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A.9 Send the Results to Tennessee

(ongratul ations! You have nowfini shed installing and testing TAPXK Yur partici-
pationis greatly appreciated. If possible, resul ts and coments shoul d be sent by el ectroni ¢
mil to

sost@cs. utk. edu

Othervise, resul ts nay be submtted ei ther by sendi ng the authors a hard copy of the out put
files or by returning the distribution tape vith the output files stored onit.

We encourage you to nake the TAPKIi brary avail able to your users and provide us
wth feedback fromtheir experiences. You should nake it clear that this softvare is still
under devel opnent, and parts of it may be changed before the project is conpleted. The
changes nay affect the calling sequences of sone routines, sothe public rel ease of TAPXIK
is not guaranteed to be conpatible with this version.

If youvwoul dlike to do mare, please contact us so that ve may coordinate your eforts
wth the devel opnent of the final test release of TAPXIK Qe optionis tolook at ways to
inprove the perfornance of TAPKon your nachi ne. If youdo not have opti nized H.AS,
tuning the HAS voul d likel y have a dranatic efect on perfornance. Qher suggestions
on fine- tuning specific al gorithma are also velcome. Ior exanple, one of our test sites
noti ced that the rowi nterchanges in the IUfactori zati on routi ne SGEIRF vere degradi ng

perfornance on the IBVI3090 because of the nomunit stride in SSWP[2 ]. In response

ve added the auxiliary routine SIAW to interchange a block of rovs, so that wsers of
the TBVIB090 coul d easily replace this routine wth one in vhich the rowinterchanges are
applied to one col umm at a tine.
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A.8.3 Timing the EigmsystenrRoutires

Iour input files are provi ded in each data type for tining the ei gensystemroutines, one
for the nonsyrmetri ¢ i genval ve probl em one for the symmetri ¢ ei genval ve probl emy one for
the singul ar val ve deconposi tion, and one for the general i zed nonsymmetri ¢ ei genval ve prob-
lem Ior the REAL version, the smll datasets are SGRPIIMD SNPIIMD SSEPITND
and SSVDIIMDand the large data sets are SGAPINID) SNPINID) SSFPINID) and
SSVDINID Each of the four input files reads a di ferent set of parameters and the fornat
of the input is indi cated by a 3-character code on the first 1ine.

The tining programfor ei genval ve/singul ar valve routines accumml ates the operation
comt as the routines are executing using special instrumented versions of the LAPXIK
routines. The first step in compiling the timng programis therefore to nake a library of
the instrurented routines.

a) (ompile the fil es xH (SRFand create an object 1ibrary. If you have conpiled either
the S or Cversion, younust also compile and include the fle SOGRE, andif you
have conpiled either the Dor Z version, you mist also conpile and include the file
IMGRE: If youdid not compile the fle ATHAF and include it in yoor HA

library as described in Section A3, you mist compile it nowand include it in the
instrunented LAPNKIi brary.

b) (ompile the fles xHGIM with ALGIM and link themto your test natrix
gererator library, the instrumented TAPXKIibrary created in the previous step,
your TARXKIibrary fromSection A5, and your HAS library in that order (on
some systend you may get unsatisfied external references if you specify the libraries
in the wong order). If you have compiled either the S or Cversion, you mst also
comile and include the fle SAGIM; and if you have conpiled either the Dor 7
version, youmst al so compile and include the file TYIGIITME

c¢) Mke any necessary nodi ficati ons tothe i nput fles. Younay need toset the mni mum
tine a subroutine wll be tined to a positive value, or to restrict the nunher of tests
if you are wing a conputer wth perfornance in betveen that of a workstati on and
that of a superconputer. Instead of decreasing the matrix dinensions to reduce the
tine, it vould be better to reduce the nunber of mtrix types to be tined, since the
perfornance varies more wth the matrix size than wth the type. Ior exanple, for
the nonsymmetri ¢ ei genval ve routines, you coul d use onl y one natri x of type 41instead
of four natrices of types 1, 3, 4, and 6. See Section 6 for further details.

Asoci ate the appropriate input file wth Frtran unit mmber 5.

d) The output file is witten to Iortran unit nunber 6. Asociate a suitably nared file
wththis unit nuher (e.g , SAPIMQIL SNPIMQL SSFPIMQIL and
SS\DEMOT for the four runs of the REAL version).

e) Rm the program in each data type you are wsing wth the four data sets.

f) Send the output fles tothe authors as directed in Section A9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.
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c¢) The output fle is witten to Iortran unit nunber 6. Ssociate a suitably nared file
with this unit nunber (e.g., SUNIMQI, SBNMIMQIL and SRECIMAT
for the REAL version).

e) Rm the tining programs in each data type you are using for each of the three input
files.

f) Send the output files to the authors as directed insection A9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.

AR2  Tigtle BLS

The linear equation tining programis al so used totime the HAS. Three input fles are
provided in each data type for tining the Tevel 2 and 3 HA. These inpat fles tine the
HA wsing the matrix shapes encountered in the LAPXIKroutines, and ve wll use the
results to anal yze the performance of the LAPXKroutines. Ior the REAL version, the
small data sets are SHUITMU) SHIINH) and SHITMDand the large data sets are
SHINAD) SHIMH) and SHIMKD) There are three sets of inputs because there
are three parareters in the Tevel 3 HA, M N and K and in nast applications one of
these parameters is smll (on the order of the blocksize) while the other tvo are large (on
the order of the matrix size). In SHIIMY) Mand Nare large but Kis small, vhile in
SHIIMIDthe small parameter is M and in SHIIMDthe small parareter is N The
Tevel 2 HA are tived only in the first data set, where Kis also used as the bandvidth
for the banded routines.

a) Mke any necessary nodi ficati ons tothe input files. Younay need toset the mini mum
tine a subroutine wll be tined toa positive value. If younodified the val ves of Nor
NBin Section A8 1, set M N and Kaccordingly. The large parameters anong M
N and Kshould be the same as the natrix sizes used in timing the linear equation
routines, and the small parareter shoul d be the sane as the bl ocksizes used in timing
the linear equations routines. If necessary, the large data set can be sinplified by
using only one val we of TIA

Asoci ate the appropriate input file wth Frtran unit mmber 5.

b) The output file is witten to Iortran unit nunber 6. Zssociate a suitably naned file
with this wit nunber (e.g, SHIIM QT SHAM QT and SHIIMNC QT
for the three runs of the REAL version).

¢) Rm the tining program in each data type you are using for each of the three input
files.

d) Send the output files to the authors as directedin Section A9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.
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larger than those in the small data set, and the large data sets use additional values for
parameters suchas the bl ock size NBand the 1 eadi ng array di nensi on TIA The snall i nput

files end with the four characters “TMD and the large input files end vith the characters
“IND (except for the HAS timng files, see Section A8.2).

Wencourage you to obtain timing results wth the large data sets, as this allows us to
compare di ferent nachines. If this voul d take too much tine, suggestions for pari ng back
the large datasets are gi venin the instructi ons bel ow Wal so encourage you to experi nent
wth these timng programs and send us any interesting resul ts, such as results for larger
problems or for a wder range of hlock sizes. The main programs are dinensioned for the
large data sets, so the paraneters in the main programmay have to be reduced in order
to run the small data sets on a small nachine, or increased to run experinants wth | arger
probl em.

The mini numtine each subroutine wll be tined is set to 0.0 in the large data files
and to 0.05 in the small data files, and on many machines this value shoul d be increased.

If the tining interval is not 1ong enough, the tine for the subroutine after subtracting the
overhead may be very small or zero, resulting in megaflop rates that are verylarge or zero.
("B avoi d di vi si on by zero, the negafloprate is set tozeroif the timeis less thanor equal to
zero. ) 'The mini numtine that shoul d be used depends on the machi ne and the resol ution

of the clock.

Ior more informtion on the tinming programs and howto modify the input fles, see
Section 6.

AR1 Tring the hirear Kjwtias Ratires

Three input files are provided in each data type for timing the linear equation routines,
ore for square natrices, one for band mtrices, and one for rectangul ar natrices. The smal |

data sets are in xIINIIM) xB\DITMD) and xRECITM) and the large data sets are in
xIITNINID) xB\DINED) and xRECINED

a) (ompile the files xIINIIME, and link themto your TARK1i brary and your HAS
library or libraries in that order (on some systems you may get unsatisfied external
references if youspecify the libraries in the wong order). If you have conpiled either
the S or Cversion, yoummust also compile and include the file SUNISTE, and if you

have conpiled either the Dor Z version, you mist also conpile and include the file
IYINISTE

b) Mke any necessary nodi ficati ons tothe input files. Younay need toset the mini mum
tine a subroutine vill be tined to a positive value, or torestrict the size of the tests
if you are wing a conputer wth perfornance in betveen that of a workstati on and
that of asuperconputer. The conputational requiremants can be cut in hal f by using
only one value of IIA If it is necessary to al so reduce the mtrix sizes or the val ues
of the blocksize, corresponding changes should be made to the HAS input files (see
Section A8.2).

Asoci ate the appropriate input file wth Frtran unit mmber 5.
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b) The datafiles for the linear equation test programare called xIINISID Ior each of
the test programs, associate the appropriate data fle wth Frtran wnit mmber 5.

c¢) The output fle is witten to Iortran unit nunber 6. Ssociate a suitably nared file
(e.g., SINIST QM) vith this unit mmber.

d) Rm the test programs.

e) Send the output files to the authors as directedin Section A9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.

A7.2  'Btirg tle EgamystenRutires

a) (ompile the files xHSIF and link themto your matrix generator library, your
LAPNKIi brary, and your HAS library or libraries in that order (on some system
you nay get unsatisfied external references if you specify the libraries in the wong
order). If you have conpiled either the S or Cversion, you mst also compile and
include the fle SUGISIE, and if you have compiled either the Dor 7 version, you
must al so conpile and include the file IYIGESIE

b) There are tensets of datafiles for the ei gensystemtest program xBWISTD xBAF
SID xS xIDIST x(GISTD xSBISTD xSGIS1TD NPISTD SIPE
SID and SWDISTD Note that three of the input files (NPISID SFPISID and
SWISTD are used regardiess of the data type of the test program Ior each run of
the test programs, associate the appropriate data fle wth Frtran wnit mmber 5.

¢) The output fille is witten to Iortran unit munber 6. Asociate suitably naned fil es
with this unit mmber (e.g , SNPIST QL SBKIST AT etc. ).

d) Rm the test programs.

e) Send the output files to the authors as directedin Section A9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.

A. 8 Run t he LAPACK Timi ng Progr ams

There are tvo distinct tinng prograns for LA Kroutines in each data type, one
for the linear equations routines and one for the ei gensystemrouti nes. The tining program
for the linear equations routines is also used to time the HA. W encourage you to
conduct these timng experinents in REAL and CMAEX or in HOHE PREISION
and COMPEXE16; it is not necessary to send timng resul ts in all four data types.

T sets of inpat files are provided, a small set and alarge set. The small data sets are
appropri ate for a standard vorkstation or other nonvector machine. The large data sets
are appropri ate for superconputers, vector conputers, and hi gh perfornance vorkstati ons.
Ware nainly interested in resul ts fromthe large data sets, andit is not necessary to run

both the large and small sets. The values of Nin the large data sets are about five tines

9



c¢) The name of the output file is indicated on the first line of each input fle and is
currentl y defned to be SHAR. SUMAfor the REAL Tevel 2 HAS, with simlar
nanes for the other files. If necessary, edit the nane of the output file to ensure that
itis valid on your system

d) Rm the Ievel 2 and 3 HAS test prograrm.

If the tests wsing the supplied data files vere conpl eted successfully, consider vhether
the tests vere sufficiently thorough. Ior exanple, on a machine wth vector registers, at
least one value of N greater thanthe length of the vector registers shoul d be used; othervise,
inportant parts of the conpiled code may not be exercised by the tests. If the tests vere
not successful, either because the programdid not fiish or the test ratios did not pass
the threshol d, youwll probahly have to find and correct the probl embefore contiming. If
you have been testing a systemspecific HA library, try using the Iortran HA for the
roatines that did not pass the tests. Ior mre details on the HAS test programs, see [8
and [6 ].

A.5 Create the LAPACKLi brary

(ompile the fles xIARF vith ATAN and create an object library. If you have
compi L ed either the S or Cversion, you must al so compile and include the files SUANE,
SIAMHE, and SHANF, andif you have compiled either the Dor Zversion, you nust
also comile and include the files TYIAN, IDTAMH, and [IBHKNY If you did not
compile the fle ATHAF and include it in your HAS library as described in Section
A3, yourmst compile it nowand include it in your LAPKIi brary.

A.6 Create the Test MatrixGenerator Library

(ompi e the files xXMUCKNF and create an object 1ibrary. If you have conpiled ei ther
the Sor Cversion, yourmst also compile and include the file SCAIINY, and if you have
compi L ed ei ther the Dor Zversion, yoummst al so compile andinclude the fil e TYAIEN:

A. 7 Run t he LAPACK Test Progr ams

There are tvo distinct test programna for LAPXKroutines in each data type, one for
the linear equations routines and one for the ei gensystemroutines. Ineach data type, there
is one input file for testing the linear equation routines and ten input files for testing the
eigenval e routines. lor nore information on the test programa and howto nodify the
input fles, see Section 5.

A. 7. Testing t he Linear Equation Routines

a) (ompile the fles xIINISIF and link themto your matrix generator library, your
LAPNKIi brary, and your HAS library or libraries in that order (on some system

you nay get unsatisfied external references if you specify the libraries in the wong
order).
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A.2.3nstalling SECOND and DSECND

Both the timng routi nes and the test routines call SHOND(IFHN), areal function
wth no argunents that returns the tine in seconds fromsome fixed starting tine. Qmr
version of this routine returns only “user time”, and not “user tine + systemtine”. The
version of second in SH{NF calls FIIM; a Iortran library routine available on sone
computer systers. If FIIMEis not available or a better local timing function exists, you
wll have to provide the correct interface to SKONDand IBHNDon your nachi ne.

The test programin TSHN¥ performs a mallion operations using 5000 i terations of
the SAXPYoperation y : = y +aa on a vector of length 100. The total tine and negaflops
for this test is reported, then the operation is repeated including a call to SH{N)on
each of the 5000 iterations to determne the overhead due to calling SH{N) (ompile
SHINTF and TSKENY and run the test program ‘There is no single right ansver,
but the tines in seconds should be positive and the negaflop ratios should be appropri ate
for your machine. Repeat this test for IPENYF and THHNY and save SHIND
and IPHNDfor inclusion in the LTAPKIibrary in Section Ab.

A.3 Create the BLAS Li brary

Ideally, a highly optimzed version of the H& 1ibrary al ready exi sts on your machi ne.
Inthis case you can go directly to Section A4 tomake the HAS test programa. Qhervise,
yourmst create alibrary using the fles xHALE, xHA2F, xHA3E, and ATHAE
You may al ready have a library containing sone of the HAS, but mot all (Ievel 1 and 2,
but not Tevel 3, for exanple). If so, youshould use your local versionof the HAS vherever
possible and, if necessary, delete the HA you al ready have fromthe provided fles. The
file ATHAF must be included if any part of xHA2F or xHA3Fis wed. (Ompile
these files and create an object 1ibrary.

A. 4 Run t he BLAS Test Progr ams

Bst programa for the level 2 and 3 HAS are in the fles xHARFand xHABE A
test programfor the level 1 HA is not included, in part because only a subset of the
original set of Tevel 1 HA is actually used in TAPXK and the ol d test programvas
designed to test the full set of Ievel 1 HA. The original Tevel 1 HA test programis
avai | abl e fromnetlib as 1M al gori thm539.

a) (ompile the fles xHARF and xHABF and link themto your HAS library or
libraries. DNote that each programincludes a special version of the error-handing
routine X*RHA vhi ch tests the error-exits fromthe Ievel 2 and 3 H&. G rost
systema this wll take precedence at 1ink tine over the standard version of XRHA
inthe H& library. If this is not the case (the synptomwll be that the program
stops as soon as it tries to test anerror-exit), you mst tenporarily delete XRHA
fromATHAF and recompile the HAS i brary.

b) Fach HAS test programhas a correspondi ng data fle xHARDor xHABD %-
soci ate this file with Iortran wit mmber 5.
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Epsilon = 5.96046E-08
Safe minimum = 1.17549E-38
Base = 2.00000
Precision = 1.19209E-07
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

(O a Gay nachi ne, the safe mini nmumderflovs i ts output representati on and the overflow
threshol d overflows its output representation, so the safe minimmmis printed as 0.00000

and overflowis printed as R This is normal. If you would prefer to print a representable
mnber, you can nodify the test programto print SEMINI00. and RMX/100. for the
safe nini numand overflowt hreshol ds.

(Ompile SIAMH and TSIAMH and run the test program If the results from
the test programare correct, save SLAMHfor inclusion in the LTAPKlibrary. Repeat
these steps with ILAMH and TIEAMH If both tests vere successful, go to Section
A2.3.

If SIAH (or IIAMH) returns an invalid value, you wll have to create your own
version of this function. The followng options are used in TAPXKand must be set:

‘B: DBuse of the machine

‘E: Hsilon (relative nachine precision)

‘O: Oerflowthreshol d

‘P: Decision =Fxilon*Bise

‘S’ Safe mni mm(of ten sane as underflowthreshol d)
‘U: Uhderflowthreshol d

Sore people may be famliar wth RIMCH(DIM(H), a printive routive for set-
ting nachine paraneters in vhich the user must comment out the appropri ate assi gnnent

statenants for the target nachine. If a versionof RIM(Iis on hand, the assignnents in
SIAMH can be made to refer to RIM(Husing the correspondence

SIAMH “U ) =RM(H 1)
SIAMH 0 ) =RM(H 2 )
SIAMH “E ) =RM(H 3 )
SIAMH ‘B ) =RM(H 5 )
The safe mni numreturned by SIAMH °S ) is initially set to the underflowval ve, but
if 1/(overflow ) > (underfow ) it is reconputed as (1/(overfow ) * (1 +¢), vhere ¢ is the

nachi ne preci sion.



ISAE - TATCAL Bst if two characters are the same regard ess of case

SIAMH ReAL I3termne nachi ne- dependent paraneters
IAH WHEPRISIN [3ternine nachi ne- dependent pararaters
SHEND) RAL Return time in seconds froma fixed starting tine

BHN) IHEPREISIN Return tine in seconds froma fixed starting tine

If you are working only in single precision, you do not need to install TPAMH and
IBHN) and if you are working only in double precision, you do mot need to install
SLAMH and SHAN) These five subroutines and their test programs are provided in

the files TSAMIF and TISAMIE, SLAMH: and ISLAMHE, etc.

A.2.Tnstalling LSAME

ISAWi s alogical function wth tvo character paraneters, Aand B It returns . TRE

if Aand Bare the same regardl ess of case, or . FASE if they are diflerent. Ior exampl e,
the expression

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

"The supplied version vorks correctly on all systers that use the ASU1 code for internal
representations of characters. Ior systems that use the FBIIC code, one constant must
be changed. Ior O systers with 6-12 hit representation, alternative code is providedin
the conments. The test programin TSAMIFtests all conhi nations of the sane character
in upper and lover case for Aand B and tvo cases where Aand Bare diferent characters.

(orpi | e ISAMIF and TESAMFF and run the test program If ISAMEworks correctl y,
the onl y nessage you shoul d see is

ASCIT character set
Tests completed

"The vorki ng versi onof I5AMEshoul d be appended to the fle ATHAE. This file, vhich
also contains the error handler XRHA wll be compiled vith either the HA library in
Section A3 or the TAPXKlibrary in Section A5.

A.2.Anstalling SLAMCHand DL AMCH

SIAMI and TXTAMIH are real functions wth a single character paranater that
indicates the machi ne parameter to be returned. The test programin TSLAMH: simpl y
prints out the di ferent val uves conputed by SLAMH so you need to knowsonet hi ng about
vhat the values should be. Ior exanple, the output of the test programfor SLAMHon
a Sm SPHstationis
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1. INPIND
195.  IBIPINED
196.  IH\DINED

197.  ZdPIND
198, 7NPINED
199.  75FPINED
200.  Z5\DIND

A Install ing LAPACK on a non-Uni x System

Installing and testing the non Ui x version of TARYKi nvol ves the foll owng steps:
1. Rad the tape.
2. Bst and install the machi ne- dependent routines.
3. (teate the HA library, if necessary.
4. Rm the Tevel 2 and 3 HAS test program.
B. (eate the LAPXKIibrary.
6. (eate the library of test matrix generators.
7. Rm the TAPXKtest programn.
8. Rm the TARPKti ming prograns.

9. Send the results fromsteps 7 and 8 to the authors at the T versity of Ennessee.

A. 1 Read t he Tape

Read the tape and assign namas to the files, preferably as indicated in the begi nning of
this appendix. The first fle (naned REAMD is alist of the files in the order specifiedin
the beginning of this appendix. Youwll need about 28 negabytes to read in the conpl ete
tape. (ha Sun SPH(station, the libraries used 14 MBand the TAP(Kexecutahl e fil es
used 20 MB In addition, the object files used 18 MB but the object fles can be deleted
after creating the libraries and executable files. Your actual space requirenents wll be less
if youdonot wse all four data types. The total space requi rerents including the object files
is approxi natel y 70 MBfor all four data types.

A. 2 Test and Install the Machi ne-Dependent Routines.

There are five nachi ne-dependent functions in the test and timing package, at least
three of which must be installed. They are



159.
160.
161.
162.

163.
164.
165.
166.

167.
16%.

169.
170.
171.
172,

173.
174.
175.
176.

177.
178.
179.
180.

181.
182,
183.
184.

185.
186.
187.
18%.

189.
190.
191.
192.

193.

SHGINF
(HGINF
THGIMF
ZHEINF

SH R
(HCGRF
HGREF
HGHRE

SACGRE
IYIGSRF

SAPIND
SN'PITMD
SSEPITAD
SSVOILMD

(IPIIND
(N'PIIND
(SIPITAD
SMOIIAD

[PIND
INPIIMD
IBIPIND
ISWDIEND

ZPIND
/NPIIND
7SFPIIND
ZS\DIEND

Tmng programfor the el gensystemrouti nes

Instrunented LAPXKrouti nes

Instrunented auxi 1i ary routines used in S and Cversi ons
Instrunented auxiliary routines used in Dand Z versions

Itafile 1 for tining (éneralized Nnsymetric K genval e Bobl em
Ditafile 1 for timng Nnsymetric B genval ue Broblem

Dtafile 1 for tining Synmetric 1 genval e Brobl em

Dtafile 1 for tining Singular VAl ve T2conposi tion

Itafile 2 for tining (éneralized Nnsymetric 1 genval uve Bobl em
Ditafile 2 for timng Nnsymetric B genval ue Broblem

Dtafile 2 for tining Synmetric 1 genval e Brobl em

Dtafile 2 for tining Singular VAl ve I2conposi tion

93



123.

124.
125.
126.
127.

128
129.
130.
131.

132.
133.
134.
135.

136.
137.
13%.
139.

140.
141.
142.
143.

144.
145.
146.
147.

148
149.
150.
151.

152.
153.
154,
155.

156.
157.
158,

ZHIIMD

SHIIMD Ixtafile 1-bfor timing the HA
THITMD
(HITNMD
ZHITND

SHIIMD Ditafie 1-c¢ for timng the HA
IHIIMD
(HTMD
7HIIMD

SIINIMD  Ixtafile 2 for timing dense square linear equations
TIININD
AINNMD
ZITNINED

SRUIMD Itafile 2 for tining dense rectangul ar 1inear equati ons
TRTIND
(REINAD
ZRINAD

SHNDIIMD  Itafile 2 for tining banded 1inear equati ons
IBNDOIMD
(ENDJINED
7B\DINAD

SHINAD Iitafile 2-a for tining the HA

SHIMID Itafile 2-bfor timing the HAS

SHIMKD Itafile 2-c for timng the HA
ITHIND
(HINKD
7HINKD

ATGIM  Asiliary routines for the ei gensystemti ming program
SAGINF
IMGEINF



87.

89.

91.

93.

95.

9.

98.

100.

101.
102.
103.

104.
105.
106.
107.

108.
109.
110.
111.

112,
113.
114.
115.

116.
117.
11R.
119.

120.
121.
122,

SSASID
GSID
(SGASID
AASID

ATCSTF
SAGSTE
IYIGISTF

SH GESTE
(HGESTF
HGESTF
HdASIE

NPISID
SEPISID
S\WDISID

ATNIM
SANIMF
TYINITMF

SITNITMF
AINIMF
TINITMF
ZIINITME

SIINITMD
TINITMD
{INIMD
ZIINITMD

SREIIND
TRTITND
(REIND
ZRIND

Ditafile for testing symetric generalized ei genval ve routines

Axiliary routines for the ei gensystemtest program

Bst programfor ei gensystemrouti nes

Ditafile for testing MNnsymetric Hgenval ue Bobl em
Dtafile for testing Symetric B genval e Bobl em
Dtafile for testing Singular \al ve I2conposi tion

Awxiliary routines for the linear systemti mng program

Tmang programfor 1inear equati ons

Ditafile 1 for tinng dense square linear equations

Ditafile 1 for tining dense rectangul ar linear equations

SHNJIND Iitafile 1 for timng banded linear equations

TB\DITMD
(BNJIAD
7BNDITMD

SHITMD
THIMD
(HIMD

Itafile 1-afor timing the HA
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. AINSIF  Axiliary routines for the linear equation test program

SIINISTE  "Bst programfor 1inear equation routines

59.

