Distribution Category:
Mathematics and
Computer Science (UC-405)

ARGONNE NATIONAL LABORATORY
9700 South Cass Avenue
Argonne, IL 60439

ANL-95/11 - Revision 2.3.2

PETSc Users Manual

by

Satish Balay
Kris Buschelman
Victor Eijkhout
William Gropp
Dinesh Kaushik
Matt Knepley
Lois Curfman Mclnnes
Barry Smith
Hong Zhang

Mathematics and Computer Science Division
http://www.mcs.anl.gov/petsc

This manual is intended for use with PETSc 2.3.2

September, 1, 2006

This work was supported in part by the Mathematical, Information, and

Computational Sciences Division subprogram of the Office of Advanced

Scientific Computing Research, U.S. Department of Energy, under Con-
tract W-31-109-Eng-38.






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 providparéallel 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 welisite//www.mcs.anl.gov/petgor information on contacting
support.

A list of publications and web sites that feature work involving PETSc may be fouhdmat/www-
unix.mcs.anl.gov/petsc/petsc-as/publications

We welcome any additions to these pages.


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




Getting Information on PETSc:
On-line:
e Manual pages for all routines, including example uséges/index.htmiin the distribution onttp://www-
unix.mcs.anl.gov/petsc/petsc-as/documentation
In this manual:
e Basic introduction, pagé7
Assembling vectors, pagkl;, and matrices;5
Linear solvers, pagé7

Nonlinear solvers, pagés
Timestepping (ODE) solvers, padé7
Index, pagel79


index.html
http://www-unix.mcs.anl.gov/petsc/petsc-as/documentation
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e SPARSEKIT2 - see pagéd, written by Yousef Saad, iludtp(), converted to C usifig ; These rou-
tines are copyrighted by Saad under the GNU copyright$§@ETSC_DIR}/src/mat/impls/
aij/seq/ilut.c

o 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:

¢ ADIC/ADIFOR - automatic differentiation for the computation of sparse Jacobitgs// www.mcs.anl.gov/adjc
http://www.mcs.anl.gov/adifor

¢ AMG - the algebraic multigrid code of John Ruge and Klaus Stuebin:,//www.mgnet.org/mgnet-
codes-gmd.html

¢ BlockSolve95 - see pagh, for parallel ICC(0) and ILU(0) preconditioningitp://www.mcs.anl.gov/blocksolye

e BLOPEX - Block Locally Optimal Preconditioned Eigenvalue Xolvers developed by Andrew Knyazev,

e Chaco - A graph partitioning packagetp://www.cs.sandia.gov/CRF/chac.html

e DSCPACK - see pag82, Domain-Separator Codes for solving sparse symmetric positive-definite
systems, developed by Padma Raghatiép;//www.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 libraryyttp://www.lInl.gov/CASC/hypre

e Jostle - A graph partitioning packadefp://www.gre.ac.uk/ c.walshaw/jostle/

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

e Mathematica - see pag®,
e Matlab - see pag#l7,

e MUMPS - see pag®2, MUItifrontal Massively Parallel sparse direct Solver developed by Patrick
Amestoy, lain Duff, Jacko Koster, and Jean-Yves L'Excellatify://www.enseeiht.fr/lima/apo/MUMPS/credits.htn

e ParMeTiS - see pag®4, parallel graph partitionehttp://www-users.cs.umn.edu/ karypis/metis/

e Party - A graph partitioning packagetip://www.uni-paderborn.de/fachbereich/AG/monien/RESEARCH/PART/
e PLAPACK - Parallel Linear Algebra Package,

e Scotch - A graph partitioning packad#ip://www.labri.fr/Perso/ pelegrin/scotch/

e SPAI - for parallel sparse approximate inverse preconditibtig;//www.sam.math.ethz.ch/ grote/spai/

e SPOOLES - see page?, SParse Object Oriented Linear Equations Solver, developed by Cleve
Ashcraft,http://www.netlib.org/linalg/spooles/spooles.2.2.html
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e Sundial/CVODE - see padi)9, parallel ODE integrator,

e SuperLU and SuperLDist - see pagé&2, the efficient sparse LU codes developed by Jim Demmel,
Xiaoye S. Li, and John Gilberhttp://www.nersc.gov/ xiaoye/Superl,.U

e Trilinos/ML - Sandia’s main multigrid preconditioning package,
e UMFPACK - see pag82, developed by Timothy A. Davi$ittp://www.cise.ufl.edu/research/sparse/umfpack/

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

e the text processing tools developed by Bill Gropp
e c2html

o pdflatex

e python


http://www.llnl.gov/CASC/sundials/
http://www.nersc.gov/~xiaoye/SuperLU
http://software.sandia.gov/trilinos/
http://www.cise.ufl.edu/research/sparse/umfpack/

10



Contents

Abstract 3
| Introduction to PETSc 15
1 Getting Started 17
1.1 SuggestedReading . . . . . . . . . . . @ i e e 18
1.2 Running PETSCPrograms . . . . . . . . . 0 i i e e e e e e e e e e e e 19
1.3 Writing PETSC Programs . . . . . . . . . . 0 i i e e e e e e e e e e 20
1.4 Simple PETScExamples . . . . . . . . . . e e e e e e 21
15 ReferencingPETSC . . . . . . . . . e 33
1.6 Directory STrUCTUIE. . . . . . . . . o e e e 33

Il Programming with PETSc 37
2 Vectors and Distributing Parallel Data 39
2.1 Creatingand Assembling Vectars . . . . . . . . . ... e 39
2.2 Basic Vector Operations. . . . . . . . . . o e e e e 41
2.3 Indexingand Ordering. . . . . . . . . i i e e e e A3
2.3.1 Application Orderings. . . . . . . . o i e 43

2.3.2 Localto Global Mappings . . . . . . . . . . e 44

2.4 Structured Grids Using Distributed Arrays. . . . . . . . . . . . o e 45
2.4.1 Creating Distributed Arrays. . . . . . . . . . e e e 46

2.4.2 Local/Global Vectorsand Scatters. . . . . . .. . ... . oo 47

2.4.3 Local (Ghosted) Work Vectors. . . . . . . . . . . . i e 48

2.4.4 Accessing the Vector Entries for DA Vectors. . . . . . .. .. .. ... ..... 48

245 GridInformation. . . . . . .. L 49

2.5 Software for Managing Vectors Related to Unstructured Grids. . . . . . . . . ... .. 50
251 IndexSets . . . . . . . e 50

252 Scattersand Gathers. . . . . . . ... 51

2.5.3 ScatteringGhostValues . . . . . . ... ... 52

2.5.4 \ectors with Locations for GhostValues . . . . . ... ... ... ........ 53

3 Matrices 55
3.1 Creating and Assembling Matrices. . . . . . . . . . . . . . . e 55
3.1.1 Sparse MatriCes. . . . . . . v v i e e e e e e e e e e e 57

3.1.2 DenseMatrices . . . . . . . . e 60

3.2 Basic Matrix Operations. . . . . . . . . . e e e 61



3.3 Matrix-Free Matrices. . . . . . . . . . e e e e e e e e 62

3.4 Other Matrix Operations. . . . . . . . . . . o i i i i e e e e 63
3.5 Partitioning . . . . . . 64
KSP: Linear Equations Solvers 67
4.1 UsiNgKSP . . . . e 67
4.2 Solving Successive Linear Systems. . . . . . . . . .. e 69
4.3 KrylovMethods. . . . . . . . . . e e e e 69
4.3.1 Preconditioningwithin KSP. . . . . . . . . ... ... ... ... . . ... 70
4.3.2 Convergence TestS . . . . . . . . i i e e e e e e 71
4.3.3 Convergence Monitoring . . . . . . . . . e e e 72
4.3.4 Understanding the Operator's Spectrum . . . . . . . ... ... ... ...... 73
435 OtherKSPOpPLions . . . . . . . . . . e e e 73
4.4 Preconditioners. . . . . . . .. 74
441 ILUandICCPreconditioners. . . . . . . . . . o i 74
4.4.2 SORand SSOR Preconditioners . . . . . . . . .. .. ... ... 76
4.4.3 LUFactorization. . . . . . . . . . e 76
4.4.4 Block Jacobi and Overlapping Additive Schwarz Preconditioners. . . . . . . . 77
4.45 Shell Preconditioners. . . . . . . . . . e 78
4.4.6 Combining Preconditioners . . . . . . . . . .. .. 79
4.4.7 Multigrid Preconditioners. . . . . . . . . . . 80
4.5 Solving Singular Systems. . . . . . . .. 82
4.6 Using PETSc to interface with external linearsolvers . . . . .. .. ... ... ..... 82
SNES: Nonlinear Solvers 85
5.1 BasicUsage . . . . . . o o i e 85
5.1.1 Nonlinear Function Evaluation. . . . . . .. ... ... ... ... 0. 92
5.1.2 JacobianEvaluation. . . . . . . . . ... e 92
5.2 The Nonlinear Solvers. . . . . . . . . . 93
5.2.1 Line Search Techniques . . . . . . . . . . . . . . . . 93
5.2.2 TrustRegionMethods . . . . . . . . . . . .. . .. .. e 94
53 General Options . . . . . . . . . e e 94
531 Convergence TestS . . . . . . . . . i e e e e e 94
5.3.2 Convergence Monitoring . . . . . . . . . . e e 95
5.3.3 Checking Accuracy of Derivatives. . . . . . . . .. . .. .. .. ... . ..., 95
5.4 Inexact Newton-like Methods. . . . . . . . . . .. . ... . 96
5.5 Matrix-Free Methods. . . . . . . . . . . 96
5.6 Finite Difference Jacobian Approximations. . . . . . . ... ... ... ... ..... 104
TS: Scalable ODE Solvers 107
6.1 BasicUsage . . . . . . . . . e 108
6.1.1 Solving Time-dependentProblems . . . . . ... ... .. ... .. ...... 108
6.1.2 Using PVODEfromPETSC. . . . . . . . . . o it 109
6.1.3 Solving Steady-State Problems with Pseudo-Timestepping . . . . .. .. ... 110
6.1.4 Using the Explicit Runge-Kutta timestepper with variable timesteps. . . . . . . 111
High Level Support for Multigrid with DMMG 113
Using ADIC and ADIFOR with PETSc 115
8.1 Work arrays inside the local functions. . . . . . . ... ... ... .. .. .. ..., 115



9

10

11

12

13

Using Matlab with PETSc 117

9.1 DumpingDataforMatlab. . . . . .. .. .. ... .. ... .. . 117
9.2 Sending Data to Interactive Running Matlab Session . . . . . ... ... ... .... 117
9.3 Usingthe Matlab Compute Engine. . . . . . . . . . . . . ... .. . e 118
Using ESI with PETSc 119
PETSc for Fortran Users 121
11.1 Differences between PETSc InterfacesforCand Fortran. . . . . . ... ... ... .. 121
11.1.1 Include Files. . . . . . . . e 121
11.1.2 ErrorChecking . . . . . . . o e e e 122
11.1.3 Array Arguments . . . . . . . . e e e e e e e e 122
11.1.4 Calling Fortran Routines from C (and C Routines from Fortran). . . . . . . .. 123
11.1.5 Passing Null Pointers. . . . . . . . . . . . e 123
11.1.6 Duplicating Multiple Vectors . . . . . . . . . . . . e 124
11.1.7 Matrix, Vectorand IS Indices. . . . . . . . . . . . . e 124
11.1.8 SettingRoutines. . . . . . . . . . . . . e 124
11.1.9 Compiling and Linking Fortran Programs. . . . . . . . . . . . ... ... ... 124
11.1.10 Routines with Different Fortran Interfaces . . . . . . . . ... ... ... ... 125
11.1. 11 Fortran90. . . . . . o e e e e e 125

11.2 Sample Fortran77 Programs .. . . . . . . . . o i i e e e e e 125
Additional Information 139
Profiling 141
12.1 Basic Profiling Information . . . . . . . .. ... 141
12.1.1 Interpretinglog _summary Output: TheBasics . . . . ... ... ... ... .. 141
12.1.2 Interpretinglog _summary Output: Parallel Performance . . . . . . .. .. .. 142
12.1.3 Usinglog _mpewith Upshot/Jumpshot. . . . . ... ... ... ... ..... 144

12.2 Profiling Application Codes. . . . . . . . . . . 145
12.3 Profiling Multiple Sectionsof Code. . . . . . . .. . ... ... ... . .. ... ... 146
12.4 Restricting EventLogging. . . . . . . . . . e 147
12.5 Interpretinglog _info Output: Informative Messages . . . . . . .. ... ... .... 147
12.6 TIME. . . . . . o e e 148
12.7 Saving OutputtoaFile . . . . . . . . . .. e 148
12.8 Accurate Profiling: Overcoming the Overhead of Paging . . . . . . . ... .. ... .. 148
Hints for Performance Tuning 151
13.1 Compiler Options . . . . . . . . e e e e e e e 151
13.2 Profiling. . . . . . . e 151
13.3 Aggregation. . . . . . ... e e e e e e 151
13.4 Efficient Memory Allocation. . . . . . . . . . . . 152
13.4.1 Sparse Matrix Assembly . . . . .. ... .. ... 152
13.4.2 Sparse Matrix Factorization . . . . . . . . . .. ... 152
13.4.3 PetscMalloc()Calls. . . . . . . . . . . . e 152

13.5 DataStructure Reuse . . . . . . . . . . e e e 152
13.6 Numerical Experiments. . . . . . . . . . . . e e 153
13.7 Tips for Efficient Use of Linear Solvers . . . . . . . ... ... ... ... ....... 153
13.8 Detecting Memory Allocation Problems. . . . . .. .. .. .. ... .. ........ 153

13



13.9 System-Related Problems

14 Other PETSc Features

14.1 PETSconaprocesssubset . . . . . .. .. .. . . . . . .. .. .. e

14.2 Runtime Options. . . . . . . . o e e e e e e e e

14.2.1 TheOptionsDatabase . . . . . . . . . . . it
14.2.2 User-Defined PetscOptions . . . . . . . . . . . . i
14.2.3 Keeping Trackof Options . . . . . . . . . . . .

14.3 Viewers: Looking at PETSc

14.4 Debugging . . . . . . . . e e e e e
145 ErrorHandling . . . . . . . . . e e e e e e e

14.6 Incremental Debugging . .

14.7 Complex NUmMbers. . . . . . . . . e e e e
14.8 EMacCS USEIS. . . . . . . e e e e e e e e e

14.9 Parallel Communication. .

14.10GraphiCs . . . . . . o e e e e e e

14.10.1 Windows as PetscVi

Objects. . . . . . . . . . e

IBWEIS . & . o o o e e e e e e e e e e e e

14.10.2 Simple PetscDrawing. . . . . . . . . . . e

14.10.3LineGraphs . . . . . . . . . e e e

14.10.4 Graphical Convergence Monitor. . . . . . . . . . . . i
14.10.5 Disabling Graphics at Compile Time . . . . . . . ... .. ... ... .....

15 Makefiles
15.1 Our Makefile System . . .

15.1.1 Makefile Commands . . . . . . . . . e e
15.1.2 Customized Makefiles . . . . . . . . . 0 o e

15.2 PETScFlags. . . . . . . . e e e e e

15.2.1 Sample Makefiles.

15.3 LimItations . . . . . . . . e e e e e e e e e

16 Unimportant and Advanced Features of Matrices and Solvers

16.1 Extracting Submatrices . .
16.2 Matrix Factorization . . . .
16.3 Unimportant Details of KSP.
16.4 Unimportant Details of PC

Index

Bibliography

14

155
155
155
155
156
157
157
158
159
160
161
162
162
162
162
163
164
166
166

167
167
167
168
168
168
171

173
173
173
175
176

179

189



Part |

Introduction to PETSc

15






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

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

e Mmatrices (generally sparse);

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

e Krylov subspace methods;

e preconditioners, including multigrid and sparse direct solvers;

¢ nonlinear solvers; and

e 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 PDESs, with a uniform approach for each class of problems. This design enables easy compar-
ison and use of different algorithms (for example, to experiment with different Krylov subspace methods,
preconditioners, or truncated Newton methods). Hence, PETSc provides a rich environment for modeling
scientific applications as well as for rapid algorithm design and prototyping.

The libraries enable easy customization and extension of both algorithms and implementations. This
approach promotes code reuse and flexibility, and separates the issues of 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. Rigueediagram of
some of these pieces; Figuzgresents 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 sep-
arately 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 partic-
ular chapters and sections indicate locations in the complete users manual.

Part 1l 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.

PETSc has evolved to become quite a comprehensive package, and thereREd 8eUsers Manual
can be rather intimidating for new users. We recommend that one initially read the entire document before
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proceeding with serious use of PETSc, but bear in mind that PETSc can be used efficiently before one
understands all of the material presented here. Furthermore, the definitive reference for any PETSc function
is always the online manualpage.

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/petsc-as/documentation

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

Emacs users may find thetagsoption to be extremely useful for exploring the PETSc source code.
Details of this feature are provided in Sectibf 8

The file manual.pdf  contains the completBeETSc 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 http://www.mcs.anl.gov/petscThe PETSc home page also contains details regarding installation, 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. Chafterovides 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&JI8C_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 varigi& S
C_ARCHo specify the architecture. Note theRETSC_ARCHSs just a name selected by the installer to
refer to the libraries compiled for a particular set of compiler options and machine type. Using different
PETSC_ARCHIlows one to manage several different sets of libraries easily.

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 &F &l [
many others, the following command initiates a program that uses eight processors:

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

that uses the information set s {PETSC_DIR}/bmake/${PETSC_ARCH}/petscconf to automati-
cally use the correanpirun for your configuration.
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All PETSc-compliant programs support the use of the 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 ojhtedn .

e -log_summary -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 pro-
cesses in debugger

e -0n_error_attach_debugger [noxterm,gdb,dbx,xxgdb] [-display name] - start
debugger only on encountering an error

See Sectioi4.4for more information on debugging PETSc programs.

1.3 Writing PETSc Programs

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

which initializes PETSc and MPI. The argumeatgc andargv are the command line arguments deliv-

ered in all C and C++ programs. The argumfdat  optionally indicates an alternative name for the PETSc
options file,.petscrc  , which resides by default in the user’'s home directory. SedtibAprovides 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 withtie&

option. In Fortran the initialization command has the form

call Petsclnitializécharacter(*) file,integer ierr)

Petsclnitialize() automatically callsvPI_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 caMPI_Init() (or have the other library do it), and then daétsclinitialize()
By default,Petscinitialize() sets the PETSc “world” communicator, givenBgTSC_COMM_WOR
LD, to MPI_COMM_WORLD

For those not familar with MPI, eommunicatois a way of indicating a collection of processes that will
be involved together in a calculation or communication. Communicators have the variablR{pgomm
In most cases users can employ the communica®ETSC_COMM_WORioDOndicate all processes in a
given run and PETSC_COMM_SELb 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 Hdsikg MP|, by Lusk, Gropp, and SkjellumL[] provides
an excellent introduction to the concepts in MPI, see also the MPI homéypagénww.mcs.anl.gov/mpi/
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.

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
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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 cdletscFinalize() as their final (or nearly final) statement, as given
below in the C/C++ and Fortran formats, respectively:

PetscFinalizg;
call PetscFinaliz@err)

This routine handles options to be called at the conclusion of the program, antl&allEinalize()
if Petsclnitialize() 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/ksp/ksp/examples/tutorials/ex1.c , lllustrates the solu-

tion of a linear system witliKSP, 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.

/* Program usage: mpirun exl [-help] [all PETSc options] */
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:

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 "petscksp.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 */
KSP ksp; /* linear solver context */
PC pc; [* preconditioner context */
PetscReal norm; /* norm of solution error */
PetscErrorCode ierr;
Petscint i,n = 10,col[3],its;
PetscMPIInt size;
PetscScalar neg_one = -1.0,one = 1.0,value[3];
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Petsclinitialize(&argc,&args,(char *)0,help);

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

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

ierr = PetscOptionsGetIint(PETSC_NULL,"-n",&n,PETSC_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

ierr
ierr
ierr
ierr
ierr

VecCreate(PETSC_COMM_WORLD,&x);CHKERRQ(ierr);
PetscObjectSetName((PetscObject) x, "Solution");CHKERRQ(ierr);
VecSetSizes(x,PETSC_DECIDE,n);CHKERRQ(ierr);
VecSetFromOptions(x);CHKERRQ(ierr);

VecDuplicate(x,&b); CHKERRQ(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);
/*

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[l2] = 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; coll0] = O; 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);
2
Create the linear solver and set various options
__________________________________ */
/*
Create linear solver context
*/
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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,DIFFERENT_NONZERO_PATTERN);CHKERRQ(ierr);
/*

Set linear solver defaults for this problem (optional).

- By extracting the KSP and PC contexts from the KSP 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
KSPSetFromOptions();

*/

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

ierr = PCSetType(pc,PCIACOBI);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
KSPSetFromOptions() is called _after_ any other customization

routines.
*/
ierr = KSPSetFromOptions(ksp);CHKERRQ(ierr);
2
Solve the linear system
__________________________________ */
/*

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);

/*
Check the error

*/

ierr = VecAXPY(x,neg_one,u);CHKERRQ(ierr);

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

ierr = KSPGetlterationNumber(ksp,&its);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 = VecDestroy(u); CHKERRQ(ierr);
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ierr
ierr

VecDestroy(b);CHKERRQ(ierr); ierr = MatDestroy(A);CHKERRQ(ierr);
KSPDestroy(ksp);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 "petscksp.h”

wherepetscksp.h  is the include file for the linear solver library. Each PETSc program must specify
an include file that corresponds to the highest level PETSc objects needed within the program; all of the
required lower level include files are automatically included within the higher level files. For example,
petscksp.h  includespetscmat.h  (matrices) petscvec.h  (vectors), angetsc.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 Figure3, the user can input control data at run time using the options database. In this example
the commandPetscOptionsGetint(PETSC_NULL,"-n",&n,&flg); checks whether the user

has provided a command line option to set the value,dhe problem dimension. If so, the varialvids

set accordingly; otherwise@ remains unchanged. A complete description of the options database may be
found in Sectiorl4.2

Vectors

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

VecCreatéMPl_Commcomm\Vec *X);
VecSetSize@/ecx, int m, int M);

wherecommdenotes the MPI communicator ands the optional locasizewhich may bePETSC_DECI
DE The type of storage for the vector may be set with either caN&iSetType() or VecSetFromO
ptions() . Additional vectors of the same type can be formed with

VecDuplicat€Vec old,Vec *new);
The commands

VecSe(Vec x,PetscScalavalue);
VecSetValue@/ec x,int n,int *indicesPetscScalatvalues,INSERTVALUES);
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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, scatter-
ing/gathering, index sets, and distributed arrays, is discussed in CRapter
Note the use of the PETSc variable typetscScalar  in this example. Th®etscScalar is simply

defined to bedouble in C/C++ (or correspondinglyglouble precision in Fortran) for versions of
PETSc that havaotbeen compiled for use with complex numbers. PedscScalar  data type enables
identical code to be used when the PETSc libraries have been compiled for use with complex numbers.
Sectionl4.7discusses 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 sequentid,matrix,
which hasMglobal rows andN global columns, with the routines and

MatCreat¢éMPI_CommcommMat *A);
MatSetSize@Vat A,int m,int n,int M,int N);

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

MatSetValue@Mat A,int m,int *im,int n,int *in,PetscScalatvalues,INSERTVALUES);
After all elements have been inserted into the matrix, it must be processed with the pair of commands

MatAssemblyBegi(Mat A,MAT _FINAL _ASSEMBLY);
MatAssemblyEn{Mat A,MAT _FINAL _ASSEMBLY);

Chapter3 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 systemz= b, the user can then usé€sP to
solve the system with the following sequence of commands:

KSPCreatéMPl_CommcommKSP *ksp);
KSPSetOperato(EKSPkspMat A,Mat PrecAMatStructurdlag);
KSPSetFromOptiofKSP ksp);
KSPSolvéKSPksp\Vecb,Vecx);

KSPDestrofKSPksp);

The user first creates thi& P context and sets the operators associated with the system (linear system matrix
and optionally different preconditioning matrix). The user then sets various options for customized solution,
solves the linear system, and finally destroys &P context. We emphasize the commak8PSetF
romOptions() , which enables the user to customize the linear solution method at runtime by using the
options database, which is discussed in Secti®f. 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., Figufe

Chapter4 describes in detail thESP package, including theC andKSP 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 calledNES Chapters describes the nonlinear solvers in detail. We recommend most
PETSc users work directly witBNES 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.

eaglempirun-np 1 ./ex3 -m 10000

PETSC ERRORMatCreateSegA[) 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 ERRORMatSetTypé€) line 99 in src/mat/utils/gcreate.c

PETSC ERROR: main() line 71 in src/ksp/ksp/examples/tutorials/ex3.c
MPI Abort by user Aborting program !

Aborting program!

p0_28969: pderror: : 1

Figure 4: Example of Error Traceback

When running the debug version of the PETSc libraries, it does a great deal of checking for memory
corruption (writing outside of array bounds etc). The ma@beKMEMEan 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 pro-
vides tools such as generalized vector scatters/gathers and distributed arrays to assist in the management of
parallel data.

Recall that the user must specify a communicator upon creation of any PETSc object (such as a vector,
matrix, or solver) to indicate the processors over which the object is to be distributed. For example, as
mentioned above, some commands for matrix, vector, and linear solver creation are:

MatCreat¢MPI_CommcommMat *A);
VecCreatéMPl_CommcommVec *x);
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KSPCreatéMPI_CommcommKSP*ksp);

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,
theymustbe called in the same order on each processor.

The next example, given in Figukeillustrates the solution of a linear system in parallel. This code, cor-
responding ta{PETSC_DIR}/src/ksp/ksp/examples/tutorials/ex2.c , handles the two-
dimensional Laplacian discretized with finite differences, where the linear system is again solve&®ith
The code performs the same tasks as the sequential version within Biguioge that the user interface for
initiating the program, creating vectors and matrices, and solving the linear syséswacitythe same for
the uniprocessor and multiprocessor examples. The primary difference between the examples iBFigures
and5 is that each processor forms only its local part of the matrix and vectors in the parallel case.

