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Increased Noise Immunity Signal 16-QAM Constellation with Transformed

Currently, the television standard DVB-T2 to improve noise immunity, it is recommended to use a model of the signal of a quad-
rature manipulation transformed constellations diagrams obtained by turning all points of the signal constellation at the same angle.
As a result of applying this procedure, each point of the signal constellation receives independent coordinates, which give the op-
portunity for the receiving end to restore the position of the signal vector constellation charts even for one coordinate, and thereby
improve the robustness of the procedures demodulation. When this recommended standard DV B-T2 transformation does not change
the energy parameters of the model signal design, and increased robustness is achieved only by obtaining independent of the co-
ordinates of each point of the signal constellation.

In the paper, the rotation vectors of the signal constellation various quadrants constellational chart to make different angles,
which will improve the energy parameters of the signal model QAM- 16 in terms of noise immunity. Presents the results of a study
aimed at developing a model for such a signal, determines the noise immunity by which to evaluate the developed model and the

model with transformed constellation in accordance with the standard DVB-T2.
Keywords: immunity, constellation diagram, vector signal constellation, quadrature amplitude modulation
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ITapannenbHblid METO CTPYH A YHCJAEHHOIO pelieHHs
HeJMHEHHbIX 32124 TENJIONPOBOJAHOCTH

IIpedcmaener cnocob opeanu3ayuy NAapaitesbHbixX GbIMUCAUMENbHBIX NOMOK08 045 PelleHUs HeAUHelHbIX 3a0a4 Hecmauuo-
HApHOU MenaonposoOHOCMU HA OCHOBe pa3padomMaHHo20 paHee Memooa cmpyH. B memoode cmpyH ucnoab308aH HOBbLI ANe0PUMM,
npu Komopom YpaeHeHUs: 8 YaCMHbIX NPOU3BOOHbIX C8e0eHbl K IKBUBANCHMHOU cuchmeme uHmeepanvHulx ypasuenui. Ilpusedena
CMPYKMYPHAS CXeMA 8bIMUCAUMENbHBIX NOMOKOE U NOKA3AHO, Ym0 HAUOOAbUEee KOAUHeCmB0 NPOUEcco8 Modcem Oblmb Opeanu30-
BAHO 6 cayuae, K020a 6 Kaxcoom nomoke peuiaemesi 00HO UHmMe2panvioe ypasHenue. UnmeepaivHoe onucatue, aexcaujee 6 0CHO8e
napainenvHoeo nooxooa, no3eoasem He moavbko bonee 3ghheKmusHo modeauposams npoyeccsl menionepedadil, NOOAGASIS OCUUL-
AAYUOHHLU XapaKkmep NoeedeHus peuleHUs 8 cayyae 00AbIUUX epA0UeHmo8 memMnepamyp, Ho U echmecmeeHHbIM 00pazom y4umol-
8amMb MEHAWUECS C MeYeHUeM 8peMeHlU menioguuyeckue xapakmepucmuxu uzoeaus. Ilpoeedenvr mecmoesvie pacuemst 045 MO-
OeavHoU 3a0a4u U NOKA3AHO, YMO 3HAYUMENbHAs dPHeKmUEHOCMb areopumma modxicem Obims docmueHyma 04 3aday 60460l
PA3MEPHOCIU U 6 CAYYae UCNOAb308AHUsL MHO2ONPOUECCOPHOU MeXHUKU (8Kaiouas epaguueckue naamot). Pazpabomannuiii areo-
pumm moducem 6bimov NpUMEHeH 045 pacuema memnepamypHbix noaell 8 MUKpOmeesax, npu mepmuleckoli oopabomke 3a20moeoK
U3 JHCAPONPOUHLIX cmanell, a makice npu GoPMOBAHUN U30eAULl U3 Npenpeeos 045 ABUAUUOHHOU U PaKemHOU NPOMbIUACHHOCU.

Karouegvie caosa: uuciennoie Memoabl, napannenbHovle blMUCAeHUA, nPpOocpAMMHbLE cpeacmea, MO@E/ILI[)OBCIHM@, YpaeHeruA
memzonpoeoaﬁocmu, UHmeezpa/ibHble YpAaeHeHUs, mo4YHOCNb BbIMUCACHULL
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BBenenne

