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NocmepTHbIN ananns n ero ocobexHocTy
npn paspabdotxe npunoXennii B cpene 0CPB baret

Hecmomps Ha ece ycunusi npo2pamMmMucmos 1o co30aHur 8bICOKOKa4eCmeeHHO20 npo2pamMMHO20
obecrneyeHusi, Hekomopbie owUbKU HeU3bexHo ycKonb3arm daxe om caMo20 Cmpo2020 npoyecca me-
CmupoBaHUs U 8r1ep8ble 8CMPEHAOMCS yXKe y KOHEeYHbIX Nofib3oeamerieli Ipo2pamMMHO20 0becreqyeHus.
Kozda amo npoucxodum, paspabomyukam Heobxodumo oriepamueHO pa3obpambcs 8 npuvyuHax rpo-
uzoweodwux owubok u ycmpaHume ux. B kayvecmee uHcmpymeHma 0111 moucka rnpu4yuH makux ouubok
asmopsl npednazarom cpedcmea mak Ha3dbieaeMol nocmepmHol omnadku. B cmambe paccmMompeHsbl
cospeMeHHoe cocmosiHue Memo0do8 omsiadKu U pOoJib UHCMPYMEHMOo8 MOCMePMHO20 aHasusa, a mak-
XXe cghopmyrnuposaHbl mpebosaHus Kk cpedcmeam nocMmepmuol omnadku 0515 Kpumu4yecKU 8axHbIX
cucmem. [MpusedeHo onucaHue peanu3o8aHHO20 agmopamu MexaHu3ma nocmepmHoul omnadku 8 ome-
yecmeeHHoU onepayuoHHOU cucmeme pearibHo20 8peMeHu cepuu bazem u cgpopmynuposaHsl 3adaqu

0ns QanbHeliweza0 pa3gumusi.

KnrouyeBble cnoBa: corefile, nocmepmHsbil aHanus, OCPB bazem, omnadka, 0amn namsimu

BeepeHune

Ewe B 1951 1., Ha 3ape COBpeMEHHON BBIYMCIU-
TenbHON TexHUuKU, Ctaunu ['mnn [1] mucan o ToM, 4TO
cliefyeT yaeasaTh 0coboe BHUMaHNE K TeM HEelITaTHBIM
CUTyallMsIM, KOTOPbIe BOZHMKAIOT YXe IMOCJIe 3allycKa
MpOrpaMMBbI U TIPUBOMIST K €€ aBapUITHOMY 3aBEpIICHUIO.
I'mnn cyuTaeTcss OCHOBOIOJOXHUKOM [2] TaKk Ha3bIBae-
MO TOCMEPTHOM oTIaaKu (postmortem debugging), korna
B IIPOrpaMMe MJIM CUCTEME Pealu3yIoT (PYHKIIUIO 3aIIUCH
COCTOSTHMSI B MOMEHT aBapUIHOTO 3aBepIICHHUST, YTOOBI
MPOTrPaMMUCT MOT T03XK€ IMOHSITh, UTO IIPOU3OIILIO U MO~
yeMy TakKasi CUTyallusl BOZHUKJIA.

C Tex mop TEeXHOJIOTHS IMOCMEPTHOM OTJIAaJAKHU HC-
MOJIB3yeTCS B pa3IMUYHBIX CUCTeMax, BKJIlOYas BCe
OCHOBHBIC omnepanuoHHbie cucTemMbl (OC) oOlero Ha-
3HAUeHMUsI, a TaKxXe crenuaau3npoBanHsie OC, Takue
KaK BCTpauMBaeMble CUCTEMbl U CUCTEMBI peajibHOI'O
BpeMeHU. UToObl 0O0ecneunuTh BHICOKUI YPOBEHb Ha-
IEXXHOCTU, OXKUAAEMBIM OT TAKMX KPUTHUYECKU BaXKHBIX
CHCTEM, HEOOXOMMMO, C OMHON CTOPOHBI, Peayn30BaTh
BO3MOXHOCTH OBICTPOTO BOCCTAHOBJICHUSI CUCTEMBI MUJIU
€€ 4acTH IocJie pousolenairero coos. C npyroi cTopo-
HBI, HEOOXOIMMO IPEIYCMOTPETh MEXaHNU3M COXPaHEHU ST
KaK MOXHO OOJIBIIETO KOJIMYeCcTBa MHGOPMAIIMU TOCIIe
KaxJioro c6os1, YToObl BIOCAEACTBUU MOXKHO OBLJIO BbI-
SICHUTh IIPUYNHY €r0 BO3HUKHOBEHUSI.

YToObI TOHATH LIEHHOCTh METONOB MMOCMEPTHON OT-
JIaKU, CJIEAYeT PacCMOTPETh MX KJIACCUYECKYIO alib-
TepHaTtuBy. [IpakTnuecku Bce coBpeMeHHbIe OC, B TOM
yuciyie oteyectBeHHast OC peanbHoro Bpemenu (OCPB)
Bbarer [3], B HacTosI11Iee BpeMs TIPEAOCTABISIOT CpeICcTBa
IUTST TaK Ha3bpIBaeMOM OTJIAIKMU in situ (JlaT. "Ha Mecte"),

3aKJII0Yaloieiicss B MOMCKE MPUYMH OLIMOOK B XONIE BhI-
TIOJTHEHU ST caMoit TTporpaMMbl. OOBITHO TTPOIIECC TAKOU
OTJaIKM BKJIIOYAET B C€0s1 MPUCOENMHEHHUE OTAEIbHOI
IIpOrpaMMBI OTJIaAYMKa K HEMCIPAaBHOI IIpOrpaMMme,
a 3aTeM yIpaBJIeHWE BBITIOJHEHUEM HEUCIIPaBHOM MpO-
rpaMMBbl B UHTEPAKTUBHOM PEXHUME, MHCTPYKIHS 3a
WHCTPYKIIMEHN MJIN ¢ UCITOIb30BAaHUEM TOUYEK OCTaHOBA.
Takum o6pa3om, Moyab3oBaTeNb OCTaHABIMBAET IMPO-
rpaMMy B pa3JIMYHBIX TOYKaX, YTOOBI TIPOBEPUTH CO-
CTOSIHME MPOTPaMMBbl M BBISICHUTD, TIe €€ MOBEASHUE
HauyMHAeT OTJAMYATHCS OT OXUAAeMOro. 3a4acTylo 3TOT
MPOLECC MOBTOPSIETCS IS HPOBEPKU Pa3IUYHBIX THITO-
Te3 0 IpUYMHE BOSHUKHOBEHUS OLIMOKU.

DTOT METOI MOXET OBITh O4eHb (P GEeKTUBEH A
OIIMOOK, KOTOPbIE BOCIIPOU3BOISITCS IMOUTU IIPU KaxkK-
JIOM 3aITyCKe ITPOTpaMMbl, OHAKO y HETO €CTh HECKOJIb-
KO HeJ0CTaTKOB. Bo-mepBbIX, neficTBUE MO OCTaHOBKE
IIporpaMMBbl 9YaCTO MeHsET ee moBemeHue. OMMOKHU,
BO3HUKAIOIIIVE B pe3yJbTaTe B3aUMOACHCTBUS MEXIY
MapaJjiebHO BBINIOJHSIEMbIMU ITOTOKAMU YIIpaBJICHUS
W TIpolieccaMu (HarpuMep, COCTOSTHUE TOHKU — race
condition), MOTYT OBbITb OCOOEHHO CJIOXXHBIMHU JIJISI TAKOTO
aHajaM3a, IMMOCKOJIBKY MHTePpAKTUBHAS OTJIadKa BIUSCT
Ha BpeMs BOBHMKHOBEHUS Pa3IUYHBIX COOBITUH (Tak
Ha3bIBaeMble oInoOKu Ieitzenoepra — Heisenbugs). Yto
ele 6osiee BaxXHO, oTyajaKa in sifu 4aCTO OKa3bIBAaeTCS
HECOCTOSATEIBHOM B YCJIIOBUSIX PEAJIBHOM SKCILJIyaTalliU
(production environment), TOCKOJBKY MHOTHE OTIATUYNKHI
3(pGeKTUBHO pabOTaAOT TOJBKO C HEONTUMU3UPOBAH-
HOU OTJIAAOYHOW COOPKOW, KOTOpas CIUIIKOM MEAJIEH-
Ha JUIS 3allycKa B YCJIOBUSIX peabHOM 3KCILTyaTallvu.
CrnenuaJucTsl MO OTJIaaKe 4YacTO He MMEIT AOCTyIla
K CUCTEMaM, B KOTOPBIX BBITIOJTHSIETCS TporpaMma. DToT
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cllydyail XxapaKTepHBII IJIsl OOJBIIMHCTBA MOOMJIBHBIX
¥ HACTOJBHBIX IIPUJIOKEHU T 1 MHOTHX KOPITOPATUBHBIX
cucteM. CrneayeT TakxXe OTMETUTh, UYTO HEOOXOIMMBbIe
WHCTPYMEHTAJIbHBIE CPEACTBA OTJIAJAKHU 3a4acTyIO B 9TUX
CHCTeMaX HeAOCTYIHHI.

JHaxe B Tex ciy4JasiX, Korna CreluajnucThl 1o OTIaaKe
MOTYT MOJYYUTH JOCTYII K IPOrpaMMHOMY 00eCIIeUeHUIO
(ITO), comepxkalmemMy OIIMOKH, C TTOMOIIBIO HEOOXOMM-
MBIX UM MHCTPYMEHTAJIbHBIX CPEICTB, IPUOCTAHOBKA
MpOrpaMMBbl B OTJaAYMKe OOBIYHO TIPEACTABISIET CO-
001 HempuemJieMOe HapylleHWe MPOU3BOACTBEHHOTO
mpolecca M BBICOKWI PUCK TOTO, YTO MCTIOTb30BaHUE
MHTEePAKTUBHOIO OTJag4MKa MOXET MPUBECTU K COOIO
TTPOTPaMMHBI.

CaMblii cepbe3HbIil TPOOIEMHBIN BOITPOC C OTIaAKOMN
in situ 3aKJIIOYaeTCsS B TOM, YTO €€ MOXHO MCIOJIb30-
BaTh TOJBKO AJIs1 00HAPYKEHU S IPUUMH BOCIIPOU3BOI M-
MBIX OLIMOOK. MHOrue oluoOKU B YCIOBUSIX peabHOM
9KCITyaTalluu Ju00 OYeHb peaKU, JU0O0 CBSI3aHBI CO
CJIOKHBIMU B3aMMOJEHCTBUSIMM PA3JIUUYHBIX CUCTEM,
KOTOpbIE YaCTO OYEHb TPYAHO BOCIPOU3BECTU B Cpe-
e pa3paboTku. Peakuii xapakTep TaKOro copra OIIM-
00K He MOXeT 3aCTaBUTh pa3padOTYMKOB 3aKPBHITh Ha
Hux rina3a. Hampotus, c6oit OC, KOTOPBIi TPOUCXOTUT
TOJBKO 1 pa3 B HeJEJI0, MOXET ObITh Ype3BbIYallHO 10-
POTOCTOSIIIMM C TOYKHW 3PEHUS IMPOCTOSI. AHAJIOTUIHO
¢aTanbHag omnbKa, KoTopast BO3HMKAeT 1 pa3 B Hele-
JII0 B TIPUJIOKEHW U, MCIIOJIb3YEMOM TBICSIUaMU JTIONEH,
MOXET IMPUBECTU K TOMY, YTO MHOT'ME TOJb30BaTEINU
OyayT CTaJKMBATbCs C OLIMOKOW KaXIblil neHb. Pa3-
pabOTYMKU TIPU 3TOM IO OOBEKTUBHBIM NMPpUYMHAM HE
CMOTYT MOJIKJIIOYUTH OTJIaJOUYHbIE CPEICTBA K CHCTEME
KaXJIOro MoJIb30BaTesl.

Elte onuH nonyasipHbIil cnoco0 OTJIaAKW — MPOTO-
KOJMpoBaHUe (MOJHOE MJIM YaCTUUYHOE) COOBITUI, BO3-
HUKAIIMX B XOJe BBITIOJIHEHUST TIporpaMMbl. OgHaKo
M3BJICYEHUE TOCTATOYHOIO KOJMYECTBa MHGpOpMaLIUU
0 (daTanbHBIX COOSIX M3 XXypHaJla COOBITUI 3a4acTylO
SIBJISIETCA TpydoeMKuM mpoleccoM. Kak ciaencrsue,
pa3paboTynuKaM TPUXOIUTCS BBHITIOJTHITH HECKOJBKO
uTepauuii MogudUKaluyl MporpaMMhbl ¢ 10OaBIeHUEM
HOBBIX COOBITHA, pa3BepThIBAHUST MOAN(PUIIMPOBAHHOMN
MporpaMMbl U U3yYEHUs BBIXOAHBIX HaHHBIX. DTO 00-
CTOSITEJIBCTBO TaKKe MOXET 0Ka3aTbCsl HEPUEMJIEMbIM
B YCJIOBUSIX peajbHOI 3KCILTyaTalluu, TTOCKOJIBKY CIIe-
MagbHbIe U3MEHEHUS KOJa YacTo HelleJecoo0pa3Hbl
(B ciIyyae HACTOJIbHBIX ¥ MOOMJIBHBIX IIPUJIOXKEHUI) NN
3anpenieHbl MOJTUTUKOW KOHTPOJISI U3MEHEHU.

PelieHue cocTouT B TOM, YTOOBI CO3/1aTh CPEACTBO,
KOTOpoe OyneT GUKCMpOBaTh COCTOSTHUE ITPOrPAMMBI 11e-
JIMKOM B MOMEHT, KOI[la IpOorpaMmMa BBIXOAUT U3 CTPOS.
OTMETHM, YTO TOCJIE TOrO0 KaK CHCTeEMa COXPaHUT CO-
CTOSIHME TIPOTPpaMMBbI, OHa MOXET HEMEIJICHHO 3TY IIpO-
rpaMMy Mepe3arnycTUTb, YTOObI N30eXaTh MPOCTOS.

IlonBoast UTOT U3TIOXKEHHOMY BHIIIIE, MOXHO YTBEPXK-
naTh, 4TO AJs1 2HEeKTUBHON pabOTHI MO BBISBIECHUIO
MEePBOIPUYNH BO3HUKAIOIINX COOEB CPEACTBO IIOCMEPT-
HOM OTJIaIKU AOJIKHO YAOBJIETBOPSTD CIAEAYIOININM Tpe-
OOBaHUSIM.

1. Ing obecrieyeHUs] PyHKLIMOHUPOBAHUS Cpel-
CTBa MOCMEPTHON oTnaaku npukaagHoe [1O He moik-
HO TpeboBaThb MOAUGUKALIUI, KOTOPbIE HE MOTYT OBITh

HCIIOJIb30BAaHbI B YCJIOBUSX PeajibHOI 3KCIJIyaTalluH,
HaIIpyMep, 3aIIpeT ONTUMMU3ALNH KOAa UM HaJIMYKe J0-
MMOJHUTEIBHON OTIaa04YHON NH(pOPMALIMY, 3HAYMUTEIHLHO
BIUSIONINX Ha MTPOU3BOIUTEIBHOCTD.

2. CpencTBO MOCMEPTHOM OTNAAKM JOJXKHO OBITh
BCErna BKJIOUEHO: OHO He JOJIXKHO TpeOOoBaTh OT aMU-
HHUCTpaTopa CUCTEMBbI NMOAKIIOUCHUS OTJIaauruKa WU
BBITIOJTHEHU S WHBIX HEIITATHBIX ACUCTBUM 10 BO3HMK-
HOBEHUS NPOOIEMHBI.

3. CpeacTBO MOCMEPTHOM OTJaAKU JOJXKHO ObIThH
IMOJTHOCTHIO aBTOMAaTUYECKHMM: OHO JOJIKHO OOHAPYXKUTh
c0OIi1, COXpaHUTh COCTOSTHME MPOrpaMMEI, a 3aTeM He-
MEIJICHHO TTO3BOJIMTh CHUCTEME Iepe3alyCTUTh BBIIIEH-
IIWI U3 CTPOSI KOMITOHEHT.

4. lam11 (CoxpaHEHHOE COCTOSIHUE) TOJIKEeH OBITh UC-
YepITHIBAIOIINM: COAEPKMUMOE CTeKa, Oyaydu, BEpOSTHO,
caMol LIeHHO# 4YacThio MH(pOPMAlLIUU, OUYeHb YacTO He
MIPEAOCTABIISIET TOCTATOYHOM MHMOPMAIINH, YTOOBI BhI-
SIBUTh IIPUYMHY BO3HMKHOBEHUS Ipo0aeMbl. OOBIYHO
pa3paboTuyrKaM TpedyeTcs aHaJIM3MPOBaTh TaKKe ITapa-
METPHI KaXKJI0To IMOTOKa, KaK CTeK, PETUCTPhI U ITaMSITh.
KpowMme Toro, B 3aBUCIMOCTHY OT CaMOU IIeJIEBOI CUCTEMEBI
B IaMII JTOJIXKHA ToMnaaaTh U cnenuduyeckas nHgopma-
LIMST, KOTOpast MOXET OKa3aThCd IOJIE3HOM pa3padoTIm-
KaM, HallpyuMep, COCTOSIHUSI CUCTEMHBIX 00bEKTOB CH-
XPOHM3AIINH, CETH U TTOAKJIIOUCHHON annaparypsl. Yem
OoJibllie MHPOPMALIUUA MOXKET ObITh BKJIIOYEHO B JTaMII,
TeM OOJIbIIIC BEPOSITHOCTH TOTO, UTO pa3pabOTUYNKH CMO-
I'yT ONpPEeAeAUTh MEePBOIPUUNHY, OCHOBBIBASICH TOJBKO
Ha OJHOM BO3HHUKILEM cOoOe.

5. HonxHa ObITh peaan30oBaHa BO3MOXHOCTh aHAJIU-
3MPOBATh ITOJYUYECHHBIN TaMIT HE TOJIBKO B YCIOBUSIX pe-
aJIbHOM 9KCILIyaTallui, HO U B OTJIAJOYHOM OKPYKCHUU.
Taxkoil moaxon Mo3BOJUT pa3padoTUMKAM UCMOJIb30BaTh
JIOTIOJTHUTENbHBIE OTJIag0YHbIe CpeACcTBa AJIs1 aHaIu3a
JTaHHBIX.

NMocmepTHasa otnaaka B OC cemencrtea Unix

YT00BI MOHATH MOTEHIIMAIBHYIO [IECHHOCTb ITOCMEPT-
HOM OTJIAAKM AJ11 KPUTUYECKU BaXKHbIX CUCTEM, HOJIE3HO
nocmoTpeTh Te OC, Toe MeTOIbl TOCMEPTHOTO aHaIu3a
XOPOLLIO pa3BUThI U LIUPOKO MCIOIb3YI0TCs. [1o MHEHUIO
aBtopoB, TakumMu OC gapasitorcss OC cemeiictBa Unix.

B xauecTBe mpumepa pacCMOTPUM IIpOTpaMMy U3
JucTuHra 1.

1 long *func ()

2

3 /* Some action */

4 return (long *) O0;

5}

6

7 void main ()

8 {

9 long *address = func();

10 /* Some code */

11 *address = Oxdeadbeaf;
12 return;

13 }

Jluctunr 1. Tlpumep mporpaMmbl ¢ OIIHOKOM
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ITocne cObopku 1 3amycka 3TOM IIPOrpaMMBbI TTOJIL30-
BaTeJIb YBUIMT CIIEAYIOIIEe COOOIIeHUE:

$ gcc -g -o examplel examplel.c
$ ./examplel
Segmentation fault (core dumped)

XOTS 3TOT MpUMeEp HaayMaH, OH WJLTIOCTPUPYET OC-
HOBHOI1 MeTod nmocMepTHOoM otnanku. CraexyeT oopaTUTh
BHMMaHUEe Ha TOT aKT, UTO B OTJIUYME OT OTIAJKM in Situ,
3TOT METOJ XOPOIIO MaCIITa0MpPyeTCs IO Mepe pocTa OT-
JlackmBaeMol mporpamMmbl. Eciiu GBI BMECTO OTHOTO TO-
TOKa B OTHOM ITIpoliecce ObLIU THICSTUM IMIOTOKOB B JECSITKAX
KOMTIOHEHTOB (Kak B ciiyyae OC), MOJTHBIN JaMIT BKITIO-
yaJ1 Obl nH(pOpMalMio 000 Beex. be3ycioBHo, nepen mpo-
rpaMMUCTaMU B 9TOM ciIydyae OyJeT CTOSITh BOIIPOC, KakK
pa3obpaThest B TAKOM OOJIBIIOM KOJIUYeCTBE MHPOpMAaLIMH.
OnHako 1o KpaifHell Mepe MOXHO Oy/IET BBISIBUTh TPUUNHY
OLIMOKM, TOCKOJBKY BCSI MH(GOPMAaLIMS JOCTYIHA.

Crenyonmm 11aroM siBiasieTcs Co3JaHue MOJIb30Ba-
TeJIbCKUX MHCTPYMEHTAJbHBIX CPEICTB JIs U3BJICUEHU S
W aHaJIN3a KOHKPETHOrO COCTOSHUS Tpolecca, 3aBep-
HIMBLIErocs aBapuitHo. KoMITJIeKCHBI# TTOAXO ¢ TIPUBJIE-
YEHWEM NPYTUX OTIAAOYHBIX CPEACTB 31eCh OyneT, 6e3-
yciioBHO, noJiedeH. Hampumep, gdb (GNU Debugger [4])
MPENOCTaBISIeT MEXaHU3M CO3AaHUS MOJb30BATEIBCKUX
KOMaHJ (MaKpoCOB) KaK Ha BCTPOCHHOM SI3bIKE OTJIaIKH,
Tak M Ha 93b1Ke Python. DTy MaKpoChl MOXHO pacIipo-
CTpPaHSATh BMECTE C MCXOIMHBIM KOJIOM, YTOOBI BCE pa3pa-
OOTUYMKM MOTJIH UCITOJIb30BaTh UX KaK in situ (Ipucoean-
HSISICh K YK€ 3alyILIeHHOMY IPOLECCY), TaK U IIOCMEPTHO
(oTKpbIBasi OCHOBHOU haiis ¢ momoliibto gdb).

Ecnu oTKpbITh (paiin core, MOJYYEHHBIN U3 TUCTUH-
ra 1, c moMollbo OTJIaAuYukKa gdb (JIMCTUHT 2), TO MOX-
HO 3aMETHUTh, KaK OTJaguuK 00pabaTbIiBaeT 3TOT (aii.
B npencraBieHHOM NpUMepe UCMOJHSAEMbI (haiia ObLT
coOpaH ¢ OTJIago4YHOM MH(OpMaLeil, TO3TOMY MOIb-
30BaTeJI0 JOCTYTIEH €ro UCXOMHBIN TEKCT Ha s13bike CH.

$ gdb -c core.3603

[New LWP 3603]

Core was generated by './examplel’.

Program terminated with signal SIGSEGYV,
Segmentation fault.

#0 0x0000000000400520 in 2?2 ()

(gdb) file examplel

Reading symbols from examplel...done.

(gdb) bt

#0 0x0000000000400520 in
examplel.c:11

(gdb)

main () at

JIucrunr 2. Ilpumep ceanca padoTsl gdb ¢ (aiiaom core

Omnbka, KoTopas mpuBena K c000, MpOoM30IIaa
B cTpoke 11, rae, Kak BUJHO Ha JTUCTUHTE 1, IPOUCXOIUT
TIOTTBITKA MOTMU(PUKALINY TTAMSITH TT0 HYJIEBOMY YKa3aTeITio.

3amayva, crosiiasli mepeln aBTOpaMu, 3aKJH4aeTcs
B TOM, YTOOBI aJalITUPOBATh MEXaHU3M ITOCMEPTHOM OT-
naaku nas oreyectBeHHoil OCPB baret 3.0 [3]. Pemuenue
9TOM 3a1a4n OyAeT pacCCMOTPEHO B CJIEAYIOILIEM paselie.

NMocmepTHasa otnaaka B OCPB Baret 3.0

Oco6ennoctes OCPB barer 3.0 3akiouaeTcst B TOM,
YTO B YCJIOBUSX peaJIbHOM SKCIIyaTallMy OHa JOJIXKHa
3(pGHeKTUBHO BBITIOJHITh CBOM (YHKINHN, MUHUMHU-
3Upys 3aJepKKHU, CBSI3aHHbIE ¢ 00PabOTKOM OIIMOOK.
B yvactHoctu, no crangapty ARINC 653 [5] npouecc,
B KOTOPOM IMPOM3OIIIJa UCKIIOUUTENbHAS CUTyallus,
nepesamnyckaercs. PazymeeTcst, mpuMeHeHWe CTaHAAPT-
HOTO OTJamyuKa in Situ B 3TOM CUTyalluM HEBO3MOXHO.
PemieHuieM sIBJIsieTCSl MHTETpaLvsI B CUCTEMY CPE/ICTB TO-
CMEPTHOTIO aHajiM3a C COXpaHEHUEM aBapUIHOTO Jamra
mpotiecca s ero mocienytoiero ndydenus. Co cTo-
pousl OCPB baret 3.0 6b11 peann3oBaH oO0pabOTUUK,
OCYIIECTBJISIIOIIMIA 3aMMUCh aBapUHOTO AaMmna B (aiin,
aHaJloTMYHBIN (aitnam core aasg OC tuna Unix. [lpu
3TOM TOTpeboBaach HEKOoTopas mopaboTrka dopmara
core IJISI COXpaHEHUS BCcell BO3MOXHOI MHGpOpMallnu,
KOTOpast MOXET MOHATOOMThCS pa3paboTyMKaM TMpu To-
HUCKE MPUYMHBI BOBHUKHOBEHMSI COOSI.

OCHOBHBIMH OTEUECTBEHHBIMU aNlIapaTHBIMMY TLJIAT-
dopmamu s 3anycka OCPB baret 3.0 aBnsttoTcst mpo-
LIeCCOpPBI ¢ apXUTeKTypoil mips32 m mips64. B ciyvae
MOCMEPTHOTr0O aHaJu3a B LesIX YHUudbuKauuu popmara
JAHHBIX BCeTa yI0OHO OMepupoBaTh 64-0UTHBIMHM daH-
HbiMU. [ToaTOMy 3a ocHOBY popMata ¢aiina core OCPB
baret mist 32-OUTHBIX apXUTEKTYp OBbIT B3AT ¢hopMat
ELF32 ¢daitna core OC Linux a9 apXuTeKTypbl mips64
¢ ABI n32 uim 064 [6], a nist 64-OUTHBIX apXUTETYp —
dopmar ELF64 ¢aiina core OC Linux 11 apXuTeKTypbl
mips64.

CnenyeT OTMETUTh, YTO OCHOBHBIM (hopMaToM OU-
HapHBIX (aitioB, ucrnonb3yeMbiM Kak B OCPB Barer,
tak U1 B OC Linux, siBAsieTcsd TaK Ha3blBaeMblii (popmar
ELF (Executable and Linkable Format [7]).

Ha nuctuHre 3 nmpuBeneH 3arojioBokK ELF-¢aiina
core.

$ readelf -h core.l
ELF Header:

Magic: 7f 45 4c 46 01 02 01 00
00 00 00 00 00 00 00 00

Class: ELF32

Data: 2's complement, big endian

Version: 1 (current)

OS/ABI: UNIX — System V

ABI Version: 0

Type: CORE (Core file)

Machine: MIPS R3000

Version: 0x1

Entry point address: 0x0
Start of program headers: 52 (bytes into file)
Start of section headers: 0 (bytes into file)

Flags: 0x60002001, noreorder,
064, mips64

Size of this header: 52 (bytes)

Size of program headers: 32 (bytes)

Number of program headers: 4

Size of section headers: 40 (bytes)

Number of section headers: 0

JIuctunr 3. 3aronoBok ELF-(aiiia core
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CrenyeT oOpaTUTh BHUMaHMe Ha TUN (aitna (ykasaH
kak CORE), a Takxe Ha yaru, mojcka3plBaoIIe OTIaI-
YUKy, KAKMM 00pa3oM cjieayeT MHTepIpeTUpPOBaTh TaHHEIE,
cojepxaiiuecss B 9ToM ¢aiiyie. B KOoHTeKCTe HacTosIei
cTaThy OyIyT MHTEpeCcoBaTh (pyiaru, onpeaessionye ¢hopmar
OowHapHoro MHTepdeiica ypoBHs TipuioxeHust (Application
Binary Interface — ABI), B taHHOM clty4ae 3T0 064.

B o01mmux yepTax cTpykTypa (haiiyia core npuBeneHa
Ha PUCYHKE.

3aMeTuM, YTO 3TUM CTPYKTypa ¢aiijla core He UC-
yepnbiBaeTcsa. Kak u Bcakuit ELF ¢aiin, oH MoXeT co-
JepXaTh JOTIOJTHUTEIbHbIE CEKIIMK C TaHHBIMU, CITeI1-
(uyeckuMM A LeJeBOM ITporpaMMHO-aIlapaTHOMN
apxuTekTypbl. Hanpumep, nadopmainio o coCTOTHUN
HCITOJb3YeMbIX CUCTeMHBIX 00bekKTOB OCPB, Takux Kak
oyepean cooOIIeHU, ceMadOpbl UJIN MBIOTEKCHI.

Program Headers:

3aronosok ELF-thaiina

Cekuv A Notes

Cekunwn LOAD

Crpykrypa (daiina core

B Hamem nmpuMepe mporpaMMHbie 3aroioBku ELF
daiina BHIMISIAT CASAYIOIIMM 00pa3oM (IMCTUHT 4).

Type Offset VirtAddr PhysAddr FileSiz MemSiz Flg Align
NOTE 0x0000b4 0xc001£078 0x00000000 0x006b4 0x00000 0x4
LOAD 0x000768 0x00050d98 0x00000000 0x03c38 0x03c38 R 0x8
LOAD 0x0043a0  0x10000000 0x00000000 0x0e940 0x0e940 RW 0x8
LOAD 0x012ce0  0x1000e940 0x00000000 0x018ad 0x018ad RW 0x8

JInctunr 4. IIporpamMubie 3aroioBku (aiiia core

Cek1uu LOAD coiepKaT JaMII MaMsITH MojJb3oBaTeabcKoro mpoiecca OCPB barer, mopoxgusiero ¢aiin core.
Ecnu cpaBHUTH agpeca COXpaHEHHBIX TaHHBIX C aJlpeCaMM 3aTrpyKaeMbIX CEeKIIUI MCXOMHOT0 00BEKTHOTO (haiiia,
TO BUIHO, UTO OHU COBITAAAIOT C aJpecaMy CeKIIMil .data M .bss (JIUCTUHT 5).

$ bt23j-objdump -h posix/userproc.o

PaszpeJie:

Idx Name Size VMA LMA File off Algn
0.text 0005508c 00000000 00000000 00001000 2%%3
CONTENTS, ALLOC, LOAD, READONLY, CODE
l.data 0000e940 10000000 10000000 00057000 2%%3
CONTENTS, ALLOC, LOAD, DATA
2.bss 000018ad 1000e940 1000e940 00065940 2%*3
ALLOC

Jluctunr 5. IIporpammublie 3arosioBku ¢aiina core

B ceknuu Notes comepxuTcsa MHGOpPMAIIUS O Mpoliecce, KOTOPIA moponui (aiisl core: Ha3BaHue (aiiia; co-
JEPKUMOE PErUCTPOB; HOMEP CUIHAJa, 3aCTABUBLIKIA TIPOLIECC MOPOIUTH (aiil core.
Eciu B3rasHYyTh Ha 3TY CEKLMIO IMOCPEACTBOM YTUIUTHI readelf, TO MOXHO YBUIETh, YTO OHA COCTOUT M3

HECKOJIbKHX 3anuceid (JIUCTUHT 6).

$ readelf -n core.l

Notes at offset 0x000000b4 with length 0x000006b4:

Owner Data size Description

CORE 0x000001e0 NT _PRSTATUS
CORE 0x00000108 NT FPREGSET
CORE 0x000001e0 NT PRSTATUS
CORE 0x00000108 NT FPREGSET
CORE 0x00000080 NT PRPSINFO

(prstatus structure)
(floating point registers)
(prstatus structure)
(floating point registers)
(prpsinfo structure)

JIncTunr 6. Coaepxumoe ceKiuu Notes

B naHHOM npuMepe ceKLUs Notes COOEPXKUT 3alUCH
0 IBYX MOTOKax ymnpaBJ€eHUS B CTPYKTypax prstatus
(MaeHTU(PUKATOPBI, COAEPXKUMOE PETUCTPOB OOIIETO

Ha3HAuYeHUs) M B CTPYKTYypax fpregset (MJIaBaoliue
PETUCTPHI), a TaKXe OOy MHGOPMAIIMIO O MPOIeC-
ce, mopoauBIlIeM (daii core B CTPYKTYpe psinfo (MMS
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(aitna-obdpasa, apryMeHThl). PazaMephl CTpyKTyp prstatus
" psinfo GUKCUPOBAHEI U Pa3IMyaloTCs B 3aBUCHMOCTH OT
TOTO, SIBJISICTCS JIA LieJieBast apXUTeKTypa 32- uian 64-6ut-
HOI4, a TaKXKe OT TOro, Kakoi Tum mips ABI ucnonbayeTtcsi.
CrenyeT OTMETUTD, YTO COBPEMEHHBIE BEPCUM OMOIUOTEKHU
GNU BFD (Binary File Description) He ionnepxupaioT ABI
064. o 3T0i1 MpUYKMHE aBTOPAMU CTATHU CPEIU ITPOYMX U3-
meHeHU oimagurka OCPB Barer 3.0 (oTmamunk peaibHO-
ro BpemeHu — OPB) ns nogaepxku ¢aiiioB core OCPB
BareT Opl1a MpoBeneHa MOTUMUKAIINS UCIIOIB3YeMOM OT-
naguukoM ouodnuoreku BFED (Binary File Description). I1pu
3TOM CJIeyeT YITIOMSIHYTh, uTo ¢ ABI n32 6ubmmoreka BFD
paboTaeT KOPPEKTHO.

OTnesbHO HEOOXOMMMO OTMETUTH pealu30BaHHYIO
BO3MOXHOCTb MOPOXAAaTh (Paiiyibl core OTIAXWBAEMOTO
npouecca OCPB baret HemocpeacTBEHHO U3 OTJIag4yuKa
OPB mnocpencTBoMm crieniMajibHONW KOMaHAbL. Takasi BO3-
MOXHOCTb UMEET CMBIC]I B Te€X ClIydasix, KOraa oTjaK1Ba-
€MBIIi TPOIIeCC He 3aBEPIIUJICS aBapyitHO, OHAKO B XOJIe
€ro BBITIOJIHEHU ST BOZHUKIIM OIpeaeeHHbIC MPOOIEMBI,
TpeOyIolre aJbHENIIero JeTaTbHOTO N3YYeHNUSI.

Ha nuctunre 7 nmpuBeaeH MpuMep ceaHca pabOTHI
OPB c ¢aitnoM core (KOMMEHTapuu aBTOPOB B JIH-
CTUHTE BBIACICHBI MONYXUPHBIM HIpudTom). U3 3Toro
JIUCTUHTA BUAHO, YTO ITOUTH BCIO HEOOXOAMMYIO MH-
dopmanuio OPB nonyyaer u oTodpaxkaeT KOppeKTHO.

OTnamumMKy NepeflaeTCss B KadeCTBe apryMeHTa uMsi dpaina-obpasa u mMs panna core

$ OPB40-gdb posix/userproc.o —-c core.l
GNU gdb (GDB) 7.11

Copyright (C)
License GPLv3 +:
This is free software:

and "show warranty" for details.

2016 Free Software Foundation,
GNU GPL version 3 or later <http://gnu.org/licenses/gpl.html>
you are free to change and redistribute it.

There is NO WARRANTY, to the extent permitted by law.

Inc.

Type "show copying"

This GDB was configured as "--host = x86 64-pc-linux-gnu --target = mips64-0c2000".

Type "show configuration"
For bug reporting instructions,
<http://www.gnu.org/software/gdb/bugs/>.

for configuration details.
please see:

Find the GDB manual and other documentation resources online at:
<http://www.gnu.org/software/gdb/documentation/>.

For help, type "help".

Type "apropos word" to search for commands related to "word"...
Reading symbols from posix/userproc.o...done.

MpounTana mHOOpPMALMUsT O ABYX MNOTOKAX yNpPaBJIEHUS

[New LWP 1]
[New LWP 2]

UubopManum o 6mHapHOM daiine-obpase B pasgesnie psinfo Her

Core was generated by .
#0 main () at main.c:14
14 main.c: Her Takoro ¢anja MM KaTajora.

[Current thread is 1 (LWP 1)]
(gdb) info threads
Id Target Id Frame
* 1 LWP 1 main () at main.c:14
2 LWP 2 0xc419bad8 in??
(gdb) info frame
Stack level 0, frame at 0x101fffo8:
pc = 0xf8 in main (main.c:14); saved pc =

called by frame at 0x101f9ce0
source language cC.
Arglist at 0x101f9ca8,
Locals at 0x101f9ca8,
Saved registers:
s8 at 0x101£9c¢98,
(gdb) info registers
Wupopmaumst o permucrpax...

args:

0x1c60

Previous frame’s sp is 0x101f9ca8

ra at 0x101f9cal, pc at 0x101£f9cal

Jluctunr 7. Ceanc padotet OPB ¢ daiinom core

3aknto4yeHue

IIpencraBiaeHB HOBBIE BO3MOXHOCTH IOCMEPTHOM
OTJIaJKM Toab3oBaTteabckux npoueccoB OCPB barer.

JanbsHeie pabOTHl B 3TOM HaIlpaBJIEHUU MOTYT CO-
CTOSTh B mopaboTke popmara dhailioB core, BKIIO-
yalonue O0oJibllle JaHHBIX O MopoauBlIeM (aiia core
mpoiiecce, HanpuMep, uMs daiina-odbpasa, a TakxXKe J10-
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MOJTHUTEJIbHbIE MPOrpaMMHBIE CEKIIUU, COAepXKallue
nHbopManrio o cucteMHbix oobekTax OCPB barer,
OTHOCHIIMXCS K JAHHOMY MPOLIECCY.

Paboma evinoanena 6 pamkax eocyoapcmeennoeo 3a0anus
no npoeedenuro PYHOAMEHMAALHBIX HAYUHBIX UCCACO0BAHUL NO
meme (npoekmy) "38. Ilpobaembl co3danus en06arbHbIX U UH-
mezpupo8aHHslX UHPOPMAYUOHHO-MENCKOMMYHUKAYUOHHBIX
cucmem u cemetl, pazeumue mexuoaoautl u cmarndapmoe GRID.
Hccnedosanue u pearusayus npoepammHoll naameopmel 04s
nepcneKmueHbIX MHo20si0epHbix npoueccopos (0065-2019-0002)".
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Despite the best efforts of programmers to create high-quality software, some errors inevitably escape even the
most rigorous testing process and are first encountered by end users of the software. When this happens, developers
need to quickly understand the reasons for the errors that occurred and eliminate them. Back in 1951, at the dawn of
modern computing, Stanley Gill wrote that special attention should be paid to those errors that occur after the program
is started, and lead fo its termination. Gill is considered the founder of the so-called postmortem debugging, when a
program or system is modified to record its state at the time of failure, so that the programmer can later understand
what happened and why such a situation occurred.

Since then, postmortem debugging technology has been used in many different systems, including all major general-
purpose operating systems (OS), as well as specialized OS such as embedded systems and real-time systems. To ensure
the high level of reliability expected from such critical systems, it is necessary, on the one hand, to implement the possibility
of rapid recovery of the system or its part after a failure. On the other hand, it is necessary to provide a mechanism for
storing as much information as possible after each failure, so that the cause of its occurrence can be determined later.

To understand the real potential of postmortem debugging tools, we will first consider the current state of debug-
ging methods and the role of postmortem analysis tools, as well as the requirements for postmortem debugging tools
for critical systems. Next, we will describe the mechanism of postmortem debugging implemented by the authors in
the RTOS Baget and formulate tasks for further development.
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. 10. bynrakoB, agbioHKT, dbulgakov/@yandex.ru, ®egepanbHoe rocyaapCTBEHHOE
Ka3eHHoe obpasoBaTesnibHOE yupexaeHune Bbicluero obpasoBaHus "AkagemMusi ynpaBneHus
MwuHucTepcTBa BHYTPEHHUX aen Poccuinckon ®epepaumn”, Mocksa

icnonb3oBanne pacnpegenennbiX 0061a4HbIX BbIYNCHEHNN
npu peweHnn pecypcoemMKnx 3ajay,
aKTNBHO ncnonb3yownx GPU

lNpednoxeH criocob peweHus: pecypcoeMKux 3aday, akmueHo ucrosib3youwux CPU, koeda ebiqucniu-
meribHbIX pecypcos 00HO20 cepeepa crmaHosumcs HedocmamoyHo. [TompebHocmb 8 peuwleHUU 0aHHO20
Kracca 3aday4 803HUKaem rpu Ucrosib308aHuUU 8 npodyKmugHoU cpede pasrnudyHbix Modernel MawuUHHO20
0by4eHus, @ makxe 8 Hay4Hbix uccriedogaHusx. ObraqyHbie 8bl4UCIIEHUS MO380JISI0M op2aHuU308amb
pacnpedeneHHy0 obpabomky 3aday Ha supmyaribHbIX cepgepax, Komophble 51e2Kko coldasams, Mo0-
Oepxxueamb U mupaxuposamsp. [pednoxeH u 060cHo8aH M0OXx00, OCHOBAHHbIU Ha UCMOJIb308aHUU
c80600H020 rpoepammHo20 obecrieyeHuss Ha b6ase si3bika npozpammuposaHus Python. NonyyeHHoe
peweHue paccMOmMpPEHO C MOYKU 3PEHUST meopuu Mmaccoeozo obcenyxueaHusi. OnucaH agpgpekm om
rnpumeHeHuUs npeodrnoxeHHo20 nodxoda npu peuweHuu 3aday pacrnosHasaHus nuy u aHanusa buomedu-
UUHCKUX CU2Harslos.

