DIGITAL Extended Math Library
Reference Guide

Order Number: AA-RFTPA-TE

December 1998

This document describes the DIGITAL Extended Math Library (DXML).
DXML is a set of high-performance mathematical subprograms designed
for use in many different types of scientific and engineering applications.
This document is a guide to using DXML and provides reference
information for each of the subprograms in the library.

DIGITAL Equipment Corporation
Maynard, Massachusetts



December 1998

Digital Equipment Corporation makes no representations that the use of its products in the
manner described in this publication will not infringe on existing or future patent rights, nor do
the descriptions contained in this publication imply the granting of licenses to make, use, or sell
equipment or software in accordance with the description.

Possession, use, or copying of the software described in this publication is authorized only pursuant
to a valid written license from Digital or an authorized sublicensor.

© Digital Equipment Corporation 1998. All Rights Reserved.

DEC, DEC OSF/1, DECwindows, DECsupport, DIGITAL Fortran, DIGITAL UNIX, VAX, VAX
DOCUMENT, and the DIGITAL logo are trademarks of Digital Equipment Corporation, a Compag
company.

Compaq is a trademark of Compaqg Computer Corporation.
The following are third-party trademarks:

Adobe, Adobe Illustrator, Display PosTScripT, and PosTScrIPT are registered trademarks of Adobe
Systems Incorporated.

CRAY is a registered trademark of Cray Research, Inc.

IBM is a registered trademark of International Business Machines Corporation.

IEEE is a registered trademark of the Institute of Electrical and Electronics Engineers Inc.
ITC Avant Garde Gothic is a registered trademark of International Typeface Corporation.
Microsoft, MS, and MS-DOS are registered trademarks of Microsoft Corporation.

Motif, OSF, OSF/1, OSF/Motif, and Open Software Foundation are trademarks of the Open Software
Foundation, Inc.

UNIX is a registered trademark in the United States and other countries, licensed exclusively
through X/Open Company Ltd.

All other trademarks and registered trademarks are the property of their respective holders.

This document is available on CD-ROM.

This document was prepared using VAX DOCUMENT Version 2.1.



Preface

1 Introduction to DXML

1.1
1.2
13
1.4
15
1.6

2 Preparing and Storing Program Data

overview . ................

Contents

Parallel Library Support for Symmetric Multiprocessing. . ............

Cray SciLib Support (SCIPORT)

Calling DXML from Programming Languages . . . ... ........ ... .
How DXML Achieves High Performance ..........................

DXML's Accuracy . ..........

21 Scalar Data . . ...
2.1.1 Fortran Data Types in DXML . ........... ... .. ...
2.2 Data Representation in Fortran. . .......... ... ... . .. ..
221 CHARACTER*1 and CHARACTER*(*) Representation . . ..........
222 LOGICAL Representation . ............. .ot
223 INTEGER*4 Representation . .............. ... ... .
2.2.4 REAL Floating-Point Representations . .. ......................
2.25 COMPLEX Floating-Point Representations . ....................
2.3 Array Data . . . ... ...
2.4 Requirements for Array Storage . ... ..... ...t
2.5 Storing Program Data . .. ........ . ..
251 VEBCIOIS . o o o
2.5.2 Transpose and Conjugate Transpose of a Vector. . ................
253 Storing a Vector in an Array .. ........ it
254 MatriCes . . ..
255 Transpose and Conjugate Transpose of a Matrix . ................
2.5.6 Storing a Matrix in an Array . . . ...
2.6 Fortran Arrays . . ..
2.6.1 One-Dimensional Fortran Array Storage .. ...,
2.6.2 Two-Dimensional Fortran Array Storage . .. ............. ...
2.6.3 Array Elements . . ... ... .
3 Coding an Application Program
3.1 Selecting the Appropriate Subprogram Version .. ...................
311 Subprogram Data Structure and Storage Method .. ..............
3.1.2 Improving Performance . .......... ... .. . .
3.2 Calling SEqQUENCES . . . ottt e e
3.2.1 Passing of Arguments . .......... .. .. . ...
3.2.2 Implicit and Explicit Arguments .. ........... .. .. .. .. .. .. ...,
3.2.3 Expanding Argument Lists . ............ . ... .

XVii

il
WWNNN R

(I |
PR DROWONDNMNNNNNDNEREPRE

NNNN[\JI\JNNI\)NITJNNI\)NI\JNNNN[\J

|
NN OO 0101

(AJ(AJQJCT\JOOOJ(AJ
WWWNRE PP



3.3 Calling Subroutines and Functions in Fortran. .. ...................

3.3.1 Fortran Program Example . . .. ... ... .. ... .. . ...
3.4 Using DXML from Non-Fortran Programming Languages. . ...........
3.4.1 Calling DXML from C Programs . .. .......... ...
3.4.2 C Program Example . . ... ...
3.5 Error Handling . ........ ... . . . .
3.5.1 Internal EXceptions ... ........ ...

4 Using the Parallel Library

4.1 DXML Parallel Subprograms . . . ... ... ... .. . . . .
4.2 Performance Considerations for Parallel Execution ... ...............
42.1 Single Processor Systems . . . ...
4.2.2 Level 2 and Level 3 BLAS Subprograms . .. ....................
4.2.3 LAPACK Subprograms. . ...
4.2.4 Signal Processing Subprograms . .. ... . .
4.2.5 Iterative Solver Subprograms . .............. .. . ...
4.2.6 Skyline Solver Subprograms . .......... ... ..

5 Compiling and Linking an Application Program

51 DXML Libraries . . . ...
5.2 Compiling and Linking to the Serial Library . . .. ...................
5.3 Compiling and Linking to the Parallel Library .....................
5.4 Compiling and Linking to the Archive Library . ....................