61.
62.

67.

69.
70.

7L
2.
3.
4.

7.
76.
7.
78.

UAINSIF

DINISTF

AINSIF

SIINISID  Ditafile 1 for linear equation test program
OINISID

{INISID

AINISID

SBYISID  Intafile for testing SGBAK

IBYISID Ditafile for testing IHIBK

MAKISID Intafie for testing CFBAK

BYISID Itafile for testing AdBAK

SBYISID  IDitafile for testing SFBAL

IBYISID Dtafile for testing IIBAL

(MAISID Ditafie for testing ((FBAL

BYISID  Ditafile for testing Z0BAL

SHIISID  Itafile for testing ei gencondi tion routi nes
KIS

(HISID

7SO

SIDISID  Iitafile for testing nonsymmetric ei genval ue dri ver routines
DS

IDISID

7ZIDISID

SAHSID  Dtafile for testing nonsymetric generalized ei genval ve routines
[GISID

(dGSID

AGSID

SSBISID  Intafile for testing SSBIRD

BBISID  Itafile for testing IBBIRD

GBISID  Irafile for testing GBIRD

ZSBISID  Itafile for testing ZBIRD



17. IS ENF  DPEND function to return tine in seconds
18 MHENF "Bst programfor IBHN)

19. AIHAF  Awxiliary routines for the HAS (and LARYIY

SHASTEF Ievel 1 HAS
(HAS1F
THASIF
HAS1F

SH.A2F Ievel 2 HAS
(HA2F
TH.A2F
7HA2F

S

SH.A3F Ievel 3 HAS
(HAS3F
THAS3F
7HAS3F

SHARFE Bst programfor Tevel 2 HA
(HARF
THARF
7/HARF

36. SHARD Dtafile for testing level 2 HAS
37. (HARD
38. THARD
39. HARD

SHABE Bst programfor Tevel 3 HA
(HABF
HABF
7HABF

SHABD Itafile for testing level 3 HAS
(HABD
HABD
7HABD

SEHE BRES

SCAIN"  Amiliary routines for the test natrix generators
TVAIN

B 5

50. SMAION" "Bst matrix generators
51 (MACIN
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Appendi x F: Implement ation Guide for Non- Uni x Systems

In the non Wi x version, the softwareis distri buted on an unl abel ed 5T tape containi ng
200 files. Al files consist of 80-character fixed-length records, wth a naxi mimbl ock size
of 8000.

In the installation instructions, eachfile will be identified by the nane gj ven bel ow and
ve recommend that you assign these names to the files vhen the tape is read. Hles vwith
nanes ending in ‘F contain lrtran source code; those with nanes ending in ‘D contain
data for inpat to the test and timing programs. There are tvo sets of data for each timing
run; data file 1 for smll, nonvector conputers, such as vorkstations, and data file 2 for
large conputers, particul arl y Gray-cl ass superconputers. Al file namas have at nost ei ght
characters.

The leading one or tvo characters of the file nane generally indicates which of the
diferent versions of the library or test prograna wll use it:

A all four data types

SC REAL and COMPEX

I? TOHEPRISINand COMAEX 16
RAL

[ HE PREISIN

(OMLEX

(O EX16

NOQgWw

Mny of the files occur ingroups of four, corresponding to the four di ferent Fortran floati ng-
paint data types, and ve will frequently refer to these files generically, uwing ‘x’ in place of

the first letter (for example, xIARE).

1. RAME Tist of files as in this section

2. ATAX'  [APXKauxiliary routines used in all versions
SAAN"  TAPNKauxiliary routines wed in S and Cversions

o

4. MAN [APKauxiliary routines used in Dand 7 versions
5. SIARF LA Kroutines and auxi 11 ary routines

6. (LSHE

7. TLSKEF

8. ZASRF

9. I[SAMIF ISAME functi on to conpare tvo characters
10. TSAME  Bst programfor TSAME
1. SIAMH  SIAMH functi on to determine nachi ne parareters
12, TSIAMIE  Bst programfor SLAMIH
13, DA TIAMH function to determime nachi ne paraneters
4. MAMIF Bst programfor TTAMH
15, SH(NF  SHIN) function to return tine in seconds
16. TSHKINYF "Bst programfor SH{N)



"Bst /ti mng run Dita set S C
Tinear eqn testing _test.in 1 101
H gensystemtesting nep.in 7 10
sep.in 30
svd.in 41 56
_ec.in 73 12
_ed.in 42
ggin 18 24
sg.in 9 13
sh.in 1 1
_bal.in <1l <1
_bek.in <1 <1
linear eqn tining "TMMEin 4% 3171
/TMTMR.in 34 1661
BWNin 4 293
HA tining H&inl 246 1445
H&in2 4 283
H&.in3 4 319
H gensystemti ning _NPITMin 230 836
_SIPIIMi n 60 7
_SWDIMi n 3 15
_(PIMin 390 1001

‘Bhle 15 Gray YWP— 1 processor, execution tines (in seconds)
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Appendi x E: Estimated Ti me

In this appendix ve list the execution tines (in seconds) for the test and timng runs on a
S SPH(station and on one processor of a Gray YMP For tining, the small data sets

vere used for the SBR(station and the large data sets for the Gay YWB "The nini num

tine vas set to 0.05 seconds for the Sun and 0.0 seconds for the Gay. The ortran HAS
vere wsed on the Sun and the Gay HA vere used on the Gray, except for the conpl ex

tests and the timings wth the input files (BNDin and CIIMEin, for vhi ch the Frtran

HAS vere used on the Gray as vell. These tines (particularly for the Gay) vere obtai ned

on a | caded nachi ne and shoul d be consi dered rough approxi nati ons.

Qi the Sun, the Fortranfiles vere compiled wth £77 -0. Bsts vere done using tvo ver-
sions of the Sun-4 compiler, wth an ol der version, ctrti2.f, chetrs.f, cchol.f, zchol.f,
and dstein.f (fromthe TAPXKlibraries) had to be compiled wthout optimzation. Qu
the Gray, the Iortran files vere compiled with c£77 -Zp wing cf 77 5.0 and IN(( 7. 0.

"Bst /ti mng run Dita set S C D Z
linear eqn testing _test.in 439 246 516 1921
H gensystemtesting nep.in 43 2 69 314
sep.in 147 647 267 726
svd.in 210 1224 347 1341
_ec.in 340 40 43U 1
_ed.in 154 509 238 621
ggin 91 5 152 610
sgin 5 355 8 340
sh.in 5 36 6 A
_bal.in <1 <l <1 <1
_bak.in <1 <l <1 <1
linear eqn tining tim.in 116 M1 151 786
tine2.in 136 1180 188 983
_band.in R’ 32 56 266
HA tining ‘Has.inl 120 95 139 779
‘Has.in2 3H AR 3% 138
‘Has.in3 3H IR 3% 138
H gensystemti ning _neptimin 64 H4 113 596
_septimin 41 887 80 907
_svdtimin 42 259 60 261
_geptimin 163 4239 32 174

Bhle 14: Sun SPBtation execution times (in seconds)



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

Uers of other machines wth sinilar restrictions on the eflective range of usable munbers
may have to nodify this test so that the square roots are done on their nachine as vell.
In the tix version, SLABDis found in LAPACK/SRC and in the non tix versionit is in
SCLAUXF.

In the eigensystemtiming programy calls are made to the TINP(Kand HSPAK
equi valents of the LA Kroutines to allowa direct conparison of perfornance neasures.
In some cases ve have increased the mini nmmmmber of iterations in the IINP(Kand
HSPKroutines to all owthemto converge for our test problem, but even this nay not
be enough. (e goal of the LAPXKproject is to inprove the convergence properties of
these routines, soerror nessages in the output fil e i ndi cating that a IIN2(Kor ISP
routine did not converge shoul d not be regarded vith al arm

In the ei gensystemtining program ve have equi val enced sone vork arrays and then
passed themto a subroutine, vhere both arrays are modified. This is a violation of the
Iortran 77 standard, which says “if a subprogramreference causes a dunmy argunent
in the referenced subprogramto becone associ ated wth another dummy argurent in the
referenced subprogram nei ther dunmy argunent nay becone defined duri ng execution of
the subprogram” 2 If this causes any difliulties, the equivalence can be comented out
as expl ained in the conments for the nain ei gensystemtiming prograr.

Whave added alot of newsoftvare since the second rel ease of TARPK Fpect afew
bugs. Wwll try to correct thembefore the public rel ease.

2ANSI X3.9-1978, sec. 15.9.3.6



Appendi x D: Caveats

In this appendix ve list the nachine-specific difliulties ve have encountered in our own
experience wth LAPXK Wassune the user has installed the nachine-specific routines
correctl y and that the Tevel 2 and 3 HA test programa have run successfully, so ve do
not 1ist any varni ngs associ ated wth those routines.

TANKGs wittenin Iortran 77. Bospective uwsers with only a Frtran 66 conpiler
wll mot be able to use this package.

Sone I BViconpi | ers do not recogni ze THIEas a generi ¢ function as used in TARXK
The softvare tools ve use to convert fromsingle precision to double precision convert
RN(Q and AMXGQ), vhere Cis (OMEX to [HHZ) and INNGZ), where Z
is (OMAEX16, but IBVicompilers wse TREA(Z) and IIMN§Z) to take the real and
inagi nary parts of a double conpl ex munber. IBViusers can fix this probl emby changi ng
THE to TREAL vhen the arguent of THEis (ONPEXK16.

IBVicompi lers do not permit the data type COMAIEX16 in a FONCIION subpro-
gramdefini tion. The data type on the first line of the function subprogrammst be changed
from(CMAEX16 to IIHE (O EXfor the foll owng functi ons:

7B fromthe Ievel 2 HA test program
7B fromthe Ievel 3 HA test program
1A1V  fromthe TAP(KIi brary

1A  fromthe test matrix generator library
ZIAIN  fromthe test matrix generator 1ibrary
ZIAM  fromthe test matrix generator library

The functions ZI0ICand ZIDUfromt he Tevel 1 HAS are al ready decl ared IOHE
(OMEX If that doesn’t work, try the decl aration COMTEXFUNCITQNFI6.

If compiling on a SN you may run out of space in /tnp (especially vhen conpiling
in the LAPACK/SRC directory). Thus, you wll need to have your systers admnistrator
increase the size of your tnp partition.

Whave not included test prograns for the Tevel 1 HAS. (Sers shoul d therefore be-
vare of a coman probl emin machi ne-speci fic inpl enentations of xNR&, the function
to conpute the 2-normof a vector. The lortran version of xNR& avoi ds underflow or
overflowby scaling interredi ate results, but sone library versions of xNM are not so
careful about scaling. If xXNRZis inpl enented wthout scaling interned ate resul ts, sone
of the TAPXKKtest ratios my be wsually high, or a floati ng point exception nay occur
inthe probl em scal ed near underflowor overflow The sol ution to these problem is tolink
the Krtran version of xXN2 wth the test program

Sore of our test matrices are scal ed near overflowor underflow but on the Gays, prob-
lems vith the arithnetic near overflowand underflowforced us to scale by only the square
root of overflowand underflow The LAP(Kauxiliary routine SLABYD (or 11LABY)
is called to take the square root of underflowand overflowin cases where it could cause
diftul ties. Wassum ve are on a Gayif log 1oloverflow ) is greater than 2000 and take
the square root of underflowand overflowin this case. The test in SLABADis as follovs:

IF( LOG10( LARGE ).GT.2000. ) THEN
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SCRAQ or SRR

SAY RS

mltiplications:  2mnk — (m 4n)k 2 42/3k 2 +mk +nk — k 2 —2/3k
addi ti ons: 2mnk — (m +n)k % +2/3k 3 +mk — nk +1/3k

total flops: dmnk — Am +n)k % +4/3k 3 Pmk —k % —1/3k
mltiplications:  NIB[2mn—1/2n 2 45/2n]

addi ti ons: NXB [2mn—1/2n 2 +1/21]

total flops: NB [4mn—n 2 431

SARQR SARIQ, SARQL or SAMQ (SITE="1))

miltiplications:  2nmk — nk 2 +2nk
addi ti ons: Immk — nk % 4+nk
total flops: Anmk — 2nk % +3nk

SARQR SARIQ, SARQLor SAMQ (SITE="R)

miltiplications:  2nmk — mk 2 +mk +nk — 1/2k 2 +1/2

addi ti ons: mmk — mk 2 +mk

total flops: dnmk — 2mk ? P2mk +nk — 1/2k 2 +1/2%
STRIR miltiplications:  1/6n3 +1/2n 2 +1/3n

addi ti ons: 1/6n3 —1/2n% +1/3n

total flops: 1/3n° 42/3n
SGEHRD miltiplications:  5/3n3 +1/2n 2 — 7/6n— 13

addi ti ons: 5/3n3 —n? —2/3n— 8

total flops: 10/3n 3 — 1/2n % — 11/6n— 21
SSYIRD miltiplications:  2/3n3 +5/2n 2 — 1/6n— 15

addi ti ons: 2/3n34n 2 —8/3n—4

total flops: 4/3n 2 +3n 2 — 17/6n— 19
SABRD(m > n)

mil tiplications:  2mn? — 2/3n 3 2n 2 420/3n

addi ti ons: 2mn? —2/3n3 4n 2 — mn+45/3n

total flops: dmn? —4/3n° +3n ? — mn+25/3n
SABRD (m <n)

exchange m and n in above



SSYIRF miltiplications:  1/6n 3 +1/2n 2 +10/3n
addi ti ons: 1/6n3 —1/6n
total flops: 1/3n° +1/2n 2 +19/6n
SSYIR miltiplications:  1/3n 3 42/3n
addi ti ons: 1/3n3 —1/3n
total flops: 2/3n° +1/3n
SSYIRS miltiplications:  NIB[n 2 4n]
addi ti ons: NB[n 2-1]
total flops: N [2n 2
SAQ R or SAQLF (m > n)
mitiplications:  mn? — 1/3n 3 +mn+1/2n 2 423/6n
addi ti ons: mn? —1/3n3 +1/2n 2 45/6n
total flops: 2mn? — 2/3n 3 +mn+4n  ? +14/3n
SAQ R or SARLF (m < n)
miltiplications:  nm? — 1/3m 3 42nm — 1/2m 2 +23/6m
addi ti ons: nm? —1/3m 3 +nm — 1/2m 2 45/6m
total flops: 2nm ? — 2/3m 2 H3nm — m ? +14/3n
SARYFor SALQF (m > n)
mitiplications:  mn? — 1/3n 3 +mn+1/2n 2 429/6n
addi ti ons: mn? —1/3n3 +mn—1/2n % 4+5/6n
total flops: 2mn? — 2/3n 3 +2mn +17/3n
SARYFor SALQF (m < n)
miltiplications:  nm? — 1/3m 3 42nm — 1/2m 2 +29/6m
addi ti ons: nm? — 1/3m 3 +1/2m 2 45/6m
total flops: 2nm ? — 2/3m ® 2nm +17/3n
SAHQRor SCHQ L
miltiplications:  2mnk — (m 4n)k 2 42/3k 3 +2nk — k 2 —5/3k
addi ti ons: 2mnk — (m +n)k % +2/3k 3 4nk — mk +1/3k
total flops: dmnk — Am +n)k 2 +4/3k 3 +3nk — mk — k 2 — 4/3k
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AP Krouti nes:

miltiplications:  1/2mn? —1/6n 3 +1/2mn— 1/2n 2 42/3n
addi ti ons: 1/2mn ? — 1/6n 3 — 1/2mn+1/6n

total flops: mn? —1/3n° — 1/2n? 45/6n
miltiplications:  2/3n3 4+1/2n 2 45/6n

addi tions: 2/3n3 — 3/2n 2 45/6n

total flops: 4/3n 3 — n? +5/3n

miltiplications:  NIB[n 2]

addi ti ons: NB[n 2-1]

total flops: NXB [2n 2 —

miltiplications:  1/6n3 +1/2n 2 +1/3n

addi ti ons: 1/6n3 —1/6n

total flops: 1/3n° +1/2n % +1/6n

mil tiplications:  1/3n 3 +n 2 42/3n

addi ti ons: 1/3n3 —1/2n % +1/6n

total flops: 2/3n° +1/2n % +5/6n

miltiplications:  NIB[n 2 4n]

addi ti ons: NB[n 2-1]

total flops: N [2n 2

miltiplications: — n(1/2k 2 +3/2k +1) — 1/3k 3 — k* — 2/3k
addi ti one: (12 2 £1/2%) — 1/3k 3 — 1/2% 2 — 1/6k
total flops: n(k? 2k +1) — 2/3k 3 — 3/2k ? — 5/6k
miltiplications:  NIB[2nk £2n—k 2 — k]

addi ti ons: N [2nk — k2 — k]

total flops: NRB [4nk +2n — 2k 2 — 2%k
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Tevel 2 HA ‘ mul ti pli cations ‘ addi tions ‘ total flops

saw 12 mn mn 2mn

ssw 34 n? n? 2n?

sspw 3| (2% 41) — k(k +1) n(2k +1) — k(k +1) | n(4k 42) — 2k(k +1)

SRY 345 | p(n41)/2 (n—1)n/2 n?

SBY 35 | (k1) — k(k4+0)/2 | nk — k(k+1)/2 n(2k +1) — k(k +1)

STRSV n(n+1)/2 (n—1)n/2 n?

STV n(k +1) — k(k +1)/2 nk — k(k +1)/2 n(2k +1) — k(k +1)

sar 1 mn mn 2mn

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

SR 3 n(n+1) n2 Mm? +n

1-Rus m mitiplies if a#+£1

2-Rus m mltiplies if § #+1lor 0

3-RBus nmiltiplies if a#+1

4-Hu nmltiplies if § #+1lor 0

B5—Tess nultiplies if natrixis unit triangul ar

‘Bhle 120 Qperation counts for the Tevel 2 HAS
‘ Tevel 3 HA ‘ il ti pli cations ‘ addi ti ons ‘ total flops ‘

SANM mkn mkn 2mkn
SSYMU(SITE="T) m?n m?n 2m?n
SSYMA(SITE="R) mn? mn? 2mn?
SSYRK kn(n+1)/2 kn(n+41)/2 kn(n+1)
SSYRK kn? kn? 40 %n? 4n
SIRM(SITE="T) nm(m +1)/2 nm(m —1)/2 | nm?
SIRM(SITE="R)) mn(n+1)/2 mn(n—1)/2 | mn?
SISM(SITE="L)) nm(m +1)/2 nm(m —1)/2 | nm?
SISM(SITE="R.) mn(n+1)/2 mn(n—1)/2 | mn?

‘Bhle 13: Qperation counts for the Tevel 3 HAS




Appendi x C: Operation Counts for the BLAS and LAPACK

In this appendix ve reproduce in tabular formthe formlas ve have used to conpute
operation comts for the HA and TAPKroutines. In single precision, the functions
SCH2, S(H3, SAAX and SCHA return the operation comts for the Tevel 2

HA, Tevel 3 HA, TANKauxkiliary routines, and TAPXKroutines, respectivel y.

Al four functions are found in the directory LAPACK/TIMING/LIN in the Uix version and
in SCINTSTF in the non Ui x version.

In the tables below ve give operation counts for the single precision real dense and
banded routines (the counts for the symetric packed routines are the same as for the dense
routines). Separate counts are given for mitiplies (including divisions) and additions, and
the total is the sumof these expressions. Ior the conpl ex anal ogues of these routines, each
mul ti plication voul d count as 6 operations and each addition as 2 operations, so the total
voul d be diferent. Ior the double precision routines, ve 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 HAS are the matrix
di nensions m and n and the upper and lover bandwdths & » and &k for the band routines
(k if symetric or triangular). Anexact count also depends slightly on the values of the
scaling factors o and 3, since sore comon special cases (such as a =1 and 5 =0) can
be treated separatel .

The comt for SCHWfromthe Tevel 2 HA is as fallovs:

SABW mitiplications:  mn—(m—k;—(m—k))/2—(n—k,—1(n—-Fk,)/2
addi ti ons: mn—(m—k;—D)(m—Fk)/2—(n—k,— D(n—"Fk,)/2
total flops: 2mn— (m—k;—D(m—k;)—(n—Fky— 1)(n—Fk,)

plus m mltiplies if o #41 and another m miltiplies if 3 #+1 or 0. The other Tevel 2
HA operation comts are shown in Bble 12.

Operation Counts for the Level 3 BLAS

Three parameters are used to comt operations for the Tevel 3 HAS: the matrix di-
mnsions m, n, and k. In som cases ve also mist knowvhether the matrix is mltiplied
on the left or right. A exact count depends slightly on the val ues of the scaling factors o
and B, but in Bhle 13 ve assum these parameters are al vays +1 or 0, since that is how
they are used in the LA Kroutines.

Operation Counts for the LAPACK Routines

The parareters used in counting operations for the TAPXKroutines are the natrix
dinensions m and n, the upper and lover bandwidths % « and k ; for the band routines (k
if symetric or triangdlar), and NIB, the nunber of right hand sides in the solution
phase. The operation counts for the TAPXKroutines not listed here are mot conputed
by a formula. In particular, the operation counts for the eigenval ve routines are probl em
dependent and are conputed duri ng execution of the ti mng program
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1ASY
IR
ARV

equilibrate a symmetric natrix
solve areal or conpl ex quasi-triangul ar system
apply real plane rotations fromboth sides to a sequence
of 2 by 2 real symetric natrices
apply (mil tiply by) an el erentary reflector
apply (miltiply by) a block reflector
generate an el enentary reflector
formthe triangul ar factor of a block reflector
unrol L ed version of xIARF
generate a vector of plane rotations
generate a plane rotation
apply a vector of plane rotations toa pair of vectors
(real ) (onpute singular values of a2 x 2 triangul ar matrix
scal e a matrix by CIYRM
initializes a natrix to HiAon the di agonal and APHAon
the ofldi agonal s
Al y a sequence of plane rotations to a rectangul ar matrix
(bipute a scal ed sumof squares of the el erants of a vector
(real ) (onpute singul ar val ues and singul ar vectors of a 2 x 2 triangul ar
natTix
Rrforma series of rowinterchanges
sol ve for a mtrix Xthat satisfies the equation
TLx X +HISGNx X« TR=SCALEx B
conpute part of the diagonal pivoting factorization of a symetric matrix
sol ve a triangul ar band systemwi th scaling to prevent overflow
sol ve a packed triangul ar systemw th scaling to prevent overflow
reduce NBrove and col umms of a real symmetric or conpl ex Hermtian
natrix to tridiagonal form
sol ve a triangul ar systemwth scaling to prevent overflow
apply a Fbusehol der matri x generated by XIZR)Fto a natrix
b ocked version of _ TAIM
(onpute the product BU or I*L (W ocked version)
Ald amiltiple of anatrix to another natrix
Initialize arectangul ar matrix (usually to zero)
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_TNMR2
_INR

(conplex) mul tiply by the unitary matrix fromxGIQF
(conplex) mul tiply by the unitary matrix fromxGHQF

Obher TAP(Kauxiliary routines:

mre

(real ) returns square root of underflowand overflowif exponent range is large
reduce NBrovs or colunms of a natrix to upper or lover hidiagonal form
estimte the normof a natrix for use in condition estination
copy a matrix to another matrix
performconplex division in real arithmetic
conpute ei genval tes of a2 x 2 real symetric or conpl ex Fermiti an natrix
chases a bul ge down an upper Hessenberg bl ock
compute and use the count of ei genval ves of a syrmetric
tridiagonal matrix
(§e inverse iteration to find a specified right and/or left ei genvector of an
upper Hessenberg natrix
performan orthogonal simil arity transformation to standardi ze
a 2 by 2 diagonal bl ock of a quasi-triangul ar matrix
unhl ocked si ngl e- /doubl e-shi ft version of QZ method
(conplex) (onpute ei genval ves and ei genvectors of a conpl ex symetric
2 X 2 matrix
(Ornpute ei genval ves and ei genvectors of a 2 x 2 real symetric or conplex
Termnti an matrix
svap adjacent di agonal blocks in a quasi-upper triangul ar matrix
conpute the ei genval ues of a 2 by 2 general i zed
ei genval ue probl emwi th scaling to ava d over- /underflow
bul ge- chasing for the ml tishift QZ method
factorizes the mtrix (7' — AI)

TAGM matrix vector product vhere the matrixis tridi agonal

LACIS
1ATF
IADR
IATD
144

AN
IAJD

sol ves a systemof equations (7" — Al')x =y where
T is atridiagonal matrix
(conplex) conpute part of the di agonal pivoting factorization of a Hermtian
natrix
Fnd the Schur factorization of a Hssenberg matrix (mdi fied version of
H)RfromH SP(L
reduce NBcol umms of a general matrix to Hessenberg form
appl y one step of increnantal condition estination
(real) Solve alx 1or 2x2linear system
sort the elenents of a vector in increasing or decreasing order

TAPIM  ul tiply a natrix by a symetric tridi agonal natrix

A
1P

1O
1Q®
1/QSB
1QSP

(onpute square oot of X2 Y2

(real ) (onpute square oot of X*2 4 Y2 72
equilibrate a general band matrix

equilibrate a general matrix

equilibrate a symmetric band natrix
equilibrate a symmetric packed natrix
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SBW  (conplex) Symmetric band natrix tines vector

SR (conplex) Symmetric rank 1 update

SRR (conplex) Symetric rank-1 update of a packed natrix
IOMXI  Find the index of elerant vhose real part has nax. abs. val ve
I7ZMXI  Find the index of el emant whose real part has nax. abs. val ue
SCSIM Sumabsol ute val ves of a conpl ex vector

IV5IM  Idubl e precision version of SCSUM

B (real ) Scale a vector by the reciprocal of a constant
GRS Scale a conpl ex vector by the reciprocal of a real constant
A Ivuble precision version of CSRUL

Tevel 2 HAS versions of the Hock routines:

BI2  conpute the IUfactorization of a general band natrix
_(FH2  reduce a general matrix to bidiagonal form
(FH2  reduce a square matrix to upper Hssenberg form
_HIQ2  compute an 1Q) factorizati on v thout pi voting
A2 compute a QL factori zation v thout pivoting
R conpute a QRfactorization vithout pi voting
J(FR)2  conpute an HY) factorization v thout pivoting
_FI2  compute the IUfactorization of a general matrix
CHS2 (complex) reduce a Hermtian defini te generalized el genval ue probl emto
standard form
(compl ex) reduce a Hermtian natrix to real tridiagonal form
(conplex) conpute di agonal pivoting factorization of a Fermtian matrix
_(R2L  (real) gererate the orthogonal matrix fromx()IF
(real ) generate the orthogonal matrix fromx(H)R
(real ) generate the orthogonal matrix fromxGEIF
(real ) generate the orthogonal matrix fromx(FRQF
_(R2L  (real ) miltiply by the orthogonal matrix fromxGQIF
_(R2R  (real) mltiply by the orthogonal matrix fromx(H)R"
(real ) mul tiply by the orthogonal natrix fromxGHQEF
(MR (real ) miltiply by the orthogonal matrix fromx(QF
PBIR  conpute the (hol esky factorization of a positive defiite band matrix
R conpute the (hol esky factorization of a positive defini te natrix
SYE2  (real) reduce a symetric-defini te generalized el genval ue probl emto
standard form
_SYII? (real) reduce a symetric matrix to tridiagonal form
SYI2  conpute the di agonal pivoting factorization of a symetric matrix
_TRI2 conpute the inverse of a triangul ar natrix
(conplex) generate the uni tary natrix fromxCHIF
(conplex) generate the uni tary natrix fromxCHY R
INJ2  (conplex) generate the wni tary matrix fromxGE)IF
(conplex) generate the uni tary natrix fromxCGRRQF
conpl ex) ml ti ply by the uni tary matrix fromx(QIF
)

(
_IN2R  (conplex) mul tiply by the uni tary matrix fromxGE) R
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Appendi x B: LAPACK Auxiliary Routines

This appendix lists all of the auwiliary routines (except for the HAS) that are called
fromthe TAPKroutines. These routines are found in the directory LAPACK/SRC in the
Ui x version and in the fles xxI AN and xIARFin the non Wi x version. Routines

speci fied with an underscore as the first character are available inall four data types (S, D
G and 7), except those marked (real ), for which the first character may be *S or ‘D, and
those narked (conpl ex), for which the first character may be *C or ‘7.

