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Introduction

The Portable, Extensible Toolkit for Scientific Computation (PETSc) eases the
development of large-scale scientific application codes, particularly the numerical

solution of Partial Differential Equations (PDES). It provides a rich environment for

rapid algorithm design and prototyping and (most importantly here) separates the

issues of parallelism from the choice of algorithms.




Developed at the Mathematics and Computer Science Division of Argonne

National Laboratory.
Written in C.
May be used in application codes written in FORTRAN, C, and C++.

Uses the MPI standard for all message-passing communication.

Does not provide a “parallel linear solver” for what is otherwise a sequential

algorithm.




Features

PETSc supports the following:

e index sets (including permutations preconditioners;

and renumbering); nonlinear solvers;

® Vvectors; unconstrained minimization;

e matricies (both sparse and dense); timesteppers for solving

e distributed arrays; time-dependent (nonlinear) PDES;

e Krylov subspace methods; graphics devices.

This presentation will use an example problem to demonstrate how PETSc can be
applied to a scientific problem. This example will include

® vectors, e distributed arrays, and

® sparse matricies, e nonlinear solvers.




Example Problem

Solid Fuel Ignition (SFI) problem. This problem is modeled by y

Y

the partial differential equation
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The initial guess is

u = %_H\/min{x,y,l—x,l—y}




Finite Differencing

Derivatives are approximated by differences:
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This results in a 5-point stencil:
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Set of nonlinear algebraic equations:

where ¢ — (4,7), u — u; j,and X = (U1 1,U1 2, .. ,qu,My)T.
Solve for F'(x) = 0 using a Newton-Krylov method.

Newton’'s Method

Xpp1 = Xk — [F'(x)] 7 F(xx)

where F’(x) is the Jacobian matrix
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An iterative Krylov subspace method is used to find an approximation for [F/] 1.




Implementation Notes

Sparse Matrices

The Jacobian matrix is sparse. The 5-point stencil means that, in general, fz(x)

depends only on five components of X. The general sparse AlJ format (also

called compressed sparse row format CSR) is used.

For each row of the matrix, corresponding to f;(x), store only the non-zero
values, in an array V, and the indices corresponding to those values, in another

array COl . Thus,

Ofi

vIkl = 5,
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col[k] =

wherek =0,1,...,4.




Distributed Arrays

Used for vectors describing data within a logically regular rectangular grid when

communication of nonlocal data is needed.

26 27 28 | 29 30 23 24 | 29
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7 8 9 10 5 6 | 12
2 3 4 5 2 3 | 10

Natural Ordering PETSc Ordering

The distributed array (DA) context divides the grid among the processors and
maps the natural ordering to the ordering used by PETSc for computational

efficiency in a parallel environment.




Ghost Points

Bordering portions of the vector that are owned by

neighboring processors are called ghost points. The

values of X at these points are gathered by the global

to local scatter and are used to calculate the local

part of the F vector.

Values at the ghost points are not scattered back into

the global vector.
o O O

The distributed array provides the information needed to communicate the ghost

value information between processes. Using this context, several different vectors

can share the same communication information (i.e., the same DA).




The Steps

The program proceeds in the following order:
e Initialize the program (options)
e Set up the nonlinear solver context
Set up the distributed array
Set up the matrix
Evaluate the initial guess and solve

Free the work space




[* Program usage: mpirun -np <procs> ex5 [-help] [all PETSc options] */

static char help[] = " Sol ves nonl i near PDE system \ n\

We solve the Bratu (SFI - solid fuel ignition) problemin\n\
a 2D rectangul ar donmai n, using distributed arrays (DAs)\ n\
to partition the parallel grid. The command | i ne opti ons\n\
I ncl ude: \ n\

- par <paramnet er>, where <paraneter> i ndi cates the\n\
probl em s nonlinearity probl emSFl: <paraneter> = Brat u\ n\
paraneter (0 <= par <= 6.81)\n\