6 Using the Level 1 BLAS Subprograms and Extensions

6.1 Level 1 BLAS Operations. . . .. ..o e
6.1.1 Types of Operations . . ...
6.1.2 ACCUNACY . o it i e e e e e e e e
6.2 VeCtor STOrage . . ... ..o
6.2.1 Defining a Vector in an Array . ............ .
6.2.1.1 Vector Length . . ... ...
6.2.1.2 Vector Location .. ..... .. ...
6.2.1.3 Stride of a Vector . . . ... .. ...
6.2.1.4 Selecting Vector Elements froman Array . ..................
6.2.2 Storing a Vector in an Array . ...t
6.3 Naming Conventions .. ... ... e
6.4 Summary of Level 1 BLAS Subprograms . . . .......... ...
6.5 Calling Subprograms . . . .. ... ..
6.6 Argument ConventionS. . . ... ...
6.7 Error Handling . ........ .. . . . .
6.8 Definition of Absolute Value . .. ... ... .. .. ... .. . ... . . . . ..
6.9 A Look at a Level 1 Extensions Subprogram .. .....................

|
Hhw

N ~No obh

DO DHXOHOOOH MO OO OO

|
WWNNNOOODUUITWWNNNNN PR

PO >
el e ol ol o



Level 1 BLAS Subprograms

ISAMAX IDAMAX ICAMAX IZAMAX ... ...
SASUM DASUM SCASUM DZASUM .......
SAXPY DAXPY CAXPY ZAXPY .. ..........
SCOPY DCOPY CCOPY ZCOPY ...........

SDOT DDOT DSDOT CDOTC ZzDOTC CDOTU ZDOTU . .............

SDSDOT ...
SNRM2 DNRM2 SCNRM2 DZNRM2 . . ... ...
SROT DROT CROT ZROT CSROT ZDROT ...
SROTG DROTG CROTG ZROTG ..........
SROTM DROTM ... ... ..
SROTMG DROTMG ....................

SSCAL DSCAL CSCAL ZSCAL, CSSCAL ZDSCAL .................

SSWAP DSWAP CSWAP ZSWAP . .........

Level | BLAS Extensions Subprograms

ISAMIN IDAMIN ICAMIN IZAMIN ........
ISMAX IDMAX ...
ISMIN IDMIN . ...
SAMAX DAMAX SCAMAX DZAMAX . ......
SAMIN DAMIN SCAMIN DZAMIN . .. ......
SMAX DMAX . . .
SMINDMIN . ... ..
SNORM2 DNORM2 SCNORM2 DZNORM2 . .
SNRSQ DNRSQ SCNRSQ DZNRSQ ........
SSETDSETCSET ZSET . ................
SSUM DSUM CSUM ZSUM . .............

SVCAL DVCAL CVCAL ZVCAL CSVCAL, ZDVCAL . . ...............

SZAXPY DZAXPY CZAXPY ZZAXPY .......

7 Using the Sparse Level 1 BLAS Subprograms

7.1
7.1.1
7.1.2
7.2
7.2.1
7.2.2
7.3
7.4
7.5
7.6
7.6.1
7.6.2
7.6.3
7.7
7.8

Sparse Level 1 BLAS Operations . .. ........
Types of Operations . . ................
ACCUNaCY . ...ttt

Sparse Vector Storage . ........ ... ..
Sparse Vectors . ........... .. .. ...
Storing a Sparse Vector ...............

Naming Conventions .. ..................

Summary of Sparse Level 1 BLAS Subprograms . . ..................

Calling Subprograms . . ..................
Argument Conventions. . .................

Defining the Number of Nonzero Elements

Defining the Input Scalar. . ............
Describing the Input/Output Vectors . . . ..
Error Handling .......... ... ... ........

A Look at a Sparse Level 1 BLAS Subprogram

6-17
6-19
6-21
6-23
6-25
6-28
6-30
6-32
6-34
6-36
6-39
642
644

6—-49
6-51
6-52
6-53
6-55
6-57
6-58
6-59
6-61
6—63
6—64
6—66
668

NN NN NN NN NN NN N
NNNNNNODRWWNNNRE R



8

vi

Sparse Level 1 BLAS Subprograms

SAXPYI DAXPYI CAXPY1 ZAXPYI . ..o
SDOTI DDOTI CDOTUI ZzDOTUI CDOTCI ZDOTCI. . .. .. ... o
SGTHR DGTHR CGTHR ZGTHR ... ... . i
SGTHRS DGTHRS CGTHRS ZGTHRS . ... .. .. ... . . . . .
SGTHRZ DGTHRZ CGTHRZ ZGTHRZ . .. ... ... i
SROTI DROTI . .o e
SSCTR DSCTR CSCTR ZSCTR . . . oo
SSCTRS DSCTRS CSCTRS ZSCTRS . . . .. ottt i
SSUMI DSUMI CSUMI ZSUMI . . ..o
Using the Level 2 BLAS Subprograms
8.1 Level 2 BLAS Operations. . . .. ..o
8.1.1 Types of Operations . . ... ..
8.2 Vector and Matrix Storage . . . ... ...
8.2.1 Defining a Matrix inan Array . ...........c. ..
8.2.11 Matrix Location . .......... ..
8.2.1.2 First Dimension of the Array . .. ... ... ... . . ...
8.2.1.3 Number of Rows and Columns of the Matrix ... ..............
8.2.1.4 Selecting Matrix Elements from an Array .. ................
8.2.2 Symmetric and Hermitian Matrices. ... .......................
8.2.3 Storage of Symmetric and Hermitian Matrices ..................
8.2.3.1 Two-Dimensional Upper- or Lower-Triangular Storage .........
8.2.3.2 One-Dimensional Packed Storage . ........................
8.2.4 Triangular Matrices . . ... ... ..
8.2.5 Storage of Triangular Matrices ............. ... ... .. ...
8.2.6 General Band Matrices . ........... ...
8.2.7 Storage of General Band Matrices .. ............ ... ... ......
8.2.8 Real Symmetric Band Matrices and Complex Hermitian Band
MatriCes . . . .
8.2.9 Storage of Real Symmetric Band Matrices or Complex Hermitian
Band Matrices . . ... ...
8.2.10 Upper- and Lower-Triangular Band Matrices ...................
8.2.11 Storage of Upper- and Lower-Triangular Band Matrices ...........
8.3 Naming Conventions for Level 2 BLAS Subprograms . ...............
8.4 Summary of Level 2 BLAS Subprograms . . . ...
8.5 Calling Subprograms . . . ... ... . . e
8.6 Argument Conventions. . .. ... ... e
8.6.1 Specifying Matrix Options . . ... .
8.6.2 Defining the Size of the Matrix .. ......... . ... . ... . ... . ......
8.6.3 Describing the Matrix . ... ... ... . .. .. .
8.6.4 Describing the Input Scalars .. ......... ... ... . . .. ... . ... ...
8.6.5 Describing the Vectors . . ....... ... . ... . .
8.6.6 Invalid Arguments . . .. ...
8.7 Rank-One and Rank-Two Updates to Band Matrices ... ..............
8.8 Error Handling . ... ...
8.9 A Look at a Level 2 BLAS Subroutine . . ............ . ... ... . .....

