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A.9 Send the Results to Tennessee

Congratulati ons! You have now�ni shed instal l i ng and testing LAPACK. Your parti ci -

pati on i s greatl y appreci ated. If possibl e, resul ts andcomments should be sent byel ectroni c

mai l to

sost@cs.utk.edu

Otherwi se, resul ts maybe submi ttedei ther bysending the authors ahardcopyof the output

�l es or by returning the di stri buti on tape wi th the output �l es stored on i t.

We encourage you to make the LAPACKl ibrary avai l abl e to your users and provide us

wi th feedback fromthei r experi ences. You should make i t cl ear that thi s software i s sti l l

under devel opment, and parts of i t may be changed before the project i s compl eted. The

changes maya�ect the cal l i ng sequences of some routines, so the publ i c rel ease of LAPACK

is not guaranteedto be compatibl e wi th thi s versi on.

If youwould l i ke to do more, pl ease contact us so that we may coordinate your e�orts

wi th the devel opment of the �nal test rel ease of LAPACK. One opti on i s to l ook at ways to

improve the performance of LAPACKonyour machine. If youdonot have optimi zedBLAS,

tuning the BLAS would l i kel y have a dramati c e�ect on performance. Other suggesti ons

on �ne-tuning speci�c al gori thms are al so wel come. For exampl e, one of our test si tes

noti ced that the rowinterchanges in the LUfactori zati on routine SGETRFwere degrading

performance on the IBM3090 because of the non-uni t stri de in SSWAP[2 ] . In response

we added the auxi l i ary routine SLASWPto interchange a block of rows, so that users of

the IBM3090 could easi l y replace thi s routine wi th one in whi ch the rowinterchanges are

appl i ed to one column at a time.
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A.8.3 Timing the EigensystemRoutines

Four input �l es are provided in eachdata type for timing the ei gensystemroutines, one

for the nonsymmetri c ei genvalue probl em, one for the symmetri c ei genvalue probl em, one for

the singular value decomposi ti on, andone for the general i zednonsymmetri c ei genvalue prob-

l em. For the REALversi on, the smal l data sets are SGEPTIMD, SNEPTIMD, SSEPTIMD,

and SSVDTIMDand the l arge data sets are SGEPTM2D, SNEPTM2D, SSEPTM2D, and

SSVDTM2D. Eachof the four input �l es reads a di�erent set of parameters and the format

of the input i s i ndi cated by a 3-character code on the �rst l i ne.

The timing programfor ei genvalue/singular value routines accumulates the operati on

count as the routines are executing using speci al i nstrumented versi ons of the LAPACK

routines. The �rst step in compi l i ng the timing programi s therefore to make a l i brary of

the instrumented routines.

a) Compi l e the �l es xEIGSRCFandcreate anobject l i brary. If youhave compi l ed ei ther

the S or Cversi on, youmust al so compi l e and include the �l e SCIGSRCF, and i f you

have compi l ed ei ther the Dor Zversi on, youmust al so compi l e and include the �l e

DZIGSRCF. If youdid not compi l e the �l e ALLBLASFand include i t i n your BLAS

l ibrary as described in Secti on A.3, you must compi l e i t nowand include i t i n the

instrumented LAPACKl ibrary.

b) Compi l e the �l es xEIGTIMFwith AEIGTIMFand l ink themto your test matri x

generator l i brary, the instrumented LAPACKl ibrary created in the previous step,

your LAPACKl ibrary fromSecti on A.5, and your BLAS l ibrary in that order (on

some systems youmay get unsati s�ed external references i f you speci fy the l i brari es

i n the wrong order). If you have compi l ed ei ther the S or Cversi on, youmust al so

compi l e and include the �l e SCIGTIMF, and i f youhave compi l ed ei ther the Dor Z

versi on, youmust al so compi l e and include the �l e DZIGTIMF.

c) Make anynecessarymodi�cati ons tothe input �l es. Youmayneedtoset the minimum

time a subroutine wi l l be timed to a posi ti ve value, or to restri ct the number of tests

i f you are using a computer wi th performance in between that of a workstati on and

that of a supercomputer. Instead of decreasing the matrix dimensi ons to reduce the

time, i t would be better to reduce the number of matri x types to be timed, since the

performance vari es more wi th the matrix si ze than wi th the type. For exampl e, for

the nonsymmetri c ei genvalue routines, youcoulduse onlyone matrixof type 4 instead

of four matri ces of types 1, 3, 4, and 6. See Secti on 6 for further detai l s.

Associ ate the appropri ate input �l e wi th Fortranuni t number 5.

d) The output �l e i s wri tten to Fortranuni t number 6. Associ ate a sui tably named �l e

wi th thi s uni t number (e.g. , SGEPTIM.OUT, SNEPTIM.OUT, SSEPTIM.OUT, and

SSVDTIM.OUTfor the four runs of the REALversi on).

e) Run the programs in eachdata type youare using wi th the four data sets.

f ) Send the output �l es to the authors as di rected in Secti onA.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.
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c) The output �l e i s wri tten to Fortranuni t number 6. Associ ate a sui tably named �l e

wi th thi s uni t number (e.g. , SLINTIM.OUT, SBNDTIM.OUT, and SRECTIM.OUT

for the REALversi on).

e) Run the timing programs in eachdata type youare using for each of the three input

�l es.

f ) Send the output �l es to the authors as di rected in secti onA.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.

A.8.2 TimingtheBLAS

The l inear equati on timing programi s al so used to time the BLAS. Three input �l es are

provided in each data type for timing the Level 2 and 3 BLAS. These input �l es time the

BLAS using the matrix shapes encountered in the LAPACKroutines, and we wi l l use the

resul ts to analyze the performance of the LAPACKroutines. For the REAL versi on, the

smal l data sets are SBLTIMAD, SBLTIMBD, and SBLTIMCDand the l arge data sets are

SBLTM2AD, SBLTM2BD, and SBLTM2CD. There are three sets of i nputs because there

are three parameters in the Level 3 BLAS, M, N, and K, and in most appl i cati ons one of

these parameters i s smal l (on the order of the blocksi ze) whi l e the other two are l arge (on

the order of the matrix si ze). In SBLTIMAD, Mand Nare l arge but Ki s smal l , whi l e i n

SBLTIMBDthe smal l parameter i s M, and in SBLTIMCDthe smal l parameter i s N. The

Level 2 BLAS are timed only in the �rst data set, where Ki s al so used as the bandwidth

for the banded routines.

a) Make anynecessarymodi�cati ons tothe input �l es. Youmayneedtoset the minimum

time a subroutine wi l l be timed to a posi ti ve value. If youmodi�ed the values of Nor

NBin Secti on A.8.1, set M, N, and Kaccordingly. The large parameters among M,

N, and Kshould be the same as the matrix si zes used in timing the l i near equati on

routines, andthe smal l parameter should be the same as the blocksi zes used in timing

the l i near equati ons routines. If necessary, the l arge data set can be simpl i�ed by

using only one value of LDA.

Associ ate the appropri ate input �l e wi th Fortranuni t number 5.

b) The output �l e i s wri tten to Fortranuni t number 6. Associ ate a sui tably named �l e

wi th thi s uni t number (e.g. , SBLTIMA.OUT, SBLTIMB.OUT, and SBLTIMC.OUT

for the three runs of the REALversi on).

c) Run the timing programs in eachdata type youare using for each of the three input

�l es.

d) Send the output �l es to the authors as di rected in Secti onA.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.
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l arger than those in the smal l data set, and the l arge data sets use addi ti onal values for

parameters suchas the blocksi ze NBandthe l eading arraydimensi onLDA. The smal l i nput

�l es end wi th the four characters `TIMD' and the l arge input �l es end wi th the characters

`TM2D' (except for the BLAS timing �l es, see Secti on A.8.2).

We encourage youto obtain timing resul ts wi th the l arge data sets, as thi s al l ows us to

compare di�erent machines. If thi s would take too much time, suggesti ons for paring back

the l arge data sets are givenin the instructi ons bel ow. We al so encourage youtoexperiment

wi th these timing programs and send us any interesting resul ts, such as resul ts for l arger

probl ems or for a wider range of bl ock si zes. The main programs are dimensi oned for the

l arge data sets, so the parameters in the main programmay have to be reduced in order

to run the smal l data sets on a smal l machine, or increased to run experiments wi th l arger

probl ems.

The minimumtime each subroutine wi l l be timed i s set to 0.0 in the l arge data �l es

and to 0.05 in the smal l data �l es, and onmany machines thi s value should be increased.

If the timing interval i s not l ong enough, the time for the subroutine after subtracting the

overheadmaybe very smal l or zero, resul ti ng in megaop rates that are very l arge or zero.

(Toavoiddivi si onbyzero, the megaoprate i s set tozero i f the time i s l ess thanor equal to

zero.) The minimumtime that should be used depends on the machine and the resoluti on

of the cl ock.

For more informati on on the timing programs and howto modi fy the input �l es, see

Secti on 6.

A.8.1 Timingthe Linear Equations Routines

Three input �l es are provided in eachdata type for timing the l i near equati on routines,

one for square matri ces, one for bandmatri ces, andone for rectangular matri ces. The smal l

data sets are in xLINTIMD, xBNDTIMD, and xRECTIMD, and the l arge data sets are in

xLINTM2D, xBNDTM2D, and xRECTM2D.

a) Compi l e the �l es xLINTIMF, and l ink themtoyour LAPACKl ibrary andyour BLAS

l ibrary or l i brari es i n that order (on some systems youmay get unsati s�ed external

references i f youspeci fy the l i brari es i n the wrong order). If youhave compi l ed ei ther

the S or Cversi on, youmust al so compi l e and include the �l e SCINTSTF, and i f you

have compi l ed ei ther the Dor Zversi on, youmust al so compi l e and include the �l e

DZINTSTF.

b) Make anynecessarymodi�cati ons tothe input �l es. Youmayneedtoset the minimum

time a subroutine wi l l be timed to a posi ti ve value, or to restri ct the si ze of the tests

i f you are using a computer wi th performance in between that of a workstati on and

that of a supercomputer. The computati onal requi rements canbe cut in hal f byusing

only one value of LDA. If i t i s necessary to al so reduce the matrix si zes or the values

of the blocksi ze, corresponding changes should be made to the BLAS input �l es (see

Secti on A.8.2).

Associ ate the appropri ate input �l e wi th Fortranuni t number 5.
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b) The data �l es for the l i near equati on test programare cal l ed xLINTSTD. For each of

the test programs, associ ate the appropri ate data �l e wi th Fortranuni t number 5.

c) The output �l e i s wri tten to Fortranuni t number 6. Associ ate a sui tably named �l e

(e.g. , SLINTST.OUT) wi th thi s uni t number.

d) Run the test programs.

e) Send the output �l es to the authors as di rected in Secti onA.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.

