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Abstract

This working note describes how to install and test the second test release of LA-
PACK. Separate instructions are provided for the Unix and non-Unix versions of the test
package. Further details are also given on the design of the test and timing programs.
This document supersedes LAPACK Working Note 10, the implementation guide for
the first test release.

1 Introduction

LAPACKis planned to be a linear algebra library for hi gh- performance conputers. The
library will include Fortran 77 subroutines for the anal ysis and solution of systems of si-
mul t aneous linear al gebraic equations, linear least-squares problems, and natrix ei genval ue
problens. Our approach to achieving high efftiencyis based on the use of a standard set of
Basic Linear Al gebra Subprograns (the BLAS), which can be optinized for each conputing

envi ronnment. By confini ng most of the conputational work to the BLAS, the subroutines

shoul d be transportabl e and effti ent across a wi de range of conputers.

This worki ng note describes howtoinstall and test the second test release of LAPACK
LAPACKi s still under devel opnent and all of the routines presented at this time shoul d be
regarded as prelimnminary versions. This release is being nade available only toour test sites
and is intended only for testing, and not for general distribution. W expect the testing to
reveal weaknesses in the design, and we plan to nodify routines to correct any defici enci es.

The instructions for installing, testing, and timning are designed for a person whose
responsi bilityis the mai ntenance of anathenntical softwarelibrary. Wassune theinstaller
has experience in conpiling and runni ng Fortran prograns and in creating object libraries.
The installation process invol ves readi ng the tape, creating a set of 1ibraries, and conpiling
and runni ng the test and tini ng prograns.

This gui de conbines theinstructions for the Uni x and non- Uni x versions of the LAPACK
test package, so most installers will not have to read every section. The follow ng sections
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describe the installation process and should be consi dered required reading:

Uhi x version: Sections 1, 2, 3.5, and 4
Non- Uni x version:Sections 1, 2, and 5

Section 2 describes howthe files are organi zed on the tape, and Section 3 gi ves a general
overviewof the parts of the test package. Step-by-stepinstructions appear in Section 4 for
the Unix version and in Section 5 for the non- Uni x versi on.

For users desiring addi tional information, Sections 6 and 7 give details of the test and
timing prograns and their input files. Appendices Aand Bbriefly descri be the LAPACK
routines and auxiliary routines provided in this release. Appendix Clists the operation
counts we have conputed for the BLAS and for sone of the LAPACKroutines. Appendix
D entitled “Caveats”, is a conpendi umof the known probl ems fromour own experiences,
wi th suggestions on howto overcone them Appendix Econtains the execution tines of
the different test and tining runs on two sanpl e machi nes.

Release 2 of LAPACKi ncl udes updates of all of the software fromRelease 1, with the
foll owi ng additions:

e Routines for the nmatrix eigenvalue problem including the reductions to bidiago-
nal , tridiagonal, or upper Hessenberg form sone of the routines for findi ng eigen-
val ues /ei genvectors and singul ar val ues/singul ar vectors, test prograns, and tining
programns

e Newblock factorization al gorithms for sone of the linear equations routines, including
SABIRE (LU factorization of a general band matrix), SSYIRF (factorization of a
synmetric indefini te matrix), and SGELQF ( LQ factorization of an mxn matrix for
m< n)

o [terative refinement of solutions obtained using each of the factorization routines for
linear equations

There have also been a nunber of revisions to correct bugs, inprove efftiency, sinplify
calling sequences, and inprove the appearance of output. You should destroy the first
release version of LAPACK

This release contains only sone of the routines that will be part of LAPACK for a
conplete list of the proposed contents|,.see [2

W have pl anned one nore test rel ease of LAPACKbefore the public release in 1991.
The third test release will be in the fall of 1990.

2 Thpe Fornat

The software for LAPACKis distributed in the formof a tape which contains the Fortran
source for LAPACK, the Basic Linear Al gebra Subprograns (the Level 1, 2, and 3 BLAS)
needed by LAPACK the testing prograns, and the tining prograns.



LAPACK

INSTALL BLAS SRC TESTING TIMING
Machine depen- LAPACK routines
dent routines & auxiliary routines
SRC TESTING LIN MATGEN EIG LIN EIG
Level 1 BLAS BLAS2 & 3test Linear eqgn. Test matrix Eigensystem Linear eqn. Eigensystem
Level 2 BLAS routines test routines generators test routines timing routines  timing routines
Level 3 BLAS

Figure 1: Unix organization of LAPACK

21 Unx Vesiaa

In the Unix version, the software is distributed on a tar tape containing a nunber of
directories as shownin Figure 1. Fach of the lowest level directories in the tree structure
contains annkefile tocreate alibraryor aset of executable prograns for testing and tini ng.

Li braries are created in the LAPACKdi rectory and executabl e files are created in one of

the directories BLAS, TESTING or TIM NG Input files for the test and ti ni ng prograns

are also foundin these three directories so that testing nmay be carriedout at that directory
level.

22 NaUnx wasia

In the non- Uni x version, the software is distributed on an unl abel ed ASCIT tape con-
taining 161 files. Al files consist of 80-character fixed-length records, with a maxi num
bl ock size of 8000.

Intheinstallationinstructions, eachfile will be identified by the name gi ven bel ow, and
we recommend that you assign these nanes to the files when the tape is read. Files with
nanmes ending in ‘F contain Fortran source code; those with nanes ending in ‘D contain
data for input to the test and tining prograns. There are two sets of data for each test
and timing run; data file 1 for small, non-vector conputers, such as workstations, and data
file 2 for large conputers, particularly Cray-class superconputers. All file nanes have at
most eight characters.

The leading one or two characters of the file nane generally indicates which of the
di fferent versions of the library or test prograns will use it:



28.
29.
30.
31.

32.
33.
34.
35.

36.
37.
38.
39.

40.
41.
42.
43.

44.
45.
46.
47.

48.
49.

50.
51.
52.
53.

54.

55.
56.
57.
58.

59.
60.
61.
62.

SBLAS3F
CBLAS3F
DBLAS3F
ZBLAS3F

SBLAI2F
CBLAI2F
DBLAT2F
ZBLAI2F

SBLAI2D
CBLAI2D
DBLAT2D
ZBLAT2D

SBLAI3 F
CBLAT3F
DBLAT3 F
ZBLAI3 F

SBLAI3D
CBLAT3D
DBLAT3 D
ZBLAI3D

SCATGENF
DZATGENE

SMATGENF
CMATGENF
DVATGENE
ZNKTGENF

ALI NISTF

SLINISTF
CLI NISTF
DLI NISTF
ZLINISTF

SLINISTD
DLI NISTD
CLINISTD
ZLINISTD

Level 3 BLAS

Test programfor Level 2 BLAS

Data file for testing Level 2 BLAS

Test programfor Level 3 BLAS

Data file for testing Level 3 BLAS

Auxiliary routines for the test natrix generators

Test natrix generators

Auxiliary routines for the linear equation test program

Test programfor linear equation routines

Data file 1 for linear equation test program



63.
64.
65.
66.

67.
68.
69.

70.
71.
72.
73.

74.
75.
76.

7.
78.
79.

80.
81.
82.

83.
84.
85.
86.

87.
88.
89.
90.

91.
92.
93.
94.

95.
96.
97.

SLINIS2D
DLINIS2D
CLINIS2D
ZLINIS2D

AEI GISTFE
S GISTE
DZI GISTF

SEI GISTF
CHI GISTF
DEI GISTF
ZF GISTF

NEPTSTD
SEPTSTD
SVDISTD

NEPTS2D
SEPTS2D
SVDIS2D

ALI NIT MF
SCINIT W
DZI NIT MF

SLINIT W
CLINIT W
DLI NIT MF
ZLI NIT MF

SLINII MD
DLI NIT MD
CLINII MD
ZLI NIT MD

SBNDIT MD
DBNDIT MD
CBNDIT MD
ZBNDIT MD

SBLTI MAD
DBLTI MAD
CBLTI MAD

Data file 2 for 1inear equation test program

Auxiliary routines for the eigensystemtest program

Test programfor eigensystemroutines

Data file 1 for testing Nonsymmetric F genval ue Probl em
Data file 1 for testing Synnetric Figenval ue Probl em
Data file 1 for testing Singular Val ue Deconposi tion
Data file 2 for testing Nonsymmetric K genval ue Probl em
Data file 2 for testing Synmetric Figenval ue Probl em
Data file 2 for testing Singular Val ue Deconposi tion

Auxiliary routines for the linear systemtim ng program

T mi ng programfor linear equations

Data file 1 for tining dense 1inear equations

Data file 1 for tini ng banded 1inear equations

Data file 1-a for tining the BLAS



98.

99.

100.
101.
102.

103.
104.
105.
106.

107.
108.
109.
110.

111.
112.
113.
114.

115.
116.
117.
118.

119.
120.
121.
122.

123.
124.
125.
126.

127.
128.
129.

130.
131.
132.
133.

ZBLTI MAD

SBLTI M3D
DBLTI MBD
CBLTI MBD
ZBLTI MBD

SBLTI M'D
DBLTI M'D
CBLTI M'D
ZBLTI MCD

SLINIMD
DLINIMD
CLINIMD
ZLINIMD

SBNDIMD
DBNDIM D
CBNDIMD
ZBNDIM D

SBLTM AD
DBLTM AD
CBLTM AD
ZBLIM AD

SBLTMBD
DBLTM BD
CBLTMBD
ZBLTMBD

SBLTM CD
DBLTMCD
CBLTM CD
ZBLIM.CD

AFI GIT M
SCLGIT W
DZI GIT MF

SEI GIT M
CHEI GIT W
DEI GIT MF
ZFL GIT W

Data file 1-b for tining the BLAS

Data file 1-¢ for tining the BLAS

Data file 2 for tining dense 1inear equations

Data file 2 for tini ng banded 1inear equations

Data file 2-a for tining the BLAS

Data file 2-b for tining the BLAS

Data file 2-¢ for tining the BLAS

Auxiliary routines for the eigensystemtining program

T mi ng programfor the eigensystemroutines



134. SEIGSRCF  Instrunented LAPACKroutines and auxiliary routines
135. CHI GSRCF
136. DEI GSRCF
137. ZF GSRCF

138. SNEPTIMD Datafile 1 for tining Nonsymetric Fi genval ue Probl em
139. SSEPTIMD Datafile 1 for tining Synmetric Figenval ue Probl em
140. SSVDIOIMD TDatafile 1 for timing Singul ar Val ue Deconposi tion

141. CNEPTIMD
142. CSEPTIMD
143. CSVDII MD

144. DNEPTI MD
145. DSEPTI MD
146. DSVDII MD

147. ZNEPTI MD
148. ZSEPTIMD
149. ZSVDII MD

150. SNEPTMD Data file 2 for timi ng Nonsynmetric ki genval ue Probl em
151. SSEPTMD TIata file 2 for tim ng Symmetric I genval ue Probl em
152. SSVDIMD TIata file 2 for tining Singular Val ue Deconposi tion

153. CNEPTMD
154. CSEPTMD
155. CSVDIMD

156. DNEPTMD
157. DSEPTMD
158. DSVDIMD

159. ZNEPTMD
160. ZSEPTMD
161. ZSVDIMD

3 Overview of Tape Contents

Mst routines in LAPACKoccur in four versions: REAL, DOUBLE PRECISION, (OM

PLEX, and COMPLEX*16. The first three versions ( REAL, DOUBLE PRECISION, and

COMPLEX) are written in standard Fortran 77 and are conpletely portable; the COM

PLEX*16 version is provided for those conpilers which allowthis data type. For conve-
nience, we often refer to routines by their single precision nanes; the leading ‘S’ can be



replaced by a ‘D for double precision, a ‘C for conplex, or a ‘7 for conplex*16. For
LAPACK use and testing you must decide which version(s) of the package youintend to
install at your site (for exanple, RFAL and COVPLEX on a Cray conputer or DOUBLE

PRECI ST ON and COMPLEX*16 on an I BMconputer ).

31 IAAK Ratims ad Axiliay Ratires

Aslight distinction is nade between LAPACKroutines and LAPACKauxiliary rou-
tines. An LAPACKroutine is a subroutine to performa distinct algorithmic task, such
as conputing the LU deconposition of an mXxn matrix or findi ng the eigenval ues and
eigenvectors of a symmetric tridiagonal matrix using the QR algorithm The LAPACK
routines are describedfimfj®followthe nani ng conventions gi ven there. An LAPACK
auxiliary routine is a subroutine to performa specific task whichis called fromone of the
LAPACKroutines. The tasks perforned by the auxiliary routines are usually sinpler and
may be applicable in nore than one context. Mst auxiliary routines have the prefix xLA;
exceptions are our extensions to the Level 1 and 2 BLAS, which have BLAS-type nanes,
and the special routines LSAME, ENVIR, XENVIR, and XERBLA.

For a conplete list of the LAPACKroutines in this release, see Appendix A For a
conplete list of the LAPACKauxiliary routines, see Appendi x B. Further details on the
scope of the LAPACKproject are availablelin [2

32 Iled 1, 2 ad 3BS

The BLAS are a set of Basic Linear Al gebra Subprograns that performvector-vector,
matrix- vector, and matri x- matri x operations. LAPACKis designed around the Level 1, 2,
and 3 BLAS, and nearly all of the parallelismin the LAPACKroutines is containedin the
BLAS. Therefore, the key to getting good performance fromLAPACK]ies in having an
eflci ent version of the BLAS optimized for your particul ar nachine. If you have access to
a library containing optimzed versions of sone or all of the BLAS, you should certainly
use it (but be sure torun the BLAS test prograns). If anoptinizedlibrary of the BLASis
not avail able, Fortran source code for the Level 1, 2, and 3 BLAS i s provi ded on the tape.
Users shoul d not expect too much fromthe Fortran BLAS; these versions were written to
define the basic operations and do not enpl oy the standard tricks for optimnizing Fortran
code.

The fornal definitions of the Level 1, 2, and 3 BLAS arle, i[f5] @nd [|]3 Copies of
the BLAS Qui ck Reference card are avail able fromthe authors.

33 IAXK Tet Ratires

This rel ease contains twodistinct test prograns for LAPACKrouti nes i n each data type.
One test programtests the routines for sol ving linear equations and linear least squares
problens (as in the first release) and the other tests routines for the natrix eigenval ue
problem The routines for generating test natrices are used by both test programs and are
separated fromthe other test routines.



34 IAXK Timig Ratims

This release also contains two distinct tining prograns for the LAPACKroutines in
each data type. One timning programcan be used to gather performance datain negaflops
on the routines for sol ving linear equations and linear least squares problens, and al so on
the BLAS. The operation counts used i n conputing the negaflop rates are conputed from
a formml a. The other tining programis used with the eigensystemroutines and returns
the execution tinme, nunber of floati ng point operations, and negaflop rate for each of the
requested subroutines. In this program the nunber of operations is conputed while the
code is executing using special instrumented versions of the LAPACKsubroutines.

35 makdiles faa Unx Useas

In the Unix version, the libraries and test programs are created usi ng the makefilein
each directory. Target nanes are supplied for each of the four data types and are called
single, double, complex, and complex16. o create a library fromone of the fil es
call ed makefile, you sinply type make followed by the data types desired. Here are sone
exanpl es:

make single
make double complex16

make single double complex complexl6

Alternatively,
make

wi thout any options creates alibrary of all four data types. The make conmand can be run
more than once to add another data type tothe libraryif necessary.

Similarly, the nakefiles for the test routines create separate test prograns for each data
type. These prograns can be created one at a time:

make single

make double

or all at once:
make single double complex complexl6

where the last command is equival ent to typi ng make by itself. In the case of the BLAS
test prograns, where the nakefil e has a nane ot her than makefile, the -f option must be
added to specify the file nane, as in the follow ng exanpl e:

make -f makeblat2 single

10



The nakefil es used to create libraries call ranlib after each ar connand. Some com
puters (for exanple, CRAY conputers runni ng UNLCO5) do not require ranlib to be run
after creatingalibrary. Onthese systens, references toranlibshoul d be commented out or
removed fromthe makefil es i n LAPACK/SRC, LAPACK/BLAS/SRC, LAPACK/TESTING/MATGEN,
and LAPACK/TIMING/EIG/EIGSRC.

4 Installing LAPACK on a Unix System

Installing and testing the Unix versi on of LAPACKi nvol ves the foll owing steps:
1. Read the tape.
2. Test and install the nachine-dependent routines.
3. Create the BLAS library, if necessary.
4. Run the Tevel 2 and 3 BLAS test prograns.
5. Create the LAPACKIi brary.
6. Create the library of test natri x generators.
7. Run the LAPACKtest prograns.
8. Run the LAPACKti nmi ng prograns.

9. Send the results fromsteps 7 and 8 to the authors at the Uni versity of Téennessee.

4.1 Red tle Tge

1o unl oad the tape, type one of the follow ng commands (the device nane nay be
di fferent at your site):

tar xvf /dev/rst0 (cartridge tape), or

tar xvf /dev/rmt8 (9-track tape)

This will create a top-level directory called LAPACK. You will need about 12 negabytes to
read in the conplete tape. On a Sun SPAR(station, the libraries used 3.9 M3 and the

LAPACK executabl e files used 8.7 MB. In addition, the object files used 6.5 MB, but the

object files can be deleted after creating the 1ibraries and executable files. The total space
requi renents i ncl udi ng the object files is approximatel y 31 MBfor all four data types.