7-13
7-15
7-17
7-18
7-20
7-22
7-24
7-25
7-27

oooooooooooooo?ooooooooooooooooo
OO0 U A,RARBRRWWWNEPR

i
[
o

[e0]
[ I||_\
AR WWNNRPPFPOOOOOOIWNLE

ooooooooooooooclnooooooooooooooo
NNNNNNNNNNNRPRPRERRRERPRE



Level 2 BLAS Subprograms

SGBMV DGBMV CGBMV ZGBMV . ... . .
SGEMV DGEMV CGEMV ZGEMV . ... . . .. .
SGER DGER CGERC ZGERC CGERU ZGERU . . . .. ................
SSBMV DSBMV CHBMV ZHBMV . ... . . e
SSPMV DSPMV CHPMV ZHPMV ... ... e

SSPR DSPR CHPR ZHPR .. ...
SSPR2 DSPR2 CHPR2 ZHPR2 .

SSYMV DSYMV CHEMV ZHEMV . . .. ...

SSYR DSYR CHER ZHER . . . ..
SSYR2 DSYR2 CHER2 ZHER2 .

STBMV DTBMV CTBMV ZTBMV . ..

STBSV DTBSV CTBSV ZTBSV
STPMV DTPMV CTPMV ZTPMV
STPSV DTPSV CTPSV ZTPSV .

STRMV DTRMV CTRMV ZTRMV . ...

STRSV DTRSV CTRSV ZTRSV

9 Using the Level 3 BLAS Subprograms

9.1 Level 3BLAS Operations. . . .. ... e
9.1.1 Types of Operations . . . ...
9.1.2 Matrix Storage . . ... ... i
9.1.3 Naming Conventions . . .......... . e
9.2 Summary of Level 3 BLAS Subprograms . .. ........ ... ... ...
9.3 Calling the Subprograms . . . ... ... . .
9.4 Argument ConventionsS. . . . .. ...
9.4.1 Specifying Matrix Options . . ........... i
9.4.2 Defining the Size of the Matrices . ... ........... ... ...........
9.4.3 Describing the Matrices . . ... ... ... . .
9.4.4 Specifying the Input Scalar .. ......... .. ... ... .. ... ... .. ....
9.4.5 Invalid Arguments . . . ... ...
9.5 Error Handling . ....... .. . . .
9.6 A Look at a Level 3 BLAS Subroutine . . ............ ... ... ......
Level 3 BLAS Subroutines
SGEMA DGEMA CGEMA ZGEMA . . . . .. .. e
SGEMM DGEMM CGEMM ZGEMM .. ... ... . . ..
SGEMS DGEMS CGEMS ZGEMS . . . . ... ... e
SGEMT DGEMT CGEMT ZGEMT . . . . ..ot
SSYMM DSYMM CSYMM ZSYMM CHEMM ZHEMM . .. ............
SSYRK DSYRK CSYRK ZSYRK . .. . .
CHERK, ZHERK . . .
SSYR2K DSYR2K CSYR2K ZSYR2K . . . . . o
CHERZ2K, ZHER2K . . . . .
STRMM DTRMM CTRMM ZTRMM .. ... e

STRSM DTRSM CTRSM ZTRSM

8-29
8-32
8-35
8-37
8-40
8-42
8-44
8-46
8-49
8-51
8-53
8-55
8-57
8-59
861
863

@@@@@@?@@@@@@@
O O OVOVDOVDOHOOOWWNPRF P

9-15
9-17
9-20
9-22
9-24
9-27
9-29
9-31
9-34
9-37
9-40

Vii



10 Using LAPACK Subprograms

10.1  OVEIVIEW . ottt e e
10.2 Naming Conventions . . .. ... ..t e
10.3  Summary of LAPACK Driver Subroutines . . .......................
10.4 Example of LAPACK Use and Design .. ...,
10.5  Performance TUNING . . . . ..ot e e
10.6  Equivalence Between LAPACK and LINPACK/EISPACK Routines . . . ...

