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PREFACE

This manual describes general concepts, functions, and specifications for use of the Advanced
Scientific Library (ASL) C interface.

The manuals corresponding to this product consist of seven volumes, which are divided into the
chapters shown below. This manual describes the shared memory parallel functions.

Basic Functions Volume 1

Chapter Title Contents
1 Introduction Explanation of the organization of this manual, how to view each
item, and usage limitations.
2 Storage Mode Explanation of algorithms, method of using, and usage example
Conversion of function related to storage mode conversion of array data.
3 Basic Matrix Algebra | Explanation of algorithms, method of using, and usage example
of function related to basic calculations involving matrices.
4 Eigenvalues and Explanation of algorithms, method of using, and usage example
Eigenvectors of function related to

the standard eigenvalue problem for real matrices, complex
matrices, real symmetric matrices, Hermitian matrices, real sym-
metric band matrices, real symmetric tridiagonal matrices, real
symmetric random sparse matrices, Hermitian random sparse
matrices and

the generalized eigenvalue problem for real matrices, real
symmetric matrices, Hermitian matrices, real symmetric band
matrices.

Basic Functions Volume 2

Chapter Title Contents
1 Introduction Explanation of the organization of this manual, how to view each
item, and usage limitations.
2 Simultaneous Linear Explanation of algorithms, method of using, and usage example
Equations of function related to simultaneous linear equations correspond-
(Direct Method) ing to real matrices, complex matrices, positive symmetric ma-

trices, real symmetric matrices, Hermitian matrices, real band
matrices, positive symmetric band matrices, real tridiagonal ma-
trices, real upper triangular matrices, and real lower triangular
matrices.




Basic Functions Volume 3

Chapter

Title

Contents

Introduction

Explanation of the organization of this manual, how to view each
item, and usage limitations.

Fourier Transforms
and their applications

Explanation of algorithms, method of using, and usage ex-
ample of function related to one-, two- and three-dimensional
complex Fourier transforms and real Fourier transforms, one-,
two- and three-dimensional convolutions, correlations, and power
spectrum analysis, wavelet transforms, and inverse Laplace
transforms.

Basic Functions Volume 4

Chapter

Title

Contents

1

Introduction

Explanation of the organization of this manual, how to view each
item, and usage limitations.

Differential Equations
and Their Applications

Explanation of algorithms, method of using, and usage example
of function related to

ordinary differential equations initial value problems for
high-order simultaneous ordinary differential equations, implicit
simultaneous ordinary differential equations, matrix type ordi-
nary differential equations, stiff problem high-order simultane-
ous ordinary differential equations, simultaneous ordinary dif-
ferential equations, first-order simultaneous ordinary differential
equations, and high-order ordinary differential equations, and
ordinary differential equations boundary value problems
for high-order simultaneous ordinary differential equations, first-
order simultaneous ordinary differential equations, high-order or-
dinary differential equations, high-order linear ordinary differen-
tial equations, and second-order linear ordinary differential equa-
tions, and

integral equations for Fredholm’s integral equations of second
kind and Volterra’s integral equations of first kind, and

partial differential equations for two- and three-dimensional
inhomogeneous Helmholtz equation.

Numerical Differentials

Explanation of algorithms, method of using, and usage exam-
ple of function related to numerical differentials of one-variable
functions and multi-variable functions.

Numerical Integration

Explanation of algorithms, method of using, and usage example
of function related to numerical integration over a finite inter-
val, semi-infinite interval, fully infinite interval, two-dimensional
finite interval, and multi-dimensional finite interval.

Interpolations and
Approximations

Explanation of algorithms, method of using, and usage example
of function related to interpolations, surface interpolations, least
squares approximations, least squares surface approximations,
and Chebyshev’s approximations.

Spline Functions

Explanation of algorithms, method of using, and usage example
of function related to interpolation, smoothing, numerical deriva-
tives, and numerical integrals using cubic splines, bicubic splines
and B-splines.




Basic Functions Volume 5

Chapter

Title

Contents

Introduction

Explanation of the organization of this manual, how to view each
item, and usage limitations.

Special Functions

Explanation of algorithms, method of using, and usage example
of function related to Bessel functions, modified Bessel functions,
spherical Bessel functions, functions related to Bessel functions,
Gamma functions, functions related to Gamma functions, elliptic
functions, indefinite integrals of elementary functions, associated
Legendre functions, orthogonal polynomials, and other special
functions.

Sorting and Ranking

Explanation and usage examples of function related to sorting
and ranking.

Roots of Equations

Explanation of algorithms, method of using, and usage exam-
ple of function related to roots of algebraic equations, nonlinear
equations, and simultaneous nonlinear equations.

Extremal Problems
and Optimization

Explanation of algorithms, method of using, and usage example
of function related to minimization of functions with no con-
straints, minimization of the sum of the squares of functions
with no constraints, minimization of one-variable functions with
constraints, minimization of multi-variable functions with con-
straints, and shortest path problem.

Basic Functions Volume 6

Chapter

Title

Contents

1

Introduction

Explanation of the organization of this manual, how to view each
item, and usage limitations.

Random Number Tests

Explanation and usage examples of function related to uniform
random number tests, and distribution random number tests.

Probability
Distributions

Explanation and usage examples of function related to continu-
ous distributions and discrete distributions.

Basic Statistics

Explanation and usage examples of function related to basic
statistics, variance-covariance and correlation.

Tests and Estimates

Explanation and usage examples of function related to interval
estimates and tests.

Analysis of Variance
and
Design of Experiments

Explanation and usage examples of function related to one-way
layout, two-way layout, multiple-way layout, randomized block
design, Greco-Latin square method, cumulative Method.

Nonparametric Tests

Explanation and usage examples of function related to tests using
x? distribution and tests using other distributions.

Multivariate Analysis

Explanation and usage examples of function related to principal
component analysis, factor analysis, canonical correlation analy-
sis, discriminant analysis, cluster analysis.

Time Series Analysis

Explanation and usage examples of function related to auto-
correlation, cross correlation, autocovariance, cross covariance,
smoothing and demand forecasting.

10

Regression analysis

Explanation and usage examples of function related to linear
Regression and nonlinear Regression.




Shared Memory Parallel Functions

Chapter Title Contents

1 Introduction Explanation of the organization of this manual, how to view each
item, and usage limitations.

2 Basic Matrix Algebra | Explanation of algorithms, method of using, and usage example
of function related to obtain the product of real matrices and
complex matrices.

3 Simultaneous Linear Explanation of algorithms, method of using, and usage example

Equations of function related to simultaneous linear equations correspond-
(Direct Method) ing to real matrices, complex matrices, real symmetric matrices,
and Hermitian matrices.

4 Simultaneous Linear Explanation of algorithms, method of using, and usage example
Equations of function related to simultaneous linear equations correspond-
(Iteration Method) ing to real positive definite symmetric sparse matrices, real sym-

metric sparse matrices and real asymmetric sparse matrices.

5 Eigenvalues and Explanation of algorithms, method of using, and usage example
Eigenvectors of function related to the eigenvalue problem for real symmetric

matrices and Hermitian matrices.

6 Fourier Transforms Explanation of algorithms, method of using, and usage exam-
and their applications | ple of function related to one-, two- and three-dimensional com-

plex Fourier transforms and real Fourier transforms, two- and
three-dimensional convolutions, correlations, and power spec-
trum analysis.

7 Sorting Explanation and usage examples of function related to sorting
and ranking.

Document Version 3.0.0-230301 for ASL, March 2023
Remarks

(1) This manual corresponds to ASL 1.1. All functions described in this manual are program products.

(2) Proper nouns such as product names are registered trademarks or trademarks of individual manufacturers.

(3) This library was developed by incorporating the latest numerical computational techniques. Therefore,
to keep up with the latest techniques, if a newly added or improved function includes the function of an
existing function may be removed.
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Chapter 1
INTRODUCTION

1.1 OVERVIEW

1.1.1 Introduction to The Advanced Scientific Library ASL C interface

Table 1—1 lists correspondences among product categories, functions of ASL and supported hardware platforms.
Interfaces of those functions that have the same name and that belong to the same version of ASL are common

among hardware platforms.

Table 1—1 Classification of functions included in ASL

Classification of Functions Volume

Basic functions Vol. 1-6

Shared memory parallel functions | Vol. 7

1.1.2 Distinctive Characteristics of ASL C interface
ASL C interface has the following distinctive characteristics.

(1) Functions are optimized using compiler optimization to take advantage of corresponding system hardware

features.

(2) Special-purpose functions for handling matrices are provided so that the optimum processing can be per-
formed according to the type of matrix (symmetric matrix, Hermitian matrix, or the like). Generally,
processing performance can be increased and the amount of required memory can be conserved by using

the special-purpose functions.

(3) Functions are modularized according to processing procedures to improve reliability of each component

function as well as the reliability and efficiency of the entire system.

(4) Error information is easy to access after a function has been used since error indicator numbers have been

systematically determined.



1.2 KINDS OF LIBRARIES

Numeric storage units of ASL C interface is 4-byte.

Table 1—2 Kinds of libraries providing ASL C interface

i iabl Declarati
Size of variable(byte) eclaration Kind Kind of library
of arguments
integer real
4 8 int 32bit integer Double-precision
double function
32bit integer library
(link option: -lasl_ openmp)
4 4 int 32bit integer Single-precision
float function
8 8 lon 64bit integer Double-precision
double function
64bit integer library
(link option: -lasl_openmp_i64)
8 4 long 64bit integer Single-precision
float function

(*1) Functions that appear in this documentation do not always support all of the four kinds of functions listed above.
For those functions that do not support some of those function kinds, relevant notes will appear in the corresponding

subsections.

(*¥2) For compiling the program with functions in the 64-bit integer library, the option “~DASL_LIB_INT64” must be
specified (See the Note (2) in 1.6).



1.3 ORGANIZATION

This section describes the organization of Chapters 2 and later.

1.3.1 Introduction

The first section of each chapter is a general introduction describing such information as the effective ways of

using the functions, techniques employed, algorithms on which the functions are based, and notes.

1.3.2 Organization of Function Description

The second section of each chapter sequentially describes the following topics for each function.
Function

Usage

Arguments and return value

Restrictions

Error indicator (Return Value)

Notes

7) Example

Each item is described according to the following principles.

1.3.3 Contents of Each Item

(1) Function
Function briefly describes the purpose of the ASL C interface function.

(2) Usage
Usage describes the function name and the order of its arguments. In general, arguments are arranged

as follows. When an argument is an address-passing variable, & is appended in front of the argument name.
ierr = function-name (input-arguments, input/output-arguments, output-arguments, isw, work);

isw is an input argument for specifying the processing procedure. ierr is a return value. In some cases,

input/output arguments precede input arguments. The following general principles also apply.

e Array are placed as far to the left as possible according to their importance.

e The dimension of an array immediately follows the array name. If multiple arrays have the same
dimension, the dimension is assigned as an argument of only the first array name. It is not assigned

as an argument of subsequent array names.

(3) Arguments and return value
Arguments and return value are explained in the order described above in paragraph (2). The explanation
format is as follows.
Arguments and return value Type Size Input/Output Contents

(2) (b) (o) (d) ()




Contents of Each Item

(a) Arguments and return value

Arguments and return value are explained in the order they are designated in the Usage paragraph.

(b) Type

I

D
R
Z
C

Type indicates the data type of the argument. Any of the following codes may appear as the type.
: Integer type

: Double precision real

: Real

: Double precision complex

: Complex

There are 64-bit integer and 32-bit integer for integer type arguments. In a 32-bit (64-bit) integer type

function, all the integer type arguments are 32-bit (64-bit) integer. In other words, kinds of libraries

determine the sizes of integer type arguments (Refer to 1.4). In the user program, a 32-bit/64-bit

integer type argument must be declared by int/ long, respectively.

(c) Size

Size indicates the required size of the specified argument. If the size is greater than 1, the required

area must be reserved in the program calling this function.

1

n

: Indicates that argument is a variable.

: Indicates that the argument is a vector (one-dimensional array) having n elements. The
argument n indicating the size of this vector is defined immediately after the specified vector.
However, if the size of a vector or array defined earlier, it is omitted following subsequently
defined vectors or arrays. The size may be specified by only a numeric value or in the form of a
product or sum such as 3 X n or n + m.

(d) Input/Output

Input/Output indicates whether the explanation of argument contents applies to input time or

output time.

i.

ii.

iii.

iv.

When only “Input” appears

When the control returns to the program using this function, information when the argument
is input is preserved. The user must assign input-time information unless specifically instructed
otherwise. When the argument is a variable, the variable value must be passed.
When only “Output” appears

Results calculated within the function are output to the argument. No data is entered at input
time. When the argument is a variable, the variable address must be passed.
When both “Input” and “Output” appear

Argument contents change between the time control passes to the function and the time con-
trol returns from the function. The user must assign input-time information unless specifically
instructed otherwise. When the argument is a variable, the variable address must be passed.
When “Work” appears

Work indicates that the argument is an area used when performing calculations within the
function. A work area having the specified size must be reserved in the program calling this
function. The contents of the work area may have to be maintained so they can be passed along
to the next calculation.

(e) Contents

Contents describes information held by the argument at input time or output time.



Contents of Each Item

e A sample Argument description follows.

Example
The statement of the function (ASL_dbgmlc, ASL_rbgmlc) that obtains the LU decomposition

and the condition number of a real matrix is as follows.

Double precision:
ierr = ASL_dbgmlc (a, lna, n, ipvt, &cond, wl);
Single precision:

ierr = ASL_rbgmlc (a, Ina, n, ipvt, &cond, wl);

The explanation of the arguments and return value is as follows.

Table 1-3 Sample Arguments and Return Value

D:Double precision real = Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 a Note | Inaxn Input | Real matrix A(two-dimensional array)
Dx Output | The matrix A decomposed into the matrix
Rx LU where U is a unit upper triangular matrix
and L is a lower triangular matrix.
2 Ina I 1 Input | Adjustable dimension size of array a
3 n I 1 Input | Order n of matrix A
4 ipvt I* n Output | Pivoting information
ipvt[i—1]: Number of the row exchanged with
row ¢ in the i-th step.
5 cond D 1 Output | Reciprocal of the condition number
R
6 wl Dx n Work | Work area
R
7 ierr I 1 Output | Error indicator (Return Value)

To use this function, arrays a, ipvt and w1 must first be allocated in the calling program so they can

double-precision

be used as arguments. a is a }NOte real array of size [lna X n] , ipvt is an integer

single-precision
double-precision

) o real array of size n.
single-precision

array of size n and wl is a {

When the 64-bit integer version is used, all integer-type arguments (Ina, n, ipvt and ierr) must be

declared by using long, not int.

Note The entries enclosed in brace { } mean that the array should be declared double precision type when using
function ASL_dbgmlc and real type when using function ASL_rbgmlc. Braces are used in this manner throughout

the remainder of the text unless specifically stated otherwise.



Contents of Each Item

Data must be stored in a, lna and n before this function is called. The LU decomposition and
condition number of the assigned matrix are calculated with in the function, and the results are stored

in array a and variable cond. In addition, pivoting information is stored in ipvt for use by subsequent

functions.

ierr is a return value used to notify the user of invalid input data or an error that may occur during

processing. If processing terminates normally, ierr is set to zero.

Since w1 is a work area used only within the function, its contents at input and output time have

no special meaning.

(4) Restrictions

Restrictions indicate limiting ranges for function arguments.

(5) Error indicator (Return Value)

Each function has been given an error indicator as a return value.
uniformly been given the variable name ierr, is placed at the end of the arguments. If an error is detected

within the function, a corresponding value is output to ierr. Error indicator values are divided into five

levels.
Table 1—-4 Classification of Return Values
Level | Return value Meaning Processing result
Normal 0 Processing is terminated normally. Results are guaranteed.
Warning 1000~2999 | Processing is terminated under cer- | Results are conditionally guaranteed.
tain conditions.
3000~3499 | Processing is aborted since an argu- | Results are not guaranteed.
ment violated its restrictions.
Fatal 3500~3999 | Obtained results did not satisfy a cer- | Obtained results are returned (the
tain condition. results are not guaranteed).
4000 or more| A fatal error was detected during | Results are not guaranteed.
processing.  Usually, processing is
aborted.
(6) Notes

Notes describes ambiguous items and points requiring special attention when using the function.

Here gives an example of how to use the function.

combined in a single example. The output results are given in the 32-bit integer version, and may differ

Example

Note that in some cases, multiple functions are

within the range of rounding error if the compiler or intrinsic functions are different.

In addition, when the 64-bit integer version library is used, the long-type conversion specification to be
given to printf or scanf must be %1d. The source codes of examples in this document are included in

User’s Guide. Input data, if required, is also included in it. To build up an executable files by compiling

these example source codes, they should be linked with this product library.

This error indicator, which has




1.4 FUNCTION NAMES

The functions name of ASL C interface shared memory parallel functions consists of ten characters with a prefix

“ASL.” and (six alphanumeric characters).

Figure 1-1 Function Name Components

ASL_ | 1|2 |3 |45 |6

Characteristic function of individual function

Indicates the numerical application

Indicates the calculation precision

“1” in Figure 1-1: The following four letters are used to indicate the calculation precision.

Parallel function double precision real-type calculation
Parallel function single precision real-type calculation

Parallel function double precision complex-type calculation

[CCREN =2 o Jte]

Parallel function single precision complex-type calculation

In the Basic Functions Volumes 1 to 6, the following eight letters are used to indicate the calculation

precision.

d, w Double precision real-type calculation
r, v Single precision real-type calculation
z, j  Double precision complex-type calculation

c, i Single precision complex-type calculation

)

However, the complex type calculations listed above do not necessarily require complex arguments.

“2” in Figure 1-1: Currently, the following letters lettererererere are used to indicate the application field

in the ASL C interface related products.

Letter Application Field Volume

a Storage mode conversion 1
Basic matrix algebra 1,7

b Simultaneous linear equations (direct method) 2,7
Eigenvalues and eigenvectors 1,7
Fourier transforms and their applications 3,7
Time series analysis 6

g Spline function 4

h Numeric integration 4

i Special function 5

] Random number tests 6



Letter Application Field Volume

k Ordinary differential equation (initial value problems) 4
1 Roots of equations 5
m Extremum problems and optimization 5
n Approximation and regression analysis 4,6
o Ordinary differential equations (boundary value problems), integral 4

equations and partial differential equations

p Interpolation 4
q Numerical differentials 4
S Sorting and ranking 5,7
X Basic matrix algebra 1
Simultaneous linear equations (iterative method) 7
1 Probability distributions 6
2 Basic statics 6
3 Tests and estimates 6
4 Analysis of variance and design of experiments 6
) Nonparametric tests 6
6 Multivariate analysis 6

“3—6” in Figure 1—1 : These characters indicate the characteristic function of the individual function.



1.5 ASL C INTERFACE SHARED MEMORY PARALLEL FUNC-
TIONS

1.5.1 Overview of Shared Memory Parallel Functions

All the ASL C interface shared memory parallel functions are developed using OpenMP for a shared memory,
multi-thread system model. Shared memory parallel functions run across plural processors. As a result, we may
expect that an elapsed time will reduce which is required for analysis of large-scale problems.

There are two possible ways to run a program which uses ASL C interface in shared memory parallel as follows:

(1) Use ASL C interface shared memory parallel functions from the user program. In this case, ASL C interface
divides up and allocates internal processing among plural processors so that the allocated processing is

executed in shared memory parallel.

(2) Parallelize the user program itself by using multi-thread functions, and use either user functions and ASL C
interface functions or plural ASL C interface functions in parallel. In this case, the processing of functions

that are called in parallel will be allocated among plural processors and be executed in parallel.

For the method (2), use ASL C interface non-parallel functions (basic functions).

1.5.2 Performance Improvement Due to Parallel Functions

General conditions for improving program performance by using ASL C interface shared memory parallel

functions are described below.

(1) Execution environment
Scalability is nothing but an actual reduction in elapsed time, which is achieved through simultaneous
use of plural processors. So you can not expect the scalability of shared memory parallel program when all

the processors in your parallel system are busy most of time with many jobs.

(2) Problem scale
Shared memory parallel processing functions require more overhead for dividing and synchronizing pro-
cessing than the overhead required when shared memory parallel processing is not performed. Therefore,
for small-sized problems, this overhead may surpass the time reduction achieved by parallel processing.
In general, the larger the problem size, the greater the effectiveness of shared memory parallel processing
since the influence of the surplus overhead becomes relatively small compared to the total processing time.

Therefore, to obtain the benefits of shared memory parallel processing, the problem scale should be large.

1.5.3 General Notes Concerning the Use of shared memory Parallel Functions

(1) Execution environment
Shared memory parallel functions can be used only with an operating system associated with a multi-core
system. For a detailed explanation of the shared memory parallel processing (multi-thread), refer to the

corresponding compiler manuals.

(2) Thread parameter (nt)
Shared memory parallel function functions have the number of tasks parameter nt as an argument. This
parameter specifies the number of subdivisions of the processing when parallelization is performed within
ASL C interface.



General Notes Concerning the Use of shared memory Parallel Functions

(3) Setting the number of processor cores which are used
You can use the OMP_NUM_THREADS environment variable to control the number of processor cores which are
used. The following command lines show the C shell syntax and Bourne shell syntax to use when setting

the variable to 2 processor cores.

o C shell:
setenv OMP_NUM_THREADS 2

e Bourne shell:

OMP _NUM_THREADS=2 |RETURN
export OMP NUM_THREADS |RrReTURN

10



1.6 NOTES

(1)
(2)

(10)

To use ASL C interface, the header file asl.hmust be included.

For compiling the program with functions in ASL C interface 64-bit integer library, the compile option
“~DASL_LIB_INT64” must be specified. This option will activate the prototype declaration for 64-bit integer
functions in the header file asl.h, and without the option “-~DASL_LIB_INT64”, those for 32-bit integer
functions will be activated.

The name “(6 lowercase letters) following ASL_" is reserved by ASL C interface.

For using 64-bit integer library, you must use “long” for integer type declaration. Otherwise, use “int” for

integer type declaration.

Use the functions of double precision version whenever possible. They not only provide higher precision
solutions but also are more stable than single precision versions, in particular, for eigenvalue and eigenvector

problems.

To suppress compiler operation exceptions, ASL C interface functions are set to so that they conform to
the compiler parameter indications of a user’s main program. Therefore, the main program must suppress

any operation exceptions.

The numerical calculation programs generally deal with operations on finite numbers of digits, so the
precision of the results cannot exceed the number of operation digits being handled. For example, since
the number of operation digits (in the mantissa part) for double-precision operations is on the order of 15
decimal digits, when using these floating point modes to calculate a value that mathematically becomes 1,
an error on the order of 1071 may be introduced at any time. Of course, if multiple length arithmetic is
emulated such as when performing operations on an arbitrary number of digits, this kind of error can be
controlled. However, in this case, when constants such as 7 or function approximation constants, which are
fixed in double-precision operations, for example, are also to be subject to calculations that depend on the
length of the multiple length arithmetic operations, the calculation efficiency will be worse than for normal

operations.

A solution cannot be obtained for a problem for which no solution exists mathematically. For example,
a solution of simultaneous linear equations having a singular (or nearly singular) matrix for its coefficient
matrix theoretically cannot be obtained with good precision mathematically. Numerical calculations cannot
strictly distinguish between mathematically singular and nearly singular matrices. Of course, it is always
possible to consider a matrix to be singular if the calculation value for the condition number is greater than

or equal to an established criterion value.

Generally, if data is assigned that causes a floating point exception during calculations (such as a floating
point overflow), a normal calculation result cannot be expected. However, a floating point underflow that

occurs when adding residuals in an iterative calculation is an exception to this.

For problems that are handled using numerical calculations (specifically, problems that use iterative tech-
niques as the calculation method), there are cases in which a solution cannot be obtained with good precision

and cases in which no solution can be obtained at all, by a special-purpose function.

Depending on the problem being dealt with, there may be cases when there are multiple solutions, and the

execution result differs in appearance according to the compiler used or the computer or OS under which

11



the program is executed. For example, when an eigenvalue problem is solved, the eigenvectors that are

obtained may differ in appearance in this way.

(12) The mark “DEPRECATED” denotes that the subroutine will be removed in the future. Use ASL Unified

Interface, the higher performance alternative practice instead.

12



Chapter 2
BASIC MATRIX ALGEBRA

2.1 INTRODUCTION

This chapter explains a function that obtains the product of two matrices.
Function described in this chapter divides up and allocates internal processing among threads and

executes allocated processing in parallel.

2.1.1 Notes

Since the parallel processing overhead significantly affects the computation cost if the order of the matrix is small,

performance may be worse than when a non-parallel function is used.

2.1.2 Algorithms Used
2.1.2.1 Matrix Multiplication

A=(ax) (1<i<M1<k<N)
B=(byj) (1<k<N,1<j<L)
C=(cj) (1<i<M1<;<IL)

fo j=1,2,---, L (Parallel execution)
T for i=1,2,-, M

—r Cij <+~ 0.0

for j=1,2,---, L (Parallel execution)
for k=12 N

sy,

for i=1,2,--- M

Cij  Cij + airbi;

Parallelization is performed for the j loop.

If there are two CPUs, the calculation C' = AB is divided into the following two calculations:

C, = AB
Co = ABs

and executed in parallel as shown in Figure 2—1.

Matrix C Matrix A Matrix B
[01‘02] = [A] : {BI‘BQ}

Figure 2—1 Parallelization of Matrix Multiplication for Two CPUs

13



2.2 BASIC MATRIX ALGEBRA

2.2.1 ASL_qamlmu, ASL_pamlmu

Multiplying Real Matrices (Two-Dimensional Array Type)

(1) Function

Obtain the product of two real matrices A and B (two-dimensional array type).

(2) Usage

Double precision:

ierr = ASL_qamlmu (a, lma, nm, nn, b, lnb, nl, ¢, Ime, nt);

Single precision:

ierr = ASL_pamlmu (a, lma, nm, nn, b, lnb, nl, ¢, lmc, nt);

(3) Arguments and Return Value

D:Double precision real Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a D+ Imaxnn Input | Real matrix A (two-dimensional array type).
()
2 Ima I 1 Input | Adjustable dimension of array a.
nm I 1 Input | Number of rows in matrix A
(Number of rows in matrix C).
4 nn I 1 Input | Number of columns in matrix A
(Number of rows in matrix B).
5 b D+ Inbxnl Input | Real matrix B (two-dimensional array type).
()
6 Inb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B
(Number of columns in matrix C').
8 c D+ Imexnl Output | Product A - B of matrices A, B
{R*} (two-dimensional array type).
9 Imc I 1 Input | Adjustable dimension of array c.
10 nt I 1 Input | Number of tasks to be generated.
11 ierr I 1 Output | Error indicator (Return Value)

14




ASL_qgamlmu, ASL_pamlmu
Multiplying Real Matrices (Two-Dimensional Array Type)

(4) Restrictions

(a) 0 < nm < Ima,lmc
(b) 0 <nn <lInb
(¢c) nl>0

)

(d) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn=1 Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

1 20 -1
A_| 3 51 2
1 3 2 -2
0 2 1 -1
[ -3 -1 1 -1
-3 -1
B 3 0 1
-4 -1 1 0
| -10 -3 1 1
Obtain C' = AB.

(b) Input data
Matrix A, matrix B, Ima = 11, Inb = 11, Imc = 11, nm = 4, nn = 4, nl = 4 and nt = 2.
(¢) Main program

/* C interface example for ASL_qgamlmu */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;
int ma=4;
int mm=4;
int nn=4;
double *bj;
int nb=4;
int nt=2;
int 11=4;
double *c;
int mc=4;
int ierr;
int i,j;

FILE *fp;

fp = fopen( "gamimu.dat", "r" );
if( fp == NULL )
{

15



ASL_qamImu, ASL_pamlmu
Multiplying Real Matrices (Two-Dimensional Array Type)

printf( "file open error\n" );

return -1;
printf( " *%% ASL_gamimu ***\n" );
printf( "\n ** Input **\n\n" );

a = ( double * )malloc((size_t)( sizeof(double) * (ma*nn) ));
%f( a == NULL )

printf( "no enough memory for array a\n" );
return -1;
( double * )malloc((size_t)( sizeof (double) * (nb*nn) ));
%f( b == NULL )
printf( "no enough memory for array b\n" );
return -1;
c = ( double * )malloc((size_t)( sizeof(double) * (mc*nn) ));
%f( c == NULL )
printf( "no enough memory for array c\n" );
return -1;
printf( "\tMatrix a\n\n" );
for( i=0 ; i<ma ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

fscanf ( fp, "%1f", &ali+maxj] );
printf( "%8.3g ", ali+ma*j] );

}
printf( "\n" );
}

printf( "\n\tMatrix b\n\n" );
for( i=0 ; i<mb ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

fscanf ( fp, "%1f", &bl[i+nbxjl );
printf( "%8.3g ", bl[i+nbxj]l );

}
printf( "\n" );
}

fclose( fp );
ierr = ASL_qamimu(a, ma, mm, nn, b, nb, 11, c, mc, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

printf( "\n\tMatrix c\n\n" );
{or( i=0 ; i<mc ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", cli+mc*j]l );

printf( "\n" );

return O;

}
(d) Output results

***x ASL_qgamlmu ***

** Input *x*

Matrix a
1 2 0 -1
-3 -5 1 2
1 3 2 -2
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0

Matrix b

** Qutput *x*

ierr =

Matrix c

[eXelel g

0

-1
-1
-1
-3

QOO

RrER O

O OO

ROR R

HOOO
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2.2.2 ASL_qamlmm, ASL_pamlmm

Multiplying Real Matrices (Two-Dimensional Array Type) (C =C + AB)

(1) Function

Obtain the product of real matrix A and real matrix B(C' = C + AB).

(2) Usage
Double precision:

ierr = ASL_gqamlmm (a, lma, nm, nn, b, Inb, nl, ¢, Imc, isw, nt);

Single precision:

ierr = ASL_pamlmm (a, lma, nm, nn, b, Inb, nl, ¢, Imc, isw, nt);

(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

as for 32bit Integer}

) int
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Imaxnn Input | Real matrix A (two-dimensional array type).
()
2 Ima I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b D+ Inbxnl Input | Real matrix B (two-dimensional array type).
()
6 Inb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B.
8 c Dx Imexnl Input | Initial real matrix C (If isw = =£1) (two-
{R*} dimensional array type).
Output | Product of real matrices (C = [C£]AB).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C =C + AB
isw = 0: Obtain C = AB
isw = —1: Obtain C =C — AB
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 < nm < lma, lmc
(b) 0 <nn < Inb

(¢) nl>0

(d) isw € {0, 1,-1}
(0)

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

1 1 1 1 1
2 2 2 2 2
A:
33 3 3 3
| 4 4 4 4 4
(11111 1
2 2 2 2 2 2
B=|3 3 3 3 3 3
4 4 4 4 4 4
_5 5 5 5 5 5
Obtain C' = AB.
Input data

Matrices A and B, lIma = 11, Inb = 11, Inc = 11, nm = 4, nn = 5, nl = 6, isw = 0 and nt = 2.
Main program

/%

C interface example for ASL_qamlimm */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;

int
int
int

1ma=11;
nm=4;
nn=5;

double *bj;

int
int

1nb=11;
nl=6;

double *c;

int
int
int
int
int

Imc=11;
isw=0;
nt=2;
ierr;
i,j;

printf( " *#x* ASL_qamimm ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1lnb=%2d 1lmc=%2d\n\n", lma, lnb, lmc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm,
printf( "\tisw=%2d nt =%2d\n\n", isw, nt );

if(

a ==

printf( "no enough memory for array a\n" );

return -1;
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b = ( double * )malloc((size_t)( sizeof (double) * (1lnb*nl) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;
¢ = ( double * )malloc((size_t)( sizeof(double) * (Imc*nl) ));
%f( ¢ == NULL )
printf( "no enough memory for array c\n" );
return -1;
printf( "\tMatrix A\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", ali+lmaxjl=i+1 );
¥
printf( "\n" );

}
printf( "\n\tMatrix B\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", bli+lnb*jl=i+1 );

}
printf( "\n" );

ierr = ASL_gamimm(a, lma, nm, nn, b, 1lnb, nl, c, lmc, isw, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tMatrix C\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cli+lmc*j]l );

printf( "\n" );

return O;

}
(d) Output results

%% ASL_qgamlmm ***

** Input *x*

Ima=11 1nb=11 Imc=11
nmm =4 nn =5 nl =6

isw= 0 nt = 2

Matrix A
1 1 1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4

Matrix B
1 1 1 1 1 1
2 2 2 2 2 2
3 3 3 3 3 3
4 4 4 4 4 4
5 5 5 5 5 5

** Qutput **
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ierr = 0

Matrix C
15 15 15 15 15 15
30 30 30 30 30 30
45 45 45 45 45 45
60 60 60 60 60 60
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2.2.3 ASL_qamlmt, ASL_pamlmt
Multiplying Real Matrices (Two-Dimensional Array Type) (C = C + AB7T)

(1) Function
Obtain the product of real matrix A and real matrix B(C' = [C£]ABT)

(2) Usage
Double precision:
ierr = ASL_gqamlmt (a, lma, nm, nn, b, llb, nl, ¢, lmc, isw, nt);
Single precision:

ierr = ASL_pamlmt (a, lma, nm, nn, b, llb, nl, ¢, lme, isw, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Imaxnn Input | Real matrix A (two-dimensional array type).
()
2 Ima I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b Dx lIbxnn Input | Real transposed matrix B (two-dimensional
{R*} array type).
6 1Ib I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B.
8 c Dx Imexnl Input | Initial real matrix C (If isw = =£1) (two-
{R*} dimensional array type).
Output | Product of real matrices (C' = [C£]ABT).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + ABT
isw = 0: Obtain C = ABT
isw = —1: Obtain C = C — AB”
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 < nm < lma,lmc
(b) 0 < nl <1lb

(c
(d 1sw€{0,1,—1}

)
)
) nn >0
)
(e)

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

A—

e e e L = o R

N NN REW N -

1 2

W W W W Wy

3

N - L I VI

Obtain C = ABT.

Input data
Matrices A and B, Ima = 11, 1lb = 11, Inc = 11, nm = 4, nn = 5, nl = 6, isw = 0 and nt = 2.
Main program

/%

#include <stdio.h>

Ut Ot Ot Ot Ot = W N

D O O O D

C interface example for ASL_qamimt */

#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;

int
int
int

1ma=11;
nm=4;
nn=5;

double *bj;

int
int

11b=11;
nl=5;

double *c;

int
int
int
int
int

Imc=11;
isw=0;
nt=2;
ierr;
i,j;

printf( "
printf( "\n

printf(
printf (
printf(

if(

a ==

*#x* ASL_qamimt ***\n" );

** Input **\n\n" );

"\tlma=%2d 11b=%2d  1mc=%2d\n\n", 1lma, 1llb, 1lmc );
"\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
"\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double *))malloc((size_t)( sizeof (double) * (lma*nn) ));
NULL

printf( "no enough memory for array a\n" );

return -1;
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b = ( double * )malloc((size_t)( sizeof (double) * (1lb*nn) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );

return -1;
¢ = ( double * )malloc((size_t)( sizeof(double) * (Imc*nl) ));
%f( ¢ == NULL )

printf( "no enough memory for array c\n" );

return -1;

}

printf( "\tMatrix A\n" );
for( i=0 ; i<mm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", ali+lmaxjl=i+1 );
¥
printf( "\n" );

}
printf( "\n\tMatrix B(Transposed Storage)\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", b[j+1llb*i]l=j+1 );

}
printf( "\n" );

ierr = ASL_gamimt(a, lma, nm, nn, b, 11b, nl, c, lmc, isw, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tMatrix C\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cli+lmc*j]l );

printf( "\n" );

return O;

}
(d) Output results

***x ASL_gamlmt ***

** Input **

Ima=11 11b=11 Imc=11
nmm =4 nn =5 nl =5
isw=0 nt =2

Matrix

BN =
BWN =
BN =

e)

QO W W W Wiy DN

A
1
2
3
4
Matrix ?(Transposed Stora,
1
1
1
1

NDNNNDN
INFNFNFNFN
oo,

** Qutput **
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ierr =
Matrix C
5
10

15
20

20
40
60
80
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2.2.4 ASL_qamltm, ASL pamltm
Multiplying Real Matrices (Two-Dimensional Array Type) (C = C + ATB)

(1) Function
Obtain the product of real matrix A and real matrix B(C = [C+]AT B)

(2) Usage
Double precision:
ierr = ASL_gqamltm (a, lna, nm, nn, b, lnb, nl, ¢, lmc, isw, nt);
Single precision:

ierr = ASL_pamltm (a, lna, nm, nn, b, Inb, nl, ¢, lme, isw, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a Dx Inaxnm Input | Real transposed matrix A (two-dimensional
{R*} array type).
2 Ina I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b D+ Inbxnl Input | Real matrix B (two-dimensional array type).
()
6 Inb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B.
8 c Dx Imexnl Input | Initial real matrix C (If isw = =£1) (two-
{R*} dimensional array type).
Output | Product of real matrices (C' = [C£]AT B).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw =1: Obtain C =C + ATB
isw = 0: Obtain C = ATB
isw = —1: Obtain C = C — ATB
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 < nm < lme
(b) 0 < nn < Ina,Inb
(¢) nl>0
(d) isw € {0, 1,-1}
(©)

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

A—

O R

5

AW N~ NN NN

5

=W NN = W W W w

5

U W N~ B

Obtain C = AT B.

Input data
Matrices A and B, Ina = 11, Inb = 11, Inc = 11, nm = 4, nn = 5, nl = 6, isw = 0 and nt = 2.
Main program

/%

#include <stdio.h>

UL = W N = Ot Ot Ot Ot

U= W N =

C interface example for ASL_qamltm */

#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;
int lna=11;
int nm=5;
int nn=5;
double *bj;
int lnb=11;
int nl=4;
double *c;
Imc=11;
isw=0;
nt=2;
ierr;
i,j;

int
int
int
int
int

printf( "
printf( "\n

printf(
printf (
printf(

*#x* ASL_qamitm ***\n" );

** Input **\n\n" );

"\tlna=%2d 1nb=%2d  1mc=%2d\n\n", 1lna, lnb, 1lmc );
"\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
"\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double * )malloc((size_t) ( sizeof (double) * (lna*nm) ));
if( a == NULL )

printf( "no enough memory for array a\n" );
return -1;
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b = ( double * )malloc((size_t)( sizeof (double) * (1lnb*nl) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;
c = ( double * )malloc((size_t)( sizeof (double) * (lmc*nl) ));
%f( ¢ == NULL )
printf( "no enough memory for array c\n" );
return -1;
printf( "\tMatrix A(Transposed Storage)\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", alj+lnaxi]l=j+1 );
¥
printf( "\n" );

}
printf( "\n\tMatrix B\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", bli+lnb*jl=i+1 );

}
printf( "\n" );

ierr = ASL_gamitm(a, lna, nm, nn, b, 1lnb, nl, c, lmc, isw, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tMatrix C\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cli+lmc*j]l );

printf( "\n" );

return O;

}
(d) Output results

***x ASL_qgamltm ***

** Input **

lna=11 1nb=11 Imc=11
nm = 5 nn =5 nl = 4
isw=0 nt =2

Matrix A(Transposed Storage)
2 3

1 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Matrix B
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
5 5 5 5

*% Output *x*
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ierr =

Matrix C
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2.2.5 ASL_qamltt, ASL_pamltt
Multiplying Real Matrices (Two-Dimensional Array Type) (C = C 4+ AT BT)

(1) Function
Obtain the product of real matrix A and real matrix B(C' = [C+]AT BT)

(2) Usage
Double precision:
ierr = ASL_qgamltt (a, lna, nm, nn, b, llb, nl, ¢, lmc, isw, nt);
Single precision:

ierr = ASL_pamltt (a, lna, nm, nn, b, llb, nl, ¢, lmc, isw, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a Dx Inaxnm Input | Real transposed matrix A (two-dimensional
{R*} array type).
2 Ina I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b Dx lIbxnn Input | Real transposed matrix B (two-dimensional
{R*} array type).
6 1Ib I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B.
8 c Dx Imexnl Input | Initial real matrix C (If isw = =£1) (two-
{R*} dimensional array type).
Output | Product of real matrices (C' = [C+]AT BT).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + ATBT
isw = 0: Obtain C = AT BT
isw = —1: Obtain C = C — ATBT
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

a) 0 <nm <lmec
b

(a)
(b)
() 0<nl<Inb
()
)

0 < nn < lna

d 1sw€{0,1, 1}

(e) nt >
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

A—

I = T = S S e O
N NN N NN DN DN

2

W W W W W w ww

3

N N N N L

ot ot ot ot gt Ot Ot Ot Ot

D O O O D

Obtain C = ATBT.

Input data
Matrices A and B, Ina = 11, llb = 11, Inc = 11, nm = 4, nn = 5, nl = 6, isw = 0 and nt = 2.
Main program

/%

#include <stdio.h>

C interface example for ASL_qamltt */

#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;

int
int
int

1lna=11;
nm=5;
nn=5;

double *bj;

int
int

11b=11;
nl=4;

double *c;

int
int
int
int
int

Imc=11;
isw=0;
nt=2;
ierr;
i,j;

printf( "
printf( "\n

printf(
printf (
printf(

if(

a ==

*#x* ASL_qamitt ***\n" );

** Input **\n\n" );

"\tlna=%2d 11b=%2d  1mc=%2d\n\n", 1lna, 1llb, 1lmc );
"\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
"\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double *))malloc((size_t)( sizeof (double) * (lna*nm) ));
NULL

printf( "no enough memory for array a\n" );
return -1;
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b = ( double * )malloc((size_t)( sizeof (double) * (1lb*nn) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;
c = ( double * )malloc((size_t)( sizeof (double) * (lmc*nl) ));
%f( ¢ == NULL )
printf( "no enough memory for array c\n" );
return -1;
printf( "\tMatrix A(Transposed Storage)\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", alj+lnaxi]l=j+1 );
}
printf( "\n" );

}
printf( "\n\tMatrix B(Transposed Storage)\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", b[j+1llb*i]l=j+1 );

}
printf( "\n" );

ierr = ASL_gamitt(a, lna, nm, nn, b, 11b, nl, c, lmc, isw, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tMatrix C\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cli+lmcx*j] );

printf( "\n" );

return O;

}
(d) Output results

#%% ASL_qamltt **x

** Input **

lna=11 11b=11 Imc=11
nm = 5 nn =5 nl = 4
isw=0 nt =2

Matrix A(Transposed Storage)
2 3

1 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Matrix B(Transposed Storage)
1 2 4
1 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4

*% Output *x*
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Multiplying Real Matrices (Two-Dimensional Array Type) (C = C 4+ AT BT)

ierr =

Matrix C
1
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2.2.6 ASL_hamlmm, ASL_gamlmm
Multiplying Complex Matrices (Two-Dimensional Array Type) (Real Argu-
ment Type) (C =C + AB)

(1) Function
Obtain the product of two complex matrices (Two-dimensional Array Type) (C = [C+]AB).

(2) Usage
Double precision:
ierr = ASL_hamlmm (ar, ai, lma, nm, nn, br, bi, Inb, nl, cr, ci, lmc, isw, nt);
Single precision:

ierr = ASL_gamlmm (ar, ai, lma, nm, nn, br, bi, Inb, nl, cr, ci, lmc, isw, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Imaxnn Input | Real part of complex matrix A (two-
{R*} dimensional array type).
2 ai D+ Imaxnn Input | Imaginary part of complex matrix A (two-
{R*} dimensional array type).
3 Ima I 1 Input | Adjustable dimension of array ar and ai.
4 nm I 1 Input | Number of rows in matrix A.
5 nn I 1 Input | Number of columns in matrix A.
6 br D+ Inbxnl Input | Real part of complex matrix B (two-
{R*} dimensional array type).
7 bi D+ Inbxnl Input | Imaginary part of complex matrix B (two-
{R*} dimensional array type).
8 Inb I 1 Input | Adjustable dimension of array br and bi.
9 nl I 1 Input | Number of columns in matrix B.
10 cr Dx Imexnl Input | Real part of Initial complex matrix C' (If
{R*} isw = +1) (two-dimensional array type).
Output | Product of complex matrices (C' = [C+]AB).
11 ci Dx Imcxnl Input | Imaginary part of initial complex matrix C'
{R*} (If isw = +1) (two-dimensional array type).
Output | Product of complex matrices (C = [C+]AB)
12 Imc I 1 Input | Adjustable dimension of array cr and ci.
13 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + AB
isw = 0: Obtain C = AB
isw = —1: Obtain C =C — AB
14 nt I 1 Input | Number of tasks to be generated.
15 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 < nm < lma, lmc
(b) 0 <nn <lInb
(¢c) nl>0
(d) isw € {O, 1,-1}
)

(e

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

[ 1+4 142 14+3i 1+4i 1450
244 242 2+3i 2+4i 2450
3+i 342 3+3i 3+4i 3+5i
| 4+i 4+2i 4+43i 4+4i 4+5i

(14 1420 1+30 1+4i
240 242 2430 244
B=|34+i 342 343 3+4i
A+i 442 4+30 4+4i
5+i 5+2 543 5+4i
Obtain C' = AB.

(b) Input data
Matrix A, matrix B, Ima = 11, Inb = 11, Inc = 11, nm = 4, nn = 5, nl = 4, isw = 0 and nt = 2.
(¢) Main program

A—

/* C interface example for ASL_hamlimm */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar;
double *ai;
int 1lma=11;
int nm=4;
int nn=5;
double *br;
double *bi;
int 1lnb=11;
int nl=4;
double *cr;
double *ci;
int lmc=11;
int isw=0;
int nt=2;
int ierr;
int i,j;

printf( " *#*%* ASL_hamimm ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=7%2d 1nb=%2d  1mc=%2d\n\n", 1lma, 1lnb, 1mc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
printf( "\tisw=%2d nt=%2d\n\n", isw, nt );

ar = ( double * )malloc((size_t)( sizeof (double) * (lma*nn) ));
if( ar == NULL )
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printf( "no enough memory for array ar\n" );
return -1;

ai = ( double * )malloc((size_t)( sizeof(double) * (Ima*nn) ));
if( ai == NULL )

printf( "no enough memory for array ailn" );

return -1;
br = ( double * )malloc((size_t)( sizeof (double) * (lnb*nl) ));
if ( br == NULL )

printf( "no enough memory for array br\n" );

return -1;
bi = ( double * )malloc((size_t)( sizeof(double) * (lnb*nl) ));
if( bi == NULL )

printf( "no enough memory for array bi\n" );

return -1;
cr = ( double * )malloc((size_t)( sizeof (double) * (lmc*nl) ));
if ( cr == NULL )

printf( "no enough memory for array cr\n" );

return -1;
ci = ( double * )malloc((size_t)( sizeof(double) * (Imc*nl) ));
if( c¢i == NULL )

printf( "no enough memory for array ci\n" );

return -1;
printf( "\tReal part of matrix A\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", ar[i+lmaxjl=i+l );
printf( "\n" );

}
printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", aili+lmaxjl=j+1 );
}
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", brli+lnb*jl=i+l );
}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
{or( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", bil[i+lnb*jl=j+1 );

printf( "\n" );
ierr = ASL_hamimm(ar, ai, lma, nm, nn, br, bi, 1lnb, nl, cr, ci, lmc, isw, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
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printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )
printf( "%8.3g ", crli+lmc*j] );
}
printf( "\n" );
}
printf( "\n\tImaginary part of matrix C\n" );
{or( i=0 ; i<om ; i++ )
printf( "\t" );
for( j=0 ; j<nl ; j++ )
printf( "%8.3g ", cili+lmc*j] );

printf( "\n" );
}

free( ar
free( ai
free( br
free( bi
free( cr
free( ci

RSN

return O;

}
(d) Output results

%k ASL_hamlmm ***

** Input *x*

Ima=11 1nb=11 Imc=11
nm =4 nn =25 nl = 4
isw= 0 nt= 2

Real part of matrix A
1 1

1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginar; art of matrix A
& 1y P 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
5 5 5 5
Imaginary part of matrix B
1 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4
** Qutput **
ierr = 0
Real part of matrix C
-15 -30 -45
15 0 -15 -30
30 15 0 -15
45 30 15 0
Imaginar; art of matrix C
& 60y P 65 70 75
65 75 85 95
70 85 100 115
75 95 115 135
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2.2.7 ASL_hamlmh, ASL gamlmh

Multiplying Complex Matrices (Two-Dimensional Array Type) (Real Argu-
ment Type) (C =C + AB)

(1) Function
Obtain the product of two complex matrices (Two-dimensional Array Type) (C = [C+]AB*)
(2) Usage
Double precision:
ierr = ASL_hamlmh (ar, ai, lma, nm, nn, br, bi, llb, nl, cr, ci, lmc, isw, nt);
Single precision:

ierr = ASL_gamlmh (ar, ai, lma, nm, nn, br, bi, llb, nl, cr, ci, Imc, isw, nt);

39



ASL_hamlmh, ASL_gamIlmh

Multiplying Complex Matrices (Two-Dimensional Array Type) (Real Argument Type) (C = C' = AB*)

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Imaxnn Input | Real part of complex matrix A (two-
{R*} dimensional array type).
2 ai D+ Imaxnn Input | Imaginary part of complex matrix A (two-
{R*} dimensional array type).
3 Ima I 1 Input | Adjustable dimension of array ar and ai.
4 nm I 1 Input | Number of rows in matrix A.
5 nn I 1 Input | Number of columns in matrix A.
6 br D+ IIbxnn Input | Real part of complex matrix B (two-
{R*} dimensional array type).
7 bi D+ IIbxnn Input | Real part of complex matrix B (two-
{R*} dimensional array type).
8 lIb I 1 Input | Adjustable dimension of array br and bi.
9 nl I 1 Input | Number of rows in matrix B.
10 cr Dx Imexnl Input | Real part of initial complex matrix C' (If
{R*} isw = +1) (two-dimensional array type).
Output | Product of complex matrices
(C =[C£]AB*).
11 ci D+ Imcxnl Input | Imaginary part of initial complex matrix C'
{R*} (If isw = +1) (two-dimensional array type).
Output | Product of complex matrices
(C = [C£]AB*).
12 Imc I 1 Input | Adjustable dimension of array cr and ci.
13 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + AB*
isw = 0: Obtain C = AB*
isw = —1: Obtain C =C — AB*
14 nt I 1 Input | Number of tasks to be generated.
15 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

0 < nm < Ima, Imc

0 <nl<lIlb

(a
(b
(c
(d) isw € {0, 1,-1}

)
)
) nn >0
)
(e)

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

14+4 1420 1431 1+4i 1450
A 2417 2420 243 2+4i 2450
3+7 34+2t 343 3+4i 3+5¢
| 44197 4+27 4431 4447 4450 |
[ 144 142 1+3i 1+4i 1+5i |
B 241 2420 2431 2+4i 245
3+¢ 3+2 3+3 3+4 3+5
| 4+¢ 4420 4+37 4+4i 4450 |
Obtain C' = AB*.
Input data

Matrix A, matrix B, Ima = 11, 1lb = 11, Inc = 11, nm = 4, nn = 5, nl = 4, isw = 0 and nt = 2.
Main program

/*

C interface example for ASL_hamlimh */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar;
double *ai;

int
int
int

1ma=11;
nm=4;
nn=5;

double *br;
double *bi;

int
int

1nb=11;
nl=4;

double *cr;
double *ci;

int 1lmc=11;

int isw=0;

int nt=2;

int ierr;

int i,j;

printf( " #%* ASL_hamimh ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1lnb=/,2d

printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm,
printf( "\tisw=%2d nt=%2d\n\n", isw, nt );
ar = ( double * )malloc((size_t)(

%f( ar == NULL )

printf( "no enough memory for array ar\n" );
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return -1;
ai = ( double * )malloc((size_t)( sizeof(double) * (lma*nn) ));
if( ai == NULL )

printf( "no enough memory for array ailn" );

return -1;
br = ( double * )malloc((size_t)( sizeof (double) * (lnb*nn) ));
if ( br == NULL )

printf( "no enough memory for array br\n" );

return -1;
bi = ( double * )malloc((size_t)( sizeof(double) * (lnb*nn) ));
if ( bi == NULL )

printf( "no enough memory for array bi\n" );

return -1;
cr = ( double * )malloc((size_t)( sizeof (double) * (lmc*nl) ));
if( cr == NULL )

printf( "no enough memory for array cr\n" );

return -1;
ci = ( double * )malloc((size_t)( sizeof (double) * (lmc*nl) ));
if( ci == NULL )

printf( "no enough memory for array ci\n" );

return -1;
printf( "\tReal part of matrix A\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", ar[i+lmaxjl=i+l );
printf( "\n" );

printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<mm ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", aili+lmaxjl=j+1 );
}
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
for( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", brli+lnb*jl=i+1 );
}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
%or( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", bili+lnb*jl=j+1 );

}
printf( "\n" );

ierr = ASL_hamimh(ar, ai, lma, nm, nn, br, bi, 1lnb, nl, cr, ci, lmc, isw, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )
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printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", crli+lmc*j] );
}
printf( "\n" );
}
printf( "\n\tImaginary part of matrix C\n" );
{or( i=0 ; i<om ; i++ )
printf( "\t" );
for( j=0 ; j<nl ; j++ )
printf( "%8.3g ", cili+lmc*j] );

printf( "\n" );
}

free( ar
free( ai
free( br
free( bi
free( cr
free( ci

(AN

return O;

}
(d) Output results

*%% ASL_hamlmh %%

** Input **

Ima=11 Inb=11 Imc=11
nm =4 nn =25 nl = 4
isw= 0 nt= 2

Real part of matrix A
1 1

1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginar; art of matrix A
& 1y P 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginar; art of matrix B
£ 1y P 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
*% Qutput *x*
ierr = 0
Real part of matrix C
65 70 75
65 75 85 95
70 85 100 115
75 95 115 135
Imaginary part of matrix C
0 15 30 45
-15 0 15 30
-30 -15 0 15
-45 -30 -15 0
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2.2.8 ASL_hamlhm, ASL gamlhm
Multiplying Complex Matrices (Two-Dimensional Array Type) (Real Argu-
ment Type) (C =C + A*B)

(1) Function
Obtain the product of complex matrix A and complex matrix B(C = [C+]A*B)

(2) Usage
Double precision:
ierr = ASL_hamlhm (ar, ai, lna, nm, nn, br, bi, Inb, nl, cr, ci, lmec, isw, nt);
Single precision:
ierr = ASL_gamlhm (ar, ai, Ina, nm, nn, br, bi, Inb, nl, cr, ci, lmc, isw, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Inaxnm Input | Real part of complex matrix A (two-
{R*} dimensional array type).
2 ai D+ Inaxnm Input | Imaginary part of complex matrix A (two-
{R*} dimensional array type).
3 Ina I 1 Input | Adjustable dimension of array ar and ai.
4 nm I 1 Input | Number of rows in matrices AR and Al.
5 nn I 1 Input | Number of columns in matrices AR and Al.
6 br D+ Inbxnl Input | Real part of complex matrix B (two-
{R*} dimensional array type).
7 bi D+ Inbxnl Input | Imaginary part of complex matrix B (two-
{R*} dimensional array type).
8 Inb I 1 Input | Adjustable dimension of array br and bi.
9 nl I 1 Input | Number of columns in matrix B.
10 cr Dx Imexnl Input | Real part of initial complex matrix C' (If
{R*} isw = +1) (two-dimensional array type).
Output | Real part of product (C' = [C+]A*B).
11 ci Dx Imcxnl Input | Imaginary part of initial complex matrix C'
{R*} (If isw = +1) (two-dimensional array type).
Output | Imaginary part of product (C = [C+]A*B).
12 Imc I 1 Input | Adjustable dimension of array cr and ci.
13 isw I 1 Input | Processing switch.
isw = 1: Obtain C =C + A*B
isw = 0: Obtain C = A*B
isw = —1: Obtain C =C — A*B
14 nt I 1 Input | Number of tasks to be generated.
15 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 < nm <lmc

(b) 0 < nn < Ina,lnb

(¢c) nl>0

(d) isw € {O, 1,-1}
)

(e

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem
(144 1420 1430 14+4i 1+5
244 242 243i 2+44i 2450

A=
34+4 34+20 3+3i 3+4i 3+5¢
| 440 4420 4+3i 4+4i 4450
[ 144 1420 1430 1+4i

B 244 242 243i 2+4i

340 3+2 3+3i 3+4i
440 A+2 4430 4440
Obtain C = A*B.

(b) Input data
Matrix A, matrix B, Ina = 11, Inb = 11, Inc = 11, nm = 4, nn = 5, nl = 6 and isw = 0.
(¢) Main program

/* C interface example for ASL_hamlhm */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar;
double *ai;
int 1lma=11;
int nm=5;
int nn=4;
double *br;
double *bi;
int 1lnb=11;
int nl=4;
double *cr;
double *ci;
int 1lmc=11;
int isw=0;
int nt=2;
int ierr;
int i,j;

printf( " **%* ASL_hamlhm ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1nb=%2d 1lmc=%2d\n\n", lma, lnb, lmc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
printf( "\tisw=%2d nt=%2d\n\n", isw, nt );

ar = ( double * )malloc((size_t)( sizeof (double) * (lma*nm) ));
if( ar == NULL )

printf( "no enough memory for array ar\n" );

46



ASL_hamlhm, ASL_gamlhm

Multiplying Complex Matrices (Two-Dimensional Array Type) (Real Argument Type) (C' = C = A*B)

return -1;
ai = ( double * )malloc((size_t)(
if( ai == NULL )
printf( "no enough memory for
return -1;
br = ( double * )malloc((size_t)(
if ( br == NULL )
printf( "no enough memory for
return -1;
bi = ( double * )malloc((size_t)(
if ( bi == NULL )
printf( "no enough memory for
return -1;
cr = ( double * )malloc((size_t)(
if( cr == NULL )
printf( "no enough memory for
return -1;
ci = ( double * )malloc((size_t)(
if( ci == NULL )

printf( "no enough memory for
return -1;

sizeof (double)

array ailn" );

sizeof (double)

array br\n" );

sizeof (double)

array bi\n" );

sizeof (double)

array cr\n" );

sizeof (double)

array ci\n" );

printf( "\tReal part of matrix A\n" );

{or( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<mm ; j++ )

printf( "%8.3g ", ar[i+lmaxjl=i+l );

printf( "\n" );

printf( "\tImaginary part of matrix A\n" );

for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<mm ; j++ )

printf( "%8.3g ", aili+lmaxjl=j+1 );

}
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );

for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", brli+lnb*jl=i+1 );

}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );

%or( i=0 ; i<on ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", bili+lnb*jl=j+1 );

}
printf( "\n" );

*

*

*

*

*

(lma*nm)

(1nb*nl)

(1nb*nl)

(1lmc*nl)

(1lmc*nl)

));

));

));

));

));

ierr = ASL_hamihm(ar, ai, lma, nm, nn, br, bi, 1lnb, nl, cr, ci, lmc, isw, nt);

printf( "\n ** Output **\n\n"
printf( "\tierr = %6d\n", ierr );

);

printf( "\n\tReal part of matrix C\n" );

for( i=0 ; i<nm ; i++ )
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printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", crli+lmc*j] );
}
printf( "\n" );
}
printf( "\n\tImaginary part of matrix C\n" );
{or( i=0 ; i<om ; i++ )
printf( "\t" );
for( j=0 ; j<nl ; j++ )
printf( "%8.3g ", cili+lmc*j] );

printf( "\n" );
}

free( ar
free( ai
free( br
free( bi
free( cr
free( ci

NN

return O;

}
(d) Output results

*%% ASL_hamlhm %

** Input **

Ima=11 Inb=11 Imc=11
nm =5 nn =4 nl =4
isw= 0 nt= 2

Real part of matrix A
1 1

1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginar art of matrix A
& 1y P 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
Imaginar art of matrix B
& 1y P 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4
*% Qutput *x*
ierr = 0
Real part of matrix C
42 46
38 46 54 62
42 54 66 78
46 62 78 94
50 70 90 110
Imaginar art of matrix C
& Oy P 10 20 30
-10 0 10 20
-20 -10 0 10
-30 -20 -10 0
-40 -30 -20 -10
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2.2.9 ASL_hamlhh, ASL gamlhh
Multiplying Complex Matrices (Two-Dimensional Array Type) (Real Argu-
ment Type) (C =C + A*B*)

(1) Function
Obtain the product of complex matrix A and complex matrix B(C = [C+]A*B*)

(2) Usage
Double precision:
ierr = ASL_hamlhh (ar, ai, Ina, nm, nn, br, bi, llb, nl, cr, ci, lmc, isw, nt);
Single precision:
ierr = ASL_gam1lhh (ar, ai, Ina, nm, nn, br, bi, 1lb, nl, cr, ci, Ime, isw, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

R:Single precision real C:Single precision complex

as for 32bit Integer}

) nt
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Inaxnm Input | Real part of complex matrix A (two-
{R*} dimensional array).
2 ai D+ Inaxnm Input | Imaginary part of complex matrix A (two-
{R*} dimensional array).
3 Ina I 1 Input | Adjustable dimension of array ar and ai.
4 nm I 1 Input | Number of rows in matrix A.
5 nn I 1 Input | Number of columns in matrix A.
6 br D+ lIbxnn Input | Real part of complex matrix A (two-
{R*} dimensional array type).
7 bi D+ IIbxnn Input | Imaginary part of complex matrix B (two-
{R*} dimensional array type).
8 lIb I 1 Input | Adjustable dimension of array br and bi.
9 nl I 1 Input | Number of columns in matrix B.
10 cr Dx Imexnl Input | Real part of initial complex matrix C' (If
{R*} isw = +1) (two-dimensional array type).
Output | Product of complex matrices
(C = [C£]A*B*).
11 ci D+ Imcxnl Input | Imaginary part of initial complex matrix C'
{R*} (If isw = +1) (two-dimensional array type).
Output | Product of complex matrices
(C = [C£]A*B*).
12 Imc I 1 Input | Adjustable dimension of array cr and ci.
13 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + A*B*
isw = 0: Obtain C = A*B*
isw = —1: Obtain C =C — A*B*
14 nt I 1 Input | Number of tasks to be generated.
15 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

a) 0 <nm <lmec
b

)

) 0 <nn < lna
(¢) 0 <nl <Inb
(d)

)

(
(

d 1sw€{0,1, 1}

(e) nt >
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1 Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

1+i 1420 143 1+4i 1450
244 2420 243 2440 2451
344 3+2i 3+3i 3+4i 3451
447 4+2 443 4+4i 4451
| 5+ 542 5430 5+4i 5450 |
[(1+4d 142 1+3i 1+4i 1+5i
240 242 2+43i 2+44i 2+5i
344 342 3430 3+4i 3+5i
| 4+¢ 4420 4430 4+4i 4+5i0 |

ObtainC = A* B*.
(b) Input data

Matrix A, matrix B, Ina = 11, 1lb = 11, Inc = 11, nm = 4, nn = 5, nl = 6 and isw = 0.
(¢) Main program

/*

C interface example for ASL_hamlhh */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int
{

main()

double *ar;
double *ai;
int 1lma=11;
int nm=5;

int nn=5;

double *br;
double *bi;
int 1lnb=11;
int nl=4;

double *cr;
double *ci;

int lmc=11;

int isw=0;

int nt=2;

int ierr;

int i,j;

printf( " #%* ASL_hamihh ***\n" );

printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1lnb=%2d

printf( "\tom =%2d nn =%2d nl =2d\n\n", nm,
printf( "\tisw=%2d nt=%2d\n\n", isw, nt );

ar = ( double * )malloc((size_t)(
if( ar == NULL )

o1

1mc=%2d\n\n", 1lma, lnb, 1lmc );

nl );

sizeof (double) * (lma*nm) ));
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printf( "no enough memory for array ar\n" );
return -1;

ai = ( double * )malloc((size_t)( sizeof(double) * (lma*nm) ));
if( ai == NULL )

printf( "no enough memory for array ailn" );

return -1;
br = ( double * )malloc((size_t)( sizeof(double) * (lnb*nn) ));
if ( br == NULL )

printf( "no enough memory for array br\n" );

return -1;
bi = ( double * )malloc((size_t)( sizeof(double) * (Ilnb*nn) ));
if( bi == NULL )

printf( "no enough memory for array bi\n" );

return -1;
cr = ( double * )malloc((size_t)( sizeof (double) * (lmc*nl) ));
if( cr == NULL )

printf( "no enough memory for array cr\n" );

return -1;
ci = ( double * )malloc((size_t)( sizeof(double) * (lmc*nl) ));
if( c¢i == NULL )

printf( "no enough memory for array ci\n" );

return -1;
printf( "\tReal part of matrix A\n" );
{or( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nm ; j++ )

printf( "%8.3g ", ar[i+lmaxjl=i+l );
printf( "\n" );

}
printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nm ; j++ )

printf( "%8.3g ", aili+lmaxjl=j+1 );
}
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
for( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", brli+lnb*jl=i+l );
}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
{or( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", bil[i+lnb*jl=j+1 );

printf( "\n" );
ierr = ASL_hamihh(ar, ai, lma, nm, nn, br, bi, 1lnb, nl, cr, ci, lmc, isw, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
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printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )
printf( "%8.3g ", crli+lmc*j] );
}
printf( "\n" );
}
printf( "\n\tImaginary part of matrix C\n" );
{or( i=0 ; i<om ; i++ )
printf( "\t" );
for( j=0 ; j<nl ; j++ )
printf( "%8.3g ", cili+lmc*j] );

printf( "\n" );
}

free( ar
free( ai
free( br
free( bi
free( cr
free( ci

(AN NN

return O;

}
(d) Output results

*%% ASL_hamlhh %%

** Input *x*

Ima=11 Inb=11 Imc=11
nm =5 nn =5 nl = 4
isw= 0 nt= 2

Real part of matrix A
1

1 1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
5 5 5 5
Imaginary part of matrix A
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginary part of matrix B
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
** Qutput **
ierr = 0
Real part of matrix C
0 15 30 45
-15 0 15 30
-30 -15 0 15
-45 -30 -15 0
-60 -45 -30 -15
Imaginary part of matrix C
-60 -65 =70 =75
-65 =75 -85 -95
=70 -85 -100 -115
=75 -95 -115 -135
-80 -105 -130 -155
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2.2.10 ASL_hanlmm, ASL _ganlmm
Multiplying Complex Matrices (Two-Dimensional Array Type) (Complex
Argument Type) (C =C + AB)

(1) Function
Obtain the product of two complex matrices (Two-dimensional Array Type) (C = [C£]AB).

(2) Usage
Double precision:
ierr = ASL_hanlmm (a, lma, nm, nn, b, Inb, nl, ¢, lmc, isw, nt);
Single precision:

ierr = ASL_ganlmm (a, lma, nm, nn, b, Inb, nl, ¢, lmc, isw, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Dx Imaxnn Input | Complex matrix A (two-dimensional array
{R* } type).
2 Ima I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b Dx Inbxnl Input | Complex matrix B (two-dimensional array
{R* } type).
6 Inb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B.
8 c Dx Imexnl Input | Initial complex matrix C' (If isw = £1) (two-
{R*} dimensional array type).
Output | Product of real matrices (C = [C£]AB).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C =C + AB
isw = 0: Obtain C = AB
isw = —1: Obtain C =C — AB
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

a

(

(b
(d
(e

E

)
)
(¢) nl>0
) i
)

0<nn<lInb

0 < nm < Ima, Imc

—1}

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

[ 144 142
A | 2+i 242
34+i 342
 4+i 442
[ 14+i 142
24+i 242
B=|3+i 3+2i
A+i 4+2i
5441 5-+2i
Obtain C' = AB.

(b) Input data
Matrix A, matrix B, Ima = 11, Inb = 11, Inc = 11, nm = 4, nn = 5, nl = 4, isw = 0 and nt = 2.

(¢) Main program

/*

1434
2+ 3
3+ 3
4+ 3

1434
2430
3+ 3¢
4+ 30
5+ 3¢

1444
2441
3+ 41
4+ 4

1+4s
24+ 4
3+ 4
4+ 4i
5+ 4i

1454
2+ 51
3+ 51
4+ 51

C interface example for ASL_hanlimm */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int

main()

double _Complex *a;

int lma=11;
int nm=4;
int nn=5;

double _Complex *b;

int 1lnb=11
int nl=4;

double _Complex *c;
int 1lmc=11;
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int isw=0;
int nt=2;
int ierr;
int i,j;

printf( " **%* ASL_hanimm ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1nb=%2d  1mc=%2d\n\n", 1lma, 1lnb, 1mc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
printf( "\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lma*nn) ));
if( a == NULL )

printf( "no enough memory for array a\n" );

return -1;
b = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lnb*nl) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );

return -1;
¢ = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lmc*nl) ));
if ( ¢ == NULL )

printf( "no enough memory for array c\n" );

return -1;
printf( "\tReal part of matrix A\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

ali+lmaxj] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(ali+lma*jl) );

}
printf( "\n" );

}
printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", cimag(ali+lma*jl) );
}
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
{or( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

b[i+lnb*j] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(b[i+lnb*jl) );

}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
for( i=0 ; i<on ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cimag(b[i+lnb*jl) );

}
printf( "\n" );

ierr = ASL_hanimm(a, lma, nm, nn, b, 1lnb, nl, c, lmc, isw, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )
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printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", creal(cli+lmc*jl) );
}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix C\n" );
{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cimag(cli+lmc*jl) );

printf( "\n" );

}
(d) Output results

%% ASL_hanlmm ***

** Input *x*

Ima=11 Inb=11 Imc=11
nm =4 nn =25 nl = 4
isw= 0 nt = 2

Real part of matrix A

1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginar; art of matrix A
& 1y P 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1
2 2 2
3 3 3 3
4 4 4 4
5 5 5 5
Imaginary part of matrix B
1 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4
** Qutput **
ierr = 0
Real part of matrix C
0 -15 -30 -45
15 0 -15 -30
30 15 0 -15
45 30 15 0
Imaginar; art of matrix C
& 60y P 65 70 75
65 75 85 95
70 85 100 115
75 95 115 135
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2.2.11 ASL_hanlmh, ASL ganlmh
Multiplying Complex Matrices (Two-Dimensional Array Type) (Complex
Argument Type) (C =C + AB*)

(1) Function
Obtain the product of two complex matrices (Two-dimensional Array Type) (C = [C+]AB*)

(2) Usage
Double precision:
ierr = ASL_hanlmh (a, lma, nm, nn, b, llb, nl, ¢, lme, isw, nt);
Single precision:
ierr = ASL_ganlmh (a, lma, nm, nn, b, llb, nl, ¢, lmc, isw, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex int as for 32bit Integer
R:Single precision real C:Single precision complex . { long as for 64bit Integer}
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Dx Imaxnn Input | Complex matrix A (two-dimensional array
{R* } type).
2 Ima I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b Dx lIbxnn Input | Complex matrix B (two-dimensional array
{R* } type).
6 lIb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of rows in matrix B.
8 c Dx Imexnl Input | Initial complex matrix C' (If isw = £1) (two-
{R*} dimensional array type).
Output | Product of real matrices (C' = [C+]AB*).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + AB*
isw = 0: Obtain C = AB*
isw = —1: Obtain C =C — AB*
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a
(b
(c
(

(e

nt

)

)

) nn >0

d) 1sw€{0
)

0 < nm < Ima, Imc

0<nl<llb

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

A=

[ 144

2+1
3+1

| 4+
144

141
3+1

| 4+

1424
242
3+2
4+ 24

1424
242
3+ 2
4+ 24

Obtain C' = AB*.

(b) Input data
Matrix A, matrix B, Ima = 11, llb = 11, Inc = 11, nm = 4, nn = 5, nl = 4, isw = 0 and nt = 2.

(¢) Main program

/%

1434
243t
3+ 3
4+ 3i

1434
243
3+ 3¢
4+ 30

1+ 4
2+ 4i
3+ 4
44 4
1+ 4
2+ 4i
34 4i
44 4

1454
2451
3+ 51
4+ 5i

1454
24 5¢
3+ 5t
4+ 51

C interface example for ASL_hanlimh */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

double
int lma=11;

int
int

double
int 1lnb=11;

int

double

int
int
int
int

nm= 4
nn=5

nl=4;

isw=0;
nt=2;
ierr;

_Complex *a;

Complex *b;

Complex *C;
Imc=11;
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int i,j;
printf( " *x* ASL_hanimh **x\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1nb=%2d  1mc=%2d\n\n", 1lma, 1lnb, 1mc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
printf( "\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lma*nn) ));
%f( a == NULL )

printf( "no enough memory for array a\n" );

return -1;

b = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lnb*nn) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;
c = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lmc#*nl) ));
%f( ¢ == NULL )
printf( "no enough memory for array c\n" );
return -1;
printf( "\tReal part of matrix A\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

ali+lma*j] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(ali+lmax*j]l) );

}
printf( "\n" );

}
printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", cimag(ali+lma*jl) );
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
for( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

b[i+lnb*j] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(b[i+lnb*jl) );

}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
for( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

printf( "%8.3g ", cimag(b[i+lnb*jl) );

}
printf( "\n" );

ierr = ASL_hanimh(a, 1lma, nm, nn, b, 1lnb, nl, c, lmc, isw, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )
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printf( "%8.3g ", creal(cli+lmc*jl) );
}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix C\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cimag(cli+lmc*jl) );

}
printf( "\n" );

return O;

}
(d) Output results

*x% ASL_hanlmh *x**

** Input *x*

Ima=11 Inb=11 Imc=11
nmm =4 nn =5 nl = 4
isw= 0 nt = 2

Real part of matrix A
1 1

1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginary part of matrix A
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginary part of matrix B
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
** Qutput *x*
ierr = 0
Real part of matrix C
65 70 75
65 75 85 95
70 85 100 115
75 95 115 135
Imaginar art of matrix C
& Oy P 15 30 45
-15 0 15 30
-30 -15 0 15
-45 -30 -15 0
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2.2.12 ASL_hanlhm, ASL ganlhm
Multiplying Complex Matrices (Two-Dimensional Array Type) (Complex
Argument Type) (C =C + A*B)

(1) Function
Obtain the product of complex matrix A and complex matrix B(C = [C+]A*B)

(2) Usage
Double precision:
ierr = ASL_hanlhm (a, lna, nm, nn, b, Inb, nl, ¢, lmc, isw, nt);
Single precision:

ierr = ASL_ganlhm (a, Ina, nm, nn, b, Inb, nl, ¢, Imc, isw, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Tk Inaxnm Input | Complex Matrix A (two-dimensional array
{C* } type).
2 Ina I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns of matrix A.
5 b Tk Inbxnl Input | Complex matrix B (two-dimensional array
{C* } type).
6 Inb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns of matrix B.
8 c 7% Imexnl Input | Initial complex matrix C' (If isw = £1) (two-
{C*} dimensional array type).
Output | Product of complex matrices
(C =[C+£]A*B).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C =C + A*B
isw = 0: Obtain C = A*B
isw = —1: Obtain C =C — A*B
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a
(b
(c
(

(e

nt

)
)
)nl>0
)
)

d) isw € {0

0 < nm < Ilmc

0 < nn < Ina, Inb

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None

(7) Example

(a) Problem

A=

[ 144

2+1
3+1

| 4+
144

2+
3+1

| 4+

1424
242
3+2
4+ 24

1424
242
3+ 2
4+ 24

Obtain C = A*B

(b) Input data
Matrix A, Matrix B, Ina = 11, Inb = 11, Inc = 11, nm = 4, nn = 5, nl = 6 and isw = 0.

(¢) Main program

/%

1434
243t
3+ 3
4+ 3i

1434
243
3+ 3¢
4+ 30

1+ 4
2+ 4i
3+ 4
44 4
1+ 4
2+ 4i
34 4i
44 4

1454
2451
3+ 51
4+ 5i

C interface example for ASL_hanlhm */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

double
int lma=11;

int
int

double
int 1lnb=11;

int

double

int
int
int
int

nm=5;
nn=4;

nl=4;

isw=0;
nt=2;
ierr;

_Complex *a;

_Complex *b;

Complex *C;
Imc=11;
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int i,j;
printf( " *x* ASL_hanihm **x\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1nb=%2d  1mc=%2d\n\n", 1lma, 1lnb, 1mc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
printf( "\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lma*nm) ));
%f( a == NULL )

printf( "no enough memory for array a\n" );

return -1;

b = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lnb*nl) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;
c = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lmc#*nl) ));
%f( ¢ == NULL )
printf( "no enough memory for array c\n" );
return -1;
printf( "\tReal part of matrix A\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<mm ; j++ )

ali+lma*j] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(ali+lmax*j]l) );

}
printf( "\n" );

}
printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<mnm ; j++ )

printf( "%8.3g ", cimag(ali+lma*jl) );
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

b[i+lnb*j] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(b[i+lnb*jl) );

}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cimag(b[i+lnb*jl) );

}
printf( "\n" );

ierr = ASL_hanihm(a, 1lma, nm, nn, b, 1lnb, nl, c, lmc, isw, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )
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printf( "%8.3g ", creal(cli+lmc*jl) );
}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix C\n" );
for( i=0 ; i<nm ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cimag(cli+lmc*jl) );

}
printf( "\n" );

return O;

}
(d) Output results

*x% ASL_hanlhm *x**

** Input *x*

Ima=11 Inb=11 Imc=11
nm =5 nn =4 nl =4
isw= 0 nt = 2

Real part of matrix A
1 1

1 1 1
2 2 2 2 2
3 3 3 3 3
4 4 4 4 4
Imaginary part of matrix A
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
1 2 3 4 5
Real part of matrix B
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
Imaginary part of matrix B
1 2 3 4
1 2 3 4
1 2 3 4
1 2 3 4
** Qutput *x*
ierr = 0
Real part of matrix C
34 42 46
38 46 54 62
42 54 66 78
46 62 78 94
50 70 90 110
Imaginary part of matrix C
0 10 20 30
-10 0 10 20
-20 -10 0 10
-30 -20 -10 0
-40 -30 -20 -10
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2.2.13 ASL_hanlhh, ASL _ganlhh

Multiplying Complex Matrices (Two-Dimensional Array Type) (Complex

Argument Type) (C =C + A*B*)

(1) Function

Obtain the product of complex matrix A and complex matrix B(C = [C+]A*B*)

(2) Usage
Double precision:

ierr = ASL_hanlhh (a, lna, nm, nn, b, llb, nl, ¢, lmc, isw, nt);

Single precision:

ierr = ASL_ganlhh (a, Ina, nm, nn, b, llb, nl, ¢, lmc, isw, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Tk Inaxnm Input | Complex matrix A (two-dimensional array
{c* } type).
2 Ina I 1 Input | Adjustable dimension of array a.
3 nm I 1 Input | Number of rows in matrix A.
4 nn I 1 Input | Number of columns in matrix A.
5 b Tk lIbxnn Input | Complex matrix B (two-dimensional array
{c* } type).
6 lIb I 1 Input | Adjustable dimension of array b.
7 nl I 1 Input | Number of columns in matrix B.
8 c 7% Imexnl Input | Initial complex matrix C' (If isw = £1) (two-
{C*} dimensional array type).
Output | Product of real matrices (C = [C£]A*B*).
9 Imc I 1 Input | Adjustable dimension of array c.
10 isw I 1 Input | Processing switch.
isw = 1: Obtain C = C + A*B*
isw = 0: Obtain C = A*B*
isw = —1: Obtain C =C — A*B*
11 nt I 1 Input | Number of tasks to be generated.
12 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

a) 0 <nm <lmec

(a)

(b) 0 <nn <lna

(¢) 0 <nl <Inb

(d) isw € {O -1}
)

(e) nt >

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 nn was equal to 1. Processing continues.
3000 Restriction (a), (b) or (c) was not Processing is aborted.
satisfied.
3010 Restriction (d) was not satisfied.
3020 Restriction (e) was not satisfied.
(6) Notes
None
(7) Example
(a) Problem i
1+4d 1420 1+3¢ 144 1+5

244 2420 2430 244 2+ 50

A= 344 342 3+3i 3+4i 3+5i

(1447 142 1437 1445

Obtain C = A*B*.
(b) Input data

440 4+20 443 4+4 4+
| 5+i 5+2i 5+3i S5+4i 5+50

1+ 54
241 2421 2+3¢ 2+4 2451
3+t 3+2i 3+31 3+4 3+50
| 441 4427 4437 4447 4450

Matrix A, matrix B, Ina = 11, 1lb = 11, Inc = 11, nm = 4, nn = 5, nl = 6 and isw = 0.

(¢) Main program

/* C interface example for ASL_hanlhh */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

double _Complex *a;
int lma=11;

int nm=5;

int nn=5;

double _Complex *b;
int 1lnb=11;

int nl=4;

double _Complex *c;
int 1lmc=11;
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int isw=0;
int nt=2;
int ierr;
int i,j;

printf( " **%* ASL_hanlhh ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tlma=%2d 1nb=%2d  1mc=%2d\n\n", 1lma, 1lnb, 1mc );
printf( "\tnm =%2d nn =%2d nl =%2d\n\n", nm, nn, nl );
printf( "\tisw=%2d nt =%2d\n\n", isw, nt );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lma*nm) ));
if( a == NULL )

printf( "no enough memory for array a\n" );

return -1;
b = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lnb*nn) ));
%f( b == NULL )

printf( "no enough memory for array b\n" );

return -1;
¢ = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lmc*nl) ));
if ( ¢ == NULL )

printf( "no enough memory for array c\n" );

return -1;
printf( "\tReal part of matrix A\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nm ; j++ )

ali+lmaxj] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(ali+lma*jl) );

}
printf( "\n" );

}
printf( "\tImaginary part of matrix A\n" );
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<nm ; j++ )

printf( "%8.3g ", cimag(ali+lma*jl) );
}
printf( "\n" );

}
printf( "\n\tReal part of matrix B\n" );
{or( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<mmn ; j++ )

b[i+lnb*j] = (double) (i+1) + (double) (j+1) * _Complex_I;
printf( "%8.3g ", creal(b[i+lnb*jl) );

}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix B\n" );
for( i=0 ; i<nl ; i++ )

printf( "\t" );
for( j=0 ; j<nn ; j++ )

printf( "%8.3g ", cimag(b[i+lnb*jl) );

}
printf( "\n" );

ierr = ASL_hanihh(a, lma, nm, nn, b, 1lnb, nl, c, lmc, isw, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tReal part of matrix C\n" );
for( i=0 ; i<nm ; i++ )
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printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", creal(cli+lmc*jl) );

}
printf( "\n" );

}
printf( "\n\tImaginary part of matrix C\n" );

{or( i=0 ; i<om ; i++ )

printf( "\t" );
for( j=0 ; j<nl ; j++ )

printf( "%8.3g ", cimag(cli+lmc*jl) );

printf( "\n" );

}

(d) Output results

*+% ASL_hanihh *+*

** Input
Ima=11
nm = 5
isw= 0

Real part

1

2

3

4

5
Imaginary

B e

Real part of matrix B
1

2
3
4

1
1
1

** Qutput **

ierr =

Real part of matrix C
0 15

-15
-30
-45
-60

Imaginar
g _60Y
-65

=70

-75

*k
Inb=11 Imc=11
nn =5 nl =4
nt = 2
of matrix A
1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
5 5 5 5
part of matrix A
2 3 4 5
2 3 4 5
2 3 4 5
2 3 4 5
2 3 4 5
1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
Imaginary part of matrix B
1 2 3 4 5
2 3 4 5
2 3 4 5
2 3 4 5
0
30 45
0 15 30
-15 0 15
-30 -15 0
-45 -30 -15
part of matrix C
-65 =70 =75
=75 -85 -95
-85 -100 -115
-95 -115 -135
-105 -130 -155

-80
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Chapter 3
SIMULTANEOUS LINEAR EQUATIONS
(DIRECT METHOD)

3.1 INTRODUCTION

This chapter describes functions that solve simultaneous linear equations and obtain the determinant value and
inverse matrix of a matrix.
Function described in this chapter divides up and allocates internal processing among threads and
executes allocated processing in parallel.

In this library, functions having the following functions are provided individually for each set of matrix charac-

teristics and storage mode.
(1) Perform triangular decomposition of coefficient matrix, then solve simultaneous linear equations.
(2) Perform triangular decomposition of coefficient matrix.
(3) Perform triangular decomposition of coefficient matrix and obtain condition number.
(4) Solve simultaneous linear equations after triangular decomposition of coefficient matrix
(5) Obtain determinant value and inverse matrix.

You can freely combine the various types of functions (1) through (5) to suit your processing needs. This enables
you to perform efficient processing by eliminating unnecessary calculation steps.
For explanations of functions (4) and (5) (See Chapter 2 of <Basic Functions Vol. 2> .)
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3.1.1 Methods of using functions
Methods of using functions are described below using a real matrix (two—dimensional array type) as an example.

(1) Simultaneous linear equations

(a) Using ASL_gbgmsl
ierr = ASL_gbgmsl (A,---,b,--+);
Performs a triangular decomposition of coefficient matrix A and solves Az = b.
ASL_dbgmls}

ASL rbgmls
ierr = ASL_gbgmlu (A4, ---);
. ASL_dbgmls
o= {ASL_rbgmls

(b) Using ASL_gbgmlu and

(A7 7b7)a

ASL_dbgml
ASL_gbgmlu performs a triangular decomposition of coefficient matrix A, and { s S} (Se

ASL _rbgmls
Section 2.2.5 of <Basic Functions Vol. 2> ) solves Az = b.

(¢) Obtaining the condition number in addition to solving simultaneous linear equations
ierr = ASL_gbgmlc (A4, - -, &cond, - --);

. ASL_dbgmls
ierr — b
ASL rbgmls
ASL_gbgmlc calculates the condition number and performs a triangular decomposition of coefficient

ASL_dbgmls

matrix A, and
ASL rbgmls

} (See Section 2.2.5 of <Basic Functions Vol. 2> ) solves Ax = b.
(2) Determinant and inverse matrix

ierr = ASL_gbgmlu (A4, --);
ASL_dbgmdi
ASL_rbgmdi

ierr =

A7 ) det7 o )7

ASL_dbgmdi
ASL_rbgmdi
<Basic Functions Vol. 2> ) obtains the determinant and inverse matrix.

ASL_gbgmlu performs a triangular decomposition of matrix A, and { } (See Section 2.2.7 of

(3) Improving the solution

(a) Using ASL_gbgmsl

A2 — A
b2 ~b
ierr = ASL_gbgmsl (Ag, -, ba,--);
ASL_dbgml
ierr = g Ao Agy oo by b )
ASL _rbgmlx

The function shown above improves the solution obtained by using ASL_gbgmsl.

. ASL_dbgmls
(b) Using ASL_gbgmlu and {ASL_rbgmls}
A2 — A
by < b
ierr = ASL_gbgmlu (As,--+);

ASL_dbgmls
ierr = S IS (Ag, -+, by, - );
ASL rbgmls
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ASL_ 1
jerr = SLdbng (A’...’A%...’b,...’b2’...);
ASL _rbgmlx
ASL_dbgmls

ASL_rbgmls

ASL_dbgmlx
ASL_rbgmlx

ASL_gbgmlu performs a triangular decomposition of matrix A, { } (See Section 2.2.5

of <Basic Functions Vol. 2> ) solves Az = b, and { } (See Section 2.2.8 of <Basic

Functions Vol. 2> ) improves the solution.

72



Notes

3.1.2 Notes

(1)

(2)

Since the parallel processing overhead significantly affects the computation cost if the order of the matrix

is small, performance may be worse than when a non—parallel function is used.

To solve the simultaneous linear equations Ax = b, you could use the mathematical formula & = A~'b.
However, it would be ill-advised to solve these equations by obtaining the inverse matrix A~! and multiplying
it by the constant vector. For example, for a real matrix (two—dimensional array type), if you compare
this method to one in which you obtain the solution by performing a triangular decomposition of the
coefficient matrix, you would find that for n variables the inverse matrix method requires approximately
n3 multiplications, while the triangular decomposition method requires approximately n3/3 multiplications.
Clearly, the triangular decomposition method is preferable. Therefore, you should obtain the inverse matrix

A~1 only if you actually need the inverse matrix itself.

If you need to perform calculations many times for the same matrix such as when solving multiple sets of
simultaneous linear equations where only the constant vector differs, it is more efficient to first perform the
triangular decomposition once and then use that result repetitively thereafter.

Example :

To solve the equations:

AiL‘l = b1
ACL‘Q = b2

execute either:

ierr = ASL_gbgmsl (A,---,by,---);
ASL_dbgmls
ASL_rbgmls

ierr =

or
ierr = ASL_gbgmlu (A4, ---);
ASL_dbgml
ierr = gHns (A, by,-);
ASL_rbgmls
ASL_dbgmls
s (Aaab27)7
ASL_rbgmls
ASL_gbgmsl or ASL_gbgmlu performs the triangular decomposition of coefficient matrix A, and this result

ierr =

is only referred thereafter without its contents being changed.

Two functions are provided for performing triangular decomposition. One obtains the condition number and
the other does not. The function that obtains the condition number requires many more calculations just
to obtain the condition number. For a matrix of order n, it requires approximately n? more multiplications
than the function that does not obtain the condition number. Therefore, unless you specifically need the
condition number, you can save execution time by performing triangular decomposition without obtaining

the condition number.
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3.1.3 Algorithms Used
3.1.3.1 Solution of Simultaneous Linear Equations

Assume that the following simultaneous linear equations are to be solved :

a;1ryr  + apry + -+ AT, = b
a1y + azr2 + -+ aT, = b
Ap1T1 + ap2T2 + -+ GppTy = bn

If we define the coefficient matrix A = (a;;) for (i,j =1,2,---,n), the right-hand side vector b = (b;) for (i =
1,2,---,n), and the solution vector = (z;) for (i =1,2,---,n), then the simultaneous linear equations shown

above can be represented in matrix format as:

Ax=b
Now, if we decompose (LU decomposition) the coefficient matrix A = (a;;) for (z j=1,2,---,n)into PA=LU
as the product of the lower triangular matrix L = (l;;) for (i, = 1,2,---,n) and upper triangular matrix
U = (uy;) for (i, =1,2,---,n), the solution vector & = (z;) for (i =1,2,---,n) is obtained by sequentially

solving the following matrix equations:

Ly=Pb

Ux =1y
where, the matrix P is an n X n row exchange matrix corresponding to n row exchanges, and the vector y =
(y;) for (i=1,2,---,n)is awork vector that is assigned intermediate calculation results. These matrix equations
can be solved easily by using forward substitution and back substitution since the coefficient matrices are triangular
matrices.
3.1.3.2 LU Decomposition (Gauss Method)

Consider the decomposition of the regular matrix A = (a;;) for (i,j = 1,2,---,n) into PA = LU as the

product of the lower triangular matrix L = (l;;) for (i,j = 1,2,---,n) and upper triangular matrix U =
(ujj) for (i,j = 1,2,---,n). This kind of decomposition can be done at any time for a regular matrix. For
simplicity, let A" = PA = (aj;) for (i,j =1,2,---,n). Then, from the definition of matrix multiplication, we
have:

Z likUki + Uij (i <7)

@iy =4 51

> likuni + Lijug; (i > 4)

k=1
To uniquely determine the decomposition, let I;; = 1 for (i = 1,2,---,n). By transforming this expression,
various algorithms for calculating the LU decomposition are obtained. Consider an algorithm in which the
matrix A’ is assigned as the initial values of the n x n matrix M = (m,;) for (i, =1,2,---,n), and after the
calculations are performed, the each element of the lower triangular matrix L = (I;;) for (i,j =1,2,---,n) and
upper triangular matrix U = (u;;) for (i, =1,2,---,n) is assigned for the element of that matrix respectively
as follows:
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U11 U12 w1z v Uln
—la1 w2 uzz --- Uy
M= |—l31 —lz2 uzz --- U3n
_lnl _ln2 e _lnn—l Unn

This algorithm (which is called the kji-SAXPY format Gauss method) is represented as follows.

do k=1,---,n—1
do i=k+1,---,n

Mk < —Mik / Mkk

do j:k+1~~~
i=k+1,-

Mij <= Myj + MM

To prevent division by an element my; ~ 0 when implementing the algorithm shown above, select the element

mypy, for which the following equation holds:

| [= max | ma |

and perform partial pivoting to exchange rows p and k before the division. The matrix that expresses the
accumulation of these row exchange operations is the row exchange matrix P.