4.2 Test ad Imstdl the Madire Depadat Ratirss.

There are five machi ne- dependent functions in the test and tining package, at least
three of which nust be installed. They are

11



LSAME  LOA CAL Test if two characters are the sane regardl ess of case

SLAMCH REAL Determi ne nachi ne- dependent paraneters
DLAMCH DOUBLE PRECI SION Determni ne nachi ne- dependent paraneters
SHCOND  RFAL Return tine in seconds froma fixed starting ti me

DSECND  DOUBLE PRECISION Return tine in seconds froma fixed starting ti me

If you are working only in single precision, you do not need to install DLAMCH and
DBECND, and if you are working only in double precision, you do not need to install
SLAMCH and SECOND.

These five subroutines are provi ded on the tape i n LAPACK/INSTALL, al ong wi th five test
prograns and a makefile. 1o conpile the five test prograns, goto LAPACK/INSTALL and edi t
the nakefil e. Define FORTRAN and 0PTS torefer to the conpiler and desired conpiler options
for your machine. Then type maketo create test prograns called testlsame, testslamch,
testdlamch, testsecond, and testdsecnd. The expected results of each test program
are descri bed bel ow.

4.2.1 Installing LSAME

LSAMEis alogical function with tw character paraneters, Aand B. It returns . TRUE
if Aand Bare the sane regardless of case, or . FALSE. if they are different. For exanple,
the expression

LSAME( UPLO, °U’ )
is equivalent to
( UPLO.EQ.’U’ ).0R.( UPLO.EQ.’u’ )

The supplied version works correctlyonall systens that use the ASC(IT code for i nternal
representations of characters. For systens that use the EBCDI Ccode, one constant nust be
changed. For CDCsystens with 6- 12 bit representation, al ternative code is providedin the
comments. The test programin lsametst.f tests all conbinations of the same character
in upper and |l ower case for Aand B, and two cases where Aand Bare different characters.

Run the test programby t ypi ng testlsame. If LSAMEworks correctly, the onl y nessage
youshoul d seeis Tests completed. Once LSAMEi s worki ng, copy the file lsame.f to both
LAPACK/BLAS/SRC and LAPACK/SRC. The function LSAMEi s needed by both the BLAS and
LAPACK, soit is safer to haveit inbothlibraries as long as this does not cause trouble in
the 1ink phase when both libraries are used.

4.2.2 Installing SLAMCH and DLAMCH

SLAMCH and DLAM'H are real functions with a single character parameter that
indi cates the nachi ne parameter to be returned. The test programin slamchtst.f sinply
prints out the di fferent val ues conputed by SLAMCH, so youneed to knowsonet hi ng about
what the val ues shoul d be. For exanple, the output of the test programfor SLAMHon
a Sun SPAR(stationis

12



Epsilon = 5.96046E-08
Safe minimum = 1.17549E-38
Base = 2.00000
Number of digits in mantissa = 24.0000
Rounding mode = 1.00000
Minimum exponent = -125.000
Underflow threshold = 1.17549E-38
Largest exponent = 128.000
Overflow threshold = 3.40282E+38
Reciprocal of safe minimum = 8.50706E+37

Val ues of 0 or NaNfor any of the paraneters are obvious indicators that sonething has
gone wrong. Suspect results shoul d be docunented and reported to the authors.

Run the test programby typi ng testslamch. If the results fromthe test programare
correct, copy slamch.f to LAPACK/SRC for inclusionin the LAPACKIibrary. Do the sane
for DLAMCHand the test programtestdlamch. If both tests were successful, goto Section

4.2.3.

If SLAMCH (or DLAMCH) returns an invalid value, youwill have to create your own
version of this function. The follow ng options are used i n LAPACKand must be set:

U
‘S
O
O

£B7:

Underflowthreshol d

Safe m ni mum(often sane as underflowthreshol d)
Overflowt hreshol d

Fpsilon (relative machine precision)

Base of the nachine

Some people may be faniliar wi th RIMACH ( DIMACH), a primnitive routine for set-
ting nachi ne paraneters in whi ch the user must comment out the appropriate assignment
statements for the target machine. If a version of RIMACHis on hand, the assignnents in
SLAMCH can be nade to refer to RIMMCHusing the correspondence

SLAMCH( * U ) )
SLAMCH O ) =RIMACH( 2 )
SLAMCH( * E7 ) )
SLAMCH( * B ) )

=RIMACH 1

é
=

The safe nini numreturned by SLAMCH ’S” ) is initially set to the underflowval ue, but
if 1/(overflpw> (underflow it is reconputed as (1/(overflefl +¢), where ¢ is the
machine precision.

13



4.2.3 Installing SECOND and DSECND

Both the tiningroutines and the test routines call SECOND( DSECND), areal function
wi th no argunents that returns the time in seconds fromsone fixed starting tine. OQur
version of this routine returns only “user tine”, and not “user tine +systemtine”. The
version of second in second.f calls EIIM, a Fortranlibrary routines available on some
conputer systens. If FIIMSis not available or a better local timing function exists, you
will have to provide the correct interface to SHCOND and DSECND on your machi ne.

The test programin secondtst.f perforns anillion operations using 5000iterations of
the SAXPY operation y: =y 4ax on a vector of length 100. The total time and negaflops
for this test is reported, then the operation is repeated including a call to SECOND on
each of the 5000iterations to determi ne the overhead due to calling SECOND. Run the test
programby typi ng testsecond (or testdsecnd). There is no single right answer, but the
times in seconds shoul d be positive and the negaflop ratios shoul d be appropriate for your
nmachine. The worki ng versions of SEHOONDand DSFECNDs houl d be copi ed to LAPACK/SRC
for inclusion in the LAPACKI]i brary.

4.3 Gete the BS Libray

Ideally, a highly optinized version of the BLAS 1ibrary al ready exists on your machi ne.
In this case you can go directly to Section 4.4 to nmake the BLAS test prograns. You
nay al ready have a library containing some of the BLAS, but not all (Level 1 and 2, but
not Level 3, for exanple). If so, youshould use your local version of the BLAS wherever
possible.

a) Cb to LAPACK/BLAS/SRC and edit the makefil e. Define FORTRAN and OPTS to refer to
the conpiler and desired conpiler options for your machi ne. If youalready have sone
of the BLAS, comment out the lines defini ng the BLAS you have.

b) Type make followed by the data types desired, as in the exanples of Section 3.5. The
make command can be run nore than once to add another data type tothe libraryif
necessary.

The BLAS library is created in LAPACK/blas.a and not in the current directory.

4.4 Rutle BS Test Rograms

Test programs for the Level 2 and 3 BLAS are in the directory LAPACK/BLAS/TESTING.
Atest programfor the Level 1 BLAS is not included, in part because only a subset of the
original set of Level 1 BLAS is actually used in LAPACK, and the old test programwas
designed to test the full set of Level 1 BLAS.

a) To make the Level 2 BLAS test prograns, go to LAPACK/BLAS/TESTING and edit
the nnkefile called makeblat2. Define FORTRAN and OPTS to refer to the conpiler
and desired conpiler options for your nachine, and define LOADER and LOADOPTS to
refer to the loader and desired load options for your machine. If you are not using
the Fortran BLAS, define BLAS to point to your systemis BLAS library, instead of
../../blas.a.

14



b) Type make -f makeblat2 followed by the data types desired, as in the exanples of
Section 3.5. The executable fil es are called xblat2s, xblat2d, xblat2c, and xblat2z
and are created i n LAPACK/BLAS.

¢) Co to LAPACK/BLAS and run the Level 2 BLAS tests. For the REAL version, the
command is

xblat2s < sblat2.in

Simlar commands shoul d be used for the other test prograns, with the leading ‘s’ in
the i nput fil e nane replaced by ‘d’, ‘¢’, or ‘z’. The nane of the output fileis indicated
on the first line of the input file and is currently defined to be SBLAT2.SUMM for the

REAL version, with sinilar nanes for the other data types.

d) To conpile and run the Level 3 BLAS test prograns, repeat steps a—c using the
makefil e makeblat3. TFor step ¢, the executable programin the REAL version is
xblat3s, the input file is sblat3.in, and output is to the file SBLAT3.SUMM, with
simlar nanes for the other data types.

If the tests using the supplied data files were conpleted successfully, consider whether
the tests were suffciently thorough. For exanple, on a machine with vector registers, at
least one val ue of N greater thanthe length of the vector registers shoul d be used; otherwise,
inportant parts of the conpiled code nany not be exercised by the tests. If the tests were
not successful, either because the programdid not finish or the test ratios did not pass
the threshold, youwll probably have to find and correct the probl embefore continuing. If
you have been testing a system specific BLAS library, try usi ng the Fortran BLAS for the
routines that did not pass the tests. For nore details on the BLAS test proglans, see [6

and [ 4.
4.5 Gete the JAXK Lbray

a) b to the directory LAPACK/SRC and edit the mnkefil e. Define FORTRAN and OPTS to
refer tothe conpiler and desired conpiler options for your nachi ne.

b) Type make followed by the data types desired, as in the exanples of Section 3.5. The
make command can be run nore than once to add another data type tothe libraryif
necessary.

The LAPACKI]ibrary is created i n LAPACK/lapack.a.

4.6 Gete the Test Marix Geawaar Library

a) (b to the directory LAPACK/TESTING/MATGEN and edi t the mnkefil e. Define FORTRAN
and OPTS to refer to the conpiler and desired conpiler options for your nachi ne.

b) Type make followed by the data types desired, as in the exanples of Section 3.5. The
make command can be run nore than once to add another data type tothe libraryif
necessary.

The test nmatrix generator libraryis created in LAPACK/tmglib.a.
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b) Type make followed by the data types desired, as in the exanples of Section 3.5. The
executable files are called xeigtsts, xeigtstc, xeigtstd, and xeigtstz and are
created i n LAPACK/TESTING.

¢) Co to LAPACK/TESTINGand runthe tests for each datatype. The tests for the eigensys-
temroutines use three separate input files, for testing the nonsymetric eigenval ue
problem the symmetric eigenval ue problem and the singul ar val ue deconposition.
The tests insingle precision are as follows:

xeigtsts < nep.in > snep.out
xeigtsts < sep.in > ssep.out

xeigtsts < svd.in > ssvd.out

The tests using xeigtstc, xeigtstd, and xeigtstz use the sane three input fil es,

but the leading ‘s’ in the output fil es nmust be changed to ‘¢’, ‘d’, or ‘2.

d) Send the output files to the authors as directedin Section4.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

4.8 Rutle IAAK Timirg Rograns

There are tw distinct timnming prograns for LAPACKroutines in each data type, one
for the linear equati on routines and one for the ei gensystemroutines. The timi ng program
for the linear equation routines is also used to tine the BLAS. W encourage you to con-
duct these tim ng experinents i n REAL and COVPLEX or i n DOUBLE PRECI ST ON and
COMPLEX*16; it is not necessary tosend tining results in all four data types.

Two sets of input files are provided, a small set for workstation-class conputers and
alarge set for Gray-class conputers. The values of Nin the large data set are five tines
larger than those in the snnll data set, and the l arge data set uses five val ues for the block
size NBand two val ues for the leading array di mension LDA while the small data set uses
onl y two val ues for NBand one for LDA. Conputers in betwen should run the large set if
possible; suggestions for paring back the large data set are gi venin the instructions bel ow
A shar file is provided in LAPACK/TIMING for each of the two sets of input files. Type

sh lgtim.shar for the large set of input files, or
sh smtim.shar for the snall set of input files

Fi ther command creates 8 i nput files ineachdata type, two for the linear equation routines,
three for the eigensystemroutines, and three for the BLAS. Note that the nain prograns
are di nensioned for the large data sets, so the paraneters in the main programnay have
to be reduced; otherwise the conpiled programmay be toolarge torun on asnall nachine.

The mi ni numtine each subroutine will be timed is set to zeroin each of these input
fil es and may need to be increased. If the tinminginterval is not | ongenough, the time for the
subroutine after subtracting the overhead may be very snall or zero, resulting in negaflop
rates that are verylarge or zero. (Ib avoid division by zero, the negafloprateis set tozero
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if the tine is less than or equal to zero.) The nini numti ne that shoul d be used depends
on the nachine and the resol uti on of the clock.

For more infornation on the tining prograns and howto nodify the input files, see
Section 7.

4.8.1 Timing the Linear Equations Routines

Two i nput fil es are provided in each data type for tining the linear equation routines,
one for full matrices and one for band matrices. The data sets for the REAL versionarein
LAPACK/TIMING/stime.in and LAPACK/TIMING/sband. in.

a) 1o nake the linear equation tining prograns, go to LAPACK/TIMING/LIN and edit
the makefil e. Define FORTRAN and OPTS to refer to the conpiler and desired conpiler
options for your nanchi ne, and define LOADER and LOADOPTS to refer to the 1 oader and
desired l oad options for your nmachine. If you are not using the Fortran BLAS, define
BLAS to point to your systenmis BLAS library, instead of ../../blas.a.

b) Type make followed by the data types desired, as in the exanples of Section 3.5.
The executable files are called xtims, xtimc, xtimd, and xtimz and are created in
LAPACK/TIMING.

¢) Go to LAPACK/TIMING and nake any necessary nodifications to the input files. You
my need toset the ni ni numtine a subroutine will be tined to a positive val ue, or to
restrict the size of the tests if youare using a conputer with performance i n between
that of a workstation and that of a superconputer. The conputational requirenents
can be cut in half by usi ng onl y one val ue of LDA. If it is necessary to alsoreduce the
matrix sizes or the val ues of the blocksize, correspondi ng changes shoul d be nade to
the BLAS i nput files (see Section 4.8.2).

d) Run the prograns for each data type you are using. For the REAL version, the
commands are

xtims < stime.in > stime.out

xtims < sband.in > sband.out

Sinmilar conmmands shoul d be used for the other data types.

e) Send the output fil es to the authors as directedin Section4.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

4.8.2 Timing the BLAS

Three input files are provided in each data type for timnming the Level 2 and 3 BLAS.
These input files tinme the BLAS using the nmatrix shapes encountered in the LAPACK
routines, and we will use the results to anal yze the performance of the LAPACKroutines.
For the REAL version, the data files are sblas.inl, sblas.in2, and sblas.in3. There
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are three sets of inputs because there are three paraneters in the Level 3 BLAS, M N, and
K andin nost applications one of these paraneters is smnll (on the order of the bl ocksize)
while the other two are l arge (on the order of the matrixsize). In sblas.in1, Mand Nare
large but Kis snall, while in sblas.in2 the small parameter is M and in sblas.in3 t he
stal 1l parameter is N The Level 2 BLAS are tined only in the first data set, where Kis

al so used as the bandwi dth for the banded routines.

a) (o to LAPACK/TIMING and nake any necessary nodifications to the input files. You
my need to set the mi ni numtine a subroutine will be tined to a positive value. If
you nodi fied the val ues of Nor NBin Section4.8.1, set M N, and Kaccordi ngly. The
large paraneters among M N, and Kshoul d be the sane as the matrix sizes usedin
timng the linear equation routines, and the small paraneter shoul d be the same as
the bl ocksizes usedin tining the linear equati onroutines. If necessary, the large data
set can be sinplified by using onl y one val ue of LDA

b) Run the prograns for each data type you are using. For the REAL version, the
commands are

xtims < sblas.inl > sblas.outl
xtims < sblas.in2 > sblas.out2

xtims < sblas.in3 > sblas.out3

Sinmilar conmmands shoul d be used for the other data types.

¢) Send the output files to the authors as directedin Section4.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

4.8.3 Timing the Eigensystem Routines

Three i nput fil es are provi dedin each data type for tining the ei gensystemroutines, one
for the nonsynmmetric ei genval ue problem one for the synmetric eigenval ue problem and
one for the singul ar val ue deconposition. For the REAL version, these data sets are called
sneptim.in, sseptim.in, and ssvdtim.in. Fach of the three input files reads a different
set of paraneters and the fornat of the input is indicated by a 3-character code on the first
line.

The tining programfor eigenval ue/singul ar val ue routines accunul ates the operation
count as the routines are executing using special instrumented versions of the LAPACK
routines. The first stepin conpiling the tining programis therefore to make alibrary of
the instrunented routines.

a) To mnke a library of the instrumented LAPACK routines, first go to
LAPACK/TIMING/EIG/EIGSRC and edi t the nakefil e. Define FORTRAN and OPTS to refer
to the conpiler and desired conpiler options for your machine, and define LOADER
and LOADOPTS to refer to the 1 oader and desiredload options for your nachine. Then
type make foll owed by the data types desired, as in the exanples of Section 3.5. The
library of instrunented code is created in LAPACK/TIMING/EIG/eigsrc.a.
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b) 1o nake the eigensystemtining prograns, go to LAPACK/TIMING/EIG and edit the
makefil e. Define FORTRAN and OPTS to refer to the conpiler and desired conpiler
options for your nanchi ne, and define LOADER and LOADOPTS to refer to the 1 oader and
desired l oad options for your nmachine. If you are not using the Fortran BLAS, define
BLAS to point to your systenmis BLAS library, instead of ../../blas.a.

¢) Type make followed by the data types desired, as in the exanples of Section 3.5.
The executabl e fil es are called xeigtims, xeigtimec, xeigtimd, and xeigtimz and are
created in LAPACK/TIMING.

d) CGo to LAPACK/TIMING and nake any necessary nodifications to the input files. You
my need to set the minimmtime a subroutine will be tined to a positive val ue,
or torestrict the nunber of tests if you are using a conputer wi th performance in
between that of a workstation and that of a superconputer. Instead of decreasing
the matrix di nensions toreduce the tine, it woul d be better to reduce the nunber of
matrix types tobe tined, since the perfornance varies nore with the natrixsize than
wi th the type. For exanple, for the nonsynmetric ei genval ue routines, youcould use
only one matri x of type 4 instead of four natrices of types 1, 3, 4, and 6. See Section
7 for further details.

e) Run the prograns for each data type you are using. For the REAL version, the
commands are

xeigtims < sneptim.in > sneptim.out
xeigtims < sseptim.in > sseptim.out

Xeigtims < ssvdtim.in > ssvdtim.out

Sinmilar conmmands shoul d be used for the other data types.

f)Send the output files to the authors as directedin Section4.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

4.9 Sad tle Resdts to Taressee

Congratul ati ons! You have nowfini shed installing and testing LAPACK Your partici-
pationis greatly appreciated. If possible, results and comments shoul d be sent by el ectronic
mil to

eanderso@cs. utk. edu

Otherwise, resul ts may be subni tted either by sendi ng the authors a hard copy of the out put
files or by returning the distribution tape with the output files storedonit.

