUKAIIMNA IO AJTOPUTMAM, W3JIOXKEHHBIM BBbIIIIE.
Pacuersl mpoBOM/INCH TIPU pa3/IMYHBIX mapamMerpax N #W N COOTBETCTBEHHO MAKpPOCETKU U
[OJICETOK, KOHKDETHBbIE 3HAYEHWs KOTOPBIX IPHUBEJEHbI B HIKEC/IeIytomux Tadbsumax. Ha
puc. 6 m3obpaxkena cerka jyis N =4, n=38§.

o e

-
e

e P

ot r

Puc. 6. CornacoBannas JIOKATBHO MOTUMPUITMPOBAHHAS CETKA BO BCeit 0bacTn

1 BOJIM3U TPAHUIIBI

Kpome smawenms R, =0,1, g1a BbldcHeHHA XapaKTepa BJINAHAA —OCOOEHHOCTH
IPOBOMIINCH pacdeTel Jiag R, = 0,2 . PesynbraTel pacdeToB NIpHUBEJEHb B TabJI. 2, IpUYEM

BEPXHHE TI0JICTPOKH cooTBeTcTBYI0T R, =0,1, a mmxnne — R, =0,2.

Tabaunma 2
IlorpemsocT & pacdyeToB HA COTJIACOBAHHBIX CETKAX

C PAa3JIMYHBIMU PaJUyCcaMU BHyTPEeHHEl OKPYKHOCTHU

n N 4 8 16
988E- | 1,59E- | 3,91E-02
8 01 01
2,13E-01 | 546E-02 | 1,24E-02
1,56E- | 3,51E-02 | 1,06E-02
16 01
4,97E-02 | 1,49E-02 | 4,84FE-03
32 3,52E-02 | 1,03E-02 | 3,29E-03
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1,45E-02 | 4,80E-03 | 1,36E-03
o 1,03E-02 | 3,27E-03 | 8,24F-04
4,88E-03 | 1,36E-03 | 3,86E-04

W3 tabj. 2 MOXKHO CHeIaTh CAEIYIONINEe BHIBOIHI.

1. TlorpermHocTh ¢ yMEHBIIEHUEM IIAra CETKU YMEHBIIAETCS MPUOJIU3UTETHHO KBaIPATHUIHO
(0COBGEHHO 3TO 3aMETHO Ha TYCTBIX CEeTKax), 9YTO IIOATBEPXKIAET BTOPOi IIOPSIOK
TOYHOCTH.

2. CpaBuenme pe3yabTaToB Taba. 2, TOJMYYEHHBIX C JIOKAJBHON MomamduKarmeir, ¢
pesysibraramMu Tabs. 1, MOJIydYeHHbIX 6e3 JIOKaibHOW Mojudukanuu (HaJZO CPaBHUBATDH
Taby. 1 ¢ BEpXHMMHU MOJCTPOKAMU IEPBOrO CToJibia Tabs. 2), TOBOPUT O TOM, YTO B
pesysibTare JIOKaJIbHONU Momudukaruu 3HaduTesbHo (or 1,6 1m0 14 pas) mnoBbicHIACH
TOYHOCTb PACUYETOB.

3. CpaBuenne pe3yJbTATOB PACIYETOB C PA3MUIHBIMUA PAJIUYCAMHU TOBOPUT O TOM, UTO TIPHU
yJlaJleHuu  OT OCODEHHOCTM, KaK U  CJIEOBAJIO TOYHOCTD

O2KNI1aTh, pacdeToB

YBEJINYINBACTCA.
3.3. PacueTpl Ha HecorJacoBaHHBIX CETKaX

Kaxk yxKe OTMEYaJIOCh, [IJId HECOI'JIaCOBaHHBIX CMEXKHbBIX IIOACETOK B CETKY a)h

BKJIFOYAIOTCA Y3JIbI PEIKON TOJACeTKH. 1orma Ha OdYepeaHoOM IMare peIreHnsd ypPaBHEHUA
IIyankape—CrekoBa IrpaHrYHble 3HAYEHUs (PYHKIUMU Ha HHTepdeiice I peleHns KpaeBoii
Oo/1334a9 HA CMEXKHOU TIYyCTOU IIOJICeTKE OIPEIedioTCd MHTEPIOJIAIECH. Brrun
PacCMOTpEHbI ABa METO/1a MHTEPIOJJIAINN: 1) CIUTAMHOBASA KyOMYIecKas WHTEPIIOJIAIIS [18] u
2) JIMHEHAasT MHTEPIOJISINAI, TO €CTh B JAHHOM CJIydae IMOJyCyMMa COCeIHMX 3HadeHwmit. s
IIEPBOTO BapPHUAHTA PE3YJIbTATHI PACUETOB IPUBEIEHBI B BEPXHHUX IOIACTPOKAX TabJ. 3, a s
BTOPOT'O — B  HIWXKHUX  IIOACTPOKAaX. Pacuerst  mpoBomminch  Ha  Pa3/IMUIHBIX
KBAa3UCTPYKTYPUPOBAHHBIX HECOIJIACOBAHHBIX CETKaX, IlapaMeTpbl KOTOPBIX YKa3aHbl B

HI2KECIEIYIOMINX TAaOIUIaxX

Tabauma 3
IlorpemsocT & pacdyeToB HA HECOTJIACOBAHHBIX CETKAaX

C PAa3/IMYHBIMH BapUaHTAMH HMHTEPIIOJIAIINN

IIOrPENTHOCTD JIMHEHHONW WHTEPHOJAIMA OKa3blBaeT HeraTUBHOE BJIUAHUE HA TOYHOCTH
peleHud,

[OTPEIIHOCTH CTAHOBUTCS aJIEKBATHBIM (COOJIIOIAETCS BTOPO#i TIOPSIIOK TOYHOCTH).

ni-na N 4 8 16

1,57E- 3,39E-02 | 1,05E-02

8-16 01
0,20 0,23 9,14E-02
16-39 3,51E-02 | 1,03E-02 | 3,31E-03
6,93E-02 | 8,84E-02 | 3,98E-02
39,64 1,03E-02 | 3,29E-03 | 8,31E-04
2,84E-02 | 3,90E-02 | 1,88E-02

CpaBHenne pe3yabTaToOB B TOACTPOKAX JaHHON Tabsure

a CIuTalfHOBad UHTEPIIOJIAINA 3HAYUTEJIbHO IIOBBIIIAET TOYHOCTD,
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CpaBHeHME PACcYeTOB Ha HECOIJIACOBAHHBIX ceTkKax (Tabia. 3) u  pacyeToB Ha
COTJIACOBAHHBIX ~ ceTKax (Taby. 2) [OKa3blBaeT XOpOIlee COBIAJEHUE pe3yJIbTaToB

(CpaBHHBAIOTCSI DE3yJIbTATBl BEPXHHUX IMOACTPOK HPH A =MH,). ITOT (HaKT TFOBOPHT O

IIpEUMyIIecTBaX KBAa3UCTPYKTYPUPOBAHHBIX HECOIJIACOBAHHBIX CETOK, KOTOpble CryIIaloTCd
TOJIKO B paiione ocobennocTu. /leiicTBUTEIbHO, COrJIACOBAHHBIE CETKH MMEIOT 3HAYUTEJIHHO
(moutu 1m0 4 pa3) OGosbliee YUCJO y3JI0B 1O CPABHEHWIO C COOTBETCTBYIONIUMHU
HECOTVIACOBAHHBIMM CETKAMU JJisi ODecliedeHnsl TOH K€ TOYHOCTH. 10 ecTh, COTJIaCOBAHHbBIE
CTPYKTYPUPOBAHHBIE CETKU COJEPXKAT JIUIITHUE Yy3JIbl, KOTOPblE HEOOXOJUMBI TOJBKO JIJis
MOJIJIEPYKKYM CTPYKTYPUPOBAHHOCTH, a i obecriedeHus TpedyeMoil TOYHOCTH JIOCTATOYHO
HCIOJIb30BaTh KBAa3UCTPYKTYPUPOBAHHbIE HECOIJIACOBAHHbBIE CETKU, COAepzKalllle 3HAaUYUTEJIbHO
MeHbIIlee YHUCJIO0 Y3JI0B.

B Ttabn. 4 npuBeneHnl pe3yabTAaTbl  pelIeHUs  33aJa4d € JIByMd BapHAHTaAMU
ANIPOKCUMAIIMU TIPOU3BOJIHBIX HA TPAHUIE COIPSI?KEHHsI HECOIJIACOBAHHBIX MOJICETOK: 1) ¢

OAMHAKOBBIMU Imaramu A, =h_, 2) ¢ pasnumunbivu maramu A, #h . B tabn. 4 npusemenst

3HAYEHUS] ITIOTPENTHOCTH Jijist 0OOMX BAapHAHTOB (BEpXHUE IIOJCTPOKM — IEPBBIi BapuaHT,
HUKHUE — BTOPOIA ).

13 pe3ynbTaToB JAaHHONW TaGIMIBI CJIELYET, YTO pPACYEThI C OJMHAKOBBIM IIIATOM JAlOT
6osee BBICOKYIO TOYHOCTH (OCODEHHO 9TO 3aMETHO HA TYCTBIX CETKAaX), YTO IIOJTBEPXKIACT

TEOPETUIECKHUI BBIBOJI, IPUBEIEHHBIN B II. 2.2 HACTOLAIINEH PabOThHI.

Tabauna 4
IlorpemsocT & pacdeToB Ha TPAHUIIE COTPSIZKEHUS

C PAa3/IMYHbIMHU BapUaHTAMM aIlIIIPOKCUMaIIUN ITPOU3BOIHBIX

ni-na N 4 8 16
8.16 1.57E-01 | 3.39E-02 | 1.05E-02
1.50E-01 | 4.68E-02 | 1.78E-02
16-32 3.51E-02 | 1.03E-02 | 3.31E-03
3.62E-02 | 1.77E-02 | 5.20E-03
39,64 1.03E-02 | 3.29E-03 | 8.31E-04
1.02E-02 | 5.28E-03 | 1.29E-03

3akJrroueHue

B pabore mpemjaraiorcsi HOBBIE CIIOCOOBI  [MOCTPOEHUS KBA3UCTPYKTYPUPOBAHHBIX
JIOKAJIbHO-MOTU(DUIIUPOBAHHBIX CETOK. Takue CeTKU OPHUEHTUPOBAHBI IMPEUMYIIECTBEHHO HA
perenue 3a/1a49 CUIbHOTOYHON JIEKTPOHUKYU C MHTEHCUBHBIMU ITyIKAMU 3aPAKEHHBIX YaCTHIL.
Hanapie 3a/aunm  XapaKTEPU3YIOTCH  CJIOXKHOM  KOHGUTypalumeil BHEITHUX TPAHUIl U
HEO/THOPOJHOCTBIO Tydka. Jljms ajamraruu CeToOK K BHEIIHWM TCpaHAliaM pa3padoTana
JIOKaJIbHas MOUMUKAIM, a aJIAlTAIMA CETOK K HEOIHOPOTHOCTSM IIy9YKa IIPOBOJUTCH IIyTEeM
PEryJIMPOBKU IUIOTHOCTH y3JIOB IOJCETOK B TO00acTax. KadyecTBO MOCTPOEHHBIX CETOK
[IPOBEPEHO Ha IIPUMepax PeieHrusl MOJIEeJIbHOM KPaeBoil 3a/1a4uu B 00JIACTH C KPUBOJIUHEHHBIMA
rpanuiiamMu. lIpoBesieHbl cepuu YHMCJIEHHBIX SKCIIEPUMEHTOB, KOTOPbIE IMOKA3aJd, dYTO
[IOTPEITHOCTD PEeIleHns yObIBA€T CO BTOPHIM MOPSJIKOM MpU JpPOOJIEHWM IIIara CETKU, B TO

BpeMs KaK pacyeThl 06e3 JIOKAJIHHON MOIUMUKAIINN JEMOHCTPUPYIOT TOJIBKO MEPBBIN MOPSIOK.
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WccnemoBanbl BOIPOCHI O BBIOOpE CETKWM Ha wuHTEepdeiice, TOIHOCTA WHTEPIOIAIAN U
anmporcumaruu  ypasuerus [lyankape—CTekyioBa mpm pacderax Ha HECOTJIACOBAHHBIX
ceTkax. lloka3aHO TpPENMyINECTBO KBa3WCTPYKTYPUPOBAHHBIX CETOK TIO0 CPABHEHWIO C
pacueTaMu Ha CTPYKTYPUPOBAHHBIX COTJIACOBAHHBIX CETKAX.

JlambHeiiliee  HampaBjeHWE — WCCAEIOBAHUI  CBA3AHO C  YJIyYIIEHWEM  KadecTBa
KBA3UCTPYKTYPUPOBAHHBIX CETOK IyTEM MMOCTPOEHUS CIEIUAIBHBIX TPEYTOJHHBIX TMO/ICETOK B

I'PaHUYIHBIX HO,ZLO6JI&CTHX, BKJ/IIOYAIOIIIMUX CETOYHbIC 9JICMCHTHBI C KpHBOHHHeﬁHbIMH CTOpOHaMM.

Paboma ewvimoanena npu @unancosot noddeporcke PODU (npoexm Ne 16-01-00168)
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New approaches to local modification quasistructured grids, which allow to track the inhomogeneous
boundary value problems in the computational domain and adaptable to curved boundaries, as well as easy to use
and does not require the storage of large amounts of data as required in unstructured grids are developed. Such
grids are proposed to use for the efficient simulation of a wide class of electro physical devices. It is experimentally
shown the need for a local modification of the rectangular grid in calculations in domains with curvilinear
boundary. The two-step algorithms for local modifications of considered quasistructured grids are developed. On
the first step modification of the near boundary nodes is carried out by the its shift along the normal to boundary
and on the second step the transformation of the grid elements that do not meet the quality criteria in a quality
grid elements is carried out. Special algorithms for such transformations, which do not violate the structuring
subgrids in subdomains are developed. Recommendations for the construction of grids on the interface of
subdomains that contain the uncoordinated grids have been done. Algorithms local modification of grids on the
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interface between the subdomains, one of which contains a segment of the computational domain boundaries, have
been developed. The series of numerical experiments on solving a model problem are carried out. The results of
numerical experiments showed the validity of the proposed approaches.
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electronics
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BBenenune

B Tewyenme mocnenmux  gecatuseTwit  HaOIIOMAETCH  SKCIOHEHITMAJIBHBIA — POCT
BBIUNCUTEIBHBIX ~ BO3MOXKHOCTeH OBM, 6maromaps dWeMy  BBICOKOITPOU3BOUTETHHBIE
BBIYMCJIEHUS CTAJIM Ba’KHON TEXHOJIOTUEHl NpHU IPOBEJIEHUM WCCIEIOBAHUN U pa3pabOTOK
Pa3BUTHIX TOCYJIAPCTB.

IIpu sTOM MOMHUMO CKOPOCTH BBIYUCJIEHUIN, BCE OOJIbIlIEE BHUMAHHE Y/IEJIAETCH TOYHOCTH
pPACIeTOB W HAJIEKHOCTH cymep-dBM, 9To CBA3aHO ¢ MOCTOSHHBIM YBEIUIEHUEM KOJUIECTBA,
BBIUUCIUTETbHBIX sinep. Hampumep, y Taihulight — smmepa cimcka Topb00 [1] 3a uionb
2016 roma nx Yrcao mpeBbICHIIO 10 MJTH. MTYK.

TpaaunmonHo JJisi pereHus MOJ0OHBIX 3a/1a4 UCIOJIB3YIOTCS BBIYUCIECHUS C TIJIABAIOIIECH
Toukoii mo craumapry IEEE-754 [2], KoTopslii obiasaer psiioM CyIIECTBEHHBIX HEIO0CTATKOB,

Crarbs pEKOMEHJOBaHA K IyOJUKAIMKA MPOTPAMMHBIM KOMHUTETOM MEXKIyHAPOTHON HAYIHOMN

koudepenrn «Ilapasuenbabie BeraucauTenbabe Texaonornn (I1aBT) 2017y.
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N.I1I. Ocunun

HAIPUMED, KPUTHIECKUE ONMMUOKN OKPYTJICHUS 3a9aCTYIO MPUBOIAT K HEBEPHBIM Pe3yIbTaTam
pacuIeTos.

C pyroit CTOpOHBI, B pACOpPOCTPAHEHHBIX HA PBIHKE TPOIMECCOpPAaX HUKAK He
3a/IeICTBOBAHO PACIAPAJLIEIUBAHNE CAMUX apPU(MOMETUIECKUX OMepalnii Ha YPOBHE CHUCTEMBI
cumcyiennsi. PacKpbiTHe 3TOro MOTeHIHMAa HeceT B cebe JIOMOJHUTENbHBIN TTOTEHIIHA
MOBBINIEHUST CKOPOCTU BBIYUCICHUIA.

CoBpeMeHHbIe 0TeIeCTBEHHBIE MUK POIIPOIIECCOPHI He JIUIIEHBI YITOMSHYTBIX 0COOEHHOCTE!,
IIpX 9TOM y HUX OTCYTCTBYyeT OJIOK BEKTOPHON OOpabOTKHU BEIECTBEHHBIX YHCEI. B CBA3M C
9TUM aKTyaJbHO co3manue IP-0ji0ka comporeccopa, IOMOJHAIOINIETO0 OCHOBHYIO CHCTEMY-Ha-
KPHUCTAJIJIE W PACIIUPSIIONIEr0 HAOOP KOMAHJ MATEMATHIECKUMY CKAJSIPHBIMA W BEKTOPHBIMHI
WHCTPYKIUAMHU.  lIpuMeHeHme  TAKOTO  COMPOTECCOpa  ODECTednT  JOTOTHUTETLHBIE
KOHKYPEHTHBIE TTPENMYIIECTBA KOMIIAHUSM Ha PbIHKE cyrmep-29BM.

B nmamnoit pabore paccMoTpeHa KOHIENIUsS camMocTosTeabHoro I[P-0stoka cucrembr-Ha-
KPHUCTAJIJIe, MO3BOJISIONIET0  MPOBOAWTH  MATEMATHYECKHE  PACYETHI C  HU3MEHEHUEM
TPAJUIIMOHHBIX T[PUHITUIOB BbraucjeHuii. IIponykT He wmMeeT HPSAMBIX AHAJOIOB 3a CYET
MPUMEHEHUS MOy JISPHO-JIOTapudMUIeckoit cucreMe canciaenus. COomporeccop sBsSeTCs
KOHKDETHON peasin3aliieil HAy9IHbIX U TEXHUYECKUX PEIIeHUll, IIPUBEJIEHHBIX B ODIEM BHJIE B
[3].

CraTbs CTPYKTypHpPOBaHa CJIEIYIONIM 0b6pa3oM. IlepBbiil pazmesn mocBsIeH 0OOBIEHUIO
PE3YJIbTATOB MCCJIEIOBaHUS aKTYaJbHOCTH JIAHHOW pa3paboTku. BTOpOoil COo/ep:KUT Ornucanue
6azoBoit TexHosioruu. B TperbeM NpuBEEHbI KOHKYPEHTHDBIE MPEUMYIIECTBA IPEII0KEHHOTO
COIIPOIlECCOpa U CIIEHAPWUM €ro BHeJpeHudA. B 3akjioueHun 000OIEHBI  PE3YJIbTATHI,

IIOJIY9E€HHbIE B XOJ€ JaHHOI'O IIPOEKTA.

1. UccaemoBanue akKTyaJIbHOCTU MOLYJITPHO-JIOTapUd MUYIECKUX

BbIYUCJICHU

BruicokonpousBoiuresibHble  BBIYACJIEHUS CTAJU OJHON M3 BAXKHEHIINX TEXHOJIOrUei
[IPOBEJIEHNs] WCCJIEOBAHUN W pPa3pabOTOK B 00JIACTA MOJIEJTMPOBAHUS KOCMOCA, KJIMMATA,
MaKpOMHUPa, MUKPOMHMDA M MHOIMX JIPYIuX. 1IpoBejieHHbIN aHau3 BbiaBuil [4], 4ro BCe OHU
nctoyib3yior dopmar mammaaoit apudmeruku IEEE-754. Ero mocrouncrBa u mHemocTaTku, a
TaK2Ke OCHOBHBIE CIIOCOOBI TIOBBIIIEHUS CKOPOCTH U HAJE2KHOCTU BBIYMCJIEHUI PACCMOTPEHBI B

JaHHOM HyHKTe.
1.1. CrnocoObl IIOBBIIIIEHNd TOYHOCTU BBLIUYMCJICHUN

IEEE 754 — mwmpoko pacupoCTpaHEHHBIH CTAaHJAPT, OMUCHIBAIONINI (OopMaT Yucesl C
IUIABAIOIEl TOYKOW, B KOTOPOM BEIIECTBEHHBIE YHCJA WPEJCTABJIIEHb B BHUJE 3HAKA,
[IOKA3aTeJIsl CTEIIEHN U MAHTUCCHI.

IIpeumytiecrso mannoro dopMara COCTOUT B CYHIECTBEHHO OOJIBINIEM Juara3one i 64-
OUTHBIX YHCEJl, KOTOPBIi COCTABJIAET MOPSIKA 10*®  smauenmit 1o CPABHEHUIO C
bUKCUPOBAHHON TOYKOIA (1019 sHavennii). OJHAKO eMy HPUCYIIU U CEPbe3HbIe HEJIOCTATKH,
cpeJu KOTOPBIX, HAIIPUMEDP, HAJIWYNE OKPYIJICHUH, BO3HUKAIONINX B XO/I€ BBIYUCJIEHHI, 9TO
[PUBOJIUT K HAPYIIEHUIO AJITeOPAMYECKUX CBONCTB KOMMYTATUBHOCTH U JUCTPUOYTUBHOCTH.
DTO TPUBOIUT K TOMY, UTO TPAUIMOHHBIE IMPOIECCOPHI 3aYaCTYIO BBIIAIOT ONTHOOYHBIH
pe3yJIbTaT BBIYUCJICHUI Ha CJIEYIONMX TUIAX 3a1a49 [4]:

—  IUIOXO OOYCJIOBJICHHBIE;
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— ¢ pazHOMACIITAOHBIMEA KOI(MDPUITMEHTAMT;
—  YyBCTBUTEJbHBIE K KJIACCY IKBUBAJEHTHBIX TTPEOOPA3OBAHMIIA.

g ux BepHOTO perniennsi TPeOYIOTCS BRICOKOTOYHBIE BBIYHC/ICHUSI, OCHOBAHHBIEC HA!:
—  TPOTPAMMHBIX MOIXOAX;

—  IOBBIIIEHUH Pa3PsIHOCTH 06pabaThiBaeMbIX BelleCTBEHHBIX ducesi (512 6ut u Gosee);
—  BbluncjeHusx B yorapudmudeckoit cucreme cuucienus (JICC).

[TepBbie mBa TOAXOMA  SIBASIOTCS TPAJUIMOHHBIMEU. Tak:kKe BO3MOYKHO BBITIOJTHEHNE
apudMeTHIecKUX olepanuii ¢ apobsmu 6e3 OKpyryieHus pesyibrara (makersr Wolfram
Mathematica, MatLab wu ap.) [4]. Wx peasusanuss B COBPEMEHHBIX IIPOIECCOPAX
COTTPOBOKTAETCST YBEIUICHINEM BPEMEHHBIX 3aTPAT M3-38 WX AJTOPUTMUIECKON CIIOXKHOCTHA U
OTCYTCTBUsI AINMAPATHON TMOJMJIEP:KKA B  MPOIECCOPAX, YTO SBJISAETCS CyIIECTBEHHBIM
HETOCTATKOM.

Tperuit BapuanT siBJIsieTcs nepcrekTuBHON ajbrepHaTuBoit dopmary IEEE-754, Tak kak
B JICC Her BhIpaBHUBaAHUI MOPSTKOB. BenecTBeHHOE YUCIO ¢ TIPEICTABIEHO B HEl JBOMIHBIM
norapudmom L(a) ero abcosoTHON BEJIMYINHBL ¥ 3HAKOM S.

[Tpeobpazosanne uncia uz dopmara IEEE-754 8 JICC npoucxoaut cieayrommumM 06pa3om
(puc.1):

—  3HaK S mepenuceBaeTcsa 6€3 N3MEHEHNIH;
—  xapakTepucTuka umncia F cramosurcd menoit gacreio uncia B JICC, T.k. 10g2(2E):E;
—  BBIUMCISAETCS JIOTApuUdpM MAHTHUCCHI M, KOTODBIH ABIseTCs ApOOHON YACTHIO UHCTA B

JICC.

ObpatHoe Tpeobpa30BaHWe BBITIOJHAETCS AHAJOTWYHO, HO Ha IOCTETHEM ITale

BBIYUCJISAETCH aHTUIOrapU@M JIPOOHON YaCTU JOrapudMUIECKOTO TUCIIA.

63 62 52 51 0
| 3Hak S | Xapaxrepuctaka £ | ManTtucca M |
Yucno ¢ miasatomeit Toukoit (popmat IEEE-754)

63 62 52 51 0
| 3nak S | Llenas yactp | HpoGHas yacTb |
Yucno B 1orapu()MUUCCKON CUCTEME CUHCIICHUS

Puc. 1. [IpeobpazoBanue uncia asoiiroit Touroctu ¢popmara IEEE-754 8 JICC

Bazknoit ocoberroctbio JICC apisieTcst yIpoIneHue BBITOJTHEHNST CJIEIYIONTNX OTIEPATTHIA:

—  YMHOX>KEHUE 3aMEHSIETCs CJI0KEHUEM;

—  JIeJIEHUE 3aMEHsIeTCH BbIYUTAHUEM;

—  BO3BEJICHUE B CTEMEHDb 3aMEHSIETCS YMHOXKEHUEM;
—  W3BJIeYEHUE KODHS 3aMEHSETCs JIeJIEHUEM.

JlarHoe TpenMyIecTBO, MPOJUKTOBAHHOE CBOMCTBaMHU JIOrapudMOB, MO3BOJIUT MOBBICUTH
OBICTPOJIEIICTBUE IIPEJJIOKEHHOI'O COIPOIECCOpa Ha KJlacce 3ajad, Tr7e 1peobJiaiaior
yunomsHyTble omeparmn. OMHAKO 3a 9TO NIPHUXOJINATCH PACIUIAYMBATLCH 0O0JIee  CIIOYKHBIM
BBIITOJTHEHNEM OIIEPAIMil CJIOXKEeHNEe W BblunTaHue. Hampumep, cI0:KeHUE MOXKHO OIPEETUTh
caenyioneit popmyioii:

log, (a +b)=log, a+log, (1+2"°=""=%), (1)
rie ¢ — HauMeHbIIHN omnepans, b — Haumbosbmuit onepann. V3 dopmyabl BHIHO, YTO
CJIO2KEHUE COCTOUT U3 ITOCJIEIOBATEILHOCTH CJIEIYIONUX TPe00Pa30BaHuil:

—  BBIUMCIeHHe aHTHIOTaprdMa pasuoctu ancea B JICC;
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— npubaBjeHne 4ncia 1 K JAHHOMY aHTHJIOrapudMy;
—  BBIUMCIEHHE JorapudMa OT HAWJIEHHOTO THUCIa HA TPEIBIIYINEM Iare;
—  CyMMWpOBaHWE JOrapudmMa ¢ HAMMEHBIITNM W3 OMEPAH/IOB.

