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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 Compu-
tation (PETSc) is a suite of data structures and routines that provide the building blocks for the implemen-
tation 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.

e 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.

e PETSc should not be used to attempt to providparéllel linear solver” in an otherwise 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 welfBife//www.mcs.anl.gov/peisc___|for information
on contacting support.

A list of publications and web sites that feature work involving PETSc may be foUmizatwww. |
[Mcs.anl.gov/peisc/publications ]. We welcome any additions to these pages.

Getting Information on PETSc:

On-line:
e Manual pages for all routines, including example usages/imdex.ntmi ] in the distribution or
e Troubleshootingiocs/iroublesnooting.ntiml________] in the distribution ofifip://www.Imcs. |
BENCgov/persc/docs, ]

In this manual:
e Basic introduction, pag&4


http://www.mcs.anl.gov/petsc
http://www.mcs.anl.gov/petsc/publications
http://www.mcs.anl.gov/petsc/publications
index.html
http://www.mcs.anl.gov/petsc/docs/
troubleshooting.html
http://www.mcs.anl.gov/petsc/docs/
http://www.mcs.anl.gov/petsc/docs/

Assembling vectors, pad¥; and matrices>0
Linear solvers, pagél

Nonlinear solvers, page/

Timestepping (ODE) solvers, pa§é

Index, pageL65
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e libtfs - the efficient, parallel direct solver developed by Henry Tufo and Paul Fischer for the direct
solution of a coarse grid problem (a linear system with very few degrees of freedom per processor).

PETSc interfaces to the following external software:

e ADIC/ADIFOR - automatic differentiation for the computation of sparse Jacobf@ns/www. |
Mcsanl.gov/adic ], PP/ WWwW.mcs.anl.gov/aditor I,

e AMG - the algebraic multigrid code of John Ruge and Klaus Studi@n//www.mgnet.ora7 __|

e BlockSolve95 - see padks, for parallel ICC(0) and ILU(0) preconditionin@IIp://Www.mcs. ]
Enrgov/blocksolve ],

e DSCPACK - see pages, Domain-Separator Codes for solving sparse symmetric positive-definite sys-
tems, developed by Padma Raghay&aip:77www.CSe.psu.edu/ raghavan/DScpack/ ],

e ESSL - IBM’s math library for fast sparse direct LU factorization,

e Euclid - parallel ILU(k) developed by David Hysom, accessed through the Hypre interface,

e Hypre - the LLNL preconditioner libranfTip://Www.IINI.qOV/CAST/Nypre |

e LUSOL - sparse LU factorization code (part of MINOS) developed by Michael Saunders, Systems
Optimization Laboratory, Stanford Universifyfip://www.SbsI-sol-optumize.com/ |,

e Mathematica - see pa@®,
e Matlab - see pag&07,

e ParMeTiS - see pads3, parallel graph partitionefiflip://Www-USers.cs.umn.edu/ Karypis/______|
mets’_],

e PVODE - see pag&00, parallel ODE integrato[RTip://Www.IIN.0OV/CASC/PVODE ],

e SPAI - for parallel sparse approximate inverse preconditi@mg,//WWww.Sam.main.einz. |
Enh/aroterspair_],

e SPOOLES - see pagés, SParse Object Oriented Linear Equations Solver, developed by Cleve
Ashcraft iipZ/Www.netlib.ora/linalo/spooles/spooles.ZZnml_______ ],

e SuperLU and SuperLDist - see pag€6, the efficient sparse LU codes developed by Jim Demmel,
Xiaoye S. Li, and John Gilbeifip://Www.Nersc.qov/ xiao0ye/SuperLy ].

These are all optional packages and do not need to be installed to use PETSc.
PETSc software is developed and maintained with

e Bitkeeper revision control system
e Emacs editor
PETSc documentation has been generated using

¢ the text processing tools developed by Bill Gropp
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Chapter 1

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 Il and Il 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

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

e matrices (generally sparse);

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

¢ Krylov subspace methods;

e preconditioners, including multigrid and sparse direct solvers;

e 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, precon-
ditioners, 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 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 dif-
ferent pieces of PETSc. Figufieis a diagram of some of these pieces; Fighaneresents 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.
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Figure 1: Organization of the PETSc Libraries

1.1 Suggested Reading

The manual is divided into three parts:
e Part| - Introduction to PETSc
e Part Il - Programming with PETSc

e Part Il - Additional Information

Part | 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 | 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 | should note that all references within the text to particular chapters and
sections indicate locations in the complete users manual. Part Il explains in detail the use of the various
PETSc libraries, such as vectors, matrices, index sets, linear and nonlinear solvers, and graphics. Part Il
describes a variety of useful information, including profiling, the options database, viewers, error handling,
makefiles, and some details of PETSc design. FE& Sc Users Manualocumentsll of PETSc; thus, it

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.

15



Within the PETSc distribution, the directo$fPETSC_DIR}/docs contains all documentation. Man-
ual pages for all PETSc functions can be accessed on line at

http://www.mcs.anl.gov/petsc/docs/

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 thetagsoption to be extremely useful for exploring the PETSc source code.
Details of this feature are provided in Sectibf.7.

The file manual.pdf  contains the completBETSc Users Manuah the portable document format
(PDF), whileintro.pdf includes only the introductory segment, Part I. The complete PETSc distribu-
tion, users manual, manual pages, and additional information are also available via the PETSc home page
at piip://Www.mcs.anl.qov/peisc . The PETSc home page also contains details regarding in-
stallation, new features and changes in recent versions of PETSc, machines that we 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. Chafgrovides 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 vaR&3JI8C_DIR indicating the full path
of the PETSc home directory. For example, under the UNIX C shell a command of the form

setenv PETSMIR $HOME/petsc

can be placed in the user’'scshrc file. In addition, the user must set the environmental vari&i&S
C_ARCHo specify the architecture (e.g., rs6000, solaris, IRIX, etc.) on which PETSc is being used. The
utility ${PETSC_DIR}/bin/petscarch can be used for this purpose. For example,

setenv PETSQARCH ‘$PETSCDIR/bin/petscarch’

can be placed in @shrc file. Thus, even if several machines of different types share the same filesystem,
PETSC_ARCH¥ill be set correctly when logging into any of them.

All PETSc programs use the MPI (Message Passing Interface) standard for message-passing commu-
nication [L5]. 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 & &l [
many others, the following command initiates a program that uses eight processors:

-np 8 petsgprogramname petsoptions
PETSc also comes with a script
$PETSCDIR/bin/petscmpirun -np 8 petgarogramname petsoptions

that uses the information set 3{PETSC_DIR}/bmake/${PETSC_ARCH}/packages to automati-
cally use the correatipirun for your configuration. All PETSc-compliant programs support the use of the
-h or-help option as well as thev 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 ojtedp .
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e -log_summary -summarize the program’s performance
e -fp_trap - stop on floating-point exceptions; for example divide by zero

e -trdump - enable memory tracing; dump list of unfreed memory at conclusion of the run

e -trmalloc - enable memory tracing (by default this is activated for the debugging versions of
PETSc)
e -start_in_debugger [noxterm,gdb,dbx,xxgdb] [-display name] - start all pro-

cesses in debugger

e -on_error_attach_debugger [noxterm,gdb,dbx,xxgdb] [-display name] - start
debugger only on encountering an error

See Sectiori4.3for 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 argumeatgc andargv are the command line arguments deliv-
eredin all C and C++ programs. The argumfdet  optionally indicates an alternative name for the PETSc
options file,.petscrc  , which resides by default in the user's home directory. Sedtibhprovides details
regarding this file and the PETSc options database, which can be used for runtime customization. The final
argumenthelp , is an optional character string that will be printed if the program is run with e

option. In Fortran the initialization command has the form

call Petsclnitialize |(character file,integer ierr)

Petsclnitialize() automatically callvPI_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 caWMPI_Init() (or have the other library do it), and then daétsclinitialize()

By default,Petsclinitialize() sets the PETSc “world” communicator, givenBgTSC_COMM_WOR

LD, to MPI_COMM_WORLDor those not familar with MPI, aommunicatoris a way of indicating a
collection of processes that will be involved together in a calculation or communication. Communicators
have the variable typ®IPl_Comm In most cases users can employ the communica®&TSC_COMM_W
ORLDto indicate all processes in a given run arRETSC_COMM_SELUB 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 bddg&ing MP|, by Lusk, Gropp, and SkjellumL[] provides an excellent
introduction to the concepts in MPI, see also the MPI homepage/www.mcs.anl.govympi/____].

Note that PETSc users need not program much message passing directly with MPI, but they must be familar
with the basic concepts of message passing and distributed memory computing. Users who wish to employ
PETSc routines on only a subset of processors within a larger parallel job, or who wish to use a “master”
process to coordinate the work of “slave” PETSc processes, should specify an alternative communicator for
PETSC_COMM_WORPcalling

PetscSetCommWorld_J(MPI-Commfomn));
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before calling Petsclnitialize() , but, obviously, after callingMP1_Init() . PetscSetCommwW

orld() can be called at most once per process. Most users will never need to use theRetdo®etC
ommWorld() . 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 cafetscFinalize() as their final (or nearly final) statement, as given
below in the C/C++ and Fortran formats, respectively:

PetscFinalize  |();
call F’etscFinaIize [(ierr)

This routine handles options to be called at the conclusion of the program, anMedll&inalize()
if Petsclinitialize() began MPI. If MPI was initiated externally from PETSc (by either the user or
another software package), the user is responsible for calliPig Finalize()

1.4 Simple PETSc Examples

To help the user start using PETSc immediately, we begin with a simple uniprocessor example irBFigure
that solves the one-dimensional Laplacian problem with finite differences. This sequential code, which can
be found in${PETSC_DIR}/src/sles/examples/tutorials/ex1.c , illustrates the solution of

a linear system witfECES], 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.

/*$ld: exl.c,v 1.90 2001/08/07 21:30:54 bsmith Exp $*/
/* Program usage: mpirun ex1 [-help] [all PETSc options] */
static char help[] = "Solves a tridiagonal linear system with SLES.\n\n";

T
Concepts: SLES’solving a system of linear equations
Processors: 1

T

/*
Include "petscsles.h” so that we can use SLES solvers. Note that this file
automatically includes:

petsc.h - base PETSc routines petscvec.h - vectors

petscsys.h - system routines petscmat.h - matrices

petscis.h - index sets petscksp.h - Krylov subspace methods
petscviewer.h - viewers petscpc.h - preconditioners

Note: The corresponding parallel example is ex23.c
*/
#include "petscsles.h”

#undef _ FUNCT__
#define _ FUNCT__ "main"
int main(int argc,char **args)

{
Vec X, b, u; /* approx solution, RHS, exact solution */
Mat A; /* linear system matrix */
SLES sles; /* linear solver context */
PC pc; [* preconditioner context */
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KSP ksp; /* Krylov subspace method context */
PetscReal norm; /* norm of solution error */

int ierr,i,n = 10,col[3],its,size;

PetscScalar neg_one = -1.0,one = 1.0,value[3];

Petsclnitialize(&argc,&args,(char *)0,help);

ierr = MPI_Comm_size(PETSC_COMM_WORLD,&size);CHKERRQ(ierr);

if (size = 1) SETERRQ(Z1,"This is a uniprocessor example only!);

ierr = PetscOptionsGetInt(PETSC_NULL,"-n",&n,PETSC_NULL);CHKERRQ(ierr);

U
Compute the matrix and right-hand-side vector that define
the linear system, Ax = b.
__________________________________ */
/*
Create vectors. Note that we form 1 vector from scratch and
then duplicate as needed.
*/
ierr = VecCreate(PETSC_COMM_WORLD,&x);CHKERRQ(ierr);
ierr = PetscObjectSetName((PetscObject) x, "Solution");CHKERRQ(ierr);
ierr = VecSetSizes(x,PETSC_DECIDE,n);CHKERRQ(ierr);
ierr = VecSetFromOptions(x);CHKERRQ(ierr);
ierr = VecDuplicate(x,&b);CHKERRQ(ierr);
ierr = VecDuplicate(x,&u);CHKERRQ(ierr);
/*
Create matrix. When using MatCreate(), the matrix format can
be specified at runtime.
Performance tuning note: For problems of substantial size,
preallocation of matrix memory is crucial for attaining good
performance. Since preallocation is not possible via the generic
matrix creation routine MatCreate(), we recommend for practical
problems instead to use the creation routine for a particular matrix
format, e.g.,
MatCreateSegAlJ() - sequential AlJ (compressed sparse row)
MatCreateSegBAIJ() - block AlJ
See the matrix chapter of the users manual for details.
*/
ierr = MatCreate(PETSC_COMM_WORLD,PETSC_DECIDE,PETSC_DECIDE,n,n,&A);CHKERRQ(ierr);
ierr = MatSetFromOptions(A); CHKERRQ(ierr);
/*
Assemble matrix
*/

value[0] = -1.0; value[l] = 2.0; value[2] = -1.0;
for (i=1; i<n-1; i++) {

col[0] = i-1; col[1] = i; col[2] = i+1;

ierr = MatSetValues(A,1,&i,3,col,value,INSERT_VALUES);CHKERRQ(ierr);
}
i=n-1; coll0] =n - 2; coll] = n - 1;
ierr = MatSetValues(A,1,&i,2,col,value,INSERT_VALUES);CHKERRQ(ierr);
i = 0; col[0] = 0O; col[1] = 1; value[0] = 2.0; value[l] = -1.0;
ierr = MatSetValues(A,1,&i,2,col,value,INSERT_VALUES);CHKERRQ(ierr);
ierr = MatAssemblyBegin(A,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
ierr = MatAssemblyEnd(A,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);

/*
Set exact solution; then compute right-hand-side vector.
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*/

ierr = VecSet(&one,u);CHKERRQ(ierr);
ierr = MatMult(A,u,b);CHKERRQ(ierr);
U
Create the linear solver and set various options
__________________________________ */
/*
Create linear solver context
*/
ierr = SLESCreate(PETSC_COMM_WORLD,&sles);CHKERRQ(ierr);
/*
Set operators. Here the matrix that defines the linear system
also serves as the preconditioning matrix.
*/
ierr = SLESSetOperators(sles,A,A,DIFFERENT_NONZERO_PATTERN);CHKERRQ(ierr);
/*

Set linear solver defaults for this problem (optional).

- By extracting the KSP and PC contexts from the SLES context,
we can then directly call any KSP and PC routines to set
various options.

- The following four statements are optional; all of these
parameters could alternatively be specified at runtime via
SLESSetFromOptions();

*/

ierr = SLESGetKSP(sles,&ksp);CHKERRQ(ierr);
ierr = SLESGetPC(sles,&pc);CHKERRQ(ierr);

ierr = PCSetType(pc,PCIJACOBI);CHKERRQ(ierr);

ierr = KSPSetTolerances(ksp,1.e-7,PETSC_DEFAULT,PETSC_DEFAULT,PETSC_DEFAULT);CHKERRQ(ierr);

/*

Set runtime options, e.g.,
-ksp_type <type> -pc_type <type> -ksp_monitor -ksp_rtol <rtol>

These options will override those specified above as long as
SLESSetFromOptions() is called _after_ any other customization
routines.

*/

ierr = SLESSetFromOptions(sles);CHKERRQ(ierr);

/*
Solve linear system
*/
ierr = SLESSolve(sles,b,x,&its); CHKERRQ(ierr);

/*
View solver info; we could instead use the option -sles_view to
print this info to the screen at the conclusion of SLESSolve().

*/

ierr = SLESView(sles,PETSC_VIEWER_STDOUT_WORLD);CHKERRQ(ierr);

/*
Check the error
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*/
ierr = VecAXPY(&neg_one,u,x);CHKERRQ(ierr);
ierr = VecNorm(x,NORM_2,&norm);CHKERRQ(ierr);
ierr = PetscPrintf(PETSC_COMM_WORLD,"Norm of error %A, lterations %d\n",norm,its);CHKERRQ(ierr);
/*

Free work space. All PETSc objects should be destroyed when they

are no longer needed.
*/
ierr = VecDestroy(x);CHKERRQ(ierr); ierr
ierr = VecDestroy(b);CHKERRQ(ierr); ierr
ierr = SLESDestroy(sles);CHKERRQ(ierr);

VecDestroy(u);CHKERRQ(ierr);
MatDestroy(A);CHKERRQ(ierr);

/*
Always call PetscFinalize() before exiting a program. This routine
- finalizes the PETSc libraries as well as MPI
- provides summary and diagnostic information if certain runtime
options are chosen (e.g., -log_summary).
*/
ierr = PetscFinalize(); CHKERRQ(ierr);
return O;

Figure 3: Example of Uniprocessor PETSc Code

Include Files
The C/C++ include files for PETSc should be used via statements such as
#include "petscsles.h”

wherepetscsles.h is the include file for thdSCES] 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,
petscsles.h includespetscmat.h  (matrices)petscvec.h  (vectors), angbetsc.h (base PETSc

file). The PETSc include files are located in the direc®§ETSC_DIR}/include . See Sectioil.1.1

for a discussion of PETSc include files in Fortran programs.

The Options Database

As shown in Figures, the user can input control data at run time using the options database. In this exam-
ple the command®ptionsGetint(PETSC_NULL,"-n",&n,&flg); checks whether the user has
provided a command line option to set the valuenpthe problem dimension. If so, the varialiids set
accordingly; otherwise) remains unchanged. A complete description of the options database may be found
in Section14.1

Vectors
One creates a new parallel or sequential veatoof global dimensiotMwith the commands

VecCreate |(MPI_CommEomn][Vec]*x); VecSetSizes |(Vec]x, int m, int M);

wherecommdenotes the MPI communicator ands the optional locafize ] which may bePETSC_DE
CIDE. The type of storage for the vector may be set with either calidecSetType() or VecSetF
romOptions() . Additional vectors of the same type can be formed with

[VecDuplicate |(Vec]old}Vec|*new);
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The commands

VecSet |(PetscScalar | *value[Vec] x);
VecSetValues [(Vec|x,int n,int *indicesPetscScalar | *values,INSERTVALUES);

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 operations, scat-
tering/gathering, index sets, and distributed arrays, is discussed in CBaptdote the use of the PETSc
variable typePetscScalar  in this example. ThéetscScalar is simply defined to belouble in

C/C++ (or correspondinglgouble precision in Fortran) for versions of PETSc that hamet been
compiled for use with complex numbers. TRetscScalar  data type enables identical code to be used
when the PETSc libraries have been compiled for use with complex numbers. Skttiaghscusses 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 sequentia,matrix,
which hasMglobal rows andN global columns, with the routine

MatCreate |(MPI_CommEomn,int m,int n,int M,int N *A);

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

MatSetValues |(Mat | A,int m,int *im,int n,int *in,PetscScalar | *values,INSERTVALUES);

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);

Chapte3 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 syskemsz= b, the user can then u§LES] to
solve the system with the following sequence of commands:

LESCreate |(MPI_Commgomnl][SLES|*sles);
LESSetOperatorsJ[ELES] slesMat | A, Mat] PrecAMatStructure ] flag);

LESSetFromOptions |(GLES] sles);
LESSolve |([ELES|slesiec|b)ec]x,int *its);
LESDestroy |([SLES]sles);

The user first creates tHECES] 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 destroydShES] context. We emphasize the command
SLESSetFromOptions() , which enables the user to customize the linear solution method at runtime by
using the options database, which is discussed in Settidn 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., Figu)e Chapter4 describes in detail thECES] package, including

thePQ andKSH packages for preconditioners and Krylov subspace methods.
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Nonlinear Solvers

Most PDE problems of interest are inherently nonlinear. PETSc provides an interface to tackle the nonlinear
problems directly calleENEY. Chapters describes the nonlinear solvers in detail. We recommend most
PETSc users work directly wifENEY, 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
macroCHKERRQ(ierr) checks the value aérr  and calls the PETSc error handler upon error detection.
CHKERRQ(ierr) should be used in all subroutines to enable a complete error traceback. In #igare
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/seg/aij.c and was caused by trying

to allocate too large an array in memory. The routine was called in the progxdra on line 71. See
Sectionl1.1.2for details regarding error checking when using the PETSc Fortran interface.

eaglegnpirun |-np 1 ex3 -m 10000

PETSC ERRORMatCreateSeqAlJ  |() line 1673 in src/mat/impls/aij/seq/aij.c
PETSC ERROR: Out of memory. This could be due to allocating
PETSC ERROR: too large an object or bleeding by not properly
PETSC ERROR: destroying unneeded objects.

PETSC ERROR: Try running with -trdump for more information.
PETSC ERRORMaiCreate |() line 99 in src/mat/utils/gcreate.c
PETSC ERROR: main() line 71 in src/sles/examples/tutorials/ex3.c
MPI Abort by user Aborting program !

Aborting program!

p0.28969: p4derror: : 1

Figure 4: Example of Error Traceback

When running the debug (BOPT=g compiled) version of the PETSc libraries, it does a great deal of
checking for memory corruption (writing outside of array bounds etc). The m&sMEMEan 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 interpro-
cessor 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 par-
allel 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_Commfomm},int M,int N,Mat | *A);
VecCreate [(MPI_-CommpomnjVec|*x);
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SLESCreate |(MPI_Commfomn][SLES] *sles);

The creation routines are collective over all processors in the communicator; thus, all processors in the
communicatomustcall the creation routine. In addition, if a sequence of collective routines is being used,
they mustbe called in the same order on each processor. The next example, given in Figlustrates

the solution of a linear system in parallel. This code, correspondifgfR&TSC_DIR}/src/sles/
examples/tutorials/ex2.c , handles the two-dimensional Laplacian discretized with finite differ-
ences, where the linear system is again solved BIES]. The code performs the same tasks as the
sequential version within Figur® Note that the user interface for initiating the program, creating vectors
and matrices, and solving the linear systeraxactlythe same for the uniprocessor and multiprocessor ex-
amples. The primary difference between the examples in Figuaesl5 is that each processor forms only

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

/*$ld: ex2.c,v 1.94 2001/08/07 21:30:54 bsmith Exp $*/
/* Program usage: mpirun -np <procs> ex2 [-help] [all PETSc options] */
static char help[] = "Solves a linear system in parallel with SLES.\n\

Input parameters include:\n\
-random_exact_sol : use a random exact solution vector\n\

-view_exact_sol : write exact solution vector to stdout\n\

-m <mesh_x> : number of mesh points in x-direction\n\

-n <mesh_n> : number of mesh points in y-direction\n\n";
T

Concepts: SLES basic parallel example;
Concepts: SLESLaplacian, 2d
Concepts: Laplacian, 2d
Processors: n

T*

/*
Include "petscsles.h” so that we can use SLES solvers. Note that this file
automatically includes:

petsc.h - base PETSc routines petscvec.h - vectors

petscsys.h - system routines petscmat.h - matrices

petscis.h - index sets petscksp.h - Krylov subspace methods
petscviewer.h - viewers petscpc.h - preconditioners

*/
#include "petscsles.h"

#undef _ FUNCT__
#define _ FUNCT_ "main”
int main(int argc,char **args)

{
Vec x,b,u; /* approx solution, RHS, exact solution */
Mat A; [* linear system matrix */
SLES sles; /* linear solver context */
PetscRandom rctx; /* random number generator context */
PetscReal norm; /* norm of solution error */
int ij,I,J,Istart,lend,ierrm = 8,n = 7,its;

PetscTruth flg;
PetscScalar v,one = 1.0,neg_one = -1.0;
KSP ksp;

Petsclinitialize(&argc,&args,(char *)0,help);
ierr = PetscOptionsGetInt(PETSC_NULL,"-m",&m,PETSC_NULL);CHKERRQ(ierr);
ierr = PetscOptionsGetInt(PETSC_NULL,"-n",&n,PETSC_NULL);CHKERRQ(ierr);
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Compute the matrix and right-hand-side vector that define
the linear system, Ax = b.

/*
Create parallel matrix, specifying only its global dimensions.
When using MatCreate(), the matrix format can be specified at
runtime. Also, the parallel partitioning of the matrix is
determined by PETSc at runtime.

Performance tuning note: For problems of substantial size,
preallocation of matrix memory is crucial for attaining good
performance. Since preallocation is not possible via the generic
matrix creation routine MatCreate(), we recommend for practical
problems instead to use the creation routine for a particular matrix
format, e.g.,
MatCreateMPIAIJ() - parallel AlJ (compressed sparse row)
MatCreateMPIBAIJ() - parallel block AlJ
See the matrix chapter of the users manual for details.
*/
ierr
ierr

= MatCreate(PETSC_COMM_WORLD,PETSC_DECIDE,PETSC_DECIDE,m*n,m*n,&A); CHKERRQ(ierr);
= MatSetFromOptions(A);CHKERRQ(ierr);
/*
Currently, all PETSc parallel matrix formats are partitioned by
contiguous chunks of rows across the processors. Determine which
rows of the matrix are locally owned.
*/
ierr = MatGetOwnershipRange(A,&Istart,&lend);CHKERRQ(ierr);

/*
Set matrix elements for the 2-D, five-point stencil in parallel.
- Each processor needs to insert only elements that it owns
locally (but any non-local elements will be sent to the
appropriate processor during matrix assembly).
- Always specify global rows and columns of matrix entries.

Note: this uses the less common natural ordering that orders first

all the unknowns for x = h then for x = 2h etc; Hence you see J = | +- n
instead of J = | +- m as you might expect. The more standard ordering
would first do all variables for y = h, then y = 2h etc.

*/

for (I=Istart; I<lend; I++) {
v =-10;i=1In;j=1-1i%n;
if (i>0) {J | - n; ierr = MatSetValues(A,1,&1,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
if (ikm-1) {J = | + n; ierr = MatSetValues(A,1,&1,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
if (j>0) {J I - 1; ierr = MatSetValues(A,1,&1,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
if (j<n-1) {J I + 1; ierr = MatSetValues(A,1,&1,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
v = 4.0; ierr = MatSetValues(A,1,&I,1,&1,&v,INSERT_VALUES);CHKERRQ(ierr);

/*
Assemble matrix, using the 2-step process:
MatAssemblyBegin(), MatAssemblyEnd()
Computations can be done while messages are in transition
by placing code between these two statements.
*/
ierr = MatAssemblyBegin(A,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
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ierr = MatAssemblyEnd(A,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);

/*
Create parallel vectors.

- We form 1 vector from scratch and then duplicate as needed.

- When using VecCreate(), VecSetSizes and VecSetFromOptions()
in this example, we specify only the
vector's global dimension; the parallel partitioning is determined
at runtime.

- When solving a linear system, the vectors and matrices MUST
be partitioned accordingly. PETSc automatically generates
appropriately partitioned matrices and vectors when MatCreate()
and VecCreate() are used with the same communicator.

- The user can alternatively specify the local vector and matrix
dimensions when more sophisticated partitioning is needed
(replacing the PETSC_DECIDE argument in the VecSetSizes() statement
below).

*/

ierr = VecCreate(PETSC_COMM_WORLD,&u);CHKERRQ(ierr);
ierr = VecSetSizes(u,PETSC_DECIDE,m*n);CHKERRQ(ierr);
ierr = VecSetFromOptions(u);CHKERRQ(ierr);

ierr = VecDuplicate(u,&b); CHKERRQ(ierr);

ierr = VecDuplicate(b,&x);CHKERRQ(ierr);

/*

Set exact solution; then compute right-hand-side vector.
By default we use an exact solution of a vector with all
elements of 1.0; Alternatively, using the runtime option
-random_sol forms a solution vector with random components.
*/
ierr = PetscOptionsHasName(PETSC_NULL,"-random_exact_sol",&flg);CHKERRQ(ierr);
it (flg) {
ierr = PetscRandomCreate(PETSC_COMM_WORLD,RANDOM_DEFAULT,&rctx);CHKERRQ(ierr);
ierr = VecSetRandom(rctx,u);CHKERRQ(ierr);
ierr = PetscRandomDestroy(rctx); CHKERRQ(ierr);
} else {
ierr = VecSet(&one,u);CHKERRQ(ierr);

}
ierr = MatMult(A,u,b); CHKERRQ(ierr);

/*
View the exact solution vector if desired
*/
ierr = PetscOptionsHasName(PETSC_NULL,"-view_exact_sol",&flg);CHKERRQ(ierr);
if (flg) {ierr = VecView(u,PETSC_VIEWER_STDOUT_WORLD);CHKERRQ(ierr);}

J¥ e o i e o o e e e e e e e e e e e e e e e e oo
Create the linear solver and set various options
__________________________________ */
/*
Create linear solver context
*/

ierr = SLESCreate(PETSC_COMM_WORLD,&sles);CHKERRQ(ierr);

/*
Set operators. Here the matrix that defines the linear system
also serves as the preconditioning matrix.
*/
ierr = SLESSetOperators(sles,A,A,DIFFERENT_NONZERO_PATTERN);CHKERRQ(ierr);
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/*

Set linear solver defaults for this problem (optional).

- By extracting the KSP and PC contexts from the SLES context,
we can then directly call any KSP and PC routines to set
various options.

- The following two statements are optional; all of these
parameters could alternatively be specified at runtime via
SLESSetFromOptions(). All of these defaults can be
overridden at runtime, as indicated below.

*/

ierr = SLESGetKSP(sles,&ksp); CHKERRQ(ierr);

ierr = KSPSetTolerances(ksp,1.e-2/((m+1)*(n+1)),1.e-50,PETSC_DEFAULT,PETSC_DEFAULT);CHKERRQ(ierr);
/*

Set runtime options, e.g.,

-ksp_type <type> -pc_type <type> -ksp_monitor -ksp_rtol <rtol>
These options will override those specified above as long as
SLESSetFromOptions() is called _after_ any other customization

routines.
*/
ierr = SLESSetFromOptions(sles);CHKERRQ(ierr);
2
Solve the linear system
__________________________________ */
ierr = SLESSolve(sles,b,x,&its);CHKERRQ(ierr);
2
Check solution and clean up
__________________________________ */
/*
Check the error
*/
ierr = VecAXPY(&neg_one,u,x);CHKERRQ(ierr);
ierr = VecNorm(x,NORM_2,&norm);CHKERRQ(ierr);

/* Scale the norm */
/¥ norm *= sqrt(1.0/((m+1)*(n+1))); */

/*
Print convergence information. PetscPrintf() produces a single
print statement from all processes that share a communicator.
An alternative is PetscFPrintf(), which prints to a file.
*/
ierr = PetscPrintf(PETSC_COMM_WORLD,"Norm of error %A iterations %d\n",norm,its);CHKERRQ(ierr);
/*
Free work space. All PETSc objects should be destroyed when they
are no longer needed.
*/
ierr = SLESDestroy(sles);CHKERRQ(ierr);
ierr = VecDestroy(u);CHKERRQ(ierr); ierr = VecDestroy(x);CHKERRQ(ierr);

ierr = VecDestroy(b);CHKERRQ(ierr); ierr = MatDestroy(A);CHKERRQ(ierr);

/*
Always call PetscFinalize() before exiting a program. This routine

27



- finalizes the PETSc libraries as well as MPI
- provides summary and diagnostic information if certain runtime
options are chosen (e.g., -log_summary).
*/
ierr = PetscFinalize();CHKERRQ(ierr);
return O;

}
Figure 5: Example of Multiprocessor PETSc Code

Compiling and Running Programs

Figure6 illustrates compiling and running a PETSc program using MPICH. Note that different sites may
have slightly different library and compiler names. See Chdldi¢or a discussion about compiling PETSc
programs. Users who are experiencing difficulties linking PETSc programs should refer to the troubleshoot-
ing guide via the PETSc WWW home pafJ&p//Www.mcs.anl.gov/petsc ] or given in the file

pIPE 1 SC_DIK/docs/troublesnooting.ntmi |

eagle: make BOPT=g ex2

gcc -pipe -c -l../../../ -1..[..[../linclude

-l/usr/local/mpif/include -1../../..//src -g

-DPETSCUSE DEBUG -DPETSCMALLOC -DPETSCUSE LOG ex1.c
gcc -g -DPETSQUSE DEBUG -DPETSCMALLOC -DPETSCUSELOG -0 ex1 ex1.0
/home/bsmith/petsc/lib/libg/sun4/libpetscsles.a
-L/home/bsmith/petsc/lib/libg/sun4 -lpetscstencil -Ipetscgrid -Ipetscsles
-Ipetscmat -Ipetscvec -Ipetscsys -Ipetscdraw
lusr/local/lapack/lib/lapack.a /usr/local/lapack/lib/blas.a
lusr/lang/SC1.0.1/libF77.a -Im /usr/lang/SC1.0.1/libm.a -IX11
{usr/local/mpi/lib/sun4/ctp4/libmpi.a

{usr/lib/debug/malloc.o /usr/lib/debug/mallocmap.o
/usr/lang/SC1.0.1/libF77.a -Im /usr/lang/SC1.0.1/libm.a -Im

rm -fex1.0

eagle: mpirun -np 1 ex2

Norm of error 3.6618e-05 iterations 7

eagle:

eagle: mpirun -np 2 ex2

Norm of error 5.34462e-05 iterations 9

Figure 6: Running a PETSc Program

As shown in Figure7, the option -log_summary activates printing of a performance summary,
including times, floating point operation (flop) rates, and message-passing activity. Chaptewvides
details about profiling, including interpretation of the output data within FigurEhis 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.

eagle> mpirun -np 1 ex1 -n 1000 -pc_type ilu -ksp_type gmres -ksp_rtol 1l.e-7 -log_summary
PETSc Performance Summary:

exl on a sun4 named merlin.mcs.anl.gov with 1 processor, by curfman Wed Aug 7 17:24:27 1996
Max Min Avg Total
Time (sec): 1.150e-01 1.0 1.150e-01

28


http://www.mcs.anl.gov/petsc
troubleshooting.html

Objects: 1.900e+01 1.0 1.900e+01

Flops: 3.998e+04 1.0 3.998e+04 3.998e+04
Flops/sec: 3.475e+05 1.0 3.475e+05
MPI Messages: 0.000e+00 0.0 0.000e+00 0.000e+00
MPI Messages: 0.000e+00 0.0 0.000e+00 0.000e+00 (lengths)
MPI Reductions: 0.000e+00 0.0
Phase Count Time (sec) Flops/sec -- Global -
Max Ratio Max Ratio Mess Avg len Reduct %T %F %M %L %R
MatMult 2 2.553e-03 1.0 3.9e+06 1.0 0.0e+00 0.0e+00 0.0e+t00 2 25 0 0 O
MatAssemblyBegin 1 2.193e-05 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 O 0O O O O
MatAssemblyEnd 1 5.004e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 4 0 O O O
MatGetReordering 1 3.004e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 3 0O O O O
MatILUFctrSymbol 1 5.719e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 5 0 0O O O
MatLUFactorNumer 1 1.092e-02 1.0 2.7e+05 1.0 0.0e+00 0.0e+00 0.0e+t0O0 9 7 0O O O
MatSolve 2 4.193e-03 1.0 2.4e+06 1.0 0.0e+00 0.0e+00 0.0e+00 4 25 0 0 O
MatSetValues 1000 2.461e-02 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 21 0 O O O
VecDot 1 60e-04 1.0 9.7e+06 1.0 0.0e+00 0.0e+00 0.0e+t00 O 5 0 O O
VecNorm 3 5.870e-04 1.0 1.0e+07 1.0 0.0e+00 0.0e+00 0.0e+00 1 15 0 0 O
VecScale 1 1.640e-04 1.0 6.1e+06 1.0 0.0e+00 0.0e+00 0.0et0OO0 O 3 O O O
VecCopy 1 3.101e-04 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 0O O O O O
VecSet 3 5.029e-04 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t0O0 O O O O O
VecAXPY 3 8.690e-04 1.0 6.9e+06 1.0 0.0e+00 0.0e+00 0.0e+00 1 15 0 0 O
VecMAXPY 1 2.550e-04 1.0 7.8e+06 1.0 0.0e+00 0.0e+00 0.0e+t0O0 0O 5 0 0O O
SLESSolve 1 1.288e-02 1.0 2.2e+06 1.0 0.0e+00 0.0e+00 0.0e+00 11 70 O O O
SLESSetUp 1 2.669e-02 1.0 1.1e+05 1.0 0.0e+00 0.0e+00 0.0e+00 23 7 0 O O
KSPGMRESOrthog 1 1.151e-03 1.0 3.5e+06 1.0 0.0e+00 0.0e+00 0.0e+t0O0 1 10 0 0 O
PCSetUp 1 24e-02 1.0 1.5e+05 1.0 0.0e+00 0.0e+00 0.0e+00 18 7 0 0 O
PCApply 2 4.474e-03 1.0 2.2e+06 1.0 0.0e+00 0.0e+00 0.0e+0O0 4 25 0 0 O

Memory usage is given in bytes:

Object Type Creations Destructions Memory Descendants’ Mem.
Index set 3 3 12420 0

Vector 8 8 65728 0

Matrix 2 2 184924 4140
Krylov Solver 1 1 16892 41080
Preconditioner 1 1 0 64872

SLES 1 1 0 122844

Figure 7: Running a PETSc Program with Profiling

Writing Application Codes with PETSc

The examples throughout the library demonstrate the software usage and can serve as templates for devel-
oping 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), sushes or
sles . The manual pages located at

$PETSCDIR/docs/index.html or
http://www.mcs.anl.gov/petsc/docs/
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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.qg., for linear solvers, sSBPETSC_DIR}/src/sles/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.

1.5 Referencing PETSc

When referencing PETSc in a publication please cite the following:

@Unpublishedpetsc-home-page,

Author = "Satish Balay and William D. Gropp and Lois C. Mclnnes and Barry F. Smith”,
Title = "PETSc home page”,

Note = "http://www.mcs.anl.gov/petsc”,

Year = "2001"}

@TechRepofpetsc-manual,

Author = "Satish Balay and William D. Gropp and Lois C. Mclnnes and Barry F. Smith”,
Title = "PETSc Users Manual”,

Number = "ANL-95/11 - Revision 2.1.5",

Institution = "Argonne National Laboratory”,

Year = "2003"}

@InProceedinggpetsc-efficient,

Author = "Satish Balay and William D. Gropp and Lois C. Mclnnes and Barry F. Smith”,
Title = "Efficienct Management of Parallelism in Object Oriented Numerical Software Libraries”,
Booktitle = "Modern Software Tools in Scientific Computing”,

Editor = "E. Arge and A. M. Bruaset and H. P. Langtangen”,

Pages ="163-202",

Publisher = "Birkhauser Press”,

Year = "1997"}

1.6 Directory Structure

We conclude this introduction with an overview of the organization of the PETSc software. The root direc-
tory of PETSc contains the following directories:

e docs - All documentation for PETSc. The filesanual.pdf contains the hyperlinked users man-
ual, suitable for printing or on-screen viewering. Includes the subdirectory

- manualpages (on-line manual pages).
e bin - Utilities and short scripts for use with PETSc, including
— petsarch  (utility for settingPETSC_ARCHnvironmental variable),

e bmake - Base PETSc makefile directory. Includes subdirectories for various architectures.
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e include - Allinclude files for PETSc that are visible to the user.

¢ includeffinclude - PETSc include files for Fortran programmers using the .F suffix (recom-
mended).

e include/pinclude - Private PETSc include files that shoudt be used by application program-
mers.

e src - The source code for all PETSc libraries, which currently includes

vec - vectors,
* IS - index sets,
mat - matrices,

— dm
x da - distributed arrays,
x a0 - application orderings,

sles - complete linear equations solvers,

x ksp - Krylov subspace accelerators,
% pc - preconditioners,

snes - nonlinear solvers

ts - ODE solvers and timestepping,

sys - general system-related routines,
x plog - PETSc logging and profiling routines,
x draw - simple graphics,

— fortran - Fortran interface stubs,

— contrib - contributed modules that use PETSc but are not part of the official PETSc package.
We encourage users who have developed such code that they wish to share with others to let us
know by writing to petsc-maint@mcs.anl.gov.

Each PETSc source code library directory has the following subdirectories:
e examples - Example programs for the component, including

— tutorials - Programs designed to teach users about PETSc. These codes can serve as tem-
plates for the design of custom applicatinos.

— tests - Programs designed for thorough testing of PETSc. As such, these codes are not in-
tended for examination by users.

e interface - The calling sequences for the abstract interface to the component. Code here does not
know about particular implementations.

e impls - Source code for one or more implementations.

e utils - Utility routines. Source here may know about the implementations, but ideally will not know
about implementations for other components.

31



Parallel Numerical Components of PET Sc

Nonlinear Solvers _
Time Steppers
Newton-based Methods Backward Pseudo-Time
Other Euler . Other
Line Search | Trust Region Euler Stepping
Krylov Subspace M ethods
GMRES CG CGS Bi-CG-Stab TFOQMR Richardson Chebychev Other
Preconditioners
Additive Block Jacobi ILU IcC LU Oth
Schwarz Jacobi o (sequential only) o
Matrices
Compressed Block Compressed Block
Sparse Row Sparse Row Diagonal Dense Other
(AlJ) (BAILJ) (BDiag)
Index Sets
Vectors
Indices | Block Indices | Stride Other

Figure 2: Numerical Libraries of PETSc
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Chapter 2

Vectors and Distributing Parallel Data

The vector (denoted is one of the simplest PETSc objects. Vectors are used to store discrete PDE
solutions, right-hand sides for linear systems, etc. This chapter is organized as follows:

e ([Vec]) Section2.1and2.2- basic usage of vectors
e Section2.3- management of the various numberings of degrees of freedom, vertices, cells, etc.