A.7.2 Testingthe EigensystemRoutines

a) Compi l e the �l es xEIGTSTFand l ink themto your matrix generator l i brary, your

LAPACKl ibrary, and your BLAS l ibrary or l i brari es i n that order (on some systems

youmay get unsati s�ed external references i f you speci fy the l i brari es i n the wrong

order). If you have compi l ed ei ther the S or Cversi on, you must al so compi l e and

include the �l e SCIGTSTF, and i f you have compi l ed ei ther the Dor Zversi on, you

must al so compi l e and include the �l e DZIGTSTF.

b) There are tensets of data�l es for the ei gensystemtest program, xBAKTSTD, xBALT-

STD, xECTSTD, xEDTSTD, xGGTSTD, xSBTSTD, xSGTSTD, NEPTSTD, SEPT-

STD, andSVDTSTD. Note that three of the input �l es (NEPTSTD, SEPTSTD, and

SVDTSTD) are used regardl ess of the data type of the test program. For eachrun of

the test programs, associ ate the appropri ate data �l e wi th Fortranuni t number 5.

c) The output �l e i s wri tten to Fortran uni t number 6. Associ ate sui tably named �l es

wi th thi s uni t number (e.g. , SNEPTST.OUT, SBAKTST.OUT, etc.).

d) Run the test programs.

e) Send the output �l es to the authors as di rected in Secti onA.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.

A. 8 Ru n t h e LAPACK Timi n g Pro g r ams

There are two di stinct timing programs for LAPACKroutines in each data type, one

for the l i near equati ons routines andone for the ei gensystemroutines. The timing program

for the l i near equati ons routines i s al so used to time the BLAS. We encourage you to

conduct these timing experiments in REALandCOMPLEX or in DOUBLEPRECISION

and COMPLEX*16; i t i s not necessary to send timing resul ts i n al l four data types.

Two sets of i nput �l es are provided, a smal l set and a large set. The smal l data sets are

appropri ate for a standard workstati on or other non-vector machine. The large data sets

are appropri ate for supercomputers, vector computers, andhigh-performance workstati ons.

We are mainly interested in resul ts fromthe large data sets, and i t i s not necessary to run

both the l arge and smal l sets. The values of Nin the l arge data sets are about �ve times
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c) The name of the output �l e i s i ndi cated on the �rst l i ne of each input �l e and i s

currently de�ned to be SBLAT2.SUMMfor the REAL Level 2 BLAS, wi th simi l ar

names for the other �l es. If necessary, edi t the name of the output �l e to ensure that

i t i s val i d on your system.

d) Run the Level 2 and 3 BLAS test programs.

If the tests using the suppl i ed data �l es were compl eted successful l y, consider whether

the tests were su�ci ently thorough. For exampl e, on a machine wi th vector regi sters, at

l east one value of N greater thanthe l engthof the vector regi sters shouldbe used; otherwi se,

important parts of the compi l ed code may not be exerci sed by the tests. If the tests were

not successful , ei ther because the programdid not �ni sh or the test rati os did not pass

the threshold, youwi l l probably have to �nd and correct the probl embefore continuing. If

you have been testing a system-speci�c BLAS l ibrary, try using the FortranBLAS for the

routines that did not pass the tests. For more detai l s on the BLAS test programs, see [8 ]

and [6 ] .

A. 5 Cr e a t e t h e LAPACK Li br a r y

Compi l e the �l es xLASRCFwi th ALLAUXFand create an object l i brary. If youhave

compi l ed ei ther the S or Cversi on, youmust al so compi l e and include the �l es SCLAUXF,

SLAMCHF, and SECONDF, and i f youhave compi l ed ei ther the Dor Zversi on, youmust

al so compi l e and include the �l es DZLAUXF, DLAMCHF, andDSECNDF. If youdid not

compi l e the �l e ALLBLASF and include i t i n your BLAS l ibrary as described in Secti on

A.3, youmust compi l e i t nowand include i t i n your LAPACKl ibrary.

A. 6 Cr e a t e t h e Te s t Ma t r i x Ge n e r a t o r L i b r a r y

Compi l e the �l es xMATGENFand create an object l i brary. If youhave compi l ed ei ther

the S or Cversi on, youmust al so compi l e and include the �l e SCATGENF, and i f youhave

compi l ed ei ther the Dor Zversi on, youmust al so compi l e and include the �l e DZATGENF.

A. 7 Ru n t h e LAPACK Te s t Pr o g r a ms

There are two di stinct test programs for LAPACKroutines in each data type, one for

the l i near equati ons routines andone for the ei gensystemroutines. In eachdata type, there

i s one input �l e for testing the l i near equati on routines and ten input �l es for testing the

ei genvalue routines. For more informati on on the test programs and howto modi fy the

input �l es, see Secti on 5.

A. 7 . 1Te s t i n g t h e L i n e a r Eq u a t i o n Ro u t i n e s

a) Compi l e the �l es xLINTSTF and l ink themto your matrix generator l i brary, your

LAPACKl ibrary, and your BLAS l ibrary or l i brari es i n that order (on some systems

youmay get unsati s�ed external references i f you speci fy the l i brari es i n the wrong

order).
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A. 2 . 3In s t a ll i n g S ECOND a n d DS ECND

Boththe timing routines andthe test routines cal l SECOND(DSECND), a real functi on

wi th no arguments that returns the time in seconds fromsome �xed starting time. Our

versi on of thi s routine returns only \user time", and not \user time + systemtime". The

versi on of second in SECONDFcal l s ETIME, a Fortran l i brary routine avai l abl e on some

computer systems. If ETIMEi s not avai l abl e or a better l ocal timing functi on exi sts, you

wi l l have to provide the correct interface to SECONDandDSECNDon your machine.

The test programinTSECONDFperforms ami l l i on operati ons using 5000 i terati ons of

the SAXPYoperati on y := y+�x ona vector of l ength 100. The total time andmegaops

for thi s test i s reported, then the operati on i s repeated includi ng a cal l to SECONDon

each of the 5000 i terati ons to determine the overhead due to cal l i ng SECOND. Compi l e

SECONDFand TSECONDFand run the test program. There i s no singl e ri ght answer,

but the times in seconds should be posi ti ve and the megaop rati os should be appropri ate

for your machine. Repeat thi s test for DSECNDFand TDSECNDFand save SECOND

andDSECNDfor inclusi on in the LAPACKl ibrary in Secti on A.5.

A. 3 Cr e a t e t h e BLAS L i b r a r y

Ideal l y, a highly optimi zed versi on of the BLAS l ibrary al ready exi sts on your machine.

In thi s case youcangodi rectl y toSecti onA.4 tomake the BLAStest programs. Otherwi se,

youmust create a l i brary using the �l es xBLAS1F, xBLAS2F, xBLAS3F, andALLBLASF.

Youmay al ready have a l i brary containing some of the BLAS, but not al l (Level 1 and 2,

but not Level 3, for exampl e). If so, youshould use your l ocal versi onof the BLASwherever

possibl e and, i f necessary, del ete the BLAS you al ready have fromthe provided �l es. The

�l e ALLBLASFmust be included i f any part of xBLAS2For xBLAS3Fi s used. Compi l e

these �l es and create an object l i brary.

A. 4 Ru n t h e BLAS Te s t Pr o g r a ms

Test programs for the Level 2 and 3 BLAS are in the �l es xBLAT2Fand xBLAT3F. A

test programfor the Level 1 BLAS i s not included, in part because only a subset of the

ori ginal set of Level 1 BLAS i s actual l y used in LAPACK, and the old test programwas

desi gned to test the ful l set of Level 1 BLAS. The ori ginal Level 1 BLAS test programi s

avai l abl e fromnetl i b as TOMSalgori thm539.

a) Compi l e the �l es xBLAT2Fand xBLAT3Fand l ink themto your BLAS l ibrary or

l i brari es. Note that each programincludes a speci al versi on of the error-handl ing

routine XERBLA, whi ch tests the error-exi ts fromthe Level 2 and 3BLAS. Onmost

systems thi s wi l l take precedence at l i nk time over the standard versi on of XERBLA

in the BLAS l ibrary. If thi s i s not the case (the symptomwi l l be that the program

stops as soon as i t tri es to test an error-exi t), youmust temporari l y del ete XERBLA

fromALLBLASFand recompi l e the BLAS l ibrary.

b) EachBLAS test programhas a corresponding data �l e xBLAT2Dor xBLAT3D. As-

soci ate thi s �l e wi th Fortranuni t number 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

OnaCraymachine, the safe minimumunderows i ts output representati onandthe overow

threshold overows i ts output representati on, so the safe minimumis printed as 0.00000

and overowi s printed as R. Thi s i s normal . If you would prefer to print a representabl e

number, you can modi fy the test programto print SFMIN*100. and RMAX/100. for the

safe minimumand overowthresholds.

Compi l e SLAMCHFand TSLAMCHFand run the test program. If the resul ts from

the test programare correct, save SLAMCHfor inclusi on in the LAPACKl ibrary. Repeat

these steps wi thDLAMCHFandTDLAMCHF. If both tests were successful , go to Secti on

A.2.3.

If SLAMCH(or DLAMCH) returns an inval i d value, youwi l l have to create your own

versi on of thi s functi on. The fol l owing opti ons are used in LAPACKandmust be set:

`B' : Base of the machine

`E' : Epsi l on (rel ati ve machine preci si on)

`O' : Overowthreshold

`P' : Preci si on =Epsi l on*Base

`S' : Safe minimum(often same as underowthreshold)

`U' : Underowthreshold

Some peopl e may be fami l i ar wi th R1MACH(D1MACH), a primi ti ve routine for set-

ti ng machine parameters in whi ch the user must comment out the appropri ate assi gnment

statements for the target machine. If a versi onof R1MACHis onhand, the assi gnments in

SLAMCHcan be made to refer to R1MACHusing the correspondence

SLAMCH( `U' ) =R1MACH( 1 )

SLAMCH( `O' ) =R1MACH( 2 )

SLAMCH( `E' ) =R1MACH( 3 )

SLAMCH( `B' ) =R1MACH( 5 )

The safe minimumreturned by SLAMCH( 'S' ) i s i ni ti al l y set to the underowvalue, but

i f 1=(overow ) � (underow ) i t i s recomputed as (1=(overow )) � (1+"), where " i s the

machine preci si on.
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LSAME LOGICAL Test i f two characters are the same regardl ess of case

SLAMCH REAL Determine machine-dependent parameters

DLAMCH DOUBLEPRECISION Determine machine-dependent parameters

SECOND REAL Return time in seconds froma �xed starting time

DSECND DOUBLEPRECISION Return time in seconds froma �xed starting time

If you are working only in singl e preci si on, you do not need to instal l DLAMCHand

DSECND, and i f you are working only in doubl e preci si on, you do not need to instal l

SLAMCHand SECOND. These �ve subroutines and thei r test programs are provided in

the �l es LSAMEFandTLSAMEF, SLAMCHFandTSLAMCHF, etc.

