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JANMATHOCTUKA JIAHAIITA®TOB
ITPOBUHIINU 2JIb-INBAHNSA (MPAK)
11O MYJIBTUCIIEKTPAJIBHBIM CHUMKAM

LANDSAT-8

(© 2018 3.X. Xaymua, C.M. AG6xaysnaeB
IOotcno- Yparvexuti 2ocydapcmsennvili yrnusepcumen
(454080 Heanbuwnck, np. um. B.H. Jlenuna, 0. 76)
E-mail: zenahussaink@gmail.com, abdullaevsm@susu.ru
Tloctynuna B penaxiuio: 02.04.2018

JlycraHmoHHbIE METObI MOHUTODPUHIA M IIPOIHO3a YPOXKANHOCTH CEJIbCKOXO3dNUCTBEHHBIX KYJIBTYD IIHPOKO
ucnosb3yiorcs Bo BceM Mmupe. OmHAKO Takue MeTObl HE SBJISIOTCd YHUBEPCAJIBHBIMU U TPEOYIOT ampobamuy B
KaxkJIoM JasamadTHOM peruoHe. B pabore mccieryercs mMoAXo/ bl K UCIOIB30BAHUIO MYJIbTUCIIEKTPAIbHBIX CHUM-
KoB crmyTHuKa Landsat-8 mysa rmaccudukarmm JaamadTOB TPOBUHINN DJib-/lMBaHUsT — OJHOTO U3 TJIABHBIX
[[EHTPOB opormaeMoro 3emienenus paka. VcXonHbIME JaHHBIME I KJIACCH(MUKAINN HOCIYKIJIA CXOIHBIE 110
PAIMOMETPUIECKAM XapaKTEPUCTHKAM CHUMKWY, CIIeJaHHBIE B MEPUOJ, MaKCHUMAJbLHOW BereTamuyu 3€PHOBBIX KYJIb-
Typ (mapt 2014, 2015 n 2016 roma). Takoil MOAGOP CHUMKOB MPEJNONIATAT YBEPEHHOE BBIJIETCHAE ATrpPOJIAHIIIad-
ToB Ha ocuose Bereranuonnoro uugekca NDVI (Normalized Difference Vegetation Index). Mccnenosanne oTkinka
pacnpenenenntt NDVI #Ha n3MeHenns miomaay 3¢pHOBBIX KYJbTYP W HA CE30HHBIE OCAJIKHU MTO3BOJUIO OOOCHOBATH
[IOPOTOBbIE 3HAYEHUSI WHIEKCA, Jisd JaHnadTOB TPOBUHITMKU. B TOM Yucjie BbIIEIEHbI YeThipe THIlA JIAHAMIa(TOB:
napamadTel CO 30POBOi, YMEPEHHO paspsazKennoil pacturenbaocToio (NDVI > 0,34); nammmadTer ¢ yruerennoit
WM CUJIBHO pa3psiKenHoii pacrureasuoctoio (0,34 > NDVI > 0,19 ); nanmmadtsr 6e3 pacrurensuocru (0,19 >
NDVI > 0,1 ) u Bogusie pangmadrsr (NDVI >—-0,1). CpaBaenue TUIOB aBTOMATUIECKH KJIACCH(DUIMPOBAHHBIX U
BU3YaJIbHO JeIindpOBaHHBIX JIAHIIADTOB, (POPMATU30BAHHOE B MATPHUILY OINIMOOK, MOKA3BIBAET, YTO OOIIas TOY-
HocTh, F-Mepa u gpyrue MeTpuku Kadecrsa Kiaaccudukamuy 6iausku K 90 %.

Karwuesvie caosa: ducmanyuortoe 3onduposarue azposahiwadmos, av-lusarus, obpabomxa CHUMKOS
Landsat-8, Normalized Difference Vegetation Index, denonozus 3eprosuir Kysomyp, a6MOMAMUIECKAA KAACCUPU-
KQUUsA PAcmumenbhozo nokposa, density slicing, oyenxa mownocmu Kaiaccupurayu.

OBPA3EIIL IINTUPOBAHNA
Xamun 3.X., Ao6mymraes C.M. [lmarnoctuka JsasmmadToB OpoBUHINN DJib-/luBanust
(Upak) mo mysbrucnekTpasbabiv canMkam Landsat-8 // Becrauk FOYpI'Y. Cepus: Borawmc-

JIUTEJIbHA MaTeMaTHKa, u nadOpMaTHKA. 2018. T. 7, Ne 3. C. 5-18.
DOI: 10.14529/cmse180301.

BBenenue

IIporuos ypokaifiHOCTH 3€PHOBBIX KYJIbTYpP SABJISETCH TJIABHON 3ajadeil arpoMeTeopoJio-
ruu. B ToMm umciie 310 akTyaJibHO uid pectybsimku Mpak, rjie 3epHOBBIMU 3aHATA ITOJIOBUHA
MAXOTHBIX yrojuii. TpajuimoHHO TPOTrHO3 YPOXKAWHOCTUA OIMPAETCSH HA aHAJIU3 BPEMEHHBIX
PAZIOB yPOXKAWHOCTH 3a HPOIIEJIINe I'OJibl, arpOKJINMaThHIeCKue JaHHbIe, OIeHKY KYyJbTYPbl
3eMJIEJIeJINS U MPOTHO3 HOTOJHBIX (DAKTOPOB, BJIMSAIONIUX HAa IIPOJyKTHBHOCTH ATPOIEHO30B.
Ocobyt0 Ba’kKHOCTb B MOHUTOPHUHTE arpoJaHIIIadTOB IPEJICTABIAIOT CIyTHUKOBbIE n300pa-
JKEeHUs 3eMHOU TOBEPXHOCTH B PAa3JIMYHBIX JMAINA30HAX JJIUH BOJIH. VICXONHBbIE OIEHKU COJI-
HEYHOI pajualiuu, OTParKeHHOI OT MOKPBITONH PaCTUTEJbHOCTHIO 3€MHOI HMOBEPXHOCTH, Yallle

BCEro ImpeacTaB/IdIOTCA B BHAE TaK Ha3bIBA€MbIX BEreTallMOHHBIX HWHICKCOB, M3 KOTOPBIX
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Huarnocruka jgasmmadroB nposuHnun Dib-Jusanus (Upak) 1o MyJbTHCHEKTPAIbHbBIM...

naunbostee m3ecrer NDVI (Normalized Difference Vegetation Index). Ou Bbramcisiercs, Kak

OTHOIIICHUE:

NDVI = NIR—RED’ (1)
NIR + RED

riae RED w NIR — 3nadenusi KO3 UIMEHTa CIIEKTPAIBHON IPKOCTH B KPACHOM (IIPUMEPHO
620-740 um) u GamkHeM uHdpakpacaoM (8001100 HM) auana3soHAX JJIMH BOJIH. Y CIENIHOCTH
npumeneruss NDVI obyciioBieHa ONTUYECKMMU CBONCTBAMU 3€JIEHOU PACTUTEIBbHOCTU, CBS-
3aHHBIMU C OMOMU3NYECKUMHU TporieccaMu (POTOCUHTE3A: IIOIJIOIMIEHNEM W3JIYHYeHUSd XJIOPO-
buUIOM B KpacHOI M OTPaKEHWEM IMOBEPXHOCTHIO PACTEHUil B OJiMKHel wHMpakKpacHOi 00-
nactax crektpa. Ilostomy NDVI obsamaer TecHO# CBA3bIO C ILIOIMIAALI0 ACCHMUISIIIMOHHON
[MOBEPXHOCTU PACTEHUI M COJIEPKAHUEM B HUX XJOPOPUIIA, T.e. OTPAXKAET MMPOYKTHUBHOCTD
CeTbCKOXO3AUCTBEHHBIX KyJAbTYpP. OOBITHO MYJbTUCIEKTPAIbHBIE CHUMKHU OHOTO M TOTO K€
yYacTKa 3eMHOM TOBEPXHOCTH ¢ paspernieHueM 1o 15-30 MeTpPOB JOCTYIHBI C TEPUOTUTHOCTHIO
B JIBe HeJeJu, 9TO MO3BOJIsIET UCIIOJIb30BATH TAKNE CHUMKH JIJIS OIEHKH (PEHOJIOTMIECKUX CO-
CTOSHUN ¥ CE30HHON JIMHAMUKHM PACTUTEJIbHBIX COOOIIecTB. MeTombl OIEHKU COCTOSHUS Pac-
TUTEJBHOTO MMOKPOBA M0 €r0 OTPAXKATEJHHON CIIOCOOHOCTH B PA3JIMIHBIX yIACTKAX CIEKTPA IO
CBOEll TIpupoJie sABAAIOTCH (HU3MKO-crarucTudeckumu. [losroMy i MpakTUYECKOro UCHOJIb-
30BaHUAg, HeO6XOILHMa. anp06au1/15{ METOA0B, IPUMECHUTEJIbHO K YCJ/JIOBUAM KOHKPETHOI'O JIAHJI-
madra 1 TUILY BO3/EIbIBAEMOl KyIbTypbl [1-6].

Hacrosmas pabora dBJigeTCs OJHOW U3 MEPBbIX Kjaccudukaiuii JauamadToB ITPOBUH-
i Jiib-Iusanus (Mpak) ¢ ucnonb3oBanmeM paHHbIX criyTHHKa Landsat-8. YuureiBas mouc-
KOBBI XapakKTep MCCIeNOBaHUs, B CTPYKTypPEe TEKCTa Mbl OIPAHUYMIINCH KPATKON XapaKTepu-
CTHKOII OObEKTA MCCJIEOBAHNSA, UCIOJIb3yEeMbIX CIIyTHUKOBBIX JIAHHBIX W MX 00paboTKu (pas-
Jest 1) U cocpeoTOumInCh Ha SKCIEPUMEHTAJbHON Kiaccudukanuu JanadToB, OCHOBaH-
HOIl Ha BbIOOpe moporos Berertarmonuoro nuiaekca NDVI (pasnen 2). B zakmouennn 0603Ha-

YCHBI II€PCIIEKTUBbI HOBBIX HCCJIe,I[OBaHHfI.
1. Peruon, manublie u nepBuYHadg ooOpaboTka mHMOpMaImm

1.1. PeruoH muccJjiegoBaHUs

[Tpoeuntust Duib-/luBanust pacrnosoxkena mexay 44,55° u 31,87 °B. 1. u mexay 34,40° u
31,59° c.ur. Ha reppurtopnn nposummun miomaasio 8786 k> (1,9 % mromasu Mpaxa) pacro-
JIATAKOTCS ODIIMPHBIE CETLCKOXO3ANCTBEHHbIE PAOHbBI, BOJHO-00JI0THBIE yTobs (03epo Dypar
u mapumm JlasaMak), a TakzKe IIyCTHIHU U [TOJIYILYCTBIHU.

B xaumame nposunyuy BeIpayKeHbI JBa, CE30HA: 3UMHUI C JeKabpsi 10 (eBpajb, U JIeT-
HUN ¢ Masl MO OKTSOpb, C KOPOTKUMU MEXKCE30HbSIMH B MapTe — ampejie u HosOpe. 3uma
OOBIYHO yMepeHHO npoxJiaaHas (Tabs. 1), XoTs ObIBAIOT OYEHb YKAPKUE UM XOJIOJHBIE JIHU,
BKJIIOYas 3aMOPO3KHU.

JleTo xapakTepudyercs SICHBIM HEOOM, IKCTPEMAJBHO BBICOKUMU TEMIIEPATYPAMHU U HU3-
KOl OTHOCHUTEJIbHON BJIA’KHOCTHIO. JIeTOM JIyeT CeBepHBIN M CeBepO-3ala IHbIH BeTep maMall,
NPUHOCSIIUI OYeHb CyXOil BO3iayX. B Hauaje jiera um Hadajie 3UMBbI JyeT FOXKHBIA U FOTO-
BOCTOYHBIN Berep mapk (no-apabeku, BocTounbli). IIblibHbIe OypH BO3HUKAIOT B JIIOOOE Bpe-
Msl TOJ[a, HO UX [UK IPUXOUTCs HA MIOJb (H—6 mHeit).

3uMoii, KOrja OCh CTPYHHOrO TedeHHWsI CMEIAeTCsl Ha Or, HEKOTOpble MUKJIOHMIECKUe
BUXPH U Jelpeccuu AocTuraioT oxkuoro Mpaka. Bee romgoBbie ocajiku BBITAJAIOT ¢ HOSOPS 110

allpeJib. KoJsmuaecTBo OCa/JIKOB 3HAQYUTEJIbHO MEHAETCHA 110 I'oJaM, 1 9aCTO CyMMbI OCaJKOB HE

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



3.X. Xammua, C.M. Aoaysuiaesa

Tabaua
Kmmvar Dub-Jusanun (32,01° c.mr. 44,89° B.11.)

Mecsipt I 1T I | Iv \Y VI | vII | VIIT | IX X XI | XII | Tox

Temmepatypa, °C | 10,5 | 12,8 | 16,9 | 22,2 | 27,5 | 32,1 | 33,5 | 33,3 [ 30,2 | 25,1 | 17,9 | 12,1 | 22,8

Ocajsiku, P, MM 21 15 16 18 7 0 0 0 0 2 15 23 | 117

2014, P, mm 34 1 |175]105] 1 0 0 0 0 0 9 1051735
2015, P, mm 1 5 10 | 6,5 1 0 0 0 0 | 45| 22 | 13 | 63
2016, P, v 8 12 16 |5 6 0 0 0 H/n | u/n | v/n | v/n

OTPAXKAIOT KOJUIECTBO OCATKOB, BBINIABIINX B J0XK/JIMBBIN mepuo. Tak, B JOXKIJIUBBINA CE30H
2013/14 Bbmano 117 MM ocagkoB, HO Tpu pacdere 3a KajeHgapubiii 2014 rom — Bcero
73,5 MM (cm. Tabs. 1). 3a kamenmapueii 2015 rox Bbimaso 63 MM, HO B 3UMHUI Ce30H
2014/15 rona Bcero 33 MM, a B cezon 2015/16 6osree 80 Mm.

Ecmecmeennvie pacmumenshole coobwecmea. B permone nabiromaercs pasHoobpasue
TpaB u Kycrapuukos [7]. [ToBcemecTHO pacupocTpanensl masdedi, pOMaIlKa, I0JbIHb, Jebea,
MOJIOYali, TUMbsIH U Pa3JUIHbIE KOPHEBUIHbIE pacTenus. Bmosbs Geperos Esdpara pactyr
MBBI, TAMAPUCK, TOMOJIb, KAMBIII U COJOAKA. JlecaTku copToB (PUHUKOBOM MAJbMbI JOMUHU-
pyIOT B meit3axkax. B 3a00/I0U€HHBIX 3eMJIIX MHOT'O PAa3HOBUIHOCTEN A3BIYKOB, OCOKU, OTHOT'O
1BeTa, BUKUA U T'epaHu. B mycTbiHe pacTUTEbHBIN IOKPOB Pa3PEXKEH: TAMaPUCK, THICAIEJIICT-
HUK, COJISTHKA M yHAOU (JI0X).

Ceavcrozrosaiicmseentie Yy200ba — HanbOJEe PACPOCTPAHEHHBIN THUTT 3eMesb. Kimvarn-
YeCKUe YCJIOBUA BMECTE C IJIOJOPOJHBIMU IIOYBAMU AJUIIOBHAJIBHON paBHUHBI, OPOIIAEMON pe-
kamu EBdpar u Beccopukan, kanamamu ib-1lamusa, Diab-lusanus u Dab-larapa, caenamn
MIPOBUHIIMIO OJHON n3 TyIaBHBIX KuTHuUIll Mpaka. B roa momy4ator nBa ypoxKas. ['saBHoi jiet-
Hell KyJIbTypoii saBisercs puc. HamMmu Ha ocHOBaHUM ODUIIMAJIBHBIX JAHHBIX YIIPABJIEHUS CEJIb-
CKOT'0 XO34HCTBa MPOBUHITUUA PACCUUTAHO, UTO IJIOMIQJIM YEKOB COCTABJIAIOT 0K0j0 1900 KM2;
ypoxaitnocts puca 18 1/ra nam okoso 30 % ypoxkasi Mpaka. 3umoii-BeCHON BbIPAIMBAIOT
xJiebnble 3y1aku. [lox mocesnl nimenntbl 1 aumMena B duBanum ¢ 1990 mo 2017 roasl orBOIM-
Jochb B cpemuem 1600 KM Cpejisist ypOXKaWHOCTD TIIIEHUIbI (9MeHs) 3a [OCJEe/HUE JIECSTh
jer cocrassia okosio 20 (14) nenrtHepoB ¢ rekrapa. B mociennne Tpu ce30Ha ypOxKARHOCTH
IIIEHUIIbI BbIpOCsIa 70 2729 11/ra.

1.2. CrnyTHUKOBBIE JaHHbBIE

B nmawmnoit pabore mcrmoJsib30BaHbI JaHHbIE ciyTHHKA Landsat-8, 4To cBA3aHO C BBICOKUM
MPOCTPAHCTBEHHBIM PA3PENIeHNeM €ro CKAHEPOB. IJTO MO3BOJMIO M30€KATH MHOTUX MPOOIeM
nieHTHUKAIMY OJIEBbIX KYJbTYD CKaHepamu cpejHero paspemenus [4]. Coyrauk Landsat-8
(L8) samymen B 2013 roiay, m ero JaHHBIE MPOJOJZKAIOT KOMILIEKTAIMIO apXUBOB CEPUU
Landsat-4 — Landsat-7 [8, 9]. Bcero 3a menb L8 nemaer okoso 650 ckaHMPOBaHHBIX M300pa-
JKeHUI — CIeH ¢ IpuMepHbBIMU pa3dMepamu 170 kM c ceBepa Ha 1or m 183 KM ¢ BOCTOKa Ha
samay. CoyTHUK cjelyer 110 (DUKCUPOBAHHBIM TpaeKTopusiM (KOJOHKa B apxuse L8), moBTo-
psisl TIOCJIE/IOBATEILHOCTD ClleH (Dsif B apxuBe) Kaxkiple 16 jmeil. 3Hanue TOro, Kakasl CIeHa
[MOKPBIBAET WHTEPECYIONIYI0 TEPPUTOPHUIO, YCKOPSIET MOWCK HYXKHOTO CHUMKa B apxuBe. Mc-
XOJHBIE CleHbI L8, TOJIHOCTHIO MOKPHIBAIOIINE TEPPUTOPUIO TPOBUHIINK, HAXOJAATCH B 38 Py
u 168 xosionke. Ha 6Gopry L8 HaxojsiTcst IBa MHCTPYMEHTA — MYJIbTUCIEKTPAJIbHBIN CEHCOP
Operational Land Imager (OLI) u rensosoit garank Thermal Infrared Sensor (TIRS) [8, 9].

Bcero na BbBIXO/J€ OLI IIOJIYy9al0TCA I/I306pa}KeHI/IH B JIEBATHU CIICKTPAJIbHBIX ITOJIOCAX M3JIy4de-
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HUS, KaxKJasi U3 KOTOPBIX MMeeT CBOe HA3HAYEHWEe NPU KapTupoBaHuu JaHamadTos (Tadi. 2).
Hampumep, KOpoTKme cuHHE BOJHBI MTEPBOI MOJOCHI UCIONB3YIOTCA IS MCCISIOBAHUS JINTO-
pasibHBIX JapmadToB n armocdepHoit aspozosu. [losocer 3, 4 U 5 TPATUIMOHHO HCIOJIb3Y-
€TCs NI UCCIIEIOBAHUS PACTUTEHHBIX TTOKPOBOB.

Pazperienne mnepsoix cemu 1mosioc cocrapiser 30 MeTpPOB, U NI yTOYHEHUS T'PAHUIL] 00b-
€KTOB HCITOJIb3YeTCs MaHXpoMaThu4IecKas moJoca 8 ¢ paspernenueM 15 merpos. [lomocer TIRS
UCITOJIB3YIOTCS IS OLEHKU TeMITepaTypbl W BaayKHOCTH TOYB (cM. Tabi. 2). [lompobuoe 06-
cyxkJeHre 0cobeHHoCTel KaanbpoBky mostoc L8 Moxkuo Haiitu B padore [9).

Tabauna 2

Haszpanwue, 1yinHBI BOJIH U UCIIOJIB30BAHUE IOJIOC IIPUEMa OTpaXKeHHOTO u3jayderus Landsat-8

[Tosoca|HazBauue mosiocet| Jdmuubt Bosa [['ne ucmoab3yercs, ITO MOTIePKUBACT

[[pubpeskHbIe UCCAEIOBAHNA, N3YIEHUE adPO30JIH,

1 Coastal Aerosol | 0,435-0,451

30 M
Barumerpus, pasandaeT IOUBLI U PACTATEILHOCTD
2 Blue 0,452-0,512 pust, p L ’
pa3mdaeT JINCTBEHHBIE W XBOWHBIE TTOPOBI, 30 M
AKIIEHTUpYEeT BHUMAHUE Ha YKU3HECIIOCOOHOHN CHJIb-
3 Green 0,533-0,590 .
Holl pacTuTesbHOCTH, 30 M
4 Red 0,636—0,673 |BoraessieT CKJIOHBI C PACTUTEIbHOCTHIO, 30 M
Near Infrared Couepzkanue 6MOMACCHI, IIOLYEPKUBALT OeperoBbie
5 0,851-0,879 | P AP P
(NIR) imann, 30 M

IrcKpuMUHUPYET colleprKaHrue BJaru B II0YBE U
Short-wave Infra-
6 1,566—1,651 |[pacTuTeIbHOCTD; MPOHUKAET CKBO3b TOHKHE O0JIAKA,

red (SWIR) 1

30 M

. Short-wave Infra- 5 107-2.294 VrydiiienHoe orpe/iesieHre BJIayKHOCTU MTOYBBI U

red (SWIR) 2 ’ ’ PACTUTEILHOCTH, IIPOHUKAET TOHKHE 00J1aKa, 30M

8 Panchromatic 0,503-0,676 |[laet yeTKue M300parkeHms 0OHLEKTOB, 15 M

9 Clirrus 1.363-1.384 YV aydriienHoe oOHapy>KEHUE IEPUCTHIX 0DJIAKOB «3a-
CpA3HAIOMNUX» m300pakenue, 30 M

10 TIRS 1 10,60-11,19 [TemoBble KapThl U OIEHKHU MOYBeHHO# Byiaru, 100 M

1 TIRS 2 11,50 12,51 Y IydiiieHHOe TEeII0BOe KapTUPOBAHUE U OIEHKH

BJIAsKHOCTH TT04B, 100 M

1.3. IlepBuuHasi oOpaboTka nHMDOPMAITUN

Bech mporece nepuuHoit 06paborku ucxonubix cren (MC) MoKHO paszenuTb Ha Tpu
srana: 1) «seibop UC»; 2) «urenue, kamubposka u obpeska NC»; 3) «pacyer BereTanuoHHOrO
namekca NDVIy.

Buibop ucroonuwz cuen. B pabore uctosb3oBansl ciienbl L8, ciaenanabie 23, 10 u 28 mapra
2014, 2015 u 2016 roma. Beibop marT CHUMKOB 0ObsicHsieTCs ciaemytormuM. Ce30HHOEe pasBUTHE
3EPHOBBIX KYJIbTYP M HMX CIEKTPAJBHO-OTPAKATETbHBIX CBONCTB XapaKTEPU3YIOTCS 3aKOHO-
MEPHO TIOBTOPHIONIMMHUCH (Pa3aMu BETETAIMN: BCXO/IbI, BECEHHEE OTPACTAHNE, KYIIEHNE, BHIXO
B TPYOKY, KOJIOIIIEHUE, [IBETEHUE U IIJIOJIOHOIIEHNE C MOJIPA3/Ie/IeHIeM Ha CTAIUU MOJIOTHOU U
BOCKOBOI# crresiocT. llocste moTHOTO co3peBaHust 3epeH MPOUCXOIUT OTMHUpaHue moberos. Mo-

HUTOPUHT (beHOJIOI‘I/I‘IeCKI/IX (1)83 pPa3BUTUA paCTeHI/Iﬁ Tpe6yeT 0COOBIX IOAXOA0B K HMHTEPIIPE-
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TAIMU CIlyTHUKOBBIX JAHHBIX [1-4|. B OpoBUHIMU CceB HIIEHWIbI (SUMEHsI) NPUXOIUTCS HA
HavaJso JieKabpsi (HOsIOpsi), MO3TOMY cpejHue (DeHOJOrnYecKrue JaThl BBIXOJA PACTeHHUN Ha
MOJIOYHYIO CIIEJIOCTh ITIPUXOJATCS HA IEPBbIE JEKAJbl anpess (BTOPYID W TPETbIO JIeKaJibl
mapta). IlosroMy B 9TOM IHJIOTHOM HCCIIEOBAHUM HAM OBbLIO JOCTATOYHO OLPEIETUTH 6a30-
BbI€ XapaKTEPUCTUKH JIAHAIAMDTOB B JATHI, OJU3KHE K MTOJTHOMY Pa3BUTHIO HA3EMHOM dacTh
pacTeHuii, T.e. IPUMEPHO B MEPUOJI [[BETEHUS U HAJUBAHUS 3€PEH JI0 MOJIOYHON CITEJIOCTH.

Umenue, Kaaubposka u obpesxa cuen npoussesena B cpere MatLab, u cienyior peko-
menganusm [8]. Mcexomusie crenst L8 sarpyzkasmes ¢ caiira EathExplorer I'eosormueckoit
ciyx6b1 Coenuuennpix [Itaros [8] B Bume daiinos B dopmare GeoTIFF (Geographic tagged
image file format). Dru daiinbr comepxkanu 16-6urToBble N300paKeHUsT B IIKAJE CEPOCTH Ha
KaXKJI0#l 10JI0ce OTparkeHus u3 Tabj. 2 U COMPOBOKIAJINCH Teorpaduydeckoit u kaprorpadu-
qecKoi nHMOPMAITHE I YmeHus U BOCIIPOU3BeIeHNsT M300pakeHnsT Ha SKPaHe.

YenoBusi ckanmpoBanus Kaxkaoit MIC MOryT HECKOJIBKO OTJINYATHCSA (HAIPUMED, yTOJI
nogbeMa cosriia B MomenT MC Bapbuposan B npegesnax 10 rpajgycos). Kaaubposka JaHHBIX
3aKJII0YAJIACH B PAIHOMETPUYECKON KOPPEKIINU: MTpeodbpa3oBaHue WH(MOPMAIME C YIeTOM yTJIa
[oJ'/beMa COJTHIIA B MOMEHT CHUMKA, ITOTJIONIEHUsI BOJIH B arMocdepe, XapaKTePUCTUK CEHCOPa
B KaxkJ0il mosioce npuema u apyrux Meraganubix (daiia MLT.txt). C momompo 3Tux JaH-
HBIX BCsi mHQPOpMAIUS CHUMKa MacCIITabUpOBAJACh W IMPUBOJIUIACE K OTPAXKEHHOMY H3JTyde-
HUIO HA BepXHEl TpaHuie arMocdepbl, KAK eCJIu Obl COJTHEUHBIE JYy9H MaIAJd BEPTHKAILHO
Ha, 3€MHYIO MMOBEPXHOCTb U YACTHYHO OTPAXKAJIUCH 0OpaTHO, a arMocdepa OecrpernsaTCTBEHHO
MPOITYCKAJTa, N3TydeHrne Ha JAHHOM JJTUHE BOJIHBI.

Obpeska cuenv, — ITO oreparusi, KOrga ¢ yIeTOM reorpaduyecKoil MpuBsI3Ku n300parke-
HUsI TI0 KOHTYPY aJIMUHACTPATHBHBIX TPAHUI] TPOBUHIINN TTPOU3BOIUIOCH yIATEHUE TUKCEeeH,
HE OTHOCAIUXCS K Teppuropun perunona. OOpe3ka CIEeHbI B JAJbHENIEM yIPOCTUIA BBIYUC-
JIeHIEe XapaKTEPUCTUK JIAHIIADTOB.

Buuucaenue sezemayuonnozo undexca. Waneke NDVI paccamrbiBajicas mo dopmyiie 1.
g ero oToOpaskeHusT IACTO WCIOJIB3YETCsT CTAHIAPTU30BAHHAS HEIPEPHIBHAS TPaIUeHTHAS
mkaJja B auamnasone or 0 o 255, o KosmyecTBy rpajaiuit ceporo. Pesysibrar pacyera NDVI

B IIBE€TaX CEpPOCTU IIpUBEJICH Ha PUC. 1.

NDVI Map

2500

5500 = J -
: 4 M0) M50 3500 3650 3600 3650 3700 3750 360D 3350 3900
3000 3500 4000 4500 5000 5500 6000 6500 7000

Puc. 1. Kapra uanexca NDVI nposunmun ib-/lusanum, 23 maprta 2015 roma. [lkana cepo-

cru oT —1 1o +1. Bpeska — y4acTok mnosimBHOrO 3eMiienesins BOsm3u peku Erdpar

2018, 1. 7, Ne 3 9



Huarnocruka jgasmmadroB nposuHnun Dib-Jusanus (Upak) 1o MyJbTHCHEKTPAIbHbBIM...

