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Abstract:

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

PETSc includes an expanding suite of parallel linear solvers, nonlinear solvers, and time in-
tegrators that may be used in application codes written in Fortran, C, C++, and Python (via
petscdpy). 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, experience programming in C, C++ or Fortran and experience using
a debugger such as gdb or dbx, 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 tasks a package such as MATLARB 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 provide a “parallel 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 parallelized 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 will occur. PETSc is supported; see the web site http://www.mcs.anl.gov/petsc for
information on contacting support.

A list of publications and web sites that feature work involving PETSc may be found at
http://www.mcs.anl.gov/petsc/publications.

We welcome any reports of corrections for this document.


http://www.mcs.anl.gov/petsc
http://www.mcs.anl.gov/petsc/publications
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Getting Information on PETSc:
Online:
e Manual pages and example usage : http://www.mes.anl.gov/petsc/documentation
e Installing PETSc : http://www.mcs.anl.gov/petsc/documentation/installation.html
e Tutorials : https://www.mcs.anl.gov/petsc/documentation/tutorials/index.html
In this manual:
e Complete contents, page 13
e Basic introduction, page 21
e Assembling vectors, page 53; and matrices, page 69
e Linear solvers, page 83
e Nonlinear solvers, page 109
e Timestepping (ODE) solvers, page 147
e Structured grids, page 58
e Unstructured meshes, pages 63 and 167
e Index, page 253


http://www.mcs.anl.gov/petsc/documentation
http://www.mcs.anl.gov/petsc/documentation/installation.html
https://www.mcs.anl.gov/petsc/documentation/tutorials/index.html
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PETSc source code contains modified routines from the following public domain software packages:

LINPACK - dense matrix factorization and solve; converted to C using £2c¢ and then hand-
optimized for small matrix sizes, for block matrix data structures;

MINPACK - see page 143; sequential matrix coloring routines for finite difference Jacobian
evaluations; converted to C using f2c;

SPARSPAK - see page 92; matrix reordering routines, converted to C using f2c;

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:

BLAS and LAPACK - numerical linear algebra;

Chaco - A graph partitioning package;
http://www.cs.sandia.gov/CRF /chac.html

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

Elemental - Jack Poulson’s parallel dense matrix solver package;
http://libelemental.org/

HDF5 - the data model, library, and file format for storing and managing data,
https://support.hdfgroup.org/HDF5/

hypre - the LLNL preconditioner library;
http://www.llnl.gov/CASC/hypre

LUSOL - sparse LU factorization code (part of MINOS) developed by Michael Saunders,
Systems Optimization Laboratory, Stanford University;
http://www.sbsi-sol-optimize.com/

MATLAB - see page 197;

MUMPS - see page 106, MUItifrontal Massively Parallel sparse direct Solver developed by
Patrick Amestoy, lain Duff, Jacko Koster, and Jean-Yves L’Excellent;
http://www.enseeiht.fr/lima/apo/MUMPS /credits.html

Metis/ParMeTiS - see page 81, parallel graph partitioner,
http://www-users.cs.umn.edu/~karypis/metis/

Party - A graph partitioning package;
http://www2.cs.uni-paderborn.de/cs/ag-monien/PERSONAL/ROBSY /party.html

PaStiX - Parallel LU and Cholesky solvers;
http://pastix.gforge.inria.fr/

PTScotch - A graph partitioning package;
http://www.labri.fr/Perso/ pelegrin/scotch/
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e SPAI - for parallel sparse approximate inverse preconditioning;
https://cces.unibas.ch/lehre /software-packages/

e SuiteSparse - see page 106, developed by Timothy A. Davis;
http://faculty.cse.tamu.edu/davis/suitesparse.html

e SUNDIALS/CVODE - see page 157, parallel ODE integrator;
http://www.llnl.gov/CASC/sundials/

e SuperLLU and SuperLU_Dist - see page 106, the efficient sparse LU codes developed by Jim
Demmel, Xiaoye S. Li, and John Gilbert;
http://crd-legacy.lbl.gov/ xiaoye/SuperLU

e STRUMPACK - the STRUctured Matrix Package;
http://portal.nersc.gov/project/sparse/strumpack/

e Triangle and Tetgen - mesh generation packages;
https://www.cs.cmu.edu/” quake/triangle.html
http://wias-berlin.de/software/tetgen/

e Trilinos/ML - Sandia’s main multigrid preconditioning package;
http://software.sandia.gov/trilinos/,

e Zoltan - graph partitioners from Sandia National Laboratory;
http://www.cs.sandia.gov /zoltan/

