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FEM PARALLEL COMPUTING FOR POTENTIAL
FLOWS AROUND BODIES

ABSTRACT

Parallel numerical computations for the potential flows aorund bodies are carried out using
the coupled finite element method and PETSc (Portable, Extensible Toolkit for Scientific
Computation) parallel toolkit. The PETSc provides portable and extensible tools for the numerical
solution of partial differential equations on high-performance computers. In this thesis, first, the
solution to large-scale linear equations is carried out to check the parallel efficiency by using
PETSc toolkit in a PC cluster. Then, numerical simulations for the flows around two-dimensional
and three-dimensional bodies in the ideal incompressible fluid based on the coupled PETSc-FEM
are given. The following types of objects are taken into account: a cylinder, the NACA0010-66
wing, the NACA0012 wing, two cylinders, two wings and three-dimensional sphere. The
numerical results of the distributions of potential function, stream function, velocity and pressure
in the flow field are presented. The relationship between number of processors and the efficiency
of parallel computing is analysed. The computing results agree very well with the corresponding
analytic results (or experiential data). The high efficiency of the coupled PETSc-FEM parallel
computing for the potential flows around bodies is verified in several numerical experiments. It is
expected that the coupled PETSc-FEM could be applied effecently to the more complex viscous
flow.
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LA DA PR G R S, AT IROGIR IR K e

(2) DRIELFTCHN 7r s AR SRR DA R TR B S5 o il AL (R VBRI 0 D 45T A
TER AEEIHIC. X ICR 2 KT BRIC I IR R s: A, IXH0r TAER L
BRs B T i SO ROIAT G 5 R A L TSGR 2 A, JE BT R K o A
by (RIS T ZEA Y F BRI S ANAS T S (T 5 5 FAR I ) 3 A

(3) M B ICHE R B, AR SR ICHH 1Y RHCH BRI ADUARG EE K 2R, TR AL S i {H

AT A E R B FROCHRE BRI A PR OT T iR 2R PR B AE F TR B, a5
JCEATIU LT IR, AR S o8 S50 R IR AROVE T o

(4) FRICIM T REAN B ICH (R SR A e RO B G RE B BN S MR & A A T s 7
R BARNTR I Ty RE, X E IO EA TRy, RIS 5 A3 o AR M (R P 2871
IZHUE) BT REAL, B HoeA RO e .

(5) VAL FEAF I ICAT IROC R )5, R Db AT B0 T R cJy R — e vA
BEAT RN, R AR BRI R

(6) WHAAFIALEE: —REL TSN =B, AL T 5 O e 1A 5 %
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WS RIS R IHTIHE

) < BRI AT B2 LT IRAE) IR G AT AT (R F A1) o b BRI % AF, —
FAERR 7 FAR  R] HENF BB AL o XA UL S SRR G I T 551 Tl e P06 i
WATBR G FEREA T B IE AL

(7) WA FROCRE: ARYEIL TS AHE IE R B AATBR Ty R, J& 5 AT 5 AR AR (1
PHOTREAL,  RHDIE 24 B PSSR AR, n] SRAGAS 19 s K R R fEL

HAT, RS 3 7 A A BROTIE AN BRZE 2000 AE it A BRZE 003 481
M P I A AT B OG5 9 (0 I

(1) A7 BRI 108 SR AR DX I 505G 5 7 VAT 5 ol R B, J00x Ak BHLELAT R 2 00 B DXk
(10 TR SE2 o o LA AR5 1y L AT DA 56 MR e A ) BEARE 5, AR SR DSk b 2R B G R A
(FIHH o

(2) ATBRICy oA X AT 73 g i, WA AN RICIT S, e AT AT I o

(3) XTSRRI A i B sORAR DI A A R BRI AZ T, AR S A

2.4 REINE

PRI 22 BAG T SE LUAE 22 D0 O U A ) 2 B E SRR TR vt (0 B2 T2 B A
TAUGBIBE TN 7 AR AT BROGIE I 0, AR 2E T A3 AT BROGIERREA T B HOR i
AFEA G T BB R FEA T 0T B 2 A BROCVA R A Je B



YHERAAY

Shanghal Jiao Tong Unveriy WS RIS R IHTIHE

$£=F H1T1tE K% PETSc &Y

3.1 FTitEY

B RHF BRI R R, 5 EAR L TRESE By i) SRR B 2, 7 BAR B 45 B
K%, AT RN, AL B R & IR 4R R R B AL AL
ZRHZ CPU SRR IATE M, A T mAPERE. (U2, THEVLIERERIIE &2 21
PR, AnTReTCMREE S, HERNH o, R MM a0, s s e b S
)38 ST P R R AR e ) B AT U SRR OO LAEAT o BRI, 75 227 D R SE st K T IR L
RGN HEARK S . FAT U EN LTI H R NS 4

3. L1 AT E X

P AT T SRR RN 6 2 M55 82 4547 42 1o 2 NS e AT AL 3L . B 03 D N [A]
ERIEAT AR ) BT IR BT R FR K G RAR, T R BB IEAT R R 2 A
A FRER IR PAT U o S8 UL IAL BE T LR GFR N AT U RN R SR, ok 2N b
B CATLUJLASS LA JUTASS LA Tl M4 i bz LL— 2 197 U e gl 2 ok (—
S8 IR 7 S0 S 26 () ELIEAR 40 JEAE PRES, A 7 A SN RARE R e a4k
PR . AT BB H W — 20 TSRS U T A s e i e giil
SEHLTCTE R L) 1)

3. L.2 JHTIE A&

3. 1. 2.1 FFATTI RN HI 454

X IHAT VML 53 KA 2P0, Horp i 2 2 1966 4 MLJ.Flynn 3 H 1) 4) 2832,
Fr A Flynn 43357, Flynn 50 283020E W SHALIRE AT HURIEAT 70 2800 . AR3E 4R 2 T A A i
MAFALT7, Flynn EHENRGM AR5 4 LRI g0 ki (SISD)
IR MEZ AR (SIMD) « ZIEA W AEIE R (MISD) « 2542 HdRm (MISD) .

SISD i A2 30 (1) AL BE 1) 5 470 L. SIMD Al MIMD 2 8154 () 3474 5L MISD 4%,
FATRI EHAFEBR 7

3. 1.2. 2 FHAT U EHLA bk 2% A

HEIEZE T AR, AT VRN A PSS AL B A R 25 R R L =2 bk = () R R
g5,

TEW BAL B S FATHLT, Tl AANME IR B OGRS %A s H ARz AL
PRAS U7 ) AN RERE H e AL BRAS ELEE VT IR), DRSS P A i A 5 W R A S 30 A fih e BORA A A
filide AL B RS A TR EE A AL T RE B ALIEEE N, A AL I LA BT R X4 B,

ISR A A R IEATHLR, AR SR, (13 R G U ME— 1 — AN
BEZEIE] . A R AR B S8 L S bk s 6] o L2 Bk 2 (B AN RO R G A E— N
YEE IS A Ay o LBk A () AT DO Rk — AN AL A Aok SE B, R eT LU
oA RS ARSI . TERLEIAT RS, (A2 MRS 45 N, I A R A1
TEYE — AN [ b 25 0] . A RE AT MANTEARSE SN N AR, 1 R G RE R AK
PRy e BB A5 Ui 0] (1) N AT o

3. 1. 2.3 TN ARG L0

MRGLERI AL, HATHENL T LA de 2 2 5l i HHL SIMD. 4717
TACEHL PVP. XFRZ AL EEHL SMP. KHUEIFATALEENL MPP. T AESHLEE COW. ATk
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Shanghal o Tong ety Wk SR O R T

LELHEZ BN DSM. IR JLFI, BT SIMD 48, HARM34)E T MIMD 115 4L, PVP
4] A B 25 AR LB 2 TS S sE IR, SMP. MPP 2243 FH 7 P AL EEL %, MIPP 110 BB 9 28 2 5 #Hi
(1), COW FEAHRALE FH 7 i s o

SR Z AL BEHL SMP. KA 4T AL BEHL MPP DL HLEE RS COW J2& UMW 478l .

3. 1.3 ATV AR A 4

3.1.3.1 7V &——Linux #1E R4

M RERN S A5 7 2% 1S, A0 SCRE 48 IR AT VI A E RGP AR SEE B RGN 2
Linux. Linux fEh—/MERXHERERSE, LLle b IIAT IR ERF AR 205, Linux &
it 32 ML HHRAE R G E AR POSIX KUV 6 A 2SR ARG, A& 80386 L EA4 K CPU
I HA 2MB LA ERAE PC ML AT 22353847 . Linux REe M dviitt, S rmises A
AITIE RS, RGP A EE o S AR e, BRI T4 VR 2 W2 IRATTH L AT A
Linux R4 247, X RFATESE Linux /ML IEATHHEF 4 10 SR A

L5 Windows DL R HE i S AL R RGEAIEL, Linux (60— 2010 5 WAL Sl 2 Bt . i
PR N AR B A 9 3 ol DAFRA — A PC AR sk 45 2%, 1 07 TH i AR 2 He A
RGP, 1 H Linux 6 FA04F 25K Lt Windows B, — i /St n] LA
A Linux KA 1E—N @ Pk RE AR AT R &, TR KFRAE Bl AR A B 52 1K
IV TRICEAS R Pk RE A T 58 n) R (123 (i) o JF k3 1] DUR BXAS R4 Efis
TR, RIGERIE RS — ok — D m PR AT e 1MT/E Windows 538 AIX IXFF
MEAE RS, 321NN OO RAR S, BRMERE RS HE TR0 F 2 RN A
SHOEME A

HAT, Tk b ik = %) Linux FIPEREFI T BE VR (1) RGERFEMIEFT, 7E 7] S A - e e
N FHFAEE T, Linux 5 HABERAE RGAH LA SIEAKRI] T o H2, CaaGADHHE ],
PN TAESE SN R S5 4% Linux T4 0T LS E DN T —R &K T, JCHE e M 2 g LA
ST EEVEHR A SR, MK IE A — A SRR AN T B 11

3. 1.3. 2 FHAT I — Sk iz 1 MPTH?