11 Using the Signal Processing Subprograms

viii

11.1 Fourier Transform . ... .. ...

1111 Mathematical Definition of FFT . .. ...... ... .. ... ... ... .......
11.1.1.1 One-Dimensional Continuous Fourier Transform..............
11.1.1.2 One-Dimensional Discrete Fourier Transform ................
11.1.1.3 Two-Dimensional Discrete Fourier Transform ................
11.1.1.4 Three-Dimensional Discrete Fourier Transform . .............
11.1.1.5 Size of Fourier Transform . ......... ... ... ... ... .. .. .....
11.1.2 Data Storage . ...
11.1.21 Storing the Fourier Coefficients of a 1ID-FFT .. ...............
11.1.2.2 Storing the Fourier Coefficients of 2D-FFT ..................
11.1.2.3 Storing the Fourier Coefficients of 3D-FFT ..................
11.1.2.4 Storing the Fourier Coefficient of Group FFT . ...............
11.1.3 DXML's FFT Functions . .. ......... .. . i
11.1.31 Choosing Data Lengths .. ......... ... .. ... . .. . . . ...
11.1.3.2 Input and Output DataFormat . ..........................
11.1.3.3 Using the Internal Data Structures . . ......................
11.1.34 Naming Conventions . .. ....... ...
11.1.35 Summary of Fourier Transform Functions . ... ...............
11.2 Cosine and Sine Transforms .. ......... ... ... . . i
11.2.1 Mathematical Definitions of DCT and DST .....................
11.21.1 One-Dimensional Continuous Cosine and Sine Transforms . ... ..
11.2.1.2 One-Dimensional Discrete Cosine and Sine Transforms. ........
11.2.1.3 Size of Cosine and Sine Transforms . . . .....................
11.2.14 Data Storage . .. ...
11.2.2 DXML's FCT and FST Functions . . . .. ... .. ... ...
11.2.2.1 Choosing Data Lengths .. ........ .. .. ... ... . ... ...
11.2.2.2 Using the Internal Data Structures . . ......................
11.2.2.3 Naming Conventions . ......... ..
11.2.2.4 Summary of Cosine and Sine Transform Functions . ... ........
11.3  Convolution and Correlation . ......... ... .. . .. .. . .
11.3.1 Mathematical Definitions of Correlation and Convolution ..........
11.3.1.1 Definition of the Discrete Nonperiodic Convolution . ...........
11.3.1.2 Definition of the Discrete Nonperiodic Correlation ............
11.3.1.3 Periodic Convolution and Correlation ......................
11.3.2 DXML's Convolution and Correlation Subroutines . ... ............
11.3.21 Using FFT Methods for Convolution and Correlation ..........
11.3.2.2 Naming Conventions .. ............ ...
11.3.2.3 Summary of Convolution and Correlation Subroutines . ........
11.4  Digital Filtering . . . .. ...
1141 Mathematical Definition of the Nonrecursive Filter. . . .. ..........
11.4.2 Controlling Filter Type. . . .. ..
11.4.3 Controlling Filter Sharpness and Smoothness . . .................

11-1

11-2

11-2

11-2

11-3

11-4

11-4

11-5

11-5

11-6

11-8
11-11
11-12
11-12
11-13
11-13
11-14
11-15
11-18
11-19
11-19
11-19
11-20
11-21
11-21
11-21
11-21
11-22
11-23
11-24
11-24
11-24
11-25
11-25
11-26
11-26
11-26
11-27
11-28
11-29
11-29
11-30



11.4.4 DXML'’s Digital Filter Subroutines. .. ......................... 11-31

11441 Naming Conventions . .. ......... ... 11-31
11.44.2 Summary of Digital Filter Subroutines .. ................... 11-32
11.5 Error Handling . ... ... 11-32

Fast Fourier Transform Subprograms

= = 11-39
CFFT INIT o e 11-42
CFFT APPLY oot et 11-44
CFFT EXIT e e e 11-47
CFFT 2D e 11-48
CFFTANIT 2D oo oo e e 11-51
CFFT_APPLY 2D o oooe oo 11-53
CFFT EXIT 2D oo e e e 11-56
CFFT 8D 11-57
CFFT INIT 3D vt e 11-60
CFFT_APPLY 3D vt e 11-62
CFFT EXIT 8D o ooee et e e e 11-65
CFFT GRP e 11-66
CFFTANIT_GRP oo oot et 11-69
CFFT_APPLY_GRP o oot e oo e 11-70
CFFT EXIT_GRP oo oot e 11-73

Cosine and Sine Transform Subprograms

B =x L 11-77
CFCT INIT e e e e 11-79
CFCT_APPLY oot e 11-80
CFCT EXIT et e e 11-82
ST oot 11-83
ST INIT e e e e e 11-85
CFST_APPLY vttt e et e e 11-86
CFST EXIT e 11-88

Convolution and Correlation Subprograms

_CONV_NONPERIODIC . ...\ 11-91
_CONV_PERIODIC . ..\ 11-93
_CORR_NONPERIODIC . ..\ttt 11-94
_CORR_PERIODIC . ..\ttt 11-96
_CONV_NONPERIODIC_EXT ..\ttt 11-97
_CONV_PERIODIC_EXT ..\ttt 11-100
_CORR_NONPERIODIC_EXT ..\ttt 11-102
_CORR_PERIODIC_EXT . .\ 11-105



Filter Subprograms

SFILTER_NONREC . . . . . e 11-109
SFILTER_INIT_NONREC . .. ... e 11-111
SFILTER_APPLY_NONREC . .. ... . . e 11-113

12 Using the Iterative Solvers for Sparse Linear Systems

12,1 INtroduction . . ... 12-1
12.1.1 Methods for Solutions .. ......... ... .. . . . . . . 12-2
12.2  Interface to the Iterative Solver . . .. ... .. ... . ... . . . .. ... . . ... .. 12-3
12.21 Matrix-Vector Product . ... ... ... .. .. . ... 12-4
12.2.2 Preconditioning . .. ........ .. .. 12-5
12.2.3 Stopping Criterion . . ... ... . . . 12-9
12.2.4 Parameters for the Iterative Solver ... ........................ 12-11
12.2.5 Argument List for the Iterative Solver. .. ........ ... ... ....... 12-14
12.3  Matrix Operations . . .. .. ... 12-16
12.31 Storage Schemes for Sparse Matrices ................ ... ...... 12-17
12.3.1.1 SDIA: Symmetric Diagonal Storage Scheme ................. 12-18
12.3.1.2 UDIA: Unsymmetric Diagonal Storage Scheme . .............. 12-19
12.3.1.3 GENR: General Storage Scheme by Rows . .................. 12-19
12.3.2 Types of Preconditioners . ........... . ... .. 12-20
12.3.21 DIAG: Diagonal Preconditioner . .......................... 12-20
12.3.2.2 POLY: Polynomial Preconditioner. .. ....................... 12-21
12.3.2.3 ILU: Incomplete LU Preconditioner . ....................... 12-21
12.4  Iterative SoIVers. . . ... . . e 12-22
124.1 Driver Routine . . .. ... .. . . 12-22
12,5 Naming Conventions . . .. ... .t 12-23
12.6  Summary of Iterative Solver Subroutines . .......... ... .. ... ...... 12-24
12.7  Error Handling ... ... .. e 12-25
12.8  Hints on the Use of the Iterative Solver .......................... 12-27
12.9 A Look at Some Iterative Solvers. . ......... ... ... . .. . .. .. .. 12-30

