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TEXHOJIOIUY CYINEPKOMIIBIOTEPHOTI'O 3D
MOJIEJINPOBAHUY CEMCMUYECKINX BOJIHOBBIX
IIOJIEM B CJIOXKHO IIOCTPOEHHBIX CPEJIAX!

B.M. I'aunckuti, B.H. Mapmwviros, A.P. Canemuna

B pabore paccMarpuBaioTCsi BbIMUCIUTEIbHBIE TEXHOJIOIUU PEIICHUS 38724, CBA3AHHBIX C MO-
JICJINPOBAHUEM PACIHPOCTPAHEHUS CEHCMUYECKUX BOJIH B HEOJHOPOJIHBIX CPEJAX, XapaKTEPHBIX I
BYJIKAHUYECKUX CTPYKTYP, C UCIOJH30BAHUEM CYIIEPKOMITBIOTEPHOIO MOJIETUPOBAHUS B IEIAX CO-
3/IaHUsT CUCTEM BHOPOCEHCMHUIECKOI0 MOHUTOPUHTA CeiicMOOIIacHbIX 00beKTOB. [locTpoeHa dpusuko-
MareMaTuIecKasg MOJIEb MArMATUYECKOr0 BYJIKAHA M IIPOrDAMMHAs PEAU3alids HA OCHOBE W3-
BECTHOI'O YHUCJCHHOTO METOJa, 3(DMEKTUBHO HMCIOJIL3YIONAd APXUTEKTYPY COBPEMEHHOIO CyIep-
kommbiorepa, ocunarennoro GPU. Coznanbr napasuienbibie 2D u 3D ajropurmbl U IporpaMmbl
JIIS MOJICJTUPOBAHUS PACIPOCTPAHEHUS YIIPYTUX BOJH B CJIOXKHO MOCTpoenuoit cpeje (2D Momesn
€CTb cedeHne UCXomHoi 3D Momes i pa3ImIHbIMU TJIOCKOCTSIME ¥ TIOJ PA3HBIMU YIJIAME) Ha OCHO-
Be SBHOW KOHEYHO-PA3HOCTHON CXEMbl Ha CIABUHYTBIX CETKAX M METOJA IOIJIOMIAIONINX [PAHUII
CFS-PML. UccienoBana MacimrabupyeMocTb ajroputMoB. [IpuMenenne pa3paboTaHHOl TEXHOJIO-
UU TI03BOJIAET TOpa3no 3(PMEKTUBHENH MPOBOJUTL M3yYeHUE CTPYKTYPbl BOJHOBOIO TIOJsA, 00y-
CJIOBJIEHHOI'O T'€OMEeTpUeil BHYTPEHHUX TPAHUI], yTOYHEHHE €r0 KUHEMATUIECKUX U JUHAMUYECKUX
XapaKTEPUCTHK .

Knouesvie caosa: monumopune, 3D modeauposanue, ynpyeue 604HBL, PAZHOCTIHBIE CTEMDL,
2ubpudnwii xaacmep, GPU.

BBenenue

HeobxonumocTs npenckazannsi KaTacTpopUIecKuX siBJ€HUi, KOTOPbIE MOI'YT OBITh BbI-
3BaHbI TOTOBSIIENCS BCIBIIKON BYJIKAHUIECKON IEATE/IBHOCTH, SBJISETCS aKTyaJbHOW 3aja-
qgeit. [lyist perieHus 3Toi 3a7a9n HEOOXOIMMO TPOBEJIEHUE KOMILUIEKCHBIX U OObEKTUBHBIX HUC-
CJIEJIOBAHUI IIPOIIECCOB, MPOUCXOSIINX HA TMOBEPXHOCTU U BHYTPHU BYJIKAHUIECKON CTPYKTY-
PEL

OpauM U3 WHCTPYMEHTOB TaKUX KOMILJIEKCHBIX WCC/IEIOBAHUN SIBJISIETCS AKTUBHbIMA
BUOPOCECMUYIECKUN MOHUTOPHUHT, IIPU IIPOBEJIEHUN KOTOPOI'O, HAPSIAY C IKCIEPUMEHTAJIBHbI-
Mu paboramu, TpeOyercs IpeIBApUTEIbHOE W COIIYTCTBYIOIIEE YHCJIEHHOE MOETUPOBAHUE
pacCIpoCTpaHeHusi yIPYTUX BOJIH B BYJIKAHUIECKUX CTPYKTYPax.

IIpoBeserne HATYPHBIX T'eOPUUIECKUX IKCIIEPUMEHTOB MO3BOJISET TOJIYIATh HEKOTOPHIE
[IPEJICTABJICHUS O CKOPOCTHBIX IapaMerpaXx YIpyro#l cpejbl, a TaKKe O TeOMETPUM U3yIaeMO-
ro obbekra. B mporecce 06paboTKH pe3yabTaTOB IOJEBOIO IKCIEPHUMEHTa YaCTO BO3HUKAIOT
citoxHbie 3MMEKThI, TPEOYIOINe TEOPETUIECKUX WCCIEIOBAHUN JJIsi WX HWHTEPIIPETAIUU U
00bsICHEHUSI, KOTOPbIE MOTYT OBITb BBIIOJHEHBI C MPUMEHEHMEM MacCIITaOHOTO YHUCIEHHOT'O
MOJEINPOBaHUA. TakuM 00pa30M, CO3TaHNE MATEMAaTUIECKHX MOJIeIei M3yd4aeMbIX OOBHEKTOB
U TEOPETUYECKOE MOJICJIMPOBAHUE CEHCMUYECKUX IOJIell aKTYaJbHO W MOMOTAIOT B WU3YYUEHUU

PpeaJbHbIX BYJKaHUYIECKUX CTPYKTYDP.

1 .. ..
CraThs peKOMEeHJI0BaHa K IyOJIUKAIMKA MTPOrPAMMHBIM KOMHUTETOM MeKIyHapOHON HAyJIHON KOH-
depenrun «IlapaaneabHble BEIYACIUTEIbHBIE TexXHOIoTHn — 2015 .
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B cBazu ¢ Tem, uTO peasibHBIl O0BLEKT UCCACIOBAHUSA UMEET CJIOXKHBIN pesibed, Kak Ipa-
BUJIO, HE yJAETCS MOCTABUTH ILIOMIAHYIO CUCTEMY HAOJIIOJIEHUs JIJIs PeIleHusi o0paTHO# 3a-
naan reodpusuku. [losromy npuxomurcs penarb HAOOP MPAMBIX 3a/1a4 C IEbI0 OIPEIeICHIS
IIapaMeTpoB CPEJIbl, COOTBETCTBYIOIINX IKCIECPUMEHTAJIBHBIM HAOIOMEHUSIM Ha TTOBEPXHOCTH
U3y49aeMBbIX BYJKaHOB.

IIporpaMMHbBIi KOMILIEKC, PEIIAIONINI TOCTABIEHHYIO 337124y HA OCHOBE BBIOPAHHOI'O Ma-
TEMaTHUIEeCKOrO almapara, JOKEH HMETb BO3MOXKHOCTb MOJICJIMPOBAHUSA YIPYTOH HEOIHO-
POJIHO# CpEeIbl CO CJIOXKHOI Teomerpueii. B CBA3M €O CJI02KHOCTBIO U MACIITAOOM MOJIETIUPYe-
MO# 00JIaCTH, PelleHre 3a/[a9u YUCJIEHHOTO MOJEJIMPOBAHUS PACIPOCTPAHEHUS yIPYTUX BOJIH
OT COCPEJIOTOYEHHOTO MCTOYHUKA MOXKET TPeDOBATH 3HAYUTE/ILHBIX BBIUUCIUTEIbHBIX DPECYP-
coB. lloatomy nHeoOxommma pas3paboTKa CYyMePKOMIIBIOTEPHBIX TEXHOJIOTUN I YMEHbIIICHHS
BPEMEHU pacyeTa U BO3MOXKHOCTBIO MOJeIupoBanus «Oosbiuxy 3D mMomeneil ynpyrux cpej.
PaccmorpuM mpuMeHeHnue Takoil TEXHOJIOTUM HA TPUMEDPE MOJIEJIMPOBAHUs ITPOIECCa BUOPO-
CeiCMUIEeCKOTO 30HIMPOBAHNS BYJIKAaHa DJIbOPYC.