2. Knaccudukarus jJaHainiadToB

B pa6ore nis oTmeseHus pacTUTEILHOCTH OT APYTHX HPHUPOIHBIX MOBEPXHOCTENH IIpuMe-
Hssicst Metos nudposoit obpaborku «density slicings [10]. Dro meron BecbMa mpoct: Bech
JIMAIA30H 3HAYEHMI HUKCeJeil CHUMKa <«HApe3aeTca» C IOMOIIbI0 BLIOPAHHBIX TOPOrOBBLIX
3HAYEHWH Ha OTIEJbHBIE WHTEPBAJbI, OOBIYHO MOIYEPKUBAIONINE KAKHE-TO OCODEHHOCTH B
pacIpe/IeJIeHuu OTpazKaTeJIbHbIX CBOHCTB IMOBEpXHOCTH. TakuM 00pa3oM, yMEHBIIAeTCs ILIOT-
HOCTh M300pasKeHUsl — IIOTEHIMAIbHAA KOJOPUCTUIECKAST FaMMa COKPAIIAETCs JI0 HECKOJIb-
KUX IBETOB. BBIOOp NOPOroB HAPE3KH OCHOBLIBAJICA Ha MOJYKOJUYIECTBEHHBIX OLEHKAX
(. 2.1) u uccnenoBanun pacupenesenust 3aadennit NDVI 3a 2014, 2015 u 2016 roxpr (1. 2.2).
Bcero BbIIEIEHO ABa TUIA PACTHTEILHBLIX JAHAMIAMTOB, JaHIadThl, JUIICHHLIC PACTHTE/Ib-
HOCTH, M akBajbHbIe JaHamadTbl. OmeHKa TOYHOCTH KJIacCUMDUKAINU TPOU3BOIUIACD Iy TEM
CpaBHEHUS KJIacCU(PUKAIUU ¢ TPAIUIMOHHBIM JemupoBaHueM JIaHIIapTOB B Cpelie CepBUCa,
Google Earth (1. 2.3)

2.1. IlonykosmndyecTBEHHbIE OIIEHKU

Kak ykaspiBaJioCh paHee, MPOJLYKTUBHOCTH JaHmmadToB u 3Hadenus NDVI cBsasanb
Mex Ty coboit. Kaxpiit n3 OMOKJIMMaTUYecKuX JaH IadTOB MMEET CBOIO MaKCUMAJbHYIO
MPOJIyKTUBHOCTh, M, COOTBETCTBEHHO, xapakrTepubie 3uHadenus NDVI. Jlecorymapsi, mosyy-
croian, cyxue crenu umeior NDVI B nmmanazone 0,2--0,3. Buraxknbie creru, caBaHHBI U JIyra
0,4=+0,5. Bopeanbusbie jeca 0,55+0,65. Tponmueckue BIasKHBIE JIECa TPEICTABIEHBI BHICOKIMU
suagennamu NDVI = (,9.

SHaueHUsT WHJEKCA CEJIbCKOXO3SHCTBEHHBIX KYJIbTYD IPU HOJHOM ITPOEKTUBHOM IOKPHI-
Tuu B pasrap Bereraruu jgocruraer 0,75. [Ipupogabie 06beKTHI, HE UMEIOIINE PACTUTETHHOCTH
M3-3a 0COOEHHOCTE! OTparKeHusi B BUAUMON u WHGPAKPACHONH ODJIACTHU CIIEKTPa, UMEIT (DUK-
cupoBannoe suadenne NDVI. Kak npasuio, oueHb HusKue 3HaveHus uHuekca (menee 0,1),
COOTBETCTBYIOT TOPHBIM IIOPOJIaM, IECKY, CHery, acdaJjbTy U BOJIHBIM oO0bekTam. Tak, u3 pu-
cyHka 1 BUJIHO, YTO 3HAYEHUs MHJIEKCA BapbUPYIOT MexkJy —1 u +1, rje 6oJiee BbICOKME 3Ha-
4yeHus (CBeTJIble TOHA), OYEBUIHO, COOTBETCTBYIOT AKTHUBHO (DOTOCHHTE3UPYIOIIEH 310POBOit
pacturesbHocTu. Ha yBesJiM4eHHOU YacTW PUCYHKA JIETKO Pa3IUYUMbl TEMHBIE BETBUCTHIE
CTPYKTYPBbI, HAITOMUHAIOIIUE CETh WPPUTAITMOHHBIX KAHAJIOB, PA3PE3aOIUX CBETJIbIe 00/IacTh

OTJIEJbHBIX MOJIE.
2.2. Ananus pacnpeaesenuit NDVI

Pucynok 2 pemoHCTpuUpyeT MeXKIOJIOBbIE U3MEHEHUs ILIONMIAeH, 3aHATBIX Pa3IUIHBIMU
rpajalusIMy  BEMeTAITMOHHOTO WHJIEKCA. TakK, IIPEe/NOJIOKUTELHO BOJIHBIE OOBEKTHI C
NDVI < 0 cocrasiaamu 2,5 % obmeit momany nposunnuu B 2014 romy, cokparuBmuchk 10 1,5
(2,4)% B 2015 (16) romy. AHaJOrMYHO, IJIONIA/b IOTEHIMAILHO PACTUTEJNbHBIX JIAHIIA(TOB
¢ NDVI > 0,2 ymensmunacs ¢ 48,7 % B 2014 roxy no 36 (39)% B 2015(16) roxy. IomoGubie
KOJIe0aHus IUIOMAJAeH PACTUTELHOCTH M BOJHBIX OOBEKTOB MOYKHO OOBSICHUTD 3HATUTEIb-
HBIM yBJIazKHeHueM ¢ siuBaps 1mo mapt 2014 u 2016 roma um gedunmrom ysiaazkaenus B 2015
rogy (cm. Tabma. 1). O4eBuiaHO, YTO B paMKax IIPEIJIOKEHHOIO OObsCHEHWs, IIOmaau 6e3
pacruresbHoct ¢ NDVI or 0 mo 0,2 mo/pKHBI ciiemoBarh oOpaTHOR TeHaeHnuuu. [leiicTBu-
TeJILHO, YMCJIO TMHMKCEeIel 9TOH rpajJanuu cocTaBiasaio 48,8 % obmeil miomany NpOBUHINU B
2014 romy u Beipocso o 62,4 % (58,5 %) B 2015 (16) romy.
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[TpuBeiennas Bbillle OMOKJIUMATHIECKAsT MHTEPIIPETAIINSA YIIYCKAET OJIHY BaXKHYIO JI€TAJIb
pacupegenennit NDVI (em. puc. 2), aro okoso 20-25 % muionma/u IpOBUHIIMY UMeET 3Hade-
uug naaekca ot 0,2 mo 0,4, 4To XapaKTepHO I CTeIleil M caBaHH, & TaKue 30HAJbHBIE JIAH/I-
madThl B IPOBUHIIUU OTCYTCTBYIOT. BO3HUKINEE TPOTUBOpPEUNE MEXKIY OXKUJIAEeMbIM U (ak-
TUYECKUM DPACIIPEJICJIEHIEM WHIEKCAa OOYCJOBJIEHO HEOJHO3HAYHOCTHIO WHTEPIIPETAIMH THUIA
PACTUTEBHBIX JAHIIIADTOB 110 3HAYEHUIO CPEIHUX OTPAXKATEIHHBIX XapAKTEPUCTUK YIACTKA
3eMHO# 11oBepxHOCTU. Jles10 B TOM, YTO KaK/Iblii MUKCEJh MCXOIHOW CIIEHBI MOT COJEPKATD
HECKOJIBKO pamuii — MeJbYafiliinx JIAaHIMAMDTHBIX eIUHUIL C PA3JIMIHBIMUA OTPaXKaTe/IbHBIMA
cBoiicrBamu. st pacTuTesbHbIX aluii BaXKHO HE TOJIBKO WX COCTOSIHUE, HO U JIOJIsS IIPOEK-
tusaoro nokpsitus (II11). Hampumep, mukcesns, comepxammuii pacruresnbubie darpun ¢ NDVI
= 0,5 (0,7) mpu 50 % IIII rosoit mouser ¢ NDVI = 0,01, Gyser umerh 3HAUEHUS UHIEKCA OKO-
a0 0,25 (0,35). ITosromy mosie co 370pOBOii, HO pa3pPEKEHHOI PaCTUTELHOCTHIO ora paka

MOZKET BbBIIVIAOETH, KaK Y9aCTOK CTEIId UJIN CaBaHHDBI.

107
10°
109
10
10%1
10° ]
10" ]

YKcno nyukcenen

-06 -05 -04 -03 -0,2 -01 00 01 02 03 04 05 06 07 08 09 1,0
3HaveHua NDVI

Puc. 2. Pacnpenenenne aunciia nukceseit ¢ pazanaabiMu 3HadenussMu NDVI mo romgam

Brimrensnoxkennoe npejmnosaraer, 4ro 3uadeHue uHjekca ~ 0,35 MOXKeET C/IyKHUTbH TOPO-
TOM, OTJIEJISIIOIIIM PA3BUTHIE 3JI0POBBIE CEJIbXO3KYJJIbTYPhI U MPUOPEKHYI0 PACTUTETBHOCTD OT
cJ1aboil /Ml CHIIBHO Pa3peXKEHHOI PACTUTEBHOCTH. PeraonymM apryMeHTOM B T0JIb3y 9TO-
ro mopora siBjsercs To, 4ro pacupezenenuss NDVI (cm. puc. 2) orHOcsiTcss K CHUMKaM, Clie-
JIAHHBIM B JaThl OJIM3KHE K MaKCHMAJbLHOMY Pa3BUTUIO 3€JI€HOM MacChl BBICOKOYPOKaNHBIX
3epHOBBIX KyJbTyp. CyMMapHble IJIONAM IIOCEBOB HineHuIbl u sumens B 2013/14 romy co-
crapasm 2082 kM® u cokparmiuch 10 1456 (1462) kv B 2014/15 (2015/16) romax 3a cuer
JIBYKPATHOTO YMEHBIIIEHUsI MTOCEBOB CTABIIEr0 HepeHTabe/bHbIM suMeHsi. Ternepb JIerKO BU-
neth, uro B 2014 roxy 3epHOBBIE 3aHUMAaIU O0K0J0 23,7 % mromann nposunmuu, aro Ha 10 %
menbiie, deM twiomaau ¢ NDVI 2 0,3, zauareie B 3ToT rog. B 2015 u 2016 romxy smauenus
sTux mromanaeir o 16,6 %, uro ma 6,9 m 9,5 % menbme mromaneir ¢ NDVI 2 0,3. Tlpn
stom mwrommaaun ¢ NDVI > 0,5 B mapre 2015 (16) roma cocrasisimm Bcero 2 (5,5)%. Ilosromy
OCHOBHAsI 9aCTh II0JIeH, 3aHATHIX 3€PHOBBLIMHU B 3TH TOjibl, uMesa 3uadenus NDVI B mumama-
3ome ot 0,3 mo 0,5 exmmaur. Ilockosbky B rpamaruu co 3uadenuamu NDVI or 0,3 mo 0,4 co-
JepKajiock oT 7,8 1o 9,6 % miomaeil, To BLIOOP LOpOra B LEHTPE 3TO I'PaJalii 0DecIedr-
BaJI yCJIOBHE, YTO BECh 3€PHOBOI KJIMH C HEOOJBIINON T00AaBKON APYIUX PACTUTEbHBIX JIAHII-

madTOB OyIeT OTHOCUTHCS K OJTHOM KATErOPHUH JIAHIAMDTOB.
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Taxum obpazom, B Ka4ecTBe OPOra, pPa3iesisiioniero KaTeropuu JanmmnadToB «3mopoBas,
yMepeHHO paspexkeHHasi pactureiabHocTh (health vegetation, HV)» u «Ocnabiennas smbo
CHJILHO Pa3perKeHHasi PacTUTEIbHOCThY (stressed vegetation, SV), BeiOpano snauenune NDVI
pasnaoe 0,34. OcTaybHble TOPOTH JAHAMIAMDTOB JIUITL HECKOJbKO YTOUHSIN MPEIbIIYIINe T0-
JyKosmaecTBeHHble oreHku. Otmensst kareropuio Kareropun SV moporom 0,19 oT kateropmn
«YuacTku 6e3 pactureapHocTny (non-vegetation, NV), Mbl 3aBe1oM0 BblIesisieM Bce GECILION-
uole 3emitn. Karteropuss NV, B cBOIO ouepejib, OTIEJs€TCA OT KATErOpuu aKBaJIbHbIE JIAH/I-
madros (water, W) noporom munyc 0,1. Pesysibrarer aquarsosa sasamadroB ¢ IpuMeHEHHEM

9THUX [TOPOTOB IPEJICTABJIEHBI B TabI. 3.

Tabauma 3
Hwuarnocruka janmmnadToB HA ocHoBe moporos NDVI
Kareropust nanmmadra NDVI roxel | 2014 | 2015 | 2016 | cpemmee
Bosmbie o6bextTst, qoporn (W) kv | 202 | 189 | 115 169
(-1,0; 0,1]
% 2,3 | 2,15 | 1,31 1,9
Yuactku 6e3 pacrurersaocta (NV) (£0.1; 0.19] km” | 4166 | 5175 | 4714 | 4685
7 % | 474 | 58,9 | 53,65 | 53,3
OcnabienHast b0 CUIBHO paspe- KM 1748 | 1809 | 1892 1816
JKeHHasi pacTUTEIbHOCTD (SV) 0,19; 0,34 1
( ] % %’9 20,59 | 21,5 20,67
3/mopoBasi, YMEPEHHO pa3perKeHHas kv | 2670 | 1613 | 2065 2115
(0,34; 1,0]
pacruresnbHocts (HV) % 130,39 | 18,36 | 23,5 | 24,08

Taba. 3 aeMOHCTpPHUpYeT, 9TO HAUOGOIBIINE MEXKIoJ0Bble n3menenns B 10-12 % maomamm
HaOJIFOIAfOTCA TOJIBKO JJIs JaHAMAaMTOB CO 3M0POBOH PACTUTEIBHOCTHIO M JaHamadToB 6e3
PACTUTETLHOCTH. JTOTO CJIETOBAO OXKUJIATDH MU3-33 W3MEHEHUS TLIOIMIAINA OPOIIAEMOTO 3eMJTe-
Jesvist U HOpMaJjbHOrO yBiaaxkuerus B 2014 u 2016 romax u 3acyxu 2015 roga. 3amerum, 4To
pPa3HUIA MEXKJIy TOCEBHBIMU ILJIONIAJSIMUA 3€PHOBBIX U IO b0 Jjanamadros HV cocrasis-
Ja B 9T rojbl okoJio 590, 160 u 600 KM2, 9TO TpebyeT MaJIbHEHIITNX UCC/IEIOBAHUTIA.

Ipaduaeckuii pesynbrar kiaaccudukanuu (puc. 3) JIEMOHCTPUDYET, YTO YMEHbIIEHUE
IUIOTHOCTY KJIACCU(DUIIMPOBAHHBIX U300PaKEHW KOMIIEHCUPYIOTCS BO3MOXKHOCTBIO OBICTPOIA
UICHTHPUKAIINNA XaPAKTEPHBIX 00BbEKTOB W WX m3MeHeHwil. Tak, B yBeJIMIEHHOM MacITade
y4JacTKa, PACIOJIaTaloIerocss Ha I'PAHUIE PErMOHA OPOIIAEMOro 3eMJIeesus, JIOBOJIbHO JIETKO
y3HaoTCsd n3rubbl peku EBdpar m ero BTOPOro CHpsaMJIEHHOTO pycia. Tak»ke 3aMeTHO, ITO
3710pOBasi KyJbTUBUPOBaHHAsT pacTuTesibHOCTb HV obpamiena muieiidoM yrHETEHHON pacTu-
TEeJILHOCTU U Jpyrue jerasu Jjasamadros. [IpoBeserHHoe corocraBiienre Takux KapT 3a TPU
rojia MO3BOJIUJIO UAEHTU(UIIMPOBATH yBEJIUIEHHE TIIOMAIEHl OPOIITAEMOro 3eMJIeIe/ NS Ha Fore

IIPOBUHITUA.
2.3. Onenka kadecTBa KJiaccudukanmum

B IPpaKTHUKE JUCTAHIUOHHOTO 30HANPOBaHHA Kavde€CTBO KJIaCCI/ICl)I/IKaH,I/II/I Ha3€MHbIX JIaH/-
H.Ia@)TOB OIeHUBaCTCA C HMCIIOJIB30BaHMEM Ha3€MHDBIX Ha6JIIO,ZLeHHI>i B KJIIOYEBBIX Yy4YaCTKaX. B

OTCyTCTBUU TaKOl BO3MOXKHOCTH OPUMEHAIOTCA Pa3JIMIHbIE TEXHUKU MMHUTAIIUA Ha6JIIO,H€HI/IIL/'I.
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Puc. 3. Kapra mammmadros dab-/lusarnum 3a 2014 rox. Jlammmadter HV, SV, NV u# W

0003HAYCHBI 3€JICHbIM, 2KEJITbIM, KPaCHbIM U CUMHUM IIBETOM

JlJist OleHKM KavecTBa HAIlel KJIACCHU(UKAIUUA Mbl MOIUQUIMPOBAIN MPOCTYIO, HO -
dekTuBHYIO TEXHUKY [11], HCTIOJIB3YIOIILY IO cepBuC «Google Earth»
[https://www.google.com/intl/ru/earth/|, B KOTOpoM BCTPOEHBI TPOLEAYPHI PAOOTHI CO CITYT-
HUKOBBIMU U ABUAIMOHHBIMU CHUMKAMU BBICOKOTO paspernenus (15x15 merpos u Jyure). B
HaIllell TEXHUKE OIEHKM KadYecTBa KJIACCU(MDUKAIME JIAHIIMAMDTOB BBIIEISAINCh YeThIPe MIPOIe-
Jqypel: 1) TeHepalnus KOODJMHAT KJIIOUEBBIX yYaCTKOB KJIACCUMUIMPOBAHHBIX JIAHIAIIADTOB
(nmukceseit moBepkm); 2) ux reorpaduUecKas NPUBS3KA K CHUMKAM BBICOKOI'O DAa3PEIeHUsT;
3) Bu3yasbHOe JemudpoBaHue THUIOB JaHTNAdTOB; 4) MOCTPOEHHE MATPUIBI OIUOOK U
OT[EHKA TOYHOCTU METO/IA.

Ipouedypa 1. Cuavana B cpeme MatLab Obuin creHepmpoBaHbl paHJIOMU3UPOBAHHBIE KO-
OPJIMHATHI MTOBEPOYHBIX TOYEK, KAK IEHTpa HUKcess. B pesysbrare mporeaypbl HA KaXKJ0M
13 TPeX CHUMKOB B IIP€JieJiax I'DAHMUIL IIPOBUHIUN CIydaiiHbIM 00pa3oM ObL10 Bhibpano mo 100
[UKCeJIeN, MPEJICTABSIONNX BCe YeTbipe Kareropuu JjasamadgToB. PakTUIECKN Oy IUI0ChH
300 xopTexKeii, coyepKaIUX THPOPMAIUIO: JIaTa, IUPOTA, JOJTOTA, TUIl JaHIIadTAa.

Ipouedypa 2. Hanee stu xoprexku B Buje KML (baﬁJIOBl 9KCIIOPTUPOBAJIUCH B CPEIY
«Google Earth», u npuBsi3bIBaInCh K CHUMKY BBICOKOI'O PA3pEIIeHUs C J1aTOM, OJIM3KOH K MO-
MEHTY KJIACCU(PUIMPOBAHHOIO CHUMKA, /i€ TUKCEJIU KJIACCU(MUIMPOBAHHOTO H300PaKEeHUs
OTparkaJIuCb MeTKaMH [uaHOBOro mpera u cuMBosamMu «W», «NVx», «SVy», «HV» (puc. 4,
cripasa).

Ipouedypa 3. s kaxk10il OTAeIbHO BBIOPAHHON METKU ITPU MAKCHUMAJTHLHOM yBEJTUICHUN
OKPY?KAIOIIEro MEeTKYy y4YacTKa 3€MHOH IMOBEPXHOCTU BU3YAJHHO OIPEESAICH THI JIaHIad-
ta (cM. puc. 4, cinesa). Hanpumep, yBUJIEHHBIM SIDKO-3€JICHBIM DACTUTEJILHBIM IIOKPOBAM IIPH-
CBaMBAJICS KJIACC «3I0POBasl PaCTUTEJBLHOCTBH», W MOCJe BbOOpa B MeHO KHOmKU «HVY» 1e-
muPUPOBAHHBIA TUTI CPABHUBAJICS C PE3yJIbTATOM aBTOMaTHYECKON Kiraccupuranuu. B ciy-
Jae, ecjy pe3ysbTaThl JermudprpoBanus U KiaaccuduKauu coBnajamu (He COBIAIAJN), TO

[IUAHOBBIN IIBET METKU MEHHAJICA Ha YKEJIThII (KpaCHblﬁ).

— 43BbIK METKH H HOB JI 1T TaBJICHUA TPEXMEPHBIX I'€ONPOCTPAHCTBEHHBIX
I'KML 3 asMe a ocuoe XML €JICTaBJIC exXMe €O0IIPOCTPAHCTBE

narabix «Google Thianera 3emis» .
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Puc. 4. CKpUHIIIOTHI TPOIECCa OIEHKH KAYeCTBa KJIACCUMUKALIMI JIAHIIIA(DTOB

IIpouedypa 4. PesynbraThl Kiaccudukanmm JaHAMADTOB U AenndPOBAHUS 3aHECEHBI B
marpuiy ommbok (tabi. 4), rue mo crosdIaM IIpeICTaBIeHbl ABTOMATHIECKN KJIACCUMDUIUPO-
BaHHble JaHMmadThl, a 1Mo crpokam — gernmudpuposannbie Janamadrel. Ha ocxose 3Toit
MATPUIBl BBIYUCJIEHBI CJIEJIYIONIUE TPAIUIMOHHBIE METPUKHM KadecTBa Kjaccudurkanum [12-
13]: oburast Tounocts (overall accuracy), TounocTs mosb3oBarens (user’s accuracy, UA), Tou-
HOCTh paspaborumka (producer’s accuracy, PA), F-mepa u kanna Kosna.

Ob61ast TOYHOCTD KJTACCU(PUKAINN BBITUCICHA, KAK OTHOIIEHUE CYMMBI MTPABUJIBHO KJTAC-
cuUIUPOBaHHbBIX JaHIAdTOB (MOIYKUPHBIHA MPUdT) K 0Ol CyMMe HCCIIeyeMbIX JIAHI-
madToB, u paBHa 88,3 %. B mesom o0mas TOYHOCTH KaacCUDUKAIMN PErMOHAIBHBIX JIAH/I-
madTOB MPOBUHIMN DJib-/{MBaHUsS CpaBHEMA C TOYHOCTHIO KAPTHUPOBAHWS arpOJIaHIIIA(DTOB
CIIIA, Adpuku u Ascrpanun [13].

Tabauna 4
Marpurna omubok
Ej 5 Knaccudburnuposanusie sanmamad s Beero ofmapyzeno | PA
E g w NV SV HV
g —c:r; W 10 0 0 0 10 100
Fg* =t NV 1 120 3 3 127 94
g R SV 0 3 47 8 58 81
N HV 0 11 6 88 105 84
Bceero knaccudu-
11 134 56 99 300 88,1
[IUPOBAHO
UA (%) 91 90 84 89 88,5

Tounocts monb3oBarenss UA kimaccndUKAINN BBIMUCTIIACH, KAK OTHOIIEHWE THCIa TPa-
BUJIBHO IIPEJICKA3aHHBIX THUIIOB JIAHIMAMDTOB K OOIIEMY YHCIY JIaHIa(TOB 3TOrO THUIIA,
MPECKA3AHHOMY ABTOMATHYECKON Kiaccudukamnmeii. 3uadennss UA st pacTUTENBHBIX TIO-
KPOBOB HECKOJIBKO HUXKE, YeM i JIaHAmadTOB, JIMIIIEHHBIX pacTuTebHOoCTH. CpeiHeB3Be-
HIEHHAs TOYHOCTH I0JIb30BaTes Kiaccudukanuu pasha 88,5 %.

Tounocts paspaborunka PA Bbramcisgercss, Kak OTHOIIEHWE YHUCIA TTPABUIBHO ABTOMATH-

YeCKHu K.J'IaCCI/I(I)I/IU;I/IpOBaHHbIX J'Ia.H,ZLL[Ia(bTOB JAHHOTO THUIIa K YHUCIIY TaKUX .J'IaH,ZLHIa.CbTOB, 00-
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HAPYKEHHBIX MTPU JIEMTH(MPUPOBAHUN JIAHIIMADTOB. 371ech Tak:ke H6ojee HU3KUe 3HadeHns PA
HaOJIIOIAIOTCA JJIsi PACTUTEbHBIX JAHIINA(MTOB U BbICOKME 3HadYeHus PA — g HepacTu-
TeabHbIX JanamadToB. CpelHeB3BeleHHOe 3HAYeHne TOYHOCTH pas3padboTyunka pasHo 88,1 %.

F-mepa mpeacraBiser coO0fl TapMOHIYIECKOE CPEIHEe MEXKIY TOYHOCTBIO MOIL30BATEd U
TOYHOCTBIO pa3paboTyuuka u pasHa 88,3 %.

B mucraHImOHHOM 30HIWPOBAHUHU COTJIACOBAHHOCTH KJIACCH(DUKAIIUU OIEHWBAIOT C IIOMO-
mpio cratuctuku kanma Kosua [12|. B mamewm ciyuae snavdenue 3roit onenku pasuo 82,1 %,
YTO COBMECTHO C JPYTMMU IPUBEIEHHBIMU OIEHKAME TOBOPUT O IOCTATOYHO BBICOKOM Kate-

CTBE TIPEJJIOKEHHON aBTOMATUYIECKON KIacCupUKAIMY JIAHIIADTOB.

3aKJ/JII0YeHUue

Pacryime BO3MOXKHOCTH OTKPBITBIX CIIyTHUKOBBIX JIAHHBIX JI€JAI0T aKTyaJbHBIM HUX HC-
[IOJIb30BAHNE B MOHUTODPHHIE CEJIbCKOXO3AMCTBEHHBIX yromuii pecuybsmku Hpak. B aToit
npobHOIT paboTe Ha IpuMepe KJIACCU(PUKAIMHA JIAHIIIAPTOB ITPOBUHIUN Jib-/luBaHust MbI
IPOJIEMOHCTPUPOBAJIN HEKOTOPBIE MPOCTHIE, HO, KAK OKa3aJI0Ch, BIOJHE 3(PDHEKTUBHBIE CIIOCO-
ObI 00paboTKU JaHHBIX ciryTHHKa Landsat-8. 3ajorom ycmexa, Kak HaM KayKeTCs, CTaJIa KOM-
OuHaIsg METOIOB IU@POBOil 00pPabOTKN M300parkeHnii ¢ obIIereorpaduIecKuM MOIX0I0M K
aHAJIM3y IPUPOIHO-AHTPOIIOTEHHBIX cucTteM. [leficrBurenbuo, mpu moucke moporoB NDVI mbr
OIMPAJINCh HE TOJIbKO HA W3BECTHBIE 3HAYCHUS, HO U OIEHUBAJM OUOKJIMMATUIECKUE THUITHI
J'[a.HILH.Iad)TOB, CpaBHUBAJIX PAIBI ypO)KafIHOCTH Ky.HbTyp, y‘-II/ITbIBaJ'H/I ar'POKJIMMaTUIECKUEe
[IOKa3aTe/J I U APYrHue JaHHble., JTO OYEBUIHBIM OOPA30M JIEMOHCTPHUPYET, UYTO IPOrHO3UPOBa-
HIE COCTOSTHHSI arpoIleHO30B HEBO3MOXKHO 0e3 aHa/IM3a BPEMEHHBIX PsiJIOB Pa3UYIHBIX arpo-
METEOPOJIOTHIECKNX BEeJIUINH, UCCIEIOBAHUI KYyJIbTYPbI 3eMJIEIE/NsA, IOUCKa CIIOCOO0B 0bpa-
6OTKI/I JaHHbIX JUCTAHIIMOHHOI'O MOHUTOPHMHI'aA B PAa3JIMYHBIX CIIEKTpaX BOJIH, BKJIIOUYEHUA KO-
JIMIECTBEHHBIX U KaYEeCTBEHHBIX METOJOB U3 APYyruX 00JIacTell eCTeCTBOSHAHWSA U TeXHUKH. B
CBOIO OUepelb 3TO TpedyeT uccienoBanus UHAGOPMAIMOHHBIX CTPYKTYDP, HABBHIKOB 0OPAOOTKH
0a3 HJaHHBIX, Pa3pabOTKH MHTEIPUPOBAHHON Cpelbl IPENCTAaBJICHUS 3HAHUNA W pAga APYTHUX
nHGOPMAIMOHHBIX [OAXO0A0B [14], KOTOpBIE OTpayKaroT JUHAMUKY CEeJIbCKOXO3SHCTBEHHBIX
IIPOIIECCOB, KOHIIENITYAJIbHBIE W SMIIMPUIECKHE MOJIEN arPOIEHO30B, 9TO COCTABJIAET IIPEIMET

JAUCCEPTAIMOHHOI'O MCCJICJOBaHUA aBTOPOB.
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Remote sensing monitoring and prediction of crop yields are widely used throughout the world. However,
such techniques are not universal and require testing in each landscape region. This paper deals with approaches
to using multispectral satellite images to classify landscapes of Al-Diwaniyah, one of the main centers of irrigated
agriculture in Iraq. As a data source for the classification, we choose of Landsat-8 images received in March 2014,
2015 and 2016 with similar radiation characteristics. Snapshot dates coincided with the period of crops maximum
vegetation, allowing a certain allocation of agricultural land based on Normalized Difference Vegetation Index
(NDVI). The analysis of NDVI distributions demonstrate their sensitivity to changes of cereal crops areas and
seasonal precipitation sum, that allow us to establish four types of regional landscapes based on NDVI thresholds:
landscapes with health vegetation with moderate-to-high projective cover (NDVI > 0,34); landscapes with stressed
or low projective cover vegetation (0,19 < NDVI < 0,34), landscapes without vegetation (0,1 < NDVI < 0,19) and
water landscapes (NDVI <-0,1). Comparison of classification with the traditional man-made interpretation of
landscapes showed that the overall accuracy and F-measure of the proposed automatic classification is about
90 %.