MPI T~ 1994 4l ttt, & H AT mE R IATHFE TR — SRR T HAhZ P47 2045
IPE AL HABRIEL . DhRessoR . SR E SR, FER R LA B &, ok Bk i
AT G FE R bR o MPL & — AN D, A0 BT A0 P22 o 5000 1 FH REOU), m DA
FORTRAN77. FORTRANOO. C. C++FEFif . H1F MPI & EMALHAEES, Kk
{EH MPI I 2RI AR P BB 5 45 Gtk . FORTRAN 2R E I TR RIES, C
& HATH ) A RS RFE P THE S - 78 MPLHAfi$E T 5 FORTRAN,C 1455 . JF
H& 73 R B ORAE X FORTRAN 5 C 1946 F 42 56

MPL A BN, & NERRIEE G, BADR a0l B
NE— N3/ N RGN RS, MPL T EAEB DR nT LU 6 NEEA MPI i s IR S
Mo

MPLE A U0 F 2 o5
® M. MPLERBMMFRAE-&, £ KEMPIRIAED N TR KN HERR, AL
TESAh ) FKIOMPIIRES N SR FEAT, FROGUEFE TG nT RS R , AFAS S S ) 109 29 1 S G
S5 MPIR R FH RS ] ()38 455
® iy 2. MPILE £ B s 8 5 FNAR G 10 5 R g T A4 T 5 22 ()l A5 e 00N B s K )
fEOIRE. 2R3 ROEAS )7 Arh, RALFIWCER AT B ZE A AEBR ZE P AT, 5341, AR bRt T AN
HA W HAE ST T AR R A . MPUXCER At T EBR 2 M 88 A3l 15 S 1l As pR 4, o
58 T MPIF A5 T RE
® RS FEHIAIIACL . MPDWALSS I 2 BUPR AL 1 42— IRV 4 EE I 0 2540 23 e T B 2 Ut

oo L7 ;W
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WS RIS R IHTIHE

HIRREL, WM, A 7RSS, FHMPIERUEF G JZ ) EE X 25 30 #0245 T S AL T S AL
pLii N
® AlAEI LN SR Z 26 HE . MPIFEAILEE —ANbR2E LUK 51 FH ™ 91 JB R BRI 325 119 ¥
B, FRHOEAGER LR R, MPISIAGAE Ffts, Bl—4BAH— LT X%y
WA EFSCHghE. MPII S G T SCRIFRIERTTR, 352 SRR,
3. 1.4 JHTRC%
FAT VS 2R N T P B AT R P v E S0 R B N A AN R T e v (1 o IR XS HRAT RCR V7
1 7 2R S B AP BT IR R L PR 7 P T . A7 BEAR {1 AT p /b
RIIAT RGN L RERE IR Bp, FESEBrH, XM EIARETE AT REREIW, PRUNTEPAT
FEATHEIER, ALPEZSAS T BEH EATT100% 1 I 1) 0 FH SR AT Bk
i b e Xy -
o _ HR AT AR A B BT I )
P AT S A BT p G A LI R G L IR AT IR ]
A FE R B — AL B 1 TSRS B AR P O B2 o E— AN BIAR PO IFAT RGerh, ik
LL5ETp, MRCEET1, HEELRFRSEY, MK/ Tp, MRACELL0ZN 2 AIHE, &l
b T AT A AR T R, R malR.
FAT SRR 2 LN

(3-D

E =— (3-2)

3.2 PETSciE 4+

PETSc ( Portable, Extensible Toolkit for Scientific Computation ) #:3% [F| Argonne [F 5% S %
FER A AT R o S T HAE, H B A Pk Re v ST E B SR AR T 23 77 B S K
o). PETSctL & —BEIE/EY M IFATENE ARG T R A2 FIIN R R 3 4%, EATTPT REAE
HFORTRAN. CHIC++4 5 (1M AR FH I 21 o PETScH M IFAT N A B w5 IR PR 2 Bl
i, N IAT R ) IR ARRR Y o AR R 7 A ZL, AL ] DL Fed & 1) 45 0 2 IR
KA AR IEIRT o€ 108, BT T R R RO, PETScAS H N B D e A (148 H
Jif#; PETScTEBARAMPIRSE, MIFEPETScHE/FH, WALEIHHIMPIRR % PETScX HT A i
MBI AE A FHMPIFRHE o

PETScB S VFZ E CRAL Tot+H128) , B fB 7 Ab B —AMRFRR I 52K (n m) &) LA
AEIEN % EHATIIE S . PETScHIBEH AL BE 247 - R 5146, AFEH T &R 1 &k,
TRV R SERE CRORMBRD 5 o ATBES O IE RIS T A 1) /) AT A
M) s Krylov 2B 817775 WA+, Q4G 2 N FIMG b ELFEAA Ay s ARZRPEMEAS:
FE N TR)AH 5 (AEZe 1) PDEs IS [ 20 EffEAS o BF— N8 # A& — Mg p e 0 (— 41 H
JPA) R—A L2 A R RS e S5 A I SE T . DAL, PETScXEPDESI?) AN Fr BeRe it 13 i
HA RIS, XA ) B G — 51k X R st 2 T s R AN [R) R 5032 (il an
HIAFKrylov {23 [0 575 TA A1 Bk iNewton /7 VS REAT0G) « IR, PETScX AR Y
RpE N H BA SRR R FTE R SR T — A8 HIIAEE o 3X L8 A 73 5502 M S B ) o il A
P REAE R Z) o XM R ERE TGS F R 5 ARG, IR AT M 1) 8 5 S ke 4
TR

AR ATy R T B4R (PETSe) O Db B - A HIAR G A2 Sy ] 4 Fortran
CHICH+4i 5 I KSR 7 N AL ARG 525 5 . PETScH A& — MR R & 1 abEfe. ]
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Shanghal sao Tong Uvrsiy WSS RIS

PR, 0 LI ) 0 R BOARAEAFPETS e A 8 D) RE &S 0 A5 P A 46, 3 1 fiag oy 3o )
[, KGRI AR > TAER . FrEL, PETScg—AMEAT2 2% > FIAT oK i £
i ER TR,

3.3 PETSc F4TMiK

ARSI PETSc F2/7 K il RN Fo0f M etk i FR4Lmge ), DA AT IERE . AR
76 PC-Cluster FiFAT, FLARPANZEAE 3 IIRAN [ 4E 50 PE 7 RRALAEAN R R T SR A 1 4
R AERE

AR SRR 7 R ) RO R Dy R SRR, AR A 4 B A e BIA i A - -80,
-1, 2, -1, 80, HARITEBN 0. 4 F-Iim &= K{EA (81, 80, 0, 0, === , 0, 0, -80, -79),
WM (1, 1, weeee o 1y Do ARICIEMNEK T R BGEFELER 53710 50000, 100000, 200000
ZNE RGAEA R REEC N T SPERE . T PR A 430k PETSe REFP IFAT KA 4N
100000 [FIZ&PETT FELL T A3 (0 285 5 S M BE, LA RCAN R 2R H50E B A BOR Al 28 SR LA

AR R SR AR T LLE Y, Geth sk DA I 75k ) e Mk 2270 gmres,
R L) CREAE MUY Gram-Schmidt 1IEAZ 772, 4 30 P HIFU—IR. e REARTECH
100000, HIUHZ5 &M o F . AIRERZ R 1e-07, ZARTISHRZEN 1e-50, WSk
FIWTARAE R «

|r(k)] < max(relative - |||, absolute) (3-3)
REHXT R4 10000, K BCHI W FRAE Ay «
|r(k)| > divergence- || (3-4)

Hrb b AT, () AIEAEE k B Jarsk 2z, s iuo 2—4.

AR A F 2o Ak 2875 5K, AL 27 204 Jacobi, 2 ik AU I by i 28 il Ab 2 A
FEAHR] . HEREA7 7 A atj, SRAFIIAEF ERE, PIREEFESR ALY seq (sequential).

T IZATRE 7 N A3 R AH O R s AT VERER i “-log_summary” , ZR & F T PiE
AT TERERRIL, Horh 2 A A4

(1) RARTFEEPERENS L. I, HAR DML (L4 viewer, vec, mat, ksp, pc 55). {FAE
SO RSN W FenlfRiz Sog O — I fUs 5D R fUs R 5
U AE KL A2 (MPI Reductions, & —FieRAS [F]3EREE0HE BT 41 [R5 A 2 35O
SRR RN R E CFIE. BMES.

(2) AFBBETHEEE: BEL FaREE, WA BEKE. NS ERFE
AL, DA AN R T A L

(3) U EB BN & TR I LA

(4> WA RS SURH AR B ANE S 0L HAR I OIg s, s, AN AN
A7 b G L5

(5) FRIPIBATHEE A AT 55

3.3. 1 REUERF4E%A 100000

ML R P T LUE 1, B RE N, S0 Sz SRR, iz
AT (RN TR) 28 o ), AHL PR T304 BBOR A K T S BE R B L g ) 3, A5 TR, &
HLBRBATI A AR o X TN R E R IFAT SR, AR RREUBOOBGF, AR bt R
G BERE S IE R, CUE RSNSN]SR & RS, 7 RHia
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WS RIS R IHTIHE

S B E, AT R SRR RS FRAUR R B, R, R ZE VS SR
JERSBETES /i
R 3-1 ARSI EPE LR

1 proc 2 procs 3 procs 4 procs
Time (sec): 4.466e+03 2.433e+03 1.644¢+03 1.234e+03
Objects: 4.300e+01 5.000e+01 5.000e+01 4.900e+01
Flops: 1.120e+12 1.120e+12 1.120e+12 1.120e+12
Flops/sec: 2.508e+08 4.603e+08 6.815e+08 9.080e+08
MPI Message: 0.000e+00 2.984e+05 5.970e+05 8.957e+05
MPI Message Lengths: 0.000e+00 1.277e+07 2.555e+07 3.833e+07
Norm of error: 3.58727e-05 3.56711e-05 3.57807e-05 3.57755e-05
Iterations: 144420 144403 144441 144453

5 procs 6 procs 7 procs 8 procs
Time (sec): 9.155e+02 7.856e+02 6.773e+02 6.910e+02
Objects: 5.000e+01 5.000e+01 5.000e+01 5.000e+01
Flops: 1.120e+12 1.120e+12 1.120e+12 1.120e+12
Flops/sec: 1.224¢+09 1.426e+09 1.653e+09 1.621e+09
MPI Message: 1.194e+06 1.492e+06 1.791e+06 2.090e+06
MPI Message Lengths: 5.110e+07 6.388e+07 7.665¢+07 8.943e+07
Norm of error: 3.57803e-05 3.58227e-05 3.58381e-05 3.58231e-05
Iterations: 144438 144421 144389 144424

3. 3. 2 A AR AU B EROR MR 45 2R LB
MRRATEUE 1, ASCHITE ST 8] 55 AR B RS~ e b, SERREREOR, P
fEd 2 = AT N STY % SRS el T R 45 X T = P ik i S 9 | PO 2 B SS R
& 3-2 AFEIRPOE RS R 1 R

i 1 proc 2 procs 3 procs 4 procs
50000%50000 1.037e+03 5.546e+02 3.598e+02 2.892¢+02
100000100000 4.466¢+03 2.433e+03 1.644¢+03 1.234¢+03
200000%200000 1.842e+04 1.038e+04 6.812¢+03 5.026e+03

TR AN [R) 4 B2 B Pk R GEAEAN R E R IR SR A 45 SR S PR e ) L ) AT

(1> PETSc MU RA REFHIHATHERE, @G KRBT AT Hibn 28 200 B ) et R &6
AT SR A

(2) X THEE AR St T R AR, VR s SR EE, ARSI Bl 5 R
TR BEAEHERR B, BRI A B A LI RIS N, RGTT R K,

(3) EMHFERECT, B REBCEMEERB 3 N, SARKSICE B R GeH FE 4R80T AH
Ko

3.4 ST B E I N % b i L A

A T EHLBOR AR R R, TSR %% (CFD) 13 LAk R A f o BpL Itk RE )
Pl EAATCVEMAR S ) I S W L T DU S, AT HES) T CFD ik 23 Tk
Jy & O B TAE AR T T B, IRORIOR 1IN (HE, CFD WA Bk
AR BE BB B IN S I 3 BT SR T A, T LIABAT 17K A A S AV RE R 5
S SO FR AT AR A FH PR R S5 T AR e T SRR, (HFAT A L e ME— B0 R B i v
TR T B
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Shanghal o Tong ety Wk SR O R T

TE201HZ0804EAR,, [ V1N KT T CEDI T S0 i, H & X Fh ik 3% S AR i () 2
AR o XS TFE 42T BNl (RISC) 7E201H20004EAR I BN, $em T vERetis L, 1B
JERET R ICE N AE AT B SR RERE R 8N A B 2%, i IR i 2R 98 BR ) T 2 CPUTH]
I SEEUE N AE R . o kA A AE (DMP) RIS AL A fE (DSMP) HLES I & i 58
e 7IXAMES, AT IR RAR )% (Parallel CFD) 15 2133 & J& .