Sparse Iterative Solver Subprograms

DITSOL_DEFAULTS . . .. s 12-59
DITSOL_DRIVER . .. e 12-60
DITSOL _PCG. .. e 12-62
DITSOL_PLSCG . .. e 12-64
DITSOL_PBCG . ... e 12-67
DITSOL_PCGS . .. 12-70
DITSOL_PGMRES . . . . . . e 12-72
DITSOL_PTFQMR . . .. e e 12-75
DMATVEC _SDIA . . . 12-78
DMATVEC_UDIA . . 12-80
DMATVEC_GENR . . ... 12-82
DCREATE_DIAG_SDIA . .. . 12-84
DCREATE_DIAG_UDIA ... . . 12-86
DCREATE_DIAG_GENR . . ... e 12-88
DCREATE_POLY_SDIA . . . e 12-90
DCREATE_POLY_UDIA .. e 12-92
DCREATE_POLY_GENR . . ... . e 12-94



DCREATE_ILU_SDIA . . . e e 12-96

DCREATE_ILU UDIA . . oo oot e 12-98
DCREATE_ILU GENR ..ottt 12-100
DAPPLY DIAG_ALL . oot o oo e 12-101
DAPPLY _POLY SDIA .ttt 12-102
DAPPLY _POLY UDIA . .o oo oo 12-104
DAPPLY _POLY GENR . .ot 12-106
DAPPLY ILU SDIA . . o o oot e 12-108
DAPPLY _ILU UDIA L oot 12-110
DAPPLY_ILU UDIA U .o 12-112
DAPPLY _ILU GENR L . o oo ot 12-114
DAPPLY _ILU GENR U . . o oot 12-116

13 Using the Direct Solvers for Sparse Linear Systems

131
13.2
13.3
13.4
134.1
13.4.11
13.4.1.2
13.4.2
134.2.1
13.4.2.2
13.4.2.3
135
13.6
13.7
13.8
13.9
13.10

Sparse D

Introduction . . .. ... ... 13-1
Describing the Direct Method . ... ...... ... .. ... . . ... .. . . . .. ... 13-2
SKyline SOIVErS . . ... . e 13-4
Storage of Skyline Matrices . ... ... .. ... . ... . . . .. 13-5
Symmetric Matrices . . . .. ... 13-5
Profile-in Storage Mode . . ... ... . ... 13-5
Diagonal-out Storage Mode . .. ...... ... .. ... ... ... 13-6
unsymmetric Matrices . . . . ... ... 13-6
Profile-in Storage Mode . .. ...... ... ... ... .. . .. ... . 13-7
Diagonal-out Storage Mode . ... ... ... . ... ... 13-8
Structurally Symmetric Profile-In Storage Mode . .. ........... 13-9
DXML Skyline Solvers . ... .. .. . 13-9
Naming Conventions for Direct Solver Subprograms . .. .............. 13-13
Summary of Skyline Solver Subprograms . ........................ 13-14
Error Handling .. ....... ... . . e 13-15
Suggestions on the Use of the Skyline Solvers. .. ................... 13-17
A Look at Some Skyline Solvers . ......... . . .. . 13-19
irect Solver Subprograms
DSSKYN . 13-51
DSSKYF . o 13-54
DS SKY S . o 13-59
DSSKY C 13-62
DSSKY R o 13-65
DSSKYD .o 13-69
DSSKY X o 13-73
DUSKYN . 13-80
DUSKYF . 13-84
DUSKY S . 13-89
DUSKY C . 13-93
DUSKY R 13-97
DUSKYD . . 13-103
DUSKY X o 13-108

Xi



14 Using the VLIB Routines

141
1411
14.1.2
14.2
1421
14211
14.2.1.2
14.2.1.3
14.21.4
14.2.2
14.3
14.4
14.5
14.6
14.7
14.8

VLIB Operations . ....... . e e e
Types of Operations . . ...
ACCUTACY .« . o et et e e e e e e e e

VECTOr STOrage . . . ..o
Defining a Vector in an Array . ............iininennan.

Vector Length. .. ... ... . . .. . .
Vector Location . ....... ... ..
Stride of a Vector . . ... ... ..
Selecting Vector Elements froman Array . ..................
Storing a Vector in an Array . ..... ...

Naming Conventions . .. ....... .. e

Summary of VLIB Subprograms ... ......... . ... ..

Calling Subprograms . . .. .. ...

Argument ConventionsS. . . .. ...t

Error Handling . ...... ... .

A Look at a VLIB Subprogram . ............ ... . . .. . ...

VLIB Routines

VSIN

15 Using Random Number Generator Subprograms

Xii

151
15.2
15.3
154
155
15.6
15.7

Random

INtroduction . . ... ...
Standard Uniform RNG Subprograms . .. .............c.. ...
Long Period Uniform RNG Subprogram . .........................
Normally Distributed RNG Subprogram .. ........... ... ... .......
Input Subprograms for Parallel Applications Using RNG Subprograms . .
Summary of RNG Subprograms .. . .. ... .. . . . .
Error Handling . ........ . . . . .