ITockombKy TOUKa, ormensiomas eayo dactb uncia B JICC or mpobHOil, sIBiIseTcs
bUKCHPOBAHHOW, TO BLIPDABHUBAHWE MOPSAJAKOB HE TPeOyeTcs, 4UTO $BJSETCA KJIIOUEBBIM
PEUMYIIECTBOM 110 CPABHEHUIO C ILJIABAIONIEI TOYKOIA.

OcuoBororaratormuit  Bkaaa B udydenme JICC  Buecsim  yuensre Jx. Koymman
(J. Coleman), M. Apuosg (M. Arnold), E. Hecrep (E. Chester), . JIstouc (D. Lewis) [3, 4].
Oamako, HeCMOTpsS Ha JIOCTATOYHO OOIMIMPHBIN 00bEM MPOBEJIEHHBIX HCCIEIOBAHMUIH,
3aKOHYEHHBIX TEXHUIECKUX pPeaU3aluil Ha CeTOIHSIIHWN JeHb HECKOJbKOo. OmHON M3 HuX
siysieTcst Jiorapudmuaeckuii poneccop European Logarithmic Microprocessor (ELM) [5],
KOTOpbIit mMeer 32-paspsiauyio RISC  apxmrekTypy. OmHAKO OCTAeTCS MAJOU3YIEHHBIM
BOIIPOC WCITOJIL30BaHUSA paspsamuoctn gaHHbix B JICC cBbime 32 6ur. D10 CBI3aHO C
9KCTIIOHEHITHAIBHO BO3PACTAIONIMME AMTAPATHBIMY 3aTpaTaMi Ha MpeoOpa3oBaHme KOJIOB U3
dopmara TEEE-754 B JICC u obparHo, a TakyKe PEATU3aInio OMEPAINA CYMMUPOBAHUSI, UTO
SIBJISIETCS HEJIOCTATKOM JIAHHON CHCTEMBI CUMCIIEHUS.

Ommcanmble B 1. 2.1 TEeXHWYECKWE PEIIEHNs, OCHOBAHHBIE HA MPOBEICHHOM aBTOPOM
WCCJIEIOBAHNN, TIO3BOJAIOT CIJIAIATH JTAHHBIM HEJIOCTATOK 3a CYeT HUCIOJb30BaHUs OoJtee
BBICOKOTO TIOPSIIKA WHTEPIIOJSAINN, MTPUMEHSIEMOT0 TIPW TPeoOpa30BaHUM KOIOB, B UeM
3aKJII0YAETCH OTJIMYME OT PacCMOTpeHHOro Jiorapudmmudeckoro mporeccopa ELM. Kpowme
TOTO, OTJIMIUEM SIBJISETCS JIOTIOJIHUTENbHBIM YPOBEHb KOJIUPOBAHUSA JAHHBIX B CHCTEME

OCTaTOYHBIX KJIACCOB. Ke 0COOEHHOCTH NIPUBEIEHBI JAJee.
1.2. CnocoObI MOBBINIEHUS CKOPOCTU BbIYMCJIEHUA

Ha cerognsamuunii jienp HanboJiee pacIpPOCTPAHEHBI CJIEAYIONIME IIyTH IIOBBINIEHUS
OBICTPOIEHCTBUSI:

—  yBeJIWYEHWE YWCJIa BBIYUCIUTENHHBIX siaep B cocTaBe cymep-9BM, a Takke MOBBITIEHNE
9acTOTHl TPOIECcOpa (HANPUMED, 3a CYeT yMEHBINEHUs pPa3MepPOB TPAH3UCTOpPA HPU
coznannu CBIC);

—  yBeJUYEHWE KOJUYIECTBA KOMAH/I, BBINOJHAEMbIX 32 TAKT, HAIIPUMED, C IOMOIIBIO
HIUPOKOI0 KOMAHHOTO CJI0Ba B mpoieccopax ubdpyc AO «MIICT» (mo 26 onepanumit 3a
TaKT) WM BEKTOPHBIX Ollepalnii (zgo 8 KOMaHH JBOMHOI TOYHOCTH 3a TakKT B
comporieccope Intel AVX);

—  COBEPIIEHCTBOBAHUE AaJIFOPUTMOB IIPOTPAMM, HAIPUMED, 3a CYET pACIapaJlIeJINBaHUs
BbIYCJICHU.

IIpu sTOM MEPCIIEKTUBHBIM PE3EPBOM IOBBINIEHUS TPOU3BOIUTETBHOCTH SJ/IPa IIPOIECCOPA
ABJISIETCH PACIAPAJIICIMBAHIE BBITIOJHEHUA CAMHUX APU(PMETUIECKUX OIEPAIUil Ha YPOBHE
paspsI0B cucTeMbl cuncyierns. B nosunuonnoit cucreme cuncienns (IICC), va 6a3e KOTOPOIiA
DYHKITMOHUPYET TOIABJSIONEE OOJBINMMHCTBO U3BECTHBIX IMPOIECCOPOB, 3TOMY IPEHATCTBYET
[I0CJ/IEI0BATEIbHOE PACIPOCTPAHEHUE €JIMHUIL IepeHoca. 1 pajuiinoOHHOe pelleHne KPOeTcs B
WCIIOJTb30BAHUY  BBIYUCJUTEJILHOTO KOHBeliepa, OJHAKO, €ero ammnapaTHas CJI0YXKHOCTD
3HAYUTENHHO BO3PACTAET IO MEPE YBEJIUYEHUS YUCJIA CTYIEHEH, a MOJIOXKUTEeTbHbINH 3ddekT
JIOCTV2KUM JIUIIb [IPA HEIPEPBIBHOM MOTOKE MCXOIHBIX JTAHHBIX.

Ilepcriek TuBHON aJIbTEPHATUBON ABJISAETCS MOJMIYJIAPHASA CUCTEMa CUYUCIEHUs, WIH, IO-

npyromy, cucreMa ocrarounbix KiaaccoB (COK), riae Borancsenusi HaJ| KaxK1oii mudpoit aucia
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u3 Gasuca OCHOBaHWN {p1,p2,...,Pn} OCYIIECTBIIAIOTCS HE3ABUCUMO JPYr OT Jpyra, rje n —
KOJIMYECTBO OCTATKOB.

ITycts COK cocroutr w3 aByx ocHoBauuit {pi1=5, p»>=7}. Jluana3oHn dmces OrpaHuyeH
npousBesienneM MoiyJseil. IIpeobpazyem dmciia — HalijieM OCTATKUA OT JEJ€HUS HA P1 U P2,
HampuMmep, Koprex {2,3} sBisercs yHUKaJIbHBIM NpejcTaBienueM qucia 17. Ocrarku,
obJiajiast CyIIeCTBEHHO MEHbINeH pa3psIHOCTHIO, MOTYT CyMMHUPOBATBHCH, JIMOO yMHOYXKATHCSH
apaJlIeIbHO:

17,6 = {2 0453 moar }
10,5 = 10,0453 007}
2719 = {21005 Omoar (2)

[Ipemmoxkennble Texumdeckne pernenns Ha 6aze COK mcmonb3yioTcst B OCHOBHOM JIJTst
1ndpoBoit 06pabOTKM CUTHAJIOB, TaK KaK IPUMEHEHUE TIJIABAIOINIEH TOYKH 3aTPYTHEHO BBUILY
CJIOXKHOW peasim3aluu jejenus na crenenu unciaa 2. Hayunsie paborsr H.M. Yepssakosa,
N.4. Axymckoro, A. Cacaku (A. Sasaki), I'. T'apuep (H. Garner), A. Omonan (A. Omondi)
[5, 6] moCBAIIEHBI JAHHOMY HAIIPABJICHUIO.

W3BecTHbINE MOLYJISPHBIN IIPOIECCOD OOINEro HasHavyeHus, (PYHKIMOHUPYIOMMi Ha 06a3e
HCKYCCTBEHHBIX Helipocereii, Obu1 paspaboran B Crasponose B 2005 r. [7]. Onmako
HEJIOCTATOYHOE BHUMAaHWE B HAay4YHbIX paboTax yAejJeHO BO3MOXKHOCTH COBMECTHOIO
ncnonb3oBannss  mpemmyntectB COK wmw JICC, B wemM cOCTOMT KJIIOUYEBOE  OTJINYINE

[IPEJIJIOYKEHHOTO COIIPOIIECCOPA.
1.3. Cmocob6bl HOBBIIIIEHUSA HAJEXKHOCTH BBIYMCJICHUMN

OHOBpEMEHHO € TEHJEHIWEH IKCIOHEHIINATBHOTO POCTA MPOM3BOIUTEILHOCTH CyTIep-
9BM, Bce 60BITyI0 BayKHOCTH TPHOOpeTaeT GE30MMO0YHOCTh BBIYUCIEHUN, TaK KaK JIayKe
OJIMHOYHAs OIMMUOKA MOXKET HPUBECTU K HEBEPHOMY pDE3YJ/IbTATY MHOIOJHEBHBIX DPACYETOB.
BepositTHOCTE BO3HMKHOBEHHs TAKWX OIMMOOK YBEJUYUBAETCHA IIPOIOPIUOHAJIBLHO YHUCITY
BBIYUCJIUTENILHBIX sijiep. VIX mosiBJIeHWE TpPU COTHAX TBHICAY $JeP CTAHOBUTCH JIOCTATOYHO
YACTBIM SIBJICHUEM.

Kpome Toro, cyimecrByer MHOXKECTBO 3aja4, IJ€ IIOMUMO CKOPOCTUA BBIYUCJIEHMUIA,
HEOOXOMMMa  OTKA30yCTONYMBOCTEL ammaparypbl. Cpenm HAX CHCTeMbl, paboTamomne B
peasibHoM BpeMenu. Bce ux ob6beuHAET TO, YTO MIPOIECC CUETa He JIOJIKEH IMPEPhIBATHCH HU
npu Kakux obcrosresibcTBax. Ha ceromusimauii JIeHb 3TO JOCTUTAETCsi C  IIOMOIIBIO
CJIEJTYIOITUX CPEJICTB:

—  pe3epBUPOBAHNE HA YPOBHE KOMIIOHEHT CHUCTEMBI;
—  nyOsiMpoBaHUE UM TPOMPOBAHUE BHIYUCIECHUIL;
—  mporpaMmHas 00pabOTKa MCKIIOUUTEHLHBIX CUTYAIWA U T.1II.

Hemocrarok mepednciieHHBIX TOJXOJI0B COCTOUT B TOM, YTO YacThb ODOOPYIOBAHUS
[IPOCTAMBAET, OO JIybsmpyer paboTy, BIUIOTH JI0 MOMEHTA OTKA3a OJIHOI'O M3 KOMIIOHEHTOB
cucreMbl. Kpome TOro, NUPUMEHSIOTCH KOPPEKTUPYIOIINE KOJIbl, HAIPUMEDP, KOHTPOJIb
YETHOCTH PEruCTPOB IIPOIECCOPA, HO OHU MOTYT OOHAPYKUTH JIUIIb OIMIUOKY, BOZHUKIIIYIO [IPU
YTEHUN/3aIMCH TIAMATU W He MPUCIOCOOJIEHBI JJisi BBISIBICHUS ONIMOOK, MOSIBUBIIUXCS B
apudMeTHIECKOM yCTPOCTBE.

WNnave obcrouT €710 TPU HUCIHOJH30BAHUM CHCTEMBI OCTATOYHBIX KJIACCOB, KOTOpAs,
[IOMUMO I[IOTEHIIMAJIA €CTECTBEHHOIO TAapAaJIJIeJIu3Ma, BBIYUCJIEHUI, O0JIaIaeT CpPeJICcTBaMu

IIOBBIIIICHUA HAIC2KHOCTHU BBIUNCJIEHUIA Ha yYpoBHE CHCTEMblI CYHNCJICHUA. HpI/I 9TOM
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HCTIOJIb3YETCS eWHBIN TTOMEXOYCTONYIUBBIN KO st OOHAPYKEHMST OIMMOOK, BO3HUKAIOITIX
npu obpaboTke mHGOPMAIMKA B apUPMETHIECKOM yCTPOWCTBE W IMepejade ee MO KaHaJIaM
CBSI3M.

B stoMm caywae mosHBIN amama3oH IpeacTaBieHust 4duncesn P genawnrcd Ha pabounii
auana3on P, m3 n Mmomynaeit u KOHTpoabHbI P n3 k momyneit. Jlamable HA3BAHWs yCJIOBHBI,
TaK KaK MOJIYJM COBEPIIEeHHO paBHONpPaBHBI. IIpm BbIIOSHEHWEH J1000 apudmMeTrndeckoit
omepanyy HaJ, JBYMs UYHCIAMHU W3 PabOUIEro IUaIa30Ha pe3yJIbTAT TaK¥Ke MTPUHAJIEIKUAT
9TOMY Auamna3oHy Pp, B TPOTUBHOM CjIydae mOpou3onuia omudka. IlompobHee aJsiropurM
omucan B |5, 7| oreuecrBennbiMu ydenbiMu WM. Axymckum, M.A. Kanmbikosbim, H.IL.

T‘IepBHKOBbIM, KOTOPbIE BHECJIN 3HAYNUTEIbHBINI BKJIaJ B pa3BUTHE JaHHOI'O HaIllpaBJICHUA.

2. Omnucanmne 6a30BOII TEXHOJIOTUU

B ranHOM TIyHKTE TIPUBEIEHO OMWMCAHHUE TMPEIJIOKEHHON MOIYJISPHO-TOTaPHMMUAICCKOMH
CUCTEMBI CUMCJIEHUS W TEXHUIECKUX PEIIeHUI COMPOIEccopa, Pean3yonnX apuOMETIIeCKIue
omeparuu Ha ee base.

OukcupoBantas Touka B JICC mo3Bosister paboTaTh € BEIMECTBEHHBIM OTEPAHIOM, KaK C
MEJIBIM TUCJIOM, 9TO TO3BOJISIET BBECTHU CJeayommit ypoBenb mpeobpaszoBanma — B COK,
obpa3ysl NpH ITOM HOBYIO MOJLyJisipHO-jiorapudmudaeckyio cucremy cuucienus (MJICC),
00bEUHSIONIYIO TIPEuMyIecTBa oboux cucreM. Ilo KosimdecTBY pa3psiioB popMaT YUCTIA B
MJICC wmoxer conamath ¢ gopmarom IEEE-T54, obecnieumBasi 9KBUBAJIEHTHBIN THATA30H
MPEICTABJIEHNsT BEIECTBEHHBIX YNCEsI, HATIPUMED, JBONHYIO TOYHOCTDH TP UCHOJIb30Bannn 64
pPa3psIoB.

Ipennaraemsrii  wadop P—={pi=2""-1, ps=2'""1, p3=2'", p=2"+1} oBecneumpaer
MuHUMaJIbHOE cHrKenne (mopsiika 0,003%) nuanasona npencrasienusi 63 pas3psHOrO 9uCsa
(64-it orBesien noj1 3HAK). BbIOpaHHbIE OCHOBAHUS BBINOJIHSIIOT yCIOBUE B3AUMHON IIPOCTOTHI U
MO3BOJIIIOT yIpocTuTh mpeobpazoanme koo m3 1ICC B COK wm obparwo, Giaromaps
Moty iam Buga 2"'+1, rae n — paspsiiHocTh Moy 7).

[Tpsimoe nipeo6paszosanue n3 IEEE-754 8 MJICC npoucxoaur B nBa srana (puc. 2):

—  XapaKTEepUCTUKa HCXOJHOI'O 4YHUCJIa C IIJIABAIOIIEd TOYKOM CTAHOBUTCH IEJIO0U YacCTbIOo
jorapudMa, OJHOBPEMEHHO C STUM BBIYUCISETCS JIOTAPUMM TI0 OCHOBAHWIO JBA OT
MAaHTHCCHI UCXOHOTO UUCTIA, PA3Ps]] 3HAKA He U3MEHSEeTCS; TOUKA, OTIACTSIONast MeTyio
YaCTh BBIYUCJIEHHOTO Jiorapudma or JIpobHOi, 0TOpachIBaeTCS;

— BBITUCJIAIOTCA OCTATKMU OT HEJICHHA IIOJIYYEHHOT'O IIEJIOrO 4YHCJia Ha OCHOBAaHUA COK.

63 62 52 51 0
| 3Hak S | enas vacte | HpoOHas gacTh |
Yucio B norapupMuUIecKoil CHCTEME CUHUCIICHUS

63 62 48 47 32 31 16 15 0
| 3HaKS| mod(2'3-1) | mod(2'6-1) | mod(21¢) | mod(2!6+1) |
Yuco B MOYJISPHO-IOrapU(PMUYECKON CHCTEME CUNCIICHHST

Puc. 2. [IpeobpazoBanmue uncia asoituoit Tounoctu n3 JICC 8 MJICC

[Tpeobpazosanne nz3 MJICC B dopmar IEEE-754 mpoxoant B 06paTHO MOCTE10BATETHLHOCTH:
— 10 U3BECTHBIM OCTATKAM BBIYUC/ISETCS MMO3UIMOHHOE IpeCcTaB/ienre jJorapudma; To4dKa,

OTEJISIONIAs IIEIYI0 9acTh OT APOOHOM, BOCCTAHABINBAETCS HA MPEXKHEH MO3UIINN;

2017, T. 6, Ne 2 27



MonynspHo-jiorapudMUYecKUil CONPOIECCOP JJisi MACCOBBIX apuPMeTUIECKUX...

—  Bbluncisiercd aHtmwiorapudm JpobHON dwacTh (MaHTHCCA), Nedas 9acTb CTAHOBUTCS
MOPSITKOM MICKOMOTO 9IUC/IA C TIIABAIOIIEH TOYKOM, pa3psi ] 3HaKa HE M3MEHSIETCS.

Crenyer yYuTBIBATH, 9TO TpPH OJAWHAKOBOM umcie asomdHbix paszpsanos 1ICC um COK,
JUAIa30H MpeacTaBiennsa ducen P mociiemgueit OyaeT MeHbIe, TaK Kak B OOIEM CJydae -
paspsIHBI MOAYJIbL uHCIa MeHbIle deM 2" 9uces, KOJUPYEMBIX TeM »Ke KOJHYeCTBOM
paspsamos [ICC. B cBsasu ¢ atum BuiGOop Habopa ocuoBammit COK aBjsgeTcs mepBoCTeNeHHOM
3a1a9€li.

ITepeson, umcen w3 IEEE-754 B MJICC w o0paTHO OCyIIECTBISIETCA B TIPEIIATA€MOM

COTIPOIIECCOPE C TTOMOIIBIO TTPeodPa30BaTEIsT KOIO0B, PACCMOTPEHHOIO JaJiee.
2.1. IIpeobGpa3oBaTesib KOJ/JIOB

[Tepsorit sTtan kommpoBammsa [wmcia B MJICC cocromT B BbIUMCIEHWHN Jorapudma
MAaHTHUCCHI, KOTODasi NPUHUMAET 3Ha4YeHUsi Ha wuHTepBajsie or 1 no 2. B wu3BecTHBIX
TEXHUYECKUX penienusax |3, 4| ucnonb3oBana JiMHEHHAST MHTEPIOJANMS C JIONOJHATEIHHON
KOppeKImeil OIMOKM, YTO TO3BOJIMJIO ODONTHCH OTHOCUTEIHHO MAJBIMU AallapaTHBIMA
3aTpaTamu, obecrednBast MOIPEITHOCTh IPeoOpa30BaHUs TOPSIKA E:10'77 JAOCTATOYHYIO IPH
BBIYMCJIEHUSX C OJMHAPHON TOYHOCTHIO, HO COBEPIIEHHO HE€ JOCTATOYHYIO LIS
1peo0pa30BaHUs YUCEST JBORHON TOYHOCTH.

YHUKAJBHOCTh TPEJJIOKEHHOTO PEIeHUs] COCTOUT B IPUMEHEHUU KBaJPATUIHOMN
MHTEPIOJIANNHN C JIMHEHHOW WHTEPIOJIANNell OMMOKN KaXKI0r0 MOUHTEPBAJIA, YTO TIO3BOJISAET
o0ecneynTh TOTPENIHOCTh  IPeoOpa30BaHMUSA  IMTOPSIKA E:10'16, 9TO AOCTATOYHO IIpHI
BBIYUCJIEHUSX C JIBOWHON TOYHOCTHIO. TakuM 0O6pa3oM, jiorapudM y MAHTUCCHI T BHIYUCJIAETCS
o cJiejtyioneit popmyire:

y=a-x* +b-x+c+(al-xI+bl)-maxerr, (3)

rJe a, b, ¢ — KOHCTAHTHI UHTEPIOJIAINA UHTEPBAJIA, KOTOPOMY IIPUHAJJIEKUT T
al — wurajiue 32 paspsijia MaHTHUCCHI, OIPE/IEIIAIOINIIE IO UHTEPBAT;
al, bl, maxerr — KOHCTAHTBI MHTEPIIOJISIUN OIMTUOKYU ITOJIUHTEPBAIA.

Texuuyeckoe pereHre, peaju3yoliee PacCMOTPEHHOE ITPeoOpa30BaHUE B alaparype,
obJrajlaeT mapaJijieu3MOM KOHBEHEPHOrO THUIA U COCTOUT U3 CYMMATOPOB U YMHOXKUTEJIEH.
Ero mpumeneHue 1O3BOJUT YMEHBIIUTH OMMOKY WHTEPHOJANMUA B MujLimaps pas (c 107 no
10’16) II0 CPAaBHEHMIO C U3BECTHBIM pEIIEHUEM, OIEPUPYIOIIEM OJIMHAPHOU TOYHOCTHIO IIPU
[IOBBIINIEHUN AIMIAPATHBIX 3aTpaT B 8 pa3.

Bropoit stan koguposanusa uncia B MJICC cocTouT B BBIYUCIEHUN OCTATKOB OT JIEJEHUST
JjiorapupMudeckKoro mpeacTaBienus uucia Ha ocHoBamumg COK. Bmaromaps croerumaabaHO
BLIOPAHHBIM OCHOBAHMSM, HAXOJAMIUMCS BOIM3M uncia 2", BBIYUCIEHHe OCTATKOB IPOUCXOIUT
C TIOMOIIBI0 CYMMATOPOB, Pa3psAIHOCTb KOTOPBIX He MpeBbimaer 16 OUT, 9TO 3HAYUTETHHO
COKDATHUT AINIAPATHBIE 3aTPATHI JIAHHOTO GJIOKA 110 CPABHEHUIO ¢ U3BECTHBIME perneHusMu [5].

[Tomumo ocuoBHOM dyHKIME TpeobpaszoBanmsa kKomaoB n3 ¢opmara IEEE-754 8 MJICC u
obpaTHO, anmnaparTHbiii TpeobpPa30BaATEIb KOJOB BBIIOJIHSIET CJIEIYIOIINE OIEPAIIAN:

—  BBIYHCJIEHWE T[IO3UIUOHHONW XaPAKTEPUCTUKHU MOJYJISPHOTO HYUCTA, 9YTO HEOOXOIUMO,
HAIIPUMED, TPU CPABHEHUU YHUCE, OOHAPYKEHUU IIEPEIOJIHEHUsI Pa3PAIHON CEeTKU u
MAIITUHHOTO HYJIS;

—  MOJYJISPHO-JIOrapuMUIECKOe CJI0XKEHUE U BIYUTAHUE BEIECTBEHHBIX YHUCE.

OcrabHble apudMeTHIecKue OTepalIiii MPOM3BOISATCS B BHIYUCTUTETHHOM SIIpE.
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2.2. BpruuciauresbHOE sIIPO

Kaxkmoe Bb{amcIuTeIbHOE SIIPO COMPOIIECCOPA  BEIET HE3ABUCAMYIO O0OOpPabOTKY 10
onpemenerromy momayaio COK. Tlpm sTom omeparmn yMHOXKEHWeE, TeJ€HNEe W BO3BEIEHUE B
CTETeHb BBITIOIHIIOTCS B BEKTOPHOM WJIN CKAJISPHOM BHUIIE.

B ofmem ciyuae ginMHA BEKTOpa OTpaHWYEHa JIUIIL ANMAPATHBIMUA 3aTpaTaMu |
CKOPOCTBIO BBIOODKU JIAHHBIX. Hampumep, B pacCMOTPEHHOM BAPHUAHTE COMPOIECCOPa BEKTOP
“MeeT pa3paIHOCTb 128 OuT, YTO COCTaBJdgeT & YIAKOBAHHBIX B CTPOKY OCTaTKOB,
npuHaieskamux pasabiM gnciaam B MJICC. [lamubiit BHIGOD OOYCIOBIECH COOTHECEHUEM C
BeKTOpaMmu, obpabaTbiBaeMbiMu paciupenneM Intel AVX2, B KOTopoMm 3a OuH TaKT pabOThHI
BBITIOJIHAETCS OTEPAIAA CPA3y HAJ, 8 YUCJIAMU.

g obpaboTKM BEKTOPOB B  BBIYUCIUTEIBHOM  sSAPE  MPELyCMOTPEHO  BOCEMb
16-pa3psagHbIX CyMMAaTOPOB M CTOJIBKO K€ YMHOXKUTEJIEH. YCTPOUCTBO pabOTaeT CJIeIYIOIIIM
obpazom. Kaxkplif TaKT M3 KIIMI-TIAMSITH Ha 00pabOTKY MOCTYHAIOT JIBa UCXOTHBIX BeKTOpa. B
3aBUCUMOCTU OT KOMAH/Ibl HAJ OCTATOYHBIMU IIPEICTABJIEHUAMHU JIOTAPUMPMOB BBINOJHAETCS
OJ[HA U3 CJIEJLYIONINX OIePaIlnii:

—  cjioxkeHue (COOTBETCTBYET YMHOYKEHWIO UCXO/IHBIX BEIIeCTBEHHBIX YUCE);
—  BBlYMTAHKE (COOTBETCTBYET JEJICHHUIO)
—  yMHOXKeHUe (COOTBETCTBYeT BO3BEIEHUIO B CTEIIEHD ).

Pesynbrupyromuii BeKTOp 3aluChbiBaeTCsi B KIM-NAMATh. llpuuem, s1s ycrpaneHus
3aJIEPKEK, CBA3AHHBIX C U3BJIEUYEHUEM M 3AIUCHIO JIAHHBIX, I€JIeCO00PA3HO IMPUMEHUTh TPEX-
MOPTOBYIO KAIMI-TIAMSTH, PACIIOJOKEHHYIO HA KPUCTAJIE. 3a OIUH TAKT TaKas MaMATh MOXKET
BBINOJIHUTD YTEHUE JIByX CTPOK U 3aIUCh OJHOW CTPOKH.