Special subroutines:
XHA Hror handler for the HA and LAPXKrouti nes

Special functions:

ITAAN - INIKFR Return Hock size and other paraneters

ISAVE TG CAL Return .'IRE if tvo characters are the sam
regard ess of case

ISAMIN TG CAL Rturn .TRE if tvo character strings are the
same regardl ess of case

SIAMH  REAL Return single preci sion machi ne paramaters

IDAMH IHEPRISIAN Rturn doubl e preci si on nachi ne pararnaeters
HKnctions for conputi ng norna:

IANB  (éneral band matrix

IANE (éneral matrix

AN (éneral tridiagonal matrix
IANB  (conplex) Fermtian band natrix
IANE  (conplex) Hermtian natrix
IANP  (conplex) Fermitian packed natrix
IANBE  pper Issenberg natrix

IASB  Symetric band natrix

IANP  Symmetric packed natrix

TABT  Symmatric tridiagonal natrix
LAY Symetric matrix

IANIB  Fiangul ar band natrix

IANIP T angul ar packed matrix
IANIR  Tapezoi dal natrix

Edtensions to the Ievel 1 and 2 HAS:

aor Al y aplane rotation to a pait of conplex vectors, vhere the cos is real
and the sinis conplex

GROC  Apply areal plane rotation to a pair of compl ex vectors

I0C  Tvub e precision version of CSRI

SYW  (complex) Symetric matrix tines vector

SPYW  (conplex) Symetric packed matrix tines vector
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Qrthogonal /uni tary transfornation routines have al so been provi ded for the reductions
that use el enantary transformations.

w (P

R @
R x
GR  x x
(€2 2 S
MR  x
MR  x X
MR  x

In addition, a mumnber of driver routines are provided with this release. The namng
convention for the driver routines is the same as for the TAPKroutines, but the last
3 characters YYY have the followng neanings (note an ‘X in the last character position
indi cates a nore expert driver):

SV factor the natrix and sdl ve a systemof equations

SVX  equilibrate, factor, solve, conpute error bounds and do iterative refinenant, and
estimte the condi tion mmber

IS sol ve over- or underdetermined linear systemusing orthogonal factorizations

ISX  conpute a mini rumnormsol uti on usi ng a conpl ete orthogonal factorization
(wsing QRvith col um pi voting)

IS solve least squares problemusing the S\D

BV conpute all eigenval ues and/or ei genvectors

VX conpute sel ected ei genval ves and ei genvectors

5 conpute all ei genval ves, Schur form and/or Schur vectors

BX  comute all eigenval ues, Schur form and/or Schur vectors and the condi tioni ng
of sel ected ei genval ues or ei genvectors

Q7 conpute generalized ei genval ves and/or generalized ei genvectors

G conpute generalized ei genval ves, Schur form and/or Schur vectors

SO conpute the S\Dand/or singular vectors

The driver routines provided in LA Kare indi cated by the followng table:

E P 1B
S5Y SP SB ST
X X

X X

x x &3
x x A3
X X &
X X B
X x &
X x &

SOCEEERERY S
XXXXXXXXXXXX@
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SYL.  solve the Syl vester matrix equation

TRD reduce a symetric natrix to real symetric tridiagonal form

TR conpute a triangul ar factorization (IX (holesky, etc.)

TR conpute inverse (hased on triangular factorization)

TS5 solve system of linear equations (based on triangular factorization)

Given these defini tions, the followng table indicates the TARXKsubroutines for the

sol ution of system of linear equations:

¥ ®

&d B dada K P B P SY s TR TP 1B
TR X X X X X X X X X
TR X X X X X X X X X X X X
RS X X X X X X X X X X X X
TR X X X X X X X
N X X X X X X X X X X X X
U X X X X X
QR X
QBFT X
Qi x
@R
MR

- also T, QI, and IQ
The fol l oving tabl e indi cates the LAPXIKsubroutines for findi ng ei genval ves and ei gen

vectors or singular val ves and singul ar vectors:

¥ B B

¢d & B H TR T SY S SB ST P B
m  x  x
TRD X X X
B x
KR X X X
K7z X
HN X X
BC X X
3% X
TR X
SQR X
SEN X
SNA X
SYL X
BC X
B x x
BK x x
G X X

3
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The last three characters, YYY, indicate the conputati on done by a particul ar subrow
tine. Included in this release are subroutines to performthe followng conputati ons:

B back transformation of ei genvectors after bal anci ng
BA.  permute and/or bal ance to isol ate ei genval ues
B  reduce to hidiagonal formby orthogonal transfornations
(N estimte condition mmber
Y, conpute sel ected ei genval ues by hisection
HN  conpute sel ected ei genvectors by inverse i teration
HIR  compute ei genval ves and/or the Schur formusing the QRal gori thm
H)U equilibrate a mtrix to reduce its condi tion mmher
HY7Z  compute generalized ei genval ues and/or generalized Schur formby QZ rethod
conpute ei genvectors using the Fal- Al ker- Kahan vari ant of the QLor QR
al gori thm
conpute ei genvectors fromSchur factori zati on
svap adjacent di agonal blocks in a quasi-upper triangul ar matrix
generate the orthogonal /uni tary matrix fromx(GFHRD
generate the orthogonal /uni tary matrix fromxCGFHRD
generate the orthogonal /uni tary matrix fromx(GIQF
generate the orthogonal /uni tary matrix fromx(GQIF
generate the orthogonal /uni tary matrix fromx() R
generate the orthogonal /uni tary matrix fromx(FRQF
reduce a symetri c- defini te generalized ei genval ve problemto standard form
generate the orthogonal /uni tary matrix fromxxxTRD
reduce to upper Hessenberg formby orthogonal transfornations
IQF  compute an IQ) factorization v thout pivoting
IQS  compute a mini nranormsol ution using the 1Q factorization
mul ti ply by the orthogonal /uni tary natrix fromxGHRD
MR mul tiply by the orthogonal /uni tary natrix fromxGFHRD
MQ maltiply by the orthogonal /uni tary matrix fromxGIQF
MYL multiply by the orthogonal /uni tary natrix fromxGQIF
MYR multiply by the orthogonal /uni tary matrix fromxGi) R
M) multiply by the orthogonal /uni tary matrix fromx(FRQF
MRl tiply by the orthogonal /uni tary matrix fromxxxTRD
QIF  compute a QL factorization wthout pivoting
QIS  sdve aleast squares probl emusing the QL factori zation
QP compute a QRfactori zati on vith col unm pi voti ng
QR conpute a QRfactorization wthout pivoting
QB sdve aleast squares probl emusing the QR factorization
RS refine initial solution returned by TRS routines
R)F  conpute an H) factorization wthout pivoting
R)S  conpute a mini mranormsol ution using the ) factori zation
SEN  conpute a hasis and/or reciprocal condition nunber (sensitivity) of an
invari ant subspace
SNA  estinate reciprocal condition mmbers of ei genval ue/-vector pairs
SQR  comute singul ar val ues and/or singular vectors using the QRal gori thm
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Appendi x A: LAPACK Routines

In this appendix, ve reviewthe subroutine namng schene for TAP(Kas proposed in [3
and indicate by neans of a table vhich subroutines are included in this release. Walso
list the driver routines, which are newsince release 2.
Fach subroutine nane in TAP(Kis a coded speci fication of the conputati on done by
the subroutine. Al nanes comsist of six characters in the formIXXYYY The first letter,
T, indicates the matrix data type as follove:

S RAL

D DOHE PRUSIN

C (OMLEX

Z (OMLEX16 (if available)

The next tvo letters, XX indicate the type of matrix. Mst of these tvo-letter codes
apply to both real and conplex routines; a fewapply specifically to one or the other, as
indi cated bel ow

hi di agonal

general band

general (i.e. unsymetric, insome cases rectangul ar)

general matrices, generalized problem(i.e. apair of general natrices)

general t1i di agonal

(conplex) Fermtian band

(conplex) Fermtian

upper Hessenberg matrix, generalized problem(i.e., a Hssenberg and a
triangul ar matrix)

(complex) Fermtian, packed storage

upper Hessenberg

(real ) orthogonal

(real ) orthogonal , packed storage

symetric or Fermitian positive defini te band

symetric or Fermitian positive defini te

symetric or Bermitian positive definite, packed storage

symetric or Bermtian positive defini te tridi agonal

(real ) symetric band

symmetric, packed storage

symmetric tridi agonal

symmetric

triangul ar band

triangul ar matrices, generalized problem(i.e., apair of triangul ar matrices)

triangul ar, packed storage

triangular (or in sone cases quasi-triangul ar)

trapezoi dal

(conpl ex) uni tary

(conplex) uni tary, packed storage

SZRERAEZSESESIIESEFT DEBELRRERE
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line 22 'The nunber of values of N
line 3:  The values of N the natrix di nension
line 4 Nmber of values of the paramters
line 5 The values for N the bl ocksize
line 6:  The values for NS, the mmber of shifts
line 7 The values for MXB the mul tishift crossover point
line 8 The values for MIN\B deternimes mini nmmbl ocksi ze
line &0 The values for MM al so determnes nini numbl ocksi ze
line 10:  The val ues for the leadi ng di nension IIA
line 11:  "The mni mumtine (inseconds) that a subroutine wll be
tined. If TMMHINis zero, each routine should be tined only
orce.

line 122 NIYPS, the mmber of natrix types to be used

If NOPES >=4, all the types are wed If 0 < NS <4, then line 13 specifies
NIYPES integer values, which are the mmbers of the matrix types to be wed. The re-

nai ni ng 1ines speci fy a path nane and the speci fic routines to be tined. Ior the generalized
nonsymetric ei genval te probl emy the path nanes for the four data types are SHG, CHG,

DHG, and ZHG. Aline to request all the routines in the REAL path has the form

S G TTTTTTTTTTTTTTTTTT

vhere the first 3 characters speci{y the path nane, and up to MXIYPnonhl ank characters

nay appear in colums 4-80. If the k th such character is *T or "t’, the k& " routine wll be
tinad. If at least one but fever than 18 nonhl ank characters are specified, the remaining

routines wll not be tined. If colums 4-80 are W ank, all the routines wll be tined, sothe

input line

SHG

is equivalent tothe line above.

The output is in the formof atable vhichshows the absol ute tines in seconds, floating
pai nt operation counts, and megaflop rates for each routine over all relevant input parane-
ters. Ior the SHH)Zroutine, the table has one line for each di ferent conhi nation of N3

N5, M3 MNNB and MINIK
Acknowl edgments

Jimlemel of the Wiversity of Glifornia- Brkeley, Sven Hinmarling of NGItd., and
Aan Mlemney of the (burant Institute of Mthematical Sciences, NewYrk Ui versity,
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Tour di flerent matrix types are provi ded for timng the general i zed nonsymmetri c ei gen
value routines. Avariety of matrix types is alloved because the nunher of iterations to
compute the ei genval ves, and hence the timing, can depend on the type of natrix whose
ei gendeconposi tion is desired. The matrices used for tining have at least one zero, one
infinite, and one singular (o =F =0) generalized eigenval ue. The remi ni ng ei genval ves
are sonetimes real and sonetines conplex, distributed in nagnitude as follovs:

o “clustered”’ entries 1,¢,... , ¢ vith randomsigns;
o evenly spaced entries froml down to ¢ vith randomsi gns;
o geomtrically spaced entries froml down to & with randomsigns;

o cigenval ues randonhy chosen fromthe interval (e, 1).

6. 6. Il nput File for Ti mi ng t he Generalized NonsymmetricEigenp

A annotated exanpl e of an input file for tinng the REAL general i zed nonsyrmetri ¢
ei genprobl emroutines is shown bel ow

GEP: Data file for timing Generalized Nonsymmetric Eigenvalue Problem

4 Number of values of N

50 100 150 200 Values of N (dimension)

4 Number of parameter values

10 10 10 10 Values of NB (blocksize)

2 2 4 4 Values of NS (no. of shifts)

2002 4 4 Values of MAXB (multishift crossover pt)
200 200 200 10 Values of MINNB (minimum blocksize)
200 200 200 10 Values of MINBLK (minimum blocksize)
201 201 201 201 Values of LDA (leading dimension)
0.0 Minimum time in seconds

5 Number of matrix types

S G TTTTTTTTTTTTTTTTTT

The first line of the input fle must contain the characters GEP in colums 1-3. Tines
2-12 are read wsing list-directed input and specify the following val ves:
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10.

11.

12.

13.

14.

15.

16.

17.

18.

SCHRIQ) (TAR(Kreduction to general i zed upper Hessenberg form conputing
U but not V)

SCHRIZ) (LA Kreduction to generalized upper Hessenberg form conputing
V but not U.)

SCERIQ, 7) (TA2(Kreduction to general i zed upper Hessenberg form conput-
ing U and V.)

SHEQZAE) (LA Kconputation of generalized ei genval ues only of a pair of na-
trices in generalized Hessenberg forn)

SHE)Z'S) (LA Kconputation of generalized Schur formof a pair of matrices
in general i zed Hessenberg forn)

SHIEQZ Q) (LA Kconputation of generalized Schur formof a pair of matrices
in general i zed Hessenberg formand Q)

SHI)Z7) (LAR(Kconputation of generalized Schur formof a pair of matrices
in general i zed Hessenberg formand 7)

SHIH)Z Q,7) (LA2(Kconputation of generalized Schur formof a pair of matrices
in general i zed Hessenberg formand Q and 7)

SIAM{AL (LA Kconputation of the the left generalized eigenvectors of a
matrix pair in generalized Schur form)

SIM{BL) (LAY Kconputation of the the left generalized eigenvectors of a
natrix pair in generalized Schur form back transforned by Q)

SIOM{AR) (LA Kcomputation of the the right generalized ei genvectors of a
matrix pair in generalized Schur form)

SIEM{B R (LA conputation of the the right generalized eigenvectors of a
natrix pair in generalized Schur form back transformed by 7)

Q7HHF) (HSPXKreduction to generalized upper Hessenberg form wth MZ
=IASE, soV is not conputed. )

Q7HH(T) (HSPXKreduction to generalized upper Hssenberg form wth MIZ
=TRE, soV is conputed. )

QATE) (QZATfolloved by QZAN. vith MIZ=ISE : HSPYKconputation
of generalized eigenval ves only of a pair of matrices in generalized Hssenberg forn)

QATT) (QATfolloved by QZANL with MilZ="TRE: HSRKconputation
of generalized Schur formof a pair of natrices in generalized Hssenberg formand 7)

Q7ML (HSP(Kconput ati on of the the right generalized ei genvectors of a matrix
pair in generalized Schur form back transforned by 7)



line 20 The munber of values of Mand N

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

line 3:  The val ues of N the natrix col urm di nensi on

line 4:  The nunher of values of the parameters NBand IIA

line 5:  The val ues of NB the Hocksize

line 6:  The values of 1IN the leading dinension

line 7. "Ihe mimi rumtine in seconds that a routine wll be tinvad

line & NP5, the mmber of matrix types to be used

If 0 <NIYRS <5, thenline 9 speci fies NIYPES i nteger val ues whi ch are the mmbers
of the matrix types to be used. The remaining lines specify a path nane and the specific
conputations to be timad. Ior the SM) the path names for the four data types are SBD,
DBD, CBD, and ZBD. 'The (optional ) characters after the path nane i ndi cate the conputati ons
to be timad, as in the input file for the nonsymetric ei genval ue problem

6.6Ti m ng the Generalized Nonsymmetric Ei genprobl em

Aseparate input fle drives the timing codes for the generalized nonsymetric ei gen
problem The input file specifies

e N the mtrix size

o sixtuples of parameter values (N3 N5, MOB MN\B MINHK 1)) specifying
the Hock size NB the mmbher of shifts N5, the values of MXB the mini rum
Hlocksize NINNB the nini rumbl ocksi ze MINHE and the 1eadi ng di ransi on TIA

o the test matrix types
o the routines or sequences of routines froml AP Kor HSPAXKto be tinad

The parameters N3 MINNB MINHEK D5, and MXBapply only to the QZiteration
rotine xHM)Z Agoal of this tining code is to determne the values of N b, and
MXB(as vell as MN\Band MNHE) vhi ch naxi mize the speed of the codes.

The mmher and size of the input values are linited by certain programmnaxi nuna
whi ch are defined in PARAVEIIRstatenents in the main timing program

Paramater Iescription Vil ve
MON Mxi rmmval ve for N N8 N5, MdB NINB or MINHK 400
IDWX Mxi rmmval ve for TIA 420
MXN Mxi rmmmunber of val ves of N 12
MYXPRM Mxi rmmmunber of parareter sets 10

(N3 5, M8 MN\B MMNHK 1Dy
The conputations that nay be tined for the REAL version are

1. SCRIN (LAR(Kreduction to generalized upper Hessenberg form wthout
computing U or V'.)
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13. 1INV (IN(Ksingul ar val ves and mn( MN left singular vectors of a dense
matrix using SSMY; to be conpared to TAPSMIL ))

14. TINSMRL) (IINPXKsingul ar val ves and Ml eft singular vectors of a dense matrix
using SSMY; to be conpared to TAPSSMRL))

15. IINSMIR) (IITN2(ISsi ngul ar val ues and Nri ght singul ar vectors of a dense matrix
using SSMY; to be conpared to TASSMIR))

16. IINMIB (IIN2A(Ksingul ar val ves, mn( MN left singular vectors and Nright
singul ar vectors of a dense matrix using SSM¥; to be compared to LASSMIB)).

Hve diferent matrix types are provided for timng the singular val ve deconposition
routines. Mtrix types 1-3 are of the formU DV, vhere U and V' are orthogonal or wni tary,
and D is diagonal wth entries

e evenly spaced entries froml down to ¢ wth randomsigns (matrix type 1),
o geomtrically spaced entries froml down to ¢ with randomsigns (matrix type 2), or
o “clustered” entries 1,¢,... ,¢ wth randomsigns (natrix type 3).

Mtrix type 4 has in each entry a randommmber drawn from[—1,1]. Mtrix type 5is
a nearly hidiagonal matrix, vhere the upper hidiagonal entries are exp (=2rloge) and the
nonbi di agonal entries are re, vhere r is a uniformrandomnunber drawn from[0,1] (a
diferent r for each entry).
A annot ated exanpl e of aninput file for tining the REALsi ngul ar val ve deconposi tion

routines is shown bel ow

SVD: Data file for timing Singular Value Decomposition routines

7 Number of values of M and N

50 50 100 100 100 200 200 Values of M (row dimension)

50 100 50 100 200 100 200 Values of N (column dimension)

5 Number of values of parameters

1 16 32 48 64 Values of NB (blocksize)

201 201 201 201 201 Values of LDA (leading dimension)
0.0 Minimum time in seconds

4 Number of matrix types

1234

SBD TTTTTTTTTTTTTTTT

The first line of the input fle nust contain the characters SVD in colums 1-3. Iines 2-9
are read wsing list-directed input and specify the folloving val ues:



o the test matrix types
o the routines or sequences of routines froml AR Kor IINAKto be tinad.

Agoal of this timing code is to determne the values of NBwhich naxi mize the speed of
the Hock al gori thra.

The mmher and size of the input values are linited by certain programmnaxi nuna
whi ch are defined in PARAVEIIRstatenents in the main timing program

Paramater Iescription Vil ve
MON Mxi rmmval ve for M N or NB 400
TDOWRX Mxi rmmval ve for TIA 420
MNN Mxi mumnunber of pairs of values (M N 12
MYPRM Mxi mmnuber of pairs of values (N3 ID\) 10

The conputations that nay be tined for the REAL version are
1. SABRD( LA Kreduction to hi di agonal formn)
2. SHYQR (ILAKconputation of singul ar val ues only of a hidiagonal natrix)

3. SHYQRL) (ILAKconputation of the singular values and left singular vectors
of a hidiagonal natrix)

4. SHYQRR (LA Kconputation of the singul ar val ues and right singular vectors
of a hidiagonal natrix)

5. SHYQRB (LA Kconputation of the singul ar val ves and ri ght and  eft singul ar
vectors of a hidiagonal natrix)

6. SHYQRV (ILARKconputation of the singul ar val ues and mil ti ply square na-
trix of dinension mn(MN by transpose of left singul ar vectors)

7. TASWD (IA(Ksingular values only of a dense matrix, using SCKHRD and
SH3QR)

8. LASMYL) (LA Ksingul ar values and min( MN) left singular vectors of a dense
matrix, wing SEHRD) S(KHRand SHYQR L))

9. LASMIRL) (LAY Ksingul ar val ues and M eft singul ar vectors of a dense matrix,
using SAHRD SRR and SHYQR L))

10. TAPSMIR) (LAPAKsi ngul ar val ues and Nri ght si ngul ar vectors of a dense matrix,
usi ng SBHR) SRR and SHQRR))

11. IASMIB (LAP(Ksingul ar val ues, mn(MN) left singular vectors, and Nright
singul ar vectors of a dense matrix, using SGHHRD) SCRIRand SHYQRB)

12. IINSWD (IINXAKsingular values only of a dense matrix wsing SSMY; to be
compared to LAESV)



e evenly spaced entries froml down to ¢ wth randomsigns (matrix type 1),

o geomtrically spaced entries froml down to ¢ wth randomsigns (natrix type 2),
o “clustered” entries 1,¢,... ,¢ wth randomsigns (matrix type 3), or

o cigenval ues randonhy chosen fromthe interval (e, 1) (matrix type 4).