Knrodeeble cnoea: obnayHbie 8bI4UCEHUS, pacrpedesieHHbIe 8bI4UCIIeHUS, pacro3HasaHue nuu,
meopusi Maccogo20 obcryugaHus, buomeduuuHckue cuazHanbl, aHanui 33I, Python, Celery, Flask,

RabbitMQ

BBeaeHue

OnHOI M3 MepCIeKTUBHEIX 3a1a4 MH(GOPMAIIHOHHO-
ro obecrneyeHsl IPaBOOXPAHUTEIbHON NesTEIbHOCTHU
B HaCTOsIIIee BpeMs SIBJISIETCS 3a1ada UAeHTuGUKaIum
¥ BepuUKALUKU JUYHOCTHU 10 OrMomMeTpuu auna [1—3],
Has3bIBaeMasi pacnosHaeanuem auy. B coBpeMeHHBIX
aJropuTMax paclo3HaBaHMUS JUI[ UCIIOJb3YIOTCS, KaK
MpaBuJIO0, TTyOOKME CBEepTOUHBIE HelipoHHBIE ceTn. Ha-
yuHasa ¢ 2013 r. UMEHHO aJrOpUTMBI, OCHOBAaHHBIE Ha
CBEpPTOUHBIX HEMPOHHBIX CETAX, TEMOHCTPUPYIOT HaM-
GoJiee BreyaTsoOlIMe Pe3yabTaThl [4, c. 6; 5, c. 6].

B To xe Bpems mpoiienypa M3BJIeUCHUS] OMOMETpPH-
YecKoro 1radioHa u3 GoTonsodpakeHUs TUla IBIISIETCS
3agaveit, Tpedyolleit aJis CBOETO BbITIOJHEHUS 3HAYU-
TEAbHBIX BRIYUCIUTEIBHBIX PECYPCOB, @ UMEHHO — pe-
cypcoB neHTpanabHOro Mporeccopa (CPU). BermonaeHnme
9TOM 3alauyy 3aHMMAaeT B 3aBUCHMMOCTHU OT ajirOpUTMa
ot 0,01 1o 1 ¢ Ha ogHOM sape mpoueccopa Tumna Intel
Xeon CPU E5-2630 v4 2.20 GHz [5, c. 10, 41—44].
Bpems mocTtpoeHuss OMOMETPUYECKOrOo 1IabjoHa AJs
caMbIX TOUHBIX aJITOPUTMOB COCTaBJISIET B CpeaHEM
0,65 ¢ [5, c. 39, 40]. Ecau TpeGyeTcs o6paboTaTh OYEHb
6osbioe yncio dhotorpaduii (6oaee 100 000 000) 1 gast
Bcex 3Tux (ororpaduii cozgarb GUOMETpUYECKUE 1Ia-
OJIOHBI, TO HA 3TO MOXET MOTPeOOBATHCS 3HAUUTEIbLHOE
BpeMs. JJOImycThM, YTO B HATUIUH UMEETCS OMUH CEpBep
¢ 10 CPU-saapamMu, KOTOPHI CTPOUT OJUH OMOMETpUUE-
ckmii wabsoH 3a 0,65 ¢ Ha ogHOM siape. B aTOM cityuae
noctpoeHue 100 MaH OMOMETPUYECKUX 11a0JIOHOB MPU

3a/efiCTBOBAaHUM BCEX SIIEP MAaHHOTO cepBepa 3aiiMeT
He MeHee 75 cyT'. [Ipy 5TOM HEOBXOLMMO YUUTHIBATh,
YTO 3JeCh He YUTCHO BpeMs, 3aTpayMBaeMoe Ha W3-
BJieyeHUe MHGoOpMaLUU U3 0a3bl JaHHBIX, Nepeaavy
MHGOPMAIIUU TI0 CETH M COXpaHeHHe MHPOopMaIuu
B 0a3e MaHHBIX.

MoxeT BO3BHUKHYTb 3aJa4ya, Koraa Hy>KHo OyaeT 00-
padoTaThb Bce 3TU poTorpaduu B TeUeHNE ONHUX CYTOK.
DTa 3ajaya He BBINISIAUT HalyMaHHO, €CJIU TPeIoJio-
XKUTb, YTO €KECYTOYHO TaKoe Yucyio pororpaduii ¢ au-
1IaM¥1 MOXeT TTOCTYIIaTh CO BCeX Kamep BUIeOHAOIIOE-
HHUS KPYITHOI'O MEramojuca, MOAKJIOUYEHHBIX K CUCTEME
JIeTeKTUPOBaHUA NI JlaHHasI cucTeMa OyIeT BBISIBIISITh
B BUICOMOTOKE JIM1IA JIIOACH, COXpaHSITh NIeTEKTUPOBaH-
HEIC JIMIIa KaK cTaTudeckue portorpaduu u mepenanaThb
HUX B CUCTEMY pacro3HaBaHUS JIMII.

JaHHas 3agaya TpeOyeT pelleHus] He Ha CTaduu Tpe-
HUPOBKUY MM OOYUECHMSI MOIECIM PacIO3HAaBaHUS JIMII,
a UMEHHO IIpHM MCHOJb30BAaHUMU OOYYEHHOU MOIEIH
B MPOAYKTUBHOM cpeie, KOTraa BpeMs BBITIOJHEHUS 3a-
Jladyd UMeeT pelaroiiee 3HauYeHue.

OueBuaHO, uTO 3amaya obpadorku 100 maH poTo-
rpacduii 101KHa XOPOIIIO OAJaBaThCs paciiapaienBa-
HHIO, TaK KakK oOpaboTka J11000i 3 3tux ororpadpuii
He 3aBUCUT OT pe3yjbTaTa o0paboTKU Apyroi poro-
rpacuu. CooTBETCTBEHHO, MOXHO 00pabaThIiBaTh MX
OOHOBPEMEHHO HE3aBUCUMO APYT OT ApyTa.

1 (100 mau dororpaduit x 0,65 c/boro/sapo CPU) /
(86 400 c/cyt x 10 smep CPU) ~ 75 cyT.
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MoXHO NpeAnojaoXUuTh, YTO €CJIU UMETh B CBOEM
pacTmopsSiKeHWW paclpeneeHHYI0 BBIYUCIUTEIbHYIO
cucteMy u3 75 cepsepoB ¢ 10 CPU-ganpamu, To Teope-
TUYECKM BO3MOXHO PEeIIUTh 3aaa4y oopadoTku 100 MiH
¢oTtorpacduii 3a OTHU CYTKU.

[ToTpeOHOCTH B 3HAUMTETbHBIX BEIYUCITUTEILHBIX Pe-
cypcax Tak>kKe BO3HUKaeT IPHU PelIeHUM 3a1auu aHaJIu3a
OMoMeaMLIMHCKUX curHanoB. Hanmpumep, npu uccienoBa-
HUM BOCIPUSITUS BpeMeHHU [6] ObLIM 3aIMCaHBI 3JIEKTPO-
sHIedanrorpamMmmel (DBI') 40 UCHBITYeMBIX OJIUTEIHBHO-
CTbIO 5 MUH ¢ 4yactotoit auckpetuszauuu 1000 T'u. ITpu
3TOM UCITOTb30BaJIoCh 10 KaHAJIOB-OTBEACHW, TTOIKITIO-
YEeHHBIX M0 MexXayHapomHoil cucteme "10—20". Takum
ob6pasom, monydeH Habop n3 400 curHanos (40 UCITBITY-
eMbIX, X 10 KaHaJNoOB) AMUTENbHOCTHIO Mo 300 ¢ KaXKAbIiA.

B nensx monydenus mHbopmanuu o putmax 390
B XOJ€ MCCJIeIOBaHUS HEOOXOAUMO BBINIOJHUTH OKOH-
HOe AUCKpeTHoe mpeobpaszoBaHue Dypbe ¢ MUPUHOK
okHa B 3 ¢, HauuHasa ¢ 0-i c. Bynmem caBurarhs Kaxmgoe
nocJienyloliee OKHO BrOepen Ha 1 c. AHaIuU3UpyeMbli
OTPE30K BpeMeHHU OyaeT cocTaBisaTh 3 c¢. Ilom mHboOp-
Manueit o Haxuauu puTMoB DDI B 3aJaHHBIN OTPE30K
BpEMEHM OyJIeM MOHMMATh CYMMY CHEKTpPaJIbHOM TJIOT-
HOCTH MOIITHOCTH CUTHAaJIa B ONpeNeJIeHHOM MHTEpBae
YacTOT, XapaKTepU3YIOIIUX TaHHBIA PUTM.

Kaxngerit n3 400 curHasioB pa30nBaeTCa Ha OTPE3KU
BpEMEHM JJIUTEABHOCTRIO 3 ¢. Kakablil mocieayomuii oT-
PE30K OTCTOUT OT MPEABIAYIIETO Ha 1 ¢ — TakuM 06pa3om,
OTPE3KU MepeKpbIBaIOT ApyT Apyra Ha | uiu 2 c. B urore
noinygaem 120 000 curnanos (400 curaamoB X 300 oTpes-
KOB) IJIMTEJIBHOCTBIO 3 ¢ KasKIbIA.

Ecnu oTka3aTbes OT UCTIONIB30BAaHUS aJITOPUTMa ObI-
cTporo npeobpazoBaHust Pypbe U UCIIOIb30BaTh KJIac-
crdeckoe auckpetrHoe npeobpasoBaHuio Pypre (DFT)
B LIEJSIX COXpPAaHEHUSI TOYHOCTU PacuyeTOB, TO BBIUMC-
JIEHWEe CTIEKTPaJTbHOM TUIOTHOCTU MOIIHOCTH JJisI BCEX
120 000 curHamnoB 3aiiMeT 3HAYUTEIbHOE BpeMs, U3Me-
psiemoe yacaMu. Jlomyctum, oO6paboTKa KaxXKJa0ro CUr-
HaJla IJIMTeJbHOCThIO B 3 C 3aHMMaeT Bcero 1 ¢, Torma
rmocJjenoBaTeibHas 00paboTKa BCeX CUTHAJIOB 3aiiMeT
33,3 y'. Ecnu caBurare okHo He Ha | ¢, a Ha 0,1 ¢, TO
yucio curHaioB BeipacteT B 10 pa3 (1 200 000) 1 Bpems,
TpebyeMoe Ha uX o0paboTKYy, Takke BeIpacTeT B 10 pa3
u cocTaBUT yxke 333 u/24 9 ~ 14 cyT.

IIpu 3TOM BO3MOXHO pacrnapaisesums o0pabOTKY
3TOr0 MHOXECTBA CUTHAJIOB, TaK KaK UX 00paboTKa He
3aBUCUT APYT OT IpyTa, U MO UTOraM odpaboTKU CBECTHU
TMOJIyYeHHBIE PE3yJbTaThl B O0OILIYIO TAOJIUILY.

Takxum oOpa3zoM, BO3HUKAET 1ieJb — OpraHU30BaTh
3(ppekTUBHYIO 00pabOTKY OOJIBIIOIO YKCIa Pecypco-
€MKUX 3a1a4 B PACIpeAcIICHHOM BbIYUCIUTEIbHON CU-
creMe. IIpu 3TOM XenaTteabHO, YTOOBI OBIJIO BO3MOXHO
dunamuuecku N0OABIATh B BHIUMCIUTEIBHYIO CUCTEMY
BBIYMCIINTEIBHEIEC Y3IIbI, KOTIA B HUX BO3HUKAET MOTPeO-
HOCTb, U MCKJIIOUATh U3 CUCTEMBbI 3TU BHIUMCIUTEIbHbIE
Y3JIbI, KOTJIa TTIOTPEOHOCTh B HUX TPOITaIaeT.

B xauecTBe mpuMepoB Moaesieil Ol ONTUMU3AUU
BBIOpaHHBI:

e 3ajJaya MOCTPOCHUS OMOMETPUUECKUX LIa0JIOHOB
Mo U300pakeHUIo JTUTIa IT0 UMEIOIMMCS 6a3aM TaHHBIX

1120 000 curnanos / 60 ¢ / 60 MuH ~ 33,3 .

doTonzobpaxeHuit ooMM o0beMoM Oojiee 250 MIIH
dororpaduii;

e ananu3s 120 000 curHanos, moay4eHHbIX 13 40 DI

B manHOI1 cTaThe HE pacCMaTPUBAIOTCSI OCOOEHHOCTH
HUCIOJIb3yeMbIX aJITOPUTMOB: paclio3HaBaHUSI JIUI] — I10-
CTPOECHUSI OMOMETPUYECKUX IIA0JOHOB IO U300paxe-
HUIO JIMIIa HA OCHOBE CBEPTOYHBIX HEPOHHBIX ceTeil [7]
1 TIOMCKa T10 TIOCTPOEHHBIM OMOMETPUUYECKUM IIa0JIOHAM
Ha OCHOBE aJITOPUTMOB MOMCKa k-OMMXKalIIux coceaeit
B TIPOCTPAHCTBAX BBICOKOM pa3sMepHOCTH [8], OKOHHOTO
IMCKpETHOro npeodpasoBanus Oypbe 1715 aHaIn3a 61o-
MEIMLIMHCKUX cUTHaJoB [6]. HamepeHHO He aeaercs
aKIIeHT Ha 00paboTKe 3KCIePUMEHTATbHBIX MCXOMIHBIX
TaHHBIX. JJaHHBIM BOIIPOCAM ITOCBSIIEHBI OTIETbHBIC
NMyoIuKaLUU.

Lenpio craThbu SBIASETCS AEMOHCTpAIlUsl OCOOEH-
HOCTell CO3MaHUs KOHTPOJIUPYEMOIo, YIOOHOTO B CO-
MPOBOXAEHUU U 3PPEKTUBHOTO CIIOCO0a OpraHu3aluu
FOPM3OHTAJIbHO MacCIITa0OUPYeMBIX, pacIlpeaeeHHBIX
BBIYMCJICHUI B 00JauHON MHPPACTPYKType — BBIUMC-
JICHU i, TOTeHIIMAJIbHO ITPOU3BOJIBLHOTO XapaKTepa.

0630p BO3MOXHbIX peLueHun

CPU u GPU

Kak moka3bsiBaeT aHaJIW3 JUTEPATYPHBIX UCTOUYHM-
KoB [9, ¢. 85—87], 3HAUUTEJIbHOIO YCKOPEHU ST BBIUMC-
JICHUI MOXHO JOOMTBHCS, €CIM MUCIIOJbh30BaTh IJIS pe-
LlIeHUs BhIYMCAUTeNbHBIX 3aga4y He CPU, a GPU [10].
DTO CIIpaBeqJINBO, B TOM YMCJIC IJIST 3a1a4M ITOCTPOCHUS
ouomeTpuueckux madaoHos [10, c. 9, 61, 62]. B To xe
BpEMsI 3TO MOXKET OBITH COIIPSIKEHO C PSIOM TPYIHOCTEH.
Hampumep, He Bce aJropuTMbl paclo3HaBaHUS JIUIL
MOTYT OBITh aJalITUPOBAHBI IJIST PAaOOTHI HA JOCTYITHBIX
GPU, unm xe ux agantauus Moj LeJeBble aJTOPUTMBbI
MOXXET BBI3BATh 3aTPYTHEHUSI MHKECHEPHOTO XapaKTepa.

B kauecTtBe MpuMepoB MOAOOHOTO pojaa 3aTpyAHE-
HUM TOJIB30BaTeIs] MOXHO IPUBECTU CIACIYIOIINE CITY-
yau. [lonb3oBaTesb MOXET He pacrnojaraTb UCXOAHBIMU
KOZAMHM MCIIOJIB3YEeMBIX MOIECH M0 MPUINHE JTUICH-
3MOHHBIX OTPAHUYECHUI UJIM YTpaTbl UCXOMHBIX KOAOB,
YTOOBI agalTUPOBaTh 3TH Momeau K pabore Ha GPU.
ITonb3oBarenb MOXET UCIIOJIb30BaTh CKOMITUIMPOBAaHHOE
IIpOIIpHETapHOE IMMPOrpaMMHOE 00eCIIeUYeHUE, KOTOPOe
HeJb3sl NMepeKOMIIUIMPOBATh AJIs1 MUCIOJAb30BAHUS Ha
GPU. INoxbp30BaTeIb MOXET pacIiojiaraTb CKOMITUIINPO-
BaHHBIMU BEPCUSIMU IIPOTrPaMMHOr0 00eCedYeHMsl, Co-
BMECTUMBIMHU cO cTapbIMu Bepcussmu GPU u ux npaiiBe-
paMM, HO He COBMECTUMBIMU ¢ HOBBIMU GPU 1 HOBbIMU
BepcusiMu apatisepoB nias GPU.

Yucao MMEILIMXCS B paCIIOPSI)KEHU U T10J1b30BaTes
cepepoB ¢ GPU MoxeT ObITh TOpPa3fa0 MEHbIIE YnCiia
umewiuxcsa cepsepoB ¢ CPU. IlpuoGperaembie cep-
Bepsl ¢ GPU, xak mpaBmiio, y3K0 cCIielinaJIM3upOBaHbI
U yctapeBaloT obicTpee, yeM cepBepbl ¢ CPU. CepBephl
¢ GPU Henb3st OyaeT mpucriocoOUTh JJIs1 pEIeHU ST JIT0-
OBIX BBIUMCIUTENbHBIX 3a7a4, eCIu noTpedHocTh B GPU
mpomnaneT. [lIoaToMy He BCe OpraHM3alldU CTPEMSITCS
HapaluBaTh mmapk cepsepoB ¢ GPU.

Haxome1, Bcerma MOXHO pacCUMTHIBATh Ha BBIACIIC-
HUeE U ObICTpOE TUPAKUPOBAHUE BUPTYaIbHbBIX CEPBEPOB
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¢ CPU B Buze laaS', eciu B opranmsamum ectb co6-
CTBEHHBII 00TauHBIN LIEHTP 00padoTkm manHbIX (LIOM)
WM MOXHO apeHI0BaTh BUPTYaJIbHbIE BEIUYUCIUTEIbHbBIC
pecypcol ¢ CPU B cett MHTepHET. B G0TBIIMHCTBE CITy-
yaeB apeHJa BUpTyaJibHBIX cepBepoB ¢ CPU Oynet 6onee
TIPOCTBIM, OBICTPHIM U JACHICBBIM peIIcHNEM, YeM apeHIa
BUPTYadbHBIX cepBepoB ¢ GPU.

Ecnu Bce-Takm OyzneT IpUHSTO pellieHre OpraHu30-
BaTh BBIYMCIIEHUST Ha HeCcKOoJbKuX cepBepax ¢ GPU unu
OyZIeT MCITOTb30BaThCs CMEITIAHHEBIM BapUaHT — CEPBEPHI
¢ GPU mtoc cepBepsl ¢ CPU, To 3agaya co3gaHus pac-
TpeaeIeHHON BEIUMCINTEILHOM CUCTEMEI TTO-TIPEXXHEMY
OCTAETCs aKTyaJbHOM.

Bbi160p si3blKa Npo2pamMmMupo8aHus

BoluuciauTeabHbIE MOIEIN, UCIIOIb3YEMBbIE B IIPOAYK-
TUBHOM Cpefe, MOT'YT OBITh CO3JaHBI C UCITOJIb30BaAHUEM
Pa3IMYHBIX TEXHOJIOTUIA U SI3bIKOB MTPOTPaMMUPOBAHHUS.
DTO OTHOCUTCS M K BBHIYMCIUTEIbHBIM MOICIISIM, MC-
MOJIb3YEeMBbIM B paclioO3HaBaHUM JIUII.

Hanpumep, eciu pazpaboTurK aaropuTMa pacino3Ha-
BaHMUS JIMI] XOUET HAITPaBUTh €TI0 aJITOPUTM Ha TeCTUPO-
BaHMe B HallmoHaJIbHBIM MHCTUTYT CTAHIAPTOB M TEX-
Hostoruit CIIIAZ, 3aHMMAaroImiics TECTUPOBAHUEM AJITO-
PUATMOB pacnio3HaBaHU JIML HAa IOCTOSHHOU OCHOBE, TO
OH J0JIKeH 0(hOPMUTH CBOI OMOMETPUUYECKUIA aJITOPUTM,
peanu3yomuit QyHKIIMYA MOCTPOCHUS OMOMETPUIECKHIX
11a0JIOHOB UM MOMCKa MO HWM, B BUJAEe OMHApPHOW Mpo-
rpaMMBbl, B3aumoneicTBytoieil mo API ¢ TecTupyomum
nporpaMMHBIM obecreyeHueM, pa3dpadoraHHbIM NIST
Ha sI3pIKe ImporpammMupoBanuss C++ [11].

B naHHOM HccliefOBaHUM AeaeTcsl aKleHT Ha pe-
IIeHNEe PeCypCOEMKHMX 3alad, CBI3aHHBIX C paclo3Ha-
BaHueM Jull [7], 00paboTKOI OMOMEAULIMHCKUX CUTHA-
J0B [6, 12], 3aga4, UCIIOJIB3YIOLIUX Pa3InYHbIe MOAEIN
MAalllMHHOIO 00yYeHU s B MPONLYKTUBHOM Ccpele, a TaKxKe
WHBIX BRIYUCIUTEIbHBIX 3aJa4, BOZHUKAIOIINX B XOIe
Hay4YHBIX UCCJIENOBAHUNA U TPEOYIOIIMX 3HAUYUTETbHBIX
npoleccopHbIX pecypcoB. Heobxonumo pazpaborarhb
YHUBEpPCAJbHOE pelIeHne, KOTOPOe MOXHO ObIJIO Obl
HCITOJIB30BaTh AJISI IIMPOKOIro KpyTa 3agad, TpeOYIOIINX
napajjeJbHOI0 BBIMOJHEHMS OOJBIIOrO YMCIa BBIYUC-
JIATEJIbHBIX ONEepanuni.

Kax 6b1710 0603HaueHo Bhilie, ¢ 2013 1. pelueHue 3a-
a4y, CBSI3aHHBIX C paclo3HaBaHWEM JIMII, OCHOBAaHO Ha
HCIIOJIb30BAHUM CBEPTOYHBIX HEMPOHHBIX ceTelt [4, C. 6;
5, ¢. 6] u, KaK cieacTBUE, — pa3JIUYHBIX OMOIMO-
TeK-DpeiiMBOPKOB, MPEAOCTABISIONINX BO3ZMOXHOCTh
Cco3maHWsI, O0OYYeHUST U MCIIOJIb30BaHMUS MOIENICH, OC-
HOBaHHBIX Ha HEMPOHHBIX CETAX HaHHOTo BUaa. BHy-
TPEHHSS peaan3alisa W SI3BIKM IPOTpaMMUPOBAHUS,
C UCIOJb30BAaHUEM KOTOPBIX CO3AaHbl TaHHbIE hpeiim-
BOPKH MAaIIMHHOT'O OOYYEHUS, MOTYT OBITh pa3TUIHBI-
MU, HO B MOJABJISIOLIEM OOJBIIMHCTBE CIyYaeB BCE OHU
npenoctaBiasioT APl gns B3aumMoaeicTBus ¢ HUMU U3

1'Or anr. Infrastructure as a service — nHQppPacTpPyKTypa Kak
ycayra. OnMH U3 BapUaHTOB MPEAOCTaBICHUS YCIYT B 00JIaUHBIX
BBIUMCIICHUSIX, IPU KOTOPOM 3aKa3uMKY MPEeIOCTABISIOTCS BUP-
TyaJibHble CepBepbl C 3aJaHHON BBIYMCIMTEIBHONU MOIIHOCTHIO
M OMepalMOHHONW CUCTeMO#, HO 6e3 JOMOJTHUTEIbHO YCTAHOB-
JIEHHOTO CIelMaJbHOr0 MPOrpaMMHOI0 obecreyeHusl.

2 National Institute of Standards and Technology (NIST).

MporpaMM, HallMCAaHHBIX Ha SI3bIKE IIPOrpaMMUpPOBAHUSI
Python [9, c. 91, 92, 100, 101, 111]. Cka3zaHHOe CcITpaBe-
JIVBO HE TOJbKO AJs1 PPEeiiMBOPKOB MAlllMHHOTO O0yue-
HUS, HO U IS APYTUX OMOIMOTEK, IMpeaHa3HAYeHHBIX
JUTSL pellieH U T IIMPOKOTO KJjlacca 3a1a4 — ModaBIIsTIoNIee
UX OOJIBITMHCTBO UMEIOT MHTEP(EICH AT B3aMMOICH-
ctBUs ¢ Python-tiporpammamu [12].

JocTaTouyHO pacipoCTpaHeHHBIM pellieHueM [9, ¢. 79]
JUISL TIapaJUIeIbHBIX BBIYMCICHUI U aHajlKu3a OOJIbIINX
TaHHBIX SIBIISIETCS UCIIOJIb30BaHME (PpeiiMBOpKOB Apache
Hadoop [13] u Bxoasiero B jaHHY10 3KocucteMy Apache
Spark [14]. DTu dpeliMBOpKM HaTIMCAaHBI HA SI3bIKAX ITPO-
rpamMMupoBaHus Java u Scala COOTBETCTBEHHO, U MOJ-
XOOST B OOJIBIIEH CTeNeHW MMEHHO IS 00pabOoTKH
M aHaJiu3a 6OJIbIIMX HAOOPOB JaHHBIX C MCIIOJIb30Ba-
HHUEM TMapaguTMBl pacIpeAceHHBIX KIACTEPHBIX BBI-
yuciaeHuit MapReduce, a He 1151 HaQydHBIX BBIUMCICHUT.

st HayYHBIX BBIYMCIICHU, KOTOPEIE pab0OTaIOT C M3-
MEHSIOLIMMCSI HAa0OpOM JaHHBIX, TPEOOBAaHUI U aJITO-
pUTMOB, OoJiee TIOAXOMSIIUM pPEIIeHUEeM SIBIISIETCST UC-
MMoJIb30BaHME SI3bIKa MIporpaMMupoBaHus Python u pe-
IIeHW, CO3MaHHEBIX Ha €r0 OCHOBE.

S3pik mmporpammupoBaHus Python nmpencraBiaser
c000i1 BEICOKOYPOBHEBHIN SI3BIK ITPOTrpaMMHUPOBAHUS
00111eTO Ha3HAYEHU I, MCITOJIb3YyeMbIil KaK JIJI1sl HAyYHBIX
WCCIIeNOBaHUM, Tak M 17151 BeO-pa3paboTku. B HacTosiee
BpeMst Python siBisieTCS OTHUM M3 CaMbIX MHOIMYJISIPHBIX
SI3BIKOB TTporpaMMmupoBaHus [15] u HauuHas ¢ 2016 T.
CaMbIM IOMYJISIPHBIM SI3bIKOM IPOTPaMMMPOBAHUS, UC-
TTOJTb3YEMBIM B HAYYHBIX UCCIICIOBAHMUS, 3a1a4ax aHaIn3a
JaHHBIX U MalIKMHHOTO 00y4eHud [9, c. 99; 16]. [TosTomy
MIpU pelIeHUN 3aJadM paclpele/IeHHBIX BHIYMCICHUN
paccMaTpUBaJIUCh pellieHus1, pa3padbotaHHble Ha Python.

Cnenyetr ocob0 o0paTHTh BHUMAaHWUE HAa TO, UTO
B nJaHHOM ciy4yae Python ucnonb3yercs B KauyecTBe
WH(GPACTPYKTYPHOTO sI3bIKa, U3-TI0J KOTOPOIo 3aIly-
CKaloTcs1 BEICOKO3(M(EeKTUBHBIE TTPOrpaMMbI-OU0I10-
TeKH, HallMCaHHbIe Ha g3bIKax nporpamMmmupoBanus C
n C++. Umenno nporpammbl Ha C u C++ 3arpyxaior
BCe MpoLEecCOopHbIe saapa cepepa Ha 100 %, u mosTomy
JIISl MaclITaOMPOBaHUS MPUXOAUTCS TpuberaTh K pac-
MpeAeJIeHHBIM BBIYMCICHUSIM, TaK KaK IOJYYUThH elle
OOJIBIIYIO MPOU3BOIUTEILHOCTh Ha OTHOM cepBepe 0e3
3HAUYUTEIBHBIX N3MEHEHUI B CAMUX MOJIESIX-aJITOPUT-
MaX HEBO3MOXHO. DTO KacaeTcs U pacro3HaBaHUS JIMII
1 00pabOTKM OMOMEAUIIMHCKUX CUTHAJIOB.

AHanozau4Hble uccredoeaHus

HccnenoBaHue mo cxoxeil mpoOyieMe BBITIOJTHEHO
yueHbIMU U3 I'epmanuu [17]. PemneHnue 3agauu B UX
ciiygae ocHOoBaHO Ha Python-dpeitmBopkax Django [18]
u Celery [19]. B To xXe BpeMs1 B MyOJMKallMU HE pac-
KpBIBaeTCs, KAKUM 00pa30oM B CO3TaHHYIO UMM BBIUYMC-
JIUTEJIbHYIO CUCTEMY TTOCTYMNAIOT 3a1a4U U UMEET JIU UX
cucteMa OTKpHBIThIN API 11 B3anMoaeicTBUSI ¢ UHBIMU
cucTeMaMu. ABTOPbI YIIOMUHAIOT, UTO pacIpeneeHHbIe
BBIYMCJICHUSI BO3MOXHBI ¥ B 9TOM CJIy4yae HYKHO OBITH
TOTOBBIMY K AOMOJHMTEJIbHBIM HaKJIaIHBIM pacxogam
Ha Tepegady JaHHBIX MEXIY BBIYMCIUTEIBHBIMU y3-
namu [17, ¢. 57, 58]. B uccnegoBaHuM UCIIOJIb3YETCS He
pacrpeneieHHas CHUCTeMa BUPTYaJIbHBIX CepBEPOB Ma-
JIOW UJIN CPEAHEN BBIYUCIUTEIBHON MOLIHOCTH, a OUH
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MOIIHBINA (pU3MYecKuit cepep ¢ 20 mpoueccCopHbIMU
aapamu — NVidia DGX Station [17, ¢. 57]. CooTBeT-
CTBEHHO, B X UCCJIEIOBAaHUHU HE TIPOJEMOHCTPUPOBAHBI
BO3MOXXHOCTH FOPU30HTAITLHOTO MacCIITaOMPOBaHUS TTO-
JIyueHHoOro pemreHus. O BO3MOXHOCTH UCITOJIb30BaHU S
GPU aBTopbl HE YITOMUHAIOT.

HocTaToyHO TMOAPOOHBINI aHalW3 BO3MOXHOCTU
MaclITabupoBaHUS OOyUYeHUST TTyOOKMX HEMPOHHBIX
CEeTSIX B pacrpenesieHHON MHPPACTPpYKType BBHIMOJI-
HEH MCCJIenoBaTeIsIMU 13 MIOHXEHCKOTO TEXHMYECKO-
ro yuusepcuteta [20]. B uccienoBaHuu paccMOTPEHBI
11 monynsipHbIX GPEHMBOPKOB MAIIMHHOTO OOYYEHU S
C OTKPBITBIM HCXOIHBIM KOIOM', Ha Ga3e KOTOPBIX BO3-
MOXHO CO3aHUEe U 00y4YeHUE TIyOOKMUX HEWPOHHBIX
cereit. [IpoaHanu3upoBaHa rOTOBHOCTh (PPEiiMBOPKOB
K TOMY, YTOOBI CTaINIO 00yueHUss MOAEJIe, CO3MaHHBIX
Ha UX OCHOBE, MOXHO OBIJIO IPOBOIUTH B paclpene-
JICHHOW BBIYMCIMTENbHON MHGbpacTpyKType. Bompoc
paccMaTpuBaeTCsl B TPeX acleKTaX: CJI0XHOCTb CaMUX
MOJEJIel, KoTopas 3aBUCUT OT TJIYOUHBI UCTIOJIb3YEMBIX
HEMUPOHHBIX ceTell; 00beM JaHHBIX, Ha KOTOPKIX MTPOBO-
IUTCs 00y4YeHMe; BEIYMCIUTEIbHASI MOITHOCTD MCITOJb-
3yeMoii MHDPACTPYKTYPhI, 3aBUCSIIASI OT YUCTIA TOCTYII-
HBIX BEIYUCIUTENbHBIX Y3JI0B, YNCIa BEBIYUCIUTEIBHBIX
snaep (ocobeHHo GPU) 1 BEIYMCAUTENBHON MOIIHOCTH
aTHX siaep. B craTbe genaeTcs yrop MMEHHO Ha O0y4YeH1e
HEMPOHHBIX CeTeil, HO He Ha MX UCIoJb3oBaHue. [1pu
00y4YeHUM OMHOUN M3 KJIIOYEBBIX MPOOJIEM, IT0 MHEHUIO
aBTOPOB, ABJISIETCS MPoOIeMa CUHXPOHM3ALIUY JaHHBIX
1 oOMeH nHopMaIreil MexX1y BEIYUCIUTEIbHBIMY Y3-
namu [20, c. 15], yeM Oonblile y3710B B BEIYUCIUTEILHOM
CUCTEME, MEXTY KOTOPBIMU JOJIKEH TTPOUCXOINTH OOMEH
nH(popMaLMeit, TeM clIoXHee U MeaJieHHee OyneT pabo-
TaTh Beda cucteMa [20, c. 10]. ITo mtoram mcciremoBaHUS
OKa3bIBaeTCs, YTO HE BCE paccMaTpuBaemble (periM-
BOPKHU TIOANEPXKMBAIOT BO3MOXHOCTh MacIITaOMpOBa-
Hus obydeHus [20, c. 22—26] — HeKOTOpbIE B OOJbIIER
CTeTIeHU, HEKOTOpble B MEHbIIIEH, HEKOTOpPhIE HE TOMI-
JIepKUBaIOT.

Takum o6pa3oM, MOXHO KOHCTaTMPOBATH, YTO
B COBPEMEHHOM JIUTepaType UMEIOTCS MyOoauMKaluu
Ha TeMy OpraHM3alluy pacripenesIeHHbIX BBIUMCIEHU,
B TOM YMCJIE B YCJIOBMSX, KOT1a HEOOXOMMM OBICTPHII
OOMEH MaHHBIMU MEXAy BBIUMCIUTENbHBIMUA Y3JIaMU
Mo MPpUHUUNY "KaXIbl ¢ KaXAbIM" UJIU OIU3KUN
K 3TOMY.

B HacTos1IeM McclienoBaHUM aKILEHT NIeJaeTcs He
Ha oOy4yeHHe Mojesell B pacrpene/leHHOW BbIYMCIIM-
TeJbHOI MH(PACTPYKType, a Ha UX MCIOJb30BaHUE.
C y4eToM TEeKYIIero ypOBHsS pa3BUTHUSI TEXHOJOTUM
B 00J1aCTU pacrpeaeJeHHbIX BBIYUCICHUN CYIIIECTBYIOT
pa3IUYHBIE CITOCOOBI pellleHnsl 0003HaUYEHHO 3a1a4uH.
B craTbe neMOHCTpUPYETCS MOAXOM, MO3BOSIONIEH CO3-
JaBaTh pacrpeneieHHble BBIYMCIEHUS B YCIOBUSX Ha-
JIMYUS 0071a4HOM MHPPACTPYKTYPhI, KOTIa HEOOXOAUMO
OBICTPO BHOCUTbH KOPPEKTUPOBKY B BHITIOJIHSIEMBIE 3a-
Jauyu U TUPAXKUPOBATh BHIUMCINTEIbHBIC Y3JIbL.

! PaccmarpuBaembie dpeiimBopku: Caffe, Caffe2, Chainer,
CNTK, Deeplearningdj, Keras, MXNet, PyTorch, SINGA,
TensorFlow, Theano.

O6ocHoBaHMue BbIGOpa peLueHus

Kak oTMeueHO BO BBeIEHWU, TJIAHUPYETCS TPO-
BOAUTH 00PabOTKY BHIYMCIMTEIbHBIX 3a1ady B pac-
TpeNesIeHHON CUCTEMe CEpPBEpPOB, TaK KaK M3HAYaTbHO
MpeAIojaraeTcs, YToO pecypcoB OIHOr0O cepBepa IJIs
pelleHus Halllel 3agayum 0ynet HepocratouHo. Ecnu He-
obxomuMa mapajjeibHas oopaboTKa 3amad Ha OJTHOM
cepBepe, TO IJIsl 9TUX lieJiei BO3MOXHO MCITOJIh30BaTh
TakKue TpaauIMOHHBIC s Python MeTombl perieHUs
3aJlayy OJHOBPEMEHHOTO BBITIOJTHEHUS HECKOJIBbKMX
IIporpaMM Ha OJHOM CepBepe, KaK aCUHXPOHHOE BbI-
TOJTHEHWE 3a/lauy¥ C MOMOIIBI0 CTAHIAPTHBIX MOMYJIEH
Python asyncio [21], concurrent future [22], BbIOJTHEHUE
MMPOTPaMM B HECKOJIBKO TTOTOKOB C TTOMOIIBIO MOIYJIS
threading [23] uau BBIMOJHEHUE MPOrpaMMbl B BUIE
HECKOJIbKUX TIpolleccoB Ha pa3Hbix saapax CPU
C TIOMOIIIbIO MONYJS multiprocessing [24].

3adayu, mpeboeamenbHbie K 8800Y-8b1800Y,
U MHO20M0oMmo4YHoe fnpozpammMmuposaHue

Monynu Python asyncio, concurrent.future n threading
MOTYT IIOMOYb B 3ajJadyaxX, aKTUBHO 3adeiCTBYIOIINX
pecypchl BBOIa-BhIBOIA, KOTIA 3aA¢PKKHW BBITIOTHEHM ST
KaXI0i 3amadyd CBSI3aHBI C OXMAAHUEM ITOJYUYECHUS
(mepegayu) KakKuxX-J1100 JaHHBIX U3 (B) IMCKOBOW MOJI-
CHCTEMBI WU OT (110) ceTeBOro coeanHeHus. Hampumep,
K TaKMM 3aJa4yaM MOXHO OTHECTH CUYMTBEIBaHUE (CoOXpa-
HeHue) OOJIBIIOTo YKcaa daifaoB 13 (Ha) TMCKOBOI Tod-
CHCTEMBI MJIM Yepe3 CeTh. B pernieHun JaHHOTO KJjacca
3aady MOXET ITOMOYb pa30reHMe 3aJauyy Ha ToA3amauyn
U BBITIOJIHEHUE M0A3a4a4 B HECKOJIBKO MOTOKOB (threads)
WU aCMHXPOHHO. KaXXablif U3 3TUX MOTOKOB OyIeT He-
3HAYUTEJbHO 3aaeiicTBoBaTh pecypchl CPU, u omHo-
BpPEMEHHOE BBIITOJIHEHME TOA3aJay B IMTOTOKAX MOXET
CYILIECTBEHHO COKPAaTUTh BpeMs BBEITIOJTHEHUS BCEH 3a-
naun. Kaxxnplit 13 MOTOKOB He OyAeT XKIaTh BHITTOJTHEHUS
JIPYTOTO TIOTOKAa M He OyAeT 3aBMCETh OT BBHITIOJTHEHUS
Ipyroro noroka. I Hao60poT, BEIMOJHEHME MMOA3a1a4
B OIMH MOTOK — CHHXPOHHO WJIM MOCJIEI0BAaTEeIbHO —
OyIeT NMPUBOAUTDH K 3HAUUTEIbHOMY 3aMEIJICHUIO BCeit
3agayn. Kaxnas mocienyoias moasamaya 101k Ha Oy-
JIeT TOXAAThCsI BBINTOJTHEHUS TIPEABIAYIINIA IMoa3a1aun,
Taske eCJIM pe3yJIbTaT BHITIOJHEHUS TTOCIeNYIOMIeH MoI-
3aJlaui He 3aBUCHUT OT pe3yJibTaTa BBIIIOJHEHUS TIPEIbl-
NIyIIEl TToA3aaaumn.

B xauecTBe IpuMepa TaKMX 3a1a4y MOXHO TIPUBECTU
paboTy Beb-cepBepa, ¢ KOTOPHIM OJTHOBPEMEHHO paboTa-
eT OOJIBIIIOE YKCIIO TToJb30oBaTeseil. Paitnbl BeO-cepBepa,
KOTOpPBIE JOJIKHBI OTIPaBISITHCS TTOJb30BATEINIO, Xpa-
HaTcs Ha aucke. Kaxnawlii pa3, Korma I0Jb30BaTellb
obOpamaeTcst K BeO-cepBepy 3a nmojyyeHueM ¢paiiios,
U3 KOTOPbIX COCTOUT BeO-CTpaHHU1Ia, BeO-CepBEp CUU-
ThIBaeT ouepeaHOU daiia ¢ mucka (3aaepxkKa BBoda-
BBIBOJA) U MepechliacT 3TOT (aiiyl MoJab30BaTEIIO
(ceteBas 3amepxka). Eciium Obl UTeHMe U Tepegada 3TUX
¢aitnoB MPOUCXOOUIN TMOCIEIOBATEILHO, TO MPOIECC
nepenayu Bcex (aiijoB 3aHUMAJ Obl CAMIIKOM MHOIO
BpeMeHHU. Ha mpakTuke OT mojab30BaTessl cpa3y IO-
CTyIaeT 3alpoc Ha MOJyuyeHUe HEeCKOJbKUX (haiioB
1 BeO-cepBep pacmapalijieinBaeT 3Ta padOTy 3a CUeT
CUUTHIBAaHUS (HalJIOB ¢ IUCKA W Teperadyr MX ITOJIb-
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30BaTEJIO MO CETU B HECKOJbKO MOTOKOB. [Ipu 3TOM
Y3KUM MECTOM Ha YPOBHE Ce€pBepa MOXET OBITh IHC-
KOBasl TIoJicucTeMa, KOTOpasi He MO3BOJISIET CUUTHIBATH
aitnbl ¢ BEICOKON CKOPOCTHIO (0ailT/CeKyHAy) WU He
TO3BOJISIET BHIMIOJHSITH OOJIBIIIOE YUCTIO ONepaluii BBOIA-
BbIBoza 3a exuHuuy Bpemenn (IOPS'). Takxke y3kum
MECTOM MOXET CTaTh CETEBOM KaHaJl CBA3U, KOTOPbIMI
He TT03BOJIUT NepeaaBathb (Paibl ¢ BEICOKOW CKOPOCTHIO
(baiit/c) mnm OynmeT UMETh 3HAUUTEJbHbIC CETEBBIC 3a-
JNEePXKU. YCTPAaHWUB Y3KWE MeCTa NUCKOBOU M CETEeBOM
MOJCUCTEM U YBEIWYUB YUCIIO MMOTOKOB B BeO-cepBepe
MOXHO COKPATUTh BpeMSI BHITIOJTHEHU ST JaHHOM 3a/1auM.

