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| ntroduction

ARPACK++ isan oljed-oriented verson d the ARPACK padkage. ARPACK [6] is
a well-known colledion d FORTRAN subroutines designed to compute a few
eigenvaues and, uporregquest, eigenvedors of large scde sparse matrices and pencil s.
It is cgpable of solving a gred variety of problems from single predsion pative
definite symmetric probdems to doule preasion complex non-Hermitian generdized
eigenvaue problems.

ARPACK implements avariant of the Arnddi processfor finding eigenvalues cdled
implicit restarted Arnddi method (IRAV) [10, 11]. IRAM combines Arnddi
fadorizations with an implicitly shifted QR medianism to crege anew methodthat is
appropriate for very large problems. In most cases only a cmmpressed matrix or a
matrix-vedor prodwcty — Ax must be supdied by the user.

ARPACK++ is a clledion d classs that offers c++ programmers an interfaceto
ARPACK. It preserves the full capability, performance acaracy and memory
requirements of the FORTRAN padage, bu takes advantage of the c++ objed-
oriented programming environment.

The main feaures of ARPACK preserved by the c++versioninclude:

e The aility to return a few eigenvaues that satisfy a user spedfied criterion, such
aslargest red part, largest absolute value, etc.

« A fixed pre-determined storage requirement. Usudly, orly n[O(k) + O(k?)
memory locations are used to find k eigenvalues of an-dimensional problem.

e A user-spedfied numericd acaragy for the @mputed eigenvalues and
eigenvedors. Residud tolerances may be set to the level of working predsion.

e The &dility to find multiple egenvalues without any theoreticd or computational
difficulty other than some alditiona matrix-vedor products required to expaose the
multiple instances. This is made possble through the implementation d deflation
techniques similar to thase employed to make the implicit shifted QR algorithm
robuwst and pradicd. Since ablock methodis nat required, the user does nat need
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to “guess the wrred block sze that woud be needed to cgpture multiple
eigenvalues.

» Severd dternatives to solve the symmetric generalized problem Ax = MxA for
singular or ill -condti oned symmetric pasiti ve semi-definite M.

Other feauresthat are exclusveto ARPACK++ ae

* Theuse of templates. Classtemplates, or containers, are the most naticedle way
of defining generic datatypes. They combine runttime dficiency and massve ade
and design reutili zation. ARPACK++ uses templates to reduce the work needed to
establish and solve agenvalue problems and to simplify the structure utili zed to
hand e such problems. One dasswill hande single and doulbe predsion problems.
Depending on the data structure used, asingle dasscan adso be used to define red
and complex matrices.

A friendly interface. ARPACK++ avoids the wmplicaion d the revese
commnunication interface that charaderizes the FORTRAN verson d ARPACK.
It contains many classtemplatesthat are eay to use. Some of them require the user
to supdy only the noreero eements of a matrix, while others demand the
definition d a dass that includes a matrix-vedor function. Nevertheless the
revese mmmnunication interface is aso preserved in the c++ padage, adlowing
the user to solve an eigenvalue problem iteratively, performing explicitly al of the
matrix-vedor products required by the Arnddi method.

e A great number of auxiliary functions. ARPACK++ gives the user various
dternatives for handing an eigenvaue problem. There ae many functions to set
and modfy problem parameters, and adso severa output functions. For instance
seven dfferent functions can be used to determine the egenvedors of a problem.
There ae dso ten functions that return from asingle dement of an eigenvedor to
an STL vedor that contains al of the egenvedors.

e The ability to eadly find interior eigenvalues and to solve generalized
problems. ARPACK++ includes sverd matrix classs that use state-of-the-art
routines from SuperLU, UMFPACK and LAPACK to solve linea systems. When
one of these dasses is used, spedra transformations such as the shift and invert
method can be employed to find internal eigenvalues of regular and generali zed
problems without requiring the user to explicitly solve linea systems.

* A dgructure that smplify the linkage with other libraries. The main am of
ARPACK++ is nat only to alow the user to efficiently hande even the most
intricate problems, bu dso to minimize the work needed to generate an interface
between ARPACK and aher libraries, such as the Template Numerical Todkit
(TNT) [9] andthe Hilbert ClassLibrary (HCL) [5].
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In the first chapter, some instructions are given on hav to instal ARPACK++.
Chapter 2 dscusses briefly what is necessry to start solving eigenvalue problems
with the library. Differences and smilarities between ARPACK++ dasses and its
computational modes are described in chapter 3. Chapter 4 contains more detail ed
instructions on hav to crede an eigenvalue problem, while some examples that
illustrate ARPACK++ usage were included in chapter 5. Findly, al classes,
functions, constructor and template parameters are fully described in the gpendx:
ARPACK++ referenceguide.

The aithors would like to adknowledge Dr. Roldan Pozo and Dr. Kristyn Maschhdf
for their insightful suggestions and suppat.

Financid suppat for this work was provided in part by FAPESP (Brazil), grant
96/25569, by the Nationa Science Foundition cooperative greanent CCR-912008
and by the ARPA contrad number DAAL03-91-C-0047 (administered by the U.S.

Army Reseach Office).



Chapter

Installing and
running ARPACK ++

Asa olledion d classtemplates, ARPACK++ can be eaily ingtalled, provided that
other libraries required by the software ae available. This chapter describes how to
obtain ARPACK++ andwhat isnecessary to useit.

Obtaining the software.

ARPACK++isdigtributed asasinglefile cdled arpack++. tar.gz. Thisfile contains
al of the library files, some ill ustrative examples and aso a opy of this manud. It
can e obtained from the URL:
ftp://ftp.caam.rice.edu/pub/software/ARPACK/ ARPACK++.

Becaise ARPACK++ is an interfaceto the origind ARPACK FORTRAN library,
this library must be available when ingtdling the c++ code. Although FORTRAN
filesare nat distributed dong with ARPACK++, they can ke eaily downloaded from
Netlib or diredly from the URL:
ftp://ftp.caam.rice.edu/pub/software/ARPACK.

The BLAS and LAPACK routinesrequired by the ARPACK FORTRAN padege ae
distributed along with the software. Most classes defined by ARPACK++ do nd
require other routines from these libraries than those distributed with ARPACK
(classes for band and dense matrices are the only exception). However, some
examples included in the ARPACK++ "examples' diredory will nat run withou
installi ng the full verson d these two padages.
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LAPACK can be obtained from the URL: http://www.netlib.org/lapack/. The
BLAS isavalable d: http://www.netlib.org/blas/. Since LAPACK includes a
subset of the BLASfil es, the user must take some cae whil e installi ng thislibraries to
avoid code dugicaion. Moreover, before downloading these li braries, the user shoud
verify if locd (optimized) ingtdl ations of LAPACK andthe BLAS are avail able.

Other libraries required by some (but nat al) ARPACK++ dasses include SuperLU
[3], UMFPACK [1] andthe Sandad Template Library (see[8]) pakages.

The SuperLU padkage can be used to solve agenvaue problems that require ammplex
or red norsymmetric matrix fadorizations It is cdled by ARTuNonSymStdEig,
ARTuNonSymGenEig, ARTuCompStdEig and ARTuCompGenEig classes and must be
ingtalled if ore of these dasses is to be used. SuperLU is avalable &
http://www.netlib.org/scalapack/prototype.

The dove mentioned classes can dso cdl UMFPACK library functions instead of
using SuperLU to solve egenvalue problems that require matrix decompasitiors.
However, UMFPACK may be used soldy for educaiond, reseach, and
benchmarking purposes by nonprofit organizations and the U.S. government.
Commercid and aher organizations may make use of UMFPACK ony for
benchmarking purposes. UMFPACK can be downloaded from ftp://ftp.cis.ufl.
edu/pub/umfpack. The MA38 Padkage in the Harwell Sulyoutine Library (HSL) has
equivaent functiondity (and identicd cdling interfacg as UMFPACK and is
avalable for commercia use. Tedhnicd repoarts and information on HSL can ke
obtained from http://www.cis.rl.ac.uk/struct/ARCD/NUM. htm1. Unfortunately,
MA38,aswell asolder versions of UMFPACK, canna ded with complex matrices.

The vedor classfrom the Sandad Template Library (STL) can be used to retrieve
eilgenvalues and eigenvedors computed by dl ARPACK++ dasses. There ae dso
plans to buld an interfacebetween ARPACK++ and TNT [9], an STL-based library,
as onas this padkage become avall able. Some wmpilers include their own version
of STL. If it isnat the cae, the library can dso be foundat ftp://butler.hpl.hp.
com/st].

| nstalling ARPACK++.

To unbundkefile arpackpp. tar . gz the user shoud use the foll owing command:
gzip -d arpackpp.tar.gz | tar -xvf -

A main dredory cdled arpack++ will be artomaticdly creded. Thisdiredory shoud
contain three other diredories. One of them, arpack++/include, concentrates al
ARPACK++ templates. Ancather, arpack++/examples, includes me sdeded
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examples, and the last, arpack++/doc, contains instdlation ndes, a description d
ARPACK++ gructure and ali st of known bugs.

ARPACK++ isa alledion d templates. Templates are defined in header (.h) files,
so they can be used dredly by other programs withou any previous compil aion. No
obed (.o) or library (.a) files have to be generated when ingtalling ARPACK++,
except those crrespondng to aher libraries (ARPACK, LAPACK, SuperLU and
UMFPACK). Some hintson hav to properly instal these libraries can be foundin the
doc/installation.txt file

ARPACK++ healer files can be moved to any "include’ diredory, provided that an
optionintheform

-I<directory name>

is added to the @mmmand line when compili ng programs that use the software, where
<directory name>isthe name of theinclude diredory.

Compatihilit y.

At the present time, ARPACK++ has only been compil ed with the CC and GNU g++
compilers and tested in a SUN SparcStation. Further work must be dore in arder to
port the padkage to aher environments.

To minimize this inconvenience, compil er-dependent functions and data types used
by ARPACK++ were grouped in afile cdled include/arch.h. Thus, thisfile shodd
be danged to refled the dharaderistics of theuser’s gystem.

Besides that, a list of known incompatibilities between ARPACK++ and some
compilers can befoundin doc/bugs . txt.

Declaring complex numberswith the arcomplex class.

One of the mgjor drawbadks of building mathematicd softwarein c++istheladk of a
standard complex class Different c++ compilers tend to have different complex
classes and most people ayree that writing a portable @de is amost impassble in
such cese.

Becaise of that, ARPACK++ includes its own complex class cdled arcomplex,
arcomplex is a dasstemplate aeded in an effort to emulate the g++ complex class
when aher compilers are being used. Both single and doulbe predsion complex
numbers can be represented by arcomplex, as $1own in the following example:



8 ARPACK++

#include “arcomp.h”

arcomplex<float> z; // A single precision complex number.
arcomplex<double> w; // A double precision complex.

arcomplex isthe only complex type referenced by the ARPACK++ files, so it isnat
necessry to change severa files when using a compiler other than g++, bu only
arcomp. h, thefilewhere arcomplex isdefined.

Storage requirements.

The anourt of memory required to run ARPACK++ depends on a grea number of
variables, including the type of the problem, its dimension (n) , the number desired
eigenvaues (neV) and the number of Arnddi vedors generated at ead iteration (ncv).

The table below furnishes the anourt of memory pasitions used to find eigenvalues
and eigenvedors’ of a standard problem as a furction d n, nev and ncv. Since the
user is nat required to supdy ncv (thisis a optiona parameter), the third column o
the table ind caes the memory required whenncvis st to its default value (2new+1).

The table indicaes the number of red postions required to solve the related
problems. The number of bytes adudly used in ead case can be obtained by
multiplying the value shown in the table by the size (in bytes) of the red eement
used®. These values correspond to a problem solved in regular mode A (small)
amourt of memory that does nat depend onn, ncv or nevis aso required to store
some other ARPACK++ variables and function parameters, bu this memory is
negligiblefor large problems.

type of memory positions memory usage

problem required with default ncv
real 4n+ n.rev+ NV 5n+ 2n.nev+
symmetric + 8ncv+ nev 4neV + 21nev
real 4n + n.rev+ 3ncv 5n+ 2n.nev+
nonsymmetric + 9ncv + 2nev 12neV + 32nev
8n+ 2n.rcv+ 6nev 10n + 4n.rev+

complex + 150cv+ 2nev 24neV? + 56nev

! The same amount of memory is required to find nev Schur vedors or an Arnoldi basisinstead of
the eigenvectors.
2 Typical values are: 4 bytes for single precision variables and 8 bytes if double precision is used.
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If the user wants to determine nev eigenvedors and nev Schur vedors at the same
time, o if he wants to supdy his own vedor to store the egenvedors, the storage
requirements are increased by nevlih paostions in the symmetric case, nevih+n
pasitionsin the norsymmetric case and 2nevih positionsin the mmplex case.

The vaues mentioned above do nd include the memory required to store the matrices
of the problem, na the LU fadorsthat are generated when aspedral transformationis
used. Sincethe exad number of ements of L and U are hard to determine, the user
shoud dso take in acourt a least an estimate of these alditiona memory positions
required to store the problem data.

Comparing the performance of ARPACK and ARPACK++.

Comparing the performance of ARPACK and ARPACK++ isnat so easy as it might
appea, sincethelibraries are nat exadly equivaent.

Thefirst agped that must be nated is that the FORTRAN verson d ARPACK is nat
apadkage that finds eigenvaues a once bu rather a alledion d functions that must
be cdled iteratively when solving an eigenvaue problem. This gructure is cdled the
revese mmmnunicationinterface

SinceARPACK++ dso includesthisinterface the smplest comparison between bah
versons consists in determining the overhead produced by the c++ structure. This
overheal comprises the time spent to dedare a eigenvaue problem using one of the
classes provided by ARPACK++, the time required to set the initidize dl of the
ARPACK++ internd variables and the overhead generated eat time aFORTRAN
subroutineis cdled.

Compared thisway, bah versions have shown the same performance The difference
between ARPACK and PARPACK++ isinsignificant.

Ancather way to compare the c++ ad FORTRAN codes consists in measuring the
total time spent by ead library to solve an eigenvaue problem. The disadvantage of
this type of anadysis is that the time @mnsumed by the matrix-vedor produwcts (and
occasiondly some linea systems) required by the Arnddi methodis also considered,
which means that nat only the performance of ARPACK and ARPACK++ is
compared, bu aso the aility of the FORTRAN and c++ compilers to ogtimize the
matrix-vedor product routine (and sometimes dso the linea solver).

In a preliminary test, a very smple set of sample probems that are distributed with
ARPACK was used to compare the performance of bath padages. The mmputations
were made on a Sun Workstation, with the f77 (verson 3.0.) and the g++ (version
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2.7.2 compilers’. The mmpiler option -0 was used in dl tests. The dimension d the
problem was st to vaues varying between 100and 2025.The tests were performed
in doulbe predsion.

The results obtained suggest that for problems with red variables the performance of
ARPACK and ARPACK++ is very smilar. A closer look at the matrix-vedor
products reveds that they have taken allittl e more time in c++than in FORTRAN, bu
this difference was usudly attenuated when considering the tota time spent by the
Arnddi method.

On the other hand, pobems with complex variables have run much faster in
FORTRAN than when compiled with g++. Generally, ead matrix-vedor product in
c++ have taken abou 750% more time than the same product in FORTRAN.

This difference is © gred that it suggests that for complex problems the time
consumed hy the matrix-vedor prodwcts can dctate the overdl performance of the
program. Thisis particularly true for large scde egenvalue problems.

Perhaps this poa behavior can be imputed to the fad that the c++language does nat
contain aintrinsc complex data type @& FORTRAN does. Although g++ includes a
very dtradive dasstemplate to define cmplex variables, the performance of this
classis nat so good. It hasto be verified if better results can be obtained using other
ct++ ompilers.

The matrices of the @mmplex problems tested were very sparse, so the tota time spent
by the c++ @de was 32% greder than the time consumed by the FORTRAN version
of ARPACK. However, worse results $roud be expeded for matrices that are nat so

sparse.

ARPACK++ dso contains ome dasss that are cgable of performing dl of the
matrix-vedor produwcts (and accasiondly solving the linea systems) required to solve
an eigenvalue problem, bu these dasses were not used here, since they are nat
present in ARPACK. The mmparison was made using the same matrix-vedor routine
trandated to c++ and FORTRAN.

Naturdly, some cae must be taken before extending these results to aher problems.
One caana analyze the behavior of bath libraries based oy on the results mentioned
here, since the tota time spent by the Arnddi method is gredly affeded by many
fadors such as the dimension d the system, the sparsity pattern of the matrices, the
number of eigenvalues that are to be cdculated, the desired pation d the spedrum
and the number of Arnddi vedors generated at ead iteration. Withou mentioning
that the computer and the cmpil er used can dso affed the measured results.

% The CC compiler was also tested but it has shown a worse performance when compared to g++.



Chapter

Getting started
with ARPACK ++

The pupose of the dhapter is to give abrief introduwction to ARPACK++ while
depicting the kind d information the user is required to provide to easly solve
eigenvaue problems.

The example included here is very smple ad is nat intended to cover all
ARPACK++ fedures. In this example, a red norsymmetric matrix in Compressed
Spase Column (CSC) format is generated and its eigenvaues and eigenvedors
determined by using the AREig function.

Other different ways of creding daborate ARPACK++ ohjeds and solving more
difficult problems, such those that require the use of spedral transformations, will be
presented in chapter four. A full description d dl ARPACK++ dasses and functions
isthe subjed of the gpendx.

A real nonsymmetric example.

Perhaps the eaiest way of getting started with ARPACK++ is trying to run the
simple.cc example ontained inthe examples/areig/nonsym diredory.

A dightly modfied verson d simple.ccisreproduced below. It ill ustrates

1. How to dedare amatrix in CSC format;
2. How to passmatrix datato the AREig function;
3. How to use ARE1ig to oltain some e@genvaues and eigenvedors, and
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4. How to store output data.

MODULE Simple.cc
Simple example program that illustrates how to solve a real
nonsymmetric standard eigenvalue problem in regular mode
using the AREig function.

7‘:/

#include "areig.h"
#include <math.h>
#include "Tnmatrxc.h"

main()

{

// Declaring variables needed to store
// A in compressed sparse column (CSC) format.

int n; // Dimension of matrix.

int nnz; // Number of nonzero elements in A.

int* irow; // Row index of all nonzero elements of A.
int* pcol; // Pointer to the beginning of each column.
double* A; // Nonzero elements of A.

// Generating a double precision nonsymmetric 100x100 matrix.

n = 100;
Matrix(n, nnz, A, irow, pcol);

// Declaring AREig output variables.

int nconv; // Number of converged eigenvalues.
double* EigValR = new double[100]; // Eigenvalues (real part).
double* EigVall = new double[100]; // Eigenvalues (imag part).
double* EigVec new double[1100]; // Eigenvectors.

// Finding the five eigenvalues with largest magnitude
// and the related eigenvectors.

nconv = AREig(EigvalR, EigVvall, EigVec, n, nnz, A, irow, pcol, 5);
// Printing eigenvalues.
cout << "Eigenvalues:" << endl;
for (int i=0; i<nconv; i++) {
cout << " Tambda[" << (i+1) << "]: " << EigValR[1i];
if (EigValI[i]>=0.0) {
cout << " + " << EigValI[i] << " I" << endl;
}
else {
cout << " - " << fabs(EigvalI[i]) << " I" << endl;
}
}

} // main.
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Inthe example dowe, Matrix isafunctionthat returnsthe variablesnnz, A, i row, and
pcol. These variables are used to passmatrix datato the ARE1ig function, as described
in the next sedion. The number of desired eigenvaues (five) must also be dedared
when cdling ARE1ig.

AREig isnat atrue ARPACK++ function. Although being aMATLAB-style function
that can be used solve most eigenvalue problemsin avery straightforward way, AREig
does nat explore most ARPACK++ cagabiliti es. It was included here only as an
example, merdy to introduce the software. The user is urged to chedk out chapters 3
and 4to seehow to redly take advantage of al ARPACK++ fedures.

AREig was defined in afile cdled examples/areig/areig.h and contains the some
basc ARPACK++ commands needed to find eigenvaues using the SuperLU
padkage. Therefore, to use this function, SuperLU must be previoudy instaled
(following the diredions given in chapter one).

EigVec, EigvalR, EigVall and nconv are output parameters of AREig. EigVec isa
vedor that stores al eigenvedors squentidly (see diapter 5 o the gpendx).
EigvalR and Eigvall are used to store, respedively, the red and imaginary parts of
matrix eigenvalues. nconv indcaes how many eigenvdues with the requested
predsionwere ac¢ualy obtained.

Many other ARPACK++ parameters can be passed as arguments to AREig. Becaise
these other parameters were dedared as default arguments, they shodd be dedared
only if the user does nat want to use the default values provided by ARPACK++.

Defining a matrix in Compr ess Spar se Column for mat.

TheMatrix function below shows briefly how to generate asparse red norsymmetric
matrix in CSC format. See the definition o the ARTuNonSymMatrix and
ARumNonSymMatrix classesin the gpendix for further information on haev to crede a
matrix using this format.

n is an inpu parameter that defines matrix dimension. All other parameters are
returned by the function. A is a painter to an array that contains the noreero e ements
of the matrix. irow is avedor that gives the row index of ead element stored in A.
Elements of the same @lumn are stored in an increasing order of rows. pcol gives
integer paintersto the beginning of al matrix columns.

In this example, the matrix is tridiagonal”®, with dd on the main dagord, d1 on the
subdagona and du onthe superdiagondl.

* ARPACK ++ aso includes a band matrix classthat could have been used here. It was not used
since the purpose of the example is to show how to define a matrix using the CSC format.
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template<class FLOAT, class INT>
void Matrix(INT n, INT& nnz, FLOAT* &A, INT* &irow, INT* &pcol)
{

INT i, J;

// Defining constants.

FLOAT dd = -1.5;
FLOAT d1 = 4.0;
FLOAT du = -0.5;

// Defining the number of nonzero matrix elements.
nnz = 3*n-2;

// Creating output vectors.

A = new FLOAT[nnz];
irow = new INT[nnz];
pcol = new INT[n+1];

// Filling A, irow and pcol.
pcol[0] = O;

j=0;

for (i=0; il=n; i++) {

// Superdiagonal.

if (1 1= 0) {
irow[j] = i-1;
A[j++] = du;

// Main diagonal.

i;
dd;

irow[3j]
A[j++]

// Subdiagonal.
if (3 1= (n-1)) {

irow[3j] i+1;
A[j++] dil;

// Defining where the next column will begin.

pcol[i+1] = j;
}

} // Matrix.

Building the example.

To compile simple.cc and link it to some libraries, ARPACK++ provides a
Makefile file The user just neal to type the ommand
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make symsimp

However, some other files, such asMakefile.inc and include/arch.h, shoud be
modfied prior to compiling the example, in ader to corredly define seach
diredories and some macdhine-dependent parameters (see tapter one).

The AREig function.

AREig is a function intended to illustrate how to solve dl kinds of standard and
generdized eigenvadue problems, inasmuch as the user can store matrices in CSC
format. It isdefined in the examples/areig/areig.h file.

Actudly, areig.h contains one definition d the AREig function for ead dfferent
probem suppated by ARPACK. Thisis cdled function owerloading and is a very
used fedure of the c++language. One of the implementations of AREig (the one that
isused by the example defined in this chapter) is siown below.

template <class FLOAT>

int AREig(FLOAT EigValR[], FLOAT EigValI[], FLOAT EigVec[], 1int n,
int nnz, FLOAT A[], int dirow[], int pcol[], int nev,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

// Creating a matrix in ARPACK++ format.
ARTuNonSymMatrix<FLOAT> matrix(n, nnz, A, irow, pcol);

// Defining the eigenvalue problem.

ARTuNonSymStdEig<FLOAT> prob(nev, &matrix, which, ncv,
tol, maxit, resid, AutoShift);

// Finding eigenvalues and eigenvectors.

return prob.EigenValVectors(EigVec, EigValR, Eigvall);

As dated ealier, this function is intended to be smple axd easy to use. As a
consequence of its smplicity, many fedures provided by ARPACK++ dasses and
their member functions are nat covered by AREig. It canna be used, for example, to
ohtain Schur vedors, bu only eigenvalues and eigenvedors. The user dso canna
chocse anong severd output formats supdied by ARPACK++. Only the smplest
format can be used.

To owercome in part the limitations imposed by this very stringent structure, AREig
uses default parameters. These parameters can be ignored if the default values
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provided by ARPACK++ ae gpropriate, but the user can dso change their values at
his convenience maxit, the maximum number of Arnddi iterations alowed, and
which, the part of the spedrum that is to be computed, are just two o those
parameters. For a omplete description d dl ARPACK++ parameters, the user
shoud refer to the gpendx.

The verson d AREig depicted above mntains only three @mmands. The first one
dedares amatrix usng the ARTuNonSymMatrix function. The seand ore defines the
eigenvalue problem and sets the ARPACK++ parameters. The third command
determines eigenva ues and eigenvedors.

All of these wmmands may be used dredly (and in conjunction to aher
ARPACK++ functions and classes) so0 the user need nd to cdl AREig to solve an
elgenvaue problem. However, becaise this function is qute smpleto use, it may be
viewed as an interesting dternative to find eigenvalues of amatrix in CSC format.



Chapter

ARPACK++
classes and functions

Due to adgorithmic considerations concerning program efficiency and simplicity,
ARPACK divides eigenvalue problems into three main caegories. red symmetric,
red norsymmetric and complex. ARPACK provides a separate FORTRAN
subroutine for eat ore of these dasses.

In the c++library, these cdegories are subdvided further. ARPACK++ makes a
distinction between regular and generalized problems, due to the diff erent number of
matrices that charaderize them, so there ae six types of classes that can be used to
define egenvalue problems.

By dividing problems this way, ARPACK++ assures that ead type of problem
belongs to a dasswith minimal template aguments, reducing the compilation time
and the size of the programs. As a onsequence, ARPACK++ has a large number of
classes. On the other hand, the number of constructor parametersis snall.

Generdly, the user will be asked to define adense matrix or a matrix in compressed
sparse @lumn (CSC) or band format, or to supdy a matrix-vedor product y — OPx
in order to describe the egenvaue problem. The desired part of the spedrum must
also be spedfied.

ARPACK++ dasses and their computational modes are briefly described below.
Some of the problem charaderistics that can be defined by parameters passed to
constructors are dso presented, dong with a mmplete list of ARPACK++ functions.
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Eigenvalue problem classes.

ARPACK is an extensive padckage that supfies a variety of aternatives to hande
different regular and generdized eigenvaue problems. Whenever passble, advantage
is taken o spedal dructure or charaderigtics such as the symmetry of invaved
matrices, the type of its dements (if they are red or complex) and the spedra
transformation strategy used.

In this dion, ARPACK++ dasss are divided into three levels acording to the
amourt of information the user is required to supdy. For example, if a sparse matrix
is available, in the sense that its norzero eements can be put in a vedor, then ore
group d classes soud be used. Anather group d classes were made avail able for the
case the user can supdy only matrix-vedor products. Findly, athird groupshoud be
used if the user wants to evaluate matrix-vedor products by himsdlf instead of passng
them to ARPACK++ dasses constructors.

ARPACK++ dasses are summarized below. Some examplesthat clarify their use will
be presented in the next chapter, bu the user must refer to the ARPACK++ reference
guide below for a amplete description d them.

Classesthat require matrices.

Thefirst and most versatile group d ARPACK++ dassesis iown in the table below.
These dasses can be used to solve dl kinds of eigenvaue problems as long as the
noreero eements of matrices can be stored in compressed sparse @lumn or band
format, or sequentially ina nx n vedor if the matrix is dense.

Typeof matrix | typeof problem classname
red Standard ARIUSymStdEig
symmetric generai zed ARIuSymGenEig
red Standard ARIuNonSymStdEig
norsymmetric generdi zed ARIuNonSymGenEig
complex Standard ARluCompStdEig
not Hermitian generdi zed ARIuCompGenEig

Becaise dasss of this group wse ARPACK++ internd structure to perform metrix-
vedor products and solve linea systems (by dired methods), the kind d information
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that the user is suppcsed to supdy isminimal: just an oljed that belongsto ore of the
matrix classes provided by ARPACK++, besides the number of desired eigenvalues.
A list of avail able matrix classsis given later in this chapter.

Classes that require user-defined matrix-vector products.

Thisgroupincludes classes that permit the user to define matrix-vedor productswhen
noreero matrix elements cannd be passed dredly to ARPACK++. For ead
combination d matrix type, problem type and computational mode, there is a
different set of such products that must be suppied, asit will be described in the next
sedion.

To dlow these matrix-vedor products to have the same number of parameters
withou preventing them from sharing information with ather data structures, they
must be dedared as amember function d some spedfic matrix classes.

Typeof matrix | typeof problem classname
red standard ARNonSymStdEig
norsymmetric generalized ARNonSymGenEig
symmetric generalized ARSymGenEig
(Hermitian or nat) generai zed ARCompGenEig

These dases are dso useful if the user wants to buld an interface between
ARPACK++ and some other library that contains matrix classes. An example on hav
to crede such interfacewill be presented in chapter 5.

Rever se communication classes.

These dasses implement the so cdled reverse aomnunication interface (the interface
provided by the ARPACK FORTRAN code), and shoud be used orly if the user
wants to solve egenvaue problems withou passng any matrix information to
ARPACK++. In this case, the Arnddi processis interrupted ead time a matrix-
vedor product isrequired, o the user’ s code can perform the product.
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typeof matrix | typeof problem classname
red Standard ARrcNonSymStdEig
nonsymmetric generalized ARrcNonSymGenEig
red Standard ARrcSymStdEig
symmetric generai zed ARrcSymGenEig
(Hermitian ar nat) generali zed ARrcCompGenEig

Base classes.

All of the @ove dasses are derived from the lowest level base dasses ARStdE1ig,
ARGenEig, ARrcStdEig and ARrcGenEig. These dasses contan the most
fundamenta ARPACK++ variables and functions and are nat intended to ke used
diredly. But they can be useful if someone wants to buld his own classs related to
some spedfic problems.

Constructor parameters.

Choasing ore of the dasss listed abowe is nat the only requirement the user is
suppaed to med when defining an eigenvalue probdem. It is dso recessary to
provide information about the matrices that charaderize the problem, to furnish the
number of eigenvalues ought and to dedde how to stop the Arnddi method, for
example.

This additiona informationis usualy supdied to ARPACK++ by passng parameters
to the dass constructor when oljeds are being dedared. Although some dass
constructors include more parameters than ahers, most of them usudly require the
user to spedfy

» thedimension d the egenvalue problem, n;

 thenumber of eigenvaueto be mmputed, nev;

* one or two matrix oljeds, dependng on whether a standard o a generdized
problem is being solved.
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These parameters are essential, which meansthat one caond set up aproblem withou
defining them. Various other parameters are usudly defined interndly by
ARPACK++, bu the user may also supdy them when cdli ng the wnstructor. In this
cese, the default values are ignored. Among these optiona parameters, the most
important are:

* which, the part of the spedrum that shoud be mmputed;
ncv, the number of Arnddi vedors generated a ead iteration d ARPACK;

to1, therelative acerragy to which eigenvalues are to be determined;
* maxit, the maximum number of iterations all owed;

* resid, an garting vedor for the Arnddi process

Passng parameters through classcongtructors, as described abowe, is a very common
procedurein c++. It isdso a mmmon adiceto define morethan ore @nstructor for
ead class so the number of parameters required to define dlightly different problems
can be reduced to aminimum.

In the ARPACK++ library, al clases’ contain at least four different constructors: a
default constructor (with no @rameters), a opy constructor (to buld an eigenvaue
probem from ancather), a wnstructor that defines a problem in regular mode and a
anather one to solve problems using the shift and invert mode spedra transformation.
However, severd classes contain more than these four constructors.

The spedrd transformations avail able for eath class and the spedfic requirements
related to them will described later in this chapter. A detalled description d all
ARPACK++ dassparameters and constructors can be foundin the gpendx.

Matrix classes.

Eigenvalue problems arising in red applications are frequently charaderized by very
large and sparse matrices. Usudly, it is convenient to store such matrices in a dense
vedor, or using the emmpressed sparse @lumn (CSC) or band format to efficiently
perform the matrix-vedor products or solvethe linea systems required by the Arnddi
method. In such cases, the smplest way of defining a problem is to use some
predefined matrix classprovided by ARPACK++.

ARPACK++ contains $x classes that can be used to store sparse matrices, as sown
in the following table. They are divided acrding to two parameters. the library that
is used to solve linea systems and the presence of symmetry. Other two classs are

® Except those classified as pure base classes.
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provided for dense matrices. Red and complex data ae handed by the same dasses,
sinceARPACK++ usestemplatesto define them.

This classficaion parmits the user to supdy only the minimum amourt of
information that is necessry to charaderize a matrix. For example, only four
parameters are required to crede ared square norsymmetric band matrix: its
dimension, the upper and the lower bandwidth and a vedor that contains the matrix
elements that belong to the band. If the matrix is ymmetric, orly the upper or the
lower triangular norzero e ements must be furnished.

Someingtructionson haw to dedare matrices using these dasses are given in the next
chapter, which also describes how to define anew matrix classif nore of those listed
below can efficiently represent the problem being solved.

Library used matrix type classname
SuperLU symimetric ARIUSymMatrix
(CSC format) nonsymmetric ARIuNonSymMatrix

UMFPACK symimetric ARumSymMatrix
(CSC format) nonsymmetric ARumNonSymMatrix
LAPACK symmetric ARbdSymMatrix
(band format) nonsymmetric ARbdNonSymMatrix
LAPACK symmetric ARdsSymMatrix

(dense) nonsymmetric ARdsNonSymMatrix

Computational modes.

It is important to seled the gpropriate spedral transformation strategy for a given
problem. Some spedral transformations are required to solve generdized problems,
while others can be enployed to enhance onwvergence to a particular portion d the
spedrum. However, most of these transformations require the solution d linea
systems, so the user must be avare of the memory requirements related to eat ore of
them. Some cae must also be taken to asaure that the desired pation d the spedrum
iscomputed.
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In ARPACK++, these transformations are cdled computationd modes. ARPACK ++
classes contain a different constructor for eat computational mode, so the user must
seled ore of them when dedaring an oljed of aspedfic dass

ARPACK++ compuationd modes are listed bdlow. Some examples on haw to
define the right mode for a spedfic problem are given in the next chapter and in the
appendix. An exhaustive description d al avail able ARPACK modes can be foundin

[6].

Real symmetric standard problems.

There ae two divers desgned to solve aproblem in the standard form Ax = xA
with a red symmetric matrix A, depending on the portion d the spedrum to be
computed. One of these drivers $oud be sdeded when dedaring objeds of
ARSymStdEig, ARTuSymStdEig or ARrcSymStdEig ClasEs.

1. Regular mode.

This first driver is well suited to find eigenvaues with largest or smallest adgebraic
vaue, o egenvaues with largest or smadlest magnitude. Since this mode is
straightforward and daes nat require any data transformation, it only requires the user
to supdy A stored as a dense matrix, or in CSC or band format, or a function that
computes the matrix-vedor produwcty — Ax.

2. Shift-and-invert mode.

This driver may be used to compute egenvaues nea a shift o andis often used when
the desred egenvaues are dustered a na extreme. With this gedrd
transformation, the egenvaue probem is rewritten in the form

(A-ol)™*x=xv

It is easy to prove that v, the @genvalues of largest magnitude of OP = (A-al)™,
can be used to cdculate the egenvalues A that are neaest to o in absolute value. The
relation ketween them is v =1/(A —0) or A = o +1/v. Eigenvedors of bath the

origina and the transformed systems are the same, so no ladkward transformation is
required inthis case.

The mgjor drawbadk of this mode is the necessty of evaluating the matrix-vedor
prodwct y — OPX, which means that a function that solves linea systems invaving
(A-0l) must be available. This functionis provided internaly by ARPACK++ if
ARTuSymStdEig is being used, bu it must be defined by the user when ore of the
ARSymStdEig Or ARrcSymStdEig classesisemployed.
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Real symmetric generalized problems.

ARPACK++ dso provides three ¢asses, named ARSymGenEig, ARTuSymGenEig and
ARrcSymGenEig, to solve symmetric red generdized problems in the form
Ax = BxA . These dassesinclude four different modes that cen be sdeded acarding
to some problem charaderistics

1. Regular mode.

Asin the standard case, this mode is well suited to find eigenvalues with largest or
smalest adgebraic vaue or magnitude. Two matrix-vedor products are performed
(and must be supdied if ARSymGenEig Or ARrcSymGenEig are being used) in this
mode:

w — OPx =B™tAx
and
Z « Bx

The regular moce is effedive when B is ymmetric and pative definite but can na

be dficiently decomposed using a sparse Chdesky fadorization B= LL". If this
decomposition is feasible aad B is well condtioned, then it is better to rewrite the
generdized problem in theform

(L*ALTT)y = yA,

whereL"x =y, and wse ore of the dasses designed to solve standard problems.
Naturaly, in this case, ead matrix-vedor product (L™ AL™")z shoud be performed

in three steps, includng a produwct in the form w ~ Axand the solution d two
triangular systems.

