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Introduction

ARPACK++ is an object-oriented version of the ARPACK package. ARPACK [6] is
a well-known collection of FORTRAN subroutines designed to compute a few
eigenvalues and, upon request, eigenvectors of large scale sparse matrices and pencils.
It is capable of solving a great variety of problems from single precision positive
definite symmetric problems to double precision complex non-Hermitian generalized
eigenvalue problems.

ARPACK implements a variant of the Arnoldi process for finding eigenvalues called
implicit restarted Arnoldi method (IRAM) [10, 11]. IRAM combines Arnoldi
factorizations with an implicitly shifted QR mechanism to create a new method that is
appropriate for very large problems. In most cases only a compressed matrix or a
matrix-vector product y ← Ax must be supplied by the user.

ARPACK++ is a collection of classes that offers c++ programmers an interface to
ARPACK. It preserves the full capabili ty, performance, accuracy and memory
requirements of the FORTRAN package, but takes advantage of the c++ object-
oriented programming environment.

The main features of ARPACK preserved by the c++ version include:

• The abili ty to return a few eigenvalues that satisfy a user specified criterion, such as
largest real part, largest absolute value, etc.

• A fixed pre-determined storage requirement. Usually, only n O k O k⋅ +( ) ( )2

memory locations are used to find k eigenvalues of a n-dimensional problem.

• A user-specified numerical accuracy for the computed eigenvalues and
eigenvectors. Residual tolerances may be set to the level of working precision.

• The abili ty to find multiple eigenvalues without any theoretical or computational
difficulty other than some additional matrix-vector products required to expose the
multiple instances. This is made possible through the implementation of deflation
techniques similar to those employed to make the implicit shifted QR algorithm
robust and practical. Since a block method is not required, the user does not need
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to “guess” the correct block size that would be needed to capture multiple
eigenvalues.

• Several alternatives to solve the symmetric generalized problem Ax Mx= λ  for
singular or ill -conditioned symmetric positive semi-definite M.

Other features that are exclusive to ARPACK++ are:

• The use of templates. Class templates, or containers, are the most noticeable way
of defining generic data types. They combine run-time efficiency and massive code
and design reutilization. ARPACK++ uses templates to reduce the work needed to
establish and solve eigenvalue problems and to simplify the structure utilized to
handle such problems. One class will handle single and double precision problems.
Depending on the data structure used, a single class can also be used to define real
and complex matrices.

• A friendly interface. ARPACK++ avoids the complication of the reverse
communication interface that characterizes the FORTRAN version of ARPACK.
It contains many class templates that are easy to use. Some of them require the user
to supply only the nonzero elements of a matrix, while others demand the definition
of a class that includes a matrix-vector function. Nevertheless, the reverse
communication interface is also preserved in the c++ package, allowing the user to
solve an eigenvalue problem iteratively, performing explicitly all the matrix-vector
products required by the Arnoldi method.

• A great number of auxiliary functions. ARPACK++ gives the user various
alternatives for handling an eigenvalue problem. There are many functions to set
and modify problem parameters, and also several output functions. For instance,
seven different functions can be used to determine the eigenvectors of a problem.
There are also ten functions that return from a single element of an eigenvector to
an STL vector that contains all the eigenvectors.

• The ability to easily find interior eigenvalues and to solve generalized
problems. ARPACK++ includes several matrix classes that use state-of-the-art
routines from SuperLU, UMFPACK and LAPACK to solve linear systems. When
one of these classes is used, spectral transformations such as the shift and invert
method can be employed to find internal eigenvalues of regular and generalized
problems without requiring the user to explicitly solve linear systems.

• A structure that simplify the linkage with other libraries. The main aim of
ARPACK++ is not only to allow the user to efficiently handle even the most
intricate problems, but also to minimize the work needed to generate an interface
between ARPACK and other libraries, such as the Template Numerical Toolkit
(TNT) [9] and the Hilbert Class Library (HCL) [5].
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In the first chapter, some instructions are given on how to install ARPACK++.
Chapter 2 discusses briefly what is necessary to start solving eigenvalue problems with
the library. Differences and similarities between ARPACK++ classes and its
computational modes are described in chapter 3. Chapter 4 contains more detailed
instructions on how to create an eigenvalue problem, while some examples that
illustrate ARPACK++ usage were included in chapter 5. Finally, all classes, functions,
constructor and template parameters are fully described in the appendix: ARPACK++
reference guide.

The authors would like to acknowledge Dr. Roldan Pozo and Dr. Kristyn Maschhoff
for their insightful suggestions and support.

Financial support for this work was provided in part by FAPESP (Brazil), grant
96/2556-9, by the National Science Foundation cooperative agreement CCR-912008
and by the ARPA contract number DAAL03-91-C-0047 (administered by the U.S.
Army Research Office).



Chapter

1
Installing and

running ARPACK++

As a collection of class templates, ARPACK++ can be easily installed, provided that
other libraries required by the software are available. This chapter describes how to
obtain ARPACK++ and what is necessary to use it.

Obtaining the software.

ARPACK++ is distributed as a single file called Æ Ç È Æ É Ê È È Ë Ì Æ Ç Ë Í Î . This file contains
all of the library files, some illustrative examples and also a copy of this manual. It can
be obtained from the URL: Ï Ð Ñ Ò Ó Ó Ô Õ Ö × Ø Ù Ù Ú × Û Ü Ø Ý × Ý Þ ß à Ö ß á à Ö Ý â Ö ã Ý à ä å æ ä ç .
Because ARPACK++ is an interface to the original ARPACK FORTRAN library, this
library must be available when installing the c++ code. Although FORTRAN files are
not distributed along with ARPACK++, they can be obtained from Netlib or directly
from the URL: è é ê ë ì ì í î ï ð ñ ò ò ó ð ô õ ñ ö ð ö ÷ ø ù ï ø ú ù û ü í î ý ò ô ö ù þ ÿ � þ � � .

ARPACK FORTRAN software comes with all necessary BLAS and LAPACK
routines, but it is also possible to use local (optimized) installations of these libraries if
they are available. ARPACK user’s guide [6] provides further instructions on how to
obtain and compile the FORTRAN code1.

                                                       
1 The ARPACK user’s guide also describes in detail how ARPACK works and contains a lot of
useful examples. It is an excellent source of information for those interested in solving
eigenvalue problems.
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Other libraries required by some (but not all) ARPACK++ classes include SuperLU
[3], UMFPACK [1] and the Standard Template Library (see [8]) packages.

The SuperLU package can be used to solve eigenvalue problems that require complex
or real nonsymmetric matrix factorizations. It is called by � � � � � � 	 
 � � 
 
 � � � � ,� � � � � � � � � � � � � � �  

, 
� � � � ! � � " � # $ � �  

 and 
� � � � ! � � " � � � � �  

 classes and must be
installed if one of these classes is to be used. SuperLU is available at% # # " & ' ' ( ( ( ) � � # � � * ) � +  ' , - . � . " . - / ' " + � # � # � " �

.

The above mentioned classes can also call UMFPACK library functions instead of
using SuperLU to solve eigenvalue problems that require matrix decompositions.
However, UMFPACK may be used solely for educational, research, and
benchmarking purposes by non-profit organizations and the U.S. government.
Commercial and other organizations may make use of UMFPACK only for
benchmarking purposes. UMFPACK can be downloaded from 0 # " & ' ' 0 # " ) - � , ) � 0 � )

� $ � ' " � * ' � � 0 " . - /
. The MA38 Package in the Harwell Subroutine Library (HSL) has

equivalent functionality (and identical calling interface) as UMFPACK and is available
for commercial use. Technical reports and information on HSL can be obtained from1 2 2 3 4 5 5 6 6 6 7 8 9 : 7 ; < 7 = 8 7 > ? 5 : 2 ; > 8 2 5 @ A B C 5 D E F 7 1 2 G <

. Unfortunately, MA38, as
well as older versions of UMFPACK, cannot deal with complex matrices.

The vector class from the Standard Template Library (STL) can be used to retrieve
eigenvalues and eigenvectors computed by all ARPACK++ classes. There are also
plans to build an interface between ARPACK++ and TNT [9], an STL-based library,
as soon as this package become available. Some compilers include their own version of
STL. If it is not the case, the library can also be found atH 2 3 4 5 5 I > 2 < J ; 7 1 3 < 7 1 3 7 8 K G 5 : 2 <

.

Installi ng ARPACK++.

To unbundle file 
= ; 3 = 8 ? 3 3 7 2 = ; 7 L M

 the user should use the following command:

N O P Q R S T U V T W X V V Y Z T U Y [ \ ] Z T U ^ _ ` a b
A main directory called c d e c f g h h  will be automatically created. This directory should
contain three other directories. One of them, c d e c f g h h i j k f l m n o , concentrates all
ARPACK++ templates. Another, c d e c f g h h i o p c q e l o r , includes some selected
examples, and the last, c d e c f g h h i n s f , contains installation notes, a description of
ARPACK++ structure and a list of known bugs.

ARPACK++ is a collection of templates. Templates are defined in header ( t u ) files, so
they can be used directly by other programs without any previous compilation. No
object ( t s ) or library ( t c ) files have to be generated when installing ARPACK++,
except those corresponding to other libraries (ARPACK, LAPACK, SuperLU and
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UMFPACK). Some hints on how to properly install these libraries can be found in thev w x y z { | } ~ � � ~ } z w { � } � }
 file.

ARPACK++ header files can be moved to any "include" directory, provided that an
option in the form

� � � � � � � � � � � � � � � � �
is added to the command line when compiling programs that use the software, where� � � � � � � � � � � � � � �  is the name of the include directory.

Compatibilit y.

At the present time, ARPACK++ has only been compiled with the CC and GNU g++
compilers and tested in a SUN SparcStation. Further work must be done in order to
port the package to other environments.

To minimize this inconvenience, compiler-dependent functions and data types used by
ARPACK++ were grouped in a file called � �   ¡ ¢ £ ¤ ¥ ¦ §   ¨ © ¨ . Thus, this file should be
changed to reflect the characteristics of the user’s system.

Besides that, a list of known incompatibili ties between ARPACK++ and some
compilers can be found in £ ª   ¥ « ¢ ¬ ­ © ® ¯ ® .

Declaring complex numbers with the ° ± ² ³ ´ µ ¶ · ¸  class.

One of the major drawbacks of building mathematical software in c++ is the lack of a
standard complex class. Different c++ compilers tend to have different complex classes
and most people agree that writing a portable code is almost impossible in such case.

Because of that, ARPACK++ includes its own complex class, called ¹ º » ¼ ½ ¾ ¿ À Á ,
¹ º » ¼ ½ ¾ ¿ À Á  is a class template created in an effort to emulate the g++ complex class
when other compilers are being used. Both single and double precision complex
numbers can be represented by ¹ º » ¼ ½ ¾ ¿ À Á , as shown in the following example:

Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó
Ô Õ Ö × Ø Ù Ú Û Ü Ý Þ Ú × Ô ß à á â ã ã ä å æ ç è Ú Û Ù Õ Û Ö æ å æ × ç Ö × Ø Ù Ú Û Ü ç é Ø ê Û Õ ëì í î ï ð ñ ò ó ô õ ö ï ÷ ø ò ó ù ú û ü ü ý ö ï ÷ ø ò ó ñ í ó î þ ÿ þ ï � î ï ð ñ ò ó ô �
� � � � � � � 	 
  is the only complex type referenced by all the ARPACK++ files, so it is
not necessary to change several files when using a compiler other than g++, but only� � 
 � � � � � , the file where � � 
 � � � � � �  is defined.
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Storage requirements.

The amount of memory required to run ARPACK++ depends on a great number of
variables, including the type of the problem, its dimension (n) , the number desired
eigenvalues (nev) and the number of Arnoldi vectors generated at each iteration (ncv).

The table below furnishes the amount of memory positions used to find eigenvalues
and eigenvectors2 of a standard problem as a function of n, nev and ncv. Since the user
is not required to supply ncv (this is a optional parameter), the third column of the
table indicates the memory required when ncv is set to its default value (2nev+1).

The table indicates the number of real positions required to solve the related problems.
The number of bytes actually used in each case can be obtained by multiplying the
value shown in the table by the size (in bytes) of the real element used3. These values
correspond to a problem solved in regular mode. A (small) amount of memory that
does not depend on n, ncv or nev is also required to store some other ARPACK++
variables and function parameters, but this memory is negligible for large problems.

type of
problem

memory positions
required

memory usage
with default ncv

real
symmetric

4n + n.ncv + ncv2

+ 8ncv + nev
5n + 2n.nev +
 4nev2 + 21nev

real
 nonsymmetric

4n + n.ncv + 3ncv2

+ 9ncv  + 2nev
5n + 2n.nev +
12nev2 + 32nev

complex 8n + 2n.ncv + 6ncv2

 + 15ncv + 2nev
10n + 4n.nev +
 24nev2 + 56nev

If the user wants to determine nev eigenvectors and nev Schur vectors at the same
time, or if he wants to supply his own vector to store the eigenvectors, the storage
requirements are increased by nev n⋅  positions in the symmetric case, nev n n⋅ +
positions in the nonsymmetric case and 2nev n⋅  positions in the complex case.

The values mentioned above do not include the memory required to store the matrices
of the problem, nor the LU factors that are generated when a spectral transformation is
used. Since the exact number of elements of L and U are hard to determine, the user
should also take in account at least an estimate of these additional memory positions
required to store the problem data.

                                                       
2 The same amount of memory is required to find nev Schur vectors or an Arnoldi basis instead
of the eigenvectors.
3 Typical values are: 4 bytes for single precision variables and 8 bytes if double precision is used.
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Comparing the performance of ARPACK and ARPACK++.

Comparing the performance of ARPACK and ARPACK++ is not so easy as it might
appear, since the libraries are not exactly equivalent.

The first aspect that must be noted is that the FORTRAN version of ARPACK is not a
package that finds eigenvalues at once, but rather a collection of functions that must be
called iteratively when solving an eigenvalue problem. This structure is called the
reverse communication interface.

Since ARPACK++ also includes this interface, the simplest comparison between both
versions consists in determining the overhead produced by the c++ structure. This
overhead comprises the time spent to declare an eigenvalue problem using one of the
classes provided by ARPACK++, the time required to set the initialize all of the
ARPACK++ internal variables and the overhead generated each time a FORTRAN
subroutine is called.

Compared this way, both versions have shown the same performance. The difference
between ARPACK and PARPACK++ is insignificant.

Another way to compare the c++ and FORTRAN codes consists in measuring the
total time spent by each library to solve an eigenvalue problem. The disadvantage of
this type of analysis is that the time consumed by the matrix-vector products (and
occasionally some linear systems) required by the Arnoldi method is also considered,
which means that not only the performance of ARPACK and ARPACK++ is
compared, but also the abili ty of the FORTRAN and c++ compilers to optimize the
matrix-vector product routine (and sometimes also the linear solver).

In a preliminary test, a very simple set of sample problems that are distributed with
ARPACK was used to compare the performance of both packages. The computations
were made on a Sun Workstation, with the f77 (version 3.0.1) and the g++ (version
2.7.2) compilers4. The compiler option � �  was used in all tests. The dimension of the
problem was set to values varying between 100 and 2025. All the tests were
performed in double precision.

The results obtained suggest that for problems with real variables the performance of
ARPACK and ARPACK++ is very similar. A closer look at the matrix-vector
products reveals that they have taken a little more time in c++ than in FORTRAN, but
this difference was usually attenuated when considering the total time spent by the
Arnoldi method.

On the other hand, problems with complex variables have run much faster in
FORTRAN than when compiled with g++. Generally, each matrix-vector product in
c++ have taken about 750% more time than the same product in FORTRAN.

                                                       
4 The CC compiler was also tested but it has shown a worse performance when compared to g++.
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This difference is so great that it suggests that for complex problems the time
consumed by the matrix-vector products can dictate the overall performance of the
program. This is particularly true for large scale eigenvalue problems.

Perhaps this poor behavior can be imputed to the fact that the c++ language does not
contain a intrinsic complex data type as FORTRAN does. Although g++ includes a
very attractive class template to define complex variables, the performance of this class
is not so good.

The matrices of the complex problems tested were very sparse, so the total time spent
by the c++ code was 32% greater than the time consumed by the FORTRAN version
of ARPACK. However, worse results should be expected in general.

ARPACK++ also contains some classes that are capable of performing all the matrix-
vector products (and occasionally solving the linear systems) required to solve an
eigenvalue problem, but these classes were not used here, since they are not present in
ARPACK. The comparison was made using the same matrix-vector routine translated
to c++ and FORTRAN.

Naturally, some care must be taken before extending these results to other problems.
One cannot analyze the behavior of both libraries based only on the results mentioned
here, since the total time spent by the Arnoldi method is greatly affected by many
factors such as the dimension of the system, the sparsity pattern of the matrices, the
number of eigenvalues that are to be calculated, the desired portion of the spectrum
and the number of Arnoldi vectors generated at each iteration. Without mentioning
that the computer and the compiler used can also affect the measured results.



Chapter

2
Getting started

with ARPACK++

The purpose of the chapter is to give a brief introduction to ARPACK++ while
depicting the kind of information the user is required to provide to easily solve
eigenvalue problems.

The example included here is very simple and is not intended to cover all ARPACK++
features. In this example, a real nonsymmetric matrix in Compressed Sparse Column
(CSC) format is generated and its eigenvalues and eigenvectors determined by using
the � � � � �  function.

Other different ways of creating elaborate ARPACK++ objects and solving more
difficult problems, such those that require the use of spectral transformations, will be
presented in chapter four. A full description of all ARPACK++ classes and functions is
the subject of the appendix.

A real nonsymmetric example.

Perhaps the easiest way of getting started with ARPACK++ is trying to run the� � �  ! " # $ $  example contained in the % & ' ( ) * % + , ' - % . / , 0 1 0 2 3 4  directory.

A slightly modified version of 2 5 4 6 7 8 9 : :  is reproduced below. It illustrates

1. How to declare a matrix in CSC format;

2. How to pass matrix data to the ; < = 5 >  function;
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3. How to use ? @ A B C  to obtain some eigenvalues and eigenvectors; and

4. How to store output data.

D E F G H I J K L M N O P Q R S ST U V W X Y Y Z [ V W X Y W \ ] ^ \ [ V _ ` [ _ U X X a b _ \ [ _ Y b ` ] c _ ] b ] X d Y [ \ Y [ Xe f e g h i i j k l m n g k o e p o l p j m q j e r o s t j u l f v s j i m e l j q t s o l i f p jw x y z { | } ~ � � � y { � w z � | y � z �� �
� � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � �

� � � � �  ¡
¢ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ § ¨ © § ­ ¦ ¤ ® ª ¤ ¤ ¯ ¤ ¯ ° ± ® ° ± ¨ ¤² ² ³ ´ µ ¶ · ¸ ¹ º » ¼ ¼ » ½ ¼ ¹ ¾ º ¼ » ¶ · ¿ À ¸ µ Á Â Ã Â Ä Å · º ¸ ¾ Æ Ç

´ µ Æ µ È ² ² É ´ ¸ » µ ¼ ´ · µ · Å ¸ ¾ Æ º ´ Ê ÇË Ì Í Ì Ì Î Ï Ð Ð Ñ Ò Ó Ô Õ Ö × Ø Ì × Ì Î Õ Ö × Õ Ù Õ Ó Õ Ì Í Ú Ë Ì Û ÜË Ì Í Ý Ë Ö × Þ Ï Ð Ð ß × Þ Ë Ì à Õ á × Ø â Ù Ù Ì × Ì Î Õ Ö × Õ Ù Õ Ó Õ Ì Í Ú × Ø Û Üã ä å æ ç è é ê ë ì ì í é ã ä å î ï å é å ð î ñ î ò ã ä ä ã ä ò é ó î ô è ð è é ê õ ö ä ÷ø é õ ñ ê î æ ù ë ì ì ú é ä û î ï é î ê î ö î ä å ü é ó ù ÷
ý ý þ ÿ � ÿ � � � � � � � � � � 	 
 ÿ � � ÿ � � 
 � � � � � � 
 � � � ÿ � � � � � � � � � � � � � � � � � �

� � � � � �
� � � � � � �  !   " ! # ! � � $ % ! & ' $ ( ) *

+ + , - ' ( � � �  . # / 0 � . $ 1 � & 1 � 2 � � � � 3 ( - 4 5

�  �  ' $  2 * + + 6 1 7 3 - � $ 8 ' $  2 - � . - 9 - � . -  2 � ( 1 - 4 5
: ; < = > ? @ A B C D E > F G H ? I : ; < = > ? J K L L M N O O A B C ? H P E > < ? Q R S ? E > T E S U V W
X Y Z [ \ ] ^ _ ` a b c \ d e f ] g X Y Z [ \ ] h i j j k l m m _ ` a ] f n c \ Z ] o p ` q c a r c s t u v
X Y Z [ \ ] ^ _ ` a b ] w e f ] g X Y Z [ \ ] h i i j j k l m m _ ` a ] f n ] w t Y s o v

x x y z { | z { } ~ � � � z � � � z } � { � � � � � � � z ~ � � � � } � � ~ � � } { z ~ � | �
x x � { | ~ � � � � � � ~ � | � z } � { � � � ~ � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � ¡ � � � � ¢ £ ¤
¥ ¥ ¦ � � � § � � � � � � � � � � � ¨ � © ª

« ¬ ­ ® ¯ ¯ ° ± ² ³ ´ µ ¶ · ¸ ­ ´ ¹ º ° ¯ ¯ ´ µ » ¸ ¼
½ ¬ ¾ ¿ ² µ ® ² À Á ¼ Â Ã Ä Å Æ Ä Ç È Â É É Ê Ë

Å Æ Ì Í Ã Ã Î Ï Ð Ñ Ò Ó Ð Ô Î Ã Ã Õ Â É Ö Ê Ã Ã Î × Ø Î Ã Ã Ù Â Ú Û Ð Ï Ü Ô Â × È
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ä

å æ ç å è
é ê ë ì í í î ï î í í ð ñ ò ó ô õ ö ÷ ø ñ ù ú û ö ü ý í í î ú î í í þ ÿ � ù ���

� � � � ñ ö ÿ �
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In the example above, � � � 	 
 �  is a function that returns the variables � � 
 , � , � � � � , and� � � � . These variables are used to pass matrix data to the � � � � �  function, as described
in the next section. The number of desired eigenvalues (five) must also be declared
when calling � � � � � .

� � � � �  is not a true ARPACK++ function. Although being a MATLAB-style function
that can be used solve most eigenvalue problems in a very straightforward way, � � � � �
does not explore most ARPACK++ capabili ties. It was included here only as an
example, merely to introduce the software. The user is urged to check out chapters 3
and 4 to see how to really take advantage of all ARPACK++ features.

� � � � �  was defined in a file called � � � � � � � � � � � � � � � � � � � �  !  and contains the some
basic ARPACK++ commands needed to find eigenvalues using the SuperLU package.
Therefore, to use this function, SuperLU must be previously installed (following the
directions given in chapter one).

" # $ % & '
, 

" # $ % ( ) *
, + , - . / 0 1  and 2 3 4 2 5  are output parameters of 6 7 8 9 : . 8 9 : ; < 3  is a

vector that stores all eigenvectors sequentially (see chapter 5 or the appendix).
8 9 : ; = > 7  and 8 9 : ; = > ?  are used to store, respectively, the real and imaginary parts of
matrix eigenvalues. 2 3 4 2 5  indicates how many eigenvalues with the requested
precision were actually obtained.

Many other ARPACK++ parameters can be passed as arguments to 6 7 8 9 : . Because
these other parameters were declared as default arguments, they should be declared
only if the user does not want to use the default values provided by ARPACK++ .

Defining a matrix in Compress Sparse Column format.

The @ = A B 9 C  function below shows briefly how to generate a sparse real nonsymmetric
matrix in CSC format. See the definition of the D E F G H I J K L M N O P Q R S  and
D E G M H I J K L M N O P Q R S  classes in the appendix for further information on how to create a
matrix using this format.

J  is an input parameter that defines matrix dimension. All other parameters are
returned by the function. D  is a pointer to an array that contains the nonzero elements
of the matrix. R Q I T  is a vector that gives the row index of each element stored in D .
Elements of the same column are stored in an increasing order of rows. U V I F  gives
integer pointers to the beginning of all matrix columns.

In this example, the matrix is tridiagonal5, with W W  on the main diagonal, W X  on the
subdiagonal and W Y  on the superdiagonal.

                                                       
5 ARPACK++ also includes a band matrix class that 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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Building the example.

To compile � � � � � � � � �  and link it to some libraries, ARPACK++ provides a� � � � �  ! �
 file. The user just need to type the command

" # $ % & ' " & ( " )

However, some other files, such as * # $ % + ( , % - ( . /  and ( . / , 0 1 % 2 # 3 / 4 - 4 , should be
modified prior to compiling the example, in order to correctly define search directories
and some machine-dependent parameters (see chapter one).

The AREig function.

5 6 7 ( 8  is a function intended to illustrate how to solve all kinds of standard and
generalized eigenvalue problems, inasmuch as the user can store matrices in CSC
format. It is defined in the % 9 # " ) , % & 2 # 3 % ( 8 2 # 3 % ( 8 - 4  file.

Actually, # 3 % ( 8 - 4  contains one definition of the 
5 6 7 ( 8  function for each different

problem supported by ARPACK. This is called function overloading and is a very used
feature of the c++ language. One of the implementations of : ; < = > ? the one that is
used by the example defined in this chapter) is shown below.

@ A B C D E @ A F G D E H H I J K L M NO P @ L Q R O S T I J K L M R O S U E D Q V W X I J K L M R O S U E D Y V W X I J K L M R O S U A G V W X O P @ P XO P @ P P Z X I J K L M L V W X O P @ O [ \ ] V W X O P @ C G \ D V W X O P @ P A ^ XG _ E [ ` ] _ O G _ a b J c b X O P @ P G ^ a d X I J K L M @ \ D a d e d XO P @ B E f O @ a d X I J K L M ` [ A H O g a d X h \ \ D L i @ \ j _ O k @ a @ [ i A lm
n n o p q r s t u v r w r s p t x t u y z { y o | } } ~ � p w r s �

y z � � � � u � � w � r s p t x � � � � y � � w r s p t x � u � u u � � y � t p � � � � � � � � �
n n � q ~ t u t u v s � q q t v q u � r � � q � p � � � q w �

y z � � � � u � � w � s � � t v � � � � y � � � p � � � u q � � � w r s p t x � � � t � � � u � � �s � � � w r x t s � p q � t � � y � s � � � t ~ s � �
n n � t u � t u v q t v q u � r � � q � r u � q t v q u � q � s � p � �

p q s � p u � p � � � � t v q u � r � � q � s � p � � � t v � q � � � t v � r � z � � t v � r � � � �
�

As stated earlier, this function is intended to be simple and easy to use. As a
consequence of its simplicity, many features provided by ARPACK++ classes and their
member functions are not covered by   ¡ ¢ £ ¤ . It cannot be used, for example, to obtain
Schur vectors, but only eigenvalues and eigenvectors. The user also cannot choose
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among all the output formats supplied by ARPACK++. Only the simplest format can
be used.

To overcome in part the limitations imposed by this very stringent structure, ¥ ¦ § ¨ ©
uses default parameters. These parameters can be ignored if the default values
provided by ARPACK++ are appropriate, but the user can also change their values at
his convenience. ª « ¬ ¨ ­ , the maximum number of Arnoldi iterations allowed, and® ¯ ¨ ° ¯ , the part of the spectrum that is to be computed, are just two of those
parameters. For a complete description of all ARPACK++ parameters, the user should
refer to the appendix.

The version of ¥ ¦ § ¨ ©  depicted above contains only three commands. The first one
declares a matrix using the ¥ ¦ ± ² ³ ´ µ ¶ · ª ¸ « ­ ¹ ¨ ¬  function. The second one defines the
eigenvalue problem and sets the ARPACK++ parameters. The third command
determines eigenvalues and eigenvectors.

All of these commands may be used directly (and in conjunction to other ARPACK++
functions and classes) so the user need not to call ¥ ¦ § ¨ ©  to solve an eigenvalue
problem. However, because this function is quite simple to use, it may be viewed as an
interesting alternative to find eigenvalues of a matrix in CSC format.



Chapter

3
ARPACK++

classes and functions

Due to algorithmic considerations concerning program efficiency and simplicity,
ARPACK divides eigenvalue problems into three main categories: real symmetric, real
nonsymmetric and complex. ARPACK provides a separate FORTRAN subroutine for
each one of these classes.

In the c++ library, these categories are subdivided further. ARPACK++ makes a
distinction between regular and generalized problems, due to the different number of
matrices that characterize them, so there are six types of classes that can be used to
define eigenvalue problems.

By dividing problems this way, ARPACK++ assures that each type of problem
belongs to a class with minimal template arguments, reducing the compilation time and
the size of the programs. As a consequence, ARPACK++ has a large number of
classes. On the other hand, the number of constructor parameters is small.

Generally, the user will be asked to define a dense matrix or a matrix in compressed
sparse column (CSC) or band format, or to supply a matrix-vector product y OPx←
in order to describe the eigenvalue problem. The desired part of the spectrum must
also be specified.

ARPACK++ classes and their computational modes are briefly described below. Some
of the problem characteristics that can be defined by parameters passed to constructors
are also presented, along with a complete list of ARPACK++ functions.
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Eigenvalue problem classes.

ARPACK is an extensive package that supplies a variety of alternatives to handle
different regular and generalized eigenvalue problems. Whenever possible, advantage
is taken of special structure or characteristics such as the symmetry of involved
matrices, the type of its elements (if they are real or complex) and the spectral
transformation strategy used.

In this section, ARPACK++ classes are divided into three levels according to the
amount of information the user is required to supply. For example, if a sparse matrix is
available, in the sense that its nonzero elements can be put in a vector, then one group
of classes should be used. Another group of classes were made available for the case
the user can supply only matrix-vector products. Finally, a third group should be used
if the user wants to evaluate matrix-vector products by himself instead of passing them
to ARPACK++ classes constructors.

ARPACK++ classes are summarized below. Some examples that clarify their use will
be presented in the next chapter, but the user must refer to the ARPACK++ reference
guide below for a complete description of them.

Classes that require matrices.

The first and most versatile group of ARPACK++ classes is shown in the table below.
These classes can be used to solve all kinds of eigenvalue problems as long as the
nonzero elements of matrices can be stored in compressed sparse column or band
format, or sequentially in a n n×  vector if the matrix is dense.

Type of matrix type of problem class name

real standard ARluSymStdEig

symmetric generalized ARluSymGenEig

real standard ARluNonSymStdEig

nonsymmetric generalized ARluNonSymGenEig

complex standard ARluCompStdEig

not Hermitian generalized ARluCompGenEig

Because classes of this group use ARPACK++ internal structure to perform matrix-
vector products and solve linear systems (by direct methods), the kind of information
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that the user is supposed to supply is minimal: just an object that belongs to one of the
matrix classes provided by ARPACK++, besides the number of desired eigenvalues. A
list of available matrix classes is given later in this chapter.

Classes that require user-defined matrix-vector products.

This group includes classes that permit the user to define matrix-vector products when
nonzero matrix elements cannot be passed directly to ARPACK++. For each
combination of matrix type, problem type and computational mode, there is a different
set of such products that must be supplied, as it will be described in the next section.

To allow these matrix-vector products to have the same number of parameters without
preventing them from sharing information with other data structures, they must be
declared as a member function of some specific matrix classes.

Type of matrix type of problem class name

real standard ARNonSymStdEig

nonsymmetric generalized ARNonSymGenEig

real standard ARSymStdEig

symmetric generalized ARSymGenEig

complex standard ARCompStdEig

(Hermitian or not) generalized ARCompGenEig

These classes are also useful if the user wants to build an interface between
ARPACK++ and some other library that contains matrix classes. An example on how
to create such interface will be presented in chapter 5.

Reverse communication classes.

These classes implement the so called reverse communication interface (the interface
provided by the ARPACK FORTRAN code), and should be used only if the user
wants to solve eigenvalue problems without passing any matrix information to
ARPACK++. In this case, the Arnoldi process is interrupted each time a matrix-vector
product is required, so the user’s code can perform the product.
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type of matrix type of problem class name

real standard ARrcNonSymStdEig

nonsymmetric generalized ARrcNonSymGenEig

real standard ARrcSymStdEig

symmetric generalized ARrcSymGenEig

complex standard ARrcCompStdEig

(Hermitian or not) generalized ARrcCompGenEig

Base classes.

All the above classes are derived from the lowest level base classes º » ¼ ½ ¾ ¿ À Á ,Â Ã Ä Å Æ Ç È É
, 

Â Ã Ê Ë Ì Í Î Ç È É
 and 

Â Ã Ê Ë Ä Å Æ Ç È É
. These classes contain the most fundamental

ARPACK++ variables and functions and are not intended to be used directly. But they
can be useful if someone wants to build his own classes related to some specific
problems.

Constructor parameters.

Choosing one of the classes listed above is not the only requirement the user is
supposed to meet when defining an eigenvalue problem. It is also necessary to provide
information about the matrices that characterize the problem, to furnish the number of
eigenvalues sought and to decide how to stop the Arnoldi method, for example.

This additional information is usually supplied to ARPACK++ by passing parameters
to the class constructor when objects are being declared. Although some class
constructors include more parameters than others, most of them usually require the
user to specify

• the dimension of the eigenvalue problem, 
Æ
;

• the number of eigenvalue to be computed, 
Æ Å Ï

;

• one or two matrix objects, depending on whether a standard or a generalized
problem is being solved.

These parameters are essential, which means that one cannot set up a problem without
defining them. Various other parameters are usually defined internally by ARPACK++,
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but the user may also supply them when calling the constructor. In this case, the
default values are ignored. Among these optional parameters, the most important are:

• Ð Ñ Ò Ó Ñ , the part of the spectrum that should be computed;

• Ô Ó Õ , the number of Arnoldi vectors generated at each iteration of ARPACK;

• Ö × Ø , the relative accuracy to which eigenvalues are to be determined;

• Ù Ú Û Ò Ö , the maximum number of iterations allowed;

• Ü Ý Þ Ò ß , an starting vector for the Arnoldi process.

Passing parameters through class constructors, as described above, is a very common
procedure in c++. It is also a common practice to define more than one constructor for
each class, so the number of parameters required to define slightly different problems
can be reduced to a minimum.

In the ARPACK++ library, all classes6 contain at least four different constructors: a
default constructor (with no parameters), a copy constructor (to build an eigenvalue
problem from another), a constructor that defines a problem in regular mode and a
another one to solve problems using the shift and invert mode spectral transformation.
However, several classes contain more than these four constructors.

The spectral transformations available for each class and the specific requirements
related to them will described later in this chapter. A detailed description of all
ARPACK++ class parameters and constructors can be found in the appendix.

Matrix classes.

Eigenvalue problems arising in real applications are frequently characterized by very
large and sparse matrices. Usually, it is convenient to store such matrices in a dense
vector, or using the compressed sparse column (CSC) or band format to efficiently
perform the matrix-vector products or solve the linear systems required by the Arnoldi
method. In such cases, the simplest way of defining a problem is to use some
predefined matrix class provided by ARPACK++.

ARPACK++ contains six classes that can be used to store sparse matrices, as shown in
the following table. They are divided according to two parameters: the library that is
used to solve linear systems and the presence of symmetry. Other two classes are
provided for dense matrices. Real and complex data are handled by the same classes,
since ARPACK++ uses templates to define them.

                                                       
6 Except those classified as pure base classes.
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This classification permits the user to supply only the minimum amount of information
that is necessary to characterize a matrix. For example, only four parameters are
required to create a real square nonsymmetric band matrix: its dimension, the upper
and the lower bandwidth and a vector that contains the matrix elements that belong to
the band. If the matrix is symmetric, only the upper or the lower triangular nonzero
elements must be furnished.

Some instructions on how to declare matrices using these classes are given in the next
chapter, which also describes how to define a new matrix class if none of those listed
below can efficiently represent the problem being solved.

Library used matrix type class name

SuperLU symmetric ARluSymMatrix

(CSC format) nonsymmetric ARluNonSymMatrix

UMFPACK symmetric ARumSymMatrix

(CSC format) nonsymmetric ARumNonSymMatrix

LAPACK symmetric ARbdSymMatrix

(band format) nonsymmetric ARbdNonSymMatrix

LAPACK symmetric ARdsSymMatrix

(dense) nonsymmetric ARdsNonSymMatrix

Computational modes.

It is important to select the appropriate spectral transformation strategy for a given
problem. Some spectral transformations are required to solve generalized problems,
while others can be employed to enhance convergence to a particular portion of the
spectrum. However, most of these transformations require the solution of linear
systems, so the user must be aware of the memory requirements related to each one of
them. Some care must also be taken to assure that the desired portion of the spectrum
is computed.

In ARPACK++, these transformations are called computational modes. ARPACK++
classes contain a different constructor for each computational mode, so the user must
select one of them when declaring an object of a specific class.
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ARPACK++ computational modes are listed below. Some examples on how to define
the right mode for a specific problem are given in the next chapter and in the appendix.
An exhaustive description of all available ARPACK modes can be found in [6].

Real symmetric standard problems.

There are two drivers designed to solve a problem in the standard form Ax x= λ ,
with a real symmetric matrix A, depending on the portion of the spectrum to be
computed. One of these drivers should be selected when declaring objects ofà á â ã ä â å æ ç è é

, 
à á ê ë â ã ä â å æ ç è é

 or 
à á ì í â ã ä â å æ ç è é

 classes.

1. Regular mode.

 This first driver is well suited to find eigenvalues with largest or smallest algebraic
value, or eigenvalues with largest or smallest magnitude. Since this mode is
straightforward and does not require any data transformation, it only requires the user
to supply A stored as a dense matrix, or in CSC or band format, or a function that
computes the matrix-vector product y ← Ax.

2. Shift-and-invert mode.

 This driver may be used to compute eigenvalues near a shift σ and is often used when
the desired eigenvalues are clustered or not extreme. With this spectral transformation,
the eigenvalue problem is rewritten in the form

 ( )A I x x− =−σ ν1

It is easy to prove that ν , the eigenvalues of largest magnitude of OP A I= − −( )σ 1 ,

can be used to calculate the eigenvalues λ that are nearest to σ in absolute value. The
relation between them is ν λ σ= −1 ( )  or λ σ ν= +1/ . Eigenvectors of both the
original and the transformed systems are the same, so no backward transformation is
required in this case.

The major drawback of this mode is the necessity of evaluating the matrix-vector
product y ← OPx, which means that a function that solves linear systems involving
( )A I− σ  must be available. This function is provided internally by ARPACK++ ifî ï ð ñ ò ó ô ò õ ö ÷ ø ù

 is being used, but it must be defined by the user when one of theî ï ò ó ô ò õ ö ÷ ø ù
 or 

î ï ú û ò ó ô ò õ ö ÷ ø ù
 classes is employed.

Real symmetric generalized problems.

ARPACK++ also provides three classes, named 
î ï ò ó ô ü ý þ ÷ ø ù

, 
î ï ð ñ ò ó ô ü ý þ ÷ ø ù

 andî ï ú û ò ó ô ü ý þ ÷ ø ù
, to solve symmetric real generalized problems in the form
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Ax Bx= λ . These classes include four different modes that can be selected according
to some problem characteristics

1. Regular mode.

As in the standard case, this mode is well suited to find eigenvalues with largest or
smallest algebraic value or magnitude. Two matrix-vector products are performed
(and must be supplied if ÿ � � � � � � � � � 	  or ÿ � 
 � � � � � � � � � 	  are being used) in this
mode:

w OPx B Ax← = −1

and

z ← Bx.

The regular mode is effective when B is symmetric and positive definite but can not be
efficiently decomposed using a sparse Cholesky factorization B LLT= . If this
decomposition is feasible and B is well conditioned, then it is better to rewrite the
generalized problem in the form

 ( )L AL y yT− − =1 λ ,

whereL x yT = , and use one of the classes designed to solve standard problems.

Naturally, in this case, each matrix-vector product ( )L AL zT− −1  should be performed

in three steps, including a product in the form w ← Ax and the solution of two
triangular systems.

2. Shift and invert mode.

 To find eigenvalues near a shift σ in a generalized problem, it is necessary to transform
the problem into

 ( )A B Bx x− =−σ ν1 .

After finding the eigenvalues of largest magnitude for the above problem, the desired
original eigenvalues are easily obtained using the relation λ σ ν= +1/ , as in the
standard case.

This transformation is done automatically by ARPACK++, but the required matrix-
vector products, y ← OPz, where OP A B= − −( )σ 1, and w ← Bz, must be performed
by the user if the class being used is other than ÿ � � 
 � � � � � � � � 	 . Matrix B is supposed
to be symmetric positive semi-definite.
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3. Buckling mode.

 This mode can also be used to find eigenvalues near a shift σ . If Ax Bx= λ  is
rewritten in the form

 ( )A B Ax x− =−σ ν1 ,

the largest eigenvalues ν of this system and the eigenvalues of the original problem are
related by λ σν ν= −/ ( )1 . The matrix-vector products involved in this mode are

y OPz←  and w Az← , where OP A B= − −( )σ 1. They are required by the
� � � � � � � � � � �

 and 
� � � � � � � � � � � � �

 classes. Moreover, matrix A must be symmetric
positive semi-definite.

4. Cayley mode.

 In this last mode, to find eigenvalues near a shift σ , the system Ax Bx= λ  is
transformed into

 ( ) ( )A B A B x x− + =−σ σ ν1 .

The relation between the largest eigenvalues of this system and the desired eigenvalues
is given by λ σ ν ν= + −( ) ( )1 1 . In this mode, matrix B is required to be symmetric
positive semi-definite.

Only the shift must be defined by the user if 
� � � � � � � � � � � � �

 is being used. However,
three different matrix-vector products must be supplied to both the 

� � � � � � � � � � �
 and

the 
� � � � � � � � � � � � �

 classes. These products are y OPz← , w Az←  and u Bz← ,

where OP A B= − −( )σ 1.

Real nonsymmetric standard problems.

There are also two drivers for nonsymmetric standard eigenvalue problems. They are
handled by ARPACK++ classes 

� � � � � � � � � �  � � �
, 

� � � � � � � � � � � �  � � �
 and� � � � � � � � � � � �  � � �

.

1. Regular mode.

 This driver can be used to find eigenvalues with smallest or largest magnitude, real part
or imaginary part. It only requires the user to supply the nonzero structure of matrix A
or a function that computes the matrix-vector product y ← Ax. Naturally, when
computing eigenvalues of smallest magnitude, the user must consider also the
possibili ty of using A-1 and the shift and invert mode with zero shift, because ARPACK
is more effective at finding extremal well separated eigenvalues.
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2. Shift-and-invert mode.

 This driver may be used to compute eigenvalues near a shift σ and is often used when
the desired eigenvalues are not extreme (see the section on real symmetric standard
problems for a brief description of this mode).

 When class ! " # $ % & ' ( ) * ( + , - . /  is being used, only the shift must be furnished.
However, to use this spectral transformation combined with one of the class
! " % & ' ( ) * ( + , - . /  or ! " 0 1 % & ' ( ) * ( + , - . / , the user must supply a function that
evaluates the matrix-vector product

 y OPx A I x← = − −( )σ 1

where σ is supposed to be real. To define a complex shift, the user should use a
generalized driver or redefine the problem as a complex one.

Real nonsymmetric generalized problems.

To find eigenvalues of nonsymmetric generalized problems, the user can use one of the
three different modes supplied by ARPACK++ classes ! " % & ' ( ) * 2 3 ' - . / ,
! " # $ % & ' ( ) * 2 3 ' - . /  and ! " 0 1 % & ' ( ) * 2 3 ' - . / . These modes differ on the part of the
spectrum that is sought. All of them require matrix B to be symmetric positive semi-
definite.

1. Regular mode.

As in the symmetric case, to solve problems in regular mode the user can supply only
the nonzero structure of matrices A and B in CSC format. As an alternative, it is also
possible to supply two functions: one that computes the matrix-vector product

w OPx B Ax← = −1

and other that returns the product z ← Bx. Again, this mode is effective when B is ill -
conditioned (nearly singular) or when B cannot be efficiently decomposed using a
sparse Cholesky factorization B LLT= . If B is well conditioned and can be factored
then the conversion to a standard problem is recommended.

2. Real shift and invert mode.

 This mode can be used to find eigenvalues near a real shift σ . Only matrices A, B and
the shift σ  are required to use class ! " # $ % & ' ( ) * 2 3 ' - . / . When using
! " % & ' ( ) * 2 3 ' - . /  or ! " 0 1 % & ' ( ) * 2 3 ' - . / , the user must supply two functions that
evaluate the products:

 y OPx A B x← = − −( )σ 1      and     w Bx← .
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 See the section about symmetric problems for more details.

3. Complex shift and invert mode.

 To find eigenvalues near a complex shift σ in a nonsymmetric generalized problem,
ARPACK++ needs to perform three different matrix-vector products:

 y OPx← ,     v Bx←      and     w Ax← ,

where OP can be set to the real or imaginary part of ( )A B− −σ 1 . The first two
products are used to find the eigenvalues of largest magnitude of the problem

 ( )A B Bx x− =−σ ν1 .

The last product is required to recover the eigenvalues of the original problem.
Because the relation between ν  and λ  is not bijective in this case, the Rayleigh
quotient

λ = x Ax x BxH H

is used to obtain the correct eigenvalues.

These products are internally performed if class 4 5 6 7 8 9 : ; < = ; > ? @ A B  is being used.
Otherwise, they must be supplied by the user.

Complex standard problems.

If the eigenvalue problem Ax x= λ  has complex data, one of the two drivers of
classes C D E F G H I J K L M N , C D O P E F G H I J K L M N  and C D Q R E F G H I J K L M N  should be used.
These drivers are similar to those presented above, and are briefly described here.

1. Regular mode.

 This driver can be used to find eigenvalues with smallest or largest magnitude, real part
or imaginary part. y ← Ax is the only matrix-vector product required to solve a
problem in this mode. This product must be supplied if a class other than
C D O P E F G H I J K L M N  is used.

2. Shift-and-invert mode.

 This driver may be used to compute eigenvalues near a complex shift σ . When one of
the C D E F G H I J K L M N  or C D Q R E F G H I J K L M N  classes is being used, the user must supply a
function that evaluates the matrix-vector product

 y OPx A I x← = − −( )σ 1
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Complex generalized problems.

This is the last group of problems ARPACK++ is able to solve. The corresponding
classes are called S T U V W X Y Z [ \ ] ^ , S T _ ` U V W X Y Z [ \ ] ^  and S T a b U V W X Y Z [ \ ] ^ . These
classes also includes two drivers.

1. Regular mode.

When solving generalized problems in regular mode without using the
S T _ ` U V W X c d e \ ] ^  class, the user is required to supply two functions that compute the
matrix-vector products

w OPx B Ax← = −1      and      z Bx← .

If S T _ ` U V W X c d e \ ] ^  is being used, A and B must be supplied as a dense matrix or in
band or compressed sparse column format.

2. Shift and invert mode.

 This mode can be used to find eigenvalues near a complex shift σ . When using one of
the S T U V W X c d e \ ] ^  or S T a b U V W X c d e \ ] ^  classes, the user must supply two functions
that evaluate the products

 y OPx A B x← = − −( )σ 1      and     w Bx← .

 See the section about symmetric problems for more details.

ARPACK++ functions.

ARPACK++ classes contain several member functions designed to supply information
about problem data, to change some parameters, to solve problems in various
computational modes and to return eigenvalues and eigenvectors. Most of them are
defined as virtual members of only four classes  S T a b c d e \ ] ^ , S T a b f V [ c g W c d e \ ] ^ ,
S T a b c g W c d e \ ] ^  and S T a b U V W X c d e \ ] ^     and inherited or changed by other derived
classes. This procedure reduces the necessity of redefining functions and permits the
user to add his own classes to the library by only defining a few constructors.

The functions can be divided according to their purposes into eight groups. These
groups are summarized below. Only a brief explanation of each function is given, so
the user should refer to the appendix for a more complete description of them.
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Setting problem parameters.

Generally, an eigenvalue problem is set by passing all problem parameters to the class
constructor. However, sometimes the parameters may not be available when the
problem is declared, so the user may be forced to define them later. The functions
listed below are intended to help the user in such cases.

h i j k l i m n o n p i q i o r
Sets the values of variables that are usually passed as
parameters to class constructors.

s t u v w x y z { | } ~ � � t
Turns a generalized symmetric real problem into
buckling mode.

s t u � � � z t � ~ � � t
Turns a generalized symmetric real problem into
Cayley mode.

s t u � � � � z t � s � { � u ~ � � t
Turns a generalized nonsymmetric real problem into
complex shift and invert mode.

s t u � t } w z � � ~ � � t
Turns any eigenvalue problem into regular mode.

s t u s � { � u � | � t � u ~ � � t
Turns any eigenvalue problem into shift and invert
mode.

Changing problem parameters.

Although changes in problem data are not very common, they are allowed by
ARPACK++ to permit the user to overcome some atypical situations were program
fails to solve a problem with the mode or other parameter previously chosen. The
functions that can be used with this purpose are:

� � � | } t ~ � � { u
Changes the maximum number of iterations allowed.

� � � | } t ~ w z u v �
Changes the function that performs the product Bx.

� � � | } t ~ w z u � � �
Changes the function that performs the product OPx.

� � � | } t � x �
Changes the number of Arnoldi vectors generated at
each iteration.

� � � | } t � t �
Changes the number of eigenvalues to be computed.

� � � | } t s � { � u
Turns the problem into shift and invert mode (or
changes the shift if this mode is already being used).

� � � � � � � � �
Changes the stopping criterion.

� � � � � � � �   ¡ �
Changes the part of the spectrum that is sought.

¢ � £ � ¤ ¥ ¦ § ¥ ¨ © �   ª ¥
Changes the shift selection strategy used to restart the
Arnoldi method.
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« ¬ ­ ® ¯ ° ±
Turns the problem into regular mode.

Retrieving information about the problem.

Some ARPACK++ functions can be helpful if one wants to know which parameters
were employed to solve an eigenvalue problem. They can be used, for example, to
build other functions that require information about some details of the eigenvalue
problem, such as the computational mode or the stopping criterion adopted, without
explicitly passing each parameter in the function heading.

A list of all the ARPACK++ functions that return problem data is given below. Some
of them are also used in various examples included in next two chapters.

² ³ ± ´ µ ± ¬ ­ ® ¯ ° ±
Indicates if exact shifts are being used to restart the
Arnoldi method.

² ³ ± ¶ · ¸ ¯ ±
Returns the maximum number of iterations allowed.

² ³ ± ¹ ± ³ º
Returns the number of iterations actually taken to solve
a problem.

² ³ ± ¶ ¬ » ³
Returns the computation mode used.

² ³ ± «
Returns the dimension of the problem.

² ³ ± « ¼ ½
Returns the number of Arnoldi vectors generated at
each iteration.

² ³ ± « ³ ½
Returns the number of required eigenvalues.

² ³ ± ­ ® ¯ ° ±
Returns the shift used to define a spectral
transformation.

² ³ ± ­ ® ¯ ° ± ¹ ¾ · ¿
Returns the imaginary part of the shift.

² ³ ± À ¬ Á
Returns the tolerance used to declare convergence.

² ³ ± Â ® ¯ ¼ ®
Returns the portion of the spectrum that was sought.

Ã · º · ¾ ³ ± ³ º Ä Å ³ ° ¯ Æ ³ »
Indicates if all problem parameters were correctly
defined.

Determining eigenvalues and eigenvectors.

The most important and most frequently used ARPACK++ functions are listed below.
With them, one can determine eigenvalues, eigenvectors, Schur vectors or an Arnoldi
basis.

Instead of containing one single function that solves the eigenvalue problem,
ARPACK++ gives the user various alternatives to determine and store just the desired
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part of the solution. There are eleven different functions. Each one stores a particular
group of vectors using a specific output format.

The three output formats available are used here to group the functions.

1. Functions that use ARPACK++ internal data structure.

This first group contains functions that solve the eigenvalue problem and store the
output vectors into ARPACK++ internal data structure, so the user does not need to
worry about how and where eigenvalues and eigenvectors are stored.

The output data generated by these functions can be retrieved later by using one of the
several functions described in the Retrieving eigenvalues and eigenvectors section
below.

Ç È É Ê Ë Ì É Í Î Ê È Ï Ð Ñ È Ñ
Determines an Arnoldi basis.

Ç È É Ê Ò È Ó Ô É Õ Ð Î Ö Ô Ñ
Determines eigenvalues.

Ç È É Ê Ò È Ó Ô É Õ Ô × Ø Í Ì Ñ
Determine eigenvectors (and optionally Schur vectors).

Ç È É Ê Ù × Ú Ö Ì Û Ô × Ø Í Ì Ñ
Determines Schur vectors.

2. Functions that store output data in user-supplied vectors.

Using functions of this second group, it is possible to solve the eigenvalue problem and
store the output data in user-supplied c++ standard vectors.

Ò È Ó Ô É Õ Ð Î Ö Ô Ñ
Returns the eigenvalues of the problem being solved
and optionally determines eigenvectors and Schur
vectors.

Ò È Ó Ô É Û Ð Î Û Ô × Ø Í Ì Ñ
Returns the eigenvalues and eigenvectors of the given
problem (and optionally determines Schur vectors).

Ò È Ó Ô É Õ Ô × Ø Í Ì Ñ
Return the eigenvectors of the given problem (and
optionally determine Schur vectors).

3. Functions that generate objects of the STL vector class.

Functions of this last group are used to solve the eigenvalue problems and return
output data into objects of the STL vector class.

Ù Ø Î Ë Ì É Í Î Ê È Ï Ð Ñ È Ñ Û Ô × Ø Í Ì Ñ
Returns an Arnoldi basis for the problem being solved.

Ù Ø Î Ò È Ó Ô É Õ Ð Î Ö Ô Ñ
Returns a vectors that contains the eigenvalues of the
given problem. Optionally, Eigenvectors and Schur
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vectors can also be determined and stored into
ARPACK++ internal data structure.

Ü Ý Þ ß à á â ã ä â å Ý æ ç è
Returns a vector that stores sequentially the
eigenvectors of the problem being solved. Eigenvalues
(and optionally Schur vectors) are also determined and
stored internally by ARPACK++.

Ü Ý Þ Ü å é ê ç ë â å Ý æ ç è
Returns a vector that contains the Schur vectors of the
problem being solved.

Tracking the progress of ARPACK.

The FORTRAN version of ARPACK provides a means to trace the progress of the
computation of the eigenvalues and eigenvectors as it proceeds. Various levels of
output are available, from no output to voluminous. This feature is also supported by
ARPACK++ through the two functions listed below:

ì ç í å â
Turns trace mode on.

î æ ì ç í å â
Turns trace mode off.

Executing ARPACK++ step by step.

The reverse communication interface classes requires the user to interact with
ARPACK++ and perform matrix-vector products on request during the computation
of the eigenvalue and eigenvectors.

However, to perform a product, say y Mx← , one needs to know where x is stored,
and also where to put y. The same occurs when the user decides to supply the shifts
for the implicit restarting of the Arnoldi method: he must know where to store the
shifts. This kind of information is provided by the functions listed below.

ï â Ý ð ñ æ
Indicates the operation that must be performed by the
user between two successive calls to TakeStep.

ï â Ý î ò
Returns the number of shifts that must be supplied for
the implicit restarting of the Arnoldi method.

ï â Ý ó ç æ ñ
Indicates where the product Bx is stored.

ï â Ý ë â å Ý æ ç
Indicates where x is stored when a product in the form
Mx must be performed.

ï â Ý ë â å Ý æ ç ð ô í á
Indicates where the imaginary part of the eigenvalues
of the current Hessenberg matrix are stored.

ó ê Ý ë â å Ý æ ç
Indicates where to store the product OPx (or Bx).
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õ ö ÷ ø ù ú ø û
Performs the calculations required between two
successive matrix-vector products.

Detecting if the solution of the eigenvalue problem is available.

In various situations, notably when solving the eigenvalue problem step by step, the
user needs to find out if the solution of the problem is already available, in order to
proceed with his own computations. In such cases, one of the functions listed below
should be used.

ü ý þ ÿ ø � � ø � � � � ø þ ÿ ö � � ø �
Returns the number of eigenvalues found so far.

� � þ ý � � � 	 ö � � � 
 ý � þ �
Indicates if an the requested Arnoldi basis is available.

� � � ø þ ÿ ö � � ø � 
 ý � þ �
Indicates if the requested eigenvalues are available.

� � � ø þ ÿ ø � ú ý � � 
 ý � þ �
Indicates if the requested eigenvectors are available.

ù � � � � 
 ø � ú ý � � 
 ý � þ �
Indicates if the requested Schur vectors are available.