3adayu, mpeboeamesbHbie K 8bl4YUCUMENIbHbLIM
pecypcam ripoyeccopa

B mccinemoBanuum paccMmaTpuBaeTcs KJlacc 3amad,
TpeOOBaTEIbHBIX K BBIUYUCIUTEIBHBIM pecypcaM Mpo-
meccopa, B KOTOPHIX 3aJePXKU BBI3BAHBI OXHUIaHUEM
toro, korna CPU unu GPU npoBeneTr HeoOXOaUMBbIE
BeIUMCIcHUS. Ecau moOMBaThCS YCKOPEHUS BBITIOTHEHU ST
3a/1aud TOJbKO Ha OJHOM CepBepe, TO BO3MOXHBI TPHU
BapHaHTa: YBEJINUYMBATh BEIUMCIUTEIBHYIO MOIIHOCTD
Kaxgoro siapa CPU, yBeIMuKMBaTh YMCIIO SIAEP B KaxKI0M
CPU, yBennmumBath uuciio CPU B cepBepe. OueBuIHO,
YTO BCE TPU BapMaHTa MMEIOT OIpeJesIeHHbIE TEXHO-
JIOTHYECKHNE OTpAaHUYCHUS, U B TAaHHOM cjydae OymeT
MpoBeleHa IMONMbITKAa TOPOrOCTOSIIIET0 BEPTUKATIBLHOTO
MacuTabupoBaHM .

nobanbHasi 6nokupoeka uHmepnpemamopa (GIL)

IIpu ucronb30BaHUM MHOTOMOTOYHOTIO MpOTrpam-
MupoBaHus B Python cyiecTByeT MHCTpyMeHTaIbHOE
CpeICTBO, OrpaHMUYMBalolMe BhinmoaHeHue Python-
MporpaMMBbl B HECKOJIBKO TTOTOKOB, M3BECTHOE Kak
riao6anabpHasi OJJOKMPOBKA MHTEpHpeTaTopa (GIL2) [25].
Mexanusmbl GIL 6710KMpyIOT OTHOBPEMEHHOE UCTIONb-
3oBaHue saapa CPU Gonee yueM OgHUM ITOTOKOM ITPO-
rpaMMBbl B paMKax ofgHoro mpoiecca. HeodxoguMocTh
Hanauuust GIL oOycioBieHa apXUTEKTYPHBIMU OTpaHU-
yeHusIMu CPython — 6a30BOii peaan3alluy I36IKa TIPO-
rpamMmupoBaHusi Python, HanmucaHHOI Ha SI3bIKE MPO-
rpammupoBaHus C. CpeactBo GIL HeoOxonuMo B HeJIsIX
CO3IAHUS NOMOKOGE30NACHOUS MOLETH BBITIOTHEHMUSI
Python-miporpamMMsl, TaKUM 06pa3oM, YTOOBI OJHOBPE-
MEHHO BBINOJIHSIOIIHAECS TIOTOKH HEe OBPEIUIN UCTIOIb-
3yeMble 3TUMU MTOTOKAaMU OOIIME CTPYKTYPHI MaMSITH.

ITporpammubie MmexaHu3Mbl GIL ocoOGeHHO CUIBHO
MPOSIBJISIIOT ce0sI TTPY TOTNIBITKE BBHITIOJTHEHUST PECYPCO-
€MKUX BBIUMCIUTEIbHBIX 3alad B HECKOJIBKO IMOTOKOB.
OHU He MO3BOJISIOT OOMHOMY IIporeccy Python, He3a-
BUCUMO OT YMCJIa UCIIOJb3yeMbIX UM IIOTOKOB, 3aleii-
cTBOBaTh Oojiee ogHoro siapa CPU.

OrpanuuyeHue aHanornyHoe GIL mmeer MecTo He
ToJbKO B Python, HO W B Ipyrux MOMyJsIpHBIX MHTEP-
MpeTUPYEMbIX I3bIKax MporpaMMupoBaHus. Hampumep,
B peaJIM3aliny sI3bIKa TporpaMMupoBanus Ruby Ha s13b1-

VOt aurn. input/output operations per second — aucio omnepa-
LI BBO/Ia-BbIBO/IA B CEKYHIY.
Cokp. oT aHrn. global interpreter lock — rnobanbHasi 6JI0KU-
pOBKa MHTEpIpeTaropa.
AHTN. threadingsafe.

ke C — Ruby MRI, rtakxe usBectHomy Kak CRuby,
nmeercs Global VM Lock [26] — anazor Python GIL.

B sa3wike mporpammupoBaHus JavaScript cutyauus
cXoXasi — CKPUTITHI JOJIXKHBI BBITIOJHSITHCS B OMWH T10-
TOK, HO ITPU 3TOM 3allaua MHO20NOMOUYH020 NPOPaAMMU-
poeanus 3¢bGEKTUBHO pellaeTcs Yepe3 KOHKYPeHMHOe
npoepammuposanue” C TIOMOILIBIO ACUHXPOHHOU Modeau
MmporpaMMupoBaHus. B To ke BpeMsi B HEKOTOPHIX pe-
anusanusax JavaScript, HanpuMep B Node.js, mocTpo-
eHHOro Ha IBMXKe V8, HaumHas ¢ Nodejs Bepcun 10,
CYLIECTBYET BO3MOXHOCTh 3aI1yCKaTh BCIIOMOTaTeIbHbIE
IMOTOKM, KOTOpBIE 3aITycKaroT Kox JavaScript B mapai-
JIEJILHOM pexKMMe IJIs1 BBIIIOJHEHUS PECYPCOEMKUX BbI-
YUCIUTENbHBIX JavaScript-onepanmii [27].

HeobxonumocTs Hanuuust MexanusMoB GIL B Python —
5TO HE OCOOEHHOCTB sI3bIKa MTporpamMmMupoBanus Python,
a 0cOOEHHOCTb ero peaiusaunu Ha si3eike C — CPython.
Tak, GIL-mexaHU3MBI OTCYTCTBYIOT B Jython [28] — pe-
anu3auuu Python, KoTopasi BEINOMHSIETCS O] yIIpaBJie-
HHUEeM BUPTyaJbHOI MalllWHBI Java® u IronPython [29] —
peanuzauuu Python nis muardopmer NET Framework.

Crenyetr OTMETUTh, YTO HEIOCPEACTBEHHO Ha "4M-
ctoM" Python kpaliHe peako TpedyeTcs NporpaMMUpPO-
BaTh PECypCOEMKHE BBIYMCIMTENbHBIEC 3aMauu. SI3bIK
Python st aToro He npenHaszHayeH. OOBIYHO AJISI 3TOrO
HCMOJIB3YIOTCS BCIOMOTaTe/IbHbIE OMOJINOTEKU U (Ppeiim-
BOPKHU, HAallCaHHBIC Ha KOMIIUJIUPYEMBIX SI3bIKAX MIPO-
rpammupoBanust, Takux kak C, C++, FORTRAN. IIpu
BbI30Be M3 Python-miporpaMMbl CTOPOHHUX OUOIHNOTEK,
GIL He oka3bIBaeT BIUSHUS Ha X pa0boTy. Bei3biBaeMbie
CTOpPOHHME OMOJIUOTEKM ITPU 3TOM MOTYT 3a/1efiCTBOBATh
IUTST CBOe pabOThI OMHOBPEMEHHO CTOJIBKO sIep TIPO-
lieccopa, CKOJIbKO UM ToTpedyeTcs aas ux a(pheKTuB-
Hoii paboThl. IIpuMepoM Takoit OMOJIMOTEKHU SIBASIETCS
NumPy [30] — 6a30BbIi1 TTaKeT IJs1 BHITIOJHEHUST Ha-
YUYHBIX BbluuciaeHui Ha Python. Ilpu BeizoBe NumPy
B pa3JMYHBIX TTOTOKAX OJHOIO Ipoliecca OyayT 3amaeii-
cTBOBaHBI pasnuunble sapa CPU [31].

MHozonpouyeccopHbie
u napasnsesibHble 8bIYUC/IEHUS

Ecnu B Hanu4muu nMmeeTcs: TOJIBKO OMUH CEPBEP U He-
00XOIMMO MaKCUMaJIbHO MCHOJb30BaTh €r0 MPOU3BOIM-
TEJBbHOCTh, 3ameiicTBoBaB Bce ero CPU-saapa Ha 100 %,
TO 3 (HEKTUBHBIM CPEACTBOM SIBJISIETCSI UCIIOTb30BAaHUE
Monyas multiprocessing [24]. JJaHHBIIT MOIYJIb MO3BOJISIET
3aMyCTUTh MPOrpaMMy B HECKOJIBKO MapaIeTbHBIX npo-
yeccos, TaKUM 00pa3oM, UYTO KaXXJbIi MPOIECC TIPU BbI-
MOJTHEHU U OyIIeT UCToab30BaTh cBoe s1apo CPU u He OyneT
KOHKYpHpoBath 3a pecypcbl CPU ¢ gpyrumu mpoiieccamu.

ITpu penieHMU 3aaa4u ¢ TIOMOILBIO MOAYJIEH threading
" multiprocessing B paMKax BBITIOJTHCHUST OMHOM IIPOTpaM-
MBI BO3HMKAeT BOMPOC COBMECTHOTO MCIOJIb30BAHUS
O0IIMX NaHHBIX PA3IMYHBIMU TTOTOKAMU U TIPOLIeCCaMU
3TOI MporpaMMbl. DTOT BOMPOC PA3PEIIAETCI C TTOMO-
mbio Python-monyneii queue [32], heapq [33] u Bciomo-
raTeJbHBIX CTPYKTYP, TAKUX KakK multiprocessing. Queue.

4 AHTIL. concurrent programming.
JIBuxxok JavaScript ¢ OTKPBITHIM UCXOMHBIM KOIOM, pa3pa-
6oTaHHBIN KommaHueir Google.
 Aurr. Java Virtual Machine JVM).
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PacnpedesieHHbIe 8bIYUCIIEHUS

[Ipr HanTVYUKM HECKOJIBKO CEPBEPOB €CTECTBEHHBIM
00pa30M BO3HUKAET XeJaHWe OPraHM30BaTh pacIpee-
JIEHHBbIE BBIYUCIIEHUS Ha HUX. [Ipy a3TOM HeobxoquMo
pPEelINuTh 33/1a41 COTJIACOBAHHOTO, OBICTPOTO U HANEXKHO-
ro obMeHa JaHHBIMU IO CETH MEXAY KJIMEHTOM W BbI-
YUCTUTEBHBIMY y3JIaMU, a TAKKe 3a[1a4¥ YIIOPSI 04U Ba-
HUSI IOCTYNAOIINX 3aJaHUI B OYEPEAN U BO3BPAICHUSI
KJIMEHTY pe3yJbTAaTOB BBITIOJHEHHBIX 3aJaHUil. 31ech
Ha TOMOILIb NPUXOIST OpoKepbl COOOUeHUL N cUCmeMbl
ynpasaenus 6azamu daunsix (CYBJl), ipu aToM cama
pacnpezesieHHasl CUCTeMa HaYWHAET MPEeACTaBISITh CO-
0011 cucmemy maccogoeo 00CAYIHCUBAHU.

Kak ynomMuHamoch BO BBEIEHUM, 3aJaHUS IO pac-
MO3HABaHUIO JIMI, NOCTyNawuue Ha o0paboTKy, MO-
TYT MPENCTABISITh COOON HE TOJBKO CTATUYHBIN HAOGOD
6opIIoro yucia ¢aiyios ¢ Goron3odpakeHUIMU. DTO
MOTYT OBITh (hoTOTpad vy TN, U3BJICKAEMBIE U3 BUAEO-
MMOTOKOB, KOTOPBIE TTOCTYTAIOT C JECATKOB U 1aXKe COTEH
ThICSY BuaeokaMep. Takue ¢pororpaduu MocTynaroT He-
OTHOPOJHO, Yepe3 3apaHee HEU3BECTHBIE MPOMEXYTKHU
BPEMEHU U TPEOYIOT 3HAYMTEIbHBIX BBIYUCIUTEIBHBIX
pecypcoB AJis1 uX 00paboOTKM.

B cBsI3M ¢ TeM, YTO OCHOBHBIM $SI3bIKOM MTPOTPaMMMU-
pOBaHUsI, KOTOPBIY UCTIOTB30BAJICS [IJIsI PellieHUsT 0003Ha-
YEHHOMU BBILIE 3a/1a4M, siBjsieTcst Python paccMaTpuBanuch
CUCTEMBI, TIO3BOJISTIONINE OPTraHU30BaTh paclpee/ieHHbIC
BBIYMCJICHUSI NMEHHO HAa 3TOM $I3BIKE TTPOTPAaMMMUPOBA-
Hus. B xauecTBe OCHOBHBIX KPUTEPUEB, TTOBIUSIBIINX HA
TaKoW BBIOOP, CTAJIU: IMPOTA PACTPOCTPAHEHHUST; HATTUYUE
MOAPOOHOI TOKYMEHTAIIUM; TIOAIEPXKKA Pa3INYHBIX OpO-
KEPOB COOOIIEHN; YCTOMYUBOCTD K COOSIM; KOPPEKTHAS
00paboTKa cO0eB IIpH Mepenade TaHHBIX U 00padoTKe He-
KOPPEKTHBIX 3aIIPOCOB; KOHTPOJIMPYEMBIII XapaKTeP BbI-
TOJTHEHUST; BO3MOXHOCTh MAacCHITaA0MPOBAHMSI; BO3MOX-
HOCTb Ucrojib3oBaHMs pa3nnuHbix CY B/l 1151 coxpaHeHust
pEe3yNBTaTOB 3adaruil; TMOKOCTh TMPU afanTaluy Moj, pe-
LIEHVEe KOHKPETHBIX 33]1a4 — U3MEHEHUE UCXOMHOTO KOAa
3a0aHuii, BO3BMOXHOCTb THPAXUPOBAHUS UCHOAHUMeNel
B YCJIOBUSIX OOJJaYHOW MH(QPACTPYKTYPBI, HAIUYUE CPEII-
CTBa MOHUTOPHMHTA U KOHTPOJIS "B KOMILIEKTE".

PacnpedesieHHbIe eblYUCIIeHUSI
¢ nomouwbro Python

B skocucreme Python cyliecTByeT HeCKOJbKO MpO-
€KTOB, CBSI3aHHBIX C OpraHU3aluel pacnpeaeJIeHHON
00paboTKM 3aJaHUIi, KOTOPbIE MOXHO paccMaTpuUBaTh
KaK OCHOBY JJISI pellleHUusl paccMaTpuBaeMoi 3ama-
yu, a uMmeHHo — Celery [19], RQ (Redis Queue) [34],
Dramatiq [35] u ap. [36]. Pe3yabratamMu BBIIOJTHEHUS
3TUX IPOEKTOB SIBISIIOTCA (PPEMBOPKU C OTKPBITHIM
WCXOTHBIM KOJIOM, pa3paboTaHHBIC Ha SI3BIKE IPOrpaM-
mupoBaHus Python.

[TOMyJISIPHOCTD — YHMCIO "3Be3"” HAa BEG-XOCTHHTE
coBMecTHOI pa3pabotku GitHub u yucno paszpadboruu-
koB> GitHub, BHeCIIX HEMTOCPEACTBEHHBI BKJIAL B Pa3-

'Ot anrn. worker — pabouuii, UCTIOTHUTENb — IIpOorpaMma,
KOTOpasi BHITIOJHSET OTACIbHOE 3aJaHuE.
Yucno nonbs3oBateneit GitHub, no6aBUBIIMX TaHHBIN MPO-
€KT B CBOM M30paHHbBIC TTPOEKTHI.
AHTI. — contributors.

paGOTKY JaHHBIX 6UOIHOTEK?, BBINISIIUT CIACLYIOLINM

obpazom (3Be3n/pa3paboTunkos): Celery — 17,098/931;
RQ — 7,654/202; Dramatiq — 2,540/60.

Dpeiimsopk Celery — camoe MOMYJISIPHOE W MOIITHOE
pellleHue AJIs CO3MaHUs CUCTEM aCHMHXPOHHOI, pac-
npeaesieHHO o0paboTKM 3aJaHuUi, UMelollee OboraTbie
(yHKIMOHAIbHbBIE BO3MOXHOCTU U MOIIEPXKUBAIOIIEE
6onpmoe yncio CYB/l ans coxpaHeHUsT pe3yJibTaTOB
BBITIOJIHEHU ST 3aJaHuii. B TO Xe BpeMsl HEKOTOPBhIM pa3-
pabotunkam Celery mpeacTaBiasieTcsi CIMIIKOM CJIOX-
HBIM pelleHreM ¢ (YHKIIMOHATbHBIMU BO3MOXHOCTSIMU,
KOTOpPBIE YacCTO OBIBAIOT HE BOCTPEOOBAaHBI B MPOCTHIX
MMpoeKTax. ITO OOCTOSATEIBCTBO 3aCTaBJISIET pa3pabdoOTUN-
KOB CO3/1aBaTh WHBIC IPOEKTHI CO CXOXKUMHU (HYHKIIUSIMU.

Tak, Hanpumep, nmpoekT RQ (Redis Queue), mo
cJIoBaM aBTOpa, OCHOBBIBAETCST HA Jy4YIlEeM, YTO €CTh
B mpoekTax Celery u Resque®, u siBsieTcst 1erkKoBeCHOI
aJbTepHAaTUBOM TsxXenoBecHomy Celery u 1pyrum aHa-
noruuHbIM npoektaM [34]. ITpu sTtom RQ nogaepxuBa-
eT paboTy ToJBKO ¢ omHoM pe3maeHTHOW CYBJ/l tnna
"kaou-3HaveHue"® Redis [37], xoTOpass ucnoyb3yeTcs
U B KauecTBe Opokepa coobmenunit, n kak CYBJ mig
COXpaHEHUS Pe3yJIbTaTOB BBIITOJIHEHMSI 3aJaHMIA.

IIpoexT Dramatiq: "...a3T0 6MGIMOTEKa 00padOTKHU (PO-
HOBBIX 3afgaHuit oy Python ¢ akiieHTOM Ha MPOCTOTY,
HaJeXHOCTh U IPOU3BOAUTEABHOCTE [35]. B To e Bpe-
Ms Dramatiq B cpaBHeHuu ¢ Celery — 3TO OTHOCUTEb-
HO MOJIOJOM, HO aMOUIIMO3HBII MPOEKT. B mepcniekTune
OH MOXET COCTaBUTh Cepbe3HYI0 KOHKYpeH1uio Celery.
ABtop Dramatiq caMm IpuBOIUT CPaBHEHUE CBOETO pe-
eHus ¢ GYHKIUSIMU, KOTOPbIE IIPEAOCTABIISIOT IPYTHe
aHaJOTUUYHBIC ITPOCKTHI [38].

Kaxpgasg u3 ynoMsHyTBIX BhILIe OMOJMOTEK IO3BO-
JISIET TeM WJIM MHBIM CITOCOOOM pean30BaTh pacipese-
JIeHHbIe BhiuucaeHus Ha Python. CamMbIM TTOnyasipHBIM
7 OOTaTBIM IT0 CBOUM BO3MOXHOCTSIM PEIICHUEM SIBIISI-
etcs Celery, Ha OCHOBE KOTOPOI'0O U OBbIJIM pealin30BaHbI
pacmipenesieHHbIe BHIYUCIEHUS.

Peanusauus BbIGpaHHOro peleHus

ApqueKTypa pacnpegeneHHbIX BbIYUCIIEHUN

IMocne aHanm3a MOCTYMHBIX BAPUAHTOB PEIICHUS
3aJa4Yd pacIpeaeeHHbIX BBIUMCICHUM B Ka4eCTBE OC-
HOBHOTO KOMIIOHEHTA, IMO3BOJISIIOIIEr0 OpraHm30BaTh
pacnpeneieHHble BblUuMCIeHUsT B Python, OBl BBI-
opan Celery [19]. B kauecTBe OpoKepa COOOILIEHUIT —
RabbitMQ [39], B kauecTtBe CY B/ 17151 KpaTKOBpeMeH-
HOT'O COXPaHEHMUS PE3YIbTAaTOB BHITIOJTHEHU S 3aJaHUN —
pesugeHTHass CYBJI tuna "kmou-3HaueHue" Redis [37],
B KauectBe CY B/l myist moaroBpeMeHHOTO COXpaHEHUs
pe3yJbTaTOB BBHINOJHEHUS 3aJaHUM — peIaLMOHHAs
CYB/I PostgreSQL [40]. B xauecTBe omepallMmOHHON
cucteMbl ucrosb3yerca Linux CentOS 7.6 x86-64. Bce
MPEATOXKeHHOE MPOorpaMMHOe obecreueHmne SIBISIeTCS
CBOOOIHBIM C OTKPBITBIM UCXOIHBIM KOIOM.

B kayecTBe 000CHOBaHMS TMpeAaraeMoro BbIOOpa
MOXHO IPUBECTU CJICAYIOIIUE apIyMEHTHI.

4o cocrosHuio Ha 19 ampens 2021 r.
3 Cucrema yrpasieHnst 3agannsiMi uist Ruby Ha CYBJI Redis.
® Aurm. — in-memory key-value DBMS.
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Puc. 1. Ilpennaraemas apxuTeKTypa pacnpeneieHHON BHIYUCIUTEIbHOH CHCTEMBI

Bbpokep coobiennit RabbitMQ BeIOpaH B CBSI3U C TEM,
YTO JAHHBINA OpPOKep COOOIIEHUN SIBIISIETCS PEKOMEHIY-
embIM a7 Celery pelnieHueM, TTO3BOISIONIMM PacKPbITh
Bech noreHuan Celery U rapaHTUPYIOIIMM HaJIeXXHOE
COXpaHeHMe MOCTYMUBIIMX HAa 00pabOTKY COOOIIEeHU
B ouepensix TUIa durable!. B aTom cliydae BCe MOCTYIHUB-
1IMe B TaKMe OYepeay COOOIIEHHUSI-3aJaHsI COXPAHSIIOTCS
Ha JIUCK U TIePeXUBAIOT BOBMOXHBIE COOM CUCTEMBI.

Redis ucnonbayercst Kak npomexcymoyrnas CYBJl —
Ha3biBaeMast Backend? B tepmuHogoruu Celery, aJis1 co-
XpaHEHUS pe3yJibraTta paboThI UcnoAHUMeAell M BO3BpaTa
ATUX PE3YNbTaTOB Kauenmy. Ilocie TOaydeHUs KaueH-
mom pe3yJNbTaToB PabOTHl ucnoaHumeseld ST TaHHBIE
yaansoTcs u3 npoMmexyrouHoin CYBJI yepes onpene-
JneHHoe BpeMs. Beioop Redis oOycnoBieH TeM, 4YTO 3TO
pesugeHTHass CYB/I, xpaHsias Bce CBOM JaHHBIE B OIle-
PaTUBHON MaMSTH U TTO3BOJISIONIAST OBICTPO 3aTIOMHUTH
¥ OTIATh KJIUEHTY pe3yabTaT 0e3 3a/iepKeK, CBI3aHHBIX
C IUCKOBBIM BBOJIOM-BBIBOIOM.

B 3amaue pacrosHaBaHus aull B Redis coxpaHstoTCcs
MOCTPOCHHBIC OMOMETPHUUECKIE IIIa0JIOHBI, B 3a1aUe aHa-
Jm3a 93" — uHdopMaLrs O CIeKTpaJbHOU MIOTHOCTU
MOIIIHOCTY BPEMEHHOT'0 OKHAa B aHAJIU3UPYyEeMOM CUTHAJIE.

Cucrema ynpasieHus 6a3zamu gaHHbIX PostgreSQL
HCTIONB3YeTCs, €CIIU TPeOyeTCs JOJTOBPEMEHHOE COXpaHe-
HUeE MOJTYYeHHBIX pe3ysibTaToB. KOHKpeTHOe peleHre 3a-
BUCHUT OT TUIIA COXpaHSIEMbIX JaHHBIX — 37ech PostgreSQL
MpenocTaBisieT pa3padboTUMKy OoraThlii BHIOOD.

B 3amaue pacnosnHaBanug nuin B CYBJI PostgreSQL
COXpaHSIOTCS: UCXOOHBIEe (hoTorpacduu, MOCTYITUBIINE
Ha 00paboTKy; BhIpe3aHHBbIe PparMeHThl MCXOIHBIX
¢doTorpaduii ¢ TMIaMu A0Aei, €Cii OHU ObLIU JeTeK-
TUPOBaHBI HA MCXOOHBIX (poTOrpadusix; MOCTPOCHHBbIE
Mo 3TUM JIMLIaM OuoMeTpuueckue 1adgoHbl. TaGauLIbI
B PostgreSQL, xpansamue ¢oTtorpadpuu B blob-mosax
TUna bytea, 6bLIV CEKIIMOHUPOBaHBI Ha 1024 mapTunmii
111 3 OEKTUBHOTO COXpaHEeHM I OOJILIIOTO KOJIMUecTBa
daitnoB-doTtorpaduii. B xkauecTBe MEepBUYHOIO KJIroya
B TabaunLax ¢ pororpadmsIMu UCIOJIL3yeTCs Xelll-CyMMa
OT comepXUMOTo (aitla — 3TO MO3BOJISIET N30eXKaTh
TMOBTOPHOTO COXpaHEHUS OMHUX U TeX ke (oTtorpaduii
1 pemiaeT MmpobjeMy ObICTPOro JO0CTymna K HYXHOMY
daiiny uepe3 cooTBeTcTBYOIMI SQL-3ampoc.

U AHTI. durable — HameXHBIN, CTOMKMIA.
AHTI. backend — BHYTpeHHUI, ()OHOBBIN, CEPBEPHBII.

B xauecTBe ocHOBHBI A1 pa3paboTku REST API nn-
Tepdeiica 611 BoIOpaH python-dpeiimBopk Flask [41],
paboTaroimmii B cBsizke ¢ Gunicorn [42], — Python WSGI
http-cepBepom, peanusywiuM ctranaapt WSGI B3au-
MOJEICTBUS MeXay python-iporpammoii, http-cepBepom
u http npokcu-ceppepoM Nginx [43] ¢ BOSMOXHOCTSIMU
OaJlaHCUPOBLIMKA HAarpy3KHu.

B cooTBeTcTBUM ¢ NMpOBeAEHHBIM KOMITaHMEH
JetBrains B 2018 1. onmpocoM python-pa3paboTunkos [44],
Django u Flask 9BIg10TCI caMbIMU MCHOJb3YEMbBIMU
dpeiiMBopKaMu 1751 pa3pabOTKU BeO-TIPUIIOXKEHUIA.
Br160op Flask, a He Django B kauecTBe OCHOBBI JJ151 CO3/1a-
HUS BEO-TIPUIOXKEHUS AJISI paclpeacaIeHHON BHIYMCIIH-
TEJILHOM CUCTEMBI OBbLJI ITPOAMKTOBAH CIEAYIOIIMMU CO-
obpaxkenusimu. @peitMmBopk Django npegocTasiseT pas-
paboTunKy Oorarbie (PYHKIIMOHAJIbHBIE BO3MOXHOCTH
"3 KOpoOKHU", 0OJHAKO OH HaBSA3bIBAET ONpeacieHHbIE
pPaMKU MPOEKTUPOBAHUS BeO-TTPUIIOXKEHM S, BEIMTHA 3a
KOTOpBIE focTaTouHO TpyaHo. PpeitmBopk Flask, Hao60-
pOT, SIBJSETCS AOCTATOYHO MUHUMATUCTUIHBIM CpEell-
CTBOM, 00JI1aJaI0IIMM JOCTATOYHBIMU (PYHKIIMOHATbHBI-
MM BO3MOXHOCTSIMHU JJ1s1 pa3pab0oTKHU MacCIITaOUpPyeMBbIX
BeO-tipusioxkeHunii. [1pu HeobxoauMocT 6a30BbIe (PYHK-
LIMOHAJbHBIE BO3MOXHOCTH Flask paciuupsitorcs 3a cyeT
MOAKTIOUEHU S TOMOJTHUTEIbHBIX MOIYJICH.

lMpuHyun pabomei

I[pennaraemast MoIenb apXUTEKTYpPHl paclpese-
JIEHHOUW BBIYUCIIUTENBHOM CUCTEMBI, KaK MOKAa3aHO Ha
puc. 1, paboTaeT cieayruuM 00pa3oMm.

BzanMoneiicTBre KJIMEHTa ¥ BBIYUMCIAUTEIbHOM CUCTE-
MBI ipoucxonaut rocpeactBoM REST API yepes otmpas-
Ky kauenmom (1) 3arpocoB ducnemuepy (2) 10 IPOTOKOTY
http. Bo3aMOXHBI 1Ba criocoba B3aUMOIEHCTBUSI KAUeHma
U ducnemuepa — CUHXPOHHbLU N ACUHXPOHHDLI.

Ilpu cunxponuoii oTTIpaBKe 3a0aHUS KAUEHM TOXU-
JlaeTCs ero BHITMIOJIHEHUS 3apaHee oIpeaessieMblit nepuod
épemeHuU W TIOCJTIE TOTO 3aBeplllaeT BBHITIOJTHEHUE http-
3arpoca ¢ OLIMOKOI, eciu B TeYeHUEe 3TOro mepuoja
BpeMEHU OH He TTOJIy4YWJI OTBeTa OT ducnemuepa.

B cayuae acuumxporHoii OTHIpaBKU 3aJaHUST KAUEHM
B OTBET OT duchemyepa TIONyJaeT udeHmugukamop, Ko-
topwiii Celery mpucBamBaeT faHHOMY 3adanuio. Ilocne
TIONIYYEHUST udermugukamopa KiueHm 3aBepiiaeT Bbl-
nonHeHue http-zampoca. s monydyeHus: pe3ynbTara
KJIMEHT JIOJI’KEH OOpaTUTHCS 3a Pe3yJIbTaTOM BBHITIOJHE -
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HUSI 3aJaHUS 03XKe, IPEAbIBUB IIPU 3aIIPOCE UdeHmU-
guxamop 3adanus.

Paccmorpum nmogpoOHee CUHXPOHHBIN M aCUHXPOH-
HBIA PEXUMBI pabOTHI.

CUHXPOHHBIU pexum

Knuenrt (1) HammpaBisieT 3aIIpoc, CoAaepKalinuii 3ama-
HUE C UCXOMHBIMU JAHHBIMM, TUCTIETYEPY (2) U oxcudaem
omeem C pe3yJIbTaTOM BBITIOJTHEHU S JAHHOTO 3a0aHUsI —
COEIMHEHUE C MUCTIeTYEPOM He 3aKkpbiBaeTcs. [Ipu aTom
BpeMs oXugaHus kaueHTa (1) orBeTa oT gucmeTdepa
(2) peryaupyeTcsl COOTBETCTBYIOIIMM TaliMayToOM, IO
HCTEUYeHUN KOTOpOoro kKiameHTy (1) OymeT cooOiieHO,
YTO BBINOJHEHME €T0 3aaHusI 3aKOHYUJIOCh HEyaauei.
Hucnetyep (2) moMmeIiaeT MoJIydeHHOE 3aJaHNe BMECTE
C ero MCXOOHBIMM NaHHBIMM B Oo4yepeab OpokKepa co-
obmenuit (3). CBOOOIHBIN MCIOTHUTEND (4) U3 MHO-
JKE€CTBa MOCTYITHBIX MCIIOJTHUTEEH 3a0upaeT 3agady 13
ouyepenu 6pokepa coobmeHuni (3) mIsI ee BHITIOJIHEHMS.
HaszHauyeHHBIN UCTIOJHUTEND (4), MOCIE BbIMOIHEHUS
MOJIYYEHHOTO 3aJaHMUSI COXpaHSIET Pe3yJIbTaT €TO BhI-
MOJTHEHUS B HpOMe>KyTqu017I1 06a3e nmaHHBIX (5), TIpU
HEOOXOMUMOCTHU COXpaHSIeT Pe3yJIbTaT BHIITOJTHECHUS 3a-
JaHUS B TOJITOBPEMEHHOM 0a3e JaHHBIX? (6) 1 coobmIaeT
0 TOM, YTO OH BBHITIOJIHMJI MOJYYECHHOE 3aJaHHUE ITyTeM
nepenayn COOTBETCTBYIOUIETO COOOIIEHN ST OPOKEPY CO-
o6menuit (3). ITocie aToro Ha3HaYCHHBIM UCITOJTHUTEID
CTAHOBUTCSI CBOOOIHBIM UCTIOJTHUTEIEM U MOXET BBITIOJ-
HSITH CIenyoInyo 3amaqy. Jucnerdep (2) omoselaeTcs
0 TOM, UTO HaIlpaBJEHHOE UM 3aJlaHUE BHIMOJHEHO Yyepe3
MOJyYeHUE COOTBETCTBYIOIIETO COODIIEHU S OT OpoKepa
coobiieHuii (3). Aucneryep (2) mojaydyaeT pe3yabTar Bbl-
TOJTHEHU S 3aJaHUsl U3 MPOMEXYTOUHOUN 0a3bl TaHHBIX
(5) u coobuaet 3ToT pesdyabrar KiaueHTy (1). KnueHTt
(1) moy4aeTt oTBeT OT AuUcIeTdepa (2) U 3aBepIlaeT BbI-
TMOJIHEHUE 3aIpoca.

CHHXPOHHBIN cIOCO0 B3aMMOIEHCTBUS IIPOIIE IS
KJMEeHTa, TaK KaK HeT HEOOXOAMMOCTU KaKUM-TUOO0
CeUaJbHBIM 00pa30M aJgalTUPOBaTh MPOTPaMMHOE
obOecreyeHre Ha KJIMeHTe, Yero HeJlb3sl cKka3aTh 00 aCMH-
XPOHHOM CITIOCO0€ pabOoTHI.

K HemocTaTkaM CHMHXPOHHOIO crnoco6a MOXHO OT-
HECTU TO OOCTOSTEIILCTBO, YTO HEOOXOMMMO IKCITePH-
MEHTaJbHBIM ITYTEM MOAOMPATH CKOPOCTh MOCTYIIJICHU ST
3aJaHUI OT KJIMEHTA, YTOOBI MCIIOJTHUTEIN YCIIEBaJIU
UX 00pabaTeiBaTh. DTO BO3MOXHO JIMIIb MPU HArpy3ke
Ha UCIOJHUTeNel, He nmpeBbilalomeir 100 % ux momy-
CTUMOI MpOM3BOAUTENbHOCTU. COOTBETCTBEHHO, YaCTh
HCIIOJTHUTEJIEHt MOXET MCITOJIb30BaThCSI HE IOJHOCTBIO
M YacThb BBIYMCIUTENBHBIX PECYPCOB OYAET MPOCTauBaTh.

[1pu peBRIIIEHN Y TIpeaeIbHO JOITYCTUMOM Harpy3KHU
Ha UCTIOJTHUTEJIe 3alaHu I, MOCTYNaMIINe OT KJIUEeHTa,
OynyT He ycrneBaTb 00pabaThIBAaTbCs UCIOJHUTEISIMU
M UX BBIITOJTHEHUE OYIeT 3aBeplIaThCs Heymayei.

ACUHXPOHHBIU pexxum

B ciyyae acuHXpoHHOTO pexkXuMa paboThl B3aWMMO-
JIeCTBUE KIUEHTA M BBIYUCIMTEIBHON CHCTEMBI M3Me-
HUTCS CIENYIONIUM 00pa3oMm.

U Aurn. Backend.
Amnri. Persistent Database.

Kak mokazaHo Ha puc. 1, knueHt (1) HampaBiseT
3ampoc, ColepxXaluii 3aJaHne ¢ UCXOAHBIMU JaHHBI-
MU, gucretdepy (2). Aucnetyep (2) coobuwyaem KIUCHTY
(1) udenmuguxkamop MOTYIEHHOTO OT HETO 3aJaHUS.
Knuent (1) monyyaeT uaeHTUPUKATOpP, 3aBeplliaeT BbI-
TOJTHEHUE 3aIIpoca M 3aKPbhIBaeT COENMHEHME C TUCTIET-
yepoM. Jlucretyep (2) rmomenraeT MoJydeHHOe 3aJaHue
BMECTE C €70 UCXOMHBIMU JaHHBIMU® B 0Yepelb OpoKepa
coobuieHuit (3) u "3a0bIBaeT” Mpo 3TO 3amaHue. 3ama-
HUE — B TIOPSIIKE XXKMBOU oUyepean MU B COOTBETCTBUU
C Ha3HAUYCHHBIMM MPUOPUTETAMU, OXUAAET B oUepeau
(3), xorma ero M3BJIeUET MU BBITTOJTHEHUS OCBOOOIMB-
LIUHCS UCTIOJNHUTENb. JanbHeiimmas o6paboTka 0CBO-
OomuBIIMMCS UCTIOJHUTENEM (4) 3agaHus U3 oyepenu
(3) mporcXOmuUT KakK B cliyyae CUHXPOHHOTO pexXMrMa.

Knauent (1) uepe3 Kakoe-TO BpeMsl MOXKET 00paTUThCS
K nucretdepy (2) ¢ 3alIpocoOM O COCTOSIHUUM OTIIPaBJICH-
HOTO UM Ha 00paboTKy 3aJaHUsI, COOOIIUB MPU 3TOM
udenmugpukamop 3adanus. B xadyectBe oTBeTa KIUEHT (1)
MOJYYUT OT mucrietdyepa (2) nHOOpMaALMIO O TEKYIIEM
COCTOSIHUM 3aJaHUS U, €CIM 3aJaHKUE BBITIOJHUJIOCH
VCITICIITHO, TIOJIYYUT Pe3yJIbTaT BHITIOJTHEHUS 3adaHUS.

ACUHXPOHHBIN pPeXUM padOTHI CIOXHEE IJIs KJIU-
€HTa, TaK Kak HeoOXOAMMO Ha KJIMEHTE aJanTUPOBaTh
IMporpaMMHoOe obecrneueHue MojJ aCUMHXPOHHBIN crtocob
paboThl — M00ABUTH PEXUM OXUIAHUS BHITTOJTHEHUS
3alaHU#, IPEeIyCMOTPETh XpaHEHHUE UACHTU(HUKATOPOB
3aJlaHWii, peajan30BaTh BO3MOXHOCTb HEOMHOKPATHBIX
3alIpOCOB CTaTyca BBHITIOJHEHUS 3aJaHUM.

K mpeumyiecTBaM aCMHXpPOHHOTO CITOCO0a MOX-
HO OTHECTHU cJeayloliee o0CTOSITeIbCTBO — BCE IO-
CTyMamwlue 3aJaHus yImopsIA0YUBaAOTCI B OYepenb,
TEOPETUUYECKU — OYepelb HEOTpaHUYEHHOIOo pa3Mmepa.
CoOOTBETCTBEHHO, ITOKA €CTh 3aJaHUST B OUepean — BCE
JMOCTYITHBIE UCTIOJTHUTEIN OYAYT UX BBITIOJHATE. TaKUM
00pa3oM, BO3MOXHO 3(P(hEeKTUBHO UCHOJb30BaTh BCE
BBIJEJICHHBIE BBIYUCIUTEIbHBIE PECYPChl, U HUKAKUE
WUCTIOJTHUTEIN TIPU TTOCTOSTHHO 3arOJITHEHHOW odyepenau
3alaHui He OydyT MpOCTauBaTh.

lMpozpammHbIe KOMMIOHeHMbI ducnem4yepa

PaccMoTpum 6osiee moapoOHO MPUHIIUIT paOOThI TTPO-
rPaMMHBIX KOMIIOHEHTOB, 13 KOTOPBIX COCTOUT JUCIIETYED.

Ha puc. 2 uzobpaxeHa cxemMa B3auMOAEHCTBUSI TPO-
rpaMMHBIX KOMIIOHEHTOB aucreTdepa (2). 3ampoc OT KJIn-
eHTa (1) nocrymaet Ha http-npokcu-cepep Nginx [43],
KOTOPBIH, B CBOIO O4epenb IepeHarnpanisieT ero Ha WSGI
http-cepBep Gunicorn [42]. Gunicorn nepeHarnpasJsieT
MOCTYNMBILIMI 3aIIpOC HA OAUH U3 3K3EMILISIPOB CBOUX
MPOIIECCOB-UCIIOJHUTEIC — BeO-CEPBUCHI, CO3TaHHbIC
Ha ocHoBe (¢peiimBopkoB Flask [41] u Celery [19]. Dk-
3eMILISIPHI Be0-CEPBHUCOB B3aMMOACICTBYIOT C OPOKEpOM
coobmeHunit (3) 1 pe3nAcHTHON 0a30if MaHHHIX (5).