Takum obpazom, B oTyimdue OT AapUPMETUKO-JIOTUIECKUX YCTPOMCTB M3BECTHBIX
YHUBEPCAJbHBIX  IIPOIECCOPOB, MaJiasi  Ppa3paHOCTb 00pabaTbiBa€MbIX  OCTAaTKOB U
PEryJIIPHOCTb CTPYKTYPbI BBIYUC/IUTEIHHOTO $i/Ipa IMO3BOJISIET PACIAPAJIIESUTH BHIYUCJICHUS
HA MAaKpO-YPOBHE OIEpPAHIOB, COCTABISIONINX BEKTOD, W MUKPO-YPOBHE HE3ABUCHMOTO CUETa,
OCTATKOB KaXKJIOTO orepanaa. [Ipu sTom apudMeTndeckne OMepany B sijipe BBITIOTHIIOTCS 38,

OJIMH TAaKT 0e3 MCII0JIb30BaHNsT KOHBeHepu3aIium.
2.3. Pekondurypupyemasi apXuTeKTypa comnpoieccopa

B mpemnoxennoit COK  kommdecTBO OCHOBAHWI pABHO YETHIPEM, COOTBETCTBEHHO,
COIIPOIIECCOP COCTOUT W3 YEThIPEX HE3ABUCUMBIX SJI€DP, KOTOpPbIE TOJK/IIOYEHBI K
npeobpa3oBaTe o KoJOB U omneparuBHOil maMsTu (puc. 3). Ksm-mamsars Kaxkioro sjpa
xpanuT uHMOpPMAIMI0O HE 000 BCEM dYwWC/e, a Jullb 00 OcCTaTKe, [0 KOTOPOMY BEIETCS
06paboTKa. DTO TMO3BOJISIET OPraHM30BATHL HE3ABUCUMBIE BBIUHCICHUS B KayKJOM sIpe, a
TaK2Ke HEKOT'€PEHTHYIO KIII-ITAMSITh.

KimoueBoit  0cOOEHHOCTBIO COIPOIECCOpPA  SBJIAETCH JUHAMUYECKAsd PEKOHMUTYpaIs,
[TO3BOJISIONIAs YIIPABJIATD Pa3PAIHOCTBIO BBIUNUCIEHUN, 9TO ObIBAET aKTYyaJbHO I 33Ja4, HE
TPeOyIONUX BBICOKOH TOYHOCTH, HO OOJIAJAIONMINX BBICOKOW CTEIEeHbI0 BEKTOPHOIO
napaJiIesin3Ma, HallpUMep, K HUM OTHOCHUTCsI TJIyboKoe obydenue Helipocereii [2].

BosmozkHub ciemayiomnue BapruaHThl peKOHMUTYPAIUU COIIPOIIECCOPA:

— 32 BeKTOpHBIE OlePAINH TOJOBUHHONU TOYHOCTH;
— 16 BEeKTOpPHBIX Omepanuii OTMHAPHON TOYHOCTH;

— 8 BEKTOPHBIX OTEPAINil IBOIHOI TOTHOCTH.
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B ciy4ae, Korja Ha OJIHOM KpHUCTAJIJIE PA3MEIIEHO 7. COIPOIECCOPOB, MaKCHMaJbHasd
pa3psATHOCTH 0O0pabaThIBAEMbIX IEJIbIX uuces paBHa 64-n. Hamnpumep, npu ucnosib30BaHun
BOCbMH COIIPOIIECCOPOB B OJHOI CHCTEME, MUANA30H OOPAOOTKHU IEJbIX THCE] J0CTHraer 512

OuT ¢ COXpaHEeHHEM ITapaJIIeIbHOR 00pabOTKH IO KAXKIOMY OCTATKY.

256 256
— - BrraucaurerHoe Borunciureapuoe ——9>
Ksmr-mamarts Ksmr-namars
] SIAPO SIAPO ]|
128 A A Uy \ 128
64 116 16 164
- IIpcoGpasoBareip [«
— KOJOB g
»|  OmncparuHas [«
- IaMSITh —
64 116 16 164
256 vy Yy v 256
— > BrruuciauTeabHOe BrruncnurenpHoe —9
Ksmr-namars Ksmr-namars
—] AP0 SOPO |g~—|
128 128

Puc. 3. [IpeobpazoBanme uncia asoitnoit Toaroctu dopmara IEEE-754 8 JICC

ITomMmumo u3MeHeHUs pPa3psTHOCTU BBIYUCIEHUH, PEKOHMUTYDAIUS TO3BOJISET OTKJIIOYATH
OJTHO WJIW HECKOJBKO sfep B ciaydae mx orkaza. Crmocob oOHApYKEeHWsI B COIPOIECCOpe
OJTMHOYHBIX W JTBOWHBIX OIMMHOOK, & TaK»Ke CUTyaIumil oTKaza sjapa 6a3upyeTcsd Ha CBOHCTBAX
COK pacemorperssix B 1. 1.3. g 3TOr0 B COMpoTieccop HEOOXOIMMO J00aBUTH KOHTPOJIBHOE
anpo. Jlunamazon mnpejcTaB/ieHds YUCEJ MPU ITOM JIEJUTCS Ha paboumii WHTEpPBAJI U
3aIPEIeHHbIi WHTEPBAJ B OTJIMYME OT yHUBEPCAJbHBIX IMPOIECCOPOB, TJe Tpedyercs
JIyGJIMpOBaHue / TPOUPOBAHUE AITIAPATYPbI WU [IPOIIECCA BHIYUCIIEHHUIA.

Hoxkazano [5, 7], 4To npu BO3HMKHOBEHUM ONIMOKHU PE3YJIbTAT OKAYKETCS B 3AlPENIeHHOM
MHTEpBaJje, MPUYEM IPEIyCMOTPEH MEXAHW3M, JIOKAJUIYIONIUN PO, TJie MPOU3OIIes COOIi.
Eciu ommbku mosBIIAIOTCH TMOCTOSHHO B OJTHOM W TOM K€ sJIp€, BO3HUKAET CUTYallhsi OTKa3a
u sapo Omokupyercsa. Comporieccop MpH TOM MPOJOKAET paboTy, COKpAIIAeTCs JIWIID
JIMAIA30H IPEJICTABIEHUS Ynucesl. KCau npu 3TOM HEJb3s CHUKATH TOYHOCTH BBIYUCIEHUN, TO
MOKHO WCIIOJIb30BATh BBIYUC/IUTEIbHBIE sJipa JIPYrOrO COMPOIECCOPa, B TOM YHCJIE W
KOHTpOJIbHBbIE. Takas pexkoHdUrypalus I[O3BOJIAET CO3/ATh IIPOIECCOpP, YCTOMYMBBIA K

IOCTEIIEHHO! JIerpaalyu.

3. Onucanue 6a30BOM TEXHOJIOTUU

Ha mammBIf MOMEHT MOIYISPHO-JIOTAPUPMUYECKAN TIPOIECCOP CYIECTBYET B BUIE
npororunia — [P-6/ioka ma ©6a3e mnporpaMMUPyEMOI JIOTHYECKON WHTErPAJIbHON CXEMBbI
(TIJTUC). Jaunubiii BEIGOp 00YCIOBIEH TPOCTOTON Pean3ainm, TaKk KaK MOXKHO HCIIOJIb30BAThH
roTOBBIE (DYHKIIMOHAJBbHBIE OI0KM codr-miporteccopa  Altera NIOS, momosauB  ocHOBHYIO
CUCTEMY KOMAHJ[ WHCTPYKIIMSIMU COIPOIECCOPA W HWCIOJIB30BaB TOTOBBIM KOMITUJISATOP JIJIst
HAIMCAHWST W OTJIAJKU TMporpamM. lIpoekTupoBanme QYHKIIMOHAJIBHBIX CXEM MPOIECCopa
mpoogamitock B CAIIP Quartus II Web Edition ¢upmbr Altera. Otnagka w TecTupoBamue
BBITTOTHATOCH Ha 6aze miratsr ¢ [LJIMC Altera Cyclone V.
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AnmapaTHble 3aTpaThl Ha CO3HaHMe IpeiyiaraeMoro IP-0/10Ka coCcTaBIsioT OKOJIO 2 MJIH.
TPaH3UCTOPOB, TOTJIA KaK JIjId peaan3anun OJI0Ka BeKTOPHBIX pacmupennit AVX2 mporeccopa
Xeon cemeiicrea Haswell tpebGyercst okosio 21 MuiH. Tpan3ucTopos [1], 4ro Ha MOps/IOK BHIIIIe.
Jlajtee TIpWBEIEHO WX CpaBHEHWE MO TAKWUM MapaMerpaM, KaK OBICTPOIEHCTBHE, TOYHOCTH U

HaIe2KHOCTDb BBIIUCJICHU.
3.1. BeicTpoaeiicTBue

CpasHeHue ObICTPOJIEHCTBYST MOy IsIpHO-JIorapudmuaeckoro comporeccopa (MJIC) ¢
comporieccopom Intel AVX2 mnpu npeanonaraemoit pasaoii udactore paboThl ycrpoiicts (2,6
I'Tu) npusemeno Ha puc. 4, rie apudMerndecKue Onepaluy HaJl YUCIaMU JABOMHON TOYHOCTH,
YIIAKOBAHHBIMU B BEKTOPA Pa3MEPHOCTHIO 8 3JIEMEHTOB, 0003HAYEHB! CJIEIYIONUM 00PA30M:

—  SUM — cymMMupOBaHWe COOTBETCTBYIONINX Map OMEPAHIOB BEKTOPOB;

—  HSUM — penyknuonHoe (MyJIbTHOIIEPAH/IHOE) CYyMMUPOBAHUE JIEMEHTOB BEKTODA;

—  MUL/DIV— ymHO)KeHue/ JieJieHne Iap ONEPaHI0B BEKTOPOB COOTBETCTBEHHO;

—  POW — Bo3BesieHME OMEpaHIOB TIEPBOTO BEKTOPA B CTENEHb, XPAHUMYIO BO BTOPOM
BEKTODE;

—  logar — sorapudm 110 OCHOBAHUIO 2 OT KAXKJIOTO SJIEMEHTA, BEKTOPA;

—  matmul — mepeMHOXKeHHUe IIOTHBIX MATPUI] Pa3MepHOCThI0 8%8 ajiemenToB (cocTouT U3
64 onepanuii ymuoxkenus MUL u 64 penykimonnsix cymmuposanuit HSUM);

— polinom — BbIYMC/IEHHE MHOIOWIEHA BOCHMOI CremeHu (COCTOUT U3 OJHOM Olepanuu
POW, omnoro ymuoxkenusst MUL u oguoro pemyknuontoro cymmuposanus HSUM).
Bpems BbinosiHeHUS onepanuu Ha YHUBEPCAJIBHOM IIPOIECCOPE 3aMEPSJIOCH C MOMOIIBIO

dyuknuu clock() 6ubmanorekn time.h. [ljns rapaHTMPOBAHHOINO WCIIOJHEHUS BEKTOPHBIX

nucTpykimit  Intel npumensiucy dyukinmm w3  Habopa apudMETHYECKUX — OIepPallmii
6ubsimoreku immintrin.h.

HauGosibiiee  yckopenme B IPEJIOKEHHOM  COIIPOIIECCOPE  JIOCTUTAETCH  IPU
MCIIOJTb30BAHUY OTIEPAIIHIA, UCIOJIB3YIONUX cBoiicTBa JiorapudmoB. Hampumep, iis oneparmii
BO3BEJIEHNE B CTElEeHb PA3HUIA COCTABJSET TPU MOPSIKA B IOJb3Yy COIPOIECCOpPa, 9YTO

00bACHSETCH OTCYTCTBUEM allllaDATHOW PeaIM3allii STUX Olepaluii B comporeccopax Intel.

A [ ]| Moaynspro-norapudmmeckuii conpoueccop 2,6 ITx 10x 21%4
[ Intel AVX2 B coctase Xeon 2697v3 2,6 T~ 423 —
267
2 197 217 —
- 100 95 —
sP B S N N B B
5
==
=
g
2 30
2]
spo_ ) I 0 e
= 10x 65x X
m
6 6 JL s & 237 [ | 1] | <) %
N T VA T R
(TPl o] oa | oaf] []
SUM HSUM MUL DIV POW log,x matmul  polinom

Puc. 4. [IpeobpazoBanme uncia asoiiroit Touroctu ¢popmara IEEE-754 8 JICC
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OHOTAKTOBOE BBITIOJHEHME BEKTOPHBIX OIEpaInii YMHOKEHHE, TeJIeHNe W BO3BEICHWE B
CTETeHb TO3BOJIIET TIOJYYIUTHh 3HAYUTEILHOE TIPEUMYIIECTBO TIO CKOPOCTH  BBITIOJTHEHUS
OTIPETIESICHHOTO KJIacca 3a7ad, Te TAaKWX omeparuii OoJbIMHCTBO. K HEUM OTHOCHTCS
BBIUNCJICHNE MHOTOWIEHOB N-Of CTelmeHu, HAIPUMEp, pasjioKeHne B pamg 1eitsopa,
MEePEeMHOYKEHNEe MATPHUIL U PSIT IPYTUX.

B nannom tectmpoBanum npunATO, 9TO mpeodbpazoanne B MJICC un obpaTHOo ammapaTHO
KOHBEHEepU3NpPOBAHO W HE BHOCUT 3HAYUTEIHHBIX BPEMEHHBIX 3aJI€PXKEK B BBIUUCTUTETbHBIN

IIPOIIECC.
3.2. TouyHOCTH BBIYUCJIECHUN

OaunM W3 BApMAHTOB TECTUPOBAHWST TOYHOCTHM BBIUUC/ICHWI SBJISIETCS DPeEITeHne 3aadn
Komu meromom Diinepa. Pacemorpum auddepennnanbaoe ypapuenue 2 (t)=t, tae xp=0,
tp=0. AHammTWYeckoe peIreHne TOTO YPABHEHWS W3BECTHO, & 3HAYUT MOXKHO BBIUYUC/IUATH
OTHOCHUTEJIbHYIO TOTPEITHOCTh PEIeHNs, OJYYeHHOIO YHUCJIEHHBIM IIyTeM B apudMeTHKe C
wiasatoieil roukoii. I1lar unrerpuposanus pasen 1/ 2, Lie i — HATYpAJIBHOE {HCIIO.

Pesynbrarer pacueros ¢ gBoitmoit Tounocteio B MJIC n ¢dopmare IEEE-754 ma puc. 5,
rJie TOKa3aHa 3aBUCAMOCTH OTHOCHUTEILHOHM TOrpermHocTu perrenus 3agaqn Komwm or 1mara

UHTETPUPOBAHUL.

0,00025
= + — MonynspHo-10rapuMUIecKuil conporeccop

0,0002
’ \ —— lI3BecTHBIC penieHus Ha 0aze cranaaprta IEEE-754
0,00015 \.\ /
0,0001 N /
0 ‘ ‘

11 12 13 14 15 16 17 18 19 20 21
[lar uaterpupoBanus 1/2

OTtHocUTEIbHAA
[TOTPEIIHOCTh

0,00005

- <

T ~—

Puc. 5. Pe3yabrarhl TeCTUPOBAHUS TOYHOCTH BBIYUCIEHUN

W3 puc. 5 BujgHO, 4YTO UPU YMEHBIIEHWH IIara WHTEIPUPOBAHUSA OTHOCHTEIbHAS
oTpentHocTs Bohraucaeruit mo crangapry [EEE-754 ymenbiraercs, ofHaKo, mocje 3HAYEHUS
19 pesko Bo3pacraer, 4YTO O0OyCJIOBJEHO omuOKamu OKpyryenus. llomobubiii 3ddekT
OoTCyTCTByeT Tipm pacderax ¢ momornbio MJIC, uro mosBossieT caenarh BBIBOJ, O Goitee

BBICOKOII TOYHOCTY BBIYUCJICHUN B JJAHHOM CJIy4Yae.
3.3. OreHka HaAE>XHOCTU

IIpu mocTpoennu HaIEXKHOCTHBIX XapPAKTEPUCTHUK ITPEINOJIOXKNM, ITO:

— B HAYAJbHBI MOMEHT BpPEMEHH B COIpOILeccope uMeercss n—=Fk+r anep, rae k=3 —
KOJITYECTBO MH(OPMAIMOHHBIX A1ep, =1 — KOJWIeCTBO KOHTPOJBHBIX A1ED;

—  MUHUMAJIBHOE KOJMYECTBO KAHAJIOB JJIs (DYHKIMOHUPOBaHUsI comporeccopa n-(r+1)=2;

—  OTKa3aBIIne KAHAJbI HE BOCCTAHABINBAIOT PAOOTOCIOCOOHOCTD;

- OTKAa3bl KQHAJIOB ABJISIOTCS CTATUCTUYCCKU HE3aBUCUMBIMU COOBITUSIMU.
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Taxwmm obpazom, HamexkuHOoCTHAs cTpyKTypa MJIC cOOTBETCTBYyeT MOEIN CKOJIB3AIIETO
PE3epPBUPOBAHUs, TJIe PE3ePBHBbIE 3JIEMEHTbl HAXOJATCH B HATPY?KEHHOM cocTostHuu 3.

BepositHOCTH €ro 6e30TKa3HOI pabOThI BHIYUC/ISIETCA CJIEIYIONINM 00Pa30M:
Ikrdr

RM_/H]: ZP4'(k+r)fi . (1 _ P)i’ (4)

0
rae P(t) = e#t — BepoaTHOCTL GE30TKA3HOI pPAbOTHI KaHATa, A — HHTEHCHBHOCTDH €I
OTKa3a.

B TpaauiuoHHBIX CcHCTeMaxX BBICOKO HAJEXKHOCTUA OIPE/eJeHne U OllePATUBHAS
KODPEKIMs OIMMOOK BO3MOYKHA JIAIIb IPH YCJIOBUMA OJHOBPEMEHHONH pabOThI HECKOJIBKHUX
YCTPOMCTB 110 NPUHIMMILY T'OJOCOBaHUA, HAIPHUMeD, «2 u3 3». BepoarHocTh 6€30TKa3HON

paboOTHI TAKOI CUCTEMBI:

_ 2 3
Rncc—3'Pncc_2'PHCC, (5)
rae Phec(t) = e ™ncct | Joc — HMHTEHCHBHOCTD OTKA3a OIHOTO Pa3pSla, 7 — PaspsLIHOCTD

IIO3UIMOHHOI'O IIPOIECCOPA.
Pesynbrarer pacuera HageKHOCTH OOOMX BapUAHTOB I1IPU WHTEHCUBHOCTUA OTKA30B

5 -1
A=10" 9" npencrasiensl rpadpudeckn Ha puc. 6.

— + — MonynsipHO-JIorapuMUUIECKUI COMpoIieccop
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Puc. 6. Pe3yabrarsl TeCTUPDOBAHUS TOYHOCTH BHIYUCIEHUN

AHan3 TOyYeHHBIX 3aBUCUMOCTEH CBUIETENLCTBYET O MPEUMYIIECTBE B HAJIEKHOCTH
MJIC. Hampumep, B Teuenme (=2000 wacoB QYHKIHMOHUPOBAHUS OH OOECTIEUMBAET
BEPOSTHOCTH 0Oe30TKazuoit paborsr R=0,5; Torja kak mno3unuoHHbIA 1poreccop R=0,1.

M366ITOYHOCTD aNmapaTypHbIX 3aTpar cocTapiager 25% u 66% cOOTBeTCTBEHHO.

3aKJ/JI0UYeHUne

AHannu3 OpUBEIEHHBIX B JAHHOM OTYETe CIOCOOOB IIOBBLIIIEHHS CKOPOCTH, TOYHOCTU H
HAJIE2KHOCTUA BBIYMCJICHUII BbIABWJI 3aTPYJAHEHUdA Ha NOYTU JAJIbHEUIIEro yJy4lleHUud
XapaKTepPUCTUK 0e3 BHECEHWA M3MEHEHHWI Ha (QYyHIAMEHTAJILHOM YPOBHE CAMUX IIPUHIIAIIOB
BBIYHCJICHUIA.

IlepcrieK TUBHBIMEU CHCTEMaMU CUUCICHUS, TIPU3BAHHBIMU BHECTH YIOMSIHYTBHIE NU3MEHEHUS,
ABJAAIOTCA MOAYJIApHAd CUCTEMa CUUCJICHUd KaK 3aMeHa IIO3UIMOHHOM CUCTEMbl CUUCJICHUAd U
JorapudMUYecKas CUCTEMa CUUCIEHNA B KadeCTBE 3aMEHBI ILIABAIOIIEHl TOYKU IO CTAHIAPTY

IEEE-754. Takum o00pa3oM, akTyajgbHOH sBJsAeTCHd pa3pabOTKa  BBIMUCIUTEIHHOTO
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yCTpoiicTBa, (QYHKIMOHUPYIOMIEr0 B 0a3mce COBMEIIEHHON MOy ISIPHO-JIOrapudMIIECKOi
CUCTEMBI CUUC/ICHMUS.

B pesymbraTe mpoBeIEeHHBIX UCCIEIOBAHUN 1 pa3paboTOK MPEITOXKEHBI HOBbIE HAYIHBIE 1
TEXHUYIECKUE PEINeHNUs], PEaTU3YIONINe MPEJIOKEHHBIE CTIOCOOBI BBIYUCICHUN W KOJUPOBAHMS
JIAHHBIX, ITO TIO3BOJIUJIO JOOUTHCS CIETYIOMNX KOHKYPEHTHBIX MTPENMYIIECTB.

Bricokoe 6GBICTpOEICTBIE TIO CPABHEHUIO C M3BECTHBIMU aHAJIOTAMHU JTOCTUTAETCSA 38 CIET
cireayromux paKTOPOB:

—  OTCYTCTBHE TEPEHOCOB MEXK]Iy MOJIYJISIMHU OJIHOTO TUCIIA;
—  3aMeHa yMHOYKeHUe/[eJIeHIe HA CJI0YKEHUE / BBIYUTaAHUE;
—  3aMeHa BO3BEJIEHHE B CTEIeHb/U3BJIEUEHNE KOPHsI HA yMHOXKeHUe/ IeJIeHue.

Hampumep, BbIYHC/IEHWE TPOW3BOJIBHOTO TOJWHOMA BOCBMON CTENEHW B TPOTOTHUIIE
comporieccopa Ha ITJIUC Bbimosneno Brpoe Geictpee (90 He mporus 267 HC) O CPABHEHUIO C
cepBepubiM 1porieccopoM Intel Xeon 2697 v3 npu pasnuile TakKTOBO# YacTOThl B 26 pa3 B
nosib3y Intel (0,1 I'T'r nporus 2,6 I'T').

Bosee BbICOKasT TOYHOCTH BBIYMCIEHWH IO CPABHEHUIO C WCIOJIH30BAHUEM ILIABAIONIEH
TOYKH JIOCTUTAETCS OJIarojaps CJIeayonuM haKkTopaMm:

—  OTCYTCTBHE OKPYTJIEHWsI Pe3yJIbTAaTa TPU BHIMOJHEHUN OMepaInii yMHOYXKEHUe, JIeTeHue,

BO3BEJICHNE B CTEIIEHD;

—  OTCyTCTBHE BLIDABHUBAHWS TOPSAIKOB, B PE3YJIbTATE Yero MPOUCXOIUT TOTEPS 3HATAIIAX
pa3psIoB.

DTO TMO3BOJITET BEPHO DPEMIATh psI 3a1ad, KPUTHIHBIX K OIMUOKAM OKPYTJIEHUS B
MEPEUNCIEHHBIX OMEPAIMAX ¥ COJIEPIKAIINX pa3HOMACIHITabHbIE JaHHBIE, B OTJWYHAE OT
YHUBEPCATBHBIX TTPOIECCOPOB.

B orsimdme 0T M3BECTHBIX BBITUCIUTENHHBIX YCTPOMCTB, BHICOKASA HAJIEXKHOCTH obecrevdeHa
HA AMMAPATHOM YPOBHE 3a CUeT CJIEIYIONIX MEXaHU3MOB:

—  BBISBJIEHHWE OJIMHOYHBIX W JBONUHBIX ONMMUOOK B BBITUCIUTEIHHOM YCTPONCTBE;
—  PEeKOH(MUTypaIus saep COMPOIEccopa TPU OTKa3e OJHOTO WM HECKOJIbKUX W3 HUX C

MIPOJIOIKEHUEM ITPOTIECCa CUeTa.

Crour ormerutb, uro mpeobpasoBarme komoB B MJICC m obpaTHo He BHOCHUT
3HAYUTELHBIX BPEMEHHBIX 33Jep:KeK TpH OOJIBITOM TIOTOKE BXOJHBIX JAHHBIX 38 CUeT
MPEJIOYKEHHBIX  ANMAPATHBIX — PENTeHnil, KOHBeHepu3mupyoolmnX TMPOIECC WHTEPIIOIITIHN
dyukiun jgorapudma u TpeodpPaszoBaHus KOJOB CUCTEMbI OCTATOYHBIX KJIACCOB.

OaunM  ¥W3  TEPCHEeKTUBHBIX — HATIPABJICHUN — BHEJAPEHUS  Pa3pabOTKU  SBJISIIOTCS
OTEYEeCTBEHHBIE MPOTeCCOopbl, HampuMmep, Ianopyc-8C, Baitkama-M, KOMDIV-64. TTpumenenue
COTTPOTIECCOPA B ITUX CUCTEMAX-HA-KPUCTAJIJIE TTO3BOJIUIO OBl JOTOJHUTH WX KOHKYPEHTHBIE
MPEUMYIIECTBA PACCMOTPEHHBIMU, YTO, B KOHEYHOM CUYETE, CBHIIPAJO OBl BayXKHYIO POJb B

UMIIOPTO3aMEIECHUN BbIIUCIUTEIbHBIX KOMIIOHCHT.

JIutepaTtypa

1. Top 10 Sites for November 2016 URL: www.top500.org/lists/2016/11 (mara obparenus:
26.01.2017).

2. 754-2008 — IEEE Standard for floating-Point Arithmetic. Revision of ANSI/IEEE Std
754-1985 URL: ieeexplore.iece.org/document/4610935, 2008 (mara obparieHusi:
26.01.2017).

34 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



N.I1I. Ocunun

3. Ocmuma W.II.  BbICOKOHAMEKHBI  MOYJISIPHO-JTOTAPU(MDMUAICCKAN  TPOIECCOP €
pekoudurypupyemoii apxurekrypoir // IlapajuiesbHble BBIYMCIUTEbHBIE TEXHOJIOIMU
(ITaBT’2016): Tpyasl MexkayHApoaHO# Hay4HON KoH(bepeniyu (ApxaHrenbck, 28 mMapra
— 1 anpensg 2016 r.). Yeasbunck: N3a-80 FOYPI'Y, 2016. C. 642-654.

4.  Ocwunnn n.II., Kusspkon B.C. Hamnpasienus pa3BUTHA APXUTEKTYPhI
PEKOHMDUTYPUPYEMBIX BBIUUCIUTEIBHBIX MIaTdopM. MareMaTndeckoe MOIeTNPOBAHNE
pasBuBaronieiicss SKoHOMuUKH, dKosormu u Texuosioruii (YKOMO/I-2016): Tpyxsr IX
Bceepoccwuiickoii nayunoit koudepernun (Kupos, 4-9 wuions 2016 r.). Kupos: Wzu-Bo
Batl'V, 2016. C. 486—495.

5. Coleman J.N.; Chester E.I. Arithmetic on the European Logarithmic Microprocessor //
IEEE Transactions on Computers. 2000. Vol.49, No.7. P.702-715. DOL
10.1109/12.863040.

6. Ismail R.C., Hussin R., Muzad S.A. Interpolator Algorithms for approximating the LNS
addition and substraction // IEEE International Conference on Circuits and Systems

(ICCAS). Kuala Lumpur, 3 - 4  Oct. 2012. P.174-179. DOL
10.1109/iccircuitsandsystems.2012.6408336.
7. UYepssakos H.U. MopynspHbie apaJiiesIbHbIE BBIUNCIIUTEIHHBIE CTPYKTYPBI

ueiiporporeccopubix cucrem. MockBa: Uzn-Bo Puzmarsur, 2003. 288 c.