IIupokoe npuMeHeHEe BEIUMCIUTETbHON TEXHUKU
IIPU PeIIeHNH TIPaKTUUECKH BasKHBIX 3aaq 4yacTo Ciep-
>KUBAETCST CJIOXXKHOCTBIO TPUMEHSIEMBIX aJITOPUTMOB U
3HAUUTEIbHBIMU BpeMEHHBIMU 3aTpaTaMu. B yacTHO-
CTH, 3TO OTHOCHUTCSI K MOIETMPOBAHMIO pa3HOOOpa3-
HBIX TEXHOJOTMYECKUX IMPOLIECCOB, BKJIIOYasl Takue,
Kak TepMuyeckass oOpabOTKa MeTalJIoOB M CILIaBOB,
KOTOpPbI€ UCIIOJB3YIOTCSI B METAJUTYPTUM, a TaKXe TPU
HAHECEHMU XKapOIIPOYHBIX ITOKPHITUI B aBUALIMOHHOM
MPOMBILIEHHOCTH. 3HAYUTEJIbHO YMEHbBIIUTh BbIYMC-
JINTEJIbHBIC 3aTPaThl TIPY YMCICHHOM pellleHWHU 3amad
MOZIEIMPOBAHUS TTO3BOJISIET MIPUMEHEHHE KaK MHOTO-
MPOLIECCOPHBIX KOMILJIEKCOB, TaK M pa3paboTKa crie-
LIMAJIM3MPOBAHHBIX MHOTOIOTOKOBBIX BbIYMCIUTEIbHBIX
MpoLeayp, OPraHM30BaHHBIX Ha rpadUuecKux yCcKo-
purensix (rpadudeckux 1miaarax). HecMoTpst Ha To 4TO
napajieJIbHbIM BBIYUCICHUSIM TIOCBSIILIEHO OOJIbIIIOE
4yucto pabor [Harpumep 1—6] v u3BecTHa OOILAst CTPYK-
Typa UCMOJb3YeMbIX MPOrpaMMHBIX CPEACTB, YacTo IS
KaxJ0i KOHKPETHOM 3a/1aui HEOOXOAUMO TTPUMEHSITh
COOCTBEHHBIN YHUKaAJIbHBIN IpueM. Eciau paccMmaTtpu-
BaTh YpaBHEHUS B YaCTHBIX MMPOU3BOAHBIX, TO MPUME-
HEHUE TPOCTHIX SIBHBIX CXEM ITO3BOJISIET JTOCTaTOYHO
3(PeKTUBHO NIPOBOAUTH pacliapalieIMBaHUE BbIYMC-
JIMTEJIbHOTO Tpoiiecca [2] (reoMeTpuyecKuil mapaie-
JIN3M), OJJHAKO MpU OOJBIINX BPEMEHHBIX ITPOMEKYTKaX
3/1€Ch CTOUT BOMPOC O TOYHOCTU TMOJydyaeMbIX pe3ysib-
TaTOB, KOTOPKII CBSI3aH CO CXOAVMMOCTBIO MPSIMBIX CXeM
(B ogHOMEpPHOM cjyyae — aHajor meroaa Diijepa).
Ecnu xe 3amaya siBisieTcsl HEJIMHEWHOM, HANpUMED,
KOTZa XapaKTepPUCTUKU CpPeabl 3aBUCIT OT MCKOMBIX
BEJIMYMH (B JaHHOM CJlyyae TeMIlepaTyphbl), TO BO3HU-
KaeT HeoOXOIMMOCTb OpPraHM30BBIBATh pa3IUYHbIC
UTepalMOHHbIe TIpolieaypbl. [IpuMeHeH e SIBHBIX CXEM
B OTOM cCJlyyae MpakTUYeCKM HEBO3MOXKHO WU MpU-
BOJUT K CJAUIIKOM OOJBIIMM MOTrpelrHoCTIM. Takum
o0pa3oM, pelleHHe HEIMHEHHBIX (10 TeIiogu3nye-
CKHMM XapaKTepUCTUMKaM) 3aJay TeII0NpPOBOIHOCTU
MPUBOAUT K HEOOXOAMMOCTU MCIOJb30BaTh pa3iny-
HbIE HESIBHBIE CXeMBI, KOTOphIe, KaK U3BeCTHO [1—4],
IUTOXO MOJIAIOTCST pacnapaieIMBaHUIO.