— (EQ) Mapping between different global numberings

— (ISLCocalToGlobalviapping ]) Mapping between local and global numberings

¢ (DA) Section2.4- management of structured grids

e ([S], VecScatier _]) Section2.5- management of vectors related to unstructured grids

2.1 Creating and Assembling Vectors

PETSc currently provides two basic vector types: sequential and parallel (MPI based). To create a sequential
vector withmcomponents, one can use the command

VecCreateSeq_J(PETSCCOMM_SELF,int mj/ec] *x);

To create a parallel vector one can either specify the number of components that will be stored on each
processor or let PETSc decide. The command

VecCreateMPI_](MPI_CommEomnj,int m,int MVec] *x);

creates a vector that is distributed over all processors in the communjgator], wheremindicates the
number of components to store on the local processor,Misdthe total number of vector components.
Either the local or global dimension, but not both, can be set to PEDECIDE to indicate that PETSc
should determine it. More generally, one can use the routines

\VecCreate |(M PI_CommEomﬁlNec | *V);
VecSetSizes |(Vec|v, int m, int M);
VecSetFromOptions  |(Mec|v);

which automatically generates the appropriate vector type (sequential or parallel) over all processors in
comm The option-vec_type mpi  can be used in conjunction wiffiecCreaie () and[VecSelr ]
fomoptions () to specify the use of MPI vectors even for the uniprocessor case. We emphasize that
all processors itommmustcall the vector creation routines, since these routines are collective over all
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processors in the communicator. If you are not familar with MPI communicators, see the discussion in
Sectionl.3 on pagel?. In addition, if a sequence ofVecCreateXXX() routines is used, they must

be called in the same order on each processor in the communicator. One can assign a single value to all
components of a vector with the command

VecSet |(PetscScalar | *value[Vec] x);

Assigning values to individual components of the vector is more complicated, in order to make it possible
to write efficient parallel code. Assigning a set of components is a two-step process: one first calls

[VecSetValues |(Vec]x,int n,int *indicespPetscScalar | *values,INSERTVALUES);

any number of times on any or all of the processors. The argumgives the number of components being

set in this insertion. The integer arraydices contains theglobal component indicegndvalues is

the array of values to be inserted. Any processor can set any components of the vector; PETSc insures
that they are automatically stored in the correct location. Once all of the values have been inserted with
[VecSetvalues (), one must call

[VecAssemblyBegin |(Vec|x);

followed by

VecAssemblyEnd |(Vec]x);

to perform any needed message passing of nonlocal components. In order to allow the overlap of communi-
cation and calculation, the user’s code can perform any series of other actions between these two calls while
the messages are in transition.

Example usage d7ecSeivaiues () may be found ifB{PETSC_DIR}/src/vec/examples/
tutorials/ex2.c or ex2f.F  Often, rather than inserting elements in a vector, one may wish to add
values. This process is also done with the command

[VecSetValues |(Vec]|x,int n,int *indicesPetscScalar | *values,ADD.VALUES);

Again one must call the assembly routif€sCASSemblyBeqgin_|() andVecAssemblyEnd () after all

of the values have been added. Note that addition and insertion cdllsc®ervaiues () cannotbe

mixed. Instead, one must add and insert vector elements in phases, with intervening calls to the assembly
routines. This phased assembly procedure overcomes the nondeterministic behavior that would occur if two
different processors generated values for the same location, with one processor adding while the other is
inserting its value. (In this case the addition and insertion actions could be performed in either order, thus

resulting in different values at the particular location. Since PETSc does not allow the simultaneous use of

INSERT_VALUES and ADD.VALUES this nondeterministic behavior will not occur in PETSc.) There is

no routine called VecGetValues(), since we provide an alternative method for extracting some components

of a vector using the vector scatter routines. See Segtmgfor details; see also below fplecGetAmay |

(). One can examine a vector with the command

ecView [(Vec|xPetscViewer |v);

To print the vector to the screen, one can use the viegdiISC_VIEWER_STDOUT_WORWRIich ensures
that parallel vectors are printed correctlystdout . To display the vector in an X-window, one can use the
default X-windows viewePETSC_VIEWER_DRAW_WORGDone can create a viewer with the routine
PetscViewerDrawOpenX(). A variety of viewers are discussed further in Setfich To create a new
vector of the same format as an existing vector, one uses the command

[VecDuplicate  |(Vec]old}Vec|*new);
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To create several new vectors of the same format as an existing vector, one uses the command

VecDuplicateVecs |(Vec] old,int njVec] **new);

This routine creates an array of pointers to vectors. The two routines are very useful because they allow
one to write library code that does not depend on the particular format of the vectors being used. Instead,
the subroutines can automatically correctly create work vectors based on the specified existing vector. As
discussed in Sectiohl.1.G the Fortran interface fdZecDuplicatevVecs () differs slightly. When a

vector is no longer needed, it should be destroyed with the command

[VecDestroy |(Vec|x);

To destroy an array of vectors, one should use the command

ecDestroyVecs ec | *vecs,int n);
v y

Note that the Fortran interface fpiecDestroyvecs () differs slightly, as described in Sectidi.1.6 It
is also possible to create vectors that use an array provided by the user, rather than having PETSc internally
allocate the array space. Such vectors can be created with the routines

ecCreateSegWithArray - Jint mpPetscScalar arraypVec | *x);
C SegWithA (PETSCCOMM_SELF,i Scal * *X)

and

VecCreateMPIWithArray —J(MPI_CommEomn].int m,int M, PetscScalar ] *array[Vec] *x);

Note that here one must provide the vatgeat cannot be PETSMECIDE and the user is responsible for
providing enough space in the array’sizeof(PetscScalar)

2.2 Basic Vector Operations

As listed in Tablel, we have chosen certain basic vector operations to support within the PETSc vector
library. These operations were selected because they often arise in application codgrmngpe |
argument tg/ecNorm]() is one of NORM_1INORM_2or NORM_INFINITY.  The 1-normisy_; |z;],
the 2-norm i3, 7)1/ and the infinity norm isnax; |z;|.

For parallel vectors that are distributed across the processors by ranges, it is possible to determine a
processor’s local range with the routine

[VecGetOwnershipRange |(Vec |vec,int *low,int *high);

The argumentow indicates the first component owned by the local processor, \fgle specifiesone
more tharthe last owned by the local processor. This command is useful, for instance, in assembllng parallel
vectors. On occasion, the user needs to access the actual elements of the vector. THETOGE:

() returns a pointer to the elements local to the processor:

[VecGetArray |[(Vec|v,PetscScalar | **array);

When access to the array is no longer needed, the user should call

[VecRestoreArray  |(Vec|v, PetscScalar | **array);

Minor differences exist in the Fortran interface f@ECGeTATay () and[VeCReSIOreATay (), as
discussed in Sectiohl.1.3 It is important to note thgZecGetATay () and[VecResoreAray ()

do not copy the vector elements; they merely give users direct access to the vector elements. Thus, these
routines require essentially no time to call and can be used efficiently. The number of elements stored locally
can be accessed with
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Function Name Operation

VecAXPY|(PetscScalar  |*aMec|x, Vec|y); y=y-+axzx
\/eCAY%etscécalar *aNec|x, Vecly); y=x+axy
VecWAXPY(PetscScalar  |*aec|xNecly, Vec|w); w=a*xx+y
VecAXPBY|(PetscScalar *a,Ee_ts‘cScalar [*Vec]xVecly), y=axz+bxy
VecScale |(PetscScalar |*a, ec|x); rT=ax*xx
\/ec@t_m\/ec [x, Vecly, PetscScalar |*r); r=1'xy
VecTDot [(Vec|x, [Vec|y, PetscScalar | *r); r=x'xy
VecNorm|(Vec|xNormType | type, double *r); r = ||2||type
VecSum|(Vec] x, PetscScalar | *n); r=Y
VecCopy |(Vec|x, Vec|y); y==x
\VecSwap|(Vec| x, Vecy):; y =z whilez =y
VecPointwiseMult _|(Vec|xec]y, Vec]w); w; = i * Y
VecPointwiseDivide |(Vec|xNec]y, Vec]w); w; = i /y;
VecMDot|(int n\Vec|x, Vec|y[],PetscScalar | *r); rii] = @’ * yl[i]
VecMTDot [(int n\Vec|x, Vec|y[], etscScalar | *1); r[i] =« « yli]
\VecMAXPY(int n%e_‘ScScalar *aVec|y, Vec|x[]); y=y+>,a; *z[i
\VecMax|(Vec| x, int *idx, double *r); r = maxx;
\VecMin [(Mec|x, int *idx, double *r); r = minx;
VecAbs |(Vec| x); x; = |x]
VecReciprocal |(Vec|x); =1/
VecShift |(PetscScalar | *sfec]x); T =S+,

Table 1: PETSc Vector Operations

[VecGetlLocalSize |(Vec]|v,int*gize |);

The global vector length can be determined by

VecGetSize|(Vec] viint *Fize_));

In addition tovecDot |() andVvecMDort]() andivecNorm]() PETSc provides split phase versions of these
that allow several independent inner products and/or norms to share the same communication (thus improv-
ing parallel efficiency). For example, one may have code such as

VecDot |(Vec|xVec|yPetscScalar | *dot);
VecNorm|(Vec | x,NormType | NORM_2,double *norm2);
\VecNorm|(Vec | x,NormType | NORM_1,double *norm1);

This code works fine, the problem is that it performs three seperate parallel communication operations.
Instead one can write

VecDotBegin _|(Vec|x|Vec|yPetscScalar _|*dot);
VecNormBegin |(Vec|x,NormType | NORM_2,double *norm2);
\/ecNormEegin (\Vec x,NormType NORM_1,double *norm1);
VecDotend |(Vec[xVec[yPetscScalar | *dot);
VecNormENd [(Vec | x,NormType [ NORM_2,double *norm2);
VecNormEnd |(Vec x,NormType NORM_1,double *norm1);

With this code, the communication is delayed until the first caWézxxxEnd() at which a single MPI
reduction is used to communicate all the required values. It is required that the call$/ecthexEnd()
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are performed in the same order as the calls tobexxxBegin() ; however if you mistakenly make

the calls in the wrong order PETSc will generate an error, informing you of this. There are two additional
routinesfecTDoiBeqgin_J() andecTDoiEnd |(). These routines where suggested by Victor Eijkhout.
Note: these routines use only MPI 1 functionality; so they do not allow you to overlap computation and
communication (assuming no threads are spawned within a MPI process). Once MPI 2 implementations are
more common we’ll improve these routines to allow overlap of inner product and norm calculations with
other calculations. Also currently these routines only work for the PETSc built in vector types.

2.3 Indexing and Ordering

When writing parallel PDE codes there is extra complexity caused by having multiple ways of indexing
(numbering) and ordering objects such as vertices and degrees of freedom. For example, a grid generator
or partitioner may renumber the nodes, requiring adjustment of the other data structures that refer to these
objects; see Figur@. In addition, local numbering (on a single processor) of objects may be different than
the global (cross-processor) numbering. PETSc provides a variety of tools that help to manage the mapping
among the various numbering systems. The two most basic gfelli@pplication ordering), which enables
mapping between different global (cross-processor) numbering schemes ari8ltloealToGlobalM

apping , which allows mapping between local (on-processor) and global (cross-processor) numbering.

2.3.1 Application Orderings

In many applications it is desirable to work with one or more “orderings” (or numberings) of degrees of
freedom, cells, nodes, etc. Doing so in a parallel environment is complicated by the fact that each processor
cannot keep complete lists of the mappings between different orderings. In addition, the orderings used in
the PETSc linear algebra routines (often contiguous ranges) may not correspond to the “natural” orderings
for the application. PETSc provides certain utility routines that allow one to deal cleanly and efficiently
with the various orderings. To define a new application ordering (callggGim PETSc), one can call the
routine

[OCreateBasic _|(MPI_.CommEomni,int n,int *apordering,int *petscorderirf§Q] *ao);

The arraysapordering  andpetscordering , respectively, contain a list of integers in the application
ordering and their corresponding mapped values in the PETSc ordering. Each processor can provide what-
ever subset of the ordering it chooses, but multiple processors should never contribute duplicate values. The
argument indicates the number of local contributed values. For example, consider a vector of length five,
where node 0 in the application ordering corresponds to node 3 in the PETSc ordering. In addition, nodes
1, 2, 3, and 4 of the application ordering correspond, respectively, to nodes 2, 1, 4, and 0 of the PETSc
ordering. We can write this correspondence as

0,1,2,3,4 — 3,2,1,4,0.

The user can create the PETEC} mappings in a number of ways. For example, if using two processors,
one could call

[AOCreateBasic |(PETSC_COMM_WORLD,2,{0,3},{3,4},&a0);

on the first processor and

ROCreateBasic J(PETSC_COMM_WORLD,3,{1,2,4},{2,1,0},&a0);

on the other processor. Once the application ordering has been created, it can be used with either of the
commands

39


manualpages/Vec/VecTDotBegin.html##VecTDotBegin
manualpages/Vec/VecTDotEnd.html##VecTDotEnd
manualpages/AO/AO.html##AO
manualpages/AO/AO.html##AO
manualpages/AO/AOCreateBasic.html##AOCreateBasic
manualpages/Sys/comm.html##comm
manualpages/AO/AO.html##AO
manualpages/AO/AO.html##AO
manualpages/AO/AOCreateBasic.html##AOCreateBasic
manualpages/AO/AOCreateBasic.html##AOCreateBasic

AOPetscToApplication (IAQ ao,int n,int *indices);
AOApplicationToPetsc (A ao,int n,int *indices);

Upon input, then-dimensional arrayndices  specifies the indices to be mapped, while upon output,
indices  contains the mapped values. Since we, in general, employ a parallel databasefa] the
mappings, it is crucial that all processors that cafigdCreateBasic__|() also call these routines; these
routinescannotbe called by just a subset of processors in the MPI communicator that was used in the call
toBOCreaieBasic__|(). An alternative routine to create the application orderfiigj, is

ROCreateBasiclS ]S ] aporderindS ] petscorderingyQ *ao);

where index sets (see5.1are used instead of integer arrays.
The mapping routines

AOPetscToApplicationlS aol|S |indices);

AOApplicationToPetsclS @ ao indices);

will map index sets[&_] objects) between orderings. Both tA@®XxxToYyy() and AOXxxToYyyl

S() routines can be used regardless of whetherffoB was created with f8OCreaieBasic__|() or
EOCreateBasicls__|(). TheEQ context should be destroyed wikODestroy(AO ao) and viewed

with AOView(AO ao,PetscViewer viewer) . Although we refer to the two orderings as “PETSc”

and “application” orderings, the user is free to use them both for application orderings and to maintain
relationships among a variety of orderings by employing sey@@lcontexts. TheAOxxToxx() rou-

tines allow negative entries in the input integer array. These entries are not mapped; they simply remain

unchanged. This functionality enables, for example, mapping neighbor lists that use negative numbers to
indicate nonexistent neighbors due to boundary conditions, etc.

2.3.2 Local to Global Mappings

In many applications one works with a global representation of a vector (usually on a vector obtained with

[VecTreaieMPT_]()) and a local representation of the same vector that includes ghost points required for

local computation. PETSc provides routines to help map indices from a local numbering scheme to the
PETSc global numbering scheme. This is done via the following routines

SLocalToGlobalMappingCreate [(int N,int* globalnum,

|SLocalToGlobalMapping __ [* ctx);

SLocalToGlobalMappingApply ||SLocalToGlobalMapping | ctx,int n,int *in,

int *out);

SLocalToGlobalMappingApplylS |dSLocalToGlobalMapping [ ctx isin,

S [*isout);

SLocalToGlobalMappingDestroy [dSLocalToGlobalMapping [ ctx);

HereNdenotes the number of local indicggobalnum  contains the global number of each local number,
and[SLocalToGlobalMapping __] is the resulting PETSc object that contains the information needed
to apply the mapping with eithdiSTCocalToGlobalMappingApply () or [SCocalToGlobav ]
EppingAppiyIS __](). Note that thgSLCocalToGlobalViapping | routines serve a different purpose

than the=Qd routines. In the former case they provide a mapping from a local numbering scheme (including
ghost points) to a global numbering scheme, while in the latter they provide a mapping between two global
numbering schemes. In fact, many applications may usef@gtindfSCocall oGlobalMapping ___]rou-

tines. Thg&Q routines are first used to map from an application global ordering (that has no relationship to
parallel processing etc.) to the PETSc ordering scheme (where each processor has a contiguous set of indices
in the numbering). Then in order to perform function or Jacobian evaluations locally on each processor, one
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works with a local numbering scheme that includes ghost points. The mapping from this local numbering
scheme back to the global PETSc numbering can be handled wifiSivgalToGlobalMapping |
routines. If one is given a list of indices in a global numbering, the routine

SGlobalToLocalMappingApply ||SLocalToGlobalMapping | ctx,
SGlobalToLocalMappingType | type,int nin,int idxin[],int *nout,int idxout[]);

will provide a new list of indices in the local numbering. Again, negative valuadxim are left un-
mapped. But, in addition, ifype is set tolS_GTOLM_MASK thennout is set tonin and all global

values inidxin  that are not represented in the local to global mapping are replaced by -1. tWigen

is set tolS_ GTOLM_DROPthe values iridxin  that are not represented locally in the mapping are not
included inidxout , so that potentiallypout is smaller thamin . One must pass in an array long enough

to hold all the indices. One can cfifGlobalToLocalMappingApply |0 with idxout equal to
PETSC_NULLo determine the required length (returneaigut ) and then allocate the required space and

call ISGlobalToLocalMappingApply() a second time to set the values. Often it is convenient to

set elements into a vector using the local node numbering rather than the global node numbering (e.g., each
processor may maintain its own sublist of vertices and elements and number them locally). To set values
into a vector with the local numbering, one must first call

[VecSetLocalToGlobalMapping |(vec|v)SLocalToGlobalMapping | ctx);

and then call

[VecSetValuesLocal |(Vec|x,int n,int *indicesPetscScalar | *values,INSERTVALUES);

Now theindices use the local numbering, rather than the global.

2.4 Structured Grids Using Distributed Arrays

Distributed arrays (DAs), which are used in conjunction with PETSc vectors, are intended for use with
logically regular rectangular gridsvhen communication of nonlocal data is needed before certain local
computations can occur. PETSc distributed arrays are designed only for the case in which data can be
thought of as being stored in a standard multidimensional array; thus, DAst@rgended for parallelizing
unstructured grid problems, etc. DAs are intended for communicating vector (field) information; they are
not intended for storing matrices. For example, a typical situation one encounters in solving PDEs in parallel
is that, to evaluate a local functioffx) , each processor requires its local portion of the vextas well

as its ghost points (the bordering portions of the vector that are owned by neighboring processorsy Figure
illustrates the ghost points for the seventh processor of a two-dimensional, regular parallel grid. Each box
represents a processor; the ghost points for the seventh processor’s local part of a parallel array are shown
in gray.

2.4.1 Creating Distributed Arrays

The PETS{DA] object manages the parallel communication required while working with data stored in
regular arrays. The actual data is stored in approriately sized vector objed@&] thigiect only contains the
parallel data layout information and communication information.

One creates a distributed array communication data structure in two dimensions with the command

DACreate2d |(MPI_.Commpomn}DAPeriodicType |wrapPAStencilType |st,int M,

int N,int m,int n,int dof,int s,int *Ix,int *Iy@ *da);
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Figure 8: Ghost Points for Two Stencil Types on the Seventh Processor

The argument®landN indicate the global numbers of grid points in each direction, whiésndn denote

the processor partition in each direction*n must equal the number of processes in the MPI communicator,
comm Instead of specifying the processor layout, one may use PEISCIDE formandn so that PETSc

will determine the partition using MPI. The type of periodicity of the array is specifiediayp , which

can beDA NONPERIODIQno periodicity), DA _XYPERIODIC(periodic in both x- and y-directions),

DA _XPERIODIC, or DA_YPERIODIC The argumentiof indicates the number of degrees of freedom

at each array point, ansl is the stencil width (i.e., the width of the ghost point region). The optional
arrayslx andly may contain the number of nodes along the x and y axis for each cell, i.e. the dimension
of Ix is mand the dimension dfy is n; or PETSC_NULLmay be passed in. Two types of distributed
array communication data structures can be created, as specifigtd. bptar-type stencils that radiate
outward only in the coordinate directions are indicatedd#y STENCIL_STAR while box-type stencils

are specified bypA_STENCIL_BOX For example, for the two-dimensional caBd STENCIL_STAR

with width 1 corresponds to the standard 5-point stencil, while STENCIL_BOXwith width 1 denotes

the standard 9-point stencil. In both instances the ghost points are identical, the only difference being that
with star-type stencils certain ghost points are ignored, decreasing substantially the number of messages
sent. Note that thBA_STENCIL_STARstencils can save interprocessor communication in two and three
dimensions. ThespPA] stencils have nothing directly to do with any finite difference stencils one might
chose to use for a discretization; they only ensure that the correct values are in place for application of a
user-defined finite difference stencil (or any other discretization technique). The commands for creating
distributed array communication data structures in one and three dimensions are analogous:

ACreateld |[(MPl_Commgommn|PAPeriodicType Wrap,intM,intw,ints,int*lc@*inra);
ACreate3d |[(MPI_-Commpgomn{DAPeriodicType wrap%StencilType | stenciltype,

int M,int N,int P,int m,int n,int p,int w,int s,int *Ix,int *ly,int *Iz *inra);

DA_ZPERIODIC, DA_XZPERIODIC DA_YZPERIODIG and DA_XYZPERIODICare additional op-
tions in three dimensions f@APeriodicType ] The routines to create distributed arrays are collective,
so that all processors in the communicatommmust callDACreateXXX() .

2.4.2 Local/Global Vectors and Scatters

EachDA object defines the layout of two vectors: a distributed global vector and a local vector that includes
room for the appropriate ghost points. TAg&] object provides information about tg&e ] and layout of

these vectors, but does not internally allocate any associated storage space for field values. Instead, the user
can create vector objects that use[fifg layout information with the routines
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ACreateGlobalVector (PA] dajvec] *g);
ACreateLocalVector (P daMec|*I);

These vectors will generally serve as the building blocks for local and global PDE solutions, etc. If additional
vectors with such layout information are needed in a code, they can be obtained by duplicatirg

via [VecDuplicate () or VecDuplicaievecs (). We emphasize that a distributed array provides the
information needed to communicate the ghost value information between processes. In most cases, several
different vectors can share the same communication information (or, in other words, can sharqZafjiven

The design of thPA object makes this easy, as e@Zfj operation may operate on vectors of the appropriate
Eize_], as obtained vipACTreaieLocalvecior () andpDACreaieGlobalvecior () or as produced

by WecDuplicaie___](). As such, thgDA] scatter/gather operations (e.pAGIobalToLocalBegin_]

()) require vector input/output arguments, as discussed below. PETSc currently provides no container for
multiple arrays sharing the same distributed array communication; note, however, tdaft tiparameter
handles many cases of interest. At certain stages of many applications, there is a need to work on a local
portion of the vector, including the ghost points. This may be done by scattering a global vector into its local
parts by using the two-stage commands

AGlobalToLocalBegin  |(DA dalVec|g}nsertMode |iorajvec]|l);
AGlobalToLocalEnd | dalvec|gjnsertMode |iorajVec|l);

which allow the overlap of communication and computation. Since the global and local vectors, given
by g andl , respectively, must be compatible with the distributed arday, they should be generated

by reateGlobalvVector () andpACTreateLocaivecior () (or be duplicates of such a vector
obtained vigrecDuplicate _|()). The[nsermviode ] can be eitheADD_VALUE®r INSERT_VALUES

One can scatter the local patches into the distributed vector with the command

PALocalToGlobal _|(DA] da[Vec]l[nsertMode ] mode}Vec] g);

Note that this function is not subdivided into beginning and ending phases, since it is purely local. A third
type of distributed array scatter is from a local vector (including ghost points that contain irrelevant values)
to a local vector with correct ghost point values. This scatter may be done by commands

ALocalToLocalBegin dalVec|llJnsertMode |ioralVec|l2);
ALocalToLocalEnd |([DA|dalvec|llJnsertMode |ioralVec|I2);

Since both local vectordl andl2 , must be compatible with the distributed arrag, they should be
generated b reateLocalvector () (or be duplicates of such vectors obtainedW&Duplicaie ]
()). The[nseriMode ] can be eitheADD_VALUESr INSERT_VALUES ltis possible to directly access
the vector scatter contexts (see below) used in the local-to-glivbgl (), global-to-local ¢tol ), and local-
to-local (tol ) scatters with the command

DAGetScatter _|(DA daVecScatter ] *ltog,VecScatter ] *gtol VecScatter ] *Itol);

Most users should not need to use these contexts.

2.4.3 Local (Ghosted) Work Vectors

In most applications the local ghosted vectors are only needed during user “function evaluations”. PETSc
provides an easy light-weight (requiring essentially no CPU time) way to obtain these work vectors and
return them when they are no longer needed. This is done with the routines

DAGetLocalVector _|(DAl dajvec]*l);
.... use the local vector |

DARestoreLocalVector |([PA daNec] *);
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2.4.4 Accessing the Vector Entries for DA Vectors

PETSc provides an easy way to set values into[#Ag Vectors and access them using the natural grid
indexing. This is done with the routines

DAVecGetArray |([PA daVec]l,(void**)array);

.... use the array indexing it with 1 or 2 or 3 dimensions

.... depending on the dimension of {hé|

DAVecRestoreArray  |(PA dalVec|l,(void*)array);

The vector | can be either a global vector or a local vector. diinay is accessed using the usggbbal
indexing on the entire grid. For example for a scalar problem in two dimensions one could do

PetscScalar | **f,**u;

AVecGetArray |(PA] dafVec|local,(void**)u);
AVecGetArray (DA dalVec | global,(void**)f);

fLi10] = ulilf - -
AVecRestoreArray (PA dalec|local,(void**)u);
AVecRestoreArray  [(DA dajVec | global,(void**)f);

See${PETSC_DIR}/src/snes/examples/tutorials/ex5.c for a complete example and See
${PETSC_DIR}/src/snes/examples/tutorials/ex19.c for an example for a multi-component
PDE.

2.4.5 Grid Information

The global indices of the lower left corner of the local portion of the array as well as the locagaeay
can be obtained with the commands

AGetCorners | da,int *x,int *y,int *z,int *m,int *n,int *p);
AGetGhostCorners _|([DAl da,int *x,int *y,int *z,int *m,int *n,int *p);

The first version excludes any ghost points, while the second version includes them. The[fGUBEE]
phosiCorners () deals with the fact that subarrays along boundaries of the problem domain have ghost
points only on their interior edges, but not on their boundary edges. When either type of stencil BAised,
_STENCIL_STARor DA_STENCIL_BOXthe local vectors (with the ghost points) represent rectangular
arrays, including the extra corner elements inEe STENCIL_STARcase. This configuration provides
simple access to the elements by employing two- (or three-) dimensional indexing. The only difference
between the two cases is that wheA_ STENCIL_STARIs used, the extra corner components ao¢
scattered between the processors and thus contain undefined values thanshbaldsed. To assemble
global stiffness matrices, one needs either

¢ the global node number of each local node including the ghost nodes. This number may be determined
by using the command

DAGetGloballndices _|(PA da,int *n,int *idx[]);

The output argumenmt contains the number of local nodes, including ghost nodes, Vahilecontains
a list of the global indices that correspond to the local nodes. Note that the Fortran interface differs
slightly; see Sectioi1.1.3for details.
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Figure 9: Natural Ordering and PETSc Ordering for a 2D Distributed Array (Four Processors)

e Or to set up the vectors and matrices so that their entries may be added using the local numbering.
This is done by first calling

PAGetISLocalToGlobalMapping |@ da]SLocalToGlobalMapping [ *map);

followed by
\VecSetLocalToGlobalMapping \Vec | xJSLocalToGlobalMapping map);
[MatSetLocalToGlobalMapping \Vec | xJSLocalToGlobalMapping map);

Now entries may be added to the vector and matrix using the local numberifEaB&TvaluesL ]
pcar—]() andMatsetvaluesroca 10-

Since the global ordering that PETSc uses to manage its parallel vectors (and matrices) does not usually
correspond to the “natural” ordering of a two- or three-dimensional arraypHestructure provides an
application orderingfQ] (see Sectior2.3.1) that maps between the natural ordering on a rectangular grid
and the ordering PETSc uses to parallize. This ordering context can be obtained with the command

PAGEAC(PA dafd “eo);
In Figure 9 we indicate the orderings for a two-dimensional distributed array, divided among four pro-
cessors. The examp{PETSC_DIR}/src/snes/examples/tutorials/ex5.c , lllustrates the

use of a distributed array in the solution of a nonlinear problem. The analogous Fortran program is
${PETSC_DIR}/src/snes/examples/tutorials/ex5f.F ; see Chapteb for a discussion of

the nonlinear solvers.

2.5 Software for Managing Vectors Related to Unstructured Grids

2.5.1 Index Sets

To facilitate general vector scatters and gathers used, for example, in updating ghost points for problems
defined on unstructured grids, PETSc employs the concept of an index set. An index set, which is a gener-
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alization of a set of integer indices, is used to define scatters, gathers, and similar operations on vectors and
matrices.
The following command creates a index set based on a list of integers:

[SCreateGeneral _|(MPI_.Commfomnjint n,int *indices S ] *is);

This routine essentially copies tmeindices passed to it by the integer ariagdices . Thus, the user
should be sure to free the integer ariagices  when it is no longer needed, perhaps directly after the call
to[SCreateGeneral__](). The communicatogcomm should consist of all processors that will be using
the[S]. Another standard index set is defined by a starting péinst ( ) and a stridegtep ), and can be
created with the command

SCreateStride (MPI1_Commomnl,int n,int first,int stedS | *is);
|

Index sets can be destroyed with the command

[Soestoy 1(ST's)

On rare occasions the user may have to access information directly from an index set. Several commands
assist in this process:

SGetSize is,int *gize |);
SStrideGetlnfo (IS |is.int *first,int *stride);
SGetlndices  |(IS |is,int **indices);

The functionf[SGellndices () returns a pointer to a list of the indices in the index set. For certain index
sets, this may be a temporary array of indices created specifically for a given routine. Thus, once the user
finishes using the array of indices, the routine

ISRestorelndices (S ]is, int **indices);

should be called to ensure that the system can free the space it may have used to generate the list of indices.
A blocked version of the index sets can be created with the command

[SCreateBlock J(MPI_CommEomn,int bs,int n,int *indices|S ] *is);

This version is used for defining operations in which each element of the index set refers to a ieck of
vector entries. Related routines analogous to those described above exist as well, ifEIBGORGET |

pdices (), [SBIockGersize (), [SBIockGeiBlocksize (), and[SBIock (). See the man pages
for detalils.

2.5.2 Scatters and Gathers

PETSc vectors have full support for general scatters and gathers. One can select any subset of the com-
ponents of a vector to insert or add to any subset of the components of another vector. We refer to these
operations as generalized scatters, though they are actually a combination of scatters and gathers.

To copy selected components from one vector to another, one uses the following set of commands:

VecScatterCreate  |(Vec]xJS ]ixVec] yJS iy, ecScatter ] *ctx);
VecScatterBegin  |(Vec|xVec y,INSERT_VALUES,SCATTERFORWARDWecScatter |ctx);

VecScatterEnd  |(Vec|xNec y,INSERT_VALUES,SCATTERFORWARD[!ecScatter |ctx);
\VecScatterDestroy ecScatter | ctx);
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Hereix denotes the index set of the first vector, whilg indicates the index set of the destination vector.

The vectors can be parallel or sequential. The only requirements are that the number of entries in the index
set of the first vectorix , equal the number in the destination index $get, and that the vectors be long
enough to contain all the indices referred to in the index sets. The arguN®BRT_VALUESspecifies

that the vector elements will be inserted into the specified locations of the destination vector, overwriting
any existing values. To add the components, rather than insert them, the user should select the option
ADD_VALUESnstead o NSERT_VALUES To perform a conventional gather operation, the user simply
makes the destination index set,, be a stride index set with a stride of one. Similarly, a conventional
scatter can be done with an initial (sending) index set consisting of a stride. The scatter rotines are collective
operations (i.e. all processes that own a parallel veutstcall the scatter routines). When scattering from

a parallel vector to sequential vectors, each processor has its own sequential vector that receives values from
locations as indicated in its own index set. Similarly, in scattering from sequential vectors to a parallel vector,
each processor has its own sequential vector that makes contributions to the paralleCagdionn When
INSERT_VALUESs used, if two different processors contribute different values to the same component in

a parallel vector, either value may end up being inserted. WAddD_VALUESs used, the correct sum is

added to the correct location. In some cases one may wish to “undo” a scatter, that is perform the scatter
backwards switching the roles of the sender and receiver. This is done by using

VecScatterBegin~ |(Vec]y[Vec] x,INSERT VALUES,SCATTERREVERSHyecScatter | ctx);
VecScatterEnd _[(Vec|yVec|x,INSERT.VALUES,SCATTERREVERSHyecScatter | ctx);

Note that the roles of the first two arguments to these routines must be swapped when&E€ATHE
R_REVERSHption is used. Once object has been created it may be used with any
vectors that have the appropriate parallel data layout. That is, one cgnecaltaterseqn () and
[VecScatterend () with different vectors than used in the callfi@cScatiercreaie () so long as

they have the same parallel layout (hnumber of elements on each processor are the same). Usually, these
“different” vectors would have been obtained via callFFEzDuplicaie___]() from the original vectors used

in the call tqvecScatiercreaie (). Thereis no PETSc routine that is the opposifFetSeivalues |

O, that is, VecGetValues(). Instead, the user should create a new vector where the components are to be
stored and perform the appropriate vector scatter. For example, if one desires to obtain the values of the
100th and 200th entries of a parallel veciorone could use a code such as that within Fidiieln this

example, the values of the 100th and 200th components are placed in the array values. In this example each
processor now has the 100th and 200th component, but obviously each processor could gather any elements
it needed, or none by creating an index set with no entries. The scatter comprises two stages, in order to
allow overlap of communication and computation. The introduction ofiB€Scaiier _| context allows

the communication patterns for the scatter to be computed once and then reused repeatedly. Generally,
even setting up the communication for a scatter requires communication; hence, it is best to reuse such
information when possible.

2.5.3 Scattering Ghost Values

The scatters provide a very general method for managing the communication of required ghost values for
unstructured grid computations. One scatters the global vector into a local “ghosted” work vector, performs
the computation on the local work vectors, and then scatters back into the global solution vector. In the
simplest case this may be written as

Function: (InpufVec] globalin, Outpuj/ec] globalout)
ecScatterBegln |(Vec] globalinjVec | localinfnsertMode | INSERT VALUES,

catterMode SCATTERFORWARD)ecScatter | scatter);
VecScatterEnd  |(Vec] globalinVec|localinfnsertMode | INSERT_VALUES,
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\Vec | p, X; /* initial vector, destination vector */

\VecScatter |scatter; /* scatter context */

S |from, to; /* index sets that define the scatter */

etscScalar *values;

intidx_from[] = {100,200}, idx_to[] = {0,1};

VecCreateSeq |(PETSCCOMM_SELF,2,&x);

SCreateGeneral  |(PETSCCOMM_SELF,2,idxfrom,&from);
SCreateGeneral  |(PETSCCOMM_SELF,2,idxto,&to);
\ecScatterCreate |(p,from,x,to,&scatter);

\/ecScatter-Begin |(p.x,INSERTVALUES,SCATTERFORWARD,scatter);
\VecScatterEnd [(p,x,INSERT.VALUES,SCATTERFORWARD,scatter);
VecGetArray |(x,&values);

SDestroy  |(from);

[SDestroy  |(to);

\/ecécatterDestroy [(scatter);

Figure 10: Example Code for Vector Scatters

BcatterMode | SCATTERFORWARD|VecScatter | scatter);

/* For example, do local calculations from localin to localtut

ecScatterBegm |(Vec]localouti/ec] globalouffnsertMode ] ADD_VALUES,
catterMode |SCATTERREVERSHyecScatter |scatter);
m(m localout}/ec] globaloufjnsertMode | ADD_VALUES,

ScatterMode | SCATTERREVERSHyecScatter | scatter);

2.5.4 \Vectors with Locations for Ghost Values

We recommend that application developers skip this section on a first reading. It contains information
about more advanced use of PETSc vectors to improve efficiency slightly. Once an application code is
fully debugged and optimized these techniques can be tried to slightly decrease memory use and improve
computation speed. There are two minor drawbacks to the basic approach described above:

e the extra memory requirement for the local work veckoealin ~ , which duplicates the memory in
globalin , and

¢ the extra time required to copy the local values frocalin ~ to globalin

An alternative approach is to allocate global vectors with space preallocated for the ghost values; this may
be done with either

VecCreateGhost _|(MPI_.Commfomnjint n,int N,int nghost,int *ghosf§ec] *vv)

or

ecCreateGhostWithArray [(MPI_CommEomnj.int n,int N,int nghost,int *ghosts,
etscScalar | *arraypVec|*wv)

Here n is the number of local vector entriel,is the number of global entries (B-ETSC_NULL and

nghost is the number of ghost entries. The argtyosts is of Eize_] nghost and contains the global

vector location for each local ghost location. UsfigcDuplicate () or VecDuplicaievecs () on a

ghosted vector will generate additional ghosted vectors. In many ways a ghosted vector behaves just like any
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otherMPI vector created blyecCreateMPT_|(), the difference is that the ghosted vector has an additional
“local” representation that allows one to access the ghost locations. This is done through the call to

[VecGhostGetLocalForm |(Mec|gjvec]|*I);

The vectorl is a sequential representation of the parallel vegttinat shares the same array space (and
hence numerical values); but allows one to access the “ghost” values past “the end of the” array. Note that
one access the entrieslinusing the local numbering of elements and ghosts, while they are accesged in
using the global numbering. A common usage of a ghosted vector is given by

ecGhostUpdateBegin  |(Vec|globalin INSERT_VALUES,
catterMode | SCATTERFORWARD);

gecGhostUpdateEnd [(Vec | globalinjnsertMode | INSERT-VALUES,
catterMode | SCATTERFORWARD);

VecGhostGetLocalForm  |(Vec|globalinVec| *localin);
VecGhostGetLocalForm |(Vec|globalout)/ec | *localout);

/*

Do local calculations from localin to localout

*/

VVecGhostRestoreLocalForm (Mec|globalin *localin);
VecGhostRestoreLocalForm (Vec | globaloufyec| *localout);
VecGhostUpdateBegin _|(Vec| globaloutjnsertMode | ADD VALUES,
ScatterMode | SCATTERREVERSE);

ecGhostUpdateEnd |(Vec|globaloutjnsertMode | ADD_VALUES,
catterMode |SCATTERREVERSE);

The routinesVecGhostUpdateBegin/End() are equivalent to the routinégecScatterBegin/

End() above except that since they are scattering into the ghost locations, they do not need to copy the
local vector values, which are already in place. In addition, the user does not have to allocate the local
work vector, since the ghosted vector already has allocated slots to contain the ghost values. The input
argumentdNSERT_VALUESand SCATTER_FORWARJause the ghost values to be correctly updated
from the appropriate processor. The argumé&n® VALUESNdSCATTER_REVERSHEpdate the “local”
portions of the vector from all the other processors’ ghost values. This would be appropriate, for example,
when performing a finite element assembly of a load vector. Se8tiwdiscusses the important topic of
partitioning an unstructured grid.
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Chapter 3

Matrices

PETSc provides a variety of matrix implementations because no single matrix format is appropriate for all
problems. Currently we support dense storage and compressed sparse row storage (both sequential and
parallel versions), as well as several specialized formats. Additional formats can be added. This chapter
describes the basics of using PETSc matrices in general (regardless of the particular format chosen) and
discusses tips for efficient use of the several simple uniprocessor and parallel matrix types. The use of
PETSc matrices involves the following actions: create a particular type of matrix, insert values into it,
process the matrix, use the matrix for various computations, and finally destroy the matrix. The application
code does not need to know or care about the particular storage formats of the matrices.

3.1 Creating and Assembling Matrices

The simplest routine for forming a PETSc matu,is

MatCreate [(MPI_.CommEomnd,int m,int n,int M,int NMat] *A)

This routine generates a sequential matrix when running one process and a parallel matrix for two or more
processes; the particular matrix format is set by the user via options database commands. The user specifies
either the global matrix dimensions, giveniggandN or the local dimensions, given logandn while PETSc
completely controls memory allocation. This routine facilitates switching among various matrix types, for
example, to determine the format that is most efficient for a certain application. By dfatlireate ()

employs the sparse AlJ format, which is discussed in detail Se8tiofi See the manual pages for further
information about available matrix formats. To insert or add entries to a matrix, one can call a variant of
MatSetValues , either

MatSetValues |(Mat | A,int m,intim[],int n,intin[],PetscScalar  |*values,INSERTVALUES);

or

MatSetValues |(Mat]|A,int m,intim[],int n,int in[],PetscScalar | *values,ADD VALUES);

This routine inserts or adds a logically dense subblock of dimemsforinto the matrix. The integer indices

im andin , respectively, indicate the global row and column numbers to be insgViattetvaiues _|()

uses the standard C convention, where the row and column matrix indices begin witlegandiess of

the storage format employedhe arrayvalues is logically two-dimensional, containing the values that

are to be inserted. By default the values are given in row major order, which is the opposite of the Fortran
convention. To allow the insertion of values in column major order, one can call the command

MatSetOption |(Viat] A, MAT _COLUMN_ORIENTED);
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Warning: Several of the sparse implementationsnddcurrently support the column-oriented option. This
notation should not be a mystery to anyone. For example, to insert one matrix into another when using
Matlab, one uses the commaA¢im,in) = B; whereim andin contain the indices for the rows and
columns. This action is identical to the calls abovgviaiseivaiues (). When using the block com-
pressed sparse row matrix format (MATSEQBAIJ or MATMPIBAIJ), one can insert elements more effi-
ciently using the block varianfflaiseivaiuesBlocked (). The functionMaiSeioption () accepts

several other inputs; see the manual page for details. We discuss two of these options, which are related to
the efficiency of the assembly process. To indicate to PETSc that themowo( column {n ) indices set

with Mlatseivaiues () are sorted (in increasing order), one uses the command

MatSetOption |(Miat] A, MAT _ROWS SORTED);

or

MatSetOption |(Viat] A,MAT _COLUMNS_SORTED);

Note that these flags indicate the format of the data passed ifWaiGeivalues _|(); they do not have
anything to do with how the sparse matrix data is stored internally in PETSc. After the matrix elements have
been inserted or added into the matrix, they must be processed (also called assembled) before they can be
used. The routines for matrix processing are

MatAssemblyBegin |(Mat | A,MAT _FINAL _ASSEMBLY);
MatAssemblyEnd |(Mat | A,MAT _FINAL _ASSEMBLY);

By placing other code between these two calls, the user can perform computations while messages are in
transit. Calls tqviaisetvalues () with the INSERT_VALUESand ADD_VALUESptionscannotbe

mixed without intervening calls to the assembly routines. For such intermediate assembly calls the second
routine argument typically should BéAT _FLUSH_ASSEMBL . Which omits some of the work of the full
assembly proces8AT_FINAL_ASSEMBLYs required only in the last matrix assembly before a matrix is
used. Even though one may insert values into PETSc matrices without regard to which processor eventually
stores them, for efficiency reasons we usually recommend generating most entries on the processor where
they are destined to be stored. To help the application programmer with this task for matrices that are
distributed across the processors by ranges, the routine

MatGetOwnershipRange |(Mat | A,int *first_row,int *last row);

informs the user that all rows frofirst row  tolast row-1  (since the value returned last_row
is one more than the global index of the last local row) will be stored on the local processor. In the sparse
matrix implementations, once the assembly routines have been called, the matrices are compressed and
can be used for matrix-vector multiplication, etc. Inserting new values into the matrix at this point will be
expensive, since it requires copies and possible memory allocation. Thus, whenever possible one should
completely set the values in the matrices before calling the final assembly routines.