8. Omondi A. Residue Number System: Theory and Implementation. London: Imperial
College Press, 2007. 312 p.

9. Kammpbikos WM.A. Teopermdyeckre OCHOBBI BBIYUCIEHWN B TOJUHOMUAJIBHON CHCTEME
KJIACCOB BBIYETOB, OPWEHTHPOBAHHBIX HA TOCTPOEHWE OTKA30YCTOWYMBBIX CHCTEM.

Crasponosb: Uza-Bo CKOY, 2006. 347 c.

Ocunnn Unba Ilerposud, k.1.H., H.c. OO0 «CapoBckas srabopaTopus UMATAITHOHHOTO

mogesuposanusy (Capos, Poccuiickas Pezeparst)

DOI: 10.14529 /cmsel70202
MODULAR-LOGARITHMIC COPROCESSOR
FOR MASSIVE ARITHMETIC CALCULATIONS

(© 2017 I.P. Osinin
Sarov Laboratory of Simulation Modeling (Mayakovskogo 42, Sarov, 607190 Russia)
E-mail: iposinin@mail.ru
Received: 01.05.2017

The paper presents a conceptual design of an IP module of mathematical coprocessor. It consists of a set of
processing cores of the same kind which perform single-cycle scalar, or vector operations with real numbers. The
processed data is represented in the modular logarithmic format that provides two levels of translating the
original numbers, namely: the modular level instead of the conventional positional system and the logarithmic
level instead of the floating point format. As a result of the research and development, new scientific and
technical solutions are proposed that implement the proposed methods of computing and coding data. Owing to
this feature a coprocessor has a higher performance, a higher accuracy and a higher level of reliability, as
compared to the known analogs. Convert codes in modular-logarithmic number system and vice versa does not
introduce significant time delays in a large stream of input data by offering hardware solutions pipelined process
of interpolation of the logarithm function and conversion of residual classes system codes. A prototype coprocessor
is an FPGA-based IP module. Companies developing general-purpose processors are the target market for this
design.
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The paper addresses to the problem of integration of heterogeneous computing clusters to the united
environment based on a virtualization technology. OpenStack software is selected as a platform for managing the
virtual environment. The OpenStack platform provides a wide range of components and solutions to a functional
interaction with different hypervisors. These include KVM, XEN, ESXi, QEMU and other systems. In addition to
the OpenStack platform, we developed a specialized hypervisor shell. It helps to start virtual machines using queues
of the traditional resource management systems, such as PBS, SLURM, LSF, or SGE, that are used on clusters of
a center of collective usage. The developed model of the resource allocation for virtual machines allowed us to use
the knowledge about job requests, resource characteristics and current state of the environment, and the expertise
of it administrators. The realized tools provide the capability for the “painless” integration of heterogeneous clusters
with the preinstalled local resource managers for creating the virtual cluster with the required configuration.
Extensive modeling shows that the hypervisor shell can improve efficiency of integrated environment nodes through
reallocating virtual machines to queues of the traditional resource management systems.
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Introduction

In the field of high-performance computing (HPC), computational clusters have become
an essential element used to carry out various large problems within fundamental and applied
studies. The nature of the target problems calls for a variety of hardware and software
platforms, architectures and communication environments of HPC-clusters, which in turn
significantly affects their performance, efficiency and reliability.

A variety of cluster systems makes the combined usage of HPC-clusters reasonable as it
increases the total available computing power and reduces the mean waiting time for starting
a job. The latter is achieved by using extended planning strategies, which consider the
variations in time of the loading of different clusters and at the same time the flexibility in
sharing the resources [1]. Jobs can be redirected from the currently most loaded cluster to the
idle cluster, and a higher priority and other privileges can be assigned to them.

* The paper is recommended for publication by the Program Committee of the International Scientific
Conference “Parallel Computational Technologies (PCT) 2017”.
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Jobs specify processes of problem solving. They include the information about the required
computational resources, executable programs, input and output data, and other required
items.

We assume that the integrated cluster environment (ICE) is based on the cluster systems
that differ in their computational characteristics of nodes and parameters of administrative
policies. There are different approaches to the creation of the ICE [2].

Our contribution to the solution of this problem is the development of methods and tools
for creating heterogeneous distributed computing environments for different purposes with
multi-agent management of computations [3-6]. These developments are based on the
interaction with the traditional middleware Condor, Globus Toolkit, gLite, PBS Torque and
other known systems. The creation of the environments was implemented in the Center of
collective usage SB RAS “Irkutsk supercomputer center” [7].

Nevertheless, there remain many unresolved problems as follows:

— Providing in operating system of the allocated node the full set of libraries that are
necessary to correctly launch and execute the instance of the distributed application
whether it has the form of an executable file or a piece of program code;

—  Ensuring the reliability for computing processes in the nodes of the environment;

— Difficulty of tracing the real causes of faults in computing processes in debugging
applications due to a lack of direct access to the computational nodes;

—  Security of the distributed computing due to a lack of reliable mechanisms of screening
the executable files for the presence of malicious code.

One of the most promising ways to solve such problems is using virtualization
techniques [8], which enable execution of the instances of the distributed and parallel
applications in isolated environments with the required hardware and software characteristics.
In this case, the physical nodes, which support the virtualization, can significantly differ in
performance, hardware characteristics, types of their operating systems and other parameters.

In this regard, we describe the new approach to creating the ICE using virtualization
techniques. This approach has the following advantages: the possibility of using complex
knowledge about job requests; resource characteristics and current state of the environment;
the expertise of its administrators; and the capability for the “painless” integration of
heterogeneous clusters with the preinstalled local resource managers PBS, SLURM, or SGE to
the virtual cluster with the required configuration.

1. Related work

In this section, we give a brief overview of software for a distributed computing
virtualization. There is a wide variety of software tools that support resource virtualization [9].
In particular, they include the following popular tools:

—  Docker for deployment and application management in a virtualization environment at

the operating system level [10];

—  QEMU for emulating hardware for different platforms [11];

—  KVM for supporting virtualization in a Linux environment [12];

—  Xen for virtual machines with para-virtualization support [13];

—  VMware ESXi for enterprise-level virtualization, offered by VMware as a VMware vSphere

component [14].
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We have practical skills in using these tools for solving the following problems:

—  Developing containers for web services with Docker;

—  Testing software on various hardware configurations with QEMU;

—  Enabling virtual machines for the resource management with KVM;

—  Creating virtual computer clusters of various configurations for debugging and testing
parallel and distributed applications with XenServer;

—  Providing users with virtual machines of the required configuration using VMware
vSphere.

When the aforementioned tools are used, problems of the cluster resources virtualization,
integration of heterogeneous computer clusters, and providing service-oriented interfaces for
integrated cloud infrastructure require additional solutions. There are also other software tools.
However, they are based on the above listed tools or highly tailored.

The platforms OpenStack [15], Apache CloudStack [16], Eucalyptus [17] and Open Nebula
[18] are package suites for creating cloud services according to Infrastructure-as-a-Service
(TaaS) concept. The last three platforms are not widespread. In contrast, the OpenStack
platform is leading in the field of the distributed computing virtualization.

There are following advantages of OpenStack:

— Involvement of major players in the cloud industry in the work with this platform;

—  Wide range of software components and functional solutions, including service-oriented
interface for users;

—  Availability of extensive documentation covering components;

— Application of open standards;

— Availability of APIs for interoperability with external software;

—  Support of work with different hypervisors (KVM, XEN, ESXi, QEMU and others);

—  Extensive capabilities for developing own solutions, etc.

We have selected the OpenStack platform for the ICE virtualization and the hypervisor
KVM for launching virtual machines in cluster nodes. However, the selected software requires
changing traditional system software in nodes, which is not desirable to do. To solve this
problem, we have developed a specialized hypervisor shell for running virtual machines as an
additional module for the OpenStack. This hypervisor shell allows running virtual machines in
the cluster nodes without the need for significant changes in their system software.

2. Architecture of the integrated cluster environment

We propose an architecture of the ICE that includes the following main components:

—  Interfaces of an access level and the environment management node (Fig. 1);

—  Platform for the environment virtualization management, specialized system software of a
hypervisors level and software, and hardware of a computing resources level (Fig. 2).

— At the access level, there are three main interfaces for the interaction of different user
categories with the environment.

—  The command line interface (CLI) provides the interaction with a server for management
of virtual machines. We use the PBS Torque for its implementation.

— Application programming interface (API) allows the external tools to interoperate with
the environment to set up jobs, monitor them and get the results. API is based on the
REST approach to creation of web services.
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Fig. 1. Architecture of the access level and environment management node

The job for the ICE is the specification of the resource requirements for the execution of
parallel or distributed programs. The job specifies the following requirements: number of nodes
and cores, RAM size, specialized accelerators (Intel Xeon Phi, GPU), interconnectors, disk
space, operating system type and others.
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Fig. 2. Architecture of the ICE virtualization

Visual user interface includes the tools for adding jobs in the environment queues, and the
tools for creating the virtual dedicated clusters of the required configurations similar to Amazon
EC2 cloud services.

The following actions are carried out at the environment management node:

—  Servicing the environment queues;
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— Planning and distributing the requests for creating virtual machines;

— Managing pools of connected virtual machines created by virtualization management
platform;

—  Monitoring the environment components.

One of the key components of the ICE is the scheduler which processes jobs, allocates
resources, interoperates with job queues of the PBS Torque, OpenStack platform and meta-
monitoring system [19, 20]. The meta-monitoring system provides ICE scheduler with extensive
data on the state of the cluster queues, the state of physical and virtual nodes and other
necessary information. The specialized algorithms for this system provide the reliability of
distributed computing [21].

The ICE scheduler defines the number and characteristics of virtual machines taking into
account user’s requirements. It sends defined information to the virtualization management
platform (OpenStack) for forming and launching jobs, represented by virtual machines, in
cluster nodes.

Currently, we use the three main components of OpenStack: computing resources controller
(Nova), cloud file storage (Swift) and library of virtual machine images (Glance). The
OpenStack processes information received from ICE scheduler, prepares virtual machine images
and launches virtual machines by means of the traditional hypervisors and special hypervisors
shell developed within the proposed approach.

The special hypervisor shell provides the following important additional possibilities:

—  Monitoring the current state of cluster queues to spot idle resources;

— Adding a job to the selected cluster queue for launching the virtual machines;
—  Configuring the launched virtual machines;

—  Monitoring the computations for virtual machines;

—  Migrating virtual machines;

—  Finishing the virtual machines and cleaning the cluster resources.

The local resource managers PBS Torque SLURM and SGE with open source code are
used for the job flow management in the clusters.

3. Model of resource allocation for virtual machines

In this section, we describe a model of the resource allocation (queues selection) for virtual
machines. The model is based on the classification of jobs for an execution of virtual machines
in nodes (resources) of the environment. The proposed job classification is based on the feature
vector method [22].

Let us have a finite set H={h,h,...h} of job characteristics (requests). They include
problem solving time, RAM and disk space size, number of nodes, processors and cores,
program libraries, compilers, their keys, etc.

Each characteristic A, is described by information structure, including the following
components:

— Domain D of values with the symbol 6 of uncertainty;
—  Rank r 21,
—  Weight w,20.

All elements of the set H are partially ordered descending in accordance with the ranks.
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Let us denote by C={c,c,,...c,} a finite set of job classes. Each class ¢, is defined by the

main (mandatory) and additional (optional) sets of characteristics. The characteristics of the
main and additional sets are presented by the Boolean matrixes 4 and B of dimension kxm

. The matrix elements a, =1 or b, =1 mean that the characteristic 4, is a member of the main
or additional set, used in the definition of the class ¢; and has the specialized domain

D; c D,\{6} for this class. If the condition a,v b, =0 is satisfied, then D, ={6}.

m k —

The matrixes 4 and B have satisfied the following conditions: v Aa; =0 and
j=li=

k m
i\:/lj\il(dij nb,)=0.

An administrator of the environment forms the sets of characteristics and classes, and
defines an accordance of resources to job classes.

The scheduler automatically determines characteristics used in a job specification and their
domains for the job execution.

Let us denote by x a Boolean vector of dimension k for the job characteristics
representation. There is bijection between elements of the vector x and indexes of the
characteristics. Element values of the vector x are defined as follows:

0,if D', = {6},
" \Lif D' < D\ {6},

where D' is the domain of the characteristic 4, requested for the job execution, ie{l,2,...k}.
k —
The vector x has satisfied the following condition: AX; = 0.

We use the characteristic function y(x) to check the domain D', of the characteristic &,
for an accordance to the domain DU of this characteristic of the class ¢ ;- This function is

defined as follows:

{0, if 3i:(a, vh, =))A(D',zD)),
x;,(x)= Y !
1 otherwise,

where i €{l,2,...,k}, je{l,2,..m}.

The function y(x) allows fulfilling of a primary job classification. As the result of this
classification, the job can be related to several classes. In this instance, we use additional
information such as the probabilistic measure of belonging to class, ranks and weights of
characteristics, and computational history of jobs for more detailed classification.

Let us define the functions p.(x), o;(x), ®,(x)u ¢,(x,z), which calculate the following

parameters of the characteristics relative to the class ¢;:

—  Probabilistic measure of belonging to class;

—  Aggregated rank;

—  Summary weight;

—  Probabilistic measure of belonging to the class, taking into account the computational
history - of jobs.
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Let us denote by the symbols 5, &, 8, and 5, the upper limits of an equivalence for the
functions p, ¢, ® and ¢, respectively. When the absolute difference of two values for one of
the functions p, 6, ® or ¢ is less or equal to the upper limit of its equivalence §_, §,, 5, or
3, , then these values are equivalent.

Let us define the following characteristic functions:

0,if \5??"51{91 (X)) = p;(x) > 5p’
Xs(x’ y) = Y=
1 otherwise,
0,if max{o,(x)}—o,(x)>3,,
chs (x,y)= vy =1
1 otherwise,
0,if max {w,(x)} -, (x)>3§,,
Xj?(x’y} = ity =1
1 otherwise,
0, if max{¢ (x,2)}—¢,(x,z) > 3,,
Xf-(x,y, z)= vz;y,il ! 2 \
1 otherwise,

where y =y (x), jeil2,..,m}.

These functions allow implementing the various variants of the additional job classification
based on the primary one. The job classification is intended for the primary filtration of the
resources set. It provides forming the residual set of resources for the job execution. The further
filtration of resources from the set ¥ is implemented with help of the lexicographical or
majority methods of choice [23].

We use the lexicographic method with the following modified rule of choice:

Vi, (Vv eV 3p:(G, =4 ) A~ =4, ) Ay, > 40
where V" is the filtered set of resources, v, €V, n, is the number of resources, g, is the

characteristic of the sth resource, ¢, is its estimation, n, is the number of compared

characteristics, pe{l,z,...,nq—l}, J=12,.,n,, se{l,2,.,n}, [€{l,2,.,n} and v=1.

v

We use the majority method with the following modified rule of choice:

Jj=1

v ={VS :(ﬁav, eV:) sign(q, —q,)> OJ},

where sign(0)=0.
To estimate the values g, s=12,..,n,, their set is divided into subsets that do not intersect

pairwise. They are ordered by ascending or descending. Accordingly, each subset receives its
index used as an estimate of the values belonging to the given subset. If the resulting set V"
contains more than one element, then the final choice of the single resource v, is done

randomly.

4. Experimental analysis

Within experimental analysis, we performed simulation modeling of the ICE using the
GPSS World system [24]. The examples of the utilization of ICE nodes using the hypervisor
shell and without it are given bellow.
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Simulation modeling was performed on the job flow corresponding to the flow of real jobs
executed on the cluster that includes 20 nodes. Each node has two quad-core processors Intel
Xeon E5345. We processed over 60000 jobs in total.

We varied dedicated and non-dedicated nodes of the cluster in various proportions. The
dedicated nodes execute virtual machines and do not execute jobs from common queues of the
local resource managers. The non-dedicated nodes execute all jobs, including jobs for executing
virtual machines.

The traditional manager of a virtual environment does not accept jobs for execution of
virtual machines, whose requirements exceed the possibilities of environment nodes. In
contrast, the hypervisor shell allows decomposing such jobs and passing its part to non-
dedicated nodes.

Fig. 3 show the utilization of dedicated and non-dedicated nodes under management,
respectively, using the hypervisor shell (a) and without it (b).

1

1 e © e © A e
° L b4 °
0,8 ° ° 08 ° °
506 506
2 2
2 g
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eCasel ®Casel
02 Case 2 02 Case 2
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a) dedicated nodes b) non-dedicated nodes

Fig. 3. Utilization of nodes

The represented results show that the hypervisor shell allows improving the utilization of
dedicated nodes by means of allocation of non-dedicated nodes for executing virtual machines.
Therefore, the utilization of non-dedicated nodes also increases in many cases.

In the future, we will study the ICE in more detail in the process of its practical use.

Conclusion

In this paper, the approach to the integration and virtualization of heterogeneous clusters
in a cloud computing environment was presented. A brief overview of the traditional tools for
the management of virtual machines was given; the advantages of the OpenStack platform for
an interaction with these hypervisors were highlighted.

Our contribution is multifold. We proposed the technology for the heterogeneous cluster
environment virtualization using the OpenStack platform together with the new specialized
hypervisor shell for local resource managers such as PBS, SLURM, or SGE. Within this
approach, we developed the model of the resource allocation for virtual machines and realized
the tools for the integration of heterogeneous clusters.

The developed model of the resource allocation for virtual machines allowed us to use the
knowledge about job requests, resource characteristics and current state of the environment,
and the expertise of it administrators.

The realized tools provide the capability for the “painless” integration of heterogeneous
clusters with the preinstalled local resource managers listed above for creating the virtual
cluster with the required configuration.
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The practicability and benefits of the represented approach were demonstrated on the
model example. All experiments were carried out in the Center of collective usage SB RAS
“Irkutsk supercomputer center”.

The study was partially supported by RFBR, projects no. 15-29-07955 and no. 16-07-
00931, and Program 1.33P of fundamental research of Presidium RAS, project “Development
of new approaches to creation and study of complex models of information-computational and
dynamic systems with applications”.
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Crarbsi 1OCBdIEHA [TPOOJIEME WHTErPAI PA3HOPO/IHBIX BBIYUCIUTE/IBHBIX KJIACTEPOB B EJUHYIO CPejy Ha
OCHOBE TEXHOJIOrWil BuUpTyasjm3aimu. B KadecrBe miardOpMbl YIPABJIEHUs BHUPTYAJbHONH CpPEIOi BbIODAH
nporpammubiii - komiuiekc OpenStack. JlanHblii KoMILIeKC obecrednBaer IMUPOKHU HADOP KOMIIOHEHTOB U
bYHKIMOHAJILHBIX PEIIeHMil JIJIs B3auMOJIEHCTBYs ¢ pa3iudHabiMu rutepsuzopamu. B ux unciae KVM, XEN, ESXj,
QEMU wu gpyrue cucrembl. B jomosmenwme K nporpammuomy komiwiekcy OpenStack —paspaborana
CIIEIUAJIN3UPOBaHHAs 00OJOYKA TUIIEPBU30Pa, ODECHEYUBAIONIAS 3aIlyCK BUPTYAJBHBIX MAIIUH W3 O4epejeil
TPAUIMOHHBIX CHCTeM ylipaBjenus 3ajanusmu, Hanpumep, PBS, SLURM, LSF wm SGE, wucnosbsyembix Ha
KJIACTEPaX CYHEePKOMIIbIOTEPHOIO IEHTPa KOJUIEKTUBHOI'O I0Jb30BaHMs. Pa3spaboraHHas MOJIEIb DPaCIpeieeHnst
PECypCOB Iyisi BUPTYAJbHBIX MAIIUH [T03BOJISIET UCIIOJIH30BATH 3HAHUS O 3aJAHUAX, XapPAKTEPUCTUKAX PECyPCOB U
TEKYIIEM COCTOSHUU BUPTYAJbHON BBIYMCIUTEJLHON CPeJibl, & TaKXKe OIBIT ee aJIMUHUCTPATOPOB. Peasm3oBanHble
UHCTPYMEHTBI OOECIIeUMBAIOT BO3MOYKHOCTH — «6€300JIE3HEHHON» WHTErPAIMY  PA3HOPOJHBIX  BBIYUCIUTEILHBIX
KJIACTEPOB, WCIOJIB3YIOMMX PA3JINIHbIE CUCTEMbI YIIPABJICHUS 3aJaHUSIMU, B BUPTYAJbHBIN KJacrep ¢ TpebyeMoit
koudwurypanueit. MojeabHble SKCIEPUMEHTHI TTOKA3bIBAIOT, YTO ODOJIOUKA TUIEPBA30pPA I03BOJISIET TOBBICUTH
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We propose new parallel algorithms for correspondence problem solution in computer vision. We develop an
industrial photogrammetric system that uses artificial retroreflective targets that are photometrically identical.
Therefore, we cannot use traditional descriptor-based point matching methods, such as SIFT, SURF etc. Instead,
we use epipolar geometry constraints for finding potential point correspondences between images. In this paper, we
propose new effective graph-based algorithms for finding point correspondences across the whole set of images (in
contrast to traditional methods that use 2-4 images for point matching). We give an exact problem solution via
superclique and show that this approach cannot be used for real tasks due to computational complexity. We propose
a new effective parallel algorithm that builds the graph from epipolar constraints, as well as a new fast parallel
heuristic clique finding algorithm. We use an iterative scheme (with backprojection of the points, filtering of outliers
and bundle adjustment of point coordinates and cameras’ positions) to obtain an exact correspondence problem
solution. This scheme allows using heuristic clique finding algorithm at each iteration. The proposed architecture of
the system offers a significant advantage in time. Newly proposed algorithms have been implemented in code; their
performance has been estimated. We also investigate their impact on the effectiveness of the photogrammetric
system that is currently under development and experimentally prove algorithms’ efficiency.

Keywords: computer vision, photogrammetry, correspondence problem, parallel algorithms, maximum clique
problem, epipolar geometry.
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Introduction

Effective matching between images of a 3D object points (also known as point
correspondence problem) is one of the key problems in computer vision [1]. There are several
ways to solve the correspondence problem, such as feature detection, a method based on the
epipolar geometry restraints, and the combination of these two methods. Feature detection is
the most popular approach for solving the point correspondence problem. These methods
analyze images and look for features, such as corners, ridges, contrast points etc. A numerical
value, called descriptor, is calculated from the image data based on some vicinity of the feature.
This approach allows us to find point correspondences almost instantaneously by matching the
numerical values of descriptors, as local feature detectors are robust against most image
transformations (caused by movement of the camera) given that lighting conditions remain the

* The paper is recommended for publication by the Program Committee of the International Scientific
Conference “Parallel Computational Technologies (PCT) 2017”.
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same and the camera position does not change drastically. Another advantage is the fact that
feature detection does not require any knowledge of the camera relative position.

Unfortunately, feature detection methods only work well in stable lighting conditions. If
the light source moves, features might alter their appearance, structure of shadows, or
disappear. This leads to changes in numerical values of the descriptors that make it impossible
to find matches. Harris detector [2]|, SIFT [3] and SURF [4] are among the most popular and
widely used feature detectors and descriptors.

It is also possible to solve correspondence problem using epipolar geometry [1, 5]. As it is
shown in Section 1.1, if we choose an image point in the first image, the corresponding image
point in the second image may only lie on the epipolar line [1|. Epipolar line can be easily
calculated, provided that we know camera intrinsic parameters with the relative position and
orientation of a pair of cameras. Thus, it is possible to narrow the search area to a single
epipolar line (for a pair of images), or even to the crossing point of two epipolar lines (for a
triplet of images). An approach based on epipolar geometry does not have any special
requirements to lightning conditions of the image contents; however, it requires cameras’
parameters and their relative position to be known. Fraser in [5] describes various approaches
of finding point correspondence based on epipolar geometry in 2- and 3-dimensional space. He
also states that computational difficulty grows rapidly when the number of images is increased.

A group of special (typically industrial) photogrammetric systems uses retroreflective
targets (to identify the key points of the object being measured) and a flash to ensure that
those targets are easily distinguishable in an industrial environment that often has insufficient
lighting conditions. This directed light drastically changes the structure of shadows in the
image, thus changing the values of feature descriptors. In this case, point correspondence
problem can only be solved by means of epipolar geometry. Unfortunately, in practice the point
may lie slightly out of the calculated epipolar line due to some degree of uncertainty in
estimated relative camera position or due to camera’s manufacturing imperfections. Thus in
real-life applications it is better to search for a point in some 8-vicinity of the epipolar line.
Moreover, as the number of images and targets increases, the search area may contain more
other points or artefacts (such as glares or reflections mistakenly recognized by the system as
retroreflective targets), so the correspondence problem becomes non-trivial. As we show in
Sections 1.2 and 1.3, the exact solution of point correspondence problem belongs to clique
problem in a multipartite graph and has exponential complexity.

We develop an industrial photogrammetric system that uses retroreflective targets [6, 7],
so we have to use epipolar geometry to solve the point correspondence problem. Our system
should work on a mid-high level laptop. Moreover, due to specifications, the whole process of
the 3D reconstruction (from uploading images from the camera to obtaining accurate 3D
coordinates of the targets) should take no more than 5-6 minutes. This requires us to develop
some new effective point matching algorithms based on epipolar geometry, which would allow
us to solve the problem in acceptable time. To achieve this, we use parallelization along with
an iterative scheme that adjusts the accuracy for estimation of targets and cameras’ positions.
This allows using heuristic clique finding algorithms (particularly but not exclusively their
parallel versions) that finally lead us to an exact solution of the point correspondence problem
in acceptable time.

It is impossible to parallelize the whole problem of 3D reconstruction due to its specific
nature. However, we may significantly increase overall efficiency of the process by performing
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parallel data processing at several stages, thanks to the widespread parallel architecture
(nowadays most of the mid-high level laptops contain multi-core CPUs, as well as discrete
GPUs).

In this paper we will cover different aspects of the problem. We start with considering the
theoretical solution of the point correspondence problem by the means of epipolar geometry
(Sections 1.1-1.3) and estimating its complexity (Section 3.1). Section 1.4 describes our iterative
scheme that allows us to use near-polynomial time clique finding algorithms that are described
in section 1.5. Section 2 covers our software implementation of the algorithms. Test results are
provided in Section 3. Our findings are summarized in the final section, “Conclusion and future
work”.

Related work. Point matching is one of the key tasks in computer vision. Most works
rely on having photometrically distinct features that allow computing a descriptor from image
data [8, 9]. SIFT [3] and SURF [4] are among the most popular and widely used methods. We
can name BRISK [8] and FREAK [11] among the developments of the recent years. There are
also works that consider hybrid approach, such as [12]

However, due to the usage of photometrically identical targets, we should rely solely on
epipolar geometry. One of the most fundamental works that cover multiple aspects of computer
vision, including epipolar geometry, is [1]. There are two primary approaches to finding point
correspondences via epipolar geometry: so-called clustering method, which operates within 3D
space, and plane-based methods. Various techniques that utilize the clustering method are
considered in [13, 14|. Among the papers that describe the plane-based approach, we can name
both classical works by Maas [15, 16|, Zhang et al. [17], as well as recent papers, such as
[18, 19]. Fraser in [20] describes “presently adopted approaches for close-range photogrammetric
network orientation, along with three categories of processing for 3D point determination”.