A ammotated exanple of an input file for timng the REAL symmetric ei genproblem
routines is shown bel ow

SEP: Data file for timing Symmetric Eigenvalue Problem routines

5 Number of values of N

50 100 200 300 400 Values of N (dimension)

5 Number of values of parameters

1 16 32 48 64 Values of NB (blocksize)

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

4 Number of matrix types

SST TTTTTTTT

The first line of the input file must contain the characters SEP in columms 1-3. Tines 2-8
are read wsing list-directed input and specify the folloving val ues:

line 20 The munber of values of N

line 3:  The values of N the natrix di nension

line 4:  The nunher of values of the parameters NBand IIA

line 5:  The val ues of NB the Hocksize

line 6:  The values of 1IN the leading dinension

line 7. "Ihe mimi rumtine in seconds that a routine wll be tinvad

line & NP5, the mmber of matrix types to be used

If 0 <NIYRS <4, thenline 9 speci fies NIYPES i nteger val ues whi ch are the mmbers
of the matrix types to be used. The remaining lines specify a path nane and the specific
computations to be tined. Ior the symetric ei genval ue problemy the path names for the
four data types are SST, DST, CST, and ZST. The (optional ) characters after the path narne
indicate the conputations to be tined, as in the inpat file for the nonsymmetric ei genval ve
probl em

6. 5Ti mi ng the Singul ar Val ue Decomposition

A separate inpat fle drives the timing codes for the Singular VAl ue I2conposition
(S\D. The input file specifies

o pairs of parameter values (M N specifying the matrix rowdirension Mand the
natrix col unm di nension N

o pairs of parameter values (N3 1Y) specifying the block size N3 and the leading
di nension TIA



11 IMQIL (HSPAKconputation of ei genval ues only of a symetric tridi agonal na-
trix, tobe conpared to SSIHQRN)

12, IMIQI2 (HSPXKconputati on of ei genval ues and ei genvectors of asymetric tridi-
agonal matrix, to be compared to SSIHYR'V))

13. TQIRAT (HSPAK conputation of eigenvalues only of a symetric tridiagonal
natrix, to be conpared to SSTFRY).

14. TRIB (HSPXK conputation of the eigenvalues of )(compare wth SSTHY —
RWNEZT)

15 HSET (HSPXK computation of the eigenvalues of )(conpare wth SSIFH/, —
RWNEZV)

16. TMMT (HSPK conputation of the eigenvectors of a triangular matrix using
inverse iteration) (conpare wth SSIHN

Tor conpl ex matrices the possible conputations are

1. GFIRD (1A Kreduction of a conplex Fermtian matrix to real symetric
tridiagonal form)

2. GIRN (LK conputation of eigenval ues only of a symetric tridi agonal

natri x)

3. ANARLSIHY RV (LAY Kconputation of the el genval ues and ei genvectors
of asymetric diagonal matrix)

4. (PIHYRWEN) (LAY Kconputati on of the ei genval ues only of asymmetric
positive defini te tridiagonal natrix)

5. ANGREPIQRMVIZ V) (LARXK computation of the eigenvalues and
ei genvectors of a symetric positive definite tridiagonal matrix)

6. SSTFR/ACSTH MCUWIR (LA Kconputati on of the ei genval ves and ei gen-
vectors of a symetric tridiagonal natrix)

7. HRI} (HSPXKreduction to symetric tridiagonal form to be conpared to

(HIR)

8. IMQLL (HSPXKconputation of ei genval ues only of a symetric tridiagonal na-
trix, tobe compared to (SIHYRV))

9. IMQI2HHIR B( H SP(Kconputati on of ei genval ues and ei genvectors of a com
plex Fermtian natrix gi ven the reduction to real symetric tridiagonal form to be

conpared to (ANGIRISTH)R).

Tour di ferent natrix types are provided for tining the symetric ei genval ve routines.
The mtrices wed for tinng are of the form X DX —1, vhere X is orthogonal and D is
di agonal with entries



N the matrix size

o pairs of parameter values (N3 1Y) specifying the block size N3 and the leading
di nension TIA

o the test matrix types
o the routines or sequences of routines froml AP Kor FSPAKto be tinad.

Agoal of this timing code is to determne the values of NBwhich naxi mize the speed of
the Hock al gori thra.

The mmher and size of the input values are linited by certain programmnaxi nuna
whi ch are defined in PARAVEIIRstatenents in the main timing program

Paramater Iescription Vil ve
MON Mxi numval ve for Nor N3 400
IDWX Mxi numval ve for TIDA 420
MNN Mxi numnunber of val ues of N 12
MYPRM Mxi mmnuber of pairs of values (N3 1DY 10

The conputations that nay be tined depend on whether the data is real or conplex.
Tor the REAL version the possi e conputations are

1. SSYIRD(LAPXKreduction to symetric tridiagonal form)
2. SSIHQRN (TAR(Kconputation of ei genval ues only of a symetric tridi agonal

natri x)

3. SSIQRV) (LAR(Kcomputation of the eigenval ues and ei genvectors of a sym
netric tridiagonal natrix)

4. SSTHR (LAPX K conputation of the eigenval ues only of a symetric tridi agonal
natrix using a square-root free al gori thn)

5. SPIQR(OMZZN) (LAY Kconputation of the el genvalues of a symetric
positive defini te tridiagonal natrix)

6. SPIRQRNZ2V ) (LA Kconputation of the ei genval ues and ei genvectors
of asymetric positive definite tridiagonal matrix)

7. SSIHRWEZD ) (LAR(Kcomputation of the ei genval ues in a specified inter-
val for a symetric tridiagonal natrix)

8. SSIHH(RWNIEZV) (LA Kcomputation of the ei genval ues in a hal f-open in
terval for a symetric tridiagonal natrix)

9. SSIHN(LAR(Kconputationof the ei genvectors of asymetric tridi agonal natrix
correspondi ng to speci fied ei genval ues using inverse iteration)

10. TR (HSPAK reduction to symetric tridiagonal form to be compared to

SSYIR)
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4 Number of values of parameters

1 16 32 48 Values of NB (blocksize)

4 6 8 12 Values of NS (number of shifts)

40 40 40 40 Values of MAXB (multishift crossover pt)
301 301 301 301 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 colums 1-3. Tines
2-10 are read using list-directed input and specify the following val ves:

line 22 'The nunber of values of N

line 3:  The values of N the natrix di nension

line 4 'The munber of values of the paraneters N N5, MYB and [TA
line 5 The values of NB the Hocksize

line 6:  The values of I, the nunber of shifts

line 7: The values of MXB the maxi numbl ocksi ze

line 8  The values of TIA the leading di nension

line 9 'The nini numtine in seconds that a routine wll be tined

line 10: NIYPES, the mmber of natrix types to be used

If 0 < NS < 8 then line 11 specifies NIYPES integer values which are the
munbers of the matrix types to be used. The remining lines specify a path nare and
the speci fic conpatations to be tined. Ior the nonsymmetric ei genval ve probl emy the path
nanes for the four data types are SHS, DHS, CHS, and ZHS. Aline to request all the routines
in the REAL path has the form

S s T TTTTTTTTTTT

vhere the first 3 characters specify the path nare, and up to 12 nonhl ank characters nay

appear in columms 4-80. If the & " suchcharacter is ‘T or ‘t’, the & *" routine will be tined.
If at least one but fever than 12 nonbl ank characters are specified, the renaining routines

wll not be tirad. If colums 4-80 are Hlank, all the routines wll be tined, so the input

line

SHS

is equivalent tothe line above.

The output is in the formof atable vhichshows the absol ute tines in seconds, floating
pai nt operation counts, and megaflop rates for each routine over all relevant input parane-
ters. Ior the blocked routines, the table has one line for each diflerent val ve of N8 and for
the SEBH) R routine, one line for each di ferent conhi nation of N5 and MMBas vell.

6.4Ti m ng the Symmetric Ei genprobl em

Asgeparate i nput file drives the tining codes for the symetric ei genproblem The i nput
file specifies
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4. SRRV (LA Kconputation of the Schur formand Schur vectors of a Hes-
senberg natri x)

5. SIRM{L) (LAR(Kcomputation of the the left eigenvectors of a matrixin Schur
forn)

6. SIRM(R) (LARXKconputationof the the right ei genvectors of anatrixin Schur
forn)

7. SIBHND) (LARXKconputation of the the left eigenvectors of an upper Hssen

berg matrix using inverse iteration)

8. SIBHNR) (LAR(Kconputation of the the right ei genvectors of an upper Hssen

berg matrix using inverse iteration)
9. (RIHS (HSP(Kreducti on toupper Hessenbergform to be conpared to SGFHR)

10. HQR(HSP(Kconputati on of ei genval ves only of a Hessenberg matrix, to be com
pared to SHBHQRE))

11. HQR (HSPXKconputation of eigenval ues and ei genvectors of a Hessenberg na-
trix, tobe conpared to SIBHQR'V) plus SIRM(R))

12. INMT(HSPXKconputation of the right eigenvectors of an upper Hssenberg na-
trix using inverse iteration, to be compared to SIBHNR)).

Heht di ferent natrix types are provided for tinming the nonsymmetric ei genval uve row
tines. Avarietyof matrix typesis alloved because the nunber of iterations to conpute the
ei genval ves, and hence the tining, can depend on the type of natrix vhose ei gendeconpo-
sitionis desired. The matrices used for timing are of the fomX 7T X ~1 vhere X is either
orthogonal (for types 1-4) or randomw th condi tion nunber 1/ Ve (for types 5-8), vhere ¢
is the machine romndofferror. The matrix 7 is upper triangular vith randomO(1) entries
inthe strict upper triangle and has onits di agonal

e evenly spaced entries froml down to ¢ wth randomsigns (natrix types 1 and 5)

e geomtrically spaced entries froml down to ¢ with randomsigns (matrix types 2 and
6)

o “clustered” entries 1,¢,... ,¢ wthrandomsigns (matrix types 3 and 7), or

e real or conplex conjugate paired ei genval ues randonhy chosen fromthe interval (e, 1)
(matrix types 4 or 8).

A anmot ated exanpl e of aninput file for timng the REAL nonsymmetri ¢ ei genprobl em
routines is shown bel ow

NEP: Data file for timing Nonsymmetric Eigenvalue Problem routines

4 Number of values of N
50 100 200 300 Values of N (dimension)
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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 Iortran HA do mot contai n any sub-blocking, the Hlock size NBis not required
and its value is replaced by that of INX the increnant hetveen successive el emants of
a vector in the Tevel 2 HA. Nte that ve have specified “none” on line 13 to suppress
tining of the sanple HAS, which are redundant in this case.

6.3Timng the Nonsymmetric Ei genprobl em

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

e N the mtrix size

o four-tuples of parameter values (N8 N5, MXB 11 specifying the block size N3
the munber of shifts N5, the matrix size MXBless than whi ch an unhl ocked routi ne
is uwsed, and the leading di nension TIA

o the test matrix types
o the routines or sequences of routines froml AP Kor HSPAXKto be tinad

The parareters N5 and MXBappl y onl y to the QRiteration routine xtBH)R and N3
is used only by the Hock al gorithna. Agoal of this tining code is to determine the val ues
of NB N5 and MYBwhi ch naxi mze the speed of the codes.

The mmher and size of the input values are linited by certain programmnaxi nuna
whi ch are defined in PARAVEIIRstatenents in the main timing program

Paramater Iescription Vil ve

MON Mxi rumval ve for N N8 N5, or MYB 400

IDWX Mxi rmmval ve for TIA 420

MXN Mxi rmmmunber of val ves of N 12

MYXPRM Mxi rmmmunber of parareter sets 10
(N8 NS, M 11y

The conputations that nay be tined for the REAL version are

1. SCHRD(LAR(Kreduction to upper Hssenberg forn)

2. SBBEQRD (LAPXKconputation of ei genval ues only of a Hessenberg natrix)
3. SIBHQRS) (LARXKconputation of the Schur formof a Hessenberg matri x)
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Nare specified in ordered pairs (M, N). Ao annotated exanple of an input fle for timng
the REAL linear equation routines that operate on dense rectangul ar natrices is shown
below The input flle is read in the sam vay as the one for dense square matri ces.

LAPACK timing, REAL rectangular matrices

7 Number of values of M

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

7 Number of values of N

100 100 200 200 200 400 400 Values of N (column dimension)
2 Number of values of K

100 400 Values of K

5 Number of values of NB

1 16 32 48 64 Values of NB (blocksize)

0 48 128 128 128 Values of NX (crossover point)
2 Number of values of LDA

400 401 Values of LDA (leading dimension)
0.0 Minimum time in seconds

none

SQR TTT

SLQ TTT

SQL TTT

SRQ TTT

SQP T

SBR TTF

6.2Timng the Level 2 and 3 BLAS

Tming of the Ievel 2 and 3 HA routines may be requested fromone of the 1inear
equation input files, or by wsing a special HA format provided for compatihbility vith
previows rel eases of TARPNK The HA input format is the sane as the linear equation
input fornat, except that val ues of NXare not readin. The HAS input fornat is requested
by specifying ‘ HA on the first line of the file.

Three input files are provided for tining the HAS wth the matri x shapes encomtered
inthe AP IKroutines. In each of these files, one of the paramaters M N and Kfor the
Tevel 3 HA is on the order of the b ocksize vhile the other tvo are on the order of the
matrix size. The first of these input fles also tines the Tevel 2 HAS, and ve include the

single precision real versionof this data file here for reference:

BLAS timing, REAL data, K small

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
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SRQ TTF

SQP T

SHR TTFF

STD TTFF

SBR TFF

SLU TTTTTTT
SCH TTTTTTT

The first 13 lines of the input file are read using list-directed input and are used to specify
the values of M N K N3 NX IIY and TMIN (the mni mumtine). By default,

x(IW and x(FM/are called to sanple the HAS perfornance on square natrices of

order N but this option can be controlled by entering one of the followng online 14:

BN  Tme x(BW(instead of x(M) wsing matrices of order Mand
bandwi dth K and tine x(dMusi ng matrices of order K

NN I»rnot dothe sanpl e timng of xGMW and x(GMU

The timng paths or routine nanes which foll owmay be specified in any order.

Wen ti ming the band routines it is more interesting to use one | arge val ve of the matrix
size and vary the bandwidth. A anmmotated exanple of aninput file for timng the REAL
linear equation routines that operate on banded natrices is shown bel ow

LAPACK timing, REAL band matrices

1 Number of values of M

1000 Values of M (row dimension)

0] Number of values of N

200 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)

0 48 128 128 128 Values of NX (crossover point)
2 Number of values of LDA

601 602 Values of LDA (leading dimension)
0.0 Minimum time in seconds

BAND Time sample banded BLAS

SGB

SPB

STB

Hre Mspecifies the matrix size and Kspecifies the bandwdth for the test paths S(B
SPB and SIB Note that ve request tinming of the sample HAS for banded matrices by
specifying “BANY on line 14.

Wal so provi de a separate input file for timng the orthogonal factorization and reduc-
tion routines that operate on rectangul ar natrices. Ior these routines, the values of M and
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block variants of the IUfactorization (left-looking, Gout, and right-looking) for Nx N
matrices, as vell as the correspondi ng unhl ocked vari ants on mtrices of size Nx NB and
the Tinpack routi ne xGPFA The x(Htiming path requests tining of three block vari ants

of the (ol esky factori zation and the correspondi ng Ii npack routine xHIA The LU and

(ol esky vari ants are not strictly part of TAPXKand will not be included in the public

rel ease.

The tining progrand have theit own matrix generator that supplies randombeplitz
natrices (constant along a diagonal ) for many of the tining paths. Beplitz natrices are
used becanse they can be generated mre qui ckly than dense natrices, and the call to the
natri x generator is inside the timing loop. The TAP(Ktest matrix generator is used to
generate matrices of known condition for the xQR xHY), xIQ, xQL xQE xR x1D and
xHR paths.

The user specifies a mni numtine for whi ch each routine shoul d run and the conputa-
tionis repeatedif necessary until this tineis used. Inorder to prevent inflated perfornance
due to a matrix remaining in the cache fromone iteration to the next, the paths that use
randomBeplitz natrices regenerate the natrix before each call to the LTAPXKroutine
inthe tining loop. The time for generating the matrix at eachiterationis subtracted from
the total tine.

A amotated exampl e of an input file for tining the REAL linear equation routines
that operate on dense square matrices is shown below The first line of input is printed as
the first line of output and can be used to identify difierent sets of resul ts.

LAPACK timing, REAL square matrices

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)
2 Number of values of K

100 400 Values of K

5 Number of values of NB

1 16 32 48 64 Values of NB (blocksize)

0 48 128 128 128 Values of NX (crossover point)
2 Number of values of LDA

512 513 Values of LDA (leading dimension)
0.0 Minimum time in seconds

SGE TTT

SPO TTT

SPP TTT

SSY TTT

SSP TTT

STR TT

STP TT

SQR TTF

SLQ TTF

SQL TTF



The mmher and size of the input values are linited by certain programmnaxi nuna
whi ch are defined in PARAVEIIRstatenents in the main timing program

Paramater Iescription Vil ve
N Mxi rmmval ve of M N K and N8for dense natri ces 512
IDWX Mxi rmmval ve of TIA 532
NRXB Mxi numval ve of Mfor banded matri ces 5000
MNN Mxi numnunber of values of M N K or N\B 12
MONIA Mxi numnunber of val ves of 1IA 4

The parareter IDWX should be at least NVAX Ior the x(B path, ve mmst have
(I 4+K)M < 3(IDWMX J(NAX ), vhere ID\ > 3K +1, which restricts the value of
K These lints allowKto be as hig as 200 for M=1000. Ior the xPBand 1B paths,
the conditionis (2K +1)M < 3(NIX J(IDWX ).
The input file also specifies a set of LAPKroutine nanes or TAPXIKpath nanes
to be timed. The path nanes are sinilar to those used for the test program and include

the folloving standard paths:

{5, G DZ & (eneral matrices (IUfactorization)

{S GD7Z B  (nreral banded natrices

{S, G DZ RO DBoxsitive defini te mtrices ((holesky factorization)
{S, GD7Z P  Rsitive definite packed

{S, GD7Z B  Resitive definite banded

{S, G DZ SY  Symmetric indefini te natrices (Bmch- Iaufnan factorization)
{S GD7Z SpP Symmetri ¢ indefini te packed

{G 7 HS Fermtian i ndefini te matrices (Bmch kwfnan factori zation)
{C 7 B Hermtian i ndefini te packed

{S, G DZ TR Tangdar natrices

{S, GDZ T  Tianguar packed natrices

(SCND7Z B TFaedar band

{S, G D7Z QR QRdecomposition

{S ¢CD7Z R RY) deconposi tion

{S, ¢ D7Z IQ 1Q deconposi tion

{S, GD7Z QL QL deconposi tion

{S, G D7Z QP  QRdeconposition vith col umm pi voting

{S GCD7Z R Rdution to Hssenberg form

{S GDZ T Rduction toreal tridiagonal form

{S GCDZ R Rdution to hidiagonal form

{S, G D7Z IU Vriants of the IUfactorization

{S GD7Z (H Variants of the (holesky factori zation

Ior tining the Tevel 2 and 3 HAS, tvo extra paths are provi ded:
{SCDZ R Tevel 2 HA

{SCD7Z B Tevel 3 HAS

The paths xIIJ x(H xHR and XIDinclude tining of the equi valent IINX(Kor HS
PYKfactori zati ons and reductions for conpari son. The xIUpath requests timing of three
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tining programal so tines the Tevel 2 and 3 HAS, variants of the IUand (hol esky fac-
torizations, and the reductions to hidiagonal , tridiagonal, or RBessenberg formfor ei genval ue
computations. Resul ts fromthe linear equati on ti ning programare gj venin regaflops, and

the operation counts are conputed froma formla (see Appendix (). Results fromthe

ei gensystemti mng programare gj venin execution tines, operation comts, and negaflops,
vhere the operation counts are cal cul ated during execution wsing special versions of the
LA Kroutines which have been instrumented to count operations. Fach programhas

its own style of input, and the eigensystemtining programaccepts four diflerent sets of
parameters, for the nonsymetric ei genval ue problem the symmetric ei genval ue probl emy

the singdlar val ve deconposition, and the generalized nonsymmetric eigenval uve problem
The folloving sections describe the diferent input formats and tining parameters.

Bith timng prograns, but the linear equation timng programin particular, are in
tended to he used to collect data to determine optinal val ues for the W ock routines. Al of
the Hlock factori zati on, inversion, reduction, and orthogonal transfornationroutines in LA
PYKare incl uded in the linear equation timng program Gurrently, the b ock paranaters
NBand NX as vell as others, are passed to the bl ock routines by the envi ronnent inquiry
function ITAENY vhi ch in turn recei ves these val ues through a common block set in the
tining program Riture inpl enentations of TLAN may be tuned to a speci fic nachine
so that users of TAPKwIl not have to set the Hock size. Ior a brief introduction to
TTANV and gui delines on setting sone of the parareters, see the Helimnary TAPXIK
er’s Gide [1 ].

The main timng procedure for the RAL linear equation routines is found in
LAPACK/TIMING/LIN/stimaa.f in the Wix version and is the first programumit in SIIN
TMin the non thix version. The nain ti ming procedure for the RIAL ei genval ve rou
tines is foundin LAPACK/TIMING/EIG/stimee.f inthe thix versionandis the first program
it in SHGIM'in the non i x version.

6. 1The Linear Equation Ti mi ng Program

The timing programfor the linear equation routines is driven by a data fil e fromwhi ch
the folloving parameters nay be varied:

e M the matrix rowdi nension

e N the matrix col umm di nension

o K the bandwidth for the band routines, or the third dinension for the Tevel 3 HA
e N8 the Hocksize for the hlocked routines

o NX the crossover paint, the point in a bBlock algorithmat which ve swtch to an
unbl ocked al gori thm

o 1IN the leading diransion of the dense and banded natri ces.

Tor banded matrices, the values of Mare used for the mtrix rowand col unm di nensions,
and for symetric or Fermtian matrices that are not banded, the values of Nare used for
the matrix di nensi on.



SGG: Data file for testing Nonsymmetric Eigenvalue Problem routines

7 Number of values of N

01235 10 186 Values of N (dimension)

4 Number of parameter values

1 1 2 2 Values of NB (blocksize)

100 100 2 2 Values of NBMIN (minimum blocksize)

2 4 2 4 Values of NS (no. of shifts)

100 100 2 2 Values of MAXB (multishift crossover pt)
100 100 2 2 Values of NBCOL (minimum col. dimension)
20.0 Threshold value

T Put T to test the LAPACK routines

T Put T to test the driver routines

T Put T to test the error exits

1 Code to interpret the seed

SGG 26

The first line of the input fle must contain the characters SGG in colums 1-3. Tines
2-14 are read wsing list-directed input and specify the following val ves:

line 22 'The nunber of values of N
line 3:  The values of N the natrix di nension
line 41 Nmher of values of the parareters N3 NMIN N5, MXB NB(L.
line 5 The values for the Hocksize NB
line 6:  The values for the mini numbl ocksize, NBMIN
line 7 The values for the mmber of shifts N5
line 8 The values of MXB the ml tishift crossover point
line &0 The values of NB(L, the nimi nmmcol unm di nensi on for bl ocks
line 10:  The threshold val ve for the test ratios
line 11:  "ISIIK flag to test LA Kroutines
line 122 'ISTTRY flag to test driver routines
line 13:  'ISTFRR flag to test error exits froml AP Kand dri ver routines
line 14:  Aninteger code tointerpret the randommmber seed
=0: Set the seed to a default val ue before each run
=1: Initialize the seed to a default val ue only hefore the first run
=2 like 1, but use the seed val ues on the next line
line 15:  If line 14 was 2, four integer val ues for the randommmber seed

The renaining lines are used to specify the natrix types for one or nore sets of tests, asin

the nonsymetric case. The valid 3-character codes are SGG (CGG in conplex, DGG in double
precision, and ZGG in conpl ex*16).

6 More About Ti mi ng

There are tvo distinct timng programs for TAPXKroutines in each data type, one for
the linear equations routines and one for the eigensystemroutines. e linear equation
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Al norm are || .||;. The scalings in the test ratios asswre that the ratios wll be O(1),
independent of || Al and e, and nearly independent of n.

Wen the test programis run, these test ratios wll be conpared vith a user-specified
threshol d THESH , and for each test ratio that exceeds THRISH , a massage is printed
specifying the test matrix, the ratio that failed, andits value. Asanple mssage is

Matrix order= 25, type=18, seed=2548,1429,1713,1411, result 8 is 11.33

In this exanple, the test matrix vas of order n =25 and of type 18 fromBble 11, “seed”
istheinitial 4-integer seed of the randommmber generator used to generate A and B, and
“resul t” specifies that test ratior g failed to pass the threshold, and its val uve was 11.33.

The normal i zation of the ei genvectors will also be checked. If the absol ute value of the
largest entry in an ei genvector is not wthin ¢ X THRISH of 1, then a massage is printed
specifying the error. Asanple nessage is

SCHK51: Right Eigenvectors from STGEVC(JOB=B) incorrectly normalized.
Error/precision=0.103E+05, n= 25, type= 18, seed=2548,1429,1713,1411.

5. 6. 5Tests Performed onthe Generalized NonsymmetricEigenval u

The tvo driver routines have slightly diferent tests applied to them lor SAKS the
folloving tests are conputed:

Ja-aszr| |5 aerzr]
T = To =
[[Al] ne [1B]| ne
|- o7 |- 22|
Ts = T4 =
ne ne

| (7)=S(5,5)] 18G)=T ()] : ¥
rs —mx D(j) = { wax IS O olj) is real
: e mas(al ST ATl =T if a(j) is comlex,
vhere S and T are the 2x 2 di agonal W ocks of S and T' correspondi ng to the 7 th ei genval ve.
For SA¥Vthe folloving tests are conputed:
_ (BA — aB) ]
Te = 1ax
left ei genval ve/-vector pairs (3/a,l) € MAX (18A],|aB])

o (84— aByr

7 pu—

ri ght eigenvalue/—w?ét)i)r pairs (8/a,r) cmax ([BA],|aBl)

5. 6. 6l nput File for Testing the Generalized NonsymmetricEigen
tines and Drivers

A annotated exanple of an input file for testing the generalized nonsymmetric ei gen
val ue routines is shown bel ow
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5. 6. 3Test Matrices for the Generalized NonsymmetricEigenval ue

The same tventy-six diferent types of test natrix pairs nay be generated for the gen
eralized nonsynmetri ¢ ei genval ve drivers. Bhles 10 and 11 showthe types availabl e, al ong
wth the nunbers used to refer to the matrix types. Fkcept as noted, all natrices have
O(1) entries.