If one wishes to repeatedly assemble matrices that retain the same nonzero pattern (such as within a
nonlinear or time-dependent problem), the option

MatSetOption |(Mat | mat, MAT_.NO_NEW_NONZERQLOCATIONS);

should be specified after the first matrix has been fully assembled. This option ensures that certain data
structures and communication information will be reused (instead of regenerated) during successive steps,
thereby increasing efficiency. SBPETSC_DIR}/src/sles/examples/tutorials/ex5.c for

a simple example of solving two linear systems that use the same matrix data structure.
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3.1.1 Sparse Matrices

The default matrix representation within PETSc is the general sparse AlJ format (also called the Yale sparse
matrix format or compressed sparse row format, CSR). This section discusses #figcfentlyusing this

matrix format for large-scale applications. Additional formats (such as block compressed row and block
diagonal storage, which are generally much more efficient for problems with multiple degrees of freedom
per node) are discussed below. Beginning users need not concern themselves initially with such details and
may wish to proceed directly to Secti@2. However, when an application code progresses to the point of
tuning for efficiency and/or generating timing results, itigcial to read this information.

Sequential AlJ Sparse Matrices

In the PETSc AlJ matrix formats, we store the nonzero elements by rows, along with an array of correspond-
ing column numbers and an array of pointers to the beginning of each row. Note that the diagonal matrix
entries are stored with the rest of the nonzeros (not separately).

To create a sequential AlJ sparse matfixwith mrows andn columns, one uses the command

MatCreateSegAlJ_ (PETSCCOMM_SELF,int m,int n,int nz,int *nnj\iat] *A);

wherenz or nnz can be used to preallocate matrix memory, as discussed below. The user nan(set

and nnz=PETSC_NULLfor PETSc to control all matrix memory allocation. The sequential and paral-

lel AlJ matrix storage formats by default emplépodes(identical nodes) when possible. We search for
consecutive rows with the same nonzero structure, thereby reusing matrix information for increased effi-
ciency. Related options database keys-arat_aij no_inode (do not use inodes) andmat_aij_
inode_limit <limit> (set inode limit (max limit=5)). Note that problems with a single degree of
freedom per grid node will automatically not use I-nodes. By default the internal data representation for the
AlJ formats employs zero-based indexing. For compatibility with standard Fortran storage, thus enabling
use of external Fortran software packages such as SPARSKIT, the epi#bnaij _oneindex enables
one-based indexing, where the stored row and column indices begin at one, not zero. All user calls to PETSc
routines, regardless of this option, use zero-based indexing.

Preallocation of Memory for Sequential AlJ Sparse Matrices

The dynamic process of allocating new memory and copying from the old storage to theingimsscally

very expensiverhus, to obtain good performance when assembling an AlJ matrix, it is crucial to preallocate
the memory needed for the sparse matrix. The user has two choices for preallocating matrix memory via
MatCreateSegAlJ()

One can use the scalaz to specify the expected number of nonzeros for each row. This is generally
fine if the number of nonzeros per row is roughly the same throughout the matrix (or as a quick and easy first
step for preallocation). If one underestimates the actual number of nonzeros in a given row, then during the
assembly process PETSc will automatically allocate additional needed space. However, this extra memory
allocation can slow the computation, If different rows have very different numbers of nhonzeros, one should
attempt to indicate (nearly) the exact number of elements intended for the various rows with the optional
array,nnz of lengthm wheremis the number of rows, for example

int nnz[m];
nnz[0] =<nonzeros in row
nnz[1l] =<nonzeros in row %

nnz[m-1] =<nonzeros in row m-%
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In this case, the assembly process will require no additional memory allocationsnihzhestimates are
correct. If, however, thanz estimates are incorrect, PETSc will automatically obtain the additional needed
space, at a slight loss of efficiency. Using the amay to preallocate memory is especially important for
efficient matrix assembly if the number of nonzeros varies considerably among the rows. One can generally
setnnz either by knowing in advance the problem structure (e.g., the stencil for finite difference problems
on a structured grid) or by precomputing the information by using a segment of code similar to that for the
regular matrix assembly. The overhead of determiningnitie array will be quite small compared with

the overhead of the inherently expensive mallocs and moves of data that are needed for dynamic allocation
during matrix assembly. Always guess high if exact value is not known (since extra space is cheaper than
too little). Thus, when assembling a sparse matrix with very different numbers of nonzeros in various rows,
one could proceed as follows for finite difference methods:

- Allocate integer arraynz .
- Loop over grid, counting the expected number of nonzeros for the row(s)
associated with the various grid points.
- Create the sparse matrix \jidatCreateSegAlJ  |() or alternative.
- Loop over the grid, generating matrix entries and inserting in matrifagsetValues |().

For (vertex-based) finite element type calculations, an analogous procedure is as follows:

- Allocate integer arraynz .

- Loop over vertices, computing the number of neighbor vertices, which determines the
number of nonzeros for the corresponding matrix row(s).

- Create the sparse matrix \fidatCreateSegAlJ  |() or alternative.

- Loop over elements, generating matrix entries and inserting in matrpdai&etValues |().

The-log_info  option causes the routinp&IASSEMDIYBeqin_|() andMatASSemblyEnd () to print
information about the success of the preallocation. Consider the following example for the MATSEQAIJ
matrix format:

MatAssemblyEnd |-SeqAlJ:Matrixgize |10 X 10; storage space:20 unneeded, 100 used
MatAssemblyEnd | SeqAlJ:Number of mallocs durirjgatSetValues |is 0

The first line indicates that the user preallocated 120 spaces but only 100 were used. The second line

indicates that the user preallocated enough space so that PETSc did not have to internally allocate additional
space (an expensive operation). In the next example the user did not preallocate sufficient space, as indicated
by the fact that the number of mallocs is very large (bad for efficiency):

MatAssemblyEnd ] SegAlJ:Matrixgize | 10 X 10; storage space:47 unneeded, 1000 used
MatAssemblyEnd | SeqAlJ:Number of mallocs durirjgatSetValues |is 40000

Although at first glance such procedures for determining the matrix structure in advance may seem unusual,
they are actually very efficient because they alleviate the need for dynamic construction of the matrix data
structure, which can be very expensive.

Parallel AlJ Sparse Matrices

Parallel sparse matrices with the AlJ format can be created with the command

MatCreateMPIAIJ _J(MPI_-CommEomnjint m,int n,int M,int N,int dnz,
int *d_nnz, int anz,int *o.nnzMat] *A);
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A is the newly created matrix, while the argumenisM andN, indicate the number of local rows and
the number of global rows and columns, respectively. In the PETSc partitioning scheme, all the matrix
columns are local and is the number of columns corresponding to local part of a parallel vector. Either the
local or global parameters can be replaced with PEDECIDE, so that PETSc will determine them. The
matrix is stored with a fixed number of rows on each processor, given bydetermined by PETSc iihis
PETSCDECIDE. If PETSCDECIDE is not used for the argumemtsandn, then the user must ensure that
they are chosen to be compatible with the vectors. To do this, one first considers the matrix-vector product
y = Az. Themthat is used in the matrix creation routifEiCreaieMPTATT__]() must match the local
used in the vector creation routifEcCreateMPT () for y. Likewise, then used must match that
used as the loc@lize ] in FecCreateMPT () for x.

The user must set nz=0, 0_nz=0,d_nnz=PETSC_NULL, ando_nnz=PETSC_NULLfor PETSc
to control dynamic allocation of matrix memory space. Analogousztaandnnz for the routineMiaiq
[eatesedAld (), these arguments optionally specify nonzero information for the diagdnalkz( and
d_nnz ) and off-diagonald_nz ando_nnz ) parts of the matrix. For a square global matrix, we define each
processor’s diagonal portion to be its local rows and the corresponding columns (a square submatrix); each
processor’s off-diagonal portion encompasses the remainder of the local matrix (a rectangular submatrix).
Thefank] in the MPI communicator determines the absolute ordering of the blocks. That is, the process
with 0 in the communicator given toMatCreateMPIAIJ  contains the top rows of the matrix; the
it" process in that communicator contains teblock of the matrix.

Preallocation of Memory for Parallel AlJ Sparse Matrices

As discussed above, preallocation of memory is critical for achieving good performance during matrix
assembly, as this reduces the number of allocations and copies required. We present an example for three
processors to indicate how this may be done for the MATMPIAIJ matrix format. Consider the 8 by 8 matrix,
which is partitioned by default with three rows on the first processor, three on the second and two on the
third.

12 0 ] 0 3 0 | 0 4
0O 5 6 | 7 0 0 | 8 0
9 0 10 | 11 0 0 | 12 0

o

13 0 14 | 15 16 17 | 0
0 18 | 19 20 21 | 0
0 | 22 23 0 | 24 0

o

25 26 27 | 0 0 28 | 29 0
30 0 0 | 31 32 33 | 0 34

The “diagonal” submatrixd, on the first processor is given by

1 2 0
0 5 6 ,
9 0 10
while the “off-diagonal” submatrixg, matrix is given by
0 3 0 0 4
7 0 0 8 0 ).
11 0 0 12 0

For the first processor one could seinz to 2 (since each row has 2 nonzeros) or, alternativelyd semz
to {2,2,2}. Theo_nz could be set to 2 since each row of thenatrix has 2 nonzeros, or nnz could be
setto{2,2,2}. For the second processor tthesubmatrix is given by

15 16 17
19 20 21 |.
22 23 0
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Thus, one could set_nz to 3, since the maximum number of nonzeros in each row is 3, or alternatively
one could setl_nnz to {3,3,2, thereby indicating that the first two rows will have 3 nonzeros while the
third has 2. The corresponditmgsubmatrix for the second processor is

13 0 14 0 O
0 18 0 0 O
0 0 0 24 0

so that one could set_nz to 2 oro_nnz to {2,1,1}. Note that the user never directly works with the
d ando submatrices, except when preallocating storage space as indicated above. Also, the user need not
preallocate exactly the correct amount of space; as long as a sufficiently close estimate is given, the high
efficiency for matrix assembly will remain.

As described above, the optielog_info will print information about the success of preallocation
during matrix assembly. For the MATMPIAIJ format, PETSc will also list the number of elements owned
by on each processor that were generated on a different processor. For example, the statements

[\

ViatAssemblyBegin | _.MPIAIJ:Number of off processor values 10
MatAssemblyBegin [ _.MPIAIJ:Number of off processor values 7
MatAssemblyBegin | _.MPIAIJ:Number of off processor values 5

indicate that very few values have been generated on different processors. On the other hand, the statements

MatAssemblyBegin [ MPIAIJ:Number of off processor values 100000
MatAssemblyBegin [ _MPIAIJ:Number of off processor values 77777

indicate that many values have been generated on the “wrong” processors. This situation can be very ineffi-
cient, since the transfer of values to the “correct” processor is generally expensive. By using the command
MaiGetOwnershipRange () in application codes, the user should be able to generate most entries on the
owning processoote It is fine to generate some entries on the “wrong” processor. Often this can lead to
cleaner, simpler, less buggy codes. One should never make code overly complicated in order to generate all
values locally. Rather, one should organize the code in such a wantdsatalues are generated locally.

3.1.2 Dense Matrices

PETSc provides both sequential and parallel dense matrix formats, where each processor stores its entries in
a column-major array in the usual Fortran style. To create a sequential, dense PETSyoétlimensions
mby n, the user should call

MatCreateSeqDense |(PETSCCOMM_SELF,int m,int nPetscScalar | *datajMat | *A);

The variabledata enables the user to optionally provide the location of the data for matrix storage (intended
for Fortran users who wish to allocate their own storage space). Most users should medatasdb
PETSC_NULLfor PETSc to control matrix memory allocation. To create a parallel, dense matrile

user should call

MatCreateMPIDense _|(MPl_-CommEomnj,int m,int n,int M,int NPetscScalar ] *dataMat] *A)

The arguments n, M andN, indicate the number of local rows and columns and the number of global rows
and columns, respectively. Either the local or global parameters can be replaced with PECIOE, so
that PETSc will determine them. The matrix is stored with a fixed number of rows on each processor, given
by m or determined by PETSc ihis PETSCDECIDE.

PETSc does not provide parallel dense direct solvers. Our focus is on sparse iterative solvers.
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3.2 Basic Matrix Operations

Table2 summarizes basic PETSc matrix operations. We briefly discuss a few of these routines in more detail
below. The parallel matrix can multiply a vector witHocal entries, returning a vector withlocal entries.
That is, to form the product

MatMult (Vat] A Vec] xVec]y);

the vectors< andy should be generated with

\VecCreateMPI [(MPI_.Commpgomni,n,N,&Xx);
VecCreateMPI |(MPI_Commgominf,m,M,&y);

By default, if the user lets PETSc decide the number of components to be stored locally (by passing in
PETSCDECIDE as the second argumentff@cCTreateMPT_|() or usingVecCreaie_|()), vectors and
matrices of the same dimension are automatically compatible for parallel matrix-vector operations. Along
with the matrix-vector multiplication routine, there is a version for the transpose of the matrix,

MatMultTranspose  |(Mat|A,Nec|xNec|y);

There are also versions that add the result to another vector:

MatMultAdd  [(Mat | AVec|xNec|yNec|w);
MatMultTransposeAdd  |(Mat|AVec|xNec|yNec|w);

These routines, respectively, produge= A x = + y andw = A" x4+ y . In C itis legal for the vectors
y andw to be identical. In Fortran, this situation is forbidden by the language standard, but we allow it
anyway. One can print a matrix (sequential or parallel) to the screen with the command

MatView |(Mat] mat,PETSCVIEWER_STDOUT.WORLD);

Other viewers can be used as well. For instance, one can draw the nonzero stucture of the matrix into the
default X-window with the command

MatView [(Mat | mat,PETSCVIEWER_DRAW_WORLD);

Also one can use

MatView [(Mat | matpPetscViewer |viewer);

whereviewer was obtained with PetscViewerDrawOpenX(). Additional viewers and options are given in

the[MlatvView |() man page and Sectidrt.2 TheNormType ] argument tgiatiNnorm]() is one of NORM_1
NORM_INFINITY, andNORM_FROBENIUS

3.3 Matrix-Free Matrices

Some people like to use matrix-free methods, which do not require explicit storage of the matrix, for the
numerical solution of partial differential equations. To support matrix-free methods in PETSc, one can use
the following command to creatgf@ar] structure without ever actually generating the matrix:

MatCreateShell_](MPI_.Commfomn,int m,int n,int M,int N,void *ctx[Mat ] *mat);

HereMandNare the global matrix dimensions (rows and colummgndn are the local matrix dimensions,
andctx is a pointer to data needed by any user-defined shell matrix operations; the manual page has
additional details about these parameters. Most matrix-free algorithms require only the application of the
linear operator to a vector. To provide this action, the user must write a routine with the calling sequence
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Function Name Operation

MatAXPY|(PetscScalar  [*aMat]| X, Mat|Y,MatStructure  |); Y =Y +a*xX
MatMult [(Mat| A,Vec|x, Vecly); y=Axzx
MatMultAdd |(Mat |A,Vec|x, Vec|ylec|z); z=y+Axzx
MatMulti ranspose _J(Mat ] ANec] x, Vec]y); y=Alxx
MatMultTransposeAdd _ |(Mat] AVec]x, Nec] yec] 2); z=y+ Al xx
MatNorm |(Mat | A,l\lorm%ﬁ!?ﬁllpe, double *r); r = [|A||type
MatDiagonalScale _ |(Mat] A,Vec] I Vec] r); A = diag(l) = A * diag(r)
MatScale |(PetscScalar *aB/VEH A); A=axA
MatConvert |(Mat|A MatType |typeMat | *B); B=A
MatCopy |(Mat | A,Mat| B MatStructure _|); B=A
MatGetDiagonal |(Mat|A,Mec|x); x = diag(A)
MatTranspose |(Mat | AMat " B); B = AT
MatZeroEntries  |(Mat| A); A=0
MatShitt_|(Petscscalar | *aMat] Y); Y=Y+4+axI

Table 2: PETSc Matrix Operations

UserMultViat | matjec|x Vec|y);

and then associate it with the matrimat, by using the command

MatShellSetOperation [(Mat | mat,MatOperation MATOBVIULT,
(void(*)(void)) int (*UserMult)(Mat |Vec |Vec]));

HereMATOP_MULIBE the name of the operation for matrix-vector multiplication. Within each user-defined
routine (such ablserMult() ), the user should cdliTatShellGetConiext |() to obtain the user-defined
context,ctx , that was set bfflaiCreatesnell___|(). This shell matrix can be used with the iterative lin-

ear equation solvers discussed in the following chapters. The rquEmEnellSetOperation |0 can

be used to set any other matrix operations as well. The&{lRETSC_DIR}/include/petscmat.

h provides a complete list of matrix operations, which have the fMATOP_<OPERATION>where
<OPERATION>is the name (in all capital letters) of the user interface routine (for exarVEEUT ]

() — MATOP_MULT All user-provided functions have the same calling sequence as the usual matrix
interface routines, since the user-defined functions are intended to be accessed through the same inter-
face, e.g.MatMult(Mat,Vec,Vec) — UserMult(Mat, Vec,Vec) . The final argument fgfTarg)
phelsSei0peration_____|() needs to be cast towid * , since the final argument could (depending on

the MatOperation) be a variety of different functions. Note ffalshellseiOperaton_____]() can also

be used as a “backdoor” means of introducing user-defined changes in matrix operations for other storage
formats (for example, to override the default LU factorization routine supplied within PETSc for the MAT-
SEQAIJ format). However, we urge anyone who introduces such changes to use caution, since it would be
very easy to accidentally create a bug in the new routine that could affect other routines as well. See also
Section5.5for details on one set of helpful utilities for using the matrix-free approach for nonlinear solvers.

3.4 Other Matrix Operations

In many iterative calculations (for instance, in a nonlinear equations solver), it is important for efficiency
purposes to reuse the nonzero structure of a matrix, rather than determining it anew every time the matrix is
generated. To retain a given matrix but reinitialize its contents, one can employ
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MatZeroEntries  |(Mat]A);

This routine will zero the matrix entries in the data structure but keep all the data that indicates where the
nonzeros are located. In this way a new matrix assembly will be much less expensive, since no memory
allocations or copies will be needed. Of course, one can also explicitly set selected matrix elements to zero
by callingMatseivalues__|(). In the numerical solution of elliptic partial differential equations, it can
be cumbersome to deal with Dirichlet boundary conditions. In particular, one would like to assemble the
matrix without regard to boundary conditions and then at the end apply the Dirichlet boundary conditions.
In numerical analysis classes this process is usually presented as moving the known boundary conditions to
the right-hand side and then solving a smaller linear system for the interior unknowns. Unfortunately, im-
plementing this requires extracting a large submatrix from the original matrix and creating its corresponding
data structures. This process can be expensive in terms of both time and memory.

One simple way to deal with this difficulty is to replace those rows in the matrix associated with known
boundary conditions, by rows of the identity matrix (or some scaling of it). This action can be done with the
command

MatZeroRows |(Mat] A,JS JrowsPetscScalar ] *diag-value);

For sparse matrices this removes the data structures for certain rows of the matrix. If the giamter
value is PETSC_NULL it even removes the diagonal entry. If the pointer is not null, it uses that given
value at the pointer location in the diagonal entry of the eliminated rows.

Another matrix routine of interest is

MatConvert _](Mat] matMatType | newtypeiat]*M)

which converts the matrimat to new matrix,M that has either the same or different format. fgattype

to MATSAME to copy the matrix, keeping the same matrix format. $ETSC_DIR}/include/

petscmat.h  for other available matrix types; standard ones are MATSEQDENSE, MATSEQAIJ, MATMPIAIJ,
MATMPIROWBS, MATSEQBDIAG, MATMPIBDIAG, MATSEQBAIJ, and MATMPIBAIJ. In certain ap-
plications it may be necessary for application codes to directly access elements of a matrix. This may be
done by using the the command (for local rows only)

MatGetRow [(Mat | A,int row, int *ncols,int (*cols)[]PetscScalar | (*vals)[]);

The argumenticols returns the number of nonzeros in that row, wicitds andvals returns the column
indices (with indices starting at zero) and values in the row. If only the column indices are needed (and
not the corresponding matrix elements), one canRIE&SC_NULLfor thevals argument. Similarly,

one can us®ETSC_NULLfor thecols argument. The user can only examine the values extracted with
MatGelRow](); the valuesannotbe altered. To change the matrix entries, one mugiiESevValues |

(). Once the user has finished using a row, he omststcall

MatRestoreRow [(Mat | A,int row,int *ncols,int **colsPetscScalar | **vals);

to free any space that was allocated during the cffTa@GetRow ().

3.5 Partitioning

For almost all unstructured grid computation, the distribution of portions of the grid across the processor’s
work load and memaory can have a very large impact on performance. In most PDE calculations the grid par-
titioning and distribution across the processors can (and should) be done in a “pre-processing” step before
the numerical computations. However, this does not mean it need be done in a separate, sequential program,
rather it should be done before one sets up the parallel grid data structures in the actual program. PETSc
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provides an interface to the ParMETIS (developed by George Karypis; see the docs/installation/index.htm
file for directions on installing PETSc to use ParMETIS) to allow the partitioning to be done in parallel.
PETSc does not currently provide directly support for dynamic repartitioning, load balancing by migrating
matrix entries between processors, etc. For problems that require mesh refinement, PETSc uses the “rebuild
the data structure” approach, as opposed to the “maintain dynamic data structures that support the inser-
tion/deletion of additional vector and matrix rows and columns entries” approach. Partitioning in PETSc

is organized around tH@atParttoning ____] object. One first creates a parallel matrix that contains the
connectivity information about the grid (or other graph-type object) that is to be partitioned. This is done
with the command

MatCreateMPIAd] _|(MPI_.Commfomnj,int mlocal,int n,const int ia[],const int jaf],
int *weightsMat | *Adj);

The argumenmlocal indicates the number of rows of the graph being provided by the given processor,

is the total number of columns; equal to the sum of allritiecal . The argument& andja are the row
pointers and column pointers for the given rows, these are the usual format for parallel compressed sparse
row storage, using indices starting anof 1.

1 4 Q

5 2 3
Figure 11: Numbering on Simple Unstructured Grid

This, of course, assumes that one has already distributed the grid (graph) information among the proces-
sors. The details of this initial distribution is not important; it could be simply determined by assigning to
the first processor the firgfy nodes from a file, the second processor the ngxtodes, etc. For example,
we demonstrate the form of tlie andja for a triangular grid where we

(1) partition by element (triangle)

e Processor Oplocal = 2,n =4, ja = {2,3,|3},ia = {0,2,3}
e Processor Iiplocal = 2,n =4, ja = {0,]0,1},ia = {0, 1,3}

Note that elements are not connected to themselves and we only indicate edge connections (in some contexts
single vertex connections between elements may also be included). Wealseva to denote the transition
between rows in the matrix. and (2) partition by vertex.

e Processor Oplocal = 3,n = 6, ja = {3,4,4,5,|3,4,5},ia = {0,2,4,7}
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e Processor Iiplocal = 3,n = 6, ja = {0,2,4,10,1,2,3,5,|1,2,4},ia = {0, 3,8,11}.

Once the connectivity matrix has been created the following code will generate the renumbering required
for the new partition

MatPartitioningCreate |(MP1_Commpomm|MatPartitioning [ *part);
l\/IatPartltlonlngSetAdJacency [(MatPartitioning | partMat | Adj);
MatPartltlonmgSetFromOptlons |(]\/Iat|5artitioning part);
MatPartltlonmgAppIy |(|VIatPartitioning | part- *is);
MatPartltlonlngDestroy [(MatPartitioning [ part);

MatDestroy (Mat | Adj);

[SPartitioning ToNUmbering (S ]is]S ] *isq);

The resultingisg contains for each local node the new global number of that node. The resalting
contains the new processor number that each local node has been assigned to. Now that a new numbering
of the nodes has been determined one must renumber all the nodes and migrate the grid information to the
correct processor. The command

AOCreateBasiclS  |(isg,PETSCNULL,&ao0);

generates, see SectidrB.], anAJ object that can be used in conjunction with theandgis to move the
relevant grid information to the correct processor and renumber the nodes etc.

PETSc does not currently provide tools that completely manage the migration and node renumbering,
since it will be dependent on the particular data structure you use to store the grid information and the type
of grid information that you need for your application. We do plan to include more support for this in the
future, but designing the appropriate user interface and providing a scalable implementation that can be used
for a wide variety of different grids requires a great deal of time.
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Chapter 4

SLES: Linear Equations Solvers

The objecSCES] is the heart of PETSc, because it provides uniform and efficient access to all of the
package’s linear system solvers, including parallel and sequential, direct and itef#iw8] is intended
for solving nonsingular systems of the form

Az =, (4.1)

where A denotes the matrix representation of a linear operatisrthe right-hand-side vector, ands the

solution vectorSCES] uses the same calling sequence for both direct and iterative solution of a linear sys-
tem. In addition, particular solution techniques and their associated options can be selected at runtime. The
combination of a Krylov subspace method and a preconditioner is at the center of most modern numerical
codes for the iterative solution of linear systems. See, for examplfar[an overview of the theory of such
methods SLES] creates a simplified interface to the lower-lef&lP] andPC] modules within the PETSc
package. Th{SP] package, discussed in Sectidr8, provides many popular Krylov subspace iterative
methods; thg°T] module, described in Sectigh4, includes a variety of preconditioners. Although both

KSH andEQ can be used directly, users should employ the interfafgafs)].

4.1 Using SLES

To solve a linear system wifBLES], one must first create a solver context with the command

SLESCreate |(MPI_.Commfomn][SLES]*sles);

Herecommis the MPI communicator, argles is the newly formed solver context. Before actually solving
a linear system witlsLES], the user must call the following routine to set the matrices associated with the
linear system:

ELESSetOperators  |([BLES| slesat] AmatMat] PmafVatStructure ] flag);

The argumenAmat, representing the matrix that defines the linear system, is a symbolic place holder for
any kind of matrix. In particulafgCES doessupport matrix-free methods. The routf@iCreatesnel ]

() in Section3.3 provides further information regarding matrix-free methods. Typicallyptieeonditioning

matrix (i.e., the matrix from which the preconditioner is to be constructedjat, is the same as the matrix

that defines the linear systerAmat; however, occasionally these matrices differ (for instance, when a
preconditioning matrix is obtained from a lower order method than that employed to form the linear system
matrix). The argumentiag can be used to eliminate unnecessary work when repeatedly solving linear
systems of the sanf@ze_] with the same preconditioning method; when solving just one linear system, this
flag is ignored. The user can dketg  as follows:
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e SAME_NONZERO_PATTERNRNhe preconditioning matrix has the same nonzero structure during
successive linear solves,

e DIFFERENT_NONZERO_PATTERNhe preconditioning matrix does not have the same nonzero
structure during successive linear solves,

e SAME_PRECONDITIONERhe preconditioner matrix is identical to that of the previous linear solve.

If the structure of a matrix is hot known a priori, one should use theDllkiFERENT_NONZERO_PATT
ERN Much of the power oECES] can be accessed through the single routine

BLESSetFromOptions |([ELES] sles);

This routine accepts the optiofis and-help as well as any of thESPH andPQ options discussed below.
To solve a linear system, one merely executes the command

ELESSoIve |(ELES| slesﬁ, ec | bNec | X,int *its);

whereb andx respectively denote the right-hand-side and solution vectors. On return, the parigsneter
contains either the iteration number at which convergence was successfully reachednegétiecof
the iteration at which divergence or breakdown was detected. Setfohgives more details regarding
convergence testing. Note that multiple linear solves can be performed by th¢gS&arBecontext. Once
the[ECES] context is no longer needed, it should be destroyed with the command

ELESDestroy |[ELES]sles);

The above procedure is sufficient for general use oBhES] package. One additional step is required for
users who wish to customize certain preconditioners (e.g., see Séctidnor to log certain performance
data using the PETSc profiling facilities (as discussed in Chd@erin this case, the user can optionally
explicitly call

ELESSetUp](ELES] sleslvec]| bVec] x);

before callingSCESSoIve |() to perform any setup required for the linear solvers. The explicit call of this
routine enables the separate monitoring of any computations performed during the set up phase, such as
incomplete factorization for the ILU preconditioner. The default solver wiliES] is restarted GMRES,
preconditioned for the uniprocessor case with ILU(0), and for the multiprocessor case with the block Jacobi
method (with one block per processor, each of which is solved with ILU(0)). A variety of other solvers
and options are also available. To allow application programmers to set any of the preconditioner or Krylov
subspace options directly within the code, we provide routines that extrgextedKSH contexts,

LESGetPC|(SLES] sle *pce);
LESGetKSP|(SLES SIZ% *ksp):
The application programmer can then directly call any offtor KSH routines to modify the correspond-
ing default options.
To solve a linear system with a direct solver (currently supported by PETSc for sequential matrices, and
by several external solvers through PETSc interfaces (see Séd)pone may use the optionpc_type
lu (see below). By default, if a direct solver is used, the factorizatigrotglone in-place. This approach

prevents the user from the unexpected surprise of having a corrupted matrix after a linear solve. The routine
PCLUSelUsemPIace (), discussed below, causes factorization to be done in-place.
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4.2 Solving Successive Linear Systems

When solving multiple linear systems of the same_] with the same method, several options are avail-
able. To solve successive linear systems havings#tmeepreconditioner matrix (i.e., the same data struc-
ture with exactly the same matrix elements) but different right-hand-side vectors, the user should simply
call BLESSoIve |() multiple times. The preconditioner setup operations (e.g., factorization for ILU) will

be done during the first call toSLESSolve() only; such operations wilhot be repeated for succes-

sive solves. To solve successive linear systems that tiiffezent preconditioner matrices (i.e., the ma-

trix elements and/or the matrix data structure change), themastcall ECESSetOperators () and
BLESSoIve () for each solve. See Sectidril for a description of various flags fRICESSetOperators |

() that can save work for such cases.

4.3 Krylov Methods

The Krylov subspace methods accept a number of options, many of which are discussed below. First, to set
the Krylov subspace method that is to be used, one calls the command

KSPSetType |(KSP kspKSPType] method);

The type can be one 6fSPRICHARDSONSPCHEBYCHEXSPCGKSPGMREKSPTCQMRKSPBCG
S, KSPCGSKSPTFQMRKSPCRKSPLSQRKSPBICG orKSPPREONLY. TheRKSH method can also
be set with the options database commaksp_type , followed by one of the optionschardson
chebychev , cg, gmres, tcgmr , bcgs, cgs, tigmr , cr, Isqr , bicg , or preonly.  There are
method-specific options for the Richardson, Chebychev, and GMRES methods:

KSPRichardsonSetScale  |(KSP| ksp,double dampingactor);
KSPChebychevSetEigenvalues (KSP| ksp,double emax,double emin);
KSPGMRESSetRestart |(KSP| ksp,int maxsteps);

The default parameter values atemping_factor=1.0, emax=0.01, emin=100.0 , andmax_
steps=30 . The GMRES restart and Richardson damping factor can also be set with the cgpns
gmres_restart <n> and -ksp_richardson_scale <factor> . The default technique for
orthogonalization of the Hessenberg matrix in GMRES is the iterative refinement Gram-Schmidt method.
This can be set by using the command line optiksp_gmres_irorthog . Orvia

KSPGMRESSetOrthogonalization |(KSH ksp,KSPGMRESModifiedGramSchmidtOrthogonalization);

A slightly faster approach is to use the unmodified (classical) Gram-Schmidt method, which can be set with

KSPGMRESSetOrthogonalization |(KSH ksp,KSPGMRESUnmodifiedGramSchmidtOrthogonalization);

or the options database commatkdp_gmres_unmodifiedgramschmidt . Note that this algorithm

is numerically unstable, but may deliver slightly better speed performance. One can also use modifed Gram-
Schmidt, by setting the orthogonalization routine, KSPGMRESModifiedGramSchmidtOrthogonalization(),
by using the command line optieksp_gmres_modifiedgramschmidt . For the conjugate gradient
method with complex numbers, there are two slightly different algorithms depending on whether the matrix
is Hermitian symmetric or truly symmetric (the default is to assume that it is Hermitian symmetric). To
indicate that it is symmetric, one uses the command

KSPCGSetType|(KSH kspKSPCG Typd KSP_CG_SYMMETR)C
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Note that this option is not valid for all matrices. The LSQR algorithm does not involve a preconditioner,
any preconditioner set to work with tfiESP] object is ignored if LSQR was selected. By defaE§P]
assumes an initial guess of zero by zeroing the initial value for the solution vector that is given; this zeroing
is done at the call tECESS0oIve () (or KSPSolve |()). To use a nonzero initial guess, the userstcall

KSPSetlInitialGuessNonzero |(KSP ksppetscTruth | flg);

4.3.1 Preconditioning within KSP

Since the rate of convergence of Krylov projection methods for a particular linear system is strongly de-
pendent on its spectrum, preconditioning is typically used to alter the spectrum and hence accelerate the
convergence rate of iterative techniques. Preconditioning can be applied to the siS)dg (

(M;PAMRGY) (Mpz) = M ', (4.2)

whereM;, and Mg indicate preconditioning matrices (or, matrices from which the preconditioner is to be
constructed). 1M, = I'in (4.2), right preconditioning results, and the residual 4fl,

rEb—Ax:b—AMglMRx,

is preserved. In contrast, the residual is altered for lef; (= 1) and symmetric preconditioning, as given

by
rp = Mpth— M Ax = My .

By default, allKSP] implementations use left preconditioning. Right preconditioning can be activated for
some methods by using the options database comnkapd right_pc or calling the routine

KSPSetPreconditionerSide |(KSP| kspPCSide | PQ-RIGHT);

Attempting to use right preconditioning for a method that does not currently support it results in an error
message of the form

SPSetUp|.Richardson:No right preconditioning for KSPRICHARDSON

We summarize the defaults for the residuals us€d3i] convergence monitoring within Tabk Details

regarding specific convergence tests and monitoring routines are presented in the following sections. The
preconditioned residual is used by default for convergence testing of all left-precondi@i@dethods.

For the conjugate gradient, Richardson, and Chebyshev methods the true residual can be used by the options
database commarkdp_norm_type unpreconditioned or by calling the routine

KSPSetNormType |(KSP| kspKSPL. UNPRECONDITIONEDNORM);

Note: the bi-conjugate gradient method requires application of both the matrix and its transpose plus the
preconditioner and its transpose. Currently not all matrices and preconditioners provide this support and
thus theKSPBICGcannot always be used.

4.3.2 Convergence Tests

The default convergence teisPDefauliConverged (), is based on th&-norm of the residual. Con-
vergence (or divergence) is decided by three quantities: the relative decrease of the residugbhorrine
absolutgsize ] of the residual normatol , and the relative increase in the residaigl . Convergence is
detected at iteratioh if

|Irkll2 < max(rtol  ||ro||2, atol),
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Options Default
Database Convergence

Method KSPType Name Monitory
Richardson KSPRICHARDSON richardson true
Chebychev KSPCHEBYCHEV chebychev true
Conjugate Gradientl]] KSPCG cg true
BiConjugate Gradient KSPBICG bicg true
Generalized Minimal Residual [] KSPGMRES gmres precond
BiCGSTAB [2(] KSPBCGS bcgs precond
Conjugate Gradient Squarei] KSPCGS cgs precond
Transpose-Free Quasi-Minimal Residual (d]) [ KSPTFQMR tfgmr precond
Transpose-Free Quasi-Minimal Residual (2) KSPTCQMR tcgmr precond
Conjugate Residual KSPCR cr precond
Least Squares Method KSPLSQR Isqr precond
Shell for noKSP| method KSPPREONLY preonly precond

ttrue - denotes true residual norm, precond - denotes preconditioned residual norm

Table 3: KSP Defaults. All methods use left preconditioning by default.

wherer, = b — Axy. Divergence is detected if
lrkll2 > dtol x ||ro||2.

These parameters, as well as the maximum number of allowable iterations, can be set with the routine

KSPSetTolerances |(RSI5| ksp,double rtol,double atol,double dtol,int maxits);

The user can retain the default value of any of these parameters by speétyir§IC_DEFAULTas the
corresponding tolerance; the defaultsa@oé =10-°, atol =10, dtol =10°, andmaxits =10°. These
parameters can also be set from the options database with the comrkgmddol <rtol> , -ksp_

atol <atol> , -ksp_divtol <dtol> , and-ksp_max_it <its> . In addition to providing an
interface to a simple convergence tgS§EP] allows the application programmer the flexibility to provide
customized convergence-testing routines. The user can specify a customized routine with the command

KSPSeiConvergenceTest  |(KSP ksp,int (*test)KSH ksp,int it,double rmorm,
KSPConvergedReason |*reason,void *ctx),void *ctx);

The final routine argumenttx , is an optional context for private data for the user-defined convergence
routine,test . Othertest routine arguments are the iteration number, and the residual’s, norm,
rnorm . The routine for detecting convergentest , should set reason to positive for convergence, O for
no convergence, and negative for failure to converge. A list of pog8BIEConvergedrReason | is given

in include/petscksp.h

4.3.3 Convergence Monitoring

By default, the Krylov solvers run silently without displaying information about the iterations. The user can
indicate that the norms of the residuals should be displayed by tiséipg monitor  within the options
database. To display the residual norms in a graphical window (running under X Windows), one should use
-ksp_xmonitor [X,y,w,h] , Wwhere either all or none of the options must be specified. Application
programmers can also provide their own routines to perform the monitoring by using the command
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KSPSetMonitor _([KSP] ksp,int (*mon)KSH ksp,int it,double rorm,void *ctx),
void *ctx,int (*mondestroy)(void *));

The final routine argumenttx , is an optional context for private data for the user-defined monitoring rou-
tine, mon. Othermonroutine arguments are the iteration number)and the residual’s, norm {norm ).

A helpful routine within user-defined monitorsietscObjectGetComm((PetscObject)ksp,MP

I_Comm *comm), which returns incomm the MPI communicator for thESE] context. See section

1.3 for more discussion of the use of MPI communicators within PETSc. Several monitoring routines are
supplied with PETSc, including

KSPDefaultMonitor  |(KSP],int,double, void *);
KSPSingularValueMonitor |(RSI3|,int,doubIe, void *);
KSPTrueMonitor |(KSH.int,double, void *);

The default monitor simply prints an estimate of thenorm of the residual at each iteration. The routine
KSPSingularvaluenvoniior () is appropriate only for use with the conjugate gradient method or GM-
RES, since it prints estimates of the extreme singular values of the preconditioned operator at each iteration.
SinceKSPTrueNoniior__|() prints the true residual at each iteration by actually computing the residual
using the formular = b — Az, the routine is slow and should be used only for testing or convergence
studies, not for timing. These monitors may be accessed with the command line egtipnsonitor
-ksp_singmonitor , and-ksp_truemonitor . To employ the default graphical monitor, one should

use the commands

PetscDrawlLG |lg;
KSPLGMonitorCreate |(char *display,char *title,int x,int y,int w,int fpetscDrawlL.G |*lg);
KSPSetMonitor  |(KSP| ksp,KSPLGMonitor,lg,0);

When no longer needed, the line graph should be destroyed with the command

KSPLGMonitorDestroy  |(PetscDrawlLG |Ig);

The user can change aspects of the graphs witliPétscDrawLG*() andPetscDrawAxis*() rou-
tines. One can also access this functionality from the options database with the corkspnd

xmonitor [X,y,w,h] ., wherex, y, w, h are the optional location arfgze__] of the window.
One can cancel hardwired monitoring routinesf&F] at runtime with-ksp_cancelmonitors . Un-

less the Krylov method converges so that the residual norm is small,0sd{}, many of the final digits
printed with the-ksp_monitor ~ option are meaningless. Worse, they are different on different machines;
due to different round-off rules used by, say, the IBM RS6000 and the Sun Sparc. This makes testing be-
tween different machines difficult. The optieksp_smonitor  causes PETSc to print fewer of the digits

of the residual norm as it gets smaller; thus on most of the machines it will always print the same numbers
making cross system testing easier.