Parallel CFD— R FH A3 X 38 73 81 AT 751, TEgmAe bR FH 4 il i 22 200l i (SPMID)
B, RHIMPIEPVM S B A8, JLT-1& T a AT UA R E5H: Wi &AL MPP,
EHERG . SMP MBI EBERSE, H2 2 REMIERN TAE/PCRE. JHATIRBLE: ¥
NGB X B0 F NS T X B AN CPUTHE, 0T XA R A6 B JUE R
CRASARFR R 73 RN &7 X300 N I CPU R A7, fERE—ASCPUH H BT
HERE, MR S CPUMITH . B — XA IR R, HACPUSE LT X Sk 7t
SRR s B A (FCPURIIEAE ), bR 437 508 5¢ e S5t U 0 51
I T BT S MR e B . AW BT R SR e A E T, VSRR S T
CPUNNL. CPUTERE. WAF. CPU-INAFVI IR e 4 U ELEET 58 . A% T M 40 X o i
T —MREE W B — SRR LA DT — AN 2 DB, K 1RSI B 2 0 7] — 288 i A 45
H—MRAEM R EU/CPULLE . X Eid 2%, CPURBE S ERA, 2B KH] g4
SO BT R s o X Bl D>, WA RS MHEZKCPUS 55, o imy vh S0s
SRR ZE, FCPUMBAS), CPURSEATILG, W R2mad i . 38 s i r 4 fh 6o
FLUENTH#{ 2 /D3RRI X 71k Hah i XT840 X . B 8048 X 1 b 7E T4 Wi 1,
EH TRENH, (HECPUM MBI A— 2 RERIE . Falar XA UFAH o (EfER IS, X
TSI, AR — A E I 2 A AP R B I — B8R E B, S Ed i R
fE{ECPU-W A7 CPU-CPU (Bt 45 ri-tHE45 50 Z APl IR, Jofivs et . (0 T3k
ek (5 S NN 161 T S o 770 S S N 1 1 b 2 = R R RV b o = RN B
G ESRER, PITHARIRR NS EE, WG RN, tHEdE s Siig.

TEMBIHLERA T T, DRI FI AT I AR A o A et S i B e AR s o P i
R T 6 BT RBERR N, WS 3 R 2 AN 25N TR, DT AN A X
(1) W9 % B8 212

3.5 RE

JFAT THAH PETSc ALAEAARLAACEO R ATV SE5E 0t Tl BB A, I i I
o ARG A oy Jr R B S K RAREOT FEAL R AT HUE SR A . APREUR I PETSe 5
BRICHI S G SR AR Sei i . AT LA T IFAT I N PETSc IIAHSRANIN, JFAE
TN EIEAT T PETSc ARSI
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Snargr e Tong vy MRS BRI TH

FNE BEEEREERITAITKE

4.1 JEIBfEA U000

K H=20 A IEJ7 B CaP o JEBR WS Fh R AR SEUR il R A ) B R PR [l A48 2
WHED Gk 4-1 fros, i, BEFEEAR R=1, SR Ve=1.0, AFRJE RO RO

A y

v

— (5 )

\/0—>

&l 4-1 TRRZREESR G550 s
4. 1.1 #HTRE SR 4AT
X T Y PRANAN T RS AR )08, e T IR i A 7 |k T 2 AR B, st S 45 pR
Fridh /£ 1) Laplace J7FE. HARYEHI T FEW T

2
90,09 o  (xy)eQ

o =¢ (4-1)

Hor Q ATHERAR XL, T WAL, Ty o BRI T4
M4 5 R SRR A AT AL JE B g R I T RE (4-1) IR sEARFN 4> RIA K
o’p O%¢
IQ(W‘Fw)&DdQ:O (4-2)
S ERIEAT AR, N Green A, IFME A FUA FLAA RN B SRD F 44, BIAT 15
P g5 ik R

0p 0(9p) . 99 9(99),
0P 00p) 9P 9OP) 1y — [ gSedT (4-3)
bl o —ox "oy oy V2=l 000

4.1.2 Huoir
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Shanghal ao Tong Universly WIS R R R T IET

FICAHT R R TG/ M P ) GB35y o AR G AL AN, IR U (1 R 2L AN ]
B S R R TG 0 BT iR AN [R]85 S IRRS FE A ORI 58 o AR SR A =45 fU= M BT
X HEYIRSER 1) BT BTG T, S Lagrange 2k PEATE FERR K. T IO HEAT T A4
B ML A (S e 2
O, =3 +bXx+¢y (i=1,2,3) (4-4)
R HH 97T i 55 R ) o S
o e 1 (=]
cDi(XE ),yﬁ )):é}j:{o (i # j)

FRAGAR AR s )2 R B R MRS § kd%L, 24 3PS ED -

(,]=12,3) (4-5)

1
ai — B(Xge)ylge) _ Xlge)yge))

_ e ye
b| - D(yj yk ) (46

1
G =2 (40 - )

D = (X" =XV = ¥ = (¥ = ¥y = %) =2A®
Horr, X,y (i=1,2,3) 0 e gh AR, A® R =T I TR

PR — MBS R R N = 0,P (X Y), 4 0p=D(X,Y) MEIE—ip
TGN SRR 4> Rk T AN -

[eer (bib; +cic5)dxdylp; = [ g®;dI (,]=12,3) (4-7)
R A B IR BT Ze M T FE 2 N -
AiJ(DJ =f (iaj:19253) (4-8)
;H\:EP A] = (bibj + CICJ)A(e) ’fi = jr(ze) g@ldr o
T CARUN £ = [ o®,dT, #RE T =23, Rl el 23 L Rt
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4. 2.2 FATRFRUE
ASCREAE PC-Cluster b SEHLIFAT HF AR AR S B AL S8 U, R i 23 50 It A
FIHERE SR SRR RS, USSR BAR I I AT AR
R 4-1 AFHEH P EM R

1 proc 2 procs 3 procs 4 procs
Time (sec): 3.919¢+01 1.507e+01 9.224e+00 7.347¢+00
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 1.669¢+09 8.353e+08 5.568e+08 4.177e+08
Flops/sec: 4.259e+07 7.115e+07 9.391e+07 1.040e+08
MPI Message: 0.000e+00 1.899¢+03 3.798e+03 5.697e+03
MPI Message Lengths: 0.000e+00 7.917e+06 1.454e+07 1.531e+07
MPI Reductions: 3.743e+03 1.875e+03 1.250e+03 9.375e+02

5 proc 6 procs 7 procs 8 procs
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MPI Reductions: 7.500e+02 6.250e+02 5.357e+02 4.688e+02
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I 18] B AT BTN o DA, 3 OIFAT SR FARREREBOBOCILT, MRS S P 1 DL IE HOE &
BERER, ASRASHE MR SIS (8] o ML 4-8 ] AW Y, BERR R 7 I8, P75 6 T e > o
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4. 3.2 FATRF UL
A 7E PC-Cluster b SEBUIEAT TSR SRARXUF AT LS i B, 7 i 3 20 IR AE AN 7]
PEFEEC R SRARROPERE,  LAIYIFS 2 o B0 AR (0 FFAT 2808
R 4-2 AFBEH P EM R

1 proc 2 procs 3 procs 4 procs
Time (sec): 2.258e+02 8.019¢+01 6.583e+01 4.997¢+01
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 8.066e+09 2.824e+09 2.999¢+09 1.678e+09
Flops/sec: 3.572e+07 4.024e+07 5.395e+07 4.213e+07
MPI Message: 0.000e+00 3.578e+03 1.139e+04 8.506e+03
MPI Message Lengths: 0.000e+00 2.423e+07 7.160e+07 5.574e+07
MPI Reductions: 1.006e+04 3.526e+03 3.740e+03 2.094¢+03

5 procs 6 procs 7 procs 8 procs
Time (sec): 4.276e+01 3.517e+01 3.573e+01 3.820e+01
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 1.183e+09 9.880e+08 7.928e+08 7.168e+08
Flops/sec: 3.645¢+07 3.942¢+07 3.169¢+07 2.556e+07
MPI Message: 1.126e+04 1.128e+04 1.407e+04 1.455¢+04
MPI Message Lengths: 4.831e+07 4.849¢+07 4.605e+07 4.759e+07
MPI Reductions: 1.478e+03 1.233e+03 9.893e+02 8.948e+02
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5. 1.3 FHATRCREE
AL AR PC-Cluster FSEILIFAT VHAOR KA F A NACA0010-66 FALFE S ],
110 538 23 T R AEAS RV BERE R SR AR 8, DA 30 5 BEAL ) AT 350K
£ 5-1 AR SRR

1 proc 2 procs 3 procs 4 procs
Time (sec): 1.863e+02 6.816e+01 4.657¢+01 4.069¢+01
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 4.510e+09 2.299¢+09 1.679¢+09 1.271e+09
Flops/sec: 2.420e+07 3.890e+07 4.490e+07 4.060e+07
MPI Message: 0.000e+00 3.083e+03 6.756e+03 6.826e+03
MPI Message Lengths: 0.000e+00 1.504e+07 3.076e+07 3.269e+07
MPI Reductions: 5.964¢+03 3.040e+03 2.220e+03 1.680e+03

5 procs 6 procs 7 procs 8 procs
Time (sec): 3.368e+01 3.147e+01 2.852e+01 3.270e+01
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 9.560e+08 8.201e+08 7.104e+08 6.203e+08
Flops/sec: 3.913e+07 3.682¢+07 3.718e+07 2.648e+07
MPI Message: 9.611e+03 9.907e+03 1.334e+04 1.332e+04
MPI Message Lengths: 3.142e+07 3.179e+07 3.243e+07 3.280e+07
MPI Reductions: 1.262¢+03 1.083¢+03 9.393e+02 8.192e+02

MEEFP AT PERE I S R B T AR 4R th Rt Ris AT 2 Xt R is AT I, I AT
I TR KGR T o B SERE RO G 0, BERE (W) AR SURIE N, 7 s SR, B
PRI SLIRBGE S KRN o 0t S 8T IH R LA EERE R CGEEREEON 1 21 3) Bl ERE S
BE, AR SIS SRR N, E SN TR 4 R AT LU ks EERE S 4 O 4G, Bl it
FERCE N, o RERD I mOE SRS, TSI 18] 45 R 1 B0 P 22 11 2 B o) S ifo A7 86 o
DL, 6B AT SR AR ERE OB IOBLT, AR SC B i LI IGE & 1 BERER, LK 3 5
NS R o MBS 5-17 FTLAB A Y, HEREHON 7 I, s i e de b
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5.2.1 BUARI T EEAIUEE R

LRGN R (AR, AR 18 LSO OrrsA TR TR .