W encourage you to nake the LAPACK]i brary avail able to your users and provi de us
with feedback fromtheir experiences. You should nmake it clear that this software is still
under devel oprent, and many parts of it will be changed before the project is conpleted.
The changes may affect the calling sequences of sone routines, so the public release of
LAPACKi s not guaranteed to be conpatible with this version.
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If you wouldlike to do nore, please contact us so that we nay coordi nate your efforts
with the devel opnent of the final test release of LAPACK One optionis tolook at ways
to inprove the performance of LAPACK on your nmachine. At the tine of the first test
release of LAPACKin April, 1989, many people di d not yet have optinized versions of the
BLAS. If this is still the case at your site, inprovenents to the BLAS would likely have
a dramatic effect on performance. (ther suggestions on fine- tuni ng specific al gori thns are
al so wel cone. For exanple, one of our test sites noticed that the rowinterchanges in the
LUfactorizationroutine SGAIRF were degradi ng perfornance on the IBM3090 because of
the non-unit stride in SSWMAR|[ 1In response we added the auxiliary routine SLASW to
interchange a bl ock of rows, so that users of the IBM3090 coul d easily replace this routine
wi th one in which the rowinterchanges are applied to one col unm at a tine.

5 Installing LAPACK on a non-Uni x System

Installing and testing the non- Uni x version of LAPACKi nvol ves the followi ng steps:
1. Read the tape.
2. Test and install the nachine-dependent routines.
3. Create the BLAS library, if necessary.
4. Run the Tevel 2 and 3 BLAS test prograns.
5. Create the LAPACKIi brary.
6. Create the library of test natri x generators.
7. Run the LAPACKtest prograns.
8. Run the LAPACKti nmi ng prograns.

9. Send the results fromsteps 7 and 8 to the authors at the Uni versity of Téennessee.

5.1 Read tle Tae

Read the tape and assign nanes to the files, preferably as indicated in Section 2. The
first file (naned README) is a list of the files in the order specified in Section 2. You
will need about 12 negabytes to read in the conplete tape. On a Sun SPAR(station,
the libraries used 3.9 MBand the LAPACKexecutable files used 8.7 MB. In addition, the
object files used 6.5 MB, but the object files can be deleted after creating the libraries and
executabl e files. The total space requirenents includi ng the object files is approxi mately 31
MBfor all four data types.

5.2 Test ad Imstdl the Madire Depadat Ratires.

There are five machi ne- dependent functions in the test and tining package, at least
three of which nust be installed. They are
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LSAME  LOA CAL Test if two characters are the sane regardl ess of case

SLAMCH REAL Determi ne nachi ne- dependent paraneters
DLAMCH DOUBLE PRECI SION Determni ne nachi ne- dependent paraneters
SHCOND  RFAL Return tine in seconds froma fixed starting ti me

DSECND  DOUBLE PRECISION Return tine in seconds froma fixed starting ti me

If you are working only in single precision, you do not need to install DLAMCH and
DBECND, and if you are working only in double precision, you do not need to install
SLAMCH and SECOND. These five subroutines and their test programs are provided in

the fil es LSAMEF and TLSAMEF, SLAMCHF and TSLAMCHF, etc.

5.2.1 Installing LSAME

LSAMEis alogical function with tw character paraneters, Aand B. It returns . TRUE
if Aand Bare the sane regardless of case, or . FALSE. if they are different. For exanple,
the expression

LSAME( UPLO, °U’ )
is equivalent to
( UPLO.EQ.’U’ ).0R.( UPLO.EQ.’u’ )

The supplied version works correctlyonall systens that use the ASC(IT code for i nternal
representations of characters. For systens that use the EFBCDIC code, one constant mst
be changed. For CDCsystens with 6-12 bit representation, alternative code is providedin
the comments. The test programin TLSAMIFtests all conbinations of the sane character
in upper and |l ower case for Aand B, and two cases where Aand Bare different characters.

Conpi 1 e LSAMEF and TLSAMEF and run the test program If LSAMEworks correctly,
the only nmessage you shoul d see is Tests completed. The working version of LSAME
shoul d be appended to the fil e ALLBLASF. This fil e, which al so contains the error handl er
XERBLA, will be conpiled with either the BLAS library in Section 5.3 or the LAPACK
library in Section 5. 5.

5.2.2 Installing SLAMCH and DLAMCH

SLAMCH and DLAM'H are real functions with a single character parameter that
indi cates the nachi ne parameter to be returned. The test programin TSLAMCHF si npl y
prints out the di fferent val ues conputed by SLAMCH, so youneed to knowsonet hi ng about
what the val ues shoul d be. For exanple, the output of the test programfor SLAMHon
a Sun SPAR(stationis

Epsilon = 5.96046E-08
Safe minimum = 1.17549E-38
Base = 2.00000
Number of digits in mantissa = 24.0000
Rounding mode = 1.00000
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Minimum exponent = -125.000

Underflow threshold = 1.17549E-38
Largest exponent = 128.000
Overflow threshold = 3.40282E+38

8.50706E+37

Reciprocal of safe minimum

Val ues of 0 or NaNfor any of the paraneters are obvious indicators that sonething has
gone wrong. Suspect results shoul d be docunented and reported to the authors.

Conpile SLAMCHF and TSLAMCHF and run the test program If the results from
the test programare correct, save SLAMCHfor i nclusi on in the LAPACKIi brary. Repeat
these steps wi th DLAMCHF and TDLAMCHF. If both tests were successful, go to Section
5.2.3.

If SLAMCH (or DLAMCH) returns an invalid value, youwill have to create your own
version of this function. The follow ng options are used i n LAPACKand must be set:

‘U: Underflowthreshold

¢S’: Safe mininmum

‘O: verflowthreshold

“E': Epsilon (relative nachine precision)
‘B: Base of the nachine

Some people may be faniliar wi th RIMACH ( DIMACH), a primnitive routine for set-
ting nachi ne paraneters in whi ch the user must comment out the appropriate assignment
statements for the target machine. If a version of RIMACHis on hand, the assignnents in
SLAMCH can be nade to refer to RIMMCHusing the correspondence

SLAMCH( * U ) )
SLAMCH( 0 ) )
SLAMCH ‘' E ) =RIMACH( 3 )
SLAMCH( * B ) )

The safe nini numreturned by SLAMCH ’S” ) is initially set to the underflowval ue, but
if 1/(overflpw> (underflow it is reconputed as (1/(overflefl +¢), where ¢ is the
machine precision.

=RIMACH 1

5.2.3 Installing SECOND and DSECND

Both the tiningroutines and the test routines call SECOND( DSECND), areal function
wi th no argunents that returns the time in seconds fromsone fixed starting tine. OQur
version of this routine returns only “user tine”, and not “user tine +systemtine”. The
version of second in SECONDF calls EITM a Fortranlibrary routine avail able on sone
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conputer systens. If FIIMSis not available or a better local timing function exists, you
will have to provide the correct interface to SHCOND and DSECND on your machi ne.

The test programin TSEHCONDF perforns a nillion operations using 5000iterations of
the SAXPY operation y: =y 4ax on a vector of length 100. The total time and negaflops
for this test is reported, then the operation is repeated including a call to SECOND on
each of the 5000 iterations to deternine the overhead due to calling SEHCOND. Conpile
SHCOONDF and TSECONDEF and run the test program There is no single right answer,
but the tines in seconds shoul d be positive and the negaflop rati os shoul d be appropri ate
for your nachine. Repeat this test for DSECNDE and TDSECNDE and save SECOND
and DSECNDfor inclusion in the LAPACK]i brary in Section 5. 5.

5.3 Gite the BS Libray

Ideally, a highly optinized version of the BLAS 1ibrary al ready exists on your machi ne.
Inthis case youcangodirectly to Section 5.4 tonake the BLAS test programs. Otherwise,
youmnust create alibrary using the fil es xBLAS1F, xBLAS2F, xBLAS3F, and ALLBLASF.

You may al ready have a library containing sone of the BLAS, but not all (Level 1 and 2,
but not Level 3, for exanple). If so, youshoul d use your local version of the BLAS wherever
possible and, if necessary, delete the BLAS you al ready have fromthe provided files. The
fil e ALLBLASF must be included if any part of xBLAS2F or xBLAS3F is used. Conpile

these files and create an object library.

5.4 Ruwtle BS Test Rgrams

Test programs for the Level 2 and 3 BLAS are in the fil es xBLAI2F and xBLAI3F. A
test programfor the Level 1 BLAS is not included, in part because only a subset of the
original set of Level 1 BLAS is actually used in LAPACK, and the old test programwas
designed to test the full set of Level 1 BLAS.

a) Conpile the files xBLAI2F and xBLAI3F and 1ink themto your BLAS library or
libraries. Note that each programincludes a special version of the error-handling
routi ne XERBLA, which tests the error-exits fromthe Level 2 and 3 BLAS. On nost
systenms this will take precedence at link tine over the standard version of XERBLA
in the BLAS library. If this is not the case (the synptomwill be that the program
stops as soonas it tries totest anerror-exit), younust tenporarily delete XERBLA
fromALLBLASF and reconpile the BLAS 1i brary.

b) Fach BLAS test programhas a correspondi ng data fil e xBLAI2Dor xBLAI3D. As-
sociate this file with Fortran unit nunber 5.

¢) The name of the output file is indicated on the first line of each input file and is
currently defined to be SBLAT2. SUMMfor the REAL Level 2 BLAS, with sinmilar
nanes for the other files. If necessary, edit the name of the output file to ensure that
itis valid on your system

d) Run the Level 2 and 3 BLAS test prograns.
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If the tests using the supplied data files were conpleted successfully, consider whether
the tests were suffciently thorough. For exanple, on a machine with vector registers, at
least one val ue of N greater thanthe length of the vector registers shoul d be used; otherwise,
inportant parts of the conpiled code nany not be exercised by the tests. If the tests were
not successful, either because the programdid not finish or the test ratios did not pass
the threshold, youwll probably have to find and correct the probl embefore continuing. If
you have been testing a system specific BLAS library, try usi ng the Fortran BLAS for the
routines that did not pass the tests. For nore details on the BLAS test proglans, see [6
and [ 4.

5.5 Geete tle JAXK Libray

Conpile the fil es xLASRCF wi th ALLAUXF and create an object library. If you have
conpiled either the S or Cversion, younust al so conpile andincl ude the fil es SCLAUXF,
SLAMCHF, and SECONDF, and if you have conpiled either the Dor Z version, you nust
al so conpile and incl ude the fil es DIZLAUXF, DLAMCHF, and DSECNDF. If you di d not
conpile the fil e ALLBLASF and include it in your BLAS library as described in Section
5.3, younust conpile it nowand include it i n your LAPACKI]i brary.

5.6 Gete tle Test Matnix Geawatar Lbrary

Conpile the fil es xMATGENF and create an object 1ibrary. If you have conpiled either
the Sor Cversion, youmust al so conpil e andincl ude the fil e SCATGENF, and i f you have
conpiled either the Dor Zversion, youmust al so conpile andinclude the fil e DZATGENF.

5.7 Ruthe IAAK Test Ragrams

There are two distinct test programs for LAPACKroutines in each data type, one for
the linear equations routines and one for the eigensystemroutines. Two sets of input fil es
are provided, a smanll set for workstation-class conputers and a large set for Cray-class
conputers. The small input files end with the four characters * TSTD and the large i nput
files end wi th the characters ‘152D . You need only use one of these sets of files.

For more infornation on the test programs and how to nodify the input files, see
Section 6.

5.7.1 Testing the Linear Equations Routines

a) Conpile the files xLINISTF and link themto your natrix generator library, your
LAPACKIi brary, and your BLAS library or libraries in that order (on sone systemns
you nay get unsatisfied external references if youspecify the libraries in the wrong
order).

b) There are two sets of data files for the linear equation test program xLINISTD
for small conputer systens and xLINIS2D for large systens. For each of the test
prograns, associate the appropriate data file with Fortran uni t nunber 5.
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c) The output file is written to Fortran unit number 6. Associate asuitably naned fil e

(e.g., SLINIST. OUT) with this unit nunber.
d) Run the test prograns.

e) Send the output fil es to the authors as directedin Section5.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

5.7.2 Testing the Eigensystem Routines

a) Conpile the files xEI GISTF and l1ink themto your matrix generator library, your
LAPACKIi brary, and your BLAS library or libraries in that order (on sone systemns
you nay get unsatisfied external references if youspecify the libraries in the wrong
order).

b) There are two sets of data files for the linear equation test program NEPTSTD,
SEPTSTD, and SVDISTDfor snall conputer systens and NEPTS2D, SEPTS2D,
and SVDIS2D for large systens. Note that the sane three input files are used
regardless of the data type of the test program For each run of the test prograns,
associate the appropriate data file with Fortran uni t nunber 5.

c) The output file is written to Fortran unit nunber 6. Associate suitably naned fil es
with this unit nunber (e.g., SNEPIST. OUL, SSEPIST. OUIL, and SSVDIST. OUT
for the three runs of the REAL program).

d) Run the test prograns.

e) Send the output fil es to the authors as directedin Section5.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

5.8 Rutle K Timirg Rggrans

There are tw distinct timnming prograns for LAPACKroutines in each data type, one
for the linear equations routines and one for the ei gensystemroutines. The tini ng program
for the linear equations routines is also used to tine the BLAS. W encourage you to
conduct these tining experinents i n RFEAL and COMPLEX or i n DOUBLE PRECT ST ON
and COVPLEX*16; it is not necessary tosend tinming results in all four data types.

Two sets of input files are provided, a small set for workstation-class conputers and
alarge set for Gray-class conputers. The values of Nin the large data set are five tines
larger than those in the snnll data set, and the l arge data set uses five val ues for the block
size NBand two val ues for the leading array di mension LDA while the small data set uses
onl y two val ues for NBand one for LDA. Conputers in betwen should run the large set if
possible; suggestions for paring back the large data set are gi venin the instructions bel ow
The snall input fil es end wi th the four characters ‘TTMDY and the | arge i nput files end wi th
the characters ‘TMD (except for the BLAS tining files, see Section 5.8.2). Note that
the main prograns are di nensioned for the large data sets, so the parameters in the main
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programmay have to be reduced; otherwise the conpiled programnay be toolarge torun
on a small nmachine.

The mi ni numtine each subroutine will be timed is set to zeroin each of these input
fil es and may need to be increased. If the tinminginterval is not | ongenough, the time for the
subroutine after subtracting the overhead may be very snall or zero, resulting in negaflop
rates that are verylarge or zero. (Ib avoid division by zero, the negafloprateis set tozero
if the tine is less than or equal to zero.) The nini numti ne that shoul d be used depends
on the nachine and the resol uti on of the clock.

For more infornation on the tining prograns and howto nodify the input files, see
Section 7.

5.8.1 Timing the Linear Equations Routines

Two i nput fil es are provided in each data type for tining the linear equation routines,
one for full matrices and one for band matrices. The snall data sets are in xLINIT M)and
xBNDITMD and the | arge data sets are in xLI NIMDand xBNDIM2 D,

a) Conpile the files xLAITM, and link themto your LAPACKIi brary and your BLAS
library or libraries in that order (on sone systens you nay get unsatisfied external
references if youspecify thelibraries in the wrong order).

b) Mke any necessary nodi ficati ons tothe i nput files. Younayneedtoset the nini num
tine a subroutine will be tined to a positive value, or torestrict the size of the tests
if you are using a conputer with performance in between that of a workstation and
that of a superconputer. The conputational requirenents can be cut in half by using
onl y one val ue of LDA If it is necessary to also reduce the matrix sizes or the val ues
of the blocksize, corresponding changes shoul d be nade to the BLAS i nput files (see
Section 5.8.2).

Associate the appropriate i nput file wi th Fortran unit nunber 5.

c) The output file is written to Fortran unit nunber 6. Associate a suitably named
file with this unit nunber (e.g., SLINIIM OUL and SBNDITM OUT for the REAL

version).
e) Run the prograns for each data type you are using wi th the two data sets.

f)Send the output files to the authors as directedin Section 5.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

5.8.2 Timing the BLAS

Three input files are provided in each data type for timnming the Level 2 and 3 BLAS.
These input files tinme the BLAS using the nmatrix shapes encountered in the LAPACK
routines, and we will use the results to anal yze the performance of the LAPACKroutines.
For the RFEAL version, the snall data sets are SBLTI MAD, SBLTI MBD, and SBLTI MCD
and the large data sets are SBLIMAD, SBLTM2BD, and SBLTMXCD. There are three
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sets of inputs because there are three paraneters in the Level 3 BLAS, M N, and K and
innost applications one of these parameters is small (on the order of the blocksize) while
the other two are large (on the order of the matrix size). In SBUIIMAD, Mand Nare

large but Kis small, while in SBEIIMBDthe snmall paraneter is M and in SBLIIMD

the small paraneter is N The Level 2 BLAS are tinmed only in the first data set, where K

is also used as the bandwi dth for the banded routines.

a) Mke any necessary nodi ficati ons tothe i nput files. Younayneedtoset the nini num
tine a subroutine will be tined to a positive value. If you nodified the val ues of N
or NBin Section 5.8.1, set M N, and Kaccordingly. The |l arge paranmeters among M
N, and Kshoul d be the sane as the matrix sizes used in tining the linear equation
routines, and the snmall paraneter shoul d be the sane as the bl ocksizes usedin tining
the linear equations routines. If necessary, the large data set can be sinplified by
using onl y one val ue of LDA

Associate the appropriate i nput file wi th Fortran unit nunber 5.

b) The output file is written to Fortran unit nunber 6. Associate a suitably naned file

with this unit nunber (e.g., SBLIIM\ OUT, SBLIIMB. OUI, and SBLII M. OUT
for the three runs of the REAL version).