4.3.4 Understanding the Operator’s Spectrum

Since the convergence of Krylov subspace methods depends strongly on the spectrum (eigenvalues) of the
preconditioned operator, PETSc has specific routines for eigenvalue approximation via the Arnoldi or Lanc-
zos iteration. First, before the linear solve one must call

KSPSetComputeEigenvalues  |([KSP| ksp,PETSCTRUE);

Then after thésS == solve one calls

KSPComputeEigenvalues  |(KSP ksp, int n,double *realpart,double *complexpart,int *neig);
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Here,n is theEize ] of the two arrays and the eigenvalues are inserted into those two aleis.is the
number of eigenvalues computed; this number depends of the Krylov space generated during

the linear system solution, for GMRES it is never larger than the restart parameter. There is an additional
routine

KSPComputeEigenvaluesExplicitly |(KSPH ksp, int n,double *realpart,double *complexpart);

that is useful only for very small problems. It explicitly computes the full representation of the precondi-
tioned operator and calls LAPACK to compute its eigenvalues. It should be only used for matfces pf

up to a couple hundred. THeetscDrawSP*()  routines are very useful for drawing scatter plots of the
eigenvalues. The eigenvalues may also be computed and displayed graphically with the options data base
commandsksp_plot_eigenvalues and-ksp_plot_eigenvalues_explicitly . Or they

can be dumped to the screen in ASCII textskap_compute_eigenvalues and-ksp_compute__
eigenvalues_explicitly

4.3.5 Other KSP Options

To obtain the solution vector and right hand side frof=Z] context, one uses

KSPGetSolution ksp[Vec] *x);

KSPGetRhs|(KSP| ksppVec | *rhs);

During the iterative process the solution may not yet have been calculated or it may be stored in a different
location. To access the approximate solution during the iterative process, one uses the command

KSPBuildSolution |(KSH kspVec]wlVec] *vy);

where the solution is returned in The user can optionally provide a vectoniras the location to store
the vector; however, ifvis PETSC_NULL space allocated by PETSc in tf&P] context is used. One
should not destroy this vector. For cert@BF] methods, (e.g., GMRES), the construction of the solution is
expensive, while for many others it requires not even a vector copy.

Access to the residual is done in a similar way with the command

KSPBuildResidual  |(KSH kspec]tVec]wlec]*v);

Again, for GMRES and certain other methods this is an expensive operation.

4.4 Preconditioners

As discussed in Sectioh3.], the Krylov space methods are typically used in conjunction with a precondi-
tioner. To employ a particular preconditioning method, the user can either select it from the options database
using input of the formpc_type <methodname>  or set the method with the command

PCSetType |(F pePCTyRe] metho)

In Table4 we summarize the basic preconditioning methods supported in PETSc.PA3dELLprecon-

ditioner uses a specific, application-provided preconditioner. The direct precondifREied is, in fact,

a direct solver for the linear system that uses LU factorizatie@LUis included as a preconditioner so

that PETSc has a consistent interface among direct and iterative linear solvers. Each preconditioner may
have associated with it a set of options, which can be set with routines and options database commands
provided for this purpose. Such routine names and commands are all of the«mfYPE>Option and
-pc_<type>_option [value] . A complete list can be found by consulting the manual pages; we
discuss just a few in the sections below.
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Method PCType Options Database Name

Jacobi PCJACOBI jacobi
Block Jacobi bjacobi
SOR (and SSOR) sor

SOR with Eisenstat trick eisenstat
Incomplete Cholesky icc
Incomplete LU ilu
Additive Schwarz asm
Linear solver sles
Combination of preconditioners composite
LU lu
Cholesky cholesky
No preconditioning PCNONE none

Shell for user-define@ PCSHELL shell

Table 4: PETSc Preconditioners

4.4.1 ILU and ICC Preconditioners

Some of the options for ILU preconditioner are

PCILUSetLevels pc,int levels);

PCILCCSetLevel pc,int levels);
CILUSetReuseOrdering  |(PC] pcPetscTruth ] flag);
CILUSetUseDropTolerance ‘( pc,double dt,double dtcol,int dtcount);
CILUDTSetReuseFill | pc flag);
CILUSetUselnPlace | pc);
CILUSetAllowDiagonalFill |Pq pc);

When repeatedly solving linear systems with the s§Q&S] context, one can reuse some information
computed during the first linear solve. In particu@ZICUSeIReuseOrdering () causes the ordering

(for example, set withpc_ilu_ordering_type order ) computed in the first factorization to be
reused for later factorizations. Th®CILUDTSetReuseFill() causes the fill computed during the first

drop tolerance factorization to be reused in later factorizatipRECUSetUsenPlace () is often used

with PCASMr PCBJACOBIwhen zero fill is used, since it reuses the matrix space to store the incomplete
factorization it saves memory and copying time. Note that in-place factorization is not appropriate with any
ordering besides natural and cannot be used with the drop tolerance factorization. These options may be set
in the database with

-pc_ilu_levels <levels>

-pc_ilu_reuse_ordering

-pc_ilu_use_drop_tolerance <dt>,<dtcol>,<dtcount>
-pc_ilu_reuse_fill

-pc_ilu_in_place

-pc_ilu_nonzeros_along_diagonal
-pc_ilu_diagonal_fill

See Sectionl3.4.2for information on preallocation of memory for anticipated fill during factorization.
By alleviating the considerable overhead for dynamic memory allocation, such tuning can significantly
enhance performance. PETSc supports incomplete factorization preconditioners for several matrix types
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for the uniprocessor case. In addition, for the parallel case we provide an interface to the ILU and
ICC preconditioners of BlockSolve95 J]. PETSc enables users to employ the preconditioners within
BlockSolve95 by using the BlockSolve95 matrix formdATMPIROWB&Nd invoking either théCILU

or PCICC method within the linear solvers. Since PETSc automatically handles matrix assembly, pre-
conditioner setup, profiling, etc., users who employ BlockSolve95 through the PETSc interface need not
concern themselves with many details provided within the BlockSolve95 users manual. Consult the file
docsl/installation/index.htm for details on installing PETSc to allow the use of BlockSolve95.
One can create a matrix that is compatible with BlockSolve95 by UsSiat_reate () with the option
-mat_mpirowbs , or by directly calling

atCreate owbs _Commfcomni,int m,int M,int nz,int *nnzjMat
C MPIRowb MPI_C int m,int M,int int * *A

Ais the newly created matrix, while the argumemandMindicate the number of local and global rows,
respectively. Either the local or global parameter can be replaced with PBESIDE, so that PETSc
will determine it. The matrix is stored with a fixed number of rows on each processor, givemoyr
determined by PETSc ifnis PETSCDECIDE. The argumentaz andnnz can be used to preallocate
storage space, as discussed in Seciidrfor increasing the efficiency of matrix assembly; one setsO
andnnz=PETSC_NULLfor PETSc to control all matrix memory allocation. If the matrix is symmetric,
onemaycall

MatSetOption |(Mat | mat, MAT_.SYMMETRIC);

to improve efficiency, but in this case one cannot use the ILU preconditioner, only ICC. Internally, PETSc
inserts zero elements into matrices of ttAATMPIROWBBrmat if necessary, so that nonsymmetric ma-
trices are considered to be symmetric in terms of their sparsity structure; this format is required for use of
the parallel communication routines within BlockSolve95. In particular, if the matrix elerent] exists,

then PETSc will internally allocate a 0 value for the elemépt ] duringMaitAssemblyEnd_|() if the user

has not already set a value for the matrix eleméjt | . When manipulating a preconditioning matrix,
BlockSolve95 internally works with a scaled and permuted mattix; PD~1/2AD~1/2 whereD is the
diagonal ofA, and P is a permutation matrix determined by a graph coloring for efficient parallel compu-
tation. Thus, when solving a linear systesy; = b, using ILU/ICC preconditioning and the matrix format
MATMPIROWSBf®r boththe linear system matrix and the preconditioning matrix, one actually solves the
scaled and permuted systett = b, wherez = PD'/2z andb = PD~/2p . PETSc handles the internal
scaling and permutation af andb, so the user doesot deal with these conversions, but instead always
works with the original linear system. In this case, by default the scaled residual norm is monitored; one
must use the optiorksp_truemonitor to print both the scaled and unscaled residual norhate

If one is using ILU/ICC via BlockSolve95 and tHdATMPIROWB®atrix format for the preconditioner
matrix, but using a different format for a different linear system matrix, then this scaling and permuting is
done only internally during the application of the preconditioner.

4.4.2 SOR and SSOR Preconditioners

PETSc provides only a sequential SOR preconditioner that can only be used on sequential matrices or as
the subblock preconditioner when using block Jacobi or ASM preconditioning (see below). The options for
SOR preconditioning are

CSORSetOmeg}Pd pc,double omega);
CSORSetlterations | pc,int its,int lits);

CSORSetSymmetric |(PC pcMatSORType|type);

The first of these commands sets the relaxation factor for successive over (under) relaxation. The second
command sets the number of inner iteratiagiss and local iterationdits  (the number of smoothing
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sweeps on a processor before doing a ghost point update from the other processors) to use between steps of
the Krylov space method. The total number of SOR sweeps is givistiis . The third command sets

the kind of SOR sweep, where the argumgpe can be one 6S5BOR_FORWARD_SWEEP, SOR_BACKWA
RD_SWEEBr SOR_SYMMETRIC_SWEERe default bein6OR_FORWARD_SWEEEtting the type to

be SOR_SYMMETRIC_SWERPduces the SSOR method. In addition, each processor can locally and in-
dependently perform the specified variant of SOR with the t§@R LOCAL_FORWARD_SWEEP, SOR_
LOCAL BACKWARD_SWEBRIJSOR_LOCAL_SYMMETRIC_SWEHmese variants can also be set

with the options-pc_sor_omega <omega> , -pc_sor_its <its> , -pc_sor_lits <lits> :
-pc_sor_backward -pc_sor_symmetric ,
-pc_sor_local_forward , -pc_sor_local_backward , and-pc_sor_local_symmetric

The Eisenstat trickd] for SSOR preconditioning can be employed with the metfRQETSENS TAT]
(-pc_type eisenstat ). By using both left and right preconditioning of the linear system, this vari-
ant of SSOR requires about half of the floating-point operations for conventional SSOR. The option
-pc_eisenstat_no_diagonal_scaling ) (or the routinfPCEISENSIaiNODIagonalscaling ]

() turns off diagonal scaling in conjunction with Eisenstat SSOR method, while the eptiorisenstat_
omega <omega> (or the routind?CEisenstatSetOmega(PC pc,double omega) ) sets the SSOR
relaxation coefficientpmega, as discussed above.

4.4.3 LU Factorization

The LU preconditioner provides several options. The first, given by the command
PCLUSetUselnPlace |(Pd pc);

causes the factorization to be performed in-place and hence destroys the original matrix. The options
database variant of this command-g_lu_in_place . Another direct preconditioner option is se-
lecting the ordering of equations with the command

-pc_lu_ordering_type <ordering>
The possible orderings are
e MATORDERING_NATURANatural

e MATORDERING_NINested Dissection

e MATORDERING_1WIDne-way Dissection

¢ MATORDERING_RCNReverse Cuthill-McKee

¢ MATORDERING_QMRuotient Minimum Degree

These orderings can also be set through the options database by specifying one of the follpwing:
lu_ordering_type natural , -pc_lu_ordering_type nd , -pc_lu_ordering_type 1wd ,
-pc_lu_ordering_type rcm , -pc_lu_ordering_type gmd . In addition, see
MaiGetordering___|(), discussed in Sectioh6.2 The sparse LU factorization provided in PETSc does
not perform pivoting for numerical stability (since they are designed to preserve nonzero structure), thus
occasionally a LU factorization will fail with a zero pivot when, in fact, the matrix is non-singular. The
option -pc_lu_nonzeros_along_diagonal <tol> will often help eliminate the zero pivot, by
preprocessing the the column ordering to remove small values from the diagonaltdHeris,an optional
tolerance to decide if a value is nonzero; by default it.is— 10.

In addition, Sectiorl3.4.2provides information on preallocation of memory for anticipated fill dur-
ing factorization. Such tuning can significantly enhance performance, since it eliminates the considerable
overhead for dynamic memory allocation.
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4.4.4 Block Jacobi and Overlapping Additive Schwarz Preconditioners

The block Jacobi and overlapping additive Schwarz methods in PETSc are supported in parallel; however,
only the uniprocessor version of the block Gauss-Seidel method is currently in place. By default, the PETSc
implentations of these methods employ ILU(0) factorization on each individual block ( that is, the default
solver on each subblock BCType=PCILU, KSPType=KSPPREONLY; the user can set alternative
linear solvers via the optionssub_ksp_type  and-sub_pc_type . Infact, all of theKSP] andPgQ

options can be applied to the subproblems by inserting the prafitx . at the beginning of the option
name. These options database commands set the particular opti@tisdbthe blocks within the global
problem. In addition, the routines

CBJacobiGetSubSLES |(PC] pc,int *n_local,int *first local **subsles);
SLES

CASMGetSubSLE pc,int *n_local,int *first local [SLES| **subsles);

extract thgSCES] context for each local block. The argumentlocal is the number of blocks on the
calling processor, anfirst_local indicates the global number of the first block on the processor. The
blocks are numbered successively by processors from zero thigughl, where gb is the number of

global blocks. The array gELES] contexts for the local blocks is given lsypbsles . This mechanism
enables the user to set different solvers for the various blocks. To set the appropriate data structures, the user
mustexplicitly call ECESSetup]() before callingPCBJacobiGelsSubsSLES |() of PCASMGEISUDSLED

(). For further details, see the exam@PETSC_DIR}/src/sles/examples/tutorials/ex?.

c. The block Jacobi, block Gauss-Seidel, and additive Schwarz preconditioners allow the user to set the
number of blocks into which the problem is divided. The options database commands to set this value are
-pc_bjacobi_blocks n and-pc_bgs_blocksn , and, within a program, the corresponding routines

are

CBJacobiSetTotalBlocks (Pg pc,int blocks,int fize ));
CASMSetTotalSubdomains |(PC pc,int n|S ] *is);
pcPCASMTypg type);

The optional argumersize , is an array indicating thEze_] of each block. Currently, for certain parallel
matrix formats, only a single block per processor is supported. Howevev]AHMPIAIJ andMATMPIBA
IJ formats support the use of general blocks as long as no blocks are shared among procesgsrs. The
argument contains the index sets that define the subdomains.

The objecPCASMTyp@is one ofPC_ASM_BASICPC_ASM_INTERPOLATHEC_ASM_RESTRIC
T,PC_ASM_NON&nd may also be set with the options databaseasm_type [basic,interpolate,
restrict,none] . The typePC_ASM_BASIC(or -pc_asm_type basic ) corresponds to
the standard additive Schwarz method that uses the full restriction and interpolation operators. The type
PC_ASM_RESTRICTor -pc_asm_type restrict ) uses a full restriction operator, but during the in-
terpolation process ignores the off-processor values. SimiR@y,ASM_INTERPOLATEor -pc_asm_
type interpolate ) uses a limited restriction process in conjunction with a full interpolation, while
PC_ASM_NONgr-pc_asm_type none ) ignores off-processor valies for both restriction and interpo-
lation. The ASM types with limited restriction or interpolation were suggested by Xiao-Chuan Cai and
Marcus Sarkis]. PC_ASM_RESTRICTs the PETSc default, as it saves substantial communication and
for many problems has the added benefit of requiring fewer iterations for convergence than the standard
additive Schwarz method. The user can also set the number of blocks and sizes on a per-processor basis
with the commands

CBJacobiSetLocalBlocks (P pc,int blocks,int Bize ]);
E (

CASMSetLocalSubdomains pc,int NS ] *is);
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For the ASM preconditioner one can use the following command to set the overlap to compute in construct-
ing the subdomains.

PCASMSetOverlap |(Pd pc,int overlap);

The overlap defaults to 1, so if one desires that no additional overlap be computed beyond what may have
been set with a call toPCASMSetTotalSubdomains()  or PCASMSeiLocalsubdomaimns (), then

overlap must be set to be 0. In particular, if one dows explicitly set the subdomains in an application
code, then all overlap would be computed internally by PETSc, and using an overlap of O would result in
an ASM variant that is equivalent to the block Jacobi preconditioner. Note that one can define initial index
setsis with anyoverlap vigPCASMSelT otalsubdomains () or PCASMSeILocalsubdomains _();

the routingPCASMSetoveriap_|() merely allows PETSc to extend that overlap further if desired.

4.45 Shell Preconditioners

The shell preconditioner simply uses an application-provided routine to implement the preconditioner. To
set this routine, one uses the command

PCShellSetApply  |(Pd pe.int (*apply)(void *ctx[Vec]Vec]),void *ctx);

The final argumenttx is a pointer to the application-provided data structure needed by the preconditioner
routine. The three routine argumentsapply()  are this context, the input vector, and the output vector,
respectively. For a preconditioner that requires some sort of “setup” before being used, that requires a
new setup everytime the operator is changed, one can provide a “setup” routine that is called everytime the
operator is changed (usually \EEESSetOperaiors__]()).

PCShellSetSetUp _|(PC pc.int (*setup)(void *ctx));

The argument to the “setup” routine is the same application-provided data structure passed in with the
PCShellSetApply () routine.

4.4.6 Combining Preconditioners

ThePC] type PCCOMPOSITEIllows one to form new preconditioners by combining already defined pre-
conditioners and solvers. Combining preconditioners usually requires some experimentation to find a com-
bination of preconditioners that works better than any single method. It is a tricky business and is not
recommended until your application code is complete and running and you are trying to improve perfor-
mance. In many cases using a single preconditioner is better than a combination; an exception is the multi-
grid/multilevel preconditioners (solvers) that are always combinations of some sort, see 8etfiohet

B; and B, represent the application of two preconditioners of tiypel andtype2 . The preconditioner

B = B + B3 can be obtained with

CSetType [(pcPCCOMPOSITE:
CCompositeAddPC |(pc,typel);

CCompositeAddPC |(pc,type2);

Any number of preconditioners may added in this way.
This way of combining preconditioners is called additive, since the actions of the preconditioners are
added together. This is the default behavior. An alternative can be set with the option

PCCompositeSetType |[PC] pcPCCompositeType |PC-COMPOSITEMULTIPLICATIVE);
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In this form the new residual is updated after the application of each preconditioner and the next precondi-
tioner applied to the next residual. For example, with two composed preconditidheasid B,; y = Bx
is obtained from

y = Bix
w; =z — Ay
y =y + Bawy

Loosely, this corresponds to a Gauss-Siedel iteration, while additive corresponds to a Jacobi iteration. Under
most circumstances the multiplicative form requires one-half the number of iterations as the additive form;
but the multiplicative form does require the applicationdoinside the preconditioner.

In the multiplicative version, the calculation of the residual inside the preconditioner can be done in two
ways: using the original linear system matrix or using the matrix used to build the precondiiné2g,
etc. By default it uses the “preconditioner matrix”, to use the true matrix use the option

PCCompositeSetUseTrue |([PC] pc);

The individual preconditioners can be accessed (in order to set options) via

PCCompositeGetPC |(P]] pc,int counfPq *subpc);

For example, to set the first sub preconditioners to use ILU(1)

subpc;
CCompositeGetPC |(pc,0,&subpc);
CILUSetFill  |(subpc,1);

These various options can also be set via the options database. For exgroplgpe composite

-pc_composite_pcs jacobi,ilu causes the composite preconditioner to be used with two precon-
ditioners: Jacobi and ILU. The opticipc_composite_type multiplicative initiates the multi-
plicative version of the algorithm, whilgpc_composite_type additive the additive version. Using

the true preconditioner is obtained with the optigt_composite_true . One sets options for the
subpreconditioners with the extra prefisub_N_  whereN is the number of the subpreconditioner. For
examplersub_0_pc_ilu_fill O . PETSc also allows a preconditioner to be a complete linear solver.
This is achieved with the CSLEStype.

/* set an

PQ) options

From the command line one can use 5 iterations of bi-CG-stab with ILU(0) preconditioning as the precondi-
tioner with-pc_type sles -sles_pc_type ilu -sles_ksp_max_it 5 -sles ksp_type bcgs

By default the inneELEY preconditioner uses the outer preconditioner matrix as the matrix to be solved
in the linear system; to use the true matrix use the option

PCSLESSetUseTrue |(Pd] pc);

or at the command line withpc_sles_true . Naturally one can use preconditioner inside
a composite preconditioner. For examplec_type composite -pc_composite_pcs ilu,
sles -sub_1 pc_type jacobi -sub_1 ksp max_it 10 uses two preconditioners: ILU(0) and

10 iterations of GMRES with Jacobi preconditioning. Though it is not clear whether one would ever wish
to do such a thing.
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4.4.7 Multigrid Preconditioners

A large suite of routines is available for using multigrid as a preconditioner. lPFeframework the

user is required to provide the coarse grid solver, smoothers, restriction, and interpolation, as well as the
code to calculate residuals. TR&E] package allows all of that to be wrapped up into a PETSc compliant
preconditioner. We fully support both matrix-free and matrix-based multigrid solvers. See also Chapter
for a higher level interface to the multigrid solvers for linear and nonlinear problems usip@igobject.

A multigrid preconditioner is created with the four commands

SLESCreate [(MPI_-Commgomn}/SLES]|*sles);
SLESGetPC|(SLES] slespPC| *pc);

PCSetType |(PC| pc,PCMG);
GSetLevels |(pc,int levels,MPIComm *comms);

A large number of parameters affect the multigrid behavior. The command

[TGSeTType)(Fd peFiGTyiE mode);

indicates which form of multigrid to applyif]. For standard V or W-cycle multigrids, one sets thmode

to beMGMULTIPLICATIVE; for the additive form (which in certain cases reduces to the BPX method, or
additive multilevel Schwarz, or multilevel diagonal scaling), one Ud€ADDITIVE as themode. For

a variant of full multigrid, one can us€IGFULL. and for the Kaskade algorithtdGKASKADEFor the
multiplicative and full multigrid options, one can use a W-cycle by calling

MGSetCycles |([Pd] pc,int cycles);

with a value ofMG_W_CYCLfér cycles . The commands above can also be set from the options database.
The option names arggc_mg_type [multiplicative, additive, full, kaskade] , and
-pc_mg_cycles <cycles> . The user can control the amount of pre- and postsmoothing by using
either the optionspc_mg_smoothup m and-pc_mg_smoothdown n or the routines

MG SetNumberSmoothUp pc,int m);
[VIGSetNumberSmoothDown|(PC| pc,int n);
Note that if the command MGSetSmoother() (discussed below) has been employed, the same amounts of

pre- and postsmoothing will be used. The multigrid routines, which determine the solvers and interpola-
tion/restriction operators that are used, are mandatory. To set the coarse grid solver, one must call

MGGetCoarseSolve |(PC] pcELES] *sles);

and set the appropriate optionssies . Similarly, the smoothers are set by calling

MGGetSmoother J([PQ pc,int levelSLES] *sles);

and setting the various options gtes. To use a different pre- and postsmoother, one should call the
following routines instead.

MGGetSmootherUp |(PQ pc,int levelSLES] *upsles);

and

MGGetSmootherDown|(Pd pc,int levelSLES] *downsles);

Use

MGSetinterpolate |(P pe.int levelMat] P);
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and

MGSetRestriction |(P] pe.int levelMat] R);

to define the intergrid transfer operations. It is possible for these interpolation operations to be matrix free

(see SectioR.3), he or she should make sure that these operations are defined for the (matrix-free) matrices
passed in. Note that this system is arranged so that if the interpolation is the transpose of the restriction, the
samemat argument can be passed to bpiicSeiRestriction () and MGSetlnterpolation(). On each

level except the coarsest, one must also set the routine to compute the residual. The following command
suffices:

MGSetResidual (P pc,int level,int (*residualjflat] Vec]Vec]Vec]) Mat] mat);

The residual() function can be set to PESDefauliResidual ___|() if one’s operator is stored in Klat
format. In certain circumstances, where it is much cheaper to calculate the residual directly, rather than
through the usual formula— Az, the user may wish to provide an alternative.

Finally, the user must provide three work vectors for each level (except on the finest, where only the
residual work vector is required). The work vectors are set with the commands

MGSetRhs

pc,int levellyec | b);
pc,int levellVec | x);
pc,int levelivec|r);

The user is responsible for freeing these vectors once the iteration is complete. One can coRE the
andPC] options used on the various levels (as well as the coarse grid) using the mreflevels
(mg_coarse_ for the coarse grid). For example,

-mg_levelsksptype cg
will cause the CG method to be used as the Krylov method for each level. Or
-mg_levelspc_type ilu -mglevelspc.ilu_levels 2

will cause the the ILU preconditioner to be used on each level with two levels of fill in the incomplete
factorization.

4.5 Solving Singular Systems

Sometimes one is required to solver linear systems that are singular. That is systems with the matrix has a
null space. For example, the discretization of the Laplacian operator with Neumann boundary conditions as
a null space of the constant functions. PETSc has tools to help solve these systems. First, one must know
what the null space is and store it using an orthonormal basis in an array of IREECSG. (The constant
functions can be handled seperately, since they are such a common case). Pi@aBelEpace | object

with the command

MatNullSpaceCreate  [(MPI_CommpetscTruth | hasconstants,int difdec] *basis,

MatNullSpace | *nsp);

Heredim is the number of vectors inasis andhasconstants indicates if the null space contains the
constant functions. (If the null space contains the constant functions you do not need to include it in the
basis vectors you provide). One then tells object you are using what the null space is with the call

PCNullSpaceAttach |(P] pcMatNullSpace | nsp);

The PETSc solvers will now handle the null space during the solution proc&sgdfrone chooses a direct
solver (or an incomplete factorization) it may still detect a zero pivot. You can run with the additional
options-pc_lu_damping <dampingfactor> or -pc_ilu_damping <dampingfactor> to
prevent the zero pivot. A good choice for themping factor is 1.e-10.
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4.6 Using PETSc interface to external linear solvers

PETSc interfaces to several external linear solvers (see Acknowledgments). To use these solvers, one needs
to do the followings.

1. Install the external software.

2. Enable using the external software from PETSc by edi$§ifRETSC_DIR}bmake/${PETSC_
ARCH}/packages . For example, to use SuperLU, one would specify the following variables with
the appropriate paths:

SUPERLU_LIB = /home/petsc/software/SuperLU/superlu_linux_gcc_pgf90.a
SUPERLU_INCLUDE = -l/lhome/petsc/software/SuperLU/SRC
PETSC_HAVE_SUPERLU = -DPETSC_HAVE_SUPERLU

3. Build the PETSc libraries.

4. Use the runtime optionimat_<mattype>_<package> -pc_type <pctype>

Package MatType PCType Runtime Options
SUPERLU aij lu -mat_aij_superlu
SUPERLUDIST aij lu -mat_aij_superlu_dist
SPOOLES aij lu -mat_aij_spooles
sbhaij cholesky -mat_sbaij_spooles
DSCPACK baij cholesky -mat_baij_dscpack

Table 5: Options for External Solvers

The default and available input options for each external software can be found by specifying -help (or -h)
at runtime.
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Chapter 5

SNES: Nonlinear Solvers

The solution of large-scale nonlinear problems pervades many facets of computational science and demands
robust and flexible solution strategies. THBIEY library of PETSc provides a powerful suite of data-
structure-neutral numerical routines for such problems. Built on top of the linear solvers and data structures
discussed in preceding chaptggsJEg enables the user to easily customize the nonlinear solvers according
to the application at hand. Also, tEENEY interface isdenticalfor the uniprocessor and parallel cases; the
only difference in the parallel version is that each processor typically forms only its local contribution to
various matrices and vectors. TBEIEJ class includes methods for solving systems of nonlinear equations
of the form

F(x)=0, (5.1)

whereF : " — R". Newton-like methods provide the core of the package, including both line search and
trust region techniques, which are discussed further in Sestibifrollowing the PETSc design philosophy,

the interfaces to the various solvers are all virtually identical. In additiorgTiieg software is completely
flexible, so that the user can at runtime change any facet of the solution process. The general form of the
n-dimensional Newton’s method for solving.() is

LT+l = Tk — [F/(.’Bk)]_lF(.’le), k= 0, 1, ey (52)

wherex is an initial approximation to the solution ard (x;) is nonsingular. In practice, the Newton
iteration 6.2) is implemented by the following two steps:

1. (Approximately) solve F'(xy)Axy = —F(xy). (5.3)
2. Update xp11 =z + Axy. (5.4)

5.1 Basic Usage

In the simplest usage of the nonlinear solvers, the user must merely provide a C, C++, or Fortran routine to
evaluate the nonlinear function of Equatidnl). The corresponding Jacobian matrix can be approximated
with finite differences. For codes that are typically more efficient and accurate, the user can provide a
routine to compute the Jacobian; details regarding these application-provided routines are discussed below.
To provide an overview of the use of the nonlinear solvers, we firstintroduce a complete and simple example
in Figure12, corresponding t${PETSC_DIR}/src/snes/examples/tutorials/ex1.c

/*$ld: exl.c,v 1.26 2001/08/07 03:04:16 balay Exp $*/

static char help[] = "Newton’'s method to solve a two-variable system, se-
quentially.\n\n";
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*T
Concepts: SNES basic uniprocessor example
Processors: 1

T*

/*
Include "petscsnes.h" so that we can use SNES solvers. Note that this
file automatically includes:

petsc.h - base PETSc routines petscvec.h - vectors
petscsys.h - system routines petscmat.h - matrices
petscis.h - index sets petscksp.h - Krylov subspace meth-
ods
petscviewer.h - viewers petscpc.h - preconditioners
petscsles.h - linear solvers
*
#include "petscsnes.h"
/*
User-defined routines
*/

extern int FormJacobianl(SNES,Vec,Mat*,Mat*,MatStructure*,void*);
extern int FormFunction1(SNES,Vec,Vec,void*);
extern int FormJacobian2(SNES,Vec,Mat*,Mat*,MatStructure*,void*);
extern int FormFunction2(SNES,Vec,Vec,void®);

#undef _ FUNCT__
#define _ FUNCT__ "main"
int main(int argc,char **argv)

{
SNES snes; /* nonlinear solver context */
SLES sles; [* linear solver context */
PC pc; [* preconditioner context */
KSP ksp; /* Krylov subspace method context */
Vec X,I; /* solution, residual vectors */
Mat J; /* Jacobian matrix */

int ierr,its,size;
PetscScalar pfive = .5,*xx;
PetscTruth  flg;

Petsclnitialize(&argc,&argv,(char *)0,help);
ierr = MPI_Comm_size(PETSC_COMM_WORLD,&size);CHKERRQ(ierr);
if (size != 1) SETERRQ(1,"This is a uniprocessor example only!");

ierr = SNESCreate(PETSC_COMM_WORLD,&snes);CHKERRQ(ierr);

*
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/*
Create vectors for solution and nonlinear function

*
ierr = VecCreateSeq(PETSC_COMM_SELF,2,&x);CHKERRQ(ierr);
ierr = VecDuplicate(x,&r);CHKERRQ(ierr);
/*
Create Jacobian matrix data structure
*/
ierr = MatCreate(PETSC_COMM_SELF,PETSC_DECIDE,PETSC_DECIDE,2,2,&J);CHKERRQ(ierr);
ierr = MatSetFromOptions(J);CHKERRQ(ierr);

ierr = PetscOptionsHasName(PETSC_NULL,"-hard",&flg); CHKERRQ(ierr);

if (Mflg) {
/*
Set function evaluation routine and vector.
*/
ierr = SNESSetFunction(snes,r,FormFunction1,PETSC_NULL);CHKERRQ(ierr);
/*
Set Jacobian matrix data structure and Jacobian evaluation routine
*
ierr = SNESSetJacobian(snes,J,J,FormJacobianl,PETSC_NULL);CHKERRQ(ierr);
} else {
ierr = SNESSetFunction(snes,r,FormFunction2,PETSC_NULL);CHKERRQ(ierr);
ierr = SNESSetJacobian(snes,J,J,FormJacobian2, PETSC_NULL);CHKERRQ(ierr);
}
£
Customize nonlinear solver; set runtime options
___________________________________ */
/*
Set linear solver defaults for this problem. By extracting the
SLES, KSP, and PC contexts from the SNES context, we can then
directly call any SLES, KSP, and PC routines to set various options.
*/
ierr = SNESGetSLES(snes,&sles);CHKERRQ(ierr);
ierr = SLESGetKSP(sles,&ksp);CHKERRQ(ierr);
ierr = SLESGetPC(sles,&pc);CHKERRQ(ierr);
ierr = PCSetType(pc,PCNONE);CHKERRQ(ierr);
ierr = KSPSetTolerances(ksp,1.e-4,PETSC_DEFAULT,PETSC_DEFAULT,20);CHKERRQ(ierr);
/*
Set SNES/SLES/KSP/PC runtime options, e.g.,
-snes_view -snes_monitor -ksp_type <ksp> -pc_type <pc>
These options will override those specified above as long as
SNESSetFromOptions() is called _after_ any other customization
routines.
*

ierr = SNESSetFromOptions(snes);CHKERRQ(ierr);

Evaluate initial guess; then solve nonlinear system
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}

/*

if (fflg) {
ierr = VecSet(&pfive,x);CHKERRQ(ierr);
} else {
ierr = VecGetArray(x,&xx);CHKERRQ(ierr);
xx[0] = 2.0; xx[1] = 3.0;
ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);

}

/*
Note: The user should initialize the vector, x, with the initial guess
for the nonlinear solver prior to calling SNESSolve(). In particular,
to employ an initial guess of zero, the user should explicitly set
this vector to zero by calling VecSet().

*/

ierr = SNESSolve(snes,x,&its);CHKERRQ(ierr);

it (flg) {
Vec f;

ierr = VecView(x,PETSC_VIEWER_STDOUT_WORLD);CHKERRQ(ierr);
ierr = SNESGetFunction(snes,&f,0,0);CHKERRQ(ierr);
= VecView(r,PETSC_VIEWER_STDOUT_WORLD);CHKERRQ(ierr);

ierr = PetscPrintf(PETSC_COMM_SELF,"number of Newton iterations = %d\n\n",its); CHKERRQ(ierr);

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

ierr = VecDestroy(x);CHKERRQ(ierr); ierr = VecDestroy(r);CHKERRQ(ierr);
ierr = MatDestroy(J);CHKERRQ(ierr); ierr = SNESDestroy(snes);CHKERRQ(ierr);

ierr = PetscFinalize();CHKERRQ(ierr);
return O;

*/

#undef _ FUNCT__
#define _ FUNCT__ "FormFunctionl"
/*

FormFunctionl - Evaluates nonlinear function, F(x).

Input Parameters:

snes - the SNES context

X - input vector

dummy - optional user-defined context (not used here)

Output Parameter:
f - function vector
*/

int FormFunction1(SNES snes,Vec x,Vec f,void *dummy)

{

int ierr;
PetscScalar *xx,*ff;
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/*
Get pointers to vector data.
- For default PETSc vectors, VecGetArray() returns a pointer to
the data array. Otherwise, the routine is implementation depen-

dent.
- You MUST call VecRestoreArray() when you no longer need access to
the array.
*
ierr = VecGetArray(x,&xx);CHKERRQ(ierr);
ierr = VecGetArray(f,&ff); CHKERRQ(ierr);
/*
Compute function
*/
ff[0] = xx[0]*xx[0] + xx[0]*xx[1] - 3.0;
fi[1] = xx[O*xx[1] + xx[1]*xx[1] - 6.0;
/*
Restore vectors
*/

ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);
ierr = VecRestoreArray(f,&ff); CHKERRQ(ierr);

return O;
}
I* */
#undef _ FUNCT__
#define _ FUNCT__ "FormJacobianl"
/*

FormJacobianl - Evaluates Jacobian matrix.

Input Parameters:

snes - the SNES context

X - input vector

dummy - optional user-defined context (not used here)

Output Parameters:
jac - Jacobian matrix
B - optionally different preconditioning matrix
. flag - flag indicating matrix structure
*/
int FormJacobian1(SNES snes,Vec x,Mat *jac,Mat *B,MatStructure *flag,void
*dummy)
{

PetscScalar *xx,A[4];

int ierr,idx[2] = {0,1};

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

/*

Compute Jacobian entries and insert into matrix.
- Since this is such a small problem, we set all entries for
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the matrix at once.

*/
A[0] = 2.0*xx[0] + xx[1]; A[1] = xx[O];
Al2] = xx[1]; A[3] = xx[0] + 2.0*xx[1];

ierr = MatSetValues(*jac,2,idx,2,idx,A,INSERT_VALUES);CHKERRQ(ierr);
*flag = SAME_NONZERO_PATTERN;

/*
Restore vector
*/
ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);

/*
Assemble matrix
*
/
ierr = MatAssemblyBegin(*jac, MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
ierr = MatAssemblyEnd(*jac, MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);

return O;

I* *
#undef _ FUNCT __
#define _ FUNCT__ "FormFunction2"
int FormFunction2(SNES snes,Vec x,Vec f,void *dummy)
{ . .

int ierr;

PetscScalar *xx,*ff;

/*
Get pointers to vector data.
- For default PETSc vectors, VecGetArray() returns a pointer to
the data array. Otherwise, the routine is implementation depen-
dent.
- You MUST call VecRestoreArray() when you no longer need access
the array.
*/
ierr = VecGetArray(x,&xx);CHKERRQ(ierr);
ierr = VecGetArray(f,&ff);CHKERRQ(ierr);
/*
Compute function
*/

ff[0] = PetscSinScalar(3.0*xx[0]) + xx[O0];
fil1] = xx[1];

/*
Restore vectors
*/
ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);
ierr = VecRestoreArray(f,&ff); CHKERRQ(ierr);

return O;

82



I* */
#undef _ FUNCT __
#define _ FUNCT__ "FormJacobian2"
int FormJacobian2(SNES snes,Vec x,Mat *jac,Mat *B,MatStructure *flag,void
*dummy)
{
PetscScalar *xx,A[4];
int ierr,idx[2] = {0,1};

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

/*

Compute Jacobian entries and insert into matrix.

- Since this is such a small problem, we set all entries for

the matrix at once.

*
A[0] 3.0*PetscCosScalar(3.0*xx[0]) + 1.0; A[1] = 0.0;
Al2] = 0.0; A[3] = 1.0;
ierr = MatSetValues(*jac,2,idx,2,idx,A,INSERT_VALUES);CHKERRQ(ierr);
*flag = SAME_NONZERO_PATTERN;

/*
Restore vector
*/
ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);

/*
Assemble matrix
*/
ierr
ierr

MatAssemblyBegin(*jac,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
MatAssemblyEnd(*jac,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);

return O;
}
Figure 12: Example of Uniprocessor SNES Code
To create ENEJ solver, one must first cENESTreaie |() as follows:

SNESCreate |(MPI_.Commfomn}[ENEY *snes);

The user must then set routines for evaluating the function of equdii@nand its associated Jacobian
matrix, as discussed in the following sections. To choose a nonlinear solution method, the user can either
call

ENESSetType |[ENE] snedSNESType| method);

or use the the optiorsnes_type <method> , where details regarding the available methods are pre-
sented in Sectiof.2. The application code can take complete control of the linear and nonlinear techniques
used in the Newton-like method by calling
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SNESSetFromOptions |(snes);

This routine provides an interface to the PETSc options database, so that at runtime the user can select
a particular nonlinear solver, set various parameters and customized routines (e.g., specialized line search
variants), prescribe the convergence tolerance, and set monitoring routines. With this routine the user can
also control all linear solver options in tEEES], KSH], andPT] modules, as discussed in ChapteAfter

having set these routines and options, the user solves the problem by calling

ENESSolve |[ENE] snedyec] x,int *iters);

whereiters  is the number of nonlinear iterations required for convergencexandicates the solution
vector. The user should initialize this vector to the initial guess for the nonlinear solver prior to calling
ENESSaive (). In particular, to employ an initial guess of zero, the user should explicitly set this vector to
zero by callingvecSet |(). Finally, after solving the nonlinear system (or several systems), the user should
destroy thgENEY context with

ENESDestroy [ENEY snes);

5.1.1 Nonlinear Function Evaluation

When solving a system of nonlinear equations, the user must provide a Yedtmrstoring the function of
Equation b.1), as well as a routine that evaluates this function at the vectdihis information should be
set with the command

SNESSetFunction snegyec|f,
int (*FormFunction)ENEY snegyec | x,Mec | f,void *ctx),void *ctx);

The argumenttx is an optional user-defined context, which can store any private, application-specific
data required by the function evaluation routifETSC_NULLshould be used if such information is not
needed. In C and C++, a user-defined context is merely a structure in which various objects can be stashed; in
Fortran a user context can be an integer array that contains both parameters and pointers to PETSc objects.
${PETSC_DIR}/src/snes/examples/tutorials/ex5.c and${PETSC_DIR}/src/snes/
examples/tutorials/ex5f.F give examples of user-defined application contexts in C and Fortran,
respectively.

5.1.2 Jacobian Evaluation

The user must also specify a routine to form some approximation of the Jacobian Ma#ixhe current
iterate x, as is typically done with

SNESSetJacobian |(ENEY] snedyiat] A Mat] B,int (*FormJacobiangNEY snes,
Vec | xMat | *A,Mat | *B,MatStructure | *flag,void *ctx),void *ctx);

The arguments of the routind=ormJacobian() are the current iterate;; the Jacobian matrix4; the
preconditioner matrixB (which is usually the same &3; aflag indicating information about the pre-
conditioner matrix structure; and an optional user-defined Jacobian coctbextfor application-specific
data. The options foflag are identical to those for the flag oSLESSetOperators() , discussed

in Section4.1. Note that thgSNES] solvers are all data-structure neutral, so the full range of PETSc
matrix formats (including “matrix-free” methods) can be used. Chaptdiscusses information regard-

ing available matrix formats and options, while Sectimb focuses on matrix-free methods BNES).

We briefly touch on a few details of matrix usage that are particularly important for efficient use of the
nonlinear solvers. During successive calls=smrmJacobian() , the user can either insert new matrix
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Method SNES Type Options Name Default Convergence Test
Line search SNESLS Is SNESConverdes()
Trustregion  SNESTR tr SNESConvergét()

Test Jacobian SNESTEST test

Table 6: PETSc Nonlinear Solvers

contexts or reuse old ones, depending on the application requirements. For many sparse matrix formats,
reusing the old space (and merely changing the matrix elements) is more efficient; however, if the matrix
structure completely changes, creating an entirely new matrix context may be preferable. Upon subse-
guent calls to thé-ormJacobian()  routine, the user may wish to reinitialize the matrix entries to zero

by calling MiaiZeroEniries ___](). See Sectior3.4 for details on the reuse of the matrix context. If the
preconditioning matrix retains identical nonzero structure during successive nonlinear iterations, setting
the parametefflag , in theFormJacobian()  routine to beSAME_NONZERO_PATTERNd reusing

the matrix context can save considerable overhead. For example, when one is using a parallel precondi-
tioner such as incomplete factorization in solving the linearized Newton systems for such problems, ma-
trix colorings and communication patterns can be determined a single time and then reused repeatedly
throughout the solution process. In addition, if using different matrices for the actual Jacobian and the
preconditioner, the user can hold the preconditioner matrix fixed for multiple iterations by dé&ting

to SAME_PRECONDITIONERSee the discussion fiCESSetOperators () in Section4. 1 for details.