AT E RN GEEINACA0012) G INALH v HE RS 3L 4793544 45 11, 185084
SARTCIRTT, TEALIR R ) A A

T TS ) B R E o A i B 5-18 7 » Uit bR A8 0 A an 1 5- 197, Hs g 73 A tn 1€15-20
Fis, EREDAAUES-210T7R. MEIS-18F15-197F 7] DL A H A7 0 11 348 HOR!
R B AT TS0, AR BN TR () o=-2.578 b 42 H W (R =2.5, ¥ BR B0 AN N B T £
y=-2.54 & FREM F)y=2.5; 1 AN J) 5300 BRI R Ok B e AT B T DU, AR
I3 A2 BN E G0 1) D38 ) 55 B2 i D OFN L, AR A s T ZE AL 3L JE] [ 1) s ) s
FEARAGRART R . N T E T SONUE 4 0 ) AR DA Sy il R AR

h T R SE R R, KT I HEAT U A R S AT AT LA

SRR A FLS E EEAT s . B 5-22 g b g IR T LR . BUETHE A%
HABAAVI AR He TR A BT s B AT A . B 5-24 gL 5 SR nT LA
F i, BUETER S SR AV A BT . B E LR y BT R B . AR SCIEE T A y=0.06
TFUG y AAAREEE LLE (L 1.1 I—RF0 AL RS R unEl 5-23 s, WET T LG
H, EEENBER S SR EEAY G . BT LU 1, ARG @A 7 &
RN, A y=1.5 BT EE 1, UL AR FF AR 137 1A 328 25 AL 3R 1) DX 38k A2 [ SR It 1) 52
AR, AT LAUEANSZ H R
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5.2.3 FHATRCREE
AL AE PC-Cluster | SEHLIFAT TR SK AR Y NACA0012 HHLESE N, N
2 MR AEAS R BERE R SRR e, DA 2 s BRAL ) AT 350
K 5-2 ANFEEFEHC R E MR

1 proc 2 procs 3 procs 4 procs
Time (sec): 2.732e+01 1.252e+01 8.617e+00 6.223e+00
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 5.096e+08 2.550e+08 1.700e+08 1.276e+08
Flops/sec: 1.865¢+07 2.529e+07 2.767e+07 3.587e+07
MPI Message: 0.000e+00 7.015e+02 1.402e+03 2.104e+03
MPI Message Lengths: 0.000e+00 3.067e+06 5.097e+06 5.273e+06
MPI Reductions: 1.391e+03 6.990e+02 4.660e+02 3.495¢+02

5 procs 6 procs 7 procs 8 procs
Time (sec): 6.254e+00 7.267e+00 6.430e+00 5.751e+00
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 1.020e+08 8.502¢e+07 7.292e+07 6.382e+07
Flops/sec: 2.718e+07 1.795e+07 1.872e+07 2.074e+07
MPI Message: 2.108e+03 2.116e+03 2.814e+03 2.820e+03
MPI Message Lengths: 5.093e+06 5.111e+06 5.088e+06 5.120e+06
MPI Reductions: 2.796e+02 2.330e+02 1.997¢+02 1.748e+02

MEEFP AT PERE I S R B T AR 4R th Rt Ris AT 2 Xt R is AT I, I AT
I T4k 7 Bl HERE RO g N, RERR (A &t SUR N, 7 s SO, RERD
P RIB SR BGE S 3G Km /N SN S 80T T i LA SR GRERREON 1 31 4) %S
BEREEE N, oh TR RS CEAERG N, VSN R4S EUR S MERR L 5 TR,
B REREAE N, T RERE RO SLUEORN, BERRECh 6 I THSLIN [a] S mu g, (2B
BEREECH)RE— 2D, RERDVR a8 S OCBOCBH N, VSIS ) 4 R e A AERERRHO 8 I ik
Bl /Mo X T REIFATSRAFIFARBERE EOBACAS W ARYE SRS DU OGS & I REFE AL, LK
ﬁ%¢%ﬂ%ﬁﬁoMﬂinﬂu%ﬁﬁﬁ,ﬁﬁﬁ%Sﬁ,%%NW%¢O
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processors
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5.3 MHNELIR

5.3.1 FUEBHIEE R

WKL SER B R T AP LIRS (] 5-34), ASCHFSE RRIGIESIML 3 (37
A NACA0010-66) . Herr, 1F 5 JE X I 113 K H=5, KA [E Vo=1.0, PIFLEE PO d=0.2,
AR SRR P HL R DN FR D

KL IR GER In) U JE B A4 W P PRI A A T, BRI, IE X sk A
[T FEEMD, MR8 BARA S, i o Ak 5. B

9| _p

%nn

0

L= (5-2)
on|r,

?lr, =25

ASCVFFORH L S A v E 55 R A7 148024 45 55, 29286 = MTE Hot, 7EHLE
JEL R P 4 6 s 2

T TS ) B e E o A i B 5-35 7 Ui Bk A A an 1 5-36 7, s 1 o At &15-37
BN, R RS A INES-38FT8. MIES-35F15-364 1] LB 2 A H AN 13 bR S0

AY

Vo —®

& 5-34 LMRMHRHLRESR IR fRRR

FERE A AT B, F R BN N T K 0=-2.5 4k 28 IR I 1 =2.5, BB T BE T 1)
y=-2.5 2 FREMy=2.5; 1M )50 An EIAE BE < o An B nf LU, AR R
O3 A2 BRI SR 0 [ DX S ) 53 B 43 B o ORI 1, A AR Abs i 7 /WL 3R Rl 1
JyRE AR Ak A W S T gk A TN L3RR B 4G A0 B 0 DA By B PR R AR

TG, R IEAT VSR AL R R 4 N R 0, SR R AON LIRS 43 e A R 1 5-39,
T2 3 LB R S A5 R B 5-40; 42 PRV SR H Wy il 7 1) R R, AN SRR T A
y=0.15FF I P ARBR R LU ES ] (A1) 1—RF A, SR WES-41R . SOairsumiplL
B2 Yy 7 1 (R A3 A, EEUAARAR TR, AR 2 58 (A %50.005) 1]
—RHIA, ERWEES3FIR, NRTETIEEH, L (R

R A R A
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* 5-3 HLEMYH ESEEE

y 0 0.005 0.01 0.015 0.02 0.025
v 1.34136 1.34152 1.34153 1.34230 1.34232 1.34396
y 0.03 0.035 0.04 0.045 0.05

v 1.34396 1.34394 1.34498 1.34498 1.34617
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X component velocity
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K 5-41 5

5.3.2 FATRCREE
AL AR PC-Cluster FSEIIFAT VHFRSKAAXUILIE (B NACA0010-66) LEi ] i,
NS A IRAEAS [F RO R SRR IO TERE,  LUHTS B BEAR R AT 0%
K 5-4 ANFEFEFEHC SRR

1 proc 2 procs 3 procs 4 procs
Time (sec): 1.059¢+02 3.820e+01 2.673e+01 2.610e+01
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 3.555e+09 1.784e+09 1.187¢+09 8.891e+08
Flops/sec: 3.358e+07 5.508e+07 5.665¢+07 4.402e+07
MPI Message: 0.000e+00 3.063e+03 6.112e+03 6.106e+03
MPI Message Lengths: 0.000e+00 1.523e+07 2.807e+07 3.047e+07
MPI Reductions: 6.015e+03 3.020e+03 2.009¢e+03 1.503e+03

5 procs 6 procs 7 procs 8 procs
Time (sec): 1.963e+01 2.191e+01 2.274e+01 2.341e+01
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 6.758e+08 6.024e+08 5.074e+08 4.414e+08
Flops/sec: 4.879¢+07 3.759¢+07 2.992e+07 2.523e+07
MPI Message: 8.699¢+03 6.226e+03 9.141e+03 1.213e+04
MPI Message Lengths: 2.885e+07 3.035e+07 3.052e+07 3.098e+07
MPI Reductions: 1.144e+03 1.019e+03 8.576e+02 7.471e+02

MEEFPA T PERE I Z R B T AT 4R e th Rt Ris AT 2 Xt Reia AT I, 1A
I TR R Gi R T B SERE RGN, HERE (W) S AR SURIE N, ¥ mda B0V,
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Hown, B TR S FIREER I, VE R 4 RS LU s AIERR A 4 TG, BEE
BRI, AR R e SO, TSI TR 4 R BN - G L AT B A St AT P
e PIE, b3 IFAT SR FARERE RO, NARHE 52 B 1 DR OE & I EFE R, LA
B/ MO T A 5-42 T WA I, 2RO 5, P el

® 120 -

]
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60 —

Time
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processors

B 5-42 AN[FEBEFEECT BB TR A be A
5.4 RE/NE
ATy W3 LR (R NACA0010-66 Fl13 7 NACA0012) S XML (3 M
NACAO0010-66) MG ARl a7 Sl JE A AR kA WD
HCAMIE ) A, 0T T 3RS AT TS RCR IR R, RIS T LR S g
T S0 A RUIAR R T TR ) 0 A BB 45 5 5 400 LA, MBI SR . IEI T AR
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Bl 6-1 =4ERERESEHMRAFETL

6.1 JRIEEN

AR SCIT AR TG BRI P [ BR ARGS9, R HUE M /MO SR, o 4T 5855
T8 A 101 G155 A AR TR) 0 TR BR S8 45 R 2 M /N o JEBR G 3 CaT 0k 324K H=20 19 1E 7 7R X 3580
HH R BRGE In) 8 ) A A AR U PE] 6-1 P, v, IE 5 AR L B AR RS R o_xyz IR A,

B E A ALFR R TP BUETE . xE[-10,10], yE[-10,10],zE[-10,10] o FRIERIKIERO K A-HR

RIME R, ABRER R=1, KA u=1.0, v=0,w=0.

6. 1. 1 #HI7 Sl A 44T

X T S BALAN W] R AR IS, o IR Ak 2 5 | T R A eR B, R4 58 I 4 A
FRf# Laplace /72, HARESHI 7 FEWF

2
09, 00,00 (  (xy2eQ
ot oy oz
o, =0 (6-1)
op
8ns_g

Horb Q NSRRI, S) WAL T AT, Sy BRI AT
AR 5 R B S BCeR B E AT AR S B AR SR M IR (6-1) IR smAR AL 73 3R3E 5

0° 0°
J( 6x¢ aygf a?)5 dQ =0 (6-2)

S ERIBEAT AR, N Green A, IFME A FUIA AL AR B SRD F 44, BIAT 15
P g5 ik R
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0p 0(9p) 09 9(99) . 9¢ 0(9¢).,
- - L~ 7dQ = opdS 6-3
Wl "oy oy o o Nrkode ©3

6. 1.2 MR K

AT H Gambit R A28 S DU THIAZR XA, 7 233 R 5 DA DRUE A2 IR BRI A DY T 4
WAARACHE BAN TSI A = A TE A BT, A T RIETH S A R R, R ER BT 15
B (R

Gambiti H 1) A% ST HRr e 18 s g5 4, Horh 3= S5 S FG BT A S &5 R AR AR
{8, /NG RIEEAN G P9 8 BT AT SL T (face) BT AL 2 IG5 54, LUK 2678 SL (face)
PrI@ I IC . I S UX S AE IR AT E AL, BT 15 20 PR CEUE R T B/ 00 E
BT 4 S, ITAARBUAR S T, DU BRI 5 AZ St (face)
fFE.

6. 1.3 HIGHHT

BTG RAT BR TG M (R G — 5% o AR OGRS R AN,
B A% (R B8 TC o3 ATt T i AS [R], 6k &6 SRR B AR BRI 5% o AN SR DY 1 44 5 76 B ot
SRR, EHUDY LS A Lagrange 2k P L o0 BOHAT B0 M. ISR HEAT T A 2.