Jng 3anycka Gunicorn ucnojab3yeTcs Supervis.or4 —
MOAYJb IJisl YIpaBjieHUs CepBUCAMU, HAIIMCAHHbBIIA Ha
Python, KoTophIil TO3BOJISIET CICAUTH 32 COCTOSITHHEM

3 Korza mcxomHbIe TaHHBIE ZOCTATOYHO GOJIBLIONO pasMepa,
TO PEeKOMEHIYeTCsI, YTOOBl OHU COXPaHSIJINCh HEe B OpoKepe co-
obmeHuii, a Bo BcromoratenbHoil CYB/Il, B KauecTBe KOTOPOIA
MoxeT BeIcTynaTh Redis mim PostgreSQL.

4 http://supervisord.org/ (nara oopamenus: 15.05.2021).
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Puc. 2. IIporpaMMHble KOMIOHEHTHI AUCIETYEPA
m Bashboardd Tasks Broker  Monitor Logout Docs Code
Active: 94 Processed: 12941793 Failed: 0 Succeeded: 12941683 Retried: 0
Search
Worker Name Status Active Processed v Failed Succeeded Retried Load Average
celery@bi02-flask [Oniine | 1 6517980 6517979 0 195,292 157
celery@worker2-13 [ Online | 4 345407 345407 0 116,043,019
celery@worker2-5 3 345402 345401 0 0.88,0.39, 0.18
celery@worker2-10 4 345401 345396 0 0.72,0.35,0.2
celery@worker2-8 [ Oniine | 4 345398 345395 0 0.99, 0.47, 0.25
celery@worker2-11 [Oniine | 4 345394 345388 0 0.97, 0.43, 0.23
celery@worker2-4 4 345393 345389 0 0.98, 0.45, 0.23
celery@worker2-14 [ Online | 4 345392 345385 0 091,045 024

Puc. 3. Undopmannonnas nanenp Bed-unctpymenta Flower Ha ocHOBe MPOAYKTHBHOU BBIYHCIHTENbHOM CHCTEMBI ABTOPA

3aIyLIEHHBIX MO/ ero yIpaBJIeHUEM CEPBUCOB U aBTO-
MaTUYecKH Mepe3anyckaTb UX B cliyyae cOosl.

IIpu 3anmycke Gunicorn co3maeT MacTep-IIpoIece
U ONpe/ieJIeHHOE YUCIIO IK3eMILISIPOB MPOIECCOB-UC-
MmoJiHuTeNei. Yuciao co3maBaeMbIX MPOLIECCOB-UCITION-
HUTeJIell peKOMeHayeTcsi! 1eaTh paBHBIM (2 X YHCIIO
CPU-anep) + 1. Hanmpumep, mis cepBepa ¢ 8 aapamMu
YHCJI0 NMPOLECCOB-UCIIOJHUTENe OyaeT paBHO 17.

MoHumopuHa u ynpaeseHue

[Ipm pelreHny 3amaum pacupeneIecHHBIX BEIYNCICHU I
BO3HUKAIOT CJEAYIOIIME BOIIPOCH, CBSI3aHHBIE C MOHU-
TOPUHTOM M KOHTPOJIEM 3a BBEITIOJTHEHUEM 3aTaHUI:

e (dopmupoBaHue oOlICH ouepeau 3adaHuii;

e BBITIOJIHEHWE 3@0anuil KaXIbIM U3 UCHOAHUmMeNel;

e TIOJyYCHME M COXpAaHEHUE PE3yIbTaTOB BHIIOIHE -
HUS 3a0aHUll, TIOJIy4aeMbIX OT KaXJI0TO UCHOAHUMENS,

3 https://docs.gunicorn.org/en/stable/design.html#how-many-
workers (mata obpamenus: 15.05.2021).

e CUHXPOHM3AIUS BBITIOJTHEHUS 3adanuii, 3aBUCH-
MBIX OPYT OT ApyTra,

e OOMEH JaHHBIMU MEXIY 3aBUCUMBIMU 3a0aHUAMU.

Heobxonumo cnennts:

e 32 pAaBHOMEPHOW HArpy3Koil Ha ucnoanumeanel,

e UTOOBI KaX/blil U3 UcnoAHumeeli He IPOCTanBall
1 OBLJI HArpyKeH 1o Bo3MoxHocTu Ha 100 % cBoeil BbI-
YHUCIUTETBHOW MOUIHOCTH;

e UTOOBI KaXIbI UcnoaHumenb He TIOJyval 3a0aHull
OoJplEe, YEM OH MOXET BBITIOTHUTD.

®peitmBopk Celery 1mo3BoJsieT 3¢ GeKTUBHO pellaTh
BCE 3T BOMpPOChl. OH UMEET BCTPOEHHBIN WHTEPAKTUB-
HBI BeO-MHCTpyMeHTapuii, Ha3siBaeMblit Flower [45],
IUIST MOHUTOPWHTA W ynpasieHueM 3anadamMu Celery
B peaJbHOM BpeMmeHU. OH 3amyckaeTcsa U paboTaer
KaK OTIEeJIbHOE BEO-TIPUIOXEHUNE, TO3BOJSIET CIEIUTH
U YIPABJISATH MOCTYTJICHUEM U BBITIOJTHEHUEM 3aJ1ay.

Ha puc. 3 npuBeneHa nHdopMallMOHHas MaHelb
Flower, Ha KoTOpOi1 BhIBeAeHa MH(MOPMAIINS O COCTO-
SIHAW TEKyUIel Harpy3KW Ha UCMOJHWUTeNel. B nmeBom
BEpXHEM YTy yKazaHo Active: 94 — 4uciio aKTUBHBIX
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uchoanumenei, T. €. YUCJIO 3aACiICTBOBAHHBIX UCHOAHU-
meeii, BEITIOJTHSAIONINX 3aJaHUI B HACTOSIINIT MOMEHT
BpeMeHU. Processed: 12 941 793 — oOGiee yucio 3agay,
BBITIOJTHEHHBIX UCITOJTHUTEISIMH C MOMEHTA 3aITycKa cep-
Bepa, B TOM YHUCJEe yCIlellIHO, — MoKa3aTeab Succeeded
U co cboeM — mokaszatenb Failed.

B rpacde Worker Name yka3zaHo uMsI cepBepa, Ha KO-
TOPOM MOXET BEITIOJHITHCS HECKOJIBKO MCIIOTHUTEICH,
B rpage Active — YMCII0 UCTIOJIHUTENIEH, BBITIOTHSIOLIMXCS
B HACTOSIIIMA MOMEHT BPpeMEHH Ha 3TOM CepBepe U3 rpa-
¢ Worker Name, B rpacde Processed — uncio 3agaHuii,
BBITIOJTHEHHBIX BCEMU UCTIOTHUTEISIMU TAHHOTO cepBepa.

Celery 1o3BOJISIET YIIOPSIIOUMBATh 3aJaHUS 6 UeNOUKU
3adanuil — chained tasks B TOM ciydae, KOTaa BBITIOTHSI-
eMble 3alaHus 3aBUCAT IpyT oT Apyra. Iloctynaromum
3aJaHUSIM MOXHO Ha3HadaThb npuopumemsi, CBSI3bIBaTh
9TU 3aJaHUSI C ONPEACICHHBIMU OUepeasIMU U 3a STUMHU
ouepensiMU 3aKPeTIATh ONpeaeTeHHBIX UCTIOTHUTEIIEH.
Harpy3ka Ha TOCTYITHBIX UCIIOJIHUTEJIC MOXKET pacipe-
JIENSIThCS PAaBHOMEPHO MJIM B COOTBETCTBUU C 3aJaBac-
MOi1 KOH(pUTYpallueil — TaK Ha3bIBaeMbIM fask routing.

Takum 06pa3oM, B KaueCcTBE WCITOJTHHUTENIC MOXKHO
MCIIOJIb30BaTh CEPBEPHI C PA3JIMYHOU BHIYUCIUTEIBHOU
MOIITHOCTBIO, MMerornIne mim He nMmetomne GPU. 3agaun,
3¢ ekt oT BeImoJHeHUsT KoTophix Ha GPU Oyaet Mak-
CUMaJIbHBIM, MOXHO TIOMENIATh B CHeyUaIU3Upo8aHHble
oyepedu VM HANpPaBJISITh Ha UCIIOJHEHHWE KOHKPETHBIM
WCITOJTHUTEIISIM, 3aIeICTBYIOIINM B cBoeil pabote GPU.

Celery kak cucmema mMaccogoz20 obcnyxueaHusl

dakTHUYeCKH, IONyYeHHAsI BRIYMCIUTEIbHASI CUCTEMA
MNpeacTaBisieT cCO00i cucmemy Macco8020 00CAYICUBA-
Hus. B aTOM ciy4yae B TEpMHUHOJIOTUY CUCTEM MaCCOBOTO
O00CIY>XWBaHUSI, UCHOAHUMeAU BISIOTCS Kanaiamu 00-
cayJcueanus, a MocTymnawplnue Ha 00paboTKy 3adanus —
mpebosaHuaMuU.

HamnoMHuUM, 4TO cuCTEMBbI MAacCOBOr0 OOCIyXKBa-
HUSI MOXHO KJIACCU(DUIIMPOBATH HA OCHOBE CJIEMYIOIINX
NPU3HAKOB:

e couepensiMu (C oxxuaaHueMm) / 6e3 ouepeneit (6e3
OXHUOAHUS);

e 0€3 MmoTephb / ¢ YaCTUYHBIMU MOTEPSIMU / C TIO-
TePSIMU;

e C OrpaHMYEHHOW AJMHHOM odepeaun / ¢ orpa-
HUYCHHBIM BpeMeHeM TpeOOBaHMS / C OTPaHUICHHBIM
BpPEMEHEM OXUIaHUS;

e C OIHOI ouepenbio / CO MHOTUMU OYEePEAsSIMU,

e C OIHUM KaHaJIOM OOCITY>KMBaHUS / ¢ KOHEYHBIM
YHCJIOM KaHAJIOB OOCTYXMBaHUSA / C 06CKOHEYHBIM YHC-
JIOM KaHaJIOB 00CIYy>XKBaHUS;

e C KOHCYHBIM YMCJIOM TpeOoBaHUM / ¢ OeCKOHeU-
HBIM YMCJIOM TpeOOBaHUIA.

Celery MO3BOJISIET 3a1aBATh npedeabHoe 8pemMsi 8blNOA-
HeHus 3alaHUM, npedeavHoe epems 0HcUOAHUS 3adAHUS
B ouepenu. U3MeHSsII YUCIIO uchoaHumeneti, MOXHO U3-
MEHSITh YUCJ0 KaHaJoB o0cayXuBaHUs. Bo3aMoxHO 3a-
IaBaTh npedenbHblil pazmep ovepedu TIPU UCIIOJIb30BAHU U
RabbitMQ B kauecTBe OpoKepa COOOILIEHUIA.

ApxumekmypHble eapuaHmabl

IIpu HEOOXOAMMOCTH BO3MOXKHO BHECEHUE HEKOTO-
PBIX U3MEHEHU M B MPEAJOKEHHYIO apXUTEKTYpY.

Bepnemcs k puc. 1. Bo3M0OXHO O0TKa3aThCsl OT UC-
MOJTb30BaHM I JOJTOBPEMEHHOM 6a3bl JaHHBIX (6) B CITy-
yae, eCJIM JOJTrOBPEeMEHHOE COXpaHEHME MOJTYyYEeHHBIX
JIaHHBIX He TpebyeTcsa. B aToM cinydae Ha xauenma (1)
BO3JaraeTcs 3ajaya Mo COXpaHEHUIO pe3yJbTaTOB BbI-
TIOJTHEHHBIX 3aJaHU.

Bo3MOXHO 0TKa3aThCs OT MUCHOJIb30BAHUS IIPOMEXY-
TOYHOIT 6a3bl JaHHBIX (5) B ciyyae, eCau 3ajJa4u Tpeoy-
10T OT UCITOJIHUTeJ e (4) TOJIBKO BBIMIOJIHEHUSI KAKUX-TO
NEeUCTBUIA, HAIIPUMEpP, OTIIPABKU JIEKTPOHHBIX TTUCEM,
U KireHTY (1) BaXeH cTaTyc MX BBINMOJHEHUS (yCIelHo/
HE YCTEIIHO), HO He BaXXHBI JaHHbBIe, 00pa30BaBIINECs
B pe3yJIbTaTe UX BBINIOJHEHUS, JAHHBIE B pe3yJIbTaTe UX
BBITIOJTHEHW I HE 00Pa3yI0TCsI UJIW XKe JaHHBIE, TIOJTYYeH-
HbIe B pe3yJibTaTe MX BBIMIOJHEHUSI, HE BO3BpalllaloTCs
kiaueHTy (1), a coxpaHSIOTCS B NOJTOBPEMEHHON 6ase
JaHHBIX (6).

B kxauecTBe Opokepa cooObieHn# (3) MOXHO UCTIOJNb-
3oBaTh Redis BMecTo RabbitMQ. B aTom ciyyae cokpa-
1IaeTCST YMCJI0O KOMITOHEHTOB, M3 KOTOPBIX COCTOUT BHI-
YUCIUTENbHAsI CUCTeMa, HO TEPSIIOTCSI HEKOTOpPhIE Tpe-
AMYIIECTBA, CBSI3aHHBIC C MCTIOIb30BaHNeM RabbitMQ.

Mony4yeHHbIe pe3ynbTaThl

B pesyabrare opraHuM3aly pacnpeacJaeHHON BbIYKC-
JIUTEJILHOU CUCTEMBI B COOTBETCTBUU C NpEAJIaracMoun
apXUTEKTYpPOi B LEASIX PACIPEACICHHOTO HOCMPOeHUS
ouomempu1ecKux uwaba0Ho6 ObLIY TTOTYICHBI CIICTYIONINE
pE3yJbTaTHI.

KonuuecTtBO 06pabaThiBaeMBIX U300pakeHUM BbI-
pociio 1o 10 MaH ¢poTon3o0pakeHuil B CyTKU IpU 3a-
neiictBoBaHuu 20 cepBepos ¢ 8 vCPU! KaXIbIi. 3a cyeT
COXpaHEHU S Pe3yJbTaTOB 0OPAOOTKM B TPAaH3aKIIMOHHOMN
penssuuonHoit CYBJI PostgreSQL 1 6pokepa cooOieHui
RabbitMQ ¢ ouepensimu tumna durable BeIYUCIUTEIbHAS
CHCTeMa CcTaJia YCTOMUMBa K cO0SIM 000pyIO0BaHUS U T10-
TePsIM CBSI3U MEXAY KOMIIOHEHTaAMU CUCTEMBI.

Bpems 06paboTKM JaHHBIX OMOMEIUIIMHCKUX CUTHA-
0B B3I oT 40 UCHIBITYEMBIX COKpaTUIOCh A0 30 MMH,
CcTaJl BO3MOXHBIM OBICTPBIN IlepecueT mokKasaTeyeit
B Cllyyae HEOOXOMMMOCTU BHECEHUS U3MEHEHUU B aj-
TOPUTMBI UX 0OPaOOTKM.

BrruncnutenbHbBIe pecypchl "JacTHOro obOyiaka" Ha
6a3e uHppacTpykTypbl OpenStack [46] cTtanu pacxomno-
BaThcs 00Jiee SKOHOMHO — IIPU HEOOXOOAMMOCTHU YBe-
JIWYEeHUS 4yuciaa odpabaTreiBaeMbIX poTorpadpuii mim
CUTHAJIOB HEOOXOOMMO JIMIIb A00aBJICHUE HOBBIX UC-
TMIOJTHUTEJIEN K BBIYUCIUTEIBHON CUCTEME.

B undpacrpykrype OpenStack nobGaBieHHe HOBBIX
cepBepa-NCIIOJHUTEICH IIPOUCXOOUT Yepe3 KOIMMPOBa-
HUE UMEIOLMXCSI BUPTYaJbHBIX CEPBEPOB C UCITOJHUTE-
JISIMU B HECKOJIBKO ILIETYKOB MBIIIBIO. 32 OMHY OIEpalIo
MOXHO cpa3y co3[aTh HEOOXOAUMOE YUCIIO BUPTYATbHBIX
cepBepOB-UCHONIHUTEIC. HOBBIE cepBEpPHI-UCIIOTHUTEIN
He TpeOyIOT HMKAKON AOMOJHUTETbHONH HACTPOUKU —
IMocJie CO3MaHUs 3amycKarmTcs, moiaydamTt mo DHCP
BHYyTpeHHMe IP-anpeca, moakatoyaroTcs K HHGpacTpyk-

! Cokp. ot anri. virtual CPU — Buptyanbasie CPU, sapa CPU
(pu3nIecKUX cepBepOB, BBIACISIEMbIC IJISI BUPTYaJIbHBIX CEepBE-
pOB.
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Type Celery u cpa3dy HaUMHAIOT BHITIOJHSTH MTOCTYMAal0-
e 3aJaHus.

Ecau Harpy3ka Ha BBIUMCIUTEIbHYIO CUCTEMY CHU-
JKaeTcsl, TO MOXHO OCTAHOBUTD MJIM YIATUTH HEUCITONb-
3yeMble CepBEPhI-UCIIOJIHUTENN — B 3TOM CJiyyae BbI-
CBOOOXICHHBIC OOJIAUHBIC BEIUMCIUTEIBHBIC PECyPCHI
MOXHO HMCITIOJb30BaTh AJS APYTUX HYXI.

B xauecTBe OCHOBHOI KOHMUTYpAIMU IJISI OTHOTO
BUPTYaJbHOI'O CepBepa, UCITOJb3YyEMOr0 B KaUeCTBE HC-
TIOJTHUTES IJIST TIOCTPOCHUST OMOMETPUIECKUX IIabI0-
HOB, ucnoinayetcs cepsep ¢ 8 vCPU, 8 I'b O3Y, 20 I'b
IUTST CUCTeMHOTO arcka. HecmoTps Ha To, uto OpenStack
MO3BOJISIET CO3aBaTh BUPTYaabHbIE CepBepa ¢ OOIbIIUM
guciaoMm VCPU n O3Y, nanHas KOHGUTYpaLns TTO3BOISET
BBITIOJHSITH aBTOMAaTUYECKYIO MUTPAIIUIO BUPTYaJIbHBIX
cepBepOB MeXAy (GU3NIESCKUMU CepBepaMM B ciydae
cboeB.

DpeiitMBOPK MAIIMHHOTO OOYUYEHHUSI, NCITOJIb3yeMBbI
JISl TIOCTPOEHUSI OMOMETPUYECKUX 11a0J0OHOB, BbI3bI-
BaeTcsT u3 Python-mporpamMMbl, HO HalTKcaH Ha S3bI-
Ke nporpammupoBaHusi C++ u MoXeT 3aJelicTBOBATh
JUTST TIOCTPOEHMSI OJHOTO OMOMETPUYEeCcKOro IabiioHa
ogHOBpeMeHHO HeckonbKo saep CPU. Mexanusmbl GIL
Python [25] Ha a¢pekTBHOE MCTIOTBE30BaHNE HECKOJTb-
kux aaep CPU gaHHBIM (peiiMBOPKOM He OKa3bIBalOT
HHUKaKOTO BIIUSHUS.

Hns a¢pdexTuBHOrO 3aaeiictBoBaHust Bcex vCPU,
JOCTYITHBIX Ha OMHOM CE€pBEpe-UCIOJHUTENE, DKCIIe-
pUMEHTaJIbHBIM 00pa3oM BhIOpaH BapuMaHT, KOrja Ha
OTHOM CepBepe-UCTIOTHUTEJIE OMHOBPEMEHHO 3aIycKa-
JOTCS YEThIPE MPOIeCcCa-UCIIONIHUTEN S, 3aHUMAIOIINXCS
MOCTpOeHUEeM OMoMeTpuueckux 1wabdgsoHoB. Kaxablii n3
YeThIpeX MPOLIECCOB-UCIIOJHUTENIEH B CBOECH paboTe 3a-
JeCcTBYeT ABe BblaeJaeHHbIX A1 Hero vCPU Ha 100 %.
Takum 00pa3oM, BBHIUMCIUTEIbHBIE PECYPCHl OIHOTO
cepBepa-UCIOJIHUTENS UCIob3yIoTcs Ha 100 %.

3aknoyeHue

Hns mocTUXKEHMSI TTOCTaBJICHHOM LIEIM — OpTaHHU-
3aunu 3¢ PEKTUBHON 00pabOTKU OOJILIIOrO Yyucia pe-
CYPCOEMKHX 3a1a4 B pacIIpeaeICHHOM BhIYMUCIUTEIbHON
CHCTEME, B XOJIe MCCJeOBaHUS Oblla CIIPOEKTUpPOBaHA
¥ peaJn30BaHa paclipeneeHHass BEIUNUCIUTEIbHAS CHU-
cTeMa, OCHOBaHHasl Ha (OpeiiMOBOpPKeE A5 pacrpenesicH-
HoOM 00paboTku 3aganuii Celery, Opokepa cooOIIeH
W CUCTEM YIIpaBJIeHUsI 0a3aMW JAHHBIX C OTKPBITHIM
HWCXOTHBIM KOIOM.

IMony4yeHHOE pelIeHre paCCMOTPEHO C TOUYKU 3pEHU S
TEOPHHU MACCOBOr0 OOCIYXKMBAaHUS, IPOAHAIN3UPOBAHEI
0COOCHHOCTH €TI0 UCTIOIb30BaHM S, CBI3aHHbIE C MOHM-
TOPUHTOM U yIIPaBJICHUEM.

JJst cO3MaHHOTO pellleHUsT He0OXOMMMO pa3BepThI-
BaHHUE CUCTEMBI BUPTYaJbHBIX U (MIU) PUIMIESCKUX
cepBepOB, KOTOpast OyaeT peliaTbh BEIYUCIUTEIbHEIC
3amaun. I[locie pelreHUs] BRIYUCIUTEIBHBIX 3a1a4 WU
CHUXEHHS TPeOOBAaHWI K YMCITY BEIUMCINTEIBHBIX pe-
CypCOB, HEOOXOMMMBIX JJIsI UX BBITIOJTHEHUSI, CEpBEPHI U3
3TOM CUCTEMBI MOTYT OBITH YIAJIEHBI 1 BEICBOOOXICHHEIC
BBIYUCIUTEIBHBIE PECYPCHl MOTYT OBITh MCHOJIb30BaHBI
B IPYTUX HEIIX.

DDPeKTUBHOCTh MpeajaraeMoro pelieHus IMoj-
TBepXKIeHA €0 MPaKTUIECKUM ITPUMEHEHEM B TIPOTYK-
TUBHOI cpelle B 3a7a4ye paclio3HaBaHMs JIUI U aHaJIK13a
OMOMEIUIIMHCKUX CUTHAJIOB.

Co3maHHoOe pellleHrue MOXET ObITh PEKOMEHIOBAaHO
K VICTIOJTb30BAHMIO KaK B YACTHOM, TaK WU B MyOJIWIHOMN
o0JlauHO MHPpPACTPYKTypax.

Hccaedosanue évinoanerno npu noddepicke epanma
POOU No 19-29-01156 MK.
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A method for solving resource-intensive tasks that actively use the CPU, when the computing resources of one
server become insufficient, is proposed. The need to solve this class of problems arises when using various machine
learning models in a production environment, as well as in scientific research. Cloud computing allows you to organize
distributed task processing on virtual servers that are easy to create, maintain, and replicate. An approach based on
the use of free software implemented in the Python programming language is justified and proposed. The resulting
solution is considered from the point of view of the theory of queuing. The effect of the proposed approach in solving
problems of face recognition and analysis of biomedical signals is described.
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MporpammubIiil KOMNAEKe ANA pacyera fedopmangmi
38MHOI NOBEPXHOCTH C NCNONb30BAHNEM CNYTHUKOBLIX
pajapHbIX AaHHbIX*

lMpedcmaesneHo onucaHue rnpo2pamMmmMHO20 KoMrisekca 0715 pacdemoes ckopocmel cmeweHUU U 8bisiere-
Husi cOsuz08 3eMHOoU rnosepxHocmu Had palioHaMu UHMEHCUBHOU yarnedobbidu. KoMekc nocmpoeH Ha
ba3se MmukpocepasucHoU apxumekmypbi Docker Swarm e uHmeezpauuu ¢ cucmemol Macco8o-raparieribHo20
ucnonHeHusi 3adaHull Apache Spark Kak 8bICOKOYpO8He8bIl UHCMPyMeHm Oris1 op2aHu3ayuu 8bI4UCIEHUU
KOHmMeUHepHO20 mura ¢ opkecmpauyuel annapamHbiX PeCcypcos. 3a cyem UCrnosib308aHuUs KOHmMeUHepu-
3ayuu obbekmos-ucrnosHumernet 0ocmuaHyma He3agucuMOCMb pacyemos Kak 6Hympu 00HO20 rnyna 3a-
OaHul, mak u Mex0y pa3fiudHbIMU rynamu, UHUYUanu3upo8aHHbIMU 8 MHO20I10/16308amesIbCKOM PexXUME.

lNpumeHeHue onepamopos-06pabomyuKkos Mo380sIUI0 COXPaHsIMb MPOMEXYMOYHbIE pe3yribmamabi pabom
rnpouedyp 8 cxemax pacdema ckopocmel cMeweHUl U rnposodume pacyems! ¢ pasfiudHbIMU napamempamu.

O6weduHeHue mexHonoaul Docker Swarm u Apache Spark 6 00HOM rpo2paMMHOM KOMII/1IEKCE 10380~
1o peanu3zoeams UOEH 8bICOKOMPOU3800UMEsIbHOU 8bIYUCTIUMENbHOU CUCMEMbI C UCM0/1b308aHUEM
Mariobr00XXemHbIX anrnapamHbiX PECYpPCO8.

Knroueenie cnoea: npozpaMmHbIl KOMEKe, dughghepeHyuanbHass UHmepgepomempus, CKopocmu
CMeuweHUs1 3eMHOoU rnosepxHocmu, Memod NOCMOSIHHbIX ompakamernel, Memod mMarsbix 6a308biX NUHUU

BBegeHune

AKTHUBHOE pa3BUTHUE METOIOB AuddepeHIInaIbHOMI
nHTephEepPOMETPUU U CPEACTB NUCTAHIIMOHHOTO 30H-
JIVPOBaHUS TpeOyeT co3maHus MPOOJIEMHO-OPUEHTHU-
POBaHHBIX TPOTPAMMHBIX KOMILJIEKCOB IJIsI 00pabOTKM
0oNBIIOTO 00beMa ToJydYaeMblX JaHHBIX. [Ipu sTOM
3a4acTyl0 OCHOBHAS IIEHHOCTh KOCMMUYeCKO MH(hOpMa-
LMU, TIOCTYNAIOLIECH IIPU MOHUTOPUHTE 36MHOM ITOBEPX-
HOCTH, 3aKJIIOYAeTCsI B BO3MOXHOCTHU €€ OrepaTUBHOM
mnpeln- U MocToOpabOTKM M aHanu3a pe3yiabTaToB. s
TIOJIYYEeHUST TOYHBIX M HEIIPOTHUBOPEUMBEIX PE3YIHETATOB
TpeOyeTcsl UCXOAHBI MacCUB paJapHbIX HAOJIIOAESHUIA,
cocrostiuii B cpexHeM u3 30 chemMok 3a 30 pa3HBIX JaT.
ITpuyem oOpaboTKa MOXKET BKJIIOUATh B Ce0sl TIOBTOPHBIE
aTanbl (opMupoBaHue UHTepPEporpaMm, pacueT Kore-
PEHTHOCTHU U OlLIEHKa €€ 3HAaYeHUU CUTHaJ/IIyM U T. II.)
IUJTSI COCTaBJIEHM I KOPPEKTHOTO BPEMEHHOTO CTeKa CIIeH
ChEMKHU C MOCJICAYIOIIUM pacuyeToM MeTomamu Small
Baseline Subset (SBaS) unu Persistent Scatterers (PS) [1, 2].
Takum oO6pa3oM, Ha OTACIAbHBIX CTAIUSIX PACYETOB MO-

* HccnenoBaHue BBITIOTHEHO TIpU (DMHAHCOBOUW MO IEPXKKE
PO®U u KemepoBckoii 061acTM B paMKaX Hay4HOro IpOeKTa
Ne 20-47-420002 p_a.

KET BO3HUKATh PE3KMUl craJ MPOU3BOAUTEIbHOCTH.
DKcnepruMeHTalbHbIE BBIYUCICHU S MOKAa3bIBaIOT BpeMS
oT 3 10 5 4 Ang 12 map CHUMKOB HEOOJIBILIOTO pa3pelle-
Hug (30001000 mukceneit) O BRISIBJACHUS TNHAMUKHT
BEPTUKAJBHBIX CMEIIEHUI C IOrPEIIHOCTHIO Pa3HOCTHU
BeicoT LIMP (uudpoBast monens peiabeda) He 6oaee yem
13 MM/IIMKCeN.

BonpocaM cokpallieHus1 BpeMEHU BBITTOTHEHU S pa00YrX
TPOIIECCOB 1 aJITOPUTMOB TIPM pacueTe CMeIleHN i Ha 6a3e
pagapHOi “HTEPGhEPOMETPUY TIOCBSIIIEHO OOJIBIIIOE TUCIIO
pabot [3—27]. B HacTosi1Iee BpeMsI pealn30BaHbI pa3-
JIMYHBIC CUCTEMBI MOHUTOPUHTA, OCHOBAaHHBIE HA JAHHBIX
IUCTaHIMOHHOIO 30HaAupoBaHus (IJ13) 3emuu [18—27],
HUCIONB3YIOLIMX pa3anyHbie TUITLI U popmaThl /13, Kak
MYJIBTH- Y TUTIEPCIIEKTpaJIbHbIe, TaK M paJiapHble JaHHbIE.
MHorue 3 HUX HOCST MPEUMYIIECTBEHHO MH(MOPMaIIN-
OHHBIIM XapaKTep ¢ HaOOPOM PeTPOCHEKTUBHBIX JaHHBIX
1 OTYETOB U 110 (haKTy He 00eCIeunBalOT UHTEPAKTUBHOMN
pacueTHoOM yacTu aJist oopadotku JI 3.

B psime pa6ot [4—10, 12, 16] aBTOpPHI MCMOJB3YIOT
texHojoruo CUDA nis yaydileHus Mpou3BOIUTEIbHO-
CTH TIPOLIEYPBI pa3BepTKM (ha3bl, TOCTPOSHHBIE Ha Oa3e
pa3IUYHBIX MaTeMaTU4ecKux Moaejeil. B yactHocTH,
paccMmarpuBamTcs: ypaBHeHue [lyaccoHa ¢ BeCOBBIMU

"MporpammHas uHxeHepusa" Tom 12, Ne 5, 2021




KoddpuumueHTaMu, METOI CONPSIXKEHHBIX TpaJgueH-
TOB [6, 7]; MeToad pocTa perMOHOB M OTCEUYEHUST BET-
Bel [8, 9]; MeTon kommneHcanuu (aszoBoro Hadera [10]
W COBMeINIeHUs (KOpEeTHCTpaIui) pagapHbIX CHUMKOB.
B pa6Gorte [10] npencraBieH aJropuTM TeHepaluud Ha-
TUBHBIX (CHMHTETUUECKUX) pagapHbIX JAaHHBIX, CUMYJIH-
PYIOIIMX pa3Iu4YHbIe OIIMOKU/IIYMbI IPUHUMAIOIIEH/
nepenaronieil YacTu KOCMUYECKMX ammapaToB B 3aBU-
CUMOCTHU OT HabJII0gaeMOoil 3eMHOI IMMOBEPXHOCTH, B 1Ie-
JISTX BEIpAOOTKY M YCKOPEHMS MPOTpaMMHBIX METOIOB
KOPPEeKII M.

Hapsny ¢ GPU nMmmiaeMeHTaIneif CymecTBYIOT IIPO-
rpaMMHBIE peain3aliy aJropuTMOB 00pabOTKHU pamap-
HBIX TaHHBIX Ha 0a3e mapajieIbHBIX BBIYMCICHUM Ha
CPU. B pabore [13] npennoxkeHa MHTErpanus TeXHO-
JIOTUU mapasuleJbHBIX BbluuciaeHuit MPI ¢ cucremoii
KOMILJIEKCHOI 00paboTKu pagapHbIx faHHbIX Doris (Delft
object-oriented radar interferometric software) [14]. PaccMoTpeHBI
ocHOBHBIe 3Tanbl 00padoTku InSAR/PS-InSAR-naHHBIX,
BKJIIOUasi HauboJiee pecypcoeMKure (Koperucrpaius,
¢dopMupoBaHue UHTepdeporpaMMbl U pa3BepTKa ¢a3bl).
IMpenyoxeHa cTpaTerus pacrapajiieTuBaHUsT JEKOMIIO-
3UIMU [JIABHOT'O/TIONYMHEHHOTO U300paKeHMUil ¢ 00JIb-
UM YUCJIOM CETMEHTOB M YaCTUYHBIM IIePEKPBITHEM
rpaHull, ooecrneynBaloInX MUHUMAJbHOE MEXITPOLIeC-
COpHOE€ B3aMMOJIeiCTBYE.

IIpenmyiuiecTBOM MOAXOA0B, TOKa3aHHBIX B pabo-
Tax [4—19], aBnsgeTcs aaropuTMu3aius peureHus 3a-
Jay mpe- U MocToOpadOTKM, KOTOPHIE JIETKO MepeHo-
CSITCS Ha TTapajijieTbHbIe BEIUYMCIICHWS, C TPUMEHEHEM
yXe LIMPOKO M3BECTHBHIX MPOLeAyp, peaM30BaHHBIX
B oubnmorekax miuss GPU u CPU. Tak, B ynmoMsHy-
TBHIX BbIIIIE paboTax 3a OCHOBY B3SITHI 2JIEMEHTHI MaKe-
toB CuFFT, CuBLASS, CuSPARSE, PBLASS, FFTW,
ScaLAPACK [15, 17].

B nocnenHee BpeMs 71l CTAHAAPTHOTO aJITOPUTMUYE-
ckoro anmnapaTta DInSAR nonyunn mmpokoe pacrpoctpa-
HEHUEe MeTON MHTEPDEePOMETPUU MaJIbIX Oa30BbIX TUHUM
SBaS. MeTon SBaS ocHoBaH Ha COBMECTHOM HCITOJIb30Ba-
HUMW JUIMHHBIX BpeMEHHBIX CepUA palapHBIX N300paskeHI I
OIHOM TePPUTOPUU, ITOJIYYECHHBIX B IIOBTOPSIOLLECIACS I€0-
METPUM ChEMKM U XPOHOJIOTUUYECKHU YTIOPSIIOYEHHBIX 110
BpeMeHU cheMKU. MeTon SbaS oTHOCAT K OAHOI U3 Hau-
0oJiee pecypcOeMKMX TEXHOJIOTMIA 00pabOTKU pagapHbIX
naHHbIX [18, 19]. Tak, HampuMmep, Ha HauyaJbHOM BTarle
GdopMUpYIOTCS MHTEepdEepOorpaMMbl Ha 6a3e KOMIJIEKCHOTO
MepeMHOXEHHUST BCEX BO3MOXKHBIX Tap IJIaBHOI'O/TOMYM-
HEHHOTO M300pakeHWi. 3aTeM ISl KaXaA0i MapHOil WH-
TepdeporpaMMbl TIPOBOAUTCS pa3BepTKa (as3bl B LETASIX
MOJTyYeHUsI TIOJTHOTO CMEIIEH NS B HATIPaBJICHUM Ha CITyT-
Huk. [Ipu mpoBeneHUM pas3BepTKM 4allle BCEro CHayaja
MPUMEHSIIOT aJITOPUTM TTIOTOKa MUHUMAJIbHOM CTOMMOCTH,
a 3aTeM aJrOpUTM POCTa PETMOHOB.

B o6nactu komnaekcHoO 06paboTKU pagapHbIX JaH-
HBIX HauOoOJiee Pa3BUTHIM B IJIaHE MPOrpaMMHOTO 00e-
cnieuenust (IT0), Habopa HPyHKIIMOHATBHBIX BO3MOXHO-
CcTell u JocTyna K 6a3aM JaHHBIX KOCMOCHUMKOB SIBJISI-
ercst Beo-nmoptasn Geohazard Tep [20]. ITopran mocTpoeH
Ha 0a3e 00JauHON apXUTEeKTypbl Amazon Web Service
(AWS), OH coaepXUT LIUPOKUIA MyJ MPOLECCUHTOBBIX
CepPBUCOB, OPUCHTHUPOBAHHBIX Ha PEIICHUE Pa3JIUUHBIX
MPUKJIAAHBIX 33/a4 pajapHoil nHTepdepomeTpun (1o-

CTPOCHME CMEIICHMI, onpeneieHue BAaXXHOCTU IIOYB,
BBICOTHI JIECHOTO MOKpOBa U T. 1.). [lopTan moaaepxu-
BaeT Iu1aTgopMy obsauyHbIX BeruuciaeHuilt PaaS (Platform
as a Service). OgHaKO TIpeACTaBJICHHBIE BeO-CYXKOBI
rnopraja He JaloT UMIIJIEMEHTAllUM UMEHHO realtime-
00pabOTKM B TTIOTOKOBOM IPEJACTABICHUM MPEAMETHBIX
naHHbIX. CepBUCH (GYHKIIMOHUPYIOT IO MOACIM TOCTyIIa
On-demand Processing Service, 60nbllIasi 4aCTh U3 HUX
ucnoap3yeT Kommepueckoe I1O (ENVI, SARScape
U T. IL.).

Peanuzauus u mmpokoe BHEApPEHUE OONBIIOro Yuciaa
MPOTrpaMMHBIX aJITOPUTMOB TEXHOJIOTMYECKUX 3TATOB 00-
pabOTKM paJapHBIX JaHHBIX ITOKA3bIBAIOT 1IeJIeCO00pa3-
HOCTh TIPUMEHEHUSI UX COBMECTHO B MH(pPACTPYKTypE,
MPeIOCTaBJISIONIC MaCCOBO-ITapajieIbHOE UCIIOJITHEHE
pacueTHHIX 3aJaHUi1, TAe IMPOorpaMMHEBI Kapkac (hpeitm-
BOPK) TaKoii MH(MPACTPYKTYPhI BHICTYIIaeT KaK MHTErpa-
TOP pacrpeneIeHHOTO UCIIOJTHEHU S TIPOrPaMMHOTO Kofa
Ha JaHHBIX, IT0JIy4YaeMbIX B IOTOKOBOM PEXHMME.

Lenbio nMccienoBaHusl, pe3yJibTaTbl KOTOPOTO TIPEI-
CTaBJICHHI B CTaThe, SIBJISETCA pa3paboTKa MPOrpaMMHO-
ro KOMILJIEKCa pacyeTa CMEIEHU A 3eMHOM MMOBEPXHOCTH
C UCIIOJIb30BaHMEM CIIYTHMKOBBIX paJapHbIX JAHHBIX Ha
06a3e MUKPOCEPBUCHON apXUTEKTYPHI C MOAACPKKOM Mac-
COBO-IIapaJlJICIbHOTO UCIIOJHEHUS PaCUETHBIX 3aJaHUM.

st MOCTUKEHU I TOCTaBJIEHHOM 1IeJIM aBTOPbI TTpei-
JIaraloT pellicHue MepeUYrCICHHBIX aajee 3aaay.

1. PazpaboTrka nH(poOpMallMOHHON MOMAEIN B3aMMO-
JIEeUCTBUS MPOIECCOB-UACHTU(HUKATOPOB B KJIACTEPHOM
cpelne MUKPOCEPBUCHOM apXUTEKTYPhl Ha OCHOBE Me-
TAaONMMUCAHUM CXEeMbl B3aMMOJIECICTBUS ONEPaTOPOB-00-
pabOTYMKOB pamapHBIX JTaHHBIX.

2. Apantanust MeTo0B nuddepeHInaabHOI MHTEP-
(bepomeTpum pacueTa CMEIICHUI 3a CUET MMPOTrpaMMHBIX
aJITOPUTMOB HE3aBMCUMOI'O UCIIOJIHEHHS B cpedax ¢ Mac-
COBO-TIapaJIjIeIbHBIMY TIpOLIeCCaMU 1 pa3aeieHUeM all-
ImapaTHBIX PECypPCOB B CETEBOIL cpene.

3. Co3gaHue IpOrpaMMHBIX KOMIIOHEHTOB CUCTEMBI
¢ (pyHKIIMOHAJBHBIMU BO3MOXHOCTSIM B3aMMOJICHCTBUS
U peJieBaHTHOro ooOMeHa MHpopMaluein B MUKPOCEPBUC-
Hoii cpene Docker Swarm u mHTErpauus ux ¢ KJjactep-
HOU apxuTekTypoit Apache Spark.

MeTtoabl uccnegoBaHus

K HacTosiiieMy BpeMeHM B OCHOBE BCEX METOMIOB pac-
yeTa CKOpOCTel CMEIeHUI JiexXaT ABa pyHIaMeHTalb-
HBIX METOJA: METOJI IOCTOSIHHBIX oTpaxkaTeseii (Persistent
Scatterers, PS) u MmeTon manbix 0a30BbIX JuHUM (SBaS,
Small Baseline Subset).