2. Shift and invert mode.

To find eigenvalues nea a shift oin a generdized problem, it is necessry to
transform the problem into

(A-0B)"'Bx=xv.

After finding the agenvalues of largest magnitude for the &owve problem, the desired
originad eigenvalues are eaily obtained using the relation A =0 +1/v, as in the
standard case.

This transformation is dore aittomaticdly by ARPACK++, but the required matrix-
vedor products,y — OPz where OP = (A-0B) ™, andw — Bz, must be performed
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by the user if the dassbeing used is other than ARTuSymGenE1ig. Matrix B is suppased
to be symmetric positi ve semi-definite.

3. Buckling mode.

This mode can dso be used to find eigenvalues nea a shift . If Ax=Bx\A is
rewritten in theform

(A-0B) " Ax = xv,

the largest eigenvalues v of this gystem and the agenvaues of the origind problem
arerdated by A = ov /(v —1) . The matrix-vedor prodwcts invaved in this mode ae
y « OPz and w — Az, where OP =(A-0B)™. They ae requred by the
ARSymGenEig and ARrcSymGenEig classes. Moreover, matrix A must be symmetric
pasiti ve semi-definite.

4. Cayley mode.

In this last mode, to find eigenvalues nea a shift o, the sysem Ax=BxA is
transformed into

(A-0B)*(A+0B)x=xv.

The relaion between the largest eigenvalues of this gstem and the desired
eigenvaluesisgiven by A = o (v+1)/(v—-1) . Inthismode, matrix Bisregured to be
symmetric positive semi-definite.

Only the shift must be defined by the user if ARTuSymGenE1ig is being used. However,
threediff erent matrix-vedor products must be supdied to bah the ARSymGenEig and
the ARrcSymGenEig classes. These prodwctsare y — OPz, w —« Az and u — Bz,

where OP = (A-0B) ™.

Real nonsymmetric standard problems.

There ae dso two drivers for norsymmetric standard eilgenvaue problems. They are
handed by ARPACK++ das®s ARNonSymStdEig, ARTuNonSymStdEig and
ARrcNonSymStdEig.

1. Regular mode.

This driver can be used to find eilgenvalues with smallest or largest magnitude, red
part or imaginary part. It only requires the user to supdy the noreero structure of
matrix A or afunction that computes the matrix-vedor produwct y — Ax. Naturdly,
when computing eigenvalues of smallest magnitude, the user must consider dso the
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posshility of using A and the shift and invert mode with zero shift, becaise
ARPACK ismore dfedive d findng extrema well separated elgenvalues.

2. Shift-and-invert mode.

This driver may be used to compute @genvalues nea a shift o andis often used when
the desired eilgenvaues are nat extreme (seethe sedion onreal symnetric ssandad
problemsfor abrief description d this mode).

When class ARTuNonSymStdEig is being used, orly the shift must be furnished.
However, to use this gedra transformation combined with ore of the dass
ARNonSymStdEig Or ARrcNonSymStdEig, the user must supdy a function that
evaluates the matrix-vedor product

y « OPx=(A-al)™x

where ¢ is sippcsed to be red. To define a omplex shift, the user shoud use a
generdized driver or redefine the problem asa complex ore.

Real nonsymmetric generalized problems.

To find eigenvalues of norsymmetric generdized problems, the user can use one of
the three different modes wpgied by ARPACK++ das®es ARNonSymGenEig,
ARTuNonSymGenEig and ARrcNonSymGenEig. These modes differ on the part of the
spedrum that is ught. All of them require matrix B to be symmetric positive semi-
definite.

1. Regular mode.

Asin the symmetric case, to solve problems in regular mode the user can supgdy only
the noreero structure of matrices A and B in CSC format. As an dternative, it isaso
posshbleto supdy two functions: one that computes the matrix-vedor product

w « OPx = BAx

and aher that returnsthe product z — Bx. Again, thismodeiis effedive when B isiill -
condtioned (nealy singular) or when B canna be dficiently decmposed using a
sparse Chdesky fadorization B = LL" . If B iswell condtioned and can be fadored
then the nversonto astandard problem is recmmended.

2. Real shift and invert mode.

Thismode can be used to find eigenvaues nea ared shift 0. Only matrices A, B and
the shift o ae requred to use dass ARTuNonSymGenEig. When uwsing
ARNonSymGenEig or ARrcNonSymGenEig, the user must supdy two functions that
evauate the products:
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y « OPx=(A-0B)™x and w — Bx.
Seethe sedion abou symmetric problems for more detail s.

3. Complex shift and invert mode.

To find eigenvalues nea a ommplex shift oin a norsymmetric generalized problem,
ARPACK++ neadsto perform threediff erent matrix-vedor products.

y~OPx, v-Bx ad w< Ax,

where OP can be sat to the red or imaginary part of (A-aoB)™. The first two
products are used to find the @genvalues of largest magnitude of the problem

(A-0B)™"Bx=xv.

The last product is required to recover the egenvalues of the origind problem.
Becaise the relation etween v and A is nat bijedive in this case, the Rayleigh
gudient

A = x" Ax/x"Bx
is used to oltain the wrred eigenvalues.

These prodicts are internally performed if classARTuNonSymStdEig is being used.
Otherwise, they must be supgied by the user.

Complex standard problems.

If the egenvadue prodem Ax = XA has complex data, ore of the two divers of
classes ARCompStdEig, ARTuCompStdEig and ARrcCompStdEig shoud be used.
Thesedrivers are Smilar to those presented abowve, and are briefly described here.

1. Regular mode.

This driver can ke used to find eigenvalues with smallest or largest magnitude, red
part or imaginary part. y — Ax is the only matrix-vedor product required to solve a
problem in this mode. This produwct must be supdied if a dass other than
ARTuCompStdEig iSused.

2. Shift-and-invert mode.

Thisdriver may be used to compute egenvaues nea a mmplex shift o. When ore of
the ARCompStdEig or ARrcCompStdEig classes is being used, the user must supfdy a
function that eva uates the matrix-vedor product
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y « OPx=(A-oal)™"x

Complex generalized problems.

This is the last group d problems ARPACK++ is able to solve. The rrespondng
classs are cdled ARCompGenEig, ARTuCompGenEig and ARrcCompGenEig. These
clasesdso includestwo divers.

1. Regular mode.

When solving generdized problems in regular  mode withou using the
ARTuCompStdEig class the user is required to supfy two functions that compute the
matrix-vedor products

W< OPXxX=B*Ax and 2z Bx.

If ARTuCompStdEig is being used, A and B must be supdied as a dense matrix or in
band a compressed sparse wlumn format.

2. Shift and invert mode.

This mode can be used to find eigenvaues nea a ommplex shift o. When usng one
of the ARCompStdEig or ARrcCompStdEig classes, the user must supdy two functions
that evaluate the products

y « OPx=(A-0B)*x and w ~ BX.

Seethe sedionabou symmetric problemsfor more detail s.

ARPACK++ functions.

ARPACK++ dases contan severa member functions designed to supdy
information abou problem data, to change some parameters, to solve problems in
various computational modes and to return eigenvalues and eigenvedors. Most of
them are defined as virtud members of only fowr classes [0 ARrcStdEig,
ARrcNonSymStdEig, ARrcSymStdEig and ARrcCompStdEig [ and inherited or
changed by other derived classes. This procedure reduces the necessty of redefining
functions and permits the user to add his own classesto the library by only defining a
few congtructors.

The functions can ke divided acrding to their purposes into eight groups. These
groups are summarized below. Only a brief explanation d ead functionis given, so
the user shoud refer to the gopendx for amore mwmplete description d them.
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Generdly, an eigenvaue problem is st by passng al problem parametersto the dass
constructor. However, sometimes the parameters may nat be avalable when the
problem is dedared, so the user may be forced to define them later. The functions
listed below are intended to help the user in such cases.

DefineParameters

SetBucklingMode

SetCayleyMode

SetComplexSh1iftMode

SetRegularMode

SetShiftInvertMode

Sets the vaues of variables that are usudly passed as
parameters to classcongtructors.

Turns a generdized symmetric red problem into
buckling mode.

Turns a generdized symmetric red problem into
Cayley mode.

Turns a generdized norsymmetric red problem into
complex shift and invert mode.

Turns any eigenvaue problem into regular mode.

Turns any eigenvalue problem into shift and invert
mode.

Changing problem parameters.

Although changes in probdem data ae nat very common, they are dlowed by
ARPACK++ to permit the user to overcome some dypicd Stuations were program
fals to solve aproblem with the mode or other parameter previousy chasen. The
functionsthat can be used with this purpose ae:

ChangeMaxit
ChangeMul1tBx
ChangeMul1tOPx

ChangeNcv

ChangeNev
ChangeShift

ChangeTol
ChangeWhich

InvertAutoShift

Changes the maximum number of iterations all owed.
Changesthe functionthat performs the product Bx.
Changes the function that performs the product OPX.

Changes the number of Arnddi vedors generated at
ead iteration.

Changes the number of eigenvauesto be mmputed.

Turns the probdem into shift and invert mode (or
changes the shift if thismode is aready being used).

Changes the stoppng criterion.
Changes the part of the spedrum that is Sught.

Changes the shift seledion strategy used to restart the
Arnddi method.
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NoShift Turnsthe problem into regular mode.

Retrieving infor mation about the problem.

Some ARPACK++ functions can be helpful if one wants to knov which parameters
were enployed to solve an eigenvalue problem. They can be used, for example, to
buld aher functions that require information abou some detail s of the egenvalue
problem, such as the mmputational mode or the stoppng criterion adoped, withou
explicitly passng eat parameter in the function heading.

A list of the ARPACK++ functions that return problem datais given below. Some of
them are dso used in various examplesincluded in next two chapters.

GetAutoShift Indicaes if exad shifts are being used to restart the
Arnddi method.

GetMaxit Returns the maximum number of iterations al owed.

GetIter Returns the number of iterations adualy taken to
solve aproblem.

GetMode Returnsthe computation mode used.

GetN Returnsthe dimension d the problem.

GetNcv Returns the number of Arnddi vedors generated at
ead iteration.

GetNev Returns the number of required eigenvalues.

GetShift Returns the <hift used to define a spedrd
transformation.

GetShiftImag Returnsthe imaginary part of the shift.

GetTol Returnsthetoleranceused to dedare mnwvergence

GetWhich Returnsthe partion d the spedrum that was ught.

ParametersDefined Indicaes if dl probem parameters were @rredly
defined.

Deter mining eigenvalues and eigenvectors.

The most important and most frequently used ARPACK++ functions are listed
below. With them, ore can determine agenvaues, eigenvedors, Schur vedors or an
Arnddi basis.

Instead o containing one single function that solves the agenvaue problem,
ARPACK++ givesthe user various dternatives to determine and store just the desired
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part of the solution. There ae deven dfferent functions. Each ore stores a particular
group d vedorsusing aspedfic output format.

Thethreeoutput formats avail able ae used here to groupthe functions.
1. Functionsthat use ARPACK++ internal data structure.

This first group contains functions that solve the agenvaue problem and store the
output vedors into ARPACK++ interna data structure, so the user does nat neel to
worry abou how andwhere egenvalues and eigenvedors are stored.

The output data generated by these functions can beretrieved later by using one of the
severd functions described in the Retrieving eigenvalues and eigenvedors sedion
bel ow.

FindArnoldiBasis Determines an Arnddi basis.

FindEigenvalues Determines eigenva ues.

FindEigenvectors Determine egenvedors (and opgiondly Schur
vedors).

FindSchurVectors Determines Schur vedors.

2. Functionsthat store output data in user-supplied vectors.

Using functions of this s@nd group, it is possble to solve the agenvaue problem
and store the output datain user-supdied c++ standard vedors

Eigenvalues Returns the egenvaues of the problem being solved
and opiondly determines eigenvedors and Schur
vedors.

EigenValVectors Returns the egenvaues and eigenvedors of the given

problem (and opionaly determines Schur vedors).

Eigenvectors Return the agenvedors of the given problem (and
optiondll y determine Schur vedors).

3. Functionsthat generate objectsof the STL vector class.

Functions of this last group are used to solve the egenvalue problems and return
output datainto oljeds of the STL vedor class

Stl1ArnoldiBasisVectors Returnsan Arnddi basisfor the problem being solved.

St1Eigenvalues Returns a vedors that contains the egenvaues of the
given problem. Optiondly, Eigenvedors and Schur
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vedors can dso be determined and stored into
ARPACK++ interna data structure.

St1Eigenvectors Returns a vedor that sores squentidly the
eigenvedors of the problem being solved. Eigenvalues
(and opiondly Schur vedors) are dso determined and
stored internaly by ARPACK ++.

St1SchurVectors Returns a vedor that contains the Schur vedors of the
problem being solved.

Tracking the progress of ARPACK.

The FORTRAN verson d ARPACK provides a means to tracethe progressof the
computation d the egenvaues and eigenvedors as it proceals. Various levels of
output are avail able, from no ouput to vduminouws. This fedure is aso suppated by
ARPACK++ through the two functions li sted bel ow:

Trace Turnstracemode on.

NoTrace Turnstracemode off.

Executing ARPACK ++ step by step.

The revese cmrmunication interface clases requires the user to interad with
ARPACK++ and parform metrix-vedor products on request during the computation
of the egenvalue and eigenvedors.

However, to parform aproduwct, say y — Mx, ore neeals to knav where x is gored,
and aso where to pu y. The same ocaurs when the user deddes to supdy the shifts
for the implicit restarting of the Arnddi method he must know where to store the
shifts. Thiskind d informationis provided by the functions listed below.

GetIdo Indicaes the operation that must be performed by the
user between two successve cdl sto TakeStep.

GetNp Returns the number of shifts that must be supgied for
theimplicit restarting of the Arnddi method.

GetProd Indicaes where the product Bx is gored.

GetVector Indicates where x is gored when a product in the form
Mx must be performed.

GetVectorImag Indicaes where the imaginary part of the egenvalues

of the arrent Hessenberg matrix are stored.
PutVector Ind cates where to store the product OPXx (or BX).
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TakeStep Performs the caculations required between two
successve matrix-vedor products.

Detecting if the solution of the eigenvalue problem isavailable.
In various stuations, naably when solving the egenvaue problem step by step, the

user neals to find ou if the solution d the problem is drealy available, in arder to
proceal with his own computations. In such cases, ore of the functions listed below

shoud be used.

ConvergedEigenvalues Returns the number of eigenvaluesfoundso far.
ArnoldiBasisFound Indcaesif an therequested Arnddi basisisavail able.
EigenvaluesFound Indcaesif the requested eigenvaues are avall able.
EigenvectorsFound Indcaesif the requested eigenvedors are avail able.
SchurVectorsFound Indcaesif the requested Schur vedors are avail able.

Retrieving eigenvalues and eigenvectors.

Various functions contained in the Determining eigenvalues and eigenvedors sedion
abowe (FindEigenvalues and Eigenvectors arejust two o them) use ARPACK++
interna data structure to store part of the solution, a even the whde solution d the
eigenvaue problem.

This sdion contains sveral functions that permit the user to retrieve those output
vedors internaly stored by ARPACK++. The functions listed below can be used to
obtain from aparticular lement of an Arnddi basis vedor to avedor that contains all
eigenvedors gored sequentidly.

1. Functionsthat return vector eements.

For those people that do nd want to worry abou how and where to store egenvalues
and elgenvedors, ARPACK++ includes ome functions that permit dired accesto
every single dement of the output vedors. These functionsarelisted below.

ArnoldiBasisVector Returns one dement of an Arnddi basis vedor.
Eigenvalue Returns one of the “converged” eigenvalues.
EigenvalueReal Returns the red pat of an egenvaue (when the

problem isred and norsymmetric).

EigenvalueImag Returns the imaginary part of an eigenvaue (when the
problem isred and norsymmetric).
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Eigenvector

EigenvectorReal

EigenvectorImag

SchurVector

ResidualVector

Returns one dement of asingle agenvedor.

Returns the red part of one dement of an eigenvedor
(when the problem isred and norsymmetric).

Returns the imaginary part of one dement of an
eigenvedor (when the problem is red and
NOrsymmetric).

Returns one dement of a Schur vedor.
Returns one dement of theresidual vedor.

2. Functionsthat return pointersto vectors.

ARPACK++ dso includes functions that return vedor addresses instead of vedor
comporents. Thelr purpose is to permit the user to supdy eigenvaues and
elgenvedors (or any other vedor stored into ARPACK++ internd data structure) as
inpu parametersto aher functions

RawArnoldiBasisVector

RawArnoldiBasisVectors

RawEigenvalues

RawEigenvaluesImag

RawEigenvectors

RawEigenvector

RawSchurVectors

RawSchurVector

RawResidualVector

Returns a painter to a vedor that stores one of the
Arnddi basisvedors.

Returns a panter to avedor that contains the Arnddi
basis.
Returns a panter to a vedor that contans the

eigenvalues (or the red part of them, if the problem is
red and norsymmetric).

Returns a panter to a vedor that contans the
imaginary part of the eagenvaues, when the problem is
red and norsymmetric.

Returns a painter to a vedor that stores dl of the
elgenvalues conseadtively.

Returns a painter to a vedor that stores one of the
eigenvedors.

Returns a panter to a vedor that stores the Schur
vedors conseadtively.

Returns a painter to a vedor that stores one of the
Schur vedors.

Returns a panter to a vedor that contains the residual
vedor.
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3. Functionsthat return STL vectors.

There ae dso functions that return ouput vedors using the STL vector class
Besides St1Eigenvalues, St1Eigenvectors and St1SchurVectors, listed ealier
in this chapter, thisgroupaso includes

St1ArnoldiBasisVector Returns one of the Arnddi basisvedors.

St1EigenvaluesReal Returns the red part of the egenvaues, when the
problem isred and norsymmetric.

St1EigenvaluesImag Returns the imaginary part of the egenvalues, when
the problem isred and norsymmetric.

St1Eigenvector Returns ore of the egenvedors.

St1EigenvectorReal Returns the red part of an eigenvedor, when the

problem isred and norsymmetric.

St1EigenvectorImag Returns the imaginary part of an eigenvedor, when the
problem isred and norsymmetric.

St1SchurVector Returns one of the Schur vedors.
St1ResidualVector Returnsthe resdual vedor.



Chapter

Solving
eigenvalue problems

The purpase of this chapter isto show how easily one can define and solve egenvalue
problems using ARPACK++ dasss. There is no intent to cover every single
ARPACK++ detail here, bu only to stressthe most important charaderistics of ead
kind d classand function, and give some hints that shoud be followed by the user
when solving hisown problems.

Solving problemsin four steps.

As emphasized in chapter 3, ARPACK++ has a large number of clases and
functions. This profuson d classs is easy to judtify. It gives the user various
dternatives to define and solve e@genvaue problems withou having to pess extra
parameters when cdli ng constructors.

However, ore can easlly get confused when so many chaices are avail able, espedaly
when using the library for the first time. Therefore, the adions needed to define and
solve an eigenvaue problem using afew simple steps sal be enphasized:

Step One. First of dl, it isnecessary to crede one or more matrices using some user-
defined classor one of the eght matrix classes provided by ARPACK++. If the
user does nat want to represent amatrix by means of a dass he still can use the
revese omnunication interface bu this option is nat recommended and
shoud be mnsidered orly after discarding the previous aternatives.
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Step Two. Once aailable, these matrices must be used to dedare the egenvalue
problem. Other relevant parameters, such as the number of desired eigenvaues,
the spedrd transformation and the shift, shoud aso be defined.

Step Three. After that, the user must cdl one of the ARPACK++ functions
spedficdly designed to solve the agenvalue problem. EigenVvalVectors and
FindEigenvectors arejust two o thesefunctions.

Step Four. Findly, some other ARPACK++ function can aso be cdled to retrieve
output data, such as eigenvalues, eigenvedors and Schur vedors, if this was not
dore by the function used in the third step above.

Noticethat severa functions mentioned in the last chapter were nat included in these
steps. Functions whaose purpose is to change some of the problem parameters (such as
the tolerance or the maximum number of iterations) or turn onthe tracemode, for
example, are seldom used and, kecause of their seandary role, will be described orly
inthe gopendx.

Defining matrices.

From the user’ s paint of view, the hardest step in the list given abowe is the definition
of the matrices that charaderize the e@genvalue problem. This is particularly true
when the problem islarge.

The difficulty comes from the fad that, in arder to define amatrix, it is necessary nat
only to store its dements, bu aso to creae afunction that performs a matrix-vedor
produwct and, in the cae of a spedrd transformation is being used, to define how a
linea system shoud be solved.

Two dfferent schemes are provided by ARPACK++ to mitigate this difficulty: one
can wse apredefined class and let the library hand e the matrices, or use his own class
to define the required matrix-vedor products.

Infad, the reverse ommunicationinterface ca also be used, so it is even pasbleto
avoid completely the use of a c++ tassto store information abou the matrix. In this
case, the user is totadly free to dedde how matrix-vedor produwcts soud be
performed. However, becaise this liberty implies a much more complicaed code,
only thefirst two aternatives will be mnsidered inthis edion.

Using ARPACK ++ matrix classes.

The eaiest way to crede amatrix is to use ore of the aght predefined classes
provided by ARPACK++. These dasses dready contain member functions that
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perform metrix-vedor products and solve linea systems, so the user needs only to
suppdy matrix datain compressed sparse wlumn o band format in arder to use them
to define amatrix. A single vedor will sufficeif the matrix is dense.

The first example below ill ustrates how a red norsymmetric band matrix can be
dedared as an ARbdNonSymMatrix objed.

int n = 10000;

int nL = 6;

int nU = 3;

double* nzval = MatrixData().

ARbdNonSymMatrix<double> A(n, nL, nU, nzval);

In this example, n is the dimenson d the system, nL and nU are, respedively, the
lower and the upper bandwidth (nat considering the main dagondl), and nzval isa
vedor that contains al eements of the (nL+nU+1) noreero dagonals of A. This last
vedor isgenerated by functionMatrixData (not shown here).

Oncededared, A can be passed as aparameter to dl ARPACK++ dassesthat define a
nonsymmetric eagenvalue problem. However, snce dassARbdNonSymMatrix (like dl
other predefined matrix classes) uses a dired method to solve linea systems, ore
must take in acourt the memory that will be consumed if aspedral transformationis
employed.

The next example @ntains the definition d a sparse @mplex matrix using class
ARTuNonSymMatrix.

int n; // Matrix dimension.

int nnz; // Number of nonzero elements in A.

int* irow; // pointer to an array that stores the row
// indices of the nonzeros in A.

int* pcol; // pointer to an array of pointers to the
// beginning of each column of A 1in nzval.

complex<double>* nzval; // pointer to an array that stores the

// nonzero elements of A.

n = 10000;
CompMatrixA(n, nnz, nzval, irow, pcol);
ARTuNonSymMatrix<complex<double> > A(n, nnz, nzval, irow, pcol);

Here, CompMatrixA is a function that generates nnz, irow, pcol and nzval. These
four parameters, dong with n, are used to define matrix A. In addition to them, the
relative pivot tolerance and the @wlumn ardering that shoud be used to reducethefill -
ins that occur dwing the matrix fadorization can aso be passd to the
ARTuNonSymMatrix classcongtructor.
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L etting the user definea matrix class.

If nore of the matrix classes mentioned above meds the user’s requirements, ether
becaise the data structure is nat appropriate or due to the use of a dired method for
solving linea systems, anew classcan be defined from scratch. In this case, the dass
must contain some member functions that performs the matrix-vedor products
required by the Arnddi method.

Different clases with particular member functions must be aeded for eah
combination d matrix (red symmetric, red norsymmetric or complex) and
computational mode (regular, shift and invert, etc) used to solve the egenvalue
problem. To solve, in regular mode, a standard elgenvaue problem that invdves a
red norsymmetric matrix A, for example, ore neals to define amatrix classwith at
least one member functionthat performsthe product w — Av, as s1own below.

tempTlate<class T>
class MatrixWithProduct {

private:

int m, n; // Number of rows and columns.

public:

int nrows() { return m; }

int ncols() { return n; }

void MuTtMv(T* v, T* w); // Matrix-vector product: w = M*v,
MatrixWithProduct(int nrows, int ncols = 0) // Simple constructor.

nrows ;
(ncols?ncols:nrows) ;

}; // MatrixWithProduct.

The only condtionimposed to this classby ARPACK++ is that MultMv, the function
that performs the required matrix-vedor prodct, contains only two perameters. The
first parameter must be apainter to the vedor that will be multiplied by A, while the
seoond mrameter must supdy a painter to the output vedor. Thisisnat avery strong
restriction since any other information about the matrix, such as the number of rows
or columns, can be passed indiredly to Mu1tMv by using some dassvariables.

In the example &owve, parameters v andw are dedared as paintersto a cetain typeT,
alowing MatrixWwithProduct to represent bath single and doulbe predsion matrices.
Other two variables used by MultMv, m and n, are defined when the nstructor is
cdled.

® Naturally, default argumentge also allowed.
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Creating eigenvalue problems.

There ae two dfferent ways of dedaring an eigenvalue problem as an ARPACK++
ohed. The user can ether define dl problem parameters when creding the objed or
use adefault condtructor and define parameters later. Both dternatives are briefly
described below.

Passing parametersto constructors.

All information that is necessary to set up the @genvalue problem can be spedfied at
once when dedaring an oljed of the mrrespondng class For example, to find the
five egenvaues closest to 5.7+ 2.3 of a mmplex generdized problem using the shift
andinvert mode, the user can dedare an oljed of classARCompGenE+ig writing

ARCompGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(10000, 5, &P, &MatrixOP<double>::MultVet, &B,
&MatrixB<double>::MultVet, complex<double>(5.7, 2.3));

Here, 10000is the dimension d the system and MatrixOP<double>: :MultVet and
MatrixB<double>: :MultVet are functions that evaluate the prodicts (A—oB) v
and Bv, respedivdly.

The same @mplex problem mentioned abowe can be dedared in a more
sraightforward way if the ARTuCompGenEig classisused. In this case, after defining
A and B astwo ARTuNonSymMatrix objeds, orejust neadsto write

ARTuCompGenEig<double> EigProb(5, A, B, complex<double>(5.7, 2.3));

Red symmetric and norsymmetric standard and generali zed problems can be aeded
in an analogous manner.

Defining parameter s after object declaration.

There ae some caes where it is na necessary, and sometimes nat even convenient,
to supdy al problem information when dedaring an ARPACK++ ohjed. If some
parameter is nat avail able when problem is being dedared, for example, al data can
be pased to ARPACK++ later, as in the following red norsymmetric generalized
problem:

ARNonSymGenEig<double, MatrixOP<double>, MatrixB<double> > EigProb;

/] ...

EigProb.DefineParameters (100, 4, &0P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);
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EigProb.SetShiftInvertMode(1.2, &P, &MatrixOP<double>::MultVet);

In this example, the shift and invert mode will be used to find 4eigenvaues nea 1.2.
The dimenson d the problem is 100 and matrix-vedor products are functions of
clases Matrix0P<double> and MatrixB<double>. The first line ony dedares an
obed cdled EigProb. In the last two lines, al ARNonSymGenEig parameters are
defined, including the spedral transformation mode.

Solving problems and getting output data.

Once dedared an eigenvaue problem, ARPACK++ provides sverd dternatives to
retrieve its slution. These dternatives are briefly described below.

L etting ARPACK ++ handle data.

When solving an eigenvaue problem, ARPACK++ can hdd the output vedorsin its
own cata structure, so the user does nat need to dedde where they shoud ke stored. In
this case, eath single dement of the agenvalues and eigenvedors can be remvered
later using some functions provided by ARPACK++, asin the foll owing example:

// Finding and printing a few eigenvectors of EigProb.
EigProb.FindEigenvectors();

for (int i=0; i<EigProb.ConvergedEigenvalues(); i++) {
cout << “Eigenvalue[” << (i+1) << “] = “;
cout << EigProb.Eigenvalue(i) << endl;
cout << “Eigenvector[” << (i+1) << “1 : “;
for (j=0; j<EigProb.GetN(Q); j++) {
cout << EigProb.Eigenvector(i, j) << endl;
}

cout << endl;

Here, FindEigenvectors isafunction that determines eigenvaues and eigenvedors
of aproblem defined by EigProb, and store them into ARPACK++ interna structure.
ConvergedEigenvalues returns the number of eigenvaues found ty ARPACK++.
To retrieve output data, functions Eigenvalue and Eigenvector were used’.

ARPACK++ dso includes other functions that return vedor addresses instead o
vedor edements. These functions provide dired access to ouput data withou
requiring the user to creae avedor. They are well suited to thase situations where

" Schurvector andResidualVector are other functions that could be used.
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eigenvaues and eigenvedors must be supdied as parameters to ather functiors.
RawE1igenvector, oreof such functions®, is used in the example below:

// ...

EigProb.FindEigenvectors(); // Finding eigenvectors.

double* w = new double[EigProb.GetN()]; // Defining a vector w.
A.MultMv(EigProb.RawEigenvector(0), w); // Setting w <- matrix*Eigenvector
// ...

In this example, A, a matrix dedared elsewhere in the program, is multiplied by the
first eigenvedor of an eigenvaue problem defined by EigProb. A.MultMv, the
function that performs the product, takestwo pantersto doube preasionred vedors
as parameters. ARPACK++ function GetN is used to determine the dimension d the
problem.

Employing user-defined data structure.

ARPACK++ dso permits the user to use his own vedors to store the solution d an
eigenvaue problem. As an example, a function cdled EigenvalVectors is used
beow to determine the nconv eigenvalues and eigenvedors of a red norsymmetric
standard problem (represented by EigProb). Smilar functions can ke used to find
Arnddi basisvedors, Schur vedors, etc.

double EigvalR[10];
double EigvalI[10];
double EigVec[1100];
int nconv;

nconv = EigProb.EigenValVectors(EigVec, EigValR, EigvalIl);
for (int 1=0; i<nconv; i++) {

cout << “Eigenvalue[” << (i+1) << “] = “;

cout << EigValR[i] << “ + “ << EigValI[i] << “I” << endl;
}

SinceEigProb isanomsymmetric problem and, in this case, some of the egenvalues
can be omplex, two red vedors, EigvalR and Eigvall, are used to store,
respedively, thered andimaginary part of the eagenvaues.

The agenvedors are stored sequentidly in Eigvec. Red egenvedors ocaupy n
successve pasitions’, while eab complex eigenvedor require 2*n pasitions (n for the
red part and ancther n for the imaginary part of the vedor). Sincethe last eigenvedor
found ly EigenvalVectors can be complex, Eigvec must be dimensioned to store
(nconv+1)*n elements.

8 Other functions with similar meaning &avEigenvalues andRawSchurVector.
° Here,n is the dimension of the system.
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Using the STL vector class.

Last but nat least, ARPACK++ can store agenvaues and eigenvedors using the
vector classprovided by the Sandad Template Library (or STL).

STL isalibrary that provides an easy and paverful way to hande vedors, linked lists
and dher structuresin c++ Among its classes templates, orly thevector classcan be
considered appropriate to store the dense vedors generated as output by ARPACK ++.
Thisclassis used in the example below:

prob.St1Eigenvectors();
prob.StTEigenvalues();

vector<double>* EigVec
vector<double>* EigVal

for (int i=0; i<prob.ConvergedEigenvalues(); i++) {
cout << “Eigenvaluel[” << (i+1) << “] = “ << Eigval[i] << endTl;

}

In this example, St1Eigenvectors nat only finds the agenvedors of a problem
cdled prob, bu also credes anew oljed of classvector to store them sequentially,
returning a painter to this vedor in Eigvec. Eigva is used to store the painter
generated by St1Eigenvalues. The number of eigenvalues found ty ARPACK++ is
supgdied by function ConvergedEigenvalues.

Finding singular values.

ARPACK++ can dso be used to find the truncated singuar value decmpostion
(truncated S/D) of a generic red redangular matrix. Suppasing, for example, that A
isa mx x matrix, the truncated SVD is ohtained by decompasing A into the form

A=UzVT

where U and V are matrices with athonama columns, U'U =V'V =1 _, and
> =diag(o,,0,,...,0,) isadiagond matrix that satisfieso, 20, 2--->20,20.

Each dement o, is cdled a singdar value of A, while eab column o U is a left
snguar vedor andead column o Visaright snguar vedor of A.

To use ARPACK++ to oltain afew singular values (and the crrespondng singular
vedors) of A, ore shodd ndicethat 0,,0,,...,0, are predsely the square roats of

the agenvalues of the symmetric n x n matrix
ATA=VZUTUZVT =V’

and, in this case, the égenvedorsof AT A aretheright singular vedors of A.
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Naturdly, this formulation is gppropriate when mis greder or equal to n. To solve
problems where m<n, it is sifficient to reverse the roles of A and A" in the @owe
equation.

When the singular values obtained by ARPACK++ ae nat multiple or tightly
clustered, numericdly orthogond |eft singular vedors may adso be ammputed from the
right singular vedors using the relation:

U=Avz?t,
Asan dternative, ore can usetherdation

0o ADVUO O

dar otV HR/E>

to determine the left andright leading singular vedors smultaneoudly. In this case, no
transformationis required sincethe mlumns of U and V can be eaily extraded from
the conwverged eigenvedors of

00 AQg

A=Bar off

In view of thefad that A hasbath o, and - o, as eigenvalues, it isimportant to set

the which variable to “LA” when cdling ARPACK++, so orly the paostive
eigenva ues (thase with largest dgebraic vaue) are mmputed.

The magor drawbadk of this approach is related to the fad that A is an
(m+n) x (m+n) matrix, while A" A contains only n* elements. Even considering
that the sparse matrix-vedor products Av and A" Av require the same amourt of
float paint operations, the Arnddi vedors generated a eadt iteration d ARPACK are

greder when A is used. Moreover, setting which to “LM” is generdly better than
using “LA”.

As aresult, in most cases it is better to use ATA than A. Exceptions to this rule
ocaur only when the leading eigenvaues of A are very tightly clustered.

Using the ARSymStdE-ig class.

ARPACK++ dassARSymStdEig can be eaily adapted to solve SVD problems. This
is particularly true if ARTuNonSymMatrix, ARumNonSymMatrix, ARdsNonSymMatrix
or ARbdNonSymMatrix is used to store matrix A, becaise these dasses contain three
member functions, MultMtMv, MultMMtv and Mu1tOMMtO, that perform, respedively,

theproducts A" Av, AA"v and A .vfor agivenv.
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Suppaing, for example, that vedorsvalA, irow and pcol are used to store Ain CSC
format, so ARTuNonSymMatrix can be used to define the matrix, the following
commands are sufficient to find the four leading singular values of A.

// Using ARTuNonSymMatrix to store matrix A and to perform the product
// A'Ax (LU decomposition is not used, so SuperLU is not required).

ARTuNonSymMatrix<double> A(m, n, nnz, valA, irow, pcol);
// Defining the eigenvalue problem (MultMtM 1is used, so m >= n).

ARSymStdEig<double, ARTuNonSymMatrix<double> >
prob(n, 4, &\, &ARTuNonSymMatrix<double>: :MuTtMtMv);

// Finding eigenvalues.

double svalue[4];
dprob.Eigenvalues(svalue);

// Calculating the singular values.
for (i = 0; i1 < prob.ConvergedEigenvalues(); i++) {

svalue[i] = sqrt(svaluel[il);

}

Other interesting examples where ARPACK++ is used to find singular values and
vedors can befoundinthe arpack++/examples diredory.
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ARPACK++ examples

This chapter contains ®me examples on hav to use ARPACK++. The purpose of
these examples is to ill ustrate the mgor charaderistics of the software and to clarify
the steps required to find elgenval ues and elgenvedors mentioned in the last chapter.

Several combinations of matrix classes, eigenvalue problems and ouput functions are
considered here. Problemswhere ARPACK++ matrix classes were used are presented
first, followed by some examples that invdve user-defined matrix-vedor products
and the reverse ommunicaion interface Some drategies to buld an interface
between ARPACK++ and aher libraries are dso lriefly mentioned.

The examples diredory.