¢) Run the timing prograns in each data type you are using for each of the three input

fil es.

d) Send the output fil es to the authors as directedin Section5.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

5.8.3 Timing the Eigensystem Routines

Three input files are provided in each data type for tining the eigensystemroutines,
one for the nonsymetric eigenval ue problem one for the synmetric eigenval ue problem
and one for the singul ar val ue deconposition. For the REAL version, the small data sets
are SNEPTIMD, SSEPTI M), and SSVDITMD and the 1 arge data sets are SNEPTMD,

SSEPTM D, and SSVDIMD. Fach of the three input files reads a di fferent set of param
eters and the format of the input is indicated by a 3-character code on the first line.

The tining programfor eigenval ue/singul ar val ue routines accunul ates the operation
count as the routines are executing using special instrumented versions of the LAPACK
routines. The first stepin conpiling the tining programis therefore to make alibrary of
the instrunented routines.

a) Conpile the fil es xEl (SRCF and create anobject library. If you have conpiledeither
the Sor Cversion, youmst also conpile and i ncl ude the file S GRCF, and i f you
have conpiled either the Dor Z version, you nust also conpile and i ncl ude the file
VI GSRCE. If you did not conpile the fil e ALLBLASF and include it in your BLAS
library as described in Section 5.3, you nust conpile it nowand include it in the

instrumented LAPACKLi brary.
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b) Conpile the files xEIGITM' wi th AEIGIIM and link themto your test matrix
generator library, the instrumented LAPACK1ibrary created in the previous step,
your LAPACK1ibrary fromSection 5.5, and your BLAS library in that order (on
sone systens you may get unsatisfied external references if you specify the libraries
in the wrong order).

c) Mke any necessary nodi fications tothe input files. Youmnnyneedtoset the nini num
tine a subroutine will be timed to a positive value, or torestrict the nunber of tests
if you are using a conputer with performance in between that of a workstation and
that of a superconputer. Instead of decreasing the matrix di mensions to reduce the
tine, it woul d be better to reduce the nunber of matrix types to be timed, since the
performance varies nore with the matrix size than with the type. For exanple, for
the nonsymmetric ei genval ue routines, youcoul d use onl y one natrix of type 4instead
of four matrices of types 1, 3, 4, and 6. See Section 7 for further details.

Associate the appropriate i nput file wi th Fortran unit nunber 5.

d) The output file is written to Fortran unit nunber 6. Associate a suitably naned file
with this unit nunber (e.g., SNEPIIM OUL, SSEPTI M OUI, and SSVDITM OUT
for the three runs of the REAL version).

e) Run the prograns in each data type you are using with the three data sets.

f)Send the output files to the authors as directedin Section 5.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

5.9 Sad tle Resdts to Taressee

Congratul ati ons! You have nowfini shed installing and testing LAPACK Your partici-
pationis greatly appreciated. If possible, results and comments shoul d be sent by el ectronic
mil to

eanderso@cs. utk. edu

Otherwise, resul ts may be subni tted either by sendi ng the authors a hard copy of the out put
files or by returning the distribution tape with the output files storedonit.

W encourage you to nake the LAPACK]i brary avail able to your users and provi de us
with feedback fromtheir experiences. You should nmake it clear that this software is still
under devel oprent, and many parts of it will be changed before the project is conpleted.
The changes may affect the calling sequences of sone routines, so the public release of
LAPACKi s not guaranteed to be conpatible with this version.

If you wouldlike to do nore, please contact us so that we nay coordi nate your efforts
with the devel opnent of the final test release of LAPACK One optionis tolook at ways
to inprove the performance of LAPACK on your nmachine. At the tine of the first test
release of LAPACKin April, 1989, many people di d not yet have optinized versions of the
BLAS. If this is still the case at your site, inprovenents to the BLAS would likely have
a dramatic effect on performance. (ther suggestions on fine- tuni ng specific al gori thns are
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al so wel cone. For exanple, one of our test sites noticed that the rowinterchanges in the
LUfactorizationroutine SGAIRF were degradi ng perfornance on the IBM3090 because of

the non-unit stride in SSWMAR|[ 1In response we added the auxiliary routine SLASW to
interchange a bl ock of rows, so that users of the IBM3090 coul d easily replace this routine
wi th one in which the rowinterchanges are applied to one col unm at a tine.

6 More About Testing

There are two distinct test prograns for LAPACKroutines in each data type, one for the
linear equation routines and one for the eigensystemroutines. Fach programhas its own
style of input, and the eigensystemtest programaccepts three di flerent sets of parameters,
for the nonsymmetric eigenval ue problem the symetric eigenval ue problem and the sin-
gul ar val ue deconposition. The follow ng sections describe the diflerent i nput fornmats and
testing styles.

6.1 Testirg tle hirer Equtian Ratines

The test programfor the linear equation routines is driven by a data file fromwhich the
foll owi ng paraneters may be varied:

e M the matrix rowdi nension
e N, the nmatrix col unn di nension

e NB, the blocksize for the bl ocked routines

For symmetric or Hernitian natrices, the val ues of Nare used for the matrix di nension.
The i nput fil e al so specifies a set of LAPACKpath names and the test matrix types to

be used in testing the routines in each path. Path names are 3 characters long; the first

character indicates the data type, and the next two characters identify a matrix type or

problemtype. The test paths for the linear equation test programare as follows:

{S7
{S7
{S7
{S7
{S7

Z} G General natrices (LUfactorization)

7} (B Ceneral banded matrices

Z} PO Positive definite natrices (Cholesky factorization)

Z} PP Positive defini te packed

7Z} PB Positive defini te banded

{S, 7Z} SY  Symmetric indefini te matrices (Bunch- Kaufnan factorization)
{S, 7} Sp Symmetric indefini te packed

{C, 7} HE  Hermnitian indefinite matrices (Bunch- Kaufnan factorization)
{C, 7} HP  Hernitian indefini te packed

{S, ¢, D Z} QR QRand LQdeconposi tions

oNoRoReoNoNONe)
e Nw il

The xQR test path also tests the routines for generating or nul tiplying by an orthogonal
or uni tary nmatrix expressed as a sequence of Househol der transfornntions.

30



o (se iterative refinenent (xxxRFS) to inprove the solution, and conpute the ratios

||z = 2|/ ([]2"][e)
(backward error) /e
lo = 2*[1/(1}27]| (error bound) )

e Conpute the condition nunber usi ng xxxCON, and formthe product RCONDk.

The sol ve anditerative refinenent steps are also tested wi th Arep! ame dfbwhtre

applicable. The test ratios conputed for the real linear equation test paths (except SQR)
are listed in Table 2. The conplex test ratios are the sanme except for the (G and (UGB
paths; thereldis replaced by”4 and two more tests are inserted to test the sol ution

(wi thout iterative refinenent ) of=4.

Test ratio SGE SGB | SPO, SPP | SPB | SSY, SSP
|1LU— A[/(n]|Ale) 1 1 1 1 1
|11 = AA 1| /(]| A][|A ~H]e) 2 2 2
16— Ae|[ /(1| A] []x]]) 3,8 2,7 3 2 3
[|e — a*||/(|]a*||ke) 4, 9 | 3, & 4 3 4
|z — z*||/(||2*||ke), refined || 5, 10F | 4, & 5 4 5
(backward error) /e 6, 1 | 5, 108 6 5 6
|z — z*||/(]|2*]|(errorbound)|| 7, 12 | 6, 11 7 6 7
ROOND  « & 13 12 8 7 8

T-solve Az =b
Table 2: Tests performed for the REAL 1inear equation test paths

In the SQR test path, routines are tested for conputing the QR deconposition
(SGEQRE), conputing the LQdeconposition (SGELQF), generating an orthogonal matrix
expressed as a sequence of Househol der transformations (SORGEN), and nul ti pl yi ng by an
orthogonal matrix expressed as a sequence of Househol der transformations (SORMIL). In
the conplex case, SORGENis called CUNGEN, SORMIL is called CUNMIL, and Qis
uni tary instead of orthogonal. Tests 1-7in the list beloware perforned if the mx ntest
matrix satisfies m> n, and tests 814 are performedif m< n.

o Conpute the QR factorization using SGEQRF, generate the orthogonal matrix @)
fromthe Househol der vectors using SORGEN, and conpute the ratio

L |[A= QR[/(m]Ale)

e lest the orthogonality of the conputed matrix ¢ by conputing the ratio
2. |1 -Q7Q||/(ne)

o CGenerate a randommntrix C'and multiply it by @ of Gsing SORMIL with
UPLO=‘L’, and conpare the result to the product of C'and Q by @ing the
explicit matrix ¢ generated by SORGEN. The di flerent options for SORMIL are
tested by conputing the 4 ratios
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6.1.3 Input File for Testing the Linear Equation Routines

Fromthe test program's input file, one can control the size of the test matrices, the
block size for the blocked routines, the paths to be tested, and the matrix types used in
testing. W have set the options in the input files torun through all of the test paths. An
annot ated exanpl e of an input file for the RFAL test programis shown bel ow.

Data file for testing REAL LAPACK linear equation routines

8 Number of values of M

01235 10 20 70 Values of M (row dimension)

8 Number of values of N

01235 10 20 70 Values of N (column dimension)

3 Number of values of NB

1320 Values of NB (the blocksize)

2 Number of right hand sides

20.0 Threshold value of test ratio.

SGE 8 List types on next line if O < NTYPES < 8
SGB 12 List types on next line if O < NTYPES < 12
SPO 6 List types on next line if O < NTYPES < 6
SPP 6 List types on next line if O < NTYPES < 6
SPB 8 List types on next line if O < NTYPES < 8
38Y 6 List types on next line if O < NTYPES < 6
3SP 6 List types on next line if O < NTYPES < 6
SQR 8 List types on next line if O < NTYPES < 8

The first 9 1ines of the input file are read usinglist-directedinput and are used tospecify
the values of M N, NB, and THRESH (the threshold value). The renmining lines occur
in sets of 1 or 2 and all owthe user to specify the matrix types. Fachline contains a 3-
character path nane in col umms 1-3 and the nunber of test nmatrix types in col unms 5- 10.
If the nunber of natrix typesis at least 1 but is less than the naxi mmnunber of possible
types, a second line will be read to get the nunbers of the matrix types to be used. For
exanpl e, the i nput 1ine

SGE 8
requests all of the matrix types for path SGE while

SGE 3
456

requests only matrices of type 4, 5, and 6.
The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETI'R statenents in the nmain test program

Paraneter Description Val ue
NMAX Muxi mumval ue for M N, or NB 132
MAXI N Muxi mumnunber of val ues of M N, or NB 12
MAXRHS Muxi mumnunber of right hand si des 10
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The main test procedure for the RFEAL linear equation routines is in LAPACK/TEST-
ING/LIN/schkaa.f in the Unix version and is the first programunit in SLINTSTF in the
non- Uni x version.

6.2 Testing the Nonsymmetric Eigenval ue Routi nes

The test routine for the LAPACKnonsynmetri ¢ ei genval ue routines, like the test pro-
gramfor the routines which sol ve linear systens, generates a nunber of different test nn-
trices and conputes neasures of the error. The parameters which nay be varied are:

o the order Nof the test matrix A
e the type of the test matrix A

e three nunerical paraneters: the bl ocksjztehdBiunber of shifts NSt the nul -
tishift QR nmethod, and the (sub)matrix size MAXBow or equal to which an
unbl ocked, FISPACK style nethod will be used

The test program thus consists of a triply-nested loop, the outer one over triples
(NB, NS, MAXB ), the next over N, and the i nner one over matrix types. Oneachiteration
of the innermost loop, a matrix Ais generated and used to test the ei genval ue routines.

6.2.1 Test Matrices for the Nonsymmetric Eigenvalue Routines

Twenty- one different types of test nmatrices nay be generated for the nonsymmetric
ei genval ue routines. Table 3 shows the types available, along with the nunbers used to
refer to the matrix types. Except as noted, all natrices have O(1) entries.

Fi genval ue Distribution
Type Arithrretid Geonetric‘ Qustereql Random O her
Zero 1
Identity 2
(Jordan Bl ocK 3
D agonal 4, T, & 5 6
uru -1 9 10 11 12
XTXx! 13 14 15 16, 11, 18
Randomentries 19, 20, 2F

- matrix entries ara/Gerflow)
I-matrix entries ara/@derflow)

Table 3: Tést matrices for the nonsymmetric ei genval ue probl em

Mitrix types identified as “Zero”, “Identity”, “Ii agonal 7, and “Randomentries” shoul d
be sel f-expl anatory. The other nmatrix types have the foll owi ng neani ngs:

(Jordan BlocK': Mitrix with ones on the diagonal and the first subdiagonal, and zeros
el sewhere
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4.7 Rutle IAAK Tet Rograns

There are two distinct test programs for LAPACKroutines in each data type, one for
the linear equation routines and one for the eigensystemroutines. Two sets of input fil es
are provided, a smanll set for workstation-class conputers and a large set for Cray-class
conputers. Asharfile is providedin LAPACK/TESTING for each of the twosets of input fil es.

Type
sh 1lgtst.shar for the large set of input files, or
sh smtst.shar for the snall set of input files

Fi ther command creates three i nput files for the ei gensystemroutines and one i nput file in
each data type for the linear equation routines.
For nore i nformationonthe test prograns and howto modi fy the i nput files, see Section

4.7.1 Testing the Linear Equations Routines

a) Gb to LAPACK/TESTING/LIN and edit the mnkefil e. Define FORTRAN and OPTS to refer
to the conpiler and desired conpiler options for your machine, and define LOADER
and LOADOPTS to refer to the l oader and desired1oad options for your machine. If you
are not using the Fortran BLAS, define BLAS to point to your system s BLAS1i brary,
instead of ../../blas.a.

b) Type make followed by the data types desired, as in the exanples of Section 3.5.
The executabl e files are called xchks, xchkc, xchkd, and xchkz and are createdin
LAPACK/TESTING.

¢) Go to LAPACK/TESTING and run the tests for each data type. For the RFAL versi on,
the command is

xchks < stest.in > stest.out

b

The tests using xchkd, xchkc, and xchkz are sinmilar with the leading ‘s’ in the i nput

and out put fil e nanes replaced by ‘d’, ‘c’, or ‘z’.

d) Send the output files to the authors as directedin Section4.9. Please tell us the type
of machine on which the tests were run, the conpiler options that were used, and
details of the BLAS library or libraries that you used.

4.7.2 Testing the Eigensystem Routines

a) Gb to LAPACK/TESTING/EIG and edit the mnkefil e. Define FORTRAN and OPTS to refer
to the conpiler and desired conpiler options for your machine, and define LOADER
and LOADOPTS to refer to the l oader and desired1oad options for your machine. If you
are not using the Fortran BLAS, define BLAS to point to your system s BLAS1i brary,
instead of ../../blas.a.
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UTU —': Schur-formnatrix 7 with O(1) entries conjugated by a uni tary (or real orthogo-
nal ) mtrix U

XTX1: Schur-formmtrix 7" with O(1) entries conjugated by an ill-conditioned matrix
X

For eigenvalue distributions other than “Other”, the eigenvalues lie between ¢ (the
nachine precision) and 1in absol ute val ue. The eigenval ue di stributions have the following
meani ngs:

Arithneticli flerence between adjacent ei genval ues is a constant
Geometric:Ratio of adjacent ei genval ues is a constant
(QusteredOne eigenval ue is 1 and the rest are ¢ in absol ute val ue

Random Ui genval ues are logarithmically distributed

6.2.2 Tests Performed on the Nonsymmetric Eigenvalue Routines

Findi ng the eigenval ues and ei genvectors of a nonsymmetric matrix Ais done in the
follow ng stages:

1. Ais deconposed as UHU, where Uis unitary, H is upper Hessenberg, *amdtlie
conjugate transpose of U.

2. His deconposed as ZT% where Zis unitary and T is in Schur form this also gi ves
the ei genval ueg, whi ch may be consi dered to forma di agonal matrix A.

3. The left and ri ght ei genvector matrices L and R of the Schur matrix T are conputed.

4. Inverseiterationis used to obtain the left and right ei genvector matrices Y and X of
the matrix H.

To check these cal cul ations, the following test ratios are conputed:

o lA—uH| o l=uu
1= nel|A| 2= ne
o =212 . -z
3= ne||H|| 4= ne
_ A-U)TUZ)"| _ H=UZ)[{UZ)"|
T T
5 nel|Af| 6 ne
— 11 —To|| — A1 —Ao]|
T rg =
7 =[] T] 8 e[JAf]
o _ ITR-RA| o lLT-Ar]
97 S[ITRI 10 |
o lHx-xa| o vH-AY]
W= e [HTX| 127 ef[=HY]
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where the subscript 1indicates that the ei genval ues and ei genvectors were conputed at the
same tine, and 0 that they were conputed in separate steps. (Al noris. prdhig
scalings in the test ratios assure that the ratios will be O(1), indppendlent of ||
and nearly i ndependent of n.
Wen the test programis run, these test ratios will be conpared with a user-specified

threshol d THRESH, and for each test ratio that exceeds THRESHessage is printed

specifying the test matrix, the ratio that failed, andits value. Asanple nessage is
Matrix order= 25, type=11, seed=2548,1429,1713,1411, result 8 is 11.33

Inthis exanple, the test matrix was of order n =25 and of type 11 fromTable 3, “seed” is
the initial 4-integer seed of the randomnunber generator used to generate 4 and “result”
specifies that test ragifail ed to pass the threshold, and its val ue was 11.33.