/* Program usage: mpirun -np <procs> ex2 [-help] [all PETSc options] */

static char help[] = "Solves a linear system in parallel with KSP.\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: KSP"basic parallel example;
Concepts: KSP"Laplacian, 2d
Concepts: Laplacian, 2d
Processors: n

T*/

/*
Include "petscksp.h" so that we can use KSP 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 "petscksp.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 */
KSP ksp; /* linear solver context */
PetscRandom rctx; /* random number generator context */
PetscReal norm; /* norm of solution error */
Petscint ij,li,Jd,Istartlend,m = 8,n = 7,its;
PetscErrorCode ierr;
PetscTruth flg;
PetscScalar v,one = 1.0,neg_one = -1.0;

Petsclnitialize(&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 = h.

/*
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. 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,m*n,m*n);CHKERRQ(ierr);
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 = li +- 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 (li=lstart; li<lend; li++) {
v =-10;i =1l j=1 - ;
if (i>0) {J li - n; ierr MatSetValues(A,1,&li,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
if (i<m-1) {J = li + n; ierr = MatSetValues(A,1,&1i,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
if (j>0) {J li - 1; ierr = MatSetValues(A,1,&1i,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
if (j<n-1) {J = Ii + 1; ierr = MatSetValues(A,1,&li,1,&J,&v,INSERT_VALUES);CHKERRQ(ierr);}
v = 4.0; ierr = MatSetValues(A,1,&1i,1,&1i,&v,INSERT_VALUES);CHKERRQ(ierr);

K3

n:

/*
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);
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()
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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,&rctx); CHKERRQ(ierr);
ierr = PetscRandomSetFromOptions(rctx); CHKERRQ(ierr);
ierr = VecSetRandom(u,rctx);CHKERRQ(ierr);
ierr = PetscRandomDestroy(rctx); CHKERRQ(ierr);
} else {
ierr = VecSet(u,one);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);}

2
Create the linear solver and set various options
__________________________________ */
/*
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,DIFFERENT_NONZERO_PATTERN);CHKERRQ(ierr);

/*
Set linear solver defaults for this problem (optional).
- By extracting the KSP and PC contexts from the KSP context,
we can then directly call any KSP and PC routines to set
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various options.

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

*/

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
KSPSetFromOptions() is called _after_ any other customization
routines.

*/

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

J¥ e e o o i e e o e e e e e e e e e e e e e e e e o e
Solve the linear system
__________________________________ */
ierr = KSPSolve(ksp,b,x);CHKERRQ(ierr);
J¥ o e e e e e e e e e e e e e e e e e e e e e e e e e e o e
Check solution and clean up
__________________________________ */
/*
Check the error
*/
ierr = VecAXPY(x,neg_one,u);CHKERRQ(ierr);

ierr = VecNorm(x,NORM_2,&norm);CHKERRQ(ierr);
ierr = KSPGetlterationNumber(ksp,&its);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 = KSPDestroy(ksp);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
- finalizes the PETSc libraries as well as MPI
- provides summary and diagnostic information if certain runtime
options are chosen (e.g., -log_summary).
*/
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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 Chapfefor a discussion about compiling
PETSc programs. Users who are experiencing difficulties linking PETSc programs should refer to the
troubleshooting guide via the PETSc WWW home page://www.mcs.anl.gov/petsar given in the file
$PETSCDIR/docs/troubleshooting.html

eagle: make ex2

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

-l/usr/local/mpif/include -I../../../Isrc -g

-DPETSCUSE. DEBUG -DPETSCMALLOC -DPETSCUSELOG exl.c
gcc -g -DPETSQUSE.DEBUG -DPETSCMALLOC -DPETSCUSE LOG -0 ex1 ex1.0
/home/bsmith/petsc/lib/libg/sun4/libpetscksp.a
-L/home/bsmith/petsc/lib/libg/sun4 -Ipetscstencil -Ipetscgrid -Ipetscksp
-lpetscmat -Ipetscvec -Ipetscsys -Ipetscdraw
/usr/local/lapack/lib/lapack.a /ust/local/lapack/lib/blas.a
/usr/lang/SC1.0.1/libF77.a -Im /usr/lang/SC1.0.1/libm.a -IX11
lusr/local/mpi/lib/sun4/chp4/libmpi.a

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

rm -f ex1.0

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 Figure/, 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 Figur€his 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 ./exl -n 1000 -pc_type ilu -ksp_type gmres -ksp_rtol 1.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
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
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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+t0O0 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+t0O0 O O O O O
MatAssemblyEnd 1 5.004e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 4 O O O O
MatGetReordering 1 3.004e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 3 0 O 0 O
MatlILUFctrSymbol 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+00 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+0O0 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 0 5 0 O O
VecNorm 3 5.870e-04 1.0 1.0e+07 1.0 0.0e+00 0.0e+00 0.0e+t0O0 1 15 0 O O
VecScale 1 1.640e-04 1.0 6.1e+06 1.0 0.0e+00 0.0e+00 0.0et0O0 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 0O 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+t0O0 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 O 5 0 O O
KSPSolve 1 1.288e-02 1.0 2.2e+06 1.0 0.0e+00 0.0e+00 0.0e+00 11 70 0 O O
KSPSetUp 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+0O0 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 0O 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

KSP 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
ksp . The manual pages located at

$PETSCDIR/docs/index.html or
http://www.mcs.anl.gov/petsc/petsc-as/documentation

provide indices (organized by both routine names and concepts) to the tutorial examples.
To write a new application program using PETSc, we suggest the following procedure:
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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, SBPETSC_DIR}/src/ksp/ksp/examples/tutorials

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

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

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

— petscmpirun  (utility for setting running MPI jobs),

e bmake - Base PETSc makefile directory. Includes subdirectories for various configurations.

e include - Allinclude files for PETSc that are visible to the user.
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e include/finclude - PETSc include files for Fortran programmers using the .F suffix (recom-
mended).

e include/private - Private PETSc include files that shouldt 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 ao - application orderings,
— ksp - complete linear equations solvers,

x ksp - Krylov subspace accelerators,
x pcC - 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.
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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 TFOMR Richardson Chebychev Other
Preconditioners
Additive Block Jacobi LU 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 byec) 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) Sections2.1and2.2- basic usage of vectors
e Section2.3- management of the various numberings of degrees of freedom, vertices, cells, etc.

— (AO) Mapping between different global numberings
— (ISLocalToGlobalMappinpMapping between local and global numberings

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

e (IS, VecScattey 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

VecCreateSPETSCCOMM_SELF,int myec *x);

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

VecCreateMAMPI_Commcommyint m,int M,Vec *x);

creates a vector that is distributed over all processes in the communioatomry wheremindicates the
number of components to store on the local processMiadhe total number of vector components. Either
the local or global dimension, but not both, can be set to PED&ECIDE to indicate that PETSc should
determine it. More generally, one can use the routines

VecCreatéMPIl_Commcomm\Vec *v);
VecSetSize@d/ecy, int m, int M);
VecSetFromOptior(¥ecv);

which automatically generates the appropriate vector type (sequential or parallel) over all procemses in
The option-vec_type mpi  can be used in conjunction witecCreat€) andVecSetFromOptiorn(} to
specify the use of MPI vectors even for the uniprocess case.
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We emphasize that all processesammmustcall the vector creation routines, since these routines are
collective over all processes in the communicator. If you are not familar with MPI communicators, see the
discussion in Sectiofi.3 on page20. In addition, if a sequence ofVecCreateXXX() routines is used,
they must be called in the same order on each process in the communicator.

One can assign a single value to all components of a vector with the command

VecSe(\Vec x,PetscScalavalue);

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

VecSetValue@/ec x,int n,int *indicesPetscScalatvalues,INSERTVALUES);

any number of times on any or all of the processes. The argumgines the number of components being

set in this insertion. The integer arragices  contains thglobal component indiceandvalues is the

array of values to be inserted. Any process 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 insertééwithi\Value,

one must call

VecAssemblyBegi(Vec x);
followed by
VecAssemblyEnl/ec 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 ofecSetValue§ may be found iff{PETSC_DIR}/src/vec/vec/examples/
tutorials/ex2.c orex2f.F

Often, rather than inserting elements in a vector, one may wish to add values. This process is also done
with the command

VecSetValue@/ec x,int n,int *indices,PetscScalatvalues,ADD VALUES);

Again one must call the assembly routinégsAssemblyBegif) andVecAssemblyEn() after all of the val-

ues have been added. Note that addition and insertion caltcteetValue§ 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 processes
generated values for the same location, with one process 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 INBEBES

and ADD_VALUES this nondeterministic behavior will not occur in PETSc.)

There is no routine calledecGetValue§, since we provide an alternative method for extracting some
components of a vector using the vector scatter routines. See Sgdii@rfior details; see also below for
VecGetArray).

One can examine a vector with the command

VecView(Vec x,PetscViewenw);

To print the vector to the screen, one can use the viegdiSC_VIEWER_STDOUT_WORWDBich 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_WORbDone can create a viewer with the routine
PetscViewerDrawOpdgh A variety of viewers are discussed further in Sectl@gn3

To create a new vector of the same format as an existing vector, one uses the command
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VecDuplicat€Vec old,Vec *new);
To create several new vectors of the same format as an existing vector, one uses the command
VecDuplicateVec@/ec old,int n\Vec **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 fovecDuplicateVec 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, use the command
VecDestroyVed@/ec *vecs,int n);

Note that the Fortran interface fokecDestroyVecd§ differs slightly, as described in Sectidni.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

VecCreateSegWithArrdPETSCCOMM_SELF,int nPetscScalafarray\Vec *V);
and
VecCreateMPIWithArrafMPI_Commcommint n,int N,PetscScalatarray,vVec *vv);

Note that here one must provide the vatuat cannot be PETSOECIDE and the user is responsible for
providing enough space in the arraysizeof(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 coddsormhgpe
argument to/ecNorm() is one of NORM_INORM_2or NORM_INFINITY. The 1-normisy, |z;|, the
2-norm is(Y"; z7)'/? and the infinity norm isnax; |z;|.

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

VecGetOwnershipRang¢ec vec,int *low,int *high);

The argumentow indicates the first component owned by the local process, winjle specifiesone
more thanthe last owned by the local process. This command is useful, for instance, in assembling parallel
vectors.
On occasion, the user needs to access the actual elements of the vector. TheVlen@aeArray)
returns a pointer to the elements local to the process:

VecGetArray\Vecv,PetscScalat*array);
When access to the array is no longer needed, the user should call

VecRestoreArrafvecv, PetscScalat*array);
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Function Name

VecAXPY(Vecy,PetscScalaa\Vec x);
VecAYPX(Vecy,PetscScalaa,Vecx);
VecWAXPY(Vecw,PetscScalaaVec x,Vecy);
VecAXPBY(Vecy,PetscScalaaPetscScala,Vec x);
VecScaléVec x, PetscScalaa);

VecDof\Vecx, Vecy, PetscScalafr);
VecTDot{\Vecx, Vecy, PetscScalafr);
VecNorm(Vec x,NormTypetype, double *r);
VecSun{Vec x, PetscScalafr);

VecCopyVecx, Vecy);

VecSwaygVecx, Vecy);

VecPointwiseMulfVec w,Vec x,Vecy);
VecPointwiseDividévec w,Vec x,\Vecy);
VecMDot(Vecx,int n,Vecy[], PetscScalair);
VecMTDof(Vecx,int n\Vecyl[], PetscScalatr);
VecMAXPY (Vecy,int n, PetscScalata, Vec x[]);
VecMax(\Vec X, int *idx, double *r);

Operation
y=y+taxzw
y=r+axy

wW=a*xxr+Yy
y=a*xxr+bxy

T=ax*xzx

r=1 %y

r=ax*y

r = ||z||type
r=>.x;

y=ux

y=xzWhilexz =1y
Wi = Tj * Yj

w; = ;/y;

rli] = '« yli]

r[i] = 2’ * yli]
Y=y + 2 aixxfi]
r = maxx;

VecMin(\Vecx, int *idx, double *r); r = minx;
VecAbgVecx); x; = |xg
VecReciprocdMecx); x; =1/,
VecShif{\ec x,PetscScalas); Ti =S+ x;
VecSe(Vec x,PetscScalaalpha); Ti=«

Table 1: PETSc Vector Operations

Minor differences exist in the Fortran interface féecGetArray) and VecRestoreArraf), as discussed
in Section11.1.3 It is important to note thatecGetArray) andVecRestoreArraf) 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

VecGetlLocalSiz@/ecv,int *size);
The global vector length can be determined by
VecGetSizéVecv,int *sizg);

In addition toVecDo{) andVecMDot() andVecNorm(), 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

VecDoi(\Vec x,Vecy,PetscScalatdot);

VecMDof(Vec x,Petscininv, Vecy][], PetscScalatdot);
VecNorn(Vec x,NormTypeNORM_2,double *norm?2);
VecNornm(Vec x,NormTypeNORM_1,double *norm1);

This code works fine, the problem is that it performs three separate parallel communication operations.
Instead one can write
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VecDotBegir{Vec x,Vecy,PetscScalatdot);
VecMDotBegir(Vec x, Petsclninv,Vec y[], PetscScalatdot);
VecNormBegirfVec x,NormTypeNORM_2,double *norm2);
VecNormBeqgirfVec x,NormTypeNORM_1,double *norm1);
VecDotEndVec x,Vecy,PetscScalatdot);

VecMDotEndVec x, Petsclninv,Vecy[], PetscScalatdot);
VecNormEng@Vec x,NormTypeNORM_2,double *norm2);
VecNormEngVec x,NormTypeNORM_1,double *norm1);

With this code, the communication is delayed until the first caWéexxxEnd() at which a single MPI
reduction is used to communicate all the required values. It is required that the calls3/ecthexEnd()

are performed in the same order as the calls to/fbexxxBegin() ; however if you mistakenly make the
calls in the wrong order PETSc will generate an error, informing you of this. There are additional routines
VecTDotBegirf) andVecTDotEnd), VecMTDotBegir(), VecMTDotEnd).

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 Figure. In addition, local numbering (on a single process) of objects may be different than
the global (cross-process) numbering. PETSc provides a variety of tools that help to manage the mapping
among the various numbering systems. The two most basic at&tk@pplication ordering), which enables
mapping between different global (cross-process) numbering schemes antStloealToGlobalM

apping , which allows mapping between local (on-process) and global (cross-process) 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 process
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 (called\@nn PETSc), one can call the routine

AOCreateBasiMPI_Commcommint n,const int apordering[],const int petscordering(), *ao);

The arraysapordering  andpetscordering , respectively, contain a list of integers in the application
ordering and their corresponding mapped values in the PETSc ordering. Each process can provide whatever
subset of the ordering it chooses, but multiple processes should never contribute duplicate values. The
argumenn 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.
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The user can create the PETSC mappings in a number of ways. For example, if using two processes,
one could call

AOCreateBasifPETSC_COMM_WORLD,2,{0,3},{3,4},&a0);
on the first process and
AOCreateBasifPETSC_COMM_WORLD,3,{1,2,4},{2,1,0},&a0);

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

AOPetscToApplicatioAO ao,int n,int *indices);
AOApplicationToPets@O 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 database Aar the
mappings, it is crucial that all processes that cali¢ilCreateBasi) also call these routines; these rou-
tinescannotbe called by just a subset of processes in the MPI communicator that was used in the call to
AOCreateBasiQ.

An alternative routine to create the application orderig, is

AOCreateBasicl@S aporderingS petscorderingiO *ao);

where index sets (seeb.lare used instead of integer arrays.
The mapping routines

AOPetscToApplicationl@O aolS indices);
AOApplicationToPetscI@®O ao)S indices);

will map index setsIS objects) between orderings. Both tA@XxxToYyy() andAOXxxToYyylS()
routines can be used regardless of whether®hevas created with &0CreateBasi() or AOCreateBasi-
clS().

The AO context should be destroyed wifODestroy(AO ao) and viewed withAOView(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
severalAO contexts.

The AOxxToxx() routines 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
VecCreateMH)) 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

ISLocalToGlobalMappingCreéiat N,int* globalnum|SLocalToGlobalMappintctx);
ISLocalToGlobalMappingApplfiSLocalToGlobalMappin@tx,int n,int *in,int *out);
ISLocalToGlobalMappingApplyl@SLocalToGlobalMappingtx,|S isin,IS* isout);
ISLocalToGlobalMappingDestrghsLocalToGlobalMappingtx);
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HereNdenotes the number of local indicggobalnum  contains the global number of each local number,
andISLocalToGlobalMappings the resulting PETSc object that contains the information needed to apply
the mapping with eitheliSLocalToGlobalMappingAppl) or ISLocalToGlobalMappingApplyl§.

Note that thdSLocalToGlobalMappingoutines serve a different purpose than i@ 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 use bat andISLocalToGlobalMappingoutines. TheAO 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 process has a contiguous set of indices in the numbering). Then in
order to perform function or Jacobian evaluations locally on each process, one 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 with ti&l_ocalToGlobalMappingoutines.

If one is given a list of indices in a global numbering, the routine

ISGlobalToLocalMappingAppliSLocalToGlobalMappingtx,
ISGlobalToLocalMappingTyptype,int nin,int idxin[],int *nout,int idxout[]);

will provide a new list of indices in the local numbering. Again, negative valugdxim 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. tWiseris
set tolS_GTOLM_DROPthe values indxin  that are not represented locally in the mapping are not
included inidxout , so that potentiallynout is smaller thamin . One must pass in an array long
enough to hold all the indices. One can c&llGlobalToLocalMappingAppl§) with idxout equal to
PETSC_NULLto determine the required length (returnedniout ) and then allocate the required space
and calllSGlobalToLocalMappingApply() 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 process 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

VecSetLocalToGlobalMappirfyec v,ISLocalToGlobalMappin@tx);
and then call
VecSetValuesLocélecx,int n,const int indices[],constetscScalavalues[],INSERTVALUES);

Now theindices  use the local numbering, rather than the global, meaning the entries/lignipwhere
n is the localsizeof the vector.

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, DAs&ntended 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
function, f(xX) , each process requires its local portion of the vegtas well as its ghost points (the
bordering portions of the vector that are owned by neighboring processes). Biglsrates the ghost
points for the seventh process of a two-dimensional, regular parallel grid. Each box represents a process;
the ghost points for the seventh process’s local part of a parallel array are shown in gray.
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Figure 8: Ghost Points for Two Stencil Types on the Seventh Process

2.4.1 Creating Distributed Arrays

The PETScDA object manages the parallel communication required while working with data stored in
regular arrays. The actual data is stored in approriately sized vector objedis; thigiect only contains the
parallel data layout information and communication information, however it may be used to create vectors
and matrices with the proper layout.

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

DACreate2¢MPIl_CommcommDAPeriodicTypewrap DAStencilTypest,int M,
int N,int m,int n,int dof,int s,int *Ix,int *lyDA *da);

The argumentdlandN indicate the global numbers of grid points in each direction, winigmdn denote

the process partition in each directiontn must equal the number of processes in the MPI communicator,
comm Instead of specifying the process layout, one may use PEHISCIDE for mandn 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 argumendlof indicates the number of degrees of freedom at
each array point, arglis the stencil width (i.e., the width of the ghost point region). The optional afrays
andly may contain the number of nodes along the x and y axis for each cell, i.e. the dimenbiofisah

and the dimension df isn; or PETSC_NULLmay be passed in.

Two types of distributed array communication data structures can be created, as spedfied3tgr-
type stencils that radiate outward only in the coordinate directions are indicated bBSTENCIL_STAR
while box-type stencils are specified BA_STENCIL_BOX For example, for the two-dimensional case,
DA_STENCIL_STARwith width 1 corresponds to the standard 5-point stencil, wbide STENCIL _BOX
with 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 thatide STENCIL_STARstencils can save interprocess communication
in two and three dimensions.

TheseDA 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:

DACreateldMPI_CommcommDAPeriodicTypewrap,int M,int w,int s,int *IcDA *inra);
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DACreate3@MPI_CommcommDAPeriodicTypewrap DAStencil Typestenciltype,
int M,int N,int P,int m,int n,int p,int w,int s,int *Ix,int *ly,int *[zDA *inra);

DA _ZPERIODIC, DA _XZPERIODIC DA_YZPERIODIC and DA _XYZPERIODICare additional op-
tions in three dimensions fabAPeriodicType The routines to create distributed arrays are collective, so
that all processes 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. ThBé object provides information about tisze 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 fi#e layout information with the routines

DACreateGlobalVectdDA daVec *g);
DACreateLocalVectdDA daVec*);

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 duplicatigg/ia
VecDuplicaté) or VecDuplicateVec.

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 share a git@h). The design of th®A object makes this easy, as each
DA operation may operate on vectors of the appropsate as obtained vi®ACreateLocalVectd) and
DACreateGlobalVectd) or as produced byecDuplicat€). As such, thédA scatter/gather operations (e.g.,
DAGlobalToLocalBegilf)) require vector input/output arguments, as discussed below.

PETSc currently provides no container for multiple arrays sharing the same distributed array communi-
cation; note, however, that tlief parameter 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

DAGIobalToLocalBegiDA daVec g,InsertModeioraVecl);
DAGlobalToLocalEn@DA daVecg,InsertModeioraVecl);

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 DACreateGlobalVectq) and DACreateLocalVectd) (or be duplicates of such a vector obtained via
VecDuplicat€)). ThelnsertModecan be eitheADD_VALUE®r INSERT_VALUES

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

DALocalToGloba(DA daVecl,InsertModemodeyecg);

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 ir-
relevant values) to a local vector with correct ghost point values. This scatter may be done by commands

DALocalToLocalBegiifDA da\ecll,InsertModeiora\Vec12);
DALocalToLocalEngDA da)Vecll,InsertModeioraVec 12);
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Since both local vectordl andl2 , must be compatible with the distributed arrdg, they should be
generated bypACreatelLocalVectd) (or be duplicates of such vectors obtained ViDuplicat€)). The
InsertModecan be eitheADD_VALUESFr INSERT_VALUES

Itis possible to directly access the vector scatter contexts (see below) used in the local-totglpba/ (
global-to-local ¢tol ), and local-to-locallfol ) scatters with the command

DAGetScattefDA daVecScattetltog, VecScattergtol, VecScattetltol);

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

DAGetLocalVecto(DA daVec*);
.... use the local vector |
DARestoreLocalVectdbDA dayVec*);

2.4.4 Accessing the Vector Entries for DA Vectors

PETSc provides an easy way to set values intoeVectors and access them using the natural grid
indexing. This is done with the routines

DAVecGetArrafDA da\ecl,void *array);

... use the array indexing it with 1 or 2 or 3 dimensions
... depending on the dimension of thé
DAVecRestoreArrafDA daVecl,void *array);

wherearray is a multidimensional C array with the same dimensioulas The vector | can be either a
global vector or a local vector. Tharay is accessed using the usiggdbal indexing on the entire grid,

but the user mawpnly refer to the local and ghost entries of this array as all other entries are undefined. For
example for a scalar problem in two dimensions one could do

PetscScalar*f,**u;

DAVecGetArrafDA daeclocal,(void*)u);
DAVecGetArrayDA da)ec global,(void*)f);

0] = ufilf] - ...

DAVecRestareArragDA da\Veclocal,(void*)u);
DAVecRestoreArra(DA daVec 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.
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2.4.5 Grid Information

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

DAGetCornerfDA da,int *x,int *y,int *z,int *m,int *n,int *p);
DAGetGhostCorne(®A 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 Pd@iee
GhostCorner@ 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 is useBA_STENCIL_STARor DA_STENCIL_BOX the local vectors
(with the ghost points) represent rectangular arrays, including the extra corner element®A BIEENC
IL_STAR case. This configuration provides simple access to the elements by employing two- (or three-
) dimensional indexing. The only difference between the two cases is thatDMeSTENCIL_STARIis
used, the extra corner componentsrasescattered between the processes and thus contain undefined values
that shouldhotbe used.

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
DAGetGloballndicefDA da,int *n,int *idx[]);

The output argumemt contains the number of local nodes, including ghost nodes, vahxilecontains

a list of lengthn containing the global indices that correspond to the local nodes. Either parameter
may be omitted by passif@ETSC_NULL Note that the Fortran interface differs slightly; see Sec-
tion 11.1.3for details.

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

DAGetISLocalToGlobalMappindA da)SLocalToGlobalMappingmap);
followed by

VecSetLocalToGlobalMappirfyec x,ISLocalToGlobalMappingnap);
MatSetLocalToGlobalMappir(yec x,ISLocalToGlobalMappingnap);

Now entries may be added to the vector and matrix using the local numberingzaBétValuesLo-
cal() andMatSetValuesLoc§).

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 arraypthetructure provides an
application orderingAO (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

DAGetAO(DA daAO *ao);

In Figure9 we indicate the orderings for a two-dimensional distributed array, divided among four processes.

The exampl&{PETSC_DIR}/src/snes/examples/tutorials/ex5.c , illustrates 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.
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Figure 9: Natural Ordering and PETSc Ordering for a 2D Distributed Array (Four Processes)

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-
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:

ISCreateGener@MPI_Commcommint n,int *indices,|S *is);

This routine essentially copies tmeindices passed to it by the integer ariagices . Thus, the user
should be sure to free the integer arimagices  when it is no longer needed, perhaps directly after the call
to ISCreateGenergl The communicatogomm should consist of all processes that will be usinglthe

Another standard index set is defined by a starting pdirgt( ) and a stride gtep ), and can be
created with the command

ISCreateStridgviPI_Commcommiint n,int first,int stegS *is);
Index sets can be destroyed with the command
ISDestroylS is);

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

ISGetSiz€IS is,int *size);
ISStrideGetInf@lS is,int *first,int *stride);
ISGetIndicefS is,int **indices);

The functionlSGetIndice§) 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
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ISRestorelndicd$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

ISCreateBlocMPI_Commcommiint 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 block of
bs vector entries. Related routines analogous to those described above exist as well, inéadiog-
GetIndice§), ISBlockGetSiz€), ISBlockGetBlockSiz§), andISBlock(). See the man pages for details.