The directony${PETSC_DIR}/src/snes/examples/tutorials provides a variety of examples.

5.2 The Nonlinear Solvers

As summarized in Tablé.2, includes several Newton-like nonlinear solvers based on line search
techniques and trust region methods. Each solver may have associated with it a set of options, which can be
set with routines and options database commands provided for this purpose. A complete list can be found
by consulting the manual pages or by running a program withliep option; we discuss just a few in

the sections below.

5.2.1 Line Search Techniques

The methodSNESLS(-snes_type Is ) provides a line search Newton method for solving systems of
nonlinear equations. By default, this technique employs cubic backtraciinéi alternative line search
routine can be set with the command

SNESSetLineSearch [([SNEY snes,
int (*Is)(EN EQ,[\/ec [\Vec|Vec||Vec]|double,double* ,double*),void *Isctx);

Other line search methods provided by PETScERE-SQuadraiicLinesearcn____|(), ENESNoOLINney

Earch_](), andSNESNoLinesearchNoNorms_|(), which can be set with the optieenes_Is [cubic, quadratic, basic,
The line search routines involve several parameters, which are set to defaults that are reasonable for many
applications. The user can override the defaults by using the opttmes_Is_alpha <alpha> :
-snes_Is_maxstep <max> , and-snes_Is_steptol <tol>

5.2.2 Trust Region Methods

The trust region method ENES for solving systems of nonlinear equatioB§yESTR-snes_typetr ),
is taken from the MINPACK projectl4]. Several parameters can be set to control the variation of the trust
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regionfize_] during the solution process. In particular, the user can control the initial trust region radius,
computed by
A = Aol Fo2,

by settingA( via the option-snes_tr_delta0 <delta0>

5.3 General Options

This section discusses options and routines that apply[ENallg solvers and problem classes. In particular,
we focus on convergence tests, monitoring routines, and tools for checking derivative computations.

5.3.1 Convergence Tests

Convergence of the nonlinear solvers can be detected in a variety of ways; the user can even specify a
customized test, as discussed below. The default convergence routines for the various nonlinear solvers
within ENEJ are listed in Tablé.2; see the corresponding manual pages for detailed descriptions. Each

of these convergence tests involves several parameters, which are set by default to values that should be
reasonable for a wide range of problems. The user can customize the parameters to the problem at hand
by using some of the following routines and options. One method of convergence testing is to declare
convergence when the norm of the change in the solution between successive iterations is less than some
tolerancestol . Convergence can also be determined based on the norm of the function (or gradient for

a minimization problem). Such a test can use either the abggliEe | of the norm,atol , or its relative
decreasetol , from an initial guess. The following routine sets these parameters, which are used in many
of the defaulENEJ convergence tests:

ENESSetTolerances  |([ENEY snes,double atol,double rtol,double stol,
int its,int fcts);

This routine also sets the maximum numbers of allowable nonlinear iteratisns,and function evalu-
ations,fcts . The corresponding options database commands for setting these parametsresare

atol <atol> , -snes_rtol <rtol> , -sShes_stol <stol> ,  -sShes_max_it <its> , and
-snes_max_funcs <fcts> . A related routine iENESGetTolerances (). Convergence tests for

trust regions methods often use an additional parameter that indicates the minimium allowable trust region
radius. The user can set this parameter with the opsaors_trtol <trtol> or with the routine

SENESSetTrustRegionTolerance |(SNE snes,double trtol);

An additional parameter is sometimes used for unconstrained minimization problems, namely the minimum
function toleranceftol , which can be set with the optieanes_fmin <ftol> or with the routine

SNESSetMinimizationFunctionToleranf&(Eq snes,double ftol);
Users can set their own customized convergence teEEEY by using the command

ENESSetConvergenceTest (SN EQ snes,int (*testEN EQ snes,double xnorm,
double gnorm,doublefNESConvergedReason |reason,
void *cctx),void *cctx);

The final argument of the convergence test routimgx , denotes an optional user-defined context for pri-
vate data. When solving systems of nonlinear equations, the argurmenmts , gnorm, andf are the cur-

rent iterate norm, current step norm, and function norm, respectively. Likewise, when solving unconstrained
minimization problems, the argumenisorm, gnorm, andf are the currentiterate norm, current gradient
norm, and the function valu6&NESConvergedReason should be set positive for convergence and neg-
ative for divergence. Sdaclude/petscsnes.h for a list of values foENESCTonvergedReason J.
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5.3.2 Convergence Monitoring

By default thgSNEJ solvers run silently without displaying information about the iterations. The user can
initiate monitoring with the command

ENESSetMonitor _J[ENEJ snes,int (*monfENESint its,double norm,void* mctx),
void *mctx,int (*monitordestroy)(void *));

The routinemon, indicates a user-defined monitoring routine, whiese andmctx respectively denote the

iteration number and an optional user-defined context for private data for the monitor routine. The argument

norm is the function norm. The routine set PNESsetvioniior () is called once after every successful

step computation within the nonlinear solver. Hence, the user can employ this routine for any application-

specific computations that should be done after the solution update. The ¢gutesn monitor  activates

the defaullSNE3 monitor routineENESDefaultivonitor (), while-snes_xmonitor ~ draws a simple

line graph of the residual norm’s convergence. Once can cancel hardwired monitoring routifBeEigr

at runtime with-snes_cancelmonitors . As the Newton method converges so that the residual norm

is small, sayl0~!°, many of the final digits printed with thesnes_monitor ~ option are meaningless.

Worse, they are different on different machines; due to different round-off rules used by, say, the IBM

RS6000 and the Sun Sparc. This makes testing between different machines difficult. The sE®N

smonitor causes PETSc to print fewer of the digits of the residual norm as it gets smaller; thus on most

of the machines it will always print the same numbers making cross processor testing easier. The routines
NESGetSolution

shegyec|*x);
NESGetFunction NEY snedyec | *r,void *ctx,

int(**func)(ENEgVec | Vec |void*));

return the solution vector and function vector frofBlaEg context. These routines are useful, for instance,
if the convergence test requires some property of the solution or function other than those passed with routine
arguments.

5.3.3 Checking Accuracy of Derivatives

Since hand-coding routines for Jacobian matrix evaluation can be error ffGBRg] provides easy-to-use
support for checking these matrices against finite difference versions. In the simplest form of comparison,
users can employ the optiosnes_type test to compare the matrices at several points. Although

not exhaustive, this test will generally catch obvious problems. One can compare the elements of the two
matrices by using the option-snes_test_display , Which causes the two matrices to be printed to

the screen. Another means for verifying the correctness of a code for Jacobian computation is running the
problem with either the finite difference or matrix-free variaspes_fd or-snes_mf . see Sectioh.6

or Sections.5). If a problem converges well with these matrix approximations but not with a user-provided
routine, the problem probably lies with the hand-coded matrix.

5.4 Inexact Newton-like Methods

Since exact solution of the linear Newton systems withir)(at each iteration can be costly, modifica-

tions are often introduced that significantly reduce these expenses and yet retain the rapid convergence of
Newton’s method. Inexact or truncated Newton techniques approximately solve the linear systems using
an iterative scheme. In comparison with using direct methods for solving the Newton systems, iterative
methods have the virtue of requiring little space for matrix storage and potentially saving significant com-
putational work. Within the class of inexact Newton methods, of particular interest are Newton-Krylov
methods, where the subsidiary iterative technique for solving the Newton system is chosen from the class of
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Krylov subspace projection methods. Note that at runtime the user can set any of the linear solver options
discussed in Chaptér, such asksp_type <ksp_method> and-pc_type <pc_method> ,to set

the Krylov subspace and preconditioner methods. Two levels of iterations occur for the inexact techniques,
where during each global or outer Newton iteration a sequence of subsidiary inner iterations of a linear
solver is performed. Appropriate control of the accuracy to which the subsidiary iterative method solves
the Newton system at each global iteration is critical, since these inner iterations determine the asymptotic
convergence rate for inexact Newton techniques. While the Newton systems must be solved well enough
to retain fast local convergence of the Newton'’s iterates, use of excessive inner iterations, particularly when
llzr — x| is large, is neither necessary nor economical. Thus, the number of required inner iterations typ-
ically increases as the Newton process progresses, so that the truncated iterates approach the true Newton
iterates. A sequence of nonnegative numKBegg can be used to indicate the variable convergence criterion.

In this case, when solving a system of nonlinear equations, the update step of the Newton process remains
unchanged, and direct solution of the linear system is replaced by iteration on the system until the residuals

r,(;) = F'(z)Azxy + F(xy)

satisfy

I
[F@yl =" ="
Herex is an initial approximation of the solution, afid || denotes an arbitrary norm &" .

By default a constant relative convergence tolerance is used for solving the subsidiary linear systems
within the Newton-like methods @NEY. When solving a system of nonlinear equations, one can instead
employ the techniques of Eisenstat and Walkdr$ computen, at each step of the nonlinear solver by
using the optionsnes_ksp_ew_conv . In addition, by adding one’s owWRSF] convergence test (see
Section4.3.2), one can easily create one’s own, problem-dependent, inner convergence tests.

5.5 Matrix-Free Methods

TheENEY class fully supports matrix-free methods. The matrices specified in the Jacobian evaluation rou-
tine need not be conventional matrices; instead, they can point to the data required to implement a particular
matrix-free method. The matrix-free variant is allowaaly when the linear systems are solved by an it-
erative method in combination with no preconditioni®CNONEr -pc_type none ), a user-provided
preconditioner matrix, or a user-provided preconditioner sSREIFHELL discussed in Sectich4); that is,
obviously matrix-free methods cannot be used if a direct solver is to be employed. The user can create a
matrix-free context for use withiBRES with the routine

atCreateSNESMF |([SNEY snegyec | x, Mat | *mat);
M

This routine creates the data structures needed for the matrix-vector products that arise within Krylov space
iterative methods{] by employing the matrix typMATSHEL|.discussed in Sectioh3. The defaulSNE$
matrix-free approximations can also be invoked with the commanes_mf . Or, one can retain the user-
provided Jacobian preconditioner, but replace the user-provided Jacobian matrix with the default matrix free
variant with the optiorsnes_mf_operator . See also

atCreateMF ec|x, Mat | *mat);
M

for users who need a matrix-free matrix but are not uSINGEY. The user can set one parameter to control
the Jacobian-vector product approximation with the command

MatSNESMFSetFunctionError  |(Mat | mat,double rerror);
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The parameteaterror  should be set to the square root of the relative error in the function evaluatjons,
the default isl0~8, which assumes that the functions are evaluated to full double precision accuracy. This
parameter can also be set from the options database with

-shesmf_err<err>

In addition,ENEYJ provides a way to register new routines to compute the differencing pararhiteeé
the manual page fdWaisSNESMFSetlype |() and MaisSNESMFReqisierDynamic__]) . We currently
provide two default routines accessible via

-snesmf_type<default or wp>

For the default approach there is one “tuning” parameter, set with

MatSNESMFDefaultSetUmin |(Mat | mat,PetscReal umin);

This parameterumin (or w,,i,), iS a bit involved; its default iS0~% . The Jacobian-vector product is
approximated via the formula
Flu+hx*a)— F(u)

h

F'(u)a =~
whereh is computed via
h _ T 2 f / .
= erer ¥ w afllally if[u'al > umin x[lal[y
= Cpel * Umin * sign(u’a)  ||a||1/|]al|3 otherwise

This approach is taken from Brown and SaaH [The parameter can also be set from the options database
with
-snesmf_umin <umin>

The second approach, taken from Walker and Pernic, omputesh via
h— 1+ HuHerel
[lal]

This has no tunable parameters, but note that (a) for GMRES with left preconditidmiing 1 and (b) for
the entirelinear iterative process: does not change henggl + [[u[| need be computed only once. This
information may be set with the options

MatSNESMFWPSetComputeNorm at | matpPetscTruth ;
MatSNESMFWPSetComputeNormU{Mat | matPetscTruth ;

or

-snesmf_computenorma <true or false>
-snesmf_computenormu<true or false>

This information is used to eliminate the redundant computation of these parameters, therefor reducing the
number of collective operations and improving the efficiency of the application code. It is also possible to
monitor the differencing parameters h that are computed via the routines

MatSNESMFSetHHistory [(Mat [PetscScalar | *,int);
MatSNESMFResetHHistory |(Mat | PetscScalar | *,int);
MatSNESMFGetH(Mat [PetscScalar  |*);
MatSNESMFKSPMonito ,int,double,void *);
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and the runtime optiorsnes_mf_ksp_monitor

tween the user-specified Jacobian and the defEUIEY matrix-free form. Tabl& summarizes the various
matrix situations thggNEg supports. In particular, different linear system matrices and preconditioning ma-
trices are allowed, as well as both matrix-free and application-provided preconditioners. All combinations

. We include an example in Figufi3 that explicitly

uses a matrix-free approach. Note that by using the opsors_mf one can easily convert afgfiNE$

code to use a matrix-free Newton-Krylov method without a preconditioner. As shown in this example,
ENESSeirFromopiions () must be calle@dfterENESSetJacobian () to enable runtime switching be-

are possible, as demonstrated by the exan®RETSC_DIR}/src/snes/examples/tutorials/
ex5.c , in Figurel3.

Matrix Use Conventional Matrix Formats Matrix-Free Versions
Jacobian Create matrix witfMatCreate |(). * | Create matrix witlMatCreateShell ().
Assemble matrix with user-defined | UseMatShellSetOperation |() to set
Matrix routine. various matrix actions.

Or usgMatCreate SNESMF ().

Preconditioning
Matrix

Create matrix witfMatCreate |(). *

Assemble matrix with user-defined
routine. t

UseENESGetSLEY() andELESGetPC)()

to access thP (], then use
PCSetType [(pcPCSHELL);
followed by PCSetApply().

* Use either the generf@aiCreaie_|() or a format-specific variant such BRIiCreaieMPTAIJ ().
t Set user-defined matrix formation routine WBhESSetJacobian ().

/*$ld: ex6.c,v 1.71 2001/08/07 03:04:16 balay Exp $*/

Table 7: Jacobian Options

static char help[] = "u* + u*{2} = f. Different matrices for the Jacobian
and the preconditioner.\n\
Demonstrates the use of matrix-free Newton-Krylov methods in conjunction\n\

with a user-provided preconditioner.

-snes_mf : Use matrix-free Newton methods\n\

-user_precond : Employ a user-defined preconditioner.

*T
Concepts:
Concepts:
Concepts:
Concepts:
Concepts:
Processors: 1

T*

Input arguments are:\n\

Used only with\n\

matrix-free methods in this example.\n\n";

90

SNES different matrices for the Jacobian and preconditioner;
SNES matrix-free methods
SNES"user-provided preconditioner;
matrix-free methods

user-provided preconditioner;


manualpages/SNES/SNES.html##SNES
manualpages/SNES/SNES.html##SNES
manualpages/SNES/SNESSetFromOptions.html##SNESSetFromOptions
manualpages/SNES/SNESSetJacobian.html##SNESSetJacobian
manualpages/SNES/SNES.html##SNES
manualpages/SNES/SNES.html##SNES
manualpages/Mat/MatCreate.html##MatCreate
manualpages/Mat/MatCreateShell.html##MatCreateShell
manualpages/Mat/MatShellSetOperation.html##MatShellSetOperation
manualpages/SNESMF/MatCreateSNESMF.html##MatCreateSNESMF
manualpages/Mat/MatCreate.html##MatCreate
manualpages/SNES/SNESGetSLES.html##SNESGetSLES
manualpages/SLES/SLESGetPC.html##SLESGetPC
manualpages/PC/PC.html##PC
manualpages/PC/PCSetType.html##PCSetType
manualpages/PC/PCSHELL.html##PCSHELL
manualpages/Mat/MatCreate.html##MatCreate
manualpages/Mat/MatCreateMPIAIJ.html##MatCreateMPIAIJ
manualpages/SNES/SNESSetJacobian.html##SNESSetJacobian

/*
Include "petscsnes.h" so that we can use SNES solvers. Note that this
file automatically includes:

petsc.h - base PETSc routines petscvec.h - vectors
petscsys.h - system routines petscmat.h - matrices
petscis.h - index sets petscksp.h - Krylov subspace meth-
ods
petscviewer.h - viewers petscpc.h - preconditioners
petscsles.h - linear solvers
*/
#include "petscsnes.h"
/*
User-defined routines
*/

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

int main(int argc,char **argv)

{
SNES snes; /* SNES context */
SLES sles; /* SLES context */
PC pc; /* PC context */
KSP ksp; [* KSP context */
Vec x,I,F; [* vectors */
Mat J,JPrec; [* Jacobian,preconditioner matrices */
int ierr,it,n = 5,i,size;
int *Shistit = 0,Khistl 200,Shistl 10;

PetscReal h,xp = 0.0,*Khist = 0,*Shist = 0;
PetscScalar v,pfive = .5;
PetscTruth  flg;

Petsclnitialize(&argc,&argv,(char *)0,help);

ierr = MPI_Comm_size(PETSC_COMM_WORLD,&size);CHKERRQ(ierr);

if (size '= 1) SETERRQ(1,"This is a uniprocessor example only!);

ierr = PetscOptionsGetInt(PETSC_NULL,"-n",&n,PETSC_NULL);CHKERRQ(ierr);
h = 1.0/(n-1);

ierr = SNESCreate(PETSC_COMM_WORLD,&snes);CHKERRQ(ierr);

)
Create vector data structures; set function evaluation routine
*/ -----------------------------------
ierr = VecCreate(PETSC_COMM_SELF,&x);CHKERRQ(ierr);
ierr = VecSetSizes(x,PETSC_DECIDE,n);CHKERRQ(ierr);
ierr = VecSetFromOptions(x);CHKERRQ(ierr);
ierr = VecDuplicate(x,&r);CHKERRQ(ierr);
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*/

ierr = VecDuplicate(x,&F);CHKERRQ(ierr);

ierr = SNESSetFunction(snes,r,FormFunction,(void*)F);CHKERRQ(ierr);

ierr
ierr

MatCreateSegAIJ(PETSC_COMM_SELF,n,n,3,PETSC_NULL,&J);CHKERRQ(ierr);
MatCreateSegAIJ(PETSC_COMM_SELF,n,n,1,PETSC_NULL,&JPrec);CHKERRQ(ierr);

/*
Note that in this case we create separate matrices for the Jacobian
and preconditioner matrix. Both of these are computed in the
routine FormJacobian()

*

ierr = SNESSetJacobian(snes,J,JPrec,FormJacobian,0);CHKERRQ(ierr);

/* Set preconditioner for matrix-free method */
ierr = PetscOptionsHasName(PETSC_NULL,"-snes_mf",&flg); CHKERRQ(ierr);
it (flg) {
ierr = SNESGetSLES(snes,&sles);CHKERRQ(ierr);
ierr = SLESGetPC(sles,&pc);CHKERRQ(ierr);
ierr = PetscOptionsHasName(PETSC_NULL,"-user_precond",&flg); CHKERRQ(ierr);
if (flg) { /* user-defined precond */
ierr = PCSetType(pc,PCSHELL);CHKERRQ(ierr);
ierr = PCShellSetApply(pc,MatrixFreePreconditioner,PETSC_NULL);CHKERRQ(ierr);
} else {ierr = PCSetType(pc,PCNONE);CHKERRQ(ierr);}
}

ierr = SNESSetFromOptions(snes);CHKERRQ(ierr);

/*
Save all the linear residuals for all the Newton steps; this enables
us
to retain complete convergence history for printing after the conclu-
sion
of SNESSolve(). Alternatively, one could use the monitoring options
-snes_monitor -ksp_monitor
to see this information during the solver’s execution; however, such
output during the run distorts performance evaluation data. So, the
following is a good option when monitoring code performance, for ex-
ample
when using -log_summary.
*
ierr = PetscOptionsHasName(PETSC_NULL,"-rhistory",&flg); CHKERRQ(ierr);
if (flg) {
ierr = SNESGetSLES(snes,&sles);CHKERRQ(ierr);
ierr = SLESGetKSP(sles,&ksp);CHKERRQ(ierr);
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}
/*
/*

ierr = PetscMalloc(Khistl*sizeof(PetscReal),&Khist); CHKERRQ(ierr);
ierr = KSPSetResidualHistory(ksp,Khist,Khistl,PETSC_FALSE);CHKERRQ(ierr);
ierr = PetscMalloc(Shistl*sizeof(PetscReal),&Shist); CHKERRQ(ierr);
ierr = PetscMalloc(Shistl*sizeof(int),&Shistit); CHKERRQ(ierr);
ierr = SNESSetConvergenceHistory(snes,Shist,Shistit,Shistl,PETSC_FALSE);CHKERRQ(ierr);
}
¥ o e e e e e e e e e e e o e e e e e e e e e e e e e e e e e e -
Initialize application:
Store right-hand-side of PDE and exact solution
*
___________________________________ /
xp = 0.0;
for (i=0; i<n; i++) {
v = 6.0*xp + pow(xp+l.e-12,6.0); /* +1.e-12 is to prevent 0°6 */
ierr = VecSetValues(F,1,&i,&Vv,INSERT_VALUES);CHKERRQ(ierr);
Xp += h;
}
£
Evaluate initial guess; then solve nonlinear system
*
___________________________________ /
ierr = VecSet(&pfive,x);CHKERRQ(ierr);
ierr = SNESSolve(snes,x,&it);CHKERRQ(ierr);
ierr = PetscPrintf(PETSC_COMM_SELF,"Newton iterations = %d\n\n",it);CHKERRQ(ierr);
ierr = PetscOptionsHasName(PETSC_NULL,"-rhistory",&flg); CHKERRQ(ierr);
it (flg) {
ierr = KSPGetResidualHistory(ksp,PETSC_NULL,&Khistl);CHKERRQ(ierr);
ierr = PetscRealView(Khistl,Khist,PETSC_VIEWER_STDOUT_SELF);CHKERRQ(ierr);
ierr = PetscFree(Khist);CHKERRQ(ierr);CHKERRQ(ierr);
ierr = SNESGetConvergenceHistory(snes,PETSC_NULL,PETSC_NULL,&Shistl);CHKERRQ(ierr);
ierr = PetscRealView(Shistl,Shist,PETSC_VIEWER_STDOUT_SELF);CHKERRQ(ierr);
ierr = PetscIntView(Shistl,Shistit, PETSC_VIEWER_STDOUT_SELF);CHKERRQ(ierr);
ierr = PetscFree(Shist);,CHKERRQ(ierr);
ierr = PetscFree(Shistit); CHKERRQ(ierr);
}
J¥ e e o e e o e e o e e d e e e e e e e e e e e e e e e e e e e
Free work space. All PETSc objects should be destroyed when they
are no longer needed.
*
___________________________________ /
ierr = VecDestroy(x);CHKERRQ(ierr); ierr = VecDestroy(r);CHKERRQ(ierr);
ierr = VecDestroy(F);CHKERRQ(ierr); ierr = MatDestroy(J);CHKERRQ(ierr);
ierr = MatDestroy(JPrec);CHKERRQ(ierr); ierr = SNESDestroy(snes);CHKERRQ(ierr);
ierr = PetscFinalize();CHKERRQ(ierr);
return O;

*/

ForminitialGuess - Forms initial approximation.
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Input Parameters:
user - user-defined application context
X - vector

Output Parameter:

X - vector
*/
int FormFunction(SNES snes,Vec x,Vec f,void *dummy)
{
PetscScalar *xx,*ff,*FF,d;
int i,ierr,n;
ierr = VecGetArray(x,&xx);CHKERRQ(ierr);
ierr = VecGetArray(f,&ff); CHKERRQ(ierr);
ierr = VecGetArray((Vec)dummy,&FF);CHKERRQ(ierr);
ierr = VecGetSize(x,&n);CHKERRQ(ierr);

d = (PetscReal)(n - 1); d = d*d;
ff[O] = xx[O];
for (i=1; i<n-1; i++) {
fili] = d*(xx[i-1] - 2.0*xx[i] + xx[i+1]) + xx[i[*xx[i] - FF[i];
}

ffln-1] = xx[n-1] - 1.0;
ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);
ierr = VecRestoreArray(f,&ff);CHKERRQ(ierr);

ierr = VecRestoreArray((Vec)dummy,&FF);CHKERRQ(ierr);
return O;

}

I* */

/*

FormJacobian - This routine demonstrates the use of different
matrices for the Jacobian and preconditioner

Input Parameters:

snes - the SNES context

X - input vector

ptr - optional user-defined context, as set by SNESSetJacobian()

Output Parameters:

A - Jacobian matrix

B - different preconditioning matrix

. flag - flag indicating matrix structure
*
int FormJacobian(SNES snes,Vec x,Mat *jac,Mat *prejac,MatStructure *flag,void
*dummy)

{
PetscScalar *xx,A[3],d;
int i,n,j[3].ierr,
ierr = VecGetArray(x,&xx);CHKERRQ(ierr);
ierr = VecGetSize(x,&n);CHKERRQ(ierr);

d = (PetscReal)(n - 1); d = d*d;

/* Form Jacobian. Also form a different preconditioning matrix that
has only the diagonal elements. */
i = 0; A[O] = 1.0;
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ierr MatSetValues(*jac,1,&i,1,&i,&A[0],INSERT_VALUES);CHKERRQ(ierr);
ierr = MatSetValues(*prejac,1,&i,1,&i,&A[0],INSERT_VALUES);CHKERRQ(ierr);
for (i=1; i<n-1; i++) {

o] =1i-1;j1] = § 2] =i+ 1

A[0] = d; All] = -2.0xd + 2.0*xx[i]; A[2] = d;

ierr MatSetValues(*jac,1,&i,3,j,A,INSERT_VALUES);CHKERRQ(ierr);

ierr MatSetValues(*prejac,1,&i,1,&i,&A[1],INSERT_VALUES);CHKERRQ(ierr);
}
i = n-1; A[0] = 1.0;
ierr = MatSetValues(*jac,1,&i,1,&i,&A[0],INSERT_VALUES);CHKERRQ(ierr);
ierr = MatSetValues(*prejac,1,&i,1,&i,&A[0],INSERT_VALUES);CHKERRQ(ierr);

ierr
ierr
ierr
ierr

MatAssemblyBegin(*jac, MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
MatAssemblyBegin(*prejac, MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
MatAssemblyEnd(*jac,MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);
MatAssemblyEnd(*prejac, MAT_FINAL_ASSEMBLY);CHKERRQ(ierr);

ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);
*flag = SAME_NONZERO_PATTERN;
return O;
}
I* */
/*

MatrixFreePreconditioner - This routine demonstrates the use of a
user-provided preconditioner. This code implements just the null
preconditioner, which of course is not recommended for general use.

Input Parameters:
ctx - optional user-defined context, as set by PCShellSetApply()
X - input vector

Output Parameter:
y - preconditioned vector
*/
int MatrixFreePreconditioner(void *ctx,Vec x,Vec )

{ . -
int ierr;
ierr = VecCopy(x,y);CHKERRQ(ierr);
return O;

}

Figure 13: Example of Uniprocessor SNES Code - Both Conventional and Matrix-Free Jacobians

5.6 Finite Difference Jacobian Approximations

PETSc provides some tools to help approximate the Jacobian matrices efficiently via finite differences.
These tools are intended for use in certain situations where one is unable to compute Jacobian matrices ana-
Iytically, and matrix-free methods do not work well without a preconditioner, due to very poor conditioning.
The approximation requires several steps:

e First, one colors the columns of the (not yet built) Jacobian matrix, so that columns of the same color
do not share any common rows.

e Next, one creates @aiFDColoring ] data structure that will be used later in actually computing
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the Jacobian.

e Finally, one tells the nonlinear solvers BNEJ to use thgENESDeraulilCompuieJacobiancT |
p1or _]() routine to compute the Jacobians.

A code fragment that demonstrates this process is given below.

ISColoring iscoloring;

ViatFDColoring | fdcoloring;

m_sl,tr;

/*

This initializes the nonzero structure of the Jacobian. This is artificial
because clearly if we had a routine to compute the Jacobian we wouldn’t
need to use finite differences.

*/ FormJacobian(snes,x,&J,&J,&str,&user);

/-k

Color the matrix, i.e. determine groups of columns that share no common
rows. These columns in the Jacobian can all be computed simulataneously.

*/

MatGetColoring  |(J,MATCOLORING.SL,&iscoloring);

/*

Create the data structure tif#tlESDefaultComputeJacobianColor [() uses
to compute the actual Jacobians via finite differences.

*/

MatFDColoringCreate |(J,iscoloring,&fdcoloring);

SColoringDestroy [(iscoloring);

MatFDColoringSetFromOptions |(fdcoloring);

/*

Tell to use the routinBNESDefaultComputeJacobianColor 0

to compute Jacobians.

*/

[SNESSetJacobian |(snes,J,ﬁsNESDefauItComputeJacobianColor |,fdcoloring);

Of course, we are cheating a bit. If we do not have an analytic formula for computing the Jacobian, then
how do we know what its nonzero structure is so that it may be colored? Determining the structure is
problem dependent, but fortunately, for most grid-based problems (the class of problems for which PETSc
is designed) if one knows the stencil used for the nonlinear function one can usually fairly easily obtain
an estimate of the location of nonzeros in the matrix. One need not necessarily use the[V@ithe
ETColoring___|() to determine a coloring. For example, if a grid can be colored directly (without using
the associated matrix), then that coloring can be provid¢ddao-DColoringCreaie (). Note that the

user must always preset the nonzero structure in the matrix regardless of which coloring routine is used.
For sequential matrices PETSc provides three matrix coloring routines from the MINPACK pacdkage [
smallest-lastgl ), largest-first if ), and incidence-degre&(). These colorings, as well as the “natural”
coloring for which each column has its own unique color, may be accessed with the command line options

-mat.coloring.type<sl,id,If,naturap

Alternatively, one can set a coloring type@OLORING_S|. COLORING_IDQ COLORING_LForCOLO
RING_NATURAIlwhen callingMaiGeiColoring_](). As for the matrix-free computation of Jacobians
(see Sectiok.5), two parameters affect the accuracy of the finite difference Jacobian approximation. These
are set with the command
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MatFDColoringSetParameters |(MatFDColoring | fdcoloring,double rerror,double umin);

The parametererror  is the square root of the relative error in the function evaluatieng, the default

is 10~8, which assumes that the functions are evaluated to full double-precision accuracy. The second
parameterymin , is a bit more involved:; its default if0e~® . Column: of the Jacobian matrix (denoted by

F;) is approximated by the formula

7 _ Fu+hx*dx;) — F(u)
A h

whereh is computed via

h = eper xu; if |ui| > wmin

h = €rel * Upmin * sign(u;)  otherwise
These parameters may be set from the options database with

-matfd_coloring err jerr¢,
-matfd_coloring.umin juming,

Note that thgviaiGerColoring () routine currently works only on sequential routines. Extensions may
be forthcoming. However, if one can compute the coloiisaploring some other way, the routine
MaitEDCToloringCreaie () does work in parallel. An example of this for 2D distributed arrays is given
below that uses the utility routif@AGetcoloring ().

DAGetColoring |(dafS ] COLORING GHOSTED,&iscoloring);
MatFDColoringCreate _J(J,iscoloring,&fdcoloring);
MatFDColoringSetFromOptions |(fdcoloring);
SColoringDestroy __ |(iscoloring);

Note that the routinflatFDColoringCreate () currently is only supported for the AlJ matrix format.
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Chapter 6

TS: Scalable ODE Solvers

The[5] library provides a framework for the scalable solution of ODEs arising from the discretization of
time-dependent PDEs, and of steady-state problems using pseudo-timestappiagDependent Prob-

lems: Consider the ODE
Ut = F(“’v t)a

wherew is a finite-dimensional vector, usually obtained from discretizing a PDE with finite differences,
finite elements, etc. For example, discretizing the heat equation

Ut = Ugy
with centered finite differences results in
N Uig1 — 2ui + Ui
(’U@)t = h2 .

The 5] library provides code to solve these equations (currently using the forward or backward Euler
method) as well as an interface to other sophisticated ODE solvers, in a clean and easy manner, where the
user need only provide code for the evaluationtgi, t) and (optionally) its associated Jacobian matrix.
Steady-State Problemsin addition,[TS] provides a general code for performing pseudo timestepping with

a variable timestep at each physical node point. For example, instead of directly attacking the steady-state
problem
F(u) =0,

we can use pseudo-transient continuation by solving

By using time differencing with the backward Euler method, we obtain

n+1 n

u —Uu

—— = F(u"™).
T (u™™)

More generally we can consider a diagonal mafpiK® that has a pseudo-timestep for each node point to
obtain the series of nonlinear equations

D" (W — ) = Fu™t.

For this problem the user must provi@ig«) and the diagonal matrixt", (or optionally, if the timestep is
position independent, a scalar timestep) as well as optionally the Jacolidm of

98


manualpages/TS/TS.html##TS
manualpages/TS/TS.html##TS
manualpages/TS/TS.html##TS

6.1 Basic Usage

The user first createqla] object with the command

int [TSCreate J(MPI_CommEomn][TSProblemType | problemtypdT S| *ts);

The[TSProblemType ]is one of TS_LINEAR or TS_NONLINEARto indicate whetheF'(u, t) is given
by a matrixA, or A(t), or a functionF'(u, t). One can set the solution method with the routine

[[SSetType |([TS]ts[TSType]type);

Currently supported types ailess EULER TS BEULER andTS_PSEUDOor the command line option
-ts_type euler, beuler, pseudo . Set the initial time and timestep with the command

frSSetinitialTimeStep |[TS] ts,double time,double dt);

One can change the timestep with the command

[[SSetTimeStep |([TS]ts,double dt);

One can determine the current timestep with the routine

[[SGetTimeStep |(TS] ts,double* dt);

Here, “current” refers to the timestep being used to attempt to promote the solutiomfalon,”+!. One
sets the total number of timesteps to run or the total time to run (whatever is first) with the command

[[SSetDuration ]([TS] ts,int maxsteps,double maxtime);

One sets up the timestep context with

)

destroys it with

[FSDestoy J(TS] sy

and views it with

[TSView]([TS] tsPetscViewer ] viewer);

6.1.1 Solving Time-dependent Problems

To set udr] for solving an ODE, one must set the following:

e Solution:

[FSSetSolution |([TS]ts,Vec] initialsolution);

The vectorinitialsolution should contain the “initial conditions” for the ODE.

e Function:

e For linear functions (solved with implicit timestepping), the user must call
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[TSSetRHSMatrix |(TS] tsMat] A, B,

int (*f)(|TS|,doubleVat *,Mﬂ%\ﬂatsnucture *,void*),void *fP);

The matrixB (although usually the same A% allows one to provide a different matrix to be used in

the construction of the preconditioner. The functfoiis used to form the matricels andB at each
timestep if the matrices are time dependent. If the matrix does not depend on time, the user should
pass INPETSC_NULLfor f. The variablefP allows users to pass in an application context that is
passed to th) function whenever it is called, as the final argument. The user must provide the

matricesA and B; if they have the right-hand side only as a linear function, they must construct a
MatShell matrix. Note that this is the same interface as thaBRESSetJacobian ().

e For nonlinear problems (or linear problems solved using explicit timestepping methods) the
user passes the function with the routine

[FSSetRHSFunction |(TS]ts,int (*1)(TS],double}/ec]/ec],void*),void *fP);

The arguments to the functid() are the timestep context, the current time, the input for the func-
tion, the output for the function, and the (optional) user-provided context vaffiable

e Jacobian: For nonlinear problems the user must also provide the (approximate) Jacobian matrix of
F(u,t) and a function to compute it at each Newton iteration. This is done with the command

TSSetRHSJacobian |(TS]tsMat] A, Mat] B,int (*fjac)([TS],double}/ec]Mat J*, Mat ],

MatStructure  [*,void*),void *fP);

The arguments for the functidjac()  are the timestep context, the current time, the location where

the Jacobian is to be computed, the Jacobian matrix, an alternative approximate Jacobian matrix used
as a preconditioner, and the optional user-provided context, passeftPin &se user must provide the
Jacobian as a matrix; thus, if using a matrix-free approach is used, the user must ttethell

matrix. Again, note the similarity tENESSetJacobian ().

Similar toENESDefauliComputeJacobiancolor () is the routindflSDeTaultCompuieJacobianc |
pror_]() and TSDefaultComputeJacobian() that corresponfiBNBsDerauliComputeJacobian___|().

6.1.2 Using PVODE from PETSc

PVODE is a parallel ODE solver developed by Hindmarsh et al. at LLNL. [T&glibrary provides an
interface to use PVODE directly from PETSc. (To install PETSc to use PVODE, see the installation guide,
docslinstallation/index.htm )

To use the PVODE integrators, call

[[SSetType |([TS]ts[SType][[S]-PVODE);

or use the command line optiets_type pvode . PVODE comes with to main integrator families,
Adams and BDF (backward differentiation formula). One can select these with

[FSPVodeSetType |([TS]ts, TSPVodeType [PVODRADAMS,PVODE BDF]);

or the command line optiofts_pvode_type <adams,bdf> . BDF is the default. PVODE does

not use thgsNEJ library within PETSc for its nonlinear solvers, so one cannot change the nonlinear solver
options vigENEY. Rather, PVODE uses the preconditioners withinfiii@ package of PETSc, which can

be accessed via
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[FSPVodeGetPC|([TS] tsPd *pe);

The user can then directly set preconditioner options; alternatively, the usual runtime options can be em-
ployed via-pc_xxx . Finally, one can set the PVODE tolerances via

[TSPVodeSetTolerance |([TS]ts,double abs,double rel);

whereabs denotes the absolute tolerance aetl the relative tolerance. Other PETSc-PVode options
include

[TSPVodeSetGramSchmidtType | ts,TSPVodeGramSchmidtType type);

wheretype is eitherPVODE_MODIFIED_G$r PVODE_UNMODIFIED_GS This may be set via the
options data base witlis_pvode_gramschmidt_type <modifed,unmodified> . The routine

[TSPVodeSetGMRESRestart_|(TS]ts,int restart);

sets the number of vectors in the Krylov subpspace used by GMRES. This may be set in the options database
with -ts_pvode_gmres_restart restart

6.1.3 Solving Steady-State Problems with Pseudo-Timestepping
For solving steady-state problems with pseudo-timestepping one proceeds as follows.

e Provide the functiorfr(u) with the routine

[TSSetRHSFunction |(TS]ts,int (*f)(TS],double)/ec]Vec],void*),void *fP);

The arguments to the functidf) are the timestep context, the current time, the input for the func-
tion, the output for the function and the (optional) user-provided context vafiable

e Provide the (approximate) Jacobian matrix=@éi,t) and a function to compute it at each Newton
iteration. This is done with the command

TSSetRHSJacobian |(TS]tsMat] A, Mat] B,int (*f)([TS].doublel/ec]Mat J* Mat ¥,

MatStructure  [r,void*),void *fP);

The arguments for the functidf) are the timestep context, the current time, the location where the
Jacobian is to be computed, the Jacobian matrix, an alternative approximate Jacobian matrix used as
a preconditioner, and the optional user-provided context, passedin. aéhe user must provide the
Jacobian as a matrix; thus, if using a matrix-free approach, one must cidatShell matrix.