6.2.3 Input File for Testing the Nonsymmetric Eigenvalue Routines

An annotated exanpl e of aninput file for testing the nonsymetric ei genval ue routines
is shown bel ow.

NEP: Data file for testing the Nonsymmetric Eigenvalue Problem

8 Number of values of N

01235 10 20 70 Values of N (dimension)

3 Number of values of NB

1 320 Values of NB (blocksize)

1 6 6 Values of NSHIFT (no. of shifts)
2 10 10 Values of MAXB (min. blocksize)
20.0 Threshold value

1 Code to interpret the seed

NEP 21

The first line of the input file must contain the characters NEP in col unms 1-3. Lines
2-9 are read using list-directed i nput and specify the follow ng val ues:

line 2: The nunber of val ues of N

line 3: The val ues of N, the matrix di nension

line 4: The nunber of val ues of the paraneters NB, NS, and MAXB
line 5: The val ues of NB, the blocksize

line 6: The val ues of NS, the nunber of shifts

line 7: The val ues of MAXB, the ni ni tmmbl ocksi ze

line 8: The threshol d val ue for the test ratios

line 9: An i nteger code tointerpret the randomnunber seed

=0: Set the seed to a default val ue before each run
=1: Initialize the seed to a default val ue only before the first run
=2: Like 1, but use the seed val ues on the next 1ine

line 10: If line 9 was 2, four integer val ues for the randomnunber seed

37



The remnining lines occur insets of 1 or 2 and allowthe user to specify the natrix types.
Each line contains a 3-character identification in colums 1-3, which nmust be either NEP
or SHS (CHS i n conplex, DHS in doubl e precision, and ZHS i n conpl ex*16), and the nunber

of matrix types must be the first nonbl ank i temin col utms 4-80. If the nunber of matrix
types is at least 1 but is less than the maxi mumnunber of possible types, a second line
will be read to get the nunbers of the matrix types to be used. For exanple,

NEP 21
requests all of the nmatrix types for the nonsynmetric ei genval ue problem while

NEP 4
9 10 11 12

requests only matrices of type 9, 10, 11, and 12.
The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETI'R statenents in the nmain test program

Paraneter Description Val ue
NMAX Muxi rumval ue for Ny NB, NS, and MAXB 132
MAXI N Muxi mumnunber of val ues of the paraneters 20

For the nonsymmetric ei genval ue i nput file, MAXINi s both the maxi mnmnunber of val ues
of Nand the maxi numnunber of 3-tuples (NB, NS, MAXB). The mnin test procedure

for the RFAL ei genval ue routines is i n LAPACK/TESTING/EIG/schkee.fin the Unix version
and is the first programunit i n SEIGTSTF in the non- Uni x versi on.

6.3 Testing the Symmetric Eigenval ue Routines

The test routine for the LAPACKsymmetric ei genval ue routines has the foll ow ng pa-
raneters whi ch nay be varied:

o the order Nof the test matrix A
e the type of the test matrix A

e the blocksize NB

The testing programthus consists of atriply-nestedloop, the outer ohdeonextNB
over N, and the inner one over matrix types. On eachiteration of the innernost loop, a
matrix Ais generated and used to test the eigenval ue routines.

6.3.1 Test Matrices for the Symmetric Eigenvalue Routines

Fifteen different types of test matrices nay be generated for the symetric eigenval ue
routines. Table 4 shows the types available, al ong wi th the nunbers used torefer to the na-
trix types. Except as noted, all matrices have O(1) entries. The exprésmeansUDU
a real diagonal matrix D with O(1) entries conjugated by a unitary (or real orthogonal)
matrix U. The eigenval ue distributions have the sanme neani ngs as in the nonsynmmetric
case (see Section 6.2.1).
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‘ Fi genval ue Distribution

Type Arithrretiq Geonetric‘ (Qustered Other
Zero 1
Identity 2

D agonal 3, 6, 7 4 5

UDU —t 8, 11, 14 9 10
Randomentries 13, 14, 15

- matrix entries ara/Gerflow)
I-matrix entries ara/@derflow)

Table 4: Test nmatrices for the synmetric eigenval ue problem

6.3.2 Tests Performed on the Symmetric Eigenvalue Routines

Fi ndi ng t he ei genval ues and ei genvectors of asymetric matrix Ais doneinthefollow ng
stages:

1. Ais deconposed as USV, where Uis unitary, Sis real symetric tridiagonal, and
U*is the conjugate transpose of U.

2. 5is deconposed as ZA”Z where Zis real orthogonal and Ais areal diagonal natrix
of eigenval ues.

3. The “PWK’ method is used to compute A using a square-root-free nethod which
does not conpute Z.

To check these cal cul ations, the following test ratios are conputed:

o= A=USU| ro = UV
1= nel|A| 2 = ne
ra = IS=Z077| ry = =227
3= ne||S| 4= ne
re = IA=UDAUZ)| re = H=UUZ)|
5 nel|Af| 6 ne

— [[A1—Ao|| _ [[Ai—Apwxk]||
T = rg = UL EWK
7 e[| Al 8 e[|Afl

— w
o = Ay @ fromSturmsequence test

where the subscript 1indicates that the ei genval ues and ei genvectors were conputed at the
same tine, and 0 that they were conputed in separate steps. (Al noris. prdhig
scalings in the test ratios assure that the ratios will be O(1) (typicallyless than 10 or 100)
independent of4| and ¢, and nearly independent of n.

The “Sturmsequence test” is a test of hownuch the eigenvalues in A differ fromthe
ei genval ues of 5. Sturmsequences are used to test whether aneigenval ue of S1lies withinan
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interval (A—w, A+w), where Ais adiagonal entryof A. Increasinglylarger values of ware
tried until oneis found such that all the di agonal entries Alie wi thin wof aneigenval ue of §.
The first (snallest) such w, divided by ¢ times the absol ute val ue of the largest eigenval ue,
is theng:

As in the nonsynmetric case, the test ratios for each test matrix are conpared to a
user-specified threshol d THRESHnd a nessage is printed for each test that exceeds this
threshol d.

6.3.3 Input File for Testing the Symmetric Eigenvalue Routines

An annotated exanpl e of an input file for testing the synmetric ei genval ue routines is
shown bel ow.

SEP: Data file for testing the Symmetric Eigenvalue Problem

8 Number of values of N
01235 10 20 70 Values of N (dimension)

3 Number of values of NB

13 20 Values of NB (blocksize)
20.0 Threshold value

1 Code to interpret the seed
SEP 156

The first line of the input file must contain the characters SEP in col umms 1-3. Lines
2-7 are read using list-directed i nput and specify the follow ng val ues:

line 2: The nunber of val ues of N

2

line 3: The val ues of N, the nmatrix di nension

line 4: The nunber of val ues of the paraneter NB

line 5: The val ues of NB, the blocksize

line 6: The threshol d val ue for the test ratios

line 7: An integer code tointerpret the randomnunber seed

=0: Set the seed to a default val ue before each run

=1: Initialize the seed to a default val ue only before the first run
=2: Like 1, but use the seed val ues on the next 1ine

line 8: If line 7 was 2, four i nteger val ues for the randomnunber seed

The renni ni ng lines are used to specify the nmatrix types for one or nore sets of tests, asin
the nonsymmetric case. The valid 3-character codes are SEP or SST (CST in conpl ex, DST
in double precision, and ZSTin conpl ex*16).
The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETI'R statenents in the nmain test program

Paraneter Description Val ue
NVAX Maxi mumval ue for Nand NB 132
MAXI N Maxi mumnunber of val ues of Nand NB 20
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The nain test procedure for the single precisionreal eigenval ue routines is in LAPACK/TEST-
ING/EIG/schkee.f in the Unix version and is the first programunit in SEIGTSTF in the
non- Uni x version.

6.4 Testing the Singul ar Val ue Decomposition Routines

The test routine for the LAPACKsingul ar val ue deconposition (SVD) routines has the
foll owi ng paraneters whi ch nay be vari ed:

e the nunber of rows Mand col unms Nof the test nmatrix A4
e the type of the test matrix A
e the blocksize NB

The test programthus consists of atriply-nestedloop, the outer pitchoverxNBver
pairs (M N), and the i nner one over natrix types. Oneachiterationof theinnernost loop,
amtrix Ais generated and used to test the SVDroutines.

6.4.1 Test Matrices for the Singular Value Decomposition Routines

Sixteen di flerent types of test nmatrices nay be generated for the singul ar val ue decom
position routines. Table 5 shows the types available, al ong with the nunbers used to refer
to the matrix types. Except as noted, all nmatrix types other than the randombi di agonal
matrices have O(1) entries.

Singul ar Val ue Distribution
Type Arithrretid Geonetric‘ Qustered Other
Zero 1
Identity 2
D agonal 3, 6, 7 4 5
UDV 8, 11, 1% 9 10
Randomentries 13, 14, 15
Randombi di agonal 16

- matrix entries ara/Gerflow)
I-matrix entries area/@(derflow)

Table 5: Test matrices for the singul ar val ue deconposi tion

Mitrix types identified as “Zero”, “Idagonal”, and “Randomentries” should be sel f-
expl anatory. The other matrix types have the foll owi ng neani ngs:

IdentityAnin (M N) xmin(M N)identity natrix withzero rows or col umms added to the
bottomor right to make it Mx N

UDV: Real Mx N diagonal matrix D with O(1l) entries nultiplied by unitary (or real
orthogonal ) natrices on the left and right
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Randombi di agonal :Upper bi di agonal matrix whose entries are randonl y chosen froma
logarithnic distribution?pafk

The QRal gorithmused i n xBDSQRshoul d conpute all singul ar val ues, evensmall ones, to
goodrel ati ve accuracy, even of matrices withentries varyi ngover nany orders of nagni tude,
and the randombi di agonal matrixis intended to test this. Thus, unlike the other matrix
types, the randombi di agonal natrix is neither O(1), nor an O(1) matrix scaled to sone
ot her nagni tude.

The singul ar value distributions are anal ogous to the eigenvalue distributions in the
nonsynmmetric eigenval ue problem(see Section 6.2.1).

6.4.2 Tests Performed on the Singular Value Decomposition Routines

Findi ng the singul ar val ues and singul ar vectors of a dense, mx nmatrix Ais done in
the follow ng stages:

1. Ais deconposed as QBP, where () and P are unitary and Bis real bidiagonal.

2. Bis deconposed as UXV, where Uand V are real orthogonal and X is a positive real
di agonal matrix of singul ar val ues.

In addition, the LAPACKroutines xBDSQR can apply the transfornations that formUto
anarbitramy=nmin(mn) xkmtrix C; the resul ting natrix we call D. The test routines
therefore start with a randommx k matrix R with O(1) entries, as well as A and apply
all transformations to R which are applied to Afromthe left.

To check these cal cul ations, the following test ratios are conputed:

r = [A=QBP|| ro — _ IB=QC]]

1= max(m,n)e[JA[] 2 = max(m,k)e||R]|

ra = 1H1=Q"Q r, = WH=PP*|

3 me 4 ne

re = IB=UZV]| re — _IO=UD]|

5 7el| Bl 6 = max(5,k)e]|C]|

o = =0 re = H=VV

7 ne 8 ne

ro = A=UDZW . _ |[R=(QU)D|

9 max(m,n)e||4A 10 max(m,k)e||R||
o = H=@UQU . [I=(VE)(VP)*||
11 proge 12 e

T3 = % r14 = % s fromSturmsequence test

where the subscript 1indicates that Uand V were conputed at the same time as X, and
0 that they were not. (Al norms aip. || The scalings in the test ratios assure that the
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ratios will be O(1) (typicallyless than 10 or 100), indep¥nderdteofalid nearly
i ndependent of mor n.

The “Sturmsequence test” is a test of hownuch the singul ar values in X differ from
the singul ar values of I Sturmsequences are used to test whether a singular value of B
lies within aninterval ((1—s)o, (1+s)o), where o is a diagonal entry of ¥. Increasingly
larger val ues of s are tried until one is found such that all the di agonal entries clie within
s of asingular value of B The first (snallest) such s, divided by, is then r

Wen the test programis run, these test ratios will be conpared with a user-specified

threshol d THRESH: if a test ratio exceeds THRESHwessage such as
Matrix order= 25, type=10, seed=2548,1429,1713,1411, result 8 is 11.33
if Ais square, or

3 x 5 matrix, type=14, seed=1904,2941,2246,1241, result 5 is 14 .57

will be printed out. This specifies the test natrix, the ratio that failed, andits value. In
the second exanple, mis 3, nis 5, the type nunber (see Table 5) is 14, which neans a
“randombi di agonal 7 matrix, the test ratio which failkedamdsthe val ue of was

14.57. G ven the seed, the size, and the type, it is possible toreconstruct the test matrix
exactly, subject only to possible differing nunerical properties on different nachines, and
thus reproduce any problemwi th a routine.

6.4.3 Input File for Testing the Singular Value Decomposition Routines

An annotated exanple of an input file for testing the singul ar val ue deconposition
routines is shown bel ow.

SVD: Data file for testing the Singular Value Decomposition
20 Number of values of M

000011112222333310 10 70 70O Values of M
012301230123012310 70 10 7O Values of N
1 Number of values of NB

1 Values of NB (blocksize)

2 Values of NRHS

20.0 Threshold value

1 Code to interpret the seed
SVD 16

The first line of the input file must contain the characters SVDin col umms 1-3. Lines
2-9 are read using list-directed i nput and specify the follow ng val ues:
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line 2: The nunber of val ues of Mand N

line 3: The val ues of M the matrix rowdi nension

line 4: The val ues of N, the natrix col unn di nension

line 5: The nunber of val ues of the paraneters NBand NRHS
line 6: The val ues of NB, the blocksize

line 7: The val ues of NRHS, the nunber of right hand sides
line 8: The threshol d val ue for the test ratios

line 9: An i nteger code tointerpret the randomnunber seed.

=0: Set the seed to a default val ue before each run
=1: Initialize the seed to a default val ue only before the first run
=2: Like 1, but use the seed val ues on the next 1ine

line 10: If line 9 was 2, four integer val ues for the randomnunber seed

The renni ni ng lines are used to specify the nmatrix types for one or nore sets of tests, asin
the nonsymmetric case. The valid 3-character codes are SVD or SBD (CBD i n conpl ex, DBD
in double precision, and ZBD in conpl ex*16).
The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETI'R statenents in the nmain test program

Paraneter Description Val ue
NMAX Muxi mumval ue for M N, NB, and NRHS 132
MAXI N Muxi mumnunber of val ues of the paraneters 20

For the singul ar val ue deconposition input file, MAXINis both the maxi mumnunber of
pairs (M N) and the naxi numnunber of pairs (NB, NRHS). The nain test procedure
for the RFAL ei genval ue routines is i n LAPACK/TESTING/EIG/schkee.fin the Unix version
and is the first programunit i n SEIGTSTF in the non- Uni x versi on.

7 More About Ti mi ng

There are two distinct timnming prograns for LAPACKroutines in each data type, one for

the linear equations routines and one for the eigensystemroutines. Results fromthe linear
equation timing programare given in negaflops, and the operation counts are generally
conputed as sone function of the problemsize. Results fromthe eigensystemtining
programare gi venin execution tines, operation counts, and negaflops, where the operation
counts are cal cul ated during execution using special versions of the LAPACKrouti nes whi ch
have been instrunented to count operations. Fach programhas its own style of input,
and the eigensystemtining programaccepts three diflerent sets of paraneters, for the
nonsynnmetric eigenval ue problem the symmetric eigenvalue problem and the singul ar
val ue deconposition. The followi ngsections describe the different i nput fornmats and ti ni ng
paraneters.
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7.1 Timing the Li near Equati on Routi nes

The timni ng programfor the linear equati on routines is driven by a data file fromwhich
the follow ng parameters nay be varied:

e M the matrix rowdi nension
e N, the nmatrix col unn di nension

e K the bandwi dth for the banded routines, or the third size parameter for the Level 3
BLAS

NB, the bl ocksize for the bl ocked routi nes

LDA, the leading di nension of the dense and banded matrices.

For banded natrices, the val ues of Mare used for the natrix rowand col unm di nensi ons,
and for synmetric or Hernitian natrices that are not banded, the val ues of Nare used for
the matrix di mension.

The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETIR statenents in the main tini ng program

Paraneter Description Val ue
NMAX Muxi mumval ue of M N, K and NBfor dense matrices 512
LDAMAX Muxi mumval ue of LDA 532
NMAXB Muxi mumval ue of Mfor banded matrices 5000
MAXI N Muxi mumnunber of values of M N, K or NB 12
MXNLDA Muxi mumnunber of val ues of LDA 4

The paraneter LDAMAX should be at least NMAX For the xGB path, we mmst have
(4K +1)M < 2(NMAX )(LDAMAX ), which restricts the value of K The above lim
its allow Kto be as big as 200 for M= 1000. For the xPB path, the condition is
(2K +1)M < 3(NMAX )(LDAMAX ). 'The nain tining programfor the REAL linear
equation routines is foundin LAPACK/TIMING/LIN/stimaa.fin the Unix versionandis the
first programunit i n SLINTIMFin the non- Uni x version.