Modern photogrammetry systems, such as V-STARS [21] or Agisoft PhotoScan [22]| are
likely to use similar approaches to finding point correspondences. However, due to commercial
considerations, very little information concerning the internal target detection mechanisms,
point matching algorithms etc. is available. Among the few works that consider various aspects
of photogrammetry systems we can name [5| as the closest one to our photogrammetric system.

In this paper, we propose new effective graph-based algorithms that utilize epipolar
geometry for finding point correspondences across the whole set of images. This is, to the best
of our knowledge, a new approach; other techniques that utilize epipolar geometry for point
matching are based on 2, 3 or 4 images [15, 23].

An extension of 4-images approach to an arbitrary number of images has been reported by
Dold and Maas in [16], although they state high computational complexity of their method
that “grows exponentially with the number of images and would hardly be tolerable in an
application with 18 images”. However, our method, despite utilizing similar principles of
epipolar geometry, is different: we use a graph as a mathematical model of point correspondence
problem, so that each clique in the graph represent a potential matched point across all images
in the set. Thus we can “automatically” get all point matches, by choosing the largest disjoint
cliques from the graph. We also consider additional information such as clique weight to choose
the best candidates for establishing point correspondence. While we encountered the same
exponential computational complexity within our superclique approach, we developed another
approach that allows to find exact point correspondences across the whole range of images in
a reasonable time. It includes our new parallel graph-based algorithms along with an iterative
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scheme. Thus it makes it possible to find an exact solution of the point correspondence problem
for hundreds of images in a fast and efficient way.

Another approach that utilizes epipolar geometry, tree hierarchy, graph theory and
clustering was reported in [24].

1. Theory

1.1. Epipolar geometry and point correspondence

Epipolar geometry describes the so-called stereoscopic pair — two cameras with known
relative pose and orientation that observe the same three-dimensional object.

Suppose that point X is simultaneously observed by two cameras: the left camera with
optical center Or and the right camera with optical center Or (Fig. 1). The real (three-
dimensional) point X is projected on the left and right image planes as Xi and Xgr
correspondingly. The baseline, which connects cameras’ centers Or, and Og, intersects with
image planes in points er, and er, which are known as epipoles [1].

X —cDipolar line
corridor boundaries

OL.::'.' ........................ o g —— i, OR

Camera 1

Camera 2

Fig. 1. Epipolar geometry and epipolar corridors

Apparently, each 3D point X has its own epipolar plane that goes through baseline and
through X (thus through Xj, as well). The intersection of the epipolar plane with the right
image plane forms an epipolar line that goes through Xg.

Given a case where real 3D coordinates of X are unknown (for instance, processing a set
of images when we have only two-dimensional coordinates of Xi), we cannot unambiguously
locate Xg on the right image due to the loss of depth when projecting the point to an image
plane. However, it is still possible to narrow the search area of the corresponding point Xgr
from the whole image to epipolar line.

An epipolar line (in the form of ax + by + ¢ = 0) that corresponds to Xy, in the right image
can be described as (1), according to [25]:

e=F- X, (1)

where e is the column vector of coefficients a, b and ¢, X;, is the column of homogeneous point
coordinates in the left image, F is a fundamental matrix calculated for the given pair of images
by camera intrinsic parameters K and camera relative pose and orientation, which are
represented by essential matrix E [1]:
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F=K1-E-K, (2)
Essential matrix E can be calculated as (3):
0 —tx(3) tx(2)
E=|tx(3) 0 —tx(1)| "R, (3)

—tx(2) tx(1) 0

where tx is the normalized translation vector between the cameras’ centers. Given the pair of
translation vectors t; and t, which define location of the cameras’ centers in some global

coordinate system, we can calculate tx from (4) and (5):

tx'

tx = , 4
Viiex!ll )
tx' =tf —R-t], (5)

where R is the rotation matrix between the two cameras. It can be found by (6) from a pair of
rotation matrices A; m 4, in some global coordinate system:
R=A,-Al. (6)

It is evident that epipolar line on the right image can go through several different image
points, thus making the point correspondence problem to be non-trivial.

In order to use the epipolar geometry, camera poses and orientations should be known
before making calculations. In our photogrammetric system we use so-called coded targets that
provide us with the global coordinate system for all images [26].

Unfortunately, real cameras are not as perfect as their mathematical models are. In the
right picture, the point may lie slightly off the calculated epipolar line due to some degree of
uncertainty in the estimated relative camera position or due to the camera’s manufacturing
imperfections. Thus in practice it is better to use the epipolar corridor of width d that is more
likely to contain the point.

Switching from epipolar lines to epipolar corridors brings even more nearby candidate
image points into the correspondence search area. Moreover, some of the images may contain
extra artefacts inside of the corridor (such as glares or reflections mistakenly recognized by the
system as retroreflective targets). Thus, point matching algorithm should be robust and
insensitive to various disturbances and artefacts.

1.2. Epipolar geometry and point correspondence

We propose to use the multipartite graph G={V;E} as a mathematical model of the point
correspondence problem. Graph G consists of a set of image points V (graph vertices) and a
set of possible correspondences between points E (graph edges). A pair of points is considered
adjacent if each point of the pair lies within the epipolar corridor calculated for the opposite
point of the pair. Each single image forms a separate part of the graph (because vertices that
represent points in the same image cannot be adjacent), so the whole graph becomes k-partite,
where k is the number of images.

The algorithm for building the graph from epipolar data is given below. For each pair of
images we calculate fundamental matrix F using (2) — (6). Then we process each pair of image
points in the “left” and “right” images of the pair. For each point of the pair we calculate
epipolar line on the “opposite” image (the one that the point does not belong to) and Euclidian
distance to this line for the other point of the pair. When the mean pixel distance to the
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epipolar lines (7) is not greater than the half of the allowed width of the epipolar corridor, two
vertices in G become adjacent with the edge weight w, equal to (7):

_1 ler - orl le, - il
Y=2 (\/61(1)2+€l(2)2 T \/er(1)2+er(2)2)’ @

Here e;, e, are the column vectors of coefficients (1) for epipolar lines in the left and the
right image correspondingly; p;, p, are homogeneous pixel coordinates of image points in the
left and the right images (8):

Xpx
YVpx
1

p= : (8)

This algorithm has a large number of independent calculations and possesses high
cyclomatic complexity, which makes it a good candidate for parallelization. We describe our
parallel implementation of this algorithm in Section 2.1.

1.3. Epipolar geometry and point correspondence

The exact, theoretical solution of the point correspondence problem is a superclique — a
clique in a supergraph, a graph where each vertex represents a clique in graph G (a clique is a
subset of graph where every two distinct vertices are adjacent).

At the first step, we should initially find all maximal cliques in G with the number of
vertices greater than or equal to some pre-defined value t (which is used to filter out artefacts).
Each clique C; = {V;} represents a possible 3D candidate point; its vertices V; represent possible
images of this point in various pictures that satisfy epipolar restraints. Besides the set of
vertices, each clique obtains its unique identifier.

At the next step, we build a supergraph — graph S with vertices C;. A pair of cliques C;
and C; are adjacent in S if they do not have any common vertices V; (i.e. they are disjoint:
GnG={Vin{V}=0)

Superclique is the maximum clique of S that consists of disjoint cliques {C;} and represents
the final set of 3D points. At this step each Ci from superclique represents an actual 3D point
identified across all the pictures in the set. The superclique is the exact solution of the graph-
based point correspondence problem. This approach requires two steps.

We have introduced t before as a parameter that controls filtering various artefacts, such
as glares, blinks etc. It is assumed that those disturbances are visible in no more than t-1
pictures in the series. If a bright point that resembles retroreflective target is visible in ¢ or
more images, it can be considered as an additional 3D feature that can be used to improve
accuracy of the computations. The value of t partially depends on shape of object being
measured. In our work we typically use t = 4 ... 6.

Unfortunately, the usage of the superclique approach in practice is limited due to
computational complexity. Nowadays both the maximum and the maximal clique problems are
considered to be NP-complete [27]. While listing all maximal cliques in G is hard, finding
maximum clique in S is much harder (as S may contain much more edges and vertices than
G). We provide some experimental data and estimations in Section 3.1.

According to our research, at the current level of technology it is impossible to use the
superclique approach for practical tasks, except for cases with low number of targets and
cameras that are not of any practical industrial interest.
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1.4. Exact solution of the problem using an iterative scheme

Our photogrammetric system must perform measurements in a specified amount of time.
Our tests show that the superclique approach requires large amounts of time, which exceed the
acceptable limits even for small-sized datasets.

In order to meet the time requirements we develop an iterative scheme for finding point
correspondences that uses approximate superclique finding methods, triangulation of 3D points
with filtering of outliers, bundle adjustment [28] of point and cameras’ parameters with
backprojection techniques that allow finding new point images in the pictures. This scheme
makes it possible to use approximate clique finding algorithms of near-polynomial time
complexity at every single iteration. Eventually, this scheme provides the exact solution of the
point correspondence problem (and estimation of their 3D coordinates) in a reasonable amount
of time.

1.5. Parallel local graph-based algorithm for finding correspondence

points

We propose a new parallel algorithm for finding point correspondence. The key idea of this
algorithm is building a number of small local graphs instead of processing one large global
graph. This is the further development of our PLG family of algorithms, which are described
in [29], with the consideration of gathered experience and criticism.

General idea. Most algorithms of this family process the whole set of point images in
series. At each iteration, algorithm builds a small-sized local graph for the current image point,
which becomes the seeding vertex, or seeding point (SP). All other image points that lie within
the corresponding epipolar corridors in all other pictures are also added to the local graph as
vertices, adjacent to the seeding point (NP). The corresponding edge weight is calculated by
equation (7). In the next step, the algorithm analyses epipolar geometry of the newly added
point images and adds more edges to the graph between existing vertices. Some members of
the PLG family even expand the graph at this step by adding new vertices that are connected
to NP (but not to SP). Finally, the algorithm finds the maximum clique in the graph. Vertices
that form this maximum clique represent the same 3D point across all pictures [12].

An intuitive (geometrical) explanation of the working principles of the point matching
algorithms that are based on local graphs can be formulated as the following:

1. An image point (SP) is picked in a certain way from the set of all image points across

all pictures;

2. Epipolar lines in all other images are calculated for SP;

3. All other image points from other pictures that lie within some 8-vicinity of the epipolar

lines are considered as potential corresponding points;

4. New epipolar line across all other images are calculated for each of the potential

corresponding points;

5. In each image, we choose an image point that lies at the crossing point of the maximum

number of epipolar lines (or in some 3-vicinity of the crossing point);

6. The set of chosen image points represents the same 3D point with the maximum degree

of probability (which is proven by the experiments).

Our method conceptually resembles point matching between a triplet of images [1, 5],
however, it takes more data to consider (we analyze all pictures that contain the necessary
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scene fragment). Thus, potentially, it may achieve more accurate point matching than triplet-
based methods. Our experiments have proven this method to be robust and accurate.

Different algorithms in PLG family pick the seeding point in a different way. At present,
we consider the algorithm called PLG4 to be the most optimal. At every iteration, it picks the
vertex with the highest degree in the global graph (i.e. the image point with the maximum
number of candidate image points in the proximity of its epipolar lines), which has not been
included to any cliques before, as the seeding vertex for the current local graph. The local
graph in PLG4 must contain only vertices adjacent to SP. We consider this algorithm as more
accurate rather than PLG1 or PLG2 described in [29], thus our parallel point correspondence
algorithm will be based upon these principles.

Our parallel point correspondence algorithm. Most algorithms in PLG family work
with the converging set of image points (because image points that have formed a clique are
excluded from consideration). This feature makes data to be dependent from the previous step,
thus making parallelization of this algorithm more difficult. Besides, the exclusion of image
point from further analysis it could potentially lead to the loss of other cliques of the same
size, but with lesser summary weight of edges, which are more preferable.

parallel for each (point € 2DPoints)
G,:=0
for each neighbour € point.Targets
Gp «— vertex (neighbour)
G, edge (point < neighbour)
end for each
for each (neighbour € point.Targets)
for each (link €neighbour.Targets)
if (G,31ink as vertex)
@;— edge (1link <> neighbour)
endif
end for each
end for each
grouped_point := find maximum clique of min_weight (G,)
if (size(grouped point) = t )

{ cliques } <« grouped point

endif
end _parallel for each
cliques := sort by size (cliques)

foreach clique € cliques
foreach clique2 €cliques[clique...end]
if (clique N clique2 # Q)
cliques := cliques \ clique?2
endif
end for_ each
end for_ each

Fig. 2. Parallel PLG algorithm pseudo-code

In our new algorithm, we decided not to exclude the image points that have formed cliques
from further processing, so the input dataset does not converge with time. This not only
simplifies parallelization of algorithms, but also allows creating a brand new approach based
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on local graphs as well. A sequential implementation of this approach is also possible, although
it is far less effective.

Therefore, our parallel algorithm for finding point correspondence consists of two stages.
At the first stage, we build local graphs for all image points in a parallel. The algorithm also
tries to find maximum clique in each local graph that it builds. Once the parallel stage is
complete, we refine the resulting set of cliques to get rid of the clique intersections. Our new
algorithm is provided in pseudo-code given in Fig. 2.

find maximum clique of min weight procedure searches for the maximum clique
in Gp, choosing the one with lesser summary edge weight in case of two cliques of the same
size being compared. From practical point of view, clique with lesser summary edge weight has
it vertices located closer to the corresponding epipolar lines, thus being more preferable over
the clique with greater summary edge weight.

2. Implementation

We implement both epipolar-corridors-to-graph and the point correspondence algorithms
in C++11. We use Microsoft Visual Studio 2015 C++ Compiler to build our code.

In the current version of our software implementation of algorithms, we use Microsoft C++
Concurrency Runtime\ Parallel Patterns Library for the purpose of parallelization. Our choice
is based on the requirements for photogrammetric software being developed: it must run under
MS Windows on a mid-high level laptop. Current software only uses CPU cores for performing
calculations. We consider tailoring our algorithms to GPU architecture as one of the directions
for the future work.

Other modules of our photogrammetric system that are not described in this paper are
implemented with either GNU Octave or C+-.

2.1. Implementation of parallel algorithm for graph building from epipolar

geometry

Initially, we had been implementing epipolar-corridors-to-graph algorithm with the use of
OpenCV 3.1 Library [30] for matrix operations (because OpenCV is the inner standard of our
photogrammetric system). However, profiling showed that OpenCV matrix performance is low,
so we chose to use Eigen 3.2.8 library [31] for matrix operations which gives us extra speedup.

Our parallel algorithm is given in pseudo-code in Fig. 3.

We modify the initial algorithm described in Section 1.2 by splitting it into several steps.
First, we build a batch of tasks (a pair of images + corresponding fundamental matrix) in a
parallel. Then we process this batch (as well in a parallel) by calculating (7) for each pair of
image points from current pair of images and writing down pairs that lie within the corridor.
Finally, we build a graph (in a form of edge list, as required by design rules) based on the data
from the second step.

These modifications make calculation of fundamental matrices to be independent from the
processing of image point pairs. Besides that, it reduces cyclomatic complexity of algorithm
from 4 nested cycles to 3 and gives us more potential for parallelization.
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pairs<i,j> := all possible pairs (1..Nig.ges)
parallel for each(pairs)
F := equations (2) - (6)
tasks «— <i, j, F>
end parallel for each
parallel for each(tasks)
for each( p, € image points (i) )
e, =F-p
for each( p, € image points(j) )
e, =F-p,
if ( equation (7) < ec halfwidth )
graph « edge (p;, pr)
endif
end for each
end for each
end parallel for each

Fig. 3. Parallel algorithm for graph building from epipolar geometry

2.2. Details on implementation of parallel algorithm for point

correspondence problem

We implement our newly proposed graph-based point correspondence algorithm as a part
of clique finding module, which also implements other clique finding algorithms described in
[29].

The pseudo-code of the new algorithm is given above in Fig. 2.

In order to find the maximum clique, we use modified Konc and Janézi¢ [32] Maximum
Clique Algorithm, also known as MCQDyn. We use its reference implementation 33| as the
basis of function find maximum clique of min weight in Fig. 2. Our modifications of
this algorithm are described in the next Section 2.3.

Our clique finding module also contains implementation of other sequential point
correspondence algorithms described in [29]. We use those algorithms as competitors to our
new parallel algorithm. Most of those algorithms (i.e. PLG4) also use MCQDyn to find the
maximum clique. However, other sequential algorithms, such as CE, find all maximal cliques
in a graph. In order to do this, we use Tomita’s variation [34, 35] of Brohn-Kerbosch
algorithm [36] with pivoting. Our code is based on Ozaki’s implementation [37] that uses
adjacency lists built upon unordered set from Boost [38].

2.3. Implementation of the modified Konc-Janézi¢ algorithm

for the maximum clique with minimal summary edge weight

Most maximum clique algorithms are only capable of finding clique with the maximum
number of vertices. In tasks related to epipolar geometry it is also important to consider the
summary edge weight of a vertex set (which is also called clique weight). Edge weight defines
how far the vertex is from its corresponding epipolar line, thus clique weight shows how close
this vertex set lies to its corresponding epipolar lines. Given two cliques of the same size, we
should prefer the one that has lesser summary edge weight.

In the text below we name key differences of our implementation of Konc-Janézi¢ maximum
clique algorithm (also known as MCQDyn) that find maximum clique with minimal weight
from its reference implementation [33].
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We introduce additional data structure for keeping edge weights. It is implemented as
unordered map<pair<int,int>,double>, which has search time complexity of O(1).
For working with clique weight, it is also necessary to implement the corresponding
clique weight function.

Immediately after exiting the recursion call, the reference version of the algorithm checks
whether the newly found candidate clique Q can unseat current maximum clique QMAX by
the following criterion: |Q| > |QMAX|. Our modified criteria is given in Fig. 4. It also skips
cliques with the size lower than ¢ (threshold), which is used for filtering out artefacts:

if |Q] = threshold
if |Q| > |QMAX| OR
|Q|l = |QMAX| AND clique weight (|Q|)<clique weight (|QMAX])
QMAX :=Q
endif
endif

Fig. 4. Modified QMAX unseat criterion

3. Experimental results

Test machine A is equipped with Intel Core i7-6700K processor running at 4.0 GHz (4
cores, 8 threads) and 48 GBs of RAM. We as well estimate integral algorithm efficiency (section
3.4) on machine B, which is equipped with Intel Core 2 Duo CPU running at 2.66 GHz (2
cores, 2 threads) and 4 GBs of RAM. Except where otherwise noted, we provide average
running time for a series of n=10 launches with the same input data as “running time of
algorithm”. All datasets can be downloaded from https://github.com/tushev/pplgx-

sample-data.
3.1. Estimation of complexity for superclique approach

In order to estimate time complexity for superclique approach, we use one of our test series
with 74 pictures and 122 spatially dense retroreflective targets. We obtain graph G with 1 048
vertices and 19 542 edges with edge density of 3,56%. The corresponding supergraph S consists
of 16 356 vertices m 77 140 880 edges with edge density of 57,67%. It took 74,4 seconds on test
machine A just to build S’s adjacency matrix in RAM (with the total program’s memory
consumption of 6,97 Gb). In comparison, the previous step that found 16 356 maximal cliques
in G took only 0,138 seconds. We were unable to find superclique as we had to terminate
superclique discovery step after more than 2 hours of computations.

Thus, at the moment, the superclique approach may only be of theoretical interest. It is
unsuitable for most practical photogrammetric applications (except for the cases with small
number of cameras and targets) due to high time complexity.

3.2. Experimental results for parallel graph building algorithms

Tab. 1 provides average running times for three variants of the epipolar-corridors-to-graph
algorithm: classic sequential implementation that uses OpenCV library for matrix operations,
parallel implementation with OpenCV and parallel implementation with Eigen library for
matrix operations.
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Table 1
Running time of graph building algorithms from epipolar geometry, s.
# of |Total images| Avg. images of parallel- .
# . . . . parallel-cv . classic
pictures of points points per picture eigen
23 2186 95 0,8658 0,3831 5,0344
2 30 1288 42 0,5966 0,3606 2,0730
89 896 10 0,4149 0,2776 0,3608

We use three different photographic sessions as input data. The data given in Tab. 1
suggest that our parallel OpenCV implementation runs faster than sequential implementation
on dense sessions (like datasets 1&2), while the overheads slow it down on the small-sized
sparse dataset 3. Nevertheless, the Eigen-based parallel implementation always runs faster
because of better performance of matrix operations. All the tests are performed on machine A.

3.3. Experimental results for point correspondence algorithms

for synthetic data

We develop a simulation model of our photogrammetric system to estimate efficiency of
point correspondence algorithms. This simulator includes graph generator, which allows to
form synthetical graphs with the specified number of “pictures” taken, number of targets and
number of artefacts. By varying these parameters, we obtain graphs with different number of
vertices, edges and different edge density.

Tab. 2 contains average runtime of point correspondence algorithms on different synthetic
graphs on machine A.

Table 2
Running time of point correspondence algorithms, s.
. Graph edge
Graph # | Vertices | Edges . Images | PPLGx, s |PLG4, s| CE, s
density
1 2 188 71 024 2,97% 23 0,207 0,266 0,444
2 2175 19 722 0,83% 23 0,024 0,842 0,162
3 2 188 69 284 2,90% 23 0,191 0,27 0,439
4 2 978 42 786 0,97% 20 0,107 0,212 0,338
5 11 112 375 414 0,61% 53 2,936 7,734 4,457
6 20 590 981 122 0,46% 71 14,488 15,507 16,461
7 32739 | 1609 460 0,30% 83 30,332 219,215 | 40,253

We denote the new parallel point correspondence algorithm as PPLGx, which is described
together with sequential PLG4 algorithm in Section 1.5. A sequential CE point matching
algorithm is described in [29].

The data in Tab. 2 suggest that our new algorithm is faster in all cases. However, this data
does not reflect overall matching efficiency of proposed approaches and should only be used to
compare the execution time between algorithms. To estimate overall integral matching
efficiency we should test our algorithms as a part of the photogrammetric system.
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3.4. Estimation of integral algorithm efficiency

As shown in Section 1.4, our photogrammetric system uses iterative scheme for finding
point correspondence that refines data accuracy on each iteration. We have chosen the
following variables as the key performance indicators: the total running time, the number of
3D points identified, the mean reprojection error, the total number of point images identified
and the number of iterations, denoted as IN.

We have picked two test datasets that represent two kinds of situations we may encounter
while performing photogrammetric reconstruction. Tab. 3 contains experimental results for a
typical photogrammetric session, which is representative for most measurement procedures in
our practice.

Table 3
Integral efficiency of the photogrammetric system (“typical” session)
. Avg. runtime Avg. runtime | # 3D | # 2D Mean reproj.
Algorithm ] . . . N

(Machine A), s | (Machine B), s | points | points error, px
PPLGx 41,08 135,55 161 1701 17 0,396974
PLG4 45,63 139,92 161 1701 17 0,396974
CE 45,18 141,51 161 1701 17 0,396974

Tab. 4 contains experimental results for our most computationally hard case as of the

current date with high spatial density of retroreflective targets. Such situations are not
common, but they contain a very large number of candidate points and therefore are the most
challenging ones. They also may lead to varying results due to different principles lying beneath

matching algorithms.

Table 4
Integral efficiency of the photogrammetric system (“extreme” session)
. Avg. runtime Avg. runtime | # 3D | # 2D Mean reproj.
Algorithm . . . . N

(Machine A), s | (Machine B), s | points | points error, px
PPLGx 187,14 502,59 253 2371 29 0,307259
PLG4 240,39 557,44 253 2379 45 0,305532
CE 269,73 597,10 251 2362 36 0,307569

We use parallel epipolar-geometry-to-graph algorithm with PPLGx and its sequential
version with PLLG4 and CE.

As we see from Tables 3 & 4, our new parallel algorithm (PPLGx) is the fastest in both
cases. Also, in the “extreme” case, it converges the system much earlier than other point
correspondence algorithms, and finds the same number of 253 3D points as PLG4. However,
in this case, PLG4 identifies 0,33% more image points and gains slightly less reprojection error
(around 0,0017 pixels).

Note on overall of the

photogrammetric system mostly depends on final bundle adjustment procedure and the

system accuracy. The overall measurement error
accuracy of measurements of pixel coordinates of the circle targets in the images [26]. The main
goal of the point correspondence algorithm is to identify as many targets in the images as
possible. Thus, if any of the point correspondence algorithms manages to find more points than
the other, the result measurement error of the photogrammetric system (represented in this
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case by mean reprojection error) decreases (as shown in the data from Tab. 4). Otherwise, if
all algorithms converge to the same result (as in Tab. 3), the final bundle adjustment procedure
gains the same accuracy. In this case, the fastest algorithm becomes the most preferable one.
This allows us to create a kind of “switch” in our software, which detects the complexity
of the given session and asks the user whether to perform fast but slightly less accurate
calculations, or precise but 20-25% slower calculations. If the given session is identified as
“typical”, the system always chooses the fast parallel point correspondence algorithm.

Conclusion and future work

In this paper we describe how epipolar geometry may be used to find point correspondences
when other methods such as feature detectors are not applicable. We introduce a multipartite
graph as mathematical representation of the system and describe how to construct it from
epipolar geometry. We also propose parallel implementation of graph building algorithm and
estimate its efficiency over sequential implementation.

We propose a new parallel graph-based algorithm for finding point correspondence, which
is based on the idea of local graphs of small size. OQur tests prove that the new algorithm is
faster than other sequential point matching algorithms, both on synthetic data and as a part
of the photogrammetric system. Also, it is accurate and it produces the same results for all
sparse cases as the other algorithms. However, for spatially dense cases, it may lead to slightly
different results with negligible reprojection differences. We believe that fine-tuning of the
other parts of the photogrammetric system may mitigate these differences and regard this as
one of the directions for the future work.

We consider tailoring our algorithms to GPU architecture as the future work as well.