Keywords: remote sensing of agrolandscapes, Al-Diwaniyah, Landsal-8 image processing, Normalized Differ-
ence Vegetation Index, phenology of cereal crops, automatic land cover classification, density slicing, classifica-

tion accuracy assessment.
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B crarbe mnpoaHaJM3UpPOBAHBI CYIIECTBYIONIME 3KOHOMUKO-MATEMATUYECKUE MOJEJIU: KOPPEJAIUOHHO-
DPErpecCHOHHBIN AHAJIN3, MPOM3BOJCTBEHHBbIE (DYHKIIUM, CUCTEMbl SKOHOMETPUYECKUX YDABHEHWIl; [PUBEIEHBI UX
obmmit Buj, popMyJibl pacdera, BbIABJIEHbl UX CHJIbHBIE M CJIAOble CTOPOHBI, MPEJJIaraercs BEKTOPHAsS —MOJIENb
ABTOPErpeccur OCHOBHBIX [OKa3aTesiell IPOM3BOJICTBEHHOI JesTeIbHOCTH CTPOMTEIBLHOIO NPeANpUITHsL (IPOU3BO-
JIITEILHOCTh TPY/d, PEeHTA0eILHOCTD MPOJIYKIMH, MEXaHOBOOPY?KEHHOCTL (TeXHUYECKHUH YPOBEHb CTPOMTEIBHBIX
MAIIH ¥ O06OPYJIOBAHUA), OTHOCHTENbHAS YHCICHHOCTb DPYKOBOJMAIIEIO 3BEHA NPEINPHATHs, CBOEBPEMEHHOCTDH
BBINOJIHEHUsT paboT, JUCKPETHOCTH WCIOIb30BAHHUA PECYPCOB, CTOMMOCTDH IMIPOLYKIMH, KAIeCTBO HPOJYKIMH) HA
ocHoee niocrpoerusi VAR-mozenn. B kauecrBe ocHoBbl jiitst mocrpoenusi VAR-Mozenn aBroperpeccun mokasaresieit
MTPOW3BOJICTBEHHON JIESTEIHHOCTH CTPOUTETBHOTO MPEIPUSITHSI aBTOPAMHU TIPEIaraeTcs NCIOMb30BATH CUCTEMY U3
TpexX B3aMMOCBSI3aHHBIX ypaBHeHUi. [IpruBeIeHbl JOCTOMHCTBA W HEOCTATKYA BEKTOPHOM MOJIETH ABTOPETPECCUH, &
TaK>Ke pe3yJbTarbl oleHuBanusa Koddduimentos B VAR-moznenu. Tlonyuenunie 3nadenus Ko3(pOUIMEHTOB TIPO-
AHAJTM3UPOBAHBI C TTOMOIIBIO TecTa ['pIHKepa Ha MPUINHHOCTD, OCHOBAHHOM HA AHAJIN3€ TPUINHHO-CIIEICTBEHHON
CBSA3U MEXKJy BPEMEHHBIMHU psgamMu. B crarbe ompemesnsercs (DYHKIUS WUMIYJIHCHOTO OTKJ/IMKA, OMUCHIBAIOIIAS
PEAKIINIO0 IUHAMIYIECKOTO Psiia B OTBET HA HEKOTOPbIE BHEIIHWE IMOKU. [locTpoeHbl rpaduKn OTKIINKOB OCHOBHBIX
PE3YJIbTUPYIOMINX TTOKA3aTeMel eATEeTbHOCTH CTPOUTENBHOTO MPEANPUITAsSI. BBIIBUHYTHIE B CTATHE TUMIOTE3bI
IIPOBEPEHBI HA OCHOBE MCIOJIb30BaHusA F-Tecta m LM-Tecta. ABTOPBI JeTaIbHO AHAIUZUPYIOT MOJIYYEHHBIE PE3YJIb-
TaThl PACUYETOB U YOEIUTEJLHO JOKA3BIBAIOT AKTYAJIBHOCTD IPEJJIOKEHHON B CTATHE METOUKH.

Kamouesoie ca06a: IKOHOMUKO-MAMEMATNUNECKAA MOJeAD, 8EKMOPHAA asmopezpeccus, VAR-modeav, ynpas-
AEHUE, CUCTNEMA, IKOHOMEMPUKA, NPOU3BOICTNEENHAA HYHKUUA.
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BBeaenue

ViupaBieHue 3KOHOMUKO# PBIHOYHOTO THUITA B COBPEMEHHBIX CJIOXKHBIX yCJOBUSX Tpedyer
WCIIOJIb30BAHUS PA3JIUIHBIX SKOHOMUKO-MATEMATUIECKUX METOJ0B u Mogjeseit. Vcmoiab3oBa-
Hre MHAMOPMAIMOHHBIX TEXHOJIOTU, BBIYUC/IUTEHHON TEXHUKU B COBOKYIIHOCTUA C COBPEMEH-
HBIMHU SKOHOMHUKO-MaTEMATUUYECKUMUA METOJIAMU OTKPBIBAET NMIMPOKHE BO3MOXKHOCTH JJI CO-
BEPIIEHCTBOBAHUS YIIPABJIEHUS, OBBIINIeHUs ero 3M(MEKTUBHOCTH, OIEPATUBHOCTH, JIEHCTBEH-

HOCTH.
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CyIecTByIOT pa3jindHble SKOHOMHKO-MATEMaTHIECKIEe MOJE/IN, KOTOPbIe IMPUMEHSIIOTCS B
HAyYHBIX MCCJIEJOBAHUSX U B KOHKDETHBIX NPAKTHYECKUX paspaborkax |2, 3|. B uacrHOCTH,
[IPY YIIPABJIEHUU CTPOUTEJbHBIM ITPOU3BOICTBOM HEOOXOAMMO YYUTHIBATH MHOXKECTBO B3au-
MO3aBUCUMBIX (PAKTOPOB, JIETEPMUHUPOBAHHBIM WJIM CJIyIailHBIM 0Opa30M BJIUSIIONIAX HA OC-
HOBHBIE TIOKA3aTeJ N AeITeJIbHOCTH CTPOUTENLHON opraHm3anuu. B Hacrosimee BpeMs I
pelleHus MOJIOOHBIX 337aY IMUPOKOE PACIPOCTPAHEHUE IOJIYUUJIA MOJETU KOPPEJIAIMOHHO-
PErpecCHOHHOTO aHAJIN3a, MPOU3BOICTBEHHDbIE (PYHKIIMU W CHUCTEMbI SKOHOMETPHIECKUX yPaB-
wenuit. Ho nanbosiee 1mepCcrieKTUBHOM C TOYKU 3PEHUA JTAJIHHENNIEr0 PA3BUTU HAYIHON MBICJIN
U TPaKTUIECKOIO WCIOJb30BAHUA $IBJISIETCS BEKTOPHAs MOJIEIb aBToperpeccuu. B gaHHOMN
cTaThe pevb IMOWIeT UMEHHO 00 9TOU MOJesin, KOTOpas IO3BOJISIET MPOBECTH HamboJiee IOJI-
HBI ¥ OOBLEKTUBHBIN aHAJM3 B3AMMHOI'O BJIMSHUS MTPOU3BOIACTBEHHBIX MOKA3aTEJEH HesaTeIb-
HOCTH CTPOUTEJILHOTO TPEIITPUITHUSI.

CraTbst OpraHmsoBaHa ciaedyiommuM obpaszoM. B paszmene 1 mpoaHaIu3HpOBAHBI CyIle-
CTBYIOIIUE ISKOHOMUKO-MATEMATHIECCKUE MOJICJN: KOPPEJIAIMOHHO-PEIPECCUOHHBIN  aHAIN3,
MIPOU3BOACTBEHHBIE (DYHKIINN, CACTEMbI SKOHOMETPUIECKUX yYPABHEHUI; MPUBEIEHBI UX OOt
BU, (GOPMYJIBI pAcUeTa, BbISBJIEHbI UX CUJIbHBIE U CJIabble CTOPOHBI. Pa3mesn 2 mocBsIneH pas-
paboTKe BEKTOPHON MOIENM aBTOPErPEeCCHN OCHOBHBIX MOKa3aTesieil MpOM3BOICTBEHHON Iesl-
TEJILHOCTU CTPOUTEJLHOrO Ha ocHoBe mocTpoenuss VAR-monenmu. B 3akioyenun npusoaurcs
KpaTKas CBOIKA PE3yJIbTATOB, MOJYyIEHHBIX B pabOTe, W YKA3aHbI HAIIPABJICHUS MAJTHHEHIITIX

HNCCJICIOBAHUIA.

1. Ananns CYIIECTBYIOIIINX 3IKOHOMMNKO-MAaTEeMAaTNI€CKMNX

MoaeJiei

Kak y»xe roBopmiioch panee, OJfHUM U3 HamboJiee PACIPOCTPAHEHHBIX METOIOB dKOHOMU-
KO-MaTeMaTHIeCKOTO MOJIEJIMPOBAHUSI SIBJISIETCS KOPPEJIAIMOHHO-PErPeCCUOHHbIH aHamu3 [9].
IlocTpoenne KOppenadaIMOHHO-PErPECCUOHHBIX MOJEJEN IMO3BOJIAET KOJUYECTBEHHO OXapaKTe-
pU30BaTh CBf3b, 3aBUCUMOCTH U B3aUMHYIO OOYCJOBJIEHHOCTH SKOHOMHUYECKUX IIOKa3aTeJIeil.
Iutsi Toro, 94T0OBI M3MEPUTH COBMECTHOE BJIUSHUE Psijia MoKazaTejeii-(hakTOpOB Ha BEJIUUNHY
aHAJIM3NUPYEMOT0 TOKa3aTessl PACCINTBIBAETCS MOJEIb MHOXKECTBEHHOU KOPPEeJAINN, B KOTO-
poil 3aBUCHMAasi IEpEMEHHAsT Y PACCMATPUBAETCHA B KadecTBe (DYHKIIUU 1 HE3aBUCHUMBIX I€pe-

MEHHBbIX I.
y= f(xlfxzy o Xp )

IIpu sTOM, BayKHO OTMETHUTH, YTO OIPEJIeJIEHNE TOKA3ATEN s, KOTOPbI OTPaXKAET TECHOTY
CBsA3M CO BceMHu (aKTOpaMU, BMECTE B3sThIMHU, HE YUUTHIBAET CTENEHb BJIUSHUS KaXKJIOTO
dakTOpa B OTIEJBHOCTH HA W3MEHEHWe BEeJIUYMHBI 3aBUCHMON MEPEMEHHON. DTO O3HAYaer,
YTO JlaykKe MPU HAJUYAUA OY€Hb BBICOKOTrO 001Iero KoddduimenTa MHOXKECTBEHHOW KOPpPEeJis-
MU HE WCKJIOYEHO, UTO BJIMSIHUE OTACJbHBIX (DAKTOPOB MOYKET 0KA3aThCs HUYTOXKHBIM, & UX
BKJIIOUYEHNE B KOPPEJIAIMOHHYIO MOJIEIb — HEOIIPaB/IaHHbIM.

OnHuM ¥3 HApaBJIEHWIH KOPPEJSIIMOHHOIO aHAJN3a B IKOHOMUKE SIBJISIETCSI MCCJIEI0Ba~
HIE 3aBUCAMOCTEH B cdepe IIPOU3BOICTBA — MPOU3BOACTBeHHBIX (yHKuuit [8]. TIpoussom-
cTBeHHAdA (DYHKIUS BKJIIOYAET MOJEIUPOBAHUE 3aBUCUMOCTEH, CYIIECTBYIOIINX MEXKIY pPas3-
JIMYHBIMU IIPOU3BOJICTBEHHBIMU IIOKA3aTeJIAMU: IIPOU3BOJUTEIBHOCTL TPYJa, KalUTaJbHbIE
3aTpaThl, 00bEM BBIITYCKAEMON TPOAyKINH, (POHIOOTAAYA U JP.

[IpousBojicTBenHast (yHKIMs, BKJIOYAIONAsd HE OJIMH, a HEeCKOJbKO I[oKa3aTeseii-

(baKTOpOB, TO3BOJIACT U3MEPATH XapaKTEep U CUJIY UX COBMECTHOT'O BJ/IMAHUA Ha PE3IYJIbTaTUB-
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HBII TTPOM3BOJICTBEHHBIN MoKazaTeab. MuorodakTopnas (GyHKIMS MO3BOJILAET HCCICI0BATH U
BIMSHUE KaskK/10ro (pakTopa B OTAEIBHOCTH, HO y¥Ke C Y4eTOM JeiiCTBHA JIPyTruxX (haKTOPOB,
TorIa Kak ojaHodgaKkTopHasd YHKIMA NTHOPUPYET, 10 CyTH JiesIa, Ipodrne paKTOpPHL.

[Ipumenenne MHOTO(GAKTOPHBIX ITPOU3BOJICTBEHHLIX (DYHKIMII PACIIHpSAET KPYT aHATHTU-
JecKIX IMOKasaTesIeill 33 CUeT TOABJICHHs HoKasaTeseil 3aMelleHus pecypcoB. PaccmaTpuBas
BUJIBI MHOTO(AKTOPHBIX (ByHKIUi, HEOOXOIUMO YUUTBIBATL, UTO YBEJHUEHHE UHCIa (HaKTO-
POB Jle/laeT BCE BBIKJIAQJIKH 0OJIee TPOMO3IKMMHI, HIYeTo He MeHsSd B IPUHIUINAILHOM OTHO-
[ICHUN.

B cBA3M €O CIOXKHOCTBIO W MHOTOTPAHHOCTBIO ITPOM3BOJCTBEHHBIX B3aMMOCBA3€H, 00BLEK-
TOB aHAJIN3a U YIPABJCHUH, a TaK¥Ke CIenudUKOil KOHKPETHOH IIPOM3BOICTBEHHON CTPYKTY-
PBI WJIN OCOOBIME TIeJIAME 1 (POPMaMI HCCIICAOBAHNS YaCTO BO3HUKAET HEOOXOIMMOCTD IIPel-
cTaBjieHusl NPOM3BOJCTBEHHON (DYHKIIMUM HECKOJLKUMHU ypPABHEHUAMU (CHCTEMBI ypaBHe-
Huit) [8]:

Y1 = Q11X+ AypXp + ot QX o+ U
Y2 = by1y1 + Ax1x1 + Azpx; + 0+ Aoy + - Uy
V3 = b31Y1 + b3py, + az1xq + dzpxy + o+ AzpXy + o+ Us

HeCMOTpH Ha TO, 9TO B HaCTOAIIEE€ BpeMd HCIIOJIb3YIOTCdAd, KaK IIPaBUJIO, JUHAMHUYIECCKUE

cucTeMbl ypaBHeHUil (yduThiBaoIue BpeMeHHOI (akTop), Bce Ke Hambosiee TOYHbIE M KOD-

PEKTHBIE PE3YJIbTAThI IO3BOJIAET MOJIYIUTh BEKTOPHAS MOJIENb aBroperpeccuu [9).

2. IlocTpoeHmue BEKTOPHOI MOJIEJIM aBTOPErpeccum rmokKasarejien
MPOU3BOJICTBEHHOU /IeITE€JIbHOCTA CTPOUTEJIHLHOTO
OpearpuATUs

Bekropnast asroperpeccust (VAR, Vector AutoRegression) upencrasisier coboil COBO-
KYITHOCTb JMHAMUYECKUX BPEMEHHBIX PsIOB, B KOTOPBIX TEKYIME 3HAYEHUHA 3aBUCAT OT 3HA-
YeHWIi 9TUX K€ BPEMEHHBIX PsIJIOB B IPOIIE/IIINe IePUO/Ibl BpeMeHu |9].

BekTopayio Monens aBroperpeccun mpenoxuia Kpucropep Cumc B 1980 romy, ona saB-
JisieTcst 0000IeHneM MOJIeJiell aBTOPerpeccu K MHOTOMEPHBIM BPEMEHHBIM psijiaM, TPeCTaB-
Jsier coboil cucTeMy ypaBHEHMI, B KOTOPOH KaxKiasl IepeMeHHast (KOMIIOHEHTa MHOIOMEPHOIO
BPEMEHHOI'O Dsijia) [PEJICTAB/IeHa JIMHEHHON KOMOMHAIMENH BCEX MEPEMEHHBIX B IPEJIbIIYIIue
MOMEHTBI BPEMEHM.

BekTopHble MO/ aBTOPErpPECCUU CTPOSATCS MO CMAUUOHAPHbLM BPEMEHHBIM psgaM. B
cilydae, €CJIM PsAAbl HECTAIIMOHAPHBI, TO OHM IPUBOISTCH K CTAIMOHAPHBIM IIyTEM B3STHS
pas3HOCTEll, TIOC/Ie Yero CTPOSATCs BEKTOPHBIE Mojiesin KOppeKTupoBku omubok (VECM).

[Ipocreitmas VAR-Momens BKIIOUAET JBe TEpEMEHHBIE ¢ JIATOM 1, IUCI0 YpaABHEHWH MO-

JIeJIN PaBHO YHCITy nepeMeHHbIX [1, 10]:
Xy =0t o X tOpX 1, &y,

M
Xig = Qg T O Xy T O X5 + &y

rie o, &, — CBODOJIHBIC MapaMeTpbl; ¢, — mHapamerpbl asroperpeccun (1, j=1,2);

ij
&, €& —B3aMMHO HEKOppeJIupOBaHHbIe «besrbie OIyMBbI» .

B obmem Busie jyis k mepemMeHHBIX U 9mcIIa JIaroB p Mojenab aproperpeccuu (VAR) umeer

BUI:
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[ [1] [2] [2] [p]

— [p]
Xp=o +aX g et X g T X oy et o X Tt oy

I R i

— [1] [1] [2] [2] [p] [p]
X, =a, + 0, -1 Tt o X Ty Xt72,1 +... T 2k t...t+ay Xt—p,l Tt Oy —pk t &, (2)

_ [ 1] 2] 2] [p] [p]
Koo = O + 04 Xy F oot QX F 0K ) e Qg X g e O Xy e F 0K 6

WM B BEKTOPHO-MATPUYHOI 3armcu [9]:

(1] (1] [Pl [p]
Xy Q ayy oy || Xy ayp -y || X &y
(1] (1 [pl [p]
a o . Xi_ia o .a Xi_p2 &
X | 2] PP 2 | % 2k p2 | | Ce (3)
1 1
X 20 OtlEl]...aIEk] Xt—l,k a&f]aﬁf] thp,k ‘C':tk
X a Al Xia AlP] Xip &
WA
Xi =a+ AT X 4+ ALPT X +8,. (4)

B kauecrBe ocHOBBI 1151 mocTpoenusi VAR-mozesm aBroperpeccun [5] mokasaresieii mpo-
M3BOJICTBEHHOHN JeATEJIbHOCTH CTPOUTEIBHOIO MPEANPUSTUS PEJIAraeTCsd HCIOJIb30BaTh
CJIEJLYTONIYIO cucTeMy ypasHeHuii ((hbOpMyJIbl pacyera IIepeMeHHbIX IIPUBEJIHbI B Tabur. 1):
yl}t:aux],t+a12x2}t_l+01t+...+a1mxm,t+...+81,t
yQ,t:bglyl,t+a21$17t_1+a22$2;t+ Col -+ + ATy ¢+ FE0 4 ’ (5)
yg,t:bgzy]’t+b$2y27t+a31x3’t_1+a,32$2_t+ Colte+ Qg Ty ¢+ FE34

e Y, , — KauecTBO HPOJYKIMH B MOMEHT BPEMEHH i;

Y, — CBOEBPEMEHHOCTD BBIIIOITHEHNUS paboT B MOMEHT BpeMeHHu i;

N

Y3, — CTOMMOCTH HPOJIYKIMU B MOMEHT BPEMEHU t;

Ty ; — PEHTabeJLHOCTD TPOJIYKIIUM B MOMEHT BDEMEHHU f;

Ty —— OTHOCHTEJbHAs YNUCIEHHOCTH PYKOBOJAINErO 3BEHA NPENPHUSATHH B MOMEHT Bpe-
M€eHHU T;

T, — OTHOCHUTEeJbHAs YMCJIEHHOCTh PYKOBOJAIIErO 3BEHA IPEJNPUATAS B MOMEHT Bpe-

2,1 1

MeHn t-1 (7aroBasi IepeMeHHAsd X; ¢ );

T3, — HPOU3BOJIUTEILHOCTD TPY/Ia B MOMEHT BPEMEHU t;

T, , — IPOU3BOJUTEILHOCTH TPYJa B MOMEHT BPeMEHU i-I (7aroBast EpeMEHHA X3 ¢ );

T, — MEXaHOBOOPY?KEHHOCTDL (TeXHHYECKHil ypPOBEHb CTPOMTETLHBIX MAITMH 1 000pyI0-
BaHWs) B MOMEHT BPEMeHHU [;

T5; — JMCKPETHOCTb UCIOJIb30BAHUA PECYPCOB B MOMEHT BpeMeHHu .

To ecrb CpoKuM BBINOJIHEHUS PabOT 3aBUCAT OT TPeOYEMOro ypOBHsI KadecTBa, a CTOU-
MOCTBH 3aBUCUT 1M OT KadeCTBa, 1 OT CPOKOB BBIIIOJIHECHU A pa60T.

B mammem ciygae Ha OCHOBE MCXOIHBIX JAHHBIX, MOJYIYEHHBIX OT CTPOUTEIBHBIX MPEIITPH-

ATUit, OBLIN MOJTyYeHbl KOI(DMUINEHTHI IPH X; ¢ ¥ cOCTaBiIeHa Mojesb asroperpeccun (VAR):
y,,~0,003 + 0,218z + 0,03z5; — 0,0006z5; — 2,919z, ;+ 1,434x;;
Y, ,~ 0,009 + 0,561z, ;40,076 Ty, 0,0015 Ty, 74 ;43,567 x5, (6)

Yy, = 0021247, 0168z, + 0,004z,  + 16,378z, 7,936z;,
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Tabaumna 1

@opMyJIbl pacueTa mepeMeHHbBIX

Ne HaumenoBanue
®dopmysia pacuera Paconmdposka dopmysibl
1/ mepeMeHHOI
1 | IlpouszBoauresibHOCTD 0 O — obbem pabOTBI B EIUHUITY
TpyJa 1= T BpEMeHU;
Y — gncao pabOTHUKOB
2 | PenTabenmbHocth po- 7 IIp — npubbLIL OT pean3aIuu;
JIYKITIHT Prpooyruu = ?p 100% | C — monHasg ceGECTOMMOCTH IIPO-
JTYKIIAN
3 | MexaHoBOOpY2KEHHOCTH Quex — 00bEM PabOT, BBIIOJHEH-
(TeXHquCKHﬁ YPOBEHDL M= Qe HBI MEeXaHU3UPOBAHHBIM CIIOCOOOM;
CTPOUTEIbHBIX MAIUH U g Y — ofmas YucaeHHOCTh pPaboT-
060py,10BaHus) HUKOB Ha MPEJITPUITAN
4 | OTHOCUTEIbHAS —YUC/IEH- Y, — YHUCJIEHHOCTH PYKOBO/ISAIIETO
HOCTDb PYKOBOIAIIEIO 0y = q, 3BCHA IIPEIIPUATAL;
3BEHA MIPEIITPUITISI Py Y — ofmas YrcaeHHOCTh PaboT-
HUKOB Ha IIDEAIIPUATUN
5 | CBoeBpeMEeHHOCTD BBI- |T T | Thai, Tg — turanoBbie n daxTrde-
MTOJTHEHUsT PabOT Cyp=1 e Ji CKH€ CPOKH IIPOU3BOJICTBA PAbOT Ha
T i-ToM 0ObEeKTe, JTHU
6 | JIuckpeTHOCTH WHCIIOIb30- Toue BpeMs JUCKPETHOTO HC-
BaHUA PECYPCOB Tyue [IOJIb30BAHUS PECYPCOB HA OOHEKTE;
Ay = T T — obmaa TpoaoIKUTETHLHOCTD
HCIIOJIb30BAHUS PECYPCOB
7 | CrouMoCTh TPOIYKITHH B — ob0bem mpogaxk B JAeHEKHOM
B 1 BBIPAXKEHUH;
Crp = v H_cp V — obmmmit oobeMm pabor;
ep CpemHss II€Ha IPOIaKU
1 kB.M 2KNJIbAd Ha MECTHOM DBIHKE
8 | KadecTBo mpoykiiuu OB — cromMocTh OKOHYATETHHOTO
opaka; I'P — 3arpaTel Ha ycTpame-
% OB+ TP HUEe HEeJI0/e/I0K, CKPBITOr0 Opaka 1o
TS B paHee CIaHHBIM OOBLEKTaM, T.e. 3a-

TpaThl Ha IIPOBEJleHUE INapaHTUITHO-

'O PEMOHTA
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K mpeumymecrsam VAR-Moeseit MOXKHO OTHECTH:

— BO3MOXKHOCTB OreHkKu napamerpos Merogom MHK (MeTos HauMeHbIIMX KBAJIPATOB);

—  OTCyTCTBUE Da3JeJIeHHs [TIEPEMEHHBIX Ha IK30T€HHBIE U SHJIOTCHHbIE;

— DoJiee TOYHBII U MTPOCTOM JIJIsl UCTIOJTHEHUS ITPOTHO3.

K menocrarkam VAR-Mozeneit MOXKHO OTHECTH:

—  HEIPOCTYIO MpOoIeaypy onpeaenenus nopsiaka VAR mozgesu;

— geM GOJIBbITIE TTEPEMEHHBIX U OOJIbIe JaroB yaacTByioT B VAR, Tem Gosbiie Tpebyercst

JIAHHBIX JIJIsI OIEHKU MIapaMeTPOB;

—  koddpdunmentor VAR HemHTEpIpPETHDYEMBI.

Cureyromum TamnoM siBjsieTcsi IpoBejieHue tecra I'psnxkepa [4] Ha npuunanocrs. Tecr
Ipsnpkepa Ha npuauHHOCTh (anrs. Granger causality test) ocHoBaH Ha aHaJU3e TPUIMHHO-
CJIEJICTBEHHOI CBsI3M (IPUYMHHOCTH 1O ['paHjKepy») Mexiy BpeMmeHHbIME psiamu. CyTb
JTAHHON METOJMKHU 3aKJII0YAETCs B TOM, YTO 3HAYEHHE (M3MEHEHWEe) BPEMEHHOro psga Xi Ko-
TOPBIN SBJISIETCA TPUINHON M3MEHEHUI BPEMEHHOTO psja Yy MPeIIlecTByeT U3MEHEHUIO STO-
0 BPEMEHHOT'O psj/ia, ¥ KPOME TOTO, HOJI2KHO IPEIOINPENESIATh U ITPOTHO3UPOBATH €0 3Hade-
HUS.

Tect I'panpkepa 1ociie10BaTeIbHO IIPOBEPSET JIBE HYJIEBblE T'MIIOTE3bl: (I HE HPUYMHA Y
mo I'parspkepy» u «y npuumda z 1o ['panekepy». IIpoBepka manHbIx rumore3 tpedyer mo-
cTpoeHust AByX perpeccuit. Kaxkias perpeccusi BKJIIOYAET 3aBUCUMYIO MEPEMEHHYIO, KOTOPAs
SABJISIETCsI OJIHON W3 IEPEMEHHbBIX, [IPOBEPSIEMBIX HA MPUUMHHOCTH. Perpeccopamu BBICTYIIAOT
JIaru 3TUX JBYX I€PEMEHHBIX.