Retrieving eigenvalues and eigenvectors.

Various functions contained in the Determining eigenvalues and eigenvectors section
above (


 � þ � � � � ø þ ÿ ö � � ø �
 and 

� � � ø þ ÿ ø � ú ý � �
 are just two of them) use ARPACK++

internal data structure to store part of the solution, or even the whole solution of the
eigenvalue problem.

This section contains several functions that permit the user to retrieve those output
vectors internally stored by ARPACK++. The functions listed below can be used to
obtain from a particular element of an Arnoldi basis vector to a vector that contains all
eigenvectors stored sequentially.

1. Functions that return vector elements.

For those people that do not want to worry about how and where to store eigenvalues
and eigenvectors, ARPACK++ includes some functions that permit direct access to
every single element of the output vectors. These functions are listed below.

� � þ ý � � � 	 ö � � � 
 ø � ú ý �
Returns one element of an Arnoldi basis vector.

� � � ø þ ÿ ö � � ø
Returns one of the “converged” eigenvalues.

� � � ø þ ÿ ö � � ø � ø ö �
Returns the real part of an eigenvalue (when the
problem is real and nonsymmetric).

� � � ø þ ÿ ö � � ø � � ö �
Returns the imaginary part of an eigenvalue (when the
problem is real and nonsymmetric).
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� � � � � � � � � � �
Returns one element of a single eigenvector.

� � � � � � � � � � � � � � �
Returns the real part of one element of an eigenvector
(when the problem is real and nonsymmetric).

� � � � � � � � � � � � � � �
Returns the imaginary part of one element of an
eigenvector (when the problem is real and
nonsymmetric).

 � ! " � # � � � � �
Returns one element of a Schur vector.

� � $ � % " � � # � � � � �
Returns one element of the residual vector.

2. Functions that return pointers to vectors.

ARPACK++ also includes functions that return vector addresses instead of vector
components. Their purpose is to permit the user to supply eigenvalues and
eigenvectors (or any other vector stored into ARPACK++ internal data structure) as
input parameters to other functions.

� � & ' � � � � % � ( � $ � $ # � � � � �
Returns a pointer to a vector that stores one of the
Arnoldi basis vectors.

� � & ' � � � � % � ( � $ � $ # � � � � � $
Returns a pointer to a vector that contains the Arnoldi
basis.

� � & � � � � � � � � " � $
Returns a pointer to a vector that contains all the
eigenvalues (or the real part of them, if the problem is
real and nonsymmetric).

� � & � � � � � � � � " � $ � � � �
Returns a pointer to a vector that contains the
imaginary part of all the eigenvalues, when the problem
is real and nonsymmetric.

� � & � � � � � � � � � � � $
Returns a pointer to a vector that stores all the
eigenvalues consecutively.

� � & � � � � � � � � � � �
Returns a pointer to a vector that stores one of the
eigenvectors.

� � &  � ! " � # � � � � � $
Returns a pointer to a vector that stores the Schur
vectors consecutively.

� � &  � ! " � # � � � � �
Returns a pointer to a vector that stores one of the
Schur vectors.

� � & � � $ � % " � � # � � � � �
Returns a pointer to a vector that contains the residual
vector.
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3. Functions that return STL vectors.

There are also functions that return output vectors using the STL ) * + , - .  class.
Besides / , 0 1 2 3 * 4 ) 5 0 6 * 7 , / , 0 1 2 3 * 4 ) * + , - . 7  and 8 9 : 8 ; < = > ? @ ; 9 A > B C listed earlier
in this chapter, this group also includes:

8 9 : D > E A : F G H I B G B ? @ ; 9 A > Returns one of the Arnoldi basis vectors.

8 9 : J G K @ E L I : = @ B M @ I : Returns the real part of the eigenvalues, when the
problem is real and nonsymmetric.

8 9 : J G K @ E L I : = @ B N O I K Returns the imaginary part of the eigenvalues, when the
problem is real and nonsymmetric.

8 9 : J G K @ E L @ ; 9 A > Returns one of the eigenvectors.

8 9 : J G K @ E L @ ; 9 A > M @ I : Returns the real part of an eigenvector, when the
problem is real and nonsymmetric.

8 9 : J G K @ E L @ ; 9 A > N O I K Returns the imaginary part of an eigenvector, when the
problem is real and nonsymmetric.

8 9 : 8 ; < = > ? @ ; 9 A > Returns one of the Schur vectors.

8 9 : M @ B G F = I : ? @ ; 9 A > Returns the residual vector.



Chapter

4
Solving

eigenvalue problems

The purpose of this chapter is to show how easily one can define and solve eigenvalue
problems using ARPACK++ classes. There is no intent to cover every single
ARPACK++ detail here, but only to stress the most important characteristics of each
kind of class and function, and give some hints that should be followed by the user
when solving his own problems.

Solving problems in four steps.

As emphasized in chapter 3, ARPACK++ has a large number of classes and functions.
This profusion of classes is easy to justify. It gives the user various alternatives to
define and solve eigenvalue problems without having to pass extra parameters when
calling constructors.

However, one can easily get confused when so many choices are available, especially
when using the library for the first time. Therefore, the actions needed to define and
solve an eigenvalue problem using a few simple steps shall be emphasized:

Step One. First of all, it is necessary to create one or more matrices using some user-
defined class or one of the eight matrix classes provided by ARPACK++. If the
user does not want to represent a matrix by means of a class, he still can use the
reverse communication interface, but this option is not recommended and
should be considered only after discarding the previous alternatives.
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Step Two. Once available, these matrices must be used to declare the eigenvalue
problem. Other relevant parameters, such as the number of desired eigenvalues,
the spectral transformation and the shift, should also be defined.

Step Three. After that, the user must call one of the ARPACK++ functions
specifically designed to solve the eigenvalue problem. P Q R S T U V W U S X Y Z [ \  and] Q T ^ P Q R S T _ S X Y Z [ \  are just two of these functions.

Step Four. Finally, some other ARPACK++ function can also be called to retrieve
output data, such as eigenvalues, eigenvectors and Schur vectors, if this was not
done by the function used in the third step above.

Notice that several functions mentioned in the last chapter were not included in these
steps. Functions whose purpose is to change some of the problem parameters (such as
the tolerance or the maximum number of iterations) or turn on the trace mode, for
example, are seldom used and, because of their secondary role, will be described only
in the appendix.

Defining matrices.

From the user’s point of view, the hardest step in the list given above is the definition
of the matrices that characterize the eigenvalue problem. This is particularly true when
the problem is large.

The difficulty comes from the fact that, in order to define a matrix, it is necessary not
only to store its elements, but also to create a function that performs a matrix-vector
product and, in the case of a spectral transformation is being used, to define how a
linear system should be solved.

Two different schemes are provided by ARPACK++ to mitigate this difficulty: one can
use a predefined class, and let the library handle the matrices, or use his own class to
define the required matrix-vector products.

In fact, the reverse communication interface can also be used, so it is even possible to
avoid completely the use of a c++ class to store information about the matrix. In this
case, the user is totally free to decide how matrix-vector products should be
performed. However, because this liberty implies a much more complicated code, only
the first two alternatives will be considered in this section.

Using ARPACK++ matrix classes.

The easiest way to create a matrix is to use one of the eight predefined classes
provided by ARPACK++. These classes already contain member functions that
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perform matrix-vector products and solve linear systems, so the user needs only to
supply matrix data in compressed sparse column or band format in order to use them
to define a matrix. A single vector will suffice if the matrix is dense.

The first example below illustrates how a real nonsymmetric band matrix can be
declared as an ̀ a b c d e f g h i j k l m n o  object.

p q r q s t u u u u v
p q r w x y z {
| w } w ~ y � {

� � � � � � � w � � � � y � � } � | � � � } � � � �
� � � � � � w � � � � � } � | � � � � � � � � � � � w � w x � w ~ � w � � � � � {

In this example, �  is the dimension of the system, � �  and � �  are, respectively, the
lower and the upper bandwidth (not considering the main diagonal), and � �   ¡ ¢  is a
vector that contains all elements of the ( � £ + � � +1) nonzero diagonals of ¤ . This last
vector is generated by function ¥ ¡ ¦ § ¨ © ª ¡ ¦ ¡  (not shown here).

Once declared, ¤  can be passed as a parameter to all ARPACK++ classes that define a
nonsymmetric eigenvalue problem. However, since class ¤ « ¬ ­ ® ¯ � ° ± ² ¥ ¡ ¦ § ¨ ©  (like all
other predefined matrix classes) uses a direct method to solve linear systems, one must
take in account the memory that will be consumed if a spectral transformation is
employed.

The next example contains the definition of a sparse complex matrix using class
¤ « ¢ ³ ® ¯ � ° ± ² ¥ ¡ ¦ § ¨ © .

´ µ ¶ µ · ¸ ¸ ¹ º ¶ » ´ ¼ ½ ´ ¾ ¿ µ À ´ Á µ Â
´ µ ¶ µ µ Ã · ¸ ¸ Ä Å ¾ Æ ¿ » Á Ç µ Á µ Ã ¿ » Á ¿ È ¿ ¾ ¿ µ ¶ À ´ µ É Â
´ µ ¶ Ê ´ » Á Ë · ¸ ¸ Ì Á ´ µ ¶ ¿ » ¶ Á º µ º » » º Í ¶ Î º ¶ À ¶ Á » ¿ À ¶ Î ¿ » Á Ë

¸ ¸ ´ µ ½ ´ Ï ¿ À Á Ç ¶ Î ¿ µ Á µ Ã ¿ » Á À ´ µ É Â
´ µ ¶ Ê Ì Ï Á È · ¸ ¸ Ì Á ´ µ ¶ ¿ » ¶ Á º µ º » » º Í Á Ç Ì Á ´ µ ¶ ¿ » À ¶ Á ¶ Î ¿

¸ ¸ Æ ¿ Ð ´ µ µ ´ µ Ð Á Ç ¿ º Ï Î Ï Á È Å ¾ µ Á Ç É ´ µ µ Ã Ñ º È Â
Ï Á ¾ Ì È ¿ ¼ Ò ½ Á Å Æ È ¿ Ó Ê µ Ã Ñ º È · ¸ ¸ Ì Á ´ µ ¶ ¿ » ¶ Á º µ º » » º Í ¶ Î º ¶ À ¶ Á » ¿ À ¶ Î ¿

¸ ¸ µ Á µ Ã ¿ » Á ¿ È ¿ ¾ ¿ µ ¶ À Á Ç É Â
µ Ô Õ Ö Ö Ö Ö ·

× Á ¾ Ì ¹ º ¶ » ´ ¼ É Ø µ Ù µ µ Ã Ù µ Ã Ñ º È Ù ´ » Á Ë Ù Ì Ï Á È Ú ·
É Û È Å Ä Á µ Ü Í ¾ ¹ º ¶ » ´ ¼ Ò Ï Á ¾ Ì È ¿ ¼ Ò ½ Á Å Æ È ¿ Ó Ó É Ø µ Ù µ µ Ã Ù µ Ã Ñ º È Ù ´ » Á Ë Ù Ì Ï Á È Ú ·

Here, Ý ¯ ² Þ ¥ ¡ ¦ § ¨ © ¤  is a function that generates � � � , ¨ § ¯ ß , Þ à ¯ ¢  and � �   ¡ ¢ . These
four parameters, along with � , are used to define matrix ¤ . In addition to them, the
relative pivot tolerance and the column ordering that should be used to reduce the fill -
ins that occur during the matrix factorization can also be passed to the
¤ « ¢ ³ ® ¯ � ° ± ² ¥ ¡ ¦ § ¨ ©  class constructor.
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Letting the user define a matrix class.

If none of the matrix classes mentioned above meets the user’s requirements, either
because the data structure is not appropriate or due to the use of a direct method for
solving linear systems, a new class can be defined from scratch. In this case, the class
must contain some member functions that performs the matrix-vector products
required by the Arnoldi method.

Different classes with particular member functions must be created for each
combination of matrix (real symmetric, real nonsymmetric or complex) and
computational mode (regular, shift and invert, etc) used to solve the eigenvalue
problem. To solve, in regular mode, a standard eigenvalue problem that involves a real
nonsymmetric matrix A, for example, one needs to define a matrix class with at least
one member function that performs the product w Av← , as shown below.

á â ã ä å æ á â ç è å æ é é ê ë
è å æ é é ì í î ï ð ñ ò ð î ó ô ï õ ö ÷ ø î ù

ú ï ð û í î ü ý
ð þ î ÿ � þ � � � � ÷ ÿ � ü ï õ � ï õ � � í þ ö ø õ � ÷ ÿ þ � 	

ú ÷ � � ð ø ý
ð þ î þ ï õ � � 
 � ù ï ü î ÷ ï þ ÿ � �
ð þ î þ ø õ � � 
 � ù ï ü î ÷ ï þ þ � �

û õ ð ö ì ÷ � î ì û 
 
 � û � 
 � � � � � � ì í î ï ð ñ � û ü ø î õ ï ú ï õ ö ÷ ø î ý � � ì � û 	
ì í î ï ð ñ ò ð î ó ô ï õ ö ÷ ø î 
 ð þ î þ ï õ � � � ð þ î þ ø õ � � � � � � � � ð ÿ ú � ü ø õ þ � î ï ÷ ø î õ ï 	

ù
ÿ � þ ï õ � � �

þ � 
 � � � � � � � � � � � � � � � � � � ��
� � � �  ! " � # $ % # " & ' � � ( ) � " *

The only condition imposed to this class by ARPACK++ is that + , - . + / , the function
that performs the required matrix-vector product, contains only two parameters7. The
first parameter must be a pointer to the vector that will be multiplied by A, while the
second parameter must supply a pointer to the output vector. This is not a very strong
restriction since any other information about the matrix, such as the number of rows or
columns, can be passed indirectly to + , - . + /  by using some class variables.

In the example above, parameters /  and 0  are declared as pointers to a certain type 1 ,
allowing + 2 . 3 4 5 6 4 . 7 8 3 9 : , ; .  to represent both single and double precision matrices.

                                                       
7 Naturally, default arguments are also allowed.
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Other two variables used by < = > ? < @ , A  and B , are defined when the constructor is
called.

Creating eigenvalue problems.

There are two different ways of declaring an eigenvalue problem as an ARPACK++
object. The user can either define all problem parameters when creating the object or
use a default constructor and define parameters later. Both alternatives are briefly
described below.

Passing parameters to constructors.

All information that is necessary to set up the eigenvalue problem can be specified at
once when declaring an object of the corresponding class. For example, to find the five
eigenvalues closest to 5.7 + 2.3i of a complex generalized problem using the shift and
invert mode, the user can declare an object of class C D E F A G H I B J K L  writing

M N O P Q R S T U V W X Y Z P [ \ ] T ^ _ ` a b W c d e Y Z P [ \ ] T f ^ _ ` a b W c g Y Z P [ \ ] T f f
V W X e b P \ h i j j j j ^ k ^ l d e ^ l _ ` a b W c d e Y Z P [ \ ] T f m m _ [ ] a n T a ^ l g ^

o p q r s t u v w x y z { | } ~ � � p z | r � } r � � y � � | } u w x y z { | } ~ � � � � � � � � � � �

Here, 10000 is the dimension of the system and � � � � � � � � � � � � � � � � � � � � � � � � �  and
� � � � � � � � � � � � � � � � � � � � � � � �  are functions that evaluate the products ( )A B v− −σ 1

and Bv , respectively.

The same complex problem mentioned above can be declared in a more
straightforward way if the   ¡ � � ¢ � £ ¤ ¥ � ¦ § � ¨ class is used. In this case, after defining  
and �  as two   ¡ � � © � ¦ ª « £ � � � � � �  objects, one just needs to write

¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ± ¯ ¼ ® µ ½ · ¸ ¹ ¾ ¿ ± ¼ À Á Â ¬ Â Ã Â Ä ± ² ³ ® µ Å º » ± ¯ ¼ ® µ ½ À Á Æ Ç Â È Æ É Ê Ê Ë

Real symmetric and nonsymmetric standard and generalized problems can be created
in an analogous manner.

Defining parameters after object declaration.

There are some cases where it is not necessary, and sometimes not even convenient, to
supply all problem information when declaring an ARPACK++ object. If some
parameter is not available when problem is being declared, for example, all data can be
passed to ARPACK++ later, as in the following real nonsymmetric generalized
problem:
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Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ð Ö × Ø Ù Ú Ï Û Ü Ý Õ Þ ß à á â × ã ä å Ù Ú Ï Û Ü Ý Õ æ Þ ß à á â × ã ç Ù Ú Ï Û Ü Ý Õ æ æ Ö × Ø å â Ï Ü è
é é ê ê ê

Ö × Ø å â Ï Ü ê ë Õ ì × Ð Õ å à â à Ó Õ á Õ â í î ï ð ð Þ ñ Þ ò ä å Þ ò ß à á â × ã ä å Ù Ú Ï Û Ü Ý Õ æ ó ó ß Û Ý á ô Õ á Þ
ò ç Þ ò ß à á â × ã ç Ù Ú Ï Û Ü Ý Õ æ ó ó ß Û Ý á ô Õ á õ è

Ö × Ø å â Ï Ü ê Ñ Õ á Ñ ö × ì á ÷ Ð ø Õ â á ß Ï Ú Õ î ï ê ù Þ ò ä å Þ ò ß à á â × ã ä å Ù Ú Ï Û Ü Ý Õ æ ó ó ß Û Ý á ô Õ á õ è

In this example, the shift and invert mode will be used to find 4 eigenvalues near 1.2.
The dimension of the problem is 100 and matrix-vector products are functions of
classes ú û ü ý þ ÿ � � � � � � � � � 	  and ú û ü ý þ ÿ 
 � � � � � � � 	 . The first line only declares an
object called EigProb. In the last two lines, all � � 
 � � � � � � � � � þ �  parameters are
defined, including the spectral transformation mode.

Solving problems and getting output data.

Once declared an eigenvalue problem, ARPACK++ provides several alternatives to
retrieve its solution. These alternatives are briefly described below.

Letting ARPACK++ handle data.

When solving an eigenvalue problem, ARPACK++ can hold the output vectors in its
own data structure, so the user does not need to decide where they should be stored.
In this case, each single element of the eigenvalues and eigenvectors can be recovered
later using some functions provided by ARPACK++, as in the following example:

é é � × Ð Ú × Ð Ø à Ð Ú � â × Ð á × Ð Ø à ì Õ � Õ × Ø Õ Ð ø Õ � á Ï â í Ï ì Ö × Ø å â Ï Ü ê
Ö × Ø å â Ï Ü ê � × Ð Ú Ö × Ø Õ Ð ø Õ � á Ï â í î õ è

ì Ï â î × Ð á × � ð è × � Ö × Ø å â Ï Ü ê � Ï Ð ø Õ â Ø Õ Ú Ö × Ø Õ Ð ø à Ý Û Õ í î õ è × � � õ �� Ï Û á � � � Ö × Ø Õ Ð ø à Ý Û Õ � � � � î × � ï õ � � �  � � è� Ï Û á � � Ö × Ø å â Ï Ü ê Ö × Ø Õ Ð ø à Ý Û Õ î × õ � � Õ Ð Ú Ý è� Ï Û á � � � Ö × Ø Õ Ð ø Õ � á Ï â � � � � î × � ï õ � � �  ó � è
ì Ï â î ! � ð è ! � Ö × Ø å â Ï Ü ê Ô Õ á Î î õ è ! � � õ �� Ï Û á � � Ö × Ø å â Ï Ü ê Ö × Ø Õ Ð ø Õ � á Ï â î × Þ ! õ � � Õ Ð Ú Ý è"� Ï Û á � � Õ Ð Ú Ý è"

Here, # þ � � � þ � � � $ � % ü � ý &  is a function that determines eigenvalues and eigenvectors
of a problem defined by � þ � � ý � � , and store them into ARPACK++ internal structure.' � � $ � ý � � � � þ � � � $ û � � � &  returns the number of eigenvalues found by ARPACK++.
To retrieve output data, functions � þ � � � $ û � � �  and � þ � � � $ � % ü � ý  were used8.

                                                       
8 ( ) * + , - . ) / 0 ,  and 1 2 3 4 5 6 7 8 9 2 : ; < =  are other functions that could be used.
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ARPACK++ also includes other functions that return vector addresses instead of
vector elements. These functions provide direct access to output data without
requiring the user to create a vector. They are well suited to those situations where
eigenvalues and eigenvectors must be supplied as parameters to other functions.> ? @ A B C D E F D G H I J

, one of such functions9, is used in the example below:

K K L L LM N O P Q R S L T N U V M N O W U X W Y Z R Q [ \ ] ^ K K T N U V N U O W N O W U X W Y Z R Q [ LV R _ S ` W a b c U W b V R _ S ` W d M N O P Q R S L e W Z f \ ] g ^ K K h W i N U N U O j X W Y Z R Q b Lk L l _ ` Z l X \ M N O P Q R S L m j b M N O W U X W Y Z R Q \ n ] o b ] ^ K K p W Z Z N U O b q r s j Z Q N t a M N O W U X W Y Z R QK K L L L

In this example, u , a matrix declared elsewhere in the program, is multiplied by the first
eigenvector of an eigenvalue problem defined by EigProb. u v w x y H w F

, the function that
performs the product, takes two pointers to double precision real vectors as
parameters. ARPACK++ function z D H {

 is used to determine the dimension of the
problem.

Employing user-defined data structure.

ARPACK++ also permits the user to use his own vectors to store the solution of an
eigenvalue problem. As an example, a function called 

A B C D E | ? y | D G H I J }
 is used

below to determine the 
E G I E F

 eigenvalues and eigenvectors of a real nonsymmetric
standard problem (represented by 

A B C ~ J I �
). Similar functions can be used to find

Arnoldi basis vectors, Schur vectors, etc.

V R _ S ` W M N O � j ` m d � n g ^V R _ S ` W M N O � j ` � d � n g ^V R _ S ` W M N O � W Y d � � n n g ^N U Z U Y R U X ^
U Y R U X c M N O P Q R S L M N O W U � j ` � W Y Z R Q [ \ M N O � W Y o M N O � j ` m o M N O � j ` � ] ^i R Q \ N U Z N c n ^ N q U Y R U X ^ N � � ] �Y R _ Z q q � M N O W U X j ` _ W d � q q \ N � � ] q q � g c � ^Y R _ Z q q M N O � j ` m d N g q q � � � q q M N O � j ` � d N g q q � � � q q W U V ` ^�

Since 
A B C ~ J I �

 is a nonsymmetric problem and, in this case, some of the eigenvalues
can be complex, two real vectors, 

A B C | ? y >
 and 

A B C | ? y � , are used to store,
respectively, the real and imaginary part of the eigenvalues.

The eigenvectors are stored sequentially in 
A B C | D G

. Real eigenvectors occupy 
E

successive positions10, while each complex eigenvector require 2*
E
 positions (

E
 for the

real part and another 
E
 for the imaginary part of the vector). Since the last eigenvector

                                                       
9 Other functions with similar meaning are � � � � � � � � � � � � � �  and � � � � � � � � � � � � � � .
10 Here, �  is the dimension of the system.
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found by � � � �   ¡ ¢ £ ¡ � ¤ ¥ ¦ § ¨  can be complex, � � � ¡ � ¤  must be dimensioned to store
(   ¤ ¦   © +1)*    elements.

Using the STL vector class.

Last but not least, ARPACK++ can store eigenvalues and eigenvectors using the
© � ¤ ¥ ¦ §  class provided by the Standard Template Library (or STL).

STL is a library that provides an easy and powerful way to handle vectors, linked lists
and other structures in c++. Among all i ts classes templates, only the © ª ¤ ¥ ¦ §  class can
be considered appropriate to store the dense vectors generated as output by
ARPACK++. This class is used in the example below:

« ¬ ­ ® ¯ ° ± ² ¯ ³ ´ µ ¬ ¶ · ¸ ¹ º » ¬ ­ ¼ ½ ° ¯ ´ ¾ ¿ ® µ ¸ ¹ º ¬ À « ¬ ­ ® ¯ ° Á Â Ã Ä« ¬ ­ ® ¯ ° ± ² ¯ ³ ´ µ ¬ ¶ · ¸ ¹ º » Å µ ¼ ½ ° ¯ ´ ¾ ¿ ® µ ¸ ¹ º ¬ À « Å µ ³ ¬ Á Â Ã Ä
Æ ¯ ° Â ¹ À ® ¹ ¼ Ç Ä ¹ ± ½ ° ¯ ´ ¾ È ¯ À « ¬ ° º ¬ ² ¸ ¹ º ¬ À « Å µ ³ ¬ Á Â Ã Ä ¹ É É Ã Ê­ ¯ ³ ® ± ± Ë ¸ ¹ º ¬ À « Å µ ³ ¬ Ì Ë ± ± Â ¹ É Í Ã ± ± Ë Î ¼ Ë ± ± ¸ ¹ º » Å µ Ì ¹ Î ± ± ¬ À ² µ ÄÏ

In this example, Ð ¥ Ñ � � Ò ª   © ª ¤ ¥ ¦ § ¨  not only finds the eigenvectors of a problem calledÓ § ¦ Ô , but also creates a new object of class © ª ¤ ¥ ¦ §  to store them sequentially,
returning a pointer to this vector in � � Ò Õ ª ¤ . EigVal is used to store the pointer
generated by Ð ¥ Ñ � � Ò ª   © Ö Ñ × ª ¨ . The number of eigenvalues found by ARPACK++ is
supplied by function Ø ¦   © ª § Ò ª Ù � � Ò ª   © Ö Ñ × ª ¨ .

Finding singular values.

ARPACK++ can also be used to find the truncated singular value decomposition
(truncated SVD) of a generic real rectangular matrix. Supposing, for example, that A is
a m x× matrix, the truncated SVD is obtained by decomposing A into the form

A U V T= Σ

where U and V are matrices with orthonormal columns, U U V V IT T
n= = , and

Σ = diag n( , , , )σ σ σ1 2 Ú  is a diagonal matrix that satisfies σ σ σ1 2 0≥ ≥ ≥ ≥Û
n .

Each element σ i  is called a singular value of A, while each column of U is a left
singular vector and each column of V is a right singular vector of A.

To use ARPACK++ to obtain a few singular values (and the corresponding singular
vectors) of A, one should notice that σ σ σ1 2, , ,Ü

n  are precisely the square roots of
the eigenvalues of the symmetric n n×  matrix
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A A V U U V V VT T T T= =Σ Σ Σ2

and, in this case, the eigenvectors of A AT  are the right singular vectors of A.

Naturally, this formulation is appropriate when m is greater or equal to n. To solve
problems where m n< , it is sufficient to reverse the roles of A and AT in the above
equation.

When the singular values obtained by ARPACK++ are not multiple or tightly
clustered, numerically orthogonal left singular vectors may also be computed from the
right singular vectors using the relation:

U AV= −Σ 1 .

As an alternative, one can use the relation

0

0

A

A

U

V

U

VT














 =







 Σ .

to determine the left and right leading singular vectors simultaneously. In this case, no
transformation is required since the columns of U and V can be easily extracted from
the converged eigenvectors of

A
A

AT=








0

0
.

In view of the fact that A  has both σ i  and − σ i  as eigenvalues, it is important to set
the Ý Þ ß à Þ  variable to á â ã ä  when calling ARPACK++, so only the positive eigenvalues
(those with largest algebraic value) are computed.

The major drawback of this approach is related to the fact that A  is an
( ) ( )m n m n+ × +  matrix, while A AT  contains only n2  elements. Even considering

that the sparse matrix-vector products Av  and A AvT  require the same amount of
float point operations, the Arnoldi vectors generated at each iteration of ARPACK are
greater when A  is used. Moreover, setting å æ ç è æ  to á â é ä  is generally better than
using á â ã ä .

As a result, in most cases it is better to use A AT  than A . Exceptions to this rule
occur only when the leading eigenvalues of A are very tightly clustered.
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Using the ê ë ì í î ì ï ð ñ ò ó  class.

ARPACK++ class ô õ ö ÷ ø ö ù ú û ü ý  can be easily adapted to solve SVD problems. This is
particularly true if ô õ þ ÿ � � � ö ÷ ø � � ù � ü � , ô õ ÿ ø � � � ö ÷ ø � � ù � ü � � ô õ ú � � � � ö ÷ ø � � ù � ü �
or ô õ 	 ú � � � ö ÷ ø � � ù � ü �  is used to store matrix A, because these classes contain three
member functions, � ÿ þ ù � ù � 
 , � ÿ þ ù � � ù 
  and � � 
 � � � � � � , that perform, respectively,
the products A AvT , AA vT  and A .v for a given v.

Supposing, for example, that vectors � � 
 � , � � � �  and � � � 
  are used to store A in CSC
format, so � � 
 � � � � � � � � � � � � �  can be used to define the matrix, the following
commands are sufficient to find the four leading singular values of A.

  ! " # $ % & ' ( ) * + $ , - . / 0 1 2 # 3 1 + " 1 + 2 4 . 0 1 2 # 3 & 0 $ 5 1 + 6 4 2 7 + 2 . 1 8 4 6 2 + 5 ) 9 1  : ; : < = > ? @ A B C D E C F G H G C I G F I C H J F A @ K F C L J E A M > ? G F I C H M A N J G M A @ O P
: Q R J S C I L T D U V H M G < W @ C J X R A Y : = D K I K I I Z K [ V R : K G M C \ K E B C R O ]
^ ^ _ A ` G I G I a H b A A G a A I [ V R J A E M C X R A D = U J R H U H U G F J F A @ K F C D Y c I O P

: Q L T D L H @ d G a W @ C J X R A K : Q R J S C I L T D U V H M G < W @ C J X R A Y YE M C X = I K e K f : K f : Q R J S C I L T D U V H M G < W @ C J X R A Y g g U J R H U H U [ O ]
^ ^ h G I @ G I a A G a A I [ V R J A F P

@ C J X R A F [ V R J A i e j ]@ E M C X P d G a A I [ V R J A F = F [ V R J A O ]
^ ^ k V R B J R V H G I a H b A F G I a J R V M [ V R J A F P

` C M = G c l ] G W E M C X P k C I [ A M a A @ d G a A I [ V R J A F = O ] G m m O nF [ V R J A i G j c F N M H = F [ V R J A i G j O ]o
Other interesting examples where ARPACK++ is used to find singular values and
vectors can be found in the p q r p s t u u v w x p y r z w {  directory.



Chapter

5
ARPACK++ examples

This chapter contains some examples on how to use ARPACK++. The purpose of
these examples is to illustrate the major characteristics of the software and to clarify
the steps required to find eigenvalues and eigenvectors mentioned in the last chapter.

Several combinations of matrix classes, eigenvalue problems and output functions are
considered here. Problems where ARPACK++ matrix classes were used are presented
first, followed by some examples that involve user-defined matrix-vector products and
the reverse communication interface. Some strategies to build an interface between
ARPACK++ and other libraries are also briefly mentioned.

The | } ~ � � � | �  directory.

The problems mentioned in this chapter are also distributed as examples along with
ARPACK++ code. The � � � � � � � � � � � � � � � � �  directory contains some subdirectories
 such as � � � � � � � , � � � � � � � , � � � �   ¡ ¢ , £ ¤ ¥ ¦ § ¨ ¨ , © ª « ¬ ª , ­ ® ¯ °  and ± ² ³ ² ± ´ ²  that
include several sample programs covering all available spectral transformations for real
symmetric, real nonsymmetric and complex problems. Although the purpose of these
programs is only to illustrate ARPACK++ usage, they can also be employed to create
new problems. The user just need to replace the matrix data or the matrix-vector
product functions.

Some instructions on how to run these examples are given in µ ¶ · ¸ ¹ ¶  files included in
all of the example directories. The required º » ¼ ½ ¾ ¿ À ½ Á  are also supplied. However,
prior to compiling the programs, some modifications should be made to theÂ Ã Ä Å Æ Ç È Å É Ç Ê Ë

 file in order to correctly define the compiler and the path of the
libraries referenced by ARPACK++.
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Using ARPACK++ matrix structure.

Complex and real symmetric and nonsymmetric eigenvalue problems can be easily
solved by ARPACK++ when matrix elements are stored in compressed sparse column
(CSC) or band format (or sequentially in a vector, if the matrix is dense). In this case,
only a few commands are required to obtain the desired eigenvalues and eigenvectors.
To illustrate this, three different examples were included in this section. In the first, a
real symmetric generalized problem is solved by using the Cayley mode. The second
contains a complex standard problem that is solved in regular mode. Finally,
ARPACK++ is also used to find some singular values of a real nonsymmetric matrix.

Solving a symmetric generalized eigenvalue problem.

In this first example, the Cayley mode11 is used to find the four eigenvalues nearest to
150 of a generalized symmetric problem in the form Ax Bx= λ , where A is the one-
dimensional discrete Laplacian on the interval [0, 1], with zero Dirichlet boundary
conditions, and B is the mass matrix formed by using piecewise linear elements on the
same interval. Both matrices are tridiagonal. This example is very similar to the one
found in the Ì Í Î Ï Ð Ñ Ì Ò Ó Ô Î Õ Ö Ó × Ø Ù Ú Û Ü Ý Þ ß à á Ý â à à  file.

1. Generating problem data.

Before generating A and B, it is worth noticing that, being symmetric, these matrices
can be perfectly characterized by their upper or their lower triangular part. Therefore,
some memory can be saved if not all their elements are stored.

Two functions, ã á ä å æ ç è  and é ê ë ì í î ï , will be used here to create A and B,
respectively. These functions have two input parameters:

• ð , the dimension of the system; and
• ñ ò ó ô , a parameter that indicates which part of the matrix will be supplied;

and two output parameters,

• ð õ , the number of upper or lower nonzero diagonals (not including the main
diagonal);

• ö , a pointer to a vector that contains the nonzero matrix elements.

These output parameters are the minimum amount of information required by
ARPACK++ to store a matrix as an ÷ ø ù ú û ü ý þ ÿ � � � �  object, so it can be used later to
create an eigenvalue problem.

                                                       
11 See chapter 4 for a description of all computational modes available in ARPACK++.
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Since the dimension of the vector pointed by �  depends on � � , a parameter that is not
known in advance by the user, � � 	 
 � � �  and � � 	 
 � � 
  also allocate memory for this
vector, as shown below.

� � � � � � � � � � � � � � � � � � � � � � � � � � � � �
 ! " # $ % & ' " ( ) * + , - . / + , - 0 1 2 3 4 5 6 7 8 9 : 7 3 ; < = > ? @ A B C D 5 D EF

G G H I J K L M N O P N O Q I M O L K R L M N L S K I T U
V W X Y Z

[ \ ] ^ _ ` a b c d b b e
f f g h c i j i j k l m j n o p j o n q

r s t u v w x y z { | } ~ � t � � w w � � � r � � � � u
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � �   ¡ ¢ £ ¡ ¡ ¤ ¥ ¦ § ¨ � ¡ ¢ ¦ § ¥ © ª « � ¬ � � ¡ ¢ ­ ® �

¯ ¯ ° ± ² ³ ´ ³ ´ µ ¶ · ± ¸ ¹ ¹ ± º » ¼ º ½ ¼ ¾ ± º ¿ À Á ´ Â ¾ ³ Â ¶ · Ã
´ ° Ä Å Æ

Ç Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ì Ò Ñ Ì Ó Ê Ô Ì Ð É Õ Ö
× Ø Ù Ú Û Ü Ý Þ × ß à á â Ù ã ä

å æ ç è é ê ë ì ì í î í ï ð ñ ñ ò ó ë ô å õ ö ó ÷ ø ê ë ù ø ô ó ô å ú õ ö è ê ú ô é ú ô ó ë æ û ü
æ ë ô ç å ì ý þ å ÿ õ þ å � � ï ð

û � � � å � ì � � þ ñ ñ � ú å õ � å ú ö ë õ ú ê ø ê ø � ø õ ó ü
å æ ç õ � å � 	 ï û � � � å � 	 � ì � æ þ ñ ñ î ë ù ø ô � å ú ö ë õ ú ê ø ê ø � ø õ ó ü






� � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � �  ! � " � ! � # # $ �

� � � � $ � % & ' � ( � ) * + , , - . . / 0 ) 1 2 3 4 5 2 6 / 6 / 7 / 5 8 9: ; < = 1 > ? @ A ) ) + , , B 2 1 5 ) 1 2 3 4 5 2 6 / 6 / 7 / 5 8 9C
C

C , , B 2 8 0 1 D : 9

8 / 7 . 6 2 8 / E F 6 2 G G H I J : K L F 6 2 G G M N K O
P Q R S T U V W R X Y Z [ \ ] ^ _ [ \ ] ` ^ a _ b c d e ] f ` e _ g h U W i j k Q l m c m no

p p a q g k U W R ^ r R ^ V q W ^ U k P U W R U s k q t u
[ \ ] R v

b c d e ] h _ S w _ S S v
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x x y z { | } ~ � � � { � � � � } � � � �
� � � � � x � � � � � � � � � � �

� � � � � � � � � � � � � � �
� � � �   � � � � � � � � � �

� � ¡ ¢ � £ ¤ £ ¤ ¥ ¦ � ¢ § ¨ ¨ ¢ © � ª © « ª ¬ ¢ © � ­ ® ¤ � ¬ £ � ¦ � �
¤ ¡ �   �

� � ¯ © ¢ ® ¦ £ ¤ ¥ ª § ¦ ¨ § ¦ ° ¢ ± ¦ ª © ² �
² � ¤ ¢ ¬ ³ ´ µ ² ¶ · ¸ � ¤ ¹ �

£ � � § ¨ « ª � � º ´ º � » � � ¼ ¦ ª © £ ¤ ¥ ¦ � ¢ § ¨ ¨ ¢ © ¦ © £ ® ¤ ¥ § « ® © ¨ ® © ¦ ª � ½ �

� ª © � £ � � � £ ¾ ¤ � £ ¿ ¿ � »
² · ¸ � £ ¹ � � � � � � À ® £ ¤ � £ ® ¥ ª ¤ ® « ¢ « ¢ Á ¢ ¤ ¦ �

£ � � ¤ Â £ Â   � ² · ¸ � £ ¿   ¹ � � � � � � ´ ª ¬ ¢ © � £ ® ¥ ª ¤ ® « ¢ « ¢ Á ¢ ¤ ¦ �
Ã

Ã
¢ « Ä ¢ » � � ¼ ¦ ª © £ ¤ ¥ ¦ � ¢ § ¨ ¨ ¢ © ¦ © £ ® ¤ ¥ § « ® © ¨ ® © ¦ ª � ½ �

� ª © � £ � � � £ ¾ ¤ � £ ¿ ¿ � »
£ � � £ � ² · ¸ � £ ¹ � � � � � � Å ¨ ¨ ¢ © � £ ® ¥ ª ¤ ® « ¢ « ¢ Á ¢ ¤ ¦ �

² · ¸ � £ ¿   ¹ � � � � � � À ® £ ¤ � £ ® ¥ ª ¤ ® « ¢ « ¢ Á ¢ ¤ ¦ �
Ã

Ã
Ã � � À ® ¦ © £ Æ ½ �

Ç È É Ê Ë Ì Í
 and 

Ç È É Ê Ë Ì Î
 were defined here as function templates. The first template

parameter, Ï Ð Ñ Ò Ó , permits the function to create both single and double precision
matrices. The second parameter, Ô Õ Ö , represents the integer type used and must be set
to i × Ø  or Ù Ú × Û  Ü × Ø .

Since these functions do not make clear how a band symmetric matrix can be stored in
a single vector, this will be illustrated by the example given below.

Consider the matrix

M

a a a

a a a a

a a a a a

a a a a a

a a a a

a a a

=

























11 12 13

21 22 23 24

31 32 33 34 35

42 43 44 45 46

53 54 55 56

64 65 66

0 0 0

0 0

0

0

0 0

0 0 0

.
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M is a generic 6 6×  symmetric band matrix, with bandwidth 5, i.e. with 5 nonzero
diagonals. Due to the symmetry, elements aij and aji are equal, which means that only
the upper or lower nonzero diagonals of M are required to describe it.

Rewriting the 3 upper nonzero diagonals (including the main diagonal) of M as a
rectangular 3 6×  matrix, one obtains:

M

a a a a

a a a a a

a a a a a a
upper =

















0 0

0
13 24 35 46

12 23 34 45 56

11 22 33 44 55 66

.

Notice that a few zeros were introduced in Mupper, due to the fact that some diagonals
contain more elements than others.

Once Mupper. is available, it is easy to store this matrix, by columns, in a single vector,
say Mupper :

M a a a a a a a a a a a a a a aupper = [ ]0 0 011 12 22 13 23 33 24 34 44 35 45 55 46 56 66 .

A very similar procedure can be used to store the lower triangular part of M. In this
case, a 3 6×  rectangular matrix Mlower and a vector Mupper  are generated, as shown

below:

M

a a a a a a

a a a a a

a a a a
lower =

















11 22 33 44 55 66

21 32 43 54 65

31 42 53 64

0

0 0

,

M a a a a a a a a a a a a a a alower = [ ]11 21 31 22 32 42 33 43 53 44 54 64 55 65 660 0 0 .

Both functions, Ý Þ ß à á â ã  and Ý Þ ß à á â ä , permits the user to choose between storing the
lower or the upper triangular part of the matrix. If this information is not supplied by
the user, å æ ç è  is set to é ê é .

2. Defining the main program.

Once ë ì í î ï ð ñ  and ë ì í î ï ð ò  are available, it is now easy to write a program that
solves an eigenvalue problem in Cayley mode.

A simple example is shown below. In this example, after calling both functions defined
above, matrices A and B are declared as two ñ ó ô õ ö ÷ ø ë ì í î ï ð  objects. Then, class
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ù ú û ü ý þ ÿ � � � � � �
 is used to create a generalized problem� � , � 	 
 � . Finally, function� 
 � � � � � � � � � � � � �

 is called to determine eigenvalues and eigenvectors.

The parameters that are passed to the constructor of � � � � � � � � � � � 
 �
 are:

• The computational mode that should be used to solve the problem (’  ’ is
passed, which means that the Cayley mode is to be used);

• The number of eigenvalues sought ( ! " # );
• The matrices that define the problem ($  and % ); and
• The shift (150.0).

& ' ( ) * + , - . / 0 1 2 3 / 4 5 6 . 7 7 8 9 1 , : ; 3 < / 4 0 ' = , - > ' ( ' 4 ' ? ( 5@ A B C D E F G H I J K L M N O P Q H R R S T D E U N O V G B W A L F G X A B A Y A Z B P
O I A B [ \]

R R ^ G C D I J A B L A B _ E Y ` I J A I K D G M a
A B Y B a R R ^ A O G B M A Z B Z X Y Q G _ J Z K D G O PA B Y B G ` a R R b E O K G J Z X G A L G B ` I D E G M M Z E L Q Y PA B Y B M F A I L S a R R c Z d G J [ I B F E _ _ G J \ K I B F d A F Y Q Z X S PA B Y B M F A I L e a R R c Z d G J [ I B F E _ _ G J \ K I B F d A F Y Q Z X e PF Z E K D G f ` I D S a R R _ Z A B Y G J Y Z I B I J J I N Y Q I Y M Y Z J G M Y Q G B Z B g G J ZR R G D G O G B Y M Z X S PF Z E K D G f ` I D e a R R _ Z A B Y G J Y Z I B I J J I N Y Q I Y M Y Z J G M Y Q G B Z B g G J ZR R G D G O G B Y M Z X e P

R R h J G I Y A B L O I Y J A C G M S I B F e P
B i j k k al I Y J A m S [ B n B M F A I L S n ` I D S \ aS T K F U N O l I Y J A m o F Z E K D G p S [ B n B M F A I L S n ` I D S \ a

l I Y J A m e [ B n B M F A I L e n ` I D e \ aS T K F U N O l I Y J A m o F Z E K D G p e [ B n B M F A I L e n ` I D e \ a
R R ^ G X A B A B L Y Q G G A L G B ` I D E G _ J Z K D G O P

B G ` i q ar s t u v w x y z { | } ~ � � � u � t z � � � � � � � � � � { z � � r � � � � � � � � � �
� � � z � t � � } { ~ � u � � u � � � � } � � t z � �

} { � { � � { � � � � � u x � z � � � � � { � z � ~ z � z } ~ z { � � t u z � �� � � � � �   ¡ ¢ £ ¤ ¥ � ¦ § � ¨ � � � � � � © § � ª « ¬ ­ ­ ¡ ¢ £ � § ª ¥ � � � ® ¯� � � � � �   ¡ ¢ £ ¤ � ° ¦ § � ¨ � � � � � � © § � ª   § « ¬ ­ ­ ¡ ¢ £ � § ª � ° ± � ² ® ¯
­ ­ ³ ¢ § � ¢ § £ ¥ § � ® ± � ² ¢ § £ � ¢ £ � § ª ¥ � � � ® ¥ § � � ¢ £ � § ª � ° ± � ² ® ¯

§ ° � § ª ¦ ´ ² � � ¯ ¡ ¢ £ � § ¤ ¥ � ¤ � ° ± � ² ® µ ¡ ¢ £ ¤ � ° ¶ ¡ ¢ £ ¤ ¥ � · ¬

                                                       
12 Since ̧ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä  call s the SuperLU library to solve the linear system (A-σB)w = v when
the Cayley mode is being used, this library is supposed to be available.
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Å Å Æ Æ Æ
Ç Å Å È É Ê Ë Æ

In this example, the four eigenvalues nearest to 150 are determined and stored inÌ Í Î Ï Ð Ñ
. The corresponding eigenvectors are also stored sequentially in an array calledÌ Í Î Ï Ò Ó
.

Ì Í Î Ï Ò Ó
 was dimensioned here to store Ô Õ Ô Ö ×  elements, where Ô Ö ×  is the number of

eigenvectors and Ô  is the dimension of each one of them. For complex problems, a
complex vector with Ô Ö × Õ Ô  elements is also sufficient. On the other hand, real
nonsymmetric problems require a real vector with Ø Ù Ú Û Ü Ý Þ ß Ù  components, since some
of the eigenvectors might be complex (see the description of à á â Ú Ù ã ä å ã Ú æ ç è é ê  in the
appendix).

Solving a complex standard eigenvalue problem.

To illustrate how to declare and solve a problem where the matrix is supplied using the
compressed sparse column format, a standard complex eigenvalue problem will now
be considered. In this example, the regular mode is used to find the four eigenvalues
with largest magnitude of the block tridiagonal matrix A derived from the central-
difference discretization of the two-dimensional convection-diffusion operator

− +∆ u uρ∇

on the unit square [ , ] [ , ]01 01× , with zero Dirichlet boundary conditions. Here, ∆
represents the Laplacian operator, and ∇  the gradient. ρ  is a complex parameter. A
similar example can be found in the Ú ë ä ì í å Ú ê î ê ï í Ú é å ï î æ è ì í å Ú ë î å æ è ì í é Ú â ð æ æ  file.

1. Generating problem data.

A function, called ñ ä ç é á ë ò , will be used here to generate A in CSC format. This
matrix has the form:

A
h

T I

I T

T I

I T

=

−
−

−
−























1

0 0

0 0

0 0

2

ó
ô ô õ

ö ö ö
õ ö ö

÷

where h is the mesh size, I is the identity matrix and T is a tridiagonal matrix with 4 on
the main diagonal, ( )− −1 2ρh  on the subdiagonal and ( )− +1 2ρh  on the
superdiagonal.
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ø ù ú û ü ý þ
 has only one input parameter:

• ÿ ý
, the mesh size;

and five output parameters,

• ÿ , the matrix dimension;
• � � � , the number of nonzero elements in 

�
;

• �
, a pointer to a vector that contains all nonzero matrix elements;

• � � � � , a pointer to a vector that contains the row indices of the nonzero
elements stored in 

�
; and

• � � � 	 , a pointer to a vector that contain pointers to the first element in each
column stored in 

�
 and � � � � .

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

object.

As in the first example of this chapter, a function template is used to define � � � � � � �
:

� � � � � � � � � � � � � � � � �  ! " � � � � � # $ ! %
& ' ( ) * � � + ( ,  - # $ ! . , " # $ ! / . " # $ ! / . . 0 " � ' � � � � , � � � �  ! % 1 /  "

# $ ! 1 / ( + ' 2 " # $ ! 1 / � � ' � 34
5 5 6 � � � � + ( . 7 ( . � � + . � � & � + ( � 8 � � � 9

# $ ! : ; < ; = ; : > ?
@ A B C D E F G H I J K L M N ; N O ; > > ; > D ; > P ; Q ?

R R S E Q : T : T U @ A T V W X T W V Y
@ A T V W @ A B C D E F G H I J K L M N X D Q Z [ Y \ ; [ Y [ ] ?
@ A T V W @ A B C D E F G H I J K L M A T E Z ^ Y [ ; [ Y [ ] ?
@ A T V W @ A B C D E F G H I J K L M Q A P _ Z ` Y [ ; [ Y [ ] ?
@ A T V W @ A B C D E F G H I J K L M _ N A Z ^ Y [ E O ; [ Y [ ] ?
N a A T E R @ A B C D E F G H I J K L M Z T F b ^ ; [ ] ? R R B E V N V : c E Y
N O a N d N ?
Q a e A T E R N O ?

> > a Q A P _ R N O ?
> D a Q e N X D Q d _ N A R N ?
> P a Q b N X D Q d _ N A R N ?

R R S E Q : T : T U W N E T P B f E _ A Q @ A D P B T V X T > T A T c E _ A E D E B E T W V : T K Y
T a T F d T F ?
T T c a Z \ d T F e ` ] d T F ?

R R g _ E X W : T U A P W C P W h E @ W A _ V Y
K a T E i @ A B C D E F G H I J K L M j T T c k ?

: _ A i a T E i l m L j T T c k ?
C @ A D a T E i l m L j T F d T F b ^ k ?
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n n o p q r s r s t u v w x r y z {
| } ~ � � � � � � �� � � �r � � � �
q ~ x � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � �

� � � � � �� � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �   � � � � ¡
¢

� � � � � �� � � � � � � � � � � £ �� � � � � � � � ¤ � � � � � � � £   � � � � ¤ ¡
¢

� � � � � � � � � � �� � � � � � � � � � � � � � �   � � � � � ¡
� � � � � � � � � � £ � � �� � � � � � � � � � � £ �� � � � � � � � ¥ � � � � � � � £   � � � � ¥ ¡
¢

� � � � � � � � � � £ � � �� � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �   � � � � ¡
¢

¦ § � ¥ � � � � � � � � �¢
¢

¢ � � ¨ © ª � � � � ¡

2. Defining the main program.

Now that the matrix data is available, it is time to write the main program. To create a
complex standard eigenvalue problem, two ARPACK++ classes will be required. One,« ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º

, to define 
«
 as the matrix represented by {

±
, 

± ± »
, ¼ ¶ ­ «

, 
¹ ¸ ° ½

,¾ ¿ ° ­
} , and the other, 

« ¬ ­ ® À ° ´ ¾ ² · Á Â ¹ Ã
, to declare ¾ ¸ ° Ä

 as the problem to be solved
and to set some parameters.

As shown below, only two parameters are passed to the constructor of« ¬ ­ ® À ° ´ ¾ ² · Á Â ¹ Ã
 in this case. The first is the number of desired eigenvalues. The

second is the matrix. No other information is required, since the default values supplied
by ARPACK++ for the other parameters are adequate.

Å � � § ¥ ¤ � Æ Ç © � ¥ � È É © ª ¡ Ê Ç � � � Ë ¥ ¤ Ì � � Í Î É ¨ © ª � � � � Æ � � � � ª � � � ¡
Å � � § ¥ ¤ � Æ Ç © � ¥ È § � É ¦ ¡ Ê Ç � � � Ë ¥ ¤ Ï � É ¦ Í ª � Ð � Ñ � Æ � � � � ª � � � ¡
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Ò Ó Ô Õ Ö ×Ø
Ù Ù Ú Û Ü Ý Ó Þ Ô Õ ß à Þ á â Ý Û Ò ã Ó ä Ó å

Ô Õ ä Õ æ ç
Ô Õ ä Õ ç Ù Ù Ú Ô Ò Û Õ è Ô á Õ á é ä ê Û à Þ á â Ý Û Ò å
Ô Õ ä Õ Õ ë ç Ù Ù ì í Ò â Û Þ á é Õ á Õ ë Û Þ á Û Ý Û Ò Û Õ ä è Ô Õ î å
Ô Õ ä ï Ô Þ á ð ç Ù Ù à á Ô Õ ä Û Þ ä á Ó Õ Ó Þ Þ Ó ñ ä ê Ó ä è ä á Þ Û è ä ê Û Þ á ðÙ Ù Ô Õ ã Ô Ü Û è á é ä ê Û Õ á Õ ë Û Þ á è Ô Õ î å
Ô Õ ä ï à Ü á Ý ç Ù Ù à á Ô Õ ä Û Þ ä á Ó Õ Ó Þ Þ Ó ñ á é à á Ô Õ ä Û Þ è ä á ä ê Û

Ù Ù â Û ß Ô Õ Õ Ô Õ ß á é Û Ó Ü ê Ü á Ý í Ò Õ á é î Ô Õ ò Ó Ý î åÜ á Ò à Ý Û æ ó ã á í â Ý Û ô ï ò Ó Ý î ç Ù Ù à á Ô Õ ä Û Þ ä á Ó Õ Ó Þ Þ Ó ñ ä ê Ó ä è ä á Þ Û è ä ê Û
Ù Ù Õ á Õ ë Û Þ á Û Ý Û Ò Û Õ ä è á é î å

Ù Ù õ Þ Û Ó ä Ô Õ ß Ó Ü á Ò à Ý Û æ Ò Ó ä Þ Ô æ å
Õ æ ö ÷ ø çù Ó ä Þ Ô æ î Ö Õ æ ú Õ ú Õ Õ ë ú ò Ó Ý î ú Ô Þ á ð ú à Ü á Ý × ç

î û Ý í ì á Õ ü ñ Ò ù Ó ä Þ Ô æ ó Ü á Ò à Ý Û æ ó ã á í â Ý Û ô ô î Ö Õ ú Õ Õ ë ú ò Ó Ý î ú Ô Þ á ð ú à Ü á Ý × ç
Ù Ù Ú Û é Ô Õ Ô Õ ß ä ê Û Û Ô ß Û Õ ò Ó Ý í Û à Þ á â Ý Û Ò å

î û Ý í õ á Ò à ü ä ã ý Ô ß ó ã á í â Ý Û ô à Þ á â Ö þ ú î × ç
Ù Ù Ú Û Ü Ý Ó Þ Ô Õ ß á í ä à í ä ò Ó Þ Ô Ó â Ý Û è å
ò Û Ü ä á Þ ó ã á í â Ý Û ô ï ý Ô ß ÿ Ó Ý ç Ù Ù ý Ô ß Û Õ ò Ó Ý í Û è å
ò Û Ü ä á Þ ó ã á í â Ý Û ô ï ý Ô ß ÿ Û Ü ç Ù Ù ý Ô ß Û Õ ò Û Ü ä á Þ è å
Ù Ù � Ô Õ ã Ô Õ ß Û Ô ß Û Õ ò Ó Ý í Û è Ó Õ ã Û Ô ß Û Õ ò Û Ü ä á Þ è å

ý Ô ß ÿ Û Ü ö à Þ á â å ü ä Ý ý Ô ß Û Õ ò Û Ü ä á Þ è Ö × ç
ý Ô ß ÿ Ó Ý ö à Þ á â å ü ä Ý ý Ô ß Û Õ ò Ó Ý í Û è Ö × ç

Ù Ù å å å
� Ù Ù Ò Ó Ô Õ å

In this example, the four eigenvalues and the corresponding eigenvectors with largest
magnitude of �  were found by using function � � � � � � 	 
 � 	 � � 
 � � . The eigenvectors
were stored sequentially in an STL vector called � � � � 	 � , which was internally
dimensioned by ARPACK++ to store � � �  elements. � � � � � � � � � � � � � �  was used to
store the eigenvalues in � � � � � � .

As it will become clear in the Working with user-defined matrix-vector products
section below, it is not necessary for the user to supply arrays such as � � � � �   and

� � � � � �  when solving eigenvalue problems. ARPACK++ can handle eigenvalues and
eigenvectors using its own data structure. In this case, ! � � " � � � � � � �  � # $ �  should
replace � � � � � � � � � �  � # $ � , and one of the several output functions provided by the
software ( � � � � � � � � � �  and % � & � � � � � � �  � # $  are just two examples) used to recover
the solution.
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Solving truncated SVD problems.

In the last example of this section, ARPACK++ will be used to obtain the some of the
singular values of a real nonsymmetric matrix. As described in chapter four, the
truncated singular value decomposition of a generic real rectangular matrix A can be
obtained by finding the eigenvalues and eigenvectors of the symmetric n n×  matrix
ATA 13. In this case, the eigenvalues of this matrix are precisely the singular values of A
squared, while the eigenvectors are the right singular vectors of A.

