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1. BeedeHue

IIpakTuuecku Bce (U3MUECKUE MPOILECCHl OAHOBPEMEHHO MPOTEKAIOT B INHPOKOM
JMamna3oHe MPOCTPAHCTBEHHBIX MacmTaboB. Hampumep, mepeHOC mpuMeceil B
atMoc(epe 3aBUCHUT Kak OT KpymHoMacmTabuo# nupkymsuuud (~10 TsIc.
KAJIOMETPOB), TaK W MeJIKoMacmrTabHoi koHBeknuu (~100 MeTpoB MM MEHbIIE).
Xapaktep MHOro(a3HbIX TEUEHHH OIpPEAEsIeTCs HE TONBKO (akTopamu,
JICUCTBYIOIUMHU B MaciuTabe Bce 00nacTu (reOMeTpHsi TPaHHUIl, TPaBUTALUS U T.11.),
HO M B 3HAYUTENHHON CTENEHHM 3aBHCUT OT MeX(a3HbIX B3aUMOJEHCTBHIT Ha
rpanuie paszaena §as, rie IpOUCXOJUT PE3KOe U3MEHEHHE MATEPUAIbHBIX CBOMCTB
Cpeapl.

Jis JOCTYOKEHHS BBICOKOW TOYHOCTH B XOJI€ MOJEIHPOBAHUS YHCICHHBIC METOMBI
JIOJDKHBI pa3peniaTth Bce BOBJICUCHHBIC MPOCTPAHCTBEHHBIE MACIITAOKI, YTO TPeOyeT
HAJIMYHST OTPOMHOI0 00beMa BEIYMCIUTEIBHBIX PECYpCOB. B pe3ysbrarte momoOHbIe
pacdersl JOCTATOYHO CJOXHO U JOPOro MPOBOJMTh HAa PEryJsIpHOH OCHOBE.
OnHaKo, JOBOJILHO 4YacTO He TpeOyeTcs pPacCUUTHIBATH BCIO PAacCMaTpUBAEMYIO
00J1aCTh ¢ OJIMHAKOBO BHICOKMM YPOBHEM TOYHOCTH. OOBIYHO B KaXKIbIA OTACILHBIN
MOMEHT BPEMCHH MaJlble MPOCTPAHCTBEHHBIC MACHITa0bl  MPOSBISIOTCS Ha
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HECKOJIbKMX OTHOCHTEIHLHO MAJICHBKHX YyJacTKaxX MCXOMHOHW pacueTHO# obmactu. B
OCTaNbHBIX YaCTSAX HMCXOMHOM ob0macTn (u3WdecKkue IepeMeHHBIE H3MEHSIOTCS
TUIABHO W MOTYT OBITh pacCYWTaHBl Ha TPyOOi ceTke 0e3 MOTepH TOYHOCTH. JTa
0COOCHHOCTh OBITa IOJIOXKEHa B OCHOBY IEJOTO psda METOIOB pacdera Ha
aJalTUBHBIX CETKaX.

B 37Ol cTaThe MBI MPEACTABISIEM NPOrPAMMHBIM MAKET CO3JaHUS aJalTHBHBIX
CETOK C TIOMOIIBIO OHOTO W3 CYIIECTBYIOIIMX ITOAXOJOB — TEOPHH BEHBIIETOB.
Ora ajganTuBHAas TEXHMKAa IO3BOJISET HAaM KOHLIEHTPUPOBATb TOYKU CETKU B
obnacTsix, Te TUIpOoIMHAMUYECKHE TIEpEeMEHHBIE (CKOPOCTh, INIOTHOCTb, JaBJICHUE,
KOHIICHTpAlMsi XHUMHYCCKUX KOMIIOHGHTOB H T.JA.) MPETEPIeBAIOT pe3KHe
M3MEHEHHMsI, U pa3pexarb CETKy B 00JacTiX, I STH IEPEMEHHbIC U3MEHSIOTCS B
He3HauuTenpbHOM  cremeHu. Cama  Teopust  BeiBIETOB  NpenOCTaBiseT
MaTeMaTHYECKUl HMHCTPYMEHT [UIs BBIACNCHHA Takux obOmacteit. Cpean
XapaKTepHBIX OCOOCHHOCTEH HAIIero MPOrPaMMHOTO TaKeTa MOXKHO BBIICIHTH:
3((HeKTUBHBIN adTOPUTM Pa3NIOKCHUS THAPOTUHAMUICCKAX MIEPEMEHHBIX B P IO
BeliBieTaM C OBICTPHIM BBIYHCICHHEM BeHBIET-KOI(D(OUIINEHTOB, OBICTPHIHA
ANTOPUTM  afJanlTalliil CeTKH Ha OCHOBE TOJIYYCHHOTO psAga BeEHBIETOB,
BO3MOXKHOCTh TPUMEHCHHS KOHEYHO-PA3HOCTHBIX CXEM BBICOKOTO MOpSIKa
TOYHOCTH (3 ¥ BBILIE), CIIOCOOHOCTH KOHCTPYHPOBATh OJJHO-, IByX- U TPEXMEpHbIE
CETKH.

CraThsi OpraHH30BaHA CIEIYIONMM 00pazoM. B paszene 2 omucaHBl OZHOPOJHBIC
CCTKM MW TpU BHJA aJalTUBHBIX CCTOK, IMOKa3aHbl IMPCUMYHICCTBA aJallTUBHOTO
U3MeNbYeHUs CeTOK. B pasnene 3 mepeunciieHsl CYIIECTBYIOIINE HPOTpaMMHBIE
MaKeThI IO MOCTPOCHUIO aAallTUBHBIX CETOK. B pasaeine 4 MMPUBCACHBI HEKOTOPLIC
TCOPECTUYCCKHUE TMOJIOKEHUA METO/ A MOCTPOCHHUA aJallTUBHBIX CETOK C IMOMOIIBIO
BeliBNeTOB. B pazmenax 5 u 6 mpeacTaBieHbl HUCHOJB3YIOUIMECS B HAIIeM
MPOTPAMMHOM TIaKeTBl CTPYKTYpHl JaHHBIX M CIOCOO pacmapauleIMBaHUs
BEIYUCIICHHHA. B paznene 7 mpuBeneHBl HEKOTOPBIE IPUMEPHI YACICHHBIX PACYCTOB.

2. OOHOPOOHbIe u adanmueHble cemku

JIro00# KOHEYHO-Pa3HOCTHBIH METOJ Npeodpa3yer nuddepeHuanbHoe ypaBHeH e,
ONHKCHIBAIONICE TOT WIM HWHOH (PHU3MUYECKUHA Iporecc, B KOHEYHO-PAa3HOCTHOE
ypaBHCHHE, OIpENeIeHHOe Ha HEKOTOpOH pa3HocTHOW ceTke. [lomaBisromniee
OOJNBIIMHCTBO YHCIICHHBIX METOJIOB HCIIONB3YET OAHOPOIHBIE CETKU C MOCTOSTHHBIM
WHTEPBAIOM MEXAY y3JIaMH. OTOT HHTEpBal OOBIYHO BBIOMpAETCS TaK, YTOOBI
pelleHre Pa3HOCTHOTO YPaBHEHHUs OBUIO KaK MOXKHO OJIMKE K PEIICHHIO UCXOIHOTO
muddepeHInanIsHOTO ypaBHEHHS.