BOdheKTUBHOCTL pacHapauieIMBaHus 00yCIOBIeHa
HE TOJbKO BO3MOXHOCTBIO OpPraHM3aluy OOJBIIOTO
Yyycla HE3aBUCUMbIX BBIYUCIUTEIbHBIX TOTOKOB, HO U
BO3MOXHOCTBIO KaX/I0r0 13 MOTOKOB Haubosee paBHO-
MEPHO 3arpy3UTh BEIYMCIUTEILHBIE MOIITHOCTU — TaKOe
CBOICTBO Ha3bIBaeTCsl COATAHCHPOBAHHOCTBIO Mapaj-
JIeJIbHOTO ajroputrma. JApyrumu cioBamMu, OpraHu30-
BBIBAaTb BBIUMCJICHUSI HEOOXOIMMO TaKHWM 00pa3oM,
YTOOBI KaxKIblli MPOLECC 3aHUMaJl MO BO3MOXHOCTH
OJMHAKOBBINM MPOMEXYTOK BBIYUCIUTEILHOTO BpeMe-
HH, TaK KaK OYEBMIIHO, YTO BpeMsI BBHITIOJIHEHMS BCE
3aayy HE MOXET OBbITb MEHbIIIEe, YeM BpPEMS BBIIOJI-
HEHUsI caMoil TpyaoeMKoil u3 moazanad. J[oBOJbHO
4acTo BBIMTOJIHEHUE 3TOTO YCIOBUS 3aBUCUT HE TOJIBKO OT
MIPUMEHSIEMBIX YUCJIEHHBIX AJITOPUTMOB, HO U OCOOEH -
HOCTEM KOHKPETHOM BBIYUCIUTENLHON 3a1a4u |5, 6].

Kpowme 3T0ro, UCrojib30BaHUE CIMIIKOM OOJIBIIOTO
qyucsa BBIYMCIUTENbHBIX MTOTOKOB YIIMpPAeTCs B IPO-

OJieMy CUHXpOHU3ALMKU U Oydepuszau JaHHbIX, IPU
KOTOpO# mepenaya uHGopMay MoxeT IoTpedboBaTh
COITOCTAaBMMbIX BPEMEHHBIX 3aTpaT MO CPaBHEHUIO C
peleHueM OTHeNbHON Moa3amgayu. TakuMm obpasoM,
JKeJIaTeJIbHO, YTOOBI MTPUMEHsIEMbIC aJlrTOPUTMbI 0bec-
MEeYUBAIM JOCTATOUHYIO (MHXXEHEPHYIO0) UYMCJIEHHYIO
TOYHOCTb MPU OrPaHUYEHHOM KOJIMYECTBE BBHIYMCIIU-
TEJABHBIX ITPOLIEAYP.

Bce aTu mpobsieMbl OCTPO CTOSIT U MPU TOIBITKE
CMOJIEIMPOBATh MPOLIECCHI PACITPOCTPAHEHUS TETUIOTHI B
MPOCTPAHCTBEHHO TMPOTSIKEHHBIX UM T€OMETPUYECKU
CJIOXKHBIX HEOAHOPOIHBIX OOBEKTaX, TeIIO(hU3NUECKUE
XapaKTEePUCTUKN KOTOPBIX 3aBUCSIT OT TeMIIepaTyphbl
(K aTOMY KJ1acCy OTHOCUTCS, HAIIpUMep, U KJIacCUUYecKast
3amada Credana). He ciryyailHO HOBbIE MOAXOABI IJIsT
pelIeHNsT TAKOTO poja 3afad BhI3BIBAIOT MTPUCTATBLHBINA
nHrepec. Hanpumep, B HanmmonansHoM LleHTpe npume-
HeHUsI cynepkoMnbloTepHbIX BbrunciaeHuit (CILA, yHu-
BepcuteT MuHorica http://www.ncsa.illinois.edu/) cre-
LIMATBHO BBIICIICHBI BBIMMCIUTEIBHBIE PECYPChl  TIOM
npoekT "TIpssMoe yncieHHoe MoIeIMpoBaHue MpolLiec-
COB TeIuTonepeaayn B cpelie KUAKOCTh — TBEPIOE TEJIO
Ha ocHOBe MHoro4yactuyHoi monenu” ("Modeling fluid-
solid heat transfer using particle-resolved direct numerical
simulation”, Shankar Subramaniam, Iowa State University).