- X <xg>, where <xg> = nunber of grid points in the
x-di rection\n\

-ny <yg>, where <yg> = nunber of grid points in the
y-direction\n\

- NX <npx>, where <npx> = nunber of processors in the
x-di rection\n\

-Ny <npy>, where <npy> = nunber of processors in the
y-direction\n\n";

#include " pet scda. h"
#include " pet scsnes. h"




[* User-defined application context */
typedef struct {

double param;

int mx, my;

Vec localX, localF;

DA da;

int rank;
} AppCtx;

/* User-defined routines */

test problem parameter */
discretization in x, y directions */
ghosted local vectors */
distributed array data structure */
processor rank */

extern int FormFunction(SNES, Vec, Vec, void *),

ForminitialGuess(AppCtx *, Vec);

extern int FormJacobian(SNES, Vec, Mat *, Mat * MatStructure *, void *);

int main(int argc, char **argv)
{
SNES snes;
Vec x, T;
Mat J;
AppCtx user,;
ISLocalToGlobalMapping isltog;

int its;
int Nx, Ny;

int size;
int m, N, ierr;

nonlinear solver */
solution, residual vectors */
Jacobian matrix */
user-defined work context */
/* mapping from local-to-global
indices */
[* iterations for convergence */
/* number of preocessors in x- and y-
directions */
[* number of processors */

double bratu_lambda_max = 6.81, bratu_lambda_min = 0., fnorm;




/* Initialize program */

Petsclinitialize(&argc, &argv, (char *) 0, help);
ierr = MPI_Comm_rank(PETSC_COMM_WORLD, &user.rank); CHKERRA(ierr);

[* Initialize problem parameters */

usermx = 4;

user.my = 4;

user.param = 6.0;

ierr = OptionsGetInt(PETSC_NULL, " - nmx", &user.mx, PETSC_NULL); CHKERRA(ierr);
ierr = OptionsGetInt(PETSC_NULL, " - nmy", &user.my, PETSC_NULL); CHKERRA(ierr);

ierr = OptionsGetDouble(PETSC_NULL, " - par ", &user.param, PETSC_NULL); CHKERRA(ierr);
if (user.param >= bratu_lambda-max || user.param <= bratu_lambda_min) {

SETERRA(1, 0, "Lanbda i s out of range");

}

N = user.mx * user.my,
[* Create nonlinear solver context */

ierr = SNESCreate(PETSC_COMM_WORLD, SNES_NONLINEAR_EQUATIONS, &snes);
CHKERRA(ierr);




/* Create vector data structures; set function evaluation routine */

[* Create distributed array (DA) to manage parallel grid and vectors */
ierr = MPI_Comm_size(PETSC_COMM_WORLD, &size); CHKERRA(ierr);
Nx = PETSC_DECIDE;
Ny = PETSC_DECIDE;
ierr = OptionsGetInt(PETSC_NULL, " - NX", &Nx, PETSC_NULL); CHKERRA(ierr);
ierr = OptionsGetInt(PETSC_NULL, " - Ny", &Ny, PETSC_NULL); CHKERRA(ierr);
if (Nx * Ny != size && (Nx != PETSC_DECIDE || Ny != PETSC_DECIDE))
SETERRA(1, O,
"I nconpati bl e nunber of processors: Nx * Ny ! = size"),
ierr =
DACreate2d(PETSC_COMM_WORLD, DA_NONPERIODIC, DA_STENCIL_STAR,
user.mx, user.my, Nx, Ny, 1, 1, PETSC_NULL, PETSC_NULL, &user.da);
CHKERRA(ierr);

[* Extract global and local vectors from DA; then duplicate for
remaining vectors that are the same types */

ierr = DACreateGlobalVector(user.da, &x); CHKERRA(ierr);

ierr = VecDuplicate(x, &r); CHKERRA(ierr);

ierr = DACreateLocalVector(user.da, &user.localX); CHKERRA(ierr);
ierr = VecDuplicate(user.localX, &user.localF); CHKERRA(ierr);

/* Set function evaluation routine and vector */
ierr = SNESSetFunction(snes, r, FormFunction, (void *) &user); CHKERRA(ierr);