CyTb HyJIEBOIl THUIIOTE3BbI IJisi KaXKIOW PErpecCUu 3aKJ/I0YaeTcss B TOM, YTO IIPHU Jarax
BTOPOI 1IepeMeHHOi K03hdUIMeHTb 0/ITHOBPEMEHHO PABHbBI HYJIIO.

JlaHHble IUIIOTE3bI IPOBEPSIOTCS Ha OCHOBE HCHOsb30Banus F-tecra [1] win LM-recra [1].
BaxxHbIM MOMEHTOM $BJISIETCH 3aBUCUMOCTH PE3YJIbTATOB TECTA OT KOJIMYECTBA MCIIOJIH30BaH-
HBIX JIaroB B perpeccusix (tabi. 2). Kaxapiit crosbern B Tabi. 2 COOTBETCTBYET yPaBHEHUIO B
VAR-Mmo€e11.

B Tabs. 2 npuBemeHbl OmeHKH KOX(MQUIMEHTOB MOJIEIA CO CTAHIAPTHBIMHU OIMMOKAMMN
B [9] u t — craTucTukamu B 1] (KpuTHUECKOe 3HAYEHME t-CTATHCTUKU MOXKHO y3HATH 110 Tab-
qure pachpeesenus CTbiofeHTa, JUIs JTAHHOTO MPHMEpPA OHO PABHO 2), & TaKyKe CTaHIapT-
wpie MHK-cTaTucTrku, xapakTepu3yolme Ka9eCTBO KazK0r0 YPABHEHUS CHUCTEMBI.

B mocnemaux crpokax Tabui. 2 mpeCTaBJIEHBI CJIEAYIONINE CTATUCTUYECKUE TOKA3ATENIN,
XapaKTepu3yoIue OIEHEHHYI0 MOJe/b BeKTOPHOM aBroperpeccun. Determinant Resid Covar-
iance (dof adj.) — ompenenuTesb KOBAPUAIMOHHOW MATPHIIBI CIYYARHBIX ONIMOOK MOJIEIIH
(cremenn cBOGOBI cKOppekTupoBanbl). Log Likelihood — 3HaveHusi norapudMudecKoii
bYHKIIUN MaKCUMAJIBHOI'O PABJIONONO0NSI, KOTOPbIE BBIYUCILAIOTCS B HPEIIOJOXKEHUH, ITO
CJIyJaifHble ONMMOKU MOJIEJN TOINHAIOTCS MHOTOMEPHOMY 3aKOHY HOPMAJIBHOIO pacIpeiesie-
uus. Akaike Information Criteria w Schwarz Criteria (nadopmanmonnbie Kpurepun Akanke u
[IIBapiia) MOYKHO HCIIOJIBL30BATH JJIsi BbIOODA MOJIEJIN, HAIIPUMED, IS OIIPEJ/IeJICHUs] JJINHBI
marupoBarusg B VAR-mozmenu. 31ech mpeanodTHTEIbHEE MOJETH C MEHBITUMU 3HAUCHUSMEI
MHMOPMAIMOHHOTO KPUTEPHS.

ITocsie aToro omnpegesnsierca PYHKIUA UMITYJIbCHOIO OTKJINKA, TJ€ UMILYJIbLC — 3TO OJHO-
KpaTHOE BO3MYIIIEHUE, KOTOPOE MPUIAETCS OJHOMY W3 [TapaMeTpOB.

OyHKIMA UMIYJIbCHOTO OTKJIMKA OIUCHIBAET PEAKIIUIO JTUHAMUYECKOrO PsAJa B OTBET HA

HEKOTOpbIE€ BHEIIHNE ITOKH. HO,ZL IIMIOKOM IIOHMMaeTCdAd OJHOMOMEHTHOE USMEHCHUE 9K30I'CHHBIX

24 Bectuuk FOYpI'Y. Cepusi «BorauciauresbHasg mareMaTuka u nH(pOpMaTUKa»



Aa.0. T'easpyn, E.A. Yrpiomos, B.JI. Peibak

Tabauna 2
PesynbraTel onernuBanus Koadpduiumentos B VAR-Momenn
CBOEBpEMEHHOCTD
Croumocthb
Bpewmennoit jgar HpOI;:;Z(Z;TTBa IIPOIYKIUH
(D_UNEMP) (D_GDP)
0,385557 —0,076667
D UNEMP(-1) (0,13870) (0,60578)
[2,77979] [-0,12656]
—0,327325 0,044715
D UNEMP(-2) (0,15795) (0,68985)
[-2,07237] [0,06482]
0,151713 1,610709
D UNEMP(-3) (0,16505) (0,72087)
[0,91920] [2,23441]
0,493840 —0,979542
D UNEMP(-4) (0,17874) (0,78068)
[2,76282] [-1,25472]
—0,1445946 —0,264419
D UNEMP(-5) (0,11923) (0,52073)
[-1,21278§] [-0,50779]
Determinant resid covariance (dof adj.) 35829847
Determinant resid covariance 21289523
Log likelihood —541,1875
Akaike information criterion 23,46615
Schwarz criterion 24,32378

IIEPEMEHHbBIX, PABHOE UX OJHOMY CTAHIAPTHOMY OTKJIOHEHUIO KOjeDaHwil 3a BeCh HAOJIOIAe-
MBIA IIEPUOJI,.

q)yHKLH/II/I UMITYJIbCHOT'O OTKJIMKA XapPaKTEPUI3YIOT BPEMA BO3BPAIICHUA SH,Z[OFGHHOI';I nepe-
MEHHOIl Ha PAaBHOBECHYIO TPAEKTOPHUIO IPU EIUHUYHOM IIIOKE SK30T€HHOU repemMeHHO. [l
pacdera HUCIOJB30BaJICsS HporpaMMHbIH KoMmiuteke EViews [6]. Yrobbl momay4aurh GyHKIMO
OTKJIMKA Ha WMITYJbChl, Ha TaHean WHCTPyMeHToB VAR-ob6bekTa Oblma BblOpaHa OMIHs
View /Impulse Response (puc. 1-3).

ITo mosyyenubiM rpadukaM BUJIHO, YTO IPHU I0JAa4e UMIIYJIbCa Ha CBOEBPEMEHHOCTH IIPO-
M3BOJICTBA pabOT, OHA BEPHETCS HA PABHOBECHYIO TPAEKTOPHUIO depe3 4 KBapTaJja; [IPU MoJade
HUMILYJIbCA HA CTOMMOCTH IPOJYKIIMHM, CBOEBPEMEHHOCTH IPOU3BOJICTBA PADOT BEPHETCH HA
pPaBHOBECHYIO TpaeKTopuio depe3 10 kBaprasos [7, 8.

IIpu nogade uMIyIbCca HA CBOEBPEMEHHOCTH ITPOU3BOJCTBA PabOT, CTOMMOCTD ITPOJIYKITHH
BEpHETCS Ha PABHOBECHYIO TPAEKTOPHUIO Uepe3 3 KBapTaJja, a MPH MoJade UMITYyJIbCa HA CTOU-

MOCTB IIPOYKINHY, OHA BEPHETCS K PABHOBECHOM TPaeKTOPHUH depe3 7 KBApTAaJiOB.
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Impulse Responses X
Display Impulse Definition
Display Format Display Information
O Table Impulses:
(® Multiple Graphs d unemp d_adp
O Combined Graphs
Response Standard Errors Responses:
(O None d_unemp d_gdp
(® Analytic (asymptotic)
Monte Carlo
(D Periods: | 10
= [[J Accumulated Responses
o[ omes

Puc. 1. Bknagka Display auasoroBoro okna yHKIINA OTKJIUKA

Response to Cholesky One S.D. Innovations + 2 S E.

Response of D_UNEMP to D_UNEMP Response of D_UNEMP to D_GDP
80 80
40 4 40 1
20 20
-20 - -20 1 T
-40 - -40 4
-BD T T T T T T T T T T T T T T T T T T -BD T T T T T T T T T T T T T T T T T T T
2 4 B 8 10 12 14 16 18 20 2 4 B 8 10 12 14 16 18 20
Puc. 2. 'pacdukn OTKIIMKOB CBOEBPEMEHHOCTH ITPOU3BOJICTBA pabOT
Response of D_GDP to D_UNEMP Response of D_GDP to D_GDP
800 800
400
0
-400
-800 T T T T T T T T T T T T T T T T T 10 e e e e B S s s B B b s s e
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Puc. 3. I'paduku OTKIMKOB CTOMMOCTH ITPOJLYKITUH
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3aKJ/II0UYeHUue

B pesyibrare mpoBemeHHOrO WCC/IEIOBAaHUS OBLIN MPOAHAIU3UPOBAHBI CYIIECTBYIOIINE
9KOHOMMUKO-MATEMATHIECKAE MOJEIN: KOPPEIANOHHO-PEIPECCHOHHBIA  aHAIN3, TPOU3BO/I-
cTBeHHbIE (DYHKIIUU, CHCTEMbI 9KOHOMETPUYECKUX YPaBHEHW; X 00mumii Bu, pOPMYJIbl pac-
9eTa, BBIABJIEHBI UX CUJIbHBIE W CJa0ble CTOPOHBI. BBLIO BBISIBJIEHO, UYTO B HACTOLAIIEE BPEMS
UCIIOJIb3YIOTCS, KAK TPABUJIO, JUHAMUIECKHE CUCTEMbl ypaBHEHUH (yIUTHIBAIOIINE BPEMEHHOMN
dbakTop), HO Bce )Ke HambOJIee TOUHBbIE ¥ KOPPEKTHbIE PE3YJILTATHI I03BOJISIET TIOJIyIUTh BEK-
TOpHasT MOJEJIb aBTOPErDECCUU, IPEICTABJSIONAsd COOON CUCTEMY YpaBHEHW, B KOTOPOI
KaxK/[asl IlepeMeHHast (KOMIIOHEHTa MHOIMOMEPHOIO BPEMEHHOTO Psijia) IIPe/ICTaBIeHa, JIMHEHHON
KOMOWHAIIMEH BCeX TEePEMEHHBIX B IPEIbIAYIIIe MOMEHThI BDEMEHH.

Takum obpazom, ObLia paspaborana VAR-momens aBroperpeccuu mokasaTeseil Mpon3-
BOJICTBEHHO# ESATEJIbHOCTU CTPOUTEJBHOTO MIPEIIpusTus. B OCHOBe JAHHON MOIEN JiexKar
B3aMMOCBSI3aHHbIE OCHOBOIIOJIArAIOIIME II0KA3aTesi KOHKYPEHTOCIOCOOHOCTH —(CBOEBpEMEH-
HOCTH BBITIOJTHEHUSI PAOOT U CTOUMOCTD MPOJIYKIUK), OObEIUHEHHBIX B CHCTEMY IKOHOMETPH-
Jeckux ypasHenuii. [Ipu 5TOM CTOMMOCTH TPOIYKIIMHU 3aBUCAT OT CBOEBPEMEHHOCTHU BBIMTOJIHE-
Hus paboT.

B kauectBe ocHOBBI fist mocTpoennss VAR-Momenn aproperpeccuu ImoKasaTeseil mpons-
BOJICTBEHHOH JIEATEJIbHOCTH CTPOUTEIBHOIO IPEANPUATHASI ABTOPBI UCHIOJIB30BAJIM CUCTEMY W3
TPexX B3aMMOCBA3AHHBLIX ypaBHeHu. [ToMuMo 3TOr0, OBLIN MOJIyUEeHBI TAKKE PE3YIbTATHI OIle-
uuBanus Kodpdurmentos B VAR-momenn. Paccunmrammbie 3Hadennst K03hOUIIEHTOB TPO-
aHaJIM3UPOBAHBI C IIOMOIIBIO TeCTa FpSH,szepa Ha IPpUYMHHOCTH, OCHOBaHHOM Ha aHaJIU3e
MPUIUHHO-CJIEICTBEHHON CBSI3W MEYKTy BpeMeHHbIME pagamMu. C TMOMOIIBIO MPOrpPaMMHOTO
komriekca KViews Obuia omnpenesnena byHKIMS UMITYJIBCHOTO OTKJIMKA, OIMUCHIBAIONIAS Peak-
[IMIO JUHAMUYIECKOTO Psijia B OTBET Ha HEKOTOpbIe BHelmHMe Ioku. Ha ocHoBe manHOM dyHK-
nuu ObLIM MOCTPOEHBI T'PAMPUKU OTKJIUKOB OCHOBHBIX PE3YJbTUPYIONINX IOKA3aTesell Ies-
TEJIbHOCTU CTPOUTEILHOIO HPEeAIpusAThs. BBIABUHYTbIE B CTATbE T'MIIOTE3bl IIPOBEPEHBI HA OC-
HOBe ucnoJb3oBannsa F-tecta u LM-Tecra.

Pestomupys nanmoe uccienoBanue, HEOOXOIUMO OTMETHTb, YTO ObLIA IOJyYEHBI OITHU-
MaJIbHBbIE ITOKa3aTeJ/JIn HpOI/I3BO,ZLCTBeHHOﬁ JAedTeJIbHOCTH, KOTOPbI€ IIO3BOJIAIOT CTPOUTEIbHBIM
HPEJIIPUATUAM OIPEICTUTD i ceOsi HanboJiee MePCIeKTUBHBIE HAIIPABJICHUS] PA3BUTHUS, BbI-
SBUTh CBOU CHJIbHBIE U CJIa0ble CTOPOHBI, CIIOCOOCTBYIOT pa3pabOTKe W MPUHSITHIO OOOCHOBAH-
HBIX CTPATErHIEeCKU MPABUIHLHBIX YIPABACHIECKUX PEIIeHUil, ITO B KOHEIHOM HTOIe BEIET K
MOBBIINIEHUI0 KOHKYpPeHTOCIocobHocTn. HampapjeHne DA bHEHINUX WUCCIEIOBAHUIA JIE2KUT B
00JIacTH yTOYHEHNA W KOHKPETU3AIUY OJIYyYEeHHBIX I'PADUKOB M 3HAUEHUI MTOKa3aTeael aes-
TEeJIbHOCTU CTPOUTEbHBIX HpeanpusaTuit. OIHUM W3 METOJOB PEIleHus JAHHON 3aJa4Uu sBJIs-
ercd npuMeHenue dpuabTpa Kaamana — mocsiemroBaTebHOTO PEKYyPCUBHOIO AJTOPUTMA, WC-
[MOJIB3YIOIIEr0 BBIOPAHHYIO JUHAMUYECKYI) SKOHOMHUKO-MATEMATHYECKYIO MOJEh CUCTEMbI
JIJIs TIOJTy9€eHHUsI OIEHKH, CYIECTBEHHO CKOPPEKTHPOBAHHONW HA OCHOBE AaHAJIM3A KAaXKION IO-
CJIJIYIOIEl BIOOPDKYM M3MEpEHuil B TeueHue BpeMeHu. J[aHHBIA ajJropuT™M MPUMEHSIeTCs IS
yIpaBJIEeHUs MHOIMMU CJIOKHBIMU JIMHAMUYECKUME CUCTeMaMK (HeIpepbIBHbIE [TPOM3BO/I-
CTBEHHbIE TIPOIECCHI, CAMOJIEThI, KOPADJIM ¥ KOCMUYECKHUE AllllapaThl). YIIPaBJIeHUE JUHAMUYE-
CKOIl cucTeMoil TpebyeT, IpexK e BCero, 3HaTh €€ (pa30BOe COCTOTHUE B KaK/IbIii MOMEHT Bpe-
menn. Ho m3mepeHume BceX yIpaBIISeMbIX MEPEMEHHBIX HE BCETJIa ITPEICTABJISIETCH BO3MOK-
HBIM, U B 3TUX ciy4asx ¢ ¢pumibrp KagMaHa 103B0JIsieT BOCCTAHOBUTD HEJIOCTAOILYI0 UHQOP-

ManrIO Ha OCHOBE MMEIOIINXCA HETOYHBIX (BaH_IyM.HeHHbIX) H3MepeHHfI.
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The article analyzes the existing economic-mathematical models: correlation-regression analysis, production
functions, systems of econometric equations; their general form, calculation formulas are shown, their strengths
and weaknesses are revealed, a vector model of autoregression of the main indices of the production activity of the
construction enterprise is proposed (labor productivity, product profitability, mechanical strength (technical level
of construction machines and equipment), relative strength of the management team, timeliness of implementa-
tion works, discreteness of resource use, product cost, product quality) on the basis of the VAR model construc-
tion. As a basis for constructing a VAR-model of autoregressive indicators of the production activity of a con-
struction enterprise, the authors suggest using a system of three interrelated equations. The advantages and dis-
advantages of the vector model of autoregression are presented, as well as the results of estimating the coefficients
in the VAR model. The resulting values of the coefficients were analyzed using Granger's causality test, based on
the analysis of the cause-effect relationship between time series. The article defines the impulse response function
that describes the response of a dynamic series in response to some external shocks. The graphs of the responses of
the main resultant indicators of the activity of the construction enterprise are constructed. The hypotheses put
forward in the article are checked based on the use of the F-test and the LM-test. The authors analyze in detail
the results of calculations and convincingly prove the relevance of the methodology proposed in the article.

Keywords: economic-mathematical model, vector autoregression, VAR-model, management, system, econo-
metrics, production function.
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Introduction

The biological contamination is one of the serious global problems of aquatic ecology. The
invasion of aquatic species often occurs at discharging the ballast waters of ships. Mathematical
modeling of invasions is the great theoretical interest problem with practical relevance, and
refers to the actual and prospective direction of aquatic ecology. One of development stages of
a complete model of the Azov-black Sea ecosystem is the development and research models
of hydrological processes, including models of interaction between phyto- and zooplankton.

*The paper is recommended for publication by the Program Committee of the International Scientific Conference
“Parallel computational technologies (PCT) 2018”.
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Complex models of interacting populations of key aquatic organisms contains: different species
of phytoplankton, zooplankton and jelly macroplankton, including ctenophores populations
Mnemiopsis leidyi and Beroe ovata predators.

It’s known that medusa Aurelia aurita was the dominant species in jelly plankton of the
Black Sea until the mid-80s. During the prevalence of Aurelia aurita ecosystem of the Black Sea
was in relative balance, and the fish catch remained at approximately constant level [1].

In 1982 in the Black sea the Mnemiopsis leidyi appeared which eat the zooplankton, the
eggs and larvae of fish and shellfish. It leads to the decreasing the amount of food for fish by 30
times in comparison with the period of 1978 — 1988. It was one of causes of “anchovy crisis”. The
number of individuals in 1 m? reached 400 units.

Mnemiopsis leidy: populated the Caspian Sea through the Volga-Don Channel in 1999. As
a result, 75 % of zooplankton were dead, that had a great influence on the food chains of the sea.
Mnemiopsis leidyi was first spotted in the North and Baltic Seas. The predatory Beroe ovata
eating only ctenophora Lobata appeared in 2006.

Each period of ctenophore appearing in great amount is characterized by changes at the
structure of plankton population and leads to the fish reproduction [1, 2].

The paper covers the development and researching mathematical model of interaction
processes between plankton and ctenophore populations based on the modern information
technologies and computational methods, which is lead to increase the accuracy of predictive
modeling the ecology situation in shallow water in summer. The model takes into account the
follows: the transport of water environment; microturbulent diffusion; nonlinear interaction
of plankton and ctenophore populations; biogenic, temperature and oxygen regimes; influence
of salinity. The computational accuracy is significantly increased, and computational time is
decreased at using the calculation method based on partially filled cells for discretization of model.
Experimental software was developed based on multiprocessor computer system, which are
intended for mathematical modeling of possible progress scenarios in shallow waters ecosystems
on the example of the Azov Sea in summer. We used decomposition methods of grid domains
in parallel implementation for computationally laborious convection-diffusion problems, taking
into account the architecture and parameters of multiprocessor computer system.

The first section of the paper is devoted to the expedition researches of the Azov Sea,
which are used for calibration and verification of the developed model of plankton and
ctenophore interaction. The second section of the paper is devoted to description of the developed
mathematical model of biological kinetics. The construction and research a discrete analog of the
developed model using the schemes of high order of accurasy and partially filled cells are described
in the third section. Solution method of grid equations, obtained during the discretization of the
developed model of biological kinetics, that are described the plankton and ctenophore interaction
in the Azov Sea, are described in the fourth section. A parallel variant of method for solution
grid equations is described in the fifth section. The sixth section is devoted to the description
of software complex. Results of numerical experiments of the software complex, numerically
implemented the proposed model problem are given in the seventh section. The main results and

future research directions are given in conclusion.

1. Expedition researches of the Azov Sea

The Institute of Oceanology by P.P. Shirshov has conducted longtime researches of
ecosystems in different regions of the Azov-Black Sea basin, the results of which allowed
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to identify the influence of jelly macroplankton in the functioning of its ecosystems [2|. A
comparison of the number of macro- and meso-zooplankton obtained using different equipment
and techniques (nets, bottles, underwater video survey and direct counting with underwater
installations), and the analysis of catch of different plankton nets used during the expeditions,
showned that M. Leidyi invasion caused a significant decrease in food stocks of zooplankton and
plankton-feeding fish [1]. The intensive absorption of bivalve larvae by the M. leidyi ctenophore
was found in the coastal waters of the North-Eastern part of the Black Sea. The seasonal
population dynamics of ctenophores, their interaction and age structure, basic physiological and
ecological characteristics were researched, and the weight of dry samples, the carbon content, the
ratio of length /mass and quantitative parameters of ctenophores during feeding and reproduction
were measured in laboratory experiments. Daily analysis of the M. Leidyi population dynamics [1]
revealed a periodic wave of the reproduction intensity every 10-15 days, and a gradual increasing
was at maximum in August. Further population growth is interrupted at the end of August by a
sharp increase in the B. Ovata, which led to the almost complete disappearance of the M. Leidy:
in November-December.

The main problem of expedition researches is the complex researching of modern conditions
and spatial-dimension measurements of the hydrobiological, hydrological and hydrochemical
regimes of the Azov Sea and Taganrog Bay. The route on the research vessel “Deneb” was made
in July 2017 by the staffers of the Don State Technical University, Southern Scientific Center
of RAS at the Azov Sea basin. More than 20 complex oceanographic stations were researched,
and samples of water, plankton and benthos were obtained. And shipboard observations of birds
and marine mammals were made. Sampling of phytoplankton was carried out by the sampler in
several horizons. The number and biomass of organisms of each taxonomic group was calculated
for 1 m3 of water. Zooplankton samples were taken by filtration through plankton net of Epstein
or Jedi [3].

The tables of standard scales of organisms, composed of Mordecai-Boltovskii, were used
for calculation of the biomass of zooplankton. The number and biomass of organisms of each
taxonomic group was calculated for 1 m? of water.

Samples of jelly plankton were taken at all stations, a few vertical climbs by the ctenophora
net without the extension of the cone and one oblique harvest Bongo net were made. The biomass
of the Mnemiopsis leidy: and Beroe ctenophores and their sizes was calculated in each sample
by volumetric method.

Sampling of zoobenthos was carried out with a Petersen grab or the benthic frame with a
square grip of 0,025 m?. The number and biomass of organisms of each taxonomic group was
calculated for 1 m? of water.

The hydrochemical conditions were researched (the oxygen content, pH, salt and nutrient
composition of water). Sampling of water was carried out by the samplers. Processing of samples
was carried out according to the conventional methods of hydrochemical studies in conditions
equipped with necessary laboratory equipment (Fig. 1).

2. Problem statement

Specific features of survival were taken into account at developing spatially-inhomogeneous
models of interacting populations of main aquatic organisms, including populations of
phytoplankton, zooplankton, and ctenophores Mnemiopsis leidyi (M. leidyi) and Beroe ovata
predators. It is known that M. leidyi is a species with simple short life cycle and very high fertility,
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c¢) Hydrochemical researches d) Biological researches

Fig. 1. Expeditionary researches in 2017

its population is increasing rapidly, exponentially. “The correlation between the linear dimensions
of the ctenophore and the consumption rate of zooplankton” is characterized for M. leidyi. This
species survives in unfavorable conditions of new water with a dedicated adaptation mechanism.
These jelly fish feed on benthic invertebrates, eggs and larvae of fish. The youngest age group
of the ctenophore feed on microplankton: protozoa, phytoplankton, doubleline (Nauplius, from
ancient Greek. nauplios — “a floating animal with a shell”) stages of copepods (Ref. Copepoda)
[4]. The increase of M. leidyi occur at the expense of pedogenesis (the larvae develop unfertilized
eggs, which give the start to a new generation).

For modeling dynamics of forage populations of ctenophores was used in situ and evaluation
of the distribution of the nutrient status of the entire area of the range of ctenophores with the
zoning of the Azov Sea were taken into account the main ecological and biological processes:
growth, mortality, metabolism (estimation of influence of waste products of M. leidy: (mucus,
pellets) and its decomposition products on the abundance of microflora and the formation of
proteolytic and amylase activity), the physical transfer of aquatic organisms, including active
and passive migration, and so account for the movement of water flow, diffusion, taxis.

The last month of summer is the period of active development of the zooplankton, but under
favorable food and temperature conditions, the rate of development of M. leidyi is much higher.
In the process of the conducted researches it was established that the indices of biodiversity
of phytoplankton are higher in places of mass congestion of M. leidyi. As a result of intensive
development of phytoplankton-based indicators of chlorophyll “a” is also significantly higher in
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habitats of M. leidyi, which is clearly seen on cards of direct measurements of chlorophyll and
SeaWiF satellite data. Primary product selection of M. leidyi is the ammonium nitrogen |5].

The ratio of organic nitrogen to mineral form in the habitat area of M. leidyi increases. Waste
products of the M. leidy: also is mucus constantly reset it with the surface of the body, which
leads to an increase of suspended organic matter in the water, and as a result creates favorable
conditions for the development of microheterotrophs, primarily bacteria, and contributes to a
significant increase in their numbers.

An active regeneration of inorganic forms of biogenic elements (nitrogen, phosphorus, silicon)
occurs as a result of the bacteria activity. Extracted nutrients are used by phytoplankton,
increasing its biomass. In terms of Azov areal, metabolic rates of M. leidyi estimated from oxygen
consumption and release of ammonium is approximately 1.5 times higher than the oceanic forms
of the protein consumed zooplankton assimilation (growth), ctenophore uses only about 26 %
nitrogen, 20 % is dissipated in the environment in the form of low molecular weight peptides and
amino acids and 54 % of nitrogen dissimilitude to ammonium. In marine ecosystems, the M. leidyi
acts as a “short dimension” of the food chain, intercepting and mineralize flows of organic matter
zooplankton, regenerate nutrients and thus stimulate the development of phytoplankton. After
the invasion of the ctenophore in the Azov sea doubled primary production with a concomitant
increase in the content of organic substances in water and sediments and its turnover. One of
the consequences of changes in trophic chains in the ecosystem of the Azov Sea in the result of
introduction of the M. leidyi is increasing of the proportion detatoko link [5].

M. leidyi can indirectly regulate the dynamics and distribution of summer phytoplankton
through consumption of zooplankters phytophages, producing the effect of “cascade” to lower
trophic levels through zooplankton on the phytoplankton and chlorophyll “a”. Grazing by M.
leidyi leidyi of meroplankton (larvae of benthic animals) and demersal plankton leads to a
decrease in biomass of the representatives of the benthos.

The spatial distribution of salinity and temperature were taken into account at modeling of
hydrological processes (the plankton and ctenophores interaction) in a shallow water — the Azov
Sea. The number of M. leidy: depends on the distance of its penetration, and is determined by
the direction and speed of wind currents, contributing to the drift of water with high salinity.
The M. leidyi can live and multiply only when salinity is above 4,3 %o (for the Caspian Sea) [7].
The distribution of M. leidyi in the Azov Sea is limited to isohalines 3 %o [8] and occured due to
its penetration of the Black Sea, where every year it re-colonized in the spring or early summer,
and living until October, then dead at the decreasing of the temperature below 4 °C.

The field measurements obtained at the expeditions at the Azov-Black Sea basin and the
“Analytical GIS” portal data developed by the Institute for Information Transmission Problems
of the Russian Academy of Science (IITP RAS) at modelling in this paper [6].