Kax u3BectHo [7, 8], B OCHOBHOM YMCJIEHHBIE aJl-
TOPUTMBI pPellleHUs 3a1a4 TeIIOIPOBOTHOCTH OTPaHM-
YUBAIOTCS TIPUMEHEHHEM Pa3TMYHBIX MOTU(UKAIIIIA
MeTo/1a KOHEUHbIX ajieMeHTOB (MKD) u MmeTonamu ko-
HeuHbIx pazHoctedt (MKP). [TpuMeHeHue 3Tux MeToI0B
MIpY pelIcHUN HECTAIMOHAPHOM 3amauyil TETUIONPOBOI -
HOCTH Ha MEJKOMACIITAaOHOM CETOYHOM pa30HMeHUH
JUIT TIPOCTPAHCTBEHHO TIPOTSKEHHBIX TPEXMEPHBIX
00BEKTOB TIPUBOAUT K OOJNBIINM BPEeMEHHBIM 3aTpa-
taM. K TakuMm 3amayaM MOXXHO OTHECTH, HaIlpUMep,
MIPOIIECCH TETUIOBBIACICHUS B SOEPHBIX peaKTopax U
MMKPOTBEJIaX MPU MX SKCIUTyaTalliu, a TakKKe TepMU-
YeCKyI0 00pabOTKy 3arOTOBOK M3 SKAPOIIPOUYHBIX U 3KapO-
croiikux criaBoB [10] unm mpouecchl (hopMOBaHMS
Harpyxaembix U3neauit (pro3enska U KpbUlbeB) U3 Tpe-
TIPETOB B aBUAIIMOHHOM TPOMBIIIIEHHOCTH. B manHOI
paboTe paccMaTpuUBaeTCsI 3amada 3HAYUTETBHOTO YMEHb-
IIEHWST BEIYUCIUTETEHOTO BPEMEHH TIPU PEIIICHNH Ta-
KOTO pojia 3a1ay IyTeM OpTaHn3aliy cOaTaHCHUpOBaH-
HOW MHOTOMNOTOKOBOW BBIYUCIUTEIBHON MPOLIEAYPHI
Ha OCHOBE MHTErpajbHoOro "mMeroma cTpyH" [9].

Opraausanyus napajijieabHbIX BbIYACIEHHI

B METOJAE CTPYH

HuddepeHunaabHble YpaBHEHUSI TEILJIOIIPOBOIHO-
CTU 11 HEOAHOPOAHBIX Cpell C U3MEHSIIOIIUMMCS Te-
TUI0O(U3NYECKMMU XapaKTePUCTUKAMU, KaK U3BECTHO,
MMEIOT CIAeAYIOLIUK BUI (IBYMEPHBI ciy4aii):

ou 0 ou 0 ou
— ==k =+ =2k = +gq:
PG = SRWEF ShWF +a;

u(x, y, 0) = £(x, ); (x, ¥) € @ (1
My e ) = "o
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roe u = u(x, y, t) — pacrnpeaeaceHue TeMIIepaTypHOro
noJist; f(x, y) — HadyaJlbHOE paclnpeneyeHue TeMmnepa-
Typ; cp(#) — MpOU3BENEHUE YASTbHON TEIJIOEMKOCTU
1 TUIOTHOCTM MaTepuaa, 3aBUCSIINE KaK OT TeMIIe-
patypel, TaK W OT IIPOCTPAHCTBEHHBIX KOOPIAWHAT;
kx’ y(u) — K03(pPULIMEHTHI TEIJIOMPOBOJIHOCTH IO CO-

OTBETCTBYIOILIMM OCSIM, TaKKe 3aBUCSIIME OT TeMIlepa-
Typbl; Q — 00JacTh peleHus 3aaauu; I'(Q) — rpaHuy-
Hasl IOBEPXHOCTh; W = W(f) — 3aBucsLIME OT BpeMe-
HM TUIOTHOCTM TETLIOBBIX TTOTOKOB Ha IpaHULIE 00JIACTH;
q = q(x, y, t) — (yHKUMS TUIOTHOCTU pacIipeaeeHUs
TETUIOBBIX UCTOYHUKOB.

HMckoMbiMU (PYHKUMSIMUA B MHTETPaAJIbHBIX YpaBHE-
HUSIX METOJa CTPYH [9] SIBJSIIOTCSI ¢ TOYHOCTBIO A0 aj-
TUTUBHBIX (PYHKIWM MTPOU3BOIHBIE OT TEIJIOBBIX IMO-
TOKOB MO COOTBETCTBYIOLIMM HampaBjieHUsIM ((pyHK-
mn S, 1 S, ):

[ {Fx(é, », 1) X

g x(»)
X J. Sx(&]’ Vs t)dE.:l - Ix(is Vs t) J. SX(E)], s Z‘)d§]:| =
x(») 3

(iy,) (&y,)

= w0 p) [ 2GR0 ) — oy [0

xX*(y) xX*(y) ()

(9000 SR
Feotny @ Meptuy

—Uy(x, y) —
try(x) -1
- j{ ICP(U)dﬂ} X
0L y(x)

y(x)
x {— [ Sy<x,n,r>dn—wy<r>+»_vy<r>} d; Q)
y(x)

(X Y, 17) y d B n
g cp(u) ] _(Tl_{’y(xm,t) | Sy(x,nl,t)dnl_
v »()

y(x)
B Zy(xa n, t) j Sy(x, ulp t)dnl:l =
n
’ y
~ o) D gy g AT

y¥(x) k(1) y¥(x) k()