A. 2 . 1I n s t a l l i n g L S AME

LSAMEis a l ogi cal functi onwi th twocharacter parameters, AandB. It returns .TRUE.

i f Aand Bare the same regardl ess of case, or .FALSE. i f they are di�erent. For exampl e,

the expressi on

LSAME( UPLO, 'U' )

i s equival ent to

( UPLO.EQ.'U' ).OR.( UPLO.EQ.'u' )

The suppl i ed versi onworks correctl y onal l systems that use the ASCII code for internal

representati ons of characters. For systems that use the EBCDICcode, one constant must

be changed. For CDCsystems wi th 6-12 bi t representati on, al ternative code i s provided in

the comments. The test programinTLSAMEFtests al l combinati ons of the same character

in upper and lower case for AandB, and twocases where AandBare di�erent characters.

Compi l e LSAMEFandTLSAMEFandrunthe test program. If LSAMEworks correctl y,

the only message you should see i s

ASCII character set

Tests completed

The workingversi onof LSAMEshouldbe appendedto the �l e ALLBLASF. Thi s �l e, whi ch

al so contains the error handl er XERBLA, wi l l be compi l ed wi th ei ther the BLAS l ibrary in

Secti on A.3 or the LAPACKl ibrary in Secti on A.5.

A. 2 . 2I n s t a l l i n g S LAMCH a n d DLAMCH

SLAMCHand DLAMCHare real functi ons wi th a singl e character parameter that

indi cates the machine parameter to be returned. The test programinTSLAMCHFsimply

prints out the di�erent values computedbySLAMCH, soyouneedtoknowsomethingabout

what the values should be. For exampl e, the output of the test programfor SLAMCHon

a Sun SPARCstati on i s

95



194. DNEPTM2D

195. DSEPTM2D

196. DSVDTM2D

197. ZGEPTM2D

198. ZNEPTM2D

199. ZSEPTM2D

200. ZSVDTM2D

Ins tall ing on a non- ni x S s t e

Instal l i ng and testing the non-Unix versi on of LAPACKinvolves the fol l owing steps:

1. Read the tape.

2. Test and instal l the machine-dependent routines.

3. Create the BLAS l ibrary, i f necessary.

4. Run the Level 2 and 3 BLAS test programs.

5. Create the LAPACKl ibrary.

6. Create the l i brary of test matri x generators.

7. Run the LAPACKtest programs.

8. Run the LAPACKtiming programs.

9. Send the resul ts fromsteps 7 and 8 to the authors at the Universi ty of Tennessee.

A. 1 Re a d t h e Ta pe

Read the tape andassi gn names to the �l es, preferably as indi cated in the beginning of

thi s appendix. The �rst �l e (namedREADME) i s a l i st of the �l es in the order speci�ed in

the beginning of thi s appendix. Youwi l l need about 28 megabytes to read in the compl ete

tape. Ona Sun SPARCstati on, the l i brari es used 14MBand the LAPACKexecutabl e �l es

used 20 MB. In addi ti on, the object �l es used 18 MB, but the object �l es can be del eted

after creating the l i brari es and executabl e �l es. Your actual space requi rements wi l l be l ess

i f youdo not use al l four data types. The total space requi rements including the object �l es

i s approximately 70 MBfor al l four data types.

A. 2 Te s t a n d In s t a l l t h e Ma ch i n e -De p e n d e n t Ro u t i n e s .

There are �ve machine-dependent functi ons in the test and timing package, at l east

three of whi chmust be instal l ed. They are
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159. SEIGTIMF Timing programfor the ei gensystemroutines

160. CEIGTIMF

161. DEIGTIMF

162. ZEIGTIMF

163. SEIGSRCF InstrumentedLAPACKroutines

164. CEIGSRCF

165. DEIGSRCF

166. ZEIGSRCF

167. SCIGSRCF Instrumented auxi l i ary routines used in S andCversi ons

168. DZIGSRCF Instrumented auxi l i ary routines used in Dand Zversi ons

169. SGEPTIMD Data �l e 1 for timing General i zed Nonsymmetri c Eigenvalue Probl em

170. SNEPTIMD Data �l e 1 for timing Nonsymmetri c Eigenvalue Probl em

171. SSEPTIMD Data �l e 1 for timing Symmetri c Eigenvalue Probl em

172. SSVDTIMD Data �l e 1 for timing Singular Value Decomposi ti on

173. CGEPTIMD

174. CNEPTIMD

175. CSEPTIMD

176. CSVDTIMD

177. DGEPTIMD

178. DNEPTIMD

179. DSEPTIMD

180. DSVDTIMD

181. ZGEPTIMD

182. ZNEPTIMD

183. ZSEPTIMD

184. ZSVDTIMD

185. SGEPTM2D Data �l e 2 for timing General i zed Nonsymmetri c Eigenvalue Probl em

186. SNEPTM2D Data �l e 2 for timing Nonsymmetri c Eigenvalue Probl em

187. SSEPTM2D Data �l e 2 for timing Symmetri c Eigenvalue Probl em

188. SSVDTM2D Data �l e 2 for timing Singular Value Decomposi ti on

189. CGEPTM2D

190. CNEPTM2D

191. CSEPTM2D

192. CSVDTM2D

193. DGEPTM2D
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123. ZBLTIMAD

124. SBLTIMBD Data �l e 1-b for timing the BLAS

125. DBLTIMBD

126. CBLTIMBD

127. ZBLTIMBD

128. SBLTIMCD Data �l e 1-c for timing the BLAS

129. DBLTIMCD

130. CBLTIMCD

131. ZBLTIMCD

132. SLINTM2D Data �l e 2 for timing dense square l i near equati ons

133. DLINTM2D

134. CLINTM2D

135. ZLINTM2D

136. SRECTM2D Data �l e 2 for timing dense rectangular l i near equati ons

137. DRECTM2D

138. CRECTM2D

139. ZRECTM2D

140. SBNDTM2D Data �l e 2 for timing banded l i near equati ons

141. DBNDTM2D

142. CBNDTM2D

143. ZBNDTM2D

144. SBLTM2AD Data �l e 2-a for timing the BLAS

145. DBLTM2AD

146. CBLTM2AD

147. ZBLTM2AD

148. SBLTM2BD Data �l e 2-b for timing the BLAS

149. DBLTM2BD

150. CBLTM2BD

151. ZBLTM2BD

152. SBLTM2CD Data �l e 2-c for timing the BLAS

153. DBLTM2CD

154. CBLTM2CD

155. ZBLTM2CD

156. AEIGTIMF Auxi l i ary routines for the ei gensystemtiming program

157. SCIGTIMF

158. DZIGTIMF
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87. SSGTSTD Data �l e for testing symmetri c general i zed ei genvalue routines

88. DSGTSTD

89. CSGTSTD

90. ZSGTSTD

91. AEIGTSTF Auxi l i ary routines for the ei gensystemtest program

92. SCIGTSTF

93. DZIGTSTF

94. SEIGTSTF Test programfor ei gensystemroutines

95. CEIGTSTF

96. DEIGTSTF

97. ZEIGTSTF

98. NEPTSTD Data �l e for testing Nonsymmetri c Eigenvalue Probl em

99. SEPTSTD Data �l e for testing Symmetri c Eigenvalue Probl em

100. SVDTSTD Data �l e for testing Singular Value Decomposi ti on

101. ALINTIMF Auxi l i ary routines for the l i near systemtiming program

102. SCINTIMF

103. DZINTIMF

104. SLINTIMF Timing programfor l i near equati ons

105. CLINTIMF

106. DLINTIMF

107. ZLINTIMF

108. SLINTIMD Data �l e 1 for timing dense square l i near equati ons

109. DLINTIMD

110. CLINTIMD

111. ZLINTIMD

112. SRECTIMD Data �l e 1 for timing dense rectangular l i near equati ons

113. DRECTIMD

114. CRECTIMD

115. ZRECTIMD

116. SBNDTIMD Data �l e 1 for timing banded l i near equati ons

117. DBNDTIMD

118. CBNDTIMD

119. ZBNDTIMD

120. SBLTIMAD Data �l e 1-a for timing the BLAS

121. DBLTIMAD

122. CBLTIMAD
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52. DMATGENF

53. ZMATGENF

54. ALINTSTF Auxi l i ary routines for the l i near equati on test program

55. SLINTSTF Test programfor l i near equati on routines

56. CLINTSTF

57. DLINTSTF

58. ZLINTSTF

59. SLINTSTD Data �l e 1 for l i near equati on test program

60. DLINTSTD

61. CLINTSTD

62. ZLINTSTD

63. SBAKTSTD Data �l e for testing SGEBAK

64. DBAKTSTD Data �l e for testing DGEBAK

65. CBAKTSTD Data �l e for testing CGEBAK

66. ZBAKTSTD Data �l e for testing ZGEBAK

67. SBALTSTD Data �l e for testing SGEBAL

68. DBALTSTD Data �l e for testing DGEBAL

69. CBALTSTD Data �l e for testing CGEBAL

70. ZBALTSTD Data �l e for testing ZGEBAL

71. SECTSTD Data �l e for testing ei gencondi ti on routines

72. DECTSTD

73. CECTSTD

74. ZECTSTD

75. SEDTSTD Data �l e for testing nonsymmetri c ei genvalue driver routines

76. DEDTSTD

77. CEDTSTD

78. ZEDTSTD

79. SGGTSTD Data �l e for testing nonsymmetri c general i zed ei genvalue routines

80. DGGTSTD

81. CGGTSTD

82. ZGGTSTD

83. SSBTSTD Data �l e for testing SSBTRD

84. DSBTSTD Data �l e for testing DSBTRD

85. CSBTSTD Data �l e for testing CHBTRD

86. ZSBTSTD Data �l e for testing ZHBTRD
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17. DSECNDF DSECND: functi on to return time in seconds

18. TDSECNDF Test programfor DSECND

19. ALLBLASF Auxi l i ary routines for the BLAS (and LAPACK)

20. SBLAS1F Level 1 BLAS

21. CBLAS1F

22. DBLAS1F

23. ZBLAS1F

24. SBLAS2F Level 2 BLAS

25. CBLAS2F

26. DBLAS2F

27. ZBLAS2F

28. SBLAS3F Level 3 BLAS

29. CBLAS3F

30. DBLAS3F

31. ZBLAS3F

32. SBLAT2F Test programfor Level 2 BLAS

33. CBLAT2F

34. DBLAT2F

35. ZBLAT2F

36. SBLAT2D Data �l e for testing Level 2 BLAS

37. CBLAT2D

38. DBLAT2D

39. ZBLAT2D

40. SBLAT3F Test programfor Level 3 BLAS

41. CBLAT3F

42. DBLAT3F

43. ZBLAT3F

44. SBLAT3D Data �l e for testing Level 3 BLAS

45. CBLAT3D

46. DBLAT3D

47. ZBLAT3D

48. SCATGENF Auxi l i ary routines for the test matri x generators

49. DZATGENF

50. SMATGENF Test matrix generators

51. CMATGENF
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en i x : I l e ent at i on ui e f or on- ni x S s t e s

In the non-Unix versi on, the software i s di stri buted onanunlabel edASCII tape containing

200 �l es. Al l �l es consi st of 80-character �xed-l ength records, wi th a maximumblock si ze

of 8000.