The work was supported by Act 211 Government of the Russian Federation, contract
M 02.A03.21.0011.
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B nmacrosimeit cratbe mpeyioyKenbl mapaJsiiesibHbIe AJTOPUTMBI JIJIs IOMCKA COOTBETCTBYIONINX TOYEK B 33IaUaX
KOMITbIOTEPHOTO 3penus. Pa3pabarbiBaeMasi KOJUIEKTUBOM aBTOPOB (POTOrPAMMETPUYECKAs] CUCTEMa OCHOBAHA, HA
UCIIOJIb30BAHUHU MCKYCCTBEHHBIX CBETOBO3BPAIIAIONINX MHUIIEHEH, UIEHTUIHBIX 110 (POTOMETPUYIECKUM IapaMeTPaM.
B cBsi3u ¢ 9TUM TPaJUMIMOHHBIE METOIbI IOMCKA COOTBETCTBUI HA OCHOBe Bbhluucienus neckpunropos (SIFT, SURF,
U Jp.) HENpUMeHUMbL; (DOTOrpAMMETPUYECKAsl CHUCTEMA WUCIOJBb3YeT METONbl, OCHOBAHHBIE HA 3IUIOJSIPHON
reomerpun. B HacTosmeil crarbe npeiioxKensl 3h@MEKTUBHbIE AJTOPUTMbI [TOUCKA COOTBETCTBUI MEXKIY TOYKAME
1O BCeil COBOKYIHOCTH CHUMKOB (B OTJIAYUE OT KJIACCUYECKHMX METOJOB, UCIOJB3YIOMMX 2-4 CHUMKA), OCHOBAHHBIE
na rpadax. IlpuBemenHo TodHOe ABYXIIANOBOE peIllEHWE 3aadd |epe3 CYHEepKJMKY rpada MOTeHIMAIbHBIX
COOTBETCTBUIf; TIOKA3aHA HEBO3MOYKHOCTD IIPAKTUYECKOr0 HAXOXKJIEHWs CYyIEPKJIMKNA B PEAJbHBIX 33/1a9aX B CBI3H C
BBIYUCJIUTELHON cyio2KkHOCTbIO. [Ipenioxkena addekTuBHas napaiesibHas peau3alus ajJropuTyMa (hOPMUPOBAHUS
rpada Ha OCHOBE SIUIOJSPHBIX OrPDAHWYEHMII, a TaK¥Ke ObICTPOIEHCTBYIONMUI MapaJIIeJbHbIA IBPUCTUYIECK UL
aJINOPUTM TIOMCKA KJIMK B JanHoM rpade. IIpuMenenre nreparioHHOl cXeMbl ¢ 0OpaTHBIM IIPOCIIUPOBAHUEM TOYEK,
OTCEBOM BBIODOCOB M yPABHUBAHUEM KOODJIMHAT TOYEK U [TOJIOYKEHUI KAMEP Yepe3 METO/[ CBI30K MO3BOJISET B UTOrE
[OJIy9YaTh TOYHOE PEeIleHHe 33JIa9id C WCIOJb30BAHUEM 3SBPUCTUYECKOrO AJTOPUTMA IOUCKA KJIMK HA KaXKJIOi
urepaimu. llpejyioxKeHHasT apXUTEKTypa CHUCTEMbI JlaeT 3HAYUTE/IbHBIA BBIUIPBIII BO BpeMeHH. Paspaboranbl
[IPOrPAMMHBIE PEAJIU3AIY OIUCAHHBIX AJIFOPUTMOB. DBBINIOJIHEHA CpaBHUTEJIbHAS OIEHKA (PPEeKTUBHOCTH U
[IPOU3BO/IUTEILHOCTH [IPEJJIOKEHHBIX aJIOPUTMOB IPUMEHHUTEJIBHO K pa3pabarbiBaeMoil (poTorpaMMeTpudecKoit
crcTeMe, IKCIIEPUMEHTAJILHO MOITBEPXK IeHa 3P DEK TUBHOCTD IIPEJIAraeMbIX PEIeHUIA.

Kaouesvie  caosa:  komnvilomepnoe 3penue, Homozpammempus, NOUCK  COOMBEMCMBYIOWUT — MOYEK,
NAPAANEABHVLE AA2OPUTILMDL, HATONCOEHUE MAKCUMAALHOT KAUKY, INUTLOAAPHAA 2€0MEMPUS,

OBPA3EIIl IINTUPOBAHUA
Tushev S.A., Sukhovilov B.M. Parallel Algorithms for Effective Correspondence Problem

Solution in Computer Vision // Becrauk FOVpI'Y. Cepusi: Borauciurenpuas MaTeMaruka u
undopmaruka. 2017. T. 6, Ne 2. C. 49-68. DOI: 10.14529/cmsel70204.
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CemamTnveckas C€Th CJIOB — 3TO OPHEHTHPOBAHHBIN rpad, BEPIINHBI KOTOPOTO — JIEKCUYIECKNe 3HATEeHUs
CJIOB, & pebpa — OTHOIIEHUST MeX Iy HUMU. B cTarbe mpemcraBieH komiieke mporpamm SWN,| mpeHa3HaveHHbli
71 TIOCTPOEHUS CEMAaHTHIECKOH CeTH CJI0OB B @BTOMATHUIECKOM PEKUMe IIyTeM CTPYKTYPUPOBAHMSA HEPA3MEIEHHBIX
CJIOBapeil CHHOHUMOB U CJI0Bapeil POJI0-BUIOBBIX OTHOIIEHUI C UCIIOJIb30BAHUEM BEKTODPHBIX IIPEICTABJICHUI CJIOB,
MTOJIy9€HHBIX HA OCHOBE 00pPabOTKM KOPILYCa HECTPYKTYDPHUPOBAHHBIX TEKCTOB HA €CTECTBEHHOM s3bIke. Komruiekc
IIPOrPAMM BKJIIOYAET B Ce0s peam3anuio MEeTONO0B OOHAPYKEHWsI IPYII CHHOHMMOB W IIOCTPOEHUs OTHOIIEHUN
MeXJy OTIeIbHBIMU 3HAYEHWSMU CJIOB, OCHOBAHHBIX Ha ODydYeHWH 0e3 yJunTess, a TaK:Ke MOYJs PACIIUDEHUs
OTHOIIEHU, OCHOBAHHOr0 Ha 00y<eHun ¢ yuurenaeMm. [Ipusenena Momesas npeaMeTHOM 00IaCTH C UCIOIH30BAHIEM
dopmasmzma VOWL. Apxurekrypa Komiuiekca uporpamm npejcrasiesa B (opmamusme UML u Briouaer
MOZy/Tb OOHAPYZKEHUsI TOHSTHI, MOJIYJb MMOCTPOEHHWS CEMAHTUIECKUX OTHOIIEHWI MKy 3HAYEHHSMU CJIOB,
MOIY/Ib PACHIMPEHHs CEeMAHTUIECKUX OTHOIIEHUH, MOIy/Jb IIPeoOpa30BaHMUA DPe3ysbTaToOB paboThl B (HOpMATHI
CeMaHTHYIECKON MAYTWHBI, W MOJIYJIb ITOCTPOEHUS OIEHOYHOr0 Habopa JAHHBIX MPU TOMOIIM KPAYICOPCHHTA.
IIpencraBreHHBIN KOMIIZIEKC MPOTPAMM SBJISIETCS MIPOrPAMMHBIM 00ECIIeIeHneM € OTKPBITHIM HCXOIHBIM KOIOM
¥ JOCTYIIHEH [JIsi UHTErPAIY B PA3JINIHBbIE CHCTEMbl MHTEJIJIEKTYAIbHOI0 AHAIN3A JAHHBIX.

Karoweevie cao6a: cemanmu4eckan Cemv, AEKCUMECKAA CEMAHMUKE, NPOZPAMMHAA UHICEHEPUA, c60600H0€e
npozpammmoe obecnevenue, Cemanmuuecxan naymuna, VOWL, UML.

OBPAS3EII IMTUPOBAHU A

Yeragos JI.A., Coseikna  A.B. Kowmmiekc mporpamMd aBTOMATHYECKOTO TOCTPOEHUS

cemanTnueckoii cern cinos // Becrauk FOVpI'Y. Cepusi: Bbrunciaurenbhasi mMareMaruka u
undopmaruka. 2017. T. 6, Ne 2. C. 69-83. DOI: 10.14529 /cmsel70205.

BBenenune
CemaHTHYeCKas CeTh — 9TO OPUEHTUPOBAHHBIN rpad, BEPIIMHBI KOTOPOTO — IOHSATHS,
a pebpa — orHomenust Mexay uumu [1]. Takoit cmocob mpejcraBieHnst 3HAHUI IHPOKO

NpUMeHsieTcss B 00JIaCTH HUCKYCCTBEHHOI'O WHTEJJIeKTa U 00pabOTKH €CTECTBEHHOT'O si3bIKa,
YTO IIOJTBEPIK/IAeTCs MCIIOJb30BAHUEM TaKMX CEeMAHTHYeCcKuX pecypcoB, kak WordNet s
anrsmiickoro sisbika u PyTes g pycckoro sizeika [2]. K coxanennio, si3bik m3MeHsieTcst
opicTpee, UeM OOHOBIAIOTCA MOAOOHBIE PECYPChI:  BO3HWKAIOT HOBBIE CJIOBA WU HOBBIE
3HAYEHUS CYIECTBYIOIUX CJOB. DTO MPUBOAUT K TOMY, 9TO BCe OOJIbITIE BHUMAHUS YIEISETCS
CO3/IAHHUIO METO/I0B aBTOMATHYECKOT0 TIOCTPOEHHS CEMAHTHYECKUX CeTell Ha OCHOBE 00PabOTKY |
BBIPABHUBAHWS JOCTYIHBIX CTPYKTYPUPOBAHHBIX U HECTPYKTYPUPOBAHHBIX SI3BIKOBBIX PECYPCOB.
Bajgada aBTOMATHYIECKOrO NOCTPOeHMst OHTONOorMU (aHri. ontology learning) mupemnogaraer

KaK HWHTErpanuio TroTOBbIX CJ'[OB&pefI, TaK M HU3BJICYCHUE I/IH(bOpMa]_LI/II/I 13 HEPAa3MEYCHHbBIX
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KOPITYCOB TEKCTOB U WCIIOJb30BAHUE MAIUHHOTO IIEpEBOJA I ODECIedeHust TIOJTHOTHI
TaHHbIX [3|. VI3BECTHBIM MPUMEPOM BBICOKOKAUECTBEHHOH CEMAHTHIECKOW CeTH, MOCTPOECHHOMN
aBTOMATUYECKUM 00pa3oM W JOCTYIIHON 6Gojiee deMm Jjid JBYXCOT Pa3IUIHBIX €CTeCTBEHHBIX
SI3BIKOB, sB/sgeTcs BabelNet [4].

B mocnennme rompr ocobeHHO 3aMeTHA TEHAEHIHS II0 pa3paboOTKe METOMOB O0yUeHHS
6e3 yuuTenad s aBTOMATUYeCKOro (hOPMUPOBAHUS IOHATUNR U CBA3EHl MEXKJY HHUMH, CM.
o63opel B [1, 3-5]. D710 BHIZBAHO JBYMSI TpWUMHAMHU: 1) [OMYJSIPHOCTHIO W TOJHOTOM
HECTPYKTYPUPOBAHHBIX PECYPCOB, TakKuxX Kak Bukumnemua u BukuciaoBapb, TOCTPOEHHBIX DU
MOMOIIU KPayJCOPCUHTA, 2) CYIIECTBEHHBIM CHUKEHUEM CTOUMOCTH BBICOKOIMPOU3BOAUTEIBHBIX
BBIUUCJUTEIBHBIX PECYPCOB, UTO MMO3BOJAET pa3pabaThiBaTh METOIbI MAITHHHOTO O0yUeHUS
¢ wmcnosb3oBanueM O0JbIux 00beMOB JaHHbIX. B mamuoii pabore mpeacTaBieH KOMILIEKC
nporpaMm, (GOPMUPYIONIUIT CEMAHTHIECKYI) CeTh IYyTEM CBI3BIBAHUS OTAEJBHBIX JEKCUIECKUX
3HAYEHUIT CJI0B B BUJIE CLELMAJIBbHOM CTPYKTYDbl JAHHBIX — CeMaHTU4YecKoil ceru caos [6-8]. B
OTJIMYHME OT TPATUIIMOHHBIX MOJXO/IOB K CBSI3BIBAHWIO OTIEJBHBIX MOHSTHH 2], TaHHBINH TOIXOT
He TpebyeT BBICOKOKAYECTBEHHOTO CJIOBAPS MOHSTHH /IS UX CBS3BIBAHUS APYT C ApyroM [4].

Crarbst opranmsoBana cieaywoomuM obpazom. B paszgene 1 cojgepxutcs onucanue
peIMeTHON 06JIaCTH U UCIOJIB30BAHHOTO TOXO0Ja K MOCTPOEHUID CEMAHTUYECKON CeTu CJIOB —
Pa3HOBHUJIHOCTU CEMaHTHYeCcKoil cetu. B pazjene 2 mpejcrapieHa apxXUTeKTypa KOMILIEKCA,
mporpamM  SWN  (cokp. amrmi. semantic word network — ceMaHTHYeCKas CeTb CJIOB) U
yHKIIMOHAbHBIE OCODEHHOCTH BXOJAIUX B HEro mporpamm. B zaksirodenun ob6CyKIaroTCs

TMOJIYyYEeHHBIEe PE3YJIBTATEI M PACCMATPUBAIOTCA HAIMPABJICHAS JTAJbHEHIINX UCCAEOBAHNIMA.

1. ABTOMaTH4YECKOE MOCTPOEHUE CEMAHTUYECKOI CETU CJIOB

Ilos cemanTHu4eCKOW CETHIO CJIOB Mbl OYyJEM LOHUMATh TAKYI0 CEMAHTUYECKYIO CETb,
BEPIITMHAMHU KOTOPOI SIBJISIFOTCSI He MOHSTHSI, T.e. MHOYKECTBA CHHOHUMOB |2|, Tak:Ke M3BECTHBIE

KaK CuHcemst, a OTACJIbHBIC JIEKCUYIECKHE 3HAYCHUA CJIOB, COCTABJIAIOIINE 3T ITOHATHA.

Onpenenenue 1. CemanTrdueckasi CeTh CJIOB — 3TO CEMAHTUIECKAS CETH, BEPITUHBI KOTOPO —

JIEKCHYIeCKUe 3HAYCHUS CJ0B, a Pebpa — OTHOIEHU MEXKIy HUMHU.

Ilpu oboznauenuu cjoBa u UACHTUMUKATOPA €r0 OTJAEIbHOIO 3HAYEHUS HUCIOJB3YETCS
HoTanus, nogobras npunsitoii B BabelNet [4], no 6e3 ykazaHusi 9acTy peun B HUXKHEM PErnucTpe:
sammch Ayk! u ayx? 0603HAUAET J[BA PABIMUHBIX 3HAUEHUS OJHON M TOH Ke JIEKCEMbI «ITyK».
Hanpumep, CI0BO «IyK» HMEET He MEHbIIE ABYX 3HAUEHHI: AYK' — MeTarejbHOE OpyIKue,
ayx? — pacrenme, u T.;. B memax m30eKaHUs HEOJHOZHAUHOCTU, B TEKCT€ CTATHU CHOCKH He
ucmob3yTed. OCHOBHOE BHUMAHWE B JAHHONW PabOTe MOCBSIIEHO TTOCTPOCHUI) CEMAHTUUIECKOT
CeTH Ha OCHOBE JIEKCHUECKUX 3HAYEHWI CJIOB, MPUYEM PACCMATPUBAETCS €IMHCTBEHHBIN KIACC
CEMaHTUYECKUX OHTOIIEHUI — POIO-BUIOBBIE OTHOIIEHWS, T. €. OTHOIIEHNE MEXK Ty MeHee 00ImM
cjoBoM (ruionumom) u Gosiee obiumM cjiopoM (rutieponumonm) [2]. Haupumep, yuopsiiodenuas
mapa CJioB (Komenok, Maekonumalouwee) siBIsieTCsT KOPPEKTHON POIO-BUIOBO# TTapoil CJIOB.

Ob1masa cxeMa MeTo/a IMOCTPOSHUS CEeMAaHTUYEeCKOl CJI0B TpejcTaBieHna Ha puc. 1. /lanubie
METO/IbI OPUEHTHPOBAHBI HA WCIOIb30BAHUE TAKUX PECYPCOB, KaK CJI0BApb CUHOHUMOB W
HepasMeUYeHHasT KOJUIEKIIHs JTOKYMEHTOB (KOpITyC TeKCTOB). VlCTOYHMKAME JTaHHBIX JJIsi TAKOTO
METO/Ia SIBJIAIOTCA MaTepuasbl BukucaoBapsd Kak CjoBaps OTHOIIEHWIH MeXKJy CJIOBaMU WU
HECTPYKTYPUPOBaHHBIE TEKCTHI 3JIEKTPOHHOH Oubsmorekn lib.rus.ec Kak Kopiiyca TEKCTOB,

cozepakariero 13 wmupj cuaoBoynorpebsienuii. Ha mnepBoM 3rame npousBOuTCS BbIJEIEHUE
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3HAYEHUN CJI0B U 00beIUHEHNE UX B I'PYINBI OJIU3KUX CJAOB MPHU MOMOIIM KJacTepu3aiuu rpada
CHHOHUMOB [6], mocCsie 9ero OCyIIecTBISETCs CBs3bBaHWE — (DOPMUPOBAHUE CEMAHTHICCKUX
OTHOIIIEHNI MeXKJy JIEKCHIeCKuMu 3HadeHusiMu cjos [7]. Kpowme Toro, Ha sraie CBs3bIBaHUS
IPOM3BOJIUTCS PACHIPEHUE MAaTEPUAIOB CYNIECTBYIOMUX cjaoBapeil [8], Ho sTa omeparma He

aBjgercd obga3aTe/IbHOIM.

— | M3BneyeHne KnacTtepusauus CBs3biBaHue
Crosapy : >  WN3sneyenune »  [locTpoeHue dopmuposaHne
g | cBA3ei cnos »| rpadha CUHOHMMOB KOHTEKCTOB
\_/\

v

BbiBoA 3Ha4YeHun

——

v

Moan6op maTpuLbl

T

A

I
I
I
| cnos npeobpasoBaHns |¢
Kopnyc Texcros| MocTtpoeHne peobp <
g \ BEKTOPOB CJI0B
\_/—\
L PaspelueHve Pacwmpenne
v MHOTO3HAYHOCTK KOHTEKCTOB
BeKTOpr cros KﬂaCTepM3aLW|ﬂ CBsi3blBaHNe

3Ha4YeHMUn crnoe KOHTEKCTOB

OTHOLEHUs

Puc. 1. Ob61mag cxeMa MeToma IOCTPOEHUs CEMaHTUYEeCKO CeTr CJ0B

Jlmst  obecrieuenus BO3MOXKHOCTH IMIUPOKOTO MNPUMEHEHWsT CEeMAHTHYIeCKOW CeTW CJIOB,
ucnon3yerca sanmuch B (opmanmmsme RDF (anrn. Resource Description Framework). RDF
UCIOJIb3YeT MPeJICTaBIeHne JaHHBIX B BHUJE TPOeK «CybbekrT—npeaukar—oobekts [9]. Ha puc. 2
n300parkeHa auarpaMMa KJIACCOB TIOMYUEHHONW CEeMAHTHYIECKONW CeTH CJIOB C TOYKH 3PEHUs
dbopmamuzma VOWL [10], ucnomssyromas mogemn SKOS [11] u Lemon [12| gna 3ammcn

JIEKCUKO-CEMAHTUIECKOMH NHQOPMAIINH.

Literal <4— writtenRep

reference Lexical

isReferenceOf Sense isSenseOf

broader

~~ canonicalForm

Puc. 2. VOWL-narpamMma uadOpMaInOHHONR MOJIESN TTPEJIMETHOH 001aCTH

2. Kommnjekc nmporpamMm IOCTPOE€HUS CEMAHTHUYECKOl CeTU CJIOB

UML-uarpamma nakeroe Komiuiekca nporpamm SWN npencrasiena va puc. 3. Momyib
obuapyzkenus nousatuit Watset (ot auri. what — «aro?» u set — MHOXKECTBO) peaju3yer MeTo/]
obuapyzkenns nonsgruil |6]. Moxyns ceaspiBanung Watlink (ot amri. what — «aro?s u link —
CBSI3h) PeaJM3yeT METOJ, CBA3BIBAHUS 3HAUEHUI CJIOB [7] Moy monbopa MaTPUITHI JITHEAHOTO
npeobpaszosanust Hyperstar (ot anrm. hyper — «runeps» u star — «m060ii» ) peamusyer MeTos

moAH0pa MATPHUIILI TUHEHHOTO MPEodPA30BAHNS, UCIOIL3YEMbIN I PACIITHPEHU CIOBapeit [8]
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Mopynb sxcnopra garabix (SWNRDF) peanmsyer npeobpasoBanne ceMaHTHIECKOW CETH CJIOB B
crangapTablit dhopmar RDF [13] npu momornun mporpammer Converter.

SWN

] ]

Gensim _ _ >»{ scikit-learn
v A 3 --7
~ - N PR -y ﬂ k A ~
4 /v\ - 7 / \ N
<<use>>/’ <<use>> ~ \<<use>>~ /<<yse>>\<<use>> - <<use>>
s /7 N

’ Z 7z
Watset / ’ Hyperstarf/ ,/ Watlink AN
7 T

7 /
! ’ - / \ N N
I ’ 4 \

SynGraph | , , Train HContexts | *

T
/ 7 |
|
|

_| // _| : <<use>> —| —| \\

cw /| mcL,’ ! Link Expand

|
I 7 —|, -7 !
I / A 4 -

| _dl-F- 2£use>>
| / TensorFlow [<- —
|

. ) ] :

|
Disambiguate || NetworkX ,'
1
) | <<use>> A /
<<use>>
! <<yse>> : : ,
1
/
! | I
] | | /
EvaluateWatset EvaluateHyperstar EvaluateWatlink

SWNRDF [LRWC |
1 ] 1 ] 1

Raptor [« s<Usez>_ _ Converter Emitter |- SsUS€2> pymorphy2 | | Fetcher

Puc. 3. UML-anarpaMma makeToB KOMILJIEKCA TTPOTPAMM

IIpu peanmzanum kKominiekca nporpaMMm SWN HCHOMB30BaHBI SA3LIKH IPOTPAMMUPOBAHUA
Python, AWK, Java u Bash. IIpumensiiorca Brermiane 6ubInoTekn, B TOM 9Iucae OuOIMOTERA
AJTOPUTMOB MAIIMHHOTO OOYyYeHHUs, MOJArOTOBKM u 00paboTku maHHbIX scikit-learn [14],
peaymuzanusg agropurma kiaacrepusaiuu Chinese Whispers [15] (CW), peanusarnus MapKOBCKOro
anropurma kaacrepusanun [16] (MCL), 6ubanoreka TeMaTHaeckoro MoenpoOBaHnst U paboThl ¢
BekTopamu caos Gensim [17], 6ubnunorexa merogos onrumusanuu TensorFlow [18], 6ubanorexa
pa6orer ¢ rpadamu NetworkX [19], a rakxke cpeacrsa obpaborku RDF-rpoek Raptor [20] un
Mopdosornaeckuii anaauzarop pymorphy?2 [21].

2.1. Moayas Watset

Monysie Watset peanmusyer oJHOUMEHHBIN METOJ OOHAPYKEHUsI MOHATUN HA OCHOBe rpada
cunoruMoB [6]. Ha puc. 4 npencrasnena UML-nmnarpaMva akTUBHOCTH 0OHADYIKEHUs TTOHSTHIA,
cocrosiiiias U3 Tpex maros [6]: moaroroska gaHHBIX (mporpamma SynGraph), obHapyKeHue
nougaruit (mporpammer CW, MCL u Disambiguate), rectuposanue (mporpamma, Fvaluate Watset).

CHavajia MpOU3BOJAWTCS 3arpy3Ka HCXOJIHBIX CAOBAapeil M W3BJI€YeHHe W3 HUX MHOXKECTBa

map cuHOHWUMOB. Ilpm HEOOXOAMMOCTHU, BBIYUC/ISIETCS 3HAYEHWE CEMAHTHUYIECKOW Om30CcTH
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4 N N N
MoaroToBka OOGHapyxeHune TecTtupoBaHue
[6e3 BekT-B] _
BbIiBOA 3HAYEHUN 3arpyska
cnos CUHCEeTOB
[6nun3ocTb] \J/ \J/
3arpyska PaspelueHune 3arpyska
BEKTOPOB CIoB MHOrO3HaYHOCTM 30M0TOro cTaHaapTa
[MocTpoeHue rpada lMoacuyéT coBnageHui
3HayeHui crnos nap CMHOHUMOB
\]/ KnacTepusauus rpacda BbluncneHme To4HOCTH,
MpeoBpasosaHie 3Ha4YeHu crnos NonHoThI U F1-mepbl
cnosapem \J/ \]/
\]/ CoxpaHeHxue OueHka
MocTpoeHme | CMHCeTOoB cTaT. 3HaYMMOCTM
rpaca CUHOHMMOB | \]/
3anuch pesynbTaToB
N J /L J

@

Puc. 4. UML-narpaMma akTUBHOCTH OOHADYKEHUS TOHATHI

MeXKJy IIapaMi CHHOHHMOB HA OCHOBE KOCHHYCHOH Mepbl OJHM30CTH MEXKIYy BEKTODaMU
CJI0B. DTH CBeJeHUs MCIOJIb3YIOTCA HpH IocTpoennn rpada cunomumos. llpm orcyrcrsun
CBEJICHUI O CEMAaHTHYECKOIl OJIM30CTH CJIOB IHPEJYyCMOTPEHO [JBa aJlbTEPHATHBHBIX BapHAHTA:
HCIIOJIb30BAHME €JUHIYHBIX BECOB JIst KaxkJoro pebpa rpada CHHOHUMOB WM [OACYET
KOJIMYECTBA OSBJICHNUI MTapbl CHHOHUMOB B HCXOQHBIX cI0Bapsax. Ha srare BbIBoia 3HAYCHNUIT CI0B
JOIYCKAETCS UCIOAB30BAHNE ABYX DA3/JMUYHBIX aJTOPUTMOB Kjacrepusanuu sro-cereit: Chinese
Whispers [15] wz MCL [16]. Ha sTane pasperenns MHOrO3HA9HOCTH IIPOU3BOSUTCS Pa3PEIIeHIe
MHOTO3HAYHOCTH B KOHTEKCTAX, IPUYEM B LEJIAX HOBBIIIEHHS IPOR3BOUTE/IEHOCTH UCIOJIB3Y T S
TPAUIUOHHBIN [IPUEM Iapa/IeM3Ma 10 JAHHBIM: KaXKJ0€ CJIOBO 00pabarblBaeTCs HE3ABUCUMO
B OTZeabHOM mporiecce. Ompeesienie HoMepa 3HAUEHUS CI0BA B KOHTEKCTE IPOU3BOAUTCS ITyTEM

MaKCHMH3AINE KOCUHYCHO# Mepbl 6m3ocTn [6]:

i = arg max cos(ctx(s), ctx(u')), (1)
u’€ senses(u)

e § — B3HAYEHHE HEKOTOPOTO CJIOBA C W3BECTHBIM HOMEDOM 3HAYEHHs, U — CJOBO C
HEM3BECTHBIM HOMEDOM 3HadeHud, senses(u) — MHOXKECTBO 3HaueHmii ciaosa u, ctx(-) —
KOHTEKCT, T. €. MHOXKECTBO CHHOHMMOB CJIOBA B YKa3aHHOM 3HaYeHWU. B pesy/brare pasperieHus
MHOTO3HaYHOCTH opMupyercs rpad 3HaYeHuil CI0B, KIacTepusalius KOTOPOro JIist MOy YeHMsT
curcetoB npousBoguTcea Meronom Chinese Whispers wiim MCL. Cuncers! oy9aroT yHUKAJIbHBIE
HOMEpa W 3aluCBIBAIOTCS B TEKCTOBBIH daita. DTo HeoOXOANMO KakK I HCIOTH30BAHUS
JAHHBIX B JIPYTHX 3aja49ax, TaK W JJIs OIIEHKM KadecTBa. lIpm OlleHKe KadecTBa 3arpyrKaroTcs
MOJIy9eHHbIE CHHCEThl M CHHCETHI 30JI0TOTO CTaHJapTa. 3aTeM KaxK/blii CUHCeT W3 M CJIOB
mpeobpasyercss BO MHOXKECTBO U3 w nap CHHOHUMOB W TMPOU3BOUTCS [TOJICUET COBIIAICHUI

map CHHOHHMOB B TIOJYYEHHOM Ppecypce H 30JI0TOM CTaHIapTe. BBIYHUCIAIOTCT 3HavYeHUs
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HH(MOPMAIMOHHO-TIONCKOBBIX KPUTEPUEB TOYHOCTH, TOJHOTHI U Fi-mepwr [22] u omenmBaercs
CTATUCTUYECKAsT 3HAYMMOCTH 3HAadYeHUst Kaykjoro kpurepust [23]. [locie BbimosiHeHms Beex

