Pa ra llel Progra mming Workshop

Numerica l Libra ries for Algebra ic Problems Ha ns-Peter Kersken HLRS Ja nua ry 29^{th},1998

⇓

⇑

HPF implicit messa ge pa ssing a ll communica tion hidden from the user

Pa ra llel Libra ry communica tion ta kes pla ce in libra ry routines set-up of communica tion da ta structure hidden from the user some user controlled ca lls for efficiency

MPI explicit messa ge pa ssing a ll communica tion progra mmed by the user

Pa ra llel Progra ms • more complex • more error prone • more difficult to verify

Pa ra llel Libra ries

• a llow high level view of da ta

• hide communica tion

• fa ster progra m development

• ea sy sta rt-up

• Pa ra llel Spa rse Ma trix Libra ries • Overview • Petsc

• Funda menta ls • Exa mples

• Pa ra llel Direct Solvers

SCALAPACK

• dense or ba nd ma trices

• BLACS

• PBLAS

• block cyclic da ta distribution

!HPF$ DISTRIBUTE CYCLIC(MB), CYCLIC(NB)

• ca ll interfa ce simila r to LAPACK

• linea r equa tion solver, eigenproblem solver, orthogona l fa ctoriza tion

• http:/www.netlib.org/sca la pa ck/index.html

Spa rse Ma trix Libra ries

• PIM (R. Da Cunha , T. D. Hopkins) www.a rc.unm.edu/workshop/pma tlib/pimtut.html

• BlockSolve95 (M. T. Jones, P. E. Pla sma n) www.netlib.org/utk/cs_dept/resea rch/jones/blocksolve/blocksolve.html

solver: CG, SYMMLQ, GMRES preconditioner: ICC(0), ILU(0), SOR(ω=1), block Ja cobi user supplied: • preconditioner • ma trix vector multiply • da ta la yout • da ta distribution

Krylov subspa ce solvers

user supplied: • elementa ry ma trix a nd vector

opera tion • da ta la yout • da ta distribution

• Aztec (S. A. Hutchinson, J. N. Sha did, R. S. Tumina ro) www.cs.sa ndia .gov/HPCCIT/a ztec.html solver: CG, GMRES, CGS, TFQMR, Bi-CGSTAB preconditioner: Ja cobi, block Ja cobi elementa ry ma trix a nd vector opera tion

• PSPARSLIB (Y. SAAD) http://www.cs.umn.edu/~sa a d/softwa re.html solver: CG, GMRES, Bi-CGSTAB, QMR, preconditioner: Schwa rz-type, ILU, multicolor SOR elementa ry ma trix a nd vector opera tion

user supplied:

• da ta la yout

• da ta distribution user supplied:

• da ta la yout

• da ta distribution

PETSc

Porta ble Extensible Toolkit for Scientific Computa tion S. Ba la y, W. Gropp, L. C. McInnes, B. Smith Argonne Na tiona l La bora tory http://www.mcs.a nl.gov/petsc

• elementa ry ma trix a nd vector opera tion • rea l a nd complex a rithmetics • da ta distribution mecha nism • itera tive linea r solvers :

Richa rdson, Chebyshev, Ja cobi, SOR, CG, GMRES, Bi-CGSTAB, CGS, TFQMR

• preconditioners:

• sequentia l: ILU, ICC, SSOR, block GS, LU

• pa ra llel : Ja cobi, block Ja cobi, a dditive Schwa rz

• interfa ce to pa ra llel ICC a nd ILU from BlockSolve95

• non linea r solvers

• support for time-dependent problems

• error checking

• profiling

• user supplied:

da ta la yout

• pla tforms: IBM-SP2 Cra y-T3D SGI Cra y-T3E SUN Dec-Alpha Intel Pa ra gon HP Linux PC NT PC • extensive documenta tion • support • only elementa ry knowledge of MPI required

PETSC DESIGN

• ANSI C, FORTRAN77, Fortra n90

• Da ta enca psula tion

VecSetVa lue(), VecGetArra y()

• Polymorphism e. g. VecDot(Vec x, Vec y, Sca la r r) rega rdless of interna l vector da ta structure

• Context va ria bles

SlesCrea te( &sles, .....)