LS. (x, . 7) e —
Fow ¢

_ g g
uy(x, y) (j) () dt

trx(y) -1
- j{ JCp(u)dé} x
0L x(y)

x()
x {—j S(& ), r)dé—Wx(r)+wx(r)} dr, (3)

x()

rae
x(»)
re(x, y, 1) = Cp(u)d?; / [ ep(u)dg;
X(y) X(»)
x(y) x(»)
Fo(x, p, 1) = Cp(u)dé / [ ep(u)dg;
x(y)
50 @
(X, p, 1) = Cp(u)dé / [ ep(u)dE;
y(x) y(x)
y(x) y(x)
T,y 0= | cp(u)dé/ | cp(u)dE.
y (%)

Ecnu pemieHue cucteMbl ypaBHeHui (2)—(3) Haii-
JICHO, TO TeMIIepaTypa MOXKET ObITh BbIYMCIEHA ITyTEM
MIPOCTOTO MHTETPUPOBAHUS MCKOMBIX (DYHKITUIA:

— + q(x y: T) —+
ux, y, 1) = up(x, y) J Jepx y’T)dr
! ! x(y)
Sx(x,y,r)d N {

-1
j— T j _[ Cp(as%'f)dé:| x
Ocp(x7 y,‘c) oL x(»)

x(y)
X {— [ Su(E y, 1)de—w (1) + v_vx(r)} dv +
x(»)

£S5, (%, . 1)

y(x) -1
ICp(x y,r) J[ [ epx,m, f)dn} X

0L y(x)

yx)
x |:_ _[ Sy(x’ n, T)dn_wy(r)+LVy(T):| d’t' (5)
Y(x)

Kak 6b110 moKa3aHo paHee, MPUBEACHHAs CUCTEMA
WHTErpaibHbIX YpaBHEeHUH (2)—(3) MOJHOCTbIO 3KBU-
BajJieHTHa auddepeHInaJIbHOMY YPaBHEHUIO TEILIO-
npoBoaHocTu (1).

Bo3MoXXHOCTM OpraHM3aliMii HECKOJBKHX TMapai-
JIJIbHBIX BBIYMCIUTENbHBIX MMOTOKOB CBSI3aHbBI C BO3-
MOXHOCTSIMU PELLIEHHUs] CUCTEMbI MHTETPaJbHbIX YPaB-
HeHuit (2)—(3). 3aMeTuM, YTO CTPYKTypa KaxKjaoro u3
ypaBHEHMI, BXOISIIIUX B CUCTEMY, SIBJISIETCS] OAHOTUII -
HOI, U MO3TOMY JJII UX PELIEHUs] €CTeCTBEHHO MC-
MOJIb30BaTh €AUHbIN aJITOPUTM, OOECTIeYnBaIOILIUIA pe-
LIEHWE OTAEJIbHOTO YPaBHEHUSI CUCTEMBI.