1. Generating problem data.

A function template, ' ( ) * + , - . / + 0 1 + * 0 2 3 , is used below to generate a very simple
2n n×  matrix in the form

A
T

T
=









 ,

where T is a tridiagonal matrix with 4 on the main diagonal, 1 on the subdiagonal and
2 on the superdiagonal.

The function takes one input parameter:

• , , the number of columns of A,

and return five parameters:

• m, the number of rows of A;
• , , 4 , the number of nonzero elements in A;
• 5 , a pointer to a vector that contains all nonzero matrix elements;
• 2 0 6 7 , a pointer to a vector that contains the row indices of the nonzero

elements stored in 5 ; and
• 8 ) 6 / , a pointer to a vector that contain pointers to the first element in each

column stored in 5  and 2 0 6 7 .

9 : ; < = > 9 : ? @ = > A A B C D E F G @ = > A A H I F J
K L M N O : @ 9 > P Q R = > S T > 9 S M U V H I F P G H I F W ; G H I F W P P X G B C D E F Y W E G

H I F Y W M S L Z G H I F Y W < @ L = [\
] ] ^ : @ = > S M P Q M P 9 : S P > = K > S M > _ = : A `

H I F M G a b
B C D E F N N G N = G N R b

                                                       
13 Supposing that m is greater or equal to n. If m < n, AAT must be formed instead of ATA. For a
complete description of all schemes provided by ARPACK++ to find singular values and vectors,
the user should refer to chapter four.
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c c d e f g h g h i j k h l m n h m l o
p q r s o t u
p p r v o t u
p w r x o t u

c c d e f g h g h i m y e h w z { e | k f | k } l n h p h k h ~ e | k e q e z e h m l g h � o
h h ~ r h � � � x u

z r h � x u
c c � | e n m g h i k w m � w m � e j m k | l o

� r h e } � � � � � � h h ~ � u
g | k } r h e } � � � � h h ~ � u
� j k q r h e } � � � � h � s � u

c c d e f g h g h i � o
� j k q � t � r t u
� r t u
f k | � g r t u g � r h u g � � � �

g f � g � r t � �
g | k } � � � r g � s u

� � � � � � r p w u
�

g | k } � � � r g u
� � � � � � r p p u

g | k } � � � r g � s u
� � � � � � r p q u

g | k } � � � r g � h � s u
� � � � � � r p q u

g | k } � � � r g � h u
� � � � � � r p p u

g f � g � r � h � s � � �
g | k } � � � r g � h � s u

� � � � � � r p w u
�

� j k q � g � s � r � u
�

� c c � e j m n h i w q n | z n m | g � o

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 how the two-norm condition number of the matrix can be
calculated.
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In this program, the output parameters generated by function 7 8 9 : ; < = > ? ; @ A ; : @ B C
were used to store matrix A as an object of class D 7 ? > E F < G H I A ; : @ B C J K . This class was
chosen because it contains a function, called L M N O L O L P , that performs the matrix-
vector product w A AvT← , required to solve the eigenvalue problem.
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After storing matrix data, class Q R S T U S V W X Y Z  was used to declare a variable, [ \ ] ^ ,
that represents the real symmetric eigenvalue problem defined by ATA. Five parameters
were passed to the constructor of this class:

• The dimension of the system ( _ );
• The number of eigenvalues sought (6);
• The matrix (Q );
• The function that performs the matrix-vector product w A AvT←  ( ` a b V ` V ` c );
• The desired part of the spectrum ( d e f d  is passed here, which means that

eigenvalues from both ends of the spectrum are sought).

The eigenvalues of ATA were determined by function f g h i j k l m n i o  and stored in a
vector called o k l m n i . After computing the square roots of the elements of o k l m n i , the
largest and the smallest singular values  p q r s t u v w x  and y z { | } ~ � � � , respectively 
were used to calculate the condition number of A.

Working with user-defined matrix-vector products.

This section contains a very simple nonsymmetric standard eigenvalue that illustrates
how to define a class that includes a matrix-vector product as required by
ARPACK++ and also how this class can be used to obtain eigenvalues and
eigenvectors.

Creating a matrix class.

The objective of this simple example is to obtain the eigenvalues and eigenvectors of
the matrix A derived from the standard central difference discretization of the one-
dimensional convection-diffusion operator − ′′ + ′u uρ  on the interval [0,1], with zero
Dirichlet boundary conditions. This matrix is nonsymmetric and has a tridiagonal form,
with 2 2h  as the main diagonal elements, − −1 2ρ h  in the subdiagonal and
− +1 2ρ h  on the superdiagonal, where h is the mesh size.

Before defining an eigenvalue problem using ARPACK++, it is necessary to build at
least one class that includes the required matrix-vector product as a member function.
This class could be called � � � � � � � { � � � � , for example, and the name of the function
could be � } | � � z .

It is better to declare � � � � � � � { � � � �  as a class template, in order to permit the
eigenvalue problem to be solved in single or double precision. So, hereafter, parameter

                                                                                                                                                                           
14 Class � � � � � � � � � � � � � � � �  can also be used. Or even � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « , if the matrix is stored
in band format.
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¬
 will designate one of the c++ predefined types ­ ® ¯ ° ±  or ² ¯ ³ ´ ® µ . ¶ ¯ · ¸ ¹ º » ° ± ¼ ½ ¾  can

contain variables and functions other than » ³ ® ± » ¿ . There only requirements made by
ARPACK++ are that » ³ ® ± » ¿  must have two pointers to vectors of type 

¬
 as

parameters and the input vector must precede the output vector. The class definition is
shown below.

À Á Â Ã Ä Å À Á Æ Ç Ä Å È È É Ê
Ç Ä Å È È Ë Ì Í Î Ï Â Ð Å À Ñ Ò Ó ÔÕ Ö
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Solving the eigenvalue problem.

Once defined the matrix-vector product, it is necessary to create a matrix that belongs
to class � � � � � � � � � � �  , and also an object of class ! " � � � � � � � � # $ � % . After that, the
desired number of eigenvalues can be obtained by calling function& � � # $ � % ' � ( ' ) � � � * .

Because ! " � � � � � � � � # $ � %  was declared as a template by ARPACK++, some
parameters must be used to create a specific class when the program is compiled. In
this example, those parameters are set to # � + , - ' , the type of the elements of matrix A,
and to . / 0 1 2 3 4 5 6 7 8 9 : ; / < = > ? @ , the name of the class that handles the matrix-vector
product.

Besides that, the constructor of class A B . / 0 1 2 3 1 6 ; C 8 D  also accepts some parameters,
such as the dimension of the eigenvalue system (A E 0 F / > G ), the number of desired
eigenvalues (4), an object of class . / 0 1 2 3 4 5 6 7 8 9 : ; / < = > ? @  (A ), the address of the
function that evaluates the matrix-vector product ( H I J K L M N O P Q R S T U V J W X Y Z [ \ \

O W Y Q O ] ) and the portion of the spectrum that is sought ( ^ L O ^ , which means the
eigenvalues with smallest magnitude). Other options and parameters (not used here)
are described in the appendix.

_ ` a b c d e f g h i j a j k l m n g
l h ` a o pq

` a r a b s a t u
v v w i f h r ` a x h e s d y c f z i f b ` j ` s a { | | } { | | l h r i ` } m

~ s a � k l � h r i ` } � e s d y c f � � o { | | p u
v v w i f h r ` a x h a f ` x f a t h c d f z i s y c f l h a e e f � ` a ` a x � n h r � f a f f e �v v r n f � s d i f ` x f a t f b r s i j s � � � ` r n j l h c c f j r l h x a ` r d e f m

� � ~ s a � k l � r e � ` x � e s d y c f � ~ s a � k l � h r i ` } � e s d y c f � �
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v �
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Printing some information about eigenvalues and eigenvectors.

The function ° ± ² ³ ´ µ ± ¶  was included in this example to illustrate how to extract
information about eigenvalues and eigenvectors from class · ¸ ¹ ± ¶ ° º » ° ´ ¼ ½ µ ¾ . Only a
few suggestions are shown here. A complete list of ARPACK++ functions can be
found in the appendix: ARPACK++ reference guide.
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Using the reverse communication interface.

ARPACK++ provides a somewhat simple structure for handling eigenvalue problems.
However, sometimes it is inconvenient to explicitly define a function that evaluates a
matrix-vector product using the format required by the above mentioned classes.

To deal with such cases, ARPACK++ also includes a set of classes and functions that
allow the user to perform matrix-vector products on his own. This structure is called
the reverse communication interface and is derived from the FORTRAN version of
the software.

Although this interface gives the user some freedom, it requires a step-by-step
execution of ARPACK++. Therefore, to find an Arnoldi basis it is necessary to define
a sequence of calls to a function called ¤ ¥ ¦ § ¨ © § ª  combined with matrix-vector
products until convergence is attained.

One example that illustrate the use of these classes is given below The matrix used in
this example, say A, is real and symmetric. It is not defined by a class, but only by the
function « ¬ ­ © « ®  that performs the product y Ax← . A slightly different version of
this program can be found in directory § ¯ ¥ ° ª ­ § ± ² ³ § ® § ³ ± § ² ± ´ ° .

µ z } � � � ¡ s � � w w t t � x � ¶ �
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In the above example, the definition of the eigenvalue problem was made without any
mention to the matrix class. Because of that, ARPACK++ was not able to handle the
matrix-vector products needed by the Arnoldi process and it was necessary to include
a � � � � �  statement in the main program in order to iteratively find an Arnoldi basis.
Only after that, � � � � � �  � � ! � " # $ % &  was called to find eigenvalues and eigenvectors.

In this iterative search for an Arnoldi basis, ' ( ) � * # � +  was used to perform almost all
work needed by the algorithm and only the product y Ax← was left to the user.
When solving a generalized eigenvalue problem, however, at least two different
matrix-vector products must be performed, and the , � # - � $  function should be used to
determine which product must be taken after each call to ' ( ) � * # � + .

Some other useful ARPACK++ functions included in the example are , � # . � " # $ % ,/ 0 1 2 3 4 1 5 6
 and 7 6 8 5 9 : ; < = > ; > ? 5 0 8 :

. @ 3 1 2 3 4 1 5 6
 and 

/ 0 1 2 3 4 1 5 6
 are two functions

that return pointers to the exact position where, respectively, A , the input vector, andB , the output vector of the matrix-vector product, are stored. 7 6 8 5 9 : ; < = > ; > ? 5 0 8 :
 is

used to detect if the desired eigenvalues have attained the desired accuracy.

Finally, it is worth mentioning that, although no output command was included in the
above program, functions such as C ; D 3 8 2 = 9 2 3 4 1 5 6 >

, E = F C ; D 3 8 G 3 4 1 5 6 >
,H 1 9 C ; D 3 8 G = 9 0 3 >

 and C ; D 3 8 G = 9 0 3
 are also available when using the reverse

communication interface.

Building an interface with another library.

More than a c++ version of the ARPACK FORTRAN package, ARPACK++ is
intended to be an interface between ARPACK and other mathematical libraries.
Virtually all numerical libraries that represent matrices and their operations by means
of c++ classes can be linked to ARPACK++. This is the main reason why class
templates were used to define eigenvalue problems.

The simplest way to connect ARPACK++ with another library is to pass a matrix
generated by this library as a parameter to one of the classes 7 E I 5 8 H B J H 1 : C ; D

,
7 E H B J H 1 : C ; D

, 7 E K 5 J L H 1 : C ; D
, 7 E I 5 8 H B J @ 3 8 C ; D

, 7 E H B J @ 3 8 C ; D
 or 7 E K 5 J L @ 3 8 C ; D

.
In this case, the user can also pass the matrix class as template parameter, so the
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problem can be solved almost immediately, as shown in the Working with user-defined
matrix-vector products section above.

This alternative is recommended when only a few eigenvalue problems are to be
solved. However, if the user intends to solve many eigenvalue problems, it is better to
define a new class to interface ARPACK++ with the other library.

The creation of a new class is very simple, since most of its member functions can be
inherited from other parent classes. As an example, one of the declarations of theM N O P Q R S T U V T W X Y Z [

 class is transcribed below. Actually, this is the UMFPACK
version of this class, exactly as it is declared in the \ ] ^ \ _ ` a a b Z S _ O P X c b \ ] P d S d U V e f
file.
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Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö Ô × Ø Ù Ú Û Ü Ý Þ ßà à á â ã × ä Ð å × Ò ä æ
à à ç Ý è é â ä ê × Ò ä ã æ

Í Î Ï Ð Ñ Ò Ó ë Õ Ö ë × Ø Ù Ú Û ì Ò é â ä ê × Ò ä í Ü å Ò Ó ã × Í Î Ï Ð Ñ Ò Ó ë Õ Ö ë × Ø Ù Ú Û ì Ò × î â ä Ý ïà à Í ã ã Ú Û Ó Ö â Ó × Ò é â ä ê × Ò ä æ
ß ï à à å Ï ê ã ã Í Î Ï Ð Ñ Ò Ó ë Õ Ö ë × Ø Ù Ú Û æ

ð â Ó Ø Ú ñ à à Í Î ò ë Ñ ë ó ô õ ö
÷ ø ù ú û ü ý þ ÿ � þ � � � � �

 is derived from 
÷ ø û ü ý þ ÿ � þ � � � � �

. All functions and variables of
this base class are inherited by the new class. The only function redefined here is� � � ý � 	 þ � � 
 �

. Naturally, the class constructors, the destructor and the assignment
operator are not inherited as well.

The main reason for function 
� � � ý � 	 þ � � 
 �

 to be redefined is to include the command

Ò ç � è � 
 � � ê å × Ò ä Í ã � Ü ã Ú Û Ö ê Î Ý ï
This command tells ARPACK++ to factorize matrix A I− σ  each time a new shift
σ is defined. This factorization is necessary since 

÷ ø ù ú û ü ý þ ÿ � þ � � � � �
 cannot solve an

eigenvalue problem in shift and invert mode without solving several linear systems
involving A I− σ .

In ARPACK++, every time the copy constructor or the assignment operator is called,
a function named � ü � ÿ

 is called to make a copy of the class. Fortunately,÷ ø ù ú û ü ý þ ÿ � þ � � � � �
 does not contain variable declarations, but if the user intends to

create a class that contains new variables, a new 
� ü � ÿ

 function should also be defined.
Doing this way, the user assures that neither the copy constructor nor the assignment
operator need to be changed.

The standard constructor and the destructor of 
÷ ø ù ú û ü ý þ ÿ � þ � � � � �

 contains no
commands. These functions do nothing but calling the constructors and destructors of
the base classes. The other three constructors contain exactly the same commands
defined in the constructors of the 

÷ ø ù ú û ü ý þ ÿ � þ � � � � �
 class. The same happens to the

assignment operator. Actually, these functions were redefined just because the
language does not allow them to be inherited.
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ARPACK++

reference guide

This appendix contains a detailed description of all the ARPACK++ classes, variables
and functions. Problem and template parameters are presented first. After that, each
class is described with examples that illustrate how to use all available constructors.
Finally, ARPACK++ functions are classified and grouped accordingly their use.

Through this chapter, complex numbers will be presented using g++ notation. Thus,� � � � � � � � � � � � � � �  represents a double precision complex type, i.e. a complex number
with double precision real and imaginary parts.

Template parameters.

ARPACK++ is a collection of templates. Because of that, its classes are not unique but
depend on some parameters that permit specific classes to be built only at compilation
time. These parameters give the user some freedom to define matrix classes that
describe the eigenvalue problem and also to use different floating point precision. The
four available parameters are described below.

�  ! " #�  ! " #

Description
This is the predefined c++ type used to represent real numbers. It must be set to$ % & ' ( )

 or * + , - . .
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/ 0 1 2/ 0 1 2

Description
This is the type used to represent elements of vectors and matrices. If the problem
being solved is complex, it must be set to 3 4 5 6 7 8 9 : ; 4 < = 7 8 >  or 3 4 5 6 7 8 9 : ? 7 4 @ A > ,
otherwise it must be set to ; 4 < = 7 8  or ? 7 4 @ A , depending on the value of the B C D E F
parameter.

Because ARPACK++ has specialized classes that handle complex and real symmetric
and nonsymmetric problems, this parameter is seldom used to define an eigenvalue
problem. Only the matrix classes and ARPACK++ base classes require the definition
of G H I J .

K L MK L M

Description
This is the c++ class that handles matrix information in standard eigenvalue problems.
It also the class used to define one of the matrices in generalized problems. N O I  must
contain a member function which matches the definition of P Q R S T U V  given below.

W XW X

Description
This is the c++ class that contains information about the second matrix in generalized
problems (the first matrix is handled by Y Z [ ). It must contain a member function with
exactly the same type of \ ] ^ _ ` a  (and also another function that matches the definition
of \ ] ^ _ b a , in certain cases). \ ] ^ _ ` a  and \ ] ^ _ b a  are described below.

Types of matrix-vector product functions.

ARPACK++ classes that require matrix-vector product functions impose the user only
one restriction: these functions must follow a very stringent pattern. This limitation is
related to the format used by the ARPACK FORTRAN code to store vectors.
Actually, functions can be created using other types, but there must be an explicit
conversion between them and one of the types described below.
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c d e f g h ic d e f g h i

Declarationj k l m n m o p q r n s t u v w w x y k l m u v z { s y | v } ~ � � y | v } ~ � {

Description
� � � � � � �

 is a pointer to a function that has two vectors of type 
� � � �

 as parameters and
returns nothing. This function must be a member of class � � �

.

Some ARPACK++ classes require the user to create a class which includes a function
that evaluates the matrix-vector product y ← OPx (see the description of � � � � � � �
below). 

� � � � � � �
 is used to define the name of this function, while � � �

 is used to
represent the class name. The first parameter is the input vector, x, and the second is
the output vector, y.

� � � � � �� � � � � �

Declaration� � � � � � � � � � � � �   ¡ ¡ ¢ £ � � �   ¤ ¥ � £ ¦ § ¨ © ª « £ ¦ § ¨ © ª ¥

Description
Analogously to ¬ ­ ® ¯ ° ± ² , ¬ ­ ® ¯ ³ ²  represents the name of a function that is member of
class ´ ³  and evaluates a matrix-vector product in the form y ← Bx (see µ ¶ · ¸ ³ ²
below). The first parameter of the function is the input vector, x, and the second is the
output vector, y.

¬ ­ ® ¯ ³ ²  is also used to represent another member function of class ́ ³ . This function
evaluates the matrix-vector product y ← Ax and is required only by two classes:¹ º » ¼ ½ ¾ ¿ À Á Â Ã

 (when using the Cayley constructor) and Ä Å Æ Ç È É Ê Ë Ì Í È Î Ï Ð  (when in
complex shift-and-invert mode).

Problem parameters.

Various ARPACK++ class constructors and functions that will be described later in
this section include one or more parameters. To avoid redefining these parameters
each time a function is mentioned, a complete list is given below. The list include
parameters from all ARPACK++ classes, each one followed by its type (displayed on
the right) and a brief description.
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Some parameters are compulsory, i.e. must be supplied by the user when solving an
eigenvalue problem. Other are internally set by ARPACK++, but the user may change
them if the default value is not appropriate.

Compulsory parameters.

Ñ Ñ
Ò Ó ÔÒ Ó Ô

Description
Dimension of the eigenvalue problem.  Õ  > 1.

Ö × ØÖ × Ø
Ù Ú ÛÙ Ú Û

Description
Number of eigenvalues to be computed. 0 < Ü Ý Þ  < Ü -1.

ß à á â ãß à á â ã
ä å æ çä å æ ç

Description
Pointer to an object of class è é ê 15. Class ë ì í must have î ï ð ñ ì í ò  as a member
function. This parameter is required only if the user intends to use his own matrix
class.

ó ô õ ö ÷ ø ùó ô õ ö ÷ ø ù
ú û ü ý þ ÿ �ú û ü ý þ ÿ �

Description
Member function of class 

� � �
 that evaluates the product y OPx← . The specification

of OP depends on the problem type and the computational mode being used. The
alternatives are summarized in the following table:

                                                       
15 See the description of � � �  in the Template parameters section above.
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Problem type mode y OPx←

Standard regular y Ax←

shift and invert y A I x← − −( )σ 1

Generalized regular y B Ax← −1

all other y A B x← − −( )σ 1

Warning: When solving real nonsymmetric problems in complex shift-and-invert
mode, OP elements are complex, but y must be a real vector. In this case, y should be
set to the real or the imaginary part of the complex vector z OPx= .

� � 	 
� � 	 

� � 
� � 


Description
Pointer to an object of class � � . The class of this object must have � � � � � �  as a
member function. o � � �  is required only if the user wants to supply his own matrix
classes when solving a generalized eigenvalue problem.

� � � � � �� � � � � �
� �  ! " #� �  ! " #

Description

Member function of class $ �  that evaluates a product in the form y Bx←  or y ← Ax,
when defining a generalized eigenvalue problem Ax Bx= λ .

ARPACK++ assumes that this class will return y ← Ax only if the user is solving a real
symmetric generalized problem in buckling mode. In all other cases, % & ' ( � )  is
supposed to evaluate the product y ← Bx.

* + , -* + , -
. " /. " /

Description
Pointer to an object of class $ � . The class of this object must have % & ' ( 0 )  as a
member function. o � � 0  is used with some particular generalized real problems only
(see % & ' ( 0 ) ).
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1 2 3 4 5 61 2 3 4 5 6
7 8 9 : ; <7 8 9 : ; <

Description
Member function of class = >  that evaluates the product y Ax← . This parameter is
required only by two classes: ? @ A B C D E F G H I , when using the Cayley constructor, and
? @ J K F A B C D E F G H I , when using the complex shift-and-invert mode.

L M N O PL M N O P Q R S T U V W X YQ R S T U V W X Y Z Z
[ \ ] ^[ \ ] ^

Description
Shift. This parameter is required if a spectral transformation is employed. It represents
the real part of a complex shift if the problem is real and nonsymmetric.

_ ` a b c d_ ` a b c d
e f g h ie f g h i

Description
Imaginary part of the shift. This parameter must be supplied when solving
nonsymmetric problems in complex shift and invert mode.

j k l m n o p q r mj k l m n o p q r m
s t u vs t u v

Description
Spectral transformation used to find eigenvalues of symmetric generalized problems. If
the shift and invert mode is being used, this parameter must be set to “ w ”. Buckling
and Cayley modes are represented by “ x ” and “ y ”, respectively.

z { | }z { | }
~ � � �~ � � �

Description
This parameter is required only if the problem to be solved is a real nonsymmetric
generalized one and a complex shift is used to characterize the desired portion of the
spectrum. In this case, the user needs to supply a matrix-vector routine in the form
y OP x← . ,  where OP is one of the real A B{ ( ) }− −σ 1  or imag A B{ ( ) }− −σ 1  and
the variable � � � �  must be set to one of “ � ” or “ � ” in order to reflect the choice made.
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Optional parameters.

� � �� � �
� � �� � �

Description
Number of Arnoldi vectors generated at each iteration. � � �  must be set to a value
between � � �  + 1 and �  - 1.

� � �  is strongly related to the computational time and also to the storage space required
by ARPACK++. The computational work needed to find eigenvalues is proportional
to � � � � � 2 flops, while memory consumption is � � O( � � � ) + O( � � � 2). Unfortunately,

� � �  it is very problem dependent and there is no a-priori analysis to guide the selection
of this parameter. Generally, if matrix-vector products are cheap, a smaller value of

� � �  may lead to a decrease in the overall computational time, in spite of the larger
amount of products required.

Default value.
min { 2 � � �  + 1, �  - 1 }

� � � � �� � � � �
� � �� � �

Description
Maximum number of Arnoldi update iterations allowed. If the user supplies a positive�   ¡ ¢ £ , this value is maintained, otherwise the default value is employed.

Default value.
100 � � � �

¤ ¥ ¦ § ¥¤ ¥ ¦ § ¥
¨ © ª « ¬¨ © ª « ¬

Description
This parameter specifies which of the Ritz values of OP to compute and depends on
the class being used. The options available are depicted in the table below:
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option desired part of spectrum

LA eigenvalues with largest algebraic value

SA eigenvalues with smallest algebraic value

LM eigenvalues with largest magnitude

SM eigenvalues with smallest magnitude

LR eigenvalues with largest real part

SR eigenvalues with smallest real part

LI eigenvalues with largest imaginary part

SI eigenvalues with smallest imaginary part

BE eigenvalues from both ends of spectrum (if ­ ® ¯  is odd, one more
eigenvalue is computed from the high end than from the low end).

For symmetric problems, ° ± ² ³ ±  must set to be one of ´ µ , ¶ µ , ´ · , ¶ ·  or ¸ ¹ . For real
nonsymmetric and complex problems, the alternatives are ́ · , ¶ · , ́ º , ¶ º , ́ »  and ¶ » .

Default value.
´ · .

¼ ½ ¾¼ ½ ¾
¿ À Á Â Ã¿ À Á Â Ã

Description
Stopping criterion (relative accuracy of Ritz values). The user should expect a

computed eigenvalue, λ , to satisfy the relation λ λ λ− ≤* | |Ä Å Æ , where λ*  is the

eigenvalue of A closest to λ .

The Arnoldi process is somewhat sensitive to this parameter, so it must be set with
some care. Though large values of Ä Å Æ  can reduce the number of iterations required to
attain convergence, some eigenvalues can be missed if they are multiple or tightly
clustered. On the other hand, very small values can prevent the convergence of the
method.

Default value.
The machine precision is used if Ä Å Æ  is not supplied or set to zero.
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Ç È É Ê ËÇ È É Ê Ë
Ì Í Î Ï ÐÌ Í Î Ï Ð

Description
Initial vector. Although generally the default starting vector is a good choice, Ñ Ò Ó Ô Õ
can be supplied, for example, when a sequence of related problems is being solved. In
such cases, ARPACK can converge faster if a starting vector based on previous
eigenvalue calculations is used.

Default value.
When this parameter is not provided by the user, a random vector is adopted.

Ö × Ø Ù Ú Û Ü Ý ØÖ × Ø Ù Ú Û Ü Ý Ø
Þ ß ß àÞ ß ß à

Description
This parameter indicates if exact shifts for the implicit restarting of the Arnoldi method
are being generated internally by ARPACK++ or shifts are being supplied by the user.

Default value.á â ã ä  (exact shifts are being used).

Eigenvalue problem classes.

There are twenty two predefined template classes in ARPACK++. These classes are
intended to cover all types of problem handled by ARPACK FORTRAN code and
also to provide an easy way of creating eigenvalue problems. The first eighteen classes
described below may be used to define objects directly. The main purpose of the last
four is to serve as a basis for the former classes, but they also may be used to create
new user defined classes.

The filename shown under each class name (on the right) corresponds to the header
file that contains the class definition.
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Classes that require matrices.

å æ ç è é ê ë é ì í î ï ðå æ ç è é ê ë é ì í î ï ð
ñ ò ó ô ô õ ö ÷ ø ù ú û ü ý ò þ ÿ � ý ò ô � � � �ñ ò ó ô ô õ ö ÷ ø ù ú û ü ý ò þ ÿ � ý ò ô � � � �

� � � � � 	 
 � � 
 � � � � � � � � � � � � � � �� � � � � 	 
 � � 
 � � � � � � � � � � � � � � �
� � � � � �  ! " # $ % & % ' ( � ) * � ) + ) � � , - * .� � � � � �  ! " # $ % & % ' ( � ) * � ) + ) � � , - * .

/ 0 1 2 2 3 4 5 6 7 8 9 : 9 ; < 1 / = > ? @ 0 2 A B = C/ 0 1 2 2 3 4 5 6 7 8 9 : 9 ; < 1 / = > ? @ 0 2 A B = C

DeclarationD E F G H I D E J K H I L L M N O P Q R K H I L L P S H T U V F U D W X Y Z

Description
This class defines a real symmetric standard eigenvalue problem using[ \ ] ^ _ ` a b c d e f g

, 
[ \ ^ a _ ` a b c d e f g

, h i j k l m n o p q r s t  or u v w x y z { | } ~ � � �  as the class
that stores matrix data.

Warning: � � � � � � � � � � � � �  does a sparse LU factorization of matrix ( )A I− σ  when
shift and invert mode is used, so the user must be aware of the memory requirements
associated to this spectral transformation16.

Such factorization is performed by the SuperLU package if � � � � � � � � � � � � �  is the
matrix class being used, while � � � � � � � � � � � � �  calls UMFPACK routines and
� � � � � � � � � � � � �  and � � � � � � � � � � � � �  use LAPACK matrix factorizations. All these
libraries can be obtained as described in chapter one.

Parent class (SuperLU version)� � � � � � � � � � � � � � �   ¡ ¢   � £ ¤ � ¥ ¦ § ¨ © � ª « � � � �   ¡ ¢ ¬ � � � � ­ ¦ § ¨ © � ª ® ®

Parent class (UMFPACK version)� � � � � � � � � � � � � � �   ¡ ¢   � £ ¤ � ¥ ¦ § ¨ © � ª « � � � ¢   ¡ ¢ ¬ � � � � ­ ¦ § ¨ © � ª ® ®

Parent class (LAPACK band version)� � � � � � � � � � � � � � �   ¡ ¢   � £ ¤ � ¥ ¦ § ¨ © � ª « � � � £   ¡ ¢ ¬ � � � � ­ ¦ § ¨ © � ª ® ®

Parent class (LAPACK dense version)� � � � � � � � � � � � � � �   ¡ ¢   � £ ¤ � ¥ ¦ § ¨ © � ª « � � £ ¯   ¡ ¢ ¬ � � � � ­ ¦ § ¨ © � ª ® ®

Default constructor° ± ² ³ ´ µ ¶ ´ · ¸ ¹ º » ¼ ½

Regular mode constructor (SuperLU version)° ± ² ³ ´ µ ¶ ´ · ¸ ¹ º » ¼ ¾ ¿ À ¿ Á Â Ã Ä Å Æ Ç È É Ê Ë Ì À Í ¾ Î Ï Ð Ñ Ò Ä Ó Ô Õ Ä Ã Ö × Ì Í Ø Ù × ¾ Ö × Ú Û Ñ Ë Û ÃÜ Ý Þ Ý ß à á â ã ä å æ ç è Þ é ê á â ë â ã Ü Ý Þ ì í î Ü Þ á â ã
ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý þ þ ÿ ò � � þ � � ø � � ú � õ � ö �

                                                       
16 Errors such as a memory overflow can be caught by the user. See the Handling Errors section
below.
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Regular mode constructor (UMFPACK version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � 	 � 
 � � � � 
 � � � � � � � � �  ! � � " # � � $ % # � " # & ' � � ' �
� � 
 � " � & ( � � � � � � 
 ) � & ( * ( � � � 
 � � � � 
 & ( �

� � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Regular mode constructor (LAPACK band version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � , � 
 � � � � 
 � � � � � � � � �  ! � � " # � � $ % # � " # & ' � � ' �
� � 
 � " � & ( � � � � � � 
 ) � & ( * ( � � � 
 � � � � 
 & ( �

� � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Regular mode constructor (LAPACK dense version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � � + 
 � � � � 
 � � � � � � � � �  ! � � " # � � $ % # � " # & ' � � ' �
� � 
 � " � & ( � � � � � � 
 ) � & ( * ( � � � 
 � � � � 
 & ( �

� � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Shift and invert mode constructor (SuperLU version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � � 	 
 � � � � 
 � � � � � � � � �  ! � � � � � � � + � � � � �
" # � � $ % # � " # & ' � � ' � � � 
 � " � & ( � � � � � � 
 ) � & ( * ( �
� � 
 � � � � 
 & ( � � � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Shift and invert mode constructor (UMFPACK version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � 	 � 
 � � � � 
 � � � � � � � � �  ! � � � � � � � + � � � � �
" # � � $ % # � " # & ' � � ' � � � 
 � " � & ( � � � � � � 
 ) � & ( * ( �
� � 
 � � � � 
 & ( � � � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Shift and invert mode constructor (LAPACK band version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � , � 
 � � � � 
 � � � � � � � � �  ! � � � � � � � + � � � � �
" # � � $ % # � " # & ' � � ' � � � 
 � " � & ( � � � � � � 
 ) � & ( * ( �
� � 
 � � � � 
 & ( � � � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Shift and invert mode constructor (LAPACK dense version)� � � 	 
 � � 
 
 � � � � � � � 
 � � � � � � � + 
 � � � � 
 � � � � � � � � �  ! � � � � � � � + � � � � �
" # � � $ % # � " # & ' � � ' � � � 
 � " � & ( � � � � � � 
 ) � & ( * ( �
� � 
 � � � � 
 & ( � � � � � � $ � � + � � & ( � , ) ) � � 	 
 ) 
 # � - 
 & 
 � 	 � .

Examples
This class requires the user to declare a matrix using one of the / 0 1 2 3 4 5 6 7 8 9 : ; ,
/ 0 2 5 3 4 5 6 7 8 9 : ; , / 0 < = 3 4 5 6 7 8 9 : ;  or / 0 > < 3 4 5 6 7 8 9 : ;  classes17, as in the following
examples:

? @ A B C D E F G H I J K L M N B O A P Q ? R S T S S U T S U V G A T J I N W T X Y N A Z [
? @ B E C D E F G H I J K L M N B O A P Q ? R S T S S U T S U V G A T J I N W T X Y N A Z [
? @ M \ C D E F G H I J K L M N B O A P Q ? R S T S U V G A Z [
? @ O M C D E F G H I J K L M N B O A P Q ? R S T S \ M J G ] T S U V G A Z [

Once A has been defined, one of the constructors mentioned above should be used to
declare the problem. As the default constructor would be harder to use than the others,
because it does not permit the user to simultaneously define an object and pass all the

                                                       
17 For a full description of these classes, see the Available matrix classes section below.
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required information, only the regular and the shift and invert mode constructors were
included here.

1. Using the regular mode constructor
^ _ ` a b c d b e f g h i j f k a l ` m n o p k l q r s ^ t u

2. Using the real shift and invert mode constructor
v w x y z { | z } ~ � � � � ~ � y � x � � � � � � � � � v � � � � � � �

� � � � � � � � � � � � � � �  � � � � � � � � � � � � � � �  
¡ ¢ £ ¤ ¥ ¤ ¦ § ¨ © ª « ¬ ­ ® ¢ ¯ ° ± ® ¢ ¤ ² ³ ¥ ´¡ ¢ £ ¤ ¥ ¤ ¦ § ¨ © ª « ¬ ­ ® ¢ ¯ ° ± ® ¢ ¤ ² ³ ¥ ´

¡ ¢ ¬ ¤ ¥ ¤ ¦ § ¨ © ª ° µ ¶ · ¸ ¹ º ± ® ¢ ¤ ² ³ ¥ ´¡ ¢ ¬ ¤ ¥ ¤ ¦ § ¨ © ª ° µ ¶ · ¸ ¹ º ± ® ¢ ¤ ² ³ ¥ ´
¡ ¢ » ¤ ¥ ¤ ¦ § ¨ © ª ¯ ¸ · ¸ ¹ º » ® ¥ ¤ ® ± ® ¢ ¤ ² ³ ¥ ´¡ ¢ » ¤ ¥ ¤ ¦ § ¨ © ª ¯ ¸ · ¸ ¹ º » ® ¥ ¤ ® ± ® ¢ ¤ ² ³ ¥ ´

¡ ¢ ¼ ¤ ¥ ¤ ¦ § ¨ © ª ¯ ¸ · ¸ ¹ º ¼ ¡ ¥ » ± ® ¢ ¤ ² ³ ¥ ´¡ ¢ ¼ ¤ ¥ ¤ ¦ § ¨ © ª ¯ ¸ · ¸ ¹ º ¼ ¡ ¥ » ± ® ¢ ¤ ² ³ ¥ ´

Declaration½ ¾ ¿ À Á Â ½ ¾ Ã Ä Á Â Å Å Æ Ç È É Ê Ë Ä Á Â Å Å É Ì Á Í Î Ï Ð Ñ Ò ¿ Ñ ½ Ó Ô Õ Ö

Description
This  class  defines  a  real  nonsymmetric  standard  eigenvalue  problem  using  one
of the × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å æ , × Ø Ú à Û Ü Ý Þ ß à á â ã ä å æ , × Ø ç è Û Ü Ý Þ ß à á â ã ä å æ  or
× Ø é ç Û Ü Ý Þ ß à á â ã ä å æ  classes to store matrix data.

Warning: A sparse LU factorization of matrix ( )A I− σ  is performed when the shift
and invert mode is used, so the user must be aware of the memory requirements
associated to this spectral transformation (see how to catch a memory overflow in the
Handling errors section below).

Such factorization is done by the SuperLU package if × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å æ  is the
matrix class being used, while × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å æ  calls UMFPACK routines and
× Ø ç è Û Ü Ý Þ ß à á â ã ä å æ  and ê ë ì í î ï ð ñ ò ó ô õ ö ÷ ø ù  use LAPACK matrix factorizations. All
these libraries can be obtained as described in chapter one.

Parent class (SuperLU version)ú û ü ý þ ÿ � þ � � û � ý � � � � � 	 
 � 	 � � 
 þ � � � � � � � � � � ý û � � � 	 
 � � � � � þ � � � � � � � � �

Parent class (UMFPACK version)ú û ü ý þ ÿ � þ � � û � ý � � � � � 	 
 � 	 � � 
 þ � � � � � � � � � � û � � � � 	 
 � � � � � þ � � � � � � � � �

Parent class (LAPACK dense version)ú û ü ý þ ÿ � þ � � û � ý � � � � � 	 
 � 	 � � 
 þ � � � � � � � � � � � � � � � 	 
 � � � � � þ � � � � � � � � �

Parent class (LAPACK band version)ú û ü ý þ ÿ � þ � � û � ý � � � � � 	 
 � 	 � � 
 þ � � � � � � � � � � ü � � � � 	 
 � � � � � þ � � � � � � � � �
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Default constructor� � � � � � �  ! "  # $ % & ' ( )

Regular mode constructor (SuperLU version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � � � � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Regular mode constructor (UMFPACK version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � � " � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Regular mode constructor (LAPACK dense version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � $ @ � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Regular mode constructor (LAPACK band version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � A $ � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Real shift and invert mode constructor (SuperLU version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � � � � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � , 2 3 4 � 5 @ & ' " . ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Real shift and invert mode constructor (UMFPACK version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � � " � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � , 2 3 4 � 5 @ & ' " . ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Real shift and invert mode constructor (LAPACK dense version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � $ @ � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � , 2 3 4 � 5 @ & ' " . ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Real shift and invert mode constructor (LAPACK band version)� � � � � � �  ! "  # $ % & ' ( & � # � * + , � � A $ � � �  ! " - . # / & 0 1 2 3 4 � 5 6 7 � , 2 3 4 � 5 @ & ' " . ,
8 9 . / : ; 9 & 8 9 < = 3 - = , & � # � 8 + < > , 2 3 4 � 5 # � � < > ? > ,
& � # " . 0 & # < > , 2 3 4 � 5 : / * @ & $ < > , A � � � � � # �  9 & B # < # / � * )

Examples
This class requires the user to declare a matrix using the C D E F G H I J K L M N O P Q R ,
C D F L G H I J K L M N O P Q R , C D S T G H I J K L M N O P Q R  or C D U S G H I J K L M N O P Q R  classes, as in the
following examples:

� � � � � � �  ! " - . V / & 0 1 $ � � A � * 6 � ( � , � � W , � W + . � , & / � ; , X 8 � � ) Y
� � � " � � �  ! " - . V / & 0 1 $ � � A � * 6 � ( � , � � W , � W + . � , & / � ; , X 8 � � ) Y
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Z [ \ ] ^ _ ` a b c d e f g h i j \ _ k l m n o Z p ` q ` r s e m t u
v w x y z { | } ~ � � � � � � � � y { � x � � � v � | � | y � � � � � | y � � � � � | � � � � � �

Once A has been defined, one of the constructors mentioned above should be used to
declare the problem. As in the symmetric class, the default constructor is harder to use
than the others, since it does not permit the user to pass all required information at
once. Thus, only the regular and shift and invert constructors are shown below.

1. Using the regular mode constructor
v w � � z { | } ~ � } � y � � � � y { � x � � � � � { x � � � v � �

2. Using the real shift and invert mode constructor
v w � � z { | } ~ � } � y � � � � y { � x � � � � � { x � � � v � � � � � � �

� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨
© ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ° ¶ ª · ¸ ¹ ¶ ª ¬ º ® » ¼© ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ° ¶ ª · ¸ ¹ ¶ ª ¬ º ® » ¼

© ª µ ¬ ­ ® ¯ ° ± ² ³ ¸ ½ ¾ ¿ À Á Â ¹ ¶ ª ¬ º ® » ¼© ª µ ¬ ­ ® ¯ ° ± ² ³ ¸ ½ ¾ ¿ À Á Â ¹ ¶ ª ¬ º ® » ¼
© ª Ã ¬ ­ ® ¯ ° ± ² ³ · À ¿ À Á Â Ã ¶ » ¬ ¶ ¹ ¶ ª ¬ º ® » ¼© ª Ã ¬ ­ ® ¯ ° ± ² ³ · À ¿ À Á Â Ã ¶ » ¬ ¶ ¹ ¶ ª ¬ º ® » ¼

© ª Ä ¬ ­ ® ¯ ° ± ² ³ · À ¿ À Á Â Ä © » Ã ¹ ¶ ª ¬ º ® » ¼© ª Ä ¬ ­ ® ¯ ° ± ² ³ · À ¿ À Á Â Ä © » Ã ¹ ¶ ª ¬ º ® » ¼

DeclarationÅ Æ Ç È É Ê Å Æ Ë Ì É Ê Í Í Î Ï Ð Ñ Ò Ó Ì É Ê Í Í Ñ Ô É Õ Ö × Ç È Ø Å Ù Ú Û Ü

Description
This class defines a complex standard eigenvalue problem using Ý Þ ß à á â ã ä å æ ç è é ê ë ì ,
Ý Þ à æ á â ã ä å æ ç è é ê ë ì , Ý Þ í î á â ã ä å æ ç è é ê ë ì  or Ý Þ ï í á â ã ä å æ ç è é ê ë ì  as the class that
stores matrix data.

Warning: ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý  calls one of the SuperLU, UMFPACK or LAPACK
packages to perform a sparse LU factorization of matrix ( )A I− σ  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 spectral transformation.

Parent class (SuperLU version)þ ÿ � � � � � � � � ÿ � �� 	 
 � � þ 
 � � � � � � � � � � � � � 	 � ÿ � � � 
 � � � � � � � � � � � � þ � � � � � � � � � � � �

Parent class (UMFPACK version)þ ÿ � � � � � � � � ÿ � �� 	 
 � � þ 
 � � � � � � � � � � � � � 	 ÿ � � � � 
 � � � � � � � � � � � � þ � � � � � � � � � � � �

Parent class (LAPACK dense version)þ ÿ � � � � � � � � ÿ � �� 	 
 � � þ 
 � � � � � � � � � � � � � 	 � � � � � 
 � � � � � � � � � � � � þ � � � � � � � � � � � �
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Parent class (LAPACK band version)�  ! " # $ % # & '  ( ") * + , - � . ' / 0 # 1 2 3 4 5 ) 6 7 ) * ! / 8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > >

Default constructor) * "  + , - � . ' / 0 # 1 ? @

Regular mode constructor (SuperLU version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) * "  8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ B ( & C D B # $ B E F 4 ; F 7 # 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7
# 9 ' - ( < # ' E G 7 $ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7

! , , " )  ' , . B # J ' E ' &  = @

Regular mode constructor (UMFPACK version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) *  - 8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ B ( & C D B # $ B E F 4 ; F 7 # 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7
# 9 ' - ( < # ' E G 7 $ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7

! , , " )  ' , . B # J ' E ' &  = @

Regular mode constructor (LAPACK dense version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) * / I 8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ B ( & C D B # $ B E F 4 ; F 7 # 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7
# 9 ' - ( < # ' E G 7 $ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7

! , , " )  ' , . B # J ' E ' &  = @

Regular mode constructor (LAPACK band version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) * ! / 8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ B ( & C D B # $ B E F 4 ; F 7 # 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7
# 9 ' - ( < # ' E G 7 $ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7

! , , " )  ' , . B # J ' E ' &  = @

Shift and invert mode constructor (SuperLU version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) * "  8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ , - � " = < 2 3 4 5 ) 6 > I # 1 - ( 7 $ B ( & C D B # $ B E F 4 ; F 7
# 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7 # 9 ' - ( < # ' E G 7
$ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7 ! , , " )  ' , . B # J ' E ' &  = @

Shift and invert mode constructor (UMFPACK version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) *  - 8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ , - � " = < 2 3 4 5 ) 6 > I # 1 - ( 7 $ B ( & C D B # $ B E F 4 ; F 7
# 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7 # 9 ' - ( < # ' E G 7
$ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7 ! , , " )  ' , . B # J ' E ' &  = @

Shift and invert mode constructor (LAPACK dense version)) * "  + , - � . ' / 0 # 1 ? # 9 ' 9 = % 7 ) * / I 8 , 9 . : - ; ( ' & # < 2 $ , - � " = < 2 3 4 5 ) 6 > > A ) 7
$ , - � " = < 2 3 4 5 ) 6 > I # 1 - ( 7 $ B ( & C D B # $ B E F 4 ; F 7
# 9 ' 9 $ % E G 7 3 4 5 ) 6 ' , " E G H G 7 # 9 ' - ( < # ' E G 7
$ , - � " = < 2 3 4 5 ) 6 > C & = I # / E G 7 ! , , " )  ' , . B # J ' E ' &  = @
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Shift and invert mode constructor (LAPACK band version)K L M N O P Q R S T U V W X Y W Z T Z [ \ ] K L ^ U _ P Z S ` Q a b T c W d e f P Q R M [ d e g h i K j k k l K ]
f P Q R M [ d e g h i K j k m W X Q b ] f n b c o p n W f n q r h a r ]
W Z T Z f \ q s ] g h i K j T P M q s t s ] W Z T Q b d W T q s ]
f P Q R M [ d e g h i K j k o c [ m W U q s ] ^ P P M K N T P S n W u T q T c N [ v

Examples
To use this class, one must declare a matrix using w x y z { | } ~ � z � � � � � � ,
w x � y { | } ~ � z � � � � � � , w x � � { | } ~ � z � � � � � �  or w x � � { | } ~ � z � � � � � � 18, as in the
following examples:

K L M N _ P Z S ` Q a b T c W d e f P Q R M [ d e U P N ^ M [ k k K Y Z ] Z Z � ] Z � \ b M ] W c P p ] R f P M v �
K L N Q _ P Z S ` Q a b T c W d e f P Q R M [ d e U P N ^ M [ k k K Y Z ] Z Z � ] Z � \ b M ] W c P p ] R f P M v �
K L U m _ P Z S ` Q a b T c W d e f P Q R M [ d e U P N ^ M [ k k K Y Z ] Z � \ b M v �
K L ^ U _ P Z S ` Q a b T c W d e f P Q R M [ d e U P N ^ M [ k k K Y Z ] Z U W b X h ] Z U W b X � ] Z � \ b M v �

Once created the matrix, one of the above constructors should be used to create the
problem. As the default constructor does not permit the user to declare all the
parameters required by ARPACK++ while defining an object of this class, only the last
two are shown below.

1. Using the regular mode constructor
K L M N O P Q R S T U V W X e U P N ^ M [ k R c P ^ Y � ] K v �

2. Using the real shift and invert mode constructor
� � � � � � � � � � � � � � � � � � � � � � �   � � ¡ ¢ £ � £ ¤ � � � � � ¥ � � � � � � � � ¡ ¦ § ¨ £ ¦ § ¢ © © ª

« ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·« ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·
¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å ¹ Æ Ç È Å ¹ ¼ É Ê Ë Ì¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å ¹ Æ Ç È Å ¹ ¼ É Ê Ë Ì

¸ ¹ Ã » ¼ ½ ¾ ¿ À Á Ç Í Î Ï Ð Ñ Ò È Å ¹ ¼ É Ê Ë Ì¸ ¹ Ã » ¼ ½ ¾ ¿ À Á Ç Í Î Ï Ð Ñ Ò È Å ¹ ¼ É Ê Ë Ì
¸ ¹ Ó » ¼ ½ ¾ ¿ À Á Æ Ð Ï Ð Ñ Ò Ó Å Ë ¼ Å È Å ¹ ¼ É Ê Ë Ì¸ ¹ Ó » ¼ ½ ¾ ¿ À Á Æ Ð Ï Ð Ñ Ò Ó Å Ë ¼ Å È Å ¹ ¼ É Ê Ë Ì

¸ ¹ Ô » ¼ ½ ¾ ¿ À Á Æ Ð Ï Ð Ñ Ò Ô ¸ Ë Ó È Å ¹ ¼ É Ê Ë Ì¸ ¹ Ô » ¼ ½ ¾ ¿ À Á Æ Ð Ï Ð Ñ Ò Ô ¸ Ë Ó È Å ¹ ¼ É Ê Ë Ì

DeclarationÕ Ö × Ø Ù Ú Õ Ö Û Ü Ù Ú Ý Ý Þ ß à á â ã Ü Ù Ú Ý Ý á ä Ù å æ ç × è Ö é ê ë ì

Description
This class defines a real symmetric generalized eigenvalue problem with matrices
stored using one of the í î ï ð ñ ò ó ô õ ö ÷ ø ù , í î ð ó ñ ò ó ô õ ö ÷ ø ù , í î ú û ñ ò ó ô õ ö ÷ ø ù  or
í î ü ú ñ ò ó ô õ ö ÷ ø ù  classes, depending on which package is being used to perform the
factorization of matrix B (if regular mode is chosen) or ( )A B− σ  (when in shift and
invert mode). í î ï ð ñ ò ó ô õ ö ÷ ø ù  class requires the SuperLU library, while UMFPACK

                                                       
18  The functionality of these classes is described in the Available matrix classes section below.



REFERENCE GUIDE     87

is used by ý þ ÿ � � � � � � � � � �  and LAPACK is called by ý þ 	 
 � � � � � � � � �  and� � 
 � � � � � � � � � � �

Because some fill -in can be generated by a sparse LU factorization, the user must be
aware of the memory requirements associated to each spectral transformation.

Parent class (SuperLU version)� � � � � � � �  ! � " � # $ % & ' ( ) * + � , - . / 0 # 1 2 # $ � � % & ' 3 ) * � � � - . / 0 # 1 4 2
# $ � � % & ' 3 ) * � � � - . / 0 # 1 4 4

Parent class (UMFPACK version)� � � � � � � �  ! � " � # $ % & ' ( ) * + � , - . / 0 # 1 2 # $ � ' % & ' 3 ) * � � � - . / 0 # 1 4 2
# $ � ' % & ' 3 ) * � � � - . / 0 # 1 4 4

Parent class (LAPACK dense version)� � � � � � � �  ! � " � # $ % & ' ( ) * + � , - . / 0 # 1 2 # $ 5 6 % & ' 3 ) * � � � - . / 0 # 1 4 2
# $ 5 6 % & ' 3 ) * � � � - . / 0 # 1 4 4

Parent class (LAPACK band version)� � � � � � � �  ! � " � # $ % & ' ( ) * + � , - . / 0 # 1 2 # $ � 5 % & ' 3 ) * � � � - . / 0 # 1 4 2
# $ � 5 % & ' 3 ) * � � � - . / 0 # 1 4 4

Default constructor# $ � � % & ' ( ) * + � , 7 8

Regular mode constructor (SuperLU version)# $ � � % & ' ( ) * + � , 7 9 : ; : < = > ? @ A B C D E F G ; H 9 I J K L M ? N O P ? > ? @ A B C D E F G ; H 9 I J K L M ? N O P Q >
R S G H T U S 9 R S V W L F W > 9 : ; : R = V X > K L M ? N ; Y A V X Z X >
9 : ; E G I 9 ; V X > K L M ? N T H < [ 9 \ V X > ] Y Y A ? B ; Y C S 9 ^ ; V ; H B < _

Regular mode constructor (UMFPACK version)? @ A B C D E ` < : a 9 b c 9 : ; : < = > ? @ B E C D E F G ; H 9 I J K L M ? N O P ? > ? @ B E C D E F G ; H 9 I J K L M ? N O P Q >
R S G H T U S 9 R S V W L F W > 9 : ; : R = V X > K L M ? N ; Y A V X Z X >
9 : ; E G I 9 ; V X > K L M ? N T H < [ 9 \ V X > ] Y Y A ? B ; Y C S 9 ^ ; V ; H B < _

Regular mode constructor (LAPACK dense version)? @ A B C D E ` < : a 9 b c 9 : ; : < = > ? @ \ [ C D E F G ; H 9 I J K L M ? N O P ? > ? @ \ [ C D E F G ; H 9 I J K L M ? N O P Q >
R S G H T U S 9 R S V W L F W > 9 : ; : R = V X > K L M ? N ; Y A V X Z X >
9 : ; E G I 9 ; V X > K L M ? N T H < [ 9 \ V X > ] Y Y A ? B ; Y C S 9 ^ ; V ; H B < _

Regular mode constructor (LAPACK band version)? @ A B C D E ` < : a 9 b c 9 : ; : < = > ? @ ] \ C D E F G ; H 9 I J K L M ? N O P ? > ? @ ] \ C D E F G ; H 9 I J K L M ? N O P Q >
R S G H T U S 9 R S V W L F W > 9 : ; : R = V X > K L M ? N ; Y A V X Z X >
9 : ; E G I 9 ; V X > K L M ? N T H < [ 9 \ V X > ] Y Y A ? B ; Y C S 9 ^ ; V ; H B < _
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Shift and invert, buckling and Cayley modes constructor (SuperLU version)19

d e f g h i j k l m n o p q r s t u v w x y u z { | } y ~ � w z w y x ~ � � � � � � � { t z u � � � � � � � � � � � ~
� � � � � � � { t z u � � � � � � � � � � � ~ � � � � � � � � � t ~ r s t u � � s � r s � � � { � ~

� w z w r x � � ~ � � � � � z | � � � � � ~ � w z � t � � z � � ~
� � � � � � u y � � } � � ~ � | | � � � z | � s � � z � z u � y �

Shift and invert, buckling and Cayley modes constructor (UMFPACK version)20

� � � � � � � � y w � � � � r s t u v w x y u z { | } y ~ � w z w y x ~ � � � � � � � { t z u � � � � � � � � � � � ~
� � � � � � � { t z u � � � � � � � � � � � ~ � � � � � � � � � t ~ r s t u � � s � r s � � � { � ~

� w z w r x � � ~ � � � � � z | � � � � � ~ � w z � t � � z � � ~
� � � � � � u y � � } � � ~ � | | � � � z | � s � � z � z u � y �

Shift and invert, buckling and Cayley modes constructor (LAPACK dense version)� � � � � � � � y w � � � � r s t u v w x y u z { | } y ~ � w z w y x ~ � � } � � � � { t z u � � � � � � � � � � � ~
� � } � � � � { t z u � � � � � � � � � � � ~ � � � � � � � � � t ~ r s t u � � s � r s � � � { � ~

� w z w r x � � ~ � � � � � z | � � � � � ~ � w z � t � � z � � ~
� � � � � � u y � � } � � ~ � | | � � � z | � s � � z � z u � y �

Shift and invert, buckling and Cayley modes constructor (LAPACK band version)� � � � � � � � y w � � � � r s t u v w x y u z { | } y ~ � w z w y x ~ � � � } � � � { t z u � � � � � � � � � � � ~
� � � } � � � { t z u � � � � � � � � � � � ~ � � � � � � � � � t ~ r s t u � � s � r s � � � { � ~

� w z w r x � � ~ � � � � � z | � � � � � ~ � w z � t � � z � � ~
� � � � � � u y � � } � � ~ � | | � � � z | � s � � z � z u � y �

Examples
This class requires the user to declare two matrices, say A and B, using� �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª

, 
� � ¡ ¤ ¢ £ ¤ ¥ ¦ § ¨ © ª

, 
� � « ¬ ¢ £ ¤ ¥ ¦ § ¨ © ª

 or 
� � ­ « ¢ £ ¤ ¥ ¦ § ¨ © ª

 classes21, as
in the example below:

� � � � � � � { t z u � � � } | � � � y � � � w � ~ w w ® � ~ w ® x t � � ~ � u | � � ~ ¯ r | � � � °
� � � � � � � { t z u � � � } | � � � y � � � w � ~ w w ® � ~ w ® x t � � ~ � u | � � ~ ¯ r | � � � °

Henceforth, there are two different ways of creating a real symmetric eigenvalue
problem (excluding the default constructor, as in the description of all other classes of
this section):

1. Using the regular mode constructor
� � � � � � � � y w � � � � } | � � � y � ¯ u | � � ± ~ � ~ � � °

2. Using the shift and invert, buckling and Cayley modes constructor
² ³ ´ µ ¶ · ¸ ¹ º » ¼ ½ ¾ ¿ À Á µ Â ´ º Ã Ä Å Á Â Æ Ç È Ç É Ê É ² É È É Ë Ì Í Î Ï Ð Ñ Ñ È µ Ò Ó ´ ½ » ¾ ¸ Á À º Í

                                                       
19 This constructor requires Ô Õ Ö × Ø Ù  and Ú Û Ü Ý Þ ß  to be equal (see the description of theà á â ã ä å æ ç è é ê ë ì

 class for a description of í î ï ð ).
20 This constructor also requires ñ ò ó ô õ ö  and ÷ ø ù ú û ü  to be equal (in this case, ù ú û ü  is a parameter
of  the ý þ ù ÿ � � ÿ � � � � � �  class).
21 For a description of all ARPACK++ matrix classes, see the Available matrix classes section
below.
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� 	 
 � � 
 � � � � � � � � � �� 	 
 � � 
 � � � � � � � � � �
� � � � � � � � �  ! " # $ % � & ' ( % � � ) * � +� � � � � � � � �  ! " # $ % � & ' ( % � � ) * � +

, - . / 0 1 2 3 4 5 6 7 8 9 : ; < = > ? - 1 @ A 0 B, - . / 0 1 2 3 4 5 6 7 8 9 : ; < = > ? - 1 @ A 0 B
C D E F G H I J K L M N O P O Q R E S G H S T S D H U V G WC D E F G H I J K L M N O P O Q R E S G H S T S D H U V G W

X Y Z [ \ ] ^ _ ` a b c d e d f g Z X \ h i j Y ] k l \ mX Y Z [ \ ] ^ _ ` a b c d e d f g Z X \ h i j Y ] k l \ m

Declarationn o p q r s n o t u r s v v w x y z { | u r s v v z } r ~ � � � � � p � o � � � �

Description
This class defines a real nonsymmetric generalized eigenvalue problem with matrices
stored using � � � � � � � � � � � � � � � � , � � � � � � � � � � � � � � � � , � � � � � � � �   ¡ ¢ £ ¤ ¥ ¦ §  or¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·

 classes, depending on which package is being used to perform the
factorization of matrix B (if regular mode is chosen) or ( )A B− σ  (when in shift and
invert mode). 