AT PR 2L

®, =a +bx+cy+dz (i=1,2,3,4) (6-4)
R 0 i {2 PR BT o X
o (o) (e 1 (=) .
(Di(xg )3 yg )’Zg )) = é‘lj = {0 (| + J) (Iaj :1929394) (6-5)

FEDY i A B G b Al e T AR AR AR R 5 A B L MR A L e K, B4

V.
@' =_1 i = -
Iy (1=12,3,4) (6-6)
HAVIE DY TR R IC AR, VR IXAEE U 47 e T — 5 5 85N TS 1 IE L BT
R, K B TeARKI 20 A DUAS /N DY TR, 3L 55 e D i T s ASAH 21 (R 354 /0 DY T 44
FIHARU Vi
W RIRL (6-6) BT DA B PEdf(E e 2l (6-4) &R EMME, Ri:
Y g Ty 1
a =(-D™! X Y Ll b =Dy z o
X Y Z 1y g
x, 1z, %yl i
C =(=1) x, 1 z|— d=CD'% Y 1&
x 1 z oyl

Forbi, j, k B MARL, 2, 3, AMRSAEUE, PUIAAR AR -
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1 Xl yl Zl

11 X Z

V — 2 y2 2 (6—8)

6 1 X3 y3 Z3

1 X4 y4 Z4

EAROH A A AR s, B

D +D,+D;+D, =1 (6-9)

LA I TR N 9 = Z0@(%,Y), & Sp=Dy(X,Y), MAEAE—
FLTE I SRR A e 2 TR

[J.Q(e) (bib] + CICJ + dldj)dXddepJ = J-Sée) g@lds (i, j - 1, 2,3,4) (6_10)

B i PR BT P R
Ajp; = f (i,j=1,2,3,4) (6-11)
Heb A =(bb,+ec,+dd))|V| » VAR R ITHAR, HAEHN (6-8) #rthe X T

TR f=] g@,dS, #GE SP=A234, Bl HHICL: AT 52340 N =AM, Hilm%
efE A 234NN My etk %, B Q= 0,P, + 0,P; + 9,D,, MR

m!n!p!
o DYDIDPAS =2A ;
Js @ P3P (mintpid) (6-12)
A SRAT A TT B T P2 I A i IO ) o«
f,=0
A
fz :E(zgz+gz+g4)

(6-13)

A
f3 :E(gz + 293 + 94)

A
H=I§wz+%+2m)

P ASh 0 HARIA T A 23410 THAR, FLAE W HifgAe A 2Ok W= MIE =K hh
a, b, ¢, &t=(atbrc)/2, W A= Jt(t—a)(t-b)t—c) -

6. 1.4 ARG

S 2K B oA BR T 7 R T IR R O MR R i e A R A SR TS RUr S S

RS SR, B NEHS I AT BT P R MR MR SR T2 T 2.

ML A R AR S ST R, n, WA TR 0 2
Ann:Ann—l_Aij 6.14
fo=f +f (619

6. 1.5 FLAAFE
LRI LA CAAE TR T30 (6-3) PAREIME L, A FOh A 4 F B0 ik i g
BTGy R IRME IEA B3 2 o A8 1E IR 7 P R, BT AT746 1F 127 R 0 A 4RI KAB 1 127
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P 7 A ) A T 9 R0 R K S A T A, AR SCREIR P A R T K 1
AE BT AT i 4 AT AL 2

AR s BEATIIAS, LIS ST S, no 5 - n,, SR IREE S
WA @ > @ g > BRI RHGERE{ A, b AR T 4 15 75 (et 2
TEEAR(P=n, My 5 .o 1), FLLAKHT, HABGTACEALS, FrHe{ f, ) d
REA TS5 P S TCR GRS TA @, (p=nis my 5 .os 1)

6. 1. 6 ZMEARET FEAL ) AT K AR

LRMEARBOT FRALI HFAT R A R HIPETSCIKSP  (Krylov Subspace) J5ik. mABRICH
i B T B R K W KRR FRATIE , SRARIX K2k R G Mtiksp /77 FGMRES () Ukt
VR« BCGS (AULHEREEVE) « TFQMR (/2570 .« LSQR (/) QRS>
fift) LA SYMMLQ (XARLQAME) 2557k BRAME R AR ik R s v] LLAT H Jacobi. ILULA K
SORAHFNAM: T, HHT RV Z I&E M T IEAT LI 41 T A Jacobi.

6. 1.7 JBERIE I KA

BN PR SR R S T UK PR TC 4% 148 R KSR A A ST I . 7 =
GG TEA, A S AT R N

M

¢:

J

T S A (L R O e P B, DAL A B0 N RS P 2, 7 KR TE
EWSE

3
(pchj(x,y,z):j;(pj(aj+bjx+cjy+djz) (6-15)

4 8({) 4
jzz:l OX j;% !
4 a¢ 4
V= %E: 2016 (6-16)
4 a¢ 4
W=y -—-= d
jz=:1 0z JZ=:1(DJ !

/ﬂ\:quj, Cj» dﬁ‘”ﬁﬁﬂf*ﬁ (6-4) %itho

AN TG I BEAE SR G, A G R R P A 5 1 45 ) BT R R R A
FIFRIME . 3 S 3RAF G, v B Bernoulli 77 FER A K ). 2% FE B 137 1052 Wiz 8 i1
Bernoulli 7 F£ 4 :

2
Y P_ C (6-17)

2 p
HrhCHHEL

6.1.8 4 RJEab3H

25 1 5 A BHE FHGMV (General Mesh Viewer) BB AN EE# A . GMV i 2% [E Los Alomos
K L5 =TI, ASCRHGMVIRAAER BB A s 454 B LA R FE RNy A 1]

6.2 HEBILER

[GIEREE I 1) 5L ) B0 U AT A G T o R, AR (B x=10
(KEDT TG WAL, HAEN o =10u =10, HARBIME N HRILT, Nk
FOCHI Oy x=-10 [ 1E 77 34 FE 1) (0 R0 AR N g=u=1, BEQi A (A
y=-10, y=10, z=-10, z=10/J 175 JEL F i e [ BRR 1D 1) B AR 5 4y g=0.
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ASAF TSR AT 27147 ANEE R 136415 ADSUUTHIAR T, 75 5 1K B0 ) A 65

=

TE VIS BT AR P 13 A A i R 62 R16-3 T, T8 K/ INA A i B 6-4 BT, T
I3 anE6-5 R o

h T R SE R E, KT 0 AT U A RS AT AT LA

T JE BRI B 510 Gei i b [ R B AT Bl B, L B A AR bR rh i R

3

p=-U,(r+ a2)cosé’ (6-18)
FHV (R 53 10 «
v, = a(p——U (l——)cosé’
or
10p :
V, :F%:UO(I—FF)SIHH (6-19)
v,=0

FI AT 18T ) 31 € 32 ) (1) Bernoulli Jy #2 i Sk A3 s g (1% 0k «

P=p,+= ,0U0 p(v +V, +V3) (6-20)

Hrdr, SRAUE T po=0, AR T 0 =1, Kt Up=1

T 0] R R 25 RO (B REAT A o R BR R 1T Hs ) 7 0 € [0, 90° VG N AR ALK,
Fait A N . 7E xoz ~FIIN, Re [ 3R T s ) S AR S AT At ) LU n 18] 6-6.0 AN
Kl 6-6 I LA AT LUt B T S AL AT A 5 AL

FET RGBT z BT R A . ASOERIC T N z=1 THIRI— R, s Ran &l
6-7 7o MEITRFRTLAE HY, o AE B Af S AT e A ) & .

6.3 FATRRIIUE

ASCHAE PC-Cluster _ESEHUFATTFRORSR MR R BRGEU [P, N 17 R AE A R
BERRHC SRR ATERE, LU B AL IFAT R
& 6-1 NABREE N HE MR

1 proc 2 procs 3 procs 4 procs
Time (sec): 6.101e+02 3.305e+02 2.538e+02 2.081e+02
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
Flops: 1.097e+09 5.668e+08 3.774e+08 2.865e+08
Flops/sec: 1.797e+06 1.731e+06 1.505e+06 1.396e+06
MPI Message: 0.000e+00 4.490e+02 8.980e+02 1.347e+03
MPI Message Lengths: 0.000e+00 3.395e+07 6.373e+07 5.563e+07
MPI Reductions: 8.870e+02 4.470e+02 2.980e+02 2.235e+02

5 procs 6 procs 7 procs 8 procs
Time (sec): 1.790e+02 1.613e+02 1.535e+02 1.353e+02
Objects: 5.200e+01 5.200e+01 5.200e+01 5.200e+01
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Pressure

X component velocity

Pressure Around the Sphere

0.6

0.4 \
| Y

0.2 1 .
0.0 1
-0.2
-0.4

-0.6

-0.8 . .

— ®— numerical result]

— ®— analytic solution

iy

w,(

0 60

120 180 240 300 360

Relative Position from the Back Stationary Point

Kl 6-6 VI E S E SRR HTE Y HL

X component velocity comparison

1.6

1.5+

1.4 4

1.3 1

1.0 1

0-9 L I L I

— @ — numerical result

—® — analytic solution

—71r ' 1 - 1 11T 1T T 1
3 4 5 6 7 8 9

z direction coordinate

B 6-7 vHELE B E S I PR HTE I E R
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43k 6-1
5 procs 6 procs 7 procs 8 procs
Flops: 2.286e+08 1.912e+08 1.647¢+08 1.434e+08
Flops/sec: 1.299¢+06 1.208e+06 1.095¢+06 1.084e+06
MPI Message: 1.794e+03 2.243e+03 2.692e+03 3.140e+03
MPI Message Lengths: 5.841e+07 5.041e+07 5.178e+07 4.637e+07
MPI Reductions: 1.788e+02 1.490e+02 1.277e+02 1.118e+02

MEEFP T PERE I Z R BB T AR 4R th R Ris AT 2 st R is AT I, 1A
I ) 4R T HR3 ¥ o B HERE RO G 0, 5 ROa SEEOR D, SR i 8 LB AR S
(I 77 RO BRI DL, 6 IR A SR RE RO . P 6-8 I LLH] B
i, BRECH 8 I, P&,

ec

"
600 »

500

400

Time

300

200

100+

6.4 AT/

processors

&l 6-8 AN [RIZEREECT ITHEE I A ) B

AT E SN H T BERGE RSB AU I S B 3%, o3 3 54 BR G 3t Ui 120 ) A Ao
W, gy TS R A AT LS T AT, AT T EREECS AT U R
RISRAR, [N 45 Y T [ BRGETUT A B o Al AU AR s 3 73 A1 BB 45 R il AT e LE A
PIH WA ARGF o UEW] T AVREER ] A BRITI% S PETSe AHES 7 BE i BOR MR [ 3R GEiAT 1n)

=
Pz
p=i
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FLE Fit

GEGL I I AFAE T8 TARUE, Wiy AR . s iR im iR S5 Ak 2 s, BHF
WG ) AT 5 BRI SE B 5 S BRI, AR — EL AN B A S . AT BRI
15T 5 24 PETSc (Portable, Extensible Toolkit for Scientific Computation) 454,
X BEARAN BT HS IR I DA A it ) 3 AT I AT BUETHS o 23 JIE T T Ao BRI A [ A58
it~ NACA0010-66 FLE LU NACA0012 HLE S MBS XL RS LA R =46
PRI P [ BRGE 1) R, T 0 BB AA G Y T A T IR A R P 35 A e oA o 4L
I3 AT A K ) 53 At s B8 3 B SR 7 S AR T s g R BB AL ) v S SR AT i