Number Generator Subprograms

RANL
RANL _SKIPZ . .
RANL_SKIPG4 . . . .
RANL_NORMAL ..
RANGOOGBY . . . . .
RANILGBBO7 . ..o

14-1
14-1
14-1
14-2
14-2
14-2
14-2
14-2
14-3
14-3
14-3
14-4
14-4
14-4
14-5
14-5

15-1
15-2
15-2
15-3
15-3
15-3
15-4

15-7
15-9
15-11
15-13
15-14
15-16



16 Using Sort Subprograms

16.1
16.2
16.3
16.4
16.5

Quick Sort Subprograms . . ........ ... L
General Purpose Sort Subprograms . . ............
Naming Conventions .. .......................
Summary of Sort Subprograms . ................
Error Handling . ....... ... ... ... ... ......

Sort Subprograms

ISORTQ, SSORTQ, DSORTQ ..................
ISORTQX, SSORTQX, DSORTOQX . .............
GEN_SORT . ...
GEN_SORTX ... .

A Bibliography

Al
A2
A3
A4
A5
A.6
A7
A.8

Index

Examples

101
10-2
11-1
12-1
12-2
12-3
12-4
13-1
13-2
13-3
13-4

Figures
11-1
11-2
11-3

Level 1 BLAS . . ... . . .
Sparse Level 1 BLAS .. ... ... ... . ...
Level 2 BLAS . ... .. .
Level 3BLAS . ... ... .
Signal Processing . . . ... .
Iterative Solvers. . . ... ... ... . . .. .. . ... ..
Direct Solvers. .. ... ... . . . . . e
Random Number Generators ...................

ILAENV ...
XLAENV ..
Example of Error Routine for Signal Processing .

Iterative Solver with User-Defined Routines (Fortran Code) ........
Iterative Solver with DXML Routines (Fortran Code) .............

Iterative Solver with DXML Routines (C Code) . .

Iterative Solver with DXML Routines (C++ Code)

Skyline Solver with the Simple Driver Routine (Fortran Code) . .. ...
Skyline Solver with Iterative Refinement (Fortran Code) ..........
Skyline Solver Using Factorize and Solve Routines (C Code). .. ... ..
Skyline Solver Using Factorize and Solve Routines (C++ Code). . . . ..

Digital Filter Transfer Function Forms ........

Lowpass Nonrecursive Filter for Varying Nterms
Lowpass Nonrecursive Filter for Varying Wiggles

10-10
10-12
11-33
12-31
12-38
12-44
12-50
13-20
13-26
13-34
1341

11-29
11-30
11-31

xiii



Tables

Xiv

1

2

3

4
2-1
2-2
2-3
4-1
6-1
6-2
6-3
7-1
7-2
8-1
8-2
8-3
84
8-5
9-1
9-2
9-3
9-4
9-5
9-6
10-1
10-2
10-3
104
11-1
11-2
11-3
11-4
11-5
11-6
11-7
11-8
11-9
11-10
11-11
11-12
11-13
11-14
11-15
11-16
11-17

General Documentation Conventions . . . . ......................
Documentation Conventions for Math . ........................
Documentation Conventions for Programming . . ... ..............
Symbols and Expressions Used .. .......... .. .. ... .. ... ......
Fortran Data Types . ... ... . .
One-Dimensional Fortran Array Storage . .. ............... ... ..
Two-Dimensional Fortran Array Storage .. ...,
Parallel Subprograms . .......... . ... . . . . .
Naming Conventions: Level 1 BLAS Subprograms ...............
Summary of Level 1 BLAS Subprograms . . . ....................
Summary of Extensions to Level 1 BLAS Subprograms. . ..........
Naming Conventions: Sparse Level 1 BLAS Subprogram ..........
Summary of Sparse Level 1 BLAS Subprograms . .. ..............
Naming Conventions: Level 2 BLAS Subprograms . ..............
Summary of Level 2 BLAS Subprograms . .. ....................
Values for the Argument TRANS . ....... ... ... . .. . . ..
Values for the Argument UPLO .............. .. ... .. ........
Values for the Argument DIAG . ....... ... .. ... . . . ..
Naming Conventions: Level 3 BLAS Subprograms . ..............
Summary of Level 3 BLAS Subprograms . . . ....................
Values for the Argument SIDE .. ....... ... ... . ... . ... . ......
Values for the Arguments transaandtransb...................
Values for the Argumentuplo . ........ ... ... . ... ... .. ... ...
Values for the Argumentdiag . ........... ... . ... . ... . ......
Naming Conventions: Mnemonicsfor MM ... ...................
Naming Conventions: Mnemonicsfor FF. . .....................
Simple Driver Routines .. ......... . ..
Expert Driver Routines . ... ....... .. .. i,
FFET Size ...
Size of Output Array for SFFT and DFFT . .....................
Size of Output Array from CFFT and ZFFT.....................
Input and Output Format Argument Values . ...................
Status Values for Unsupported Input and Output Combinations. . . ..
Naming Conventions: Fourier Transform Functions ..............
Summary of One-Step Fourier Transform Functions .. ............
Summary of Three-Step Fourier Transform Functions. .. ..........
Size and Starting Index for _ [FCT and _FST ....................
Naming Conventions: Cosine and Sine Transform Functions ... ....
Summary of One-Step Cosine and Sine Transform Functions .. ... ..
Summary of Three-Step Cosine and Sine Transform Functions . . . . ..
Naming Conventions: Convolution and Correlation Subroutines.. . . ..
Summary of Convolution Subroutines . ........................
Summary of Correlation Subroutines. .. .......................
Controlling Filtering Type . .. ... e
Naming Conventions: Digital Filter Subroutines. .. ..............