This library reduce the number of substitutions in order to increase calculation speed by taking r loops for k at
a time and repeatedly applying the following algorithm transformation (blocking).

do j=k+1,---.n
do i=k+1,---,n

Mij < Myj + MigMyj

I
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Algorithms Used

Pre—processing 1:

do k=1,---,r

1 do j=k+1,-,r

1 do i=k+1,---,n

Myj <= M5 + MipMi;

Pre—processing 2:

do j=r+1,---,n

1 do k=1,---,r

1 do t=k+1,---,r

Mij < M5 + MMy

Block update:
do j=r+1,---,n

do i=r+1,---,n

Mij <= My + My1M1j + MyaMaj + -+ -+ MipMyj

Also, by modifying r, speed is increased by executing this kind of transformation recursively even for pre—
processing 1.

Parallelization of this algorithm is described below.

The algorithm mentioned above can be parallelized by taking the pre—processing 2 and block update portions of
the algorithm and dividing up the loop for j of these portions according to the number of parallel processing tasks,
and executing these loop subdivisions in parallel. This library increase efficiency by using task division that also

takes into account pre—processing 1 for the next block update. (See reference bibliography (1).)
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3.1.4 Reference Bibliography

(1) Robert, Y. and Sguazzero, P. , “The LU decomposition algorithm and its efficient FORTRAN implementa-
tion on IBM 3090 Vector Multiprocessor”, IBM Tech. Rep. , ICE-0006, (1987).
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3.2 REAL MATRIX (TWO-DIMENSIONAL ARRAY TYPE)

3.2.1 ASL_gbgmsm
Simultaneous Linear Equations with Multiple Right-Hand Sides (Real Ma-
trix)
(1) Function
ASL_gbgmsm uses Gauss’ method to solve the simultaneous linear equations Ax; = b;(i = 1,2,---,m)

having real matrix A (two-dimensional array type) as coefficient matrix. That is, when the n X m matrix
B is defined by B = [by,ba, - -+, by,], the function obtains [z, x2, -+, Tm] = A71B.

(2) Usage
Double precision:
ierr = ASL_gbgmsm (ab, Ina, n, m, ipvt, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fput/ Contents
Return Value ’ Output
1 ab D* Inax(n 4| Input | Matrix (real matrix, two-dimensional array
m) type) consisting of coefficient matrix A and
right-hand side vectors b; [A4, b1, b2, -, by,]
Output | Matrix (real matrix, two-dimensional array
type) consisting of the factored matrix A’ of
coefficient matrix A and solution vectors x;
[A' @1, @2, -, %Tm] (See Notes (a) and (b))
2 Ina I 1 Input | Adjustable dimension of array ab
3 n I 1 Input | Order of matrix A
4 m I 1 Input | Number of right-hand side vectors, m
5 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of row exchanged with
row 1 in the i-th processing step. (See Note
(a))
6 nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0 <n<lna
(b) 0<m

(c) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1 ab[lnax (n4+1i—1)] « ab[lnax (n+1i—
1)]/abl0] (i =1,2,---,m) is performed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-

sult may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.

400042 The pivot became 0.0 in the i-th process-
ing step of the LU decomposition of coef-
ficient matrix A. A is singular.

(6) Notes

(a) This function perform partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In addition, among the
column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

(b) The unit lower triangular matrix L is stored in the lower triangular portion of array ab with the
sign changed, and the upper triangular matrix U is stored in the upper triangular portion. However,
since the diagonal components of L always are 1.0, they are not stored in array ab. In addition, the

reciprocals of the diagonal components of U are stored.
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Figure 3—1 Storage Status of Matrices L and U

Matrix L Matrix U

1.0 00 00 --- 0.0 w11 U2 U3t ULs

l2n 1.0 00 --- 0.0 0.0 w22 w23 -+ uU2s

13’1 13’2 1.0 e 0.0 0.0 0.0 us,s e us,s

15,1 15,2 15,3 s 1.0 0.0 0.0 0.0 s us,s

4
Storage status of array ab[lnaxXk]
1/ui,1 | ab[0] | w12 | ab[lna] uis | ab[(n—1)xIna]
—l1,2 | ab[1] | 1/u2,2 | ab[lna+1] uz5 | ab[(n—1)xIlna+1]
—l1’3 ab[2] —l2,3 ab[lna+2} us,s ab[(n—l)xlna+2] n
Ina :
—lis —l25 1/uss
————————— n——————— - = —
—————————————— = —— k-————-— - - ——— —
Remarks

a. Ina > n and n+m < k must be hold.

(¢) Shared memory parallel function for single-precision is not supported.
(7) Example

(a) ProblemSolve the following simultaneous linear equations.

2 4 -1 6 T11 T 36 11
-1 -5 4 2 To1 w22 | | 150
1 2 3 1 T30 w32 | | 22 7
3 5 —1 -3 Ta1 T4 -6 4

(b) Input data
Array ab in which coefficient matrix A and constant vectors b; and bs are stored, Ina=11, n=4 and
m=2.

(¢) Main program

/* C interface example for ASL_gbgmsm */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ab;

int lna=11, lma=5;
int n;

int m;

int *ipvt;

int nt=2;

int ierr;

int i,j;

FILE *fp;

fp = fopen( "gbgmsm.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;

printf( " **% ASL_gbgmsm ***\n" );
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printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &m );

ab = ( double * )malloc((size_t)( sizeof(double) * (lna*(lna+lma)) ));
if( ab == NULL )

printf( "no enough memory for array ab\n" );
return -1;
ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if ( ipvt == NULL )
printf( "no enough memory for array ipvt\n" );
return -1;
printf( "\n\tCoefficient Matrix\n\n");
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<n ; j++ )

fscanf ( fp, "%1lf", &ab[i+lna*jl );
printf( "%8.3g ", abli+lnaxj] );

}
printf( "\n" );
}

printf( "\n\tConstant Vectors\n\n");
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<m ; j++ )

fscanf( fp, "%1f", &abl[i+lna*(n+j)] );
printf( "%8.3g ", abli+lna*(n+j)] );

}
printf( "\n" );
}

fclose( fp );

ierr = ASL_gbgmsm(ab, lna, n, m, ipvt, nt);

printf( "\n *x Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\tSolution\n\n" );

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

printf( "\t" );
for( j=0 ; j<m ; j++ )

printf( "%8.3g ", abl[i+lna*(n+j)] );

}
printf( "\n" );

free( ab );
free( ipvt );

return O;

}
(d) Output results

oKk ASL_qbgmsm kK k

** Input *x*

Coefficient Matrix

2 4 -1 6
-1 -5 4 2
1 2 3 1
3 5 -1 -3

Constant Vectors

36 1
15
22
-6

»~NO-
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*% Output *x*

ierr = 0
Solution
1 1
2 1
4 1
5 1
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3.2.2 ASL_gbgmsl
Simultaneous Linear Equations (Real Matrix)

(1) Function
ASL_gbgmsl uses the Gauss method to solve the simultaneous linear equations Az = b having the real

matrix A (two-dimensional array type) as coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_gbgmsl (a, lna, n, b, ipvt, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a D* Inaxn Input | Coefficient matrix A
(real matrix, two-dimensional array type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A=1LU.
(See Notes (b) and (c))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 b D* n Input | Constant vector b
Output | Solution vector x
5 ipvt I* n Output | Pivoting information ipvt[i — 1]:
Number of row exchanged with row i in the
i-th processing step. (See Note (b))
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1 b[0] + b[0]/a[0] is performed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good

accuracy.

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

400042 The pivot became 0.0 in the ¢-th process-

ing step of the LU decomposition of coef-

ficient matrix A. A is singular.

(6) Notes

()

(d)

To solve multiple sets of simultaneous linear equations where only the constant vector b differs, the
solution is obtained more efficiently by directly using the function 3.2.1 ASL_gbgmsm to perform
the calculations. However, when 3.2.1 ASL_gbgmsm cannot be used such as when all of the right-

hand side vectors b are not known in advance, call this function only once and then call function 2.2.5
ASL_dbgmls

ASL_rbgmls
of b. This enables you to eliminate unnecessary calculations by performing the LU decomposition of

(in <Basic Functions Vol. 2> ) the required number of times varying only the contents

matrix A only once.

This function performs partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In addition, among the
column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

The unit lower triangular matrix L is stored in the lower triangular portion of array a with sign
changed, and the upper triangular matrix U is stored in the upper triangular portion. However, since
the diagonal components of L always are 1.0, they are not stored in array a. Also, reciprocals are

stored for the diagonal components of U.

Shared memory parallel function for single-precision is not supported.
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Matrix L Matrix U
1.0 00 00 --- 0.0 ui,1 U2 U3 v ULS
12,1 1.0 0.0 e 0.0 0.0 uz,2 u2,3 e u2,5
13’1 13’2 1.0 e 0.0 0.0 0.0 us,s e us,s
15,1 15,2 15,3 s 1.0 0.0 0.0 0.0 trt Us5
4
Storage status within array a[lnaxk]
1/uix | a[0] | w12 | a[lna] u1,5 a[(n—1)x1Ina]
—li,2 | a[l] | 1/uz2,2 | a[lna+1] u2,5 a[(n—1) xIna+1]
—l1’3 a[2] —12’3 a[lna+2] us,s a[(n—l) Xlna—|—2} n
Ina :
—lis —l25 1/uss
——_—_—————— n———————— - -
- === = —— k- ——— —
Remarks

a. Ina > n and n < k must hold.

Figure 3—2 Storage Status of Matrices L and U

(7) Example

(a) Problem

Solve the following simultaneous linear equations.

2 4 -1 6 T 36
-1 -5 4 2 ||| |15
1 2 3 1 z3 || 22
3 5 —1 =3 Ty —6
Input data

Coefficient matrix A, Ina=11, n=4, constant vector b and nt=2.

Main Program

/* C interface example for ASL_gbgmsl */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;
int lna;
int n;
double *bj;
int *ipvt;
int ierr;
int nt = 2;
int i,j;
FILE *fp;

fp = fopen( "gbgmsl.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;

printf( " #*%x ASL_qbgmsl *x*\n" );
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printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &lna );
fscanf( fp, "%d", &n );

a = ( double * )malloc((size_t)( sizeof(double) * (1lna*n) ));
%f( a == NULL )

printf( "no enough memory for array a\n" );
return -1;

( double * )malloc((size_t)( sizeof(double) * n ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;

ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if( ipvt == NULL )

printf( "no enough memory for array ipvt\n" );
return -1;

printf( "\t n %6d\n", n );

printf( "\t nt = %6d\n", nt );
printf( "\n\tCoefficient Matrix\n\n");
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<n ; j++ )

fscanf( fp, "Jlf", &ali+lna*j] );
printf( "%8.3g ", ali+lnaxj] );

}
printf( "\n" );
}

printf( "\n\tConstant Vector\n\n");
for( i=0 ; i<n ; i++ )

fscanf( fp, "%1f", &b[il );
printf( "\t%8.3g\n", bl[il );

fclose( fp );
ierr = ASL_gbgmsl(a, lna, n, b, ipvt, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\tSolution\n\n" );

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

printf( "\t =x[k6d] = %8.3g\n", i,b[i] );
free( a );

free( b );
free( ipvt );

return O;

(d) Output results

*%kk ASL_qbgmsl *okk
*k Input *%

4
2

n
nt

Coefficient Matrix

2 4 -1 6
-1 -5 4 2
1 2 3 1
3 5 -1 -3

Constant Vector

36
15
22
-6
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*% Output *x*

ierr = 0

Solution
x[ 0] = 1
x[ 1] = 2
x[ 2] = 4
x[ 3] = 5
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3.2.3 ASL_gbgmlu
LU Decomposition of a Real Matrix

(1) Function
ASL_gbgmlu uses the Gauss method to perform an LU decomposition of the real matrix A (two-dimensional
array type).
(2) Usage
Double precision:
ierr = ASL_gbgmlu (a, Ina, n, ipvt, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a D* Inaxn Input | Real matrix A (two-dimensional array type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A=1LU.
(See Notes (a) and (b))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 ipvt I* n Output | Pivoting information ipvt[i — 1]:
Number of row exchanged with row i in the
i-th processing step.
(See Note (b))
5 nt I 1 Input | Number of tasks to be generated
6 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n is equal to 1 Contents of array a are not changed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good
accuracy.

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

400041 The pivot became 0.0 in the i-th process-
ing step. A is singular
(6) Notes

(a) The unit lower triangular matrix L is stored in the lower triangular portion of array a with sign

changed, and the upper triangular matrix U is stored in the upper triangular portion. However, since

the diagonal components of L always are 1.0, they are not stored in array a. Also, reciprocals are

stored for the diagonal components of U. (See Fig. 3—2.)

(b) This function performs partial pivoting. Pivoting information is stored in array ipvt for use by sub-

sequent functions. If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i-1]. In

addition, among the column elements corresponding to row i and row j of matrix A, elements from

column 1 to column n actually are exchanged at this time.

(¢) Shared memory parallel function for single-precision is not supported.
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3.2.4 ASL_gbgmlc
LU Decomposition and Condition Number of a Real Matrix
(1) Function

ASL_gbgmlc uses the Gauss method to perform an LU decomposition and obtain the condition number of

the real matrix A (two-dimensional array type).

(2) Usage
Double precision:
ierr = ASL_gbgmlc (a, Ina, n, ipvt, &cond, wl, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a D* Inaxn Input | Real matrix A (two-dimensional array type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A =LU. (See Notes (a) and (b))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 ipvt I* n Output | Pivoting information ipvt[i — 1]:
Number of row exchanged with row i in the
i-th processing step (See Note (b))
5 cond D* 1 Output | Reciprocal of the condition number
6 wl D* n Work | Work area
7 nt I 1 Input | Number of tasks to be generated
8 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n is equal to 1 Contents of array a are not changed and

cond < 1.0 is performed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good

accuracy.

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

400041 The pivot became 0.0 in the i-th process- Processing is aborted.

ing step. A is singular. The condition number is not obtained.

(6) Notes

(a) The unit lower triangular matrix L is stored in the lower triangular portion of array a with sign
changed, and the upper triangular matrix U is stored in the upper triangular portion. However, since
the diagonal components of L always are 1.0, they are not stored in array a. Also, reciprocals are

stored for the diagonal components of U. (See Fig. 3—2.)

(b) This function partial performs pivoting. Pivoting information is stored in array ipvt for use by sub-
sequent functions. If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i-1]. In
addition, among the column elements corresponding to row i and row j of matrix A, elements from

column 1 to column n actually are exchanged at this time.

(c) Although the condition number is defined by || A - ||A~!||, the one obtained by this function is an

approximation.

(d) Shared memory parallel function for single-precision is not supported.
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3.3 COMPLEX MATRIX (TWO-DIMENSIONAL ARRAY TYPE)
(REAL ARGUMENT TYPE)

3.3.1 ASL_hbgmsm

Simultaneous Linear Equations with Multiple Right-Hand Sides (Complex
Matrix)

(1) Function
ASL_hbgmsm uses Gauss’ method to solve the simultaneous linear equations Axz; = b;(1 = 1,2,---,m)
having complex matrix A (two-dimensional array type) as coefficient matrix. That is, when the n x m
matrix B is defined by B = [by, bz, - -, by,], the function obtains [z1, @2, -, Tm] = A71B.

(2) Usage
Double precision:
ierr = ASL_hbgmsm (abr, abi, Ina, n, m, ipvt, wl, nt);
Single precision:
Nothing
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(3) Arguments and Return Value

R:Single precision real C:Single precision complex

D:Double precision real  Z:Double precision complex I int as for 32bit Integer
long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 abr D* lnax(n +| Input | Real part of matrix (complex matrix, two-
m) dimensional array type) consisting of coeffi-
cient matrix A and right-hand side vectors b;
[A,b1,ba, -+, bm]

Output | Real part of matrix (complex matrix, two-
dimensional array type) consisting of the fac-
tored matrix A’ of coefficient matrix A and
solution vectors x; [A', 1, @2, -, Tm] (See
Notes (a) and (b))

2 abi D* Inax(n +| Input | Imaginary part of matrix (complex matrix,
m) two-dimensional array type) consisting of co-
efficient matrix A and right-hand side vectors

b; [A,b1,ba, - by,]

Output | Imaginary part of matrix (complex matrix,
two-dimensional array type) consisting of the
factored matrix A’ of coefficient matrix A and
solution vectors x; [A', @1, @2, -, Tm] (See
Notes (a) and (b))

3 Ina I 1 Input | Adjustable dimension of arrays abr and abi
4 n I 1 Input | Order of matrix A
5 m I 1 Input | Number of right-hand side vectors, m
6 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of row exchanged with
row i in the i-th processing step. (See Note
(a)
wl D* n Work | Work area
nt I 1 Input | Number of tasks to be generated
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions
(a) 0 <n <lna
(b) 0<m

c) nt >1

—~
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1 abr[lnax(n+i-1)] + (abr[lnax(n+i—1)] x
abr[0] + abi[lnax(n+i—1)] x abi[0]) /
(abr[0]? + abi[0]?) ,
abi[lnax(n+i—1)] < (abi[lnax(n+i—1)] x
abr[0] — abr[lnax(n+i—1)] x abi[0]) /
(abr[0]? + abi[0]?)
(i=1,2, -+, m)
2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good
accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
400041 The pivot became 0.0 in the ¢-th process-
ing step of the LU decomposition of coef-
ficient matrix A. A is singular.
(6) Notes

(a) This function perform partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In addition, among the

column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

(b) The unit lower triangular matrix L is stored in the lower triangular portion of array abr and abi
with the sign changed, and the upper triangular matrix U is stored in the upper triangular portion.
However, since the diagonal components of L always are 1.0, they are not stored in array abr and abi.

In addition, the reciprocals of the diagonal components of U are stored.

(¢) Shared memory parallel function for single-precision is not supported.
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Figure 3—3 Storage Status of Matrices L and U

Matrix L Matrix U
1.0 0.0 0.0 0.0 u1,1 U1,2  U1L3 u1,5
l2’1 1.0 0.0 0.0 0.0 u2,2 u2,3 u2,5
l31 lz2 1.0 0.0 0.0 0.0 wus,;3 Uu3,5
15’1 15’2 15’3 1.0 0.0 0.0 0.0 Uus,s
I
Storage status within array abr[lnaxk]
R{1/ui1} | abr[0] | R{ui,2} | abr[lna] R{u15} abr[(n—1)xIna]
R{—l1,2} | abr[1] | R{1/uz,2} | abr[lna+1] R{uz5} abr[(n—1) xIna+1]
R{—l13} | abr[2] | R{—l23} | abr[lna+2] R{us s} abr[(n—1) xIna+2]
Ina : : : : :
?R{—ll,s} ?R{—lg,s} ?R{l/U5’5}
- — — Im——— —— — — — — — — — —
e k- - — = —
Storage status within array abi[lnaxXk]
S{1/u1,1} | abi[0] | S{ui,2} | abi[lna] S{uis} abi[(n—1) xIna]
S{-l1,2} | abi[l] | {1/u2,2} | abi[lna+1] S{uz,5} abi[(n—1)xIna+1]
S{-l1,3} | abi[2] | S{—l2,3} | abi[lna+2] S{us,5} abi[(n—1)xIna+2]
Ina : : : : :
%{—l1’5} %{—lg,s} S{l/U5’5}
T I———— —— — — — — — — — —
- - === — = ——= k- —"————— —
Remarks
a. Ina > n and n+m < k must be hold.
(7) Example
(a) Problem
Solve the following simultaneous linear equations.
4421 3+ 441 T+N r11 Ti2 T1,3 T14 1 0 0 O
5+ 71 4i 4+7T7i 2+ 51 Ta1 T22 T23 X24 o 01 0 0
943t 64+2¢ 9+51 8451 r31 32 33 X34 N 0 0 1 0
1+5i 74+9 3+5: 2+41 T41 T42 T43 T4 0 0 0 1

(b) Input data

Array abr and abi in which coefficient matrix A and constant vectors by and by are stored, lna=11,
n=4 and m=4.

Main program

(©)
/% C interface example for ASL_hbgmsm */
#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
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double *abr;
double *abi;
int lna=11, 1lma=5;
int n;

int m;

int *ipvt;
double *wl;
int ierr;
int i,j;

int nt=2;
FILE *fp;

fp = fopen( "hbgmsm.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );
return -1;

printf( " **% ASL_hbgmsm ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &m );
printf( "\t n = %6d m = %6d\n", n, m );

abr = ( double * )malloc((size_t)( sizeof(double) * (1lna*(lna+lma)) ));
if ( abr == NULL )

printf( "no enough memory for array abr\n" );

return -1;
abi = ( double * )malloc((size_t)( sizeof(double) * (lna*(lna+lma)) ));
if ( abi == NULL )

printf( "no enough memory for array abi\n" );

return -1;

ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if( ipvt == NULL )

printf( "no enough memory for array ipvt\n" );
return -1;
wl = ( double * )malloc((size_t)( sizeof(double) * n ));
if ( wl == NULL )
printf( "no enough memory for array wiln" );

return -1;

printf( "\n\tCoefficient Matrix\n\n");
{or( i=0 ; i<n ; i++ )

printf( "\t" );

for( j=0 ; j<n ; j++ )

fscanf( fp, "Jlf", &abr[i+lna*j] );
fscanf ( fp, "%1f", &abil[i+lna*xj]l );
printf( "(%8.3g,%8.3g)", abrl[i+lnaxj], abili+lnaxj] );
}
printf( "\n" );
}
printf( "\n\tConstant Vectors\n\n");
%or( i=0 ; i<n ; i++ )
printf( "\t" );
for( j=0 ; j<m ; j++ )

fscanf ( fp, "%1f", &abr[i+lna*(n+j)] );
fscanf( fp, "Jlf", &abili+lna*(n+j)] );
printf( "(%8.3g,%8.3g)",abr[i+lnax(n+j)],abil[i+lna*(n+j)] );

}
printf( "\n" );
}

fclose( fp );

ierr = ASL_hbgmsm(abr, abi, lna, n, m, ipvt, wl, nt);

printf( "\n *x* Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\tSolution\n\n" );
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for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<m ; j++ )

printf( "(%8.3g,%8.3g)", abr[i+lnax(n+j)],abili+lna*(n+jd)] );

}
printf( "\n" );
}
free( abr );
free( abi );
free( ipvt );
free( wl );

return O;

}
(d) Output results

*xx ASL_hbgmsm *x**
** Input *x*
n = 4m= 4

Coefficient Matrix

( 4, 2)( 3, 9)( 4, 1)( 7, 9)
( 6, 7)( 0, 4)( 4, 7( 2, 5)
( 9, 3)( 6, 2)( 9, 5)( 8, 5)
( 1, 5)( 7, 9)( 3, 5)( 2, 4)

Constant Vectors

( 1, 0)( 0, 0)( 0, 0)( 0, 0)
( 0, 0)( 1, 0)( 0, 0)( 0, 0)
( 0, 0)( 0, 0)( 1, 0)( 0, 0)
( 0, 0)( 0, 0)( 0, 0)( 1, 0)
** Qutput **

ierr = 0

Solution

( 0.0133, -0.073)( 0.181, -0.247)( -0.184, 0.178)( -0.104, -0.056)
0.1

( -0.0178, -0.0189)( -0.068, -0.0696) ( -0.0128, y( 0.0415, -0.0657)
( -0.0353, 0.138)( -0.0585, 0.17)( 0.133, -0.241)( 0.131, 0.0191)
( 0.0494, -0.0686) (-0.00961, 0.13)( 0.0885, -0.0709)( -0.0462, 0.0662)
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3.3.2 ASL_hbgmsl
Simultaneous Linear Equation (Complex Matrix)

(1) Function
ASL _hbgmsl uses the Gauss method to solve the simultaneous equations Az = b having the coefficient

matrix A (two-dimensional array type).

(2) Usage
Double precision:
ierr = ASL_hbgmsl (ar, ai, lna, n, br, bi, ipvt, w, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 ar D* Inaxn Input | Real part of coefficient matrix A (two-
dimensional array type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A= LU. (See Notes (b) and (c))
2 ai D* Inaxn Input | Imaginary part of coefficient matrix A (two-
dimensional array type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A =LU. (See Notes (b) and (c))
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
n I 1 Input | Order of matrix A
5 br D* n Input | Real part of constant vector b
Output | Real part of solution vector x
6 bi D* n Input | Imaginary part of constant vector b
Output | Imaginary part of solution vector x
7 ipvt I* n Output | Pivoting information ipvt[i — 1]:
Number of row exchanged with row i in the
i-th processing step (See Note (b))
8 w D* n Work | Work area
9 nt I 1 Input | Number of tasks to be generated
10 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n <lna
(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1 br[0] < {br[0] x ar[0] 4 bi[0] x

ai[0]}/{ar[0]* + ai[0]*}

bi[1] + {bi[0] x ar[0] — br[0] x
ail0]}/{ar(0)? + aif0]?}

are performed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good

accuracy.

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

400042 The pivot became 0.0 in the i-th process-

ing step of the LU decomposition of the

coefficient matrix A. A is singular.

(6) Notes

(a)

(d)

To solve multiple sets of simultaneous linear equations where only the constant vector b differs, the
solution is obtained more efficiently by directly using the function3.3.1 ASL_hbgmsm to perform the
calculations. However, when 3.3.1 ASL_hbgmsm cannot be used such as when all of the right-hand
side vectors b are not known in advance, call this function only once and then call function 2.3.5

ASL_zbgmls

ASL_cbgmls
of b. This enables you to eliminate unnecessary calculations by performing the LU decomposition of

(in <Basic Functions Vol. 2> ) the required number of times varying only the contents

matrix A only once.

This function performs partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In addition, among the
column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

The unit lower triangular matrix L is stored in the lower triangular portions of arrays ar and ai with
sign changed, and the upper triangular matrix U is stored in the upper triangular portions. However,
since the diagonal components of L always are 1.0, they are not stored in arrays ar and ai. Also,
reciprocals are stored for the diagonal components of U. In Fig. 3—4, R{z} and 3{z} denote a real

part and an imaginary part of a complex number z, respectively.

Shared memory parallel function for single-precision is not supported.
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Matrix L Matrix U

1.0 0.0 0.0 0.0 w11 U2 ULt ULs

l2n 1.0 0.0 0.0 0.0 w22 w23 -+ uU2s

13’1 13’2 1.0 0.0 0.0 0.0 us,s us,s

15,1 15,2 15,3 1.0 0.0 0.0 0.0 s us,s

I
Storage status within array ar[lnaxXk]
R{1/ui,1} | ar[0] | R{ui2} | ar[lna] R{u1,5} ar[(n—1)x1Ina]
R{—-1l1,2} | ar[l] | ®{1/u22} | ar[lna+1] R{uzs} ar[(n—1)xIna+1]
R{—1l13} | ar2] | R{—l2,3} | ar[lna+2] R{us,5} ar[(n—1)xIna+2]
Ina : : : :
3%{711,5} §R{*l275} §R{1/U5’5}
e N —— === —————— — —
- === — = — —— k-
Storage status within array ai[lnaxX]
S{1/u1,1} | ail0] | S{wi2} | ai[lna] S{uis} ai[(n—1) x1na]
S{—l1,2} | ai[l] | S{1/uz,2} | ai[lna+1] S{uz,s} ai[(n—1)xIna+1]
%{_ll,S} ai[2] %{—lz’g} ai[lna+2] S{U3’5} ai[(n—l) Xlna—l—Q}
Ina - - -
%{711 5} %{712’5} %{1/U5 5}
= — = n———— —————— — — — —
-——_—_——_———————————— — - —— k- ——"——-——-—- - - - —————— —
Remarks

a. Ina > n, n <k must hold.
Figure 3—4 Storage Status of Matrices L and U
(7) Example

(a) Problem

Obtain the condition number by solving the following simultaneous linear equations.

548 T+i 6+3i 142 T 3 + 20i
1+i 945 4+i 5 xa | | —6+7i
4i 3+3i 4+2 6+9i z3 | | —6i
7+ 8i 6 7T4+6i 10+4i T4 13i

(b) Input data
Coefficient matrix real part ar and imaginary part ai, Ina=11, n=4 and constant vector b.

()

Main program

/* C interface example for ASL_hbgmsl */
#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()
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double *ar;
double *ai;
int na;

int n;

int nt = 2;
double *br;
double *bi;
int *kpvt;
double *w;
int ierr;
int i,j;
FILE *fp;

fp = fopen( "hbgmsl.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;

printf( " #%% ASL_hbgmsl ***\n" );
printf( "\n *#x Input **\n\n" );

fscanf( fp, "%d", &na );
fscanf( fp, "%d", &n );

= ( double * )malloc((size_t)( sizeof (double) * (na*n) ));
if( ar == NULL )

printf( "no enough memory for array ar\n" );
return -1;
( double * )malloc((size_t)( sizeof(double) * (ma*n) ));
1f( ai == NULL )
printf( "no enough memory for array ailn" );
return -1;
br = ( double * )malloc((size_t)( sizeof(double) * n ));
if( br == NULL )
printf( "no enough memory for array br\n" );
return -1;
( double * )malloc((size_t)( sizeof(double) * n ));
1f( bi == NULL )

printf( "no enough memory for array bi\n" );
return -1;

(o)

w = ( double * )malloc((size_t)( sizeof(double) * n ));
%f( w == NULL )

printf( "no enough memory for array w\n" );

return -1;
kpvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if ( kpvt == NULL )

printf( "no enough memory for array kpvt\n" );

return -1;

printf( "\t n = %6d\n", n );

printf( "\t nt = %6d\n", nt );

printf( "\n\tCoefficient Matrix (Real, Imaginary)\n\n" );
{or( i=0 ; i<n ; i++ )

for( j=0 ; j<n ; j++ )
fscanf ( fp, "%1lf", &ar[i+naxj] );
}
for( i=0 ; i<n ; i++ )
for( j=0 ; j<n ; j++ )
fscanf( fp, "4%lf", &aili+na*j] );
}
for( i=0 ; i<n ; i++ )
printf( "\t" );

for( j=0 ; j<n ; j++ )
{
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printf( "(%8.3g , %8.3g) ", arli+naxjl,aili+na*xj]l );
%rintf( "\n" );
printf( "\n\tConstant Vector (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )
fscanf( fp, "%1f", &br[il );
for( i=0 ; i<n ; i++ )
fscanf ( fp, "%1f", &bil[il );
for( i=0 ; i<n ; i++ )

printf( "\t(%8.3g , %8.3g) \n", br[i], bil[i] );

fclose( fp );
ierr = ASL_hbgmsl(ar, ai, na, n, br, bi, kpvt, w, nt);

printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )

printf( "\t =x[k6d] = (%8.3g , %8.3g) \n", i, br[i], bil[i] );

free( ar );
free( ai );
free( br );
free( bi );
free( w );
free( kpvt );

return O;

}
(d) Output results

*x%x ASL_hbgmsl s**x
** Input **

4
2

n
nt

Coefficient Matrix (Real, Imaginary)

( 5, 8) ( 7, 1) ( 6, 3)
( 1, 1) ( 9, 5) ( 4, 1)
( 0, 4) ( 3, 3) ( 4 , 2)
( 7, 8) ( 6, 0) ( 7, 6)
Constant Vector (Real, Imaginary)

( 3, 20)

( -6 , 7)

( 0, -6)

( o, 13)

*% Qutput *x*
ierr = 0

Solution (Real, Imaginary)

x[ 0] = ( 1, 1)
x[ 1] = (-2.22e-16 , 1)
x[ 2] = ( 1, -5e-16)
x[ 3] = ( -1, -1)
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3.3.3 ASL_hbgmlu
LU Decomposition of a Complex Matrix

(1) Function
ASL_hbgmlu uses the Gauss method to perform an LU decomposition of the complex matrix A (two-

dimensional array type).

(2) Usage
Double precision:
ierr = ASL_hbgmlu (ar, ai, Ina, n, ipvt, w, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 ar D* Inaxn Input | Real part of complex matrix A
(two-dimensional array type)

Output | Real part of upper triangular matrix U and
lower triangular matrix L when A is decom-
posed into A = LU. (See Notes (a) and (b))

2 ai D* Inaxn Input | Imaginary part of complex matrix A (two-
dimensional array type)

Output | Imaginary part of upper triangular matrix U
and lower triangular matrix L when A is de-
composed into A = LU. (See Notes (a) and
(b))

3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
n I 1 Input | Order of matrix A
5 ipvt I* n Output | Pivoting information ipvt[i — 1]:
Number of row exchanged with row i int the
i-th processing step. (See Note (b))
w D* n Work | Work area
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0 <n <lna

(b) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1 The contents of arrays ar and ai are
unchanged.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good
accuracy.

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

400041 The pivot became 0.0 in the i-th process-
ing step. A is singular.
(6) Notes

(a) The unit

sign changed, and the upper triangular matrix U is stored in the upper triangular portions. However,
since the diagonal components of L always are 1.0, they are not stored in arrays ar and ai. Also,

lower triangular matrix L is stored in the

lower triangular portions of arrays ar and ai with

reciprocals are stored for the diagonal components of U. (Refer to Fig. 3—4.)

(b) This function performs partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In addition, among the

column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

(¢) Shared memory parallel function for single-precision is not supported.
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3.3.4 ASL _hbgmlc
LU Decomposition and Condition Number of a Complex Matrix

(1) Function
ASL_hbgmlc uses the Gauss method to perform an LU decomposition and obtain the condition number of

the complex matrix A (two-dimensional array type).

(2) Usage
Double precision:
ierr = ASL_hbgmlc (ar, ai, Ina, n, ipvt, &cond, w, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 ar D* Inaxn Input | Real part of complex matrix A
(two-dimensional array type)

Output | Real part of upper triangular matrix L and
lower triangular matrix L when A is decom-
posed into A = LU. (See Notes (a) and (b))

2 ai D* Inaxn Input | Imaginary part of complex matrix A (two-
dimensional array type)

Output | Imaginary part of upper triangular matrix L
and lower triangular matrix L when A is de-
composed into A = LU. (See Notes (a) and
(b))

3 Ina I 1 Input | Adjustable dimension of arrays ar and ai

n I 1 Input | Order of matrix A

5 ipvt I* n Output | Pivoting information ipvt[i — 1]:
Number of row exchanged with row i in the
i-th processing step (See Note (b))

6 cond D* 1 Output | Reciprocal of the condition number

7 w D* 2 X n Work | Work area

8 nt I 1 Input | Number of tasks to be generated

9 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0 <n <lna

(b) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1 The contents of arrays ar and ai are un-
changed.
cond < 1.0 is performed.
2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good
accuracy.
3000 Restriction (a) or (b) was not satisfied. Processing is aborted.
400041 The pivot became 0.0 in the i-th process- Processing is aborted.
ing step. A is singular. The condition number is not obtained.
(6) Notes

(a) The unit

sign changed, and the upper triangular matrix U is stored in the upper triangular portions. However,
since the diagonal components of L always are 1.0, they are not stored in arrays ar and ai. Also,

lower triangular matrix L is stored in the

lower triangular portions of arrays ar and ai with

reciprocals are stored for the diagonal components of U. (Refer to Fig. 3—4.)

(b) This function performs partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j(i < j), then j is stored in ipvt[i — 1]. In addition, among the

column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

(c) Although the condition number is defined by ||A| - ||A71||, the one obtained by this function is an

approximation.

(d) Shared memory parallel function for single-precision is not supported.
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(COMPLEX ARGUMENT TYPE)

3.4.1 ASL_hbgnsm
Simultaneous Linear Equations with Multiple Right-Hand Sides (Complex
Matrix)

(1) Function
ASL_hbgnsm uses Gauss’ method to solve the simultaneous linear equations Ax; = b;(i = 1,2,---,m)
having complex matrix A (two-dimensional array type) as coefficient matrix. That is, when the n x m
matrix B is defined by B = [by, ba, - - -, by,], the function obtains [z1,Z2, -, Tm] = A7B.

(2) Usage
Double precision:
ierr = ASL_hbgnsm (ab, Ina, n, m, ipvt, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex int as for 32bit Integer
R:Single precision real C:Single precision complex . { long as for 64bit Integer}
No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 ab 7* lnax(n +| Input | Matrix (complex matrix, two-dimensional
m) array type) consisting of coefficient ma-
trix A and right-hand side vectors b;
[A,b1,ba, -, bm]
Output | Matrix (complex matrix, two-dimensional ar-
ray type) consisting of the factored matrix A’
of coefficient matrix A and solution vectors
x; [A',x1, T2, -, Zm] (See Notes (a) and
(b))
2 Ina I 1 Input | Adjustable dimension of array ab
3 n I 1 Input | Order of matrix A
4 m I 1 Input | Number of right-hand side vectors, m
5 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of row exchanged with
row i in the i-th processing step. (See Note
(a))
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0<n<
(b) 0 <m
(¢) nt >1

Ina

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. ab[lna * (n +1—1)] + ab[lna* (n+1i—
1)]/abl0] (i =1,2,---,m) is performed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coeflicient matrix A. The re-
sult may not be obtained with a good
accuracy.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

3020 Restriction (c) was not satisfied.

4000+ The pivot became 0.0 in the i-th process-
ing step of the LU decomposition of coef-
ficient matrix A. A is singular.
(6) Notes

(a) This function perform partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In addition, among the

column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually

(b) The unit lower triangular matrix L is stored in the lower triangular portion of array ab with the
sign changed, and the upper triangular matrix U is stored in the upper triangular portion. However,

since the diagonal components of L always are 1.0, they are not stored in array ab. In addition, the

are exchanged at this time.

reciprocals of the diagonal components of U are stored. (See Figure 3—1 in Section 3.2.1).

(¢) Shared memory parallel function for single-precision is not supported.

(7) Example

(a) Problem

Solve the following simultaneous linear equations.

442t 349 4471 T+N T1,1 %12
5+ Ti 49 447 2450 Ta1 T2,2
943i 6+2i 945 8450 T31 T3,2
1+5i 74+9 3451 2+4i T4l Ta2

(b) Input data

Array ab in which coefficient matrix A and constant vectors by, ba, bg and by are stored, Ina=11, n=4,

m=4 and nt=2.
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(¢) Main program

/* C interface example for ASL_hbgnsm */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

double _Complex *ab;
int lna=11, 1lma=5;
int n;

int m;

int *ipvt;

int nt = 2;

int ierr;

int i,j;

FILE *fp;

fp = fopen( "hbgnsm.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );
return -1;

printf( " #*%x ASL_hbgnsm ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &m );
printf( "\t n = %6d m = %6d\n", n, m );

ab = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lna*(lna+lma))

if ( ab == NULL )

printf( "no enough memory for array ab\n" );
return -1;

ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if ( ipvt == NULL )

printf( "no enough memory for array ipvt\n" );
return -1;

printf( "\n\tCoefficient Matrix\n\n");
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<n ; j++ )
¢ double tmp_re, tmp_im;
fscanf ( fp, "%1lf", &tmp_re );
fscanf( fp, "%1lf", &tmp_im );
ab[i+lna*j] = tmp_re + tmp_im * _Complex_I;
printf( "(%8.3g,%8.3g)", creal(ab[i+lna*j]l), cimag(ab[i+lna*jl) );

}
printf( "\n" );
}

printf( "\n\tConstant Vectors\n\n");
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<m ; j++ )
¢ double tmp_re, tmp_im;
fscanf ( fp, "%1lf", &tmp_re );
fscanf( fp, "%1lf", &tmp_im );
ab[i+lna*(n+j)] = tmp_re + tmp_im * _Complex_I;

printf( "(%8.3g,%8.3g)",creal(abli+lna*(n+j)]),cimag(ab[i+lnax(n+j)]) );

}
printf( "\n" );
}

fclose( fp );
ierr = ASL_hbgnsm(ab, lna, n, m, ipvt, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\tSolution\n\n" );

for( i=0 ; i<n ; i++ )
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printf( "\t" );
for( j=0 ; j<m ; j++ )

printf( "(%8.3g,%8.3g)", creal(abli+lna*(n+j)]),cimag(abli+lna*(n+j)]1) );

}
printf( "\n" );
}

free( ab );
free( ipvt );

return O;

}
(d) Output results

***x ASL_hbgnsm ***
*% Input *%
n = 4 m= 4

Coefficient Matrix

( 4, 2)( 3, 9)( 4, 1)( 7, 9)
( 6, 7)( 0, 4)( 4, 7)( 2, 5)
( 9, 3)( 6, 2)( 9, 5)( 8, 5)
( 1, 5)( 7, 9)( 3, 5)( 2, 4)

Constant Vectors

( 1, 0)( 0, 0)( 0, 0)( 0, 0)
( 0, 0)( 1, 0)( 0, 0)( 0, 0)
( 0, 0)( 0, 0)( 1, 0)( 0, 0)
( 0, 0)( 0, 0)( 0, 0)( 1, 0)
** Qutput **

ierr = 0

Solution

( 0.0133, -0.073)( 0.181, -0.247)( -0.184, 0.178)( -0.104, -0.056)

( -0.0178, -0.0189)( -0.068, -0.0696)( -0.0128, 0.1)( 0.0415, -0.0657)

( -0.0353, 0.138)( -0.0585, 0.17)( 0.133, -0.241)( 0.131, 0.0191)

( 0.0494, -0.0686) (-0.00961, 0.13)( 0.0885, -0.0709)( -0.0462, 0.0662)
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3.4.2 ASL _hbgnsl
Simultaneous Linear Equations (Complex Matrix)
(1) Function

ASL _hbgnsl uses the Gauss method or the Crout method to solve the simultaneous linear equations Ax = b

having the complex matrix A (two-dimensional array type) as coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_hbgnsl (a, lna, n, b, ipvt, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a 7* Inaxn Input | Coefficient matrix
(complex matrix, two-dimensional array
type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A=LU
(See Notes (b) and (c))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 b 7* n Input | Constant vector b
Output | Solution «
5 ipvt I* n Output | Pivoting information
ipvt[i—1]: Number of the row exchanged with
row i in the i-th processing step. (See Note
(b))
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<Ilnaandnt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. b[0] + b[0]/a[0] is performed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good

accuracy.

3000 Restriction (a) was not satisfied. Processing is aborted.

400042 The pivot became 0.0 in the ¢-th process-

ing step of the LU decomposition of coef-

ficient matrix A. A is singular.

(6) Notes

(a)

()

To solve multiple sets of simultaneous linear equations where only the constant vector b differs, the
solution is obtained more efficiently by directly using the function3.4.1 ASL_hbgnsm to perform the
calculations. However, when 3.4.1 ASL_hbgnsm cannot be used such as when all of the right-hand
side vectors b are not known in advance, call this function only once and then call function 2.4.5

ASL _zbgnls

ASL _cbgnls
eliminate unnecessary calculation by performing the LU decomposition of matrix A only once.

} the required number of times varying only the contents of b. This enables you to

This function performs partial pivoting when obtaining the LU decomposition of coefficient matrix A.
If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i-1]. In addition, among the
column elements corresponding to row i and row j of matrix A, elements from column 1 to column n

actually are exchanged at this time.

The unit lower triangular matrix L is stored in the lower triangular portion of array a with a minus sign
added to each element, and the upper triangular matrix U is stored in the upper triangular portion.
However, since the diagonal components of L always are 1.0, they are not stored in array a. Also,
reciprocals are stored for the diagonal components of U. (See Figure 3—2 in Section 3.2.2).

Shared memory parallel function for single-precision is not supported.

(7) Example

(a)

(b)

Problem
Solve the following simultaneous linear equations.
5+8 741 6431 142 1 3+ 20¢
147 9450 4+1 5 xg | | 64T
4i  3+3i 442 6+09 3 | —6i
7+ 8i 6 74+6i 10+ 44 T4 134
Input data

Coefficient matrix A, Ina = 11, n = 4, constant vector b and nt=2.
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(¢) Main program

/* ¢
#include

#include

#include

#include

int main(
{

doubl

interface example for ASL_hbgnsl */
<stdio.h>

<stdlib.h>

<complex.h>

<asl.h>

)

e _Complex *a;

int lna;

int n

doubl
int =*

é _Complex *b;
ipvt;

int nt = 2;

int i
int i
FILE

fp =

err;
5]

*fp;
fopen( "hbgnsl.dat", "r" );

if( fp == NULL )

p
T

print
print

fscan
fscan

rintf( "file open error\n" );

eturn -1;

£fC " #*%x ASL_hbgnsl *x*\n" );
£f( "\n ** Input **\n\n" );
f( fp, "%d", &lna );

£( fp, "%d", &n );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lna*n) ));
if( a == NULL )

printf( "no enough memory for array a\n" );

return -1;
}
b = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * n ));
%f( b == NULL )
printf( "no enough memory for array b\n" );
return -1;
ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));

if( ipvt == NULL )

printf( "no enough memory for array ipvt\n" );

return -1;
printf( "\t n = %6d\n", n );
printf( "\n\tCoefficient Matrix (Real, Imaginary)\n\n");
{or( i=0 ; i<n ; i++ )

f

}
}
for(
{

f

}
}
for(
{

p
f

}

p
}
for(

or( j=0 ; j<n ; j++ )
double tmp_re;
fscanf( fp, "%1lf", &tmp_re );
ali+lnaxj] = tmp_re;

i=0 ; i<n ; i++ )

or( j=0 ; j<n ; j++ )

double tmp_im;
fscanf ( fp, "%1lf", &tmp_im );

a[i+lnaxj] = al[i+lna*j] + tmp_im * _Complex_I;

i=0 ; i<n ; i++ )

rintf( "\t" );
or( j=0 ; j<n ; j++ )

printf( "(%8.3g , %8.3g) ", creal(ali+lnaxj]),cimag(ali+lnax*j]l) );

rintf( "\n" );

i=0 ; i<n ; i++ )

double tmp_re;

f

scanf( fp, "%1f", &tmp_re );
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b[i] = tmp_re;
for( i=0 ; i<n ; i++ )

double tmp_im;

fscanf( fp, "%1lf", &tmp_im );

b[i] = b[i] + tmp_im * _Complex_I;
}

printf( "\n\tConstant Vector (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )

printf( "\t(%8.3g , %8.3g)\n", creal(b[il),cimag(b[il) );

fclose( fp );
ierr = ASL_hbgnsl(a, lna, n, b, ipvt, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution
for( i=0 ; i<mn ; i++ )

printf( "\t x[/6d] =(%8.3g , %8.3g)\n", i,creal(b[i]), cimag(bl[il) );

(Real, Imaginary)\n\n" );

free( a );
free( b );
free( ipvt );

return O;

(d) Output results

*%% ASL_hbgnsl #**
*k Input *%
n = 4

Coefficient Matrix  (Real, Imaginary)

( 5, 8) ( 7, 1) 6, 3) (
( 1, 1) ( 9, 5) ( 4, 1) (
( 0, 4) ( 3, 3) ( 4, 2) (
( 7, 8) ( 6 , 0) ( 7, 8) (
Constant Vector (Real, Imaginary)
( 3, 20)
( -6, 7)
( 0, -6)
( 0, 13)

** Qutput **
ierr = 0
Solution  (Real, Imaginary)

x[ 0] =( 1, 1)

x[ 1] =(-1.67e-16 , 1)

x[ 2] =( 1, -2.78e-16)

x[ 3] =( -1, -1)
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3.4.3 ASL_hbgnlu
LU Decomposition of a Complex Matrix

(1) Function
ASL_hbgnlu uses the Gauss method or the Crout method to perform an LU decomposition of the complex

matrix A (two-dimensional array type).

(2) Usage
Double precision:
ierr = ASL_hbgnlu (a, Ina, n, ipvt, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a 7* Inaxn Input | Complex matrix A (two-dimensional array
type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A= LU. (See Notes (a) and (b))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 ipvt I* n Output | Pivoting information
ipvt[i—1]: Number of the row exchanged with
row i in the i-th processing step. (See Note
(b))
5 nt I 1 Input | Number of tasks to be generated
6 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<Inaandnt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. The contents of array a are unchanged.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good
accuracy.

3000 Restriction (a) was not satisfied. Processing is aborted.

400041 The pivot became 0.0 in the ¢-th process-
ing step. A is singular.
(6) Notes

(a) The unit lower triangular matrix L is stored in the lower triangular portion of array a with a minus sign
added to each element, and the upper triangular matrix U is stored in the upper triangular portion.

However, since the diagonal components of L always are 1.0, they are not stored in array a. Also,

reciprocals are stored for the diagonal components of U. (See Fig. 3—2 in Section 3.2.2.)

(b) This function performs partial pivoting. Pivoting information is stored in array ipvt for use by sub-
sequent functions. If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In

addition, among the column elements corresponding to row i and row j of matrix A, elements from

column 1 to column n actually are exchanged at this time.

(¢) Shared memory parallel function for single-precision is not supported.
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3.4.4 ASL _hbgnlc
LU Decomposition and Condition Number of a Complex Matrix

(1) Function
ASL_hbgnlc uses the Gauss method or the Crout method to perform an LU decomposition and obtain the
condition number of the complex matrix A (two-dimensional array type).

(2) Usage
Double precision:
ierr = ASL_hbgnlc (a, lna, n, ipvt, &cond, wl, nt);
Single precision:
Nothing

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a 7* Inaxn Input | Complex matrix (two-dimensional array
type)
Output | Upper triangular matrix U and lower trian-
gular matrix L when A is decomposed into
A = LU (See Notes (a) and (b))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 ipvt I* n Output | Pivoting information
ipvt[i—1]: Number of the row exchanged with
row i in the i-th processing step. (See Note
(b))
5 cond D* 1 Output | Reciprocal of the condition number
6 wl z* n Work | Work area
7 nt I 1 Input | Number of tasks to be generated
8 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<Ilnaandnt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. The contents of array a are unchanged.

cond < 1.0 is performed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LU decomposi-
tion of the coefficient matrix A. The re-
sult may not be obtained with a good

accuracy.

3000 Restriction (a) was not satisfied. Processing is aborted.
400041 The pivot became 0.0 in the i-th process-

ing step. A is singular.

(6) Notes

(a) The unit lower triangular matrix L is stored in the lower triangular portion of array a with a minus sign
added to each element, and the upper triangular matrix U is stored in the upper triangular portion.
However, since the diagonal components of L always are 1.0, they are not stored in array a. Also,
reciprocals are stored for the diagonal components of U. (See Fig. 3—2 in Section 3.2.2.)

(b) This function performs partial pivoting. Pivoting information is stored in array ipvt for use by sub-
sequent functions. If the pivot row in the i-th step is row j (i < j), then j is stored in ipvt[i — 1]. In
addition, among the column elements corresponding to row i and row j of matrix A, elements from

column 1 to column n actually are exchanged at this time.

(c) Although the condition number is defined by || 4] - ||A7}||, an approximate value is obtained by this

function.

(d) Shared memory parallel function for single-precision is not supported.
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3.5.1 ASL_gbspsl, ASL_pbspsl
Simultaneous Linear Equations (Real Symmetric Matrix)

(1) Function
ASL _gbspsl or ASL_pbspsl uses the modified Cholesky method to solve the simultaneous linear equations
Ax = b having the real symmetric matrix A (two-dimensional array type) (upper triangular type) as
coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_gbspsl (a, Ina, n, b, ipvt, wk, nt);
Single precision:
ierr = ASL_pbspsl (a, Ina, n, b, ipvt, wk, nt);

(3) Arguments and Return Value

R:Single precision real C:Single precision complex

D:Double precision real  Z:Double precision complex I int as for 32bit Integer
’ long as for 64bit Integer

No. Argument and Type Size fput/ Contents
Return Value ’ Output
1 a D+ Inaxn Input | Coefficient matrix A (real symmetric matrix,
{R*} two-dimensional array type, upper triangular
type)
Output | Upper triangular matrix LT when A is de-
composed into A = LDLT (See Note (b))
Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A
4 b Dx n Input | Constant vector b
{R*} Output | Solution «
5 ipvt I* N Output | Pivoting information
ipvt[i — 1]: Number of the row(column) ex-
changed with row(column) i in the i-th pro-
cessing step. (See Note (c))
6 wk Dx n Work | Work Area
v
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0 <n <lna

(b) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. b[0] « b[0]/a[0] is performed.
2100 There existed the diagonal element which Processing continues.
was close to zero in the LDLT decompo-
sition of the coefficient matrix A. The
result may not be obtained with a good
accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
400041 The pivot became 0.0 in the i-th process-
ing step of the LDL” decomposition of
coefficient matrix A. A is singular.
(6) Notes

(a) To solve multiple sets of simultaneous linear equations where only the constant vector differs, call this
ASL_dbspls
ASL _rbspls

eliminate unnecessary calculations by performing the LDL™ decomposition of matrix A only once.

function only once and then call function <Basic Functions Vol. 2> 2.6.4 {

(b) The upper triangular matrix L7 is stored in array a. Since the diagonal matrix D and the lower
triangular matrix L are calculated from L7, they are not stored in array a. The matrix L is the

transpose of matrix L7, and the matrix D is a diagonal matrix having the reciprocals of the diagonal

elements of matrix L7 as components.

This function uses only the upper triangular portion of array a.
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Matrix LT Matrix D
ll,l l2,1 13,1 l5,1 1/[1’1 0.0 0.0 0.0
0.0 oo lso 5.2 0.0 1/l2 0.0 0.0
0.0 00 I33 ls,3 0.0 0.0 1/l 0.0
0.0 0.0 0.0 ls,5 0.0 0.0 0.0 1/l55
I
Storage status within array a[lnaxk]
l1,1 a[O] l2,1 a[lna] l5’1 a[(n—l) Xlna}
x| a[l] | l2,2 | a[lna+1] l5,2 a[(n—1)xIna+1]
x | a[2] | * | a[lnat2] ls,3 a[(n—1)xIna+2] n
Ina : :
% * ls,5
e n———— === — — -
- === = —— k- ——— —
Remarks

a. Ina > n and n < k must hold.

b. Input time values of elements indicated by asterisks (*) are not guaranteed.

Figure 3—5 Storage Status of Matrix L and Contents of Matrix D

(c) This function performs partial pivoting when obtaining the LDLT decomposition of coefficient matrix

A. The permutation of rows and columns is symmetrical for row and column. If the pivot row(column)
in the i-th step is row(column) j (i < j), then j is stored in ipvt[i-1]. In addition, among the column(row)
elements corresponding to row(column) i and row(column) j of matrix A, elements from column(row)

i to column(row) n actually are exchanged at this time.

(7) Example

(a) Problem

Solve the following simultaneous linear equations.

(b)
()

5 4 1
4 5 1
1 1 4
1 1 2
Input data

O N

x1
€2
€3

T4

1
-1
4
-4

Coefficient matrix A, Ina = 11,n = 4 and constant vector b.

Main Program

/* C interface example for ASL_gbspsl */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()

double *a;

int na;
int n;

double *bj;
int *ipvt;

double *wk;

int nt =
int ierr;

2;
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int 1,j;
FILE *fp;

fp = fopen( "gbspsl.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " **% ASL_gbspsl ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &na );

fscanf( fp, "%d", &n );

a = ( double * )malloc((size_t)( sizeof(double) * (na*n) ));
if( a == NULL )

printf( "no enough memory for array a\n" );

return -1;
}
b = ( double * )malloc((size_t)( sizeof(double) * n ));
%f( b == LL

printf( "no enough memory for array b\n" );
return -1;

ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if( ipvt == NULL )

printf( "no enough memory for array ipvt\n" );
return -1;
wk = ( double * )malloc((size_t)( sizeof(double) * n ));
if ( wk == NULL )
printf( "no enough memory for array wk\n" );

return -1;

printf( "\t n = %6d\n", n );
printf( "\n\tCoefficient Matrix\n\n" );
for( i=0 ; i<n ; i++ )
printf( "\t" );
for( j=0 ; j<n ; j++ )
fscanf ( fp, "%1f", &ali+naxj] );
printf( "%8.3g ", ali+na*j] );
}
printf( "\n" );
}

printf ( "\n\tConstant Vector\n\n" );
for( i=0 ; i<n ; i++ )

fscanf( fp, "Y%1lf", &b[i] );
printf( "\t%8.3g\n", b[il );

fclose( fp );
ierr = ASL_gbspsl(a, na, n, b, ipvt, wk, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n\n", ierr );

printf( "\tSolution \n\n" );
for( i=0 ; i<n ; i++ )
printf( "\t =x[%6d] = %8.3g\n", i, bl[il );
free( a );
free( b );

free( ipvt );
free( wk );
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return O;

(d) Output results

**% ASL_gbspsl ***
** Input *x*
n = 4

Coefficient Matrix

5 4 1 1
4 5 1 1
1 1 4 2
1 1 2 4

Constant Vector
1
-1
4
-4

*% Qutput *x*

ierr = 0

Solution
x[ 0] = 1
x[ 1] = -1
x[ 2] = 2
x[ 3] = -2
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3.5.2 ASL_gbspud, ASL_pbspud
LDLT Decomposition of a Real Symmetric Matrix
(1) Function

ASL_gbspud or ASL_pbspud uses the modified Cholesky method to perform an LDL™ decomposition of the
real symmetric matrix A (two-dimensional array type).

(2) Usage
Double precision:
ierr = ASL_gbspud (a, Ina, n, ipvt, wk, nt);
Single precision:

ierr = ASL_pbspud (a, lna, n, ipvt, wk, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Dx Inaxn Input | Real symmetric matrix A (two-dimensional
{R*} array type) (upper triangular type)
Output | Upper triangular matrix L7 when A is de-
composed into A = LDLT (See Note (a))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 ipvt I* N Output | Pivoting information
ipvt[i — 1]: Number of the row(column) ex-
changed with row(column) i in the i-th pro-
cessing step. (See Note (b))
5 wk D n Work | Work area
()
6 nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Contents of array a are not changed.
2100 There existed the diagonal element which Processing continues.
was close to zero in the LDLT decompo-
sition of the coefficient matrix A. The
result may not be obtained with a good
accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
400041 The pivot became 0.0 in the i-th process-
ing step of the LDLY decomposition of
coefficient matrix A. A is singular.
(6) Notes

(a) The upper triangular matrix LT is stored in array a. Since the diagonal matrix D and the lower

triangular matrix L are calculated from LT, they are not stored in array a. (See Section 3.5.1, Figure

3-5.)

(b) This function performs partial pivoting when obtaining the LDLT decomposition of coefficient matrix

A. The permutation of rows and columns is symmetrical for row and column. If the pivot row(column)

in the i-th step is row(column) j (i < j), then j is stored in ipvt[i-1]. In addition, among the column(row)

elements corresponding to row(column) i and row(column) j of matrix A, elements from column(row)

i to column(row) n actually are exchanged at this time.
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3.6

3.6.1 ASL_gbsnsl, ASL _pbsnsl

(1) Function

ASL _gbsnsl or ASL_pbsnsl uses the modified Cholesky method to solve the simultaneous linear equations
Az = bhaving the real symmetric matrix A (two-dimensional array type, lower triangular type) as coefficient

matrix.

(2) Usage

Double precision:
ierr = ASL_gbsnsl (a, Ina, n, b, nt);
Single precision:
ierr = ASL_pbsnsl (a, lna, n, b, nt);

(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

REAL SYMMETRIC MATRIX (TWO-DIMENSIONAL AR-
RAY TYPE, LOWER TRIANGULAR TYPE) (NO PIVOTING)

Simultaneous Linear Equations (Real Symmetric Matrix) (No Pivoting)

I { int as for 32bit Integer}

long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a D+ Inaxn Input | Coefficient matrix A (real symmetric matrix,
{R*} two-dimensional array type, lower triangular
type)
Output | lower triangular matrix U? when A is decom-
posed into A = UT DU (See Note (b))
2 Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A
4 b Dx n Input | Constant vector b
{R*} Output | Solution
5 nt I 1 Input | Number of tasks to be generated
6 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. b[0] < b[0]/a[0] is performed.
2100 There existed the diagonal element which Processing continues.
was close to zero in the UTDU decom-
position of the coefficient matrix A. The
result may not be obtained with a good
accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
400041 The pivot became 0.0 in the i-th process-
ing step of the U'DU decomposition of
coefficient matrix A. A is singular.
(6) Notes

(a) To solve multiple sets of simultaneous linear equations where only the constant vector differs, call this

function only once and then call function <Basic Functions Vol. 2> 2.8.3 {

ASL_dbsnls
ou to
ASL _rbsnls

eliminate unnecessary calculations by performing the UTDU decomposition of matrix A only once.

(b) The lower triangular matrix U7 is stored in array a. For the diagonal components of U” their

reciprocals are stored in array a with the sign changed. Since the diagonal matrix D and the upper

triangular matrix U are calculated from U”, they are not stored in array a. The matrix U is the

transpose of matrix U”, and the matrix D is a diagonal matrix having the reciprocals of the diagonal

elements of matrix U’ as components.

This function uses only the lower triangular portion of array a.
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Matrix U” Matrix D
ui,; 00 00 .- 0.0 1/u1 0.0 0.0 e 0.0
Uu2,1 u2,2 0.0 e 0.0 0.0 1/UQ’2 0.0 e 0.0
us,1 us,2 us,3 e 0.0 0.0 0.0 1/1143,3 LR 0.0
Us,1 Uus,2 Us,3 e Us,5 0.0 0.0 0.0 e 1/U5’5
I
Storage status within array a[lnaxk]
—1/u1,1 | a[0] s a[lna] * a[(n—1)xIna]
u2,1 a[l] | —1/uz2,2 | a[lna+1] * a[(n—1)xlna+1]
us,1 a[2] u3,2 a[lna+2] * a[(n—1)xlna+2]
lna . . . .
Uus,1 Uus,2 —1/us5
e n——————— - — —
- === — —— k- ———— —
Remarks

a. Ina > n and n < k must hold.

b. Input time values of elements indicated by asterisks (*) are not guaranteed.
Figure 3—6 Storage Status of Matrix U” and Contents of Matrix D
(7) Example

(a) Problem

Solve the following simultaneous linear equations.

5 4 1 1 T 1
4 5 1 1 x| | -1
1 1 4 2 s | | 4
11 2 4 T4 —4

(b) Input data
Coefficient matrix A, Ina = 11,n = 4 and constant vector b.
(¢) Main Program

/* C interface example for ASL_gbsnsl */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

%nt main()
double *a;
int na;
int n;
double *bj;
int ierr;

int 1,j;
int nt = 2;

FILE *fp;

fp = fopen( "gbsnsl.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );
return -1;
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printf( " #%% ASL_gbsnsl **x\n" );
printf( "\n *#x Input **\n\n" );

fscanf( fp, "%d", &na );

fscanf( fp, "%d", &n );

a = ( double * )malloc((size_t)( sizeof(double) * (na*n) ));
if( a == NULL )

printf( "no enough memory for array a\n" );
return -1;

()

b = ( double * )malloc((size_t)( sizeof(double) * n ));
if( b == NULL )

-~

printf( "no enough memory for array b\n" );
return -1;

printf( "\t n = %6d\n", n );
printf( "\n\tCoefficient Matrix\n\n" );
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<n ; j++ )

fscanf( fp, "Jlf", &ali+naxj] );
printf( "%8.3g ", ali+na*j] );

}
printf( "\n" );
}

printf( "\n\tConstant Vector\n\n" );
for( i=0 ; i<n ; i++ )

fscanf( fp, "4Llf", &bl[il );
printf( "\t%8.3g\n", bl[il );

fclose( fp );

ierr = ASL_gbsnsl(a, na, n, b, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n\n", ierr );

printf( "\tSolution \n\n" );
for( i=0 ; i<n ; i++ )
printf( "\t x[/6d] = %8.3g\n", i, b[i] );

free( a );
free( b );

return O;

(d) Output results

**% ASL_gbsnsl **x*
** Input **
n = 4

Coefficient Matrix

5 4 1 1
4 5 1 1
1 1 4 2
1 1 2 4

Constant Vector
1
-1
4
-4
**x OQutput **
ierr = 0

Solution

129



ASL_gbsnsl, ASL_pbsnsl
Simultaneous Linear Equations (Real Symmetric Matrix) (No Pivoting)

x[ 0] = 1
x[ 1] = -1
x[ 2] = 2
x[ 3] = -2
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3.6.2 ASL_gbsnud, ASL_pbsnud

UTDU Decomposition of a Real Symmetric Matrix (No Pivoting)

(1) Function

ASL_gbsnud or ASL_pbsnud uses the modified Cholesky method to perform an UTDU decomposition of the
real symmetric matrix A (two-dimensional array type) (lower triangular type).

(2) Usage
Double precision:
ierr = ASL_gbsnud (a, lna, n, nt);
Single precision:
ierr = ASL_pbsnud (a, Ina, n, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer

No. Argument and Type Size Input/ Contents
Return Value Output
1 a Dx Inaxn Input | Real symmetric matrix A (two-dimensional
{R*} array type) (lower triangular type)
Output | Lower triangular matrix U7 when A is de-
composed into A = UTDU (See Note (a))

2 Ina I 1 Input | Adjustable dimension of array a

3 n I 1 Input | Order of matrix A

4 nt I 1 Input | Number of tasks to be generated

5 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n <lna
(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Contents of array a are not changed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the UTDU decom-
position of the coefficient matrix A. The

result may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

400041 The pivot became 0.0 in the i-th process-
ing step of the UT'DU decomposition of

coefficient matrix A. A is singular.

(6) Notes

(a) The lower triangular matrix U7 is stored in array a. For the diagonal components of U, their
reciprocals are stored in array a with the sign changed. Since the diagonal matrix D and the upper
triangular matrix U are calculated from U”', they are not stored in array a. (See Section 3.6.1, Figure
3—6.)
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3.7 HERMITIAN MATRIX (TWO-DIMENSIONAL ARRAY TYPE)
(UPPER TRIANGULAR TYPE) (REAL ARGUMENT TYPE)

3.7.1 ASL_hbhpsl, ASL_gbhpsl
Simultaneous Linear Equations (Hermitian Matrix)

(1) Function
ASL_hbhpsl or ASL_gbhpsl uses the modified Cholesky method to solve the simultaneous linear equations
Az = b having a Hermitian matrix (two-dimensional array type) (upper triangular type) as coefficient

matrix.

(2) Usage
Double precision:
ierr = ASL_hbhpsl (ar, ai, Ina, n, br, bi, ipvt, wl, nt);
Single precision:
ierr = ASL_gbhpsl (ar, ai, Ina, n, br, bi, ipvt, wl, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Inaxn Input | Real part of coefficient matrix A (Hermitian
{R*} matrix, two-dimensional array type, upper
triangular type)
Output | Real part of upper triangular matrix L* when
A is decomposed into A = LDL* (See Note
(b))
2 ai Dx Inaxn Input | Imaginary part of coefficient matrix A (Her-
{R*} mitian matrix, two-dimensional array type,
upper triangular type)
Output | Imaginary part of upper triangular matrix L*
when A is decomposed into A = LDL* (See
Note (b))
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
n I 1 Input | Order of matrix A
5 br D n Input | Real part of constant vector b
{R*} Output | Real part of solution =
6 bi Dx n Input | Imaginary part of constant vector b
{R*} Output | Imaginary part of solution x
7 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of the row(column) ex-
changed with row(column) i in the i-th pro-
cessing step. (See Note (c))
8 wl D n Work | Work area
1
9 nt I 1 Input | Number of tasks to be generated
10 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1

134




ASL_hbhpsl, ASL_gbhpsl
Simultaneous Linear Equations (Hermitian Matrix)

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1. Contents of arrays ar and ai are not
changed.

b[0] < b[0]/ar[0] is performed.

2100 There existed the diagonal element which Processing continues.

was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The

result may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

4000+ The pivot became 0.0 in the i-th process-
ing step of the LDL* decomposition of co-

efficient matrix A. A is singular.

(6) Notes

(a) To solve multiple sets of simultaneous linear equations where only the constant vector b differs, call this
ASL_zbhpls
ASL_cbhpls
number of times varying only the contents of b. This enables you to eliminate unnecessary calculation

function only once and then call function <Basic Functions Vol. 2> 2.9.4 { } the required

by performing the LDL* decomposition of matrix A only once.

(b) The upper triangular matrix L* is stored in the upper triangular portions of arrays ar and ai. Since
the diagonal matrix D and the lower triangular matrix L are calculated from L*, they are not stored
in arrays ar and ai. The matrix L is the adjoint matrix of the matrix L*, and the matrix D is a
diagonal matrix having the reciprocals of the diagonal elements of the matrix L* as its components.

This function uses only the upper triangular portions of arrays ar and ai.
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Simultaneous Linear Equations (Hermitian Matrix)

Matrix L* Matrix D
ll,l l2,1 l3,1 l5,1 1/[1,1 0.0 0.0 0.0
0.0 oo I3 5.2 00 1/la 0.0 0.0
0.0 0.0 33 ls5,3 0.0 0.0 1/13,3 0.0
0.0 0.0 0.0 ls,5 0.0 0.0 0.0 1/l55
I
Storage status within array ar[lnaxXk]
l11 | ar[0] | R{l2,1} | ar[lna] R{l51} ar[(n—1)x1Ina]
x| ar[l] l2,2 ar[lna+1] R{l52} ar[(n—1)xIna+1]
x| ar[2] * ar[lna+2] R{ls,3} ar[(n—1)xlna+2]
Ina - - ; -

* * ls,5

-~ - """ —-"—"—"—— — — — n—-----------—-— —
- === = — = = —— k-————--———-"—"—"—————— —
Storage status within array ai[lnaxXk]
0.0 | ai[0] | S{l2,1} | ai[lna] {51} ai[(n—1)x1Ina]
x| ai[l] 0.0 ai[lna+1] {52} ai[(n—1)xIna+1]
x| ail2] * ai[lna+2] S{ls,3} ai[(n—1)xIna+2]
Ina :

* * 0.0
T I———— —— — — — — — — — —
-——_—_——_———————————— — - —— k- ——"——-——-—- - - - —————— —

Remarks
a. Ina > n and n < k must hold.
b. Input time values of elements indicated by asterisks (*) are not guaranteed.

(¢) This function performs partial pivoting when obtaining the LDL* decomposition of coefficient matrix
A. The permutation of rows and columns is symmetrical for row and column. If the pivot row(column)
in the i-th step is row(column) j (i < j), then j is stored in ipvt[i-1]. In addition, among the column(row)

elements corresponding to row(column) i and row(column) j of matrix A, elements from column(row)

i to column(row) n actually are exchanged at this time.

(7) Example

(a) Problem

Solve the following simultaneous linear equations.

T+3t 2451
7T—3i 10 3+ 2
2—-5t 3—-2¢ 8
1—7 2—-4i 5—1

(b) Input data

Coefficient matrix real part ar and Imaginary part ai, Ina = 11,n = 4 and constant vector b.

141
244
o+t
6

Z1
X2

T3

T4
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10 + 62
11+ 24
4+ 67
4+ 61

Figure 3—7 Storage Status of Matrix L* and Contents of Matrix D
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(¢) Main Program

/* C interface example for ASL_hbhpsl

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar;
double *ai;

int na;

int n;

double *br;
double *bi;

int *ipvt;
double *wl;

int nt = 2;

int ierr;

int i,j;

FILE *fp;

fp = fopen( "hbhpsl.dat", "r" );
if ( fp == NULL )

printf( "file open error\n" );

return -1;

printf( " #%% ASL_hbhpsl ***\n" );
printf( "\n *x Input **\n\n" );
fscanf( fp, "%d", &na );

fscanf( fp, "%d", &n );

ar = ( double * )malloc((size_t)( sizeof(double) * (na*n) ));
if ( ar == NULL )

printf( "no enough memory for array ar\n" );
return -1;
ai = ( double * )malloc((size_t)( sizeof(double) * (na*n) ));
if ( ai == NULL )
printf( "no enough memory for array ailn" );
return -1;
br = ( double * )malloc((size_t)( sizeof(double) * n ));
if ( br == NULL )
printf( "no enough memory for array br\n" );
return -1;
bi = ( double * )malloc((size_t)( sizeof(double) * n ));
if( bi == NULL )
printf( "no enough memory for array bi\n" );
return -1;
ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if( ipvt == NULL )
printf( "no enough memory for array ipvt\n" );
return -1;
wl = ( double * )malloc((size_t)( sizeof(double) * (n*2) ));
if ( wl == NULL )
printf( "no enough memory for array wiln" );

return -1;

printf( "\t n = %6d\n\n", n );
printf( "\tCoefficient Matrix (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )

for( j=0 ; j<n ; j++ )

fscanf( fp, "Ylf", &ar[i+na*xj] );

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

fscanf( fp, "Ylf", &aili+na*j] );
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for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( " ")
for( j=i ; j<n ; j++ )
printf( "(%8.3g , %8.3g) ", ar[i+na*j],aili+na*j] );

}
printf( "\n" );
}

printf( "\n\tConstant Vector (Real, Imaginary)\n\n");
for( i=0 ; i<n ; i++ )

fscanf( fp, "JLlf", &br[i] );
for( i=0 ; i<n ; i++ )

fscanf( fp, "JLlf", &bil[i] );
}

for( i=0 ; i<mn ; i++ )

printf( "\t(%8.3g , %8.3g) \n", br[il,bil[i] );

fclose( fp );
ierr = ASL_hbhpsl(ar, ai, na, n, br, bi, ipvt, wil, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )
printf( "\t =x[%6d] = (%8.3g , %8.3g)\n", i, br[i],bi[i] );
free( ar );
free( ai );
free( br );
free( bi );

free( ipvt );
free( wl );

return O;
}
(d) Output results

*x% ASL_hbhpsl *x**
** Input *x*
n = 4

Coefficient Matrix (Real, Imaginary)

( 9, 0) ( 7, 3) ( 2,
( 10, 0) ( 3,
( 8,

Constant Vector (Real, Imaginary)

( 10 , 6)
( 11, 2)
( 4, 6)
( 4, 6)

** Qutput **
ierr = 0

Solution  (Real, Imaginary)

x[ 0] = ( 1, 0)
x[ 1] = 1, 0)
x[ 2] = (-6.63e-17 , 1)
x[ 3] = (2.09e-17 , 1)
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3.7.2 ASL_hbhpud, ASL_gbhpud
LDL* Decomposition of a Hermitian Matrix

(1) Function
ASL_hbhpud or ASL_gbhpud uses the modified Cholesky method to perform an LDL* decomposition of the

Hermitian matrix A (two-dimensional array type) (upper triangular type).

(2) Usage
Double precision:
ierr = ASL_hbhpud (ar, ai, Ina, n, ipvt, wl, nt);
Single precision:
ierr = ASL_gbhpud (ar, ai, Ina, n, ipvt, wl, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 ar Dx Inaxn Input | Real part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Real part of upper triangular matrix L* when
A is decomposed into A = LDL* (See Note
()
2 ai Dx Inaxn Input | Imaginary part of Hermitian matrix A (two-
{ R*} dimensional array type) (upper triangular
type)
Output | Imaginary part of upper triangular matrix L*
when A is decomposed into A = LDL* (See
Note (a))
3 Ina I 1 Input | Adjustable dimension of array ar and ai
n I 1 Input | Order of matrix A
5 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of the row(column) ex-
changed with row(column) i in the i-th pro-
cessing step. (See Note (b))
6 wl Dx 2xmn Work | Work area
e
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0 <n <lna

(b) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Contents of arrays ar and ai are not
changed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The

result may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

400042 The pivot became 0.0 in the ¢-th process-
ing step of the LDL* decomposition of co-

efficient matrix A. A is singular.

(6) Notes

(a) The upper triangular matrix L* is stored in the upper triangular portions of arrays ar and ai. Since
the diagonal matrix D and the lower triangular matrix L are calculated from L*, they are not stored
in arrays ar and ai. This function uses only the upper triangular portions of arrays ar and ai. (See
Sections 3.7.1 Figure 3—7.)

(b) This function performs partial pivoting when obtaining the LDL* decomposition of coefficient matrix
A. The permutation of rows and columns is symmetrical for row and column. If the pivot row(column)
in the i-th step is row(column) j (i < j), then j is stored in ipvt[i-1]. In addition, among the column(row)
elements corresponding to row(column) i and row(column) j of matrix A, elements from column(row)

i to column(row) n actually are exchanged at this time.
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3.8 HERMITIAN MATRIX (TWO-DIMENSIONAL ARRAY TYPE)
(UPPER TRIANGULAR TYPE) (REAL ARGUMENT TYPE)
(NO PIVOTING)

3.8.1 ASL_hbhrsl, ASL_gbhrsl
Simultaneous Linear Equations (Hermitian Matrix) (No Pivoting)

(1) Function
ASL _hbhrsl or ASL_gbhrsl uses the modified Cholesky method to solve the simultaneous linear equations
Ax = b having a Hermitian matrix (two-dimensional array type) (upper triangular type) as coefficient

matrix.

(2) Usage
Double precision:
ierr = ASL_hbhrsl (ar, ai, lna, n, br, bi, wl, nt);
Single precision:
ierr = ASL_gbhrsl (ar, ai, Ina, n, br, bi, wl, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

I { int as for 32bit Integer}

long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Inaxn Input | Real part of coefficient matrix A (Hermitian
{R*} matrix, two-dimensional array type, upper
triangular type)
Output | Real part of upper triangular matrix L* when
A is decomposed into A = LDL* (See Note
(b))
2 ai Dx Inaxn Input | Imaginary part of coefficient matrix A (Her-
{R*} mitian matrix, two-dimensional array type,
upper triangular type)
Output | Imaginary part of upper triangular matrix L*
when A is decomposed into A = LDL* (See
Note (b))
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrix A
5 br D n Input | Real part of constant vector b
{R*} Output | Real part of solution =
6 bi Dx n Input | Imaginary part of constant vector b
{R*} Output | Imaginary part of solution x
7 wl D+ n Work | Work area
()
8 nt I 1 Input | Number of tasks to be generated
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1. Contents of arrays ar and ai are not
changed.

b[0] < b[0]/ar[0] is performed.

2100 There existed the diagonal element which Processing continues.

was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The

result may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

4000+ A diagonal element became equal to 0.0
in the i-th processing step of the LDL*

decomposition of coefficient matrix A. A

is nearly singular.

(6) Notes

(a) To solve multiple sets of simultaneous linear equations where only the constant vector b differs, call

ASL_zbhrl
this function only once and then call function <Basic Functions Vol. 2> 2.10.4 DS
ASL_cbhrls

required number of times varying only the contents of b. This enables you to eliminate unnecessary

calculation by performing the LDL* decomposition of matrix A only once.

(b) The upper triangular matrix L* is stored in the upper triangular portions of arrays ar and ai. Since
the diagonal matrix D and the lower triangular matrix L are calculated from L*, they are not stored
in arrays ar and ai. The matrix L is the adjoint matrix of the matrix L*, and the matrix D is a
diagonal matrix having the reciprocals of the diagonal elements of the matrix L* as its components.

This function uses only the upper triangular portions of arrays ar and ai. (See Fig. 3—8.)
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Matrix L* Matrix D
ll,l l2,1 l3,1 l5,1 1/[1,1 0.0 0.0 0.0
0.0 oo I3 5.2 00 1/la 0.0 0.0
0.0 0.0 33 ls5,3 0.0 0.0 1/13,3 0.0
0.0 0.0 0.0 ls,5 0.0 0.0 0.0 1/l55
I
Storage status within array ar[lnaxXk]

li1 | ar[0] | R{l2,1} | ar[lna] R{l51} ar[(n—1)x1Ina]

x| ar[1] l2,2 ar[lna+1] R{l52} ar[(n—1)xIna+1]

x| ar[2] * ar[lna+2] R{l53} ar[(n—1)xlna+2]

Ina : : : :

* * ls,5

e N —— === —————— — —
- - == — = ——= k- ————— —
Storage status within array ai[lnaxX]
0.0 | ai[0] | &{l2,1} | ai[lna] {51} ai[(n—1) x1na]
x| aill] 0.0 ai[lna+1] {52} ai[(n—1) xIlna+1]
x| ai[2] * ai[lna+2] {53} ai[(n—1)xIna+2]
Ina : :

* * 0.0
e — N —— === ————— — — —
-——_—_——_———————————— — - —— k- ——"——-——-—- - - - —————— —
Remarks

a. Ina > n and n < k must hold.

b. Input time values of elements indicated by asterisks (*) are not guaranteed.
Figure 3—8 Storage Status of Matrix L* and Contents of Matrix D
(7) Example

(a) Problem

Solve the following simultaneous linear equations.

9  T4+3i 2+5 1+ T 10 + 6i
7—3 10 3+2 2+4i zo | | 11420
2-5i 3—-2i 8 541 z3 | | 4+6i
1—i 2—4i 5—i 6 T4 4+ 6i

(b) Input data

Coefficient matrix real part ar and Imaginary part ai, Ina = 11,n = 4 and constant vector b.
(¢) Main Program

/* C interface example for ASL_hbhrsl */
#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()
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double *ar;
double *ai;
int na;

int n;
double *br;
double *bi;
double *wl;
int nt = 2;
int ierr;
int i,j;
FILE *fp;

fp = fopen( "hbhrsl.dat",
if( £p == NULL )

yn );

printf( "file open error\n" );

return -1;

printf( "
printf( "\n

#%% ASL_hbhrsl *kx\n" );
*x Input **\n\n" );

fscanf( fp, "%d", &na );

fscanf( fp, "%d", &n );

ar = ( double *))malloc((size_t)( sizeof (double)
ULL

if( ar ==

printf( "no enough memory for array ar\n" );

return -1;

ai = ( double * )malloc((size_t)( sizeof (double)

if ( ai == NULL )

printf( "no enough memory for array ailn" );

return -1;

br = ( double * )malloc((size_t)( sizeof (double)

if ( br == NULL )

printf( "no enough memory for array br\n" );

return -1;

bi = ( double *))malloc((size_t)( sizeof (double)

if ( bi == NULL

printf( "no enough memory for array bi\n" );

return -1;

wl = ( double * )malloc((size_t) ( sizeof (double)

if ( wl == NULL )

printf( "no enough memory for array wiln" );

return -1;

printf( "\t n =

for( j=0 ; j<n ; j++ )

%6d\n\n", n );
printf( "\tCoefficient Matrix
for( i=0 ; i<n ; i++ )

*

*

*

*

*

(na*n) ));

(na*n) ));

n));

n));

(n*2) ));

(Real, Imaginary)\n\n" );

fscanf( fp, "4lf", &ar[i+na*xj] );

}

%or( i=0 ; i<n ; i++ )

for( j=0 ; j<n ; j++ )

fscanf( fp, "Ylf", &aili+na*j] );

}

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

printf( "\t" );
for( j=0 ; j<i ; j++)

printf( "
for( j=i ; j<mn ; j++ )
printf( "(%8.3g , %8.3g) ",

}
printf( "\n" );

}

printf( "\n\tConstant Vector

")
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for( i=0 ; i<n ; i++ )
fscanf( fp, "J1lf", &br[i] );
for( i=0 ; i<n ; i++ )

fscanf( fp, "J1lf", &bil[i] );
}

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

printf( "\t(%8.3g , %8.3g) \n", br[i],bi[i] );

fclose( fp );

ierr = ASL_hbhrsl(ar, ai, na, n, br, bi, wl, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )

printf( "\t x[%6d] = (48.3g , %8.3g)\n", i, brl[il,bili] );

free( ar
free( ai
free( br
free( bi
free( wil

(AN

return O;

(d) Output results

*%* ASL_hbhrsl sk
*k Input *%
n = 4

Coefficient Matrix (Real, Imaginary)

( 9, 0) ( 7, 3) ( 2,
( 10, 0) ( 3,
( 8,

Constant Vector (Real, Imaginary)

( 10 , 6)
( 1, 2)
( 4, 6)
( 4, 6)

** Qutput **
ierr = 0

Solution  (Real, Imaginary)

x[ 0] = ( 1, 1.48e-16)
x[ 1] = 1, -3.9e-17)
x[ 2] = (-1.02e-16 , 1)
x[ 3] = (8.34e-17 , 1)
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LDL* Decomposition of a Hermitian Matrix (No Pivoting)

3.8.2 ASL_hbhrud, ASL_gbhrud
LDL* Decomposition of a Hermitian Matrix (No Pivoting)

(1) Function
ASL _hbhrud or ASL_gbhrud uses the modified Cholesky method to perform an LDL* decomposition of the

Hermitian matrix A (two-dimensional array type) (upper triangular type).

(2) Usage
Double precision:
ierr = ASL_hbhrud (ar, ai, Ina, n, w1, nt);
Single precision:
ierr = ASL_gbhrud (ar, ai, Ina, n, wl, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 ar Dx Inaxn Input | Real part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Real part of upper triangular matrix L* when
A is decomposed into A = LDL* (See Note
(a))
2 ai Dx Inaxn Input | Imaginary part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Imaginary part of upper triangular matrix L*
when A is decomposed into A = LDL* (See
Note (a))
3 Ina I 1 Input | Adjustable dimension of array ar and ai
n I 1 Input | Order of matrix A
5 wl D+ n Work | Work area
18
6 nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Contents of arrays ar and ai are not
changed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The

result may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

4000+ A diagonal element became equal to 0.0

in the i-th processing step. A is nearly

singular.

(6) Notes

(a) The upper triangular matrix L* is stored in the upper triangular portions of arrays ar and ai. Since
the diagonal matrix D and the lower triangular matrix L are calculated from L*, they are not stored
in arrays ar and ai. This function uses only the upper triangular portions of arrays ar and ai. (See
Fig. 3—8 in Section 3.8.1.)
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3.9 HERMITIAN MATRIX (TWO-DIMENSIONAL ARRAY TYPE)
(UPPER TRIANGULAR TYPE) (COMPLEX ARGUMENT
TYPE)

3.9.1 ASL_hbhfsl, ASL_gbhfsl
Simultaneous Linear Equations (Hermitian Matrix)

(1) Function
ASL _hbhfsl or ASL_gbhfsl uses the modified Cholesky method to solve the simultaneous linear equations
Ax = b having the Hermitian matrix A (two-dimensional array type) (upper triangular type) as coefficient

matrix.

(2) Usage
Double precision:
ierr = ASL_hbhfsl (a, Ina, n, b, ipvt, wl, nt);
Single precision:
ierr = ASL_gbhfsl (a, lna, n, b, ipvt, wl, nt);
(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a 7ok Ina x n Input | Coefficient matrix A (Hermitian matrix, two-
{C*} dimensional array type, upper triangular
type)
Output | Upper triangular matrix L* when A is de-
composed into A = LDL* (See Note (b))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 b 7% n Input | Constant vector b
{C*} Output | Solution x
5 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of the row(column) ex-
changed with row(column) i in the i-th pro-
cessing step. (See Note (¢))
6 wl Dx n Work | Work area
v}
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0 <n <lna

(b) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1. Contents of array a are not changed.
b[0] « b[0]/a[0] is performed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The
result may not be obtained with a good
accuracy.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

400042 A diagonal element became equal to 0.0
in the i-th processing step of the LDL*
decomposition of coefficient matrix A. A
is nearly singular.
(6) Notes

(a) To solve multiple sets of simultaneous linear equations where only the constant vector b differs, call
ASL _zbhfls

this function only once and then call function <Basic Functions Vol. 2> 2.11.4

ASL _cbhfls
required number of times varying only the contents of b. This enables you to eliminate unnecessary

calculations by performing the LDL* decomposition of matrix A only once.

(b) The upper triangular matrix L* is stored in the upper triangular portion of array a. Since the diagonal
matrix D and the lower triangular matrix L are calculated from L*, they are not stored in array a.
The matrix L is the adjoint matrix of the matrix L*, and the matrix D is a diagonal matrix having

the reciprocals of the diagonal elements of the matrix L* as its components.
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Matrix L* Matrix D
l1,1 l2,1 13’1 l5,1 1/[1’1 0.0 0.0 0.0
0.0 oo lso 5.2 00 1/l 00 -~ 0.0
0.0 0.0 lIs3 ls,3 0.0 0.0 1/i33 --- 0.0
0.0 0.0 0.0 ls,5 0.0 0.0 0.0 e 1/lss
I
Storage status within array a[lnaxk]
l1,1 a[O] l2,1 a[lna] l5’1 a[(n—l) Xlna}
x| a[l] | l2,2 | a[lna+1] l5,2 a[(n—1)xIna+1]
x | a[2] | * | a[lnat2] ls,3 a[(n—1)xIna+2] n
Ina :
% * ls,5
e n———— === — — -
- === = —— k- ——— —
Remarks

a. Ina > n and n < k must hold.

b. Input time values of elements indicated by asterisks (*) are not guaranteed.

Figure 3—9 Storage Status of Matrix L* and Contents of Matrix D

(¢) This function performs partial pivoting when obtaining the LDL* decomposition of coefficient matrix

A. The permutation of rows and columns is symmetrical for row and column. If the pivot row(column)
in the i-th step is row(column) j (i < j), then j is stored in ipvt[i-1]. In addition, among the column(row)
elements corresponding to row(column) i and row(column) j of matrix A, elements from column(row)

i to column(row) n actually are exchanged at this time.

(7) Example

(a) Problem

Solve the following simultaneous linear equations.

9
7—31
2—51

1—1

(b) Input data

T+3 2450 1+ T 10 + 6i

10 342 2+4i x| | 11420
3-2 8 54 z3 | | 4+6i
2—4i 5—i 6 T4 4+ 6i

Coefficient matrix A, Ina = 11,n = 4 and constant vector b.

(¢) Main Program

/* C interface example for ASL_hbhfsl */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

double _Complex *a;

int na;
int n;

double _Complex *b;

int *ipvt;
double *wl;
int nt=2;
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int ierr;

int i,j;

FILE *fp;

fp = fopen( "hbhfsl.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " **%* ASL_hbhfsl ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &na );
fscanf( fp, "%d", &n );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (na*n) ));
if ( a == NULL )

printf( "no enough memory for array a\n" );

return -1;

b = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * n ));
%f( b == NULL )

printf( "no enough memory for array b\n" );
return -1;
ipvt = ( int * )malloc((size_t)( sizeof(int) * n ));
if( ipvt == NULL )
printf( "no enough memory for array ipvt\n" );
return -1;
wl = ( double * )malloc((size_t)( sizeof(double) * n ));
if ( wl == NULL )
printf( "no enough memory for array wiln" );

return -1;

printf( "\t n = %6d\n", n );
printf( "\n\tCoefficient Matrix (Real, Imaginary)\n\n");
for( i=0 ; i<n ; i++ )

for( j=0 ; j<n ; j++ )

double tmp_re;
fscanf ( fp, "%1lf", &tmp_re );
ali+na*j] = tmp_re;

}
{or( i=0 ; i<n ; i++ )
for( j=0 ; j<n ; j++ )

double tmp_im;
fscanf( fp, "%1lf", &tmp_im );
ali+naxj] = ali+na*j] + tmp_im * _Complex_I;

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

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( " ")
for( j=i ; j<n ; j++ )
printf( "(%8.3g , %8.3g) ", creal(ali+nax*j]),cimag(ali+na*j]l) );

}
printf( "\n" );
}

printf( "\n\tConstant Vector (Real, Imaginary)\n\n");
for( i=0 ; i<n ; i++ )

double tmp_re;
fscanf( fp, "%1lf", &tmp_re );
bl[i] = tmp_re;

for( i=0 ; i<n ; i++ )
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double tmp_im;
fscanf( fp, "%Llf", &tmp_im );
b[i] = b[i] + tmp_im * _Complex_I;

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

printf( "\t(%8.3g , %8.3g)\n", creal(b[i]),cimag(b[i]) );
%close( fp );
ierr = ASL_hbhfsl(a, na, n, b, ipvt, wl, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )

printf( "\t =x[%6d] = (%8.3g , %8.3g)\n", i,creal(b[il),cimag(b[il));
free( a );
free( b );
free( ipvt );
free( wl );

return O;

}
(d) Output results

%% ASL_hbhfsl x***
*k Input *%
n = 4

Coefficient Matrix (Real, Imaginary)

( 9, 0) ( 7, 3) ( 2, 5) ( 1, 1)

( 10 , 0) ( 3, 2) ( 2, 4)

( 8, 0) ( 5, 1)

( 6, 0)

Constant Vector (Real, Imaginary)

( 10 , 6)
( 11, 2)
( 4, 6)
( 4, 6)

** Qutput **
ierr = 0

Solution (Real, Imaginary)

x[ 0] = ( 1, 0)
x[ 1] = ( 1, 0)
x[ 2] = (-6.63e-17 , 1)
x[ 3] = (2.09e-17 , 1)
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3.9.2 ASL_hbhfud, ASL_gbhfud
LDL* Decomposition of a Hermitian Matrix

(1) Function
ASL _hbhfud or ASL_gbhfud uses the modified Cholesky method to perform an LDL* decomposition of the

Hermitian matrix A (two-dimensional array type) (upper triangular type).