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:

VecScatterCreaf®ecx,IS ix,Vecy,IS iy, VecScatterctx);

VecScatterBegifvec x,Vecy,INSERT_VALUES,SCATTERFORWARD \ecScattectx);
VecScatterEn@/ec x,Vecy,INSERT.VALUES,SCATTERFORWARD VecScattectx);
VecScatterDestr@yecScatterctx);

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 indgx $et,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 vectormustcall the scatter routines). When scattering from a parallel vector to sequential vectors,
each process 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 process has its own sequential
vector that makes contributions to the parallel vector.

Caution WhenINSERT_VALUESIs used, if two different processes contribute different values to the
same component in a parallel vector, either value may end up being inserted. Wbén VALUE$s 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

VecScatterBegifvecy,Vec x,INSERT_VALUES,SCATTERREVERSEYecScattectx);
VecScatterEn@l/ecy,Vec x,INSERT.VALUES,SCATTERREVERSEYecScattectx);

Note that the roles of the first two arguments to these routines must be swapped whenS@ATIER _
REVERSBption is used.

Once aVecScatteobject has been created it may be used with any vectors that have the appropriate
parallel data layout. That is, one can c¢éticScatterBegif) andVecScatterEn() with different vectors than
used in the call to/ecScatterCreafe so long as they have the same parallel layout (number of elements
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Vecp, x; /* initial vector, destination vector */

\VecScattescatter; /* scatter context */

IS from, to; /* index sets that define the scatter */
PetscScalatvalues;

intidx_from[] = {100,200}, idx_to[] = {0,1};
VecCreateSHPETSCCOMM_SELF,2,&x);
ISCreateGenertPETSCCOMM_SELF,2,idxfrom,&from);
ISCreateGener(PETSCCOMM_SELF,2,idxto,&to);
VecScatterCreafp,from,x,to,&scatter);
VecScatterBegifp,x,INSERTVALUES,SCATTER FORWARD,scatter);
VecScatterEngp,x,INSERT.VALUES,SCATTERFORWARD,scatter);
VecGetArrayx,&values);

ISDestroyfrom);

ISDestroyto);

VecScatterDestrdgcatter);

Figure 10: Example Code for Vector Scatters

on each process are the same). Usually, these “different” vectors would have been obtained via calls to
VecDuplicat€) from the original vectors used in the callecScatterCreak

There is no PETSc routine that is the opposite/etSetValue§ , that is, VecGetValuef. 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
vector,p, one could use a code such as that within Figireln this example, the values of the 100th and
200th components are placed in the array values. In this example each process now has the 100th and 200th
component, but obviously each process 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 of theVecScattercontext 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 com-
munication; 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: (InputVec globalin, Outputvec globalout)

VecScatterBegifvec globalinVeclocalin/nsertModelNSERT_VALUES,
ScatterModeSCATTER FORWARD \VecScattescatter);
VecScatterEn@/ec globalin\Vec localinnsertModelNSERT_VALUES,
ScatterModeSCATTER FORWARD \VecScattescatter);
/* For example, do local calculations from localin to localtut
VecScatterBegifvec localout)/ec globaloutinsertModeADD _VALUES,
ScatterModeSCATTER REVERSEYecScattescatter);
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VecScatterEn@/ec localout\ec globaloutinsertModeADD _VALUES,
ScatterModeSCATTER REVERSEYecScattescatter);

2.5.4 \Vectors with Locations for Ghost Values
There are two minor drawbacks to the basic approach described above:

¢ the extra memory requirement for the local work veckocalin ~ , which duplicates the memory in
globalin , and

e the extra time required to copy the local values flocalin ~ to globalin

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

VecCreateGho@Pl_Commcommint n,int N,int nghost,int *ghostsgc *vv)
or

VecCreateGhostWithArrgiMPl_Commcommyint n,int N,int nghost,int *ghosts,
PetscScalararray,Vec *vv)

Here n is the number of local vector entriel,is the number of global entries (B-ETSC_NULD and
nghost is the number of ghost entries. The arglyosts is of sizenghost and contains the global
vector location for each local ghost location. UsivigcDuplicat€) or VecDuplicateVec on a ghosted
vector will generate additional ghosted vectors.

In many ways a ghosted vector behaves just like any d#f@rvector created by/ecCreateMH(), 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

VecGhostGetLocalForivec g,Vec *);

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

VecGhostUpdateBeg(iec globalin)nsertModelNSERT_VALUES,
ScatterModeSCATTER FORWARD);

VecGhostUpdateEr{tlfec globalin)nsertModeINSERT_VALUES,
ScatterModeSCATTER FORWARD);

VecGhostGetLocalFor(ivec globalin)\/ec *localin);

VecGhostGetLocalFor(ivec globaloutyec *localout);

/~k

Do local calculations from localin to localout

*/

VecGhostRestorelLocalFo(wec globalin)Vec *localin);

VecGhostRestoreLocalFo(ivec globaloutyec *localout);

VecGhostUpdateBegfiec globaloutinsertModeADD _VALUES,
ScatterModeSCATTER REVERSE);

VecGhostUpdateEr{tfec globaloutinsertModeADD _‘VALUES,
ScatterModeSCATTER REVERSE);
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The routined/ecGhostUpdateBegin/End() are equivalent to the routin&ecScatterBegin/
End() above except that since they are scattering into the ghost locations, they do not need to copy the lo-
cal 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 argumenttNSERT_VALUESand SCATTER_FORWARMuse the ghost values to be cor-
rectly updated from the appropriate process. The argumddz VALUE@NdSCATTER_REVERSHED-
date the “local” portions of the vector from all the other processes’ ghost values. This would be appropriate,
for example, when performing a finite element assembly of a load vector.

Section3.5discusses 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 uniprocess 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 matul,is followed by
MatCreat¢MPI_CommcommMat *A) MatSetSize@Viat A,int m,int n,int M,int N)

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, givenigndN 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 défeilyeat€)
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\&tSetValues , either

MatSetValue@Mat A,int m,const int idxm([],int n,const int idxn[],constetscScalavalues]],
INSERT_VALUES);

or

MatSetValue@Mat A,int m,const int idxm[],int n,const int idxn[],con$tetscScalavalues]],
ADD_VALUES);

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

idxm andidxn , respectively, indicate the global row and column numbers to be insériteiketValue§

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

the storage format employedhe arrayalues 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 For-
tran convention, meaning that the value to be put in wn[i]  and columnidxn(j] is located in
values[i*n+j] . To allow the insertion of values in column major order, one can call the command
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MatSetOptioMat A, MAT _COLUMN_ORIENTED);

Warning: Several of the sparse implementationsddcurrently 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 commak(@n,in) = B; whereim andin contain the indices for the rows
and columns. This action is identical to the calls abovigltaSetValuef.

When using the block compressed sparse row matrix foriallf GEQBAIJ or MATMPIBAIJ), one
can insert elements more efficiently using the block varisiat,SetValuesBlocke.

The functionMatSetOptiolf) 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
the row {m) or column (n ) indices set withViatSetValue§ are sorted (in increasing order), one uses the
command

MatSetOptiofMat A, MAT _ROWS SORTED);
or
MatSetOptioiMat A,MAT _COLUMNS_SORTED);

Note that these flags indicate the format of the data passed imgithetValue§; 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

MatAssemblyBegi(Mat A,MAT _FINAL _ASSEMBLY);
MatAssemblyEn{Mat A,MAT _FINAL _ASSEMBLY);

By placing other code between these two calls, the user can perform computations while messages are in
transit. Calls tdVlatSetValue§ with theINSERT_VALUESand ADD_VALUESptionscannotbe mixed

without intervening calls to the assembly routines. For such intermediate assembly calls the second routine
argument typically should AT _FLUSH_ASSEMBI ¥hich omits some of the work of the full assembly
processMAT_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 process eventually
stores them, for efficiency reasons we usually recommend generating most entries on the process where
they are destined to be stored. To help the application programmer with this task for matrices that are
distributed across the processes by ranges, the routine

MatGetOwnershipRang®lat 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 process.

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

MatSetOptioiMat A, MAT _NO_NEW_NONZERQOLOCATIONS),

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. S8PETSC_DIR}/src/ksp/ksp/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 #fficfentlyusing 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@m2. 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

Inthe 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 matfixyith mrows andn columns, one uses the command

MatCreateSegAPETSCCOMM_SELF,int m,int n,int nz,int *nna/at *A);

wherenz or nnz can be used to preallocate matrix memory, as discussed below. The user nanset
and nnz=PETSC_NULLfor PETSc to control all matrix memory allocation.

The sequential and parallel AlJ matrix storage formats by default emgioges(identical nodes)
when possible. We search for consecutive rows with the same nonzero structure, thereby reusing matrix
information for increased efficiency. Related options database keysrae no_inode  (do not use
inodes) and -mat_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 com-
patibility with standard Fortran storage, thus enabling use of external Fortran software packages such as
SPARSKIT, the optionmat_aij_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
MatCreateSeqAlJ()

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 nonzeros, one should attempt to indicate (nearly) the
exact number of elements intended for the various rows with the optional anayf lengthm wheremis
the number of rows, for example

int nnz[m];
nnz[0] =<nonzeros in row
nnz[1] =<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 arrayhnz to preallocate memory is especially important for efficient matrix assembly if the
number of nonzeros varies considerably among the rows. One can generaityzseither 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 determining thez 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 VidatCreateSeqA() or alternative.

- Loop over the grid, generating matrix entries and inserting in matrisidaésetValueg.

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 VidatCreateSeqgAl) or alternative.

- Loop over elements, generating matrix entries and inserting in matrid&i&etValue§.

The-info  option causes the routinééatAssemblyBegi() andMatAssemblyEng) to print informa-
tion about the success of the preallocation. Consider the following example fofARSEQAIJ matrix
format:

MatAssemblyEndSeqAlJ:Matrixsize 10 X 10; storage space:20 unneeded, 100 used
MatAssemblyEndSeqAlJ:Number of mallocs duringatSetValuess 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):

MatAssemblyEndSegAlJ:Matrixsize 10 X 10; storage space:47 unneeded, 1000 used
MatAssemblyEndSegAlJ:Number of mallocs duringatSetValuess 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
MatCreateMPIAIMPI_Commcommjint 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 PEDICIDE, so that PETSc will determine them. The
matrix is stored with a fixed number of rows on each process, givan by determined by PETSc ihis
PETSCDECIDE.

If PETSCDECIDE is not used for the argumemts&ndn, then the user must ensure that they are chosen
to be compatible with the vectors. To do this, one first considers the matrix-vector proeuetr. Them
that is used in the matrix creation routifatCreateMPIAIJ) must match the localizeused in the vector
creation routine/ecCreateMR() for y. Likewise, then used must match that used as the lagak in
VecCreateMR)) 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. Analogoustandnnz for the routineMatCreate-
SeqgAl)), these arguments optionally specify nonzero information for the diagdnaz(andd_nnz ) and
off-diagonal 6_nz ando_nnz ) parts of the matrix. For a square global matrix, we define each process’s
diagonal portion to be its local rows and the corresponding columns (a square submatrix); each process’s
off-diagonal portion encompasses the remainder of the local matrix (a rectangular submatrisgnHime
the MPI communicator determines the absolute ordering of the blocks. That is, the processwilhin
the communicator given toMatCreateMPIAIJ  contains the top rows of the matrix; thé& process in
that communicator contains th& block 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
processes to indicate how this may be done foMiig MPIAIJ matrix format. Consider the 8 by 8 matrix,

which is partitioned by default with three rows on the first process, three on the second and two on the third.

1 2 0| 0 3 0] 0 4
6 | 7 0 0 | 8 0
9 0 10 | 11 0 0 | 12 0

ot

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

25 2 27 | 0 0 28 | 29 0
30 0 0 | 31 32 33 | 0 34

The “diagonal” submatrixg, on the first process is given by

2 0
5 6 |,
0 10

For the first process one could sktnz to 2 (since each row has 2 nonzeros) or, alternativelyd sehz
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.
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For the second process tlesubmatrix is given by

15 16 17
19 20 21 |.
22 23 0

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 correspondimgsubmatrix for the second process 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 th@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 optieimfo  will print information about the success of preallocation during
matrix assembly. For thBIATMPIAIJ format, PETSc will also list the number of elements owned by on
each process that were generated on a different process. For example, the statements

[\

MatAssemblyBegitMPIAIJ:Number of off processor values 10
MatAssemblyBegitMPIAIJ:Number of off processor values 7
MatAssemblyBegiotMPIAIJ:Number of off processor values 5

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

MatAssemblyBegirtMPIAIJ:Number of off processor values 100000
MatAssemblyBegitMPIAIJ:Number of off processor values 77777

indicate that many values have been generated on the “wrong” processes. This situation can be very inef-
ficient, since the transfer of values to the “correct” process is generally expensive. By using the command
MatGetOwnershipRangein application codes, the user should be able to generate most entries on the
owning process.

Note It is fine to generate some entries on the “wrong” process. 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 wayntieatvalues are generated locally.

3.1.2 Dense Matrices

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

MatCreateSeqDenETSCCOMM _SELF,int m,int nPetscScalatdataMat *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 medzltasdb
PETSC_NULLfor PETSc to control matrix memory allocation. To create a parallel, dense mAtrile

user should call

MatCreateMPIDeng®MPl_Commcommint m,int n,int M,int NPetscScalatdataMat *A)
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The argumentm 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 process, given
by m or determined by PETSc ihis PETSCDECIDE.

PETSc does not provide parallel dense direct solvers. Our focus is on sparse iterative solvers.

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 witi local entries, returning a vector withlocal entries.
That is, to form the product

MatMult(Mat A,Vec x,Vecy);
the vectors< andy should be generated with

VecCreateMAMPI_Commcommn,N,&X);
VecCreateMRMPI_Commcommm,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 argumentiecCreateMHR) or usingVecCreaté)), 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,

MatMultTransposg@Vat A,Vec x,Vecy);
There are also versions that add the result to another vector:

MatMultAdd(Mat A,Vec x,Vecy,Vec w);
MatMultTransposeAd@Mat A,Vec x,Vecy,Vec w);

These routines, respectively, produge= A x+ = +y andw = AT x z +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 matPetscViewewviewer);

whereviewer was obtained wittPetscViewerDrawOpdgh Additional viewers and options are given in
the MatView() man page and Sectid.3

TheNormTypeargument tdviatNorm() is one of NORM_INORM_INFINITY, andNORM_FROBENI
us
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Function Name Operation
MatAXPY(MatY, PetscScalaaMat X,MatStructurg;, Y =Y +ax X

MatMult(Mat A,Vecx, Vecy); y=Axx
MatMultAdd(Mat A,Vec x, Vecy,Vec z); z=y+Axzx
MatMultTransposfMat A,Vec x, Vecy); y=AT xz
MatMultTransposeAd@Mat A,Vec x, Vecy,Vec z); z=y+ AT xx
MatNorm(Mat A,NormTypetype, double *r); r = ||A||type
MatDiagonalScakMat A,Vecl,Vecr); A =diag(l) x A x diag(r)
MatScaléMat A,PetscScalaa); A=axA
MatConver{Mat A,MatTypetype Mat *B); B=A
MatCopyMat A,Mat B,MatStructuré; B=A
MatGetDiagongMat A,Vec x); x = diag A)
MatTransposgMat A,Mat* B); B=AT
MatZeroEntrie@Vat A); A=0
MatShifMat Y,PetscScalaa); Y=Y +4+axI

Table 2: PETSc Matrix Operations

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 createMat structure without ever actually generating the matrix:

MatCreateShe(MPI_Commcommjint m,int n,int M,int N,void *ctxMat *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

UserMult(Mat matVec x,Vecy);
and then associate it with the matrirat, by using the command

MatShellSetOperatiqiviat mat,MatOperation MATORMULT,
(void(*)(void)) PetscErrorCodéUserMult)(Mat,Vec,Vec));

HereMATOP_MULIE the name of the operation for matrix-vector multiplication. Within each user-defined
routine (such atJserMult() ), the user should calMatShellGetContex} to obtain the user-defined con-
text, ctx , that was set bjvlatCreateShe(). This shell matrix can be used with the iterative linear equation
solvers discussed in the following chapters.

The routineMatShellSetOperatid) can be used to set any other matrix operations as well. The file
${PETSC_DIR}/include/petscmat.h provides a complete list of matrix operations, which have
the formMATOP_<OPERATIONxhere <OPERATION>is the name (in all capital letters) of the user
interface routine (for exampléJlatMult() — MATOP_MUDT 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 interface, MgtMult(Mat,Vec,Vec) — UserMult(Mat, Vec,Vec)

The final argument folMlatShellSetOperatiqhneeds to be casttovid * , since the final argument could
(depending on the MatOperation) be a variety of different functions.

62


http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatAXPY.html#MatAXPY
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscScalar.html#PetscScalar
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatStructure.html#MatStructure
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMult.html#MatMult
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMultAdd.html#MatMultAdd
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMultTranspose.html#MatMultTranspose
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMultTransposeAdd.html#MatMultTransposeAdd
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatNorm.html#MatNorm
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/NormType.html#NormType
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatDiagonalScale.html#MatDiagonalScale
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatScale.html#MatScale
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscScalar.html#PetscScalar
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatConvert.html#MatConvert
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatType.html#MatType
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCopy.html#MatCopy
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatStructure.html#MatStructure
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatGetDiagonal.html#MatGetDiagonal
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatTranspose.html#MatTranspose
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatZeroEntries.html#MatZeroEntries
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatShift.html#MatShift
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscScalar.html#PetscScalar
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreateShell.html#MatCreateShell
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/comm.html#comm
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatShellSetOperation.html#MatShellSetOperation
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscErrorCode.html#PetscErrorCode
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatShellGetContext.html#MatShellGetContext
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreateShell.html#MatCreateShell
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatShellSetOperation.html#MatShellSetOperation
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMult.html#MatMult
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatShellSetOperation.html#MatShellSetOperation

Note thatMatShellSetOperatiq) 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 thel ATSEQAIJ 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 Sectioh.5 for 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

MatZeroEntrie@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 ho memory
allocations or copies will be needed. Of course, one can also explicitly set selected matrix elements to zero
by callingMatSetValue§.

By default, if new entries are made in locations where no nonzeros previously existed, space will be
allocated for the new entries. To prevent the allocation of additional memory and simply discard those new
entries, one can use the option

MatSetOptioMat A, MAT _NO_NEW_NONZERQOLOCATIONS);

Once the matrix has been assembled, one can factor it numerically without repeating the ordering or the
symbolic factorization. This option can save some computational time, although it does require that the
factorization is not done in-place.

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 bound-
ary 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 solv-
ing a smaller linear system for the interior unknowns. Unfortunately, implementing 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 memaory.

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

MatZeroRowsl@Mat A, PetscinhumRowsPetscintrows|],PetscScaladiag value),
or equivalently,
MatZeroRowsl@Mat A, IS rowsPetscScaladiag value);

For sparse matrices this removes the data structures for certain rows of the matrix. If the giampter
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.

One nice feature of this approach is that when solving a nonlinear problem such that at each iteration the
Dirichlet boundary conditions are in the same positions and the matrix retains the same nonzero structure,
the user can calMatZeroRowg) in the first iteration. Then, before generating the matrix in the second
iteration the user should call
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MatSetOptioMat A, MAT _NO_NEW_NONZERQOLOCATIONS);

From that point, no new values will be inserted into those (boundary) rows of the matrix.
Another matrix routine of interest is

MatConver(Mat matMatTypenewtypeMat *M)

which converts the matrimat to new matrix,M that has either the same or different format. rgatitype
to MATSAME to copy the matrix, keeping the same matrix format. $ETSC_DIR}/include/
petscmat.h  for other available matrix types; standard ones\atd SEQDENSE MATSEQAIJ, MATMPIAIJ,
MATMPIROWBS, MATSEQBDIAG, MATMPIBDIAG , MATSEQBAIJ, andMATMPIBAIJ.

In certain applications 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)

MatGetRowMat A,int row, int *ncols,consPetscErrorCod€cols)[],constPetscScalaf*vals)[]);

The argumenmicols returns the number of nonzeros in that row, wisitds 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 canRE&SC_NULLfor thevals argument. Similarly,
one can us®ETSC_NULLfor thecols argument. The user can only examine the values extracted with
MatGetRow(); the valuesannotbe altered. To change the matrix entries, one musMmsSetValue§.

Once the user has finished using a row, he onshstcall

MatRestoreRo{Mat A,int row,int *ncols,int **colsPetscScalat*vals);

to free any space that was allocated during the callaoGetRow).

3.5 Partitioning

For almost all unstructured grid computation, the distribution of portions of the grid across the process’s
work load and memory can have a very large impact on performance. In most PDE calculations the grid
partitioning and distribution across the processes 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 pro-
vides 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 patrtitioning to be done in parallel. PETSc
does not currently provide directly support for dynamic repartitioning, load balancing by migrating matrix
entries between processes, 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 insertion/deletion
of additional vector and matrix rows and columns entries” approach.

Partitioning in PETSc is organized around tfiaetPartitioningobject. 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

MatCreateMPIAdIMPI_Commcommint mlocal,int n,const int ia[],const int ja]],
int *weightsMat *Adj);

The argumeninlocal indicates the number of rows of the graph being provided by the given procisss,

the total number of columns; equal to the sum of allitlecal . The argumentg& 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.
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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 pro-
cesses. The details of this initial distribution is not important; it could be simply determined by assigning to
the first process the firsiy nodes from a file, the second process the ngxtodes, etc.

For example, we demonstrate the form of iheandja for a triangular grid where we

(1) partition by element (triangle)

e Process Omlocal =2,n =4, ja = {2,3,|3},ia = {0,2,3}
e Process Imlocal =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). Wealseve to denote the transition
between rows in the matrix.

and (2) partition by vertex.

e Process Omlocal = 3,n =6,ja = {3,4,]4,5,]3,4,5},ia = {0,2,4,7}
e Process Imlocal = 3,n = 6,ja ={0,2,4,/0,1,2,3,5,[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

MatPartitioningCreai@Pl_CommcommMatPartitioning*part);
MatPartitioningSetAdjacenilatPartitioningpartMat Adj);
MatPartitioningSetFromOptio(glatPartitioningpart);
MatPartitioningApplyMatPartitioningpart)S *is);
MatPartitioningDestrofMatPartitioningpart);

MatDestroyMat Adj);

ISPartitioningToNumberingsS is,IS *isg);

The resultingisg contains for each local node the new global number of that node. The redslting
contains the new process 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 process. The command
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AOCreateBasicl@sg,PETSCNULL,&ao);

generates, see SectidrB.1, anAO object that can be used in conjunction with theandgis to move the
relevant grid information to the correct process 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 general 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

KSP: Linear Equations Solvers

The objecKSPis 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 iteraise.is intended for solving
nonsingular systems of the form

Ax =b, 4.1)

where A denotes the matrix representation of a linear operatsrithe right-hand-side vector, andis the
solution vectorKSP uses the same calling sequence for both direct and iterative solution of a linear system.
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 exanipfer an overview of the
theory of such methods{SP creates a simplified interface to the lower-lei&lP and PC modules within
the PETSc package. THESP package, discussed in SectidrB, provides many popular Krylov subspace
iterative methods; theCmodule, described in Sectiagh4, includes a variety of preconditioners. Although
bothKSPandPC can be used directly, users should employ the interfa¢esét

4.1 Using KSP

To solve a linear system withSP, one must first create a solver context with the command
KSPCreatéMPI_CommcommKSP*ksp);

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

KSPSetOperato(ESP kspMat AmatMat PmatMatStructurelag);

The argumenAmat, representing the matrix that defines the linear system, is a symbolic place holder for
any kind of matrix. In particularK SP doessupport matrix-free methods. The routifetCreateShe()

in Section3.3 provides further information regarding matrix-free methods. Typicallypifeeonditioning

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 same@zewith the same preconditioning method; when solving just one linear system, this
flag is ignored. The user can sketg  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_PRECONDITIONERhNe preconditioner matrix is identical to that of the previous linear solve.

If the structure of a matrix is not known a priori, one should use theDlliFERENT_NONZERO_PATT
ERN
Much of the power oKSP can be accessed through the single routine

KSPSetFromOptiorf&SP ksp);

This routine accepts the optiorls and-help as well as any of th&SPandPC options discussed below.
To solve a linear system, one sets the rhs and solution vectors using and executes the command

KSPSolvéKSPksp\ecb,Vecx);

whereb andx respectively denote the right-hand-side and solution vectors. On return, the iteration number
at which convergence was successfully reached can be obtained using .

KSPGetlterationNumb@KSPksp, int *its);

If the iteration diverged, then theegativeof the iteration at which divergence or breakdown was detected is
returned inits . Section4.3.2gives more details regarding convergence testing. Note that multiple linear
solves can be performed by the saifeP context. Once th&SP context is no longer needed, it should be
destroyed with the command

KSPDestroyK SPksp);

The above procedure is sufficient for general use ofKtBE 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@erln this case, the user can optionally
explicitly call

KSPSetUKSPksp)

before callingKkSPSolve) 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 withitKSPis restarted GMRES, preconditioned for the uniprocess case with ILU(0),
and for the multiprocess case with the block Jacobi method (with one block per process, 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 extract theC andKSP contexts,

KSPGetP@KSPkspPC*pc);

The application programmer can then directly call any offlier KSProutines 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 Sdc@grone may use the optionr&sp
type preonly -pc_type lu (see below).

By default, if a direct solver is used, the factorizatiomd done in-place. This approach prevents the
user from the unexpected surprise of having a corrupted matrix after a linear solve. The PaLRineorSe-
tUselnPlac@), 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 sasmeewith the same method, several options are available.
To solve successive linear systems having saemepreconditioner matrix (i.e., the same data structure
with exactly the same matrix elements) but different right-hand-side vectors, the user should simply call
KSPSolve() multiple times. The preconditioner setup operations (e.g., factorization for ILU) will be done
during the first call to KSPSolve() only; such operations wilhot be repeated for successive solves.