The problems mentioned in this chapter are dso dstributed as examples dong with
ARPACK++ code. The arpack++/examples diredory contains $sme subdredories
0O such assuperlu, product, umfpack, harwell, dense, band and reverse [J that
include several sample programs covering all available spedra transformations for
red symmetric, red norsymmetric and complex problems. Althowgh the purpose of
these programs is only to ill ustrate ARPACK++ usage, they can dso be enployed to
crede new problems. The user just neeal to replacethe matrix data or the matrix-
vedor product functions.

Someingtructions on haw to runthese examples are given in README filesincluded in
al of the example diredories. The required Makefiles are dso supdied. However,
prior to compiling the programs, some modficdions $oudd ke made to the
Makefile.inc file in ader to corredly define the wmpiler and the path o the
libraries referenced by ARPACK++.
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Using ARPACK++ matrix structure.

Complex and red symmetric and norsymmetric dgenvalue problems can be eaily
solved by ARPACK++ when matrix eements are stored in compressed sparse
column (CSC) or band format (or sequentidly in a vedor, if the matrix is dense). In
this case, orly a few commands are required to oltain the desired eigenvaues and
eigenvedors. To ill ustrate this, threedifferent examples were included in this sdion.
Inthefirg, ared symmetric generdized problem is slved by using the Cayley mode.
The seand contains a @mplex standard problem that is lved in regular mode.
Findly, ARPACK++ isaso used to find some singular values of ared norsymmetric
matrix.

Solving a symmetric gener alized eigenvalue problem.

In this first example, the Cayley mode™ is used to find the four eigenvalues nearest to
150 d a generdized symmetric problem in the form Ax = BxA , where A is the one-
dimensiond discrete Lapladan onthe interva [0, 1], with zero Dirichlet boundry
condtions, and B is the massmatrix formed by using piecavise linea eements onthe
same interval. Both matrices are tridiagondl. This example is very similar to the one
foundin the examples/band/sym/bsymgcay. cc file

1. Generating problem data.

Before generating A and B, it is worth ndicing that, being symmetric, these matrices
can be perfedly charaderized by their upper or their lower triangular part. Therefore,
some memory can be saved if nat al of their elements are stored.

Two functions, MatrixA and MatrixB, will be used here to crede A and B,
respedively. These functions have two inpu parameters:

e n,thedimension d the system; and
e uplo, aparameter that ind caeswhich part of the matrix will be suppied;

andtwo ouput parameters,

e nD, the number of upper or lower noreero dagonds (nat including the main
diagord);
* A, apanter to avedor that contains the noreero matrix e ements.

These output parameters are the minimum amourt of information required by
ARPACK++ to store amatrix as an ARbdSymMatrix objed, so it can be used later to
crede an eigenvaue problem.

1% See chapter 4 for a description of all computational modes available in ARPACK++.
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Sincethe dimension d the vedor pointed by A depends on nD, a parameter that is not
known in advance by the user, MatrixA and MatrixB aso alocae memory for this
vedor, as $1own below.

template<class FLOAT, class INT>
void MatrixA(INT n, INT& nD, FLOAT* &A, char uplo = 'L")
{

// Declaring internal variables.

INT i;
FLOAT h, df, dd;

// Defining constants.

h = 1.0/FLOAT(n+1); // mesh size.
dd = 2.0/h; // using 2/h instead of 2/hA2.
df = -1.0/h; // using 1/h instead of 1/hA2.

// Defining the upper (or lower) bandwidth.

// Creating output vector A.
A = new FLOAT[2*n];
if (uplo == 'L") { // Storing the lower triangular part of A.
for (i=0; i<n; i++) {
A[2*1] = dd; // Main diagonal element.

if (n-i-1) A[2*i1+1] = df; // Lower diagonal element.
}

}
else { // Storing the upper triangular part of A.
for (i=0; i<n; i++) {
if () A[2%i] = df; // Upper diagonal element.
A[2*%i+1] = dd; // Main diagonal element.

}

}
} // MatrixA.

template<class FLOAT, class INT>
void MatrixB(INT n, INT& nD, FLOAT* &A, char uplo = 'L")
{

// Declaring internal variables.

INT i;
FLOAT h, df, dd;

// Declaring constants.

h = 1.0/FLOAT(n+1);
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dd
df

(4.0/6.0)*h;
(1.0/6.0)*h;

// Defining the upper (or lower) bandwidth.

// Creating output vector A.
A = new FLOAT[2*n];

if (uplo == "L") { // Storing the upper triangular part of B.

for (i=0; i<n; i++) {

A[2*%1] = dd; // Main diagonal element.
if (n-i-1) A[2*i1+1] = df; // Lower diagonal element.
}
}
else { // Storing the upper triangular part of B.
for (i=0; 1i<n; i++) {
if (i) A[2%i] = df; // Upper diagonal element.
A[2*%i+1] = dd; // Main diagonal element.
}

}
} // MatrixB.

MatrixA and MatrixB were defined here a function templates. The first template
parameter, FLOAT, permits the function to creae bath single and doulbe predsion
matrices. The seond @rameter, INT, represents the integer type used and must be set
toint or Tong 1int.

Sincethese functions do nd make dea how a band symmetric matrix can be stored
inasinglevedor, thiswill beill ustrated by the example given below.

Consider the matrix

@, a, a; 0 0 00
E%121 8y 8y 8y 0
M = %31 8 8y 8y a3 0 EL
U] 0 a, 8,3 9y QG ]
20 0 Ay Au as Ak
00 0 0 ay ag agQ

M is ageneric 6x 6 symmetric band matrix, with bandwidth 5,i.e. with 5 norzero
diagonals. Due to the symmetry, elements &; and a; are eyual, which means that only
the upper or lower noreero diagonds of M arerequired to describeit.
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Rewriting the 3 upper noreero dagonds (including the main dagond) of M as a
redangular 3x 6 matrix, oreohtans.

BO 0 a; a, as a46%
Mipe =00 @ @3 83 8 e[
B 8n & 84 s 8

Noticethat afew zeros were introdwced in Myppr, due to the fad that some diagonels
cortain more dements than athers.

Once My is avail able, it is easy to store this matrix, by columns, in asingle vedor,
Y My

Mupper = [0 o ail 0 a12 a22 a13 a23 a33 a24 a34 a'44 a35 a45 aSS a46 a56 a66] '

A very smilar procedure can be used to store the lower triangular part of M. In this
case, @ 3x 6 redangular matrix Miower and avedor M., are generated, as own

bel ow:

B % By A A Bk
Miwer =[B21 83 &3 8 85 0
o a, a; 8, 0 O0f

Mlovver = [all aZl a3l a'22 a32 a42 a33 a43 a'53 a44 a'54 a64 a55 a65 0 a66 0 0] '

Both functions, MatrixA andMatr1ixB, permitsthe user to chocse between storing the
lower or the upper triangular part of the matrix. If this informationis nat supdied by
theuser, uplois &tto’L’.

2. Defining the main program.

Once MatrixA and MatrixB are available, it is now easy to write aprogram that
solves an eilgenvaue problem in Cayley mode.

A smple xample is $hown below. In this example, after cdling bath functions
defined abowve, matrices A and B are dedared as two ARbdSymMatrix objeds. Then,
class ARTuSymGenEig is used to crede a generalized problent, prob. Finaly,
function EigenvalVectors iscdled to determine @genvalues and eigenvedors.

The parametersthat are passed to the wnstructor of ARTuSymGenEig are:

™ Since AR1uSymGenEig cdls the SuperL U library to solve the linea system (A-oB)w = v when
the Cayley mode is being used, this library is supposed to be available.



52 ARPACK++

The omputationd mode that shoud be used to solve the probem ('C is
passed, which meansthat the Cayley modeisto be used);

The number of eigenvalues ©ught (nev);

The matrices that define the problem (A and B); and

The shift (150.0.

#include "arbsmat.h" // ARbdSymMatrix definition.
#include "arbgsym.h" // ARTuSymGenEig definition.

main()
{
// Declaring input variables;
int n; // Dimension of the problem.
int nev; // Number of eigenvalues sought.
int nsdiagA; // Lower (and upper) bandwidth of A.
int nsdiagB; // Lower (and upper) bandwidth of B.
double* valA; // pointer to an array that stores the nonzero
// elements of A.
double* valB; // pointer to an array that stores the nonzero

// elements of B.

// Creating matrices A and B.

n

= 100;

MatrixA(n, nsdiagA, valA);
ARbdSymMatrix<double> A(n, nsdiagA, valA);

MatrixB(n, nsdiagB, valB);
ARbdSymMatrix<double> B(n, nsdiagB, valB);

// Defining the eigenvalue problem.

nev

= 4;

ARTuSymGenEig<double> prob('C', nev, A, B, 150.0);

// Declaring output variables.

int

double* EigVal
double* EigVec

nconv; // Number of converged eigenvalues.
new double[nev]; // Eigenvalues.
new double[nev*n]; // Eigenvectors.

// Finding and storing eigenvalues and eigenvectors.

nconv = prob.EigenValVectors(EigVec, EigVal);
// ...
} // main.

In this example, the four eilgenvalues neaest to 150 are determined and stored in
Eigval. The correspondng eigenvedorsare dso stored sequentidly in an array cdled
EigVec.



ARPACK++ EXAMPLES 53

EigVec was dimensioned here to store n*nev dements, where nev is the number of
eigenvedors and n is the dimenson d ead ore of them. For complex problems, a
complex vedor with nev¥n eements is aso sufficient. On the other hand, red
norsymmetric problems requre ared vedor with (nev+1)*n comporents, since
some of the egenvedors might be cmplex (seethe description d EigenvalVectors

inthe gopendx).

Solving a complex standard eigenvalue problem.

To illustrate how to dedare and solve aproblem where the matrix is supdied using
the compressed sparse wlumn format, a standard complex eigenvalue problem will
now be @nsdered. In this example, the regular mode is used to find the four
eigenvaues with largest magnitude of the block tridiagona matrix A derived from the
cantrd-differencediscretization d the two-dimensiona convedion-diffusion operator

—Au+plu

on the unit square [0,] x[0,1], with zero Dirichlet boundry condtions. Here, A
represents the Lapladan operator, and O the gradient. p isa wmplex parameter. A

smilar example can be found in the examples/superlu/complex/Tcompreg.cc
file

1. Generating problem data.

A function, cdled MatrixA, will be used here to generate A in CSC format. This
matrix has the form:

O
_|
|
o
o
I |

At . . T -1f

Ho - 0 -1 TH

where h isthe mesh size, | is the identity matrix and T is atridiagonal matrix with 4
on the main dagord, (-1-ph/2) on the subdagonal and (-1+ph/2) on the
superdiagordl.

MatrixA hasonly oneinpu parameter:
s nx,themeshsize
andfive output parameters,

e n,thematrix dimension;
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* nnz, the number of noreero dementsinA;

* A, apanter to avedor that contains al norzero matrix elements,

* irow, a panter to a vedor that contains the row indces of the noreero
elements goredinA; and

* pcol, a panter to a vedor that contain panters to the first eement in ead
column stored in A and 1 row.

These output parameters will be used later to store matrix A as an ARTuNonSymMatrix

obed.

Asinthefirst example of this chapter, afunctiontemplateis used to defineMatrixA:

template<class FLOAT, class INT>
void MatrixA(INT nx, INT& n, INT& nnz, complex<FLOAT>* &A,

{

INT* &irow, INT* &pcol)

// Declaring internal variables.

INT

i, 3, k, id;

complex<FLOAT> h, h2, dd, d1, du, f;

// Defining constants.

const
const
const
const

h
h2
-F
dd
dl
du

complex<FLOAT> half(0.5, 0.0);
complex<FLOAT> one(1.0, 0.0);

complex<FLOAT> four(4.0, 0.0);
complex<FLOAT> rho(1.0e2, 0.0);

one/complex<FLOAT>(nx+1, 0); // mesh size.
h*h ;

-one/h2;

four/h2;

f - half*rho/h;

f + half*rho/h;

// Defining the number of columns and nonzero elements 1in A.

n
nnz

nx*nx;
(5*nx-4)*nx;

// Creating output vectors.

A
irow
pcol

new complex<FLOAT>[nnz];
new INT[nnz];
new INT[nx*nx+1];

// Defining matrix A.

pcol[0] = O;
J = 0;
id = 0;

for (k=0; k'!=nx; k++) {
for (i=0; il=nx; i++) {

if (k) {
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irow[j] = id-nx;

Alj++] = f; // A(i-nx,i) = f.
}
if () {

irow[j] = id-1;

A[j++] = du; // AGi-1,1) = du.
}
irow[3j] = id;
A[j++] = dd; // AGi,i) = dd.
if (il=(nx-1)) {

irow[j] = id+1;

A[j++] = dT; // ACGi+1,1) = dl.
}
if (k!=(nx-1)) {

irow[j] = id+nx;

Alj++] = f; // ACi+nx,i) = f.
}

pcol [++id]
}
}

} // MatrixA.

1
(G )

2. Defining the main program.

Now that the matrix datais avail able, it istime to write the main program. To crede a
complex standard eigenvaue problem, two ARPACK++ dasses will be required.

One, ARTuNonSymMatrix, to define A as the matrix represented by {n, nnz, valA,

irow, pcol}, andthe other, ARTuCompStdEig, to dedare prob as the probem to be
solved and to set some parameters.

As sown bdow, orly two paameters ae pased to the ndtructor of
ARTuCompStdEig in this case. The first is the number of desired eigenvaues. The
seoond is the matrix. No aher information is required, since the default vaues
supdied by ARPACK++ for the other parameters are adequete.

#include "arInsmat.h" // ARTuNonSymMatrix definition.
#include "arlscomp.h" // ARTuCompStdEig definition.

main()

{

// Declaring problem data.

int nx;

int n; // Dimension of the problem.

int nnz; // Number of nonzero elements in A.

int* irow; // pointer to an array that stores the row
// indices of the nonzeros in A.

int* pcol; // pointer to an array of pointers to the

// beginning of each column of A 1in valA.
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complex<double>*  valA; // pointer to an array that stores the
// nonzero elements of A.

// Creating a complex matrix.

nx = 10;

MatrixA(nx, n, nnz, valA, 1irow, pcol);
ARTuNonSymMatrix<complex<double> > A(n, nnz, valA, irow, pcol);
// Defining the eigenvalue problem.

ARTuCompStdEig<double> prob(4, A);

// Declaring output variables.

vector<double>* EigVal; // Eigenvalues.
vector<double>* EigVec; // Eigenvectors.

// Finding eigenvalues and eigenvectors.

EigVec = prob.StlEigenvectors(Q);
EigVal = prob.Stl1Eigenvalues();
// ...

} // main.

In this example, the four eigenvalues and the @rrespondng eigenvedors with largest
magnitude of A were found ly using function St1Eigenvectors. The egenvedors
were stored sequentidly in an STL vedor cdled Eigvec, which was internaly
dimensioned by ARPACK++ to store 4*n elements. St1Eigenvalues was used to
storethe egenvaluesinEigval.

As it will become dea in the Working with user-defined matrix-vedor products
sedion kelow, it is nat necessary for the user to supfdy arrays such as Eigvec and
EigVal when solving eigenvalue problems. ARPACK++ can hende egenvaues and
elgenvedors using its own data structure. In this case, FindEigenvectors shoud
replaceSt1Eigenvectors, and ore of the several output functions provided by the
software (Eigenvalue and RawEigenvector are just two examples) used to recover
the solution.

Solving truncated SVD problems.

Inthelast example of this sedion, ARPACK++ will be used to oltain the some of the
sngular vaues of a red norsymmetric matrix. As described in chapter four, the
truncaed singular value decompasition d a generic red redangular matrix A can be
obtained by findng the agenvaues and eigenvedors of the symmetric nxn matrix
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ATA *2. In this case, the @genvalues of this matrix are predsely the singular values of
A squared, whil e the egenvedors are theright singular vedors of A.

1. Generating problem data.

A function template, RectangularMatrix, is used below to generate avery smple
2n x n matrix intheform

.00
M)

where T isatridiagond matrix with 4 onthe main dagond, 1 onthe subdagond and
2 onthe superdiagondl.

Thefunctiontakes oneinpu parameter:
e n, thenumber of columnsof A,
andreturn five parameters:

* m, the number of rows of A,

* nnz, the number of noreero dementsin A,

e A, apanter to avedor that contains al norzero matrix eements,

e irow, a panter to a vedor that contains the row indces of the noreero
elements goredinA; and

e pcol, a panter to a vedor that contain panters to the first element in ead
column stored in A and 1 row.

template<class FLOAT, class INT>

void RectangularMatrix(INT n, INT& m, INT& nnz, FLOAT* &A,
INT* &irow, INT* &pcol)

{

// Declaring 1internal variables.

INT i, J;
FLOAT dd, d1, du;

// Defining constants.
dl

dd
du

N A
[oNoNe)

// Defining the number of rows and nonzero elements in A.

nnz = n%6-2;

12 Suppasing that m is greaer or equal to n. If m < n, AA" must be formed instead of A'A. For a
complete description of all schemes provided by ARPACK++ to find singuar values and vedors,
the user should refer to chapter four.
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m = n*2;

// Creating output vectors.

A = new FLOAT[nnz];
irow = new INT[nnz];
pcol = new INT[n+1];

// Defining A.

pcol[0] = O;
j=0;

for (i=0; il=n; i++) {

if (1= 0) {
irow[j] = i-1;
A[j++] = du;

}

irow[j] = 1;

A[j++] = dd;

irow[j] = i+1;

A[j++] = d1;

irow[j] = i+n-1;

Alj++] = d1;

irow[j] = i+n;

A[j++] = dd;

if (1= (n-1)) {
irow[j] = i+n+1;
A[j++] = du;

}

pcol[i+1] = j;

}

} // Rectangular matrix.

2. Defining the main program.

The main program listed below shows how to find some of the largest and smallest
singular values of A, and haw the two-norm condtion number of the matrix cen be

cdculated.

#include "arssym.h" // ARSymStdEig class definition.
#include "arlnsmat.h" // ARTuNonSymMatrix class definition.
#include <math.h> // sqrt function declaration.

main()

{

// Declaring variables;
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int m; // Number of rows 1in A.

int n; // Number of columns in A.

int nnz; // Number of nonzero elements in A.

int nconv; // Number of “converged eigenvalues”.

int* irow; // pointer to an array that stores the row
// indices of the nonzeros in A.

int* pcol; // pointer to an array of pointers to the
// beginning of each column of A in valA.

double* valA; // pointer to an array that stores the
// nonzero elements of A.

double cond; // Condition number of A.

double svalue[6] // Singular values.
// Creating a rectangular matrix with m = 200 and n = 100.

n = 100;
RectangularMatrix(n, m, nnz, valA, {irow, pcol);

// Using ARTuNonSymMatrix to store matrix information
// and to perform the product A'Ax.

ARTuNonSymMatrix<double> A(m, n, nnz, valA, irow, pcol);
// Defining the eigenvalue problem.

ARSymStdEig<double, ARTuNonSymMatrix<double> >
prob(n, 6, &\, &ARTuNonSymMatrix<double>::MultMtMv, "BE");

// Finding eigenvalues.
nconv = prob.Eigenvalues(svalue);
// Calculating singular values and the condition number.

for (int 1=0; i<nconv; i++) svalue[i] = sqrt(svaluel[i]);
cond = svalue[5]/svalue[0];

// ...
} // main.

In this program, the output parameters generated by function RectangularMatrix
were used to store matrix A as an oljed of classARTuNonSymMatrix®. This classwas
chosen because it contains a function, cdled MultMtMv, that performs the matrix-

vedor prodwct w — AT Av, required to solve the eégenvalue problem.

After storing matrix data, classARSymStdEig was used to dedare avariable, prob,
that represents the red symmetric dgenvalue problem defined by A'A. Five
parameters were passed to the constructor of thisclass

e Thedimension d the system (n);
« Thenumber of eigenvalues ught (6);
o Thematrix (A);

13 ClassARumNonSymMatrix can also be used. Or even ARbdNonSymMatrix, if the matrix is gored
in band format.
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« Thefunctionthat performs the matrix-vedor product w — A" Av (MuTtMtMv);
* The desired part of the spedrum ("BE” is passd here, which means that
eigenvaues from bath ends of the spedrum are sought).

The @genvaues of A'A were determined by function Eigenvalues and stored in a
vedor cdled svalue. After computing the square roats of the dements of svalue, the
largest and the smallest singular values [1 svalue[0] and svalue[6], respedively
[J were used to cdculate the condtion number of A.

Working with user-defined matrix-vedor products.

This sdion contains a very smple norsymmetric standard eilgenvaue that ill ustrates
how to define a dass that includes a matrix-vedor product as required by
ARPACK++ and aso how this class can be used to oldain eigenvalues and
eilgenvedors.

Creating a matrix class.

The ohjedive of this smple example isto oltain the agenvaues and eigenvedors of
the matrix A derived from the standard centra difference discretization d the one-
dimensiond convedion-diffuson operator —u" +pu’ ontheinterva [0,1], with zero

Dirichlet boundxy condtions. This matrix is norsymmetric and hes a tridiagord
form, with 2/h? as the main dagond elements, —1-p/2h in the subdagond and
-1+ p/2h onthe superdiagond, where h isthe mesh size.

Before defining an eigenvaue problem using ARPACK++, it is necessry to buld at
least one dassthat includes the required matrix-vedor product as a member function.
This classcoud be cdled NonSymMatrix, for example, and the name of the function
coud beMultMv.

It is better to dedare NonSymMatrix as a dass template, in ader to permit the
eigenvalue problem to be solved in single or doulde predasion. So, heredter,
parameter T will designate one of the c++ predefined types float or double.
NonSymMatrix can contain variables and functions other than MultMv. There only
requrements made by ARPACK++ ae that MultMv must have two panters to
vedors of type T as parameters and the inpu vedor must precele the output vedor.
The dassdefinitionis iown below.

template<class T>
class NonSymMatrix {
/:’:
This simple class exemplifies how to create a matrix class that
can be used by ARPACK++. Basically, NonSymMatrix is required to
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have a member function that calculates the matrix-vector product
NonSymMatrix*v, where v is a vector with elements of type T.

*/

private:
int m, n;
public:

int ncols() { return n; }
// Function that returns the dimension of the matrix.

void MuTtMv(T* v, T* w)

/7‘:
Function that performs the product w <- A*v for the matrix A
derived from the standard central difference discretization of
the 1-dimensional convection diffusion operator u" + rho*u' on
the interval [0, 1], with zero Dirichlet boundary conditions.
A 1is scaled by hA2 1in this example.

:':/
{
int j;
T dd, d1, du, s, h;
h = 1.0/T(ncolsO+1);
s = 0.5*rho*h;
dd = 2.0;
dl = -1.0 - s;
du = -1.0 + s;

w[0] = dd*v[0] + du*v[1];
for (j=1; j<ncols()-1; j++) {
w[j] = d1*v[j-1] + dd*v[j] + du*v[j+1];
}
w[ncols()-1] = d1*v[ncols()-2] + dd*v[ncols()-1];
return;

} // MultMv

NonSymMatrix(int nval) { n = nval; }
// Constructor.

}; // NonSymMatrix.

Solving the eigenvalue problem.

Oncedefined the matrix-vedor prodict, it is necessary to crede amatrix that belongs
to classNonSymMatrix, and aso an oljed of classARNonSymStdEig. After that, the
desred number of egenvdues can be obtaned by «cdling function
FindEigenvectors.

Becaise ARNonSymStdEig was dedared as a template by ARPACK++, some
parameters must be used to crede aspedfic dasswhen the program is compiled. In
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this example, those parameters are set to doubTe, the type of the dements of matrix
A, and to NonSymMatrix<double>, the name of the dassthat handes the matrix-
vedor product.

Besides that, the wnstructor of classARNonSymStdEig aso accgpts me parameters,
such as the dimension d the egenvaue system (A.ncols), the number of desired
eigenvalues (4), an oljed of class NonSymMatrix<double> (A), the aldress of the
function that evaluates the matrix-vedor product (&NonSymMatrix<double>::
MultMv) and the portion d the spedrum that is ught (”SM”, which means the
elgenvalues with small est magnitude). Other options and parameters (nat used here)
are described in the gpendix.

#include "arsnsym.h"

main()

{
int nconv;
// Creating a double precision 100x100 matrix.
NonSymMatrix<double> A(100);

// Creating an eigenvalue problem and defining what we need:
// the four eigenvectors of A with smallest magnitude.

ARNonSymStdEig<double, NonSymMatrix<double> >
dprob(A.ncols(), 4, &A, &NonSymMatrix<double>::MultMv, "SM");

It is possible to pass other parameters directly to the
constructor of class ARNonSymStdEig in order to define a
problem. The 1ist of parameters includes, among other values,
the maximum number of iterations allowed and the relative
accuracy used to define the stopping criterion. Alternatively,
it is also possible to use function DefineParameters to set
ARPACK++ variables after declaring dprob as an object of
class ARNonSymStdEig using the default constructor.

7‘:/

// Finding eigenvectors.

nconv = dprob.FindEigenvectors();
// Printing the solution.
Solution(A, dprob);

} // main.

Printing some infor mation about eigenvalues and eigenvectors.

The function Solution was included in this example to ill ustrate how to extrad
information abou elgenva ues and eigenvedors from classARNonSymStdEig. Only a
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few suggestions are shown here. A complete list of ARPACK++ functions can be
foundin the gopendx: ARPACK++ referenceguide.

#include “bTlaslc.h” // ARPACK++ version of blasl routines.
#include “lapackc.h” // ARPACK++ version of Tlapack routines.

template<class FLOAT, class EIGPROB>
void Solution(SymMatrix<FLOAT> &A, EIGPROB &Prob)

/7‘:

{

Th
st

in

is function prints eigenvalues and eigenvectors on
andard "cout" stream and exemplifies how to retrieve
formation from ARPACK++ classes.

int 1, n, nconv, mode;
FLOAT *Ax;
FLOAT *ResNorm;
/7‘:
ARPACK++ includes some functions that provide information
about the problem. For example, GetN furnishes the dimension
of the problem and ConvergedEigenvalues the number of
eigenvalues that attained the required accuracy. GetMode
indicates if the problem was solved in regular,
shift-and-invert or other mode.
:':/
n = Prob.GetN(Q);
nconv = Prob.ConvergedEigenvalues();
mode = Prob.GetMode();
cout << "Testing ARPACK++ class ARNonSymStdEig" << endl;
cout << "Real nonsymmetric eigenvalue problem: A*x-lambda*x"<< endl;
switch (mode) {
case 1:
cout << "Regular mode" << endl << endl;
break;
case 3:
cout << "Shift and invert mode" << endl << endl;
}
cout << "Dimension of the system : " << n << endl;
cout << "'requested' eigenvalues : " << Prob.GetNev() << endl;
cout << "'converged' eigenvalues : " << nconv << endl;
cout << "Arnoldi vectors generated: " << Prob.GetNcv() << endl;
cout << endl;
/7‘:

:':/
if

EigenvaluesFound is a boolean function that indicates
if the eigenvalues were found or not. Eigenvalue can be
used to obtain one of the "converged" eigenvalues. There
are other functions that return eigenvectors elements,
Schur vectors elements, residual vector elements, etc.

(Prob.EigenvaluesFound()) {
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// Printing eigenvalues.

cout << "Eigenvalues:" << endl;

for (i=0; i<nconv; i++) {
cout << " Tambda[" << (i+1) << "]: " << Prob.EigenvalueReal(i);
if (Prob.EigenvalueImag(i)>=0.0) {
}

cout << " + " << Prob.EigenvalueImag(i) << " I" << endl;
else {

cout << " - << fabs(Prob.EigenvalueImag(i)) << " I" << endl;
}

}

cout << endl;

EigenvectorsFound indicates if the eigenvectors are
available. RawEigenvector is one of the functions that
provide raw access to ARPACK++ output data. Other functions
of this type include RawEigenvalues, RawEigenvectors,
RawSchurVector, RawResidualVector, etc.

7‘:/
if (Prob.EigenvectorsFound()) {

// Printing the residual norm || A*x - Tambda*x || for the
// nconv accurately computed eigenvectors.

// axpy and nrm2 are blas 1 fortran subroutines. The first
// calculates y <- y + a*x, and the second determines the
// two-norm of a vector. Tapy2 is the lapack function that
// computes sqrt(x*x+y*y) carefully.

Ax = new FLOAT[n];
ResNorm = new FLOAT[nconv+1];

for (i=0; i<nconv; i++) {

if (Prob.EigenvalueImag(i)==0.0) { // Eigenvalue 1is real.
A.MultMv(Prob.RawEigenvector(i), Ax);
axpy(n,-Prob.EigenvalueReal (i),Prob.RawEigenvector(i),1,Ax,1);
ResNorm[i] = nrm2(n, Ax, 1)/fabs(Prob.EigenvalueReal(i));

}

else { // Eigenvalue is complex.
A.MultMv(Prob.RawEigenvector(i), Ax);
axpy(n,-Prob.EigenvalueReal (i),Prob.RawEigenvector(i),1,Ax,1);
axpy(n,Prob.EigenvalueImag(i),Prob.RawEigenvector(i+1),1,Ax,1);
ResNorm[i] = nrm2(n, Ax, 1);
A.MultMv(Prob.RawEigenvector(i+1l), Ax);
axpy(n,-Prob.EigenvalueImag(i),Prob.RawEigenvector(i),1,Ax,1);
axpy(n,-Prob.EigenvalueReal(i),Prob.RawEigenvector(i+1),1,Ax,1);
ResNorm[i] = Tapy2(ResNorm[i],nrm2(n, Ax, 1))/

Tapy2(Prob.EigenvalueReal (i) ,Prob.EigenvalueImag(i));

ResNorm[i+1] = ResNorm[i];
T+

}

for (i=0; i<nconv; i++) {
cout << "||A*X(" << (i+1) << ") - Tambda(" << (i+1);
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cout << ")*x(" << (i+1) << ") ||: " << ResNorm[i] << endl;
}

cout << endl;

delete[] Ax;
delete[] ResNorm;

}
} // Solution

Using the revase communication interface,

ARPACK++ provides a somewhat smple structure for handing eigenvalue
problems. However, sometimes it is inconvenient to explicitly define afunction that
evaluates a matrix-vedor product using the format required by the @éove mentioned
classs.

To ded with such cases, ARPACK++ dso includes a set of classes and functions that
alow the user to parform metrix-vedor products on his own. This gructureis cdled
the revese comnunication interface and is derived from the FORTRAN version d
the software.

Although this interface gives the user some freedom, it requires a step-by-step
exeadtion d ARPACK++. Therefore, to find an Arnddi basisit is necessary to define
a sequence of cdls to a function cdled TakeStep combined with matrix-vedor
products urtil convergenceis attained.

One example that ill ustrate the use of these dassesis given below The matrix used in
thisexample, say A, isred and symmetric. It isnat defined by a dass bu only by the
function Mu1tMv that performs the product vy — Ax. A dightly different verson o

this program can befoundin dredory examples/reverse/sym.

#include "arrssym.h"

template<class T>
void MuTtMv(int n, T* v, T* w)
/:‘:
Function that evaluates the matrix-vector product w <- A*v,
where A 1is the one dimensional discrete Laplacian on
the interval [0,1] with zero Dirichlet boundary conditions.
-.':/
{

int  j;
T h2;
w[0] = 2.0*v[0] - v[1];

for (j=1; j<n-1; j++) {
wlj]l = - v[j-1] + 2.0*v[j] - v[j+1];
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}
w[n-1] = - v[n-2] + 2.0*v[n-1];
// Scaling vector w by (1/hA2) using blas routine scal.

h2 = T((n+1)*(n+1));
scal(n, h2, w, 1L);

} // MultMv

main()

{
// Declaring matrix A.
SymMatrixA<double> A(100); // n = 100.

// Creating a symmetric eigenvalue problem and defining what
// we need: the four eigenvectors of A with Targest magnitude.

ARrcSymStdEig<double> prob(A.ncols(), 4L);
// Finding an Arnoldi basis.
while (!prob.ArnoldiBasisFound()) {

// Calling ARPACK fortran code. Almost all work needed to
// find an Arnoldi basis is performed by TakeStep.

prob.TakeStep();

if ((prob.GetIdo() == 1)||(prob.GetIdo() == -1)) {
// Performing the matrix-vector product.
// GetIdo indicates which product must be performed
// (in this case, only y <- Ax).
// GetVector supplies a pointer to the input vector
// and Put vector a pointer to the output vector.

A.MultMv(prob.GetVector(), prob.PutVector());

3
3

// Finding eigenvalues and eigenvectors.
prob.FindEigenvectors();
//

} // main.

In the dove example, the definition d the egenva ue problem was made withou any
mention to the matrix class Becaise of that, ARPACK++ was nat able to hande the
matrix-vedor prodicts needed by the Arnddi processand it was necessary to include
awhile statement in the main program in arder to iteratively find an Arnddi basis.
Only after that, FindEigenvectors was cdled to find eigenva ues and eigenvedors.
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In thisiterative seach for an Arnddi basis, TakeStep was used to perform dmost all
work needed by the dgorithm and orly the product y — Axwas left to the user.

When solving a generdized eigenvaue problem, however, a least two dfferent
matrix-vedor products must be performed, and the GetIdo function shodd be used to
determine which product must be taken after ead cdl to TakeStep.

Some other useful ARPACK++ functions included in the example ae GetVector,
PutVector and ArnoldiBasisFound. GetVector and PutVector are two functions
that return panters to the exad pasition where, respedivey, x, the inpu vedor, and
y, the output vedor of the matrix-vedor prodict, are stored. ArnoldiBasisFound IS
used to deted if the desired elgenvalues have dtained the desired acairacy.

Findly, it isworth mentioning that, athowgh no owput command was included in the
abowe program, functions sich as EigenvalVectors, RawEigenvectors,
St1Eigenvalues and Eigenvalue are ds0 avalable when usng the revese
comrrunicationinterface

Building an interfacewith another library.

More than a c++verson d the ARPACK FORTRAN padage, ARPACK++ is
intended to be a interface between ARPACK and dher mathematicd libraries.
Virtudly al numericd libraries that represent matrices and their operations by means
of c++ dasss can be linked to ARPACK++. This is the main reason why class
templates were used to define egenvaue problems.

The smplest way to conred ARPACK++ with ancther library is to passa matrix
generated by this library as a parameter to ore of the dasses ARNonSymStdEig,
ARSymStdEig, ARCompStdEig, ARNonSymGenEig, ARSymCenEig Or ARCompGenEig.
In this case, the user can aso pessthe matrix class as template parameter, so the
problem can be solved dmost immediately, as $own in the Working with user-
defined matrix-vedor products sedion above.

This dternative is recommended when ory a few eigenvaue problems are to be
solved. However, if the user intends to solve many eigenvalue problems, it is better to
define anew classto interfaceARPACK++ with the other library.

The aedion d anew classis very smple, sincemost of its member functions can be
inherited from other parent classes. As an example, ore of the dedarations of the
ARTuNonSymStdEig class is transcribed below. Actualy, this is the UMFPACK
verson d this class exadly asit is dedared in the arpack++/include/arusnsym.h
file.

/:‘:
MODULE ARUSNSym.h.
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Arpack++ class ARTuNonSymStdEig definition (umfpack version).
7‘:/

#ifndef ARUSNSYM_H
#define ARUSNSYM_H

#include "arch.h" // Machine dependent functions and variable types.
#include "arsnsym.h" // ARNonSymStdEig class definition.
#include "arunsmat.h"™ // ARumNonSymMatrix class definition.

template<class FLOAT>
class ARTuNonSymStdEig:
public virtual ARNonSymStdEig<FLOAT, ARumNonSymMatrix<FLOAT> > {

public:

// a) Public functions:

// a.1) Function that allows changes in problem parameters.
virtual void ChangeShift(FLOAT sigmaRp);

// a.2) Constructors and destructor.

ARTuNonSymStdEig() { }
// Short constructor.

ARTuNonSymStdEig(int nevp, ARumNonSymMatrix<FLOAT>& A,
char* whichp = "LM", int ncvp = O,
FLOAT tolp = 0.0, int maxitp = 0,
FLOAT* residp = 0, bool ishiftp = true);
// Long constructor (regular mode).

ARTuNonSymStdEig(int nevp, ARumNonSymMatrix<FLOAT>& A,
FLOAT sigma, char* whichp = "LM", int ncvp = 0,
FLOAT tolp = 0.0, int maxitp = O,
FLOAT* residp = 0, bool ishiftp = true);

// Long constructor (shift and invert mode).

ARTuNonSymStdEig(const ARTuNonSymStdEig& other) { Copy(other); }
// Copy constructor.

virtual ~ARTuNonSymStdEig() { }
// Destructor.

// b) Operators.