(2) Usage
Double precision:
ierr = ASL_hbhfud (a, lna, n, ipvt, wl, nt);
Single precision:
ierr = ASL_gbhfud (a, Ina, n, ipvt, wl, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Tk Ina x n Input | Hermitian matrix A (two-dimensional array
{C*} type, upper triangular type)
Output | Upper triangular matrix L* when A is de-
composed into A = LDL* (See Note (a))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 ipvt I* n Output | Pivoting information
ipvt[i — 1]: Number of the row(column) ex-
changed with row(column) i in the i-th pro-
cessing step. (See Note (b))
5 wl D n Work | Work area
()
6 nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Contents of array a are not changed.
2100 There existed the diagonal element which Processing continues.
was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The
result may not be obtained with a good
accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
400041 A diagonal element became equal to 0.0
in the i-th processing step. A is nearly
singular.
(6) Notes

(a) The upper triangular matrix L* is stored in the upper triangular portion of array a. Since the diagonal

matrix D and the lower triangular matrix L are calculated from L*, they are not stored in array a.

This function uses only the upper triangular portion of array a. (See Fig. 3—9 in Section 3.9.1)

(b) This function performs partial pivoting when obtaining the LDL* decomposition of coefficient matrix

A. The permutation of rows and columns is symmetrical for row and column. If the pivot row(column)

in the i-th step is row(column) j (i < j), then j is stored in ipvt[i-1]. In addition, among the column(row)

elements corresponding to row(column) i and row(column) j of matrix A, elements from column(row)

i to column(row) n actually are exchanged at this time.
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3.10 HERMITIAN MATRIX (TWO-DIMENSIONAL ARRAY
TYPE) (UPPER TRIANGULAR TYPE) (COMPLEX ARGU-
MENT TYPE) (NO PIVOTING)

3.10.1 ASL_hbhesl, ASL _gbhesl
Simultaneous Linear Equations (Hermitian Matrix) (No Pivoting)

(1) Function
ASL _hbhesl or ASL_gbhesl uses the modified Cholesky method to solve the simultaneous linear equations
Ax = b having the Hermitian matrix A (two-dimensional array type) (upper triangular type) as coefficient

matrix.

(2) Usage
Double precision:
ierr = ASL_hbhesl (a, lna, n, b, nt);
Single precision:
ierr = ASL_gbhesl (a, Ina, n, b, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a 7ok Ina x n Input | Coefficient matrix A (Hermitian matrix, two-
{C*} dimensional array type, upper triangular
type)
Output | Upper triangular matrix L* when A is de-
composed into A = LDL* (See Note (b))
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 b 7% n Input | Constant vector b
{C*} Output | Solution x
5 nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n<lna

(b) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n=1. Contents of array a are not changed.
b[0] < b[0]/a[0] is performed.

2100 There existed the diagonal element which Processing continues.
was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The
result may not be obtained with a good
accuracy.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

4000+ A diagonal element became equal to 0.0
in the i-th processing step of the LDL*
decomposition of coefficient matrix A. A
is nearly singular.
(6) Notes

(a) To solve multiple sets of simultaneous linear equations where only the constant vector b differs, call

this function only once and then call function <Basic Functions Vol. 2> 2.12.4

ASL _zbhels
ASL _cbhels

required number of times varying only the contents of b. This enables you to eliminate unnecessary

calculations by performing the LDL* decomposition of matrix A only once.

(b) The upper triangular matrix L* is stored in the upper triangular portion of array a. Since the diagonal

matrix D and the lower triangular matrix L are calculated from L*, they are not stored in array a.

The matrix L is the adjoint matrix of the matrix L*, and the matrix D is a diagonal matrix having

the reciprocals of the diagonal elements of the matrix L* as its components.
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Matrix L* Matrix D
l1,1 l2,1 l3,1 l5,1 1/[1,1 0.0 0.0 0.0
0.0 lon lsa - ls2 00 1/l 00 -~ 0.0
0.0 0.0 33 - lIs3 0.0 0.0 1/i33 --- 0.0
0.0 0.0 00 --- lIs5 0.0 0.0 0.0 ce 1/ls s
I
Storage status within array a[lnaxk]
l1,1 a[O] l2,1 a[lna] l5’1 a[(n—l) Xlna}
x| a[l] | l2,2 | a[lna+1] l5,2 a[(n—1)xIna+1]
x | a[2] | * | a[lnat2] ls,3 a[(n—1)xIna+2]
Ina
% * ls,5
e n————————— -
- === — —— k- ———— —
Remarks

a. Ina > n and n < k must hold.

b. Input time values of elements indicated by asterisks (*) are not guaranteed.
Figure 3—10 Storage Status of Matrix L* and Contents of Matrix D
(7) Example

(a) Problem

Solve the following simultaneous linear equations.

9  7T+3i 2450 141 T 10 + 6i
7—3 10 3+2 2+4i xo | | 11420
2-5 3-2 8 541 z3 | | 4+6i
1—i 2—-4i 5—i 6 T4 4+ 6i

(b) Input data
Coefficient matrix A, Ina = 11,n = 4 and constant vector b.
(¢) Main Program

/* C interface example for ASL_hbhesl */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()

double _Complex *a;
int na;

int n;

double _Complex *b;
int nt = 2;

int ierr;

int i,j;

FILE x*fp;

fp = fopen( "hbhesl.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;

printf( " *x* ASL_hbhesl **x\n" );
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printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &na );
fscanf( fp, "%d", &n );

a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (na*n) ));
if ( a == NULL )

printf( "no enough memory for array a\n" );

return -1;

= ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * n ));
if ( b == NULL )

AT W

printf( "no enough memory for array b\n" );
return -1;

printf( "\t n = %6d\n", n );
printf( "\n\tCoefficient Matrix (Real, Imaginary)\n\n");
for( i=0 ; i<n ; i++ )

for( j=0 ; j<n ; j++ )

double tmp_re;
fscanf( fp, "%1lf", &tmp_re );
ali+naxj] = tmp_re;

}
for( i=0 ; i<n ; i++ )
for( j=0 ; j<n ; j++ )

double tmp_im;
fscanf( fp, "%1lf", &tmp_im );
ali+na*j] = al[i+na*j] + tmp_im * _Complex_I;

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

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( " ")
for( j=i ; j<n ; j++ )
printf( "(%8.3g , %8.3g) ", creal(ali+na*jl),cimag(ali+naxjl) );

}
printf( "\n" );
}

printf( "\n\tConstant Vector (Real, Imaginary)\n\n");
for( i=0 ; i<n ; i++ )

double tmp_re;
fscanf( fp, "%lf", &tmp_re );
b[i] = tmp_re;

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

double tmp_im;
fscanf( fp, "JLlf", &tmp_im );
b[i] = b[i] + tmp_im * _Complex_I;

for( i=0 ; i<n ; i++ )
printf( "\t(%8.3g , %8.3g)\n", creal(b[il),cimag(b[il) );

}
fclose( fp );
ierr = ASL_hbhesl(a, na, n, b, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution (Real, Imaginary)\n\n" );
for( i=0 ; i<n ; i++ )

printf( "\t =x[%6d] = (%8.3g , %8.3g)\n", i,creal(blil),cimag(b[il));
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free( a );
free( b );

return O;

(d) Output results

*%* ASL_hbhesl **x*
** Input *x*
n = 4

Coefficient Matrix (Real, Imaginary)

( 9, 0) ¢ 7, 3) ( 2, 5) ( 1, 1)

( 10 , 0) ( 3, 2) ( 2, 4)

( 8, 0) ( 5, 1)

( 6, 0)

Constant Vector (Real, Imaginary)

( 10 , 6)
( 11, 2)
( 4, 6)
( 4, 6)

** Qutput *x*
ierr = 0

Solution (Real, Imaginary)

x[ 0] = ( 1, -9.87e-17)
x[ 1] = ( 1, -6.25e-17)
x[ 2] = (5.11e-17 , 1)
x[ 3] =( 0, 1)
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3.10.2 ASL_hbheud, ASL_gbheud

LDL* Decomposition of a Hermitian Matrix (No Pivoting)

(1) Function

ASL _hbheud or ASL_gbheud uses the modified Cholesky method to perform an LDL* decomposition of the
Hermitian matrix A (two-dimensional array type) (upper triangular type).

(2) Usage
Double precision:
ierr = ASL_hbheud (a, lna, n, nt);
Single precision:
ierr = ASL_gbheud (a, Ina, n, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer

No. Argument and Type Size Input/ Contents
Return Value Output
1 a Tk Ina x n Input | Hermitian matrix A (two-dimensional array
{C*} type, upper triangular type)
Output | Upper triangular matrix L* when A is de-
composed into A = LDL* (See Note (a))

2 Ina I 1 Input | Adjustable dimension of array a

3 n I 1 Input | Order of matrix A

4 nt I 1 Input | Number of tasks to be generated

5 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0 <n <lna
(b) nt >1

161



ASL_hbheud, ASL_gbheud
LDL* Decomposition of a Hermitian Matrix (No Pivoting)

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Contents of array a are not changed.
2100 There existed the diagonal element which Processing continues.

was close to zero in the LDL* decompo-
sition of the coefficient matrix A. The

result may not be obtained with a good

accuracy.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

400041 A diagonal element became equal to 0.0
in the i-th processing step. A is nearly

singular.

(6) Notes

(a) The upper triangular matrix L* is stored in the upper triangular portion of array a. Since the diagonal
matrix D and the lower triangular matrix L are calculated from L*, they are not stored in array a.

This function uses only the upper triangular portion of array a. (See Fig. 3—10 in Section 3.10.1)
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Chapter 4
SIMULTANEOUS LINEAR EQUATIONS
(ITERATIVE METHOD)

4.1 INTRODUCTION

This chapter describes functions that use iterative methods to solve simultaneous linear equations having a large
dimensional sparse matrix as coeflicient matrix.
Function described in this chapter divides up and allocates internal processing among threads and
executes allocated processing in parallel.

This library having the functions listed below use either the nonstationary iterative methods as the basic
iterative algorithms. In the nonstationary iterative methods are included the methods such as the CG iterative
method or the GMRES method.

For the preconditioner, the Scaling method are supported.

Among these functions, one matrix storage format for and two matrix storage formats for random sparse matrices
(ELLPACK format) are available.

These functions use the same user interface regardless of the iterative basic method. The users can only have to
change the functions name which is called in the user’s program to try different iterative methods under the the

same preconditioning and the same storage format.

Table 4—1 Function for each basic iterative method

BASIC ITERATIVE METHOD FUNCTION NAME
CG (For Symmetric Matrices only) ASL_qxe010
Conjugate Gradient method ASL _pxe010

CGS ASL_gxe020
Conjugate Gradient Squared method ASL _pxe020

_ it seim)
BiCGSTAB {ASL_qer?)O}
e

Bi-Conjugate Gradient Stabilized method ASL _pxe030

GMRES ASL_gxe040
General Minimal Residual method ASL _pxe040
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4.1.1 Notes

(1)

Proper use of iterative methods

The CG method functions is primarily used to solve positive definite symmetric large-scale sparse simul-
taneous linear equations that occur in finite difference approximations or finite element approximations of
diffusion equations. The CGS, BiCGSTAB method functions are primarily used to solve asymmetric large-
scale sparse simultaneous linear equations that occur in finite difference approximations or finite element
approximations of advection diffusion equations. Since the memory area required when using an iterative
method is smaller than that required when using a direct method, iterative methods are used for solving
large-scale problems. However, an iterative method may not converge to the true solution. Therefore, before
using these iterative method functions, you should test whether you can reduce the maximum number of
iterations or the problem size.

In particular, it is generally difficult to solve large-scale asymmetric simultaneous linear equations, and there
is no guarantee that the true solution will always be obtained by applying the iterative method algorithms

used in this library.

Matrix storage format

The nonzero elements of the coefficient matrix of simultaneous linear equations generated by using the
finite difference method to discretize a two-dimensional rectangular area or three-dimensional rectangular
parallelepiped area line along straight lines in the direction of the diagonal. This type of matrix is called a
regular sparse matrix.

However, the coefficient matrix of simultaneous linear equations generated by using the finite element
method to discretize a randomly shaped area generally has no regularity other than the fact that the
diagonal elements are nonzero elements. This type of matrix is called an random (irregular) sparse matrix.
The functions described in this chapter support a storage format for random (irregular) sparse matrices.
Each function has a common user interface, with a single exception that the GMRES method functions
have an additional input argument (gmitr). Therefore, the users can only have to replace the function name
in their programs if they want to try different iterative methods with the input values unchanged.(As for
trying GMRES method, an input argument (gmitr) should also be added to the user interface.) However,
attention must be paid to the fact that the CG method functions cannot be applied to problems for which the
coeflicient matrix is asymmetric, since the CG method is for solving positive definite symmetric simultaneous

linear equations.

Preconditioning methods

Preconditioning is a technique for accelerating convergence of a basic iterative method. The simultaneous
linear equations Au = b are converted to equivalent equations that are easier to solve by using an easily
invertible matrix M, which is an approximation matrix for matrix A. The procedure for the basic iterative
method is then applied to these equations. In the functions described here, the scaling preconditioning is
selected.

Scaling preconditioning is the most effective of these preconditioning methods for ordinary problems because
the large vectors involved in the iteration calculations of scaling preconditioning enable the multiple parallel

pipelines of the Vector Engine to operate efficiently, and also the required memory area is small.

Conditions for terminating iterations
The iteration calculations are interrupted when any of the following conditions occurs:

(a) The residual norm becomes less than or equal to the truncation residual norm.

(b) The iteration count reaches the maximum number of iterations.
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(¢) An error in the algorithm is detected that makes further calculations impossible.

The truncation residual norm is briefly described below.
If w* is the approximate solution obtained by an iteration calculation for the simultaneous linear equations
Au = b, then the residual vector at that time is defined by:

r=>b— Au".
Here, the term “residual norm” is used to mean the (ordinary) relative norm

Il
B

In addition, the user can determine the meaning of the norm function ||| from among L? norm, which are

defined as follows:

" 1/2
7)== (ZWZ)) :
=1

Required memory areas
The functions (basic iterative functions plus matrix operation functions) described in this chapter require
an area for storing the coefficient matrix of the equations, areas for storing the solution vector or right-hand

side vector, and work area.

The sizes of these areas differ according to the basic iterative method, matrix storage format, and precon-
ditioning method that are selected. For information about the sizes of these areas, see the notes in the

explanations of the basic iterative functions and matrix operation functions.
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4.1.2 Algorithms Used

4.1.2.1 Nonstationary iterative method (for Symmetric Matrix only)

(1) the CG method
Consider the following simultaneous linear equations of order n:

Au=b>b (1)

The CG method is an iterative method for solving the simultaneous linear equations shown in (1) for which

the coefficient matrix A is a positive definite symmetric matrix. This method is represented as follows.

u = u (uq is the initial solution),
T = b— Aul,
Py =71
for i=1,2,---,n
T (i)
" (piAp)

Ui+1 = U; + a;P;,
'I"Z'+1 =7r;— aiApi,
(riv1,mit1)
b= ——— -~
(rs,T40)
Piv1 = Tit1 + bip;.

A great advantage of the CG method is that, theoretically, a strict solution is obtained in n iterative

calculations (where n is the order).

4.1.2.2 Nonstationary iterative method (for Asymmetric Matrix)

(1) the CGS and BiCGSTAB methods
To explain the CGS and BiCGSTAB methods, we will first explain the BiCG method. The BiCG method
considers the simultaneous linear equations of order 2n formed by combining the equations shown in (1)

with the dual equations as follows:

Aa = b,
S lo AT |wr|T bt

and uses the conjugate gradient method to obtain the stationary value of:
F(a)=<(u—u), A(a—u)>H (u;Truesolution)
where,

o I

<u,v> H = (u,Hv) = (Hu,v), H=
I O

Using the initial residual vector ry the residual vector after k iterations r; and direction vector after k

iterations p, are represented by:

Tk = Rk(A)’I”o,
P, = DPi(A)ro.
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Here, R;(A), Py(A) are polynomials generated from A. At this time, the CGS method uses this Ry(A) and

Py (A) to calculate new vectors )}, and pj, as follows.

'I";C = Ri(A)'l"o,
P;c = P/?(A)To

Using this calculation method, as
75l = [ Bx(A)roll

gets smaller,
71l = 1 RE(A)ro

is expected to get even smaller, and convergence is expected to be faster than with the BCG method.
The method in which the iterations proceed so that the residual becomes 7 is the CGS method.

However, the CGS method may exhibit extremely irregular convergence characteristics. In particular, the
residual may be extremely large at the beginning of the iterations such as when the iteration initial value is
close to the solution, and accurate iteration calculations may not be able to be performed due to the effect
of rounding error. The BiCGSTAB method lets @y (A) represent the following:

Qr(A) = (1 —w1A)(1 — w2 4) -+ (1 — wi )

and obtains the approximate solution uj so that the residual
ry =b— Auy

in each iteration is given by:
i = Qr(A)Ri(A)rg

Here, the parameters wyithat minimize (ry,ry) are selected so that the residuals are reduced stably.

the GMRES method (GMRES(m))
The GMRES method is an iterative method that for each j = 1,2,--- searches for the vector z/) that

minimizes the L?norm of
b_ A(uéﬁ +20) = pl) — 420
from the space spanned by
ro, Arg, A’rg, -, A'rg (i=1,2,---,m)

when the initial approximate solution vector of the j-th step is uéj ) and the initial residual vector of the
j-th step is

r) = p— Auéj)
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for 7=12,---
1 r@=b- Auéj),
vy =70 /||r@|,.
for i=1,2,---m
] w= Av;.
for k=1,2,---i
—r w=w— (W, v)vg,
vit1 = w/|[w|2,
Determine the parameters a) = uéj) + y1v1 + Y22 + - - + Y
so that ||b — Az ||, takes the least value.
W50

As shown in this algorithm, the GMRES method consists of an external iterative calculation (loop related
to j) and an internal iterative calculation (loop related to 7). Since the GMRES method is an iterative
method that depends on the parameter m representing the upper bound on the number of inner iterations,
it is referred to, strictly speaking, as the GMRES(m) method.

In this library, the number of iterations in the GMRES(m) algorithm is defined by

(number of internal iterations i) +(number of external iterations j)x m .

4.1.2.3 Preconditioned Iterative Method

Since error is introduced in actual iterative method calculations, convergence characteristics become worse. In
particular, if the difference mesh is fine in the difference scheme for partial differential equations, if the coefficient
(dispersion or thermal conductivity) values severely fluctuate spatially or if the difference mesh widths or the coef-
ficients described above are anisotropic, then the eigenvalues of matrix A are dispersed, and the iterative method
has difficulty in converging under these circumstances. Conversely, convergence will be fast if the eigenvalues are
clustered together.

To overcome the difficulties described above, preconditioned iterative methods were developed. A preconditioned
iterative method is a technique for improving convergence by preconditioning the original matrix to convert it to
a well-conditioned matrix before performing the iterative method calculations. This is represented as follows.

Assume that the matrix M = M; M, which approximates A = (a;;) in some way, is given.
A~ M= MM,
At this time, if the following equation, which is equivalent to equation (1), is created:

M{PAM; ' =t (2)
( v =Mu )
( b'=M"b )

the coefficient matrix of this equation is easier to solve since it is closer to the unit matrix than the original matrix
was. Equation (2) is called the preconditioning equation, and matrix M is called the preconditioning matrix. The
preconditioned iterative method for equation (1) is defined/derived as the (basic) iterative method for equation
(1). The preconditioned iterative method must execute a matrix inversion on M; and My or M (left operation on
a column vector according to the inverse matrix). This is what is called the preconditioning operation (or simply
preconditioning). Usually, a matrix for which the preconditioning operation can easily be performed is used as

preconditioning matrix M = M;M,. The more closely the preconditioning matrix M approximates the original
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matrix A, the more the convergence of the preconditioned iterative method will improve. However, there generally
is a tendency for the amount of time required for a single preconditioning operation to increase in proportion to
the quality of convergence of the preconditioning matrix.

See 4.1.2.4 for the detailed explanation of the preconditioning algorithms that ASL supports.

The algorithms for the preconditioned CG method (PCG method), preconditioned CGS method (PCGS
method), preconditioned BiCGSTAB (PBiCGSTAB method), and preconditioned GMRES(m) method (PGM-
RES(m) method) are shown below.

(1) the PCG method
w=wu; (up is the initial solution),

ry = b — Auy,
p=M"1ry.
for i=1,2,---,n
1 (i, M)
YT o Apy)

Uit1 = U; + APy,
Tit1 =T — a;Ap;,
(rig1, M~ 'riiq)
('I"l‘, Mﬁl'l"l') ’
p; =M 'ri 1 +bip;.

bi =

(2) the PCGS method (Bibliography(1))

ro = b — Auy,
Dy = M~ 1rg,
€y) = To.
for k=0,1,2,---
B Q41 = 7(7“0,7“16) )
(ro, Apy)

hii1 = er — apt14py,
U1 = U + g1 M Heg + hyy),
The1 =Tk — ap1 AM ek + hit1),
_ ('I“(),’I”]H_l)
Brr1 =
(ro,Tk)
€r+1 = Tk+1 + Brr1Prta,
Pry1 = M (ens1 + Besrhrs1) + B 1D
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(3) the PBiCGSTAB method (Bibliography(2))
To = b— AUO,
for k=0,1,2,---
Pr+1 = (70, Tk),
if K =0 then
P =To-
else
_ (PE41y,
B (B2,
Pri1 = Tk + B(Pr — wrVk)-
end if
y=M"p,,

V41 = Aya
Pk+1

(""o,’UkH)7
§ =T — QAVk41,
z=M""s,
t= Az,
t s
N
Uk+1 = Uk + QY + WEt12,

o =

Tk+1 =S — wk+1t.

(4) the GMRES(m) method (Bibliography(3))

U ugp.
for j=1,2,
r) = M~1(b— Aul),
()
O
for i=1,2,---m
w=M"1Av;

Determine the parameters a9 = uéj) + Y101 + Yovo + - - - + YU
so that ||[b — A@9 ||y takes the least value.
uéj-irl) —a®

Note: the number of iterations in the GMRES(m) algorithm is defined by

(number of internal iterations i) +(number of external iterations j)x m .

4.1.2.4 Preconditioning Methods

In the following are described the details of those preconditioning algorithms that are implemented in functions

in this chapter, synopses of which are explained 4.1.2.3.

(1) Scaling preconditioning
Scaling preconditioning is a technique that uses the following matrix consisting of the diagonal components

of matrix A as the preconditioning matrix M.
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D = diag(ai1, a2, -, Gnn),

In particular, the scaling preconditioned CG method is known as the SCG method. On an Vector Engine,

the scaling method often is faster than other preconditioning techniques.

4.1.2.5 Advanced Techniques for Improving Performance

(1)

Iterative Improvement Method

An iterative improvement method is a technique for constructing a higher precision solution based on an
approximate solution obtained by some solution method. If a single-precision function was used, then a
solution on the order of a double-precision solution will be obtained, and if a double-precision function
was used, then a solution on the order of a quadruple-precision solution will be obtained. (However, the
calculation time will be approximately two to four times longer.) Another benefit of an iterative improvement
method is that the error of the obtained solution can be estimated. If an iterative improvement method
is not used, then the error is difficult to estimate even if the residual is known. A problem with the PCG
method is that the error cannot be improved beyond a certain degree no matter how close the residual gets
to zero. Therefore, if the precision of the solution is particularly important or if a single-precision function

has been used, then an iterative improvement of the solution should be performed.

The iterative improvement method can be intuitively derived from the following kind of transformation,

where u is the true solution of the equations Au = b and u’ is the approximation solution:

u = u+u—u
= u+A"b—u
= o + A b— Au))

From this transformation the following algorithm is obtained:

(a) Use a function from this chapter to solve the given equations Au = b and let u’ be the solution that

was obtained.

(b) Obtain the residual of the solution with high precision. That is, if a single-precision function was used,
calculate " = b — Au’ with double precision, and if a double-precision function was used, calculate r’

with quadruple precision.

(¢) Return 7’ to the original precision and assign it to r. That is, for single-precision function, assign r’

to a single-precision 7, and for a double-precision function, assign ' to a double-precision r.

(d) Use a function from this chapter to solve the equations Av = r and let v’ be the solution that was

obtained.
(e) Calculate v’ + v’ and let it be called '

(f) v’ is the estimated error. If v’ is sufficiently small, then stop. If not, then return to (b).

The most important part of this algorithm is step (b). The error is improved by calculating the residual
with high precision. The iterative improvement method generally can obtain a sufficient degree of precision

in several iterations.

Node numbering in the finite element method
Although it it known that odd-even ordering or multicolor ordering, for example, should be performed to

obtain long vectors, this kind of tricky numbering may significantly degrade convergence in a preconditioned
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iterative method. Therefore, care is required(Bibliography(4)). The most stable numbering is numbering
that reduces the matrix band width. To automatically generate this kind of numbering, you should use a
technique such as the Cuthill-McKee method(Bibliography(5)).
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4.2 SPARSE MATRIX-—NONSTATIONARY ITERATIVE METH-
ODS (BASIC ITERATION METHOD FUNCTIONS)

4.2.1 ASL_gxe010, ASL_pxe010

Positive Definite Symmetric Sparse Matrix (ELLPACK Format) (CG
method)

(1) Function
ASL_gxe010 or ASL_pxe010 uses the scaling preconditioned CG method to solve the simultaneous linear
equations Au = b having a sparse matrix A as the coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_qxe010 (a,lna,n,m,ja,b,u,itrmax, &itr,epsmax, &eps,isw,nt);
Single precision:

ierr = ASL_pxe010 (a,lna,n,m ja,buitrmax, &itr,epsmax, &eps,isw,nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I: {int as for 32bit Integer}

R:Single precision real C:Single precision complex
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Inaxm Input | Array of nonzero element values of the coef-
{R*} ficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
2 Ina I 1 Input | Adjustable dimension of array a and ja
n I 1 Input | Order of matrix A
4 m I 1 Input | m denotes the column number of both array
a and ja (See Note (d))
5 ja I* Inaxm Input | Array storing the nonzero structure data of
the coefficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
6 b Dx n Input | Right-hand side vector b of the simultaneous
{R*} linear equations Au = b
7 u Dx n Output | Solution vector w of the simultaneous linear
{R*} equations Au = b
8 itrmax I 1 Input | Maximum number of iterations (Default
value: n)
9 itr I* 1 Output | Actual number of iterations
10 epsmax D 1 Input | Truncation residual norm
{R} Default value :
1072 (doubleprecision)
1075  (singleprecision) }
11 eps Dx 1 Output | Final residual norm
e
12 isw I 1 Input | Processing switch (Default value: 0) (See
Note (e))
isw= 0 : Check whether the values ja are all
distinct.
isw=1: Does not check whether the values
ja are all distinct.
13 nt I 1 Input | Number of tasks to be generated (Default
value: 1)
14 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 1 <n<lna

(b) 1

(C) .ja[i_l]:i’ja[(i_1)+1nax(j_1)]7éi (izl""vn§j:27""ji)a
l<ja[i—1)+max(j-1]<n (j=2,--.j) ,

IN

IN

m<n

where j; (i =1,---,n) is the number of nonzero elements that are contained in the i-th column
of Matrix A.
e ja[i— 1) +Ina x ji] =0, if j; <m, where j; (i =1,---,n) is the number of nonzero elements that

are contained in the i-th column of Matrix A.

(d) ja[(i—1)+Inax (j—1)] (j=1,---,ji) are all distinct for a fixed value i, where j; (i =1,---,n) is the
number of nonzero elements that are contained in the i-th column of Matrix A.

ali—1]#0.0 (i=1,---,n)
itrmax > 1

)
)
g) epsmax > underflow decision value
) isw € {0,1}

)

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 Restriction (f) was not satisfied. Processing continues with itrmax = n.
1200 Restriction (g) was not satisfied. Processing continues with epsmax =
1072 (doubleprecision)
1075 (singleprecision) |’
1300 Restriction (h) was not satisfied. Processing continues with isw=0, on the
assumption that ja satisfies Restriction
(d) (See Note (e)).
1400 Restriction (i) was not satisfied. Processing continues with nt = 1.
2000 The absolute norm of the right-hand side u[i—1]+ 0.0 (i=1,---,n) is set for the
vector b is less than the underflow deci- solution.
sion value.
2100 Restriction (e) was not satisfied. Processing continues.
2200 isw was equal to 0. Processing continues on the assumption
that ja satisfies Restriction (d) (See Note
(¢)):
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
3200 Restriction (c) was not satisfied.
3300 Restriction (d) was not satisfied.
3500 The norm of the Maximum number of it- The result obtained at that time is
erations has been reached. returned.
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ierr value Meaning Processing

4000 a has a diagonal term whose absolute Processing is aborted.

value is smaller than the underflow deci-

sion value.
4100 The norm of the right-hand side vector b
is greater than the overflow decision value.
4210 The norm of the residual » = b — Au is

greater than the overflow decision value.

4220 The relative norm of the residual r is

greater than the overflow decision value.

4310 |(ri, M~1r;)| is less than the underflow
decision value.

4320 |(r;, M~—1r;)| is greater than the overflow
decision value.

4410 |(p;, Ap;)| is less than the underflow deci-
sion value.

4420 | (p;, Ap;) | is greater than the overflow

decision value.

5000 Processing to reserve the work area re-
quired to execute the basic iterative algo-
rithm failed (See Note (f)).

(6) Notes

(a) The table below shows maximum and minimum values of floating point data and so on, that are defined
within ASL C interface.

Table 4—2 Constants used in ASL C interface

Double-precision Single-precision
Maximum value 21023(2 — 2752) ~ (1.80 x 1038) 2127(2 — 2723) ~ (3.40 x 10%®)
Positive minimum value 21022 ~ (2.23 x 1073%8) 27126 ~ (1.17 x 10738)
Negative maximum value ——1022 ~ (—2.23 x 107308) —2~126 ~ (—1.17 x 10738)
Minimum value —21023(2 —2752) ~ (—1.80 x 103%98) | —2127(2 — 2723) ~ (—3.40 x 10®)
Overflow decision value Maximum value x1073
Underflow decision value Positive minimum value x10?

(b) The storage method used for the arrays a and ja is as follows.
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Figure 4—1 Storage format for Input Data

Matrix A to be stored

ai,i ai,2 0.0 a4 0.0 aie 0.0

a21 a22 a23 a24 0.0 0.0 a7
00 az2 a3z 00 0.0 aze 0.0
as1 as2 00 ass ass ass 0.0
0.0 0.0 0.0 as 4 as.s 0.0 0.0
asi 0.0 as3 assa 0.0 ase 0.0
00 ars 00 00 00 00 arz

Storage status of array a[lna x m)]

a1 | a[0] a2 | a[lna] a1, | a[2 x Ina] a1,a | a[3 x Ina] x| a4 X lna]

a2z | a[l] a2 |a[lna+1] | azs |a[2xIna+1] | a4 | a[3 xIna+1] | az7 | a4 x Ina+1]

as,3 | a[2] as,2 | a[lna+2] | ase | a[2 x Ina + 2] x| a[3 x lna+ 2] * a[4 X lna + 2] N
Ina : :

6,6 as,1 a6,3 46,4 *

ar,7 ar.2 * * *

<—=——=—= m e — >

Storage status of array ja[lna x m]

1 | ja[0] 2 | ja[lna] 6 | ja[2 x Ina] 4 | ja[3 x Ina] 0 | ja[4 x Ina]

2 | ja[l] ja[lna 4 1] 3 | ja[2xIna+1] 4 | ja[3 x Ina+ 1] 7 | ja[4 x lna+ 1]

3 | jal2] 2 | ja[lna + 2] 6 | ja[2 xIna+ 2] 0 | ja[3 xIna+ 2] x| ja[4 x Ina + 2] 0
Ina . . : . .

6 1 3 4 0

7 2 0 *

<————= e >
Remarks

a. 1 is order of Matrix A.

b. Ina > n must hold.

c.  m is the column number of Array a, which contains the nonzero elements of Matrix A.
d. Array a should contain nonzero elements of Matrix A so that:

e Diagonal elements are stored in the first column.

e Nonzero elements in the lower triangular part and the upper triangular part are stored in the second though
m-th columns, with the first one in the second column, one adjacent to the next in each row. Here, it is
unnecessary that nonzero elements in each row are stored sequentially.

e Arbitrary values can be stored in the remaining positions that are marked with ‘x’.

e. Array ja should contain the column indices in Matrix A of those elements that correspond to the elements

contained in Array a.

For those rows in which m — 1 becomes greater than the number of nonzero elements in the lower and upper

triangular part, value 0 should be stored in the right neighbor of the rightmost position of the region in ja in

which the column indices of nonzero elements in Matrix A are stored. Arbitrary values can be stored in the

remaining positions that are marked with ‘x’.
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()
(d)

The input values of array a and array ja are partially changed in order to optimize performance.

m can take an arbitrary value as long as it is equal to or greater than the maximum of the numbers of
nonzero elements in a row, but it is recommended from the viewpoint of calculation cost to make the
padded area as little as possible by setting m as close as possible to the maximum of the numbers of

nonzero elements in a row.

A better performance will be achieved by specifying isw = 0 (Performance will degrade remarkably
when isw = 1 is specified). And so, isw = 1 should be specified when it is assured that ja satisfies
Restriction (d). When isw = 1 is specified, the user should be very careful in giving the coefficient
matrix data as input because the check for Restriction (d) is omitted. The validity of the result will

not be guaranteed if isw = 0 was specified but ja doesn’t satisfy Restriction (d).

The work area is automatically allocated within this function. If the work area could not be successfully
allocated, processing will be aborted and ierr returns the value 5000. In this case, the problem cannot
be solved by using this function unless the problem size is reduced or the machine environment is

enhanced in memory size.

(7) Example

(a)

(b)

(©)

Problem
Solve Au = b for the following matrix A and vector b:
(3 1.0 -1 0 0 0 0 0 O | [ 1]
1 5 2 0 -2 0 0 0 0 o0 1
o 2 7 3 0 -3 0 0 0 O 1
-1 0 3 9 4 0 -4 0 0 0 1
— 4 11 —
A— 0 2 0 0 5 0 0 b 1
o 0 -3 0 5 13 6 0 -6 0 1
o o0 0 -4 6 15 7 0 =7 1
0 0 0 -5 0 7T 17 8 0 1
0 0 0 0 0 -6 0 8§ 19 9 1
60 0 0 0 0 =7 0 9 21 | 1]
Input data

Input Arrays a, ja and b,
Ina =11, n = 10, m = 11, itrmax = 100, epsmax = 10712, isw = 0, nt = 2

Main program

/* C interface example for ASL_gxe010 */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

double *a;
int lna;
int n;

int m;

int *ja;
double *bj;
double *u;
int itrmax;
int itr;
double epsmax;
double eps;
int isw;
int nt;

int ierr;
int i,j;
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printf( " **x* ASL_qxe010 ***\n" );
Ina = 11;
n = 10;
m = 5;
a = ( double * )malloc((size_t)( sizeof (double) * (lna*m) ));
if (a== L)
printf( "no enough memory for array a\n" );
) return -1;
ja = ( int * )malloc((size_t)( sizeof (int) * (lna*m) ));
if ( ja == NULL )
{
printf( "no enough memory for array ja\n" );
return -1;
}
b = ( double * )malloc((size_t)( sizeof(double) * n ));
%f ( == NULL )
printf( "no enough memory for array b\n" );
return -1;
}
u = ( double * )malloc((size_t)( sizeof(double) * n ));
%f ( u == NULL )

printf( "no enough memory for array u\n" );
return -1;

for( j=0 ; j < m ; j++ )

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

ali+lnaxj] = 0.0;
jali+lna*j]l = 0;
}

}

alo 1= 3.0;
al lna ] = 1.0;
al 1nax2] = -1.0;
al1l ] = 5.0;
a[i+lna ] = 1.0;
a[1+lna*2] = 2.0;
a[1+1na*3] = -2.0;
al2 1= 7.0;
a[2+lna ] = 2.0;
a[2+1lna*2] = 3.0;
a[2+1na*3] = -3.0;
a[3 1= 9.0;
a[3+lna ] = -1.0;
a[3+lna*2] = 3.0;
a[3+1na*3] = 4.0;
a[3+1na*4] = -4.0;
ala 1 =11.0;
a[4+lna ] = -2.0;
a[4+1nax2] = 4.0;
a[4+lna*3] = 5.0;
a[4+1lnax4] = -5.0;
al5 ] = 13.0;
a[b+lna ] = -3.0;
a[6+lna*2] = 5.0;
a[5+1lna*3] = 6.0;
a[5+1na*4] = -6.0;
a6 1 = 15.0;
a[6+lna ] = -4.0;
a[6+lna*2] = 6.0;
a[6+1na*x3] = 7.0;
a[6+1lnax4] = -7.0;
al7 1 =17.0;
a[7+lna ] = -5.0;
a[7+1lnax2] = 7.0;
a[7+1lna*3] = 8.0;
a8 1 = 19.0;
a[8+lna ] = -6.0;
a[8+1lnax2] = 8.0;
a[8+1lna*3] = 9.0;
al9 ] =21.0;
a[9+lna ] = -7.0;
a[9+1na*2] = 9.0;
jalo 1= 1;
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jal 1lna 1]
jal 1na%2]

jal1 ]
jal[i+lna ]
jal1+lnax2]
jal[1+1lnax3]

jal2 ]
jal[2+lna ]
jal[2+1lnax2]
ja[2+1nax3]

jal3 ]
jal[3+lna ]
ja[3+1lnax2]
ja[3+1nax3]
jal[3+1lnax4]

jal4 ]
jal4+lna 1]
jal[4+1nax2]
jal[4+1lnax3]
jal[4+1nax4]

jals ]
jal[6+lna ]
jal[5+1lnax2]
ja[5+1lnax3]
ja[5+1lnax4]

jal6 ]
jal6+lna ]
jal[6+1lnax2]
jal[6+1lnax3]
jal6+1lnax4]

jal7 ]
jal7+lna ]
jal7+1lnax2]
jal7+1lnax3]

jal8 ]
ja[8+lna ]
jal[8+lnax2]
ja[8+1lnax3]

jal9 ]
jal[9+lna ]
jal[9+1lnax2]

e

o onn
e

e
O~NO OQ0NW OWNUIW COOPN ONTTWO WO NO NOWERLH ORNW TWELN BN

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

b[i] = 1.0;

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

uli] = 0.0;
itrmax = 100;
epsmax = 1.0e-12;
isw = 1;
nt = 2;

printf( "\n  **x  Input  ***\n\n" );
printf( "\titrmax = %6d\n", itrmax );
printf( "\tepsmax =%8.3g\n", epsmax );
printf( "\tnt = ¥%6d\n", nt );

ierr = ASL_gxe010
(a,lna,n,m,ja,b,u,itrmax,&itr,epsmax,&eps,isw,nt);

printf( "\n  **x  Qutput ***\n\n" );
printf( "\tierr = Y6d\n", ierr );
printf( "\titr = %6d\n", itr );
printf( "\teps =%8.3g\n\n", eps );

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

printf( "\tul%2d 1 =%8.3g\n", i, ulil );

free( a );
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free( ja );
free( b );
free( u );

return O;

}
(d) Output results

*xx ASL_qxe010 *x*x*

Kk k Input Kk k

itrmax = 100
epsmax = le-12
nt = 2

*okk Output *kk

ierr = 0
itr = 10
eps =3.46e-16
ul 0] = 0.335
ul 1] = 0.22
ul[ 2 ] = -0.0808
ul 3] = 0.224
u[ 4] = 0.136
ul 5] = -0.151
ul 6 ] = 0.247
ul 7] = 0.0408
ul 8 ] = -0.0926
ul 91 = 0.17
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4.2.2 ASL_qgxe020, ASL_pxe020
Asymmetric Sparse Matrix (ELLPACK Format) (CGS method)

(1) Function
ASL_gxe020 or ASL_pxe020 uses the scaling preconditioned CGS method to solve the simultaneous linear
equations Au = b having an asymmetric sparse matrix A as the coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_gxe020 (a,lna,n,m ja,b,uitrmax, &itr,epsmax, &eps,isw,nt);
Single precision:

ierr = ASL_pxe020 (a,lna,n,m,ja,b,u,itrmax, &itr,epsmax, &eps,isw,nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

I: {int as for 32bit Integer}

No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Inaxm Input | Array of nonzero element values of the coef-
{R*} ficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
2 Ina I 1 Input | Adjustable dimension of array a and ja
3 n I 1 Input | Order of matrix A
4 m I 1 Input | m denotes the column number of both array
a and ja (See Note (d))
5 ja I* Inaxm Input | Array storing the nonzero structure data of
the coeflficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
6 b Dx n Input | Right-hand side vector b of the simultaneous
{R*} linear equations Au = b
7 u Dx n Output | Solution vector w of the simultaneous linear
{R*} equations Au = b
8 itrmax I 1 Input | Maximum number of iterations (Default
value: n)
9 itr I* 1 Output | Actual number of iterations
10 epsmax D 1 Input | Truncation residual norm
{R} Default value:
1072 (doubleprecision)
107%  (singleprecision) }
11 eps D 1 Output | Final residual norm
1)
12 isw I 1 Input | Processing switch (Default value: 0) (See
Note (e))
isw= 0 : Check whether the values ja are all
distinct.
isw=1: Does not check whether the values
ja are all distinct.
13 nt I 1 Input | Number of tasks to be generated (Default
value: 1)
14 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions
(a) 1 <n<lna
(b) 1<m<n

(C) .Ja[l_l]:17Ja[(l_1)+lnaX(J_l)]#l (izlﬁ"'vn;j:27"'aji)7
1<jali—1)+max(-1)]<n (j=2,---ji) ,

where j; (i = 1,---,n) is the number of nonzero elements that are contained in the i-th column
of Matrix A.
e ja[(i—1) +Ina x j;] =0, if j; < m, where j; (i =1,---,n) is the number of nonzero elements that

are contained in the i-th column of Matrix A.

(d) ja[i—1)+mmax (j—1)] (=1,

,ji) are all distinct for a fixed value i, where j; (i =1,---,n) is the

number of nonzero elements that are contained in the i-th column of Matrix A.

ai—1]#£00 (i=1,---,n)

itrmax > 1

isw € {0,1}

)
)
g) epsmax > under flowdecisionvalue
)
) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 Restriction (f) was not satisfied. Processing continues with itrmax = n.
1200 Restriction (g) was not satisfied. Processing continues with epsmax =
1072 (doubleprecision)
10-%  (singleprecision) '

1300 Restriction (h) was not satisfied. isw has the input value 0. Processing con-
tinues on the assumption that ja satisfies
Restriction (d) (See Note (e)).

1400 Restriction (i) was not satisfied. Processing continues with nt = 1.

2000 The absolute norm of the right-hand side ufi—1] <+ 0.0 (i=1,---,n) is set for the

vector b is less than the underflow deci- solution.
sion value.

2100 Restriction (e) was not satisfied. Processing continues.

2200 isw was equal to O. Processing continues on the assumption
that ja satisfies Restriction (d) (See Note
(e)).

3000 Restriction (a) was not satisfied. Processing is aborted.

3100 Restriction (b) was not satisfied.

3200 Restriction (c) was not satisfied.

3300 Restriction (d) was not satisfied.
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ierr value Meaning Processing
3500 The norm of the Maximum number of it- The result obtained at that time is
erations has been reached. returned.
4000 a has a diagonal term whose absolute Processing is aborted.
value is smaller than the underflow deci-
sion value.
4100 The norm of the right-hand side vector b
is greater than the overflow decision value.
4210 The norm of the residual » = b — Au is
greater than the overflow decision value.
4220 The relative norm of the residual r is
greater than the overflow decision value.
4310 |(rg,7;)| is less than the underflow deci-
sion value.
4320 [(ro, ;)| is greater than the overflow de-
cision value.
4410 |(ro, Ap;)| is less than the underflow de-
cision value.
4420 |(ro, Ap;)| is greater than the overflow de-
cision value.
5000 Processing to reserve the work area re-
quired to execute the basic iterative algo-
rithm failed (See Note (f)).
(6) Notes

(a) The table below shows maximum and minimum values of floating point data and so on, that are defined

within ASL C interface.
Table 4—3 Constants used in ASL C interface

Double-precision

Single-precision

Maximum value

21023(2 _ 2—52) ~

(1.80 x 103%%)

2127(2 _ 2—23) ~

(3.40 x 10%8)

Positive minimum value

271022

1

(2.23 x 10-308)

27126

R

(1.17 x 10738)

Negative maximum value

91022

~ (—2.23 x 1073%8)

—27126 ~ (=1.17 x 10738)

Minimum value

—21023(9 _ 2752) ~ (—1.80 x 103%)

72127(2 _ 2723)

R

(—3.40 x 1038)

Overflow decision value

Maximum value x1073

Underflow decision value

Positive minimum value x103

(b) The storage method used for the arrays a and ja is as follows.
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Ina

Ina

Figure 4—2 Storage format for Input Data

Matrix A to be stored

ai,i ai,2 0.0 a4 0.0 ai,e 0.0

a21 a22 a23 a24 0.0 0.0 a7
00 asz ass 00 00 asg 0.0
aq,1 a4,2 0.0 a474 a475 a4,6 0.0
0.0 0.0 0.0 as 4 as.s 0.0 0.0
ae,1 0.0 ae,3 ae,4 0.0 ae,6 ae,7
00 ar2 00 00 00 00 arr

Storage status of array a[lna x m]

a1 | a[0] a2 | a[lna] a6 | a[2 x Ina] ai,a | a[3 x Ina] * | a[4 x Ina]
a2z | a[l] a2;1 | a[lna+1] | az3 |a2xIna+1] | azs | a[3 xIlna+1] | azr | a[4 x lna+ 1]
as,3 | a[2] as,2 | a[lna+2] | ase | a2 x Ina+ 2] * a[3 x Ina + 2] * a[4 x lna + 2] N
ae,6 ae,1 ae,3 ae,4 ae,7
ar,7 ar.2 * * *
< ——— == m == === >
Storage status of array ja[lna x m]
ja[0] ja[lna] 6 | ja[2 x Ina] 4 | ja3 x Ina] 0 | ja[4 x Ina]
2 | ja[l] ja[lna + 1] 3 |ja[2xIna+1] 4 | ja[3 x Ina+ 1] 7 | jad x Ina+1]
3 | jal2] ja[lna + 2] 6 | ja[2 xIna+ 2] 0 | ja[3 xIna+ 2] x| ja[4 x Ina+ 2] 0
6 3 4 7
7 2 0 * *
<———== m e >

Remarks

a. 1 is order of Matrix A.

b. Ina > n must hold.

c. m is the column number of Array a, which contains the nonzero elements of Matrix A.

d. Array a should contain nonzero elements of Matrix A so that:

e Diagonal elements are stored in the first column.

e Nonzero elements in the lower triangular part and the upper triangular part are stored in the second though
m-th columns, with the first one in the second column, one adjacent to the next in each row. Here, it is
unnecessary that nonzero elements in each row are stored sequentially.

e Arbitrary values can be stored in the remaining positions that are marked with ‘*’.

e. Array ja should contain the column indices in Matrix A of those elements that correspond to the elements

contained in Array a.

For those rows in which m — 1 becomes greater than the number of nonzero elements in the lower and upper
triangular part, value 0 should be stored in the right neighbor of the rightmost position of the region in ja in
which the column indices of nonzero elements in Matrix A are stored. Arbitrary values can be stored in the

remaining positions that are marked with ‘x’.
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()
(d)

The input values of array a and array ja are partially changed in order to optimize performance.

m can take an arbitrary value as long as it is equal to or greater than the maximum of the numbers of
nonzero elements in a row, but it is recommended from the viewpoint of calculation cost to make the
padded area as little as possible by setting m as close as possible to the maximum of the numbers of

nonzero elements in a row.

A better performance will be achieved by specifying isw = 0 (Performance will degrade remarkably
when isw = 1 is specified). And so, isw = 1 should be specified when it is assured that ja satisfies
Restriction (d). When isw = 1 is specified, the user should be very careful in giving the coefficient
matrix data as input because the check for Restriction (d) is omitted. The validity of the result will

not be guaranteed if isw = 0 was specified but ja doesn’t satisfy Restriction (d).

The work area is automatically allocated within this function. If the work area could not be successfully
allocated, processing will be aborted and ierr returns the value 5000. In this case, the problem cannot
be solved by using this function unless the problem size is reduced or the machine environment is

enhanced in memory size.

(7) Example

(a)

(b)

(©)

Problem
Solve Au = b for the following matrix A and vector b:
3 1.0 0 0 0 0 0 0 0| [ 1]
1 5 2 0 O 0 0 0 0 O 1
o 2 7 3 0 0 0 0 0 O 1
-1 0 3 9 4 0 0o o0 0 O 1
— 4 11
A— 0 2 0 ) 0o 0 0 O b 1
0o 0 -3 0 5 13 6 0 0 O 1
o o o0 -4 0 6 15 7 0 -7 1
0 0 0 -5 0 7T 17T 8 0 1
0 0 0 0 0O -6 0 8 19 9 1
00 0 0 0 0 =7 0 9 21 | 1]
Input data

Input Arrays a, ja and b,
Ina = 11,n = 10, m = 11, itrmax = 100, epsmax = 107 !2,isw = 0,nt = 2

Main program

/* C interface example for ASL_gxe020 */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

double *a;
int lna;
int n;

int m;

int *ja;
double *bj;
double *u;
int itrmax;
int itr;
double epsmax;
double eps;
int isw;
int nt;

int ierr;
int i,j;
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printf( " *x* ASL_qxe020 **x\n" );
lna = 11;
n = 10;
m = b5;

a = ( double * )malloc((size_t) ( sizeof (double) * (lna*m) ));
if (a == L)

printf( "no enough memory for array a\n" );
return -1;

ja = ( int * )malloc((size_t) ( sizeof(int) * (1lnaxm) ));
if ( ja == NULL )

-

printf( "no enough memory for array ja\n" );
return -1;

= ( double * )malloc((size_t) ( sizeof(double) * n ));
£ ( == NULL )

AT

printf( "no enough memory for array b\n" );
return -1;

= ( double * )malloc((size_t)( sizeof(double) * n ));
f (u == NULL )

Ty =R

printf( "no enough memory for array u\n" );
return -1;

for( j=0 ; j < m ; j++ )

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

ali+lnaxj] = 0.0;
jali+lna*jl = 0;
}

}

alo ] = 3.0;
al[ 1lma ] = 1.0;
al1l ] = 5.0;
a[i+lna ] = 1.0;
a[1+1lna*2] = 2.0;
al2 1= 7.0;
a[2+lna ] = 2.0;
a[2+1lnax2] = 3.0;
a[3 1= 9.0;
a[3+lna ] = -1.0;
a[3+1lnax2] = 3.0;
a[3+1nax3] = 4.0;
a4 ] = 11.0;
a[4+lna ] = -2.0;
a[4+1nax2] = 4.0;
a[4+1nax3] = 5.0;
al5 ] = 13.0;
a[b+lna ] = -3.0;
a[6+lna*2] = 5.0;
a[b+1lna*3] = 6.0;
al6 ] = 15.0;
a[6+lna ] = -4.0;
a[6+lnax2] = 6.0;
a[6+1nax3] = 7.0;
a[6+1na*4] = -7.0;
al7 1 = 17.0;
a[7+lna ] = -5.0;
a[7+1lnax2] = 7.0;
a[7+1na*3] = 8.0;
a8 1 = 19.0;
a[8+lna ] = -6.0;
a[8+lna*2] = 8.0;
a[8+1na*3] = 9.0;
al9 1 = 21.0;
a[9+lna ] = -7.0;
a[9+1nax2] = 9.0;
jalo 1= 1;
jal 1lna ] = 2;
jal1 1= 2;
jali+lna ] = 1;
jali+lnax2] = 3;
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jal2 ]
jal[2+lna ]
jal[2+1lnax2]

jal3 ]
jal[3+lna ]
jal[3+1lnax2]
ja[3+1lnax3]

jal4 ]
jal4+lna ]
jal4+1lnax2]
jal[4+1lnax3]

jals ]
ja[6+lna ]
jal[5+1lnax2]
jal[5+1lnax3]

jale ]
jal6+lna ]
jal6+lnax2]
jal[6+1lnax3]
jal[6+1lnax4]

jal7 ]
jal7+lna ]
jal7+1lnax2]
jal[7+1lnax3]

jal8s ]
jal8+lna ]
ja[8+1nax2]
ja[8+1nax3]

jal9 ]
jal9+lna ]
ja[9+1nax2]

e

e

[y
O~NO OQWMWOW OWNUIOW QWO N NTWO N WKL PN W

[
A
=}

for( i=0 ;
b[i] =

;odt+ )

e
o

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

uli] = 0.0;
itrmax = 100;
epsmax = 1.0e-12;
isw =1;
nt = 2;

printf( "\n  ***x Input ***\n\n" );
printf( "\titrmax = ¥6d\n", itrmax );
printf( "\tepsmax =%8.3g\n", epsmax );
printf( "\tnt = %6d\n", nt );

ierr = ASL_qxe020
(a,1lna,n,m,ja,b,u,itrmax,&itr,epsmax,&eps,isw,nt);

printf( "\n  **x  Qutput ***\n\n" );
printf( "\tierr %6d\n", ierr );
printf( "\titr %6d\n", itr );
printf( "\teps =%8.3g\n\n", eps );

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

printf( "\tul%2d 1 =%8.3g\n", i, ulil );

return O;
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(d) Output results

***x ASL_gxe020 ***
#kk  Input  Hkk

100
le-12
2

itrmax
epsmax
nt

*%kk Output *%kk

ierr = 0
itr = 10
eps =6.19e-16
u[l 0] = 0.29
ul 1] = 0.111
ul 2 ] = 0.0732
ul[ 3] = 0.0882
ul 4 ] = 0.0707
ul[ 5] = 0.0185
ul 6 ] = 0.104
ul 7] = 0.0335
ul 8 ] = 0.00671
ul 91 = 0.0795

191



ASL_qxe030, ASL_pxe030
Asymmetric Sparse Matrix (ELLPACK Format) (BiCGSTAB method)

4.2.3 ASL_gxe030, ASL_pxe030
Asymmetric Sparse Matrix (ELLPACK Format) (BiCGSTAB method)

(1) Function
ASL_gxe030 or ASL_pxe030 uses the scaling preconditioned BICGSTAB method to solve the simultaneous
linear equations Au = b having an asymmetric sparse matrix A as the coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_gxe030 (a,lna,n,m ja,buitrmax, &itr,epsmax, &eps,isw,nt);
Single precision:

ierr = ASL_pxe030 (a,lna,n,m,ja,b,u,itrmax, &itr,epsmax, &eps,isw,nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I: {int as for 32bit Integer}

R:Single precision real C:Single precision complex
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Inaxm Input | Array of nonzero element values of the coef-
{R*} ficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
2 Ina I 1 Input | Adjustable dimension of array a and ja
n I 1 Input | Order of matrix A
4 m I 1 Input | m denotes the column number of both array
a and ja (See Note (d))
5 ja I* Inaxm Input | Array storing the nonzero structure data of
the coefficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
6 b Dx n Input | Right-hand side vector b of the simultaneous
{R*} linear equations Au = b
7 u Dx n Output | Solution vector w of the simultaneous linear
{R*} equations Au = b
8 itrmax I 1 Input | Maximum number of iterations (Default
value: n)
9 itr I* 1 Output | Actual number of iterations
10 epsmax D 1 Input | Truncation residual norm
{R} Default value:
1072 (doubleprecision)
1075  (singleprecision) }
11 eps Dx 1 Output | Final residual norm
e
12 isw I 1 Input | Processing switch(Default value: 0) (See
Note (e))
isw= 0 : Check whether the values ja are all
distinct.
isw=1: Does not check whether the values
ja are all distinct.
13 nt I 1 Input | Number of tasks to be generated (Default
value: 1)
14 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 1
(b) 1

IN

IN

m <

() ejali—1]=ijali—1)+max({—1)]#i (i=1,---,mj=2,--
l1<ja[i—-1)+ax(j—1)]<n (j=2,--

n < lna

n

aji) )

231)s

where j; (i =1,---,n) is the number of nonzero elements that are contained in the i-th column
of Matrix A.
e ja[i— 1) +Ina x ji] =0, if j; <m, where j; (i =1,---,n) is the number of nonzero elements that

are contained in the i-th column of Matrix A.

(d) ja[i—1)+max(j—1)] G=1,---

,ji) are all distinct for a fixed value i, where j; (i =1,---,n) is the

number of nonzero elements that are contained in the i-th column of Matrix A.

ai—1]#£00 (i=1,---,n)

itrmax > 1

)
)
g) epsmax > under flowdecisionvalue
) isw € {0,1}

)

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 Restriction (f) was not satisfied. Processing continues with itrmax = n.
1200 Restriction (g) was not satisfied. Processing continues with epsmax =
1072 (doubleprecision)
109  (singleprecision) |’
1300 Restriction (h) was not satisfied. isw has the input value 0. Processing con-
tinues on the assumption that ja satisfies
Restriction (d) (See Note (e)).
1400 Restriction (i) was not satisfied. Processing continues with nt = 1.
2000 The absolute norm of the right-hand side ufi—1] <+ 0.0 (i=1,---,n) is set for the
vector b is less than the underflow deci- solution.
sion value.
2100 Restriction (e) was not satisfied. Processing continues.
2200 isw was equal to O. Processing continues on the assumption
that ja satisfies Restriction (d) (See Note
(e)).
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
3200 Restriction (c) was not satisfied.
3300 Restriction (d) was not satisfied.
3500 The norm of the Maximum number of it- The result obtained at that time is
erations has been reached. returned.
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ierr value Meaning Processing

4000 a has a diagonal term whose absolute Processing is aborted.
value is smaller than the underflow deci-
sion value.

4100 The norm of the right-hand side vector b
is greater than the overflow decision value.

4210 The norm of the residual r = b — Au is
greater than the overflow decision value.

4220 The relative norm of the residual r is
greater than the overflow decision value.

4310 |p;| is less than the underflow decision
value.

4320 |p;| is greater than the overflow decision
value.

4410 |(ro,v;)| is less than the underflow deci-
sion value.

4420 |(ro,v;)| is greater than the overflow de-
cision value.

4510 |(t,t)] is less than the underflow decision
value.

4520 |(t,t)| is greater than the overflow deci-
sion value.

4610 |w;| is less than the underflow decision
value.

4620 |w;| is greater than the overflow decision
value.

4700 |8] is greater than the overflow decision
value.

4800 || is greater than the overflow decision
value.

4900 |(t,s)| is greater than the overflow deci-
sion value.

5000 Processing to reserve the work area re-

quired to execute the basic iterative algo-
rithm failed (See Note (f)).
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(6) Notes

(a) The table below shows maximum and minimum values of floating point data and so on, that are defined

within ASL C interface.

Table 4—4 Constants used in ASL C interface

Double-precision Single-precision
Maximum value 21023(2 — 2752) ~  (1.80 x 103%%) 2127(2 — 2723) ~ (3.40 x 10%8)
Positive minimum value 21022 ~ (2.23 x 1073%8) 27126 ~ (1.17 x 10738)
Negative maximum value ——1022 ~ (—2.23 x 107308) —2~126 ~ (—1.17 x 10738)
Minimum value —21023(2 —2752) ~ (—1.80 x 103%98) | —2127(2 — 2723) ~ (—3.40 x 103%)

Overflow decision value

Maximum value x1073

Underflow decision value

Positive minimum value x103

(b) The storage method used for the arrays a and ja is as follows.
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Ina

Ina

Figure 4—3 Storage format for Input Data

Matrix A to be stored

ai,i ai,2 0.0 a4 0.0 ai,e 0.0

a21 a22 a23 a24 0.0 0.0 a7
00 asz ass 00 00 asg 0.0
aq,1 a4,2 0.0 a474 a475 a4,6 0.0
0.0 0.0 0.0 as 4 as.s 0.0 0.0
ae,1 0.0 ae,3 ae,4 0.0 ae,6 ae,7
00 ar2 00 00 00 00 arr

Storage status of array a[lna x m]

a1 | a[0] a2 | a[lna] a6 | a[2 x Ina] ai,a | a[3 x Ina] * | a[4 x Ina]
a2z | a[l] a2;1 | a[lna+1] | az3 |a2xIna+1] | azs | a[3 xIlna+1] | azr | a[4 x lna+ 1]
as,3 | a[2] as,2 | a[lna+2] | ase | a2 x Ina+ 2] * a[3 x Ina + 2] * a[4 x lna + 2] N
ae,6 ae,1 ae,3 ae,4 ae,7
ar,7 ar.2 * * *
< ——— == m == === >
Storage status of array ja[lna x m]
ja[0] ja[lna] 6 | ja[2 x Ina] 4 | ja3 x Ina] 0 | ja[4 x Ina]
2 | ja[l] ja[lna + 1] 3 |ja[2xIna+1] 4 | ja[3 x Ina+ 1] 7 | jad x Ina+1]
3 | jal2] ja[lna + 2] 6 | ja[2 xIna+ 2] 0 | ja[3 xIna+ 2] x| ja[4 x Ina+ 2] 0
6 3 4 7
7 2 0 * *
<———== m e >

Remarks

a. 1 is order of Matrix A.

b. Ina > n must hold.

c. m is the column number of Array a, which contains the nonzero elements of Matrix A.

d. Array a should contain nonzero elements of Matrix A so that:

e Diagonal elements are stored in the first column.

e Nonzero elements in the lower triangular part and the upper triangular part are stored in the second though
m-th columns, with the first one in the second column, one adjacent to the next in each row. Here, it is
unnecessary that nonzero elements in each row are stored sequentially.

e Arbitrary values can be stored in the remaining positions that are marked with ‘*’.

e. Array ja should contain the column indices in Matrix A of those elements that correspond to the elements

contained in Array a.

For those rows in which m — 1 becomes greater than the number of nonzero elements in the lower and upper
triangular part, value 0 should be stored in the right neighbor of the rightmost position of the region in ja in
which the column indices of nonzero elements in Matrix A are stored. Arbitrary values can be stored in the

remaining positions that are marked with ‘x’.
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()
(d)

The input values of array a and array ja are partially changed in order to optimize performance.

m can take an arbitrary value as long as it is equal to or greater than the maximum of the numbers of
nonzero elements in a row, but it is recommended from the viewpoint of calculation cost to make the
padded area as little as possible by setting m as close as possible to the maximum of the numbers of

nonzero elements in a row.

A better performance will be achieved by specifying isw = 0 (Performance will degrade remarkably
when isw = 1 is specified). And so, isw = 1 should be specified when it is assured that ja satisfies
Restriction (d). When isw = 1 is specified, the user should be very careful in giving the coefficient
matrix data as input because the check for Restriction (d) is omitted. The validity of the result will

not be guaranteed if isw = 0 was specified but ja doesn’t satisfy Restriction (d).

The work area is automatically allocated within this function. If the work area could not be successfully
allocated, processing will be aborted and ierr returns the value 5000. In this case, the problem cannot
be solved by using this function unless the problem size is reduced or the machine environment is

enhanced in memory size.

(7) Example

(a)

(b)

(©)

Problem
Solve Au = b for the following matrix A and vector b:
3 1.0 0 0 0 0 0 0 0| [ 1]
1 5 2 0 O 0 0 0 0 O 1
o 2 7 3 0 0 0 0 0 O 1
-1 0 3 9 4 0 0o o0 0 O 1
— 4 11
A— 0 2 0 ) 0o 0 0 O b 1
0o 0 -3 0 5 13 6 0 0 O 1
o o o0 -4 0 6 15 7 0 -7 1
0 0 0 -5 0 7T 17T 8 0 1
0 0 0 0 0O -6 0 8 19 9 1
00 0 0 0 0 =7 0 9 21 | 1]
Input data

Input Arrays a, ja and b,
Ina = 11,n = 10, m = 11, itrmax = 100, epsmax = 107 !2,isw = 0,nt = 2

Main program

/* C interface example for ASL_gxe030 */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

double *a;
int lna;
int n;

int m;

int *ja;
double *bj;
double *u;
int itrmax;
int itr;
double epsmax;
double eps;
int isw;
int nt;

int ierr;
int i,j;
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printf( " *x* ASL_qxe030 **x\n" );
lna = 11;
n = 10;
m = b5;

a = ( double * )malloc((size_t) ( sizeof (double) * (lna*m) ));
if (a == L)

printf( "no enough memory for array a\n" );
return -1;

ja = ( int * )malloc((size_t) ( sizeof(int) * (1lnaxm) ));
if ( ja == NULL )

-

printf( "no enough memory for array ja\n" );
return -1;

= ( double * )malloc((size_t) ( sizeof(double) * n ));
£ ( == NULL )

AT

printf( "no enough memory for array b\n" );
return -1;

= ( double * )malloc((size_t)( sizeof(double) * n ));
f (u == NULL )

Ty =R

printf( "no enough memory for array u\n" );
return -1;

for( j=0 ; j < m ; j++ )

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

ali+lnaxj] = 0.0;
jali+lna*jl = 0;
}

}

alo ] = 3.0;
al[ 1lma ] = 1.0;
al1l ] = 5.0;
a[i+lna ] = 1.0;
a[1+1lna*2] = 2.0;
al2 1= 7.0;
a[2+lna ] = 2.0;
a[2+1lnax2] = 3.0;
a[3 1= 9.0;
a[3+lna ] = -1.0;
a[3+1lnax2] = 3.0;
a[3+1nax3] = 4.0;
a4 ] = 11.0;
a[4+lna ] = -2.0;
a[4+1nax2] = 4.0;
a[4+1nax3] = 5.0;
al5 ] = 13.0;
a[b+lna ] = -3.0;
a[6+lna*2] = 5.0;
a[b+1lna*3] = 6.0;
al6 ] = 15.0;
a[6+lna ] = -4.0;
a[6+lnax2] = 6.0;
a[6+1nax3] = 7.0;
a[6+1na*4] = -7.0;
al7 1 = 17.0;
a[7+lna ] = -5.0;
a[7+1lnax2] = 7.0;
a[7+1na*3] = 8.0;
a8 1 = 19.0;
a[8+lna ] = -6.0;
a[8+lna*2] = 8.0;
a[8+1na*3] = 9.0;
al9 1 = 21.0;
a[9+lna ] = -7.0;
a[9+1nax2] = 9.0;
jalo 1= 1;
jal 1lna ] = 2;
jal1 1= 2;
jali+lna ] = 1;
jali+lnax2] = 3;

199



ASL_qxe030, ASL_pxe030
Asymmetric Sparse Matrix

(ELLPACK Format) (BiCGSTAB method)

jal2 ]
jal[2+lna ]
jal[2+1lnax2]

jal3 ]
jal[3+lna ]
jal[3+1lnax2]
ja[3+1lnax3]

jal4 ]
jal4+lna ]
jal4+1lnax2]
jal[4+1lnax3]

jals ]
ja[6+lna ]
jal[5+1lnax2]
jal[5+1lnax3]

jale ]
jal6+lna ]
jal6+lnax2]
jal[6+1lnax3]
jal[6+1lnax4]

jal7 ]
jal7+lna ]
jal7+1lnax2]
jal[7+1lnax3]

jal8s ]
jal8+lna ]
ja[8+1nax2]
ja[8+1nax3]

jal9 ]
jal9+lna ]
ja[9+1nax2]

e

e

[y
O~NO OQWMWOW OWNUIOW QWO N NTWO N WKL PN W

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

b[i] = 1.0;

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

uli] = 0.0;
itrmax = 100;
epsmax = 1.0e-12;
isw =1;
nt = 2;
printf( "\n  ***x Input ***\n\n" );

printf( "\titrmax

%6d\n", itrmax );

printf( "\tepsmax =%8.3g\n", epsmax );

printf( "\tnt

%6d\n", nt );

ierr = ASL_qxe030

(a,1lna,n,m,ja,

printf( "\n

printf( "\tierr
printf( "\titr

b,u,itrmax,&itr,epsmax,&eps,isw,nt);

*x*%  Output  **x\n\n" );
%6d\n", ierr );
%6d\n", itr );

printf( "\teps =%8.3g\n\n", eps );

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

printf( "\tul%2d 1 =%8.3g\n", i, ulil );

return O;
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(d) Output results

***x ASL_gxe030 ***
#kk  Input  Hkk

100
le-12
2

itrmax
epsmax
nt

*%kk Output *%kk

ierr = 0
itr = 10
eps =3.88e-16
u[l 0] = 0.29
ul 1] = 0.111
ul 2 ] = 0.0732
ul[ 3] = 0.0882
ul 4 ] = 0.0707
ul[ 5] = 0.0185
ul 6 ] = 0.104
ul 7] = 0.0335
ul 8 ] = 0.00671
ul 91 = 0.0795
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4.2.4 ASL_gxe040, ASL_pxe040
Asymmetric Sparse Matrix (ELLPACK Format) (GMRES(m) method)

(1) Function
ASL_qxe040 or ASL_pxe040 uses the scaling preconditioned GMRES(m) method to solve the simultaneous
linear equations Au = b having an asymmetric sparse matrix A as the coefficient matrix.

(2) Usage
Double precision:
ierr = ASL_qxe040 (a,lna,n,m,ja,b,uitrmax, &itr,mgmrs,epsmax, &eps,isw,nt);
Single precision:

ierr = ASL_pxe040 (a,lna,n,m,ja,b,u,itrmax, &itr,mgmrs,epsmax, &eps,isw,nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I: {int as for 32bit Integer}

R:Single precision real C:Single precision complex
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Dx Inaxm Input | Array of nonzero element values of the coef-
{R*} ficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
2 Ina I 1 Input | Adjustable dimension of array a and ja
n I 1 Input | Order of matrix A
4 m I 1 Input | m denotes the column number of both array
a and ja (See Note (d))
5 ja I* Inaxm Input | Array storing the nonzero structure data of
the coefficient matrix
(For the storage format(See Note (b)))
Output | Values updated for optimization (See Note
(©)
6 b D n Input | Right-hand side vector b of the simultaneous
{R*} linear equations Au = b
7 u Dx n Output | Solution vector u of the simultaneous linear
{R*} equations Au = b
8 itrmax I 1 Input | Maximum number of iterations (Default
value: n)
9 itr I* 1 Output | Actual number of iterations
10 mgmrs I 1 Input | GMRES(m) parameter m (Default value: 10)
11 epsmax D 1 Input | Truncation residual norm
{R} Default value:
1072 (doubleprecision)
107%  (singleprecision) }
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No. Argument and Type Size fnput/ Contents
Return Value ’ Output
12 eps D+ 1 Output | Final residual norm
18

13 isw I 1 Input | Processing switch(Default value: 0) (See
Note (e))
isw= 0 : Check whether the values ja are all
distinct.
isw=1: Does not check whether the values
ja are all distinct.

14 nt I 1 Input | Number of tasks to be generated (Default
value: 1)

15 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions
(a) 1<n<Ina
(b)) 1<m<n

() ejafi—1]=ijal(i—1)+Max (-1} #i (=1,---,n;j=2---Ji),
I<ja[i—1)+max(—D]<n (=2,--j) ,

where j; (i =1,---,n) is the number of nonzero elements that are contained in the i-th column
of Matrix A.
e ja[(i—1)+1Ina x j| =0, if j; < m, where j; (¢ =1,---,n) is the number of nonzero elements that

are contained in the i-th column of Matrix A.

(d) ja[i—1)+max (j—1)] (j=1,---,ji) are all distinct for a fixed value i, where j; (i =1,---,n) is the
number of nonzero elements that are contained in the i-th column of Matrix A.

ai—1]#0.0 (i=1,---,n)

itrmax > 1

epsmax > under flowdecisionvalue
isw € {0,1}

)

)

g) mgmrs > 1
)

)

) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 Restriction (f) was not satisfied. Processing continues with itrmax = n.

1100 Restriction (g) was not satisfied. Processing continues with mgmrs = 10.

1200 Restriction (h) was not satisfied. Processing continues with epsmax =

1072 (doubleprecision)
1079  (singleprecision) |’
1300 Restriction (i) was not satisfied. isw has the input value 0. Processing con-
tinues on the assumption that ja satisfies
Restriction (d) (See Note (e)).

1400 Restriction (j) was not satisfied. Processing continues with nt = 1.

2000 The absolute norm of the right-hand side ufi—1] <+ 0.0 (i=1,---,n) is set for the
vector b is less than the underflow deci- solution.
sion value.

2100 Restriction (e) was not satisfied. Processing continues.

2200 isw was equal to O. Processing continues on the assumption

that ja satisfies Restriction (d) (See Note
(¢)):

3000 Restriction (a) was not satisfied. Processing is aborted.

3100 Restriction (b) was not satisfied.

3200 Restriction (c) was not satisfied.

3300 Restriction (d) was not satisfied.

3500 The norm of the Maximum number of it- The result obtained at that time is
erations has been reached. returned.

4000 a has a diagonal term whose absolute Processing is aborted.
value is smaller than the underflow deci-
sion value.

4100 The norm of the right-hand side vector b
is greater than the overflow decision value.

4210 The norm of the initial residual » = b —

Aw is greater than the overflow decision
value.

4220 The norm of the residual » of the final
solution is greater than the overflow deci-
sion value.

4310 ||AM_1vi||22 is less than the underflow The solution obtained by the (i — 1)
decision value. In this case, it is very pos- iteration is returned, and processing is
sible that AM ! is degenerate. aborted.

4320 ||AM’11;1-||22 is greater than the overflow Processing is aborted.
decision value.
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ierr value Meaning Processing
4410 |wll2” after Gram-Schmidt orthogonaliza- The solution obtained by that time is re-
tion became less than the underflow deci- turned, and processing is aborted.

sion value, and processing could not be
continued. This indicates that the itera-
tive solution has already converged. It is
very possible that the convergence deci-

sion conditions are too strict.

5000 Processing to reserve the work area re-
quired to execute the basic iterative algo-
rithm failed (See Note (f)).

(6) Notes

(a) The table below shows maximum and minimum values of floating point data and so on, that are defined
within ASL C interface.

Table 4—5 Constants used in ASL C interface

Double-precision Single-precision
Maximum value 21023(2 —2752) ~  (1.80 x 1030%) 2127(2 — 2723) ~ (3.40 x 10%®)
Positive minimum value 21022 ~ (2.23 x 1073%8) 27126 ~ (1.17 x 10738)

Negative maximum value ——1022 ~ (—2.23 x 107308) —2~126 ~ (—1.17 x 10738)
Minimum value —21023(2 —2752) ~ (—1.80 x 103%8) | —2127(2 — 2723) ~ (—3.40 x 103®)
Overflow decision value Maximum value x1073
Underflow decision value Positive minimum value x103

(b) The storage method used for the arrays a and ja is as follows.
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Figure 4—4 Storage format for Input Data

Matrix A to be stored

ai,i ai,2 0.0 a4 0.0 aie 0.0

a21 a22 a23 a24 0.0 0.0 a7
00 az2 a3z 00 0.0 aze 0.0
as1 as2 00 ass ass ass 0.0
0.0 0.0 0.0 as 4 as.s 0.0 0.0
ae,1 0.0 ae,3 ae,4 0.0 ae,6 ae,7
00 a7z 00 00 00 00 arr

Storage status of array a[lna x m)]

a1 | a[0] a2 | a[lna] a1, | a[2 x Ina] a1,a | a[3 x Ina] x| a4 X lna]

a2z | a[l] a2 |a[lna+1] | azs |a[2xIna+1] | a4 | a[3 xIna+1] | az7 | a4 x Ina+1]

as,3 | a[2] as,2 | a[lna+2] | ase | a[2 x Ina + 2] x| a[3 x lna+ 2] * a[4 X lna + 2] N
Ina : :

6,6 as,1 a6,3 46,4 as,7

ar,7 ar.2 * * *

<—=——=—= m e — >

Storage status of array ja[lna x m]

1 | ja[0] 2 | ja[lna] 6 | ja[2 x Ina] 4 | ja[3 x Ina] 0 | ja[4 x Ina]

2 | ja[l] ja[lna 4 1] 3 | ja[2xIna+1] 4 | ja[3 x Ina+ 1] 7 | ja[4 x lna+ 1]

3 | jal2] 2 | ja[lna + 2] 6 | ja[2 xIna+ 2] 0 | ja[3 xIna+ 2] x| ja[4 x Ina + 2] 0
Ina . . : . .

6 3 4 7

7 2 0 *

<————= e >
Remarks

a. 1 is order of Matrix A.

b. Ina > n must hold.

c.  m is the column number of Array a, which contains the nonzero elements of Matrix A.
d. Array a should contain nonzero elements of Matrix A so that:

e Diagonal elements are stored in the first column.

e Nonzero elements in the lower triangular part and the upper triangular part are stored in the second though
m-th columns, with the first one in the second column, one adjacent to the next in each row. Here, it is
unnecessary that nonzero elements in each row are stored sequentially.

e Arbitrary values can be stored in the remaining positions that are marked with ‘*’.

e. Array ja should contain the column indices in Matrix A of those elements that correspond to the elements

contained in Array a.

For those rows in which m — 1 becomes greater than the number of nonzero elements in the lower and upper

triangular part, value 0 should be stored in the right neighbor of the rightmost position of the region in ja in

which the column indices of nonzero elements in Matrix A are stored. Arbitrary values can be stored in the

remaining positions that are marked with ‘x’.
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()
(d)

The input values of array a and array ja are partially changed in order to optimize performance.

m can take an arbitrary value as long as it is equal to or greater than the maximum of the numbers of
nonzero elements in a row, but it is recommended from the viewpoint of calculation cost to make the
padded area as little as possible by setting m as close as possible to the maximum of the numbers of

nonzero elements in a row.

A better performance will be achieved by specifying isw = 0 (Performance will degrade remarkably
when isw = 1 is specified). And so, isw = 1 should be specified when it is assured that ja satisfies
Restriction (d). When isw = 1 is specified, the user should be very careful in giving the coefficient
matrix data as input because the check for Restriction (d) is omitted. The validity of the result will

not be guaranteed if isw = 0 was specified but ja doesn’t satisfy Restriction (d).

The work area is automatically allocated within this function. If the work area could not be successfully
allocated, processing will be aborted and ierr returns the value 5000. In this case, the problem cannot
be solved by using this function unless the problem size is reduced or the machine environment is

enhanced in memory size.

(7) Example

(a)

(b)

()

Problem
Solve Au = b for the following matrix A and vector b:

3 1 0 o o0 0 0 0 0 o0 1
1 5 2 o o0 0 0 o0 0 o0 1
0 2 7T 3 0 0 0 0 0 0 1
-1 0 3 9 4 0 0 0 0 O 1
e o -2 0 4 11 5 0 0 0 O b= 1
0o 0 -3 0 5 13 6 0 0 O 1
o 0 0 -4 6 15 7 0 -7 1
o 0 0 -5 0 7T 17 8 0 1
o 0 0 o 0 -6 0 &8 19 9 1
| 0 0 0 o 0 0 -7 0 9 21 | | 1]
Input data

Input Arrays a, ja and b,
Ina = 11,n = 10, m = 11, itrmax = 100, mgmrs = 5, epsmax = 107 !2,isw = 0,nt = 2

Main program

/* C interface example for ASL_qgxe040 */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

double *a;
int lna;
int n;

int m;

int *ja;
double *bj;
double *u;
int itrmax;
int itr;
int mgmrs;
double epsmax;
double eps;
int isw;
int nt;

int ierr;
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int i,j;
printf( " **x*x ASL_qxe040 ***\n" );
lna = 11;
n = 10;
m = b;
a = ( double * )malloc((size_t)( sizeof(double) * (lna*m) ));
if ( a == NULL )
printf( "no enough memory for array a\n" );
return -1;
}
ja = ( int * )malloc((size_t) ( sizeof(int) * (Ilna*m) ));
if ( ja == NULL )
{
printf( "no enough memory for array ja\n" );
return -1;
}
b = ( double * )malloc((size_t)( sizeof(double) * n ));
%f ( == NULL )
printf( "no enough memory for array b\n" );
) return -1;
u = ( double * )malloc((size_t)( sizeof(double) * n ));
%f (u-== L)

printf( "no enough memory for array u\n" );
return -1;

for( j=0 ; j < m ; j++ )
{

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

ali+lnaxj]l = 0.0;
jali+lna*j] = 0;
}

}

alo ] = 3.0;
al 1lna ] = 1.0;
al1l ] = 5.0;
a[i+lna ] = 1.0;
a[1+1lnax2] = 2.0;
al2 1= 7.0
a[2+lna ] = 2.0;
a[2+1na*2] = 3.0;
al3 1= 9.0
a[3+lna ] = -1.0;
a[3+1lnax2] = 3.0;
a[3+1na*3] = 4.0;
ald ] = 11.0;
a[4+lna ] = -2.0;
a[4+1nax2] = 4.0;
a[4+1na*3] = 5.0;
al5 ] = 13.0;
a[5+lna ] = -3.0;
a[b+1lnax2] = 5.0;
a[5+1na*3] = 6.0;
al6 ] = 15.0;
a[6+lna ] = -4.0;
a[6+1lnax2] = 6.0;
a[6+1lnax3] = 7.0;
a[6+1lnax4] = -7.0;
al7 1 =17.0;
a[7+lna ] = -5.0;
a[7+1lnax2] = 7.0;
a[7+1lnax3] = 8.0;
als 1 = 19.0;
a[8+lna ] = -6.0;
a[8+1lnax2] = 8.0;
a[8+1na*x3] = 9.0;
al9 1 = 21.0;
a[9+lna ] = -7.0;
a[9+1na*2] = 9.0;
jalo 1= 1;
jal 1lna ] = 2;
jal1 1= 2
jali+lna ] = 1;
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jal1+lnax2]

jal2 ]
jal2+lna ]
ja[2+1nax2]

jal3 ]
jal3+lna ]
jal[3+1lnax2]
ja[3+1nax3]

jal4 ]
jal4+lna 1]
jal[4+1lnax2]
jal[4+1nax3]

jalb ]
jal5+lna ]
jal[5+1lnax2]
ja[5+1lnax3]

jal6 ]
jal6+lna 1]
jal6+lnax2]
jal[6+1lnax3]
jal6+lnax4]

jal7 ]
jal7+lna ]
jal7+1lnax2]
jal7+1lnax3]

jal8 ]
ja[8+lna ]
ja[8+1nax2]
ja[8+1lnax3]

jal9 ]
jal[9+lna ]
ja[9+1nax2]

e

e

fure
O~NO OWMNMW OWNUIWW QOO N NTWOo OPRNOO WL PNDW W

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

b[i] = 1.0;

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

uli] = 0.0;
}
itrmax = 100;
mgmrs = 10;
epsmax = 1.0e-12;
isw =1;
nt = 2;

printf( "\n  ***x Input ***\n\n" );
printf( "\titrmax %6d\n", itrmax );
printf( "\tepsmax =%8.3g\n", epsmax );
printf( "\tmgmrs %6d\n", mgmrs );
printf( "\tnt %6d\n", nt );

ierr = ASL_gxe040

(a,lna,n,m,ja,b,u,itrmax,&itr,mgnrs,epsmax,&eps,isw,nt);

printf( "\n  **x  Qutput  ***\n\n" );
printf( "\tierr %6d\n", ierr );
printf( "\titr %6d\n", itr );
printf( "\teps =%8.3g\n\n", eps );

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

printf( "\tul%2d 1 =%8.3g\n", i, ulil );

free( a
free( j
free( b
free( u

5
a);
5
5

return O;
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(d) Output results

***x ASL_qgxe040 x***

*okk Input *okk

itrmax = 100
epsmax = le-12
mgmrs = 10
nt = 2

*okk Output *kk

ierr = 0
itr = 10
eps =3.02e-16
ul 0] = 0.296
ul 1] = 0.111
ul 2 ] = 0.0732
ul 3 ] = 0.0882
ul 4 ] = 0.0707
ul 5] = 0.0185
u[ 6 ] = 0.104
ul 7] = 0.0335
ul 8 ] = 0.00671
ul 91 = 0.0795
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Chapter 5
EIGENVALUES AND EIGENVECTORS

5.1 INTRODUCTION

This chapter describes functions that obtain eigenvalues and eigenvectors of symmetric matrices.
Function described in this chapter divides up and allocates internal processing among threads and
executes allocated processing in parallel.

In the standard eigenvalue problem, obtain the value A and corresponding vector & which satisfy the following
equation for a given matrix A:

Ax = dx.

The value A and the corresponding vector @ are called an eigenvalue and the corresponding eigenvector, respec-
tively.

In generalized eigenvalue problem, obtain the value A and corresponding vector & which satisfy one of the

following equations for given matrices A and B:

Ax = A\Bzx

or

ABx = Az ( both A and B are Hermitian, B is positive definite )
or

BAx = Ax ( both A and B are Hermitian, B is positive definite ).

These A and x are also called an eigenvalue and an eigenvector. If both A and B are Hermitian and B is
positive definite, all the eigenvalues are real and the eigenvectors for different eigenvalues are orthogonal for each
other.

The functions contained in this chapter provide functions corresponding to the following four categories.
All eigenvalues and all eigenvectors: Obtain all eigenvalues and the corresponding eigenvectors.
All eigenvalues: Obtain all eigenvalues only.

Eigenvalues and eigenvectors: Obtain a number of the largest or smallest eigenvalues and the corresponding

eigenvectors.

Eigenvalues: Obtain a number of the largest or smallest eigenvalues.
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5.1.1 Notes

(1)

In general, functions corresponding to ‘All eigenvalues and all eigenvectors’ or ‘Eigenvalues and eigenvectors’
require more processing time and memory than functions corresponding to ‘All eigenvalues’ or ‘Eigenvalues’

respectively.

In general, it is more efficient to use functions corresponding to ‘Eigenvalues and eigenvectors’ or ‘Eigenval-
ues’ if you want to obtain no more than 20% of the total number of eigenvalues. To obtain more than 20%
of the total number of eigenvalues, functions corresponding to ‘All eigenvalues and all eigenvectors’ or ‘All
eigenvalues’ require less processing time.

In this library, the functions of the generalized eigenvalue require the condition that B is positive definite. In
the following cases, however, the eigenvalues and the eigenvectors can be obtained even if B is not positive
definite.

(a) Matrix B is not positive definite but matrix A is positive definite
Bv=\"1Av
gives non-zero eigenvalues.

(b) Both of A and B are not positive definite but A + B is positive definite
Av= —(A+B)
V=T v

gives the eigenvalues which are not —1.

If the input matrix is a symmetric matrix or Hermitian matrix, the use of the exclusive functions requires

less processing time.

Since the parallel processing overhead significantly affects the computation cost if the order of the matrix
is small, performance may be worse than when a non-parallel function is used.
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5.1.2 Algorithms Used
5.1.2.1 Transforming a real symmetric matrix to a real symmetric tridiagonal matrix

The Householder method is used to transform an n x n real symmetric matrix A to a real symmetric tridiagonal

matrix T'. That is, A; = A is assumed, and for k =1,2,---,n — 2, a vector uy is taken so that:
1
Hk = §u£uk
T
UrU
Po=1—-—"F
k 7

and all elements below the subdiagonal component in column k of:
A1 = PrAp Py
become 0. A,_; becomes the obtained real symmetric tridiagonal matrix. In addition, the transformation matrix
Py is an orthogonal symmetric matrix.
5.1.2.2 Transforming a Hermitian matrix to a real symmetric tridiagonal matrix

First, the Householder method is used to transform an n x n Hermitian matrix A to a Hermitian tridiagonal

matrix S.
S=P, 9 -PPIAP,Py---P,_o

Then a regular complex diagonal matrix D is used (similarity transformation) to transform matrix S to a real

symmetric tridiagonal matrix 7.

T=D*SD

5.1.2.3 The Householder transformation by block algorithm

As for the Householder transformation, the block algorithm is used. This method simplifies the update of a
matrix by applying the lump sum of a rank-one matrix update that transforms the original real symmetric matrix
into a real symmetric tridiagonal matrix. Let Ax;;1 be the symmetric matrix that is generated after similarity

transformations are performed for k times on the original symmetric matrix A. Then it holds that:

T T
Ak+1 = PkAkPk = Ak — URV, — ViU

where Py is an orthogonal matrix. Also the following relationship holds:

A=A
T
UL U
P, =1-
Hy,
1
Hk = §u;‘guk
Y = Apug
uly Hu
v = (Y — (kaT';k)

Hy,
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The Householder transformation updates the symmetric matrix twice for one similarity transformation.

The Aj+1 can be expressed without using Ay explicitly.
T T T T
App1 = Ap—1 — Up_1Vp—1" — Vp—1Ug—1" — URVL — VpUL

Similarly, matrix A,;; after the p times of mirror transformation becomes:

P
Ap+1 = A1 — Z(’uﬂ)? + 'vzu;f)
i=1
Therefore, matrix A,41 can be computed at a higher speed if matrix A; is updated in the lump, once per 2p
matrices. If the original matrix is Hermitian, the transpose notation “7” should be replaced with the Hermite

conjugate notation “*”. For details, refer to (3) and (4) in the reference bibliography.

5.1.2.4 QR method

For a tridiagonal matrix T, there is a unitary matrix ¢ and an upper triangular matrix R (for which all diagonal
components are positive) such that T is uniquely decomposed into T'= QR. T}, = T is assumed, T}, is decomposed

into T, = Qi Rk, and these are multiplied in the reverse order to form:
Tri1 < ReQr = QiTkQr(Q5 is the adjoint matrix of Qx)(k=1,---)

IfTy,Ts, -+, T, Txy1 are created, they are all tridiagonal matrices. As k — oo, T} converges to a diagonal matrix
having the eigenvalues of T as its diagonal elements.
To accelerate convergence in the actual QR method, the values uj are taken as approximations of the eigenvalues,

Ty — url are created in place of Ty by performing an origin shift, and these are decomposed into:

Ty — pd = QrRy,

To calculate the approximation of an eigenvalue, consider the case when there is an adjacent eigenvalue (or an
eigenvalue having a close absolute value). Let the eigenvalue py of the lower-right corner submatrix obtained by
the root-free QR method. If T = RpQr + pxl is created, then Ty41 becomes:

Try1 = QpTrQx

After this operation is iterated until the sequence of matrices converges, the values adjusted by the cumulative
amount the origin was shifted become the eigenvalues.

The eigenvectors of the original matrix before tridiagonalization are obtained by the following procedures. First,
sequentially accumulate the transformation matrices used when obtaining the trigonal matrix T" according to
the Householder transformation method. Next, accumulate the transformation matrices Q1,Q2, - - -, Q@ obtained
according to the QR method.