The model for description the ecological and biological interaction process between
ctenophores and plankton has the form:

/ 1 ’ ’ (9 8Pz . —
(P’L)t + = Z {Ua (Pz)xa + (UaPi)xa} — NZAP'L + 8721?3 (Vzaz> + wla 1€ 1> 9. (1)

1 (Pr, Po, P3) ={ouP3s — 1Py —e1} P1,Yo (P1, ) = {aoP) — 2} Ps,

3 (Pr, P3, Py) = {a3Py — 63P1 — €3} P, 04 (P3, Py, Ps) = {ouPs — 04P — 4} Py,
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9
ay = (aoa +vaMy) Y5 (P1, Py, ..., Py) = Z &Py — 0P, P5 + B (Ps — P5) + f,
i=1,i#5
4
U (P1, P2, P3, Py, Ps, ... Po) = ) kiPi = emPr; m € 6.9,
=1

where P; are concentration values,i € 1,9: 1, 2 are ctenophores Mnemiopsis leidyi and Beroe
ovata; 3 is zooplankton; 4 is phytoplankton; 5 is the biogenic matter; 6, 7, 8, 9 are metabolites of
ctenophores (6, 7) and plankton (zoo- (8) and phyto- (9)); ¢; are functions of trophic interactions;
oy is the function of ctenophores and plankton growth, I = 1,4; 4,74 are the growth rate of
phytoplankton in the absence of metabolite and the effect parameter; B is the rate of arrival of
nutrients Ps; Ps is the maximum possible concentration of nutrients; ¢; is a coefficient taking into
account mortality of the [-th species; €, are the coefficients of metabolite decomposition, m =
6,9; k; are the excretion coefficients of I-th species (ctenophores (I = 1,2), zooplankton (I = 3),
phytoplankton (I = 4)); 01, d3, d4 are coefficients of wastage due to grazing f = f (x1, z2,x3,1) is
the source function S (polution); u is the velocity field of water flow; U = u+ug;, U = (U1, Us, Us)
is the rate of convective mass transfer; ug; is the deposition rate of the i-th substance; u;v; are
the diffusion coefficients in the horizontal and vertical directions of the i-th substance.

The computational domain G is a closed basin, limited by the undisturbed water surface X,
bottom ¥z = Xy (x1,22) and the cylindrical surface o for 0 <t <Tp. > =) (U> 5 Uo — the
sectionally smooth boundary of the domain G.

Boundary conditions for the system (1) are following;:

or,
on
P{jz =0 on Xg; PZ{Z = —0;P; on Xy,

P, =0o0no, U, <0; =, ono, U, >0; (2)

where (; is the i-th bottom material absorption coefficient.

Add to (1) following initial conditions:

Pil,—g = Py(z1,22,23), i = 1,9. (3)

3. Construction of a discrete analog of the model

Each equation of the system (1) — (3) can be represented by the diffusion-convection-reaction

equation in the two-dimensional case:

¢, +uc, +ve, = (/wgg)x + (,uc;)y +f
with boundary conditions:
sz (gc, Y, t) = anc+ By,

where u, v are water velocity components; p is the turbulent exchange coefficient; f is the
function, describing the intensity and distribution of sources.

The uniform grid was defined for numerical implementation of the discrete mathematical
model [7]:

Whp = {tn:nTv Zg :/thv yj :]hya nZO,Nt,i:O,NI,jZO,Ny;

Nyt =T, Nyhg = I, Nyhy =1},
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where 7 is the time step; h;, hy are spatial steps; N; is the upper time boundary; N, N, are
spatial boundaries.

Discrete analogs of convective uc, and diffusive (,uc;)’ operators of the second order of

x
accuracy in the case of partially filled cells can be written as:

Cit1.j — Cij Cij— Cio1,j
(q0); j uc, =~ (q1); j ui+1/2,jw + (g2); j ui%/z;’M’ (4)
' ' 2hy ’ 2h,
, Citlj — Cij Cij— Cio1.j
(CIO)i,j (HC;),E = (Q1)i,j Ni+1/2,j% - (C]2)i,j Mi—l/Q,j%_ (5)
x x

003G + B
- ‘((h)@j - (QQ)i,j Mi,j%a
x

where ¢;,1 € {0,1,2} are coefficients, describing the “fillness” of control domains.
The approximation error of (4) in the case (¢1); ; = (¢2); ; = 1 has the form [8]:

Ci+1aj — Civj Civ.j — Ci*laj
T
x x

s () + (¢ij) iw,j) Ui,j(é@',j) B+ (Ui,j)4(cz‘,j) B2 40 ().

Therefore, the operator uc’ — c'u”h? /4 —uc”h? /6 — u/c’h? /4 must be approximated by a scheme

2
h; +

of the second order of accuracy for approximation the convective transport operator uc’ by a
difference scheme of the fourth order of accuracy.

The approximation of the convective transport operator uc’ by a difference scheme of the fourth
order of accuracy has the form:

(), 20 = = (a0, 2 e — (= a0, Ml (2 {2 +

+ (@) @), (q1); (—+71/2 + kM + kl@))) Ci+1+ (‘ (91); 12111/2 <2 " qu; H) i
i+1

12h (QQ)Z- 2h ¢
Ui—1/2 (91);1 Ui-1/2 Uiv1/2 B (1)
(@) 2 (2 () ), M5 - (a0 M () @) K
@\ . (_ Uit1/2 (Q2)i Ui—1/2 (Q2)i
(o + () ) o = (= ), 2T () M2 (2 {2
sz @ Ny, [ ui—1/2 (42);-1\
+(92); <72h + k; k; ))Cz—l ( (q2); oh (qo)il>cz—2,

where

W _ [ (¢), Ut — _(Q2)i b —
KO = ((%)i( - ) - B, z_1>)/<8h>,

B _ (q1); Wig1 — s 4 (
! (q0);  8h (q0); 8h
(

The approximation error of (5) in the case (¢1); ; = (¢2); ; = 1 has the form:

/ 2
Citl,j — Ci.j Cij— Ci1, , ok
Ni—l—l/?,j% - Mi—1/2,j% = (Mz’,j (ci,5) ) + i, (i, )TV 24
€T

X
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. . h2 , ", h2 " , h2 A
+ (i,5) (ci,5) fﬂL(Mi,j) (ci,5) Fx‘*'(ﬂi,j) (ci,5) gwﬂLO(hz)- (7)

Therefore, the operator (u!) — pucIVIn2/12 — p""h2/4 — 1/'d"h%/6 — 1 ’h2/6 must be
approximate by a scheme of the second order accuracy for approximation of the diffusion
transport operator (uc )/ by a difference scheme of the fourth order of accuracy.

The representative of the diffusion transport operator (uc’ )/ by a difference scheme of the fourth
order of accuracy has the form:

(qo0); L (¢) = —A;ci + Biicit1 + Baici—1 + B3 icivo + Buici—a. (8)
Hit1/2 piv1 ((q1); wi—1 (q1); 3) iy —
By = . 4 2 . — AN S S
1, (ql)z h2 + (ql)z 12h2 <(q0)i + + (q2)z 12h2 (QO)i (QI)z i ( 1)1 12
Hi—1/2 it (g2); pi—1 ((q2); (3) 2’ - N§/—1
By = ; ; ! , L1 2) = (qo), kY — (qo), ———2,
2, (qQ)z h2 + (ql)z 12h2 (QO)Z + (qQ)Z 12h2 <(q0)Z + (qQ)z ] (q2)z 12
pir1 (41);44 pi1 (42)i-1
B i i ’ 4= i 5 9
3, ( 1) 1212 (qo)i—’_l 4 ( 2) 1242 (q0)i_1 ( )
Hi+1/2 Hi—1/2 (3) Hi+1 (Q2)z'+1
A; = 4 . - . )k 4 2
(ql)z h2 + (q2>1 h2 ((QI)'L + (Q2)2) 7 + (ql)z 12h2 (QO)Z'+1 + +

pic1 (@) 1y — Mgy Miy = B pi—1 (1),
. 2) — A — , , i
+ (q2)z 12h2 ((qO)Z’_]_ + ) (qQ)z 12 (ql)z 12 + ( 2)1 12h2 (q0)1+

it (g2); (@) pit1 (q1)441 () pi—1 (q2);_1

T 502 oy~ R (), TR (o),

where

8 — (q1); pit1 — pi _ (q2); i — i1 4 _ ((q1)i

(QQ>' 2
. ;= i1 — 26 tei1 | /h7
' (qo);  4h? (@0); 4n2 M Gy — At c-1)/

(90); (40);
4. Solution method of grid equations

The discrete analog of the model (1) — (3) in the operator form is the following |19, 23, 25]:
Au = f (10)

with the nondegenerate operator A, defined in the real Hilbert space H. Let us consider the
implicit two-layer iterative scheme in the form:

BYALT Yk Ay = f k=0,1,... (11)
Tk

with an random initial approximation yo € H and the nondegenerate operator B [23]. Any
two-layer iterative method based on the scheme (10) is characterized by the operators A and B,
the energy space Hp, in which we prove the convergence of the method, and set the iteration
parameters 7. The main question in the theory of iterative methods is the issue of the optimal

choice of the parameter 7 [19].
No a priori information about the operators of the scheme (11) (in addition to the conditions
of the general formA = A* > 0, (DB_IA)* = DB7'A, etc.) not requires in two-layer iterative
methods of variational type for the calculation parameters 75. The construction of these methods
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is based on the following principle: if the approximation yy, is set, and yx11 is defined according
to the scheme (8), the iterative parameter 7,41 is chosen from the condition of minimum in Hp
of the error zx411 = yr+1 — u, where wu is the solution of problem (10). The sequence yy, defined
according to the formula (11) (the parameters are selected from the above conditions), is minimal
for a quadratic functional of the form I (y) = (D (y — u),y — u). This functionality (because of
positive deniteness of the operator D) is below limited, and reached a minimum, equal to the
zero, at the solution of equation (10), i.e. at y = u. The parameter selection 711 of the specified
condition provides a local minimization of the functional I (y) at the converting from yj to the
Yk+1, 1.e. for one iteration step. In the case of explicit schema (B = E) the conversion from yj
to the yiy1 is carried out according to the formula:

Yk+1 = Yk — Th1Th, Tk = Ay, — f.

For self-adjoint positive definite operator the conversion from yi to the yx11 is carried out
in the direction of —rg, which coincides with the direction of antigradient for functionality
(A(y —u),y — u) at the point yi. The greatest decreasing of the functionality value is carried out
in the direction of antigradient. The parameter 7,1 is defined from the condition of minimum
in Hp of the error zx11 = yp+1 — u [25].

The formula for calculation of the iterative parameter 7441 was defined according to the
assumption that the operator A is the nondegenerate.

Firstly, the error equation for zp = yr — u, &k = 0,1,... is defined. Then we substituted
Yr = Tk + u to the scheme (8), and obtained the next expression: zx 1 = (E — TkalA) 2k,
k=0,1,..., zo = yo — u. Due to the substitution z; = D_éxk, we obtained the equation, which

contained only one operator:
Th1 = Spy12k, Sy = E —1,0,C = D72 (DB™YA) D>, (12)

The defined above problem about the selection of the parameter 7,11 was formulated using
the equation ||zx||, = ||z&|| (|| - || p is the norm in Hp , || - || is the norm in H): the parameter 75,
is chosen from the condition of the norm minimum xy1 in the space H. The norm is calculated
as following:

|zki1]* = (B = 7541C) ik, (B — 71C) 1) = |lagl|® — 2711 (Cov, ) + 7211 (Cvg, Cye) =
(13)
= (Cay, Cag) [Tht1 — (Cag, z1) / (Cg, Cy))* + x| — (Cwg, 2x)? / (Cg, Cye)
The operator C is the nondegenerate as the operator A is the nondegenerate. So, we obtained

the condition (Cz,Cxy) > 0 for each xg, and the minimum of norm is achieved at the next
condition:

Tk+1 = (C’a:k,a:k) / (ka,cxk) . (14)

The equation (13) substituted to the (14):

|Zrr1ll = prs1 lzrll (15)

where

pri =1~ (Cay,xp)? / {(Cag, Oy) (xp, 21) } - (16)
2018, T. 7, Ne 3 39




Practical Aspects of Implementation of the Parallel Algorithm for Solving Problem of...

The formula (14) is defined the optimal value of the iterative parameter 751. The expression
x, = D™ 22, is substituted to the (14):

Th4+1 = (DB_lAZk, Zk$k) / (DB_IAZk, B_lAzk) ,k=0,1,.... (17)

According to the Az, = Ay, — Au = Ay, — f = 11, is the residual vector, and B~ 'r;, = wy,
is correction vector, the formula for parameter 7,11 has the form:

Thk+1 = (Dwk,zk)/(Dwk,wk), k:(),l,..., (18)
and the iterative scheme (11) in the explicit formula for calculation yi; is the following:

Ykl = Yk — Tho1wr, k=10,1,.... (19)

The algorithm, implemented the proposed method, is the following:

) residual vector 1, = Ay — f is calculated according to the given yy;

) equation for the correction vector Bwy = 7}, is calculated,;
3) parameter 7xy; is obtained according to the formula (18);

) new approximation yx1 is calculated according to the formula (19).
We considered the special cases of two-layer gradient methods, which we will use to solve
the model problem (1) — (3). Each specific method is determined by the choice of the operator D
and has its area of applicability. The operator D was chosen so that only known in the iteration
process values were in formula (18) for the iterative parameter 75 1.

If the operator A is self-adjoint and positively defined in H, then the method of steepest
descent (MSS) can be used for solution (11). If the operator A is non-selfadjoint and
nondegenerate, and the operator B* A positively identified, then we can use the minimal residual
method (MRM) [34].

Let us consider that the operator A is self-adjoint and positively defined in H. For the
method of steepest descent (MSS) D = A. The operator B must be positively defined in H.

According to the ratio Az = Axp — f = r and A = A* from the (15) we get the formula
for iterative parameter 751 in the implicit method of steepest descent:

Tir1 = (rg, wg) / (Awk, Awg) ,k=0,1,.... (20)

For the case of explicit two-layer scheme (14) B = E we get wy = B~ !y = 71, and the

formula for the 71, has the form:
Tk+1 = (’l“k,’l“k)/(ATk,A’l"k),k =0,1,.... (21)

The parameter 7341 is calculated according to the formula (21) at the solution of model
problem (1) — (3) using the method of steepest descent in the residual, and the minimal residual
method in the correction is implemented according to the calculation formula (20).

The method of minimum corrections (MMP) can be used to solve the model problem (1) —
(3) in the case of any non-degenerate non-selfadjoint operator A, it also requires the positive
definiteness of the operator B*A. The condition for the method of minimal residuals is the
following: D = A*A.
The formula for the iterative parameter 7,51 in the method of minimum corrections is the
following;:

Tir1 = (Awk, 1)/ (Awg, Awg), k= 0,1,.... (22)
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For the case of the explicit scheme (11) (B = E) the operator A, must be positively defined,
and the formula for the 741, has the form:

Tk+1 = (ATk,Tk)/<A7°k,A7’k),k:0,1,.... (23)

The analysis of the effectiveness of the above-described gradient methods of variational type
was performed on the basis of the numerical solution of the model problem (1) - (3). Comparison
results of convergence speeds of two-layer gradient methods of variational type, which is used to
solve the problem of the form (1) — (3): the minimum residuals method (MRM), the minimum
correction method (MMC), the steepest descent method in the residual (MSDR), the steepest
descent method in the corrections (SDMC) were given in Table [35].

Table
Comparison of convergence velocities of the methods of variational type
MRM
n\ p|1 2 3 4

1 L =441, =48 | I, =43, 1, =47 | I, =43,1, =47 | I, = 42,1, = 48
2 L =48,1,=53 |, =47,1,=52 | I, =46,1, =53 | I, = 45,1, = 53
3 L=21,,=21 |I,=20,1,=22 | [ =19,=22 | I; =19,1, =21
4 L=15I,=17 | I, = 13,1, = 14

1 L =651,=83 |, =64,1,=77 | I, =63,1, =16 | I = 62,1, =76
2 L=T731,=87 |1 =73,I3=87 | I, =721,=86 | I, = 71,1, = 85
L=51,1,=51 | I, =46,I,=50 | [, =43,1, =49 | I, = 40, I, = 48
4 I, =38,I,=40 | I; = 35,1 = 38

L =62,1,=69 | I, =61,1,=67 | I, =60,I, =67 | I, =59, =67
2 L=68,Io=71 |1 =67,I,b=74 |I,=67,1,b=74 | I, =66,I, =74
3 L =32,1,=35 |1, =30,1,=35 | I;=29,1,=35 | I, =28,1,=34
4 L =231,=24 | I} = 20,1, = 21

1 L=64,1,=68 | =67,1,=79 |, =661,=78 | I, =651, =18
2 L=T74,1,=86 |, =73,1,=87 |1, =73,1,=86 | I, = 72,1, = 86
3 L =491, =53 | I, =451, =52 | I; =42, 1, =51 | I, = 41,1, = 49
4 I, =38,I,=40 | I = 35,1, = 36

In Table: p is an iteration number; n is the number of time layer; I is the amount of
iterations, which are necessary for the convergence; the method for solution SLAE for equation,
described the change of concentration Py, k € {1,2}.

The minimum correction method (MMC) was chosen as the main method due to its fastest
convergence speed, as shown in table.

5. Parallel variant of method for solution grid equations

The k-means method was used for geometric partition of the calculation domain for uniform

loading of MCS processors. This method is based on the minimization of the functional of the
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total sample variance of the elements scatter (nodes of the computational grid) relative to the
gravity center of subdomains: Q = Q®).
Let X; be the set of computational grid nodes, included in the i-th subdomain, i € {1, ..., m},

m is the given number of subdomains.

QB = > ﬁ > ozex, d*(z, c;) — min,

where ¢; = ﬁ > zcx, T is the center of the subdomain X;, and d(z, ¢;) is the distance between
the calculated node and the center of the grid subdomain in the Euclidean metric. The k-means
method converges only when all subdomain will be approximately equal.

Result of using the k-means method for model of two-dimensional and three-dimensional
areas of regular shape is given in Fig. 2.

. "a .l.’u‘ A .f - "
. " ’l.:.l - ".' — guns
] -. [ ] 1] [ ]
[ [ L] l.'. .l ' .\ . : e
.-. '-- . : I E_ . -

Fig. 2. Results of using k-means method for splitting the model domains with the correct form

For data exchange in the computation process it is required to find all points on the border
of each subdomain. For this purpose, the Jarvis algorithm (the problem of constructing the
convex hull) was used. A list of neighboring subdomains for each subdomain was formed, and
the algorithm of data transfer between the subdomains was developed.

The doubling method was used in solution of the SLAE of the minimal correction method
for calculation of the iterative parameter 7.

The algorithm synchronization for solving the problem (1) — (3) is required only in the MMC
during the transition to the next iteration.

6. Software complex description

The software complex was performed for solution of the model problem of plankton
interaction, and populations of the ctenophores Mnemiopsis leidyi and Beroe ovata predators in
the form (1) — (3), which calculated the concentrations of the major aquatic organisms, including
phyto - and zooplankton, jelly microplankton (species — ctenophores) in the areas of complex
shape (the Azov Sea and Taganrog Bay) [14, 34, 35|.

The developed software complex can be as follows:

1) development and implementation of integrated fisheries monitoring in the waters
(monitoring, evaluation and prediction of ecosystems situation, fodder stocks and fishing
objects);
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2) development, negotiation of proposals and measures for ensuring an optimal regime,
biodiversity, fisheries resources, ecosystems of shallow waters;

3) improvement of environmental research methodology, development of new methodology,
testing and implementation of promising research methods of water ecosystems and
individual components;

4) development and improvement of methods of diagnostics of toxic effect of biogenic substances
on hydrobionts, including early and differential diagnostics of toxicity, as well as fundraising
antidote for the protection of aquatic ecosystems;

5) organizing and conducting research to identify trends and patterns of change in the state of
aquatic ecosystems under anthropogenic impact, development of proposals and measures to
reduce and prevent such effects;

6) assessment of damages to fisheries caused by different economic activities, development of

proposals for the prevention, reduction and adequate compensation of damages.

The velocity field of water flow, calculated in [21], is the input data for used models of
biological kinetics. Consistently gathering rectangular grid with dimensions: 251 x 351 x 15,
502 x 702 x 30, 1004 x 1404 x 60, ... was used for mathematical modeling hydrological and
hydrodynamic processes in the three dimensional space of complex form — the Azov Sea and the
Taganrog Bay.

The initial distribution of polluting nutrients, phyto-, zooplankton and ctenophores were
taken into account in the form corresponding to the space-time scales of simulated processes.
The implemented algorithm of the numerical solution allows us freely change the boundaries, the
view of control functions and values of the corresponding parameters [27]. The functioning of the
system and the knowledge of its basic characteristics allow using the phenomenological approach
in the program configuration. The efficiency of such approach is quite high because the system
behavior is often determined by the precision of individual parameters and their correlations.

The calibration and verification of the proposed model (1) — (3) for shallow water have been
performed on the basis of ecological data of the Azov Sea, obtained at the scientific-research
expeditions by the scientists of the Southern Federal University, the Southern Scientific Center
of the Russian Academy of Science (SSC RAS), the Azov Scientific-Research Institute of Fisheries
(AzSRIF) since 2000. Processing of the expidition data consists of the digitizing, conversion into
standard units, classification for use in various model problems of sea hydrobiology.

The developed software complex includes the control unit, oceanographic and meteorological
databases, interface systems, input-output and visualization systems. The software complex has
the user-friendly interface that allows us to enter the necessary information in the dialog. The
developed software complex is universal, and as a rule, linking it to specific objects and areas is
carried out at the level of the input information. It means that the special information database,
containing information about physical-geographical and climatic conditions of researched objects,
the parameters for determining the sources of impurities, is required for practical using of units.

The high-level language C++ was used at the development of the software complex. The
messaging technology (MPI) was used for clusters.

7. Results of numerical experiments

External frequency, leading to complication of the system, was taken into account at
modeling the spatially-heterogeneous processes of interaction of the main aquatic organisms of
the Azov Sea (1) — (3). Thus fluctuations in the density of plankton can be so great that cannot
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be explained by random fluctuations, and the visual picture is so that a relatively small area of
high density (“spots”, “clouds”) are separated by spaces with low densities, sometimes not fixed
by standard methods of observation. This phenomenon is especially clearly expressed in water
areas, which are characterized by the necessity for nutrient elements. The vegetative period of
phytoplankton were taken into account in the modeling of biological kinetics processes.

Various systems of the “Analytical GIS” portal, developed by the Institute of Information
Transmission Problems of RAS (IITP RAS, Moscow) [6] and the data of SRC “Planeta” (see
Fig. 3, Fig. 4), site data of the AzSRIF were used as the input data for modeling of hydrophysical
processes in addition to expidition data, literary sources.
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a) Satellite image of the Azov Sea b) Map of sea surface temperatures

Fig. 4. Ecological data from the site of the SRC “Planeta”

Diffusion processes in the water occurred in the direction of smoothing the spatial distribution
and dispersion of the “patches” of phytoplankton. One of the attempts to explain the paradox of
stability “spots” with the help of numerical experiments is to assume about the active movement
of heterotrophic organisms (zooplankton and fish) in the direction of the “food” gradient that
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provides the consolidation of spatial heterogeneity of nutrients in the aquatic environment.
Sustainable heterogeneity of the spatial distribution can be, for example, due to diffusion
processes and the presence of phytoplankton mechanism of actoring regulation, i.e. regulation of
the growth rate through selection in the environment of biologically active metabolites.

Calculation results of pollution of biogenic matter for the model (1) — (3) (the initial
distribution of the current fields of water flow in the Northern wind) are given in Fig. 5. The
influence of current structures of the water flow in the Azov Sea on the distribution of pollution
nutrients and phytoplankton is given in Fig. 5, 6 below.

The modeling results of phytoplankton dynamics in the Azov Sea are given in Fig. 6 (N is
the iteration number, the initial distribution of the current fields of water flow in the Northern
wind).

The maximum values of concentrations of biogenic matter (nitrogen) and the phytoplanktons

are defined by the white color, and the minimum values of concentrations — by the black color.
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Fig. 5. Distribution of pollutant concentrations in different time

The criterion for the adequacy of the proposed model of the plankton and ctenophores
interaction in (1) — (3) of shallow water was the error estimation of modeling with the
field data according to the available measurements, which was calculated by the formula:

§ = \/22:1 (Sk nat — Sk)Q/\/ZZ:1 SZ ., where Sj e is the concentration value obtained
with the help of field expedition measurements; Sj is the value calculated with the help of the

proposed model. The concentrations of pollutions and plankton, calculated at the various wind
situations, were taken into account if the relative error did not exceed 30%.

The analysis of various development ways of the Azov Sea ecosystem was performed using
the mathematical modeling. According to the obtained results, the B. Ovata can control the
coastal populations of the Mnemiopsis leidyi.

Using the model data, we can research and predict the growth of the M. Leidyi population
in spring and summer and the disappearance of species after the appearance of the B.ovata. In
addition, it is possible to observe dynamics of changes in the biomass of fodder zooplankton in
coastal waters and the open sea, the intense reproduction of bivalves, which declined in recent
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Fig. 6. Distribution of phytoplankton concentrations in different time

years under the influence of introduction of M. leidyi, and the process of restoration of benthic
communities.

Further development of the Azov-Black Sea basin ecosystem depends on the stability of the
introduction of B. owvata. In this sense, it is necessary to mention that the difference in climatic
conditions and water circulation has had a negative impact on the development of B. ovata
in recent decades. Early appearance of B. ovata in a relatively cold period reflects its lasting
adaptation to the conditions of the Azov-Black Sea basin. Possible development of this species
in early summer may stop the outbreak of M. leidyi, which has become a regular in July-August.

According to the obtained results of numerical experiment, the appearance of the M. Leidyi
ctenophore led to irreversible major changes at all levels — from individual populations to the
ecosystem of the sea. Stable moving of B. ovata leads to the restoration of fodder zooplankton,
benthic communities and fish populations that feed on plankton in the Azov-Black Sea basin.

Significant structural and functional reorganization of ecosystems occurred as the result of
the activity of M. leidy: that has the influence on the production and destruction processes.

Favorable conditions for the development of heterotrophic microplankton are formed at
the region of active development of M. leidyi due to continuous discharge of large amounts of
mucus. The heterotrophic microplankton is processing this organic. And as a result the structure
and concentration of biogenic elements are changed, that is an additional stimulant for the
development of phytoplankton community.

Conclusion

The primary verification of the model of the Azov Sea ecosystem was performed with the
help of expedition researches. Modeling and prediction problem of the water ecosystem situation
in the Azov Sea under anthropogenic influence and invasions of ctenophores for a comprehensive
research of this unique water object was implemented. The software complex, combining the
mathematical models and databases, was performed with the help of which the conditions of
invasion of invasive species (ctenophores) on the changing of the concentration of phyto- and
zooplankton.
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The distinctive features of the developed algorithms are the decomposition of calculations
based on the method of k-means method, implementing a set of hydrobiological model problem
on a multiprocessor computing system, and the high performance, reliability and accuracy of
results. High performance is achieved through the use of efficient numerical methods for solving
grid equations, oriented for using on parallel computer systems in real and accelerated time.
The accuracy is achieved by taking into account the important physical factors, such as the
Coriolis force, turbulent exchange, the complex geometry of bottom and coastline, evaporation,
river flows, the dynamic reconstruction of computational domain, wind stress and friction on the
bottom and the deviation of pressure field from the hydrostatic approximation. The accuracy
is achieved by using detailed computational grids, taking into account the degree of “fillness” of
computational cells, and the absence of nonconservative dissipative terms and revision sources
(sinks), occurring from finite difference approximations.

The comparison of developed software complex for MCS, implementing the development
scenarios of the environmental situation in the Azov Sea with using a numerical implementation
of the developed model of biological kinetics, with similar works in the sphere of mathematical
modeling of hydrological processes was performed. As a result, the prediction accuracy of changes
in concentrations of pollutants, phyto- and zooplankton, and ctenophores was increased by 10 —
20 % depending on the model problem of aquatic ecology.

In the future we plan to consider the impact of pollution nutrients subsidence, causing
phytoplankton blooms in summer and coming out of the air with subsequent deposition on the
water surface, in the model of plankton and ctenophores interaction.

This paper was partially supported by the grant No.17-11-01286 of the Russian Science
Foundation.
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Commercial 3.0 License which permits non-commercial use, reproduction and distribution of
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MONEPEYHBIX KOJIEOAHUIA.

Karoueswie caosa: monepeuwnvie Kkoaebanus mpybo,, MNOMOK MHECHCUMAEMOT HCUOKOCTU, UMNYALCHOE

so3deticmeue.
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BBenenue

B macrosiiee BpeMs OfHON U3 aKTyaJbHBIX 3a/a9 B 00JIACTH PecypcocOeperKeHusl SIBJIAETCS
pobsieMa 5PHEKTUBHOCTH KOHTPOJIsI PACX0a YKUJIKOCTel U ra30B B TpyborpoBogax. KoHTpoJib
OCYIIIECTBJIETCS MTOCPEICTBOM KOPHOJIMCOBBIX PacxogoMepoB. IIpuHIun paboThl gaTduka ydaera
OCHOBaH Ha pasHocTh a3 KoyiebaHmil yJacTKOB TPyO TpPyOOIPOBOIA, IO KOTOPBIM JIBUZKETCSI
cpema. Pasmocth a3 ompesesnsiercss u3 XapaKTEPUCTHUK IIOMEPEYHBIX KojebaHuit TpyObI,
110 KOTOPOH MBUXKETCA ITOTOK KUIKOCTH. llocTpoeHme MareMaTHIecKoil MOJIEIN IIPOIECcca
nonepedHbIX Kosiebanuil Gasupyercss Ha pesyJbTaTax, [peJCTaBIeHHbIX B paborax |1, 2.
PazBuTuio u mccieo0BaHMIO METOIOB OIIPEIETIEHNS XapAKTEPUCTUK KO1e0aHmnit TPYObI IIOCBSIIIEHB
paborsl [3-5]. IIpuunnoil BOSHUKHOBEHUsI KOJIeOaHU SBJISIOTCS IBUZKEHHIE CPe/Ibl BHYTPU TPYObI
U BHeIIHWe BO3ieiicTBus. Buemnue BO3IefiCTBUsI TOPOKIAIOT JOMOJHUTEILHYIO BUOPAIIUIO
B Tpybax, KOTOpasi MOXKeT IMPUBECTH K WMCKAXKEHUIO IOKA3aHUI pacxojioMepa, HapyIIeHUO

TepMEeTUIHOCTU, pacClIIaTbIBaAaHHUIO OIIOPp M JAPYTUM HEraTUuBHBIM IIOCJICIACTBUSA. MCC.HG,ZLOB&HI/HO
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BJIMSIHVSI BHEITHUX BO3JEHCTBUIT HA Pe3ysIbTaThl H3MEPEHHIl TIOCBsIIeHbl paboTsl |6, 7|. B mannbix
paboTax HCCAEAyIOTCA 3aBUCAMOCTH KOJeOaHUN ydacTKOB Tpyd TpyOOmpoBOma OT CKOPOCTH
MMOTOKA YKUJIKOCTH, MECTa MPUJIO2KEHUS CHJIBI, & TAKXKE apaMeTpPOB TPYObI U KUJIKOCTH.