ARTuNonSymStdEig& operator=(const ARTuNonSymStdEig& other);
// Assignment operator.

}; // class ARTuNonSymStdEig.

#endif // ARUSNSYM_H

ARTuNonSymStdEig is derived from ARNonSymStdEig. All functions and variables of
this base dass are inherited by the new class The only function redefined here is
ChangeShift. Naturdly, the dass constructors, the destructor and the assgnment
operator are nat inherited aswell .
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Themain reasonfor functionChangeSh1ift to beredefined isto include the mommand

0bjOP->FactorAsI(sigmaR);

This command tels ARPACK++ to fadorize matrix A—ol ead time anew shift
o isdefined. Thisfadorizationis necessary SnceARTuNonSymStdEig cannd solve an
eigenvaue problem in shift and invert mode withou solving severd linea systems
invaving A-al .

In ARPACK++, every time the mpy constructor or the asgnment operator is cdled,
a function ramed copy is cdled to make a opy of the dass Fortunately,
ARTuNonSymStdEig does nat contain variable dedarations, bu if the user intends to
crede a tassthat contains new variables, anew Copy function shoud aso be defined.
Doing this way, the user asaures that neither the mpy constructor nor the asgnment
operator need to be dnanged.

The standard constructor and the destructor of ARTuNonSymStdEig contains no
commands. These functions do nahing but cdli ng the enstructors and destructors of
the base dasses. The other three @nstructors contain exadly the same mmmands
defined in the wngtructors of the ARTuNonSymStdEig class The same happens to the
assgnment operator. Actudly, these functions were redefined just becaise the
language does nat al ow them to be inherited.



Appendix

ARPACK ++
reference guide

This appendix contains a detailed description d al ARPACK++ dasses, variables
and functions. Problem and template parameters are presented first. After that, eah
classis described with examples that ill ustrate how to use the available cnstructors.
Findly, ARPACK++ functions are dassfied and grouped acardingly their use.

Through this chapter, complex numbers will be presented using g++ natation. Thus,
complex<double> represents adoulde predsion complex type, i.e. a mmplex number
with doulbe predsionred andimaginary parts.

Template parameters.

FLOAT

ARPACK++ is a @lledion d templates. Becaise of that, its classes are nat unique
but depend on some parameters that permit spedfic dasses to be bult only a
compilation time. These parameters give the user some freedom to define matrix
classes that describe the egenvaue problem and also to use different floating paint
predsion. The four avail able parameters are described below.

Description

This is the predefined c++ type used to represent red numbers. It must be set to
double or float.
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TYPE

FOP

Description

This is the type used to represent eements of vedors and matrices. If the problem
being solved is complex, it must be set to complex<double> or complex<float>,
otherwise it must be set to double or float, dependng on the vaue of the FLOAT
parameter.

Becaise ARPACK++ has eaddized classes that hande complex andred symmetric
and norsymmetric problems, this parameter is sldom used to define an eigenvalue
problem. Only the matrix classes and ARPACK++ base dasses require the definition
of TYPE.

FB

Description

Thisisthe c++ ¢assthat handes matrix information in standard eigenvalue problems.
It dso the dassused to define one of the matrices in generdized problems. FOP must
contain amember function which matches the definition d Mu1t0Px given below.

Description

Thisisthe c++ ¢assthat contains information about the seand matrix in generdized
problems (the first matrix is handed by FOP). It must contain a member function with
exadly the same type of Mu1tBx (and dso ancther functionthat matches the definition
of MultAx, in catan cases). MultBx andMultAx are described below.

Types of matrix-vedor product functions.

ARPACK++ dasss that require matrix-vedor product functions impose the user
only onre redtriction: these functions must follow a very sringent pattern. This
limitation is related to the format used by the ARPACK FORTRAN code to store
vedors. Actudly, functions can be aeaed using other types, bu there must be an
explicit conversion ketween them and ore of the types described below.
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Declaration

typedef void (FOP::* TypeOPx) (TYPE[], TYPE[])

Description

TypeBx

TypeOPx isapainter to afunction that has two vedors of type TYPE as parameters and
returns nathing. Thisfunction must be amember of classFoP.

Some ARPACK++ dasss require the user to creae aclasswhich includes afunction
that evauates the matrix-vedor prodwct y — OPX (seethe description d MultOPx
below). TypeOPx is used to define the name of this function, while FOP is used to
represent the dassname. The first parameter is the inpu vedor, X, and the seondis
the output vedor, y.

Declaration

typedef void (FB::* TypeBx) (TYPE[], TYPE[])

Description

Anaogoudly to TypeOPx, TypeBx represents the name of afunctionthat is member of
class FB and evauates a matrix-vedor prodwct in the formy — BXx (see MultBx
beow). Thefirst parameter of the functionistheinpu vedor, x, and the secondis the
output vedor, y.

TypeBx is aso used to represent ancther member function d classFB. This function
evauates the matrix-vedor prodwct y — Ax and is required orly by two classes:
ARSymGenEig (when using the Cayley constructor) and ARNonSymGenEig (when in
complex shift-and-invert mode).

Problem parameters.

Various ARPACK++ dassconstructors and functions that will be described later in
this edion include one or more parameters. To avoid redefining these parameters
ead time afunction is mentioned, a wmplete list is given below. The list include
parameters from al ARPACK++ dasses, ead ore followed by its type (displayed on
theright) and abrief description.



74 ARPACK++

Some parameters are ompulsory, i.e. must be supdied by the user when solving an
eigenvalue problem. Other areinterndly set by ARPACK++, bu the user may change
them if the default valueis nat appropriate.

Compulsory parameters.

int
Description
Dimension d the egenvalue problem. n > 1.
neyv
int
Description
Number of eigenvaluesto be mmputed. O< nev <n-1.
objoP
FOP*
Description
Pointer to an objed of class FOP™. Class FOP must have MuTtOPx as a member
function. This parameter is required only if the user intends to use his own matrix
class
MultOPx
TypeOPx
Description

Member function d classFop that evaluatesthe product y — OPX. The spedfication

of OP depends on the problem type and the wmputational mode being used. The
dternatives are summarized in the foll owing table:

14 See the description 66P in theTemplate parametesection above.



REFERENCE GUIDE 75

Problem type mode y — OPx
Stendard regular y « AX
shift and invert y < (A=ol)?x
Generalized regular y « BTAX
al other y « (A-0oB)™x

Warning: When solving red norsymmetric problems in complex shift-and-invert
mode, OP elements are mmplex, bu y must be ared vedor. In this case, y shoud be
st to thered or the imaginary part of the emplex vedor z = OPX ..

objB
FB*
Description
Pointer to an oljed of class FB. The dass of this objed must have Mu1tBx as a
member function. djB is required orly if the user wants to supdy his own matrix
classes when solving a generdi zed eigenvalue problem.
MultBx
TypeBx
Description
Member function d classFB that evaluates aprodict intheform y — Bx ory — Ax,
when defining a generdi zed eigenvaue problem Ax = BxA .
ARPACK++ asaumes that this classwill returny — Axonly if the user is lving a
red symmetric generdized problem in buckling mode. In al other cases, Mul1tBx is
suppased to evaluate the product y — Bx.
objA

FB*

Description
Pointer to an oljed of class FB. The dass of this objed must have MultAx as a
member function. djA is used with some particular generdized red problems only
(seeMultAXx).
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MultAx

TypeBx

Description
Member function d classFB that evaluates the product y — AXx. This parameter is

required ony by two classs: ARSymGenE1ig, when using the Cayley constructor, and
ARNonSymGenE1ig, when using the mmplex shift-and-invert mode.

sigma (or sigmaR)

TYPE

Description

Shift. This parameter isrequired if aspedrd transformation is employed. It represents
thered part of a omplex shift if the problem isred and norsymmetric.

sigmal
FLOAT
Description
Imaginary part of the shift. This parameter must be supdied when solving
norsymmetric problemsin complex shift and invert mode.
InvertMode
char
Description
Spedral transformation wsed to find eigenvalues of symmetric generdized problems.
If the shift and invert mode is being used, this parameter must be set to “S”. Buckling
and Cayley modes are represented by “B” and“C”, respedively.
part

char

Description
This parameter is required only if the problem to be solved is a red norsymmetric
generdlized ore and a cmplex shift is used to charaderize the desired pation d the
spedrum. In this case, the user neals to supdy a matrix-vedor routine in the form
y — OP.x, where OP is ore of the real{ (A-oB)™} or imag{(A-0B)™"} and
the variable part must be set to oreof “R” or “I” in order to refled the chaicemade.



REFERENCE GUIDE 77

Optional parameters.

ncv

int

Description
Number of Arnddi vedors generated at ead iteration. ncv must be set to a value
betwear nev + 1 andn - 1.

ncv is drongly related to the computationa time and aso to the storage space
required by ARPACK++. The computational work needed to find eigenvaues is
propationd to n.ncv? flops, while memory consumption is n.O(ncv) + O(ncv).
Unfortunately, ncv it is very problem dependent and there is no a-priori anaysis to
guide the seledion d this parameter. Generdly, if matrix-vedor prodwcts are deag, a
smdler value of ncv may leal to adeaease in the overal computationd time, in spite
of thelarger amourt of products required.

Default value.
min{2nev+1,n-1}

maxit
int
Description
Maximum number of Arnddi update iterations al owed. If the user suppies apasitive
maxit, thisvalueis maintained, adherwise the default value is employed.
Default value.
100nev.
which
char*
Description

This parameter spedfies which o the Ritz vaues of OP to compute and degpends on
the dassbeing used. The options avail able ae depicted in the table below:
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option

desired part of spectrum

LA

eigenvaues with largest dgebraic vaue

SA

eigenvaues with smallest algebraic value

LM

elgenvaues with largest magnitude

SM

elgenvaues with small est magnitude

LR

elgenvaueswith largest red part

SR

elgenvaueswith smallest red part

LI

elgenvalueswith largest imaginary part

S

elgenvaueswith small est imaginary part

BE

eigenvaues from bath ends of spedrum (if nev isodd, ore more

elgenvaueis computed from the high end than from the low end).

For symmetric problems, which must set to be one of LA, SA, LM, SM or BE. For red
norsymmetric and complex problems, the dternativesareLM, SM, LR, SR, LT and SI.

Default value.
LM.

tol

Description

FLOAT

Stopping criterion (relative accragy of Ritz vaues). The user shodd exped a
computed eigenvalue, A, to satisfy the relation |\ — A’ < to1|A|, where A" is the
eigenvalueof Aclosestto A .

The Arnddi processis mewhat sensitive to this parameter, so it must be set with
some cae. Though large values of to1 can reducethe number of iterations required to
attain convergence some egenvaues can be missed if they are multiple or tightly
clustered. On the other hand, very smal vaues can prevent the mnwvergence of the

method.

Default value.

The madine predsionisused if tol isnot supfdied o set to zero.



REFERENCE GUIDE 79

resid
TYPE*
Description
Initial vedor. Althowh generdly the default starting vedor is a good chaice resid
can be supdied, for example, when a sequence of related problemsis being solved. In
such cases, ARPACK can converge faster if a starting vedor based on pevious
eigenvalue caculationsisused.
Default value.
When this parameter isnat provided by the user, arandam vedor is adopted.
AutoShift
bool
Description
This parameter indicaes if exad shifts for the implicit restarting of the Arnddi
method are being generated internaly by ARPACK++ or shifts are being supdied by
the user.
Default value.
true (exad shiftsare being used).

Eigenvalue problem classs.

There ae twenty two predefined template dasses in ARPACK++. These dasss are
intended to cover al types of problem handed by ARPACK FORTRAN code ad
aso to provide an easy way of creding eigenvaue problems. The first eighteen
classes described below may be used to define ojeds diredly. The main pupaose of
the last four isto serve a abasis for the former classes, bu they also may be used to
crede new user defined classs.

The filename shown undx ead classname (on the right) corresponds to the healer
file that contains the dassdefinition.
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Classesthat require matrices.

ARluSymStdEig

arlssym.h (SuperLU version)
arussym.h (UMFPACK version)
ardssym.h (LAPACK dense version)
arbssym.h (LAPACK band version)

Declaration
template <class FLOAT> class ARTuSymStdEig

Description

This class defines a red symmetric sandard egenvaue problem using
ARTuSymMatrix, ARumSymMatrix, ARdsSymMatrix Orf ARbdSymMatrix as the dass
that stores matrix data.

Warning: ARTuSymStdEig does a sparse LU fadorization of matrix (A—al) when

shift and invert mode is used, so the user must be avare of the memory requirements
asociated to this pedra transformation™™.

Such fadorization is performed by the SuperLU padkage if ARTuSymMatrix is the
matrix class being used, while ARTuSymMatrix cdls UMFPACK routines and
ARdsSymMatrix and ARbdSymMatrix use LAPACK matrix fadorizations. These
libraries can be obtained as described in chapter ore.

Parent class (SuperLU version)
public virtual ARSymStdEig<FLOAT, ARTuSymMatrix<FLOAT> >

Parent class (UMFPACK version)
public virtual ARSymStdEig<FLOAT, ARumSymMatrix<FLOAT> >

Parent class (LAPACK band version)
public virtual ARSymStdEig<FLOAT, ARbdSymMatrix<FLOAT> >

Parent class (LAPACK denseversion)
public virtual ARSymStdEig<FLOAT, ARdsSymMatrix<FLOAT> >

Default constructor
ARTuSymStdEig()

Regular mode constructor (SuperL U version)
ARTuSymStdEig( int nev, ARTuSymMatrix<FLOAT>& A, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = 0,
FLOAT* resid = 0, bool AutoShift = true)

'3 Errors such as a memory overflow can be caight by the user. Seethe Handing Errors sedion
below.
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Regular mode constructor (UMFPACK version)

ARTuSymStdEig( int nev, ARumSymMatrix<FLOAT>& A, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK band version)

ARTuSymStdEig( int nev, ARbdSymMatrix<FLOAT>& A, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK denseversion)

ARTuSymStdEig( int nev, ARdsSymMatrix<FLOAT>& A, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Shift and invert mode constructor (SuperL U version)

ARTuSymStdEig( int nev, ARTuSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Shift and invert mode constructor (UMFPACK version)

ARTuSymStdEig( int nev, ARumSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Shift and invert mode constructor (LAPACK band version)

ARTuSymStdEig( int nev, ARbdSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Shift and invert mode constructor (LAPACK denseversion)

ARTuSymStdEig( int nev, ARdsSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Examples

This classrequires the user to dedare amatrix using one of the ARTuSymMatrix,
ARumSymMatrix, ARdsSymMatrix or ARbdSymMatrix clas®es®, as in the following
examples:

ARTuSymMatrix<double> A(n, nnz, nzval, irow, pcol);
ARumSymMatrix<double> A(n, nnz, nzval, irow, pcol);
ARdsSymMatrix<double> A(n, nzval);
ARbdSymMatrix<double> A(n, nsdiag, nzval);

Once A has been defined, ore of the @mnstructors mentioned abowve shoud be used to
dedare the problem. Asthe default constructor would be harder to use than the others,
becaise it does nat permit the user to smultaneously define an oljed and pessall the

18 For a full description of these classes, segMimlable matrix classesection below.
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required information, only the regular and the shift and invert mode constructors were

included here.

1. Usingtheregular mode constructor

ARTuSymStdEig<double> prob(4, A);

2. Using thereal shift and invert mode constructor

ARTuSymStdEig<double> prob(4, A, 13.2);

ARluNonSymStdEig

arlsnsym.h (SuperLU version)
arusnsym.h (UMFPACK version)
ardsnsym.h (LAPACK dense version)
arbsnsym.h (LAPACK band version)

Declaration
template <class FLOAT> class ARTuNonSymStdEig

Description

This class defines a red norsymmetric standard eigenvalue problem using one
of the ARluNonSymMatrix, ARumNonSymMatrix, ARdsNonSymMatrix oOf
ARbdNonSymMatrix classesto store matrix data.

Warning: A sparse LU fadorization of matrix (A—ol) is performed when the shift

and invert mocde is used, so the user must be avare of the memory requrements
associated to this gedrd transformation (seehow to cach a memory overflow in the
Handingerrors sedion below).

Such fadorization is dore by the SuperLU padage if ARTuNonSymMatrix is the
matrix class being used, while ARTuNonSymMatrix cdls UMFPACK routines and
ARdsNonSymMatrix and ARbdNonSymMatrix use LAPACK matrix fadorizations.
Theselibraries can be oltained as described in chapter one.

Parent class (SuperL U version)
public virtual ARNonSymStdEig<FLOAT, ARTuNonSymMatrix<FLOAT> >

Parent class (UMFPACK version)
public virtual ARNonSymStdEig<FLOAT, ARumNonSymMatrix<FLOAT> >

Parent class (LAPACK denseversion)
public virtual ARNonSymStdEig<FLOAT, ARdsNonSymMatrix<FLOAT> >

Parent class (LAPACK band version)
public virtual ARNonSymStdEig<FLOAT, ARbdNonSymMatrix<FLOAT> >



REFERENCE GUIDE 83

Default constructor
ARTuNonSymStdEig()

Regular mode constructor (SuperL U version)
ARTuNonSymStdEig( int nev, ARTuNonSymMatrix<FLOAT>& A,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (UMFPACK version)

ARTuNonSymStdEig( int nev, ARumNonSymMatrix<FLOAT>& A,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK denseversion)
ARTuNonSymStdEig( int nev, ARdsNonSymMatrix<FLOAT>& A,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK band version)
ARTuNonSymStdEig( int nev, ARbdNonSymMatrix<FLOAT>& A,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Real shift and invert mode constructor (SuperL U version)
ARTuNonSymStdEig( int nev, ARTuNonSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Real shift and invert mode constructor (UMFPACK version)

ARTuNonSymStdEig( int nev, ARumNonSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Real shift and invert mode constructor (LAPACK denseversion)

ARTuNonSymStdEig( int nev, ARdsNonSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Real shift and invert mode constructor (LAPACK band version)

ARTuNonSymStdEig( int nev, ARbdNonSymMatrix<FLOAT>& A, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Examples

This class requires the user to dedare a matrix usng the ARTuNonSymMatrix,
ARumNonSymMatrix, ARdsNonSymMatrix Or ARbdNonSymMatrix classes, as in the
following examples:

ARTuNonSymMatrix<double> A(n, nnz, nzval, irow, pcol);
ARumNonSymMatrix<double> A(n, nnz, nzval, irow, pcol);

ARdsNonSymMatrix<double> A(n, nzval);
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ARbdNonSymMatrix<double> A(n, ndiaglL, ndiagU, nzval);

Once A has been defined, ore of the @nstructors mentioned above shoud be used to
dedare the problem. Asin the symmetric dass the default constructor is harder to use
than the others, sinceit does nat permit the user to passal the required information at
once Thus, only the regular and shift andinvert constructors are shown below.

1. Using theregular mode constructor

ARTuNonSymStdEig<double> prob(4, A);

2. Using thereal shift and invert mode constructor

ARTuNonSymStdEig<double> prob(4, A, 13.2);

ARluCompStdEig

arlscomp.h (SuperLU version)
aruscomp.h (UMFPACK version)
ardscomp.h (LAPACK dense version)
arbscomp.h (LAPACK band version)

Declaration
template <class FLOAT> class ARTuCompStdEig

Description

This classdefines a mmplex standard eigenvaue problem using ARTuNonSymMatrix,
ARumNonSymMatrix, ARdsNonSymMatrix Or ARbdNonSymMatrix as the dass that
stores matrix data.

Warning: ARTuCompStdEig cdls one of the SuperLU, UMFPACK or LAPACK
padkages to paform a sparse LU fadorization of matrix (A-ol) when the

eigenvalue problem is being solved in shift and invert mode, so the user must be
aware of the memory requirements associated to this gedra transformation.

Parent class (Super LU version)

public virtual
ARCompStdEig<FLOAT, ARTuNonSymMatrix<complex<FLOAT> > >

Parent class (UMFPACK version)

public virtual
ARCompStdEig<FLOAT, ARumNonSymMatrix<complex<FLOAT> > >

Parent class (LAPACK denseversion)

public virtual
ARCompStdEig<FLOAT, ARdsNonSymMatrix<complex<FLOAT> > >

Parent class (LAPACK band version)

public virtual
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ARCompStdEig<FLOAT, ARbdNonSymMatrix<complex<FLOAT> > >

Default constructor
ARTuCompStdEig()

Regular mode constructor (SuperL U version)
ARTuCompStdEig( int nev, ARTuNonSymMatrix<complex<FLOAT> >& A,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)

Regular mode constructor (UMFPACK version)
ARTuCompStdEig( 1int nev, ARumNonSymMatrix<complex<FLOAT> >& A,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)

Regular mode constructor (LAPACK denseversion)

ARTuCompStdEig( int nev, ARdsNonSymMatrix<complex<FLOAT> >& A,

char* which = "LM", int ncv = 0, FLOAT tol = 0.0,

int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)

Regular mode constructor (LAPACK band version)

ARTuCompStdEig( 1int nev, ARbdNonSymMatrix<complex<FLOAT> >& A,

char* which = "LM", int ncv = 0, FLOAT tol = 0.0,

int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)

Shift and invert mode constructor (SuperL U version)
ARTuCompStdEig( int nev, ARTuNonSymMatrix<complex<FLOAT> >& A,

complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = O, complex<FLOAT>* resid = 0, bool
AutoShift = true)
Shift and invert mode constructor (UMFPACK version)
ARTuCompStdEig( 1int nev, ARumNonSymMatrix<complex<FLOAT> >& A,
complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)
Shift and invert mode constructor (LAPACK denseversion)
ARTuCompStdEig( int nev, ARdsNonSymMatrix<complex<FLOAT> >& A,
complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = O, complex<FLOAT>* resid = 0, bool

AutoShift = true)
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Shift and invert mode constructor (LAPACK band version)

ARTuCompStdEig( int nev, ARbdNonSymMatrix<complex<FLOAT> >& A,

complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)

Examples

To uwse this class ore must dedare a matrix using ARumNonSymMatrix,
ARTuNonSymMatrix, ARdsNonSymMatrix oOr ARbdNonSymMatrix'’, as in the
following examples:

ARTuNonSymMatrix<complex<double> > A(n, nnz, nzval, irow, pcol);
ARumNonSymMatrix<complex<double> > A(n, nnz, nzval, irow, pcol);
ARdsNonSymMatrix<complex<double> > A(n, nzval);

ARbdNonSymMatrix<complex<double> > A(n, ndiagL, ndiagU, nzval);

Once ceded the matrix, ore of the @ove @ndtructors $odd be used to crede the
problem. As the default constructor does nat permit the user to dedare the parameters
required by ARPACK++ while defining an oljed of this class orly the last two are
shown below.

1. Using theregular mode constructor
ARTuCompStdEig<double> prob(4, A);

2. Using thereal shift and invert mode constructor

ARTuCompStdEig<double> prob(4, A, complex<double>(0.8, 0.4));

ARluSymGenEig
arlgsym.h (SuperLU version)
arugsym.h (UMFPACK version)
ardgsym.h (LAPACK dense version)
arbgsym.h (LAPACK band version)
Declaration

template <class FLOAT > class ARTuSymGenEig

Description
This class defines a red symmetric generdized eigenvalue problem with matrices
stored usng ore of the ARTuSymMatrix, ARumSymMatrix, ARdsSymMatrix Of
ARbdSymMatrix classes, depending on which padage is being used to perform the
fadorization d matrix B (if regular mode is chasen) or (A—0B) (when in shift and
invert mode). AR1uSymMatrix classrequires the SuperLU library, while UMFPACK

' The functionality of these classes is described if\tralable matrix classesection below.
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is used by ARumSymMatrix and LAPACK is cdled by ARbdSymMatrix and
ARdsSymMatrix.

Because somefill -in can be generated by a sparse LU fadorization, the user must be
aware of the memory requirements associated to eat spedral transformation.

Parent class (SuperLU version)

public virtual ARSymGenEig<FLOAT, ARTuSymPencil<FLOAT>,
ARTuSymPencil<FLOAT> >

Parent class (UMFPACK version)

public virtual ARSymGenEig<FLOAT, ARumSymPencil<FLOAT>,
ARumSymPencil<FLOAT> >

Parent class (LAPACK denseversion)

public virtual ARSymGenEig<FLOAT, ARdsSymPencil<FLOAT>,
ARdsSymPencil<FLOAT> >

Parent class (LAPACK band version)

public virtual ARSymGenEig<FLOAT, ARbdSymPencil<FLOAT>,
ARbdSymPencil<FLOAT> >

Default constructor
ARTuSymGenEig(Q)

Regular mode constructor (SuperLU version)

ARTuSymGenEig( int nev, ARTuSymMatrix<FLOAT>& A, ARTuSymMatrix<FLOAT>& B,
char* wh1ch "LM", 1int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (UMFPACK version)

ARTuSymGenEig( int nev, ARumSymMatrix<FLOAT>& A, ARumSymMatrix<FLOAT>& B,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK denseversion)

ARTuSymGenEig( int nev, ARdsSymMatrix<FLOAT>& A, ARdsSymMatrix<FLOAT>& B,
char* wh1ch "LM", 1int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK band version)

ARTuSymGenEig( int nev, ARbdSymMatrix<FLOAT>& A, ARbdSymMatrix<FLOAT>& B,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)
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Shift and invert, buckling and Cayley modes constructor (SuperLU version)*®

ARTuSymGenEig( char InvertMode, int nev, ARTuSymMatrix<FLOAT>& A,

ARTuSymMatrix<FLOAT>& B, FLOAT sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, FLOAT* resid = 0,
bool AutoShift = true)

Shift and invert, buckling and Cayley modes constructor (UMFPACK version)™®

ARTuSymGenEig( char InvertMode, int nev, ARumSymMatrix<FLOAT>& A,

ARumSymMatrix<FLOAT>& B, FLOAT sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, FLOAT* resid = 0,
bool AutoShift = true)

Shift and invert, buckling and Cayley modes constructor (LAPACK dense version)

ARTuSymGenEig( char InvertMode, int nev, ARdsSymMatrix<FLOAT>& A,

ARdsSymMatrix<FLOAT>& B, FLOAT sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, FLOAT* resid = 0,
bool AutoShift = true)

Shift and invert, buckling and Cayley modes constructor (LAPACK band version)
ARTuSymGenEig( char InvertMode, int nev, ARbdSymMatrix<FLOAT>& A,
ARbdSymMatrix<FLOAT>& B, FLOAT sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, FLOAT* resid = 0,
bool AutoShift = true)
Examples

This class requires the user to dedare two matrices, say A and B, using
ARTuSymMatrix, ARumSymMatrix, ARdsSymMatrix OF ARbdSymMatrix ClaSESZO, as
inthe example below:

ARumSymMatrix<double> A(nA, nnzA, nzvalA, irowA, pcolA);
ARumSymMatrix<double> B(nB, nnzB, nzvalB, irowB, pcolB);

Henceforth, there ae two dfferent ways of credaing a red symmetric eégenvalue
problem (excludng the default constructor, asin the description d al other classes of
this edion):

1. Using theregular mode constructor
ARTuSymGenEig<double> prob(4, A, B);

2. Using the shift and invert, buckling and Cayley modes constructor

ARTuSymGenEig<double> prob(’B’, 4, A, B, 13.2); // Buckling mode.

8 This constructor requires A.uplo and B.uplo to be eual (see the description of the
ARTuSymMatrix class for a description aplo).
19 H . . . .

This constructor also requiresA.uplo and B.uplo to be equal (in this case, uplo is a parameter
of theARumSymMatrix class).
% For a description of all ARPACK++ matrix classs, see the Available matrix dasses sedion
below.
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ARluNonSymGentEig
arlgnsym.h (SuperLU version)
arugnsym.h (UMFPACK version)
ardgnsym.h (LAPACK dense version)
arbgnsym.h (LAPACK band version)
Declaration

template <class FLOAT > class ARTuNonSymGenEig

Description

This classdefines ared norsymmetric generali zed eigenvalue probem with matrices
stored usng ARluNonSymMatrix, ARumNonSymMatrix, ARdsNonSymMatrix oOf
ARbdNonSymMatrix classes, depending on which padkage is being used to perform
the fadorization of matrix B (if regular mode is chasen) or (A—oB) (when in shift
and invert mode). ARTuNonSymMatrix class requires the SuperLU library, while
UMFPACK is used by ARumNonSymMatrix and LAPACK is cdled by
ARbdNonSymMatrix and ARdsNonSymMatrix.

Becaise somefill -in can be generated by a sparse LU fadorization, the user must be
aware of the memory requirements associated to eat spedra transformation.

Parent class (Super LU version)

public virtual ARNonSymGenEig<FLOAT, ARTuNonSymPencil<FLOAT, FLOAT>,
ARTuNonSymPenci1<FLOAT, FLOAT> >

Parent class (UMFPACK version)

public virtual ARNonSymGenEig<FLOAT, ARumNonSymPencil<FLOAT, FLOAT>,
ARumNonSymPenciT<FLOAT, FLOAT> >

Parent class (LAPACK denseversion)

public virtual ARNonSymGenEig<FLOAT, ARdsNonSymPencil<FLOAT, FLOAT>,
ARdsNonSymPenci1<FLOAT, FLOAT> >

Parent class (LAPACK band version)

public virtual ARNonSymGenEig<FLOAT, ARbdNonSymPencil<FLOAT, FLOAT>,
ARbdNonSymPenciT<FLOAT, FLOAT> >

Default constructor
ARTuNonSymGenEig()

Regular mode constructor (SuperL U version)

ARTuNonSymGenEig( int nev, ARTuNonSymMatrix<FLOAT>& A,
ARTuNonSymMatrix<FLOAT>& B, char* which
int ncv = 0, FLOAT tol = 0.0, int maxit
FLOAT* resid = 0, bool AutoShift = true)

llLMlI,
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Regular mode constructor (UMFPACK version)

ARTuNonSymGenEig( int nev, ARumNonSymMatrix<FLOAT>& A,
ARumNonSymMatrix<FLOAT>& B, char* which
int ncv = 0, FLOAT tol = 0.0, int maxit
FLOAT* resid = 0, bool AutoShift = true)

"M,

Regular mode constructor (LAPACK denseversion)

ARTuNonSymGenEig( int nev, ARdsNonSymMatrix<FLOAT>& A,
ARdsNonSymMatrix<FLOAT>& B, char* which "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK band version)
ARTuNonSymGenEig( int nev, ARbdNonSymMatrix<FLOAT>& A,

ARbdNonSymMatrix<FLOAT>& B, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)
Real shift and invert mode constructor (SuperL U version)
ARTuNonSymGenEig( int nev, ARTuNonSymMatrix<FLOAT>& A,
ARTuNonSymMatrix<FLOAT>& B, FLOAT sigma, char*
which = "LM", int ncv = 0, FLOAT tol = 0.0, int maxit = 0, FLOAT*
resid = 0, bool AutoShift = true)
Real shift and invert mode constructor (UMFPACK version)
ARTuNonSymGenEig( int nev, ARumNonSymMatrix<FLOAT>& A,
ARumNonSymMatrix<FLOAT>& B, FLOAT sigma, char*
which = "LM", int ncv = 0, FLOAT tol = 0.0, int maxit = 0, FLOAT*
resid = 0, bool AutoShift = true)
Real shift and invert mode constructor (LAPACK denseversion)
ARTuNonSymGenEig( int nev, ARdsNonSymMatrix<FLOAT>& A,
ARdsNonSymMatrix<FLOAT>& B, FLOAT sigma, char*
which = "LM", 1int ncv = 0, FLOAT tol = 0.0, int maxit = 0,
FLOAT* resid = 0, bool AutoShift = true)
Real shift and invert mode constructor (LAPACK band version)
ARTuNonSymGenEig( int nev, ARbdNonSymMatrix<FLOAT>& A,
ARbdNonSymMatrix<FLOAT>& B, FLOAT sigma, char*
which = "LM", int ncv = 0, FLOAT tol = 0.0, int maxit = O,

FLOAT* resid = 0, bool AutoShift = true)

Complex shift and invert mode constructor (SuperL U version)

ARTuNonSymGenEig( int nev, ARTuNonSymMatrix<FLOAT>& A,
ARTuNonSymMatrix<FLOAT>& B, char part,
FLOAT sigmaR, FLOAT sigmaI, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)
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Complex shift and invert mode constructor (UMFPACK version)

ARTuNonSymGenEig( int nev, ARumNonSymMatrix<FLOAT>& A,
ARumNonSymMatrix<FLOAT>& B, char part,
FLOAT sigmaR, FLOAT sigmal, char* which
int ncv = 0, FLOAT tol = 0.0, int maxit
FLOAT* resid = 0, bool AutoShift = true)

LMY
0,

Complex shift and invert mode constructor (LAPACK dense version)

ARTuNonSymGenEig( int nev, ARdsNonSymMatrix<FLOAT>& A,
ARdsNonSymMatrix<FLOAT>& B, char part,
FLOAT sigmaR, FLOAT sigmaI, char* which
int ncv = 0, FLOAT tol = 0.0, int maxit
FLOAT* resid = 0, bool AutoShift = true)

IILMII’
0,

Complex shift and invert mode constructor (LAPACK band version)

ARTuNonSymGenEig( int nev, ARbdNonSymMatrix<FLOAT>& A,
ARbdNonSymMatrix<FLOAT>& B, char part,
FLOAT sigmaR, FLOAT sigmal, char* which
int ncv = 0, FLOAT tol = 0.0, int maxit
FLOAT* resid = 0, bool AutoShift = true)

LMY,
0,

Examples

This class requires the user to dedare two matrices, say A and B, usng one
of the ARTuNonSymMatrix, ARumNonSymMatrix, ARdsNonSymMatrix oOf
ARbdNonSymMatrix classes, asin the example below:

ARTuNonSymMatrix<double> A(nA, nnzA, nzvalA, qirowA, pcolA);
ARTuNonSymMatrix<double> B(nB, nnzB, nzvalB, irowB, pcolB);

Hencdorth, there ae three different ways of creding a nonsymmetric problem
(excluding the default constructor, asin the d@ove dasss):

1. Using theregular mode constructor
ARTuNonSymGenEig<double> prob(4, A, B);

2. Usingthereal shift and invert mode constructor
ARTuNonSymGenEig<double> prob(4, A, B, 13.2);

3. Using the complex shift and invert mode constructor

ARTuNonSymGenEig<double> prob(4, A, B, 'R’, 1.4, 2.2);
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ARluCompGentEig
arlgcomp.h (SuperLU version)
arugcomp.h (UMFPACK version)
ardgcomp.h (LAPACK dense version)
arbgcomp.h (LAPACK band version)
Declaration

template <class FLOAT > class ARTuCompGenEig

Description

This classdefines a mmplex generdized eigenvaue problem in the form Ax = BxA
with matrices gored usng one of the ARTuNonSymMatrix, ARumNonSymMatrix,
ARdsNonSymMatrix or ARbdNonSymMatrix classes.

Both computationd modes available in this class cdl SuperLU, UMFPACK or
LAPACK routines to perform a sparse LU decompasition In the regular mode,
matrix B is fadored. (A-0B) is demmposed when the shift and invert mode is
used.

Because somefill -in can be generated duing the fadorization, the user must be avare
of the memory requirements asociated to ead spedra transformation.