YKAa3aHHBIX IIPOIEIYDP OCYIIECTBJIAETCS 3alUCh PE3Y/IBTATOB OIIEHKN B TEKCTOBLIN haii.
2.2. Moayas Hyperstar

Mopgyns Hyperstar ocymecrsager mombop Marpuilbl JUHEHHOTO TPeodpa30BAHUST
BEKTOPHBIX TPEICTABJICHUI THUIOHUMOB B BEKTODHBIE MPEJICTABJICHUS THUIEPOHUMOB Ha
OCHOBE MOANMUIMPOBAHHOIO [OJX0/a, [IE€PBOHAYAJILHO Hpemioxkensoro B [24]. Ha puc. 5
npexacrapaena UML-amarpaMma akTuBHOCTH MOAO0PA MATPHUIBl JUHEHHOTO Mpeobpa3oBaHusd,
COCTOSIIIAS U3 TPEX YCJIOBHBIX HIANOB: MOJArOTOBKA JAHHBIX M 00ydenue mozpeau (nporpamma
Train), Tectupoanue (mporpamma FvaluateHyperstar). VIcXoqHbIMU JaHHBIMU IS TOAO0ODA
MAaTPUIIBI SBJISIIOTCS BEKTOPBI CJIOB W TPUMEPHI POJIO-BUIOBBIX OTHOIIEHUN MEXKIY CJIOBAMMU,
MOJIyIeHHBIE U3 cjioBapeii. B mporiecce mCmoab3yorcs TOJMBKO Te IMaphl CJIOB, JJid KOTOPBIX
UMEIOTCsl BEKTOPBI. DTO BBIZBAHO TEM, YTO BEKTOPHI CJOB CTPOATCS HA OCHOBAHUU OOJIBIIOTO
KOpITyCa TEeKCTOB C PpAa3JIMYHBIMU II0JX0/IaMU K [pPEeJBApPUTENbHON 00paboTKe, Hampumep,
dupTpaly HU3KOYaCTOTHBIX cJIOB. llosyuyeHHble mapbl BEKTOPOB CJIOB pa30MBAIOTCS HA TpU
pasJu4Hble BLIOOPKU B cooTHOmenun: 60 % MaHHBIX COCTABIAIOT OOYYAIONLYI0 BLIOOPKY I
nogbopa mapamerpos, 20 % mZaHHBIX COCTABIAIOT BATWIAIMOHHON BHLIOOPKW I MOAO0pa

MeTamapamerpos, u ocrapmmecs 20 % COCTABIAIOT TECTOBYIO BBIOOPKY /IS ONEHKW KadeCTBa,

MOJIEJIN.
4 N N N
MoaroToBka ObyueHne TecTtupoBaHue
3arpyska | WNHuumnanusauus
BEKTOPOB CroB | maTpuubl

\J/ 3arpyska
MNpeobpasosaHie moAaenu

cnosapeit MepemelunBaHue \]/

\]/ NaHHbIX
Bbluncnexuve hit@k
dopmMmmpoBaHune \]/

BbIGOPOK MonGop \]/

napameTpoB OujeHka
\l/ cTar. 3Ha4YMMOoCTM
[Hy>xeH war]
N J \J/
[3aBepLueHve] 3anuck pesynbTaToB
CoxpaHeHue | \ )
Moaesnm |
N ) @

Puc. 5. UML-gunarpamMma akTHBHOCTH TIOI00OPA MATPHITHI JITHEHAHOTO TTPeodpa3oBaHmrs

B mauane mporecca obyuenns BCe DJEMEHTHI MATPHUIILI TEHEPUPYIOTCA KAK HE3ABUCHMBIC
MeXy co0Ol ciiydaiinble BeJWYWHBI, MMEIONNe CTAHIAPTHOE HOPMAJILHOE PACIPEIE/ICHUE C
napaverpamu (4 = 0 n o = 0,1; jgonyuieHus o CBOWCTBaX MaTpUIlbl HE MUCHOJB3YyROTCs [24].
Ha xaxgom 1mrare obydeHus mpomM3BOAMUTCHA IEPEMENTUBAHUE JIAHHBIX W BBIIOJJHSIETCS 1T0A060D
3HAYEHUI S/JEeMEHTOB MATPHUILI C IEIbI0 MUHAMH3AIWK CAEAVIOmel (YHKIUK IIOTEPhL C

MPUMEHEHUEM DEeryJIsIpU3alii Ha OCHOBE BBIOOPKM OTPHUIATEJBHBIX TpuMepos (8] (mpm 3amucu
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HCITIOJIB3YETC sl HOTAINS BEKTOPA-CTPOKH, T. €. BEKTOD U sIBIsIeTCsT MaTpuieil pasmepa 1 X |9]):

1
@ = argmin o Z 170 — §]1* + AR,
(Z,9)eP
1 1 (2)
Ri = 157 Y (#99-7)?,  R.= i Y (@00 2)?
(Z, )eP (Z,2)eN

e ¢ — MaTpua JUHEHHOTO TPeodPa30BAHNA, T — BEKTOP THIIOHUMA, i — BEKTOD TUIEPOHUMA,
7 — BeKTOp CHHOHHMa &, P — o0ydJaiomas BBIOOpPKA € TMOJOKHUTENbHBIMEA IIPUMEpPAMH,
N — obyuaromas BBIOOpKa € OTPUIATENLHBLIMU TIpUMepaMH, A — HapaMerp BarKHOCTH
yrena peryaspusamyun R € {Rp, Rs}, Rj — perynsipusarop, Hak/Ia/bIBaomuii OrpaHudeHuns
Ha Oam3ocTh mpeobpasoBamus PP K UCXOTHOMY THIOHUMY X, Rg — peryaspusarop,
HaKJIa,IbIBAIOIII Orpanndenns Ha OGJn30CTh npeobpazoBanusg PP K CHHOHUMY Z HUCXOIHOTO
runornma  X. Ilpomecc oOydennst 3apepimaercs MO MOCTUMKEHWH YKA3aHHOTO TPH 3aIyCKe
KOJIMYIECTBA ITaroB; JBOMYHOE TPEJCTAB/ICHWE IOJYIeHHON MaTPUIbl 3aIKChiBaeTcd B ail.
OHeHKa Ka4deCTBa HIpearnoJaractT 3arpy3Ky IIOJYYC€HHbIX MaTpUll W BbIYUCJICHUEC 3HAYCHUSA
kputepusa hit@Qk mo BamumganmoHHOE BBHIOOpPKE It TOAOOPA TAPAMETPOB WM IO TECTOBOM
BBIOOpKE [IJ1si OIEHKHW KaduecTBa paboTel Meroga. OIEHUBAETCS CTATUCTUYECKAs] 3HAYUMOCTD
sHaveHus nanHoro kpurepus [8]. [locste BbITOTHEHNST BCeX YKA3aHHBIX TPOIEIYD OCYIIECTBIISIETCST

3aliCh PE3YJIBTATOB OIEHKN B TEKCTOBBIH (haii.
2.3. Moayas Watlink

Momyns Watlink peann3zyer omHOMMEHHBIN METO/T MOCTPOCHUSA OJHOIHAYHBIX CEMAHTHIECKUX
OTHOIIEHHI 7] M OCYIIECTBIIAET IOCTPOEHNE CEMAHTHIECKOI CeTH CJI0B HA OCHOBE POJI0-BHJIOBBIX
map CJA0B W paHee MOJyYeHHBIX cuHCeToB. Ha pwmc. 6 mpexncraBnena UML-amarpamma
AKTUBHOCTU IIOCTPOCHUA OTHOH_[eHI/HjI7 CoCTodniasl mM3 Tpex YCJAOBHBIX IITAaIr'OB: IIOATOTOBKA
nanubix (nporpamma HConterts), csaswiBanue (nmporpammbl Link wu, onnumonansho, Frpand),
recruposanue (nporpamma Evaluate Watlink).

UcxomubIMu JAHHBIMA TSI TTOCTPOEHUST OTHOIMEHUN SIBJISIIOTCS CHHCETHI W CBEJICHUST
0 TpebyeMbIX CEMAHTHYECKUX OTHONIEHWSX. VI3B/IeueHwWe CeMaHTHIECKUX  OTHOIICHUi
TMPOU3BOJINTCS W3 CJOBApEH, COMEPKAINNK TMePEdnCIeHHbIe POJO-BUIOBbIE TIAPHl B TEKCTOBOM
suze: hetx(S) = {h : w € words(S), (w,h) € R}, rne hetx(S) — mepapxutdecknii KOHTEKCT
cuncera S, words(S) — cyoBa, BXogme B cuHCeT S, R — MHOXKECTBO POJI0-BUIOBBIX OTHOIIECHHI.
Ha ocmoBe sTux cefenuit GopMUPYIOTCA HEpApXUIECKUe KOHTEKCTHI KaKI0ro cuucera. llpm
HEODXOMUMOCTH 3arpyZKaloTCsd BEKTOPBI CJI0B, MATPHUIA JHHEHHOTO MTpeodbpa3oBaHus, U
OCYIIECTRJIAETCA PACITUPEHNE NEPAPXUIECKUX KOHTEKCTOB C WCMOJIh30BAHNEM PAHEE TTOLY YeHHON

MaTpUIbl JUHeHOro npeobpazosanust |7, 8):

thX,(S) = Uwewords(S),{w} X NNn(ﬁ) U thX(S)a (3)
(w,h)ER

—

rae NN, (h) — onepanusi noucka n Gamzkaiimmx cocegeil BEKTOPHOrO MPeCTaBIeHnst CioBa .
Paspernienne MHOTO3HAYHOCTH B HEPAPXUIECKUX KOHTEKCTAX PEAJTUB0BAHO C UCTIOJIB30BAHUEM
TpeX PA3JIUIHBIX MOJX0J0B K B3BEIIMBAHWIO KAXK/IOTO THIIEPOHUMA B NEPAPXUIECKOM KOHTEKCTE:
tf, idf u tf—idf [22], mpuuem mom «TepMUHOM» TOHUMAETCS TUTEPOHWUM, a MOJ «TOKYMEHTOM>»
ITOHUMAETCsl CUHCET. B 11eJIX MOBBIIIEHUsT TPOU3BOUTEIBHOCTH, UCIIOJB3YETCsl TPAIUITMOHHBIH

IIpHueM IIapaJiieJIn3Ma I10 JaHHBIM: K&?K,Z[blﬁ CHUHCeT O6pa6aTbIBaeTCH HE3aBUCHUMO B OTACJIBHOM
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e N N N
[NoaroToBka CessbiBaHue TecTtupoBaHune
3arpyska
CMHCETOB 3arpyska
\]/ OTHOLLIEHM
MpeobpasoBaHue \]/
criosapen 3arpyska
\]/ 30/10TOro cTaHAaapTa
dopmupoBaHue \]/
Nepapx. KOHTEKCTOB ConocTaBrneHue nyTeit
B rpadpax OTHOLLEHMW
[He pacLu-Tb] \l/

[pacwmpaTs] BbluncneHme To4HOCTH,

nonHoThl M F1-mepbl
3arpyska \l/

BEKTOPOB CrnoB PaspelueHme OueHka
\J/ MHOr03Ha4YHOCTH cTaT. 3Ha4YMmMoCTU
3arpyska mogenu \J/ \l/
[MocTpoeHne HEOQHO3H.
3anuck pesynbTaToB
\]/ nepapx. KOHTEKCTOB
Pacwupenune \J/
nepapx. KOHTEKCTOB CoxpaHeHue
OTHOLLIEHWN
N J o\l J J

@®

Puc. 6. UML-anarpaMyma akKTUBHOCTH MOCTPOEHUST OTHOIIEHMTH

mporecce. [t kaxq0ro caoBa h B nepapxudeckoM KouTekcTe hetx(S) cuncera S ompesesnsercs

HOMEp 3HAUEeHWUs yTeM MaKCUMU3aINi KOCUHYCHOI Mepbl Gauzoctn [7]:

h = argmax cos(hetx(S), S"). (4)
S'€S,S4S WES',
words({h'})={h}

[Ipu TOCTPOEHNH MEPAPXUUECKUX KOHTEKCTOB CO CHATON HEOTHOZHAYHOCTBHE) MCIOIB3YET ST
TOJIBKO T TUIEPOHUMOB, MOJYYHBIIHE MAKCUMAJIBHBIH BEC II0 MTOraM BBLINOJHEHHS 3Talla
paspetenust MEOTO3HaIHOCTH. CeMaHTHIeCKas CeTh CJOB COXPAHSAETCSt B TEKCTOBbIH daiix. [Ipu
OTIEHKE KAueCTBa 3arpy’Kal0TCs MOJTy9eHHbIE OTHOIIEHNSI i OTHOIIEHUS MEZKJLY CJIOBAMHU 307I0TOTO
CTaHJAPTa B BUJIE OPHEHTUPOBAHHBIX rpacdoB. 3aTeM, Ui KazK0T0 OTHOIIEHHUS OIPEJIE/SAeTCI
CYIIECTBOBAHWE TTyTH OT TWITOHWMA K THTIEPOHWMY B Tpade 30JI0TOro CTaHAAPTa. BBIYuCasioTcs
3HAYeHMsT MHQOPMAIMOHHO-TIONCKOBBIX KPUTEPUEB TOYHOCTH, MOMHOTH 1 Fi-mepsr [22] n
OIIEHUBACTCHA CTATUCTUYECCKAA SHAYNMOCTD 3HAYCHNUA KazKA0TO KpUTePpUd [23] . HOC.He BBITIOJTHEHU A

BCEX YKA3AHHDLIX TPOTEAY]P OCYIECTBIIETCI 3alNUCh PE3YIbTATOB OEHKN B TEKCTOBBIN (haii.

2.4. Moayns LRWC

Ha puc. 7 npeacrasimena UML-nuarpaMma akTHUBHOCTH TOCTPOEHUsT OIEHOYHOTO Habopa
JIAHHBIX TP MOMOIIU KPAayJACOPCHHIA HA OCHOBE BBITOJHEHWS MUKpo3ajad, umenyemas LRWC
(cokp. amra. Lezical Relations from the Wisdom of the Crowd — «MyIpocTb TOJIBI O

CeMaHTHIECKUX OTHONIEHHAX» ). AKTHBHOCTb COCTOUT M3 JIBYX YCJIOBHBIX IIAroB [7|: HOArOTOBKA
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3ajlaHnil ¥ WX pa3Merenune Ha TuraTdopMe KpayiacopeuHra (mporpamma Emitter) u nomydeHue
CYK/I€HUI YYaCTHUKOB IPOIEcca KPayJCOPCHHIa O KOPPEKTHOCTH CEMAHTUYECKHWX OTHOIIEHUH

(mporpamma, Fetcher).

s N N
[NoaroToBka PasmeTka

3arpyska
OTHOLLEHUIN

v v

CKnoHeHwne
NeKCMYEeCKMX BXO40B

v v

pynnuposka
TNEKCUYECKNX BXOL0B

v v

3anuck 3agaHni 3anuck pesynbTaToB

PasmelleHve 3agaHuin

BbinonHeHne 3agaHun

ArperaLJ,vm OTBETOB

O]

Puc. 7. UML-anarpamMma akKTUBHOCTH TTOCTPOEHUS OIEHOYHOTO HaOOpa MAHHBIX TTPHU TTOMOIIN

KPayACOpPpCHUHTa Ha OCHOBE BBITIOJTHEHUA MUKDPO3a1a9

Ounenounblii  HabOp  JAHHBIX  COCTABJASETCS  Jjst  CEMAHTHYECKUX  OTHOLIEHMUIA
MEXKJy  3HAYCHUAMU  CJIOB, T.€. Ui MHOXKECTBa  YHODPSAJOYCHHBIX  IIap  BHIA

L maexonumarowee').  Or  yuacTHuKa — mpouecca  KpaylCOpCHMHIa — Tpebyercs

(komenox
MPEJOCTABUTEL TIOJIOKUTETLHBI WJIH OTPUIATENLHBIN OoTBeT Ha Bompoc Buma «[IpaBma sn
KOMeHoKx — 3TO PA3HOBUJHOCTL MaAeKonumarowezo?». [IIg STOTO BBHIIECTOAIEE  CJIOBO
IPUBOAUTCS B (OPMY DOJUTENBLHOTO MajeXka IPU MOMOIIH MOP(hOJIOrIIecKOro aHaIn3aTopPa.
Kaxnasi mapa CJ10B OIEHHBAETCS HE3ABUCUMO HECKOJLKUMU PA3HLIMU YIACTHUKAMHE, [OCJIE Yero
IIPOM3BOIUTCS ArPETAIIAS OTBETOB BCEX yIACTHUKOB Ha BCE TTAPHI CJIOB U COXPAHEHUE OIEHOTHOTO

Habopa JaHHBIX B (paiil.

3akJro4yeHue

B pabore mnpemcrasmen komiieke nporpamm  SWN,  OCYITECTBJSIONNN  TOCTPOEHNE
CEeMAHTHUYIECKONW CeTH CJI0B W ee 3amuch B (opmarax CeMaHTHIeCKON TAyTWHBI HA OCHOBE
urdopmanornoit mogemm (puc. 2). Onucana apxuTeKTypa KOMILIEKCA IPOrPAMM, BKIIOYAIOIIEr0
B cebst TpOrpaMMbl  ODHAPYXKEHWS] TIOHSTHMN, TTOCTPOSHWS W PACITUPEHUs] CeMaHTHYIECKUX
OTHOIIEHUH, TIOCTPOEHUST OTIEHOYHOTO HAOOPA JAHHBIX. I[[porpaMMbl HATTHCAHBI ¢ HCTIOTH30BAHAEM
TApaINeIn3Ma 0 JAHHBIM, 9TO TIO3BOJISIET WCIOJIH30BATH BBHIYUCIUTENILHBIE V3Bl ¢ OOMBITIM
KOJMYIECTBOM JTOCTYITHBIX sifiep TEHTPAJBHOTO TPOTECCopa JITsT YCKOpeHust Bhraucaennii. Kpome
TOrO, TPU PEAJUBANUU METOJOB HCIOJB30BaHbl BBICOKOMD(MEKTUBHBIE BHENIHUE OUOIMOTEKH,
rakne kKak scikit-learn [14] m TensorFlow [18]. B mHacrosmee Bpemsi BCe HpPOIpaMMbl
PYHKITHOHUPYIOT B pekuMe KOMAHTHONW CTpoku. CBa3bIBaHWE MTpPOTpaMM, HAIMCAHHBIX Ha
Pa3HBIX JA3bIKaX MTPOTPAMMUPOBAHUA, OCYIIECCTBIACTCA IMIYyTEM TEPEHaNIPaBJIEHUA TIOTOKOB
CTAHJAPTHOTO BBOJA W BBIBOJA B CIIEHAPWAX KOMAHIHOTO nporeccopa Bash u yrumawrer make.

BXO,ZLHbIe JaHHBbIE TIPEACTABJICHBI B BUAE TEKCTOBBIX (bafl.HOB, IOJIA B KOTOPBIX DPa3ae/ICHBI

2017, T. 6, Ne 2 77



Kommniekc IIporpaMmM aBTOMATHUYIE€CKOTI'O IIOCTPpOeHUuA CEMAaHTHUYECKOM CeTU CJIOB

3HAKOM Taby/sanun. Bee TpoOMesKyTOYHBIE U UTOTOBBIE PE3Y/IBTATHI, KPOME MATPHUIIBI JIUHEHHOTO
peobpa30BaHusl, TaKKe MPEeJICTaBJIeHbl B TEKCTOBOM Buje. KpoMme TOro, HTOrOBBIA pe3yIbTar
sanuceiBaercs B popmare N-Triples [20].

DKCIEPUMEHTBl 0 IOCTPOEHUIO CEMAHTHIECKOH CETH CJIOB JJId PYCCKOTO S3BIKA [PH
IIOMOIIY JIAHHOIO KOMILJIEKCA IIPOTPaMM IIOATBEPKIa0T ero 3(h@dEeKTUBHOCTL 0 CPABHEHWIO
C AHAJOTWYHBIME pernennaMu |6-8|. Bakmoil 0COOEHHOCTBIO METOIOB, JIEJKAINUX B OCHOBE
TPpeacTaBJIEHHOTO KOMILJIEKCA ITIPOTrpaMM, ABJIACTCA HE3aBUCUMOCTH OT BBICOKOKAYECTBEHHOTO
UCXOJJHOTO CEMAHTHUIECKOTO DEeCcypca JIisi MOCTPOEHWsl W CBA3BIBAHWS NOHATHUi. VICXOMHBIN
KoJ paspaboranubix nporpamm jgocryned Ha GitHub [25-27] Bmecre ¢ wmuCTpyKImsiMu 110
ucmob3oBann. Cpean BO3MOKHBIX HAPABJEHWH pa3sBUTHS KOMILIeKca mnporpavmy SWN
OTMEYAETCsl €r0 MHTErpalusg B CUCTEMBbl MHTELIEKTYATBLHOTO AHAIN3A JAHHBIX, pa3paborka
rpadpuyeckoro unTepdeiica noabp30BaTe I, a TAKKE MCIOJIb30BAHUE AIMAPATHBIX YCKOPHUTE/eH
BBIYUCACHUN JIjId  yBEJIUYEHUS [IPOU3BOIUTEJBHOCTA [POrpaMM Kjacrepul3aruu rpada u
CBA3LIBAHUS 3HaYeHUil c0B. B HacTosIee BpeMs KOMILIEKC MOPOrpaMM IpeIHA3HAYeH s
paboTBl TOJIBKO TIOJI ONEPAIIMOHHON crcTeMoil Linux; moaepKKa JIpYruX ONePalHOHHBIX CUCTEM,

B 1. 9. Windows, He mpeaycMoTpeHa.

Hcceaedosanue svinosneno npu unarcosoti noddepocke PODOU 6 pamxrax nayunozo npoexma
N 16-37-00354 moa_a u npu dunancosols noddepoicke PIHD 6 pamrar maywiozo npoexma
N 16-04-12019 «HUnmeepayus mesaypycos RussNet u YARN». Aemopuvi 6aaz0dapam xomnanuto
Microsoft Research sa npedocmasaennsie suyuciumesvbroe pecypeot 6 obaaunot cpede Microsoft

Azure 6 pamxazr npoepammvs Azure for Research.
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A semantic word network is a network that represents the semantic relations between individual words or
their lexical senses. In this paper, we present a software system for automatic construction of a semantic word
network. The system, called SWN, is designed for the construction for such a semantic word network and includes
the implementation of unsupervised concept discovery and semantic relation establishing methods as well as the
implementation of a supervised relation expansion method. The methods use widely available language resources,
such as semantic relation dictionaries and background text corpora. The domain model has been presented using
the VOWL notation. The system architecture is represented using the UML notation and is composed of the
concept discovery module, semantic relation construction module, the Semantic Web export module, and the
evaluation dataset construction module based on microtask-based crowdsourcing. The present software system is
open source and is available for integration into third-party data mining systems.

Keywords: semantic network, lerical semantics, software engineering, free software, Semantic Web, VOWL,
UML.
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Nowadays, we see a steady growth in the use of cloud computing in modern business. This enables to reduce
the cost of IT infrastructure owning and operation; however, there are some issues related to the management of
data processing centers. One of these issues is the effective use of companies’ computing and network resources. The
goal of optimization is to manage the traffic in cloud applications and services within data centers. Taking into
account the multitier architecture of modern data centers, we need to pay a special attention to this task. The
advantage of modern infrastructure virtualization is the possibility to use software-defined networks and software-
defined data storages. However, the existing optimization of algorithmic solutions does not take into account the
specific features of the network traffic formation with multiple application types.

The task of optimizing traffic distribution for cloud applications and services can be solved by using software-
defined infrastructure of virtual data centers. We have developed a simulation model for the traffic in software-
defined networks segments of data centers involved in processing user requests to cloud application and services
within a network environment. Our model enables to implement the traffic management algorithm of cloud
applications and optimize the access to storage systems through the effective use of data transmission channels.

During the experimental studies, we have found that the use of our algorithm enables to decrease the response
time of cloud applications and services and, therefore, increase the productivity of user requests processing and
reduce the number of refusals.

Keywords: software-defined network, data centers, cloud computing, IT infrastructure.
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Introduction

Nowadays, we see a steady growth in the use of cloud computing in modern business. This
enables to reduce the cost of IT infrastructure owning and operation due to more efficient use
of companies’ computing and network resources. At present, the solutions for virtual
infrastructure are dynamically developing. Thus, the container technology has been lately used
for placing cloud applications and services within virtual data centers. Container technologies
are mostly based on Docker. Besides, modern data centers rather use virtual infrastructures
instead of physical infrastructures especially based on software-defined components: networks,
data storages [2, 3|, etc. This changes the mechanisms launch and placement management of
applications and services.

* The paper is recommended for publication by the Program Committee of the International Scientific
Conference “Parallel Computational Technologies (PCT) 2017”.
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The most significant changes are found in the SaaS and PaaS service scheduling [4].
Conventional methods of scheduling and distributing resources using the maximum responses
to user requests in the High Performance Computing (HPC) systems do not prove to be efficient
[1, 5]. This is because the response time in the HPC is less significant than in cloud systems.

Thus, it is important to develop effective scheduling and resource distributing methods for
cloud systems that optimize the response time in user requests. To assess the methods, we have
developed a simulation model for the traffic in software-defined network segments of data
centers involved in the processing of user requests to cloud application and service within a
network environment.

The paper is organized as follows. Section 1 is devoted to describing structural model of
virtual data centers. Section 2 is devoted to describing simulation model software-defined
infrastructure of a virtual data center has several heterogeneous applications and services.
Section 3 provides describes an optimization algorithm of adaptive routing and balancing of
the application and services flows in a heterogeneous cloud platform, which is located in the
data processing center. Section 4 provides experimental results of our investigation. Section 5
is devoted to describing traditional approaches to route traffic based on load-balancing and
solution proposed by world scientists for solving this problem. Conclusion section includes
summary of our investigation as well as future work overview.

1. A structural model of virtual data centers

To understand the operation principles of a cloud application, we need to define its place
in the infrastructure of a virtual data center. A virtual data center is a dynamic object,
changing in time ¢, its state can be formalized as a directed graph of the following form:

VirtDC = (Node(t), Connect(t)), (1)

where vertices Node(t) = {Node,,---,Node,} — are active elements of the virtual data center
infrastructure (computing nodes, storage systems and others); directed edges Connect(t) =
{Connect,,---,Connect,} — are active user connections to the cloud applications.

The specific feature of cloud applications is the approach, where users have access to them
and to their services; however, they do not know anything about their actual location. In most
cases, users only know the address of the aggregation node and the application name. The
cloud system automatically selects the optimal virtual machine for the request, on which it is
to be processed.

Before we talk about the ways of placing cloud applications in a virtual data center, we
need to determine their structure, basic parameters, and key characteristics of their operation
affecting the efficiency of their use. For this purpose, we have developed a generalized model
of a cloud application.