B cymecTByomux MeToJlaXx WMCKJIIOYAETCS U3 PACCMOTPEHUs] BIUSHUE JeMIUPOBaHUS
U TPOJIOJBHBIX CHJI C TIEJIBI0 yHPOIIEHUS MOJIEJI U IPEJCTABICHUS PUOJINKEHHOTO
AHAJIMTUIECKOTO pernenns B Buae Pypbe-06pa3oB ¢ HeonpeaeaeHHbIME Kodd dunnentamu. Hasee
HCIOJIB3YIOT Pa3/IMYHbBIE ITOAXOIbI JIJIfd TMOJIyYE€HU A Tpe6yeMbIX XapaKTEepPUCTHUK. Cy]_[[eCTBeHHaH
0CODEHHOCTH TAKOI'O IOJIXOJa 3aKJI0UaeTCs B TOM, UTO (PYHKIMS KOJeOaHUI He OIpeIesisieTcst
U3 pacCMaTpUBAaEeMbIX ypaBHEHWIl, a HCIOJB3YeTCsI TOJBKO IIpejroaraeMasl ¢GopMa ee
Oypre-06pazoB. BceieacTBue 3TOro wucciaegoBaHne PA3IUIHBIX  (PAKTOPOB, BJIUSIONINX HA
KO3 PUITUEHTH MATEMATUIECKON MOJIE/N KaK/ bl pa3 TpedyeT pa3paboTKU HOBBIX YHCJIEHHBIX
METOJIOB.

B namHo#t pabore mpejyiaraeTcss — YHCJIEHHBIE  METOJ  OlpeJejieHus  KoJebaHuit
HPSMOJIMHEHHOTO yYacTKa TpPYObl, IIOJBEPraeMOr0 BHEIHEMY HUMITYJIBCHOMY BO3JEHCTBHIO,
YUIUTBIBAIONIUN TeUYeHNe KUJKOCTU, [0 pe3ysabTaTaM JUHAMAYECKUX usMepeHuii. Takoit
[OJIXOJ MOXKET CJIY?KUTH OCHOBO# JIJIs MOJIYYEHUsI HEOIPEIEJIEHHBIX KO3(DDUIMEHTOB B
Dypbe-1peicTaBieHnn TPeOYEMbIX XapaKTEePUCTHUK.

CraTbsi UMeeT CJIEYIONYIO CTPYKTYPY. B 1epBoM pazjese npuBejieHa TOCTAHOBKA 3aJIa9H.
Bo Bropom pa3sjesie mpejjioykeHa BBIYUCIUTEIbHAS CXEMa METOJa OIIPeJiesieHns] KoseOanmii
IPAMOJIMHERHOTO y4acTKa TpyObl. B TpeTbeM pasjielie IPUBE/IEHBI PE3YJIHTATHI BBIUYUCINTEIHHOTO
9KCIIEPUMEHTa, OCHOBHOM IEJIBI0 KOTOPOTO SIBJISIIACH IIPOBEPKA MPUHITUITHAJIBHON BO3ZMOYKHOCTH
IIOCTPOEHUA HYUCJACHHOT'O pelIeHud 3aJla'dn. B 3aKJ/JIIOYEH N CCbOpMy.HI/IpOBaHbI OCHOBHBIE
BBIBO/IbI, IIOJIYYE€HHBIE B PE3YyJIbTaTE IIPOBEJICHHBIX HCCﬂeﬂOB&HHﬁ, a TaK2Ke€ yKa3aHbl OCHOBHBIE

HallpaBJIEHUS NAJIbHEHIIINX UCCJIEeTOBAHUIA.

1. IlocranoBka 3aJa4Yn

PaccMoTpuM  KeCTKO 3aKpEIUIEHHYI0 C ODOMX KOHIIOB MPSMYI0 H3MEPHUTEIbHYIO TpyOy
gmuaoit L. Tpyba nmeer m3rubuyoo kecrkoctb FI. Ilo Tpybe mepemaercst yCcTOHYIUBBIA MOTOK
HEC2KIMAEMOH 2KHMJIKOCTH, UMEIONUNl 0CceBYIO0 cKopocTh V u oceByio cuity P. Tpyba obisajaer
Maccoit Ha eluHuIy IauHbl M7, a KuAKocTh — Maccoif Ha emunuity aauHbl My, Ilycrs 2 —
[IPOCTPAHCTBEHHAsI NepeMeHHast 1o JymHe Tpyoel, © € [0;L], t — Bpems, t > 0, w(x,t) —
OTKJIOHEHUE OCU TPYObI OT UCXOIHOI'O COCTOSHIS B HAIIPABJICHUH, IIEPIEHIUKYISPHOM UCXOTHOMY

oJI02KeHnI0. BBegem B paccMmorpenne 6e3pa3MepHbIe TEPEMEHHBIE U [TapAMETPhL:

T w t |EI My My PL? CL?
== = — = —4/— =VIy/ =L = =" S —
¢ L " T2 My’ v EI’ p My’ Bl N vVMrEI

Cuie/1yst OJXO/Ly, IPEJJIOYKEHHOMY B [4], 1 MeTo/Ke 11epexoia K 6e3pasMepHbIM BeJMINHAM,
MaTeMaTUIecKas MOIE/b TOIEPEUHbIX KOoebanuii TpyObl IPUMET BU:
on

82
+(1+B)87727+XE:0’ £e(0,1), 7>0 (1)

' 5 9% 9%

VenoBusg  KECTKOH — 3aKPEIJIEHHOCTH  KOHIIOB  TPYOBI  IIPEJICTABJICHBI  CJIEYIONAMEI

IPaHUYIHBIMU YCJIOBUAMU:

77(0’7_) = 77(1»7') =0, 720

ne(0,7) =ne(1,7) =0, 7>0 (2)
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CI/ITyaHI/IIO, Korziaa pr6a IIOJIyda€T BHeENIHEeE HMITYJIbLCHOE BOSﬂeﬁCTBHe, OpejacTaBuM B

CJIETYTOIEM BUJIE:

77(570) = H§(1 _§)7 §€ [07 1}7

(3)
77{(57 0) =0, €€ [0’ 1}

rje (4 — IapaMeTp, XapaKTePU3yIOnil aMIINTYLy OTKJOHEHUS TPYObl B PE3YJIbTATE BHEIIHETO
BO3JIENCTBUS.
[Monaraem, uro a1 = pv2 + oy = 26v,a3 = 1 + B,y = x. Umeem

CJIe/TyTOIIee TIPEJICTABIEHNE MaTEMATUIECKON MOJIE N KosiebaHuii TpyOoIIpoBoa IIPU UMITYJIECHOM

BO3JIEICTBUN:
' % 0%*n %7 on
; >
8§4+a16§2+a28§(’97 32+a46 =0, £€(0;1), 720
7](077—):77( 77—):07 72>0
ne(0,7) =ne(1,7) =0, 7>0 (4)

77(570) = ,uf(l - 5)7 5 € [07 1]
1-(§,0) =0, ¢€[0,1]

B paborax [4, 8, 9] obocHOBaHO CyleCTBOBaAHUE PEIEHNUs] PACCMATPUBAEMOIO KJIACCA 3a/1a4.

2. BpruaumciamrenbHadg cxemMa MeTOJIa

Unest BBIYUCIUTEIHHOIO MeTOJa OIlpejesieHnsl KojiebaHuil OCHOBaHA Ha WCIOJIb30BAHUM
KOHEYHO-DA3HOCTHBIX ~AHAJONOB YACTHBIX IPOU3BOJHBIX UM MATPUYHOIO  IIPEJICTABJIECHUS
MaTeMaTHIeCKO Mojesn Kojebanuil. OCHOBHBIE STAIlbl IIOCTPOCHUSI BBIYUCIUTEIHHON CXEMBI
3aKJIIOUAIOTCS B CJle/lytomeM. PaccmoTpny koHeuHO-pasHocTHYIO ceTKy G B obnactu Q = {(§,7) :
0<¢<1,0<7<T}:

G={(&,m): &=1iA, 75 =jAT1,i=0,N—-1,j=0,M -1, A =1/N, Ar=T/M}

1 KOHEIHO-PA3HOCTHOE IIpeACTaB/IEeHNE YaCTHBIX IIPOU3BOJAHBIX B y3JI€ (Z, _]), KOTOphbIE, COTJIaCHO

[10], mveror Bu:

1 ] 2 1 j
A " — o ]
L
\ o | | | |
pe = MLm= 2
T TTATAS ATAE ¢ A2
@) _ Ma =403+ 60 — 4y +1n
e ™ = A§4 .

Tora KOHEIHO-PA3HOCTHBIN aHaIor ypasHenus (1) nmeer Bu:

j 4 o o j 6 2« o 2a !
gl 1 j+ ~ 2m 2 203 o4
Tits ( Al T A ATA§> MRGE (A§4 Ae T ATAE T Ar? AT>+

; 4 a ; 1 ; Qa9 ; Qo as Qy
+n§++11<—+1>+n§“ +nlls +77;~’I§<— tomst |+ 0

ALt Ag2 A T AEAT AEAT  ATZ AT
: a3 1 1 .
+ng+gp+ng++4&4 0, i=0...N-5 j=0...M-3,
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a JIJId T'PaHUYIHbIX YCJIOBI/Ifl (2) nMeeT MeCTO CJIeIyromee 1IpeJiCTaB/JIeHue:

j_ i MM .

=0, ny_;=0, Tf_o’ j=0...M -1

L ©)
Mot “N=2 g i M —1

A
,ZLOHO.HHI/ITG.HBHBIG ycjioBud UMEIOT BUI:

n = pinE(l —iAE), i=0...N—1
= "

= = 1 =0...N -1
Ar 0, 2=0

BBe,ZLeM B paccMOTpeHue CcjeAyolme IapaMeTpbl, 3aBHUCAIIIME OT BeJIMYUHbI NIIaroB

rZ[I/ICerTI/ISELHI/II/IZ
a—i a——4 +0¢17 a9 e 6 72a1+ a9 720437%
P Al T A T A T ATAE BT AT A2 T ATAE AT AT
TUAG T A T Ay T AeAr T T AEAT T AT2 T AT
Qs 1 1 . .
a8 = xpz @=L @mo=7g e =g bi = piA{(1 —iAg)

13 cucremsr (5)—(7) TpeGyeTcst HafiTu 3HAYEHNs BEJUYUH 7)) B Kaxk1oM yaie (i, j). Cucrema

(5)—(7) umeer ciieyoniee MATPUIHOE [IPEJICTAB/ICHUE:

AX = B, (8)
rie
0 0 ag 0 ... O 0 a5 a4 azaza; 0 ... O 0 00arag O .
0 0 Oag . 0 0 0 as a4 a3z az ajy ... 0 0 000(17@5
a 0 00 0O 0 0O 0 0O0GOO 0 00000 O
0 a 0O 0 0 0O 0 0O0GOO 0 00000 O
0 0 a0 0 0 0O 0 0O0OO 0 00000 O
a 0 00 0 0 0 0 0O0O0O 0 00000 O
0 0 00 0 0 a O 000 O 0 00000 O
0 0 00 0 ao O 0 00 0 O 0 00000 O
A= 0 0 00 0 0 0O 0 0O0O0O 0 a 000 0 O
—a1 ao 00.. 0 0 O 0 0O0O0O 0 00000 O
00.. 0 0 —aaio 0000 0 00000 O
0 0 00..-apawo 0 0 0O0O0O0.. 0O 0000TCO0 O ..
0 0 00.. 0 0 O O O0O0OO..-aoao000 0 O ..
—a1; 0 00.. 0 O ais 0 00O0O0.. 0O 0000CO0 O
0 -a;;00.. 0 0 O a;0000.. O 0O000OO
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0
0 0
0
Uit
bo '0
B=|b|, x=|"™
by Mo
i
0 "
0 N

Yucnao obyciaoBreHHOCTH MATpHUIbl A >> 1, W s TOJydYeHUsT YCTOWIHBOTO PEICHUsT
cruCTeMbl 8 HEODXOIMMO COTJIACOBBIBATH IMArM JAUCKPETU3AIMHU IO IIPOCTPAHCTBY M BpeMeHH. B
JaJIbHERIIIEM 9TO IIO3BOJISIET UCIIOIb30BATD [IJIsl PEIIeHNs] NCXOIHOMN 3aJa1 CTaHIaPTHBIE IAKEThI
MPUKJIAIHBIX TporpaMM. B manmoit pabore cucrema 6Obuta perena merogoMm QR-pasioxkemnns,

peanuzoBaHHoro ¢ nomMonipio makera MATLAB.

3. BprumcianurtenbHbI 3KCII€ePUMEHT

OcHoBHasi ~ TeJlb  BBIYUCJIUTEJIBHOTO — SKCICPHUMEHTA  3aKJIOYajach B [IPOBEPKE
IPUHIUINATIBHON BO3MOXKHOCTH IIOCTPOEHHSI YHCJICHHOTO PEIEeHHsI PACCMATPUBAEMON 3a/1atn
(1)-(3). B xozme skcnepumenta Obuta Hafinena ¢yHknus kosebannii u3 ypasaenuii (1)—(3) c
[IOMOIIIBIO [IPEJIOXKEHHON BBIMUCIUTEIBHON CXeMbl. DKcIepuMeHT nposoauics st 7 € [0; 0, 2].
Tpyba mosrydaeT MIHOBEHHOE HMITYJIbCHOE BO3JEHCTBHE B cpejHeil Touke. UHCIOBbIC 3HAYMEHHS
mapaMeTpoB MOJIE/N MpeicTaBienbl B Tabsue. Obosnadenust B tadbsmie «Tect 1», «Tect 2»,
«Tect 3» m «Tect 4» COOTBETCTBYIOT pa3iIMIHLIM HAOOpaM HAPaMETPOB JUIst OT/EJILHOM

peanamn3anum IKCIIEepuMeHTa.

Tabauma
ITapamMerpnl Moe/n
3HadeHne
[Tapamerp

Tecr 1 | Tect 2 | Tect 3 | Tect 4
B 0,1 0,5 0,5 0,1
v 1 1 1 1
II 0 0 0,5 0
X 0,01 0,01 0,01 0

PesynbraThl YucjaeHHOro perieHus Jjis Pa3jndHblX 3HadeHuit Koahdurnuentos S, v, II u x
MIpeJICTaBJIeHbl Ha HUYKEPUBEIEHHBIX pUCYHKax. Ha puc. 1-4 nmpencTaBiieHbl OTKJIOHEHUS] TOUEK

TpyOBI B KOHTPOJIbHBIX TouKax & = 0,25, £ = 0,5 u £ = 0, 75 1o BpemeHn.
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n
0,0008 4
0,0006 /“\ —e=025
0,0004 —e=05
\ —=0,75
0,0002 S~

N
~

0 /:
\ // T
-0,0002 \ ///
-0,0004
\ /
-0,0006
-0,0008
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Puc. 1. AMmmTy bl oTkJIOHeHUH Todek TpyOb £ = 0,25, £ = 0,5 u & = 0,75, MOIy9IeHHBIX JIJIsT

6=0,1, v=1, I =0, x = 0,01. BanazasiBanue cocrasser 0,005 ¢

Puc. 1 u puc. 4 COOTBETCTBYIOT CUTYaIH, KOT1a B TPyOe MIPOTEKAET YKUIKOCTD C YCPETHEHHOM
ckopocThio v = 1. 'padukn ammintyasr koiebanuit B Toukax & = 0,25 u £ = 0,75 coBuaaior.

Ha puc. 4 npencraBieHbl pe3yabTaThl SKCIIEPUMEHTA IIPOBEJICHHOr0 0e3 yueTa JeMI(pUpOBaHUs.

n
0,0008 4
0,0006
h\ —e=0,25
0,0004 \ \ —e=0,5
0,0002 T~ ~ —_—=0,75
0 >
T
-0,0002 < _‘é
e
-0,0004 \ P
-0,0006
-0,0008
-0,001
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Puc. 2. AMminTyabl oTkIoHeHUH Touek Tpyost £ = 0,25, £ = 0,5 u £ = 0,75, MOJyYeHHBIX JIJTsT

8=0,5, v=1, I =0, x =0,01. BanazasiBanue cocrassser 0,009 c
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n
0,0008 &
0,0006
/—\ —e=0,25
0,0004
A —e=0,5
\ \ !
0,0002 e~ —e=0,75
0 >

-0,0002 %\_ _‘é T

-0,0004 <~
-0,0006 \
-0,0008
-0,001
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Puc. 3. AMmmTy/ibl oTKJIOHeHHUH Todek TpyOb £ = 0,25, £ = 0,5 u & = 0,75, MOIy9IeHHBIX JIJIsT

8=0,5,v=1, 11 =0,5, x =0,01. 3anazasiBanue cocrapyser 0,009 c

n
0,0008 4
0,0006 — o025
0,0004 \\ —e=0,5
T~ —e=0,75
0,0002 S~

O\
~
-0,0002 T~ e

—

\\sr\

-0,0004
\ /
-0,0006
-0,0008
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Puc. 4. AMminTyabt oTkaoneHuit Touek Tpyont £ = 0,25, € = 0,5 u £ = 0, 75, MOJTyIeHHDBIX TSt

6=0,1, v=1, [I =0, x = 0. 3anazapiBanne cocrasaser 0,005 ¢

PezysnbraThl  sKCIIEpUMEHTa CBUAETEJLCTBYIOT O TOM, 9TO IIPEIJIOXKEHHBI MeTOo.
MIO3BOJISIET OIPEIC/ISATh HEU3BECTHYIO (PYHKIUIO KOJIEOAHUI MPAMOJMHEHHOTO yJIacTKa TPYOBI

HEIIOCPEACTBEHHO U3 yPaBHEHU.

SaKJ/II0oueHue

B pa60Te OpeJjcTaB/JI€eHa MaTeMaThu4deCKad MOJAEJIb W METOM OlIpele/JIeHnsd ITOIEePEIHbIX

KoJiebaHuil [psiMOil  TPYObI C JKECTKUM 3akKpelvieHneMm 1o TopruaM. llpu mocrpoenunn
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MaTEeMATHIECKON MOje/ M U pa3paboTKe YUCAEHHOTO MEeTO/a YUTEHBl (DAKTOPBI JIBUYKEHUS
[OTOKA HEC)KUMAEMON JKMJKOCTH BHyTpu TpPyObl U BHeIIHEro BozjeficTBus. B pamkax
[IPEJ/ICTABJIEHHON MaTeMaTHIeCKOW MOJIe/ M KoJebaHnil mpsaMOil TPyObl OCYIIECTBJIEH IE€PEXO.T
K KOHEYHO-PA3HOCTHOU cucreme ypapHenwuit. [IpoBejieHbI BBIYUCIUTEIBHBIE IKCIEPUMEHTHI 10
KOJIEDAHUAM 3JIEMEHTOB TPYObl B 3aBUCUMOCTHU OT ITapaMeTPOB IOTOKA KHUJIKOCTH, [1apaMeTpPOB
caMOil TpyObl ¥ BHENIHEIO WMIIYJILCHOIO BO3JeficTBUsA. Pe3ysibrarsl  BBIYUCIUTEIHHBIX
9KCIIEPUMEHTOB IIOKA3aJM, 9YTO [PEJJIOXKEHHBIN IIOIXO0JI II03BOJISIET BLISIBUTH BJIUSHUE
UMIIYJILCHOTO BO3JIEHCTBHUSI HAa CHCTEMY, ¥ IOATBEPIAUINA IIPUHIUINAILHYIO BO3MOYXKHOCTD
omnpeaeuTb PYHKIUIO KOJiebaHnit n3 mpeaoKeHHoN cucTeMbl qudepeHnuaibHbIX yPaBHEHM.

[Tnanupyercss nanbHeiilliee U3ydueHUe BJIUSHUS JIPYTUX BHEMHUX (DAKTOPOB Ha XapakTep
u3MeHeHuii kojiebanuit TpyoOnl. I[losydenHble pe3yabTaTBI  UCCHIENOBAHUNI MOUYT OBITH
UCIIOJIb30BaHbl B WH2KEHEPHOW WPAKTUKE U TIPU COBEPIIEHCTBOBAHUU CPEJCTB U3MEPEHUS

pacxoa KUIKOCTA B TPYOOIIPOBOJIAX.

Paboma svinoananracy npu  Punancosols noddepoicke Munucmepemsa 06pa3zosarus U
nayku Poccutickoti Dedepauuu npuraaonoir  HayuHor uccaedosaruli 68 pamraxr 6a30601
yacmu Tocydapemeennozo 3adanusa «Paspabomxa, uccredosarue U pPeaau3ayus as20pUMMOS
06pabomxy, daHHLT QUHAMUMECKUT USMEPEHUTE TPOCTPAHCMEEHHO-PACTPEJEAEHHIT 00BEKMOE,
mexnuueckoe 3adarue 8.9692.2017/8.9 om 17.02.2017.
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ITAPAJIJIEJIBHEIN AJITOPUTM BBLIYUCJIEHU L
MATPUILIbI EBKJINJ0OBEIX PACCTOSHNN
AJI1d MHOTI'OAJEPHOI'O ITPOLTECCOPA
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Borunciienne marpunnl EBKINIOBBIX paccrogHmii TpebyeTcss B IIMPOKOM CIIEKTPE 3aJad, CBA3AHHBIX C
VHTEIEKTYAJTbHBIM aHAJN30M JAHHBIX. B HacTosilee BpeMsi OOJIBINOe KOJUIECTBO MapaJIeIbHBIX aJTOPUTMOB
pelleHns ITON 3a/a9y peajm30BaHO i I'paduydeckux nporeccopoB. OHaKo JaHHbIE pa3pabOTKM HE MOIYT
OBITH IIPOCTO TIEPEHECEHbl HA MHOrOsjIepHble cucrTeMbl apxuTeKTypbl Intel Many Integrated Core. B crarne
MIPe//IaraeTCsl MapaJjjieIbHBIA aJTOPUTM BBIUHUC/IEHUS MATPUIBl EBKINIOBBIX PACCTOSHUN HA MHOTOSIEPHOM
nporieccope Intel Xeon Phi mokonenmsi Knights Landing nmst ciydasi, Korja BXOOHBIE JaHHBIE MOTYT
OBbITH PA3MEIEeHbl B OIEPATUBHON mnamsaATh. JIaHHBIA AJIFOPUTM WCIOIBL3YET OJIOYHO-OPUEHTUPOBAHHYIO CXEMY
OPraHU3AIMN BBIYUCIEHUH, KOTOpas MO3BOJIseT 3(PMEKTUBHO WCIOIb30BATH BO3MOMKHOCTHA BEKTOPU3AIINN
peruncsenuit Intel Xeon Phi. B anropurMe mprumMeHeHa HeTpUBHAJbHAS KOMIIOHOBKA JIAHHBIX B OMEPATUBHON
NaMSATH JJIsl YMEHbBIIEHUs] KOJUYIECTBA KAII-IIPOMAXOB IIPOIECCOPa BO BPEMsl BBIUMCJIEHUN. DKCIIEPUMEHTHI Ha
pPeaJIbHBbIX U CUHTETUYECKUX HAOOpAX JAHHBIX MOKA3AJIN, YTO IPEJJIOXKEHHBIH aJrOpUTM XOPOIIO MacCIITabupyercs
¥ OTIepeXKaeT aHAJIOTH B CJIyvae MPsIMOYTOJBHBIX MATPUIL C JAHHBIMU MaJION Pa3MEepPHOCTH.

Knrouesvie caosa: mampuya FEexaudosvir paccmoawuti, OpenMP, Intel Xeon Phi, Knights Landing,

KOMNOHOEKA OQGHHHLL 6 namamu, 8EKIMOPU3IAUUA 8bIYUCAEHUT.
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Peukamos T.B., Hembmep M.JI. IlapamnenbHblit aJrOpuTM BBIUYUCAECHUS MATPHUIIHI
EBk/mioBbix paccrosinuii Jyis MHOTOsiiepHOro mpoieccopa Intel Xeon Phi Knights Landing //

Becruuk FOYpl'Y. Cepusi: Brraucimrenpras maremaruka n nadopmaruka. 2018. T. 7, Ne 3.
C. 65-82. DOI: 10.14529 /cmse180305.

BBenenue

Beranciienne marpuiiel Epkimiossix paccrosiauit (MEP) Tpebyercst B mmpokoM criekTpe
HAYYHBIX U MPAKTHYECKUX 3aJad, CBI3aHHBIX C HHTEUIEKTYaJbHBIM aHAJIN30M JAHHBIX [5].

Dtementayu MEP sIBJIsIOTCS KBaIPAThI PACCTOSHHIT !

, KOTOPbIE MOT'YT OBITH HHTEPIIPETHPOBAHBI
KaK PaCCTOSHHUS MEXKJy TOYKAMH OJHOTO MHOYKECTBA WJIM PACCTOSHHUS MEXKJIy TOYKAMH JIBYX
MHOXKECTB B KEBKJINOBOM IIPOCTPAHCTBE. YKa3aHHBbIE CIy4Yand IOPOXKJIAIOT, COOTBETCTBEHHO,
KBaJIpATHbIE U MpAMOyroJibHble MaTpuilbl. KBagparasie MEP wucmonnsyrorcs B 3amadax
u3BJIeYeHusl ay/uo u Bujeo uHbopmaruu [5|, B o6paborke curnasnos [5| u ap. Ipsmoyrosbhbie
MEP wurpaior BaKHYIO POJIb B NPUJIOXKEHUSAX, CBA3AHHBIX C KJjacTepusarueil JTaHHbIX,
r7e HeoOXOJMMO BBIYHUC/IATL PACCTOSHUE MEXKJIy IEHTPAMU KJIACTEPOB M TOYEK JAHHBIX,
II0/[BEPraeMblX KJIACTePU3alUK, HAPIMeD, B CErMEHTHPOBAHUI MEJUIIMHCKIX n300parkenuii [12,

21|, uepapxudeckoii [2| neuerkoii [4] kinacrepusanun ganubx JJTHK-Mukpounnos u jip.

LCrporo rosopsi, MEP moskmb! comep»Kars EBKIMIOBEI PACCTOSHIS, HO He WX KBaaparsl. OIHAKO, 31€Ch U JaJee
OyIeT HCIIOIb30BaTLCs OIPEJeJIeHNEe C KB IPATOM PACCTOSHMUs, IOCKOJIbKY OOJIBIIMHCTBO aBTOpoB pabor o MEP

IIPUJEP’KUBAETCS JAHHOTO COIVIAIeHust [5).
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B nmamboit crarbe paccMaTpmBaeTCs 3a/lada  BBHIUACIAEHUS KaK KBaJpaTHOH, TakK u
npsimoyrosibHoit MEP, omnpenensiemasi ciemyromum obpasoM. PaccMoTrpum  7Ba  HeIyCTHIX
KOHEYHBIX MHOXKECTBA U3 N U M TO4YeK B d-MepHOM EBKJINIOBOM IpocTpaHcTBe. TOYKHU 11epBOro

MHOKECTBA PACCMATPHUBAIOTC KaK CTPOKM MATpuibl A € R™? To4YKE BTOPOro MHOMKECTBA —

KaK cTpokn Marpuiiel B € R™*?. O6o3naumm Kax A1,y oovy Qp.Tb1., ..., by THC 04, D). € R,
crpoku mMarpunl, A n B, coorsercreenno. Torna marpuna Epknmnossix paccrosamii D € R™*™
COCTOUT U3 CTPOK di ., .., dp., t1e di. € R™, d;; = |la;. — b;.|[% u | - || osnauaer Eskiunosy

HOPMY?.