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

e Emacs editor
e Git revision control system
e Python

PETSc documentation has been generated using

e Sowing text processing tools developed by Bill Gropp
http://wgropp.cs.illinois.edu/projects/software/sowing/

e c2html

e pdflatex

e python
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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, C+4, and Python. Begun over 20 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 II and III of the users manual. Each library manipulates a particular family of objects
(for instance, vectors) and the operations one would like to perform on the objects. The objects
and operations in PETSc are derived from our long experiences with scientific computation. Some
of the PETSc modules deal with

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

e vectors (Vec);

e matrices (Mat) (generally sparse);

e managing interactions between mesh data structures and vectors and matrices (DM);

e over thirty Krylov subspace methods (KSP);

e dozens of preconditioners, including multigrid, block solvers, and sparse direct solvers (PC);
e nonlinear solvers (SNES); and

e timesteppers for solving time-dependent (nonlinear) PDEs, including support for differential

algebraic equations, and the computation of adjoints (sensitivities/gradients of the solutions)
(TS)

Each consists of an abstract interface (simply a set of calling sequences) and one or more imple-
mentations 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 problem. This design
enables easy comparison and use of different algorithms (for example, to experiment with different
Krylov subspace methods, preconditioners, or truncated Newton methods). Hence, PETSc pro-
vides 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 different pieces of PETSc. Figure 1 is a
diagram of some of these pieces. The figure illustrates 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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] Application Codes \ ] Higher-Level Libraries \ ] ‘
PETSc
TS (Time Steppers) DM (Domain Management)
Euler B;’Em’frd RK | BDF | SSP | ARKIMEX R°Se'\‘/$f°Ck' Dis/f\'rirbauyted S':r'jztﬁl:efg)
SNES (Nonlinear Solvers) TAO (Optimization)
Line Set| T Region | PAS | NGMRES | NASH | ASPIN | -+ | | Newon | \ZE00E

KSP (Krylov Subspace Methods)

GMRES | Richardson | CG | CGS |Bi-CGStab | TFQMR | MINRES | GCR | Chebyshev P'Pé-'é”ed

PC (Preconditioners)

Additive | Block

.| Jacobi ICC ILU LU SOR MG | AMG | BDDC | Shell
Schwarz | Jacobi

Mat (Operators)

Increasing Level of Abstraction

Compressed Block Symmetric

Sparse Row CSR Block CSR Dense | CUSPARSE | CUSP |ViennaCL| FFT | Shell

Vec (Vectors) IS (Index Sets)

Standard CUDA CUSP ViennaCL General Block Stride

BLAS/LAPACK | | MPI | |

Figure 1: Numerical libraries of PETSc

1.1 Suggested Reading

The manual is divided into three parts:

e Part I - Introduction to PETSc
e Part II - Programming with PETSc
e Part IIT - Additional Information

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

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

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

Within the PETSc distribution, the directory ${PETSC_DIR}/docs contains all documentation.
Manual pages for all PETSc functions can be accessed at www.mcs.anl.gov/petsc/documentation.
The manual pages provide hyperlinked indices (organized by both concept and routine name) to
the tutorial examples and enable easy movement among related topics.

Emacs and Vi/Vim users may find the etags/ctags option to be extremely useful for exploring
the PETSc source code. Details of this feature are provided in Section 15.10.

The file manual.pdf contains the complete PETSc Users Manual in the portable document
format (PDF), while intro.pdf includes only the introductory segment, Part I. The complete
PETSc distribution, users manual, manual pages, and additional information are also available via
the PETSc home page at www.mcs.anl.gov/petsc. The PETSc home page also contains details
regarding installation, new features and changes in recent versions of PETSc, machines that we
currently support, 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 C4++. However, pure Fortran programmers
can use most of the functionality of PETSc from Fortran, with only minor differences in the user
interface. Chapter 11 provides a discussion of the differences between using PETSc from Fortran
and C, as well as several complete Fortran examples. This chapter also introduces some routines
that support direct use of Fortran90 pointers.