The generalized model of a cloud application is a multilayer structure, described in a form
of graphs to characterize the connections of individual elements. The model can be represented
in the form of three basic layers, detailing the connections of the specific objects of virtual
cloud infrastructure: applications, related services and provided resources.

The cloud application is a weighted directed acyclic graph of data dependencies:

CloudAppl = (G,V), (2)

Its vertices G are tasks that get information from the sources and process it in accordance
with the user requests; its directed edges V between corresponding vertices are a link between
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tasks in a schedule plan. The schedule plan is defined as a procedure which is prepared to
follow the user's request (SchemeTask).
Each vertex g € G is characterized by the following tuple:

g = (Res, NAppl, Utime, SchemeTask), (3)

where Res are the resource requirements; NAppl is the number of application instances;
Utime is the estimated time for of the users’ request execution; SchemeTask is a communication
scheme of data transmission between sources and computing nodes.

Each directed edge v € V connects the application with the required data source. It is
characterized by the following tuple:

v = (u,v,Tdata, Mdata, Fdata,Vdata, Qdata), (4)

where v and v are linked vertices; Tdata is the type of transmitted data; Mdata is the

access method to the data source; Fdata is the physical type of the accessed object (a file in

the storage system, a local file, distributed database, data services and so on); Vdata is the

traffic volume estimated by the accessed data (in Mb), Qdata is the requirements for the QoS
(quality of services).

The model is original because it enables to calculate the consolidated assessment of its
work with data sources for each application. It allows predicting the performance of the whole
cloud system.

As mentioned earlier, a cloud service is one of the key slices in the generalized model of a
cloud application. The cloud service is an autonomous data source for the application, for which
it acts as a consolidated data handler. Generally, the cloud service is highly specialized and
designed to perform a limited set of functions. The advantage of connecting a cloud application
to the service is the isolated data processing, in contrast to direct access to the raw data, when
a cloud application does not use a service. The usage of services reduces the execution time for
user requests. The cloud service is described as a directed graph of data dependencies. The
difference lies in the fact that from the user’s viewpoint, the cloud service is a closed system.

The cloud service can be formalized as a tuple:

CloudServ = (ArgIP, NameServ, FormatIN, FormatOUT), (5)

where AgrlP is the address of aggregation computing node; NameServ is the service name;
FormatIN is the format of input data; FormatOUT is the format of output data.

The aggregator of a service selects the optimal virtual machine; it is executed on this
machine. In addition, all its applications are distributed between predefined virtual machines
or physical servers. Their new instances are scaled dynamically depending on the number of
incoming requests from cloud applications, users or other services.

To describe the placement of cloud applications and services in the data center
infrastructure, we have also implemented the model of a cloud resource. A cloud resource is an
object of a data center, which describes the behavior and characteristics of the individual
infrastructure elements, depending on its current state and parameters. The objects of data
center are disk arrays including detached storage devices, virtual machines, software-defined
storages, various databases (SQL/NoSQL) and others. In addition, each cloud service or
application imposes requirements on the number of computing cores, RAM and disk sizes, and
the presence of special libraries on physical or virtual nodes used to launch their executing

environments.
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Each cloud resource can be formalized as follows:
CloudRes = (TRes, Param, State, Core, Rmem, Hmem, Lib), (6)

where TRes is the type of resource; Param is the set of parameters; State is the state of
resource; Core is the number of computing cores; Rmem is the size of RAM; Hmem is the size
of a disk; Lib are for the libraries requirements.

The distinctive feature of the model suggested implies analyzing cloud resources from the
user viewpoint and from the viewpoint of a software-defined infrastructure of the virtual data
center. The model is innovative, since it simultaneously describes the application data
placements and the state of the virtual environment, taking into account the network topology.

We have developed the model of the software-defined storage, which details the resource
model of the virtual data center. It is represented in the form of a directed multigraph; its
vertices are the virtual data center elements, which are responsible for application data
placement (e.g. virtual disk arrays, DBMS and so on):

Stgri = (Makai' P9, Voliy (), Rii(8), Wi (8), S (t)), (7)

where MaxVy; € N is the maximum storage capacity in Mb; Pksitg = {Pksitgj} is the set of
network ports; Vol,;(t) € N U {0} is the available storage capacity in Mb; Ry;(t) and Wy, (t)
are read and write speeds; S;fg (t) € {“online”,“of fline"} is state of software-defined storage.

The data storage system for applications is like a layer cake. It uses the principles of self-
organization of resources. The basis of self-organization of data storages is an adaptive model
of dynamic reconfiguration when resources are changing. The model allows optimizing the
organizational structure of the cloud platform based on algorithms for searching optimal control
nodes and allocating control groups. Our control model assumes two control levels for nodes
and resources.

When a software-defined storage is created on each virtual computing node, the software
module for exchanging state data between devices is executed. This exchange is carried out
within a group of nodes by a single storage method. The least loaded node in the group is
selected as the control node. This approach reduces the risk of the control node degradation.

If the control node is failed, the remaining group of virtual machines has all the information
about each other, which allows choosing a new control node automatically. Each control node
also carries out cooperation with control nodes from other groups to maintain up-to-date
information on the state of the entire system.

Thus, the system of software-defined storages is constructed as a hierarchy that includes
three basic levels: the level of local access, the level of the controlled group, and the level of
data exchange within the whole system. In our model, the description of cloud applications
consists of task descriptions and data source descriptions specifying directions and methods of
data transfer as well as required resources.

The model has been used for the development of our data assignment algorithm for
software-defined storages, and for our scheduling algorithm for cloud services and applications
within the cloud platform.

2. Research methods

Generally, the software-defined infrastructure of a virtual data center has several
heterogeneous applications and services. We can assume that the network of a virtual data
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center encompasses at least three types of application traffic: web-applications, case-
applications available on DaaS or SaaS models, and video services. To generate user requests
in the simulation model, we apply weight coefficients ki, k2, ks for each traffic type. Each
coefficient allows us to classify requests into types and affects the following set of parameters:
running time, routes, priority in the process queue, request intensity, and the distribution law
for each type of traffic.

Presented as a multi-channel queuing system, the simulation model of the software-defined
infrastructure of the virtual data center includes a user request source (I), a queue (Qs) and a
scheduler (S) who manages application hosting and its launch (App). Besides, it contains
computing cluster (Srv) and systems of data center storage (Stg). The queuing system is
represented in Fig. 1.

Qg
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Fig. 1. A queuing system scheme of the software-defined infrastructure of the virtual data
center

A queuing system model is stochastic. For its operation, it is necessary to make a user
request flow to cloud applications and services with account for the distribution laws and
request intensities for each type of cloud applications and services.

To optimize application distribution in the cloud environment of a virtual data center, it
is necessary to determine the traffic distribution laws for each application type and distribute
the traffic into access objects (virtual servers, containers, and storage systems). For this
purpose, it is necessary to set a certain route and make the control law for it within the time
interval T = [tq,t;].

The dynamic of traffic in cloud applications and services of the software-defined
infrastructure of a virtual data processing center can be described by the following discrete
system:

KN I N ;
xi,j(t+At):xi,j(v_kguglsi,j(vui,} 1)+ ;fm,i(vum,l(D+Yi,j(D (8)

where N is the number of virtual nodes within the network; K is the number of application
types within the network; s; ;(t) is the capacity of the channels between -th computing node

and jth storage system (i # j); y;;(t) = A;;(£)At is the traffic volume (the number of user
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requests) at the moment t on the virtual node i-th, intended for transferring to the storage
system j-th; 4; ;(t) is the intensity of incoming load, which is defined as the total intensity of
the user request flow connecting to the virtual node é-th and using the storage system jth;
uf ’lk (t) is a part of the channel transmission capacity in a certain segment of the software-
defined network (i,1) at the moment ¢ for the user request flow to the application of type £,
working with the data storage system jth.

To exclude the possibility of overloading the objects of the virtual data center due to the
limited queue buffers on compute nodes, as well as to use data transmission channel capacity
efficiently, a number of restrictions are introduced for network parameters of cloud applications
in software-defined networks.

The restrictions related to channel capacity limits can be written as follows:

. . N . .
ma; k
0<ul, @ <ull™ s1;l§ul{l(t)s8i{1 <1 (9)
where u l.jl(max) is the limit of channel capacity available for the computing node 4-th in

k

the software-defined network segment [Fth for traffic transfer to the storage jth; & ljl is the

part of the channel capacity for the compute node i-th in the software-defined network segment
Fth for the transmission of user requests to the application of type k to the storage system j-
th.

The use of a software-defined network within a virtual data center allows controlling the
queues, which introduces extra restrictions:

(max ) N (max )
ngi,j(t)gxi,j ,‘le-,j(t)ﬁxi (10)
/=1
where x£ ;.nax) is the maximum queue length allowed on the i-th compute node for processing

(max)

the incoming traffic to storage system jth; x; is a maximum volume of the buffer allowed

on the compute node th.

Let us consider the system performance as a criterion of optimality, gained through a fixed
period T = [t;,t,], which is formalized within the model as an objective function in the
following form:

t-1 K N N &
2 ZZS,-,j(t)u,{z () »> max (11)
=0k=1i=1;=1

To solve the optimization task, we use an iterative method that allows us to explore the
dynamics of the system at the interval T = [t;,t,] and control channel capacity for a certain
type of applications in a software-defined network.

3. Suggested algorithm

Based on the constructed models, we have developed an optimization algorithm of adaptive
routing and balancing of the application and services flows in a heterogeneous cloud platform,
which is located in the data processing center. The algorithm aims to ensure the efficient
management of the application and services’ flows under dynamic changes in the load on the
communication channels used to deploy data center software-defined networks by reducing the
design complexity for optimal route schemes.
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Generalized algorithm is as follows:

Divide all channels in network in two subsets, ST and SR.

Generate optimal routes for data flow of the particular class of applications.
Determine the points of entry in two subset, ST and SR.

Search for all the alternative routes at minimum cost.

Calculate alternative routes for dynamic load change in the communication channel.

Form the full list of alternative paths in network.

NS gk b=

Define whether there were load changes.

If “Yes” then GO TO Step 8, else GO TO Step 7.

8. Define whether you need to change the route for the current data flow.

If “Yes” then GO TO Step 9, else GO TO Step 13.

9. Calculate metrics connection.

10. Define list of other network objects placed higher in the hierarchy, which performance
has decreased.

If network objects found then GO TO Step 11, else GO TO Step 12.

11. Define the new minimum length route for every network object, whose performance
has been decreased.

12. Design the new optimal route tree.

13. Transfer the current data flows to new routes. Reshape the list of alternative routes.

GO TO Step 7.

Fig. 2. Generalized plan of optimization algorithm of adaptive routing and balancing of the
application and services flows in a heterogeneous cloud platform

Let us describe the algorithm in more detail. At the first step algorithm splits the
software-defined network multiple channels into a subset of channels, which are included in
the tree of routes passing through the ST set segments, a subset of alternative channels passing
through the SR set segments.

At the second step algorithm generates optimal routes in the software-defined network
for data flow of the particular class of applications in a software-defined network cloud platform
based on the communication channels’ weight for each of the subsets.

At the step 3 algorithm determines the point of entry into the tree of optimal routes and
in the variety of alternative channels for each of the software-defined network channels. At the
next step (Step 4) algorithm searches for all the alternative routes at minimum cost, taking
into account the channel’s weight in the previously constructed tree of optimal routes of the
software-defined network for each network object, which is a leaf of the tree. Bind these lists
to a network object incident for the reporting channel, located in the hierarchy below.

At the step 5 if a network object is not a leaf of the tree, then calculate alternative routes
in the software-defined network for this object, taking into account the weight of the channel
in the previously constructed tree of the optimum routes and select the best value of the
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alternative route. This procedure is performed to generate a list of alternative routes in case of
a dynamic load change in the communication channel.

At the step 6 algorithm builds the full list of alternative paths in a software-defined
network of the data center for each communication hub. At the step 7 algorithm defines
whether there were load changes for some connections by analyzing the received protocol
information. If they were, move to Step 8, otherwise — to Step 7. At the step 8 algorithm
defines whether you need to change the route for the current data flow using the list of
alternative routes. If so, move to Step 9, otherwise — to Step 13.

At the step 9 algorithm for a network object with decreased potential and changed
metrics connection in the alternative routes list, defines the minimum length route and put the
connection, which led to the network object potential decrease into the optimal route tree and
the changed path from the optimal paths tree into a set of alternative SDN routes. When
required, you should review the calculations of channel’s function weight.

After the transfer to the alternative software-defined network route, at the step 10
algorithm should define if the potential of other data center network objects placed higher in
the hierarchy has decreased. If so, move to Step 11, otherwise — to Step 12.

At the step 11 algorithm should define the new minimum length route for every network
object, whose potential has been decreased. If the new minimal length route for every object
of the network includes a route from the alternative route list, you need to put this route into
the software-defined network optimal routes tree and put the route from the optimal routes
tree into the set of alternative routes.

At the step 12 Algorithm designs the new optimal route tree in a software-defined
network of data center. At the last step algorithm transfers the current data flows of
applications and services to affordable data center routes, reconsider the tree entry points; and
as for the variety of alternative routes, reshape the list of alternative routes for each network
entity that has changed. Then go to step 7.

Application of the proposed algorithm for optimizing the adaptive routing of data flow
balancing has allowed us to reduce the complexity of calculating the optimum route to the
value O (k N), where k is the number of completed transitions to alternative routes, and N is
the number of objects in the software-defined network of data center. Thus, the algorithm is
designed to speed up the search and selection of optimal routes for application and service data
flows arranged in a heterogeneous cloud platform under dynamic load changes on the
communication channels.

4. Experimental results

To assess the efficiency of the developed algorithm for optimizing the adaptive routing of
applications and services and balancing data flow in a heterogeneous data center cloud
platform, we have conducted a pilot study. We have chosen the Openstack cloud system as a
basic platform. For comparison, we have applied algorithms used in the OpenFlow version 1.4
for route control of the software-defined network of the data center in the experiment. We
have created a data center prototype with basic nodes and software modules for the developed
algorithms that redistribute data and applications flows for the pilot study. To verify the
developed algorithm of optimal routing and traffic balancing under conditions of dynamic
changes of channels in the software-defined network of the data center, we have deployed
several experimental networks consisting of 25, 50, 100, 200, 300, and 400 objects. All generated
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requests have been reproduced consequently at two pilot sites: with the traditional routing
technology (platform 1, NW) and with the technology of software-defined networks (platform
2, SDN). This restriction was caused by the need to compare the results with traditional
network infrastructure incapable of dynamic reconfiguration. Two tests were carried out on
platform 2. In the first case, we have used the model OpenFlow version 1.4 routing algorithms,
in the second case (NEW SDN), we have applied the developed routing optimization algorithm.
Experiment time was one hour, which corresponds to the most prolonged period of peak
demand recorded in a real traffic network of heterogeneous cloud platform. We have chosen
the response time of applications and services that work in a cloud platform as a basic metrics
to assess the efficiency of the proposed solutions. The results of the experiment are provided

in Fig. 2.
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Fig. 3. A schedule of dependence of the response time of applications and services in a
heterogeneous cloud platform from the quantities of network objects in the data center

As shown in our research, the algorithm for optimizing the adaptive routing of data flow
balancing, based on collected information about alternative routes, has enabled to reduce the
response time for applications and services of a heterogeneous cloud platform with a
dynamically changing load on channels by 40% compared to traditional networks, and by 25%
compared to the model algorithms of the Protocol version 1.4 of OpenFlow. Thus, the algorithm
is efficient in designing optimal routes and traffic balancing in SDN data center in case of
dynamic changes of load on communication channels.

5. Discussion

Traditional approaches to route traffic based on load-balancing are reactive. They use
simple classical algorithms for distributed computing tasks First Fit or Best Fit. Such
algorithms as [5-8| First Come First Served Scan, Most Processors First Served Scan, and
Shortest Job First Scan are popular too. Their main disadvantage is poor utilization of a
computer system due to a large number of windows in the task launch schedule and problem
with “hanging up” when their service is postponed indefinitely due to tasks of higher priority.
The solution proposed by D. Lifka from Argonne National Laboratory is usually applied as an
alternative method of load distribution between nodes. It is based on the aggressive variant of
Backfill algorithm [5, 6, 8] and has two conflicting goals — a more efficient use of computing
resources by filling the empty windows schedule and prevention of problems with “hanging up”
due to redundancy mechanism. D. Feytelson and A. Weil offered a conservative variant of
Backfill algorithm [6]. Further, various modifications have been created by B. Lawson and E.
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Smyrni [7], D. Perkovic and P. Keleher [9], S. Srinivasan [8]. The main drawback of these
algorithms is the time lag during calculation, which is not acceptable for critical services at the
time of failure.

In addition to the traditional reactive fault-tolerant technology, such as replication and
redundancy to ensure reliability of networked storage cloud platforms, a group of scientists
from Nankai University (Ying Lee, Lee Mingze Ganges Schang, Hiaoguang Liu, Zhongschei
Lee, and Huiyun Tang) proposed an approach based on the Markov model, which provides
secure storage of data without excessive redundancy [10]. However, a significant drawback of
this model is the lack of classification and analysis of the types and sources of data to be placed
in their consumption. Nevertheless, the model demonstrates a proactive approach that gives
certain advantages to achieve the desired resiliency of cloud storage.

Reliability and availability of applications and services play an important role in the
assessment of its cloud platform performance. A major shortcoming of existing software
reliability solutions in the data center infrastructure is the use of traditional data flow routing
methods. In this work, we offer to use the software-defined network technology to adjust the
network to the current load of the applications and services that are hosted in a cloud platform
before they start using pre-computed and installation routes of transmission (in case of known
oriented acyclic graph task dependencies and communication schemes). The principles of a
software-defined network first emerged in research laboratories at Stanford and Berkeley [11],
and are currently being developed by the Open Network Foundation consortium, GENI project,
the European project OFELIA [13] and the Russian University Consortium for the
Development of Software-Defined Network Technology with Orenburg State University as its
member.

Centralized decision on the organization of data center heterogeneous infrastructure
proposed in the papers has some drawbacks including reliability support, cost of obtaining a
complete and current network conditions, low scalability [15, 16]. We assume that the
development of a fully decentralized solution is the best option [17]; however, in this case, there
is a problem of interaction between the controllers of autonomous systems. We are going to
address this issue within a framework of our research using SDX technology, which will be
extended to exchange not only information about the network, but also distributed sections
and condition of cloud services and applications.

The algorithms for routing data flows in a software-defined network in case of track
selection published in scientific sources do not take into account the need to ensure the QoS
parameters for the previously installed and routed data flows [18, 19]. We are going to do it
within a framework of the developed methods of adaptive network communications routing.

The existing QoS algorithms to provide a software-defined network are also quite
inefficient. The paper [17] describes an approach to dynamic routing of multimedia flows
transmission that provide a guaranteed maximum delay via the LARAC algorithm (Lagrangian
Relaxation Based Aggregated) [19]. However, the authors consider only the cases of single
delays on each network connection and do not take into account the minimum guaranteed
bandwidth. A similar approach is described in the paper [18]; the authors pose and solve the
optimization problem for the transfer of multimedia traffic without losses on alternative routes,
leaving the shortcuts for common data.

The researchers from Stanford have offered an algorithm for adaptive control of QoS
Shortest Span First, which enables to calculate the optimal priorities for each flow
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mathematically, to minimize crosstalk influence of flows on delay, to manage priorities

dynamically depending on the current situation, and to lay the flow of data transmission

through specific port queues [20].

We are going to formulate optimization problems for laying routes with QoS constraints
and load balancing within a framework of adaptive routing methods of network
communications cloud services and applications developed in this research. In their solution,
we may use heuristics similar to the Shortest Span First algorithm. Besides, we will account
for the distributed nature of a cloud platform.

The analysis of scientific sources on the topic of the study has shown that:

a) so far, there are no effective algorithmic solutions for planning virtual machines, cloud
services, application-oriented accounting topology of the computer system, and
communication tasks schemes;

b) the existing solutions for managing distributed scientific computing on multi-cloud
platforms plan computing tasks without subsequent adjustment of network to their
communication schemes and use traditional routing methods;

c) the existing methods of data flow routing can be enhanced by taking into account the QoS
requirements and distributed nature of a heterogeneous cloud platform.

This demonstrates the novelty of the solutions offered by the project.

Thus, the development of new methods and algorithms to improve the efficiency of cloud
computing with the use of heterogeneous cloud platforms is a crucial task.

Conclusion

This research has enabled to solve the issue of optimizing the distribution of cloud
applications and services data flows in the virtual data center. The developed models have
enabled to implement the adaptive algorithm of data flow routing for the effective use of data
transmission channels located in the data center. The results show that the algorithm for
optimizing the adaptive routing of data flow balancing, based on collected information about
alternative routes, has enabled to reduce the response time for applications and services of a
heterogeneous cloud platform with a dynamically changing load on channels by 40% compared
to traditional networks, and by 25% compared to the model algorithms of the Protocol version
1.4 of OpenFlow. It became possible due to the identification of traffic routes at the initial
stage by using the data of the application placement in the network of the virtual data center.

The experimental studies have found that the application of the developed algorithm allows
improving the efficiency of user requests processing and reducing the number of failures.

We are going to assess our approach with a larger number of flows of applications, since it
will allow us to assess the accuracy of the proposed solution. For this task we prepare software
package which can simulate of the routing algorithms enables to identify applications and
services in the virtual data center and create the optimal routes for data transmission.

The research has been supported by the Russian Foundation of Basic Research (grants 16-
37-60086 mol_a_ dk, 16-07-01004 a), and the President of the Russian Federation within the
grant for state support of young Russian scientists (MK-1624.2017.9).
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B macrosimee Bpemsi J10JisI UCIIOJIB30BAHMSI TEXHOJIOIMU OOJIAYHBIX BBIYUCJIEHUI B COBPEMEHHBIX OU3HEC
rporeccax KOMIIAHUN HEYKJIOHHO pacrer. HecMorpsi Ha TO, YTO 9TO MO3BOJISIET CHUXKATH CTOMMOCTDH BJIAJICHUS ¥
srcmryaranuun U'T urdpacrpykTypbl, cyiecrByer psiji npobJieM, CBI3aHHBIX C YIIPABJIEHUEM IEHTpaMu 06paboTKu
nmauabix. OmHoit M3 Takux 1upobsem sBisieTcss 3(h@MEKTUBHOCTD WCIOJb30BAHUS HMMEIOIIUXCS B PACIOPSIKEHUU
KOMITAHUN BBIYUCJIATEJILHBIX U CETEBBIX pecypcoB. OJHUM U3 HAIPABJIEHUN OITUMU3AINN SBJISI€TCH IIPOIECC
yupagsJjeHus: TpabukoMm OOGJAYHBIX IPUJIOKEHW U CepBUCOB B leHTpax obpaborku ganubix (LIO). Yuurbisas
MHOI'O3BEHHYIO apxurekrTypy coBpemennbix 11O/l rmakas 3amada BecbMa HerpuBuaJsibHa. lIpenmyiecrBom
COBPEMEHHOW  MH(MPACTPYKTYPbl ~ BUPTYAJIU3AIUU  SBJISETCH  BO3MOXKHOCTH — WCIOJIb30BAHUSI  IIPOIPAMMHO-
KOHMUI'YPUPYEMBIX — CeTeii W  [POrpPaMMHO-YIPABJIAEMBbIX —XPAHWIMIN —JaHHbIX. OJHAKO  CyIIECTBYIOIINE
AJINOPUTMUYECKHUE PEIICHUS IPU ONITUMUAIMY HE YUUTBIBAIOT Psij ocobeHHocTel hopMupoBanus Tpaduka B CETH C
HECKOJIbKUMU KJIACCAMY [TPUJIOZKEHHUIA.

B pamkax mpoBeieHHOrO UCCIEeJIOBAaHUS PEIleHa 3ajada ONTUMU3AIUU PACHpPEIeseHus TpaduKa O0OJIaTHbIX
[PUJIOXKEHUI W CEepBHUCOB I IIPOrPAMMHO-yIpaBiseMoii uudpacrpykTypsl BupryasibHoro 11O, Ilpemioxkena
UMUTAIMOHHAST MOJIEJIb, TIO3BOJISIONIAs ONUCATh TpaduK B IporpaMMHO-KOHpuUrypupyembix cermenrax ceru 11O,
YYACTBYIONIUX B 06pabOTKM 3aIPOCOB IOJIL30BaTE el K MPUJIOKEHUSM U CEPBUCAM PACIIOJIOKEHHBIX CETEBOIi CpeJie,
BKJIIOYAIOIIEH B cebsi reTeporeHHyo o0IavHyo 11aT¢OpMy U IPOrPAMMHO-KOHMUIyPUPYEMbIe XPAHUJIHIIA JIAHHBIX.
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PazpaboranHas MoJiesib II03BOJIMJIA PEAJU30BATH AJOPUTM yIpaBiieHns TPAhUKOM OOJIAYHBIX IPUIOXKEHAN U
OLITUMU3UPOBATH JOCTYII CHCTEME XPAHEHHUs, 3a cueT 3P HEKTUBHOIO UCIIOJIB30BAHIE KaHA A JIJIS [Iepeiadn JaHHBIX.
B xo/ie 9KCIIEDUMEHTAJIBHBIX HCCJAEJIOBAHMN YCTAHOBJIEHO 4YTO, IPUMEHEHHE pa3pabOTaHHOIO AJrOPUTMA
[I03BOJIAET COKPATUTh BPEMsI OTKJMKa OOJIAYHBIX IPUJIOXKEHWI U CEpBHUCOB, M KAaK CJIEJICTBUE IIOBBICUTD
IIPOM3BO/IUTELHOCTh 0OPAbOTKHU 3aIIPOCOB I0JIB30BATE e U CHU3UTh KOJIMYECTBO OTKA30B.
Kmouesvie ca06a: npozpammro-KoHPuaypupyemas cemy, 4eHmpv, 06pabomxu 0aHHET, 00AGUHbIE BVUUCIEHUA,
UT-ungpacmpyrmypa.
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memamura u undopmamuras: 10244, xamanoe «IIpecca Poccuus. Ilepuoduurocmov evzroda —

4 ewvnycka 6 200 (despanv, mal, aszycm u HOAOPY).
ITPABUJIA OJId ABTOPOB

1. IlpaBuja moAroToBKU pyKomuceilt u npumep oopMIeHUs CTATell MOXKHO 3arpy3uTh C caiita
cepun http://vestnikvmi.susu.ru. Cratbu, odopmiieHHbIe Ge3 cobJIIoieHns: pa-

BUJI, K PACCMOTPEHHUIO HE IPUHUMAIOTCH.
2. Anpec pemakmuu HayaHOro KypHasa «Bectauk FOYpl'Y», cepust «Boraucianrenbaass mare-
MaTHUKa U HHOOPMATHKAY :
Poccusa 454080, r. Hensabuuck, np. um. B.U. Jleauna, 76, FOVpI'Y, kadenpa CII,
oTBeTcTBEHHOMY cekperapio Llpimbiepy M.JI.
3. Anpec 3/1eKTPOHHOI TOYTHI PeAKINU: vestnikvmi@susu.ru

4. TlnaTa c aBTOpPOB 3a IIyOJMKAIINIO pyKoInceii He B3auMaeTcd, 1 TOHOpapbl aBTOpam

He BbIIIJIAYNBAalOTCHA.
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