VECTORS

Initia lize

Vec x, y, z ;

int ierr;

int loca l_length, globa l_length, n_vecs;

Vec new_vec, *new_vecs;

Sca la r *va ls = (Sca la r *) PetscMa lloc(sizeof(Sca la r) * loca l_length);

ierr = VecCrea teSeq(MPI_COMM_SELF, loca l_length, &x);

ierr = VecCrea teMPI(MPI_COMM_WORLD, loca l_length, globa l_length, &x);

ierr = VecCrea teMPI(MPI_COMM_WORLD, PETSC_DECIDE, globa l_length, &y);

ierr = VecCrea teMPI(MPI_COMM_WORLD, loca l_length, PETSC_DECIDE, &z);

ierr= VecCrea teMPIWithArra y(MPI_COMM_WORLD, loca l_length,globa l_length, va ls, &x) ierr = VecDuplica teVec(x, &new_vec);

ierr = VecDuplica teVecs(n_vecs, x, &new_vecs);

Set va lues

Sca la r a ; Vec x; int n_indices; int *indices; int indices[]; Sca la r va lues[];

ierr = VecSet(&a , x);

ierr = VecSetVa lue(x, index, a , INSERT_VALUES);

ierr = VecSetVa lues(x, n_indices, indices, va lues, INSERT_VALUES);

Assembling

VecAssemblyBegin(x);

VecAssemblyEnd(x);

AccessVa lues

Vec x;

Sca la r *a rra y;

int length;

ierr = VecGetArra y(x, &a rra y); • • • • ierr = VecRestoreArra y(x, &a rra y);

18

Ba sic Vector Opera tion

VecAXPY( &a , x, y) y=y+a *x VecAYPX( &a , x, y) y=x+a *y VecWAXPY( &a , x, y, w) w=a *x+y VecAXPBY( &a , &, x, y) y=a *x+b*y VecSca le( &a , x) x=a *x VecDot( x, y, &r) r=x’*y VecTDot( x, y, &r) r=x’*y VecNorm( x, type, &r) r=| | x| | _type VecSum( x, &r) r=x_i VecCopy( x, y) y=x VecSwa p( x, y) y=t; y=x; x=t VecPointwiseMult( x, y, w) w_i=x_i*y_i VecPointwiseDivide( x, y, w) w_i=x_i/y_i VecMDot( n, x, &y, &r) r[i]=x’*y[i] VecMTDot( n, x, &y, &r) r[i]=x’*y[i] VecMAXPY( n, &a , x, &y) y[i]=a _i*x+y[i] VecMa x( x, &idx, &r) r=ma x(x_i) VecMin( x, &idx, &r) r = min(x_i) VecReciproca l( x) x_i = 1/x_i VecShift( &s, x) x_i = s + x_i VecAbs( x) x_i = | x_i|

Vec x, y, w; Sca la r r; Sca la r a ; Norm_Type type; int n;

MATRICES

Initia liza tion

MPI_Comm comm;

int M, N;

int m, n;

Ma t A;

int d_nz;

int d_nnz[];

int o_nz;

int o_nnz[];

ierr = Ma tCrea te( comm, M, N, &A);

ierr = Ma tCrea teMPIAIJ(comm, m, n, M, N, 0, PETSC_NULL, 0, PETSC_NULL, &A);

ierr = Ma tCrea teMPIAIJ(comm, m, n, M, N, d_nz, d_nnz, o_nz, o_nnz, &A);

Set va lues Ma t A int n_rows, n_cols; /* size of block to be set */ Sca la r *va lues; /* va lue of entry */ Sca la r va lue; /* va lues of entries */ int i_row, i_col; /* globa l row a nd column index to be inserted */ int *i_row, *i_cols; /* list of globa l row a nd column indices to be inserted */ /* set a single va lue */ ierr = Ma tSetVa lues(A, 1, &i_row, 1, &i_col, &va lue, INSERT_VALUES); /* set a single row */ ierr = Ma tSetVa lues(A, 1, &i_row, n_cols, i_cols, va lues, INSERT_VALUES); /* set a block */ ierr = Ma tSetVa lues(A, n_rows, i_rows, n_cols, i_cols, va lues, INSERT_VALUES);

Assembling ierr = Ma tAssemblyBegin(A, MAT_FINAL_ASSEMBLY);

ierr = Ma tAssemblyEnd(A, MAT_FINAL_ASSEMBLY);

Access to ma trix entries

Ma t A ;

int row;

int n_cols;

int *cols;

Sca la r *va ls;

ierr = Ma tGetRow(A, row, &ncols, &cols, &va ls);

Ba sic opera tion

Sca la r a ; Ma t A, B; Ma tType type; NormType norm; Sca la r r; Vec x;