¨ © ¸ ¹ ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·
 class requires the SuperLU library, while

UMFPACK is used by 
¨ © ¹ ± ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·

 and LAPACK is called by¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·
 and ̈

© « º ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ·
.

Because some fill -in can be generated by a sparse LU factorization, the user must be
aware of the memory requirements associated to each spectral transformation.

Parent class (SuperLU version)
» ¼ ½ ¾ ¿ À Á ¿ Â Ã ¼ Ä ¾ Å Æ Ç È É Ê Ë Ì Í Î É Ï ¿ Ð Ñ Ò Ó Ô Å Õ Ö Å Æ ¾ ¼ Ç È É Ê Ë Ì × Î É À ¿ ¾ Ñ Ò Ó Ô Å Õ Ö Ò Ó Ô Å Õ Ø Ö

Å Æ ¾ ¼ Ç È É Ê Ë Ì × Î É À ¿ ¾ Ñ Ò Ó Ô Å Õ Ö Ò Ó Ô Å Õ Ø Ø

Parent class (UMFPACK version)
» ¼ ½ ¾ ¿ À Á ¿ Â Ã ¼ Ä ¾ Å Æ Ç È É Ê Ë Ì Í Î É Ï ¿ Ð Ñ Ò Ó Ô Å Õ Ö Å Æ ¼ Ì Ç È É Ê Ë Ì × Î É À ¿ ¾ Ñ Ò Ó Ô Å Õ Ö Ò Ó Ô Å Õ Ø Ö

Å Æ ¼ Ì Ç È É Ê Ë Ì × Î É À ¿ ¾ Ñ Ò Ó Ô Å Õ Ö Ò Ó Ô Å Õ Ø Ø

Parent class (LAPACK dense version)
Ù Ú Û Ü Ý Þ ß Ý à á Ú â Ü ã ä å æ ç è é ê ë ì ç í Ý î ï ð ñ ò ã ó ô ã ä õ ö å æ ç è é ê ÷ ì ç Þ Ý Ü ï ð ñ ò ã ó ô ð ñ ò ã ó ø ô

ã ä õ ö å æ ç è é ê ÷ ì ç Þ Ý Ü ï ð ñ ò ã ó ô ð ñ ò ã ó ø ø

Parent class (LAPACK band version)
Ù Ú Û Ü Ý Þ ß Ý à á Ú â Ü ã ä å æ ç è é ê ë ì ç í Ý î ï ð ñ ò ã ó ô ã ä Û õ å æ ç è é ê ÷ ì ç Þ Ý Ü ï ð ñ ò ã ó ô ð ñ ò ã ó ø ô

ã ä Û õ å æ ç è é ê ÷ ì ç Þ Ý Ü ï ð ñ ò ã ó ô ð ñ ò ã ó ø ø

Default constructorù ú û ü ý þ ÿ � � � � � ÿ � � � � 	

Regular mode constructor (SuperLU version)ù ú û ü ý þ ÿ � � � � � ÿ � � � � 
 � � � 
 � � � � � � � � � � � � � � � � 
 � � � �  � ! " # � �
$ % & ' ( ) * + , - . / 0 1 2 3 4 5 6 7 $ 8 9 : ; < = > / 1 ? @ > 2 = > A B 6 . B <C D E D F G H I J K L M N O E P Q H I R I J C D E S T U C E H I J

V W X Y Z [ \ ] ^ _ ` a b c d e e f Y g h e i j _ k h a h \ g ] l
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Regular mode constructor (UMFPACK version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n p v q r s t u v � � } � z � � � � � m � � � m �
m n p v q r s t u v � � } � z � � � � � m � � � � � � � � � � � � z � � � � � � � �

z s } s � ~ � � � � � � m � } r o � � � � � z s } v � � z } � � �
� � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Regular mode constructor (LAPACK dense version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n � � q r s t u v � � } � z � � � � � m � � � m �
m n � � q r s t u v � � } � z � � � � � m � � � � � � � � � � � � z � � � � � � � �

z s } s � ~ � � � � � � m � } r o � � � � � z s } v � � z } � � �
� � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Regular mode constructor (LAPACK band version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n � � q r s t u v � � } � z � � � � � m � � � m �
m n � � q r s t u v � � } � z � � � � � m � � � � � � � � � � � � z � � � � � � � �

z s } s � ~ � � � � � � m � } r o � � � � � z s } v � � z } � � �
� � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Real shift and invert mode constructor (SuperLU version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n o p q r s t u v � � } � z � � � � � m � � � m �
m n o p q r s t u v � � } � z � � � � � m � � � � � � � � m � � z { v � �

� � � � � � � z � � � � � � � � z s } s � ~ � � � � � � m � } r o � � � � �
z s } v � � z } � � � � � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Real shift and invert mode constructor (UMFPACK version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n p v q r s t u v � � } � z � � � � � m � � � m �
m n p v q r s t u v � � } � z � � � � � m � � � � � � � � m � � z { v � �

� � � � � � � z � � � � � � � � z s } s � ~ � � � � � � m � } r o � � � � �
z s } v � � z } � � � � � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Real shift and invert mode constructor (LAPACK dense version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n � � q r s t u v � � } � z � � � � � m � � � m �
m n � � q r s t u v � � } � z � � � � � m � � � � � � � � m � � z { v � �

� � � � � � � z � � � � � � � � z s } s � ~ � � � � � � m � } r o � � � � �
z s } v � � z } � � � � � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Real shift and invert mode constructor (LAPACK band version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n � � q r s t u v � � } � z � � � � � m � � � m �
m n � � q r s t u v � � } � z � � � � � m � � � � � � � � m � � z { v � �

� � � � � � � z � � � � � � � � z s } s � ~ � � � � � � m � } r o � � � � �
z s } v � � z } � � � � � � m � � � x � z � � � � � r r o m p } r t � z � } � } � p x �

Complex shift and invert mode constructor (SuperLU version)m n o p q r s t u v w x s y z { | z s } s x ~ � m n o p q r s t u v � � } � z � � � � � m � � � m �
m n o p q r s t u v � � } � z � � � � � m � � � � � � � � � � � � } �

� � � � � �   ¡ ¢ £ ¤ ¥ � � � � � �   ¡ ¢ £ ¦ ¥ § ¨ £ © ª « ¨   § ¨ ¬ ­ � ® ­ ¥
  ¯ ° ¯ § ± ¬ ² ¥ � � � � � ° ³ ´ ¬ ² µ ² ¥   ¯ ° ¢ £ ¶   ° ¬ ² ¥

� � � � � ª © · �   ¸ ¬ ² ¥ ¹ ³ ³ ´ � º ° ³ » ¨   ¼ ° ¬ ° © º · ½
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Complex shift and invert mode constructor (UMFPACK version)¾ ¿ À Á Â Ã Ä Å Æ Ç È É Ä Ê Ë Ì Í Ë Ä Î Ä É Ï Ð ¾ ¿ Á Ç Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ Ö × Ø ¾ Ù Ú Û ¾ Ð
¾ ¿ Á Ç Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ Ö × Ø ¾ Ù Ú Û Ü Ð Ý Þ Ò Ó ß Ò Ó Î Ð

Ö × Ø ¾ Ù à Ë Ì Ç Ò ¿ Ð Ö × Ø ¾ Ù à Ë Ì Ç Ò á Ð Ý Þ Ò Ó â ã Þ Ë Ý Þ ä å × Ñ å Ð
Ë Ä Î Ä Ý Ï ä æ Ð Ö × Ø ¾ Ù Î Ã À ä æ ç æ Ð Ë Ä Î Ç Ò Ô Ë Î ä æ Ð

Ö × Ø ¾ Ù â Ó É à Ë è ä æ Ð é Ã Ã À ¾ Á Î Ã Å Þ Ë ê Î ä Î Ó Á É ë

Complex shift and invert mode constructor (LAPACK dense version)¾ ¿ À Á Â Ã Ä Å Æ Ç È É Ä Ê Ë Ì Í Ë Ä Î Ä É Ï Ð ¾ ¿ è à Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ Ö × Ø ¾ Ù Ú Û ¾ Ð
¾ ¿ è à Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ Ö × Ø ¾ Ù Ú Û Ü Ð Ý Þ Ò Ó ß Ò Ó Î Ð

Ö × Ø ¾ Ù à Ë Ì Ç Ò ¿ Ð Ö × Ø ¾ Ù à Ë Ì Ç Ò á Ð Ý Þ Ò Ó â ã Þ Ë Ý Þ ä å × Ñ å Ð
Ë Ä Î Ä Ý Ï ä æ Ð Ö × Ø ¾ Ù Î Ã À ä æ ç æ Ð Ë Ä Î Ç Ò Ô Ë Î ä æ Ð

Ö × Ø ¾ Ù â Ó É à Ë è ä æ Ð é Ã Ã À ¾ Á Î Ã Å Þ Ë ê Î ä Î Ó Á É ë

Complex shift and invert mode constructor (LAPACK band version)¾ ¿ À Á Â Ã Ä Å Æ Ç È É Ä Ê Ë Ì Í Ë Ä Î Ä É Ï Ð ¾ ¿ é è Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ Ö × Ø ¾ Ù Ú Û ¾ Ð
¾ ¿ é è Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ Ö × Ø ¾ Ù Ú Û Ü Ð Ý Þ Ò Ó ß Ò Ó Î Ð

Ö × Ø ¾ Ù à Ë Ì Ç Ò ¿ Ð Ö × Ø ¾ Ù à Ë Ì Ç Ò á Ð Ý Þ Ò Ó â ã Þ Ë Ý Þ ä å × Ñ å Ð
Ë Ä Î Ä Ý Ï ä æ Ð Ö × Ø ¾ Ù Î Ã À ä æ ç æ Ð Ë Ä Î Ç Ò Ô Ë Î ä æ Ð

Ö × Ø ¾ Ù â Ó É à Ë è ä æ Ð é Ã Ã À ¾ Á Î Ã Å Þ Ë ê Î ä Î Ó Á É ë

Examples
This  class  requires  the  user  to  declare  two  matrices,  say  A  and  B,  using  one
of the ì í î ï ð ñ ò ó ô õ ö ÷ ø ù ú û , ì í ï õ ð ñ ò ó ô õ ö ÷ ø ù ú û , ì í ü ý ð ñ ò ó ô õ ö ÷ ø ù ú û  or
ì í þ ü ð ñ ò ó ô õ ö ÷ ø ù ú û  classes, as in the example below:

¾ ¿ À Á Â Ã Ä Å Æ Ç Ñ Ò Î Ó Ë Ô Õ è Ã Á é À É Ú ¾ Í Ä ¾ Ð ÿ ÿ � � � ÿ � � � � � � � � � 	 � � 
 � � 
 � � �
� � 
 � � � � � � � � � � � � � � � � �  
 ! " # $ � # % � � & # % � & ' � 
 # % � � � ( # % 
 � � 
 # � �

Henceforth, there are three different ways of creating a nonsymmetric problem
(excluding the default constructor, as in the above classes):

1. Using the regular mode constructor
) * + , - . / 0 1 2 3 4 / 5 6 7 8 9 . , : + 4 ; < = . : > ? @ ) @ A B C

2. Using the real shift and invert mode constructor
D E F G H I J K L M N O J P Q R S T I G U F O V W X I U Y Z [ D [ \ [ ] ^ _ ` a b

3. Using the complex shift and invert mode constructor
c d e f g h i j k l m n i o p q r s h f t e n u v w h t x y z c z { z | d | z } ~ y z � ~ � � �
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� � � � � � � � � � � � � �� � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � �   � � ¡ ¢ � £ ¤� � � � � � � � � � � � � � � � � �   � � ¡ ¢ � £ ¤

� � � � � � � � � � � � ¥ ¦ § ¨ © ª   � � ¡ ¢ � £ ¤� � � � � � � � � � � � ¥ ¦ § ¨ © ª   � � ¡ ¢ � £ ¤
� � « � � � � � � � � � ¨ § ¨ © ª « � £ ¡ �   � � ¡ ¢ � £ ¤� � « � � � � � � � � � ¨ § ¨ © ª « � £ ¡ �   � � ¡ ¢ � £ ¤

� � ¬ � � � � � � � � � ¨ § ¨ © ª ¬ � £ «   � � ¡ ¢ � £ ¤� � ¬ � � � � � � � � � ¨ § ¨ © ª ¬ � £ «   � � ¡ ¢ � £ ¤

Declaration­ ® ¯ ° ± ² ­ ® ³ ´ ± ² µ µ ¶ · ¸ ¹ º » ´ ± ² µ µ ¹ ¼ ± ½ ¾ ¿ ¯ ° À ® Á Â Ã Ä

Description
This class defines a complex generalized eigenvalue problem in the form Ax Bx= λ
with matrices stored using one of the Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô , Å Æ È Î É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô ,
Å Æ Õ Ö É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô  or Å Æ × Õ É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô  classes.

Both computational modes available in this class call SuperLU, UMFPACK or
LAPACK routines to perform a sparse LU decomposition. In the regular mode, matrix
B is factored. ( )A B− σ  is decomposed when the shift and invert mode is used.

Because some fill -in can be generated during the factorization, the user must be aware
of the memory requirements associated to each spectral transformation.

Parent class (SuperLU version)° ½ Ø ± Ã ´ Ù Ã Ú ­ ½ ² ±
¹ ¼ ¾ ¿ ¯ ° À ® Á Â Ã Ä ³ ¶ · ¸ ¹ º Û ¹ ¼ ± ½ Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » Û

¹ ¼ ± ½ Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » »

Parent class (UMFPACK version)° ½ Ø ± Ã ´ Ù Ã Ú ­ ½ ² ±
¹ ¼ ¾ ¿ ¯ ° À ® Á Â Ã Ä ³ ¶ · ¸ ¹ º Û ¹ ¼ ½ ¯ Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » Û

¹ ¼ ½ ¯ Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » »

Parent class (LAPACK dense version)° ½ Ø ± Ã ´ Ù Ã Ú ­ ½ ² ±
¹ ¼ ¾ ¿ ¯ ° À ® Á Â Ã Ä ³ ¶ · ¸ ¹ º Û ¹ ¼ á µ Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » Û

¹ ¼ á µ Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » »

Parent class (LAPACK band version)° ½ Ø ± Ã ´ Ù Ã Ú ­ ½ ² ±
¹ ¼ ¾ ¿ ¯ ° À ® Á Â Ã Ä ³ ¶ · ¸ ¹ º Û ¹ ¼ Ø á Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » Û

¹ ¼ Ø á Ü ¿ Á Ý Þ ¯ ß ® Á ´ Ã ± ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » Û ¶ · ¸ ¹ º » »

Default constructor¹ ¼ ± ½ ¾ ¿ ¯ ° À ® Á Â Ã Ä â ã

Regular mode constructor (SuperLU version)¹ ¼ ± ½ ¾ ¿ ¯ ° À ® Á Â Ã Ä â Ã Á ­ Á ® Ù Û ¹ ¼ ± ½ Ü ¿ Á Ý Þ ¯ ä ² ­ Ú Ã à ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » » å ¹ Û
¹ ¼ ± ½ Ü ¿ Á Ý Þ ¯ ä ² ­ Ú Ã à ³ ´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » » å æ Û ´ ç ² Ú è é ç Ã ´ ç ê ë · ä ë Û

Ã Á ­ Á ´ Ù ê ì Û ¶ · ¸ ¹ º ­ ¿ ± ê ì í ì Û Ã Á ­ ¯ ² à Ã ­ ê ì Û
´ ¿ ¯ ° ± ® à ³ ¶ · ¸ ¹ º » è Ú ® µ Ã á ê ì Û Ø ¿ ¿ ± ¹ ½ ­ ¿ Ý ç Ã î ­ ê ­ Ú ½ ® ã
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Regular mode constructor (UMFPACK version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð ò õ � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð ò õ � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � � 	 � � � � � � û 	 � � � � � � �

û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Regular mode constructor (LAPACK dense version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � � 	 � � � � � � û 	 � � � � � � �

û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Regular mode constructor (LAPACK band version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � � 	 � � � � � � û 	 � � � � � � �

û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Shift and invert mode constructor (SuperLU version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð ñ ò � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð ñ ò � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � �

	 ô õ ö ñ ø � � 
 � � ï 
 � � û ü õ � � 	 � � � � � � û 	 � � � � � � �
û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Shift and invert mode constructor (UMFPACK version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð ò õ � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð ò õ � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � �

	 ô õ ö ñ ø � � 
 � � ï 
 � � û ü õ � � 	 � � � � � � û 	 � � � � � � �
û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Shift and invert mode constructor (LAPACK dense version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � �

	 ô õ ö ñ ø � � 
 � � ï 
 � � û ü õ � � 	 � � � � � � û 	 � � � � � � �
û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Shift and invert mode constructor (LAPACK band version)ï ð ñ ò ó ô õ ö ÷ ø ù ú û ü ý û ù þ ù ø ÿ � ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � ï �
ï ð � � � ô ù � � õ � � þ � û � � 	 ô õ ö ñ ø � � 
 � � ï 
 � � � � �

	 ô õ ö ñ ø � � 
 � � ï 
 � � û ü õ � � 	 � � � � � � û 	 � � � � � � �
û ù þ ù 	 ÿ � � � 
 � � ï 
 þ ô ñ � � � � � û ù þ õ � � û þ � � �
	 ô õ ö ñ ø � � 
 � � ï 
 � � � ø � û � � � � � ô ô ñ ï ò þ ô � � û � þ � þ � ò ø �

Examples
To use this class the user must declare two matrices, using the � � �  ! " # $ % & ' ( ) * + , ,
� �  & ! " # $ % & ' ( ) * + , , � � - . ! " # $ % & ' ( ) * + ,  or � � / - ! " # $ % & ' ( ) * + ,  classes.

If � �  & ! " # $ % & ' ( ) * + ,  is being used, these matrices can be declared as in the following
example:
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0 1 2 3 4 5 6 7 8 3 9 : ; < = > ? @ 5 3 A B C > ? D 5 2 E B C F F 0 G 6 0 H 6 6 I 0 H 6 I J : B 0 H = < 5 K 0 H A @ 5 B 0 L M
0 1 2 3 4 5 6 7 8 3 9 : ; < = > ? @ 5 3 A B C > ? D 5 2 E B C F F N G 6 N H 6 6 I N H 6 I J : B N H = < 5 K N H A @ 5 B N L M

After that, the spectral transformation dictates which constructor should be used (the
default constructor is not considered here):

1. Using the regular mode constructor
0 1 B 2 O 5 3 A P C 6 Q = R ? D 5 2 E B C F A < 5 E G S H 0 H N L M

2. Using the shift and invert mode constructor
T U V W X Y Z [ \ ] ^ _ ` a b c Y W d V ] e [ f Y d g h i T i j i k Y Z [ V ] l b c Y W d V ] e g m n o i m n h p p q

Classes that require user-defined matrix-vector products.

r s t u v t w x y z {r s t u v t w x y z {
| } ~ ~ � � � �| } ~ ~ � � � �

Declaration� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Description
This class defines a real symmetric standard eigenvalue problem.

Parent classes� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Default constructor� � � � � � � � � � �   ¡

Regular mode constructor� � � � � � � � � � �   ¢ £ ¤ £ ¥ ¢ £ ¤ £ ¦ § ¥ ¨ © ª « ¬ ­ ® © ª ¥ ¯ ° ± ¦ © ª ² ³ ´ µ ¤ © ª ² ¥
¶ · ¸ ¹ « º · ¢ ¶ · » ¼ ½ ³ ¼ ¥ ¢ £ ¤ £ ¶ § » ¾ ¥ ¨ ½ © ¿ ¯ ¤ ¬ µ » ¾ À ¾ ¥
¢ £ ¤ Á ¸ ² ¢ ¤ » ¾ ¥ ¨ ½ © ¿ ¯ « ¹ Â Ã ¢ Ä » ¾ ¥ ­ ¬ ¬ µ ¿ ´ ¤ ¬ Å · ¢ Æ ¤ » ¤ ¹ ´ Â Ç

Shift and invert mode constructor¿ È Å ° Á Å ¤ Ä É ¢ Ê Ë ¢ £ ¤ £ ¥ ¢ £ ¤ £ Â § ¥ ¨ © ª « ¬ ­ ® © ª ¥ ¯ ° ± Â © ª ² ³ ´ µ ¤ © ª ² ¥ ¨ ½ © ¿ ¯ Ã ¢ Ê Á ¸ ¥
¶ · ¸ ¹ « º · ¢ ¶ · » ¼ ½ ³ ¼ ¥ ¢ £ ¤ £ ¶ § » ¾ ¥ ¨ ½ © ¿ ¯ ¤ ¬ µ » ¾ À ¾ ¥
¢ £ ¤ Á ¸ ² ¢ ¤ » ¾ ¥ ¨ ½ © ¿ ¯ « ¹ Â Ã ¢ Ä » ¾ ¥ ­ ¬ ¬ µ ¿ ´ ¤ ¬ Å · ¢ Æ ¤ » ¤ ¹ ´ Â Ç

Examples
Supposing that Ì Í Î Ï Ð Ñ  is a class that contains information concerning a specific
symmetric matrix and a also contains a function called Ò Ó Ô Õ Ö × Õ , which performs the
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matrix-vector product required by the computational mode being used22, the three
different ways of declaring a problem with class Ø Ù Ú Û Ü Ú Ý Þ ß à á  are exemplified below:

1. Using the default constructor
â ã ä å æ ä ç è é ê ë ì è í î ï ð ñ ò ó ô ç õ ê ö ì è í î ï ð ñ ÷ ÷ é ê ë ø õ í ï ù

If this constructor is used, all information about the problem must be passed elsewhere
in the program using the ú û ü ý þ û ÿ � � � � û � û � �  function:

� � � � 	 
 � � 
 � � � � � � �
� � � � � � � � � � � �  � � ! � ! " � # � � $ % & ' ' ( ) ( * + ( * , ! # � � - . / � 0 � 1 � 2 3 3 , 0 1 # 4 � # 5 6

Because a shift cannot be defined using 7 8 9 : ; 8 < = > = ? 8 @ 8 > A , the following command
is also necessary when solving the problem in shift and invert mode:

B C D E F G H I J K L M D N O K C P Q R S T I U V W

2. Using the regular mode constructor
X L Q F C Y Z [ G \ H ] N ^ _ W

` a b c d b e f g h i j f k l m n o p q r e s h t j f k l m n o u u
g h i v s k m w x y y p z p { ` p { q r e s h t j f k l m n o u | | q l n e } o e ~ �

3. Using the shift and invert mode constructor
q r e s h t j f k l m n o u ` �

` a b c d b e f g h i j f k l m n o p q r e s h t j f k l m n o u u
g h i v s k m w x y y p z p { ` p { q r e s h t j f k l m n o u | | q l n e } o e p x � � � ~ �

� � � � � � � � � � � � � �� � � � � � � � � � � � � �
� � � � � � � � �� � � � � � � � �

Declaration� � � � � � � � � � � �     ¡ ¢ £ ¤ ¥ ¦ � � �     ¡ £ § ¨ � � �     ¤ © ª « ¬ ­ ® � ­ � ¯ ° ± ²

Description
This class defines a real nonsymmetric standard eigenvalue problem.

Parent classes³ ´ µ ¶ · ¸ ¹ · º » ´ ¼ ¶ ½ ¾ ¿ » À Á · Â Ã Ä Å Æ ½ Ç È Ä Å Æ ½ Ç È Ä Æ É Ê
³ ´ µ ¶ · ¸ ¹ · º » ´ ¼ ¶ ½ ¾ º ¸ Ë Ì Í ¿ Î Ï ¿ » À Á · Â Ã Ä Å Æ ½ Ç Ê

Default constructor½ ¾ Ë Ì Í ¿ Î Ï ¿ » À Á · Â Ð Ñ

                                                       
22 In regular mode, function Ò Ó Ô Õ Ö × Õ  should evaluate the matrix-vector product Av. In shift and
invert mode, Ò Ó Ô Õ Ö × Õ  must return the product (A-σI)-1v.



96    ARPACK++

Regular mode constructorØ Ù Ú Û Ü Ý Þ ß Ý à á â ã ä å æ ç è ç é æ ç è ç ê ë é ì í î ï ð ñ ò í î é ó ô õ ê í î ö ÷ ø ù è í î ö é
ú û ü ý þ ÿ û � ú û � � � � � � � � � � ú � � 	 � 
 � � � 
 � � � � 	 � 	 �
� � � � ü � � � � 	 � 
 � � � 
 þ ý � � � � � 	 � � � � � � � � � � û � � � � � ý � � �

Real shift and invert mode constructor� � � � � � � � � � � � � �  � � � � � � � � � � � � 
 � ! þ � � " � ! � 
 � # � � ! � � � � � � ! � �

 � � � 
 � � � � ü � ú û ü ý þ ÿ û � ú û � � � � � � � � � � ú � � 	 �

 � � � 
 � � � � 	 � 	 � � � � � ü � � � � 	 �

 � � � 
 þ ý � � � � � 	 � � � � � � � � � � û � � � � � ý � � �

Examples
Supposing that $ % & ' ( )  is a class that contains information concerning a specific matrix
and a also contains a function called * + , - . / - , which performs the matrix-vector
product required by the computational mode being used, as described in chapter 3, it is
possible to declare a nonsymmetric problem using three different constructors:

1. Using the default constructor
0 1 2 3 4 5 6 7 5 8 9 : ; < = 9 3 > ? @ A B C D 8 E ; F = 9 3 > ? @ A G G : ; < H E 3 ? I

In this case, after declaring the problem, the user must pass some information about
the problem elsewhere in the program, using the J / K L M / N O P O Q / - / P R  function:

C D 8 E ; F = 9 3 > ? @ A G 0 I
: ; < H E 3 ? S T A U ; 4 A H D E D 7 A 8 A E V W X Y Y B Z B [ 0 B [ C D 8 E ; F = 9 3 > ? @ A G \ \ C > @ 8 ] A 8 ^ I

Because a shift cannot be defined using J / K L M / N O P O Q / - / P R , the following command
is also necessary when solving the problem in shift and invert mode:

: ; < H E 3 ? S _ ` D 4 < A 5 ` ; U 8 W X a S b ^ I

2. Using the regular mode constructor
C D 8 E ; F = 9 3 > ? @ A G 0 I

0 1 2 3 4 5 6 7 5 8 9 : ; < = 9 3 > ? @ A B C D 8 E ; F = 9 3 > ? @ A G G
: ; < H E 3 ? W X Y Y B Z B [ 0 B [ C D 8 E ; F = 9 3 > ? @ A G \ \ C > @ 8 ] A 8 ^ I

3. Using the shift and invert mode constructor
C D 8 E ; F = 9 3 > ? @ A G 0 I

0 1 2 3 4 5 6 7 5 8 9 : ; < = 9 3 > ? @ A B C D 8 E ; F = 9 3 > ? @ A G G
: ; < H E 3 ? W X Y Y B Z B [ 0 B [ C D 8 E ; F = 9 3 > ? @ A G \ \ C > @ 8 ] A 8 B X a S b ^ I

c d e f g h i j k l m nc d e f g h i j k l m n
o p q r s t u v wo p q r s t u v w

Declarationx y z { | } x y ~ � | } � � � � � � � � � | } � � � � � � � | } � � � � � � z { � x � � � �
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Description
This class defines a complex (Hermitian or non-Hermitian) standard eigenvalue
problem.

Parent classes� � � � � � � � � � � � � � � � � � � �   ¡ ¢ £ ¤ � ¥ ¦ � § ¨ � � © ª ¡ ¢ £ ¤ � ¥ « ¦ ¢ ¤ ¬ «
� � � � � � � � � � � � � � � � � ­ § ¨ � � � � � �   ¡ ¢ £ ¤ � ¥ «

Default constructor� � ­ § ¨ � � � � � �   ® ¯

Regular mode constructor� � ­ § ¨ � � � � � �   ® � ° � ° ¦ � ° � ° © � ¦ ¢ ¤ ¬ ± § � ² ¤ ¬ ¦ ¥ ³ � © ¤ ¬ ª ´ � � � ¤ ¬ ª ¦
� µ � � ± ¶ µ � � µ · ¸ £ ´ ¸ ¦ � ° � ° � � · ¹ ¦ ¢ £ ¤ � ¥ � § � · ¹ º ¹ ¦
� ° � ¨ � ª � � · ¹ ¦ � § ¨ � � © ª ¡ ¢ £ ¤ � ¥ « ± � © » � � · ¹ ¦

� § § � � � � § � µ � ¼ � · � � � © ¯

Shift and invert mode constructor� � ­ § ¨ � � � � � �   ® � ° � ° ¦ � ° � ° © � ¦ ¢ ¤ ¬ ± § � ² ¤ ¬ ¦ ¥ ³ � © ¤ ¬ ª ´ � � � ¤ ¬ ª ¦
� § ¨ � � © ª ¡ ¢ £ ¤ � ¥ « » �   ¨ � ¦ � µ � � ± ¶ µ � � µ · ¸ £ ´ ¸ ¦
� ° � ° � � · ¹ ¦ ¢ £ ¤ � ¥ � § � · ¹ º ¹ ¦ � ° � ¨ � ª � � · ¹ ¦
� § ¨ � � © ª ¡ ¢ £ ¤ � ¥ « ± � © » � � · ¹ ¦ � § § � � � � § � µ � ¼ � · � � � © ¯

Examples
If ½ ¾ ¿ À Á Â  is a class that contains information regarding a complex matrix and also
contains a function called ½ Ã Ä ¿ Å Æ ¿ , which performs the matrix-vector product
required by the computational mode selected, it is possible to declare a complex
problem:

1. Using the default constructor

� � ­ § ¨ � � � � � �   ¡ � § � � � © ¦ ´ � � � � ª ¡ � § � � � © « « � �   ¬ � § � Ç

If the default constructor is being used, all the parameters required by ARPACK++
must be passed elsewhere in the program using the È Æ É Á Ê Æ Ë ¾ À ¾ Ì Æ ¿ Æ À Í  function:

´ � � � � ª ¡ � § � � � © « � Ç
� �   ¬ � § � º Î © ¼ � ° © ¬ � � � ¨ © � © � » ® Ï ¹ ¹ ¦ Ð ¦ Ñ � ¦ Ñ ´ � � � � ª ¡ � § � � � © « Ò Ò ´ � � � Ó © � ¯ Ç

Because a shift cannot be defined using È Æ É Á Ê Æ Ë ¾ À ¾ Ì Æ ¿ Æ À Í , the following command
is also necessary when solving the problem in shift and invert mode:

� �   ¬ � § � º ­ µ � °   © � µ � ¼ � ® � § ¨ � � © ª ¡ � § � � � © « ® Ï Ô º Õ ¦ Ï ¹ º Ð ¯ ¯ Ç

2. Using the regular mode constructor

´ � � � � ª ¡ � § � � � © « � Ç
� � ­ § ¨ � � � � � �   ¡ � § � � � © ¦ ´ � � � � ª ¡ � § � � � © « «

� �   ¬ � § � ® Ï ¹ ¹ ¦ Ð ¦ Ñ � ¦ Ñ ´ � � � � ª ¡ � § � � � © « Ò Ò ´ � � � Ó © � ¯ Ç
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3. Using the shift and invert mode constructor
Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å

ä æ ç Þ è é ê Ø Ý ë Ú ì Ü Ý Þ ß à á â í Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã ã
ë Ú ì î Ù Þ à ï ð ñ ñ í ò í ó ä í ó Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã ô ô Ö ß á Ø õ â Ø í

ö Þ è é á â Û Ü Ý Þ ß à á â ã ï ð ÷ ø ù í ð ñ ø ò ú ú å

û ü ý þ ÿ � � � � � �û ü ý þ ÿ � � � � � �
� � � 	 
 � � 
� � � 	 
 � � 


Declaration� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  ! " � # � $ % & '

Description
Defines a real symmetric generalized eigenvalue problem.

Parent classes� ( ) � & � * & + � ( � � �  # � $ % & ' � � � � � � � � � � � � � � � � � � � �
� ( ) � & � * & + � ( � � �  ! " � ! � , % & ' � � � � � � � � � � �
� ( ) � & � * & + � ( � � �  + � ! " � # � $ % & ' � � � � � � �

Default constructor�  ! " � # � $ % & ' - .

Regular mode constructor�  ! " � # � $ % & ' - & $ � $ � & $ � $ � * � � � � / 0 ) 1 � � � � " � � � � 2 3 ( � � � � 2 � � � / 0 ) 1 � �
� " � � � 2 3 ( � � � 2 � � 4 � + / 5 4 & � 4 6 7 � 3 7 � & $ � $ � * 6 8 �

� � � � � � 0 � 6 8 9 8 � & $ � � � 2 & � 6 8 � � � � � � / + � � & , 6 8 �
) 0 0 � � ( � 0 ! 4 & : � 6 � + ( � .

Shift and invert and buckling modes constructor�  ! " � # � $ % & ' - ; < = > ? @ A B > C D E F B G H @ C @ G H @ C @ B A G I J K L E M N J K GO P Q B J K R D S T C J K R G I U L E M N U G O P Q B U R D S T C U R G I V J W O X H Y Z = G
; < = > L [ < H ; < \ ] V D ] G H @ C @ ; A \ ^ G I V J W O C E T \ ^ _ ^ G
H @ C Z = R H C \ ^ G I V J W O L > B X H F \ ^ G M E E T W S C E ` < H a C \ C > S B b

Cayley mode constructorW c ` P Z d B @ e H Y f H @ C @ G H @ C @ B A G I J K L E M N J K G O P Q B J K R D S T C J K R G I U L E M N W GO P Q B U R D S T C W R G I U L E M N U G O P Q B U R D S T C U R G I V J W O X H Y Z = G
; < = > L [ < H ; < \ ] V D ] G H @ C @ ; A \ ^ G I V J W O C E T \ ^ _ ^ G
H @ C Z = R H C \ ^ G I V J W O L > B X H F \ ^ G M E E T W S C E ` < H a C \ C > S B b

Examples
Because generalized problems include more than one matrix, before solving a problem
using g h i j k l m n o p q  it is generally necessary to create two different classes, each one
containing at least one function, say r s t u v m u , which performs a matrix-vector
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product23. Supposing that all these classes are available, there are several ways to
create a symmetric generalized problem:

1. Using the default constructor

In this case, after declaring an object of the w x y z { | } ~ � � �  class, the user should supply
all the information about the problem required by ARPACK++ elsewhere in the
program using the � } � � ~ } � � � � { } � } � �  function:

� � � � � � � � � � � � � � � � � � � � � � � � �   ¡ � � � � � � � ¢ � � � � � � � £ � � � � � � � ¢ ¢ � � � ¡ � � � ¤
¥ ¥ ¦ ¦ ¦
§ ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ­ ® ·
§ ¨ © ª « ¬ ¸ ¯ ° ± ² ³ ´ µ ¶ ¸ ·

¹ « º ® ª ± ³ ¦ » µ ¼ « ½ µ ® ¨ ª ¨ ¾ µ © µ ª ¿ À Á Â Â Ã Ä Ã Å ­ ® Ã Å § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © Ã
Å ¸ Ã Å § ¨ © ª « ¬ ¸ ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © È ·

When solving the problem in shift and invert mode, another command is also
necessary, because a shift cannot be defined using É Ê Ë Ì Í Ê Î Ï Ð Ï Ñ Ê Ò Ê Ð Ó :

§ ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ­ ® ·
§ ¨ © ª « ¬ ¸ ¯ ° ± ² ³ ´ µ ¶ ¸ ·

¹ « º ® ª ± ³ ¦ » µ ¼ « ½ µ ® ¨ ª ¨ ¾ µ © µ ª ¿ À Á Â Â Ã Ä Ã Å ­ ® Ã Å § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © Ã
Å ¸ Ã Å § ¨ © ª « ¬ ¸ ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © È ·

¹ « º ® ª ± ³ ¦ Ô µ © Ô Õ « ¼ © Ö ½ × µ ª © § ± ° µ À Á ¦ Ø Ã Å ­ ® Ã Å § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © È ·

The same occurs when using buckling mode:

§ ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ ­ ® ·
§ ¨ © ª « ¬ ¸ ¯ ° ± ² ³ ´ µ ¶ Ù ·

¹ « º ® ª ± ³ ¦ » µ ¼ « ½ µ ® ¨ ª ¨ ¾ µ © µ ª ¿ À Á Â Â Ã Ä Ã Å ­ ® Ã Å § ¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © Ã
Å Ù Ã Å § ¨ © ª « ¬ ¸ ¯ ° ± ² ³ ´ µ ¶ Æ Æ § ² ´ © Ç µ © È ·

Ú Û Ü Ý Þ ß à á â ã ä å æ ç è é Û ê Ü ë ß ì ã í î á ï ð ñ ò Ý ð ñ ë ó ä Þ Û ô ò Ý õ ì ß æ à é ã ö ÷ ÷ ë æ é ä ø ã ä ù ú

In Cayley mode, three matrices − OP, A and B − are required. Although matrices A
and OP must share the same class, they use different matrix-vector product functions:

ë ó ä Þ Û ô ò Ý õ ì ß æ à é ã ö ò Ý ú
ë ó ä Þ Û ô å õ ì ß æ à é ã ö û ú
ë ó ä Þ Û ô å õ ì ß æ à é ã ö å ú

Ú Û Ü Ý Þ ß à á ü ã ý Û ê ã Ý ó Þ ó þ ã ä ã Þ ÿ í î � � ð � ð ñ ò Ý ð ñ ë ó ä Þ Û ô ò Ý õ ì ß æ à é ã ö ÷ ÷ ë æ é ä ø ã ä ð
ñ å ð ñ ë ó ä Þ Û ô å õ ì ß æ à é ã ö ÷ ÷ ë æ é ä ø ã ä ù ú

Ú Û Ü Ý Þ ß à á â ã ä � ó � é ã � ë ß ì ã í î á ï ð ñ ò Ý ð ñ ë ó ä Þ Û ô ò Ý õ ì ß æ à é ã ö ÷ ÷ ë æ é ä ø ã ä ð
ñ û ð ñ ë ó ä Þ Û ô å õ ì ß æ à é ã ö ÷ ÷ ë æ é ä û ø ã ä ù ú

2. Using the regular mode constructor
ë ó ä Þ Û ô ò Ý õ ì ß æ à é ã ö ò Ý ú
ë ó ä Þ Û ô å õ ì ß æ à é ã ö å ú

                                                       
23 The required matrix-vector products are:  a) in regular mode: B-1Ax and Bx;  b) in shift and
invert mode: (A-σB)-1x and Bx;  c) in buckling mode: (A-σB)-1x and Ax;  d) in Cayley mode: (A-
σB)-1x, Ax and Bx. See chapter 4 for a detailed description of all modes.
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� � � � � 	 
 � � 
 � � � � � � � 
 � � � � � 
 � � � � � � � � � 
 � � � � � � 
 � � � � � � � � 
 � �
� 
 � � � � � �  ! ! � " � # � � � # � � � � 
 � � � � � � � � � 
 � $ $ � � � � % 
 � �

# � � # � � � � 
 � � � � � � � � 
 � $ $ � � � � % 
 � & '

3. Using the shift and invert mode constructor
� � � � 
 � � � � � � � � � 
 � � � '
� � � � 
 � � � � � � � � 
 � � '

� � � � � 	 
 � � 
 � � � � � � � 
 � � � � � 
 � � � � � � � � � 
 � � � � � � 
 � � � � � � � � 
 � �
( ) * + , - . / 0 1 0 2 3 4 4 2 5 2 6 7 + 2 6 8 9 : , ) ; 7 + < = - > . ? @ A B B 8 > ? : C @ : 2

6 D 2 6 8 9 : , ) ; D < = - > . ? @ A B B 8 > ? : C @ : 2 3 E F G H

4. Using the buckling mode constructor
8 9 : , ) ; 7 + < = - > . ? @ A 7 + H
8 9 : , ) ; I < = - > . ? @ A I H

I J 1 K L M @ N ( ) * < = - > . ? @ 2 8 9 : , ) ; 7 + < = - > . ? @ A 2 8 9 : , ) ; I < = - > . ? @ A A
( ) * + , - . / 0 D 0 2 3 4 4 2 5 2 6 7 + 2 6 8 9 : , ) ; 7 + < = - > . ? @ A B B 8 > ? : C @ : 2

6 I 2 6 8 9 : , ) ; I < = - > . ? @ A B B 8 > ? : C @ : 2 3 E F G H

5. Using the Cayley mode constructor
8 9 : , ) ; 7 + < = - > . ? @ A 7 + H
8 9 : , ) ; D < = - > . ? @ A I H
8 9 : , ) ; D < = - > . ? @ A D H

I J 1 K L M @ N ( ) * < = - > . ? @ 2 8 9 : , ) ; 7 + < = - > . ? @ A 2 8 9 : , ) ; D < = - > . ? @ A A
( ) * + , - . / 3 4 4 2 5 2 6 7 + 2 6 8 9 : , ) ; 7 + < = - > . ? @ A B B 8 > ? : C @ : 2 6 I 2

6 8 9 : , ) ; D < = - > . ? @ A B B 8 > ? : I C @ : 2
6 D 2 6 8 9 : , ) ; D < = - > . ? @ A B B 8 > ? : D C @ : 2 3 E F G H

O P Q R S T U V W X S Y Z [O P Q R S T U V W X S Y Z [
\ ] ^ _ ` a b c d\ ] ^ _ ` a b c d

Declaration: @ L e ? 9 : @ < f ? 9 g g h i 7 I j 2 f ? 9 g g h 7 + 2 f ? 9 g g h D A f ? 9 g g I J k - N 1 K L M @ N ( ) *

Description
Defines a real nonsymmetric generalized eigenvalue problem.

Parent classese > . ? ) f l ) , : > 9 ? I J M @ N ( ) * < h i 7 I j 2 h i 7 I j 2 h 7 + 2 h D A
e > . ? ) f l ) , : > 9 ? I J k - N 1 K L 1 : = ( ) * < h i 7 I j 2 h 7 + A
e > . ? ) f l ) , : > 9 ? I J , f k - N 1 K L M @ N ( ) * < h i 7 I j A

Default constructorI J k - N 1 K L M @ N ( ) * / G

Regular mode constructorI J k - N 1 K L M @ N ( ) * / ) N : N 2 ) N : N @ l 2 h 7 + m - . n 7 + 2 j K e @ 7 + ; 8 > ? : 7 + ; 2
h D m - . n D 2 j K e @ D ; 8 > ? : D ; 2 f o 9 , m p o ) f o q r i 8 r 2

) N : N f l q 4 2 h i 7 I j : - ? q 4 E 4 2 ) N : L 9 ; ) : q 4 2
h i 7 I j m , @ g ) = q 4 2 . - - ? I > : - 1 o ) s : q : , > @ G
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Real shift and invert mode constructort u v w x y z { | } x ~ � � � � x � x � � x � x } � � � � � � w � � � � � � z � } � � � � � � � � � � � � � � w � � � �
� z � } � � � � � � � � � � � � t � � � � { � � � � � � � � � � � � � � � � � �

� x � x � � � � � � � � t � � w � � � � � � � x � { � � � � � � �
� � � t � � � } � � � � � � � w w � t � � w y � � � � � � � � } �

Complex shift and invert mode constructort u v w x y z { | } x ~ � � � � x � x � � x � x } � � � � � � w � � � � � � z � } � � � � � � � � � � � � � � w � � t �
� z � } � � � � � � t � � � � � w � � � � � z � } � � � � � � � � � � � � � � � � � �

� � � t � � � � { � u � � � � t � � � � { �   � � � � � � � � � � � � � � � � �
� x � x � � � � � � � � t � � w � � � � � � � x � { � � � � � � �

� � � t � � � } � � � � � � � w w � t � � w y � � � � � � � � } �

Examples¡ ¢ £ ¤ ¥ ¦ § ¨ © ª ¥ « ¬ ­
 requires the user to supply two (or sometimes three) different

matrix-vector products24. Supposing that at least two matrix classes are available, each
one containing at least one function, say ® ¯ ° ± ² ª ± , which performs a matrix-vector
product as required by the computational mode being used, some ways to create a real
nonsymmetric generalized problem include:

1. Using the default constructor

In this case, after declaring the problem, the user must pass all the information required
by ARPACK++ elsewhere in the program using the ³ ª ´ ¬ ¥ ª µ ¶ · ¶ ¨ ª ± ª · ¸

 function:

¹ º » ¼ ½ ¾ ¿ À Á Â ½ Ã Ä Å Æ Ç ¼ È É Ê Â Ë Ì Í Î Ï Ä Ð Ñ Ò Æ Ç ¼ È É Ê Â Ó Ë Ì Í Î Ï Ä Ð Ô Æ Ç ¼ È É Ê Â Ó Ó Ã Ä Å Ò Ï ¼ É Õ
Ö Ö × × ×
Ì Í Î Ï Ä Ð Ñ Ò Æ Ç ¼ È É Ê Â Ó Ñ Ò Õ
Ì Í Î Ï Ä Ð Ô Æ Ç ¼ È É Ê Â Ó Ô Õ

Ã Ä Å Ò Ï ¼ É × Ø Â Ù Ä ½ Â Ò Í Ï Í À Â Î Â Ï Ú Û Ü Ý Ý Ë Þ Ë ß Ñ Ò Ë ß Ì Í Î Ï Ä Ð Ñ Ò Æ Ç ¼ È É Ê Â Ó à à Ì È Ê Î á Â Î Ë
ß Ô Ë ß Ì Í Î Ï Ä Ð Ô Æ Ç ¼ È É Ê Â Ó à à Ì È Ê Î á Â Î â Õ

Another command is also necessary when solving the problem in shift and invert
mode, since a shift cannot be defined using ³ ª ´ ¬ ¥ ª µ ¶ · ¶ ¨ ª ± ª · ¸

:

Ì Í Î Ï Ä Ð Ñ Ò Æ Ç ¼ È É Ê Â Ó Ñ Ò Õ
Ì Í Î Ï Ä Ð Ô Æ Ç ¼ È É Ê Â Ó Ô Õ

Ã Ä Å Ò Ï ¼ É × Ø Â Ù Ä ½ Â Ò Í Ï Í À Â Î Â Ï Ú Û Ü Ý Ý Ë Þ Ë ß Ñ Ò Ë ß Ì Í Î Ï Ä Ð Ñ Ò Æ Ç ¼ È É Ê Â Ó à à Ì È Ê Î á Â Î Ë
ß Ô Ë ß Ì Í Î Ï Ä Ð Ô Æ Ç ¼ È É Ê Â Ó à à Ì È Ê Î á Â Î â Õ

Ã Ä Å Ò Ï ¼ É × ¾ Â Î ¾ ã Ä Ù Î ä ½ å Â Ï Î Ì ¼ Ç Â Û Ü × æ Ë ß Ñ Ò Ë ß Ì Í Î Ï Ä Ð Ñ Ò Æ Ç ¼ È É Ê Â Ó à à Ì È Ê Î á Â Î â Õ

When shift is complex, three matrices − OP, A and B − are required. Although
matrices A and OP must share the same class, they use different matrix-vector product
functions:

                                                       
24 The required products are:  a) in regular mode: B-1Ax and Bx;  b) in real shift and invert mode:
(A-σB)-1x and Bx;  c) in complex shift and invert mode: real{(A-σB)-1}x or imag{(A-σB)-1}x, Ax
and Bx. See chapter 4.
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ç è é ê ë ì í î ï ð ñ ò ó ô õ ö í î ÷
ç è é ê ë ì ø ï ð ñ ò ó ô õ ö ù ÷
ç è é ê ë ì ø ï ð ñ ò ó ô õ ö ø ÷

ú ë û î ê ñ ó ü ý õ þ ë ÿ õ î è ê è � õ é õ ê � � � � � � � � � í î � � ç è é ê ë ì í î ï ð ñ ò ó ô õ ö � � ç ò ô é 	 õ é �
� ø � � ç è é ê ë ì ø ï ð ñ ò ó ô õ ö � � ç ò ô é 	 õ é 
 ÷

� � 
 � � � � � � � � � � � � � � � � � � � � � � � � �  !  " # � $ " % � & " ' ( � "
' � ) � � � � ( � * � � + � � � , - - � + � � . � � "
' / " ' � ) � � � � 0 * � � + � � � , - - � + � � / . � � 1 2

2. Using the regular mode constructor
� ) � � � � ( � * � � + � � � , ( � 2
� ) � � � � 0 * � � + � � � , 0 2

/ ! 3 � 4 � 5 � 6 � 4 � � 
 * � � + � � � " � ) � � � � ( � * � � + � � � , " � ) � � � � 0 * � � + � � � , ,
� � 
 � � � � � # % % " 7 " ' ( � " ' � ) � � � � ( � * � � + � � � , - - � + � � . � � "

' 0 " ' � ) � � � � 0 * � � + � � � , - - � + � � . � � 1 2

3. Using the real shift and invert mode constructor
� ) � � � � ( � * � � + � � � , ( � 2
� ) � � � � 0 * � � + � � � , 0 2

/ ! 3 � 4 � 5 � 6 � 4 � � 
 * � � + � � � " � ) � � � � ( � * � � + � � � , " � ) � � � � 0 * � � + � � � , ,
� � 
 � � � � � # % % " 7 " ' ( � " ' � ) � � � � ( � * � � + � � � , - - � + � � . � � "

' 0 " ' � ) � � � � 0 * � � + � � � , - - � + � � . � � " # � $ 1 2

4. Using the complex shift and invert mode constructor
� ) � � � � ( � * � � + � � � , ( � 2
� ) � � � � ( � * � � + � � � , / 2
� ) � � � � 0 * � � + � � � , 0 2

/ ! 3 � 4 � 5 � 6 � 4 � � 
 * � � + � � � " � ) � � � � ( � * � � + � � � , " � ) � � � � 0 * � � + � � � , ,
� � 
 � � � � � # % % " 7 " ' ( � " ' � ) � � � � ( � * � � + � � � , - - � + � � . � � "

' / " ' � ) � � � � 0 * � � + � � � , - - � + � � / . � � "
' 0 " ' � ) � � � � 0 * � � + � � � , - - � + � � . � � "  !  " # � $ " % � & 1 2

8 9 : ; < = > ? @ A B C8 9 : ; < = > ? @ A B C
D E F G H I J K LD E F G H I J K L

Declaration� � � � � ) � � * M � ) N N O P ( / Q " M � ) N N O ( � " M � ) N N O 0 , M � ) N N / ! � � � � 6 � 4 � � 


Description
Defines a complex (Hermitian or non-Hermitian) generalized eigenvalue problem.

Parent classes� + � � � M R � � � + ) � / ! 6 � 4 � � 
 * O P ( / Q " M � � � � � � * O P ( / Q , " O ( � " O 0 ,
� + � � � M R � � � + ) � / ! � � � � � � � � � 
 * O P ( / Q " O ( � ,

Default constructor/ ! � � � � 6 � 4 � � 
 � 1
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Regular mode constructorS T U V W X Y Z [ \ ] ^ _ ] [ ` [ a ] [ ` [ Z b a c d e f V g h d e a i j X Z d e k l m n ` d e k a
c o f V g h o a i j X Z o k l m n ` o k a p q r s f t q ] p q u v w l v a

] [ ` [ p b u x a c w d S i ` V n u x y x a ] [ ` W r k ] ` u x a
p V W X n Z k z c w d S i { f s Z | ] } u x a g V V n S m ` V ~ q ] � ` u ` s m Z �

Shift and invert mode constructorS T U V W X Y Z [ \ ] ^ _ ] [ ` [ a ] [ ` [ Z b a c d e f V g h d e a i j X Z d e k l m n ` d e k a c o f V g h o a
i j X Z o k l m n ` o k a p V W X n Z k z c w d S i { | ] ^ W r a p q r s f t q ] p q u v w l v a

] [ ` [ p b u x a c w d S i ` V n u x y x a ] [ ` W r k ] ` u x a
p V W X n Z k z c w d S i { f s Z | ] } u x a g V V n S m ` V ~ q ] � ` u ` s m Z �

Examples
To solve complex generalized problems it is also necessary to create two matrix-vector
product functions25. In the examples given below, both these functions are called� � � � � � �

, but each one belongs to a different class.

1. Using the default constructor
S T U V W X Y Z [ \ ] ^ z } V m g n Z a l r ` s ] k d e z } V m g n Z { a l r ` s ] k o z } V m g n Z { { \ ] ^ e s V g �

In this case, after declaring an object that belongs to � � � � � � � � � � � � , it is necessary to
use the � � � � � � � � � � � � � � � �  function to pass all the remaining information required by
ARPACK++:

� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª ¡ ¢ «
� � � � �   ¬ £ ¤ ¥ ¦ § ¨ © ª ¬ «

­ � ® ¢ � ¥ § ¯ ° © ± � ² © ¢ � � � ³ © � © � ´ µ ¶ · · ¸ ¹ ¸ º ¡ ¢ ¸ º � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª » » � ¦ ¨ � ¼ © � ¸
º ¬ ¸ º � � � � �   ¬ £ ¤ ¥ ¦ § ¨ © ª » » � ¦ ¨ � ¼ © � ½ «

Because a shift cannot be defined using � � � � � � � � � � � � � � � � , the following command
is also necessary when using shift and invert mode:

­ � ® ¢ � ¥ § ¯ ¾ © � ¾ ¿ � ± � À ² Á © � � � ¥ ¤ © µ Â ¥ ³ Ã ¨ ©   £ ¤ ¥ ¦ § ¨ © ª µ ¶ ¯ Ä ¸ · ¯ Å ½ ¸
º ¡ ¢ ¸ º � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª » » � ¦ ¨ � ¼ © � ½ «

2. Using the regular mode constructor
� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª ¡ ¢ «
� � � � �   ¬ £ ¤ ¥ ¦ § ¨ © ª ¬ «

Æ Ç È ¥ ³ Ã É © ² ­ � ® £ ¤ ¥ ¦ § ¨ © ¸ � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª ¸ � � � � �   ¬ £ ¤ ¥ ¦ § ¨ © ª ª
­ � ® ¢ � ¥ § µ ¶ · · ¸ ¹ ¸ º ¡ ¢ ¸ º � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª » » � ¦ ¨ � ¼ © � ¸

º ¬ ¸ º � � � � �   ¬ £ ¤ ¥ ¦ § ¨ © ª » » � ¦ ¨ � ¼ © � ½ «

3. Using the shift and invert mode constructor
� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª ¡ ¢ «
� � � � �   ¬ £ ¤ ¥ ¦ § ¨ © ª ¬ «

                                                       
25 These functions are:  a) in regular mode: B-1Ax and Bx;  b) in shift and invert mode: (A-σB)-1x
and Bx. See chapter 4.
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Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Í Ø Ù Ú Ñ Û Ü Ý Þ ß Ô à á â Ö × Í Ø Ù Ú Ñ ã Û Ü Ý Þ ß Ô à ä Ö × Í Ø Ù Ú Ñ ã ã
Ó Ô Õ â ß Í Ù å æ ç ç Û è Û é á â Û é Ü Ý Þ ß Ô à á â Ö × Í Ø Ù Ú Ñ ã ê ê Ü Ø Ú Þ ë Ñ Þ Û é ä Û

é Ü Ý Þ ß Ô à ä Ö × Í Ø Ù Ú Ñ ã ê ê Ü Ø Ú Þ ë Ñ Þ Û ì Í Î Ï Ú Ñ à Ö × Í Ø Ù Ú Ñ ã å æ í î Û ç í ï ð ð ñ

Classes that do not handle matrix information.