OpHopomHas ceTKa 00ecreunBacT PAaBHOMEPHOE pa3pelicHHe BCEH pacdeTHOH
obmactu. Ecnm ruppoMexaHWUYecKne TEPEMEHHBIE HMEIOT PE3KHE TPAaTUCHTHI B
KaKoOi-TO OJHOW HEOOJBIIOW YacTH pacdyeTHOW oO0NacTH, W O UX pacdera
TpeOyeTCsl JOCTAaTOYHO MeJKasi CEeTKa, TO MBI JOJKHBI HUCIIOJIB30BATh 3TY MENKYIO
CEeTKy BO Bcell oOnacTh, HECMOTps Ha TO, YTO ISl TOJIYUYCHHUs pelIeHHs C
MIPUEMIIEMOI TOYHOCTHIO B OCTaJIBHON YacTH 00JIACTH MOXHO 33/IeHCTBOBAThH OoJiee
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rpy0Oyro cetky. Takum 00pa3oMm, HCHONB30BaHUE OXHOPOJHON CETKH MPHUBOIHUT K
Hed(pPeKTHBHOMY pacxoJOBaHUIO MMEIOIUXCS BHIYHCIUTEIBHBIX PECYPCOB.

OmHAM W3 BO3MOXKHBIX ITyTE€H pemIeHHs 3TOH MpOOIEeMBI SBISIETCA MEPEXoXl OT
OTHOPOJHBIX CETOK K aJalTUBHBIM. AIANTHBHBIE CETKH yBEIMYMBAIOT IUIOTHOCTH
Y3JI0B B OOJNIACTSIX C PE3KHMH M3MEHECHUSAMH THAPOJNHAMHYCCKUX MEPEMEHHBIX H
YMEHBIIAIOT TaM, I/I¢ 3HAYeHHS IepeMEHHBIX MeHSroTcs ciaabo. Kpome Toro,
aJanTHUBHBIE CETKH MEPecTpamBarOTCI C TEUYeHHEM BpEMEHH BCIeI 3a
KOHHTrypanueii MOTOKa. OTH CBOWCTBA MHUHUMM3HPYIOT TpeOOBaHHUS K
BBIUYUCITUTCIBHBIM CHCTEMaM, TaK KaK YHCJICHHBIC QITOPUTMBI 3aHUMAIOT HE
0OJBIIEe BBIUMCIUTEIBHBIX PECYPCOB, YEM UM HYXKHO JJIsl JOCTHXKCHHUS 3aJaHHOU
TOYHOCTH.

CylecTByeT HECKOJIBKO TMOAXOIOB K TOCTPOCHHUIO  QJalNTHBHBIX  CETOK:
KPUBOJIMHCHHBIC CETKH, BIIOKCHHBIC CCTKH M AJalNTHBHOC H3MEIbUCHHE CETOK
(AHC).

KpuBonuHeitHbIe CETKH CTPOSTCA C MOMOIIBIO KPUBOJIUHEHHBIX CHCTEM KOOPAMHAT,
KOTOpBIE CIrYyIIAIOT CETKY BJOJb OJHOW WM HECKOJbKMX KOOPAMHATHBIX
HaIpaBJICHU. B pe3yabTate 00pasyroTcst XOpOIIO  pa3peuiCHHBIC
MPOCTPAHCTBCHHBIC MOJOCHI, KOTOPHIC MEPECEKAIOT BCIO PACUCTHYIO 00JacTh B
HalpaBJICHUH, TEPICHANKYIIPHOM COOTBETCTBYIOIIEH KoopauHate. JInmib
HeOoNpIIass 4yacTh Kakaod Takoil monocsl (~20% wim MeHbIIe) MPUXOTUTCA Ha
00J1acTh Pe3KOTO M3MCHEHUS THAPOMEXaHUICCKUX MepeMeHHBIX. OcTaipHas 9acTh
(~80%) mpuxoauTCs HA y4acTKH, MOJAPOOHOE pa3pelieHrue KOTOPBIX He TpeOyeTcs.
Takum 00pa3oM, XOTS KpPWUBOIUHEWHBIE CETKH HMCIOT CYIICCTBEHHO MCEHBIIHN
pa3Mep 1Mo CpaBHEHHIO C OJHOPOTHBIMHU CETKAMH, 3HAYUTEIbHAS IO Y3JIOB TAKHX
CETOK HUCTIONIb3yeTCs KpaliHe Hed((HeKTHBHO.

BriokeHHBIE CETKH OOBIYHO COCTOSAT W3 OCHOBHOW pPa3peXCHHOW CETKH,
MOKPBIBAIONICH BCIO 00JAacCTh, U HECKOJNBKUX IOMOTHHUTENBHBIX CETOK MEHBIIETO
pa3mepa U ¢ OOJBIICH MIOTHOCThIO TOYEK, KOTOPHIE BCTPOCHBI B OCHOBHYIO CETKY
Ha y4yacTkax, TpeOyrommx Oojiee MoApOOHOTO pa3peuieHus, 4eM OCHOBHAs 4acTh
obnactu. lcmosib30BaHME JIOTIOJIHUTEIBHBIX BCTPAHMBAEMBIX CETOK KOHEYHOI'O
pasMepa yOupaeT HM30BITOYHOE paspelieHHe 3HAUYUTENbHBIX YYaCTKOB HCXOJHOMN
0071acTH, BO3HUKAIOIIEE MPU HCIOJIH30BAaHUHA KPHUBOJIMHEHHBIX CHCTEM KOOPIMHAT,
U, CIIeIOBAaTeIbHO, emle OONbIe YMEHBIIAeT pasMep ceTkd. OOBIYHO Ha TPAKTHKE
UCTIONB3YIOT Ha0Op W3 OCHOBHOW KPYIMHOW CETKH W OJHOW WIM JIBYX
MOCJIEIOBATENEHO BIOKCHHBIX JIPYT B ApyTra MajbIX CETOK.

Kak kpuBONMHEWHBIC, TaK U BIIO)KCHHBIC CETKH HMEIOT (DPUKCHUPOBAHHBIA pazMep,
KOTOPBIA 3a/laeTcs BPYYHYIO B HAYaJIbHBI MOMEHT BPEMCHH M HE MEHSCTCS BO
BpeMsl pacueToB. DTO 03HAYACT, YTO JAHHBIC CETKH HE CIIOCOOHBI pearupoBaTh Ha
TUHAMUYECKHE W3MCHCHUS TMPOCTPAHCTBEHHBIX MAaCIITa0OB U TpeOYIOT uX
MpeIBApUTCILHON OLECHKK. Takke M TIOCTPOCHUS IJTHX CETOK Tpedyercs
npeaBapuTeNbHas HMHGOpPMAanUsA O BO3MOXHOM  paclpelelicHHH 3HAYCHUH
THIPOMEXAaHMUECKUX IEPEMEHHBIX B PaCUETHOH 00JIacTH.
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B oTnMume OT ONMMCaHHBIX BBINIE MOJXOMOB K IOCTPOCHHIO ATANTHUBHBIX CETOK
meronel AUC CITOCOOHBI TUHAMHWYECKH aanTHPOBaTh CETKY K JIIOOBIM
0COOEHHOCTSIM TeueHUs 0e3 KaKoH-TnOo MpenBapuTeNbHON HHGOpMaIii. MeToas!
ANC aBTOMaTHYECKH H3MENBYAOT WIH OTPYOJSIOT CETKY B 3aBHCHMOCTH OT
TEKYIIEro paclpeieieHuss 3HAuYeHHH TUAPOMEXaHUYECKHX MEePEeMEHHBIX B
pacdeTHOl  00JlacTW  COMJIACHO  33JaHHOMY  aJalTallMOHHOMY  KPHTEPHIO.
B03MOXXHOCTh OIEpaTUBHO HM3MEHSTH pa3Mep CeTKH mo3Boisier Mmeromam ANWC
MTHOBEHHO pearupoBarh Ha JII00ble H3MEHEHUs B MPOCTPAHCTBEHHBIX MaclITadax,
MOJJIEp KU Basi TOYHOCTh PacYeTOB Ha 33/IaHHOM ypPOBHE.