Function Opera tion Ma tAXPY( &a , A, B); Y=Y+a *X Ma tMult(A, x, y) y=A*x Ma tMultAdd(A, x, y, z) z=y+A*x Ma tMultTra ns(A, x, y) y=A^T*x Ma tMultTra nsAdd(A, x, y, z) z=y+A^T*x Ma tNorm(A, norm, &r) r=| | A| | _norm Ma tDia gona lSca le(A, l, r) A=dia g(l)*A*dia g(r) Ma tSca le(&a ,A) A=a *A Ma tConvert(A, type, &B) B=A Ma tCopy(A,B) B=A Ma tGetDia gona l(A, x) x=dia g(A) Ma tTra nspose(A, &B) B=A^T Ma tZeroEntries(A) A=0

Ma trix-Vector Multiplica tion

Simple Algorithm

• duplica te vector on ea ch processor

• perform mutiplica tion

Efficient Algorithm

• split loca l rows into dia gona l a nd off dia gona l pa rt

• set-up da ta structure for communica tion

• initia te non blocking communica tion

• perform multiplica tion of loca l pa rt

• receive non loca l vector entries

• perform rema ining opera tion

1 2 3

6 7 8 4 4 4 9 4 6 7 4 7 0 7

8 8 8

2 3 4

4 5 5 6 1 4 6 1 1

3 7 7

5 9 9

1 2 3 4 5 6 7 8 9

Ma trix-Vector Exa mple 2 1 1 2 1

1 2 1

1 2 1

1 2 1

1 2 1

1 2 1 1 2

0

0

− − − − − − − − − − − − − −

1 1 1 1 1 1 1 1

=

1 0 0 0 0 0 0 1

#include "petsc.h"

#include "ma t.h"

#include "vec.h" int ma in(int a rgc,cha r **a rgs) { Vec x, y;

Ma t A;

Sca la r norm;

int n=5;

int flg;

int Ista rt, Iend;

Sca la r v;

int ierr;

int I,J;

Sca la r one=1.;

cha r *help="ma trix vector multiply";

ierr = PetscInitia lize(&a rgc, &a rgs, PETSC_NULL, help); CHKERRA(ierr);

/* get size of ma trix from comma nd line options */ ierr = OptionsGetInt(PETSC_NULL,"-n",&n,&flg); CHKERRA(ierr); /* simple ma trix crea tion */ ierr = Ma tCrea te(MPI_COMM_WORLD, n, n, &A); CHKERRA(ierr); /* get loca l ra nge of rows */ ierr = Ma tGetOwnershipRa nge(A, &Ista rt, &Iend); CHKERRA(ierr); /* set dia gona l a nd first sub a nd super dia gona l */ v = 2.; for ( I=Ista rt; I<Iend; I++ ) {

J = I; ierr = Ma tSetVa lues(A, 1, &I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); }

v = -1;

for ( I=Ista rt; I<Iend; I++ ) {

J = I - 1;

if (I > 0) ierr = Ma tSetVa lues(A, 1,&I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); } v = -1;

for ( I=Ista rt; I<Iend; I++ ) {

J = I + 1;

if (I < n-1) ierr = Ma tSetVa lues(A, 1, &I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); } ierr = Ma tAssemblyBegin(A, MAT_FINAL_ASSEMBLY); CHKERRA(ierr);

ierr = Ma tAssemblyEnd(A, MAT_FINAL_ASSEMBLY); CHKERRA(ierr);

/* setup vectors */ ierr = VecCrea te(PETSC_COMM_WORLD, n, &x); CHKERRA(ierr);

ierr = VecSet( &one, x); CHKERRA(ierr);

ierr = VecAssemblyBegin(x); CHKERRA(ierr);

ierr = VecAssemblyEnd(x); CHKERRA(ierr);

LINEAR SOLVERS

Simple Linea r Equa tion Solver - SLES

• itera tive linea r solvers :

Richa rdson, Ja cobi, SOR, Chebyshev, CG, Bi-CGSTAB, CGS, TFQMR, GMRES

• preconditioners:

• sequentia l: ILU, ICC, SSOR, block GS, LU

• pa ra llel : Ja cobi, block Ja cobi, a dditive Schwa rz

• interfa ce to pa ra llel ICC a nd ILU from BlockSolve95

• suite of routines for implementing multigrid preconditoners

• user defined

• pa rpre-Interfa ce

Interfa ce /* solve Ax=b */ MPI_Comm comm; SLES sles; Ma t A, P; Ma tStructure fla g=DIFFERENT_NON_ZERO_PATTERN; Vec, b, x; int n_its; ierr = SLESCrea te(comm, &sles); ierr = SLESSetOpera tors(sles, A, P, fla g); ierr = SLESSetFromOptions(sles); ierr = SLESSolve(sles, b, x, &n_its);

MPI_Comm comm;

SLES sles;

KSP ksp;

PC pc;

Ma t A, P;

Ma tStructure fla g=DIFFERENT_NON_ZERO_PATTERN;