In the instal l ati on instructi ons, each�l e wi l l be identi�ed bythe name givenbel ow, and

we recommend that you assi gn these names to the �l es when the tape i s read. Fi l es wi th

names ending in `F' contain Fortran source code; those wi th names ending in `D' contain

data for input to the test and timing programs. There are two sets of data for each timing

run; data �l e 1 for smal l , non-vector computers, such as workstati ons, and data �l e 2 for

l arge computers, parti cul arl y Cray-cl ass supercomputers. Al l �l e names have at most ei ght

characters.

The l eading one or two characters of the �l e name general l y indi cates whi ch of the

di�erent versi ons of the l i brary or test programs wi l l use i t:

A: al l four data types

SC: REALandCOMPLEX

DZ: DOUBLEPRECISIONand COMPLEX*16

S: REAL

D: DOUBLEPRECISION

C: COMPLEX

Z: COMPLEX*16

Manyof the �l es occur ingroups of four, corresponding to the four di�erent Fortranoating-

point data types, andwe wi l l frequently refer to these �l es generi cal l y, using `x' i n place of

the �rst l etter (for exampl e, xLASRCF).

1. README Li st of �l es as in thi s secti on

2. ALLAUXF LAPACKauxi l i ary routines used in al l versi ons

3. SCLAUXF LAPACKauxi l i ary routines used in S andCversi ons

4. DZLAUXF LAPACKauxi l i ary routines used in Dand Zversi ons

5. SLASRCF LAPACKroutines and auxi l i ary routines

6. CLASRCF

7. DLASRCF

8. ZLASRCF

9. LSAMEF LSAME: functi on to compare two characters

10. TLSAMEF Test programfor LSAME

11. SLAMCHF SLAMCH: functi on to determine machine parameters

12. TSLAMCHF Test programfor SLAMCH

13. DLAMCHF DLAMCH: functi on to determine machine parameters

14. TDLAMCHF Test programfor DLAMCH

15. SECONDF SECOND: functi on to return time in seconds

16. TSECONDF Test programfor SECOND
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Test/timing run Data set S C

Linear eqn testing test. i n 44 101

Eigensystemtesting nep. in 7 10

sep. i n 30

svd. in 41 56

ec. i n 73 12

ed. in 42

gg. i n 18 24

sg. i n 9 13

sb. i n 1 1

bal . i n < 1 <1

bak. in <1 <1

Linear eqn timing TIME.in 475 3171

TIME2. in 374 1661

BAND.in 44 293

BLAS timing BLAS. in1 246 1445

BLAS. in2 41 283

BLAS. in3 45 319

Eigensystemtiming NEPTIM.in 230 836

SEPTIM.in 60 757

SVDTIM.in 73 155

GEPTIM.in 390 1001

Tabl e 15: CrayYMP{ 1 processor, executi on times (in seconds)
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en i x : s t i at e i e

In thi s appendix we l i st the executi on times (in seconds) for the test and timing runs on a

Sun SPARCstati on and on one processor of a Cray YMP. For timing, the smal l data sets

were used for the SPARCstati onand the l arge data sets for the CrayYMP. The minimum

time was set to 0.05 seconds for the Sun and 0.0 seconds for the Cray. The FortranBLAS

were used on the Sun and the CrayBLAS were used on the Cray, except for the compl ex

tests and the timings wi th the input �l es CBAND.in andCTIME.in, for whi ch the Fortran

BLASwere usedonthe Crayas wel l . These times (parti cul arl y for the Cray) were obtained

on a loadedmachine and should be considered rough approximati ons.

Onthe Sun, the Fortran�l es were compi l edwi thf77 -O. Tests were done using twover-

si ons of the Sun-4 compi l er, wi thanolder versi on, ctrti2.f, chetrs.f, cchol.f, zchol.f,

and dstein.f (fromthe LAPACKl ibrari es) had to be compi l ed wi thout optimi zati on. On

the Cray, the Fortran�l es were compi l ed wi th cf77 -Zp using cf77 5.0 and UNICOS 7.0.

Test/timing run Data set S C D Z

Linear eqn testing test. i n 439 2046 516 1921

Eigensystemtesting nep. in 43 282 69 314

sep. i n 147 647 267 726

svd. in 210 1224 347 1341

ec. i n 340 40 434 44

ed. in 154 509 238 621

gg. in 91 555 152 610

sg. i n 55 355 87 340

sb. i n 5 36 6 34

bal . i n <1 <1 <1 <1

bak. in <1 <1 <1 <1

Linear eqn timing time. in 116 941 151 786

time2. in 136 1180 188 983

band. in 38 322 56 266

BLAS timing blas. i n1 120 925 139 779

blas. i n2 35 182 36 158

blas. i n3 35 178 36 158

Eigensystemtiming neptim. in 64 544 113 596

septim. in 41 887 80 907

svdtim. in 42 259 60 261

geptim. in 163 4239 322 1784

Tabl e 14: Sun SPARCstati on executi on times (in seconds)
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SMALL = SQRT( SMALL )

LARGE = SQRT( LARGE )

END IF

Users of other machines wi th simi l ar restri cti ons on the e�ecti ve range of usabl e numbers

may have to modi fy thi s test so that the square roots are done on thei r machine as wel l .

In the Unix versi on, SLABADis found in LAPACK/SRC and in the non-Unix versi on i t i s i n

SCLAUXF.

In the ei gensystemtiming program, cal l s are made to the LINPACKand EISPACK

equival ents of the LAPACKroutines to al l owa di rect compari sonof performance measures.

In some cases we have increased the minimumnumber of i terati ons in the LINPACKand

EISPACKroutines to al l owthemto converge for our test probl ems, but even thi s maynot

be enough. One goal of the LAPACKproject i s to improve the convergence properti es of

these routines, so error messages in the output �l e indi cating that aLINPACKor EISPACK

routine did not converge should not be regardedwi th alarm.

In the ei gensystemtiming program, we have equival enced some work arrays and then

passed themto a subroutine, where both arrays are modi�ed. Thi s i s a vi ol ati on of the

Fortran 77 standard, whi ch says \i f a subprogramreference causes a dummy argument

in the referenced subprogramto become associ ated wi th another dummy argument in the

referenced subprogram, nei ther dummy argument maybecome de�ned during executi on of

the subprogram." 2 If thi s causes any di�cul ti es, the equival ence can be commented out

as explained in the comments for the main ei gensystemtiming programs.

We have added a lot of newsoftware since the second rel ease of LAPACK. Expect a few

bugs. We wi l l try to correct thembefore the publ i c rel ease.

2ANSI 3.9-1978, sec. 15. 9. 3. 6
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en i x : a eat s

In thi s appendix we l i st the machine-speci�c di�cul ti es we have encountered in our own

experi ence wi th LAPACK. We assume the user has instal l ed the machine-speci�c routines

correctl y and that the Level 2 and 3 BLAS test programs have run successful l y, so we do

not l i st anywarnings associ atedwi th those routines.

LAPACKis wri tten in Fortran 77. Prospecti ve users wi th only a Fortran 66 compi l er

wi l l not be abl e to use thi s package.

Some IBMcompi l ers do not recogni ze DBLEas a generi c functi on as used inLAPACK.

The software tool s we use to convert fromsingl e preci si on to doubl e preci si on convert

REAL(C) andAIMAG(C), where Ci s COMPLEX, to DBLE(Z) andDIMAG(Z), where Z

i s COMPLEX*16, but IBMcompi l ers use DREAL(Z) andDIMAG(Z) to take the real and

imaginary parts of a doubl e compl ex number. IBMusers can �x thi s probl emby changing

DBLEto DREALwhen the argument of DBLEi s COMPLEX*16.

IBMcompi l ers do not permi t the data type COMPLEX*16 in a FUNCTIONsubpro-

gramde�ni ti on. The data type onthe �rst l i ne of the functi onsubprogrammust be changed

fromCOMPLEX*16 to DOUBLECOMPLEXfor the fol l owing functi ons:

ZBEG fromthe Level 2 BLAS test program

ZBEG fromthe Level 3 BLAS test program

ZLADIV fromthe LAPACKl ibrary

ZLARND fromthe test matri x generator l i brary

ZLATM2 fromthe test matri x generator l i brary

ZLATM3 fromthe test matri x generator l i brary

The functi ons ZDOTCandZDOTUfromthe Level 1 BLASare al readydecl aredDOUBLE

COMPLEX. If that doesn't work, try the decl arati on COMPLEXFUNCTION*16.

If compi l i ng on a SUN, youmay run out of space in /tmp (especi al l y when compi l i ng

in the LAPACK/SRC di rectory). Thus, you wi l l need to have your systems admini strator

increase the si ze of your tmp parti ti on.

We have not included test programs for the Level 1 BLAS. Users should therefore be-

ware of a common probl emin machine-speci�c impl ementati ons of xNRM2, the functi on

to compute the 2-normof a vector. The Fortran versi on of xNRM2 avoids underowor

overowby scal i ng intermediate resul ts, but some l ibrary versi ons of xNRM2 are not so

careful about scal i ng. If xNRM2 i s impl ementedwi thout scal i ng intermediate resul ts, some

of the LAPACKtest rati os maybe unusual l y high, or a oating point excepti onmayoccur

in the probl ems scal ed near underowor overow. The soluti on to these probl ems i s to l i nk

the Fortranversi on of xNRM2 wi th the test program.

Some of our test matri ces are scal ed near overowor underow, but onthe Crays, prob-

l ems wi th the ari thmeti c near overowand underowforcedus to scal e by only the square

root of overowand underow. The LAPACKauxi l i ary routine SLABAD(or DLABAD)

i s cal l ed to take the square root of underowand overowin cases where i t could cause

di�cul ti es. We assume we are on a Cray i f l og
10
(overow ) i s greater than 2000 and take

the square root of underowand overowin thi s case. The test in SLABADis as fol l ows:

IF( LOG10( LARGE ).GT.2000. ) T EN
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SORGL or SORGR

mul tipl i cati ons: 2 n � ( +n) 2 +2=3 3 + +n �
2
� 2=3

addi ti ons: 2 n � ( +n) 2 +2=3 3 + � n +1=3

total ops: 4 n � 2( +n) 2 +4=3 3 +2 �
2
� 1=3

SGE RS mul tipl i cati ons: NRHS [2 n� 1=2n 2 +5=2n]

addi ti ons: NRHS [2 n� 1=2n 2 +1=2n]

total ops: NRHS [4 n� n 2 +3n]