To solve successive linear systems that tdifferentpreconditioner matrices (i.e., the matrix elements
and/or the matrix data structure change), the usestcall KSPSetOperatofs and KSPSolvé) for each
solve. See Sectiof.1for a description of various flags f6&tSPSetOperato(sthat 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

KSPSetTypeKSP kspKSPTypemethod);

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

KSPRichardsonSetScélSP ksp,double dampindactor);
KSPChebychevSetEigenval(ESP ksp,double emax,double emin);
KSPGMRESSetRestdlSPksp,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 cgtpns
gmres_restart <n> and-ksp_richardson_scale <factor>

The default technique for orthogonalization of the Hessenberg matrlx in GMRES is the unmodified
(classical) Gram-Schmidt method, which can be set with

KSPGMRESSetOrthogonalizatigfSP kspKSPGMRESClassicalGramSchmidtOrthogonalizgtion

or the options database commaikdp_gmres_classicalgramschmidt . By default this will not
use iterative refinement to improve the stability of the orthogonalization. This can be changed with the
option

KSPGMRESSetCGSRefinementTYEP kspKSPGMRESCGSRefinementTypge)
or via the options database with
-ksp.gmrescgsrefinementtype none,ifneeded,always

The values foKSPGMRESCGSRefinementType are KSP_GMRES_CGS_REFINEMENT_NONES
P_GMRES_CGS_REFINEMENT_IFNEED&RIKSP_GMRES_CGS_REFINEMENT_ALWAYS

One can also use modifed Gram-Schmidt, by setting the orthogonalization re(fiR6& MRESModi-
fledGramSchmidtOrthogonalizati@nby 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
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KSPCGSetTypiK SPkspKSPCGTypeKSP_CG_SYMMETR)C

Note that this option is not valid for all matrices.

The LSQR algorithm does not involve a preconditioner, any preconditioner set to work wittSthe
object is ignored if LSQR was selected.

By default, KSPassumes an initial guess of zero by zeroing the initial value for the solution vector that
is given; this zeroing is done at the callk&PSolv€) (or KSPSolvé)). To use a nonzero initial guess, the
usermustcall

KSPSetlnitialGuessNonzgOSP ksp PetscTrutHlg);

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 sySidm (

(M;PAMRY) (Mgz) = M 'b, (4.2)

where M, and My indicate preconditioning matrices (or, matrices from which the preconditioner is to be
constructed). IV, = I in (4.2), right preconditioning results, and the residual 4fi},

rEb—Ax:b—AM}glMRx,

is preserved. In contrast, the residual is altered for lefz (= 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 comriapd right_pc or calling the routine

KSPSetPreconditionerSifieSP kspPCSidePC_RIGHT);

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

KSPSetUpRichardson:No right preconditioning f&tfSPRICHARDSON

We summarize the defaults for the residuals usétSR convergence monitoring within Table 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-precondiki@ieehethods.
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

KSPSetNormTypKSP kspKSP_.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.
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Options Default
Database Convergence

Method KSPType Name Monitor{
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.

4.3.2 Convergence Tests

The default convergence tektSPDefaultConvergddl is based on thg-norm of the residual. Convergence

(or divergence) is decided by three quantities: the decrease of the residual norm relative to the norm of the
right hand sidertol , the absoluteizeof the residual normatol , and the relative increase in the residual,

dtol . Convergence is detected at iteratioii

Irkll2 < max(rtol x ||b||2, atol),
wherer, = b — Axy. Divergence is detected if
|rklle > dtol * ||b]|2.
These parameters, as well as the maximum number of allowable iterations, can be set with the routine
KSPSetToleranc€SP ksp,double rtol,double atol,double dtol,int maxits);

The user can retain the default value of any of these parameters by speéifyirgIC_ DEFAULTas the
corresponding tolerance; the defaultsaoé =10"°, atol =107°%, dtol =10°, andmaxits =10°. These
parameters can also be set from the options database with the comikspmddol <rtol> , -ksp_
atol <atol> , -ksp_divtol <dtol> , and-ksp_max_it <its>

In addition to providing an interface to a simple convergence &3 allows the application program-
mer the flexibility to provide customized convergence-testing routines. The user can specify a customized
routine with the command

KSPSetConvergence TESEP kspPetscErrorCodétest)(KSPksp,int it,double rnorm,
KSPConvergedReasdreason,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’é, norm,
rnorm . The routine for detecting convergentest , should set reason to positive for convergence, 0 for
no convergence, and negative for failure to converge. A list of poskileConvergedReasas given in
include/petscksp.h . You can use afteSPSolv€) to see why convergence/divergence was detected.
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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 tisspg 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] , Where 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

KSPSetMonitofKSP kspPetscErrorCodémon)(KSPksp,int it,double rnorm,void *ctx),
void *ctx,PetscErrorCodémondestroy)(void*));

The final routine argumentix , is an optional context for private data for the user-defined monitoring rou-
tine, mon. Othermonroutine arguments are the iteration number)and the residual’é, norm ¢fnorm ).
A helpful routine within user-defined monitorsketscObjectGetComm((PetscObject)ksp, MP
I_Comm *comm), which returns icomm the MPI communicator for th&SP context. See sectiori.3
for more discussion of the use of MPI communicators within PETSc.
Several monitoring routines are supplied with PETSc, including

KSPDefaultMonito(KSP,int,double, void *);
KSPSingularValueMonitdKSP,int,double, void *);
KSPTrueMonito(KSP,int,double, void *);

The default monitor simply prints an estimate of thenorm of the residual at each iteration. The routine
KSPSingularValueMonitg) is appropriate only for use with the conjugate gradient method or GMRES,
since it prints estimates of the extreme singular values of the preconditioned operator at each iteration.
SinceKSPTrueMonitof) prints the true residual at each iteration by actually computing the residual using
the formular = b — Ax, 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 opitigmsmonitor  , -ksp_
singmonitor , and-ksp_truemonitor

To employ the default graphical monitor, one should use the commands

PetscDrawlLdg;
KSPLGMonitorCreatgchar *display,char *title,int x,int y,int w,int etscDrawlL G*g);
KSPSetMonitofKSP ksp,KSPLGMonitor,lg,0);

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

The user can change aspects of the graphs witiPétecDrawLG*() 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 arizeof the window.

One can cancel hardwired monitoring routines&P at runtime with-ksp_cancelmonitors

Unless the Krylov method converges so that the residual norm is small,0say, 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 between different machines difficult. The optikep_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.
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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

KSPSetComputeEigenval (ESP ksp,PETSCTRUE);
Then after thé<SP solve one calls
KSPComputeEigenvalu@sSPksp, int n,double *realpart,double *complexpart,int *neig);

Here,n is thesizeof the two arrays and the eigenvalues are inserted into those two aiayg. is the
number of eigenvalues computed; this number depends osizhef the Krylov space generated during

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

KSPComputeEigenvaluesExplici(k'SP 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 matriges of
up to a couple hundred. ThHeetscDrawSP*()  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 com-
mands-ksp_plot_eigenvalues and-ksp_plot_eigenvalues_explicitly . Orthey can
be dumped to the screen in ASCII text vilesp_compute_eigenvalues and -ksp_compute
eigenvalues_explicitly

4.3.5 Other KSP Options

To obtain the solution vector and right hand side frokSP context, one uses

KSPGetSolutio(KSPkspVec *x);
KSPGetRhEKSP ksp\ec *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

KSPBuildSolutiofK SPkspVec w,Vec *v);
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 tH&P context is used. One

should not destroy this vector. For cert&BP 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
KSPBuildResidugKSPksp\Vect,Vec w,Vec *v);

Again, for GMRES and certain other methods this is an expensive operation.
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Method PCType Options Database Name

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

SOR with Eisenstat trick PCEISENSTAT eisenstat
Incomplete Cholesky PCICC icc
Incomplete LU PCILU ilu
Additive Schwarz PCASM asm
Linear solver PCKSP ksp
Combination of preconditionersPCCOMPOSITE composite
LU PCLU lu
Cholesky PCCholesky cholesky
No preconditioning PCNONE none
Shell for user-define@C PCSHELL shell

Table 4: PETSc Preconditioners

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

PCSetTyp@C pcPCTypemethod);

In Table4 we summarize the basic preconditioning methods supported in PETSc.PA3dELLprecon-
ditioner uses a specific, application-provided preconditioner. The direct precondif@ldy is, in fact, a
direct solver for the linear system that uses LU factorizat®@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
form PC<TYPE>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.

4.4.1 ILU and ICC Preconditioners
Some of the options for ILU preconditioner are

PCFactorSetLeveglBCpc,int levels);

PCFactorSetReuseOrder{Rg pc,PetscTrutHlag);
PCFactorSetUseDropToleraifB€ pc,double dt,double dtcol,int dtcount);
PCFactorSetReuseKHC pcPetscTrutHlag);

PCFactorSetUselnPIla@&C pc);

PCFactorSetAllowDiagonalF{IPCpc);

When repeatedly solving linear systems with the s&f& context, one can reuse some information
computed during the first linear solve. In particulat;FactorSetReuseOrder(hgauses the ordering (for
example, set withpc_factor_ordering_type order ) computed in the first factorization to be
reused for later factorizations. Th&®CFactorDTSetReuseFill() causes the fill computed during the
first drop tolerance factorization to be reused in later factorizatieas:actorSetUselnPla@as often used
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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_factor_levels <levels>

-pc_factor_reuse_ordering
-pc_factor_use_drop_tolerance <dt>,<dtcol>,<dtcount>
-pc_factor_reuse_fill

-pc_factor_in_place
-pc_factor_nonzeros_along_diagonal
-pc_factor_diagonal_fill

See Sectiord 3.4.2for 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 for the uniprocess
case. In addition, for the parallel case we provide an interface to the ILU and ICC preconditioners of
BlockSolve95 [ 3. PETSc enables users to employ the preconditioners within BlockSolve95 by using the
BlockSolve95 matrix formaMATMPIROWBE&Nd invoking either thé>CILU or PCICC method within
the linear solvers. Since PETSc automatically handles matrix assembly, preconditioner 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 thedis/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 usiatCreat€) with the option
-mat_mpirowbs , or by directly calling

MatCreateMPIRowH8MPI_Commcommyint m,int M,int nz,int *nnzMat *A)

Ais the newly created matrix, while the argumemtandMindicate 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 process, givembgr
determined by PETSc ifnis PETSCDECIDE. The argumentaz andnnz can be used to preallocate
storage space, as discussed in Sectidrfor increasing the efficiency of matrix assembly; one setsO
andnnz=PETSC_NULLfor PETSc to control all matrix memory allocation.

If the matrix is symmetric, onmaycall

MatSetOptioiMat 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 MATMPIROWBf®rmat if necessary, so
that nonsymmetric matrices are considered to be symmetric in terms of their sparsity structure; this for-
mat is required for use of the parallel communication routines within BlockSolve95. In particular, if the
matrix elementd[i, j] exists, then PETSc will internally allocate a O value for the elemagpiti] during
MatAssemblyEng) if the user has not already set a value for the matrix elemént] .

When manipulating a preconditioning matri%, BlockSolve95 internally works with a scaled and per-
muted matrix,A = PD~1/24D~1/2 whereD is the diagonal of4, and P is a permutation matrix deter-
mined by a graph coloring for efficient parallel computation. Thus, when solving a linear sy$tes,b,
using ILU/ICC preconditioning and the matrix formdATMPIROWBSr boththe linear system matrix and
the preconditioning matrix, one actually solves the scaled and permuted systenb, wherei = PD'/2z
andb = PD~/2p . PETSc handles the internal scaling and permutatianasfdb, so the user doestdeal
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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 opkigm truemonitor to print both the scaled

and unscaled residual normblote If one is using ILU/ICC via BlockSolve95 and tHdATMPIROWBS
matrix 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

PCSORSetOmegaC pc,double omega);
PCSORSetlteratiofBC pc,int its,int lits);
PCSORSetSymmetieC pc MatSORTypeaype);

The first of these commands sets the relaxation factor for successive over (under) relaxation. The second
command sets the number of inner iteratidiss and local iterationdits  (the number of smoothing
sweeps on a process before doing a ghost point update from the other processes) to use between steps of the
Krylov space method. The total number of SOR sweeps is givetsHits . The third command sets
the kind of SOR sweep, where the argumigme can be one 060OR_FORWARD_SWEEP, SOR_BACK
WARD_SWEKPSOR_SYMMETRIC_SWEERe default being¢OR_FORWARD_SWEEBtting the type
to be SOR_SYMMETRIC_SWERRduces the SSOR method. In addition, each process can locally and
independently perform the specified variant of SOR with the t§@R LOCAL_FORWARD_SWEHPR _
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 trick] for SSOR preconditioning can be employed with the metR&QEISENSTAT
(-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 routinePCEisenstatNoDiagonalScalip)pturns
off diagonal scaling in conjunction with Eisenstat SSOR method, while the oppioreisenstat_
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

PCFactorSetUselnPla@dC pc);

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

-pc_factor_ordering_type <ordering>
The possible orderings are
e MATORDERING_NATURANatural
e MATORDERING_NINested Dissection
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¢ MATORDERING_1WIDne-way Dissection
¢ MATORDERING_RCNReverse Cuthill-McKee
¢ MATORDERING_QMMQuotient Minimum Degree

These orderings can also be set through the options database by specifying one of the follpwing:

factor_ordering_type natural , -pc_factor_ordering_type nd ,-pc_factor_ordering_
type 1wd , -pc_factor_ordering_type rcm , -pc_factor_ordering_type qmd . In addi-
tion, see

MatGetOrdering), discussed in Sectiobt.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 optipa_factor_nonzeros_along_
diagonal <tol> will often help eliminate the zero pivot, by preprocessing the the column ordering to
remove small values from the diagonal. Hem, is an optional tolerance to decide if a value is nonzero;
by defaultitisl.e — 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.

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 uniprocess 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 . In fact, all of theKSP andPC

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

PCBJacobiGetSubKgPC pc,int *n_local,int *first local KSP **subksp);
PCASMGetSubKSEPCpc,int *n_local,int *first local KSP **subksp);

extract theKSPcontext for each local block. The argumentiocal is the number of blocks on the calling
process, anfirst_local indicates the global number of the first block on the process. The blocks are
numbered successively by processes from zero thrgigh 1, wheregb is the number of global blocks.
The array ofKSP contexts for the local blocks is given sybksp . This mechanism enables the user to set
different solvers for the various blocks. To set the appropriate data structures, tmeussexplicitly call
KSPSetU() before callingPCBJacobiGetSubKgPor PCASMGetSubKSE). For further details, see the
example3{PETSC_DIR}/src/ksp/ksp/examples/tutorials/ex7.c

The block Jacobi, block Gauss-Seidel, and additive Schwarz precondltloners 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

PCBJacobiSetTotalBlock3C pc,int blocks,int %ize);
PCASMSetTotalSubdomai(3C pc,int nJS *is);
PCASMSetTypéPCpcPCASMTypetype);
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The optional argumergize , is an array indicating theize of each block. Currently, for certain parallel
matrix formats, only a single block per process is supported. Howevev|ATMPIAIJ andMATMPIBAIJ
formats support the use of general blocks as long as no blocks are shared among processeardiiment
contains the index sets that define the subdomains.

The objectPCASMTypeis one ofPC_ASM_BASICPC_ASM_INTERPOLATEPC_ASM_RESTRIC
T,PC_ASM_NON&nd may also be set with the options databaseasm_type [basic , interpolate ,
restrict  , nonej . 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
interpolation process ignores the off-process values. SimiR@y,ASM_INTERPOLATIor -pc_asm_
type interpolate ) uses a limited restriction process in conjunction with a full interpolation, while
PC_ASM_NONEFor -pc_asm_type none ) ignores off-process valies for both restriction and interpo-
lation. The ASM types with limited restriction or interpolation were suggested by Xiao-Chuan Cai and
Marcus Sarkisj]. 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-process basis with the commands

PCBJacobiSetLocalBlockBC pc,int blocks,int %izg);
PCASMSetLocalSubdomai(PCpc,int NJS *is);

For the ASM preconditioner one can use the following command to set the overlap to compute in con-
structing the subdomains.

PCASMSetOverlaf®C 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 ttPCASMSetTotalSubdomains()  or PCASMSetLocalSubdomaifsthen
overlap must be set to be 0. In particular, if one daowd 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 viaPCASMSetTotalSubdomaif)sor PCASMSetLocalSubdomaif)sthe routine
PCASMSetOverla) 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

PCShellSetAppl{PC pcPetscErrorCod€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 argumentsapiply()  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 vi& SPSetOperato(y.

PCShellSetSetpCpc,PetscErrorCodésetup)(void *ctx));

The argument to the “setup” routine is the same application-provided data structure passed in with the
PCShellSetApplf) routine.
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4.4.6 Combining Preconditioners

The PCtype PCCOMPOSITHEllows 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 per-
formance. In many cases using a single preconditioner is better than a combination; an exception is the
multigrid/multilevel preconditioners (solvers) that are always combinations of some sort, see 8etfion

Let B; and B, represent the application of two preconditioners of tjygeel andtype2 . The pre-
conditionerB = B; + By can be obtained with

PCSetTypgpc,PCCOMPOSITE;
PCCompositeAddP(c,typel);
PCCompositeAddP(@c,type?2);

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

PCCompositeSetTyeCpc,PCComposite Typ@ C.COMPOSITEMULTIPLICATIVE);

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 preconditiddeasid B,; y = Bx
is obtained from

yZBl.ZL'
w; =x — Ay
Yy =y + Baw

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 applicatiod éfiside 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 precondi8iné38,
etc. By default it uses the “preconditioner matrix”, to use the true matrix use the option

PCCompositeSetUseTr{iRC pc);

The individual preconditioners can be accessed (in order to set options) via
PCCompositeGetRECpc,int count?C*subpc);
For example, to set the first sub preconditioners to use ILU(1)

PCsubpc;
PCCompositeGetHpc,0,&subpc);
PCFactorSetFi(subpc,1);

These various options can also be set via the options database. For exgapigpe 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 optiggt_composite_true . One sets options for the
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subpreconditioners with the extra prefisub_N_ whereN is the number of the subpreconditioner. For
examplersub_0 pc_ifactor fill O

PETSc also allows a preconditioner to be a complete linear solver. This is achieved WREK&P
type.

PCSetTyp&CpcPCKSPPCKSB;
PCKSPGetKSEpc,&ksp);
/* set anyKSP/PCoptions */

From the command line one can use 5 iterations of bi-CG-stab with ILU(0) preconditioning as the precondi-
tioner with-pc_type ksp -ksp_pc_type ilu -ksp_ksp_max_it 5 -ksp_ksp_type bcgs

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

PCKSPSetUseTr{eCpc);

or at the command line witlpc_ksp_true
Naturally one can use ESP preconditioner inside a composite preconditioner. For exampte,
type composite -pc_composite_pcs ilu,ksp -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.

4.4.7 Multigrid Preconditioners

A large suite of routines is available for using multigrid as a preconditioner. IiPthéamework the
user is required to provide the coarse grid solver, smoothers, restriction, and interpolation, as well as the
code to calculate residuals. TRe 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
7 for a higher level interface to the multigrid solvers for linear and nonlinear problems usingvihéG
object.

A multigrid preconditioner is created with the four commands

KSPCreatéMPI_CommcommKSP*ksp);
KSPGetP@KSPkspPC*pc);
PCSetTyp&PCpcPCMG);

MGSetLevels(pc,int levels, MBComm *comms);

A large number of parameters affect the multigrid behavior. The command
MGSetTypePCpc,MGType mode);

indicates which form of multigrid to applyif].
For standard V or W-cycle multigrids, one sets tmodeto beMGMULTIPLICATIVE; for the additive
form (which in certain cases reduces to the BPX method, or additive multilevel Schwarz, or multilevel
diagonal scaling), one usB§GADDITIVEas thenode. For a variant of full multigrid, one can uséGFULL
and for the Kaskade algorithMGKASKADH-or the multiplicative and full multigrid options, one can use
a W-cycle by calling

MGSetCyclesPCpc,int cycles);

with avalue ofMG_W_CYCLUer cycles . The commands above can also be set from the options database.
The option names argpc_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 optionsig_
smoothup m and-pc_mg_smoothdown n or the routines
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MGSetNumberSmoothUB(C pc,int m);
MGSetNumberSmoothDowR(C 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 interpolation/restriction operators that are used,
are mandatory. To set the coarse grid solver, one must call

MGGetCoarseSolve(C pc KSP *ksp);
and set the appropriate optionskisp . Similarly, the smoothers are set by calling
MGGetSmoothefC pc,int levelKSP *ksp);

and setting the various optionskksp. To use a different pre- and postsmoother, one should call the fol-
lowing routines instead.

MGGetSmootherUpg{C pc,int levelKSP *upksp);

and

MGGetSmootherDowr{C pc,int levelKSP*downksp);
Use

MGSetinterpolatéf{C pc,int levelMat P);

and

MGSetRestrictiorfCpc,int levelMat R);

to define the intergrid transfer operations.

It is possible for these interpolation operations to be matrix free (see Sexfiprhe 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, thensaim@gument can be passed
to both MGSetRestriction() and MGSetInterpolation().

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

MGSetResidualfC pc,int levelPetscErrorCod€residual)(Mat,Vec,Vec,Vec),Mat mat);

The residual() function can be set to be MGDefaultResidual() if one’s operator is storddadh farmat.
In certain circumstances, where it is much cheaper to calculate the residual directly, rather than through the
usual formulab — 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

MGSetRhsPC pc,int level)ec b);
MGSetXPCpc,int levelVecx);
MGSetRPCpc,int level\ecr);

The user is responsible for freeing these vectors once the iteration is complete.
One can control thESPandPCoptions used on the various levels (as well as the coarse grid) using the
prefixmg_levels_ (mg_coarse_ for the coarse grid). For example,

-mg_levelsksp.type cg
will cause the CG method to be used as the Krylov method for each level. Or
-mg_levelspc.type ilu -mglevelspc.lu_levels 2

will cause the the ILU preconditioner to be used on each level with two levels of fill in the incomplete
factorization.
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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 PETSc
Vecs (The constant functions can be handled separately, since they are such a common case). Create a
MatNullSpaceobject with the command

MatNullSpaceCrea{MPl_CommpPetscTrutthasconstants,int ditviec *basisMatNullSpacensp);

Heredim is the number of vectors ibasis 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 th&SP object you are using what the null space is with the call

KSPSetNullSpad& SP kspMatNullSpacensp);

The PETSc solvers will now handle the null space during the solution process.

Butif one chooses a direct solver (or an incomplete factorization) it may still detect a zero pivot. You
can run with the additional optiongc_factor_shift_nonzero <dampingfactor> or -pc_
factor_shift_nonzero <dampingfactor> to prevent the zero pivot. A good choice for the
damping factoris 1.e-10.

4.6 Using PETSc to interface with external linear solvers

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

1. Run config/configure.py with the additional optionglownload-packagename=1 For eg:
--download-superlu_dist=1
2. Build the PETSc libraries.
3. Use the runtime optionkmat_type <mattype>-ksp_type preonly-pc_type <pctype>
For eg:-mat_type superlu_dist -ksp_type preonly -pc_type Iu
Package Base Class PCType MatType Runtime Options
DSCPACK baij cholesky MATDSCPACK -mat_type dscpack
MUMPS aij lu MATAIIMUMPS -mat_type aijmumps
sbaij cholesky MATSBAIIMUMPS -mat_type sbaijmumps
SPOOLES seqaij lu MATSEQAIJSPOOLES  -mat_type seqaijspooles
mpiaij lu MATMPIAIJSPOOLES -mat_type mpiaijspooles
seqsbaij cholesky MATSEQSBAIJSPOOLES -mat_type seqsbaijspooles
mpisbaij cholesky MATMPISBAIJSPOOLES -mat_type mpisbaijspooles
SUPERLU seqaij lu MATSUPERLU -mat_type superlu
SUPERLUDIST aij lu MATSUPERLU.DIST -mat_type superlu_dist
UMFPACK seqaij lu MATUMFPACK -mat_type umfpack
ESSL seqaij lu MATESSL -mat_type essl
LUSOL segaij lu MATLUSOL -mat_type lusol
MATLAB seqaij lu MATMATLAB -mat_type matlab
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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.

As an alternative to using runtime flags to employ these external packages, one can also create matrices
with the appropriate capabilities by callingatCreat€) followed by MatSetTyp¢€) specifying the desired
matrix type from5. These matrix types inherit capabilities from their PETSc matrix parents: seqaij, mpiaij,
etc. As a result, the preallocation routines MatSegAlJPreallocate, MatMPIAlJPreallocate, etc. and any other
type specific routines of the base class are supported. One can alstagatinvertinplace to convert the
matrix to and from its base class without performing an expensive data kgi{Zzonvertcannot be called
on matrices that have already been factored.

In 5, the base class aij refers to the fact that inheritance is basetho8EQAIJwhen constructed with
a single process communicator, and frdfATMPIAIJ otherwise. The same holds for baij and sbaij. For
codes that are intended to be run as both a single process or with multiple processes, dependingiamthe
command, it is recommended that both sets of preallocation routines are called for these communicator
morphing types. The call for the incorrect type will simply be ignored without any harm or message.
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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. THeIESlibrary 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 chapte®$|ESenables the user to easily customize the nonlinear solvers according
to the application at hand. Also, tl&NESinterface isidentical for the uniprocess and parallel cases; the
only difference in the parallel version is that each process typically forms only its local contribution to
various matrices and vectors.

The SNESclass 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 Sestibollowing the PETSc design philosophy,
the interfaces to the various solvers are all virtually identical. In additionStieSsoftware is completely
flexible, so that the user can at runtime change any facet of the solution process.