3. lMpozpammHbIe nakembi Onss AUC

B omimune oT MeTo/0B, paboTAIOIMX C CETKaMH, CTPYKTypa U pa3Mepbl KOTOPBIX
M3BECTEH 10 Hayana pacyeroB, AMC paboTaeT ¢ JMHAMHYECKH M3MEHSFOLIMMUCS
CeTKaMH, CTPYKTypa KOTOPBIX 3apaHee HEM3BECTHA, YTO CHIIBHO YCJIOXKHSIET 3aJady
3((eKTUBHOTO MPECTaBICHAS aJaITUBHON CETKH B MAMSTH KOMITHIOTEPA, a TAKXKe
MOCJIEqYONIe padOTHI C Pa3THYHBIME €€ YACTSIMU.

Bonpimas tpynoemkocTs pa3paboTku mporpammuoro koaa moa ANC mpuBena k
MOSBIICHUIO M PACIIPOCTPAHCHHIO Psa TOTOBBIX IMPOTPAMMHBEIX MPOAYKTOB IS
MOCTPOCHUS W YIPAaBJICHHSA AaJalTUBHBIMH CETKaMH. Takhe WakKeThl OOBIYHO
COZIEpXKAT CUCTEMY IIePEeMEHHBIX, (DYHKIMIA W KJIACCOB, HAIMCAHHBIX HAa OJHOM M3
SI3BIKOB IIPOTPaMMHPOBAHUSA BBICOKOTO YpPOBHA. VX MOXXKHO BKIIIOYHTH B COCTaB
COOCTBEHHOTO TPOTPaMMHOTO MPOAYKTA W HCIIONB30BaTh, HE pa3dmpast moapoOHO
BHYTPEHHHUE JIETAIN Peasi3aliy, YTO CYLIECTBEHHO COKpAIlaeT BpeMs HallMCaHHs
COOCTBEHHBIX MTPOTPAMM.

Ha pmanHBIE MOMEHT B MPOTPaMMHBEIX ITaKeTaX pPealH30BaHBl JIBE CTPATETHH
u3MenbueHus: cetku. I[lepBast cTparerusi UCHOJB3YeT HEPAPXUI0 CETOK, KOTOPHIE
NPUHAJJIEKAT Pa3HbIM YPOBHSIM pa3pelieHus] M IOKPBIBAIOT IOCJIEA0BATENbEHO
YMEHBIIAIIYIOCS YacTh HMCXOMHOW obOmacté (cM. puc. la). B aToM momxone
M3MENbYAIOTCSl  OTHOCHTENIbHO  OonbIiMEe  OJIOKM  sSY€eK  CeTKH, KOTOpBIC
UCIIONIb3YIOTCS B KaueCTBE OCHOBHBIX IPOrPAaMMHBIX €MHUIl TPH TOCTPOCHUH
CTPYKTYp JaHHBIX. M3-3a peryssipHoil (OpMbI CETOK, BXOASAIIMX B HEPapXHIO,
JIOCTAaTOYHO CJIOKHO A(PPEKTHUBHBEIM 00pa30M OXBATUTh Pa3NIMYHBIC HEPETYISIPHEIC
TEYCHHS C TEMU WIH WHBIMH OCOOCHHOCTSMH. B 3TOM ciydae CyIIECTBEHHOE
KOJIMYECTBO TOYEK OyNeT MPHUXOIUTHCA Ha yYacTKH, He TpeOyromme MoapoOHOro
paspemnicHUs. BcenencTBHE OTHOCHTENBHOW MPOCTOTHI pealu3alliy OJABIISIONIAs
4acTh IPOrPaMMHBIX IIAKETOB peaIn3yeT HMEHHO 3TOT MOAXOJ IOCTPOEHUS
amantuBHbIX ceTok: PARAMESH [1], AMRCLAW [2], AMROC [3], Enzo [4],
HAMR [5], DAGH [6], AMR++ [7], SAMRAI [8], AMRCART [9], IAMR [10].
Bropast cTpaTerus UCIoJb3yeT AJIsl K3MENbYCHUsI OT/ICNIbHbIE SIUEHKH CeTKH BMECTO
ux OmokoB. Kaxxaas sueiika MokeT ObITh IO/IENIEHa Ha HECKOJBKO JOYEPHUX siYeeK
MEHBIIIETO pa3Mepa He3aBUCUMO OT OCTAIBHBIX (CM. puc. 10). B pesynbrate nannas
cTparerusi obnamaer OoNbIIed TMOKOCTHIO, HO MPOU3BOJUT CETKH HEPETYISIpHOU
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(OPMBI, UTO YCIOXXHSET UX IPOTPaMMHYIO pealu3aluio. [13-3a 3Toro JuIIb 04eHb
HeOOJIBIIOE YMCIIO IIAKETOB PEean3yeT JaHHyo crparernto (anpumep, Gerris [11]).
Ha puc. 2 moka3aHel HpUMEpHl aJalTHBHBIX CETOK, IMOCTPOEHHBIX II0 00eUM
CTpaTerusaM. AJANTHBHBIE CETKH MMCIOT JBa YPOBHS Pa3peIICHUS W ITOKPHIBAIOT
HeKkoe 00JIaKO XMMHYECKOrO0 KOMIIOHEHTa, 3aHMMAloLiee JIMIIb YacTh PacyeTHOH
obmactu. CeTka, OCHOBaHHas Ha OJIOKaX, COCTOUT U3 IBYX OJIOKOB Pa3HOTO pa3Mepa
(puc. 2a). bompimoii 010K pa3pemnaer BCIO pacueTHYIO 00JacTh Ha IIEPBOM YPOBHE,
a BTOpOH OJIOK UCTIONB3YeTCs U1l paspeleHns o0jlaka Ha BTOPOM ypoBHE. X0poIIo
BUJIHO, YTO YacTh sYEEK BTOPOro OJIOKa JIEKUT 3a IpefelaMu olyiaka H,
CJIE/IOBATENILHO, UCTIONIB3YETCSI HEepallMOHANBHO. B cBor0 ouepenp BTOpOH ypoBEHb
aJalTUBHOM  CETKHM, ITIOCTPOCHHOW IIyTeM H3MENBYCHHUsS  s49eeK, HMeeT
HEpETYJISAPHYIO CTPYKTYPY U COAEPXKHT TOJIBKO TE€ SUCHKH, KOTOPBIE pa3pellaroT
camo obOmako. Takum o0Opa3om, JaHHas CeTKa MOAPOOHO pa3pemiaeT TONBKO Ty
YacTh WCXONHOH o0ONacTH, KOoTopas HYyXZaeTrcs B 3ToM. B pesynbrate pasmep
JAHHOM CETKH CYLIECTBEHHO YMEHBIIACTCS [0 CPABHEHHIO C OJIOYHOIA.