8-15
8-16
8-20
8-21
8-21

10-3
10-4
10-4
10-7
11-4
11-5
11-6
11-13
11-13
11-14
11-15
11-16
11-21
11-22
11-23
11-23
11-26
11-27
11-27
11-30
11-32



11-18 Summary of Digital Filter Subroutines . ....................... 11-32

11-19 DXML Status FUNCLIONS . . . . ... 11-34
12-1 Parameters for the MATVEC Subroutine. . . .................... 12-4
12-2 Parameters for the PCONDR and PCONDL Subroutines . ......... 12-7
12-3 Parameters for the MSTOP Subroutine . .. .......... ... ........ 12-10
12-4 Integer Parameters for the Iterative Solver . .. .................. 12-11
12-5 Real Parameters for the Iterative Solver .. ..................... 12-13
12-6 Default Values for Parameters . .. .......... .. .. ... .. ... ...... 12-14
12-7 Parameters for the SOLVER Subroutine .. ..................... 12-14
12-8 Preconditioners for the Iterative Methods . ..................... 12-22
12-9 Naming Conventions: lterative Solver Routines ................. 12-23
12-10 Summary of Iterative Solver Routines . . . .......... ... ... ...... 12-24
12-11 Summary of Matrix-Vector Product Routines . . .. ................ 12-24
12-12 Summary of Preconditioner Creation Routines .................. 12-24
12-13 Summary of Preconditioner Application Routines ................ 12-25
12-14 Error Flags for Sparse Iterative Solver Subprograms ............. 12-26
13-1 Naming Conventions for Direct Solver Subprograms . .. ........... 13-13
13-2 Summary of Direct Solver Subprograms ....................... 13-14
13-3 Error Flags for Direct Solver Subprograms . .................... 13-15
14-1 Naming Conventions: VLIB Subprograms . . .................... 14-3
14-2 Summary of VLIB Subprograms . .............. .. . .. .. .. 14-4
15-1 Summary of RNG Subprograms .. . .. ....... .. ... .. ... .. .. 15-4
16-1 Naming Conventions: _SORTQ_ Subprograms . ................. 16-2
16-2 Summary of Sort Subprograms . . ...... . ... 16-2

XV






Preface

The Digital Extended Math Library (DXML) is a collection of high performance
subprograms that perform different types of mathematical operations. DXML
is primarily used with Fortran programs, but it can be used with many other
languages. This book provides descriptions of the subprograms in the DXML
library. It does not describe specific applications of the subprograms.

Intended Audience

This book is a guide for scientists, mathematicians, engineers, computer
scientists, and programmers who want to write applications that call DXML
subprograms.

To use this book, you need an understanding of computer concepts, knowledge of
computer programming, and knowledge of mathematics in the areas of DXML
computations.

Chapter Descriptions
This manual includes the following chapters and appendices:
= Chapter 1 provides an introduction to DXML.
e Chapter 2 explains how to prepare and store program data.
= Chapter 3 explains how to code an application program.
= Chapter 4 describes the parallel library.
= Chapter 5 explains how to compile and link an application program.

e Chapter 6 describes how to use the Level 1 BLAS subprograms and
extensions and is followed by the descriptions of the BLAS Level 1 and
Level 1 Extensions subprograms.

= Chapter 7 describes how to use the Sparse Level 1 BLAS subprograms, and is
followed by the descriptions of the Sparse BLAS Level 1 supbprograms.

= Chapter 8 describes how to use the Level 2 BLAS subprograms, and is
followed by the descriptions of the BLAS Level 2 subprograms.

= Chapter 9 describes how to use the Level 3 BLAS subprograms, and is
followed by the descriptions of the BLAS Level 2 subprograms.

e Chapter 10 provides an overview of the LAPACK library of subroutines.

= Chapter 11 describes how to use the signal processing subprograms, and is
followed by the descriptions of the signal processing subprograms.

e Chapter 12 describes how to use the Iterative Solvers for Sparse Linear
Systems, and is followed by the descriptions of the sparse iterative solver
subprograms.
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e Chapter 13 describes how to use Direct Solvers for Sparse Linear Systems,
and is followed by the descriptions of the sparse iterative solver subprograms.

= Chapter 14 describes how to use the VLIB subprograms, and is followed by
the descriptions of the VLIB subprograms.

e Chapter 15 describes how to use the random number generator subprograms,
and is followed by the descriptions of the random number generator
subprograms.

= Chapter 16 describes how to use the sort subprograms, and is followed by the
descriptions of the sort subprograms.

< Appendix A, Bibliography, provides resource information about the
mathematical operations covered by DXML.

Associated Documentation

xviii

In addition to this manual, the following DXML documentation is available:

e Installation information - located in the DIGITAL Fortran Installation Guide
for DIGITAL UNIX Systems

= Online release notes - ascii text file

e Online version of this manual - .PDF file

e Online HELP - UNIX manpages for DXML

Additionally, the following related documentation is recommended:
< DIGITAL Fortran 90 User Manual for DIGITAL UNIX Systems
< DIGITAL Fortran Language Reference Manual

e LAPACK Users' Guide (available from SIAM)

About LAPACK

To make use of the LAPACK library, DIGITAL recommends the purchase of the
major documentation of LAPACK, in book form, published by the Society for
Industrial and Applied Math (SIAM) in 1995:

LAPACK Users’ Guide, 2nd Edition, by E. Anderson et al,
SIAM

3600 University City Science Center

Philadelphia PA 19104-2688

ISBN: 0-89871-345-5

Tel: 1-800-447-SIAM

email: service@siam.org

This documentation is also available on the internet in a format viewable by a
web browser. To view this book on the internet, use the following URL:

http://www.netlib.org/lapack/lug/lapack_lug.html

About DXML Manpages
DXML contains the following hierarchy of manpages:

= A top-level manpage (dxml) consisting of a product overview and a list of the
manpages that describe DXML subcomponents

= A manpage for each DXML subcomponent that describes its functionality and
lists the manpages that describe its subprograms



< A manpage for each subprogram that provides details of its use and the
operations it implements

Refer to the section of this Preface titled "Using Manpages" if you need
information about accessing or using these manpages.

Conventions Used in this Book

In this book, OpenVMS refers to the DIGITAL OpenVMS operating system, and
UNIX refers to the DIGITAL UNIX operating system. References to Windows
NT includes Windows NT for Intel and Windows NT for Alpha, unless otherwise

stated.