The general form of the-dimensional Newton’s method for solving.() is

Tpy1 = T — [F’(mk)]*lF(mk), k=0,1,..., (5.2)

wherex is an initial approximation to the solution add (x;,), the Jacobian, is nonsingular at each itera-
tion. In practice, the Newton iteratiob.Q) 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 first introduce a complete and simple example
in Figure12, corresponding t8{PETSC_DIR}/src/snes/examples/tutorials/ex1.c

static char help[] = "Newton’'s method to solve a two-variable system, sequentially.\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 methods
petscviewer.h - viewers petscpc.h - preconditioners
petscksp.h - linear solvers
*/
#include "petscsnes.h"
/*
User-defined routines
*/

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

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

{
SNES snes; /* nonlinear solver context */
KSP ksp; /* linear solver context */
PC pc; [* preconditioner context */
Vec X,r; /* solution, residual vectors */
Mat J; /* Jacobian matrix */
PetscErrorCode ierr;
Petscint its;
PetscMPlInt 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!);

*/

/*
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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,&J);CHKERRQ(ierr);
ierr = MatSetSizes(J,PETSC_DECIDE,PETSC_DECIDE,2,2);CHKERRQ(ierr);
ierr = MatSetFromOptions(J);CHKERRQ(ierr);

ierr = PetscOptionsHasName(PETSC_NULL,"-hard",&flg); CHKERRQ(ierr);
if (fflg) {
/*
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);
}
2
Customize nonlinear solver; set runtime options
___________________________________ */
/*
Set linear solver defaults for this problem. By extracting the
KSP, KSP, and PC contexts from the SNES context, we can then
directly call any KSP, KSP, and PC routines to set various options.
*/
ierr = SNESGetKSP(snes,&ksp);CHKERRQ(ierr);
ierr = KSPGetPC(ksp,&pc);CHKERRQ(ierr);
ierr = PCSetType(pc,PCNONE);CHKERRQ(ierr);
ierr = KSPSetTolerances(ksp,1.e-4,PETSC_DEFAULT,PETSC_DEFAULT,20);CHKERRQ(ierr);
/*
Set SNES/KSP/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
___________________________________ */
if (Mflg) {
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ierr = VecSet(x,pfive);,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,PETSC_NULL,x);CHKERRQ(ierr);
ierr = SNESGetlterationNumber(snes,&its); CHKERRQ(ierr);
it (flg) {
Vec f;
ierr = VecView(x,PETSC_VIEWER_STDOUT_WORLD);CHKERRQ(ierr);
ierr = SNESGetFunction(snes,&f,0,0);CHKERRQ(ierr);
ierr = VecView(r,PETSC_VIEWER_STDOUT_WORLD);CHKERRQ(ierr);
}

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

¥ = o e o o e o o o e o D o o e D o 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 = MatDestroy(J);CHKERRQ(ierr); ierr = SNESDestroy(snes);CHKERRQ(ierr);
ierr = PetscFinalize();CHKERRQ(ierr);
return O;
}
I* */

#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
*/
PetscErrorCode FormFunction1(SNES snes,Vec x,Vec f,void *dummy)

{

PetscErrorCode 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 dependent.
- 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[O]*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

*
PetscErrorCode FormJacobian1(SNES snes,Vec x,Mat *jac,Mat *B,MatStructure
*flag,void *dummy)

{
PetscScalar *xx,A[4];
PetscErrorCode ierr;
Petscint idx[2] = {0,1};
/~k
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.
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*/

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"
PetscErrorCode FormFunction2(SNES snes,Vec x,Vec f,void *dummy)

{
PetscErrorCode 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 dependent.
- 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] = PetscSinScalar(3.0*xx[0]) + xx[0];
fi[1] = xx[1];
/*
Restore vectors
*/
ierr = VecRestoreArray(x,&xx);CHKERRQ(ierr);
ierr = VecRestoreArray(f,&ff); CHKERRQ(ierr);
return O;
}
I* */

#undef _ FUNCT__
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#define _ FUNCT__ "FormJacobian2"
PetscErrorCode FormJacobian2(SNES snes,Vec x,Mat *jac,Mat *B,MatStructure
*flag,void *dummy)

{
PetscScalar *xx,A[4];
PetscErrorCode ierr;
Petscint 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] = 30*PetscCosScaIar(3 0*xx[0]) + 1.0; A[1]
Al2] = 0.0 A[3] =
ierr = MatSetVaIues(*Jacz|dx2|dxAINSERT 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 Uniprocess SNES Code

To create &SNESsolver, one must first caBNESCreat@ as follows:

SNESCreat@MPl_CommcommSNES*snes);

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

SNESSetTypSNESsnesSNESTypanethod);

or use the the optiorsnes_type <method> , where details regarding the available methods are pre-
sented in Sectioh.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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SNESSetFromOptiolisnes);

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 th&P, andPCmodules, as discussed in Chapter

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

SNESSolv€SNESsnesyec b,Vecx);

wherex indicates the solution vector. The user should initialize this vector to the initial guess for the
nonlinear solver prior to callingNESSolvé). In particular, to employ an initial guess of zero, the user
should explicitly set this vector to zero by calligcSe(). Finally, after solving the nonlinear system (or
several systems), the user should destroysth& Scontext with

SNESDestro(SNESsnes);

5.1.1 Nonlinear Function Evaluation

When solving a system of nonlinear equations, the user must provide a ¥edtmrstoring the function of
Equation 6.1), as well as a routine that evaluates this function at the vectdtis information should be
set with the command

SNESSetFunctiq®NESsnesyecf,
PetscErrorCodéFormFunction)SENESsnesyec x,Vec 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 routiETSC_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

SNESSetJacobi§8@NESsnesylat A,Mat B,PetscErrorCod€¢FormJacobiantNESsnes,
Vec x,Mat *A, Mat *B, MatStructure*flag,void *ctx),void *ctx);

The arguments of the routinedFormJacobian()  are the current iterate,; the Jacobian matrix; the
preconditioner matrixB (which is usually the same &y; aflag indicating information about the pre-
conditioner matrix structure; and an optional user-defined Jacobian cocttextfor application-specific
data. The options foflag are identical to those for the flag oKSPSetOperators() , discussed in
Section4.1 Note that theSNESsolvers are all data-structure neutral, so the full range of PETSc matrix
formats (including “matrix-free” methods) can be used. Chaptiscusses information regarding available
matrix formats and options, while Sectibrbfocuses on matrix-free methods®NES We briefly touch on
a few details of matrix usage that are particularly important for efficient use of the nonlinear solvers.

A common usage paradigm is to assemble the problem Jacobian in the preconditionerBtoasius
thanA. In the case where they are identical, as in many simulations, this makes no difference. However, it
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Method SNES Type Options Name Default Convergence Test
Line search SNESLS Is SNESConverged S()
Trustregion SNESTR tr SNESConvergedR()

Test Jacobian SNESTEST test

Table 6: PETSc Nonlinear Solvers

allows us to check the analytic Jacobian we construElonmJacobian() by passing thesnes_mf
operator flag. This causes PETSc to approximate the Jacobian using finite differencing of the function
evaluation (discussed in sectibrb), and the analytic Jacobian becomes merely the preconditioner. Even if
the analytic Jacobian is incorrect, it is likely that the finite difference approximation will converge, and thus
this is an excellent method to verify the analytic Jacobian. Moreover, if the analytic Jacobian is incomplete
(some terms are missing or approximatehes_mf_operator may be used to obtain the exact solution,
where the Jacobian approximation has been transferred to the preconditioner.

During successive calls teormJacobian() , the user can either insert new matrix 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 subsequent calRotonthe
acobian()  routine, the user may wish to reinitialize the matrix entries to zero by callimig eroEntrie§).
See Sectio.4for details on the reuse of the matrix context.

If the preconditioning matrix retains identical nonzero structure during successive nonlinear iterations,
setting the parameteflag , in the FormJacobian()  routine to beSAME_NONZERO_PATTERNd
reusing the matrix context can save considerable overhead. For example, when one is using a parallel
preconditioner such as incomplete factorization in solving the linearized Newton systems for such problems,
matrix 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 $kttjingto
SAME_PRECONDITIONERSee the discussion 8fSPSetOperato(kin Section4.1for details.

The directory${PETSC_DIR}/src/snes/examples/tutorials provides a variety of exam-
ples.

5.2 The Nonlinear Solvers

As summarized in Tablé.2, SNESincludes 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 with thdnelp 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 backtraci{iné\ alternative line search
routine can be set with the command

SNESSetLineSearcBNESsnesPetscErrorCodéls)(SNESVec,Vec,Vec,Vec,double,double*,double*),void *Isctx);
Other line search methods provided by PETSc are SNESQuadraticLineSearch(), SNESNoLineSearch(), and
SNESNoLineSearchNoNorms(), which can be set with the option
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-snes_Is [cubic, quadratic, basic, basicnonorms]

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_|s_steptol <tol>

5.2.2 Trust Region Methods

The trust region method iIBNESfor solving systems of nonlinear equatio8yESTR-snes_typetr ),
is taken from the MINPACK projectl[4]. Several parameters can be set to control the variation of the trust
regionsize during the solution process. In particular, the user can control the initial trust region radius,
computed by

A = Aol Follz,

by settingA via the option-snes_tr_delta0 <delta0>

5.3 General Options

This section discusses options and routines that apply &N\dfISsolvers 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 SNESare 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 tolerstote, Convergence can also be determined based
on the norm of the function Such a test can use either the absohatef the norm,atol , or its relative
decreaseiol , from an initial guess. The following routine sets these parameters, which are used in many
of the defaultSNESconvergence tests:

SNESSetToleranc€SNESsnes,double atol,double rtol,double stol,
int its,int fcts);

This routine also sets the maximum numbers of allowable nonlinear iteraiiens,and function evalu-
ations,fcts . The corresponding options database commands for setting these parametenesire
atol <atol> , -shes_rtol <rtol> , -Snes_stol <stol> ,  -Shes_max_it <its> , and
-snes_max_funcs <fcts> . Arelated routine iISNESGetToleranc€s

Convergence tests for trust regions methods often use an additional parameter that indicates the minim-
ium allowable trust region radius. The user can set this parameter with the egtes trtol <trtol>
or with the routine

SNESSetTrustRegionTolera{&&\ESsnes,double trtol);
Users can set their own customized convergence teStslifSby using the command

SNESSetConvergence TESINESsnesPetscErrorCodétest)(SNESsnes,int it,double xnorm,
double gnorm,double $NESConvergedReasoeason,
void *cctx),void *cctx);
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The final argument of the convergence test routitex , denotes an optional user-defined context for
private data. When solving systems of nonlinear equations, the argusrants , gnorm, andf are
the current iterate norm, current step norm, and function norm, respect&®ESConvergedReason
should be set positive for convergence and negative for divergenceneage/petscsnes.h for a

list of values forSNESConvergedReason

5.3.2 Convergence Monitoring

By default theSNESsolvers run silently without displaying information about the iterations. The user can
initiate monitoring with the command

SNESSetMonitqSNESsnesPetscErrorCodémon)(SNESint its,double norm,void* mctx),
void *mctx,PetscErrorCodémonitordestroy)(void*));

The routinemon, indicates a user-defined monitoring routine, whtre 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 bysNESSetMonitd() 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 opt@res_monitor  activates the defauBNESmon-
itor routine, SNESDefaultMonitaf), while -snes_xmonitor draws a simple line graph of the residual
norm’s convergence.

Once can cancel hardwired monitoring routines3biE Sat runtime with-snes_cancelmonitors

As the Newton method converges so that the residual norm is smalll0sa{}, many of the final
digits printed with the-snes_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 optienes_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 process testing easier.

The routines

SNESGetSolutiofENESsnesyec *x);
SNESGetFuncticfsNESsnesyec *r,void *ctx,
int(**func)( SNESVec,Vec,void*));

return the solution vector and function vector frorBldEScontext. 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 @E&5provides 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 variardnes_fd or-snes_mf . see Sectiob.60r Section
5.5). 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.
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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
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 crit-
ical, 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- x. || is large, is neither necessary nor eco-
nomical. Thus, the number of required inner iterations typically increases as the Newton process progresses,
so that the truncated iterates approach the true Newton iterates.

A sequence of nonnegative numbérg } 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'(x,) Axy, + F(xy)

satisfy
I e
LENT
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 &NES When solving a system of nonlinear equations, one can instead
employ the techniques of Eisenstat and Walk@rt¢ computen;, at each step of the nonlinear solver by
using the optionsnes_ksp_ew_conv . In addition, by adding one’s owSP convergence test (see
Section4.3.2), one can easily create one’s own, problem-dependent, inner convergence tests.

5.5 Matrix-Free Methods

The SNESclass 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®RCNONBTr -pc_type none ), a user-provided
preconditioner matrix, or a user-provided preconditioner sREIFHELL. discussed in Sectioh4); 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 witiric Swith the routine

MatCreateSNESMESNESsnesyec x, Mat *mat);
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This routine creates the data structures needed for the matrix-vector products that arise within Krylov space
iterative methods4] by employing the matrix typMATSHELL discussed in Sectioh3. The defaullSNES
matrix-free approximations can also be invoked with the commands_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 optionsnes_mf_operator

See also

MatCreateMIfVec x, Mat *mat);

for users who need a matrix-free matrix but are not usihge=S
The user can set one parameter to control the Jacobian-vector product approximation with the command

MatSNESMFSetFunctionErr@iviat mat,double rerror);

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, SNESprovides a way to register new routines to compute the differencing paramgter (
see the manual page fotatSNESMFSetTyp@ andMatSNESMFRegisterDynarm)ic We currently provide
two default routines accessible via

-snesmf_type<default or wp>
For the default approach there is one “tuning” parameter, set with
MatSNESMFDefaultSetUmim(at matPetscRealimin);

This parameterumin (Or w,,i,), iS a bit involved; its default iS0~¢ . The Jacobian-vector product is
approximated via the formula
Fu+h=xa)— F(u)

F ~
(wa .

whereh is computed via
h _ T 2 f / .
= erar v afllally if|u'al > umin * [|al]1
= €pel * Umin * sign(ula) * ||a||1/|a||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 Pernicg, gomputes via
h— 1+ HuHerel
[lal]

This has no tunable parameters, but note that (a) for GMRES with left preconditidming 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

MatSNESMFWPSetComputeNormiat matPetscTrut)y
MatSNESMFWPSetComputeNornfMat matPetscTrutly
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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

MatSNESMFSetHHistorMat,PetscScalat,int);
MatSNESMFResetHHisto(iat,PetscScalat,int);
MatSNESMFGetKMat,PetscScalat);
MatSNESMFKSPMonitqiKSP,int,double,void *);

and the runtime optiorsnes_mf_ksp_monitor

We include an example in Figufie3 that explicitly uses a matrix-free approach. Note that by using the
option-snes_mf one can easily convert alNEScode to use a matrix-free Newton-Krylov method with-
out a preconditioner. As shown in this exam@@JESSetFromOptiofsmust be calleagfter SNESSetJa-
cobian() to enable runtime switching between the user-specified Jacobian and the 8éfadimatrix-free
form.

Table 7 summarizes the various matrix situations tB&ES supports. In particular, different linear
system matrices and preconditioning matrices are allowed, as well as both matrix-free and application-
provided preconditioners. All combinations are possible, as demonstrated by the ex&{RESC_DI
R}/src/snes/examples/tutorials/ex5.c , in Figurel3.

Matrix Use Conventional Matrix Formats Matrix-Free Versions

Jacobian Create matrix witiViatCreat€). * | Create matrix withviatCreateShe().
Assemble matrix with user-definedUseMatShellSetOperatiq)to set
Matrix routine. T various matrix actions.

Or useMatCreate SNESM.

Preconditioning| Create matrix witiViatCreat€). * | UseSNESGetKSP andKSPGetP(Q)
Matrix Assemble matrix with user-definedto access theC, then use

routine. f PCSetTyp@c,PCSHELL);

followed by PCSetApply().

* Use either the generidatCreat€) or a format-specific variant such B&tCreateMPIAI{).
I Set user-defined matrix formation routine wishiESSetJacobig)

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\

98


http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNESMF/MatSNESMFSetHHistory.html#MatSNESMFSetHHistory
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscScalar.html#PetscScalar
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNESMF/MatSNESMFResetHHistory.html#MatSNESMFResetHHistory
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscScalar.html#PetscScalar
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNESMF/MatSNESMFGetH.html#MatSNESMFGetH
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscScalar.html#PetscScalar
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNESMF/MatSNESMFKSPMonitor.html#MatSNESMFKSPMonitor
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNES.html#SNES
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNESSetFromOptions.html#SNESSetFromOptions
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNESSetJacobian.html#SNESSetJacobian
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNESSetJacobian.html#SNESSetJacobian
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNES.html#SNES
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNES.html#SNES
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreate.html#MatCreate
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreateShell.html#MatCreateShell
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatShellSetOperation.html#MatShellSetOperation
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNESMF/MatCreateSNESMF.html#MatCreateSNESMF
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreate.html#MatCreate
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNESGetKSP.html#SNESGetKSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPGetPC.html#KSPGetPC
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PC.html#PC
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PCSetType.html#PCSetType
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PCSHELL.html#PCSHELL
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreate.html#MatCreate
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatCreateMPIAIJ.html#MatCreateMPIAIJ
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNESSetJacobian.html#SNESSetJacobian

with a user-provided preconditioner. Input arguments are:\n\
-snes_mf : Use matrix-free Newton methods\n\
-user_precond : Employ a user-defined preconditioner. Used only with\n\
matrix-free methods in this example.\n\n";

T
Concepts: SNES different matrices for the Jacobian and preconditioner;
Concepts: SNES matrix-free methods
Concepts: SNES"user-provided preconditioner;
Concepts: matrix-free methods
Concepts: user-provided preconditioner;
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 methods
petscviewer.h - viewers petscpc.h - preconditioners
petscksp.h - linear solvers
*/
#include "petscsnes.h"
/*
User-defined routines
*/

PetscErrorCode FormJacobian(SNES,Vec,Mat*,Mat*,MatStructure*,void*);
PetscErrorCode FormFunction(SNES,Vec,Vec,void*);
PetscErrorCode MatrixFreePreconditioner(void*,Vec,Vec);

int main(int argc,char **argv)

{
SNES snes; /* SNES context */
KSP ksp; [* KSP context */
PC pc; /* PC context */
Vec X,rF; [* vectors */
Mat J,JPrec; [* Jacobian,preconditioner matrices
*/
PetscErrorCode ierr;
Petscint itth = 5,i;
PetscMPlInt size;
Petscint *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,é&size);CHKERRQ(ierr);

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

ierr = PetscOptionsGetInt(PETSC_NULL,"-n",&Nn,PETSC_NULL);CHKERRQ(ierr);
h = 1.0/(n-1);



*/

*

us

Create nonlinear solver context

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

J* e e e e e e e e e e e e e e e e e e e e e e e a e e
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);

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

ierr = SNESSetFunction(snes,r,FormFunction,(void*)F);CHKERRQ(ierr);

ierr
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 = SNESGetKSP(snes,&ksp);CHKERRQ(ierr);
ierr = KSPGetPC(ksp,&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); 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

to retain complete convergence history for printing after the conclusion
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MatCreateSeqAIJ(PETSC_COMM_SELF,n,n,3,PETSC_NULL,&J);CHKERRQ(ierr);
MatCreateSeqAIJ(PETSC_COMM_SELF,n,n,1,PETSC_NULL,&JPrec);CHKERRQ(ierr);



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 example

when using -log_summary.

*
ierr = PetscOptionsHasName(PETSC_NULL,"-rhistory",&flg); CHKERRQ(ierr);
it (flg) {
ierr = SNESGetKSP(snes,&ksp);CHKERRQ(ierr);
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(Petscint),&Shistit); CHKERRQ(ierr);
ierr = SNESSetConvergenceHistory(snes,Shist,Shistit,Shistl,PETSC_FALSE);CHKERRQ(ierr);
}
2
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+1l.e-12,6.0); /* +1.e-12 is to prevent 0°6 */
ierr = VecSetValues(F,1,&i,&v,INSERT_VALUES);CHKERRQ(ierr);
Xp += h;
}
£,
Evaluate initial guess; then solve nonlinear system
___________________________________ */
ierr = VecSet(x,pfive); CHKERRQ(ierr);
ierr = SNESSolve(snes,PETSC_NULL,x);CHKERRQ(ierr);
ierr = SNESGetlterationNumber(snes,&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);

}

2

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

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

return O;

/* *
/*
ForminitialGuess - Forms initial approximation.

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

Output Parameter:

X - vector
*/
PetscErrorCode FormFunction(SNES snes,Vec x,Vec f,void *dummy)
{

PetscScalar *xx,*ff,*FF,d;

PetscErrorCode ierr;

Petscint i,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[0];
for (i=1; i<n-1; i++) {
fili] = d*(xx[i-1] - 2.0*xx[i] + xx[i+1]) + xx[iP*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
*
PetscErrorCode FormJacobian(SNES snes,Vec x,Mat *jac,Mat *prejac,MatStructure
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*flag,void *dummy)

{
PetscScalar *xx,A[3],d;
Petscint i,n,j[3];
PetscErrorCode ierr;

ierr
|er

= VecGetArray(x,&xx);CHKERRQ(ierr);
= VecGetSize(x,&n);CHKERRQ(ierr);
= (PetscReal)(n - 1); d = d*d;

/* Form Jacobian. Also form a different preconditioning matrix that

has only the diagonal elements. */
i = 0; A[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);
for (i=1; i<n-1; i++) {

0] = i - 1Al = 2] =i+ 1

AJ0] = A[1l] = -2.04d + 2.0*xx[i]; A[2] =
ierr = MatSetVaIues(*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] =
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 PCShellSetContext()
X - input vector

Output Parameter:
y - preconditioned vector
*/
PetscErrorCode MatrixFreePreconditioner(void *ctx,Vec x,Vec y)

{

PetscErrorCode ierr;
ierr = VecCopy(x,y);CHKERRQ(ierr);
return O;

Figure 13: Example of Uniprocess SNES Code - Both Conventional and Matrix-Free Jacobians
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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 ®atFDColoringdata structure that will be used later in actually computing the
Jacobian.

e Finally, one tells the nonlinear solvers BNESto use theSNESDefaultComputeJacobianCd)or
routine to compute the Jacobians.

A code fragment that demonstrates this process is given below.

ISColoringiscoloring;

MatFDColoringfdcoloring;

MatStructurestr;

/*

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);

/*

Color the matrix, i.e. determine groups of columns that share no common
rows. These columns in the Jacobian can all be computed simulataneously.
*/

MatGetColoringd, MATCOLORING SL,&iscoloring);

/*

Create the data structure tiatlESDefaultComputeJacobianCd)auses

to compute the actual Jacobians via finite differences.

*/

MatFDColoringCreatd,iscoloring,&fdcoloring);
ISColoringDestrogiscoloring);

MatFDColoringSetFromOptioifelcoloring);

/*

Tell SNESto use the routin&NESDefaultComputeJacobianCdg)or

to compute Jacobians.

*/

SNESSetJacobigsnes,J, ENESDefaultComputeJacobianCgfdcoloring);

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 structured grid 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. This is harder in the unstructured case, and has
not yet been implemented in general.
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One need not necessarily use the routifeGetColoring) to determine a coloring. For example, if
a grid can be colored directly (without using the associated matrix), then that coloring can be provided to
MatFDColoringCreat@. 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 package
[14]: smallest-last ¢l ), largest-first if ), and incidence-degreéd(). 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_SI. COLORING_IDQ COLORING_LForCOLO
RING_NATURALlwhen callingMatGetColoring).

As for the matrix-free computation of Jacobians (see SeétiBntwo parameters affect the accuracy of
the finite difference Jacobian approximation. These are set with the command

MatFDColoringSetParametékdatF-DColoringfdcoloring,double rerror,double umin);

The parametererror  is the square root of the relative error in the function evaluatieng, the default

is 1078, 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

o _ Fu+hx*dz;) — F(u)
A h

whereh is computed via

h = epep xu;  if |ui| > wmin

h = €rel * Umin * sign(u;)  otherwise
These parameters may be set from the options database with

-matfd_coloringerrerr
-matfd_coloring. umin umin

Note that theViatGetColoring) routine currently works only on sequential routines. Extensions may
be forthcoming. However, if one can compute the coloiisaploring some other way, the routine
MatFDColoringCreat@ does work in parallel. An example of this for 2D distributed arrays is given below
that uses the utility routinBAGetColoring).

DAGetColoringda)S_.COLORING.GHOSTED,&iscoloring);
MatFDColoringCreat@,iscoloring,&fdcoloring);
MatFDColoringSetFromOptioiffelcoloring);
ISColoringDestrogiscoloring);

Note that the routiné&latFDColoringCreat@ currently is only supported for the AlJ matrix format.
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Chapter 6

TS: Scalable ODE Solvers

The TS 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-timestepping.

Time-Dependent Problems:Consider the ODE
up = F(u,t),

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
Uil — 2U; + Ui—1
(Ui)t — K h; (2 .