Note to Python Programmers: To program with PETSc in Python you need to install the
PETScdpy package developed by Lisandro Dalcin. This can be done by configuring PETSc with
the option --download-petsc4py. See the PETSc installation guide for more details:
http://www.mcs.anl.gov /petsc/documentation /installation.html.

1.2 Running PETSc Programs

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

export PETSC_DIR=$HOME/petsc

can be placed in the user’s .bashrc or other startup file. In addition, the user may need to set
the environment variable PETSC_ARCH to specify a particular configuration of the PETSc libraries.
Note that PETSC_ARCH is just a name selected by the installer to refer to the libraries compiled
for a particular set of compiler options and machine type. Using different values of PETSC_ARCH
allows one to switch between several different sets (say debug and optimized) of libraries easily.
To determine if you need to set PETSC_ARCH, look in the directory indicated by PETSC_DIR, if
there are subdirectories beginning with arch then those subdirectories give the possible values for
PETSC_ARCH.

All PETSc programs use the MPI (Message Passing Interface) standard for message-passing

communication [25]. Thus, to execute PETSc programs, users must know the procedure for be-
ginning MPT jobs on their selected computer system(s). For instance, when using the MPICH
implementation of MPI [16] and many others, the following command initiates a program that uses

eight processors:
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mpiexec -n 8 ./petsc_program_name petsc_options

PETSc also comes with a script that uses the information set in ${PETSC_DIR}/${PETSC_ARCH}/
lib/petsc/conf/petscvariables to automatically use the correct mpiexec for your configuration.
${PETSC_DIR}/lib/petsc/bin/petscmpiexec -n 8 ./petsc_program_name petsc_options

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

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

e -log_view - summarize the program’s performance
e —fp_trap - stop on floating-point exceptions; for example divide by zero

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

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

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

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

e —-info - print a great deal of information about what the program is doing as it runs
e —options_file filename - read options from a file

See Section 15.5 for more information on debugging PETSc programs.

1.3 Running PETSc Tests

1.3.1 Quick start with the tests
For testing builds, the general invocation from the PETSC_DIR is:

make -f gmakefile.test test PETSC_ARCH=<PETSC_ARCH>

For testing installs, the general invocation from the installation (prefix) directory is:

make -f share/petsc/examples/gmakefile.test test

For a full list of options, use

make -f gmakefile.test help

1.3.2 Understanding test output and more information

As discussed in Section 1.2, users should set PETSC_DIR and PETSC_ARCH before running the tests,
or can provide them on the command line as below.
To check if the libraries are working do:

make PETSC_DIR=<PETSC_DIR> PETSC_ARCH=<PETSC_ARCH> test

A larger set of legacy tests can be run with
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make PETSC_DIR=<PETSC_DIR> PETSC_ARCH=<PETSC_ARCH> alltests

The new testing system is available by running

make -f gmakefile.test test PETSC_ARCH=<PETSC_ARCH>

The test reporting system classifies them according to the Test Anywhere Protocal (TAP)!. In
brief, the categories are

e ok
The test passed.
e not ok
The test failed.
e not ok #SKIP
The test was skipped, usually because build requirements were not met (for example, an
external solver library was required, but not compiled against it).
e ok #TODO
The test is under development by the developers.

The tests are a series of shell scripts, generated by information contained within the test source
file, that are invoked by the makefile system. The tests are run in ${PETSC_DIR}/${PETSC_ARCH
}/tests with the same directory as the source tree underneath. For testing installs, the default
location is ${PREFIX_DIR}/tests but this can be changed with the TESTDIR location. (See Sec-
tion 1.7). A label is used to denote where it can be found within the source tree. For example, test
vec_vec_tutorials-ex6, which can be run e.g. with

make -f gmakefile.test test search=’vec_vec_tutorials-ex6’

(see the discussion of search below), denotes the shell script:

${PETSC_DIR}/${PETSC_ARCH}/src/vec/vec/examples/tutorials/runex6.sh

These shell scripts can be run independently in those directories, and take arguments to show the
commands run, change arguments, etc. Use the —h option to the shell script to see these options.