CraTbsl opraHm3oBaHa cjemyonmmM obpa3oM. B pasmeme 1 mpoBoanuTCst MOCTPOEHUE Teo-
duUsnIeCKO MO CTPATOBYJIKAaHA DabOpyc. Pazmensr 2 u 3 MOCBSIIIEHBI TOCTAHOBKE U Me-
TOJIAM PEIIEHUS 33729l PACIPOCTPAHEHUS CECMUYIECKUX BOJIH B ynpyroi cpeie. B pazmese 4
OIUCAH MPOI'PAMMHBINA KOMILIEKC JIjIs TTPOBEIEHUS YUCJEHHOIO MOeupoBanus. Pasmnen 5 1mo-
CBANIEH pe3yJjibTaTaM YHCJIEHHOTO MOJEJVMPOBAHUA JIJId TECTOBOM MOIEJN, IIOCTPOCHHOU Ha
OCHOBe IPUOJIMKEHHONH IeodU3NIECKO MOMEIN ByJKaHa dabOpyc u3 paszgena 1. B zakmiaoue-
HUU TIE€PEYUCIEHBI OCHOBHBIE PE3YJILTATHI PAOOTHI U OTMEYEHbBI IJIAHBI Ha OyIyIIee.

1. I'eodpusuueckasa MoaeJib CTpPATOBYJIKaHa DJIbLOpPycC

Hpyrsaeeiit Byskan Duabbpyc (abcomoTHble oTMerKr 3amajHoit m BocrouHOi BepivH
5642,7 M u 5620 M COOTBETCTBEHHO) HAXOJWTCsS HA ceBepHOM cKjoHe Bosbimoro Kaskaza u
pacmoiaraercs Ha Bomopaszaene pek Manku, Bakcana n Kybanu, Buamaronux B Kacomiickoe
u YepHoe MoOpsi cOOTBETCTBEHHO. 3-3a cBOero reorpadpuveckoro IMOJIOXKEHUS OH KaK Obl
«HABUWCAET» HaJ[ IUIOTHO 3acejieHHbiMu paitoHamu CeepHoro Kapkaza, mpuerarorumu Tep-
puropusimu tora Poccun u ceBepa ['pysum. [lepmojr obpazoBanusi Byakana 20 MJIH. J€T, I10-
cyesHee n3Bepxkenue 50 rog.

Hasmmure o6mmpHOro CHEXHO-JI€I0BOIO IIOKPOBa, JIeIaeT BYJKaH JJILOpyc erne OoJiee
OIIACHBIM, TaK KaK B Cy4ae OyLymux JIFoOON CHJIbI M TUIIA W3BEPXKEHUi, K COOCTBEHHO BY.JI-
KAHMIECKOM OIACHOCTH, 00sI3aTe/IbHO T00ABUTCI KaTacTpoduIecKasl OIMacCHOCTL OT 0Opa3oBa-
HUsl JIAXapOB M KPYITHOMACIITAOHBIX HABOJHEHUIN, KOTOPbIE MOTYT IIPEIBAPATHCA BAJIOM BOJIBI
JI0 HECKOJIBKUX JIECSTKOB MeTpoB [1].

Ha ocHoBanuu JaHHBIX, IPUBEJIEHHBIX B paborax [2-6], a Takxke B paborax H.U. Xurapo-
Ba (1984), HO.B. Heuaepa (1999) u apyrux aBropoB MOCTPOUM IeO(MU3NIECKYIO MOJIETH CTPa-
TOBYJIKAHA DJIBOPYC CO CJIEAYIOIMIUME XapaKTepUCTHKaMU. 3amajHas BepinuHa (Oojee cra-
past): Bbicota 5642 M, kparep 500-600 M, ruryouna 200-300 m; Bocrounasi Bepmmna: BbicOTa
5621 M, xkparep 200 M, raybuna 80 m; mexry BepmmaaMu 3000 M, BbICOTa CEJIIOBUHBI 5322 M;
1o BoeicoThl 4000 M, ckJIOHBI TToJiorue, HO BbIie 50-600 M, cpemgunit HakI0H 30 0, JAaMeTp y
ocuoBanus 15-18 KM, oTHOCcHTenbHAd BbIcoTa 3000 M; ByJKaHWYEeCKas MOCTPONKA JIEKUT Ha
rparuTHOM OJsioke +1 (puc. 1); addy3uBHbIE MOPOJBI, CIAralT ByaKanudeckuii konyc +11;
HIZKE HyJIEBON OTMETKU MOYKHO BbUIeIUTh 8 ciioe (Tabs. 1). 3amaaum BepxHUN MarMarTude-

CKUli o4ar B Buae SJIJIMNIICOMOa C TOPU30HTAJIBHBIMHU W BEPTUKAJIBHBIMHU OCAM 9 u 6 Km
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(p=21r/cm3; Vp =2,2kM/c); nmmamerp GbiBmiero Kamaaa 130 M; 3aJauM MATEPUHCKHTIt

MarMaTUYeCKU odar: JIJAICOUJ ¢ TOPU30OHTAJILHBIMU U BEPTUKAJIBHBIMU ocaME 24 um 13 KM
(p=1,8r/cm3; Vp = 1,9 kM/C), AmaMeTp MPEIONaraeMoro TOAMATHIBAIONEro KaHama 250 M.

Cpenunit KaHayg — muanaap, auamerpom 160 M. Wrtak, B KadecTBe TPUOIUKEHHON MOIETH

ByJIKaHa DJIHOPYC MOYKHO TPUHSITH MHOTOCTONHYIO CPe/ly ¢ BKJIIOUEHUSIMU B BUJE IJIJIATICOB,

[MJIMHJIPOB C TIapaMeTpaMy, YKa3aHHbIMU B TabJI. 1

I
»

BYJNIKAHUYECKASA MOCTPOWKA |

260m

-20 —

-30 —

-40 —

24xkm

13km

H,km

Puc. 1. I'eodpusuveckast MOIe/Ib ByJIKaHA DJILOPYC

Vi

U cXeMa BHOPOCEHCMUYIECKOr0 MOHUTOPUHTA

Tabauma 1
ITapamerpsr cpenpl g1t TeopU3MIECKON MOJIEN ByAKaHa DIbOpYyC
Vp, km/c Vs, KM/ c o, v/cen’
Caoit +11 2,85 1,65 2,4
Caoit +1 3,1 1,79 2,66
Caoii 1 3,2 1,82 2,7
Croit 11 5,9 3,42 2,85
Coit IIT 6,22 3,59 2,62
Coit IV 5,82 3,37 2,7
Croit V 5,97 3,45 2,75
Cnoit VI 6,43 3,72 2,78
Croit VII 6,95 4,03 2,81
Croit VIII 8,1 4,68 2,85
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2. IlocTanoBka 3ama4dn

YHucieHHOE MO/IEJIMPOBAHUE PACIPOCTPAHEHUS CEHCMUIECKUX BOJIH B CJIOYKHO ITOCTPOEH-
HBIX yIPYI'MX HEOJHOPOJIHBIX CPEJlaX IMPOBOJIUTCS HA OCHOBE DEIIEHUS IIOJIHOM CUCTEMbl ypaB-
HEHUI TeOpUU yIPYTOCTU C COOTBETCTBYIONIMMHM HAYAJbHBIMUA U I'PDAHUYHBIMU YCJIOBUAMU, 3a-