/* Create matrix data structure; set Jacobian evaluation routine */

/* Set Jacobian matrix data structure and default Jacobian evaluation
routine. */
ierr = VecGetLocalSize(x, &m); CHKERRA(ierr);

ierr =
MatCreateMPIAIJ(PETSC_.COMM_WORLD, m, m, N, N, 5,
PETSC_NULL, 3, PETSC_NULL, &J);

CHKERRA(ierr);

ierr = SNESSetJacobian(snes, J, J, FormJacobian, &user); CHKERRA(ierr);

[* Get the mapping from local-to-global node numbers for all local
nodes, including ghost points. Associate this mapping with the
matrix for later use in setting matrix entries via
MatSetValuesLocal(). */

ierr = DAGetlISLocalToGlobalMapping(user.da, &isltog); CHKERRA(ierr);

ierr = MatSetLocalToGlobalMapping(J, isltog); CHKERRA(ierr);

[* Customize nonlinear solver; set runtime options */
/* Set runtime options (e.g., -snes_monitor -snes_rtol <rtol>

-ksp_type <type>) */
ierr = SNESSetFromOptions(snes); CHKERRA(ierr);




/* Evaluate initial guess; then solve nonlinear system */

lerr = ForminitialGuess(&user, x); CHKERRA(ierr);
ierr = SNESSolve(snes, X, &its); CHKERRA(ierr);
lerr = FormFunction(snes, x, r, (void *) &user); CHKERRQ(ierr);
lerr = VecNorm(r, NORM_2, &fnorm); CHKERRQ(ierr);
ierr =
PetscPrintf(PETSC_COMM_WORLD,
"Nunmber of Newton iterations = % fnorm% g\ n", its, fnorm);
CHKERRA(ierr);

[* Free work space.
All PETSc objects should be destroyed when they are no longer needed. */

ierr = MatDestroy(J); CHKERRA(ierr);

ierr = VecDestroy(user.localX); CHKERRA(ierr);
ierr = VecDestroy(x); CHKERRA(ierr);

ierr = VecDestroy(user.localF); CHKERRA(ierr);
ierr = VecDestroy(r); CHKERRA(ierr);

ierr = SNESDestroy(snes); CHKERRA(ierr);
ierr = DADestroy(user.da); CHKERRA(ierr);
PetscFinalize();

return O;




The Detalls
Functions are used for the following tasks:
e Calculate the initial guess

e Calculate the nonlinear function F'(x)

e Evaluate the Jacobian matrix F'(x)




[* FormlInitialGuess - Forms initial approximation.

Input Parameters: user - user-defined application context; X - vector

Output Parameter: X - vector */

int ForminitialGuess(AppCtx *user, Vec X)

{

int i, j, row, mx, my, ierr, Xs, ys, Xm, ym, gxm, gym, gxs, gys;
double one = 1.0, lambda, templ, temp, hx, hy;

Scalar *x;

Vec localX = user—>localX;

mx = user—>mx;

my = user—>my;,

lambda = user—>param;

hx = one / (double) (mx — 1);
hy = one / (double) (my — 1),
templ = lambda / (lambda + one);

[* Get a pointer to vector data. */
ierr = VecGetArray(localX, &x); CHKERRQ(ierr);

[* Get local grid boundaries (for 2-dimensional DA) */
ierr =

DAGetCorners(user—>da, &xs, &ys, PETSC_NULL, &ym, PETSC_NULL);
CHKERRQ(ierr);




ierr =
DAGetGhostCorners(user—>da, &gxs, &gys, PETSC_NULL, &gxm,
PETSC_NULL);

CHKERRQ(ierr);

/* Compute initial guess over the locally owned part of the grid */
for ( = ys; j < ys + ym; j++) {
temp = (double) (PetscMin(j, my — j — 1)) * hy;
for (i = xs; i < xs + xm; i++) {
row =i — gxs + (j — gys) * gxm;
if (==0[]j==0[]i=mx—1][]]==
X[row] = 0.0;
} else {
X[row] =
templ * sqrt(PetscMin((double)
(PetscMin(i, mx — i — 1)) * hx,

}

[* Restore vector */
lerr = VecRestoreArray(localX, &x); CHKERRQ(ierr);

/* Insert values into global vector */

lerr = DALocalToGlobal(user—>>da, localX, INSERT_VALUES, X); CHKERRQ(ierr);
return O;




/* FormFunction - Evaluates nonlinear function, F(x).