MeTton PS [2] mpeaHa3Ha4YeH A1 BBISIBICHUS 00b-
€KTOB Ha ITOBEPXHOCTH, HEU3MECHHBIX BO BpeMEHHU U 10
reorpaduyecKuM KoopauHaTtaM (ITIOCTOSTHHBIE OTpaka-
tenu, PS-kanauaarsr). [TocTossHHBIE OTpaxkaTeau pac-
CMaTpPUBAIOTCS KaK TOYEUHBbIC OOBEKTHI THIA KBa3Wy-
TOJIKOBBIX OTpakaTeseil, KOTopble 00eCTIeuBaIOT TOCTa-
TOYHO CUJIbHBINA Y YCTOMYMBBII BO BPEMEHU OTPAKEHHBII
curHaj. Beibop mumkceneit m3o06pakeHUsT B KaHIWIATHI
B OTpaxaTesIM OCYIIECTBIISICTCS Ha OCHOBE aMILIMTYIHOM
IHCTIEPCUN, M ST Kaxkaoro PS-kanauoaTa BBITIONHSIETCS
aHaau3 ($a30BOil CTAaOMJIBHOCTH IyTEM BBIYMCIICHUS Bpe-
MEHHOM KorepeHTHOCTH. [TpoBomuTcs pa3BepTKa (hasbl 1T
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PS-kannunata, da3zoBast nH(poOpMaLIUs MepecUnThIBACTCS
B BBICOTBI M BBIYUCIISIETCS CPEMHSISI CKOPOCTh MX U3MEHEHMSI.

MeTton SBaS [1] mo3BoasieT perucTpupoBaTh aedop-
Mallu¥ 3eMHOI MMOBEPXHOCTU U aHAJIM3UPOBATh UX TMPO-
CTPaHCTBEHHO-BpEMEHHbBIE XapaKTepucTuKu. Maes metona
3aKJII0YAeTCsI B TIOMCKE TAKMX OTpakamollnX TJIOIAn0K,
B KOTOPBIX BJIUSIHUE IIIYMOB MMHUMAaJbHO. JIJIs1 TaKMx
MMUKCeJIel TPOBONUTCS pasaeieHue (asbl, CBI3aHHOM C Jie-
dopmanusimMu U ha30BbIMU CMEILIEHUSIMU, BbIpaskaeMbIMU
atmocdepHbiMu U LIMP-apTedaktamu. B yactHOCTH, TTO-
rpewmrHocTty B LIMP co3naioT ha3oBble cMeleHU ST, TPSIMO
TPOTIOPIIMOHAIBHBIE TIEPTICHANKYIISIPHOM 0a30BOM JIMHUM.
Hnst atMOoCc(epHBIX TTOMeX MPUHUMAETCS, YTO OHMU T1JIaB-

HO MEHSIIOTCSI B IIPOCTPAHCTBE, HO OBICTPO BO BPEMEHHU.
Ha sToitf ocHoBe Bkan armMocdepsl U omnook B LIMP
YCTaHABJIMBAECTCI U YCTPAHSETCSI, YTO MO3BOJISET BbIAC-
JINTH COCTaBJISIONIYIO, CBSI3aHHYIO CO CMEIICHUEM TIJI0-
1IaJI0K BO BpEMEHU.

IIpencraBieHHBIN B HACcTOSIIIEH paboTe TIporpaMm-
HBII KOMIIJIEKC MCITOJIb3yeT B 00paboTKe AJIMHHBbIE
BpeMEHHBIE Cepun M300paXeHW OMHOW TEPPUTOPUH.
Cpennee ynciao n3obdpaxkeHue BEIOUpaeTcs He MeHee 25.
[MpenMy1IeCTBEHHO B TETUIBIN TIEPUOJ BPEMEHU C 1IEJTBIO
CHU3UTh BPEMEHHYIO JAEKOppesuunio U ¢a3oBbie MO-
MeXU, HaKJIaJAbIBaeMbl€ TUIOTHBIM CHEXHBIM TTOKPOBOM.
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B nporpamMmMHOM KOMIIJIEKCe peaan3oBaHbl U300pa-
JKEeHHBIC Ha pHC. | ¥ 2 aATOPUTMHI TIpelI- U IOCTOOpa-
OOTKU AJISI IBYX IpencTaBICHHBIX METOMIOB.

[TpsIMOYTOIBHUKOM BBIIEJEHBI TIPOLIEAY Pl METOA,
pOMOOM — OCHOBHBIE MPOMEXYTOYHBIE U (DMHAJIbHBIE
JaHHBIe, TIOJTyJaeMble Ha BBIXOIE JAHHBIX MPOLEIYP.

IToagpobHOe onmuMcaHWEe KaXXIOro M3 3TalloB Ipel-
W TTOCTOOPabOTKM pamapHBIX JaHHBIX MeTomaMu PS
u SBaS nipeacrasiero B padote [30]. B xaxkxgoM u3 anro-
PUTMOB UCTIONB3yeTcs TaBHOe (Master) M TTOTYMHEHHBIE
(Slave) nzoo6paxenusi. Takum obpazoM, popMupyroTCs
cTeK U3 N COBMEIIEHHBIX C CYOIMTUKCETHHOM TOYHOCTHIO
pagapHBIX M300pakeHU NJIMHHON BpEeMEHHOU cepuu
(B cpenHeM ot 60 map). 3aech CyOIUKCeIbHask TOYHOCTh
O3HayaeT, YTO Jrbas MpOU3BOJIBHO B3sATas TOYKa Ha
Master-uzobpaxeHuu OyaeT UMeTh a0CONIOTHO OAMHA-
KOBBbIE Teorpauuyeckue KoopauHaTel 1 Ha N — 1 moguu-
HEHHBIX M300pakeHUIX. UMEHHO COBMEIICHHEIC TTaphl
HUCIMOJb3YIOTCS B JaJbHEHIIIMX pacuyeTax BCEX ITAIlOB
MPEeACTAaBIICHHBIX BHILIE aJITOPUTMOB.

MporpammHas peanusauus
BbIYMCNUTENbHOIO AApa

Aapo mporpaMMHOIo KoMIJjekca 06asupyeTcs
Ha mHTerpauum nByx miuatdopm Apache Spark [28]
u Docker [29].

OcHOBHasl 9aCTh aJITOPUTMOB B IIPEACTABICHHBIX Ma-
TeMaTUYEeCKUX MOJESIX UHTephepOMeTPrUUECKOIl oopa-
0OTKHU NPEUMYIIECTBEHHO, UCIIOJb3yeT ITOMUKCEIbHYIO
TPaHCSLIMIO B HAPABJAECHUSIX a3UMYTa U 1aJbHOCTH Ha
eIMHUYHBIX, 1100 TonapHo chopMUPOBAHHBIX N300pa-
>KEHUAX (HallpUMEpP, COBMELLIEHUE U300paKeHU U pac-
yeT MHTepdeporpaMm, pa3BepTka das3bl, METOIbI (PUJTb-
TpaLuu cKoab3sauM okHam) [30]. bosee Toro, mpeacTaB-
JICHHBIC UTePAllMOHHBIC METOIBI B Ka4eCTBe HadaJIbHBIX
NPpUHUMAIOT He3aBMCUMbIe Habophl JaHHBIX. Bce aTo
JIaeT BOBMOXHOCTH IIpMMEHeH S mapagurmMbel MapReduce,
KOrJa JIJIs1 BBIYMCIEHU S HaOOpOB pacipeneseHHbIX 3a1a4
3aIeCTBYeTCS OOJIBIIIOE KOJTUISCTBO KOMITBIOTEPOB (Ha-
3bIBacMBIX "HOomaMu'"'), 00pa3ymoIInX KiaacTep.

Pabora MapReduce cocTouT u3 nByx maroB: Map
n Reduce. Ha Map-1uiare npoucxoauT IMpeaBapuTelb-
Hasi 00paboTKa BXOAHBIX AaHHBbIX. 51 3TOr0 OnvMH U3
KOMITBIOTEPOB (Ha3bIBa€Mblil TJTaBHBIM Y3JIOM — master
node) Toy4yaeT BXOAHBIC TaHHBIC 3a4a4yd, ICIUT UX Ha
YacTU U TepefaeT IpyTuM KOMIbIOTepaM (pabounm y3-
naMm — worker node) nst mpeaBapuUTEIbHON 00pabOTKH.
Ha Reduce-1mare npoucxoauT CBEpTKa MpeaBapuTeIbHO
00paboTaHHBIX AaHHBIX. [J1TaBHBIN y3€s MojydyaeTr OT-
BEThl OT paboyMX Y3JIOB U Ha MX OCHOBE (hopMupyeT
pe3yJbTaT — pelIeHUe 3aJadyr, KOTopasl M3HadYaJIbHO
dopmynuposanach [30]. [IpeumyiiectBo MapReduce
3aKJII0YaeTCS B TOM, YTO OH ITO3BOJISICT pacIlpeaesicH-
HO TIPOBOIUTH ONEpPallMM NpeaBapUTEIbHON 00pabOTKM
u cBepTKU. Omepannu npeaBapuTeabHONM 00paboTKM pa-
00Tal0T HE3aBUCUMO IPYT OT APyTa U MOT'yT IIPOBOIUTHCS
napaieabHO. AHAJIOTMYHO, MHOXECTBO pab0OYMX Y3JI0B
MOXET OCYIIECTBISATh CBEPTKY, KOTJa BCE PE3yJbTaThl
MpeaBapUTEIbHOM 00pabOTKM ¢ OMHUM KOHKPETHBIM
3HaYeHMWEM KJitoya 00padaThiBalOTCS OAHUM pabodyuM
y3JI0M B OIMH MOMEHT BPEMCHHU.

s peanusanyy MacCOBO-MapaJlIeIbHOIO UCIIOTHE-
Hug 3agady Map u Reduce Oyaet ucnonab3oBaH (GpeiiM-
BopK Apache Spark [28, 30] ¢ OTKPBITBIM UCXOAHBIM
KOJOM Ui peanu3alluyi pacnpeAesIeHHONW CTpaTeruu
BBIYMCJICHUI. DTO MO3BOJIUT PACIIUPUTH IBYXYPOBHE-
Byl0 KoHUenuuio MapReduce ¢ 1uCKOBBIM XpaHUJIU-
1IeM, UCIOJIb3ys CIlelUaJu3upOBaHHbIE TTPUMUTUBHI
JIJISl pEKYPPEHTHOI 00pabOTKM B OMepaTUuBHOU MaMsITU
Ha OCHOBE pacIipeneJeHHbIX Ha0opoB JaHHbIX (RDD —
resilient distributed datasef). RDD mpencrtaBisieT coboit
OTKa30yCTOMYMBBLII HAOOP 3JIEMEHTOB, C KOTOPBIMU
MOXHO paboTarh napajenabHo. MHuuunanuzauuss RDD
MMPOMCXOAUT MyTEeM JOTMYECKOIr'o paclapajieiuBaHUs
CYIIECTBYIOIIEN KOJUIEKIIMU JaHHBIX (B HAllleM cJyyae,
HE3aBUCUMBIX CHUMKOB WJIM JaHHBIX KaXXI0TO U3 MHUK-
CEJIOB BHYTPM CHMMKA) B YIpaBJsIOLIell TporpamMmme-
npaiiBepe. I[Ipu aTom Ha nonyuuBinxcss RDD-Habopax
BO3MOXHO HCIIOJIb30BaHNE KJIAaCCUYEeCKUX DYHKIIUN
Map-TpaHchopMalinii, KOTOphIe KaK pa3 U OyayT npea-
CTaBJISITh aJITOPUTMU3AIUIO MaTeMaTUYECKUX MOMeJei
nHTepdepoMeTpuueckoit oopadborTku [28, 30].

st monKItoueHu s, yIpaBpieHWs: 1 MHUIIMAIU3auu
BBIYMCJICHUI Ha KjacTepe OyaeT MMIIJIEMEHTHPOBaHa
TEXHOJIOTH I KOHTEKCTHOIO 3aITycKa He3aBUCUMBIX pa3-
nensieMblx ucronHuteneir Spark Context. Spark Context
MPeIOCTaBIIsIET METOABI COeAMHEHMS C Ky1acTepoM Spark
1 MOXKET MCITOJIb30BaThes 1Jist co3aanust RDD, akkymy-
JISITOPOB M IIMPOKOBEIIATEIbHBIX TIEPEMEHHBIX B 3TOM
knactepe. Spark Context MOXeT ObITbh MHULIMAJIU3UPOBaH
JUISL BUPTYaJbHBIX MallluH sg3biKka Java, Python u Scala.
HacTtpoiika knactepa OygeT OCYILIECTBISITLCS MyTeM
BCTpOeHHBIX 00beKTOB Spark Config, ¢ mepenaueii ma-
paMETPOB paCIIPENCICHHOMN ITaMsITH, CETEBOM aapecaliuu
y3JIOB KJacTepa, Ha3HAUYEHU S TTIOPTOB, HACTPOMKM CXeM
BBITIOJIHEHU I 3aJaHUi, B TOM YMCJIEC OIIpeIeIeHUs 3a-
BUCUMBIX OMOIMOTEK MCITOJHSIEMOTO KOaa, KOHTPOJIS
MHTEHCUBHOCTH JOCTYyIIa K OIUCKaM paclpeneeHHOI
daiinoBoit cuctembl HDFS u 1. 1. [28, 30].

[IpeumyiecTBO BBHINOJHEHUS 3aJaHUil HA OCHOBE
CHCTEMBI MacCOBO-MapaslJieJIbHOTO UCIoTHeHusT Apache
Spark + YARN no cpaBHenuio ¢ Java Multi-Threading
unau Unix Multiple Commands Run 3akitouaeTcs B aB-
TOMAaTU3UPOBAHHOM YIIPaBJICHUU U pacIIpeleIeHUN pe-
CYPCOB C ITOMOILLbIO HECKOJIBKHUX KOMIOHEHTOB (puc. 3).

CucreMa MUKPOCEPBUCOB-KOHTEMHEPOB CTPOUTCS Ha
6a3e oTkpbiToro IO Docker Swarm. CucreMa ucnoyib3y-
eTCsl IS aBTOMATU3allMY Pa3BEePThIBAHUS U YIIPABJICHU S
MIPMJIOKEHUSIMU B Cpeiax C MOAAepKKOil KOHTeilHepr3a-
LIMU, OHA MO3BOJISET "yIIaKOBaTh' IPUJIOXKEHHE CO BCEM
ero oKpyxXeHueM (IIpOTpaMMHBIMUA MOIYJISIMH OIlepa-
TOPOB-00PaOOTUMKOB) U 3aBUCUMOCTSIMU B MUKPOKOH-
TeliHEep, KOTOPBII oOecreuyrnBaeT MOJHYIO U300
U pa3iesieHue pecypcoB Ha YpoBHe (PailJIOBOM CUCTEMBI
(y KaxJa0ro KOHTeiiHepa coOCTBeHHas! KOpHeBas (haiiyio-
Basl CHCTeMa), Ha YPOBHE IPOILIECCOPHOTO BPEMEHM, Ha
YPOBHE CeTH (KaXKIblii KOHTEHEp NMeeT JOCTYIT TOJIBKO
K IIPUBS3aHHOMY K HEMY CETE€BOMY MPOCTPAHCTBY UMEH
A COOTBETCTBYIOIIMM BHPTYaJbHBIM CETEBBIM WHTEP-
deiicam) [29, 30].

IIpumenenue cuctemMbl Docker Swarm mo3BoJiget
aBTOMAaTHM3MPOBATh 3aITyCK pacUeTHBIX 3aJJaHUI Ha He-
CKOJIBKMX y3JIaX KJjlacTepa C aBTOMaTHYeCKMM pacrpe-
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Puc. 3. Ilmarpamma nepenadd JaHHBIX BO BpeMs 3amycka aaroputmoB Ha miaatgopme Apache Spark + YARN [30]

JeJeHUeM Harpy3Ku W KOHTPOJIEM aIapaTHbIX pecyp-
CcOB, TpeOyeMbIX IJIs1 3aJaHus B cucteMe Apache Spark.
KoHTeliHepu3auusi pacueTHBIX 3aJaHUU TMO3BOJISAET
OpPraHM30BaTh MHOTOIOJb30BATEIbCKYIO CPEely 3a CUeT
He3aBUCMMOU paboThl KOHTeitHepoB B Docker Swarm.
ITporpaMMHBI1 KOMIJIEKC BBITIOJHSIET KaXAbli pac-
YETHBII 3aMpoC B pa3feIeHHbIX BUPTYaJbHBIX Cpeaax,
HUCTIONB3YS pacnpeieieHHOe NUCKOBOE MPOCTPAHCTBO
Apache HDFS-cucremsr [28—30].

MeTaonucaHue onepaTtopoB-06paboTUYNKOB

[TporpaMMHBIIf KOMIIJIEKC MHTETpUPYET MHGMOPMAIIU-
OHHYIO MOJeJIb METaOIIMCaHU S OIlepaTOPOB-00padbOTYU-
KOB paJlapHbIX TaHHBIX.

Mogenb nocTpoeHa Ha 6a3e popmara naHHBIX BEAM-
DIMAP (puc. 4), conepXuT mapamMeTpsl (3JI€MEHTHI)

U TIepeMEHHbIE BEJIMUMHBI (aTPUOYTHI), UCTIOIb3yEMbIE
B MPOTPaMMHBIX OOBEKTAaX CUCTEMBI MPU MOJaYe HA HUX
nHpopMaum 00 U3MEHEHUSIX BXOAHBIX 3HAYEHUN Me-
TOAOB 00pPabOTKU paJapHbIX CHUMKOB. MoiesIb OMKUCHI-
BaeT BO3MOXHbBIE COCTOSIHUST METaJaHHBIX, TOKAa3bIBaeT
B3aMMOCBSI3b MEXY BbI30BOM METOAA MPOrPAMMHOTO
00BeKTa M 37MeMeHTaMu/aTpubyTaMu CXeMbl METAOIH -
CaHWi, UMIIJIEMEHTUPYEMBIMU B IPOrPAMMHOM KOJIE.
Onement <Metadata Id> comepXxut mHMOPMAILINIO
o Bepcun ¢opmara DIMAP, <Dataset Id> — yHuKaabHBII
UIeHTU(HUKATOP JAHHBIX, BKJIIOYAIONINIT Ha3BaHUE MUC-
CHUU, peKMMa CheMKH, TUTA POAYKTA, YPOBEHb 00pabOTKH,
TOJISIpU3AlINY U JIP., C T00aBIeHUEM TTpedrKca oneparo-
pa-o6paboTurka; <Production> conepXXuT BpeMsl CbeMKHU;
<Coordinate Reference System> u <Geoposition> — M1H-
(opMaiuio o cucreMe KOOpAWHAT U T€OMO3UIIMOHUPOBA-
Huu cnyTHuka; <Raster Dimensions> — pa3mepsl U30-
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Puc. 4. O0mas cxema npeacTaBjieHnsi METAONMCAHUA PAJAPHBIX AAHHBIX

OpaxeHUs1 U uyucio nojaoc; <Data_ Access> — mH@popMa-
LU0 K CIYXKEeOHBIM (aiinaM m300paxkeHust (Harpumep,
JaHHbIe TeorpadrIecKuX KOOPIMHAT, JaHHbBIC YIJIOB
MafgeHUs MO HaIIpaBJICHUIO CheMKHU, 3HAUCHUSI OMOPHBIX
Touek M ap.); <Tie Point Grids> — TOYKU reonpuBs3-
ku;, <Image Interpretation> — caykeOHyI0 HHOOPMALINIO
0 CITEKTpaJbHBIX T0JI0CaX N300pakeHUiA.

<MDElem name="Processing Graph">
<MDElem name="node.0">

KirroueBbIM 371eMEHTOM B TaHHOW MEpapXuH SIBJISICTCS
aneMmeHT <Dataset Sources> Ha ero ocHoBe CTpOUTCS
¥ OITMCHIBAETCS 1IETTOYKA BHI30BOB ITapaMeTPU30BaHHBIX
OIepaToOpOB CO 3HAYEeHUSIMU aTpruOyTOB B popmare XML
(puc 5, 6). laHHBII 2JIEMEHT COAEPKUT aTPUOYTHI, U3-
MeHsIeMbIe oIepaTopaMU-00pabOTUYMKAMU, Ha KaKJIOM
11are MCTOJTHEHU .

<MDATTR name="operator" type="ascii" mode="rw">TOPSAR-Split</MDATTR>

lem name="sources">
<MDATTR name="source"
</MDElem>
<MDElem name="parameters">

...>hdfs://data/S1A_IW SLC_1SDV_ 2AAS5.zip</MDATTR>

ATTR name="selectedPolarisations">VV</MDATTR>
...>IW2</MDATTR>

MDATTR name="firstBurstIndex"...>3</MDATTR>
MDATTR name="lastBurstIndex"...>3</MDATTR>

MDATTR name="subswath"

</MDElem>

</MDElem>

<MDElem name="node.l">
<MDATTR name="operator"

<MDElem name="parameters">
<MDATTR name="file"
</MDElem>
</MDElem>
</MDElem>

...>Write</MDATTR>

...>hdfs://s1_tops_split/S1A IW _SLC__1SDV_ 2AAS split.dim</MDATTR>

Puc. 5. ®parment MeTaonucanus ¢aiiaa pagapHoro CHUMKa nocJje BoinojgHenus onepamuu S1 TOPS Split
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<MDElem name="Processing_Graph">
<MDElem name="node.0"></MDElem>
<MDElem name="node.l1"></MDElem>

<MDElem name="node.2">

<MDElem name="sources":>
<MDATTR name="source"

</MDElem>

<MDElem name="parameters">
<MDATTR name="orbitType"

<MDATTR name="operator">Apply-Orbit-File</MDATTR>

...>hdfs://sl_tops_split/S1A IW SLC split.dim</MDATTR>

...>Sentinel Precise (Auto Download)</MDATTR>

<MDATTR name="continueOnFail" ...>false</MDATTR>
<MDATTR name="polyDegree" ...>3</MDATTR>
</MDElem>
</MDElem>

<MDElem name="node.3">
<MDATTR name="operator"

<MDElem name="parameters">
<MDATTR name="file"
</MDElem>
</MDElem>
</MDElem>

...>Write</MDATTR>

...>hdfs://apply orbit file/S1A IW SLC_ 1SDV__ split Orb.dim</MDATTR>

Puc. 6. ®parmenT MeTtaonucanus aiija paxapHoro CHUMKa mocJie BoinojgHeHus onepauuu Apply Orbit File, cienywomero

3a S1 TOPS Split

Kaxxnplit HOBBIII METOA BHOCUT B MOJEIb METAOIM-
caHUSI U3MEHEHUS (BBIIEJICHBI IMPSIMOYTOJIbHUKAMH Ha
puc. 5, 6), uIeHTUGHULMPYIOIINE ero B Liermoyke oopa-
0OTYMKOB (OoTepalrii) pafapHOro CHUMKA, U J00aBsI-
eT 1eJieBoil aiia, KOTophlll MepenaeTcsl Kak rmapameTp
clienyloueMy oopaboTYuKYy.

Mogenpb no3BOASIET, HE MOAUMDUIIMPYSI UEPaPXUU PO-
JQUATETbCKUX 3JIEMEHTOB, JOOABIISITH IOYEPHUE DJIEMEHTHI,
conepxallue CTPYKTYpUpPOBaHHOE OIMCaHue olepaTopa-
ob6paboTunKka (Ha3BaHHWE MOIYJSI, BXOXHBIC/BHIXOAHEIC
napaMeTphl U T. 11.), BBIIOJIHEHHOTO MPEAbIAYIIM BbI30-
BoM. [Ipu 5TOM CTpyKTypa OOIIMUX SJIEMEHTOB MOMEIU HE
M3MEHSIETCs, 3a UCKJIIOUeHUEeM 3HauYeHUU UX aTpuOyTOB.
OpUTHHATBHOCTH TAKOTO TIOAX0/A 3aKJIIOUAETCS B TOM, YTO
OH TO3BOJISIET OTCIEKUBATh LIEJIOCTHOCTb U KOPPEKTHOCTh
TOCTIEOBATEILHOCTY IPUMEHEHU ST CXEeMBI TIOJTHOTO ITUKJT
00pabOTKM pagapHbIX CHUMKOB U TOBTOPHO BBIMOJIHSTH
3aITycK MeTona (IpoIeayphl B CXeMe) Ha HY>KHOM IIIare.

MporpamMMHbIN Moaynb

Pa3paboTaHHbIil MPOrpaMMHBI KOMTIJIEKC pa3aeieH
Ha Tpu ypoBHs (Moayin): BACKEND, MIDDLEWARE,
FRONTEND. HMcnonb3oBacs CIeIYIOMINNA TeXHOJO-
ruyeckuit ctak. BerunciaurenbHoe ssapo (BACKEND),
peanu3oBaHo Ha 6a3e Apache Spark API (Java, Python),
MmeHeaxepa pecypcoB Apache YARN, cucrema Me-
Hemkepa MUKpocucTeM-KoHTeliHepoB Docker Swarm.
Cucrtema ob6paboTku http-3ampocoB IOJb30BaTes
(MIDDLEWARE) dyHkunoHupyeT mona yrpaBiIeHU-
eM NodelS, Chart.js (ECMAScript 6 (ES6)). I'padhuue-
cKWii mHTepdeiic KoMTIIeKca MOCTPOEH ¢ IPUMEHEHUEM
oubanorek React + Redux, Plotly, Ant Ul (ES6) nox
ympaBieHuem cepBepa Nginx (FRONTEND). Onepa-
uuu BBoga/BeiBoga BACKEND- u MIDDLEWARE-
KOMTIOHEHTOB peajn3yloTcs Ha 0a3e pacrpeneneHHOl
daitnosoit cucremsl HDFS (OC Ubuntu 18.04).

BACKEND

BACKEND-ypoBeHb IpencTaBiieH python-ckpum-
TaMU, PeaJu3yolMMU HEMOCPEACTBEHHO PacYETHYIO
YacTh MaTeMaTUYECKUX aJTOPUTMOB METOIOB pacdeTa
cmenieHuit PS u SBaS u java-knaccaMu, UMILIEMEHTH-
PYIOIIMMU METOIbI MPEABAPUTEIBbHON 00pabOTKHU paaap-
HBIX TaHHBIX U METOJI0B B3aMMOIEUCTBUS C OObEKTaMU
Apache Spark API. Ha puc. 7 moka3aH ¢parMeHT aua-
rpaMMbl KjaccoB moayist SBaS. Kaxxabiit U3 Kjaccon
OTBEYAEeT 3a DTAl CXEeMHBI pacyeTa (CM. puc. 1) 1 peann-
3yeT ero mporpaMMHylo Joruky. Hampumep, Kiacchl
Stagel-Stage2 comepxaTt nporpamMmMmHbIi kox [30] u co-
OTBETCTBYIOT 3Tanam 1—3 anroputMa SBaS (cMm. puc. 1).

Pe3ynbraToM BBIMOJHEHHSI METOMOB KaXXIOTO M3
KJIaCCOB SIBJIsIeTCs (haiiy IPOMEXYTOUYHBIX PE3YyIbTaTOB
B crreuuaibHOM dopmare DIMAP (.dim), nmeromui
CTPYKTYpPY NpeacTaBIeHHYIO Ha puc. 4—6. Daiiabl Tako-
ro ¢oopMara MOT'YT OBITh TIEPEAAHBI IO LIETIOYKE KAXKIOMY
U3 KJIaCCOB Ha 00paboTKYy.

MIDDLEWARE

MIDDLEWARE-ypoBeHb (puc. 8) peaauszoBaH
Ha 0a3e 00beKTOB s13bika ES6. UMmiieMeHTUpPYET Me-
TOABl MIpOrpaMMHOI0 Kapkaca 6ubanoreku NodelS
API. ®OyHKIMOHUPYET KaK IMPOKCU-YPOBEHDb MEXIY
FRONTEND u BACKEND, BricTynaeTr B KauecTBe 00-
paboTUMKa MOJb30BaTEeILCKUX http-3aIpoCcoB AJIST BbI-
30BOB UX METOJIOB.

Jnsa 3amycka 3aganusg Ha ctopoHe BACKEND-
komnoHeHTa MIDDLEWARE-KOMNOHEHT UCHOb3YET
00BEKTHI router U request, mpeaocTaBasieMble CTaH-
naptHoi o6ubauorekoit NodeJS Express API. JlaHHbIe
00bekTH TpaHcaupyioT POST-3ampockl co cTOpo-
Hel FRONTEND-koMImoHeHTa B KOMaHAbl 3amycka
MUKpocucTeM-KoHTeiiHepoB Docker Swarm (puc. 9).
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docker service create --entrypoint /opt/stamps prep/bin/start.sh

--restart-condition=none
--restart-max-attempts=0

--mount type=bind, source=/mnt/satimg/Satellites/Sentinel-1A,destination=/mnt/satimg

--mount type=bind, source=/mnt/disk/public/monitor_radar_usr/id,destination=/mnt/public

--name stamps prep -d stamps prep:1.0 /mnt/output /mnt/public/config /opt/stamps prep/graphs
/mnt/satimg/S1B IW SLC_ 1SDV 20190106T002757 20190106T002825 014366 O1ABBB 71C4.zip

Puc. 9. ®parmMeHT KOMaHIbl 3aMycKa KOHTeiiHepa B cuctreme Docker Swarm, 3anyckaemoii Ha cropone MIDDLEWARE-komnonenta

POST-3anpoc coaep:KUT HACTPONKHU ITapaMeTPOB CPEAbI
Apache Spark m Docker, MmeHemXepa pecypcoB Apache
YARN, nmapaMeTpoB pacyeTHOrO MOILYJISI U YIIPaBJIsIIO-
meit mporpaMmel-apaiiBepa [30].

KomaHpga comepXuT Ha3BaHUS (HaIOBBIX IUPEKTO-
puit, KOTOpbIe OTOOpaXKarTCsI B KOHTEHHEP B Ka4eCTBE
JIOKaJIbHBIX, TEM CaMBIM CBSI3bIBasi (haiijIOBbIe CUCTEMBI
XOCT-CHUCTEMBI C OTIEPAlIMOHHOW CUCTEMOW KOHTEWHE-
pa. DToO Mo3BoOIIET KOHTEHHEPY 00pallaThcs K JTIOOBIM
CMOHTHUPOBAaHHBIM IHUPEKTOPUSIM KaK K CBOMM COO-
CTBEHHBIM JIOKAJIbHBIM.

Kazkmerit KOMIIOHEHT Ha guarpaMmme (CM. puc. 8) oT-
BeYaeT 3a CBoii TUII 3anpocoB. Hanpumep, mintpy.js ot-
BeyaeT 3a 3aImyck KOMaH| pacuyeTa CKOPOCTe CMeleHN it
metoaoM SBaS, stamps.js — MeTogoM PS; KOMITIOHEHT
tasks.js oTBevyaeT 3a cozmaHue, o6pabOTKy MapaMeTpoB
pacueTa, yIpaBjeHMe IMOJb30BaTEIbCKMMU 3aIaHUSIMHU,
OTCJIEXKWBAaHME XOAa BHITIOJTHEHUS U MHPOPMUPOBAHNE
0 3aBeplIeHN; KOMITOHEHT db.js COAep>KUT METOIbI B3a-
MMOIEUCTBUS ¢ 0230 TaHHBIX CITYTHUKOBBEIX CHUMKOB
Sentinel-1, MeToabl MoOJyyeHUs] MHPOPMALLMU O HUX,
ee nmpeobpa3oBaHMs M OTIIPABKM Ha CTOPOHY KJIMEHTa
N1 OToOpaxkeHus1 B rpaduueckom snemeHTe (puc. 10,
CM. TPETBIO CTOPOHY 00JI0XKM). baza naHHBIX GyHKIK-
oHupyeT B CYBJI PostgreSQL 12. Tabnuua cogepXuTt
Ha3BaHWe CHUMKa, MyTh K (aiyy, TUIIBI OPOUT, JaTy
CBhEMKM, MOJIIpU3allhi0, Ha3BaHUS II0JIOC U APYTYIO
BCITOMOTaTeIbHY10 MH(DOPMAIIUIO.

FRONTEND

FRONTEND-ypoBeHb NpeacTaBjeH MporpaMMHbIMU
o0bekTamu si3bika ES6, HacaenyoLUMKU U PACLIAPSIIO-
IUMU QYHKIIMOHAJbHbIE BO3MOXXHOCTHA TUIU3UPOBAH-
HBIX KJlaccoB Ombnmoreku React. JlaHHBIE KJ1acChl OT-
BeyaloT 3a rpaduyeckuil MHTepdelic U B3auMoaeicTBuIe
C TIOJIB30BaTeISIMU BeO-nipuiaoxeHus (puc. 10, 11).

Kaxnpiit anemMeHT rpaduyeckoro nuHtepdeiica moja-
IEePKMBACT MOIE/b YIIPABICHUS COCTOSIHUEM IIPHUIIOXKE -
Hus (Redux) B Buge JSON-00beKTOB, coaepxKalluX Mapbl
KJII0Y/3HaYCHUE CBOMCTB JaHHOTO 3yieMeHTa. M3aMeHeHue
COCTOSIHUM S OCYIIIECTBIISIETCS 3a CYEeT (hyHKIMNA-TEACTBUI
(action), IpUBSI3aHHBIX K TOMY MJIX MHOMY OOBEKTY.
FRONTEND-KOMITIOHEHT MMeeT APEBOBUAHYIO CTPYK-
TYPY OOBEKTOB (POXUTEIBCKUI/MIOUCPHUIN IJICMEHT).
CocTosiHUEe KaXa0ro oobekTa MOXeT ObITh U3MEHEHO
Ha J11o00oM u3 ypoBHeii. Daiinbl index.js BKIIOYAOT KO
pasMelieHus (byHkuus render()) JS-aneMeHTOB OoJiee
HM3KOI'0 YPOBHSI, COTJIACHO APEBOBUIHOU CTPYKTYpE,
BILJIOTh IO MOCJEIHEro Ao4YepHero ajeMeHTa. Takas
CTPYKTYypa MO3BOJISICT JIETKO MAaCIITaOUPOBATh CUCTEMY

B 1LICJIOM U BBISIBISITH OLIMOKM KOJa, JIOKaJM3ysd MX Ha
0oJiee HU3KUX YPOBHSIX.

OcHoBHol (pyHkuueit FRONTEND saBnsercs noa-
rOTOBKAa BXOMHBIX AaHHBIX (puc. 11), mepenaya ux Ha
cropony MIDDLEWARE u nHunmnanusauus ynajaeH-
HOTO 3alITycKa pacueTa CKOpOCTeil CMEIeHN 1 B CCTEME
Apache Spark mocpenctBom Docker Swarm. A Tak:ke
BU3yaJIM3alusl pe3yJabTaToB B BUIE KapThl CMEIICHUIA.
IIporpammusbie 06bekTHl FRONTEND B3aumopeiicTBy-
10T ¢ koMnnoHeHTamMmu MIDDLEWARE 4yepe3 npoTokon
http, ¢ moMo1bl0 OMOIUOTEKH axXios-js.

Monynp "Ba3a maHHBIX" OTBEYaeT 3a CO3JaHME Ha-
o6opoB-cnuckoB (DataSet, momMeueH KpacHBIM IIPSIMOY-
TOJIbHUKOM Ha puc. 10, CM. TpeTbl0O CTOPOHY OOJOXKHU)
CITYTHUKOBBIX CHUMKOB Ha BEIOPaHHYIO TEPPUTOPHIO (I10-
MEUeH CHMHUM IPSIMOYTOJBbHHUKOM, puc. 10, cM. TpeThiO
CTOpPOHY 00J10kKH). OcHOBHBIE MoJIs1 Tabauubl (puc. 10,
CM. TPETbIO CTOPOHY O0JOXKHU) OTOOpaxkaroTcsl B JaH-
HOM TpadyeCcKOM BJIEMEHTE U MOAIEePKMBAIOT THOKYIO
cuctemMy ¢GUIbTpalMd U BbiOOpa. Moayjb MO3BOJISIET
VIIpaBJISATh paHee co3MaHHBIMU criuckamu DataSet (mepe-
MMEHOBBIBAaTh, YAAJISITh OTOOpakaTh Ha KapTe U MOTUDU-
uupoBaTh). Co3maHHBIC B JaHHOM MofyJe crucku DataSet
HACTIONBL3YIoTCd B MonyJe "PacuerHble 3aganus” (puc. 11).

Monynsb "PacyeTHble 3agaHuA" O3BOISET 3a4aTh BXO-
ISIIKe. MapaMeTphbl pacueTa AJisi OCHOBHBIX 3TAIlOB aj-
ropuTMa pacueTa CKopocTell cMmelleHuil Metogamu SBaS
u PS (cMm. puc. 1, 2). ITapameTpbl MOTYT ObITH BhIOpaHBI
BPYYHYI0, INOO yCTAaHOBJIEHBI IO YMOI4YaHUI0. TakxKe 3a-
JlaeTcsl Ha3BaHUE 3aJlaHUST M BEIOMpPAeTCs METOJ] pacyeTa.
YKazaHHBIC B JaHHOM MOMYJIC TTapaMeTPhl COXPAHSIIOTCS Ha
cropoHe MIDDLEWARE B Buse JSON-@daiinos (puc. 12)
B (aitnosoii cucteme HDFS 1 BocneacTBuy cCYUTHIBAIOT-
cs B COOTBETCTBYIOIIEM KOHTelHep-ucnoaHuTtesne Docker.
Kaxnwiit JSON-daiin coxpaHsieTcst 1oa CBOUM MMEHEM,
COOTBETCTBYIOLLIEM pa3iey rapaMmeTpoB (Harmpumep, Apply
Orbit File nnu Topo Phase Removal u 1. 1.). JlaHHBI# haiin
SIBJISIETCST OCHOBOI TSI CO3MaHMST METaOIIMCAHUIA JJI5T OTTe-
paTopoB-00pPabOTYMKOB, MPEACTABICHHBIX Ha puUC. 5, 6,
3a CcUeT CYMThIBaHUS Kaxkaoro 3HayeHus B JSON-aiine.

JJ1s KaxXaoro BHOBb CO3AaHHOTO 3aJaHUsS CO3TAeT-
Cg YHUKAJbHBIN UISHTH(UKATOP HA OCHOBE BpEMEHHOM
meTku. Ha ctopone MIDDLEWARE kaxabiit KoHpUry-
PALMOHHBIN (halisl COAEPKUTCS B COOTBETCTBYIOLLEH (haii-
JIOBOH Manke 3aJaHus o HoMmepy uaeHTudukaropa. Co-
IJIaCHO KoMaH e 3amycka Docker-koHTeliHepa (cM. puc. 9)
JMaHHBIN UACHTU(UKATOP YKa3bIBaeTCA IPU MOHTHPOBA-
HUU JOKaJbHBIX Manok B cucteMy Docker Swarm.

Ha puc. 13 npencraBieH ¢pparMeHT KoJa COXpaHEeHU
JSON-aiina mapametpoB Ha ctopoHe MIDDLEWARE-
YPOBHS C TIPUMEHEHUEM OMOJMOTEKM axios-js.
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Task Settings

General Preprocessing

> DataSet Settings

v 51TOPS Split Settings

Polarisations:| VV

v Apply Orbit File Settings

Orbit State Vectors: | Sentinel Precise (Auto Download)

Polynomial Degree:| 3

Do not fail if new orbit file is not found

v Back Geocoding Setting

Dinital Flevation Madel:| SRTM 3Sec

Reset To Default

Cancel

Puc. 11. I'padpuyecknii uarepdeiic moxyns "PacuerHpie 3ananus”

Puc. 12. ®parment JSON-(paiiaa napamerpos (oneparop-oopadorunk Back-Geocoding)

"label": "Back Geocoding",
"name": "back_geocoding"”,
"description”: "
"parameters”: {
"demName": {

"index": 9,
"name": "demName",
“label": "Digital Elevation Model",
"type": "inputTypes.select"”,
"value": "SRTM 3Sec"”,
"defaultvalue": "SRTM 3Sec",
"options”: [

"ACE2_5min",

"ACE30",

"ASTER 1sec GDEM",

"GETASSE30",

"SRTM 1Sec 6rid",

"SRTM 3Sec",

"Kompsat5 Precise"

]

o
"demResamplingMethod”: {"name": "demResamplingMethod”...},
"resamplingType”: {"name": “"resamplingType"...},
"maskOutAreaWithoutElevation”: {"name": "maskOutAreaWithoutElevation”...},

Save

This operator co-registers SLC split products (master and slaves)

FRONTEND-monynb nogaep:xxu-
BaeT OTOOpakeHWe Pe3yIbTaTOB pac-
YeTOB CKOPOCTEU CMEIIeHU ST MeToIa-
Mu PS u SBaS Ha 351eKTpOHHOM KapTe
¢ oToOpaxXeHWeM I'paayupOBaHHOI'O
obiaka Touek (puc. 14, cM. TpeThlo
CTOPOHY OOJIOXXKM), COOTBETCTBY-
JOIINX TTOCTOSTHHBIM OTpaXKaTeJIsIM
(PS) u BBISIBIEHHBIM HU3MEHEHUSIM
BoicoT (SBaS). INoxnepxxuBaeTcs Bpe-
MEHHas IKaJia BBIOpaHHBIX CHUM-
KOB U pacrpenejieHne CKOpoCcTel Ha
TUCTOTpaMMe.

MeToabsl nOoCTpoeHUs rpaduye-
cKoro nHTepgdeiica BeO-TpUI0KEeHUS
OCHOBaHBI Ha TTOAXOMAX, 3aJIOXKEH-
HBIX B TexHosorum Redux. Opurn-
HaJbHBIN rpadrdecKkrii UHTEpderic,
npeaiaralolinii moJab30BaTeN0 BO3-
MOXHOCTb c(h)OpMUPOBATH IMapame-
TPHI 171 pacueTHBIX MeTonoB PS/SBaS
B BHUJE 3aIlpOCOB, BO3BpalaOIINX
naHHble B Bujge JSON-@aiinos, ga-
Jiee obpabaTbIBa€MbIX MPOTpaMM-
HBIMU (YHKIUSIMHU OTOOpaKeHUS
rpapmyecKknx 2JIeMEHTOB.