" . o = T .
[IUCAHHOI B TepMHMHAX BeKTOpa ckopocreit cMmernenuit u = (U,V,W)" u Tensopa HampsKeHnuit

- T
6=(0,,0,,0.,0,,0.,0,.) .

oz P oz
B kadecrBe obsiacTu MOJEIMpPOBAaHUS paccMaTpuBaeTcs u3orponHas 3D HeopHOpOmHAS
CJIOXKHO TIOCTPOEHHAsI YIpPyras Cpejlia, MPeICTABJIAIONasi COOON mHapaJsuiesienumnesl, OJHa U3
rpaHeil KOTOPOro sIBJIsieTCsi CBOOOIHON MMOBEPXHOCTHIO (ILIOCKOCTH 2=()).
PaccMoTpuM mpsIMOYTOJTBHYIO JIEKAPTOBY CHCTEMY KOOPJWHAT TakK, ITO ochb Oz HaIpaBJe-
HA BEPTUKAJBHO BHM3, a ocu Ox u Oy nexkar Ha cBOOOMHON moBepxHocTH. OCHOBHBIE ypaBHE-

HUsI B BEKTOPHOU (popMe MOTYT ObITh TPEJACTABJIEHBI B CJIEIYIONIEM BHJIE:

ou — 06
— =46+ F(t,x,y,z), — =|Blji, 1
pat_[] (6x,3,2), — _[]u (1)
9 9 o 2 9 |
ox oy 0z
aclo & o0 2 o 2f
oy ox 0z
o 0o & o 9 9
| 0z Ox Oy
I 0 0 o |
A+2u)— A— A—
( u)ﬁx oy Oz
0 0 0
A— A+2u)— A—
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li li (}b+2,u)i
B= 0ox y 0Oz
9 k3 0
u@y ”ax
0 0
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u@z 'uﬁx
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i 'uﬁz 'uﬁy |

rae t — BpeMmd,
p(x,y,z) — INIOTHOCTD,
A(x,y,2z), u(x,y,z) — napamerpsl Jlame.
IIpenmnosraraercst, 9To mapaMerpbl yOPyroil CPeJbl 3aBUCSAT OT TPEX MPOCTPAHCTBEHHBIX
mepemenubix X, Y u Z.
Hauanbubie yciaoBus uMeroT BU:
0. =0, O, l0=0, O, 00=0, 0, [,=0, o, 20=0, 0., [,=0,

Xz

U(x,y,z) ’z:OZ 0 ) V(x9y9 Z) ’t:OZ 0 ) W(X, y: Z) ’1:0: 0 : (2)
B Ka4veCTBE I'PaHUYIHbIX YCJIOBI/Iﬁ Ha CBO6O,Z[HOI>JI TIOBEPXHOCTU BBICTYIIAIOT:
ze |z:0=O’O-yz |z:0= O’Gzz |z:0=O' (3)
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B nanHOiT mOCTAHOBKE MPEINOIAraeTCs, YTO MpaBas 9acTh (MaccoBasi CUJIA) MMEET CJie-
nyomuit Bui: F(f, x, V,2) =sz7+F;]' +F k, tae i , j , k — €IMHUYHbIC HAIIPABJIAIONINE BEK-
TOPBI KOOP/IMHATHBIX OCEHA.

Hampumep, ig wucTOYHMKA THUNA KIEHTP JIABJICHUSY» TOJYYUM IIPEICTaBJICHUE:
F(t,x,y,2z)=8(x— X)0(¥=1)0(z=2)) f(t), TOE (X,,7,,2,) KOODAMHATHI MCTOYHUKA, a
0(x) — nmenbra DYHKIHUS.

3. Meton pereHus 3aaa4du

Meron pemenns mocrasiennoil 3amaun (1)—(3) OCHOBaH Ha WCIOJIB30BAHUHM KOHEYHO-
pasHocTHOrO Meroza. lIpuMensiercs m3BecTHass KOHEYHO-PA3HOCTHAS CXE€Ma, XOPOIIO cebs 3a-
PEKOMEHTOBABIIAsI. AJITOPUTM TIOCTPOEHUST KOHEYHO-PA3HOCTHOM CXeMbI HauboJiee MOIPOOHO
u3J10keH B craThsax [7-9|. Pacuer cerounbix K0ahOUIMEHTOB B PA3HOCTHON CXeMe IIPOBOIUT-
CsI Ha OCHOBE MHTErPAJIbHBIX 3aKOHOB coXpaHeHus. llcrmosib3yemass KOHEIHO-PA3HOCTHAS CXEMA
UMeeT BTOPOIl MOPSJIOK ANIPOKCUMAIIMK 110 BPEMEHU U HPOCTPAHCTBY [7], paccMaTpuBaroTCs
TOJIbKO PABHOMEpHBIe ceTKu. /[l mpuMmepa TpeICTaBUM HECKOJIBKO KOHEYHO-DA3HOCTHBIX
YPaBHEHUN UCHOJIb3yeMON CXEMBbI:

1 1
+— n+—

1 1 1 "
u o—u"y ey my (c ? | —o % )
Piji t Piju 3t it (T ~Owitn) | gt ek
2 T Ax Ay
1
n+§ n+—
o o )
xzi——,j ,k+5 xzi 75,1 ,k*E "
AZ + fvi,j,k ’ (4)
1
nty niE n n n n
o 7 =0 ) u . —u, w 1w 1
XZi*E»j»k*E XZi*E»j»k*E i*g»j»k i*g»j»k*I i»j»k*E l'*le»k*E
=ul o ( ) (5)
T i—sdk= Az Ax
-1
1 1 1 1 1
rie ;UI 1 1= + + +

ik M Mige Mioge Mijaa Miojea

Jl1g moryiomnenna OTpasKeHuil OT TPaHuI] 00JIACTU MOJEJINPOBAHUA UCHOJIb3YeTCA BCIIOMO-
ravespubiit Meroy CFS-PML [10-12]. Ero npeumyiecrsa 0 CDABHEHHIO C KJIACCHYECKUM Me-
tomom PML 3akjouarorcs B TOM, 9TO OH JaeT 0ojiee «Ka4eCTBEHHYIO» KAapPTHUHY BOJHOBOTO
HoJd 718 TaHHOH 33724y, 6ojiee MPOCT B Peau3allud ¥ SKOHOMHWYCH C BBIYUCIUTEIBHONW TOY-
KU 3PEHHA.

ITockompKy 0b6sacTh pacueTa IpeICTaBIdeT NapaJlesenuIe], a cBOOOHas MOBEPXHOCTH
pacriojlaraeTcs Ha BepHeE#l ero rpaH#, TO KaXKJlad U3 ero I'PaHull, 3a UCKJIIOYeHHEeM CBOOOIHOI
HOBEPXHOCTH, OKPYzKaeTcd IIOIJIOMIAIONMM cjoeM. Bo BHyTpeHHe#l 06siacTy BOJHOBOE II0JIE
PaCCUYUTBIBACTCA 10 IePBOHAYAJbHBIM KOHEYHO-PA3HOCTHLIM yPaBHEHHUSIM, & IIPU IONaIaHuN
BOJIHBI B 30HY HOIVIOIICHMs IPOMCXOJWUT pacdeT IO HOBBIM (opMyaaM ¢ JeMIpupyOmuMu
HapaMeTPaMH, OIMCBIBAIONIUMHY IOJX0/] K CO3/IaHUIO HOTJIOMAIOMUX I'panull. Beibop 3navennii
JieMIbUPYIOMNX TapaMeTPOB JJId YUCIEHHBIX PAcuYeTOB B COOTBETCTBYIOMIUX IOTJIOIIAIONINX
CJIOSIX TIPOBOJMUTCS HA OCHOBE Pe3yJIbTaroB paborst [11].
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4. HpOFpaMMHbIﬁ KOMIIJIEKC IJIsA IIpoBedeHNA YMCJIEHHBbIX

pacdeToB

JlJ1st 9uCJIEeHHOTO MOJIEIMPOBAHUS PACIIPOCTPAHEHUsT CEHCMUIECKUX BOJH B MOJEJISAIX CPEJT
XapaKTEPHBIX JJIsi BYJKAHUYECKUX CTPYKTYP IIPEJIojaraercs pas3padborarTh KOMIIJIEKC AJTo-
PUTMOB U TIPOrPAMM, MO3BOJISIONINI MPOBOJUTH KOHCTPYUPOBAHUE MOJIEJN CJOXKHOU TeOMeT-
pUU 7, 3aTeM, PACYETHI OJHOBPEMEHHO IO HECKOJHKUM MpOTpamMMaM st 9To# momenn. On
JIOJZKEH BKJIIOYATD:

— TIpOrpaMMy KOHCTPYUPOBAHUS CETOUYHBIX MOJIEJIEH CJIOXKHO MOCTPOEHHBIX CPEJ, C BKJIIO-
YEHUSIMU, XaPAKTEPHBIMHA JJII MArMaTUIEeCKUX BYJIKAHOB;

— TIpOrpamMMy YHCJIEHHOTO MOJEJIUPOBAHMSA PACIPOCTPaHEHUsi ynpyrux BosH B 3D Heos-
HOPOJIHBIX YIPYTHUX CPEllaX ¢ KPUBOJUHEHHON CBOOOTHON MMOBEPXHOCTHIO;

— TpOrpamMMy YHCJIEHHOTO MOJEJIUPOBAHMS PACIPOCTPAHEHUs! ynpyrux BosH B 3D Heos-
HOPOJIHBIX YIPYTHUX CPEIaxX ¢ MPSMOJUHEHHON CBOOOIHON TTOBEPXHOCTHIO;

— TIpOrpamMMy YHCJIEHHOTO MOJEJIUPOBAHMS PACIPOCTPAHEHUsI ynpyrux BoH B 2D Heo-
HOPOJHBIX YIPYTHUX CPEIax ¢ KPUBOJIUHEHHON CBOOOMHON MOBEPXHOCTDHIO, MIJIsI 38 IaHHOIO
ceueHus paccmarpuBaemoit 3D momesn;

— TIpOrpamMMy YHCJIEHHOIO MOJEJIUPOBAHMS PACIPOCTPAHEHUsI ynpyrux BoH B 2D Heo-
HOPOJHBIX YIPYTUX CPEIaX C MPIMOJMHEHAHON CBOOOIHON MOBEPXHOCTH.

Pacyer moxker npousBoauThCS OJHOBpeMeHHO it 3D Mozjenu cpembl u HeCKOJbKux 2D
CeYeHUil C 1eJIbI0 O0JIErdYeHrns] WHTEPIPETAIMU U TIOJIyUeHUsi HeobXoauMoit mHdopMaimu 00
OCODEHHOCTSIX CTPOEHUSI BOJIHOBOT'O TIOJIS JIjIs BBIOPAHHON re0U3UYUECKON MOJIEN, CUCTEMbI
HaOJIIOZIEHUS W TIOJIOYKEHUsI MCTOYHMKA. B JaHHON peasm3aluy pacCMOTPEH BapHAHT aJiro-
PUTMOB U TIPOrPAMM I CJIyUas MPIMOJIMHERHON CBOOOIHON TTOBEPXHOCTH.

Pazpaborka mnporpaMm Bejiach C y9€TOM OCODEHHOCTEH apXUTEKTYPhl IMOPUIHOIO KJia-
crepa HKC-30T+GPU CCKI UBMuMI" CO PAH (http://www2.sscc.ru). On cocrour uz 40
BeruncnTe bHBIX y3s10B HP SL390s G7, kaxkaerii y3en comep:kut aBa 6-smepabix CPU Xeon
X5670 u Tpu kaptel NVIDIA Tesla M2090 wa apxurektype Fermi, y kaxmoit 1 GPU ¢ 512
gapamu u 6 I'B oneparusnoit nmamstu GDDRS5. Cymmapuo HKC-30T+GPU comepxur 80
nporieccopoB (480 simep) CPU u 120 mpomeccopos (61440 simep) GPU. Iukosasi nmpoussoiu-
TesbHOCTE — 85 T'hutorc.

IIporpammbr HammcaHbl Ha s3bIKe HporpaMmupoBanus C++ ¢ UCIIOIBb30BAaHUEM TEXHOJIO-
ruiit CUDA (Compute Unified Device Architecture) u MPI (Message Passing Interface).

Pazpaboran nocrpourenb Mozeseil cpelibl, KOTOPbIi I03BOJIET KOHCTPYUPOBATH HA Ce-
TOYHOM YPOBHE CJIOXKHBIE MOJEJIU YIPYTUX CPEeJl HA OCHOBE WJeu 7 MOPSIKA, OMUCAHHON B
paborax [8, 9]. Ilpexnosaraercsi, 94T0 3ajaHa KPYIHOOJIOUHASL MOJIEJb CPEJIbl, COCTABJICHHAS
U3 TOPU30HTAJILHBIX CJIOEB, B BEPIIMHAX KOTOPBIX 3aJ1al0TCs mapamerps! cpeast (Vp, Vs u p).
DT mapaMeTpbl SBJISIOTCS HEIPEPhIBHBIMU BHYTPHM KaKJIOro 0/ioka. Pa3pbIBbI MPOXOJIAT
TOJILKO TI0 TPAHSIM COCEIHUX CJ0€B. /lajiee TponcxouT MHTEPIONSIUS TapaMeTPOB CPEIbl HA
boJiee «MEJIKYIO» pacueTHyio ceTKy. llocjie TOro Kak mocTpoeHa OCHOBHAsi CETOYHAsT MOJIEJb
TPEXMEPHO-HEOTHOPOHOM YIPYTO#l Cpebl, BO3MOXKHO JAJIbHEHIIee YCIOXKHEHNE ee TeOMEeTPHU-
9eCKO#M CTPYKTYpbl. B MOCTPOEHHYIO MOIEIb MOYKHO «BCTABJSATHY PAa3JIUYHBIE T€OMETPHUUE-
ckre OOBEKThI CO CBOMMHU yIPYTUMU MTapaMETPAMU CPEJIbl, UMEIOINe KaK YHCJIEHHOE, TaK U

AHAJIMTHUYICCKOE OIIMCaHMeE.
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st pacueToB pa3pabOTaHHBIM MpOorpamMMaM TpedyeTcs HabOp BXOIHBIX (DailjioB C WH-
dopmarmeii 0 MOJIEJIMPYEMOl Cpejie W IapaMeTpaMy pacdera B OIPEIEIEHHOM QopMaTe.
Bxonnas undopmariust comepkut GuU3NIECKue pa3Mepbl MOJEIN, KOJUIECTBO IIAr0B JIUCKPE-
TU3AIUNA [0 TPEM POCTPAHCTBEHHBIM HAIIPABJICHUSAM U 1O BpPeMEHU, WH(MOPMAIUIO O TOYEU-
HOM HMCTOYHHKE CEICMUYECKUX BOJIH (€ro Hecylnas 4acToTa U PACIOJIOKEHNE) U WH(MOPMAIUIO
o cucreme Hab/IONeHUs. Pe3ybraroM paboThl POrpaMMBl siBJIeTCs HAOOp OWHAPHBIX daii-
JIOB, COJICP2KAINNX CHUMKK BOJIHOBOTO IOJIS B YKA3AHHBIX IJIOCKOCTSAX U TEOPETUYIECKUE Ceil-

CMOI'paMMBbI.