The i nput fil e al so specifies a set of LAPACKrouti ne nanes or LAPACKpath nanes
to be tined. The path nanes are sinilar to those used for the test program and incl ude
the follow ng standard paths:

{S, ¢, D Z} GE&  Ceneral natrices (LUfactorization)

{S, ¢, D, Z} GBB  (Ceneral banded natrices

{S, ¢, D Z} PO  Positive definite natrices (Cholesky factorization)

{S, ¢, D 7} PP Positive defini te packed

{S, ¢, D Z} PB Positive defini te banded

{S, ¢, D 7} SY Symnetric indefini te natrices (Bunch- Kaufnan factorization)
{S, ¢, D, 7} SP Symnetric indefini te packed

{C, 7} HE  Hermnitian indefinite matrices (Bunch- Kaufnan factorization)
{C, 7} HP  Hermnitian indefini te packed
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{S, ¢, D Z} QR QR deconposition
{S, ¢, D Z} TR  Triangul ar natrices
{S, ¢, D, Z} TP  Triangul ar packed matrices

For tining the Level 2 and 3 BLAS, two extra paths are provi ded:

{S, ¢ D 7} B Level 2 BLAS
{S, ¢ D 7} B3 Level 3 BLAS

In addition, this release contains sone experinental routines which can be accessed
using the foll owi ng tenporary path nanes:

{S, D} LU Variants of the LUdeconposition

{S, D} CH  Variants of the Chol esky deconposition
{S, ¢, D, Z} HR  Reduction to Hessenberg form

{S, ¢, D, Z} TD  Reduction toreal tridiagonal form

The xLUpath requests tining of three block variants of the LUfactorization (left-1ooking,
Crout, and right-looking) for N X N matrices, as well as the correspondi ng unbl ocked vari -
ants on matrices of size N X NB Tinings for the Linpack routi ne x(AFAare i ncl uded for
conparison. The xCHtim ng path requests tim ng of three bl ock variants of the Chol esky
factorization and the correspondi ng Li npack routine xPOFA. Ti ni ng of the bl ocked and
unbl ocked reductions to Hessenberg and tridi agonal formare requested by the paths xHR
and xTD, and times for the F spack routi nes ORTHES and TREDI are incl uded for com
parision.

The tining programs have their own natrix generator that supplies conputed, rather
than random natrices for timing. Conputed matrices are used because they can be gen-
erated nmore qui ckl y than randommnatrices, and the call to the natrix generator is inside
the timng loop. The user specifies a ninimumtine for which each routine should run
and the conputationis repeated if necessary until this tine is used. In order to prevent
inflated performance due to a natri x renni ni ng in the cache fromone iterationto the next,
we regenerate the matrix before each call to the LAPACKroutine in the tiningloop. The
time for generating the matrix at eachiterationis subtracted fromthe total tine.

An annotated exanpl e of aninput file for timning the REALlinear equation routines
that operate on dense natrices is shown bel ow.

Data file for timing REAL LAPACK linear equation routines

5 Number of values of M

100 200 300 400 500 Values of M (row dimension)

5 Number of values of N

100 200 300 400 500 Values of N (column dimension)
5 Number of values of K

25 50 100 150 200 Values of K (bandwidth)

5 Number of values of NB

1 16 32 48 64 Values of NB (blocksize)

2 Number of values of LDA
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512 513 Values of LDA (leading dimension)

0.0 Minimum time in seconds

SGE TTTT Put T to time: -TRF -TRI -TRS -CON
SPO TTTT -TRF -TRI -TRS -CON
SPP TTTT -TRF -TRI -TRS -CON
SsY TTTT -TRF -TRI -TRS -CON
sSSP T TTT -TRF -TRI -TRS -CON
SQR T T -GEQRF -GEQRS

STR T -TRI

STP T -TRI

SLU

SCH

SHR

STD

The first 12 1ines of the input file are read using list-directed i nput and are used to specify
the val ues of M N, K NB, LDA, and TIMM N (the mi ni numtine). By default, xGEMWV

and xGEMMare called to sanple the BLAS perfornmance on square natrices of order N

but this option can be controlled by entering one of the following online 13:

BAND Tne xGBW (instead of xGEMWV) using natrices of order Mand
bandwi dth K and tinme xG@:MMusing matrices of order K

NONE Do not do the sanple tim ng of xGEMW and xGEMM

The tining paths or routine names which foll ownay be specified i n any order.

Wien tining the banded routines it is nore interesting to use one large val ue of the
matrix size and vary the bandwi dth. An annotated exanple of an input file for timnming the
REAL 1 i near equation routines that operate on banded matrices is shown bel ow.

Data file for timing REAL LAPACK banded routines

1 Number of values of M

1000 Values of M (row dimension)

0] Number of values of N

1000 Values of N (column dimension)
5 Number of values of K

25 50 100 150 200 Values of K (bandwidth)

5 Number of values of NB

1 16 32 48 64 Values of NB (blocksize)

1 Number of values of LDA

601 Values of LDA (leading dimension)
0.0 Minimum time in seconds

BAND Time sample banded BLAS

SGB TTT Put T to time: -TRF -TRS -CON
SPB TTT -TRF -TRS -CON

Here Mspecifies the matrix size and Kspecifies the bandwi dth for the test paths SGBand
SPB. Note that we request timning of the sanple BLAS for banded natrices by specifying
“BAND” on line 13.
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7.2 Timing the Level 2 and 3 BLAS

Three input files are provided for tining the BLAS wi th the matrix shapes encountered
in the LAPACKroutines. In each of these files, one of the paraneters M N, and Kfor the
Level 3 BLAS is on the order of the blocksize while the other two are on the order of the
matrix size. The first of these input files also tines the Level 2 BLAS, and we incl ude the
single precision real versionof this data file here for reference:

Data file 1 for timing the REAL BLAS routines

5 Number of values of M
100 200 300 400 500 Values of M

5 Number of values of N
100 200 300 400 500 Values of N

5 Number of values of K

2 16 32 48 64 Values of K

1 Number of values of INCX
1 Values of INCX

2 Number of values of LDA
512 513 Values of LDA

0.0 Minimum time in seconds
none Do not time the sample BLAS
SB2

SB3

Since the Fortran BLAS do not contain any sub- bl ocki ng, the block size NBis not required
and its value is replaced by that of INCX, the i ncrenent between successive elenents of
a vector in the Level 2 BLAS. Note that we have specified “none” on line 13 to suppress
timing of the sanple BLAS, which are redundant in this case.

7.3 Timing the Nonsymmetric Ei genprobl em

Aseparate input file drives the tining codes for the nonsymmetric eigenproblem The
input fil e specifies

e N, the natrix size

o four-tuples of paraneter val ues (NB, NS, MAXB, LDA) specifying the bl ock size NB,
the nunber of shifts NS, the matrix size MAXBl ess than which an unbl ocked routi ne
is used, and the leading di nensi on LDA

e the test matrix types
e the routines or sequences of routines fromLAPACKor FISPACKto be tined

The paraneters NS and MAXB appl y only to the QRiteration routine xHSHQR, and NB
is used only by the block al gorithns. Agoal of this tining code is todeternine the val ues
of NB, NS and MAXB whi ch naxini ze the speed of the codes.
The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETIR statenents in the main tini ng program
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6.1.1 Test Matrices for the Linear Equation Routines

For each LAPACKtest path specified in the i nput file, the test programgenerates test
matrices, calls the LAPACKroutines in that path, and conputes a nunber of test ratios
to verify that each operation has perforned correctly. The test matrices used in each test
path are shown in Table 1. In this context, ¢ is the nachine epsilon, e, the smnllest
positive floating- poi nt nunber such that 1.0 +¢ /=1.0, and xis the condition nunber of
the matrix A

PO, PP | PB | SY, SP | HE, HP
1 1 1 1

Test natrix type GE, QR
D agonal 1
Upper triangul ar
Lower triangul ar 3
Banded: kI <mf2, ku <n/2
Banded: kI <ny2, ku > n/2
Banded: kI > ny2, ku <n/2
Banded: kI > ny2, ku > n/2
Random k =2

Random k= ,/0.1/¢
Random k =0.1/¢

Scal ed near underflow

— %
wHO@OOxI@OT»-kaN)»—\

0 ~1 O Ot i~
O U W N
0 ~1 O O = W
O U W N
O U W N

Scal ed near overflow

\]
—

Bl ock di agonal
f— conpl ex test paths only

Table 1: Test natrices for the linear equation test paths

6.1.2 Tests Performed for the Linear Equation Routines

For the LAPACKpaths that operate on systens of linear equations, eachtest natrixis
subjected to the followi ng tests:

o Factor the matrix using xxxTRF, and conpute the ratio

[|1LU = Al/(nl|Ale)

o [nvert the matrix Ausing xxxTRI, and conpute the ratio
= AA |/ (nl|AT]|A =Y ]e)

For banded natrices, inversion routines are not available because the inverse woul d
be dense.

e Solve the systemA =b using xxxTRS, and conpute the ratios
16— Acl|/C[I Al [z]le) and |[z —2~|[/(]]2]|xe)

where 25 is the exact solution and xis the condition nunber of A
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Paraneter Description Val ue

MAXN Muxi mumval ue for Ny NB, NS, or MAXB 400
LDAMAX Muxi mumval ue for LDA 420
MAXI N Muxi mumnunber of val ues of N 12
MAXPRM Muxi mumnunber of paraneter sets 10

(NB, NS, MAXB, LDA)

The mai n tini ng programfor the REALroutines is found i n LAPACK/TIMING/EIG/stimee.f
inthe Unix version andis the first programunit in SEIGTIMF in the non- Uni x versi on.
The conputations that nay be tined for the REAL version are

1. SGEHRD ( LAPACKreduction to upper Hessenberg form)

2. SHSEQR(E) (LAPACKconputation of eigenval ues only of a Hessenberg matrix)
3. SHSEQR(S) (LAPACKconputation of the Schur formof a Hessenberg matrix)

4. SHSEQR(I) (LAPACK conputation of the Schur formand Schur vectors of a Hes-

senberg matrix)

5. STREV(( L) ( LAPACKconputation of the the left eigenvectors of a matrixin Schur
form

6. STREV(( R) ( LAPACKconputation of the the right eigenvectors of anatrixin Schur
form

7. SHSEIN(L) (LAPACK computation of the the left eigenvectors of an upper Hessen-
berg matrix using inverse iteration)

8. SHSEIN(R) ( LAPACKconputation of the the right eigenvectors of an upper Hessen-
berg matrix using inverse iteration)

9. ORTHES (EISPACK reduction to upper Hessenberg form to be conpared to
SGEHRD)

10. HQR ( EI SPACK conput ati on of ei genval ues only of a Hessenberg matrix, to be com
pared to SHSEQR(E))

11. HQR2 ( EI SPACK conputation of eigenval ues and eigenvectors of a Hessenberg na-
trix, to be conpared to SHSEQR(I) plus STREV({ R))

12. INVIT ( EI SPACKconput ati on of the right eigenvectors of an upper Hessenberg na-
trix using inverse iteration, to be conpared to SHSEIN).

Fi ght di flerent matrix types are provided for tim ng the nonsymetric ei genval ue rou-
tines. Avarietyof matrix types is allowed because the nunber of iterations to conpute the
ei genval ues, and hence the tining, can depend on the type of matrix whose ei gendeconpo-
sitionis desired. The natrices used for timing are of the ThweXd' X is either
orthogonal (for types 1-4) or randomwi th condi ti on nughetfot types 5-8), where ¢
is the nachine roundofferror. The matrix 7 is upper triangular with randomO(1) entries
inthe strict upper triangle and has onits di agonal
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e evenly spaced entries froml down to e wi th randomsigns (matrix types 1 and 5)

e geonetrically spaced entries froml downto ¢ with randomsigns (matrix types 2 and

6)
e “clustered” entries 1, ¢ wi th randomsigns (mtrix types 3 and 7), or

e real or conplex conjugate paired eigenval ues randonl y chosen fromthe i nterval (e, 1)
(matrix types 4 or 8).

An annot ated exanpl e of aninput file for tini ng the REAL nonsymmetric ei genprobl em
routines is shown bel ow.

NEP: Data file for timing Nonsymmetric Eigenvalue Problem routines

4 Number of values of N

100 200 300 400 Values of N (dimension)

7 Number of values of parameters

1 1 1 12 10 8 6 Values of NB (blocksize)

6 12 18 6 12 16 18 Values of NS (number of shifts)
20 50 100 50 100 200 300 Values of MAXB (max. blocksize)
401 401 401 401 401 401 401 Values of LDA (leading dimension)
0.0 Minimum time in seconds

4 Number of matrix types

1346

SHS TTTTTTTTTTTT

The first line of the input file must contain the characters NEP in col uims 1-3. Lines
2-10 are read using list-directed i nput and specify the follow ng val ues:

line 2: The nunber of val ues of N
line 3: The val ues of N, the matrix di nension
line 4: The nunber of val ues of the paraneters NB, N5, MAXB, and LDA
line 5: The val ues of NB, the blocksize
line 6: The val ues of NS, the nunber of shifts
line 7: The val ues of MAXB, the maxi rmmbl ocksi ze
line 8: The val ues of LDA, the l eadi ng di mension
line 9: The nmi ni rumtine in seconds that a routine will be tined
0

: NIYPES, the number of matrix types to be used

If 0 <NIYPES <8, then line 11 specifies NIYPES integer values which are the
nunbers of the matrix types to be used. The remnining lines specify a path nane and
the specific conputations to be tined. For the nonsynmetric eigenval ue problem the path
nanes for the four data types are SHS, DHS, CHS, and ZHS. Aline torequest all the routines
in the REAL path has the form

S s T TTTTTTTTTTT

50



where the first 3 characters specify the path name, and up to 12 nonbl ank characters nay
appear in col unms 4-80. If tHeshch characteris ‘T or ‘t’ % tlaiti ne will be tined.

If at least one but fewer than 12 nonbl ank characters are specified, the renni ni ng routines
will not be timed. If columms 4-80 are bl ank, all the routines will be tined, so the input
line

SHS

is equivalent tothe line above.

The output is in the formof a table whi ch shows the absolute tinmes in seconds, floating
point operation counts, and negaflop rates for each routine over all relevant i nput parane-
ters. For the bl ocked routines, the table has one line for each di fferent val ue of NB, and for

the SHSEQR routine, one line for each different conbination of NS and MAXBas well .

7.4 Timing the Symmetric Eigenprobl em

Aseparate input file drives the tining codes for the symmetric ei genproblem The i nput
fil e speci fies

e N, the natrix size

e pairs of paraneter values (NB, LDA) specifying the block size NBand the leading
di nension LDA

e the test matrix types
e the routines or sequences of routines fromLAPACKor FISPACKto be timed.

Agoal of this tinming codeis to deternine the val ues of NBwhich maxinize the speed of
the bl ock al gorithns.

The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETIR statenents in the main tini ng program

Paraneter Description Val ue
MAXN Mixi mumval ue for Nor NB 400
LDAMAX Mixi mumval ue for LDA 420
MAXIN Mixi mumnunber of val ues of N 12

MAXPRM Muxi mumnunber of pairs of values (NB, LDA) 10

The mai n tini ng programfor the REALroutines is found i n LAPACK/TIMING/EIG/stimee.f
inthe Unix version andis the first programunit in SEIGTIMF in the non- Uni x versi on.

The conputations that nay be tined depend on whether the datais real or conplex.
For the REAL version the possible conputations are

1. SSYIRD ( LAPACKreduction to symmetric tridiagonal form)

2. SSTEQR(N) ( LAPACK conputation of eigenval ues only of a symmetric tridiagonal
natrix)
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3. SSTEQR(V) ( LAPACK conputation of the eigenval ues and eigenvectors of a sym
netric tridiagonal matrix)

4. SSTERF ( LAPACK conput ati on of the eigenval ues only of a synmetric tridiagonal
natrix using a square-root free al gorithm)

5. TREDlL ( EISPACK reduction to symmetric tridiagonal form to be conpared to
SSYIRD)

6. IMIQL1 ( EI SPACKconputation of eigenval ues only of a symmetric tridiagonal na-
trix, to be conpared to SSTEQR(N))

7. IMIQL2 ( FI SPACKconput ati on of ei genval ues and ei genvectors of asymetric tridi-
agonal matrix, to be compared to SSTEQR(V))

8. TQLRAT ( EI SPACK conputation of eigenvalues only of a symmetric tridiagonal
nmatrix, to be conpared to SSTERF).

For conpl ex natrices the possible conputations are

1. CHEIRD ( LAPACK reduction of a conplex Hermitian nmatrix to real symmetric
tridiagonal form)

2. CSTEQR(N) ( LAPACKconputation of eigenval ues only of areal synmetric tridiag-
onal matrix)

3. CSTEQR(V) ( LAPACK conputation of the eigenval ues and eigenvectors of a real

synmetric tridiagonal matrix (accunul ating theminto a conplex natrix))

4. CUNGENACSTEQR ( LAPACK conmput ati on of the eigenval ues and ei genvectors of

a Hermitian natrix given the reduction toreal symetric tridiagonal form

5. HIRIDI (EISPACK reduction to symmetric tridiagonal form to be conpared to
CHETRD)

6. IMIQL1 ( EI SPACKconputation of eigenval ues only of a symmetric tridiagonal na-
trix, to be conpared to CSTEQR(V))

7. I MIQL2HHIRI BK ( EI SPACKconputati on of ei genval ues and ei genvectors of a com
plex Hermi tian natrix gi ven the reduction toreal symetric tridiagonal form to be

conpared to CUNGENHCSTEQR) .