SORM R, SORML , SORM Lor SORMR (SIDE='L')

mul tipl i cati ons: 2n � n 2 +2n

addi ti ons: 2n � n 2 +n

total ops: 4n � 2n 2 +3n

SORM R, SORML , SORM Lor SORMR (SIDE='R')

mul tipl i cati ons: 2n �
2 + +n � 1=2 2 +1=2

addi ti ons: 2n �
2 +

total ops: 4n � 2 2 +2 +n � 1=2 2 +1=2

STRTRI mul tipl i cati ons: 1=6n 3 +1=2n 2 +1=3n

addi ti ons: 1=6n 3
� 1=2n 2 +1=3n

total ops: 1=3n 3 +2=3n

SGEHRD mul tipl i cati ons: 5=3n 3 +1=2n 2
� 7=6n� 13

addi ti ons: 5=3n 3
� n2 � 2=3n� 8

total ops: 10=3n 3
� 1=2n 2

� 11=6n� 21

SSYTRD mul tipl i cati ons: 2=3n 3 +5=2n 2
� 1=6n� 15

addi ti ons: 2=3n 3 +n 2
� 8=3n� 4

total ops: 4=3n 3 +3n 2
� 17=6n� 19

SGEBRD( � n)

mul tipl i cati ons: 2 n2
� 2=3n 3 +2n 2 +20=3n

addi ti ons: 2 n2
� 2=3n 3 +n 2

� n+5=3n

total ops: 4 n2
� 4=3n 3 +3n 2

� n+25=3n

SGEBRD( <n)

exchange andn i n above
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SSYTRF mul tipl i cati ons: 1=6n 3 +1=2n 2 +10=3n

addi ti ons: 1=6n 3
� 1=6n

total ops: 1=3n 3 +1=2n 2 +19=6n

SSYTRI mul tipl i cati ons: 1=3n 3 +2=3n

addi ti ons: 1=3n 3
� 1=3n

total ops: 2=3n 3 +1=3n

SSYTRS mul tipl i cati ons: NRHS [n 2 +n]

addi ti ons: NRHS [n 2
� n]

total ops: NRHS [2n 2]

SGE RFor SGE LF( � n)

mul tipl i cati ons: n2 � 1=3n 3 + n+1=2n 2 +23=6n

addi ti ons: n2 � 1=3n 3 +1=2n 2 +5=6n

total ops: 2 n2
� 2=3n 3 + n+n 2 +14=3n

SGE RFor SGE LF( n)

mul tipl i cati ons: n 2
� 1=3 3 +2n � 1=2 2 +23=6

addi ti ons: n 2
� 1=3 3 +n � 1=2 2 +5=6

total ops: 2n 2
� 2=3 3+3n �

2 +14=3n

SGER For SGEL F( � n)

mul tipl i cati ons: n2 � 1=3n 3 + n+1=2n 2 +29=6n

addi ti ons: n2 � 1=3n 3 + n� 1=2n 2 +5=6n

total ops: 2 n2
� 2=3n 3 +2 n+17=3n

SGER For SGEL F( n)

mul tipl i cati ons: n 2
� 1=3 3 +2n � 1=2 2 +29=6

addi ti ons: n 2
� 1=3 3 +1=2 2 +5=6

total ops: 2n 2
� 2=3 3+2n +17=3n

SORG Ror SORG L

mul tipl i cati ons: 2 n � ( +n) 2 +2=3 3 +2n �
2
� 5=3

addi ti ons: 2 n � ( +n) 2 +2=3 3 +n � +1=3

total ops: 4 n � 2( +n) 2 +4=3 3 +3n � �
2
� 4=3
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LAPACKroutines:

SGETRF mul tipl i cati ons: 1=2 n 2
� 1=6n 3 +1=2 n� 1=2n 2 +2=3n

addi ti ons: 1=2 n 2
� 1=6n 3

� 1=2 n+1=6n

total ops: n2 � 1=3n 3
� 1=2n 2 +5=6n

SGETRI mul tipl i cati ons: 2=3n 3 +1=2n 2 +5=6n

addi ti ons: 2=3n 3
� 3=2n 2 +5=6n

total ops: 4=3n 3
� n2 +5=3n

SGETRS mul tipl i cati ons: NRHS [n 2]

addi ti ons: NRHS [n 2
� n]

total ops: NRHS [2n 2
� n]

SPOTRF mul tipl i cati ons: 1=6n 3 +1=2n 2 +1=3n

addi ti ons: 1=6n 3
� 1=6n

total ops: 1=3n 3 +1=2n 2 +1=6n

SPOTRI mul tipl i cati ons: 1=3n 3 +n 2 +2=3n

addi ti ons: 1=3n 3
� 1=2n 2 +1=6n

total ops: 2=3n 3 +1=2n 2 +5=6n

SPOTRS mul tipl i cati ons: NRHS [n 2 +n]

addi ti ons: NRHS [n 2
� n]

total ops: NRHS [2n 2]

SPBTRF mul tipl i cati ons: n(1=2 2 +3=2 +1)� 1=3 3
�

2
� 2=3

addi ti ons: n(1=2 2 +1=2 )� 1=3 3
� 1=2 2

� 1=6

total ops: n( 2 +2 +1)� 2=3 3
� 3=2 2

� 5=6

SPBTRS mul tipl i cati ons: NRHS [2n +2n� 2
� ]

addi ti ons: NRHS [2n �
2
� ]

total ops: NRHS [4n +2n� 2 2
� 2 ]
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Level 2 BLAS mul tipl i cati ons addi ti ons total ops

SGEMV 1, n n 2 n

SSYMV , n2 n2 2n2

SSBMV , n(2 +1)� ( +1) n(2 +1)� ( +1) n(4 +2)� 2 ( +1)

STRMV , , n(n+1)=2 (n� 1)n=2 n2

STBMV , , n( +1)� ( +1)=2 n � ( +1)=2 n(2 +1)� ( +1)

STRSV n(n+1)=2 (n� 1)n=2 n2

STBSV n( +1)� ( +1)=2 n � ( +1)=2 n(2 +1)� ( +1)

SGER 1 n n 2 n

SSYR n(n+1)=2 n(n+1)=2 n(n+1)

SSYR2 n(n+1) n2 2n2 +n

1 { Plus mul tipl i es i f �= 1

2 { Plus mul tipl i es i f = 1 or 0

3 { Plus nmul tipl i es i f �= 1

4 { Plus nmul tipl i es i f = 1 or 0

5 { Less nmul tipl i es i f matri x i s uni t tri angular

Tabl e 12: Operati on counts for the Level 2 BLAS

Level 3 BLAS mul tipl i cati ons addi ti ons total ops

SGEMM n n 2 n

SSYMM(SIDE='L') 2n 2n 2 2n

SSYMM(SIDE='R') n2 n2 2 n2

SSYRK n(n+1)=2 n(n+1)=2 n(n+1)

SSYR2K n2 n2 +n 2 n2 +n

STRMM(SIDE='L') n ( +1)=2 n ( � 1)=2 n 2

STRMM(SIDE='R') n(n+1)=2 n(n� 1)=2 n2

STRSM(SIDE='L') n ( +1)=2 n ( � 1)=2 n 2

STRSM(SIDE='R') n(n+1)=2 n(n� 1)=2 n2

Tabl e 13: Operati on counts for the Level 3 BLAS
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en i x : er at i on ount s f or t e S an

In thi s appendix we reproduce in tabular formthe formulas we have used to compute

operati on counts for the BLAS and LAPACKroutines. In singl e preci si on, the functi ons

SOPBL2, SOPBL3, SOPAUX, and SOPLAreturn the operati on counts for the Level 2

BLAS, Level 3 BLAS, LAPACKauxi l i ary routines, and LAPACKroutines, respecti vel y.

Al l four functi ons are found in the di rectory LAPACK/TIMING/LIN i n the Unix versi on and

in SCINTSTF i n the non-Unix versi on.

In the tabl es bel ow, we give operati on counts for the singl e preci si on real dense and

bandedroutines (the counts for the symmetri c packedroutines are the same as for the dense

routines). Separate counts are given for mul tipl i es (i ncludi ng divi si ons) and addi ti ons, and

the total i s the sumof these expressi ons. For the compl ex analogues of these routines, each

mul tipl i cati on would count as 6 operati ons and each addi ti on as 2 operati ons, so the total

would be di�erent. For the doubl e preci si on routines, we use the same operati on counts as

for the singl e preci si on real or compl ex routines.

p e r a t i o n Co u n t s o r t h e Le e l 2 BLAS

The four parameters used in counting operati ons for the Level 2 BLAS are the matrix

dimensi ons and n and the upper and lower bandwidths and l for the band routines

( i f symmetri c or tri angular). An exact count al so depends sl i ghtl y on the values of the

scal i ng factors � and , since some common speci al cases (such as �=1 and =0) can

be treated separatel y.

The count for SGBMVfromthe Level 2 BLAS i s as fol l ows:

SGBMV mul tipl i cati ons: n� ( � l � 1)( � l)=2� (n� � 1)(n� )=2

addi ti ons: n� ( � l � 1)( � l)=2� (n� � 1)(n� )=2

total ops: 2 n� ( � l � 1)( � l)� (n� � 1)(n� )

plus mul tipl i es i f �= 1 and another mul tipl i es i f = 1 or 0. The other Level 2

BLAS operati on counts are shown in Tabl e 12.

p e r a t i o n Co u n t s o r t h e Le e l 3 BLAS

Three parameters are used to count operati ons for the Level 3 BLAS: the matrix di -

mensi ons , n, and . In some cases we al so must knowwhether the matrix i s mul tipl i ed

on the l eft or ri ght. An exact count depends sl i ghtl y on the values of the scal i ng factors �

and , but in Tabl e 13 we assume these parameters are always 1 or 0, si nce that i s how

they are used in the LAPACKroutines.

p e r a t i o n Co u n t s o r t h e LAPACK Ro u t i n e s

The parameters used in counting operati ons for the LAPACKroutines are the matrix

dimensi ons and n, the upper and lower bandwidths and l for the band routines (

i f symmetri c or tri angular), and NRHS, the number of ri ght hand sides in the soluti on

phase. The operati on counts for the LAPACKroutines not l i sted here are not computed

by a formula. In parti cul ar, the operati on counts for the ei genvalue routines are probl em-

dependent and are computed during executi on of the timing program.
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LA SY equi l i brate a symmetri c matri x

LA TR solve a real or compl ex quasi -tri angular system

LAR2V apply real pl ane rotati ons fromboth sides to a sequence

of 2 by 2 real symmetri c matri ces

LARF apply (mul tiply by) an el ementary reector

LARFB apply (mul tiply by) a block reector

LARFG generate an el ementary reector

LARFT formthe tri angular factor of a block reector

LARFX unrol l ed versi on of xLARF

LARGV generate a vector of pl ane rotati ons

LARTG generate a plane rotati on

LARTV apply a vector of pl ane rotati ons to a pai r of vectors

LAS2 (real ) Compute singular values of a 2 x 2 tri angular matri x

LASCL scal e a matrix byCTO/CFROM

LASET ini ti al i zes a matrix to BETAon the diagonal and ALPHAon

the o�diagonal s

LASR Apply a sequence of pl ane rotati ons to a rectangular matri x

LASS Compute a scal ed sumof squares of the el ements of a vector

LASV2 (real ) Compute singular values and singular vectors of a 2 x 2 tri angular

matri x

LASWP Performa seri es of rowinterchanges

LASY2 solve for a matrix Xthat sati s�es the equati on

� + N� � = �

LASYF compute part of the diagonal pivoting factori zati on of a symmetri c matri x

LATBS solve a tri angular band systemwi th scal i ng to prevent overow

LATPS solve a packed tri angular systemwi th scal i ng to prevent overow

LATRD reduce NBrows and columns of a real symmetri c or compl ex Hermi ti an

matrix to tridi agonal form

LATRS solve a tri angular systemwi th scal i ng to prevent overow

LATZM apply a Householder matri x generated by xTZR Fto a matrix

LAUU2 Unblockedversi on of LAUUM

LAUUM Compute the product U*U' or L'*L(blockedversi on)