4.1. IlapannenpHas peaju3anus U aJanTanus ajJropurMa AJjisd penieHus

3D zamaun

B xome paborel co3mana mapaJiiesbHas TporpaMMa JJisi UUCJECHHOTO MO/IeJIMPOBAHUS
pacrupocrpalenud BOJJH B TPEXMEPHBIX HEOJHOPOJHBIX YIPYTHUX CpelaX, pPeau3ylolmasa yKa-
3aHHBbIA KOHEYHO-PA3HOCTHBLIA METOH Y METO/] HOIVIOLIAIOIMNX CJIOeB U pacCUhTaHHasd Ha HC-
[TOJIb30BAHUE BBIYUCJIUTEIbHBIX Y3JIOB THOpUIHOTO KJjacrtepa. IlogpobHoe omumcanme mnapaJi-
JIeJIBHON peasiu3aliy U aJalTallii aJTOPUTMOB IPUBEJIEHO B craThbe [13].

st pacnapasuieiiBanus JTaHHONW 339U UCIOJIb3YETCs JIEKOMIO3UIINSA OOJIACTU Ha, CJIOU
BJIOJIb HAIPABJICHUS OJHOM M3 KOOpAMHATHBIX oceil (puc. 2). Kaxuplil cyioit paccanrbiBaercs
Ha OTJIEJBHOM y3Jjie, T/e, B CBOIO O4Yepe/ib, OH pa30MBaeTCd elle Ha IOJICJIOU BIOJIb JIPYTroi
KOOPJIMHATHON OCH, [0 YHUCJIy I'padUIecKux yCKOpUTesIeh Ha y3Je.

X

Z Fy. CUDA £
&

CUDA

Puc. 2. JekoMmnosnumus pacdeTHOl 00JIaCTH [Jisi THOPUIHOIO KJIacTepa

IIpu Takoit peasmsaruu Kaxkigas rpadpudecKasi KapTa PaCcCIUTBIBAET CBOIO CETOYHYIO 00-
JIACTH BHYTPH IOJCTOS HA KAXKJOM BPEMEHHOM Ilare HE3aBUCHMO OT JIPYTHUX, 3& UCKJIOUYCHU-
€M TOYEK, HAXOJSIIUXCH HAa TPAHUIE MEXKJY JBYMS COCEIHUMH OOJACTSIMHU. DTU TOUKUA SB-
JIIOTCS OOIUMU JIJIs KAaXKJ0i U3 00JIacTeil U Jjisi POJIOJIKEHUs CUeTa HEOOXOIMMO IIPOU3BO-
IuTh oOMeH mHOpMaIeii 00 MCKOMBIX BeIMIMHAX MEXIy «cocedsammy. OOMEHbI IIpPOu3BO-
nasrest mpu oMot rexuosioruun MPI. Pabora ¢ rpaduiueckuMu yCKOPUTEISIMEA OCYIIECTBII S~
ercs ¢ momorpio Texuogorun CUDA | B ToM dumciie TepeKIIOUeHIe YIIPaBICHU MEXKy YCKO-
purensmu. [Ipu aTom Ha Kax10#1 rpadudeckoil KapTe mapaJieabHasi YacThb KOJA BBIIOJHAET-
csl Kak 0OJIBIIIOE KOJIMYEeCTBO HUTeH. Takoil ruOpUIHbIA 1M0IX0 00ECIeYnBaeT BBICOKYIO CTe-
[I€HDb MTaPAJIICTU3MA.

st 3¢pdeKkTUBHOTNO MCIOJIb30BaHUsT BHIOPAHHON JJIsi BBIUUCIEHUN apXUTEKTYPhl HEOOXO-
JUMa aJalTalisd U ONTUMU3AIUs UCIOJIb3yEeMbIX B XOJI€ MOJEJTUPOBAHUS AJTOPUTMOB, OCHO-
BaHHAs HA 3HAHUU aPXUTEKTYPbl TUOPUIHOTO KJACTEPA U €r0 COCTABJISIIONIAX U HEOOXOIUMBIX
IIPOT'PAMMHBIX CPEJICTB.

2015, T. 4, Ne 4 107



TexHomorus CYIIepKOMIIBIOTEPHOTO 3D MoAeJInpoOBaHUA celicMUYeCKNX BOJIHOBBIX IOJIEH...

B xome apanranuu BIOpaHHBIX aJTOPUTMOB peIIeHa TPo0JieMa BBIOOpa CEeTKU OJIOKOB U
ceTkM HUTel B Oj0Ke i1 ocytiectBienust Borauciaenuit na GPU. C stum BBIGOpOM ecTe-
CTBEHHO CBSI3aHBI MOJIM(PUKAIINN BHIOPAHHBIX AJITOPUTMOB. BBIIN pacCMOTpPEHBI JBa HAMOOJIEe
1e71eco00pasHbIX (110 CTENeHN NapaJjuleiu3Ma) BapuaHTa 3aJaHus CeTOK U MPOBEJIEH AHAJINU3
BPEMEHU WCIOJIHEHUS BBIOPAHHBIX BapuaHTOB. Ha OCHOBE MOJIyYEHHBIX BBIBOJIOB IOCJIEIY IO
mast paboTa BEJIACh JJIsd MOJIHOCTBIO TPEXMEPHOHN JEKOMITO3UIINE PACUYETHONW 00JIaCTH HA HUTHU
u 6JI0KH, pa3Mep KOTOPBIX [0 KOMIIOHEHTE X, [0 BO3MOXKHOCTH JIOJKEH OBbITh PaBEH WJIM XOTS
6b1 KpaTeH JyuHe warp’a (KoaumdecTBO (hpU3MIeCKH OJHOBPEMEHHO HCIIOJIHSIONIUXCS HUTEH Ha
GPU).

st peasuzaiium MeTOa TOTJIOMIAIONMINX TPAHULL JIJI KAXKJIOTO MOTJIONIAIOIIETO CJIOs JTO0-
OaBJIeHbI CBOM TPEXMEPHbIE CETKU HUTE U OJIOKOB, COOTBETCTBYIOIINE T'€OMETPUU KAaXKIO0TO
MTOTJTOIIAIOIIETO CJI0sT. DTO TMO3BOJIET M30EXKATh YBEJWUEHUs BPEMEHU CUYeTa, 3HAUUTETHHO
COKpalllasd KOJUIECTBO BETBJICHUN.

Vcnonb3oBanue SBHOM KOHEYHO-PA3HOCTHOW CXEMbl Ha CIBUHYTHIX CETKAX W pPa3dueHue
Ha CJIOM U TIOJCJOW BJIIOJIb PA3HBIX KOOD/IMHATHBIX HAIPABJIEHUI MO3BOJITET OOMEHMBATHCH HE

o o = T "
BCEMH KOMIIOHEHTaMHU BeKTopa ckopocteit cmemennit u = (U,V,W)’ wu TeH3zopa HamnpsiKeHW

= T
c=(,,0,,0.,0,,0,.,0,) MEXKIY KaKIbIMHI CJIOEM H IOJCJIOEM, YTO MO3BOJIAET COKpa-

TUTL KOJMYECTBO OOMEHOB. TaksKe, eC/ii HCIOJIL30BATHL JJIsI BLIYUCJIEHWA TOJILKO KapThl,
nojepxuBatoniue npsimoe Konuposanue nanubix ¢ GPU wa GPU no PCI-E mune (nsa GPU
u3 Tpex Ha ysnax HP SL390s G7), 70 06MeHbI MeXK/ly BBIYUCIUTETHLHBIMU y3JaMu U Tpadu-
YEeCKUMM KapTaMd MOXKHO IIPOBOJUTL IPAKTUYECKH IIapaJIIeILHO, HE UCIOJL3Ys BO BTOPOM

caydae namaTh xocra. JlerasbHas cxema OOMEHOB IIpejIcTaBjIeHa Ha puc. 3.