Hamr nporpaMMHBIil TaKeT UCHONB3YeT TPEThIO CTPATETHIO H3METIBYCHHS CETKH —
U3MENBbUCHUE CETKH Ha OCHOBE y3710B (puc. 1B). Korna Bo3HMKaeT HEOOXOIMMOCTB,
T000i1 y3ed1 CeTKM Ha IAaHHOM YPOBHE pAa3pelIeHHs MOXET MOPOIUTh 10 8
JOYCPHHX Y3JIOB B JBYXMEPHOM Cllydae M JI0 26 JOYEPHHUX Y3JIOB B TPEXMEPHOM
ciydae Ha OoJiee BBHICOKOM YPOBHE paspelleHus. [IpH H3MeNbYCHHH SYEeK MBI
HOJTy4aeM TOJIBKO 4 W 8 TOYEPHHX SYEeK B IBYXMEPHOM H TPEXMEPHOM CITydasX,
COOTBETCTBEHHO (cpaBHUTE puc. 16 u 1B). B pesynprare mis obecnieueHus: Tou xe
MEJIKOCTH Hallla CeTKa TpeOyeT MEHbBIIETO YHCIIa YPOBHEW pa3pelieHus, YTO BIeYET
3a co00if MeHbIIIee BpeMsl IOCTYNA K KaKAOMY OTIEIbHOMY Y371y CETKH.

a) 6) B)

Puc. 1.Cnocobwl usmenvuenusi cemxu. (a) na ocnoge 610ko8, (6) Ha ocHoe sueex, (8) Ha
OCHOGe V31108.

Fig. 1. Approaches to the grid refinement: (a) block-based grid, (b) cell-based grid, and
(c) point-based grid.
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a) 0)

Puc. 2 [Ipumepvl adanmuguvix cemok ¢ 08yMs YPOSHAMU paspeuteHus: (a) Ha ocHoge 010K08,
(6) Ha ocHose Aueek.

Fig. 2. Examples of the adaptive grids with two levels of resolution: (a) block-based grid and
(b) cell-based grid.

4. Adanmauyusi cemku ¢ NOMoWwbio seliesiemos

PaccMoTpuM peann30BaHHBIM B HalleM MaKeTe CHOCO0 MOCTPOSHUS adalTHBHBIX
CETOK Ha OCHOBE TEOPUHU BEMBIETOB.

B mob6oi MmomeHT BpemeHnu t, aocratouHo riajakas Gyskuus f(X) moxer ObITh
pasnoxeHa B psiJ 1o BeiBneram [12]:

f(X)=zbk(Pk(X)+zz D)k (x), 1)
K =1 Kk
rne | — yposeHb paspemenus, K — monoxeHue B mpocTpaHctee, ¢ (X) —

macmrrabupyromas dynkims, W, (x) ={y| (x),n=1,...,a} — Bekrop BeiiBneToB

u Dy ={d,n=1..,a} — BexTop ko3punKenHTOB BeiiBneTOB. 3HaueHus o , K
M X 3aBUCAT OT PasMEPHOCTH MPOCTPAHCTBA: Uil TPEXMEPHOIO MPOCTPAHCTBA
a=7, k=(,j,k), X=(XY,2Z), 11 IByXMEpHOTO IIPOCTPAHCTBA « =3,
k=(@,]), x=(x,y) u s omHomepHoro mpoctpanctea a =1, K=(i), x=(x).
Hdnst psna (1) pa3paboTaHO MHOXKECTBO pa3MYHbIE CEMEHCTB BEHBIETOB H
Mmacirrabupyrommx ¢yHkimid. Mbl ucronb3yeM BeiiBieTsl cemeiicTBa Deslauriers-
Dubuc [13]. Bsibop paHHOrO cemeiicTBa OOYCIIOBJICH BO3MOXHOCTBIO Kak
MOCTPOEHMSI CaMUX BEHBIETOB, TaK M BBIYMCIEHHS HX KOI()(PHUINEHTOB B
paznoxkenun (1) ¢ MOMOMmBIO  CHENHMATBHOW  JIOCTATOYHO  MPOCTOM
HHTEPIOJISAIHOHHON cxeMsbI [14].

B psne (1) macmrabupyronme GyHKIUH @) (X) HCIONB3YIOTCA AN MPEACTABICHHUS
OCHOBHBIX KPYNMHOMAacIITaOHbIX oOcoOeHHocTeil mnoBenenuss ¢yHkuun  f(X).
BeiiBieTsl ), OMHCHIBAIOT MOBEJCHNE (QYHKUMH Ha MEIKHX MacimTabax. Yem
BBILIIE YPOBEHb paspeieHus |, Tem MeHblie Bkiaj BeiiBineroB B pyHkuuo f(X) .
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IlockonbKy BKnaj BeiiBnera i, B psan (1) ompexensercs BeaMYMHON ero

kodpduumenta d,', , MBI MOXKeEM CIKaTh NIPECTABIEHHE (YHKIMH ITyTeM OTCEUCHHS

BeifBNeTOB, YbM KOo3(ummeHTH MeHbIIe HeKkoToporo mopora ¢. Ilopor ¢
BBIOMpPAETCS TOCTATOYHO MaJIbIM, YTOOBI ynanuTh u3 psjaa (1) TOoIbKO Te BEWBIIETHI,
KOTOpBIE HECYT JIMIIb HECYIIECTBEHHYIO MH(OPMAIMIO O noBeaeHNH (QyHKuuu. B
pe3yabTaTe MoJlydyaeM pa3pexeHHbIH ps/] BEHBICTOB:

J
F200 =20 () + D] > Dy (%) )
k I=1|d]>¢
rre f°(X) — oto ammpokcumanus ¢yHkmum f(X) ¢ ommOkoil, 3amaBaeMoii
MOporoM &, J — KOHEYHBIH MaKCHMAalbHBIH YPOBEHb pPa3pelICHHs, KOTOPBIA

3aBUCHT OT BEIMYHMHBI & . PaspexeHHbId psn (2) COAEpKUT NHIIb HeOONbIIOe
YHCJIO 3HAYMMbIX BEMBJIETOB.

N3 cmocoba mocTpoeHusi BeiBiaeToB cemelictBa Deslauriers-Dubuc BeiTekaeT
B3aUMHO-0JJHO3HAYHOE COOTBETCTBHE MEXY BEHBIETaMH M TOUKaMH (HU3HIECKOTO
IIPOCTPAHCTBA, T.€. KAXKIbIM BEHBJIET ACCOLUUPYETCS C ONPEACICHHONW TOYKOM.
[ToaTomy pazpexkeHHbIN psin (2) 3a7aeT MHOXKECTBO TOYEK MPOCTPAHCTBA, KOTOPHIE
00pa3yloT CeTKy CO CTyLUICHUSMH B 00NacTsx OBICTPOrO W3MEHEHHs 3Ha4CHHH
¢byHKIHH.

MHOeCTBO 3HAYMMBIX BEHBJIETOB OIMCBHIBAET TOJILKO TCKYHICC TIOBCIACHUC
¢yHKIMM B JaHHBIE  MOMeHT BpeMeHH. OpHako (U3MYECKHE TPOLECCHI
Ppa3BUBAKOTCA CO BPEMCHCM. 9T0 MPOABIACTCA B MOCTOSSHHOM IOABJICHUNW HOBBIX
Jerajeill B IPOCTPaHCTBEHHOM pacipesielieHu GyHKuuu f , KoTopble 0TCYTCTBYIOT

B JAHHBII MOMEHT BPEMEHHM U, CIeOBAaTeIbHO, HE MOTYT OBITh OIMCAHBI
3HAYUMbIMH BeiiBiieTaMi. UTOOBI y4ecTh BO3MOXKHBIE HM3MEHEHUsI B IOBEICHUH
¢GbyHKIMHM, B paspexeHHbld psag (2) HEoOXOoIUMO J00aBUTH JIOMOJIHHUTENbHbIC
BEHBIIETHI, YbH KOG GUIMEHTH! B JaHHBI MOMEHT BPEMEHH MEHBIIIE TIOpora & , HO
MOTYT Iiepecedb ero B Ommkaiimem Oyngymem. Bwmecre 3HaumMmble #
JIOTIOJTHUTEIbHBIE BEHBIETH 00pa3yl0T MHOXECTBO aKTUBHBIX BEIBIIETOB, KOTOpHIE
HCTIONB3YIOTCS TIPH MTOCTPOSHUHN aJallTUBHOM CETKH.