[Tockosbky Bbrunciaenne MEP umeer kybudeckyio Bpementyto cioxkaoctb O(nmd), naHHast
3ajiavua 3a9acTyio MpecTaBisieT coboit namboJiee BpeMsIeMKU ITAIl perracMoil aHATUTHICCKOI
npobJIeMbl M IIOTOMY SIBJIETCA IPEIMETOM pPa3pabOTKU MapaslIe/IbHBIX aJIlOPUTMOB  JIJIst
PA3JINYHBIX AIAPATHBIX apXUTEKTYP.

B macrosiiiiee BpeMst 60JIbIIIOE KOJIMIECTBO MAPAJIICTBHBIX aJropuTMoB Beraucieaus MEP
paspaborano jist rpadbudeckux mporeccopos [1, 2, 10, 13]. Dru pazpaborku, 0JHAKO, HE MOTYT
ObITH HAIPSIMYIO IIepeHeceHbl Ha MHOTosiiepHble cucrembl Intel Xeon Phi (3, 18]. Intel Xeon
Phi mpencrasiisier coboii cemeiicTBO cmcTreM Ha OcHOBe apxuTeKTypbl Intel Many Integrated
Core (MIC), xoropas obecreunBaeT GOJIBIIOE KOJIUIECTBO BBIMHCIUTENBHBIX $JIEP C BBICOKOM
[POITYCKHOW CIIOCOOHOCTBIO JIOKAJIBHON HamMaTu u 512-OMTHBIMU BEKTOPHBIMH PErMCTPAMH.
Bynyun ocmoBamubiMu Ha apxurekType Intel x86, cucrembr Intel Xeon Phi mommep:kusaior
napaJsiiesin3M Ha yPOBHE HUTEH U Te 2Ke IPOrpaMMHbIE HHCTPYMEHTDI, YTO U OOBIYHBIN [TPOIECCOD
Intel Xeon, uro genaer ux KOHKYPEHTOCIIOCOOHON aJIbTePHATHBON rpadUIecKuM IIPOIECCOPaM.
Ha ceromusa kommnamus Intel mpegmaraet mBa mokoaerns: mpoayKToB apxutekTypbl MIC: Knights
Corner (KNC) [3] u Knights Landing (KNL) [18]. KNC npejacrasisier coboii comporeccop ¢
KOJIMIECTBOM sifiep 10 61, TOAIep:KUBAONNii KaK HATWBHBIE I[IPUJIOXKEHUsI, TaK U BBITPY3KY
(offloading) BbrMUCHeHUit U JaHHBIX ¢ ynpasjsoormiero mnporeccopa. KNL obecnieuuBaer jgo 72
AJIep U, B OTJIMYNE OT IPEJIIIECTBEHHUKA, SIBJISIETCS CAMOCTOSITEILHO 3aIPyKaeMbIM YCTPOUCTBOM,
KOTOPOE UCIIOJIHSAET MPUJIOXKEHUs TOJIBKO B HATUBHOM DEXKUME.

B jammHOll crarhe paccMarTpuBaeTcs 3ajada napaJsiebHoro Boeraucienus MEP  Ha
MuorosiiepaoM  niporieccope  Intel Xeon Phi mokosmenusi Knights Landing mis  coiygas,
KOIJIa JIAHHbIE, 3aJIefiCTBOBAHHBIE B BBIYUCJCHUSX, MOTYT OBITH pa3MEIIEHBl B ONEPATHBHOIM
namsTu. Onucanbl CIeIyIoIe OCHOBHBIE Pe3yabTaThl. [Ipesjioken mapaJuiesbHbll aJrOpuTM,
OCHOBAHHBII Ha HOBOH OJIOYHO-OPHEHTHUPOBAHHON CXeMe BBIYMUCJIEHHI, KOTOpasl IO3BOJISET
bonee 3(pEeKTUBHO HCIOIB30BaTEL BO3MOKHOCTH mporeccopa  Intel Xeon Phi KNL mo
BEKTOPU3AIMK BBIYUCJIEHUN, YEM IIPsIMOJIMHEIHbIE TEXHUKU HA OCHOBE BBIPABHUBAHUS JIAHHBIX
1 aBTOMaTHYIECKON BeKTopHu3aIuu. [IpoBeieHbl BEITUCIUTEIbHBIE SKCIIEPUMEHTHI HA PeabHBIX U
CHHTETUIECKHX HA0OPaX [aHHBIX, IIOKA3ABIIHE BBICOKYIO MACIITAOMPYEMOCTh pa3paboTaHHOrO
ajroput™Ma u ero 00jiee BBICOKYIO MPOU3BOAUTEIBLHOCTH, YEM y AHAJOIrOB, JIjIs CJIydas
MPSIMOYTOJIBHBIX MATPHUIL C JTAHHBIMEI MAaJIOW Pa3sMEepHOCTH.

OcraToK cTaThby OpraHM30BaH cjeiyiolmuM obpas3oM. B pasmeire 1 npusesen o630p pabor
[0 TeMaTUuKe HuccaeloBaHusd. Pa3ien 2 COmepKUT ONHMCAHUE MPEIOKEHHOIO IMapasieIbHOTO
ajropurMma Borunciaenus MEP. Pesynbrars! skciepuMeHTaIbHOTO UCCAEIOBAHNS pa3paboTaHHOro
aJI'OPUTMa, [IPUBEJIEHBI B pasjeiie 3. B 3ak/I09eHUN CyMMUPYIOTCS MOy YeHHBIE PE3yJIbTaThl U

npejJjiaraloTcd HallpaBJI€HU A 6y,H,y1_ILI/IX HCCHG,ZLOB&HI/IIZ.

23aMeTHM, UTO JAHHOE OIIPE/eIeHne IOKPhIBaeT cirydaii A = B.
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1. O630p paboT

B pa6ore [2] Hanr (Chang) m ap. Opeyio:KuIn NapasileIbHbBIl AJrOPUTM BBIYHCICHUS
MEP na GPU ¢ momorsio CUDA. DToT alropuT™ MpenoaraeT, ITO MaTPUIA KBaIpATHAS
(n = m) 1 9TO pa3Mep MATPUIIBI L ¥ PA3MEPHOCTH IPOCTPAHCTBA d KPATHBI 16. AJropurmMmudeckoe
TpeboBanne KparHocTu 16 ciemyer u3 apxurekrypel NVIDIA GPU. B coorBercrBum c¢
rexnosiorueii CUDA HuTHu rpynmnupyiorces B aByMepHbIe 610k1 16 X 16, KOTOpbIE, B CBOIO 0Yepe/ib,
dbopMUDPYIOT JBYMEDHYIO CETKY {15 X 1g. LTakuMm obpa3oMm, KazKJas HUTb HJICHTUPUIUDYeTC
4eTBepKoii (by, by, tz, ty), Tae mapa (by, by) 3amaer nosoxkenue 6110Ka, a napa (ty, t,) — mosoKeHne
B ceTke. B 3Toii KOOpAMHATHON CUCTeMe HUTb BBIYUCIACT di6.b,+t,,16-b,+t, d1emenT MEP. Ha
KaKJI0il mTepaliuy BCe HUTU 3arpyrKaloT JBE MHoAMaTpuIlbl pa3mepa 16 X 16 B pasjesseMyio
naMsTh. Kaxk/ias HUTh TOCJE CUHXPOHW3AIUU BBIYUCJISET YaCTUIHOEe HBKJIMIOBO pacCTOSTHUE.
Jlajtee HUTH JOJIKHBL OBITH CHOBA CHHXPOHU3UPOBAHBI, IIPEXKJIE UeM 3arpy3UTh CJIELYIONIUE JTBE
HOJIMATPHIILI JIJIst pacdyera. JkcrnepumenTsl aBTropos Ha cucreme NVIDIA Tesla C870 (¢ mukosoit
npoussojuresibHocTeio 0,5 GFLOPS) nokaszamu, uro ajsropurm obecrednBaeT yCKOPEHUE 10
44 pa3 10 CPaABHEHUIO C IIPOIECCOPOM.

Ju (Li) n ap. [13] npemnoxkumm Giounerit Meroxn soranciaenuss MEP s cepx6Gosbimmx
HA0OPOB JIAaHHBIX B pacupejesennoit cpejge ¢ GPU. Hauubiit MeTon IpeioaraeT peajin3aluio
agroputma Berauciaenns MEP wma GPU ngna Beramcienus mommarpun, MEP. 3atem aBTopbI
HCIIOJIb3YIOT MPOrpaMMHYIO cucTeMy Ha ocHoBe mnapaanrmbl MapReduce maa pazbuenus
ucxo/iHo# 3amaun Beruncienusd MEP Ha psi/i MasieHbKUX HE3aBUCUMBIX 110/133,/1a4 /1151 BBIYUCJICHUS
monmarpur;, MEP. Ilporpamvuast cucrema guHamudecku BoLaesisier pecypcebl GPU nmomzamagam
JUIST JTOCTUKEHUsT MAKCUMAJIBHOM MPOM3BOJIUTEBHOCTH. B sKClepuMeHTax Ha TpeX CHCTEMAaX
NVIDIA Tesla 1060 (0,9 GFLOPS kaxkjast) ajropuTy IokasblBaeT ycKopeHue 10 15 pas.

Kum (Kim) w gp. [10] npejoxknim 106aBisiTh (QUKTUBHbIE HYJIEBbIE JIAHHbIE IIPH
HCIOJIb30BAHNY aJIrOpuTMa u3 paboTsl [2]. MaTpuIiisl BXOAHBIX JTAHHBIX JOMOIHSIIOTCH HyJIEBBIMI
cTpoKaMu u crojibramu st 06paborku BeraucaunresbabiM sgpoM CUDA. B skcnepumenTax Ha
NVIDIA Tesla C2050 (0,5 GFLOPS) anropurm mokasaJ yckopenue 70 47 pas3 1o CpaBHEHUIO €
MIPOTIECCOPOM.

B pab6ore [1| Apedun (Arefin) u ap. yaydmmmim moaxojsl, npeioxKennsie B |2, 10, 13].
Bmecre ¢ MEP Bxoamble manable paszbupatorcs Ha OJjioku. lamHHass omepaliusi BBITOJHSIETCS BO
BHEIITHEN MaMsiTH, U3-3a 9ero JanHoe peinenune padoraer 10 30 pa3 MejjiIeHHEe, YeM B UCXOJHBIX
pabotax. Tem He MeHee, JAHHBIN MOAXOI IPUMEHNM IIPH 00pabOTKe TAaHHBIX, HE TOMEIAIOITIXCSI
B OIlepaTHUBHYIO maMsTh mporeccopa uiau GPU.

B paborax By (Wu) u ap. [20], JIu (Lee) u np. [12] u fpom (Jaros) u mp. [9] kocsenHo
3aTpoHyTa 3aa49a Berancienuss MEP Ha yckopurensix Intel MIC. ApTopsr 31X paboT yCKOPSLIN
Ha comnporneccopax Intel Xeon Phi KNC amropurm kiacrepusanuu k-means, B KOTOPOM
Berunciaenne MEP siBisiercst moazamadeii.

B pa6ore |20] aBTOpBI IIpe 110K IIIM TeTEPOreHHBI O/IX0JL K PaciapaslIe/IMBAHUIO aJIlOPUTMA
k-Means, sageiicTBylommii Kak Iporeccop, Tak u comnporeccop Intel Xeon Phi KNC. B
COOTBETCTBUM C JIAHHBIM IIOJIXOJIOM IIPOIECCOP BBIMOJHSET Ha3HAUEHWE TOYEK JAHHBIX [0
KJIaCTEpaM U 3aTe€M BBIIPY2KaeT JAaHHbIe U IEHTPOUIBI Ha comporeccop. Takum obpaszom, Xeon
Phi KNC na kaxmoit urepanun Berauciser MEP MexXay ncxogabIMu JaHHBIMA ¥ IIEHTPOM IAMHE.
Jlst yBeImueHus: MPOIYCKHON CIIOCOOHOCTU TAMSTH U K3IIa aJTOPUTM XPAHWUT IaHHBIE B BUJE

MacCuBa CTPYKTYp. B sKcmepmMeHTax aBTOpaMH IOJYYEeHO yCKOpeHme 10 24 pas3, OmHAKO
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MacIITabupPyeMOCTh AJITOPUTMa CYIIECTBEHHO CHHMXKAJIach IIPH HCIOJIb30BaHUU OoJsiee deMm 56
HUTEH.

Apropel paboTer 9] ncmosb30BaTM MOXOXKUIT TOAXOJ U BBIHOCHJIN BbluncjeHust Ha Intel
Xeon Phi KNC. Cuenyer ormeruTs, 9T0 B paborax-npe/uectseHaukax |9, 20| ucronbsyorcs
MHOTOsIJIepHBIe cuCTeMBl apxuTekTypbl Intel MIC mnpeabiayinero IMOKOJEHUsT U BBITPY3KY
JAHHBIX W BBIYUCJICHUI, OJHAKO B OIUCAHUHU SKCIEPUMEHTAJIBHOTO UCCIETOBAHUS AJTOPUTMOB
cragust Berauciennss MEP He oTmensiercst oT JApyrux BBIYUC/IEHWI, 3aTPyIHssl CpaBHEHHE
MIPOU3BOAUTE/ILHOCT U MacinTabupyemoctu Beraucjenuss MEP ¢ npyrumu perenusmu.

B pabore [12] aBropsl miusi Bbrumciaenuss MEP wa mnpomeccope Intel Xeon Phi KNL

UCIIOJIb3YIOT IapaJjlleIbHbIl aaropuT™M, mIpejcraBieHHbii B Ajar. 1. B mannom ajropurme

IIpI/IMeHHIOTCﬂ OTHOCHUTEJIbHO IIpOCTbIe TEXHUKN yCKOpeHI/IH BbI‘{I/IC.HeHI/IfI — BpraBHI/IBaHI/Ie
JAHHBIX M aBTOBEKTOPpHU3allsd, — IMO3TOMY JdaJiee JaHHad peaiun3alirusd 6y,HGT YIIOMUHATBCA KaK
STRAIGHTFORWARD.

Algorithm 1 STRAIGHTFORWARD(IN A, B; ouT D)

1: Fpragma omp parallel for

2: for ¢ from 1 to n do

3 sum < 0

4 for j from 1 to m do

5: __assume_ aligned(a;,., 64)
6 __assume_ aligned(b; ., 64)
7 for k£ from 1 to d do

8 sum <— sum + (a;  — bj’k)2
9 end for

10: d; j < sum

11: end for

12: end for

Crpoku 56 mpejcraBiisoT coboil MOACKa3Ky KoMIuiIsaTopy Intel, uro mamsaTh, oTBeeHHAS
ot Kaxkiyto w3 marpuii, A u B, BelpoBHeHA Ha yKazaHHOE KOJu4decTBO OaiiToB. HauasibHble
aJipeca MCXOHBIX JIAHHBIX BBIPDABHUBAIOTCA TaKUM 00pa30M, YTOOBI ObITH KPATHBIMU ITHPUHE
sexTopnoro perucrpa (VPU, Vector Processing Unit) cucremsr Intel Xeon Phi3. lanmbrii mprem
nosBosisier u3bexkarb dhdekra pasbuenusi mukiaa (loop peeling) B cTpoke 7, CyIIeCTBEHHO
CHUYKAIOIIETO ITPOU3BOJUTENbHOCTL BEKTOPU30BAHHOIO IMKJa. JleficrBure/bHO, B cilydae
OTCYTCTBHUS MTOJICKA3KN KOMITHJIATOD MPEJIIIOJIAraeT, YTO JAHHbIEe He BHIDOBHEHBI U PA3JIEJUT IUKJI
Ha tpu dactu. llepsas nebosbiasi 9acTb UTEPAIMI ITUKJIA OCYIIECTBISAET JOCTYI K UCXOIHBIM
JIAHHBIM OT HAYAJILHOTO JIpeca JI0 IEPBOTr0 BLIPOBHEHHOT'O aIpeca, BEKTOPU3YeTC st OTIeIbHO. Tak
2K€ KOMIIIJIITOPOM OTIE/IHHO Oy/1eT BEKTOPU30BaHa HEDOJIbIIAs YaCTh UTePAIi K14, KOTOPbIe
00pabaThIBAIOT MCXOJIHbIE JIAHHBIE OT IIOCJEHEIO BBIPOBHEHHOI'O aJjpeca JI0 3aBEPIIAIOIIEro
aJipeca JIAHHBIX.

Jlasiee, B Tejle IUKJIA B CTPOKE 7, HECMOTPsl Ha BbIpAaBHUBAHUE HAYAJbHOI'O aJIpeca
EPBOIl TOYKU JAHHBIX, HAYAJBHBIN aJIpec BTOPOH TOYKM JAHHBIX HE Oy/IeT BBIDOBHEH, €CJ/IH

Pa3MEepPHOCTDb d ue 6yﬂeT KpaTHa INMHUPpHUHE BEKTOPHOI'O pPErucrpa, 4YTO CHOBa IIpUBEAET K

3IIIupuHOil BEKTOPHOTO PETHCTPa HA3BIBAIOT MAKCHMAJBHOE KOJHYECTBO 3JIEMEHTOB JAHHBIX, KOTOPOE MOYKHO
nomectuth B peructp. st Intel Xeon Phi pasmep BexkTopHOro permcrpa cocrasisier 512 6ur, 9TO 103BOJISIET

pa3MeCTUTb B HEM 16 BEIIECTBEHHBIX YHUCeJI C O,H\I/IHapHOI‘/'I TOYHOCTBIO.
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pasbueHuio 1ukJa u HedDDOEKTUBHON BekTOpm3anuu. s permeHus 3Toit 1pobIeMbl aBTODBI
JIOMOJIHAIOT TOYKU BXOJHBIX JAHHBIX (DUKTUBHBIMU HYJIEBBIMU KOODJUHATAMU TAKUM 00pa3oM,
9TOOBI PA3MEPHOCTb TOYEK ObLIa KpaTHa IIMPUHE BEKTOPHOI'O PErucTpa, B CHJYy Yero IMHUKJI
paspeliaeTcs KOMIMJISATOPOM KaK JIB€ BEKTOPHbBIE OIlepalIUH.

Tewm He Menee, B BBICOKOIIPOU3BOIUTELHBIX BHIYUCIEHUAX, IOMUMO BHIDABHUBAHUS JTAHHBIX,
c110co0 KOMIIOHOBKH JIAHHBIX OKA3bIBAET CYIIECTBEHHOE BiusHUE HA 3(DDEKTUBHOCTD OlEPAIIHii
nocryna K namsatu [8]. B cienyromem paszesie Gyjer paccMOTPEHO IIPHMEHEHHEe KOMIIOHOBKH

JAHHBIX B IMAMATHU JJisi yCKopeHus Boraucienns MEP.

2. ¥Yckopenue Bbruucjiaenuii Ha nporieccope Intel Xeon Phi KNL

[Ipenaraemblit B ganHoit pabore moaxos K Berauciaennio MEP na mponeccope Intel Xeon Phi
KNL mmeer nBa cteIyoMmmuX OCHOBHBIX OTJIMIHS OT aJropuTMa STRAIGHTFORWARD. Bo-11epBbhIx,
[IpEe/IJIAraeTCsd HOBas CXeMa OPTraHU3allud BBIYUCIEHUH Uit 3()EEKTUBHOIO WCIOJIH30BAHUS
BosMOxKkHOCTell BekTopm3amuu Intel Xeon Phi. Bo-Bropbix, wucmnonbsyercst 6ojiee cCozKHast
KOMITOHOBKA JIAHHBIX B OIEPATHBHON IMaMATH. Y Ka3aHHbIE OCOOEHHOCTH PACCMaTPUBAIOTCS HUXKE

B pazzenax 2.1 u 2.2 coOOTBETCTBEHHO.
2.1. Cxema BbuIYHCJICHUI

OcHoBHast ujest MpeyIaraeMoro MOX0/Ia 3aK/II0YAeTCs B U3MEHEHUU CXEMbl BBIUUCICHUI
TakuM 00pa30M, YTOOBI [0 CPABHEHWIO C MPSIMOJIMHENHBIM IOIXOI0M OBLIO BEKTOPU30BAHO
OoJibIliee KOJUIECTBO omneparuii. B ajropurme STRAIGHTFORWARD B IUKJIE€ BBIYUCIISIETCS OJTHO
paccrosinue Mexky jByMs Toukamu. CreqoBarebHO, BHYTpeHHUi muki (eM. Aur. 1, crpoka 7)
OyIer CKOMIIMJIMPOBAH B JIBE€ BEKTOPHLIE ONEPAIUU: I109JIEMEHTHBIE PA3HOCTh U IIPOU3BEICHIE
BEKTOPOB.

[Ipegnaraemblit ajgropuT™, MOJYyYUBIIHI HasBanne BLOCKWISE, UTEPATUBHO BBIYUCIISIET
HECKOJIKO PACCTOAHHMI OT OJHOW TOYKM M3 IEepPBOr0 MHOXKeCTBa 10 block ToYeK M3 BTOPOro
MHOXKeCTBa, rie block — nmapamerp anropurma (cMm. AJr. 2).

B crpokax 1-7 ocytmecTBiisieTcss n3MeHeHne KOMIIOHOBKY JJAHHBIX BTOPOI'O MHOXKECTBA, TOYEK
B HaMsTH (JeTajbHOE OIUCAHWEe IPUBEIEHO B pasdzerne 2.2) u GopMUPOBAHUE UX KOIUH JIJIsi
JAJbHERINX Bbrancsennit. Buermmuit ukit (crpoka 9) mepebupaeT mepBoe MHOXKECTBO TOUEK U
pacmapaJutesimBaercsi. BHyTpeHHNT nuka B cTpoke 10 mepebupaer OGJOKH BTOPOIO MHOXKECTBA
touek. Ilukyr B crpoke 12 BBINOJHSIET BBIYUC/IEHUsI 1O KOoOpawHaATaM OJioka Todek. Lluki B
cTpoKe 15 BBIYHC/ISIET PACCTOSIHUSI U KOMIIUJIUPYeTCsl B JiBe BeKTopHbIe onepamuu. Crpoku 13
u 14 1moACKa3BIBAIOT KOMIIUJISITOPY O BHIPDABHUBAHWK B IIAMSITH TOYKHA U3 IEPBOTO MHOYKECTBA
u 6JIOKa TOYEK U3 BTOPOTO MHOYXKECTBa COOTBeTcTBeHHO. HakoHer, mukyi B crpoke 20 coxpaHsier
BBIYHMCJIEHHBIE PACCTOSIHUSI B MATPUILY PACCTOSTHUI, TPUYEM 3Ta OIEePAIlUsi KOMIUJIUPYETCS B OJIHY
BEKTOPHYIO onepanuio. JJaHHOMY IUKJIy IPeIIecTBYeT MojcKa3Ka Jjis KoMIisiTopa (cTpoka 19)
O BBIPABHUBAHUH PE3YILTUPYIONIEHl MATPHUIILI PACCTOSHUN B IAMSITH.

OmnncaHHBI aJIPOPUTM IIPEIIO/IATaeT, 9TO MOIIHOCTH BTOPOIO MHOXKECTBA TOYEK 77 KPaTHA
KoJtmaecTBy 0J10KOB block. Ecyim 910 He Tak, HEOOXOAMMO YBEJIUINUTD 1M 10 OJIUKAMIIEro IejI0ro
qnciia, Kpatraoro block, myrem momosiHeHUS MATPUIbl B GUKTUBHBIME HYJIEBBIMU CTPOKAMH.

Kpome Toro, mmsa rapantunm 3dpheKTUBHONW BEKTOPH3AIINM Oleparuii Haja Mmarpuieii B
mapaMeTp block momkeH OBITH KpaTeH 3HAYEHMWIO IMHPUHBI BEKTOPHOTO peructpa widthy prr.

Takke, mj1s1 mojTygenust OOJIbINTEH BBITOJBI OT BEKTOPU3AINNA BLIYUCICHUN B KAYECTBE MaTPUIIHI
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Algorithm 2 BLOCKWISE(IN A, B, layout, block; ouT D)

1: if layout is SoA then
2: PERMUTE(B, m, B)

3: else if layout is ASA then

4:  PERMUTE(B, block, B)

5: else

6: > Kommonoska AoS, mmepecTaHOBKa 3JIEMEHTOB HE Hy2KHA
7: end if

8: #tpragma omp parallel for

9: for ¢ from 1 to n do

10: for j from 1 to |5 ] do

11: sum < 0

12: for k£ from 1 to d do

13: __assume_ aligned(a;., 64)
14: __assume_ aligned(b; ., 64)
15: for ¢ from 1 to block do

16: sumy <= sumy + (a; j — l~)j+k,g)2
17: end for

18: end for

19: __assume_aligned(d; ., 64)

20: for k from 1 to block do

21: di,j~block+k <— sumyg

22: end for

23: end for

24: end for

B Heo0x0/1iMMO B35ATH MATPHILY, KOTOPas XPAaHUT HAUOOJIbINEE 110 MOIIHOCTU MHOXKECTBO TOYEK
u3 JIBYX 3aJ[aHHBIX.

OTMeTHM, 9TO TMPEJIOKEHHBIH AITOPUTM TMPEJIIONATAT IMIUPUTIECKAN BBIOOD mapaMeTpa
block B cOOTBETCTBUY C BBIIIEN3JI0KEHHBIMI TPeGOBaHUAMHE (J1eTaju BHIOOPaA JAHHOTO IlapaMeTpa

pPacCMOTPEHBI Jlajiee B pasjeiie 3).
2.2. KoMmnoHoBKa JaHHBIX
Ha puc. 1 opeacTaB/JICHbI OCHOBHBIE CHOCO6I)I KOMIIOHOBKHM MaCCUBOB B IIaMATU (B BUI€E

oObsiBIIeHNIT THIIOB JIAaHHBIX st3bika Cn) [8].

typedef struct {

f f
typedef struct { typedef struct { float x|block|:
float x; float x|[m];
float y[block];
float y; float y[m];
float z[block];
float z; float z[m]; } ASA:
} AoS; } SoA; ;
ASA B|| 21|
AoS B[m], SoA B; S Ngblock—”7
a) Maccus u3 CTpyKTyp b) CTpyKTypa U3 MaccHBOB ¢) Maccus crpyxryp 3

MaCCHUBOB

Puc. 1. OcHoBHBIE CIIOCOOBLI KOMIIOHOBKI MaCCUBOB B IIaMATH
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Komnonoka AoS (Array of Structures) mpemmosaraerT XpaHeHHE MHOXKECTBa TOYEK B
BUJIE MacCCHBa, 93JEMEHTAMHM KOTOPOTO SIBJISIIOTCS CTPYKTYPBI, W YACTO WUCIOJb3yeTCsI Kak
KOMITOHOBKA JIAHHBIX [0 yMOJIYaHUIO. B cirydae KOMIIOHOBKE JaHHBIX SOA (Structure of Arrays)
JITST XPAHEHUsT KayKJIOW KOOPJAWHATHI TOYEK WCIOIB3YIOTCS OTAEIbHBIE MACCHBBI. JTO MOXKET
MPUBONTDL K KOH(JIMKTAM COBMECTHOTO JIOCTYIIa HUTEH K TMaMSTH, €CJIU CIeHAPUH TOCTyIa K
JIAHHBIM TIpejiosaraeT o6paboTKy cMeKHbIX eMeHToB. Kommnonoska ASA (Array of Structures
of Arrays) pasbusaer maHHble Ha OJOKH B cooTBercTBHU € mnapamerpom block. ASA-block
0000IIaeT KOMIIOHOBKHI JIAHHBIX, paccMorpenHble Boime: ASA-1 cooreercrByer AoS, a ASA-m
coorBeTcTByeT SOA. Takas ycaoKHeHHAs8 KOMIIOHOBKA JAHHBIX CIOCOOCTBYET yMEHBIIEHUIO

K3II-ITPOMAaXOB IIPOIeCCOpa IIPU BbIYUCJIICHUN MaTPUIIbL paCCTOHHHﬁ.

Algorithm 3 PERMUTE(IN B, block; ouT B)

: F£pragma omp parallel for
: for j from 1 to [;7-] do
for i from 1 to d do

for k from 1 to block do

1

2

3

4

5: i)j.d_m‘,k < bj~block+k,z’
6 end for

7 end for

8

end for

Autropur™m 3 mapaJsiieIbHO MpeobpasyeT MaTPHUILy MCXOIHBIX JAHHBIX U3 OJHOW KOMIIOHOBKH

JAHHBIX B JIPYTYIO IyTeM IePeCcTAHOBKHU djeMeHTOB. [l 3amannoro pa3mepa block m maTpuiist

~ m
B € R™*4 ¢ KoMIoHOBKO#H JaHHBIX A0S, aaropurM cosjaer mMarpuiny B € R | Block | <Plock ¢

KOMIOHOBKO{ naHubX ASA-block (wmm SoA, eciu block = m).
3. SKCHepI/IMeHTaJII)HOG ncciaeagoBaHme

3.1. Onwucanume 3KCIEPUMEHTOB

Ileau. B skcnepumMenTax OBLIM MCCJIEIOBAHBI [IPOU3BOIUTEBHOCTE U MACIITAOUPYEMOCTD
IPEJJIOKEHHOIO  aJIFOPUTMa [0 CPABHEHHIO C AJrOPUTMOM STRAIGHTFORWARD [12| u
peanuzarueit Berauciaenus MEP ¢ momompio dyukiun uz 6udbunorexku Intel Math Kernel Library
(MKL)*, ontumusuposanuoii gst Intel Xeon Phi. Anroputm BLOCKWISE 6bL1 peajin3oBan s
KOMIOHOBOK jtaHHBIX A0S, SoA m ASA-512. Bcee anropurmbl 3amyckaymcsk Ha Intel MIC s
pasHbIX HAGOPOB JAaHHBIX. 3Mepsiyioch BpeMst paboThl aaropuT™Ma 6e3 yuera BPEMEHH 3arpy3Ku
JIAHHBIX W 3aIiUCH pe3yibTara. Ha OCHOBE MOMYYEHHBIX 3HAYEHWI BBIYUCIISIIOCH YCKOPEHWE U
napaJuebHas 3(QGEeKTUBHOCTH aJTOPUTMOB, ONPEJIE/IsTeMbIe CJIEIYIONNUM 00Pa30M.