Four di flerent matrix types are provided for timnming the synmetric eigenval ue routines.
The matrices used for timing are of the form™X Dihere X is orthogonal and D is
di agonal with entries

e evenly spaced entries froml down to ¢ wi th randomsigns (matrix type 1),
e geonetrically spaced entries froml down to ¢ wi th randomsigns (matrix type 2),

e “clustered” entries 1, ¢ wi th randomsigns (matrix type 3), or
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o cigenval ues randoml y chosen fromthe interval (e, 1) (matrix type 4).

An annotated exanple of an input file for tining the REAL synmetric ei genproblem
routines is shown bel ow.

SEP: Data file for timing Symmetric Eigenvalue Problem routines

4 Number of values of N
100 200 300 400 Values of N (dimension)
10 Number of values of parameters

1 16 32 48 64 1 16 32 48 64 Values of NB (blocksize)
400 400 400 400 400 401 401 401 401 401 Values of LDA (leading dim.)
0.0 Minimum time in seconds

4 Number of matrix types
SST TTTTTTTT

The first line of the input fil e nmmst contain the characters SEPin col umms 1-3. Lines 2-8
are read using list-directed i nput and specify the foll ow ng val ues:

line 2: The nunber of val ues of N

line 3: The val ues of N, the nmatrix di nension

line 4: The nunber of val ues of the paraneters NBand LDA

line 5: The val ues of NB, the blocksize

line 6: The val ues of LDA, the |l eadi ng di mension

line 7: The mi ni mmtine in seconds that a routine will be tined
line 8: NITYPES, the nunber of nmatrix types to be used

If 0 <NIYPES <4, thenline 9specifies NIYPESinteger val ues whi ch are t he nunbers
of the matrix types to be used. The rennining lines specify a path nane and the specific
conputations to be timed. For the symmetric eigenval ue problem the path nanes for the
four data types are SST, DST, CST, and ZST. The (optional ) characters after the path nane
indi cate the conputations to be tined, as in the i nput file for the nonsymetric ei genval ue
problem(see Section 7. 3).

7.5 Timing the Singul ar Val ue Decomposition

A separate input file drives the tining codes for the Singular Val ue Deconposition
(SVD). The input file specifies

e pairs of paraneter values (M N) specifying the matrix rowdinension Mand the
matri x col umm di nension N

e pairs of paraneter values (NB, LDA) specifying the block size NBand the leading
di nension LDA

e the test matrix types

e the routines or sequences of routines fromLAPACKor LINPACKto be tined.
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Agoal of this tinming codeis to deternine the val ues of NBwhich maxinize the speed of
the bl ock al gorithns.

The nunber and size of the input values are linited by certain programmnaxi mns
whi ch are defined i n PARAMETIR statenents in the main tini ng program

Paraneter Description Val ue
MAXN Muxi mumval ue for M N, or NB 400
LDAMAX Muxi mumval ue for LDA 420
MAXI N Muxi numnunber of pairs of values (M N) 12

MAXPRM Muxi mumnunber of pairs of values (NB, LDA) 10

The mai n tini ng programfor the REALroutines is found i n LAPACK/TIMING/EIG/stimee.f
inthe Unix version andis the first programunit in SEIGTIMF in the non- Uni x versi on.
The conputations that nay be tined for the REAL version are

1. SGEBRD ( LAPACKreduction to bi di agonal form)
2. SBDSQR ( LAPACK conput ation of singul ar val ues only of a bidiagonal matrix)

3. SBDSQR(L) ( LAPACK conputation of the singular values and left singular vectors
of a bidiagonal matrix)

4. SBDSQR(R) ( LAPACKconputation of the singul ar val ues and right singul ar vectors
of a bidiagonal matrix)

5. SBDSQR(B) ( LAPACKconputation of the singul ar val ues and ri ght andleft singul ar

vectors of a bidiagonal matrix)

6. SBDSQR(V) ( LAPACK conputation of the singular val ues and mul tiply square na-
trix of dinension nin(MN) by transpose of left singular vectors)

7. LAPSVD ( LAPACK singul ar val ues only of a dense matrix, using SGEBRD and
SBDSQR)

8. LAPSVI(1) ( LAPACKsingul ar val ues and ni n( M N) left singul ar vectors of a dense
matrix, using SGEBRD, SORGEN and SBDSQR(L))

9. LAPSVI( L) ( LAPACKsi ngul ar val ues and Ml eft singular vectors of a dense matrix,
using SGEBRD, SORGEN and SBDSQR( L))

10. LAPSVIX R) ( LAPACKsi ngul ar val ues and Nright singul ar vectors of a dense matrix,
using SGEBRD, SORGEN and SBDSQR(R) )

11. LAPSVIX B) ( LAPACKsingul ar values, min( M N) left singular vectors, and Nright
singul ar vectors of a dense matrix, using SGEBRD, SORGEN and SBDSQR( B))

12. LINSVD ( LINPACK singul ar val ues only of a dense matrix using SSVDC, to be
compared to LAPSVD)

13. LINSVIX1) ( LINPACKsingul ar val ues and ni n( M N) left singul ar vectors of a dense
matrix using SSVDC, to be conpared to LAPSVI(L))
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14. LINSVIX L) ( LINPACKsingul ar val ues and Mleft singul ar vectors of a dense natrix
using SSVDC, to be conpared to LAPSVD(L) )

15. LINSVIX R) ( LINPACKsi ngul ar val ues and Nright singul ar vectors of a dense natrix
using SSVDC, to be conpared to LAPSVI R))

16. LINSVI B) ( LINPACK singul ar values, nin( MN) left singular vectors and Nright
singul ar vectors of a dense matrix using SSVDC, to be conpared to LAPSVI B)).

Five diflerent nmatrix types are provided for tining the singular val ue deconposition
routines. Mutrixtypes 1-3 are of the formUDV, where Uand V are orthogonal or unitary,
and D is diagonal withentries

e evenly spaced entries froml down to ¢ with randomsigns (matrix type 1),
e geonetrically spaced entries froml down to ¢ wi th randomsigns (matrix type 2), or
e “clustered” entries l,¢¢.with randomsigns (matrix type 3).

Mitrix type 4 has in each entry a randomnunber drawn from[—1, 1]. Mtrix type 5is
a nearly bidiagonal nmatrix, where the upper bidiagonal entriles2ategkmnd the
nonbi di agonal entries are re, where r is a uniformrandomnunber drawn from[0, 1] (a
different r for eachentry).

An annotated exanpl e of aninput file for tini ngthe REALsingul ar val ue deconposi tion
routines is shown bel ow.

SVD: Data file for timing Singular Value Decomposition routines

7 Number of values of M and N

100 100 200 200 200 400 400 Values of M (row dimension)

100 100 200 200 200 400 400 Values of N (column dimension)

1 Number of values of parameters

1 Values of NB (blocksize)

401 Values of LDA (leading dimension)
0.0 Minimum time in seconds

5 Number of matrix types

SBD TTTTTTTTTTTTTTTT

The first line of the input file must contain the characters SVD in colums 1-3. Lines 2-9
are read using list-directed i nput and specify the foll ow ng val ues:

line 2: The nunber of val ues of Mand N

line 3: The val ues of M the matrix rowdi nension

line 3: The val ues of N, the natrix col unn di mension

line 4: The nunber of val ues of the paraneters NBand LDA

line 5: The val ues of NB, the blocksize

line 6: The val ues of LDA, the |l eadi ng di mension

line 7: The mi ni mmtine in seconds that a routine will be tined
8:

line 8: NITYPES, the nunber of nmatrix types to be used
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If 0 < NIYPES <5, thenline 9specifies NIYPESinteger val ues whi ch are t he nunbers
of the matrix types to be used. The rennining lines specify a path nane and the specific
conputations to be timed. For the symmetric eigenval ue problem the path nanes for the
four data types are SST, DST, CST, and ZST. The (optional ) characters after the path nane
indi cate the conputations to be tined, as in the i nput file for the nonsymetric ei genval ue
problem(see Section 7. 3).
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Appendi x A: LAPACK Routines

In this appendix, we reviewthe subroutine nani ng schene for LAPACKas descripedin |2
and i ndi cate by neans of a table which subroutines are included in this release.

Each subroutine nane i n LAPACKi s a coded specificati on of the conputation done by
the subroutine. Al nanes consist of six characters in the formTXXYYY. The first letter,
T, indicates the matrix data type as follows:

REAL

DOUBLE PRECT ST ON

(OMPLEX

COMPLEX*16 (if available)

NEORwEES

The next two letters, XX indicate the type of matrix. In this release, we include
subroutines covering only a subset of the total collection of matrix types to be providedin
LAPACK. Mbst of these two-letter codes apply to both real and conplex routines; a few
apply specifically to one or the other, as indicated bel ow

GE general (i.e., unsymmetric, in sone cases rectangul ar)
GB  general band

PO symmetric or Hermni tian positive definite

pp symmetric or Hermnitian positive definite, packed storage
PB symretric or Herni tian positive defini te band

SY  symmetric (i.e., indefinite)

SP symmetric, packed storage

(conplex) Hermitian (i.e., indefinite)

(conplex) Hermnitian, packed storage

(real ) orthogonal

(conplex) unitary

triangul ar

triangul ar, packed storage

Hessenberg

symmetric tridi agonal

BD  bidiagonal

SERESERE

The 1 ast three characters, YYY, indicate the conputation done by a particul ar subrou-
tine. Includedin this release are subroutines to performthe foll ow ng conputations:

TRE  performa triangul ar factorization (LU, Cholesky, etc.)

T¥2  unbl ocked triangul ar factorization, if TRFis bl ocked

TRS solve systems of linear equations (based on triangular factorization)
TRI  compute inverse (based on triangular factorization)

T2 unbl ocked conputation of inverse, if TRl is bl ocked

(ON estimate condition nunber

RFS  refine initial solution returned by TRS routines

QRF  performthe QRfactorization wi thout pivoting

QR2  unbl ocked version of QRF
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QRS solve linear least squares problens (based on QRfactorization)

LQF  performthe LQfactorization without pivoting

L2  unbl ocked version of LQF

L solve underdetermnined linear systens (based on LQfactorization)

GEN  generate a real orthogonal or conplex unitary nmatrix
as a product of Househol der natrices

GN2  unbl ocked version of GEN

ML multiply a matrix by a real orthogonal or conplex unitary matrix
by appl yi ng a product of Househol der natrices

M2  unbl ocked version of MIL

HRD reduce a square matrix to upper Hessenberg form

HD2  unbl ocked versi on of HRD

TRD reduce a symmetric matrix to real symmetric tridiagonal form

T2  unbl ocked version of TRD

B2  reduce a rectangul ar matrix to bidiagonal form

EQR conpute eigenval ues and, optionally, Schur factorization or eigenvectors
using the QR al gorithm

EIN conpute selected ei genvectors by inverse iteration

EVC  compute eigenvectors fromSchur factorization

FERF  comnpute eigenvectors using the Pal - Wl ker- Kahan vari ant of
the QL or QR al gorithm

SQR.  compute singul ar val ues and, optionally, singular vectors
using the QR al gorithm

(G ven these defini tions, the followi ng tableindicates the LAPACKsubroutines provided
inthis release for the solution of systens of 1inear equations:

HE HP UN

GE B PO PP PB SY SP OR TR TP
TRF X X X X X X X
T2 X X X X X
TRS X X X X X X X
TRI X X X X X X X
T2 X
CON X X X X X X X
RFS X X X X X X X
QRF X
QR2 X
QRS X
LQF X
Lep X
LGy X
GEN X
GN\2 X
MIL X
M.2 X
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QC=Qd|/(nlld]e)
IR = I/ (il le)
NQTC—QTAl/(midle)
QT = M/ (nlClle)

where the first product is conputed usi ng SORMIL and t he second using the explicit
mtrix Q.

Sy Ot = W

o Conpute the least-squares solution to asystemof equations A =b using SGIQRS,
and conpute the ratio

7 [o = Acl[/CI| Al [[le)

o (Conpute the LQfactorization using SGELQF, and conpute the ratio

8. |[A= LI/ (nl|Ale)
e lest the orthogonality of the conputed matrix ¢ by conputing the ratio

9. |l —Q"Qll/(ne)

o CGenerate a randommntrix C'and multiply it by @ of Gsing SORMIL with
UPLO=“TU, and conpare the result to the product of Cand Q (4} @ing the
explicit matrix ¢ generated by SORGEN. The di flerent options for SORMIL are
tested by conputing the 4 ratios

10. [[QC=d[/(nl|]e)
1L ][R — QI[/(nl|Cle)
12.[|Q7C— @ |/ (nl|Cle)
13.[]aQ 7 — @ ||/ (nllCYle)

e (Conpute the ni ni mum normsol utiontoasystemof equations A =busing SGELEH,
and conpute the ratio

14 16— Ael|/ ({1 Al |=[le)

Wen the tests are run, each test ratio that is greater than or equal to the threshold
val ue causes a line of infornntion to be printed to the output file. The first such line is
preceded by a header that lists the matrixtypes used and the tests performed for the current
path. Asanple line for atest fromthe SGEpath that di d not pass when the threshol d was
set to1.01is

M= 4, N = 4, NB = 1, type 2, test 13, ratio = 1.14270

To get this information for every test, set the threshold to zero. After all the unsuccessful
tests have beenlisted, a summmryline is printed of the form

SGE: 11 out of 1960 tests failed to pass the threshold
If all the tests pass the threshold, only one line is printed for each path:

A1l tests for SGE passed the threshold ( 1960 tests run)
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The foll owi ng table indi cates the routines providedinthis release for findi ng ei genval ues
and ei genvectors or singul ar val ues and singul ar vectors:

GE HS TR SY SP ST BD
HRD X
Hp X
TRD X X
TR X
BIp X
EQR X X
EIN X
EVC X
FRF X
SQR X
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Appendi x B: LAPACK AuxiliaryRoutines

This appendix lists all of the auxiliary routines (except for the BLAS) that are called
fromthe LAPACKroutines. These routines are found in the directory LAPACK/SRCin the

Uni x version and in the fil es xxLAUXF and xLASRCF in the non- Uni x version. Routines
specified wi th an underscore as the first character are available in all four data types (S, D,
C, and Z), except those narked (real ), for which the first character nmay be ‘S” or ‘D', and
those narked (conplex), for which the first character nay be *C or ‘7.

Speci al subroutines:

ENVIR Return paraneters for use in the al gori thns, such as
bl ock size and nunber of shifts

XENVIR  Set paraneters in ENVIR s COMMON bl ock

XERBLA Error handl er for LAPACKrouti nes

Speci al functions:

LSAME  LOd CAL Return . TRUE. if two characters are the sane
regardless of case

LSAMEN  L.OA CAL Return . TRUE. if two character strings are the
sane regardl ess of case

SLAMCH REAL Return single precision nachine paraneters

DLAMCH DOUBLE PRECISION  Return doubl e precision nachine paraneters

RIMACH REAL Return single precision nachine paraneters

DIMACH DOUBLE PRECISION Return doubl e precision nachine paraneters
Fanctions for computing norns:

_LANGE  General matrix

_LANGB Ceneral band matrix

_LANSY Symmetric matrix

_LANSP  Symmetric packed matrix

_LANSB  Symnetric band natrix

_LANHE  (conplex) Hernitian matrix
_LANHP  (conplex) Hermni tian packed matrix
_LANHB (conplex) Hermi tian band matrix
_LANTR, Trapezoidal matrix

_LANTP  Tti angul ar packed matrix

_LANIB  Tti angul ar band natrix

_LANHS  Upper Hessenberg matrix

Fxtensions to the Level 1 and 2 BLAS:

_SROT (conplex) Apply a real plane rotation to a conplex vector
SCGSUM Sumabsol ute val ues of a conpl ex vector

ITCMAXT  Find the i ndex of el ement whose real part has max. abs. val ue
DZSUM  Sumabsol ute val ues of a conpl ex*16 vector
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I ZMAX1
SYW
_SPW
_SBW
SYR
_SPR

Find the i ndex of el enent whose real part has max. abs. val ue
(conplex) Symmetric natrix tines vector

(conplex) Synmetric packed matrix times vector

(conplex) Symnetric band matrix tines vector

(conplex) Synmetric rank-1 update

(conplex) Synmetric rank-1 update of a packed matrix

Ot her LAPACKauxiliary routines:

_LACGV
_LACON
_LACPY
_LAF2

_LAFIN

_LAESY
_LAEV2

TLAHBR
TLAHQR

_LAHR2
_LAHRD
_LALN2
_LAN2
_LAPY2
_LAPY3
_LARAN
_LARF
_LARFB
_LARFG
_LARFT
_LARND
_LARIG
_LAS2
_LASBR
_LASR
_LASSQ
_LASV2

_LASW
_LASYK
_LATRD
_LATRS
_LAULM

(conpl ex) Conjugate a conplex vector
Fstinate the normof a natrix for use in condition estination
Copy a matrix to another matrix
Conpute eigenval ues of a2 x 2real symetric or conplex Hermni tian natrix
Use inverse iteration to find a specified right and/or left eigenvector of an
upper Hessenberg matrix
(conplex) Conpute eigenval ues and ei genvectors of a conplex symmetric
2x2mtrix
Conpute ei genval ues and ei genvectors of a 2 x 2 real symetric or conplex
Hermi tian natrix
(conplex) Factor a panel of a conplex Hernitian indefinite matrix
Find the Schur factorization of a Hessenberg matrix (nodified version of
HQR f r om FI SPACK)
Reduce a panel of a matrix to Hessenberg form
Chase a Kx Kbul ge in the reduction to Hessenberg form
(real) Solvealx1lor 2x2linear system
(real ) Conpute the eigenval ues of a 2 x 2 nonsymmetric natrix:
Conpute square root of X¥*2 Y2
(real ) Conpute square root of X*2 4 Y¥*2 4 7**2
(real ) Generate a real randomnunber in the interval (0,1)
Mil tiply by a Househol der natrix
Mil tiply by a bl ock Househol der matrix
(enerate a Househol der matrix
Accumul ate the triangul ar factor of a bl ock Househol der matrix
(enerate a randomnunber fromone of several distributions
(enerate (G vens rotations
(real ) Conpute singular values of a2 x 2 triangular natrix
Factor a panel of a symmetric indefinite natrix
Appl y a sequence of plane rotations to arectangul ar matrix
Conpute a scal ed sumof squares of the el enents of a vector
(real ) Conpute singular val ues and singul ar vectors of a2 x 2 triangular
mtrix
Performa series of rowinterchanges
Appl y a rank- Kupdate to a symmetric matrix of the formC:=C—- A% B
Reduce a panel of a symmetric matrix to tridiagonal form
Solve a triangular system(includes scaling)
Conpute the product U¥L (bl ocked version)
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_LAUL2

Unbl ocked versi on of LAULM

_LAUUM Conpute the product U*U or L’ *L (bl ocked version)

_LAUU2
_LAVHE
_LAVHP
_LAVSY
_LAVSP
_LAXPY
_LAZRO

Unbl ocked versi on of LAUUM

(conplex) Miltiply a vector by a matrix that has been factor ddTHRE-
(conplex) Miltiply a vector by a matrix that has been factor ddPERE-
Mil tiply a vector by a matrix that has been factoredYIRF

Mil tiply a vector by a natrix that has been factoreslPHRE

Add amul tiple of a nmatrix to another natrix

Initialize arectangul ar matrix (usually to zero)
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Appendi x C: Operation Counts for t he BLASand LAF

In this appendix we reproduce in tabular formthe fornul as we have used to conpute
operation counts for the BLAS and LAPACKroutines. In single precision, the functions
SOPBL2, SOPBL3, SOPAUX and SOPLA return the operation counts for the Level 2

BLAS, Level 3 BLAS, LAPACK auxiliary routines, and LAPACKroutines, respectively.