5. Cmpykmypa 0aHHbIX

Baxueiimeld  petanpio  11000r0  MPOrpaMMHOrO  HakerTa,  IMPOM3BOJSIIETO
aJanTHUBHBIE CETKH, SABIAETCA CTPYKTypa JaHHBIX, HCIOJNb3yemas  IJis
MIPEICTaBICHUS 3TOW CETKH. BRIOOP CTPYKTYpHI JaHHBIX 3a/1aeT MOPSIOK PaboThI C
JAaHHBIMH, CHOCOO0 WX XpAaHEHHWS B MaMATH KOMITBIOTEpAa M AJTOPHUTM JOCTYIIA.
@DaKTHYECKN TPABMIBHBIA BBIOOP CTPYKTYpHI MJaHHBIX OIpPENENseT CTEleHb
3¢ GEKTHBHOCTH IPOTPAMMHOTO TIAKeTa.

CrpykTypa DaHHBIX — 3TO COBOKYITHOCTH HEKOTOPBIX OJHOTHUIHBIX 3JIEMEHTOB,
XpaHAIUXCA B MaMATH KOMIBIOTEpPa, W HAOOp omepanmil s paboThl C ITHMHU
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3NIEMEHTaMH. BBIIEISIIOT aBa MNOAXOAAa K CO3JAHUIO CTPYKTYp JMAAHHBIX —
CTaTUYECKHN U TUHAMUYECKHI.

Cratndeckasl CTPyKTypa JaHHBIX OCTaeTCs HEM3MEHHOW BCE BpeMsi paboThHI c ee
anemMeHTaMu. OHa nMeeT (UKCHPOBAHHBIM pa3Mep W pa3MeniaeTcs B IHaAMATH
KOMITBIOTEpPa B MOMEHT 3allyCKa NpOTpaMMbl. B pe3ynpTare naHHas CTPYKTypa
crioco0Ha MPEIOCTaBUTh OBICTPHIN JOCTYH K JI0OOMY cBoeMy 3ieMeHTy. OIHako
TaKhe ONEpalliM KakK [OOaBICHHE M YyJAJICHWE HOBBIX 3JIEMEHTOB TPeOYIOT
nepeopMUpOBaHKs Cpa3y BCEH CTPYKTYpHl JaHHBIX, YTO 3aHUMAET JOCTATOYHO
Ooubioi 06seM BpeMenu padotel CPU. IIpumepom cTaTHuecKUX CTPYKTYP JaHHBIX
CILy)KHT MaCCHB.

Jlunamudeckasi CTpPYKTypa AaHHBIX — 3TO CTPYKTYpa, KOTOpas MOXKET U3MEHSTh
CBOH pa3mep BO BpeMs paboThl porpamMmMbl. Kakzplil ee aeMeHT pa3Mmeniaercs B
MaMsTH TOJIKO TOTZA, KOT/a IOSIBIISIETCS] HOBAsl MOPLUS JaHHBIX. Bce HeakTHBHBIE
3JIEMCHTBI CBOCBPECMCHHO YAAIANOTCA W3 MaMATU. HOE)TOMy JUHaAMHUYCCKas
CTPYKTYpa JAaHHBIX COJEPKHT TOJBKO aKTyaJbHYI0 HH(POPMAIMI0 M 3aHHUMaeT
MHHHUMAaJIBHO BO3MOXHBI 00BEM MamsTH. B oTinmume oT cTaTHyecKoil CTpyKTypHI
3/lech Olepanuy I00aBIeHUS M yJaJCHHS 3JIEMEHTOB BBIIOJHSIOTCS IPEIEIHHO
ObBICTPO, HO TMHAMHYECKOE Pa3MEIICHHE B ITaMATH OUYCHb CHIIBHO 3aMEJUISET JOCTYII
K K@KIOMY OTIECIbHOMY 3i1eMeHTy. [IpumepaMn TMHAMHUYECKHX CTPYKTYpP JaHHBIX
SBJISTFOTCSI IEPEBbS M CIIMCKH.

OnHOpoAHAs CeTKa — 3TO HEM3MEHHOE MHOXKECTBO y3JIOB, 3aHHMAIOILINX OJHHU H TE
JKE€ TIO3MLIMH B TPOCTPAHCTBE BCE BpeMs pacdyeToB. PazMep W IIOJIIOXKECHHE
OJTHOPOJTHOM CETKH 3a[Jar0TCsl 3apaHee U He MOTYT OBITh H3MEHEHBI. ENMHCTBEHHAs
orieparysi, KOTopasi BBINOJIHIETCS ¢ CETKOH — 3TO AOCTYII K €€ y3iaM. [lostomy mis
OJTHOPOJIHOI CceTKM HauboJiee IMOIXOIAIIEH SBISETCS CTaTudeckas CTPYKTypa
IaHHBIX.

AnanTHBHas ce€TKa — 3TO MHOXECTBO y3JIOB NEpEMEHHOro pa3mepa. Takas ceTka
MOCTOSIHHO JTOOABIISIET M YJAQJSeT Y3Jbl, CJelys 3a JBOJIIOLMEH MOJEIHPYeMOTO
¢usnueckoro mporecca. JlroOOW UYHMCIEHHBIH aITOPUTM, OCHOBAaHHBIH Ha
aJaNTUBHOMN CEeTKe, HCIOJb3yeT BCE OCHOBHBIE ONeparuy (IIpSIMOH TOCTyTI, BCTaBKa
U ynaneHue) mpu pabore ¢ ee y3namu. Taioke aJanTUBHAas CeTKa HWMEET
MEHSIIOIIYIOCS CO BpeMEHEM HeperyisipHyo Gopmy.

Ecnu ajganTuBHYIO CETKy MpPEACTaBIATh CTAaTUYECKONM CTPYKTYpOH JaHHBIX
perynsipHoit Gopmbl (HalmpuMep, MacCUBOM), TO 3Ta CTPYKTypa JOJDKHA COJepkKaTh
M30BITOYHOE YKCIIO JJIEMEHTOB, YTOOBI YUeCTh HEPETYISIpHYIO (DOpMY aJanTHBHOM
CeTKM ¥ MHUHUMH3MPOBAaTh 4YHCIIO OIepaluii BcraBKH/ypaneHus. HeoOGxomumoe
YHCIIO 3JIEMEHTOB HAaMHOTO OoJble (IMpUMepHO Ha 3-4 mopsisika), 4eM MpeJiesbHOe
YHCIIO Y3JI0B CETKH, KOTOpBIE DEAbHO HCIONB3YIOTCS B pacyerax. IlosTomy
CTaTHYECKHWE CTPYKTYpbl JaHHBIX KpalHe Hed(Q(EKTUBHBI ISl  ONUCAHHA
aIalTUBHBIX CETOK, IIOCKOJBbKY IporpaMma 3a0upaeT CYIIECTBEHHO OOJIBIINMA
00bEM MaMsITH, YeM PEeabHO UCIIOIBb3YeT.

Bonee addextuBHas ¢dopma TpencraBieHHs AJaNTUBHBIX CETOK — 3TO
JMHAMHUYecKass CTPYKTypa JaHHbBIX. Ee cBoiicTBa MOJIHOCTBIO OTBEYAIOT BCEM
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TpeboBaHusAM d()PEKTHUBHOTO TPEICTABICHHUS ATANTHBHON ceTKU. JluHammueckas
CTPYKTypa JAHHBIX MOXET MMETh HeperypHylo (opMy, ¥ KaIbli ee JJIeMEHT
MOJKET OBITh OBICTPO INOOABIICH WIHM yNAJIEH NPH HEOOXOIWMOCTH. JTH CBOMCTBa
HO3BOJIIIOT HaM pa3MeliaTbh B HAaMATH CTOJBKO 3JIEMEHTOB JAHHBIX, CKOJIBKO MBI
MMEEeM Y3JIOB B CETKE, M JIETKO MOAM(PHUINPOBATH CaMy CETKY BO BpEMs PacyueToB.
EnuHCTBEHHBIN HEOCTATOK TAKOro NMPENCTaBJICHHUS — 3TO MEMJICHHBIH JOCTYI K
y3J1aM.