Input Parameters: snes - the SNES context; X - input vector;
ptr - optional user-defined context, as set by SNESSetFunction()

Output Parameter: F - function vector */

int FormFunction(SNES snes, Vec X, Vec F, void *ptr)

{

AppCtx *user = (AppCtx *) ptr;

int ierr, i, j, row, mx, my, xS, ys, xm, ym, gxs, gys, gxm, gym;
double two = 2.0, one = 1.0, lambda, hx, hy, hxdhy, hydhx, sc;
Scalar u, uxx, uyy, *x, *f;

Vec localX = user—>localX, localF = user—>localF;

mx = user—>mx;

my = user—>my;

lambda = user—>param;

hx = one / (double) (mx — 1);
hy = one / (double) (my — 1),
sc = hx * hy * lambda,

hxdhy = hx / hy;

hydhx = hy / hx;

[* Scatter ghost points to local vector, using the 2-step process
DAGIlobalToLocalBegin(),DAGlobalToLocalEnd(). */

ierr = DAGIlobalToLocalBegin(user—>da, X, INSERT_VALUES, localX); CHKERRQ(ierr);

ierr = DAGIlobalToLocalEnd(user—>da, X, INSERT_VALUES, localX); CHKERRQ(ierr);




/* Get pointers to vector data */
lerr = VecGetArray(localX, &x); CHKERRQ(ierr);
lerr = VecGetArray(localF, &f); CHKERRQ(ierr);

/* Get local grid boundaries */
lerr =
DAGetCorners(user—>da, &xs, &ys, PETSC_NULL, &xm, &ym, PETSC_NULL);
CHKERRQ(ierr);
lerr =
DAGetGhostCorners(user—>da, &gxs, &gys, PETSC_NULL, &gxm, &gym,
PETSC_NULL);
CHKERRQ(ierr);

[* Compute function over the locally owned part of the grid */

for G = ys; j < ys + ym; j++) {
row = (j — gys) * gxm + xs — gxs — 1;
for (i = xs; i < xs + xm; i++) {
row++;
if (==0[]j==0[]i=mx —1[[j=my — 1) {
flrow] = Xx[row];
continue;

X[row];

= (two * u — Xx[row — 1] — Xx[row + 1]) * hydhx;

= (two * u — x[row — gxm] — Xx[row + gxm]) * hxdhy;
flrow] = uxx + uyy — sc * PetscExpScalar(u);




[* Restore vectors */
lerr = VecRestoreArray(localX, &x); CHKERRQ(ierr);
ierr = VecRestoreArray(localF, &f); CHKERRQ(ierr);

/* Insert values into global vector */

lerr = DALocalToGlobal(user—>da, localF, INSERT_VALUES, F); CHKERRQ(ierr);
ierr = PLogFlops(11 * ym * xm); CHKERRQ(ierr);
return O;




/* FormJacobian - Evaluates Jacobian matrix.

Input Parameters: snes - the SNES context; x - input vector;
ptr - optional user-defined context, as set by SNESSetJacobian()

Output Parameters: A - Jacobian matrix; B - optionally different
preconditioning matrix; flag - flag indicating matrix structure */

int FormJacobian(SNES snes, Vec X, Mat *J, Mat *B, MatStructure *flag,

{

void *ptr)

AppCtx *user = (AppCtx *) ptr; [* user-defined application
context */

Mat jac = *B; [* Jacobian matrix */

Vec localX = user—>localX; /* local vector */

int ierr, i, j, row, mx, my, col[5];

int Xs, ys, xm, ym, gxs, gys, gxm, gym;