These classes were created only to maintain full compatibili ty between c++ and
FORTRAN versions of ARPACK. They implement the so called reverse
communication interface and should be used only if matrix neither matrix data nor
matrix-vector products can be passed to class constructors, as described in the above
sections.

Although it is easy to declare objects using these classes, obtaining eigenvalues and
eigenvectors require the user to explicitly define an awkward sequence of calls to a
function called ò ó ô õ ö ÷ õ ø  combined with matrix-vector products until convergence is
attained.

ù ú û ü ý þ ÿ ý � � � � �ù ú û ü ý þ ÿ ý � � � � �
� � � � � � 	 
 �� � � � � � 	 
 �

Declaration� 
 � � � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � �  ! " #

Description
Defines a real symmetric standard eigenvalue problem without requiring a matrix-
vector product function.

Parent class� $ % � ! � & ! � � $ � � � � � � � � �  ! " � � � � � � ' � � � � � �

Default constructor� � � � � � � � � �  ! " ( )

Regular mode constructor� � � � � � � � � �  ! " ( ! * � * ' ! * � * 
 & ' � + � � , - + ! � + . / � 0 / ' ! * � * � & . 1 '
� � � � � � 2 � . 1 # 1 ' ! * � � � 3 ! � . 1 ' � � � � � , � 
 � ! � . 1 '

% 2 2 � � $ � 2 � + ! 4 � . � � $ 
 )

Shift and invert mode constructor� � � � � � � � � �  ! " ( ! * � * ' ! * � * 
 & ' � � � � � � ! " � � ' � + � � , - + ! � + . / � 0 / '
! * � * � & . 1 ' � � � � � � 2 � . 1 # 1 ' ! * � � � 3 ! � . 1 '

� � � � � , � 
 � ! � . 1 ' % 2 2 � � $ � 2 � + ! 4 � . � � $ 
 )

Examples
Defining objects of this class is straightforward:
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1. Using the default constructor
5 6 7 8 9 : ; 9 < = > ? @ A = B C D E F G > ? @ H 7 B D I

When using the default constructor, problem parameters must be passed elsewhere in
the program using functions J K L M N K O P Q P R K S K Q T  and U V W X Y Z [ V \ ] ^ 26:

_ ` a b c d e f g h i ` j h b k c k l h m h c n o p q q r s t u
_ ` a b c d e f v w k j a h x w ` i m o p y f z t u

2. Using the regular mode constructor
{ | c } x ~ l x m � _ ` a � � d � e � h � _ ` a b c d e o p q q r s t u

3. Using the shift and invert mode constructor
{ | c } x ~ l x m � _ ` a � � d � e � h � _ ` a b c d e o p q q r s r p y f z t u

� � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declarationm h l � � k m h � } � k n n � � � { � � } � k n n { | c }   d j x ~ l x m � _ ` a

Description
Defines a real nonsymmetric standard eigenvalue problem.

Parent class� � e � ` } ¡ ` c m � k � { | c } x m � _ ` a � � � � { � r � � � { � �

Default constructor{ | c }   d j x ~ l x m � _ ` a o t

Regular mode constructor{ | c }   d j x ~ l x m � _ ` a o ` j m j r ` j m j h ¡ r } w k c ¢ £ w ` } w ¤ ¥ � ¦ ¥ r
` j m j } ¡ ¤ q r � � � { � m d � ¤ q f q r ` j m l k § ` m ¤ q r

� � � { � ¢ c h n ` � ¤ q r e d d � { � m d x w ` i m ¤ m c � h t

Real shift and invert mode constructor{ | c }   d j x ~ l x m � _ ` a o ` j m j r ` j m j h ¡ r � � � { � n ` a l k r } w k c ¢ £ w ` } w ¤ ¥ � ¦ ¥ r
` j m j } ¡ ¤ q r � � � { � m d � ¤ q f q r ` j m l k § ` m ¤ q r

� � � { � ¢ c h n ` � ¤ q r e d d � { � m d x w ` i m ¤ m c � h t

Examples
The user can easily declare objects of this class:

                                                       
26 Only when solving a problem in shift and invert mode.
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1. Using the default constructor
¨ © ª « ¬ ­ ® ¯ ° ± ¯ ² ³ ´ µ ¶ · ³ ­ ¸ ¹ º » ¼ ´ µ ¶ ½ ª ­ ¹ ¾

When using this constructor, all other information about the problem must be passed
elsewhere in the program using ¿ À Á Â Ã À Ä Å Æ Å Ç À È À Æ É  and Ê Ë Å Ã Ì À Í Ë Â Á È Î Ï :

Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Ñ Û Ù Ó Ü Ô Ü Ý Ù Þ Ù Ô ß à á â â ã ä å æ
Ð Ñ Ò Ó Ô Õ Ö × ç è Ü Û Ò Ù é è Ñ Ú Þ à á ê × ë å æ

2. Using the regular mode constructor
ì í Ô î ï Õ Û é ð Ý é Þ ñ Ð Ñ Ò ò ñ Õ ó Ö ô Ù õ Ð Ñ Ò Ó Ô Õ Ö à á â â ã ä å æ

3. Using the shift and invert mode constructor
ì í Ô î ï Õ Û é ð Ý é Þ ñ Ð Ñ Ò ò ñ Õ ó Ö ô Ù õ Ð Ñ Ò Ó Ô Õ Ö à á â â ã ä ã á ê × ë å æ

ö ÷ ø ù ú û ü ý þ ÿ � � � �ö ÷ ø ù ú û ü ý þ ÿ � � � �
� � � � � � 	 
 � �� � � � � � 	 
 � �

DeclarationÞ Ù Ý 
 ô Ü Þ Ù ò î ô Ü ß ß � � � ì � õ î ô Ü ß ß ì í Ô î ç Õ Ý 
 é Þ ñ Ð Ñ Ò

Description
Defines a complex (Hermitian or non-Hermitian) standard eigenvalue problem.

Parent class
 ó Ö ô Ñ î � Ñ Ô Þ ó Ü ô ì í Ô î é Þ ñ Ð Ñ Ò ò � � � ì � ã î Õ Ý 
 ô Ù � ò � � � ì � õ õ

Default constructorì í Ô î ç Õ Ý 
 é Þ ñ Ð Ñ Ò à å

Regular mode constructorì í Ô î ç Õ Ý 
 é Þ ñ Ð Ñ Ò à Ñ Û Þ Û ã Ñ Û Þ Û Ù � ã î è Ü Ô � � è Ñ î è � � � � � ã
Ñ Û Þ Û î � � â ã � � � ì � Þ Õ ô � â × â ã Ñ Û Þ Ý Ü � Ñ Þ � â ã
î Õ Ý 
 ô Ù � ò � � � ì � õ � Ô Ù ß Ñ ñ � â ã Ö Õ Õ ô ì ó Þ Õ é è Ñ Ú Þ � Þ Ô ó Ù å

Shift and invert mode constructorì í Ô î ç Õ Ý 
 é Þ ñ Ð Ñ Ò à Ñ Û Þ Û ã Ñ Û Þ Û Ù � ã î Õ Ý 
 ô Ù � ò � � � ì � õ ß Ñ Ò Ý Ü ã
î è Ü Ô � � è Ñ î è � � � � � ã Ñ Û Þ Û î � � â ã � � � ì � Þ Õ ô � â × â ã
Ñ Û Þ Ý Ü � Ñ Þ � â ã î Õ Ý 
 ô Ù � ò � � � ì � õ � Ô Ù ß Ñ ñ � â ã

Ö Õ Õ ô ì ó Þ Õ é è Ñ Ú Þ � Þ Ô ó Ù å

Examples
1. Using the default constructor
ì í Ô î ç Õ Ý 
 é Þ ñ Ð Ñ Ò ò ñ Õ ó Ö ô Ù õ Ð Ñ Ò Ó Ô Õ Ö æ
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� � � � �
� � � � �  ! � " # $ � % # � & � & ' # ( # � ) * + , , - . / 0
� � � � �  ! � 1 2 & % � # 3 2 � $ ( * 4  ' 5 6 # 7 8 9  : ! 6 # ; * + < � = - + , � . / / 0

As illustrated in the above example, to use the default constructor, it is also necessary
to call other functions, such as > ? @ A B ? C D E D F ? G ? E H  and I J D B K ? L J A @ G , to pass some
problem parameters to ARPACK++.

In this case, > ? @ A B ? C D E D F ? G ? E H  was used to define the size of the problem and the
number of desired eigenvalues, while I J D B K ? L J A @ G  was called to define the shift
(supposing that the shift and invert mode should be employed).

2. Using the regular mode constructor
M N � 4 1  ' 5 3 ( 9 � � � 8 9  : ! 6 # ; � � � � �  ! * + , , - . / 0

3. Using the shift and invert mode constructor
M N � 4 1  ' 5 3 ( 9 � � � 8 9  : ! 6 # ; � � � � �  ! * + , , - . - 4  ' 5 6 # 7 8 9  : ! 6 # ; * + < � = - + , � . / / 0

O P Q R S T U V W X Y Z [O P Q R S T U V W X Y Z [
\ ] ] ^ _ ` a b c\ ] ] ^ _ ` a b c

Declaration( # ' 5 6 & ( # 8 4 6 & ) ) d e f M g ; 4 6 & ) ) M N � 4 3 h ' i # % � � �

Description
Defines a real symmetric generalized eigenvalue problem.

Parent classes5 : ! 6 � 4 j � � ( : & 6 M N � 4 i # % � � � 8 d e f M g - d e f M g ;
5 : ! 6 � 4 j � � ( : & 6 M N � 4 3 h ' 3 ( 9 � � � 8 d e f M g ;

Default constructorM N � 4 3 h ' i # % � � � * /

Regular mode constructorM N � 4 3 h ' i # % � � � * � % ( % - � % ( % # j - 4 2 & � k l 2 � 4 2 m n e o n -
� % ( % 4 j m , - d e f M g (  6 m , � , - � % ( ' & 7 � ( m , -

d e f M g k � # ) � 9 m , - !   6 M : (  3 2 � $ ( m ( � : # /

Shift and invert, buckling and Cayley modes constructorM N � 4 3 h ' i # % � � � * 4 2 & � p % j # � ( o  9 # - � % ( % - � % ( % # j - d e f M g ) � � ' & -
4 2 & � k l 2 � 4 2 m n e o n - � % ( % 4 j m , - d e f M g (  6 m , � , -
� % ( ' & 7 � ( m , - d e f M g k � # ) � 9 m , - !   6 M : (  3 2 � $ ( m ( � : # /
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Examples
1. Using the default constructor
q r s t u v w x y z { | } ~ � � � � � y � { | } � s � � �

When using this constructor, all problem parameters must be passed elsewhere in the
program using the � � � � � � � � � � � � � � � �  function:

{ | } � s � � � � y � | z y � � s � w y � y s � � � � � � � � �

One of the three commands below is also required when a spectral transformation is
being used:

{ | } � s � � � u y � u � | � � � z   y s � ¡ � � y � � � ¢ � �
{ | } � s � � � u y � £ � t ¤ � | z } ¡ � � y � � � ¢ � �
{ | } � s � � � u y � ¥ � v � y v ¡ � � y � � � ¢ � �

2. Using the regular mode constructor
q r s t u v w x y z { | } ~ � � � � � y � { | } � s � � � � � � � � � �

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

To define a spectral transformation while defining an object of this class, one of the
following commands must be used:

q r s t u v w x y z { | } ~ � � � � � y � { | } � s � � � ¦ u ¦ � � � � � � � � � ¢ � �
q r s t u v w x y z { | } ~ � � � � � y � { | } � s � � � ¦ £ ¦ � � � � � � � � � ¢ � �
q r s t u v w x y z { | } ~ � � � � � y � { | } � s � � � ¦ ¥ ¦ � � � � � � � � � ¢ � �

§ ¨ © ª « ¬ ­ ® ¯ ° ± ² ­ ³ ´ µ§ ¨ © ª « ¬ ­ ® ¯ ° ± ² ­ ³ ´ µ
¶ · · ¸ ¹ º » ¼ ½ ¾¶ · · ¸ ¹ º » ¼ ½ ¾

Declaration� y w ¿ � � � y ~ t � � � � À Á Â q Ã � t � � � � q r s t Ä � z u v w x y z { | }

Description
Defines a real nonsymmetric generalized eigenvalue problem.

Parent classes¿ � � � | t   | s � � � � q r s t x y z { | } ~ À Á Â q Ã � À Á Â q Ã �
¿ � � � | t   | s � � � � q r s t Ä � z u v w u � � { | } ~ À Á Â q Ã �

Default constructorq r s t Ä � z u v w x y z { | } � �
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Regular mode constructorÅ Æ Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Ó Ô Ò Ë Õ Ë Ö Ò Ë Õ Ë Ð × Ö È Ø Ù Ç Ú Û Ø Ò È Ø Ü Ý Þ ß Ý Ö
Ò Ë Õ Ë È × Ü à Ö á Þ â Å ã Õ Ê ä Ü à å à Ö Ò Ë Õ Î Ù æ Ò Õ Ü à Ö

á Þ â Å ã Ú Ç Ð ç Ò è Ü à Ö é Ê Ê ä Å ê Õ Ê Ì Ø Ò ë Õ Ü Õ Ç ê Ð ì

Real shift and invert mode constructorÅ Æ Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Ó Ô Ò Ë Õ Ë Ö Ò Ë Õ Ë Ð × Ö á Þ â Å ã ç Ò Ó Î Ù Ö È Ø Ù Ç Ú Û Ø Ò È Ø Ü Ý Þ ß Ý Ö
Ò Ë Õ Ë È × Ü à Ö á Þ â Å ã Õ Ê ä Ü à å à Ö Ò Ë Õ Î Ù æ Ò Õ Ü à Ö

á Þ â Å ã Ú Ç Ð ç Ò è Ü à Ö é Ê Ê ä Å ê Õ Ê Ì Ø Ò ë Õ Ü Õ Ç ê Ð ì

Complex shift and invert mode constructorÅ Æ Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Ó Ô Ò Ë Õ Ë Ö Ò Ë Õ Ë Ð × Ö È Ø Ù Ç í Ù Ç Õ Ö á Þ â Å ã ç Ò Ó Î Ù Æ Ö
á Þ â Å ã ç Ò Ó Î Ù î Ö È Ø Ù Ç Ú Û Ø Ò È Ø Ü Ý Þ ß Ý Ö Ò Ë Õ Ë È × Ü à Ö
á Þ â Å ã Õ Ê ä Ü à å à Ö Ò Ë Õ Î Ù æ Ò Õ Ü à Ö á Þ â Å ã Ú Ç Ð ç Ò è Ü à Ö

é Ê Ê ä Å ê Õ Ê Ì Ø Ò ë Õ Ü Õ Ç ê Ð ì

Examples
1. Using the default constructor
Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Ó ï è Ê ê é ä Ð ð Ñ Ò Ó ñ Ç Ê é ò

When using the default constructor, all other relevant information about the problem
must be passed using the ó ô õ ö ÷ ô ø ù ú ù û ô ü ô ú ý  function:

Ñ Ò Ó ñ Ç Ê é å þ Ð ë Ò Ë Ð ñ Ù Ç Ù Î Ð Õ Ð Ç ç Ô ÿ à à Ö � ì ò

One of the following commands is also necessary when solving the problem in real or
complex shift and invert mode:

Ñ Ò Ó ñ Ç Ê é å Ì Ð Õ Ì Ø Ò ë Õ î Ë × Ð Ç Õ ß Ê è Ð Ô ÿ å � ì ò
Ñ Ò Ó ñ Ç Ê é å Ì Ð Õ � Ê Î í ä Ð æ Ì Ø Ò ë Õ ß Ê è Ð Ô � Æ � Ö ÿ å � Ö à å � ì ò

2. Using the regular mode constructor
Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Ó ï è Ê ê é ä Ð ð Ñ Ò Ó ñ Ç Ê é Ô ÿ à à Ö � ì ò

3. Using the real shift and invert mode constructor
Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Ó ï è Ê ê é ä Ð ð Ñ Ò Ó ñ Ç Ê é Ô ÿ à à Ö � Ö ÿ å � ì ò

4. Using the complex shift and invert mode constructor
Å Æ � Ê Î í Ï Ð Ë Ñ Ò Ó ï è Ê ê é ä Ð ð Ñ Ò Ó ñ Ç Ê é Ô ÿ à à Ö � Ö � Æ � Ö ÿ å � Ö à å � ì ò

� � � � 	 
 � � 
 � � � � �� � � � 	 
 � � 
 � � � � �
� � � � � � � � � �� � � � � � � � � �

DeclarationÕ Ð Î í ä Ù Õ Ð ï È ä Ù ç ç á Þ â Å ã ð È ä Ù ç ç Å Æ Ç È � Ê Î í Ï Ð Ë Ñ Ò Ó
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Description
Defines a complex (Hermitian or non-Hermitian) generalized eigenvalue problem.

Parent classes� � � �  ! "  # $ � % � & ' # ! ( ) * +  , - . / 0 & 1 2 ! 3 4 � � ) 5 - . / 0 & 1 6 6
� � � �  ! "  # $ � % � & ' # ! 7 3 4 � 8 $ 9 +  , - . / 0 & 1 6

Default constructor& ' # ! 7 3 4 � ( ) * +  , : ;

Regular mode constructor& ' # ! 7 3 4 � ( ) * +  , :  * $ * 2  * $ * ) " 2 ! < % # = > <  ! < ? @ / A @ 2
 * $ * ! " ? B 2 . / 0 & 1 $ 3 � ? B C B 2  * $ 4 % 5  $ ? B 2
! 3 4 � � ) 5 - . / 0 & 1 6 = # ) D  9 ? B 2 � 3 3 � & � $ 3 8 <  E $ ? $ # � ) ;

Shift and invert mode constructor& ' # ! 7 3 4 � ( ) * +  , :  * $ * 2  * $ * ) " 2 ! 3 4 � � ) 5 - . / 0 & 1 6 D  , 4 % 2
! < % # = > <  ! < ? @ / A @ 2  * $ * ! " ? B 2 . / 0 & 1 $ 3 � ? B C B 2
 * $ 4 % 5  $ ? B 2 ! 3 4 � � ) 5 - . / 0 & 1 6 = # ) D  9 ? B 2

� 3 3 � & � $ 3 8 <  E $ ? $ # � ) ;

Examples
1. Using the default constructor

& ' # ! 7 3 4 � ( ) * +  , - 9 3 � � � ) 6 +  , F # 3 � G

When using this constructor, the user must employ functions H I J K L I M N O N P I Q I O R  andS T U S V W X U Y Z [ T \ U ] ^ _ T
 to supply all problem parameters:

` a b c d e f g h i j a k i c l d l m i n i d o p q r r s t u v
` a b c d e f g w i n w x a j n y k z i d n { e | i p } e m ~ � i � � | e � f � i � p q g � s r g � u u v

2. Using the regular mode constructor
� � d } � e m ~ � i k ` a b � | e � f � i � ` a b c d e f p q r r s t u v

3. Using the shift and invert mode constructor
� � d } � e m ~ � i k ` a b � | e � f � i � ` a b c d e f p q r r s t s } e m ~ � i � � | e � f � i � p q g � s r g � u u v

Base classes.

The classes described below are used as a basis for the definition of all other
ARPACK++ classes. They are not intended to be used directly and were included here
only for the sake of completeness.
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� � � � � � � � � �� � � � � � � � � �
� � � � � � � � �� � � � � � � � �

Declaration� � � �   ¡ � � ¢ £   ¡ ¤ ¤ ¥ ¦ § ¨ © ª £   ¡ ¤ ¤ ¨ « ¬ £ ­ � ® ¯ ° ±

Description
Defines a generic standard eigenvalue problem.

Default constructor¨ « ¬ £ ­ � ® ¯ ° ± ² ³

´ µ ¶ · ¸ ¹ º » ¼ ½´ µ ¶ · ¸ ¹ º » ¼ ½
� � � � � � � � �� � � � � � � � �

Declaration� � � �   ¡ � � ¢ £   ¡ ¤ ¤ ¥ ¦ § ¨ © ª £   ¡ ¤ ¤ ¨ « ¬ £ ¾ � ¿ ¯ ° ±

Description
Defines a generic generalized eigenvalue problem.

Parent classÀ Á Â Ã Ä Å Æ Ä Ç È Á É Ã Ê Ë Ç Å Ì È Í Î Ä Ï Ð Ñ Ò Ó Ê Ô Õ Ô Ö × Î Ø

Default constructorÊ Ë Ç Å Ù Ú Û Î Ä Ï Ü Ý

Þ ß à á â ã ä åÞ ß à á â ã ä å
æ ç è é ê ë ì íæ ç è é ê ë ì í

DeclarationÈ Ú î À Ã É È Ú Ð Å Ã É ï ï Ñ Ò Ó Ê Ô Õ Å Ã É ï ï Ô Ö × Î Õ Å Ã É ï ï Ñ Ó × Ø Å Ã É ï ï Ê Ë Ì È Í Î Ä Ï

Description
Defines a generic standard eigenvalue problem, supposing that class ð ñ ò  contains a
member function that performs a matrix-vector product.

Parent classó ô õ ö ÷ ø ù ÷ ú û ô ü ö ý þ ú ø ÿ û � � ÷ � � � � � ý � � � 	 
 � �

Default constructorý þ ÿ û � � ÷ � � 
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� � � � � � � �� � � � � � � �
� � � � � � � �� � � � � � � �

Declaration� � �  ! " � � # $ ! " % % & ' ( ) * + $ ! " % % * , - . + $ ! " % % & ( - + $ ! " % % & / 0 $ ! " % % ) 1 2 � 3 . 4 5

Description
Defines a generic generalized eigenvalue problem Ax Bx= λ , supposing that
information about matrices A and B is provided by classes 6 7 8  and 9 : .

Parent classes; < = > ? @ A ? B C < D > E F B @ G H I J ? K L M N O E P Q P R S J T
; < = > ? @ A ? B C < D > E F U C V J ? K L M N O E P Q P R S J Q O S T

Default constructorE F G H I J ? K W X

Matrix classes.

Although the user is encouraged to use his own matrix classes, ARPACK++ includes
some predefined classes that can be used to create dense matrices and sparse matrices
in compressed sparse column (CSC) or band format.

The main purpose of these classes is to help the user to define eigenvalue problems,
but some of them can also be used to solve linear systems or to perform matrix-vector
products.

There are eight matrix classes and another eight classes that represent pencils. They are
divided according to the presence of symmetry and also according to the library that is
used to solve linear systems.

Matrices.

Y Z [ \ ] ^ _ ` a b c d eY Z [ \ ] ^ _ ` a b c d e
f g h i j f k l mf g h i j f k l m

Declarationn o p q r s n o t u r s v v w x y z { u r s v v | } ~ � � � p � s n � � �

Description
This class defines a real symmetric band matrix.
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Warning: Two member functions of this class, � � � � � � �  and � � � � � � � � � , call
LAPACK to perform a matrix decomposition. These two functions are used by
ARPACK++ to solve generalized eigenvalue problems and also standard problems in
shift and invert mode. Although � � � � � � � � � � � � �  should only be used to define
symmetric matrices, a LU factorization with partial pivoting is used. Since many
nonzero elements are generated during the matrix decomposition, memory availabili ty
must be taken in account when using these member functions.

Default constructor� � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª

Long constructor« ¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¶ ¹ ´ ¹ º ¶ ¹ ´ ¹ » ® ¶ ³ ¼ º ½ ¾ ¿ À Á ¹ Â Ã ³ Ä º Å Æ ³ µ Ç È Ä É Ê Ë Ì Ë Í

Constructor parameters
¹ number of columns.
¹ » ® ¶ ³ ¼ number subdiagonals (or superdiagonals), not including the main diagonal.
¹ Â Ã ³ Ä pointer to an array that contains the nonzero elements of the upper or

lower triangular part of the matrix. The nonzero elements must be
supplied by columns and, within each column, they must also be in
ascending order of row indices.Î Ï Ð Ñ Ò  can be viewed as a matrix with Î  columns and Ó Ô Õ Ö × Ø Ù Ú  rows,
where the columns are stored sequentially in the same vector. In this
representation, each row of the ( )nsdiag n+ ×1  matrix contains a
diagonal from the original matrix. If the upper triangular part of the matrix
is supplied, the main diagonal is stored in the last row. On the other hand,
the main diagonal is the first row if Û Ü Ý Þ ß à á à .

â ã ä å character variable that indicates if the user intends to define the matrix by
supplying its lower ( Û Ü Ý Þ ß à á à ) or upper triangular ( æ ç è é ê ë ì ë )
nonzero elements.

Public member functionsí î ï î ð ñ ò ó ô õ
returns n.

í î ï î ö ñ ÷ ó ô õ
returns ø .

ù ñ í ú û ü ö ï ñ ð ý ô õ
Performs the LU factorization of A, a matrix that belongs to this class.

ù ñ í ú û ü ö ï ñ ð ý ó þ ô ÿ � � � ó í � � ü õ
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.

� ñ ñ ÷ þ ó û ü ö ï ñ ð � ú ô õ
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.
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� � 	 
 � � 
 � � � � � � � � � � � � � � � � � �
Calculates w Av← .

� � 	 
 � � 
 � � � � � � � � � � � � � � � � � � � �
Solves LUw v= . � � � � � �   or � � � � � �  ! "  must be called prior to using this
function.

� � 	 
 # $ % 	 � $ � & � ' 	 ( � 	 � � � � 	 � � � ) 
 	 & * � � � � � � � + � & 
 � , - & ' � . 
 � / 0 1 0 �
Stores matrix data when the default constructor is being used.

Example
To store the symmetric matrix

A =

























4 1 3 0 0 0

1 6 2 0 0 0

3 2 1 4 0 0

0 0 4 2 1 4

0 0 0 1 3 2

0 0 0 4 2 5

.

in band format it is necessary first to rewrite the lower triangular part of A as a
( )nsdiag n+ ×1  matrix:

AL
band =

















4 6 1 2 3 5

1 2 4 1 2 0

3 0 0 4 0 0

After that, the user must declare a vector, say 2 3 4 � 5 , that contains the columns of
AL

band :

6 7 8 9 : ; < = > ? : @ A B C D E F G H E F G I E F G J E F G K E F G F E F G H E F G D E F G F E F G
L M N O P M N O Q M N O R M N O L M N O N M N O S M N O N M N O N M N T U

As an alternative, the upper triangular part of matrix A can also be used to declareV W X Y Z :

AU
band =

















0 0 3 0 0 4

0 1 2 4 1 2

4 6 1 2 3 5

[ \ ] ^ _ ` a b c d _ e f g h i j i k i j i k l j i k i j i k m j i k n j i k o j i k p j i k m j i k
i j i k l j i k p j i k i j i k m j i k o j i k l j i k p j i k q j i r s

Notice that some entries in AL
band and AU

band were artificially set to zero because the
diagonals of A do not contain the same number of elements.
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Once t u v w x  is available, one of the constructors described above should be used to
declare A as an y z { | } ~ � � � � � � �  object:

1. Using the long constructor
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   ¡ ¢ ¢ � £ � � ¤ ¥ ¦ ¥ §
¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ « ¶ · ª ¸ ¹ º » ¼ ½ ¾ ¿ ¾ À Á Â ° ¸ ¾ Ã Ä Ã Å Æ Ç Ç · È ¸ ¶ É Ã Ä Ã Ê

2. Using the default constructor
¨ © ª « ¬ ­ ® ¯ ° ± ² ³ ´ µ « ¶ · ª ¸ ¹ º ¨ Æ
Ë Ì Í Î Ï Ð Ñ Î Ò Ó Ô Õ Ð Ö × Ø Ù Ú Ù Ñ Û Ü Ó Ý Þ ß à à á â Ý ã ä å æ å Ì

After declaring A, to solve a linear system, say Ax y= , where x and y are dense
vectors with compatible dimensions, the matrix must be factored and then ç è é ê ë ì í í
called:

î ï ð ñ ò ó ô õ î ö ÷ ø
ù ú û ü ý þ ÿ � � � � � � � � �

� 	 
 � � 
 � � � � � � �� 	 
 � � 
 � � � � � � �
� � � � � � � � �� � � � � � � � �

Declaration� � �  ! " � � # $ ! " % % & ' ( ) * $ ! " % % + , - % . / � 0 " � 1 2 3

Description
This class defines a real symmetric dense matrix.

Warning: Two member functions of this class, 4 5 6 7 8 9 :  and ; < = > ? @ A B C , call
LAPACK to perform a matrix decomposition. These two functions are used by
ARPACK++ to solve generalized eigenvalue problems and also standard problems in
shift and invert mode. Although A D E B F G H I < > @ J K  should only be used to define
symmetric matrices, a LU factorization with partial pivoting is used. Since many
nonzero elements are generated during the matrix decomposition, memory availabili ty
must be taken in account when using these member functions.

Default constructorL M N O P Q R S T U V W X Y Z

Long constructor[ \ ] ^ _ ` a b c d e f g h f i d i j k l m n o i p q c r j s t c e u v r w x y z y {

Constructor parameters
i number of columns.
i p q c r pointer to an array that contains the nonzero elements of the upper or

lower triangular part of the matrix. The nonzero elements must be
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supplied by columns and, within each column, they must also be in
ascending order of row indices.

| } ~ � character variable that indicates if the user intends to define the matrix by
supplying its lower ( � � � � � � � � ) or upper triangular ( � � � � � � � � )
nonzero elements.

Public member functions� � � � � � � � � �
returns n.

� � � � � � � � � �
returns � .

� � � � � � � � � � � � �
Performs the LU factorization of A, a matrix that belongs to this class.

�   ¡ ¢ £ ¤ ¥ ¦   § ¨ © ª « ¬ ­ ® ¯ © ¡ ° ± ¤ ²
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.

³     ´ ª © £ ¤ ¥ ¦   § µ ¢ « ²
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

�   ¡ ¢ ¶ · ´ ¦ ¶ � « ¬ ­ ® ¯ ¸ � ¹ ¬ ­ ® ¯ ¸ º ²
Calculates w Av← .

�   ¡ ¢ ¶ · ´ ¦ ª » � � « ¬ ­ ® ¯ ¸ � ¹ ¬ ­ ® ¯ ¸ º ²
Solves LUw v= . ¼ ½ ¾ ¿ À Á Â  or ¼ ½ ¾ ¿ À Á Â Ã Ä  must be called prior to using this
function.

�   ¡ ¢ Å µ Æ ¡ » µ ¶ ¤ ¦ § ¡ Ç « ¡ » ¦ » ¹ ¬ ­ ® ¯ ¸ » È � ¤ ´ ¹ ¥ É ¤ § · Ê ´   Ë Ì Í Ì ²
Stores matrix data when the default constructor is being used.

Example
To store the symmetric matrix

A =

−

− −
− −























4 1 3 1 2

1 5 6 2 0

3 6 3 1 4

1 2 1 3 2

2 0 4 2 5

.

in a compact format it is necessary declare a vector, say Î Ï Ð ½ Ñ , that contains the lower
triangular part of the columns of A:

Ò Ó Ô Õ Ö × Ø Ù Ú Û Ö Ü Ý Þ ß à á â ã ä á â ã å á â ã æ ä á â ã ç á â ã è á â ã é á â ã ç á â ã
â á â ã æ å á â ã æ ä á â ã à á â ã å á â ã ç á â ã è á â ê ë

As an alternative, the upper triangular part of matrix A can also be used to declareì í î ï ð :
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ñ ò ó ô õ ö ÷ ø ù ú õ û ü ý þ ÿ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � ÿ � � � � � � � � � � 	 


Once � � 
 � �  is available, one of the constructors described above should be used to
declare A as an � � � � � � � � � � � � �  object:

1. Using the long constructor
� � ñ � �  ! " ú # $ % & ' ñ ò ó ô õ ö ( � ) � � ÷ ø ù ú õ * 
 + + ó , õ ò ý - . - �
� � ñ � �  ! " ú # $ % & ' ñ ò ó ô õ ö ( / ) � � ÷ ø ù ú õ � - 0 - * 
 + + ó , õ ò ý - 0 - �

2. Using the default constructor
� � ñ � �  ! " ú # $ % & ' ñ ò ó ô õ ö ( � 

� � 1 ö 2 % ÷ ö " ú # $ % & ) � � ÷ ø ù ú õ * 
 + + ó , õ ò ý - . - �

After declaring A, to solve a linear system, say Ax y= , where x and y are dense
vectors with compatible dimensions, the matrix must be factored and then � 3 � � 4 � 
 

called:

� � 5 ú 6 # ò $ � ) * 

� � " ó õ # 7 ÷ ù ù )  � & * 


8 9 : ; < = > ? @ A B C D8 9 : ; < = > ? @ A B C D
E F G H I E J K LE F G H I E J K L

DeclarationM N O P Q R M N S T Q R U U V W X Y Z T Q R U U [ \ Q ] ^ _ O ` R M a b c

Description
This class defines a real symmetric matrix in compressed sparse column (CSC) format.

Warning: Two member functions of this class, d e f g h i j  and d e f g h i j k l , call the
SuperLU package to perform a matrix decomposition. These functions are used by
ARPACK++ to solve generalized eigenvalue problems and standard problems in shift
and invert mode.

In spite of the fact that this class should be used to define symmetric matrices, a LU
factorization is used instead of a symmetric decomposition. However, a column
reordering based on the minimum degree algorithm can be done before the
factorization, as described below. Since some fill -ins can occur during the elimination
phase, memory availabili ty must be taken in account when using the two functions
mentioned above

Default constructor[ \ Q ] ^ _ O ` R M a b c m n
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Long constructoro p q r s t u v w x y z { | z } x } ~ z } x } } � ~ � � � � � } � � w q ~ z } x � z y � � ~
z } x � � � � q ~ � � w y r � q � � � � � ~ � � r � q � x � y � � � � � � � ~� � � � � � � � � � � � � �   ¡ ¢ � ¡ £ � � � ¤ � ¥

Long constructor (Harwell-Boeing file)¦ §   ¤ ¨ © ª « ¬ � � � ­ ® ¡ ¢ ¬ � ¯ � ¬ ª � � � � ¤ �   � � ¢ � � ° ¢ � ± ² ³ �
� � � � � � � � � � � � � �   ¡ ¢ � ¡ £ � � � ¤ � ¥

Constructor parameters�
number of columns.

� � ´
number of nonzero elements in µ ¶ · ¸ ¹ .

� ´ º ¬  
pointer to an array that contains the nonzero elements of the upper or
lower triangular part of the matrix. Within each column, µ ¶ · ¸ ¹
components must be supplied in ascending order of row indices.

� � � »
pointer to an array of row indices of the nonzero elements contained in

µ ¶ · ¸ ¹ .
¼ ¡ �  

pointer to an array of pointers to the beginning of columns in µ ¶ · ¸ ¹  and½ ¾ ¿ À
. Such array must have Á +1 elements and the last element must be

equal to Á Á Â .
Ã Ä Å Æ character variable that indicates if the user intends to define the matrix by

supplying its lower ( Ç È É ¿ Ê Ë Ì Ë
) or upper triangular ( Ç È É ¿ Ê Ë Í Ë

)
nonzero elements.

Î Ï Ð Ñ name of the file that stores the matrix in Harwell-Boeing format.
Ò Ó Ô Ñ Õ Ó relative pivot tolerance used during the matrix factorization. At step i of

the Gaussian elimination process, aii  is used as pivot if
| | max | |a aii j i ji≥ ⋅ ≥

Ö × Ø Ù Ú × . No pivoting will be used if Û Ü Ý Þ ß Ü à á ,

while â ã ä å æ ã ç è  corresponds to partial pivoting.
é ê ë ì ê integer variable that indicates which column permutation should be

performed prior to the decomposition of A or ( )A I− σ . If í ä î å ä ç ï ,
the original column order will be preserved. If í ä î å ä ç è , the minimum
degree ordering on the structure of A AT  is used (this option is intended
to be used with nonsymmetric matrices, and should be avoided when
declaring matrices with this class). Finally, ð ñ ò ó ñ ô õ  means that the
minimum degree ordering should be applied on the structure of A AT +
(this is the default option for symmetric matrices).

ö ÷ ø ö ù boolean variable that indicates if matrix data is to be checked for
inconsistencies. When ú û ü ú ý þ ÿ � � ü , ARPACK++ checks if � ú � �  is in
ascending order and if � � � �  components are in order and within bounds.
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Public member functions� � 	 � 
 � � 
 � �
returns n.

� � 	 � � � � 
 � �
returns � .

� � 	 � � � 
 � 
 � �
returns � � � .

� � � � � � � 	 � 
 � � �
Performs the LU factorization of A, a matrix that belongs to this class. This
function can only be used if the SuperLU library was previously installed.

� � � � � � � 	 � 
 � 
 � � � � � � 
 �  ! � �
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.
This function also calls SuperLU routines.

" � � � � 
 � � � 	 � 
 � � � �
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

� � � � # $ � 	 # � � � � � � % � & � � � � % � �
Calculates w Av← .

� � � � # $ � 	 � � � � � � � � � % � & � � � � % � �
Solves LUw v= . ' ( ) * + , -  or ' ( ) * + , - . /  must be called prior to using this
function.

� � � � 0 � 1 � � � # � 	 
 � 2 � � � 	 � & � � 	 � � � & � � � � % � � � � � & � � 	 % � 
 � � &� � 	 % 3 � � � & � 4 � 
 $ 3 � � 5 6 7 6 & � � $ " � � 	 4 
 � 
 4 5 8 9 : &� � 	 � 
 � � 
 5 ; & " � � � � 4 � � < 5 	 
 $ � �
Stores matrix data when the default constructor is being used.

Example
To store the lower triangular part of the symmetric matrix

A =

− −

− −























1 0 0 0 2

0 3 2 0 0

0 2 1 4 0

0 0 4 3 0

2 0 0 0 1

.

in CSC format it is necessary to declare the following vectors

� � $ " � � � � � � � = > 5 ? @ : 9 8 & @ ; 9 8 & A 9 8 & ; 9 8 & : 9 8 & B 9 8 & A 9 8 & @ : 9 8 C D
� � 	 � 
 � � = > 5 ? : & E & ; & A & A & B & B & E C D
F G H I J K L M N O P Q R S R T R U R V R W X Y

Alternatively, Z [ \ ] ^ , _ ` a b  and c d a ^  can also contain the upper triangular part of
matrix A, as in the following example:

e K f g L h G i j k L M N O P l m n Q R o n Q R S n Q R m n Q R T n Q R o n Q R l S n Q R l m n Q X Y
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p q r p s t u v w x y z { | { | { } { } { ~ { z { � � �
p q r � � t � v w x y � { z { | { ~ { � { � � �

Once these vectors are available, one of the constructors described above should be
used to declare A as an � � � � � � � � � � � � �  object:

1. Using the long constructor
� � � � � � � � � r s p � � � t �   � ¡ ¢ � £ � { � { q ¤ ¥ � � { p s t u { � � t � ¦ � § § � � � t x ¨ © ¨ ª
� � � � � � � � � r s p � � � t �   � ¡ ¢ « £ � { � { q ¤ ¥ � � { p s t u { � � t � { ¨ ¬ ¨ ¦ � § § � � � t x ¨ ¬ ¨ ª

2. Using the default constructor
� � � � � � � � � r s p � � � t �   � ¡ ¢ � �
� ª ­ ¡ ® p q ¡ � � r s p � £ � { � { q ¤ ¥ � � { p s t u { � � t � ¦ � § § � � � t x ¨ © ¨ ª

After declaring the matrix, to solve a linear system, say Ax y= , where x and y are
dense vectors with compatible dimensions, A must be factored and then � � � � ¯ ° ± ±
called:

� ª ² � � r t s � £ ¦ �
� ª � � � r ³ q ¥ ¥ £ � { � ¦ �

´ µ ¶ · ¸ ¹ · º » ¼ ½ ¾ ¿´ µ ¶ · ¸ ¹ · º » ¼ ½ ¾ ¿
À Á Â Ã Ä À Å Æ ÇÀ Á Â Ã Ä À Å Æ Ç

DeclarationÈ É Ê Ë Ì Í È É Î Ï Ì Í Ð Ð Ñ Ò Ó Ô Õ Ï Ì Í Ð Ð Ö × Ø Ê Ù Ú Ê Û Í È Ü Ý Þ

Description
This class defines a real symmetric matrix in compressed sparse column (CSC) format.

Warning: The UMFPACK library is called by ß à á â ã ä å  and ß à á â ã ä å æ ç  member
functions to perform a matrix decomposition. These functions are used by
ARPACK++ to solve generalized eigenvalue problems and standard problems in shift
and invert mode. In spite of the fact that this class should be used to define symmetric
matrices, a LU factorization is used27. Due to fill -ins that occur during the elimination
phase, memory availabili ty must be taken in account when using these functions.

Default constructorÖ × Ø Ê Ù Ú Ê Û Í È Ü Ý Þ è é

                                                       
27 The main purpose of the UMFPACK package is to solve nonsymmetric systems, but its
factorization routines contain a few parameters that can be adjusted to take in account the
symmetric structure of the matrix.
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Long constructorê ë ì í î ï í ð ñ ò ó ô õ ö ô ÷ ò ÷ ø ô ÷ ò ÷ ÷ ù ø ú û ü ý þ ÷ ù ÿ ñ � ø ô ÷ ò þ ô ó � � ø ô ÷ ò þ � � � � ø
� � � � 	 
 � � 
 � � � � � � 	 � � � � � � � � � 
 � � � � � � � � � � � � � 
 � �

� � � � � � � � � � 
 � � 	 � � � � � � � � � � � 
 � � 	 � �

Long constructor (Harwell-Boeing file)�  	 ! " # ! $ � � � � % & � � � � ' � � ! � � � � 	 � � � � � � � � � 
 � � � � � � � � � � � � � 
 � �
� � � � � � � � � � 
 � � 	 � � � � � � � � � � � 
 � � 	 � �

Constructor parameters
� number of columns.
� � ( number of nonzero elements in ) * + , - .
� ( . � � pointer to an array that contains the nonzero elements of the upper or the

lower triangular part of the matrix. Within each column, ) * + , -
components must be supplied in ascending order of row indices.

� � � / pointer to an array of row indices of the elements contained in ) * + , - .

 � � � pointer to an array of pointers to the beginning of columns in ) * + , -  and0 1 2 3

. This array must have ) +1 elements and the last element must be
equal to ) ) * .

	 
 � � a character that indicates if the user intends to define the matrix by
supplying its lower ( 4 5 - 2 6 7 8 7

) or upper triangular ( 4 5 - 2 6 7 9 7
)

nonzero elements.
� � ! � name of the file that stores the matrix in Harwell-Boeing format.
� � � � � � relative pivot tolerance used during the matrix factorization. At step i of

the Gaussian elimination process, aii  is used as pivot if
| | max | |a aii j i ji≥ ⋅ ≥

: ; 1 < = ; . No pivoting will be used if : ; 1 < = ; 6 >
,

while : ; 1 < = ; 6 ?
 corresponds to partial pivoting.

� � � � � � expected growth in matrix elements due to factorization. @ , A : 2 1 B
 and

@ , A : 2 1 B = C
 functions will reserve 2* D E F F E G H G G I  memory positions for

fill -ins occurred during LU decomposition.
J K L M N O boolean variable that indicates whether or not to attempt a permutation to

block triangular form. If P Q R S T F  is set to U P V Q , the permutation is
attempted.

M W K M X boolean variable that indicates if matrix data is to be checked for
inconsistencies. When S Y Q S Z [ U P V Q , ARPACK++ checks if \ S ] F  is in
ascending order and if E P ] ^  components are in order and within bounds.

Member functions_ ` a ` J b c d e f
returns G .
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g h i h j k l m n o
returns p .

g h i h q r s k m n o
returns p p t .

g h i u g l l u v j i n o
returns w x y y x p .

z k g { u v j i k s | n o
Performs the LU factorization of A, a matrix that belongs to this class. This
function can only be used if the UMFPACK library was previously installed.

z k g { u v j i k s | m } n ~ � � � m g � � v o
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.
This function also calls UMFPACK routines.

� k k l } m u v j i k s r { n o
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

z k g { � � l i � z n ~ � � � � z � ~ � � � � � o
Calculates w Av← .

z k g { � � l i } h z z n ~ � � � � z � ~ � � � � � o
Solves LUw v= . � � � � � � �  or � � � � � � � � �  must be called prior to using this
function.

z k g { � r � g h r � v i s g � n g h i h � g h i h h q � ~ � � � � h q z v l � g h i � g s k � �g h i � � j k l � j � v s � � l k � � � � � { k � � l r i � s r m � � � � � �g h i � g l l g h � � � � k k l s r { j � l � i s � r � � k k l j � r j � � i s � r o
Stores matrix data when the default constructor is being used.

Example
Supposing that the same three vectors p t   � y , x � � ¡  and ¢ � � y  defined in the example
of the � £ y ¤ ¥ ¦ § ¨ � � � x ©  class above are available, it is easy to declare a symmetric
matrix using one of the constructors of the � £ ¤ § ¥ ¦ § ¨ � � � x ©  class:

1. Using the long constructor
| ª � � « ¬ � � v i s g � ­ { k � � l r ® | n ¯ � ° � h q z v l � g s k � � � j k l o ± ² ² � � l k � ³ � ³ �
| ª � � « ¬ � � v i s g � ­ { k � � l r ® ´ n ¯ � ° � h q z v l � g s k � � � j k l � ³ µ ³ o ± ² ² � � l k � ³ µ ³ �

2. Using the default constructor
| ª � � « ¬ � � v i s g � ­ { k � � l r ® | ±
| � � r � g h r � v i s g � n ¯ � ° � h q z v l � g s k � � � j k l o ± ² ² � � l k � ³ � ³ �

After declaring A, to solve a linear system, say Ax y= , where x and y are dense
vectors with compatible dimensions, the matrix must be factored and then ¨ ¤ y � � p    
called:

| � u v j i k s | n o ±
| � � � l i } h z z n ¬ � � o ±
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¶ · ¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å¶ · ¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å
Æ Ç È É Ê Ë Æ Ì Í ÎÆ Ç È É Ê Ë Æ Ì Í Î

DeclarationÏ Ð Ñ Ò Ó Ô Ï Ð Õ Ö Ó Ô × × Ø Ù Ú Û Ü Ö Ó Ô × × Ý Þ ß à á â ã ä å Ñ æ Ô Ï ç è é

Description
This class defines a real or complex nonsymmetric square matrix in band format.

Warning: The LAPACK library is called by two member functions of this class,ê ë ì í î ï ð
 and 

ê ë ì í î ï ð ñ ò
, to perform a matrix decomposition. These functions are

used by ARPACK++ to solve generalized eigenvalue problems and also standard
problems in shift and invert mode. Since many nonzero elements are generated during
the LU factorization, memory availabili ty must be taken in account when using these
two member functions.

Default constructorÝ Þ ß à á â ã ä å Ñ æ Ô Ï ç è é ó ô

Long constructorÝ Þ ß à á â ã ä å Ñ æ Ô Ï ç è é ó è ã Ï ã õ è ã Ï ã à è Ô ö ÷ õ è ã Ï ã à è Ô ö ø õ Ø Ù Ú Û ù ã ú û Ô Ó ô

Constructor parameters
ã number of columns.
ã à è Ô ö ÷ number of subdiagonals.
ã à è Ô ö ø number of superdiagonals.
ã ú û Ô Ó pointer to an array that contains all the nonzero matrix elements, ordered

by columns. Within each column, ü ý þ ë ÿ
 components must be supplied in

ascending order of row indices.
ü ý þ ë ÿ

 can be viewed as a matrix with ü  columns and � � � � � � � � � � � � � � �
rows, where the columns are stored sequentially in the same vector. In
this representation, each row of the compact matrix contains a diagonal
from the original matrix.

Member functions	 
 � 
 � 
 � � � �
returns � .

	 
 � 
 � 
 � � � �
returns � .

� 
 	 � � � � � 
 � � � �
Performs the LU factorization of A, a matrix that belongs to this class.

� 
 	 � � � � � 
 � � � � � � � � � � 	 � � � �
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.
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 ! ! " # $ % & ' ( ! ) * + , -
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

. ! / + 0 1 " ( 0 . , 2 3 4 5 6 . 7 2 3 4 5 6 8 -
Calculates w Av← .

. ! / + 0 1 " ( 0 ( . , 2 3 4 5 6 . 7 2 3 4 5 6 8 -
Calculates w A vT← .

. ! / + 0 1 " ( 0 ( 0 . , 2 3 4 5 6 . 7 2 3 4 5 6 8 -
Calculates w A AvT← .

. ! / + 0 1 " ( 0 0 ( . , 2 3 4 5 6 . 7 2 3 4 5 6 8 -
Calculates w AA vT← .

. ! / + 0 1 " ( 9 0 0 ( 9 . , 2 3 4 5 6 . 7 2 3 4 5 6 8 -
Calculates w Av← , where

A
A

AT=








0

0
. ! / + 0 1 " ( # : . . , 2 3 4 5 6 . 7 2 3 4 5 6 8 -

Solves LUw v= . ; < = > ? @ A  or ; < = > ? @ A B C must be called prior to using this
function.

. ! / + D * E / : * 0 & ( ) / F , / : ( : 7 / : ( : + / & G H 7 / : ( : + / & G I 7 2 3 4 5 6 : J . & " -
Stores matrix data when the default constructor is being used.

Example
To store matrix

A =
−

− −

























4 3 0 0 0 0

1 6 2 0 0 0

1 2 1 4 0 0

0 0 3 2 1 0

0 0 0 1 3 1

0 0 0 4 2 5

.

in band format it is necessary first to rewrite A as a ( )ndiagL ndiagU n+ + ×1
matrix28:

Aband =

−
−

−



















0 3 2 4 1 1

4 6 1 2 3 5

1 2 3 1 2 0

1 0 0 4 0 0

                                                       
28 Notice that some entries in Aband are artificiall y set to zero because the diagonals of A do not
contain the same number of elements.
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After that, it is possible to define a vector, say K L M N O , that stores the columns of this
matrix sequentially:

P Q R S T U V W X Y T Z [ \ ] ^ _ ^ ` a _ ^ ` b _ ^ ` c b _ ^ ` d _ ^ ` e _ ^ ` f _ ^ ` ^ _ ^ `
f _ ^ ` b _ ^ ` d _ ^ ` ^ _ ^ ` a _ ^ ` c f _ ^ ` b _ ^ ` a _ ^ `
c b _ ^ ` d _ ^ ` f _ ^ ` ^ _ ^ ` b _ ^ ` g _ ^ ` ^ _ ^ ` ^ _ ^ h i

Finally, one of the constructors described above should be used to declare A as anj k l m n o p q r s t u v w x y
 object:

1. Using the long constructor
z { | } ~ � � � � � � � � � � � � } � � | � � � z � � � � � � � � � � � � � �

2. Using the default constructor
z { | } ~ � � � � � � � � � � � � } � � | � � � z �
z � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª
« ¬ ­ ® ¯ ° « ± ² ³« ¬ ­ ® ¯ ° « ± ² ³

Declaration� � � ´ � � � � � µ � � ¶ ¶ · ¸ ¹ º � µ � � ¶ ¶ z { } ¶ ~ � � � � � � � � � � �

Description
This class defines a real or complex nonsymmetric dense matrix.

Warning: The LAPACK library is called by two member functions of this class,» u ¼ v o w j
 and 

» u ¼ v o w j ½ ¾
, to perform a matrix decomposition. These functions are

used by ARPACK++ to solve generalized eigenvalue problems and also standard
problems in shift and invert mode. Since many nonzero elements are generated during
the LU factorization, memory availabili ty must be taken in account when using these
two member functions.

Default constructorz { } ¶ ~ � � � � � � � � � � � � �

Long constructor (square matrix)z { } ¶ ~ � � � � � � � � � � � � � � � � � · ¸ ¹ º ¿ � � � � � �

Long constructor (rectangular matrix)z { } ¶ ~ � � � � � � � � � � � � � � � � � � � � � � · ¸ ¹ º ¿ � � � � � �

Long constructor (square or rectangular matrix stored in a file)z { } ¶ ~ � � � � � � � � � � � � µ À � � ¿ � � � � � � � � | � Á ¶ � � � Â Ã �
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Constructor parameters
m number of rows.

Ä number of columns.
Ä Å Æ Ç È pointer to an array that contains all the matrix elements ordered by

columns. Within each column, É Ê Ë Ì Í  components must be supplied in
ascending order of row indices.

Ä Ç Î Ï name of the file that stores the matrix.
Ð È Ñ Ò Ó Å Ï size of the block that is to be read at once when the matrix does not fit

into memory (see the Out-of-core matrices section below). If Ô Í Õ Ö × Ê Ø  is
set to zero (the default option) all of the matrix elements are read.

Member functionsÓ Ä Ù Ä Ú Û Ü Ò Ý Þ
returns É .

Ó Ä Ù Ä ß Û È Ò Ý Þ
returns É .

Æ Û Ó à á Ç ß Ù Û Ú â Ý Þ
Performs the LU factorization of A, a matrix that belongs to this class. This
function cannot be used with out-of-core matrices.

Æ Û Ó à á Ç ß Ù Û Ú â Ò ã Ý ä å æ ç Ò Ó è Î Ç Þ
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.
This function cannot be used with out-of-core matrices.

Ð Û Û È ã Ò á Ç ß Ù Û Ú Ï à Ý Þ
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

Æ Û Ó à é ê È Ù é Æ Ý ä å æ ç ë Æ ì ä å æ ç ë Ü Þ
Calculates w Av← .

Æ Û Ó à é ê È Ù é Ù Æ Ý ä å æ ç ë Æ ì ä å æ ç ë Ü Þ
Calculates w A vT← .

Æ Û Ó à é ê È Ù é Ù é Æ Ý ä å æ ç ë Æ ì ä å æ ç ë Ü Þ
Calculates w A AvT← .

Æ Û Ó à é ê È Ù é é Ù Æ Ý ä å æ ç ë Æ ì ä å æ ç ë Ü Þ
Calculates w AA vT← .

Æ Û Ó à é ê È Ù í é é Ù í Æ Ý ä å æ ç ë Æ ì ä å æ ç ë Ü Þ
Calculates w Av← , where

A
A

AT=








0

0
Æ Û Ó à é ê È Ù ã Ä Æ Æ Ý ä å æ ç ë Æ ì ä å æ ç ë Ü Þ

Solves LUw v= . î Ì ï ð ñ ò ó  or î Ì ï ð ñ ò ó Ö ô must be called prior to using this
function.
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õ ö ÷ ø ù ú û ÷ ü ú ý þ ÿ � ÷ � � ÷ ü ÿ ü � � � � � � ü 	 õ þ 
 �
Stores matrix data when matrix is square and the default constructor is being
used.

õ ö ÷ ø ù ú û ÷ ü ú ý þ ÿ � ÷ � � ÷ ü ÿ � � ÷ ü ÿ ü � � � � � � ü 	 õ þ 
 �
Stores matrix data when matrix is rectangular and the default constructor is
being used.

õ ö ÷ ø ù ú û ÷ ü ú ý þ ÿ � ÷ � � 
 � þ � � ü þ � ú � ÷ ü ÿ � 
 � � ÷ 	 ú � � �
Stores matrix data when matrix is stored in a file.

Out-of-core matrices
The � � � � � � � � � � � �  ! " #  class can also be used to handle dense out-of-core matrices,
i.e. matrices that are too big to fit into memory. In this case, only $ % & � " ' (  rows or
columns are read at once, so the matrix is entirely reread from disk every time a
matrix-vector product function is called and the product is performed one block after
another.

Unfortunately, ) � *  � ! �  and ) � *  � ! � � +  cannot be used with out-of-core matrices.

Reading matrices from files
This class permits the user to declare a matrix from a file. However, this file must
follow a very strict format. A brief description of this format is given below.

1. The user can include comments in the file, but these comments must precede
everything else. Comment lines must begin with a % sign.

2. Immediately after the comments, there must be a line containing the number of
rows and columns of the matrix.

3. Finally, all of the matrix elements must be stored one per line (if the matrix is
complex the real part comes first in the line).