144
14

nod 0 nod 1
CPU CPU CPU
EEn
22 2 222 2|2 =
ollollo ofllo]lo ollo]|lo

Puc. 3. Cxema 00MEHOB JIAHHBIMH MEXK/JTY Y3JIaMH U IPAMDUIECKUIMHA YCKOPUTESIMU

g yMeHbIIeHnsT BpEMEHH JOCTYIa K MaMATHA MPOU3BOIUTCA ONTUMAJIHLHOE PACIIOJIOXKe-
HU€ WCIOJIb3YEMbIX TPEXMEDPHBIX MACCUBOB B TVIOOAJILHON HMaMsTH I'padUIecKoil KapThl. 1 ak-
JK€ WUCIOJIb3YeTCsl KOHCTAHTHAs MaMsTh I'PapUUYECKON KapThl, B Hell XPAHATCS KOHCTAHTHI,
HCIIONIb3yeMble Ha KaXKJIOM IIare Mo BpeMeHH. T'aKk Kak perraeMas 3aJadva OIEepUPYET TpeX-
MEPHBIMU MaCCHUBAMU, TO CJI02KHO NOBOPUTH 00 UCIIOJIB30BAHUE PA3IEIsi€eMON WJIM TEKCTYPHOM
MaMsTU rpadpUIeCKOil KapThI.

108 Becrauk FOYpI'Y. Cepus «BpruuciurenbHasi MareMarnka u nHPOPMATUKA»



B.M. I'muackwuii, B.H. MaprsinosB, A.®. Caneruna

4.2. IlpeumymniectBa KomOunupoBaHnus permnenus 2D u 3D 3amau

st poBesieHusT YUCJIEHHOTO MOJIEJIUPOBAHUS PACHPOCTPAHEHUS CEHCMUYECKUX BOJIH B
IBYXMEPHO# ympyroil cpeme pa3paboTaHO IIpPOrpaMMHOE OOECIIedeHre Ha OCHOBE IIPOrPaMMbI
JIJIsT TPEXMEPHOTO CJIydasi, UCHOJIL3YIOIIee TPU rpadUIecKuX YCKOPUTEJS OJIHOIO BbIYUCIIU-
TEJILHOTO y3J1a rubpuiHOro Kjacrepa. B Tom uwucie mjsa perienns 2D 3aiatum TakKe UCHIOJIb-
3yeTcsl Pa3HOCTHAs CXEMa Ha CABUHYTBHIX CETKax W BcrmoMmorarenbHbit Meroq CEFS-PML B mx
JIBYXMEPHOM BapHUAHTE.

IIpeumyrecTBo JTaHHONM peaiM3aIuu 3aKJII0YaeTCsi B BO3MOXKHOCTU ITPOBECTH TOJTHOMAC-
mrabubiit 2D pacder Bcero Ha OJHOM BBIYUCAUTEIbHOM y3je. [ljist cpaBHEHUs, COOTBETCTBY-
omas 3D 3amaua morpebyer Ijisi pacdyeTa pelieHus TPAKTUYIEeCKU BCE PECYPChl TMOPUIHOTO
KJIacTepa W HAMHOTO OOJIbIIIe BPEMEHU i BhraucjeHuit. TakuM oOpas3oM, mperBapuTebHbIe
pacuersl Oy XapakTepHbix 2D cedenuit mcxommuoit 3D Momenn mMO3BOJISIOT 338 BPEMsI PacdeTa
3D 3ajaum moJyunTh I€PBOHAYAJILHBIE Pe3yJibTarhl. Jljist TpuMepa mpuUBeIeM BpeMeHa, pacde-
Ta TecroBoit 3D 3amaum n coorBercrByONIEi eit 2D 3amaunm B Tab. 2.

Tabauna 2
Bpewms pacuera TectoBbix 3D u 2D 3amau

Samada 3D 2D

Koun-Bo yzioB pacuernoit
cetkn (XXYXZxT)

Bpemsa pacuera 3472 c 1,49 c

500°% 1000 500%x 1000

Takoil 10/X0/ 3HAYUTESBHO YCKOPSAET IPOIECC MCCIETOBAHUS OCOOEHHOCTEH BOJIHOBOTO
[IOJIsI TIPU MOJIEJITUPOBAHUY TIPOIECCA BUOPOCEHCMUIECKOTO 30HIUPOBAHNUS BYJIKAHUIECKOHN I10-
CTPOUKM W TO3BOJISET IMPOBECTH MEHBIEE KOJMYECTBO PACUETOB [IjIsI TPEXMEPHOHN 3ajad4u,
TPeOyIONUX 3HAYUTEILHO 0OJIbIero umcia pecypcoB. KomOunuposanue pacdyeroB 2D u 3D
3a/1a9 M03BOJIeT HanboJIee ONTUMAJIBHO UCIOJIb30BATh APXUTEKTYPY TMOPUIHOTO KJIACTEPA.

TlocTpoenune Mogesin U peajibHBINA pPacueT BOJHOBOTO TIOJIsi HA y3Jie ¢ TpeMs IpaduIecKu-
MU YCKOPUTEJISIMU JIJIsi COOTBETCTBYIOIIUX CETOK IO BpemeHu u tmpocrpancTy (6000 x9000
y3J10B 110 nipocrpancTBy U 25000 mIAroB 1Mo BpeMeHU) 3aHUMAET BCEro 12 MUHyT.

4.3. UccnepoBanue BpeMeHU paboOThl MapaljIeJIbHBIX IIPOrpaMM

st aHa/m3a MPOU3BOIUTEILHOCTH PAa3pPabOTAHHOIO ITPOIPAMMHOIO ODECIIEYUEHUsT UCCJIe-
JIOBaHA €ro CUJbHadA W cjaabast MacmTadbupyemMocTh. 11o1 crmbHOM MacIITabupPyeMOCThIO Oy aeM
MOHUMATh YMEHbBIIIEHNE BPEMEHM CYeTa OJHOTO Iara OJHON W TOW »Ke 3aJa9u MPU UCIOJIH30-
BaHUU OOJIBINETO YUCTIa TPAMPUIECKUX sJIep B paMKax OJHON rpadudeckoit KapThl. Ee uccire-
JIOBaHUE IO3BOJISIET MOHITH HACKOJBKO I(PPEKTHUBHO MPUMEHSIEMbIE aJTOPUTMbI UCIIOJB3YIOT
apXUTEKTypy caMoii rpadudeckoil kaprbl. [lom ciaaboit MacmTabupyeMocTbio OyaeM IOHU-
MaTh COXPAHEHWE BPEMEHM CYETa OJHOIO IIara OJIHOTO M TOTO Ke 00beMa 3aavu IPU OJHO-
BPEMEHHOM YBEJMYEHUN KOJUIECTBA MPapUIECKUX KapT.

Cnabast MacirTabupyeMOCTb UCCIEIOBAHA, JJis JIBYX BapUAHTOB Pean3aliu pa3padoTaH-
HOTO TPOrPaAMMHOTO obecrievueHust i pernenuss 3D 3ama4n, KOTOpbIe HAIPaBJIEHBI Ha WC-
MOJTb30BAHUE PACITPOCTPAHEHHBIX THOPUIHBIX apXUTEKTYDP, MpeJACTaBIeHHBIX B Poccun. B
EPBOM BapHWaHTe Ha KaXKJOM y3JI€ HCIOJBb3YeTCs JBe IpadpUuecKuX KapThl, TOIIEPKUBAIO-
mme npsimoe kKormmpoBanue jaHabix ¢ GPU va GPU no PCI-E mune, uro no3BoJisier, Kak Obl-

JIO CKa3aHO BBIIIE, MPAKTUIECKN MAPAJJIESBHO MPOU3BOIUTH OOMEHBI MEXKJy BBIUUCIUTEIIb-
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HBIMU y3JIaMU U TpaUUecKUMU KapraMu. Bo BTOpPOM ciiyuyae peaju3aliyyl Jjisi BBIYUCICHUA
WCTIOJIb3YIOTCST TPY KapThl HA KAayKJIOM BBIYHCJIUTETHHOM y3ie u ooMensl Mexk iy GPU mposo-
JATCs ¢ UCIIOJIb30BAHUEM ITaMATH XOCTA.