Vec, b, x;

int n_its, ma xits;

double rtol, a tol, dtol;

ierr = SLESCrea te(comm, &sles);

ierr = SLESSetOpera tors(sles, A, P, fla g);

ierr = SLESGetKSP(sles, &ksp); ierr = KSPSetType(ksp, KSPCG);

ierr = KSPSetTolera nces(ksp, rtol, a tol, dtol, ma xits) ierr = SLESGetPC(sles, &pc); ierr = PCSetType(pc, PCJACOBI);

ierr = SLESSetFromOptions(sles);

ierr = SLESSolve(sles, b, x, &n_its);

#include "petsc.h" #include "sles.h" cha r *help="simple SLES exa mple. Poisson equa tion in a squa re";

int ma in(int a rgc, cha r **a rgs) { Vec x, b, tmp; Ma tA; Sca la r norm; int n_x=5; int n=n_x*n_x; int flg; int Ista rt, Iend; Sca la r v; int ierr; int I,J; int i,j; Sca la r one=1., none = -1.; SLES sles; KSP ksp; PC pc; int n_its;

Ma tStructure fla g =DIFFERENT_NONZERO_PATTERN;

ierr = PetscInitia lize(&a rgc, &a rgs, PETSC_NULL, help); CHKERRA(ierr);

/* get grid size from comma nd line options */ ierr = OptionsGetInt(PETSC_NULL, "-nx", &n_x, &flg); CHKERRA(ierr);

if (flg != 0) n= n_x * n_x;

/* simple ma trix crea tion */ ierr = Ma tCrea te(PETSC_COMM_WORLD, n, n,&A); CHKERRA(ierr);

/* get loca l ra nge of rows */ ierr = Ma tGetOwnershipRa nge(A,&Ista rt,&Iend); CHKERRA(ierr);

/* Set ma trix elements for the 2-D, five-point stencil in pa ra llel.

a ssume zero bounda ry condition. 1D pa rtition*/

for(I=Ista rt;I<Iend;I++){

v = -1.0; i = I / n_x; j = I - i * n_x; if(i>0){

J = I-n_x; ierr = Ma tSetVa lues(A, 1, &I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); } if(i<n_x-1){

J = I+n_x; ierr = Ma tSetVa lues(A, 1, &I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); } if(j>0){

J = I-1; ierr = Ma tSetVa lues(A, 1, &I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); } if(j<n_x-1){

J = I+1; ierr = Ma tSetVa lues(A, 1, &I, 1, &J, &v, INSERT_VALUES); CHKERRA(ierr); } v = 4.0; ierr = Ma tSetVa lues(A, 1, &I, 1, &I, &v, INSERT_VALUES); }

ierr = Ma tAssemblyBegin(A, MAT_FINAL_ASSEMBLY); CHKERRA(ierr);

ierr = Ma tAssemblyEnd(A, MAT_FINAL_ASSEMBLY); CHKERRA(ierr);

/* setup vectors */ ierr = VecCrea te(PETSC_COMM_WORLD, n, &b); CHKERRA(ierr);

ierr = VecSet( &one, b); CHKERRA(ierr);

ierr = VecAssemblyBegin(b); CHKERRA(ierr);

ierr = VecAssemblyEnd(b); CHKERRA(ierr);

/* crea te new vectors simila r to b */ ierr = VecDuplica te(b, &x); CHKERRA(ierr);

ierr = VecDuplica te(b, &tmp); CHKERRA(ierr);

/* Setup SLES */ ierr = SLESCrea te(MPI_COMM_WORLD, &sles); CHKERRA(ierr);

ierr = SLESSetOpera tors(sles, A, A, fla g); CHKERRA(ierr);

ierr = SLESGetKSP(sles, &ksp);CHKERRA(ierr); ierr = KSPSetType(ksp, KSPCG);CHKERRA(ierr); ierr = SLESGetPC(sles, &pc);CHKERRA(ierr); ierr = PCSetType(pc, PCJACOBI);CHKERRA(ierr); ierr = SLESSetFromOptions(sles); CHKERRA(ierr); ierr = SLESSolve(sles, b, x, &n_its); CHKERRA(ierr); PetscPrintf(MPI_COMM_WORLD,"number of itera tions = %d\ n", n_its); /* ca lcula te residua l */ ierr = Ma tMult(A,x,tmp); CHKERRA(ierr); ierr = VecAXPY(&none, b, tmp); CHKERRA(ierr); ierr = VecNorm(tmp, NORM_2, &norm); CHKERRA(ierr); PetscPrintf(MPI_COMM_WORLD,"residua l norm = %e\ n", norm); ierr = PetscFina lize();CHKERRA(ierr);}

38