LAXPY Add a mul tipl e of a matrix to another matri x

LAZRO Ini ti al i ze a rectangular matri x (usual l y to zero)
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UNML2 (compl ex) mul tiply by the uni tary matrix fromxGEL F

UNMR2 (compl ex) mul tiply by the uni tary matrix fromxGER F

Other LAPACKauxi l i ary routines:

LABAD (real ) returns square root of underowand overowi f exponent range i s l arge

LABRD reduce NBrows or columns of a matrix to upper or l ower bidi agonal form

LACON estimate the normof a matrix for use in condi ti on estimati on

LACPY copy a matrix to another matri x

LADIV performcompl ex divi si on in real ari thmeti c

LAE2 compute ei genvalues of a 2 x 2 real symmetri c or compl ex Hermi ti anmatrix

LAEBC chases a bulge downan upper Hessenberg block

LAEBZ compute and use the count of ei genvalues of a symmetri c

tridi agonal matri x

LAEIN Use inverse i terati on to �nd a speci�ed ri ght and/or l eft ei genvector of an

upper Hessenberg matrix

LAE U performan orthogonal simi l ari ty transformati on to standardi ze

a 2 by 2 diagonal bl ock of a quasi -tri angular matri x

LAE Z unblockedsingl e-/doubl e-shi ft versi on of Zmethod

LAESY (compl ex) Compute ei genvalues and eigenvectors of a compl ex symmetri c

2 x 2 matrix

LAEV2 Compute ei genvalues and eigenvectors of a 2 x 2 real symmetri c or compl ex

Hermi ti anmatrix

LAEXC swapadjacent diagonal bl ocks in a quasi -upper tri angular matri x

LAG2 compute the ei genvalues of a 2 by 2 general i zed

ei genvalue probl emwi th scal i ng to avoid over-/underow

LAGBC bulge-chasing for the mul ti shi ft Zmethod

LAGTF factori zes the matrix ( � )

LAGTM matrix-vector product where the matrix i s tri di agonal

LAGTS solves a systemof equati ons ( � )x=y where

i s a tridi agonal matri x

LAHEF (compl ex) compute part of the diagonal pivoting factori zati on of a Hermi ti an

matrix

LAH R Find the Schur factori zati on of a Hessenberg matrix (modi�ed versi on of

H RfromEISPACK)

LAHRD reduce NBcolumns of a general matri x to Hessenberg form

LAIC1 apply one step of incremental condi ti on estimati on

LALN2 (real ) Solve a 1 x 1 or 2 x 2 l i near system

LAORD sort the el ements of a vector in increasing or decreasing order

LAPTM mul tiply a matrix by a symmetri c tridi agonal matri x

LAPY2 Compute square root of X**2 +Y**2

LAPY3 (real ) Compute square root of X**2 +Y**2 +Z**2

LA GB equi l i brate a general bandmatrix

LA GE equi l i brate a general matri x

LA SB equi l i brate a symmetri c bandmatrix

LA SP equi l i brate a symmetri c packedmatrix
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SBMV (compl ex) Symmetri c bandmatrix times vector

SYR (compl ex) Symmetri c rank-1 update

SPR (compl ex) Symmetri c rank-1 update of a packedmatrix

ICMAX1 Find the index of el ement whose real part has max. abs. value

IZMAX1 Find the index of el ement whose real part has max. abs. value

SCSUM1 Sumabsolute values of a compl ex vector

DZSUM1 Doubl e preci si on versi on of SCSUM1

RSCL (real ) Scal e a vector by the reciprocal of a constant

CSRSCL Scal e a compl ex vector by the reciprocal of a real constant

ZDRSCL Doubl e preci si on versi on of CSRSCL

Level 2 BLAS versi ons of the block routines:

GBTF2 compute the LUfactori zati on of a general bandmatrix

GEBD2 reduce a general matri x to bidi agonal form

GEHD2 reduce a square matrix to upper Hessenberg form

GEL 2 compute an L factori zati onwi thout pivoting

GE L2 compute a L factori zati onwi thout pivoting

GE R2 compute a Rfactori zati onwi thout pivoting

GER 2 compute an R factori zati onwi thout pivoting

GETF2 compute the LUfactori zati on of a general matri x

HEGS2 (compl ex) reduce a Hermi ti an-de�ni te general i zed ei genvalue probl emto

standard form

HETD2 (compl ex) reduce a Hermi ti anmatrix to real tri di agonal form

HETF2 (compl ex) compute diagonal pivoting factori zati on of a Hermi ti anmatrix

ORG2L (real ) generate the orthogonal matri x fromxGE LF

ORG2R (real ) generate the orthogonal matri x fromxGE RF

ORGL2 (real ) generate the orthogonal matri x fromxGE LF

ORGR2 (real ) generate the orthogonal matri x fromxGER F

ORM2L (real ) mul tiply by the orthogonal matri x fromxGE LF

ORM2R (real ) mul tiply by the orthogonal matri x fromxGE RF

ORML2 (real ) mul tiply by the orthogonal matri x fromxGEL F

ORMR2 (real ) mul tiply by the orthogonal matri x fromxGER F

PBTF2 compute the Chol esky factori zati on of a posi ti ve de�ni te bandmatrix

POTF2 compute the Chol esky factori zati on of a posi ti ve de�ni te matri x

SYGS2 (real ) reduce a symmetri c-de�ni te general i zed ei genvalue probl emto

standard form

SYTD2 (real ) reduce a symmetri c matri x to tridi agonal form

SYTF2 compute the diagonal pivoting factori zati on of a symmetri c matri x

TRTI2 compute the inverse of a tri angular matri x

UNG2L (compl ex) generate the uni tary matrix fromxGE LF

UNG2R (compl ex) generate the uni tary matrix fromxGE RF

UNGL2 (compl ex) generate the uni tary matrix fromxGE LF

UNGR2 (compl ex) generate the uni tary matrix fromxGER F

UNM2L (compl ex) mul tiply by the uni tary matrix fromxGE LF

UNM2R (compl ex) mul tiply by the uni tary matrix fromxGE RF
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en i x : uxi l i ar Rout i nes

Thi s appendix l i sts al l of the auxi l i ary routines (except for the BLAS) that are cal l ed

fromthe LAPACKroutines. These routines are found in the di rectory LAPACK/SRC i n the

Unix versi on and in the �l es xxLAUXFand xLASRCFin the non-Unix versi on. Routines

speci�ed wi th anunderscore as the �rst character are avai l abl e in al l four data types (S, D,

C, and Z), except those marked (real ), for whi ch the �rst character may be `S' or `D' , and

those marked (compl ex), for whi ch the �rst character may be `C' or `Z' .

Speci al subroutines:

XERBLA Error handl er for the BLAS and LAPACKroutines

Speci al functi ons:

ILAENV INTEGER Return block si ze and other parameters

LSAME LOGICAL Return .TRUE. i f two characters are the same

regardl ess of case

LSAMEN LOGICAL Return .TRUE. i f two character strings are the

same regardl ess of case

SLAMCH REAL Return singl e preci si on machine parameters

DLAMCH DOUBLEPRECISION Return doubl e preci si on machine parameters

Functi ons for computing norms:

LANGB General bandmatrix

LANGE General matri x

LANGT General tri di agonal matri x

LANHB (compl ex) Hermi ti an bandmatrix

LANHE (compl ex) Hermi ti anmatrix

LANHP (compl ex) Hermi ti an packedmatrix

LANHS Upper Hessenberg matrix

LANSB Symmetri c bandmatrix

LANSP Symmetri c packedmatrix

LANST Symmetri c tridi agonal matri x

LANSY Symmetri c matri x

LANTB Triangular bandmatrix

LANTP Triangular packedmatrix

LANTR Trapezoidal matri x

Extensi ons to the Level 1 and 2 BLAS:

CROT Apply a plane rotati on to a pai r of compl ex vectors, where the cos i s real

and the sin i s compl ex

CSROT Apply a real pl ane rotati on to a pai r of compl ex vectors

ZDROT Doubl e preci si on versi on of CSROT

SYMV (compl ex) Symmetri c matri x times vector

SPMV (compl ex) Symmetri c packedmatrix times vector
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Orthogonal/uni tary transformati onroutines have al so been provided for the reducti ons

that use el ementary transformati ons.
UN UP

OR OP

GHR

GTR

GBR

MHR

MTR

MBR

In addi ti on, a number of dri ver routines are provided wi th thi s rel ease. The naming

conventi on for the driver routines i s the same as for the LAPACKroutines, but the l ast

3 characters YYYhave the fol l owing meanings (note an `X' in the l ast character posi ti on

indi cates a more expert dri ver):

SV factor the matrix and solve a systemof equati ons

SVX equi l i brate, factor, solve, compute error bounds and do i terati ve re�nement, and

estimate the condi ti on number

LS solve over- or underdetermined l i near systemusing orthogonal factori zati ons

LSX compute aminimum-normsoluti on using a compl ete orthogonal factori zati on

(using Rwi th column pivoting)

LSS solve l east squares probl emusing the SVD

EV compute al l ei genvalues and/or ei genvectors

EVX compute sel ected ei genvalues and eigenvectors

ES compute al l ei genvalues, Schur form, and/or Schur vectors

ESX compute al l ei genvalues, Schur form, and/or Schur vectors and the condi ti oning

of sel ected ei genvalues or ei genvectors

GV compute general i zed ei genvalues and/or general i zed ei genvectors

GS compute general i zed ei genvalues, Schur form, and/or Schur vectors

SVD compute the SVDand/or singular vectors

The driver routines provided in LAPACKare indi cated by the fol l owing tabl e:

HE HP HB

GE GB GT PO PP PB PT SY SP SB ST

SV

SVX

LS

LSX

LSS

EV

EVX

ES

ESX

GV

GS

SVD
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SYL solve the Sylvester matri x equati on

TRD reduce a symmetri c matri x to real symmetri c tridi agonal form

TRF compute a tri angular factori zati on (LU, Chol esky, etc.)