5.1.2.5 root-free QR method

The root-free QR method, which eliminates the square root calculations of the QR method, is faster when only
seeking the eigenvalues of a real symmetric tridiagonal matrix. Let ag,---,a, be the diagonal elements and
b1, -, Bn—1 be the subdiagonal elements. Let one of the components of the transformation matrix during the
calculation be P and let S; and C; be sin# and cos# within P(*). Although square roots must be computed in

the calculations:

Py =0a;Ci_1 — Bi—15i-1Ci—2
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Bi
VP + 5
P

Ci=——t
NGET:

New a;—1 = a; + P;_1Ci_9 — P;Ci_

New fBi_g = Si—2\/ P2, + 7,

If these calculations are performed using the squared formats of each of P;, §;, S;, and C;, and if the following

values are assumed: Cyp = 1,59 = 0,71 = al,Pf = a%,an_ﬂ = Bn+1 = 0 then the equations can be expressed as

follows:
=P+ 61‘2+1

New 2 = S22

2 2

_ p:

g2 =1t o2 —i

3 t? K3 t12
Pi2+1 = a12+1ci2 — 205 + S7i + 61'2+1Si20i271

Yir1 = i1 CF = S7;

New a; = a1 +7i — Vit1
and the calculations can be performed without computing any square roots.
For details, refer to (9) in the reference bibliography.
5.1.2.6 Bisection method

The bisection method obtains several of the largest or smallest eigenvalues of a real symmetric tridiagonal matrix
T. If we let dy,ds,- -+, d, be the diagonal components of T’ let s1, S2,---, S,—1 be the subdiagonal components,

let A be a variable, and create the sequence of functions:
foA) =1
fiN) =dp — A
Fild) = (di = N fira ) = s71 fia (V) (1= 2,-22,m)

then fo(A), fi(A), -+, fm(A) is the Sturm sequence. That is, if we let L(A) be the number of non-matching signs
for the successive sequence of functions for a given A, then this L()) is equal to the number of eigenvalues less

than A. To prevent overflow or underflow, if g;()\) is actually defined as:

LN
gi(A) = 1=1,2,---,n
W=rnw )
L(\) becomes the number of g;(\) that are negative. Furthermore, g;()\) satisfies the following:
91(>\) = d1 -A
(=0 = S =)
g9i = 7 - =2z, 1, N
gi-1(A)
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If g;—1(A\)=0, then g;()\) is assumed to be:

gi(A) = (d; — ) — |SZ€—_1| (¢ : Units for determining error)

Assume that the eigenvalues of T satisfy:

From the Gerschgorin theorem, the lower limit (2,i,) and upper limit (my,ax) of all the eigenvalues are given by:
Tmax = max(d; + (|si—1] +si])) (1 <i<n)
Tmin = min(d; — ([si—1| + [s:])) (1<i<n)

where, sg = s, = 0 is assumed.

We continue to make the eigenvalue existence range smaller by repeatedly subdividing the interval while counting
the number of eigenvalues as described above, based on i, and Tyax. In this way, both ends of the infinitesimal
interval can be made to converge to a given eigenvalue.

For information about the Sturm sequence of functions and the Gerschgorin theorem, refer to entries (2) and (5)

of the bibliography.

5.1.2.7 Accumulation of similarity (unitary) transformation by block algorithm

In seeking the eigenvectors of a real symmetric matrix using the QR method or the inverse iteration method, it
is necessary to calculate the accumulation of the similarity (unitary) matrices that had already been computed in
the preceding Householder transformation. It is very effective to apply the block algorithm to this accumulating
procedure for getting better performance.
Let P, be a transformation matrix that is obtained in Householder transformation which transform the real
symmetric matrix to a tridiagonal matrix.

ukug

Po=1-
k .

1
Hk = §’U,£’u,k

The accumulation of the transformation matrix P, becomes to:

P1P2 B Pn,Q = I — 2?:_12'1111"11)T

i

T

where w; is expressed by the following recurrence formula.

If we let V' be the eigenvectors of a real symmetric tridiagonal matrix which are obtained with the QR method

or the inverse iteration method. The eigenvectors X of the original matrix is obtained by the following.

X = P---P,oV

n—2
= V—E wiw! V
i=1
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A product of a similarity (unitary) matrix Py and the eigenvectors V is a rank-one update. Therefore, the
accumulation of the transformation matrices can be obtained at a higher speed if the matrix updates are performed

in the lump. If the original matrix is Hermitian, the transpose notation “7” should be replaced with the Hermite

Wk

conjugate notation

5.1.2.8 Inverse iteration method

The inverse iteration method is used to obtain the eigenvector corresponding to the eigenvalues obtained by the
root-free QR method or bisection method.
Assume the approximate value py of a given eigenvalue \i of the real symmetric tridiagonal matrix T has been

obtained. If a suitable initial vector vg has been chosen at this time and the linear simultaneous equations:

are iteratively solved, then if v; satisfy the convergence conditions, they converge to the eigenvector.
To solve the simultaneous linear equations, partial pivoting is performed while using the Gauss method to perform
an LU decomposition. Then forward elimination and back substitution are performed.

5.1.2.9 Generalized eigenvalue problem
A Cholesky decomposition of B is performed:
B=LL"
in the generalized eigenvalue problem for a Hermitian matrix:
Ax = ABx (A: Hermitian, B : Positive Hermitian)
yielding:
(L7A(LY) Y (L*z) = M(L*z)
If we set:
P=L7'ALY)!
L'z=y

then the generalized eigenvalue problem is transformed to a standard eigenvalue problem for the Hermitian matrix
P.

Py =y
The eigenvector of matrix A is given by:
x=(L")"'y.

Generalized eigenvalue problems for Hermitian matrix other than Az = ABax (B : Positive Hermitian) are

classified into two cases by the position of positive Hermitian Matrix B as:
ABx = \x
and

BAx = \z
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The eigenvalues A and the eigenvectors x of these equations can be obtained by reducing them to standard

eigenvalue problems using the following procedure:

(@ Apply the Cholesky decomposition to the positive matrix B as B = L*L. (Where L is a lower triangle

matrix.)

@ ABxz = Az is reduced to the eigenvalue problem for C' = LAL*, and the eigenvectors are obtained by
multiplying the inverse of L.

® BAx = Az is reduced to the eigenvalue problem for C = LAL*, and the eigenvectors are obtained by
multiplying L*.
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5.2 REAL SYMMETRIC MATRIX (TWO-DIMENSIONAL AR-
RAY TYPE) (UPPER TRIANGULAR TYPE)

5.2.1 ASL_qcsmaa, ASL_pcsmaa
All Eigenvalues and All Eigenvectors of a Real Symmetric Matrix

(1) Function
ASL_gcsmaa or ASL_pcsmaa uses the Householder method and QR method to obtain all eigenvalues of
the real symmetric matrix A (two-dimensional array type) (upper triangular type) and all corresponding

eigenvectors.

(2) Usage
Double precision:
ierr = ASL_gcsmaa (a, Ina, n, e, wl, nt);
Single precision:

ierr = ASL_pcsmaa (a, Ina, n, e, wl, nt);

(3) Arguments and Return Value

R:Single precision real C:Single precision complex

D:Double precision real  Z:Double precision complex I int as for 32bit Integer
’ long as for 64bit Integer

No. Argument and Type Size fput/ Contents
Return Value ’ Output
1 a D+ Inaxn Input | Real symmetric matrix A (two-dimensional
{R*} array type) (upper triangular type)
Output | Eigenvectors (column vectors) corresponding
to each eigenvalue
Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A
4 e Dx n Output | Eigenvalues
()
5 wl Dx n Work | Work area
()
6 nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<Ilna
(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]<— a[0] and a[0] < 1.0 are performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
500042 The sequence did not converge in the step FEigenvalues correctly obtained by this
where the eigenvalues obtained. (1 < i < time are entered in e[0],---,e[i — 2] and
n) eigenvectors corresponding to them are
entered in a. (However, the order is
irregular.)
(6) Notes

(a) Data should be stored only in the upper triangular portion of array a.

(b) Eigenvalues are stored in ascending order.

(¢) The eigenvectors are an orthonormal system.

(d) If eigenvectors are not required, use 5.2.2 {

(7) Example

(a) Problem

Obtain all eigenvalues of the matrix:

6 4 4 1
4 6 1 4
4 1 6 4
1 4 4 6

and their corresponding eigenvectors.

Input data

Matrix A, Ina=11, n=4 and nt=2.

/%

C

Main program

interface example for ASL_qcsmaa */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;
int lda=11;
int n;
double x*e;
double *wl;
int nt
int ierr;
int i,j,k;
FILE *fp;

= 2;

int mod;

fp = fopen( "qcsmaa.dat",

nypn );

if( fp == NULL )

printf( "file open error\n" );

return -1;

H
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}
printf( " **x* ASL_qcsmaa ***\n" );
printf( "\n ** Input **\n\n" );
fscanf( fp, "%d", &n );
mod = n % 4;
a = ( double * )malloc((size_t) ( sizeof (double) * (lda*n) ));
%f( a == NULL )
printf( "no enough memory for array a\n" );
return -1;
}
e = ( double * )malloc((size_t) ( sizeof(double) * n ));
%f( e == NULL )

printf( "no enough memory for array e\n" );
return -1;

wl = ( double * )malloc((size_t)( sizeof (double) * n ));
if ( wl == NULL )
printf( "no enough memory for array wiln" );

return -1;

printf( "\tn = %6d\n", n );
printf( "\tnt= %6d\n\n", nt );
printf( "\tInput Matrix a\n\n" );
for( i=0 ; i<n ; i++ )

for( j=i ; j<m ; j++ )
fscanf ( fp, "%1f", &ali+lda*jl );
}
{or( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( "%8.3g ", al[j+ldaxi] );
for( j=i ; j<n ; j++ )
printf( "%8.3g ", ali+ldaxj] );

}
printf( "\n" );
}

fclose( fp );

ierr = ASL_qcsmaa(a, lda, n, e, wl, nt);
printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );

%or( k=0 ; k<n-3 ; k = k+4 )

printf( "\n" );
for( i=0 ; i<4 ; i++ )

printf( "\tEigenvalue " );

}
printf( "\n" );
for( i=k ; i< k+4 ; i++ )

printf( "\t%8.3g ", elil );
%rintf( "\n" );
for( i=0 ; i<4 ; i++ )

printf( "\tEigenvector " );

}
printf( "\n" );
for( j=0 ; j<n ; j++ )

for( i=k ; i< k+4 ; i++ )
printf( "\t%8.3g ", alj+lda*il );

}
printf( "\n" );
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}
if( mod != 0 )
{

printf( "\n" );
for( i=n-mod ; i<m ; i++ )

printf( "\tEigenvalue " );

}
printf( "\n" );
for( i=n-mod ; i<m ; i++ )

printf( "\t%8.3g ", elil );
%rintf( "\n" );
for( i=n-mod ; i<n ; i++ )

printf( "\tEigenvector " );

}

printf( "\n" );

for( j=1 ; j<n ; j++ )
{

for( i=n-mod ; i<m ; i++ )

printf( "\t%8.3g ", al[j+lda*i] );
}
printf( "\n" );
}

}
free( a );
free( e );
free( wl );
return O;

}
(d) Output results

***x ASL_qgcsmaa ***
*k Input *%

n = 4
nt= 2

Input Matrix a

6 4 4 1
4 6 1 4
4 1 6 4
1 4 4 6

** Qutput **
ierr = 0

Eigenvalue Eigenvalue Eigenvalue Eigenvalue
-1 5 5

15
Eigenvector Eigenvector Eigenvector Eigenvector
.5 0.707 0
-0.5 2.78e-17 -0.707 0.5
-0.5 -1.67e-16 0.707 0.5
0.5 -0.707 8.33e-17 0.5
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5.2.2 ASL_qcsman, ASL_pcsman
All Eigenvalues of a Real Symmetric Matrix

(1) Function
ASL_qgesman or ASL_pcesman uses the Householder method and root-free QR method to obtain all eigen-
values of the real symmetric matrix A (two-dimensional array type) (upper triangular type).

(2) Usage
Double precision:
ierr = ASL_gcsman (a, Ina, n, e, wl, nt);
Single precision:

ierr = ASL_pcsman (a, Ina, n, e, wl, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size Input/ Contents
Return Value Output
1 a Dx Inaxn Input | Real symmetric matrix A
{R*} (two-dimensional array type)(upper triangu-
lar type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 e D+ n Output | Eigenvalues
()
5 wl D n Work | Work area
()
6 nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<Ina

(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0]<—a[0] is performed.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

500042 The sequence did not converge in the step FEigenvalues correctly obtained by this
where the eigenvalues obtained. (1 <i < time are entered in e[0], - - -, e[i—2]. (How-
n) ever, the order is irregular.)
(6) Notes

(a) Data should be stored only in the upper triangular portion of array a.

(b) Eigenvalues are stored in ascending order.
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5.2.3 ASL_qcsmss, ASL_pcsmss
Eigenvalues and Eigenvectors of a Real Symmetric Matrix

(1) Function
ASL_qesmss or ASL_pcsmss uses the Householder method, root free QR method, or Bisection method to
obtain the m largest or m smallest eigenvalues of the real symmetric matrix A (two-dimensional array type)

(upper triangular type) and the inverse iteration method to obtain the corresponding eigenvectors.

(2) Usage
Double precision:
ierr = ASL_qcsmss (a, lna, n, eps, e, m, ve, lnv, isw, iwl, wl, nt);
Single precision:

ierr = ASL_pcsmss (a, lna, n, eps, e, m, ve, lnv, isw, iwl, wl, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Inaxn Input | Real symmetric matrix A
{R*} (two-dimensional array type)(upper triangu-
lar type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A
4 eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalues con-
vergence test. (See Note (d))
5 e Dx m Output | Eigenvalues
()
6 m I 1 Input | The number m of eigenvalues to be obtained.
7 ve D+ Invxm Output | Eigenvectors (column vector) corresponding
{R*} to each eigenvalue.
8 Inv I 1 Input | Adjustable dimension of array ve
9 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
10 iwl I* m Output | Eigenvectors flag (See Note (e))
11 wl Dx 8xn Work | Work area
()
12 nt I 1 Input | Number of tasks to be generated
13 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0<n<lna, Inv

(b) 0O<m<n

(c) nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0] < a[0] and ve[0] - 1.0 are performed.

2000 The maximum number of iterations was Some eigenvectors are obtained with low
exceeded by the inverse iterations for ob- precision, and processing continues. (See
taining eigenvectors. Note (e))

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

3010 Restriction (c) was not satisfied.

(6) Notes

(a) Data should be stored only in the upper triangular portion of array a.
(b) If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

(c¢) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

(d) If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.

(e) If the maximum number of iterations is exceeded when using the inverse iteration method (ierr = 2000
is output), the following processing is performed.
If iwl[i — 1] = 0: The i-th eigenvector calculation is normally terminated.
If iwl[i — 1] # 0: The convergence condition is not satisfied for the i-th eigenvector calculation, and
the eigenvector precision is low. In this case, the iteration count is set for iwl[i — 1].
If processing is normally terminated (ierr = 0 is output), iwl[i — 1] = 0 is set.

(f) The eigenvectors are an orthonormal system.

ASL_qcsmsn}

(g) If eigenvectors are not required, use 5.2.4
ASL_pcsmsn
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(7) Example

(a) Problem

Obtain the three smallest eigenvalues of the matrix:

01000 1
10100 0
4|0 10100
001010
00010 1
1000 1 0

and their corresponding eigenvectors.

(b) Input data
Matrix A, lna=11, n=6, eps=—1.0, m=3, Inv=11, isw=—1 and nt=2.
(¢) Main program

/* C interface example for ASL_qgcsmss */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;
int lda=11;
int n;

double ceps = -1.0;
double x*e;
int m;

double *ve;
int 1ldv=11;
int isw = -1;
int *iwl;
double *wl;
int nt = 2;
int ierr;

int i,j,k;
FILE *fp;

int mod;

fp = fopen( "qcsmss.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " **x* ASL_qcsmss ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &m );

mod = m % 4;

a = ( double * )malloc((size_t)( sizeof(double) * (1lda*n) ));
%f( a == NULL )

printf( "no enough memory for array a\n" );
return -1;

(o)

[}

( double * )malloc((size_t)( sizeof(double) * m ));
e

'f? == NULL )

N

printf( "no enough memory for array e\n" );
return -1;

ve = ( double * )malloc((size_t) ( sizeof(double) * (ldv*m) ));
if( ve == NULL )

printf( "no enough memory for array ve\n" );

return -1;

iwl = ( int * )malloc((size_t) ( sizeof(int) * m ));
if( iwl == NULL
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printf( "no enough memory for array iwl\n" );
return -1;

wl = ( double * )malloc((size_t)( sizeof(double) * (8%n) ));
if( wi == NULL )

printf( "no enough memory for array wiln" );
return -1;

printf( "\tn = %6d\n", n );
printf( "\tm = %6d\n", m );
printf( "\tnt= %6d\n\n", nt );

printf( "\n\tInput Matrix a\n\n" );
for( i=0 ; i<n ; i++ )

for( j=i ; j<n ; j++ )
fscanf( fp, "4lf", &ali+lda*xj]l );
}
for( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++)

printf( "%8.3g ", alj+ldaxi] );
for( j=i ; j<n ; j++ )
printf( "%8.3g ", alit+lda*j] );

}
printf( "\n" );
}

fclose( fp );

ierr = ASL_qgcsmss(a, lda, n, ceps, e, m, ve, ldv, isw, iwl, wl, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

{or( k=0 ; k<m-3 ; k = k+4 )

printf( "\n" );
for( i=0 ; i<4 ; i++ )

printf( "\tEigenvalue " );

%rintf( "\n" );

for( i=k ; i<k+4 ; i++ )
printf( "\t%8.3g v, elil );

%rintf( "\n" );

for( i=0 ; i<4 ; i++ )

printf( "\tEigenvector " );

}

printf( "\n" );

for( j=0 ; j<n ; j++ )

{

for( i=k ; i<k+4 ; i++ )

printf( "\t%8.3g ", ve[j+ldvxi] );
}
printf( "\n" );

}

if( mod !'= 0 )

{

printf( "\n" );
for( i= m-mod ; i<m ; i++ )

printf( "\tEigenvalue " );

}
printf( "\n" );
for( i= m-mod ; i<m ; i++ )

printf( "\t%8.3g ", elil );
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printf( "\n" );
for( i= m-mod ; i<m ; i++ )
printf( "\tEigenvector " );

}

printf( "\n" );

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

for( i= m-mod ; i<m ; i++ )

printf( "\t%8.3g ", ve[j+ldvxi] );
}
printf( "\n" );
¥
}
free( a );
free( e );

free( ve );
free( iwl );
free( wl );

return O;

}
(d) Output results

**% ASL_qgcsmss kk*
*k Input *%

4
3

BEB

Input Matrix a

4 1 0 0
1 3 1 0
0 1 3 1
0 0 1 4
** Qutput **
ierr = 0
Eigenvalue Eigenvalue Eigenvalue
. 3 4.41
Eigenvector Eigenvector Eigenvector
-0.271 0.5 -0.653
0.653 -0.5 -0.271
-0.653 -0.5 0.271
0.271 0.5 0.653
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5.2.4 ASL_gcsmsn, ASL_pcsmsn
Eigenvalues of a Real Symmetric Matrix

(1) Function
ASL_qgesmsn or ASL_pcsmsn uses the Householder method, root-free QR method, or Bisection method to
obtain the m largest or m smallest eigenvalues of the real symmetric matrix A (two-dimensional array type)

(upper triangular type).

(2) Usage
Double precision:
ierr = ASL_qgesmsn (a, lna, n, eps, e, m, isw, wl, nt);
Single precision:

ierr = ASL_pcsmsn (a, lna, n, eps, e, m, isw, wl, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 a Dx Inaxn Input | Real symmetric matrix A
{R*} (two-dimensional array type)(upper triangu-
lar type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A
4 eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalues con-
vergence test. (See Note (d))
5 e Dx m Output | Eigenvalues
()
m I 1 Input | The number m of eigenvalues to be obtained.
isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
8 wl Dx oX1n Work | Work area
()
9 nt I 1 Input | Number of tasks to be generated
10 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0<n<Ilna
(b) 0<m<n

(c) nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]<—a[0] is performed.
3000 Restriction (a) or (b) was not satisfied. Processing is aborted.
3010 Restriction (c) was not satisfied.
(6) Notes

(a) Data should be stored only in the upper triangular portion of array a.
(b) If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

(c¢) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

(d) If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.
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5.3 HERMITIAN MATRIX (TWO-DIMENSIONAL ARRAY
TYPE) (UPPER TRIANGULAR TYPE) (REAL ARGUMENT
TYPE)

5.3.1 ASL_hchraa, ASL_gchraa
All Eigenvalues and All Eigenvectors of a Hermitian Matrix

(1) Function
ASL _hchraa or ASL_gchraa uses the Householder method and QR method to obtain all eigenvalues of the
Hermitian matrix A=(ar, ai) (two-dimensional array type) (upper triangular type) (real argument type)
and all corresponding eigenvectors.

(2) Usage
Double precision:
ierr = ASL_hchraa (ar, ai, Ina, n, e, vr, vi, lnv, wl, nt);
Single precision:

ierr = ASL_gchraa (ar, ai, Ina, n, e, vr, vi, lnv, wl, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
2 ai D+ Ina x n Input | Imaginary part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrix A
5 e Dx n Output | Eigenvalues
()
6 vr D+ Inv X n Output | Real part (column vector) of eigenvectors cor-
{R*} responding to each eigenvalue
7 vi D Inv X n Output | Imaginary part (column vectors) of eigenvec-
{R*} tors corresponding to each eigenvalue
8 Inv I 1 Input | Adjustable dimension of arrays vr and vi
9 wl D 3xn Work | Work area
e
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) O<n<lna, Inv
(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] < a[0], vr[0] < 1.0 and vi[0] < 0.0
are performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
5000+¢ The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue is obtained (1 < i < tered in e[0],---,e[i — 2]. (However, the
n). order is irregular.) Not eigenvector is ob-
tained at this time.
(6) Notes

(a) Real and imaginary parts of the Hermitian matrix are stored only in the upper triangular portions of

arrays ar and ai respectively. (See Appendix A)

(b) Eigenvalues are stored in ascending order.

(¢) The eigenvectors are an orthonormal set.

(d) If eigenvectors are not required, use 5.3.2 {

(7) Example

(a) Problem

Obtain all eigenvalues of the matrix:

A:

7 3 1+2¢ —1+2
3 7 1-2¢ —-1—-2
1—2¢ 1424 7 -3
-1-27 —-1+2¢ -3 7

and their corresponding eigenvectors.

Input data

ASL_hchran
ASL _gchran |

Real part ar and imaginary part ai of matrix A, Ina=11, n=4, Inv=10 and nt=2.

/%

C

Main program

interface example for ASL_hchraa */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar;
double *ai;

int lda=11;
int n;
double x*e;

double *vr;
double *vi;
int ldv=11;
double *wl;
int nt;

int ierr;
int i,j;
FILE *fp;

int mod;
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fp = fopen( "hchraa.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " **%* ASL_hchraa ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &nt );

mod = n % 2;

ar = ( double * )malloc((size_t)( sizeof(double) * (lda*n) ));
if ( ar == NULL )

printf( "no enough memory for array ar\n" );
return -1;

ai = ( double * )malloc((size_t)( sizeof(double) * (lda*n) ));
if( ai == NULL )

printf( "no enough memory for array ailn" );

return -1;
}
e = ( double * )malloc((size_t) ( sizeof(double) * n ));
%f( e == NULL )

printf( "no enough memory for array e\n" );
return -1;

vr = ( double * )malloc((size_t) ( sizeof(double) * (ldv*n) ));
if( vr == NULL )

printf( "no enough memory for array vr\n" );

return -1;
vi = ( double * )malloc((size_t) ( sizeof(double) * (1dv*n) ));
if( vi == NULL )

printf( "no enough memory for array vi\n" );

return -1;
wl = ( double * )malloc((size_t)( sizeof(double) * (3*n) ));
if( wi == NULL )

printf( "no enough memory for array wiln" );

return -1;
printf( "\tn = %6d\n", n );
printf( "\tnt= %6d\n\n", nt );

printf( "\n\tInput Matrix a ( Real , Imaginary )\n\n" );
for( i=0 ; i<n ; i++ )

for( j=i ; j<mn ; j++ )

fscanf ( fp, "%1lf", &ar[i+lda*j]l );
fscanf( fp, "JLlf", &aili+ldaxjl );

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

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( "(%8.3g , %8.3g) ", ar[j+ldaxi], -ail[j+1ldaxi] );
for( j=i ; j<n ; j++ )
printf( "(%8.3g , %8.3g) ", ar[i+ldaxjl, aili+lda*j]l );
%rintf( "\n" );
}
fclose( fp );

ierr = ASL_hchraa(ar, ai, lda, n, e, vr, vi, 1ldv, wl, nt);

printf( "\n ** Output **\n\n" );
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printf( "\tierr = %6d\n", ierr );
for( j=0 ; j<n-1 ; j = j+2 )
{
printf( "\n" );
for( i=0 ; i<2 ; i++ )
printf( "\tEigenvalue ")
}
printf( "\n" );
printf( "\t%8.3g \t%8.3g\n",
eljl, elj+11 );
for( i=0 ; i<2 ; i++ )
printf( "\tEigenvector "),
}
printf( "\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g \t%8.3g , %8.3g\n",
vr[i+ldv*j], vili+ldv*j]l, vrli+ldv*(j+1)],vil[i+ldv*(j+1)] );

}
if( mod != 0 )
{

printf( "\n" );

printf( "\tEigenvalue\n" );
printf( "\t%8.3g\n", e[n-1] );
printf( "\tEigenvector\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g\n",
vrli+ldv*(n-1)], vili+ldvx(m-1)1 );
}

free( ar );
free( ai );
free( e );
free( vr );
free( vi );
free( wl );

return O;

}
(d) Output results

%% ASL_hchraa ¥
** Input *x*

4
2

n
nt

Input Matrix a ( Real , Imaginary )

( 7, 0) ¢ 3, 0) ¢ 1, 2) ¢ -1, 2)
( 3, 0) ¢ : 0) ¢ 1, -2) ( -1, -2)
( 1, -2) ( 1, 2) ( 7, 0) ¢ -3, 0)
( -1, -2) ( -1, 2) ( -3, 0 ( 7, 0)
** Qutput **
ierr = 0
Eigenvalue Eigenvalue
0 8
Eigenvector Eigenvector
.5, 0 -0.707 , 0
-0.5 , 0 6.38e-16 , 0
1.67e-16 , 0.5 0.354 , 0.354
-1.11e-16 , 0.5 -0.354 , 0.354
Eigenvalue Eigenvalue
8 12
Eigenvector Eigenvector
0, 0 0.5, 0
-0.0999 , 0.7 0.5, 0
-0.3 , -0.4 0.5 , -5.55e-16
-0.4 , 0.3 -0.5 , -4.44e-16
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5.3.2 ASL_hchran, ASL _gchran
All Eigenvalues of a Hermitian Matrix

(1) Function
ASL _hchran or ASL_gchran uses the Householder method and root-free QR method to obtain all eigenvalues
of the Hermitian matrix A=(ar, ai) (two-dimensional array type) (upper triangular type) (real argument
type).

(2) Usage
Double precision:
ierr = ASL_hchran (ar, ai, lna, n, e, wl, nt);
Single precision:

ierr = ASL_gchran (ar, ai, Ina, n, e, wl, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fput/ Contents
Return Value Output
1 ar Dx Ina X n Input Real part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Input-time contents are not retained.
2 ai D+ Ina X n Input | Imaginary part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Input-time contents are not retained.
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
n I 1 Input | Order of matrix A
5 e D n Output | Eigenvalues
1
6 wl Dx 3xn Work | Work area
v
7 nt I 1 Input | Number of tasks to be generated
8 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<lna

(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0]<—ar[0] is performed.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

500042 The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue is obtained (1 <4 < tered in e[0],---,e[i — 2]. (However, the
n). order is irregular.)
(6) Notes

(a) Real and imaginary parts of the Hermitian matrix are stored only in the upper triangular portions of

arrays ar and ai respectively. (See Appendix A)

(b) Eigenvalues are stored in ascending order.
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5.3.3 ASL_hchrss, ASL_gchrss
Eigenvalues and Eigenvectors of a Hermitian Matrix

(1) Function
ASL _hchrss or ASL_gchrss uses the Householder method, root-free QR method, or Bisection method to ob-
tain the m largest or m smallest eigenvalues of the Hermitian matrix A=(ar, ai) (two-dimensional array type)
(upper triangular type) (real argument type) and the inverse iteration method to obtain the corresponding

eigenvectors.

(2) Usage
Double precision:
ierr = ASL_hchrss (ar, ai, Ina, n, eps, e, m, vr, vi, lnv, isw, iwl, wl, nt);
Single precision:
ierr = ASL_gchrss (ar, ai, Ina, n, eps, e, m, vr, vi, lnv, isw, iwl, wl, nt);
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(3) Arguments and Return Value

long as for 64bit Integer

D:Double precision real  Z:Double precision complex I int as for 32bit Integer
R:Single precision real C:Single precision complex

No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Input-time contents are not retained.
2 ai D+ Ina X n Input | Imaginary part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Input-time contents are not retained.
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrix A
5 eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalue con-
vergence test. (See Note (d))
6 e Dx m Output | Eigenvalues
()
7 m I 1 Input | The number of m of eigenvalues to be
obtained.
8 vr Dx Inv x m | Output | Real part (column vector) of eigenvectors cor-
{R*} responding to each eigenvalue
9 vi Dx Inv x m | Output | Imaginary parts (column vectors) of eigen-
{R*} vectors corresponding to each eigenvalue
10 Inv I 1 Input | Adjustable dimension of arrays vr and vi
11 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
12 iwl I* m Output | Eigenvector flag (See Note (e))
13 wl Dx 10xn Work | Work area
()
14 nt I 1 Input | Number of tasks to be generated
15 ierr I 1 Output | Error indicator (Return Value)

241



ASL_hchrss, ASL_gchrss
Eigenvalues and Eigenvectors of a Hermitian Matrix

(4) Restrictions

(a)
(b)
()

0<n<lna, Inv
O<m<n

nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] < ar[0], vr[0] < 1.0 and vi[0] < 0.0
are performed.

2000 The maximum number of iterations was Some eigenvectors are obtained with low
exceeded by the inverse iterations for ob- precision, and processing continues. (See
taining eigenvectors. Note (e))

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

3010 Restriction (c) was not satisfied.

(6) Notes

()

()
(2)

The real and imaginary parts of the Hermitian matrix should be stored only in the upper triangular

portions of arrays ar and ai respectively (See Appendix A).
If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.

If the maximum number of iterations is exceeded when using the inverse iteration method (ierr = 2000
is output), the following processing is performed.

If iwl[i — 1] = 0: The i-th eigenvector calculation is normally terminated.

If iwl[i — 1] # 0: The convergence condition is not satisfied for the i-th eigenvector calculation, and
the eigenvector precision is low. In this case, the iteration count is set for iwl[i — 1].

If processing is normally terminated (ierr = 0 is output), iwl[i — 1] = 0 is set.
The eigenvectors are an orthonormal set.

ASL_hchrsn}

If eigenvectors are not required, use 5.3.4
ASL _gchrsn
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(7) Example

(a) Problem

Obtain the three largest eigenvalues of the Hermitian matrix A.

7 3 1+2¢ -1+
A 3 7 1-2¢9 —1—-20

1-24 1424 7 -3

-1-2t —-1+4+2t -3 7

and their corresponding eigenvectors.

(b) Input data
Real part ar and imaginary part ai of matrix A, lna=11, n=4, eps=—1.0, m=3, Inv=11, isw=1 and
nt=2.

(¢) Main program

/* C interface example for ASL_hchrss */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar;
double *ai;
int lda=11;
int n;
double ceps= -1.0;
double x*e;
int m;
double *vr;
double *vi;
int 1ldv=11;
int isw=1;
int *iwl;
double *wl;
int nt;

int ierr;
int i,j;
FILE *fp;

int mod;

fp = fopen( "hchrss.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " *#x* ASL_hchrss ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &m );
fscanf( fp, "%d", &nt );

mod = m % 2;

ar = ( double * )malloc((size_t)( sizeof (double) * (lda*n) ));
if ( ar == NULL )

printf( "no enough memory for array ar\n" );

return -1;
ai = ( double * )malloc((size_t)( sizeof(double) * (lda*n) ));
if ( ai == NULL )

printf( "no enough memory for array ailn" );
return -1;

(o)

( double * )malloc((size_t)( sizeof(double) * m ));
e ULL )

e =

if (

{
printf( "no enough memory for array e\n" );
return -1;

vr = ( double * )malloc((size_t) ( sizeof (double) * (ldv*m) ));
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if( vr == NULL )

printf( "no enough memory for array vr\n" );
return -1;

vi = ( double * )malloc((size_t) ( sizeof(double) * (1dv*m) ));
if( vi == NULL )

printf( "no enough memory for array vi\n" );
return -1;

iwl = ( int * )malloc((size_t) ( sizeof(int) * m ));
if( iwl == NULL

printf( "no enough memory for array iwl\n" );
return -1;

wl = ( double * )malloc((size_t)( sizeof(double) * (10%n) ));
if( wi == NULL )

printf( "no enough memory for array wiln" );
return -1;

printf( "\tn = %6d\n", n );
printf( "\tm = %6d\n", m );
printf( "\tnt= %6d\n\n", nt );

printf( "\n\tInput Matrix a ( Real , Imaginary )\n\n" );
for( i=0 ; i<n ; i++ )

for( j=i ; j<n ; j++ )

fscanf( fp, "Jlf", &ar[i+ldaxj]l );
fscanf ( fp, "%1f", &aili+lda*jl );

}
{or( i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( "(%8.3g , %8.3g) ", ar[j+ldaxi], -ail[j+ldaxi] );
for( j=i ; j<mn ; j++ )
printf( "(%8.3g , %8.3g) ", ar[i+lda*j], aili+lda*j] );

}
printf( "\n" );
}

fclose( fp );

ierr = ASL_hchrss(ar, ai, lda, n, ceps, e, m, vr, vi, 1ldv, isw, iwl, wl, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

for( j=0 ; j<m-1 ; j = j+2 )

{

printf( "\n" );
for( i=0 ; i<2 ; i++ )

printf( "\tEigenvalue "),
}
printf( "\n" );
printf( "\t%8.3g \t%8.3g\n",
eljl, elj+11 );
for( i=0 ; i<2 ; i++ )
printf( "\tEigenvector ")

}
printf( "\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g \t%8.3g , %8.3g\n",
vr[i+ldv*j], vili+ldv*j], vrli+ldv*(j+1)]1,vi[i+ldv*(j+1)] );

}
%f( mod != 0 )
printf( "\n" );
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printf( "\tEigenvalue\n" );

printf( "\t%8.3g\n", e[m-1] );

printf( "\tEigenvector\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g\n",

vr[i+ldv*(m-1)], vil[i+ldv*(m-1)] );

}

free(
free( ai
free( e );
free( vr

free(
free(
free( wl );

return O;

}
(d) Output results

%% ASL_hchrss ¥

** Input *x*

BEB
wnon
N W

Input Matrix a ( Real

( 7, 0)
( 3, 0)
( 1, -2)
( -1, -2)
*% Qutput *x*
ierr = 0
Eigenvalue
12
Eigenvector
0.5, 0
0.5 , 1.02e-16
0.5 , -5.41e-16
-0.5 , -4.58e-16
Eigenvalue
8
Eigenvector
0.707 , 0
-6.66e-16 , -5.09e-17
-0.354 , -0.354
0.354 , -0.354

, Imaginary

( 3, 0) ¢
( 7, 0) (
( 1, 2) (
( -1, 2) (
Eigenvaéue
Eigenvector
0,
-0.0999

-0.3
-0.4

s

s
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5.3.4 ASL_hchrsn, ASL _gchrsn
Eigenvalues of a Hermitian Matrix

(1) Function
ASL _hchrsn or ASL_gchrsn uses the Householder method, root-free QR method, or Bisection method to
obtain the m largest or m smallest eigenvalues of the Hermitian matrix A=(ar, ai) (two-dimensional array

type) (upper triangular type) (real argument type).

(2) Usage
Double precision:
ierr = ASL_hchrsn (ar, ai, lna, n, eps, e, m, isw, wl, nt);
Single precision:

ierr = ASL_gchrsn (ar, ai, Ina, n, eps, e, m, isw, wl, nt);
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(3) Arguments and Return Value

long as for 64bit Integer

D:Double precision real  Z:Double precision complex I int as for 32bit Integer
R:Single precision real C:Single precision complex

No. Argument and Type Size fnput/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Input-time contents are not retained.
2 ai D+ Ina X n Input | Imaginary part of Hermitian matrix A (two-
{R*} dimensional array type) (upper triangular
type)
Output | Input-time contents are not retained.
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrix A
5 eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalue con-
vergence test. (See Note (d))
6 e Dx m Output | Eigenvalues
e
7 m I 1 Input | The number of m of eigenvalues to be
obtained.
8 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
9 wl Dx dX1n Work | Work area
e
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<Ilna
(b) 0<m<n

(¢) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] < ar[0], is performed.
3000 Restriction (a) or (b) was not satisfied. Processing is aborted.
3010 Restriction (c) was not satisfied.
(6) Notes

(a) The real and imaginary parts of the Hermitian matrix should be stored only in the upper triangular

portions of arrays ar and ai respectively (See Appendix A).
(b) If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

(c¢) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

(d) If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.
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5.4 HERMITIAN MATRIX (TWO-DIMENSIONAL ARRAY
TYPE) (UPPER TRIANGULAR TYPE) (COMPLEX ARGU-

MENT TYPE)

5.4.1 ASL_hcheaa, ASL_gcheaa

All Eigenvalues and All Eigenvectors of a Hermitian Matrix

(1) Function

ASL _hcheaa or ASL_gcheaa uses the Householder method or QR method to obtain all eigenvalues of the

Hermitian matrix A (two-dimensional array type) (upper triangular type) (complex argument type) and all

corresponding eigenvectors.

(2) Usage
Double precision:
ierr = ASL_hcheaa (a, lna, n, e, wl, w2, nt);
Single precision:

ierr = ASL_gcheaa (a, lna, n, e, wl, w2, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

R:Single precision real C:Single precision complex

as for 32bit Integer}

) nt
’ long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a 7ok Ina x n Input | Hermitian matrix A (two-dimensional array
{C*} type) (upper triangular type)
Output | Eigenvectors (column vector) corresponding
to each eigenvalue
Ina I 1 Input | Adjustable dimension of array a
3 n I Input | Order of matrix A
4 e Dx n Output | Eigenvalues
)
5 wl D+ n Work | Work area
i
6 w2 7ok n Work | Work area
t
7 nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 0<n<Ilna

(b) nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] + creal(a[0]) and a[0] (1.0, 0.0) are
performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
500042 The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue is obtained (1 <4 < tered in e[0], - - -, e[i — 2] (However, the or-
n). der is irregular). No eigenvector is ob-
tained at this time.
(6) Notes

(a) Only the upper triangular portion of the Hermitian matrix should be stored in array a. (See Appendix

A)
(b) Eigenvalues are stored in ascending order.

(¢) The eigenvectors are an orthonormal set.

(d) If eigenvectors are not required, use 5.4.2 {

(7) Example

(a) Problem
Obtain all eigenvalues of the matrix:

7 3 14+2¢ —142¢
e 3 7 1-2¢ —-1-2¢

1-24 1424 7 -3

-1-2t —-1+2¢ -3 7

and their corresponding eigenvectors.

(b) Input data
Matrix A, lna=11 and n=4.
(¢) Main program

/* C interface example for ASL_hcheaa */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()

double _Complex *a;
int lda=11;

int n;

double x*e;

double *wl;
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double _Complex *w2;
int nt = 2;

int ierr;

int i,j;

FILE *fp;

int mod;

fp = fopen( "hcheaa.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " *x% ASL_hcheaa ***\n" );
printf( "\n *x Input **\n\n" );

fscanf( fp, "%d", &n );

mod = n % 2;
a = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lda*n) ));
%f( a == NULL )
printf( "no enough memory for array a\n" );
) return -1;
e = ( double * )malloc((size_t)( sizeof(double) * n ));
%f( e == NULL )

printf( "no enough memory for array e\n" );
return -1;

wl = ( double * )malloc((size_t)( sizeof(double) * n ));
if ( wl == NULL )
printf( "no enough memory for array wiln" );
return -1;
w2 = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * n ));
if ( w2 == NULL )
printf( "no enough memory for array w2\n" );
return -1;
printf( "\tn = %6d\n", n );

printf( "\n\tInput Matrix a ( Real , Imaginary )\n\n" );
for( i=0 ; i<n ; i++ )

for( j=i ; j<m ; j++ )

double tmp_re, tmp_im;

fscanf( fp, "%1lf", &tmp_re );

fscanf ( fp, "%1lf", &tmp_im );

ali+lda*j]l = tmp_re + tmp_im * _Complex_I;

}
for( i=0 ; i<mn ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++)

printf( "(%8.3g , %8.3g) ", creal(a[j+ldaxil), -cimag(a[j+ldaxil) );
for( j=i ; j<mn ; j++ )
printf( "(%8.3g , %8.3g) ", creal(ali+ldaxjl), cimag(ali+ldaxjl) );

}
printf( "\n" );
}

fclose( fp );
ierr = ASL_hcheaa(a, 1lda, n, e, wl, w2, nt);

printf( "\n *x Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

for( j=0 ; j<n-1 ; j = j+2 )
{
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printf( "\n" );
for( i=0 ; i<2 ; i++ )
printf( "\tEigenvalue "),

}

printf( "\n" );

printf( "\t%8.3g
eljl, elj+1]1 );

for( i=0 ; i<2 ; i++ )

\t%8.3g\n",

printf( "\tEigenvector ")

¥
printf( "\n" );
for( i=0 ; i<n ; i++ )
printf( "\t%8.3g , %8.3g \t%8.3g , %8.3g\n",
creal(ali+lda*j]l), cimag(ali+lda*jl), creal(ali+lda*(j+1)]1), cimag(ali+lda*(j+1)]) );

¥

}

%f( mod != 0 )
printf( "\n" );
printf( "\tEigenvalue\n" );
printf( "\t%8.3g\n", eln-1] );
printf( "\tEigenvector\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g\n",
creal(ali+lda*(n-1)]), cimag(ali+lda*(n-1)1) );

}

}

free( a );

free( e );

free( wl );

free( w2 );

return O;

}
(d) Output results

**%*% ASL_hcheaa ***
* % Input * %
n = 4

Input Matrix a ( Real , Imaginary )

( 7, 0) ( 3, 0) ( 1, 2) ( -1, 2)
( 3, 0) ( 7, 0) ( 1, -2) ( -1, -2)
( 1, -2) ( 1, 2) ( 7, 0) ( -3, 0)
( -1, -2) ( -1, 2) ( -3, 0) ( 7, 0)
*% Output *x*
ierr = 0
Eigenvalue Eigenvalue
0 8
Eigenvector Eigenvector
.5, 0 -0.707 , 0
-0.5 , 0 6.11le-16 , 0
2.22e-16 , 0.5 0.354 , 0.354
-1.11e-16 , 0.5 -0.354 , 0.354
Eigenvalue Eigenvalue
8 12
Eigenvector Eigenvector
0, 0 0.5 , 0
-0.0999 , 0.7 0.5, 0
-0.3 , -0.4 0.5 , -5.55e-16
-0.4 , 0.3 -0.5 , -4.44e-16
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5.4.2 ASL_hchean, ASL_gchean

All Eigenvalues of a Hermitian Matrix

(1) Function

ASL _hchean or ASL_gchean uses the Householder method or root-free QR method to obtain all eigenvalues

of the Hermitian matrix A (two-dimensional array type) (upper triangular type) (complex argument type).

(2) Usage
Double precision:
ierr = ASL_hchean (a, Ina, n, e, wl, w2, nt);
Single precision:
ierr = ASL_gchean (a, lna, n, e, wl, w2, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 a Tk Ina x n Input | Hermitian matrix A (two-dimensional array
Cx type) (upper triangular type)
Output | Input-time contents are not retained.
Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A
4 e Dx n Output | Eigenvalues
Rx
5 wl D+ n Work | Work area
Rx
6 w2 Tk n Work | Work area
Cx
nt I 1 Input | Number of tasks to be generated
ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<Ilna

(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0] < creal(a[0]) is performed.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

500042 The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue is obtained (1 <4 < tered in e[0],---,e[i — 2]. (However, the
n). order is irregular.)
(6) Notes

(a) Only the upper triangular portion of the Hermitian matrix should be stored in array a. (See Appendix

A)

(b) Eigenvalues are stored in ascending order.
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5.4.3 ASL_hchess, ASL_gchess

(1)

Eigenvalues and Eigenvectors of a Hermitian Matrix

Function

ASL _hchess or ASL_gchess uses the Householder method, root-free QR method, or Bisection method to ob-
tain the m largest or m smallest eigenvalues of the Hermitian matrix A (two-dimensional array type) (upper
triangular type) (complex argument type) and the inverse iterative method to obtain the corresponding

eigenvectors.

Usage
Double precision:

ierr = ASL_hchess (a, Ina, n, eps, e, m, ve, lnv, isw, iwl, wl, w2, nt);
Single precision:

ierr = ASL_gchess (a, lna, n, eps, e, m, ve, Inv, isw, iwl, wl, w2, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

as for 32bit Integer}

) nt
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 a 7k Ina x n Input | Hermitian matrix A (two-dimensional array
{C*} type) (upper triangular type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a.
3 n I 1 Input | Order of matrix A
4 eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalue con-
vergence test. (See Note (d))
5 e Dx m Output | Eigenvalues
()
6 m I 1 Input | The number of m of eigenvalues to be
obtained.
7 ve 7% Inv x m | Output | Eigenvectors (column vector) corresponding
{C*} to each eigenvalue
8 Inv I 1 Input | Adjustable dimension of array ve
9 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
10 iwl I* m Output | Eigenvector flag (See Note (e))
11 wl Dx 8xn Work | Work area
Rx
12 w2 7% n Work | Work area
1)
13 nt I 1 Input | Number of tasks to be generated
14 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions
(a) O<n<lna, Inv
(b) 0<m<n

(¢) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] < creal(a[0]) and ve[0] < (1.0, 0.0)
are performed.

2000 The maximum number of iterations was Some eigenvectors are obtained with low
exceeded by the inverse iterations for ob- precision, and processing continues. (See
taining eigenvectors. Note (e))

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

3010 Restriction (c) was not satisfied.

(6) Notes

(a) Only the upper triangular portion of the Hermitian matrix should be stored in array A. (See Appendix
A)

(b) Ifisw>0, the eigenvalues are stored in descending order. If isw < 0, they are stored in ascending order.

(c) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

(d)

If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.

(e) If the maximum number of iterations is exceeded when using the inverse iteration method (ierr = 2000
is output), the following processing is performed.
If iwl[i — 1] = 0: The i-th eigenvector calculation is normally terminated.

If iwl[i — 1] # 0: The convergence condition is not satisfied for the i-th eigenvector calculation, and

the eigenvector precision is low. In this case, the iteration count is set for iwl[i — 1].
If processing is normally terminated (ierr = 0 is output), iwl[i — 1] = 0 is set.
(f) The eigenvectors are an orthonormal set.

ASL_hch
(g) If eigenvectors are not required, use 5.4.4 { ¢ esn}.

ASL_gchesn
(7) Example

(a) Problem

Obtain the three largest eigenvalues of the following Hermitian matrix A:

7 3 1+2¢ -1+
e 3 7 1-2¢ —1—-2

1-24 1424 7 -3

-1-27 —-1+2¢ -3 7

and their corresponding eigenvectors.

(b) Input data
Matrix A, lna=11, n=4, eps=—1.0, m=3, Inv=11 and isw=1.
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(¢) Main program

/* C interface example for ASL_hchess */

#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

double _Complex *a;
int lda=11;

int n;

double ceps= -1.0;
double x*e;

int m;

double _Complex *ve;
int 1ldv=11;

int isw=1;

int *iwl;

double *wl;

double _Complex *w2;
int nt=2;

int ierr;

int i,j;

FILE *fp;

int mod;

fp = fopen( "hchess.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " **%* ASL_hchess ***\n" );
printf( "\n ** Input **\n\n" );

fscanf( fp, "%d", &n );
fscanf( fp, "%d", &m );

mod = m % 2;
a = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (lda*n) ));
%f( a == NULL )
printf( "no enough memory for array a\n" );
return -1;
}
e = ( double * )malloc((size_t)( sizeof(double) * m ));
%f( e == NULL )

printf( "no enough memory for array e\n" );
return -1;

ve = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (ldv*m) ));
if ( ve == NULL )

printf( "no enough memory for array ve\n" );
return -1;
iwl = ( int * )malloc((size_t)( sizeof(int) * m ));
if ( iwl == NULL )
printf( "no enough memory for array iwl\n" );
return -1;
wl = ( double * )malloc((size_t)( sizeof (double) * (8%n) ));
if ( wl == NULL )
printf( "no enough memory for array wiln" );

return -1;

w2 = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * n ));
if ( w2 == NULL )

printf( "no enough memory for array w2\n" );
return -1;

printf( "\tn
printf( "\tm

%6d\n", n );
%6d\n", m );

printf( "\n\tInput Matrix a ( Real , Imaginary )\n\n" );
for( i=0 ; i<n ; i++ )
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}
for(
{

}
fclo

ierr

prin
prin

for(
{

}
if(
{

for( j=i ; j<n ; j++ )
{
double tmp_re, tmp_im;
fscanf( fp, "%1lf", &tmp_re );
fscanf ( fp, "%1lf", &tmp_im );
ali+lda*j] = tmp_re + tmp_im * _Complex_I;

i=0 ; i<n ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++)

printf( "(%8.3g , %8.3g) ", creal(alj+ldaxil), -cimag(alj+ldaxil) )
for( j=i ; j<m ; j++ )
printf( "(%8.3g , %8.3g) ", creal(ali+lda*jl), cimag(ali+lda*xjl) );

}
printf( "\n" );

se( fp );
= ASL_hchess(a, lda, n, ceps, e, m, ve, 1ldv, isw, iwl, wl, w2, nt);

tf( "\n **% Output **\n\n" );
tf( "\tierr = %6d\n", ierr );

j=0 ; j<m-1 ; j = j+2 )

printf( "\n" );

for( i=0 ; i<2 ; i++ )
printf( "\tEigenvalue ")

}

printf( "\n" );

printf( "\t%8.3g \t%8.3g\n",
eljl, elj+11 );

for( i=0 ; i<2 ; i++ )
printf ( "\tEigenvector ")

printf( "\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g \t%8.3g , %8.3g\n",
creal (ve[i+1ldv*j]), cimag(ve[i+ldv*jl), creal(vel[i+ldv*(j+1)]1),

mod != 0 )

printf( "\n" );

printf( "\tEigenvalue\n" );
printf( "\t%8.3g\n", elm-1] );
printf( "\tEigenvector\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g , %8.3g\n",
creal(ve[i+ldv*(m-1)1), cimag(ve[i+ldv*(m-1)1) );

return O;

}
(d) Output
% %k k

*

*

n
m

results

ASL_hchess ***
Input *x*

4
3
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Input Matrix a ( Real

( 7, 0)
( 3, 0)
( 1, -2)
( -1, -2)
** Qutput **
ierr = 0
Eigenvalue
12
Eigenvector
0.5, 0
0.5 , 1.02e-16
0.5, -5e-16
-0.5 , -4.44e-16
Eigenvalue
8
Eigenvector
0.707 , 0
-6.66e-16 , 0
-0.354 , -0.354
0.354 , -0.354

, Imaginary )

3,
7’
1,
_1’

~AAA

Eigenvalue
8

Eigenvector
o,

-0.0999 ,

-0.3 ,
-0.4 ,

NNO O
T
~AAA
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5.4.4 ASL_hchesn, ASL_gchesn
Eigenvalues of a Hermitian Matrix

(1) Function
ASL_hchesn or ASL_gchesn uses the Householder method, root-free QR method, or Bisection method to
obtain the m largest or m smallest eigenvalues of the Hermitian matrix A (two-dimensional array type)

(upper triangular type) (complex argument type).

(2) Usage
Double precision:
ierr = ASL_hchesn (a, lna, n, eps, e, m, isw, wl, w2, nt);
Single precision:
ierr = ASL_gchesn (a, Ina, n, eps, e, m, isw, wl, w2, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

as for 32bit Integer}

) nt
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 a 7k Ina x n Input | Hermitian matrix A (two-dimensional array
{C*} type) (upper triangular type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a.
3 n I 1 Input | Order of matrix A
4 eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalue con-
vergence test. (See Note (d))
5 e Dx m Output | Eigenvalues
()
6 m I 1 Input | The number of m of eigenvalues to be
obtained.
7 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
8 wl D 2xn Work | Work area
Rx
9 w2 Tk n Work | Work area
1)
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions
(a) 0<n<Ina
(b) 0<m<n

(¢) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] < creal(a[0]) is performed.
3000 Restriction (a) or (b) was not satisfied. Processing is aborted.
3010 Restriction (c) was not satisfied.
(6) Notes

(a) Only the upper triangular portion of the Hermitian matrix should be stored in array a. (See Appendix
A)

(b) If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

(c¢) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection
method internally.

(d) If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.
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5.5 GENERALIZED EIGENVALUE PROBLEM FOR A REAL SYM-
METRIC MATRIX (TWO-DIMENSIONAL ARRAY
TYPE) (UPPER TRIANGULAR TYPE) (Ax = ABx)

5.5.1 ASL_qcgsaa, ASL _pcgsaa
All Eigenvalues and All Eigenvectors of a Real Symmetric Matrix (General-
ized Eigenvalue Problem Ax = ABz, B: Positive)

(1) Function
ASL_qcgsaa or ASL_pcgsaa uses the Cholesky method to transform the real symmetric matrix (two-dimensional
array type) (upper triangular type) generalized eigenvalue problem Az = ABx (A: Real symmetric matrix,
B: Positive real symmetric matrix) to a standard eigenvalue problem and uses the Householder method and
QR method to obtain all eigenvalues and corresponding all eigenvectors.

(2) Usage
Double precision:
ierr = ASL_qcgsaa (a, lna, n, b, Inb, e, wl, nt);
Single precision:

ierr = ASL_pcgsaa (a, Ina, n, b, Inb, e, wl, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 a Dx Ina x n Input | Real symmetric matrix A
{R*} (two-dimensional array type) (upper trian-
gular type)
Output | Eigenvectors (column vector) corresponding
to each eigenvalue
2 Ina I 1 Input | Adjustable dimension of array a
n I 1 Input | Order of matrix A and B
4 b Dx Inb x n Input | Positive symmetric ma-
{ R*} trix B (two-dimensional array type) (upper
triangular type)
Output | Input-time contents are not retained.
5 Inb I 1 Input | Adjustable dimension of array b
6 e D+ n Output | Eigenvalues
()
7 wl Dx 2xn Work | Work area
()
8 nt I 1 Input | Number of tasks to be generated
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<lna, Inb
(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] - a[0]/b[0] and a[0] + 1.0/,/b[0] are
performed.
2100 B has a diagonal element very close to Some eigenvectors may be obtained with
Z€ro. low precision, and processing continues.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000+i1 The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue is obtained (1<i<n). tered in €[0], -, e[i—2]. (However, the
order is irregular.) No eigenvector is ob-
tained at this time.

(6) Notes

(a) Data should be stored only in the upper triangular portions of arrays a and b.
(b) Eigenvalues are stored in ascending order.
(c) Eigenvectors v; are an orthonormal set so that 'ujTB'u;C =0k

ASL_chsan}

(d) If eigenvectors are not required, use 5.5.2
ASL _pcgsan

(7) Example

(a) Problem
Obtain all eigenvalues of Az = ABx and their corresponding eigenvectors, where matrices A and B

are as follows:

2 11 2

1111
A:

11 2 2

2 1 2 4

153 31 58 —58
31 153 —-53 58
58 —H8 163 31

—-58 58 31 153

(b) Input data

Matrix A, lna=11, n=4, matrix B, Inb=11 and nt=2.
(¢) Main program

/* C interface example for ASL_qcgsaa */

#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()

double *a;
int na=11;
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int nn;
double *bj;
int nb=11;
double x*e;
double *wk;
int nt;

int ierr;
int i,j,k;
FILE *fp;

int mod;

fp = fopen( "qcgsaa.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " #*%x ASL_qcgsaa ***\n" );
printf( "\n *x Input **\n\n" );

fscanf( fp, "%d", &nn );
fscanf( fp, "%d", &nt );

mod = nn % 4;

a = ( double * )malloc((size_t) ( sizeof (double) * (na*nn) ));
%f( a == NULL )
printf( "no enough memory for array a\n" );
return -1;
}
b = ( double * )malloc((size_t)( sizeof(double) * (nb*nn) ));
%f( b == NULL )
printf( "no enough memory for array b\n" );
return -1;
}
e = ( double * )malloc((size_t)( sizeof(double) * nn ));
%f( e == NULL )

printf( "no enough memory for array e\n" );
return -1;

wk = ( double * )malloc((size_t)( sizeof(double) * (2*nn) ));
if( wk == NULL )
printf( "no enough memory for array wk\n" );
return -1;
printf( "\tn = %6d\n", nn );
printf( "\tnt= %6d\n\n", nt );

printf( "\tInput Matrix a\n\n" );
{or( i=0 ; i<nn ; i++ )

for( j=i ; j<mn ; j++ )
fscanf ( fp, "%1lf", &ali+naxjl );
}
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++)

printf( "%8.3g", alj+naxil );
for( j=i ; j<mm ; j++ )
printf( "%8.3g", ali+na*jl );

}
printf( "\n" );
}

printf( "\n\tInput Matrix b\n\n" );
for( i=0 ; i<mn ; i++ )

for( j=i ; j<mnn ; j++ )
fscanf( fp, "Jlf", &bl[i+nbxj] );
}

for( i=0 ; i<nn ; i++ )
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¢ printf( "\t" );
for( j=0 ; j<i ; j++ )
printf( "%8.3g", b[j+nb*i] );
for( j=i ; j<mn ; j++ )
printf( "%8.3g", bli+nb*j] );
N %rintf( "\n" );

fclose( fp );

ierr = ASL_qgcgsaa(a, na, nn, b, nb, e, wk, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

{or( k=0 ; k<nn-3 ; k = k+4 )

printf( "\n\t" );
for( i=0 ; i<4 ; i++ )

printf( "Eigenvalue " );

}
printf( "\n\t" );
for( i=k ; i<k+4 ; i++ )

printf( " %8.3g ", elil );
printf( "\n" );

printf( "\t" );
for( i=0 ; i<4 ; i++ )

printf( "Eigenvector " );

}
printf( "\n" );
for( j=0 ; j<nn ; j++ )

{
printf( "\t" );
for( i=k ; i<k+4 ; i++ )
printf( " %8.3g ", alj+naxi] );
printf( "\n" );
}

}
if( mod !'= 0 )
{

printf( "\n\t" );
for( i= nn-mod ; i<nn ; i++ )

printf( "Eigenvalue " );

}
printf( "\n\t" );
for( i= nn-mod ; i<nn ; i++ )

printf( " %8.3g ", elil );
}
printf( "\n" );

printf( "\t" );
for( i= nn-mod ; i<nn ; i++ )

printf( "Eigenvector " );
}
printf( "\n" );
for( j=0 ; j<mn ; j++ )

printf( "\t" );
for( i= nn-mod ; i<nn ; i++ )

printf( " %8.3g ", alj+naxi] );
}
printf( "\n" );
}

}
free( a );
free( b );
free( e );
free( wk );
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return O;

(d) Output results

*xx ASL_qcgsaa ***
** Input *x*

n = 4
nt= 2

Input Matrix a

2 1 1 2
1 1 1 1
1 1 2 2
2 1 2 4
Input Matrix b
153 31 58 -58
31 153 -58 58
58 -58 153 31
-58 58 31 153

** Qutput **

ierr = 0

Eigenvalue Eigenvalue Eigenvalue Eigenvalue

0.000648 0.00537 0.0274 0.217

Eigenvector Eigenvector Eigenvector Eigenvector
0.0294 0.0498 -0.0161 0.205
-0.0469 0.0377 0.0686 -0.193
0.0311 -0.0194 0.086 -0.192
-0.0196 -0.0332 0.00145 0.21
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5.5.2 ASL_qcgsan, ASL _pcgsan

All Eigenvalues of a Real Symmetric Matrix (Generalized Eigenvalue Problem
Az = ABzx, B: Positive)

(1) Function

ASL_qcgsan or ASL_pcgsan uses the Cholesky method to transform the real symmetric matrix (two-
dimensional array type) (upper triangular type) generalized eigenvalue problem Ax = ABx (A: Real

symmetric matrix, B: Positive real symmetric matrix) to a standard eigenvalue problem and uses the

Householder method and QR method to obtain all eigenvalues.

(2) Usage

Double precision:

ierr = ASL_qcgsan (a, Ina, n, b, Inb, e, wl, nt);

Single precision:

ierr = ASL_pcgsan (a, lna, n, b, Inb, e, wl, nt);

(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

I { int as for 32bit Integer}

long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 a D+ Ina x n Input | Real symmetric matrix A
{R*} (two-dimensional array type) (upper trian-
gular type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A and B
4 b D Inb x n Input | Positive symmetric ma-
{R*} trix B (two-dimensional array type) (upper
triangular type)
Output | Input-time contents are not retained.
5 Inb I Input | Adjustable dimension of array b
6 e D+ n Output | Eigenvalues
()
7 wl D n Work | Work area
()
8 nt I 1 Input | Number of tasks to be generated
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 0<n<lna, Inb
(b) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0] « a[0]/b[0] is performed.

2100 B has a diagonal element very close to Processing continues.
zZero.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

4000 B was not positive definite.

5000+i1 The sequence did not converge in the FEigenvalues obtained by this time are en-
step where the eigenvalue is obtained. tered in e[0], ---, e[i—2]. (However, the
(1<i<n) order is irregular.)
(6) Notes

(a) Data should be stored only in the upper triangular portions of arrays a and b.

(b) Eigenvalues are stored in ascending order.
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5.5.3 ASL_qcgsss, ASL_pcgsss

(1)

Eigenvalues and Eigenvectors of a Real Symmetric Matrix (Generalized Eigen-
value Problem Ax = ABz, B: Positive)

Function

ASL_qcgsss or ASL_pcgsss uses the Cholesky method to transform the real symmetric matrix (two-dimensional
array type) (upper triangular type) generalized eigenvalue problem Az = ABx (A: Real symmetric matrix,
B: Positive real symmetric matrix) to a standard eigenvalue problem and uses the Householder method and
the root-free QR method or Bisection method to obtain the m largest eigenvalues or m smallest eigenvalues,

and uses the reverse iterative method to obtain the eigenvectors.

Usage
Double precision:

ierr = ASL_qcgsss (a, Ina, n, b, Inb, eps, e, m, ve, Inv, isw, iwl, wl, nt);
Single precision:

ierr = ASL_pcgsss (a, lna, n, b, lnb, eps, e, m, ve, Inv, isw, iwl, wl, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a Dx Ina X n Input | Real symmetric matrix A
{ R*} (two-dimensional array type) (upper trian-
gular type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A and B
4 b D+ Inb x n Input | Positive symmetric ma-
{R*} trix B (two-dimensional array type) (upper
triangular type)
Output | The strict upper triangular portion is not
retained.
5 Inb I 1 Input | Adjustable dimension of array b
eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalue con-
vergence test. (See Note (d))
7 e Dx m Output | Eigenvalues
v}
8 m I 1 Input | The number of m of eigenvalues to be
obtained.
9 ve D+ Inv x m | Output | Eigenvectors (column vector) corresponding
{R*} to each eigenvalue
10 Inv I 1 Input | Adjustable dimension of array ve
11 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
12 iwl I* m Output | Eigenvector flag (See Note (a))
13 wl Dx 9xn Work | Work area
v}
14 nt I 1 Input | Number of tasks to be generated
15 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) O<n<lna, Inb, Inv

(b) 0<m<n

(c) nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] + a[0]/b[0] and ve[0] + 1.0/4/b[0]
are performed.

2000 The maximum number of iterations was Some eigenvectors are obtained with low
exceeded by the inverse iterations for ob- precision, and processing continues. (See
taining eigenvectors. Note (e))

2100 B has a diagonal element very close to Some eigenvectors may be obtained with
Z€ro. low precision, and processing continues.

3000 Restriction (a) or (b) was not satisfied. Processing is aborted.

3010 Restriction (c) was not satisfied.

4000 B was not positive definite.

(6) Notes

(a) Data should be stored only in the upper triangular portions of arrays a and b.
(b) If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

(c¢) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

(d) If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set
so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection
method.

(e) If the maximum number of iterations is exceeded when using the inverse iteration method (ierr = 2000
is output), the following processing is performed.
If iwl[i — 1] = 0: The i-th eigenvector calculation is normally terminated.

If iwl[i — 1] # 0: The convergence condition is not satisfied for the i-th eigenvector calculation, and

the eigenvector precision is low. In this case, the iteration count is set for iwl[i — 1].
If processing is normally terminated (ierr = 0 is output), iwl[i — 1] = 0 is set.
(f) Eigenvectors v; are an orthonormal set so that 'ujTB'v;C =0k

ASL_chssn}

(g) If eigenvectors are not required, use 5.5.4
ASL _pcgssn
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(7) Example

(a) ProblemObtain all eigenvalues of Az = ABx and their corresponding eigenvectors, where matrices A

(b)
()

and B are as follows:

611
196
—192
407
-8
—52
—49
29

170
18
33

—21
—-17
13
25
—36

Input data

196 —192 407
899 113 —-192
113 899 196
—192 196 611
—71 61 8

-8
—71
61

8
411

—43 49 44  —599

-8 8 99
—44 92 =23

18 33 21 -17
171 =21 22 13
—-21 171 18 25

22 18 171 —-36

13 25 =36 171
—-17 =36 25 18
-36 —17 13 33

25 13 —-17 =21

208
208

13
—-17
—36

25

18

171
—21
-3

—52
—43
49

44
—599
411
208
208

25
—36
—-17

13

33
—21

171

18

—49
-8

8

99
208
208
99
—911

—36
25
13

—-17

—21

-3
18
171

29
—44
52
—23
208
208
—911
99

Matrix A, lna=11, n=8, matrix B, Inb=11, eps=—1.0, m=2, Inv=10 and isw=—1.

Main program

/* C interface

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a;
int na=11;
int nn;
double *b;
int nb=11;
double ceps= -1.
double x*e;
int mm;
double *ve;
int nv=10;
int ksw= -1;
int *kwl;
double *wk;
int nt;

int ierr;
int i,j,k;
FILE *fp;

int mod;

example for ASL_qcgsss */

0;

fp = fopen( "qcgsss.dat", "r" );

if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " #%% ASL_qcgsss **x\n" );
printf( "\n *#x Input **\n\n" );

fscanf( fp, "%d"

fscanf( fp, "%d",

fscanf( fp, "%d"

mod = mm % 4;

, &nn );
&mm ) ;
, &nt );
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a = ( double * )malloc((size_t) ( sizeof (double) * (na*nn) ));
%f( a == NULL )
printf( "no enough memory for array a\n" );
return -1;
}
b = ( double * )malloc((size_t)( sizeof(double) * (nb*nn) ));
%f( b == LL
printf( "no enough memory for array b\n" );
return -1;
}
e = ( double * )malloc((size_t)( sizeof(double) * mm ));
%f( e == NULL )

printf( "no enough memory for array e\n" );
return -1;

ve = ( double * )malloc((size_t)( sizeof(double) * (nv*mm) ));
if( ve == NULL )

printf( "no enough memory for array ve\n" );
return -1;

kwl = ( int * )malloc((size_t)( sizeof(int) * mm ));
if( kwl == NULL )

printf( "no enough memory for array kwi\n" );
return -1;

wk = ( double * )malloc((size_t) ( sizeof(double) * (9*nn) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

printf( "\tn = %6d\n", nn );
printf( "\tm = %6d\n", mm );
printf( "\tnt= %6d\n\n", nt );

printf( "\tInput Matrix a\n\n" );
for( i=0 ; i<nn ; i++ )

for( j=i ; j<mnn ; j++ )
fscanf ( fp, "%1lf", &ali+naxj] );
}
%or( i=0 ; i<on ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( "%8.3g", alj+naxi] );
for( j=i ; j<nn ; j++ )
printf( "%8.3g", ali+na*xj] );

printf( "\n" );
}

printf( "\n\tInput Matrix b\n\n" );
for( i=0 ; i<on ; i++ )

for( j=i ; j<nn ; j++ )
fscanf( fp, "/Llf", &bl[i+nbx*j] );
}
for( i=0 ; i<nn ; i++ )

printf( "\t" );
for( j=0 ; j<i ; j++ )

printf( "%8.3g", b[j+nb*i] );
for( j=i ; j<nn ; j++ )
printf( "%8.3g", bli+nb*j] );

}
printf( "\n" );
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}
fclose( fp );

ierr = ASL_qcgsss(a, na, nn, b, nb, ceps, e, mm, ve, nv, ksw, kwl, wk, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

for( k=0 ; k<mm-3 ; k = k+4 )

printf( "\n" );
printf( "\t" );
for( i=0 ; i<4 ; i++ )

printf( "Eigenvalue " );

printf( "\n" );
printf( "\t" );
for( i=k ; i<k+4 ; i++ )

printf( " %8.3g ", e[i] );
}
printf( "\n" );

printf( "\t" );
for( i=0 ; i<4 ; i++ )

printf( "Eigenvector " );

printf( "\n" );
for( j=0 ; j<mmn ; j++ )

{
printf( "\t" );
for( i=k ; i<k+4 ; i++ )
printf( " %8.3g ", velj+nvxil );
}
printf( "\n" );
¥

}
if( mod !'= 0 )
{

printf( "\n" );
printf( "\t" );
for( i= mm-mod ; i<mm ; i++ )

printf( "Eigenvalue " );

}

printf( "\n" );

printf( "\t" );

for( i= mm-mod ; i<mm ; i++ )
printf( " %8.3g ", e[i] );

}

printf( "\n" );

printf( "\t" );
for( i= nn-mod ; i<nn ; i++ )

printf( "Eigenvector " );

}
printf( "\n" );
for( j=0 ; j<nn ; j++ )

{
printf( "\t" );
for( i= mm-mod ; i<mm ; i++ )
printf( " %8.3g ", velj+nv*i] );
}
printf( "\n" );
}
}
free( a );
free( b );
free( e );
free( ve );
free( kvl );
free( wk );
return O;
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(d) Output results

*xx ASL_qcgsss *%k

** Input *x*

n = 8
m = 2
nt= 2

Input Matrix a

611 196 -192 407 -8 -52 -49 29
196 899 113 -192 =71 -43 -8 -44
-192 113 899 196 61 49 8 52
407 -192 196 611 8 44 59 -23
-8 =71 61 8 411 -599 208 208
-52 -43 49 44 -599 411 208 208
-49 -8 8 59 208 208 99 -911
29 -44 52 -23 208 208 -911 99
Input Matrix b
170 18 33 -21 -17 13 25 -36
18 171 -21 22 13 -17 -36 25
33 -21 171 18 25 -36 -17 13
-21 22 18 171 -36 25 13 -17
-17 13 25 -36 171 18 33 -21
13 -17 -36 25 18 171 -21 -3
25 -36 -17 13 33 -21 171 18
-36 25 13 -17 -21 -3 18 171
*% Qutput *x*
ierr = 0
Eigenvalue Eigenvalue
-5.3 -1.04e-15
Eigenvector Eigenvector
0.000789 -0.00329
0.00146 -0.00658
0.000624 0.00658
-0.00168 0.00329
-0.0247 -0.0461
-0.019 -0.0461
0.0479 -0.023
0.0445 -0.023
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5.5.4 ASL_qcgssn, ASL_pcgssn
Eigenvalues of a Real Symmetric Matrix (Generalized Eigenvalue Problem

Az = ABzx, B: Positive)

(1) Function
ASL_qcgssn or ASL_pcgssn uses the Cholesky method to transform the real symmetric matrix (two-dimensional
array type) (upper triangular type) generalized eigenvalue problem Az = ABx (A: Real symmetric matrix,
B: Positive real symmetric matrix) to a standard eigenvalue problem and uses the Householder method and

the root-free QR method or Bisection method to obtain the m largest eigenvalues or m smallest eigenvalues.

(2) Usage
Double precision:
ierr = ASL_qegssn (a, lna, n, b, lnb, eps, e, m, isw, wl, nt);
Single precision:
ierr = ASL_pcgssn (a, lna, n, b, Inb, eps, e, m, isw, wl, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value ’ Output
1 a D Ina x n Input | Real symmetric matrix A
{R*} (two-dimensional array type) (upper trian-
gular type)
Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrix A and B
4 b D+ Inb x n Input | Positive symmetric ma-
{R*} trix B (two-dimensional array type) (upper
triangular type)
Output | Input-time contents are not retained.
5 Inb I 1 Input | Adjustable dimension of array b
eps D 1 Input | Parameter that assigns an upper limit to the
{R} absolute error for use in the eigenvalue con-
vergence test. (See Note (d))
7 e Dx m Output | Eigenvalues
()
8 m I 1 Input | The number of m of eigenvalues to be
obtained.
9 isw I 1 Input | Processing switch
isw>0: Obtain m eigenvalues from the largest
one.
isw<0: Obtain m eigenvalues from the small-
est one.
10 wl D+ 5X1n Work | Work area
1
11 nt I 1 Input | Number of tasks to be generated
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) O<n<lna, Inb
(b) 0<m<n

(c) nt>1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] « a[0]/b[0] is performed.
2100 B has a diagonal element very close to Processing continues.
Zero.
3000 Restriction (a) or (b) was not satisfied. Processing is aborted.
3010 Restriction (c) was not satisfied.
4000 B was not positive definite.
(6) Notes

(a) Data should be stored only in the upper triangular portions of arrays a and b.

(b) If isw>0, the eigenvalues are stored in descending order. If isw<0, they are stored in ascending order.

(c) Eigenvalue calculations are appropriately divided up between the root-free QR method and Bisection

method internally.

(d) If eps < 0, the optimum value is automatically set internally. Normally, a negative value should be set

so that this value will be set automatically. eps is used to obtain eigenvalues by using the Bisection

method.
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5.6.1 ASL_qcgjaa, ASL_pcgjaa
All Eigenvalues and All Eigenvectors of Real Symmetric Matrices (General-
ized Eigenvalue Problem ABx = Az, B: Positive)
(1) Function

Generalized eigenvalue problem

ABx = \x
(A: Real symmetric, B: Positive real symmetric) is solved by using the Cholesky method, the Householder
method and QR method to obtain all eigenvalues A and corresponding all eigenvectors .

(2) Usage
Double precision:
ierr = ASL_gcgjaa (a, Ina, n, b, Inb, e, work, nt);
Single precision:

ierr = ASL_pcgjaa (a, Ina, n, b, Inb, e, work, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
A t and I t
No. FEHIMELE an Type Size nput/ Contents
Return Value Output
1 a D+ Ina x n Input | Real symmetric matrix A
R Output | Eigenvectors x
Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrices A and B
4 b Dx Inb x n Input | Real symmetric matrix B
R Output | Input-time contents are not retained.
5 Inb I 1 Input | Adjustable dimension of array b
e D n Output | Eigenvalues A
Rx
7 work Dx 2xn Work | Work area
Rx
8 nt I 1 Input | Number of tasks
9 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 1
(b) nt > 1

< n < Ilna, Inb

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0] < a[0] * b[0] and
al0] L0 are performed.
v/b[0]
2100 B has a diagonal element very close to Some results may be obtained with low
Z€eTo. precision
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
4000 B was not positive definite.
500042 The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue was obtained (1 < tered in e[0],---,e[i — 2]. (However, the
i <n) order is irregular.) No eigenvector is ob-
tained at this time.
(6) Notes

(a) Arrays a and b should be stored only in the upper triangular portions.

(b) Eigenvalu

es are stored in ascending order.

(¢) Eigenvectors v; are an orthonormal set so that 'UjTka =0k

(d) 5.6.2 {

ASL _pcgkaa

(7) Example

(a) Problem

Obtain all eigenvalues and their corresponding eigenvectors non-symmetric matrix AB when A and B

ASL_qgcgjan
ASL_pcgjan

ASL _qegka
(e) 5.7.1{ SL-qegkaa

are positive symmetric matrices.

[ 1.07692 0.28571 0.09733 0.04887 ]|
e 0.28571 1.02041 0.26316 0.08610
0.09733 0.26316 1.00917 0.25676

| 0.04887 0.08610 0.25676 1.00518 |

[ 1.04762 0.18841 0.05996 0.02968 |
B 0.18841 1.01235 0.17460 0.05314
0.05996 0.17460 1.00552 0.17073

| 0.02968 0.05314 0.17073 1.00312 |
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Note The input data A and B are defined as
A= P(3.0,4), B=P(5.0,4)
where
2 _ ; Yt ; . :
P(a®,n), ; = 2/0 cos (ait) cos (ajt)e™"dt (1 <i<mn;1<j<n).
All eigenvalues of the each matrix exist within a finit interval which is independent of n.

(b) Input data

n =4, lna = Inb = 4, nt = 2 and symmetric matrices A, B.
(¢) Main program

/* C interface example for ASL_gcgjaa */

#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()

{

double *a, *b, *e, *work;
double qng,tre,fiv;

int i,j,n,ierr;
int nt;

int lna, 1nb;
n=4;

1na=4;1nb=4;nt=4;

one=1.0;tre=3.0;fiv=5.0;

printf( " *+*x ASL_qcgjaa ***\n" );

printf( "\n ** Input **\n\n" );

a = ( double * )malloc((size_t) (sizeof (double)*n*n));
%f( a == NULL )

printf( "no enough memory for array a\n");

) return -1;
b = ( double * )malloc((size_t) (sizeof (double)*n*n));
%f( b == LL )

printf( "no enough memory for array b\n");
) return -1;
e = ( double * )malloc((size_t) (sizeof (double)*n));
%f ( e == NULL )

printf( "no enough memory for array e\n");
return -1;

work = ( double * )malloc((size_t) (sizeof (double)*(2*n)));
if ( work == NULL )

printf( "no enough memory for array work\n");
return -1;

}];rintf( "\tn %6d\n" , n );
printf( "\tlna = %6d\n",lna );
printf( "\tlnb = %6d\n",lnb );
printf( "\tnt = %6d\n",nt );

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

for(j=0; j<n; j++)

ali+n*j]l=one/(one+trex (i+j+2)*(i+j+2))
+one/ (one+trex (i-j)*(i-j));

bli+n*j]=one/(one+fiv*(i+j+2)*(i+j+2))
+one/ (one+fivx (i-j)*(i-j));

}

}
printf( "\n\tInput Matrix a\n\n" );
%or(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)

printf( "%8.3g",ali+n*jl);
printf( "\n" );

}
printf( "\n\tInput Matrix b\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)
{
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}

printf( "%8.3g",bl[i+n*jl);

printf( "\n" );

ierr = ASL_qcgjaa(a, 1lna, n, b, 1lnb, e, work, nt);

printf( "\n *x Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\t Eigenvalue " );

printf( "\n\t" );
for(j=0; j<n; j++)

printf( "%8.3g",e[j1);

}
printf( "\n\t Eigenvector ")
for(i=0; i<n; i++)

printf( "\n\t" );
for(j=0; j<n; j++)

printf( "%8.3g",ali+n*jl);

}

printf( "\n" );
free(a);
free(b);
free(e);

free (work) ;
return O;

(d) Output results

*xx ASL_qcgjaa *x*

** Input *x*

n = 4
lna = 4
Inb = 4
nt = 4

Input Matrix a

1.08 0.286 0.0973 0.0489
0.286 1.02 0.263 0.0861
0.0973  0.263 1.01 0.257
0.0489 0.0861 0.257 1.01

Input Matrix b
1.056 0.188 0.06 0.0297
0.188 1.01 0.175 0.0531
0.06 0.175 1.01  0.171
0.0297 0.0531 0.171 1

** Qutput **

ierr = 0
Eigenvalue
0.503 0.706 1.15 2.13
Eigenvector
-0.36 -0.573 0.6 0.414

0.702 0.497 0.257 0.494
-0.718 0.42 -0.389 0.46
0.406 -0.626 -0.604 0.324
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5.6.2 ASL_qcgjan, ASL _pcgjan
All Eigenvalues of Real Symmetric Matrices (Generalized Eigenvalue Problem
ABz = Az, B: Positive)

(1) Function

Generalized eigenvalue problem
ABz = \x

(A: Real symmetric, B: Positive real symmetric) is solved by using the Cholesky method, the Householder
method and QR method to obtain all eigenvalues A .

(2) Usage
Double precision:
ierr = ASL_qcgjan (a, Ina, n, b, Inb, e, work, nt);
Single precision:
ierr = ASL_pcgjan (a, lna, n, b, Inb, e, work, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I int as for 32bit Integer
R:Single precision real C:Single precision complex

long as for 64bit Integer

A t and Input
No. FEUIMCIE an Type Size nput/ Contents
Return Value Output
1 a D Ina x n Input | Real symmetric matrix A
R Output | Input-time contents are not retained.
Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrices A and B
4 b Dx Inb x n Input | Real symmetric matrix B
R Output | Input-time contents are not retained.
5 Inb I 1 Input | Adjustable dimension of array b
e Dx n Output | Eigenvalues A
Rx
7 work D+ 2xn Work | Work area
R
8 nt I 1 Input | Number of tasks
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n <lna, Inb

(b) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0]«— a[0]*b]0] is performed.

2100 B has a diagonal element very close to Some results may be obtained with low
Z€ero. precision

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

4000 B was not positive definite.

500042 The sequence did not converge in the step FEigenvalues obtained by this time are en-
where the eigenvalue was obtained (1 < tered in e[0], - - -, e[i— 2] (However, the or-
1 <n). der is irregular).
(6) Notes

(a) Arrays a and b should be stored only in the upper triangular portions.

(b) Eigenvalues are stored in ascending order.

ASL_qcgj

(c) 5.6.1 S chJ.aa should be used if the eigenvectors are needed.
ASL_pcgjaa

ASL _qgcgkan

(d) 5.7.2
ASL _pcgkan

} should be used if matrix A is only positive.
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5.7.1 ASL_qcgkaa, ASL_pcgkaa
All Eigenvalues and All Eigenvectors of Real Symmetric Matrices (General-
ized Eigenvalue Problem BAx = Az, B: Positive)

(1) Function
Generalized eigenvalue problem

BAx = \x

(A: Real symmetric, B: Positive real symmetric) is solved by using the Cholesky method, the Householder
method and QR method to obtain all eigenvalues A and corresponding all eigenvectors .

(2) Usage
Double precision:
ierr = ASL_qcgkaa (a, Ina, n, b, Inb, e, work, nt);
Single precision:

ierr = ASL_pcgkaa (a, Ina, n, b, Inb, e, work, nt);
(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
A t and I t
No. FEHIMELE an Type Size nput/ Contents
Return Value Output
1 a D+ Ina x n Input | Real symmetric matrix A
R Output | Eigenvectors x
Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrices A and B
4 b Dx Inb x n Input | Real symmetric matrix B
R Output | Input-time contents are not retained.
5 Inb I 1 Input | Adjustable dimension of array b
e D n Output | Eigenvalues A
Rx
7 work Dx 2xn Work | Work area
Rx
8 nt I 1 Input | Number of tasks
9 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a) 1
(b) nt > 1

< n < Ilna, Inb

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]<— a[0]*b[0] and
a[0]+ +/b[0] are performed.
2100 B has a diagonal element very close to Some results may be obtained with low
Z€ero. precision
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000+¢ The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue was obtained (1 < tered in e[0], - - -, e[i— 2] (However, the or-
1 <n). der is irregular). No eigenvector is ob-
tained at this time.
(6) Notes

(a) Arrays a and b should be stored only in the upper triangular portions.

(b) Eigenvalues are stored in ascending order.

(c) Eigenvectors v, are an orthonormal set so that 'vaB_l'vk =0,k

(d) 572 ASL _qgcgkan
"~ | ASL_pcgkan

(¢) 561 ASL_qgcgjaa
" | ASL_pcgjaa

(7) Example

(a) Problem

Obtain all eigenvalues and their corresponding eigenvectors non-symmetric matrix AB when A and B

are positive symmetric matrices.

[ 1.07692 0.28571 0.09733 0.04887 ]|
e 0.28571 1.02041 0.26316 0.08610
0.09733 0.26316 1.00917 0.25676

| 0.04887 0.08610 0.25676 1.00518 |

[ 1.04762 0.18841 0.05996 0.02968 |
B_ 0.18841 1.01235 0.17460 0.05314
0.05996 0.17460 1.00552 0.17073

| 0.02968 0.056314 0.17073 1.00312 |
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Note The input data A and B are defined as
A= P(3.0,4), B=P(5.0,4)
where
2 _ . N —t . ) .
P(a®,n); ; = 2/0 cos (ait) cos (ajt)e "dt(l1 <i<n;1 <j<n).
All eigenvalues of the each matrix exist within a finit interval which is independent of n.

(b) Input data

n=4, Ina=Inb=4, nt=2 and symmetric matrices A, B.
(¢) Main program

/* C interface example for ASL_qcgkaa */

#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()

{

double *a, *b, *e, *work;
double one,tre,fiv;

int i,j,n,ierr;
int nt;

int 1lna, 1lnb;
n=4;

1na=4;1nb=4;nt=4;

one=1.0;tre=3.0;fiv=5.0;

printf( " *x*kx ASL_qcgkaa ***\n" );

printf( "\n ** Input **\n\n" );

a = ( double * )malloc((size_t) (sizeof(double)*n*n));
%f( a == NULL )

printf( "no enough memory for array a\n");

) return -1;
b = ( double * )malloc((size_t) (sizeof (double)*n*n));
%f( b == NULL )

printf( "no enough memory for array b\n");
) return -1;
e = ( double * )malloc((size_t) (sizeof (double)*n));
if ( e == NULL )

~

printf( "no enough memory for array e\n");
return -1;

work = ( double * )malloc((size_t) (sizeof (double)*(2#%n)));
if ( work == NULL )

printf( "no enough memory for array work\n");
return -1;

%6d\n" , n );
printf( "\tlna = %6d\n",lna );
printf( "\tlnb = %6d\n",1lnb );
printf( "\tnt = ’%6d\n",nt );
for(i=0; i<n; i++)

}
printf( "\tn

for(j=0; j<m; j++)

ali+n*jl=one/(one+tre* (i+j+2)*(i+j+2))
+one/ (one+trex (i-j)*(i-j));

bli+n*jl=one/(one+fiv* (i+j+2)*(i+j+2))
+one/ (one+fiv*(i-j)*(i-j));

}

}
printf( "\n\tInput Matrix a\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<m; j++)

printf( "%8.3g",ali+n*jl);
}
printf( "\n" );

}
printf( "\n\tInput Matrix b\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<m; j++)
{
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}

printf( "%8.3g",bl[i+n*jl);

}
printf( "\n" );

}

ierr = ASL_qgcgkaa(a, lna, n, b, 1lnb, e, work, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

printf( "\n\t Eigenvalue " );

printf( "\n\t" );
for(j=0; j<n; j++)

printf( "%8.3g",e[j1);

printf( "\n\t Eigenvector ")
for(i=0; i<n; i++)

printf( "\n\t" );
for(j=0; j<n; j++)

printf( "%8.3g",ali+n*jl);

}

printf( "\n" );
free(a);
free(b);
free(e);
free(work) ;
return O;

(d) Output results

***x ASL_qgcgkaa ***

*k Input *k

n = 4
lna = 4
1nb = 4
nt = 4

Input Matrix a

1.08 0.286 0.0973 0.0489
0.286 1.02 0.263 0.0861
0.0973  0.263 1.01 0.257
0.0489 0.0861 0.257 1.01

Input Matrix b
1.06 0.188 0.06 0.0297
0.188 1.01 0.175 0.0531
0.06 0.175 1.01 0.171
0.0297 0.0531 0.171 1

*% Qutput *x*

ierr = 0
Eigenvalue
0.503 0.706 1.15 2.13
Eigenvector
-0.276 -0.5 0.635 0.564

0.54 0.436 0.273 0.676
-0.551 0.368 -0.414  0.629
0.311 -0.547 -0.641 0.442
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5.7.2 ASL_qcgkan, ASL_pcgkan
All Eigenvalues of Real Symmetric Matrices (Generalized Eigenvalue Problem
BAz = Az, B: Positive)

(1) Function

Generalized eigenvalue problem
BAx = \x

(A : Real symmetric, B: Positive real symmetric) is solved by using the Cholesky method, the Householder
method and QR method to obtain all eigenvalues \ .

(2) Usage
Double precision:
ierr = ASL_qcgkan (a, lna, n, b, Inb, e, work, nt);
Single precision:
ierr = ASL_pcgkan (a, Ina, n, b, Inb, e, work, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. SHIMCLE an Type Size nput/ Contents
Return Value Output
1 a D+ Ina x n Input | Real symmetric matrix A
R Output | Input-time contents are not retained.
2 Ina I 1 Input | Adjustable dimension of array a
3 n I 1 Input | Order of matrices A and B
4 b D Inb x n Input | Real symmetric matrix B
R Output | Input-time contents are not retained.
5 Inb I 1 Input | Adjustable dimension of array b
e Dx n Output | Eigenvalues A
R«
7 work Dx 2xn Work | Work area
Rx
8 nt I 1 Input | Number of tasks
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n < lna, Inb

(b) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.

1000 n was equal to 1. e[0]<— a[0]*b]0] is performed.

2100 B has a diagonal element very close to Some results may be obtained with low
Z€ero. precision

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

4000 B was not positive definite.

5000+¢ The sequence did not converge in the step Eigenvalues obtained by this time are en-
where the eigenvalue was obtained (1 < tered in e[0],---,e[i — 2]. (However, the
1 <n). order is irregular.)
(6) Notes

(a) Arrays a and b should be stored only in the upper triangular portions.

(b) Eigenvalues are stored in ascending order.

ASL_qgcgk
(c) 5.7.1 ABEA L hould be used if the eigenvectors are needed.
ASL _pcgkaa

ASL qeei
(d) 5.6.2{ SL_qgcgjan

i should be used if matrix A is only positive.
ASL_pcgjan
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HERMITIAN MATRICES (TWO-DIMENSIONAL ARRAY
TYPE) (UPPER TRIANGULAR TYPE) (REAL ARGUMENT
TYPE)

5.8.1 ASL_hcgraa, ASL_gcgraa
All Eigenvalues and All Eigenvectors of Hermitian Matrices (Generalized
Eigenvalue Problem Az = A\Bz, B: Positive)
(1) Function

Generalized eigenvalue problem
Az = ABz

(A: Hermitian, B: Positive Hermitian ) is solved by using the Cholesky method, the Householder method

and QR method to obtain all eigenvalues A and corresponding all eigenvectors z.

(2) Usage
Double precision:
ierr = ASL_hcgraa ( ar, ai, lna, n, br, bi, Inb, e, work, nt);
Single precision:
ierr = ASL_gcgraa ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
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rguments an eturn Value
3) A t d Ret Val
D:Double precision real  Z:Double precision complex I int as for 32bit Integer
R:Single precision real C:Single precision complex ' long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A
Rx
Output | Real part of eigenvector x
2 ai Dx Ina X n Input | Imaginary part of Hermitian matrix A
Rx
Output | Imaginary part of eigenvector x
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrices A and B
br D+ Inb x n Input | Real part of Hermitian matrix B
R«
Output | Input-time contents are not retained.
6 bi Dx Inb x n Input | Imaginary part of Hermitian matrix B
Rx
Output | Input-time contents are not retained.
Inb I 1 Input | Adjustable dimension of arrays br and bi
e Dx n Output | Eigenvalues A
Rx
9 work Dx 4xn Work | Work area
Rx
10 nt I 1 Input | Number of tasks
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n<lna, Inb

(b) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0)« % and
1.0
a[0]«— are performed.
v/b[0]
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000 The sequence did not converge in the step

where the eigenvalue was obtained.

(6) Notes

(a) Arrays ar, ai, br and bi should be stored only in the upper triangular portions.
(b) Eigenvalues are stored in ascending order.
(¢) Eigenvectors v; are an orthonormal set so that 'U;*-ka =0k

ASL_hcgran

(d) 5.8.2
ASL _gcgran

} should be used if the eigenvectors are not needed.

(7) Example

(a) Problem

For Hermitian matrix of the degree 4

8 3 1-2i —1-2i
Ao 3 9 142 —1+2i
1+2  1-2i 10 -3

| 142 -1-2 -3 11

and its conjugate Hermitian matrix

8 3 142 —1+2i

B 3 9 1-2 -1-2
1—-2 142 10 -3

| —1-2i —1+2 -3 11

obtain eigenvector of generalized eigenvalue problem.