[ns pacnapanienvBaHus BbIYUCICHUIN ObUT TIpea-
JIOXKEH CHeAYIOIIM aaropuTM: eciu MpaBble YacTU
ypaBHeHM (2) u (3) cunTaTh 3aJaHHBIMU U3BECTHBIMU
(byHK1IMAMU, TO, KaK BUTHO U3 CTPYKTYpPhI MPEACTAB-
JICHHOI CHCTEeMbI, OHa pacnaaaeTcs Ha CUCTeMy He3a-
BUCUMBIX ypaBHeHMIA. TakuM oOpa3oM, KaxKa1oe UHTe-
rpajibHO€ YpaBHEHUE MOXET ObITh PEIlIeHO He3aBUCH-
MO OT OCTaJIbHBIX YPaBHEHUI, YTO 1 TO3BOJISIET Opra-
HU30BaTh COOTBETCTBYIOILIEE YMCIO BbIYUCIUTEIbHBIX
MOTOKOB (B KaX/IOM U3 KOTOPBIX PEILIaeTCs] OAHO WH-
TerpajbHoe ypaBHeHMe). Ilociae TOro Kak pelieHus
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KaXJ0r0 U3 ypaBHEHUIN HaWIEHBI, BBIYMCISIIOTCS HO-
BbI€ MTpaBbl€ YaCTU CUCTEMbI U MPOLIEAYypa MOBTOPSIET-
cs. biok-cxeMa OoNMMCaHHOTO 3[€Ch aropuT™Ma Mpen-
cTaBjieHa Ha puc. 1 (CM. TPEThbIO CTOPOHY OOJIOXKKH).
DTOT AITOPUTM yKe T10 MepBOHAYATILHOMY 3aMbICITY
MpeACTaBIsIET cOO0M UTEPALIMOHHYIO MPOLIEAYPY, KO-
TOpas AOJDKHA CXOJIUTBCS IS TOTO YTOOBI YAOBJIETBO-
pSUTUCh COIMIAaCOBAaHHBIE YCJIOBMS IO PaclpoCTpaHe-
HUIO TEIJIOThl MO KaXIO0W M3 KOOPAMHATHBIX OCEM.
ITosToMy mpencraBisieTcsi 3aKOHOMEPHBIM MCITOJIB30-
BaTb 3Ty XX€ WTEpPALlMOHHYIO TpOLEeaypy U IS ydyeTa
MEHSIIOIIMXCSI ¢ TeYEHUEeM BpeMeHM Tersiopusnye-
CKMX XapakTepucTuK. Takum oOpa3om, npeajaraeMblii
aJITOPUTM TPECTaBISIET COOON BITOJIHE €CTECTBEHHYIO
0agzy Juisl pellieHUs] HeJIMHeWHbIX (Mo Tersiodusnye-
CKMM IMapameTpaM) 3a1a4 TeIUIoNpoBoaAHOCTA. OTMETUM,
YTO pellieHUe MPOCThIX JUHEUHBIX 3aa4 TETUIOMPOBO/I -
HOCTH XOPOLLIO BBIMOJIHSETCS U3BECTHBIMU METOIAMMU,
a MCIOJIb30BAaHWE MHOTOMPOLIECCOPHBIX WJIM MHOTIO-
MOTOKOBBIX aJrOPUTMOB ONMPaBAAHO UMEHHO TIpU yC-
JIOBUM MX HEJIUHEHHOCTH, KOIJa IpYyrue BBIYMCIIU-
TeJIbHBIE CXeMbI He 0CO0eHHO 3((EKTUBHBI. DTO CBSI-
3aHO C TE€M, YTO pelleHue OTAEIbHOTO UHTErPaJbHOTO
ypaBHEHMS, KaK MpaBUo, TpeOyeT OOJbLIMX BHIYMC-
JIMTEJIbHBIX 3aTpaT MO CPaBHEHUIO C 3aTpatamMu MNpu
pellieHUU nuddepeHInaATBHOTO YpaBHEHUS.
JlonoMHUTEIbHBIM MPEeUMYIIECTBOM METO/Ia CTPYH,
KpoMe, KaK YKa3aHO BblllI€, BO3MOXHOCTU MPOBOJIUTh
napajJiesbHble BBIUMCICHUS, SIBASETCS UMEHHO UX MH-
TerpajbHas (popma, MO3BOJISIIONIAST OLIEHUBATH TOUHOCTh
BBIYMCJIEHUI T10 TeKyllel (PYHKLIMU HEBSI3KU. DTO MO-
KeT ObITh aKTyaJIbHbIM TIpU PEIIEHUN 3a1ay, B KOTO-
PBIX pacnpeesieHrne TeMrepaTypHbIX MOJIeil SIBIsIeTCs
KPUTUYECKMM, NPYTMMHU CJIOBaMH, B 3amayax, Koraa
MEHSIIOIIMECS] CO BpEMEHEM TeMIlepaTypHble PEXMMBbI
WMEIOT MEPBOCTENEHHOE 3HAYEHUE U BIIMSIOT Ha 3KC-
TUTyaTallMOHHbIE XapaKTEPUCTUKU KOHEUHOTO MU3MEUS.

TecTupoBanue Meroaa

dnsa apdexTuBHOrO pelleHus UCXOTHOW 3aaayu,
KpOMe BO3MOXKHOCTH TPOBEACHUS IMapasiIeIbHBIX BbI-
YUCJIEHUI, 3HaUeHE UMEET U BBIOOP METO/IA pELlIeHU ST
OTIEJILHOTO MHTETPaIbHOTO YpaBHEeHUsI. B mutepaType
[Hanpumep, 5, 6] nMeeTcs onuMcaHre JOCTATOYHO OOJIb-
IIOT0 Yucja aJropuTMOB PEIIEHUSI MHTEerpajibHbIX
YPAaBHEHUM, HATIpUMEDP METOJ KOJUIOKALUN U METOL
TlanepkuHa [8], mMo3TOMYy B JaHHOW paboTe OCTaHO-
BUMCSI UMEHHO Ha aHaJIu3e MPeaoXKeHHOIo alropuT-
Ma pacrapajuleJIMBaHus 111 METOoIa CTPYH.