In addition, the user must provide a routine that computes the pseudo-timestep. This is slightly different
depending on if one is using a constant timestep over the entire grid, or it varies with location.

e For location-independent pseudo-timestepping, one uses the routine

[[SPseudoSetTimeStep |(TS]ts,int(*dt)(TS],double*,void*),void* dtctx);

The functiondt is a user-provided function that computes the next pseudo-timestep. As a default one
can uselT SPseudoDefaultTimeStep(TS,double*,void*) for dt . This routine updates
the pseudo-timestep with one of two strategies: the default

|1 E ("]l

dt" = dtzncrem@nt dt” * HF(UH)H
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or, the alternative, o
_ o [F @)
dtn — dtincrement * dt- * m

which can be set with the call

TSPseudoincrementDtFrominitialDt [(TS] ts);

or the option-ts_pseudo_increment_dt_from_initial_dt . The valuedt;ncrement is
by defaultl.1, but can be reset with the call

[TSPseudoSetTimeStepincrement __|(TS] ts,double inc);

or the option -ts_pseudo_increment <inc>

¢ For location-dependent pseudo-timestepping, the interface function has not yet been created.
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Chapter 7

High Level Support for Multigrid with
DMMG

PETSc provides an easy to use high-level interface for multigrid on a single structured grid using the PETSc
DA] object (or theVecPacK ] object) to decompose the grid across the processors. DWig(scode is

built on top of the lower level PETSc multigrid interface provided in &Type of MG, see Sectiod.4.7.
Currently we only provide piecewise linear and piecewise constant interpolation, but can add more if needed.
TheDMMxoutines only provide linear multigrid but they can be used easily with gERérs] (for linear
problems) oSNEY (for nonlinear problems). For linear problems the examptesles/examples/
tutorials/ex22.c andex25.c can be used to guide your development. We give a short summary
here.

dmmg;
da;
I* Create thgDA| that stores information about the coarsest grid you wish to use */
ierr = (PETSCCOMMWORLD,@NONPERIODIC@STENCILSTAR,
3,3,3,PETSCDECIDE,PETSCDECIDE,PETSCDECIDE,l,l,0,0,0,&derr);
I* Create thDMM{Hata structure

- the second argument indicates the number of levels you wish to use and
can be changed with the option -dmmtgvels

ierr =PMMGCreate)(PETSCCOMM_WORLD,3,PETSCNULL,&dmmg);CHKERR{gerr);
I* Tell the DMM{object to use the da to define the coarsest grid

ierr = dmmg,PMda);

I* Tell the DMM{3we are solving a linear problem (herfSeES]) and provide the

callback function to compute the right hand side and matrices for each level
ierr =PMMGSetSLE§dmmg,ComputeRHS,ComputeJacobipmKERR{derr);
/* Solve the problem */

ierr =PMMGSolvg(dmmg)[ICHKERR((err);

/* One can access the solution with */

PMMGGet{(dmmg)

ierr =PMMGDestroy [(dmmg)ICHKERR(Gerr);
ierr =PADestroy |(da)[CHKERR{Uerr);

The option-dmmg_ksp_monitor  causes thEMMTscode to print the residual norms for each level of
the solver to the screen so that the coarser the grid the more indented the print out. Thedptizn
grid_sequence causes thPMMT{solve to use grid sequencing to generate the initial guess by solving

103


manualpages/DA/DA.html##DA
manualpages/DA/VecPack.html##VecPack
manualpages/DA/DMMG.html##DMMG
manualpages/DA/DMMG.html##DMMG
manualpages/SLES/SLES.html##SLES
manualpages/SNES/SNES.html##SNES
manualpages/DA/DMMG.html##DMMG
manualpages/DA/DA.html##DA
manualpages/DA/DA.html##DA
manualpages/DA/DACreate3d.html##DACreate3d
manualpages/DA/DA.html##DA
manualpages/DA/DA.html##DA
manualpages/Sys/CHKERRQ.html##CHKERRQ
manualpages/DA/DMMG.html##DMMG
manualpages/SLES/DMMGCreate.html##DMMGCreate
manualpages/Sys/CHKERRQ.html##CHKERRQ
manualpages/DA/DMMG.html##DMMG
manualpages/SLES/DMMGSetDM.html##DMMGSetDM
manualpages/DA/DM.html##DM
manualpages/DA/DMMG.html##DMMG
manualpages/SLES/SLES.html##SLES
manualpages/SLES/DMMGSetSLES.html##DMMGSetSLES
manualpages/Sys/CHKERRQ.html##CHKERRQ
manualpages/SLES/DMMGSolve.html##DMMGSolve
manualpages/Sys/CHKERRQ.html##CHKERRQ
manualpages/DA/DMMGGetx.html##DMMGGetx
manualpages/SLES/DMMGDestroy.html##DMMGDestroy
manualpages/Sys/CHKERRQ.html##CHKERRQ
manualpages/DA/DADestroy.html##DADestroy
manualpages/Sys/CHKERRQ.html##CHKERRQ
manualpages/DA/DMMG.html##DMMG
manualpages/DA/DMMG.html##DMMG

the same problem on the previous coarser grid; this often results in a much faster time to solution. The
solver (smoother) used on each level but the coarsest can be controled via the options databas@With any
or ESP] option prefixed asmg_levels_[pc/ksp]_ . The solver options on the finest grid can be set
with -mg_coarse_[pc/ksp]_ . ThepMMThas many other options that can view by runningEmém{>
program with the optiorhelp . You should generally run your code with the opti@hes_view  to see
exactly what solvers are being used. For nonlinear problems one replag@SMeSelrsLER) with

MMGSetSNEfDMM{dmmg,int (*function)ENEYVec |Vec | void*),
int (*jacobian)SNEYVec [Mat [, Mat [F,MatStructure  [*,void*))

or the prefered approach

PMMGSetSNESLocal(PMM{dmmg,
int (*localfunction){DALocallnfo | *info,void *x,void *f,void* appctx),
int (*localjacobian)PALocallnfo | * void *x,[Mat] J,void *appctx),adfunction,admf_function);

The ad_function  andad_mf_function are described in the next chapter. See examgles
snes/examples/tutorials/ex18.c andex19.c for complete details. For scalar problems (prob-
lems with one degree of freedom per node), ldealfunction x andf arguments are simply multi-
dimensional arrays of double precision (or complex) numbers (according to the dimension of the grid) that
should be indexed usingjobali, j, k indices on the entire grid. For multi-component problems you must
create a C struct with an entry for each component ang #redf arguments are appropriately dimensioned
arrays of that struct. For example, for a 3d scalar problem the function would be

int localfunctionpPALocallnfo | *info,double ***x, double ***f,void *ctx)

For a 2d multi-component problem with u, v, and p components one would write

typedef strucf
PetscScalar u,v,p;
} Field;

int localfunctionpALocallnfo | *info,Field **x,Field **f,void *ctx)

For many nonlinear problems it is too difficult to compute the Jacobian analytically, thasolbian

or localjacobian is not provided, (indicated by passing ilP&ETSC_NUL). the DMMPwill compute

the sparse Jacobian reasonably efficiently automatically using finite differencing. See the next chapter on
computing the Jacobian via automatic differentiation. The optimmg_jacobian_mf_fd causes the

code to not compute the Jacobian explicitly but rather to use differences to apply the matrix vector product
of the Jacobian. The opticimmg_snes_monitor  can be used to monitor the progress of the nonlinear
solver. The usualsnes_ options may be used to control the nonlinearr solves. Again we recommend
using the optiondmmg_grid_sequence and-snes_view for most runs.
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Chapter 8

Using ADIC and ADIFOR with PETSc

Automatic differentiation is an incredible technique to generate code that computes Jacobians and other
differentives directly from code that only evaluates the function. For structured grid problems, GRS
interface (see Chaptéj PETSc provides a way to use ADIFOR and ADIC to compute the sparse Jacobians
or perform matrix free vector products with them. See/snes/examples/tutorials/ex18.c
andex5f.F for example usage.

First one indicates the functions for which one needs Jacobians by adding in the comments in the code

/* Process adiC: FormFunctionLocal FormFunctionLocali */
where one lists the functions. In Fortran use
! Process adifor: FormFunctionLocal

Next one uses the call

PMMGSetSNESLocal([PMM{dmmg,
int (*localfunction)ALocallnfo | *info,void *x,void *f,void* appctx),PETSCNULL,
ad.localfunction,admf_localfunction);

where the names of the last two functions are obtained by prependiad amndad_mf_ in front of

the function name. In Fortran, this is done by prependigg aandm_. Two useful options aredmmg__
jacobian_mf_ad  and-dmmg_jacobian_mf_ad_operator , with the former is uses the matrix-

free automatic differentiation to apply the operator and to define the preconditioner operator. The latter
form uses the matrix-free for the matrix-vector product but still computes the Jacobian (by default with
finite differences) used to construct the preconditioner.

8.1 Work arrays inside the local functions

In C you can calDAGEeATay_|() to get work arrays (this is low overhead). In Fortran you can provide a
FormFunctionLocal() that had local arrays that have hardwired sizes that are large enough or some-

how allocate space and pass it into an inner FormFunctionLocal() that is the one you differentiate; this
second approach will require some hand massaging. For example,

subroutine TrueFormFunctionLocal(info,x,f,ctx,ierr)
double precision x(gxs:gxe,gys:gye),f(xs:xe,ys:ye)
@ info@_LOCAL_INFO_SIZE)

integer ctx,ierr

double precision work(gxs:gxe,gys:gye)
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.... do the work ....

return

subroutine FormFunctionLocal(info,x,f,ctx,ierr)
double precision x(*),f(*)

DA info(DA LOCAL INFO_SIZE)

integer ctx,ierr

double precision work(10000)

call TrueFormFunctionLocal(info,x,f,work,ctx,ierr)
return

106


manualpages/DA/DA.html##DA
manualpages/DA/DA.html##DA

Chapter 9

Using Matlab with PETSc

There are three basic ways to use Matlab with PETSc: (1) dumping files to be read into Matlab, (2) automat-
ically sending data from a running PETSc program to a Matlab process where you may interactively type

Matlab commands (or run scripts) and (3) automatically sending data back and forth between PETSc and
Matlab where Matlab commands are issued not interactively but from a script or the PETSc program.

9.1 Dumping Data for Matlab

One can dump PETSc matrices and vectors to the screen (and thus save in afilBleimme.m )ina
format that Matlab can read in directly. This is done with the command line opt@us view _matlab
or-mat_view_matlab . This causes the PETSc program to print the vectors and matrices every time a
VecAssemblyXXX() and MatAssemblyXXX() is called. To provide finer control over when and what
vectors and matrices are dumped one can us@Ewiew |() and[Miatview () functions with a viewer

type of ASCII (sedPetscViewerAsCliOpen (), PETSC_VIEWER_STDOUT_WORPETSC_VIEW
ER_STDOUT_SELFor PETSC_VIEWER_STDOUT_(MPI_Comm) Before calling the viewer set the
output type with, for example,

PetscViewerSetFormat (PETSCVIEWER_STDOUT WORLD,PETSCVIEWER_ASCII_MATLAB);
VecView |(A,PETSCVIEWER_STDOUT.WORLD);

or

PetscViewerPushFormat (PETSCVIEWER_STDOUT WORLD,PETSCVIEWER_ASCII_MATLAB);
MatView |(B,PETSCVIEWER_STDOUT-WORLD);

The name of each PETSc variable printed for Matlab may be set with

PetscObjectSetName  |(PetscObject  [)A,’name”);

9.2 Sending Data to Interactive Running Matlab Session

One creates a viewer to Matlab via
PetscViewerSocketOpen |(MPI_Comm,char *machine,int poﬁstchiewer | *V);

(portis usally set tt)ETSC_DEFAULJusePETSC_NULILfor the machine if the Matlab interactive session
is running on the same machine as the PETSc program) and then sends matrices or vectors via

VecView |(Vec|A,v);
MatView |(Mat | B,v);
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One can also send arrays or integer arrays via

etscViewerSocketPutScalar |(v,int m,int nPetscScalar | *array);
EetchiewerSocketWtReal [(v,int m,int n,double *array);

etscViewerSocketPutint [(v.int m,int *array);
One may start the Matlab program manually or use the PETSc comPetsdStartMatlab(MPI_
Comm,char *machine,char *script,FILE **fp); where machine and script may PETS
C_NULL To receive the objects in Matlab you must first make sure®fRETSC_DIR}/bin/matlab
is in your Matlab path. Usp = openport; (or p = openport(portnum) if you provided a port

number in your call tfZefscViewersocketopen (), thena = receive(p); returns the object you
have passed from PETSreceive() may be called any number of times. Each call should correspond
on the PETSc side with viewing a single vector or matrix. You many dabeport() to close the
connection from Matlab. It is also possible to start your PETSc program from Matldaunah()

9.3 Using the Matlab Compute Engine

One creates access to the Matlab engine via

PetscMatlabEngineCreate |(MPI_CommEomn],char *machingfetscMatlabEngine | *e);

(machine may bePETSC_NULI. One can send objects to Matlab via

PetscMatlabEnginePut  |(PetscMatlabEngine | ePetscObject | obj);

One can get objects via

PetscMatlabEngineGet  |(PetscMatlabEngine | ePetscObject | obj);.

Similarly one can send arrays via

PetscMatlabEnginePutArray [(PetscMatlabEngine  |e,int m,int nPetscScalar | *array,char *name);

and get them back via

PetscMatlabEngineGetArray [(PetscMatlabEngine  |e,int m,int nPetscScalar | *array,char *name);

One cannot use Matlab interactively in this mode but you can send Matlab commands via

PetscMatlabEngineEvaluate |(PetscMatlabEngine  |’format”,...);

whereformat has the usugbrintf() format. For example,

PetscMatlabEngineEvaluate |PetscMatlabEngine  |"x =

The name of each PETSc variable passed to Matlab may be set with

PetscObjectSetName  |(PetscObject  )A,"name”);

Text responses can be returned from Matlab via

PetscMatlabEngineGetOutput |(PetscMatlabEngine  |,char **);

or

PetscMatlabEnginedPrintOutpat{iscMatlabEngine | FILE®).

There is a short-cut to starting the Matlab engine VAERTSC_MATLAB_ENGINE_(MPI1_Comm)
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Chapter 10

Using ESI with PETSc

The[Equaiion _Solver_Inieriace ] ([Ocation_oi_oiiicial_headers ]) is an attempt to de-

fine a common linear solver interface for a variety of scalable solver packages. It is currently only for C++
and defines a set of abstract C++ classes (the header files for these class@sciudaresi ). PETSc
provides code that allows

e ESI objects to be wrapped as PETSc objects and then be used with “regular” PETSc code and
e PETSc objects to be wrapped as ESI objects and then used with other ESI code.
The wrapping does not involve data copies and thus is efficient. To wrap ESI objects as PETSc objects use
VecCreate [(MPI_Comm}/ec] *x);
VecSetType |[(x,VECESI);
VecESISetVector  |(s,::esi::Vectordouble,int *v);

MatCreate |(MPI_Comm,..jMat]*A);
MatSetType [(A,MATESI);

MatESISetOperator(A,::esi::Operatatouble,int *a);

PCESISetPreconditioner |(A,::esi::Preconditionerdouble,int *p);

To wrap PETSc objects as ESI objects

int VecESIWrapj{/ec | xin,::esi::Vectordouble,int **v);

eis = new esi::petsc::IndexSparc'tBt>::IndexSpac?etscl\/lap | map);
evec = new esi..petsc::Vectadouble,int::Vector{Vec | vec);

emat = new esi::petsc::Opera{aﬂouble,inb::Operator mat);

epc = new esi::petsc::Preconditiondouble,inb::Preconditione pc);

One can also create ESI objects directly with

eis = new esi::petsc::IndexSpaadst>::IndexSpace(MPLComm icomm, int n, int N)

esi = new esi::petsc::IndexSpadnt>::IndexSpace(::esi::IndexSpatat> &sourcelndexSpace)

evec = new esi::petsc::Vectadouble,int::Vector( ::esi::IndexSpasant> *inmap)

emat = new esi::petsc::Matrxiouble,int::Matrix(esi::IndexSpacent> *inrmap,esi::IndexSpaeant> *incmap)

PETSc also provides mechanisms to load ESI classes directly from dynamic libraries to be used with PETSc.

109


http://z.ca.sandia.gov/esi
http://www.eterascale.com/esi
manualpages/Vec/VecCreate.html##VecCreate
manualpages/Vec/Vec.html##Vec
manualpages/Vec/VecSetType.html##VecSetType
manualpages/Vec/VecESISetVector.html##VecESISetVector
manualpages/Mat/MatCreate.html##MatCreate
manualpages/Mat/Mat.html##Mat
manualpages/Mat/MatSetType.html##MatSetType
manualpages/PC/PCCreate.html##PCCreate
manualpages/PC/PC.html##PC
manualpages/PC/PCSetType.html##PCSetType
manualpages/PC/PCESISetPreconditioner.html##PCESISetPreconditioner
manualpages/Vec/Vec.html##Vec
manualpages/Vec/PetscMap.html##PetscMap
manualpages/Vec/Vec.html##Vec
manualpages/Mat/Mat.html##Mat
manualpages/PC/PC.html##PC

[VecESISetType |(Vec|pc,char *name);
MatESISetTypd{lat | pc,char *name)
PCESISetType [(PC| pc,char *name)

wherenameis the full name of the class; for exampéssi::petsc::Vector orPetra_ESI_Vector
These are implemented by loading a factory which then creates the actual class object. This can also be
achieved from the command line with

-is_esitype esi::petsc::IndexSpace

-vectype esi -vecesitype esi::petsc::Vector
-mattype esi -matesitype esi::petsc::Matrix
-pc_type esi -pcesitype esi:petsc::Preconditioner

Note that thds in -is_esi_type is short for IndexSpaceot PETSJS ] objects. Finally when using
the PETSc ESI objects (not Trilinos or some other implementation), one can set the underly PETSc object
type to the PETSc objected that is wrapped as ESI with

-vec.type esi -vecesitype esi..petsc::Vector -esec type<seq,mpb
-mattype esi -matesitype esi::petsc::Matrix -esnat type <seqaij,mpiaij,. >
-pc_type esi -pcesitype esi:petsc::Preconditioner -gsi_type<I|u,ilu,...>

Mostly for testing purposes PETSc provides a short hand way of using ESI with the PETSc ESI objects.
One can use

-vec.type petscesi -esiec type<seq,mpk
-mattype petscesi -eshat type <seqaij,mpiaij,. >
-pc_type petscesi -egc_type<lu,ilu,...>

110


manualpages/Vec/VecESISetType.html##VecESISetType
manualpages/Vec/Vec.html##Vec
manualpages/Mat/Mat.html##Mat
manualpages/PC/PCESISetType.html##PCESISetType
manualpages/PC/PC.html##PC
manualpages/IS/IS.html##IS

Chapter 11

PETSc for Fortran Users

Most of the functionality of PETSc can be obtained by people who program purely in Fortran 77 or Fortran
90. The PETSc Fortran interface works with both F77 and FOO compilers. Since Fortran77 does not pro-
vide type checking of routine input/output parameters, we find that many errors encountered within PETSc
Fortran programs result from accidentally using incorrect calling sequences. Such mistakes are immediately
detected during compilation when using C/C++. Thus, using a mixture of C/C++ and Fortran often works
well for programmers who wish to employ Fortran for the core numerical routines within their applications.

In particular, one can effectively write PETSc driver routines in C/C++, thereby preserving flexibility within
the program, and still use Fortran when desired for underlying numerical computations.

11.1 Differences between PETSc Interfaces for C and Fortran

Only a few differences exist between the C and Fortran PETSc interfaces, all of which are due to Fortran
77 syntax limitations. Since PETSc is primarily written in C, the FORTRAN 90 dynamic allocation is not
easily accessible. All Fortran routines have the same names as the corresponding C versions, and PETSc
command line options are fully supported. The routine arguments follow the usual Fortran conventions; the
user need not worry about passing pointers or values. The calling sequences for the Fortran version are in
most cases identical to the C version, except for the error checking variable discussed in Bettizand

a few routines listed in Sectiahl.1.10

11.1.1 Include Files

The Fortran include files for PETSc are located in the direcBETSC_DIR}/include/finclude
and should be used via statements such as the following:

#include "include/finclude/includefile.h”

Since one must be very careful to include each file no more than once in a Fortran routine, application
programmers must manually include each file needed for the various PETSc libraries within their program.
This approach differs from the PETSc C/C++ interface, where the user need only include the highest level
file, for example, petscsnes.h , which then automatically includes all of the required lower level files.

As shown in the examples of Sectiaf.2, in Fortran one must explicitly listachof the include files. One

must employ the Fortran file suffi rather thanf . This convention enables use of the CPP preprocessor,
which allows the use of th#includestatements that define PETSc objects and variables. (Familarity with
the CPP preprocessor is not needed for writing PETSc Fortran code; one can simply begin by copying a
PETSc Fortran example and its corresponding makefile.)
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11.1.2 Error Checking

In the Fortran version, each PETSc routine has as its final argument an integer error variable, in contrast
to the C convention of providing the error variable as the routine’s return value. The error code is set to
be nonzero if an error has been detected; otherwise, it is zero. For example, the Fortran and C variants of
BLESSoIve () are given, respectively, below, wheegr  denotes the error variable:

callELESSolve |([ELES]| sleslVec] bVec] x,int its,int ierr)

BLESSolve |(éLESi sleslyec|b)Vec|x,int *its);

Fortran programmers can check these error codes @KERRQ(ierr) , which terminates all process
when an error is encountered. Likewise, one can set error codes within Fortran programs dyRiEhg
RRQ(ierr,p,” ) , which again terminates all processes upon detection of an error. Note that complete
error tracebacks witCHKERRQ()and SETERRQ(), as described in Sectiah4 for C routines, araot

directly supported for Fortran routines; however, Fortran programmers can easily use the error codes in
writing their own tracebacks. For example, one could use code such as the following:

call SLESSolve [(sles,x,y,ierr)

if (ierr .ne. 0) then
print*, "Error in routine ...’
return

endif

The most common reason for crashing PETSc Fortran code is forgetting thiefialargument.

11.1.3 Array Arguments

Since Fortran 77 does not allow arrays to be returned in routine arguments, all PETSc routines that return
arrays, such ggecGetArray (), MaiGetArray (), [SGetndices (), andDAGeIGIoballndices ]

() are defined slightly differently in Fortran than in C. Instead of returning the array itself, these routines
accept as input a user-specified array of dimension one and return an integer index to the actual array used
for data storage within PETSc. The Fortran interface for several routines is as follows:

double precision x¥(1), aav(1l)
integer ssv(1), dd.v(1), ierr, nloc
PetscOffset s§ xx_i, aal, dd_i
\ec | X

Mat | A

S|s
2F
callVecGetArray  [(X,XX_v,XX_i,ierr)
callMatGetArray |(A,aav,aal,ierr)

call|SGetlndices  |(s,ssv,ssi,ierr)
call DAGetGloballndices __|(d,nloc,ddv,dd.i,ierr)

To access array elements directly, both the user-specified array and the integemumtéxen be used
together. For example, the following Fortran program fragment illustrates directly setting the values of a
vector array instead of usingvecSetValues() . Note the (optional) use of the preprocessdefine
statement to enable array manipulations in the conventional Fortran manner.

#define xxa(ib) xx.v(xx_i + (ib))
double precision x¥(1)
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PetscOffset xx
integer i, ierr, n
ec|x
call VecGetArray  |(X,XX_Vv,XX_i,ierr)
callVecGetlLocalSize  |(x,n,ierr)
do 10, i=1,n
xxa(i)=3*+1
10 continue
call VecRestoreArray  [(X,xx_v,xx_i,ierr)

Figure 15 contains an example of usifgecGetAray __|() within a Fortran routine. Since in this case

the array is accessed directly from Fortran, indexing begins with 1, not O (unless the array is declared as
xx_v(0:1) ). This is different from the use ¢fecseivaiues () where, indexing always starts with 0.

Note If using VecGetAmay (), MaiGetAray (), [SGeindices (), or DAGeIGIlobalndices ]

() from Fortran, the usamust notcompile the Fortran code with options to check for “array entries out of
bounds” (e.g., on the IBM RS/6000 this is done with k& compiler option, so never use th€ option

with this).

11.1.4 Calling Fortran Routines from C (and C Routines from Fortran)

Different machines have different methods of naming Fortran routines called from C (or C routines called
from Fortran). Most Fortran compilers change all the capital letters in Fortran routines to small. On some
machines, the Fortran compiler appends an underscore to the end of each Fortran routine name; for example,
the Fortran routindabsc() would be called from C wittdabsc_() . Other machines change all the
letters in Fortran routine names to capitals.

PETSc provides two macros (defined in C/C++) to help write portable code that mixes C/C++ and For-
tran. They arePETSC_HAVE_FORTRAN_UNDERSC@RIPETSC_HAVE_FORTRAN_CAP®hich
are defined in the fil&{PETSC_DIR}/bmake/${PETSC_ARCH}/petscconf.h . The macros are
used, for example, as follows:

#if defined(PETSCHAVE _FORTRAN.CAPS)

#define dabscDABSC

#elif !defined(PETSCHAVE _FORTRAN.UNDERSCORE)
#define dabscdabsc

#endif

dabsc(&n,x,y); /* call the Fortran function */

11.1.5 Passing Null Pointers

In several PETSc C functions, one has the option of passing a 0 (null) argument (for example, the fifth
argument ofiaiCreaiesedAld___J()). From Fortran, usermustpassPETSC_NULL_XXXo indicate

a null argument (where XXX iSNTEGER DOUBLE CHARACTERor SCALARdepending on the type

of argument required); passing 0 from Fortran will crash the code. Note that the C convention of passing
PETSC_NULLor 0)cannotbe used. For example, when no options prefix is desired in the reEize
ptionsGett_](), one must use the following command in Fortran:

call PetscOptionsGetlnt |(PETSCNULL _CHARACTER,-name’,Nflg,ierr)

This Fortran requirement is inconsistent with C, where the user can erREdBC_NULLfor all null
arguments.

113


manualpages/Vec/Vec.html##Vec
manualpages/Vec/VecGetArray.html##VecGetArray
manualpages/Vec/VecGetLocalSize.html##VecGetLocalSize
manualpages/Vec/VecRestoreArray.html##VecRestoreArray
manualpages/Vec/VecGetArray.html##VecGetArray
manualpages/Vec/VecSetValues.html##VecSetValues
manualpages/Vec/VecGetArray.html##VecGetArray
manualpages/Mat/MatGetArray.html##MatGetArray
manualpages/IS/ISGetIndices.html##ISGetIndices
manualpages/DA/DAGetGlobalIndices.html##DAGetGlobalIndices
manualpages/DA/DAGetGlobalIndices.html##DAGetGlobalIndices
manualpages/Mat/MatCreateSeqAIJ.html##MatCreateSeqAIJ
manualpages/Sys/PetscOptionsGetInt.html##PetscOptionsGetInt
manualpages/Sys/PetscOptionsGetInt.html##PetscOptionsGetInt
manualpages/Sys/PetscOptionsGetInt.html##PetscOptionsGetInt

11.1.6 Duplicating Multiple Vectors

The Fortran interface f@ecDuplicatevecs () differs slightly from the C/C++ variant because Fortran
does not allow arrays to be returned in routine arguments. To cneagetors of the same format as an
existing vector, the user must declare a vector aayew of Eize_]n. Then, aftefZecDuplicatevecs ]

() has been called,_new will contain (pointers to) the new PETSc vector objects. When finished with the
vectors, the user should destroy them by calfif@DesiroyvVecs (). For example, the following code
fragment duplicateg_old to form two new vectorsy_new(1l) andv_new(2) .

v_old, v.new(2)

integer ierr
PetscScalar  |alpha

call VecDuplicateVecs  |(v_old,2,v.new,ierr)
alpha=4.3

callVecSet |(alpha,vnew(1),ierr)
alpha=6.0

callVecSet |(alpha,vnew(2),ierr)

call VecDestroyVecs |(v_new,2,ierr)

11.1.7 Matrix and Vector Indices

All matrices and vectors in PETSc use zero-based indexing, regardless of whether C or Fortran is being used.
The interface routines, suchE&isetvalues () andVecseivaiues (), always use zero indexing. See
Section3.2for further details.

11.1.8 Setting Routines

When a routine is set from within a Fortran program by a routine sufsa@seiconvergencelest (),
that routine is assumed to be a Fortran routine. Likewise, when a routine is set from within a C program,
that routine is assumed to be written in C.

11.1.9 Compiling and Linking Fortran Programs

Figure21 shows a sample makefile that can be used for PETSc programs. In this makefile, one can compile
and run a debugging version of the Fortran proget®.F with the actionsnake BOPT=g ex3andmake
runex3 , respectively. The compilation command is restated below:

ex3: ex3.0
-${FLINKER} -0 ex3 ex3.0 $SPETSEORTRANLIB $PETSCLIB
${RM} ex3.0

Note that the PETSc Fortran interface library, giver$SBi)ETSC_FORTRAN_LIB}, mustprecede the base
PETSc libraries, given b${PETSC_LIB} , on the link line.

11.1.10 Routines with Different Fortran Interfaces

The following Fortran routines differ slightly from their C counterparts; see the manual pages and previous
discussion in this chapter for details:
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Eetsclnitialize |(char *filename,interr)
etscError  [(int err,char *message,iierr)

VecGetArray |(), MatGetArray |()
W\o, AGetGloballndices  |()
VecDuplicateVecs (), MecDestroyVecs  |()
PetscOptionsGetstring 0

The following functions are not supported in Fortran:

etscFClose |(), PetscFOpen |(), PetscFPrintf (), PetscPrintf ()
etscPopErrorHandler  |(), PetscPushErrorHandler  |()
etscLoginfo  |()

etscSetDebugger ()

ecGetArrays |[(), MecRestoreArrays  |()

etscViewerASCIIGetPointer (), PetscViewerBinaryGetDescriptor [0
etscViewerStringOpen [), PetscViewerStringSPrintf [0
etscOptionsGetStringArray (6)

11.1.11 Fortran90

PETSc includes limited support for direct use of Fortran90 pointers. Current routines include:

VecGetArrayF90 J(),NecRestorgArrayF% _|()
VecDuplicateVecsF90 (), ecDestroyVecsF90 ()
DAGetGloballndicesF90 0
MatGetArrayF90 _|(), MatRestoreArrayF90 ()
SGetindicesF90 _ |(), [SRestorelndicesF90 [0

See the manual pages for details and pointers to example programs. To use the fEHRAES TayrJ0_ |
(), VecResIoreArray () VecDuplicaievVecsFI0 (), andVecDesiroyvecsFIo (), one must
use the Fortran90 vector include file,

#include "include/finclude/petscvec.h90”

Analogous include files for other libraries gpetscda.h90 , petscmat.h90 , andpetscis.h90
Unfortunately, these routines currently work only on certain machines with certain compilers. They cur-
rently work with the SGI, Solaris, the Cray T3E, the IBM and the NAG Fortran 90 compiler.

11.2 Sample Fortran77 Programs

Sample programs that illustrate the PETSc interface for Fortran are given in Figure$7, corresponding

to ${PETSC_DIR}/src/vec/examples/tests/ex19.F , ${PETSC_DIR}/src/vec/examples/
tutorials/ex4f.F ,
${PETSC_DIR}/src/draw/examples/tests/ex5.F , and${PETSC_DIR}/src/snes/examples/

ex1f.F , respectively. We also refer Fortran programmers to the C examples listed throughout the manual,
since PETSc usage within the two languages differs only slightly.

!
! "$Id: ex19.F,v 1.38 2001/08/10 03:08:33 balay Exp $";
!
program main
#include "include/finclude/petsc.h"
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#include "include/finclude/petscvec.h"

!

I This example demonstrates basic use of the PETSc Fortran interface
I to vectors.
!

integer n,ierr,flg
PetscScalar one,two,three,dot
PetscReal norm,rdot

Vec XY, W

n = 20

one =10

two =20

three = 3.0

call Petsclnitialize(PETSC_NULL_ CHARACTER,ierr)
call PetscOptionsGetint(PETSC_NULL CHARACTER,’-n’,n,flg,ierr)

I Create a vector, then duplicate it
call VecCreate(PETSC_COMM_WORLD,x,ierr)
call VecSetSizes(x,PETSC_DECIDE,n,ierr)
call VecSetFromOptions(x,ierr)
call VecDuplicate(x,y,ierr)
call VecDuplicate(x,w,ierr)

call VecSet(one,x,ierr)
call VecSet(two,y,ierr)

call VecDot(x,y,dot,ierr)
rdot = PetscRealPart(dot)
write(6,100) rdot
100 format('Result of inner product ’,f10.4)

call VecScale(two,x,ierr)
call VecNorm(x,NORM_2,norm,ierr)
write(6,110) norm

110 format('Result of scaling ',f10.4)

call VecCopy(x,w,ierr)
call VecNorm(w,NORM_2,normiierr)
write(6,120) norm

120 format('Result of copy ’,f10.4)

call VecAXPY (three,x,y,ierr)
call VecNorm(y,NORM_2,norm,ierr)
write(6,130) norm

130 format(’Result of axpy ’,f10.4)

call VecDestroy(x,ierr)
call VecDestroy(y,ierr)
call VecDestroy(w,ierr)
call PetscFinalize(ierr)
end
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Figure 14: Sample Fortran Program: Using PETSc Vectors

"$Id: ex4f.F,v 1.28 2001/08/07 03:02:34 balay Exp $";

Description: lllustrates the use of VecSetValues() to set
multiple values at once; demonstrates VecGetArray().

! Concepts: vectors"assembling;
! Concepts: vectors™arrays of vectors;
! Processors: 1

program main
implicit none

The following include statements are required for Fortran programs
that use PETSc vectors:

petsc.h - base PETSc routines

petscvec.h - vectors

#include "include/finclude/petsc.h"
#include "include/finclude/petscvec.h”

! Macro definitions
| o e o e o e o e o e m e m m e e e e e e e e e e e e e e e e e

Macros to make clearer the process of setting values in vectors and
getting values from vectors.

- The element xx_a(ib) is element ib+1 in the vector x

- Here we add 1 to the base array index to facilitate the use of

!
!
!
!
!
!
! conventional Fortran 1-based array indexing.
|

#define xx_a(ib) xx_v(xx_i + (ib))
#define yy a(ib) yy v(yy_i + (ib))

PetscScalar xwork(6)
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PetscScalar xx_v(1),yy_v(1)

integer i,n,ierr,loc(6)
PetscOffset xx_i,yy i
Vec X,y

call Petsclnitialize(PETSC_NULL_CHARACTER,ierr)
n==~o6

Create initial vector and duplicate it

call VecCreateSeq(PETSC_COMM_SELF,n,x,ierr)
call VecDuplicate(x,y,ierr)

Fill work arrays with vector entries and locations. Note that
the vector indices are 0-based in PETSc (for both Fortran and
C vectors)

do 10 i=1,n
loc(i) = i-1
xwork(i) = 10.0%
10 continue

Set vector values. Note that we set multiple entries at once.
Of course, usually one would create a work array that is the
natural size for a particular problem (not one that is as long
as the full vector).

call VecSetValues(x,6,loc,xwork,INSERT_VALUES,ierr)
Assemble vector

call VecAssemblyBegin(x,ierr)
call VecAssemblyEnd(x,ierr)

View vector

write(6,20)

20  format(initial vector:’)
call VecView(x,PETSC_VIEWER_STDOUT_SELF,ierr)
call VecCopy(x,y,ierr)

Get a pointer to vector data.
- For default PETSc vectors, VecGetArray() returns a pointer to
the data array. Otherwise, the routine is implementation dependent.
- You MUST call VecRestoreArray() when you no longer need access to
the array.
- Note that the Fortran interface to VecGetArray() differs from the
C version. See the users manual for details.

call VecGetArray(x,xx_v,Xx_i,ierr)
call VecGetArray(y,yy_v,yy_i,ierr)

Modify vector data

do 30 i=1,n
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30

xx_a(i) = 100.0%
yy_a(i) = 1000.0%i
continue

Restore vectors

View

40

50

Free

call VecRestoreArray(x,XX_V,XX_i,ierr)
call VecRestoreArray(y,yy_v,yy_i,ierr)

vectors
write(6,40)

format('new vector 1:)
call VecView(x,PETSC_VIEWER_STDOUT_SELF,ierr)

write(6,50)
format('new vector 2:")
call VecView(y,PETSC_VIEWER_STDOUT_SELF,ierr)

work space. All PETSc objects should be destroyed when they

are no longer needed.

call VecDestroy(x,ierr)
call VecDestroy(y,ierr)
call PetscFinalize(ierr)
end

Figure 15: Sample Fortran Program: Using VecSetValues() and VecGetArray()

"$ld: ex5.F,v 1.29 2001/08/07 03:01:54 balay Exp $";

program main

#include "include/finclude/petsc.h"
#include "include/finclude/petscdraw.h”

This

example demonstrates basic use of the Fortran interface for

PetscDraw routines.

PetscDraw draw

PetscDrawlLG Ig

PetscDrawAxis axis

integer n,i,ierr,x,y,width,height,flg
PetscScalar xd,yd

call Petsclinitialize(PETSC_NULL_CHARACTER,ierr)

119



call
&

call
&

call

PetscOptionsGetIint(PETSC_NULL_CHARACTER, -width’,width, &
flg,ierr)

PetscOptionsGetInt(PETSC_NULL_CHARACTER,-height’,height, &
flg,ierr)

PetscOptionsGetIint(PETSC_NULL_CHARACTER,-n’,n,flg,ierr)

! call PetscDrawOpenX(PETSC_COMM_SELF,PETSC_NULL_CHARACTER,

call
&
call

call

call

call
&

call
&

PETSC_NULL_CHARACTER,x,y,width,height,draw,ierr)
PetscDrawCreate(PETSC_COMM_SELF,PETSC_NULL_CHARACTER,
PETSC_NULL_CHARACTER,x,y,width,height,draw,ierr)
PetscDrawSetType(draw,PETSC_DRAW_ X,ierr)

PetscDrawLGCreate(draw,1,lg,ierr)
PetscDrawLGGetAxis(lg,axis,ierr)
PetscDrawAxisSetColors(axis,PETSC_DRAW_BLACK,PETSC_DRAW_RED, &
PETSC_DRAW_BLUE,ierr)
PetscDrawAxisSetLabels(axis, toplabel’,'xlabel’,'ylabel’, &
ierr)

do 10, i=0,n-1
xd =i - 5.0
yd = xd*xd
call PetscDrawLGAddPoint(lg,xd,yd,ierr)
10 continue

call
call
call

call

call
call
call
end

PetscDrawLGlIndicateDataPoints(lg,ierr)
PetscDrawLGDraw(lg,ierr)
PetscDrawFlush(draw,ierr)

PetscSleep(10,ierr)
PetscDrawLGDestroy(lg,ierr)

PetscDrawDestroy(draw,ierr)
PetscFinalize(ierr)

Figure 16: Sample Fortran Program: Using PETSc PetscDraw Routines

"$Id: ex1f.F,v 1.33 2001/08/07 03:04:16 balay Exp $";

Description: Uses the Newton method to solve a two-variable system.

I Concepts: SNES basic uniprocessor example
I Processors: 1

I
!
!

program main
implicit none
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The following include statements are generally used in SNES Fortran
programs:

petsc.h - base PETSc routines
petscvec.h - vectors

petscmat.h - matrices

petscksp.h - Krylov subspace methods
petscsles.h - SLES interface
petscsnes.h - SNES interface

|

I

I

I

|

|

I

! petscpc.h - preconditioners
I

]

I Other include statements may be needed if using additional PETSc
I routines in a Fortran program, e.g.,
! petscviewer.h - viewers

! petscis.h - index sets

I

#include "include/finclude/petsc.h"
#include "include/finclude/petscvec.h"
#include "include/finclude/petscmat.h"
#include "include/finclude/petscksp.h”
#include "include/finclude/petscpc.h”
#include "include/finclude/petscsles.h"
#include "include/finclude/petscsnes.h"

I
I Variables:
! snes - nonlinear solver
! sles - linear solver
! pc - preconditioner context
! ksp - Krylov subspace method context
! X, r - solution, residual vectors
! J - Jacobian matrix
! its - iterations for convergence
|
SNES snes
SLES sles
PC pc
KSP ksp
Vec X,r
Mat J

integer ierr,its,size,rank
PetscScalar pfive
double precision tol
PetscTruth setls
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I Note: Any user-defined Fortran routines (such as FormJacobian)
I MUST be declared as external.

external FormFunction, FormJacobian, MyLineSearch

|
I Macros to make clearer the process of setting values in vectors and
I getting values from vectors. These vectors are used in the routines
I FormFunction() and FormJacobian().
! - The element Ix_a(ib) is element ib in the vector x
|

#define Ix_a(ib) Ix_v(x_i + (ib))
#define If a(ib) If v(f i + (ib))
|

call Petsclnitialize(PETSC_NULL_ CHARACTER,ierr)
call MPI_Comm_size(PETSC_COMM_WORLD,size,ierr)
call MPI_Comm_rank(PETSC_COMM_WORLD,rank,ierr)
if (size .ne. 1) then

if (rank .eq. 0) then

write(6,*) 'This is a uniprocessor example only!

endif

SETERRQ(1, ’,ierr)
endif

I Create vectors for solution and nonlinear function

call VecCreateSeq(PETSC_COMM_SELF,2,x,ierr)
call VecDuplicate(x,r,ierr)

I Create Jacobian matrix data structure

call MatCreate(PETSC_COMM_SELF,PETSC_DECIDE,PETSC_DECIDE,2,2,J, &
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& ierr)
call MatSetFromOptions(J,ierr)

Set function evaluation routine and vector
call SNESSetFunction(snes,r,FormFunction,PETSC_NULL_OBJECT ierr)
Set Jacobian matrix data structure and Jacobian evaluation routine

call SNESSetJacobian(snes,J,J,FormJacobian,PETSC_NULL_ OBJECT, &
& ierr)

Set linear solver defaults for this problem. By extracting the
SLES, KSP, and PC contexts from the SNES context, we can then
directly call any SLES, KSP, and PC routines to set various options.

call SNESGetSLES(snes,sles,ierr)
call SLESGetKSP(sles,ksp,ierr)
call SLESGetPC(sles,pc,ierr)

call PCSetType(pc,PCNONE,ierr)

tol = l.e-4
call KSPSetTolerances(ksp,tol,PETSC_DEFAULT_DOUBLE_PRECISION, &
& PETSC_DEFAULT_DOUBLE_PRECISION,20,ierr)

Set SNES/SLES/KSP/PC runtime options, e.g.,

-snes_view -snes_monitor -ksp_type <ksp> -pc_type <pc>
These options will override those specified above as long as
SNESSetFromOptions() is called _after_ any other customization
routines.

call SNESSetFromOptions(snes,ierr)
call PetscOptionsHasName(PETSC_NULL_CHARACTER, -setls’,setls,ierr)
if (setls .eq. PETSC_TRUE) then
call SNESSetLineSearch(snes,MyLineSearch, &

& PETSC_NULL_OBJECT,ierr)
endif

Note: The user should initialize the vector, X, with the initial guess
for the nonlinear solver prior to calling SNESSolve(). In particular,
to employ an initial guess of zero, the user should explicitly set
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I this vector to zero by calling VecSet().

pfive = 0.5
call VecSet(pfive,x,ierr)
call SNESSolve(snes,x,its,ierr)
if (rank .eq. 0) then
write(6,100) its
endif
100 format('Number of Newton iterations = ',i5)

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

call VecDestroy(x,ierr)

call VecDestroy(r,ierr)

call MatDestroy(J,ierr)

call SNESDestroy(snes,ierr)
call PetscFinalize(ierr)

end

FormFunction - Evaluates nonlinear function, F(x).

Input Parameters:

snes - the SNES context

X - input vector

dummy - optional user-defined context (not used here)

Output Parameter:
f - function vector

subroutine FormFunction(snes,x,f,dummy,ierr)
implicit none

#include "include/finclude/petsc.h"
#include "include/finclude/petscvec.h"
#include "include/finclude/petscsnes.h”

SNES snes
Vec X,f
integer ierr,dummy(*)

I Declarations for use with local arrays

PetscScalar  Ix_v(1),If_v(1)
PetscOffset  Ix_i,If_i

I Get pointers to vector data.

! - For default PETSc vectors, VecGetArray() returns a pointer to

! the data array. Otherwise, the routine is implementation dependent.