5. 6. 4Tests Performed onthe Generalized NonsymmetricEigenval u

Hnding the ei genval tes and ei genvectors of a pait of nonsymetric natrices A, B is
dore in the following stages:

1. Ais decomposedas UHV  * and B as UTV *, vhere U and V' are wnitary, H is upper
Hessenberg, T is upper triangu ar, and U * is the conjugate transpose of U.

2. His decompsed as Q572 *andT as QPZ *, vhere () and Z are witary, P is upper
triangul ar w th non-negati ve real di agonal entries and .S'is in Schur form this al sog ves
the generalized ei genval ues A ;, whichare expressed as pairs (o 4, 3;), vhere A ; =a ;/[3;.

3. The left and right generalized ei genvectors [ ; and 7 ; for the pair .S, P are conputed,
and fromthemthe back-transformed ei genvectors [; and “r; for the mtrix pair H,T.
The ei genvectors are nornalized so that their largest elerent has absal ute value 1 L
(Note that eigenvectors corresponding to singular eigenvalues, i.e., eigenvalues for
which o =8 =0, are not vell defined, these are not tested in the eigenvector tests
described bel ow )

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

oo A= UHYV . IB-uTv
1= =2 e
ne [| Al ne || B|
R vy
3= T4 =
ne ne
_ i -asz o IT—arz|
ne || Hl ne || 7|
= = Qe _ =2z
= rs =
ne ne
H(ﬁis — a; P)TL; H(@H — a7
Tg =X 710 =1ax
ioemx ([|8:5]], flei Pl]) i emx ([|G:H|, |luT])
71 =1max ([[(B:8 — a; P)rs| S— (J(B:H — a1
i emax ([|8:5] lla Pl i emax ([|BH| (lesT)

1For the purpose of normalization, the “absolute value” of a complex number z = z + ¢y is computed as

lz] + |yl
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Mgpitude of A, B

petsibion o | TAT= L [ TAT~ L, [ Al ~ w, [ A~ L, | 4] ~ o,
B genval s IBl~1 | [Bl~w | 1Bl ~w |Bl~3 | [Bl~?1
Al Qes 16

(Same as type 15) 17

Aithmatic 19 2 24 25 23
(eomatric 20

Qustered 18

Random 21

RandomFitri es 26

‘Bhle 11: I2nse test natrices for the generalized nonsymetric ei genval ve probl em

K: A(k +1) X (k 41) transposed Jordan Hlock whichis a diagonal bock wthin a (2k +
1) x (2k +1) matrix. Ths, (K 0) has all zero entries except for the last k di agonal

07

entries and the first k entries on the first subdiagonal . (Note that the matrices (Ig ?)
and ((IJ I?) have odd order; if an even order matrixis needed, a zero rowand col umm
are added at the end. )

Dy: Adiagonal matrix vith the entries 0, 1, 2, . .. , n— 1 onthe diagonal, vhere nis the
order of the natrix

Dy: Adiagonal natrix vith the entries 0, 0, 1, 2, . .. , n— 3, 0onthe diagonal, vhere nis
the order of the matrix

Ds3: Adiagonal natrix wth the entries 0, n—3, n—4, ... , 1, 0, 0 onthe diagonal, vhere

nis the order of the matrix.

Fxcept for matri ces vith randomentries, all the matrix pairs include at 1east one infini te,
ore zero, and one singul ar ei genval ve. Ior arithratic, georatric, and cl ustered ei genval ve
distributions, the el genval ues lie betveen e (the nachine precision) and 1in absol ute val ve.
The ei genval ve distributions have the foll o ng neani ngs:

Aithmetic:  Dfrence betveen adjacent ei genval ves is a constant.
(¢omtric:  Ratio of adjacent eigenval ues is a constant.

(wtered: Qe eigenval ve is 1 and the rest are ¢ in absol ute val ve.
Rndom  Fgenval ves are logari thmcally distri buted.

Randoment i es: Mtrix entries are uniifornhy distri buted randommmbers.



5. 6. 1TThe Generalized NonsymmetricEi genval ue Dri vers

The driver routines for the generalized nonsymetric ei genval ve probl emare

xGE GS factors A and B into generalized Schur formand conputes the generalized ei gen
val ues

xGEGYV comutes the generalized ei genval ues and the 1eft and right generalized ei genvec-

tors

5. 6. 2Test Matrices for the Generalized NonsymmetricEigenval ue

Tventy-six diferent types of test matrix pairs may be generated for the generalized
nonsymetti ¢ el genval ue routines. "Bhles 10 and 11 showthe types available, along vith
the nunbers used to refer to the matrix types. Fcept as noted, all matrices have O(1)
entries.

Mtrix B:

0 I JUL D) Dy Ds
Mtrix A: x1| Xw | x

0 11 3
I 2| 4 8
I xw 12
Ix1 1
Jt 5
(5 6
Dy 7
Dy xw 14 10
Dyx 1 9 | 13
D, 15

X1 X w X

€=
€=

‘Bhl e 10: Sparse test matrices for the generalized nonsymetric ei genval ue problem

The folloving synbal s and abbrevi ations are used:
0: The zero natrix
I: The identity natrix.

w: (gnerally, the underflowthreshhol d tines the order of the natrix divi ded by the nachi ne
precision. Inother vords, this is averysmll mmber, useful for testing the sensitivity
to underflowand di vi sion by small nunbers. Its reciprocal tests for overflowprobl em.

Jt: Tansposed Jordan block, i.e., matrix wth ones on the first subdiagonal and zeros
el sevhere. (Note that the diagonal is zero.)
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line 22 The munber of val ues of Mand N
line 3:  The values of M the mtrix rowdi nension
line 4 The values of N the matrix col unm di nension
line 5 The nunber of values of the paraneters N§ NMN N Nb
line 6:  The values of NB the Hocksize
line 7: The values of NBMIN the mini rambl ocksi ze
line 8 e values of NX the crossover poi nt
line 90 The values of NRIB, the mmber of right hand si des
line 10:  The threshold val ve for the test ratios
line 11:  "ISIIK the flag to test LARXIKroutines
line 122 "ISITRY the flag to test driver routines
line 13:  'ISTFRR the flag to test error exits fromthe IAPXKand driver routines
lirne 14:  Aninteger code tointerpret the randommmber seed.
=0: Set the seed to a default val ue before each run
=1: Initialize the seed to a default val ue only hefore the first run
=2 like 1, but use the seed val ues on the next line
line 15:  If line 14 was 2, four integer val ues for the randommmber seed

The renaining lines are used to specify the natrix types for one or nore sets of tests, asin
the nonsymetric case. The valid 3-character codes are SVD or SBD (CBD in complex, DBD
in double precision, and ZBD in conpl ex*16).

5.6Testing the Generalized Nonsymmetric Ei genval ue Routir

The test routine for the LARKgeneral i zed nonsymetri ¢ ei genval ve routines has the
foll oving paraneters vhi ch nay be varied:

o the order Nof the pair of test matrices A, B
o the type of the pair of test matrices A, B
o five nuneri cal parameters:

— the Hocksize NB

— the mni mumbl ocksize NRMIN ;

— the mmber of shifts N for the mul tishift QZ rethod;
— the mni numbl ocksize MYXB ;

— MMNK the nini mummunber of rovs /col ums to be updated by a block of
Fousehol der transformations in order for hocking to be used.

The test programthus consists of a triply-nested loop, the outer one over quintuples
(NB,NMN N ,MB NNK ), the next over N and the i nner one over matrix types.
O each iteration of the innernost loop, a pair of mtrices A, B is generated and used to
test the ei genval ve routines.



. { 0 if S contains NEMINnonnegati ve val ues in decreasing order.
4 =

% othervise
s = HUA};aJh vhere U ,, is apartially conputed U.
Te = W7 vhere VT v is apal’tiallycorrputedVT,
T M]léi[}?ﬂ“ S vhere S, is the vector of singular val ues fromthe partial S\VD

5. 5. 6l nput File for Testing the Singular Val ue Decomposi tion Ro
A amotated exanple of an input fle for testing the singular valuve deconposition

routines and driver routine is shown bel ow

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

000011112222333310 10 16 16 Values of M
012301230123012310 16 10 16 Values of N

5 Number of parameter values

13 3 320 Values of NB (blocksize)

22 2 2 2 Values of NBMIN (minimum blocksize)
10 5 9 1 Values of NX (crossover point)
20 2 2 2 Values of NRHS

20.0 Threshold value

T Put T to test the LAPACK routines
T Put T to test the driver routines
T Put T to test the error exits

1 Code to interpret the seed

SVD 16

The first line of the input fle must contain the characters SVD in colums 1-3. Tines
2-14 are read wsing list-directed input and specify the following val ves:
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D check these cal cul ations, the following test ratios are conputed:

_a-oBP_l1-@-Q|

T e A 2 me
N L I VB
ne ne || B||
Y - UZ]
Ts = - , vhere Y =Q *X and Z =U *Y.
nax (72, k)e [|Y]|
I | _ H=vvE
6= - ry = -
ne ne
0 if 51 contains " nomnegati ve val ues in decreasing order.
rs =
1 .
— othervise
€
0 if eigenvalues of B are within THRIESH of thosein S1.
Tg =
2« THRESH othervise
L lIsi-s2) .- @uynevy|
e [l51] ne || A]
Lo X —@uzl - @Quyu))
nax (m, k)e [|X| me
o =V P)VEY
14 =
ne
vhere the subscript 1indicates that U and V' vere conputed at the sare time as X, and
0 that they vere not. (Al norm are || l;-) The scalings in the test ratios assure that the
ratios vill be O(1) (typically less than 10 or 100), independent of || Al and ¢, and nearly

independent of m or n.

5. 5. 5Tests Performed on the Singular Val ue Decomposition Dri ve
Ior the driver routine, the folloving tests are conputed:
|A = Udiag (5)VT|]

|| Al| rax (M, N)e
oo
2= Me
HI—VTVTTH
ry = B —



5. 5. 3Test Matrices for the Singular Val ue Decomposition Driver

H ve diflerent types of test natrices nay be generated for the singul ar val ve deconposi tion
driver. Bhle 9 shows the types available, along with the mmhers used to refer to the
natrix types. Fxeept as noted, all matrices have O(1) entries.

K genval ve Ddstri bution
Trpe Aithretic ‘ (¢onatric ‘ Qustered ‘ Random Ober
Zero 1
Identity
UDV 3,41, 5 | |

f—matrix entries are miltiplied by the underflow threshol d/e
T—matrix entries are mil tiplied by the overflowthreshold * ¢

Bhle 9: Bst matrices for the singular val ue deconposi tion driver

5. 5. 4Tests Performed on t he Si ngular Val ue Decomposition Routi

Hnding the singul ar values and singul ar vectors of a dense, m X nmatrix A is done in
the folloving stages:

1. Ais decomposed as QBP  *, vhere () and P are wnitary and B is real hidiagonal.

2. Bis deconposed as UXV, vhere U and V' are real orthogonal and ¥ is a positive real
di agonal matrix of singuar values. Tis is done three times to conpute

(a) B=UX 1V*, vhere ¥ 1 is the diagonal matrix of singular values and the col umms
of the matrices U and V' are the left and right singular vectors, respectively, of
B.

(b) Sare as above, but the singular val ves are storedin ¥ 2 and the singul ar vectors
are not conputed.

(¢) A=(UQ)S(VP) ™, the S\Dof the original matrix A.

Ior each pair of matrix divensions (m,n) and each selected matrix type, an m by n
matrix A and an m by NI natrix X are generated. The problemdimansions are as
fdlovs

mXn
m X 7 (but m x m if N&B > 0)
nXn
nxXn
, V nXn
52 diagonal, order " n
mXx NIb

< Ty O

vhere “n =mn (m,n).



The test programthus consists of a triply-nested loop, the outer one over NB , the next over
pairs (MN), and the inmer one over matrix types. Qneachiteration of the i nmermst loop,
amatrix A is generated and used to test the S\Droutines.

5. 5. 1TThe Si ngular Val ue Decomposition Driver
The driver routine for the singul ar val ue deconpositionis
xGES VDsingd ar val ve deconposi tion of A

5. 5. 2Test Matrices for the Singular Val ue Decomposition Routin

Sixteen di ferent types of test matrices nay be generated for the singul ar val ue decom
position routines. Bhle 8 shows the types available, along with the munbers used to refer
to the matrix types. Fkcept as noted, all matrix types other than the randombhi di agonal
matrices have O(1) entries.

Singul ar Ml ue Dstri bution
Trpe Aithretic ‘ (¢onatric ‘ Qustered Ober
Zero 1
Identity
D agonal 3, 67, 7 4 5
UDV g 117, 12% 9 10
Randomentri es 13, 14 1, 15%
Randomhi di agonal 16

f-mtrixentries are O( +overflow)
I-matrix entries are O( +/underflow)

Bhle 8& "Bst matrices for the singular val ue deconposi tion

Mtrix types identified as “Zero”, “Dagonal”, and “Bandomentries” should be sel f-
expl anatory. The other matrix types have the foll ow ng neani ngs:

Identity: Amn (MN xmn  (MN identity matrix vith zero rovs or col ums added to the
bottomor right tomake it Mx N

UDV: Ral Mx Ndiagonal matrix D vith O(1) entries mltiplied by witary (or real
orthogonal ) matrices on the left and right

Randomhi di agonal : Upper hi di agonal matrix vhose entries are randonhy chosen froma
logari thmc distribution on[¢  2,e72]

The QRal gori thmused i n xHBQ Rshoul d conpute all singul ar val ves, evensmll ones, to
good rel ati ve accuracy, even of matrices withentries varyi ng over many orders of nagni tude,
and the randomhi di agonal matrix is intended to test this. Thus, unlike the other natrix
types, the randomhi diagonal matrix is neither O(1), nor an O(1) matrix scaled to some
other magni tude.

The singular value distributions are analogous to the eigenval ve distributions in the
nonsymetri ¢ ei genval ue probl em(see Section 6.2. 1).
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01235 10 16 Values of N (dimension)

5 Number of values of NB, NBMIN, and NX
13 3 320 Values of NB (blocksize)

22 2 2 2 Values of NBMIN (minimum blocksize)
10 5 9 1 Values of NX (crossover point)

20.0 Threshold value

T Put T to test the LAPACK routines

T Put T to test the driver routines

T Put T to test the error exits

1 Code to interpret the seed

SEP 156

The first line of the input fle must contain the characters SEP in colums 1-3. Tines
2-12 are read wsing list-directed input and specify the following val ves:

line 22 'The nunber of values of N
line 3:  The values of N the natrix di nension
lire 40 The nunher of val ues of the parameters N§ NN N
line 5 The values of NB the Hocksize
line 6:  The values of NBMIN the mini rambl ocksi ze
line 7: The values of NX the crossover poi nt
line 8 e threshol d val ve for the test ratios
line 90 "ISIUK flag to test TARP(Krouti nes
line 10:  'ISTTRY flag to test driver routines
line 11:  'ISTFRR flag to test error exits froml AP Kand dri ver routines
line 122 Aninteger code tointerpret the randommmber seed
=0: Set the seed to a default val ue before each run
=1: Initialize the seed to a default val ue only hefore the first run
=2 like 1, but use the seed val ues on the next line
line 13:  If line 12 was 2, four integer val ues for the randommmber seed

The renaining lines are used to specify the natrix types for one or nore sets of tests, asin

the nonsymetric case. The valid 3-character codes are SEP or SST (CST in conplex, DST

in double precision, and ZST in conpl ex*16).

5.5Testing the Singul ar Val ue Decomposition Routines

The test routine for the TAPKsingul ar val ue deconposi tion (SM) routines has the
foll oving paraneters vhi ch nay be varied:

o the mmber of rows Mand col unms Nof the test matrix A
o the type of the test matrix A

o the Hocksize NB



Wen S is also diagonally domnant by a factor v <1,

|1D4(i) — WR()||
13 1ax ; R
: 1 D4(2)]] w
148% v 2
were w=2A2n— 1) —— - —
( ) (1—7)*
. ||WAL—- D3|
14 = —rmar
e[| DY
s = max (min ;(||WA2(:) — WA3(j)||)) +max (nin ;(||WA3(¢) — WA2(j)[)))
e[| DY
. |5 — YW ALY *||
16 =
ne [|.5]
L lr-yy)
17 =
ne

vhere the subscript 1indicates that the ei genval ues and ei genvectors vere conputed at
the same tine, and 0 that they vere conputed in separate steps. (Al norms are || Alyp-) The
scalings in the test ratios assure that the ratios will be O(1) (typically less than 10 or 100),
independent of || Al and e, and nearly independent of n.

A& in the nonsymmetric case, the test ratios for each test matrix are conpared to a
user-speci fied threshol d THRESH , and a message is printed for each test that exceeds this
threshol d.

5. 4. 5Tests Performed on the SymmetricEi genval ue Dri vers

Ior each driver routine, the folloving tests will be perforned:

|A—ZDZ~
rq -
ne || All
oo -z7
9 =
ne
||1D1— D2||
T3 T
e 101

vhere Z is the matrix of eigenvectors returned vhen the ei genvector option is g ven and
D1 and D2 are the ei genval ues returned wth and without the ei genvector option.

5. 4. 6l nput File for Testing the SymmetricEigenval ue Routines a

Ay anmotated exanpl e of aninput file for testing the symetric ei genval ve routi nes and
drivers is shown bel ow

SEP: Data file for testing Symmetric Eigenvalue Problem routines
7 Number of values of N
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4. 5 is decomposed as Z4 D4 Z4  *, for a symetric positive definite tridiagonal natrix

D5 is the natrix of eigenval ues conputed vhen Z is not conputed.

5. Selected eigenvalues (WAL, W A2 and W A3) are conputed and denote ei genval ves

computed to high absol ute accuracy, wth diferent range options. W R wll denote
ei genval ues conputed to hi gh rel ative accuracy.

6. Given the eigenval ues, the eigenvectors of .5 are conputed in Y.

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

1

T2

T3

T4

Ts

Te

rr

T8

T9

|A — VSV
ne || All
computed by SSYTRD(UPLO = ' U’)
1= UV
ne
test of SORGTR(UPLO =" U")
|A = VSV*|
ne || All
computed by SSYTRD(UPLO = ' L)
1= UV
ne
test of SORGTR(UPLO =" L)
IS — ZD1Z~|
e || S
1 =27
ne
|D1— D2
e [|D1]
||D1— D3|
e [|D1]

0 if eigenvalues of S are wthin THRESH of thosein D1.
2« THRESH othervise

Tor S positive defini te,

1S — Z4D4z4 %
T10
ne |5
T — Z4z4%||
T11 = -
ne
. |D4— D5
12 100¢ || D4)|
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‘ H genval ve Dstri bution
Trpe Aithretic ‘ (¢onatric ‘ Qustered Ober
Zero 1
Identity
D agonal 3 4, 67, 7 5
UDU1 8, 117, 12%, 9, 17* 10, 18 *
16*, 19*, 20°®
Symetri c wRndomentri es 13, 14 T, 15%
Dag [dmhnant 2

T—matrix entries are O( Voverflow)

f—matrix entries are O( +underflow)

* — diagonal entries are positive

* —matrix entries are O( +overflow) and di agonal entries are positive
e —matrixentries are O( +/underflow) and di agonal entries are positive

‘Bhle 6: Bst matrices for the symetric ei genval ve probl em

H genval ve Dstri bution
Trpe Aithretic ‘ (¢onatric ‘ Qustered Ober
Zero 1
Identity
D agonal 3 4, 67, 7 5
UDU! g 111, 12¢ 9 10
Symetri c wRndomentri es 13, 14 T, 15%
Bund 16, 17, 18%

f-mtrixentries are O( +overflow)
I-matrixentries are O( +/underflow)

Bhle 7: Bst matrices for the symetric ei genval ve dri vers

5. 4. 4Tests Performed on t he SymmetricEi genval ue Routines

H ndi ng the ei genval ves and ei genvectors of asymetric natrix A is doneinthe followng
stages:

1. Ais decomposed as USU  *, vhere U is witary, S is real symetric tridiagonal, and
U* is the conjugate transpose of U. U is represented as a product of Husehdl der
transformations, vhose vectors are stored in the first n-1 colums of V', and whose
scale factors are in T AU.

2. 5 is decomposed as ZI1Z  *, where Z is real orthogonal and D1 is a real diagonal
matrix of eigemvalues. D2 is the matrix of eigenvalues conputed when Z is not

conput ed.

3. The “PK mathodis used to conpute D3, the matrixof ei genval ues, using asquare-
root-free mathod vhi ch does not conpute 7.



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

o the Hocksize NB

The testing programthus consists of a triply-nested loop, the outer one over N3 , the next
over N and the inner one over natrix types. (heachiteration of the innermst loop, a
matrix A is generated and used to test the ei genval ve routines.

5. 4. 1'The Symmetri cEi genval ue Dri vers

The driver routines for the symmetric ei genval ue probl emare

xS TE Vei genval ue/ei genvector driver for symetric tridiagonal natrix,

xS TE VXsel ected ei genval ue /ei genvectors for symetric tridiagonal matrix,

xS YE V ei genval ve/ei genvector driver for symetrix natrix,

xS YE VX sel ected ei genval ue/ei genvectors for symetric natrix,

xS PE V ei genval we/ei genvector driver for symetric mtrixin packed storage,

xS PE VX sel ected ei genval ue/ei genvectors for symetri c natrix in packed storage,
xS BE Vei genval ue /ei genvector driver for symetric band matrix,

xS BE VXsel ected ei genval ve/ei genvectors for symmetric band natrix.

5. 4. 2Test Matrices for the SymmetricEi genval ue Routines

Tenty-one di ferent types of test matrices nay be generated for the symetric ei gen
val e routines. "Bhle 6 shows the types available, along wth the mmbers used to refer to
the matrix types. Fkeept as noted, all matrices have O(1) entries. The expression U DU -1
means a real diagonal matrix D with O(1) entries conjugated by a wni tary (or real orthogo-
nal ) matrix U. The ei genval ve di stri buti ons have the sane neani ngs as i n the nonsymmetri c
case (see Section 5.2.1).

5. 4. 3Test Matrices for the SymmetricEigenval ue Drivers

Hghteen di ferent types of test natrices nay be generated for the symetric el genval ve
drivers. The first 15 test matrices are the same as the types of matrices used to test the
symetric ei genval ue conputational routines, and are givenin Bble 6. Bhle 7 shows the
types available, al ong vith the mmbers used to refer to the natrix types. Fkeept as noted,
all matrices have O(1) entries. The expression UDU ~1 means a real diagonal matrix D
with O(1) entries conjugated by a unitary (or real orthogonal ) mtrix U. The ei genval ue
distributions have the sane neanings as in the nonsymetric case (see Section 5.2.1).
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real part of the eigenval ues, the inaginary part of the eigenval ve, the reciprocal condition
munber of the ei genval ves, and the reciprocal condition munber of the vector ei genvector.
The end of datais indicated by dinension NO. Benif no datais to be tested, there must
be at least one line containing N.

The input data for testing x(FF5Xal so consists of tvo parts. The first part is identical
tothat for xCHES (usi ng SSXi nstead of SE and (5Xinstead of (15). The second consists
of preconputed data for testing the ei genval ue/vector condi tion estimation routines. Fach
natrix is stored on 3Nlines, vhere Nis its dimension (3N*2 lines for conplex data).
The first line contains the divension Nand the dinension Mof an invari ant subspace (for
conpl ex data, a thirdinteger ISRI'i ndi cating howthe datais sortedis also provided). The
second line contains Mintegers, identifying the eigenvalues in the invariant subspace (hy
their position in alist of eigenval ues ordered by increasing real part (or inaginary part,
dependi ng on ISRI'for conplex data)). The next Nlines contains the matrix (N*2 lines
for conplex data). The last line contains the reciprocal condition nunber for the average
of the sel ected ei genval ves, and the reci procal condi tion munber for the correspondi ng ri ght
invariant subspace. The end of datais indicated by aline contai ning N6 and M. Fven
if no datais to be tested, there mist be at least one line containing N6 and M.

5.3Testing the Nonsymmetric Eigenval ue Condition Esti ma
tines

The min roatines tested are XIREXCG XTRSY, XTRSMA and XTRSEN ¥ TREXC
reorders ei genval ues on the di agonal of amatrixin Schur form XTRSYLsol ves the Syl vester
equation AX £X B =C for X given A, B and C', XIRSNconputes condi ti on mmbers for
individual eigenval ues and right ei genvectors, and XIRSEN conputes condi tion munbers
for the average of a cluster of eigenval ues, as vell as their corresponding right invariant
subspace. Several auxiliary routines xIAHQU xIAXNG xIAN, x[A)TR, and xIAY
are also tested; these are only wed wthreal (x=5or x3) data.

Do pararaters can be varied; the data files contain preconputed test problems al ong
wth their preconputed sol utions. The reason for this approachis threefold. Hrst, thereis
no sinpl e resi dual test ratio vhich can test correctness of a condition estinator. Second, no
conparabl e code in another 1ibrary exists to conpare sol utions. Third, the condition num
bers ve conpute can thersel ves be quite il1-conditioned, so that ve need the preconputed
sol ution to verify that the conputed result is wthin acceptable bounds.