OpUTrMHANbHOCTHIO JAHHOTO
moxxoma K paszpadorke ITO crout
CUUTATh UCMHOJIb30BAHUE TEXHOJO-
rust React]S, KkoTopast mo3BoiseT
OpraHMU30BaTh B3aMMOICHCTBUE KIIU-
€HT-CEepPBEPHOI YaCTHU MTOCPEICTBOM
ACMHXPOHHBIX BBI30BOB yAaJIEHHBIX
MeTOonOB. JJaHHBIN MTOAXON CHUMET
CJIOXHOCTH, CBSI3aHHBIE C COXpa-
HEHUEM COCTOSIHMS TIepEeMEHHBIX
KaK Ha CTOpPOHE cepBepa, Tak U Ha
CTOPOHE KJMEHTAa, YTO TO3BOJISET
MHKAMNCyJIupoBaTh (PyHKIIMOHATb-
Hble BO3MOXHOCTHM M CIeJIaTh MO-
JieJIb TIOBEAECHM S BeO-TIPUJIOKECHU S
MPUOIUKEHHOW K CTAallMOHAPHOMY
MTPUJIOKEHHUIO.

Anpob6auus
nporpamMmMHOro Komnnekca

JlaHHBIe, UCIOJIB3YyeMbIEC B Te-
CcTax, NpPeaoCTaBJEHbl OTKPBITHIM
noprajiom EBpomneiickoro Kocmu-
yeckoro areHtctBa Copernicus
Open Access Hub (https://scihub.
copernicus.eu/dhus).

Tect mpoBommICs IS 30HBI IO-
KPBITUS, PaBHOI AECATH MOAIOIOCaM
(burst) ogHOIT MHTEphEepOMeTpUYIC-
ckoit mosnockl (IW1) ¢ BepTukanbHoO
nossspusanueit (VV) oiasi CHUMKOB
KOCcMHMUecKoro anmapata Sentinel-1A.

ATmmapaTHble XapaKTePUCTUKH
kiaactepa: 3 cepsepa (AMD Ryzen
1700 (8 + 8 cores (Simultaneous
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export function saveConfig(taskId, userName, method)

let methodName = method.name;
return axios.post(
urk "http://' + settings.MIDDLEWARE_IP + ':' + settings.MIDDLEWARE_PORT
+ '[" + settings.TASK_PROCESSOR + '/saveConfig'
data: {
username: userName,
taskId: taskId, // ywukaneHsil udeHTuuxkaTop 3adaHus
config: JSON.stringify(method.config),
method: methodName
h:
).then(response => {
let savedTask = {
key: taskId.toString(),
date: moment(taskId, format 'x').format( format "YYYY-MM-DD hh:mm:ss").toString(),
method: method.config.common.parameters.method.value,
description: method.config.common.parameters.description.value,
filesList: method.config.stepl.dataSet.parameters.filesList.value,
masterName: method.conflg.stepl.dataSet.parameters.masterName.value,
status: "',
execTime: null
}
return {status: response.data, task: savedTask};
}).cateh(e => {
return Talse;

b,

Puc. 13. ®ynkuns coxpanenus napamerpos B JSON-daiin

Multi-Threading)) 3.2 GHz, 32Gb RAM, 1Gb/s — cko-
pOCTh Tepemayu AaHHBIX MeXOy cepBepamu). Ilpo-
rpamMHoe obecrnieueHue ESA SNAP 3amyckanoch Ha
omHOM y3Jie, 6e3 mognepxku Apache Spark API.

B tabnuue nmpuBeneH TecT AJig 32 map CHUMKOB
IS mpoueayp npeaoopaboTKM, MpeacTaBIeHHbIX Ha
puc. 1, 2.

Ha puc. 15 nmpuBenen tect mpoueayps! Interferogram
noJjiHOM cxembl. HauanbHbIe 3HaUEHUS IJ151 TPOLIEAY Pl —

Pe3yjabTaThl TECTHPOBAHMS CHCTEMbI B CPABHEHUH
¢ nporpaMmubiM komiiekcom ESA SNAP niis HekoTopbix
3TANOB PACYETHON CXEMBbI

Bpewmst pacuera, MUH
Meron ESA SNAP
Apache Spark API Toolbox

Pa3smep cuumka 24027%9117
Apply-Orbit-File 2,27 24,85
Back-Geocoding 3,5 62,21
TOPS Deburst 1,2 13,61
Subset 0,41 8,21

Pasmep cuumka 6101x1091
Interferogram 4,81 125,9
Topo Phase 1,06 5,51
Removal

140,00 —
125,40
120,00 P
.
-
100,00 ‘,' -
P
L
£ som e
I”
60,00 i
-
40,00 3567~
- -
2000 — _’f‘_“l"- — — —
39 _.--"" 410 4,30 4,57 4,80
000 —— —
1 4 8 16 3z
MNap cHumkos

——Apache Spark = = ESA SNAP

Puc. 15. 3aBucumocTb BpeMeHH pacuera npoueaypsi Interferogram
Ha D0a3ze cuctemsl Apache Spark B nmpeacTaBiieHHOM NPOrpaMMHOM
KOMILIeKce U 0e3 Hee B mporpaMMHoM kKomiiekce ESA SNAP

2 mapbl U300paxkeHu i, KoHedHoe — 32 mapsbl (6101X1091).
Ha puc. 15 npuBeneHo cpaBHUTEJILHOE BpeMsl PacuyeTOB.

CpaBHeHMe (PMHAIBHBIX PE3YIBTATOB pacueTa CKOpo-
creil cMelleHui (puc. 16, cM. YeTBEPTYIO CTOPOHY 00J10XK-
K1) MIPOBOAMIOCH AJis1 cXeMbl MeToda SBaS (cM. puc. 2)
B MpeICTaBJIEHHOM IIporpaMMHOM Komiuiekce u B 10
ENVI ¢ monynem SARScape. PaccmarpuBaniace Teppu-
topus 1. KemepoBo Kemeposckoii oonactu, Poccus. s
HATJISIAHOCTH PEe3YJIBTATHl SKCIIOPTUPOBAHEI ¥ BU3YaTU3H-
posanbl B [1O QGIS. IMonukcenbHOE cpaBHEHWE 3HAUCHU I
CKOpocCTeil cMelleHUu# nokasano 90 %-Hoe coBmaaeHue
PE3YJIBTATOB C AOMYCTUMbIM OTKJIOHEeHHEM B 107> MM/TO1I.
Pazmuunss HEKOTOPBIX 3HAYECHU JOIMMYCTUMBI B BUIY OT-
JINYUS aJITOPUTMOB Mpel- U MOCTOOPabOTKU B CPaBHU-
BaeMBIX ITPOrPAMMHBIX KOMIJIEKCaX.
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3akntoyeHue

IlpenyioxeHHbI B paboTe cnocod oo6paboTKU pa-
JapHBIX TaHHBIX B CUCTEME MacCOBO-IIapaJlieIbHOIO
WCIIOJTHEeHU s 3amanuit Apache Spark 1mo3BosseT cyie-
CTBEHHO COKPAaTUTh BPeMsI UCITOJTHEHUST KaK OTACIbHBIX
MpoIenyp, TaK W TMOJHOTO IIUKJIAa pacuyeTra CKOPOCTei
cMellleHU. 3a cueT UCMOJb30BaHUSI KOHTEWHepu3a-
MU 00BEKTOB-UCITOJHUTEJEH JOCTUTHYTA HE3aBUCH-
MOCTb PacyeTOB KaK BHYTPHU OJHOIO MyJia 3aJJaHM i, TaK
¥ MEXIY pa3TIMYHBIMHU MyJIaM1, MHUIINATN3NPOBAHHBI-
MU B MHOI'OIIOJIb30BaTeIbCKOM pexume. [IpumeHeHMe
CHCTEMBI YIIPAaBJIEHUSI pecypcaMy KjlacTepa U IIaHUPO-
BaHus 3agaHuii YARN mo3Bosinio abeTparupoBaTh Bee
BBIYMCIIUTENIbHBIE PECYPCHl KjlacTepa OT KOHKPETHOTO
3aIlycKa 3aJaHuil ¥ 00eCIIeYUTh JUCIIETYS PU3ALIUIO TIPU-
JIOXKEHW I pacripeneieHHON 00paboTKM.

Hcnonbp3oBaHKe B IpOrpaMMHOM KOJIe Ha OCHOBE
Sentinel-1 Toolbox BO3MOXXHOCTHU COXpaHEHM S TIPOMEXY-
TOYHBIX PE3YJIETATOB pabOTHI IIPOLIEIYP B CXeMaX pacueTa
CKOPOCTEN CMELIEHUM TTO3BOJISIET IIPOBOAUTH PACUYETHI
C pa3aMYHBIMU ITapaMeTpaMM, a paclapajjejrBaHue
obecrieunBaeT COKpalleHne BpeMeH PacuyeToB MO CPaB-
HEHUIO ¢ KOMMEPUYECKUMU ITPOrpaMMHBIMU MIPOAYKTAMMU.

Ncnonb3oBaHMEe OTKPBITOTO MPOrpaMMHOTO Kojaa
M 9PrOHOMMUYHOCTD 3aITyCcKa pacYeTHHIX 3aJJaHUI B pa3-
paGoTaHHOM crnocobe 00pabOTKU paJapHBIX JAHHBIX
obecIieunBaeT BO3MOXHOCTb €r0 peaju3aliui B BUIE
BEO-TIPUTOXKEHUS.

Pe3ynbraThl TECTUPOBAHUS IIPOrPAMMHOIO KOMIIJICK-
ca TOKa3aJii BHICOKME XapaKTEePUCTUKU B TIJIaHE TTPO-
M3BOJAMTEIBHOCTU C COXPAHEHUEM TPeOyeMOil TOUHOCTHU
pe3ynbTaToB. B yacTHOCTH, aganTUpOBaHHbBIE U UHTE-
rpupoBaHHBbIe B cucteMy Apache Spark + Docker Swarm.
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The article presents a description of a software package for calculating displacement rates and detecting displace-
ments of the earth’s surface over areas of intensive coal mining. The complex is built on the basis of the microservice
architecture Docker Swarm in integration with the system of massively parallel execution of tasks Apache Spark, as a
high-level tool for organizing container-type computations with orchestration of hardware resources. In the software
package, the container is used as an element of the sequence of calculation stages of the mathematical model of
interferometric processing, presented in the form of a managed service. The service itself is built on the basis of a
microkernel of the specified operating system, with support for multitasking of process identifiers and network proto-
cols. Due to the use of containerization of executor objects, the independence of calculations is achieved both within
one pool of jobs and between different pools initialized in multi-user mode. The use of the cluster resource manage-
ment system and YARN job scheduling made it possible to abstract all the computing resources of the cluster from
the specific launch of jobs and to provide dispatching of distributed processing applications.

The use in the program code based on the Sentinel-1 Toolbox of the possibility of storing the intermediate results
of the operation of procedures in the schemes for calculating the displacement rates makes it possible to carry out
calculations with various parameters, and parallelization provides a reduction in the calculation time in comparison
with commercial software products.

The combination of Docker Swarm and Apache Spark technologies in one software package made it possible
to implement the idea of a high-performance computing system based on open source software and cross-platform
programming languages Java and Python using low-budget hardware blocks, including those made in Russia.

Keywords: Software package, differential interferometry, ground displacement velocities, constant reflector
method, small baseline method
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The paper describes the mathematical models, algorithms and software tools developed by the author for searching
for objects in information analysis systems. A search query is a subject area, which is specified by keywords or rubrics
of various classifiers. The search takes into account the relevance of the objects to the query, which is calculated
by constructing thematic portraits of the objects and comparing them to the query, as well as the significance of the
objects, the rules for calculating which can be set dynamically. Thematic portraits of objects are built by analyzing
their relations with other objects in the system, for which a topic is specified.

When applied to current research information systems, such an approach can be used to search for scientific
results in a given subject area and for experts in this area.

Keywords: CRIS systems, information analysis systems, information search, subject area, keywords, similarity
coefficient
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0. A. WayHes, nporpammuct, mityaS7@mityad7.me, HAWN mexaHukun MY
um. M. B. JTomoHocoBa

Monck pesynbTaToB feATENLHOCTA M SKCNEPTOB B 3a/JaHHON
NPeIMETHOI 06nacTy ¢ Y46TOM 3HAYMMOCTY PE3YNbTATOB

OnucaHbl paspabomaHHble a8mMopoM MamemMamu4yeckue MoOesu, an2opummsb U Mpo2pamMMHbIe
cpedcmea 0rn1s1 noucka 06bEKMO8 8 UHGhOPMayUOHHO-aHaIumu4eckux cucmemax. louckosbim 3anpo-
com sienisiemces npedmemuasi obrnacmse, Komopas 3adaemcs K4YeabIMu criogamu Uunu pybpukamu pas-
JNIUYHbIX Knaccugukamopos. [pu noucke yyumseigaemcs pesiegaHmMHocmMb 06bekma 3arnpocy, Komopasi
paccyumeigaemcsi Ha OCHO8€e MOCMPOEHUSI mMeMamu4eckKoeo nopmpema obbekma U e20 CpasHEeHUs
C 3arnpocom, a makxe KoaghguyueHmbl 3Ha4UMOCMU pe3yibmamos, npasusia 07151 8bI4UCIEHUS KOMO-
pbix Mo2ym 6bimb 3adaHbl QUHaMu4Yecku. Temamuyeckue nopmpemsi 06bEKMO8 CMpOsIMCcs Ha OCHO8e
aHasnu3a ux cesseli c Opyaumu obbekmamu 8 cucmeme, 05151 KOmMOPbIX eCMb UHGhOpMayUsi 0 meMamuke.

B npunoxeHuu kK cucmemam, XpaHawum U aHaau3upyrouwum UuHghopmayuro o HayyHou dessimernibHocmu
(CRIS-cucmemam), nodobHbIl no0xo0 Moxem b6bimb UCMOMb308aH 015 IoUCKa HayYHbIX pe3yibmamos
8 3a0aHHol npedmemHol obnacmu u sl MouUcKa 3Kcrepmos rno amod obnacmu.

Knrodeenie cnoea: CRIS-cucmembl, UHGhOPpMaUUOHHO-aHanumu4ecKkue cucmemal, UHGbOpMayUOHHbIU
rnouck, npedmemHasi obriacme, Ktoyesblie crioea, KoaghuyueHm cxoxecmu

Introduction management system uses a different data model such as
] ) _ . relational one.
Modern information analysis systems store objects of We will illustrate our algorithms on the example of

various types, and these objects are related to each other  current research information systems (CRIS). These
with various types of relations. The natural metaphor for  systems store information about researchers, their works
such a system is a graph, even if the actual database  and activity results, such as publications, conference talks,
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participation in projects, and courses taught. But they
also store information about all related objects, such as
journals, theses collections, conferences, organizations and
their departments. All these objects are closely related to
each other: a publication can be made in a journal or in a
collection, a researcher works in a department, and so on.

These relations can be used for building thematic
portraits of objects: for example, if articles have keywords
associated with them, it is possible to construct a weighted
set of keywords appearing in a journal or in a collection
where the articles are published. But these relations, along
with the numeric indicators that are part of the objects’
metadata, can also be used to assess the significance of
activity results. We propose a model that allows the users
to dynamically specify the rules for calculating significance
coefficients. For example, a significance rule for an article
can be based on its citations count, presence in international
citation indices, journal impact factor, number of pages and
other indicators. The model allows one to combine multiple
indicators using numeric or logical operations. It should be
noted that the use of impact factors for assessing quality of
scientific works is sometimes criticized [1], however we do
not have a goal of developing new scientometric indicators,
instead we provide users with an ability to use the indicators
that are most suitable for their subject area.

To sum up, the goal of this paper is developing
algorithms for searching for activity results and experts
in a given subject area, using the data from CRIS systems
and taking into account rules for filtering the results and
assigning significance coefficients to them. The algorithms
should be capable of finding the objects by their own
keywords and rubrics, by synonyms, and — if the object
does not have its own keywords — using the data from
related objects in the system.

Review of existing works

Expert finding systems were already known in the 1980s.
Early research in that direction, such as [2], assumed that
there is a finite set of experts, and for each of them their
area of interest or concern is known, and this information is
used for search. Later works investigated the ability of using
additional information such as email communications [3],
documents on an organization’s intranet [4], or personal
home pages and data on projects and events [5].

Two modern systems that aggregate information about
researchers and their activity results are AMiner [6] and
Microsoft Academic Graph [7]. The former uses data from
the internet, mostly from the researchers’ personal pages.
The latter also uses the data of Bing search service. For
building the list of subject areas and classifying the data,
machine learning algorithms are used.

These works are mostly focused on the analysis of
heterogeneous data, such as web pages and texts of publications.
In contrary, this work assumes use of structured data from
CRIS systems, which allows taking more information about
activity results and their related objects into account.

Thematic portraits

By thematic portraits in a general sense we will denote
a data structure that describes the subject matter of an

object. Such portraits can be constructed for almost any
type of objects that are present in the information system.
There are several known ways to build such structures.

First of all, we should mention a model that represents
the subject in the form of a vector in R” space. In particular,
such models are used in neural networks based algorithms,
for example, in the word2vec [8] algorithm. The main
advantage of this model is the simplicity of assessing the
similarity of various objects: it is enough to take the dot
product of two vectors. However, the results of operations
on vectors are difficult to visualize. At the same time,
our algorithms can be a part of business processes where
it is needed to illustrate the degree of correspondence
of a particular portrait to a given subject area. Another
limitation is that when composing vectors from texts, all
possible keywords are usually taken as the basis of the space.
This implies independence of words from each other and
does not allow taking into account relationships between
words, such as synonymy. To eliminate this shortcoming,
algorithms such as latent semantic analysis (LSA) [9] have
been developed, but they have a rather large computational
complexity and make the presentation even less intuitive.

Another direction of thematic analysis is associated
with the construction of ontologies of subject areas,
i.e. determining the classes, objects in each class and
relationships between objects. However, at the moment, the
methods for automated construction of ontologies based on
texts are far from perfect and allow identifying only some
of the relationships. So building a full-fledged ontology
requires a lot of manual work [10].

In this work, we will use a model based on keywords
and rubrics. The main reason for this choice is that both
keywords and rubrics are an essential part of scientific
publications and other objects appearing in CRIS systems.
Also, such portraits are very intuitive even if they are
created algorithmically.

A keyword is one or several words in a natural language
describing a subject area. A rubric is an element of some
tree classification. Examples of them are Universal Decimal
Classification (UDC) [11] or the Field of Science and
Technology Classification of Organisation for Economic
Co-operation and Development (OECD).

We will use the term feature to refer to either a keyword or
a rubric. Features in a portrait have weights associated with
them. The weight of a feature is a number between 0 and
1 that shows the degree to which it characterizes the object.

Based on the above, the notion of a thematic portrait
is formalized as follows:

Definition 1. A thematic portrait is a set of features
(keywords or rubrics), in which every feature has a weight
associated with it:

p:{(fl, €1)s oo (Sps cn)},

where 0 <¢; < 1. By F, we denote the set of features that
form a portrait.

Our goal in this section is developing functions of
similarity between two features and between two portraits,
i.e. functions that determine how close the corresponding
subject areas are to each other. The first function is based
on the context similarity function described in [12], with
modifications that take weights ¢; into account and that

"MporpammHas uHxeHepusa" Tom 12, Ne 5, 2021




make sure that the similarity of a feature with itself is
equal to 1. This approach is itself based on the distributional
hypothesis, that implies that two features are more similar
to each other if they occur in a larger number of common
contexts (portraits). In other words, if we build an auxiliary
graph in which nodes correspond to features, and there is
an edge between two nodes if there is a portrait containing
two corresponding features, then the value of the similarity
function should be higher when two nodes have more
common neighbors in that graph. To get this information,
we need to use some subset of portraits from the information
analysis system as a training set.

First of all, let us define the function that can be
interpreted as the weight of an edge connecting two
features in the described graph:

c
(D(fk, fl) = Z —10,
PeP(fk)ﬂP(f,)zf,.er i

where P(f) is the subset of portraits in the training
set that contain feature f. Note that this function is not
symmetrical because it takes into account weights of f;
and not f; in each portrait p.

Then, let us denote by F; ; the set of features that
occur together with both f; and J; in the training set:
fHNP( f

F { |P(f >1L|P(f)N P =1}

As the initial version of the similarity function, we
take the following:

So(fix f7) = fZ}r_ ol fk)+le; ©

(f7 fe):

The disadvantage of this formula is that it does not take
into account the frequency of occurrence of the feature
in the entire training set. Because of this, the value of
similarity function of two features may be large only
because these features are quite general and often occur
in the sample. To correct this, we will divide it by sum
of frequencies of the two features. So the final similarity
function is:

v Sl S)
S(fl’fj) |sz +|P(f/)|

This function is symmetrical because both f; and f;
appear as left arguments of function ». Let us prove that
it takes values in range [0, 1].

Theorem 1. s( f;, f; % =1 if and only if all features that
are neighbors of /; are also neighbors of f;, and vice versa.
In all other cases s(f,, fi)<1.

Proof. Let us first c0n51der the case when the sets
of neighboring features coincide. Then the set F; ; also
coincides with them, and each feature of every portralt
containing f; or f; is included in F; ;. Some features can
be present in several such portraits, so their contribution
to o(/f;, fi) or o(fj, fi) consists of several components
corresponding to each portralt Thus, we can talk about
the contribution of the pair (portrait p, feature f e F)).

The numerator consists of two sums: z
JieF,

(fj, fk). Note that for each portrait p € P(f;),

(D(fia fk)

and ) o

feeF,
the sum of the contributions of the pairs (p, f)

corresponding to this portrait to the first sum is equal to

_ % _q
fieF, Zf,erC/

Therefore, the sum of the contributions of all pairs to
the first sum is )| Similarly, the sum of

> 1=[P(%

peP(f})
the contributions of all pairs to the second sum is equal
to ‘P(fj)‘ the numerator is equal to

|P f,- +|P fj | But this is exactly the denominator, so
s(fis f,
If tﬂe sets of neighboring features do not coincide,
either the first sum in the numerator is less than the left
side of the denominator, or the second sum is less than
the right side, or both. Thus, we get s(f,, Q.E.D.

For rubrics of a common classification, tﬁere is another
natural similarity metric: length of the path between two
rubrics in the classification tree. We can use this metric to
verify the adequacy of the developed similarity function.
Such a comparison has been performed for the GRNTI
(Russian State Rubricator of Scientific and Technical
Information). This classifier has three levels, so with the
root node added, the maximum path length between two
rubrics can be six. All pairs of rubrics were split into seven
groups based on the length of path between them, and
within each group the average value of similarity function
has been calculated, based on research projects data from
a CRIS system. The results of such comparison are shown
in Fig. 1. As the figure shows, the average value decreases
almost uniformly as the path length grows.

Hence,

Average value of similarity function

0 1 2 3 4 5 6
Path length in classification tree

Fig. 1. Comparison of path length in classification tree with the
similarity function
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Now let us define the similarity function for two
thematic portraits. Portraits are often represented as
vectors in R”, and similarity is measured as the cosine
of angle between them. However, if there is a non-zero
similarity between some of the features forming the basis,
such a basis cannot be treated as orthonormal. There
is a known generalization of cosine measure that takes
similarity between features into account, namely the soft
cosine similarity [13]. We will use the second variant of
soft cosine function because it is known to take values in
range [0, 1]. It is defined as follows.

Let p and p’ be two thematic portraits. Let us extend
each portrait with features from the other one, with
zero weights. Then the portraits can be represented as
{(fisci)I1<i<n} and {(f;,¢j)I1<i<nf. Let us
introduce the following auxiliary values:

Ci+C; ci+c's
G F) T e U )

Now the similarity function of p and p' is:

o Jz,wz, o

It follows from the Cauchy—Schwarz inequality that
this function takes values from 0 to 1, and its value is 1 if
and only if ¢; and ¢j; are proportional, which is equivalent
to ¢; and ¢; being proportional. The value also does not
change if a feature is replaced with another one having
the same similarity with all the other f;.

Building thematic portraits
using relations between objects

Data in information analysis systems can often be
represented as a directed graph, with nodes corresponding
to objects and edges corresponding to properties of objects
and relations between them. Properties can be numbers,
strings or other values that are not tied to the specifics
of the system. We will call these literal values and define
L as the set of all possible literal values. Features are
also members of L. Now let us formalize the notion of
information analysis system:

Definition 2. Information analysis system is the
following pair of sets:

e Set N of graph nodes.

e Set E of graph edges, in which each edge is a
semantic triple (subj, pred, obj), where subj, pred € N,
obje NU L. Elements of triples are called subject,
predicate and object.

A predicate determines the type of relation between
the subject and the object. For example, there can be the
following relations between a human and a book: author,
editor, translator.

To build a portrait for a node (which we will call target
node), we need the information about features which are
connected to that node via one or multiple edges. The most
useful features are those that are connected using a single
edge, but these may not be always available.

As edges are directed, not all edges in the path between
a feature and a node will necessarily have the same
direction. To overcome this complication, let us add for
each predicate pred a complementary predicate pred_1
N, and for each triple (subj, pred, obj) such as obje N,
add (obj, pred , subj) to E.

Now we can transform any such path into a chain of
edges directed from the target node to the feature. This can
be achieved by replacing every edge having the opposite
direction with the newly added reverse triple. Then each
such path can be represented in the following form:

pred,

subj pred, N pred,, f,

objj
where subj is the target node, fis the feature.

For each type of the nodes, different relations should be
taken into account. For example, a portrait of a researcher
can be deduced from their publications, and a portrait of a
dissertation council can be deduced from the dissertations
defended there or from the portraits of its members.

The input of the algorithm for building the thematic
portraits for nodes of a particular type is a list of tuples of
predicates, where each tuple has some positive coefficient
associated with it, and the sum of all coefficients is equal
to 1. Let us denote the tuples as (predy, ..., pred,,) and

the coefficient as o(predy, ..., pred,,).

The first step of the algorithm is building for each
tuple of predicates (predy, ..., pred,,) all possible chains
of nodes objj, ..., obj,, where obj; e pred; (obj;_;) for
1 <i<m, obj,=subj, obj, L isa feature.

We will iterate each such chain from the last element
to the first one, and on each step we will assign some
weight to the current node. Initially the weight of obj,,
is 1. The weight of obj; should depend on how many are
there outgoing edges from obj; and incoming edges to
obj;,; with the same predicate pred,, ;.

Definition 3. Image of node subj under predicate pred
is the set pred(subj) = {obj € N U L : (subj, pred, obj) € E}.

Preimage of node obj under predicate pred is the set
pred~!(obj) = {subj e N : (subj, pred, obj) € E} (which is
the same as image under predicate pred ).

Based on this definition, we can define the weight of

an edge subjﬂ—mbj as follows:

1

Q(subj, pred, obj) = ; .
|pred(subj)| - |pred " (obj)|

We consider the second factor to be 1 if obje L.

Now, if / : objy —2%4  obj, — P42, Predw o5
is a chain, let us define its contribution to the weight of
feature obj,, a

m
Q(l) = o(predy, ..., pred,, ) [ [2(obj;_;, pred;, obj;).
i=1

For each feature f; such that there exists at least
one chain ending with 1t we define its weight as sum of
contributions of all such chams
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>

Finally, the built thematic portrait of subj is

p(subj) = {(fi’ 1)y wees (s cn)}~

Let us show that such a portrait satisfies Definition 1,
i.e. all ¢; do not exceed 1. We can prove an even stronger
statement.

Theorem 2. If p(subj) is built with the algorithm

n
described above, then »'c; <1.
j=1
Proof. Let us consider the total contribution of all chains
with specific predicates pred,, ..., pred,, and show that

this contribution is not larger than cs(predl, ..., pred,,).
This contribution is equal to

i 1

dj, ..., pred ‘
o(pred, pre m);llzll |pred,- (objﬁ,l )| . |pred,71 (Objf )|

Because ‘pred{l (Objf)
larger than

>1, the second factor is not

m
X

T i-1 |pred,~ (Oble )| _objlepredl(obm

1 1
X| ———— e
|pred; (objo)| objmepre%(objm,l) |pred,,, (0bjy-1 )|

Consider the expression in the innermost parentheses.
If pred,, (obj,_;)=2 then it is equal to 0, otherwise it
is equal to

1

obj, epred,, (obj,_,) |pred,,, (0bj-1 )| B

: > 1=

- |predm (Objmfl )| . obj,,epred,, (obj,,_;)

Therefore, we can remove multiplication by this
expression, and the whole sum will not decrease. After
such removal the innermost parentheses will contain

1

obj,, epred,, ;(obj, ,) |predm71 (Objm72 )| ’

which is similarly equal to 0 or 1. Continuing such
removals, after each of which the second factor does not
decrease, we finally get that this factor is equal to 0 or 1.
Therefore, initially it also did not exceed 1. This means
that the total contribution of all chains with the given

predicates does not exceed o(predy, ..., pred,, ).

n
So the total sum ZC j which is the sum of contributions
j=1
of all chains, does not exceed

ch(predl, . predfﬂ),
I

but this expression is 1 by construction. Q.E.D.
Similarly it can be proved that the sum of contributions

of a particular feature to thematic portraits that are built

for the same list of tuples of predicates is not larger than 1.

Assessing the significance of objects

The developed model provides the users with a way
to dynamically define rules that determine whether an
activity result should be considered in the search and
which rank it should have.

CRIS systems may have information about many
different types of activity. For example, in the ISTINA
information analysis system, which was developed in
Lomonosov Moscow State University, there is information
about scientific activity (articles, books, conference talks,
dissertations, reports), teaching activity (courses developed
and taught, scientific advisorship), taking part in research
projects, and more.

The main principles of the model were described
in [14]. Here we summarize the main ideas of the model.
Its key notions are rules and rule sets.

Definition 4. A rule is a structure that specifies the
following things.

e The type T of activity results that are being
considered.

e One or several restriction functions: T — {0,1},
that can be used to filter out unwanted results. A result
matches the rule if the value of all restriction functions
is 1 for that result.

e A function that is used to calculate the significance
coefficient of the result: 7 — R.

For each type of activity results, the administrators
of an information analysis system can define the
standard numeric and boolean indicators, which can
then be combined using various arithmetic functions,
aggregate functions (such as sum or maximum of values
in a set) or logical operators to build the restriction and
significance functions. The software implementation,
which is described below, allows the users to do this in
a graphical interface.

The indicators can use the values of predicates that
are available for nodes of the given type, or chains of
predicates if it is needed to get a property of an adjacent
node. It is also possible to apply a filter on any step of
the chain.

All these constructs have their direct equivalents in
SQL, the structured query language that is used in many
database management systems based on the relational
model.

An example of a rule is:

e type: journal articles;

e restriction function: number of pages > 5;

e significance function: journal impact factor for year
2020, divided by the number of coauthors.

Here the significance function is based on a chain of
two predicates: "published in" (mapping an article to a
journal) and "has impact-factor”, and to this chain a filter
"year = 2020" is applied.
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This rule can be mapped to the following SQL query:

select JOURNALRANG.F_JOURNALRANG_VAL
/(select count(AUTHORA.F_AUTHORA_ID) from AUTHORA
where AUTHORA.F_ARTICLE_ID = ARTICLE.F_ARTICLE_ID)
from ARTICLE
join JOURNALRANG on JOURNALRANG.F_JOURNAL_ID=ARTICLE.F_JOURNAL_ID
where ARTICLE.F_ARTICLE_NUMPAGES >= 5
and JOURNALRANG.F_JOURNALRANG_YEAR = 2020

The significance function may use any scientometric
or other numeric indicators of results. For example, for a
participation in research projects it may use the amount of
funding. The restriction functions can take into account
any numeric or boolean indicators. For example, for
conference talks such indicators include the conference
scope (local, national or international) and talk type
(ordinary, invited, plenary or poster).

Sometimes it may make sense for rules to be applied
not to the activity result itself, but to the intermediate
node that contains the authorship information. This allows
taking into account the position of the author in the list,
their role (e.g. author or translator), or the participation
rate if such information is available. As this intermediate
node has an edge pointing to the actual result, all functions
that can be evaluated for the result can be also evaluated
for the authorship node.

A collection of several rules is called a rule set. There
can be multiple rules for the same type of activity results in
a rule set. In this case, to get the significance of a result,
all these rules are evaluated, and the maximum value
among all rules that the result matches is used.

Rule sets may also contain additional restrictions that
are useful for all rules. Examples of such restrictions in a
CRIS system are: requiring the results to be verified by
the organization’s representative users, and restricting the
year in which the results have been published.

Within the developed model, the information analysis
systems may also provide a service which will allow to
check if a particular result matches the rules of a set,
and for each rule which it does not match provide the
value of all restriction functions applied to the result. This
will allow the users to understand why the result gets a
certain significance coefficient, and whether it is possible
to improve it by adding the missing data.

Apart from the application to search, the described
model may be used on its own for the automated
generation of various reports, ratings and statistics based
on the dynamically specified rules. It can be also used
for defining data access policies in logical access control
models.

Searching for activity results
and for experts

The input data for the search algorithm are a thematic
portrait and a rule set. The search can also be performed
when the subject is given by an activity result — then the
portrait can be built using its relations as described
above — or by a set of features without weights. In the
latter case the weights can be distributed either equally,
or giving more weight to the features appearing earlier.
For example, the weight of /™ token from # can be set to

1 n-2i+1
—+———5,
n n-1

1 corresponding to the importance of the order.

The rank of an activity result is calculated based on
both its relevance to the search, i.e. the similarity function
between its portrait and the portrait from the search query,
and its significance coefficient. The natural way to take
both these parameters into account is using the product
of two values.

So the steps of the search algorithm are:

e The activity results that have non-zero similarity
with the query portrait ¢ are determined. We assume
that thematic portraits of all activity results are built in
advance. To avoid looping over all activity results, it is
possible to take only those results, in the portraits of which
there are features that have common neighbors with the
features from search query.

e For each such result obj, it is first checked whether
it matches the restrictions that are associated with the rule
set. If it does not, it is excluded. Otherwise, for each rule
in the set, it is checked whether the result matches that
rule. If there is no matching rule, the result is excluded.
Otherwise, for matching rules the values of significance
functions are calculated, and the maximum value is used
as its significance coefficient.

e The product of the significance coefficient and
s(p(obj), q) is used as the rank A(obj) of the activity
result. The results are sorted in descending order of rank.

This algorithm can be used to search not only for
activity results themselves, but also for experts in a given
subject area. In that case, the set of all authors of the found
results becomes the set of candidates. Rank of a candidate
is calculated as sum of ranks of all their results. The rules
can be applied to authorship nodes to take the contribution
of a particular author into account.

When searching for experts in order to examine a
research project application, it is often needed to detect
candidates that may have a conflict of interest. For
example, such a conflict may occur if a candidate expert
is a colleague or a coauthor of one of the applicants. It is
natural for other activity results of the applicants to have a
similar subject matter, and thus a high value of similarity
with their own application. Such cases may be detected by
specifying tuples of predicates with coefficients in range [0, 1],
that map the node corresponding to the application to
sets of people which may have a conflict of interest. For
example, if predicate a means "is an author of", then the set

a ', a, a” ) maps the application to the set of coauthors of
the applicants. If the coefficient is zero, then all candidate
experts that are matched by this set are excluded from search
results. If the coefficient is non-zero, then the ranks of the
candidates are multiplied by that coefficient.

where ¢ is a number between 0 and

Software implementation

The presented models and algorithms have been
implemented by the author as an experts search module
within the ISTINA information analysis system [15]. This
system is used in 28 organizations (as of 2021), including
Lomonosov Moscow State University and a number of
institutes of the Russian Academy of Sciences. The system is
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Experts search by keywords and rubrics

Enter keywords:

information retrieval database management systems

» Select GRNTI rubrics

v Select OECD rubrics (selected: 1)
Natural sciences

Engineering and technology
Humanities

Medical and Health sciences

Agricultural sciences

oooDOmO

Social sciences

Include results from year 2015 3

Use keyword translations

» Filtering and significance rules

Search

Fig. 2. Experts search user interface

written in Python language using the Django web framework.
The PostgreSQL database management system is used as a
primary data storage, and the SQL queries are generated
using the Django object-relational mapper (QuerySets). The
user interface uses the Bootstrap CSS framework.

The search takes the following activity results into account:
articles in journals and collections, participation in research
projects, defended candidate and doctoral dissertations.

The user interface, as shown in Fig. 2, allows one
to enter a set of keywords, and select rubrics from two
classifications: the OECD Field of Science and Technology
Classification, and GRNTI. Keywords in Russian
language can be automatically translated to English using
two external sources: ABBYY Lingvo API and Wikipedia

For citation:

API. For each of the supported result types, there is also
a form that allows one to specify the criteria for filtering
the results and assigning significance coefficients to them.

Conclusion

Searching for activity results and experts is a demanded
task in current research information systems. Two common
factors that need to be taken into account are relevance to the
subject area specified in the search query, and significance
of the results. In this paper, we have proposed models and
algorithms that consider both these factors by analyzing the
relations of objects in the graph of the information analysis
system. The algorithms have been tested in a real CRIS system.
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depnepanbHoe rocygapCTBEHHOE yHUTapHoe npeanpuaTtue "LleHTpanbHbINn
aspornapoanHamMmyeckmin MHCTUTYT uMeHu npodeccopa H. E. XKykosckoro", XKykoBckun

Mosblwenne adheKTMBHOCTY pacyeTa B-cnnainos
B 3aJlaYax napannenbHoro nporpaMmmMmmnpoBanng

lNpedcmaeneH crnocob noswiweHus aghchekmusHocmu pacyema B-crninaliHoe 6 3adadyax napasinernbHo-
20 npoepaMmMupo8aHuUs 3a cyem ycmpaHeHuUs1 br1I0KUPOB8OK npu obpawieHuUU K obwum moduguuupyembim
OaxHbiMm. [MpedcmasneHa rnpoepammHas peanusauyus e sude wabrioHa knacca C++, obecrieyusarouie-
20 repeHOC 8peMeHHO20 Maccuea, Ucrnonb3yemMoa0 npu pacdeme B-crnaliHa, 8 riokanbHbIl bygep
3adaHHO20 pa3mepa ¢ 803MOXHOCMbIO €20 y8eslu4yeHus 8 criydae Heobxodumocmu. Micronb3o8aHue
paspabomaHHo20 wabnoHa coeMecmHo ¢ Keanugukamopowm thread local nozeonssem cokpamume
4uCJ10 3anpocos Ha yeernudyeHue byghepa 0nsi B-cnnalHoe ebicokoli cmerneHu (bonbwel, 4eMm U3Ha-
yarnbHO 3a0aHHbIl pa3mep bygepa). [NpusedeHbl pe3dynbmamel NpUMeHeHUs1 pa3pabomaHHO20 Knacca
rpu pac4yeme 3HavyeHul B-crnnaliHoe 8 MHO20MomoYHOU cpede, MoKa3bigaroujue CoOKpauleHUe epemMeHuU
pacdema rnpornopyuoHasibHO y8enu4yeHUr Yucra 8bI4UCIumeribHbIX Npoyeccopos.

Knroyeebie cnoea: napasnnenibHoe npoegpamMMuposaHue, MHO20MOMOYHbIU KOO, aCUHXPOHHbIU

docmyn k daHHbIM, fIOKanbHas namsame rnomoka, B-crnalHbl

BBeaeHue

Wcnonb3oBaHUEe MPOrpaMMHBIX U almnapaTHBIX
CpEICTB ITapaJUIeIbHBIX BBIYUCICHUHN TTO3BOJISICT CYIIIE-
CTBEHHO COKpPAaTUTb BpeMs BBINOJHEHUS PacyeToB BO
MHOTUX MHXEHEPHBIX 3amayaxX. JJOCTYITHOCTH BBIUMC-
JIMTEIbHBIX CUCTEM C MHOTOSIIEPHBIMU MPOLIECCOPaAMU,
a TakxXe HaJWyne MWHCTPYMEHTAJbHEIX CPEIACTB C He-
00X0AUMBIM HabOpOM 0a30BBIX CTPOUTEIbHBIX OJIOKOB
¥ YIOOHOU Cpemoil OTIagK! IMPOrpaMM C MapajjelbHO
BBITIOJIHSIIOIIMMMUCS YacTSIMU TO3BOJISIIOT pa3paboTyu-
KaM co31aBaTh 3P GeKTUBHBIN MHOTOITOTOUYHBIN KOI.

Tem He MeHee OJHOI M3 OCHOBHBIX TPYAHOCTEN MpHU
pa3paboTKe MHOTOIIOTOYHBIX ITPOTPaMM OCTAeTCS Opra-
HM3aLMS OMHOBPEMEHHOIO IOCTYIIa M3 Pa3HbIX MOTOKOB
K COBMECTHO MCIOJIb3yeMbIM naHHBIM [1]. Haubosee pac-
MPOCTPaHEHHBIM PellleHEM TaHHOMW 3a1a4H SIBJISICTCS C-
TIOJTB30BaHME CPEACTB OJIOKUPOBKY ITPU HOCTYIIE K pa3ze-
JIIeMBIM JaHHBIM. Takue cpencTBa MperoCTaBIsSIOTCS KaK
OITePAIIMOHHOM CUCTEMOM, TaK ¥ COBPEMEHHBIMU SI3BIKAMU
nporpammupoBaHus. Hanpumep, B 361K C++, CONIB3Y-
€MBIii TSI TUCTUHTOB KO/Ia B HACTOSIIIEH CTaThe, HAYMHAS
¢ Bepcuu 11, B cTaHmapTHY10 OMOJIMOTEKY BKJIIOUEHBI CO-
OTBETCTBYIOILINE IIA0JIOHBI KJIACCOB 1 KJTIOUEBBIE CJIOBA.