(b) Input data
n=4, lna=4, matrix A, Inb=4, nt=2 and matrix B.

(¢) Main program
/* C interface example for ASL_hcgraa */
#include <stdio.h>
#include <stdlib.h>
#include <asl.h>
int main()
{

double *ar, *br, *ai, *bi, *e, *work;

int i,j,n,ierr;
int nt;

int 1lna, 1nb;
n=4;

lna;4;1nb=4,nt=4;
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printf( " #%% ASL_hcgraa **x\n" );
printf( "\n *x Input **\n\n" );

ar = ( double * )malloc(sizeof (double)*n*n);
if ( ar == NULL )

printf( "no enough memory for array ar\n");
return -1;

br = ( double * )malloc(sizeof (double)*n*n);
if ( br == NULL )

printf( "no enough memory for array br\n");
return -1;

ai = ( double * )malloc(sizeof(double)*n*n) ;
if( ai == NULL )

printf( "no enough memory for array ai\n");
return -1;

}
bi = ( double * )malloc(sizeof (double)*n*n);
if( bi == NULL )

{
printf( "no enough memory for array bi\n");
) return -1;
e = ( double * )malloc(sizeof (double)*n);
%f ( e == NULL )

printf( "no enough memory for array e\n");
return -1;

work = ( double * )malloc(sizeof (double)*4x*n);
if ( work == NULL )

printf( "no enough memory for array work\n");
return -1;

}

printf( "\tn
printf( "\tlna
printf( "\tlnb
printf( "\tnt
br [0+n*0]=8.0;bi [0+n*0]=0.0;
br[1+n*1]=9.0:bi [1+n*1]=0.0
br[2+n*2]=10.0;bi [2+n*2]=0.0;
br[3+n*3]=11.0,bi [3+n*3]=0.0"
br[0+nx1]=3.0;bi [0+n*1]=0.0;
br [0+n*2]=1.0;bi[0+n*2]=2.0;
br[0+n*3]=-1.0;bi [0+n*3]=2.0;
br[1+n*2]=1.0;bi[1+n*2]=-2.0;
br[1+nx3]=-1.0;bi [1+n*3]=-2.0;
br[2+n*3]=-3.0:bi [2+n*3]=0.0;
for(i=1;i<n;i++)

%6d\n" » ))
%6d\n",1na );
%6d\n",1nb );
%6d\n",nt );

for(j=0;j<i;j++)
brli+n*jl= br[j+n*i];
bili+n*j]l=-bi[j+n*il;

}

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

for(j=0;j<n;j++)

{
ar[i+n*jl= brli+n*jl;
aili+n*jl=-bi[i+n*j];

}

}
printf( "\n\tInput Matrix a\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)

printf( "(%8.3g,",ar[i+nxjl);
printf( "%8.3g) ",aili+nxj]);

}
printf( "\n" );

}
printf( "\n\tInput Matrix b\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)
{

printf( "(%8.3g,",br[i+n*j]l);
printf( "%8.3g) ",bili+n*jl);

}
printf( "\n" );
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ierr = ASL_hcgraa(ar,ai, lna, n, br,bi, lnb, e, work, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\t Eigenvalue " );

printf( "\n\t" );
for(j=0; j<n; j++)

printf( " %8.3¢g ",elil);

}
printf( "\n\t Eigenvector ")
for(i=0; i<n; i++)

printf( "\n\t" );
for(j=0; j<n; j++)
{

printf( "(%8.3g,",ar[i+n*jl);
printf( "%8.3g) ",aili+n*jl);
}

}

printf( "\n" );
free(ar);
free(br);
free(ai);
free(bi);
free(e);
free(work) ;
return O;

}
(d) Output results

***x ASL_hcgraa ***

*k Input *%

n = 4
lna = 4
1nb = 4
nt = 4

Input Matrix a

( 8, 0) ¢ 3, 0) ( 1, -2) ( -1, -2)
( 3, 0) 9, 0) ( 1, 2) -1, 2)
( 1, 2) ( 1, -2) ( 10, 0) ¢ -3, 0)
( -1, 2) «( -1, -2) «( -3, 0 ( 11, 0)
Input Matrix b
( 8, 0) 3, 0) ¢ 1, 2) -1, 2
( 3, 0) 9, 0) ( 1, -2) -1, -2)
( 1, -2) 1, 2) ( 10, 0) ( -3, 0)
( -1, -2) ( -1, 2) ( -3, 0 ( 11, 0)
*% Qutput *x*
ierr = 0
Eiéenvalue
0.231 1 1 4.33
Eigenvector
( 0.175, 0) ( 0, 0) ( 0.211, 0) (  0.364, 0)
( -0.16, 0.00182) (-6.89e-19,-2.03e-16) (  0.211,-1.71e-18) ( -0.333,-0.00378)
(-0.00199, -0.149) ( -0.192, 0.00302) ( -0.0313,-4.35e-17) (-0.00414, 0.31)
( 0.00029, -0.138) (  0.192,-0.00302) ( 0.0313,-1.66e-16) (0.000603, 0.287)
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5.8.2 ASL_hcgran, ASL _gcgran
All Eigenvalues of Hermitian Matrices (Generalized Eigenvalue Problem Az =
ABz, B: Positive)

(1) Function
Generalized eigenvalue problem

Az = \Bz

(A: Hermitian, B: Positive Hermitian) is solved by using the Cholesky method, the Householder method
and QR method to obtain all eigenvalues A .

(2) Usage
Double precision:
ierr = ASL_hcgran ( ar, ai, lna, n, br, bi, Inb, e, work, nt);
Single precision:
ierr = ASL_gcgran ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A
Rx
Output | Input-time contents are not retained.
2 ai Dx Ina X n Input | Imaginary part of Hermitian matrix A
R«
Output | Input-time contents are not retained.
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrices A and B
br D+ Inb x n Input | Real part of Hermitian matrix B
Rx
Output | Input-time contents are not retained.
6 bi D Inb x n Input Imaginary part of Hermitian matrix B
Rx
Output | Input-time contents are not retained.
7 Inb I 1 Input | Adjustable dimension of arrays br and bi
8 e D n Output | Eigenvalues A
Rx
9 work Dx 4xn Work | Work area
Rx
10 nt I 1 Input | Number of tasks
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n<lna, lnb

(b) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
0
1000 n was equal to 1. e[0)« % is performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000 The sequence did not converge in the step
where the eigenvalue was obtained.

(6) Notes

(a) Arrays ar, ai, br and bi should be stored only in the upper triangular portions.

(b) Eigenvalues are stored in ascending order.

ASL_h
(c) 5.8.1 {AZL cgraa} should be used if the eigenvectors are needed.
_gegraa
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5.9.1 ASL_hcgjaa, ASL_gcgjaa
All Eigenvalues and All Eigenvectors of Hermitian Matrices (Generalized
Eigenvalue Problem ABz = Az, B: Positive)
(1) Function

Generalized eigenvalue problem
ABz = \z

(A: Hermitian, B: Positive Hermitian) is solved by using the Cholesky method, the Householder method

and QR method to obtain all eigenvalues A and corresponding all eigenvectors z.

(2) Usage
Double precision:
ierr = ASL_hcgjaa ( ar, ai, lna, n, br, bi, lnb, e, work, nt);
Single precision:
ierr = ASL_gcgjaa ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
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(3) Arguments and Return Value
D:Double precision real  Z:Double precision complex I int as for 32bit Integer
R:Single precision real C:Single precision complex ' long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A
R Output | Real part of eigenvector x
2 ai Dx Ina X n Input | Imaginary part of Hermitian matrix A
R Output | Imaginary part of eigenvector x
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrices A and B

Inb X n Input | Real part of Hermitian matrix B

wj
*

=
*

Output | Input-time contents are not retained.

Inb x n Input | Imaginary part of Hermitian matrix B

Output | Input-time contents are not retained.

(@)
=N

—N—| —N |
gy

Inb I Input | Adjustable dimension of arrays br and bi
e D+ n Output | Eigenvalues A
Rx
9 work Dx 4xn Work | Work area
Rx
10 nt I 1 Input | Number of tasks
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n<lIna, Inb

(b) nt > 1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]« a[0]*b[0] and
a[0]«— L0 are performed.
V/bl0]
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000 The sequence did not converge in the step

where the eigenvalue was obtained.

303



ASL_hcgjaa, ASL_gcgjaa
All Eigenvalues and All Eigenvectors of Hermitian Matrices (Generalized Eigenvalue Problem ABz = \z, B:
Positive)

(6) Notes

(a) Arrays ar, ai, br and bi should be stored only in the upper triangular portions.
(b) Eigenvalues are stored in ascending order.
(¢) Eigenvectors v; are an orthonormal set so that 'U;TB'vk =0k

ASL _hcgjan

(d) 5.9.2 .
ASL_gcgjan

} should be used if the eigenvectors are not needed.

ASL _hcgkaa

(e) 5.10.1
ASL_gcgkaa

} should be used if matrix A is only positive.

(7) Example

(a) Problem

For Hermitian matrix of the degree 4

8 3 1—-2¢ —1-2¢

e 3 9 142 —1+42¢
1424 1—-2¢ 10 -3

—14+2t —-1-2 -3 11

and its conjugate Hermitian matrix

8 3 1420 —1424

B_ 3 9 1-2¢ —-1-24
1—-2¢ 1424 10 -3

-1-21 —-1+4+2 -3 11

obtain eigenvector of generalized eigenvalue problem ABx = Az.

(b) Input data
n=4, Ina=4, matrix A, Inb=4, nt=2, matrix B.

(¢) Main program
/* C interface example for ASL_hcgjaa */
#include <stdio.h>
#include <stdlib.h>
#include <asl.h>
int main()

double *ar, *br, *ai, *bi, *e, *work;

int i,j,n,ierr;

int nt;

int lna, 1lnb;

n=4;

1na=4;1nb=4,nt=4;

printf( " *x*kx ASL_hcgjaa ***\n" );
printf( "\n ** Input **\n\n" );

ar = ( double * )malloc(sizeof (double)*n*n);
if( ar == L)

printf( "no enough memory for array ar\n");
return -1;

br = ( double * )malloc(sizeof(double)*n*n);
if ( br == NULL )

printf( "no enough memory for array br\n");
return -1;

ai = ( double * )malloc(sizeof (double)*n*n) ;
if( ai == NULL )

printf( "no enough memory for array ai\n");
return -1;

bi = ( double * )malloc(sizeof(double)*n*n);
if( bi == NULL )

304



ASL_hcgjaa, ASL_gcgjaa
All Eigenvalues and All Eigenvectors of Hermitian Matrices (Generalized Eigenvalue Problem ABz = \z, B:
Positive)

printf( "no enough memory for array bi\n");
return -1;

[

= ( double * )malloc(sizeof(double)*n);
if (e == L)

-~

printf( "no enough memory for array e\n");
return -1;

work = ( double * )malloc(sizeof (double)*4x*n);
if ( work == NULL )

printf( "no enough memory for array work\n");
return -1;

}

printf( "\tn
printf( "\tlna
printf( "\tlnb = %6d\n",lnb )
printf( "\tnt %6d\n" ,nt )
br [0+n*0]=8.0;bi [0+n*0]=0.0;
br[1+n*1]=9.0:bi [1+n*1]=0.0:
br[2+n*2]=10.0;bi [2+n*2]=0.0;
br[3+n*3]=11.0,bi [3+n*3]=0.0"
br[0+n*1]=3.0;bi[0+n*1]=0.0;
br [0+n*2]=1.0;bi[0+n*2]=2.0;
br[0+n*3]=-1.0;bi [0+n*3]=2.0;
br[1+n*2]=1.0;bi[1+n*2]=-2.0;
br[1+nx3]=-1.0;bi [1+n*3]=-2.0;
br[2+n*3]=-3.0;bi[2+n*3]=0.0;
for(i=1;i<n;i++)

%6d\n" , n )
%6d\n",1na )

s
s
H
s

for(j=0;j<i;j++)
brli+n*jl= br[j+n*i];
bil[i+n*j]l=-bi[j+n*i];
}
for(i=0;i<n;i++)
for(j=0;j<n;j++)
ar[i+n*jl= brli+n*jl;
aili+n*jl=-bi[i+n*j];
}
printf( "\n\tInput Matrix a\n\n" );
{or(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)

printf( "(%8.3g,",ar[i+nxjl);
printf( "%8.3g) ",aili+nxj]);

}
printf( "\n" );

}
printf( "\n\tInput Matrix b\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)

printf( "(%8.3g,",br[i+n*jl);
printf( "%8.3g) ",bili+n*jl);

}
printf( "\n" );

}

ierr = ASL_hcgjaa(ar,ai, lna, n, br,bi, lnb, e, work, nt);
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

printf( "\n\t Eigenvalue " );

printf( "\n\t" );
for(j=0; j<n; j++)

printf( " %8.3g ",elil);

}
printf( "\n\t Eigenvector ")
for(i=0; i<n; i++)

printf( "\n\t" );
for(j=0; j<n; j++)
{

printf( "(%8.3g,",ar[i+n*j]);
printf( "%8.3g) ",aili+n*jl);
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}

printf( "\n" );
free(ar);
free(br);
free(ai);
free(bi);
free(e);

free (work) ;
return O;

}
(d) Output results

***x ASL_hcgjaa ***

*% Input *%

n = 4
lna = 4
1nb = 4
nt = 4

Input Matrix a

( 8, 0) ¢ 3, 0) ( 1, -2) ( -1, -2)
( 3, 0) 9, 0) ( 1, 2) -1, 2)
( 1, 2) ( 1, -2) ( 10, 0) ¢ -3, 0)
( -1, 2) ( -1, -2) ( -3, 0 ( 11, 0)
Input Matrix b
( 8, 0) ¢ 3, 0) ( 1, 2) ( -1, 2)
( 3, 0) ¢ 9, 0) ( 1, -2) ( -1, -2)
( 1, -2) 1, 2) ( 10, 0) ( -3, 0)
( -1, -2) ( -1, 2) ( -3, 0 ( 11, 0)
*% Qutput *x*
ierr = 0

Eigenvalue

1%.7 37 106 218
Eigenvector

( -0.399, 0)
( 0.345,0.000936)
( 0.00726, -0.132)
(-0.00421, -0.125)

-0.109, 0) ( 0.17, 0) ( 0.0917, 0)
0.102, 0.016) ( 0.203, 0.00834) ( 0.101,-0.00404)
0.0187, -0.327) E -0.0997,-0.00601) ( 0.147,-0.00401)

0.0156, -0.281) 0.13,-0.000644) ( -0.166, 0.00269)

~AAA
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5.9.2 ASL _hcgjan, ASL_gcgjan
All Eigenvalues of Hermitian Matrices
(Generalized Eigenvalue Problem ABz = \z, B: Positive)
(1) Function

Generalized eigenvalue problem
ABz = )z

(A: Hermitian, B: Positive Hermitian) is solved by using the Cholesky method, the Householder method
and QR method to obtain all eigenvalues A .

(2) Usage
Double precision:
ierr = ASL_hcgjan ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
Single precision:

ierr = ASL_gcgjan ( ar, ai, lna, n, br, bi, lnb, e, work, nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. FEHment ai Type Size nput/ Contents
Return Value Output
1 ar D+ Ina X n Input | Real part of Hermitian matrix A
R Output | Input-time contents are not retained.
2 ai Dx Ina x n Input | Imaginary part of Hermitian matrix A
Rx Output | Input-time contents are not retained.
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrices A and B
br D+ Inb x n Input | Real part of Hermitian matrix B
R Output | Input-time contents are not retained.
6 bi Dx Inb x n Input | Imaginary part of Hermitian matrix B
R Output | Input-time contents are not retained.
Inb I 1 Input | Adjustable dimension of arrays br and bi
e Dx n Output | Eigenvalues A
Rx*
9 work Dx 4xn Work | Work area
Rx
10 nt I 1 Input | Number of tasks
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n<lna, Inb
(b) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]<— a[0]*b][0] is performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000 The sequence did not converge in the step
where the eigenvalue was obtained.

(6) Notes

(a) Arrays ar, ai, br and bi should be stored only in the upper triangular portions.

(b) Eigenvalues are stored in ascending order.

ASL hcgj

(c) 5.9.1 cgj.aa should be used if the eigenvectors are needed.
ASL _gcgjaa

ASL _hcgkan

(d) 5.10.2
ASL_gcgkan

} should be used if matrix A is only positive.
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5.10.1 ASL_hcgkaa, ASL_gcgkaa
All Eigenvalues and All Eigenvectors of Hermitian Matrices (Generalized
Eigenvalue Problem BAz = Az, B: Positive)

(1) Function

Generalized eigenvalue problem
BAz = Az

(A: Hermitian, B: Positive Hermitian) is solved by using the Cholesky method, the Householder method

and QR method to obtain all eigenvalues A and corresponding all eigenvectors z.

(2) Usage
Double precision:
ierr = ASL_hcgkaa ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
Single precision:
ierr = ASL_gcgkaa ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

) int as for 32bit Integer
" | long as for 64bit Integer

A t and I t
No. retment at Type Size nput/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A
R Output | Real part of eigenvector x
2 ai Dx Ina X n Input | Imaginary part of Hermitian matrix A
R Output | Imaginary part of eigenvector x
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrices A and B
5 br Dx Inb X n Input | Real part of Hermitian matrix B
R Output | Input-time contents are not retained.
6 bi D Inb x n Input | Imaginary part of Hermitian matrix B
R Output | Input-time contents are not retained.
7 Inb I Input | Adjustable dimension of arrays br and bi
8 e D+ n Output | Eigenvalues A
R«
9 work D 4xn Work | Work area
R«
10 nt I 1 Input | Number of tasks
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n<lIna,Ilnb

(b) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]<— a[0]*b[0] and
a[0]<— /b[0] are performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000 The sequence did not converge in the step

where the eigenvalue was obtained.

(6) Notes

(a) Arrays ar, ai, br and bi should be stored only in the upper triangular portions.
(b) Eigenvalues are stored in ascending order.
(¢) Eigenvectors v; are an orthonormal set so that 'U;*-B*lvk =k

ASL hcgkan

(d) 5.10.2
ASL_gcgkan

} should be used if the eigenvectors are not needed.
ASL _hcgj
(e) 5.9.1 cg‘?aa should be used if matrix A is only positive.
ASL _gcgjaa
(7) Example

(a) Problem

For Hermitian matrix of the degree 4

8 3 1—-2¢ —-1—-2¢

A 3 9 142 —1+42¢
14+ 2 1—-2¢ 10 -3

—1+2t —-1-2 -3 11

and its conjugate Hermitian matrix

8 3 1420 1424

B_ 3 9 1-2¢ —-1-24
1-24 1424 10 -3

—1-2t —-1+4+2 -3 11

obtain eigenvector of generalized eigenvalue problem BAx = Ax.

(b) Input data
n=4, lna=4, matrix A, Inb=4, nt=2 and matrix B.
(¢) Main program
/* C interface example for ASL_hcgkaa */
#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *ar, *br, *ai, *bi, *e, *work;

int i,j,n,ierr;
int nt;
int 1lna, 1nb;
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n=4;

1na=4;1nb=4,nt=4;

printf( " *** ASL_hcgkaa ***\n" );
printf( "\n ** Input **\n\n" );

ar = ( double * )malloc(sizeof (double)*nx*n);
if( ar == NULL )

printf( "no enough memory for array ar\n");
return -1;

br = ( double * )malloc(sizeof (double)*n*n);
if ( br == NULL )

printf( "no enough memory for array br\n");
return -1;

ai = ( double * )malloc(sizeof (double)*nx*n);
if( ai == NULL )

printf( "no enough memory for array ai\n");
return -1;

bi = ( double * )malloc(sizeof (double)*n*n);
if( bi == NULL )

printf( "no enough memory for array bi\n");
return -1;

= ( double * )malloc(sizeof (double)*n);
f ( e == NULL )

D

printf( "no enough memory for array e\n");
return -1;

work = ( double * )malloc(sizeof (double)*4x*n);
if ( work == NULL )

printf( "no enough memory for array work\n");
return -1;

}

printf( "\tn
printf( "\tlna
printf( "\tlnb = %6d\n",1lnb
printf( "\tnt %6d\n" ,nt
br [0+n*0]=8.0;bi [0+n*0]=0.0;
br[1+n*1]=9.0:bi [1+n*1]=0.0"
br[2+n*2]=10.0;bi [2+n%2]=0.0;
br[3+n*3]=11.0,bi[3+n*3]=0.0;
br[0+n*1]=3.0;bi [0+n*1]=0.0;
br [0+n*2]=1.0;bi[0+n*2]=2.0;
br[0+n*3]=-1.0;bi [0+n*3]=2.0;
br[1+n*2]=1.0;bi [1+n*2]=-2.0;
br[1+n*3]=-1.0;bi[1+n*3]=-2.0;
br[2+n*3]=-3.0:bi [2+n*3]=0.0;
for(i=1;i<n;i++)

%6d\n" , n
%6d\n",1na

);
);
);
);

for(j=0;j<i;j++)
brli+n*jl= br[j+n*i];
bili+n*jl=-bi[j+n*il;
}
for(i=0;i<n;i++)
for(j=0;j<n;j++)
{
ar[i+n*jl= brli+n*jl;
aili+n*jl=-bil[i+n*j];
}
printf( "\n\tInput Matrix a\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<n; j++)

printf( "(%8.3g,",ar[i+n*jl);
printf( "%8.3g) ",aili+n*j]l);

}
printf( "\n" );

}
printf( "\n\tInput Matrix b\n\n" );
for(i=0; i<n; i++)

printf( "\t" );
for(j=0; j<m; j++)
{

printf( "(%8.3g,",br[i+n*jl);
printf( "%8.3g) ",bili+nxjl);
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printf( "\n" );

ierr = ASL_hcgkaa(ar,ai, lna, n, br,bi, lnb, e, work, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
printf( "\n\t Eigenvalue " );

printf( "\n\t" );
for(j=0; j<n; j++)

printf( " %8.3g ",eljl);

printf( "\n\t Eigenvector ")
for(i=0; i<n; i++)

printf( "\n\t" );
for(j=0; j<n; j++)
{

printf( "(%8.3g,",ar[i+nxjl);
printf( "%8.3g)  ",aili+n*jl);

}

printf( "\n" );
free(ar);
free(br) ;
free(ai);
free(bi);
free(e);

free (work) ;
return O;

}
(d) Output results

***x ASL_hcgkaa ***

*k Input *%

n = 4
lna = 4
1nb = 4
nt = 4

Input Matrix a

( 8, 0) ¢ 3, 0) ( 1, -2) ( -1, -2)
( 3, 0) 9, 0) ( 1, 2) -1, 2)
( 1, 2) 1, -2) ( 10, 0) -3, 0)
( -1, 2) ( -1, -2) ( -3, 0 ( 11, 0)
Input Matrix b
( 8, 0) ( 3, 0) ( 1, 2) -1, 2)
( 3, 0) ¢ 9, 0) ( s -2) ( -1, -2)
( 1, -2) 1, 2) ( 10, 0) ( -3, 0)
( -1, -2) ( -1, 2) ( -3, 0 ( 11, 0)
*% Output *x*
ierr = 0
Eigenvalue
1%.7 37 106 218
Eigenvector
( -1.63, 0.00149) ( 0.656, 0.0713) ( 1.76, 0.08) ( 1.35, -0.0577)
( 1.41,-0.00511) ( -0.625, 0.0299) ( 2.09, 0.00933) ( 1.5,-0.00416)
( 0.0301, 0.54) ( 0.102, -1.99) ( -1.03, 0.0151) ( 2.16, -0.0331)
( -0.0167, 0.51) ( 0.0905, -1.71) ( 1.34, 0.0676) ( -2.45, 0.0648)
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5.10.2 ASL_hcgkan, ASL_gcgkan
All Eigenvalues of Hermitian Matrices (Generalized Eigenvalue Problem
BAz = Az, B: Positive)
(1) Function

Generalized eigenvalue problem
BAz = Az

(A: Hermitian, B: Positive Hermitian) is solved by using the Cholesky method, the Householder method
and QR method to obtain all eigenvalues A .

(2) Usage
Double precision:
ierr = ASL_hcgkan ( ar, ai, Ina, n, br, bi, lnb, e, work, nt);
Single precision:

ierr = ASL_gcgkan ( ar, ai, Ina, n, br, bi, Inb, e, work, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 ar Dx Ina x n Input | Real part of Hermitian matrix A
R Output | Input-time contents are not retained.
2 ai Dx Ina X n Input | Imaginary part of Hermitian matrix A
R Output | Input-time contents are not retained.
3 Ina I 1 Input | Adjustable dimension of arrays ar and ai
4 n I 1 Input | Order of matrices A and B

Inb X n Input | Real part of Hermitian matrix B

wj
*

=
*

Output | Input-time contents are not retained.

Inb x n Input | Imaginary part of Hermitian matrix B

Output | Input-time contents are not retained.

(@)
=N

—N—| —N |
gy

Inb I Input | Adjustable dimension of arrays br and bi
e D+ n Output | Eigenvalues A
Rx
9 work Dx 4xn Work | Work area
Rx
10 nt I 1 Input | Number of tasks
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) 1 <n<lIna, Inb
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ASL_hcgkan, ASL_gcgkan
All Eigenvalues of Hermitian Matrices (Generalized Eigenvalue Problem BAz = Az, B: Positive)

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. e[0]<— a[0]*b][0] is performed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
4000 B was not positive definite.
5000 The sequence did not converge in the step
where the eigenvalue was obtained.

(6) Notes

(a) Arrays ar, ai, br and bi should be stored only in the upper triangular portions.

(b) Eigenvalues are stored in ascending order.

(©) 5.101 {ASL_hcgkaa

should be used if the eigenvectors are needed.
ASL_gcgkaa

ASL _hcgjan

(d) 5.9.2 i
ASL_gcgjan

} should be used if matrix A is only positive.
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Chapter 6
FOURIER TRANSFORMS AND THEIR
APPLICATIONS

6.1 INTRODUCTION

This chapter describes functions that perform fast Fourier transforms, convolutions, correlations, power spectrum
analysis.
Function described in this chapter divides up and allocates internal processing among threads and
executes allocated processing in parallel.

The following functions are provided for computing the discrete Fourier transform according to the data char-

acteristics. You can perform processing efficiently if your data satisfies any of the characteristics described below.

(1) Multiple one-dimensional complex Fourier transform

Data values are complex numbers and are multiple one-dimensional data.

(2) Multiple one-dimensional real Fourier transform
Data values are real numbers and are multiple one-dimensional data.

(3) Two-dimensional complex Fourier transform

Data values are complex numbers and are two-dimensional data.

(4) Two-dimensional real Fourier transform

Data values are real numbers and are two-dimensional data.

(5) Three-dimensional complex Fourier transform

Data values are complex numbers and are three-dimensional data.

(6) Three-dimensional real Fourier transform

Data values are real numbers and are three-dimensional data.

In addition, although the number of equal divisions n of the input data can be transformed by the fast Fourier
transforms handled in this chapter no matter what prime number is used as radix, calculation efficiency decreases
for a sequence formed from a large prime number. Therefore, the number of equal divisions n should be able to
be factored into small radices (2, 3, 5, 7).

The functions, which handles the following data, are provided for performing the convolutions, correlations,

power spectrum analysis.
(1) Two-dimensional data

(2) Three-dimensional data
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Notes

6.1.1 Notes

(1)

For a two-dimensional complex Fourier transform or two-dimensional real Fourier transform, the number of
sample points nx, ny (nx, ny, nz for a three-dimensional complex Fourier transform or three-dimensional

real Fourier transform) corresponds to a sample on a single period (0, 27).

You first must use a transform function that includes initialization. This function performs such tasks as
creating a trigonometric function table. If you plan to continue computing Fourier transforms for the same
number of data N, processing will be more efficient if you use the post-initialization transform function

thereafter since the contents of work areas are retained.
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Algorithms Used

6.1.2 Algorithms Used
6.1.2.1 Two-dimensional complex Fourier transform

The complex Fourier forward transform Cj, ; for one period c, x, (kz = 0,---,n, —1; ky = 0,---,ny — 1) of
complex multiperiodic data ¢, , satisfying Chy by = Chyptng ky+n, for arbitrary integers k; and k, is defined by

the following equation.

—1
—1ny 2Wﬁ(1xkz+jyky)
— E E n n
Jra]y - Cka:»k € v v
k‘ =0 ky,=0

(jmzov"'aniv_l; ijO,-",ny—l)

o is an arbitrary constant for which 1 or nyn, normally is selected. At this time, the complex data after the
transform Cj, ;, (jo =0,---,n, —1; j, =0,---,n, — 1) also corresponds to one period of complex multiperiodic
data ij,jy satisfying C iy = C’jz+nz,jy+ny for an arbitrary integers j, and j,. The corresponding backward

transform is as follows:

Ng—1Ny—

) ke
. N
ke, k? - ) ]a:a]y

z''Y

Jz=0 Jny

(kxfov"'v 1715 ky:()»"'anyfl)

The functions in this manual obtain aCj, ; and ngnyck, k, except for a constant factor, from the normal Fourier

transform definition.

6.1.2.2 Two-dimensional real Fourier transform

When the data for which the two-dimensional Fourier forward transform is to be calculated is real, the following

relationship is satisfied.
ng—1ny—1 ) )
(ng—jz)ke | (ny—dy)k
aC* = Z Z B e e
K ky

Ng —Jz Ny —Jy
ke=0 ky,=0

Np—1ny—1

_92 /_Jackm Jyky
= g E Ckz,ke " { o

ky=0 ky=0
=aCj, j,

Here, z* represents the conjugate complex number of the complex number z. In particular, Cp o is real and when
ng and n, are even, then C ng ny is also real.

Similarly, the following relatlonshlp is satisfied.

ne—1 ny—1

(ne—ja)ka | Jyky
« _ % 271'\/71{T+n—}
0Cr sy = DL D G g
ky=0 ky=0

Ng—1Nqy—1

/=1 Jrkr (ny —dy)ky

:E E Cpy gy STV TS
kp=0 ky=0
:acjxvny_jy

Therefore, the calculations for a Fourier transform can be executed using half the data for the case of general

complex data (for cg, x,, only the real part, and for Cj, ; , half of its period for either j, or jy,).
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Algorithms Used

6.1.2.3 Three-dimensional complex Fourier transform

The complex Fourier forward transform Cj, ;, ;. for one period ci, x, k. (kz = 0,---,ny — 15 ky = 0,---,ny —
1; k. =0,---,n.—1) of complex multiperiodic data Chy ky ke, SALISEYING C, k) ke = Chytng,kytny ks tn, fOT arbitrary

integers k., k, and k; is defined by the following equation.

—1ny—1n,—1

k k
—2my/—1 ]a:ka:_;’_Jy y+1z z
Clasjurds = = E > D Chky ke et

k ;=0 ky=0 k.=0
(]1:0,,71;5—1, ]yzovany_17 ]ZZO,,’I’LZ—I)

o is an arbitrary constant for which 1 or nynyn, normally is selected. At this time, the complex data after the
transform Cj, ;. ;. (jo =0,---,np —1; j, = 0,---,ny —1; j. =0,---,n, — 1) also corresponds to one period of

complex multiperiodic data C;, dy.j. satisfying G = éjm+n,,jy+ny,jz+nz for an arbitrary integers j,, j, and

a:vjy »jz
Jz. The corresponding backward transform is as follows:

Nge—1MNy— 1nz—1

ik )
c . 271-\/7_1(‘72'2174»‘]1?;9 +Jiiz)
ko ky,j= n nn Jz,ayuz

TV §o=0 jy=0 Jz—O

(ky =0,---,ny—1; ky=0,---,ny —1; k, =0,---,n, — 1)

The functions in this manual obtain aCj, ;, ;. and nznyn.ck, k, k. except for a constant factor, from the normal

Y

Fourier transform definition.

6.1.2.4 Three-dimensional real Fourier transform

When the data for which the three-dimensional Fourier forward transform is to be calculated is real, the following
relationship is satisfied.

Ng—1ny—1mn_,—1

C* % 2 /—,1{(nz;jzz)kx+(ny;2y)ky+(nz;jzz)kz}
@ Mg —Ja Ny —JysMz—Jz : : § : § :Ckx,ky,kze
ke=0 ky=0 k.=0

Neg—1ny—1n,—1

o= Ja:ka: Jyky Jzkz
E E E Ckz,ky»k e T { Tyt nz }

kz=0 ky=0 k.=0

=aCj, j,.j.

Here, 2* represents the conjugate complex number of the complex number z. In particular, Cp, is real and
when n,, ny and n, are all even, then C ng Ty me is also real.
yT2 T2

Similarly, the following kinds of relatlonshlps are satisfied.

C’;;x —JasJysJz = Cjz»nyijvnz*jz
That is, the complex number after substitutions are made in the subscripts using the following correspondence
relationships for all of j., j, and j, is mutually related as a complex conjugate to the complex number before the
substitutions are made.

Je & Nz —Jz
jy &Ny — jy
Jz & ny—
Therefore, the calculations for a Fourier transform can be executed using half the data for the case of general

complex data (for cy, , k., only the real part, and for Cj, ;, ;., half of its period for either j, jy, or j.).
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6.2 MULTIPLE ONE-DIMENSIONAL COMPLEX FOURIER

TRANSFORM (REAL ARGUMENT TYPE)

6.2.1 [DEPRECATED]ASL_gfcmfb, ASL_pfcmfb

(1)

Multiple One-Dimensional Complex Fourier Transforms (Include Initializa-
tion)

Function
Forward transform
ASL_gfemfb or ASL_pfemfb computes the m-fold one-dimensional complex Fourier forward transform (ar-

bitrary radix) for the complex data cg (k=0,---,n—1; I =1,---,m).

n—1
dj,l = ZC}C’[€727T\/7_1% (] :0,...77717 ]_’ | = ]_7...,m)
k=0

Backward transform
ASL_gfecmfb or ASL_pfemfb computes the m-fold one-dimensional complex Fourier backward transform

(arbitrary radix) for the complex data ¢ ;(k=10,---,n—1; I =1,---,m).

n—1
dj,l:ch,leh‘/j% (j=0,---,n—1;1=1,---,m)
k=0

Usage
Double precision:

ierr = ASL_gfemfb (n, m, cr, ci, incn, incm, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfemfb (n, m, cr, ci, incn, incm, isw, ifax, trigs, wk, nt);
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[DEPRECATED]ASL_qgfcmtb, ASL_pfcmfb
Multiple One-Dimensional Complex Fourier Transforms (Include Initialization)

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 n I 1 Input | Number of transformed data values n (See
Note (a))
2 m I 1 Input | Multiplicity m
cr D« See Input | Real part of input data c; (See Note (b))
{R*} Contents Size: incn X (n— 1) +incm X (m — 1)+ 1
Output | Real part of output data d;; (See Notes (b)
and (c))
4 ci Dx See Input | Imaginary part of input data ci; (See Note
{ Rx } Contents (b))
Size: incn X (n — 1) +inecm X (m — 1) + 1
Output | Imaginary part of output data d;; (See Notes
(b) and (c))
5 incn I 1 Input | The stride between each transformed datum
in storage (See Note (b))
6 incm I 1 Input | The stride between the first elements of each
transformed data in storage (See Note (b))
7 isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
8 ifax I* 20 Output | Factorization results and number of factors
(See Note (d))
9 trigs Dx 2 xn Output | Trigonometric function table (See Note (d))
)
10 wk Dx 2xmxn| Work | Work area
v}
11 nt I 1 Input | Number of tasks to be generated
12 ierr I 1 Output | Error indicator (Return Value)
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[DEPRECATED]ASL_qgfcmtb, ASL_pfcmfb

Multiple

One-Dimensional Complex Fourier Transforms (Include Initialization)

(4) Restrictions

(a)
(b)
()

(d)
()

n>1lm>1
incn > 1, incm > 1
incn > m X gem (incn, incm) or
incm > n x gem (inen, incm)
where, gem(i, j) is the greatest common measure between i and j.
isw € {0,1, -1}
nt >1

(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
1000 n=1. Input data is output unchanged.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes

(a)

When the number of transformed data n can be adjusted, the calculations can be performed more
efficiently by setting a number for which the mixed radix FFT algorithm operates effectively (multiples
of 2, 3, 5, etc.). For example, rather than setting n = 289(=172), it is usually more efficient to set n =
300(=22 x 3 x 52), n = 320(=2% x 5), n = 384(=2" x 3) or the like.

If we let the real and imaginary parts of the complex data c¢x; (k =0,---,n—1; I = 1,---,m) be

R{ck,} and S{ck,}, respectively, the ¢, ; and elements of arrays cr and ci are associated as follows.

R{ck.} <« crfinen xk + incm * (1 —1)]
ek} ¢ cifinen x k 4 incm * (1 — 1))

For example, if we let incn=1 and incm=n, then the associations are as follows:
Ri{ck.} < ck+nx(1-1)], ey} < cik+nx(1-1)]

and the data is stored so that it is packed consecutively for subscript k. If we let incn=m and incm=1,

then the associations are as follows:
R{cri} < co[l-1)+m=*k], ey} < cil—1)+m=k]

and the data is stored so that it is packed consecutively for subscript [. Similarly, for the complex data
dji(j=0,---,n—1; I =1,---,m). Values in areas where the data of arrays cr and ci is not stored do
not change when this function is called.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of

transformed data. For example, if we let the data obtained by computing the backward transform
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[DEPRECATED]ASL_qgfcmtb, ASL_pfcmfb
Multiple One-Dimensional Complex Fourier Transforms (Include Initialization)

immediately following the forward transform for the complex data cx (k=0,---,n—1; I =1,---,m)
be represented by é,(k=0,---,n—1; [ =1,---,m), then the following relationship holds.

ék,l:nck,l (k:(),...,n—l; 1:17...,m)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

(d) To repeatedly compute the transform for the same number of data n, you should call this function once,
and then use the after-initialization transform 6.2.2 ASL-gfembf , thereafter. This enables processing
ASL _pfembf
to be performed more efficiently since initialization (factorization or the creation of trigonometric
tables) is performed only once. However, in this case, you must retain the contents of arrays ifax and
ASL_gfembf

ASL _pfembf [
To perform initialization only by setting isw=0, you need not set input data for arrays cr and ci.

trigs so they can be used as input to the function 6.2.2 {

(e) Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n) as the period, the number
of samples or sampling interval must be set with this taken into account when sampling to approximate
the continuous Fourier transform. According to the sampling theorem, for a time function h(t) that
is bandwidth limited by the frequency f., if the sampling interval is taken as T = ﬁ, then h(t) can
be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

sin2r f.(t — iT)

h(t)=T > h(iT) =T

i=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.2.2 (7).
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[DEPRECATED]ASL_qfcmbf, ASL_pfcmbf
Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

6.2.2 [DEPRECATED]ASL gfcmbf, ASL_pfcmbf

(1)

Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

Function
Forward transform
ASL_gfembf or ASL_pfembf computes the m-fold one-dimensional complex Fourier forward transform (ar-

bitrary radix) for the complex data c;;(k=0,---,n—1; I =1,---,m).

n—1
dj,l = ch’le_%"\/jl% (] = 0,...77717 ]_, | = ]_7...,m)
k=0

Backward transform
ASL_gfcmbf or ASL_pfcmbf computes the m-fold one-dimensional complex Fourier backward transform

(arbitrary radix) for the complex data c;;(k=0,---,n—1; I =1,---,m).

n—1
dj1 :ch’le%‘/jl% (j=0,---,n—1;1=1,---,m)
k=0

Usage
Double precision:

ierr = ASL_gfembf (n, m, cr, ci, incn, incm, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfembf (n, m, cr, ci, incn, incm, isw, ifax, trigs, wk, nt);
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[DEPRECATED]ASL_qfcmbf, ASL_pfcmbf
Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

I { int as for 32bit Integer}

long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 n I 1 Input | Number of transformed data values n (See
Note (a))
2 m I 1 Input | Multiplicity m
3 cr D« See Input | Real part of input data c; (See Note (b))
{R*} Contents Size: incn X (n— 1) +incm X (m — 1)+ 1
Output | Real part of output data d;; (See Notes (b)
and (c))
4 ci Dx See Input | Imaginary part of input data ci; (See Note
{ Rx } Contents (b))
Size: incn X (n — 1) +inecm X (m — 1) + 1
Output | Imaginary part of output data d;; (See Notes
(b) and (c))
5 incn I 1 Input | The stride between each transformed datum
in storage (See Note (b))
6 incm I 1 Input | The stride between the first elements of each
transformed data in storage (See Note (b))
7 isw I 1 Input | Processing switch
isw= 1:Forward transform
isw=—1:Backward transform
8 ifax I* 20 Input | Factorization results and number of factors
(See Note (a))
9 trigs D« 2 xn Input | Trigonometric function table (See Note (a))
()
10 wk Dx 2xmxn Work | Work area
()
11 nt I 1 Input | Number of tasks to be generated
12 ierr I 1 Output | Error indicator (Return Value)
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[DEPRECATED]ASL_qfcmbf, ASL_pfcmbf
Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

(4) Restrictions

(a)
(b)
()

(d)
()

n>1lm>1
incn > 1, incm > 1
incn > m X gem (incn, incm) or
incm > n x gem (inen, incm)
where, gem(i, j) is the greatest common measure between i and j.
isw e {1,—-1}
nt >1

(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
1000 n=1. Input data is output unchanged.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes
(a) This function can be used to repeatedly compute the transform for the same number of transformed
ASL _gfemtb
data n after the including-initialization function 6.2.1 drem has been used. In this case, you
ASL_pfemfb

must retain the contents of arrays ifax and trigs so they can be used as input in this function.

If we let the real and imaginary parts of the complex data c¢x; (k = 0,---,n —1; [ = 1,---,m) be

R{ck,} and 3{ck,}, respectively, the ci; and elements of arrays cr and ci are associated as follows.

R{ck.} <« crfinen xk + incm * (1 —1)]
ek} < cifinen x« k + incm * (1 — 1)]

For example, if we let incn=1 and incm=n, then the associations are as follows:
%{Ck,l} < ck+nx(1-1), %{Chl} + ck+nx(1-1)]

and the data is stored so that it is packed consecutively for subscript k. If we let incn=m and incm=1,

then the associations are as follows:
Ri{ck,} < cr[(1-1)+m=xk], S{ep i} < ci[(l—1)+mxk]

and the data is stored so that it is packed consecutively for subscript [. Similarly, for the complex data
dji(j=0,---,n—1; I =1,---,m). Values in areas where the data of arrays cr and ci is not stored do

not change when this function is called.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of

transformed data. For example, if we let the data obtained by computing the backward transform
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[DEPRECATED]ASL_qfcmbf, ASL_pfcmbf
Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

immediately following the forward transform for the complex data cx (k=0,---,n—1; I =1,---,m)
be represented by é,(k=0,---,n—1; [ =1,---,m), then the following relationship holds.

éri=mncpy (k=0,---,n—1; =1,---,m)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries
a normalized result is defined.

(d) Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n) as the period, the number
of samples or sampling interval must be set with this taken into account when sampling to approximate
the continuous Fourier transform. According to the sampling theorem, for a time function h(t) that
is bandwidth limited by the frequency f., if the sampling interval is taken as T = ﬁ, then h(t) can
be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

= sin27fe(t —iT)
h(t)=T Y h(zT)W

1=—00

(e) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the
higher performance alternative implementation instead.

(7) Example

(a) Problem
Compute the multiple one-dimensional complex Fourier transform using the following sequence of
numbers as input data.
cr[ 0]= 1.000 ci[ 0]=4.000

[
cr[ 1]= 2.000 ci[ 1]=3.000
cr[ 2]= 3.000 ci[ 2]=2.000
cr[ 3]=4.000 ci[ 3]=1.000
cr[ 4= 4.000  ci[ 4=1.000
cr[ 5]= 3.000  ci[ 5]=2.000
cr[ 6]= 2.000 ci[ 6]=3.000
cr[ 7]= 1.000 ci[ 7]=4.000
cr[ 9]= 1.000 ci[ 9]=2.000
cr[10]=1.000 ci[10|=2.000
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[DEPRECATED]ASL_qfcmbf, ASL_pfcmbf
Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

cr[29]= 1.000 ¢i[29]=1.000
cr[30]= 1.000 ¢i[30]=1.000
cr[31]= 1.000 ci|31]=1.000
cr[32]= 1.000 ci|32]=1.000

(b) Input data
Array cr and ci, n=8, m=4, incn=1, incm=9, isw=1 (forward transform), isw=—1 (backward trans-
form) and nt=2.

(¢) Main program

/* C interface example for ASL_qgfcmfb , ASL_gfcmbf */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

int 1d=35;

int n; int m;
double *cr; double *ci;
int incn; int incm;
int isw;

int ifax[20]; double *trigs;
double *wk;

int nt;

int ierr;

int i,j;

FILE *fp;

fp = fopen( "qfcmbf.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " *x**% ASL_gfcmfb , ASL_gfcmbf #**\n" );
printf( "\n ** Input **\n\n" );

cr = ( double * )malloc((size_t)( sizeof(double) * 1d ));
if ( cr == NULL )

printf( "no enough memory for array cr\n" );
return -1;

ci = ( double * )malloc((size_t)( sizeof(double) * 1d ));
if( ci == NULL )

printf( "no enough memory for array ci\n" );
return -1;

trigs = ( double * )malloc((size_t) ( sizeof(double) * (2*1d) ));
if( trigs == NULL )

printf( "no enough memory for array trigs\n" );
return -1;

wk = ( double * )malloc((size_t) ( sizeof(double) * (2x1d) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

fscanf( fp, "%d,%d,%d,%d,%d", &n, &m, &incn, &incm, &nt );
for( j=0 ; j<m ; j++ )

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

330



[DEPRECATED]ASL_qfcmbf, ASL_pfcmbf
Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

fscanf( fp, "%1f,%1f", &crlixincn+j*incm], &cil[i*incn+j*incm] );

}
printf("\t n % \n", n );
printf("\t m % \n", m );

%d \n", incn );
%d \n", incm );
%d \n\n", nt );

printf("\t  incn
printf("\t incm
printf("\t nt

printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )

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

printf( "\t cr[%3d] = %8.3g ci[%3d] = %8.3g\n",
i*incn+j*incm, crli*incn+j*incm],
i*incn+j*incm, cili*incn+j*incm] );

}
fclose( fp );

printf( "\n *x Output **\n" );

isw = 1;
ierr = ASL_qfcmfb(n, m, cr, ci, incn, incm, isw, ifax, trigs, wk, nt);

for( j=0 ; j<m ; j++ )
for( i=0 ; i<n ; i++ )

cr[i*incn+j*incm] /= n ;
ci[i*incn+j*incm] /= n ;

}

printf( "\n\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution\n\n" );

printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )
{

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

printf( "\t cr[%3d] = %8.3g ci[%3d] = %8.3g\n",
i*incn+j*incm, crli*incn+j*incm],
i*incn+j*incm, cili*incn+j*incm] );

}

isw = -1;
ierr = AéL_qfcmbf(n, m, cr, ci, incn, incm, isw, ifax, trigs, wk, nt);

printf( "\n\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution\n\n" );
printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )

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

printf( "\t cr[%3d] = %8.3g ci[%3d] = %8.3g\n",
i*incn+j*incm, crli*incn+j*incm],
i*incn+j*incm, cili*incn+j*incm] );

free( cr );
free( ci );
free( trigs );
free( wk );

return O;

}
(d) Output results

k% ASL_qfcmfb , ASL_qfcmbf *xx*

** Input *x*
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n =38
m =4
incn = 1
incm = 9
nt =2
Real Part Imaginary Part
cr[ 0] = 1 ci[ 0] = 4
cr[ 1] = 2 ci[ 1] = 3
cr[ 2] = 3 ci[ 2] = 2
cr[ 3] = 4 ci[ 3] = 1
cr[ 4] = 4 ci[ 4] = 1
cr[ 5] = 3 ci[ 5] = 2
cr[ 6] = 2 ci[ 6] = 3
cr[ 7] = 1 ci[ 7] = 4
cr[ 9] = 1 ci[ 9] = 2
cr[ 10] = 1 ci[ 10] = 2
cr[ 11] = 2 ci[ 11] = 1
cr[ 12] = 2 ci[ 12] = 1
cr[ 13] = 2 ci[ 13] = 1
cr[ 14] = 2 ci[ 14] = 1
cr[ 15] = 1 ci[ 15] = 2
cr[ 16] = 1 ci[ 16] = 2
cr[ 18] = 1 ci[ 18] = 2
cr[ 19] = 1 ci[ 19] = 2
cr[ 20] = 1 ci[ 20] = 2
cr[ 21] = 1 ci[ 21] = 2
cr[ 22] = 2 ci[ 22] = 1
cr[ 23] = 2 ci[ 23] = 1
cr[ 24] = 2 ci[ 24] = 1
cr[ 25] = 2 ci[ 25] = 1
cr[ 27] = 1 ci[ 27] = 1
cr[ 28] = 1 ci[ 28] = 1
cr[ 29] = 1 ci[ 29] = 1
cr[ 30] = 1 ci[ 30] = 1
cr[ 31] = 1 ci[ 31] = 1
cr[ 32] = 1 ci[ 32] = 1
cr[ 33] = 1 ci[ 33] = 1
cr[ 34] = 1 ci[ 34] = 1

** Qutput **

< Forward Transform >

ierr = 0

Solution
Real Part Imaginary Part
cr[ 0] = 2.5 ci[ 0] = 2.5
cr[ 1] = -1.03 ci[ 1] = 0.427
cr[ 2] = 0 ci[ 2] =
cr[ 3] = -0.0732 ci[ 3] = -0.0303
cr[ 4] = 0 ci[ 4] =
cr[ 5] = 0.0303 ci[ 5] = 0.0732
cr[ 6] = 0 ci[ 6] = 0
cr[ 7] = -0.427 ci[ 7] = 1.03
cr[ 9] = 1.5 ci[ 9] = 1.5
cr[ 10] = -0.427 ci[ 10] = 0.177
cr[ 11] = 0 ci[ 11] = 0
cr[ 12] = 0.177 ci[ 12] = 0.0732
cr[ 13] = 0 ci[ 13] = 0
cr[ 14] = -0.0732 ci[ 14] = -0.177
cr[ 15] = 0 ci[ 15] = 0
cr[ 16] = -0.177 ci[ 16] = 0.427
cr[ 18] = 1.5 ci[ 18] = 1.
cr[ 19] = 0.177 ci[ 19] = 0.427
cr[ 20] = 0 ci[ 20] = 0
cr[ 21] = -0.0732 ci[ 21] = 0.177
cr[ 22] = 0 ci[ 22] = 0
cr[ 23] = -0.177 ci[ 23] = 0.0732
cr[ 24] = ci[ 24] =
cr[ 25] = -0.427 ci[ 256] = -0.177
cr[ 27] = 1 cil[ 27] = 1
cr[ 28] = 0 ci[ 28] = 0
cr[ 29] = 0 ci[ 29] = 0
cr[ 30] = 0 ci[ 30] = 0
cr[ 31] = 0 ci[ 31] = 0
cr[ 32] = 0 ci[ 32] = 0
cr[ 33] = 0 ci[ 33] = 0
cr[ 34] = 0 ci[ 34] = 0

< Backward Transform >

ierr = 0

Solution
Real Part Imaginary Part
cr[ 0] = 1 ci[ 0] = 4
cr[ 1] = 2 ci[ 1] = 3
cr[ 2] = 3 ci[ 2] = 2
cr[ 3] = 4 ci[ 3] = 1
cr[ 4] = 4 ci[ 4] = 1
cr[ 5] = 3 ci[ 5] = 2
cr[ 6] = 2 ci[ 6] = 3
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6.3 MULTIPLE ONE-DIMENSIONAL COMPLEX FOURIER

TRANSFORM (COMPLEX ARGUMENT TYPE)

6.3.1 [DEPRECATED]ASL_hfcmfb, ASL_gfcmfb

(1)

Multiple One-Dimensional Complex Fourier Transforms (Include Initializa-
tion)

Function
Forward transform
ASL_hfcmfb or ASL_gfemfb computes the m-fold one-dimensional complex Fourier forward transform (ar-

bitrary radix) for the complex data cg (k=0,---,n—1; I =1,---,m).

n—1
dj,l = ZC}C’[€727T\/7_1% (] :0,...77717 ]_’ | = ]_7...,m)
k=0

Backward transform
ASL_hfemfb or ASL_gfcmfb computes the m-fold one-dimensional complex Fourier backward transform

(arbitrary radix) for the complex data ¢ (k=10,---,n—1; I =1,---,m).

n—1
dj,l:ch,leh‘/j% (j=0,---,n—1;1=1,---,m)
k=0

Usage
Double precision:

ierr = ASL_hfcmfb (n, m, ¢, incn, incm, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_gfemfb (n, m, ¢, incn, incm, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 n I 1 Input | Number of transformed data values n (See
Note (a))
2 m I 1 Input | Multiplicity m
c 7% See Input | Input data c,; (See Note (b))
{C*} Contents Size: incn X (n— 1) +incm X (m — 1)+ 1
Output | Output data d;; (See Notes (b) and (c))
4 incn I 1 Input | The stride between each transformed datum
in storage (See Note (b))
5 incm I 1 Input | The stride between the first elements of each
transformed data in storage (See Note (b))
6 isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 20 Output | Factorization results and number of factors
(See Note (d))
8 trigs D+ 2xn Output | Trigonometric function table (See Note (d))
Rx
9 wk 7% mxn Work | Work area
)
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) n>1,m>1
(b) incn > 1, incm > 1

(¢) incn > m x gem (inen, incm) or
incm > n x gem (inen, inem)

where, gem(i, j) is the greatest common measure between i and j.
(d) isw € {0,1, -1}

(e) nt > 1
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(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
1000 n=1. Input data is output unchanged.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes

(a)

When the number of transformed data n can be adjusted, the calculations can be performed more
efficiently by setting a number for which the mixed radix FFT algorithm operates effectively (multiples
of 2, 3, 5, etc.). For example, rather than setting n = 289(=172), it is usually more efficient to set n =
300(=22 x 3 x 52), n = 320(=2% x 5), n = 384(=2" x 3) or the like.

The complex data ¢ (k=0,---,n—1; [ =1,---,m) and elements of array c are associated as follows.
¢k, < c[inen * k + incm * (1 — 1))

For example, if we let incn=1 and incm=n, then the associations are as follows:
ekt > clk+nx(1-1)]

and the data is stored so that it is packed consecutively for subscript k. If we let incn=m and incm=1,

then the associations are as follows:
ekt <> c[(l—1) + m*K]

and the data is stored so that it is packed consecutively for subscript [. Similarly, for the complex data
dji(j =0,---,n—1; I =1,---,m). Values in areas where the data of array c is not stored do not

change when this function is called.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of
transformed data. For example, if we let the data obtained by computing the backward transform
immediately following the forward transform for the complex data ¢x (k=0,---,n—1; I =1,---,m)

be represented by ¢ (k =0,---,n —1; I = 1,---,m), then the following relationship holds.
ék,l = NCk,| (k:O,...,n—l; 1:17...,m)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

To repeatedly compute the transform for the same number of data n, you should call this function once,

ASL_hfecmbf

and then use the after-initialization transform 6.3.2 , thereafter. This enables processing
ASL _gfcmbf

to be performed more efficiently since initialization (factorization or the creation of trigonometric

tables) is performed only once. However, in this case, you must retain the contents of arrays ifax and
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(f)

ASL _hfembf
trigs so they can be used as input to the function 6.3.2 { o }

ASL_gfcmbf
To perform initialization only by setting isw=0, you need not set input data for array c.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n) as the period, the number
of samples or sampling interval must be set with this taken into account when sampling to approximate
the continuous Fourier transform. According to the sampling theorem, for a time function h(t) that
is bandwidth limited by the frequency f., if the sampling interval is taken as T = ﬁ, then h(t) can
be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

sin 2r f.(t — iT)

h(t) :le h(iT) T

1=—00

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the
higher performance alternative implementation instead.

(7) Example

See the example in Section 6.3.2 (7).
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6.3.2 [DEPRECATED]ASL hfcmbf, ASL_gfcmbf

(1)

Multiple One-Dimensional Complex Fourier Transforms (After Initialization)

Function
Forward transform
ASL_hfcmbf or ASL_gfcmbf computes the m-fold one-dimensional complex Fourier forward transform (ar-

bitrary radix) for the complex data c;;(k=0,---,n—1; I =1,---,m).

n—1
dj,l = ch’le_%"\/jl% (] = 0,...77717 ]_, | = ]_7...,m)
k=0

Backward transform
ASL_hfecmbf or ASL_gfcmbf computes the m-fold one-dimensional complex Fourier backward transform

(arbitrary radix) for the complex data c;;(k=0,---,n—1; I =1,---,m).

n—1
dj1 :ch’le%‘/jl% (j=0,---,n—1;1=1,---,m)
k=0

Usage
Double precision:

ierr = ASL_hfembf (n, m, ¢, incn, incm, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_gfembf (n, m, ¢, incn, incm, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

I { int as for 32bit Integer}

long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 n I 1 Input | Number of transformed data values n (See
Note (a))
2 m I 1 Input | Multiplicity m
3 c 7% See Input | Input data c,; (See Note (b))
{C*} Contents Size: incn X (n— 1) +incm X (m — 1)+ 1
Output | Output data d;; (See Notes (b) and (c))
4 incn I 1 Input | The stride between each transformed datum
in storage (See Note (b))
5 incm I 1 Input | The stride between the first elements of each
transformed data in storage (See Note (b))
6 isw I 1 Input | Processing switch
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 20 Input | Factorization results and number of factors
(See Note (a))
8 trigs Dx 2xn Input | Trigonometric function table (See Note (a))
R«
9 wk 7k mxn Work | Work area
)
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a)

n>1m>1
incn > 1, incm > 1

incn > m X gem (incen, incm) or

incm > n x gem (inen, inem)

where, gem(i, j) is the greatest common measure between i and j.

isw e {1,—-1}
nt > 1
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(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
1000 n=1. Input data is output unchanged.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes
(a) This function can be used to repeatedly compute the transform for the same number of transformed
ASL_hfcmfb
data n after the including-initialization function 6.3.1 o has been used. In this case, you
ASL_gfcmfb

must retain the contents of arrays ifax and trigs so they can be used as input in this function.

The complex data ¢ (k=0,---,n—1; I =1,---,m) and elements of array c are associated as follows.
¢k, < c[inen * k + incm # (1 — 1))

For example, if we let incn=1 and incm=n, then the associations are as follows:
ek ¢ clk+nx(1-1)]

and the data is stored so that it is packed consecutively for subscript k. If we let incn=m and incm=1,

then the associations are as follows:
ek <> c[(l—1) + m*K]

and the data is stored so that it is packed consecutively for subscript [. Similarly, for the complex data
dji(j =0,---,n—1; I =1,---,m). Values in areas where the data of array c is not stored do not

change when this function is called.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of
transformed data. For example, if we let the data obtained by computing the backward transform
immediately following the forward transform for the complex data ¢x (k=0,---,n—1; I =1,---,m)
be represented by é; i (k=0,---,n—1; [ =1,---,m), then the following relationship holds.

ék,l:nck,l (k:O,...,n—l; 1:17...,m)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n) as the period, the number
of samples or sampling interval must be set with this taken into account when sampling to approximate

the continuous Fourier transform. According to the sampling theorem, for a time function h(t) that
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is bandwidth limited by the frequency f., if the sampling interval is taken as T = i, then h(t) can

be reconstructed from knowledge of only a sequence of sample values {h(:T)} as follows.
sm 2rfo(t —iT)
=T h(iT)——F————=
Z m(t —iT)

i=—00

(e) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example

(a) Problem

Compute the multiple one-dimensional complex Fourier transform using the following sequence of
numbers as input data.
c[ 0]= (1.000, 4.000)

c[ 1]= (2.000, 3.000)
c[ 2]= (3.000, 2.000)
c[ 3]= (4.000, 1.000)
c[ 4]= (4.000, 1.000)
c[ 5]= (3.000, 2.000)
c[ 6]= (2.000, 3.000)
c[ 7]= (1.000, 4.000)
c[ 9]= (1.000, 2.000)
¢[10]= (1.000, 2.000)
c[11]= (2.000, 1.000)
c[12]= (2.000, 1.000)
¢[13]= (2.000, 1.000)
c[14]= (2.000, 1.000)
c[15]= (1.000, 2.000)
c[16]= (1.000, 2.000)
c[18]= (1.000, 2.000)
¢[19]= (1.000, 2.000)
¢[20]= (1.000, 2.000)
c[21]= (1.000, 2.000)
c[22]= (2.000, 1.000)
¢[23]= (2.000, 1.000)
c[24]= (2.000, 1.000)
¢[25]= (2.000, 1.000)
¢[27]= (1.000, 1.000)
c[28]= (1.000, 1.000)
¢[29]= (1.000, 1.000)
¢[30]= (1.000, 1.000)
¢[31]= (1.000, 1.000)
¢[32]= (1.000, 1.000)
¢[33]= (1.000, 1.000)
¢[34]= (1.000, 1.000)
Input data

Array ¢, n=8, m=4, incn=1, incm=9, isw=1 (forward transform), isw=—1 (backward transform) and
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nt=2.
(¢) Main program
/* C interface example for ASL_hfcmfb , ASL_hfcmbf */
#include <stdio.h>
#include <stdlib.h>
#include <complex.h>
#include <asl.h>

int main()
{

int 1d=35;

int n; int m;
double _Complex *c;
int incn; int incm;
int isw;

int ifax[20]; double *trigs;
double _Complex *wk;
int nt;

int ierr;

int i,j;

FILE *fp;

fp = fopen( "hfcmbf.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " **xx ASL_hfcmfb , ASL_hfcmbf ***\n" );
printf( "\n ** Input **\n\n" );

¢ = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * 1d ));
if( ¢ == NULL )

printf( "no enough memory for array c\n" );
return -1;
trigs = ( double * )malloc((size_t) ( sizeof(double) * (2*1d) ));
if ( trigs == NULL )
printf( "no enough memory for array trigs\n" );
return -1;
wk = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * 1d ));
if ( wk == NULL )
printf( "no enough memory for array wk\n" );
return -1;
fscanf( fp, "%d,%d,%d,%d,%d", &n, &m, &incn, &incm, &nt );
for( j=0 ; j<m ; j++ )
{
for( i=0 ; i<n ; i++ )

double tmp_re, tmp_im;
fscanf( fp, "%1f,%lf", &tmp_re, &tmp_im );
c[i*incn+j*incm] = tmp_re + tmp_im * _Complex_I;

}
}
printf("\t n #d \n", n );
printf("\t m A \n", m );

%d \n", incn );
%d \n", incm );
%d \n\n", nt );

printf("\t  incn
printf("\t  incm
printf("\t nt

printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )
{
for( i=0 ; i<n ; i++ )
printf( "\t creal(c[%3d]) = %8.3g cimag(c[%3d]) = %8.3g\n",
i*incn+j*incm, creal(c[i*incn+j*incm]),

i*incn+j*incm, cimag(c[i*incn+j*incm]) );

}
fclose( fp );

printf( "\n ** Qutput **\n" );
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}

isw = 1;
jerr = ASL_hfcmfb(n, m, c, incn, incm, isw, ifax, trigs, wk, nt);

for( j=0 ; j<m ; j++ )
¢ for( i=0 ; i<n ; i++ )

¢ c[i*incn+j*incm] /= n ;
}

printf( "\n\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution\n\n" );

printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )

{

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

printf( "\t creal(c[%3d]) = %8.3g cimag(c[%3d]) = %8.3g\n",

i*incn+j*incm, creal(c[i*incn+j*incm]),
ixincn+j*incm, cimag(c[i*incn+j*incm]) );

}

isw = -1;
ierr = ASL_hfcmbf(n, m, c, incn, incm, isw, ifax, trigs, wk, nt);

printf( "\n\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution\n\n" );
printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )

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

printf( "\t creal(c[%3d]) = %8.3g cimag(c[%3d]) = %8.3g\n",

i*incn+j*incm, creal(c[i*incn+j*incm]),
i*incn+j*incm, cimag(c[i*incn+j*incm]) );

free( c );
free( trigs );
free( wk );

return O;

(d) Output results

*xx ASL_hfcmfb , ASL_hfcmbf *xx*
** Input *x*

n
m
incn
incm
nt

[ T T
N O =00

Real Part Imaginary Part

creal(c[ 0]1) cimag(c[ 01)
creal(c[ 11) cimag(c[ 11)
creal(c[ 21) cimag(c[ 21)
creal(c[ 31) cimag(c[ 31)
creal(c[ 41) cimag(c[ 41)
creal(c[ 5]) cimag(c[ 51)
creal(c[ 6]1) cimag(c[ 6])
creal(c[ 71) cimag(c[ 71)
creal(c[ 91) cimag(c[ 9])
creal(c[ 10]1) cimag(c[ 101)
creal(c[ 11]1) cimag(c[ 111)
creal(c[ 121) cimag(c[ 12])
creal(c[ 13]) cimag(c[ 131)
creal(c[ 141) cimag(c[ 14])
creal(c[ 15]) cimag(c[ 151)
creal(c[ 16]) cimag(c[ 161)
creal(c[ 18]) cimag(c[ 18])
creal(c[ 19]) cimag(c[ 191)
creal(c[ 20]) cimag(c[ 20])
creal(c[ 21]1) cimag(c[ 211)

L | | | | | | (| (| (| | O 1
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creal(c[ 22]) = 2 cimag(c[ 22]) = 1
creal(c[ 23]) = 2 cimag(c[ 23]) = 1
creal(c[ 24]) = 2 cimag(c[ 24]1) = 1
creal(c[ 25]) = 2 cimag(c[ 25]) = 1
creal(c[ 27]) = 1 cimag(c[ 27]) = 1
creal(c[ 28]) = 1 cimag(c[ 28]) = 1
creal(c[ 29]) = 1 cimag(c[ 29]) = 1
creal(c[ 30]) = 1 cimag(c[ 30]) = 1
creal(c[ 31]) = 1 cimag(c[ 31]) = 1
creal(c[ 32]) = 1 cimag(c[ 32]) = 1
creal(c[ 33]) = 1 cimag(c[ 33]) = 1
creal(c[ 34]) = 1 cimag(c[ 34]) = 1
*% Qutput *x*

< Forward Transform >

ierr = 0

Solution
Real Part Imaginary Part
creal(c[ 0]) = 2.5 cimag(c[ 0]) = 2.5
creal(c[ 1]) = -1.03 cimag(c[ 1]) = 0.427
creal(c[ 2]) = 0 cimag(c[ 2]) = 0
creal(c[ 3]) = -0.0732 cimag(c[ 3]) = -0.0303
creal(c[ 4]) = 0 cimag(c[ 4]1) = 0
creal(c[ 5]) = 0.0303 cimag(c[ 5]) = 0.0732
creal(c[ 6]) = 0 cimag(c[ 6]1) = 0
creal(c[ 7]) = -0.427 cimag(c[ 7]) = 1.03
creal(c[ 9]) = 1.5 cimag(c[ 9]) = 1.5
creal(c[ 10]) = -0.427 cimag(c[ 10]) = 0.177
creal(c[ 11]) = 0 cimag(c[ 11]) = 0
creal(c[ 12]) = 0.177 cimag(c[ 12]) = 0.0732
creal(c[ 13]) = 0 cimag(c[ 13]) = 0
creal(c[ 14]) = -0.0732 cimag(c[ 14]1) = -0.177
creal(c[ 15]) = 0 cimag(c[ 15]) = 0
creal(c[ 16]) = -0.177 cimag(c[ 16]) = 0.427
creal(c[ 18]) = 1.5 cimag(c[ 18]1) = 1.5
creal(c[ 19]) = 0.177 cimag(c[ 19]) = 0.427
creal(c[ 20]) = 0 cimag(c[ 20]) = 0
creal(c[ 21]) = -0.0732 cimag(c[ 21]) = 0.177
creal(c[ 22]) = 0 cimag(c[ 22]) = 0
creal(c[ 23]) = -0.177 cimag(c[ 23]) = 0.0732
creal(c[ 24]) = 0 cimag(c[ 24]) =
creal(c[ 25]) = -0.427 cimag(c[ 25]) = -0.177
creal(c[ 27]) = 1 cimag(c[ 27]) = 1
creal(c[ 28]) = 0 cimag(c[ 28]) = 0
creal(c[ 29]) = 0 cimag(c[ 29]) = 0
creal(c[ 30]) = 0 cimag(c[ 30]) = 0
creal(c[ 31]) = 0 cimag(c[ 31]) = 0
creal(c[ 32]) = 0 cimag(c[ 32]) = 0
creal(c[ 33]) = 0 cimag(c[ 33]) = 0
creal(c[ 34]) = 0 cimag(c[ 34]) = 0

< Backward Transform >

ierr = 0

Solution
Real Part Imaginary Part

creal(c[ 01)
creal(c[ 11)
creal(c[ 21)
creal(c[ 31)
creal(c[ 41)
creal(c[ 51)
creal(c[ 6])
creal(c[ 71)
creal(c[ 9]1)
creal(c[ 10])
creal(c[ 11])
creal(c[ 12])
creal(c[ 13])
creal(c[ 14])
creal(c[ 15])
creal(c[ 16])
creal(c[ 18])
creal(c[ 19])
creal(c[ 20])
creal(c[ 21])
creal(c[ 22])

cimag(c[ 0])
cimag(c[ 11)
cimag(c[ 2])
cimag(c[ 31)
cimag(c[ 41)
cimag(c[ 5])
cimag(c[ 61)
cimag(c[ 71)
cimag(c[ 91)
cimag(c[ 10]1)
cimag(c[ 111)
cimag(c[ 121)
cimag(c[ 13])
cimag(c[ 141)
cimag(c[ 15])
cimag(c[ 161)
cimag(c[ 18]1)
cimag(c[ 191)
cimag(c[ 20])
cimag(c[ 21]1)
cimag(c[ 221)
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creal(c[
creal(c[
creal(c[
creal(c[
creal(c[
creal(c[
creal(c[
creal(c[
creal(c[
creal(c[
creal(c[

231)
24])
251)
27])
28])
291)
30])
311
32])
331)
341)

R R EE R NN

cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl
cimag(cl

231)
24])
251)
27])
28])
291)
30])
31])
32])
331
341)
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6.4 MULTIPLE ONE-DIMENSIONAL REAL FOURIER TRANS-

FORM

6.4.1 [DEPRECATED]ASL gfrmfb, ASL_pfrmfb

(1)

Multiple One-Dimensional Real Fourier Transforms (Including Initialization)

Function
Forward transform
ASL _gfrmfb or ASL_pfrmfb obtains a half period of the m-fold one-dimensional Fourier forward transform

(arbitrary radix) for the real data r;(k=0,---,n—1; [ =1,---,m).

n—1
_ L . n
Cju = rhae I (j=0,-, [5hi=1-m)
k=0

Here, |x] represents the maximum integer that does not exceed z. The remaining half period is obtained

from the following relationship.
* _
Cn—j,l = G4l

Here, z* represents the conjugate complex number of the complex number z.

Backward transform

Given the half period ¢;;(j = 0,---,[5]; [ =1,---,m) for n complex data groups ¢;;(j =0,---,n—1; [ =
1,---,m) satisfying c _ il = Cils ASL_gfrmfb or ASL_pfrmfb obtains the m-fold one-dimensional Fourier
backward transform (arbitrary radix) defined as follows.

n—1

ik
Tkl = Z Cj’l€27r‘/_717
7=0
1-1 .
=co, + <_1)ké%,l +2 Z %{Cj,ze%ﬁT}
j=1
131-1 ., i
= Co,l + (_l)ké%,l +2 |:8%{Cj7l} 005(271—'7_) _ (‘}{cj,l} Sin(2ﬂ']—)
n n

Here, [z] represents the minimum integer greater than or equal to x, and R{z} and S{z} represent the real
and imaginary parts of the complex number z, respectively. Also, when n is odd, ¢z =0, and when n is

even, C%_’l = Cg_’l.

Usage
Double precision:

ierr = ASL_gfrmfb (n, m, r, incn, incm, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfrmfb (n, m, r, incn, incm, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 n I 1 Input | Number of transformed data values n (See
Note (a))
2 m I 1 Input | Multiplicity m
r Dx See Input | Input data r,; (Forward transform) or c;,
{ R*} Contents (Backward transform) (See Note (b)).
Size:
incn X (n) +incm x (m— 1)+ 1,
where n is an odd, or
incn X (n+ 1) 4+ incm X (m — 1) + 1,
where n is an even.
Output | Output results ¢;; (Forward transform), or
i, (Backward transform) (See Notes (b) and
(<)
4 incn I 1 Input | The stride between each transformed datum
in storage (See Note (b))
5 incm I 1 Input | The stride between the first elements of each
transformed data in storage (See Note (b))
6 isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 20 Output | Factorization results and number of factors
(See Note (d))
8 trigs D« n Output | Trigonometric function table (See Note (d))
()
9 wk Dx See Work | Work area
{R*} Contents Size:
(n+1)xm, where n is an odd, or
(n+2)xm, where n is an even.
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a)
(b)
()

(d)
()

n>1, m>1
incn > 1, incm > 1

incn > m x gem (inen, incm) or:
In the case where n is an odd:

incm > (n+1) x gem (inen, incm)
or if n is an even:

incm > (n+2) x gem (inen, incm)

where, gem(i, j) is the greatest common measure between i and j.
isw € {0,1,—1}

nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Input-time contents are output un-
changed.

3000 Restriction (a) was not satisfied. Processing is aborted.

3010 Restriction (b) was not satisfied.

3020 Restriction (c) was not satisfied.

3030 Restriction (d) was not satisfied.

3040 Restriction (e) was not satisfied.

(6) Notes

(a)

When the number of data n can be adjusted, the calculations can be performed more efficiently by
setting a number for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3,
5, etc.). For example, rather than setting n = 289(=172), it is usually more efficient to set n =
300(=22 x 3 x 52), n = 320(=2% x 5), n = 384(=2" x 3) or the like.

The real data ri (k=0,---,n—1; I =1,---,m) and elements of array r are associated as follows.
Tk, <> r[incn « k + incm * (1 — 1)]

For example, if we let incn=1 and incm=n, then the associations are as follows:
TEg <>tk +n* (1 —1)]

and the data is stored so that it is packed consecutively for subscript k. If we let incn=m and incm=1,

then the associations are as follows:
T < r[(1—1) + mx k]

and the data is stored so that it is packed consecutively for subscript I. When computing the backward
transform, if n(=n) is odd, then r[incn * n + incm * (1 — 1)] = 0, and when n is even, then r[incn x*
n + incm (1 — 1)] = rfincn * (n 4+ 1) 4+ incm * (1 — 1)] = 0. If we let the real and imaginary parts of
the complex data cj; (j =0,---,[%]; I =1,---,m) be R{c;;} and I{c;}, respectively, the c;; and
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elements of array r are associated as follows. Here, |2| represents the maximum integer that does not
exceed .

R{c;i} <« rlinen * (2j) + incm * (1 —1)]

et ¢ rlinen = (2j 4+ 1) + incm * (1 — 1)]
From the properties of a real Fourier transform, when n is odd, ${co;} = 0, and when n is even,
${co,i} = S{cz i} = 0. Therefore, even if nonzero values are set for the corresponding elements of
array r, they are considered to be zero when processing is performed. Since the elements ¢;; (j =
|3]+1,---,n—1; I = 1,---,m) can be obtained according to the following relationship from the
symmetry of the real Fourier transform, they need not be assigned as input when computing the

backward transform. Also, they are not output when computing the forward transform.

X
Cn—j,l = €51

Here, z* represents the conjugate complex number of the complex number z.

(¢c) When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of
transformed data. For example, if we let the data obtained by computing the backward transform
immediately following the forward transform for the real data ry;(k =0,---,n—1; [ =1,---,m) be

represented by 7y (k =0, --,n—1; [ =1,---,m), then the following relationship holds.
fk,l = Nri, (k:(),...7n71; | = 1,"',m)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

(d) To repeatedly compute the transform for the same number of data n, you should call this function once,
ASL_qfrmbf
ASL_pfrmbf
to be performed more efficiently since initialization (factorization or the creation of trigonometric

and then use the after-initialization transform 6.4.2 { }, thereafter. This enables processing

tables) is performed only once. However, in this case, you must retain the contents of arrays ifax and
ASL_qfrmbf}

ASL _pfrmbf
To perform initialization only by setting isw=0, you need not set input data for array r.

trigs so they can be used as input to the function 6.4.2 {

(e) Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n) as the period, the number
of samples or sampling interval must be set with this taken into account when sampling to approximate
the continuous Fourier transform. According to the sampling theorem, for a time function h(t) that
is bandwidth limited by the frequency f., if the sampling interval is taken as T = ﬁ, then h(t) can
be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

ht) =T 3 (i) 22l — ) 72T7(th ‘:_(ZT)iT)

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the
higher performance alternative implementation instead.

(7) Example
See the example in Section 6.4.2 (7).
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6.4.2 [DEPRECATED]ASL gfrmbf, ASL _pfrmbf

(1)

Multiple One-Dimensional Real Fourier Transforms (After Initialization)

Function

Forward transform

ASL_gfrmbf or ASL_pfrmbf obtains a half period of the m-fold one-dimensional Fourier forward transform
(arbitrary radix) for the real data r;(k=0,---,n—1; [ =1,---,m).

n—1
—ony/—1ik . n
Cj,l:Z’rk’le2\/71n (]:077L§Jal:177m)
k=0

Here, |x] represents the maximum integer that does not exceed z. The remaining half period is obtained
from the following relationship.

sz—j,l =G4l

Here, z* represents the conjugate complex number of the complex number z.

Backward transform

Given the half period ¢;;(j = 0,---,[5]; { = 1,---,m) for n complex data groups ¢;;(j =0,---,n—1; [ =
1.---

)

,m) satistying ¢;,_,;, = ¢;j1, ASL_qfrmbf or ASL_pfrmbf obtains the m-fold one-dimensional Fourier

backward transform (arbitrary radix) defined as follows.

n—1
jk
TRy = Z Cj,ZQQﬂET
j=0
ra1-1 .
=co1+ (fl)ké% 1+2 Z %{cj’ZBQW\/TIT}
j=1
ra1-1 . .
= coq+ (~1)Fes, +2 {m{cj,l} cos(2m22) — {e; ) sin(2rL0)
n n

Here, [2] represents the minimum integer greater than or equal to z, and R{z} and I{z} represent the real
and imaginary parts of the complex number z, respectively. Also, when n is odd, ¢z =0, and when n is

even, C%,l = C%,l.

Usage
Double precision:

ierr = ASL_gfrmbf (n, m, r, incn, incm, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfrmbf (n, m, r, incn, incm, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 n I 1 Input | Number of transformed data values n (See
Note (a))
2 m I 1 Input | Multiplicity m
r Dx See Input | Input data r,; (Forward transform) or c;,
{ R*} Contents (Backward transform) (See Note (b)).
Size:
incn X (n) +incm x (m— 1)+ 1,
where n is an odd, or
incn X (n+ 1) 4+ incm X (m — 1) + 1,
where n is an even.
Output | Output results ¢;; (Forward transform), or
i, (Backward transform) (See Notes (b) and
(<)
4 incn I 1 Input | The stride between each transformed datum
in storage (See Note (b))
5 incm I 1 Input | The stride between the first elements of each
transformed data in storage (See Note (b))
6 isw I 1 Input | Processing switch
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 20 Input | Factorization results and number of factors
(See Note (a))
8 trigs D« n Input | Trigonometric function table (See Note (a))
()
9 wk Dx See Work | Work area
{R*} Contents Size:
(n+1)xm, where n is an odd, or
(n+2)xm, where n is an even.
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a)
(b)
()

n>1, m>1
incn > 1, incm > 1

incn > m X gem (incen, incm) or
In the case where n is an odd:

incm > (n+1) x gem (inen, incm)
or if n is an even:

incm > (n+2) x gem (inen, incm)

where, gem(i, j) is the greatest common measure between i and j.

(d) isw e {1,—-1}
(e) nt > 1
(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
1000 n was equal to 1. Input-time contents are output un-
changed.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes
(a) This function can be used to repeatedly compute the transform for the same number of transformed
ASL_gfrmfb
data n after the including-initialization function 6.4.1 i has been used. In this case, you
ASL_pfrmfb

must retain the contents of arrays ifax and trigs so they can be used as input in this function.
The real data ri;(k=0,---,n—1; I =1,---,m) and elements of array r are associated as follows.
7)1 > r[incn x k + incm * (1 — 1)]
For example, if we let incn=1 and incm=n, then the associations are as follows:
TEg <>k +n* (1 —1)]

and the data is stored so that it is packed consecutively for subscript k. If we let incn=m and incm=1,

then the associations are as follows:
TR r[(l — 1) + m * k]

and the data is stored so that it is packed consecutively for subscript I. When computing the backward
transform, if n(=n) is odd, then r[incn * n + incm x (1 — 1)] = 0, and when n is even, then r[incn *
n + incm * (1 — 1)] = rfincn * (n 4+ 1) 4+ incm * (1 — 1)] = 0. If we let the real and imaginary parts of
the complex data c;; (j = 0,---,[5]; I = 1,---,m) be R{c;;} and I{c;,}, respectively, the c;; and
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elements of array r are associated as follows. Here, |2| represents the maximum integer that does not
exceed x.

R{c;i} <« rlinen * (2j) + incm * (1 —1)]

eyt ¢ rlinen = (2j 4+ 1) + incm * (1 — 1)]

From the properties of a real Fourier transform, when n is odd, ${co;} = 0, and when n is even,
${coi} = S{cz i} = 0. Therefore, even if nonzero values are set for the corresponding elements of
array r, they are considered to be zero when processing is performed. Since the elements ¢;; (j =
|3/ +1,---,n—=1; I = 1,---,m) can be obtained according to the following relationship from the
symmetry of the real Fourier transform, they need not be assigned as input when computing the

backward transform. Also, they are not output when computing the forward transform.

_ *
Cn—j,l = Cj1

Here, z* represents the conjugate complex number of the complex number z.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of
transformed data. For example, if we let the data obtained by computing the backward transform
immediately following the forward transform for the real data ry;(k =0,---,n—1; [ =1,---,m) be

represented by 7,y (k = 0,---,n —1; [ =1,---,m), then the following relationship holds.
fra=nrpy (k=0,---,n—1;1=1,---,m)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n) as the period, the number
of samples or sampling interval must be set with this taken into account when sampling to approximate
the continuous Fourier transform. According to the sampling theorem, for a time function h(t) that
is bandwidth limited by the frequency f., if the sampling interval is taken as T = ﬁ, then h(t) can
be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

sin 2r f.(t — iT)

h(t)=T > h(iT) =T

i=—00

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.
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(7) Example

(a) Problem
Compute the multiple one-dimensional real Fourier forward and backward transforms using the follow-

ing sequence of numbers as input data.

r[ 0]= 1.000
r[ 1]= 2.000
r[ 2]= 3.000
r[ 3]= 4.000
r[ 4]= 5.000
r[ 5]= 6.000
r[ 6]= 7.000
r[ 7]= 8.000
r[12)= 1.000
r[13]= 1.000
r[14]= 2.000
r[15]= 2.000
r[16]= 3.000
r[17)= 3.000
r[18]= 4.000
r[19]= 4.000
r[24)= 1.000
r[25]= 1.000
r[26]= 1.000
r[27]= 1.000
r[28]= 2.000
r[29]= 2.000
r[30]= 2.000
r[31]= 2.000
r[36]= 1.000
r[37)= 1.000
r[38]= 1.000
r[39]= 1.000
r[40]= 1.000
r[41)= 1.000
r[42)= 1.000
r[43]= 1.000

(b) Input data
Array r, n=8, m=4, incn=1, incm=12, isw=1(Forward transform), isw=—1 (Backward transform) and
nt=2.

(¢) Main program

/* C interface example for ASL_qgfrmfb , ASL_qfrmbf */
#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()

{

int 1d=46;
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int n; int m;
double *r;

int incn; int incm;

int isw;

int ifax[20]; double *trigs;

double *wk;
int nt;

int ierr;
int i,j;
FILE *fp;

fp = fopen( "qfrmbf.dat", "r" );

if( fp == NULL )

printf( "file open error\n" );

return -1;
printf( " *#x* ASL_qfrmfb , ASL_qgfrmbf *x*\n" );
printf( "\n ** Input **\n\n" );

r = ( double * )malloc((size_t)( sizeof(double) * 1d ));

if ( r == NULL )

printf( "no enough memory for array r\n" );

return -1;

trigs = ( double * )malloc((size_t)( sizeof(double) * 1d ));

if ( trigs == NULL )

printf( "no enough memory for array trigs\n" );

return -1;

wk = ( double * )malloc((size_t)( sizeof(double) * 1d ));

if ( wk == NULL )

printf( "no enough memory for array wk\n" );

return -1;

fscanf( fp, "%d,%d,%d,%d,%d", &n, &m, &incn, &incm, &nt );

for( j=0 ; j<m ; j++ )

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

fscanf( fp,

}

printf("\t n
printf("\t m
printf("\t  incn
printf("\t incm
printf("\t nt

"%1f", &r[i*incn+j*incm] );

%d
%d
%d
%d
%d

\n", n);
\n", m );
\n", incn );
\n", incm );
\n\n", nt );

printf( "\t Real Part\n" );
for( j=0 ; j<m ; j++ )

ikincn+j*incm, r[ik*incn+j*incm] );

r[%3d] =/4.1f",

if ((i+1)%4==0) printf( "\n\t" );

{
printf( "\t" );
for( i=0 ; i<n ; i++ )
printf( "
}
printf( "\n" );
}

fclose( fp );

printf( "\n *x Output **\n" );

isw =

1;
ierr = ASL_qfrmfb(n, m, r, incn, incm, isw, ifax, trigs, wk, nt);

for( j=0 ; j<m ; j++ )

for( i=0 ; i<n+2 ; i++ )

rli*incn+j*incm] /= n ;

}

printf( "\n\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );
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printf( "\n\tSolution\n\n" );
printf( "\t Real Part Imaginary Part\n" );
for( j=0 ; j<m ; j++ )

for( i=0 ; i<n+2 ; i=i+2 )

printf( "\t r[%3d] = %8.3g r[%3d] = %8.3g\n",
i*incn+j*incm, r[i*incn+j*incm],
(i+1)*incn+j*incm, r[(i+1)*incn+j*incm] );

}
printf( "\n" );
isw = -1;
ierr = ASL_gfrmbf(n, m, r, incn, incm, isw, ifax, trigs, wk, nt);

printf( "\n\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\n\tSolution\n\n" );
printf( "\t Real Part\n" );
for( j=0 ; j<m ; j++ )
{

printf( "\t" );

for( i=0 ; i<n+2 ; i++ )

printf( " r[%3d] =%4.1f",
i*incn+j*incm, r[i*incn+j*incm] );
if ((i+1)%4==0) printf( "\n\t" );

}
printf( "\n" );

free( r );
free( trigs );
free( wk );

return O;

}
(d) Output results

k% ASL_qfrmfb , ASL_qfrmbf *xx*

** Input *x*

n =8
m =4
incn = 1
incm = 12
nt =2
Real Part
r[ 0] = 1.0 r[ 1] = 2.0 r[ 2] = 3.0 r[ 3] = 4.0
r[ 4] = 5.0 r[ 5] = 6.0 r[ 6] =7.0 r[ 7] = 8.0
r[ 12] = 1.0 r[ 13] = 1.0 r[ 14] = 2.0 r[ 15] = 2.0
r[ 16] = 3.0 r[ 17] = 3.0 r[ 18] = 4.0 r[ 19] = 4.0
r[ 24] = 1.0 r[ 25] = 1.0 r[ 26] = 1.0 r[ 27] = 1.0
r[ 28] = 2.0 r[ 29] = 2.0 r[ 30] = 2.0 r[ 31] = 2.0
r[ 36] = 1.0 r[ 37] = 1.0 r[ 38] = 1.0 r[ 39] = 1.0
r[ 40] = 1.0 r[ 41] = 1.0 r[ 42] = 1.0 r[ 43] = 1.0
*% Qutput *x*
< Forward Transform >
ierr = 0
Solution
Real Part Imaginary Part
r[ 0] = 4.5 r[ 1] = 0
r 2] = -0.5 r[ 3] = 1.21
r[ 4] = -0.5 r[ 5] = 0.5
r 6] = -0.5 r[ 7] = 0.207
r 8] = -0.5 r[ 9] = 0
r[ 12] = 2.5 r[ 13] = 0
r[ 14] = -0.25 r[ 15] = 0.604
r[ 16] = -0.25 r[ 17] = 0.25
r[ 18] = -0.25 r[ 19] = 0.104
r[ 20] = 0 r[ 21] = 0
r[ 24] = 1.5 r[ 25] = 0
r[ 26] = -0.125 r[ 27] = 0.302
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r[ 28] = 0 r[ 29] = 0
r[ 30] = -0.125 r[ 31] = 0.0518
r[ 32] = 0 r[ 33] = 0
r[ 36] = 1 r[ 37] = 0
r[ 38] = 0 r[ 39] = 0
r[ 40] = 0 r[ 41] = 0
r[ 42] = 0 r[ 43] = 0
r[ 44] = 0 r[ 45] = 0
< Backward Transform >
ierr = 0
Solution
Real Part o
r[ 0] =1.0 r[ 1] = 2.0 r[ 2] = 3.0 r[ 3] =4.0
r[ 4] = 5.0 r[ 5] = 6.0 r[ 6] =7.0 r[ 7] = 8.0
r[ 8] =0.0 r[ 9] = 0.0
r[ 12] = 1.0 r[ 13] = 1.0 r[ 14] = 2.0 r[ 156] = 2.0
r[ 16] = 3.0 r[ 17] = 3.0 r[ 18] = 4.0 r[ 19] = 4.0
r[ 20] = 0.0 r[ 21] = 0.0
r[ 24] = 1.0 r[ 25] = 1.0 r[ 26] = 1.0 r[ 27] = 1.0
r[ 28] = 2.0 r[ 29] = 2.0 r[ 30] = 2.0 r[ 31] = 2.0
r[ 32] = 0.0 r[ 33] = 0.0
r[ 36] = 1.0 r[ 37] = 1.0 r[ 38] = 1.0 r[ 39] = 1.0
r[ 40] = 1.0 r[ 41] = 1.0 r[ 42] = 1.0 r[ 43] = 1.0
r[ 44] = 0.0 r[ 45] = 0.0
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6.5

TWO-DIMENSIONAL COMPLEX FOURIER TRANSFORM
(REAL ARGUMENT TYPE)

6.5.1 [DEPRECATED]ASL gfc2fb, ASL_pfc2fb

(1)

Two-Dimensional Complex Fourier Transform (Including Initialization)

Function
Forward transform
ASL_gfc2fb or ASL_pfc2fb computes the two-dimensional complex Fourier forward transform (arbitrary

radix) for the two-dimensional complex data cy, x, (ke =0, -+, ny — 15 by = 0,---,n, — 1).

Ng—1ny—1

% —2myV/EI(gke ) ,
dj(t7jy: ckw7kye v Y (]wzoavnw_lv ]y:()avny_l)
ke=0 ky,=0

Backward transform
ASL_gfc2fb or ASL_pfc2fb computes the two-dimensional complex Fourier backward transform (arbitrary

radix) for the two-dimensional complex data cy, x, (ke =0, -+, ny — 15 by =0,---,n, — 1).

ne—1mny 1 Jzk Jyky
§ § 2V LR+ 505) g

dj(t7jy: ckw7kye v Y (]wzoa"'vnw_lv ]y:()avny_l)
ke=0 ky,=0

Usage
Double precision:

ierr = ASL_qgfe2fb (nx, ny, cr, ci, Ix, ly, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfc2fb (ux, ny, cr, ci, Ix, ly, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 cr D« Ixxly Input | Real part of input data c, r, (See Note (b))
{R*} Output | Real part of output data d;, ;, (See Notes (b)
and (c))
4 ci Dx Ixxly Input | Imaginary part of input data cy, &, (See Note
{R*} (b))
Output | Imaginary part of output results dj, ;, (See
Notes (b) and (c))
5 Ix I 1 Input | Adjustable dimension of array cr and ci (See
Note (b))
6 ly I 1 Input | Second dimension of array cr and ci (See Note
(b))
7 isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
8 ifax I* 40 Output | Factorization results and number of factors
(See Note (d))
9 trigs D« 2 X (nx +| Output | Trigonometric function table (See Note (d))
{R* } ny)
10 wk Dx 2 xIxxly| Work | Work area
()
11 nt I 1 Input | Number of tasks to be generated
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

nx>2, ny>2

isw € {0,1,—1}

(a)

(b) nx<lx, ny<ly
)

) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

When the number of data nx or ny can be adjusted, the calculations can be performed more efficiently
by setting a number for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3,
5, etc.). For example, rather than setting nx = 289(=172), it is usually more efficient to set nx = 300
(=22 x 3 x 52), nx = 320(=2% x 5), nx = 384(=2" x 3) or the like.