Parent class (SuperLU version)

public virtual
ARCompGenEig<FLOAT, ARTuNonSymPencil<complex<FLOAT>, FLOAT >,
ARTuNonSymPencil<complex<FLOAT>, FLOAT > >

Parent class (UMFPACK version)

public virtual
ARCompGenEig<FLOAT, ARumNonSymPencil<complex<FLOAT>, FLOAT >,
ARumNonSymPencil<complex<FLOAT>, FLOAT > >

Parent class (LAPACK denseversion)

public virtual
ARCompGenE1ig<FLOAT, ARdsNonSymPencil<complex<FLOAT>, FLOAT >,
ARdsNonSymPencil<complex<FLOAT>, FLOAT > >

Parent class (LAPACK band version)

public virtual
ARCompGenEig<FLOAT, ARbdNonSymPencil<complex<FLOAT>, FLOAT >,
ARbdNonSymPencil<complex<FLOAT>, FLOAT > >

Default constructor
ARTuCompGenEig()

Regular mode constructor (SuperL U version)

ARTuCompGenEig( 1int nev, ARTuNonSymMatrix<complex<FLOAT> >& A,
ARTuNonSymMatrix<complex<FLOAT> >& B, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = 0,
complex<FLOAT>* resid = 0, bool AutoShift = true)
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Regular mode constructor (UMFPACK version)

ARTuCompGenEig( 1int nev, ARumNonSymMatrix<complex<FLOAT> >& A,
ARumNonSymMatrix<complex<FLOAT> >& B, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
complex<FLOAT>* resid = 0, bool AutoShift = true)

Regular mode constructor (LAPACK denseversion)
ARTuCompGenEig( int nev, ARdsNonSymMatrix<complex<FLOAT> >& A,

ARdsNonSymMatrix<complex<FLOAT> >& B, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
complex<FLOAT>* resid = 0, bool AutoShift = true)
Regular mode constructor (LAPACK band version)
ARTuCompGenEig( 1int nev, ARbdNonSymMatrix<complex<FLOAT> >& A,
ARbdNonSymMatrix<complex<FLOAT> >& B, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
complex<FLOAT>* resid = 0, bool AutoShift = true)
Shift and invert mode constructor (SuperL U version)
ARTuCompGenEig( int nev, ARTuNonSymMatrix<complex<FLOAT> >& A,
ARTuNonSymMatrix<complex<FLOAT> >& B,
complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = O, complex<FLOAT>* resid = 0, bool
AutoShift = true)
Shift and invert mode constructor (UMFPACK version)
ARTuCompGenEig( 1int nev, ARumNonSymMatrix<complex<FLOAT> >& A,
ARumNonSymMatrix<complex<FLOAT> >& B,
complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = O, complex<FLOAT>* resid = 0, bool
AutoShift = true)
Shift and invert mode constructor (LAPACK denseversion)
ARTuCompGenEig( int nev, ARdsNonSymMatrix<complex<FLOAT> >& A,
ARdsNonSymMatrix<complex<FLOAT> >& B,
complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = O, complex<FLOAT>* resid = 0, bool
AutoShift = true)
Shift and invert mode constructor (LAPACK band version)
ARTuCompGenEig( 1int nev, ARbdNonSymMatrix<complex<FLOAT> >& A,
ARbdNonSymMatrix<complex<FLOAT> >& B,
complex<FLOAT> sigma, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, complex<FLOAT>* resid = 0, bool

AutoShift = true)

Examples

To use this classthe user must dedare two matrices, using the ARTuNonSymMatrix,
ARumNonSymMatrix, ARdsNonSymMatrix Of ARbdNonSymMatrix ClasEs.

If ARumNonSymMatrix iS being used, these matrices can be dedared as in the
following example:
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ARumNonSymMatrix<complex<double> > A(nA, nnzA, nzvalA, irowA, pcolA);
ARumNonSymMatrix<complex<double> > B(nB, nnzB, nzvalB, irowB, pcolB);

After that, the spedra transformation dctates which constructor shoud be used (the
default constructor isnot considered here):

1. Using theregular mode constructor
ARTuCompGenEig<double> prob(4, A, B);

2. Using the shift and invert mode constructor

ARTuCompGenEig<double> prob(4, A, B, complex<double>(0.8, 0.4));

Classes that require user-defined matrix-vector products.

ARSymStdEig

arssym.h

Declaration
tempTlate<class FLOAT, class FOP> class ARSymStdEig.

Description
Thisclassdefinesared symmetric standard eigenvalue problem.

Parent classes

public virtual ARStdEig<FLOAT, FLOAT, FOP>
public virtual ARrcSymStdEig<FLOAT>

Default constructor
ARSymStdEig()

Regular mode constructor
ARSymStdEig(int n, int nev, FOP* objOP, TypeOPx MultOPx,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Shift and invert mode constructor
ARSymStdEig(int n, int nev, FOP* objOP, TypeOPx MultOPx, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Examples

Suppaing that Matrix is a dass that contains information concening a spedfic
symmetric matrix and a dso contains a function cdled Mul1tvet, which performs the
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matrix-vedor product required by the mmputationa mode being used®, the three
different ways of dedaring a problem with classARSymStdEig are exemplified below:

1. Using the default constructor

ARSymStdEig<double, Matrix<double> > EigProb;

If this constructor is used, al information abou the problem must be passd
elsawhere in the program using the DefineParameters function:

Matrix<double> A;
EigProb.DefineParameters (100, 4, &A, &Matrix<double>::MultVet);

Becaise ashift canna be defined using DefineParameters, the following command
isaso necessary when solving the problem in shift and invert mode:

EigProb.ChangeShift(13.2);
2. Using theregular mode constructor

Matrix<double> A;
ARSymStdEig<double, Matrix<double> >
EigProb(100, 4, &A, &atrix<double>::MultVet);

3. Using the shift and invert mode constructor

Matrix<double> A;
ARSymStdEig<double, Matrix<double> >
EigProb(100, 4, &A, &atrix<double>::MultVet, 13.2);

ARNonSymStdEig

arsnsym.h

Declaration
template <class FLOAT, class FOP> class ARNonSymStdEig

Description
This classdefines ared norsymmetric standard eigenva ue problem.

Parent classes

public virtual ARStdEig<FLOAT, FLOAT, FOP>
public virtual ARrcNonSymStdEig<FLOAT>

Default constructor
ARNonSymStdEig()

% |n reguar mode, function Multvet should evaluate the matrix-vedor product Av. In shift and
invert modeMuTtVet must return the produ¢i-ol)*v.
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Regular mode constructor

ARNonSymStdEig( int n, int nev, FOP* objOP, TypeOPx MultOPx,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Real shift and invert mode constructor

ARNonSymStdEig( int n, int nev, FOP* objOP, TypeOPx MultOPx,
FLOAT sigma, char* which = "LM", 1int ncv = 0,
FLOAT tol = 0.0, 1int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Examples

Suppaing that Matrix is a dass that contains information concening a spedfic
matrix and a dso contains a function cdled Multvet, which performs the matrix-
vedor product required by the cmmputationd mode being used, as described in
chapter 3, it is possble to dedare a norsymmetric problem using three diff erent
congtructors:

1. Using thedefault constructor

ARNonSymStdEig<double, Matrix<double> > EigProb;

In this case, after dedaring the problem, the user must pass ®me information abou
the problem elsawhere in the program, using theDefineParameters function:

Matrix<double> A;
EigProb.DefineParameters (100, 4, &A, &Matrix<double>::MultVet);

Because ashift canna be defined using DefineParameters, the following command
isaso necessary when solving the problem in shift andinvert mode:

EigProb.ChangeShift(13.2);

2. Using theregular mode constructor

Matrix<double> A;
ARNonSymStdEig<double, Matrix<double> >
EigProb(100, 4, &A, &Matrix<double>::MultVet);

3. Using the shift and invert mode constructor

Matrix<double> A;
ARNonSymStdEig<double, Matrix<double> >
EigProb(100, 4, &A, &Matrix<double>::MultVet, 13.2);

ARCompStdEig

arscomp.h

Declaration
template<class FLOAT, class FOP> class ARCompStdEig
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Description
This class defines a mmplex (Hermitian a nonHermitian) standard eigenvalue
problem.

Parent classes

public virtual ARStdEig<FLOAT, complex<FLOAT>, FOP>
public virtual ARrcCompStdEig<FLOAT>

Default constructor
ARCompStdEig()

Regular mode constructor
ARCompStdEig( int n, 1int nev, FOP* objOP, TypeOPx MultOPx, char*
which = "LM", int ncv = 0, FLOAT tol = 0.0, int maxit = 0,
complex<FLOAT>* resid = 0, bool AutoShift = true)

Shift and invert mode constructor
ARCompStdEig( int n, int nev, FOP* objOP, TypeOPx MultOPx, complex<FLOAT>
sigma, char* which = "LM", int ncv = 0, FLOAT tol =
0.0, int maxit = 0, complex<FLOAT>* resid = O, bool
AutoShift = true)

Examples

If Matrix is a dassthat contains information regarding a @wmplex matrix and dso
contains a function cdled MultVvet, which performs the matrix-vedor product
requred by the computationd mode sdeded, it is posshle to dedare a omplex
problem:

1. Using the default constructor

ARCompStdEig<double, Matrix<double> > EigProb;

If the default constructor isbeing used, dl of the parameters required by ARPACK++
must be passed elsawhere in the program using the DefineParameters function:

Matrix<double> A;
EigProb.DefineParameters (100, 4, &A, &Matrix<double>::MultVet);

Because ashift canna be defined using DefineParameters, the following command
isaso necessary when solving the problem in shift and invert mode:

EigProb.ChangeShift(complex<double>(13.2, 10.4));
2. Using theregular mode constructor

Matrix<double> A;
ARCompStdEig<double, Matrix<double> >
EigProb(100, 4, &A, &atrix<double>::MultVet);

3. Using the shift and invert mode constructor
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Matrix<double> A;
ARCompStdEig<double, Matrix<double> >
EigProb(100, 4, &\, &Matrix<double>::MultVet,
complex<double>(13.2, 10.4));

ARSymGentEig

argsym.h

Declaration
template <class FLOAT, class FOP, class FB> class ARSymGenEig

Description
Definesared symmetric generdized eigenvalue problem.

Parent classes

public virtual ARGenEig<FLOAT, FLOAT, FOP, FB>
public virtual ARSymStdEig<FLOAT, FOP>
public virtual ARrcSymGenEig<FLOAT>

Default constructor
ARSymGenEig()

Regular mode constructor
ARSymGenEig(int n, int nev, FOP* objOP, TypeOPx MultOPx, FB* objB,
TypeBx MultBx, char* which "LM", 1int ncv = 0,
FLOAT tol = 0.0, 1int maxit = 0, FLOAT* resid = O,
bool AutoShift = true)

Shift and invert and buckling modes constr uctor

ARSymGenEig( char InvertMode, int n, int nev, FOP* objOP,
TypeOPx MultOPx, FB* objB, TypeBx MultBx, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Cayley mode constructor

ARSymGenEig(int n, int nev, FOP* objOP, TypeOPx MultOPx, FB* objA,
TypeBx MultAx, FB* objB, TypeBx MultBx, FLOAT sigma,
char* which = "LM", int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Examples

Becaise generdized problems include more than ore matrix, before solving a
problem using ARSymGenEig it is generally necessary to crede two dfferent classes,
eadh ore mntaining at least one function, say MultVet, which performs a matrix-
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vedor product??. Suppasing that al these dasss are avail able, there ae several ways
to crege asymmetric generdized problem:

1. Using the default constructor

Inthis case, after dedaring an oljed of the ARSymGenE1ig class the user shoud supgdy
al the information abou the problem requred by ARPACK++ dsawhere in the
program using the DefineParameters function:

ARSymGenEig<double, MatrixOP<double>, MatrixB<double> > EigProb;
// .

MatrixOP<double> OP;

MatrixB<double> B;

EigProb.DefineParameters (100, 4, &P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

When solving the problem in shift and invert mode, anather command is aso
necessry, becaise ashift canna be defined using DefineParameters:

MatrixOP<double> OP;

MatrixB<double> B;

EigProb.DefineParameters (100, 4, &P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

EigProb.SetShiftInvertMode(1.2, &P, &MatrixOP<double>::MultVet);

The same ocaurs when using buckling mode:

MatrixOP<double> OP;

MatrixB<double> A;

EigProb.DefineParameters (100, 4, &P, &MatrixOP<double>::MultVet,
&A, &MatrixB<double>::MultVet);

EigProb.SetBucklingMode(1.2, &P, &MatrixOP<double>: :MultVet);

In Cayley mode, threematrices — OP, A and B — are required. Although matrices A
and OP must share the same dass they use diff erent matrix-vedor product functions:

MatrixOP<double> OP;
MatrixB<double> A;
MatrixB<double> B;
EigProb.DefineParameters (100, 4, &P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);
EigProb.SetCayleyMode(1.2, &P, &MatrixOP<double>::MultVet,
&A, &MatrixB<double>::MultAVet);

2. Using theregular mode constructor

MatrixOP<double> OP;
MatrixB<double> B;
ARSymGenEig<double, MatrixOP<double>, MatrixB<double> >

%2 The required matrix-vedor products are: a) in reguar mode: B*Ax and Bx; b) in shift and
invert mode: (A-oB)x and Bx; ¢) in buckling mode: (A-0B)™x and Ax; d) in Cayley mode: (A-
oB)x, AxandBx. See chapter 4 for a detailed description of all modes.
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EigProb(100, 4, &P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

3. Using the shift and invert mode constructor

MatrixOP<double> OP;
MatrixB<double> B;
ARSymGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(’S’, 100, 4, &0P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet, 1.2);

4. Using the buckling mode constructor

MatrixOP<double> OP;
MatrixA<double> A;
ARSymGenEig<double, MatrixOP<double>, MatrixA<double> >
EigProb(’B’, 100, 4, &0P, &MatrixOP<double>::MultVet,
&A, &MatrixA<double>::MultVet, 1.2);

5. Using the Cayley mode constr uctor

MatrixOP<double> OP;
MatrixB<double> A;
MatrixB<double> B;
ARSymGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(100, 4, &P, &MatrixOP<double>::MultVet, &A,
&MatrixB<double>: :MultAVet,
&B, &MatrixB<double>::MultBVet, 1.2);

ARNonSymGenEig

argnsym.h

Declaration
template<class FLOAT, class FOP, class FB> class ARNonSymGenEig

Description
Defines ared norsymmetric generdized eigenvalue problem.

Parent classes

public virtual ARGenEig<FLOAT, FLOAT, FOP, FB>
public virtual ARNonSymStdEig<FLOAT, FOP>
public virtual ARrcNonSymGenEig<FLOAT>

Default constructor
ARNonSymGenEig()

Regular mode constructor

ARNonSymGenEig( int n, int nev, FOP* objOP, TypeOPx MultOPx,
FB* objB, TypeBx MultBx, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = 0,
FLOAT* resid = 0, bool AutoShift = true)
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Real shift and invert mode constructor

ARNonSymGenEig( int n, int nev, FOP* objOP, TypeOPx MultOPx, FB* obijB,
TypeBx MultBx, FLOAT sigma, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Complex shift and invert mode constructor

ARNonSymGenEig( int n, int nev, FOP* objOP, TypeOPx MultOPx, FB* objA,
TypeBx MultAx, FB* objB, TypeBx MultBx, char part,
FLOAT sigmaR, FLOAT sigmaI, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Examples

ARNonSymGenEig requires the user to supdy two (or sometimes thre@ different
matrix-vedor produwcts’®. Suppaing that at least two matrix classs are available,
ead ore @mntaining a least one function, say MultVet, which performs a matrix-
vedor produwct as required by the computational mode being used, some ways to
crede ared norsymmetric generdized problem include:

1. Using the default constructor

In this case, after dedaring the problem, the user must pass al the information
required by ARPACK++ dsawhere in the program using the DefineParameters
function:

ARNonSymGenEig<double, MatrixOP<double>, MatrixB<double> > EigProb;
/] .

MatrixOP<double> OP;

MatrixB<double> B;

EigProb.DefineParameters (100, 4, &0P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

Ancather command is dso necessry when solving the problem in shift and invert
mode, since ashift canna be defined using DefineParameters:

MatrixOP<double> OP;

MatrixB<double> B;

EigProb.DefineParameters (100, 4, &0P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

EigProb.SetShiftInvertMode(1.2, &P, &MatrixOP<double>::MultVet);

When shift is complex, three matrices — OP, A and B — are required. Althowgh
matrices A and OP must share the same dass they use diff erent matrix-vedor product
functions:

% The required products are: @) in reguar mode: B*Ax and Bx; b) in red shift and invert mode:
(A-oB)™x and Bx; c) in complex shift and invert mode: real{(A-oB)™}x or imag{(A-oB)™}x, Ax
andBx. See chapter 4.
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MatrixOP<double> OP;
MatrixB<double> A;
MatrixB<double> B;
EigProb.DefineParameters(100, 4, &0P, &atrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);
EigProb.SetComplexShiftMode(’R’, 1.2, 0.8, &0OP,
&Matrix0OP<double>: :MultVet,
&A, &MatrixB<double>::MultAVet);

2. Using theregular mode constructor

MatrixOP<double> OP;
MatrixB<double> B;
ARNonSymGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(100, 4, &P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

3. Using thereal shift and invert mode constructor

MatrixOP<double> OP;
MatrixB<double> B;
ARNonSymGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(100, 4, &P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet, 1.2);

4. Using the complex shift and invert mode constructor

MatrixOP<double> OP;
MatrixOP<double> A;
MatrixB<double> B;
ARNonSymGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(100, 4, &P, &MatrixOP<double>::MultVet,
&A, &MatrixB<double>::MultAVet,
&B, &MatrixB<double>::MultVet, ’'R’, 1.2, 0.8);

ARCompGenEig

argcomp.h

Declaration
template <class FLOAT, class FOP, class FB> class ARCompGenEig

Description
Definesa mmplex (Hermitian o nonHermitian) generali zed elgenvaue problem.

Parent classes

public virtual ARGenEig<FLOAT, complex<FLOAT>, FOP, FB>
public virtual ARCompStdEig<FLOAT, FOP>

Default constructor
ARCompGenEig()
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Regular mode constructor

ARCompGenEig( int n, int nev, FOP* objOP, TypeOPx MultOPx, FB*
objB, TypeBx MultBx, char* which = "LM", int ncv = 0,
FLOAT tol = 0.0, int maxit = O, complex<FLOAT>* resid = O, bool

AutoShift = true)

Shift and invert mode constructor

ARCompGenEig( int n, 1int nev, FOP* objOP, TypeOPx MultOPx, FB* objB,
TypeBx MultBx, complex<FLOAT> sigma, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = 0, complex<FLOAT>*

resid = 0, bool AutoShift = true)

Examples

To solve omplex generalized problems it is adso recessary to crede two matrix-
vedor product functions. In the examples given below, bah these functions are
cdled Multvet, bu eat ore belongsto adifferent class

1. Using the default congtructor

ARCompGenEig<double, MatrixOP<double>, MatrixB<double> > EigProb;

In this case, after dedaring an oljed that belongs to ARCompGenEig, it iS necessry to
usetheDefineParameters functionto passal the remaining information required by
ARPACK++:

MatrixOP<double> OP;

MatrixB<double> B;

EigProb.DefineParameters (100, 4, &0P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

Becaise ashift canna be defined using DefineParameters, the following command
isaso necessary when using shift andinvert mode:

EigProb.SetShiftInvertMode(complex<double>(1.2, 0.8),
&0P, &MatrixOP<double>::MultVet);

2. Using theregular mode constructor

MatrixOP<double> OP;
MatrixB<double> B;
ARCompGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(100, 4, &0P, &MatrixOP<double>::MultVet,
&B, &MatrixB<double>::MultVet);

3. Using the shift and invert mode constructor

MatrixOP<double> OP;
MatrixB<double> B;

%4 These functions are: a) in reguar mode: B*Ax and Bx; b) in shift and invert mode: (A-oB)x
andBx. See chapter 4.
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ARCompGenEig<double, MatrixOP<double>, MatrixB<double> >
EigProb(100, 4, &P, &MatrixOP<double>::MultVet, &B,
&MatrixB<double>: :MultVet, complex<double>(1.2, 0.8));

Classesthat do not handle matrix infor mation.

These dasses were aeded orly to maintain full compatibility between c++ and
FORTRAN versons of ARPACK. They implement the so cdled revese
comrunication interface and shoud be used orly if matrix neither matrix data nor
matrix-vedor products can be passed to classconstructors, as described in the @owve
sedions.

Although it is easy to dedare objeds using these dasss, oltaining eigenvaues and
eigenvedors require the user to explicitly define an awkward sequence of cdls to a
function cdled TakeStep combined with matrix-vedor products until convergenceis
attained.

ARrcSymStdEig

arrssym.h

Declaration
template<class FLOAT> class ARrcSymStdEig.

Description

Defines a red symmetric standard eigenvalue problem withou requiring a matrix-
vedor product function.

Parent class
public virtual ARrcStdEig<FLOAT, FLOAT>

Default constructor
ARrcSymStdEig()

Regular mode constructor

ARrcSymStdEig( int n, int nev, char* which = "LM", int ncv = 0,
FLOAT tol = 0.0, 1int maxit = 0, FLOAT* resid = 0, bool
AutoShift = true)

Shift and invert mode constructor

ARrcSymStdEig( int n, int nev, FLOAT sigma, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Examples
Defining ojeds of this classis graightforward:

1. Using the default constructor



REFERENCE GUIDE 105

ARrcSymStdEig<double> EigProb;

When wsing the default constructor, problem parameters must be passed elsewhere in
the program using functions DefineParameters and ChangeShi ft2>:

EigProb.DefineParameters (100, 4);
EigProb.ChangeShift(13.2);

2. Using theregular mode constructor

ARrcSymStdEig<double> EigProb(100, 4);

3. Using the shift and invert mode constructor

ARrcSymStdEig<double> EigProb(100, 4, 13.2);

ARrcNonSymStdEig

arrsnsym.h

Declaration
template <class FLOAT> class ARrcNonSymStdEig

Description
Defines ared norsymmetric standard eigenvaue problem.

Parent class
public virtual ARrcStdEig<FLOAT, FLOAT>

Default constructor
ARrcNonSymStdEig ()

Regular mode constructor

ARrcNonSymStdEig( int n, int nev, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = 0,
FLOAT* resid = 0, bool AutoShift = true)

Real shift and invert mode constructor

ARrcNonSymStdEig( int n, int nev, FLOAT sigma, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Examples
The user can easly dedare objeds of thisclass

1. Using the default congtructor

ARrcNonSymStdEig<double> EigProb;

% Only when solving a problem in shift and invert mode.
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When using this constructor, al other information about the problem must be passd
elsawhere in the program using DefineParameters and ChangeShift25:

EigProb.DefineParameters (100, 4);
EigProb.ChangeShift(13.2);

2. Using theregular mode constructor

ARrcNonSymStdEig<double> EigProb(100, 4);

3. Using the shift and invert mode constructor

ARrcNonSymStdEig<double> EigProb(100, 4, 13.2);

ARrcCompStdEig

arrscomp.h

Declaration
tempTlate<class FLOAT> class ARrcCompStdEig

Description
Definesa mmplex (Hermitian o nonHermitian) standard elgenvalue problem.

Parent class
public virtual ARrcStdEig<FLOAT, complex<FLOAT> >

Default constructor
ARrcCompStdEig()

Regular mode constructor

ARrcCompStdEig( int n, int nev, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = 0,
complex<FLOAT>* resid = 0, bool AutoShift = true)

Shift and invert mode constructor
ARrcCompStdEig( int n, int nev, complex<FLOAT> sigma,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0,
int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)
Examples

1. Using the default constructor

ARrcCompStdEig<double> EigProb;

/] .

EigProb.DefineParameters (100, 4);
EigProb.ChangeShift(complex<double>(13.2, 10.4));
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Asillustrated in the dove example, to use the default constructor, it isaso recessary
to cdl other functions, such as DefineParameters and ChangeShift, to pass me
problem parametersto ARPACK ++.

In this case, DefineParameters was used to define the size of the problem and the
number of desired eigenvaues, while ChangeShift was cdled to define the shift
(suppaing that the shift and invert mode shoud be enployed).

2. Using theregular mode constructor

ARrcCompStdEig<double> EigProb(100, 4);

3. Using the shift and invert mode constructor

ARrcCompStdEig<double> EigProb(100, 4, complex<double>(13.2, 10.4));

ARrcSymGenEig

arrgsym.h

Declaration
template <class FLOAT> class ARrcSymGenEig

Description
Definesared symmetric generdized eigenvaue problem.

Parent classes

public virtual ARrcGenEig<FLOAT, FLOAT>
public virtual ARrcSymStdEig<FLOAT>

Default constructor
ARrcSymGenEig(Q)

Regular mode constructor

ARrcSymGenEig( int n, 1int nev, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Shift and invert, buckling and Cayley modes constructor

ARrcSymGenEig( char InvertMode, int n, int nev, FLOAT sigma,
char* which = "LM", 1int ncv = 0, FLOAT tol = 0.0, int
maxit = 0, FLOAT* resid = 0, bool AutoShift = true)

Examples
1. Using the default constructor

ARrcSymGenEig<double> EigProb;
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When using this constructor, al problem parameters must be passed elsewhere in the
program using the DefineParameters function:

EigProb.DefineParameters (100, 4);

One of the three @mmands below is dso required when a spedrd transformation is
being used:

EigProb.SetShiftInvertMode(1.2);
EigProb.SetBucklingMode(1.2);
EigProb.SetCayleyMode(1.2);

2. Using theregular mode constructor
ARrcSymGenEig<double> EigProb(100, 4);
3. Using the shift and invert, buckling and Cayley modes constructor

To define aspedral transformation while defining an oljed of this class ore of the
foll owing commands must be used:

ARrcSymGenEig<double> EigProb(’S’, 100, 4, 1.2);
ARrcSymGenEig<double> EigProb(’B’, 100, 4, 1.2);
ARrcSymGenEig<double> EigProb(’C’, 100, 4, 1.2);

ARrcNonSymGenEig

arrgnsym.h

Declaration
template<class FLOAT> class ARrcNonSymGenEig

Description
Defines ared norsymmetric generdized eigenvalue problem.

Parent classes

public virtual ARrcGenEig<FLOAT, FLOAT>
public virtual ARrcNonSymStdEig<FLOAT>

Default constructor
ARrcNonSymGenEig()

Regular mode constructor
ARrcNonSymGenEig( int n, int nev, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)
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Real shift and invert mode constructor

ARrcNonSymGenEig( int n, int nev, FLOAT sigma, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = O,
FLOAT* resid = 0, bool AutoShift = true)

Complex shift and invert mode constructor

ARrcNonSymGenEig( int n, int nev, char part, FLOAT sigmaR,
FLOAT sigmal, char* which = "LM", int ncv = 0,
FLOAT tol = 0.0, 1int maxit = 0, FLOAT* resid = 0,
bool AutoShift = true)

Examples
1. Using the default constructor

ARrcNonSymGenEig<double> EigProb;

When wsing the default constructor, al other relevant information abou the problem
must be passed using the DefineParameters function:

EigProb.DefineParameters (100, 4);

One of the following commandsis aso necessary when solving the problem in red or
complex shift andinvert mode:

EigProb.SetShiftInvertMode(1.2);
EigProb.SetComplexShiftMode(’R’, 1.2, 0.8);

2. Using theregular mode constructor
ARrcNonSymGenEig<double> EigProb(100, 4);
3. Using thereal shift and invert mode constructor

ARrcNonSymGenEig<double> EigProb(100, 4, 1.2);

4. Using the complex shift and invert mode constructor

ARCompGenEig<double> EigProb(100, 4, ’R’, 1.2, 0.8);

ARrcCompGentEig

arrgcomp.h

Declaration
template <class FLOAT> class ARrcCompGenEig

Description
Definesa mmplex (Hermitian a non-Hermitian) generdi zed eigenvalue problem.
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Parent classes

public virtual ARrcGenEig<FLOAT, complex<FLOAT> >
public virtual ARrcCompStdEig<FLOAT>

Default constructor
ARrcCompGenEig()

Regular mode constructor

ARrcCompGenEig( int n, int nev, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, int maxit = 0,

complex<FLOAT>* resid = 0, bool AutoShift true)

Shift and invert mode constructor

ARrcCompGenEig( int n, int nev, complex<FLOAT> sigma,

char* which = "LM", int ncv = 0, FLOAT tol = 0.0,

int maxit = 0, complex<FLOAT>* resid = 0, bool
AutoShift = true)

Examples
1. Using the default constructor

ARrcCompGenEig<double> EigProb;

When using this constructor, the user must employ functions DefineParameters and
SetShiftInvertMode to supdy al problem parameters:

EigProb.DefineParameters (100, 4);
EigProb.SetShiftInvertMode(complex<double>(1.2, 0.8));

2. Using theregular mode constructor

ARrcCompGenEig<double> EigProb(100, 4);

3. Using the shift and invert mode constructor

ARrcCompGenEig<double> EigProb(100, 4, complex<double>(1.2, 0.8));

Base classes.

The dasses described bdow are used as a basis for the definition d al other
ARPACK++ dasss. They are nat intended to be used dredly and were included
here only for the sake of completeness

ARrcStdEig

arrseig.h

Declaration
template<class FLOAT> class ARrcStdEig
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Description
Defines a generic standard eigenvalue problem.

Default constructor
ARrcStdEig()

ARrcGenEig

arrgeig.h

Declaration
template<class FLOAT> class ARrcGenEig

Description
Defines a generic generdized eigenva ue problem.

Parent class
public virtual ARrcStdEig<FLOAT, TYPE>

Default constructor
ARrcGenEig()

ARStdEig

arseig.h

Declaration
template<class FLOAT, class TYPE, class FOP > class ARStdEig

Description

Defines a generic standard eigenvalue problem, suppaing that class FOP contains a
member functionthat performs amatrix-vedor product.

Parent class
public virtual ARrcStdEig<FLOAT, TYPE>

Default constructor
ARStdEig()

ARGenEig

argeig.h

Declaration
template<class FLOAT, class TYPE, class FOP, class FB> class ARGenEig



112 ARPACK++

Description

Defines a generic generdlized eigenvaue problem Ax = BxA, suppaing that
information abou matrices A and B is provided by classes FOP and FB.

Parent classes

public virtual ARrcGenEig<FLOAT, TYPE>
public virtual ARStdEig<FLOAT, TYPE, OP>

Default constructor
ARGenEig()

Matrix classes.

Although the user is encouraged to use his own matrix classes, ARPACK++ includes
some predefined classes that can be used to crede dense matrices and sparse matrices
in compressed sparse @lumn (CSC) or band format.

The main pupose of these dasssisto help the user to define egenvalue problems,
but some of them can aso be used to solve linea systems or to perform metrix-vedor
products.

There ae eght matrix classes and anather eight classes that represent pencils. They
are divided acording to the presence of symmetry and aso acarding to the library
that isused to solvelinea systems.

M atrices.

ARbdSymMatrix

arbsmat.h
Declaration
template<class TYPE> class ARbdSymMatrix

Description
This classdefines ared symmetric band matrix.

Warning. Two member functions of this class FactorA and FactorAsI, cdl
LAPACK to parform a matrix decompasition. These two functions are used by
ARPACK++ to solve generali zed eigenvalue problems and aso standard problemsiin
shift and invert mode. Although ARbdSymMatrix shoud orly be used to define
symmetric matrices, a LU fadorization with partia pivoting is used. Since many
noreero e ements are generated duing the matrix decompasition, memory avail ability
must be taken in acaurt when using these member functions.
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Default constructor
ARbdSymMatrix()

L ong constructor
ARbdSymMatrix(int n, int nsdiag, TYPE* nzval, char uplo = 'L")

Congtructor parameters

n

nsdiag

nzval

uplo

number of columns.

number subdagonals (or superdiagords), na includng the main
diagondl.

pointer to an array that contains the norezero eements of the upper or
lower triangular part of the matrix. The norzero eements must be
supdied by columns and, within ead column, they must aso be in
ascending order of row indces.

nzval can be viewed as a matrix with n columns and nsdiag+1 rows,
where the olumns are stored sequentidly in the same vedor. In this
representation, eat row of the (nsdiag+1) xn matrix contains a
diagond from the origind matrix. If the upper triangular part of the

matrix is supdied, the main dagond is gored in the last row. On the
other hand,the main dagondl isthefirst row if uplo = ’L’.

charader variable that indicaesif the user intendsto define the matrix by
suppying its lower (uplo = ’L’) or upper triangular (uplo = ’U’)
norezero eements.

Public member functions
int nrows()

returnsn.

int ncolsQ

returnsn.

void FactorA(Q)

Performsthe LU fadorization d A, amatrix that belongsto this class

void FactorAsI(TYPE sigma)

Performsthe LU decompasition d (A-al) , wherel isthe identity matrix.

bool IsFactored()

indcaesif the LU decomposition d matrix A or (A—acl) isavailable.

void MuTtMv(TYPE* v, TYPE* w)

Cdculates w — Av.
void MultInvv(TYPE* v, TYPE* w)

Solves LUw = V. FactorA or FactorAsI must be cdled prior to using this

function.

void DefineMatrix(int n, int nsdiag, TYPE* nzval, char uplo = 'L")
Stores matrix datawhen the default constructor is beng used.
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Example
To store the symmetric matrix

O oo N O B
O O ~A KPP N W
A NP OO
N WL O O O
o
l

>
I
S E I LW

in band format it is necessry first to rewrite the lower triangular part of A as a
(nsdiag +1) x n matrix:

4 6 1 2 3 50
Afa“d:%z41205
B 004 0 OH

After that, the user must dedare avedor, say nzval, that contains the clumns of

bard .
A

double nzval[] = { 4.0, 1.0, 3.0, 0, 2.0, 0.0, 1.0, 4.0, 0.0,
2.0, 1.0, 4.0, 3.0, 2.0, 0.0, 5.0, 0.0, 0.0 };

As an dternative, the upper triangular part of matrix A can aso be used to dedare

nzval:
mosoo4g
A{ja“d=g)124125
H 6 1 2 3 55
double nzval[] = { 0.0, 0.0, 4.0, 0.0, 1.0, 6.0, 3.0, 2.0, 1.0,
0.0, 4.0, 2.0, 0.0, 1.0, 3.0, 4.0, 2.0, 5.0 };

Notice that some entriesin A™™ and A?™ were atificialy set to zero becaise the
diagonals of A do nd contain the same number of e ements.

Oncenzval is available, ore of the mnstructors described abowve shoud be used to
dedare A as an ARbdSymMatrix objed:

1. Using thelong congtructor

L.
U,

ARbdSymMatrix<double> A(6, 2, nzval); // uplo
ARbdSymMatrix<double> B(6, 2, nzval, 'U’); // uplo
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2. Using thedefault constructor

ARbdSymMatrix<double> A;
A.DefineMatrix(6, 2, nzval); // uplo = 'L’.

After dedaring A, to solve alinea system, ssy Ax =Yy, where X and y are dense

vedors with compatible dimensions, the matrix must be fadored and then MultInvv
cdled:

A.FactorA(Q);
A MultInvw(y, X);

ARdsSymMatrix

ardsmat.h
Declaration
template<class TYPE> class ARdsSymMatrix

Description
Thisclassdefinesared symmetric dense matrix.

Warning Two member functions of this class FactorA and FactorAsI, cdl
LAPACK to perform a matrix decmpostion. These two functions are used by
ARPACK++ to solve generdized eigenva ue problems and also standard problemsin
shift and invert mode. Although ARdsSymMatrix shoud orly be used to define
symmetric matrices, a LU fadorization with pertia pivoting is used. Since many
noreero e ements are generated during the matrix decompasition, memory avail ability
must be taken in acournt when using these member functions.

Default constructor
ARdsSymMatrix()

L ong constructor
ARdsSymMatrix(int n, TYPE* nzval, char uplo = 'L")

Congtructor parameters
n number of columns.

nzval pointer to an array that contains the noreero eements of the upper or
lower triangular part of the matrix. The norzero eements must be
supdied by columns and, within ead column, they must aso be in
ascending order of row indces.

uplo charader variable that indicaesif the user intendsto define the matrix by
suppying its lower (uplo = ’L’) or upper triangular (uplo = ’U’)
norezero eements.
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Public member functions
int nrows()
returnsn.

int ncolsQ)
returnsn.

void FactorA(Q)
Performsthe LU fadorization d A, amatrix that belongsto this class

void FactorAsI(TYPE sigma)
Performsthe LU decompasition d (A - ol) , wherel isthe identity matrix.

bool IsFactored()
indicatesif the LU decompasition d matrix A or (A—ol) isavailable.

void MultMv(TYPE* v, TYPE* w)
Cdculates w — Av.

void MultInvv(TYPE* v, TYPE* w)
Solves LUwW = V. FactorA or FactorAsI must be cdled prior to using this
function.

void DefineMatrix(int n, TYPE* nzval, char uplo = 'L")
Stores matrix datawhen the default constructor is being used.

Example
To store the symmetric matrix
14 1 3 -1 20
0 0
ol o 6 2 OD
A=03 6 -3 -1 40
W il

D_l 2 _1 3 2|:|
H2 0 4 2 5(

ina mmpad format it is necessary dedare avedor, say nzval, that contains the lower
triangular part of the mlumnsof A:

double nzval[] = { 1.0, 3.0, -1.0, 2.0, 5.0, 6.0, 2.0,

4.0,
0.0, -3.0, -1.0, 4.0, 3.0, 2.0, 5.0 };

As an dternative, the upper triangular part of matrix A can aso be used to dedare

nzval:

double nzvall] = { 4.0, 1.0, 5.0, 3.0, 6.0, -3.0, -1.0, 2.0,
-1.0, 3.0, 2.0, 0.0, 4.0, 2.0, 5.0 };

Once nzval is available, ore of the mnstructors described abowve shoud be used to
dedare A asan ARdsSymMatrix objed:

1. Using thelong constructor



REFERENCE GUIDE 117

ARdsSymMatrix<double> A(5, nzval); // uplo
ARdsSymMatrix<double> B(5, nzval, ’'U’); // uplo

L.
.

2. Using thedefault constructor

ARdsSymMatrix<double> A;
A.DefineMatrix(6, nzval); // uplo = ’L’.