The test programxeigtsts reads in the data fromthe datafle sec.in (for the RIAL
code). If there are no errors, asingle nessage saying that all the routines pass the tests will
be printed. If any routine fails its tests, an error mssage is printed wth the nane of the
failed routine al ong vith the munber of failures, the mmber of the exanple vith the vorst
failure, and the test ratio of the vorst failure.

Ior nore details on ei gencondi ti on estination, see IARIK Ik ng Note 13 [4 ].

5.4Testing the Symmetric Ei genval ue Routines

The test routine for the AR Ksymmetric ei genval te routines has the foll owng pa-
raneters vhi ch nay be varied:



5. 2. MTnput File for Testing the NonsymmetricEi genval ue Dri vers

There is asingle input file to test all four drivers. The input data for each path (test-
ing xGEV x(HS, xGEWXand xAF5Y) is preceded by a single line identifying the
path (SEV, SE5, S\Xand SSX respectively, when x=5, and (EV (15, (WXand (85X
respectively, vhen x=€). Wdiscuss each set of input datain turn.
Ao ammotated exanpl e of input datafor testing SFEVis shown bel ow( testi ng (CBEV
is identical except (FVreplaces SFV):

SEV Data file for the Real Nonsymmetric Eigenvalue Driver
6 Number of matrix dimensions

0123510 Matrix dimensions

33141 Parameters NB, NBMIN, NX, NS, NBCOL

15.0 Threshold for test ratios

T Put T to test the error exits

2 Read another line with random number generator seed
2518 3899 995 397 Seed for random number generator

SEV 21 Use all matrix types

The first 1ine nust contain the characters SIVin col ums 1-3. The remaining lines are

read wsing list-directed input and specify the folloving val ves:
line 22 The nunber of values of natrix dinension N
line 3:  The values of N the natrix di nension
line 4:  The values of the paraneters NB NMN NX Nb and NH(L
line 5: The threshol d val ve THRESHfor the test ratios
line 6:  Tto test the error exits
line 72 A integer code tointerpret the randomnunber seed
= Set the seed to a default val ve before each run
=: 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 line
line 8& If line 7 vas 2, four integer val ves for the randommmnber seed
line & (ontains ‘SEV in colums 1-3, folloved by the munber of natrix types
(aninteger from0 to 21)
line 90 (and followng) if the mmber of matrix types is at least one and less than
21, alist of integers betveen 1 and 21 indi cating vhi ch matrix types are to
be tested.
The input data for testing xCHES has the same format as for xCFEN except SES
repl aces SEV vhen testing SCGEES, and (IS repl aces (FVwhen testing (CHES.
The input data for testing x(HFVXconsists of tvo parts. The first part is identical to
that for xCHEV(usi ng SVXi nstead of SEVand OXinstead of (V). The second consists
of preconputed data for testing the ei genval ue/vector condi tion estimation routines. Fach
natrix is stored on 1492*Nlines, vhere Nis its divension (14N{N*2 lines for complex
data). The first line contains the dirension, a single integer (for conplex data, a second
integer ISRI'i ndi cating howthe datais sortedis also provided). The next Nlines contain
the matrix, one rowper line (N*2lines for complex data, one itemper row). The last N
lines correspond to each ei genval ue. Fach of these last Nlines contains 4 real values: the
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5 Number of values of NB, NS, and MAXB
1 3 3 3 20 Values of NB (blocksize)

2 2 2 2 2 Values of NBMIN (minimum blocksize)
1 0 5 9 1 Values of NX (crossover point)

2 4 2 4 6 Values of NS (no. of shifts)

20 20 6 10 10 Values of MAXB (min. blocksize)

20.0 Threshold value

T Put T to test the error exits

1 Code to interpret the seed

NEP 21

The first line of the input fle must contain the characters NEP in colums 1-3. Tines
2-11 are read wsing list-directed input and specify the following val ves:

line 2
line 3:
line 4:
line 5:
line 6:
line 7:
line &
line 9:

lire 10:
lire 11:

line 12:

The mmber of valves of N

The values of N the matrix di nension

The mumher of values of the parareters N§ NEMIN NX I, and MXB
The val ues of NB the bl ocksize

The val ues of NBMIN the nini numbl ocksi ze

The val ues of NX the crossover point

The val ues of N, the munber of shifts

The val ues of MXB the nini numbl ocksi ze

The threshol d value for the test ratios

A integer code tointerpret the randommmber seed

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

=1: Initialize the seed to a default val ue only hefore the first run
=2 like 1, but use the seed val ues on the next line

If line 9 vas 2, four integer val ves for the randommunber seed

The remining lines occur in sets of 1 or 2 and all owthe user to specify the matrix types.
Fach line contains a 3-character identification in colums 1-3, which must be either NEP
or SHS (CHS in conplex, DHS in double precision, and ZHS in conplex*16), and the nunber
of mtrix types mst be the first nonbl ank i temin col unms 4-80. If the mmber of matrix
types is at least 1 but is less than the naxi numnunber of possible types, a second line
wll be read to get the mmhers of the matrix types to be used. Ior exampl e,

NEP 21

requests all of the matrix types for the nonsymetric ei genval ve probl emy vhile

NEP 4

9 10 11 12

requests only mtrices of type 9, 10, 11, and 12



These test ratios are conpared to the input parareter THESH If a ratio exceeds
THISH a message is printed specifying the test matrix, the ratio that failed and its
val ve, just like the tests perforned on the nonsymmetric ei genval ue probl emconputati onal
routines.

In addi ti on to the above tests, x(FFMXis tested by conputi ng the test ratios r g through
r11. 78 tests vhether the output quantities SCNE I1Q IH, and ABNRMare identical
independent of which other output quantities are computed. r o tests vhether the output
quanti ty RENVi s i ndependent of the other outputs. r 10 and r 11 are only applied to the
matrices in the preconputed exanpl es:

|RCONDV—RCDVIN]|
cond(RCONDV)

|RCONDE—RCDEIN]|

1o =tax cond(RCONDE)

T11 =Iax

RONV(ROND) is the array of output reciprocal condi tion nunbers of ei genvec-
tors (eigenval ues), RIMN(RIMN is the array of preconputed reciprocal condition

nunbers, and cond( RONV ) (cond(RKNE ) is the condition munber of RINW
x(FES takes the input natrix A and conputes its Schur deconposition A =V .5-T-V § !

vhere V.S is orthogonal and 7" is (quasi) upper triangular, optionally sorts the ei genval ves
on the diagonal of T, and conputes a vector of eigenvalues W. 'he foll owng test ratios
are conputed wthout sorting ei genval ves in T', and conpared to THESH

ry =T in Schur forn? ) Ty = 4HA_Z§||§|.|VS/H
r3 = W rqy =(W agrees vith diagonal of  7')
rs =(T(partial) =I'(full))  re =(W(partial) =W( full))
r7 through r 15 are the same test ratios but wth sorting the ei genval ves . » 13 1ndi cates
vhether the sorting was done successfully.
In addition to the above tests, x(FI5Xis tested via ratios r 14 through 7 17. 714 (715)

tests if RONE(RI(ND) is the same no matter what other quantities are conputed.
716 and r 17 are only applied to the matrices in the preconputed exanpl es:

|RCONDE—RCDEIN]|
cond(RCONDE)

|RCONDV—RCDVIN|

e =tax cond(RCONDY)

T17 =IAX

RONWV(ROND) is the output reciprocal condition mmber of the selected invari-
ant subspace (ei genval ve cl uster), RDIN(RIHN is the preconputed reci procal condi -
tion mmber, and cond( RONV ) (cond(RENE ) is the condi tion mmber of RONV

5. 2. @ nput File for Testing the NonsymmetricEi genval ue Routi n

Ay annotated exanpl e of aninput fle for testing the nonsymetric ei genval ve routines
is shown bel ow

NEP: Data file for testing Nonsymmetric Eigenvalue Problem routines
7 Number of values of N
01235 10 16 Values of N (dimension)
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D check these cal cul ations, the following test ratios are conputed:

L _la-vmey -
ne || A ne
-z =27
ne || Hl ne
. AU TWzy|| = (UZ)UZ)
5 = Te =
ne || All ne
_ 1T — Tof| rg = 141 = Aol
e (1] e [|A]]
. ITR — RA|| . |ILT — AL||
9= R 0= T
1T &l 1T
|HX — XA Y H — AY||
T = T T12 = T
ne || H ||| X ne || HI| Y|
vhere the subscript 1indicates that the ei genval ues and ei genvectors vere conputed at the
same tine, and 0 that they vere conputed in separate steps. (Al norm are || i) The
scalings in the test ratios assure that the ratios will be O(1), independent of || Al and €,

and nearl y i ndependent of n.

Wen the test programis run, these test ratios wll be conpared vith a user-specified
threshol d THESH , and for each test ratio that exceeds THRISH , a massage is printed
specifying the test matrix, the ratio that failed, andits value. Asanple mssage is

Matrix order= 25, type=11, seed=2548,1429,1713,1411, result 8 is 11.33

In this exanple, the test natrix vas of order n =25 and of type 11 fromBHe 5, “seed’ is
the initial 4-integer seed of the randommmher generator used to generate A, and “resul t”
specifies that test ratior g failed to pass the threshold, and its valve vas 11.33.

5. 2. 8Tests Performed onthe NonsymmetricEi genval ue Dri vers

The four drivers have slightly di ferent tests applied to them

x(FFVtakes the inpat matrix A and conputes a mtrix of its right eigenvectors V R,
amatrix of its left eigenvectors V' L, and a (block) diagonal matrix W of eigenval ves. If W
is real it may have 2 by 2 di agonal bl ocks correspondi ng to conpl ex conjugate ei genval ues.
The test ratios conputed are:

o — AVR-VR-W]| o = A VL=VLW]|
L= nel|All 27 nel[All
IV Rl =1 IV Lif|—1]

rg = NI ry = A
ri :(W(full) =W(partial)) TZ :(VR(Efull) =V R(partial))
rr =(V L(full) =V L(partial))

r5, 7 and r 7 check vhether W or VR or VL is conputed identically independent of
vhether other quantities are conputed or not. r 3 and 7 4 also check that the conponent of
VR o VL of largest absol ute val ve is real.



(Jordan Bock )T: Mtrix with ones on the diagonal and the first subdiagonal, and zeros
el sevhere

UTU=t: Schur-formmatrix 7" wth O(1) entries conjugated by a wnitary (or real orthogo-
nal ) matrix U

XTX1: Schur-formmatrix T with O(1) entries conjugated by an il1-condi tioned matrix
X

Ior eigenvalue distributions other than “Qher”, the eigemvalues lie betveen ¢ (the
nachi ne precision) and 1 in absol ute val ve. The ei genval ue distributions have the foll oving
neani ngs:

Aithmetic:  Dference betveen adjacent ei genval ves is a constant
(domtric:  Ratio of adjacent eigenval ues is a constant
(wtered: Qe eigenval ve is 1 and the rest are ¢ in absol ute val ue

Rndom i genval ves are logari thmcally di stri buted

5. 2. 3Test Matrices for the NonsymmetricEi genval ue Dri vers

Al four drivers are tested wth up to 21 types of randommatrices. These are nearly
the same as the types of matrices used to test the nonsymetric ei genval ve conputational
routines, and are givenin Bhle 3. The only diferences are that natrix types 7 and 17 are
scaled by a nunber close to the underflow threshold (rather than its square root), types
8 and 18 are scaled by a mmher close to the overflow threshold, and types 20 and 21
have certain rovs and col uims zeroed out. The reason for these changes is to activate the
autonati ¢ scaling features in the driver, and to test the bal ancing routine.

Inaddition, the condi tionestinationfeatures of the expert drivers xCGiFMXand x(FFSX
are tested by the same preconputed sets of test probl em used totest their constituent pieces
XTRSNA and X TRSEN

5. 2. ests Performed on t he NonsymmetricEi genval ue Routines

Hnding the eigenval ues and ei genvectors of a nonsymetric mtrix A is done in the
folloving stages:

1. Ais decomposedas UHU  *, vhere U is witary, H is upper Hssenberg, and U *is the
conjugate transpose of U.

2. His decomposed as ZT'Z  *, vhere Z is witary and 7" is in Schur form this al so gj ves
the ei genval ues A ;, vhich nay be considered to forma di agonal matrix A.

3. The left and right ei genvector natrices L and R of the Schur matrix T are conputed.

4. Inverseiterationis used to obtain the left and right ei genvector natrices ¥ and X of
the matrix I .



5. 2. IThe NonsymmetricEi genval ue Dri vers

The driver routines for the nonsymmetric ei genval ue prohl emare
XGEEV eigenval ue/ei genvector driver,

XxGEE VX expert version of GV (includes condi tion estination),
xGEES Schur formdri ver, and

XxGEES Xexpert version of x5 (includes cond tion estination).

Ior these subroutines, som tests are done by generating randommatrices of a di ren
sion and type chosen by the wser, and conputing error bounds similar to those used for
the nonsymetric eigenval ue conputational routines. Qher tests we a file of precom
puted matrices and condi tion munbers, identical to that used for testing the nonsymmetric
ei genval te /vector condi tion estimation routines.

The paramaters that can be varied in the randomnatrix tests are:

o the order NVof the mtrix A
o the type of test matrix A

o five nurerical parameters: NB(the block size), NRMN (mini mumbl ock size), NX
(nini numdi nension for blocking), NS (mumber of shifts in xIBHYR), and NB(L

(i umeol unm di nensi on for Bl ocki ng).

5. 2. 2Tlest Matrices for the NonsymmetricEi genval ue Routines

Tenty-one diferent types of test matrices may be generated for the nonsymmetric
eigenval te routines. Bhle 5 shows the types available, along wth the mmbers used to
refer to the matrix types. Feept as noted, all matrices have O(1) entries.

K genval ve Ddstri bution
Trpe Aithretic ‘ (¢onatric ‘ Qustered ‘ Random Ober
Zero 1
Identity 2
(Jordan Bock )T 3
D agonal 4, 7T, & 5 6
vrv-1 9 10 11 12
XTXx! 13 14 15 16, 17, 18%
Randomentri es 19, 20 ¥, 21%
T—matrix entries are O( Voverflow)
f—matrix entries are O( +underflow)

‘Bhle 5: Bst matrices for the nonsymetric ei genval ve probl em

Mtrix types identified as “Zero”, “Identity”, “Iagonal ”, and “Randomentries” shoul d
be self-expl anatory. The other natrix types have the foll ow ng meani ngs:
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requests only mtrices of type 4, 5, and 6.

Weén the tests are run, each test ratio that is greater than or equal to the threshold
value causes a line of informtion to be printed to the output fle. The first such line is
preceded hy a header that 1ists the matrix types used and the tests perforned for the current
path. Asanple line for atest fromthe SSpath that di d not pass vhen the threshol d was
set to 1.01s

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

D get this information for every test, set the threshold to zero. Xter all the unsuccessful
tests have been listed, a sumaryline 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)

5.2Testing the Nonsymmetric Ei genval ue Routines

The test routine for the LAPXIKnonsymmetric ei genval ue routines has the followng
paraneters vhi ch may be varied:

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

o three numerical paramters: the blocksize NB , the mmher of shifts N for the rml-
tishift QRumethod, and the (sub)matrix size MXB below or equal to vhich an
unbl ocked, HSPA<style nethod will be used

The test program thus comsists of a triply-nested loop, the outer one over triples
(NB,N ,MXB ), the next over N and the inner one over matrix types. (heachiteration
of the immermst loop, a matrix A is generated and used to test the ei genval ve routines.

The mmher and size of the input values are linited by certain programmnaxi nuna
vhi ch are defined in PARAMEIIR statenents in the main test program

Paramater Iescription Vil ve
N Mxi rmmval ve for N N8 N5, and MXB 132
MNN Mxi rmmmunber of val ves of the paraneters 2

Ior the nonsymetri ¢ ei genval ve input file, MX Nis both the naxi nummmhber of val ves
of Nand the maxi numnunber of 3-tuples (N3 N, MYB). Simlar restrictions exist for
the other input files for the ei genval ve test program
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133320 Values of NB (the blocksize)

10591 Values of NX (crossover point)
20.0 Threshold value of test ratio
T Put T to test the LAPACK routines
T Put T to test the driver routines
T Put T to test the error exits
SGE 11

SGB 8

SGT 12

SPO 9

SPP 9

SPB 8

SPT 12

SSY 10

SSP 10

STR 18

STP 18

STB 17

SQR 8

SRQ 8

SLQ 8

SQL 8

SQP 6

STZ 3

SLS 6

SEQ

SLU 11

SCH 9

The first 14 lines of the input file are read uwsing list-directed input and are used to
specify the valuves of M N N3 and THRSH(the threshold val ve). lines 12-14 specify if
the LA Kroutines, the driver routines, or the error exits are to be tested. The remai ni ng
lines occur insets of 1or 2 and all owthe user tospecify the mtrix types. Eachline contains
a 3-character path nane in columms 1-3, folloved by the mmber of test natrix types. If
the nunher of matrix types is omtted, as in the above exanple for SH), or if a character
is encountered before aninteger, all the possible matrix types are tested. If the mmber of
mtrix types is at least 1 but is less than the maxi numnunber of possible types, a second
line wll be read to get the mmbers of the matrix types to be used. Ior exanple, the input
line

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

SGE 3
456



o If s are the true singdar values of A, and ~ s are the singular values of T, ve conpute
[ls = 3[1/(llslle)

for SALSX and
[ls = all/(l]s]le)

for SGILSS.

e (onpute the ratio
[AX — BI|/(max (m,n)||A[[[| X]]¢)

o If m >r, fomR =AX — B, and check vhether R is orthogonal to the col urm space

of A by conputing
| RTAJ|/(max (m,n, wrhs)||All]| Bl|e)

o If n > r, checkif X is in the rowspace of A by formng the 1Q factorization of
D=[A H, X]H. letting £ =D(m +1: m 4nrhs,m +1: m +nrhs), ve return

max |dg;|/(vax (m,n, nrhs)e)

5. 1. 8Tests for t he Equilibration Routines

The equili brati on routines are xGHH) U xCH) U xR U xPPH) Uand xPHE) U
These routines performdi agonal scaling on various kinds of matrices to reduce their condi-

tion mmber prior tolinear equation solving. Al of themattenpt to sonehowequalize the
norms of the rows and/or colums of the input natrix by diagonal scaling. This is tested
by generating a fewnatrices for which the ansver is known exactly, and conparing the
output with the correct ansver. There are 1o testing paraneters for the user to set.

Kpilibrationis also an option to the driver routines for the test paths x( x(B xH)
xPP and xPB soit is testedin context there.

5. 1. @ nput File for Testing the Linear Equation Routines

JHomthe test programis input fle, one can control the size of the test matrices, the
Block size and crossover point for the blocked routines, the paths to he tested, and the
matrix types used in testing. Whave set the options inthe input files to run through all of
the test paths. An anmotated exanple of aninput file for the REAL test programis shown
bel ow

Data file for testing REAL LAPACK linear equation routines
Number of values of M
1235 10 16 100 Values of M (row dimension)
Number of values of N
1235 10 16 100 Values of N (column dimension)
Number of values of NRHS
Values of NRHS (number of right hand sides)
Number of values of NB

AN = O N O

2



o Mply the orthogonal matrix Z toI’ fromthe right usi ng STAIZM and conpute the
ratio

1R =T Z[|/(m]|R][€)
o IormZ 717 wsing SLAZM and conpute the ratio

11— 2" 2|/ (me)

5. 1. Tests for t he Least Squares Dri ver Routines

In the SIS path, driver routines are tested for conputing sol utions to over- and under-
determned, possibly rank-deficient system of linear equations AX =B (Ais m x n). lor
each test matrix type, ve generate three natrices: (e vhichis scaled near underfow a
matrix wth noderate normy and one whichis scal ed near overflow

The SAHLS dri ver conputes the least-squares sol utions (vhenm > n) and the mmi
normsol ution (vhenm <n) for anm X nnatrix A of full rank. D test SALS, ve generate
a di agonal | y domnant natrix A, and for C' =4 and ' =A H e

o generate a consi stent ri ght- handside B suchthat X isinthe range space of C', conpute
amatrix X wing SALS, and conpute the ratio

|AX = Bl|/(rax (m, n)|[Al[|| X[]€)

o If C has nore rows than colums (i.e. ve are solving a least-squares problen), form
R =AX — B, and check vhether R is orthogonal to the colum space of A by
conputi ng

|RTC| /(v (1, m, rhs)||A|||| Blle)

o If C has nore colums thanrovs (i.e. ve are sol ving anoverdetermnedsysten), check
vhether the solution X is in the rowspace of C' by scaling both X and C' to have
normone, and formng the QRfactorization of D =[ A, X] if C' =A H and the IQ)
factorizationof D =[A H,X]H if C =A. letting F =D(n: ntwrhs, n+l, ntnrhs)
in the first case, and £ =D(m +1: m +nrhs,m +1: m +nrhs) in the latter, ve
conpute

max |dg;|/(vax (m,n, nrhs)e)

The SALSXand SAHLSS dri vers sol ve a possi bl y rank- defici ent systemAX =B wsing
a conpl ete orthogonal factorization (SALSX) or singular val ue deconposi tion (SCELSS),
respecti vel y. Wgenerate natrices A that have rank 7 =mn (m,n)orrankr =3mn  (m,n)/4
and are scal ed to be near underflow of noderate norm or near overflow Wal so generate
the mull natrix (vhi chhas rank 7 =0). Gvensuchamatrix, ve then generate aright- hand
side B vwhichis in the range space of A.
In the process of determning X, SAISX conputes a conplete orthogonal factor-
ization AP =QTZ, vhereas SAISS conputes the singuar value deconposition A =
Udiag(a)V7T.



o (dnpute the 1east-squares solution to a systemof equations Az =b using SRS,
and conpute the ratio

7 1o = Af[/([[A]] |]]]¢)

In the SQP test path, ve test the QR factorization with colum pivoting (SAHYPY),
whi ch deconposes a matrix A into a product of a permutati on matrix P, an orthogonal
matrix (), and an upper triangul ar matrix R suchthat AP =¢) R. Wgenerate three types
of mtrices A vith singuar values s as follows:

o all singdar val ues are zero,

e all singular valves are 1, except for o in(m,n) =1/¢, and

o the singilar values are 1, 7,7 2. . pmin(mn)=1 /¢
The folloving tests are perforned:

o (bnpute the QR factorization wth columm pivoting using SAQYPE, conpute the
singul ar values ~s of R using SAH2 and SHBQR, and conpute the ratio

|18 = s[l/(ml]sl|e)

o (énerate the orthogonal matrix ¢) fromthe Hhusehol der vectors using SCRMR, and
conpute the ratio
AP — QR|[/(m]|Alle)

o 'Bst the orthogonality of the conputed matrix ¢ by conputing the ratio
11— Q" Ql|/(me)

In the SIZ path, ve test the trapezoidal reduction (SIZRQL), which deconposes an
m X n(m <n) upper trapezoidal matrix R (i.e. »  ;; =0if ¢ > j) intoa product of astrictly
upper triangular matrix 7" (i.e. ¢ ;; =0if ¢ > j or j > m) and an orthogonal matrix Z such
that R =T'7. Wegenerate natrices wth the foll owng three singul ar val ve distributions s:

o all singdar val ues are zero,
e all singular valves are 1, except for o in(m,n) =1/¢, and
o the singilar values are 1, 7,7 2. . pmin(mn)=1 /¢

D obtai nan upper trapezoi dal matrix wth the speci fied si ngul ar val ve distribution, ve gen
erate a dense matri x usi ng SLAINM and reduce it to upper triangul ar formusi ng SUL)R2.
The folloving tests are perforned:

o (onpute the trapezal dal reduction STZRQF, conpute the singul ar val ues ~ s of T using
SAH2 and SHYQR, and conpute the ratio

|18 = s[l/(ml]sl|e)
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5. 1. 3Tests for the Ort hogonal Factorization Routines

The orthogonal factorization routines are contained in the test paths xQR xH), xIQ,
xQL xQP and XIZ The first four of these test the QR RY), 1Q, and QL factorizations
wthout pivoting, The subroutines to generate or mltiply by the orthogonal matrix from
the factorization are also tested in these paths. There is not a separate test path for the
orthogonal transformation routines, since the inportant thi ng when generating an orthog:
onal matrix is not vhether or not it is, in fact, orthogonal, but vhether or not it is the
orthogonal natrix ve vanted. The xQPtest path is used for QRwith pivoting, and X17
tests the reduction of a trapezoi dal matrix by an H) factorization.

The test paths xQR xH), x1Q, and xQL all use the sam set of test matrices and
compute simlar test ratios, so ve will only describe the xQRpath. Aso, ve wll refer
to the subroutines by their single precision real nanes, SGQRE, SAQRS, SAHQR
and SARMQR In the complex case, the orthogonal mnatrices are wmitary, so the nares
beginning wth S(R are changed to AN. Fach of the orthogonal factorizations can
operate on m X n mtrices, were m > n, m =n, or m <n.

Fght test matrices are used for SQRand the other orthogonal factorization test paths.
Al are generated with a predeternned condi tion nunber (by default, x =2.).