This book also uses the documentation conventions summarized in the following

tables.

Table 1 General Documentation Conventions

Convention

Meaning

Ctrl/x

PF1 x or
GOLD x

0

[]

{}

A sequence such as Ctrl/x indicates that you must hold
down the key labeled Ctrl while you press another key or a
pointing device button.

A sequence such as PF1 x or GOLD x indicates that you
must first press and release the key labeled PF1 or GOLD
and then press and release another key or a pointing device
button.

GOLD key sequences can also have a slash (/), dash (-), or
underscore (_) as a delimiter in EVE commands.

In examples, a key name enclosed in a box indicates that
you press a key on the keyboard. (In text, a key name is
not enclosed in a box.)

A horizontal ellipsis in examples indicates one of the
following possibilities:

= Additional optional arguments in a statement have
been omitted.

= The preceding item or items can be repeated one or
more times.

= Additional parameters, values, or other information can
be entered.

A vertical ellipsis indicates the omission of items from a
code example or command format; the items are omitted
because they are not important to the topic being discussed.

In command format descriptions, parentheses indicate that,
if you choose more than one option, you must enclose the
choices in parentheses.

In command format descriptions, brackets indicate optional
elements. You can choose one, none, or all of the options.
(Brackets are not optional in the syntax of a substring
specification in an assignment statement.)

In command format descriptions, braces indicate a required
choice of options; you must choose one of the options listed.

(continued on next page)
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Table 1 (Cont.) General Documentation Conventions

Convention

Meaning

bold

italic text

UPPERCASE TEXT

Monospace type

MONOSPACE TYPE

numbers

Bold type is used to emphasize a word or phrase or

to indicate math variables. In text, it represents the
introduction of a new term or the name of an argument,
an attribute, or a reason. In examples, it shows user input.

Italic text indicates important information, complete titles
of manuals, or variables. Variables include information
that varies in system output (Internal error number), in
command lines (/PRODUCER=name), and in command
parameters in text (where device-name contains up to five
alphanumeric characters).

Uppercase text indicates a command, the name of a
routine, the name of a file, or the abbreviation for a system
privilege.

Monospace type indicates code examples and interactive
screen displays.

In the C programming language, monospace type in text
identifies the following elements: keywords, the names

of independently compiled external functions and files,
syntax summaries, and references to variables or identifiers
introduced in an example.

Monospaced uppercase characters are used for lines of code,
commands, and command qualifiers.

A hyphen at the end of a command format description,
command line, or code line indicates that the command or
statement continues on the following line.

All numbers in text are assumed to be decimal unless
otherwise noted. Nondecimal radixes—binary, octal, or
hexadecimal—are explicitly indicated.

An asterisk means that no value is stored at that location
in the array.

Table 2 Documentation Conventions for Math

Item Example Description Usage
Vector z Lowercase italic The vector z has six
elements.
Vector element T2 Lowercase italic with one The second element of
subscript indicating position the vector z is z;.
Matrix A Uppercase italic The matrix A has three
rows and four columns.
Matrix element a3 Lowercase italic with two Element a3 is in the
subscripts indicating position second row and third
column of A.
Scalar quantity m by n Lowercase italic Aisan m by n

specifying length or
count

band matrix with ki
subdiagonals and ku
superdiagonals.
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Table 3 Documentation Conventions for Programming

Item Example Description

Usage

Array Aor X Uppercase

Array element A(1,2) or X(3) Uppercase with numbers in

parentheses indicating position

Arguments mentioned in  nor A Bold

text

The matrix A is stored

in the array A, and the
vector z is stored in the
array X.

A(1,2) is the element in
the first row and second
column of the array A.
X(3) is the third element
in the array X.

The data length is
specified by the n
argument.

Table 4 Symbols and Expressions Used

Symbol

or Expression Description

a, B, a Greek and English letters denoting scalar values

|tnez| Absolute value of incz

A+~ B Matrix A is replaced by matrix B

BT 4T Transpose of the matrix B; transpose of the vector y

B! Inverse of the matrix B

BT Inverse of the transpose of matrix B

B™ Product of matrix B, m times

By Complex conjugate of the matrix B; complex conjugate of the vector y

BHyH Complex conjugate transpose of the matrix B; complex conjugate transpose of the
vector y

bi; U; Complex conjugate of the matrix element b;;; complex conjugate of the vector element
Y

2": 2 Sum of the elements z; to z,,

=1

min {z,} Minimum element in the vector z

max {z;} Maximum element in the vector z

Using the Reference Sections

The following information may be helpful when using the reference sections

contained in this book.

Each component of the DXML library is described in its own reference section.
Each reference section consists of an introductory discussion followed by reference
pages that describe the functionality, calling sequences, and parameters of each
routine. Many of the routines come in four variations, indicated by the prefix in

its name:

S single-precision
D double-precision
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C single-complex
4 double-complex

The description of each routine combines the purpose and attributes of all four
variations. When the discussion applies to all four versions, a leading underscore
character is used for a prefix.

In this book, references to real*4, real*8, complex*8, and complex*16 refer to
single-precision, double-precision, single-complex, and double-complex, as follows:

= real*4 = single-precision

= real*8 = double-precision

e complex*8 = single-complex

e complex*16 = double-complex

The following conventions indicate any differences among the four variations:

= Data types
If a parameter’s data type is the same for all variations of the routine, the
data type is listed once:

integer*4

If a parameter has a different data type when used with each of the
variations, the parameter’s data type is documented in the following way:

real*4 | real*8 | complex*8 | complex*16

This indicates that the parameter must be single-precision when calling
routines with the prefix S, double-precision when calling routines with
the prefix D, single-complex when calling routines with the prefix C, and
double-complex when calling routines with the prefix Z.

e Parameters

For some routines, a variation requires additional parameters. This is
indicated in the calling sequence in th