TRI compute inverse (based on tri angular factori zati on)

TRS solve systems of l i near equati ons (based on tri angular factori zati on)

Given these de�ni ti ons, the fol l owing tabl e indi cates the LAPACKsubroutines for the

soluti on of systems of l i near equati ons:

HE HP UN

GE GB GT PO PP PB PT SY SP TR TP TB OR

TRF

TRS

RFS

TRI

CON

E U

PF

RF

RS

G R

M R

{ al so R , L, and L

The fol l owingtabl e indi cates the LAPACKsubroutines for �nding ei genvalues andeigen-

vectors or singular values and singular vectors:

HE HP HB

GE GG HS HG TR TG SY SP SB ST PT BD

HRD

TRD

BRD

E R

E Z

EIN

EVC

EBZ

ERF

S R

SEN

SNA

SYL

EXC

BAL

BAK

GST
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The last three characters, YYY, indi cate the computati on done by a parti cul ar subrou-

tine. Included in thi s rel ease are subroutines to performthe fol l owing computati ons:

BAK back transformati on of ei genvectors after balancing

BAL permute and/or balance to i sol ate ei genvalues

BRD reduce to bidi agonal formby orthogonal transformati ons

CON estimate condi ti on number

EBZ compute sel ected ei genvalues by bi secti on

EIN compute sel ected ei genvectors by inverse i terati on

E R compute ei genvalues and/or the Schur formusing the Ralgori thm

E U equi l i brate a matrix to reduce i ts condi ti on number

E Z compute general i zed ei genvalues and/or general i zed Schur formby Zmethod

ERF compute ei genvectors using the Pal -Walker-Kahanvari ant of the Lor R

algori thm

EVC compute ei genvectors fromSchur factori zati on

EXC swapadjacent diagonal bl ocks in a quasi -upper tri angular matri x

GBR generate the orthogonal/uni tary matrix fromxGEBRD

GHR generate the orthogonal/uni tary matrix fromxGEHRD

GL generate the orthogonal/uni tary matrix fromxGEL F

G L generate the orthogonal/uni tary matrix fromxGE LF

G R generate the orthogonal/uni tary matrix fromxGE RF

GR generate the orthogonal/uni tary matrix fromxGER F

GST reduce a symmetri c-de�ni te general i zed ei genvalue probl emto standard form

GTR generate the orthogonal/uni tary matrix fromxxxTRD

HRD reduce to upper Hessenberg formby orthogonal transformati ons

L F compute an L factori zati onwi thout pivoting

L S compute aminimum-normsoluti on using the L factori zati on

MBR mul tiply by the orthogonal/uni tary matrix fromxGEBRD

MHR mul tiply by the orthogonal/uni tary matrix fromxGEHRD

ML mul tiply by the orthogonal/uni tary matrix fromxGEL F

M L mul tiply by the orthogonal/uni tary matrix fromxGE LF

M R mul tiply by the orthogonal/uni tary matrix fromxGE RF

MR mul tiply by the orthogonal/uni tary matrix fromxGER F

MTR mul tiply by the orthogonal/uni tary matrix fromxxxTRD

LF compute a L factori zati onwi thout pivoting

LS solve a l east squares probl emusing the L factori zati on

PF compute a Rfactori zati onwi th column pivoting

RF compute a Rfactori zati onwi thout pivoting

RS solve a l east squares probl emusing the Rfactori zati on

RFS re�ne ini ti al soluti on returned byTRS routines

R F compute anR factori zati onwi thout pivoting

R S compute aminimum-normsoluti on using the R factori zati on

SEN compute a basi s and/or reciprocal condi ti on number (sensi ti vi ty) of an

invari ant subspace

SNA estimate reciprocal condi ti on numbers of ei genvalue/-vector pai rs

S R compute singular values and/or singular vectors using the Ralgori thm
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en i x : Rout i nes

In thi s appendix, we revi ewthe subroutine naming scheme for LAPACKas proposed in [3 ]

and indi cate by means of a tabl e whi ch subroutines are included in thi s rel ease. We al so

l i st the driver routines, whi ch are newsince rel ease 2.

Eachsubroutine name in LAPACKis a coded speci�cati on of the computati on done by

the subroutine. Al l names consi st of si x characters in the formTXXYYY. The �rst l etter,

T, indi cates the matrix data type as fol l ows:

S REAL

D DOUBLEPRECISION

C COMPLEX

Z COMPLEX*16 (i f avai l abl e)

The next two l etters, XX, indi cate the type of matri x. Most of these two-l etter codes

apply to both real and compl ex routines; a fewapply speci�cal l y to one or the other, as

indi cated bel ow:

BD bidiagonal

GB general band

GE general (i .e. unsymmetri c, i n some cases rectangular)

GG general matri ces, general i zed probl em(i .e. a pai r of general matri ces)

GT general tri di agonal

HB (compl ex) Hermi ti an band

HE (compl ex) Hermi ti an

HG upper Hessenberg matrix, general i zed probl em(i .e. , a Hessenberg and a

tri angular matri x)

HP (compl ex) Hermi ti an, packedstorage

HS upper Hessenberg

OR (real ) orthogonal

OP (real ) orthogonal , packedstorage

PB symmetri c or Hermi ti an posi ti ve de�ni te band

PO symmetri c or Hermi ti an posi ti ve de�ni te

PP symmetri c or Hermi ti an posi ti ve de�ni te, packed storage

PT symmetri c or Hermi ti an posi ti ve de�ni te tridi agonal

SB (real ) symmetri c band

SP symmetri c, packedstorage

ST symmetri c tridi agonal

SY symmetri c

TB tri angular band

TG tri angular matri ces, general i zed probl em(i .e. , a pai r of tri angular matri ces)

TP tri angular, packedstorage

TR tri angular (or in some cases quasi -tri angular)

TZ trapezoidal

UN (compl ex) uni tary

UP (compl ex) uni tary, packedstorage
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l i ne 2: The number of values of N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: Number of values of the parameters

l i ne 5: The values for NB, the blocksi ze

l i ne 6: The values for NS, the number of shi fts

l i ne 7: The values for MAXB, the mul ti shi ft crossover point

l i ne 8: The values for MINNB, determines minimumblocksi ze

l i ne 9: The values for MINBLK, al so determines minimumblocksi ze

l i ne 10: The values for the l eading dimensi on LDA

l ine 11: The minimumtime (in seconds) that a subroutine wi l l be

timed. If TIMMINi s zero, each routine should be timed only

once.

l i ne 12: NTYPES, the number of matri x types to be used

If NTYPES =4, al l the types are used. If 0 <NTYPES < 4, then l i ne 13 speci�es

NTYPES integer values, whi ch are the numbers of the matrix types to be used. The re-

maining l i nes speci fy a pathname andthe speci�c routines to be timed. For the general i zed

nonsymmetri c ei genvalue probl em, the path names for the four data types are S G, C G,

D G, and Z G. Al i ne to request al l the routines in the REALpath has the form

S G T T T T T T T T T T T T T T T T T T

where the �rst 3characters speci fy the pathname, anduptoMAXTYPnonblankcharacters

may appear in columns 4-80. If the such character i s 'T' or 't' , the routine wi l l be

timed. If at l east one but fewer than 18 nonblank characters are speci�ed, the remaining

routines wi l l not be timed. If columns 4-80 are blank, al l the routines wi l l be timed, so the

input l i ne

S G

i s equival ent to the l i ne above.

The output i s i n the formof a tabl e whi chshows the absolute times in seconds, oating

point operati on counts, andmegaop rates for eachroutine over al l rel evant input parame-

ters. For the SHGE Zroutine, the tabl e has one l i ne for eachdi�erent combinati onof NB,

NS, MAXB, MINNB, andMINBLK.

c no l e g ent s

JimDemmel of the Universi ty of Cal i forni a-Berkel ey, SvenHammarl i ng of NAGLtd. , and

Alan McKenney of the Courant Insti tute of Mathemati cal Sci ences, NewYork Universi ty,

al so contributed to thi s report.
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Four di�erent matrix types are provided for timing the general i zed nonsymmetri c ei gen-

value routines. Avari ety of matri x types i s al l owed because the number of i terati ons to

compute the ei genvalues, and hence the timing, can depend on the type of matri x whose

ei gendecomposi ti on i s desi red. The matri ces used for timing have at l east one zero, one

in�ni te, and one singular (�= =0) general i zed ei genvalue. The remaining ei genvalues

are sometimes real and sometimes compl ex, di stri buted in magni tude as fol l ows:

\clustered" entri es 1 " . . . " with randomsigns;

evenly spaced entri es from1 down to " with randomsigns;

geometri cal l y spaced entri es from1 down to " with randomsigns;

ei genvalues randomly chosen fromthe interval (" 1).

. . 1I n u t i l e o r Ti mi n g t h e e n e r a l i e d No n s y mme t r i Ei g e n r

An annotated exampl e of an input �l e for timing the REALgeneral i zed nonsymmetri c

ei genprobl emroutines i s shownbelow.

GEP Data file for timing Generalized Nons mmetric Eigenvalue Problem

4 Number of values of N

50 100 150 200 alues of N (dimension)

4 Number of parameter values

10 10 10 10 alues of NB (bloc size)

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

200 2 4 4 alues of MAXB (multishift crossover pt)

200 200 200 10 alues of MINNB (minimum bloc size)

200 200 200 10 alues of MINBLK (minimum bloc size)

201 201 201 201 alues of LDA (leading dimension)

0.0 Minimum time in seconds

5 Number of matrix t pes

S G T T T T T T T T T T T T T T T T T T

The �rst l i ne of the input �l e must contain the characters GEP i n columns 1{3. Lines

2{12 are read using l i st-di rected input and speci fy the fol l owing values:
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2. SGGHRD( ) (LAPACKreducti on to general i zed upper Hessenberg form, computing

but not .)

3. SGGHRD(Z) (LAPACKreducti on to general i zed upper Hessenberg form, computing

but not .)

4. SGGHRD( ,Z) (LAPACKreducti on to general i zed upper Hessenberg form, comput-

ing and .)

5. SHGE Z(E) (LAPACKcomputati on of general i zed ei genvalues only of a pai r of ma-

tri ces in general i zed Hessenberg form)

6. SHGE Z(S) (LAPACKcomputati on of general i zed Schur formof a pai r of matri ces

in general i zed Hessenberg form)

7. SHGE Z( ) (LAPACKcomputati on of general i zed Schur formof a pai r of matri ces

in general i zed Hessenberg formand )

8. SHGE Z(Z) (LAPACKcomputati on of general i zed Schur formof a pai r of matri ces

in general i zed Hessenberg formand Z)

9. SHGE Z( ,Z) (LAPACKcomputati onof general i zedSchur formof apai r of matri ces

in general i zed Hessenberg formand and Z)

10. STGEVC(A,L) (LAPACKcomputati on of the the l eft general i zed ei genvectors of a

matrix pai r i n general i zed Schur form)

11. STGEVC(B,L) (LAPACKcomputati on of the the l eft general i zed ei genvectors of a

matrix pai r i n general i zed Schur form, back transformedby )

12. STGEVC(A,R) (LAPACKcomputati on of the the ri ght general i zed ei genvectors of a

matrix pai r i n general i zed Schur form)

13. STGEVC(B,R) (LAPACKcomputati on of the the ri ght general i zed ei genvectors of a

matrix pai r i n general i zed Schur form, back transformedby Z)

14. ZHES(F) (EISPACKreducti on to general i zed upper Hessenberg form, wi thMATZ

=.FALSE., so i s not computed.)

15. ZHES(T) (EISPACKreducti on to general i zed upper Hessenberg form, wi thMATZ

=.TRUE., so i s computed.)