! - You MUST call VecRestoreArray() when you no longer need access to
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! the array.
! - Note that the Fortran interface to VecGetArray() differs from the
! C version. See the Fortran chapter of the users manual for details.

call VecGetArray(x,Ix_v,Ix_i,ierr)
call VecGetArray(f,If_v,If_i,ierr)

I Compute function

If_a(l) = Ix_a(l)*Ix_a(l)
& + Ix_a(l)*Ix_a(2) - 3.0
If_a(2) = Ix_a(d)*Ix_a(2)
& + Ix_a(2)*Ix_a(2) - 6.0

I Restore vectors

call VecRestoreArray(x,Ix_v,Ix_i,ierr)
call VecRestoreArray(f,If_v,If_i,ierr)

return
end

FormJacobian - Evaluates Jacobian matrix.

Input Parameters:

snes - the SNES context

X - input vector

dummy - optional user-defined context (not used here)

Output Parameters:

A - Jacobian matrix

B - optionally different preconditioning matrix
flag - flag indicating matrix structure

subroutine FormJacobian(snes,X,jac,B,flag,dummy,ierr)
implicit none

#include "include/finclude/petsc.h"
#include "include/finclude/petscvec.h”
#include "include/finclude/petscmat.h"
#include "include/finclude/petscpc.h”
#include "include/finclude/petscsnes.h"

SNES shes
Vec X
Mat jac,B

MatStructure flag

PetscScalar A(4)

integer ierr,idx(2),dummy(*)
I Declarations for use with local arrays

PetscScalar Ix_v(1)
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PetscOffset Ix_i
I Get pointer to vector data
call VecGetArray(x,Ix_v,Ix_i,ierr)

Compute Jacobian entries and insert into matrix.

- Since this is such a small problem, we set all entries for
the matrix at once.

- Note that MatSetValues() uses 0-based row and column numbers
in Fortran as well as in C (as set here in the array idx).

idx(1) = 0

idx(2) = 1

A(l) = 2.0*Ix_a(l) + Ix_a(?)
A(2) = Ix_a(1)

AR) = Ix_a(2)

A(4) = Ix_a(l) + 2.0*Ix_a(2)

call MatSetValues(jac,2,idx,2,idx,A,INSERT_VALUES,ierr)
flag = SAME_NONZERO_PATTERN

I Restore vector
call VecRestoreArray(x,Ix_v,Ix_i,ierr)
I Assemble matrix

call MatAssemblyBegin(jac,MAT_FINAL_ASSEMBLY ierr)
call MatAssemblyEnd(jac,MAT_FINAL_ASSEMBLY ierr)

return
end

subroutine MyLineSearch(snes,lctx,x,f,g,y,w,fnorm,ynorm,gnorm,
& flag,ierr)

#include "include/finclude/petsc.h"

#include "include/finclude/petscvec.h"

#include "include/finclude/petscmat.h"

#include "include/finclude/petscksp.h"

#include "include/finclude/petscpc.h”

#include "include/finclude/petscsles.h"

#include "include/finclude/petscsnes.h"

SNES snes

integer Ictx

Vec x, .0, vy, w
double precision fnorm,ynorm,gnorm
integer flag,ierr
PetscScalar mone

mone = -1.0d0
flag = 0
call VecNorm(y,NORM_2,ynormiierr)
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call VecAYPX(mone,x,y,ierr)

call SNESComputeFunction(snes,y,g,ierr)
call VecNorm(g,NORM_2,gnormiierr)
return

end

Figure 17: Sample Fortran Program: Using PETSc Nonlinear Solvers
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Part Il

Additional Information
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Chapter 12

Profiling

PETSc includes a consistent, lightweight scheme to allow the profiling of application programs. The PETSc
routines automatically log performance data if certain options are specified at runtime. The user can also
log information about application codes for a complete picture of performance. In addition, as described
in Section12.1.], PETSc provides a mechanism for printing informative messages about computations.
Section12.lintroduces the various profiling options in PETSc, while the remainder of the chapter focuses
on details such as monitoring application codes and tips for accurate profiling.

12.1 Basic Profiling Information

If an application code and the PETSc libraries have been compiled wittDlRETSC_USE_LOGlag
(which is the default for all versions), then various kinds of profiling of code between callBétscl
nitialize() andPeiscEinalize O can be activated at runtime. Note that the #BPETSC_US
E_LOGcan be specified for an installation of PETSc in the filfPETSC_DIR}bmake/${PETSC _
ARCH}/variables |, as discussed in Sectid®.2 The profiling options include the following:

e -log_summary - Prints an ASCII version of performance data at program’s conclusion. These
statistics are comprehensive and concise and require little overhead:ldgussummary is in-
tended as the primary means of monitoring the performance of PETSc codes.

e -log info - Prints verbose information about code to the screen. This option provides details about
algorithms, data structures, etc. Since the overhead of printing such output slows a code, this option
should not be used when evaluating a program’s performance.

e -log_trace [lodfile] - Traces the beginning and ending of all PETSc events. This option,
which can be used in conjunction wittog_info  , is useful to see where a program is hanging
without running in the debugger.

As discussed in Sectiat®.1.3 additional profilng can be done with MPE.

12.1.1 Interpreting-log _summary Output: The Basics

As shown in Figuré (in Part 1), the option -log_summary activates printing of profile data to standard
output at the conclusion of a program. Profiling data can also be printed at any time within a program by
calling PetscLogPrintSummary() . We print performance data for each routine, organized by PETSc
libraries, followed by any user-defined events (discussed in Setfidh For each routine, the output data
include the maximum time and floating point operation (flop) rate over all processors. Information about
parallel performance is also included, as discussed in the following section. For the purpose of PETSc
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floating point operation counting, we define diap as one operation of any of the following types: mul-
tiplication, division, addition, or subtraction. For example, giEEAXPY]() operation, which computes

y = ax + y for vectors of lengthV, require2 NV flops (consisting ofV additions andV multiplications).

Bear in mind that flop rates present only a limited view of performance, since memory loads and stores are
the real performance barrier. For simplicity, the remainder of this discussion focuses on interpreting profile
data for thgSCES] library, which provides the linear solvers at the heart of the PETSc package. Recall the
hierarchical organization of the PETSc library, as shown in FiguigachSLCES] solver is composed of a

PQ (preconditioner) and (Krylov subspace) part, which are in turn built on top of (matrix)
andVec] (vector) modules. Thus, operations in fBEES] module are composed of lower-level operations

in these packages. Note also that the nonlinear solvers lifgaryg, is build on top of thgSCES] module,

and the timestepping librarff,S], is in turn built on top ofSNEY. We briefly discuss interpretation of the
sample output in Figuré, which was generated by solving a linear system on one processor using restarted
GMRES and ILU preconditioning. The linear solvergg9RES] consist of two basic phasSLESSetun|

() andBLESS0IvVe (), each of which consists of a variety of actions, depending on the particular solution
technique. For the case of using the PCILU preconditioner and KSPGMRES Krylov subspace method, the
breakdown of PETSc routines is listed below. As indicated by the levels of indentation, the operations in

BLESSeUp]() include all of the operations withifCSetup](), which in turn includgvialiCUFacior |
(), and so on.

o SLESSetUp |- Set up linear solver
e PCSetUp| - Set up preconditioner

e MatlLUFactor |- Factor preconditioning matrix
e MatlLUFactorSymbolic [ - Symbolic factorization phase
e MatLUFactorNumeric |- Numeric factorization phase
e SLESSolve |- Solve linear system
° - Apply preconditioner
. - Forward/backward triangular solves

¢ KSPGMRESOrthog - Orthogonalization in GMRES
e \VecDot | orVecMDot |- Inner products

[MiatMult |- Matrix-vector product
[MatMultAdd |- Matrix-vector product + vector addition

eVecScale |, MecNorm|, MecAXPY] VecCopy |, ...

The summaries printed vidog_summary reflect this routine hierarchy. For example, the performance
summaries for a particular high-level routine sucgagSsolve |include all of the operations accumulated
in the lower-level components that make up the routine.

Admittedly, we do not currently present the output witHog_summary so that the hierarchy of
PETSc operations is completely clear, primarily because we have not determined a clean and uniform way to
do so throughout the library. Improvements may follow. However, for a particular problem, the user should
generally have an idea of the basic operations that are required for its implementation (e.g., which operations
are performed when using GMRES and ILU, as described above), so that interpretitogtreimmary
data should be relatively straightforward.

12.1.2 Interpreting-log _summary Output: Parallel Performance

We next discuss performance summaries for parallel programs, as shown within Hi§ares 19, which

present the combined output generated by-thg summary option. The program that generated this

data is{PETSC_DIR}/src/sles/examples/ex21.c . The code loads a matrix and right-hand-side
vector from a binary file and then solves the resulting linear system; the program then repeats this process
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mpirun ex21 -f0 medium -f1 arco6 -ksp_gmres_unmodifiedgramschmidt -log_summary -mat_mpibaij \
-matload_block_size 3 -pc_type bjacobi -options_left

Number of iterations = 19
Residual norm = 7.7643e-05
Number of iterations = 55

Residual norm = 6.3633e-01

PETSc Performance Summary:
ex21 on a rs6000 named p039 with 4 processors, by mcinnes Wed Jul 24 16:30:22 1996
Max Min Avg Total

Time (sec): 3.289e+01 1.0 3.288e+01

Objects: 1.130e+02 1.0 1.130e+02

Flops: 2.195e+08 1.0 2.187e+08 8.749e+08

Flops/sec: 6.673e+06 1.0 2.660e+07

MPI Messages: 2.205e+02 14 1.928e+02 7.710e+02

MPI Message Lengths: 7.862e+06 25 5.098e+06  2.039e+07

MPI Reductions: 1.850e+02 1.0

Summary of Stages: ---- Time ------ ----- Flops ------- - Messages -- -- Message-lengths -- Reductions -

Avg %Total Avg %Total counts  %Total avg %Total  counts %Total

0: Load System 0: 1.191e+00 3.6% 3.980e+06  0.5% 3.80e+01 4.9% 6.102e+04  0.3% 1.80e+01  9.7%
1: SLESSetup 0: 6.328e-01 2.5% 1.479e+04  0.0% 0.00e+00 0.0% 0.000e+00  0.0% 0.00e+00  0.0%
2: SLESSolve 0: 2.269e-01 0.9% 1.340e+06  0.0% 1.52e+02  19.7% 9.405e+03  0.0% 3.90e+01 21.1%
3: Load System 1: 2.680e+01 107.3% 0.000e+00  0.0% 2.10e+01 2.7% 1.799e+07 88.2% 1.60e+01  8.6%
4: SLESSetup 1: 1.867e-01 0.7% 1.088e+08  2.3% 0.00e+00 0.0% 0.000e+00  0.0% 0.00e+00  0.0%
5: SLESSolve 1: 3.831e+00  15.3% 2.217e+08 97.1% 5.60e+02  72.6% 2.333e+06 11.4% 1.12e+02 60.5%

.... [Summary of various phases, see part Il below] ...

Memory usage is given in bytes:

Object Type Creations Destructions Memory Descendants’ Mem.
Viewer 5 5 0 0

Index set 10 10 127076 0

Vector 76 76 9152040 0

Vector Scatter 2 2 106220 0

Matrix 8 8 9611488 5.59773e+06
Krylov Solver 4 4 33960 7.5966e+06
Preconditioner 4 4 16 9.49114e+06
SLES 4 4 0 1.71217e+07

Figure 18: Profiling a PETSc Program: Part | - Overall Summary

for a second linear system. This particular case was run on four processors of an IBM SP, using restarted
GMRES and the block Jacobi preconditioner, where each block was solved with ILU. Eigpresents an

overall performance summary, including times, floating-point operations, computational rates, and message-
passing activity (such as the number of messages sent and collective operations). Summaries for
various user-defined stages of monitoring (as discussed in Sé&i@nare also given. Information about

the various phases of computation then follow (as shown separately here in E{yuFénally, a summary

of memory usage and object creation and destruction is presented. We next focus on the summaries for the
various phases of the computation, as given in the table within FiireThe summary for each phase
presents the maximum times and flop rates over all processors, as well as the ratio of maximum to minimum
times and flop rates for all processors. A ratio of approximately 1 indicates that computations within a given
phase are well balanced among the processors; as the ratio increases, the balance becomes increasingly poor.
Also, the total computational rate (in units of MFlops/sec) is given for each phase in the final column of the
phase summary table.

Total Mflop/sec = 1075 x (sum of flops over all processors)/(max time over all processors)

Note Total computational rates 1 MFlop are listed as 0O in this column of the phase summary table. Ad-
ditional statistics for each phase include the total number of messages sent, the average message length,
and the number of global reductions. As discussed in the preceding section, the performance summaries for
higher-level PETSc routines include the statistics for the lower levels of which they are made up. For exam-
ple, the communication within matrix-vector produftsiviull_]() consists of vector scatter operations, as
given by the routineFecscatierBegin__|() and VecScatterEnd() . The final data presented are the
percentages of the various statistics (tin%T), flops/sec\eoF), messagesoM), average message length
(\%L), and reductions\%sR)) for each event relative to the total computation and to any user-defined stages
(discussed in Sectioh2.3. These statistics can aid in optimizing performance, since they indicate the sec-
tions of code that could benefit from various kinds of tuning. Chapsegives suggestions about achieving

good performance with PETSc codes.
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mpirun ex21 -f0 medium -f1 arco6 -ksp_gmres_unmodifiedgramschmidt -log_summary -mat_mpibaij \
-matload_block_size 3 -pc_type bjacobi -options_left

PETSc Performance Summary:
.... [Overall summary, see part I] ...

Phase summary info:

Count: number of times phase was executed

Time and Flops/sec: Max - maximum over all processors
Ratio - ratio of maximum to minimum over all processors
Mess: number of messages sent

Avg. len: average message length

Reduct: number of global reductions

Global: entire computation

Stage: optional user-defined stages of a computation. Set stages with PLogStagePush() and PLogStagePop().
%T - percent time in this phase %F - percent flops in this phase

%M - percent messages in this phase %L - percent message lengths in this phase

%R - percent reductions in this phase

Total Mflop/s: 10°6 * (sum of flops over all processors)/(max time over all processors)

Phase Count Time (sec) Flops/sec --- Global --- --- Stage --- Total
Max Ratio Max Ratio Mess Avg len Reduct %T %F %M %L %R %T %F %M %L %R Mflop/s

-- Event Stage 4: SLESSetUp 1

MatGetReordering 1 3.491e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 O 0 0 0 0 2 0 O 0 O 0
MatILUFctrSymbol 1 6.970e-03 1.2 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 0 O 0 O 0 3 0 O O O 0
MatLUFactorNumer 1 1.829e-01 1.1 3.2e+07 1.1 0.0e+00 0.0e+00 0.0e+00 1 2 0O O O 9099 0 0 O 110
SLESSetUp 2 1.989%-01 1.1 2.9e+07 1.1 0.0e+00 0.0e+00 0.0e+00 1 2 0O O O 9999 0 0 O 102
PCSetUp 2 1.952e-01 1.1 2.9e+07 1.1 0.0e+00 0.0e+00 0.0e+00 1 2 0O O O 9799 0 0 O 104
PCSetUpOnBlocks 1 1.930e-01 1.1 3.0e+07 1.1 0.0e+00 0.0e+00 0.0e+00 1 2 0O O O 9699 0 0 O 105
-- Event Stage 5: SLESSolve 1

MatMult 56 1.199e+00 1.1 5.3e+07 1.0 1.1e+03 4.2e+03 0.0e+00 5 28 99 23 0 30 28 99 99 O 201
MatSolve 57 1.263e+00 1.0 4.7e+07 1.0 0.0e+00 0.0e+00 0.0e+00 527 0 O 0 3328 0 O O 187
VecNorm 57 1.528e-01 1.3 2.7e+07 1.3 0.0e+00 0.0e+00 2.3e+02 1 1 0 0 31 3 1 0 0651 81
VecScale 57 3.347e-02 1.0 4.7e+07 1.0 0.0e+00 0.0e+00 0.0e+t0O0 0 1 0 0 O 1 1 0 O O 184
VecCopy 2 1.703e-03 1.1 0.0et00 0.0 0.0e+00 0.0e+00 0.0et0O0 0 0 0 0 0 0 O O O O 0
VecSet 3 2.098e-03 1.0 0.0e+t00 0.0 0.0e+00 0.0e+00 0.0et0O0 O 0 0 0 0 O O O O O 0
VecAXPY 3 3.247e-03 1.1 54e+07 1.1 0.0e+00 0.0e+00 0.0et0O0 0 0 0 O O O O O O O 200
VecMDot 55 5.216e-01 1.2 9.8e+07 1.2 0.0e+00 0.0e+00 2.2e+02 220 O 030 1220 O 049 327
VecMAXPY 57 6.997e-01 1.1 6.9e+07 1.1 0.0e+00 0.0e+00 0.0e+00 321 0 O O 1821 0 O O 261
VecScatterBegin 56 4.534e-02 1.8 0.0e+00 0.0 1.1e+03 4.2e+03 0.0e+00 0 0 99 23 0 1 09999 0 0
VecScatterEnd 56 2.095e-01 1.2 0.0e+00 0.0 0.0e+00 0.0e+00 0.0et0O0 1 0 0 0 0O 5 0 0 O O 0
SLESSolve 1 3.832e+00 1.0 5.6e+07 1.0 1.1e+03 4.2e+03 4.5e+02 15 97 99 23 61 99 99 99 99 99 222
KSPGMRESOrthog 55 1.177e+00 1.1 7.9e+07 1.1 0.0e+00 0.0e+00 2.2e+02 4 39 0 030 2940 O 049 290
PCSetUpOnBlocks 1 1.180e-05 1.1 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 0 O O O O 0 0 0 0 O 0
PCApply 57 1.267e+00 1.0 4.7e+07 1.0 0.0e+00 0.0e+00 0.0e+0O0 527 0O O O 3328 0 0 O 186

.... [Conclusion of overall summary, see part I] ...
Figure 19: Profiling a PETSc Program: Part Il - Phase Summaries

12.1.3 Usinglog _mpewith Upshot/Jumpshot

It is also possible to use thépshot(or Jumpshdtpackage [1] to visualize PETSc events. This package
comes with the MPE software, which is part of the MPICHimplementation of MPI. The option

-log_mpe [logfile]

creates a logfile of events appropriate for viewing wifhshot The user can either use the default logging
file, mpe.log , or specify an optional name viagfile

To use this logging option, the user may employ any implementation of MPI (not necessarily MPICH),
but must build and link the MPE part of the MPICH. The user must compile the PETSc library with the
-DPETSC_HAVE_MPHag, which isnot activated by default. The user can turn on MPE logging by
specifying-DPETSC_HAVE_MPHh the PCONFvariable within ${PETSC_DIR}/bmake/${PETS
C_ARCH}/packages and (re)compiling all of PETSc. By default, not all PETSc events are logged with
MPE. For example, sind@aiservalues __|() may be called thousands of times in a program, by default its
calls are not logged with MPE. To activate MPE logging of a particular event, one should use the command

PetscLogEventMPEActivate(int event);
To deactivate logging of an event for MPE, one should use
PetscLogEventMPEDeactivate(int event);

Theevent may be either a predefined PETSc event (as listed in th&fR&TSC_DIR}include/
petsclog.h ) or one obtained witHPetscCogEveniReqister () (as described in Sectioh2.2).
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These routines may be called as many times as desired in an application program, so that one could re-
strict MPE event logging only to certain code segments. To see what events are logged by default, the user
can view the source code; see the fdes/plot/src/plogmpe.c andinclude/petsclog.h A

simple program and GUI interface to see the events that are predefined and their definition is being devel-
oped. The user can also log MPI events. To do this, simply consider the PETSc application as any MPI
application, and follow the MPI implementation’s instructions for logging MPI calls. For example, when
using MPICH, this merely required addirgmpi  to the library listbefore-Impi

12.2 Profiling Application Codes

PETSc automatically logs object creation, times, and floating-point counts for the library routines. Users can
easily supplement this information by monitoring their application codes as well. The basic steps involved
in logging a user-defined portion of code, calledeent are shown in the code fragment below:

#include "petsclog.h”
int USEREVENT;
etscLogEventRegister |(&USER EVENT,"User event name”,0);
FetscLogEvent-Begin |(USEREVENT,0,0,0,0);
[* application code segment to monitor */

etscLogFlops  |(humber of flops for this code segment);

etscLogEventeEnd |(USEREVENT,O0,0,0,0);
One must register the event by callin@etscLogEventRegister() , Which assigns a unique integer
to identify the event for profiling purposes:

PetscLogEventRegister |(int *e,const char string[]);

Herestring is a user-defined event name, atwor is an optional user-defined event color (for use
with Upshot/Nupshologging); one should see the manual page for details. The argument returaed in

should then be passed to ffetscCogEveniBeqin___|() andPeiscCogeEveniEnd () routines. Events
are logged by using the pair

etscLogEventBegin  |(int eventPetscObject |olPetscObject |02,
etscObject 03F>etscObject 04);
etscLogEventEnd _|(int evenfPetscObject |o1PetscObject |02,
etscObject |o3PetscObject |o04);

The four objects are the PETSc objects that are most closely associated with the event. For instance, in
a matrix-vector product they would be the matrix and the two vectors. These objects can be omitted by

specifying 0 forol - 04. The code between these two routine calls will be automatically timed and logged

as part of the specified event. The user can log the number of floating-point operations for this segment of
code by calling

PetscLogFlops  |(number of flops for this code segment);

between the calls fetscCogEveniBeain () andPetscCogeventend (). This value will automati-
cally be added to the global flop counter for the entire program.
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12.3 Profiling Multiple Sections of Code

By default, the profiling produces a single set of statistics for all code betwefEleelnitialize ()
andpPeiscEinanze () calls within a program. One can independently monitor up to ten stages of code
by switching among the various stages with the comands

etscLogStagePush [(int stage);
etscLogStagePop  |();

wherestage is an integer (0-9); see the manual pages for details. The command

PetscLogStageRegister [(int stage,char *name)

allows one to associate a name with a stage; these names are printed whenever summaries are generated with

-log_summary or PeiscCogPrinisummary (). The following code fragment uses three profiling
stages within an program.

Petsclnitialize |(int *argc,char ***args,0,0);
/* stage 0 of code here */
PetscLogStageRegister |(0,"Stage 0 of Code”);
for (i=0; ijntimes; i++){

PetscLogStagePush(1);
PetscLogStageRegister(1,”Stage 1 of Code”);

[* stage 1 of code here */

PetscLogStagePop();

PetscLogStagePush(2);
PetscLogStageRegister(1,"Stage 2 of Code™);

/* stage 2 of code here */

PetscLogStagePop();

} PetscFinalize  |();

Figures18 and 19 show output generated bjog_summary for a program that employs several profil-

ing stages. In particular, this program is subdivided into six stages: loading a matrix and right-hand-side
vector from a binary file, setting up the preconditioner, and solving the linear system; this sequence is then
repeated for a second linear system. For simplicity, Fig@reontains output only for stages 4 and 5 (linear
solve of the second system), which comprise the part of this computation of most interest to us in terms of
performance monitoring. This code organization (solving a small linear system followed by a larger sys-
tem) enables generation of more accurate profiling statistics for the second system by overcoming the often
considerable overhead of paging, as discussed in Serdi@n

12.4 Restricting Event Logging

By default, all PETSc operations are logged. To enable or disable the PETSc logging of individual events,
one uses the commands

etscLogEventActivate [(int event);
etscLogEventDeactivate (int event);

The event may be either a predefined PETSc event (as listed in th&fR&TSC_DIR}/include/

petsclog.h ) or one obtained witfPelscCogEveniReqister () (as described in Sectioh2.2).

PETSc also provides routines that deactivate (or activate) logging for entire components of the library. Cur-
rently, the components that support such logging (de)activatioRTarg(matrices)[Vec] (vectors) ECES]

(linear solvers, includinffSH andpPT]), andENEY (nonlinear solvers):
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etscLogEventDeactivateClass (MAT _COOKIE);
etscLogEventDeactivateClass (BLES-COOKIE); /* includesPC| andKSH */
etscLogEventDeactivateClass (VEC_COOKIE);
etscLogEventDeactivateClass (ENEJ.COOKIE);
and
etscLogEventActivateClass (MAT _COOKIE);
etscLogEventActivateClass (BLES].COOKIE); /* includesPC] andKSH */
etscLogEventActivateClass (VEC_COOKIE);
etscLogEventActivateClass (SN EQ_COOKIE);
Recall that the optiorlog_all produces extensive profile data, which can be a challenge for PETScView
to handle due to the memory limitations of Tcl/Tk. Thus, one should generallylogeall when

running programs with a relatively small number of events or when disabling some of the events that occur

many times in a code (e.@ecsetvanes (), Matsetvaues (). Sectionl2.1.3gives information on
the restriction of events in MPE logging.

12.5 Interpreting -log _info Output: Informative Messages

Users can activate the printing of verbose information about algorithms, data structures, etc. to the screen by
using the option -log_info or by calling PetscLogInfoAllow(PETSC_TRUE) . Such logging,

which is used throughout the PETSc libraries, can aid the user in understanding algorithms and tuning
program performance. For example, as discussed in Segtiof -log_info activates the printing of
information about memory allocation during matrix assembly. Application programmers can employ this
logging as well, by using the routine

PetscLogInfo  |(void* obj,char *message,...)

whereobj isthe PETSc object associated most closely with the logging statemesgage . For example,
in the line search Newton methods, we use a statement such as

PetscLogIinfo  |(snes;Cubically determined step, lambda '%’g\n" Jambda);

One can selectively turn off informative messages about any of the basic PETSc objed8d8,/ENE$
) with the command

PetscLogInfoDeactivateClass |(int objectcookie)

where object_cookie is one ofMAT_COOKIESNES COOKIEetc. Messages can be reactivated with
the command

PetscLogInfoActivateClass |(int objectcookie)

Such deactivation can be useful when one wishes to view information about higher-level PETSc libraries
(e.g.,[[S] andBNEY) without seeing all lower level data as well (e fat]). One can deactivate events at
runtime for matrix and linear solver libraries vilng_info [no_mat, no_sles]

12.6 Time

PETSc application programmers can access the wall clock time directly with the command

PetscLogDouble time;
PetscGetTime |(&time);CHKERR{derr);

In addition, as discussed in Sectid®.2, PETSc can automatically profile user-defined segments of code.
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12.7 Saving Output to a File

All output from PETSc programs (including informative messages, profiling information, and convergence
data) can be saved to a file by using the command line optam history [filename] . If no

file name is specified, the output is stored in the $lfOME/.petschistory . Note that this option

only saves output printed with tfigTscPTin____() andPetscEPTing____]() commands, not the standard
printf() andfprintf() statements.

12.8 Accurate Profiling: Overcoming the Overhead of Paging

One factor that often plays a significant role in profiling a code is paging by the operating system. Generally,
when running a program only a few pages required to start it are loaded into memory rather than the entire
executable. When the execution procedes to code segments that are not in memory, a pagefault occurs,
prompting the required pages to be loaded from the disk (a very slow process). This activity distorts the
results significantly. (The paging effects are noticeable in the the log files generatied bype , which

is described in Sectiofi2.1.3) To eliminate the effects of paging when profiling the performance of a
program, we have found an effective procedure is to rurettaet same cod®n a small dummy problem

before running it on the actual problem of interest. We thus ensure that all code required by a solver is loaded
into memory during solution of the small problem. When the code procedes to the actual (larger) problem of
interest, all required pages have already been loaded into main memory, so that the performance numbers are
not distorted. When this procedure is used in conjunction with the user-defined stages of profiling described
in Section12.3 we can focus easily on the problem of interest. For example, we used this technique in
the progrants{PETSC_DIR}/src/sles/examples/tutorials/ex10.c to generate the timings

within Figures18and19. In this case, the profiled code of interest (solving the linear system for the larger
problem) occurs within event stages 4 and 5. Secitibh.2provides details about interpreting such profiling

data. In particular, the macros

reLoadBegin |(PetscTruth |char* stagename),
reLoadStage |(char *stagename),

and

PreCoadEnd |

can be used to easily convert a regular PETSc program to one that uses preloading. The command line
options-preload true and-preload false may be used to turn on and off preloading at run time
for PETSc programs that use these macros.
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Chapter 13

Hints for Performance Tuning

This chapter presents some tips on achieving good performance within PETSc codes. We urge users to read
these hints before evaluating the performance of PETSc application codes.

13.1 Compiler Options

Code compiled with th&OPT=Coption generally runs two to three times faster than that compiled with
BOPT=g so we recommend using one of the optimized versions of @O@T=0BOPT=0_c++ 0orBOPT
=0_complex ) when evaluating performance. The user can specify alternative compiler options instead of
the defaults set in the PETSc distribution. One can set the compiler options for a particular archiREture (
TSC_ARCHandBOPTby editing the file${PETSC_DIR}/bmake/${PETSC_ARCH}/variables
Sectionl5.1.2gives detalils.

13.2 Profiling

Users should not spend time optimizing a code until after having determined where it spends the bulk of its
time on realistically sized problems. As discussed in detail in Chdf{ehe PETSc routines automatically

log performance data if certain runtime options are specified. We briefly highlight usage of these features
below.

e Run the code with the optiorlog_summary to print a performance summary for various phases
of the code.

¢ Run the code with the optiorlog_mpe [logfilename] , Which creates a logfile of events suit-
able for viewing with Upshot or Nupshot (part of MPICH).

13.3 Aggregation

Performing operations on chunks of data rather than a single element at a time can significantly enhance
performance.

¢ Insert several (many) elements of a matrix or vector at once, rather than looping and inserting a single
value at a time. In order to access elements in of vector repeatedly, employ VecGetArray() to allow
direct manipulation of the vector elements.

e When usingviaiseivalues (), if the column indices of the values being inserted have been sorted
in monotonically increasing order, call the routif@atSetOption(mat, MAT _COLUMNS_SORT
ED) before setting the values to reduce the insertion time significantly.
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¢ When possible, uggecMDot]() rather than a series of callsf@&cDot |().

13.4 Efficient Memory Allocation

13.4.1 Sparse Matrix Assembly

Since the process of dynamic memory allocation for sparse matrices is inherently very expensive, accurate
preallocation of memory is crucial for efficient sparse matrix assembly. One should use the matrix creation
routines for particular data structures, such &atCreateSeqAlJ() andMaiCreaieMPTATT__|() for
compressed, sparse row formats, instead of the gei@iicreate () routine. For problems with multiple
degrees of freedom per node, the block, compressed, sparse row formats, crg@@egiBaic SEqBATS |

() andMaiCreateMPIBATT__|(), can significantly enhance performance. Sec8dnlincludes extensive

details and examples regarding preallocation.

13.4.2 Sparse Matrix Factorization

When symbolically factoring an AlJ matrix, PETSc has to guess how much fill there will be. Careful
use of the fill parameter in thHE@ICUINIO___| structure when callingflaiCUFaciorsymbolic____|() or
MaflCUFaciorsymbolic____]() can reduce greatly the number of mallocs and copies required, and thus
greatly improve the performance of the factorization. One way to determine a good value for f is to run a
program with the optionlog_info . The symbolic factorization phase will then print information such

as

Info:MatILUFactorSymbolic |-AlJ:Realloc 12 Fill ratio:given 1 needed 2.16423

This indicates that the user should have used a fill estimate factor of about 2.17 (instead of 1) to prevent the
12 required mallocs and copies. The command line option

-pe.ilu fill 2.17

will cause PETSc to preallocate the correct amount of space for incomplete (ILU) factorization. The corre-
sponding option for direct (LU) factorization ipc_lu_fill <fil_amount\tri{>}

13.4.3 PetscMalloc() Calls

Users should employ a reasonable numbgraiscvalioc () calls in their codes. Hundreds or thousands

of memory allocations may be appropriate; however, if tens of thousands are being used, then reducing
the number ofPeiscMaiioc___|() calls may be warranted. For example, reusing space or allocating large
chunks and dividing it into pieces can produce a significant savings in allocation overhead. $8diion
gives details.

13.5 Data Structure Reuse

Data structures should be reused whenever possible. For example, if a code often creates new matrices or
vectors, there often may be a way to reuse some of them. Very significant performance improvements can
be achieved by reusing matrix data structures with the same nonzero pattern. If a code creates thousands of
matrix or vector objects, performance will be degraded. For example, when solving a nonlinear problem or
timestepping, reusing the matrices and their nonzero structure for many steps when appropriate can make
the code run significantly faster.

A simple technique for saving work vectors, matrices, etc. is employing a user-defined context. In C and
C++ such a context is merely a structure in which various objects can be stashed; in Fortran a user context
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can be an integer array that contains both parameters and pointers to PETSc objeiBETSE DIR}Y
snes/examples/tutorials/ex5.c and${PETSC_DIR}/snes/examples/tutorials/ex5f.
F for examples of user-defined application contexts in C and Fortran, respectively.

13.6 Numerical Experiments

PETSc users should run a variety of tests. For example, there are a large number of options for the linear
and nonlinear equation solvers in PETSc, and different choices can madg laig difference in conver-

gence rates and execution times. PETSc employs defaults that are generally reasonable for a wide range
of problems, but clearly these defaults cannot be best for all cases. Users should experiment with many
combinations to determine what is best for a given problem and customize the solvers accordingly.

e Use the optionssnes_view , -sles_view , etc. (or the routineECESVieEW](), ENESView](),
etc.) to view the options that have been used for a particular solver.

¢ Run the code with the optioihelp for a list of the available runtime commands.
e Use the optionlog_info  to print details about the solvers’ operation.

e Use the PETSc monitoring discussed in Chafif&to evaluate the performance of various numerical
methods.

13.7 Tips for Efficient Use of Linear Solvers
As discussed in Chaptdr the default linear solvers are

e uniprocessor: GMRES(30) with ILU(0) preconditioning

e multiprocessor: GMRES(30) with block Jacobi preconditioning, where there is 1 block per processor,
and each block is solved with ILU(0)

One should experiment to determine alternatives that may be better for various applications. Recall that one
can specify thg€SP methods and preconditioners at runtime via the options:

-ksp.type <ksp.name> -pc_type<pc.name>

One can also specify a variety of runtime customizations for the solvers, as discussed throughout the manual.
In particular, note that the default restart parameter for GMRES is 30, which may be too small for some
large-scale problems. One can alter this parameter with the ok gmres_restart < restary

or by callingRKSPGMRESSeIRestart_|(). Section4.3 gives information on setting alternative GMRES
orthogonalization routines, which may provide much better parallel performance.

13.8 Detecting Memory Allocation Problems

PETSc provides a number of tools to aid in detection of problems with memory allocation, including leaks
and use of uninitialized space. We briefly describe these below.
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e The PETSc memory allocation (which collects statistics and performs error checking), is employed
by default for codes compiled in a debug mo@OPT=g BOPT=g_c++ BOPT=g_complex ).
PETSc memory allocation can be activated for other other cases, sBDRBE=Q with the option
-trmalloc  , while -trmalloc_off forces the use of conventional memory allocation for the
BOPT=g BOPT=g_c++, andBOPT=g_complex versions. When running timing tests, one should
use theBOPT=CQversion of the libraries.

e When the PETSc memory allocation routines are used, the ogtidemp  will print a list of un-
freed memory at the conclusion of a program. If all memory has been freed, only a message stating
the maximum allocated space will be printed. However, if some memory remains unfreed, this infor-
mation will be printed. Note that the optiecirdump merely activates a call fgetscTTDump_|()
duringPeiscEinanize ___|(); the user can also clleiscITDump _|() elsewhere in a program.

¢ Another useful option for use with PETSc memory allocation routinestigalloc_log , Which
activates logging of all calls to malloc and reports memory usage, including all Fortran arrays. This
option provides a more complete picture tamdump  for codes that employ Fortran with hardwired
arrays. Note that the optietrmalloc_log activates calls tfPeiscTTCog (), PetscTrLogD
ump() , andPeiscGeiResideniseisize () during PetscFinalize() ; the user can also

call these routines elsewhere in a program.

e The option-trmalloc_nan is useful for tracking down the allocated memory that is used before it
has been initialized. This option calls PetsclnitializeNans() which marks an array as being uninitial-
ized, so that if values are used for computation without first having been set, a floating point exception
is generated. This option also calls PetsclnitializeLargelnts(); see the manual pages for details. Note
that so far these work only on the certain systems.

13.9 System-Related Problems

The performance of a code can be affected by a variety of factors, including the cache behavior, other users
on the machine, etc. Below we briefly describe some common problems and possibilities for overcoming
them.

e Problem too large for physical memory size When timing a program, one should always leave at
least a ten percent margin between the total memory a process is using and the [EBSICbf
the machine’s memory. One way to estimate the amount of memory used by given process is with
the UNIX getrusage system routine. Also, the PETSc optidng_summary prints the amount
of memory used by the basic PETSc objects, thus providing a lower bound on the memory used.
Another useful option istrmalloc_log which reports all memory, including any Fortran arrays
in an application code.

e Effects of other users If other users are running jobs on the same physical processor nodes on which
a program is being profiled, the timing results are essentially meaningless.

e Overhead of timing routines on certain machines On certain machines, even calling the system
clock in order to time routines is slow; this skews all of the flop rates and timing results. The file
${PETSC_DIR}/src/benchmarks/PetscTime.c contains a simple test problem that will
approximate the ammount of time required to get the current time in a running program. On good
systems it will on the order of 1.e-6 seconds or less.

e Problem too large for good cache performanceCertain machines with lower memory bandwidths
(slow memory access) attempt to compensate by having a very large cache. Thus, if a significant
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portion of an application fits within the cache, the program will achieve very good performance; if the
code is too large, the performance can degrade markedly. To analyze whether this situation affects a
particular code, one can try plotting the total flop rate as a function of probEm]. If the flop rate
decreases rapidly at some point, then the problem may likely be too large for thgsCaehe

Inconsistent timings Inconsistent timings are likely due to other users on the machine, thrashing
(using more virtual memory than available physical memory), or paging in of the initial executable.
Section12.8 provides information on overcoming paging overhead when profiling a code. We have
found on all systems that if you follow all the advise above your timings will be consistent within a
variation of less than five percent.
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Chapter 14

Other PETSc Features

14.1 Runtime Options

Allowing the user to modify parameters and options easily at runtime is very desirable for many applications.
PETSc provides a simple mechanism to enable such customization. To print a list of available options for a
given program, simply specify the optiehelp (or-h) at runtime, e.g.,

-np 1 ex1 -help

Note that all runtime options correspond to particular PETSc routines that can be explicitly called from
within a program to set compile-time defaults. For many applications it is natural to use a combination of
compile-time and runtime choices. For example, when solving a linear system, one could explicitly specify
use of the Krylov subspace technique BiCGStab by calling

KSPSetType |(ksp,KSPBCGS);

One could then override this choice at runtime with the option

-ksp.type tfgmr

to select the Transpose-Free QMR algorithm. (See Chdpfer details.) The remainder of this section

discusses details of runtime options.

14.1.1 The Options Database

Each PETSc process maintains a database of option names and values (stored as text strings). This database
is generated with the command PETSclnitialize(), which is listed below in its C/C++ and Fortran variants,
respectively:

Petsclnitialize |(int *argc,char ***args,const char *file,const char *help);
call F’etsclnitialize |(character file,integer ierr)

The argumentgrgc andargs (in the C/C++ version only) are the addresses of usual command line
arguments, while théle is a name of a file that can contain additional options. By default this file is
called.petscrc  in the user’s home directory. The user can also specify options via the environmental
variablePETSC_OPTIONSThe options are processed in the following order:

o file

e environmental variable
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e command line

Thus, the command line options supersede the environmental variable options, which in turn supersede the
options file.
The file format for specifying options is

-optionname possiblealue
-anotheroptionname possiblalue

All of the option names must begin with a dash (-) and have no intervening spaces. Note that the option
values cannot have intervening spaces either, and tab characters cannot be used between the option names
and values. The user can employ any naming convention. For uniformity throughout PETSc, we employ
the format-package_option (for instance;ksp_type and-mat_view_info ). Users can specify

an alias for any option name (to avoid typing the sometimes lengthy default name) by adding an alias to the
.petscrc file in the format

alias -newname -oldname
For example,

alias -kspt -ksptype
alias -sd -startn_debugger

Comments can be placed in the .petscrc file by using one of the following symbols in the first column of a
line: #, %, or!.

14.1.2 User-Defined PetscOptions

Any subroutine in a PETSc program can add entries to the database with the command

PetscOptionsSetValue [(char *name,char *value);

though this is rarely done. To locate options in the database, one should use the commands

etscOptionsHasName |(char *pre,char *namPetscTruth | *flg);
etscOptionsGetint |(char *pre,char *name,int *val
etscOptionsGet-ReaI |(char *pre,char *name,double *val
etscOptionsC'SetString |(char *pre,char *name,char *value,int maxejscTruth
etscOptionsGetStringArray |(char *pre,char *name,char **values,int *max|
etsc(')ptionséetl_ntArray |(char *pre,char *name,int *value,int *nmgetscTruth __| *flg);

etscOptionsGetRealArray |(char *pre,char *name,double *value, int *nm@tSCTruth | *flg);

All of these routines sdtg=PETSC_TRUE if the corresponding option was fourftq=PETSC_FALSE

if it was not found. The optional argumepite indicates that the true name of the option is the given name
(with the dash “-” removed) prepended by the predie . Usuallypre should be set tt®! ETSC_NULL

(or PETSC_NULL_CHARACTHRr Fortran); its purpose is to allow someone to rename all the options
in a package without knowing the names of the individual options. For example, when using block Jacobi
preconditioning, th&SP andPT] methods used on the individual blocks can be controlled via the options
-sub_ksp _type and -sub_pc_type
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14.1.3 Keeping Track of Options

One useful means of keeping track of user-specified runtime options is usptmfnstable , Which

prints tostdout during PetscFinalize() a table of all runtime options that the user has specified.

A related option isoptions_left , Which prints the options table and indicates any options that have
notbeen requested upon a call tBetscFinalize() . This feature is useful to check whether an option

has been activated for a particular PETSc object (such as a solver or matrix format), or whether an option
name may have been accidentally misspelled.