Bpewms peliieHus Bceil 3amauu, Kak ObLJIO OTMEYEHO
BbIllIEe, OIMpeaesseTcss BpeMeHeM pellleHus1 Haubosiee
TPYAOEMKOW W3 IOA3aAay, BbIMTOJIHSIEMbIX B OTAEJ]b-
HOM BBIYHC/IUTEIbHOM IMOTOKe. Ha puc. 2 (cM. TpeTbio
CTOPOHY 00JIOXKKM) MOKa3aHO CETOYHOE pa3bueHue u,
COOTBETCTBEHHO, 3JIEMEHTapHbIe OTPE3KU — "CTPYHBI",
Ha KOTOPBIX 3aJaHbl MHTETPaJIbHBIC YpaBHEHM. MOXHO
3aMETUTh, UTO €CJIU 00J1aCTh UMEET CI0XHYIO KOH(PU-
rypauuio, TO YUCIO y3JI0B B "CTpyHe" MEHSIeTCS B 3a-

BUCUMOCTU OT BbIOpaHHOTO ceyeHusl. OYeBUIHO, YTO
HaunOOoJIbIIIee YMCIIO Y3/I0B OyAeT coaepKaTh Hauboiee
MPOCTPAHCTBEHHO MPOTSIXKEHHasi "cTpyHa", W, Cleno-
BaTeJIbHO, UMEHHO MJI Hee pellicHUe MHTErpajbHOro
ypaBHeHMs1 OyneT HauboJjiee 3aTpaTHBIM C BbIYMCIIM-
TEJIbHON TOUKU 3pEHUsI.

751 TecTUpOBaHUSI OMMCAHHOIO BbIIIE aropyuT™Ma
ObL1a BhIOpaHa IIpeACTaBIeHHAs Ha pUC. 2 00J1acTh, KO-
Topasi ObL1a anmnpokcuMupoBaHa 12 X 10 = 120 crpy-
Hamu. OUYEeBUAHO, YTO MUHUMAJILHOE BBIYMCIUTEIHLHOE
BpeMsI IIPU pellleHWU OymyT MMEeTh 3aJauyu ISl CTPYH,
COCTOSILIMX U3 TPeX TOUEK, a MaKCUMaJIbHOE BpeMsl —
IUTST CTPYHBI, cocTosiiieit u3 10 Touex. st mpuBeaeH-
HOTO TIpUMepa O0Ilee YMCIO MHTETPAIbHBIX ypaBHE-
Huii coctasiset 120.

s pellieHUs: MocTaBAeHHON 3aa4M HalMcaHa Mmpo-
rpamma Ha s3bike Visual C++, B KOTOpO#l Ha KaxXmoit
UTepaluy ObUIO OpraHn30BaHO 120 BEIYMCIUTEIHLHBIX
MOTOKOB (B OAHOM ITOTOKE pellaJioch OJHO MHTE-
rpajabHOe ypaBHeHMe). Teruiopusndeckre napamMmeTphl
ObUIM 3aJaHbl B BUJIE TOCTOSTHHBIX 3HAYEHUIN U C Te-
YeHHEeM BpeMEHU He MeHsuiMch. PacyeThl mpoBomuIu
Ha obbsruHOM IIK, mpu 3TOM Bpems pelleHusl cocTa-
Bujo meHee 10 c. DTo cBs3aHO C TeM, YTO NMPU BbI-
OpaHHOM pa3OMEeHUM KaxXJ10e WHTerpajibHOe ypaBHeE-
HUE TIPUBOIUIIO K CUCTEME, COCTOSIIEH MEHee YeM U3
10 MuHeNHBIX anreOpanvyeckux ypaBHeHui. Yuciao ure-
pauuii, obecreynBalolIMX TOYHOCTh He MeHee 1 %,
coctapisiio 30—50, B 3aBUCMMOCTH OT OTpe3Ka. s
CpaBHEHUSI CKOPOCTH pellieHusI ObITA MPOBEACHBI pac-
YeThl C MCMOJb30BAHMEM OIHOTO BBIYMCIUTEIBLHOTO
ITOTOKA, B KOTOPOM ITOCJIEIOBATEIHHO PEIIAINCh TE XKe
120 ypaBHeHuii. PacueTHOe Bpemsi B 3TOM ciiyyae co-
crasysuio 20 c.