In most cases, the matrix elements are assumed to be stored following a column-major
order (one column at a time). However, there is one exception. If the matrix is out-of-
core and m n> , the matrix elements must be stored row-wise. This is required
because only $ % & � " ' (  rows are read at once and the elements of these rows must be
stored contiguously in the file.

Example
To store matrix

A =

−
−



















6 1 1 0

2 4 2 4

1 3 5 2

3 0 1 4

.

One can define a vector, say � ' , � % , that stores the columns of this matrix sequentially:
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- . / 0 1 2 3 4 5 6 1 7 8 9 : ; < = > ? @ < = > A < = > B < = > A < = > C < = > B < = > = < = >
? A < = > @ < = > D < = > A < = > = < = > C < = > @ < = > C < = E F

As an alternative, the matrix can also be stored in a file. One example of such a file is
given below:

G H I J J K L M N O L K P Q N O L K P M R S M P M S T M U O M R S L G P O V L W S T K S N N I U K X Y
G Z [ M M R K \ J [ P M ] T K ^ K X K K _ K T \ M R O L V K N P K O L M R K ` O N K a
G b R K N O L K Z K N I U ^ I L M S O L P M R K L [ J Z K T I ` T I U P S L X ^ I N [ J L P I ` M R K J S M T O c a

d d
e a f

g h a f
i a f

j a f
i a f

d a f
j a f

f a f
g i a f

h a f
k a f

i a f
f a f
d a f

h a f
d a f

Once the matrix data is generated (and perhaps stored in a file), one of the
constructors described above can be used to declare A as an l m n o p q r s t u v w x y z {
object:

1. Using the long constructor
| } X P ~ I L � \ J � S M T O c � X I [ Z N K � | Q d Y L � _ S N W �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � �   ¡ ¢ £ ¤ ¥ �   ¦ § ¨

2. Using the default constructor
© ª ¥ « ¬ ­ ® ¯ ° � ± �   ¡ ¢ £ ² ¥ ­ ³ ´ µ ¶ · © ¨
© ¤ ¸ ¶ ¹ ¢ ® ¶ ± �   ¡ ¢ £ º » ¼ ® ½ ¾ � µ § ¨
© ª ¥ « ¬ ­ ® ¯ ° � ± �   ¡ ¢ £ ² ¥ ­ ³ ´ µ ¶ · ¿ ¨

¿ ¤ ¸ ¶ ¹ ¢ ® ¶ ± �   ¡ ¢ £ º À � �   ¡ ¢ £ ¤ ¥ �   ¦ § ¨

Á Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï ÐÁ Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð
Ñ Ò Ó Ô Õ Ö Ñ × Ø ÙÑ Ò Ó Ô Õ Ö Ñ × Ø Ù

DeclarationÚ Û Ü Ý Þ ß Ú Û à á Þ ß â â ã ä å æ ç á Þ ß â â è é Þ ê ë ì í î ï Ü ð ß Ú ñ ò ó

Description
This class defines a real or complex nonsymmetric matrix in compressed sparse
column (CSC) format.
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Warning: The SuperLU library is called by ô õ ö ÷ ø ù ú  and ô õ ö ÷ ø ù ú û ü  member
functions to perform a matrix decomposition. These functions are used by
ARPACK++ to solve generalized eigenvalue problems and standard problems in shift
and invert mode. A column reordering can be done before the factorization, as
described below. Since some fill -in can occur during the elimination phase, memory
availabili ty must be taken in account when using these functions.

Default constructorý þ ÿ � � � � � � � � � 	 
 � � 
 �

Long constructor (square matrix)ý þ ÿ � � � � � � � � � 	 
 � � 
 � � 	 � � � � 	 � � � � � � � � � � � � � ÿ � � � 	 � � 
 � � � � � 	 � � � � ÿ �� � � � ÿ � 	 � 
 � � � �  ! " � � � 	 � 
 � � 
 � " � � � � ÿ � � � � # � 	 
 � � �

Long constructor (rectangular matrix)ý þ ÿ � � � � � � � � � 	 
 � � 
 � � 	 � � � � 	 � � � � 	 � � � � � � � � � � � � � ÿ � � � 	 � � 
 � � � � � 	 � � � � ÿ �

Long constructor (Harwell-Boeing file)ý þ ÿ � � � � � � � � � 	 
 � � 
 � � � 
 � � � � � � � � � � ÿ � 	 � 
 � � � �  ! " �
� � 	 � 
 � � 
 � " � � � � ÿ � � � � # � 	 
 � � �

Constructor parameters
� number of rows.

� number of columns.
� � � number of nonzero elements.
� � � � ÿ pointer to an array of nonzero elements in matrix. Within each column,$ % & õ '  components must be supplied in ascending order of row indices.
� 
 � � pointer to an array of row indices of the nonzeros.
� � � ÿ pointer to an array of pointers to the beginning of columns in $ % & õ '  and( ù ø ) . This array must have $ +1 elements and the last element must be$ $ % .
� � � � name of the file that stores the matrix in Harwell-Boeing format.
	 � 
 � � � relative pivot tolerance used during the matrix factorization. At step i of

the Gaussian elimination process, aii  is used as pivot if
| | max | |a aii j i ji≥ ⋅ ≥÷ * ù + û * . No pivoting will be done if ÷ * ù + û * , - ,

while ÷ * ù + û * , .  corresponds to partial pivoting.
� 
 � � 
 integer variable that indicates which column permutation should be

performed prior to the decomposition of A or ( )A I− σ . If ø ù / + ù , - ,
the original column order will be preserved. If ø ù / + ù , . , the minimum
degree ordering on the structure of A AT  is used. Finally, ø ù / + ù , 0
means that the minimum degree ordering should be applied on the
structure of A AT + .
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1 2 3 1 4 boolean variable that indicates if matrix data is to be checked for
inconsistencies. When 5 6 7 5 8 9 : ; < 7 , ARPACK++ checks if = 5 > ?  is in
ascending order and if @ ; > A  components are in order and within bounds.

Member functionsB C D C E F G H I J
returns K .

B C D C 1 F L H I J
returns M .

B C D C N 3 E F H I J
returns M M O .

P F B Q R S 1 D F E T I J
Performs the LU factorization of A, a matrix that belongs to this class. A
must be square. This function can only be used if the SuperLU library was
previously installed.

P F B Q R S 1 D F E T H U I V W X Y H B Z [ S J
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.
A must be square. This function also calls SuperLU routines.

\ F F L U H R S 1 D F E 3 Q I J
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

P F B Q ] ^ L D ] P I V W X Y _ P ` V W X Y _ G J
Calculates w Av← .

P F B Q ] ^ L D ] D P I V W X Y _ P ` V W X Y _ G J
Calculates w A vT← .

P F B Q ] ^ L D ] D ] P I V W X Y _ P ` V W X Y _ G J
Calculates w A AvT← .

P F B Q ] ^ L D ] ] D P I V W X Y _ P ` V W X Y _ G J
Calculates w AA vT← .

P F B Q ] ^ L D a ] ] D a P I V W X Y _ P ` V W X Y _ G J
Calculates w Av← , where

A
A

AT=








0

0
P F B Q ] ^ L D U C P P I V W X Y _ P ` V W X Y _ G J

Solves LUw v= . Matrix A must be square. b c 5 : > ; d  or b c 5 : > ; d e f  must be
called prior to using this function.

P F B Q g 3 h B C 3 ] S D E B i I B C D C ` B C D C C N ` V W X Y _ C N P S L ` B C D _ B E F G ` B C D _ j 1 F L `Q F ^ \ L k D 2 E k H 2 l a m n ` B C D F E Q k E l n ` \ F F L 1 2 k 1 4 l D E ^ k J
Stores matrix data when matrix is square and the default constructor is being
used.
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o p q r s t u q v t w x y z q { | q v y } ~ q v y v ~ q v y v v � ~ � � � � � v � o x � ~
q v y � q z p � ~ q v y � � � p � �

Stores matrix data when matrix is rectangular and the default constructor is
being used.

Example
To store matrix

A =

−

−



















1 0 2 5

0 3 0 0

0 0 4 0

1 0 0 2

.

in CSC format it is necessary to define the following vectors

r p � � � t v � o x � � � � � � � � � ~ � � � ~ � � � ~ � � � ~ � � � � ~ � � � ~ � � � � �
q v y q z p � � � � � � ~ � ~ � ~ � ~ � ~ � ~ � � �
q v y � � p � � � � � � ~ � ~ � ~ � ~ � � �

After that, one of the constructors described above should be used to declare A as an� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª
 object:

1. Using the long constructor
« ¬ � � ­ p v ® ¯ } w x y z q { ° r p � � � t ± « | � ~ � ~ v � o x � ~ q z p � ~ � � p � � �

2. Using the default constructor
« ¬ � � ­ p v ® ¯ } w x y z q { ° r p � � � t ± « �« � s t u q v t w x y z q { | � ~ � ~ v � o x � ~ q z p � ~ � � p � � �

After declaring A, to solve a linear system, say Ax y= , where x and y are dense
vectors with compatible dimensions, the matrix must be factored and then 

¥ � � § ² ¡ ³ ³
called:

« � ´ x � y p z « | � �« � w � � y µ v o o | ¯ ~ { � �

¶ · ¸ ¹ º » ¼ ½ ¾ ¹ ¿ À Á Â Ã Ä¶ · ¸ ¹ º » ¼ ½ ¾ ¹ ¿ À Á Â Ã Ä
Å Æ Ç È É Ê Å Ë Ì ÍÅ Æ Ç È É Ê Å Ë Ì Í

Declarationy t } � � x y t ° � � x Î Î � � � � ± � � x Î Î « ¬ � } ­ p v ® ¯ } w x y z q {

Description
This class defines a real or complex nonsymmetric matrix in compressed sparse
column (CSC) format.
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Warning: UMFPACK library must be available if Ï Ð Ñ Ò Ó Ô Õ  and Ï Ð Ñ Ò Ó Ô Õ Ö ×  member
functions are to be used, because both functions perform a sparse LU decomposition.
These functions are called by ARPACK++ to solve generalized eigenvalue problems
and standard problems in shift and invert mode. Due to fill -ins that occur during the
elimination phase, memory availabili ty must be taken in account when using these
functions.

Default constructorØ Ù Ú Û Ü Ý Þ ß à Û á â ã ä å æ ç è

Long constructor (square matrix)Ø Ù Ú Û Ü Ý Þ ß à Û á â ã ä å æ ç å Þ ã Þ é å Þ ã Þ Þ ê é ë ì í î ï Þ ê ð â ñ é å Þ ã ï å ä Ý ò é å Þ ã ï ó ô Ý ñ éõ Ý Ú ö ñ ÷ ã ø ä ÷ ù ø ú û ü ý é å Þ ã þ å ñ ñ å Þ ú ÿ é ö Ý Ý ñ ù å Û ÷ ù ã ú þ â ñ ù ÷ é
ö Ý Ý ñ ä ÷ õ ô ö ñ ú ã ä Ú ÷ é ö Ý Ý ñ ô ø ÷ ô � ú ã ä Ú ÷ è

Long constructor (rectangular matrix)Ø Ù Ú Û Ü Ý Þ ß à Û á â ã ä å æ ç å Þ ã Û é å Þ ã Þ é å Þ ã Þ Þ ê é ë ì í î ï Þ ê ð â ñ é
å Þ ã ï å ä Ý ò é å Þ ã ï ó ô Ý ñ è

Long constructor (Harwell-Boeing file)Ø Ù Ú Û Ü Ý Þ ß à Û á â ã ä å æ ç ô ø â ä ï Þ â Û ÷ é õ Ý Ú ö ñ ÷ ã ø ä ÷ ù ø ú û ü ý é å Þ ã þ å ñ ñ å Þ ú ÿ é
ö Ý Ý ñ ù å Û ÷ ù ã ú þ â ñ ù ÷ é ö Ý Ý ñ ä ÷ õ ô ö ñ ú ã ä Ú ÷ é
ö Ý Ý ñ ô ø ÷ ô � ú ã ä Ú ÷ è

Constructor parameters
Û number of rows (if matrix is rectangular).

Þ number of columns.
Þ Þ ê number of nonzero elements.
Þ ê ð â ñ pointer to an array of nonzero elements in matrix. Within each column,� � � Ð �  components must be supplied in ascending order of row indices.
å ä Ý ò pointer to an array of row indices of the nonzeros.
ó ô Ý ñ pointer to an array of pointers to the beginning of columns in � � � Ð �  and� Ô Ó � . Such array must have � +1 elements and the last element must be� � � .
Þ â Û ÷ name of the file that stores the matrix in Harwell-Boeing format.
ã ø ä ÷ ù ø relative pivot tolerance used during the matrix factorization. At step i of

the Gaussian elimination process, aii  is used as pivot if
| | max | |a aii j i ji≥ ⋅ ≥Ò � Ô � Ö � . No pivoting will be done if Ò � Ô � Ö � 	 
 ,

while Ò � Ô � Ö � 	 �  corresponds to partial pivoting.
þ å ñ ñ å Þ expected growth in matrix elements due to factorization. Ï Ð Ñ Ò Ó Ô Õ  and

Ï Ð Ñ Ò Ó Ô Õ Ö ×  functions will reserve � � � � � � 
 � � �  memory positions for fill -
ins occurred during LU decomposition.
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� � � � � � boolean variable that indicates if the matrix has nearly symmetric nonzero
pattern.

� � � � � � boolean variable that indicates whether or not to attempt a permutation to
block triangular form. When � � � � � �  is set to � � � � , the permutation is
attempted.

�  � � ! boolean variable that indicates if matrix data is to be checked for
inconsistencies. When � " � � # $ � � � � , ARPACK++ checks if % � & �  is in
ascending order and if ' � & (  components are in order and within bounds.

Member functions
� ) � ) � * + � , -

returns . .
� ) � ) � * � � , -

returns / .
� ) � ) 0 � � * � , -

returns / / 1 .
� ) � 2 � � � 2 3 � � , -

returns 4 ' � � ' / .
� * * � 5 � 6 7 � � � � � � � , -

returns 8 ' . � 8 � .
9 * � � 2 3 � � * � : , -

Performs the LU factorization of A, a matrix that belongs to this class. A
must be square. This function can only be used if the UMFPACK library was
previously installed.

9 * � � 2 3 � � * � : � 5 , ; < = > � � ? � 3 -
Performs the LU decomposition of ( )A I− σ , where I is the identity matrix.
A must be square. This function also calls some UMFPACK routines.

� * * � 5 � 2 3 � � * � � � , -
indicates if the LU decomposition of matrix A or ( )A I− σ  is available.

9 * � � @ A � � @ 9 , ; < = > B 9 C ; < = > B + -
Calculates w Av← .

9 * � � @ A � � @ � 9 , ; < = > B 9 C ; < = > B + - D
Calculates w A vT← .

9 * � � @ A � � @ � @ 9 , ; < = > B 9 C ; < = > B + - D
Calculates w A AvT← .

9 * � � @ A � � @ @ � 9 , ; < = > B 9 C ; < = > B + - D
Calculates w AA vT← .
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E F G H I J K L M I I L M E N O P Q R S E T O P Q R S U V
Calculates w Av← , where

A
A

AT=








0

0
E F G H I J K L W X E E N O P Q R S E T O P Q R S U V

Solves LUw v= . Matrix A must be square. Y Z [ \ ] ^ _  or Y Z [ \ ] ^ _ ` a must
be called prior to using this function.

E F G H b c d G X c I e L f G g N G X L X T G X L X X h T O P Q R S X h E e K T G X L S G f F U T
G X L S i j F K T H F J k K c L l f c m l n M o p T G X L d G K K G X n q T

k F F K m G r c m L n d e K m c T k F F K f c H j k K n L f J c T
k F F K j l c j s n L f J c V

Stores matrix data when matrix is square and the default constructor is being
used.

E F G H b c d G X c I e L f G g N G X L r T G X L X T G X L X X h T O P Q R S X h E e K T
G X L S G f F U T G X L S i j F K V

Stores matrix data when matrix is rectangular and the default constructor is
being used.

Example
To store matrix

A =

−

















3 0 0 2 0

0 1 0 4 0

0 2 5 0 0

1 0 0 0 1

.

in CSC format it is necessary to define the following vectors

H F J k K c X h E e K t u n v w o M T p o M T p o M T x o M T y o M T z x o M T { o M T p o M | }
G X L G f F U t u n v p T { T x T w T w T p T x T { | }
G X L i j F K t u n v M T x T { T y T ~ T � | }

After that, one of the constructors described above should be used to declare A as an
_ � � � � ] � � � � � Z \ ^ � �  object:

1. Using the long constructor
� � J r � F X � � r I e L f G g � H F J k K c � � N { T y T � T X h E e K T G f F U T i j F K V }

2. Using the default constructor
� � J r � F X � � r I e L f G g � H F J k K c � � }� o b c d G X c I e L f G g N { T y T � T X h E e K T G f F U T i j F K V }
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Pencils.

� � � � � � � � � � � � �� � � � � � � � � � � � �
� �   ¡ ¢ £ ¤ ¥ ¦� �   ¡ ¢ £ ¤ ¥ ¦

Declaration§ ¨ © ª « ¬ § ¨ ­ ® « ¬ ¯ ¯ ° ± ² ³ ´ ® « ¬ ¯ ¯ µ ¶ · ¸ ¹ º © ² ¨ » ® ¼ «

Description
This class defines a real symmetric pencil Ax Bx= λ , where both matrices are stored
in band format. Actually, this class is used internally by ½ ¾ ¿ À Á Â Ã Ä Å Æ Ç È É , so the user
does not need to use it to declare any eigenvalue problem.

Warning: LAPACK is called by Ê Ë Ì Í Î Ï Ð Ñ Ò  and Ó Ô Õ Í Ö × Ø Ò Ð Ø  functions to perform a
matrix decomposition. Although this class should only be used to define symmetric
pencils, a LU factorization with partial pivoting is used. Since the decomposition
usually generates some fill -in, memory availabili ty must be taken in account when
using these two functions.

Default constructorÙ Ú Û Ü Ý Þ ß à á â ã ä å æ ç

Long constructorè é ê ë ì í î ï ð ñ ò ó ô õ è é ê ë ì í î ö ÷ ø ù ó ú û ü ý ï þ ÿ � è � è é ê ë ì í î ö ÷ ø ù ó ú û ü ý ï þ ÿ � � �

Constructor parameters
è � � matrices that characterize the pencil Ax Bx= λ .

Member functions� � ó ë � ÷ ò ø � ù è � � õ ü ý ï þ � ó � î ÷ �
Performs the LU decomposition of ( )A B− σ  for a given σ .

ê � � ô 	 � � ÷ ò ø � ù ð ë õ �
indicates if the LU decomposition of ( )A B− σ  is available.

� � ó ë ö 
 ô ø è � õ ü ý ï þ � � � ü ý ï þ � � �
Calculates w Av← .

� � ó ë ö 
 ô ø � � õ ü ý ï þ � � � ü ý ï þ � � �
Calculates w Bv← .

� � ó ë ö 
 ô ø 	 ñ � � è � õ ü ý ï þ � � � ü ý ï þ � � �
Calculates w B Av← −1 . B is automatically factored when this function is
called for the first time. This function also overwrites v with Av, so the user
must make a copy of v before calling 
 � � � � � � � � �  if it contains data that
cannot be lost.

� � ó ë ö 
 ô ø 	 ñ � è � � � õ ü ý ï þ � � � ü ý ï þ � � �
Solves LUw v= , where L and U were generated by � � � � � � � � � .
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� � � �  ! " � # ! $ % & ' � ( ! ) * + , - � . / 0 $ % & ' � 1 2 3 4 5 6 7 8 + 9 : + , - � . / 0 $ % & ' � 1 2 3 4 5 6 7 8 ; 9 <
Stores matrices A and B when default constructor is being used.

Example
Matrices

A =

−
−

−
−

−























1 2 0 0 0

2 3 1 0 0

0 1 4 1 0

0 0 1 2 3

0 0 0 3 5

  and  B =

−
−

− −
−























3 1 0 0 0

1 4 1 0 0

0 1 5 2 0

0 0 2 3 1

0 0 0 1 4

can be stored in band format using the = > ? @ A B C D E F G H I  class, as described below

� � J - K ! + # L � % K M N O P Q R S T : U S T : V S T : Q R S T :W S T : R S T : U S T : Q V S T : X S T : T S T Y Z
+ , - � . / 0 $ % & ' � 1 2 � � J - K ! 7 + * X : R : + # L � % K < Z

� � J - K ! ; # L � % K M N O P V S T : Q R S T : W S T : R S T :
X S T : U S T : Q V S T : Q R S T : W S T : T S T Y Z

+ , - � . / 0 $ % & ' � 1 2 � � J - K ! 7 ; * X : R : ; # L � % K < Z

After that, to declare the pencil Ax Bx= λ  as an [ \ ] ^ _ ` a b c d e f g  object, the user
should use one of the constructors mentioned above:

1. Using the long constructor
h i j k l m n o p q r s t u k v w j t p x o p q y h z { | }

2. Using the default constructor
h i j k l m n o p q r s t u k v w j t p x o p q }

o p q ~ � p � s q p � � � � s r p � y h z { | }

� � � � � � � � � � � � �� � � � � � � � � � � � �
� � � � � � � � �� � � � � � � � �

Declaration� p n � t � � p u r t � � � � � o � x r t � � � h i k � l m n o p q r s t

Description
This class defines a real symmetric pencil Ax Bx= λ , where both matrices are dense.
Actually, this class is used internally by [ \ g   _ ` a ¡ c d ¢ f £ , so the user does not need to
use it to declare any eigenvalue problem.

Warning: LAPACK is called by ¤ ¥ e ¦ § ¨ [ © ª  and «   g ¦ ¬ d ­ ª [ ­  functions to perform a
matrix decomposition. Although this class should only be used to define symmetric
pencils, a LU factorization with partial pivoting is used. Since the decomposition
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usually generates some fill -in, memory availabili ty must be taken in account when
using these two functions.

Default constructor® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ¼

Long constructor® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ® ¯ ° ± ² ³ ´ ½ ¾ ¿ À ¹ Á Â Ã Ä µ Å Æ Ç ® È ® ¯ ° ± ² ³ ´ ½ ¾ ¿ À ¹ Á Â Ã Ä µ Å Æ Ç É ¼

Constructor parameters
® È É matrices that characterize the pencil Ax Bx= λ .

Member functionsÊ Ë ¹ ° Ì ¾ ¸ ¿ Ë À ® ± É » Ã Ä µ Å ± ¹ Í ´ ¾ ¼
Performs the LU decomposition of ( )A B− σ  for a given σ .

Î Ë Ë º Ï ± Ì ¾ ¸ ¿ Ë À ¶ ° » ¼
indicates if the LU decomposition of ( )A B− σ  is available.

Ê Ë ¹ ° ½ Ð º ¿ ® Ê » Ã Ä µ Å Ñ Ê È Ã Ä µ Å Ñ Ò ¼
Calculates w Av← .

Ê Ë ¹ ° ½ Ð º ¿ É Ê » Ã Ä µ Å Ñ Ê È Ã Ä µ Å Ñ Ò ¼
Calculates w Bv← .

Ê Ë ¹ ° ½ Ð º ¿ Ï · Ê É ® Ê » Ã Ä µ Å Ñ Ê È Ã Ä µ Å Ñ Ò ¼
Calculates w B Av← −1 . B is automatically factored when this function is
called for the first time. This function also overwrites v with Av, so the user
must make a copy of v before calling Ó Ô Õ Ö × Ø Ù Ú Û Ù  if it contains data that
cannot be lost.

Ê Ë ¹ ° ½ Ð º ¿ Ï · Ê ® ± É Ê » Ã Ä µ Å Ñ Ê È Ã Ä µ Å Ñ Ò ¼
Solves LUw v= , where L and U were generated by Ü Ý Þ Ö ß à Û á Ú .

Ê Ë ¹ ° â ¶ ã ¹ · ¶ ½ ¾ ¿ À ¹ ¸ ¶ ± » ® ¯ ° ± ² ³ ´ ½ ¾ ¿ À ¹ Á Â Ã Ä µ Å Æ Ç ® ä È ® ¯ ° ± ² ³ ´ ½ ¾ ¿ À ¹ Á Â Ã Ä µ Å Æ Ç É ä ¼
Stores matrices A and B when default constructor is being used.

Example
Matrices

A =

−

− −
− −























4 1 3 1 2

1 5 6 2 0

3 6 3 1 4

1 2 1 3 2

2 0 4 2 5

 and  B =

−
−

− −
−























6 1 1 0 1

1 4 1 0 0

1 1 5 2 0

0 0 2 3 1

1 0 0 1 4

can be defined using the Û å æ á ç è é Ó Ý Ö à ê ë  class, as described below

° Ë Ð Î º ¶ ® · ì Ê ¾ º í î ï ð ñ ò ó È ô ò ó È õ ò ó È ö ô ò ó È ÷ ò ó È ø ò ó È ù ò ó È ÷ ò ó È
ó ò ó È ö õ ò ó È ö ô ò ó È ñ ò ó È õ ò ó È ÷ ò ó È ø ò ó ú û
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ü ý þ ÿ � � � � � � � � � 	 þ 
 � � 
 � � ü � � � ü � � � � 
 � �
þ 
 � � 
 � � � � � � 
 � � � � � � � �  ! � � � ! � � � � � � � ! � � � " � � � ! � � � � � � �

� � � � � � � � # � � � � � � �  $ � � �  ! � � � " � � % �
ü ý þ ÿ � � � � � � � � � 	 þ 
 � � 
 � � � � � � � � � � � 
 � �

After that, to declare the pencil Ax Bx= λ  as an & ' ( ) * + , - . / 0 1 2  object, the user
should use one of the constructors mentioned above:

1. Using the long constructor
ü ý þ ÿ � � � 3 � � 4 � 
 	 þ 
 � � 
 � � 3 � � � ü � � � �

2. Using the default constructor
ü ý þ ÿ � � � 3 � � 4 � 
 	 þ 
 � � 
 � � 3 � � �

3 � � � 5 � 6 � � � � � � � � 4 � ÿ � ü � � � �

7 8 9 : ; < = > ? @ A B 97 8 9 : ; < = > ? @ A B 9
C D E F G H I J KC D E F G H I J K

Declaration� � � L 
 � � � 	 4 
 � ÿ ÿ M N 3 O � 4 
 � ÿ ÿ ü ý 
 � � � � 3 � � 4 � 


Description
This class defines a real symmetric pencil Ax Bx= λ , where both matrices are stored
in CSC format. Actually, this class is used internally by & ' 2 P * + , Q . / R 1 S , so the user
does not need to use it to declare any eigenvalue problem.

Warning: The SuperLU library is called by two member functions, T U 0 V W X & ) Y  andZ P 2 V [ / \ Y & \ , to perform a matrix decomposition. Although this class should only be
used to define symmetric pencils, a LU factorization is used. A column reordering is
usually done before the factorization. Since some fill -in can occur during the
elimination phase, memory availabili ty must be taken in account when using these two
functions.

Default constructorü ý 
 � � � � 3 � � 4 � 
 � �

Long constructorü ý 
 � � � � 3 � � 4 � 
 � ü ý 
 � � � � � � � � � � 	 M N 3 O � ] ü � ü ý 
 � � � � � � � � � � 	 M N 3 O � ] � �

Constructor parameters
ü � � matrices that characterize the pencil Ax Bx= λ .
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Member functions^ _ ` a b c d e _ f g h i j k l m n h ` o p c q
Performs the LU decomposition of ( )A B− σ  for a given σ . To use this
function, A and B must be declared using the same r s t u  parameter (see the
description of v w t r x y z { | } ~ � � ).

� _ _ � � h b c d e _ f � a j q
indicates if the LU decomposition of ( )A B− σ  is available.

^ _ ` a � � � e g ^ j k l m n � ^ � k l m n � � q
Calculates w Av← .

^ _ ` a � � � e i ^ j k l m n � ^ � k l m n � � q
Calculates w Bv← .

^ _ ` a � � � e � � ^ i g ^ j k l m n � ^ � k l m n � � q
Calculates w B Av← −1 . B is automatically factored when this function is
called for the first time. This function also overwrites v with Av, so the user
must make a copy of v before calling { r t } � � � � v �  if it contains data that
cannot be lost.

^ _ ` a � � � e � � ^ g h i ^ j k l m n � ^ � k l m n � � q
Solves LUw v= , where L and U were generated by � | � } u ~ v � � .

^ _ ` a � � � ` � � � c e f ` d � h j g � � � � � p � c e f ` � � k l m n � � g � � g � � � � � p � c e f ` � � k l m n � � i � q
Stores matrices A and B when default constructor is being used.

Example
Matrices

A =

−
−

−























1 0 0 0 2

0 3 1 0 0

0 1 4 1 2

0 0 1 2 0

2 0 2 0 5

  and  B =

−

− −
−























3 0 0 1 0

0 4 1 0 0

0 1 5 2 0

1 0 2 3 1

0 0 0 1 4

can be stored in CSC format using the v w t r x y z { | } ~ � �  class, as described below

a _ � � � � g � � ^ c � � � �   ¡ ¢ £ ¤ � ¥ £ ¤ � ¦ £ ¤ � ¡ ¢ £ ¤ � § £ ¤ � ¢ £ ¤ � ¥ £ ¤ � ¥ £ ¤ � ¨ £ ¤ © ª
` � e g ` f _ � � � �   ¢ � ¨ � ¥ � ¦ � ¦ � § � ¨ � § � ¨ © ª
` � e g � d _ � � � �   ¤ � ¥ � § � « � ¬ � ­ © ª

g � � � � � p � c e f ` � � a _ � � � � � g j ¨ � ­ � g � � ^ c � � g ` f _ � � g � d _ � q ª
a _ � � � � i � � ^ c � � � �   ¦ £ ¤ � ¡ ¢ £ ¤ � § £ ¤ � ¢ £ ¤ � ¨ £ ¤ � ¥ £ ¤ � ¦ £ ¤ � ¡ ¢ £ ¤ � § £ ¤ © ª

` � e i ` f _ � � � �   ¢ � § � ¥ � ¦ � ¦ � § � § � ¨ � ¨ © ª
` � e i � d _ � � � �   ¤ � ¥ � § � ® � ¬ � ­ © ª

g � � � � � p � c e f ` � � a _ � � � � � i j ¨ � ­ � i � � ^ c � � i ` f _ � � i � d _ � q ª

After that, to declare the pencil Ax Bx= λ  as an v w t r x y z ¯ ° � � � t  object, the user
should use one of the constructors mentioned above:
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1. Using the long constructor
± ² ³ ´ µ ¶ · ¸ ¹ º » ¼ ³ ½ ¾ ¿ ´ À ³ ¹ Á ¸ ¹ º Â ± Ã Ä Å Æ

2. Using the default constructor
± ² ³ ´ µ ¶ · ¸ ¹ º » ¼ ³ ½ ¾ ¿ ´ À ³ ¹ Á ¸ ¹ º Æ

¸ ¹ º Ç È ¹ É ¼ º ¹ Ê Ë Ì Í ¼ » ¹ Î Â ± Ã Ä Å Æ

Ï Ð Ñ Ò Ó Ô Ò Õ Ö × Ø Ù ÚÏ Ð Ñ Ò Ó Ô Ò Õ Ö × Ø Ù Ú
Û Ü Ý Þ ß à á â ãÛ Ü Ý Þ ß à á â ã

DeclarationÌ ¹ · ä ³ Ë Ì ¹ ½ » ³ Ë Î Î å æ ¸ ç Á » ³ Ë Î Î ± ² ´ · µ ¶ · ¸ ¹ º » ¼ ³

Description
This class defines a real symmetric pencil Ax Bx= λ , where both matrices are stored
in CSC format. Actually, this class is used internally by è é ê ë ì í î ï ð ñ ò ó ô , so the user
does not need to use it to declare any eigenvalue problem.

Warning: The UMFPACK library must be available if õ ö ÷ ø ù ú è û ü  and ý ë ê ø þ ñ ÿ ü è ÿ
member functions are to be used, because both functions perform a sparse matrix
decomposition. Although this class should only be used to define symmetric pencils, a
LU factorization is used. Moreover, due to fill -ins that occur during the elimination
phase, memory availabili ty must be taken in account when using these functions.

Default constructor± ² ´ · µ ¶ · ¸ ¹ º » ¼ ³ Â Å

Long constructor± ² ´ · µ ¶ · ¸ ¹ º » ¼ ³ Â ± ² ´ · µ ¶ · Ê Ë Ì Í ¼ � ½ å æ ¸ ç Á � ± Ã ± ² ´ · µ ¶ · Ê Ë Ì Í ¼ � ½ å æ ¸ ç Á � Ä Å

Constructor parameters
± Ã Ä matrices that characterize the pencil Ax Bx= λ .

Member functions� ¿ ¼ ¾ � Ë » Ì ¿ Í ± Î Ä Â å æ ¸ ç Î ¼ � · Ë Å
Performs the LU decomposition of ( )A B− σ  for a given σ . To use this
function, A and B must be declared using the same ë � ê ù  parameter (see the
description of è é ë î ì í î ý ö ø ú ó � ).

À ¿ ¿ ³ � Î � Ë » Ì ¿ Í ¹ ¾ Â Å
indicates if the LU decomposition of ( )A B− σ  is available.

� ¿ ¼ ¾ Ê ´ ³ Ì ± � Â å æ ¸ ç � � Ã å æ ¸ ç � 	 Å
Calculates w Av← .

� ¿ ¼ ¾ Ê ´ ³ Ì Ä � Â å æ ¸ ç � � Ã å æ ¸ ç � 	 Å
Calculates w Bv← .
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 � � 
 � � � � � � 
 � � 
 � � � � � � 
 � � � � � � � �
Calculates w B Av← −1 . B is automatically factored when this function is
called for the first time. This function also overwrites v with Av, so the user
must make a copy of v before calling �  ! " # $ % & ' %  if it contains data that
cannot be lost.


 � � 
 � � � � � � 
 � ( � 
 � � � � � � 
 � � � � � � � �
Solves LUw v= , where L and U were generated by ) * + " , - ' . & .


 � � 
 / 0 1 � � 0 � 2 � 3 � 4 0 ( � � 5 � 6 7 8 6 � 2 � 3 � 9 : � � � � ; < � = � � 5 � 6 7 8 6 � 2 � 3 � 9 : � � � � ; < � = �
Stores matrices A and B when default constructor is being used.

Example
Using the same vectors ' $ > % * ! , ' ? - , @ , ' A + , ! , & $ % * ! , & ? - , @  and & A + , !  defined in
the example given for the ' B !  C D E F G $ + ? !  above, matrices A and B can be easily
stored in CRC format using the ' B  E C D E � * " - ? H  class:

� 5 � 6 7 8 6 � 2 � 3 � 9 : 
 � � I � 0 ; � � J � K � � � L 
 2 � � � � 3 � � � � = 4 � � � M
� 5 � 6 7 8 6 � 2 � 3 � 9 : 
 � � I � 0 ; � � J � K � � � L 
 2 � � � � 3 � � � � = 4 � � � M

After that, to declare the pencil Ax Bx= λ  as an ' B  E C D E F G $ + ? !  object, the user
should use one of the constructors mentioned above:

1. Using the long constructor

� 5 � 6 7 8 6 � 0 � 4 � � : 
 � � I � 0 ; � 0 � � � � � � M

2. Using the default constructor

� 5 � 6 7 8 6 � 0 � 4 � � : 
 � � I � 0 ; � 0 � M
� 0 � N / 0 1 � � 0 � 2 � 3 � 4 0 ( � � � � � M

O P Q R S T U V W X Y Z U [ \ ]O P Q R S T U V W X Y Z U [ \ ]
^ _ ` a b c d a e f^ _ ` a b c d a e f

Declarationg h i j k l g h m n k l o o p q r s t n k l o o u v w x p y n k l o o x z { | } ~ � � � i r h � n � k

Description
This class defines a complex or real nonsymmetric pencil Ax Bx= λ , where both
matrices are stored in band format. Actually, this class is used internally by� � � � � � � � � � � � � � � �

 and � � � � � � � � � � � � � � , so the user does not need to use it to
declare any eigenvalue problem.

Warning: The LAPACK library is called by   ¡ ¢ £ � ¤ � ¥ ¦  and § � � £ ¨ � © ¦ � ©  functions to
perform a matrix decomposition. Since the LU decomposition usually generates some
fill -in, memory availabili ty must be taken in account when using these two functions.
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Default constructorª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ° ¶ · ¸ ¹ º

Long constructorª « ¬ ­ ® ¯ ° ± ² ³ ´ µ ° ¶ · ¸ ¹ ª « ¬ ­ ® ¯ ° ± ² ³ » ¼ ½ ¾ · ¿ À Á Â ´ Ã Ä Å ª Æ ª « ¬ ­ ® ¯ ° ± ² ³ » ¼ ½ ¾ · ¿ À Á Â ´ Ã Ä Å Ç º

Constructor parameters
ª Æ Ç matrices that characterize the pencil Ax Bx= λ .

Member functionsÈ ¯ · ­ É ¼ ¶ ½ ¯ ¾ ª Ê Ç ¹ Á Â ´ Ã Ê · Ë ³ ¼ º
Performs the LU decomposition of ( )A B− σ  for a given σ .

È ¯ · ­ É ¼ ¶ ½ ¯ ¾ ª Ê Ç ¹ É Ì Í ª Á Ê · Ë ³ ¼ « Æ É Ì Í ª Á Ê · Ë ³ ¼ Î Æ ¶ Ï ¼ ¾ Ð ¼ ¾ ½ Ñ Ò « Ò º
Performs the LU decomposition of ( )A B− σ  for a given σ σ σ= +R Ii .
This function should only be used if A and B are real matrices and the shift is
complex. Ó Ô Õ Ö  is a parameter that will be used later by the × Ø Ù Ö Ú Û Ü Ý Þ ß Ü
function to decide which part of the vector w will be discarded when solving
the complex linear system ( )A B w v− =σ . If à Ô Õ Ö á â ã â , w is set to

real A B v{ ( ) }− −σ 1 , while imag A B v{ ( ) }− −σ 1  is used if à Ô Õ Ö á â Ú â  (see
chapter 3 for the description of the complex shift and invert mode for real
nonsymmetric eigenvalue problems).

¬ ¯ ¯ ¸ Î Ê É ¼ ¶ ½ ¯ ¾ µ ­ ¹ º
indicates if the LU decomposition of ( )A B− σ  is available.

È ¯ · ­ » ä ¸ ½ ª È ¹ Á Â ´ Ã å È Æ Á Â ´ Ã å æ º
Calculates w Av← .

È ¯ · ­ » ä ¸ ½ Ç È ¹ Á Â ´ Ã å È Æ Á Â ´ Ã å æ º
Calculates w Bv← .

È ¯ · ­ » ä ¸ ½ Î ° È Ç ª È ¹ Á Â ´ Ã å È Æ Á Â ´ Ã å æ º
Calculates w B Av← −1 . B is automatically factored when this function is
called for the first time.

È ¯ · ­ » ä ¸ ½ Î ° È ª Ê Ç È ¹ Á Â ´ Ã å È Æ Á Â ´ Ã å æ º
Solves LUw v= , where L and U were generated by ç Ô è Ö é Õ Ý Þ ß .

È ¯ · ­ ê µ ë · ° µ » ¼ ½ ¾ · ¶ µ Ê ¹ ª « ¬ ­ ® ¯ ° ± ² ³ » ¼ ½ ¾ · ¿ À Á Â ´ Ã Ä Å ª Ð Æ
ª « ¬ ­ ® ¯ ° ± ² ³ » ¼ ½ ¾ · ¿ À Á Â ´ Ã Ä Å Ç Ð º

Stores matrices A and B when default constructor is being used.

Example

A =

−
−

− −























1 1 0 0 0

2 3 1 0 0

0 2 4 1 0

0 0 1 2 0

0 0 0 1 3

      B =

−

− −























3 1 0 0 0

2 4 1 0 0

0 1 5 1 0

0 0 2 3 1

0 0 0 3 4
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Matrices A and B above can be stored in band format using the ì í î ï ð ñ ò ó ô õ ö ÷ ø ù ú û
class as described below

ü ý þ ÿ � � � � � � � � � � 	 
 � � � 
 � � � � 
 � � � 
 � � � 
 � � � 
 � � � 
 � � � � 

� � � 
 � � � 
 � � � 
 � � � 
 � � � � 
 � � � 
 � � � � 
 � � � � �

� � ÿ ü � ý � � � � � � � � � � � ü ý þ ÿ � �  � ! " 
 � 
 � 
 � � � � � � # �
ü ý þ ÿ � � $ � � � � � � � 	 
 � � � 
 � � � 
 � � � 
 � � � � 
 � � � 
 � � � 
 � � � 


" � � 
 � � � 
 � � � 
 � � � � 
 � � � 
 � � � � 
 � � � 
 � � � � �
� � ÿ ü � ý � � � � � � � � � � � ü ý þ ÿ � �  $ ! " 
 � 
 � 
 $ � � � � � # �

After that, the user can declare the pencil Ax Bx= λ  as an ì í î ï ð ñ ò ó ô õ % & ò ' ú (  object
using one of the constructors mentioned above:

1. Using the long constructor
� � ÿ ü � ý � � � � ) � � * � � � ü ý þ ÿ � �  ) � � ! � 
 $ # �

2. Using the default constructor
� � ÿ ü � ý � � � � ) � � * � � � ü ý þ ÿ � �  ) � � �

) � � � + � , � � � � � � � � * � - ! � 
 $ # �

. / 0 1 2 3 4 5 6 7 8 9 4 : ; <. / 0 1 2 3 4 5 6 7 8 9 4 : ; <
= > ? @ A B C @ D E= > ? @ A B C @ D E

Declaration� � � F � � � � � * � � - - G H ) I 
 * � � - - J K L � G  * � � - - � � ü - � ý � � � � ) � � * � �

Description
This class defines a complex or real nonsymmetric pencil Ax Bx= λ , where both
matrices are dense. Actually, this class is used internally by ì í ( M ð ñ ò ó ô õ N & ò O ú P  and
ì í ( M Q ñ õ R N & ò O ú P , so the user does not need to use it to declare any eigenvalue
problem.

Warning: The LAPACK library is called by S ÷ ' ø ñ ù ì T U  and ö M ( ø V ò W U ì W  functions to
perform a matrix decomposition. Since the LU decomposition usually generates some
fill -in, memory availabili ty must be taken in account when using these two functions.

Default constructor� � ü - � ý � � � � ) � � * � � ! #

Long constructor� � ü - � ý � � � � ) � � * � � ! � � ü - � ý � � � � � � � � � � � G H ) I  X � 
 � � ü - � ý � � � � � � � � � � � G H ) I  X $ #

Constructor parameters� 
 $
matrices that characterize the pencil Ax Bx= λ .
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Member functionsY Z [ \ ] ^ _ ` Z a b c d e f g h i c [ j k ^ l
Performs the LU decomposition of ( )A B− σ  for a given σ .

Y Z [ \ ] ^ _ ` Z a b c d e ] m n b f c [ j k ^ o p ] m n b f c [ j k ^ q p _ r ^ a s ^ a ` t u o u l
Performs the LU decomposition of ( )A B− σ  for a given σ σ σ= +R Ii .
This function should only be used if A and B are real matrices and the shift is
complex. v w x y  is a parameter that will be used later by the z { | y } ~ � � � � �
function to decide which part of the vector w will be discarded when solving
the complex linear system ( )A B w v− =σ . If � w x y � � � � , w is set to

real A B v{ ( ) }− −σ 1 , while imag A B v{ ( ) }− −σ 1  is used if � w x y � � } �  (see
chapter 3 for the description of the complex shift and invert mode for real
nonsymmetric eigenvalue problems).

� Z Z � q c ] ^ _ ` Z a � \ e l
indicates if the LU decomposition of ( )A B− σ  is available.

Y Z [ \ � � � ` b Y e f g h i � Y p f g h i � � l
Calculates w Av← .

Y Z [ \ � � � ` d Y e f g h i � Y p f g h i � � l
Calculates w Bv← .

Y Z [ \ � � � ` q � Y d b Y e f g h i � Y p f g h i � � l
Calculates w B Av← −1 . B is automatically factored when this function is
called for the first time.

Y Z [ \ � � � ` q � Y b c d Y e f g h i � Y p f g h i � � l
Solves LUw v= , where L and U were generated by � w � y � x � � � .

Y Z [ \ � � � [ � � � ^ ` a [ _ � c e b o \ c � Z � � � k � ^ ` a [ � � f g h i � � b s p
b o \ c � Z � � � k � ^ ` a [ � � f g h i � � d s l

Stores matrices A and B when default constructor is being used.

Example
Matrices

A =

− −
−

−
− −























4 1 0 1 2

1 5 2 4 1

3 6 3 1 4

1 2 1 3 2

2 0 4 2 5

 and  B =

−
−

− −
−























6 1 1 0 1

1 4 1 0 0

1 1 5 2 0

0 0 2 3 1

1 0 0 1 4

can be defined using the � � � � � � ~ � � � z w y x   ¡  class as described below

\ Z � � � � b � ¢ Y ^ � £ ¤ t ¥ ¦ § ¨ p © § ¨ p ª § ¨ p « © § ¨ p ¬ § ¨ p « © § ¨ p ­ § ¨ p ® § ¨ p
¬ § ¨ p ¨ § ¨ p ¨ § ¨ p ¬ § ¨ p « ª § ¨ p « © § ¨ p ¦ § ¨ p « © § ¨ p

¦ § ¨ p © § ¨ p ª § ¨ p ¬ § ¨ p ¬ § ¨ p « © § ¨ p ¦ § ¨ p ¬ § ¨ p ­ § ¨ ¯ °
b o \ c � � k � ^ ` a [ � � \ Z � � � � � b e ­ p b � ¢ Y ^ � l °
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± ² ³ ´ µ ¶ · ¸ ¹ º » µ ¼ ½ ¾ ¿ À Á Â Ã Ä Å Á Â Ã Å Á Â Ã Â Á Â Ã Å Á Â Ã Ä Å Á Â Ã Æ Á Â Ã Å Á Â Ã
Â Á Â Ã Â Á Â Ã Å Á Â Ã Å Á Â Ã Ç Á Â Ã È Á Â Ã Â Á Â Ã Â Á Â Ã
Â Á Â Ã È Á Â Ã Ä É Á Â Ã Ä Å Á Â Ã Å Á Â Ã Â Á Â Ã Â Á Â Ã Ä Å Á Â Ã Æ Á Â Ê Ë

Ì Í ± Î Ï Ð Ñ Ò » Ó Ô Õ Ö × ± ² ³ ´ µ ¶ Ø · Ù Ç Ã · ¸ ¹ º » µ Ú Ë

After that, the user can declare the pencil Ax Bx= λ  as an Û Ü Ý Þ ß à á â ã ä å æ á ç è é  object
using one of the constructors mentioned above:

1. Using the long constructor
Ì Í ± Î ê ² ¸ Ï Ð Ñ ë ¶ ¸ ì Õ µ × ± ² ³ ´ µ ¶ Ø ë ¶ ¸ Ù Ì Ã · Ú Ë

2. Using the default constructor
Ì Í ± Î ê ² ¸ Ï Ð Ñ ë ¶ ¸ ì Õ µ × ± ² ³ ´ µ ¶ Ø ë ¶ ¸ Ë

ë ¶ ¸ Á í ¶ î Õ ¸ ¶ Ò » Ó Ô Õ ì ¶ Î Ù Ì Ã · Ú Ë

ï ð ñ ò ó ô õ ö ÷ ø ù ú õ û ü ñï ð ñ ò ó ô õ ö ÷ ø ù ú õ û ü ñ
ý þ ÿ � � � � � � �ý þ ÿ � � � � � � �

DeclarationÓ ¶ Ñ � µ » Ó ¶ × ì µ » Î Î � � ë 	 Ã ì µ » Î Î 
 � � Ì � Ø ì µ » Î Î Ì Í µ ³ ê ² ¸ Ï Ð Ñ ë ¶ ¸ ì Õ µ

Description
This class defines a real or complex nonsymmetric pencil Ax Bx= λ , where both
matrices are stored in compressed sparse column (CSC) format. Actually, although
this function is available as an ARPACK++ class, the user does not need to use it to
declare any eigenvalue problem29.

Warning: The SuperLU library is called by 
 � ç � à � Û Þ �  and � � é � � á � � Û �  functions to
perform a matrix decomposition. A column reordering can be done before the
factorization. Due to fill -ins that occur during the elimination phase, memory
availabili ty must be taken in account when using these functions.

Default constructorÌ Í µ ³ ê ² ¸ Ï Ð Ñ ë ¶ ¸ ì Õ µ Ù Ú

Long constructorÌ Í µ ³ ê ² ¸ Ï Ð Ñ ë ¶ ¸ ì Õ µ Ù Ì Í µ ³ ê ² ¸ Ï Ð Ñ Ò » Ó Ô Õ Ö × � � ë 	 Ø � Ì Ã Ì Í µ ³ ê ² ¸ Ï Ð Ñ Ò » Ó Ô Õ Ö × � � ë 	 Ø � · Ú

Constructor parameters
Ì Ã ·

matrices that characterize the pencil Ax Bx= λ .

Member functionsº ² Õ ± 
 » ì Ó ² Ô Ì Î · Ù � � ë 	 Î Õ � Ñ » Ú
Performs the LU decomposition of ( )A B− σ  for a given σ .

                                                       
29 This class is used internally by � � � � � � � �  ! " # � $ % &  and ' ( ) * + , - . / 0 1 2 3 4 .
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5 6 7 8 9 : ; < 6 = > ? @ A B C D E F G H I J K L M B C D E F G H I J K N M O P K Q R K Q S T U L U V
Performs the LU decomposition of ( )A B− σ  for a given σ σ σ= +R Ii .
This function should only be used if A and B are real matrices and the shift is
complex. W X Y Z  is a parameter that will be used later by the [ \ ] ^ _ ` a b c d a
function to decide which part of the vector w will be discarded when solving
the complex linear system ( )A B w v− =σ . If e f g h i j k j , w is set to

real A B v{ ( ) }− −σ 1 , while imag A B v{ ( ) }− −σ 1  is used if e f g h i j l j  (see
chapter 3 for the description of the complex shift and invert mode for real
nonsymmetric eigenvalue problems).

m n n o p q r s t u n v w x y z
indicates if the LU decomposition of ( )A B− σ  is available.

{ | } ~ � � � � � { � � � � � � { � � � � � � � �
Calculates w Av← .

{ | } ~ � � � � � { � � � � � � { � � � � � � � �
Calculates w Bv← .

� � � � � � � � � � � � � � � � � � � � �   � � � � � ¡ ¢
Calculates w B Av← −1 .

� � � � � � � � � � � � £ � � � � � � � � �   � � � � � ¡ ¢
Solves LUw v= , where L and U were generated by ¤ ¥ ¦ § ¨ © ª « ¬ .

­ ® ¯ ° ± ² ³ ¯ ´ ² µ ¶ · ¸ ¯ ¹ ² º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò ¼ Ó Ô
¼ ½ ¾ ¿ À Á Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Î Ï Ð Ñ Ò Õ Ó Ö

Stores matrices A and B when default constructor is being used.

Example
Matrices

A =

−

−



















1 0 2 5

0 3 0 0

0 0 4 0

1 0 0 2

  and  B =



















4 0 6 0

0 1 0 0

6 0 9 0

0 0 0 5

can be stored in CRC format using the × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å æ  class as described below

ç è é ê ë ì í î ï ð ñ ò ó ô õ ö ÷ ø ù ú û ø ù ú û ü ù ú û ý ù ú û ÷ þ ù ú û ÿ ù ú û ý ù ú � �
� î � í � � � � ó ô õ ö ø û þ û ý û ø û ü û ø û þ � �
� î � � � 	 
 � � 
 � � � � � � � � � � � � �

� � � � � � � �  ! " # $ % & ' ( ) � � * � + , � - . / 0 / 1 2 3 4 5 6 7 8 9 : ; < = > ? @ A B C D
E F G H I J K L M N O P Q R S T U V W X Y V W X Z V W X Y V W X [ V W X \ V W ] ^

_ L ` K _ a b c Q R S T Z X d X e X Z X d X U ] ^
_ L ` K f g b P Q R S T W X e X d X \ X Y ] ^

h i j k l m n o p q r s t u v w x y m k z j { | } ~ � � � � } n � � s j � } v u m � � } � � m j � �

After that, it is easy to declare the pencil Ax Bx= λ  as an 
h i j k l m n o p q � { n � v j

 object
using one of the constructors mentioned above:
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1. Using the long constructor
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  

2. Using the default constructor
� � � � � � � � � � � � � � � � � � � � � � � � � � �  

� � � ¡ ¢ � £ � � � ¤ ¥ ¦ § � � � ¨ � � � � �  

© ª « ¬ ­ ® ¯ ° ± ¬ ² ³ ¯ ´ µ ¶© ª « ¬ ­ ® ¯ ° ± ¬ ² ³ ¯ ´ µ ¶
· ¸ ¹ º » ¼ ½ º ¾ ¿· ¸ ¹ º » ¼ ½ º ¾ ¿

DeclarationÀ Á Â Ã Ä Å À Á Æ Ç Ä Å È È É Ê Ë Ì Í Ç Ä Å È È Î Ï Ð Â Ñ Ò Ó Ô Õ Â Ë Á Ó Ç Ö Ä

Description
This class defines a real or complex nonsymmetric pencil Ax Bx= λ , where both
matrices are stored in compressed sparse column (CSC) format. Actually, although
this function is available as an ARPACK++ class, the user does not need to use it to
declare any eigenvalue problem30.

Warning: The UMFPACK library must be available if × Ø Ù Ú Û Ü Ý Þ ß  and à á â Ú ã ä å ß Ý å
member functions are to be used, because both functions perform a sparse LU
decomposition. Moreover, due to fill -ins that occur during the elimination phase,
memory availabili ty must be taken in account when using these functions.

Default constructorÎ Ï Ð Â Ñ Ò Ó Ô Õ Â Ë Á Ó Ç Ö Ä æ ç

Long constructorÎ Ï Ð Â Ñ Ò Ó Ô Õ Â Ë Á Ó Ç Ö Ä æ Î Ï Ð Â Ñ Ò Ó Ô Õ Â è Å À é Ö ê Æ É Ê Ë Ì Í ë Î ì Î Ï Ð Â Ñ Ò Ó Ô Õ Â è Å À é Ö ê Æ É Ê Ë Ì Í ë í ç î

Constructor parameters
Î ì í matrices that characterize the pencil Ax Bx= λ .

Member functionsï Ò Ö ð ñ Å Ç À Ò é Î È í æ É Ê Ë Ì È Ö ò Â Å ç
Performs the LU decomposition of ( )A B− σ  for a given σ .

ó ô õ ö ÷ ø ù ú ô û ü ý þ ÿ ÷ � � ü � ý õ � � ø � � ÷ � � ü � ý õ � � ø � � ù � ø û 	 ø û ú 
 � � � �
Performs the LU decomposition of ( )A B− σ  for a given σ σ σ= +R Ii .
This function should only be used if A and B are real matrices and the shift is
complex. 
 � � �  indicates whether the real ( 
 � � � � � � � ) or the imaginary
part ( 
 � � � � � � � ) of ( )A B v− σ  is to be stored in w when � � � � � � � � � � �  is
used to solve the complex linear system ( )A B w v− =σ  (see chapter 3 for

                                                       
30 This class is used internally by � � �  ! " # $ % & ' ( # ) * +  and � � �  , " & - ' ( # ) * + .
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the description of the complex shift and invert mode for real nonsymmetric
eigenvalue problems).

. / / 0 1 2 3 4 5 6 / 7 8 9 : ;
indicates if the LU decomposition of ( )A B− σ  is available.

. / / 0 1 2 < = > > 8 6 7 ? 5 : ;
indicates if ( )A B− σ  has nearly symmetric nonzero pattern.

@ / ? 9 A B 0 6 C @ : D E F G H @ I D E F G H J ;
Calculates w Av← .

@ / ? 9 A B 0 6 K @ : D E F G H @ I D E F G H J ;
Calculates w Bv← .

@ / ? 9 A B 0 6 1 L @ K C @ : D E F G H @ I D E F G H J ;
Calculates w B Av← −1 .

@ / ? 9 A B 0 6 1 L @ C 2 K @ : D E F G H @ I D E F G H J ;
Solves LUw v= , where L and U were generated by M N O P Q R S T U .

@ / ? 9 V 8 W ? L 8 A 4 6 7 ? 5 8 2 : C X B > Y / L < = > A 4 6 7 ? Z [ D E F G \ ] C ^ IC X B > Y / L < = > A 4 6 7 ? Z [ D E F G \ ] K ^ ;
Stores matrices A and B when default constructor is being used.