Often, you want to run only a subset of tests. Our makefiles use gmake’s wildcard syntax.
In this syntax, % is a wild card character and is passed in using the search argument. Two
wildcard characters cannot be used in a search, so the searchin argument is used to provide the
equivalent of %pattern search. The default examples have default arguments, and we often wish
to test examples with various arguments; we use the argsearch argument for these searches. Like
searchin, it does not use wildcards, but rather whether the string is within the arguments.

Some examples are:

make -f gmakefile.test test search=’ts}’ # Run all TS
examples

make -f gmakefile.test test searchin=’tutorials’ # Run all tutorials

make -f gmakefile.test test search ’ts),’ searchin=’tutorials’ # Run all TS
tutorials

make -f gmakefile.test test argsearch=’cuda’ # Run examples

with cuda in arguments

!See https://testanything.org/tap-specification.html
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It is useful before invoking the tests to see what targets will be run. The print-test target
helps with this:

make -f gmakefile.test print-test argsearch=’cuda’

To see all of the test targets which would be run, this command can be used:

make -f gmakefile.test print-test

For testing in install directories, some examples are:

cd ${PREFIX_DIR}; make -f gmakefile.test test TESTDIR=mytests

or

cd ${PREFIX_DIR}/share/petsc/examples; make -f gmakefile.test test
TESTDIR=$PWD/mytests

where the latter is needed to make have it run in the local directory instead of $PREFIX_DIR.
To learn more about the test system details, one can look at the Developer’s Guide.

1.4 Writing PETSc Programs

Most PETSc programs begin with a call to

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

which initializes PETSc and MPI. The arguments argc and argv are the command line arguments
delivered in all C and C++ programs. The argument file optionally indicates an alternative
name for the PETSc options file, .petscrc, which resides by default in the user’s home directory.
Section 15.2 provides details regarding this file and the PETSc options database, which can be used
for runtime customization. The final argument, help, is an optional character string that will be
printed if the program is run with the -help option. In Fortran the initialization command has
the form

call PetscInitialize(character(*) file,integer ierr)

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

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

MPI provides routines for generating new communicators consisting of subsets of processors,
though most users rarely need to use these. The book Using MPI, by Lusk, Gropp, and Skjel-
lum [17] provides an excellent introduction to the concepts in MPI. See also the MPI homepage
http://www.mes.anl.gov/mpi/. Note that PETSc users need not program much message passing
directly with MPI, but they must be familiar with the basic concepts of message passing and
distributed memory computing.

All PETSc routines return a PetscErrorCode, which is 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;
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otherwise, it is zero. For the C/C-++ interface, the error variable is the routine’s return value, while
for the Fortran version, each PETSc routine has as its final argument an integer error variable. Error
tracebacks are discussed in the following section.

All PETSc programs should call PetscFinalize() as their final (or nearly final) statement, as
given below in the C/C++ and Fortran formats, respectively:

PetscFinalize();
call PetscFinalize(ierr)

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

1.5 Simple PETSc Examples

To help the user start using PETSc immediately, we begin with a simple uniprocessor example in
Figure 2 that solves the one-dimensional Laplacian problem with finite differences. This sequential
code, which can be found in $PETSC_DIR/src/ksp/ksp/examples/tutorials/exl.c, illustrates
the solution of a linear system with KSP, the interface to the preconditioners, Krylov subspace
methods, and direct linear solvers of PETSc. Following the code we highlight a few of the most
important parts of this example.

static char help[] = "Solves a tridiagonal linear system with KSP.\n\n";

/*T
Concepts: KSP"solving a system of linear equations
Processors: 1

T/

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

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

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 <petscksp.h>

int main(int argc,char **args)

{
Vec x, b, u; /* approx solution, RHS, exact solution */
Mat A; /* linear system matrix */
KSP ksp; /* linear solver context */
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PC PCc; /* preconditioner context */

PetscReal norm; /* norm of solution error */
PetscErrorCode ierr;

PetscInt i,n = 10,co0l[3],its;

PetscMPIInt size;

PetscScalar one = 1.0,valuel3];

PetscBool nonzeroguess = PETSC_FALSE, changepcside = PETSC_FALSE;

ierr = PetscInitialize(&argc,&args, (charx)0,help);if (ierr) return ierr;

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

if (size != 1) SETERRQ(PETSC_COMM WORLD,1,"This is a uniprocessor example only!"
i

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

ierr = PetscOptionsGetBool (NULL,NULL,"-nonzero_guess",&nonzeroguess,NULL) ;
CHKERRQ (ierr) ;

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. See the matrix chapter of the users manual for details.