The TS 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 evaluatiof'@f, ) 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

z " _F n+1 )
din (™)

More generally we can consider a diagonal mafpiK® that has a pseudo-timestep for each node point to
obtain the series of nonlinear equations

DV (@ — ) = F(umth,

For this problem the user must proviéig«) and the diagonal matrixt"™, (or optionally, if the timestep is
position independent, a scalar timestep) as well as optionally the Jacoligm pf
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6.1 Basic Usage

The user first createsTes object with the command
int TSCreaté@MPl_CommcommTSProblemTypégroblemtypel S *ts);

TheTSProblemTypés one ofTS_LINEAR or TS_NONLINEARto indicate whetheF'(u, t) is given by a
matrix A, or A(t), or a functionF'(u, t).
One can set the solution method with the routine

TSSetTyp€TrSts,TSTypetype);

Currently supported types afes EULER TS BEULER andTS_PSEUDOor the command line option
-ts_type euler, beuler, pseudo
Set the initial time and timestep with the command

TSSetlnitialTimeStefI S ts,double time,double dt);

One can change the timestep with the command
TSSetTimeStg S ts,double dt);

One can determine the current timestep with the routine
TSGetTimeSte@@ Sts,double* dt);

Here, “current” refers to the timestep being used to attempt to promote the solutiomfciom™ 1.
One sets the total number of timesteps to run or the total time to run (whatever is first) with the command

TSSetDuratio(T S ts,int maxsteps,double maxtime);
One sets up the timestep context with
TSSetURTSts);

destroys it with

TSDestroyTSts);

and views it with

TSViewW(TStsPetscVieweviewer);

6.1.1 Solving Time-dependent Problems

To set upT Sfor solving an ODE, one must set the following:

e Solution:

TSSetSolutio(TSts, Vecinitialsolution);

The vectorinitialsolution should contain the “initial conditions” for the ODE.
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e Function:

e For linear functions (solved with implicit timestepping), the user must call

TSSetRHSMatrigTStsMat A, Mat B,
PetscErrorCodéf)( TS,doubleMat*, Mat*, MatStructur#,void*),void *fP);

The matrixB (although usually the same &% allows one to provide a different matrix to be used in

the construction of the preconditioner. The functioms used to form the matrices andB at each
timestep if the matrices are time dependent. If the matrix does not depend on time, the user should
pass iINPETSC_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 thaSfldESSetJacobighn

e For nonlinear problems (or linear problems solved using explicit timestepping methods) the
user passes the function with the routine

TSSetRHSFunctidif S ts,PetscErrorCodéf)( TS,doubleVec,Vec,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 vafiable

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

TSSetRHSJacobi§nStsMat A, Mat B,PetscErrorCod¢fjac)(TS,doubleyec,Mat*, Mat*,
MatStructur&,void*),void *fP);

The arguments for the functidiac()  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, passeffPin @ke user must provide the
Jacobian as a matrix; thus, if using a matrix-free approach is used, the user must ttatBhell

matrix. Again, note the similarity t8§ NESSetJacobién

Similar toSNESDefaultComputeJacobianCd)ds the routinel SDefaultComputeJacobianCapand
TSDefaultComputeJacobi@rthat corresponds tBNESDefaultComputeJacob{gn

6.1.2 Using PVODE from PETSc

PVODE is a parallel ODE solver developed by Hindmarsh et al. at LLNL. T&dibrary provides an
interface to use PVODE directly from PETSc. (To install PETSc to use PVODE, see the installation guide,
docsl/installation/index.htm )

To use the PVODE integrators, call

TSSetTyp€lSts, TSTypeTS_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
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TSPVodeSetTypé(Sts, TSPVodeType [PVODRADAMS,PVODE BDF));

or the command line optiofts_pvode_type <adams,bdf> . BDF is the default.

PVODE does not use theNESlibrary within PETSc for its nonlinear solvers, so one cannot change
the nonlinear solver options VEANES Rather, PVODE uses the preconditioners withinfligpackage of
PETSc, which can be accessed via

TSPVodeGetPd(Sts,PC*pc);

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

TSPVodeSetTolerancgf ts,double abs,double rel);

whereabs denotes the absolute tolerance agld the relative tolerance.
Other PETSc-PVode options include

TSPVodeSetGramSchmidtTygeg 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

TSPVodeSetGMRESRestarg 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 functiorf-(u) with the routine
TSSetRHSFunctidif S ts,PetscErrorCodéf)( TS,doubleVec,Vec,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 vaffidble

¢ Provide the (approximate) Jacobian matrixgéi,t) and a function to compute it at each Newton
iteration. This is done with the command

TSSetRHSJacobiénS tsMat A, Mat B,PetscErrorCod€f)( TS,doubleVec,Mat*, Mat*,
MatStructur&,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. akhe 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.
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¢ For location-independent pseudo-timestepping, one uses the routine
TSPseudoSetTimeSiES ts,int(*dt)(T S,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

[l

— . —1
dtn - dtzncrement * dtn * HF(U”)H

or, the alternative,

_ o [I1E )]
dt" = dt'mcrement * dt” * m

which can be set with the call
TSPseudolncrementDtFrominitial@iS 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

TSPseudoSetTimeSteplncrem(@@ts,double inc);

or the option -ts_pseudo_increment <inc>

e For location-dependent pseudo-timestepping, the interface function has not yet been created.

6.1.4 Using the Explicit Runge-Kutta timestepper with variable timesteps

The Explicit Runge-Kutta timestepper with variable timesteps is an implementation of standard Runge-Kutta
using Dormand-Prince 5(4). Itis easy to change this table if needed. Since the time-stepper is using variable
timesteps, theTSSetlnitialTimeStef)” function is not used.

Setting the tolerance with

TSRKSetTolerand@ Sts,double tolerance)

or -ts_rk_tol defines the global tolerance, for the whole time period. The tolerance for each timestep
is calculated relatively to theizeof the timestep.

The error in each timestep is calculated using the two solutions given from Dormand-Prince 5(4). The
local error is calculated from the 2-norm from the difference of the two solutions.

Other timestep features:

e The next timestep can be maximum 5 times the present timestep
e The smallest timestep can be 1e-14 (to avoid machine precision errors)

More details about the solver and code examples can be found at http://www.parallab.uib.no/projects/molecul/rr
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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 theVecPackobject) to decompose the grid across the processes.DMidG code is built
on top of the lower level PETSc multigrid interface provided in Bf@Type of MG, see Sectior.4.7.
Currently we only provide piecewise linear and piecewise constant interpolation, but can add more if needed.
The DMMG routines only provide linear multigrid but they can be used easily with eils#t (for linear
problems) ofSNES(for nonlinear problems).

For linear problems the examplesc/ksp/ksp/examples/tutorials/ex22.c andex25.c
can be used to guide your development. We give a short summary here.

DMMG *dmmpg;

DA da;

Vecsoln;

/* Create theDA that stores information about the coarsest grid you wish to use */
ierr = DACreate3(PETSCCOMM_WORLD,DA_NONPERIODICPA _STENCIL STAR,
3,3,3,PETSMECIDE,PETSCDECIDE,PETSCDECIDE,1,1,0,0,0,&daj;HKERRJierr);
[* Create theDMMG data structure */

- the second argument indicates the number of levels you wish to use and

can be changed with the option -dmmtgvels

ierr =DMMGCreat§ PETSCCOMM_WORLD,3,PETSCNULL,&dmmg);CHKERRierr);
/* Tell the DMMG object to use the da to define the coarsest grid */

ierr =DMMGSetDM(dmmg,OM)da);

/* Tell the DMMG we are solving a linear problem (hen€&P) and provide the
callback function to compute the right hand side and matrices for each level */

ierr = DMMGSetKSKdmmg,ComputeRHS,ComputeMatrix}iKERR(ierr);

/* Solve the problem */

ierr = DMMGSolveldmmg) CHKERRierr);

/* One can access the solution with */

soln =DMMGGetx([dmmg);

ierr = DMMGDestroy(dmmg)CHKERRJierr);

ierr = DADestroyda)CHKERRierr);

The option-dmmg_ksp_monitor causes th® MMG code 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. Thedmptian_
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grid_sequence causes th® MMG solve to use grid sequencing to generate the initial guess by solving
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 database with
any PCor KSP option prefixed asmg_levels_[pc/ksp] . The solver options on the finest grid can
be set withhmg_coarse_[pc/ksp]_ . TheDMMG has many other options that can view by running the
DMMG program with the optiorhelp . You should generally run your code with the optidsp_view
to see exactly what solvers are being used.

For nonlinear problems one replaces Bid MG SetK SK) with

DMMGSetSNE$DMMG *dmmg PetscErrorCodéfunction)(SNESVec,Vec,void*),
PetscErrorCod€fjacobian)SNESVec,Mat*, Mat*, MatStructur&,void*))

or the prefered approach

DMMGSetSNESLocgDMMG *dmmg,
PetscErrorCod€localfunction)(DALocallnfo *info,void *x,void *f,void* appctx),
PetscErrorCod€localjacobian)DALocallnfo *,void *x, Mat J,void *appctx),
ad function,admf_function);

The ad_function andad_mf_function are described in the next chapter. See examgies
snes/examples/tutorials/ex18.c andex19.c for complete details.

For scalar problems (problems with one degree of freedom per nodepddléunction x and
f arguments are simply multi-dimensional arrays of double precision (or complex) numbers (according to
the dimension of the grid) that should be indexed ugjlapal i, j, k indices on the entire grid. For multi-
component problems you must create a C struct with an entry for each componentamatfiearguments
are appropriately dimensioned arrays of that struct. For example, for a 3d scalar problem the function would
be

int localfunctionDALocallnfo *info,double ***x, double ***f,void *ctx)
For a 2d multi-component problem with u, v, and p components one would write

typedef strucy
PetscScalar u,v,p;
} Field;

int localfunctionDALocallnfo *info,Field **x,Field **f,void *ctx)

For many nonlinear problems it is too difficult to compute the Jacobian analytically, tfacobian
or localjacobian is not provided, (indicated by passing iP&ETSC_NUL). the DMMG will 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 option-dmmg_snhes_monitor can be used to monitor the progress of the nonlinear solver. The
usual-snes_ options may be used to control the nonlinearr solves. Again we recommend using the option
-dmmg_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, via the
DMMG interface (see Chapt&) PETSc provides a way to use ADIFOR and ADIC to compute the sparse
Jacobians or perform matrix free vector products with them.sBg/enes/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

I* Process adiC(maximum number colors): FormFunctionLocal FormFunctionLocali */
where one lists the functions. In Fortran use

I Process adifor: FormFunctionLocal

Next one uses the call

DMMGSetSNESLocgDMMG *dmmg,
PetscErrorCod€*localfunction)(DALocallnfo *info,void *x,void *f,void* appctx),PETSCNULL,
ad localfunction,admf_localfunction);

where the names of the last two functions are obtained by prependiagi aandad_mf_ in front of the
function name. In Fortran, this is done by prependirgg 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 callDAGetArray() 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)
DA info(DA_LOCAL_INFO_SIZE)

integer ctx

PetscErrorCoderr
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double precision work(gxs:gxe,gys:gye)

.... do the work ....

return

subroutine FormFunctionLocal(info,x,f,ctx,ierr)
double precision x(*),f(*)

DA info(DA_LOCAL_INFO_SIZE)
PetscErrorCoderr

integer ctx

double precision work(10000)

call TrueFormFunctionLocal(info,x,f,work,ctx,ierr)
return

116


http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/DA/DA.html#DA
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/DA/DA.html#DA
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscErrorCode.html#PetscErrorCode

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 afilBlemame.m )ina
format that Matlab can read in directly. This is done with the command line optias 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&dhb®&iew() andMatView() functions with a viewer type

of ASCII (seePetscViewerASCIlIOpg), PETSC_VIEWER_STDOUT_WORPBTSC_VIEWER_STDOU
T_SELF, or PETSC_VIEWER_STDOUT_(MPI_Comm) Before calling the viewer set the output type
with, for example,

PetscViewerSetForm@ETSCVIEWER_STDOUT WORLD,PETSCVIEWER_ASCII_MATLAB);
VecViem(A,PETSCVIEWER_.STDOUT-WORLD);,

or

PetscViewerPushForm(®ETSCVIEWER_STDOUT.WORLD,PETSCVIEWER_ASCII_MATLAB);
MatView(B,PETSCVIEWER_STDOUT WORLD);

The name of each PETSc variable printed for Matlab may be set with
PetscObjectSetNar((®@etscObjegA,”"name”);

If no name is specified, the object is given a default name &sterObjectName

9.2 Sending Data to Interactive Running Matlab Session

One creates a viewer to Matlab via
PetscViewerSocketOp@viPI_Comm,char *machine,int poRetscViewerv);

(portis usally set tt)ETSC_DEFAUL;JusePETSC_NULLfor the machine if the Matlab interactive session
is running on the same machine as the PETSc program) and then sends matrices or vectors via
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VecView(Vec A,V);
MatView(Mat B,v);

One can also send arrays or integer arrays via

PetscViewerSocketPutScagimt m,int nPetscScalararray);
PetscViewerSocketPutRéaint m,int n,double *array);
PetscViewerSocketPutlfint m,int *array);

One may start the Matlab program manually or use the PETSc comPetsdStartMatlab(MP1_
Comm,char *machine,char *script,FILE **fp); where machine and script may BETS
C_NULL

To receive the objects in Matlab you must first make sure ${BETSC_DIR}bin/matlab is
in your Matlab path. Us@ = openport; (or p = openport(portnum) if you provided a port
number in your call taPetscViewerSocketOp@), thena = receive(p); returns the object you have
passed from PETSceceive() may be called any number of times. Each call should correspond on the
PETSc side with viewing a single vector or matrix. You many chidseport() to close the connection
from Matlab. It is also possible to start your PETSc program from Matlateviach()

9.3 Using the Matlab Compute Engine

One creates access to the Matlab engine via
PetscMatlabEngineCregMPI_Commcommchar *machiné?etscMatlabEnginte);

wheremachine is the name of the machine hosting Matl&ETSC_NULLmay be used for localhost).
One can send objects to Matlab via

PetscMatlabEngineP{iRetscMatlabEngine PetscObjecobj);
One can get objects via
PetscMatlabEngineG@etscMatlabEngine PetscObjecobj);.
Similarly one can send arrays via
PetscMatlabEnginePutArréyetscMatlabEngine,int m,int nPetscScalafarray,char *name);
and get them back via
PetscMatlabEngineGetArréetscMatlabEngine,int m,int nPetscScalafarray,char *name);
One cannot use Matlab interactively in this mode but you can send Matlab commands via
PetscMatlabEngineEvaludRetscMatlabEngindormat”,...);
whereformat has the usugbrintf() format. For example,
PetscMatlabEngineEvalugietscMatlabEngin& = %g *y + z;”,avalue);
The name of each PETSc variable passed to Matlab may be set with
PetscObjectSetNar((®etscObjegA,’name”);

Text responses can be returned from Matlab via
PetscMatlabEngineGetOutgBetscMatlabEnginehar **);
or
PetscMatlabEnginedPrintOutpbttscMatlabEnginEILE¥).
There is a short-cut to starting the Matlab engine VAERTSC_MATLAB_ENGINE_(MPI_Comm)
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Chapter 10

Using ESI with PETSc

The Equation Solver Interfac@ocation of official heade)ds an attempt to define 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 classes anelirde/esi ).

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

VecCreatéMPI_Comm)/ec *x);
VecSetTypéx,VECES));
VecESISetVector(s,::esi::Vectodouble,int *v);

MatCreat¢MPI_CommMat *A);
MatSetSize@Mat A,...);

MatSetTyp¢A,MATESI);
MatESISetOperator(A,::esi::Operatatouble,int *a);

PCCreat@MPI_CommPC*pc);
PCSetTypépc,PCESI);
PCESISetPreconditioner(A,::esi::Preconditictemuble,int *p);

To wrap PETSc objects as ESI objects

int VecESIWrap({/ec xin,::esi::Vectorkdouble,int **v);

eis = new esi::petsc::IndexSpadnt>::IndexSpace(PetscMap map);
evec = new esi::petsc::Vectadouble,int::Vector(/ec vec);

emat = new esi::petsc::Operatalouble,int::Operatorf/at mat);

epc = new esi::petsc::Preconditiodeouble,int::Preconditione C pc);

One can also create ESI objects directly with

eis = new esi::petsc::IndexSpaget>::IndexSpace(MPLComm icomm, int n, int N)

esi = new esi::petsc::IndexSpaget>::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::IndexSpasant> *incmap)
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PETSc also provides mechanisms to load ESI classes directly from dynamic libraries to be used with
PETSc.

VecESISetTypé(ec pc,char *name);
MatESISetTypéd(lat pc,char *name)
PCESISetType{Cpc,char *name)

wherenameis the full name of the class; for exampéssj::petsc::Vector or Petra_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 -maiesitype esi::petsc::Matrix
-pc_type esi -pcesitype esi:petsc::Preconditioner

Note that thas in -is_esi_type is short for IndexSpacejot PETScIS 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

-vectype esi -vecesitype esi::petsc::\Vector -esec type<seq,mpb
-mattype esi -matesitype esi::petsc::Matrix -eshat 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

-vectype petscesi -esiec type <seq,mpk
-mattype petscesi -eshat type <seqaij,mpiaij,. >
-pc_type petscesi -egic_type<lu,ilu,...>
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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 F90 compilers.

Since Fortran77 does not provide type checking of routine input/output parameters, we find that many er-
rors 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 numeri-
cal 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 Bettikand

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
KSPSolve€) are given, respectively, below, whdegr  denotes the error variable:

call KSPSolvéKSP ksp\ec b,Vec x,PetscErrorCodierr)
KSPSolvéKSPksp\Vecb,Vecx);

Fortran programmers can check these error codes @HtKERRQ(ierr) , which terminates all pro-
cesses when an error is encountered. Likewise, one can set error codes within Fortran programs by using
SETERRQ(ierr,p,” ) , Which again terminates all processes upon detection of an error. Note that
complete error tracebacks witHKERRQ()andSETERRQ(), as described in Sectidn4 for C routines,
arenotdirectly 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 KSPSolvgksp,b,x,ierr)
if (ierr .ne. 0) then

print*, "Error in routine ...’
return

endif

The most common reason for crashing PETSc Fortran code is forgetting theefinalargument.

11.1.3 Array Arguments

Since Fortran 77 does not allow arrays to be returned in routine arguments, all PETSc routines that re-
turn arrays, such agecGetArray), MatGetArray), ISGetindice§), andDAGetGloballndicef 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 xw(1), aav(1)
PetscErrorCoderr

integer ssv(1), dd.v(1), nloc
PetscOffset s§ xx_i, aal, dd_i
Vec X

Mat A

ISs

DA d

call VecGetArrayx,Xx_v,xx_,ierr)
call MatGetArrayA,aav,aai,ierr)
call ISGetIndiceés,ssv,ssi,ierr)
call DAGetGloballndice@,nloc,ddv,dd i,ierr)

To access array elements directly, both the user-specified array and the integenurstisen 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 preproces#define
statement to enable array manipulations in the conventional Fortran manner.
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#define xxa(ib) xx.v(xx_i + (ib))
double precision x¥(1)
PetscOffset xx
PetscErrorCoderr

integer i, n

Vecx

call VecGetArrayx,xX_v,xx_,ierr)
call VecGetlLocalSizg,n,ierr)

do 10, i=1,n

xxa(i)=3*+1

10 continue

call VecRestoreArrafx,Xx_v,xXx_i,ierr)

Figurel5 contains an example of usingecGetArray) 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<_v(0:1) ). This is different from the use ofecSetValue§ where, indexing always
starts with 0.

Note If using VecGetArray), MatGetArray), ISGetindice§), or DAGetGloballndice§ from Fortran,
the usemust 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 th€ 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 haming 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 witldabsc () . 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 areETSC_HAVE_FORTRAN_UNDERSC@RIPETSC_HAVE_FORTRAN_CAPR®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 oMatCreateSegA()). From Fortran, usemsustpassPETSC_NULL_XXXo indicate a null ar-
gument (where XXX iSNTEGER DOUBLECHARACTERr SCALARdepending on the type of argument
required); passing 0 from Fortran will crash the code. Note that the C convention of pR&SiisgC_ NULL

(or 0) cannotbe used. For example, when no options prefix is desired in the rdatite=OptionsGetl(),

one must use the following command in Fortran:

call PetscOptionsGetl(RETSCNULL _CHARACTER,-name’,N,flg,ierr)
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This Fortran requirement is inconsistent with C, where the user can eREd$C_NULLfor all null
arguments.

11.1.6 Duplicating Multiple Vectors

The Fortran interface tvecDuplicateVed§ differs slightly from the C/C++ variant because Fortran does
not allow arrays to be returned in routine arguments. To createctors of the same format as an existing
vector, the user must declare a vector arkayjew of sizen. Then, afterVecDuplicateVec§ has been
called,v_new will contain (pointers to) the new PETSc vector objects. When finished with the vectors, the
user should destroy them by calligcDestroyVec. For example, the following code fragment duplicates
v_old to form two new vectorsy new(1l) andv_new(2) .

Vecv_old, v.new(2)
integer ierr
PetscScalaalpha

call VecDuplicateVecgs_old,2,v.new,ierr)
alpha=4.3

call VecSefv_new(1),alpha,ierr)
alpha=6.0

call VecSefv_new(2),alpha,ierr)

call VecDestroyVeds/_new,2,ierr)

11.1.7 Matrix, Vector and IS Indices

All matrices, vectors antb in PETSc use zero-based indexing, regardless of whether C or Fortran is being
used. The interface routines, suchMastSetValue§ andVecSetValue§, always use zero indexing. See
Section3.2for further details.

11.1.8 Setting Routines

When a function pointer is passed as an argument to a PETSc function, such as th&$staiConver-
genceTeg), it is assumed that this pointer references a routine written in the same language as the PETSc
interface function that was called. For instancé&k P SetConvergenceT€sis called from C, the test argu-

ment is assumed to be a C function. Likewise, if it is called from Fortran, the test is assumed to be written
in Fortran.

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 progeas®.F with the actiongnake ex3 andmake runex3 |,
respectively. The compilation command is restated below:

ex3: ex3.0

-${FLINKER} -0 ex3 ex3.d5{PETSC_LIB}
${RM} ex3.0
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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:

Petsclnitializéchar *filename,interr)
PetscErrg(int err,char *message,iirr)
VecGetArray), MatGetArray()
ISGetindice§), DAGetGloballindice§
VecDuplicateVec§, VecDestroyVec
PetscOptionsGetStrify

The following functions are not supported in Fortran:

PetscFClogg, PetscFOpef), PetscFPrin(f), PetscPrinif)
PetscPopErrorHandl@r PetscPushErrorHand(gr

Petscinfg)

PetscSetDebugg@r

VecGetArray$), VecRestoreArray3
PetscViewerASClIGetPoint@r PetscViewerBinaryGetDescrip(Qr
PetscViewerStringOp€)) PetscViewerString SPrir(df
PetscOptionsGetStringArr@y

11.1.11 Fortran90

PETSc includes limited support for direct use of Fortran90 pointers. Current routines include:

VecGetArrayF9(), VecRestoreArrayFq)
VecDuplicateVecsF9)), VecDestroyVecsF9)
DAGetGloballindicesF0)

MatGetArrayF9(Q), MatRestoreArrayF9Q)
ISGetIindicesF9(, ISRestorelndicesFgp

See the manual pages for details and pointers to example programs. To use the YeutidesrrayF9(),
VecRestoreArrayFq) VecDuplicate VecsF9)), andVecDestroyVecsF9), one must use the Fortran90 vec-
tor include file,

#include "include/finclude/petscvec.h90”

Analogous include files for other libraries gretscda.h90 , petscmat.h90 , andpetscis.h90
Unfortunately, these routines currently work only on certain machines with certain compilers. They
currently 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 Figurés/, corresponding

to ${PETSC_DIR}/src/vec/vec/examples/tests/ex19f.F , ${PETSC_DIR}/src/vec/vec/
examples/tutorials/ex4f.F ,
${PETSC_DIR}/src/sys/draw/examples/tests/ex5f.F , and${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.

125


http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscInitialize.html#PetscInitialize
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscError.html#PetscError
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecGetArray.html#VecGetArray
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatGetArray.html#MatGetArray
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/IS/ISGetIndices.html#ISGetIndices
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/DA/DAGetGlobalIndices.html#DAGetGlobalIndices
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDuplicateVecs.html#VecDuplicateVecs
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDestroyVecs.html#VecDestroyVecs
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscOptionsGetString.html#PetscOptionsGetString
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscFClose.html#PetscFClose
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscFOpen.html#PetscFOpen
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscFPrintf.html#PetscFPrintf
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscPrintf.html#PetscPrintf
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscPopErrorHandler.html#PetscPopErrorHandler
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscPushErrorHandler.html#PetscPushErrorHandler
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Profiling/PetscInfo.html#PetscInfo
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscSetDebugger.html#PetscSetDebugger
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecGetArrays.html#VecGetArrays
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecRestoreArrays.html#VecRestoreArrays
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Viewer/PetscViewerASCIIGetPointer.html#PetscViewerASCIIGetPointer
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Viewer/PetscViewerBinaryGetDescriptor.html#PetscViewerBinaryGetDescriptor
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Viewer/PetscViewerStringOpen.html#PetscViewerStringOpen
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Viewer/PetscViewerStringSPrintf.html#PetscViewerStringSPrintf
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscOptionsGetStringArray.html#PetscOptionsGetStringArray
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecGetArrayF90.html#VecGetArrayF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecRestoreArrayF90.html#VecRestoreArrayF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDuplicateVecsF90.html#VecDuplicateVecsF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDestroyVecsF90.html#VecDestroyVecsF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/DA/DAGetGlobalIndicesF90.html#DAGetGlobalIndicesF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatGetArrayF90.html#MatGetArrayF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatRestoreArrayF90.html#MatRestoreArrayF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/IS/ISGetIndicesF90.html#ISGetIndicesF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/IS/ISRestoreIndicesF90.html#ISRestoreIndicesF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecGetArrayF90.html#VecGetArrayF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecRestoreArrayF90.html#VecRestoreArrayF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDuplicateVecsF90.html#VecDuplicateVecsF90
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDestroyVecsF90.html#VecDestroyVecsF90

program main
#include "include/finclude/petsc.h"
#include "include/finclude/petscvec.h"
!
I This example demonstrates basic use of the PETSc Fortran interface
I to vectors.
!