Example
Using the same vectors S _ ` a N b , S c R Q d , S e O Q b , U _ a N b , U c R Q d  and U e O Q b , defined in
the example given for the S f b g h Q _ i j k l m _ O c b  above, matrices A and B can be stored
in CRC format using S f g k h Q _ i j k n N P R c o  class:

C X B > Y / L < = > A 4 6 7 ? Z [ 9 / B . 0 8 \ C : p I q I C L r @ 4 0 I C ? 7 / J I C ^ 5 / 0 ; s
C X B > Y / L < = > A 4 6 7 ? Z [ 9 / B . 0 8 \ K : p I t I K L r @ 4 0 I K ? 7 / J I K ^ 5 / 0 ; s

After that, there are two different ways to declare the pencil Ax Bx= λ  as an
S f g k h Q _ i j k l m _ O c b  object:

1. Using the long constructor
C X B > Y / L < = > F 8 L 5 ? 0 [ 9 / B . 0 8 \ F 8 L : C I K ; s

2. Using the default constructor
C X B > Y / L < = > F 8 L 5 ? 0 [ 9 / B . 0 8 \ F 8 L s

F 8 L u V 8 W ? L 8 A 4 6 7 ? 5 8 2 : C I K ; s

Available functions

In this section, all available ARPACK++ functions are described. To make the reading
easier, functions are grouped according to their use. Most functions are generic, but
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because there are some functions that can only be used with specific classes, each
function name is followed by the classes it applies.

Some examples are included after function definitions to illustrate their use. In almost
all these examples, a variable called v w x y  is used to represent an ARPACK++ object,
i.e., an object that belongs to one of the classes mentioned above.

Functions that store user defined parameters.

When declaring an ARPACK++ class using the default constructor, the user must
supply all required problem parameters through function z { | } ~ { � � � � � { � { � �  as
described below. If an spectral transformation is being used, one of the other functions
included in this section should also be called to set the computational mode.

� � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration (Classes that do not handle matrix information)� � � � � � � � � � � �   � ¡ � ¢ �   £ ¤ ¥ ¦ § ¦ ¨ ¥ ¦ § ¦ © ª ¨ « ¬ ­ ® ¯ ° ¬ ¥ « ¬ ± ² ³ ´ ² ¨
¥ ¦ § ¦ « ª ± µ ¨ ¶ ³ · ¸ ¹ § º » ± µ ¼ µ ¨ ¥ ¦ § ½ ­ ¾ ¥ § ± µ ¨

¹ ¿ À Á ¯ ® © Â ¥ Ã ± µ ¨ Ä º º » ¥ Â ¬ ¥ Å § ± § ® Æ © Ç È

Declaration (classes that handle matrix information, standard problems)ª º ¥ Ã É © Å ¥ ¦ © À ­ ® ­ ½ © § © ® Â Ê Ë Ì Í Ì Î Ë Ì Í Ì Ï Ð Î Ñ Ò Ó Ô Õ Ö Ì × Í Ö Ø Ù Ò Ó ÎÚ Û Ü Ï Ò Ó Ý Þ ß à Í Ò Ó Ý Î Õ á â ã Ô ä á Ë Õ á å æ ç Þ æ Î
Ë Ì Í Ì Õ Ð å è Î Ñ ç Ò é Ú Í Ö à å è ê è Î Ë Ì Í ë â Ý Ë Í å è ÎÚ ì Ó í Ô ã Ï × Ë î å è Î Ø Ö Ö à Ë × á Ë ï Í å Í ã ß Ï ð

Declaration (classes that handle matrix information, generalized problems)Ð Ö Ë î ñ Ï ï Ë Ì Ï Ó â ã â ë Ï Í Ï ã × ò Ë Ì Í Ì Î Ë Ì Í Ì Ï Ð Î Ñ Ò Ó Ô Õ Ö Ì × Í Ö Ø Ù Ò Ó ÎÚ Û Ü Ï Ò Ó Ý Þ ß à Í Ò Ó Ý Î Ñ ó Ô Õ Ö Ì × Í Ö Ø Ù ó ÎÚ Û Ü Ï ó Ý Þ ß à Í ó Ý Î Õ á â ã Ô ä á Ë Õ á å æ ç Þ æ Î
Ë Ì Í Ì Õ Ð å è Î Ñ ç Ò é Ú Í Ö à å è ê è Î Ë Ì Í ë â Ý Ë Í å è ÎÚ ì Ó í Ô ã Ï × Ë î å è Î Ø Ö Ö à Ë × á Ë ï Í å Í ã ß Ï ð

Description
This function set values of some ARPACK++ variables when the default constructor is
being used to declare the eigenvalue problem.

Example
To find the four eigenvalues with smallest magnitude of a 100 100×  matrix defined by
object ô õ , which belongs to class ö ÷ ø ù ú û ô ü ý þ ÿ � � � � �

, the user can write

� � � � 	 � 
 � � 
 � � � � � � � � � � � 
 � 
 � � � � � � � � � � � � � � � � �
�  ! " # $ % & ' ( % ) *  * + % , %  - . / 0 0 1 2 1 3 4 ) 1 3 5 * ,  ' 6 4 ) 7 8 ! 9 " : % ; < < 5 9 : , = % , 1 > ? 5 > 1 @ 0 A B
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C D E F G H I J K L M N O P DC D E F G H I J K L M N O P D
Q R S T U V W W R X Y Z [ \ R ] R Y S T Z ^ R _ [ T S U U R UQ R S T U V W W R X Y Z [ \ R ] R Y S T Z ^ R _ [ T S U U R U

Declaration (ARSymGenEig)` a b c d e f g h i j k b l m n a c e o p q r s t u b m v w x p r y z i a l u f a { | r y x t } ~ e r y � n h k f r y � �

Declaration (all other real symmetric generalized classes)` a b c d e f g h i j k b l m n a c e o p q r s t u b m v w �

Description
This function turns a real symmetric generalized problem into buckling mode with shift
defined by � � � � � � . If � � � � � � � � � � �  is the ARPACK++ class being used,� � � � � � � � � � � � � � �

 also declares   ¡ ¢ £ ¤  as the object and ¥ ¦ § ¨ © ª «  as the function that
performs the matrix-vector product OPx.

Example¬ ­ ® ¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ² ³ ¼ ½ ½ ¾ º ¿ ° À ° À Á ­ Â Ã Ä Ä º ® ¯ ° Å Á º À º ¯ ­ ¹ ° Æ º µ Ç ¯ ¶ ¸ ¹ º Ä È
É Ê Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ë Ú Ï Û Ü Í Ý Þ ß à á Þ ß Ù â Ð Ê Ö ã à á ä Ú Ë Ò Ì Õ Ï å æ æ Ù Ò Õ Ð Ù ç è é

ê ë ì í î ï ð ë ï ñ ò ó ëê ë ì í î ï ð ë ï ñ ò ó ë
ô õ ö ÷ ø ù ú ú õ û ü ý þ ÿ õ � õ ü ö ÷ ý � õ � þ ÷ ö ø ø õ øô õ ö ÷ ø ù ú ú õ û ü ý þ ÿ õ � õ ü ö ÷ ý � õ � þ ÷ ö ø ø õ ø

Declaration (ARSymGenEig)� � � � � � 	 
 � � 
 � � � � � � � � � � � � � � � � � � � � � � � � �  � � � � ! " # � � $ % & ' ( � � $ �� ) � � �  � � � ! " # � � $ % & ' ( � $ *

Declaration (all other real symmetric generalized classes)+ � � , - # ( . � ! ' # ! % � , # / � � � � � � � � � � *

Description
This function turns a real symmetric generalized problem into Cayley mode with shift
defined by 0 1 2 3 4 5 . 6 7 8 9 : ; < 7 ; = > ? 7  also declares > @ A B C  as the object and = D < 8 B C E  as
the function that performs the matrix-vector product OPx when F G 6 ; H I 7 J K L M  is the
class being used.

ExampleN O P Q R S T U V W X Y Z [ \ ] T U ^ _ _ ` \ a R b R b c O d e f f \ P Q R g c \ b \ Q O [ R h \ W i Q X Z [ \ f jN O P Q R S k V W X Y Z [ \ ] k ^i Q X Z j l \ P m O e [ \ e N X W \ n o j p q r T U q r N O P Q R S T U V W X Y Z [ \ ] s s N Y [ P T U t qr k q r N O P Q R S k V W X Y Z [ \ ] s s N Y [ P k t u ^
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v w x y z { | } w ~ v � � � x � z � wv w x y z { | } w ~ v � � � x � z � w
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Declaration (ARNonSymGenEig)� � � � � � � � � � � � � � �   � ¡ � ¢ � � � £ ¤ ¥ ¦ § ¨ ¦ § © ª « ¬ ­ ® ¯ ° ± ² ³ ¦ ´ ª « ¬ ­ ® ¯ ° ± ² ³ ¦ µ ª« ­ ¶ · ¸ ¹ º ­ ¶ ª ¯ » ¨ ¼ ­ ¶ ½ ¾ ¿ À © ­ ¶ ½ ª« Á · ¸ ¹ º ® ª ¯ » ¨ ¼ ­ ¶ ½ ¾ ¿ À © ® ½ Â

Declaration (all other real nonsymmetric generalized classes)Ã ¸ ± Ä Å ¼ © Æ ¸ ³ ¨ À ¼ ½ Å ¥ ± Ç © ¾ ¸ Ä ¼ È ¤ ¥ ¦ § ¨ ¦ § © ª « ¬ ­ ® ¯ ° ± ² ³ ¦ ´ ª « ¬ ­ ® ¯ ° ± ² ³ ¦ µ Â

Description
This function turns a real nonsymmetric generalized eigenvalue problem into complex
shift-and-invert mode with shift defined by É Ê Ë Ì Í Î  and Ï Ð Ñ Ò Ó Ô . Õ Ö × Ø Ù  and Ú Û Ü Ý Ø Ù Þ
are, respectively, the object and the function that handle the matrix-vector product
OPx. Ú Û Ü Ý ß Þ  is required to retrieve eigenvalues.

Exampleà á â ã ä å æ ç è é ê ë ì í î ï æ ç ð ñ ñ ò î ó ä ô ä ô õ á ô ê ô ö ÷ ø ø î â ã ä ù õ î ô î ã á í ä ú î é û ã ê ì í î ø üà á â ã ä å æ ç è é ê ë ì í î ï ý ð ñ ñ ý í ö ê é î ó ä ô ä ô õ â þ î û ã ê é ë ù â ý å ü
ÿ � � � � � � � � � � ÿ 	 � 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � � � � � � 	 � � � � � � 	 � � � � �� � � � � � � � � 
 � � � � � � � 	 � � � � � � 	 � � �  !

" # $ % # & ' ( ) * + , - #" # $ % # & ' ( ) * + , - #
. / / 0 / 1 2 2 3 2. / / 0 / 1 2 2 3 2

Declaration (ARStdEig, ARSymStdEig, ARNonSymStdEig, ARCompStdEig, 
ARGenEig, ARSymGenEig, ARNonSymGenEig, ARCompGenEig)4 5 6 7 8 9 : ; 9 < = > ? @ A 5 7 9 B C D E F G 5 H I : 5 J K D E L M N O 9 D E P A = > : D E P Q

Declaration (all other classes)4 5 6 7 8 9 : ; 9 < = > ? @ A 5 7 9 B Q

Description
This function turns an eigenvalue problem into regular mode. In some cases, it also
declares R S T U V  as the object and W X Y Z U V [  as the function that performs the matrix-
vector product OPx.

It is also possible to use function \ ] ^ _ ` a b c d  to turn a problem into regular mode. In
this case, however, no changes can be made to ] e f g h  and i j k b g h l .

Examplem n o p q r s t u v w x y z { | s t }
~ p w y � � { o � { � x z n p m w v { � � s t � � m n o p q r s t u v w x y z { | � � m x z o m � � }
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� � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration (ARStdEig, ARSymStdEig, ARNonSymStdEig, ARCompStdEig, 
ARGenEig, ARSymGenEig, ARNonSymGenEig, ARCompGenEig)� � � �   ¡ ¢   £ � ¤ ¢ ¥ ¦ � ¡ § ¢ ¨ � � ¡ © ª « ¬ ­ ® � ¯ ° ± ² ³ ´ ¬ µ ¶ � ¦ ® ¢ � · ¸ ´ ¬ ² ª ¹ º ¡ ´ ¬ » ¨ ¼ ½ ¢ ´ ¬ » ¾

Declaration (all other classes)� � � �   ¡ ¢   £ � ¤ ¢ ¥ ¦ � ¡ § ¢ ¨ � � ¡ © ª « ¬ ­ ® � ¯ ° ± ¾

Description
This function turns an eigenvalue problem into shift and invert mode. In soma cases,¿ À Á ¿ Â Ã Ä Á Å Æ Ç À È Á É Ê Ë À

 also declares 
Ê Ì Í Î Ï

 as the object and 
É Ð Ñ Á Î Ï Ò

 as the function
that performs the matrix-vector product OPx.

If the eigenvalue problem is a standard one, function Ó Â Ô Æ Õ À ¿ Â Ã Ä Á
 may be used

instead of 
¿ À Á ¿ Â Ã Ä Á Å Æ Ç À È Á É Ê Ë À

, In this case, no changes can be made to 
Ê Ì Í Î Ï

 andÉ Ð Ñ Á Î Ï Ò
.

ExampleÖ × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å Ü Ý æ ç ç è ä Ù ä é Ö × Ø Ù Ú Û Ü Ý ß ä ê Ú ë ä ì × Ù ä × ã í × Ø Ù Ú Û î
ï Ù à â î ð ä Ø ð ñ Ú ê Ø ò ë ó ä Ù Ø Ö à ß ä ô õ î ö é ÷ Ü Ý é ÷ Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã ä å ø ø Ö á ã Ø Ö ó ù æ

ú à í ï Ö × Ø Ù Þ ß à á â ã ä å ú Ý æ ç ç ò ë Ø ñ Ú ì û × ì ä é ä Ú ü ä ë ó × ã á ä ï Ù à â ã ä í Ú ì û à í ï ã ä Û î
ï Ù à â î ð ä Ø ð ñ Ú ê Ø ò ë ó ä Ù Ø Ö à ß ä ô û à í ï ã ä Û Þ ß à á â ã ä å ô õ î ö é ý þ î þ ù é ÷ ú Ý é÷ ú à í ï Ö × Ø Ù Þ ß à á â ã ä å ø ø Ö á ã Ø Ö ó ù æ

Functions that detect if output data is ready.

ARPACK++ has some functions that indicate if the desired output data is available.
These functions can be used, for example, to write loop structures or to detect errors
in parameters.

ÿ � � � � � � � � � � � 	 � 
 � �ÿ � � � � � � � � � � � 	 � 
 � �
� � � 
 � � � � � �� � � 
 � � � � � �

Declaration� � � � � � � � � � � � � � � � � � � � � � �

Description
This function returns  ! " #  if an Arnoldi basis is available and $ % & ' #  otherwise.

Example� � � � ( ) * + * , - . / 0 1 2 3 4 . ( 5 6 4 0 . 7 1 + 8 ) * + * 9 . / 0 1 : ; <= > ? @ A B C = C D > E F G H I J K E A L M = G H N K G E O H = P B C = C Q
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R S T U V W X V Y Z [ X V T U \ ] ^ V _R S T U V W X V Y Z [ X V T U \ ] ^ V _
` a a b a c d d e d` a a b a c d d e d

Declarationf g h i j g k l m n l o p f n l g k q r s l t u v

Description
This function returns the number of eigenvalues found so far.

Examplef g h g w l f n x y m j z { i j g k l m n l o p f n l g k q r s l t u v |} j m u f g h ~ � � � ~ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � �   ¡ ¢ � £ ¤ ¥ ¢ � ¦� � � � � �   ¡ ¢ � £ ¤ ¥ ¢ � ¦
§ ¨ ¨ © ¨ ª « « ¬ «§ ¨ ¨ © ¨ ª « « ¬ «

Declaration� � � � � � � � � � � � � � ­ ® � � � � � �

Description
This function returns ¯ ° ± ²  if the requested eigenvalues are available and ³ ´ µ ¶ ²
otherwise.

Example� · � ¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å À Æ Ç º Å Á È É Ê Ê ËÂ Ã Ä Ì Í Î ¸ ¹ º » ¼ ½ ¾ ¿ À Á Â Ã Ä Å À É Í Ê ÏÐ

Ñ Ò Ó Ô Õ Ö Ô × Ø Ù Ú Û Ü Ù Ý Õ ÞÑ Ò Ó Ô Õ Ö Ô × Ø Ù Ú Û Ü Ù Ý Õ Þ
ß à à á à â ã ã ä ãß à à á à â ã ã ä ã

Declarationå æ æ ç è é ê ë ì í ë î ï æ ð ñ ò æ ó ì ô õ ö

Description
This function returns ÷ ø ù ú  if the requested eigenvectors are available and û ü ý þ ú
otherwise.

Exampleé ÿ õ � ð æ å � è é ê ë ì í ë î ï æ ð ñ ò æ ó ì ô õ ö ö �ë ç ë � � � � � � ð æ å � è é ê ë ì í ë î ï æ ð õ � � � ö �Ð



154    ARPACK++

	 
 � � 
 � � 
 � � 
 � � � � � �	 
 � � 
 � � 
 � � 
 � � � � � �
� � � � � � � � � � � � �  ! " � � # " � � $ � � % " � � � � � �� � � � � � � � � � � � �  ! " � � # " � � $ � � % " � � � � � �

Declaration& ' ' ( ) * + , - . / * 0 ' - 1 2 ' , 3 4 5 6

Description
This function returns 7 8 9 :  if the requested Schur vectors are available and ; < = > ?
otherwise.

Example@ A B C D E F G H I J K D L M I N E D O P E K Q R S T T U
V W V X Y Z Z [ \ ] ^ _ ` a b c d ] e f b g ^ ] h i j i k lm

Functions that provide access to internal variables values.

These functions provide access to all the ARPACK++ parameters, allowing the user to
know which options are in effect.

n o p o q r s r p t u r v w x r yn o p o q r s r p t u r v w x r y
z { { | { } ~ ~ � ~z { { | { } ~ ~ � ~

Declaration� � � � � � � � � � � � � � � � � � � � � � �

Description
This function returns � � � �  if all internal variables and arrays were defined and � � � � �
otherwise.

Example� � � � � � �   ¡ ¢ £ � £ ¤ ¥ ¦ ¥ � § ¨ ¥ � � © ¥ ª � « « ¬
­ ® ¯ ° ± ² ³ ´ µ ¶ ³ · ¸ ® ¸ ¹ ³ º ³ ® » ¼ ½ ¾ ¾ ¿ À ¿ Á Â · ¿ Á Ã ¸ º ® µ Ä Â · Å Æ ¯ Ç ° È ³ É Ê Ê Ã Ç È º Ë ³ º Ì ÍÎ

Ï Ð Ñ Ò Ó Ñ Ô Õ Ö × Ø ÑÏ Ð Ñ Ò Ó Ñ Ô Õ Ö × Ø Ñ
Ù Ú Ú Û Ú Ü Ý Ý Þ ÝÙ Ú Ú Û Ú Ü Ý Ý Þ Ý

Declarationß à à á â ã ä å æ ä à ç è é ê ä ë ì

Description
This function returns í î ï ð  if exact shifts are being used by ARPACK++ to restart the
Arnoldi method and ñ ò ó ô ð  if the shifts are being supplied by the user.



REFERENCE GUIDE     155

Exampleõ ö ö ÷ ø ù ú û ü ý þ ÿ � � ü þ � � � ö õ � � ø ü � � ü ö 	 ÿ � � ü 
 � �


 � � � � � � �
 � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � �  ! � � " #

Description
This function returns the maximum number of Arnoldi update iterations allowed.

Example� � � $  ! � � % & ' ( ) * � � � �  ! � � " # +


 � � � , - �
 � � � , - �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � ( . � " #

Description
This function returns the computational mode used as described in the following table.

 value mode

1 regular mode (standard problems)

2 regular inverse mode (generalized problems)

3 shift and invert mode. For real nonsymmetric generalized problems, this
option can also mean that a complex shift is being used but, in this case,
OP real A B= − −{ ( ) )}σ 1 .

4 buckling mode (real symmetric generalized problems) or shift and invert
mode with OP imag A B= − −{ ( ) )}σ 1 (real nonsymmetric problems)

5 Cayley mode (real symmetric generalized problems).

Example� / " 0 1 2 3 4 5 6 7 8 2 9 6 : ; < < = ; >
? @ A B C C D E F G H B I J K G J L M N B O @ K M G E P M G J Q A E M K D C C M J K R ST
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U V W X W V YU V W X W V Y
Z [ [ \ [ ] ^ ^ _ ^Z [ [ \ [ ] ^ ^ _ ^

Declaration` a b c d b e b d f g h

Description
This function returns the number of Arnoldi update iterations actually taken by
arpack++ to solve the eigenvalue problem.

Example` a b ` b d f i j f k l m c d b e b d f g h n

o p q ro p q r
s t t u t v w w x ws t t u t v w w x w

Declarationy z { | } { ~ � �

Description
This function returns the dimension of the problem.

Example� � � { � � � � y � � { } y � } z � } � { � � � � � } z � � �
� � � � y � � � y � � � � � � � � � � � � � � � � � � �   � ¡ ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬ ª ­ ® ¤ £ ¯ ° ± ¨ ² ³ ³ ª « ´ µ ¶

· ¸ ¹ º » ¼· ¸ ¹ º » ¼
½ ¾ ¾ ¿ ¾ À Á Á Â Á½ ¾ ¾ ¿ ¾ À Á Á Â Á

DeclarationÃ Ä Å Æ Ç Å È É Ê Ë Ì

Description
This function returns the number of Arnoldi vectors generated at each iteration (see
the description of Í Î Ï ).

ExampleÐ Ñ Ò Ñ Ó Ô Õ Ö × Ø Ù Ú Û Ü Ò Ý Ó Ô Þ ß à
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á â ã ä â åá â ã ä â å
æ ç ç è ç é ê ê ë êæ ç ç è ç é ê ê ë ê

Declarationì í î ï ð î ñ ð ò ó ô

Description
This function returns the number of required eigenvalues. The number of eigenvalues
actually found, however, is given by function õ ö ÷ ø ù ú û ù ü ý þ û ù ÷ ø ÿ � � ù � .

Example� � � � � � 	 
 � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � �  ! " � # $ % % &
' ( ) * + + , ( - . / , + + 0 1 ( 2 3 4 ( - 5 6 1 7 6 8 9 : 7 6 - 5 ; . ) 6 < = > + + , ( ? , @' ( ) * + + A B C D E F G H I G J K L M M N G O P G Q J R S T G U V G B G R W H T R S S X Y C T Q Z [ Q N \]

^ _ ` a b c d `^ _ ` a b c d `
e f f g f h i i j ie f f g f h i i j i

Declarationk l m n o p q r s t u q v w

Description
This function returns the shift x y z { |  used to define a spectral transformation. If the
problem is real and nonsymmetric, this function returns only the real part of the shift
(the imaginary par is given by } ~ � � � � � � � � � � � � ). If the problem is being solved in
standard mode, } ~ � � � � � � � �  will return 0.0. To avoid any confusion in this case, the
user should call function � � � � � � � � �  before calling � � � � � � � � � � .

Examples� � � � � � � � � �   ¡ � ¢ � £ ¤ ¥ ¦ ¤¢ � § � ¨ � © ª « ¬ ­ ® � � � � � � �   ¯ ° ª ±   £ ¤ ² ³ ³ ´ µ ¶ · ¸ ¹ º º µ » ´ ¼ ½ ¾ ´ ¿ À · µ º ¸ ¶ Á Â³ ³ Á ¿ Á ¸ ¹ º º µ » ´ ¼ ½ ¸ » ¶ Á Â ¶ ´ Â ¾ ´ ¿ À · µ º ¸ Ã¼ Ä Å ¾ ´ ¿ À Ã Æ µ » Ç ¿ Â µ Å È É Ê È½ ¿ º ¾ · µ Ë Ì Â ¿ Í À · µ É ¸ ¼ Î º ¶ Ï ¾ ´ ¿ À Ã Æ µ » Ð Ñ ¼ Ä » Å È Ò ³ ³ ½ ¿ º ¾ · µ Ë ¾ ´ ¿ À · µ º ¸ Ã

Ó Ô Õ Ö × Ø Ù Õ Ú Û Ü ÝÓ Ô Õ Ö × Ø Ù Õ Ú Û Ü Ý
Þ ß à á â ã â ä å æ æ ß ç è é ê ë ß â ß è à á é ì ß í ê á à ä ä ß äÞ ß à á â ã â ä å æ æ ß ç è é ê ë ß â ß è à á é ì ß í ê á à ä ä ß ä

Declarationî ï ð ñ ò ó ô õ ö ÷ ø ù õ ú û ü ý þ ÿ

Description
This function returns the imaginary part of the shift when the shift and invert mode is
being used to solve real nonsymmetric problems.
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Example� � � � � � � � � 	 
 � � � 	 � 
 � � 
 �
� � � � � � � � � � � � � � � � �  ! � " # $ � % " & ' (
� � � � � � � � � � � ) � � � � �  ! � " # $ � % " ) � � � & ' (

*

+ , - . / 0+ , - . / 0
1 2 2 3 2 4 5 5 6 51 2 2 3 2 4 5 5 6 5

Declaration7 8 9 : ; < = > ; ? @ A B

Description
This function returns the stopping criterion used to find eigenvalues. In other words, it
returns the relative accuracy of Ritz values.

ExampleC ? D E @ = > ? @ F G H ? E I < = > ; ? @ A B J

K L M N O P Q OK L M N O P Q O
R S S T S U V V W VR S S T S U V V W V

DeclarationX Y Z [ \ ] ^ _ ` Y a X Y b c

Description
This function returns which of the Ritz values were required (see the description ofd e f g e ).

Exampleh i j k l m i n h i o p k q r s t u v w i n h i x y z

Functions that allow changes in problem parameters.

The user can change almost all ARPACK++ parameters after their definition by using
the following functions.

{ | } ~ � � � } � � �{ | } ~ � � � } � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � � � � � � � � � � � � � � � � � � �
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Description
This function changes the maximum number of Arnoldi update iterations allowed to
the value given by � � � � � .

Example  ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « § ¬ ­ ® ¯ ° ± ± ± ² ³

´ µ ¶ · ¸ ¹ º » ¼ ½ ¾ ¿´ µ ¶ · ¸ ¹ º » ¼ ½ ¾ ¿
À Á Á Â Ã Ä Ã Å Æ Á Ç È Ã É Ê Á Æ Ë Ë Ã Ë Ì Í Æ Ì Í Æ Ä É Á Ã Î Æ Ì Å Ç Ï Ç Ä Ð Ñ Å Î Æ Ì Ç Ñ ÄÀ Á Á Â Ã Ä Ã Å Æ Á Ç È Ã É Ê Á Æ Ë Ë Ã Ë Ì Í Æ Ì Í Æ Ä É Á Ã Î Æ Ì Å Ç Ï Ç Ä Ð Ñ Å Î Æ Ì Ç Ñ Ä

DeclarationÒ Ó Ô Õ Ö × Ø Ù Ú Û Ü Ý Þ ß à á â ã à ä å Ó Ù æ ß Ó ç è à é ê ë ì Û à á Ü Ý Þ ß à á í

Description
This function changes the matrix-vector function that performs the product Bx (see the
description of î ï ð ñ ò ó ).

Example
Supposing that function î ï ð ñ î ô  is a public member of class õ ö ÷ ø ù ú û ü ý þ ÿ � � � � , it is
possible to declare õ ÿ � ÷ õ �  as the function that performs the product Bx by using the
following commands:

� � � � 	 
 � � 
 � � � � � � � �
� � � � � � � � � � � � � � � � 
 � � � � � � � � � 	 
 � � 
 � � � � � � � � � � � � � �  �

! " # $ % & ' ( ) * + , -! " # $ % & ' ( ) * + , -
. / / 0 / 1 2 2 3 2 4 5 1 4 5 1 6 7 / 3 8 1 4 9 : ; : 6 < = 9 8 1 4 : = 6. / / 0 / 1 2 2 3 2 4 5 1 4 5 1 6 7 / 3 8 1 4 9 : ; : 6 < = 9 8 1 4 : = 6

Declaration> ? @ A B C D E F G H I J K L M N O P L M Q R ? E S K ? T U L M V W X Y G L M N H I J K L M N Z

Description
This function changes the matrix-vector function that performs the product OPx (see
the description of [ \ ] ^ _ ` a ).

Example
Supposing that [ b ^ c d a _ ` e f g \ h ] i j  is a class that contains the function [ \ ] ^ [ k  as a
public member, the following commands show how to declare [ \ ] ^ [ k  as the function
that performs the product OPx.

l m n o p q r s t u v w x y z { r s |
} o v x ~ � � m � � z l w y n r s q � � r s � � l m n o p q r s t u v w x y z { � � l w y n l � � |
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� � � � � � � � �� � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � �   ¡ ¢ £ � ¤ � � ¥ � £ � ¦

Description
This function changes the number of Arnoldi vectors generated at each iteration to the
value given by § ¨ © .

Exampleª « � ¬ ­ � � � �   ¡ ¢ £ � ¤ ® ¯ ª « � ¬ ­ ° ¡ ¥ ¢ ¡ � ¤ ¦ ± ² ¦ ³

� � � � � � � � �� � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � �   ¡ ¢ ¡ � ¤ � � ¥ � ¡ � ¦

Description
This function changes the number of eigenvalues to be computed to the value given by

§ ´ © .

Exampleª « � ¬ ­ � � � �   ¡ ¢ ¡ � ¤ ² ® ¦ ³

� � � � � � µ � ¶ · ¸� � � � � � µ � ¶ · ¸
� � � � � � � � � �� � � � � � � � � �

Declaration (all problems)� � � � � � � �   ¡ ¹ � � º ¥ ¤ » ¼ ½ ¾ ¿ �   À � Á ¦

Declaration (real nonsymmetric generalized problems, complex shift)� � � � � � � �   ¡ ¹ � � º ¥ ¤ Â Ã Ä Å » ¿ �   À � Á Æ Â Ã Ä Å » ¿ �   À � Ç È É ¦

Description
This function turns the problem to shift-and-invert mode with shift defined by Ê Ë Ì Í Î Ï .
Real nonsymmetric generalized problems may have a complex shift defined by Ê Ë Ì Í Î Ï
(real part) and Ê Ë Ì Í Î Ð  (imaginary part).

ExamplesÑ Ò Ó Ô Õ Ö × Ø Ù Ú Û Ü × Ý Þ ß à á Õ â ã ä å å Ò Û Ø æ ç è é é Û ß Ò Ý ê Ø Ù ë Ù Ó Ù ç è é é Û ß Ò Ý ê Ñ Ò Ó Ô æ Û é ç Õ
ì í î ï ð ñ ò ó ô õ ö ÷ ò ø ù ú û ü ð ý þ ÿ � ð ý � � � � í ö ó � ô î ô � � � � ö ú í ø � ì í î ï � ö � � ð
ì í î ï ð ñ ò ó ô õ ö ÷ ò ø ù ú û � î � ì � ö 	 
 � î � ï � ö 
 û ü ð ý þ ÿ � ð ý � � � � � � î � ì � ö 	 ì í î ï � ö � � ð
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� � � � � � � � �� � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � �  ! " # $ % & ' � ( ) * + , - ' . � ( /

Description
This function changes the stopping criterion to the value given by 0 1 2 . If 0 1 2  is zero,
the machine precision is used as the stopping criterion.

Example3 4 � 5 6 ! " # $ % & ' � ( ) 7 6 8 9 : 7 ; / <

� � � � � � = � > ? �� � � � � � = � > ? �
� � � � � � � � � �� � � � � � � � � �

Declaration� � �  ! " # $ % & @ " � A " ) A " # 4 B C " � A " /

Description
This function changes the part of spectrum that is sought according to the value given
by D E F G E .(see the description of variable D E F G E ).

ExampleH I J K L M N O P Q R S N T U N V W X Y Z [ \ ] ] X R R ^ T P Q R T Q R P _ O ` a R b c T d N b e O ` ` R b d e O Q P T d a f R L

g h i j k l mg h i j k l m
n o o p o q r r s rn o o p o q r r s r

Declarationt u v w x u y z v { | } ~

Description
This function turns the problem into regular mode.

Example� � u � � x u y z v { | } ~ �

� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � � � �   ¡ � � ¢ £ � ¤ � ¥ ¦
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Description
This function changes the shift selection strategy used by ARPACK++ to implicitly
restart the Arnoldi method (see the description of § ¨ © ª « ¬ ­ ® © ).

Example¯ ° ± ² ³ ´ µ ¶ · ¸ ¹ º » ¼ º µ ½ ¾ ¿ À º Á Â Â Ã Ã ¿ À Ä ¾ ¿ À º Ä Å ´ ¹ º µ ¶ ¹ Æ ¹ À ¿ Ç ¹ Æ ¶ È º ¾ ¹ ¼ Ä ¹ ´
É Ê Ë Ì Í Î Ï Ð Ñ Ê Ò Ó Ô Ò Ë Õ Ö × Ø Ò Ù Ú Û Ü Ü Ý Ö Þ Ï ß Ñ Ò Ë Ò Ö Ñ Ñ à Þ Ý Ò á Ö × Ø Ò á á Ò Ê Þ Ò Ñ ß â Í

Trace functions.

As in the FORTRAN code, ARPACK++ allows the user to trace the progress of the
computation as it proceeds. Various levels of output may be specified from no output
to voluminous printing. The following two functions reproduce the functionality of all
ARPACK debugging statements.

ã ä å æ ç è éã ä å æ ç è é
ê ë ë ì ë í î î ï îê ë ë ì ë í î î ï î

Declarationð ñ ò ó ô ñ õ ö ÷ ø ù ú û

Description
This function turns off the trace mode.

Exampleü ö ñ ý þ ô ñ õ ö ÷ ø ù ú û ÿ

� � � � �� � � � �
� � � � � � 	 	 
 	� � � � � � 	 	 
 	

Declaration� � 
 � � � � � � � 
 � � � 
 � 
 � � � � � 
 � � � � � � � � � � 
 � � � � �  ! " #$ % & ' ( ) * + , - $ % & ' $ & . + , - $ % & / $ 0 1 + , -
$ % & ' ) ) 2 + , - $ % & 0 / & 2 + , - $ % & / ( ) 3 + , 4

Description
This function turns on the trace mode, so some output is generated by ARPACK
functions to reflect the progress of the Arnoldi process.

5 6 7 6 8
 specifies the number of decimal digits and the width of the output lines. A

positive value indicates that 132 columns will be used during output and a negative
value specifies that eighty columns are to be used.

Each remaining parameter represents the volume of output generated by the ARPACK
function with a similar name. For example, 9 : ; <  indicates the level of output requested
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for one of the subroutines = = > ? @ A , B = > ? @ A , C D E F G H , I D E F G H , J K L M N O  or P Q R S T U 31.
The volume of output increases with the value of each parameter. A zero value means
that no output will be generated.

If no parameter is passed to V W X Y Z , only [ \ ] ^  will be set to a value greater than zero.
In this case, ARPACK will print the total number of iterations taken, the number of
converged eigenvalues, the final Ritz values and corresponding Ritz estimates, and
various timing statistics in the standard _ ` \ a  stream.

A complete description of all the above parameters can be found in the b c d e f g b h i  file
that is distributed along with the ARPACK FORTRAN package (in the j k l m n o p q r
directory).

Example
Adding the command

s t u v w x t y z { | } ~

to the beginning of a program (after the problem declaration but before trying to find
eigenvalues and eigenvectors) causes ARPACK to display the following output in the

l k m q  stream32:

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� � � � � { � t � z � � s � � z � � � t � u � � � � s � y � { z u � { �
� � � � � � � � � � � � � � � � � � �
� � � � � �   ¡ ¢ £ ¤ � ¥ ¦ ¦ § ¦ ¨ § © ¨ �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
� ª « ¬ ¬ £ � ­   ® ¤ � ¬ � ¡ ¯ � ¤ £ ¤ � � ¤ � ° � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �± ² ³ ´ µ ¶ · ¸ ¹ º » · ¼ ½ ´ ³ º ¾ ³ º » ´ ³ ¾ ² ¶ ¿ À Á

± ² ³ ´ µ ¶ · ¸ ¹ º » ² Â Ã Ä Å Æ Ç È É Ê Ë Ì Í Ç Î Ï Ð Ñ Ò Ó
Ô Ç Ì Ë Õ Î Ö × Ø É Ê Ç Ù Ú Û Ü Ý Þ ß à á â ã Ý ä å æ ç
è é ê ë ì í î ï ð ñ ò é ó ò ñ é ò ê ô é õ é í ë ì ö ÷ ë ê ö é í ø ê ñ ù ø ú û ü ý
è é ê ë ì í î ï ð ñ ò é ó ö ê ñ ò ë ê ö þ ñ ò ñ ó ö í ñ ï ñ í ê ø ê ñ ù ø ú ÿ
è é ê ë ì í î ï ð ñ ò é ó ò ñ ø ê ë ò ê ø ê ñ ù ø ú ÿ
è é ê ë ì ê ö ï ñ ö í î ø ñ ò � � � � é ù ñ ò ë ê ö é í ú ÿ � ÿ ü ÿ ÿ ÿ
è é ê ë ì ê ö ï ñ ö í î ø ñ ò � � � é ù ñ ò ë ê ö é í ú ÿ � ÿ ÿ ÿ ÿ ÿ
è é ê ë ì ê ö ï ñ ö í � ò í é ì � ö î ù � ë ê ñ ò é î ê ö í ñ ú ÿ � ü û ÿ ÿ ü
è é ê ë ì ê ö ï ñ ö í ø ø ë î ù ü ò é î ê ö í ñ ú ÿ � û � ÿ ÿ ü
è é ê ë ì ê ö ï ñ ö í ð ë ø ö 	 � ò í é ì � ö ö ê ñ ò ë ê ö é í ì é é ù ú ÿ � û û ÿ ÿ û
 � � 
 � � � � � � � � � � � � � � � � � 
 � � � 
 � � � � � � 
 � � � � � � � � � �
 � � 
 � � � � � � � � � � � � � 
 � �  � ! � � � � � � � � 
 � � � � � � � � � � � �
 � � 
 � � � � � � � " # $ % & $ ' & ( ) * + , & - , . / # 0 . + & 1 2 3 4 3 5 3 3 36 0 " * + " $ 1 & $ ( ' & " " $ ( ' " 7 & - 7 $ 8 " - 2 3 4 3 3 3 3 36 0 " * + " $ 1 & $ ( * / / + 9 $ ( ' " 7 & - 7 $ 8 " - 2 3 4 3 5 3 3 36 0 " * + " $ 1 & $ ( : 0 ( ) & # ' & ( : & " & - " $ ( ' 2 3 4 3 3 3 3 3

                                                       
31 In the naming convention adopted by ARPACK FORTRAN subroutines, the first two letters
denote the combination of problem type (symmetric or nonsymmetric), data type (real or
complex) and precision (single or double) used. As all the names have six letters, only the last
four letters are reall y employed to describe what is reall y done by each routine. See the ARPACK
manual for further information about the FORTRAN functions.
32 Actuall y, the output shown here corresponds to a real symmetric problem. Real nonsymmetric
an complex problems generate a slightly different output.
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Functions that permit step-by-step execution of ARPACK.

This set of functions implements the so called reverse communication interface, a
major feature of the original ARPACK FORTRAN code that was preserved in the c++
version. With this interface, the user can solve eigenvalue problems without passing
information about matrix-vector products to ARPACK++ classes constructors. And
even with ARPACK++ classes that handle matrix information these functions allow
the user to interfere in the process of finding an Arnoldi basis.

; < = > ? @; < = > ? @
A B B C B D E E F EA B B C B D E E F E

DeclarationG H I J K I L M N O P

Description
This function indicates the type of operation the user must perform between two
successive calls to function Q R S T U V T W X Y .

Return
value

action the user must perform

-1 compute y OPx← , where Z [ \ ] [ ^ \ _ ` a b  gives a pointer to vector x,
and c d e f g h e i j k l  indicates where to store y.

1 compute one of y OPx←  (standard problems) or y OP B x← . .
(generalized problems). m g e f g h e i j k l  gives a pointer to vector x and

c d e f g h e i j k l  indicates where to store y. When solving generalized
problems, a pointer to the product Bx is also available by using

m g e c j i n k l .

2 compute y Bx← , where m g e f g h e i j k l  gives a pointer to vector x, and
c d e f g h e i j k l  indicates where to store y.

3 compute shifts for implicit restarting of the Arnoldi method.
c d e f g h e i j k l  indicates where to store them.

Examples
The following example shows how to find eigenvectors for a standard eigenvalue
problem, supposing that o j i p  is an object of any ARPACK++ standard class and q r
belongs to a class that includes s t u v s w  as a member function. s t u v s w  must perform
matrix-vector product OPx (see the description of x y z { | } ~ ).
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� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � �� � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ ¡ © ª « « ¬ ª ­ ­ © �   ¡ ¢ £ ¤ ¥ ¦ § ¨ ¡ © ª « « ® ¬ ª ª ¯° ° ± ¥   ² ¡   ³ ´ µ ¶ ³ · ¦   ´ ¸ ® ¹ ¥ º ¦ ¡   ³ » ¼ ¦ ´ � ¼ ´ º · ¦ ´ ¡ µ £½ ± £ ¾ » ¼ ¦ ¾ ¹ © �   ¡ ¢ £ ¤ ¥ ¦ ¿ ¥ º ¦ ¡   © ª À �   ¡ ¢ £ ± » ¦ ¿ ¥ º ¦ ¡   © ª ª ÁÂÂ
Ã Ä Å Æ Ç È É Ê Ë Ì É Í Î Ê Ï Î Ð Ñ Å Ä Ò Ó Ô Õ

Next example shows how to find eigenvectors of a generalized eigenvalue problem33.
Generally, Ö × Ø Ù Ú Û Ø Ü  is supposed to be a function that performs the matrix-vector
product Bx (see the description of Ø Ù Ú Û Ö Ý ).

Þ ß à á â ã ä å æ ç è é ê æ ë ç á ì à í î ï à ï ð ç ñ ë ì ã ò ò óå æ ç è é ô î õ â ö ÷ â å ã ò øï Þ à ÷ ù ß ã å æ ç è é ú â ÷ û ì ç ã ò ò óü ý þ ÿ � � � � � � ÿ � � � � � 	 
 � � 
 � � � � � � � � � � � � ÿ � 	 � þ � � 	 � ÿ �� � � � � � � � � � � � � � � ÿ � � ÿ ü � � � � � � � ÿ � � � �
� � � � � � � �  � � ÿ � � � � � � � � � � � � ÿ ü � � � � � � �
� � ÿ ý ! �

ü ý þ ÿ � � � � � ÿ � � � � � 	 
 � � 
 � � � � � � � � � � � 	 þ ý � � ÿ ý " � ý  ý 	 � ý � � ÿ �
� � � � � � � �  � � � � � � � ÿ � � � � " � � � � � � � � � � � � ÿ ü � � � � � � �
� � ÿ ý ! �

ü ý þ ÿ # � � � � ÿ � � � � � 	 
 � � 
 � � � � �� � � � � � �  � � � � � � � ÿ � � ÿ ü � � � � � � � � � � � � � � � ÿ ü � � � � � � �$
$

� � � � � % 	 
 " & 	 � ÿ 
  ÿ ü � � � þ � � �

' ( ) * +' ( ) * +
, - - . - / 0 0 1 0, - - . - / 0 0 1 0

Declaration2 3 4 5 6 4 7 8 9 :

Description
This function returns the number of shifts that must be supplied after a call to; < = > ? @ > A B C

 when shifts for implicit restarting of the Arnoldi method are being
provided by the user (See the description of D E @ F ? G H I @

).

Example8 J K L M N O P 6 Q 4 6 8 9 : R
2 S 9 T U V W X Y Z [ \ ] V ^ _ ` ` a _ b

c T ` d e f g h Y Z [ i T ^ _ j
X X X k k l Z m n c Z c T o p n m [ o X

q

                                                       
33 Except for real symmetric problems in Cayley mode.
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r s t u v w xr s t u v w x
y z z { z | } } ~ }y z z { z | } } ~ }

Declaration� � � � � � � � � � � � � �

Description
When � � � � � �  returns 1 and the user must perform a product in the form
y OP B x← . . , this function indicates where Bx is stored.

Example
See the generalized example that follows the description of � � � � � � .

� � � � � � � � �� � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration�   ¡ ¢ £ ¤ ¥ ¦ § ¥ ¨ ¦ © ª « ¬

Description
When ­ ® ¯ ° ± ²  returns -1, 1 or 2 and the user must perform a product in the form
y Mx← , this function indicates where x is stored. When ­ ® ¯ ° ± ²  returns 3, this
function indicates where the eigenvalues of the current Hessenberg matrix are located.

Example
See the examples that follow the description of ­ ® ¯ ° ± ² .

³ ´ µ ¶ ´ · µ ¸ ¹ º » ¼ ½³ ´ µ ¶ ´ · µ ¸ ¹ º » ¼ ½
¾ ¿ À Á Â Ã Â Ä Å Æ Æ ¿ Ç È É Ê Ê Á À Ä Ä ¿ Ä¾ ¿ À Á Â Ã Â Ä Å Æ Æ ¿ Ç È É Ê Ê Á À Ä Ä ¿ Ä

DeclarationË Ì Í Î Ï Ð Ñ Ò Ó Ô Ò Õ Ó Ö × Ø Ù Ú Û Ü Ý

Description
When Þ ß à á â ã  returns 3, this function indicates where the imaginary part of the
eigenvalues of the current Hessenberg matrix are located.

ä å æ ç è é æ ê ëä å æ ç è é æ ê ë
ì í í î í ï ð ð ñ ðì í í î í ï ð ð ñ ð

DeclarationÏ ò ó ô Ð ó õ Ó Ô Ò Õ Ó Ö × Ü Ý
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Description
When ö ÷ ø ù ú û  returns -1, 1 or 2 and the user must perform a product in the form
y Mx← , this function indicates where to store y. When ö ÷ ø ù ú û  returns 3, this
function indicates where to store the shifts.

Example
See the examples that follow the description of ö ÷ ø ù ú û .

ü ý þ ÿ � � ÿ �ü ý þ ÿ � � ÿ �
� � � � � � � � � �� � � � � � � � � �

Declaration	 
 � � 
 � � � � � � � �

Description
This function performs all calculations required by the Arnoldi method between two
successive matrix-vector products. It corresponds to subroutines � � � � � �  of the
original FORTRAN code. � � � � � � � �  returns the same value obtained by calling
function � � � � �  .

Example
See the examples that follow the description of � � � � �  .

Functions that perform all calculations in one step.

Functions included in this group should be used to compel ARPACK++ to find
eigenvalues, eigenvectors, Schur vectors or an Arnoldi basis for the current problem.
Output data is stored into ARPACK++ internal data structure and can be retrieved by
some functions that will be described later in this section.

If one of the reverse communication classes is being used, these functions should only
be called after convergence of the Arnoldi process is attained.

! " # $ % & # ' ( $ " ) * + " +! " # $ % & # ' ( $ " ) * + " +
, - - . - / 0 0 1 0, - - . - / 0 0 1 0

Declaration2 3 4 5 2 3 6 7 8 3 9 : 6 2 ; < = 2 = > ?
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Description
This function determines an Arnoldi basis related to the given problem. It returns the
number of “converged” eigenvalues obtained for the transformed problem (as
described in chapter 3).

Example@ A B C D E F G H I A G B J H F K L M F M N O P
Q B R S T T U V F A M S I A G B J H F C L M F M W X Q S B A Y Z T T X G H J P
V B A N F G S F [ \ P F T ] ^ _ ` a b c d e f g h i j j g k

l _ m d n n ] ^ _ ` a o ^ p _ q r i s t u i u v c l d _ ^ f w x i g n n c p r q hy

z { | } ~ { � � | � � � � � �z { | } ~ { � � | � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � � � � � � � � � � � � � �

Description
This function determines � � �  approximated eigenvalues of the given problem. It
returns the number of “converged” eigenvalues obtained.

Example� � � � � � � �   ¡ ¢ � £ ¤ � � � � � � � � � � � � � � � � � ¥
� � � � ¦ ¦ § � � � � � � � � � � � ¨ © ¦ ¦ � � � � ¥
ª � ¢ � � � � �   « ¥ � ¦ � � � � � ¥ � ¬ ¬ � ­

� � � � ¦ ¦ ¡ ¢ � £ ¤ � � � � � � � � � � � � � ¦ ¦ � � � � ¥
®

z { | } ~ { � � | � � ¯ ° ± ² �z { | } ~ { � � | � � ¯ ° ± ² �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � � � � � � � � � � � ¢ � � £ � � � � � � ³ � ¢   ª � � � � �

Description
This function determines � � �  approximated eigenvectors of the given eigenvalue
problem. Optionally, it also determines � � �  Schur vectors that span the desired
invariant subspace. The returned value corresponds to the number of “converged”
eigenvectors obtained.

Example� � � � � � � �   ¡ ¢ � £ ¤ � � � � � � � � � � � � � � ¢ � � � ¥
ª � ¢ � � � � ´   « ¥ ´ ¦ � � � � � ¥ ´ ¬ ¬ � ­

� � � � ¦ ¦ § � � � � � � � � � � ¢ § ¦ ¦ ´ ¦ ¦ § ¨ © ¦ ¦ � � � � ¥
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µ ¶ · ¸ ¹ º » ¹ ¼ ½ ¾ ¹ ¿ À · ¶ Á Â Ã Ä » Å ¸ Æ ¾ ¹ Ç Ç Æ È
É ¶ Ê » ¿ ¿ À · ¶ Á Â Ë ¹ Ì Ä º Í Ä É » ¶ · ¸ Î Ï ¹ Æ ¿ ¿ Ä º Ð Ñ ¾

Ò
Ò

Ó Ô Õ Ö × Ø Ù Ú Û Ü Ý Ø Þ ß Û àÓ Ô Õ Ö × Ø Ù Ú Û Ü Ý Ø Þ ß Û à
á â ã ä å æ å ç è é é â ê ë ì í ã å î í æ é ï ä â ð í ä ã ç ç â çá â ã ä å æ å ç è é é â ê ë ì í ã å î í æ é ï ä â ð í ä ã ç ç â ç

Declarationñ ò ó ô ñ ò õ ö ÷ ø ù ú û ü ÷ ó ý ú þ ÿ �

Description
This function determines � � �  Schur vectors that span the desired invariant subspace. It
returns the number of “converged” Schur vectors obtained.

Exampleñ ò ó ò ÷ ý ò � � � ú ý � � ô ñ ò õ ö ÷ ø ù ú û ü ÷ ó ý ú þ ÿ � 	
 ý ú ÿ � � � 	 � 
 ò ÷ ý ò � 	 � � � � �
÷ ý ù ó 
 
 � ö ÷ ø ù ú � ü ÷ ó ý ú � 
 
 � 
 
 � � � 
 
 ü ò õ � 	
 ý ú ÿ ñ � � 	 ñ 
 � ú ý � � � ü ó � ÿ � 	 ñ � � � �

÷ ý ù ó 
 
 � ú ý � � � ñ � ü ò � ü ÷ ó ý ú ÿ � � ñ � 
 
 ü ò õ � 	��

Functions that perform calculations on user-supplied data structure.

Functions described below should be used to find eigenvalues, eigenvectors, Schur
vectors or an Arnoldi basis for the current problem and to store them in a data
structure supplied by the user.

To avoid excessive memory consumption, ARPACK++ does not retain a copy of data
stored in user-supplied vectors, so no other function can be used to retrieve them.

If one of the reverse communication classes is being used, these functions should only
be called after convergence of the Arnoldi process is attained.

� � � � � �  ! " � #� � � � � �  ! " � #
$ % & ' ( ) * * % + , - . / 0 1 0 ( ) * * % + , - . & 0 2 . 1 * 3 ' % 4 . ' & ( ( % ($ % & ' ( ) * * % + , - . / 0 1 0 ( ) * * % + , - . & 0 2 . 1 * 3 ' % 4 . ' & ( ( % (

Declaration (Real symmetric and complex problems)5 6 7 8 5 9 : 6 ; < = > : ? @ A B C 8 8 5 9 D < = E F G H I I = 5 ; : J K L < = ? : G H I I = 5 ? J M > N K L < = ? : O

Declaration (Real nonsymmetric problems)5 6 7 8 5 9 : 6 ; < = > : ? @ P Q R S T U V W X Y Z [ \ ] ^ P Q R S T U V W X Y Z _ \ ] ^` a a Z V b c d e f Y Z g c ^ ` a a Z V g d h i j e f Y Z g c k
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Description
This function overrides array l m n o p q  with eigenvalues of the problem. It can also
determine eigenvectors (if r s t u v w x y t ) and Schur vectors (if r z u { y x v w x y t ). For
real nonsymmetric problems, arrays | } ~ � � � �  and | } ~ � � � �  are overwritten with the
real and imaginary part of eigenvalues, respectively. | } ~ � � � � � � � �  returns the number
of “converged” eigenvalues obtained. Functions � � � � � � � � � � � �  � � � � � � � � � � � � � � �
and � � � � � � � � � � � � � �  should be used to retrieve Schur vectors.

Arrays   ¡ ¢ � � £ ,   ¡ ¢ � � £ �  and   ¡ ¢ � � £ ¤  must be dimensioned to store at least ¥ � ¦
elements.

Example§ ¨ © ª « ¬ ­ ® ¯ ª ¨ ° ± ² ³ ´ µ ¶ ¬ ­ ® ¯ ª ¨ · ± ² ³ ´ µ ¸§ ¨ © ª « ¬ ­ ® ¯ ³ ¹ ± ² º » ² ³ ´ ¼ ½ ¾ µ ¸­ ² « ¿ À Á Â Ã Ä Å Æ Ç
¿ À Á Â Ã Ä Å Æ È É Ê Ë Ì Í Î Å Æ Ä Á Â Ï Ð Ñ Ä Ò Ó Î Å Æ Ô Ï Ð Õ Ö Î Å Æ Ô Ï Ð × Ö Ø Ù Ñ Ä Ú Ç

É Ê Ë Ì Í Î Å Æ Ä Á Â Ä ¿ Ø À Ù Ò Ó Î Å Æ Ô Ä ¿ Ú Ç

Û Ü Ý Þ ß à á â à Þ ã ä å æ çÛ Ü Ý Þ ß à á â à Þ ã ä å æ ç
è é ê ë ì í î î é ï ð ñ ò ó ô õ ô ì í î î é ï ð ñ ò ê ô ö ò õ î ÷ ë é ø ò ë ê ì ì é ìè é ê ë ì í î î é ï ð ñ ò ó ô õ ô ì í î î é ï ð ñ ò ê ô ö ò õ î ÷ ë é ø ò ë ê ì ì é ì

Declaration (Real symmetric and complex problems)Å Á Ø Î Å Æ Ä Á Ô Ï Ð Ô Ä ¿ Ø À Ù Ò Ó ù ú û Î Î Å Æ Ô Ä ¿ ü ý Ö ù ú û Î Î Å Æ Ô Ï Ð ü ý Ö þ À À Ð Å Ò ¿ ÿ Ñ Ù È � Ï Ð Ò Ä Ú

Declaration (Real nonsymmetric problems)Å Á Ø Î Å Æ Ä Á Ô Ï Ð Ô Ä ¿ Ø À Ù Ò Ó � � � � ù Î Å Æ Ô Ä ¿ ü ý Ö � � � � ù Î Å Æ Ô Ï Ð Õ ü ý Ö� � � � ù Î Å Æ Ô Ï Ð × ü ý Ö þ À À Ð Å Ò ¿ ÿ Ñ Ù È � Ï Ð Ò Ä Ú

Description
This function overrides array � � � � 	 
  sequentially with eigenvectors of the given
problem and stores the eigenvalues in � � � � � �  (or in the pair { � � � � � � 
 , � � � � � � � } if
the problem is real and nonsymmetric). If � � 
 � � Ê

 is set to true, Schur vectors are also
determined. In this case, the user should use functions � 
 � � Ê � 	 
 � Ë Ê �


 � � � 
 � � Ê � 	 
 � Ë Ê �  and 
 � � � 
 � � Ê � 	 
 � Ë Ê
 to retrieve them.

Arrays � � � � � � , � � � � � � 
  and � � � � � � �  must be dimensioned to store at least � 	 �
elements. If the problem is real and nonsymmetric, � � � � 	 
  must have at least� � � � � � � � �

 positions, otherwise a vector with 
� � � � �

 elements will be sufficient.