1. Dagonal 5. Random K = VO0.1/¢
2. (pper triangul ar 6. Random k =0.1/¢

3. lover triangul ar 7. Scal ed near underflow

4. Randomy x =2. 8. Scal ed near overflow

The tests for the SQRpath are as follovs:

o (bnpute the QR factorization wing SA)RE, generate the orthogonal matrix )
fromthe Fousehol der vectors using SCRE)R, and conpute the ratio

L [[A=QR][/(m]|Alle)
o 'Bst the orthogonality of the conputed matrix ¢ by conputing the ratio
2. |1 -Q"Q|l/(me)

o (éverate a randommatrix C' and mltiply it by @ or @ H sing SAAMQR vith
WO="1, and conpare the result to the product of €' and @ (or @ HY) wsing the
explicit matrix ¢) generated by SCHRQR The diferent options for SARMQR are
tested by conputing the 4 ratios

- 1QC = QCT/(m][Cle)
- 1CQ = CQl/(m][Cle)
QT C = QY Cl/(m|Clle)
- ICQT = CQM|I/(m|Clle)

[

vhere the first product is conputed usi ng SUMY Rand the second using the explicit

mtrix Q.



Bst matrix type TP B
D agonal 1

Random k =2 2 1
Rindomy £ = /0.1/¢ 3 2
Random k =0.1/¢ 4 3
Scal ed near underflow 5 4
Scal ed near overflow 6 5
Identity 7 6
Wit triangdar, kK =2 8 7
Wit triangdar, kK = +/0.1/¢ 9 8
Uit trianguar, k =0.1/¢ 10 9
Mtrix el erents are (1), large right hand side 11 10
Hrst diagonal causes overflow ofdi agonal col urm norma <1 12 11
Hrst diagonal causes overflow ofldi agonal col unm norma > 1 13 12
Gowh factor underflovs, sol ution does not overflow 14 13
Small di agonal causes gradual overflow 15 14
Qe zero di agonal el enant 16 15
Targe ofidi agonal s cause overflowvhen addi ng a col um 17 16
Wit triangular wth large right hand side 18 17

‘Bhle 3: Bst matrices for triangd ar linear systems

Bst ratio TR TP B
7= A& AT TA) | 1

16— sl /(1[4 lelle) > |
o — 2|1/ (lla <) 30| 2
lo— 2|1/ (ll2"]l1e), refned L3
(backvard error) /e 5 4
lo— 2|1/ (ll2"l|(error bowd) ) | 6| 5
RN« & 7 6
s — Asl|/|[AJ 1] ) s 7

‘Bhle 4: Bsts perforred for triangul ar 1inear systems




is returned. Since the same value of ANRVEis used in both cases, this test measures
the accuracy of the estimate conputed for A -1

The sol ve and i terati ve refinenent steps are al so tested with A replaced by A Tor AH vhere
applicable. The test ratios conputed for the general and symmetric test paths are listedin

‘Bhle 2. Hre ve we ||LU — Al| to describe the diférence in the reconputed matrix, even

thoughit is actually ||LL T — A|| or som other formfor other paths.

& R W 5Y 5P @ G mPr

Est ratio routi nes dri vers routines | drivers
[T — AT/l AT) I I I I
1= Al A A ) | 2

16— Asll/(ll Al llalle) 3 ) ) 2
2 = 2 [1/(]]27] k<) 4 3

[|e — a*||/(]|z*||ke), refined 5 3 4 3
(backvard error) /e 6 4 5 4
||z — a*||/(]|z*||(error bound) ) 7 5 6 5
RO « & 8 6 7 6

‘Bhl e 2: Bsts perforred for general and symmetric linear systers

5. 1. 2ZTlests for Triangular Matrices

The triangu ar test paths, XIR XIE and X1B include a mmber of pathological test
matrices for testing the auxiliary routines xLAIRS, xTAIFS, and xTAlB5, which are
robust triangular solves used in condition estimation. The triangular test mnatrices are
summarized in Bhle 3. D generate wnit triangul ar natrices of predetermined condition
mumnber, ve choose a special wmit triangu ar matrix and wse plane rotations to fill in the
zeros wWthout destroying the ones on the diagonal. Tor the XIBpath, all conhinations of
the values 0, 1, n— 1, (3n—1)/4, and (n — 1)/4 are used for the mmber of ofkli agonal s
KD |, sothe diagonal typeis not necessary.

Tpes 11-18 for the XTRand XIPpaths, and types 10-17 for XIB are used onl y to test
the scaling options in xLAIRS, xTAIFS, and xITAIS. These subroutines sol ve a scal ed
triangular systemAx =sb or A T =sb, vhere s is alloved to underflowto 0 in order to
prevent overflowin . Agrowh factor is computed using the norms of the colums of A,
and if the solution can not overflow the level 2 HA routine is called. Types 11 and 18
test the scaling of b when b is initially large, types 12-13 and 15 16 test scaling when the
diagonal of A is small or zero, and type 17 tests the scaling if overflowoccurs when adding
mul tiples of the colums to the right hand side. In type 14, no scaling is done, but the
growh factor is toolarge tocall the equi valent HA routine.

The tests perforned for the triangul ar routines are sinilar to those for the general and
symmetri c routines, including tests of the inverse, sol ve, iterative refinenent, and condition
estination routines. e additional test ratiois computed for the robust triangul ar sol ves:

|50 — Axl[/([[All [|=]| €)
Bhl e 4 shows the test ratios computed for the triangul ar test paths.
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Bst matrix type & B ar R PP m PT SY, SE Hy P
D agonal 1 1 1 1 1
pper triangul ar 2
Tover triangul ar 3
Random k =2 4 1 2 2 1 2 2
Rindom £ = /0.1/¢ 8 5 3 6 5 3 7
Rndomy k =0.1/¢ 9 6 4 7 6 4 8
Hrst colum zero 5 2 8 3 2 8 3
Tast col unm zero 6 3 9 4 3 9 4
Nlddl e col urm zero 5 4 10 5
last n/2 col ums zero 7 4 10 6
Scal ed near under flow 10 7 |5 11 8 7T |5 11 9
Scal ed near overflow 11 8 |6, 12 9 8 |6 12 10
Random wnspeci fied & 7 7
Bock di agonal 1t
T— conpl ex symmetric test paths only
‘Bhle 1: Bst matrices for general and symetric linear systers
di agonal ; and for the paths xSY, xSP xHE or xH replace LU by LD L ToUDUT,

vhere Dis diagonal wth 1-by-1 and 2- by-2 di agonal H ocks.
Tnvert the matrix A wing xxxIR, and conpute the ratio
= AAZY[/(nl[ Al []A=Y]|e)

Tor tridi agonal and banded matrices, inversionroutines are not available because the
inverse voul d be dense.

Sol ve the systemAz =b using x5, and conpute the ratios
1o~ el /(1111 lle)
o = 2I1/(lla"Ixe)
were  * is the exact solution and x is the condition nunber of A.

USe iterative refinerent (xxxRS) to inprove the sol ution, and conpute the ratios
[z — 2| /([l2~[|xe)
(backvard error) /e
[l = 2~||/([|=*[| (error bound) )

(bnpute the reci procal condi tion mmber RONDwsing xxx({N and conpare to
the val ue RONXwhi ch vas conputed as 1/ANRVEF ANRVlafter forning the
inverse. The larger of the ratios

ROD /RONE ad RONE  /ROQD



{S, GD7Z P  Rsitive definite packed

{S GD7Z B  Resitive definite band

{S, G D7Z PI' Rositive defini te tridiagonal

{C 7 HE  Rermitian i ndefini te natri ces

{C 7 B Hermtian i ndefini te packed

{S, G D7Z SY  Symmtric indefini te natrices

{S GD7Z SpP Symmetric indefini te packed

{S, G DZ TR Tangdar natrices

{S GD7Z T  Tianguar packed

(SCND7Z B TFaedar band

{S, G D7Z QR QRdecomposition

{S ¢CD7Z R RY) deconposi tion

{S, ¢ D7Z IQ 1Q deconposi tion

{S, GD7Z QL QL deconposi tion

{S, G D7Z QP  QRdeconposition vith col umm pi voting
{5, CDZ T2  TFapezoidal matrix (R) factorization)
{SG¢D7ZIS Teast Squares driver routines

{S ¢CD7Z K Fpi 11 bration routines

{S GDZIU IUvariants

{SCDZ H (olesky vari ants

The xQR xHY), xIQ), and xQ Ltest paths al so test the routines for generating or mul tipl yi ng
by an orthogonal or wmitary natrix expressed as a sequence of elrentary Hbusehdl der
transfornati ons.

5. 1. ITests for General and SymmetricMatrices

Ior each TAPKtest path specified in the input file, the test programgenerates test
natrices, calls the LAPXKroutines in that path, and conputes a mmber of test ratics to
verify that each operation has perforned correctly. The test matrices usedin the test paths
for general and symetric natrices are shownin Bhle 1. Bth the conputational routines
and the driver routines are tested with the sane set of matrix types. In this context, ¢ is
the nachine epsilon and k is the condition nunber of the matrix A. Mtrix types vith one
or nore colums set to zero (or rovs and columms, if the matrixis symetric) are used to
test the error return codes. Ior band natrices, all conbinations of the values 0, 1, n— 1,
(3n—1)/4, and (n— 1)/4 are wsed for K. and U in the (Bpath, and for KD in the PB
path. Tor the tridiagonal test paths x(land xPL types 1-6 use matrices of predetermned
condi tion mmber, vhile types 7-12 use randomtridi agonal matrices.

Ior the TAPXIKtest paths shown in Bhle 1, each test matrix is subjected to the
fdloving tests:

o Ictor the matrix wsing xxxIR, and conpute the ratio
ILU — Al[/(n][Alle)
This formis for the paths x(F, x(B and xGL Ior the paths xH) xPB or xPB
replace LU by LL T or UTU; for xPL replace LU by LDL T or UTDU, vhere Dis
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5 More About Testing

There are tvo distinct test programna for LAPXKroutines in each data type, one for
the linear equation routines and one for the ei gensystemroutines. Fach programhas its
ow style of input, and the eigensystemtest programaccepts 13 diferent sets of input,
al though four of these may be concatenated into one data set, for a total of 10 input files.
The folloving sections describe the diferent input formats and testing styles.
The main test procedwre for the REAL linear equation rtoutines is
in LAPACK/TESTING/LIN/schkaa.f in the Wix version and is the first programunit in
SIINISTF in the non Whix version. The main test procedure for the REAL ei genval ve
routines is in LAPACK/TESTING/EIG/schkee.f in the ix version andis the first program
it in SHGSTFin the non i x versi on.

5. 1The Linear Equation Test Program

The test programfor the linear equation routines is driven by a data file fromwhi ch the
foll oving paraneters may be varied:

e M the matrix rowdi nension

e N the matrix col umm di nension

o NIF, the nunber of right hand sides

e N8 the Hocksize for the hlocked routines

NX the crossover point, the point in a bock al gorithmat which ve svwtch to an
unbl ocked al gori thm

Tor symmetric or Fermiti an matrices, the values of Nare used for the matrix di nension.

The mmher and size of the input values are linited by certain programmnaxi nuna
vhi ch are defined in PRAVFIFR statenents in the main test prograns. For the linear
equation test program these are:

Paramater Iescription Vil ve
N Mxi numval ve of Mor Nfor rectangul ar natri ces 132
MNN Mxi numnunber of values of MM N N8 or NX 12
MXRtb Mxi rmmval ve of Nth 10

The input fle also specifies a set of TAPKpath nanes and the test matrix types to
be used in testing the routines in each path. Fith names are 3 characters long; the first
character indicates the data type, and the next tvo characters identify a matrix type or
problemtype. The test paths for the linear equation test programare as follovs:

{5, G DZ & (eneral matrices (IUfactorization)

{S GD7Z B  (reral band natrices

{S GCD7Z & (eneral tridiagonal

{S, G DZ RO DBoxsitive defini te mtrices ((holesky factorization)
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4. 9Send the Results to Tennessee

(ongratul ations! You have nowfmi shed installing and testing LAPXK Your partici-
pationis greatly appreci ated. If possible, results and conments shoul d be sent by el ectroni ¢
mil to

sost@s. utk. edu

Ohervise, resul ts nay be submtted ei ther by sending the authors a hard copy of the out put
files or by returning the distribution tape vith the output files stored onit.

Wencourage you to nake the TAPKIi brary available to your users and provide us
wth feedback fromtheir experiences. You should nake it clear that this softvare is still
under devel opnent, and parts of it may be changed before the project is conpleted. The
changes nay aflect the calling sequences of some routines, so the public rel ease of TARK
is not guaranteed to be conpatible with this version.

If youvwoul dlike to do mare, please contact us so that ve may coordinate your eforts
wth the devel opnent of the final test release of TAPXIK Qe optionis tolook at ways to
inprove the perfornance of TAPKon your nachi ne. If youdo not have opti nized H.AS,
tuning the HAS voul d likel y have a dranatic efect on perfornance. Qher suggestions
on fine- tuning specific al gorithma are also velcome. Ior exanple, one of our test sites
noti ced that the rowi nterchanges in the IUfactorization routi ne SCEIRE vere degrading
perfornance on the IBVI3090 because of the nomunit stride in SSWP[2 ]. In response
ve added the auxiliary routine SIAW to interchange a block of rovs, so that wsers of
the TBVIB090 coul d easily replace this routine wth one in vhich the rowinterchanges are

applied to one col umm at a tine.



and LOADOPTS to refer to the l cader and desired 1oad options for your nachine. Then
type make folloved 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.

D nake the eigensystemtinng programs, go to LAPACK/TIMING/EIG and edit the
makefle. I2fine FORTRAN and OPTS to refer to the compiler and desired conpiler
options for your machi ne, and define LOADER and LOADOPTS to refer to the lcader and
desired load options for your nachine. If youare not using the Iortran HAS, define
BLAS to paint to your systemis HA library, instead of ../../blas.a.

Tpe make folloved by the data types desired, as in the exanples of Section 3.5.

The executable files are called xeigtims, xeigtimc, xeigtimd, and xeigtimz and are

created in LAPACK/TIMING.

(& to LAPACK/TIMING and nake any necessary nadifications to the input files. You
may need to set the mni numtine a subroutine wll be tined to a positive val e,

or to restrict the mmber of tests if you are using a conputer wth perfornance in
betveen that of a verkstation and that of a superconputer. Instead of decreasing
the natrix di nensions to reduce the tine, it voul d be better to reduce the nunher of
matrix types to be tined, since the performance varies nore wth the natrix size than
wth the type. Ior exanple, for the nonsymmetric ei genval ve routines, you coul d use
only one matrix of type 4 instead of four matrices of types 1, 3, 4, and 6. See Section
6 for further details.

Rm the programa for each data type you are wsing, Ior the REAL version, the
commands for the smll data sets are

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

Xeigtims < sgeptim.in > sgeptim.out
or the commands for the large data sets are

Xeigtims < SNEPTIM.in > SNEPTIM.out
Xeigtims < SSEPTIM.in > SSEPTIM.out
Xeigtims < SSVDTIM.in > SSVDTIM.out
Xeigtims < SGEPTIM.in > SGEPTIM.out

Simnl ar commands shoul d be used for the other data types.

Send the output files to the amthors as directedin Section 4.9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.
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a) (& to LAPACK/TIMING and make any necessary nodifications to the input files. Yu
may need to set the mini mumtine a subroutine wll be tined to a positive valve. If
you nodi fied the val ues of Nor NBin Section4.8.1, set M N and Kaccordingl y. The
large paraneters amng M N and Kshoul d be the same as the matrix sizes usedin
tining the linear equation routines, and the small parameter should be the sane as
the Hocksizes used in tining the linear equation routines. If necessary, the large data
set can be simplified by wsing only one val ve of TIA

b) Rm the program for each data type you are wing. Ior the REAL version, the
commands for the smll data sets are

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

xtims < sblas.in3 > sblas.out3

or the commands for the large data sets are

xtims < SBLAS.inl > SBLAS.outl
xtims < SBLAS.in2 > SBLAS.out2
xtims < SBLAS.in3 > SBLAS.out3

Simnl ar commands shoul d be used for the other data types.

¢) Send the output files to the authors as directed in Section 4.9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.

4. 8. 3'i mi ng t he Ei gensystemRoutines

The ei gensystemti mng programi s found in LAPACK/TIMING/EIG and the input files are
inLAPACK/TIMING. lour input fil es are provi dedineachdatatype for ti mng the ei gensystem
routines, one for the nonsymetric ei genval ue problem one for the symetric ei genval ue
problem one for the singul ar val ve deconposi ti on, and one for the general i zed nonsyrmetri ¢
eigenvalue problem Ior the REAL version, the small data sets are called sneptim.in,
sseptim.in, ssvdtim.in, and sgeptim.in, respectively, and the large data sets are called
SNEPTIM.in, SSEPTIM.in, SSVDTIM. in, and SGEPTIM. in. Fichof the four input fles reads
a diferent set of paramters, and the formt of the input is indicated by a 3-character code
on the first 1ine.

The tining programfor ei genval ve/singdl ar val ue routines accurml ates the operation
comt as the routines are executing using special instrumented versions of the LAPXIK
routines. The first step in compiling the timng programis therefore to nake a library of
the instrurented routines.

a) ‘b mke a library of the instruented IAPXK routines, first go to
LAPACK/TIMING/EIG/EIGSRC and edit the mkefle. I¥fine FORTRAN and OPTS torefer
to the conpiler and desired conpiler options for your machine, and define LOADER
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desired load options for your nachine. If youare not using the Iortran HAS, define
BLAS to paint to your systemis HA library, instead of ../../blas.a.

b) Bpe make folloved by the data types desired, as in the examples of Section 3.5.
The executable fles are called xtims, xtimc, xtimd, and xtimz and are created in
LAPACK/TIMING.

¢) (@ to LAPACK/TIMING and make any necessary nodifications to the input fles. Yu
may need to set the mni numti ne a subroutine vill be tined toa positive value, or to
restrict the size of the tests if youare using a conputer wth perfornance in betveen
that of a vorkstation and that of a superconputer. The conputational requirenants
can be cut inhalf by using only one valve of TIA If it is necessary to al so reduce the
natrix sizes or the values of the Hlocksize, correspondi ng changes shoul d be nade to
the HA input fles (see Section 4.8.2).

d) Rm the programs for each data type you are wing. Ior the REAL version, the
commands for the smll data sets are

xtims < stime.in > stime.out
xtims < sband.in > sband.out

xtims < stime2.in > stime2.out

or the commands for the large data sets are

xtims < STIME.in > STIME.out
xtims < SBAND.in > SBAND.out
xtims < STIME2.in > STIME2.out

Simnl ar commands shoul d be used for the other data types.

e) Send the output flles to the authors as directed in Section 4.9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.

4. 8. 2I'i mi ng t he BLAS

The linear equation timing programis also used to tine the HA. Three input files
are provi ded in each data type for timing the Tevel 2 and 3 HA. These input fles tine
the HAS using the matrix shapes encomntered in the LAPXKroutines, and ve wll use
the results to anal yze the performance of the LA Kroutines. Ior the REAL version,
the smll data fles are sblas.inl, sblas.in2, and sblas.in3 and the large data files
are SBLAS.in1, SBLAS.in2, and SBLAS.in3. There are three sets of inputs hecause there
are three parareters in the Tevel 3 HA, M N and K and in nast applications one of
these parameters is smll (on the order of the blocksize) while the other tvo are large (on
the order of the mtrix size). In sblas.inl, Mand Nare large but Kis small, while in
sblas.in2 the smll parameter is M and in sblas.in3 the smll parameter is N The
Tevel 2 HA are tived only in the first data set, where Kis also used as the bandvidth
for the banded routines.
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4. 8Run t he LAPACKTi mi ng Progr ams

There are tvo distinct tinng prograns for LA Kroutines in each data type, one
for the linear equation routines and one for the ei gensystemroutines. The timing program
for the linear equation routines is also used to time the HA. Wencourage you to con
duct these ti mng experinents in RAL and COMAFXor in IOHEPREISICN and
(OMEXFIG; it is not necessary to send timng resul ts in all four data types.

T sets of inpat files are provided, a small set and alarge set. The small data sets are
appropri ate for a standard vorkstation or other nonvector machine. The large data sets
are appropri ate for superconputers, vector conputers, and hi gh perfornance vorkstati ons.
Ware nainly interested in resul ts fromthe large data sets, andit is not necessary to run
both the large and small sets. The values of Nin the large data sets are about five tines
larger than those in the small data set, and the large data sets use additional values for
parameters such as the Hock size NBand the leading array divension IIA Smll data
sets are indicated by lover case namas, suchas stime.in, and large data sets are indicated
by upper case nares, such as STIME.in. Fkeept as noted, the leading ‘s’ (or *S’) in the
input file nare must be replaced by *d’, “c’, or ‘7" (‘D, ‘C, or ‘Z) for the other data types.

Wencourage you to obtain timing results wth the large data sets, as this allows us to
compare di ferent nachines. If this voul d take too much tine, suggestions for pari ng back
the large datasets are gi venin the instructi ons bel ow Wal so encourage you to experi nent
wth these timng programs and send us any interesting resul ts, such as results for larger
problems or for a wder range of hlock sizes. The main programs are dinensioned for the
large data sets, so the paraneters in the main programmay have to be reduced in order
to run the small data sets on a small nachine, or increased to run experinants wth | arger
probl em.

The mini numtine each subroutine wll be tined is set to 0.0 in the large data files
and to 0.05 in the small data files, and on many machines this value shoul d be increased.

If the tining interval is not 1ong enough, the tine for the subroutine after subtracting the
overhead may be very small or zero, resul ting in megaflop rates that are verylarge or zero.
("B avoi d di vi si on by zero, the negafloprate is set tozeroif the timeis less thanor equal to
zero. ) 'The mini numtine that shoul d be used depends on the machi ne and the resol ution

of the clock.

Ior more informtion on the tinming programs and howto modify the input fles, see
Section 6.

4. 8. ITi mi ng t he Li near Equations Routines

The linear equation timing programis found in LAPACK/TIMING/LIN and the input files
are in LAPACK/TIMING. Three input fles are provided in each data type for timng the
linear equation routines, one for square natrices, one for band matrices, and one for rect-
angul ar natrices. The small data sets for the REAL version are stime.in, sband.in, and
stime2.1in, respectively, and the large data sets are STIME.in, SBAND.in, and STIMEZ2. in.

a) ‘b mke the linear equation timng program, go to LAPACK/TIMING/LIN and edit
the nakefl e. I2fine FORTRAN and OPTS to refer to the conpiler and desired conpiler
options for your machi ne, and define LOADER and LOADOPTS to refer to the lcader and
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d)

Send the output files to the amthors as directedin Section 4.9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.

.ZTesting the Ei gensystemRoutines

(o to LAPACK/TESTING/EIG and edit the nakefle. I3fine 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 desired]oad options for your machine. If you
are not using the ortran HAS, define BLAS to point to your systems HAS i brary,
instead of ../../blas.a.

Tpe make folloved by the data types desited, as in the exanples of Section 3.5. The
executable files are called xeigtsts, xeigtstc, xeigtstd, and xeigtstz and are
created in LAPACK/TESTING.

(& to LAPACK/TESTING and run the tests for each data type. The tests for the eigen
systemrouti nes use ten separate input flles, for testing the generalized nonsyrmetric
ei genval ue probl emroutines, the nonsymetric ei genval ve probl emdri vers, the non
symetric ei genval ue probl emroutines, the symetric ei genval ue probl emrouti nes,
and the singular val ue deconposition routines. 'The tests for the REAL version are

as Toll ovs:

xeigtsts < nep.in > snep.out
xeigtsts < sep.in > ssep.out
xeigtsts < svd.in > ssvd.out
xeigtsts < sec.in > sec.out
xeigtsts < sed.in > sed.out
xeigtsts < sgg.in > sgg.out
xeigtsts < ssg.in > ssg.out
xeigtsts < ssb.in > ssb.out
xeigtsts < sbal.in > sbal.out
xeigtsts < sbak.in > sbak.out

The tests using xeigtstc, xeigtstd, and xeigtstz also use the input files nep.in,
sep.in, andsvd.in, but theleading ‘s’ inthe other input file nanes must be changed
to‘c, ‘d, or ‘z’. Whave shown the output of these ten tests going to ten diflerent
output files, but ve vould prefer to receive one file containing the results of all the
tests.

Send the output files to the amthors as directedin Section 4.9. Hease tell us the type
of machine on which the tests vere run, the compiler options that vere used, and
details of the HA library or libraries that you used.
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4. 5Create the LAPACKLi brary

a) (@ to the directory LAPACK/SRC and edit the makefle. Idfine FORTRAN and OPTS to
refer to the conpiler and desired conpiler options for your nachire.

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

The TAPAKlibrary is created in LAPACK/lapack.a.

4. 6Create the Test Matrix Generator Library

a) (@ tothe directory LAPACK/TESTING/MATGEN and edit the makefie. I3fine FORTRAN
and OPTS torefer to the conpiler and desired compiler options for your nachine.

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

The test matrix generator library is created in LAPACK/tmglib. a.

4. 7TRun t he LAPACK Test Progr ams

There are tvo distinct test programna for LAPXKroutines in each data type, one for
the linear equati on routines and one for the ei gensystemroutines. In each data type, there
is one input file for testing the linear equation routines and ten input files for testing the
ei genval ve routines. The input files reside in LAPACK/TESTING. Ior nore i nformation on the
test programs and howto nodify the input fles, see Section 5.

4. 7. MTesting t he Li near Equations Routines

a) (to LAPACK/TESTING/LIN and edit the mkefle. Idfine 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 desired]oad options for your machine. If you
are not using the ortran HAS, define BLAS to point to your systems HAS i brary,
instead of ../../blas.a.

b) Bpe make folloved by the data types desired, as in the examples of Section 3.5.
The executable fles are called xchks, xchkc, xchkd, or xchkz and are created in
LAPACK/TESTING.