Petscint n

PetscErrorCode ierr

PetscTruth flg

PetscScalar one,two,three,dot
PetscReal norm,rdot

Vec X,Y,W

n
one
two

20
1.0
2.0
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(x,one,ierr)
call VecSet(y,two,ierr)

call VecDot(x,y,dot,ierr)
rdot = PetscRealPart(dot)
write(6,100) rdot
100 format(’Result of inner product ’,f10.4)

call VecScale(x,two,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 (y,three,x,ierr)
call VecNorm(y,NORM_2,norm,ierr)
write(6,130) norm

130 format('Result of axpy ’,f10.4)

call VecDestroy(x,ierr)
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call VecDestroy(y,ierr)
call VecDestroy(w,ierr)
call PetscFinalize(ierr)
end

Figure 14: Sample Fortran Program: Using PETSc Vectors

|
!
I Description: lllustrates the use of VecSetValues() to set
I multiple values at once; demonstrates VecGetArray().

|

I*T

! Concepts: vectors"assembling;

! Concepts: vectors™arrays of vectors;

! Processors: 1

IT*/

|

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
I o e e o o o o o o o o e e e e e MM oo oo oo o-

Macros to make clearer the process of setting values in vectors and
getting values from vectors.

|
I
I
I
! - 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.

I

#define xx_a(ib) xx_v(xx_i + (ib))

#define yy a(ib) yy v(yy_i + (ib))
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PetscScalar xwork(6)
PetscScalar xx_v(1),yy_v(1)
Petscint i,n,loc(6),isix
PetscErrorCode ierr
PetscOffset xx_i,yy i

Vec X,y

call Petsclnitialize(PETSC_NULL_CHARACTER,ierr)
n==~o6

isix = 6

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,isix,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)
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I Modify vector data

do 30 i=1,n
xx_a(i) = 100.0%
yy_a(i) = 1000.0%
30 continue

I Restore vectors

call VecRestoreArray(x,Xxx_V,xx_i,ierr)
call VecRestoreArray(y,yy_v,yy_i,ierr)

I View vectors

write(6,40)
40  format(’new vector 1:")
call VecView(x,PETSC_VIEWER_STDOUT_SELF,ierr)

write(6,50)
50 format('new vector 2:")
call VecView(y,PETSC_VIEWER_STDOUT_SELF,ierr)

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

program main
#include "include/finclude/petsc.h"
#include "include/finclude/petscdraw.h”

!

I This example demonstrates basic use of the Fortran interface for
I PetscDraw routines.
!

PetscDraw draw
PetscDrawlLG Ig
PetscDrawAXxis axis
PetscErrorCode ierr
PetscTruth flg
integer X,y,width,height
PetscScalar xd,yd
Petscint i,n,w,h
n = 20

X =0

y =0
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w
h

call

300
300

Petsclnitialize(PETSC_NULL_CHARACTER,ierr)

Getint requires a Petscint so have to do this ugly setting

call
&

PetscOptionsGetIint(PETSC_NULL_CHARACTER, -width’,w, &
flg,ierr)

width = w

call
&

PetscOptionsGetIint(PETSC_NULL_CHARACTER,-height’,h, &
flg,ierr)

height = h

call

call
&
call

call

call

call
&

call
&

PetscOptionsGetIint(PETSC_NULL_CHARACTER,-n’,n flg,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

Description: Uses the Newton method to solve a two-variable system.

I Concepts: SNES basic uniprocessor example
I Processors: 1

IT*/
!
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program main
implicit none

! Include files

The following include statements are generally used in SNES Fortran

programs:
petsc.h - base PETSc routines
petscvec.h - vectors
petscmat.h - matrices
petscpc.h - preconditioners
petscsnes.h - SNES interface

|
|
|
|
|
!
! petscksp.h - Krylov subspace methods
|
!
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

|

#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/petscsnes.h"

|
I Variables:
! snes - nonlinear solver
! ksp - linear solver
! pc - preconditioner context
! ksp - Krylov subspace method context
! X, I - solution, residual vectors
! J - Jacobian matrix
! its - iterations for convergence
|
SNES snes
PC pc
KSP ksp
Vec X,r
Mat J

PetscErrorCode ierr
PetsclInt its,i2,i20
PetscMPlInt size,rank
PetscScalar  pfive
double precision tol
PetscTruth setls

I Note: Any user-defined Fortran routines (such as FormJacobian)
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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(If i + (ib))
I

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

2 =2
i20 = 20

I Create vectors for solution and nonlinear function

call VecCreateSeq(PETSC_COMM_SELF,i2,x,ierr)
call VecDuplicate(x,r,ierr)

I Create Jacobian matrix data structure
call MatCreate(PETSC_COMM_SELF,J,ierr)

call MatSetSizes(J,PETSC_DECIDE,PETSC_DECIDE,i2,i2,ierr)
call MatSetFromOptions(J,ierr)
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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
KSP, KSP, and PC contexts from the SNES context, we can then
directly call any KSP, KSP, and PC routines to set various options.

call SNESGetKSP(snes,ksp,ierr)
call KSPGetPC(ksp,pc,ierr)
call PCSetType(pc,PCNONE,ierr)

tol = l.e4
call KSPSetTolerances(ksp,tol,PETSC_DEFAULT_DOUBLE_PRECISION, &
& PETSC_DEFAULT_DOUBLE_PRECISION,i20,ierr)

Set SNES/KSP/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 SNESLineSearchSet(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
this vector to zero by calling VecSet().

pfive = 0.5
call VecSet(x,pfive,ierr)
call SNESSolve(snes,PETSC_NULL_OBJECT,x,ierr)
call SNESGetlterationNumber(snes,its,ierr);
if (rank .eq. 0) then
write(6,100) its
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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,dummyi,ierr)
implicit none

#include "include/finclude/petsc.h"
#include "include/finclude/petscvec.h"
#include "include/finclude/petscsnes.h"

SNES snes
Vec x,f
PetscErrorCode ierr
integer 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
! 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)
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I Compute function

If_a(l) = Ix_a(1l)*Ix_a(1)
& + Ix_a(l)*Ix_a(2) - 3.0
If_a(2) = Ix_a(l)*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 snes
Vec X
Mat jac,B

MatStructure flag
PetscScalar A(4)
PetscErrorCode ierr
Petscint idx(2),i2
integer dummy(*)
I Declarations for use with local arrays

PetscScalar Ix_v(1)
PetscOffset Ix_i

I Get pointer to vector data

i2 =2
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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(1) = 2.0*Ix_a(1) + Ix_a(2)
A(2) = Ix_a(l)

A(3) = Ix_a(?2)

A(4) = Ix_a(l) + 2.0*Ix_a(2)

call MatSetValues(jac,i2,idx,i2,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,Ictx,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/petscsnes.h"

SNES snes

integer Ictx

Vec x, f,0, vy, w
double precision fnorm,ynorm,gnorm
PetscTruth flag

PetscErrorCode ierr
PetscScalar mone

mone = -1.0d0

flag = 0

call VecNorm(y,NORM_2,ynormiierr)

call VecAYPX(y,mone,x,ierr)

call SNESComputeFunction(snes,y,g,ierr)
call VecNorm(g,NORM_2,gnormiierr)
return

136



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 Section12.1.1, PETSc provides a mechanism for printing informative messages about computations.
Section12.1lintroduces 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 configured wiith-debugging=1 , the
default then various kinds of profiling of code between calls Retsclinitialize() andPetscFinal-
ize() can be activated at runtime. 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:ldgissummary is in-
tended as the primary means of monitoring the performance of PETSc codes.

e -info [infofile] - Prints verbose information about code to stdout or an optional file. 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 [logfile] - Traces the beginning and ending of all PETSc events. This option,
which can be used in conjunction witmfo , is useful to see where a program is hanging without
running in the debugger.

As discussed in Sectiot?.1.3 additional profilng can be done with MPE.

12.1.1 Interpreting-log _summary Output: The Basics

As shown in Figurée (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 SectitA.2). For each routine, the output data include the maximum time and floating
point operation (flop) rate over all processes. Information about parallel performance is also included, as
discussed in the following section.
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For the purpose of PETSc floating point operation counting, we defindlop@s one operation of
any of the following types: multiplication, division, addition, or subtraction. For example\en&XPY()
operation, which computes= «x +y for vectors of lengthV, require2N flops (consisting ofV additions
and N 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 fiSthébrary,
which provides the linear solvers at the heart of the PETSc package. Recall the hierarchical organization of
the PETSc library, as shown in FiguteEachKSP solver is composed of &C (preconditioner) and ESP
(Krylov subspace) part, which are in turn built on top of tat (matrix) andVec (vector) modules. Thus,
operations in th&CSP module are composed of lower-level operations in these packages. Note also that the
nonlinear solvers libraryf6NES is build on top of theKSP module, and the timestepping librafiys, is in
turn built on top ofSNES

We briefly discuss interpretation of the sample output in Figyrevhich was generated by solving
a linear system on one process using restarted GMRES and ILU preconditioning. The linear solvers in
KSP consist of two basic phaseESPSetUf) and KSPSolve), each of which consists of a variety of
actions, depending on the particular solution technique. For the case of usiRgthe preconditioner
andKSPGMRESKrylov subspace method, the breakdown of PETSc routines is listed below. As indicated
by the levels of indentation, the operations<i8PSetU|f) include all of the operations withiRCSetU),
which in turn includevatlLUFactoK), and so on.

e KSPSetUp 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 KSPSolve- Solve linear system
e PCApply- Apply preconditioner
e MatSolve- Forward/backward triangular solves
¢ KSPGMRESOrthog - Orthogonalization in GMRES
e \ecDotor VecMDot - Inner products
e MatMult - Matrix-vector product
e MatMultAdd - Matrix-vector product + vector addition
e VecScaleVecNorm VecAXPY, VecCopy ...

The summaries printed vidog_summary reflect this routine hierarchy. For example, the perfor-
mance summaries for a particular high-level routine suci@8Solveinclude all of the operations accu-
mulated 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 interpretitogtlimmary
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 Higares$19, which
present the combined output generated by-tbg summary option. The program that generated this

142


http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecAXPY.html#VecAXPY
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PC.html#PC
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/Mat.html#Mat
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/Vec.html#Vec
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNES.html#SNES
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/TS/TS.html#TS
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/SNES/SNES.html#SNES
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSP.html#KSP
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPSetUp.html#KSPSetUp
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPSolve.html#KSPSolve
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PCILU.html#PCILU
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPGMRES.html#KSPGMRES
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPSetUp.html#KSPSetUp
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PCSetUp.html#PCSetUp
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatILUFactor.html#MatILUFactor
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPSetUp.html#KSPSetUp
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PCSetUp.html#PCSetUp
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatILUFactor.html#MatILUFactor
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatILUFactorSymbolic.html#MatILUFactorSymbolic
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatLUFactorNumeric.html#MatLUFactorNumeric
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPSolve.html#KSPSolve
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/PC/PCApply.html#PCApply
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatSolve.html#MatSolve
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecDot.html#VecDot
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecMDot.html#VecMDot
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMult.html#MatMult
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Mat/MatMultAdd.html#MatMultAdd
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecScale.html#VecScale
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecNorm.html#VecNorm
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecAXPY.html#VecAXPY
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Vec/VecCopy.html#VecCopy
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/KSP/KSPSolve.html#KSPSolve

mpirun ex21 -f0 medium -f1 arco6 -ksp_gmres_classicalgramschmidt -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 1.4 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

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%
KSPSetup 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%
KSPSolve 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%

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%
KSPSetup 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%
KSPSolve 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%

ahwnNE O

... [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
KSP 4 4 0 1.71217e+07

Figure 18: Profiling a PETSc Program: Part | - Overall Summary

data is${PETSC_DIR}/src/ksp/ksp/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 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.

Figure18 presents an overall performance summary, including times, floating-point operations, compu-
tational rates, and message-passing activity (such as the humbeizainfl messages sent and collective
operations). Summaries for various user-defined stages of monitoring (as discussed in B&gtiare
also given. Information about the various phases of computation then follow (as shown separately here in
Figure19). Finally, 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
Figure19. The summary for each phase presents the maximum times and flop rates over all processes, as
well as the ratio of maximum to minimum times and flop rates for all processes. A ratio of approximately
1 indicates that computations within a given phase are well balanced among the processes; 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 = 107° % (sum of flops over all processors)/(max time over all processors)

Note Total computational rates 1 MFlop are listed as 0 in this column of the phase summary table.
Additional 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 in-
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mpirun ex21 -f0 medium -f1 arco6 -ksp_gmres_classicalgramschmidt -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: 106 * (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: KSPSetUp 1

MatGetReordering 1 3.491e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 0 O O O O 2 0 0 0 O 0
MatILUFctrSymbol 1 6.970e-03 1.2 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 0 O O O O 3 0 0 0 O 0
MatLUFactorNumer 1 1.829%-01 1.1 3.2e+07 1.1 0.0e+00 0.0e+00 0.0e+t0O0 1 2 O 0O O 9099 0 0 O 110
KSPSetUp 2 1.989%e-01 1.1 2.9e+07 1.1 0.0e+00 0.0e+00 0.0e+t0O0 1 2 0O 0O O 9999 0 O O 102
PCSetUp 2 1.952e-01 1.1 29e+07 1.1 0.0e+00 0.0e+00 0.0e+00 1 2 0 0O O 9799 0 O 0 104
PCSetUpOnBlocks 1 1.930e-01 1.1 3.0e+07 1.1 0.0e+00 0.0e+00 0.0e+00 1 2 0 O 0 9699 0 O 0O 105
--- Event Stage 5: KSPSolve 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 0 201
MatSolve 57 1.263e+00 1.0 4.7e+07 1.0 0.0e+00 0.0e+00 0.0e+00 527 0 O 0O 3328 0 O O 187
VecNorm 57 1528e-01 1.3 2.7e+07 1.3 0.0e+00 0.0e+00 2.3e+02 1 1 0 031 3 1 0 051 81
VecScale 57 3.347e-02 1.0 4.7e+07 1.0 0.0e+00 0.0e+00 0.0e+00 O 1 0 0O O 1 1 0O O O 184
VecCopy 2 1.703e-03 1.1 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 O 0 O 0 O O O O O O 0
VecSet 3 2.098e-03 1.0 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+00 0 0 O 0 O O O O O O 0
VecAXPY 3 3.247e-03 1.1 54e+07 1.1 0.0e+00 0.0e+00 0.0e+00 O 0 0 0 0O 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 2 20 O 030 1220 O O 49 327
VecMAXPY 57 6.997e-01 1.1 6.9e+07 1.1 0.0e+00 0.0e+00 0.0e+0O0 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 O 1 09999 0 0
VecScatterEnd 56 2.095e-01 1.2 0.0e+00 0.0 0.0e+00 0.0e+00 0.0e+t00 1 O O O O 5 0 0 0 O 0
KSPSolve 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+t00 0.0 0.0e+00 0.0e+00 0.0e+00 0O O 0 O O O 0O O O O 0
PCApply 57 1.267e+00 1.0 4.7e+07 1.0 0.0e+00 0.0e+00 0.0e+00 527 0 O 0 3328 0 0O O 186

.... [Conclusion of overall summary, see part I] ...

Figure 19: Profiling a PETSc Program: Part Il - Phase Summaries

clude the statistics for the lower levels of which they are made up. For example, the communication within
matrix-vector product®atMult() consists of vector scatter operations, as given by the routieeScatter-
Begin)) and VecScatterEnd()

The final data presented are the percentages of the various statistic§4fimftofps/sec%h, messagedoNl
average message leng#tl), and reductions%R) for each event relative to the total computation and to
any user-defined stages (discussed in Sectidf). These statistics can aid in optimizing performance,
since they indicate the sections of code that could benefit from various kinds of tuning. Chaptees
suggestions about achieving good performance with PETSc codes.

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 wihshot The user can either use the default logging
file, mpe.log , or specify an optional name viagfile
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By default, not all PETSc events are logged with MPE. For example, slat8etValue§ 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);

The event may be either a predefined PETSc event (as listed in th&fR&TSC_DIR}/include/
petsclog.h ) or one obtained withiPetscLogEventRegisigr(as described in Sectiat?.2. These rou-
tines may be called as many times as desired in an application program, so that one could restrict MPE event
logging only to certain code segments.

To see what events are logged by default, the user can view the source code; seestrwites
src/plogmpe.c andinclude/petsclog.h . A simple program and GUI interface to see the events
that are predefined and their definition is being developed.

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 addirl§mpich  to the library listbefore-Impich

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;

PetscLogEventRegisi&USER _EVENT,"User event name”,0);
PetscLogEventBeg(SER EVENT,0,0,0,0);

[* application code segment to monitor */
PetscLogFlop@mumber of flops for this code segment);
PetscLogEventE(WSER EVENT,0,0,0,0);

One must register the event by callin@etscLogEventRegister() , Which assigns a unique in-
teger to identify the event for profiling purposes:

PetscLogEventRegisi@mt *e,const char string[]);

Herestring is a user-defined event name, arodor  is an optional user-defined event color (for use with
Upshot/Nupsholibgging); one should see the manual page for details. The argument returaiesthauld
then be passed to thietscLogEventBeg(handPetscLogEventEr(jiroutines.

Events are logged by using the pair

PetscLogEventBeg(int eventPetscObjecbl PetscObjecd?2,
PetscObjecd3 PetscObjecod);

PetscLogEventEr(iht eventPetscObjecbl PetscObjeco?2,
PetscObjecd3 PetscObjecod);
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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

PetscLogFlop@mumber of flops for this code segment);

between the calls tBetscLogEventBeg(handPetscLogEventEr(dl This value will automatically be added
to the global flop counter for the entire program.

12.3 Profiling Multiple Sections of Code

By default, the profiling produces a single set of statistics for all code betweehetiselnitializ€) and
PetscFinaliz@ calls within a program. One can independently monitor up to ten stages of code by switching
among the various stages with the comands

PetscLogStagePu@ht stage);
PetscLogStageP@p

wherestage is an integer (0-9); see the manual pages for details. The command
PetscLogStageRegis(it stage,char *name)

allows one to associate a name with a stage; these names are printed whenever summaries are generated with
-log_summary or PetscLogPrintSummafy The following code fragment uses three profiling stages
within an program.

Petsclnitializéint *argc,char ***args,0,0);

/* stage O of code here */
PetscLogStageRegis(@y’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();

} PetscFinaliz;

Figures18 and 19 show output generated byog_summary for a program that employs several
profiling 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, Fi@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 system) enables generation of more accurate profiling statistics for the second system by overcoming
the often considerable overhead of paging, as discussed in S&2tn
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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

PetscLogEventActiva{mt event);
PetscLogEventDeactivdint event);

The event may be either a predefined PETSc event (as listed in th&fR&TSC_DIR}/include/
petsclog.h ) or one obtained witlPetscLogEventRegisi@r(as described in Sectidi?.2).
PETSc also provides routines that deactivate (or activate) logging for entire components of the library.
Currently, the components that support such logging (de)activatioklarématrices),Vec (vectors),KSP
(linear solvers, includingtSPandPC), andSNES(nonlinear solvers):

PetscLogEventDeactivate CI§FEAT _COOKIE);
PetscLogEventDeactivate CIg&SP_.COOKIE); /* includesPCandKSP*/
PetscLogEventDeactivate Cl§¢EC_COOKIE);
PetscLogEventDeactivate CI§SBIES COOKIE);

and

PetscLogEventActivate Cla@dAT _COOKIE);

PetscLogEventActivate Cla@&SP_.COOKIE); /* includesPCandKSP*/
PetscLogEventActivate Cla@4EC_COOKIE);

PetscLogEventActivate CIG&NES 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 generalylageall ~ when run-
ning programs with a relatively small number of events or when disabling some of the events that occur
many times in a code (e.g/gcSetValue§, MatSetValue@).

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 -info  or by calling PetscinfoAllow(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 Seétibr, -info  activates the printing of information about
memory allocation during matrix assembly.

Application programmers can employ this logging as well, by using the routine

Petscinfgvoid* 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

Petscinf@snes;Cubically determined step, lambda %g\n" Jambda);

One can selectively turn off informative messages about any of the basic PETSc objectsidé.qg.,
SNES with the command

PetscinfoDeactivateCla@st objectcookie)
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where object_cookie is one ofMAT_COOKIESNES_COOKIEetc. Messages can be reactivated with
the command

PetscinfoActivateClagimt object cookie)

Such deactivation can be useful when one wishes to view information about higher-level PETSc libraries
(e.g., TS and SNES without seeing all lower level data as well (e.lylat). One can deactivate events at
runtime for matrix and linear solver libraries vimfo [no_mat, no_ksp]

12.6 Time

PETSc application programmers can access the wall clock time directly with the command

PetscLogDouble time;
PetscGetTim@&time); CHKERRierr);

which returns the current time in seconds since the epoch, and is commonly implementé@ithitime .
A floating point number is returned in order to express fractions of a second. In addition, as discussed in
Sectionl12.2, PETSc can automatically profile user-defined segments of code.

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 oplid@n history [filename] . If no file

name is specified, the output is stored in the${elOME}/.petschistory . Note that this option only
saves output printed with tHeetscPrinif) andPetscFPrin{) commands, not the standgvdntf() and
fprintf() 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 Sectioh2.1.3)

To eliminate the effects of paging when profiling the performance of a program, we have found an
effective procedure is to run thexact same coden 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 Sec-
tion 12.3 we can focus easily on the problem of interest. For example, we used this technique in the
program${PETSC_DIR}/src/ksp/ksp/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. Seciibi.2provides details about interpreting such profiling
data.

In particular, the macros
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PreLoadBegi(PetscTruttchar* stagename),
PreLoadStadgehar *stagename),

and

PreLoadEn()

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 configured with-with-debugging=0 faster than that the default debugging version, so we rec-
ommend using one of the optimized versions of code when evaluating performance.

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@tehe PETSc routines automatically

log performance data if certain runtime options are specified. We briefly highlight usage of these features
below.

¢ Run the code with the optioflog_summary to print a performance summary for various phases
of the code.

e Run the code with the optiotlog_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 usingMatSetValue@, if the column indices of the values being inserted have been sorted in
monotonically increasing order, call the routiM&atSetOption(mat, MAT_COLUMNS_SORTED
) before setting the values to reduce the insertion time significantly.

e When possible, uséecMDof() rather than a series of calls WecDof().
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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 cre-
ation routines for particular data structures, suchMatCreateSegAlJ() andMatCreateMPIAI{) for
compressed, sparse row formats, instead of the geh&ri€Creat€) routine. For problems with multiple
degrees of freedom per node, the block, compressed, sparse row formats, crddtedimateSeqBA()
andMatCreateMPIBAI{), can significantly enhance performance. Secfidnlincludes 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 the MatlLUInfo structure when callidptLUFactorSymboli¢) or MatILUFac-
torSymboli€) 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
option-info . The symbolic factorization phase will then print information such as

Info:MatlLUFactorSymbolicAlJ: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

-pc.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 +pc_factor_fill <fill_amount\tri{>}

13.4.3 PetscMalloc() Calls

Users should employ a reasonable number@fscMallof) 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 ofPetscMallof) 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. Séétiogives 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
can be an integer array that contains both parameters and pointers to PETSc ob|BET&E 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.
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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 magy lsig 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 , -ksp_view , etc. (or the routine&SPView(), SNESView(), etc.)
to view the options that have been used for a particular solver.

e Run the code with the optiothelp for a list of the available runtime commands.
e Use the optioninfo  to print details about the solvers’ operation.

e Use the PETSc monitoring discussed in Chafit&to evaluate the performance of various numerical
methods.

13.7 Tips for Efficient Use of Linear Solvers

As discussed in Chaptéy the default linear solvers are

e uniprocess: GMRES(30) with ILU(0) preconditioning

e multiprocess: GMRES(30) with block Jacobi preconditioning, where there is 1 block per process, 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 th&K 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 ofspn gmres_restart < restart or

by callingKSPGMRESSetRestg)t Section4.3 gives information on setting alternative GMRES orthogo-

nalization 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.

e The PETSc memory allocation (which collects statistics and performs error checking), is employed
by default for codes compiled in a debug-mode (configured witlith-debugging=1 ). PETSc
memory allocation can be activated for optimixed-mode (configured-withih-debugging=0 )
using the optionmalloc . The option-malloc=0 forces the use of conventional memory alloca-
tion when debugging is enabled. When running timing tests, one should build libraries in optimized-
mode.
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e When the PETSc memory allocation routines are used, the ogtideamp  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 in-
formation will be printed. Note that the optiectrdump merely activates a call to PetscTrDump()
during PetscFinaliz@; the user can also call PetscTrDump() elsewhere in a program.

e Another useful option for use with PETSc memory allocation routinesialoc_log , which acti-
vates logging of all calls to malloc and reports memory usage, including all Fortran arrays. This option
provides a more complete picture thardump for codes that employ Fortran with hardwired ar-
rays. Note that the optioomalloc_log  activates calls to PetscTrLog()PetscTrLogDump()
and PetscGetResidentSetSize() durimetscFinalize() ; the user can also call these routines
elsewhere in a program.

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 pihgesafahe
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 optielog_summary prints the amount
of memory used by the basic PETSc objects, thus providing a lower bound on the memory used.
Another useful option ismalloc_log  which reports all memory, including any Fortran arrays in
an application code.

o 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
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 problem|If the flop rate
decreases rapidly at some point, then the problem may likely be too large for thestaxhe

e 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 PETSc on a process subset

Users who wish to employ PETSc routines on only a subset of processes 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 forPETSC_COMM_WORPcalling

PetscSetCommWorld(MBCommcomm);

beforecalling Petsclinitialize() , but, obviously, after callingMPI_Init() . PetscSetCommWwW
orld() can be called at most once per process. Most users will never need to use theRetdo&etC
ommWorld() .

14.2 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.,

mpirun-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

KSPSetTypékspKSPBCGS;

One could then override this choice at runtime with the option

-ksp.type tfgmr

to select the Transpose-Free QMR algorithm. (See Chégterdetails.)
The remainder of this section discusses details of runtime options.

14.2.1 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:
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Petsclnitializéint *argc,char ***args,const char *file,const char *help);
call Petsclnitializ¢character file,integer ierr)

The argumentargc 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
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 thgetscrc  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!.