*/

ierr = MatCreate (PETSC_COMM_WORLD,&A) ; CHKERRQ (ierr) ;
ierr = MatSetSizes(A,PETSC_DECIDE,PETSC_DECIDE,n,n) ;CHKERRQ(ierr);
ierr = MatSetFromOptions(A) ; CHKERRQ(ierr);
ierr = MatSetUp(A) ; CHKERRQ(ierr);
/%
Assemble matrix
*/
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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; col[0] =n - 2; col[1] = n - 1;

ierr = MatSetValues(A,1,&i,2,col,value,INSERT_VALUES) ; CHKERRQ(ierr);
i = 0; col[0] = 0; 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.

ierr = VecSet(u,one) ; CHKERRQ(ierr) ;
ierr = MatMult(A,u,b) ;CHKERRQ(ierr) ;

[k — — = = — = — - - - - - - - - - - - - - - - - - - - - - - - - - -~
Create the linear solver and set various options
—————————————————————————————————— *x/

/*
Create linear solver context
*/
ierr = KSPCreate(PETSC_COMM_WORLD,&ksp) ; CHKERRQ (ierr) ;
/*
Set operators. Here the matrix that defines the linear system
also serves as the preconditioning matrix.
*/
ierr = KSPSetOperators(ksp,A,A) ;CHKERRQ(ierr) ;
/*
Test if you can change the KSP side and type after they have been previously
set
*/
ierr = PetscOptionsGetBool (NULL,NULL,"-change_pc_side",&changepcside,NULL) ;
CHKERRQ(ierr);

if (changepcside) {
ierr = KSPSetUp(ksp) ; CHKERRQ(ierr) ;
ierr = PetscOptionsInsertString(NULL,"-ksp_norm_type unpreconditioned -
ksp_pc_side right") ;CHKERRQ(ierr);
ierr = KSPSetFromOptions(ksp) ; CHKERRQ(ierr) ;
KSPSetUp (ksp) ; CHKERRQ (ierr) ;

ierr

/*
Set linear solver defaults for this problem (optional).
- By extracting the KSP and PC contexts from the KSP context,
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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
KSPSetFromOptions() ;

*/

ierr

KSPGetPC(ksp,&pc) ; CHKERRQ (ierr) ;

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

ierr KSPSetTolerances (ksp,1.e-5,PETSC_DEFAULT,PETSC_DEFAULT,PETSC_DEFAULT) ;
CHKERRQ(ierr);

/*

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

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

*/

ierr = KSPSetFromOptions(ksp) ; CHKERRQ(ierr) ;

if (nonzeroguess) {
PetscScalar p = .5;
ierr = VecSet(x,p);CHKERRQ(ierr);
ierr = KSPSetInitialGuessNonzero (ksp,PETSC_TRUE) ; CHKERRQ(ierr) ;

}
[* — — = — — = — — - - — — - - - - - - - - - - - - - - - - - - - - - -
Solve the linear system

—————————————————————————————————— *x/

/*
Solve linear system

*/

ierr = KSPSolve(ksp,b,x) ; CHKERRQ(ierr);

/%
View solver info; we could instead use the option -ksp_view to
print this info to the screen at the conclusion of KSPSolve().

*/

ierr = KSPView(ksp,PETSC_VIEWER STDOUT WORLD) ; CHKERRQ(ierr) ;

[k — — = = — = - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Check solution and clean up

---------------------------------- */

/%
Check the error

*/

ierr = VecAXPY(x,-1.0,u) ;CHKERRQ(ierr);

ierr = VecNorm(x,NORM_2,&norm) ; CHKERRQ (ierr) ;

ierr = KSPGetIterationNumber (ksp,&its) ;CHKERRQ(ierr);
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