If we let the real and imaginary parts of the complex data cx, , (kg =0,---,ny—1; ky =0,---,n,—1)
be ®{ck, r,} and S{ck, k, }, respectively, the c, x, and elements of arrays cr and ci are associated as
follows.

Rlck, kb < crlkye +Ixxky]

%{Ck,,ky} > Ci[kx + Ix * ky]

Similarly, for the complex data dj, j, (jo =0, ,nz — 1; j, =0,---,ny —1).

The adjustable dimensions Ix and ly of arrays cr and ci should be set to odd numbers to
avoid bank conflict of main memory. Usually, when nx, for example, is even, lx=nx+1 is
set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cy, ,(kz = 0,---,n,—1; ky = 0,---,n, —1) be represented

by éx, .k, (kz =0,---,ny —1; ky, = 0,---,n, — 1), then the following relationship holds.
ékx-,ky = NgNyCk, K, (kx = 07 ey Ny — ]-a ky = 07 ey Ny — 1)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries
a normalized result is defined.

To repeatedly compute the transform for the same number of data (nx, ny), you should call this
ASL_qgfc2bf
ASL _pfc2bf
enables processing to be performed more efficiently since initialization (factorization or the creation of

function once, and then use the after-initialization transform 6.5.2 , thereafter. This

trigonometric tables) is performed only once. However, in this case, you must retain the contents of
ASL_qgfc2bf

ASL_pfc2bf |
To perform initialization only by setting isw=0, you need not set input data for arrays cr and ci.

arrays ifax and trigs so they can be used as input to the function 6.5.2

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences

before and after the transform are assumed to have the number of data (n, or n,) as the period,
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the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T = #,

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

hty=T 3" h(z’T)—Smig AZ;;T)

i=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.5.2 (7).
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6.5.2 [DEPRECATED]ASL gfc2bf, ASL_pfc2bf

(1)

Two-Dimensional Complex Fourier Transform (After Initialization)

Function
Forward transform
ASL_gfc2bf or ASL_pfc2bf computes the two-dimensional complex Fourier forward transform (arbitrary

radix) for the two-dimensional complex data cy, x, (ke =0, -+, ny — 15 ky = 0,---,n, — 1).
g 72m/71<_mx+m)
j’”]y Z chz ky € e " (Jm:ovvnzfla jy:o’...,ny—]_)
»=0 ky=0

Backward transform
ASL_gfc2bf or ASL_pfc2bf computes the two-dimensional complex Fourier backward transform (arbitrary
radix) for the two-dimensional complex data c, x, (kz = 0, ,ny — 1; ky = 0,---,ny — 1).

ng—1mny—1

r]:::km_;’_Jyky . )
i gy = Z chz ky € VIS (Jo =0, ,ng —1; jy =0,--+,ny — 1)
z=0 ky=0

Usage
Double precision:

ierr = ASL_gfe2bf (nx, ny, cr, ci, Ix, ly, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfe2bf (nx, ny, cr, ci, Ix, ly, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex

R:Single precision real C:Single precision complex

) int as for 32bit Integer
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 cr D« Ixxly Input | Real part of input data c, r, (See Note (b))
{R*} Output | Real part of output data d;, ;, (See Notes (b)
and (c))
4 ci Dx Ixxly Input | Imaginary part of input data cg, g,
{R*} Output | Imaginary part of output results dj, ;, (See
Notes (b) and (c))
5 Ix I 1 Input | Adjustable dimension of array cr and ci (See
Note (b))
6 ly I 1 Input | Second dimension of array cr and ci (See Note
(b))
7 isw I 1 Input | Processing switch
isw= 1:Forward transform
isw=—1:Backward transform
8 ifax I* 40 Input | Factorization results and number of factors
(See Note (a))
9 trigs D+ 2 x (nx +| Input | Trigonometric function table (See Note (a))
{R* } ny)
10 wk D+ 2 x Ix xly| Work | Work area
()
11 nt I 1 Input | Number of tasks to be generated
12 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a)
(b)
(c) isw € {1 -1}
(d)

nx>2, ny>2

nx<lIx, ny<ly

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes
(a) This function can be used to repeatedly compute the transform for the same number of data (nx, ny)
ASL _qgfc2fb
after the including-initialization function 6.5.1 e has been used. In this case, you must
ASL_pfc2fb
retain the contents of arrays ifax and trigs so they can be used as input in this function.

(b) If we let the real and imaginary parts of the complex data c, , (kz =0,---,n,—1; ky, = 0,---,n, —1)
be R{ck, k,} and S{ck, r,}, respectively, the cx, r, and elements of arrays cr and ci are associated as
follows.

%{Ck,,ky} — Cr[kx + Ix % ky]

%{Ck,,ky} > Ci[kx + Ix * ky]

Similarly, for the complex data dj, j, (jo =0, -+, nz — 15 jy, = 0,---,ny — 1).
The adjustable dimensions Ix and ly of arrays cr and ci should be set to odd numbers to
avoid bank conflict of main memory. Usually, when nx, for example, is even, lx=nx+1 is

set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cy, &, (kz = 0,---,nz—1; ky =0,---,n, —1) be represented

by éx, .k, (kz =0,---,ny —1; ky, = 0,---,n, — 1), then the following relationship holds.
ékx-,ky = NgNyCk, K, (kx = 07 ey Ny — ]-a ky = 07 ey Ny — 1)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n, or n,) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling

to approximate the continuous Fourier transform. According to the sampling theorem, for a time
1

ﬁ?

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

ht)=T p(ir) 22T 1) i@f C_(tiT)iT)

function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' =

1=—0Q

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the
higher performance alternative implementation instead.
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(7) Example

(a)

Problem
Compute the two-dimensional complex Fourier forward and backward transforms using
ke +1)(ky +1
ooty = (ke +1) + (y +1) 4 =T e T DU 1)
NNy
(kg =0,---,ny—1; ky=0,---,n, — 1)

as input data.

Input data

Array cr and ci, nx=5, ny=4, Ix=>5, ly=>5, isw=1 (forward transform), isw=—1 (backward transform)
and nt=2.

Main program

/* C Interface example for ASL_qfc2fb , ASL_qfc2bf */

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include <asl.h>

int main()
{

int nx = 5; int ny = 4;

int 1x = 5; int ly = 5;

double *cr; double *cij;

int isw;

int ifax[40];

double *trigs;

double *wk;

int nt = 2;

int ierr;

int 1,j;

printf( " *#x* ASL_qfc2fb , ASL_qfc2bf **x*\n" );
printf( "\n ** Input **\n" );

cr = ( double * )malloc((size_t)( sizeof (double) * (1lxx*1ly) ));
if( cr == NULL )

printf( "no enough memory for array cr\n" );

return -1;
ci = ( double * )malloc((size_t)( sizeof (double) * (1lxx*1ly) ));
if ( ci == NULL )

printf( "no enough memory for array ci\n" );

return -1;
trigs = ( double * )malloc((size_t)( sizeof(double) * (2%(nx+ny)) ));
if( trigs == NULL )

printf( "no enough memory for array trigs\n" );

return -1;
wk = ( double * )malloc((size_t)( sizeof (double) * (2x1x*ly) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

printf( "\tnx = %6d\n", nx );
printf( "\tny = %6d\n", ny );
printf( "\tnt = %6d\n", nt );

for( j=1 ; j<=ny ; j++ )
{
for( i=1 ; i<=nx ; i++ )

cr[(i-1)+1x*(j-1)]1=(double) (i+j) ;
ci[(i-1)+1x*(j-1)]=(double) (i*j)/(double) (nx*ny) ;

}

printf( "\tcrl[ix] [iyl\n" );
for( i=0 ; i<nx ; i++ )
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for( j=0 ; j<ny ; j++ )

printf( "\t(%8.3g,%8.3g)", crli+lx*jl, cili+lx*j] );
}
printf( "\n" );

isw = 1;
ierr = ASL_qfc2fb(nx, ny, cr, ci, lx, ly, isw, ifax, trigs, wk, nt);

for( i=0 ; i<lx*ly ; i++)

cr[i] /= (double) (nx*ny) ;
ci[i]l /= (double) (nx*ny) ;
}

printf( "\n ** Qutput **\n" );

printf( "\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tcrl[ix] [iyl\n" );
{or( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*jl, cili+lx*j]l );
¥
printf( "\n" );
isw = -1;
ierr = ASL_qfc2bf(nx, ny, cr, ci, 1lx, ly, isw, ifax, trigs, wk, nt);

printf( "\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tcr[ix] [iy]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lxx*j], cili+lxx*j] );

printf( "\n" );

free( cr );
free( ci );
free( trigs );
free( wk );

return O;

}
(d) Output results

*xx ASL_qfc2fb , ASL_qfc2bf **x

*k Input *%

nx = 5

ny = 4

nt = 2

cr[ix] [iy]

( 2, 0.05) ( 3, 0.1) ( 4, 0.15) ( 5, 0.2)
( 3, 0.1) ( 4, 0.2) ( 5, 0.3) ( 6, 0.4)
( 4, 0.15) ( 5, 0.3) ( 6, 0.45) ( 7, 0.6)
( 5, 0.2) ( 6, 0.4) ( 7, 0.6) ( 8, 0.8)
( 6, 0.25) ( 7, 0.5) ( 8, 0.75) ( 9, 1)

*% Output *x*
< Forward Transform >
0

ierr =
cr[ix] [iy]
5.5, 0.375) -0.575, 0.425)

-0.586, 0.626) 0.0297, -0.0047)

g g E -0.5, =-0.075)
E -0.52, 0.1) E 0.0166, 0.00844) E
( ( (

, ( -0.425, -0.575)

0.0172, 0.0125) ( 0.0047, 0.0297)

0.00406, 0.0125) (-0.00844, 0.0166)

-0.00406, 0.0125) ( -0.0166, 0.00844)
-0.0172, 0.0125) ( -0

-0.48, -0.225) 0.00844, 0.0166)
- .0297, -0.0047)

-0.414, -0.751) 0.0047, 0.0297)
< Backward Transform >
i 0

ierr =
cr[ix] [iy]

( 2, 0.05) ( 3, 0.1) ¢ 4, 0.15) ( 5, 0.2)
( 3. 0.1) ( 4, 0.2) ( 5, 0.3) ( 6, 0.4)
( 4, 0.15) ( 5, 0.3) ¢ 6, 0.45) ( 7, 0.6)
( 5. 0.2) ( 6, 0.4) ( 7. 0.68) ( s, 0.8)
( 6, 0.25) ( 7, 0.5) ( 8, 0.75) ( 9, 1)
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6.6 TWO-DIMENSIONAL COMPLEX FOURIER TRANSFORM

(COMPLEX ARGUMENT TYPE)

6.6.1 [DEPRECATED]ASL hfc2fb, ASL_gfc2fb

(1)

Two-Dimensional Complex Fourier Transform (Including Initialization)

Function
Forward transform
ASL_hfc2fb or ASL_gfc2fb computes the two-dimensional complex Fourier forward transform (arbitrary

radix) for the two-dimensional complex data cx, r, (ke =0, -+, nzy — 15 by =0,---,n, — 1).

Nng—1ny—1

Z Z —omy/—I(dghe 4 Jutuy .
d]r]y = Ckwky@ * Y (]wzovanm_17 ]yzovany_l)
ke=0 ky=0

Backward transform
ASL _hfc2fb or ASL_gfc2fb computes the two-dimensional complex Fourier backward transform (arbitrary

radix) for the two-dimensional complex data cx, r, (ke =0, -+, ny — 15 ky = 0,---,n, — 1).

Np—1ny—1

% 2mV=T(dhe 1) ,
d]r]y = Ckwky@ v Y (]wzovanm_17 ]yzovany_l)
ke=0 ky=0

Usage
Double precision:

ierr = ASL_hfc2fb (nx, ny, c, Ix, ly, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_gfc2fb (nx, ny, ¢, Ix, ly, isw, ifax, trigs, wk, nt);
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Two-Dimensional Complex Fourier Transform (Including Initialization)

(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex

R:Single precision real C:Single precision complex

) int as for 32bit Integer
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 c 7% Ixxly Input | Input data c, r, (See Note (b))
{C*} Output | Output results dj, ;, (See Notes (b) and (c))
4 Ix I 1 Input | Adjustable dimension of array c¢ (See Note
(b))
5 ly I 1 Input | Second dimension of array ¢ (See Note (b))
6 isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 40 Output | Factorization results and number of factors
(See Note (d))
8 trigs D+ 2 X (nx +| Output | Trigonometric function table (See Note (d))
{R* } ny)
9 wk Tk Ix x ly Work | Work area
£
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

a)
b)
(c) isw € {0, 1,-1}
(d)

(a) nx>2, ny>2
(

nx<lx, ny<ly

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

When the number of data nx or ny can be adjusted, the calculations can be performed more efficiently
by setting a number for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3,
5, etc.). For example, rather than setting nx = 289(=172), it is usually more efficient to set nx = 300
(=22 x 3 x 52), nx = 320(=2° x 5), nx = 384(=2" x 3) or the like.

The complex data cy, , (kzy =0,---,ny—1; k, =0,---,n,—1) and elements of array c are associated
as follows.

Chy,ky 7 C[kx + Ix * ky]

Similarly, for the complex data dj, j, (jo =0, ,nz — 1; jy, = 0,---,ny — 1).
The adjustable dimensions Ix and ly of array c should be set to odd numbers to avoid

bank conflict of main memory. Usually, when nx, for example, is even, Ix=nx+1 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cy, &, (ky =0,---,ny—1; k, =0,---,n,—1) be represented

by éx, &, (kz =0,---,ny —1; ky, =0,---,n, — 1), then the following relationship holds.
ékl"ky = NgNyCk, k, (km = 05 oy Ny — ]-7 ky = 07 iy Ny — 1)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries
a normalized result is defined.

To repeatedly compute the transform for the same number of data (nx, ny), you should call this

function once, and then use the after-initialization transform 6.6.2 ASL-hfc2bf , thereafter. This
ASL _gfc2bf

enables processing to be performed more efficiently since initialization (factorization or the creation of

trigonometric tables) is performed only once. However, in this case, you must retain the contents of

ASL_hfc2bf}

ASL_gfc2bf
To perform initialization only by setting isw=0, you need not set input data for array c.

arrays ifax and trigs so they can be used as input to the function 6.6.2

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n, or n,) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling

to approximate the continuous Fourier transform. According to the sampling theorem, for a time
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function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' = i,

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT")} as follows.
= sin27f.(t —iT)
h(t)=T h(iT)—————=
=T >, WD — 5

1=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.6.2 (7).
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6.6.2 [DEPRECATED]ASL hfc2bf, ASL_gfc2bf

(1)

Two-Dimensional Complex Fourier Transform (After Initialization)

Function
Forward transform
ASL_hfc2bf or ASL_gfc2bf computes the two-dimensional complex Fourier forward transform (arbitrary

radix) for the two-dimensional complex data cx, r, (ke =0, -+, ny — 15 ky = 0,---,n, — 1).
Ng—1Ny— 72#\/_(Jrkm+]yky)
dj, j, = Z chke (o =0, ne —1; Gy =0,-+,my — 1)
+=0 ky

Backward transform
ASL _hfc2bf or ASL_gfc2bf computes the two-dimensional complex Fourier backward transform (arbitrary
radix) for the two-dimensional complex data cy, k, (kz = 0, , 0y — 1; ky = 0,---,ny — 1).

np—1ny—1

2 Jrkx+7yky . )
szy Z chz ky € VI ) (]1:07"'77%*1% Jy:(),"'a”yfl)
2=0 ky

Usage
Double precision:

ierr = ASL_hfc2bf (nx, ny, c, Ix, ly, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_gfc2bf (nx, ny, ¢, Ix, ly, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 c 7% Ixxly Input | Input data c, r, (See Note (b))
{C*} Output | Output results dj, ;, (See Notes (b) and (c))
4 Ix I 1 Input | Adjustable dimension of array c¢ (See Note
(b))
5 ly I 1 Input | Second dimension of array ¢ (See Note (b))
6 isw I 1 Input | Processing switch
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 40 Input | Factorization results and number of factors
(See Note (a))
8 trigs Dx 2 X (nx +| Input | Trigonometric function table (See Note (a))
Rx ny)
9 wk Tk Ix x ly Work | Work area
&)
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

a

b

(c
(d

(a) nx>2, ny>2
(b) nx<lx, ny<ly
isw € {1 -1}

)
)
)
)

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes
(a) This function can be used to repeatedly compute the transform for the same number of data (nx, ny)
ASL_hfc2fb
after the including-initialization function 6.6.1 ¢ has been used. In this case, you must
ASL _gfc2tb
retain the contents of arrays ifax and trigs so they can be used as input in this function.
(b) The complex data cx, k, (ke =0,---,n,—1; ky, =0,---,n, — 1) and elements of array c are associated
as follows.

Chy by 7 C[kx + Ix * ky]

Similarly, for the complex data dj, j, (jo = 0,---,nz — 15 j, = 0,---,n, — 1).
The adjustable dimensions Ix and ly of array c should be set to odd numbers to avoid

bank conflict of main memory. Usually, when nx, for example, is even, Ix=nx+1 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cy, &, (ky =0,---,ny—1; k, =0,---,n,—1) be represented
by ¢k, k, (kz =0,---,n, —1; ky =0,---,n, — 1), then the following relationship holds.

Cha by = NaNyChy ey (b =0, mg — 15 ky =0, ,my — 1)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n, or n,) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' = ﬁ,
then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT")} as follows.

hy=TY h(iT)—Sin?(Tf C_(Z.T)ZT)

1=—00

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.
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(7) Example

(a) Problem
Compute the two-dimensional complex Fourier forward and backward transforms using
kr +1)(k, +1
Chy i, = (ko +1) + (ky +1) + ke £ Dky +1)
NgNy
(ke =0, -, ng —1; ky =0, ,n, — 1)

as input data.

(b) Input data
Array ¢, nx=>5, ny=4, Ix=>5, ly=>5, isw=1(Forward transform), isw=—1 (Backward transform) and
nt=2.
(¢) Main program
/* C Interface example for ASL_hfc2fb , ASL_hfc2bf */
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <complex.h>
#include <asl.h>

int main()
{

int nx = 5; int ny = 4;

int 1x = 5; int 1y = 5;

double _Complex *c;

int isw;

int ifax[40];

double *trigs;

double _Complex *wk;

int nt = 2;

int ierr;

int i,j;

printf( " **xx ASL_hfc2fb , ASL_hfc2bf ***\n" );
printf( "\n ** Input **\n" );

c = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lx*ly) ));
if( ¢ == NULL )

printf( "no enough memory for array c\n" );
return -1;

trigs = ( double * )malloc((size_t)( sizeof(double) * (2*%(nx+ny)) ));
if ( trigs == NULL )

printf( "no enough memory for array trigs\n" );
return -1;

wk = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (1lxx*1ly) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );

return -1;
printf( "\tnx = %6d\n", nx );
printf( "\tny = %6d\n", ny );
printf( "\tnt = %6d\n", nt );

for( j=1 ; j<=ny ; j++ )
{
for( i=1 ; i<=nx ; i++ )
c[(i-1)+1x*(j-1)]=(double) (i+j) + (double) (i*j)/(double) (nx*ny) * _Complex_I;
}

printf( "\tc[ix] [iyI\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )

printf( "\t(%8.3g,%8.3g)", creal(cli+lx*jl), cimag(cli+lx*jl) );
}
printf( "\n" );
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isw = 1;
ierr = ASL_hfc2fb(nx, ny, c, lx, ly, isw, ifax, trigs, wk, nt);

for( i=0 ; i<lx*ly ; i++)

c[i] /= (double) (nx*ny) ;

printf( "\n *x Output **\n" );

printf( "\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tc[ix] [iyI\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cli+lx*jl), cimag(cli+lx*jl) );
}
printf( "\n" );
}
isw = -1;
ierr = ASL_hfc2bf(nx, ny, ¢, 1lx, ly, isw, ifax, trigs, wk, nt);

printf( "\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tc[ix] [iyI\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cl[i+lx*jl), cimag(c[i+lx*jl) );

}
printf( "\n" );

free( c );
free( trigs );
free( wk );

return O;

}
(d) Output results

k% ASL_hfc2fb , ASL_hfc2bf *xx*

*k Input *%
5

nx =
ny = 4
n¥ = 2
clix] [iy]

2, 0.05) ( 3, 0.1) ( 4, 0.15) ( 5, 0.2)
( 3, 0.1) ( 4, 0.2) ( 5, 0.3) ( 6, 0.4)
( 4, 0.15) ( 5, 0.3) ( 6, 0.45) ( 7, 0.6)
( 5, 0.2) ¢ 6, 0.4) ( 7. 0.6) ( 8, 0.8)
( 6, 0.25) ( 7, 0.5) ( 8, 0.75) ( 9, 1)

*% Output *x*
< Forward Transform >

lerr =
[ix] [iy]
5.5, 0.375) -0.575,  0.425)

-0.586, 0.626) 0.0297, -0.0047)

C

E E E -0.5, -0.075)
g -0.52, 0.1) E 0.0166, 0.00844) E

( ( (

, ( -0.425, -0.575)
0.0172, 0.0125) ( 0.0047, 0.0297)
00406, 0.0125) (-0.00844, 0.0166)
00406, 0.0125) ( -0.0166, 0.00844)
0.0172, 0.0125) ( -0

0
-0.48, -0.225) 0.00844, 0.0166) 0
-0.414, -0.751) -0.0047, 0.0297) - .0297, -0.0047)

< Backward Transform >
0

ierr =

clix] [iy]

( 2, 0.05) ( 3, 0.1) ( 4, 0.15) ( 5, 0.2)
( , 0.1) ( 4, 0.2) ( 5, 0.3) ( 6, 0.4)
( 4, 0.15) ( 5, 0.3) ( 6, 0.45) ( 7, 0.6)
( 5, 0.2) ( 6, 0.4) ( 7, 0.6) ( 8, 0.8)
( 6, 0.25) ( 7, 0.5) ( 8, 0.75) ( 9, 1)
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6.7 TWO-DIMENSIONAL REAL FOURIER TRANSFORM

6.7.1 [DEPRECATED]|ASL qfr2fb, ASL_pfr2fb

(1)

Two-Dimensional Real Fourier Transform (Including Initialization)

Function

Forward transform

ASL_qfr2fb or ASL_pfr2fb obtains a half period of the two-dimensional Fourier forward transform (arbitrary
radix) for the two-dimensional real data 74, x,(kz = 0,---,ny — 1; ky = 0,---,ny — 1).

ng—1mny—1

_9 \/_(JmkarJyky) ) Ng .
Cjz,Jy Z Zrk ke " (.]I:()v?L?xJa]yzovvnyfl)
kz=0 ky,=0

Here, |x] represents the maximum integer that does not exceed z. The remaining half period is obtained

from the following relationships.

Mg —Ja ,My—Jy ~ Jx:ly
na:_jft7jy T Ny —Jy

Here, z* represents the conjugate complex number of the complex number z.
Backward transform

Given the half period cj, j, (j = 0,---,|%]; jy, = 0,---,n, — 1) for nyn, complex data c;, j, (j= =

0,---,ny —1; jy, =0,---,n, — 1) satisfying ¢ = ¢j, .4, and ¢}, = ¢j,.n,—j,» ASL_qfr2fb or

Na _J1‘7ny ]y Ny — ](E7.]y
ASL _pfr2fb obtains the two-dimensional Fourier backward transform (arbitrary radix) defined as follows.

z—1ny—1
" J 27‘.\/7(J1‘ka: +7yky)
Tk: k = g g Cj J ng ny
x vy o, y
Je=0 jy=0
ny—1 TIuky ny—1] me ! J k Jyky)
z : ko A 2w/ — z : z : 27w/ — L z+
{Co7jy + (_1) ch,jy} "y + 2 %{eryjy "y }
ijO Jy*o Jz=1

(kx:O,,nzfl, ky:()?vn’yi]‘)

Here, [x] represents the minimum integer greater than or equal to x, and R{z} represents the real part of

the complex number z. Also, when n, is odd, énTz = 0, and when n, is even, é"Tz =cCne

»Jy 2Jy Iy
Usage
Double precision:
ierr = ASL_gfr2fb (nx, ny, r, Ix, ly, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfr2fb (nx, ny, r, Ix, ly, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 r D« Ixxly Input | Input data 7y, x, (Forward transform), or
{R*} ¢j,.j, (Backward transform) (See Note (b))
Output | Output results c;, ;, (Forward transform), or
Tk, k, (Backward transform) (See Notes (b)
and (c))
4 Ix I 1 Input | Adjustable dimension of array r (See Note
(b))
5 ly I 1 Input | Second dimension of array r (See Note (b))
isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
7 ifax I* 40 Output | Factorization results and number of factors
(See Note (d))
8 trigs D« nx+2xny| Output | Trigonometric function table (See Note (d))
()
9 wk Dx Ix x 1y Work | Work area
()
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) nx>2, ny>2

(b) In the case where nx is an odd, nx+1<Ix, ny<ly
or if nx is an even, nx+2<lIx, ny<ly

(c) isw € {0,1, -1}
(d) nt > 1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

()

When the number of data nx or ny can be adjusted, the calculations can be performed more efficiently
by setting a number for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3,
5, etc.). For example, rather than setting nx = 289(=172), it is usually more efficient to set nx = 300
(=22 x 3 x 5?), nx = 320(=26 x 5), nx = 384(=2" x 3) or the like.

The real data ry, , (ky =0,---,ny —1; k, =0,---,n, — 1) and elements of array r are associated as
follows.

Tk ky — r[kx—l—lx*ky]

When computing the backward transform, if nx(=n,) is odd, then r[nx + Ix * k,] = 0, and when nx
is even, then r[nx + Ix * ky] = r[nx + 1 + Ix * ky] = 0. Also, when entering the real data ry, r, (ks =
0,---,ny —1; ky, =0,---,n, — 1) into array r, the corresponding zeros mentioned above need not be
specifically stored.

If we let the real and imaginary parts of the complex data cj, j, (jo = 0,---, [%]; jy =0,---,ny — 1)
be R{c;, j,} and I{c;, j, }, respectively, the c;, ;, and elements of array r are associated as follows.

Here, | 2| represents the maximum integer that does not exceed x.

Rici,.i,} © r[2xjx+1xxjy]

(‘}{Cjwjy} — I‘[2 *jx +1+1x *Jy]
From the properties of a real Fourier transform, ${cpo} = 0, and when nx and ny are both even,
%{c%z ny } = 0. Therefore, even if nonzero values are set for the corresponding elements of array
r, they are considered to be zero when processing is performed. Since the elements c;, ;, (o =
| %] +1,---,n,—1; j, =0,---,n, — 1) can be obtained according to the following relationships from
the symmetry of the real Fourier transform, they need not be assigned as input when computing the
backward transform. Also, they are not output when computing the forward transform.
lesz,nyij = Cju iy

* .. = Cs -
Ng—Jz,Jy ~ Jz:MNy—Jy

C

C

Here, z* represents the conjugate complex number of the complex number z. The adjustable dimen-
sions of array r should be set so that 1x/2 and ly are odd numbers to avoid bank conflict

of main memory. Usually, when nx, for example, is (a multiple of 4)+2, Ix=nx+4 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the real data g, x,(kz = 0,---,n, — 1; ky = 0,---,n, — 1) be represented

by 7k, k, (ke = 0,---,ny —1; ky =0,---,ny — 1), then the following relationship holds.

Phyky = NaMyThy ky, (kz=0,---,n, —1; ky=0,---,n, — 1)
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Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

(d) To repeatedly compute the transform for the same number of data (nx, ny), you should call this
ASL_qfr2bf
ASL _pfr2bf
enables processing to be performed more efficiently since initialization (factorization or the creation of

function once, and then use the after-initialization transform 6.7.2 { }, thereafter. This

trigonometric tables) is performed only once. However, in this case, you must retain the contents of
ASL_qerbf}

ASL_pfr2bf
To perform initialization only by setting isw=0, you need not set input data for array r.

arrays ifax and trigs so they can be used as input to the function 6.7.2 {

(e) Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n, or n,) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' = i,

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

sin 2r f.(t — iT)

h(t)=T > h(iT) =T

i=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.7.2 (7).
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6.7.2 [DEPRECATED]ASL qfr2bf, ASL_pfr2bf

(1)

Two-Dimensional Real Fourier Transform (After Initialization)

Function

Forward transform

ASL_qfr2bf or ASL_pfr2bf obtains a half period of the two-dimensional Fourier forward transform (arbitrary
radix) for the two-dimensional real data 74, x,(kz = 0,---,ny —1; ky = 0,---,ny — 1).

e 1my 1 Jzk Jyky n
—2mV/=I(B R+ E0E) T
Cjz,jy: Z Zrk'z,kye * v (.]I:()v?L?Ja]y:O?vnyi]‘)
=0 ky=0
Here, |x] represents the maximum integer that does not exceed z. The remaining half period is obtained
from the following relationships.
* —_— . .
Cnm—jm,ny—jy - CJ:»Jy
na:_jft7jy T ey —Jy
Here, z* represents the conjugate complex number of the complex number z.
Backward transform

Given the half period c;, j, (j = 0,---,|%]; jy, = 0,---,n, — 1) for nyn, complex data c;, j, (j= =
0,---,ny —1; jy =0,---,n, — 1) satisfying Cra—juiy—jy = Ciaviy DA € 5 5 = Cjin,—jy ASL_gfr2bf or

ASL _pfr2bf obtains the two-dimensional Fourier backward transform (arbitrary radix) defined as follows.

—1ny—1
Nge—1 Ny 27r\/j1(jmkx+jyky)

§ § Cj j e ng ny

xJy
Jz=0 jy=0
n
ny—1 2 1J‘yky ny 1 [Tm—‘_l 2 1(1' k jyky)
ka4 V=153 TV

Y {0y, + (1) éue j Ye v+2 > > Reg e v’}
ijO ijO Jz=1
(ky =0,---,ny—1; ky=0,---,ny — 1)

Tky,ky

Here, [x] represents the minimum integer greater than or equal to x, and R{z} represents the real part of

the complex number z. Also, when n, is odd, énTz = 0, and when n, is even, é"Tz = Cng ;

Jy Jy =5 Jy "
Usage
Double precision:
ierr = ASL_gfr2bf (nx, ny, r, Ix, ly, isw, ifax, trigs, wk, nt);
Single precision:
ierr = ASL_pfr2bf (nx, ny, r, Ix, ly, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 r D« Ixxly Input | Input data 7y, x, (Forward transform), or
{R*} ¢j,.j, (Backward transform) (See Note (b))
Output | Output results c;, ;, (Forward transform), or
Tk, k, (Backward transform) (See Notes (b)
and (c))
4 Ix I 1 Input | Adjustable dimension of array r (See Note
(b))
5 ly I 1 Input | Second dimension of array r (See Note (b))
isw I 1 Input | Processing switch
isw= 1: Forward transform
isw=—1: Backward transform
7 ifax I* 40 Input | Factorization results and number of factors
(See Note (a))
8 trigs D« nx+2xny| Input | Trigonometric function table (See Note (a))
()
9 wk Dx Ix x ly Work | Work area
i
10 nt I 1 Input | Number of tasks to be generated
11 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a) nx>2, ny>2

(b) In the case where nx is an odd, nx+1<Ix, ny<ly

or if nx is an even, nx+2<Ix, ny<ly
(c) isw e {1,-1}
(d) nt > 1

381



[DEPRECATED]ASL_qfr2bf, ASL_pfr2bf

Two-Dim

ensional Real Fourier Transform (After Initialization)

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

This function can be used to repeatedly compute the transform for the same number of data (nx, ny)

ASL _qfr2tb
after the including-initialization function 6.7.1 4 has been used. In this case, you must
ASL _pfr2fb

retain the contents of arrays ifax and trigs so they can be used as input in this function.

The real data 74, , (kz =0,---,n, —1; ky =0,---,n, — 1) and elements of array r are associated as

follows.
Thok, < Tlky +1xx k]

When computing the backward transform, if nx(=n,) is odd, then r[nx + Ix * k,] = 0, and when nx
is even, then r[nx + Ix * ky] = r[nx + 1 + Ix * ky] = 0. Also, when entering the real data ry, r, (ks =
0,---,ny —1; ky, =0,---,n, — 1) into array r, the corresponding zeros mentioned above need not be
specifically stored.

If we let the real and imaginary parts of the complex data cj, j, (jo = 0,---, [%]; jy =0,---,ny — 1)
be R{c;, j,} and I{c;, j, }, respectively, the c;, ;, and elements of array r are associated as follows.

Here, |z| represents the maximum integer that does not exceed x.

Ricj,.5,} © r[2xjx+1xxjy]

{5, b & r2%)x + 1+ Ixxjy]
From the properties of a real Fourier transform, ${cgo} = 0, and when nx and ny are both even,
{¢ne nu} = 0. Therefore, even if nonzero values are set for the corresponding elements of array

202

r, they are considered to be zero when processing is performed. Since the elements c¢;, ;,  (jz =
| %] +1,---,n,—1; j, =0,---,n, — 1) can be obtained according to the following relationships from
the symmetry of the real Fourier transform, they need not be assigned as input when computing the
backward transform. Also, they are not output when computing the forward transform.

szjz,nyij = Cju iy

Cz,—jm,jy = Gl ny—jy
Here, z* represents the conjugate complex number of the complex number z. The adjustable dimen-
sions of array r should be set so that Ix/2 and ly are odd numbers to avoid bank conflict

of main memory. Usually, when nx, for example, is (a multiple of 4)42, Ix=nx-+4 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the real data g, x,(kz = 0,---,n, — 1; ky, = 0,---,n, — 1) be represented

by 7, &, (kz = 0,---,ngy — 15 ky = 0,---,n, — 1), then the following relationship holds.

Phyky = NaMyThy ky, (kz=0,---,n, —1; ky=0,---,n, — 1)
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()

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n, or n,) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T = ﬁ,
then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT")} as follows.

= sin27fe(t —iT)

h(t)=T Y h(zT)—w(t T

1=—00

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example

()

Problem
Compute the two-dimensional real Fourier forward and backward transforms using
_ Ng + Ty
et T e+ 1)+ Oy + 1)
(ky =0,---,ny—1; ky=0,---,ny — 1)

as input data.

Input data

Array r, nx=6, ny=4, 1x=10, ly=>5, isw=1(Forward transform), isw=—1 (Backward transform) and
nt=2.

Main program

/* C Interface example for ASL_qfr2fb , ASL_qfr2bf */

#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()

int nx = 6; int ny = 4;

int 1x = 10; int 1y = 5;
double *r;

int isw;

int ifax[40];

double *trigs;

double *wk;

int nt = 2;

int ierr;

int 1,j;

printf( " *#x* ASL_qfr2fb , ASL_qfr2bf *x*\n" );
printf( "\n ** Input **\n" );

r = ( double * )malloc((size_t)( sizeof(double) * (lx*ly) ));
if ( r == NULL )

printf( "no enough memory for array r\n" );
return -1;

trigs = ( double * )malloc((size_t)( sizeof(double) * (nx+2*ny) ));
if( trigs == NULL )

printf( "no enough memory for array trigs\n" );
return -1;
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wk = ( double * )malloc((size_t)( sizeof (double) * (lx*ly) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

%6d\n", nx );
%6d\n", ny );
%6d\n", nt );

printf( "\tnx
printf( "\tny
printf( "\tnt

for( j=1 ; j<=ny ; j++ )
{
for( i=1 ; i<=nx ; i++ )
rli-1+1x*(j-1)]1=(double) (nx+ny)/(double) (i+j) ;
}

printf( "\tr[ix] [iyI\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lx*jl );

}
printf( "\n" );

isw = 1;
ierr = ASL_qfr2fb(nx, ny, r, 1lx, ly, isw, ifax, trigs, wk, nt);

for( i=0 ; i<lx*ly ; i++)

r[i] /= (double) (nx*ny) ;

printf( "\n ** Qutput **\n" );

printf( "\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tr[ix] [iy]\n" );
for( i=0 ; i<nx+2 ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lx*jl );
}
printf( "\n" );
isw = -1;
ierr = ASL_qfr2bf(nx, ny, r, lx, ly, isw, ifax, trigs, wk, nt);

printf( "\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tr[ix] [iyI\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lx*xjl );

}
printf( "\n" );

free( r );
free( trigs );
free( wk );

return O;

}
(d) Output results

*xx ASL_qfr2fb , ASL_qfr2bf x**x

*k Input *%
6

nx =
ny = 4
n¥ = 2
r[ix] [iy]
5 3.33 2.5 2
3.33 2.5 2 1.67
2.5 2 1.67 1.43
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2 1.67
1.67 1.43
1.43 1.25

*% Qutput *x*
< Forward Transform >
ierr = 0

rlix] [iy]
1.94 0.249
0 -0.155
0.296 0.0585
-0.247 -0.0939
0.229 0.0557
-0.0928 -0.0535
0.219 0.0637
0 -0.0301

< Backward Transform >
ierr = 0
r[ix][ig]

3.33

3.33 2.5
2.5 2
2 1.67
1.67 1.43
1.43 1.25

1.43
1.25
1.11

0.219

0
0.0761
-0.0447
0.058
-0.0186
0.0547
0

2.5

1.67
1.43
1.25
1.11

0.249
0.155
0.119
-0.00945
0.0794
0.0102
0.0637
0.0301
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6.8 THREE-DIMENSIONAL COMPLEX FOURIER TRANSFORM

(REAL ARGUMENT TYPE)

6.8.1 [DEPRECATED]ASL gfc3fb, ASL_pfc3fb

(1)

Three-Dimensional Complex Fourier Transform (Including Initialization)

Function

ASL _¢fe3fb or ASL_pfe3fb computes the three-dimensional complex Fourier forward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,ny — 15 ky = 0,---,ny — 1; k., =
0,-+-,n, —1).

Ng—1ny—1n,—1

Z zﬂ\/_,l(mjLw_yjuz_z)
Jr»]yv]z z : z : Ckmvkyak € e "y "z

ke=0 ky=0 k.=0
(]wzoavnw_lv ]y:()avny_lv ]ZZO,,’I’LZ—l)

Backward transform

ASL_gfe3fb or ASL_pfc3fb computes the three-dimensional complex Fourier backward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,np — 15 ky = 0,---,ny — 1; k., =
0,---,n, —1).

Ng—1ny—1n,—1

ke | Jyk k
iy jy.i Z Z Z Chy ky ks 2TV IR IR
wrdyde

kz=0 ky=0 k.=0
(I_Oa ) w_lvjy:()a7ny_17]Z:077nz_1)

Usage
Double precision:

ierr = ASL_qfe3tb (nx, ny, nz, cr, ci, Ix, ly, lz, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfe3fb (nx, ny, nz, cr, ci, Ix, ly, 1z, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output

1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))

2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))

3 nz I 1 Input | Number of data values in the third dimen-

sion, n, (See Note (a))

4 cr Dx Ixxlyxlz | Input | Real part of input data c, ,.x. (See Note
{R*} (v)

Output | Real part of output data dj, ;, ;. (See Notes
(b) and (c))

5 ci Dx Ixxlyxlz | Input | Imaginary part of input data cg s (See Note
{R*} (v)

Output | Imaginary part of output results d;, ;, ;. (See
Notes (b) and (c))

6 Ix I 1 Input | Adjustable dimension of array cr and ci (See
Note (b))

7 ly I 1 Input | Second dimension of array cr and ci (See Note
(b))

8 lz I 1 Input | Third dimension of array cr and ci (See Note
(b))

9 isw I 1 Input | Processing switch (See Note (d))

isw= 0:Initialization only
isw= 1:Forward transform

isw=—1:Backward transform

10 ifax I* 60 Output | Factorization results and number of factors
(See Note (d))

11 trigs D« 2 X (nx +| Output | Trigonometric function table (See Note (d))
Rx ny + nz)

12 wk Dx 2xIxxlyx| Work | Work area
R 1z

13 nt I 1 Input | Number of tasks to be generated

14 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

nx>2, ny>2 or nz>2

nx<lx, ny<ly, or nz<lz
isw € {0,1, -1}
nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

When the number of data nx, ny or nz can be adjusted, the calculations can be performed more
efficiently by setting a number for which the mixed radix FFT algorithm operates effectively (multiples
of 2, 3, 5, etc.). For example, rather than setting nx = 289(=172), it is usually more efficient to set nx
= 300(=22 x 3 x 52), nx = 320(=25 x 5), nx = 384(=27 x 3) or the like.

If we let the real and imaginary parts of the complex data cg, k, . (ke =0,---,np—1; ky =0, ,ny—
1, k. =0,---,n,—1) be R{ck, r, k. } and S{cx, &, k. }, respectively, the cy, r, 1. and elements of arrays

cr and ci are associated as follows.

m{ckz,ky,kz} R cr[kx + Ix * (ky + 1y * kz)]
%{Ckm,ky,kz} > Ci[kx + Ix * (ky + ly kz)]

Similarly, for the complex data dj, ;, ;. (Jo=0,---,ny —1; jy =0, 0y —1; 5. =0,---,n, — 1).

The adjustable dimensions Ix, ly, and 1z of arrays cr and ci should be set to odd numbers
to avoid bank conflict of main memory. Also, to increase speed, calculations are executed
even for elements outside areas where data is set within arrays cr and ci. Usually, when

nx, for example, is even, Ix=nx+1 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data ck, k, k. (ke = 0,---,nz — 15 ky = 0,---,ny — 1; k. =
0,---,n. — 1) be represented by ¢x, x, k. (kz = 0,---,np —1; ky =0,---,ny —1; k; =0,---,n, — 1),
then the following relationship holds.
Chiy kiy ks = NaNyNzChy by ks
(ky =0,---,ny—1; ky=0,---,ny —1, k, =0,---,n, — 1)

Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.
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(d) To repeatedly compute the transform for the same number of data (nx, ny, nz), you should call this
ASL _qgfc3bf
ASL_pfc3bf
enables processing to be performed more efficiently since initialization (factorization or the creation of

function once, and then use the after-initialization transform 6.8.2 , thereafter. This

trigonometric tables) is performed only once. However, in this case, you must retain the contents of
ASL _gfc3bf

arrays ifax and trigs so they can be used as input to the function 6.8.2 d .

ASL _pfc3bf

To perform initialization only by setting isw=0, you need not set input data for arrays cr and ci.

(e) Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (ng or n, or n.) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling

to approximate the continuous Fourier transform. According to the sampling theorem, for a time
1

m )

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT")} as follows.

function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' =

ht)y=T 3" h(iT)—Sin?(T{ c_%;)m

1=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.8.2 (7).
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6.8.2 [DEPRECATED]ASL gfc3bf, ASL_pfc3bf

(1)

Three-Dimensional Complex Fourier Transform (After Initialization)

Function

Forward transform

ASL _¢fe3bf or ASL_pfe3bf computes the three-dimensional complex Fourier forward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,ny — 15 ky = 0,---,ny — 1; k., =
0,-+-,n, —1).

Ng—1ny—1n,—1

—or /—,1(m+ﬂy_y+ﬂz_z)
Jr»]yv]z z : z : z :ckkayvk € e "y "z

ke=0 ky=0 k.=0
(m—Oa g — 15 j yZOa"'vny_h jzzov"'anz_l)

Backward transform

ASL_gfe3bf or ASL_pfe3bf computes the three-dimensional complex Fourier backward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,ny — 15 ky = 0,---,ny — 1; k., =
0,---,n,—1).

Ng—1ny—1n,—1

k k
Wr(yzkz+Jy y+]z izkz )
Jr»]yv]z z : z : z :ckkayvk € e "E

ke=0 ky=0 k.=0
(m—Oa g — 15 yZOa"'vny_h jzzov"'anz_l)

Usage
Double precision:

ierr = ASL_qfe3bf (nx, ny, nz, cr, ci, Ix, ly, lz, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfe3bf (nx, ny, nz, cr, ci, Ix, ly, 1z, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output

1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))

2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))

3 nz I 1 Input | Number of data values in the third dimen-

sion, n, (See Note (a))

4 cr Dx Ixxly x1z Input | Real part of input data cg, x, . (See Note
{R*} (v)

Output | Real part of output data dj, ;, ;. (See Notes
(b) and (c))

5 ci Dx Ixxlyxlz | Input | Imaginary part of input data cg, k,r. (See
{R*} Note (b))

Output | Imaginary part of output results d;, ;, ;. (See
Notes (b) and (c))

6 Ix I 1 Input | Adjustable dimension of array cr and ci (See
Note (b))

7 ly I 1 Input | Second dimension of array cr and ci (See Note
(b))

8 lz I 1 Input | Third dimension of array cr and ci (See Note
(b))

9 isw I 1 Input | Processing switch

isw= 1 :Forward transform

isw=—1 :Backward transform

10 ifax I* 60 Input | Factorization results and number of factors
(See Note (d))

11 trigs D« 2 x (nx +| Input | Trigonometric function table (See Note (d))
Rx ny + nz)

12 wk D+ 2xIxxlyx| Work | Work area
R 1z

13 nt I 1 Input | Number of tasks to be generated

14 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a)
(b)
(c) isw € {1,-1}
(d)

nx>2, ny>2, nz>2

nx<lx, ny<ly, nz<lz

nt > 1
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(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes
(a) This function can be used to repeatedly compute the transform for the same number of data (nx, ny,
ASL _qfc3fb
nz) after the including-initialization function 6.8.1 e has been used. In this case, you
ASL _pfc3tb
must retain the contents of arrays ifax and trigs so they can be used as input in this function.
(b) If we let the real and imaginary parts of the complex data cy, k, k. (ke =0,---,nz—1; ky =0,---,ny—
1, k. =0,---,n,—1) be R{ck, r, k. } and S{cx, &, k. }, respectively, the cy, r, 1. and elements of arrays

cr and ci are associated as follows.

R{cr, ky kb < corfke +1xx (ky +1y * ky)]

S{Chy by kb cilke +1xx (ky +1y * k)]
Similarly, for the complex data dj, j, ;. (joe = 0,--,ne —1; jy =0,---,ny —1; 5. =0,---,n, —1).
The adjustable dimensions Ix, ly, and 1z of arrays cr and ci should be set to odd numbers
to avoid bank conflict of main memory. Also, to increase speed, calculations are executed
even for elements outside areas where data is set within arrays cr and ci. Usually, when

nx, for example, is even, Ix=nx+1 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cy, x, k. (ke = 0,---,nz — 15 ky = 0,---,ny — 15 k. =
0,---,n. — 1) be represented by ¢, &, k. (ke =0, -, ny —1; ky =0,---,ny, —1; k. =0,---,n, — 1),
then the following relationship holds.

Chig kg ks = NaNyMzChy Ky ks
(ky =0,---,ny—1; ky=0,---,n, — 1, k, =0,---,n, — 1)
Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (n, or n, or n,) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling

to approximate the continuous Fourier transform. According to the sampling theorem, for a time
1

ﬁ?

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT")} as follows.

W) =T 3" pir) 22T 1T i?tf c(tl.;)iT)

function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' =
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(e)

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example

(a)

Problem
Compute the three-dimensional complex Fourier forward and backward transforms using
Ng +ny + 1, (ky + 1)(ky +1)(k, + 1)
Ck, = +v-1
Faku ke = ¥ 1) + (ky + 1) + (ka + 1) NaTyn

(kx:O’,nzfl, ky:o,’rn]yf]_7 kZ:()”nzf]_)
as input data.

Input data
Array cr and ci, nx=5, ny=4, nz=3, Ix=>5, ly=>5, 1z=3, isw=1 (Forward transform), isw=—1 (Backward
transform) and nt=2.

Main program

/* C Interface example for ASL_qfc3fb , ASL_qfc3bf */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

int nx = 5; int ny = 4; int nz = 3;
int 1x = 5; int ly = 5; int 1z = 3;
double *cr; double *cij;

int isw;

int ifax[60];

double *trigs;

double *wk;

int nt = 2;

int ierr;

int i,j,k;

printf( " *#x* ASL_qfc3fb , ASL_qgfc3bf *x*\n" );
printf( "\n *#x Input *x\n" );

cr = ( double * )malloc((size_t)( sizeof (double) * (1lx*1ly*1lz) ));
if( cr == NULL )

printf( "no enough memory for array cr\n" );

return -1;
ci = ( double * )malloc((size_t)( sizeof (double) * (lx*1ly*1lz) ));
if ( ci == NULL )

printf( "no enough memory for array ci\n" );

return -1;
trigs = ( double * )malloc((size_t)( sizeof (double) * (2*(nx+ny+nz)) ));
if( trigs == NULL )

printf( "no enough memory for array trigs\n" );

return -1;
wk = ( double * )malloc((size_t) ( sizeof (double) * (2xlx*ly*lz) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );

return -1;
printf( "\tnx = %6d\n", nx );
printf( "\tny = %6d\n", ny );
printf( "\tnz = %6d\n", nz );
printf( "\tnt = %6d\n", nt );

for( k=1 ; k<=nz ; k++ )
for( j=1 ; j<=ny ; j++ )
{

{or( i=1 ; i<=nx ; i++ )
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cr[i-1+1x*(j-1)+1x*1ly*(k-1)]=(double) (nx+ny+nz)/(double) (i+j+k) ;
ci[i-1+1x*(j-1)+1x*1y*(k-1)]=(double) (i*j*k)/(double) (nx*ny*nz) ;
}
}
}

printf( "\tcr([ix] [iy] [1] cilix] [iy][1]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lxxj 1, cili+lxx*j 1),
printf( "\n" );
printf( "\tcr[ix] [iy] [2] cilix][iy][2]\n" );
for( i=0 ; i<nx ; i++ )
¢ for( j=0 ; j<mny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j+lx*1ly*1], cil[i+lx*j+lx*ly*1] );

}
printf( "\n" );
}

printf( "\tcr[ix] [iy] [3] cilix][iy][3]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<mny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j+lx*1y*2], cil[i+lx*j+lx*xly*2] );

}
printf( "\n" );
}

isw = 1;
ierr = ASL_qfc3fb(nx, ny, nz, cr, ci, 1lx, ly, 1z, isw, ifax, trigs, wk, nt);
for( i=0 ; i<lx*ly*lz ; i++)

cr[i] /= (double) (nx*ny*nz) ;
ci[i] /= (double) (nx*ny*nz) ;

printf( "\n ** Qutput **\n" );

printf( "\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tcr[ix] [iy][1] cilix][iy]l[11\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lxxj 1, cili+lxx*j 1)
%rintf( "\n" );
printf( "\tcrl[ix] [iy][2] cilix][iyl[2]1\n" );
for( i=0 ; i<nx ; i++ )
¢ for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j+lx*1ly*1], cili+lx*j+lxxly*1] );

}
printf( "\n" );
}

printf( "\tcr[ix] [iy][3] cilix][iy]l[3]1\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j+1lx*1ly*2], cili+lx*j+lxxly*2] );
}
printf( "\n" );
isw = -1;
ierr = ASL_qfc3bf(nx, ny, nz, cr, ci, lx, ly, 1z, isw, ifax, trigs, wk, nt);

printf( "\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tcr[ix] [iy] [1] cilix][iy][1]\n" );
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for( i=0 ; i<nx ; i++ )
for( j=0 ; j<mny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j 1, cili+lxxj 1)

}
printf( "\n" );
}

printf( "\tcr[ix] [iy] [2] cilix][iy][2]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<mny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j+1lx*1ly*1], cili+lx*j+lx*ly*1] );
%rintf( "\n" );
printf( "\tcr[ix] [iy][3] cilix][iy]l[3]1\n" );
for( i=0 ; i<nx ; i++ )
for( j=0 ; j<mny ; j++ )
printf( "\t(%8.3g,%8.3g)", crli+lx*j+1lx*1ly*2], cili+lx*j+lxxly*2] );

}
printf( "\n" );

free( cr );
free( ci );
free( trigs );
free( wk );

return O;

}
(d) Output results

*xx ASL_qfc3fb , ASL_qfc3bf **x

*k Input *%
5

nx =
ny = 4

nz = 3

cr[lx][ly][l] cilix] [iyl[1]

( 4, 0.0167) ( 3, 0.0333) ( 2.4, 0.05) ( 2, 0.0667)
( 3, 0.0333) ( 2.4, 0.0667) ( 0.1) (  1.71, 0.133)
( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( 2, 0.0667) (  1.71, 0.133) ( 1.5, 0.2) ( 1.33. 0.267)
( 0833) _( 1.5, 0.167) ( 1.33, 0.25) ( 1.2, 0.333)
cr [1XJ [1y] [2] c1 [ix] [iy] [2]

( 3, 0.0333) ( 2.4, 0.0667) ( 2, 0.1) ( 1.71 0.133)
( 2.4, 0.0667) ( 2, 0.133) ( 1.71, 0.2) ( 1.5, 0.267)
( 2, 0.1) ¢ 1.71, 0.2) ( 1.5, 0.3) (  1.33, 0.4)
( 1.71, 0.133) ( 1.5, 0.267) ( 1.33, 0.4) ( 1.2, 0.533)
( 1.5, 0.167) (  1.33., 0.333) ¢ 1.2, 0.5) (  1.09., 0.667)
cr[ix] [iy] [3] cilix] [iy][3]

( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( 2, 0.1y ¢ 1.71, 0.2) ( 1.5, 0.3) (  1.33, 0.4)
( 1.71, 0.15) ( 1.5, 0.3) ( 1.33, 0.45) ( 1.2, 0.6)
( 1.5, 0.2) (  1.33, 0.4) ¢ 1.2, 0.6) ( 1.09, 0.8)
( 1.33, 0.25) ( 1.2, 0.5) ( 1.09, 0.75) ( 1, 1)

*% Output *x*
< Forward Transform >

ierr =

crix] [iy]l [1] cilix] [iy][1]
1.74, 0.25) ( 0.102, -0.16)
0.108, -0.189) ( 0.0379, -0.0469)
0.125, -0.0784) ( 0.034, -0.0168)
0.152,-0.00492) ( 0.0366, 0.00116)
0.223, 0.106) ( 0.0462, 0.0236)
rlix] [iy] [2] c1[1x][iy][2]
(
(
(
(

0.137, -0.05)
.0406, -0.0125)
.0261, 0.00288)
.0207, 0.0138)
.0177, 0.0292)

0.202, 0.08)
.0525,  0.016)
.0254, 0.0209)
0.012, 0.028)
-0.00166, 0.0406)

0.106, -0.127) 0.0407, -0.0223)
0. 0419, -0.0317) (-0.00167,-0.00877)

(

(

(

(

(

[¢

E o .0315, 0.00295) 0.0297, 0.0255)
E 0.0317,-0.00698) 8.00134,—0.00743)
(

[¢

(

(

(

(

(o

(
(
(
(
(
(
.0025,-0.00799) ( 0.00901,-0.00976)
.00524) ( 0.00924,-0.00424)
0.0297, 0.0084) .00473,-0.00711) (
0.0318, 0.0285) ( 0.0112,-0.00921) (
rlix] [iy] [3] cilix] [iy][3]
0.178, 0.00231) ( 0.0403, 0.014) (
0.0484, 0.00885) ( 0.00516, -0.0104) (
0.0244, 0.0163) ( 0.00692, -0.0061) (
0.0129, 0.0239) ( 0.00961, -0.0029) (
.00117, 0.036) ( 0.0163,0.000768) (
< Backward Transform >

ierr 0
cr[lx][iy][l] cilix] [iyl[1]

0.00655,-0.00336) 0.0108, 0.0001)
0.0118,-0.00179) 0.016, 0.00627)

0.017, 0.022)
0.00849,-0.00569)
0.0076,-0.00159)
0.00799, 0.00185)
0.0106, 0.00714)

0.00125, 0.0329)
0.0153, -0.0016)
0.0107, 0.00322)

0849, 0.0078)

0733, 0.0161)

AAAAA AN A
[
o
o
=~
N
w
|
o
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( 4, 0.0167) ( 3, 0.0333) ( 2.4, 0.05) ( 2, 0.0667)
( 3, 0.0333) ( 2.4, 0.0667) ( 0.1) ( 1.71,  0.133)
( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( 2 0.0667) ( 1.71, 0.133) ( 1.5, 0.2) ( 1.33, 0.267)
( 0.0833) ( 1.5, 0.167) ( 1.33, 0.25) ( 1.2, 0.333)
cr[ix] [1yj[ 1 cilix] [iy][2]

( 3, 0.0333) ( 2.4, 0.0667) ( 2, 0.1) ( 1.71, 0.133)
( 2.4, 0.0667) ( 2, 0.133) ( 1.71, 0.2) ( 1.5, 0.267)
( 2, 0.1) ¢ 1.71, 0.2) ¢ 1.5, 0.3) ( 1.33, 0.4)
( 1. 71 o 133) ( 1.5, 0.267) ( 1.33, 0.4) ( 1.2, 0.533)
( 67)_( 1.33, 0.333) ( 1.2, 0.5) ( 1.09, 0.667)
cr[ix] [1y] [3] c1 [1XJ [iy] (3]

( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( 2, 0.1) ¢ 1.71, 0.2) ( 1.5, 0.3) ( 1.33, 0.4)
( 1.71, 0.15) ( .5, 0.3) ( 1.33, 0.45) ( 1.2, 0.6)
( 1.5, 0.2) ( 1.33, 0.4) ( 1.2, 0.6) ( 1.09, 0.8)
( 1.33, 0.25) ( 1.2, 0.5) ¢ 1.09, 0.75) ( 1) 1)
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6.9 THREE-DIMENSIONAL COMPLEX FOURIER TRANSFORM

(COMPLEX ARGUMENT TYPE)

6.9.1 [DEPRECATED]ASL hfc3fb, ASL_gfc3fb

(1)

Three-Dimensional Complex Fourier Transform (Including Initialization)

Function

Forward transform

ASL_hfc3fb or ASL_gfc3fb computes the three-dimensional complex Fourier forward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,nz — 1; ky = 0,---,ny — 1; k. =
0,---,my —1).

Ng—1ny—1n,—1

k Jyk k
J 2Jysd Z Z Z Chyky k- 6_2W\/7(]f‘rm+ glyy—i_Jflzz)
zJy>Jz

z=0 ky=0 k.=0
(m—Oa g —1; yZOa"'vny_h jZ=O,---,nZ—1)

Backward transform

ASL_hfc3fb or ASL_gfc3fb computes the three-dimensional complex Fourier backward transform (arbitrary
radlx) for the three-dimensional complex data ci, &, k. (ky = 0,---,ny —1; ky = 0,---,my — 15 k, =
07 Ny — 1)

ng—1ny—1n,—1

k Jyk k
J 2Jysd Z Z Z Chy ky k- €2W\/7(]?‘rm+ 1:lyy—wflzz)
zJy>)z

2=0 ky=0 k.=0
(.]Ifov , Ny ]-a .]y:()v?ny*]-a .]Z:()vanz*]-)

Usage
Double precision:

ierr = ASL_hfc3fb (nx, ny, nz, c, Ix, ly, lz, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_gfe3fb (nx, ny, nz, ¢, Ix, ly, lz, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex

R:Single precision real C:Single precision complex

) int as for 32bit Integer
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 nz I 1 Input | Number of data values in the third dimen-
sion, n, (See Note (a))
4 c {Z*} Ixxlyxlz | Input | Input data cg, k, r. (See Note (b))
Cx Output | Output results dj, ;, ;. (See Notes (b) and
(©)
5 Ix I 1 Input | Adjustable dimension of array ¢ (See Note
(b))
6 ly I 1 Input | Second dimension of array ¢ (See Note (b))
7 lz I 1 Input | Third dimension of array c (See Note (b))
8 isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
9 ifax I* 60 Output | Factorization results and number of factors
(See Note (d))
10 trigs D+ 2 X (nx +| Output | Trigonometric function table (See Note (d))
R« [ | oy +nz)
11 wk Tk Ix x 1y x1z| Work | Work area
1)
12 nt I 1 Input | Number of tasks to be generated
13 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

a)
b)
(c) isw € {0 1,-1}
(d)

(a) nx>2, ny>2, nz>2
(

nx<lx, ny<ly, nz<lz

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

When the number of data nx, ny or nz can be adjusted, the calculations can be performed more
efficiently by setting a number for which the mixed radix FFT algorithm operates effectively (multiples
of 2, 3, 5, etc.). For example, rather than setting nx = 289(=172), it is usually more efficient to set nx
= 300(=22 x 3 x 5?), nx = 320(=2% x 5), nx = 384(=2" x 3) or the like.

The complex data cx, g, .k, (kz =0,---,n, —1; k, =0,---,ny —1; k. = 0,---,n, — 1) and elements

of array c are associated as follows.
Chy kg ke < Clly +1x0% (ky + 1y * k)]

Similarly, for the complex data dj, j, j.(jo =0, -+, nz — 15 jy, =0,---,ny —1; j. =0,---,n, —1).

The adjustable dimensions Ix, ly, and 1z of array c should be set to odd numbers to avoid
bank conflict of main memory. Also, to increase speed, calculations are executed even for
elements outside areas where data is set within array c. Usually, when nx, for example,

is even, Ix=nx+1 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cx, x, k. (ke = 0,---,nz — 15 ky = 0,---,ny — 15 k. =
0,---,n. — 1) be represented by ¢, &, k. (ke =0, -, ng —1; ky =0,---,ny —1; k. =0,---,n, — 1),
then the following relationship holds.

ékkay7kz = nmnynzckm7ky7kz
(kg =0,---,npy—1; ky=0,---,n, —1, k, =0,---,n, — 1)
Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

To repeatedly compute the transform for the same number of data (nx, ny, nz), you should call this

function once, and then use the after-initialization transform 6.9.2 ASL-hfc3bf , thereafter. This
ASL _gfc3bf

enables processing to be performed more efficiently since initialization (factorization or the creation of

trigonometric tables) is performed only once. However, in this case, you must retain the contents of

ASL_hfc3bf}

ASL _gfe3bf
To perform initialization only by setting isw=0, you need not set input data for array c.

arrays ifax and trigs so they can be used as input to the function 6.9.2

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences

before and after the transform are assumed to have the number of data (ng or n, or n.) as the period,
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the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' = i,
then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

W =1 3 ) 2D

i=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.9.2 (7).
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6.9.2 [DEPRECATED]ASL hfc3bf, ASL _gfc3bf

(1)

Three-Dimensional Complex Fourier Transform (After Initialization)

Function

Forward transform

ASL _hfc3bf or ASL_gfc3bf computes the three-dimensional complex Fourier forward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,ns — 1; ky = 0,---,ny — 1; k., =
0,-+-,n,—1).

Ng—1ny—1n,—1

—or /—,1(m+7y_y+ﬂz_z)
Jr»]yv]z z : z : z :ckxakyvk € e "y "z

k=0 k, =0 k,=0
(m—Oa N e yZOa"'vny_h jzzoa"'vnz_l)

Backward transform

ASL_hfc3bf or ASL_gfc3bf computes the three-dimensional complex Fourier backward transform (arbitrary
radix) for the three-dimensional complex data cg, g, k. (ke = 0,---,nz — 15 ky = 0,---,ny — 1; k., =
0,---,my—1).

Ng—1ny—1n,—1

k k
Wr(yzkz+Jy y+1z izkz )
Jr»]yv]z z : z : z :ckxakyvk € e "y "E

k=0 k, =0 k,=0
(m—Oa g —1; yZOa"'vny_h jzzoa"'vnz_l)

Usage
Double precision:

ierr = ASL_hfe3bf (nx, ny, nz, c, Ix, ly, 1z, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_gfc3bf (nx, ny, nz, ¢, Ix, ly, 1z, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex

R:Single precision real C:Single precision complex

) int as for 32bit Integer
" | long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 nz I 1 Input | Number of data values in the third dimen-
sion, n, (See Note (a))
4 c {Z*} Ixxlyxlz | Input | Input data cg, k, r. (See Note (b))
Cx Output | Output results dj, ;, ;. (See Notes (b) and
(©)
5 Ix I 1 Input | Adjustable dimension of array ¢ (See Note
(b))
6 ly I 1 Input | Second dimension of array ¢ (See Note (b))
7 lz I 1 Input | Third dimension of array c (See Note (b))
8 isw I 1 Input | Processing switch
isw= 1 :Forward transform
isw=—1 :Backward transform
9 ifax I* 60 Input | Factorization results and number of factors
(See Note (a))
10 trigs Dx 2 X (nx +| Input | Trigonometric function table (See Note (a))
R« ny + nz)
11 wk Tk Ix xly x1z| Work | Work area
1)
12 nt I 1 Input | Number of tasks to be generated
13 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

a)
b)
(c) isw € {1 -1}
(d)

(a) nx>2, ny>2 nz>2
(

nx<lx, ny<ly, nz<lz

nt
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
(6) Notes

(a)

This function can be used to repeatedly compute the transform for the same number of data (nx, ny,
ASL_hfc3fb

nz) after the including-initialization function 6.9.1 has been used. In this case, you
ASL _gfc3tb

must retain the contents of arrays ifax and trigs so they can be used as input in this function.

The complex data cx, g, .k, (kz =0,---,n, —1; k, =0,---,ny —1; k. = 0,---,n, — 1) and elements

of array c are associated as follows.
Chiy kiy ki — C[kx + Ix % (ky + ly * kz)]

The adjustable dimensions lx, ly, and 1z of array c should be set to odd numbers to avoid
bank conflict of main memory. Also, to increase speed, calculations are executed even for
elements outside areas where data is set within array c. Usually, when nx, for example,

is even, Ix=nx+1 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of data.
For example, if we let the data obtained by computing the backward transform immediately following
the forward transform for the complex data cx, x, k. (ke = 0,---,nz — 15 ky = 0,---,ny — 15 k. =
0,---,n. — 1) be represented by ¢, &, k. (kz = 0,---,n, —1; ky =0,---,ny —1; k; =0,---,n, — 1),
then the following relationship holds.

Chiy hy ke = NaMyNzCly ky ke
(ke =0, np—1; ky=0,---,n, — 1, ky =0,---,n, — 1)
Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (ng or n, or n.) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f,, if the sampling interval is taken as T' = i,
then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT")} as follows.
sin 2r f.(t — iT)

h(t)=T > h(iT) =T

i=—00

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the
higher performance alternative implementation instead.
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(7) Example

(a) Problem
Compute the three-dimensional complex Fourier forward and backward transforms using
@ z ky +1)(ky +1)(k. +1
Ny +ny+n +\/j1( +1)(ky + 1) (k- +1)
by +1)+ (ky +1)+ (k. +1) NNy,
(ky =0,---,ny—1; ky=0,---,ny —1; k, =0,---,n, — 1)

Chy,ky k. = (

as input data.

(b) Input data
Array cr and ci, nx=5, ny=4, nz=3, Ix=>5, ly=>5, 1z=3, isw=1 (Forward transform), isw=—1 (Backward
transform) and nt=2.
(¢) Main program
/* C Interface example for ASL_hfc3fb , ASL_hfc3bf */
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <complex.h>
#include <asl.h>

int main()
{

int nx = 5; int ny = 4; int nz = 3;
int 1x = 5; int 1y = 5; int 1z = 3;
double _Complex *c;

int isw;

int ifax[60];

double *trigs;

double _Complex *wk;

int nt = 2;

int ierr;

int i,j,k;

printf( " *%xx ASL_hfc3fb , ASL_hfc3bf ***\n" );
printf( "\n ** Input **\n" );

c = ( double _Complex * )malloc((size_t)( sizeof (double _Complex) * (lx*ly*lz) ));
if( ¢ == NULL )

printf( "no enough memory for array c\n" );
return -1;
trigs = ( double * )malloc((size_t)( sizeof(double) * (2*(nx+ny+nz)) ));
if ( trigs == NULL )
printf( "no enough memory for array trigs\n" );
return -1;
wk = ( double _Complex * )malloc((size_t)( sizeof(double _Complex) * (1lx*1ly*lz) ));
if( wk == NULL )

printf( "no enough memory for array wk\n" );

return -1;
printf( "\tnx = %6d\n", nx );
printf( "\tny = %6d\n", ny );
printf( "\tnz = %6d\n", nz );
printf( "\tnt = %6d\n", nt );

{or( k=1 ; k<=nz ; k++ )
for( j=1 ; j<=ny ; j++)
for( i=1 ; i<=nx ; i++ )

c[(i-1)+1x*(j-1)+1x*1ly*(k-1)]=(double) (nx+ny+nz)/(double) (i+j+k)
+(double) (i*j*k)/(double) (nx*ny*nz) * _Complex_I;

}

printf( "\tcl[ix] [iy] [1]\n" );
{or( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
{
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printf( "\t(%8.3g,%8.3g)", creal(c[i+lx*j 1), cimag(cli+lx*j IDIDH

}
printf( "\n" );
}

printf( "\tcl[ix] [iy] [2]\n" );
{or( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cli+lx*j+lx*1y*1]), cimag(c[i+lx*j+lx*ly*1]) );
%rintf( "\n" );
printf( "\tcl[ix] [iy] [3]\n" );
for( i=0 ; i<nx ; i++ )
for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cli+lx*j+1lx*1y*2]), cimag(cl[i+lx*j+lx*1ly*2]) );

}
printf( "\n" );

isw = 1;
ierr = ASL_hchfb(nx, ny, nz, ¢, lx, ly, lz, isw, ifax, trigs, wk, nt);
for( i=0 ; i<lx*lyxlz ; i++)

c[i] /= (double) (nx*ny*nz) ;

printf( "\n ** Output **\n" );

printf( "\t< Forward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tcl[ix] [iy] [1]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(c[i+lx*j 1), cimag(cli+lx*j IDIDH
%rintf( "\n" );
printf( "\tc[ix] [iy][2]\n" );
for( i=0 ; i<nx ; i++ )
for( j=0 ; j<mny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cli+lx*j+lx*1y*1]), cimag(c[i+lx*j+lx*ly*1]) );
%rintf( "\n" );
printf( "\tcl[ix] [iy] [3]\n" );
for( i=0 ; i<nx ; i++ )
for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cli+lx*j+1lx*1y*2]), cimag(cl[i+lx*j+lx*1ly*2]) );

}
printf( "\n" );
}

isw = -1;
ierr = ASL_hfc3bf(nx, ny, nz, c, lx, ly, lz, isw, ifax, trigs, wk, nt);

printf( "\t< Backward Transform >\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tc[ix] [iy] [1]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )

printf( "\t(%8.3g,%8.3g)", creal(c[it+lx*j 1), cimag(c[i+lx*j 1) )
}
printf( "\n" );

printf( "\tc[ix] [iy] [2]\n" );
for( i=0 ; i<nx ; i++ )
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for( j=0 ; j<ny ; j++ )
printf( "\t(%8.3g,%8.3g)", creal(cli+lx*j+lx*1y*1]), cimag(c[i+lx*j+lx*ly*1]) );

}
printf( "\n" );
}

printf( "\tc[ix] [iy] [3]\n" );
{or( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )

printf( "\t(%8.3g,%8.3g)", creal(cli+lx*j+1lx*1y*2]), cimag(c[i+lx*j+lx*1ly*2]) );
}
printf( "\n" );

free( c );
free( trigs );
free( wk );

return O;

}
(d) Output results

*xx ASL_hfc3fb , ASL_hfc3bf **x

** Input *x*
5

nx =

ny = 4

nz = 3

nt = 2

c[ix] [iy] [1]

( 4, 0.0167) ( 3, 0.0333) ( 2.4, 0.05) ( 2, 0.0667)
( 3, 0.0333) ( 2.4, 0.0667) ( 2 0.1) ¢ 1.71, 0.133)
( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( 5, 0.0667) (  1.71, 0.133) ¢ 1.5, 0.2) (  1.33, 0.267)
(  1.71. 0.0833) ( 1.5, 0.167) (  1.33,  0.25) ( 1.2, 0.333)
clix] Liyl {21

( 3, 0.0333) ( 2.4, 0.0667) ( 2, 0.1) ( 1.71, 0.133)
( 2.4, 0.0667) ( 2, 0.133) ( 1.71, 0.2) ( 1.5, 0.267)
( 2, 0.1) (  1.71, 0.2) ( 1.5, 0.3) ( 1.33, 0.4)
(  1.71,  0.133) ¢ 5.  0.267) (  1.33, 0.4) ( 1.2, 0.533)
( 1.5, 0.167) ( 1.33, 0.333) ( 1.2, 0.5) ( 1.09, 0.667)
c[ix] [iy] [3]

( 2.4, 0.05) ( 2 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( 2, 0.1) (  1.71. 0.2) ( i.5. 0.3) (  1.33, 0.4)
(  1.71, 0.15) ¢ 1.5, 0.3) (  1.33,  0.45) ( 1.2, 0.6)
( 1.5, 0.2) ( 1.33, 0.4) ( 1.2, 0.6) ( 1.09, 0.8)
(  1.33) 0.25) ¢ 1.2, 0.5) (  1.09,  0.75) ( 1, 1)

*% Output *x*
< Forward Transform >

ierr = 0
c[ix] [iy] [1]

( 1.74, 0.25) ( 0.102, -0.16) ( 0.137, -0.05) ( 0.202, 0.06)
( 0.108, -0.189) ( 0.0379, -0.0469) ( 0.0406, -0.0125) ( 0.0525, 0.016)
( 0.125, -0.0784) ( 0.034, -0.0168) ( 0.0261, 0.00288) ( 0.0254, 0.0209)
(  0.152,-0.00492) ( 0.0366, 0.00116) ( 0.0207, 0.0138) ( 0.012, 0.028)
(  0.223 0.106) ( 0.0462, 0.0236) ( 0.0177, 0.0292) (-0.00166, 0.0406)
clix] [iy] (2]

(  0.106, -0.127) ( 0.0407, -0.0223) ( 0.0315, 0.00295) ( 0.0297, 0.0255)
( 0.0419, -0.0317) (-0.00167,-0.00877) ( 0.0025,-0.00799) ( 0.00901,-0.00976)
( 0.0317,-0.00698) ( 0.00134,-0.00743) ( 0.00423,-0.00524) ( 0.00924,-0.00424)
( 0.0297, 0.0084) ( 0.00473,-0.00711) ( 0.00655,-0.00336) ( 0.0108, 0.0001)
( 0.0318, 0.0285) ( 0.0112,-0.00921) ( 0.0118,-0.00179) ( 0.016, 0.00627)
c[ix] [1y] [3]

(  0.178, 0.00231) ( 0.0403, 0.014) ( 0.017, 0.022) ( 0.00125, 0.0329)
( 0.0484, 0.00885) ( 0.00516, -0.0104) ( 0.00849,-0.00569) ( 0.0153, -0.0016)
( 0.0244, 0.0163) ( 0.00692, -0.0061) ( 0.0076,-0.00159) ( 0.0107, 0.00322)
( 0.0129, 0.0239) ( 0.00961, -0.0029) ( 0.00799, 0.00185) ( 0.00849, 0.0078)
( 0.00117 0.036) ( 0.0163,0.000768) ( 0.0106, 0.00714) ( 0.00733, 0.0161)

< Backward Transform >

ierr =
c[ix] [iy] [1]

( , 0.0167) ( 3, 0.0333) ( 2.4, 0.05) ( 2, 0.0667)
( . 0.0333) ( 2.4, 0.0667) ( 0.1) ( 1.71, 0.133)
( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
( , 0.0667) ( 1.71, 0.133) ( 1.5, 0 ( 1.33, 0.267)
( 1.71, 0.0833) ( 1.5, 0.167) ( 1.33, 0.25) ( 1.2, 0.333)
clix] [iy] {21

( 3, 0.0333) ( 2.4, 0.0667) ( 2, 0.1) ( 1.71, 0.133)
( 2.4, 0.0667) ( 2, 0.133) ( 1.71, 0.2) ( 1.5, 0.267)
( 2, 0.1) ( 1.71, 0.2) ( 1.5, 0.3) ( 1.33, 0.4)
( 1.71, 0.133) ( 1.5, 0.267) ( 1.33, 0.4) ( 1.2, 0.533)
( 1.5, 0.167) ( 1.33, 0.333) ( 1.2, 0.5) ( 1.09, 0.667)
c[ix] [iy] [3]

( 2.4, 0.05) ( 2, 0.1) ( 1.71, 0.15) ( 1.5, 0.2)
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~AAA

2,
1.71,
.5,
1.33,

1.71,
1.33,

L

0.2) ( 1.5, 0.3) ( 1.33, 0.4)
0.3) ( 1.33, 0.45) ( 1.2, 0.8)
0.4) ( 1.2, 0.6) ( 1.09, 0.8)
0.5) ( 1.09, 0.75) ( 1, 1)
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6.10 THREE-DIMENSIONAL REAL FOURIER TRANSFORM

6.10.1 [DEPRECATED]ASL _gfr3fb, ASL_pfr3fb
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(1) Function
Forward transform
ASL_qfr3fb or ASL_pfr3fb obtains a half period of the three-dimensional Fourier forward transform (arbitrary
radix) for the three-dimensional real data 74, k, k. (kz = 0,---,ng—1; ky = 0,---,ny,—1; k. =0,---,n.—1).

ng—1ny—1mn,—1

—or /_,1(M+Jy Y 4 Jzkz )
Cie yd= E E E Thy ky ks € neo My T

z=0 ky=0 k=0
(1*07 7LTJ5 jyzov"'vnyf]-; jZ:O,"',Tsz].)

Here, |x] represents the maximum integer that does not exceed z. The remaining half period is obtained

from the following relationships.

* . . . e C- . .
Ng —Ja My —JyNz—Jz JxsJysJz
* _= C- . .
Ne—Ja,Jy,J=  JesNy=Jy,Mz"Jz
C”I*jz,nyij’jz - CJw»]yvnz—]z

Here, z* represents the conjugate complex number of the complex number z.

Backward transform

Given the half period cjwy,]z( =0,- L"z—mj, Jy=0,---,ny,—1; j, =0, — 1) for nynyn, complex
da’ta C]a:»]yv]z (JCE - 07 y N — 17 ]y = 0 e y - 17 jz = 07. : - 1) Satlsfylng an —Jz Ny —Jy,Mz—Jz =
Clasiysder Cna—jusjurie = Cizmy—dyme—ier a0d € 50 = Cj, iy im.—j.» ASLqfr3fb or ASL_pfr3fb obtains

the three-dimensional Fourier backward transform (arbitrary radix) defined as follows.

Ng—1ny—1n,—1

zﬂ\/_,l(mjuy_yju:_z)
Tl ky ks —E E E Clardy:d=€ too Tty

J==0 ijO 7==0
n,—1ny—1

k k
. ko A 277\/7(‘73/ y+Jz izkzy
= E E {cojyg. + (1) Cme 5 5 Ye T
J==0 jy=0
nz_lny_l[ -1 . ik .
271'\/7_1(121“1 +JI:L y+JiLkz)
+2 z : z : z : §R{C]l‘7]y7]z * v ® }
7==0 Jy*o Jz=1

(ky =0,---,ny—1; ky=0,---,ny —1; k, =0,---,n, — 1)

Here, [x] represents the minimum integer greater than or equal to x, and R{z} represents the real part of

the complex number z. Also, when n, is odd, an = 0, and when n, is even, an

Jy sz Jyde — CRE Gy g

(2) Usage
Double precision:
ierr = ASL_gfr3fb (nx, ny, nz, r, Ix, ly, lz, isw, ifax, trigs, wk, nt);
Single precision:
ierr = ASL_pfr3fb (nx, ny, nz, r, Ix, ly, lz, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 nz I 1 Input | Number of data values in the third dimen-
sion, n, (See Note (a))
4 r D« Ixxlyxlz | Input | Input data ry, x,x. (Forward transform), or
{R*} Cju.jy.j. (Backward transform) (See Note (b))
Output | Output results ¢;, ;, ;. (Forward transform),
OI Tk, k, k. (Backward transform) (See Notes
(b) and (c))
5 Ix I 1 Input | Adjustable dimension of array r (See Note
(b))
ly I 1 Input | Second dimension of array r (See Note (b))
lz I 1 Input | Third dimension of array r (See Note (b))
isw I 1 Input | Processing switch (See Note (d))
isw= 0:Initialization only
isw= 1:Forward transform
isw=—1:Backward transform
9 ifax I* 60 Output | Factorization results and number of factors
(See Note (d))
10 trigs D« nx + 2 x| Output | Trigonometric function table (See Note (d))
RFE
11 wk Dx Ix xly x 1zl Work | Work area
i
12 nt I 1 Input | Number of tasks to be generated
13 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(e)

nx>2, ny>2, nz>2

In the case where nx is an odd, nx+1<Ix, ny<ly, nz<lz
or if nx is an even, nx+2<Ix, ny<ly, nz<lz

Ix should be even number.

isw € {0,1, -1}

nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes

(a)

When the number of data nx, ny or nz can be adjusted, the calculations can be performed more
efficiently by setting a number for which the mixed radix FFT algorithm operates effectively (multiples
of 2, 3, 5, etc.). For example, rather than setting nx = 289(=172), it is usually more efficient to set nx
= 300(=22 x 3 x 5?), nx = 320(=2% x 5), nx = 384(=2" x 3) or the like.

The real data ri, k, k., (ke =0,---,np —1; k, = 0,---,ny —1; k. = 0,---,n, — 1) and elements of

array r are associated as follows.
Thy ky,k. < I‘[kx+1X* (ky +1y*kz)]

When computing the backward transform, if nx(=n;,) is odd, then r[nx + Ix * (ky, +1y k)] = 0, and
when nx is even, then rjnx +Ix * (ky +ly *k,)] = r[nx + 1 + Ix * (ky + 1y *k,)] = 0. Also, when entering
the real data 4, p, k. (kz = 0,---,np — 15 ky = 0,---,ny —1; k. = 0,---,n, — 1) into array 1, the
corresponding zeros mentioned above need not be specifically stored.

If we let the real and imaginary parts of the complex data c;, j, ;. (jo = 0,--+, [%=]; jy = 0,---,ny —
1; j. =0,---,n, — 1) be R{cj, j,.5. } and {c;, j, ;. }, respectively, the c;, ; ;. and elements of array

r are associated as follows. Here, |x] represents the maximum integer that does not exceed .

Ricij,b. b € Tl2xjx + s (y + 1y # )]
Hugyoiat T2+ 1+ 1k (y + 1y * )]
From the properties of a real Fourier transform, ${cp 0,0} = 0, and when nx, ny and nz are all even,
%{CnTx’"Ty nTz} = 0. Therefore, even if nonzero values are set for the corresponding elements of array
r, they are considered to be zero when processing is performed. Since the elements c;, ;, ;. (jz =
%]+ 1, ,ng—1; j, =0,---,ny —1; j. =0,---,n. — 1) can be obtained according to the following
relationships from the symmetry of the real Fourier transform, they need not be assigned as input when
computing the backward transform. Also, they are not output when computing the forward transform.
Moy —yms—ds — Cirodusis
e —dasdysds = Claosmy—dysnz—js

*

Cng—jony—jy.jz . Clusdym==J=
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Here, z* represents the conjugate complex number of the complex number z. The adjustable di-
mensions of array r should be set so that 1x/2, ly, and 1z are odd numbers to avoid bank
conflict of main memory. Also, to increase speed, calculations are executed even for ele-
ments outside areas where data is set within array r. Usually, when nx, for example, is
(a multiple of 4)+2, Ix=nx+4 is set.

(¢) When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of
data. For example, if we let the data obtained by computing the backward transform immediately
following the forward transform for the real data 74, k, x. (kz =0, -+, ng —1; ky =0,---,ny, —1; k. =
0,---,n, — 1) be represented by 7, &, k. (ke =0, -, np —1; ky =0,---,ny —1; k. =0,---,n, — 1),
then the following relationship holds.

/f‘ka:akyvkz = nmnynz/rkmvkyakz
(ky=0,---,ny—1; ky=0,---,n, —1; k, =0,---,n, — 1)
Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

(d) To repeatedly compute the transform for the same number of data (nx, ny, nz), you should call this

ASL _qfr3bf
function once, and then use the after-initialization transform 6.10.2 d , thereafter. This
ASL _pfr3bf
enables processing to be performed more efficiently since initialization (factorization or the creation of
trigonometric tables) is performed only once. However, in this case, you must retain the contents of

ASL _qfr3bf
arrays ifax and trigs so they can be used as input to the function 6.10.2 4 .
ASL _pfr3bf

To perform initialization only by setting isw=0, you need not set input data for array r.

(e) Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (ng or n, or n.) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling
to approximate the continuous Fourier transform. According to the sampling theorem, for a time
function h(t) that is bandwidth limited by the frequency f., if the sampling interval is taken as T' = i,

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

sin2r f.(t — iT)

h(t)=T > h(iT) =T

i=—00

(f) DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the

higher performance alternative implementation instead.

(7) Example
See the example in Section 6.10.2 (7).
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6.10.2 [DEPRECATED]ASL qfr3bf, ASL_pfr3bf

(1)

Three-Dimensional Real Fourier Transform (After Initialization)

Function
Forward transform
ASL_qgfr3bf or ASL_pfr3bf obtains a half period of the three-dimensional Fourier forward transform (arbitrary

radix) for the three-dimensional real data 74, k, k. (kz = 0,---,ng—1; ky = 0,---,ny,—1; k. =0,---,n.—1).

Neg—1ny—1n,—1

—2my/—T(dzke  Juty | jeke )
§ : § : E Tke,ky k. € * v =

ke=0 ky=0 k.=0
(]IZO,,LTE—IJ, .]y:()v?nyi]-a _]2:07,71271)

Ciw\Jy.=

Here, |x] represents the maximum integer that does not exceed z. The remaining half period is obtained

from the following relationships.

* e C. . .
Mg —Ja My —Jy,Nz—J=  Jz:JyJz
* e . . .
Ng—Jo,Jy:Jz Cjﬂﬁny_-hwnz_]z
*

Cnxfjx,nyij,jz = Cjwajyvnz_jz

Here, z* represents the conjugate complex number of the complex number z.
Backward transform

Given the half period ¢;, j,.j. (jo = 0,---, [ % ]; jy = 0,---,ny — 1; j. = 0,---,n, — 1) for nyn,n. complex
data Cjﬂﬂjyvjz (‘735 = 07. TNy 17 ]y = 07' Ny — 17 jZ = 07' Ny — 1) SatiSfying C;klz*jz,nyij,nz*jz =
= Cjyny—ijyns—js, and cflzsz)ny —iyde = Ciardyma—iss ASL_qgfr3bf or ASL_pfr3bf obtains

the three-dimensional Fourier backward transform (arbitrary radix) defined as follows.

. . . *
CJ:E sJysJz) an —JzJysJ=

Ng—1ny—1n,—1 ) ) )
Qﬂ\/f_l(m+m+ﬂ)

Thyky,ke = Z Z Z Clu,Gy =€ teo wome
Jz=0 ijO j==0
nzflnyfl . 2Wm(m+m)
Z Z{Co,jyu‘er(*l) IC"T'I,jy,jz}e tweooons
Jj==0 jy=0

ny—1mny—1 [nTm]_l QWﬂ(m+m+m)
+23 3 > R{ej, e RS

7==0 ijO Jz=1

(ky =0,---,ny—1; ky=0,---,ny —1; k, =0,---,n, — 1)

Here, [x] represents the minimum integer greater than or equal to x, and R{z} represents the real part of

= 0, and when n, is even, ¢ne

the complex number z. Also, when n, is odd, Cne G . ne e = Che G-

Usage
Double precision:

ierr = ASL_gfr3bf (nx, ny, nz, r, Ix, ly, lz, isw, ifax, trigs, wk, nt);
Single precision:

ierr = ASL_pfr3bf (nx, ny, nz, 1, Ix, ly, lz, isw, ifax, trigs, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx I 1 Input | Number of data values in the first dimension,
n, (See Note (a))
2 ny I 1 Input | Number of data values in the second dimen-
sion, n, (See Note (a))
3 nz I 1 Input | Number of data values in the third dimen-
sion, n, (See Note (a))
4 r D« Ixxlyxlz | Input | Input data ry, x,x. (Forward transform), or
{R*} Clasdy>d=
(Backward transform) (See Note (b))
Output | Output results c;, ;, ;. (Forward transform),
OT Tk, ky ks
(Backward transform) (See Notes (b) and
(©)
5 Ix I 1 Input | Adjustable dimension of array r (See Note
(b))
ly I 1 Input | Second dimension of array r (See Note (b))
lz I 1 Input | Third dimension of array r (See Note (b))
isw I 1 Input | Processing switch
isw= 1: Forward transform
isw=—1: Backward transform
9 ifax I* 60 Input | Factorization results and number of factors
(See Note (a))
10 trigs D+ nx + 2 x| Input | Trigonometric function table (See Note (a))
{R*} (ny + nz)
11 wk D+ Ix x 1y x 1zl Work | Work area
()
12 nt I 1 Input | Number of tasks to be generated
13 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

()

nx>2, ny>2, nz>2

In the case where nx is an odd, nx+1<Ix, ny<ly, nz<lz
or if nx is an even, nx+2<Ix, ny<ly, nz<lz

Ix should be even number.

isw e {1,—-1}

nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
(6) Notes

(a)

This function can be used to repeatedly compute the transform for the same number of data (nx, ny,
ASL _qfr3fb

ASL _pfr3tb
must retain the contents of arrays ifax and trigs so they can be used as input in this function.

nz) after the including-initialization function 6.10.1 { } has been used. In this case, you

The real data ry, g, &, (ke = 0,---,np —1; k, =0,---,n, —1; k. = 0,---,n, — 1) and elements of
array r are associated as follows.

Thoky ke 0 Tlky +1x% (ky +1y * k)]

When computing the backward transform, if nx(=n,) is odd, then rjnx + Ix * (ky, + 1y *k,)] = 0, and
when nx is even, then rjnx +Ix* (ky + 1y *k,)] = r[nx+ 1+ Ix* (ky +1ly *k,)] = 0. Also, when entering
the real data Tk,,ky,kz(kz =0,---,ny —1; ky =0,---,ny —1; k, = 0,---,n, — 1) into array r, the
corresponding zeros mentioned above need not be specifically stored.

If we let the real and imaginary parts of the complex data c;, j, ;. (jo = 0, [ 5 ]; jy = 0,---,ny —
1; . =0,---,n, — 1) be R{cj, j,.;. } and I{cj, j,.j. }, respectively, the ¢;, ; ;. and elements of array
r are associated as follows. Here, |z] represents the maximum integer that does not exceed z.

R{cj,g,5. b € T2k + 1ok (y + 1y js)]

S{Cjpgyg. & T2xj 1 HIxx (jy + 1y *js)]
From the properties of a real Fourier transform, ${cp 0,0} = 0, and when nx, ny and nz are all even,
e ng My ny } = 0. Therefore, even if nonzero values are set for the corresponding elements of array
r, they are considered to be zero when processing is performed. Since the elements c;, j, ;. (jo =
| %] +1,---,ny —1; j, =0,---,ny —1; j. = 0,---,n, — 1) can be obtained according to the following
relationships from the symmetry of the real Fourier transform, they need not be assigned as input when
computing the backward transform. Also, they are not output when computing the forward transform.

M=o my—dyms—js = Cizdyds

e —dasdysds = Claosmy—dysnz—js

*

Cny—dumy—jy.dz — Clusdysnz—3jz
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(e)

The adjustable dimensions of array r should be set so that 1x/2, ly, and 1z are odd numbers
to avoid bank conflict of main memory. Also, to increase speed, calculations are executed
even for elements outside areas where data is set within array r. Usually, when nx, for
example, is (a multiple of 4)+2, Ix=nx+4 is set.