(ERAIAED AT LI AL 73 D6 IR &M 0 T B BERE L S AT R R R BT T 70 bt
T I RE F 3 e KRS 23 B A BT 21

(1 M A . NACA0010-66 HLIHEEE . NACA0012 LA [ ERGER (1) B E AU 5
S R SRR A I I LU, ANHER H 8 2 TR R 22 AR N, IX it B T AR B A0, 7
EIERARAT, ORI . BUHLER [0 @55 7 HEAl, [RIRF e e B (e U A o
S S IR =

(2) Gambit PSR B2 R SN THRE S5 RAFAEAR KRIR 52, B8 AR SR R GEi I
FEAEAE DU ER A L 23 A A AN B A, S BCUEAA T 545 T S i A e R R 22, Bl
JE SRR RIS, e TESEA I 45 SR 8 S AR AT TR+ W o [FRE B TR A R 0]
TUFE G RIS B A (5 m, H2 TR SR, fEuR ey hAmd e s
] RN, AR T =MATE M

(3) LEBFFT S A GEUL ) JUINE, W BEREE S AT TR I R R IEAT T 9007 o AN RIERE
TS AL, T LU O ARG B BE RO 22, il R v SN TR] R, AT R Bk
T RN B A RO N, BRSSO, (HE IS Sz . PRtk Xt 2
SRAERFAT IFAT VRN, D3 s AT R NAZIE UE 5 I PR

(4) MWEEI S R EH, ARITES PETSc 456 1) UL e sE IR ARAS o] it A4
AAIAGREEU I J) IFAT B KA

A RICIE S PETSe 46, 6 BEALAN AT He i A4 1) — YA = 4E ) A4 A Se nl /L,
HEATAT IR T B O AT U8 o TS X R AT PR T i, oo TB 2o = B sRU I T FR oo
ey, CLRDYTIAR TG 4E), HITTERECH Lagrange fifH A% A1 BR ORI B HUE gk
RECTFEAL, H PETSc FE R BOHAT IFAT KM -

AE I T S0 T AR FR G &8, T INRI G R, B AR BN T
#@?%%?)ﬁf%%ﬁl‘ﬂ%ﬂiﬁﬁéﬂiﬁﬁ%, g%?‘ﬂﬁiﬂﬁ%ﬁiﬁﬁTﬁﬁﬁ‘Wi@, S5 AT ST
73:6—?:9, J:T%ﬁiﬂﬁ%#jﬂ:a—(s:(), WIS BUERAF T — RAIEER, (HREERK
IAEBIYI T BN BEIRIR A FRAC AT N 2 45 0 R RN, AR IR Fras thiRvL In s 2 0,
TEMTA FRAAT AN I A 3 SCHBI U o A5 SE B il @ rh, 0452 30 IR ORI D0 S LG A TR
LRSI%, N PHASBGEER ) B CEAT AR 22 ) AT FRR AR o A SO A JE RS
FRG AR B ) 8 1K) I EAT T BB E T kA
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2 U IS I ME97, A58 i 1 8Nkt 3018 3O IR AR A vg L T
210 (1) 0 o S IEASERAB BT ST, AU T At R0 UL & i, i FL3R 73 o
I ORI e 1) KT BE T AR 57 AR BRIV T T R 52 3 AN 2 o

ST (8 Az (K95 o 7228 RGBT s S B T R (0 di S PRI, G
TR TARRREEERS 170, $EH TR S 02 (K 9a PR, R A 0ot B B at s b s 2
(R Ao 3 SR FAT AT G 2™ R A UGS 3 BRAR 2 N R 7R o AR IR A 7R
I

REIFIUAE A R T RS ISR IR S IR TSERT S TAT, JF - EORE R 5T
AR SCEE S IR RE, X SCHEH T R EA MR o AEFRMIETE T A 38 2 R E T 17 24 KSR
I, SAARARR O 5 BRI i gk 7 58, A b B Jff ok 17— RIS E BT 22 K3 )
AN SR RS LI

TR R AN DR 1Y) I )2 o BRBA TS BT AN R Ay 1), (EAE—LE 3L R )
BLEAE T T BRARZ WD, AR i Ros 20t

RIS EE . NN TRG A EARVAERT EROCZ . SCRPATBEAR , A JRGUH 1 56 1k
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EMXRIRX

ME:

AT WA TAE S PEREVEH N LA 1] PETSe B SR i 3 73 7 F A A 58 1) 7
PETSc 72 ML 3 Rt i ST A, e AR tmplRe, NI (B8
(KLU L8 AT AR, A CRS P4 T Iz 5Ll . PETSc M) MPT i AL 0 b fE o

PETSc (o fifi &4 REMIFAT Lt ARLe My R AN TR B 70 4, IX LS fiide g AR 7
Al AE Fortran, C M1 C + +if 5 % 5 KN R P AU A8 o PETSc $241 TR 2 AEFF47T N H
AR e i B ML 0 A TR AR [ B A (R o Bl P 3 SR IR ALk, KRR
RE S It B Az FH b AT 2K SR 50 1 A e 5 I o 380 o A5 T [ 6 B i RE A 5
PETSc JHI St T ER IR i

PETSc st RIS TR XA THEX TS8R P R, WIDTaG52 > I 2 s ) —
AN R RE I R W MERF 22 o R X TREE A TH LA S8 500 C CHHl S iR Al
N, ATRERT B A I 8], A B8 78 0 SRR A Ry s, A B R R A . R
1M, PETSc fIBETHRE ) ATE Fr 6 & I ST A 8 AT v 22 Y AR, IR LR B AT ] A9 2 .

o WTHZ TR (EEEREBONEIRND 25, —RIVA U MATLAB 1E4E 2 5
I #) T H; PETSc AR FISRAE DI IS Ir) 8, 3X 2 (1) T MATLAB AR ol ABEAT A 242 1%

o ANEZHRMEH PETSc EA R IR 32 (AT I e MEhas . 29K, BTl Jnt
AR A3 AN b FHAT , AR AR 1 o WA 20 A BRI o AN ZEF5 B BE A VR A I B P A
HI PETSc AT RARL MRS .

N PETSc s&fE4ks ik ez v, LEAf A DURIITEIY 2 51 I R 2 /M A% 4k . PETSc
E AR BT a5 http://www.mes.anl.gov/petsc. < T PETSc f— R FAHIS R LL K M5
BEPE N http://www.unix.mcs.anl.gov/petsc/petsc-as/publications .

FRATTAT T 3% 85 X BT [RIATAAT % I 7E o
F—F Al

AR R AU A T HAR (PETSe) TR IhHiuEl], B R 7a X iis J r BLET 22
RBREE N AR IR R e R ), JEFIE A Fortran , C I C + +4 5 114805 . £83d JLAER 2,
A AR AN ORI TR, FHORAE mPE R TSN SRR AR W 1o 23 5 R AR DR 1) i

PETSc & FPEs AR . (CRLT C + +h 928D, IRIGAE I P T 26 — A58 =4y
FEATHE . R RIS E 5 (B, [0 DURORR e 5 A A48 . PETSc
RS BRRA IR T BATR A LR A TIN5 . 70 PETSc LR AR PE

w5l WY, RU13EE, #EwRE

If) #;

FERE GHEE EFED;

I3 AT R ORI 2 W g AT I AR AT D 5
« Krylov 23 [W )14

257 o 71w



YFxdrs
Shanghal o Tong ety Wk SR O R T

WA 7 ARG 2 RS MR ELRR A
ARLNEARTL A5
I IRD RERR > 4 AR RARIIN T ) CIEERMED) oy Jr

R MR IR DGR oRGE BRI ESD A aE AR R, X4
SR (R S A F AR 5 (RS E 54 o [RIG, PETSc 2 5 B B Al el ik 23 75 e AT 20 i UsAR
0, A — SR R AL 1 G — ik IR R BTl g S Sy EA T BRI T AN /] (R 500k gl
FARANF Y Krylov 1281053k, WA T, B R WOEAURIZ) . L, PETSe A RFAEHL
P Bt SRSt T AR .

Hdga 126 RE AL A M SR 52 AN RSN 5 o X PRABRE (et 1 AR 1 T P M 5 1k,
K AT ) BN SR ERE P 3 BT . PETSc A KRB FHE 4L T kAt

%1€ PETSc (AR Z RIAH I OCRARH A M. B 1 XA Ailsl; 182 3
PRGN AL B AT AL o SX LR 38 7s T AR A SR IR SR, S A R AL RES
EBHIAE—R, X5l A i ks € 1 )

n

1.1 8%
T =
. B

paf4

N
3

E\

p----PETSc fif /i

o 5534y -—-PETSc 4ife
o« BRI E R

S T AT H PETSc Bl R SR A B, I F WA 17 5160451 -1~ 356 W] G el FH PETS e
RIGLNE RS ZIB TAERH PETSc ds 1 LR A%, A8 8 AR P T2 BE 7. Z048 FH %
Ao H—EB5r I AR PETSe #AFME WIS BRI NEAT A, (A CAE R 22 10 v
AT o XA FB AT R 3 BB AR BT NS 2 SO e B P T A

5 VEN R T AP PETSe BE EIAE, i, FRE, $RECE, etk
Mk as UL BB o 28 =300 48 T 5 R IS S, UGS, I A, it
H, 4R PETSc Bil40y.

PETSc CUEARRCAAH AN 7%, Bk, PETSc A FMa RSN RIEH . Al
VA N AT H PETSe 2 i 56 P e AN FH U] SRS, (H B0 e AR X A 1K P
HMELZ G, PETSc W UIGEIEHAEH . kA, fE{7T PETSc DIRERI 225 SCAF# A H 2 )0
KT,

7£ PETSc 704, H3%$ (PETSc DIR) /docs XA T Bifs SXF. && /44 PETSc
D HE T L v LAV ) http://www.mes.anl.gov/petsc/petsc-as/documentation .. 1% it U1 il 42
BEHFE S EE SRS CHIRE S A AL R ), XAEAEFT ] F REAEAT 55 E R 2 TR 25 5
Dl

Emacs [ )14 KN etags IIETAHRZR PETSc IHYEACISIRG B . dEIhRER HARA 21
R85 148 715,

manual.pdf LA 583 PETSe H 2, X6 PDF. 1 intro.pdf A A$5 S
Wy, H—Hhor: 0% PETSe s04n, W FNE FHHbOH, AHARG R, XLt nrim
i PETSc W1k %), MhE http://www.mcs.anl.gov/petsc. PETSc = A UHGE 2254077, B
FilA T PETSc #rife siNIAZAG, TATH ATIRA KR INLAS, St BRaa s,  BLACH W 1n)
il o
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Fortran F2J7 B AU /2 RZHIGTNp, 67 FIFIFPs) i C / C + +2fih S 4t
o AT P LA — 154, 2P FATEH C 88 C + +1EF 905 PETSc fUt5. 4R,
4[¥E K] Fortran #2772 H Fortran %5 w] LMEEH PETSe R4 Thae, R P b A
AN 2200 o 55 11 B8 T 7€ PETSc "8 | Fortran Al C [ 225, 645 H T JLAMEH] Fortran
S o ICARASED IR A2 T — 28 5 SCKF Fortran90 45 FH 7%

1.2 PETSc 2FiE1T

TEAE I PETSe i, 2556 ¥ B 5E A & PETSc_DIR, WoR5e#Ek4e) PETSe £ H
ST, UNIX C R n 2 LLUXAE I TE S setenv PETSc_DIR $SHOME/petsc Ji¥ & 7EH /7 [#.cshre
SO BeAh, AR E A EE AR i PETSC_ARCH. i, PETSC_ARCH Hj&—4
DL PR AR, BRI oA B R () G i 1B IR L 8 R 28 2 B R 8008 126 o A FH AN [RD )
PETSC_ARCH St VFH ™ 525 5y IR 48 BEAE T AN [) (1) B4 1

JITA7 PETSc F2)74E HI 1 MPT G EAR 882 1D bRy B 35a 15 . Ik, $44T PETSc
iy, FH P b2iamiE e 3 ST M LR S hizdT MPL B#AED B8R thin, 448
MPICH 217 MPIL, NI i & 8 BERE A sh )7

mpiexec —np 8§ ./petsc_program_name petsc_options

PETSc 1 f} #if — 4~ B A $SPETSC_DIR/bin/petscmpiexec —np 8 ./petsc_program name
petsc_options, ffi[H]1Zf5 S 7ES {PETSC_DIR}/ bmake / $ {PETSC_ARCH} / petscconf H' H 3]
5 F IE A ) mpiexec FEAT LA «

JIi47 PETSc A WFLT S HEAEH - h 8-help LT, DL~ V 5-version 1.