Yckopenne n mapasienbHas 3hGOEKTHBHOCTD MapasIeIbHOTO aJrOPUTMAa, 3alyCKaeMoro Ha
k nursix, Beraucisiercs kak s(k) = % ue(k) = % COOTBETCTBEHHO, Iyie t1 U t, — BpeMsi pabOThI
AJITOPUTMA Ha OJTHOW M Kk HUTAX COOTBETCTBEHHO.

Brimo mpoBeieHo ncceioBanne TpON3BOIUTENHLHOCTH M MACIIITAOUPYEMOCTH TTPETIOKEHHOTO
aJropuT™Ma Jjisi KBaJIpaTHBIX u npsaMmoyroibabix MEP. B ciaydyae npsiMoyro/ibHBIX MaTpHIL
HCIIOJIb30BAJIICH Te YKe TeCTOBbIe JIaHHble, YTO U B pabore [12].

Yrobbl yOequThCsI, UTO MpeJJIoyKeHHasl BBIUYUC/IUTENFHAST CXeMa JAeT BBIMTPBIIT OT

BeKkTOopu3anuu Boranciaernii Ha MIC cucremax, ObLIO IIPOBEAEHO CPaBHEHHE IIPOU3BOINTEILHOCTH

“Intel Math Kernel Library 2018 Release Notes.
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aJIropuT™MOB BLOCKWISE, STRAIGHTFORWARD u Intel MKL na Intel Xeon u Intel Xeon Phi na
OJIHUAX M TeX Ke Habopax JAHHBIX.

Jlajee, OBLIO BBLITOJIHEHO CpPaBHEHHE ITPOM3BOAMTENILHOCTH ajropurMa Bourauciaenns MEP,
npeyiozkenHoro B paborte [10], Bbmommaromerocs ma cucreme NVIDIA Tesla C2050°, u
anroputMa BLOCKWISE, Beimosasionierocst Ha Intel Xeon Phi (mockosbky ykasaHHble CHCTEMBI
MMEIOT NPUMEPHO OJIMHAKOBYIO MMKOBYIO IIPOU3BOJUTEIHLHOCTD ).

Haxkonern, npuBeieHbl SKCIIepUMEHTAJbHBIE PE3yJIbTaThl, KOTOPbIe OOOCHOBBIBAIOT BBHIOOD
3nadenus napamerpa block.

Habopv, dannvir. B skcrnepuMeHTaxX MCIOJIb30BAJNCh HAOOPHI JAHHBIX, OIHCAHHLIE B
tabs. 1. Habopor ganmbix Census [14] u FCS Human (6] B3sATBI U3 peabHBIX IPUIOKEHHI.
Habopbr manabix MixSim u ADS sBISIIOTCSIT CHUHTETHYECKUMM M IIOJIyYEHbI C IIOMOIIBIO
IPOrpaMM-T€HEPATOPOB, ONUCaHHBIX B paborax [15] u [16] coorsBercrBenno. I'pynmna wabopos
nanabix ADS (Aligned Data Set) ucnonb3oBasach jijisi 9KCIEPUMEHTAIBHON OIEHKH aJIlOPUTMA
STRAIGHTFORWARD B pabore [12]|. I'pynna na6opos ganneix PRND (Pseudo Random Numbers)

HCIOJIB30BAJIACH B 9KCIepuMeHTax B pabore [10].

Tabauna 1
Habopb! JaHHBIX [JIsT 9KCIIEPUMEHTOB
Hab6op d n m Bun CemaHTuKa
MixSim 5 | 35-2%10 | 35.210 | Cunrermueckwuit | [lomyuen remepatopom u3 [15]
Census 67 | 35-210 | 35.210 Peanbubrit PezynbpraThl nepenucu HacemaeHus
CIIIA [14]
FCS Human | 423 | 18210 | 18.210 Peanbubrit ArperupoBantast HHGOPMAITHS
0 reHoMe 4esioBeka [6]
ADS-16 16 109 103 Cunrernuecknuii | Habopsr nanubix n3 [12]
ADS-32 32
ADS-64 64

ADS-256 256
PRND-50 50 | 15-10% | 15-10% | Cunrernueckuii | Habopni manmbix u3 [10]
PRND-100 100
PRND-150 150
PRND-200 200

B skcnepumentax ¢ wuabopamu ganabix MixSim, Census n FCS Human 6pasnucs
[IOJIMHOXKECTBA 3TUX HADOPOB, YTOOBI KOJIMYECTBO TOYEK ObLIO KPATHO 3HAYEHUIO IIapamMeTpa
block = 512 (cm. pasmern 2.1).

s omnenku asropurma STRAIGHTFORWARD Ha Habopax JIAHHBIX, B KOTOPBIX Pa3MEPHOCTH
TOYeK d He KpaTHa IMHUPWHE BEKTOPHOro perucrpa widthypy = 16, 3Hadenume d yBeIUTIeHO
J10 OJIMzKaMIIero Iejioro, KpaTHoOro 16, IIyTeMm JOIOJIHEHUsI MCXOJHBIX JAHHBIX (DUKTUBHBIMU
HyJIeBbIMEU KOop nHaTtamu. st omeHKn ajaropurma STRAIGHTFORWARD Ha Habopax JIaHHBIX,
HCIOJIb30BaHHBIX B paborax [12] m [10], 3HaveHust n u m ObUIM yBesJUYEHbI 110 OJIMKAMNIIErO
11€JIOr0, KPATHOrO 3HAUYeHUIO mapameTrpa block = 512, myTeM JIOIOJTHEHUST YKA3aHHBIX MHOYKECTB

CbI/IKTI/IBHbII\/H/I HYJIEBBIMU TOYKaMU.

SNVIDIA Tesla C2050/C2070 Data sheet.
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Annapamnoe obecneuerue. DKCIEPUMEHTHI IIPOBEJIEHBI HA Y3JI€ BBIYUCIUTEIHHOTO
kitacrepa Topruamo FOYpI'Y [11]. Xapakrepuctukun xocr u MIC cucrembl y3iia npuBeieHbl B
Tabur. 2.

Tabauna 2
XapaKkTepuCTUKN allapaTHOl iaTdopMbl

XapaKTepucTukKa Xoct | Conporeccop MIC
Mopneinn, Intel Xeon X5680 | Phi (KNC), SE10X
KomuecTBo dusnaeckux simep 2x6 61
[l'unepriorounocTh 2 4
KommaecTBo sorundeckux sjep 24 244

Yacrora, I'T'x 3,33 1,1

Pasmep VPU, 6ur 128 512

[Mukosas npoussogurenabnocTtb, TFLOPS | 0,371 1,076

3.2. Pe3yabTaThl 1 00CyKaeHUE

Macwmabupyemocms. Ha puc. 2 u puc. 3 nokaszanbl BpeMsi paboThI, MACIITaONPyeMOCTD
u mapajuiesibHag 3P(EKTUBHOCTb aJTOPUTMOB Ha KBaJPATHBIX U nOpaMoyrojbubix MEP
COOTBETCTBEHHO.

ITo pesymbraram Bhraucienuit KBajapatubix MEP Mbl Buaum, 9T0 Hamaydmnil pes3yabrar
nokazas aiaropurm Intel MKL, a asropurm BLOCKWISE(ASA-512) 3anuMaer BTOpOe MECTO U
nouru cpauuBaercs ¢ Intel MKL na nabope manabpix MixSim, korma 3Hadenue d BHIPOBHEHO Ha,
16. B To e Bpemst Intel MKL mokasbsiBaeT mouTn XyIaIiyio MacIITabupPyeMOCThb U ITapaJsljIeTbHY IO
3 HEKTUBHOCTE CpPEIM MCCJIEyeMbIX aJropuTMOB. Bce ajropurmbl, 3a uckiodenuem I[ntel
MKL u BLOCKWISE(SoA) mokasbiBaior 6/mM3K0e K JIMHEHHOMY ycKopeHue U 3(hdeKTUuBHOCTh
npumMepro 80%, Korja KOJUYeCcTBO HUTEH PaBHO KOJUYECTBY (DUBMYECKUX sIJIEp allllapaTHON
wiatdopmbl. [Ipu 3TOM, ecim KOJIUYECTBO HUTEH MPEBBINIAET KOJUYECTBO SIIEpP, TO TOJBKO
anroputM BLOCKWISE(ASA-512) coxpaHsieT paHee OIUCAHHOE TIOBEJIeHNe, TOKA3bIBasi YCKOPEHHe
0 200 u sdderrupHocTh Kak MuHHMYyM 80%. B TO Ke Bpemsi ycKopeHuMe M mapaJuiesibHast
3bdEKTUBHOCTD JIPYTUX AJTOPUTMOB [IEPECTAET YBEJUUUBATHCA WU JAKe PE3KO YMEHbBIIAETCS.

DKCIEPUMEHTHI ¢ BBIYUCICHHEM TPSMOYTOMHHBIX MATPHUIL HMCIOJB3YIOT HAOOPHI JAHHBIX
GostbIero 0o0beMa U IOKA3BIBAIOT CIeyIomue pe3yabrarsl. Ajroputm BLOCKWISE(ASA-512)
LPEBOCXOAUT II0 CKOPOCTH PabOThI BCE HPOYUE aIropuTMbl Ha Habopax gaHHbix ADS-16 u
ADS-32 u mokaseiBaeT cpaBHHMGBI pe3ysbrar ¢ ajgropurmom Intel MKL wa naGope ADS-64.
Ha nabope manubix ADS-256 asropurm Intel MKL mpeBocxomuT Bce mpoune ajaropuTMbl. 1o
KaCaeTcsi MacITabupyeMOCTH, MOYKHO BUJIETh IIPUMEPHO Ty YKe KApPTUHY, UTO U JIJIsT KBAJIPATHBIX
marpuil. AnroputrMm BLOCKWISE(ASA-512) nokasbiBaerT yckopeHue, OJIM3KOe K JIMHEHHOMY,
u napasienbnyio sddexkrusaocts 90%, ecim KOIMYeCTBO HUTEH COBIAJIAET C KOJUIECTBOM
dusnueckux siyiep. B mamamazsone or 60 mo 240 HuTERl HAI AJTOPUTM IMOKA3BIBAET JIyUIIIYIO
MacCIITabupPyeMOCTh, YCKOPsIACh 0 160 pa3 u mokasbiBas napaJuiesbiyio addexkrusaocts 70%.
MozkHO 3aK/II0UNTh, 94TO ajaropuTM BLOCKWISE(ASA-512) nokasbiBaeT Jiydiime pe3ysbraThl Ha
IPSIMOYTOJIBHBIX MATPHUIIAX MAJION pasmepHocTu (mpuMepHo Korja d < 32).

ITpeumyuecmsa gexmopudauuu. Tabi. 3 TOKAa3bIBAET TPOU3BOJIUTETBHOCTD AJITOPUTMA

BLOCKWISE(ASA-512) na cucremax Intel Xeon u Intel Xeon Phi B cpaBrenun ¢ aaropurmom
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b) Habop manubix Census (d BeipoBHeHO 110 80): Bpemsi paboThl, ycKopeHue u 3hhEeKTHBHOCTD
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¢) Habop manusix FCS Human (d BeipoBaeno mo 432): Bpemsi pabOTH,
yckopenue n 3pHEeKTUBHOCTD

Puc. 2. Bpems paboThl 1 MacIIrabupyeMoCTh aJITOPUTMA Ha KBAIPATHBIX MaTPHUIAX

STRAIGHTFORWARD. Kak MOXKHO yBujern, anropurM BLOCKWISE(ASA-512) or 3,5 s0 8 pa3
oeicTpee Ha Intel Xeon Phi, wem Ha xocre ¢ mBymsi mporeccopamu Intel Xeon. Ajropurm
STRAIGHTFORWARD, Takxke Kak 1 BLOCKWISE(ASA-512), Gbictpee paboraer Ha Intel Xeon
Phi, vem na Intel Xeon. B To ke Bpemst npejIoyKeHHbIN B TaHHON padoTe aJIrOPUTM ITOKA3BIBAET
Jiydiiiee BpeMsi Ha yKasaHHbIX 1rardopmax. Ormerum rtakxke, [uro ajropurm Intel MKL
npeBocxoauT BLOCKWISE(ASA-512) Ha gaHHBIX GOJIBINON pa3MepHOCTH (IIpuMepHO 1pu d > 32)
Ha 0benx rrardopMax.

Cpasnenue ¢ GPU. CpaBHeHre IPOU3BOUTEILHOCTU MIPEJJIOKEHHOTO B JTAHHOM pabore

ajaropuTMa ¢ aiaroputmMom u3 paborsl [10| mpuBeneno B Tabsn. 4. Kak BugHO, aaroputm
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a) Habop ganubix ADS-16: Bpemst paborbl, yckopenue u 3(pheKTHBHOCTD
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b) Habop manubix ADS-32: Bpemsi paborhl, yckopenue u 3hheKTUBHOCTD
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¢) Habop manubix ADS-64: Bpemsi paboTbl, yckopenue u 3hGeKTUBHOCTE
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d) Habop manubix ADS-256: Bpemsi paborhl, yckopenue u 3hheKTHBHOCTD

Puc. 3. Bpemst paboTbl 1 MacHITabUPYEMOCTh AJITOPUTMA, HA IPIMOYTOJLHBIX MaTPUIIAX
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Tabauna 3
Bpewmst paborsr Ha Habopax maHHbix ADS, ¢
Intel Xeon Phi (KNC) 2xIntel Xeon CPU CoorHoIliteHne
HaGop 1,076 TFLOPS 0,371 TFLOPS 2xCPU/Phi
Blockwise | Intel | Straight- | Blockwise | Intel | Straight- | Blockwise | Straight-
(ASA-512) | MKL | forward | (ASA-512) | MKL | forward | (ASA-512) | forward
ADS-16 0,28 0,76 1,05 1,04 3,02 1,00 3,7% 1,0x
ADS-32 0,51 0,78 1,15 1,76 3,14 1,79 3,5% 1,6
ADS-64 0,98 0,88 1,36 3,78 3,81 4,25 3,9% 3,1x
ADS-256 3,71 1,92 3,79 30,32 5,14 31,41 8,2% 8,3%

BLOCKWISE(ASA-512) no nByx pa3 Gbictpee Ha Intel Xeon Phi, yem asropurm juiss NVIDIA
Tesla C2050. ITpu srom anropurm Intel MKL paGoraer 6bicTpee, uem BLOCKWISE(ASA-512) Ha

9TUX HAOOpPaX JTAHHBIX.

Tabauna 4
Bpewmst paborsr Ha Habopax manabix PRND, ¢
Intel Xeon Phi 2xIntel Xeon NVIDIA Tesla
HaGop 1,076 TFLOPS 0,371 TFLOPS 1,03 TFLOPS

Blockwise | Intel | Blockwise | Intel | Kum (Kim) u mp.

(ASA-512) | MKL | (ASA-512) | MKL [10]
PRND-50 0,19 0,07 0,35 0,74 0,82
PRND-100 0,32 0,08 0,59 0,89 1,01
PRND-150 0,45 0,10 0,78 1,01 1,21
PRND-200 0,58 0,12 1,60 1,16 1,41

Bwibop napamempa block. llpuBeseHHBIe BBIIIE PE3YIbTATHI SKCIIEPUMEHTOB ObLIH
[OJIYYEHBbI TI0CJIE€ IMIIMPUYECKOTO BbibOpa mnapamerpa block. 3uauenume block = 512 Obui0
1o106pano caeaytonwM obpazom. Asroputm BLOCKWISE(ASA-block) 6but 3amymien na Intel
Xeon Phi Ha cepum HCKYCCTBEHHBIX HAGOPOB JAHHBIX U3 N = m = 2'° ciaydaliHBIX TOUeK
¢ pasMmepHOCTBIO d, paBuOW 3, 5, 67 u 129 ¢ pasmmunpiMu 3HadeHusMu block (cm. puc. 4).
ITocsie sroro 3uavenue block = 512 6bL10 BRIOPAHO B KA4eCTBE 3HAYEHUS, JAIONIET0 HANJIYYIIYIO
IPOU3BOAUTEIBHOCTD JJIsT OOJIBIIMHCTBA 3HAYEHNH pasMepHOCTH d.

Obcyorcdenue. B 3akmiodeHnn  TPENCTABICHUS — PE3YILTATOB  KCIEPUMEHTOB  C
IpeJIOZKEHHBIM  aJITOPUTMOM O6cy,[LI/IM €ro HaKJ/IaJIHble PacCXOJAbl Ha OIEPATUBHYIO ITaMATb
1 BbIYUCJIEHUA.

Haxknaaple pacxofibl Ha ONEPATHUBHYIO MAMSTh BO3HUKAIOT IO CJIEIYIONUM ITPUITHAM.
Bo-tiepsbix, s 9¢bdEKTUBHONO UCHOJIB30BaHUS BO3MOXKHOCTEH BEKTOPU3AIUU BBIYUC/ICHUI
nporeccopom Intel Xeon Phi anropurv BLOCKWISE Tpebyer, YTOOBI MOIIHOCTH BTOPOTO
MHOKECTBa TOYeK Oblia KpaTHa napamerpy block. Ecnu ato He Tak, TO 3HAYEHUE 1M HEOOXOUMO
YBEJIUYUTL JIO OJIMKARIIero 1ejaoro, KpatHoro block, ¢ TOMOINBIO JIOTOJHEHUST HCXOJHOTO
HabOpa JAHHBIX (PUKTUBHBIMU HYJIEBBIMH TOYKAME. TakuM 00Opa3oM, B Xy/AIIEM ciydae OyaeT
nobasiieno d - (block — 1) u30BITOYHBIX HYJIEBBIX 3JEMEHTOB. BO-BTOPBIX, /10 BBIYUCJCHUS

MAaTPUIIbl PACCTOSHUI CO3/MAETCsT KOMUS MaTPHUIThI, TIPEJICTABIISIONIEN BTOPOE MHOYKECTBO TOYEK,
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Puc. 4. [Ipoussogurensrocts anropurma BLOCKWISE(ASA-block) st pasimdHbIX 3HAYEHUI
mapamerpa block

KOTOpasl 3aIOJHSTCS C IOMOIIBIO OIepaIlii TIePECTAHOBKHU 3JIEMEHTOB MCXOJHON MATPHILHL.
[Mostomy Tpebyercst jonosiHUTENbHO d - max(n,m) 3JEeMEHTOB B HAMATH. 3JeCh (QyHKIHsI
max UCIOJIb3YeTCsT JJIsi yBeJindaeHus: 3(PMEKTUBHOCTH BEKTOPU3AIUHU [IPYU BBIUUCIEHUN MATPHUITHI
PACCTOSTHUH, IOCKOJIbKY MaTpuiia B mosnkHa npencras/isiTh HANOOIBINUN U3 AByX HAOOPOB TOUEK.
B wurore, B xysmem ciyudae norpedyercst d - (block — 1 + max(n, m)) u30bITOYHBIX JIEMEHTOB
JIAHHBIX.

AsnroputmM STRAIGHTFORWARD, B OTJIMYME OT MPEJJIOKEHHOTO PeITeHus, TpeOyeT, ITOObI
3HaYeHne Pa3MEPHOCTH IIPOCTPAHCTBA d OBLJIO0 KPATHO IMIHPUHE BEKTOPHOTO peructpa widthy py.
Eciin 310 ycsioBue He BBIIIOJIHEHO, TO TOYKH HMCXOJHBIX JAHHBIX JIOJKHBI ObITH JOIOJTHEHBI
GUKTUBHBIMU HYJIEBBIMU KOOpAMHATAMH. TakuM 00pa3oM, B XyAIIeM ciaydae Oyaer a00aBIeHO
(widthy py — 1) - (m + n) HyneBBIX 37€MeHTOB. Bo3BpaIiasich K pe3yJbTaTaM SKCIEePUMEHTOB,
CPABHUBAIONINX aJIropuT™Mbl BLOCKWISE(ASA-512) u STRAIGHTFORWARD, MbI BHJIUM, YTO [PU
BBIUMCJIEHUHN TTPSIMOYTOJIBHBIX MEP 1151 maHHBIX MaJIoit pa3sMepHOCTH MPEIJIOXKEHHBIN aJITOPUTM
nMeeT MEeHbINEe HaKJIaJIHble pacXO/Abl II0 HaMdATH, Y€M aJIOPUTM STRAIGHTFORWARD.

HaxkaiHble pacxo/ibl 0 BpEMEHHU IIPeICTABIISIOT cOOO0M ITepeCTAaHOBKY JIEMEHTOB MCXOIHOM
MaTpUIIBl JJIsI M3MEHEHUs] KOMIIOHOBKH JIAHHBIX. OJKCIEPUMEHTHI I[OKa3ajii, 9YTO BpeMs,
3aTpavdnBaeMoe Ha U3MEHEHUE KOMIIOHOBKH, ITPEHEOPEKUMO MAJIO, U 110 CPABHEHUIO CO BpEMEHEM
paboThl ajaropuT™a cocrasiser menee 1%.

B zapepienun oOCyXKJeHUsT CJIeIyeT HAIOMHHUTH, YTO IMPOU3BOIUTEIHLHOCTH AJITOPUTMA
BLOCKWISE(ASA-block) zasucur or mnapamerpa block, 3HaueHHE KOTOPOTO OIIPEIEIISACTCS

IMIIMPUYIECKUM ITyTEM.

3akJro4yeHmne

B nanHoit pabore mccsegoBaHa mpobseMa BEIUUCIEHUS] MATPUIIBI EBKIUIOBBIX PACCTOSTHUI
(MEP), uacto BO3HHKAaOIIas Kak I10J33Ja4a B OOJBIIOM KOJIMYECTBE HPAKTUYECKUX U
HAyYHBIX 3aJ1a49, CBSI3aHHBIX C WHTEJJIEKTYaJbHBIM aHAJIM30M JaHHBIX. K HacTosIeMmy
BpeMeHU pa3paboTaHo 00JIbIIOEe KOJIUIeCTBO ajaroputmoB BbraucieHue MEP ma rpaduyeckux
MIPOIIECCOpax, OTHAKO 9TH Pa3pabOTKM HEe MOT'YT ObITh HAIIPSIMYIO IIepeHEeCeHbl HA COBPEMEHHBIE
MHoOTOosiiepHble cucteMbl Intel Xeon Phi, semsromumecs nepcriekruBhoit anbrepaarusoit GPU. B
craTbe uccjieioBana npobsiema perancienust MEP wa mardopnme Intel Xeon Phi Knights Landing
(KNL) muist coryuast, Korjia JaHHbIE MOTYT ObITH DA3MEIIEHbl B OIEPATUBHOl ITaMSITH.

B pabore mpejioykeH HOBBIN MAapaJIEIbHBIN aaropuT™m i Beraucienuss MEP, nazsanubrit

BLOCKWISE u wuMeERIU JIBa KJIIOYEBbIX OTJIUYAS OT TPSAMOJUHEHHON peain3aliu,
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UCIOJIB3YIONENl BbIDABHUBAHHUE JIAHHBIX U ABTOBEKTOPHU3AIUIO. DBO-NEpBBIX, AJTOPUTM
UCIOJIB3YET OJI0UHO-OPUEHTUPOBAHHYIO CXEMY OPTaHU3AIMH BBIYUCJICHHH, KOTOPasi 00ecIieanBaeT
3ddeKTUBHOE HUCIOIb30BaHne BeKTOpHBIX omnepamuii Intel Xeon Phi. Bo-Bropnix, mpumenena
HETPUBUAJIbHAS KOMIIOHOBKA JAHHBIX B OIEPATHBHONW MaMSTH JIJIsi yMEHBIIEHUS KOJUYIECTBA
KJIII-IIPOMAXO0B IPOIECCOPa BO BPEMSI BHIMHCJIEHUN.

IIpoBesieno  sKCllEpUMEHTAJIbHOE  UCCJIEOBAHUE  PEJJIOKEHHOIO  aJlOPUTMa  HA
CUHTETUIECKAX W PEAJbHBIX HabOpaxX JaHHBIX JJIsl BBIYUCJIEHUs] KBAIPATHBIX U IIPSIMOYTOJIbHBIX
MaTpHUIl, U BBIIIOJIHEHO CpaBHeHHe ¢ aHajoramu. AjropurM BLOCKWISE mokasaj OJiM3Koe K
JquHelHOMY yckopenue u ddgdexkTusHocTh He HuzKe 80%, KOrjaa KOJIMYeCTBO HUTEH COBIAJAET C
KOJIMYECTBOM (PU3UYECKUX dA/ep Ha ucrnojb3yeMoil miardopme. Korga aaropurm BLOCKWISE
3ajeifictByer OoJiee OIHON HUTH Ha (QU3NIECKOE sSIJIPO, €ro YCKOpPeHWe U IapaJiiejbHas
3 HEKTUBHOCTh CTAHOBATCsT CyOJMHEHHBIMU, IMPEBOCXOJlsl, OJHAKO, IIPU ITOM yKa3aHHBIE
XapaKTEPUCTUKUA  AJITOPUTMOB-KOHKYPEHTOB.  [IpejjIoyKeHHBIIt  ajifOpUTM  ITPEBOCXOIUAT
npsiMosinHeitHbIil  mogxon u asropurm u3 Intel Math Kernel Library (MKL) B ciyuae
[PSIMOYTOJILHON MATPHIIBI M TOYKAMU Majioii pasmepnoctu (mpumepro d < 32). Ha roukax
66sibieit pasmepuocru (d > 32) aaropurm Intel MKL mpeBocxogur npyrue aaropuTmbl Kak
HA KBaJI[PATHBIX,TAK M Ha MPIMOYTIOJIbHBIX MaTPHUIAX, B TO BPeMs KaK ajropuT™ BLOCKWISE
[MOKA3bIBAET IIPUMEPHO TY K€ [IPOU3BOIUTEHHOCTD, YTO U HPAMOJUHENHBIN TOIXO/I.

WccnenoBanme BBIYUCIEHUST MAaTPHUIBI EBKINIOBBIX paccTosSHMiI Ha Mmporeccopax Intel
MIC mokeT OBITH TPOTOIZKEHO B CJEAYIONINX HAMPABICHUSIX: TPUIOKEHUE MTPETOKEHHOTO
AJIrOPUTMa K Pa3/JMYHBIM aJllOpUTMaM Kiacrepusanuu (Hanpumep, k-means [12], PAM [17] u
JIp.), paspaboTKa aHAJIUTHYIECKON MOJesn, KoTopast OyIeT Ipe/IcKa3blBaTh IPOU3BOUTEIbHOCTD
ajropurma BLOCKWISE u onpe/ie/isiTh 3HavUeHue napamerpa block, obecneunBaioiiee HAMITY Iy 0

IIPOU3BOAUTEC/IBHOCTDL aJropuTMa.

Paboma evinoanena npu gurarcosot noddeporcke Poccutickozo dornda PyrndamenmanvHvix
uccaedosanuts  (epanwm N 17-07-00463),  IIpasumesvcmea PP 6 coomeemcmeuu ¢
Iocmanosaenuem Ne 211 om 16.03.2013 (cozaawerue N 02.A08.21.0011) u Murucmepcmea
obpasosarus u wayku PO (20cydapemeennoe sadanue 2.7905.2017/8.9).
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Computation of a Euclidean distance matrix (EDM) is a typical task in a wide spectrum of problems connected
with data mining. Currently, many parallel algorithms for this task have been developed for graphical processors.
These developments, however, cannot be directly applied to the Intel Many Integrated Core systems. In this paper,
we suggest a parallel algorithm for EDM computation on Intel Xeon Phi Knights Landing processor in the case
when the input data fit into the main memory. The algorithm exploits block-oriented scheme of computations that
allows for the efficient utilization of Intel Xeon Phi vectorization abilities. In the algorithm, we also apply apply
a sophisticated data layout to store data points in main memory so as to reduce the number of processor cache
misses during EDM computations. Experimental evaluation of the algorithm on real-world and synthetic datasets
shows that it is highly scalable and outruns analogues in the case of rectangular matrices with low-dimensional

data points.
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