After dedaring A, to solve alinea system, ssy Ax =y, where X and y are dense

vedors with compatible dimensions, the matrix must be fadored and then MultInvv
cdled:

A.FactorA(Q);
A MultInvw(y, X);

ARluSymMatrix

arlsmat.h
Declaration
template<class TYPE> class ARlTuSymMatrix

Description

This class defines a red symmetric matrix in compressed sparse @lumn (CSC)
format.

Warning Two member functions of this class FactorA and FactorAsI, cdl the
SuperLU padage to perform a matrix decompasition. These functions are used by
ARPACK++ to solve generdli zed elgenval ue problems and standard problems in shift
andinvert mode.

In spite of the fad that this class $ioud be used to define symmetric matrices, a LU
fadorization is used instead of a symmetric decmpastion. However, a olumn
reordering based on the minimum degree &gorithm can be dore before the
fadorization, as described below. Sincesomefill -ins can accur during the dimination
phase, memory avail ability must be taken in acount when using the two functions
mentioned abowve

Default constructor
ARTuSymMatrix()

L ong constructor

ARTuSymMatrix(int n, int nnz, TYPE* nzval, int* dirow,
int* pcol, char uplo = 'L', double thresh = 0.1,
int order = 2, bool check = true)

L ong constructor (Harwell-Boeingfile)

ARTuSymMatrix(char* name, double thresh
int order = 2, bool check

0.1,
true)
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Congtructor parameters

n
nnz

nzval

irow

pcol

uplo

name

thresh

order

check

number of columns.
number of noreero dementsin nzval.

painter to an array that contains the noreero eements of the upper or
lower triangular part of the matrix. Within ead column, nzval
comporents must be supgied in ascending order of row indices.

painter to an array of row indices of the norzero e ements contained in
nzval.

painter to an array of panters to the beginning of columnsin nzval and
irow. Such array must have n+1 elements and the last dement must be
equal to nnz.

charader variable that indicaesif the user intends to define the matrix by
suppying its lower (uplo = ’L’) or upper triangular (uplo = ’U’)
norzero eements.

name of thefil e that stores the matrix in Harwell-Boeing format.

relative pivot tolerance used duing the matrix fadorization. At step i of
the Gausdan dimination pocess a, is used as pivot if
|a; |= threshimax ,;|a; |. No pivoting will be used if thresh = 0,
while thresh = 1 correspondsto partid pivoting.

integer variable that indicaes which column permutation shodd be
performed prior to the decompaosition d Aor (A-ol). If order = 0,
the origina column arder will be preserved. If order = 1, the minimum
degreeordering on the structure of A" A is used (this option is intended
to be used with norsymmetric matrices, and shodd be avoided when
dedaring matrices with this clasg. Findly, order = 2 means that the
minimum degreeordering shoud ke gplied onthe structure of A" + A
(thisisthe default option for symmetric matrices).

bodean variable that indicaes if matrix data is to be deded for
inconsstencies. When check = true, ARPACK++ chedksif pcol isin
ascending order andif i row comporentsarein arder and within bound.

Public member functions
int nrows()

returnsn.

int ncols()

returnsn.

int nzeros()

returnsnnz.

void FactorA(Q)
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Performsthe LU fadorization d A, amatrix that beongsto thisclass This

function can orly be used if the SuperLU library was previoudy instal ed.
void FactorAsI(TYPE sigma)

Performsthe LU decompasition d (A-al), where| is the identity matrix.

Thisfunctionaso cdls SuperLU routines.

bool IsFactored()
indcaesif the LU decomposition d matrix A or (A—acl) isavailable.

void Mu]tMV(TYPE:’: v, TYPE* W)
Cdculates w — Av.

void MultInvv(TYPE* v, TYPE* w)
Solves LUw = V. FactorA or FactorAsI must be cdled prior to using this
function.

void DefineMatrix( int n, int nnz, TYPE* nzval, int* irow,
int* pcol, char uplo = 'L', double thresh = 0.1,
int order = 2, bool check = true)
Stores matrix data when the default constructor is being used.

Example
To store the lower triangular part of the symmetric matrix

1 0 0 0 -20
0 0
20 320 07
A=00 2 1 4 00O
0 i
00 043 0f
H2 00 0 -1f

in CSC format it isnecessry to dedare the following vedors

double nzval[] = { -1.0, -2.0, 3.0, 2.0, 1.0, 4.0, 3.0, -1.0 };
int dirow[] ={1,5, 2,3, 3,4,4,513;
int pcol[] ={0,2,4,6,7, 81};

Alternatively, nzval, irow and pcol can aso corntain the upper triangular part of
matrix A, asin the following example:

double nzval[] = { -1.0, 3.0, 2.0, 1.0, 4.0, 3.0, -2.0, -1.0 };
int dirow[] ={1,2,2,3,3,4,1,513;
int pcol[] ={0,1, 2, 4, 6, 8 };

Oncethese vedors are avallable, ore of the @nstructors described above shoud be
used to dedare A asan ARTuSymMatrix objed:

1. Using thelong constructor

ARTuSymMatrix<double> A(5, 8, nzval, irow, pcol); // uplo = ’L’.
ARTuSymMatrix<double> B(5, 8, nzval, irow, pcol, 'U’); // uplo = ’U’.
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2. Using thedefault constructor

ARTuSymMatrix<double> A;
A.DefineMatrix(5, 8, nzval, irow, pcol); // uplo = ’L’.

After dedaring the matrix, to solve alinea system, say Ax=y, wherex andy are

dense vedors with compatible dimensions, A must be fadored and then MultInvv
cdled:

A.FactorAQ;
A.MultInvv(y, X);

ARumSymMatrix

arusmat.h
Declaration
tempTlate<class TYPE> class ARumSymMatrix

Description

This class defines a red symmetric matrix in compressed sparse @lumn (CSC)
format.

Warning The UMFPACK library is cdled by FactorA and FactorAsI member
functions to paform a matrix decompostion. These functions are used by
ARPACK++ to solve generdli zed elgenvalue problems and standard problemsiin shift
andinvert mode. In spite of the fad that this class $ioud be used to define symmetric
matrices, aLU fadorizationis used?®. Dueto fill -ins that ocaur during the dimination
phase, memory avail abilit y must be taken in acournt when using these functions.

Default constructor
ARumSymMatrix()

L ong constructor

ARumSymMatrix( int n, int nnz, TYPE* nzval, int* qirow, int* pcol,
char uplo = 'L', double thresh = 0.1, int fillin = 9,
bool redcb1 = true, bool check = true)

Long constructor (Harwell-Boeing file)

ARumSymMatrix( char* name, double thresh = 0.1, int fillin = 9,
bool redcbl = true, bool check = true)

Congtructor parameters
n number of columns.

nnz number of noreero dementsin nzval.

% The main purpose of the UMFPACK padckage is to solve nonsymmetric systems, but its
fadorizaion routines contain a few parameters that can be aljusted to take in acount the
symmetric structure of the matrix.



nzval

irow

pcol

uplo

name

thresh

fi1lin

redcbl

check
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painter to an array that contains the noreero elements of the upper or the
lower triangular part of the matrix. Within ead column, nzval
comporents must be supdied in ascending order of row indices.

panter to an array of row indces of the dements contained innzval.

painter to an array of panters to the beginning of columnsin nzval and
irow. This aray must have n+1 elements and the last lement must be
equa to nnz.

a tharader that indcaes if the user intends to define the matrix by
supdying its lower (uplo = ’L’) or upper triangular (uplo = 'U’)
noreero e ements.

name of the fil e that stores the matrix in Harwell -Boeing format.

relative pivot tolerance used duing the matrix fadorization. At step i of
the Gaussan dimination pocess a; is used as pivot if
|a; |= threshinax ,;[a; |. No pivoting will be used if thresh = 0,
while thresh = 1 correspondsto partia pivoting.

expeded growth in matrix elements due to fadorization. FactorA and
FactorAsI functions will reserve 2*fi1711in*nnz memory paositions for
fill -ins ocaurred duing LU decmpasition.

bodean variable that indicates whether or nat to attempt a permutation to
block triangular form. If redcb1 is &t to true, the permutation is
attempted.

bodean variable that indicaes if matrix data is to be dedked for
inconsistencies. When check = true, ARPACK++ dhedsif pcol isin
ascending order andif i row comporentsarein arder and within bound.

Member functions
int nrows()

returnsn.

int ncolsQ

returnsn.

int nzeros()

returnsSnnz.

int FillFact()

returnsfil1lin.

void FactorAQ

Performsthe LU fadorization d A, amatrix that belongs to this class This
function can orly be used if the UMFPACK library was previoudy install ed.

void FactorAsI(TYPE sigma)

Performsthe LU decompasition d (A—-al), where is the identity matrix.
Thisfunctionaso cdls UMFPACK routines.
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bool IsFactored()
indcaesif the LU decompaosition d matrix A or (A—acl) isavailable.

V01'd Mu‘ltMV(TYPE:\ v, TYPE* W)
Cdculates w — Av.

void MultInvv(TYPE* v, TYPE* w)
Solves LUw = V. FactorA or FactorAsI must be cdled prior to using this
function.

void DefineMatrix( int n, int nnz, TYPE* nzval, int* 1irow,
int* pcol, char uplo = 'L', double thresh = 0.1,
int fi1lin = 9, bool redcb]l = true, bool check = true)

Stores matrix data when the default constructor isbeing used.

Example

Suppaing that the same threevedors nzval, irow and pcol defined in the example
of the ARTuSymMatrix class above ae avalable, it is easy to dedare asymmetric
matrix using one of the anstructors of the ARumSymMatrix class

1. Using thelong constructor

L.
U’

ARumSymMatrix<double> A(5, 8, nzval, irow, pcol); // uplo

ARumSymMatrix<double> B(5, 8, nzval, irow, pcol, ’U’); // uplo

2. Using thedefault constructor

ARumSymMatrix<double> A;
A.DefineMatrix(5, 8, nzval, irow, pcol); // uplo = ’L’.

After dedaring A, to solve alinea system, say Ax =Yy, where X and y are dense

vedors with compatible dimensions, the matrix must be fadored and then MultInvv
cdled:

A.FactorAQ;
A MultInvv(y, X);

ARbdNonSymMatrix

arbnsmat.h
Declaration
template<class TYPE> class ARbdNonSymMatrix

Description
Thisclassdefinesared or complex norsymmetric square matrix in band format.

Warning The LAPACK library is cdled by two member functions of this class
FactorA and FactorAsI, to perform a matrix decompasition. These functions are
used by ARPACK++ to solve generalized eigenvalue problems and dso standard
problemsin shift andinvert mode. Since many noreero eements are generated during
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the LU fadorization, memory avail ability must be taken in acournt when using these
two member functiors.

Default constructor
ARbdNonSymMatrix()

L ong constructor
ARbdNonSymMatrix(int n, int ndiagl, int ndiagU, TYPE* nzval)

Congtructor parameters
n number of columns.

ndiagL number of subdagonals.
ndiagU number of superdiagonals.

nzval ponter to an aray that contains al of the noreero matrix elements,
ordered by columns. Within ead column, nzval comporents must be
suppied in ascending order of row indices.
nzval can be viewed as a matrix with n columns and ndiagL+ndiagU+1
rows, where the olumns are stored sequentidly in the same vedor. In
this representation, ead row of the cmmpad meatrix contains a diagona
from the original matrix.

M ember functions
int nrows()
returnsn.

int ncolsQ
returnsn.

void FactorA(Q)
Performsthe LU fadorization d A, amatrix that belongsto this class

void FactorAsI(TYPE sigma)
Performsthe LU decompasition d (A-al) , wherel isthe identity matrix.

bool IsFactored()
indcaesif the LU decomposition d matrix A or (A—cl) isavailable.

void MuTtMv(TYPE* v, TYPE* w)
Cdculates w — Av.

void MuTtMtv(TYPE* v, TYPE* w)
Cdculates w — A'v.

void MultMtMv(TYPE* v, TYPE* w)
Cdculates w — AT Av.

void MuTtMMtv(TYPE* v, TYPE* w)
Caculaes w — AA'v.

void MuTtOMMtOv(TYPE* v, TYPE* w)
Caculates w — Av, where
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A=
Ham ob
void MultInvv(TYPE* v, TYPE* w)
Solves LUw = V. FactorA or FactorAsI must be cdled prior to using this
function.
void DefineMatrix(int n, int ndiaglL, int ndiagU, TYPE* nzval)
Stores matrix datawhen the default constructor is being used.

Example
To store matrix

04 3 0 0 0 0O
0 0
Ol 6 2 0 O OD
A +1 2 1 4 0 0U
=0 0
0 0 3 -2 -1 0f
BO 00 1 3 18
0O 0 0 4 2 5
in band format it is necessary first to rewrite A as a (ndiagL + ndiagU +1) xn
matrix?";
oo 3 2 4 -1 10
O _ O
A = 0 6 1 -2 3 5
o 01 2 3 1 2 00
l 0
m1 0 0 4 0 O0Of

After that, it is possble to define avedor, say nzval, that stores the @lumns of this
matrix sequentialy:

double nzval[] = { O.
2

Findly, ore of the mnstructors described above shoud be used to dedare A as an
ARbdNonSymMatrix objed:

1. Using thelong congtructor

ARbdNonSymMatrix<double> A(6, 2, 1, nzval);

27 Notice that some entries in Ap,ng are atificially set to zero becaise the diagonals of A do not
contain the same number of elements.



REFERENCE GUIDE 125

2. Using thedefault constructor

ARbdNonSymMatrix<double> A;
A.DefineMatrix(6, 2, 1, nzval);

ARdsNonSymMatrix

ardnsmat.h
Declaration
template<class TYPE> class ARdsNonSymMatrix

Description
Thisclassdefinesared or complex norsymmetric dense matrix.

Warning The LAPACK library is cdled by two member functions of this class
FactorA and FactorAsI, to perform a matrix decompasition. These functions are
used by ARPACK++ to solve generdized eigenvalue problems and dso standard
problemsin shift andinvert mode. Since many noreero elements are generated duing
the LU fadorization, memory avail ability must be taken in acournt when using these
two member functiors.

Default constructor
ARdsNonSymMatrix()

L ong constructor (squarematrix)
ARdsNonSymMatrix(int n, TYPE* nzval)

L ong constructor (rectangular matrix)
ARdsNonSymMatrix(int m, int n, TYPE* nzval)

L ong constructor (squareor rectangular matrix stored in afile)
ARdsNonSymMatrix(char* name, int blksize = 0)

Congtructor parameters

m number of rows.
n number of columns.
nzval ponter to an array that contains dl of the matrix elements ordered by

columns. Within ead column, nzval comporents must be supgied in
ascending order of row indces.

name name of thefil e that stores the matrix.

blksize  dze of the block that is to be read a once when the matrix does nat fit
into memory (seethe Out-of-core matrices sedion kelow). If b1ksize is
st to zero (the default option) dl of the matrix eements are read.
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Member functions
int nrows()
returnsn.

int ncolsQ)
returnsn.

void FactorA(Q)
Performsthe LU fadorization d A, amatrix that belongs to this class This
function cannd be used with ou-of-core matrices.

void FactorAsI(TYPE sigma)
Performs the LU decompasition d (A—-al), where | is the identity matrix.
This function canna be used with ou-of-core matrices.

bool IsFactored()
indicatesif the LU decompasition d matrix A or (A—ol) isavailable.

void MultMv(TYPE* v, TYPE* w)
Caculates w —~ Av.

void MultMtv(TYPE* v, TYPE* w)
Caculates w — A'v.

void MultMtMv(TYPE* v, TYPE* w)
Caculates w — A" Av.

void MultMMtv(TYPE* v, TYPE* w)
Caculates w — AA'vV.

void MultOMMtOv(TYPE* v, TYPE* w)
Caculates w — Av, where

_ 00 AQg

A=
AT o
void MultInvv(TYPE* v, TYPE* w)
Solves LUW = V. FactorA or FactorAsI must be cdled prior to using this
function.

void DefineMatrix(int n, TYPE* nzval)
Stores matrix datawhen matrix is gjuare and the default constructor is being
used.

void DefineMatrix(int m, int n, TYPE* nzval)
Stores matrix data when matrix is redangular and the default constructor is
being used.

void DefineMatrix(char* name, int blksize = 0)
Stores matrix datawhen matrix is gored in afile.

Out-of-core matrices

The ARdsNonSymMatrix classcan dso be used to hand e dense out-of-core matrices,
i.e. matrices that are too kg to fit into memory. In this case, orly b1ksize rows or
columns are read a once so the matrix is entirely reread from disk every time a
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matrix-vedor product functionis cdled and the product is performed ore block after
ancther.

Unfortunately, FactorA and FactorAsI cannd be used with ou-of-core matrices.

Reading matricesfrom files

This class permits the user to dedare amatrix from a file. However, this file must
follow avery grict format. A brief description d thisformat is given below.

1. The user can include comments in the file, bu these wmments must precele
everything ese. Comment lines must begin with a% sign.

2. Immediately after the mmments, there must be aline cntaining the number of
rows and columns of the matrix.

3. Findly, dl of the matrix elements must be stored ore per line (if the matrix is
complex thered part comesfirst intheline).

In most cases, the matrix elements are aumed to ke stored following a @lumn-
magor order (one wlumn at atime). However, there is one exception. If the matrix is
out-of-core and m> n, the matrix e ements must be stored row-wise. Thisisrequired
becaise only b1ksize rows are real a once and the dements of these rows must be
stored corntiguoldly in thefile.

Example
To store matrix
06 1 -1 0O
i il
AoO2 4 2 47
01 3 5 20
93 0 1 4

One can define a vedor, say nzval, that stores the @lumns of this matrix
sequentialy:

double nzval[] = { 6.0, -2. .0
2. .0 };

-1.0,

[oNe)

.0, 0
.0, 4

N w

, 1.0, 3.0, 1.0, 4.0,
, 5.0, 1.0, 0.0, 4.0,
Asan dternative, the matrix can dso be stored in afile. One example of such afileis
given below:

% Comment 1ines (lines that start with an % sign) are allowed,
% but they must precede everything else in the file.
% The Tine below contains the number of rows and columns of the matrix.

4
.0
2.0

AR WRL I OMN
[eNeNeNe)
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o w
[oNe)

1.0

ANPAPORUVIN
[ecNeoNoNoNoNoNe]

Once the matrix data is generated (and perhaps gored in a file), ore of the
constructors described above can be used to dedare A as an ARdsNonSymMatrix
obed:

1. Using thelong constructor

ARdsNonSymMatrix<double> A(4, nzval);
ARdsNonSymMatrix<double> B(“matrix.dat™);

2. Using thedefault constructor

ARdsNonSymMatrix<double> A;
A.DefineMatrix(4, nzval);

ARdsNonSymMatrix<double> B;
B.DefineMatrix(“matrix.dat”);

ARluNonSymMatrix

arlnsmat.h
Declaration
template<class TYPE> class ARTuNonSymMatrix

Description

This class defines a red or complex norsymmetric matrix in compressed sparse
column (CSC) format.

Warning The SuperLU library is cdled by FactorA and FactorAsI member
functions to paform a matrix decompostion These functions are used by
ARPACK++ to solve generdli zed elgenvalue problems and standard problemsiin shift
and invert mode. A column reordering can be dore before the fadorization, as
described below. Since some fill -in can ocaur during the dimination phase, memory
avall abilit y must be taken in acourt when using these functions.

Default constructor
ARTuNonSymMatrix()

L ong constructor (square matrix)

ARTuNonSymMatrix( int n, int nnz, TYPE* nzval, int* irow, int* pcol,
double thresh = 0.1, int order = 1, bool check = true)
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L ong constructor (rectangular matrix)
ARTuNonSymMatrix(int m, int n, 1int nnz, TYPE* nzval, int* irow, int* pcol)

L ong constructor (Harwell-Boeingfile)

ARTuNonSymMatrix( char* name, double thresh

0.1,
true)

int order = 1, bool check

Congtructor parameters

m
n
nnz

nzval

irow

pcol

name

thresh

order

check

number of rows.
number of columns.
number of noreero dements.

pointer to an array of noreero eements in matrix. Within ead column,
nzval comporents must be supdied in ascending order of row indices.

painter to an array of row indces of the norezeros.

pointer to an array of painters to the beginning of columnsin nzval and
irow. This aray must have n+1 elements and the last lement must be
nnz.

name of thefil e that stores the matrix in Harwell-Boeing format.

relative pivot tolerance used during the matrix fadorization. At step i of
the Gaussan dimination pocess a; is used as pivot if
|a; |= threshimax ; |a; |. No pivoting will be dore if thresh = 0,
while thresh = 1 correspondsto partia pivoting.

integer variable that indcaes which column permutation shoud be
performed prior to the decompasition d Aor (A—oal). If order = 0,
the origina column arder will be preserved. If order = 1, the minimum
degree ordering on the structure of AT A is used. Findly, order = 2
means that the minimum degree ordering shoud ke gplied on the
dructureof A’ + A,

bodean variable that indcaes if matrix data is to be deded for
inconsstencies. When check = true, ARPACK++ chedsif pcolisin
ascending order and if i row comporents arein arder and within bound.

M ember functions
int nrows(Q)

returnsm.

int ncolsQ

returnsn.

int nzeros()

returnsnnz.
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void FactorA(Q)
Performs the LU fadorization d A, a matrix that belongs to this class A
must be square. This function can orly be used if the SuperLU library was
previoudy install ed.

void FactorAsI(TYPE sigma)
Performs the LU decompasition d (A—-al), where | is the identity matrix.
A must be square. Thisfunctiona so cdls SuperLU routines.

bool IsFactored()
indcaesif the LU decompaosition d matrix A or (A—acl) isavailable.

void Mu‘ltMV(TYPE:\ v, TYPE* W)
Cdculates w — Av.

void MultMtv(TYPE* v, TYPE* w)
Cdculates w — A'v.

void MultMtMv(TYPE* v, TYPE* w)
Cdculates w — AT Av.

void MultMMtv(TYPE* v, TYPE* w)
Cdculates w — AA'v.

void MultOMMtOv(TYPE* v, TYPE* w)
Cdculates w — Av, where

— 00 AQ»

A=
A ob
void MultInvv(TYPE* v, TYPE* w)
Solves LUw = v. Matrix A must be square. FactorA or FactorAsI must be
cdled prior to using thisfunction.
void DefineMatrix( int n, int nnz, TYPE* nzval, int* irow, int* pcol,
double thresh = 0.1, int order = 1, bool check = true)
Stores matrix datawhen matrix is gjuare and the default constructor is being
used.

void DefineMatrix( int m, int n, int nnz, TYPE* nzval,
int* irow, int* pcol)
Stores matrix data when matrix is redangular and the default constructor is

being used.
Example
To store matrix
F1 0 2 50
il il
A:DO 3 0 0Op
00 0 -4 oO
91 0 o 2

in CSC format it is necessary to define the foll owing vedors
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double nzval[] = { -1.0, 1.0, 3.0, 2.0, -4.0, 5.0, 2.0 };
int dirow[] ={1,4,2,1,3,1, 413
int pcol[] ={0,2,3,5,713;

After that, ore of the onstructors described above shoud be used to dedare A as an
ARTuNonSymMatrix objed:

1. Using thelong constructor
ARTuNonSymMatrix<double> A(4, 7, nzval, irow, pcol);
2. Using thedefault constructor

ARTuNonSymMatrix<double> A;
A.DefineMatrix(4, 7, nzval, irow, pcol);

After dedaring A, to solve alinea system, ssy Ax =y, where X and y are dense

vedors with compatible dimensions, the matrix must be fadored and then MultInvv
cdled:

A.FactorA(Q);
A MultInvv(y, X);

ARumNonSymMatrix

arunsmat.h
Declaration
template<class TYPE> class ARumNonSymMatrix

Description
This class defines a red or complex norsymmetric matrix in compressed sparse
column (CSC) format.

Warning UMFPACK library must be available if FactorA and FactorAsI member
functions are to be used, because bath functions perform a sparse LU decomposition.
These functions are cdled by ARPACK++ to solve generdi zed eigenvaue problems
and standard problems in shift and invert mode. Due to fill -ins that ocaur during the
elimination phase, memory avail ability must be taken in acourt when using these
functions.

Default constructor
ARumNonSymMatrix()

L ong constructor (squarematrix)

ARumNonSymMatrix( int n, int nnz, TYPE* nzval, int* irow, int* pcol,
double thresh = 0.1, int fillin = 9, bool simest = false,
bool redcb1 = true, bool check = true)
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Long constructor (rectangular matrix)
ARumNonSymMatrix( int m, int n, int nnz, TYPE* nzval,

int* irow, int* pcol)

Long constructor (Harwell-Boeing file)
ARumNonSymMatrix( char* name, double thresh = 0.1, int fillin = 9,

bool simest = false, bool redcbl = true,
bool check = true)

Congtructor parameters

m
n
nnz

nzval

irow

pcol

name

thresh

fillin

simest

redcb]

check

number of rows (if matrix isredangular).
number of columns.
number of noreero dements.

painter to an array of noreero dements in matrix. Within ead column,
nzval comporents must be supdied in ascending order of row indces.

painter to an array of row indices of the noreeros.

painter to an array of panters to the beginning of columnsin nzval and
irow. Such array must have n+1 elements and the last dement must be
nnz.

name of thefil e that stores the matrix in Harwell-Boeing format.

relative pivot tolerance used duing the matrix fadorization At step i of
the Gaussan dimination pocess a, is used as pivot if
|a; |= threshimax ,;|a; |. No pivoting will be dore if thresh = 0,
while thresh = 1 correspondsto partia pivoting.

expeded growth in matrix eements due to fadorization. FactorA and
FactorAsI functionswill reserve fi11in*nnz memory pasitions for fill -
insocaurred duing LU decompasition.

bodean varidble that indicaes if the matrix has nealy symmetric
noreero pettern.

bodean variable that indcaes whether or nat to attempt a permutation to
block triangular form. When redcb1 is st to true, the permutation is
attempted.

bodean variable that indicaes if matrix data is to be deded for
inconsistencies. When check = true, ARPACK++ chedksif pcol isin
ascending order andif i row comporents arein arder and within bound.

Member functions
int nrows()

returnsm.

int ncols()

returnsn.



int

int

bool

void

void

bool

void

void

void

void

void

void

void

void
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nzeros()
returnsnnz.

FiTlFactO
returnsfillin.

IsSymmetric()
returns simest.

FactorA(Q
Performs the LU fadorization d A, a matrix that belongs to this class A
must be square. This function can orly be used if the UMFPACK library
was previoudy install ed.

FactorAsI(TYPE sigma)
Performsthe LU decompasition d (A—al), where| is the identity matrix.

A must be square. Thisfunctionaso cdls sme UMFPACK routines.

IsFactored()
indcaesif the LU decomposition d matrix A or (A—acl) isavailable.

MuTtMv(TYPE* v, TYPE* w)
Cdculates w — Av.
MuTtMtv(TYPE* v, TYPE* w);
Calculates w — A'v.

MuTtMtMv(TYPE* v, TYPE* w);
Caculaes w — AT Av.

MultMMtv (TYPE* v, TYPE* w);
Cdculaes w — AA'v.

MuTtOMMtOvV(TYPE* v, TYPE* w)
Cdculaes w —~ Av, where

g0 AQ

A=
HAT of]
MultInvv(TYPE* v, TYPE* w)
Solves LUw =v. Matrix A must be square. FactorA or FactorAsI must
be cdled prior to using thisfunction.
DefineMatrix( int n, int nnz, TYPE* nzval, int* irow,
int* pcol, double thresh = 0.1, int fillin = 9,
bool simest = false, bool redcbl = true,
bool check = true)

Stores matrix datawhen matrix is gjuare and the default constructor is being
used.

DefineMatrix( int m, int n, int nnz, TYPE* nzval,
int* irow, int* pcol)
Stores matrix data when matrix is redangular and the default constructor is
being used.
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Example
To store matrix

03 0 0 -2 0O
0 0
W0 10 4 of
00 2 5 0 0O
H1 oo o 17

in CSC format it is necessary to define the following vedors

double nzvall[] = { 3.0, 1.0, 1.0, 2.0, 5.0, -2.0, 4.0, 1.0 };
int irow[] ={1,4,2,3,3,1, 2, 43;
int pcol[] ={0,2,4,5,7, 81%;

After that, ore of the @nstructors described above shoud be used to dedare A as an
ARumNonSymMatrix objed:

1. Using thelong constructor

ARumNonSymMatrix<double> A(4, 5, 8, nzval, irow, pcol);

2. Using thedefault constructor

ARumNonSymMatrix<double> A;
A.DefineMatrix(4, 5, 8, nzval, irow, pcol);

Pencils.

ARbdSymPencil

arbspen.h
Declaration
template<class TYPE> class ARbdSymPencil

Description
This classdefines ared symmetric pencil Ax = BxA , where both matrices are stored
in band format. Actudly, this classis used internaly by ARTuSymGenEig, So the user
doesnat need to useit to dedare ay eigenvalue problem.

Warning LAPACK iscdled by FactorAsB and MultInvBAv functionsto perform a
matrix decmposition. Although this class $ioud ory be used to define symmetric
pencils, a LU fadorization with partia pivoting is used. Since the decompasition
usudly generates ome fill -in, memory avail ability must be taken in acourt when
using these two functiors.
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Default constructor
ARbdSymPencil()

L ong constructor
ARbdSymPenci1(ARbdSymMatrix<TYPE>& A, ARbdSymMatrix<TYPE>& B)

Congtructor parameters
A, B meatrices that charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performsthe LU decompasition d (A- oB) foragiven ©.

bool IsFactored()
indicatesif the LU decompasition d (A-oB) isavail able.

void MultAv(TYPE* v, TYPE* w)
Cdculates w — Av.

void MuTtBv(TYPE* v, TYPE* w)
Cdculates w — Bv.

void MultInvBAv(TYPE* v, TYPE* w)
Cdculates w — B™Av. B is automaticdly fadored when this function is
cdled for the first time. This function aso overwritesv with Av, so the user
must make acopy of v before cdling MultInvBAv if it contains data that
cannd belost.

void MultInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, whereL and U were generated by FactorAsB.

void DefineMatrices(ARbdSymMatrix<TYPE>& Ap, ARbdSymMatrix<TYPE>& Bp)
Stores matrices A and B when default constructor isbeing used.

Example
Matrices
51 2 0 0 00 03 -1 0 0 0C
0 _ 0 il 0
d2 3 -1 0 o0F 114 1 0 of
A=00 -1 4 1 O0OadB=00 1 5 2 0O
o 0 1 2 -3 0 0 2 -3 -1
50 0 0 -3 5 0 0 0 -1 4

can be stored in band format using the ARbdSymMatrix class as described below

double Anzval[] = { -1.0, 2.0, 3.0, -1.0,
4.0, 1.0, 2.0, -3.0, 5.0, 0.0 };
ARbdSymMatrix<double> A(5, 1, Anzval);

double Bnzval[] = { 3.0, -1.0, 4.0, 1.0,
5.0, 2.0, -3.0, -1.0, 4.0, 0.0 };
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ARbdSymMatrix<double> B(5, 1, Bnzval);

After that, to dedare the pencil Ax = BxA as an ARbdSymPencil objed, the user
shoud use one of the @nstructors mentioned above

1. Using thelong congtructor
ARbdSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARbdSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

ARdsSymPencil

ardspen.h
Declaration

template<class TYPE> class ARdsSymPencil

Description

This classdefinesared symmetric pencil Ax = BxA , where bath matrices are dense.
Actudly, this classis used internaly by ARTuSymGenE1ig, SO the user does nat need to
useit to dedare any eigenvaue problem.

Warning LAPACK iscdled by FactorAsB and MultInvBAv functionsto perform a
matrix decmposition. Although this class $iodd ory be used to define symmetric
pencils, a LU fadorization with partia pivoting is used. Since the decompasition
usudly generates ome fill -in, memory avail ability must be taken in acourt when
using these two functiors.

Default constructor
ARdsSymPencil()

L ong constructor
ARdsSymPencil(ARdsSymMatrix<TYPE>& A, ARdsSymMatrix<TYPE>& B)

Congtructor parameters
A, B matricesthat charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performsthe LU decompasition d (A-oB) foragiven o.

bool IsFactored()
indicatesif the LU decompasition d (A—-oB) isavail able.

void MultAv(TYPE* v, TYPE* w)
Caculates w ~ Av.
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void MuTtBv(TYPE* v, TYPE* w)
Cdculates w — Bv.

void MuTtInvBAVv(TYPE* v, TYPE* w)
Cdculates w — B™Av. B is automaticdly fadored when this function is
cdled for the firgt time. This function aso overwrites v with Av, so the user
must make acopy of v before cdling MultInvBAv if it contains data that
cannd belost.

void MuTtInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, whereL and U were generated by FactorAsB.

void DefineMatrices(ARdsSymMatrix<TYPE>& Ap, ARdsSymMatrix<TYPE>& Bp)
Stores matrices A and B when default constructor isbeing used.

Example
Matrices
04 1 3 -1 20 6 -11 O 10
0 0 ul 0
ol 5 6 2 0 gl 4 1 0 o0f
A=03 6 -3 -1 40and B=01 1 5 2 00O
312 -1 3 27 Q0 0 2 -3 -17
H 0 4 2 5{ HiL o0 0 -1 4f

can be defined wsing the ARdsSymMatrix class as described below
double Anzval[] = { 4.0, 1.0, 3.0, -1.0, 2.0, 5.0, 6.0, 2.0,

0.0, -3.0, -1.0, 4.0, 3.0, 2.0, 5.0 };
ARdsSymMatrix<double> A(5, Anzval);

double Bnzval[] = { 6.0, -1.0, 1.0, 0.0, 1.0, 4.0, 1.0, 0.0,
0.0, 5.0, 2.0, 0.0, -3.0, -1.0, 4.0 };
ARdsSymMatrix<double> B(5, Bnzval);

After that, to dedare the pencil Ax = BxA as an ARdsSymPencil objed, the user
shoud use one of the mnstructors mentioned above:

1. Using thelong constructor
ARdsSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARdsSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

ARluSymPencil

arlspen.h
Declaration
template<class TYPE> class ARTuSymPencil
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Description
This classdefines ared symmetric pencil Ax = BxA , where both matrices are stored

in CSC format. Actudly, this classis used interndly by ARTuSymGenEig, SO the user
doesnat neal to useit to dedare ay eigenvalue problem.

Warning: The SuperLU library is cdled by two member functions, FactorAsB and
Mu1tInvBAv, to perform a matrix decompaosition. Although this class $iodd ony be
used to define symmetric pencils, a LU fadorizationis used. A column reordering is
usudly dore before the fadorization. Since some fill-in can ocaur during the
elimination plase, memory avail ability must be taken in acourt when using these
two functions.

Default constructor
ARTuSymPencil()

L ong constructor
ARTuSymPencil(ARTuSymMatrix<TYPE>& A, ARTuSymMatrix<TYPE>& B)

Congtructor parameters
A, B matricesthat charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performs the LU decomposition d (A-oB) for agiven o. To wse this
function, A and B must be dedared using the same uplo parameter (seethe
description d ARTuSymMatr1ix).

bool IsFactored()
indicatesif the LU decompasition d (A—-oB) isavail able.

void MultAv(TYPE* v, TYPE* w)
Cdculates w — Av.

void MultBv(TYPE* v, TYPE* w)
Cdculates w — Bv.

void MultInvBAv(TYPE* v, TYPE* w)
Calculates w — B™Av. B is automaticdly fadored when this function is
céled for the first time. This function also overwritesv with Av, so the user
must make acopy of v before cdling MultInvBAv if it contains data that
cannad belost.

void MultInvAsBv(TYPE* v, TYPE* w)
Solves LUW = v, where L and U were generated by FactorAsB.

void DefineMatrices (ARTuSymMatrix<TYPE>& Ap, ARTuSymMatrix<TYPE>& Bp)
Stores matrices A and B when default constructor isbeing used.