Example ! " # $ % & ' ( ) * $ + , - % . / 0 & ' ( ) * $ 1 , - % . / 2 ! " # $ % & ' ( ) % 3 , 4 - % . 5 6 7 8 - / 2' - 9 3 ! - . : % ' ( 23 ! - . : % ' ( ; < = > ? @ & ' ( % - ) * $ ) % 3 9 ! A B 4 & ' ( ) % 3 0 & ' ( ) * $ + 0 & ' ( ) * $ 1 7 2
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C D E F G H F I J K L MC D E F G H F I J K L M
N O P Q R S T T O U V W X Y Z [ Z R S T T O U V W X P Z \ X [ T ] Q O ^ X Q P R R O RN O P Q R S T T O U V W X Y Z [ Z R S T T O U V W X P Z \ X [ T ] Q O ^ X Q P R R O R

Declaration_ ` a b _ c d ` e d f a g h i j k l m b b _ c n d f o p q r g g s _ i f t u h v w x s i d y

Description
This function overrides array z { | } ~ �  with eigenvectors of the given problem. It can
also calculate Schur vectors if { � � � � �  is set to � � � ~ . In this case, one of the� � � � � } ~ � � � � , � � � � � � � � } ~ � � � � �  or � � � � � � � � } ~ � � � �  functions should be used to
retrieve Schur vectors. z { | ~ � � ~ � � � � �  returns the number of “converged”
eigenvectors obtained.

Elements of eigenvectors are stored sequentially, one eigenvector at a time. For real
nonsymmetric problems, real and imaginary parts of complex eigenvectors are given as
two consecutive vectors, so the user can use them to build the related conjugate pair.

If the problem is real and nonsymmetric, array z { | } ~ �  must be dimensioned to store� � ~ � � � � � �  elements. For real symmetric and complex problems, a vector with � ~ � � �
elements will be sufficient.

Example� g u r s d b _ c n d f o j ` d e � � y � ` p �_ ` a f g ` e � d _ c �f g ` e � d _ c v � � � � � b _ c d ` e d f a g h i j b _ c n d f y �

Functions that return vector and matrix elements.

After determining eigenvalues, eigenvectors, Schur vectors or an Arnoldi basis, it is
possible to retrieve any of their elements using one of the functions listed below.

� L G K � � D � � M D M � F I J K L� L G K � � D � � M D M � F I J K L
  Q Q X Q P R R O R  Q Q X Q P R R O R

Declarationk l m b ¡ h ` g s � _ ¢ x i _ i n d f a g h j _ ` a £ ¤ £ ¥ ¦ § ¨

Description
This function furnishes element j of the i-th Arnoldi basis vector.

Examples© ª « ¬ ¦ ­ ª ­ ® ¯ £ § ° ± ² ³ ´ µ ¶ · ¥ « ª ¸ £ ¹ ¬ º £ º » ­ ¼ ¦ « · ½ £ ¤ § ¨ ¾
¿ À Á Â Ã Ä Å Æ Ç Ã À È É Ê Ä Ã Ä Á Ë Ì Í Î Ï Ð Ñ Ò Ó Ô Õ Ö À Ã × Ì Ø È Ù Ì Ù Ú Ä ¿ É À Õ Û Ì Ü Í Ý Þ
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See also the example that follows the definition of ß à á â ã ä á å æ â à ç è é à é .

ê ë ì í î ï ð ñ ò íê ë ì í î ï ð ñ ò í
ó ô õ ö ÷ ø ù ù ô ú û ü ý þ ÿ � ÿ ÷ ø ù ù ô ú û ü ý õ ÿ � ý � ù � ö ô � ý ö õ ÷ ÷ ô ÷ó ô õ ö ÷ ø ù ù ô ú û ü ý þ ÿ � ÿ ÷ ø ù ù ô ú û ü ý õ ÿ � ý � ù � ö ô � ý ö õ ÷ ÷ ô ÷

Declaration (Real symmetric problems)� � � � � 	 
 � � 
 � � � � � � 
 
 � 
 �

Declaration (Real nonsymmetric and complex problems)� � � � � � � � � � � � � � 	 
 � � 
 � � � � � � 
 
 � 
 �

Description
This function provides the i-th “converged” eigenvalue.

Examples� � � � � � 
 � � � � � � ä å �  	 
 � � 
 � � � � � � 
 � ! " " # � � � $ % � � � � # 
 � � # � & � � � $ '
� � � � � � � � � � � � � � � 
 � � � � � � ä å �  	 
 � � 
 � � � � � � 
 � ! " " # � � � 
 � 
 $ % � � � � # 
 � � 
 (" " � � � � � � � � # � & � � � $ '

See also the example that follows the definition of ß à á â ) à * + á , è æ - + é .

ê ë ì í î ï ð ñ ò í . / ð ìê ë ì í î ï ð ñ ò í . / ð ì
ó ô õ ö ÿ � ÿ ÷ ø ù ù ô ú û ü ý ý ö õ ÷ ÷ ô ÷ó ô õ ö ÿ � ÿ ÷ ø ù ù ô ú û ü ý ý ö õ ÷ ÷ ô ÷

Declaration� � � � � 	 
 � � 
 � � � � � 0 � � � � 
 
 � 
 �

Description
This function provides the imaginary part of the i-th “converged” eigenvalue.

Example� � � � � � 
 � � � � 1 � � # � & ' 	 
 � � 
 � � � � � 1 � � � � 
 � !� � � � � � 
 � � � � 0 � � # � & ' 	 
 � � 
 � � � � � 0 � � � � 
 � !

2 3 4 5 6 7 8 9 : 5 ; 5 8 92 3 4 5 6 7 8 9 : 5 ; 5 8 9
< = > ? @ A @ B C D D = E F G H H ? > B B = B< = > ? @ A @ B C D D = E F G H H ? > B B = B

DeclarationI J K L M N O P Q R S T U V Q W Q T U X O R Y O Z

Description
This function provides the real part of the i-th “converged” eigenvalue.
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Example[ \ ] ^ _ ` a b c ^ \ d e f g h i j k a b ` l c ^ \ m ` d ` ^ \ n a o p
[ \ ] ^ _ ` a b c ^ \ q e f g h i j k a b ` l c ^ \ m ` q r ^ b n a o p

s t u v w x v y z { |s t u v w x v y z { |
} ~ � � � � � � ~ � � � � � � � � � � � � ~ � � � � � � � � � � � � ~ � � � � � � ~ �} ~ � � � � � � ~ � � � � � � � � � � � � ~ � � � � � � � � � � � � ~ � � � � � � ~ �

Declaration (Real symmetric classes)� � � � � k a b ` l c ` � _ ] � n a l _ a � a l _ � o

Declaration (Real nonsymmetric and complex classes)� ] r � \ ` � � � � � � � � k a b ` l c ` � _ ] � n a l _ a � a l _ � o

Description
This function provides element j of the i-th “converged” eigenvector.

Examples[ \ ] ^ _ ` a b � a � e f g h i j k a b ` l c ` � _ ] � n a � � o p � � � ` ^ \ � � r r ` _ � a � � � ] � \ ` r �  
� ] r � \ ` � � [ \ ] ^ _ � ` a b � a � e f g h i j k a b ` l c ` � _ ] � n a � � o p � � � ` ^ \ l ] l � � r r ` _ � a �� � ^ l ¡ � ] r � \ ` � � � ] � \ ` r �

See also the example that follows the definition of ¢ £ ¤ ¥ ¦ £ § ¨ ¤ © ¨ ª « h g ¬
.

s t u v w x v y z { | ­ ® ¯ us t u v w x v y z { | ­ ® ¯ u
} ~ � � � � � � � � � ~ � � � � � � � � � ~ �} ~ � � � � � � � � � ~ � � � � � � � � � ~ �

Declaration� � � � � k a b ` l c ` � _ ] � q r ^ b n a l _ a � a l _ � o

Description
This function provides the imaginary part of element j of the i-th “converged”
eigenvector.

Example[ \ ] ^ _ ` a b � � ` � ` a b � a r p� ] r � \ ` � � [ \ ] ^ _ � ` a b ° � ` a b ± p
` a b � � ` e f g h i j k a b ` l c ` � _ ] � d ` ^ \ n a � � o p
` a b � a r e f g h i j k a b ` l c ` � _ ] � q r ^ b n a � � o p` a b ° e � ] r � \ ` � � [ \ ] ^ _ � n ` a b � � ` � ` a b � a r o p` a b ± e � ] r � \ ` � � [ \ ] ^ _ � n ` a b � � ` � ² ` a b � a r o p
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³ ´ µ ¶ · ¸ ¶ ¹ º » ¼ ½ ¶ ¾ ¿³ ´ µ ¶ · ¸ ¶ ¹ º » ¼ ½ ¶ ¾ ¿
À Á Â Ã Ä Å Ä Æ Ç È È Á É Ê Ë Ì Ì Ã Â Æ Æ Á ÆÀ Á Â Ã Ä Å Ä Æ Ç È È Á É Ê Ë Ì Ì Ã Â Æ Æ Á Æ

DeclarationÍ Î Ï Ð Ñ Ò Ó Ô Õ Ö × Õ Ø Ù Ú Û Ü Õ Ý Þ ß Ó Ö Ù Ó à Ó Ö Ù á â

Description
This function provides the real part of element j of the i-th “converged” eigenvector.

Example
See the example that follows the description of ã ä å æ ç è æ é ê ë ì í î ï å .

ð ¹ ñ ò ¼ ó ¶ ¹ º » ¼ð ¹ ñ ò ¼ ó ¶ ¹ º » ¼
À Á Â Ã Ä Å Ä Æ Ç È È Á É Ê Ë Ì Â Ä ô Ì Å È õ Ã Á ö Ì Ã Â Æ Æ Á ÆÀ Á Â Ã Ä Å Ä Æ Ç È È Á É Ê Ë Ì Â Ä ô Ì Å È õ Ã Á ö Ì Ã Â Æ Æ Á Æ

DeclarationÑ ÷ ø Ò ù Ø ú û Û ü Õ Ø Ù Ú Û ß Ó Ö Ù Ó à Ó Ö Ù á â

Description
This function furnishes element j of the i-th Schur vector.

Examplesý Þ Ú Ý Ù þ Ø ú û Û ÿ Ó á � � ì ë � � ù Ø ú û Û ü Õ Ø Ù Ú Û ß Ó à á â �
Ø Ú � � Þ Õ � � ý Þ Ú Ý Ù 	 þ Ø ú û Û ÿ Ó á � � ì ë � � 
 é � � ì ü Õ Ø Ù Ú Û ß Ó à á â �

See also the example that follows the definition of 
 ä ç � 
 é � � ì � æ é ê ë ì � .

½ ¶ � ´ � ò ¾ ¿ ó ¶ ¹ º » ¼½ ¶ � ´ � ò ¾ ¿ ó ¶ ¹ º » ¼
� Ã Ã Ì Ã Â Æ Æ Á Æ� Ã Ã Ì Ã Â Æ Æ Á Æ

DeclarationÑ ÷ ø Ò Ü Õ þ Ó � û Ý Þ ü Õ Ø Ù Ú Û ß Ó Ö Ù Ó â

Description
This function furnishes element i of the residual vector.

Example� Û Ú � � Í Ó Ö � Ò Ó Ô Õ Ö × Ý Þ û Õ þ ß â �Ø Ú û Ù � � � Ü Õ þ Ó � û Ý Þ × Õ Ø Ù Ú Û � � � � Õ Ö � Þ �ý Ú Û ß Ó � � � Ó � � Û Ú � � � Õ Ù � ß â � Ó � � â �Ø Ú û Ù � � � Û Ú � � Ü Õ þ Ó � û Ý Þ ü Õ Ø Ù Ú Û ß Ó â � � Õ Ö � Þ ��
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Functions that provide raw access to output data.

If eigenvalues, eigenvectors, Schur vectors or Arnoldi basis vectors are already
available in ARPACK++ internal data structure, they can also be referenced by using
functions that provide pointers to their first elements.

These functions, which are described below, can be used to efficiently pass
ARPACK++ output data to other functions that use them as input parameters.

 ! " # $ % & ' ( ) * ! + ) + , - . / & $ + ! " # $ % & ' ( ) * ! + ) + , - . / & $ +
0 1 1 2 1 3 4 4 5 40 1 1 2 1 3 4 4 5 4

Declaration6 7 8 9 : ; < = > ? @ A B C D E < F D F G H I J A ? F K L

Description
This function provides raw access to Arnoldi basis vectors. The return value is a
pointer to a vector that stores all the Arnoldi basis vectors consecutively.

ExampleM M N O P Q P R S T U V U W P R X U O Y Z [ \ ] ^ _ ` ] Z ^ Z a b Z [ c d e ^ Z f g ] \ _ b ] b h c Y ` Z e b i
j j k l m n o p q m r s t u v w x v y x w z s { | } ~ � � ~ � � � � � � � � ~ � � �
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   ¡ � � ¢ � £ ¤ ¥ ¦§ § ¨ ¦ © ª « ¨ ¦ ¬ ­ ® ¯ ¦ ° ¯ ª ¤ © ª « ° ¦ © ª ® ± ¯ ® ² ¨ ¤ ­ ¨ ³
´ µ ¶ · ¸ ¹ º » ¼ ½ ¹ ¾ ´ µ ¶ · ¸ ¹ ¿ À Á Â Ã Ä Å Æ Ç È É Ê Ë Ì
Í Î Ï Ð Ñ Ò Ó Ô Õ Ö × Ø Ù Ú Û Î Ü Ó Ñ Ý Õ Ö Þ ß à á â ß ã ä å Þ æ å ç è é æ å ã ä ê ë ì å í î ï ð ñ á ò ð

ó ô õ ö ÷ ø ù ú û ü ý þ ÿ � � � ù � � � � � � � þ ü � � 	 
 � � 
 � � � � � � � � � � � � � � � � � � � � � �

� � � � �  ! " # $ % � & $ & ' ( ) * ! �� � � � �  ! " # $ % � & $ & ' ( ) * ! �
+ , , - , . / / 0 /+ , , - , . / / 0 /

Declaration1 2 3 4 5 6 7 8 9 : ; < = > ? @ 7 A ? A B C D E < : F ? ; E ? G

Description
This function provides raw access to the i-th Arnoldi basis vector by returning a
pointer to its first element.

ExampleH H I J K L M N O P Q R L P S T K U V J K J W X Y N P R J K L V J V Z [ \ ] ] ]
^ _ ` a b ` c _ d e f g h i b j k l m n o p q r s t m u n v w x y r z x z { | } ~ n m � � � � � � � � � � �

r � l � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � ¡ � � � � � � � ¢ � £ � ¢ � ¤
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¥ ¦ § ¨ © ª « ¬ ­ ¦ ® ¯ « °¥ ¦ § ¨ © ª « ¬ ­ ¦ ® ¯ « °
± ² ² ³ ² ´ µ µ ¶ µ± ² ² ³ ² ´ µ µ ¶ µ

Declaration· ¸ ¹ º » ¼ ½ ¾ º ¿ À Á Â Ã ½ Ä Å Á Æ Ç È

Description
This function returns a pointer to a vector that contains all the “converged”
eigenvalues.

For real nonsymmetric problems, only the real part of eigenvalues is given by this
vector. In this case, the imaginary part should be referenced by using functionÉ Ê Ë Ì Í Î Ï Ð Ñ Ê Ò Ó Ï Ô Õ Ö Ê Î × Ø

.

ExampleÙ Ù Ú Û Ü Ý Þ ß à á â Û ã ä å æ ç à â è Û æ ç â å é ä å ê â â Ý ß â Þ è Û æ ç â ä
Ù Ù å é Û ë â Û æ Þ å Þ ä ì ê ê â à ë Ý í ê Û à ë Ý î ï

Ý Þ à í å Þ è ð ñ ë å ã ï ò å Þ è â ë ß â ó ô Ý ß â Þ è Û æ ç â ä õ ö ÷
ó å ç ã æ â ø ñ å ä ë ð ñ ë å ã ï ù Û ú ô Ý ß â Þ è Û æ ç â ä õ ö ÷
ó å ç ã æ â ø ñ å ä Ý ð û ü ý þ ÿ � � � � � � � � � � 	 
 � � � 
 � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � �  � � ! � � " � � # $ " � � ! % � � � & ' ( ) *� � � � � � � � � & & � � � � *

+ � � ' $ � , $ � - * . / 0 1 2 3 4 . 5 5 6 7 1 8 9 5 5 6 7 1 8 . 5 5 6 : ; < < = = > ?: ; < < @ A B C D E F G A C H F G A C I F G A J H F G A J K LM

N O P Q R S T U V O W X T Y Z [ O SN O P Q R S T U V O W X T Y Z [ O S
\ ] ^ _ ` a ` b c d d ] e f g h h _ ^ b b ] b\ ] ^ _ ` a ` b c d d ] e f g h h _ ^ b b ] b

Declarationi j k l m n o p q r s t u v w p x y u z { | p t } ~

Description
This function returns a pointer to a vector that contains the imaginary part of all the
“converged” eigenvalues.

Example
See the example that follows the description of � � � � � � � � � � � � � � .

� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �
� � � � � � � � � �� � � � � � � � � �

Declarationm �   r n o p q r s t u v w u ¡ ¢ £ ¤ z } ~
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Description
This function provides raw access to eigenvectors. The return value is a pointer to a
vector that stores all the eigenvectors consecutively.

For real nonsymmetric problems, complex eigenvectors are given as two consecutive
vectors. The first contains the real part of the eigenvector, while the imaginary part is
stored in the second vector.

Example¥ ¥ ¦ § ¨ © ª « ¬ § ­ § ® © ª ¯ § ° ± ² ³ ´ © ª § µ © ² ª ² ¶ ­ ² ³ ¯ ¯ © « ¯ ª · ¯ ± µ ² ° ­¥ ¥ ² ¶ § ­ ¬ ³ ³ ¯ µ ° © ± ³ § µ ° © ¸ ¹ º © » ¯ » º ¯ · § ® ¼ § µ © ª « ¬ ½ ¾ ¿ ° º¥ ¥ À Á ¯ ° ¯ ¾ © ­ § ³ § µ ° © ¸ À Á ² ­ ¯ ± ² ® ¼ ³ ª ­ § ° ¯ ¯ © « ¯ ª · ¯ ± µ ² ° ­ ² ¶ ¹ »¥ ¥ Â ¼ ª ± µ © ² ª « ¯ ³ · ± § ® ± ¼ ® § µ ¯ ­ ¬ ½ § ® ¶ § ¿ ¾ ¿ ° Ã ´ ¯ µ § ¿ ¬ »¥ ¥ ¦ Á ¯ Ä § ° § ³ ¯ µ ¯ ° ­ ² ¶ « ¯ ³ · § ° ¯ µ ° § ª ­ º ³ º ª º § ® Ä Á § º ¾ º ® Å ¸ º¥ ¥ ° º © ª ± ° º ´ ¯ µ § º ¬ § ª Å © ª ± ¬ º © ª µ Á § µ ² ° Å ¯ ° »
Å ² ¼ ´ ® ¯ ¿ ¬ ½ ª ¯ À Å ² ¼ ´ ® ¯ Æ Ä ° ² ´ » Ç ¯ µ È É Ê Ë Ì« ¯ ³ · É Í È Î º Ä ° ² ´ » Ç ¯ µ È É Ê º Ä ° ² ´ » Ï ² ª · ¯ ° « ¯ Å Ð © « ¯ ª · § ® ¼ ¯ ­ É Ê º Ñ » Ò ºÄ ° ² ´ » Ó § À Ð © « ¯ ª · ¯ ± µ ² ° ­ É Ê º Ä ° ² ´ » Ç ¯ µ È É Ê º ° º Ñ º Ò » Ò º ¬ º Ñ Ê Ì

Ô Õ Ö × Ø Ù Ú Û Ü Ú Ý Þ ß àÔ Õ Ö × Ø Ù Ú Û Ü Ú Ý Þ ß à
á â â ã â ä å å æ åá â â ã â ä å å æ å

Declaration¦ ç è Ð ¿ Ó § À Ð © « ¯ ª · ¯ ± µ ² ° É © ª µ © Ê

Description
This function provides raw access to the i-th “converged” eigenvector. It returns a
pointer to the first element of such vector.

For real nonsymmetric problems, complex eigenvectors are given as two consecutive
vectors, so if é ê ë ì í î ï ð ñ ì ò ê ó  and ô õ ö ÷ ø ù ú û ü ÷ ý õ þ ÿ �  are complex conjugate
eigenvalues, � � � � � � � � 	 � 
 � � 
 � � �  will contain the real part and

� � � � � � � � 	 � 
 � � 
 � � � � �  the imaginary part of the corresponding complex conjugate
eigenvectors.

Example� � � � � � � � � � � � � �
�  ! " # $ % & ' ( ) * + , - .# / ! / 0 ' / 1 2 3 " ' ) 4 5 # / & 6 # 7 + / 1 + 0 ! ' " 8 9 : .& ' ( ) * + ; - $ 2 / + < & ' ( ) * + = 3 " ' ) 4 > + ! ? 9 : @ .

A A B C D E F D G H I J G K L G M N O I N P Q N R S T U O U T E D Q V W D X M K L P LA A U H Y D I L H J L I C L Z G N P D I W E D Q V W D D I L H J L I C D E F L N R S [
S [ \ F E G \ C ] ^ P N V [ _ D M B H J L I C L Z G N P ] ` a X S U a bD U ^ c ] I X O ^ P N V [ B H J L I C D E F L ] ` a X ^ P N V [ _ D M B H J L I C L Z G N P ] ` a X ` X S U X ` a b_ L Y d N P Q e I P Q f ] I X S U X ` a A R D V Y ] g P N V [ B H J L I C D E F L ] ` a a b
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h i j k l m n o p q l r s o th i j k l m n o p q l r s o t
u v w x y z y { | } } v ~ � � � w y � � z } � x v � � x w { { v {u v w x y z y { | } } v ~ � � � w y � � z } � x v � � x w { { v {

Declaration� � � � � � � � � � � � � � � � � � � � � �

Description
This function returns a pointer to a vector that contains all the “converged” Schur
vectors stored sequentially.

Example� � � � � � � � �   ¡ ¢ ¡ £ � � ¤ ¡ � ¥ ¦ § ¨ � � ¡ � � ¦ � ¦ © ¢ ¦ § ¤ ª ¥ « ¬ � ­ ¤ ¥ � ¦ � ¢ ®� � ¯ ¤ ¥ � ¦ � � ¥ ¦ � � ¡ � � ¢ ¢ ¦ § ¤ ¥ ¦ � ¢ � ¡ � � ¢ ®� � � � ° ± � ¦ ¨ ® ² ¤ � ³ ´ µ ¶· ¦ ¬ ¨ £ ¤ ¸   ° � ¤ ¹ · ¦ ¬ ¨ £ ¤ º � » ¶· ¦ ¬ ¨ £ ¤ ¸ ¤ � � ­ ¤ ¥ ° ± � ¦ ¨ ® ¼ ¡ ¹ ª ¥ « ¬ � ¯ ¤ ¥ � ¦ � ¢ ´ µ ¶© ¦ � ´ � � � � ° ½ ¶ � ¾ ± � ¦ ¨ ® ¿ ¦ � ­ ¤ � � ¤ · À � � ¤ � ­ ¡ £ ¬ ¤ ¢ ´ µ ¶ � Á Á Â ¤ � � ­ ¤ ¥ Á ° � µ Ã¡ Ä ±   ´ � Â � º � » Â ¤ � � ­ ¤ ¥ Â Å Â   Â Å µ ¶Æ

Ç È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò ÎÇ È É Ê Ë Ì Í Î Ï Ð Ë Ñ Ò Î
Ó Ô Õ Ö × Ø × Ù Ú Û Û Ô Ü Ý Þ ß Õ × à ß Ø Û á Ö Ô â ß Ö Õ Ù Ù Ô ÙÓ Ô Õ Ö × Ø × Ù Ú Û Û Ô Ü Ý Þ ß Õ × à ß Ø Û á Ö Ô â ß Ö Õ Ù Ù Ô Ù

Declarationã ä å À ¸ ¼ ¡ ¹ ª ¥ « ¬ � ¯ ¤ ¥ � ¦ � ´ � � � � µ

Description
This function provides raw access to the i-th “converged” Schur vector by returning a
pointer to its first element.

Example� � � � � � � � � Ä ¡ ¢ ¡ £ � � ¤ ¡ � ¥ ¦ § ¨ � � ¡ � � ¦ � ¦ © � ¹ ¦ ª ¥ « ¬ � ­ ¤ ¥ � ¦ � ¢ ®
æ � � � ° ± � ¦ ¨ ® ² ¤ � ³ ´ µ ¶· ¦ ¬ ¨ £ ¤ ¸ Ä ° � ¤ ¹ · ¦ ¬ ¨ £ ¤ º � » ¶¿ ¦ ±   ´ � Â ± � ¦ ¨ ® ¼ ¡ ¹ ª ¥ « ¬ � ¯ ¤ ¥ � ¦ � ´ ç µ Â Å Â Ä Â Å µ ¶¡ Ä ±   ´ � Â ½ ® è é Â ± � ¦ ¨ ® ¼ ¡ ¹ ª ¥ « ¬ � ¯ ¤ ¥ � ¦ � ´ � µ Â Å Â Ä Â Å µ ¶

Ç È É Ç Ð ê ë ì Í È í Ï Ð Ë Ñ Ò ÎÇ È É Ç Ð ê ë ì Í È í Ï Ð Ë Ñ Ò Î
î Ö Ö ß Ö Õ Ù Ù Ô Ùî Ö Ö ß Ö Õ Ù Ù Ô Ù

Declarationã ä å À ¸ ¼ ¡ ¹ ¼ ¤ ¢ � · ¬ ¡ £ ¯ ¤ ¥ � ¦ � ´ µ

Description
This function returns a pointer to the first element of the residual vector.
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Exampleï ï ð ñ ò ó ô õ ö ÷ ø ö ù ú û ô ú ü ý ú þ ö ÷ ø ü ø ÿ ó � � ñ � � ø � ö ú ü �
� ú � � � ø ô ú ü ý � ô ü ý � 	 
 ü ú � � � ø ö � 	 
 � 
 ü ú � � � ñ ù � ø ÿ ó � � ñ � � ø � ö ú ü 	 
 � � 
 �

Output functions that use the STL vector class.

ARPACK++ also includes twelve functions that return eigenvalues, eigenvectors,
Schur vectors, Arnoldi basis vectors and the residual vector using the STL � � � � � �
class.

In view of the fact that ARPACK++ is intended to solve large-scale eigenvalue
problems, all the functions included in this section return a pointer to an STL vector,
rather than the vector itself. This is done to avoid generating temporary vectors that
can be very memory consuming.

� � � � � � � �  ! " # $ ! $ % & ' � � � $� � � � � � � �  ! " # $ ! $ % & ' � � � $
( ) ) * ) + , , - ,( ) ) * ) + , , - ,

Declaration� ø � ö ú ü . ð / 0 1 2 3 4 ö � 5 ü ô ú � � ó 6 ñ ÿ ó ÿ � ø � ö ú ü ÿ 	 


Description
This function returns a pointer to a STL vector that stores all 7 � �  Arnoldi basis
vectors consecutively. If an Arnoldi basis is available, it is just copied to the output
vector. Otherwise, the basis is determined by ARPACK++ and then all i ts 8 9 8 : ;
elements copied.

As the Arnoldi basis is used to generate eigenvectors and Schur vectors, this function
should be called before < = > ? @ A B C D B E = F G H  or I J K I L M N O P Q L J R O S  to prevent
ARPACK++ from recalculating the basis.

ExampleT T U V W X Y Z Y Z [ W \ ] ^ _ Z ` a b Y V X c Y c X Z b W \ ] ] Y [ ] Z d X a e ] c ` f X g _ ` V a ] h i
d ] j W ` _ k b ` e V a ] l m n X c Y c o g _ ` V i p W a ^ _ Z ` a b Y n X c Y c q ] j W ` _ c r s t
d ] j W ` _ k b ` e V a ] l m u Y [ q X a e ] c o g _ ` V i p W a u Y [ ] Z d X a e ] c r s t

v w x y z { | x } ~ � � � ~ � � � � w | zv w x y z { | x } ~ � � � ~ � � � � w | z
� � � � � � � � � �� � � � � � � � � �

Declarationd ] j W ` _ k � � � u l m p W a ^ _ Z ` a b Y n X c Y c q ] j W ` _ r Y Z W Y s
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Description
This function returns a pointer to a STL vector that contains the i-th Arnoldi basis
vector. The Arnoldi basis must be available, otherwise an error message is printed.

Example� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �   � � � � � ¡
¢ � � � ¡ £ � � � � � � � � � � ¤ � � � � ¥ ¦ §

  � � � � � ¨ � � © � � � ª « ¬ � � � � � ­ ¢ � � � ¡ ¬ � � � � � � � � � ¤ � � � � ® � � � � � ¥ ¯ ¦ §

° ± ² ³ ´ µ ¶ · ¸ ¹ ² º ¶ »° ± ² ³ ´ µ ¶ · ¸ ¹ ² º ¶ »
¼ ½ ½ ¾ ½ ¿ À À Á À¼ ½ ½ ¾ ½ ¿ À À Á À

Declaration (Real symmetric problems)  � � � � � ¨ £ Â Ã � Ä ª « ¬ � � � � � � �   � � © � � ¥ � � � � �   � � ­ Å � � � � Æ � � � � � � � � © � ­ Å � � � � ¦

Declaration (Real nonsymmetric and complex problems)  � � � � � ¨ � � Ç ¢ � � � ¨ £ Â Ã � Ä ª ª « ¬ � � � � � � �   � � © � � ¥ � � � � �   � � ­ Å � � � � Æ
� � � � � � � � © � ­ Å � � � � ¦

Description
This function returns a pointer to a STL vector that contains all the “converged”
eigenvalues.

If the eigenvalues are already available, they are just copied into the STL vector.
Otherwise, the eigenvalues are determined and stored in the output vector. In this last
case, eigenvectors and Schur vectors can also be determined by setting È É Ê Ë  and

È Ì Ë Í Î Ï  to Ð Ï Î Ê , respectively.

For real nonsymmetric problems, the output vector is complex. To obtain only the real
or imaginary part of the eigenvalues, the user should use Ñ Ð Ò Ó È Ô Ê Õ É Ö Ò Î Ê Ì × Ê Ö Ò  and

Ñ Ð Ò Ó È Ô Ê Õ É Ö Ò Î Ê Ì Ø Ù Ö Ô . Functions Ñ Ð Ò Ñ Ë Í Î Ï Ú Ê Ë Ð Û Ï Ì Ü  Ñ Ð Ò Ñ Ë Í Î Ï Ú Ê Ë Ð Û Ï ,
Ñ Ð Ò Ó È Ô Ê Õ É Ê Ë Ð Û Ï Ì  and Ñ Ð Ò Ó È Ô Ê Õ É Ê Ë Ð Û Ï  can be used to retrieve Schur vectors and
eigenvectors.

Examples
There are several ways of retrieving eigenvalues by using Ñ Ð Ò Ó È Ô Ê Õ É Ö Ò Î Ê Ì . In the first
example below, the È É Ê Ë  function parameter was set to Ð Ï Î Ê  because the eigenvalues
were also sought. When the commands are called in this order, ARPACK++ stores the
eigenvalues only in Ó È Ô Ú Ö Ò , while the eigenvectors are stored internally and then
copied onto Ó È Ô Ú Ê Ë .

� � Ã � � � � � � � � � � � � � � � �   � � © � � � � � � � � � �   � � � � � � � Å �
� � � � � � � � � � Ý Ç Ç � � � � � � � © � � � ¢ � � � � � � � � Ç � � � � � ¡
  � � � � � ¨ � � Ç ¢ � � � ¨ � � © � � � ª ª « � � � ® � � ­ ¢ � � � ¡ ¬ � � � � � � �   � � © � � ¥ � � © � ¦ §
  � � � � � ¨ � � Ç ¢ � � � ¨ � � © � � � ª ª « � � � ® � � ­ ¢ � � � ¡ ¬ � � � � � � �   � � � � � � ¥ ¦ §
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The user can avoid storing the eigenvectors twice by just inverting the two commands
above. In this case, a copy of the eigenvalues is kept in the ARPACK++ internal
storage, while the eigenvectors are stored only in Þ ß à á â ã . Moreover, in this caseä å æ Þ ß à â ç è é æ ê â ë  can be called without parameters, since 

ä å æ Þ ß à â ç è â ã å ì í ë  always
determine eigenvalues as a by-product.

î î ï ð ñ ò ó ô õ ö ÷ ø ò ñ ñ ù ò ÷ ú ð ò ó ô û ÷ ü ô ô ú ý ô ð þ ÷ ÿ � ô û ÷ ð � ô ú ý ô ð þ ô � ò ñ õ û �
þ ô � ò ñ õ � � ñ ü � ÿ ô � � � ñ � ù ÿ ô � � � 	 ú ý 
 ô � � � õ ñ ù � � ò ÿ 	 ú ý ô ð þ ô � ò ñ õ û 
 � �
þ ô � ò ñ õ � � ñ ü � ÿ ô � � � ñ � ù ÿ ô � � � 	 ú ý 
 ÷ ÿ � � õ ñ ù � � ò ÿ 	 ú ý ô ð þ ÷ ÿ � ô û 
 � �

When � � � � � � � � � � � � � � � �  (or perhaps � � � � � � � � � � � � � � � ) is called before � � � � � � � � � � � � �  and 
 � � � � � � � � � � � � � � , the ARPACK++ internal data structure is

used to store the eigenvalues and eigenvectors, while a copy of them is also supplied
by � � � ! � �  and � � � ! � � .
" " # $ % & ' $ % & % & ( ' ) * + * , % - . * / ' 0 - - % ( - & 1 $ 2 3 - . $ & 4 - % ( - & 1 - + ' * 5 . 6

, 5 * 7 6 8 % & 4 9 % ( - & 1 - + ' * 5 . : ; <
1 - + ' * 5 = + * > , 2 - ? = 4 * 3 7 2 - @ @ A 9 % ( B - + C , 5 * 7 6 D ' 2 9 % ( - & 1 $ 2 3 - . : ; <
1 - + ' * 5 = + * > , 2 - ? = 4 * 3 7 2 - @ @ A 9 % ( B $ 2 C , 5 * 7 6 D ' 2 9 % ( - & 1 - + ' * 5 . : ; <

E F G H I J K L M N G O K P Q K N GE F G H I J K L M N G O K P Q K N G
R S T U V W V X Y Z Z S [ \ ] ^ ^ U T X X S XR S T U V W V X Y Z Z S [ \ ] ^ ^ U T X X S X

Declaration1 - + ' * 5 = 8 _ ` a b @ A D ' 2 9 % ( - & 1 $ 2 3 - . c - $ 2 : ;

Description
This function returns a pointer to a STL vector that contains the real part of all the
“converged” eigenvalues. The eigenvalues must be determined (by calling

� � � � � � � � � � � � � � �  or � � � � � � � � � � � � � � � � , for example) before this function is used,
otherwise an error message is printed.

Example" " D ' * 5 % & ( ' 0 - 5 - $ 2 $ & 4 % > $ ( % & $ 5 d , $ 5 ' . * / ' 0 - - % ( - & 1 $ 2 3 - .
" " * / $ 5 - $ 2 & * & . d > > - ' 5 % + > $ ' 5 % ? % & ' ) * 4 % / / - 5 - & ' 1 - + ' * 5 . 6

, 5 * 7 6 8 % & 4 9 % ( - & 1 $ 2 3 - . : ; <
1 - + ' * 5 = 4 * 3 7 2 - @ A 9 % ( B $ 2 c C , 5 * 7 6 D ' 2 9 % ( - & 1 $ 2 3 - c - $ 2 : ; <
1 - + ' * 5 = 4 * 3 7 2 - @ A 9 % ( B $ 2 e C , 5 * 7 6 D ' 2 9 % ( - & 1 $ 2 3 - e > $ ( : ; <

E F G H I J K L M N G O K P f g N JE F G H I J K L M N G O K P f g N J
R S T U V W V X Y Z Z S [ \ ] ^ ^ U T X X S XR S T U V W V X Y Z Z S [ \ ] ^ ^ U T X X S X

Declaration1 - + ' * 5 = 8 _ ` a b @ A D ' 2 9 % ( - & 1 $ 2 3 - . e > $ ( : ;
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Description
This function returns a pointer to a STL vector that contains the imaginary part of all
the “converged” eigenvalues. The eigenvalues must be determined (by callingh i j k l i m n j o p q r n s

 or 
h i j k l i m n j o n t u v w s

, for example) before this function is used,
otherwise an error message is printed.

Example
See the example that follows the description of x u q l i m n j o p q r n s y n p q

.

z { | } ~ � � � � � � { � � �z { | } ~ � � � � � � { � � �
� � � � � � � � � �� � � � � � � � � �

Declaration� � � � � � � � � � � � � � � � � � � � � � � � � � � �   ¡ � � � � � � ¢ £ � ¤ ¥ ¦ � � � §

Description
This function returns all the “converged” eigenvectors in a single STL vector. If the
eigenvectors are already available, they are just copied into the STL vector. Otherwise,
they are determined and stored in the output vector. In this last case, Schur vectors can
also be determined by setting 

i s t ¨ r w
 to 

u w r n
. One of the x u q x t ¨ r w © n t u v w s

 or the
x u q x t ¨ r w © n t u v w

 functions should be used to retrieve Schur vectors.
x u q l i m n j o n t u v w s

 always determine eigenvalues as a by-product.

Elements of the eigenvectors are stored sequentially, one eigenvector at a time. For
real nonsymmetric problems, real and imaginary parts of complex eigenvectors are
given as two consecutive vectors, so the user can use them to build the related
conjugate pair.

Example
See the examples that follow the description of x u q l i m n j o p q r n s

.

z { | } ~ � � � � � � { � �z { | } ~ � � � � � � { � �
� � � � � � � � � �� � � � � � � � � �

Declaration (Real symmetric problems)� � � � � � � ª « ¬ ­ � � � � � � � � � � � � � � � � �   � � � � §

Declaration (Real nonsymmetric and complex problems)� � � � � � � � � ® ¯ � � ° � ª « ¬ ­ � � � � � � � � � � � � � � � � � �   � � � � §

Description
This function returns a pointer to a STL vector that contains the i-th “converged”
eigenvector. For real nonsymmetric problems, the output vector is complex. To obtain
only the real or the imaginary part of the desired eigenvector, one should use
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± ² ³ ´ µ ¶ · ¸ ¹ · º ² » ¼ ½ · ¾ ³
 or 

± ² ³ ´ µ ¶ · ¸ ¹ · º ² » ¼ ¿ À ¾ ¶
. The eigenvectors must be

determined before this function is called, otherwise an error message is printed.

ExampleÁ Á Â Ã Ä Å Æ Ç Ä È É Ê Ä Ë Ì Ä Ë È Å Í Ì È Ê Ì É Î Ì Ç Ä Ï Å Ï Ð Æ Å Ì Æ Ñ É Ï É Ò Ó Ô Ô Ì Ä Å È Ç Ô Æ Ä Å È Ã Õ
Ö Å Ï × Õ Ø È É Í Â È Ê Ì É Î Ì Ç Ä Ï Å Ò Ù Ú Û

Î Ì Ç Ä Ï Å Ü Ç Ï Ô Ö Ñ Ì Ã Ü Í Ï Ý × Ñ Ì Þ Þ ß Â È Ê à Ì Ç á Ö Å Ï × Õ â Ä Ñ Â È Ê Ì É Î Ì Ç Ä Ï Å Ù ã Ú Û

ä å æ ç è é ê ë ì ê í å î ï ð ê ñ æä å æ ç è é ê ë ì ê í å î ï ð ê ñ æ
ò ó ô õ ö ÷ ö ø ù ú ú ó û ü ý þ þ õ ô ø ø ó øò ó ô õ ö ÷ ö ø ù ú ú ó û ü ý þ þ õ ô ø ø ó ø

DeclarationÎ Ì Ç Ä Ï Å Ü Ø ÿ � � � Þ ß â Ä Ñ Â È Ê Ì É Î Ì Ç Ä Ï Å � Ì Æ Ñ Ù È É Ä È Ú

Description
This function returns a pointer to a STL vector that contains the real part of the i-th
eigenvector. The eigenvectors must be determined before this function is called,
otherwise an error message is printed.

ExampleÁ Á â Ä Ï Å È É Ê Ä Ë Ì Å Ì Æ Ñ Æ É Í È Ô Æ Ê È É Æ Å Ó Ö Æ Å Ä Ò Ï Ð Ä Ë Ì Ä Ë È Å Í Ì È Ê Ì É Î Ì Ç Ä Ï Å
Á Á Ï Ð Æ Å Ì Æ Ñ É Ï É Ò Ó Ô Ô Ì Ä Å È Ç Ô Æ Ä Å È Ã È É Ä � Ï Í È Ð Ð Ì Å Ì É Ä Î Ì Ç Ä Ï Å Ò Õ

Ö Å Ï × Õ Ø È É Í Â È Ê Ì É Î Ì Ç Ä Ï Å Ò Ù Ú Û
Î Ì Ç Ä Ï Å Ü Í Ï Ý × Ñ Ì Þ ß Â È Ê à Ì Ç � á Ö Å Ï × Õ â Ä Ñ Â È Ê Ì É Î Ì Ç Ä Ï Å � Ì Æ Ñ Ù ã Ú Û
Î Ì Ç Ä Ï Å Ü Í Ï Ý × Ñ Ì Þ ß Â È Ê à Ì Ç � á Ö Å Ï × Õ â Ä Ñ Â È Ê Ì É Î Ì Ç Ä Ï Å � Ô Æ Ê Ù ã Ú Û

ä å æ ç è é ê ë ì ê í å î ï � � ñ éä å æ ç è é ê ë ì ê í å î ï � � ñ é
ò ó ô õ ö ÷ ö ø ù ú ú ó û ü ý þ þ õ ô ø ø ó øò ó ô õ ö ÷ ö ø ù ú ú ó û ü ý þ þ õ ô ø ø ó ø

DeclarationÎ Ì Ç Ä Ï Å Ü Ø ÿ � � � Þ ß â Ä Ñ Â È Ê Ì É Î Ì Ç Ä Ï Å � Ô Æ Ê Ù È É Ä È Ú

Description
This function returns a pointer to a STL vector that contains the imaginary part of the
i-th eigenvector. The eigenvectors must be determined before this function is called,
otherwise an error message is printed.

Example
See the examples that follow the description of 

± ² ³ ´ µ ¶ · ¸ ¹ · º ² » ¼ ½ · ¾ ³
.
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� 	 
 � � � 
 � � � � 	 � � �� 	 
 � � � 
 � � � � 	 � � �
� � � � � � � � � � � � � � � � � �  � � � ! � � " � � � � � � �� � � � � � � � � � � � � � � � � �  � � � ! � � " � � � � � � �

Declaration# $ % & ' ( ) * + , - . / 0 & 1 0 % 2 3 ( 4 $ % & ' ( 5 6 7

Description
This function returns a pointer to a STL vector that contains all the 8 9 :  “converged”
Schur vectors stored sequentially. They are determined, stored in the ARPACK++
internal data structure and then copied to the output vector. ; < = ; > ? @ A B 9 > < C A D  also
determines eigenvalues as a by-product.

ExampleE E F G H G I J K L K L M H N G O P N Q I R G P H S I T U L V H N G G K M G L R U W Q G T S X UE E I G U W L S L T Y J J G H I K P Z I S [ W G J \ O H W ] K M G L R U W Q G T P U L [ G P U W W G VE E [ G X S I G O H W O P N Q I ^ G P H S I T [ Q H _ K L H N K T P U T G _ H N G Z U I U J G H G IE E K T P N Q I J Q T H [ G T G H H S H I Q G ` T G G H N G V G X K L K H K S L S XE E O H W ] K M G L R U W Q G T a \
R G P H S I b X W S U H c d O P N Q I e Z I S [ \ O H W O P N Q I ^ G P H S I T ` a fR G P H S I b X W S U H c d ] K M ^ U W e Z I S [ \ O H W ] K M G L R U W Q G T ` a f

g h i g j k l m n o j h p mg h i g j k l m n o j h p m
q r s t u v u w x y y r z { | } s u ~ } v y � t r � } t s w w r wq r s t u v u w x y y r z { | } s u ~ } v y � t r � } t s w w r w

DeclarationR G P H S I b � � � ] c d O H W O P N Q I ^ G P H S I ` K L H K a

Description
This function returns a pointer to a STL vector that contains the i-th Schur vector. The
Schur vectors must be determined before this function is called, otherwise an error
message is printed.

ExampleE E ] � H I U P H K L M H N G X K I T H O P N Q I R G P H S I S X U I G U W L S L T Y J J G H I K P Z I S [ W G J \
Z I S [ \ � K L V O P N Q I ^ G P H S I T ` a fR G P H S I b V S Q [ W G c d O P N Q I e Z I S [ \ O H W O P N Q I ^ G P H S I ` � a f

g h i � o � � � l � i n o j h p mg h i � o � � � l � i n o j h p m
� t t } t s w w r w� t t } t s w w r w

DeclarationR G P H S I b � � � ] c d O H W � G T K V Q U W ^ G P H S I ` a

Description
This function returns a pointer to a STL vector that contains the residual vector.
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Example� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  
� � � � � � ¡ ¢ � � � � £ ¤ ¥ � � ¦ � � § ¨ � � ©   ª � � ¥ � � � � � � � � � � « ¬ ­� � � � � � ¡ ¢ � � � � £ ¤ ® � � � � § ¨ � � ©   ª � � ® � � � � � � � � � � � � � « ¬ ­

Handling Errors.

ARPACK++ uses c++ exception handling mechanisms, such as the ̄ ° ± ² ³  command,
to report run-time errors. Thus, the user can catch an error using ¯ ± ´  and µ ¶ ¯ µ °
statements.

Besides throwing errors, ARPACK++ also prints messages on the µ · ± ±  predefined
c++ error stream unless the user defines a variable called ̧ ¹ º ¸ » ¼ ½ ¾ ¿ À Á Â Ã ½ Ä Å Æ Á  using
the command

Ç È É Ê Ë Ì É Í Î Ï Í Ð Ñ Ò Ó Ô Õ Ö × Ø Ò Ù Ú Û Ö

There is only one exception class. It is called Ü Ý Þ ß à á â Ý Ý ã Ý  and can be used by an
exception handler defined by a à ß ä à å  command. As described below, Ü Ý Þ ß à á â Ý Ý ã Ý
contains some variables and member functions to help the user cope errors.

A “new” handler is also defined. It throws an error using Ü Ý Þ ß à á â Ý Ý ã Ý  class, so the
user can catch a “memory overflow” and decide which action must be taken thereafter.

Error class.

æ ç è é ê ë ì ç ç í çæ ç è é ê ë ì ç ç í ç

Declarationî ï ð ñ ñ ò ó ô ð î õ ö ó ó ÷ ó ø

Description
Exception class intended to help the user detecting and handling run-time errors.

Member functionsù ú û ü û ð û ý ñ þ ÿ

returns an integer value representing the most recently encountered error.
For a complete list of error codes see section ARPACK++ errors and error
messages below.
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Example� � � � � � � � � � � � 	 
 
 � 
 � � � � 
 
 � � � � � 
 
 � 
 � � � � � �

� � � � � � � � � � � �  ! " # $ % � � & � ' ( � ) � * � � + * � + , � � * " ! � - * . / � � 0 1
2 3 4 5 6 7 8 9 : ; 9 < = > ? @ A = 7 5 B 4 C D E F 7 B G H I J K 2 L M

< F : N
E F 7 B O P ? 8 = > ? @ C 8 Q C R < 7 F S G L M

T
R U < R V G 2 F E U R W > F F 7 F > F F L N

S X ? < R V G > F F O 9 < U < 5 S G L L N
Y Z [ \ ] ^ _ ` a

b b c
d e f g h i j i k

l l m
n g o e p q r k

l l m
s

s

ARPACK++ errors and error messages.

A brief description of all ARPACK++ error codes and messages is given below. The
integer numbers shown on left are equivalent to the values returned byt u v w x y z u u { u | | } ~ w ~ � � � �

 function. Messages on the right side are sent to the 
x � u u

predefined c++ error stream unless a variable called 
t � � t � � � } � � z � � � � � � z

 is defined.

Negative numbers represent fatal errors, while positive numbers are related to
occurrences that the user should be aware and errors that ARPACK++ was able to fix.

1. Errors in parameter definitions:

-101 Some parameters were not correctly defined.
-102 'n' must be greater than one.
-103 'nev' is out of bounds".
-104 'which' was not correctly defined.
-105 'part' must be one of 'R' or 'I'.
-106 'InvertMode' must be one of 'S' or 'B'.
-107 Range error.

2. Errors that may occur during the Arnoldi process:

-201 Could not perform LAPACK eigenvalue calculation.
-202 Starting vector is zero.
-203 Could not find any eigenvalue to sufficient accuracy.
-204 Reordering of Schur form was not possible.
-205 Could not build an Arnoldi factorization.
-291 Error in ARPACK Aupd fortran code.
-292 Error in ARPACK Eupd fortran code.
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3. Errors that may occur when calling main functions:

-301 Could not correctly define internal variables.
-302 Could not find an Arnoldi basis.
-303 Could not find any eigenvalue.
-304 Could not find any eigenvector.
-305 Could not find any Schur vector.
-306 FindEigenvectors must be used instead of FindSchurVectors.

4. Errors due to incorrect function calling sequence:

-401 Vector is not already available.
-402 Matrix-vector product is not already available.
-403 Could not store vector.
-404 DefineParameters must be called prior to this function.
-405 An Arnoldi basis is not available.
-406 Eigenvalues are not available.
-407 Eigenvectors are not available.
-408 Schur vectors are not available.
-409 Residual vector is not available.

5. Errors in classes that perform LU decompositions:

-501 Matrix is singular and could not be factored.
-502 Matrix data was not defined.
-503 Fill -in factor must be increased (ARumNonSymMatrix).
-504 Matrix must be square to be factored.
-505 Matrix must be factored before solving a system.
-506, Matrix dimensions must agree.
-507, A.uplo and B.uplo must be equal.
-508, Matrix data contain inconsistencies.
-509, Data file could not be read.

6. Errors in matrix files:

-551, Invalid path or filename.
-552, Wrong matrix type.
-553, Wrong data type.
-554, RHS vectors will be ignored.
-555, Unexpected end of file.

7. Other severe errors:

-901 This function was not implemented yet.
-902 Memory overflow.
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8. Warnings:

 101 'ncv' is out of bounds.
 102 'maxit' must be greater than zero.
 201 Maximum number of iterations taken.
 202 No shifts could be applied during a cycle of IRAM iteration.
 301 Turning to automatic selection of implicit shifts.
 401 Factors L and U were not copied. Matrix must be factored.
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real symmetric standard problems, 23

constructor, 20, 40, 61, 68
copy, 21, 69
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default arguments, 13, 16, 21, 40, 55, 77
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deflation techniques, 1
dense matrix format, 17, 18, 21
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real nonsymmetric or complex pencil, 143
real symmetric matrix, 115
real symmetric pencil, 136

destructor, 68, 69
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classes that use matrix-vector products supplied by
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80
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19, 67, 104
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creating, 41
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EigenvalueImag function, 33, 64, 172
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eigenvalues, 12, 15, 30, 33, 42, 53, 56, 60, 63, 67, 153,

168, 170, 172, 176, 180, 181, 182
Eigenvalues function, 31, 46, 60, 169
EigenvaluesFound function, 33, 64, 153
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EigenvectorImag function, 34, 173
EigenvectorReal function, 34, 174
eigenvectors, 12, 15, 30, 33, 42, 53, 56, 63, 67, 153,

168, 170, 171, 173, 174, 177, 180, 182, 183
Eigenvectors function, 31, 171
EigenvectorsFound function, 33, 64, 153
errors, run-time, 185

codes and messages, 186
examples directory, 47

F
FB parameter, 72
FindArnoldiBasis function, 31, 167
FindEigenvalues function, 31, 168
FindEigenvectors function, 31, 42, 62, 67, 168
FindSchurVectors function, 31, 169
FLOAT parameter, 71
FOP parameter, 72
functions, 28, 148

that detect if a solution is available, 33, 42, 64, 152
that perform all calculations in one step, 31, 42, 62,

167
that perform calculations on user-supplied data

structure, 31, 43, 52, 59, 169
that provide access to vector and matrix elements, 33,

42, 64, 171
that provide raw access to output data, 34, 43, 64,

175
that track the progress of ARPACK++, 32, 162
that use the STL vector class, 31, 35, 44, 56, 179
to change problem parameters, 29, 158
to determine eigenvalues and eigenvectors, 30, 42,

43, 44, 52, 56, 59, 62, 167, 169, 179
to execute ARPACK++ step by step, 32, 66, 164
to retrieve eigenvalues and eigenvectors, 33, 171,

175, 179
to retrieve information about a problem, 30, 43, 63,

154
to set problem parameters, 29, 42, 149

G
g++ compiler, 7
GetAutoShift function, 30, 154
GetIdo function, 32, 67, 164
GetIter function, 30, 156
GetMaxit function, 30, 155
GetMode function, 30, 63, 155



INDEX     193

GetN function, 30, 43, 63, 156
GetNcv function, 30, 64, 156
GetNev function, 30, 63, 157
GetNp function, 32, 165
GetProd function, 32, 166
GetShift function, 30, 157
GetShiftImag function, 30, 157
GetTol function, 30, 158
GetVector function, 32, 67, 166
GetVectorImag function, 32, 166
GetWhich function, 30, 158

H
Harwell Subroutine Library, 6
Harwell-Boeing file format, 118, 121, 129, 132
header files, 6, 79
Hilbert Class Library, 2

I
incompatibilities with some compilers, 7
installation instructions, 6
interface with other libraries, 67
InvertAutoShift function, 29, 161
InvertMode parameter, 76

L
LAPACK library, 5, 22, 113, 115, 123, 125, 135, 136,

141, 143
LU factorization, 6, 69, 80, 82, 84, 87, 89, 92, 113, 115,

117, 120, 123, 125, 129, 132, 135, 136, 138, 140,
141, 143, 145, 147

M
makefiles, 15, 47
mathematical libraries, 67
matrix classes, 21, 112

defining, 38
predefined, 22, 38, 48
user-defined, 40, 60

matrix factorization. See LU factorization
matrix objects, 20
matrix-vector products, user-supplied, 17, 19, 32, 40,

42, 60, 72
maxit parameter, 21, 77
memory requirements, 8
MultAx parameter, 76
MultBx parameter, 75
MultOPx parameter, 74

N
n parameter, 20, 74
ncv parameter, 21, 77
Netlib, 5
nev parameter, 20, 74

new handler, 185
NoShift function, 30, 161
NoTrace function, 32, 162

O
objA parameter, 75
objB parameter, 75
objOP parameter, 74
out-of-core matrices, 127
output data, retrieving, 31, 42, 169, 171, 175, 179

P
ParametersDefined function, 30, 154
part parameter, 76
pencils, 135
performance of ARPACK and ARPACK++, 9
problem parameters, 20, 41, 73

changing, 29
compulsory, 74
optional, 77
setting, 29

PutVector function, 32, 67, 166

R
RawArnoldiBasisVector function, 34, 175
RawArnoldiBasisVectors function, 34, 175
RawEigenvalues function, 34, 176
RawEigenvaluesImag function, 34, 176
RawEigenvector function, 34, 43, 64, 177
RawEigenvectors function, 34, 176
RawResidualVector function, 34, 178
RawSchurVector function, 34, 178
RawSchurVectors function, 34, 178
regular mode, 8, 40, 53

complex generalized problems, 28
complex standard problems, 27
real nonsymmetric generalized problems, 26
real nonsymmetric standard problems, 25
real symmetric generalized problems, 24
real symmetric standard problems, 23

resid parameter, 21, 79
residual vector, 33, 174, 178, 184
ResidualVector function, 34, 174
reverse communication interface, 2, 19, 32, 65, 104, 164

S
Schur vectors, 30, 33, 154, 168, 169, 170, 171, 174,

178, 180, 182, 184
SchurVector function, 34, 174
SchurVectorsFound function, 33, 154
SetBucklingMode function, 29, 150
SetCayleyMode function, 29, 150
SetComplexShiftMode function, 29, 151
SetRegularMode function, 29, 151
SetShiftInvertMode function, 29, 42, 152
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shift and invert mode, 41, 42
complex generalized problems, 28
complex standard problems, 27
real nonsymmetric generalized problems, 26, 27
real nonsymmetric standard problems, 26
real symmetric generalized problems, 24
real symmetric standard problems, 23

sigma parameter, 76
sigmaI parameter, 76
sigmaR parameter, 76
singular value decomposition, 44
singular values and vectors, 44, 57
spectral transformations. See computational 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

StlResidualVector function, 35, 184
StlSchurVector function, 35, 184

StlSchurVectors 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, 6
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