Scalar two = 2.0, one = 1.0, lambda, v[5], hx, hy, hxdhy, hydhx,
Sc, *X;

mx user—>mx;

my = user—>my;,

lambda = user—>param;

hx = one / (double) (mx — 1);
hy = one / (double) (my — 1);
sc = hx * hy;

hxdhy = hx / hy;

hydhx = hy / hx;



[* Scatter ghost points to local vector, using the 2-step process
DAGlobalToLocalBegin(), DAGlobalToLocalEnd(). */

ierr = DAGIlobalToLocalBegin(user—>da, X, INSERT_VALUES, localX); CHKERRQ(ierr);

ierr = DAGIlobalToLocalEnd(user—>da, X, INSERT_VALUES, localX); CHKERRQ(ierr);

[* Get pointer to vector data */
ierr = VecGetArray(localX, &x); CHKERRQ(ierr);

[* Get local grid boundaries */
ierr =
DAGetCorners(user—>da, &xs, &ys, PETSC_NULL, &xm, &ym, PETSC_NULL);
CHKERRQ(ierr);
ierr =
DAGetGhostCorners(user—>da, &gxs, &gys, PETSC_NULL, &gxm, &gym,
PETSC_NULL);
CHKERRQ(ierr);

[* Compute entries for the locally owned part of the Jacobian. */
for G =ys; | < ys +ym; j++) {
row = (j — gys) * gxm + xs — gxs — 1,
for (i = xs; i < xs + xm; i++) {
row++;
[* boundary points */
if (==0]]j==0||i=mx—1]]j==my — 1) {
ierr =
MatSetValuesLocal(jac, 1, &row, 1, &row, &one,
INSERT_VALUES);
CHKERRQ(ierr);




} else {
[* interior grid points */
v[0] = —hxdhy;
col[0] = row — gxm;
v[1] = —hydhx;
col[1] = row — 1;
v[2] =
two * (hydhx + hxdhy) —
sc * lambda * PetscExpScalar(x[row]);
col[2] = row;
Vv[3] = —hydhx;
col[3] = row + 1;
v[4] = —hxdhy;
col[4] = row + gxm;
ierr =
MatSetValuesLocal(jac, 1, &row, 5, col, v,
INSERT_VALUES);
CHKERRQ(ierr);

}

}

ierr = VecRestoreArray(localX, &x); CHKERRQ(ierr);




/* Assemble matrix, using the 2-step process: MatAssemblyBegin(), MatAssemblyEnd().
lerr = MatAssemblyBegin(jac, MAT_FINAL_ASSEMBLY); CHKERRQ(ierr);

ierr = MatAssemblyEnd(jac, MAT_FINAL_ASSEMBLY); CHKERRQ(ierr);

ierr = MatAssemblyBegin(*J, MAT_FINAL_ASSEMBLY); CHKERRQ(ierr);

ierr = MatAssemblyEnd(*J, MAT_FINAL_ASSEMBLY); CHKERRQ(ierr);

/*
Set flag to indicate that the Jacobian matrix retains an identical
nonzero structure throughout all nonlinear iterations (although the
values of the entries change). */

*flag = SAME_NONZERO_PATTERN,;

/* Tell the matrix we shall never add a new nonzero location to the
matrix. If we do, it will generate an error. */

ierr = MatSetOption(jac, MAT_NEW_NONZERO_LOCATION_ERR); CHKERRQ(ierr);
return O;




Running PETSc Programs

Several notes:

e The PETSc home directory is set though an environment variable

set env PETSC DI R $HOVE/ pet sc

e The architecture must also be specified
set env PETSC ARCH ‘ $PETSC DI R/ bi n/ pet scar ch’
e PETSc uses MPI and must be started accordingly; for example, if using
MPICH on n processors:

npirun -n n program [PETSC options...]




Common PETSc options:

-help also (-h) - print help

-version also (-v) - print the version

-log_summary - summarize the program’s performance

-fp_trap - stop on floating-point exceptions; e.g., divide by zero
-trdump - enable memory tracing; list unfreed memory and end of run

-trmalloc - enable memory tracing

-start_in_debugger - start all processes in the debugger

-on_error_attach_debugger - start debugger only on encountering an

error




The End
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