PesyabraTsr ucciaenoBanmii st nporpamm 3D MojeupoBanusi npuBeieHbl HA puc. 4, 5 B
Bujie rpadukos. M3 rpaduka Ha puc. 4 BUIHO, UTO 3a/1a4a XOPOIIO JIOKUTCH HA APXUTEKTYPY
rpacdudeckoil KapThl (TOIy4YeHO ycKopeHume OKojao 40 pa3 mpu HUCIOJb30BAHUU BCEX SIJIED

GPU no cpasuenuto ¢ ogaum sigpom GPU).

40

30

20

yCKOpeHune

10

0 50 100 150 200 250 300 350 400 450 500
umcno rpadpuyeckux aaep

Puc. 4. I'paduxk uccieroBanus CUIBHON MACHITAOMPyEMOCTH
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a) ucnosib3oBanue aByx GPU na y3ne 6) ucnosibzoarue Tpex GPU na y3ie

Puc. 5. I'paduku ucciieoBanus ciiaboit MacTabupyeMocTu

U3 rpadukoB Ha puc. 5 BugHO, 4T0 3PHEKTUBHOCTD (OTHOIIEHNE BPEMEHU pacyeTa Ha N
y3Jax B n pa3 GoJibleil 3a7a9i K BPEMEHH pacdera Ha 1 y3je MCXOJHOW 3aJ1a4u) JJis Bapu-
anTa peasmsaiuu ¢ Tpemsi GPU na y3ne mamaer ObicTpee, TaK Kak IIPOIECC OOMEHOB HE y/ia-
ercs pacuapaJsiesnTb, B orjaudun oT ciaydas ¢ ayms GPU wna yzie. Ho B miesiom mocturayra
s dexTuBHOCTL 0KOJI0 92 % mpm yBeamdenum KoJumdecTBa Tpadudeckux Kapr g0 30 MmTyk,
9TO TOBOPUT O JIEHCTBEHHOCTU MPEJJIOKEHHOTO IIPOIEeCcCa OOMEHOB MEXKTY TI'palpUIecKuMU
KapTaMy U y3JlaMU IIPU Pacydere.

CpaBHEM BpeMs#, 3aTpadeHHOe Ha YUCIEHHOE MogeanpoBanne 3D Mozenu ¢ MCIOJIB30Ba-
HueM Jyis Beramcieruit y3moB ¢ GPU, ¢ aHajmormauabiM BpeMeHeM it pacdeTa Ha KJacCude-
ckoMm kJjacrepe ¢ CPU. Ucnosb3yem BpeMs MOJTHOMACIITAOHOTO pacyeTa, IMPOBEJICHHOTO HA
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BBIUUCIUTEBHBIX Oaita-cepBepax hp ProLiant BL2x220c G5, naxomgamuxcs B coctape HKC-
30T CCKIL UBMuMI' CO PAH, npusesennoe B padore [8]. [lapamerpbl pacuera yka3aHbl B
tabs1. 3. CoorBercrByiomee BpeMs cocrasmio 31 a 15 mun 17 ¢ (112517 ¢).

AmnajornyHOe BpeMs pacuera ¢ TEeMH YK€ Pa3MepaMU PACIETHON CEeTKH Ha y3/1aX THMOPUI-
HOTO KJTacTepa C TOMOIIBIO pa3pabOTAHHOTO MPOTPAMMHOTO OOECIeYeHNsT COCTABUIO 2 U

56 mua (10560 c); noayuenHoe yckopenue cocrasuso 10,66 pasza (tabi. 4).

Tabauna 3
ITapamerpsr pacuera
1o ocu X 1677
Kou-Bo y3i10B pacuerHoii 1o ocu Y 1059
CETKH 110 ocu 7 971
110 BpEMEeHU 10313
Tabiauia 4
CpaBHeHUe BpeMeHN PacueTOB Ha THOPUITHOM KJIACTEPE
u kjacrepe ¢ kjaccuieckoit MPP-apxurekTypoit
Knaccumaecknii [Mubpumabrit
MPP xnacrep KJacTep
Bun ysmos kiacrepa HP BL2x220c G5 HP SL390s G7
KosmmaecTBo y3710B, UCIOJIB30BAHHBIX JIJIs 20 15
MO/IeJINPOBAaHUS
KosmuecTBo ucmonb3yeMbIx gaiaep 160 CPU saaep 15360 GPU suep
Bpewms, 3aTrpatuennoe Ha MOIETMPOBAHLE 31 15 i 17 ¢ 21 56 v
(112517 ¢) (10560 c)
YckopeHnue B 10,66 pasa

5. PeByJIbTaTbI YMNCJIEHHOI'O MOoJeJINPpOBaHMA

it mumrocTpanuu paboThl Pa3spabOTAHHOTO KOMILIEKCA IIPOrpaMM YHUCJIEHHOTO MOIEJIN-
POBaHMA PaCIPOCTPAHEHUsI CEHCMUYECKUX BOJH B CJ0XKHO IIOCTPOEHHBIX CPEIaX IIPOBEIEHBI
TECTOBBIE PaCYeThbl, KOTOPBIE IIPOIEMOHCTPUPOBAIN BO3MOXKHOCTHA KOMILIEKCA U IIPOOJIEMBI,
BO3HUKAIOIINE IIPY BU3YAJIU3AINNA 1 WHTEPIPETAIINY PE3YJILTATOB PaCUIeTa.

g pacdyera B KadecTBe Cpelbl B3AT (PparMeHT MCXOIHON HpUOIMZKEHHON MO CTpa-
TOBYJIKQHA DJIbOPYC, ONMMCAHHON! B IyiaBe 1 W BKJIIOYAIOMNA B ceOsl TOJHKO BEPXHIOID MarMa-
TUYIECKYIO KaMepy M IpHUJIerafolme K Heil KaHaJIbl, PacCIOJIOXKEHHBbIE B IATHCJIOWHON Cpejie.
[Tapamerpsl cpefbl B3sThl u3 Tabir. 1 (ciaou +I-1V) u onmcanust MarMaTnyecKux BKJIFOUEHUI.
Cucrema BO3OYXKIEHHA COCTOUT M3 TOYECYHOTO MCTOYHMKA THUIIA (IEHTDP HAABJICHHI» C YacCTO-
Toit 8 I'n, pacnosaraiomumMcs BOIU3M CBOOOIHON MOBEPXHOCTH B JIEBOM YaCTH PaCcUYeTHOR 00-
JIACTH.

PezynabraTer 3D uncieHHOTO MOJIe/IMpOBaHUs COjiep2KaT O0JIbINoi 00beM nHbopMmaluu. B
CBSI3W C 3THM, JJIS IPEICTABICHNA W aHAJIN3a Pe3yJIbTaTOB YUCJIEHHOIO MOJIEJIMPOBAHUS Mbl
HCIIOJIb3YEM TEOPETHYECKHE CEeACMOrpaMMbl M MIHOBEHHBLIE CHMMKM Pa3jINIHBLIX cedeHuit 3D
BOJIHOBOI'O ITOJIsI IJIOCKOCTSMM, IIPOXOISIIIE Yepe3 JUHUU BO3MOYKHON CHCTEMbI HAOIIOIEHHIA.