D¢ dexTrBHas peau3anys aJalnTHBHBIX AITOPUTMOB MOAPA3yMEBAET CIEAYIOLIHE
TpeOOBaHUs K IUHAMUYECKOH CTPYKType NaHHBIX: 1) OBICTPBIA JOCTYI K JH000MY
JNIEMEHTY CTPYKTYpbI, 2) OBICTpOE yAajeHWe CTapblX M J00aBJe€HHE HOBBIX
JJIEMEHTOB B CTPYKTYpe, 3) JIMHEeHHas 3aBUCUMOCTh pa3Mepa MaMsTH, 3aHUMaeMOH
CTPYKTYpO#l JaHHBIX, OT pa3Mepa aJanTHBHOW CeTKH, 4) BO3MOXXHOCTb
3¢ }eKTHBHOro pacnapaieIHBaHNs BEIYUCIUTEIHHOTO aITOPUTMA.

Kak Ob110 YIIOMSHYTO BBIIIE, HaH6onee IOAXO0AAIITUM BI)I60pOM T TpEACTaBJICHU
aJanTHUBHOM CETKM sABJIseTCAd JUHAMHUYECKas CTPYKTypa maHHBIX. JlroOyro
aIaNTHBHYIO CETKYy MOXKHO INPEACTaBUTh B BHIE JepeBa WM CBS3HOTO CIIMCKA.
Kaxgas W3 9THX CTPYKTyp HMEET CBOM NpPEUMYLIECTBA M HENOCTAaTKH. [lepeBo
NPEIOCTABISCT OBICTPBIN TOCTYN K CBOMM JJIEMEHTaM, a CBSA3HBIA CIUCOK Ooiee
HOAXOIUT JUIsl OpraHU3alNH IapaUIebHbIX BEIYUCIICHHUH.

B Hamieil paboTe MBI IPEICTABIIIM AJANTHBHYIO CETKY B BHIE KOMOWHAIIMY JepeBa
M CBS3HOTO CHUCKa (cM. pHC. 3), YTO TO3BOJACT BOCIOJB30BATBCA HUX
NPEUMYLIECTBAMH W B3aHMHO HEHWTpanM30BaTh MX HENOCTaTKH. Tak, MBI
UCIIONB3yeM JIepeBO A OBICTPOro JOCTyHNa K HEOOXOAMMBIM Y3J1aM CETKH H
CBSI3HBIN CHHCOK /IS HapaJlIeNbHBIX BBIYUCICHUI. B mocienHeM ciydae CBSI3HBII
CIIMCOK JICJIUTCS HA HECKOJIbKO JIOYEPHHMX CIIMCKOB, KOTOPBIE PAaCHpEIelIsIoTCs
MEX/1y MapajuIeIbHBIMK MPOLIECCOPAMH.

JepeBo — 3TO CTPYKTypa JIAHHBIX, COCTaBJICHHAas M3 3JEMEHTOB, COJICpIKALIUX
yKa3arelid Ha Jpyrue 3JeMeHThl. B aepeBe, UCTIONb3YIOIEeMCs sl IPEICTaBICHUs
OJTHOMEPHOM CeTKH, KaX/Iblil DJIeMEHT UMeeT He Oojiee 2 ykazaTesell Ha 3JIEMEHTBI,
NPE/ICTABIISIONINE Y3JIbl CETKU Ha CJIEYIOLIEM YPOBHE pa3pelieHus. B 1ByxmepHom
U TPEXMEPHOM CIIydasx KaXIbIi 3JEMEHT MMeeT 1o § wiau 26 ykasaTeneidl Ha
JIOYEpPHUE DJIEMEHTHI C 00Jiee BBICOKOTO YPOBHS paspelleHHs, COOTBETCTBEHHO.
[NonoxxeHne NOYEPHUX DIEMEHTOB B TPEXMEPHOM Cllydae IOKa3aHo Ha puc. 4.
CBSI3HBII CHHMCOK MpEACTaBIsIeT COOOHW TpPYMIy 3JIEMEHTOB, BBICTPOCHHBIX B
HEKOTOPO# MocieoBaTeIbHOCTH. Ka bl 2JIEMEHT COAEPKHUT JaHHbIE M CCHUIKY
Ha CJICTYIOIIMH 3JIEMEHT CIINCKA.

Jnsi npencTaBieHUsl JepeBa U CBSI3HOTO CIUCKA B OJHOMEPHOM CIIy4ae MBI
OTpe/IeNiIM TPOM3BOAHBIN THI maHHBIX type Point ... end type Point. Kaxmprii

9JIEMEHT COJEP>KUT HHIEKCHI (i,l), JIEBBIM M TPaBblil yKa3aTelIW Ha JOYEpPHUE
JJIEMEHTHl B JI€pEBE€ U yKas3aTelb Ha CIEAYIOIIMH 3JIEMEHT B CBS3HOM CIHCKE.
VHaeKcsl 2eMeHTa ONpeAesioT ero Mecto B aepeBe (I — ypoBeHb, Ha KOTOPOM
HAaXOJUTCSI DJIEMEHT B IEPeBe, CUNTAs OT KOPHS, | — MHJCKC MO3HLUH dJIEMEHTA Ha
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ypoBHE |) W TONOXKEHWE B IMPOCTPAHCTBE COOTBETCTBYIONIETO y3Jla CETKH Kak

x=i/2". Jlessuit yKa3aTelb CChUIAETCS Ha ONIDKaWIIMK y3el CETKH C YPOBHA
paspemierust | +1, 4psi mpocTpaHCTBEHHAs KOOPJAMHATA MEHBIIE, YeM KOOpJIUHATA
JAHHOTO 3ieMeHTa. [IpaBeIi ykas3aTenb CChUIACTCS Ha ONDKAHIIHMKA y3eN CETKH C
ypoBHSL paspemieHust |+1, 4Yps mpocTpaHCTBEHHas KOOpAWHATa OOJIbILE, YeM
KOOpAMHATa IaHHOTrO smeMenTa. Kaxapri snemeHt thma Point oxHOBpeMeHHO
UMEeT YKa3aTelH, HeoOXOIUMbIC Ui €ro BKIIOUEHHA KaK B JIEPEBO, TaK WU B
CBSI3HBII CIIHCOK, T.€. MBI HE AYyOJHMpYyeM 3JIEMEHTbI — 00€ CTPYKTYpPBI JaHHBIX
COCTOSIT U3 OJHHUX U Te ke deMeHToB. Ha puc. 3 xaxaplil y3en ceTKu 0JHO3HAYHO

UAeHTUUIUPYETCST apon (i,l), KOTOpasl ONpEIEsIeT €ro IOJO0XKEHHE KakK B

JIEpEBE, TAK U B CBSI3HOM CITUCKE.
(5,4) (7,4)(9,4)

Tree

(U-1)
® © 000000 0o 0 o
Adaptive grid

(0 1X1.3) (1 2) (5.4) (33) (7.4) 51 1) (9.4) (53) (3,2) (7,3) (1,0)

Linked list 011 3) -
Parallel list 1 (O—iO—HS!S) T4 (11) 0)
Parallel list 2 (m.ﬂ)
Parallel list3 e—e—e—@

Puc. 3 Ilpedcmasnenue adanmueHoil cemku 8 8Ude 0epe6a U C8s13H020 CNUCKA.