¢) (@ to LAPACK/TESTING and run the tests for each data type. lor the REAL version,
the cormand is

xchks < stest.in > stest.out
The tests using xchkd, xchkc, and xchkz are similar wth the leading s’ in the i nput
and output file nanes replaced by ‘d’, ‘c’, or ‘z’.
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b) Bpe make folloved by the data types desired, as in the exanples of Section 3.5. The
nake command can be run more than once to add another data type tothe libraryif
necessary.

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

4. 4Run t he BLAS Test Progr ams

Bst prograna for the Tevel 2 and 3 HAS are in the directory LAPACK/BLAS/TESTING.
Atest programfor the Tevel 1 HA is not included, in part because only a subset of the
original set of Tevel 1 HA is actually used in TAPXK and the ol d test programvas
designed to test the full set of Ievel 1 HA. The original Tevel 1 HA test programis
avai | abl e fromnetlib as 1M al gori thm539.

a) ‘D mke the Ievel 2 HA test program, go to LAPACK/BLAS/TESTING and edit
the mkefle called makeblat2. I2fine FORTRAN and OPTS to refer to the conpiler
and desired conpiler options for your machine, and define LOADER and LOADOPTS to
refer to the loader and desired load options for your machine. If you are not using
the Tortran HAS, define BLAS to point to your systemis HAS library, instead of
../../blas.a.

b) Bpe make -f makeblat2 folloved by the data types desired, as in the exanples of

Section 3.5. The executabl e files are called xblat2s, xblat2d, xblat2c, and xblat2z

and are created in LAPACK/BLAS.

¢) (& to LAPACK/BLAS and run the Ievel 2 HAS tests. lor the RIAL version, the
comand is

xblat2s < sblat2.in

Sinilar commands shoul d be used for the other test prograna, wth the leading ‘s’ in

the input file nane replaced by “d’, ‘c’, or *z’. The nane of the output fle is indi cated
on the first line of the input fle andis currently defined to be SBLAT2.SUMM for the
REAL version, vith similar nanes for the other data types.

d) D comile and run the Ievel 3 HAS test programs, repeat steps ac using the
nakefl e makeblat3. Ior step ¢, the executable programin the RFAL version is

xblat3s, the input fle is sblat3.in, and output is to the fle SBLAT3.SUMM, wth

simil ar namas for the other data types.

If the tests wsing the supplied data files vere conpl eted successfully, consider vhether
the tests vere sufliiently thorough. Ior exanple, on a nachine with vector registers, at
least one val ue of Ngreater than the length of the vector regi sters shoul d be used; othervise,
inportant parts of the conpiled code may not be exercised by the tests. If the tests vere
not successful, either because the programdid not fiish or the test ratios did not pass
the threshol d, youwll probahly have to find and correct the probl embefore contiming. If
you have been testing a systemspecific HA library, try using the Iortran HA for the
roatines that did not pass the tests. Ior mre details on the HAS test programs, see [8
and [6 ].
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‘U: Uderflowthreshol d

Sore people may be famliar wth RIMCH(DIM(H), a printive routive for set-
ting nachine paraneters in vhich the user must comment out the appropri ate assi gnnent
statenants for the target nachine. If a versionof RIM(Iis on hand, the assignnents in
SIAMH can be made to refer to RIM(Husing the correspondence

SIACH ‘U ) =RIM(H 1
SLACH ‘O ) =RIM(H 2
SIAH *E ) =RIMCH 3)
SIAH ‘B ) =RIMCH 5 )

The safe mni numreturned by SIAMH °S ) is initially set to the underflowval ve, but
if 1/(overfow ) > (underfow ) it is recomputed as (1/(overflow ) * (1+¢), vhere ¢ is the

nachi ne preci sion.

) )
) )
)
)

4. 2. A nstalling SECOND and DSECND

Both the timng routi nes and the test routines call SHOND(IFHN), areal function
wth no argunents that returns the tine in seconds fromsome fixed starting tine. Qmr
version of this routine returns only “user tine”, and not “user time +systemtine”. The
version of SH{NDin second.f calls FIIM; a Iortranlibrary routine available on sone
computer systers. If FIIMEis not available or a better local timing function exists, you
wll have to provide the correct interface to SKONDand IBHNDon your nachi ne.

The test programin secondtst.f performs anillion operations using 5000 i terati ons of
the SAXPY operation y : =y +ax on a vector of length 100. The total tine and negaflops
for this test is reported, then the operation is repeated including a call to SH{N)on
each of the 5000 iterations to determne the overhead due to calling SHEN) Rmn the
test programby typing testsecond (or testdsecnd). There is 1o single right ansver, but
the tines in seconds shoul d be positive and the ragaflop ratios should be appropriate for
your machine. If you modi fy SKHONDor TSHN) copy second.f and/or dsecnd.f to
LAPACK/SRC/ for inclusion in the LAPXIKIi brary.

4. 3Create the BLAS Li brary

Ideally, a highly optimzed version of the H& 1ibrary al ready exi sts on your machi ne.
In this case you can go directly to Section 4.4 to make the HA test program. You
nay al ready have a library containing some of the HAS, but not all (Ievel 1 and 2, but
not level 3, for exanple). If so, youshould use your local version of the HAS vherever
possi bl e.

a) (@ to LAPACK/BLAS/SRC and edit the makefle. I3fine FORTRAN and OPTS to refer to
the conpiler and desired conpiler options for your machine. If you al ready have sone
of the HA, comment out the lines defini ng the HAS you have.
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ASCIT character set
Tests completed

If any nodi fications vere required to ISAME copy 1same.f to both LAPACK/BLAS/SRC/
and LAPACK/SRC/. The function ISAMEis needed by both the HAS and TARNK so it

is safer to have it in both libraries as long as this does not cause trouble in the link phase
vhen both libraries are used.

4. 2. Anstalling SLAMCH and DL AMCH

SIAMI and TXTAMIH are real functions wth a single character paranater that
indicates the nachi ne parameter to be returned. The test programin slamchtst.f simply
prints out the di ferent val uves conputed by SLAMH so you need to knowsonet hi ng about
vhat the values should be. Ior exanple, the output of the test programfor SLAMHon
a Sm SPHstationis

Epsilon = 5.96046E-08
Safe minimum = 1.17549E-38
Base = 2.00000
Precision = 1.19209E-07
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
Reciprocal of safe minimum

3.40282E+38
8.50706E+37

(O a Gay nachi ne, the safe mini nmumderflovs i ts output representati on and the overflow
threshol d overflows its output representation, so the safe minimmmis printed as 0.00000
and overflowis printed as R This is normal. If you would prefer to print a representable
mnber, you can nodify the test programto print SEMINI00. and RMX/100. for the

safe nini numand overflowt hreshol ds.

Rm the test programby typing testslamch. If any nodifications vere nade to
SIAMH copy slamch.f to LAPACK/SRC/. I the same for IIAMHand the test pro-
gramtestdlamch. If both tests were successful, go to Section 4.2.3.

If SIAH (or IIAMH) returns an invalid value, you wll have to create your own
version of this function. The followng options are used in TAPXKand must be set:

‘B: Bise of the nachine

‘E: Hsilon (relative nachine precision)
‘O: Qerflowthreshol d

‘P: Decision =Fxilon*Bise

‘S’ Safe mni mm(of ten sane as underflowthreshol d)
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requi renents wll beless if youdo not use all four data types. The total space requirenants
including the object files is approxi natel y 70 MBfor all four data types.

If yourecei ved atar fil e of TARPXKviathe fil e transfer programt tp, enter the followng
command to untar the fil e:

tar xvf file (where file is the name of the tar file)
Since single precision (RIAL+WMAEX) and doubl e precision (BOAHEPREISION
+OMIEXE16) are separated i nto tvo separate tar flles, the space requi rerents for each
tar file will be half vhat they are for the tape.

4. 2Test and Install the Machine-Dependent Routines.

There are five nachi ne-dependent functions in the test and timing package, at least
three of which must be installed. They are

ISAE - TATCAL Bst if two characters are the same regard ess of case
SIAMH ReAL I3termne nachi ne- dependent paraneters

IAH WHEPRISIN [3ternine nachi ne- dependent pararaters

SHEND) RAL Return time in seconds froma fixed starting tine

BHN) IHEPREISIN Return tine in seconds froma fixed starting tine

If you are working only in single precision, you do not need to install TPAMH and
IBHN) and if you are working only in double precision, you do mot need to install
SIAMHand SHEN)

These five subroutines are provi ded on the tape in LAPACK/INSTALL, al ong wth five test
prograns and a nakefil e. 1 conpile the five test programs, goto LAPACK/INSTALL andedit
the mkefil e. I¥fine FORTRAN and OPTS torefer tothe conpiler and desired conpiler options
for your nachine. Then type make tocreate test programa called testlsame, testslamch,
testdlamch, testsecond, and testdsecnd. The expected results of each test program
are descri bed bel ow

4. 2. Installing LSAME

ISAWi s alogical function wth tvo character paraneters, Aand B It returns . TRE

if Aand Bare the same regardl ess of case, or . FASE if they are diflerent. Ior exampl e,
the expression

LSAME( UPLO, U’ )

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

"The supplied version vorks correctly on all systers that use the ASU1 code for internal
representations of characters. Ior systems that use the FBI1Ccode, one constant must be
changed. Tor Q¥systerd with 6- 12 hit representati on, al ternative code is providedin the
coments. The test programin lsametst.f tests all comhinations of the same character
in upper and lover case for Aand B and tvo cases where Aand Bare diferent characters.

Rm the test progranby typingtestlsame. If ISAMEvorks correctly, the onl y message
you shoul d see is
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xeigtsts < ssb.in > ssb.out
repeat for ¢, d, and z (except for nep.in, sep.in, and svd.in, replace the leading s
inthe input fle by ¢, d, or z, respectively)

8. Rm the TAPXKTming Prograns

cd LAPACK/TIMING/LIN

make

cd LAPACK/TIMING

xtims < stime.in > stime.out
xtims < sband.in > sband.out
xtims < stime2.in > stime2.out
repeat for ¢, d, and z

xtims < sblas.inl > sblas.outl
xtims < sblas.in2 > sblas.out2
xtims < sblas.in3 > sblas.out3
repeat for ¢, d, and z

cd LAPACK/TIMING/EIG/EIGSRC
make

cd LAPACK/TIMING/EIG
make

cd LAPACK/TIMING
xeigtims < sgeptim.in > sgeptim.out
xeigtims < sneptim.in > sneptim.out

xeigtims < sseptim.in > sseptim.out

v VvV V VvV

xeigtims < ssvdtim.in > ssvdtim.out

repeat for ¢, d, and z

4. 1Read the Tape or Untar the File

If you received a tar tape of LAPXIS type one of the foll oving comands to unl cad
the tape (the device nare nay be diffrent at your site):

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

tar xvf /dev/rmt8 (9 tracktape)

This wll create a top-level directory called LAPACK. Yu will need about 28 regabytes to
read in the conplete tape. (h a Sun SPHStation, the libraries used 14 MBand the
LA Kexecutabl e files used 20 MB In addition, the object fles used 18 MB but the
object files can be del eted after creating the libraries and executable files. Your actual space



xblat3d < dblat3.in
xblat3c < cblat3.in
xblat3z < zblat3.in

5. (teate the TARNKI brary

cp LAPACK/INSTALL/lsame.f LAPACK/SRC/
cp LAPACK/INSTALL/slamch.f LAPACK/SRC/
cp LAPACK/INSTALL/dlamch.f LAPACK/SRC/
cp LAPACK/INSTALL/second.f LAPACK/SRC/
cp LAPACK/INSTALL/dsecnd.f LAPACK/SRC/
cd LAPACK/SRC

make
6. (teate the Iibrary of Bst Mtrix (enerators

cd LAPACK/TESTING/MATGEN

make

7. Rm the TAPXK'Bst Brogram

cd LAPACK/TESTING/LIN

make

cd LAPACK/TESTING

xchks < stest.in > stest.out
xchkd < dtest.in > dtest.out
xchkc < ctest.in > ctest.out
xchkz < ztest.in > ztest.out
cd LAPACK/TESTING/EIG

make

cd LAPACK/TESTING

xeigtsts < nep.in > snep.out
xeigtsts < sep.in > ssep.out
xeigtsts < svd.in > ssvd.out
xeigtsts < sec.in > sec.out
xeigtsts < sed.in > sed.out
xeigtsts < ssg.in > ssg.out
xeigtsts < sgg.in > sgg.out
xeigtsts < sbal.in > sbal.out
xeigtsts < sbak.in > sbak.out



Qui ckReference Gui de for Installation of LAPACK

If youinsist on mot reading the instructions, here is an abbrevi ated set of directions for
installing and testing LAPAK
Dinstall, test, and tine LAPIE

1. Rad the tape or untar the file

tar xvf /dev/rst0 (cartridge tape), or
tar xvf /dev/rmt8 (9 tracktape), or
tar xvf file (fromafie)

2. Bst and Install the Mchine- I#pendent Routines

cd LAPACK/INSTALL
make
testlsame
testslamch
testdlamch
testsecond
testdsecnd

3. (eate the HA Tibrary, of reessay

(NFE Fa bt paforaee it is reomadd yu e the imfatues’ BLY

cp LAPACK/INSTALL/lsame.f LAPACK/BLAS/SRC/
cd LAPACK/BLAS/SRC

make
4. Rmn the Tevel 2 and 3 HA Bst Programs

cd LAPACK/BLAS/TESTING
make -f makeblat2

cd LAPACK/BLAS

xblat2s < sblat2.in
xblat2d < dblat2.in
xblat2c < cblat2.in
xblat2z < zblat2.in
cd LAPACK/BLAS/TESTING
make -f makeblat3

cd LAPACK/BLAS

xblat3s < sblat3.in



wthout any options creates a library of all four data types. The make command can be
run nore than once to add another data type to the library if necessary. Recause of the
quantity of softvare in TAPK conpiling all four data types intoone library nay not be
advi sabl e; see Appendi x Dfor al ternate suggesti ons.

Simnl arly, the nakefiles for the test routines create separate test programd for each data
type. These programa can be created one at a tine:

make single

make double

or all at once:
make single double complex complexl6

vhere the last command is equivalent to typing make by itself. In the case of the HAS
test programs, where the makefil e has a nare other than makefile, the -f option mst be
added to specify the file nane, as in the foll owng exanpl e:

make -f makeblat2 single

The nakefil es used to create libraries call ranlib after each ar command. Sone corm
puters (for exanple, (R conputers rumning IN((B) do not require ranlib to be run
after creatingalibrary. (hthese systena, references toranlib shoul d be comented out or
removed fromthe makefiles in LAPACK/SRC, LAPACK/BLAS/SRC, LAPACK/TESTING/MATGEN,
and LAPACK/TIMING/EIG/EIGSRC.

4 Installing LAPACK on a Unix System
Installing, testing, and tining the Wix version of LAY nvol ves the foll owng steps:

1. Rad the tape or untar the file.

2. Bst and install the machi ne- dependent routines.

3. (teate the HA library, if necessary.

4. Rm the Tevel 2 and 3 HAS test program.

B. (eate the LAPXKIibrary.

6. (eate the library of test matrix generators.

7. Rm the TAPXKtest programn.

8. Rm the TARPKti ming prograns.

9. Send the results fromsteps 7 and 8 to the authors at the T versity of Ennessee.



use it (but be sure torun the HAS test program). If an optimzed library of the H& is
not available, lortran source code for the Tevel 1, 2, and 3 HA is provi ded on the tape.
sers should not expect too much fromthe Iortran HAS; these versions vere witten to
define the hasic operations and do not enpl oy the standard tricks for optinizing lortran
code.
The formal definitions of the Tevel 1, 2, and 3 HAS are in [9 1, [T, and [5]. (opies of
the HA Qui ck Reference card are available fromthe authors.

3. 3LAPACK Test Routines

This release contains two distinet test programs for LAPXKroutines in each data
type. Qe test programtests the routines for solving linear equations and linear 1east
squares problems, and the other tests routines for the mtrix eigenvalve problem The
routines for generating test natrices are used by both test program and are conpiled into
alibrary for use by both test programs.

3.4LAPACK Ti mi ng Routines

This release also contains tvo distinct timng prograns for the TAPXIKroutines in
each data type. The linear equation ti nming programgathers perfornance datain regaflops
on the factor, sal ve, andinverse routines for sol ving linear systend, the routines to generate
or apply an orthogonal natrix gi ven as a sequence of el erantary transformati ons, and the
reducti ons to hi di agonal , tridiagonal, or Ressenberg formfor ei genval ve conputati ons. The
operation counts used in conputing the megaflop rates are conputed froma formil a; see
Apendix C The eigenval ve timing programis used wth the eigensystemroutines and
returns the execution tine, munber of floati ng point operations, and negaflop rate for each
of the requested subroutines. Inthis program the mmber of operations is conputed while
the code is executing using special instrunented versions of the TARPXKsubroutines.

3. 5makefil es

The libraries and test programa are created using the makefile in each directory.
Brget nanes are supplied for each of the four data types and are called single, double,
complex, and complex16. D create alibrary fromone of the files called makefile, you
sinply type make folloved by the data types desired. Hre are som exanpl es:

make single
make double complex16
make single double complex complexl6

Aternativel y,

make



3 Overview of Tape Contents

Mst roatines in IA K occur in four versions: REAL, TOHE PREISIN
(O EX and CONPEXEL6. ‘The first three versions (REA, BOHEPREISIN
and (OMAEX) are witten in standard Iortran 77 and are conpletely portable; the
(OMEX16 version is provided for those compilers which allowthis data type. Tor
converni ence, ve often refer to routines by theit single precision nanes; the leading ‘S can
be replaced by a ‘D for double precision, a ‘C for complex, or a ‘Z for conplex*16. Tor
LA Kuse and testing you must decide which version(s) of the package you intend to
install at your site (for exanple, REAL and COMAFXon a Gray conputer or IIHE
PREISIN and COMPAEX¥16 on an I BViconputer ).

3. 1LAPACK Routines
There are three classes of LAPXKroutines:

e dri ver routines solve aconplete probl em such as sol vi ng a systemof 1inear equati ons
or conputing the ei genval ues of areal symmetric matrix. (ers are encouraged to use
adriver routine if there is one that mets their requirenents. The driver routines are

listedin Appendix A

ecomput ational routines, also called sinply [APXKroutines, performa distinct
computational task, such as computing the LU deconposition of an m X n mtrix or
findi ng the ei genval ues and ei genvectors of a symetric tridiagonal natrix using the
QR agorithm The LA Kroutines are listed in Appendix A see also LAPXK
VWking Note #5[3 .

eauxiliary rotines are all the other subroutines called by the driver routines and
computational routines. Aoong themare subroutines to performsubtasks of Hock
al gorithma, in particuar, the unblocked versions of the b ock al gori thrs; extensions
tothe HAS, such as natri x- vector operations i nvol vi ng conpl ex symmetri ¢ natri ces;
the special routines ISAME and XFRH A vhi ch first appeared with the HAS; and
amunber of routines to performcormon 1 owlevel conputations, such as conputing
amatri x norny generating an el enentary Husehol der transformation, and appl yi ng a
sequence of plane rotations. Mnyof the auxiliary routines may be of use to nunerical
anal ysts or softvare devel opers, so ve have docunented the Iortran source for these
routines wth the same level of detail wed for the LAPXK routines and driver
routines. The auxiliary routines are listed in Appendix B

3.2Level 1,2,and 3 BLAS

The HAS are a set of Bsic linear Agebra Subprogram that performvector-vector,
matri % vector, and natrix natrix operations. TAPXIKis designed around the Tevel 1, 2,
and 3 HAS, and nearly all of the parallelismin the LAPXKroutines is contained in the
HA. Therefore, the key to getting good performance fromIAPXKlies in having an
eflii ent version of the HA optinized for your particul ar machine. If you have access to
a library containing optimzed versions of sone or all of the HA, you should certainly



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

Heure 1: Thix organi zation of TARPXK

There have also been a mmber of revisions to correct bugs, inprove efliiency, sinplify
calling sequences, and inprove the appearance of output. You shoul d destroy any previous
rel ease versions of TAPXK

2 File Format

The sof tvare for TAPXIG s distri buted in the formof atape or tar file which contains
the lortran source for TAPNIS the Bisic linear Agebra Subprogram (the level 1, 2,
and 3 HAS) needed by TARIS the testing program, and the timng programs. This
section describes the organization of the softvare for users vwho have received a lhix tar
tape or a tar file via the fle-transfer programftp. (ers who have an U1 or IBNIC
tape shoul d go to appendi x F, al though the overvi ewin section 3 applies to both the Tix
and none Thi x versi ons.

The softvare on a tar tape or in a tar fle is organized in a mmber of directories as
shown in Hgure 1. Fach of the lovest level directories in the tree structure contains a
nakefil e to create alibrary or aset of executable program for testing and timing, Tibraries
are createdin the LAPXIKdi rectory and executabl e fil es are createdinone of the directories
HA, TEIING or TNING Input files for the test and ti ming programs are al so foundin
these three directories sothat testing may be carried out in the directories LARXIYHAS,

LA TSTING and ARG TINING



Thi s gui de conbi nes the i nstructions for the Thi x and non- i x versi ons of the LAPXIK
test package (the non tix versionis in Appendix F).

Section 2 descri bes howthe files are organi zed on the tape, and Section 3 gj ves a general
overviewol the parts of the test package. Step by-stepimnstructions appear in Section 4 for
the Wix versionand in the appendi x for the non Wi x version.

For users desiring additional infornation, Sections 5 and 6 g ve details of the test and
tining prograns and their input fles. Appendices Aand Bhriefly describe the LAPYIK
routines and auxiliary routines provided in this release. Appendix Clists the operation
counts ve have conputed for the HA and for sone of the LA Kroutines. Appendi x
D entitled “Gaveats”, is a conpendi umof the known probl ena fromour ovn experiences,
wth suggestions on howto overcome themn Appendix E contains the execution tines
of the diffrent test and timng runs on tvo sanple nachines. Appendi x F contains the
instructions toinstall TAPXIKon a non Ui x system

Rlease 3 of AN Kincludes updates of all of the softvare fromRl ease 2, wth the
folloving addi tions:

o D¥iver routines for sol ving system of linear equations, for sol ving least squares prob-
lem, for conputing some or all eigenval ues and/or ei genvectors of a matrix, and for

computing the SM test code for all the driver routines is also included wth this
package.

o Newfunctionality for QR which nowincludes the QR R), IQ, and QL factoriza-
tions and also QRvith pivoting the natrix to be factored nay be m by n vith mo
restrictions on the rel ative sizes of m and n.

o Newfunctionality for the reduction to specialized form for ei genval uve conputati ons,
including a block al gori thmfor reduction to hidiagonal form provision for upper or
lover triangul ar storage of a symetric natrix in the reduction to tridiagonal form
and provi sion for packed storage of a symetric natrix.

o Acomplete set of subroutines to generate an orthogonal natrix froma sequence of
el enentary transfornations or to mil tiply a matrix C' by an orthogonal natrix gi ven
as a sequence of elementary transformtions, wsing all the possible storage schenes
for the orthogonal mtrix () fromthe orthogonal factorizati on and reducti on routines.

o Alditional techni ques for conputing ei genval ves, includi ng hisection and i nverse i ter-
ation for the symetric ei genval ve problem a block ml ti-shift Q7 al gori thmfor the
general i zed nonsyrmet i ¢ ei genval e probl emy and a subrouti ne tofind the ei genval ves
and ei genvectors of a symetric positive definite tridiagonal matrix by performng a
(hol esky factori zation fol | oved by a hi gh- accuracy nethod for findi ng the ei genval ves
of the bidiagonal factor.

o Softvare for the generalized symetric ei genval ue problemand the generalized non
symetric el genval ue probl em

o Subroutines for sol ving triangul ar and tridiagonal linear systens, and for conputing
and appl yi ng the scaling factors to equilibrate a natrix
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Abstract

This working note describes how to install test, and time the third and final test
release of LAPACK, a linear algebra package for high-performance computers. Sepa-
rate 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.

1 Introduction

LA s planned to be alinear al gebralibrary for hi gh performance conputers. The
library wll include Iortran 77 subroutines for the anal ysis and solution of systems of si-
mul taneous linear al gebrai ¢ equations, linear 1east-squares probl ems, and natrix ei genval ue
problems. Qu approach to achi evi ng hi gh eflii ency is based on the use of a standard set of
Bisic linear Agebra Subprograns (the HAS), whi ch can be opti mzed for each conputing
envi ronment. By confini ng mst of the computational work to the HAS, the subroutines
shoul d be transportabl e and eflii ent across a wde range of conputers.

This vorking note descri bes howtoinstall, test, and time the third and final test rel ease
of TAPNK This release is being nade avail abl e onl'y to our test sites andis intended only
for testing, and not for general distribution. Ater ve receive the resul ts fromour test sites
and nake any necessary corrections, ve wll make the [APXKroutines available to the
public. Wdonot expect any mjor changes to the software in this rel ease before the public
release, but this softvare should still be regarded as a prelimnary version.

The instructions for installing, testing, and timing are designed for a person vhose
responsi bilityis the mintenance of anathenatical softvarelibrary. Wassune the installer
has experience in conpiling and rumni ng lortran programg and in creating object 1ibraries.

The install ati on process invol ves reading the tape, creating aset of libraries, and conpiling
and rumni ng the test and timng progrand.
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