All four functions are found in the directory LAPACK/TIMING/LINin the Unix version and
in SCINTSTF in the non- Uni x versi on.

In the tables bel ow, we give operation counts for the single precision real dense and
banded routines (the counts for the synmetric packedroutines are the sane as for the dense
routines). Separate counts are given for multiplies (including divisions) and additions, and
the total is the sumof these expressions. For the conpl ex anal ogues of these routines, each
mal tiplication woul d count as 6 operations and each addition as 2 operations, so the total
woul d be different. For the double precision routines, we use the sane operation counts as
for the single precision real or conplex routines.

Operation Counts for the Level 2 BLAS

The four paraneters used in counting operations for the Level 2 BLAS are the matrix
di mensions mand n and the upper and l ower bandwi dt hsakd k; for the band routines
(kif symmetric or triangular). An exact count also depends slightly on the values of the
scaling factors aand 4, since some common special cases (suchas a=1and §=0) can
be treated separatel y.
The count for SGBW fromthe Level 2 BLASis as follows:

SGBW mul tiplicationsm—(m—k (—1)(m—k;)/2—(n—k —1)(n—Fk)/2
addi tions: m—(m—k —1)(m—Fk)/2—(n—k—-1)(n—Fk)/2
total flops: 2m— (m—k = 1)(m—Fk) —(n—k —1)(n—Fk)

plus mmltiplies if a /=41 and another mmul tiplies if 3 /=41 or 0. The other level 2
BLAS operation counts are shown in Table 6.

peration Counts for the Level 3 BLAS

Three parameters are used to count operations for the Level 3 BLAS: the nmatrix di-
mensions m n, and k. In sone cases we al so must knowwhether the matrixis multiplied
on the left or right. An exact count depends slightly on the val ues of the scaling factors «
and B, but in Table 7 we assune these paraneters are al ways £1 or 0, since that is how
they are used i n t he LAPACKrouti nes.

peration Counts for the LAPACK Routi nes

The paraneters used in counting operations for the LAPACKroutines are the matrix
di nensions mand n, the upper and l ower bandwi dthsaikd & for the band routines (kif
synmetric or triangul ar), NRHS, the nunber of right hand sides in the sol ution phase, and
q, aninteger offset for storing the Househol der vectors i n SORGEN and SORMIL.
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Level 2 BLAS ‘ mal tiplications ‘ addi tions ‘ total flops

scew 12 m m 2m

ssyw 34 n? n? 2n?

SSBW 3% | n(2k+1) —k(k+1) | n(2k+1) — k(k+1) | n(4k+2) — 2k(k+1)
STRW 345 | n(n41)/2 (n—1)n/2 n?

STBW 3% | n(k41) —k(k+1)/2 | nk—k(k+1)/2 n( 2k +1) — k(k+1)
STRSV P n(n+1) /2 (n—1)n/2 n?

STBSV P n(k+1) —k(k+1) /2| nk—k(k+1)/2 n( 2k +1) — k(k+1)
SCrR ! m m 2m

SSYR 3 n(n+1)/ n(n+1) /2 n(n+1)

SSYR2 3 n(n+1) n? 2n% +n

1 —Plus momultiplies if a #+1

2 - Plus mmultiplies if § /=+1or 0

3—Plus nmmltiplies if a/==%1

4~ Plus nnultiplies if 3 /=41o0r 0

5 - less nmual tiplies

if matrixis unit triangul ar

Table 6: Operation counts for the Level 2 BLAS

‘ Level 3 BLAS ‘ Hultiplicatiqn;sdditions ‘ total ﬂop#
SGEMM nkn nkn 2nkn
SSYMM(SIDE="1") m2n m2n 2m?n
SSYMM(SIDE="R) m 2 m 2 2mm ?
SSYRK kn(n+1)/2 kn(n+1)/2 | kn(n+1)
SSYRQK kn? kn? +n 2kn? +n

TRMM(SIDE="1") nngmt1) /2 nngm—1)/2 | nm?
TRMM(SIDE="R) mn+1)/2 m(n—1)/2 | m 2
STRSM(SIDE:’L’) nngmt1) /2 nngm—1)/2 | nm?
STRSM(SIDE="R) m(n+1) /2 m(n—1)/2 | m 2

Table 7: Operation counts for the Level 3 BLAS
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LAPACKrouti nes:

SGETRF mul tiplicationdy/2m ? —1/6n>+1/2m—1/2n 2+2/3n

addi tions: 1/2m? —1/6n% —1/2m+1/6n

total flops: m 2 —1/3n% —1/2n* +5/6n
SGETRI mul tiplication®/3n®+1/2n2%+5/6n

addi tions: 2/3n% —3/2n% +5/6n

total flops: 4/3n> —n? +5/3n
SGETRS mul tiplicationNRHS [ n ?]

addi tions: NRHS [ n 2 — n]

total flops: NRHS [ 2n % — 7]
SGECON mul tiplication®n? +6n-+10

addi tions: 8n? — 6

total flops: 16m2 +6n +4
SPOTRF mul tiplicationd:y/6n®+1/2n2%+1/3n

addi tions: 1/6n3 —1/6n

total flops: 1/3n° +1/2n?% +1/6n
SPOIRI ml tiplicationdy/3n®+n?+2/3n

addi tions: 1/3n% —1/2n* +1/6n

total flops: 2/3n° +1/2n% +5/6n
SPOTRS mul tiplicationNRHS [n 2 +n

addi tions: NRHS [ n 2 — n]

total flops: NRHS [ 2n 2]
SPOCON mul tiplication®n? +14n+10

addi tions: 8n? — 6

total flops: 16m2 +14n+4

SPBTRF mul tiplicationsd 1/22 +3/2k+1) —1/3k3 — k* —2/3k

addi tions: n(1/2R2 +1/2k) — 1/3k> — 1/2k* — 1/6k

total flops: n( k* +2k4+1) —2/3k3 - 3/2k* — 5/6k
SPBTRS nul tiplicati onNRHS [ 2nk +2n—k 2 — k]

addi tions: NRHS [ 2nk — k 2 — k]

total flops: NRHS [ 4nk +2n— 2k % — 2k]
SPBCON mul tiplication®nk +11n—4k? —4k+5

addi tions: Snk +4n— 4k 2 -4k -3

total flops: 16nk +15n— 8k2%2 — 8k +2
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SSYIRFE

SSYTRI

SSYTRS

SSYCON

SCEQRF

SCEQRS

mul tiplicationdy/6n®+1/2n%+10/3n

addi tions: 1/6n3 —1/6n

total flops: 1/3n° +1/2n?% +19/6n

mul tiplicationd:y/3n®+2/3n

addi tions: 1/3n3 —1/3n

total flops: 2/3n° +1/3n

mul tiplicationNRHS [n 2 +n

addi tions: NRHS [ n 2 — n]

total flops: NRHS [ 2n 2]

mul tiplication®n? +6n-+10

addi tions: 8n? — 6

total flops: 16m2 +6n +4

mul tiplicationsen? —1/3n° +mm+1/2n 2 423/6n
addi tions: m 2 —1/3n3+1/2n% +5/6n
total flops: 2m % —2/3n° +mm+n 2 4+14/3n
mul tiplicationNRHS [2m— 1/2n 2 +5/20]

addi tions: NRHS [2me—1/2n 2 +1/2n]
total flops: NRHS [4mm—n 2 +3n

SORMIL (SIDE = 'L")

mul tiplication@nnk — 2ngk +2nk — nk 2
addi tions: 2nnk — 2ngk +nk — nk 2

total flops: dnnk — dngk +3nk — 2nk ?

SORMIL (SIDE ="R’)

STRIRI

SGEHRD

SSYIRD

nmul tiplication@nnk — 2ngk +nk +1/2k +nk — gk — 1/2k
addi tions: 2nnk — 2ngk +nk — nk 2

2 _ ok 2

total flops: dnnk — Angk +2nk +1/2k +nk — gk — 1/2k

mul tiplicationd:y/6n®+1/2n2%+1/3n

addi tions: 1/6n> —1/2n* +1/3n

total flops: 1/3n° +2/3n

mul tiplicationsd/3n®+1/2n? - 7/6n— 13
addi tions: 5/3n —n?—2/3n—8
total flops: 10/3n° —1/2n? — 11/6n— 21
mul tiplication®/3n®+5/2n? - 1/6n— 15
addi tions: 2/3n +n? —8/3n—4
total flops: 4/3n° +3n?2 —17/6n—19
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The operation counts for the LAPACKroutines not listed here are not conputed by
a formula. In particular, the operation counts for the eigenval ue routines are problem
dependent and are conputed during execution of the tining program
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Appendi x D: Caveats

In this appendix we list the machine-specific difftul ties we have encountered in our own
experience wi th LAPACK We assune the user has installed the nachine-specific routines
correctly and that the Level 2 and 3 BLAS test prograns have run successfully, so we do
not 1ist any warni ngs associated wi th those routines.

IBMconpilers do not recognize DBLE as a generic function as used in LAPACK
The software tools we use to convert fromsingle precision to double precision convert
REAL( C) and IMA{ C), where Cis COVPLEX, to DBLE(Z) and DIMA{ Z), where Z
is COMPLEX*16. IBMconpilers use DREAL(Z) and DIMM{ Z) to take the real and
imaginary parts of a double conplex nunber. Sone effort has been nade to avoid this
situation al together, but in sone subrouti nes [BMusers still nay have to change DBLE to
DREAL manual 1y when the argunent of DBLEis COMPLEX*16.

IBMconpilers do not permit the data type COVPLEX*16 i n a FUNCITI ON subpro-
gramdefini tion. The data type onthe first line of the function subprogramnust be changed

fromCOMPLEX*16 to DOUBLE COMPLEX for the follow ng functions:

7ZBHG fromthe level 2 BLAS test program
7ZBHG fromthe level 3 BLAS test program
ZLARND fromthe LAPACKIi brary

ZLATM  fromthe test matrix generator library
ZLAIMB  fromthe test matrix generator 1ibrary

The functions ZDOICand ZDOIUfromthe Level 1 BLAS are al ready decl ared DOUBLE
COMPLEX.

W have not included test progranms for the Level 1 BLAS. Users should therefore be-
ware of a conmmon probl emin nachine-specific i nplementations of xNRM, the function
to conpute the 2-normof a vector. The Fortran version of xNRM avoids underflow or
overflow by scaling internedi ate results, but sone library versions of xNRM2 are not so
careful about scaling. If xNRM2is inplenmented wi thout scalinginternediate results, sone
of the LAPACKtest ratios may be unusually hi gh, or a floati ng poi nt excepti on may occur
inthe problens scal ed near underflowor overflow. The sol ution to these problens is tolink
the Fortran version of xNRM with the test program

Sone of our test nmatrices are scal ed near overflowor underflow, but on the Crays, prob-
lens with the arithnetic near overflowand underflowforced us to scale by only the square
root of overflowand underflow. The LAPACKauxiliary routine SLABAD (or DLABAD)
is called to take the square root of underflow and overflowin cases where it could cause
difftul ties. W assume we are on a Cray ifiglogerflow is greater than 2000 and take
the square root of underflowand overflowin this case. The test in SLABADis as follows:

IF( LOG10( LARGE ).GT.2000. ) THEN

SMALL = SQRT( SMALL )
LARGE = SQRT( LARGE )
END IF

Users of other machines with sinilar restrictions on the effecti ve range of usable nunbers
my have to nodify this test so that the square roots are done on their nachine as well.
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In the Unix version, SLABADis found i n LAPACK/SRC and in the non- Uni x versionit isin
SCLAUXF.

In the eigensystemtimning program calls are made to the LINPACK and EI SPACK
equi val ents of the LAPACKroutines toallowa direct conparison of performance measures.
In some cases we have i ncreased the mi ni tumnunmber of iterations in the LI NPACK and
FISPACKroutines to all owthemto converge for our test problens, but even this nay not
be enough. One goal of the LAPACKproject is to inprove the convergence properties of
these routines, soerror nessages in the output fil e i ndi cating that a LI NPACKor EI SPACK
routine di d not converge shoul d not be regarded wi th al arm

In the eigensystemtining program we have equi val enced sone work arrays and then
passed themto a subroutine, where both arrays are nodified. This is a violation of the
Fortran 77 standard, which says “if a subprogramreference causes a dummy argunent
inthe referenced subprogramto become associated with another dumny argunment in the
referenced subprogram neither dunmy argunent nay becone defined during executi on of
the subprogram ™ If this causes any difficul ties, the equivalence can be commented out
as explained in the conmments for the main eigensystemtini ng prograns.

LANSI X3.9-1978, sec. 15.9.3.6
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Appendix E: Fsti mated Tine

Inthis appendix we list the execution tines (inseconds)for the test and tining runs on a
Sun SPAR(ktation and on one processor of a Gray YMP. The snnll datasets were used for

the SPAR(station and the large data sets for the Cray YMP. In both cases, the Fortran
BLAS were used. These tines (particularlyfor the Cray) were obtained onaloaded nachine
and shoul d be considered rough approxi nations.

Test /tining run Dataset S C D Z

Linear eqn testing 86 657 121 594
Figensystemtesti n@NEP 58 421 96 423
SEP 7 48 12 46
SVD 6 45 10 43

Linear eqn tinming Dense 101 1228 159 1011
Banded 32 318 50 265

BLAS tining Set 1 120 2126 184 1755
Set 2 16 298 23 254
Set 3 14 279 21 246
Fi gensystemti ni ng NEP 782 7718 1574 7930
SEP 36 631 66 675
SVD 189 2253 322 2003

Table 8: Sun SPARGstation execution tines (in seconds)

Test /tining run  Data set S C
Li near eqn testing 112 197
Figensystemtesti ndNEP 137 236
SEP 7 12
SVD 5 8
Linear eqn tinming Dense 569 1852
Banded 65 160
BLAS tining Set 1 477 3540
Set 2 106 583
Set 3 68 532
Fi gensystemti ni ng NEP 4424 5775
SEP 142 693
SVD 555 890

Table 9: Cray YMP - 1 processor, execution tines (in seconds)
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all four data types

REAL and COMPLEX

DOUBLE PRECT ST ON and COMPLEX*16
REAL

DOUBLE PRECT ST ON

COMPLEX

COVPLEX* 16

NOTRGLRE

Many of the fil es occur i n groups of four, correspondi ng to the four di flerent Fortranfloati ng-
point data types, and we will frequently refer to these files generically, using ‘x’ in place of

the first letter (for exanple, xLASRCF).

1. READVE Iist of files as in this section

2. ALLAUXF  LAPACKauxiliary routines usedin all versions

3. SCLAUXF LAPACKauxiliary routines usedin S and Cversions
4 IZLAUXF  LAPACKauxiliary routines usedin Dand Z versions
5. SLASRCF LAPACKroutines and auxiliary routines

6.  CLASRCF

7. DLASRCF

8.  ZLASRCF

9. LSAMEF LSAME: function to conpare tw characters

10. TLSAMF  Test programfor LSAME

11.  SLAMCHF  SLAMCH: function to determnine nachine paraneters
12. TSLAMCHF ‘Test programfor SLAMCH

13. DLAMCHF DLAMCH: function to determi ne machine paraneters
14. TDLAMCHF Test programfor DLAMCH

15.  SECONDE  SECOND: function toreturn timne in seconds

16. TSEOONDF Test programfor SEOOND

17. DSECNDE  DSECND: function toreturn timne in seconds

18. TISHCNDF  Test programfor DSECND

19. ALLBLASF  Auxiliary routines for the BLAS (and LAPACK)

20. SBLAS1F Level 1 BLAS

21. CBLAS1F
22. DBLAS1F
23. ZBLAS1F

24. SBLAS2F Level 2 BLAS

25.  CBLAS2F
26. DBLAS2F
27. ZBLAS2F