HACREIUE T AT () PETSce 278 SCREI) . FATE N s s 7 LA A - I 1%
SEHEY| K H -help LIS ATAEAT PETSc B 7 #8REAT 31 o

« - log_summary — & &% R Pk fE

o - fp_trap —LBRFABAIGISME DL HIAER LA

« - malloc_dump —ic{ZARIEER; {EIZAT S50 TP A1 AR RO AZ A ) e it 4 B

« - malloc_debug —IdZRIEE: (BRIAMEOL T JE SRR A

» - start_in_debugger [ noxterm,gdb,dbx,xxgdb] [-display name] —7E ik 2% UG FTH 1
.

+ - on_error_attach_debugger [noxterm,gdb,dbx xxgdb] [-display name] —7£ it FIJH 157 )
gifikds
KT PETSc FEF AN E 245 RIS AR 14.4 15,

1.3 PETSc#EFHE
KEZHPETSe FIFIFLAR I 6y 4

PetscInitialize(int *argc,char ***argv,char *file,char *help)

KATUHEAPETSe FIMPL, 2 Harge Mlargv /& AECHICHRE TR I 21T 540 SHCCIHFRI T
PETScIE IS 53— AN Bk petsere, EERINTEOL MZSCAFEH P I FEHxZ . H514.271
TR T 5% SO A G N S FIPETSclle UG e, %88 1 T as AT I (R sE il dseia i)
Z¥fhelp s — AN AT IEPRFAE T RF R, S8 AT R 7 I WAL ] -help e A S HOG S48 41 H . 7
Fortran/', H#y4 3 call Petsclnitialize(character(*) file,integer ierr)E 17 ¥ 4A k. W HMPI
FHGEA AT WAL, Petsclnitialize() H 8 [B] 2] a7 2 MPL_Init(). 7EHRLEEHLT, MPIFGEE
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KSPCreate(MPI Comm comm,KSP *ksp);
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Abstract:

This manual describes the use of PETSc for the numerical solution of partial differential
equations and related problems on high-performance computers. The Portable, Extensible Toolkit
for Scientific Computation (PETSc) is a suite of data structures and routines that provide the
building blocks for the implementation of large-scale application codes on parallel (and serial)
computers. PETSc uses the MPI standard for all message-passing communication.

PETSc includes an expanding suite of parallel linear, nonlinear equation solvers and time
integrators that may be used in application codes written in Fortran, C, and C++. PETSc provides
many of the mechanisms needed within parallel application codes, such as parallel matrix and
vector assembly routines. The library is organized hierarchically, enabling users to employ the
level of abstraction that is most appropriate for a particular problem. By using techniques of
object-oriented programming, PETSc provides enormous flexibility for users.

PETSc is a sophisticated set of software tools; as such, for some users it initially has a much
steeper learning curve than a simple subroutine library. In particular, for individuals without some
computer science background or experience programming in C or C++, it may require a
significant amount of time to take full advantage of the features that enable efficient software use.
However, the power of the PETSc design and the algorithms it incorporates may make the
efficient implementation of many application codes simpler than “rolling them” yourself.

» For many simple (or even relatively complicated) tasks a package such as Matlab is often
the best tool; PETSc is not intended for the classes of problems for which effective Matlab code

can be written.

* PETSc should not be used to attempt to provide a “parallel linear solver” in an otherwise

263 71 W



YFERAAE
Shanghal o Tong ety KR A A RS 7 18

sequential code. Certainly all parts of a previously sequential code need not be parallelized but the
matrix generation portion must be to expect any kind of reasonable performance. Do not expect to
generate your matrix sequentially and then “use PETSc” to solve the linear system in parallel.

Since PETSc is under continued development, small changes in usage and calling sequences
of routines may occur. PETSc is supported; see the web site http://www.mcs.anl.gov/petsc for
information on contacting support.

A list of publications and web sites that feature work involving PETSc may be found at

http://www.unix.mcs.anl.gov/petsc/petsc-as/publications.

We welcome any additions to these pages.

Chapterl Getting Started

The Portable, Extensible Toolkit for Scientific Computation (PETSc) has successfully
demonstrated that the use of modern programming paradigms can ease the development of
large-scale scientific application codes in Fortran, C, and C++. Begun several years ago, the
software has evolved into a powerful set of tools for the numerical solution of partial differential
equations and related problems on high-performance computers.

PETSc consists of a variety of libraries (similar to classes in C++), which are discussed in
detail in Parts IT and III of the users manual. Each library manipulates a particular family of
objects (for instance, vectors) and the operations one would like to perform on the objects. The
objects and operations in PETSc are derived from our long experiences with scientific
computation. Some of the PETSc modules deal with

* index sets, including permutations, for indexing into vectors, renumbering, etc;
* vectors;

* matrices (generally sparse);

« distributed arrays (useful for parallelizing regular grid-based problems);

* Krylov subspace methods;

* preconditioners, including multigrid and sparse direct solvers;

« nonlinear solvers; and

* timesteppers for solving time-dependent (nonlinear) PDEs.

Each consists of an abstract interface (simply a set of calling sequences) and one or more
implementations using particular data structures. Thus, PETSc provides clean and effective codes
for the various phases of solving PDEs, with a uniform approach for each class of problems. This
design enables easy comparison and use of different algorithms (for example, to experiment with
different Krylov subspace methods, preconditioners, or truncated Newton methods). Hence,
PETSc provides a rich environment for modeling scientific applications as well as for rapid
algorithm design and prototyping.

The libraries enable easy customization and extension of both algorithms and
implementations. This approach promotes code reuse and flexibility, and separates the issues of
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parallelism from the choice of algorithms. The PETSc infrastructure creates a foundation for
building large-scale applications.

It is useful to consider the interrelationships among different pieces of PETSc. Figure 1 is a
diagram of some of these pieces; Figure 2 presents several of the individual parts in more detail.
These figures illustrate the library’s hierarchical organization, which enables users to employ the
level of abstraction that is most appropriate for a particular problem.

1.1 Suggested Reading

The manual is divided into three parts:
* Part I - Introduction to PETSc
* Part II - Programming with PETSc
* Part III - Additional Information

Part I describes the basic procedure for using the PETSc library and presents two simple
examples of solving linear systems with PETSc. This section conveys the typical style used
throughout the library and enables the application programmer to begin using the software
immediately. Part I is also distributed separately for individuals interested in an overview of the
PETSc software, excluding the details of library usage. Readers of this separate distribution of
Part I should note that all references within the text to particular chapters and sections indicate
locations in the complete users manual.

Part II explains in detail the use of the various PETSc libraries, such as vectors, matrices,
index sets, linear and nonlinear solvers, and graphics. Part III describes a variety of useful
information, including profiling, the options database, viewers, error handling, makefiles, and
some details of PETSc design.

PETSc has evolved to become quite a comprehensive package, and therefore the PETSc
Users Manual can be rather intimidating for new users. We recommend that one initially read the
entire document before proceeding with serious use of PETSc, but bear in mind that PETSc can be
used efficiently before one understands all of the material presented here. Furthermore, the
definitive reference for any PETSc function is always the online manual page.

Within the PETSc distribution, the directory ${PETSC_DIR}/docs contains all
documentation. Manual pages for all PETSc functions can be accessed on line at

http://www.mcs.anl.gov/petsc/petsc-as/documentation

The manual pages provide hyperlinked indices (organized by both concepts and routine names) to
the tutorial examples and enable easy movement among related topics.

Emacs users may find the etags option to be extremely useful for exploring the PETSc source
code.Details of this feature are provided in Section 14.8.

The file manual.pdf contains the complete PETSc Users Manual in the portable document
format(PDF), while intro.pdf includes only the introductory segment, Part I. The complete PETSc
distribution, users manual, manual pages, and additional information are also available via the
PETSc home page at http://www.mcs.anl.gov/petsc. The PETSc home page also contains details
regarding installation, new features and changes in recent versions of PETSc, machines that we
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currently support, a troubleshooting guide, and a FAQ list for frequently asked questions.

Note to Fortran Programmers: In most of the manual, the examples and calling sequences are
given for the C/C++ family of programming languages. We follow this convention because we
recommend that PETSc applications be coded in C or C++. However, pure Fortran programmers
can use most of the functionality of PETSc from Fortran, with only minor differences in the user
interface. Chapter 11 provides a discussion of the differences between using PETSc from Fortran
and C, as well as several complete Fortran examples. This chapter also introduces some routines
that support direct use of Fortran90 pointers.

1.2 Running PETSc Programs

Before using PETSc, the user must first set the environmental variable PETSC_DIR, indicating
the full path of the PETSc home directory. For example, under the UNIX C shell a command of

the form

setenv PETSC DIR $HOME /petsc

can be placed in the user’s .cshrc file. In addition, the user must set the environmental variable
PETSC_ARCH to specify the architecture. Note that PETSC_ARCH is just a name selected by the
installer to refer to the libraries compiled for a particular set of compiler options and machine type.
Using different PETSC_ARCH allows one to manage several different sets of libraries easily.

All PETSc programs use the MPI (Message Passing Interface) standard for message-passing
communication[ | 5]. Thus, to execute PETSc programs, users must know the procedure for
beginning MPI jobs on their selected computer system(s). For instance, when using the MPICH
implementation of MPI [9] and many others, the following command initiates a program that uses
eight processors:

mpiexec -np § ./petsc program name petsc options
PETSc also comes with a script
$PETSC DIR/bin/petscmpiexec -np 8 ./petsc program name petsc options

that uses the information set in ${PETSC_DIR }/bmake/$ {PETSC ARCH}/petscconf to
automatically use the correct mpiexec for your configuration.

All PETSc-compliant programs support the use of the -h or -help option as well as the -v or
-version option.

Certain options are supported by all PETSc programs. We list a few particularly useful ones
below; a complete list can be obtained by running any PETSc program with the option -help.

* -log_summary - summarize the program’s performance
» -fp_trap - stop on floating-point exceptions; for example divide by zero

* -malloc_dump - enable memory tracing; dump list of unfreed memory at conclusion of the

» -malloc_debug - enable memory tracing (by default this is activated for debugging versions)

* -start_in_debugger [noxterm,gdb,dbx,xxgdb] [-display name] - start all processes in
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debugger

» -on_error_attach_debugger [noxterm,gdb,dbx,xxgdb] [-display name] — start debugger only

on encountering an error

See Section 14.4 for more information on debugging PETSc programs.