Ha pwuc. 6 npemcraBiaeHbl CHUMKHM BOJIHOBOIO IOJIA B IIOCKOCTH, IIPOXOISINE Yepe3 To-

YEYHbIIf UICTOYHUK U OCh CHUMMCTPHHU BEPXHEI'0 KaHaJla.
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Puc. 6. MruoBennbie cHUMKE ceueHusi 31D BOJIHOBOTO TTOJis B PA3/IMIHbIE MOMEHTHI BPEMEHHU,

Hn il
MMMWW

kommonenTa U, mockocTh XZ. A1-A4 caumku nosydennbie B Xoje 3D Momenupoanus,
B1-B4 canmku mostyuenuble B xome 2D MonenupoBanus

Cnesa 6ykBamu A1-A4 0603HAYEHBI MTHOBEHHBIE CHUMKH, TOJYYEHHBIE B XOJI€ PEITEHUsT
3D zamauu, a cupasa 6ykBamu B1-B4 oboznadennr cHuMKH, mojiyueHHbie B xome 2D mozenu-
poBanusi. Busyausanusi CHUIMKOB MTPOBEJIEHA ¢ MTOMOIIBIO TporpaMMbl Aspis, pa3paboTaHHOM
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B OAO «Cubnedrereodpmsnkay. PakTUIECKU, TAHHBIE CHUMKU SIBJITIOTCS WJLTIOCTPAITHEH
HAIIErO TPEIIONOXKEHNT 0 TOM, 4ro 2D MojemmpoBaHme MOXKET ObITH HWCIOJIB30BAHO s
BO3MOXKHOTO TocTpoerus 3D mMogesneit cpen.

W3 npuBeIeHHBIX MTHOBEHHBIX CHUMKOB BEJTHO, YTO BOJTHOBOE IOJIE UMEET CJIOXKHYIO Kap-
TUHY ¥ CYyIIECTBEHHO 3aBWCHUT OT TEOMETPHUHU, PA3MEpOB M CBONCTB JIIMNTHIECKUX BKJIIOUYE-
uuit. [ mpoBeseHnst TeOPU3NIECKON UHTEPIPETAIAN MOJTYIEHHBIX TEOPETUIECKUX CeficMOo-
rpaMM, Jiayke JIjIsi 9TOr0 (pparMeHTa WCXOHON TPHOIMKEHHOW MO ByJKaHa DJILOPYC,
moTpedyeTcs TpoBeieHne OOJIBITION CePUY BBIYUCIUTENBHBIX IKCIEepUMeHTOB. Jlas ciooucToit
CpeJibl, COMIEpPIKAIeil BKITIOUEHHUsI, ¥ KOTOPBIX MOYKET MEHSTbCS OpUeHTaIms U (opMa WX Tpa-
HUI (HAITPUMED, TPUCYTCTBUE B MOJIEJIA [EPECeUeHUsT HECKOJIBKUX OObEKTOB PA3TUYHON MpU-
POJIBI TIOJ, PA3JIMYHBIMU yTJIAMHE), 00YCJIOBJIEHHbIE TPUOINKEHNEM K DeaJIbHONW MOJIEJIA CPEJIbI,
3aJ1a9a 3HAYUTEHLHO YCIOXKHsAeTca. TeM He MeHee, MPeICTABICHHBIE SKCIIEPUMEHTHI TTOKA3bI-
BAIOT, YTO YMCJTEHHOE MOJEJNPOBAHNE MOXKET JATh SHAUATETHLHYIO WH(POPMAIUIO JJIsT OPTaHHU-
3aIMU TPOBEJIEHUsT HATYPHBIX SKCIIEPUMEHTOB W WHTEPIIPETAINN PE3YJIbTATOB IKCIEPUMEH-

TaJIbHBIX H&6JIIO,ZL€HHI>1, IIOJIYIE€HHBIX B XOI€ BI/I6I)OC€I71CMH“I€CKOI‘O MOHUTOPHHIA.

3aKJI0OUYeHUueEe

B pabore mpemioxkeHa CymnepKOMIIBIOTEPHAsT TEXHOJOTUsI PENIeHUs] 3a/1a9d PACIPOCTPa-
HEHUd YIPYTUX BOJIH B CJIOKHO IOCTPOEHHBIX CpellaX, YUUTBHIBAIONIAA PAa3JIMYHbIe 110 pa3Mep-
HOCTU YHCJIEHHbIE METObl UCCJIEJIOBAHUA HEOJHOPOJHOU CPEIIbl U apXUTEKTYPY CYIEPKOMIIb-
0Tepa.

IIpensioxken KOMILIEKC MapaJslJIeIbHBIX aJITOPUTMOB U IIPOIPAMM JIjisi THOPUIHOIO KJIACTE-
pa ¢ rpadpuIecKUMH YCKOPHUTEIAMA, PEAJU3YIONINI PACIPOCTPAHEHNs YIPYruX BOJIH B 2D u
3D Mozmensx B CI0XKHO IIOCTPOEHHBIX cpegax. Ilpmyem, (pakTUIecKm CO3IaHBI IBE IIPOrPaM-
MBI, TIO3BOJISIONINE IIPOBOANTL PACYeThbl Ha IMOPUIHBIX KJIacTepax KakK C JAByMsl, TakK W CTpe-
Ms TpadUIeCKIMHA KapTaMy Ha y3JIe.

IIpoBemennble YNCIEHHBIE KCIEPUMEHTBI JjIs YIIPOIIEHHOW MOIEIN BYJIKaHa DJIbOPYC
MOKAa3bIBAIOT, YTO BOJHOBOE MOJIE OT TOYEYHOI'O MCTOYHUKA UMEET CJIOKHYIO KAPTUHY U CYIIe-
CTBEHHO 3aBHCUT OT T'€OMETPHH, PAa3MEPOB M CBOMCTB 3JIMNTHIECKUX BKJoUeHnit. OcobeHHo-
CTH PACIpOCTPaHEHMsI YIPYTIUX BOJH B CpPeJaxX TAKOI'O THUIA MOI'YT OBITh MCIOJIb30BAHbBI IIPU
BUOPOCEICMUYECKOM MOHHTOPUHIE BYJKAHHYECKUX CTPYKTYp. IlpoBemeHne cepum pacdeTos
[IO3BOJIFET BHIOPATH MOIEJb BYJIKAHUIECKON CTPYKTYPHI aIeKBATHYIO PE3yJIbTaTaM HATYPHBIX
HaOIIOIEHUI 110 KHHEMATUIECKUM U IUHAMUYIECKAM XapPaKTEePUCTUKAM.

B nasnpHelieM 1mpeIosiaraloTcsi pas3sBUTHE MPEJJIOXKEHHON CYIIepKOMIBIOTEPHON TEXHO-
JIOTUU YUCJIEHHBIX PACYe€TOB U IOCJEAYIONIee ITPOBEIEHUE YUCJIEHHBIX IKCIEPUMEHTOB JIJI MO-
Jeneil ¢ KpUBOJIMHERHONH CBOOOMHON MOBEPXHOCTHIO.

Paboma noddeporcara npoexmom PODH Nel3-07-00589.
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The paper considered computing technology solving problems related to the modeling of
seismic wave propagation in inhomogeneous media typical of volcanic structures using supercom-
puter simulations in order to create systems of vibroseis monitoring for quake-prone objects. The
physico-mathematical model of the magmatic volcano is constructed and software implementation
on the basis of the known numerical method that effectively using the architecture of modern su-
percomputers equipped with GPU is developed. The parallel 2D and 3D algorithms and software
for simulation of elastic wave propagation in a complicated medium (2D model is separation of
original 3D model using various angles and planes) on basis of the explicit finite-difference scheme
for the shifted grids and CFS-PML method of absorbing boundaries is developed. Scalability of
algorithms is investigated. The application of the developed technology allows for much more effi-
cient to carry out studies of the structure of the wave field due to the geometry of the internal
boundaries and refinement of its kinematic and dynamic characteristics.

Keywords: monitoring, 3D simulation, elastic waves, finite difference schemes, hybrid cluster,

GPU.
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