Example
Matrices
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31 0 0 0 20 03 0 0 -1 0O
0 ) 0 0 0
J0 3 -10 oF J0 41 0 oF
A=00 -1 4 1 20andB=00 1 5 2 0O
0 0 1 2 07 3102 3 -1
B2 0 2 0 5B 50 00 -1 48

can be stored in CSC format using the ARTuSymMatrix class as described below

double Anzval([] = { -1.0, 2.0, 3.0, -1.0, 4.0, 1.0, 2.0, 2.0, 5.0 };
int Airow[] ={1, 5, 2, 3, 3, 4, 5, 4, 5 };

int Apcol[] ={0, 2, 4, 7, 8, 9 };

ARTuSymMatrix<double> A(5, 9, Anzval, Airow, Apcol);

double Bnzval[] = { 3.0, -1.0, 4.0, 1.0, 5.0, 2.0, 3.0, -1.0, 4.0 };
int Birow[] ={1, 4, 2, 3, 3, 4, 4, 5, 5 };

int Bpcol[l] ={0, 2, 4, 6, 8, 9 };

ARTuSymMatrix<double> B(5, 9, Bnzval, Birow, Bpcol);

After that, to dedare the pencil Ax = BxA as an ARTuSymPencil obed, the user
shoud use one of the @mnstructors mentioned above:

1. Using thelong congtructor

ARTuSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARTuSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

ARumSympPencil

aruspen.h
Declaration
template<class TYPE> class ARumSymPencil

Description
This classdefines ared symmetric pencil Ax = BxA , where bath matrices are stored

in CSC format. Actudly, this classis used interndly by ARTuSymGenEig, So the user
doesnat neal to useit to dedare ay eilgenvalue problem.

Warning The UMFPACK library must be available if FactorAsB and Mu1tInvBAv
member functions are to be used, becaise both functions perform a sparse matrix
decompasition. Although this class $iodd oy be used to define symmetric pencil s, a
LU fadorization is used. Moreover, due to fill -ins that occur during the dimination
phase, memory avail abilit y must be taken in acournt when using these functions.

Default constructor
ARumSymPencil()
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L ong constructor
ARumSymPencil(ARumSymMatrix<TYPE>& A, ARumSymMatrix<TYPE>& B)

Condtructor parameters
A, B matricesthat charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performs the LU decomposition d (A-oB) for agiven o. To wse this
function, A and B must be dedared using the same uplo parameter (seethe
description d ARumSymMatr1ix).

bool IsFactored()
indcaesif the LU decomposition d (A—-oB) isavalable.

void Mu‘ltAV(TYPE:\ v, TYPE* W)
Cdculates w — Av.

void MultBv(TYPE* v, TYPE* w)
Caculates w — Bv.

void MultInvBAV(TYPE* v, TYPE* w)
Cdculates w — B™Av. B is automaticaly fadored when this function is
cdled for the first time. This function dso overwrites v with Av, so the user
must make acopy of v before cdling MultInvBAv if it contains data that
canna belost.

void MultInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, where L and U were generated by FactorAsB.

void DefineMatrices (ARumSymMatrix<TYPE>& Ap, ARumSymMatrix<TYPE>& Bp)
Stores matrices A and B when default constructor isbeing used.

Example

Using the same vedors Anzval, Airow, Apcol, Bnval, Birow and Bpcol defined in
the example given for the ARTuSymPencil aowve, matrices A and B can be eaily
stored in CRCformat using the ARumSymMatrix class

ARumSymMatrix<double> A(5, 9, Anzval, Airow, Apcol);
ARumSymMatrix<double> B(5, 9, Bnzval, Birow, Bpcol);

After that, to dedare the pencil Ax = BxA as an ARumSymPencil objed, the user
shoud use one of the @nstructors mentioned above

1. Using thelong congtructor
ARumSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARumSymPencil<double> Pen;
Pen.DefineMatrices(A, B);
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ARbdNonSympPencil

arbnspen.h

Declaration
template<class TYPE, class FLOAT> class ARbdNonSymPencil

Description
This class defines a wmplex or red norsymmetric pencil Ax = BxA, where bath
matrices are stored in band format. Actualy, this class is used interndly by
ARTuNonSymGenEig and ARTuCompGenEig, S0 the user does nat neal to wese it to
dedare ay eigenvaue problem.

Warning The LAPACK library iscdled by FactorAsB andMultInvBAv functionsto
perform amatrix decompasition. Sincethe LU decompaosition usualy generates me
fill-in, memory avail ability must be taken in acaournt when using these two functions.

Default constructor
ARbdNonSymPencil()

L ong constructor
ARbdNonSymPenci1(ARbdNonSymMatrix<TYPE>& A, ARbdNonSymMatrix<TYPE>& B)

Condgructor parameters
A, B matrices that charaderize the pencil Ax = BxA .

M ember functions
void FactorAsB(TYPE sigma)
Performsthe LU decompasition d (A- oB) for agiven o.

void FactorAsB(FLOAT sigmaR, FLOAT sigmaI, char part = 'R")

Performs the LU decompaosition d (A—-oB) for agiven o =0, +ig, .
Thisfunctionshoud only be used if A and B are red matrices and the shift is
complex. Part is a parameter that will be used later by the Mu1tInvAsBv
functionto deade which part of the vedor w will be discarded when solving
the complex linea sysem (A-oB)w=v. If part = ’R’, wis &t to
real{ (A-oB) ™'V}, while imag{(A-oB) "V} isusedif part = ’I’ (see
chapter 3 for the description d the mwmplex shift and invert mode for red
nonsymmetric agenvalue problems).

bool IsFactored()
indcaesif the LU decomposition d (A—-oB) isavailable.

void Mu]tAV(TYPE:’: v, TYPE* W)
Cdculates w — Av.

void MuTtBv(TYPE* v, TYPE* w)
Cdculates w — Bv.

void MuTtInvBAV(TYPE* v, TYPE* w)
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Cdculates w — B™Av. B is automaticaly fadored when this function is
cdled for thefirst time.

void MultInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, where L and U were generated by FactorAsB.

void DefineMatrices( ARbdNonSymMatrix<TYPE>& Ap,

ARbdNonSymMatrix<TYPE>& Bp)
Stores matrices A and B when default constructor isbeing used.

Example
31 1 0 0 0[ B -10 0 0(
0 ~ 0 0
2 3-10 0p % 410 o0p
A=00 2 4 1 00 B=M 1 5 1 0O
0 O O
0 01 2 op 9 0 2 -3 -19
HO 0 0 -1 -3H M 0 0 3 4

Matrices A and B aowve can be stored in band format using the ARbdNonSymMatrix
classas described below

double Anzval[] = { 0.0, -1.0, 2.0, 1.0, 3.0,
4.0, 1.0,
ARbdNonSymMatrix<double> A(5,

1
1
double Bnzval[] = { 0.0, 3.0, 2.
1
1

0o, -1.0, 4.0, 1.0, 1.0,
5.0, 2.0, 1.0, -3.0, 3.0, -1.0, 4.0, 0.0 };
ARbdNonSymMatrix<double> B(5, 1, 1, Bnzval);

After that, the user can dedarethe pencil Ax = BxA as an ARbdNonSymPencil objed
using one of the @nstructors mentioned above:

1. Using thelong congtructor
ARbdNonSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARbdNonSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

ARdsNonSymPencil

ardnspen.h

Declaration
template<class TYPE, class FLOAT> class ARdsNonSymPencil

Description
This class defines a wmplex or red norsymmetric pencil Ax = BxA, where bath
matrices are dense. Actudly, this classis used interndly by ARTuNonSymGenEig and
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ARTuCompGenEig, SO the user does nat neal to wse it to dedare awy eigenvaue
problem.

Warning The LAPACK library iscdled by FactorAsB andMultInvBAv functionsto
perform a matrix decompaosition. Sincethe LU decmpasition usually generates some
fill-in, memory avail ability must be taken in aceourt when using these two functions.

Default constructor
ARdsNonSymPencil()

L ong constructor
ARdsNonSymPenci1(ARdsNonSymMatrix<TYPE>& A, ARdsNonSymMatrix<TYPE>& B)

Congtructor parameters
A, B meatrices that charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performsthe LU decompasition d (A- oB) foragiven o.

void FactorAsB(FLOAT sigmaR, FLOAT sigmal, char part = 'R')

Performs the LU decompaostion d (A—oB) for agiven 0 =0, +ig, .
Thisfunction shoud ony be used if A and B are red matrices and the shift is
complex. Part is a parameter that will be used later by the MuT1tInvAsBv
functionto dedde which part of the vedor w will be discarded when solving
the complex linea sysem (A-oB)w=v. If part = ’R’, wis & to
real{ (A-oB) ™"V}, while imag{(A-oB) "V} isusedif part = ’I’ (see
chapter 3 for the description d the amplex shift and invert mode for red
norsymmetric agenvaue problems).

bool IsFactored()
indicatesif the LU decompasition d (A-oB) isavail able.

void MultAv(TYPE* v, TYPE* w)
Cdculates w — Av.
void MultBv(TYPE* v, TYPE* w)
Cdculates w — Bv.
void MultInvBAV(TYPE* v, TYPE* w)
Cdculates w — B™Av. B is automaticdly fadored when this function is
cdled for thefirst time.
void MultInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, where L and U were generated by FactorAsB.

void DefineMatrices( ARdsNonSymMatrix<TYPE>& Ap,
ARdsNonSymMatrix<TYPE>& Bp)

Stores matrices A and B when default constructor isbeing used.
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Example
Matrices
04 -1 0 -1 20 06 -11 0 10
O .0 0 0
ol 5 2 4 -1 1 4 1 0 0f
A=03 6 -3 1 40adB=01 1 5 2 0O
31 2 -1 3 2p 0 0 2 -3 -17
H o 4 2 5§ HL o0 0 -1 4H

can be defined using the ARdsNonSymMatrix classas described below

double Anzval[] = { 4.0, 1.0, 3.0, -1.0, 2.0, -1.0, 5.0, 6.0,

2.0, 0.0, 0.0, 2.0, -3.0, -1.0, 4.0, -1.0,

4.0, 1.0, 3.0, 2.0, 2.0, -1.0, 4.0, 2.0, 5.0 };
ARdsSymMatrix<double> A(5, Anzval);
double Bnzval[] = { 6.0, -1.0, 1.0, 0.0, 1.0, -1.0, 4.0, 1.0,

0.0, 0.0, 1.0, 1.0, 5.0, 2.0, 0.0, 0.0,

0.0, 2.0, -3.0, -1.0, 1.0, 0.0, 0.0, -1.0, 4.0 };
ARdsSymMatrix<double> B(5, Bnzval);

After that, the user can dedarethe pencil Ax = BxA asan ARdsNonSymPencil objed
using ore of the mnstructors mentioned above:

1. Using thelong constructor
ARdsNonSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARdsNonSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

ARluNonSymPencil

arlnspen.h
Declaration
template<class TYPE, class FLOAT> class ARTuNonSymPencil

Description
This class defines a red or complex norsymmetric pencil Ax = BxA, where bath
matrices are stored in compressed sparse @lumn (CSC) format. Actualy, dthough
this function is avail able & an ARPACK++ dass the user does nat need to useiit to
dedare any eigenvaue problem?®.

Warning: The SuperLU library is cdled by FactorAsB andMultInvBAv functionsto
perform a matrix decmposition A column reordering can be dore before the

% This class is used internally By1uNonSymGenEig andARTuCompGenEig.
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fadorization. Due to fill-ins that occur during the dimination plese, memory
avall abilit y must be taken in acournt when using these functions.

Default constructor
ARTuNonSymPenci1(Q)

L ong constructor
ARTuNonSymPenci1(ARTuNonSymMatrix<TYPE>& A, ARTuNonSymMatrix<TYPE>& B)

Congtructor parameters
A, B meatrices that charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performsthe LU decompasition d (A- oB) foragiven ©.

void FactorAsB(FLOAT sigmaR, FLOAT sigmal, char part = 'R')
Performs the LU decompaostion d (A—oB) for agiven 0 =0, +ig, .
Thisfunction shodd ony be used if A and B are red matrices and the shift is
complex. Part is a parameter that will be used later by the MuT1tInvAsBv
functionto dedde which part of the vedor w will be discarded when solving
the complex linea sysem (A-oB)w=v. If part = ’R’, wis & to
real{ (A-oB) ™"V}, while imag{(A-oB) "V} isusedif part = *I’ (see
chapter 3 for the description d the amplex shift and invert mode for red
norsymmetric agenvaue problems).

bool IsFactored()
indicatesif the LU decompasition d (A-oB) isavail able.

void MuTtAv(TYPE* v, TYPE* w)
Ceculates w — Av.

VO'id Mu]tBV(TYPE:’: v, TYPE* W)
Cdculates w — Bv.

void MultInvBAv(TYPE* v, TYPE* w)
Cdculates w — B™Av.

void MuTtInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, whereL and U were generated by FactorAsB.

void DefineMatrices( ARTuNonSymMatrix<TYPE>& Ap,
ARTuNonSymMatrix<TYPE>& Bp)

Stores matrices A and B when default constructor isbeing used.

Example
Matrices
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1 0 2 50 @ 0 6 O

Bo 3 0 og %)100%
A= and B=

00 0 -4 00 B 0 9 o0

Hl o o 2f 0 0 0 5

can be stored in CRCformat using the ARTuNonSymMatrix classas described below

double Anzval[] = 1.0, 1.0, 3.0, 2.0, -4.0, 5.0, 2.0 };
int Airow[] = , 4, 2,1, 3,1, 47%;
int Apcol[] = , 2, 3,5, 71%;

u 7, Anzval, Airow, Apcol);

double Bnzvall[]
int Birow[]
int Bpcol[]
ARTuNonSymMatrix<d

.0, 9.0, 5.0 };
}

{
{
{
ARTuNonSymMatrix<d
{
{
{
<

OOI—K-b O OkF |
O
@

P

c - -
O
=T
¢
\%
(v}

After that, it iseasy to dedare the pencil Ax = BxA as an ARTuNonSymPencil objed
using one of the enstructors mentioned above:

1. Using thelong constructor

ARTuNonSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARTuNonSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

ARumNonSymPencil

arunspen.h
Declaration
template<class TYPE> class ARumNonSymPencil

Description
This class defines a red or complex norsymmetric pencil Ax = BxA, where bath
matrices are stored in compressed sparse @lumn (CSC) format. Actuadly, dthough
this function is avail able & an ARPACK++ dass the user does not need to useiit to
dedare ay eigenvalue problem?®.

Warning The UMFPACK library must be available if FactorAsB and MultInvBAv
member functions are to be used, becaise bath functions peform a sparse LU
decompasition. Moreover, due to fill-ins that ocaur during the dimination plase,
memory avail ability must be taken in acourt when using these functions.

? This class is used internally By1uNonSymGenEig andARTuCompGenEig.
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Default constructor
ARumNonSymPencil()

L ong constructor
ARumNonSymPenci1(ARumNonSymMatrix<TYPE>& A, ARumNonSymMatrix<TYPE>& B);

Congtructor parameters
A, B meatrices that charaderize the pencil Ax = BxA .

Member functions
void FactorAsB(TYPE sigma)
Performsthe LU decompasition d (A- oB) foragiven ©.

void FactorAsB(FLOAT sigmaR, FLOAT sigmal, char part = 'R’)

Performs the LU decompaostion d (A—oB) for agiven o =0, +i0, .
Thisfunction shoud ony be used if A and B are red matrices and the shift is
complex. part indcaes whether the red (part = ’R’) or the imaginary
part (part = ’'I’) of (A—0oB)v isto be stored in w when Mu1tInvAsByv is
used to solve the mmplex linea system (A-oB)w =V (see digpter 3 for
the description d the complex shift and invert mode for red norsymmetric
eigenvaue problems).

bool IsFactored()
indicaesif the LU decompasition d (A-oB) isavailable.

bool IsSymmetric()
indicatesif (A—oB) hasnealy symmetric noreero pettern.

void MuTtAv(TYPE* v, TYPE* w)
Ceculates w — Av.

void Mu]tBV(TYPE:’: v, TYPE* W)
Cdculates w — Bv.

void MuTtInvBAv(TYPE* v, TYPE* w)
Cdculates w — B™Av.

void MuTtInvAsBv(TYPE* v, TYPE* w)
Solves LUw = v, whereL and U were generated by FactorAsB.

void DefineMatrices( ARumNonSymMatrix<TYPE>& Ap,
ARumNonSymMatrix<TYPE>& Bp)

Stores matrices A and B when default constructor isbeing used.

Example
Using the same vedors Anzval, Airow, Apcol, Bnval, Birow and Bpcol, defined in
the example given for the ARTuNonSymPenci1 above, matrices A and B can be stored
in CRCformat using ARumNonSymMatrix class

ARumNonSymMatrix<double> A(4, 7, Anzval, Airow, Apcol);
ARumNonSymMatrix<double> B(4, 6, Bnzval, Birow, Bpcol);
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After that, there ae two dfferent ways to dedare the pencil Ax=Bx\A\ as an
ARumNonSymPencil objed:

1. Using thelong congtructor

ARumNonSymPencil<double> Pen(A, B);

2. Using thedefault constructor

ARumNonSymPencil<double> Pen;
Pen.DefineMatrices(A, B);

Avail able functions

In this sdion, dl avallable ARPACK++ functions are described. To make the
reading easier, functions are grouped acwording to their use. Most functions are
generic, bu becaise there ae some functions that can orly be used with spedfic
classes, eat function reameisfollowed by the dassesit applies.

Some examples are included after function cefinitions to ill ustrate their use. In dmost
al examples, avariable cdled prob is used to represent an ARPACK++ objeq, i.e,
an oljed that belongsto ore of the dasses mentioned abowe.

Functionsthat store user defined parameters.

When dedaring an ARPACK++ dass using the default constructor, the user must
supdy al required problem parameters through function DefineParameters as
described below. If an spedrd transformationis being used, ore of the other functions
included inthis dionshoud aso be cdled to set the mmputational mode.

DefineParameters

All classes

Declaration (Classesthat do not handle matrix information)

void DefineParameters( int n, int nev, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = 0, TYPE* resid = 0, bool
ishift = true);

Declaration (classesthat handle matrix information, ssandard problems)

void DefineParameters( int n, int nev, FOP* const objOP,
TypeOPx MultOPx, char* which = "LM",
int ncv = 0, FLOAT tol = 0.0, 1int maxit = O,
TYPE* resid = 0, bool ishift = true)
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Declaration (classesthat handle matrix information, generalized problems)

void DefineParameters( int n, int nev, FOP* const objoOP,
TypeOPx MultOPx, FB* const objB,

TypeBx MultBx, char* which = "LM", int
ncv = 0, FLOAT tol = 0.0, int maxit = O, TYPE* resid = 0, bool ishift =
true)

Description

This function set values of some ARPACK++ variables when the default constructor
isbeing used to dedare the agenvaue problem.

Example

To find the four eigenvalues with smallest magnitude of a 100x 100 matrix defined
by objed 0B, which belongsto classMatrix0OP<double>, the user can write

ARSymStdEig<double, MatrixOP<double> > prob;
prob.DefineParameters(100, 4, &0OP, &VatrixOP<double>::MultVet, ”SM”, 30);

SetBucklingMode

Real symmetric generalized classes

Declaration (ARSymGenEig)
void SetBucklingMode (FLOAT sigma, FOP* const objOP, TypeOPx MultOPx)

Declaration (all other real symmetric generalized classes)
void SetBucklingMode (FLOAT sigma)

Description
This function turns a red symmetric generdized problem into buckling mode with
shift defined by sigmaR. If ARSymGenEig is the ARPACK++ dass being used,
SetBucklingMode aso dedares objoOP asthe objed andMu1tOPx as the function that
performs the matrix-vedor product OPX.

Example

MatrixOP<double> OP; // Defining a symmetric generalized problem.
prob.SetBucklingMode (2.3, &P, &MatrixOP<double>::MultMv);

SetCayleyMode

Real symmetric generalized classes

Declaration (ARSymGenEig)

void SetCayleyMode( FLOAT sigmaR, FOP* objOP, TypeOPx MultOPx,
FB* objA, TypeOPx MultAx)

Declaration (all other real symmetric generalized classes)
void SetCayleyMode (FLOAT sigma)
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Description

Thisfunctionturns ared symmetric generali zed problem into Cayley mode with shift
defined by sigmaR. SetCayTleyMode also dedares objOP asthe objed andMul1tOPx as

the function that performs the matrix-vedor product OPx when ARSymGenE1ig is the
classbeing used.

Example

MatrixOP<double> OP; // Defining a symmetric generalized problem.
MatrixA<double> A;
prob.SetCayleyMode(2.3, &P, &MatrixOP<double>: :MultOPv,

&A, &MatrixA<double>::MultAv);

SetComplexShiftMode

Real nonsymmetric generalized classes

Declaration (ARNonSymGenEig)

void SetComplexShiftMode( char part, FLOAT sigmaR, FLOAT sigmal,
FOP* objOP, TypeOPx MultOPx,
FB* objA, TypeOPx MultAx)

Declaration (all other real nonsymmetric generalized classes)
void SetComplexShiftMode(char part, FLOAT sigmaR, FLOAT sigmal)

Description

This function turns a red norsymmetric generdized eigenvaue problem into
complex shift-and-invert mode with shift defined by sigmaR and sigmaI. objOP and
Mu1tOPx are, respedively, the objed and the function that hande the matrix-vedor
product OPx. MuTtAx isrequired to retrieve egenvalues.

Example

MatrixOP<double> OP; // Defining a nonsymmetric generalized problem.

MatrixOP<double> A; // Also defining the product Ax.

prob.SetComplexShiftMode(2.3, -1.1, &P, &MatrixOP<double>: :MultOPv,
&A, &MatrixOP<double>: :MultAv);

SetRegularMode

All classes

Declaration (ARStdEiIg, ARSymStdEig, ARNonSymStdEig, ARCompStdEig,

ARGenEig, ARSymGenEig, ARNonSymGenEig, ARCompGenEig)
void SetRegularMode(FOP* const objOP, TypeOPx MultOPx)

Declaration (all other classes)
void SetRegularMode()
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Description

This function turns an eigenvalue problem into regular mode. In some caes, it dso
dedares objOP as the objed and Mu1tOPx as the function that performs the matrix-
vedor product OPX.

It isadso passble to use function NoShift() to turn a problem into regular mode. In
this case, howvever, nochanges can be made to objOP andMu1tOPx.

Example

MatrixOP<double> OP;
prob.SetRegularMode (&P, &MatrixOP<double>::MultMv);

SetShiftInvertMode

All classes

Declaration (ARStdEiIg, ARSymStdEig, ARNonSymStdEig, ARCompStdEig,
ARGenEig, ARSymGenEig, ARNonSymGenEig, ARCompGenEig)
void SetShiftInvertMode(TYPE sigma, FOP* const objOP, TypeOPx MultOPx)

Declaration (all other classes)
void SetShiftInvertMode(TYPE sigma)

Description
This function turns an eigenvalue problem into shift and invert mode. In soma cases,
SetShiftInvertMode aso dedares objOP asthe objed andMul1tOPx as the function
that performs the matrix-vedor product OPX.

If the egenvaue problem is a standard ore, function ChangeShift may be used
instead o SetShiftInvertMode, Inthiscase, nochanges can be made to objOP and
Mu1tOPx.

Example

MatrixOP<double> OP; // Here, MatrixOP defines a real matrix.
prob.SetShiftInvertMode(2.3, &P, &atrixOP<double>: :MultMv);

CompMatr<double> CP; // In this case, eigenvalue problem is complex.
prob.SetShiftInvertMode(complex<double>(2.3, -1.1), &CP,
&CompMatr<double>: :MuTtMv) ;

Functionsthat detect if output dataisready.

ARPACK++ has some functions that indcae if the desired ouput data is available.
These functions can be used, for example, to write loop structures or to deted errors
in parameters.
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ArnoldiBasisFound

All classes

Declaration
bool ArnoldiBasisFound()

Description
Thisfunctionreturns true if an Arnddi basisisavail able and false otherwise.

Example

bool basis_found = prob.ArnoldiBasisFound();
if (!basis_found) prob.FindArnoldiBasis;

ConvergedEigenvalues

All classes

Declaration
int ConvergedEigenvalues()

Description
Thisfunction returns the number of eigenvalues foundso far.

Example

int n_eig = prob.ConvergedEigenvalues();
for (int i = 0; 1 < n_eig; i++) cout << prob.Eigenvalue(i) << endl;

EigenvaluesFound

All classes

Declaration
bool EigenvaluesFound()

Description

This function returns true if the requested eigenvadues are avallable and false
otherwise.

Example

if (prob.EigenvaluesFound()) {
val_0 = prob.Eigenvalue(0);
}



REFERENCE GUIDE 153

EigenvectorsFound

All classes

Declaration
bool EigenvectorsFound()

Description

This function returns true if the requested eigenvedors are avalable ad false
otherwise.

Example

if (prob.EigenvectorsFound()) {
elem_00 = prob.Eigenvector(0, 0);
}

SchurVectorsFound

Real nonsymmetric and complex classes

Declaration
bool SchurVectorsFound()

Description

This function returns true if the requested Schur vedors are avallable and false
otherwise.

Example

if (prob.SchurVectorsFound()) {
elem_00 = prob.SchurVector(0, 0);
}

Functionsthat provide accessto internal variables values.

These functions provide accesto dl of the ARPACK++ parameters, alowing the
user to knov which optionsarein effed.

ParametersDefined

All classes

Declaration
bool ParametersDefined()

Description

Thisfunctionreturns true if dl interna variables and arrays were defined and false
otherwise.
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Example

if (!prob.ParametersDefined()) {
prob.DefineParameters (100, 4, &0OP, &MatrixOP<double>::MultVet);
}

GetAutoShift

All classes

Declaration
bool GetAutoShift()

Description

Thisfunctionreturns true if exad shifts are being used by ARPACK++ to restart the
Arnddi methodand false if the shifts are being suppied by the user.

Example
bool exact_shifts = prob.GetAutoShift();

GetMaxit

All classes

Declaration
int GetMaxit()

Description
This function returns the maximum number of Arnaldi upckte iterations all owed.

Example
int maxit = prob.GetMaxit(Q);

GetMode

All classes

Declaration
int GetMode()

Description

This function returns the computational mode used as described in the following
table.
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value mode

1 regular mode (standard problems)

2 regular inverse mode (generdized problems)

3 shift and invert mode. For red norsymmetric generdized problems, this
option can a'so mean that a owmplex shift is being used bu, in this case,

OP =real{(A-0oB)™)}.

4 buckling mode (red symmetric generdized problems) or shift and invert
modewith OP =imag{ (A-oB)™)} (red norsymmetric problems)

5 Cayley mode (red symmetric generdized problems).

Example

if (prob.GetMode()==3) {
cout << ”shift and invert mode is being used” << endl;

}

GetN

All classes

Declaration
int GetIter()

Description
This function returns the number of Arnddi updkte iterations adualy taken by
arpad++ to solve the egenvalue problem.

Example
int iter = prob.GetIter();

All classes

Declaration
int GetN(Q)

Description
Thisfunctionreturnsthe dimension d the problem.
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Example

cout << "First eigenvector” << endl;
for (i=0; i<prob.GetN(); i++) cout << prob.Eigenvector(0, i) << endl;

GetNcv

All classes

Declaration
int GetNcv()

Description

This function returns the number of Arnddi vedors generated at ead iteration (see
the description d ncv).

Example
int ncv = prob.GetNcv();

GetNev

All classes

Declaration
int GetNev()

Description

This function returns the number of required eigenvaues. The number of eigenvalues
adualy found, havever, isgiven by functionConvergedEigenvalues.

Example

if (prob.GetNev() != prob.ConvergedEigenvalues()) {
cout << "only ” << prob.ConvergedEigenvalues() << ” of ”;
cout << prob.GetNev() << ” eigenvalues were actually found \n”;

}

GetShift

All classes

Declaration
TYPE GetShift(Q)

Description

This function returns the shift sigma used to define aspedra transformation. If the
problem isred and norsymmetric, this function returns only the red part of the shift
(the imaginary par is given by GetShiftImag()). If the problem is being solved in
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standard mode, GetShift() will return 0.0.To avoid any confusion in this case, the
user shodd cdl functionGetMode () before cdling GetShift().

Examples
if (prob.GetMode() > 2)
double sigma = prob.GetShift(Q); // real symmetric problems and

// nonsymmetric standard problems.
if (prob.GetMode() > 2)
complex<double> sigma = prob.GetShift(); // complex problems.

GetShiftImag

Real nonsymmetric generalized classes

Declaration
FLOAT GetShiftImag()

Description

This function returns the imaginary part of the shift when the shift and invert mode is
being used to solve red norsymmetric problems.

Example

if (prob.GetMode() > 2) {
double sigmaR = prob.GetShift();
double sigmal prob.GetShiftImag(Q);
}

GetTol

All classes

Declaration
FLOAT GetTol1()

Description

Thisfunction returns the stoppng criterion wsed to find eigenvalues. In ather words, it
returnsthe relative acarragy of Ritz values.

Example
double tol = prob.GetTo1(Q);

GetWhich

All classes

Declaration
char* GetWhich()
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Description

This function returns which o the Ritz values were required (seethe description d
which).

Example
char* which = prob.GetWhich();
Functionsthat allow changesin problem parameters.

The user can change dmost al ARPACK++ parameters after their definition by using
the foll owing functions.

ChangeMaxit

All classes

Declaration
void ChangeMaxit(int maxit)

Description

This function changes the maximum number of Arnddi updete iterations alowed to
thevauegiven by maxit.

Example
prob.ChangeMaxit(1000);

ChangeMultBx

All generalized classes that handle matrix information

Declaration
void ChangeMuTtBx(FB* const objB, TypeBx MultBx)

Description

This function changes the matrix-vedor function that performs the product Bx (see
the description d MultBx).

Example

Suppasing that functionMultMv is a puldic member of class MatrixB<double>, it is
posshle to dedare MultMv as the function that performs the product Bx by using the
following commands:

MatrixB<double> B;
prob.ChangeMultBx (&, &MatrixB<double>: :MultMv) ;
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ChangeMultOPx

All classes that handle matrix information

Declaration
void ChangeMultOPx(FOP* const objOP, TypeOPx MultOPx)

Description
This function changes the matrix-vedor function that performs the product OPx (see
the description d Mu1tOPx).

Example

Suppaing that Matrix0P<double> is a dassthat contains the function Mu1tMv as a
pulic member, the foll owing commands show how to dedareMutMv asthe function
that performsthe product OPX.

MatrixOP<double> OP;
prob.ChangeMu1tOPx (&P, &MatrixOP<double>: :MultMv);

ChangeNcv

All classes

Declaration
void ChangeNcv(int ncv)

Description
This function changes the number of Arnddi vedors generated at ead iteration to the
vauegiven by ncv.

Example
prob.ChangeNcv(2*prob.GetNev()+1);

ChangeNev

All classes

Declaration
void ChangeNev(int nev)

Description
This function changes the number of eigenvaues to be cmmputed to the vaue given
by nev.

Example
prob.ChangeNev(12);
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ChangeShift

All classes

Declaration (all problems)
void ChangeShift(TYPE sigmaR)

Declaration (real nonsymmetric generalized problems, complex shift)
void ChangeShift(FLOAT sigmaR, FLOAT sigmal = 0)

Description

This function turns the problem to shift-and-invert mode with shift defined by
sigmaR. Red norsymmetric generdized problems may have a omplex shift defined
by sigmaR (red part) and sigmal (imaginary part).

Examples
prob.ChangeShift(1.0); // real symmetric and nonsymmetric problems.
prob.ChangeShift(1.0, -2.0); // real nonsymmetric problems.
prob.ChangeShift(complex<double>(1.0, -2.0)); // complex problems.
ChangeTol
All classes
Declaration

void ChangeTol(FLOAT tol)

Description

This function changes the stoppng criterion to the value given by tol. If to1 is zero,
the madine predsionis used as the stoppng criterion.

Example
prob.ChangeTol(1.0E-12);

ChangeWhich

All classes

Declaration
void ChangeWhich(char* which)

Description

This function changes the part of spedrum that is ©ught acwrding to the value given
by wh1i ch.(seethe description d variablewhich).

Example
prob.ChangeWhich(“SM”); // Seeking eigenvalues with smallest magnitude.
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NoShift

All classes

Declaration
void NoShift()

Description
Thisfunctionturns the problem into regular mode.

Example
prob.NoShift(Q);

InvertAutoShift

All classes

Declaration
void InvertAutoShift()

Description
This function changes the shift seledion strategy used by ARPACK++ to implicitly
restart the Arnddi method (seethe description o AutoShift).

Example

if (Iprob.GetAutoShift()) // if shifts are to be defined by the user
prob.InvertAutoShift(); // change to the exact shifts strategy.

Tracefunctions.

Asin the FORTRAN code, ARPACK++ dlows the user to tracethe progressof the
computation asit proceels. Various levels of output may be spedfied from no ouput
to vduminous printing. The foll owing two functions reproduce the functionality of all
ARPACK debuggng statements.

NoTrace

All classes

Declaration
void NoTrace()

Description
Thisfunctionturns off the tracemode.

Example
prob.NoTrace(Q);
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Trace

All classes

Declaration
void Trace(int digit = -5, int getv0 = 0, 1int aupd = 1,
int aup2 = 0, int aitr = 0, int eigh = 0,
int apps = 0, int gets = 0, int eupd = 0)

Description

This function turns on the trace mode, so some output is generated by ARPACK
functionsto refled the progressof the Arnddi process

digit spedfies the number of deamd digits and the width of the output lines. A
pasitive value indcaes that 132 columns will be used duing output and a negative
vaue spedfiesthat eighty columns areto be used.

Eadh remaining parameter represents the volume of output generated by the
ARPACK function with a amilar name. For example, aitr indcaes the leve of
output requested for one of the subroutinesssaitr, dsaitr, snaitr, dnaitr, cnaitr
or znaitr®. Thevolume of output increases with the value of eah parameter. A zero
vaue meansthat no ouput will be generated.

If no parameter is passed to Trace, orly aupd will be set to avaue greder than zero.
In this case, ARPACK will print the total number of iterations taken, the number of
converged eigenvalues, the find Ritz vaues and correspondng Ritz estimates, and
varioustiming statistics in the standard cout stream.

A complete description d the @owve parameters can be foundin the debug.doc file
that is distributed aong with the ARPACK FORTRAN padage (in the documents
diredory).

Example
Addng the @mmand

prob.Trace();

to the beginning of a program (after the problem dedaration bu before trying to find

elgenvaues and eigenvedors) causes ARPACK to display the following output in the

cout strean’t:

%9 In the naming convention adopted by ARPACK FORTRAN subroutines, the first two letters
denote the combination of problem type (symmetric or nonsymmetric), data type (red or complex)
and predsion (single or double) used. As al the names have six letters, only the last four letters
are redly employed to describe what isredly done by ead routine. Seethe ARPACK manual for
further information about the FORTRAN functions.

31 Actually, the output shown here mrresponds to ared symmetric problem. Red nonsymmetric
an complex problems generate a slightly different output.



Functionsthat permit step-by-step execution of ARPACK.

Getldo

Symmetric implicit Arnoldi update code
Version Number: 2.1
Version Date: 11/15/95

= Summary of

timing statistics =

Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total
Total

number
number
number
number
number
number
time 1in
time 1in
time 1in
time 1in
time 1in
time 1in
time 1in
time 1in
time 1in
time 1in
time 1in

update iterations
of OP*x operations
of B*x operations
of reorthogonalization steps
of iterative refinement steps
of restart steps
user OP*x operation
user B*x operation
Arnoldi update routine
ssaup2 routine
basic Arnoldi iteration Tloop
reorthogonalization phase
(re)start vector generation
trid eigenvalue subproblem
getting the shifts
applying the shifts
convergence testing

=

=

[cNoNololNololNoNoNoNoNoNoNoNV, NV, Nl
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.02000
.00000
.21002
.19002
.11001
.07001
.00000
.04000
.00000
.04000
.00000

This st of functions implements the so cdled revese cmmnunication interface a
magor fedure of the origindl ARPACK FORTRAN code that was preserved in the
c++ verson. With this interface the user can solve agenvaue probems withou

passng

information abou matrix-vedor

products to ARPACK++ dasss

constructors. And even with ARPACK++ das®s that hande matrix information
these functions all ow the user to interfere in the processof finding an Arnddi basis.

Declaration
int GetIdo()

Description

This function indcaes the type of operation the user must perform between two
successve cdlsto functionTakeStep ().

All classes



164 ARPACK++

Return action theuser must perform
value

-1 compute y — OPX, where GetVector () gives a panter to vedor X,
and PutVector () indcaeswhereto Sorey.

1 compute ore of y « OPx (standard problems) or y — OP.B.x

(generdlized problems). GetVector() gives a panter to vedor x and
PutVector() indcaes where to store y. When solving generdlized
problems, a pointer to the product Bx is aso avalable by using
GetProd().

2 compute y — Bx, whereGetVector () givesapainter to vedor x, and
PutVector () indcaeswhereto storey.