Fig. 3. A representation of the adaptive grid in the form of a tree and a linked list.

Puc. 4 Hexomopuiil a1emenm (mpeyeoibHuK) co cGOUMU OOYEPHUMU dNeMeHmamu (Kpyeu) 8
mpexmepHoMm depege.

Fig. 4. A node (triangle) and its child nodes (circles) in the three-dimensional tree data
structure
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JIByMepHbIE W TpexXMepHbIE CETKH OTIUYAIOTCA OT OJHOMEPHON OJHOW M ABYMS
JOTIONTHUTEIBHBIMA ~ Pa3MEPHOCTSMH,  COOTBETCTBEHHO.  31eChb  DJIEMEHTHI

XapaKTepu3yloTcs Tpemst Wi 4detbipbMs uHaekcamu — (i, 1) B aByxmepHOM
cayaae u (i, j,k,1) B TpexmepHOM ciyuae. JlaHHBIE MHJEKCHI ONMPENEIAIOTCS M3

POCTPAHCTBCHHBIX ~KOOPAMHAT ~COOTBETCTBYIOIUMX y3MOB CeTkdH X =i/2',
y=jl 2' 1 z=k/2". Taxxe kasplii oneMenT coJiepkuT 8 wiu 26 ykaszaTesnei Ha
JIOYEPHHE DIEMEHTHI HAa ypoBHE |+1 B JepeBe M OMMH yKasaTesb Ha CIAEMYIOIHH
JJIEMEHT B CBS3HOM CIIHCKE.

JInst TUCKPETH3alUU MPOCTPAHCTBEHHBIX IMPOM3BOIHBIX HAll MAkeT (OPMHUPYET
KOHEYHO-PA3HOCTHEIE MA0IOHEI 10 8 MOPsIAKa TOUHOCTH BKIIOYUTENLHO. J{JIs 3TOro
CrenranbHas MpOIeAypa MINET DJIEMEHT JepeBa, ONKaUmui K JaHHOMY, |
NPMHUMAET PACCTOSHME 10 HEro B IPOCTPAaHCTBE 3a uar mabinona. Jlaiee
npoueaypa I00aBiaseT B WIa0JNOH BCE HEOOXOAMMBIE COCEIHHME DIIEMEHTHI,
PAcCTOSHME 0 KOTOPHIX KPaTHO WIary ImabioHa. B ciydae AByX u Tpex U3MepeHuit
wa6aoHbl GOPMHUPYIOTCA BIOJb KaXKIOr0 HAIpaBJIeHUs. 3aMETUM, 4TO IA6IOHbI B
pasHBIX HANpaBICHHAX MOTYT WMETh pasHble mard. B Tume Point ma6non
PEJICTABIEH MACCUBOM YKa3aTellell Ha COOTBETCTBYIOIINE 3JIEMEHTBL

I[J'If[ pa6OTI>I CO CTPYKTypaMU OAHHBIX HaM TAKXC HYKHblI BHCIIHHUC CCBUIKH Ha
KOpEHb JiepeBa U Ha MEPBBIM 3JIEMEHT CBA3HOTO CIUCKA. JIMCTUHT mporpamMmsbl s
OOHOMEPHOI'O U TPEXMCPHOI'O CJIYYa€B MPUBECACH HUXKC!:
1. Program listing for the 1D case in FORTRAN
type Child
type(Point), pointer :: ref
end type Child
type Point
integer :: i, |
type(Child), allocatable, dimension(:) :: d_dx
type(Child), dimension(1:2) :: links_ to_the_children_in_the_tree
type(Point), pointer :: link_to_the_next_node_in_the_list
end type Point
type(Point), pointer :: head_of the_linked_list
type(Point), pointer :: root_of the tree
2. Program listing for the 3D case in FORTRAN
type Child
type(Point), pointer :: ref
end type Child
type Point
integer i, j, k, |
type(Child), allocatable, dimension(:) :: d_dx,d_dy,d_dz
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type(Child), dimension(1:26) :: links_ to_the children_in_the_tree
type(Point), pointer :: link_to_the_next_node_in_the_list

end type Point

type(Point), pointer :: head_of the_linked_list

type(Point), pointer :: root_of the tree

6. MNapannenbHas peanu3sayus

JIro60i1 YMCTICHHBIH METOA, NCTIONB3YIOIINN afalTHBHEIC CETKH, BEITIOIHACTCS B IBa
mara: TMOCTPOEHUE aJalTHUBHOM CETKM W YUCJICHHOE pEIIeHHWE MOJENIbHBIX
ypaBHeHmil. Ha o0Oomx miarax BBINOJNHSAETCS MOCICIOBATEIBHOCTE HEKOTOPBIX
omepanuil B KaXI0W TOYKe aJanTHUBHOW CETKU. DTH omepanuud OepyT TeKylIHe
3HAYCHUS THIPOMEXAHMUYCCKUX MEPEMCHHBIX B OJIMKAWIINX TOYKAX CETKH M JAIOT
HOBOE 3HAYEHHUE JJIs JaHHOW TOYKH:

new _

ooV = £(cM, e, c%) k=12,..,n, ?)
rac CEeW nu Cgld — HOBOC U TeI(YH.lee 3HAYCHU FH,Z[pOMexaHI/I‘IeCKOfl HepeMeHHOﬁ

new v
B Touke k. Tak kak PE3yabTaThbl BBIYMCIICHUSA Ck B JTaHHOM TOYKE HC 3aBHCAT OT

AHAJIOTUYHBIX PpE3YyJIbTaTOB B JAPYrux TOYKaX, KaxJaad olepaius MOXKCT
BBITIOJIHATHCA B IapaJlJICJIbHOM PEKUME.

AjanTrBHas CeTKa Kak MHOXKECTBO TOYEK CIYXXHUT 0a3ucoM JUlsl NapajieibHOM
peanu3alyy YUCIeHHBIX MeT0I0B. C IOMOIIBIO OTAENBHON HPOLETypPbl MHOXKECTBO
Y3JIOB CETKU JIENUTCS Ha IOJMHOXKECTBA OJIMHAKOBOTO pa3Mepa, KOTOphIE B
JaJbHEeHIIeM MOTYT OBITh NepeJaHbl MapaIebHBIM MIpoIieccopaM I 00paboTKH.
Torma mocienoOBaTENHHOCTh OIEpAlUil, COCTABISIONAS YHUCICHHBIH alropuTM,
OyZeT BBITONHATHCS KaXIBIM IMapajuIeIbHBIM IPOIECCOPOM Ha BBIACICHHOM eMy
MTOJIMHOKECTBE TOUEK ceTku. Hampumep, ceTka Ha puc. 5 coctout u3 12 y3m0B. Ot
Y3JIBI paCTIPEICISIFOTCS MEXKIY 3 TPOLIECCOPAMH TaK, YTO KaXKIIBIA TIPOIIECCOp MMEeT
4 y3ma. [lanee mpoIieccopsl BHITOTHSIOT TOCIEIOBATENBFHO Omnepayu 1 1 2 TOJIBKO
Ha MIPUHAIISKAIINX UM TOYKAaX, T.. OJHOBPEMEHHO oOpabaThiBaroTcs 3 y3ma. [lis
KaXJI0TO0 y3jla BPEMS BBINTOJIHCHUA OT}IeJ’IbHOﬁ ornepanuu OAUMHAKOBO. Taxxke Y3JIbI
MOTYT 00pabaTbIBaThCsl B J000H mocienoBarenbHOCTH. [loaTOMY pacmhpeneneHue
Y3JIOB MEXJAy MpoleccopamMH IMpou3BojibHO. Hanpumep, Ha puc. 5 y3isl
pacnpezienieHbl 110 IPOIECCOpPaM  IOCIENOBaTeIbHO ClIeBa HampaBoO: IEpBbIil
mporeccop obpadateiBaeT y3ibl 1-4, BTOpoMy MPUHAIIEKAT Y3IIbI 5—8, a TpeTheMy
JocTaroTes mocieanue y3uel 9—12. Ecim Obl MBI pacmpelnenwin Y3Ibsl B JIPYroi
MIOCJIE/I0BATENILHOCTH, 00I1Iee BpeMs: paboThl He U3MEHUIIOCH OBI.