1.3 Writing PETSc Programs

Most PETSc programs begin with a call to
Petsclnitialize(int *argc,char ***argv,char *file,char *help);

which initializes PETSc and MPI. The arguments argc and argv are the command line arguments
delivered in all C and C++ programs. The argument file optionally indicates an alternative name
for the PETSc options file, .petscrc, which resides by default in the user’s home directory. Section
14.2 provides details regarding this file and the PETSc options database, which can be used for
runtime customization. The final argument, help, is an optional character string that will be printed
if the program is run with the —help option. In Fortran the initialization command has the form

call Petsclnitialize(character(¥*) file,integer ierr);

PetscInitialize() automatically calls MPI _Init() if MPI has not been not previously initialized.
In certain circumstances in which MPI needs to be initialized directly (or is initialized by some
other library), the user can first call MPI_Init() (or have the other library do it), and then call
PetscInitialize(). By default, PetscInitialize() sets the PETSc “world” communicator, given by
PETSC_COMM_ WORLD, to MPI COMM_WORLD.

For those not familar with MPI, a communicator is a way of indicating a collection of
processes that will be involved together in a calculation or communication. Communicators have
the variable type MPI_Comm.In most cases users can employ the communicator
PETSC_COMM_WORLD to indicate all processes in a given run and PETSC_COMM _SELF to
indicate a single process.

MPI provides routines for generating new communicators consisting of subsets of processors,
though most users rarely need to use these. The book Using MPI, by Lusk, Gropp, and Skjellum
[10] provides an excellent introduction to the concepts in MPI, see also the MPI homepage
http://www.mcs.anl.gov/mpi/. Note that PETSc users need not program much message passing

directly with MPI, but they must be familiar with the basic concepts of message passing and
distributed memory computing.

All PETSc routines return an integer indicating whether an error has occurred during the call.
The error code is set to be nonzero if an error has been detected; otherwise, it is zero. For the
C/C++ interface, the error variable is the routine’s return value, while for the Fortran version, each
PETSc routine has as its final argument an integer error variable. Error tracebacks are discussed in
the following section.

All PETSc programs should call PetscFinalize() as their final (or nearly final) statement, as

given below in the C/C++ and Fortran formats, respectively:

PetscFinalize();

call PetscFinalize(ierr)
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This routine handles options to be called at the conclusion of the program, and calls MPI_Finalize()
if PetscInitialize() began MPI. If MPI was initiated externally from PETSc (by either the user or
another software package), the user is responsible for calling MPI_Finalize().

1.4 Simple PETSc Examples

To help the user start using PETSc immediately, we begin with a simple uniprocessor example in
Figure 3 that solves the one-dimensional Laplacian problem with finite differences. This
sequential code, which can be found in ${PETSC_DIR}/src/ksp/ksp/examples/tutorials/ex1.c,
illustrates the solution of a linear system with KSP, the interface to the preconditioners, Krylov
subspace methods, and direct linear solvers of PETSc. Following the code we highlight a few of
the most important parts of this example.

Include Files

The C/C++ include files for PETSc should be used via statements such as

#include “petscksp.h”

where petscksp.h is the include file for the linear solver library. Each PETSc program must
specify an include file that corresponds to the highest level PETSc objects needed within the
program,; all of the required lower level include files are automatically included within the higher
level files. For example, petscksp.h includes petscmat.h (matrices), petscvec.h (vectors), and
petsc.h (base PETSc file). The PETSc include files are located in the directory

${PETSC DIR}/include. See Section 11.1.1

for a discussion of PETSc include files in Fortran programs.

The Options Database

As shown in Figure 3, the user can input control data at run time using the options database. In
this example the command PetscOptionsGetInt(PETSC_NULL,"-n",&n,&flg); checks whether the
user has provided a command line option to set the value of n, the problem dimension. If so, the
variable n is set accordingly; otherwise, n remains unchanged. A complete description of the
options database may be found in Section 14.2.

Vectors

One creates a new parallel or sequential vector, x, of global dimension M with the commands

VecCreate(MPI Comm comm,Vec *x);

VecSetSizes(Vec x, int m, int M);

where comm denotes the MPI communicator and m is the optional local size which may be
PETSC _DECIDE. The type of storage for the vector may be set with either calls to VecSetType()
or VecSetFrom Options(). Additional vectors of the same type can be formed with

VecDuplicate(Vec old,Vec *new);
The commands

VecSet(Vec x,PetscScalar value);
VecSetValues(Vec x,int n,int *indices,PetscScalar *values,INSERT VALUES);

respectively set all the components of a vector to a particular scalar value and assign a different
value to each component. More detailed information about PETSc vectors, including their basic
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operations, scattering/gathering, index sets, and distributed arrays, is discussed in Chapter 2.
Note the use of the PETSc variable type PetscScalar in this example. The PetscScalar is
simply defined to be double in C/C++ (or correspondingly double precision in Fortran) for
versions of PETSc that have not been compiled for use with complex numbers. The PetscScalar
data type enables identical code to be used when the PETSc libraries have been compiled for use
with complex numbers.Section 14.7 discusses the use of complex numbers in PETSc programs.

Matrices

Usage of PETSc matrices and vectors is similar. The user can create a new parallel or sequential
matrix, A,which has M global rows and N global columns, with the routines and

MatCreate(MPI Comm comm,Mat *A);
MatSetSizes(Mat A,int m,int n,int M,int N);

where the matrix format can be specified at runtime. The user could alternatively specify each
processes’ number of local rows and columns using m and n. Values can then be set with the
command

MatSetValues(Mat A,int m,int *im,int n,int *in,PetscScalar *values,INSERT VALUES);

After all elements have been inserted into the matrix, it must be processed with the pair of
commands

MatAssemblyBegin(Mat A MAT FINAL ASSEMBLY);
MatAssemblyEnd(Mat A,MAT FINAL ASSEMBLY);

Chapter 3 discusses various matrix formats as well as the details of some basic matrix
manipulation routines.

Linear Solvers

After creating the matrix and vectors that define a linear system, Ax = b, the user can then use
KSP to solve the system with the following sequence of commands:

KSPCreate(MPI Comm comm,KSP *ksp);
KSPSetOperators(KSP ksp,Mat A,Mat PrecA,MatStructure flag);
KSPSetFromOptions(KSP ksp);

KSPSolve(KSP ksp,Vec b,Vec x);

KSPDestroy(KSP ksp);

The user first creates the KSP context and sets the operators associated with the system (linear
system matrix and optionally different preconditioning matrix). The user then sets various options
for customized solution, solves the linear system, and finally destroys the KSP context. We
emphasize the command KSPSetFromOptions(), which enables the user to customize the linear
solution method at runtime by using the options database, which is discussed in Section 14.2.
Through this database, the user not only can select an iterative method and preconditioner, but
also can prescribe the convergence tolerance, set various monitoring routines, etc. (see, e.g.,
Figure 7).

Chapter 4 describes in detail the KSP package, including the PC and KSP packages for
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preconditioners and Krylov subspace methods.

Nonlinear Solvers

Most PDE problems of interest are inherently nonlinear. PETSc provides an interface to tackle the
nonlinear problems directly called SNES. Chapter 5 describes the nonlinear solvers in detail. We
recommend most PETSc users work directly with SNES, rather than using PETSc for the linear

problem within a nonlinear solver.

Error Checking

All PETSc routines return an integer indicating whether an error has occurred during the call. The
PETSc macro CHKERRQ(ierr) checks the value of ierr and calls the PETSc error handler upon
error detection. CHKERRQ(ierr) should be used in all subroutines to enable a complete error
traceback. In Figure 4 we indicate a traceback generated by error detection within a sample PETSc
program. The error occurred on line 1673 of the file ${PETSC_DIR}/src/mat/impls/aij/seq/aij.c
and was caused by trying to allocate too large an array in memory. The routine was called in the
program ex3.c on line 71. See Section 11.1.2 for details regarding error checking when using the
PETSc Fortran interface.

When running the debug version of the PETSc libraries, it does a great deal of checking for
memory corruption (writing outside of array bounds etc). The macros CHKMEMQ can be called
anywhere in the code to check the current status of the memory for corruption. By putting several
(or many) of these macros into your code you can usually easily track down in what small
segment of your code the corruption has occured.

Parallel Programming

Since PETSc uses the message-passing model for parallel programming and employs MPI for all
interprocessor communication, the user is free to employ MPI routines as needed throughout an
application code. However, by default the user is shielded from many of the details of message
passing within PETSc, since these are hidden within parallel objects, such as vectors, matrices,
and solvers. In addition, PETSc provides tools such as generalized vector scatters/gathers and
distributed arrays to assist in the management of parallel data.

Recall that the user must specify a communicator upon creation of any PETSc object (such as
a vector,matrix, or solver) to indicate the processors over which the object is to be distributed. For

example, as mentioned above, some commands for matrix, vector, and linear solver creation are:

MatCreate(MPI Comm comm,Mat *A);
VecCreate(MPI Comm comm,Vec *x);
KSPCreate(MPI Comm comm,KSP *ksp);

The creation routines are collective over all processors in the communicator; thus, all processors
in the communicator must call the creation routine. In addition, if a sequence of collective routines
is being used, they must be called in the same order on each processor.

The next example, given in Figure 5, illustrates the solution of a linear system in parallel. This
code, corresponding to ${PETSC_DIR }/src/ksp/ksp/examples/tutorials/ex2.c, handles the
twodimensional Laplacian discretized with finite differences, where the linear system is again
solved with KSP. The code performs the same tasks as the sequential version within Figure 3.
Note that the user interface for initiating the program, creating vectors and matrices, and solving
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the linear system is exactly the same for the uniprocessor and multiprocessor examples. The

primary difference between the examples in Figures 3 and 5 is that each processor forms only its

local part of the matrix and vectors in the parallel case.

Compiling and Running Programs

Figure 6 illustrates compiling and running a PETSc program using MPICH. Note that different
sites may have slightly different library and compiler names. See Chapter 15 for a discussion
about compiling PETSc programs. Users who are experiencing difficulties linking PETSc
programs should refer to the troubleshooting guide via the PETSc WWW home page
http://www.mcs.anl.gov/petsc or given in the file SPETSC DIR/docs/troubleshooting.html.

As shown in Figure 7, the option -log_summary activates printing of a performance summary,
including times, floating point operation (flop) rates, and message-passing activity. Chapter 12
provides details about profiling, including interpretation of the output data within Figure 7. This
particular example involves the solution of a linear system on one processor using GMRES and
ILU. The low floating point operation (flop) rates in this example are due to the fact that the code
solved a tiny system. We include this example merely to demonstrate the ease of extracting

performance information.
Writing Application Codes with PETSc

The examples throughout the library demonstrate the software usage and can serve as templates
for developing custom applications. We suggest that new PETSc users examine programs in the

directories

${PETSC_DIR}/src/<library>/examples/tutorials,

where <library> denotes any of the PETSc libraries (listed in the following section), such as snes

or ksp. The manual pages located at

$PETSC DIR/docs/index.html or

http://www.mcs.anl.gov/petsc/petsc-as/documentation

provide indices (organized by both routine names and concepts) to the tutorial examples.

To write a new application program using PETSc, we suggest the following procedure:
1. Install and test PETSc according to the instructions at the PETSc web site.

2. Copy one of the many PETSc examples in the directory that corresponds to the class of
problem of interest (e.g., for linear solvers, see $ {PETSC_DIR }/src/ksp/ksp/examples/tutorials).

3. Copy the corresponding makefile within the example directory; compile and run the

example program.

4. Use the example program as a starting point for developing a custom code.
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