14.2.2 User-Defined PetscOptions

Any subroutine in a PETSc program can add entries to the database with the command
PetscOptionsSetVal(ehar *name,char *value);

though this is rarely done. To locate options in the database, one should use the commands

PetscOptionsHasNar{@har *pre,char *name@etscTruthflg);

PetscOptionsGetl(thar *pre,char *name,int *valueetscTruthflg);
PetscOptionsGetRdeahar *pre,char *name,double *vallretscTruthflg);
PetscOptionsGetStriichar *pre,char *name,char *value,int maxleefscTruttflg);
PetscOptionsGetStringArréshar *pre,char *name,char **values,int *max|@etscTruthflg);
PetscOptionsGetIntArrgghar *pre,char *name,int *value,int *nmaxetscTruttflg);
PetscOptionsGetRealArr@ohar *pre,char *name,double *value, int *nmBxtscTrutttflg);
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All of these routines sdtg=PETSC_TRUE if the corresponding option was fourftg=PETSC_FALSE

if it was not found. The optional argumemte indicates that the true name of the option is the given name
(with the dash “-” removed) prepended by the prgdine . Usuallypre should be set t®tETSC_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, the&SP and PC methods used on the individual blocks can be controlled via the options
-sub_ksp type and -sub_pc_type

14.2.3 Keeping Track of Options

One useful means of keeping track of user-specified runtime options is usetmfnstable , 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.

14.3 Viewers: Looking at PETSc Objects

PETSc employs a consistent scheme for examining, printing, and saving objects through commands of the
form

XXXView (XXX obj, PetscVieweviewer);

Hereobj is any PETSc object of typeXX whereXXXis Mat, Vec, SNES 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_WORtddse the object to be
printed to the screen.

e PETSC_VIEWER_DRAW_SEBRJPETSC_VIEWER_DRAW_WORADses the object to be drawn
in a default X window.

e Passingin aviewer obtained BytscViewerDrawOpéhcauses the object to be displayed graphically.

e To save an object to a file in ASCII format, the user creates the viewer object with the command
PetscViewerASCIlIOpen(MPI_Comm comm, char* file, PetscViewer *viewer)
This object is analogous 8ETSC_VIEWER_STDOUT_SELFor a communicator oMPI COMM
_SELF) andPETSC_VIEWER_STDOUT_WOR[KW 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
PetscViewerMatlabOpéMPI_Commcommchar *machine,int poretscViewerviewer).
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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 it${PETSC_DI

R}/src/viewer/impls/matlab

The user can control the format of ASCII printed objects with viewers creatgeéebycViewerASCI-
IOpen() by calling

PetscViewerSetForm@@etscViewewviewer,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 withtCreateSeqBDid), PETSC_VIEWER_ASCII_|
MPLprints by diagonals, whilPETSC_VIEWER_ASCII_DEFAULTuses the conventional row-oriented
format.

The routines

PetscViewerPushForm@etscViewewniewer,int format);
PetscViewerPopForm@@@etscVieweriewer);

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
with PetscViewerBinaryOpdhand then using/atView(), VecView(), etc. The corresponding routines for
input of a binary object have the forkiXXLoad() . In particular, matrix and vector binary input is handled
by the following routines:

MatLoadPetscVieweviewerMatTypeouttypeMat *newmat);
VecLoadPetscViewewriewerVecTypeouttypel/ec *newvec);

These routines generate parallel matrices and vectors if the viewer's communicator has more than one pro-
cess. 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 filematrixfilename.info , wherematrixfilename is the name of the file containing the
matrix. The format of the optional file is the same as thetscrc  file and can (currently) contain the
following:

-matloadblock size<bs>
-matloadbdiag diags<s1,s2,s3,.>

The blocksizeindicates thesizeof blocks to use if the matrix is read into a block oriented data structure (for
example MATSEQBDIA®Gr MATMPIBAIJ). The diagonal informatiosl,s2,s3,... indicates which
(block) diagonals in the matrix have nonzero values.

14.4 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
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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 program-
ming in the debugger (because then it cannot set up the MPI communication and remote processes).

By default the GNU debuggedbis used whenstart_in_debugger or-on_error_attach_
debugger is specified. To employ eithexxgdbor the common UNIX debuggelbx, one uses command
line options as indicated above. On HP-UX machines the debugtigeshould 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 themgigon is used. In order
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 processes 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.

14.5 Error Handling

Errors are handled through the routiRetscError() . This routine checks a stack of error handlers and
calls the one on the top. If the stack is empty, it sel€etiscTraceBackErrorHand(grwhich tries to print
a traceback. A new error handler can be put on the stack with

PetscPushErrorHand(@etscErrorCodéHandlerFunction)(int line,char *dir,char *file,
char *message,int number,void*),void *HandlerContext)

The arguments tblandlerFunction() are the line number where the error occurred, the file in which
the error was detected, the corresponding directory, the error message, the error integetHandith€
ontext. The routine

PetscPopErrorHandigr

removes the last error handler and discards it.
PETSc provides two additional error handlers beskeiscTraceBackErrorHand(gr

PetscAbortErrorHand|€x
PetscAttachErrorHandler()

The functionPetscAbortErrorHandl€y calls abort on encountering an error, while PetscAttachErrorHan-
dler() attaches a debugger to the running process if an error is detected. At runtime, these error handlers can
be set with the optionsn_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]
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wherefilename is optional. By default the traces are printed to the screen. This can also be set with the
commandPetscLogTraceBegin(FILE*)
It is also possible to trap signals by using the command

PetscPushSignalHand(é?etscErrorCodé&Handler)(int,void *),void *ctx);

The default handlePetscDefaultSignalHand@rcalls PetscError() 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 optiomo_signal_handler

There is a separate signal handler for floating-point exceptions. The ofpiidmap  turns on the
floating-point trap at runtime, and the routine

PetscSetFPTréint flag);

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(.. JHKERRQPetscErrorCodierr);
Likewise, all memory allocations should be checked with
ierr = PetscMallo¢n*sizeof(double),&ptr)CHKERRierr);

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&EBEHIRRQ(), CHKERRQ()

A simple example of usage is given below.

#undef__FUNCT__
#define__FUNCT__ "MyRoutinel”
int MyRoutine1(){

/* code here */

return O;

}

14.6 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 processes, although in exact

160


http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscPushSignalHandler.html#PetscPushSignalHandler
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscErrorCode.html#PetscErrorCode
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscDefaultSignalHandler.html#PetscDefaultSignalHandler
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscSetFPTrap.html#PetscSetFPTrap
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/SETERRQ.html#SETERRQ
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/CHKERRQ.html#CHKERRQ
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscErrorCode.html#PetscErrorCode
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/PetscMalloc.html#PetscMalloc
http://www-unix.mcs.anl.gov/petsc/petsc-as/snapshots/petsc-2.3.2/docs/manualpages/Sys/CHKERRQ.html#CHKERRQ

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 differ-
ent 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 workstationgrocgroupfiles can be used to specify the processors on which the job is to
be run. Thus, to run two programdd andnew, 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

(Of course, workstation1, etc. can be the same machine.) Then, one can execute the command
mpirun-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 tkdnlerance> , PETSc will generate an error. The usual
runtime options-start_in_debugger and-on_error_attach_debugger may be used. The

user can also place the commands

PetscCompareDouble()
PetscCompareScalar()
PetscComparelnt()

in portions of the application code to check for consistency between the two versions.

14.7 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 aszomplex (or complex<double> for machines using tem-

plated complex class libraries). To work with complex numbers, the user should run config/configure.py with

the additional option--with-scalar-type=complex . The file ${PETSC_DIR}/src/docs/

website/documentation/installation.html provides detailed instructions for installing PETSc.
We recommend using optimized Fortran kernels for some key numerical routines with complex num-

bers (such as matrix-vector products, vector norms, etc.) instead of the default C++ routines. See the

“Complex Numbers” section of the fil8{PETSC_DIR}/src/docs/website/documentation/

installation.html 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

${PETSC_DIRMIib/${PETSC_ARCH}

according to the architecture.. Thus, the libraries for complex humbers are maintained separately from
those for real numbers. When using any of the complex numbers versions of PHT&ctor and matrix
elements are treated as complex, even if their imaginary components are zero. Of course, one can elect to
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use only the real parts of the complex numbers when using the complex versions of the PETSc libraries;
however, when workingnly with real numbers in a code, one should use a version of PETSc for real
numbers for best efficiency.

The progran{PETSC_DIR}/src/ksp/ksp/examples/tutorials/ex11.c solves a linear
system with a complex coefficient matrix. Its Fortran counterpa®{FEETSC_DIR}/src/ksp/ksp/
examples/tutorials/ex11f.F

14.8 Emacs Users

If users develop application codes using Emacs (which we highly recommend}atie 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 runmage etags

from the PETSc home directory. Once the file exists, from Emacs the user should issue the command

M-x visit-tags-table

where ‘M denotes the Emacs Meta key, and enter the name afAi@&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 commaMi X tags-search . To find repeated occurrences,

one can simply useM-, " to find the next occurrence.

14.9 Parallel Communication

When used in a message-passing environment, all communication within PETSc is done through MPI, the
message-passing interface standafdl. [Any file that includegpetsc.h  (or any other PETSc include file),
can freely use any MPI routine.

14.10 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.

14.10.1 Windows as PetscViewers

For drawing predefined PETSc objects such as matrices and vectors, one must first create a viewer using the
command

PetscViewerDrawOpéMPI_Commcommchar *display,char *title,int x,
int y,int w,int h PetscViewerviewer);

This viewer may be passed to any of tK¥XView() routines. To draw into the viewer, one must obtain
the Draw object with the command

PetscViewerDrawGetDraiRetscVieweviewerPetscDrawtdraw);
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Then one can call any of thHeetscDrawXXX commands on thdraw object. If one obtains thdraw
object in this manner, one does not call the PetscDrawOpen() command discussed below.

Predefined viewersRETSC_VIEWER_DRAW_WORAdd PETSC_VIEWER_DRAW_SE| fay 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 egtimn_x_shared
colormap .

14.10.2 Simple PetscDrawing

One can open a window that is not associated with a viewer directly under the X11 Window System with
the command

PetscDrawOpen(MPCommcommchar *display,char *title,int x,
int y,int w,int h,PetscDrawfwin);

All drawing routines are done relative to the windows coordinate system and viewport. By default the draw-
ing coordinates are fror(0,0) 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

PetscDrawSetCoordina(@etscDrawwin,double xl,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

PetscDrawSetViewPdRetscDrawwin,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 <xl <xr<land0 <yl <yr <1.
To draw a line, one uses the command

PetscDrawLinéPetscDravwin,double xl,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_BLUdic.

To ensure that all graphics actually have been displayed, one should use the command

PetscDrawFlugfiPetscDravwin);

When displaying by using double buffering, which is set with the command
PetscDrawSetDoubleBuff@etscDravwwin);

all processes must call

PetscDrawSynchronizedFIugtetscDravwin);

in order to swap the buffers. From the options database one mayltese_pause n , which causes the
PETSc application to pauseseconds at eadbetscDrawPauge Atime 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
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PetscDrawStrin@PetscDravwin,double x,double y,int color,char *text);
PetscDrawString\Vertic@PetscDrawwin,double x,double y,int color,char *text);

The user can set the text fosizeor determine it with the commands

PetscDrawStringSetSi@etscDravwin,double width,double height);
PetscDrawStringGetSi@eetscDravwin,double *width,double *height);

14.10.3 Line Graphs

PETSc includes a set of routines for manipulating simple two-dimensional graphs. These routines, which
begin withPetscDrawAxisDray), 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

PetscDrawLGCrea(BetscDravwin,int ncurvesyetscDrawL Gctx);

The argumenhcurves indicates how many curves are to be drawn. Points can be added to each of the
curves with the command

PetscDrawLGAddPoiflPetscDrawlLGetx,double *x,double *y);

The arguments andy are arrays containing the next point value for each curve. Several points for each
curve may be added with

PetscDrawLGAddPoin(PetscDrawL&tx,int n,double **x,double **y);

The line graph is drawn (or redrawn) with the command
PetscDrawLGDra@PetscDrawL &tx);
A line graph that is no longer needed can be destroyed with the command
PetscDrawLGDestrqiPetscDrawL Gctx);
To plot new curves, one can reset a linegraph with the command
PetscDrawLGRes@RetscDrawL &tx);

The line graph automatically determines the range of values to display on the two axes. The user can change
these defaults with the command

PetscDrawlLGSetLimi{®etscDrawL Gtx,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

PetscDrawLGGetAx{®etscDrawL&tx,PetscDrawAxigaxis);
One can set the axes’ colors and labels, respectively, by using the commands

PetscDrawAxisSetColofBetscDrawAxisaxis,int axislines,int ticks,int text);
PetscDrawAxisSetLabdgBetscDrawAxisaxis,char *top,char *x,char *y);
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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;
PetscDrawAXxis axis;
Petscint n = 20,i,x = 0,y = O,width = 300,height = 300,nports
1
PetscTruth flg;
const char *xlabel,*ylabel,*toplabel;
PetscReal xd,yd;
PetscDrawViewPorts *ports;
PetscErrorCode ierr;
xlabel = "X-axis Label";toplabel = "Top Label";ylabel = "Y-axis Label";
ierr = Petsclnitialize(&argc,&argv,(char*)0,help); CHKERRQ(ierr);
ierr = PetscOptionsGetint(PETSC_NULL,"-width",&width,PETSC_NULL);CHKERRQ(ierr);
ierr = PetscOptionsGetInt(PETSC_NULL,"-height",&height, PETSC_NULL);CHKERRQ(ierr);
ierr = PetscOptionsGetInt(PETSC_NULL,"-n",&n,PETSC_NULL);CHKERRQ(ierr);
ierr = PetscOptionsHasName(PETSC_NULL,"-nolabels",&flg);CHKERRQ(ierr);
it (flg) {
xlabel = (char *)0; toplabel = (char *)0;
}

/* ierr = PetscDrawOpenX(PETSC_COMM_SELF,0,"Title",x,y,width,height,&draw); CHKERRQ(ierr);*/

ierr = PetscDrawCreate(PETSC_COMM_SELF,0,"Title",x,y,width,height,&draw); CHKERRQ(ierr);

ierr = PetscDrawSetFromOptions(draw);CHKERRQ(ierr);

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

ierr = PetscDrawViewPortsCreate(draw,nports,&ports);CHKERRQ(ierr);

ierr = PetscDrawViewPortsSet(ports,0);CHKERRQ(ierr);

ierr = PetscDrawLGCreate(draw,1,&I9);CHKERRQ(ierr);

ierr = PetscDrawLGGetAxis(lg,&axis);CHKERRQ(ierr);

ierr = PetscDrawAxisSetColors(axis,PETSC_DRAW_BLACK,PETSC_DRAW_RED,PETSC_DRAW_BLUE);CHKERRC
ierr = PetscDrawAxisSetLabels(axis,toplabel,xlabel,ylabel); CHKERRQ(ierr);

for (i=0; i<n ; i++) {
xd = (PetscReal)(i - 5); yd = xd*xd;
ierr = PetscDrawLGAddPoint(lg,&xd,&yd);CHKERRQ(ierr);

}

ierr = PetscDrawLGlIndicateDataPoints(lg);CHKERRQ(ierr);

ierr = PetscDrawLGDraw(lg);CHKERRQ(ierr);

ierr = PetscDrawsString(draw,-3.,150.0,PETSC_DRAW_BLUE,"A legend");CHKERRQ(ierr);
ierr = PetscDrawFlush(draw);CHKERRQ(ierr);

ierr = PetscSleep(2);CHKERRQ(ierr);

ierr = PetscDrawViewPortsDestroy(ports);CHKERRQ(ierr);

ierr = PetscDrawLGDestroy(lg); CHKERRQ(ierr);
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ierr PetscDrawDestroy(draw); CHKERRQ(ierr);
ierr = PetscFinalize();CHKERRQ(ierr);
return O;

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.

14.10.4 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 lineksjthxmonitor and-snes_
xmonitor . See also Sections3.3and5.3.2

The two functions used are KSPLGMonitor() ak8PLGMonitorCreatf . These can easily be modi-
fied to serve specialized needs.

14.10.5 Disabling Graphics at Compile Time

To disable all x-window-based graphics, run config/configure.py with the additional option —with-x=0
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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 namexk1 , one may use the command
make PETSCARCH=arch ex1

which will compile the example and automatically link the appropriate libraries. The architeatalne, is

one ofsolaris, rs6000, IRIX, hpux , etc. Note that when using command line options with make
(as illustrated above), one musit place spaces on either side of the “=" signs. The variBideSC_ARCH

can 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 config/configure.py optiewith-clanguage=c++

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.

o libfast - Updates the libraries faster. Sinligfast 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 sub-
directories. The action is specified BL TION=[action] , whereaction is one of the basic commands
listed above. For example, if the command

make ACTION=lib tree

were executed from the directo®{PETSC_DIR}/src/ksp/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 locateR{RETSC_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 varialBlETSCFLAGSwithin the base files of ${PETSC_DIR}bmake/
${PETSC_ARCH]}, discussed in Sectioi5.1.2 The flags include

e PETSC USE_DEBU&GThe PETSc debugging options are activated. We recommend always using
this.

e PETSC_USE_COMPLEX he 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 IB{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
makefile.

ALL: ex2
CFLAGS
FFLAGS
CPPFLAGS
FPPFLAGS

include ${PETSC_DIR}/bmake/common/base
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ex2: ex2.0 chkopts
${CLINKER} -0 ex2 ex2.0 ${PETSC_LIB}
${RM} ex2.0

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$#ETSC_SYS LIB} , ${PETSC_VEC LI
B}, ${PETSC_MAT_LIB}, ${PETSC_DM_LIB}, ${PETSC_KSP_LIB} , ${PETSC_SNES_LIB} or
${PETSC_TS LIB} .

The second sample makefile, given in FigdBe controls the generation of several example programs.

CFLAGS
FFLAGS
CPPFLAGS
FPPFLAGS

include ${PETSC_DIR}/bmake/common/base

ex1l: exl.o
-${CLINKER} -0 ex1 exl.0 ${PETSC_LIB}
${RM} exl.0
ex2: ex2.0
-${CLINKER} -0 ex2 ex2.0 ${PETSC_LIB}
${RM} ex2.0
ex3: ex3.0
-${FLINKER} -0 ex3 ex3.0 ${PETSC_LIB}
${RM} ex3.0
ex4: ex4.0
-${CLINKER} -0 ex4 ex4.0 ${PETSC_LIB}
${RM} ex4.o
runexl1:
-@3${MPIRUN} ex1
runex2:
-@${MPIRUN} -np 2 ./ex2 -mat_seqdense -options_left
runexa3:
-@${MPIRUN} ex3 -v -log_summary
runex4:

-@${MPIRUN} -np 4 ./ex4 -trdump

RUNEXAMPLES_1 runexl runex2

RUNEXAMPLES 2 = runex4
RUNEXAMPLES 3 = runex3
EXAMPLESC = exl.c ex2.c ex4d.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
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Again, the most important line in this makefile is timelude 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:

CFLAGS, FFLAGS User specified additional options for the C compiler and fortran compiler.
PFLAGS, FPPFLAGSJser specified additional flags for the C preprocessor and fortran preprocesor.
LINKER, FLINKER the C and Fortran linkers.

RM the remove command for deleting files.
EXAMPLES_1 examples that will be built wittmake examples (see Sectioi5.1.])

RUNEXAMPLES_1 examples that will be run witmake runexamples (see Sectioi5.1.])

EXAMPLESC all C examples that will be checked in/out of RCS witlake ci andmake co (not generally needed
by users).

EXAMPLESF all Fortran examples that will be checked in/out of RCS witake ci andmake co (not generally
needed by users).

PETSCLIB all of the base PETSc libraries.
Note that the PETSc example programs are divided into several categories, which currently include:

EXAMPLES_1 basic C suite used in installation tests

EXAMPLES_2 additional C suite including graphics

EXAMPLES_3 basic Fortran .F suite

EXAMPLES 4 subset of 1 and 2 that runs on only a single process

EXAMPLES.5 examples that require complex numbers

EXAMPLES. 6 C examples that do not work with complex numbers

EXAMPLES. 8 Fortran .F examples that do not work with complex numbers

EXAMPLES.9 uniprocess version of 3

EXAMPLES_10 Fortran .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.
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ALL: lib

CFLAGS =

SOURCEC = splwd.c spinver.c spnd.c spgmd.c sprcm.c

SOURCEF = degree.f fnroot.f gengmd.f gmdqt.f rcm.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 gmdgt.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
URCE({for C files) andSOURCEKfor Fortran files). Note that th©@BJSFand OBJSCare identical to
SOURCERNASOURCEGCespectively, 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.

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
MatGetSubMatrigViat A,1S rows]S cols,int csizeylatReusecall Mat *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 FEIEOE. To
create & matrix that may be multiplied with a vectarone can use

VecGetLocalSizg,&csize);
MatGetSubMatrigViat A,1S rows]S cols,int csizeylatReusecall Mat *B);

16.2 Matrix Factorization

Normally, PETSc users will access the matrix solvers througtk@ieinterface, as discussed in Chapier
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.

MatGetOrderin@Vat matrix MatOrdering Typdype)S* rowperm)S* colperm);
The currently available alternatives for the orderiypge are

e MATORDERING_NATURANatural
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¢ MATORDERING_NINested Dissection

e MATORDERING_1WIDne-way Dissection

¢ MATORDERING_RCNReverse Cuthill-McKee

¢ MATORDERING_QMMQuotient Minimum Degree

These orderings can also be set through the options database by specifying one of the follpwing:
factor_ordering_type natural ,-pc_factor_ordering_type nd , -pc_factor_ordering_
type 1wd , -pc_factor_ordering_type rcm , -pc_factor_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 reorderMat A,MatOrdering Typaype)S* rowperm]S* 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

MatOrderingRegisterDynan(®atOrdering Typanname,char *path,char *sname,
PetscErrorCod€reorder)(Mat,MatOrdering TypdS*, 1S*)));

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 option-pc_factor_ordering_type sname . If reordering directly, the user should provide the
name as the second input argument\datGetOrdering).

The following routines perform complete, in-place, symbolic, and numerical factorizations for symmet-
ric and nonsymmetric matrices, respectively:

MatCholeskyFactqMat matrix,|S permutation,double pf);
MatLUFacto(Mat matrix|S rowpermutatiors columnpermutation,MatLUInfo *info);

The argumentnfo->fill > 1 is the predicted fill expected in the factored matrix, as a ratio of the
original fill. For examplejnfo->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:

MatCholeskyFactorSymboliat matrix,|S perm, double pfylat *result);
MatLUFactorSymbolifMat matrix,|S rowperm|S colperm,MatLUInfo *infoMat *result);
MatCholeskyFactorNumei(at matrixMat *result);

MatLUFactorNumeri@Viat matrix, Mat *result);
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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.
(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, BXMXkgactorS

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, MittisetOrderingMat A,MatOrdering typd S
*row, |S *col) one may call

MatReorderForNonzeroDiagoifilat A,double tol|S row, IS col);

which will try to reorder the columns to ensure that no values along the diagonal are smallesltham
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 the€SP solver interface the optiofpc_factor_nonzeros_along_
diagonal <tol> may be used. Heraol is an optional tolerance to decide if a value is nonzero; by
defaultitisl.e — 10.

Once a matrix has been factored, it is natural to solve linear systems. The following four routines enable
this process:

MatSolvdMat A,Vecx, Vecy);
MatSolveTranspogMat A, Vecx, Vecy);
MatSolveAddMat A,Vecx, Vecy, Vecw);
MatSolveTransposeAdiat A, Vecx, Vecy, Vecw);

The matrixA of these routines must have been obtained from a factorization routine; otherwise, an error
will be generated. In general, the user should us&thié 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 us€SP through theKSP interface and, thus, will not need to know the
details that follow.
It is possible to generate a Krylov subspace context with the command

KSPCreatéMPI_CommcommKSP*kps);

Before using the Krylov context, one must set the matrix-vector multiplication routine and the preconditioner
with the commands

PCSetOperato(BCpcMat matMat pmatMatStructurelag);
KSPSetP(KSPkspPCpc);
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In addition, theKSP solver must be initialized with
KSPSetUKSPksp);

Solving a linear system is done with the command
KSPSolvéKSPksp\ecb,Vecx);

Finally, theKSP context should be destroyed with
KSPDestrofKSPksp);

It may seem strange to put the matrix in the preconditioner rather than directlyliStiehis 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 &P context that?C 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,

u" =" + B(f — Au™),

is much more expensive than just updating the values. With this addition it is reasonable to stdtetivat
iterative methods are obtained by combining a preconditioner frorR?@yackage with a Krylov method

from the KSP package. This strategy makes things much simpler conceptually, so (we hope) clean code
will result. Note We had this idea already implicitly in older versionskdbP, but, for instance, just doing
Gauss-Seidel with Richardson in dikd5P 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 from itti&P context with the commandSPGetP Q).
It is possible to create, manipulate, and dest@contexts directly, although this capability should rarely
be needed. To create”a context, one uses the command

PCCreat@MPI_CommcommPC*pc);

The routine

PCSetTypé&C pcPCTypemethod);

sets the preconditioner method to be used. The routine

PCSetOperato(BCpcMat matMat pmatMatStructurelag);

set the matrices that are to be used with the preconditioner. The routine
PCGetOperato(PCpcMat *mat,Mat *pmat MatStructureflag);

returns the values set withCSetOperato(k
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, respectively, by

PCAppIPCpcVecx,Vecy);
PCApplyTranspog®Cpc,Vecx,Vecy);
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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

PCApplyBAorAB(PCpcPCSideright,Vec x,Vecy,Vec work,int its);
PCApplyBAorABTranspog C pc,PCSideright,Vec x,Vecy,Vec work,int its);
PCApplyRichardsofiPC pc,Vec x,Vecy,Vec work,PetscReattol,PetscReaatol, PetscReatitolint 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 thight is PC_LEFTor 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.
A PCcontext that is no longer needed can be destroyed with the command

PCDestrofPCpc);
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