OTcioga MOXHO CIeNaTh BBIBOI, UTO JJIs 331a4 He-
00JIbIION pa3MEPHOCTU, KOTJa BpeMsl pelleHUs Kaxk-
JIOTO OTIEIbHOTO MHTErpajbHOrO YpaBHEHMSI HE TakK
BEJIMKO, BEIMTPHIII pacrapajie/IMBaHMS MOTy4aeTCsT He-
3HAYUTEJIbHBIM — BCEro JIMLIb B 2 pa3a. DTo CBSI3aHO
Kak C TeM, YTO BCE BBIUMCIICHUS BHIMOJHSIN Ha OMTHOM
TIpoIieccope, TaK U C OOJBIIMMK BpeMEHAMM 110 BBIIC-
JIGHUIO MaMsITU U Oydepusaliy JaHHBIX 110 CPaBHEHUIO
C BpeMEHEM pellleHusI OTAeJbHOI 3amayu. Iloatomy
3HAUUTENBHOrO 3(heKTa MPUMEHEHUS TPEITOKEHHOTO
aJropuTMa MOXHO OXWJATh JHILb IS TPYAOEMKHUX
3a/1a4y Ha OOJIBIIMX CETOYHBIX Pa30MEHUSIX, KOTIA YUCIO
TOUYEK MO KaxXAou m3 oceil cocrtapisier Oojee 100, u
MpU MCIOJb30BAHUM MHOTOIMPOLIECCOPHBIX CUCTEM,
HampuMep Trpaduyeckux mpolieccopoB. OmHAKO U
3[1eCh UM€ET CMbICJI B KaXJ0M TOTOKE pelliaTh HE Of-
HO, & HECKOJIbKO MHTETPaJIbHbIX YpaBHEHUIA.

3aKkioueHue

IIpennaraemblii aIrOpUTM MAPALIEIBHOIO pelle-
HUSI HEJIMHEWHBIX 3amay TeIIONpPOBOJHOCTH, OCHO-
BaHHBIM HAa MHTETPAJIBLHOM IIPEACTaBICHUM IIpollecca
Teruionepeaayu — MeTone "CTpyH", MOXeT ObITh 3(-
¢eKTUBEH IJIs1 TPYAOEMKHUX 3amad OOJIbILIOK pa3mep-

692

MHOOPMALIMOHHbBIE TEXHOJIOTUA, Tom 21, N2 9, 2015



HOCTU. IIpH 3TOM MOXKET ObITh JOCTUTHYTA OYEHb BbI-
COKasl CTEIEHb MapajUle/In3Ma, U KeJIaTeIbHO, YTOOKI
Kaxaasi U3 MoA3aaay, BXOASAIIUX B BBIYMCIUTEIbHBIN
MOTOK, COAEepXKaja HECKOJIBKO "CTpyH" I obecrieye-
HMS cOaTaHCUPOBAHHOM 3arpy3KM IPOLIECCOPOB.
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Parallel Strings Method for the Numerical Solution
of Nonlinear Heat Conduction Problem

Currently, more attention is paid to the use of multiprocessor systems in order to reduce the computational cost for modeling
various processes for scientific and applied research. If we consider the partial differential equation, the use of simple explicit
schemes allows one to effectively carry out the parallelization of the computational process, but for large periods of time there is
the question of the accuracy of the results, which is associated with the convergence of direct circuits. If the problem is non-linear,
for example, when the characteristics of the environment depend on the unknown quantities, there is a need to organize iterative
procedures, and use a variety of implicit schemes for partial differential equations. In this case, the algorithms used are known to
be poorly amenable to parallelization. All these problems are acute and when you try to simulate the processes of distribution of
heat in a spatially extended and geometrically complex heterogeneous objects, thermal characteristics depend on the temperature
(this class includes, for example, the classical Stefan problem). The author proposes to solve the problem of a significant reduction
in the problem of computing time for solving such problems by providing a balanced multi-threaded computational procedure based
on its proposed integrated "method of string.” The article describes in detail the method of parallel computing threads for solution
of nonlinear transient heat conduction problems on the basis of this method. The main advantage of the proposed algorithm is that
the partial differential equations are reduced to an equivalent system of integral equations. There is a diagram of computing threads
and it is shown that the greatest number of processes can be organized in the case where each thread is solved one integral equation.
Integral description underlying parallel approach allows not only to more effectively simulate the processes of heat transfer by sup-
pressing the oscillatory behavior of solutions in the case of large temperature gradients, but also a natural way to take into account
changes over time thermal characteristics of the product. There is a test calculations for the model problem and it is shown that
a significant effectiveness of the algorithm can be achieved for large-scale problems and in the case of multi-technology (including
graphics cards). The developed algorithm can be used to calculate the temperature fields in the micro-TVEL, with thermal ma-
chining of heat-resistant steels, as well as the formation of products of the prepregs for aircraft and missile industry.

Keywords: numerical methods, parallel computing, software, simulation, the heat equation, integral equations, the accuracy
of calculations
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