7. MpumepsbI pacyemoes

Msl npuMeHmIH pa3paboTaHHBIA MPOTPAMMHEIA TTAKET K PEIICHHI0 HECKOJIBKUX
¢dusnueckux  3ajad:  JOBIDKEHHE B [OCJIEIOBATENIBHO  CYXKAlOLIEeMCs |
pacmupsitonieMcst moroke (puc. 6), mepeHoc obiaka npuMecu depe3 Tuxuii oxeaH
n3 Kuras B CIIA (puc. 7) 1 mogbeM Kariy ToyryoJia B Boje (puc. 8).
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0711 NPOBedeHUs NAPATIETbHBIX BbIYUCTEHULL

Fig. 5. Distribution of grid nodes among CPUs for the parallel implementation.

JIBrmXeHue B CyXKaroLIeMCs-PacIIUpSIOIIEMcs MOTOKE M B aTMOc(epe ONMChIBaCTCS
OJIHUM YPAaBHEHHMEM aJBEKLIUU MACCOBOM JJOJU HEKOTOPOIO MOAEIBHOIO BEUIECTBA,
KOTOpasi MCIIOJIb30BAJIaCh B KAUE€CTBE BXOJAHOU NEPEMEHHOM IIPOrPaMMHOIO MAKETa
Il TOCTPOEHUS aNanTHBHON ceTku. JIBWKeHHe Kalii Tojyoja B BOJE
ONHKCBHIBAETCSI TIONHOM CHCTEMOH ypaBHEHHMH THUIAPOMEXaHMKH (ypaBHEHHE
Hepa3pBIBHOCTH, ypaBHEHHE UMITyJIbCa u ypaBHEHHE AIBEKIHH
XapaKTepUCTUYECKON (YHKIMHK). AJaNTUBHASL CETKa B 3TOM ClIydae CTPOWJIACh 10
JIBYM II€PEMEHHBIM — XapaKTePUCTHIECKOH (QYHKIIMN ¥ KHHETHYECKOH SHEPTHH.
Puc. 6-8 mnoxa3pIBalOT, YTO ajanTHBHAs CETKa, IOCTPOCHHAs C MOMOUIBIO
pa3pabOTaHHOTO MPOTPAMMHOTO TIaKeTa, MOAPOOHO pa3pemaeT YYacTKH, IJe
THIPOMEXaHUYECKUE TIEPEMEHHbIE IPETEPIEBAIOT PE3KHe H3MEHEHUs (BHYTpH
obyaka TpUMeCH M Kalllh), W HCIOJb3YeT KPYNHBIM IIar MeXIy Yy3JlaMH B
OCTalIbHOM 00JacTH. AJanTHBHAS CETKa MMEET MUHHMAJIBHO BO3MOXHBIH pa3Mep
(Ha 3—5 MOPSAAKOB MEHBIIHH, YeM KBHBAJICHTHAS € OJTHOPOJHAS CETKa), IPH ATOM
OHA JIOCTATOYHO BEJHMKA, YTOObl YUYMTHIBATH BCE BO3MOJKHBIE IMHAMHUYECKHE
W3MEHEHHS B TIOTOKE M HE BHOCHUTH KakuX-MHOO wnckaxeHuid. Hampumep,
YHCJICHHBIE 3KCIIEPUMEHTHI IIOKAa3aJM, YTO IOCTOSIHHAS IEPECTPOIKA CETKU B XOAE
pemieHns MPUBOANT K KpaifHe HE3HAUHTEIbHOM OMMOKEe B COXpaHEHHH MacChl, He
peBocxoismIeH mo xoay pacuetos 0.02%.

JleTanbHBI aHanMW3 JBYXMEPHOTO JIBWXEHHsS oOnaka mpumeced Han Tuxum
OKEaHOM MOKeT ObITh HaiimeH B [15]. AHanu3 TpeXMepHOTO IBWXEHHS 00JaKa
npuMecei B aTMocdepe U IBIKEHHUS KAk TOIyoja B BoJe OyAeT OImyOIMKOBaH B
HNOCJIEAYIOLUX CTaThsX.
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Fig. 6. Evolution of (a) a plume and (b) the corresponding adaptive grid in the convergent-
divergent flow at different time moments (1), (2), (3).
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Fig. 7. Pollution plume transport over the Pacific Ocean in the free troposphere on May 1,
2001 (the upper panel) and the corresponding adaptive grid (the lower panel).
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Fig. 8. Evolution of a toluene droplet rising in water. Here the droplet and the corresponding
adaptive grid are shown for the initial time moment (1) and some intermediate time moment
(2) in the left and right panels, respectively.

8. 3aknroyeHue

MBsI pazpaboTany MporpaMMHBIH MaKeT JUIs CO3JaHus OHO-, IBYX- U TPEXMEPHBIX
a/IalTUBHBIX CETOK. AJaNTalys OCHOBaHA HA TEOPUH BEHBIICTOB M OCYILECTBIISIETCS
yepe3 pa3lIOKeHHE OJHOM WM Oosiee THIPOMEXaHHMYECKHX MEPEMEHHBIX B DAl
BeiiBNIeTOB. B KOMIBIOTEpHOH NaMsATH TOCiEe IOCTPOCHMS aIalTHBHAs CeTKa
NPE/ICTABISsIETCST B BUJIE KOMOMHAIMM JABYX PAa3HBIX JWHAMHYECKHX CTPYKTYD
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JAHHBIX — JiepeBa U CBA3HOTO crucka. COBMECTHOE MCIOJIB30BAaHUE ABYX CTPYKTYP
JAaHHBIX TIO3BOJISIET IOJJICP)KUBATH COOTBETCTBUE MEXKIY IPOCTPAHCTBEHHOM
CTPYKTYpO#l CeTKM M ee NpOrpaMMHBIM IpEICTaBICHHEM, NP HEOOXOIUMOCTH
MONMy4aTh OBICTPBIH  JOCTYm K J000H Touke ceTkn W APPEKTHBHO
pacrnapauieiuBaTh BHIYNCICHUSI.

[IporpamMmHBIH MakeT ObUT MPUMEHEH K MOAEIHPOBAHNIO HECKONBKHX (HH3MYECKUX
npo6sieM. BeIo mokasaHo, 4TO aganTHBHAsS CETKA, MOCTPOCHHAS HAIIUM ITAKETOM,
MO3BOJISIET MOJYy4aTh YUCIEHHOE pEIIeHHEe XOPOUIero KauecTBa U IPH 3TOM
HOJIEPKUBATh pa3Mep CETKU Ha MUHUMAJIbHO IPHEMIIEMOM YPOBHE.
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Abstract. In this paper, we present a software package for the construction of an adaptive
finite-difference grid by expanding physical variables into a sparse wavelet series. Some
technical details of the program implementation are given. In particular, we describe data
structures used for the grid representation in computer memory and tools for organizing
parallel calculations on the adaptive grid. Also the results of several numerical simulations
involving the developed package are shown.
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