Cy1iecTByeT psna 3aaay, I'ie COBMECTHBIM IOCTYII
K MOOIMDUIIMPYEMBIM TaHHBIM HEe HYXeH, OJHAKO Tpe-
OyeTcsl 00ecreuynTh Nocaeq0BaTeIbHOE UCI0Ib30BaHUE
OrpaHMYEHHOTO pecypca, HalpuMep, BPEMEHHOTO Oy-
¢depa. B Takux 3agayax He MPOUCXOIUT OOMEH AaHHBI-
MU MEXIY pa3sHBIMHU ITOTOKaMHM, HO MMEeTCSI OOBEKT,
KOTOpPBbI B KOHKPETHBIA MOMEHT BPEMEHU MOXET UC-
MOJIb30BaThCS KOIOM TOJIBKO OJHOTO MOTOKa. B uucio
MOJOOHBIX 3aJa4 BXOAUT pacueT 3HaueHus1 B-cnnaiiHa.

B-criaitHBI TTOJIYUMIN IIHUPOKOE pacCIIpPOCTpaHEHUE
B CCTE€MaX, OCHOBAaHHBIX Ha T€OMETPUUYECKOM MOJEIU-

pOBaHWY TIpeAMeTHOU obactu [2]. B-cruraiitHoBbIe Kpu-
BbI€ U ITOBEPXHOCTH HCIOJIb3YIOTCS B KaueCTBE 0a30BbIX
3JIEMEHTOB JIJIST IPECTaBIEHU ST MaTeMaTUYeCKMUX MOJIE -
JIeH TIJIOCKMX U IMPOCTPaHCTBEHHBIX 00bEeKTOB. MHTEpec
K HUM OOYyCJIOBJICH LEIABIM psimoM cBoiicTB [2]. IIpexme
BCEro, 3TO MPOCTOTa W HATJSIAHOCTH F€OMETPUIECKO-
I'0 ONMCAaHUS MPHU MPOCKTUPOBAHUU CIOXHBIX (POpM,
a TakXe YHU(pUILMPOBAHHOE MpelcTaBlIeHUe TaHHBIX,
TTO3BOJISIOIIECE BHITIONHATH OOMEH reOMETPUYECKON WH-
dopmanueit Mexx1y pa3IMUYHBIMU CUCTEMaMU aBTOMaTH-
3MPOBAHHOT'O MIPOECKTUPOBAHUS U ITPON3BOICTBA.

B To e BpeMs mporpaMMHas peaausanus GyHKIIUN
pacueTa B-crniaitHOB, BBITIOJTHEHHAS COTJIACHO CTABIITAM
yKe KJIaCCUYeCKUMU aJropuT™MaM, MPUBEACHHBIM B pa-
6orax [3, 4], He MOOXOOUT I/ UCIOJIB30BAHUSI B MHO-
FONMOTOYHBIX MporpamMmax. TpebOyetrcss MmoguduKauus
JMaHHBIX aJITOPUTMOB JIJIsI 00ecTiedeHns] BO3MOXHOCTH
X MapaliebHOro BhITIONIHEHUS. B craTbe [5], Takxke
TOCBSIIIIEHHO pacyeTy B-crmailHOB B 3ajadax mapali-
JIEILHOTO IPOTpaMMMPOBAHMSI, OIMCaHa CyTh MpooJe-
MBI ¥ BO3MOXHEIC BApUAHTHI ¢ perieHus. [IpnBeneHHbIC
B TOM cTaTbe pelIeHUs 3HAUMTEJIbHO YMEHBIIAIOT YHCIIO
OJIOKMPOBOK TIPU COBMECTHOM JIOCTYTIE K JaHHBIM, HO HE
YCTPaAHSIOT UX TMOJHOCTHIO. B HacTosieil padore npea-
JIaraeTcs Croco0, MO3BOJISTIONIN I TTIOJTHOCTHIO MCKIJTIOUUTh
OJIOKMPOBKHU TIpU pacyeTe B-crniaitHOB, MOBLICUB TAKUM
00pa3oM CTEIEeHb MapayIeIbHOCTH BBITIOJHSIEMOTO KOJa.

OrpaHuyeHus
npv napannenbHOM pacyete B-cnnanHoB

B nensix 6oee TOYHOro MOHMMAaHUS MPEACTaBICH-
HEBIX Jajice Pe3yJIbTaTOB ITIOBTOPUM IIPUBEACHHBIC B CTa-
Tbe [5] paccyxaeHusl, oKa3blBaloUIMe CYyTh MPOOJeMbl
IIpu pacuete B-cruraiiHa B MHOTOIIOTOYHOIT cpee.
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Kaxk Ob1JI0 OTMEUYeHO BHILIE, OJI pacyeTa 3HaueHUil B-crmaiiHOB B OOJBIIMHCTBE CIy4YaeB MCIOJbL3YIOTCS al-
TOPUTMEI, OITMCaHHBIE B paborax [3, 4]. DddpeKTUBHOCTh TaHHBIX aJTOPUTMOB C TOYKHU 3pEeHUS MUHUMU3AIUU
BPEMEHU BBIYMCIICHUI 00eCIeYrBaeTCsl UCIOJIb30BaHUEM BCIIOMOTraTeIbHBIX MAaCCUBOB JJIsl XpaHEHUS IIpOMe-
KYTOUHBIX pe3yJbTaToB pacdyeta. Ha auctmHTe 1 TIpuBeAcH IpuMep pealu3alliy Kjiacca 00beKToB B-crmaitHOB.
DyHKIIMOHAJILHOCTh KJIACCa CUJILHO COKpalllgHa, YTOOBI I0Ka3aTh TOJIbLKO OCHOBY aJITOpUTMa pacyeTa.

class Bspline
{
public:
Bspline::Bspline(const double *knots, int degree, int nmb)
the p(degree), the n(nmb — degree — 2), U(knots, knots + nmb)

left.reset(new double[degree + 1]);
right.reset(new double[degree + 1]);
}

void basis _funs(int i, double u, double *b) const;

private:
std::vector<double> U;
int the n;
int the p;
mutable std::unique ptr<double[]> left;
mutable std::unique ptr<double[]> right;
b

void Bspline::basis funs(int i, double u, double *b) const

b[0] = 1.;
for (int j = 1; j <= the p; ++ 3J)
{

left[j] = u — U1 + 1 — J1;
right(j] = U1 + J] — w;
double saved = 0.;

for (int r = 0; r < j; ++ 1)

{
double temp = b[r] / (right[r + 1] + left[j — rl);

blr] = saved + right[r + 1] * temp;
saved = left[j — r] * temp;

}

b[j] = saved;

JIucrunr 1. Peanusanus Kjaacca B-cnnaiinos

Kak BuaHO u3 Koma pyHKUMU basis funs, AJS pacyeTa UCIONb3YIOTCS BCIIOMOTaTelbHbIE MACCUBBl left
u right. B onHOMoTo4YHOII cpene dpyHKL M paboTaeT 6e3 No0ouHbIX 3P dekToB. ONHAKO NPU OOPALLEHUU K basis
funs IJIT OOHOTO M TOTO Xe 00bheKTa Bspline cpa3y M3 HECKOJIBKUX IMOTOKOB ITPOM30MACT TTOBPEXKICHHUE COXpa-
HEHHBIX B MacCUBax left U right MPOMEXYTOUYHBIX PE3yJbTaTOB pacuera.

OnHWM U3 pelIeHUH, TTO3BONSIONINX YCTPAHUTh OTMEUYeHHBIC BEILIE HEOOCTATKU, SIBJISICTCA IIpMMEHEHHE OJI0-
KMPOBOK, 00eCIeYyrBaKIIMX B3aUMHO MCKJIIOYAIOIINNA TOCTYIl K COBMECTHO MCIIOJb3yeMbIM AJAHHBIM M3 pPa3HbIX
oToKOB. B ciyyae ¢ B-cniaiiHOM npuaeTcs NOMECTUTh MPAKTUYECKHU Bee TeNo PyHKLUMU basis  funs B KPUTU-
YeCKyIlO CEKIIMIO, KaK MoKa3aHO Ha JMUCTUHIE 2.

void Bspline::basis funs(int i, double u, double *b) const
{
b[0] = 1.;
std::lock guard<std::mutex> lg{mtx};
for (int j = 1; j <= the p; ++ 3J)
{
left[j] = u — U1 + 1 — J1;
right[j] = U[i + j] — u;

Jluctunr 2. [IppumeHenne 0JIOKAPOBKH
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Kak BUIHO, OTMEYEHHBI MOIXOA CBOAUT Ha HET BCE
MPEUMYIIeCTBa IMapaIeTEHOTO BRIITOJTHEHUST QYHKITUT
basis funs. Kpuruueckas cekuusi, 0XBaTblBaIOLIAs
BeCh KoA (GYHKOWU, GaKTHUECKU 3aCTaBJISIET €€ BHI-
MOJHSATHCS B MOCJIEIOBAaTEJIbHOM pEXUME, TMOMYTHO
n00aBJIAsl HaKJadHbIe pacxolbl Ha paboTy 00BHEKTOB
CUHXPOHU3ALUM.

Hust ananu3a 3¢ GEeKTUBHOCTU PabOTHI ITPEACTaBIEH-
HOTO pelIeHUs] pACCMOTPUM MpUMEp UHTEHCUBHOTO HC-
MOJIb30BaHU S pacueTa B-crniaitHOB B 3agaye 00paboTKM
pe3yIbTaTOB KOOPAMHATHBIX U3MEPEHUIN TEXHUUYECKUX
00BEKTOB, MOJYUECHHEIX B pe3yJbTaTe CKaHUPOBAHUS
C MOMOII[bIO ONTUYECKON CUCTEMBI.

3amaya BKJIIOYAET B Ce0sT 3Tall COBMEIIEHUST MacCHUBa
M3MEPEHHBIX TOYEK C MaTEMAaTUYECKOM MOAEIIbIO U3ETHS
IUTST TIOCTIEAYIOIIETO pacyeTa CTaTUCTUYECKNX XapaKTe-
puctuk. [IpeamnonaraeTcs, YTo MaTeMaTuueCcKasi MOAEIb
3alaHa ¢ moMoIIbio Habopa moBepxHocTeit NURBS, nc-
MOJb3YIOUINX B cBoelt ocHOBe B-crnmaiinel [2—4]. Han-
JIydiliee COBMEIIeHWEe OCYIIECTBISCTCS ITyTeM TTIOBOPOTa
M CIBUTA U3MEPEHHBIX TOUYEK IS MUHUMU3ALUUA CYMMBI
KBaJIpaTOB paCCTOSHUM OT HUX IO TTOBEPXHOCTH MOJICIIH.
Hetanu ajaropuTMa COBMEUIEHUS TOAPOOHO OMUCAHBI
B paboTe [6]. st paboThI aITOPUTMA COBMELLEHUS HeE-
00XOAMMO BBIMOJHUTH MOMCK TOYEK Ha MOBEPXHOCTH,
OnuXalmux K KaxXJaou Touke 3aMepa. Mcronbzyemas
npoleaypa rnoucka, onucaHHasi B padote [7], BBITTOTHSET
MHOTOKpaTHEIE 00pameHnsa K QYHKINNA BBIYMCICHU S
TOYKM Ha ITOBEPXHOCTH C COOTBETCTBYIOIIMMHU BbI30BAMU
dyHkumu pacyera B-cruraitHoB.

MaccuB u3MepeHHBIX TOYEK, MOJTYYSHHBIX B PE3yJIb-
TaTe CKAHUPOBAHUS C TIOMOIIBIO OITTUYECKOM CUCTEMBI,
XapaKTepu3yeTcsl 00JbIIUM 00bEMOM JaHHBIX (105 u 00-
Jlee TOYEK), YTO IMPUBOANUT K 3HAUYMTEIILHOMY BpeMEHU
pacueTta. OmHaKO TOUCK MOXKET BBIMOJHSATHCS IJIST KaX-
IO TOYKHM HE3aBUCHMO OT OCTaJbHBIX. [TosTOMY mis
MOBBIIIEHUS 3 (OEKTUBHOCTU UMEET CMBIC pa3iejanuTh
BeCh MAacCHUB M3MEPEHHBIX TOUYEK HAa YACTHU M OCYIIECT-
BJIATDH pacyeT B MapajieIbHO BBIITOTHSIIOIIMXCS MOTOKAX,
KOJIWYECTBO KOTOPBIX OITPENCISICTCS YMCIOM TOCTYITHBIX
BBIYMCIUTENbHBIX eAUHUIL (SIIep, MTPOLECCOPOB).

Ha puc. 1 uzo6paxkeHa TecToBasi MO€Ib U U3MEPEH-
HbIe TOYKU. [1py 3TOM 115 HATJISIAHOCTH OTOOpakeHBbI He
BC€ TOYKM, a TOJILKO WX OUYECHb MaJjias 4yacTh. PeajabpHOE

Puc. 1. TectoBas Moaeab 00bEKTA U HU3MEpEHHbIC TOYKH

Tc
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Puc. 2. 3aBucHMMOCTb BpeMeHH BbINOJHeHHs T OT YKCJia MOTOKOB
N 135 KoJa, HCNOJIb3YIOMEro 0JOKHPOBKH

YUCIO U3MEPEHHBIX TOYEK — MOpsaKa 10°. Pasmep ne-
taau — 50%30x15 mMm. [Ipouenypa pacuyeTa OIMXKANIITNX
TOYEK IJIs1 JaHHOTO TECTOBOTO IpMMepa IoTpedoBaia
6onee 10° o6pameHnit K GyHKINU BBIYMCICHHSI 3HAYC-
Hui B-criaiiHOB.

Ha rpaduxke (puc. 2) mzobpaxeHa 3aBUCUMOCTh
BPEMEHU BBITTOJHEHMS IIPOLEAYPHI ITOMCKa OJIMXKaii-
IIKX TOYEK OT YMCja IMOTOKOB. Pe3ynbTaThl MOJy4YeHbI
Ha KoMIbpioTepe ¢ mmporeccopoM Intel® Core i7-10700K
3.80GHz (8 BRIYMCIUTENBHBIX SIIEP) W OIEPAaTUBHON
namgateio 64 GB. Ha puc. 2 BUIHO, 4TO yBEIUYEHHE
YKCia BEIYUCIUTEIbHBIX IIOTOKOB HE TOJIBKO He YMEHb-
mraeT obIIee BpeMs pacueTa, a Hao0OpOT, yBEIMYMBACT
ero. OToT ¢akKT MOXHO OOBSICHHUTHh TeM, YTO IOTOKH
3HAYUTEJIBbHYIO YaCTh BPEMEHU MPOBOASAT B COCTOSTHUU
B3aMMHO# OJOKUPOBKU. [Ipu 3TOM HOMOJHUTEIbHOE
BpeMs TpaTUTCI Ha OOCIYyXWBaHUE CaMHUX OJIOKUPO-
BOK — OIIPOC COCTOSIHMSI, 3aXBaT, OCBOOOXAEHME U T. 1.
TakuMm 06pa3oM, pellieHre ¢ UCIOJIb30BaHUEM OJIOKMPO-
BOK B paccMaTpHUBaeMoOil 3ajaue He 00ecrieunBaeT ya0B-
JIETBOPUTEJILHOTO pe3yJibTaTa. B cBsI3u ¢ 3TUM nanee
paccMaTpUBAIOTCS aJIbTEPHATUBHBIC CIIOCOOKI PEIICHU S,
MO3BOJISIONIME OOOUTHUCH O€3 OJOKMPOBOK MapaljieIbHO
BBITIOJTHSIEMOT'0 KOJIa IIPH HOCTYIIe K MOTU(MUIIUPYEMBIM
JaHHBIM.

UckniovyeHne coBMecTHOro goctyna
M3 pa3HbIX NOTOKOB K MOoAUMULMpPYEMbIM
AaHHbIM

HaubGosee mpeanoYTUTENbHBIM CIIOCOOOM OpraHu-
3aIlMX TTapajlJIeIbHBIX BEIUMCIICHUN SIBIISIETCS UCITOJIb-
30BaHME B PACYCTHBHIX MPOILEAYPaX TOJBKO JIOKAJIbHBIX
TaHHBIX. [IpyynHa B TOM, YTO JOCTYIT K TAKUM JaHHBIM
OCYIIECTBJISIETCSI MOHOIIOJIBHO M3 TEKYIIIEro MOTOKa, Ipu
5TOM HET HeOOXOMMMOCTHU 3a00TUTHCA O CHHXPOHM3A-
LIMY C ApyrMMu nmotokamu. B 3amade ¢ B-cmiaiiHamu
pa3Mephbl BCIIOMOTATEIbHBIX MAaCCUBOB left M right
OIpEeneIsIIOTCS Ha 3Talle BBIIOJHEHHUS MPOTPaMMbI
W HEW3BECTHBI Ha 3Tare ee Kommuiasuuu. [Tostomy
OHU OOBIYHO pa3MEUIATCS B NTMHAMUYECKONW MaMsTH
BO BpeMsI CO3aHUsI 00beKTa Bspline (CM. TUCTUHT 1).
Kaxk 0Ob110 moka3aHo B mpeAblAylleM pasaeie, Takas
peanuzanus TpeOyeT MPUMEHEHM S OJIOKMPOBOK JIJIST FIC-
KJIFOUEHU S OHOBPEMEHHOT0 M3MEHEHMSI MACCUBOB left
U right M3 pa3HBIX MOTOKOB, YTO KpaiiHe HeTaTUBHO
CKa3bIBAeTCSl Ha BPEMEHU BBIITOJIHEHMS Mapajljie]bHBIX
mporpaMMm. Eciam OBl ObIJIa BO3MOXHOCTH Pa3MeCTHUTh
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MacCCHBBI JIOKAJIbHO B QYHKLIMU basis  funs, TO OTHANA
ObI HEOOXOAMMOCTD B UCITOJIb30BaHN Y OJOKMPOBOK. Tak
KaK pa3Mep MacCUBOB left M right M3BECTEH TOJILKO
Ha 3Tare BBIMOJHEHUS MTPOrpaMMbl, TO €CTECTBEHHBIM
CIIOCOOOM SBJISIETCS MX pa3MellleHUe B JMHAMUYECKO
namMsaTH. Takoe pellieHue XOTS U yCTpaHseT Mpoodemy,
HO BJIeUeT 3a co00ii JOMOJHUTENbHBIC HaKJIadHbIe pac-
XOJIbI, CBSI3AHHBIE C HEOOXOAMMOCTBIO BBIJICJICHUS JUHA-
MMYECKOM MaMSITH C TTOCIEAYIOUIUM €€ OCBOOOXACHUEM
TIPY KaXJOM BbI30Be (PYHKLMU basis funs.
IIpennaraemoe KOMIIPOMUCCHOE pelIEeHUE OCHO-
BbIBAaeTCsI Ha HAOJIIOAEHUU TOT'0, YTO OOJIbIIAsI YacTh

template <size t N, typename T>
class BufArray
{
public:
BufArray(size t n = N)
{

pbuf = (n <= N)? buf: new T[n];
}

~BufArray()

{

if (pbuf != buf) delete[] pbuf;

}

T& operator[](size t i)

const T& operator[](size t 1)

operator T*()
private:

T buf[N];

T *pbuf;

const { return pbuf; }

};

{ return pbufl[i];

B-crniaitHOB, UCITONIB3YEMBIX AJIS1 MOAECTUPOBAHUS 00D-
€KTOB B COBPEMEHHBIX CHCTeMaxX aBTOMaTU3UPOBAaHHOTO
MMPOEKTUPOBAHUS, PEIKO UMEET CTeNEeHb, OOJIBIIYIO TPEX.
A pa3Mepsl BCITOMOTaTeIbHBIX MAaCCUBOB left M right
KaK pa3 omnpeaensiiorcs crenenbio B-crnaiinos. [ToaTo-
MY MOXHO pa3MelllaTb MacCUBHI left M right (UKCHU-
POBAHHOIO "MOCTAaTOYHO OOJBIIOrO" pa3Mepa B CTEKe,
a B cllydyae HEOOXOAMMOCTH, Korja TpedyeTcs OONbIIni
pa3Mep, UCIOJb30BaTh TMHAMUUYECKYIO MaMSITh.

ITporpamMmmHas peanusanus ONMMCAHHOTO TOAXO/a
B BUJE 11a0JI0OHA KJacca BufArray IpUBeACHA Ha JIHU-
CTUHTE 3.

}

const { return pbufli]; }

Jluctunr 3. Illa6non BufArray

[IIa610H Knacca BufArray peaJu3yeT CEMaHTUKY
MacCHBa JaHHBIX HeOOXomumMoro pasmepa. [lpu aTom,
€CJIM 3ampalliuBaeMblii B KOHCTPYKTOPE pa3Mep # Mac-
CMBa He TIPeBBIIIACT 3HAUCHUS, 3aJaHHOTO IIa0JIOH-
HBIM TTapamMeTpoM N, TO UCITOJIb3YyeTCs pa3MeIleHHBIH
B CTeKe MaccuB buf. B mpoTHBHOM ciiy4yae BBHIIIOJHS-
€TCs 3aIIpOC Ha BblACJICHUE IMHAMUYECKOM IMaMSITH.

IMpumep ncnonb3oBaHu 1abJ0Ha BufArray IJs Op-
raHU3aly JOKaJIbHBIX MaCCUBOB B GYHKIUU basis
funs IMOKa3aH Ha JucTUHre 4. B KayecTBe "mocTaTouHO
O6onpIIOr0" pa3Mepa CTEKOBOI'O MAacCHBa B3SITO 3HaYe-
HHUe §, 0O3HaYawIlee, YTO pacueT CIIAHOB M0 CeAbMOit
CTENEHU BKJIIOYMTEIbHO OyIeT BBIMOJHSITHCS 0€3 Bbl-
JeJIeHUS] TMHAMUYECKOM TaMsITH.

void Bspline::basis funs(int i, double u, double *b) const

{
BufArray<8, double> left(the p + 1);
BufArray<8, double> right(the p + 1);
b[0] = 1.;
for (int j = 1; j <= the p; ++ J)
{
left[j] = u — UL + 1 — 31
right[j] = U1 + j] — w

Jluctunr 4. Ucnoas3oBanne madjaoHa BufArray

Ha rpacduke (puc. 3) usobpakeHa 3aBUCUMOCTb Bpe-
MEHU BBITIOJTHEHU S TIPOLICIY PBI TIOMCKA OIMKANIITX TOUEK
OT YKCJIa TIOTOKOB JJIs1 MOAU(PULIMPOBAHHON IPOrPAMMBbI,
HMCTIONB3YIoNIel BufArray. BUIHO, UTO Temeps BpeMs pac-
yeTa yObIBaeT ITPY BO3paCTaAHMU YKC/Ia PACYECTHBIX SAMHUIIL
I1pu 3TOM yaBOEHME YKCa MPOIIECCOPOB TIPUBOIUT K CO-

KpallleH1IO BpeMEeHU pacyeTa IIOUTH B IBa pa3a. Takke clie-
IIyeT 0OpaTUTh BHUMAHUE, 9YTO BpeMsI BHITIOJTHEHUS C OMHUM
IMOTOKOM TOXE COKPAaTHJIOCh IO CPAaBHEHUIO ¢ BApPUAHTOM
MporpaMMbl, UCTIONB3YIOIIEH OJOKUPOBKU (CM. puc. 2).
DT0 00YCJIOBIEHO TEM, YTO JaxKe B OAHOIIOTOYHOM peXUMe
CYIIECTBYIOT HAKJIAMHBIE PACXOObl Ha BEITIOJTHEHWE JIO-
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Puc. 3. 3aBucumocTh BpeMeHH BbINOJHeHHA T OT YMCJIa OTOKOB
N niis BplYMCIeHHs1 0e3 0JIOKHPOBOK

MOJIHUTENBHOTO KOa, MPUCYTCTBYIOLLETO B IIpOrpaMme
13-3a 00BEKTOB OJIOKMPOBKH (CM. TUCTHUHT 2).

Takum oOpa3oM, MpUMEHEHUE JTOKAJTBHBIX BDEMEHHBIX
MacCHBOB B IIpolieAype pacuera B-cnaliHa orpaHyeHHON
CTENEHU IMO3BOJIET MOJHOCTBIO OTKA3aThC OT UCIOJIb-
30BaHUS OJOKMPOBOK, UTO TOJIOXKUTEBHO CKa3bIBAETCS
Ha 3(p(PeKTUBHOCTU BHIMIOJHEHUSI MPUKJIAAHBIX 3a7a4
B MHOTOIOTOYHOM pexxume. OIHAKO, ecJIv TPUPpo/a 3a1aun
TaKoBa, YTO UMEETCSI TOCTATOYHO OOJIbINAST BEPOSITHOCTh
TOSIBJICHUS CIIJIATHOB BBICOKOM CTETIEHU WJIM TpeboBa-
HUE TT0 BpEMEHU BBIYUCIIEHW ST 3HAYEHW I CTLTAHOB JTFOOBIX
CTENeHEeN KPUTUYHO, TO MOXHO BOCIIOJIb30BAThCS IPYTUM
MOAXOIOM, OITUCHIBAEMBIM B CJIEAYIOLIEM Pa3aeie.

Mcnonb3oBaHMe NoKanbHOM NaMATH NOTOKa

Ecnu paccMoTpets Kox ¢GyHKIINU basis _ funs o4
pacdeta 3HayeHU B-craliHa MUIsT KOHKPETHOTO O0b-
eKTa Bspline (IMCTUHT 1), TO BUIHO, YTO B HEM OT-
CYTCTBYIOT oOpallleHUs K PYHKIMSAM APYTUX OOBEKTOB

template <size t N, typename T>
class BufArray
{
public:
BufArray(size t n = N)
{

pbuf = (n <= N) ? buf: new T[n];
if (n > N) bufsize = n;
}
~BufArray()
{
if (pbuf != buf) delete[] pbuf;

}
T& operator[](size t i)
const T& operator[](size t i)
operator T*() const { return pbuf; }
void CheckSize(size t n)
{
if (n <= bufsize)
if (pbuf != buf)
pbuf = new T[n];
bufsize = n;

return;

delete[] pbuf;

}
private:
T buf[N];
T *pbuf;
size t bufsize{N};

5

{ return pbufl[i];

Bspline, KOTOPBIC MOI'YT BbI3BaTh basis funs. To
€CTh B KOHKPETHBIIT MOMEHT BpeMeHU Oydeprl left
U right MOTYT OBITh MCIIOJIb30BAaHBI TOJBKO OAHUM
00BEKTOM Bspline B paMKax ogHOro notoka. [Toatomy
TEeOpeTUYECKU BcrioMoraTelbHble Oydepsl left U right
MOXHO XpPaHWTh B CTaTUYECKOU IMaMSITH, TaK YTO OHU
OyIyT MCIOJb30BaThCs BCEMU 00beKTaMU Bspline. [1pu
3TOM HYXHO 00€CNeuyuTh COOJI0NeHNE YCIOBUS UX JI0-
CTAaTOYHOTO pa3Mepa s B-cmaiiHa m1000ii cTeneHu,
a TaKXe MMETh MX OTHEJbHBIE KOITUU B KaxXKIOM IIO-
Toke. IlocienHee yciaoBue pealn3yeTcs MyTeM IpH-
MEHeHHUsI KBaaudukaTtopa naMsaTu thread local,
MpeaHa3HAYeHHOr'o IJIs1 IJI00aJIbHBIX U CTaTUYECKUX
00BbekTOB. OOBEKT KJIacca, OOBSIBICHHBIN ¢ TAKUM
KBaaudUKaATOpOM, UMEET CBOIO OTIAEIbHYIO KOIMIO
IO OTHOIIEHWIO K KaXXJOMY IOTOKY, I'/le OH WUCIOJIb-
3yeTcda. Ilpu obOpaueHnn K 00bEKTY OepeTcsl Ta ero
KOITHSI, KOTOpPasi COOTBETCTBYET MOTOKY, U3 KOTOPOTO
MPOUCXOAUT obOpamieHue. To ecTb 00bEKT HAXOIUTCS
B JIOKQJIbHOM MTaMsITH TTOTOKaA.

Jns obecreyeHUs TOCTAaTOYHOrO pa3mepa BCIIOMO-
rareJbHOro 6ydepa MOXHO MPOBEPATH €ro TEKYIIUU
pa3Mep HEIMOoCpPEeICTBEHHO Mepel HMCIOJIb30BaHUEM,
U B cliydae HeOOXOTUMOCTH YBEJIMUMBATh, BHITIOTHSS
3aMpoc K AMHaAMUUYeCcKoi nmamMaTu. B oTnuyue oT 3ampo-
ca MaMsITHU MPU KaXJIOM BBI30BE basis funs, TaKue
3aIpOChl OYIYT BHIMOJHSATHCS MAaKCUMYM IO OTHOMY
pa3y IJisl KaXa0ro o0beKTa Bspline KaxXJI0Oro moroka
B cilydYae, €ClIM CTeneHb B-cmaliHa okaxeTcs BbIIIE
TeKyllIero pasmepa oydepa.

Ha nuctuHre 5 mpeacrtaBieHa MoaupUKaLIUI
mabJyioHa KJlacca BufArray C A0OaBJIEHHOU (yHK-
Hueil CheckSize M TeKylLIMM pa3dmMepoM Oydepa
bufsize.

}

const { return pbufli]; }

Jlucrunr 5. [lIa6aon BufArray ¢ BO3MOXHOCTBIO IHHAMHYECKOTO yBeJIHYEHUs1 pa3mepa
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JIMCTUHT 6 IEMOHCTPUPYET CrIocoO MPUMEHEHMS JaHHOTO 11a0MoHa B GYHKUNM basis  funs.

static thread local BufArray<8, double> left;
static thread local BufArray<8, double> right;

void Bspline::basis funs(int i,

{

double u, double *b) const
left.CheckSize(the p + 1);

right.CheckSize(the p + 1);

b[0] = 1.;
for (int j = 1; j <= the p; ++ 3J)
{
left[j] = u — UL + 1 — J1;
right[j] = U1 + Jj] — w;

JlucTunr 6. Pazmemenne 00bekToB BufArray B JIOKAJbHOW NAMATH MOTOKA

MaccuBsl left U right ONpenesiioTcs B CTAaTUUECKOU NaMsITH, JTJOKaJbHOM AJIs KaXaA0ro nmotoka. B dpynknn
basis funs mepen UCMNOJIb30BAHUMEM MAaCCHMBOB MPOBEPSIETCS MX pa3Mep Ha MPEeIMET COOTBETCTBUS CTENEHU
crutaiina. @yHKIUSA CheckSize B ciyyae HEOOXOOMMOCTH yBEJIMUYMBAET TEKYINiI pa3Mep MaccuBa. 3aBUCUMOCTh
BpeMEHU paboThl MPOrpaMMBbl OT YKcCIa 3aIeiCTBOBAHHBIX TOTOKOB MPU JaHHOM MOAXO/E COBMAIAET C 3aBUCUMO-
CThIO, TIPEACTABJICHHOIM Ha puc. 3.

B 3akioueHue ciaenyer OoTMETUTh, YTO B JAHHOM CJyyae BMECTO 11abioHa BufArray MOXHO MPUMEHUTh KOH-
TeifHep std::vector U3 ctangapTHoii oubnuorekn STL C++ (muctuur 7).

static thread local std::vector<double> left;
static thread 1local std::vector<double> right;

void Bspline::basis funs(int i,

{

double u,

double *b) const

right.resize(the p + 1);

if (left.size() < the p + 1) left.resize(the p + 1);
if (right.size() < the p + 1)
b[0] = 1.;
for (int j = 1; j <= the p; ++ 3J)
{
left[j] = u — U1 + 1 — 1
right[j] = Ui + j] — u;

JInctunr 7. [Ipumenenne std::vector AJA BCIOMOTaTeJIbHBIX MACCHBOB

Crnenyetr oOpaTuTh BHUMaHUE Ha TO OOCTOSITENb-
CTBO, YTO IIPU MCITOIE30BAHMH OITMCAHHOTO ITOIXO0IA CO3-
JaHUe JI000ro MOTOKA, JaXe He CBSI3aHHOTO C PacyeToM
B-cnnaitna, OyneT compoBOXIATHCSI TOCTPOECHUEM CPEbI
CO BCEMU OO0BSIBJIEHHBIMU CTATUYECKMMU OOBbEKTAMU C MO-
aupukaTopoM thread local [l]. IToaToMy XenarenbHo,
YTOOBI OOBSIBIIEHNE O0BEKTa HE COMPOBOXAAIOCH "TsIXke-
Joi" mHNLIManu3amnueir. Hampumep, He cTOUT OOBSIBISATH
CTaTUYECKUIl JIOKAJIBHBINA K MOTOKY (thread 1local)
Oydep TUMa std::vector ¢ 3aJaHHBIM HEHYJIEBLIM pa3-
MEpOM, TaK KaK 3TO MOXET COIIPOBOXIaTbCs 00pallieHeM
K IMHAMHWYECKOMY BBIJCJICHUIO ITaMSITH, YTO OTPUIIATEIEHO
CKaXkeTcss Ha OOLIel TTPOU3BOMUTETLHOCTY TIPUIIOKEHUS,
AKTMBHO MCIOJIB3YIOIIETO CO3IaHNE HOBBIX ITOTOKOB.

3akntouyeHue

PaccMmoTpeHBl pa3nuyHbIe TOAXOAbI K OpraHU3allny
MAacCCHUBOB [IJISI COXpaHEHUSI IIPOMEXYTOUHBIX PE3y/IbTa-
TOB pacueTa B-cruraitna. IlepeMeHHBIN pa3Mep MaccH-

BOB, 3aBUCAIIUIN OT CTENEHU CIUJIalfHA, HE MO3BOJSET
B OOIIlEM CjIy4yae 3aJaTh MacCUB B JOKAJIbHON MaMsTH
(cTeke) pacueTHOM ¢pyHKIUU. [TokazaHO, UTO IpUMEHe-
HUE OJIOKMPOBOK MpU oOpallleHU! K OOLIEMY MacCUBY
TpedyeMoro pa3mepa Ui odopallleHUue K AMHAMUYeCKOM
MaMsATH TIPA KaXJIOM BBI30BE pacueTHOW (PYHKOUU
3HAYUTEILHO CHUXAIT 3¢ (HEKTUBHOCTb POTPAMMHEI,
0COOCHHO B MHOTOIIOTOYHOM pexume. [IpemnoxxeHHbIe
pellIeHU S TIO3BOJISIIOT O00MTH OIUCAaHHBIC OTPAaHUYCHUSI.
ITpu aTOM NOTEHLIMAaIbHO BOZHUKAIOT JOMOJTHUTEIbHbIE
3aTpaThl MaMsTU (B CTEKE WJIM JIOKAJIbHOU MaMsTH Io-
ToKa). OMHAKO B COBPEMEHHBIX YCIOBUSIX KOMIBIOTEPHI
OOBIYHO OCHAIIEHBI TOCTATOYHBIM KOJMYCCTBOM OITe-
paTUBHON MaMsTH, a TPpeOOBaHMUS K CKOPOCTU pacyeTa
0oJiee IPUOPUTETHBI.

Takxxe cieayeT OTMETUTh, UTO PACCMOTPEHHBIC B CTa-
The CIOCOOBI 3aJJaHU I MACCUBOB HEM3BECTHOI'O 3apaHee
pa3Mepa A8 XpaHEHHWS MPOMEXYTOUYHBIX pe3yJIbTaToB
pacdeTa MOTYT OBITh MCITOJIb30BaHBI M B IPYTHUX 3aJadax
ImapajieIbHOTO IIPOrPaMMUPOBAHMS.
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The use of parallel computing tools can significantly reduce the execution time of calculations in many engineer-
ing tasks. One of the main difficulties in the development of multithreaded programs remains the organization of
simultaneous access from different threads to shared data. The most common solution to this problem is to use locking
facilities when accessing shared data. There are a number of tasks where data sharing is not needed, but you need to
synchronize access to a limited resource, such as a temporary buffer. In such tasks, there is no data exchange between
different threads, but there is an object that at a given time can be used by the code of only one thread. One such task
is calculating the value of a B-spline. The software implementation of the functions for calculating B-splines, performed
according to classical algorithms, requires the use of blocking objects when accessing the common array of intermediate
data from different threads. This reduces the degree of parallelism and reduces the efficiency of computational programs
using B-splines running on multiprocessor computing systems. The article discusses a way to improve the efficiency of
calculating B-splines in parallel programming tasks by eliminating locks when accessing general modified data. A soft-
ware implementation is presented in the form of a C++ class template, which provides placement of a temporary array
used for calculating a B-spline into a local buffer of a given size with the possibility of increasing it if necessary. Using
the developed template in conjunction with the thread_local qualifier reduces the number of requests for increasing the
buffer for high degree B-splines (larger than the initially specified buffer size). It is also possible to implement this scheme
using the std::vector template of the C++ STL Standard Library. The results of the application of the developed class
when calculating the values of B-splines in a multithreaded environment, showing a reduction in the calculation time in
proportion to an increase in the number of computational processors, are presented. The methods of specifying arrays
for storing intermediate calculation results considered in this article can be used in other parallel programming tasks.
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Cpepctea asToMaTn3aunn KOHTPONA KOPPEKTHOCT! TNOBLIX
Pa3fieNoB JOKYMeHTa npenofasatens sy3a

PaccmompeH nodxo0 K peweHuro 3adaydu, HanpasneHHoU Ha asmomamu3ayuro rMpoyecco8 KOHMPOIs
u pedakmuposaHusi muriogbix pa3desiog 8 OOKyMeHme rnpernodasamersis 8y3a 8 MoMoOKO8OM PeXUMe.
B kayecmee uHcmpymeHmapus 0nsi peuieHus1 3adaqu npedrioxeHo UCNoib308ame S3bIK rpogpamMmu-
posaHusi Python ¢ nodknoyeHuem 6ubnuomek python-docx u pandas.

Knroyeenle crioea: KOHMpPOsb cOOepPXKUMO20 mekcmogoz2o doKkymeHma, paboma ¢ OoKkymeHmamu
8 Python, bubnuomeka python-docx, 6ubnuomeka pandas

BBeaeHune

ABTOMaTH3alMsl TOTOKOBOTO KOHTPOJISI U YaCTUY-
HOTO peJaKTHUPOBAHMSI THUIIOBHIX pa3leoB pabodmx
MOKYMEHTOB IpernonaBaTesisl By3a, TaKMX Kak pabouas
mporpaMMa M OIICHOYHBIE MaTepHalibl M0 AWCIIATIIM-
He, SIBJISIETCSI MPUKJIATHOU 3amayeil MHOOPMALTMOHHBIX
TexHoJoruit B cepe obpazoBanus. Ee peluieHue cra-
BUT LieJIb NIepeBOAa PYTUHHON TPYIOEMKOI paboThI 110
MPOBEPKE W MEPEeBOAY OJOKYMEHTOB, IPEACTABICHHBIX
npenojgaBaresieM B U3J0XKEHUU T10 11a0JOHY, HAa BBIYMC-
JINTEIBHYIO CUCTEMY.

PaccmarpuBaeMblii 00beKT — IDOKYMEHT Mpernoaa-
BaTeJIsI By3a — MMEET OBE COCTABJISAIOIINE — THIIOBYIO
(Mn1u WabNoOHHYI0) U coAepxkaTeJbHYy10. B TUMoByio co-
CTaBIISTIONIYIO BXOASIT CTPYKTYPHBIC DIIEMEHTHI, KOTOPHIC
KacaloTcs coiepkaHus, opOpMICHUS TUTYJIbHOIO JIU-
CTa, YTBePXKACHW I, MH(MOPMAIIMU O TUCLITUTITIUHE, O TI0-
MEIIEHUSX U T. A., T. €. BCE TO, YTO AejaeTcs IO OIpe-
IEeICHHOMY BYy30M IIIa0JIOHY B paMKax PEeKOMEHIAIlW
Muno6pHayku P®. ComepxaTelibHas 4acTh SBJISIETCS
TBOPUYECKOU IpeporaTUBOM IIpernomaBaTeliss B paMKax
npenogaBaeMon AUCIUIIINHBIL.

IIpu paccMoTpeHnHU I1000T0 TOKYyMEHTA C TOUKH 3pe-
HMUS €T0 MPOBEPKHU, peIaKTUPOBAHUS U aHAJIM3a MOXHO
BBIACIUTH TPU acIieKTa:

e TIIPOBEpPKa U pelaKTHUpPOBaHUE CTUIS U (POPMBI U3-
JIOKEHUS TeKCTa B TOKYMEHTE;

e IIPOBEpPKa U peAaKTUPOBAHME CTPYKTYPhI U TUIIO-
BBIX Pa3[eioB JOKYMEHTA;

e colepxXaTeJbHbIN aHAJIU3 TEKCTa JOKYMEHTA.

C TeXHUYECKOU M aJITOPUTMHUUYECKON TOUCK 3PCHUS
caMoii IIpoCTOoM 3aa4yeit ABIsIeTCsS MPOBepKa U pelakKTH-
poBaHMe MapaMeTpoB O0POPMIICHUS TOKYMEHTa, CaMOU
CJIIOXXHOUM — comepxaTeabHblll aHanu3. CoaepxaTeilb-
HOMY aHaJu3y TeKCTOBOM MH(MOPMAIMU IMOCBIIICHO
MHOTO Hay4YHBbIX MCCJIeIOBaHUI, pa3padOTaHO MHOXE-
CTBO METONMK WM aJITOpUTMOB. B mocinenHee BpeMs st

aHaJIM3a TeKCTOBOW MHMOPMAIINY UCTIONB3YIOT METOMIBI
MalllMHHOTO o0yueHus (HelipoceTH). st conepkaTenb-
HOTO aHaJIN3a HEOOXOMMMO C(HOPMYITMPOBATH PE3YIIbTAaT,
KOTOpPBII1 XO0UeTcs MOJYy4YUTh, YTO OH MOXKET IaTh aape-
caTy, KOTOpoMy HampasisieTcsd. Ecnu paccMaTpuBaTh
colepxXaTeJbHbI aHaJIU3 B KOHTEKCTe paboueil TOKy-
MEHTAIIU¥ TIPeTnonaBaresisi By3a, TO C TTIOMOIIBIO METO-
JIOB MallIMHHOTO OOyYEeHUSI MOXHO CTaBUTh U pellaTh,
HaIMpuMep, CIeAYOIIUAe 3a1a4U: CTEIEHb U3BMEHUUBOCTHU
MOKYMEHTOB MpU UX TOpabOTKe MM HaXOXIEHHE TakK
Ha3bBIBaeMOTO "BBIOpOCA" — TOKYMEHTa, KOTOPHIU SIBHO
OTJIMYAeTCs MO COMEPKaHUIO B JTaHHOM MpeaAMeTHOMN 00-
JIACTU OT MOAOOHBIX TOKYMEHTOB.