14.2 Viewers: Looking at PETSc Objects

PETSc employs a consistent scheme for examining, printing, and saving objects through commands of the
form

XXXView(XXX obj, PetscViewer | viewer);

Hereobj is any PETSc object of typEXX whereXXXis Mat], Vec], ENEY, etc. There are several
predefined viewers:

e Passing in a zero for the viewer causes the object to be printed to the screen; this is most useful when
viewing an object in a debugger.

e PETSC_VIEWER_STDOUT_SEL&#dPESC_VIEWER_STDOUT_WORtduse the object to be
printed to the screen.

e PETSC_VIEWER_DRAW_SEBRIPETSC_VIEWER_DRAW_WORABDses the object to be drawn
in a default X window.

e Passing in a viewer obtained by PetscViewerDrawOpenX() causes the object to be displayed graphi-
cally.

e To save an object to a file in ASCII format, the user creates the viewer object with the command
PetscViewerASCIIOpen(MPI_Comm comm, char* file, PetscViewer *viewer)
This object is analogous 8ETSC_VIEWER_STDOUT_SELFor a communicator oMPI COMM
_SELF) andPETSC_VIEWER_STDOUT_WOR[K® a parallel communicator).

e To save an object to a file in binary format, the user creates the viewer object with the command
PetscViewerBinaryOpen(MPIl_Comm comm,char* file,PetscViewerBinaryType
type, PetscViewer *viewer) . Details of binary I/O are discussed below.

e \ector and matrix objects can be passed to a running Matlab process with a viewer created by

PetscViewerMatlabOpen(MECommfomn],char *machine,int pofeetscViewer | *viewer).

On the Matlab side, one must first run= openport(int port) and therA = receive(v)

to obtain the matrix or vector. Once all objects have been received, the port can be closed from the

Matlab end withcloseport(v) . On the PETSc side, one should destroy the viewer object with
PetscViewerDestroy() . The corresponding Matlaimex files are located i${PETSC_DI

R}/srciviewer/impls/matlab

The user can control the format of ASCII printed objects with viewers creat§gEIECVIEWETASTIT ]
Bpen|() by calling
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PetscViewerSetFormat  [(PetscViewer | viewer,int format);

Possible formats includeETSC_VIEWER_ASCII_DEFAULTPETSC_VIEWER_ASCII_MATLABand

PETSC_VIEWER_ASCII_IMPL. The implementation-specific form&ETSC_VIEWER_ASCII_IMP

L, displays the object in the most natural way for a particular implementation. For example, when viewing a
block diagonal matrix that has been created WigiCreaieseaBDiag__|(), PETSC_VIEWER_ASCII_|
MPLprints by diagonals, whilPETSC_VIEWER_ASCII_DEFAULTuses the conventional row-oriented
format. The routines

etscViewerPushFormat  |(PetscViewer |viewer,int format);
etscViewerPopFormat  |(PetscViewer |viewer);

allow one to temporarily change the format of a viewer. As discussed above, one can output PETSc objects
in binary format by first opening a binary viewer wifelscViewerBinaryopen |0 and then using
Matview |(), Vecview (), etc. The corresponding routines for input of a binary object have the form
XXXLoad() . In particular, matrix and vector binary input is handled by the following routines:

MatLoad getchiewer viewerMatType ] outtypejMat] *newmat);

VecLoad |(PetscViewer |viewerf/ec [*newvec);

These routines generate parallel matrices and vectors if the viewer's communicator has more than one pro-
cessor. The particular matrix and vector formats are determined from the options database; see the manual
pages for details. One can provide additional information about matrix data for matrices stored on disk by
providing an optional filenatrixfilename.info , Wherematrixfilename is the name of the file
containing the matrix. The format of the optional file is the same aggtscrc  file and can (currently)

contain the following:

-matloadblock size<bs>
-matloadbdiagdiags<s1,s2,s3,.>

The blockEIZed indicates th&Ze—1 of blocks to use if the matrix is read into a block oriented data structure
(for example MATSEQBDIAGr MATMPIBAIJ). The diagonal informatios1,s2,s3,... indicates
which (block) diagonals in the matrix have nonzero values.

14.3 Debugging

PETSc programs may be debugged using one of the two options below.

e -start_in_debugger [noxterm,dbx,xxgdb] [-display name] - start all processes
in debugger
e -0n_error_attach_debugger [noxterm,dbx,xxgdb] [-display name] - start de-

bugger only on encountering an error

Note that, in general, debugging MPI programs cannot be done in the usual manner of starting the pro-
gramming in the debugger (because then it cannot set up the MPI communication and remote processes).
By default the GNU debuggeaydbis used whenstart_in_debugger or -on_error_attach_

debugger is specified. To employ eithesxxgdbor the common UNIX debuggeltbx, one uses command

line options as indicated above. On HP-UX machines the debuglipesshould be used instead dbx on

RS/6000 machines thédb debugger is supported as well. By default, the debugger will be started in a new
xterm (to enable running separate debuggers on each process), unless themgéon is used. In order
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to handle the MPI startup phase, the debugger command “cont” should be used to continue execution of the
program within the debugger. Rerunning the program through the debugger requires terminating the first
job and restarting the processor(s); the usual “run” option in the debugger will not correctly handle the MPI
startup and should not be used. Not all debuggers work on all machines, so the user may have to experiment
to find one that works correctly. You can select a subset of the processors to be debugged (the rest just run
without the debugger) with the option

-debuggemodes nodel,node2,...

where you simply list the nodes you want the debugger to run with.

14.4  Error Handling

Errors are handled through the routigetscError() . This routine checks a stack of error handlers and

calls the one on the top. If the stack is empty, it sel§@ScIraceBackEermordandler (), which
tries to print a traceback. A new error handler can be put on the stack with

PetscPushErrorHandler [(int (*HandlerFunction)(int line,char *dir,char *file,
char *message,int number,void*),void *HandlerContext)

The arguments télandlerFunction() are the line number where the error occurred, the file in which
the error was detected, the corresponding directory, the error message, the error integet-Handith€
ontext.  The routine

PetscPopErrorHandler [0

removes the last error handler and discards it. PETSc provides two additional error handlers besides
PeiscTraceBackErrordandier ——— ():

PetscAbortErrorHandler (6)
PetscAttachErrorHandler()

The functionPetscAboriermordandier () calls abort on encountering an error, while PetscAttachEr-
rorHandler() attaches a debugger to the running process if an error is detected. At runtime, these er-
ror handlers can be set with the optiorm_error_abort or -on_error_attach_debugger

[noxterm, dbx, xxgdb, xldb][-display DISPLAY] . All PETSc calls can be traced (useful

for determining where a program is hanging without running in the debugger) with the option

-log_trace [filename]

wherefilename is optional. By default the traces are printed to the screen. This can also be set with the
commandPetscLogTraceBegin(FILE*) . Itis also possible to trap signals by using the command

PetscPushSignalHandler |(int (*Handler)(int,void *),void *ctx);

The default handlgPetscDeraulisignaldHandler () callsPetscError() and then terminates. In

general, a signal in PETSc indicates a catastrophic failure. Any error hander that the user provides should
try to clean up only before exiting. By default all PETSc programs use the default signal handler, although
the user can turn this off at runtime with the optior_signal_handler . There is a separate signal
handler for floating-point exceptions. The optidp_trap  turns on the floating-point trap at runtime,

and the routine

PetscSetFPTrap  [(int flag);
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can be used in-line. Alag of PETSC_FP_TRAP_OMhdicates that floating-point exceptions should be
trapped, while a value ?FETSC_FP_TRAP_OFRhe default) indicates that they should be ignored. Note

that on certain machines, in particular the IBM RS/6000, trapping is very expensive. A small set of macros
is used to make the error handling lightweight. These macros are used throughout the PETSc libraries and
can be employed by the application programmer as well. When an error is first detected, one should set it
by calling

SETERR(int flag,int pflag,char *message);

The user should check the return codes for all PETSc routines (and possibly user-defined routines as well)
with

ierr = PetscRoutine(..;HKERR({(int ierr);

Likewise, all memory allocations should be checked with

ierr =PetscMalloc  |(n*sizeof(double),&ptrfCHKERR(Gerr);

If this procedure is followed throughout all of the user’s libraries and codes, any error will by default generate
a clean traceback of the location of the error.

Note that the macro FUNCT__is used to keep track of routine names during error tracebacks. Users
need not worry about this macro in their application codes; however, users can take advantage of this feature
if desired by setting this macro before each user-defined routine that m&EBHRRQ(), CHKERRQ()

A simple example of usage is given below.

#undef__FUNCT__
#define__FUNCT__ "MyRoutinel”
int MyRoutine1(){

/* code here */

return O;

}

14.5 Incremental Debugging

When developing large codes, one is often in the position of having a correctly (or at least believed to be
correctly) running code; making a change to the code then changes the results for some unknown reason.
Often even determining the precise point at which the old and new codes diverge is a major pain. In other
cases, a code generates different results when run on different numbers of processors, although in exact
arithmetic the same answer is expected. (Of course, this assumesdbtythe same solver and parameters

are used in the two cases.) PETSc provides some support for determining exactly where in the code the
computations lead to different results. First, compile both programs with different names. Next, start running
both programs as a single MPI job. This procedure is dependent on the particular MPI implementation
being used. For example, when using MPICH on workstatipraggroupfiles can be used to specify the
processors on which the job is to be run. Thus, to run two progralshsandnew, each on two processors,

one should create the procgroup file with the following contents:

local 0

workstation1 1 /home/bsmith/old
workstation2 1 /home/bsmith/new
workstation3 1 /home/bsmith/new
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(Of course, workstationl, etc. can be the same machine.) Then, one can execute the command

-p4pg<procgroupfilemame> old -compare<tolerance [options]

Note that the same runtime options must be used for the two programs. The first time an inner product
or norm detects an inconsistency larger tkaolerance\tri{>} , PETSc will generate an error. The
usual runtime optionsstart_in_debugger and-on_error_attach_debugger may be used.

The user can also place the commands

etscCompareScalar  |()
etscComparelnt  |()

EetscCompareDouble 0

in portions of the application code to check for consistency between the two versions.

14.6 Complex Numbers

PETSc supports the use of complex numbers in application programs written in C, C++, and Fortran. To do
so, we employ C++ versions of the PETSc libraries in which the basic “scalar” datatype, given in PETSc
codes byPetscScalar , is defined azomplex (or complex\tri{<}double\trl{>} for ma-

chines using templated complex class libraries). To work with complex numbers, the user should com-
pile the PETSc libraries (including the Fortran interface library) and the application cod8@Ri=[g_
complex,O_complex]  for debugging, optimized, and profiling versions, respectively. Th&fRETS
C_DIR}docslinstallation/index.htm provides detailed instructions for installing PETSc. We
recommend using optimized Fortran kernels for some key numerical routines with complex numbers (such
as matrix-vector products, vector norms, etc.) instead of the default C++ routines. See the “Complex Num-
bers” section of the fil&{PETSC_DIR}/docs/installation/index.htm for details on building

these kernels. This implementation exploits the maturity of Fortran compilers while retaining the identical
user interface. For example, on rs6000 machines, the base single-node performance when using the Fortran
kernels is 4-5 times faster than the default C++ code. Recall that each variant of the PETSc libraries is stored
in a different directory, given by
${PETSC_DIR}/Iib/lib${BOPT}${PETSC_ARCH} , according to the architecture aB®PTop-
timization variable. Thus, the libraries for complex numbers are maintained separately from those for real
numbers. When using any of the complex numbers versions of PEINS&ctor and matrix elements are
treated as complex, even if their imaginary components are zero. Of course, one can elect to use only the real
parts of the complex numbers when using the complex versions of the PETSc libraries; however, when work-
ing onlywith real numbers in a code, one should use a version of PETSc for real numbers for best efficiency.
The progran®s{PETSC_DIR}/src/sles/examples/tutorials/ex11.c solves a linear system

with a complex coefficient matrix. Its Fortran counterpai${PETSC_DIR}/src/sles/examples/
tutorials/ex11f.F

14.7 Emacs Users

If users develop application codes using Emacs (which we highly recommendYathe feature can be

used to search PETSc files quickly and efficiently. To use this feature, one should first check if the file,
${PETSC_DIR}/TAGS exists. If this file is not present, it should be generated by runmake etags

from the PETSc home directory. Once the file exists, from Emacs the user should issue the command

M-x visit-tags-table
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where ‘M denotes the Emacs Meta key, and enter the name afAl@&Sfile. Then the commanadM-. ” will

cause Emacs to find the file and line number where a desired PETSc function is defined. Any string in any
of the PETSc files can be found with the commaMix tags-search . To find repeated occurrences,

one can simply useM-, " to find the next occurrence.

14.8 Parallel Communication

When used in a message-passing environment, all communication within PETSc is done through MPI, the
message-passing interface standafd. [Any file that includegpetsc.h  (or any other PETSc include file),
can freely use any MPI routine.

14.9 Graphics

PETSc graphics library is not intended to compete with high-quality graphics packages. Instead, it is in-
tended to be easy to use interactively with PETSc programs. We urge users to generate their publication-
quality graphics using a professional graphics package. If a user wants to hook certain packages in PETSc,
he or she should send a message to petsc-maint@mcs.anl.gov, and we will see whether it is reasonable to
try to provide direct interfaces.

14.9.1 Windows as PetscViewers

For drawing predefined PETSc objects such as matrices and vectors, one must first create a viewer using the
command

PetscViewerDrawOpenX(MBCommEomni,char *display,char *title,int x,
int y,int w,int hPetscViewer | *viewer);

This viewer may be passed to any of tkEXView() routines. To draw into the viewer, one must obtain
the Draw object with the command

PetscViewerDrawGetDraw __|(PetscViewer | viewerPetscDraw | *draw);

Then one can call any of theetscDrawXXX commands on thdraw object. If one obtains thdraw

object in this manner, one does not call FEEscDTawOpenX () command discussed below. Predefined
viewers,PETSC_VIEWER_DRAW_WORINDPETSC_VIEWER_DRAW_SElfRay be used at any time.
Their initial use will cause the appropriate window to be created. By default, PETSc drawing tools employ

a private colormap, which remedies the problem of poor color choices for contour plots due to an external
program’s mangling of the colormap (e.g, Netscape tends to do this). Unfortunately, this causes flashing
of colors as the mouse is moved between the PETSc windows and other windows. Alternatively, a shared
colormap can be used via the optiairaw_x_shared_colormap

14.9.2 Simple PetscDrawing

One can open a window that is not associated with a viewer directly under the X11 Window System with
the command

PetscDrawOpenX |(MPI_CommEomﬁ|,char *display,char *title,int x,
int y,int w,int hEetscDraw | *win);
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All drawing routines are done relative to the windows coordinate system and viewport. By default the draw-
ing coordinates are frorf0,0) to(1,1) , where(0,0) indicates the lower left corner of the window.
The application program can change the window coordinates with the command

PetscDrawSetCoordinates |(PetscDraw |win,double xI,double yl,double xr,double yr);

By default, graphics will be drawn in the entire window. To restrict the drawing to a portion of the window,
one may use the command

PetscDrawSetViewPort [(PetscDraw | win,double xl,double yl,double xr,double yr);

These arguments, which indicate the fraction of the window in which the drawing should be done, must
satisfy0 < x1 <zxr <land0 <yl <yr<1.
To draw a line, one uses the command

PetscDrawLine |(PetscDraw |win,double xI,double yl,double xr,double yr,int cl);

The argument! indicates the color (which is an integer between 0 and 255) of the line. A list of predefined
colors may be found imclude/petscdraw.h and includePETSC_DRAW_BLACRETSC_DRAW
_RED PETSC_DRAW_BLUd#ic. To ensure that all graphics actually have been displayed, one should use
the command

PetscDrawFlush  |(PetscDraw |win);

When displaying by using double buffering, which is set with the command

PetscDrawSetDoubleBuffer [(PetscDraw |win);

all processors must call

PetscDrawSynchronizedFlush |(PetscDraw |win);

in order to swap the buffers. From the options database one maydiesg_pause n , which causes

the PETSc application to pauseseconds at eadReiscDrawPause (). A time of -1 indicates that the
application should pause until receiving mouse input from the user. Text can be drawn with either of the two
commands

etscDrawsString  |(PetscDraw |win,double x,double y,int color,char *text);
etscDrawStringVertical |(PetscDraw |win,double x,double y,int color,char *text);

The user can set the text fdaze_ or determine it with the commands

etscDrawStringSetSize etscDraw |win,double width,double height);
etscDrawStringGetSize etscDraw | win,double *width,double *height);

14.9.3 Line Graphs

PETSc includes a set of routines for manipulating simple two-dimensional graphs. These routines, which be-
gin with PetscDrawAxisDraw__|(), are usually not used directly by the application programmer. Instead,
the programmer employs the line graph routines to draw simple line graphs. As shown in the program,
within Figure20, line graphs are created with the command

PetscDrawlLGCreate |(PetscDraw [win,int ncurvegetscDrawlLG |*ctx);

The argumenhcurves indicates how many curves are to be drawn. Points can be added to each of the
curves with the command
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PetscDrawlLGAddPoint  |(PetscDrawLG |ctx,double *x,double *y);

The argumentg andy are arrays containing the next point value for each curve. Several points for each
curve may be added with

PetscDrawLGAddPoints  |(PetscDrawLG |ctx,int n,double **x,double **y);

The line graph is drawn (or redrawn) with the command

PetscDrawLGDraw |(PetscDrawlLG |ctx);

A line graph that is no longer needed can be destroyed with the command

PetscDrawLGDestroy  |([PetscDrawlLG | ctx);

To plot new curves, one can reset a linegraph with the command

PetscDrawLGReset |(PetscDrawlLG |ctx);

The line graph automatically determines the range of values to display on the two axes. The user can change
these defaults with the command

PetscDrawlLGSetLimits  |(PetscDrawLG | ctx,double xmin,double xmax,double ymin,double ymax);

It is also possible to change the display of the axes and to label them. This procedure is done by first
obtaining the axes context with the command

PetscDrawLGGetAxis  |(PetscDrawlLG |ctxPetscDrawAxis | *axis);

One can set the axes’ colors and labels, respectively, by using the commands

etscDrawAxisSetColors etscDrawAxis | axis,int axislines,int ticks,int text);
etscDrawAxisSetLabels etscDrawAxis | axis,char *top,char *x,char *y);

/*$Id: ex3.c,v 1.42 2001/08/07 21:28:44 bsmith Exp $*/
static char help[] = "Plots a simple line graph.\n";
#include "petsc.h"

#undef _ FUNCT__

#define _ FUNCT__ "main"
int main(int argc,char **argv)

{

PetscDraw draw;

PetscDrawlLG lg;

PetscDrawAxis axis;

int n = 20,err,x = 0,y = O,width = 300,height = 300,nports
= _’]_;

PetscTruth flg;

char *xlabel,*ylabel,*toplabel;

PetscReal xd,yd;

PetscDrawViewPorts *ports;

xlabel = "X-axis Label";toplabel = "Top Label";ylabel = "Y-axis Label";
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ierr
ierr
ierr
ierr
ierr

Petsclnitialize(&argc,&argv,(char*)0,help); CHKERRQ(ierr);
PetscOptionsGetInt(PETSC_NULL,"-width",&width,PETSC_NULL);CHKERRQ(ierr);
PetscOptionsGetInt(PETSC_NULL,"-height",&height,PETSC_NULL);CHKERRQ(ierr);
PetscOptionsGetInt(PETSC_NULL,"-n",&Nn,PETSC_NULL);CHKERRQ(ierr);
PetscOptionsHasName(PETSC_NULL,"-nolabels",&flg); CHKERRQ(ierr);

if (flg) {
xlabel = (char *)0O; toplabel = (char *)O;

I* ierr
ierr
ierr

ierr
ierr
ierr

ierr
ierr
ierr
ierr

= PetscDrawOpenX(PETSC_COMM_SELF,0,"Title",x,y,width,height,&draw); CHKERRQ(ierr);*/
PetscDrawCreate(PETSC_COMM_SELF,0,"Title",x,y,width,height,&draw); CHKERRQ(ierr);
PetscDrawSetFromOptions(draw);CHKERRQ(ierr);

PetscOptionsGetIint(PETSC_NULL,"-nports",&nports,PETSC_NULL);CHKERRQ(ierr);
PetscDrawViewPortsCreate(draw,nports,&ports);CHKERRQ(ierr);
PetscDrawViewPortsSet(ports,0); CHKERRQ(ierr);

PetscDrawLGCreate(draw,1,&1g);CHKERRQ(ierr);

PetscDrawLGGetAxis(lg,&axis);CHKERRQ(ierr);
PetscDrawAxisSetColors(axis,PETSC_DRAW_BLACK,PETSC_DRAW_RED,PETSC_DRAW_BLUE);CHKERRKC
PetscDrawAxisSetLabels(axis,toplabel,xlabel,ylabel); CHKERRQ(ierr);

for (i=0; i<n ; i++) {
xd = (PetscReal)(i - 5); yd = xd*xd;

ierr
}
ierr
ierr
ierr
ierr

ierr
ierr
ierr

= PetscDrawLGAddPoint(lg,&xd,&yd); CHKERRQ(ierr);

PetscDrawLGlIndicateDataPoints(lg);CHKERRQ(ierr);
PetscDrawLGDraw(lg); CHKERRQ(ierr);
PetscDrawFlush(draw); CHKERRQ(ierr);
PetscSleep(2);CHKERRQ(ierr);

PetscDrawViewPortsDestroy(ports); CHKERRQ(ierr);
PetscDrawLGDestroy(lg); CHKERRQ(ierr);
PetscDrawDestroy(draw); CHKERRQ(ierr);
PetscFinalize();CHKERRQ(ierr);

0;

Figure 20: Example of PetscDrawing Plots

It is possible to turn off all graphics with the optienox . This will prevent any windows from being
opened or any drawing actions to be done. This is useful for running large jobs when the graphics overhead
is too large, or for timing.

14.9.4

Graphical Convergence Monitor

For both the linear and nonlinear solvers default routines allow one to graphically monitor convergence
of the iterative method. These are accessed via the command lineksgthxmonitor and-snes_

xmonitor

. See also Sections3.3and5.3.2

The two functions used are KSPLGMonitor() gREPCGMoniorcreate_J() . These can easily be
modified to serve specialized needs.
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14.9.5 Disabling Graphics at Compile Time

To disable all x-window-based graphics, edit the {eETSC_DIR}/bmake/${PETSC_ARCH}/packages
and comment the variabRPETSC _DHAVE_X11Then (re)compile the PETSc libraries.
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Chapter 15

Makefiles

This chapter describes the design of the PETSc makefiles, which are the key to managing our code portability
across a wide variety of UNIX and Windows systems.

15.1 Our Makefile System

To make a program namexl1 , one may use the command
make BOPT=[g,0] PETS@RCH=arch ex1

which will compile a debugging, optimized, or profiling version of the example and automatically link the
appropriate libraries. The architectuegch , is one ofsolaris, rs6000, IRIX, hpux , etc. Note

that when using command line options with make (as illustrated above), oneaipsice spaces on either
side of the “=" signs. The variable BOPTandPETSC_ARCHan also be set as environmental variables.
Although PETSc is written in C, it can be compiled with a C++ compiler. For many C++ users this may
be the preferred route. To compile with the C++ compiler, one should use the &@eT=g_c++ or
BOPT=0_c++ The optionOPT=g_complex andBOPT=0_complex will create C versions that use
complex double-precision numbers.

15.1.1 Makefile Commands

The directory${PETSC_DIR}/bmake contains virtually all makefile commands and customizations to
enable portability across different architectures. Most makefile commands for maintaining the PETSc sys-
tem are defined in the filB{PETSC_DIR}/bmake/common . These commands, which process all ap-
propriate files within the directory of execution, include

e lib - Updates the PETSc libraries based on the source code in the directory.

e libfast - Updates the libraries faster. Sinliefast recompiles all source files in the directory
at once, rather than individually, this command saves time when many files must be compiled.

e clean - Removes garbage files.

Thetree command enables the user to execute a particular action within a directory and all of its subdi-
rectories. The action is specified BYCTION=[action] , whereaction is one of the basic commands
listed above. For example, if the command

make BOPT=g ACTION=lib tree

were executed from the directo®yPETSC_DIR}/src/sles/ksp , the debugging library for all Krylov
subspace solvers would be built.
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15.1.2 Customized Makefiles

The directony${PETSC_DIR}Ybmake contains a subdirectory for each architecture that contains machine-
specific information, enabling the portability of our makefile system. For instance, for Sun workstations
running OS 5.7, the directory is calledlaris . Each architecture directory contains three makefiles:

e packages - locations of all needed packages for a particular site. This file (discussed below) is
usually the only one that the user needs to alter.

e variables - definitions of the compilers, linkers, etc.
e rules - some build rules specific to this machine.

The architecture independent makefiles, are locat8fRETSC_DIR}bmake/common , and the machine-
spcecific makefiles get included from here.

15.2 PETSc Flags

PETSc has several flags that determine how the source code will be compiled. The default flags for particular
versions are specified by the variaBIETSCFLAGSwithin the base files of ${PETSC_DIR}/bmake/
${PETSC_ARCH]}, discussed in Sectioi5.1.2 The flags include

e PETSC USE_DEBUGThe PETSc debugging options are activated. We recommend always using
this.

e PETSC_USE_COMPLEXhe version with scalars represented as complex numbers is used.

e PETSC_USE_LOGVarious monitoring statistics on floating-point operations, and message-passing
activity are kept.

15.2.1 Sample Makefiles

Maintaining portable PETSc makefiles is very simple. In Fig@&s22, and23 we present three sample
makefiles.

The first is a “minimum” makefile for maintaining a single program that uses the PETSc libraires. The
most important line in this makefile is the line starting wirtislude

include §PETSC_DIR}/bmake/common/base

This line includes other makefiles that provide the needed definitions and rules for the particular base PETSc
installation (specified b§s{PETSC_DIR} ) and architecture (specified I{PETSC_ARCH)). (Seel.2

for information on setting these environmental variables.) As listed in the sample makefile, the appropriate
include file is automatically completely specified; the user shaubd alter this statement within the
maketfile.

ALL: ex2
CFLAGS =
FFLAGS =
CPPFLAGS =
FPPFLAGS =
include ${PETSC_DIR}/bmake/common/base
ex2: ex2.0 chkopts
${CLINKER} -0 ex2 ex2.0 ${PETSC_LIB}
${RM} ex2.0
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Figure 21: Sample PETSc Makefile for a Single Program

Note that the variabl&{PETSC_LIB} (as listed on the link line in the above makefile) speciéits
of the various PETSc libraries in the appropriate order for correct linking. For users who employ only
a specific PETSc library, can use alternative variables$§fETSC_SYS_LIB} , ${PETSC_VEC_LI
B}, ${PETSC_MAT_LIB}, ${PETSC_DM_LIB}, ${PETSC_SLES_LIB} , ${PETSC_SNES_LIB}
or${PETSC_TS_LIB} . The second sample makefile, given in FigPecontrols the generation of several
example programs.

CFLAGS =
FFLAGS =
CPPFLAGS =
FPPFLAGS =
include ${PETSC_DIR}/bmake/common/base
exl: exl.o
-${CLINKER} -0 ex1l exl.0 ${PETSC_LIB}
${RM} exl.o
ex2: ex2.0
-${CLINKER} -0 ex2 ex2.0 ${PETSC_LIB}
${RM} ex2.0
ex3: ex3.0
-${FLINKER} -0 ex3 ex3.0 ${PETSC_FORTRAN_LIB} ${PETSC_LIB}
${RM} ex3.0
ex4: ex4.0
-${CLINKER} -0 ex4 ex4.0 ${PETSC_LIB}
${RM} ex4.o
runexl:
-@${MPIRUN} ex1
runex2:
-@${MPIRUN} -np 2 ex2 -mat_seqdense -options_left
runex3:
-@${MPIRUN} ex3 -v -log_summary
runex4:
-@${MPIRUN} -np
RUNEXAMPLES 1 runexl runex2
RUNEXAMPLES_2 runex4

4 ex4 -trdump
RUNEXAMPLES_3 = runex3

EXAMPLESC exl.c ex2.c exd.c
EXAMPLESF ex3.F

EXAMPLES 1 exl ex2
EXAMPLES 2 ex4
EXAMPLES_3 ex3

include ${PETSC_DIR}/bmake/common/test

Figure 22: Sample PETSc Makefile for Several Example Programs

Again, the most important line in this makefile is imelude line that includes the files defining all
of the macro variables. Some additional variables that can be used in the makefile are defined as follows:

e CFLAGS, FFLAGS User specified additional options for the C compiler and fortran compiler.

e CPPFLAGS, FPPFLAGS User specified additional flags for the C preprocessor and fortran pre-
procesor.
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e CLINKER, FLINKER -the C and Fortran linkers.

e RM- the remove command for deleting files.

e EXAMPLES 1 examples that will be built witthake BOPT=[g,0] examples (see Sectioi5.1.])
e RUNEXAMPLES_4examples that will be run witmake runexamples (see Sectioi5.1.])

e EXAMPLESC all C examples that will be checked in/out of RCS witlake ci andmake co (not
generally needed by users).

e EXAMPLESF all Fortran examples that will be checked in/out of RCS wiithke ci andmake co
(not generally needed by users).

e PETSC_LIB - all of the base PETSc libraries.
e PETSC_FORTRAN_LIB the PETSc Fortran interface library.
Note that the PETSc example programs are divided into several categories, which currently include:

EXAMPLES - basic C suite used in installation tests

EXAMPLES -2additional C suite including graphics

EXAMPLES -3basic Fortran .F suite

EXAMPLES 4subset of 1 and 2 that runs on only a single processor
EXAMPLES 5examples that require complex numbers

EXAMPLES -6C examples that do not work with complex numbers
EXAMPLES -8Fortran .F examples that do not work with complex numbers
EXAMPLES 9uniprocessor version of 3

EXAMPLES 4@ortran .F examples that require complex numbers

We next list in Figure23 a makefile that maintains a PETSc library. Although most users do not need to
understand or deal with such makefiles, they are also easily used.

ALL: lib

CFLAGS =

SOURCEC = splwd.c spinver.c spnd.c spgmd.c sprcm.c

SOURCEF = degree.f fnroot.f gengmd.f gmdaqt.f rem.f fnlwd.f genlwd.f
genrcm.f gmdrch.f rootls.f fndsep.f gennd.f gmdmrg.f gmdupd.f
SOURCEH =

OBJSC = splwd.o spinver.o spnd.o spgmd.o sprcm.o

OBJSF = degree.o fnroot.o gengmd.o gmdqt.o rcm.o fnlwd.o genlwd.o
genrcm.o gmdrch.o rootls.o fndsep.o gennd.o gmdmrg.o gmdupd.o
LIBBASE = libpetscmat

MANSEC = Mat

include §PETSC_DIR}bmake/common/base

Figure 23: Sample PETSc Makefile for Library Maintenance

The library’s name idibpetscmat.a , and the source files being added to it are indicate&0y
URCEQfor C files) andSOURCERfor Fortran files). Note that th®@BJSFand OBJSCare identical to
SOURCERNdSOURCEGespectively, except they use the suffix rather thanc or.f .

The variabldMANSEGhdicates that any manual pages generated from this source should be included in
theMat section.
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15.3 Limitations

This approach to portable makefiles has some minor limitations, including the following:
e Each makefile must be called “makefile”.

e Each makefile can maintain at most one archive library.
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Chapter 16

Unimportant and Advanced Features of
Matrices and Solvers

This chapter introduces additional features of the PETSc matrices and solvers. Since most PETSc users
should not need to use these features, we recommend skipping this chapter during an initial reading.

16.1 Extracting Submatrices

One can extract a (parallel) submatrix from a given (parallel) using

MatGetSubMatrix__|(Mat] AJS ] rows[S ] cols,int csizdylaiReuse ] callMat] *B);

This extracts theows andcol umns of the matribA into B. If call is MAT_INITIAL_MATRIX it will
create the matriB. If call is MAT_REUSE_MATRIX will reuse theB created with a previous call. The
argumentsize is ignored on sequential matrices, for parallel matrices it determines the “local columns
if the matrix format supports this concept. Often one can use the default by passing in EEIEDE. To
create &B matrix that may be multiplied with a vectarone can use

VVecGetlLocalSize  |(x,&csize);
MatGetSubMatrix_|(Mat] AJS ] rows[S ] cols,int csizdylaiReuse ] callMat] *B);

16.2 Matrix Factorization

Normally, PETSc users will access the matrix solvers througBiies] interface, as discussed in Chapter
4, but the underlying factorization and triangular solve routines are also directly accessible to the user. The

LU and Cholesky matrix factorizations are split into two or three stages depending on the user’s needs. The
first stage is to calculate an ordering for the matrix. The ordering generally is done to reduce fill in a sparse
factorization; it does not make much sense for a dense matrix.

MatGetOrdering J(Mat] matrixMatOrderingType ] type|S ]+ rowperm[S ]* colperm);

The currently available alternatives for the orderipge are

e MATORDERING_NATURANatural
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¢ MATORDERING_NINested Dissection

e MATORDERING_1WIDne-way Dissection

¢ MATORDERING_RGCNReverse Cuthill-McKee

¢ MATORDERING_QMMQuotient Minimum Degree

These orderings can also be set through the options database by specifying one of the follpwing:
lu_ordering_type natural , -pc_lu_ordering_type nd , -pc_lu_ordering_type 1wd :
-pc_lu_ordering_type rcm , -pc_lu_ordering_type gmd . Certain matrix formats

may support only a subset of these; more options may be added. Check the manual pages for up-to-date
information. All of these orderings are symmetric at the moment; ordering routines that are not symmetric
may be added. Currently we support orderings only for sequential matrices. Users can add their own
ordering routines by providing a function with the calling sequence

int reorderfiat] A MatOrderingType | type[S J* rowperm[S J* colperm);

HereA is the matrix for which we wish to generate a new orderigge may be ignored antbwperm
andcolperm are the row and column permutations generated by the ordering routine. The user registers
the ordering routine with the command

MatOrderingRegisterDynamic [(MatOrderingType |inname,char *path,char *sname,

int (*reorder)Mat |,|\/Iat(')rderingType WS T51S M);

The input argumeninname is a string of the user’s choicéname is either an ordering defined in
petscmat.h  or a users string, to indicate one is introducing a new ordering, while the output See the
code insrc/mat/impls/order/sorder.c and other files in that directory for examples on how the
reordering routines may be written. Once the reordering routine has been registered, it can be selected for
use at runtime with the command line optigrc_lu_ordering_type sname . If reordering directly,

the user should provide threame as the second input argumentf@iiGetordering (). The following

routines perform complete, in-place, symbolic, and numerical factorizations for symmetric and nonsymmet-
ric matrices, respectively:

MatCholeskyFactor |(Mat] matrix|S ] permutation,double pf);
MatLUFactor _|(Mat | matrix}S ] rowpermutatiofS ] columnpermutatiopjatLUInfo ] *info);

The argumentinfo->fill > 1 is the predicted fill expected in the factored matrix, as a ratio of the
original fill. For example,info->fill=2.0 would indicate that one expects the factored matrix to

have twice as many nonzeros as the original. For sparse matrices it is very unlikely that the factorization
is actually done in-place. More likely, new space is allocated for the factored matrix and the old space
deallocated, but to the user it appears in-place because the factored matrix replaces the unfactored matrix.
The two factorization stages can also be performed separately, by using the out-of-place mode:

MatCholeskyFactorSymbolic |(Mat] matrix|S ] perm, double pfyiat] *result);
MatLUFactorsymbolic _|(Mat | matrix]S ] rowperm|S ] colpermMatLUInfo | *info,Mat] *result);
MatCholeskyFactorNumeric __|(Mat | matrixMat] *result);

MatLUFactorNumeric _|(Mat | matrix, Mat | *result);

In this case, the contents of the matm@sult  is undefined between the symbolic and numeric factorization
stages. Itis possible to reuse the symbolic factorization. For the second and succeeding factorizations, one
simply calls the numerical factorization with a new inpuditrix ~ and thesamefactoredresult  matrix. It

is essentiathat the new input matrix have exactly the same nonzero structure as the original factored matrix.
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(The numerical factorization merely overwrites the numerical values in the factored matrix and does not
disturb the symbolic portion, thus enabling reuse of the symbolic phase.) In general, BXMX#eactorS

ymbolic with a dense matrix will do nothing except allocate the new matrix XK&FactorNumeric

routines will do all of the work.

Why provide the plairXXXfactor routines when one could simply call the two-stage routines? The
answer is that if one desires in-place factorization of a sparse matrix, the intermediate stage between the
symbolic and numeric phases cannot be storedr@salt matrix, and it does not make sense to store the
intermediate values inside the original matrix that is being transformed. We originally made the combined
factor routines do either in-place or out-of-place factorization, but then decided that this approach was not
needed and could easily lead to confusion. We do not currently support sparse matrix factorization with
pivoting for numerical stability. This is because trying to both reduce fill and do pivoting can become quite
complicated. Instead, we provide a poor stepchild substitute. After one has obtained a reordering, with
MaitGeiordering __|(Mat] A,MatOrdering typds ] *row,[S ] *col) one may call

MatReorderForNonzeroDiagonal |(Mat] A,double tolfS ] row, [S ] col);

which will try to reorder the columns to ensure that no values along the diagonal are small&olthém
a absolute value. If small values are detected and corrected for, a nonsymmetric permutation of the rows
and columns will result. This is not guaranteed to work, but may help if one was simply unlucky in the
original ordering. When using tHBCES] solver interface the optiongpc_ilu_nonzeros_along_
diagonal <tol> and-pc_lu_nonzeros_along_diagonal <tol> may be used. Herdol
is an optional tolerance to decide if a value is nonzero; by defaultitis- 10.

Once a matrix has been factored, it is natural to solve linear systems. The following four routines enable
this process:

MatSolve [(Mat|A,Vec|x, Vec|y);

MatSolveTranspose |(Mat|A, MVec|x, Vecly);
MatSolveAdd |(Mat|A,Vec|x, Vecly, Vec|w),

MatSolve TransposeAdd  |(Mat | A, Vec]x, Vec]y, Mec]w);

The matrixA of these routines must have been obtained from a factorization routine; otherwise, an error
will be generated. In general, the user should usgSINES] solvers introduced in the next chapter rather
than using these factorization and solve routines directly.

16.3 Unimportant Details of KSP

Again, virtually all users should u§esH through thdSCES] interface and, thus, will not need to know the
details that follow.
It is possible to generate a Krylov subspace context with the command

KSPCreate |(MPI_CommEommKSP] *ps);

Before using the Krylov context, one must set the matrix-vector multiplication routine and the preconditioner
with the commands

PCSetOperators pcMat | matMat | pmatMatStructure | flag);
KSPSetPC|(KSH kspPC| pc);

In addition, theKSH solver must be initialized with

KSPSetUp|([KSH ksp);
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Solving a linear system is done with the command

KSPSolve |(KSH ksp,int *its);

Finally, theKSH context should be destroyed with

KSPDestroy |(KSP| ksp);

It may seem strange to put the matrix in the preconditioner rather than directly [f&AE this decision

was the result of much agonizing. The reason is that for SSOR with Eisenstat’s trick, and certain other
preconditioners, the preconditioner has to change the matrix-vector multiply. This procedure could not be
done cleanly if the matrix were stashed in 8P| context thaPT] cannot access. Any preconditioner can
supply not only the preconditioner, but also a routine that essentially performs a complete Richardson step.
The reason for this is mainly SOR. To use SOR in the Richardson framework, that is,

"™ =" + B(f — Au™),

is much more expensive than just updating the values. With this addition it is reasonable to sttethat
iterative methods are obtained by combining a preconditioner fror?@yeackage with a Krylov method

from theKSPpackage. This strategy makes things much simpler conceptually, so (we hope) clean code will
result. Note We had this idea already implicitly in older versionsIES], but, for instance, just doing
Gauss-Seidel with Richardson in was much more expensive than it had to be. With PETSc this
should not be a problem.

16.4 Unimportant Details of PC

Most users will obtain their preconditioner contexts fromEi&Eg context with the commarBCESGeIPg
(). It is possible to create, manipulate, and desff@} contexts directly, although this capability should
rarely be needed. To creat§’@] context, one uses the command

PCTieate (MP1. CommEamn] g *po)

The routine

PCSetType J(F peFCType] method)

sets the preconditioner method to be used. The two routines

CSetOperators |([PC] pcMat] matMat ] pmatMatStructure | flag);
CSetVector pcjVec|vec),

set the matrices and type of vector that are to be used with the preconditioneed lrggument is needed
by thePQ routines to determine the format of the vectors. The routine

PCGetOperators_|([PC pcMat] *matMat] *pmatMatStructure ] *flag);

returns the values set wifiCSetOperaiors__|(). The preconditioners in PETSc can be used in several
ways. The two most basic routines simply apply the preconditioner or its transpose and are given, respec-
tively, by

PCApply |(PC pc xVecly);
PCApplyTranspose |(PC| pcec] xec]y);
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In particular, for a preconditioner matri, that has been set vRCSetOperators(pc,A,B,flag) ,
the routinePCApply(pc,X,y) computesy = B~ !z by solving the linear systemBy = x with the
specified preconditioner method. Additional preconditioner routines are

CApplyBAorAB |(PC| pcPCSide |right)Vec|xVec|ylNec|work,int its);
CApplyBAorABTranspose pcPCSide [right)Vec|x Vec]yec]work,int its);
CApplyRichardson (P pc)Vec|xVec|y)ec|work,PetscReal rtol,PetscReal atol, PetscReal dtolint its);

The first two routines apply the action of the matrix followed by the preconditioner or the preconditioner
followed by the matrix depending on whether thght is PC_LEFT or PC_RIGHT The final routine
appliesits iterations of Richardson’s method. The last three routines are provided to improve efficiency
for certain Krylov subspace methods. &C] context that is no longer needed can be destroyed with the
command

PCDesioy 1 po)
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