When this function is used to compute the backward transform immediately following the forward
transform, the values of the data obtained will be the original data multiplied by the number of
data. For example, if we let the data obtained by computing the backward transform immediately
following the forward transform for the real data ri, k, k. (ke =0, --,np — 15 ky = 0,---,ny — 1; k. =
0,---,n, — 1) be represented by 7y, &, k. (ke =0,---,np —1; ky =0,---,ny —1; k. =0,---,n, — 1),
then the following relationship holds.

/f‘ka:akyvkz = nmnynz/rkmvkyakz
(kLE :Oavnw_lv ky :0,,’1’Ly—1, kz :0,"',’1’LZ—1)
Therefore, normalization must be performed for the result of either the forward transform or the
backward transform. Note that in some of the entries in the Reference Bibliography, the definitions of
the forward and backward transforms are reversed from those in this book, and in some of the entries

a normalized result is defined.

Since a discrete Fourier transform is assumed to be a periodic function for which the data sequences
before and after the transform are assumed to have the number of data (ng or n, or n.) as the period,
the number of samples or sampling interval must be set with this taken into account when sampling

to approximate the continuous Fourier transform. According to the sampling theorem, for a time
1

m )

then h(t) can be reconstructed from knowledge of only a sequence of sample values {h(iT)} as follows.

function h(t) that is bandwidth limited by the frequency f., if the sampling interval is taken as T' =

ht) =T 3 (i) 22 dell i) ?(Tf C_(ZT)iT)

1=—0Q

DEPRECATED This function will be removed in the future. Use ASL Unified Interface, the
higher performance alternative implementation instead.

(7) Example

(a)

Problem

Compute the three-dimensional real Fourier forward and backward transforms using
(ks + 1)(ky + 1)(k, + 1)

Tk

Ky ke =
oy NgNyN,

(kx:O’,nzfl, ky:o,’rn]yf]_7 kZ:()”nzf]_)
as input data.

Input data
Array r, nx=6, ny=4, nz=3, Ix=10, ly=>5, 1z=3, isw=1 (Forward transform), isw=—1 (Backward
transform) and nt=2.

Main program

/* C Interface example for ASL_qfr3fb , ASL_qfr3bf */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

int nx

6; int ny
int 1x

10; int 1y

4, int nz
5; int 1z
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double *r;

int isw;

int ifax[60];

double *trigs;

double *wk;

int nt = 2;

int ierr;

int i,j,k;

printf( " **x* ASL_qfr3fb , ASL_qgfr3bf #**\n" );
printf( "\n ** Input **\n" );

r = ( double * )malloc((size_t)( sizeof(double) * (lx*ly*lz) ));
if( r == NULL )

printf( "no enough memory for array r\n" );
return -1;
trigs = ( double * )malloc((size_t)( sizeof(double) * (nx+2*(ny+nz)) ));
if ( trigs == NULL )
printf( "no enough memory for array trigs\n" );
return -1;
wk = ( double * )malloc((size_t)( sizeof(double) * (lx*lyx*1z) ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );

return -1;
printf( "\tnx = %6d\n", nx );
printf( "\tny = %6d\n", ny );
printf( "\tnz = %6d\n", nz );
printf( "\tnt = %6d\n", nt );

{or( k=1 ; k<=nz ; k++ )
for( j=1 ; j<=ny ; j++ )
for( i=1 ; i<=nx ; i++ )

r[(i-1)+1x*(j-1)+1x*1ly* (k-1)1=(double) (i*j*k)/(double) (nx*ny*nz) ;

}

printf( "\tr[ix] [iy] [1]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lx*j 1);
%rintf( "\n" );
printf( "\tr[ix] [iy] [2]\n" );
for( i=0 ; i<nx ; i++ )
for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lx*j+lx*ly*1] )

}
printf( "\n" );
}

printf( "\tr[ix] [iy] [3]\n" );
{or( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lx*j+lx*ly*2] );

}
printf( "\n" );

isw = 1;
ierr = ASL_qerfb(nx, ny, nz, r, lx, ly, lz, isw, ifax, trigs, wk, nt);

for( i=0 ; i<lx*ly*lz ; i++)

r[i] /= (double) (nx*ny*nz) ;

printf( "\n ** Qutput **\n" );
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printf( "\t< Forward Transform >\n" );

printf( "\tierr = %6d\n", ierr );

printf( "\tr[ix] [iy] [1]\n" );
%or( i=0 ; i<nx+2 ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lxxj
}
printf( "\n" );
printf ( "\tr[ix] [iy] [2]\n" );
for( i=0 ; i<nx+2 ; i++ )

for( j=0 ; j<ny ; j++ )

printf( "\t%8.3g", rli+lx*j+lxxlyx1]

}
printf( "\n" );

printf( "\tr[ix] [iy] [3]\n" );
for( i=0 ; i<nx+2 ; i++ )

for( j=0 ; j<ny ; j++ )

printf( "\t%8.3g", rli+lx*j+lxxlyx2]

printf( "\n" );
}

isw = -1

ierr = AéL_qerbf(nx, ny, nz, r, 1lx, ly, 1z,

printf( "\t< Backward Transform >\n" );

printf( "\tierr = %6d\n", ierr );

printf( "\tr[ix] [iy] [1]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<ny ; j++ )
printf( "\t%8.3g", rli+lxx*j
¥
printf( "\n" );
printf( "\tr[ix] [iy] [2]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<my ; j++ )

printf( "\t%8.3g", rli+lx*j+lx*xLly*1]

}
printf( "\n" );

printf( "\tr[ix] [iy] [3]\n" );
for( i=0 ; i<nx ; i++ )

for( j=0 ; j<mny ; j++ )

printf( "\t%8.3g", rli+lx*j+lx*xLly*2]

}
printf( "\n" );

free( r );
free( trigs );
free( wk );

return O;

}
(d) Output results

k% ASL_qfr3fb , ASL_qfr3bf *xx*
** Input *x*
6

4
3
nt = 2
rlix] [iy] [1]
0.0139

=]
<
Lnonon

0.0278 0.0417

isw, ifax, trigs, wk, nt);
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0.0278 0.0556 0.0833 0.111
0.0417 0.0833 0.125 0.167
0.0556 0.111 0.167 0.222
0.0694 0.139 0.208 0.278
0.0833 0.167 0.25 0.333
r[ix] [iy] [2]
0.0278 0.0556 0.0833 0.111
0.0556 0.111 0.167 0.222
0.0833 0.167 0.25 0.333
0.111 0.222 0.333 0.444
0.139 0.278 0.417 0.556
0.167 0.333 0.5 0.667
r[ix][ig][S]
0.041 0.0833 0.125 0.167
0.0833 0.167 0.25 0.333
0.125 0.25 0.375 0.5
0.167 0.333 0.5 0.667
0.208 0.417 0.625 0.833
0.25 0.5 0.75 1
** Qutput **
< Forward Transform >
ierr = 0
r[ix] [iy] [1]
0.243 -0.0486 -0.0486 -0.0486
0 0.0486 0 -0.0486
-0.0347 -0.00508 0.00694 0.019
0.0601 -0.019 -0.012 -0.00508
-0.0347 0.00294 0.00694 0.011
0.02 -0.011 -0.00401 0.00294
-0.0347 0.00694 0.00694 0.00694
0 -0.00694 0 0.00694
r[ix] [iy] [2]
-0.0608 0.00514 0.0122 0.0192
0.0351 -0.0192 -0.00702 0.00514
4.63e-18 0.00401 -1.54e-18 -0.00401
-0.02 0.00401 0.00401 0.00401
0.00579 0.000847 -0.00116 -0.00316
-0.01 0.00316 0.002 0.000847
0.00868 -0.000734 -0.00174 -0.00274
-0.00501 0.00274 0.001 -0.000734
r[ix] [iy] [3]
-0.0608 0.0192 0.0122 0.00514
-0.0351 -0.00514 0.00702 0.0192
0.0174 -0.00147 -0.00347 -0.00548
-0.01 0.00548 0.002 -0.00147
0.0116 -0.00231 -0.00231 -0.00231
0 0.00231 0 -0.00231
0.00868 -0.00274 -0.00174 -0.000734
0.00501 0.000734 -0.001 -0.00274
< Backward Transform >
ierr = 0
r[ix] [iy] [1]
0.0139 0.0278 0.0417 0.0556
0.0278 0.0556 0.0833 0.111
0.0417 0.0833 0.125 0.167
0.0556 0.111 0.167 0.222
0.0694 0.139 0.208 0.278
0.0833 0.167 0.25 0.333
r[ix] [iy] [2]
0.0278 0.0556 0.0833 0.111
0.0556 0.111 0.167 0.222
0.0833 0.167 0.25 0.333
0.111 0.222 0.333 0.444
0.139 0.278 0.417 0.556
0.167 0.333 0.5 0.667
r[ix][i¥][3]
0.041 0.0833 0.125 0.167
0.0833 0.167 0.25 0.333
0.125 0.25 0.375 0.5
0.167 0.333 0.5 0.667
0.208 0.417 0.625 0.833
0.25 0.5 0.75 1
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6.11 CONVOLUTIONS

6.11.1 ASL_gfcn2d, ASL_pfcn2d

(1)

3)

Two-Dimensional Convolutions

Function

Assume that the two multiperiodic discrete functions f(iy,,) and g(ju,j,) of period (m,,m,) satisfying:

flizyiy) = fliz + Lamg, iy + Lymy),
g(]xa]y) = g(]z + Lzmzvjy + Lymy)’
(tz,Je =0, ,mg —1; 4y, j, =0,---,my — 1)

for arbitrary integers L, and L, take nonzero values within their basic periods only for (is,%,) € [0, n$’ —
1]x[0,n5” —1] and (ja, j,) € [0,n8 — 1] x [0,n” —1]. Here, [0, a] x [0,b] is the direct product region (region
contained in the square for which the point (0, 0) and the point (a,b) are diagonal points) on the plane
in which the plane coordinates (i,7) lie. At this time, ASL_qgfcn2d or ASL_pfen2d calculates the discrete

convolution p(ks, ky) defined as follows:

My —1Mmy—1
p(kmvky) = Z Z f(zmvzy>g(kw - imaky - Zy)
i2=0 iy=0
my—1my—1
Z Z g(]xa]y)f(kx — Ja» ky *]y)
Jz=0 jy=0
(kx :077mxi]—7 ky :anmyfl)

Here, my,; = min(ngcf) +nl — 1,M;) and m, = min(ny(f) + nz(f) —1,M,) and M, and M, are arbitrary

ngcf) (9)

integers satisfying M, > max(ny ’,ny ) and M, > max(ngf ), ny(f])), respectively. The two-dimensional real

Fourier transform of p(k,, k,) can also be obtained.

Usage
Double precision:

ierr = ASL_gfen2d (nx1, nyl, nx2, ny2, r1, Ix1, lyl, r2, Ix2, ly2, mx, my, isw, iwk, wk, nt);
Single precision:

ierr = ASL_pfen2d (nx1, nyl, nx2, ny2, r1, Ix1, lyl, r2, 1x2, ly2, mx, my, isw, iwk, wk, nt);

Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nxl1 I 1 Input Number of effective data in i, direction n&f )
for discrete function f (i, iy)
2 nyl I 1 Input | Number of effective data in ¢, direction ng(,f )
for discrete function f (i, iy)
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No. Argument and Type Size fnput/ Contents
Return Value ’ Output

3 nx2 I 1 Input | Number of effective data in j, direction ng])
for discrete function g(ja, jy)

4 ny2 I 1 Input | Number of effective data in j, direction nz(,g)
for discrete function g(ja, jy)

5 rl D+ Ix1xlyl Input | Values of discrete function f(is,%,) (See Note

{R* } (a))

Output | When isw > 1, result of two-dimensional
real Fourier transform of discrete function
fliz, iy) (period (Mg, My))

6 Ix1 I 1 Input | Adjustable dimension of array rl

7 Iyl I 1 Input | Second dimension of array rl

8 r2 D+ Ix2x1y2 Input | Values of discrete function g(jg, j,) (See Note
{R*} (a))

Output | Value of discrete function p(k,, k) or its two-
dimensional real Fourier transform (See Note
(b))

9 1x2 I 1 Input | Adjustable dimension of array r2

10 ly2 I 1 Input | Second dimension of array r2

11 mx I 1 Input | Parameter M, corresponding to the pe-
riod (my, my) of discrete functions f(i,i,),
9(jas Jy), and p(kz, ky) (See Note (c))

12 my I 1 Input | Parameter M, corresponding to the pe-
riod (my, my) of discrete functions f(i,i,),
9(jas Jy), and p(kz, ky) (See Note (c))

13 isw I 1 Input | Processing switch (See Note (d))
isw= 0: Calculate the convolution according
to the definition.
isw= 1: Calculate the convolution according
to the FFT method.
isw= 2: Calculate the real Fourier transform
of the convolution.

14 iwk I* See Work | Work area

Contents Size:

0 (When isw= 0)
40 (When isw > 1)
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No. Argument and Type Size fnput/ Contents
Return Value ’ Output
15 wk Dx See Work | Work area
{R* } Contents Size:

nx2 x ny2 ((When isw= 0 and nx2 is odd)
(nx2 + 1) x ny2 (When isw= 0 and nx2 is
even)
mx+ 2 x my +max(Ix1 x ly1,1x2 x ly2) (When
isw > 1)

16 nt I 1 Input | Number of tasks to be generated

17 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a
(b
(c
(d
(e

isw € {0, 1, 2}
nxl > 1and nyl > 1

)
)
) nx2 > 1 and ny2 > 1
)
)

Ix1 > nx1 and lyl > nyl (When isw=0)

mx > MAX(nx1,nx2) and my > MAX(nyl,ny2)

Ix1 > mx + 1 and lyl > my (When isw > 1 and mx is odd)
Ix1 > mx + 2 and lyl > my (When isw > 1 and mx is even)

(f) 1x2 > mx and ly2 > my (When isw=0)
1x2 > mx + 1 and ly2 > my (When isw > 1 and mx is odd)
1x2 > mx + 2 and ly2 > my (When isw > 1 and mx is even)

(g) nt >1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 mx < nxl+nx2—1ormy < nyl4+ny2—1 Overlapping occurred during the convolu-
tion calculation.

3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

3020 Restriction (c) was not satisfied.

3030 Restriction (d) was not satisfied.

3040 Restriction (e) was not satisfied.

3050 Restriction (f) was not satisfied.

3060 Restriction (g) was not satisfied.
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(6) Notes

(a)

The values of the discrete functions f(iz,4,) and g(jz,jy) and the elements of arrays rl and r2 are
associated as follows.

fliz,iy) > rllix +1x1 *1iy]

9(ja, Jy) > 12[x +1x2 % jy ]
Here, iy = 0,---,n8 — 1; iy = 0,'~,n@(,f) —land j, =0,---,nt? —1; Jy = O,~~,n§j]) — 1, and no
values need be entered in other elements. The adjustable dimensions of arrays rl and r2 should

be set so that 1x1/2, lyl, 1x2/2, and ly2 are odd numbers to avoid bank conflict of main

memory. Usually, when mx, for example, is a multiple of 4, Ixl=mx+3 is set.

The values of the discrete convolution p(ks, k) and the elements of array r2 are associated as follows.
plkz, ky) ¢ 12k +1x2 % k]

Here, k, = 0,---, M, —1; k, = 0,---, M, — 1. When isw=2 is set to obtain the two-dimensional
real Fourier transform P(jg,j,) of the discrete convolution p(ks, k), which is defined as follows (|z]

represents the maximum integer that does not exceed x):

) ) 1 Mz—l My*l 7277\/7_1(j]”\:4kz+j11\/4ky)
P(]wa]y) = Mchy kz_o kz_o p<kw7ky)e * Y
z= y=

. . M,
the following associations are made:

R{P(Jz,Jy)} < 12[2%jx + 1x2 % jy]
S{P(JzrJy)} < 12[2%jc + 14 1x2 % jy]
In this case, note that the Fourier transform that is obtained is normalized. The remaining half period

of the Fourier transform can be obtained from the symmetry of the real Fourier transform as follows:

P(Mac *jvay *jy)* = P(]x»]y)
P<Mw_]ma]y)* :P(]vay_]y)

(Here, z* represents the conjugate complex number of the complex number z.)

If mx > nx1+4nx2—1 and my > nyl+ny2—1 are set, the convolution can be calculated without causing
an overlap with the convolution of the next period. When mx > nx1+nx2 —1 or my > nyl +ny2 — 1,

the following correspondences are made:
plkz, ky) ¢ 12k +1x2 % k]

and values that match 0.0 within the error range are stored in elements corresponding to k, =
nxl+nx2—-1,---,mx—1; k, =0,---,my—1lork, =0,---,mx—1; by =nyl +ny2—1,---,my — 1.
When isw=0, mx = nx1 + nx2 — 1 and my = nyl + ny2 — 1 should be set. When isw > 1, the calcula-
tions can be performed more efficiently by setting a value for mx or my for which the mixed radix FFT
algorithm operates effectively (multiples of 2, 3, 5, etc., which are the mixed radix values of FFT). For
example, if nx1=nx2=145, then when isw=0, mx = 289(=172) should be set. However, when isw > 1,
it is usually more efficient to set mx = 300(=22 x 3 x 52), mx = 320(=2° x 5), mx = 384(=2" x 3) or
the like.

Usually, the calculations can be performed more efficiently by setting isw=1 to calculate
the FFT convolution. However, to conserve work area or if there is a restriction on the method of

selecting the parameter mx or my, the calculations should be performed by setting isw=0.
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(e)

To calculate the convolution of discrete functions for which the starting position of the nonzero portions
are separated from the origin, first perform the calculations by shifting the functions so that the starting
positions are at the origin, and then shift the calculation results again to obtain the final results more
efficiently. For example, when the nonzero portions of the discrete functions f(iy,4,) and g(jz, jy) are

(9)_1

the intervals [io, io +a) - 1] and [jo, jo + na ] for i, and j,, respectively, let f(iz, iy) and §(Jz, Jy)

be defined as follows:

f(izviy) = f(lac - i077;y)7 g(]zv]y) = g(]x *j07jy)
and apply this function to f (i, iy) and §(jy, jy)- Let p(ky, ky) represent the result that was obtained,

and the convolution p(k,, k) of the original functions f(is,4,) and g(jz,jy) is given as follows:
p(kzv ky) = Za(kz + (7;0 + jO)» ky)

That is, the desired results are obtained if you shift f(is,i,) and g(jz,jy) in the negative directions
of i, and j, by ig and jo, respectively, before calculating the discrete convolution, and then shift the
calculated value of the convolution after applying this function by ig + jo in the positive direction of

ky. Similarly, for iy, j,, and k,.

The sampling interval squared multiplied by the discrete convolution calculated by this function is the
square approximation (or approximation by using the trapezoidal formula) of the continuous convolu-
tion integral of a bandwidth-limited function. Therefore, to raise the approximation precision, you must
take a smaller sampling interval and a larger number of sample data. To associate these results with a
continuous convolution, it is easiest to let p(ngf) 091, ky) = 0 and p(ks, nz(,f) —|—n1(,g) —1) =0 and con-
sider (n(zf)—i—ngcg))(néf)—i—nég)) data of p(ky, ky) (ky =0,1,-- ol -1, k,=0,1,-- -,néf)—l—n;g)—l).
In this case, the coordinate (0, 0) element usually is associated with p(0,0). However,

When isw=0,

then 1x1 = nx1,lyl = nyl, Ix2 = mx, ly2 = my, and

nwk = nx2 x ny2(when nx2 is odd) or

nwk = (nx2 + 1) x ny2(when nx2 is even)

When isw > 1,

then Ix1=Ix2=mx+1 (when mx is odd) or

Ix1=1x2=mx+2 (when mx is even),

lyl=ly2=my, and nwk = mx + (Ix1 4+ 2) x my.

(7) Example

(a)

Problem
Use the sampling interval A to discretize the two finite waveforms defined by the following equations
and calculate the discrete convolution.

_ ) r ((@y) €[0,25) x [0, y5])
fey) = { 0 (Otherwise)

_ Tg — & ((xvy) € [Ovzg] X [Ovyg])
9(@y) = { 0 (Otherwise)

Input data

Sampling data

rlfix + Ix1 *iy] = f(ixA,iyA) (ix =0,1,---,nx1 — 1; iy = 0,1,---,nyl — 1),
r2[jx + Ix2 % jy ] = g(ixA,jyA) (jx =0,1,---,nx2 - 1; j, =0,1,---,ny2 — 1).
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Here, A = 0.5.
nxl, nyl, nx2, ny2, mx, my and isw.
(¢) Main program

/* C interface example for ASL_qgfcn2d */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

int nx1;
int nyl;
int nx2;
int ny2;
double *ri;
int m0=8;
int 1x1;
int 1lyi1;
double *r2;
int 1x2;
int 1y2;
int mx;

int my;

int isw;
int *iwk;
int niwk=40;
double *wk;
int nwk;

double

printf( " **x*x ASL_qfcn2d ***\n" );
printf( "\n ** Input **\n\n" );

isw=1;

nx1=(int) xf/dt;
nyl=(int) yf/dt;
nx2=(int) xg/dt;
ny2=(int) yg/dt;
mx=my=m0 ;
1x1=1x2=m0+2;
1ly1=1y2=mO;
nwk=mx+2*my+1x2*my;

rl = ( double * )malloc((size_t)( sizeof (double) * (1x1*lyl) ));
if( r1 == NULL )

printf( "no enough memory for array ri\n" );
return -1;

}
r2 = ( double * )malloc((size_t)( sizeof(double) * (1x2x1y2) ));
if ( r2 == NULL )

printf( "no enough memory for array r2\n" );
return -1;

}
wk = ( double * )malloc((size_t)( sizeof (double) * nwk ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

iwk = ( int * )malloc((size_t) ( sizeof(int) * niwk ));
if ( iwk == NULL )

printf( "no enough memory for array iwk\n" );
return -1;

printf( "\t isw = %6d\n\t (nx1, nyl1) = (%3d,%3d)\n",
isw, nx1, nyl);
printf( "\t (nx2, ny2) = (%3d,%3d)\n",

nx2, ny2);
printf( "\t (mx , my ) = (%3d,%3d)\n\n",
mx, my);

for( j=0 ; j<nyl ; j++ )
for( i=0 ; i<nxl ; i++ )

t=ix*dt;
ri[i+lx1*xjl=t;
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for( j=0 ; j<ny2 ; j++ )
for( i=0 ; i<nx2 ; i++ )

t=ix*dt;
r2[i+1x2*j]=xg-t;

prin%f( "\tData ri[i+},3d*j]l\n", 1x1 );

printf( "\ti/j 0 1 2 3\n" );
printf( "\t _— \n" );
for( i=0 ; i<nxl ; i++ )

printf( "\t%3d", i );
for( j=0 ; j<myl ; j++ )

printf( "%8.3g", ri[i+lx1xj]l );
printf( "\n");

%rintf( "\n");

printf( "\tData r2[i+%3d*jl\n", 1x2 );

printf( "\ti/j 0 1 2 3\n" );
printf( "\t —_— \n" );
for( i=0 ; i<nx2 ; i++ )

printf( "\t%3d", i );
for( j=0 ; j<ny2 ; j++ )

printf( "%8.3g", r2[i+lx2*j] );
printf( "\n");

ierr = ASL_gfcn2d(nx1, nyl, nx2, ny2, rl, 1lx1, 1lyi,
r2, 1x2, ly2, mx, my, isw, iwk, wk, nt);

printf( "\n *x Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tConvolution r2[i+%3d*jl\n", 1x2 );

printf( "\ti/j 0 1 2 3 4" );
printf( " 5 6 7\n" );
printf( "\t —_— "y,
printf( " \n" );

for( i=0 ; i<mx ; i++ )
printf( "\t%2d", i );
for( j=0 ; j<my ; j++ )
printf( "%7.21f", r2[i+1x2*j] );
printf( "\n");

free( iwk );
free( wk );
free( r2 );
free( rl );

return O;

}
(d) Output results

*k% ASL_qgfcn2d ***

*k Input *%

isw = 1
(nx1, nyl) = ( 4, 4)
(nx2, ny2) = ( 4, 4)
(mx , my ) = ( 8, 8)

Data ri[i+ 10%j]

i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5

Data r2[i+ 10%j]

i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5

*% Qutput *x*

ierr = 0
Convolution r2[i+ 10%j]
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i/j o 1 2 3 4 5

0 0.00 0.00 0.00 0.00 0.00 0.00 -0.
1 1.00 2.00 3.00 4.00 3.00 2.00 1.
2 2.75 5.50 8.25 11.00 8.25 5.50 2.
3 5.00 10.00 15.00 20.00 15.00 10.00 5.
4 3.50 7.00 10.50 14.00 10.50 7.00 3.
5 2.00 4.00 6.00 8.00 6.00 4.00 2.
6 0.75 1.50 2.25 3.00 2.25 1.50 0.
7 -0.00 0.00 0.00 0.00 =-0.00 =-0.00 -0.
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6.11.2 ASL_gfcn3d, ASL_pfcn3d

Three-Dimensional Convolutions

(1) Function

Assume that the two multiperiodic discrete functions f(iy,iy,7,) and g(jz, jy,j-) of period (mg,my, m.)
satisfying:

f(iwaiyaiz) = f(ZLE + mewviy + Lymyviz + Lzmz)a
g(]m]ya.]z) :g(jacJFLxmz,ijrLymy»szFLzmz)v
(vaj_r:ovvmzf]-a Zy»]y:()»amyfla sz.]Z:Ov?mz*]-)

for arbitrary integers L., L,, and L, take nonzero values within their basic periods only for (ig,y,%.) €
0,08 — 1] x [0,n5” — 1] x [0,nY) = 1] and (jz, 4y, 42) € [0,75 — 1] x [0,n$ — 1] x [0,n'? — 1]. Here,
[0,a] x [0,b] x [0, ¢] is the direct product region (region contained in the cube for which the point (0, 0, 0)
and the point (a,b,c) are diagonal points) in the space in which the space coordinates (i, 7, k) lie. At this
time, ASL_gfcn3d or ASL_pfen3d calculates the discrete convolution p(ks, ky, k.) defined as follows:

Mme—1my—1m,—1

P(kx»ky»kZ) = Z Z Z f(iz»iy»iZ)g(kz*ixaky*iyvkz*iZ)
iz=0 iy,=0 i,=0
Mme—1my—1m,—1

Z Z Z ]ma]yv]z (kw_jmvky_jyakz_jz)

Jz=0 Jy*o j==0

(ky =0,---,mg—1; ky=0,---,my —1; k, =0,---,m; — 1)

Here, m, = min(ny (f) ()flM),myfmln(ny(Jf)Jrn?(f) 1,M,), and m, = min(n; (f) —1,M,)
and M., M,, and M, are arbitrary integers satisfying M, > max(ny (f) g(vg)), M, > max(néf),nz(f])), and
M, > max( (f ) §9>), respectively. The three-dimensional real Fourier transform of p(ks, ky, k,) can also
be obtained.

Usage
Double precision:
ierr = ASL_gfcn3d (nx1, nyl, nzl, nx2, ny2, nz2, rl, Ix1, lyl, lz1, r2, 1x2, ly2, 122, mx, my, mz,
isw, iwk, wk, nt);
Single precision:
ierr = ASL_pfen3d (nx1, nyl, nzl, nx2, ny2, nz2, rl, Ix1, lyl, 1z1, r2, Ix2, ly2, 122, mx, my, mz,
isw, iwk, wk, nt);
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(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx1 I 1 Input | Number of effective data in i, direction néf )
for discrete function f(is, iy,%.)
2 nyl I 1 Input | Number of effective data in 4, direction néf )
for discrete function f(is, iy,%.)
3 nzl I 1 Input | Number of effective data in 7, direction ngf )
for discrete function f(iz,%y,1z)
4 nx2 I 1 Input | Number of effective data in j, direction né”
for discrete function ¢(jz, jy, j-)
5 ny2 I 1 Input | Number of effective data in j, direction nz(f)
for discrete function ¢(jz, jy, j-)
6 nz2 I 1 Input | Number of effective data in j, direction n§9>
for discrete function g(jg, jy,J2)
7 rl D+ Ix1xlylx | Input | Values of discrete function f(iy,%y,7,) (See
{R*} 1z1 Note (a))
Output | When isw > 1, result of three-dimensional
real Fourier transform of discrete function
fliz, iy, i;) (period (Mg, My, M.))
8 Ix1 I 1 Input | Adjustable dimension of array rl
9 Iyl I 1 Input | Second dimension of array rl
10 1z1 I 1 Input | Third dimension of array rl
11 r2 D« Ix2xly2x | Input | Values of discrete function g(jz,Jjy,j-) (See
{R*} 122 Note (a))
Output | Value of discrete function p(ks, ky, k,) or its
three-dimensional real Fourier transform (See
Note (b))
12 1x2 I 1 Input | Adjustable dimension of array r2
13 ly2 I 1 Input | Second dimension of array r2
14 122 I 1 Input | Third dimension of array r2
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No. Argument and Type Size fnput/ Contents
Return Value ’ Output

15 mx I 1 Input | Parameter M, corresponding to the pe-
riod (mg,my,m;) of discrete functions
flizyiy,iz), 9(Jus Jy» J=), and p(ke, ky, k)
(See Note (c))

16 my I 1 Input | Parameter M, corresponding to the pe-
riod (mg,my,m;) of discrete functions
flizyiy,iz), (e dy, =), and p(ks, ky, k)
(See Note (c))

17 mz I 1 Input | Parameter M, corresponding to the pe-
riod (mg,my,m,) of discrete functions
flizyiy,iz), (e y, =), and p(ks, ky, k)
(See Note (c))

18 isw I 1 Input | Processing switch (See Note (d))
isw= 0: Calculate the convolution according
to the definition.
isw= 1: Calculate the convolution according
to the FFT method.
isw= 2: Calculate the real Fourier transform
of the convolution.

19 iwk I* See Work | Work area

Contents Size:

0 (When isw= 0)
60 (When isw > 1)

20 wk D+ See Work | Work area

{R*} Contents Size:

(nx2 + 1) x (ny2 + 1) x nz2 (When isw= 0,
nx2 is even and ny?2 is even)
nx2 X (ny2 + 1) x nz2 (When isw= 0, nx2 is
odd and ny?2 is even)
(nx2 4 1) X ny2 x nz2 (When isw= 0, nx2 is
even and ny?2 is odd)
nx2 x ny2 x nz2 (When isw= 0, nx2 is odd
and ny?2 is odd)
mx+2 % (my+mz)+max(lx1 x 1yl x1z1, 1x2 x
ly2 x 1z2) (When isw > 1)

21 nt I 1 Input | Number of tasks to be generated

22 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(2)

nxl > 1 and nyl > 1 and nzl > 1

nx2 > 1 and ny2 > 1 and nz2 > 1

mx > MAX(nx1,nx2) and my > MAX(nyl,ny2) and mz > MAX(nzl, nz2)
Ix1 > nx1 and lyl > nyl and 1z1 > nzl (when isw=0)

Ix1 > mx + 1 and Ix1 is even and lyl > my and 1z1 > mz (when isw > 1 and mx is odd)

Ix1 > mx + 2 and 1x1 is even and lyl > my and 1z1 > mz (when isw > 1 and mx is even)

1x2 > mx and ly2 > ny2 and 122 > nz2 (when isw=0)
Ix2 > mx + 1 and 1x2 is even and ly2 > my and 1z2 > mz (when isw > 1 and mx is odd)

Ix2 > mx + 2 and 1x2 is even and ly2 > my and 122 > mz (when isw > 1 and mx is even)

nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 mx < nxl+nx2—1ormy < nyl+ny2—1 Overlapping occurred during the convolu-
or mz < nzl +nz2 —1 tion calculation.

3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

3020 Restriction (c) was not satisfied.

3030 Restriction (d) was not satisfied.

3040 Restriction (e) was not satisfied.

3050 Restriction (f) was not satisfied.

3060 Restriction (g) was not satisfied.

(6) Notes

()

The values of the discrete functions f(iy,%y,7,) and g(jz, jy,j-) and the elements of arrays rl and r2
are associated as follows.

fliz,iy,12) <> rllix+1x1 = (iy + 1yl *1,)]

9, JysJ=) & 1200k +1x2 % (jy +1y2 % j,)]

Here, i, = 0,~',n§cf) —1; iy = O,~~,néf) —-1; 1, = 0,~',n;(zf) —1and j, = 0,~',n§5q) -1 jy =
0,--- ,ny(f) —-1;5.=0,---, n§9> — 1, and no values need be entered in other elements. The adjustable
dimensions of arrays rl and r2 should be set so that 1x1/2, lyl, lz1, 1x2/2, ly2, and 122 are
odd numbers to avoid bank conflict of main memory. Also, to increase speed, calculations
are executed even for elements outside areas where data is set within arrays r1 and r2.

Usually, when mx, for example, is (a multiple of 4)+2, Ix1=mx+4 is set.

The values of the discrete convolution p(k,, ky, k.) and the elements of array r2 are associated as

follows.

plha, ky k) < 12k +1x2 % (ky + ly2 % k)]
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Here, ky, =0,--- My - 1; ky, =0,---,M, —1; k, =0,---,M, — 1. When isw=2 is set to obtain the
three-dimensional real Fourier transform P(jg, jy, j.) of the discrete convolution p(k,, ky, k.), which is
defined as follows (|z| represents the maximum integer that does not exceed x):

»—1 My—17,—1

jaeke | Jyky | daks
Plia i Dk, by, by )e 2™V IR HAL )
(] 7.]3/7] ) M M M kZO kzo kZO '

(.]x:()v 7L%J7‘7y* ) 7LTyJ7.]Z:077LAgZJ)
the following associations are made:
RAP(Jzs Jy, J=)} ¢ 12[2%jx +1x2 % (jy +1y2 % j,)]
S{P(Ju,JysJ=)} < 12[2%jx + 14+ 1x2 % (jy + ly2 j,)]

In this case, note that the Fourier transform that is obtained is normalized. The remaining half period

of the Fourier transform can be obtained from the symmetry of the real Fourier transform as follows:
P<Mw_jwaMy_jyaMz_jz)* :P(jwajyvjz)
P<Mw_jwajy7jz)* :P(jacaMy—jvaz_jz)
P(Mac*jvayijvjz)* :P(jzvjvazsz)

(Here, z* represents the conjugate complex number of the complex number z.)

If mx > nx1+nx2—1 and my > nyl +ny2 — 1 and mz > nzl + nz2 — 1 are set, the convolution can be
calculated without causing an overlap with the convolution of the next period. When mx > nx14nx2—1

or my > nyl +ny2 — 1 or mz > nzl 4+ nz2 — 1, the following correspondences are made:
plha, by k) < 120k +1x2 % (ky +1y2 % k)]

and values that match 0.0 within the error range are stored in elements corresponding to k, =
nxl+nx2-1,--- mx—-1; by, =0,--- my—1; k., =0,--- mz—1lork, =0,--- mx—1; k, =
nyl4+ny2 —1,--- my — 1; k, = 0,---,mz —lork, = 0,---, -1k, =0,--- my—1; k, =
nzl +nz2—1,---,mz—1. When isw=0, mx = nxl+nx2—1, my = ny1+ny2—1, and mz = nzl+nz2—1
should be set. When isw > 1, the calculations can be performed more efficiently by setting a value
for mx, my or mz for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3,
5, etc., which are the mixed radix values of FFT). For example, if nx1=nx2=145, then when isw=0,
mx = 289(=172) should be set. However, when isw > 1, it is usually more efficient to set mx =
300(=22 x 3 x 52), mx = 320(=2° x 5), mx = 384(=2" x 3) or the like.

Usually, the calculations can be performed more efficiently by setting isw=1 to calculate
the FFT convolution. However, to conserve work area or if there is a restriction on the method of

selecting the parameter mx, my or mz, the calculations should be performed by setting isw=0.

To calculate the convolution of discrete functions for which the starting position of the nonzero portions
are separated from the origin, first perform the calculations by shifting the functions so that the starting
positions are at the origin, and then shift the calculation results again to obtain the final results more
efficiently. For example, when the nonzero portions of the discrete functions f(iy, iy, %) and g(jz, jy, Jz)

¢ _1q] (9)

are the intervals [ig, %9 + n. and [jo, jo + na’ — 1] for i, and j,, respectively, let f(iw,iy,iz) and

§(jz, Jy, j=) be defined as follows:
f(izviyviz) = f(lx - i07iy7iz)v g(jxvjy»jz) = g(]z - jO?jyvjz)
and apply this function to f(zz, ty,1z) and §(jz, jy, jz). Let p(kq, ky, k.) represent the result that was

obtained, and the convolution p(k,, ky, k.) of the original functions f(iz,%y,7.) and g(jz, jy, j=) is given

as follows:

p(kwakyakz) = ﬁ(kw + (iO +j0)7ky7kz)
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That is, the desired results are obtained if you shift f(i;,%y,¢,) and g(jz, jy, j-) in the negative directions
of i, and j, by ip and jo, respectively, before calculating the discrete convolution, and then shift the
calculated value of the convolution after applying this function by ig + jo in the positive direction of

kg. Similarly, for 7., j,, and k, and i, j., and k..

The sampling interval cubed multiplied by the discrete convolution calculated by this function is the
square approximation (or approximation by using the trapezoidal formula) of the continuous convolu-
tion integral of a bandwidth-limited function. Therefore, to raise the approximation precision, you must
take a smaller sampling interval and a larger number of sample data. To associate these results with a
continuous convolution, it is easiest to let p(néf) +nl9 1,ky, k) =0, p(ka, ng(,f) Jrn?(j]) —1,k,) =0, and
Pk, by, n 09 —1) = 0 and consider (S +n) (0l +n{) () +n9) data of p(ka, ky, kz) (ke =
0,1, ) +n —1; by =01, n{”? + 0l —1; k. =0,1,--- 0 + 0 —1). In this case, the
coordinate (0, 0, 0) element usually is associated with p(0,0,0). However,

When isw=0,

then 1x1 = nx1,lyl = nyl,1z1 = nzl, Ix2 = mx, ly2 = my, 1z2 = mz, and

nwk = (nx2 + 1) x (ny2 + 1) x nz2 (when nx2 is even and ny2 is even) or

nwk = nx2 x (ny2+ 1) X nz2 (when nx2 is odd and ny?2 is even) or

nwk = (nx2 + 1) x ny2 X nz2 (when nx2 is even and ny?2 is odd) or

nwk = nx2 x ny2 x nz2 (when nx2 is odd and ny2 is odd)

When isw > 1

Ix1=1x2=mx+1 (when mx is odd) or

Ix1=Ix2=mx+2 (when mx is even),

lyl=ly2=my, lz1=1z2=mz, and nwk = mx + 2 X (my + mz) + Ix1 x my X mz.

(7) Example

(a)

Problem
Use the sampling interval A to discretize the two finite waveforms defined by the following equations
and calculate the discrete convolution.

_ ) ((y,2) €[0,25] x [0, y5] x [0, 27])
fley,2) = { 0 (Otherwise)

Joxg—x ((z,y,2) €10,74] x [0,y4] x [0, 24])
9(@,y,2) = { 0 (Otherwise)

Input data

Sampling data

rlfix + Ix1 % (iy + Iyl *1,)] = f(ixA,i;A,i,A) (ix = 0,1,---,nx1 — 1; iy = 0,1,---,nyl — 1; i, =
0,1,---,nzl — 1),

r2[jx + 1x2 x (Jy +1ly2*j,)] = g(ijvijvjzA) (x = 0,1,---,nx2 — 1; jy =01 ny2-1; j, =
0,1,---,nz2 —1).

Here, A = 0.5.

nx1, nyl, nzl, nx2, ny2, nz2, mx, my, mz and isw.

Main program

/* C interface example for ASL_qfcn3d */
#include <stdio.h>

#include <stdlib.h>

#include <asl.h>

int main()
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int
int
int
int
int
int

nxl;
nyl;
nzi;
nx2;
ny2;
nz2;

double *ri;

int
int
int
int

m0=8;
1x1;
1ly1;
1z1;

double *r2;

int
int
int
int
int
int
int
int
int

1x2;
1ly2;
1z2;

mx;

my;

mz;

isw;
*iwk;
niwk=60;

double *wk;

int
int
int
int

nwk;
ierr;
i,j,k;
nt = 2;

double t;

double dt=0.5;
double xf=2.0,
double xg=2.0,

printf( "

printf( "\n

isw=1;
nx1=(int) xf/dt;
nyl=(int) yf/dt;
nzl=(int) zf/dt;

nx2=(int)
ny2=(int)
nz2=(int)

mx=my=mz=m0 ;
1x1=1x2=(m0+2) /2%2;
lyl=1y2=my;
1z1=1z2=mz;
nwk=mx+2* (my+mz) +1x2*my*mz;

xg/dt;
yg/dt;
zg/dt;

*x* ASL_qfcn3d ***\n" );

** Input **\n\n" );

rl = ( double * )malloc((size_t)( sizeof (double)
if( r1 == NULL )

printf( "no enough memory for array ri\n" );

return -1;

}
r2 = ( double * )malloc((size_t) ( sizeof (double)
if( r2 == NULL )

printf( "no enough memory for array r2\n" );

return -1;

}
wk = ( double * )malloc((size_t) ( sizeof (double)
if ( wk == NULL )

iwk = ( int *
UL.

printf( "no enough memory for array wk\n" );

return -1;

if ( iwk ==

printf( "no enough memory for array iwk\n" );

return -1;

printf( "\t isw
isw, nx1l, nyl, nzl);

printf( "\t (nx2, ny2, nz2)
nx2, ny2, nz2);
printf( "\t (mx , my , mz )
mx, my, mz);

* (Lx1xlylxlzl) ));

* (1x2%1y2%1z2) ));

* nwk ));

imilloc((size_t)( sizeof (int) * niwk ));

= %6d\n\t (nx1, nyl, nzl) = (%3d,%3d,%3d)\n",

for( k=0 ; k<nzl ; k++ )

for( j=0 ; j<nyl ; j++ )

(%3d,%3d,%3d)\n",

(%3d,%3d,%3d) \n\n",

{or( i=0 ; i<nxl ; i++ )

t=ix*dt;
ri[i+lx1*(j+lyl*k)]=t;

}
for( k=0 ; k<nz2 ; k++ )

for( j=0 ; j<ny2

;o JHe )

for( i=0 ; i<nx2 ; i++ )
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t=ix*dt;
r2[i+1x2* (j+1ly2+k)I=xg-t;

}
{or( k=0 ; k<nzl ; k++ )

printf( "\tData ri[i+%3d*(j+%3d*}3d)I\n", 1x1, 1lyl, k );
printf( "\ti/j 0 1 2 3\n" );
printf( "\t _— \n" );
for( i=0 ; i<nx1 ; i++ )

printf( "\t%3d", i );
for( j=0 ; j<nyl ; j++ )

printf( "%8.3g", ril[i+lx1*(j+lylxk)] );
printf( "\n");

}
printf( "\n");
}
for( k=0 ; k<nz2 ; k++ )

printf( "\tData r2[i+%3d*(j+%3d*}3d)I\n", 1x2, 1ly2, k );
printf( "\ti/j 0 1 2 3\n" );
printf( "\t _— \n" );
for( i=0 ; i<nx2 ; i++ )

printf( "\t%3d", i );
for( j=0 ; j<ny2 ; j++ )

printf( "%8.3g", r2[i+lx2x(j+ly2xk)] );
printf( "\n");

}
printf( "\n");

ierr = ASL_qgfcn3d(nx1, nyl, nzl, nx2, ny2, nz2,
rl, 1x1, 1ly1, 1zi, r2, 1x2, ly2, 1z2,
mx, my, mz, isw, iwk, wk, nt);

printf( "\n ** Qutput **\n\n" );
printf( "\tierr = %6d\n", ierr );
{or( k=0 ; k<mz ; k++ )
printf( "\tConvolution r2[i+%43d*(j+%3d*%3d)I\n", 1x2, 1ly2, k );
")

printf( "\ti/j O 1 2 3 4
printf( " 5 6 7\n" );

printf( "\t -— ")
printf( " \n" );

for( i=0 ; i<mx ; i++ )

printf( "\t%2d", i );
for( j=0 ; j<my ; j++ )
printf( "%7.21f", r2[i+lx2*(j+ly2*k)] );
printf( "\n");
}
printf( "\n");
}
free( iwk );
free( wk );

free( r2 );
free( rl1 );

return O;

}
(d) Output results

***x ASL_qgfcn3d ***
*k Input *%

isw = 1
(nx1, nyl, nzl)

=( 4, 4, 4)
(nx2, ny2, nz2) = ( 4, 4, 4)
(mx , my , mz)=( 8, 8, 8)
Data ri[i+ 10*(j+ 8% 0)]
i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5
Data ri[i+ 10*(j+ 8% 1)]
i/j 0 1 2 3
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0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5
Data ri[i+ 10*(j+ 8% 2)]
i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5
Data ri[i+ 10x(j+ 8% 3)]
i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5
Data r2[i+ 10x(j+ 8x 0)]
i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5
Data r2[i+ 10*(j+ 8% 1)]
i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5
Data r2[i+ 10*(j+ 8% 2)]
i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5
Data r2[i+ 10*(j+ 8% 3)]
i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5
** Qutput **
ierr = 0
Convolution r2[i+ 10*%(j+ 8* 0)]
i/j 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 -0.00 -0.00 0.00
1 1.00 2.00 3.00 4.00 3.00 2.00 1.00 0.00
2 2.75 5.50 8.25 11.00 8.25 5.50 2.75 0.00
3 5.00 10.00 15.00 20.00 15.00 10.00 5.00 0.00
4 3.50 7.00 10.50 14.00 10.50 7.00 3.50 0.00
5 2.00 4.00 6.00 8.00 6.00 4.00 2.00 0.00
6 0.75 1.50 2.25 3.00 2.25 1.50 0.75 -0.00
7 0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00 0.00
Convolution r2[i+ 10*(j+ 8* 1)]
i/j 2 3 4 5 6
0 0.00 0.00 0.00 0.00 0.00 0.00 -0.00 -0.00
1 2.00 4.00 6.00 8.00 6.00 4.00 2.00 -0.00
2 5.60 11.00 16.50 22.00 16.50 11.00 5.560 -0.00
3 10.00 20.00 30.00 40.00 30.00 20.00 10.00 -0.00
4 7.00 14.00 21.00 28.00 21.00 14.00 7.00 -0.00
5 4.00 8.00 12.00 16.00 12.00 8.00 4.00 -0.00
6 1.50 3.00 4.50 6.00 4.50 3.00 1.50 -0.00
7 0.00 -0.00 -0.00 0.00 -0.00 -0.00 -0.00 -0.00
Convolution r2[i+ 10*(j+ 8* 2)]
i/j 2 3 4 5
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.00
1 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -0.00
2 8.25 16.50 24.75 33.00 24.75 16.50 8.26 -0.00
3 156.00 30.00 45.00 60.00 45.00 30.00 15.00 -0.00
4 10.50 21.00 31.50 42.00 31.50 21.00 10.50 -0.00
5 6.00 12.00 18.00 24.00 18.00 12.00 6.00 -0.00
6 2.25 4.50 6.75 9.00 6.75 4.50 2.25 -0.00
7 0.00 -0.00 0.00 -0.00 0.00 0.00 -0.00 -0.00
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Convolution r2[i+ 10*%(j+ 8% 3)]
i/j 0 1 2 3 4 5
0 0.00 0.00 0.00 0.00 0.00 0.00 -0.00
1 4.00 8.00 12.00 16.00 12.00 8.00 4.00 0
2 11.00 22.00 33.00 44.00 33.00 22.00 11.00 -O.
3 20.00 40.00 60.00 80.00 60.00 40.00 20.00 -0.
4 14.00 28.00 42.00 56.00 42.00 28.00 14.00 -O.
5 8.00 16.00 24.00 32.00 24.00 16.00 8.00 -O0.
6 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -0.
7 -0.00 -0.00 0.00 -0.00 -0.00 0.00 -0.00 0
Convolution r2[i+ 10*%(j+ 8* 4)]
i/j o 4 5
0 0.00 -0.00 0.00 0.00 0.00 0.00 -0.00 -0.
1 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -O0.
2 8.25 16.50 24.75 33.00 24.75 16.50 8.26 -0.
3 15.00 30.00 45.00 60.00 45.00 30.00 15.00 -0.
4 10.50 21.00 31.50 42.00 31.50 21.00 10.50
5 6.00 12.00 18.00 24.00 18.00 12.00 6.00
6 2.25 4.50 6.75 9.00 6.75 4.50 2.25 -0.
7 -0.00 -0.00 0.00 0.00 0.00 -0.00 -0.00 -O.
Convolution r2[i+ 10*%(j+ 8% 5)]
i/j 0 4 5
0 0.00 0.00 0.00 0.00 0.00 0.00 -0.00 0
1 2.00 4.00 6.00 8.00 6.00 4.00 2.00 0
2 5.560 11.00 16.50 22.00 16.50 11.00 5.560 -0.
3 10.00 20.00 30.00 40.00 30.00 20.00 10.00 -O.
4 7.00 14.00 21.00 28.00 21.00 14.00 7.00 -0.
5 4.00 8.00 12.00 16.00 12.00 8.00 4.00 -0.
6 1.50 3.00 4.50 6.00 4.50 3.00 1.50 -0.
7 0.00 -0.00 0.00 -0.00 -0.00 -0.00 -0.00 0
Convolution r2[i+ 10x(j+ 8% 6)]
i/j 0 4 5
0 -0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
1 1.00 2.00 3.00 4.00 3.00 2.00 1.00 -0.
2 2.75 5.50 8.25 11.00 8.25 5.50 2.75 -0.
3 5.00 10.00 15.00 20.00 15.00 10.00 5.00 -0.
4 3.50 7.00 10.50 14.00 10.50 7.00 3.50 -0.
5 2.00 4.00 6.00 8.00 6.00 4.00 2.00 -0.
6 0.75 1.50 2.25 3.00 2.25 1.50 0.75 -0.
7 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
Convolution r2[i+ 10x(j+ 8x 7)]
i/j 0 4 5
0 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
1 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
2 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
3 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
4 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
5 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
6 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
7 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
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6.12.1 ASL_gfcr2d, ASL_pfcr2d

(1)

Two-Dimensional Correlations

Function

Assume that the two multiperiodic discrete functions f(iy,,) and g(ju,j,) of period (m,,m,) satisfying:

flizyiy) = fliz + Lamg, iy + Lymy),
g(]x»]y) = g(]z + erfvjy + Lymy)’
(tz,Je =0, ,mg —1; 4y, j, =0,---,my — 1)

for arbitrary integers L, and L, take nonzero values within their basic periods only for (is,%,) € [0, n$’ —
1]x[0,n5” —1] and (ja, j,) € [0,n8 — 1] x [0,n” —1]. Here, [0, a] x [0,b] is the direct product region (region
contained in the square for which the point (0, 0) and the point (a,b) are diagonal points) on the plane
in which the plane coordinates (i,7) lie. At this time, ASL_gfcr2d or ASL_pfcr2d calculates the quantity
G(kz, ky) obtained by shifting the discrete correlation g(ks, k), which is defined as follows:

My —1Mmy—1

qkarky) = D > fliariy)g(ka +in by + iy)

ip=0 i,=0

(kg =0,---,myp—1; ky=0,---,my — 1)
by (ng )1, ng(,f ) 1) in the positive direction for (ks k), respectively. G(ky, ky) is defined as follows:

Gkssky) = qlks — (ns” = 1)k, = (ny) — 1))
(km :O’..-,mm_l; ky :O’...7my_1)

Here, m, = min(n{) + n{¥ —1,M,) and m, = min(n{” + n{? — 1, M,) and M, and M, are arbitrary
integers satisfying M, > max(n:(pf ), ng(vg)) and M, > max(nz(,f ), nz(,g )), respectively. The two-dimensional real

Fourier transform of ¢(k;, k,) can also be obtained.

Usage
Double precision:

ierr = ASL_gfer2d (nx1, nyl, nx2, ny2, r1, Ix1, ly1, r2, 1x2, 1ly2, mx, my, isw, iwk, wk, nt);
Single precision:

ierr = ASL_pfer2d (nx1, nyl, nx2, ny2, rl, Ix1, ly1, r2, 1x2, ly2, mx, my, isw, iwk, wk, nt);

437



ASL_qfer2d, ASL_pfer2d
Two-Dimensional Correlations

(3) Arguments and Return Value

D:Double precision real = Z:Double precision complex

I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
No. Argument and Type Size fnput/ Contents
Return Value Output

1 nx1 I 1 Input | Number of effective data in i, direction néf )
for discrete function f (i, iy)

2 nyl I 1 Input | Number of effective data in 4, direction néf )
for discrete function f (i, iy)

3 nx2 I 1 Input | Number of effective data in j, direction nt®
for discrete function g(ja, jy)

4 ny2 I 1 Input | Number of effective data in j, direction nz(,g)
for discrete function g(jgz, jy)

5 rl Dx Ix1xlyl Input | Values of discrete function f(is,4,) (See Note

{R* } (a))

Output | When isw > 1, result of two-dimensional
real Fourier transform of discrete function
fliz, 1y) (period (Mg, My))

6 Ix1 I 1 Input | Adjustable dimension of array rl

7 lyl I 1 Input | Second dimension of array rl

8 r2 D+ Ix2x1y2 Input | Values of discrete function g(jg, j,) (See Note
{R*} (a))

Output | Value of discrete function §(ks,k,) or the
two-dimensional real Fourier transform of
q(kz,ky) (See Note (b))

9 1x2 I 1 Input | Adjustable dimension of array r2

10 ly2 I 1 Input | Second dimension of array r2

11 mx I 1 Input | Parameter M, corresponding to the pe-
riod (my, m,) of discrete functions f(iy,i,),
9(je, Jy), and (ke ky) (See Note (c))

12 my I 1 Input | Parameter M, corresponding to the pe-
riod (mg, my) of discrete functions f(i,y),
9(je, Jy), and (ke ky) (See Note (c))
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No. Argument and Type Size Input/
Return Value ’ Output
13 isw I 1 Input | Processing switch (See Note (d))

isw= 0: Calculate the correlation according
to the definition.

isw= 1: Calculate the correlation according
to the FFT method.

isw= 2: Calculate the real Fourier transform

Contents

of the correlation.
14 iwk I* See Work | Work area
Contents Size:

0 (When isw= 0)
40 (When isw > 1)
15 wk {D*} See Work | Work area

R Contents Size:

nx2 x ny2 ((When isw= 0 and nx2 is odd)
(nx2 + 1) x ny2 (When isw= 0 and nx2 is
even)

mx+ 2 x my +max(Ix1 x lyl,1x2 x ly2) (When
isw > 1)

16 nt I 1 Input | Number of tasks to be generated

17 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(a
(b

) isw € {0,1,2}
)

(¢) nx2 > 1 and ny2 > 1
)
)

nxl > 1 and nyl > 1

(d) mx > MAX(nx1,nx2) and my > MAX(nyl, ny2)

(e) Ix1 > nx1 and lyl > nyl (When isw=0)
Ix1 > mx + 1 and lyl > my (When isw > 1 and mx is odd)
Ix1 > mx + 2 and lyl > my (When isw > 1 and mx is even)
(f) 1x2 > mx and ly2 > my (When isw=0)
1x2 > mx + 1 and ly2 > my (When isw > 1 and mx is odd)
1x2 > mx + 2 and ly2 > my (When isw > 1 and mx is even)

(g) nt > 1
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(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
1000 mx < nxl+nx2—1ormy < nyl+ny2—1 Overlapping occurred during the correla-
tion calculation.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3020 Restriction (c) was not satisfied.
3030 Restriction (d) was not satisfied.
3040 Restriction (e) was not satisfied.
3050 Restriction (f) was not satisfied.
3060 Restriction (g) was not satisfied.
(6) Notes

(a)

The values of the discrete functions f(iz,,) and g(jz,jy) and the elements of arrays rl and r2 are
associated as follows.

fliz,iy) <> rllix +1x1 *1iy]

9(asdy) < 12[x +1x2 % jy |
Here, iy = 0,---,n8” — 1; iy = 0,'~,n§f) —land j, =0,---,nt? —1; Jy = O,~~,nz(j]) — 1, and no
values need be entered in other elements. The adjustable dimensions of arrays rl and r2 should

be set so that 1x1/2, lyl, 1x2/2, and ly2 are odd numbers to avoid bank conflict of main

memory. Usually, when mx, for example, is a multiple of 4, Ix1=mx+3 is set.

The values of the discrete correlation G(k,, k) and the elements of array r2 are associated as follows.
Gk, ky) & 12[ke +1x2 % ky]

Here, k, = 0,---, M, —1; k, = 0,---, M, — 1. When isw=2 is set to obtain the two-dimensional
real Fourier transform Q(jz,j,) of the discrete correlation g(k,, k,), which is defined as follows (|z]
represents the maximum integer that does not exceed x):

—1My,—1

. . — 2/ — Jzkx+]y )
. S ke
Q(] ]y) MMyk_Ok ~ v

: M
(jz =0,-- LMIJ Jy=20," al_TyD
the following associations are made:
%{Q(Jxajy)} A r2[2*jx +1X2*jy]
SH{QUazrJy)} < 12[2%j + 14 1x2 % jy

In this case, note that the Fourier transform that is obtained is normalized. The remaining half period

of the Fourier transform can be obtained from the symmetry of the real Fourier transform as follows:

Q(Mac = Jus My — ]y)* = Q(]m»]y)

QMg — Ju, jy)* = Q(a, My — jy)
(Here, z* represents the conjugate complex number of the complex number z.) Now, Q(j,j,) can be
thought of as an estimate of the cross spectrum of the original two functions for which the correlation is
to be calculated. In this case, M, and M, should be thought of as M,, = =n 409 and M, = n(f)Jrn((])

In particular, if the original two functions for which the correlation is to be calculated are the same
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function, Q(j, jy) corresponds to the raw Fourier periodogram (estimate of the power spectrum), and

Q(jz, jy) is a real number.

If mx > nxl+nx2—1 and my > nyl+ny2—1 are set, the correlation can be calculated without causing
an overlap with the correlation of the next period. When mx > nx1 +nx2 — 1 or my > nyl +ny2 — 1,

the following correspondences are made:
Gk, ky) ¢ 12[ke +1x2 % ky]

and values that match 0.0 within the error range are stored in elements corresponding to k, =
nxl+nx2—-1,--- mx—1; k, =0,--- my—1lork, =0,---,mx—1; ky, =nyl +ny2—1,---,my — 1.
When isw=0, mx = nx1 + nx2 — 1 and my = nyl + ny2 — 1 should be set. When isw > 1, the calcula-
tions can be performed more efficiently by setting a value for mx or my for which the mixed radix FFT
algorithm operates effectively (multiples of 2, 3, 5, etc., which are the mixed radix values of FFT). For
example, if nx1=nx2=145, then when isw=0, mx = 289(=17?) should be set. However, when isw > 1,
it is usually more efficient to set mx = 300(=22 x 3 x 52), mx = 320(=2% x 5), mx = 384(=2" x 3) or
the like.

Usually, the calculations can be performed more efficiently by setting isw=1 to calculate
the FFT correlation. However, to conserve work area or if there is a restriction on the method of

selecting the parameter mx or my, the calculations should be performed by setting isw=0.

To calculate the correlation of discrete functions for which the starting position of the nonzero portions
are separated from the origin, first perform the calculations by shifting the functions so that the starting
positions are at the origin, and then shift the calculation results again to obtain the final results more
efficiently. For example, when the nonzero portions of the discrete functions f(iy,4,) and g(jz, jy) are
the intervals [io, 4o +a) - 1] and [jo, jo 1l - 1] for i, and j,, respectively, let f(in, iy) and §(Jz, Jy)
be defined as follows:

f(izviy) = f(lac - i07iy)7 g(]za]y) = g(]x *j07jy)
and apply this function to f(i,, iy) and §(jz,jy)- Let G(ks, ky) represent the result that was obtained,

and the correlation ¢(ks, ky) of the original functions f(iz,iy) and g(jg,jy) is given as follows:
q(ka, ky) = (ke — (o — o) + (n{) — 1), k)

Therefore, even when iy = jo = 0, to consider the correlation ¢(ks, k,) that conforms to the normal
definition, you must consider shifting the result by n$) —1in the negative direction of k, after applying
this function or if you shift f(is,%,) and g(jz,jy) in the negative directions of i, and j, by iy and jo,
respectively, before calculating the discrete correlation, you must then shift the calculation result again

by jo — io in the positive direction of k. Similarly, for iy, j,, and k,.

The sampling interval squared multiplied by the discrete correlation calculated by this function is the
square approximation (or approximation by using the trapezoidal formula) of the continuous correlation
integral of a bandwidth-limited function. Therefore, to raise the approximation precision, you must

take a smaller sampling interval and a larger number of sample data. To associate these results

with a continuous correlation, it is easiest to let q(fngcf),ky) = §(-1,ky) = 0 and q(k,, fnygf)) =
G(kz, —1) = 0 and consider (néf)+n§5‘7>)(n§,f>+n7§9)) data of q(ky, ky) (ks = —n$, . -1,0,1, -, 09—
1; ky = —nz(,f), --,—1,0, 1,---,n1(,g) —1). Of course, this is the same as letting q(nc(pf) + ng(vg),ky) =
q( ég),ky) = 0 and q(k:m,ng(,f) + ng(,g)) = éj(kwngﬂ)) = 0 and considering q(kz,ky) (kz = —(ngf) -
1),---,-1,0,1,-- -,ng]); k, = —(néf) -1),---,-1,0,1,-- -,ny(f)). In this case, the coordinate (0, 0)

element usually is associated with ¢(0,0). However,
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When isw=0,

then 1x1 = nx1,lyl = nyl, 1x2 = mx, ly2 = my, and
nwk = nx2 x ny2(when nx2 is odd) or

nwk = (nx2 + 1) x ny2(when nx2 is even)

When isw > 1,

then Ix1=Ix2=mx+1 (when mx is odd) or
Ix1=1x2=mx+2 (when mx is even),

lyl=ly2=my, and nwk = mx + (Ix1 4+ 2) X my.

(7) Example

(a) Problem
Use the sampling interval A to discretize the two finite waveforms defined by the following equations

and calculate the discrete correlation.

_ )z ((wy) €0,24] < [0,y5])
f@y) = { 0 (Otherwise)

_ ) gz ((2,y) €0, 2] X [0, y,))
9@ y) = { 0 (Otherwise)

(b) Input data
Sampling data
rifiy 4 Ix1 #iy] = f(ixA, iy A) (i = 0,1,---,nxl — 1; iy = 0,1, -, nyl — 1),
r2[jx + Ix2 % jy | = g(ixA, jyA) (jx =0,1,---,nx2 —1; j, =0,1,---,ny2 — 1).
Here, A = 0.5.
nxl, nyl, nx2, ny2, mx, my and isw.

(¢) Main program

/* C interface example for ASL_qgfcr2d */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

int nx1;

int nyl;

int nx2;

int ny2;
double *ri;
int m0=8;

int 1x1;

int 1ly1;
double *r2;
int 1x2;

int 1y2;

int mx;

int my;

int isw;

int *iwk;

int niwk=40;
double *wk;
int nwk;

int ierr;

int i,j;

int nt = 2;
double t;
double dt=0.5;
double xf=2.0,yf
double xg=2.0,yg

printf( " *¥%x ASL_qgfcr2d **x\n" );
printf( "\n ** Input **\n\n" );
isw=1;

1;
nx1=(int) xf/dt;
nyl=(int) yf/dt;
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nx2=(int) xg/dt;
ny2=(int) yg/dt;
mx=my=mO0 ;
1x1=1x2=m0+2;
1ly1=1y2=m0;
nwk=mx+2*my+1x2*my;

rl = ( double * )malloc((size_t) ( sizeof (double) * (I1x1xlyl) ));
if( r1 == NULL )

printf( "no enough memory for array ri\n" );
return -1;

r2 = ( double * )malloc((size_t)( sizeof (double) * (1x2x1y2) ));
if( r2 == NULL )

printf( "no enough memory for array r2\n" );
return -1;

}
wk = ( double * )malloc((size_t)( sizeof (double) * nwk ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

iwk = ( int * )malloc((size_t) ( sizeof(int) * niwk ));
if ( iwk == NULL )

printf( "no enough memory for array iwk\n" );
return -1;

printf( "\t isw = %6d\n\t (nx1, nyl1) = (%3d,%3d)\n",
isw, nx1, nyl);
printf( "\t (nx2, ny2) = (%3d,%3d)\n",

nx2, ny2);
printf( "\t (mx , my ) = (%3d,%3d)\n\n",
mx, my);

for( j=0 ; j<myl ; j++ )
for( i=0 ; i<nxl ; i++ )

t=ix*dt;
ri[i+lx1*xjl=t;

¥
for( j=0 ; j<ny2 ; j++ )
for( i=0 ; i<nx2 ; i++ )

t=ix*dt;
r2[i+1x2*jl=xg-t;

}
printf( "\tData ri[i+%3d*jl\n", 1x1 );

printf( "\ti/j 0 1 2 3\n" );
printf( "\t _— \n" );
for( i=0 ; i<nxl ; i++ )

printf( "\t%3d", i );

for( j=0 ; j<nyl ; j++ )

printf( "%8.3g", ri[i+lxlx*j]l );

printf( "\n");
%rintf( "\n");
printf( "\tData r2[i+%3d*jl\n", 1x2 );
printf( "\ti/j 0 1 2 3\n" );
printf( "\t —_— \n" );

for( i=0 ; i<nx2 ; i++ )
printf( "\t%3d", i );
for( j=0 ; j<ny2 ; j++ )
printf( "%8.3g", r2[i+lx2*j] );
printf( "\n");

ierr = ASL_gfcr2d(nx1, nyl, nx2, ny2, rl, 1lx1, 1lyi,
r2, 1x2, ly2, mx, my, isw, iwk, wk, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n", ierr );

printf( "\tCorrelation r2[i+%3d*jl\n", 1x2 );

printf( "\ti/j 0 1 2 3 4" );
printf( " 5 6 \n" );
printf( "\t _— "y,
printf( " \n" );

for( i=0 ; i<mx ; i++ )
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printf( "\t%2d", i );
for( j=0 ; j<my ; j++ )

printf( "%7.21f", r2[i+lx2*j] );

printf( "\n");
}
free( iwk );
free( wk );
free( r2 );
free( rl1 );

return O;

}
(d) Output results

***x ASL_qgfcr2d **x*

** Input *x*

isw = 1

(nx1, nyl) = ( 4, 4)

(nx2, ny2) = ( 4, 4)

(mx , my ) = ( 8, 8)
Data ri[i+ 10%j]
i/3 0 1 2 3

0 0 0 0 0

1 0.5 0.5 0.5 0.5

2 1 1 1 1

3 1.5 1.5 1.5 1.5
Data r2[i+ 10%j]
i/3 0 1 2 3

0 2 2 2 2

1 1.5 1.5 1.5 1.5

2 1 1 1 1

3 0.5 0.5 0.5 0.5

** Qutput **
ierr = 0
Correlation r2[i+ 10%j]
i/j 0 1 2 3 4 5

0 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -0.
1 4.25 8.560 12.75 17.00 12.75 8.50 4.25 -0.
2 4.00 8.00 12.00 16.00 12.00 8.00 4.00 -0.
3 2.50 5.00 7.50 10.00 7.50 5.00 2.50 -0.
4 1.00 2.00 3.00 4.00 3.00 2.00 1.00 -0.
5 0.25 0.50 0.75 1.00 0.75 0.50 0.25 0
6 0.00 0.00 0.00 -0.00 0.00 0.00 0.00 0
7 0.00 0.00 -0.00 -0.00 0.00 0.00 0.00 0
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6.12.2 ASL_qgfcr3d, ASL_pfcr3d

(1)

Three-Dimensional Correlations

Function
Assume that the two multiperiodic discrete functions f(iy,iy,7,) and g(jz, jy,j-) of period (mg,my, m.)

satisfying:

f(iwaiyaiz) = f(ZLE + mewviy + Lymyviz + Lzmz)a
g(]m]yv.]z) :g(jacJFLxmz,ijrLymy»szFLzmz)v
(vaj_r:ovvmzf]-a Zy»]y:()»amyfla sz.]Z:Ov?mzi]-)

for arbitrary integers L., L,, and L, take nonzero values within their basic periods only for (ig,y,%.) €
0,08 — 1] x [0,n5” — 1] x [0,nY) = 1] and (jz, 4y, 42) € [0,75 — 1] x [0,n$ — 1] x [0,n'? — 1]. Here,
[0,a] x [0,b] x [0,c] is the direct product region (region contained in the cube for which the point (0, 0,
0) and the point (a,b,c) are diagonal points) in the space in which the space coordinates (i, j, k) lie. At
this time, ASL_qgfcr3d or ASL_pfer3d calculates the quantity G(ks, ky, k.) obtained by shifting the discrete

correlation g(ky, ky, k-), which is defined as follows:

me—1my—1m,—1

Q(kx»ky»kZ) = Z Z Z f(Zz»Zy»ZZ)g(kxJrlx»kerly»szFZZ)

ip=0 iy =0 i.=0

(kg =0,---,mg—1; ky=0,---,my —1; k; =0,---,m, — 1)

by (n(zf) -1, ng(,f) — 1,0t - 1) in the positive direction for (k, ky, k.), respectively. G(ky,ky, k-) is defined

as follows:

(ke by ks) = q(ke — (08 = 1)k, — (0§ — 1), k. — () — 1))
(kz =0,-+-,my — 1; ky=0,---,my — 1, k.=0,---,m,—1)

Here, m, = min(ngf) + n;f’) -1, M), my = min(nz(,f) + nz(,g) —-1,M,), and m, = min(n(zf) + n(zg) —-1,M,)
and M., M,, and M, are arbitrary integers satisfying M, > max(néf),ng])), M, > max(ng(,f),nég)), and
M, > max(ngf ),n,(zg)), respectively. The three-dimensional real Fourier transform of ¢(kg, ky, k.) can also
be obtained.

Usage
Double precision:
ierr = ASL_gfer3d (nx1, nyl, nzl, nx2, ny2, nz2, rl, Ix1, lyl, lz1, r2, Ix2, ly2, 122, mx, my, mz,
isw, iwk, wk, nt);
Single precision:
ierr = ASL _pferdd (nx1, nyl, nzl, nx2, ny2, nz2, rl, Ix1, lyl, Iz1, r2, 1x2, ly2, 122, mx, my, mz,

isw, iwk, wk, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

I { int as for 32bit Integer}

long as for 64bit Integer

No. Argument and Type Size fnput/ Contents
Return Value Output
1 nx1 I 1 Input | Number of effective data in i, direction néf )
for discrete function f(is, iy,%.)
2 nyl I 1 Input | Number of effective data in 4, direction néf )
for discrete function f(is, iy,%.)
3 nzl I 1 Input | Number of effective data in 7, direction ngf )
for discrete function f(iz,%y,1z)
4 nx2 I 1 Input | Number of effective data in j, direction né”
for discrete function ¢(jz, jy, j-)
5 ny2 I 1 Input | Number of effective data in j, direction nz(f)
for discrete function ¢(jz, jy, j-)
6 nz2 I 1 Input | Number of effective data in j, direction n§9>
for discrete function g(jg, jy,J2)
7 rl D+ Ix1xlylx | Input | Values of discrete function f(iy,%y,7,) (See
{R*} 1z1 Note (a))
Output | When isw > 1, result of three-dimensional
real Fourier transform of discrete function
fliz, iy, i;) (period (Mg, My, M.))
8 Ix1 I 1 Input | Adjustable dimension of array rl
9 Iyl I 1 Input | Second dimension of array rl
10 1z1 I 1 Input | Third dimension of array rl
11 r2 D« Ix2xly2x | Input | Values of discrete function g(jz,Jjy,j-) (See
{R*} 122 Note (a))
Output | Value of discrete function ¢(kg, ky, k.) or the
three-dimensional real Fourier transform of
q(kz, ky, k=) (See Note (b))
12 1x2 I 1 Input | Adjustable dimension of array r2
13 ly2 I 1 Input | Second dimension of array r2
14 122 I 1 Input | Third dimension of array r2
15 mx I 1 Input | Parameter M, corresponding to the pe-
riod (mg,my,m,) of discrete functions
flizyiy,iz), 9(JasJys J=), and G(ks, ky, k)
(See Note (c))
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Argument and

Return Value

Type

Size

Input/
Output

Contents

16

my

Input

Parameter M, corresponding to the pe-
riod (mg,my,m;) of discrete functions
f(lx,ly,lz), g(]za]y;]z)a and (j(kzvkyvkz)
(See Note (c))

17

Input

Parameter M, corresponding to the pe-
riod (mg,my,m;) of discrete functions
f(imaiyaiz)-/ g(jmajyvjz)a and Q(kwakyakz)
(See Note (c))

18

isw

Input

Processing switch (See Note (d))

isw= 0: Calculate the correlation according
to the definition.

isw= 1: Calculate the correlation according
to the FFT method.

isw= 2: Calculate the real Fourier transform

of the correlation.

19

iwk

I*

See

Contents

Work

Work area

Size:

0 (When isw= 0)
60 (When isw > 1)

20

wk

()

See

Contents

Work

Work area

Size:

(nx2 + 1) x (ny2 4+ 1) x nz2 (When isw= 0,
nx2 is even and ny?2 is even)

nx2 x (ny2 + 1) x nz2 (When isw= 0, nx2 is
odd and ny?2 is even)

(nx2 + 1) X ny2 x nz2 (When isw= 0, nx2 is
even and ny?2 is odd)

nx2 X ny2 x nz2 (When isw= 0, nx2 is odd
and ny?2 is odd)

mx+2 % (my+mz)+max(lx1 x 1yl x1z1, 1x2 x
ly2 x 122) (When isw > 1)

21

nt

Input

Number of tasks to be generated

22

ierr

Output

Error indicator (Return Value)
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(4) Restrictions

nxl > 1 and nyl > 1 and nzl > 1

)
)
) nx2 > 1 and ny2 > 1 and nz2 > 1
)
)

Ix1 > nx1 and lyl > nyl and 1z1 > nzl (when isw=0)

mx > MAX(nx1,nx2) and my > MAX(nyl,ny2) and mz > MAX(nzl, nz2)

Ix1 > mx + 1 and Ix1 is even and lyl > my and 1z1 > mz (when isw > 1 and mx is odd)

Ix1 > mx + 2 and 1x1 is even and lyl > my and 1z1 > mz (when isw > 1 and mx is even)

(f) 1x2 > mx and ly2 > ny2 and 122 > nz2 (when isw=0)

Ix2 > mx + 1 and 1x2 is even and ly2 > my and 1z2 > mz (when isw > 1 and mx is odd)

Ix2 > mx + 2 and 1x2 is even and ly2 > my and 122 > mz (when isw > 1 and mx is even)

(g) nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
1000 mx < nxl+nx2—1ormy < nyl+ny2—1 Overlapping occurred during the correla-
or mz < nzl +nz2 —1 tion calculation.

3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.

3020 Restriction (c) was not satisfied.

3030 Restriction (d) was not satisfied.

3040 Restriction (e) was not satisfied.

3050 Restriction (f) was not satisfied.

3060 Restriction (g) was not satisfied.
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(6) Notes

(a)

The values of the discrete functions f(iy,%y,¢,) and g(jz, jy,j-) and the elements of arrays rl and r2
are associated as follows.

fliz,iy,i2) < rllix +1x1 = (iy + 1yl *i,)]

9 Jyr =) & 20k +1x2 % (jy +1y2 % )]
Here, i, = 0,'~,n§cf) —1; iy = 0,'~',n7(4f) —1; 4, = O,~~,n§f) —1and j, = 0,~~,n§c‘(]) —1; jy, =
0,--- ,ny(j]) —1;5.=0,---, n§‘7> — 1, and no values need be entered in other elements. The adjustable
dimensions of arrays rl and r2 should be set so that 1x1/2, lyl, 1z1, 1x2/2, ly2, and 122 are
odd numbers to avoid bank conflict of main memory. Also, to increase speed, calculations

are executed even for elements outside areas where data is set within arrays r1 and r2.

Usually, when mx, for example, is (a multiple of 4)+2, Ix]=mx+4 is set.

The values of the discrete convolution G(k,,k,,k,) and the elements of array r2 are associated as

follows.
Gk, ky k) < 120k +1x2 % (ky + 1y2 % k)]
Here, k, =0,--- , My —1; k, =0,---,M, —1; k, =0,---,M, — 1. When isw=2 is set to obtain the

three-dimensional real Fourier transform Q(jz, jy,j-) of the discrete correlation q(ks, ky, k), which is
defined as follows (|z| represents the maximum integer that does not exceed x):

= 30 D lha ky keI AR
xiViylVly

y y My P — z
(]I:O,7LI\/2[IJ,jy:O7,L2J,]Z70,7LIV2[J)
the following associations are made:

%{Q(Jxajyvjz» Ane r2[2*jx+b{2*(jy+1y2*j2)]
HQUarJysd=)} & 12[2%jx + 1+ 1x2% (jy +1y2 % j,)]

In this case, note that the Fourier transform that is obtained is normalized. The remaining half period

of the Fourier transform can be obtained from the symmetry of the real Fourier transform as follows:

Q(Mz *jzaMy - jy»Mz *jz)* = Q(jzajyvjz)

Q(My — Jas Jy, J2)* = Q(Ju, My — jy, M — j2)

Q(Mm_jmaMy_jyvjz)* :Q<jmajy7Mz_jz)
(Here, z* represents the conjugate complex number of the complex number z.) Now, Q(jz, jy,Jj=)
can be thought of as an estimate of the cross spectrum of the original two functions for which the
correlation is to be calculated. In this case, M, M,, and M, should be thought of as M, = néf) —l—n;g),
M, = néf )y n?(j]), and M, = nt + n9. In particular, if the original two functions for which the
correlation is to be calculated are the same function, Q(jz,Jy,j-) corresponds to the raw Fourier

periodogram (estimate of the power spectrum), and Q(jz, jy, j-) is a real number.

If mx > nx1 +nx2 —1 and my > nyl +ny2 — 1 and mz > nzl 4+ nz2 — 1 are set, the correlation can be
calculated without causing an overlap with the correlation of the next period. When mx > nx14nx2—1

or my > nyl +ny2 — 1 or mz > nzl 4+ nz2 — 1, the following correspondences are made:
Gkz, ky) ¢ 12k +1x2 % (ky + 1ly2 x ky)]

and values that match 0.0 within the error range are stored in elements corresponding to k, =

nxl+nx2-1,--- mx—-1; b, =0,--- my—1; k., =0,--- mz—1lork, =0,--- mx—1; k, =
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nyl+ny2 —-1,---,my —-1; k, =0,---,mz—1lork;, =0,--- mx—1; ky, =0,---,my — 1; k, =
nzl +nz2—1, .-, mz—1. When isw=0, mx = nx1+nx2—1, my = nyl+ny2—1, and mz = nz1 +nz2—1
should be set. When isw > 1, the calculations can be performed more efficiently by setting a value
for mx, my or mz for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3,
5, etc., which are the mixed radix values of FFT). For example, if nx1=nx2=145, then when isw=0,
mx = 289(=17?) should be set. However, when isw > 1, it is usually more efficient to set mx =
300(=22 x 3 x 52), mx = 320(=2°% x 5), mx = 384(=2" x 3) or the like.

Usually, the calculations can be performed more efficiently by setting isw=1 to calculate
the FFT correlation. However, to conserve work area or if there is a restriction on the method of

selecting the parameter mx, my or mz, the calculations should be performed by setting isw=0.

To calculate the correlation of discrete functions the starting position of the nonzero portions are
separated from the origin, first perform the calculations by shifting the functions so that the starting
positions are at the origin, and then shift the calculation results again to obtain the final results more
efficiently. For example, when the nonzero portions of the discrete functions f(is, iy, ) and g(jz, jy, jz)
are the intervals [ig, io + n$ — 1] and [jo, jo + n'® — 1] for i, and j,, respectively, let f(zz,zy,zz) and
§(jz, Jy, J=) be defined as follows:

f(iwaiyviZ) = f(lw - iO’iyviZ)» g(]ma]y»h) = g(]m _jO»jyajz)
and apply this function to f(iwiy,iz) and §(jz, Jy, Jz)- Let §(ks, ky, k,) represent the result that was
obtained, and the correlation ¢(k, ky, k) of the original functions f(is,%y,%,) and ¢(jz, jy, j-) is given

as follows:
(ks iy, k2) = G(ke — (o — d0) + () — 1), &y, k)

Therefore, even when ig = jo = 0, to consider the correlation g(k,, ky, k.) that conforms to the normal
definition, you must consider shifting the result by néf ) _1in the negative direction of k, after applying
this function or if you shift f(is,iy,%.) and g(jz, jy, j») in the negative directions of i, and j, by i and
Jo, respectively, before calculating the discrete correlation, you must then shift the calculation result

again by jo — 4o in the positive direction of k,. Similarly, for iy, j,, and k, and i, j., and k..

The sampling interval cubed multiplied by the discrete correlation calculated by this function is the
square approximation (or approximation by using the trapezoidal formula) of the continuous corre-
lation integral of a bandwidth-limited function. Therefore, to raise the approximation precision, you
must take a smaller sampling interval and a larger number of sample data. To associate these results
with a continuous correlation it is easiest to let q(—n;f), ky k) =q(—1,ky, k) =0, q(ks, —nz(,f), k.) =

G(ks, —1,k,) =0, and q(kz, Ky, —ngf)) = G(ky, ky,—1) = 0 and consider (n(zf) +n(rg))(n7(f) +n§,g))(n,(zf) +

nEj])) data of q(ks, ky, k.) (kg = fnéf), <o, —1,0,1,-- .,ng‘” -1 ky = fng(,f), <o, —1,0,1,-- ',m(j]) —
L k,=-nt" .0 -1,0,1,- -, 0l — 1). Of course, this is the same as letting q(nggf) + né‘q),ky,kz) =
q(nég),ky,kz) =0, q(km,néf)—i—nz(,g),kz) = q~(k$,nz(,g),kz) =0, and q(km,ky,n(zf)—i—ngg)) = q~(k$,ky,n§,g)) =
0 and considering q(ky, ky, k) (ky = —(néf) -1),---,-1,0,1,- --,nc(pg); ky, = —(nz(,f) -1),---,-1,0,1,
. ,ny(j]); k, = f(ngf) -1),---,-1,0,1,-- ',n,(zg)). In this case, the coordinate (0, 0, 0) element usually
is associated with ¢(0,0,0). However,

When isw=0,

then 1x1 = nx1,lyl = nyl,1z1 = nzl, Ix2 = mx, ly2 = my, 122 = mz, and
nwk = (nx2 + 1) x (ny2+ 1) X nz2 (when nx2 is even and ny2 is even) or
nwk = nx2 x (ny2 + 1) x nz2 (when nx2 is odd and ny?2 is even) or

nwk = (nx2 + 1) x ny2 x nz2 (when nx2 is even and ny?2 is odd) or

nwk = nx2 x ny2 x nz2 (when nx2 is odd and ny2 is odd)
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When isw > 1

Ix1=1x2=mx+1 (when mx is odd) or

Ix1=1x2=mx+2 (when mx is even),

lyl=ly2=my, lz1=1z2=mz, and nwk = mx + 2 X (my + mz) + Ix1 X my X mz.

(7) Example

(a)

Problem
Use the sampling interval A to discretize the two finite waveforms defined by the following equations

and calculate the discrete correlation.

_ ) or ((@y,2) € [0,25] x [0,y5] x [0, 2¢])
f@y,2) = { 0 (Otherwise)
_ ) zg—z ((@,9,2) €[0,2g] x [0,yg] x [0, 2¢])
9(@y,2) = { 0 (Otherwise)
Input data

Sampling data

rlfiy + Ix1 * (iy + Iyl = 1,)] = {(ixA,iyA1,A) (ixk = 0,1,---,nx1 — 1; iy = 0,1,---,nyl — 1; i, =
0,1,---,nzl — 1),
2jx + 1x2 * (jy + ly2 * j,)] = g(ixA,jyA,jzA) (x = 0,1,---,nx2 - 1; j, = 0,1,---,ny2 - 1; j, =

0,1,---,nz2 —1).

Here, A = 0.5.

nx1, nyl, nzl, nx2, ny2, nz2, mx, my, mz and isw.
Main program

/%
#include <stdio.h>

#include <stdlib.h>
#include <asl.h>

C interface example for ASL_gfcr3d */

int main()
{

nxl;
nyl;
ngl;

int nx2;

int ny2;

int nz2;
double *ri;
int m0=8;
int 1x1;

int 1yi1;

int 1z1;
double *r2;
int 1x2;

int 1ly2;

int 1z2;

int mx;

int my;

int mz;

int isw;

int *iwk;
int niwk=60;
double *wk;
int nwk;
int ierr;
int i,j,k;
int nt =
double t
double
double
double

int
int
int

#%% ASL_qfcr3d **x\n" );
*#x Input **\n\n" );

printf( "
printf( "\n

isw=1;
nx1=(int) xf/dt;
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nyl=(int) yf/dt;

nzl=(int) zf/dt;

nx2=(int) xg/dt;

ny2=(int) yg/dt;

nz2=(int) zg/dt;
mx=my=mz=mO0;
1x1=1x2=(m0+2) /2*2;
lyl=ly2=my;

1z1=1z2=mz;
nwk=mx+2* (my+mz) +1x2*my*mz;

= ( double * )malloc((size_t)( sizeof (double) * (Ilx1xlylxlzl)
if ( r1 == NULL )

printf( "no enough memory for array ri\n" );
return -1;

= ( double * )malloc((size_t)( sizeof(double) * (1x2%1ly2%1z2)
if ( r2 == NULL )

printf( "no enough memory for array r2\n" );
return -1;

}
wk = ( double * )malloc((size_t) ( sizeof(double) * nwk ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

iwk = ( int * )malloc((size_t) ( sizeof(int) * niwk ));
if ( iwk == NULL

printf( "no enough memory for array iwk\n" );
return -1;

printf( "\t isw = %6d\n\t (nx1, nyl, nzl) = (%3d,%3d,%3d)\n",
isw, nx1, nyl, nzl);

printf( "\t (nx2, ny2, nz2)
nx2, ny2, nz2);

printf( "\t (mx , my , mz )
mx, my, mz);

(%#3d,%3d,%3d)\n",

(%3d,%3d,%3d) \n\n",

for( k=0 ; k<nzl ; k++ )
for( j=0 ; j<myl ; j++)
{or( i=0 ; i<nxl ; i++ )

t=i*xdt
r1[1+1x1*(3+1y1*k)]-t

}
for( k=0 ; k<nz2 ; k++ )
for( j=0 ; j<ny2 ; j++ )
for( i=0 ; i<nx2 ; i++ )
t=ix*dt;
r2[i+1x2* (j+1ly2+k)]=xg-t;

}
for( k=0 ; k<nzl ; k++ )

printf( "\tData ri[i+%3d*(j+%3d*}3d)I\n", 1x1, 1lyl, k );
printf( "\ti/j 0 1 2 3\n" );
printf( "\t \n" );
for( i=0 ; i<nxl ; i++ )

printf( "\t%3d", i );
for( j=0 ; j<nyl ; j++ )

printf( "%8.3g", ri[i+lx1*(j+lyl*k)] );
printf( "\n");

}
printf( "\n");
}
%or( k=0 ; k<nz2 ; k++ )

printf( "\tData r2[1+%3d*(3+73d*73d)]\n", 1x2, 1ly2, k );
printf( "\ti/j 0 2 3\n" );
printf( "\t -—= \n" );
for( i=0 ; i<nx2 ; i++ )

printf( "\t%3d", i );
for( j=0 ; j<ny2 ; j++ )

printf( "%8.3g", r2[i+lx2x(j+ly2xk)] );
printf( "\n");

}
printf( "\n");

ierr = ASL_qgfcr3d(nx1, nyl, nzl, nx2, ny2, nz2,
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rl, 1x1, 1lyi, 1zi, r2, 1x2, ly2, 1z2,
mx, my, mz, isw, iwk, wk, nt);

printf( "\n *x Output **\n\n" );
printf( "\tierr = %6d\n", ierr );
for( k=0 ; k<mz ; k++ )
printf( "\tCorrelation r2[i+%3d*(j+%3d*%3d)]1\n", 1x2, 1ly2, k );
")

printf( "\ti/j 0 1 2 3 4
printf( " 5 6 7\n" );

printf( "\t —_— S
printf( " \n" );

for( i=0 ; i<mx ; i++ )

printf( "\t%2d", i );
for( j=0 ; j<my ; j++ )
printf( "%7.21f", r2[i+lx2*(j+ly2+k)] );
printf( "\n");
}
printf( "\n");
}
free( iwk );
free( wk );

free( r2 );
free( rl1 );

return O;

}
(d) Output results

***x ASL_qgfcr3d ***

*k Input *%

isw = 1
(nx1, nyl, nzl) = ( 4, 4, 4)
(nx2, ny2, nz2) = ( 4, 4, 4)
(mx , my , mz)=( 8, 8, 8)

Data ri[i+ 10*(j+ 8% 0)]

i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5

Data ri[i+ 10*(j+ 8% 1)]

i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5

Data ri[i+ 10x(j+ 8% 2)]

i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5

Data ri[i+ 10*(j+ 8% 3)]

i/j 0 1 2 3
0 0 0 0 0
1 0.5 0.5 0.5 0.5
2 1 1 1 1
3 1.5 1.5 1.5 1.5

Data r2[i+ 10*(j+ 8% 0)]

i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5

Data r2[i+ 10*(j+ 8% 1)]

i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5

453



ASL_qfer3d, ASL_pfcr3d
Three-Dimensional Correlations

Data r2[i+ 10*(j+ 8% 2)]
i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5
Data r2[i+ 10*(j+ 8% 3)]
i/j 0 1 2 3
0 2 2 2 2
1 1.5 1.5 1.5 1.5
2 1 1 1 1
3 0.5 0.5 0.5 0.5
** Qutput **
ierr = 0
Correlation r2[i+ 10*%(j+ 8% 0)]
i/j o 1 2 3 4 5 6
0 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -0.
1 4.25 8.50 12.75 17.00 12.75 8.50 4.25 -0.
2 4.00 8.00 12.00 16.00 12.00 8.00 4.00 -0.
3 2.50 5.00 7.50 10.00 7.50 5.00 2.50 -0.
4 1.00 2.00 3.00 4.00 3.00 2.00 1.00 -0.
5 0.25 0.50 0.75 1.00 0.75 0.50 0.25
6 0.00 0.00 -0.00 -0.00 0.00 0.00 0.00
7 0.00 0.00 -0.00 -0.00 -0.00 0.00 0.00
Correlation r2[i+ 10*%(j+ 8* 1)]
i/j o 1 2 3 4 5 6
0 6.00 12.00 18.00 24.00 18.00 12.00 6.00 -O0.
1 8.50 17.00 25.50 34.00 25.50 17.00 8.50 -0.
2 8.00 16.00 24.00 32.00 24.00 16.00 8.00 -O0.
3 5.00 10.00 15.00 20.00 15.00 10.00 5.00 -O0.
4 2.00 4.00 6.00 8.00 6.00 4.00 2.00 -O0.
5 0.50 1.00 1.50 2.00 1.50 1.00 0.50 -0.
6 0.00 0.00 0.00 -0.00 0.00 0.00 0.00
7 0.00 0.00 -0.00 -0.00 0.00 0.00 0.00
Correlation r2[i+ 10*(j+ 8* 2)]
i/j o 1 2 3 4 5 6
0 9.00 18.00 27.00 36.00 27.00 18.00 9.00 -O0.
1 12.75 25.50 38.25 51.00 38.25 25.50 12.75 -O.
2 12.00 24.00 36.00 48.00 36.00 24.00 12.00 -0.
3 7.50 15.00 22.50 30.00 22.50 15.00 7.50 -0.
4 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -O0.
5 0.75 1.50 2.25 3.00 2.25 1.50 0.75 -0.
6 0.00 0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
7 0.00 -0.00 0.00 -0.00 0.00 0.00 -0.00
Correlation r2[i+ 10x(j+ 8% 3)]
i/j 0 1 2 3 4 5 6
0 12.00 24.00 36.00 48.00 36.00 24.00 12.00 -0.
1 17.00 34.00 51.00 68.00 51.00 34.00 17.00 -O.
2 16.00 32.00 48.00 64.00 48.00 32.00 16.00 -0.
3 10.00 20.00 30.00 40.00 30.00 20.00 10.00 -O.
4 4.00 8.00 12.00 16.00 12.00 8.00 4.00 0
5 1.00 2.00 3.00 4.00 3.00 2.00 1.00
6 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 0
7 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -0.00 -O.
Correlation r2[i+ 10x(j+ 8x 4)]
i/j 0 1 2 3 4 5 6
0 9.00 18.00 27.00 36.00 27.00 18.00 9.00 -O0.
1 12.75 25.50 38.25 51.00 38.25 25.50 12.75 -O.
2 12.00 24.00 36.00 48.00 36.00 24.00 12.00 -0.
3 7.50 15.00 22.50 30.00 22.50 15.00 7.50 -0.
4 3.00 6.00 9.00 12.00 9.00 6.00 3.00 -0.
5 0.75 1.50 2.25 3.00 2.25 1.50 0.75
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 -0.00 0.00 -0.00 0.00 0
Correlation r2[i+ 10%x(j+ 8% 5)]
i/j 0 1 2 3 4 5 6
0 6.00 12.00 18.00 24.00 18.00 12.00 6.00 -0
1 8.50 17.00 25.50 34.00 25.50 17.00 8.50 -0
2 8.00 16.00 24.00 32.00 24.00 16.00 8.00 -0
3 5.00 10.00 15.00 20.00 15.00 10.00 5.00 -0
4 2.00 4.00 6.00 8.00 6.00 4.00 2.00 -0
5 0.50 1.00 1.50 2.00 1.50 1.00 0.50 0
6 0.00 0.00 0.00 -0.00 0.00 0.00 0.00 0
7 0.00 0.00 -0.00 -0.00 0.00 0.00 0.00 0
Correlation r2[i+ 10x(j+ 8x 6)]
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i/j

7)1

8%

Correlation r2[i+ 10x(j+

i/j
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6.13 POWER SPECTRUM ANALYSIS

6.13.1 ASL_qgfps2d, ASL_pfps2d

(1)

Two-Dimensional Fourier Periodograms

Function
ASL _qfps2d or ASL_pfps2d obtains the (modified) Fourier periodogram of the series u;, j, (jo = 0,---, 1, —
1; jy =0,---,ny —1). The Fourier periodogram py, r, is defined by the following equation.