PazpaboTka cucTeMbl coaepxXaTeJlbHOro aHajau3a
TeKcTa — Jesio OyaylIux uccieqoBaHuii. Texkyimas xe
pa3paboTKa HampaBJieHa Ha pelleHre 3a1ayu aBTOMAaTH-
3UPOBAHHOU MPOBEPKH M PEAAKTUPOBAHUS CTPYKTYPHI
U TUMOBBIX pa3lesioB JOKYMEHTa.

CrnenyeT OTMETUTD Ba>XKHOCTbh IMMOCTABJICHHOU 3a1a4u
B paMKax y4eOHOro mpoiiecca, 0COOEHHO eCJliid B By3e
OTCYTCTBYeT YHU(PUIIMPOBAHHAS aBTOMAaTU3NPOBaHHAs
CHUCTeMa COCTABJIEHU ST TAKUX JOKYMEHTOB, Kak padouast
nmporpaMmMa M OlLlEHOYHBIE MaTepuanbl. Hepenko maxe
caMble OTBETCTBEHHBIE MpPEIoaaBaTeJd MOTYT MEXaHM-
YeCKHM COBEPIIATh OIIMOKH IPU COCTABJICHUY TTOTOOHBIX
IoKyMeHTOB. Eciiu mpeanonoXuThb, 4TO B By3e aBTOMa-
TU3UPOBAH TIPOIIECC COCTABJIEHUS JOKYMEHTOB ITPETO-
JlaBaTeyieM, TO CPEJACTBA UX KOHTPOJISI U KOPPEKTUPOBKU
TaKXe UMEIOT CMBICI C TOYKHU 3PEHUST KOHTPOJST U3-
MEHEHUSI JOKYMEHTa OT BEPCUM K BEpPCUM MJM BBOAA
OIlepaTUBHBIX IIPAaBOK.

B nuteparype MOKHO BCTPETUTD OOJIbIIOE YMCIIO pa-
00T, HaIIp¥Mep, B YaCTU aHaJIM3a HECTPYKTYpHPOBaH-
HBIX TEKCTOBBIX JOKYMeHTOB [1]. CyllecTBYIOT IpUMEPHI
paboTr Ha TeMy 00pabOTKM MOKyMeHTOB Tuna XML [2].
OTHOCUTENILHO paccMaTpuBaeMoOll 3aJayud He HaWAEeHO
TOJIHBIX aHajioroB. HaiineHa pabora mo aBToMaTu3alnuu
¢opMUpoOBaHUS paboOUMX MPOrpaMM YUeOHBIX TUCLU-

274

"MporpammHas uHxeHepusa" Tom 12, Ne 5, 2021




niauH [3]. YTo KacaeTcst HEMocpeACTBEHHO 00paboTKM
TEKCTOBBIX JIOKYMEHTOB — CYIIleCTByeT pabora [4], Ko-
Topasl paccMaTpuBaeT pa3paboTKy peaakTopa, HO 3TO He
€CTh 3aJja4a MTOTOKOBOI aBTOMAaTU3alluu 1 TeM boee 6e3
MNPUBSI3KU AOKYMEHTa MpeaMeTHoi obnactu. Cuemyet
TakxXe BBIAEAUTh paboTy [5] Kak HauboJsee OJIU3KYIO
K TeMaTuKe HacToslluel ctaTbu. B Heil aBTOpHI paccMma-
TPUBAIOT pa3pabOTKy aBTOMaTU3MPOBAHHOTO KOHTPOJISI
oopMIIeHUST JOKYMEHTa, oA o(opMIIeHEM ITIOHMMAaeT-
csl ero (hpopMaTUpPOBAaHUE IO OTIPEACIEHHOMY 1I1a0JIOHY,
0 KOHTPOJIE COAEePXKMUMOIo peuu He uaet. [Ipu 3Tom He
paccMarpuBaeTcs Mpolecc MOTOKOBOW 00paboTKU Mo-
KYMEHTOB.

KoHuenuusa nocTpoeHus cpeacTe
aBToOMaTun3aunum

Ha puc. 1 moka3aHbl OCHOBHbBIE KOMITOHEHTHI CPEIIbI
CpeNCTB aBTOMAaTU3alMU. SI3bIKOM MPOrpaMMUPOBaHU S
JUIST pa3pabOTKU MPOTrpaMMHOI0O o0ecriedyeHUsI IPUHSIT
MONYJISIPHBINA Ha HACTOsI1lIee BPEMS, COBPEMEHHBIN U 00-
ratelii oubnuorekaMu s3ulKk Python. Ilpegmnonaraercs,
YTO COCTaBHBIE YACTU CPEAbl pa3MElIalOTCs B 3apaHee
MOATOTOBIICHHOM CTPYKTYpe KaTrajoros. B kopHeBoM Ka-
TaJlore pa3MellalTcs MAITh KaTaJoroB JJIsSi COCTaBHBIX
KOMIIOHEHTOB;

e [ _LIB] — kartanor ajis pa3mellieHUs QYyHKIMO-
HaJbHBIX OMOINOTEK;

e [_SCRIPTS] — karaJor ajst pa3MelIeHUsI CKPUTI-
TOB TIOA3a1aY;

e [SOURCES] — kaTanor ajasg pa3MelieHus UCXoI-
HBIX TOKYMEHTOB, IIpeIHAa3HAYCHHBIX IS BRITIOJTHEHU ST
TMIOTOKOBOW MPOLIENYPbl KOHTPOJIA;

e [DOCUMENTS] — kartanor aiast pa3MelleHUs
COMYTCTBYIOIIMX TOKYMEHTOB, HEOOXOAMMBIX AJIS BbI-
MOJIHEHM S TIPOLEAYPHI IIPOBEPKU;

e [SHELL] — karanor, cogepxaluuii uHTepdeiic-
HYI0 000JIOUKY.

IlpyHOun GYHKIMOHUPOBAHUS CPEAbl COCTOUT
B CJICYIOLIEM.

OnHOpOAHbIE TOKYMEHTHI (MJIM TaK Ha3blBacMble
MaKeThl JOKYMEHTOB) COOMPAIOTCA B €AMHOM KaTaJiore

u noMeiatotes B katajior [SOURCES]. Hanpumep, ecnu
CTOUT 3aJavya o0paboTaTh MakeT paboYMUX MporpamMm Io
creriaiabHocTr 09.03.03, To B Karanore [SOURSES] cos-
naetcs Katajgor [WORK PROGR] u BHyTpHY Hero nmomMe-
1IaeTcs KataJior ¢ ucXxogHbIMU nokymeHTamu [09.03.03].
s 0o6paboTKu paboyux MporpaMM MoTpedyroTCs A0-
MOJHUTEIbHbIE TOKYMEHTHI — y4eOHBIE IIAHBI IO CIIe-
LIMaJILHOCTHU (B HAIlEM CJIydJae BBHITIOJHEHBI B (hopmare
Excel). Ing pa3MelieHUs] YYeOHBIX MJIAHOB JHEBHOI'O
1 3a09HOTO OoTHeneHmii B Katajore [DOCUMENTS] co3-
nmaetca katanor [PLANS]. lanee B karaiore [09.03.03]
Hapsiay ¢ JOKyMeHTaMu AJisi o0paboTKu ToMelaeTcs
TeKCTOBHIN (paitn "references.txt" co cioBapeM CCBIJIOK
Ha JOTOJHUTEIbHBIC JOKYMEHTHI B paMKax ITPOBEPKU.
B nHamem cinyyae maHHBI#A (aiia OyaeT comepkaTh cie-
IYIOIIYI0 MH(MOPMAIINIO:

YueOHuHM _nnan JO={xopHeBasa nankal\
DOCUMENTS\PLANS\{pars moxyMeHTa}
YUeOHH M njgan 030={kopHeBasa nankal\

DOCUMENTS\PLANS\{parsn moxyMeHTa}

Jns mpoBepKU TOKYMEHTOB OIPeAeIeHHOrO 11abj10-
Ha pa3pabaTbIBaeTcs MakeT CKpUIITOB noa3anady Python
U TOMellaeTCcsd B COOTBETCTBYWIIMKM KaTajor (mis
CKPUTITOB TTPOBEPKHU paboueil TporpaMMbl JIOTUIHO 03a-
rnaButh ero [WORK_ PROGR]) karanora [SCRIPTS].
[TakeT MOXeT COCTOSITh N3 OJHOTO CKPUITTA JJIsI TIOJTHOMN
IMPOBEPKHU, OMHAKO TOpa3ao yaoOHel KakK AJIs ITporpam-
MMCTa C TOUKHU 3pEHUS HalTMCAHM S KOIa U IMTOMCKA OIIH-
0OK, Tak M AJs1 aAMUHUCTpATOpa caejdaTh pa30MBKY Ha
MHOXECTBO CKPUTITOB JIJIsl pa3HBIX Pa3esioB TOKYMEHTa,
HampuMmep, OAMH CKPUNT AJS TUTYJbHON CTpPaHUIIBI,
JIPYTOil — IJIsl TIEPBOTO pasjiesia u T. II.

Ckpunt noazanayu Python:

— BHITIOJIHIET COCAMHEHNUE ¢ PYHKIMOHATBHBIMU
OMObJIMOoTEKaAMM, HacTpauBaeT NMyTHU U O0a30BbLIEC Mepe-
MEHHBIE;

— 3ajaeT cJoBapb BXOAHBIX TaHHBIX (B paMKax c00-
CTBEHHOW 3a1auMn);

— TIOJIy4YaeT CIMMUCOK JOKYMEHTOB IJIsI 00paboTKU
1 CONMYTCTBYIOIINX TOKYMEHTOB;

McxoaHble AOKYMEHTbI
+ CCBINKKW Ha
conyTcTByIOWMeE €

ConyTtcreylowme
AOKYMEHTbI
YyebHble nnaHbl

DyHKUMOHaNbHbIE CKpMnTbI
6ubnunortern <& 3 noasagaud <
Python Python

MporpammupoBaHue

¥

UntepdeiicHan
obonouka

AOKYMEHTbI
* docx
references.txt

* xls + daiinb
HacTpoek

AQMUHUCTPUpPOBaHUe
W 3Kcnnyatrauns

Puc. 1. Cprl(Typa CpeaCTB AaBTOMATHU3AIMHA KOHTPOJIA KOPPEKTHOCTH THNMOBLIX Pa3aejioB JOKYMCHTOB
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— BBIIOJHSET MTOTOKOBYIO MPOBEPKY JOKYMEHTOB
W PEeTUCTPUPYET OIINOKN B OMHOMMEHHBIX TEKCTOBBIX
(daiinax — XypHalJiax OLINOOK.

XKypHanbl omrn60K (TeKCTOBBIE (PaityIibl) TeHEpHUPY-
JOTCA ¢ HA4YaJIOM IIPOBEPKHU IJI1 KaXXIOTO IPOBEPSIEMOrO
JMIOKyMEeHTa ¢ TeM ke uMeHeM U paciuupeHuem ERR. Io
Mepe TIPOBEPKM Ka Kbl CKPUIT T00aBJsIeT B HUX CBOIO
nHbopManuo 00 olInOKaXx.

IIpenycMoTpeHbI IepeurceHHbIC Jajiee YeThIpe TUIIa
OLIMOOK, peructTpupyeMbix B xypHaje ERR.

1. Kputuueckas omnbka — oOLIMOKa, MpU KOTO-
poii TIpoBepKa JTOKYMEHTa CTAHOBUTCS HEBO3MOXHOIA.
Hanpuwmep, omnbka uteHuss mHGopmauuu u3 daiiia
WU OTCYTCTBUE (haiina.

2. Ommobka upeHtTudukauuu. I'eHepupyeTcs, Koraa
WCKOMBI 00BEKT TPOBEPKU HEBO3ZMOXHO MIEHTUDUIIN-
pOBaTh B TOKYMeHTe. B TakoMm ciiyyae B XXypHaJje OlLIU-
00K HEOOXOIMMO TT0 BO3MOXHOCTH TMOHSITHO OTPa3uTh,
Ha OCHOBE 4ero OOBbeKT MOJIKEH ObIJI ObITh UACHTU(U-
IIUPOBAaH, YTOOK pPa3pabOTUYMK JOKYMEHTA TMOHUMAJ,
B UeM CYTb IPOOIEMBIL.

3. Ommbka conepxanusi. [eHepupyercs, Kormna o0b-
€KT B TOKYMEHTE MO COAEPKaHUIO HE COOTBETCTBYET
TOMY, UTO OXMaajoch. HarmpumMep, MpUCyTCTBYeT KOM-
MEeTEeHIMsI, KOTOPOil He CYIIEeCTBYET B YUeOHOM IIJIaHe,
WY OlIMOKa B KOJMYECTBE YaCOB.

4. UcnpaBnenue. Korga o0beKT naeHTUDULIMPOBAH,
HO OH MMeeT HEKOPPEKTHOCTh, KOTOpasT UCTIPaBIISECTCS
B aBTOMaTHUYECKOM peXUMe.

[Tocne mpoBepKM JOKYMEHT CUMTAETCSI KOPPEKTHBIM,
€CJIM B XypHaJjie MPOBEPKU OTCYTCTBYIOT OLIMOKU THU-
nos 1—3.

Conepxumoe QYHKIMOHAJIBHBIX OUOIMOTEK TIPU-
BOIUTCS JaJiee IO TeKCTY B pasiaeie "Peann3auust mpo-
rpaMMHOT0 obecreueHus".

3amgavya uHTepdeicHOl 000JI0UKU COCTOUT B pea-
JIM3aLMU CICOYIOIIECH MOCIEI0BATEIbHOCTU NEUCTBUM:
1) BBIOpaTh KaTajor ¢ MpOBEPSIEMBbIMU JOKYMEHTAMMU;
2) BBIOpaTh KaTajor CO CKpUNTaMmu; 3) OOHYJIUTh KypHa-
JIBI TIPENBIIYIIMX IPOBEPOK; 4) 3aIMyCTUTh CKPUTITHI MO/~
3a5lay Ha BBIMOJHEHME; 5) BU3yaIUu3MpPOBaTh OKA3aTeIn
OIIMOOK M COAEPXKMMOE KYPHAJIOB OLIMOOK.

HNurepdeiicHag o6osouka MOXET OBITh peaan3o-
BaHa B J1000i cpene MporpaMMUpPOBaHUSI B OKOHHOM

pexume aas1t Windows-npunoxeHust U1 B BUAE BeO-
TIPUJIOKCHHS.

B BBIYMCIUTENIBHON CHUCTEME, Ha KOTOPO#l ycTa-
HaBJIMBAIOTCS paccMaTpUBaeMble CPEICTBa aBTOMAaTH-
3allid, AOJXKHBI OBITh YCTAHOBJIEHBI MHTEPIIPETATOP
Python, HeobxonuMmbie 6ubinoTekn — pandas, python-
docx, a Takxke NMpoOIMcaH NyTh B OKPYXEHUU K ailny
python.exe.

Peanusauusa nporpaMmmHoro o6ecne4yeHus

J s pabotsl Ha Python B BBIYUCIUTEIBHON CUCTEME
yCTaHaBJIMBAaIOTCSI 0a30BBIII MHTEPIPETATOP U 000I0UKA
JUIST HallMCaHMs TIPOrpaMMHOIO Kojia, B Ka4yeCcTBe KO-
TOPOI UCIOJIb30BaHA UMEIOIIAsI CBOOOMHYIO JIMILIEH3UIO
cpena PyCharm Community Edition.

CrpyKkTypa ¢GyHKIMOHAIBHON YaCTHU IIPOTPaAaMMHOTO
o0ecreyeHusT Cpebl MpeacTaBieHa Ha puc. 2.

bubnunoreka pandas mcnonab3yeTcd O YTEHUS
nHdopManuu u3 daitma Excel. 115 3TOro BhI3bIBaeT-
cs Meton read_excel, IMMO3BOJSIOMINI CYNTATh JaHHEIE
B yI10OHOM Tabau4yHOM BuAe. I3 TaOaULIbl U3BJIEKAIOTCS
BCE HEOOXOAMMBIE MapaMeTpbl YYEOHOM NUCLUIIINHDI,
TakKue KaK MHIEKC, YMCJIO YacOB, 3aU€THBIX €IWHUIIL,
KoMIeTeHIMHU. 111 TOro 4ToObl KOPPEKTHO U3BJIEKATh
MaHHbIE O JUCLUILIMHE, HEOOXOAMMO IpeaBapUTEIbHO
MOATOTOBUTH CJIOBAPb HACTPOMKMU UTECHUS JaHHBIX M3
y4eOHOTO MJaHa, BKIIOYAOUIU B ce0s1 HA3BaHUS HYX-
HBIX CTPaHUI[ U HOMepa HYXHBIX cT0oja0L0B. CloBaphb
3aMmuchiBaeTCs B (haityl TEKCTOBOIrO (popmarta.

3ajayy Mo M3BJEYEHUIO NaHHBIX O IUCUUILJIMHE U3
yueOHoro njaHa ¢popmara Excel pemnaet momyJib subject
info.py. B Mogyne cnpoekTupoBaHbI Kjacchl SubjectInfo
u Semester. B 3agauy kjacca Semester BXOASAT MHKATCY-
JISIMS JAaHHBIX B paMKaX OJHOIO CEMECTpa U ee Mpej-
CTaBJIeHUE B BUJE CBOMCTB. Bcst paboTa MomyJist 3aKJIi0-
yeHa B Kiacce SubjectInfo. [Ipu cozmpannu 3K3eMILIsIpa
KJlacca B KOHCTPYKTOD TepenaeTcsl Ha3BaHue TUCIIUATIIN-
HbI. B paMkax Kjacca peajin30BaHbl HECKOJIBKO IIpUBAT-
HBIX METOAOB pellleHus moazanay. [TyOoauuHbIi MeTox
Run 3anyckaeT Ha BbIIIOJIHEHME 3aa4y MO U3BJICUECHUIO
JaHHBIX O JUCIUIUIMHE M3 ydyeOHoro mjaHa. Ha Bxome
yepe3 mapaMeTphl PYyHKIIUU momaeTcs uMms ¢aiiia Ha-
cTpoek yuyeoHoro niaaHa. @yHkKiuus Bo3BpaimnaeT 0, eciau

Ha6 Knacceb! Mogynb Bubnuoteka
op / DocxControl() docx-control.py python-docx
CKpUNTOB
noasagay
) Knaccot o Moaynb Bubnuoreka
task_l.py [ Serruester(] subject_info.py pandas
Subjectinfo()
task_2.py
task_n.py Mogaynb
base_functions.py

Puc. 2. CTpykTypa mporpaMMHoii peanu3anuu GyHKIHOHAJIbHONH YACTH CpPelbl HA SA3bIKE

Python
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BCE YCMEIITHO MPOYMTAIOCh UK Ko olunoku (1 — caitn
HE CYIIEeCTBYeT; 2 — OIIMOKa YTeHUS (paiiyia HacTPoOeK;
3 — orcyrtcTBue (aiina Excel; 4 — ommnbdka yreHus aii-
na Excel). [Ipu ycrienrHoM BBITIOJTHEHWHW 3aTIOJTHSIOTCS
BHYTPEHHUE TIEpeMEHHbIC — CJI0BapU C MPOYMTAaHHBIMU
JTaHHBIMU. JIOCTYT K IIPOYNTAHHBIM JaHHBIM OCYIIECT-
BJISIETCSI Yepe3 CIIPOSKTHPOBAHHBIE JJISI 9TOI'O CBOMCTBA
KJacca.

B monyine base functions.py coOpaHBI TUIIOBBHIE
GYHKIINU CPEACTB aBTOMATU3AIlNN, TaKNe KaK YTeHHE/
3anuch (paityia XypHajia OolIMOOK, MOJy4YeHHUe CIUCKa
docx-aitynioB namnke u Ap.

s pabotsl ¢ daiinom popmata MS Word ncrnonbay-
eTcst oubnuoTeka python-docx. /s 3Toi Leau umeeTcs
knacc Document. IIpuHuun padoTsl 00beKTa, CO3MaH-
HOTo Ha ocHOBe kJylacca Document, cienytommuii. B koH-
CTPYKTOp nepemaeTcsd Jub0 HUUYero, 1ud6o uMs (aiina.
Eciu Huyero He mepenaHo, TO OOBEKT WHKATICYIUPYET
JaHHBIe MycToro (aiina ¢popmara docx, KOTOPBI MOXK-
HO pelakTHpPOBaTh METOJAMM KJjlacca M COXPAHUTH IO
JMo0bIM MMeHeM. Eciu B KOHCTPYKTOp TMepelaHo UMS
¢aiina, KOTOPBIN YCITEITHO YMTAETCS, TO €r0 COAECPXKU-
MO€ CUMTBIBAETCS B IIEpeMEHHbIC 00bEKTa JIJIsI JaJIbHEe-
et pabotel. Kitacc Document cUuThIBaeT JOKYMEHT
MS Word B CTpPyKTypy, COCTOSIIYIO U3 TPEX CIIMCKOB,
JNOCTYMHBIX B BUAe CBOWCTB Paragraphs ans maparpa-
¢os, Tables nag tabaui u Pictures nnst n3obdpakeHUt.
Hnst paccMaTpuBaeMbIX 3a/lad MMEET CMBICT paboTaThb
TOJBKO ¢ maparpadaMu U tadbaunamMu. OTKPOBEHHbBIM
MUHYCOM Kjacca Document siBisieTcsi TO, 4YTO MOCJE-
MOBaTEeJIbHOCTU MPOYUTAHHBIX Tabaull, nmaparpacdoB
U APYTUX 00BEKTOB 000COOJEHBI U HET BO3MOXHOCTH
OMpEeneUTh MOCAEeA0BATEIbHOCTh PA3HOPOIHBIX 00b-
€KTOB B JIOKyMeHTe. To ecTh HEBO3MOXHO OIPENEIUTh,
rne KOHKPETHO B TEKCTE MO3UILIMOHUPYETCS Ta UM UHAS
TabauIa. DTa 0COOEHHOCTD KJjlacca TOCTaBJsIeT HEYI00-
CTBa MpHY aHaJINU3e JOKYMEHTa, OMHAKO €CJIU TOYHO M3-
BECTHO, YTO JOJXHO B TOKYMEHTE OBITh B maparpadax,
a yTo B TabaMlax, TO MpobiaeMa pelraeMa.

Ha 6a3ze sk3emmsipa kyiacca Document cripoeKTu-
poBaH MoayJsib docx_control.py. Momysib ipenocTaBisieT
TUTIOBBIC TIPOTpaMMHBIC PEIICHUS JIJIST UCTIOJIb30BAHU S
B CKpUITax moaszagady. Bce 3To peann3oBaHO B BUIE
knacca DocxControl.

ITpu cozmanuu sk3emruispa kiaacca DocxControl emy
nepenaeTcd uMs ¢aiina gokymenta MS Word. B ny-
OJIMYHBIX METOIAaX KJIacca peaJnu30BaHbl TUIIOBbIC (PYHK-
nuu. OyHKIMOHATbHBIE BO3MOXHOCTH PaCIINPSIOTCS
10 Mepe NOTPeOHOCTE B 3aa4ax KOHTPOJIS JOKYMEHTA.
Hanee rnepeynciaeHbl HECKOIBKO MyOJMYHBIX METOMOB:

— def search_paragraph_ by substring(self,
substring:str, str_case=Irue) — Bo3BpalllaeT MUHAEKC Iapa-
rpada (uiau —1 B ciy4ae ero OTCyTCTBMSI) C IOJTHOCTBIO
COBIIAIaIONIeH MOACTPOKOI substring, str _case — y4eT
perucTpa;

— def write_paragraph(self, index:int, text:str,
format={}) — BBIIOJHAET 3aIIMCh TEKCTA text B maparpacd
index ¢ opmaTupoBanuem format;

— def search_paragraph_by sample(self, sample:str,
start=None, finish=None, filter=[], str_case=True,
accuracy=100) — Bo3BpallaeT nHIEeKC naparpada (i
—1 B ciiydae ero OTCYTCTBHSI), KOTOPBI C TOUHOCTBIO

accuracy COBIIaJlaeT CO CTPOKOM sample, MOMCK HaYMHa-
eTcs ¢ maparpada start 1 3aKaHYMBaeTcsl maparpacom
finish; B str_case 3agaeTcsl YyBCTBUTEIBHOCTh PETUCTPA,
a B filter — HAGOp CUMBOJIOB, KOTOPBIC HE YIUTHIBAIOTCS
IIPU CPaBHECHUU CTPOK;

— def search_table cell by sample(self, sample:str,
index:int, filter=[], str_case=True, accuracy = 100) — B03-
BpalllacT KOOPAWHATHI TYCHKH TaOJIUIHBI indeX, B KOTO-
POl TEKCT C TOYHOCTHIO accuracy COBIAamaeT CO CTPOKOM
sample; B str_case 3a/1aeTCsl YyBCTBUTEIILHOCTb PETUCTPA,
a B filter — HaOOp CUMBOJIOB, KOTOPBIE HE YUUTHIBAIOTCS
IIPY CPaBHEHUU CTPOK;

— def search_table by cell sample(self, sample:str,
row:int, col:int, filter=[], str_case=True, accuracy=100) —
BO3BpalllaeT MHIACKC MEPBOI HAWACHHOM TaOaIUIIbI (MU
—1 B ciiyyae ee OTCYTCTBHSI), B KOTOPOW C TOYHOCTHIO
accuracy coaepXHuMoe STYeHKHU row, col coBmagaeT co
CTpOKOI1 sample; B str_case 3a1aeTcsI YyBCTBUTEIBHOCTD
peructpa, a B filter — Habop CUMBOJIOB, KOTOphIE HE
VYUTHIBAIOTCS IIPU CPAaBHEHUM CTPOK.

Kak BumHO 13 npeacraBieHHBIX QYHKLUMA, BO MHO-
T'MX U3 HUX O MICHTU(UKAIINYA TEKCTa PACCUNTHIBACT-
Csl TOYHOCTDh COBIaAeHUS cTpoK. OHA pacCUYMTHIBACTCS
10 CJIEAYIONIEeMY aJTOPUTMY.

IIar 1. BxogHble JaHHBIE: CTPOKU IJISI CPaBHEHU S
argl u arg2, crmMcoK cuMBOJIOB (ubTpa filter, 4yBCcTBU-
TEJIBHOCTh K PErUCTpy Str_case.

IIar 2. Ecanm str_case = JIoXb, TO BCE CHMMBOJIBI
B argl u arg2 nepeBOAsSITCA K HUXHEMY PEeTUCTpy.

Iar 3. U3 cTpok argl u arg2 ynaasiioTcsl CHMBOJIBI
u3 crucka filter.

IIar 4. Ctpoka argl mepeBogUTCS B CIIMCOK CJIOB f.

HIar 5. Ctpoka arg2 nepeBOogUTCS B CITUCOK CJIOB 7.

IIIar 6. Haxoqutcst # — 4MCIIO0 CJIOB U3 f, UMEIOIITMXCST
BT

HIar 7. BeixogHble JaHHBIE TOYHOCTU: accuracy =
= p/max(nnuHa(f), nnuHa(r)) % 100.

CKpHUIITHI Moa3anad ajis ynoocTBa CO3MaHUS TPO-
IPaMMHOTO KOJIa BBITIOJHSIOTCS 110 €IMHOMY IIa0JIOHY.
[ITa6yI0H COCTOUT B CAEAYIOIIEM:

1) mogkJoYeHWe K BHEIIHUM OMOJIMOTEKaM, Ha-
CTpoiika BUAMMOCTU OubIMoTex B Katajore [ LIB]
U MOAKIIOUeHHUE K HUM;

2) 9TeHWe MePBOro M BTOPOTO IMapaMeTpOB KOMaH/I-
HOI CTPOKM — ITYTU K UCTOUHUKY MAaHHBIX B IIEpeMEH-
HYI0 source_path;

3) 3aIoJiHEeHKE CJIOBapsl BXOAHBIX JaHHBIX inp;

4) pazpaboTrka Tena ¢yHkuuu Run ¢ mapamerpa-
Mu doc_name — ¢aitn oOpabaTeiBaeMOro TOKyMeHTa
" inp — cJIOBapb BXOOHBIX TaHHBIX; JaHHAS (QYHKINI
peaan3yeT MPOBEepPKY JOKYMEHTa U HAYMHACETCS C CO3-
JaHug 3Kk3eMIisipa Kiaacca DocxControl;

5) monydeHue CIMcka HOoKyMeHTOB files B mamke-
NCTOYHUKE;

6) nst Bcex TOKyMeHTOB crucka files 3anmyck ¢pyHK-
ouu Run.

HUutepdeiicHag obosoyKka B TeKyllleid BEpCUU BbI-
nosHeHa B cpeae Embarcadero Delphi (puc. 3). OHa co-
IEepXKUT MHTepGEeCHbIC 3JIEMEHTHI 3aJaHU S TTallKU KUC-
XOITHBIX TOKYMEHTOB U TTaITKA CKPUTITOB noa3anad. [1pu
3aIycKe MPOBEPKM KaXXAbIi CKPUIIT 3allycKaeTcs Kak
Windows-niponiecc Python.exe ¢ nByms mapaMeTpamu,
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3afaTe NANKY €O CKPMMTaMM...

3apaTh NanKy © AOKYMEHTEMH...

NENE  Daitn gokyMeHTa KpwT. ownbin  MaesT. ownbin  Cogep. owwbsn  Mcnpasnesus

= (01 Title_page.py
SN P11 Mpoescruiii npaiivey TN 34+ docx 0 0

& 03_Chapter_1.py 2 P TexHonoriy 1 MeToas nperpamMuposanna MK 3++.doex o ] 0 0

[ 05_Chapter_3.py
KPUTWHECKWME OLLIMEKW - 0
OLWKWBEKW MAEHTUOUKALIAK - 0
OLUMBKW COQEPXAHMA - 1
[03_Chapter_1] - Wnamnkatop "TK-1.5. OBecnesmsaeT noanepsKy NOMHATHA PEWSHUA B CNOMHBIX YCNOBMAX ANR NONHOTO W 00LeKTHBHOrD aHaNW3a NPeaMeTHE
WCMPABNEHKNA - 1

CTAPT [01_Title_page] - Mcnpaenes TekcT yTBep&aEHUA
NMPOBEPKU!!!

Puc. 3. Uurepdeiicnas oo6oa04ka

a UMEHHO — UMsI CKPUTITA U UMSI KaTajiora — UICTOYHUKA
nanubix. [locyie BeITIOTHEHW ST TIPOBEPKYM MHTEpdericHasT
000J109Ka MpU BEIOOpPE MCXOOHOTO JOKYMEHTa OTOOpa-
KaeT XypHaJl omnooK. CTaTuCTUKA OIIMOOK BU3yaJlu-
3UpyeTCsl B TaOJIMIIE MCXOOHBIX JOKYMEHTOB.

Takum ob6pa3om, cpeacTBa aBTOMaTU3alMKU KOHTPOJISI
KOPPEKTHOCTU TUMOBBIX Pa3aejoB JOKYMEHTA SIBIISIOTCS
OTKPBITBIMU 11151 10OABJIEHUS U peIaKTUPOBAHUS HOBBIX
dyHkuuii. [TpoekTupoBaHue MPOrpaMMHOTO KOJa BbI-
MOJIHSIETCS 10 CJEeAYIOIIE cXeMe:

1) onpenensieTcsi KOHTPOJUPYEMBIII O0OBEKT B JIOKY-
MEHTEe M CTaBUTCS 3ajadya KOHTPOJIS;

2) eciu HEOOXOAUM MapaMeTp M3 COMYTCTBYIOIIETO
JOKYMEHTa, TO T10O0 MIeT obpalieHne K CylecTBYIoIIe-
MY 00BEKTY, IIO3BOJISIOIIEMY CUNTHIBATh JAHHEIN ITapa-
MeTp, 1100 pa3pabaThbiBaeTCsI HOBBIM KJIacC ¢ HEOOXO-
IUMBIM HaO0poM (YHKIIMi (B cIy4yae ero OTCyTCTBUS);

3) ecnu knacc DocxControl cogepXuT He Bce METObI,
HEeoOXOoAMMbIe JIsI pellleHUs 3aJadyd, TO B HEM MPOEeK-
TUPYIOTCSI HEAOCTAIOIIE€ METOMIbI;

4) B CKpUIITEe MoA3aJayMd Ha OCHOBE 3K3eMILIspa
knacca DocxControl 1 ero METOIOB MPOEKTUPYETCS KO
pellleHusT 3a1auy KOHTPOJIsS IJIs 00BbeKTa B JOKYMEHTE
B pamMKax ¢pyHKIuu Run.

Pe3yn bTaTbl TeCTUPOBAHUA

PaszpaboTaHHOE MporpaMMHoOe 0GecedeHre YCIEIHO
MPOIIJIO TeCTUPOBAHUE HAa PEIEHUU peabHON 3amauu
10 UBMEHEHUIO B IOTOKOBOM PEXXMME JaT YTBEPXKICHUM,

HOMEPOB MPOTOKOJIOB, a TaKXKe M300pakeHUi — CKpH-
HOB TMOAIUCEN B KOHIIE JOKYMEHTOB. OO0pabaThiBaINuCh
omHOBpeMeHHO 10 40 paboyux IMporpaMM 1 OLIEHOYHBIX
MarepuasioB. I1oa rmocraBiaeHHbIC 3a1a4M ObLIM pa3pabo-
TaHbI COOTBETCTBYIOIIIME CKPUIITHI MPOBepKU. JL1s pele-
HUS 3aJa4U 3aMeHbI n300paxkeHuii B Kjaacc DocxControl
ObLIM O00aBJIEHbI METOABI AJIs yAaJeHus: ab3aleB, 10-
GaBieHus ab3alia B KOHEL JOKYMEHTA M BCTaBKM U30-
OpaxXeHMs C PeTYINPYEMbBIM IMapaMeTPOM IITUPUHBL.

TecToBBIe MCHIBITAHUS TTOKA3aJiM, YTO OMOIMOTEKA
python-docx "BeIOpachIBaeT" MCKIIOYEHWE TPU TOITBIT-
Keé MpoyuTaTh JOKYMEHT cTaporo ¢gopmara MS Word
(c pacuiupenueM .doc). IToatomy nepen odbpaboTKOI
BCE JOKYMEHTHI cTaporo ¢opmara .doc JOJIXKHBI OBIThH
nmepecoxpaHeHsl B popmar .docx. Kpome toro, B moe
3peHUs oKa3aJycsa onuH JoKyMeHT u3 200, 111 KOTOpO-
ro "BBEIOpACHIBANINCE' MCKJIIOUCHUS OLIMOKM YTEHHS IO
HEBBISICHEHHBIM ITpUYMHAM (hopMaT JOKYMEHTa OB
MpaBUIbHBIN). C y4ETOM 3TOr0 00CTOSATEILCTBA BasKHBIM
MOJIOXUTEIbHBIM MOMEHTOM Pa3paboTKH SBIISIETCS TOT
(akT, 4TO XKypHaJIbl OIIMOOK ITO3BOJISIIOT BBISIBIISITD J10-
KYMEHT, Ha KOTOPOM 00paboTKa 3aBeplluiach 110 Hpu-
YyrHe oIInOKY uTeHus aiina. [1pu ycrpanenun negekra
WX yOAJICHUHW TOKYMEHTa 00paboTKa 3amycKaeTcs 3a-
HOBO.

TecTupoBaHuUe 1MOKa3aJo, YTO AJs1 yIOOCTBA UCITIONb-
30BaHMs B MHTeP(EICHYIO YacTh CPEICTB aBTOMATU3a-
LIMH LIeJIeCO00pa3Ho 100aBUTh BO3MOXHOCTh OTKPHIBATh
JIOKYMEHT JIJIsl penakTupoBaHus B cpeae MS Word Heno-
CPEACTBEHHO M3 TaOJUILIBI XXypHasa omnook. Umeercs
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BBUJIY TO, UTO ITOCJIe 0O0pabOTKHU MOTOKA (PailjioB MOJIb-
30BaTe/ib MOXET MEePEABUTaThCS MO TaOJHUIIE XKYpPHATIOB
OLIMOOK U B TOM cjiyyae, €CAM MPUCYTCTBYIOT, HaIlpU-
Mep, OLIMOKYU UAeHTUDUKAIIUY 00BEeKTa, HaxKaTHeM Ha
COOTBETCTBYIOIIEH CTPOKE TaOJUIIBI OTKPBITH cpeny MS
Word ¢ nCKOMBIM (haiiioM JJ1sT BRISICHEHU ST IIPUYNH BO3-
HUKHOBEHUS OIINOKH.

[Tpu 06paboTKe AOKYMEHTOB C MOMOILIBIO pa3pabo-
TaHHBIX CPEICTB aBTOMATHU3alIMM OOHapyKeHa OOIbIIas
noist (okojo 30 %) omunboK uaeHTUDUKALUU, CBI3aH-
HBIX 100 CO CKJIOHEHHEM B CJIOBaX, TMOO C OTCYTCTBUEM
KaKoro-To cJ0Ba B TUMOBLIX Maparpadax, 1100 B CUIY
JIPYTUX ITONOOHBIX MEXaHUYECKUX OLIMOKAX COCTaBUTES
MOKYMEHTA.

3aknrvyeHue

Hecmotpst Ha TO, 4YTO MPOEKTUPyEMbIE CPEACTBA aBTO-
MaTU3alliy OPUEHTHUPOBAHBI HA KOHKPETHYIO 3a7a4y —
KOHTPOJIb JOKYMEHTOB MPENOAaBaTess By3a, pa3padborka
KOHIENIMUA UX MOCTPOCHUS BBINOJHEHA HE3aBUCUMO
OT THUITIa MOJJIeXalleil KOHTPOJIO ToKyMeHTauuu. Ha-
60p GYHKIIMI MOXET BApbUPOBATHCS B 3aBUCUMOCTH OT
peuraeMon 3anadu.

B pesynbrare paboThl Hal CO3AaHUEM CPEACTB aBTO-
MaTU3alUX KOHTPOJISI KOPPEKTHOCTU TUIIOBBIX PA3LIEJIOB
JNIOKYMEHTA MPENOAABATEIN S By3a CIIPOCKTUPOBAH KapKac
OTKPBITOU IIPOrpaMMHOM Cpeabl IIOTOKOBOM IIPOBEPKU

TUTIOBBIX pa3ieoB JOKYMEHTOB Ha si3bike Python, cro-
COOHOI aganTupoBaThCcs MO TpeOyeMble 3aJauyu Mpo-
Bepku. I[IpoekT B HacTosllee BpeMsl peaJu30BaH IS
aBTOHOMHOI1 pa6othl B OC Windows, npeanoiaraercs
TaKXe ero peajusalus B BUAe BeO-mpuoxkeHus. s
aKTUBHOI'O NMPpUMEHEHUS Ha MPaKTUKE ITOJ KOHKPET-
HBbIe 3a7a49u TpebyeTcsl pa3paboTKa COOTBETCTBYIOIIMX
ITAaKETOB CKPUIITOB.
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The paper discusses approach to automating the processes of monitoring and editing standard sections in a docu-
ment of a university teacher in streaming mode. As a toolkit for solving the problem, it is proposed to use the Python
programming language with the connection of the python-docx and pandas libraries.

Despite the fact that the projected automation tools are focused on a specific task to control documents of a uni-
versity teacher, the development of the concept of their construction is carried out with an abstraction from the type
of documentation. The set of functions may vary depending on the problem being solved.

As a result of work on the creation of tools for automating the control of the correctness of typical sections of
a university teacher’s document, a framework of an open software environment for streaming verification of typi-
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cal sections of documents in the Python language was designed, capable of adapting to the required verification
tasks. The project is currently implemented for autonomous operation in Windows OS, it is also expected to be
implemented as a web application. For active use in practice for specific tasks, the development of appropriate
script packages is required.

The main purpose of the development is to release human resources from the routine process of document control

and direct it to the implementation of the employee’s creative ideas.
Keywords: MS WORD document, streaming processing, Python, python-docx library, pandas library
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COITPOBOXICHME

o CynepKoMNblOTEPHBIE TEXHOJOTMU B MPOMBILIJIEHHOCTHU
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o [IlepcrieKTMBHBIE MOIEHU, SI3BIKM M TEXHOJIOTMU MapaljieIbHOIO MPOrpaMMUPOBaHMSI

e Teopus u mpakTHKa pelleHrs] OONbIIMX U CBEPXOObIINX 3a1a4

e DPPGeKTUBHOCTb U MACIITAOUPYEMOCTD MapajjebHbIX MPOrPaMM U BBIYMCIUTEIbHBIX CUCTEM

e HoBble NpuHLKIBI OpTaHU3allMU BBICOKOMPOU3BOAUTENbHBIX BhIUMCIEHU. HeTpaaulilMoOHHbIE
apXUTEKTYPbl BBIYUCIUTEIbHBIX CUCTEM
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00J1auHbIe TEXHOJIOTUU
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