3 compute shifts for implicit restarting of the Arnddi method.
PutVector () indcaeswhereto store them.

Examples

The following example shows how to find eigenvedors for a standard eigenvalue
problem, suppasing that prob is an oljed of any ARPACK++ standard classand op
belongs to a dassthat includes Mul1tMv as a member function. MultMv must perform
matrix-vedor product OPx (seethe description d Mu1tOPx).

while (!prob.ArnoldiBasisFound()) {
prob.TakeStep();
if ((prob.GetIdo() == 1)]||(prob.GetIdo() == -1)) {
// Performing matrix-vector multiplication.
OP.MuTtMv(prob.GetVector(), prob.PutVector());
}
}

prob.FindEigenvectors();

Next example shows how to find eigenvedors of a generalized eigenvalue problem®2,
Generdly, B.MultMv is suppcsed to be afunction that performs the matrix-vedor
product Bx (seethe description o Mu1tBx).

while (!prob.ArnoldiBasisFound()) {
prob.TakeStep(Q);
switch (prob.GetIdo()) {
case -1: // Performing y <- OP*B*x for the first time.
B.MultMx(prob.GetVector(), temp);
OP.MuTtMv(temp, prob.PutVector());
break;
case 1: // Performing y <- OP*B*x. B*x is already available.
OP.MuTtMv(prob.GetProd(), prob.PutVector());
break;

32 Except for real symmetric problems in Cayley mode.
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case 2: // Performing y <- B*X.
B.MultMv(prob.GetVector(), prob.PutVector());
}

prob.FindEigenvectors();

GetNp
All classes
Declaration
int GetNp(Q)
Description
This function returns the number of shifts that must be supdied after a cdl to
TakeStep() when shifts for implicit restarting of the Arnddi method are being
provided by the user (Seethe description d AutoShift).
Example
prob.TakeStep(Q);
if (prob.GetIdo() == 3) {
np = prob.GetNp(Q);
... // Define np shifts.
}
GetProd
All classes
Declaration
TYPE* GetProd()
Description
When GetIdo returns 1 and the user must peform a product in the form
y « OP.B.x, thisfunctionindcaeswhere Bx is gored.
Example
Seethe generdized example that foll owsthe description d GetIdo.
GetVector
All classes
Declaration

TYPE* GetVector()
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Description

When GetIdo returns -1, 1 @ 2 and the user must perform a product in the form
y « Mx, this function indcaes where X is gored. When GetIdo returns 3, this

functionind caes where the egenvaues of the arrent Hessenberg matrix are located.

Example
Seethe examplesthat foll ow the description d GetIdo.

GetVectorImag

Real nonsymmetric classes

Declaration
FLOAT* GetVectorImag()

Description

When GetIdo returns 3, this function indcaes where the imaginary part of the
elgenvaues of the aurrent Hessenberg matrix are located.

PutVector

All classes

Declaration
TYPE* PutVector()

Description

When GetIdo returns -1, 1 o 2 and the user must perform a product in the form
y « Mx, this function indicaes where to store y. When GetIdo returns 3, this

functionind cates where to store the shifts.

Example
Seethe examplesthat foll ow the description d GetIdo.

TakeStep

All classes

Declaration
int TakeStep()

Description

This function performs al cdculations required by the Arnddi method ketween two
successve matrix-vedor produwcts. It corresponds to subroutines __aupd of the
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origind FORTRAN code. TakeStep returns the same vaue obtained by cdling
functionGetIdo.

Example
Seethe examplesthat foll ow the description d GetIdo.

Functionsthat perform all calculationsin one step.

Functions included in this group shoud be used to comped ARPACK++ to find
eigenvalues, eigenvedors, Schur vedors or an Arnddi basis for the arrent problem.
Output datais gored into ARPACK++ internal data structure and can be retrieved by
some functionsthat will be described later in this sdion.

If one of the rever'se cmmnunication classesis being used, these functions soud orly
be cdl ed after convergenceof the Arnddi processis attained.

FindArnoldiBasis

All classes

Declaration
int FindArnoldiBasis()

Description
This function determines an Arnddi basis related to the given problem. It returns the
number of “converged”’ eigenvalues ohbtained for the transformed problem (as
described in chapter 3).

Example
prob.FindArnoldiBasis();
cout << “first Arnoldi basis vector:” << endl;
for (int 1 = 0; 1 < prob.GetNQ); i++) {
cout << prob.ArnoldiBasisVector(0, i) << endl;

}

FindEigenvalues

All classes

Declaration
int FindEigenvalues()

Description
This function determines nev gpproximated eigenvaues of the given problem. It
returns the number of “converged” eigenvalues obtained.
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Example

int nconv = prob.FindEigenvalues();

cout << “Eigenvalues:” << endl;

for (int i = 0; i < nconv; i++) {
cout << prob.Eigenvalue(i) << endl;

}

FindEigenvectors

All classes

Declaration
int FindEigenvectors(bool ischur = false)

Description

This function determines nev gpproximated eigenvedors of the given eigenvalue
problem. Optiondly, it aso determines nev Schur vedors that span the desired

invariant subspace The returned vaue rresponds to the number of “converged”
elgenvedors obtained.

Example

int nconv = prob.FindEigenvectors();
for (int k = 0; k < nconv; k++) {
cout << “Eigenvector “ << k << * 1 << endl;
for (int i = 0; 1 < prob.GetNQ; i++) {
cout << prob.Eigenvector(k, i) << endl;
}
}

FindSchurVectors

Real nonsymmetric and complex classes

Declaration
int FindSchurVectors()

Description

This function determines nev Schur vedors that span the desired invariant subspace
It returns the number of “converged” Schur vedors obtained.

Example

int nconv = prob.FindSchurVectors(Q);
for (k = 0; k < nconv; k++) {
cout << “Schur vector “ << k << “ :” << end1;
for (i = 0; 1 < prob.GetNQ; i++) {
cout << prob.Eigenvector(k, i) << endT;
}

}
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Functionsthat perform calculations on user-supplied data structure.

Functions described below shoud be used to find eigenvalues, eigenvedors, Schur
vedors or an Arnddi basis for the arrent problem and to store them in a data
structure supgied by the user.

To avoid excessve memory consumption, ARPACK++ does nat retain a opy of data
stored in user-supdied vedors, so no dher function can be used to retrieve them.

If one of therever'se commnunication classs is being used, these functions odd orly
be cdl ed after convergenceof the Arnddi processis attained.

Eigenvalues

Real symmetric, nonsymmetric and complex classes

Declaration (Real symmetric and complex problems)
int Eigenvalues(TYPE Eigval[], bool ivec = false, bool ischur = false)

Declaration (Real nonsymmetric problems)

int Eigenvalues( FLOAT EigValR[], FLOAT EigVvalI[],
bool ivec = false, bool ischur = false)

Description
This function owverrides array Eigval with eigenvaues of the problem. It can aso
determine agenvedors (if ivec = true) and Schur vedors (if ischur = true). For
red norsymmetric problems, arrays EigvalR and Eigvall are overwritten with the
red andimaginary part of eigenvalues, respedively. Eigenvalues returns the number
of “converged” eigenvalues obtained. Functions SchurVector, RawSchurVectors
andRawSchurVector shoud be used to retrieve Schur vedors.

Arrays Eigval, EigvalR and Eigvall must be dimensioned to store d least nev
eements.

Example
float EigValR[nev], EigVall[nev];
float EigVec[n*(nev+1)];
int conv_eig;
conv_eig = prob.Eigenvalues(EigvalR, EigvalI, true);
prob.Eigenvectors(EigVec);

EigenValVectors

Real symmetric, nonsymmetric and complex classes

Declaration (Real symmetric and complex problems)
int EigenvalVectors(TYPE EigVec[], TYPE Eigval[], bool ischur = false)
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Declaration (Real nonsymmetric problems)

int EigenValVectors( FLOAT EigVec[], FLOAT EigValR[],
FLOAT EigValI[], bool ischur = false)

Description

This function owerides array Eigvec sequentidly with eigenvedors of the given
problem and stores the @genvaluesin Eigval (or in the pair {EigvalR, Eigvall} if
the problem isred and norsymmetric). If ischur is &t to true, Schur vedorsare dso
determined. In this case, the usr shodd uwse functions SchurVector,
RawSchurVectors andRawSchurVector to retrieve them.

Arrays Eigval, EigvalR and Eigvall must be dimensioned to store d least nev
elements. If the problem is red and norsymmetric, Eigvec must have d least
(nev+1)*n pogtions, atherwise avedor with nev*n dementswill be sufficient.

Example

doubTle EigValR[nev], EigValI[nev];

doubTle EigVec[(nev+1)*n];

int conv_eig;

conv_eig = prob.EigenvalVectors(EigVec, EigValR, EigVall);

Eigenvectors

Real symmetric, nonsymmetric and complex classes

Declaration
int Eigenvectors(TYPE EigVec[], bool ischur = false)

Description

This function owerrides array Eigvec with eigenvedors of the given problem. It can
aso cdculate Schur vedors if ischur is &t to true. In this case, ore of the
SchurVector, RawSchurVectors or RawSchurVector functions $roud be used to
retrieve Schur vedors. Eigenvectors returns the number of “converged”
eilgenvedors obtained.

Elements of eigenvedors are stored sequentidly, ore egenvedor at atime. For red
norsymmetric problems, red and imaginary parts of complex eigenvedors are given
as two conseadtive vedors, so the user can use them to buld the related conjugate
pair.

If the problem isred and norsymmetric, array EigVec must be dimensioned to store
(nev+1)*n dements. For red symmetric and complex problems, avedor with nev*n
eementswill be sufficient.

Example

doubTle EigVec[(nev+1)*n];
int conv_eig;
conv_eig = prob.Eigenvectors(EigVec);
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Functionsthat return vector and matrix el ements.

After determining eigenvaues, eigenvedors, Schur vedors or an Arnddi basis, it is
passbleto retrieve any of their eements using one of the functionslisted below.

ArnoldiBasisVector

All classes

Declaration
TYPE ArnoldiBasisVector(int i, int j)

Description
Thisfunction furnishes element j of thei-th Arnddi basisvedor.

Examples
float elem_ij = prob.ArnoldiBasisVector(i, j);

complex<float> elem_ij = prob.ArnoldiBasisVector(i, j);

See &0 the examplethat followsthe definition o FindArnoldiBasis.

Eigenvalue

Real symmetric, nonsymmetric and complex classes

Declaration (Real symmetric problems)
FLOAT Eigenvalue(int 1)

Declaration (Real nonsymmetric and complex problems)
complex<FLOAT> Eigenvalue(int 1)

Description
Thisfunction grovidesthei-th “converged” eigenvaue.

Examples
float eigval = prob.Eigenvalue(i); // real symmetric problems.

complex<float> eigval = prob.Eigenvalue(i); // real nonsymmetric and
// complex problems.

See &0 the examplethat followsthe definition o FindEigenvalues.
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EigenvalueImag

Real nonsymmetric classes

Declaration
FLOAT EigenvalueImag(int 1)

Description
Thisfunction providesthe imaginary part of thei-th “converged” eigenvaue.

Example

float eigvalR
float eigvall

prob.EigenvalueReal (i);
prob.EigenvalueImag(i);

EigenvalueReal

Real nonsymmetric classes

Declaration
FLOAT EigenvalueReal(int 1)

Description
Thisfunction providesthered part of thei-th “converged” eigenvalue.

Example

float eigvalR
float eigvall

prob.EigenvalueReal (i);
prob.EigenvalueImag(i);

Eigenvector

Real symmetric, nonsymmetric and complex classes

Declaration (Real symmetric classes)
FLOAT Eigenvector(int i, int j)

Declaration (Real nonsymmetric and complex classes)
complex<FLOAT> Eigenvector(int i, 1int j)

Description
Thisfunction provides eement j of thei-th “converged” eigenvedor.

Examples
float eig_ij = prob.Eigenvector(i,j); // real symmetric problems.

complex<float> eig_ij=prob.Eigenvector(i,j); // real nonsymmetric
// and complex problems

See &0 the examplethat foll ows the definition d FindEigenvectors.
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EigenvectorImag

Real nonsymmetric classes

Declaration
FLOAT EigenvectorImag(int i, int j)

Description

This function provides the imaginary part of eement j of the i-th “converged”
eigenvedor.

Example

float eig_re, eig_im;
complex<float> eigl, eig2;

eig_re = prob.EigenvectorReal (i, j);
eig_im = prob.EigenvectorImag(i, j);
eigl = complex<float>(eig_re, eig_im);
eig2 = complex<float>(eig_re, -eig_im);

EigenvectorReal

Real nonsymmetric classes

Declaration
FLOAT EigenvectorReal(int i, 1int j)

Description
Thisfunction providesthered part of element j of the i-th “converged” eigenvedor.

Example
Seethe example that followsthe description d EigenvectorImag.

SchurVector

Real nonsymmetric and complex classes

Declaration
TYPE SchurVector(int i, int j)

Description
Thisfunction furnishes element j of thei-th Schur vedor.

Examples
float schur_ij = prob.SchurVector(i, j);

complex<float> schur_ij = prob.Schurvector(i, j);

See &0 the examplethat foll owsthe definition o FindSchurVectors.
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ResidualVector

All classes

Declaration
TYPE ResidualVector(int i)

Description
Thisfunctionfurnishes element i of theresidua vedor.

Example

prob.FindEigenvalues();
cout << “Residual vector:” << endl;
for (i = 0; 1 < prob.GetNQ); i++) {
cout << prob.ResidualVector(i) << endl;

}

Functionsthat provide raw accessto output data.

If elgenvalues, eigenvedors, Schur vedors or Arnddi basis vedors are drealy
avail able in ARPACK++ interna data structure, they can also be referenced by using
functionsthat provide paintersto their first elements.

These functions, which are described below, can be used to efficiently pass
ARPACK++ output datato ather functionsthat use them asinpu parameters.

RawArnoldiBasisVectors

All classes

Declaration
TYPE* RawArnoldiBasisVectors()

Description

This function provides raw accessto Arnddi basis vedors. The return value is a
painter to avedor that storesdl of the Arnddi basis vedors conseadtively.

Example

// Writing y as a linear combination of some Arnoldi basis vectors.
// Function gemv calculates y = alfa*X*r + beta*y.

// The parameters of gemv are trans, m, n, alpha, X, Tdx,

// r, incr, beta, y and incy, in that order.

doubTle* y = new double[prob.GetN()];
gemv(‘N’, prob.GetN(), prob.ConvergedEigenvalues(), 1.0,
prob.RawArnoldiBasisVectors(), prob.GetN(), r, 1, 0.0, y, 1);
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RawArnoldiBasisVector

All classes

Declaration
TYPE* RawArnoldiBasisVector(int i)

Description

This function povides raw access to the i-th Arnddi basis vedor by returning a
panter to itsfirst eement.

Example

// Using two Arnoldi basis vectors in a saxpy ...
Copy(prob.GetN(), prob.RawArnoldiBasisVector(j), 1, x, 1);
axpy(prob.GetN(), 0.52, prob.RawArnoldiBasisVector(i), 1, x, 1);

RawEigenvalues

All classes

Declaration
TYPE* RawEigenvalues()

Description

This function returns a pointer to a vedor that contains dl of the “converged”
eigenvalues.

For red norsymmetric problems, orly the red part of eigenvalues is given by this
vedor. In this case, the imaginary part shoudd be referenced by using function
RawEigenvaluesImag().

Example

// Taking the absolute value of some eigenvalues
// of a real nonsymmetric matrix.

int conv
double* posr
double* posi
double* Sol

double* poss

prob.ConvergedEigenvalues();
prob.RawEigenvalues();
prob.RawEigenvaluesImagQ) ;

new double[prob.ConvergedEigenvalues()];
Sol;

for (int i = 0; 1 < conv; 7i++, poSr++, posi++, poss++) {
poss = sqrt(posr*posr+posi*posi);

}

RawEigenvaluesImag

Real nonsymmetric classes

Declaration
FLOAT* RawEigenvaluesImag()
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Description

This function returns a pointer to a vedor that cortains the imaginary part of the
“converged” eigenvalues.

Example
Seethe examplethat foll owsthe description d RawEigenvalues.

RawEigenvectors

All classes

Declaration
TYPE* RawEigenvectors()

Description

This function rovides raw accesto eigenvedors. The return value is a painter to a
vedor that storesthe egenvedors conseadtively.

For red norsymmetric problems, complex eigenvedors are given as two conseautive
vedors. Thefirst contains the red part of the egenvedor, while the imaginary part is
stored in the secnd \edor.

Example

// Taking y as a Tlinear combination of some eigenvectors
// of a symmetric matrix A, i.e., evaluating y = X*r,

// where X is a matrix whose columns are eigenvectors of A.
// Function gemv calculates y = alfa*X*r + beta*y.

// The parameters of gemv are trans, m, n, alpha, X, Tdx,
// r, incr, beta, y and incy, in that order.

doubTle* y = new double[prob.GetN()];

gemv(‘N’, prob.GetN(), prob.ConvergedEigenvalues(), 1.0,
prob.RawEigenvectors(), prob.GetN(), r, 1, 0.0, y, 1);

RawEigenvector

All classes

Declaration
TYPE* RawEigenvector(int i)

Description

This function provides raw accessto the i-th “converged” eigenvedor. It returns a
painter to thefirst ement of such vedor.

For red norsymmetric problems, complex eigenvedors are given as two conseadtive
vedors, so if Eigenvalue(i) and Eigenvalue(i+l) ae @mplex conugate
eigenvalues, RawEigenvector(I) will contan the red pat and
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RawEigenvector(I+1) the imaginary part of the wrrespondng complex conjugate

eigenvedors.
Example
double ResNorm;
Matrix<double> A;
int nconv = prob.FindEigenvectors();
doubTe* Ax = new double[prob.GetN(Q1];

// Evaluating the two-norm of A*x - x*lambda, where
// x is an eigenvector and lambda an eigenvalue of A.

A.MultMv(prob.RawEigenvector(l), Ax);

axpy(n, -prob.Eigenvalue(1l), prob.RawEigenvector(1l), 1, Ax, 1);
ResNorm = nrm2(n, Ax, 1) / fabs(Prob.Eigenvalue(1));

RawSchurVectors

Real nonsymmetric and complex classes

Declaration
TYPE* RawSchurVectors()

Description

Thisfunctionreturns a painter to avedor that contains the “converged” Schur vedors
stored sequentialy.

Example

// Writing y as a linear combination of some Schur vectors.

// Vector r contains some constants.

int n prob.GetNQ;

double* y new double[n];

double* eigvec = prob.RawSchurVectors(Q);

for (int i = 0; i < prob.ConvergedEigenvalues(); i++, eigvec+=n) {
axpy(n, r[i], eigvec, 1, y, 1);

RawSchurVector

Real nonsymmetric and complex classes

Declaration
TYPE* RawSchurVector(int i)

Description

Thisfunction ovides raw accesto the i-th “converged” Schur vedor by returning a
panter to itsfirst eement.

Example

// Writing x as a linear combination of two Schur vectors.
Int n = prob.GetNQ);
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doubTe* x = new double[n];
Copy(n, prob.RawSchurVector(j), 1, x, 1);
axpy(n, 0.52, prob.RawSchurVector(i), 1, x, 1);

RawResidualVector

All classes

Declaration
TYPE* RawResidualVector()

Description
Thisfunctionreturns apainter to thefirst lement of theresidua vedor.

Example

// Taking the two-norm of the residual vector.
doubTe norm = nrm2(prob.GetN(), prob.RawResidualVector(), 1);

Output functionsthat usethe STL vector class.

ARPACK++ dso includes twelve functions that return eigenvaues, eigenvedors,
Schur vedors, Arnddi basis vedors and the resdual vedor using the STL vector
class

In view of the fad that ARPACK++ is intended to solve large-scde egenvaue
problems, the functions included in this sdion return a painter to an STL vedor,
rather than the vedor itself. This is dore to avoid generating temporary vedors that
can be very memory consuming.

StlArnoldiBasisVectors

All classes

Declaration
vector<TYPE>* Stl1ArnoldiBasisVectors()

Description

This function returns a painter to a STL vedor that stores al ncv Arnddi basis
vedors conseadtively. If an Arnddi basis is available, it is just copied to the output
vedor. Otherwise, the basis is determined by ARPACK++ and then dl its n¥ncv
elements copied.

Asthe Arnddi basisis used to generate egenvedors and Schur vedors, this function
shoud be cdled before St1Eigenvectors oOr StlSchurVectors to prevent
ARPACK++ from recdculating the basis.
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Example
// Obtaining the Arnoldi basis and the eigenvalues of a problem.
vector<double>* Basis = prob.St1ArnoldiBasisVectors(Q);

vector<double>* EigValues = prob.St1Eigenvalues();

StlArnoldiBasisVector

All classes

Declaration
vector<TYPE>* St1ArnoldiBasisVector(int 1)

Description

This function returns a pointer to a STL vedor that contains the i-th Arnddi basis
vedor. The Arnddi basis must be avail able, atherwise an error message is printed.

Example

// Extracting the second Arnoldi basis vector.
prob.FindArnoldiBasis();
vector<double>* Second = prob.StlArnoldiBasisVector(l);

StlEigenvalues

All classes

Declaration (Real symmetric problems)
vector<FLOAT>* St1Eigenvalues(bool ivec = false, bool ischur = false)

Declaration (Real nonsymmetric and complex problems)

vector<complex<FLOAT> >* StlEigenvalues( bool ivec = false,
bool dischur = false)

Description

This function returns a painter to a STL vedor that contains dl of the “converged”
eigenvalues.

If the agenvalues are drealy available, they are just copied into the STL vedor.
Otherwise, the @genvalues are determined and stored in the output vedor. In this last
cese, eigenvedors and Schur vedors can dso be determined by setting ivec and
ischur to true, respedively.

For red norsymmetric problems, the output vedor iscomplex. To oltain orly thered
or imaginary part of the egenvaues, the user shoud use St1EigenvaluesReal and
St1EigenvaluesImag. Functions St1SchurVectors, St1SchurVector,
St1Eigenvectors and St1Eigenvector can be used to retrieve Schur vedors and
eigenvedors.
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Examples

There ae several ways of retrieving eigenvalues by using St1Eigenvalues. In the
first example below, the ivec function parameter was st to true becaise the
eigenvaues were dso sought. When the commands are cdled in this order,
ARPACK++ stores the egenvalues only in Eigval, while the egenvedors are stored
internally and then copied orto Eigvec.

// Obtaining the eigenvalues and eigenvectors of a
// real nonsymmetric double precision matrix.

vector<complex<double> >* EigVal
vector<complex<double> >* EigVec

prob.St1Eigenvalues(true);
prob.St1Eigenvectors();

The user can avoid storing the @genvedors twiceby just inverting the two commands
abowe. In this case, a opy of the egenvaues is kept in the ARPACK++ interna
storage, while the egenvedors are stored orly in Eigvec. Moreover, in this case
St1Eigenvalues can be cdled withou parameters, Snce St1Eigenvectors aways
determine egenvalues as a by-product.

// Another way to obtain the same eigenvalues and eigenvectors.

prob.St1Eigenvectors(Q);

vector<complex<double> >* EigVec
1 prob.StTEigenvalues();

vector<complex<double> >* EigVa

When FindEigenvectors (or perhaps FindEigenvalues) is cdled before
St1Eigenvalues and St1Eigenvectors, the ARPACK++ internal data structure is
used to store the egenvalues and eigenvedors, while a opy of them is aso supdied
by Eigval andEigVec.

// Maintaining two copies of the eigenvalues and eigenvectors.

prob.FindEigenvectors();
vector<complex<double> >* EigVec
vector<complex<double> >* EigVal

prob.StT1Eigenvalues();
prob.St1Eigenvectors(Q);

StlEigenvaluesReal

Real nonsymmetric classes

Declaration
vector<FLOAT>* Stl1EigenvaluesReal()

Description

This function returns a painter to a STL vedor that contains the red part of the
“converged” eigenvalues. The agenvalues must be determined (by cdling
FindEigenvalues Or FindEigenvectors, for example) before this functionis used,
otherwise an error message is printed.

Example

// Storing the real and imaginary parts of the eigenvalues
// of a real nonsymmetric matrix in two different vectors.



REFERENCE GUIDE 181

prob.FindEigenvalues();
vector<double>* EigValR
vector<double>* Eigvall

prob.StTEigenvalueReal(;
prob.StTEigenvalueImagQ);

StlEigenvaluesImag

Real nonsymmetric classes

Declaration
vector<FLOAT>* Stl1EigenvaluesImag()

Description
This function returns a painter to a STL vedor that contains the imaginary part of the
“‘converged” eigenvalues. The egenvalues must be determined (by cdling
FindEigenvalues or FindEigenvectors, for example) before this functionis used,
otherwise a error messageis printed.

Example
Seethe examplethat foll ows the description d St1EigenvaluesReal.

StlEigenvectors

All classes

Declaration
vector<TYPE>* St1Eigenvectors(bool ischur = false)

Description
Thisfunctionreturns al of the “converged” eigenvedorsin asingle STL vedor. If the
eigenvedors are dready avalable, they are just copied into the STL vedor.
Otherwise, they are determined and stored in the output vedor. In this last case, Schur
vedors can dso be determined by setting ischur to true. One of the
St1SchurvVectors or the St1SchurVector functions sioud be used to retrieve Schur
vedors. St1Eigenvectors aways determine egenval ues as a by-product.

Elements of the egenvedors are stored sequentialy, ore egenvedor at a time. For
red norsymmetric problems, red and imaginary parts of complex eigenvedors are
given as two conseautive vedors, so the user can use them to buld the related
conjugeate pair.

Example
Seethe examplesthat foll ow the description d St1Eigenvalues.
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StlEigenvector

All classes

Declaration (Real symmetric problems)
vector<FLOAT>* Stl1Eigenvector(int 1)

Declaration (Real nonsymmetric and complex problems)
vector<complex<FLOAT> >* St1Eigenvector(int 1)

Description
This function returns a painter to a STL vedor that contains the i-th “converged”
eilgenvedor. For red norsymmetric problems, the output vedor is complex. To oltain
only the red or the imaginary part of the desred eigenvedor, ore shoud use
St1EigenvectorReal or StlEigenvectorImag. The egenvedors must be
determined beforethisfunctionis cdled, aherwise an error messageis printed.

Example
// Extracting the third eigenvector of a real nonsymmetric matrix.

prob.FindEigenvectors();
vector<complex<double> >* EigVec = prob.St1Eigenvector(2);

StlEigenvectorReal

Real nonsymmetric classes

Declaration
vector<FLOAT>* St1EigenvectorReal(int 1)

Description
This function returns a painter to a STL vedor that contains the red part of the i-th

eigenvedor. The egenvedors must be determined before this function is cdled,
otherwise an error message is printed.

Example

// Storing the real and imaginary parts of the third eigenvector
// of a real nonsymmetric matrix in two different vectors.

prob.FindEigenvectors();
vector<double>* EigVecR
vector<double>* EigVecl

prob.St1EigenvectorReal(2);
prob.St1EigenvectorImag(2);

StlEigenvectorImag

Real nonsymmetric classes

Declaration
vector<FLOAT>* St1EigenvectorImag(int i)
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Description
This function returns a painter to a STL vedor that contains the imaginary part of the
i-th eilgenvedor. The egenvedors must be determined before this function is cdled,
otherwise an error messageis printed.

Example
Seethe examplesthat foll ow the description d St1EigenvectorReal.

StlSchurVectors

Real nonsymmetric and complex classes

Declaration
vector<TYPE>* St1SchurVectors()

Description
This function returns a painter to a STL vedor that contains nev “converged” Schur
vedors stored sequentially. They are determined, stored in the ARPACK++ interna
data structure and then copied to the output vedor. St1SchurVectors aso
determines eigenva ues as a by-product.

Example

// Determining the Schur vectors and the eigenvalues of a
// real nonsymmetric problem. St1Eigenvalues can be called
// before St1SchurVectors but, in this case, the parameter
// ischur must be set to true (see the definition of

// StlEigenvalues).

prob.St1SchurVectors(Q);
prob.St1Eigenvalues();

vector<float>* Schur
vector<float>* EigVal

StlSchurVector

Real nonsymmetric and complex classes

Declaration
vector<TYPE>* St1SchurVector(int 1)

Description
Thisfunctionreturnsa panter to a STL vedor that contains thei-th Schur vedor. The
Schur vedors must be determined before this function is cdled, aherwise a error
messageis printed.

Example
// Extracting the first Schur vector of a real nonsymmetric problem.

prob.FindSchurVectors(Q);
vector<double>* Schur = prob.St1SchurVector(0);
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StlResidualVector

All classes

Declaration
vector<TYPE>* St1ResidualVector()

Description
Thisfunctionreturns apainter to aSTL vedor that contains the resdua vedor.

Example
// Determining the eigenvalues and the residual vector.

vector<float>* Eigval
vector<float>* Resid

prob.St1Eigenvalues();
prob.StTResidualvector();

Handling Errors.

ARPACK++ uses c++ exception handing medanisms, such as the throw command,
to repart runtime erors. Thus, the user can cach an error using try and catch
Statements.

Besides throwing errors, ARPACK++ dso prints messages on the cerr predefined
c++ aror strean unlessthe user defines avariable cdl ed ARPACK_SILENT_MODE using
the ommand

#define ARPACK_SILENT_MODE

There is only one exception class It is cdled ArpackError and can be used by an
exception render defined by a catch command. As described below, ArpackError
contains ome variables and member functionsto help the user cope arors.

A “new” hander is dso defined. It throws an error using ArpackError class so the
user can cdch a “memory overflow” and dedde which adion must be taken
theredter.

Error class.

ArpackError

Declaration
class ArpackError.
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Description
Exception classintended to help the user deteding and hending run-time arors.

M ember functions
int Status(Q

returns an integer vaue representing the most receantly encourtered error.
For a omplete list of error codes £esedion ARPACK++ erors anderror
messages below.

Example
// Catching an error with ArpackError class.

ARTuNonSymMatrix<double> A(n, nnz, nzval, irow, pcol);
ARTuNonSymStdEig<double> prob(4L, &A);
try {

prob.FindEigenvectors();

}
catch (ArpackError Err) {
switch (Err.Status()) {
case -501:

/]

case -303:

// .
default:

/]

ARPACK++ errorsand error messages.

A brief description d the ARPACK++ aror codes and messages is given below. The
integer numbers $own on left ae euvaent to the vaues returned by
ArpackError: :Status() function. Messages on the right side ae sent to the cerr
predefined c++ aror strean unlessavariable cdl ed ARPACK_STLENT_MODE is defined.

Negative numbers represent fatd errors, while postive numbers are related to
ocaurrences that the user shoud be avare and errorsthat ARPACK++ was ableto fix.

1. Errorsin parameter definitions.

-101 Some parameters were nat corredly defined.
-102 'n" must be greaer than ore.

-103 'nev'isout of bounds".

-104 ‘which' was nat corredly defined.

-105 ‘part' must beore of 'R or 'I'.

-106 'InvertMode must be one of 'S or 'B'.

-107 Range aror.

2. Errorsthat may occur during the Arnoldi process:.
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-201 Could na perform LAPACK eigenvalue cdculation.

-202 Starting vedor is zero.
-203 Coud nd find any eilgenvalue to sufficient acairacy.
-204 Reordering of Schur form was nat possble.

-205 Coud nd buld an Arnddi fadorization.
-291 Error in ARPACK Aupdfortran code.
-292 Error in ARPACK Eupdfortran code.

3. Errorsthat may occur when calling main functions:

-301 Coud nd corredly defineinternal variables.

-302 Coud nd findan Arnddi basis.

-303 Coud nd find any eigenvalue.

-304 Coud nd find any eilgenvedor.

-305 Coud nd find any Schur vedor.

-306 FindEigenvedors must be used instead of FindSchurVedors.

4. Errorsduetoincorrect function calling sequence:

-401 Vedor isnat drealy avail able.

-402 Matrix-vedor product isnat dready avail able.

-403 Coud nd store vedor.

-404 DefineParameters must be cdled prior to thisfunction.
-405 An Arnddi bassisnat available.

-406 Eigenvaues are nat avail able.

-407 Eigenvedors are nat avail able.

-408 Schur vedors are nat avail able.

-409 Resdud vedor isnat avail able.

5. Errorsin classesthat perform LU decompositions:

-501 Matrix is sngular and coud nd be fadored.

-502 Matrix datawas nat defined.

-503 Fill -in fador must be increased (ARumNonSymMatrix).
-504 Matrix must be square to be fadored.

-505 Matrix must be fadored before solving a system.

-506, Matrix dimensions must agree
-507, A.udoand B.ugo must be equdl.
-508, Matrix data @ntain inconsistencies.

-509, Datafile mud na berea.
6. Errorsin matrix files:

-551, Invalid peth o filename.
-552, Wrong matrix type.
-553, Wrong datatype.
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RHS vedorswill beignored.
Unexpeded end d file.

7. Othe severeerors,

-901 Thisfunctionwas nat implemented yet.
-902 Memory overflow.
8. Warnings:
101 'ncv' isout of bound.
102 'maxit’ must be greder than zero.
201 Maximum number of iterations taken.
202 No shiftscoud be gplied duing a g/cle of IRAM iteration.
301 Turning to automatic sdledion d implicit shifts.
401 FadorsL and U were nat copied. Matrix must be fadored.
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LU factorization, 6, 69, 80, 82, 84, 87, 89, 92, 113, 115, RawEigenvectors function, 34, 176
117, 120, 123, 125, 129, 132, 135, 136, 138, 140, RawResidualVector function, 34, 178
141, 143, 145, 147 RawSchurVector function, 34, 178
RawSchurVectors function, 34, 178
M regular mode, 8, 40, 53
complex generalized problems, 28
makefiles, 15, 47 complex standard problems, 27
mathematical libraries, 67 real nonsymmetric generalized problems, 26
matrix classes, 21, 112 real nonsymmetric standard problems, 25
defining, 38 real symmetric generalized problems, 24
predefined, 22, 38, 48 real symmetric standard problems, 23
user-defined, 40, 60 resid parameter, 21, 79
matrix factorizationSeel U factorization residual vector, 33, 174, 178, 184
matrix objects, 20 ResidualVector function, 34, 174

matrix-vector products, user-supplied, 17, 19, 32, 40, 42 reverse communication interface, 2, 19, 32, 65, 104, 164
60, 72

maxit parameter, 21, 77 S

memory requirements, 8

MultAx parameter, 76 Schur vectors, 30, 33, 154, 168, 169, 170, 171, 174, 178,

MultBx parameter, 75 180, 182, 184

MultOPx parameter, 74 SchurVector function, 34, 174
SchurVectorsFound function, 33, 154

N SetBucklingMode function, 29, 150

SetCayleyMode function, 29, 150

n parameter, 20, 74 SetComplexShiftMode function, 29, 151

ncv parameter, 21, 77 SetRegularMode function, 29, 151

Netlib, 5 SetShiftinvertMode function, 29, 42, 152

nev parameter, 20, 74 shift and invert mode, 41, 42

new handler, 185 complex generalized problems, 28

NoShift function, 30, 161 complex standard problems, 27

NoTrace function, 32, 162 real nonsymmetric generalized problems, 26, 27

real nonsymmetric standard problems, 26
real symmetric generalized problems, 24
O real symmetric standard problems, 23
sigma parameter, 76

ObjA parameter, 75 sigmal parameter, 76

objB parameter, 75
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sigmaR parameter, 76
singular value decomposition, 44
singular values and vectors, 44, 57

spectral transformationSeecomputational modes
Standard Template Library, 6, 31, 35, 44, 179

StlArnoldiBasisVector function, 35, 179
StlArnoldiBasisVectors function, 31, 179
StlEigenvalues function, 31, 44, 56, 180
StlEigenvaluesimag function, 35, 181
StlEigenvaluesReal function, 35, 181
StlEigenvector function, 35, 182
StlEigenvectorimag function, 35, 183
StlEigenvectorReal function, 35, 183
StlEigenvectors function, 32, 182

examples, 44

examples of, 56
StIResidualVector function, 35, 184
StISchurVector function, 35, 184
StISchurVectors function, 32, 184

SuperLU library, 6, 13, 22, 117, 129, 138, 145

T

TakeStep function, 33, 67, 104, 167
Template Numerical Toolkit, 2, 6
template parameters, 71
templates, 2, 7

throw command, 185

tol parameter, 21, 78

Trace function, 32, 162

try command, 185

TYPE parameter, 72

TypeBx parameter, 73

TypeOPx parameter, 73

U
UMFPACK library, 6, 22, 68, 120, 132, 140, 147

w

warnings, run-time, 188
which parameter, 21, 77