2
a1yl imke | duk
(@) (), . 2V Tlishe g iu
DD wwy g S
J==0 ijO Mg

2

Dkark, = (ky =0,1,---,|=]; ky=0,1,---,ny — 1)

NgNy S

Here, |x] represents the maximum integer that does not exceed z. w](z)

@ _ ;
Jx
and 8 = nyn, are set, and for a modified periodogram /3 is set as follows:

(¥)
Jy

and w;”’ are the truncation functions

(data windows). For a raw Fourier periodogram, w

ny—1 ny—1
B ( Z (wgf))2)( Z (wj(z))2) (when a power modification expression according
B= J2»=0 Jy=0 to a data window is used)
NgN Otherwise
v (

The periodogram py, , corresponds to a half period (period (n;,n,)) and the remainder is obtained from

the relationship as follows.
Prg—kenyg—ky = Pkg,ky
Prg—ke ky = Pkyyny—k,
Also, the total power of the corresponding series is as follows.

ng—1ny—1

S {ug ¥

J==0 ijO

Ny

Usage
Double precision:

ierr = ASL_gfps2d (nx, ny, r, Ix, ly, isw, iwk, wk, nt);
Single precision:

ierr = ASL_pfps2d (ux, ny, r, Ix, ly, isw, iwk, wk, nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer

Input
Type Size nput/
Return Value Output

Argument and

No. Contents

1 nx I 1 Input | Length n, in the j, direction of series uy;, j,
(See Note (d))

2 ny I 1 Input | Length n, in the j, direction of series uy;, j,
(See Note (d))

3 r {D*} Ixxly Input | Values of series u;, ;, (See Note (a))

Output | Values of Fourier periodogram py, ., of series
uj, 5, (See Notes (b) and (c))

Ix I 1 Input | Adjustable dimension of array r

5 ly I 1 Input | Second dimension of array r

isw I 1 Input | Processing switch (See Note (e))

isw= 0: Calculate the raw Fourier peri-
odogram

isw==1: Calculate the periodogram using a
user-defined data window

isw==42: Calculate the periodogram using
the Hanning window

isw==43: Calculate the periodogram using
the Bartlett window

isw==44: Calculate the periodogram using
the Welch window

isw==45: Calculate the periodogram using
the Parzen window

To use a power modification expression ac-
cording to a data window, set isw > 0; oth-
erwise, set isw < 0.

iwk I* 40 Work | Work area

wk {D*} See Work | Work area

Contents When isw==+1, enter the values of the user-
defined data window. (See Note (e))
Size: nx + 2 X ny + Ix x ly

9 nt I 1 Input | Number of tasks to be generated
10 ierr I 1 Output | Error indicator (Return Value)
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(4) Restrictions

(a)
(b)
()

()

isw € {0,+1,+£2,4+3,+4, £5}
nx > 1 and ny > 1

Ix > nx + 1 and ly > ny (when nx is odd)

Ix > nx + 2 and ly > ny (when nx is even)

nt>1

(5) Error indicator (Return Value)
ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3030 Restriction (c) was not satisfied.
3040 Restriction (d) was not satisfied.
4000 When isw=1, the user-defined data win-
dow was wg) =0(jp=0,---,n; — 1).
4010 When isw=1, the user-defined data win-
dow was wg) =0(jy=0,---,ny — 1).
(6) Notes

(a)

The elements of array r and the values of the series u;, ;, are associated as follows.
ujmvjy < r[jX + 1X * JV]

Here, j, = 0,---,ny — 1; jy, = 0,---,ny — 1, and no values need be entered in other elements. The
adjustable dimensions of array r should be set so that 1x/2 and ly are odd numbers to
avoid bank conflict of main memory. Usually, when nx, for example, is (a multiple of
4)+2, Ix=nx+4 is set.

The values of the Fourier periodogram pg, r, are associated as follows with the elements of array r.
ke, ky) < ke Flxxky] (ke =0,---,[%]; ky =0,---,ny — 1)
|| represents the maximum integer that does not exceed x.

The frequencies (£, ,7k,) corresponding to obtained Fourier periodogram py, ., (kz =0,1,---,nz —
1; ky=0,1,---,n, — 1) are given as follows.

Ny

o =25 (b 0.1, %))
(kyzovl""vLED

n
by = |22) 1,0 my = 1)

ey = ky —ny
nyA
Where A is the sampling interval.

(d) The calculations can be performed more efficiently by setting the length nx and ny of the series u;, j,

to a value for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3, 5, etc.,
which are the mixed radix values of FFT). For example, rather than setting nx = 289(=17?), it is
usually more efficient to set nx = 300(=22 x 3 x 52), nx = 320(=2° x 5), nx = 384(=27 x 3) or the
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like. When the number of data cannot be increased, adjust nx by supplying the required number of
zeros at the end of the data to perform the calculations.

(e) The truncation function (data window) can be changed as follows according to the value of the pro-

cessing switch isw.

sin’(7v;) isw= £2 (Hanning window)
1—|2v; — 1] isw= +3 (Bartlett window)
1—(20; —1)? isw= +4 (Welch window)
w; = 16v;3 0<wv;<1i
1 —6v,(v; — 1)2 <y, <1
v (v = 1) s 1. Y= 3 isw= +5 (Parzen window)
1 —6vj(vp—jr1—1)° 5<v; <y
16Un_j+13 % < v; < 1

Here, v; = %, and j = j, and n = n, are set for wg) and j = j, and n = n, are set for w](i’) Therefore,
when the data windows shown above are used, the elements ug ;, and u;, o of the series uj;, ; do not
affect the calculation of the modified periodogram. To avoid this situation, you should specify values
for nx and ny that are larger by 1 than the lengths of the series for which you actually want to calculate
the periodogram and set the effective data in elements corresponding to 1 and after for j, and j,. The

data windows are represented as follows as time (or space) domain functions that are nonzero only for
lz| < 1.

1
w = cos? % Hanning window
1— |z Bartlett window
w(x) =9 1-— 22 Welch window
L= 6a% + Glaf” ] < % Parzen window
2(1 — |z])? 5 <lz| <1

Also, to use user-defined data window values w](r) and w(g)

- ;.05 set isw = +1, set the values in work array

wk as follows:

wh(je] = Wi (e =0, ne — 1), whlng +jy) = w (G, =0,y — 1)

and then call this function.

From its definition, the raw periodogram should be regarded as an approximation of a discrete Fourier
transform of the autocorrelation function. Since the effective data length of the autocorrelation function
of a discrete function having effective number of data n is 2n — 1, approximating the power spectrum
of a general function by a raw periodogram corresponds to truncating the function by using a square
truncation function w(k) for which one period is given as follows.

1 =0,1,---,n—1
w(k)—{ k 073 1

0 Otherwise

When the frequency is f for the Fourier transform of the square function, a Si‘}f type function form is
assumed having a sidelobe that is not small around the central frequency. Therefore, when a periodic
function is sampled, for example, by simply truncating it using a width that is not an integer multiple of
one period, since the raw periodogram will be the convolution of the Fourier transform of the periodic
function for which the power spectrum is to be obtained and the % type function in the frequency
domain, an excess frequency component called leakage occurs. To suppress this kind of leakage, simple
truncation is not performed, and a truncation function having a small sidelobe in the frequency domain,

such as the Hanning window, is used. However, in general, the more the leakage is suppressed, the
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more the result of the discrete Fourier transform widens and blurs. Therefore, when estimating the
power spectrum, you must select a suitable truncation function according to your objectives, that is,

according to whether the spectral width or the central frequency is to be the problem, for example.

To raise the resolution (sampling interval in the frequency domain) % of the discrete Fourier transform,
you should increase the number of sample data n or increase the sampling interval 7. However, to
raise the precision of the power spectrum estimate while holding the sampling interval and resolution
fixed, a technique is often used of taking m groups of samples for which the number of samples is n,
obtaining the modified periodogram for each of those m groups, and then taking the average of those
values. In this case, a technique is also proposed in which the m groups of sample data are taken from

the series so that they overlap. For details, refer to the Reference Bibliography.

When obtaining the power spectrum, the property related to the frequency transition of the Fourier
transform, that is, the multiplication by e2™V=1fot in the time (or space) domain, is associated with
the shifting of the frequency by fy in the frequency domain, and a technique is often used of reducing
the number of data points required for the calculation in which the central frequency of the power
spectrum is shifted in advance, using the property that the function shape does not change. This kind
of operation is known as modulation. However, Ix=nx+1 (when nx is odd) or

Ix=nx+2 (when nx is even)

and ly=ny.

(7) Example

(a)

Problem
Use the sampling interval A to discretize the waveform defined by the following equation and estimate

the power spectrum by calculating the Fourier periodogram.
f(z,y) = cos 2w fix + cos 27 foy

Input data

Sampling data

rfix + Ix * jy] = f(GxA,jyA) (x =0,1,---,nx — 1; j, = 0,1,---,ny — 1).
Here, A = 0.5.

nx, ny and isw.

Main program

/* C interface example for ASL_qgfps2d */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

int n0=8,isw0=4;
int nx;

int ny;

double *r;

int 1x;

int 1ly;

int isw;

int *iwk;

int niwk=40;
double *wk;

int nwk;

int ierr;

int i,j,m,nd2,is;
int nt = 2;
double *p,t,tx,ty,dt,dfx,dfy,f0,f1,£2;

printf( " *x%x ASL_qfps2d ***\n" );
printf( "\n ** Input **\n\n" );
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nx=n0;

ny=n0;

1x=n0+2;

ly=ny;
nwk=nx+2*ny+1x*ly;

= ( double * )malloc((size_t)( sizeof(double) * (lx*ly*(isw0+2)) ));

if ( r == NULL )

printf( "no enough memory for array r\n" );
return -1;

( double * Jmalloc((size_t) ( sizeof (double) * nwk ));
1f( wk == NULL )

printf( "no enough memory for array wk\n" );
return -1;

= ( double * )malloc((size_t) ( sizeof (double) * (isw0+2) ));
f( p == NULL )

Y

printf( "no enough memory for array p\n" );
return -1;

iwvk = ( 1nt * )malloc((size_t) ( sizeof(int) * niwk ));
if( iwk == NULL )

printf( "no enough memory for array iwk\n" );
return -1;

printf( "\t isw=0, 2 to %6d\n", iswO+1 );
printf( "\t nx—76d\n\t ny= 76d\n\n", nx,ny );
dt=0.5;

f0=1. 0/(2 0*dt) ;

£1=0.62*£0;

f2=0.14*f0;

nd2=(int) (nx+1)/2;

dfx=1.0/(dt*nx);

dfy=1.0/(dt*ny) ;

plisw0+1]=0.0;

for( j=0 ; j<ny ; j++ )

{

ty=(double) j*dt;
for( i=0 ; i<nx ; i++ )

tx=(double) ixdt;
t=cos(2.0*xM_PIxflxtx)+cos(2.0xM_PI*f2*ty);
rli+lxx(j+ly*(isw0+1))]=t;
pliswO+1] += (txt);

}

;[isw0+1] /= (double) (nx*ny);
printf( "\tTime series data r[i+%3d*jl\n", 1x);
printf( " i/j");
for( j=0 ; j<ny ; j++ )

printf( "%9d", j);
printf( "\n" );
printf( " -—= ")
printf( " -— \n");
for( i=0 ; i<nx ; i++ )

printf( "¥5d", i );
for( j=0 ; j<ny ; j++ )

printf( "%9.41f", rli+lx*(j+ly*(isw0+1))] );
printf( "\n" );

}
printf( "\n");
printf( "\tTime domain power =%,9.41f\n", p[iswO0+1]);

printf( "\tSignal frequency =(%9.41f, %9.41f)\n", f1, £2);
is=0;

for( isw=0 ; isw<=isw0 ; isw++ )

for( j=0 ; j<ny ;o Jtt )
for( i 5 iknx ; i++ )
r[1+lx*(J+1y*1sw)]—r[1+1x*(3+1y*(1sw0+1))]
if (isw !'= 0)
is=isw+l;

ierr = ASL_qfps2d(nx, ny, &r[lx*ly*isw], 1lx, ly, is, iwk, wk, nt);

plisw]=0.0;
%f (nx%2==0)
m=nd2-1;

for( j=0 ; j<mny ; j++ )
for( i=1 ; i<m ; i++ )
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plisw]+=2.0*r [i+1x*(j+ly*isw)];
for( j=0 ; j<ny ; j++ )
plisw]+=r [1x*(j+ly*isw)]+r [m+lx* (j+ly*isw)];

}
else
m=nd2;
for( j=0 ; j<ny ; j++ )
for( i=1 ; i<m ; i++ )
p[iswj+=2.0*r[i+1x*(j+1y*isw)];
for( j=0 ; j<ny ; j++ )
pliswl+=r[lx*(j+ly*isw)];
}
}
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

isw=0;
printf( "\t(Modified) periodogram (Raw)\n");
printf( "\tFrequency domain power=%9.41f\n", plisw] );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(uy+1)/2 ; j++ )

printf( "%8.21f", jxdfy );
printf( "\n");
printf( " - ")
printf( " -——-\n");
for( i=0 ; i<nd2 ; i++ )

printf( " Y%8.2Lf", i*dfx );
for( j=(ny+1)/2 ; j<my ; j++ )
printf( "%8.41f", r[i+lx*(j+ly*isw)] );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf( "%8.41f", rli+lx*(j+lyxisw)] );
printf( "\n" );
%rintf( "\n");
isw=1;
printf( "\t(Modified) periodogram (Hanning)\n");
printf( "\tFrequency domain power=%9.41f\n", plisw] );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++)
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(uy+1)/2 ; j++ )
printf( "%8.21f", jxdfy );
printf( "\n");
printf( " —m—mmmm e ")
printf( " ----\n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", i*dfx );
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.41f", rli+lx*(j+ly*isw)] );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf( "%8.41f", rli+lx*(j+lyxisw)] );
printf( "\n" );
%rintf( "\n");
isw=2;
printf( "\t(Modified) periodogram (Bartlett)\n");
printf( "\tFrequency domain power=%9.41f\n", plisw] );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<mny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(uy+1)/2 ; j++ )
printf( "%8.21f", jxdfy );
printf( "\n");
printf( " ——mmm "y,
printf( " ——==\n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );
for( j=(ny+1)/2 ; j<my ; j++ )

printf( "%8.41f", rli+lx*(j+lyxisw)] );
for( j=0 ; j<(my+1)/2 ; j++ )

printf( "%8.41f", rli+lx*(j+lyxisw)] );
printf( "\n" );
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}
printf( "\n");

isw=3;

printf( "\t(Modified) periodogram (Welch)\n");

printf( "\tFrequency domain power=%9.41f\n", plisw] );

printf( " x/y-freq");

for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );

for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.21f",

printf( "\n");

j*dfy )

printf( "

printf( "

for( i=0 ; i<nd2 ; i++ )

printf( " Y%8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", rli+lx*x(j+ly*isw)] );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf( "%8.41f", rli+lx*(j+ly*isw)] );

printf( "\n" );
}
printf( "\n");

isw=4;

printf( "\t(Modified) periodogram (Parzen)\n");

")

\n");

printf( "\tFrequency domain power=%9.41f\n", plisw] );

printf( " x/y-freq");

for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );

for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.21f"
printf( "\n");

, j*dfy );

printf( " —-— "y
printf( " _— \n");
{or( i=0 ; i<nd2 ; i++ )
printf( " Y%8.21f", i*dfx );
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.41f", rli+lx*x(j+ly*isw)] );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf( "%8.41f", rli+lx*(j+ly*isw)] );
printf( "\n" );
}
free( iwk );
free( p );
free( wk );
free( r );
return O;
}
(d) Output results
***x ASL_qfps2d ***
** Input *x*
isw=0, 2 to 5
nx= 8
ny= 8
Time series data r[i+ 10%j]
i/j 0 1 2 3 4 5 6 7
0 2.0000 1.9048 1.6374 1.2487 0.8126 0.4122 0.1237 0.0020
1 0.6319 0.5367 0.2693 -0.1194 -0.5555 -0.9559 -1.2444 -1.3662
2 0.2710 0.1759 -0.0915 -0.4803 -0.9163 -1.3168 -1.6053 -1.7270
3 1.9048 1.8097 1.5423 1.1535 0.7174 0.3170 0.0285 -0.0932
4 1.0628 0.9676 0.7002 0.3115 -0.1246 -0.5250 -0.8135 -0.9352
5 0.0489 -0.0462 -0.3136 -0.7024 -1.1384 -1.5388 -1.8274 -1.9491
6 1.6374 1.5423 1.2748 0.8861 0.4500 0.0496 -0.2389 -0.3606
7 1.4818 1.3866 1.1192 0.7304 0.2944 -0.1060 -0.3946 -0.5163
Time domain power = 1.0626
Signal frequency =(  0.6200, 0.1400)
** Qutput **
ierr = 0
(Modified) periodogram (Raw)
Frequency domain power=  0.9717
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0158 0.0188 0.0350 0.2150 0.0218 0.2150 0.0350 0.0188
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0.25 0.0000 0.0000 0.0000 0.0000 0.0239 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.1352 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0781 0.0000 0.0000 0.0000
(Modified) periodogram (Hanning)
Frequency domain power=  0.5980
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0001 0.0054 0.0632 0.0105 0.0632 0.0054 0.0001
0.25 0.0000 0.0000 0.0013 0.0095 0.0056 0.0236 0.0013 0.0000
0.50 0.0000 0.0000 0.0000 0.0204 0.0814 0.0204 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0205 0.0820 0.0205 0.0000 0.0000
(Modified) periodogram (Bartlett)
Frequency domain power=  0.5835
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0009 0.0820 0.0109 0.0820 0.0009 0.0000
0.25 0.0000 0.0000 0.0002 0.0122 0.0025 0.0178 0.0002 0.0000
0.50 0.0000 0.0005 0.0000 0.0156 0.0855 0.0156 0.0000 0.0005
0.75 0.0000 0.0004 0.0000 0.0095 0.0762 0.0191 0.0000 0.0004
(Modified) periodogram (Welch)
Frequency domain power=  0.7072
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0001 0.1263 0.0124 0.1263 0.0001 0.0000
0.25 0.0000 0.0000 0.0000 0.0140 0.0014 0.0127 0.0000 0.0000
0.50 0.0002 0.0003 0.0010 0.0195 0.1065 0.0054 0.0009 0.0003
0.75 0.0002 0.0003 0.0008 0.0064 0.0941 0.0142 0.0009 0.0003
(Modified) periodogram (Parzen)
Frequency domain power=  0.4909
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0002 0.0093 0.0253 0.0070 0.0253 0.0093 0.0002
0.25 0.0000 0.0001 0.0022 0.0022 0.0127 0.0279 0.0064 0.0001
0.50 0.0000 0.0000 0.0006 0.0171 0.0558 0.0323 0.0030 0.0000
0.75 0.0000 0.0000 0.0013 0.0206 0.0485 0.0214 0.0014 0.0000
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6.13.2 ASL_qfps3d, ASL_pfps3d

(1)

Three-Dimensional Fourier Periodograms

Function
ASL _qfps3d or ASL_pfps3d obtains the (modified) Fourier periodogram of the series u;, j, ;. (jz = 0, -+, 17—

1; jy=0,---,ny —1; 5. =0,---,n, —1). The Fourier periodogram py, x, k. is defined by the following

Y

equation.
2
ng—1ny—1n,—1 i, uke gk
(@) () (2), 2w/ I(&e =it izmz)
> > > w e, e 7
J2=0 Jy=0 j.=0
by ky k. =
Phe by NgNyn, B
(kg =0,1,--, [ %]; ky=0,1,---,ny — L,k =0,1,--- ,n, — 1)
Here, |x] represents the maximum integer that does not exceed . w§x), w§y) and wj(-z) are the truncation
T Y z

functions (data windows). For a raw Fourier periodogram, wx) = wg) = wg) =10s=0,+-,ny—1; j, =
0,---,ny—1; j, =0,---,n,—1) and 8 = nynyn, are set, and for a modified periodogram f3 is set as follows:
Nnge—1 ny—1 n,—1
( Z (w](:))Q)( Z (w](zy;))2)( Z (w](j))Q) (when a power modification expression according
A= J==0 Jy=0 3==0 to a data window is used)
NgMyN (Otherwise)

The periodogram py, r, k. corresponds to a half period (period (n.,n,,n.)) and the remainder is obtained

from the relationship as follows.

Prg—keng—kymn.—k: = Pky,ky k.
Prg—ke Ky k- = Pkyny—ky,n.—k.
Prg—keny—ky k. = Pky kyn.—k,

Also, the total power of the corresponding series is as follows.

Neg—1ny—1n,—1

SO Aug, ¥

J==0 ijO Jj==0

NgNyN,

Usage
Double precision:

ierr = ASL_gfps3d (nx, ny, nz, r, Ix, ly, lz, isw, iwk, wk, nt);
Single precision:

ierr = ASL_pfps3d (ux, ny, nz, r, Ix, ly, 1z, isw, iwk, wk, nt);
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(3) Arguments and Return Value

D:Double precision real

R:Single precision real

Z:Double precision complex

C:Single precision complex

) int as for 32bit Integer
" | long as for 64bit Integer

No.

Argument and Input/

Output

Type Size
Return Value P z

Contents

1

nx I 1 Input

Length n, in the j, direction of series u;, ;, ;.
(See Note (d))

ny I 1 Input

Length n, in the j, direction of series u;, ;, ;.
(See Note (d))

nz I 1 Input

Length n in the j, direction of series u;, ;, ;.
(See Note (d))

Ixxlyx 1z | Input

Values of series uj, j, ;. (See Note (a))

Output

Values of Fourier periodogram p, k., of se-
ries uj, j,.j. (See Notes (b) and (c))

Ix Input

Adjustable dimension of array r

Input

Second dimension of array r

1z Input

Third dimension of array r

Ol ot

— | | ] —
el el

isw Input

Processing switch (See Note (e))
isw= 0: Calculate the raw Fourier peri-
odogram

isw==1: Calculate the periodogram using a
user-defined data window

isw==42: Calculate the periodogram using
the Hanning window

isw==23: Calculate the periodogram using
the Bartlett window

isw==44: Calculate the periodogram using
the Welch window

isw==5: Calculate the periodogram using
the Parzen window

To use a power modification expression ac-
cording to a data window, set isw > 0; oth-

erwise, set isw < 0.

iwk I* 60 Work

Work area

10

See Work

Contents

wk Dx
Rx

Work area

When isw==1, enter the values of the user-
defined data window. (See Note (e))

Size: nx +2 X (ny +nz) + Ix x ly x 1z

11

nt I 1 Input

Number of tasks to be generated

12

ierr I 1

Output

Error indicator (Return Value)
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(4) Restrictions
(a) isw € {0, +1,+2, £3, +4, +5}
(b) nx > 1 and ny > 1 and nz > 1
(¢) Ix > nx + 1 and Ix is even and ly > ny and 1z > nz (when nx is odd)

Ix > nx + 2 and Ix is even and ly > ny and lz > nz (when nx is even)

(d) nt>1

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3010 Restriction (b) was not satisfied.
3030 Restriction (c) was not satisfied.
3040 Restriction (d) was not satisfied.
4000 When isw=1, the user-defined data win-
dow was wg) =0(jp=0,---,n, —1).
4010 When isw=1, the user-defined data win-
dow was wg) =0(jy=0,---,ny —1).
4020 When isw=1, the user-defined data win-
dow was wg) =0(j,=0,---,n, —1).
(6) Notes

(a) The elements of array r and the values of the series u;, ;j, ;. are associated as follows.
Uj, gyg. € Tlix +Ixx (y + 1y *j,)]
Here, jo =0,---,nz—1; jy, =0,---,ny —1; j,=0,---,n,—1 and no values need be entered in other
elements. The adjustable dimensions of array r should be set so that 1x/2, ly, and 1z are odd
numbers to avoid bank conflict of main memory. Also, to increase speed, calculations are
executed even for elements outside areas where data is set within array r. Usually, when
nx, for example, is (a multiple of 4)+2, Ix=nx+4 is set.
(b) The values of the Fourier periodogram py, x, k. are associated as follows with the elements of array r.
plkz, ky, k) < rlke +1xx (ky + 1y * ky)]
(ke =0, [%]; by =0,---,ny —1; k., =0,---,n, — 1)
|| represents the maximum integer that does not exceed .

(c) The frequencies (&, , Mk, ,Ck.) corresponding to obtained Fourier periodogram pg, k., .
kr=0,1,---,|%]|; k,=0,1,---,n, — 1k, =0,---,n, — 1) are given as follows.
2 Y Y g

gkz:n]iz (kx:O’l""vL%J)
i ko= 0.1, | v

Nk, = Z;,ény (ky ,n’ 15D
nyA (ky:LEyJ-i-l,...?ny_l)
k. N

o, = Zzzé’nz (kzo;l]:.’.’LTJ)

— 1.... -1
A (k- L2J+ ) y Tz )
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Where A is the sampling interval.

(d) The calculations can be performed more efficiently by setting the length nx, ny and nz of the series

uj, j,.j. to a value for which the mixed radix FFT algorithm operates effectively (multiples of 2, 3, 5,
etc., which are the mixed radix values of FFT). For example, rather than setting nx = 289(=172), it
is usually more efficient to set nx = 300(=22 x 3 x 52), nx = 320(=25 x 5), nx = 384(=2" x 3) or the
like. When the number of data cannot be increased, adjust nx by supplying the required number of
zeros at the end of the data to perform the calculations.

The truncation function (data window) can be changed as follows according to the value of the pro-
cessing switch isw.

sin?(7v;) isw= £2 (Hanning window)
1—|2v; — 1] isw= %3 (Bartlett window)
1—(20; —1)? isw= £4 (Welch window)
w; = 16v;3 0<wvj<1i
1 —6v,(v; — 1)2 T<v; <t
vi(v; = 1) s 1 Y= 3 isw= +5 (Parzen window)
1 —6vj(vp—jr1—1)° 5<v; <y
16Un,j+13 % < v < 1

Here, v; = %, and j = j, and n = n, are set for w(f) ()

Jao Jy
n = n, are set for w§-f). Therefore, when the data windows shown above are used, the elements wo j, ;. ,
uj, 0,5, and ug, ; o of the series uj, ;, ;. do not affect the calculation of the modified periodogram. To
avoid this situation, you should specify values for nx, ny and nz that are larger by 1 than the lengths
of the series for which you actually want to calculate the periodogram and set the effective data in
elements corresponding to 1 and after for j,, j, and j.. The data windows are represented as follows
as time (or space) domain functions that are nonzero only for |z| < 1.

,J = Jyand n = n, areset for w,”’, and j = j, and

1
w — cos? 772_17 Hanning window
1— |z Bartlett window
w(z) =14 1_ 42 Welch window
1—62? + 6|z |z <3 Parzen window
2(1 — |z|)3 5 <lz[ <1

Also, to use user-defined data window values w§-f), wj(z) and wgf), set isw = +1, set the values in work

array wk as follows:
wkli] = wi (=0, ,ng — 1), wking +jy] = w¥ Gy =0,--+,ny — 1),
wkine + 1y +j,] = w? (5, =0,---,n, — 1)

and then call this function.

From its definition, the raw periodogram should be regarded as an approximation of a discrete Fourier
transform of the autocorrelation function. Since the effective data length of the autocorrelation function
of a discrete function having effective number of data n is 2n — 1, approximating the power spectrum

of a general function by a raw periodogram corresponds to truncating the function by using a square
truncation function w(k) for which one period is given as follows.

1 k=0,1,---,n—1
w(k) = Lo
0 Otherwise

When the frequency is f for the Fourier transform of the square function, a Si?f type function form is

assumed having a sidelobe that is not small around the central frequency. Therefore, when a periodic
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function is sampled, for example, by simply truncating it using a width that is not an integer multiple of
one period, since the raw periodogram will be the convolution of the Fourier transform of the periodic
function for which the power spectrum is to be obtained and the % type function in the frequency
domain, an excess frequency component called leakage occurs. To suppress this kind of leakage, simple
truncation is not performed, and a truncation function having a small sidelobe in the frequency domain,
such as the Hanning window, is used. However, in general, the more the leakage is suppressed, the
more the result of the discrete Fourier transform widens and blurs. Therefore, when estimating the
power spectrum, you must select a suitable truncation function according to your objectives, that is,
according to whether the spectral width or the central frequency is to be the problem, for example.

To raise the resolution (sampling interval in the frequency domain) % of the discrete Fourier transform,
you should increase the number of sample data n or increase the sampling interval T'. However, to
raise the precision of the power spectrum estimate while holding the sampling interval and resolution
fixed, a technique is often used of taking m groups of samples for which the number of samples is n,
obtaining the modified periodogram for each of those m groups, and then taking the average of those
values. In this case, a technique is also proposed in which the m groups of sample data are taken from

the series so that they overlap. For details, refer to the Reference Bibliography.

When obtaining the power spectrum, the property related to the frequency transition of the Fourier
transform, that is, the multiplication by e2™V=Lfot in the time (or space) domain, is associated with
the shifting of the frequency by fy in the frequency domain, and a technique is often used of reducing
the number of data points required for the calculation in which the central frequency of the power
spectrum is shifted in advance, using the property that the function shape does not change. This kind
of operation is known as modulation. However, Ix=nx+1 (when nx is odd) or

Ix=nx+2 (when nx is even)

ly=ny and lz=nz.

(7) Example

(a)

Problem
Use the sampling interval A to discretize the waveform defined by the following equation and estimate

the power spectrum by calculating the Fourier periodogram.
f(z,y,z) = cos 2 f1a + cos 2 fay + cos 27 f3z

Input data

Sampling data

rljx+1xx (jy +ly*j2)] = £(GxA,Jy A, j2A) (x = 0,1, -+, nx—1; j, = 0,1,---,ny—1; j, = 0,1, ,nz—1).
Here, A = 0.5.

nx, ny, nz and isw.

Main program

/* C interface example for ASL_qfps3d */

#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <asl.h>

int main()
{

int n0=8,isw0=4;
int nx;

int ny;

int nz;

double *r;

int 1x;

int 1ly;
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int 1z;

int isw;

int *iwk;

int niwk=60;

double *wk;

int nwk;

int ierr;

int i,j,k,m,nd2,is;

int nt = 2;

double *p,t,tx,ty,tz,dt,dfx,dfy,dfz,f0,f1,£2,£3;

printf( " **x* ASL_qfps3d ***\n" );
printf( "\n ** Input **\n\n" );

nx=n0;

ny=n0;

nz=n0;

1x=(n0+2) /2%2;
nwk=nx+2* (ny+nz) +1x*1y*1z;

= ( double * dmalloc((size_t)( sizeof(double) * (lx*ly*lz*(isw0+2)) ));
if ( r == NULL )

printf( "no enough memory for array r\n" );
return -1;

wk = ( double * )malloc((size_t) ( sizeof(double) * nwk ));
if ( wk == NULL )

printf( "no enough memory for array wk\n" );

) return -1;

p = ( double * )malloc((size_t)( sizeof(double) * (isw0+2) ));
if( p == NULL )

{

printf( "no enough memory for array p\n" );
return -1;

iwk = ( int * )malloc((size_t) ( sizeof(int) * niwk ));
if ( iwk == NULL )

printf( "no enough memory for array iwk\n" );
return -1;

printf( "\t isw=0, 2 to %6d\n", iswO+1 );
giigtg( "\t nx=%6d\n\t ny=%6d\n\t nz=,6d\n\n", nx,ny,nz );
£0=1.0/(2.0%dt) ;

£1=0.62%£0;

£2=0.14%£0;

£3=0.55%£0+

nd2=(int) (nx+1)/2;

dfx=1.0/(dt*nx) ;

dfy=1.0/(dt*ny) ;

dfz=1.0/(dt*nz);

plisw0+1]=0.0;

for( k=0 ; k<nz ; k++ )

tz=(double) kx*dt;
for( j=0 ; j<ny ; j++ )
{

ty=(double) j*dt;
for( i=0 ; i<nx ; i++ )

tx=(double) ixdt;

t=cos(2.0*xM_PIxfixtx)+cos(2.0*xM_PI*f2*ty)
+cos (2. 0¥M_PI*£3%tz) ;

r[i+1xk (j+ly* (k+1z* (isw0+1)))]1=t;

pliswO+1] += (txt);

}

pliswO+1] /= (double) (nx*ny*nz);
printf( "\tTime series data\n");
for( k=0 ; k<nz ; k++ )

printf( "\t r[i+%3d*(j+%3d*%3d)I\n", 1x,ly,k);
printf( " i/j");
for( j=0 ; j<ny ; j++ )

printf( "%94", j);
printf( "\n" );
printf( " — "y,
printf( " _— \n");
for( i=0 ; i<nx ; i++ )

printf( "%5d4", i );
for( j=0 ; j<ny ; j++ )
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printf( "%9.41f", rli+lx*(j+ly*(k+lz*(isw0+1)))] );
printf( "\n" );

}
printf( "\n" );

}
printf( "\n");
printf( "\tTime domain power =%,9.41f\n", p[isw0+1]);

printf( "\tSignal frequency =(%9.41f, %9.41f, %9.41f)\n", f1, £2, £3);
is=0;

for( isw=0 ; isw<=iswO ; isw++ )

for( k=0 ; k<nz ; k++ )
for( j=0 ; j<mny ; j++ )
for( i=0 ; i<nx ; i++ )
rli+lx* (j+1ly* (k+lz*xisw))]=
r[i+lx*x (j+ly* (k+1lz*(isw0+1)))];
if (isw != 0)
is=isw+l;

ierr = ASL_qfps3d(nx, ny, nz, &r[lx*lyxlzxisw],
1x, ly, 1z, is, iwk, wk, nt);

plisw]=0.0;

%f (nx%2==0)

m=nd2-1;
for( k=0 ; k<nz ; k++ )
for( j=0 ; j<ny ; j++ )
for( i=1 ; i<m ; i++ )
plisw]+=2.0
*r [1+1x*x (j+1ly* (k+lz*xisw))];
for( k=0 ; k<nz ; k++ )
for( j=0 ; j<ny ; j++ )
plisw]l+=r[1x*(j+ly* (k+lz*isw))]
+r [m+1x* (j+ly* (k+lzxisw))];

}
else
{
m=nd2;
for( k=0 ; k<nz ; k++ )
for( j=0 ; j<ny ; j++ )
for( i=1 ; i<m ; i++ )
plisw]+=2.0
*r [1+1xx (J+1ly* (k+lz*isw))];
for( k=0 ; k<nz ; k++ )
for( j=0 ; j<ny ; j++ )
plisw]+=r [1x* (j+1ly* (k+lzxisw))];
}
}
printf( "\n ** Output **\n\n" );

printf( "\tierr = %6d\n", ierr );

isw=0;

printf( "\t(Modified) periodogram (Raw)\n");

printf( "\tFrequency domain power=%9.41f\n", plisw] );
for( k=(nz+1)/2 ; k<nz ; k++ )

printf( "\tz-frq=%8.21f\n", (k-nz)*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(my+1)/2 ; j++ )
printf( "%8.21f", j*dfy );
printf( "\n");
printf( " ")
printf( " -—- \n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
printf( "\n" );

}
printf( "\n");
}
for( k=0 ; k<(nz+1)/2 ; k++ )
printf( "\tz-frq=%8.21f\n", kxdfz );
printf( " x/y-freq");

for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
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for( j=0 ; j<(ny+1)/2 ; j++ )

printf("%8.21£", jxdfy );
printf( "\n");
printf( " —— "y
printf( " —— \n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", rli+lx*(j+ly*(k+lzxisw))]
for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))]
printf( "\n" );

}
printf( "\n");
}
printf( "\n");
isw=1;
printf( "\t(Modified) periodogram (Hanning)\n");

printf( "\tFrequency domain power=%9.41f\n", plisw] );
%or( k=(nz+1)/2 ; k<nz ; k++ )

printf( "\tz-frq=%8.21f\n", (k-nz)*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf ( "Y%8.21f", j*dfy );
printf( "\n");
printf( " -—= ")
printf( " —— \n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))]
for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))]
printf( "\n" );

}
printf( "\n");
}
%or( k=0 ; k<(nz+1)/2 ; k++ )

printf( "\tz-frq=%8.21f\n", k*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf ( "Y%8.21f", j*dfy );
printf( "\n");
printf( " — "y,
printf( " —— \n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))]
for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))]
printf( "\n" );

}
printf( "\n");
}
printf( "\n");
isw=2;
printf( "\t(Modified) periodogram (Bartlett)\n");

printf( "\tFrequency domain power=%9.41f\n", plisw] );
%or( k=(nz+1)/2 ; k<nz ; k++ )

printf( "\tz-frq=%8.21f\n", (k-nz)*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf("%8.21£", jxdfy );
printf( "\n");
printf( " ")
printf( " —— \n");
for( i=0 ; i<nd2 ; i++ )
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printf( " Y%8.21f", ixdfx );
for( j=(ny+1)/2 ; j<mny ; j++ )

printf( "%8.41f", rli+lx*(j+ly*(k+lz*isw))] );
for( j=0 ; j<(uy+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
printf( "\n" );

}
printf( "\n");
}
%or( k=0 ; k<(nz+1)/2 ; k++ )

printf( "\tz-frq=%8.21f\n", k*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf ( "%8.21f", j*dfy );
printf( "\n");
printf( " -=");
printf( " —_— \n");
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
for( j=0 ; j<(uy+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
printf( "\n" );

}
printf( "\n");
}
printf( "\n");
isw=3;
printf( "\t(Modified) periodogram (Welch)\n");

rintf ( "\tFrequency domain power=%9.41f\n", plisw] );
p q y
%or( k=(nz+1)/2 ; k<nz ; k++ )

printf( "\tz-frq=%8.21f\n", (k-nz)*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf ( "%8.21f", j*dfy );
printf( "\n");
printf( " -=");
printf( " -—= \n");
for( i=0 ; i<nd2 ; i++ )

printf( " Y%8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", rli+lx*(j+ly*(k+lz*isw))] );
for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
printf( "\n" );

}
printf( "\n");
}
%or( k=0 ; k<(nz+1)/2 ; k++ )

printf( "\tz-frq=%8.21f\n", k*dfz );
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f", (j-ny)*dfy );
for( j=0 ; j<(ny+1)/2 ; j++ )
printf ( "%8.21f", j*dfy );
printf( "\n");
printf( " -=");
printf( " -— \n");
for( i=0 ; i<nd2 ; i++ )

printf( " Y%8.21f", ixdfx );
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.41f", rl[i+lx*(j+lyx(k+lz*isw))]
for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );
printf( "\n" );

~

}

printf( "\n");
}
printf( "\n");

isw=4;
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printf( "\t(Modified) periodogram (Parzen)\n");

printf( "\tFrequency domain power=%9.41f\n", plisw] );
for( k=(nz+1)/2 ; k<nz ; k++ )

printf( "\tz-frq=%8.21f\n",
printf( " x/y-freq");
for( j=(ny+1)/2 ; j<ny ; j++ )

printf( "%8.21f", (j-ny)*dfy );

for( j=0 ; j<(ny+1)/2 ; j++ )
printf( "%8.21f", j*dfy );
printf( "\n");

(k-nz) *dfz );

printf( "

printf( "
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );

for( j=(ny+1)/2 ; j<ny ; j++ )

")

\n");

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );

for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );

printf( "\n" );

}
printf( "\n");

}
for( k=0 ; k<(nz+1)/2 ; k++ )

printf( "\tz-frq=%8.21f\n", k*dfz );

printf( " x/y-freq");

for( j=(ny+1)/2 ; j<ny ; j++ )
printf( "%8.21f",

for( j=0 ; j<(ny+1)/2 ; j++ )
printf ( "Y%8.21f", j*dfy );

printf( "\n");

(j—ny)*dfy );

printf( "

printf( "
for( i=0 ; i<nd2 ; i++ )

printf( " %8.21f", ixdfx );

for( j=(ny+1)/2 ; j<my ; j++ )

")

\n");

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );

for( j=0 ; j<(ny+1)/2 ; j++ )

printf( "%8.41f", r[i+lx*(j+ly*(k+lz*isw))] );

printf( "\n" );

¥
printf( "\n");

}
printf( "\n");

free( iwk );
free( p );
free( wk );
free( r );

return O;

}
(d) Output results
**% ASL_qfps

** Input *x*

3d k*x*

isw=0, 2 to 5

nx= 8

ny= 8

nz= 8

Time series data

r[i+ 10x(j+ 8% 0)]

i/j 0 1 2 3 4 5 6
0 3.0000 2.9048 2.6374 2.2487 1.8126 1.4122 1.1237 1
1 1.6319 1.5367 1.2693 0.8806 0.4445 0.0441 -0.2444 -0
2 1.2710 1.1759 0.9085 0.5197 0.0837 -0.3168 -0.6053 -0
3 2.9048 2.8097 2.5423 2.1535 1.7174 1.3170 1.0285 0
4 2.0628 1.9676 1.7002 1.3115 0.8754 0.4750 0.1865 0
5 1.0489 0.9538 0.6864 0.2976 -0.1384 -0.5388 -0.8274 -0
6 2.6374 2.5423 2.2748 1.8861 1.4500 1.0496 0.7611 0
7 2.4818 2.3866 2.1192 1.7304 1.2944 0.8940 0.6054 0
r[i+ 10x(j+ 8% 1)]
i/j 0 1 2 3 4 5 6

0 1.8436 1.7484 1.4810 1.0923 0.6562 0.2568 -0.0327 -0.
1 0.4754 0.3803 0.1129 -0.2759 -0.7119 -1.1123 -1.4009 ~-1.
2 0.1146 0.0194 -0.2480 -0.6367 -1.0728 -1.4732 -1.7617 -1.
3 1.7484 1.6532 1.3858 0.9971 0.5610 0.1606 -0.1279 -0.
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4 0.9064 0.8112 0.5438 0.1550 -0.2810 -0.6814 -0.9700 -1.0917
5 -0.1075 -0.2027 -0.4701 -0.8588 -1.2949 -1.6953 -1.9838 -2.1055
6 1.4810 1.3858 1.1184 0.7297 0.2936 -0.1068 -0.3953 -0.5170
7 1.3263 1.2301 0.9627 0.5740 0.1379 -0.2625 -0.5510 -0.6727
rli+ 10%(j+ 8x 2)]

i/j 0 1 2 3 4 5 6 7
0 1.0489 0.9538 0.6864 0.2976 -0.1384 -0.5388 -0.8274 -0.9491
1 -0.3192 -0.4144 -0.6818 -1.0705 -1.5066 -1.9070 -2.1955 -2.3172
2 -0.6800 -0.7752 -1.0426 -1.4313 -1.8674 -2.2678 -2.55663 -2.6781
3 0.9538 0.8586 0.5912 0.2025 -0.2336 -0.6340 -0.9225 -1.0443
4 0.1117 0.0166 -0.2508 -0.6396 -1.0756 -1.4761 -1.7646 -1.8863
5 -0.9021 -0.9973 -1.2647 -1.6534 -2.0895 -2.4899 -2.7784 -2.9001
6 0.6864 0.5912 0.3238 -0.0649 -0.5010 -0.9014 -1.1899 -1.3117
7 0.5307 0.4355 0.1681 -0.2206 -0.6567 -1.0571 -1.3456 -1.4673

rli+ 10*(j+ 8% 3)]

i/j 0 1 2 3 4 5 6 7
0 2.4540 2.3588 2.0914 1.7027 1.2666 0.8662 0.5777  0.4560
1 1.0859 0.9907 0.7233 0.3346 -0.1015 -0.5019 -0.7904 -0.9122
2 0.7250 0.6298 0.3624 -0.0263 -0.4624 -0.8628 -1.1513 -1.2730
3 2.3588 2.2636 1.9962 1.6075 1.1714 0.7710 0.4825 0.3608
4 1.5168 1.4216 1.1542 0.7655 0.3294 -0.0710 -0.3595 -0.4812
5 0.5029 0.4078 0.1404 -0.2484 -0.6844 -1.0849 -1.3734 -1.4951
6 2.0914 1.9962 1.7288 1.3401 0.9040 0.5036 0.2151  0.0934
7 1.9357 1.8406 1.5732 1.1844 0.7484 0.3480 0.0594 -0.0623

rli+ 10%(j+ 8*x 4)]

i/j 0 1 2 3 4 5 6 7
0 2.8090 2.7138 2.4464 2.0577 1.6216 1.2212 0.9327 0.8110
1 1.4409 1.3457 1.0783 0.6896 0.25635 -0.1469 -0.4354 -0.5571
2 1.0800 0.9849 0.7175 0.3287 -0.1073 -0.5077 -0.7963 -0.9180
3 2.7138 2.6187 2.3513 1.9625 1.5265 1.1261 0.8375 0.7158
4 1.8718 1.7766 1.5092 1.1205 0.6844 0.2840 -0.0045 -0.1262
5 0.8580 0.7628 0.4954 0.1067 -0.3294 -0.7298 -1.0183 -1.1401
6 2.4464 2.3513 2.0839 1.6951 1.2591 0.8587 0.5701  0.4484
7 2.2908 2.1956 1.9282 1.5395 1.1034 0.7030 0.4145 0.2927

r[i+ 10%(j+ 8% 5)]

i/j 0 1 2 3 4 5 6 7
0 1.2929 1.1977 0.9303 0.5416 0.1055 -0.2949 -0.5834 -0.7051
1 -0.07562 -0.1704 -0.4378 -0.8265 -1.2626 -1.6630 -1.9515 -2.0733
2 -0.4361 -0.5312 -0.7987 -1.1874 -1.6235 -2.0239 -2.3124 -2.4341
3 1.1977 1.1025 0.8351 0.4464 0.0103 -0.3901 -0.6786 -0.8003
4 0.3557 0.2605 -0.0069 -0.3956 -0.8317 -1.2321 -1.5206 -1.6423
5 -0.6582 -0.7533 -1.0207 -1.4095 -1.8455 -2.2459 -2.5345 -2.6562
6 0.9303 0.8351 0.5677 0.1790 -0.2571 -0.6575 -0.9460 -1.0677
7 0.7746 0.6795 0.4121 0.0233 -0.4127 -0.8131 -1.1017 -1.2234

r[i+ 10%(j+ 8% 6)]

i/j 0 1 2 3 4 5 6 7
0 1.4122 1.3170 1.0496 0.6609 0.2248 -0.1756 -0.4641 -0.5858
1 0.0441 -0.0511 -0.3185 -0.7072 -1.1433 -1.5437 -1.8322 -1.9539
2 -0.3168 -0.4119 -0.6793 -1.0681 -1.5041 -1.9045 -2.1931 -2.3148
3 1.3170 1.2219 0.9545 0.5657 0.1297 -0.2707 -0.5593 -0.6810
4 0.4750 0.3798 0.1124 -0.2763 -0.7124 -1.1128 -1.4013 -1.5230
5 -0.5388 -0.6340 -0.9014 -1.2902 -1.7262 -2.1266 -2.4151 -2.5369
6 1.0496 0.9545 0.6871 0.2983 -0.1377 -0.5381 -0.8267 -0.9484
7 0.8940 0.7988 0.5314 0.1427 -0.2934 -0.6938 -0.9823 -1.1041

r[i+ 10x(j+ 8% 7)]

i/j 0 1 2 3 4 5 6 7
0 2.8910 2.7958 2.5284 2.1397 1.7036 1.3032 1.0147 0.8930
1 1.5229 1.4277 1.1603 0.7716 0.3355 -0.0649 -0.3534 -0.4751
2 1.1620 1.0669 0.7995 0.4107 -0.0253 -0.4257 -0.7143 -0.8360
3 2.7958 2.7007 2.4333 2.0445 1.6085 1.2080 0.9195 0.7978
4 1.9538 1.8586 1.5912 1.2025 0.7664 0.3660 0.0775 -0.0442
5 0.9400 0.8448 0.5774 0.1886 -0.2474 -0.6478 -0.9364 -1.0581
6 2.5284 2.4333 2.1659 1.7771 1.3410 0.9406 0.6521  0.5304
7 2.3728 2.2776 2.0102 1.6215 1.1854 0.7850 0.4965 0.3747
Time domain power = 1.6439
Signal frequency =(  0.6200, 0.1400, 0.5500)

** Qutput **

ierr =

(Modified) perlodogram (Raw)

Frequency domain power= 1.55631

z-frg= -1.00

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75

0.00 0.0000 0.0000 0.0000 0.0000 0.0007 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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z-frq= -0.75
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.0071 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frq= -0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.2513 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frqg= -0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.0136 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frqg= 0.00
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0158 0.0188 0.0350 0.2150 0.0583 0.2150 0.0350 0.0188
0.25 0.0000 0.0000 0.0000 0.0000 0.0239 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.1352 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0781 0.0000 0.0000 0.0000
z-frq= 0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.0136 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frq= 0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.2513 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frqg= 0.75
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.0071 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
(Modified) periodogram (Hanning)
Frequency domain power= 1.0699
z-frq= -1.00
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0001 0.0004 0.0001 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frq= -0.75
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0078 0.0310 0.0078 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0019 0.0078 0.0019 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frqg= -0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0176 0.0704 0.0176 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0044 0.0176 0.0044 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frqg= -0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0009 0.0164 0.0045 0.0053 0.0009 0.0000
0.25 0.0000 0.0000 0.0002 0.0027 0.0004 0.0023 0.0002 0.0000
0.50 0.0000 0.0000 0.0000 0.0034 0.0136 0.0034 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0034 0.0137 0.0034 0.0000 0.0000
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z-frqg= 0.00
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0001 0.0036 0.0427 0.0087 0.0427 0.0036 0.0001
0.25 0.0000 0.0000 0.0009 0.0064 0.0041 0.0158 0.0009 0.0000
0.50 0.0000 0.0000 0.0000 0.0136 0.0543 0.0136 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0137 0.0547 0.0137 0.0000 0.0000
z-frq= 0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0009 0.0053 0.0045 0.0164 0.0009 0.0000
0.25 0.0000 0.0000 0.0002 0.0006 0.0031 0.0058 0.0002 0.0000
0.50 0.0000 0.0000 0.0000 0.0034 0.0136 0.0034 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0034 0.0137 0.0034 0.0000 0.0000
z-frq= 0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0176 0.0704 0.0176 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0044 0.0176 0.0044 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frq= 0.75
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0078 0.0310 0.0078 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0019 0.0078 0.0019 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

(Modified) periodogram (Bartlett)

Frequency domain power= 1.0593
z-frq= -1.00
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z-frq= -0.75
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0002 0.0000 0.0079 0.0346 0.0050 0.0000 0.0002
0.25 0.0000 0.0000 0.0000 0.0014 0.0062 0.0009 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0001 0.0003 0.0001 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0003 0.0001 0.0000 0.0000
z-frq= -0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0005 0.0000 0.0165 0.0907 0.0165 0.0000 0.0005
0.25 0.0000 0.0001 0.0000 0.0030 0.0165 0.0030 0.0000 0.0001
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0001 0.0005 0.0001 0.0000 0.0000
z-frqg= -0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0001 0.0141 0.0037 0.0074 0.0001 0.0000
0.25 0.0000 0.0000 0.0000 0.0022 0.0005 0.0017 0.0000 0.0000
0.50 0.0000 0.0001 0.0000 0.0021 0.0113 0.0021 0.0000 0.0001
0.75 0.0000 0.0001 0.0000 0.0012 0.0096 0.0024 0.0000 0.0001
z-frq= 0.00
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0007 0.0594 0.0070 0.0594 0.0007 0.0000
0.25 0.0000 0.0000 0.0001 0.0089 0.0017 0.0129 0.0001 0.0000
0.50 0.0000 0.0003 0.0000 0.0113 0.0622 0.0113 0.0000 0.0003
0.75 0.0000 0.0003 0.0000 0.0069 0.0554 0.0139 0.0000 0.0003
z-frq= 0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0001 0.0074 0.0037 0.0141 0.0001 0.0000
0.25 0.0000 0.0000 0.0000 0.0011 0.0011 0.0030 0.0000 0.0000
0.50 0.0000 0.0001 0.0000 0.0021 0.0113 0.0021 0.0000 0.0001
0.75 0.0000 0.0001 0.0000 0.0014 0.0108 0.0027 0.0000 0.0001
z-frq= 0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0005 0.0000 0.0165 0.0907 0.0165 0.0000 0.0005
0.25 0.0000 0.0001 0.0000 0.0030 0.0165 0.0030 0.0000 0.0001
0.50 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0001 0.0005 0.0001 0.0000 0.0000

z-frqg= 0.75
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x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0002 0.0000 0.0050 0.0346 0.0079 0.0000 0.0002
0.25 0.0000 0.0000 0.0000 0.0009 0.0065 0.0015 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0001 0.0003 0.0001 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0001 0.0008 0.0002 0.0000 0.0000

(Modified) periodogram (Welch)
Frequency domaln power= 1.2154
z-frq= 1.00

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0005 0.0030 0.0005 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0001 0.0003 0.0001 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000

z-frq= -0.75

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0001 0.0001 0.0004 0.0051 0.0357 0.0028 0.0003 0.0001
0.25 0.0000 0.0000 0.0000 0.0005 0.0038 0.0003 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0001 0.0009 0.0001 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000

z-frq= -0.50

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0003 0.0004 0.0011 0.0103 0.1247 0.0186 0.0011 0.0004
0.25 0.0000 0.0000 0.0001 0.0011 0.0131 0.0020 0.0001 0.0000
0.50 0.0000 0.0000 0.0000 0.0001 0.0009 0.0001 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0001 0.0017 0.0002 0.0000 0.0000

z-frq= -0.25

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0001 0.0122 0.0012 0.0090 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0013 0.0002 0.0009 0.0000 0.0000
0.50 0.0000 0.0000 0.0001 0.0017 0.0095 0.0005 0.0001 0.0000
0.75 0.0000 0.0000 0.0001 0.0005 0.0078 0.0012 0.0001 0.0000

z-frq= 0.00

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.1034 0.0186 0.1034 0.0000 0.0000
0.25 0.0000 0.0000 0.0000 0.0115 0.0021 0.0104 0.0000 0.0000
0.50 0.0002 0.0003 0.0008 0.0158 0.0862 0.0044 0.0007 0.0003
0.75 0.0002 0.0002 0.0007 0.0052 0.0760 0.0115 0.0007 0.0002

z-frq= 0.25

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0000 0.0090 0.0012 0.0122 0.0001 0.0000
0.25 0.0000 0.0000 0.0000 0.0010 0.0001 0.0012 0.0000 0.0000
0.50 0.0000 0.0000 0.0001 0.0016 0.0086 0.0004 0.0001 0.0000
0.75 0.0000 0.0000 0.0001 0.0006 0.0083 0.0012 0.0001 0.0000

z-frq= 0.50

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0003 0.0004 0.0011 0.0186 0.1247 0.0103 0.0011 0.0004
0.25 0.0000 0.0000 0.0001 0.0020 0.0133 0.0011 0.0001 0.0000
0.50 0.0000 0.0000 0.0000 0.0004 0.0031 0.0003 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0004 0.0001 0.0000 0.0000

z-frq= 0.75

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0001 0.0001 0.0003 0.0028 0.0357 0.0051 0.0004 0.0001
0.25 0.0000 0.0000 0.0000 0.0003 0.0037 0.0005 0.0000 0.0000
0.50 0.0000 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0005 0.0001 0.0000 0.0000

(Modified) periodogram (Parzen)
Frequency domain power=  0.913
z-frqg= -1.00

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0001 0.0023 0.0053 0.0023 0.0001 0.0000
0.25 0.0000 0.0000 0.0001 0.0010 0.0023 0.0010 0.0001 0.0000
0.50 0.0000 0.0000 0.0000 0.0001 0.0001 0.0001 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

z-frq= -0.75

x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0006 0.0092 0.0209 0.0089 0.0006 0.0000
0.25 0.0000 0.0000 0.0003 0.0039 0.0090 0.0038 0.0002 0.0000
0.50 0.0000 0.0000 0.0000 0.0002 0.0005 0.0002 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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z-frqg= -0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0014 0.0162 0.0313 0.0112 0.0005 0.0000
0.25 0.0000 0.0000 0.0005 0.0062 0.0120 0.0044 0.0002 0.0000
0.50 0.0000 0.0000 0.0000 0.0003 0.0007 0.0004 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0003 0.0007 0.0003 0.0000 0.0000
z-frq= -0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0001 0.0030 0.0125 0.0054 0.0016 0.0012 0.0000
0.25 0.0000 0.0000 0.0008 0.0019 0.0010 0.0030 0.0010 0.0000
0.50 0.0000 0.0000 0.0001 0.0032 0.0106 0.0063 0.0006 0.0000
0.75 0.0000 0.0000 0.0003 0.0046 0.0108 0.0048 0.0003 0.0000
z-frq= 0.00
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0001 0.0047 0.0117 0.0007 0.0117 0.0047 0.0001
0.25 0.0000 0.0000 0.0011 0.0006 0.0055 0.0140 0.0033 0.0001
0.50 0.0000 0.0000 0.0003 0.0089 0.0291 0.0168 0.0016 0.0000
0.75 0.0000 0.0000 0.0007 0.0107 0.0253 0.0111 0.0007 0.0000
z-frq= 0.25
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0012 0.0016 0.0054 0.0125 0.0030 0.0001
0.25 0.0000 0.0000 0.0002 0.0005 0.0086 0.0110 0.0019 0.0000
0.50 0.0000 0.0000 0.0002 0.0048 0.0151 0.0085 0.0008 0.0000
0.75 0.0000 0.0000 0.0003 0.0047 0.0110 0.0049 0.0003 0.0000
z-frqg= 0.50
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0005 0.0112 0.0313 0.0162 0.0014 0.0000
0.25 0.0000 0.0000 0.0003 0.0055 0.0155 0.0081 0.0007 0.0000
0.50 0.0000 0.0000 0.0001 0.0010 0.0028 0.0014 0.0001 0.0000
0.75 0.0000 0.0000 0.0000 0.0003 0.0008 0.0003 0.0000 0.0000
z-frq= 0.75
x/y-freq -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
0.00 0.0000 0.0000 0.0006 0.0089 0.0209 0.0092 0.0006 0.0000
0.25 0.0000 0.0000 0.0002 0.0039 0.0091 0.0040 0.0003 0.0000
0.50 0.0000 0.0000 0.0000 0.0003 0.0006 0.0003 0.0000 0.0000
0.75 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
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Chapter 7
SORTING

7.1 INTRODUCTION

This chapter describes the functions for sorting data.

Function described in this chapter divides up and allocates internal processing among threads and
executes allocated processing in parallel.

This library provides functions having the following operations.

(1) Sorting a list of data

(2) Sorting a list of pairwise data

7.1.1 Notes

Since the parallel processing overhead significantly affects the computation cost if the number of data to be sorted

is small, performance may be worse than when a non-parallel function is used.
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7.1.2 Algorithms Used

The algorithms for sorting in ascending order are shown below. The algorithms for sorting in descending order,

which differ only in terms of the relative magnitudes, are similar.

(1) Shell sort
(1) Set the spacing h.
(2) Take all subsequences of spacing h from the data sequence.
(3) Compare adjacent pairs within each subsequence to arrange them in ascending order. If they are in the
reverse order, exchange their positions and confirm again the relative order with the preceding data. If they
are again in the reverse order, exchange the positions and work back toward the beginning.
(4) Decrease the spacing h and repeat steps (2) and (3). When the processing for h =1 ends, sorting is
completed.

(2) Heap sort
(1) Organize the assigned data into a heap tree (well-ordered binary tree in which parents have value greater
than or equal to those of children).
(2) Exchange the root and the data at the very end of the tree.
(3) Let the position excluding the very last data be A.
(4) Consider A to be a new tree, and organize this into a heap tree again.
(5) Repeat steps (2) to (4). When the remaining data is only the root, sorting is completed.

(3) Quick sort
(1) Count the number of data values within the sort interval.
(

2) Do the following depending on the number of data values.

e If the number of data values is less than or equal to one:
Do nothing.

e If the number of data values is 2:

If they are in the reverse order, exchange their positions.

e If the number of data values is greater than or equal to three:
(0 Select one pivot value from within the interval.
(@ Divide the data within the interval into two intervals consisting of values greater than the pivot

value and values less than the pivot value.

(3) Repeat steps (1) and (2). When the number of data values in all data intervals is less than or equal to
two, sorting is completed.

(4) Merge sort
(1) Count the number of data values within the sort interval.

(2) Do the following depending on the number of data values.
e If the number of data value is one:
Do nothing.

o If the number of data values is two:

If they are in the reverse order, exchange the positions.

e If the number of data values is greater than or equal to three:
(» Divide the data within the interval in half into the top half and bottom half.
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(2 Recursively merge sort the top half. Recursively merge sort the bottom half.
(® Merge the sorted top half and bottom half.
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7.2 SORTING

7.2.1 ASL_gsstal, ASL_psstal
Sorting a List of Data

(1) Function
Given n data values a;, (k =1,2,---,n), the ASL_gsstal or ASL_psstal obtains the data sequence a;, (k =
1,2,---,n) consisting of the original data values a; rearranged in ascending or descending order. Here,a;
satisfies ths following relationship.

For ascending order : a;, < aj;, <--- < ajy,

For descending order : a;, > aj, > --- > a;,
(2) Usage
Double precision:
ierr = ASL_gsstal (a,n,isw,wk,iwk,nt);

Single precision:
ierr = ASL _psstal (a,n,isw,wk,iwk,nt);

(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
A t and Input
No. FEUHent at Type Size nput/ Contents
Return Value Output
1 a Dx n Input | Data to be sorted a;
R Output | Sorted data a;
2 n I 1 Input | Size of array a
3 isw I 1 Input | Sort method selection switch (See Note (a))
4 wk D+ n Work | Work area
R
5 iwk I* 2xn Work | Work area
nt I 1 Input | Number of tasks to be generated
7 ierr I 1 Output | Error indicator (Return Value)
(4) Restrictions
(a) n>1
(b) isw € {£1,£2,+3,+4}
(¢) nt >1
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(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
3200 Restriction (c) was not satisfied.
(6) Notes
(a) The sort methods to be selected by isw are as follows.
isw  Sort Method isw  Sort Method
1 Shell sort (ascending order) —4  Shell sort (descending order)
2 Heap sort (ascending order)  —2 Heap sort (descending order)

3 Quick sort (ascending order) —3 Quick sort (descending order)

4 Merge sort (ascending order) —4 Merge sort (descending order)
The user should select an appropriate sort method according to the properties of the input data. The

features of each sort method are shown below.

- Shell sort

The average of the amount of calculation is on the order of 0(n!®) . A fast, stable sort is performed
for any kind of data. Sorting is faster if part of the data sequence has been sorted.

Retention of the ordinal relationships among data having the same value is not guaranteed between
before and after sorting.

No work area is necessary.

- Heap sort

Although the amount of calculation is on the order of O(nlogn), the constant term portion is large.
The sort time does not change much according to the properties of the input data.

Retention of the ordinal relationships among data having the same value is not guaranteed between
before and after sorting.

No work area is necessary.

- Quick sort

Although the average of the amount of calculation is on the order of O(nlogn), this is an extremely
inefficient sort for data having certain types of regularities such as data that has been partially sorted
to begin with. This is the fastest sort method for random data.

Retention of the ordinal relationships among data having the same value is not guaranteed between
before and after sorting.

- Merge sort

Although the amount of calculation is on the order of O(nlogn), the constant term portion is large.
The sort time does not change much according to the properties of the input data.

The ordinal relationships before sorting among data having the same value is retained after sorting.

(7) Example

(a) Problem

Sort the following data in ascending order by using a shell sort.
al0] = 5.0
a[l] = 4.0
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(b) Input data
Array a, n=6 and isw=1.

(¢) Main program

/* C interface example for ASL_gsstal */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>

int main()
{

double *a,x*wk;

int n,isw,*iwk,ierr;
int nt;

int i;

FILE *fp;

fp = fopen( "gsstal.dat", "r" );
if( fp == NULL )

printf( "file open error\n" );

return -1;
isw=1;
n=6;
nt=4;
printf( " **x*x ASL_gsstal ***\n" );
printf( "\n ** Input **\n\n" );

printf( "\tn=)3d\n\n", n );

a = ( double * )malloc((size_t)( sizeof(double) * n ));
if( a == NULL )

printf( "no enough memory for array a\n" );
return -1;
wk = ( double * )malloc((size_t)( sizeof (double) * n ));
if ( wk == NULL )
printf( "no enough memory for array wk\n" );
return -1;
iwk = ( int * )malloc((size_t) ( sizeof(int) * (2*n) ));
if ( iwk == NULL )
printf( "no enough memory for array iwk\n" );
return -1;
printf( "\tArray a" );
for( i=0 ; i<n ; i++ )

fscanf( fp, "%1f", &alil );
printf( "%8.3g", alil );

}

printf( "\n" );

fclose( fp );

ierr = ASL_gsstal(a, n, isw, wk, iwk, nt);

printf( "\n ** Output **\n\n" );
printf( "\tierr = %6d\n\n", ierr );

printf( "\tArray a" );
for( i=0 ; i<n ; i++ )

printf( "%8.3g", alil );
printf( "\n" );

free( a );
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free( wk );
free( iwk );

return O;

(d) Output results

***x ASL_gsstal sk

** Input **

n= 6

Array a 5 4 9 6 2 5
*% Output *x*

ierr = 0

Array a 2 4 5 5 6 9

487



ASL_gssta2, ASL_pssta2
Sorting a List of Pairwise Data

7.2.2 ASL_gssta2, ASL_pssta2
Sorting a List of Pairwise Data

(1) Function
Given two sets of n data values a;, (k = 1,2,---,n),b;, (k = 1,2,---,n), the ASL_gssta2 or ASL_pssta2
obtains the data sequence a;, (k = 1,2, - - -, n) consisting of the original a; data values rearranged in ascending
or ascending order and the data sequence b;, (k =1,2,---,n) corresponding to it.

Here, a; satisfies the following relationship.
For ascending order : a;, < aj, <--- < ay,
For descending order : a;, > aj, > --- > a;,

If a second order sort is specified, the function determines j = ji, ja, - - -, jn so that the following relationship
is satisfied for any k for which a;, = a;, ., is satisfied.

For ascending order : b;, < bj, .,

For descending order : b;, > by, .,

(2) Usage
Double precision:
ierr = ASL_gssta2 (a,n,b,iswl,isw2,wk,iwk,nt);
Single precision:
ierr = ASL _pssta2 (a,n,b,iswl,isw2,wk,iwk nt);
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(3) Arguments and Return Value

D:Double precision real  Z:Double precision complex I { int as for 32bit Integer}

R:Single precision real C:Single precision complex long as for 64bit Integer
Argument and Input
No. & Type Size put/ Contents
Return Value Output
1 a D+ n Input | Data to be sorted a;
R Output | Sorted data a;
2 n I 1 Input | Size of array a
b D+ n Input | Data b; corresponding to a;
R Output | Data b; corresponding to sorted a;
4 iswl I 1 Input | Sort method selection switch (See Note (a))
5 isw2 I 1 Input | Second order sort switch
isw2=0 : Do not perform second order sort
isw2=1 : Perform second order sort
6 wk Dx 2xn Work | Work area
Rx
iwk I* 2X1n Work | Work area
nt I 1 Input | Number of tasks to be generated
9 ierr I 1 Output | Error indicator (Return Value)

(4) Restrictions

(5) Error indicator (Return Value)

ierr value Meaning Processing
0 Normal termination.
3000 Restriction (a) was not satisfied. Processing is aborted.
3100 Restriction (b) was not satisfied.
3200 Restriction (c) was not satisfied.
3300 Restriction (d) was not satisfied.
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(6) Notes

(a) The sort methods to be selected by iswl are as follows.
iswl Sort Method iswl Sort Method
1 Shell sort (ascending order) —1  Shell sort (descending order)
2 Heap sort (ascending order) —2 Heap sort (descending order)
3 Quick sort (ascending order) —3  Quick sort (descending order)
4 Merge sort (ascending order) —4 Merge sort (descending order)

The user should select an appropriate sort method according to the properties of the input data. The
features of each sort method are shown below.

- Shell sort

The average of the amount of calculation is on the order of O(n!?). A fast, stable sort is performed
for any kind of data. Sorting is faster if part of the data sequence has been sorted.

It is not guaranteed that ordinal relations among plural values of the second set having the same value
of the first set keep unchanged between before and after sorting.

No work area is necessary.

- Heap sort

Although the amount of calculation is on the order of O(nlogn), the constant term portion is large.
The sort time does not change much according to the properties of the input data.

It is not guaranteed that ordinal relations among plural values of the second set having the same value
of the first set keep unchanged between before and after sorting.

No work area is necessary.

- Quick sort

Although the average of the amount of calculation is on the order of O(nlogn), this is an extremely
inefficient sort for data having certain types of regularities such as data that has been partially sorted
to begin with. This is the fastest sort method for random data.

It is not guaranteed that ordinal relations among plural values of the second set having the same value
of the first set keep unchanged between before and after sorting.

- Merge sort

Although the amount of calculation is on the order of O(nlogn), the constant term portion is large.
The sort time does not change much according to the properties of the input data.

The ordinal relationships before sorting among data having the same value is retained after sorting.

(7) Example

(a)

Problem
Sort the following data for a in ascending order by using a shell sort and rearrange the corresponding

data for b according to the sorted data for a. Also perform a second order sort.
a[0] = 5.0, b[0] = 3.0

a[l] = 4.0, b[1] = 4.0
a[2] = 9.0, b[2] = 2.0
3 3

Input data

Arrays a and b, n=6, iswl=1 and isw2=1.
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(¢) Main program

/* C interface example for ASL_gssta2 */

#include <stdio.h>
#include <stdlib.h>
#include <asl.h>
int main()

{

double *a,*b,*wk;

int n,iswl,isw2,*iwk,ierr;

int nt;
int i;
FILE *fp;

fp = fopen( "gssta2.dat", "r" );

if( fp == NULL )

printf( "file open error\n" );

return -1;

iswl=1;
isw2=1;
n=6;
nt=4;

printf( " #*%x ASL_gssta2 **x\n" );
printf( "\n *#x Input **\n\n" );
printf( "\tn=%3d\n\n", n );

a = ( double * )malloc((size_t)( sizeof (double)

if( a == NULL )

printf( "no enough memory for array a\n" );

return -1;

(o)

b = ( double *))malloc((size_t)( sizeof (double)

if( b == NULL

-~

printf( "no enough memory for array b\n" );

return -1;

wk = ( double * )malloc((size_t) ( sizeof (double) * (2*n) ));

if ( wk == NULL )

printf( "no enough memory for array wk\n" );

return -1;

iwk = ( int * )malloc((size_t) ( sizeof(int) * (2*n) ));
ULL )

if ( iwk ==

printf( "no enough memory for array iwk\n" );

return -1;

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

fscanf( fp, "J1f

»LE", &alil, &bl[il );

}
printf( "\t <Array a> <Array b>\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g

fclose( fp );

ierr = ASL_gssta2(a,

%#8.3g\n", alil, bli] );

n, b, iswl, isw2, wk, iwk, nt);

printf( "\n ** Output **\n\n" );

printf( "\tierr =

%6d\n\n", ierr );

printf( "\t <Array a> <Array b>\n" );
for( i=0 ; i<n ; i++ )

printf( "\t%8.3g

free( iwk );

return O;

%8.3g\n", alil, bli] );
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(d) Output results

***x ASL_gsstal ***
** Input **
n= 6

<Array a> <Array b>
3

N OO
00 WN

*% Output *x*
ierr = 0

<Array a> <Array b>

OCOUTURN
NWWH
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Appendix A
METHODS OF HANDLING ARRAY DATA

A.1 Methods of handling array data corresponding to matrix

Since the ASL C interface function library uses array data corresponding to matrix, this section describes
various methods of handling arrays.

To call a function that uses array data, you must declare that array in advance in the calling program. If the
declared array is a[lna x k|, then n x n matrix A = (a; ;) (i = 1,2,---,n;j = 1,2,---,n) is stored in array a as
shown in the figure below.

Matrix Storage Mode Within an Array a[lna X k]

a1 | al0] | a1,2 | a[lna] ai,n | a[(n—1)xIna

az,;1 | a[l] | az2 | a[lna+1] az,, | a[(n—1)xIna+1]

as,1 | a2] | as2 | a[lna+2] as,, | a[(n—1)xIna+2] 0

An,1 an,2 An,n

———— = n-—————- —

——_——————————— —— k—-———————-—-—-———— —
Remarks

a. Ina > n and k > n must hold.

b. Matrix element a; ; corresponds to the array element a[(i — 1) + Ina x (j — 1)].

Figure A—1 Matrix Storage Mode Within an Array a[lna x k]

Ina is called an adjustable dimension. If a two-dimensional array is used as an argument, the adjustable must
be passed to the function as an argument in addition to the array name and order of the array. Because the
matrix storage mode in ASL C interface corresponds to that of FORTRAN and the matrix elements a;; (i =
1,2,---Ina;j = 1,2,--- k) must correspond to the array element a[¢] (¢ =0,1,2,---,Ilna x k — 1) , as follows on
the main memory.

T
al0] a[l] --- a[lna—1] a[lna] a[lna+ 1]

Example ASL_damlad (Real matrix addition)

Add 3 x 2 matrices A and B placing the sum in matrix C. If you declare arrays of size [5 x 4], the declaration
is as follows.

/* C interface example for ASL_damlad */

#include <stdio.h>
#include <stdlib.h>

#include <asl.h>

int main()

double *a, *b, *c;
int 1lma, 1lmb, Ilmc;
int m, n, ierr;
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k = 4;
m = 3;
n=2;

a (double *)malloc((size_t) sizeof (double) * 1lmaxk);
if (a == NULL)

printf ("no enough memory for array a\n");
return -1;

}
b = (double *)malloc((size_t) sizeof(double) * lmbx*k);
%f(b == NULL)

printf("no enough memory for array b\n");
return -1;

}
¢ = (double *)malloc((size_t) sizeof (double) * 1lmcx*k);
%f(c == NULL)

printf("no enough memory for array c\n");
return -1;

ierr = ASL _damlad(a, lma , m, n, b, 1lmb, c, 1mc);

free(a);
free(b);
free(c);
return O;

Data is stored in a as follows. Data are stored in b and c¢ in the same way.

a1 | a[0] | a2 | a[f] a[10] a[15]
az,;1 | a[l] | az,2 | al6] a[l1] a[16] 3
5 as,1 | a[2] | asz2 | a[7] a[12] a[17]
a[3] a[8] a[13] a[18]
a[4] a[9] a[14] a[19]
——=2—-—=
- == 4———=——— —

Figure A—2 Matrix Storage Mode Within an Array a[lna x k]
If you will be manipulating several arrays having different orders as data, you can prepare one array having Ina
equal to the largest order and use that array successively for each array. However, you must always assign the

Ina value as an adjustable dimension.
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A.2 Data storage modes

Matrix data storage modes differ according to the matrix type. Storage modes for each type of matrix are shown

below.

A.2.1

Real matrix (two-dimensional array type)

Ina

Remarks

a. Ina > n and k > n must hold.

Figure A—3 Real Matrix (Two-Dimensional Array Type) Storage Mode

Matrix to be stored

a1 G2 Q13 G4 A15

a1 G2 G23 Q24 Q25

as,1 @32 33 A34 G35

(4,1 Q4,2 Q4,3 Qa4 Q45

as,1 Q52 (53 Q54 G55

I
Storage status within array a[lnaxX]

a1 | a[0] | ai,2 | a[lnal a1,5 | a[4xIna]
az,;1 | a[l] | az,2 | a[lna+1] az,5 | a[dxIna+1]
as,1 | a[2] | as,2 | a[lna+2] as,5 | a[dxIlna+2]
as,1 | a[3] | as,2 | a[lna+3] as,5 | a[dxIna+3]
as,1 | a[4] | as2 | a[lna+4] as,5 | aldxIna+4]
—————— n——————— —
———————————— k---—--—---"—-———- —
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Complex matrix

A.2.2 Complex matrix

(1) Two-dimensional array type, real argument type

Real and imaginary parts are stored in separate arrays.

Matrix to be stored
a11+b119 a2 +bi2i a1z +bisi
a2,1 +b219 a2+ b22i az3+ ba3i

a3,1 +b31%9 asz2+b320 az3+ b33t

I
Storage status within array ar[lnaxXk]
ar,1 | ar[0] | a1,2 | ar[lna] ay,3 | ar[2xIna]
a1 | ar[l] | az,2 | ar[lna+1] | az,3 | ar[2xIna+1] n
Ina as,1 | ar[2] | as,2 | ar[lna+2] | a3,z | ar[2xIna+2]
e n———— —— -
- ——— = k-———————- —
Storage status within array ai[lnaxk]
bi,1 | ai[0] | bi,2 | ai[lna] b1,3 | ai[2xIna]
b2,1 | ai[l] | b2,2 | ai[lna+1] | b2 3 | ai[2xIna+1] n

Ina

bs,1 | ai[2] | bs,2 | ai[lna+2] | b3 3 | ai[2xIna+2]

Remarks
a. Ina > n and k > n must hold.

Figure A—4 Complex Matrix (Two-dimensional Array Type) (Real Argument Type) Storage Mode
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Complex matrix

(2) Two-dimensional array type, complex argument type

Matrix to be stored

ai1 ai2 ai13 @14 Q15

I
Storage status within array a[lnaxXk]

a1 | a[0] | a1,2 | a[lna] a1,5 | a[dxlIna]

az,;1 | a[l] | az,2 | a[lna+1] az,5 | a[dxlna+1]

as,1 | a[2] | as2 | a[lna+2] as,5 | al4xIna+2] n
Ina as,;1 | a[3] | as,2 | a[lna+3] as,5 | a[dxIna+3]

as,1 | a[4] | as,2 | a[lna+4] as,5 | a[dxIlna-+4]

———————= n-—————— —

————————————— = k-—-———-—-—---—— —

Remarks

a. Ilna > n and k > n must hold.

Figure A—5 Complex Matrix (Two-dimensional Array Type)(Complex Argument Type) Storage Mode
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Real symmetric matrix and positive symmetric matrix

A.2.3 Real symmetric matrix and positive symmetric matrix

(1) Two-dimensional array type, upper triangular type

Matrix to be stored

ai1 ai2 a3 G14 Qi
ai2 a22 Qa23 G24 Q25
ai,3 a23 a33 asz4 ass
ai1,4 0G24 A34 Q44 Q45

ais Q25 G35 G455 G55

I

Storage status within array a[lnaxXk]

a2 | a[lna] a5 | a[4xInal
az;5 | a[4xIlna+1

[0]

[1] | az,2 | a[lna+1

x| al2] x | a as,s | a[4xIlna+2
(3]
(4]

[ ]
[ ]

Ina x | a * | a[lna+3] - | as5 | a[dxIlna+3
[ ] as,s a[4 xIna+4

Remarks
a. The asterisk (%) indicates an arbitrary value.

b. Ilna > n and k > n must hold.

Figure A—6 Real Symmetric Matrix (Two-dimensional Array Type) (Upper Triangular Type) Storage mode
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Real symmetric matrix and positive symmetric matrix

(2) Two-dimensional array type, lower triangular type

Matrix to be stored

ai1 ai2 ai13 @14 Q15
ai2 Q22 G23 G24 Q25
ai3 a23 G33 G34 G35
ai4 Q24 G34 G444 Q45

ais G25 A35 G455 455

I
Storage status within array a[lnaxXk]

ai,1 | a[0] | * | a[lna] * | a[dxIna]

a2 | a[l] | az,2 | a[lna+1] * | a[dxIna+1]

a1,3 | a[2] | az,3 | a[lna+2] x| a[dxIna+2] n
Ina aia | a[3] | az,4 | a[lna+3] * | a[dxIna+3]

ars | a[d] | az;5 | a[lna+4] as,5 | a[dxIlna-+4]

———————= n-—————— —

————————————— = k-—-———-—-—---—— —

Remarks
a.  The asterisk (*) indicates an arbitrary value.

b. Ina > n and k > n must hold.

Figure A—7 Real Symmetric Matrix (Two-dimensional Array Type, Lower Triangular Type) Storage mode
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Hermitian matrix

A.2.4 Hermitian matrix

(1) Two-dimensional array type, real argument type, upper triangular type

Upper triangular portions of the real and imaginary parts are stored in separate arrays.

Matrix to be stored

a1 a12 + b2t a1z + b3zt
az,1 — ba11 az,2 az,3 + b2 31
a3,1 — b3 19 as2 — b3l as,3
4
Storage status within array ar[lnaxX]
a1 | ar[0] | a1,2 | ar[lna] ay,3 | ar[2xIna]
x | ar[l] | az,2 | ar[lna+1] | a2,3 | ar[2xIna+1] n
Ina x | ar[2] | * | ar[lna+2] | as,3 | ar[2XxIna+2]
e n———— —— -
——————————— = k—-——————————- —
Storage status within array ai[lnaxXk]
0.0 | ai[0] | b1,2 | ai[lna] b1,3 | ai[2XxIna]
% | ai[l] | 0.0 | ai[lna+1] | b2,3 | ai[2xIna+1] n
Ina x | ail2] | * | ai[lna+2] | 0.0 | ai[2xIna+2]
—————— n—-————— —
- ——— = k-———————- —

Remarks
a. The asterisk (%) indicates an arbitrary value.

b. Ina > n and k > n must hold.

Figure A—8 Hermitian Matrix (Two-dimensional Array Type) (Real Argument Type) (Upper Triangular Type)
Storage Mode
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Hermitian matrix

(2) Two-dimensional array type, complex argument type, upper triangular type

Matrix to be stored

a1l Gi2 61,3 Q14 Q15
12 G272 Q23 G24 G25
ars G233 a33 G34 Q35
ai4 Q24 G34 Q44 Q45

ais G25 A35 G455 455

I
Storage status within array a[lnaxXk]

a1 | a[0] | a1,2 | a[lna] a1,5 | a[dxlIna]

x| a[l] | az,2 | a[lna+1] az,5 | a[dxlna+1]

x | a[2] | * | al[lna+2] as,s | a[dxIna+2] n

Ina x | a[3] | * | allna+3] as,5 | a[dxIna+3]

x | a[d] | = | a[lna+4] as,5 | a[dxIlna+4]
———————= n-—————— —
————————————— = k-—-———-—-—---—— —

Remarks

a. The T indicates the complex conjugate of x.
b.  The asterisk % indicates an arbitrary value.

c. Ina > n and k > n must hold.

Figure A—9 Hermitian Matrix (Two-dimensional Array Type) (Complex Argument Type) (Upper Triangular
Type) Storage Mode
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Random sparse matrix (For symmetric matrix only)

A.2.5 Random sparse matrix (For symmetric matrix only)

(1) Sparse format (Symmetric case)

Matrix A to be stored
a1 00 a13 aia ais 0.0
0.0 az22 00 a2sa 00 0.0
a3 00 az3 00 azs 0.0
a4 az,4 0.0 Q4,4 0.0 a4.6
ais5 00 a3s5 0.0 ass 0.0
0.0 0.0 00 ases 00 ass

4
Storage status of arrays aval(na),jcn(na) and ia(n)
ai,1 | al0] | 1 | jen[0]
ais | a[l] | 3 | jen[1]
ara | al2] | 4 |jen[2]
a5 | a3] | 5 | jen[3] 1 | ia[0]
az2 | a[4] | 2 | jen[4] 5 | ia[l]
a2 | a[b] | 4 | jen[5] 7 | ia[2]
na ass | 3 | Mmoo 9 | ia[3]
as,s 5 11| :
Q4,4 4 12
a4,6 6 ia
as,s 5
ae,6 6
aval jen

Remarks

a. m is the number of nonzero elements in the upper triangular part of the original matrix A including the diagonal.

b.  Array aval contains the nonzero upper triangular elements of the original matrix A, stored sequentially beginning
with the first row.

c.  Array jen contains the column numbers in the original matrix A of the elements stored in array aval.
d. Array ia contains values equal to one added to the positions in array aval of the diagonal elements.

e. n <m < na must hold.

Figure A—10 Storage of Random Symmetric Sparse Matrix (Sparse format)
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A.2.6 Random sparse matrix

(1) Sparse format

Matrix A to be stored
a1 00 a3 aia ais 0.0
a21 az22 0.0 a24 0.0 0.0
0.0 az2 a3z 0.0 a3zs5 0.0

asn1 as2 0.0 ags 00 ass

as,1 0.0 as,3 as, 4 as,s 0.0

ae,1 0.0 ae,3 0.0 ae,s a6,6

I
Storage status of arrays aval[nal, jcn[na] and ia[n]
ai,1 | al0] | 1 | jen[0]
ais | a[l] | 3 | jen[1]
ara | al2] | 4 |jen[2] .
i ia[0]
a5 | a3l | 5 | jen[3] )
. ia[1]
az;1 | a[4] | 1 | jen[4] .
51 | 2 | jenls) 8 | el
a a cn
e L n 11| ia[3]
g2 15| :
o ! 19
ae,3 3 .
ia
ae,s 5
ae,6 6
aval jen

Remarks

a. na is the number of nonzero elements of the original matrix A.

Array aval contains the nonzero elements of the original matrix A, stored sequentially beginning with the first

row.

c.  Array jen contains the column indices in the original matrix A of the elements stored in array aval.

d. Array ia contains values equal to one added to the positions in array aval of the first nonzero element in each
row.

e. n < na must hold.

Figure A—11 Storage of Real Asymmetric Random Sparse Matrix (Sparse Format)
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(2) ELLPACK format

Matrix A to be stored

ai,i ai,2 0.0 a4 0.0 aie 0.0

a1 az,2 az,3 a4 0.0 0.0 az,7

00 az2 a3z 00 00 waze 0.0

as1 as2 0.0 asq4 ass ase 0.0

00 00 00 assa ass 0.0 0.0

ae,1 0.0 ae,3 ae,4 0.0 ae,6 ae,7

0.0 ar.2 0.0 0.0 0.0 0.0 ar,7
I

Storage status of array a[lnaxm)]

a1 | a[0] a2 | a[lna] a6 | a[2 x Ina] a1,a | a[3 x Ina] x| a4 X lna]
azz | a[l] az;1 | a[lna+1] | azs |a[2xIna+1] | a2 | a[3 xIna+1] | az7 | a4 x Ina+ 1]
as,3 | a[2] as,2 | a[lna+2] | ase | a[2 x Ina + 2] x| a[3 x lna+ 2] * a[4 X lna + 2]
Ina : n
as,6 a6,1 as,3 6,4 as,7
ar,7 ar,2 * * *
<————= m e — >
Storage status of array ja[lnaxm]
1 | ja[0] 2 | ja[lnal 6 | ja[2 x Ina 4 | ja[3 x Ina] 0 | ja[4 x Ina]
ja[l] ja[lna 4+ 1] 3 |ja[2xIna+1] 4 | ja[3 x Ina+ 1] 7 | ja[4 x lna+ 1]
3 | jal2] 2 | ja[lna + 2] 6 |ja2xIma+2]| 0 |ja[3xIna+ 2] * | ja[4 x lna + 2]
Ina : n
6 1 3 4 7
7 2 0
<————- m  ———— >
Remarks

a n is order of Matrix A.
b. Ina > n must hold.

c. m is the column number of Array a, which contains the nonzero elements of Matrix A.

&

Array a should contain nonzero elements of Matrix A so that:

e Diagonal elements are stored in the first column.

e Nonzero elements in the lower triangular part and the upper triangular part are stored in the second
though m-th columns, with the first one in the second column, one adjacent to the next in each row.
Here, it is unnecessary that nonzero elements in each row are stored sequentially.

e Arbitrary values can be stored in the remaining positions that are marked with ‘x’.

e.  Array ja should contain the column indices in Matrix A of those elements that correspond to the elements
contained in Array a.

For those rows in which m — 1 becomes greater than the number of nonzero elements in the lower and
upper triangular part, value 0 should be stored in the right neighbor of the rightmost position of the region
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in ja in which the column indices of nonzero elements in Matrix A are stored. Arbitrary values can be
stored in the remaining positions that are marked with ‘’.

Figure A—12 Storage format for Asymmetric Random Sparse Matrix (ELLPACK Format)
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Appendix B

MACHINE CONSTANTS USED IN ASL C
INTERFACE

B.1 Units for Determining Error

The table below shows values in ASL C interface as units for determining error in floating point calculations. The
units shown in the table are numeric values determined by the internal representation of floating point data. ASL

C interface uses these units for determining convergence and zeros.

Table B—1 Units for Determining Error

Single-precision Double-precision
272(~1.19 x 1077) 2752(~ 2.22 x 10716)

Remark: The unit for determining error e, which is also called the machine ¢, is usually defined as the smallest positive
constant for which the calculation result of 1+ ¢ differs from 1 in the corresponding floating point mode. Therefore, seeing
the unit for determining error enables you to know the maximum number of significant digits of an operation (on the

mantissa) in that floating point mode.

B.2 Maximum and Minimum Values of Floating Point Data

The table below shows maximum and minimum values of floating point data defined within ASL C interface.
Note that the maximum and minimum values shown below may differ from the maximum and minimum values

that are actually used by the hardware for each floating point mode.

Table B—2 Maximum and Minimum Values of Floating Point Data

Single-precision Double-precision

Maximum value 2127(2 — 2723) (~ 3.40 x 10%®) 21023(2 — 2752) (~ 1.80 x 103%8)
Positive 9126 (~ 1.17 x 10~%) 21022 (v .93 x 10-308)
minimum value
Negati

caanve 97126 (~ _1.17 x 10~%9) _9-1022 (993 x 10-308)
maximum value
Minimum value —2127(2 — 2723) (~ —3.40 x 1038) —21023(2 _ 2752 (~ —1.80 x 1038)
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