16. ZIT(F) ( ZITfol l owedby ZVALwi thMATZ=.FALSE.: EISPACKcomputati on

of general i zed ei genvalues only of a pai r of matri ces in general i zed Hessenberg form)

17. ZIT(T) ( ZITfol l owed by ZVALwi thMATZ=.TRUE.: EISPACKcomputati on

of general i zed Schur formof a pai r of matri ces in general i zed Hessenberg formandZ)

18. ZVEC(EISPACKcomputati on of the the ri ght general i zed ei genvectors of amatrix

pai r i n general i zed Schur form, back transformedby Z)
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l i ne 2: The number of values of Mand N

l ine 3: The values of M, the matrix rowdimensi on

l i ne 3: The values of N, the matrix column dimensi on

l i ne 4: The number of values of the parameters NBand LDA

l ine 5: The values of NB, the blocksi ze

l i ne 6: The values of LDA, the l eading dimensi on

l i ne 7: The minimumtime in seconds that a routine wi l l be timed

l ine 8: NTYPES, the number of matri x types to be used

If 0<NTYPES <5, thenl i ne 9 speci�es NTYPESinteger values whi chare the numbers

of the matrix types to be used. The remaining l i nes speci fy a path name and the speci�c

computati ons to be timed. For the SVD, the path names for the four data types are SBD,

DBD, CBD, andZBD. The (opti onal ) characters after the pathname indi cate the computati ons

to be timed, as in the input �l e for the nonsymmetri c ei genvalue probl em.

6 . 6 Ti mi n g t h e Ge n e r a l i e d o n s y mme t r i c i g e n p r o b l e m

Aseparate input �l e dri ves the timing codes for the general i zed nonsymmetri c ei gen-

probl em. The input �l e speci�es

N, the matrix si ze

si x-tupl es of parameter values (NB, NS, MAXB, MINNB, MINBLK, LDA) speci fying

the block si ze NB, the number of shi fts NS, the values of MAXB, the minimum

blocksi ze MINNB, the minimumblocksi ze MINBLK, and the l eading dimensi on LDA

the test matri x types

the routines or sequences of routines fromLAPACKor EISPACKto be timed

The parameters NB, MINNB, MINBLK, NS, and MAXBapply only to the Z i terati on

routine xHGE Z. Agoal of thi s timing code i s to determine the values of NB, NS, and

MAXB(as wel l as MINNBandMINBLK) whi chmaximize the speed of the codes.

The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main timing program:

Parameter Descripti on Value

MAXN Maximumvalue for N, NB, NS, MAXB, MINNB, or MINBLK 400

LDAMAX Maximumvalue for LDA 420

MAXIN Maximumnumber of values of N 12

MAXPRM Maximumnumber of parameter sets 10

(NB, NS, MAXB, MINNB, MINBLK, LDA)

The computati ons that maybe timed for the REALversi on are

1. SGGHRD(N) (LAPACKreducti on to general i zed upper Hessenberg form, wi thout

computing or .)
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13. LINSVD(l ) (LINPACKsingular values andmin(M,N) l eft si ngular vectors of a dense

matrix using SSVDC, to be compared to LAPSVD(l ))

14. LINSVD(L) (LINPACKsingular values andMleft si ngular vectors of a dense matrix

using SSVDC, to be compared to LAPSVD(L))

15. LINSVD(R) (LINPACKsingular values andNright singular vectors of a dense matrix

using SSVDC, to be compared to LAPSVD(R))

16. LINSVD(B) (LINPACKsingular values, min(M,N) l eft si ngular vectors and Nright

singular vectors of a dense matrix using SSVDC, to be compared to LAPSVD(B)).

Five di�erent matrix types are provided for timing the singular value decomposi ti on

routines. Matrix types 1{3 are of the form , where and are orthogonal or uni tary,

and i s di agonal wi th entri es

evenly spaced entri es from1 down to " with randomsigns (matri x type 1),

geometri cal l y spaced entri es from1 down to " with randomsigns (matri x type 2), or

\clustered" entri es 1 " . . . " with randomsigns (matri x type 3).

Matrix type 4 has in each entry a randomnumber drawn from[�1 1] . Matri x type 5 i s

a nearly bidi agonal matri x, where the upper bidi agonal entri es are exp (�2 log ") and the

nonbidi agonal entri es are ", where i s a uni formrandomnumber drawn from[0 1] (a

di�erent for each entry).

Anannotatedexampl e of aninput �l e for timing the REALsingular value decomposi ti on

routines i s shownbelow.

S D Data file for timing Singular alue Decomposition routines

7 Number of values of M and N

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

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

5 Number of values of parameters

1 16 32 48 64 alues of NB (bloc size)

201 201 201 201 201 alues of LDA (leading dimension)

0.0 Minimum time in seconds

4 Number of matrix t pes

1 2 3 4

SBD T T T T T T T T T T T T T T T T

The �rst l i ne of the input �l e must contain the characters S D i n columns 1-3. Lines 2-9

are read using l i st-di rected input and speci fy the fol l owing values:
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the test matri x types

the routines or sequences of routines fromLAPACKor LINPACKto be timed.

Agoal of thi s timing code i s to determine the values of NBwhi ch maximize the speed of

the block algori thms.

The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main timing program:

Parameter Descripti on Value

MAXN Maximumvalue for M, N, or NB 400

LDAMAX Maximumvalue for LDA 420

MAXIN Maximumnumber of pai rs of values (M, N) 12

MAXPRM Maximumnumber of pai rs of values (NB, LDA) 10

The computati ons that maybe timed for the REALversi on are

1. SGEBRD(LAPACKreducti on to bidi agonal form)

2. SBDS R(LAPACKcomputati on of singular values only of a bidi agonal matri x)

3. SBDS R(L) (LAPACKcomputati on of the singular values and l eft si ngular vectors

of a bidi agonal matri x)

4. SBDS R(R) (LAPACKcomputati onof the singular values and ri ght singular vectors

of a bidi agonal matri x)

5. SBDS R(B) (LAPACKcomputati onof the singular values andri ght and l eft si ngular

vectors of a bidi agonal matri x)

6. SBDS R(V) (LAPACKcomputati on of the singular values andmul tiply square ma-

tri x of dimensi on min(M,N) by transpose of l eft si ngular vectors)

7. LAPSVD(LAPACKsingular values only of a dense matrix, using SGEBRDand

SBDS R)

8. LAPSVD(l ) (LAPACKsingular values andmin(M,N) l eft si ngular vectors of a dense

matrix, using SGEBRD, SORGBRand SBDS R(L))

9. LAPSVD(L) (LAPACKsingular values andMleft si ngular vectors of a dense matrix,

using SGEBRD, SORGBRand SBDS R(L))

10. LAPSVD(R) (LAPACKsingular values andNright singular vectors of adense matrix,

using SGEBRD, SORGBRand SBDS R(R))

11. LAPSVD(B) (LAPACKsingular values, min(M,N) l eft si ngular vectors, and Nright

singular vectors of a dense matrix, using SGEBRD, SORGBRand SBDS R(B))

12. LINSVD(LINPACKsingular values only of a dense matrix using SSVDC, to be

compared to LAPSVD)
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evenly spaced entri es from1 down to " with randomsigns (matri x type 1),

geometri cal l y spaced entri es from1 down to " with randomsigns (matri x type 2),

\clustered" entri es 1 " . . . " with randomsigns (matri x type 3), or

ei genvalues randomly chosen fromthe interval (" 1) (matri x type 4).

An annotated exampl e of an input �l e for timing the REAL symmetri c ei genprobl em

routines i s shownbelow.

SEP Data file for timing S mmetric Eigenvalue Problem routines

5 Number of values of N

50 100 200 300 400 alues of N (dimension)

5 Number of values of parameters

1 16 32 48 64 alues of NB (bloc size)

401 401 401 401 401 alues of LDA (leading dimension)

0.0 Minimum time in seconds

4 Number of matrix t pes

SST T T T T T T T T

The �rst l i ne of the input �l e must contain the characters SEP i n columns 1-3. Lines 2-8

are read using l i st-di rected input and speci fy the fol l owing values:

l i ne 2: The number of values of N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: The number of values of the parameters NBand LDA

l ine 5: The values of NB, the blocksi ze

l i ne 6: The values of LDA, the l eading dimensi on

l i ne 7: The minimumtime in seconds that a routine wi l l be timed

l ine 8: NTYPES, the number of matri x types to be used

If 0<NTYPES <4, thenl i ne 9 speci�es NTYPESinteger values whi chare the numbers

of the matrix types to be used. The remaining l i nes speci fy a path name and the speci�c

computati ons to be timed. For the symmetri c ei genvalue probl em, the path names for the

four data types are SST, DST, CST, and ZST. The (opti onal ) characters after the path name

indi cate the computati ons to be timed, as in the input �l e for the nonsymmetri c ei genvalue

probl em.

6 . 5 Ti mi n g t h e S i n g u l a r a l u e De c o mp o s i t i o n

Aseparate input �l e dri ves the timing codes for the Singular Value Decomposi ti on

(SVD). The input �l e speci�es

pai rs of parameter values (M, N) speci fying the matrix rowdimensi on Mand the

matrix column dimensi on N

pai rs of parameter values (NB, LDA) speci fying the block si ze NBand the l eading

dimensi on LDA
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11. IMT L1 (EISPACKcomputati on of ei genvalues only of a symmetri c tridi agonal ma-

tri x, to be compared to SSTE R(N))

12. IMT L2(EISPACKcomputati onof ei genvalues andeigenvectors of asymmetri c tridi -

agonal matri x, to be compared to SSTE R(V))

13. T LRAT (EISPACKcomputati on of ei genvalues only of a symmetri c tridi agonal

matri x, to be compared to SSTERF).

14. TRIDIB (EISPACKcomputati on of the ei genvalues of )(compare wi th SSTEBZ {

RANGE='I')

15. BISECT(EISPACKcomputati on of the ei genvalues of )(compare wi th SSTEBZ {

RANGE='V')

16. TINVIT (EISPACKcomputati on of the ei genvectors of a tri angular matri x using

inverse i terati on) (compare wi th SSTEIN)

For compl ex matri ces the possibl e computati ons are

1. CHETRD(LAPACKreducti on of a compl ex Hermi ti an matrix to real symmetri c

tridi agonal form)

2. CSTE R(N) (LAPACKcomputati on of ei genvalues only of a symmetri c tridi agonal

matri x)

3. CUNGTR+CSTE R(V) (LAPACKcomputati on of the ei genvalues and eigenvectors

of a symmetri c di agonal matri x)

4. CPTE R(VECT='N') (LAPACKcomputati onof the ei genvalues onlyof a symmetri c

posi ti ve de�ni te tridi agonal matri x)

5. CUNGTR+CPTE R(VECT='V') (LAPACKcomputati on of the ei genvalues and

eigenvectors of a symmetri c posi ti ve de�ni te tridi agonal matri x)

6. SSTEBZ+CSTEIN+CUNMTR(LAPACKcomputati onof the ei genvalues and eigen-

vectors of a symmetri c tridi agonal matri x)

7. HTRIDI (EISPACKreducti on to symmetri c tridi agonal form, to be compared to

CHETRD)

8. IMT L1 (EISPACKcomputati on of ei genvalues only of a symmetri c tridi agonal ma-

tri x, to be compared to CSTE R(V))

9. IMT L2+HTRIBK(EISPACKcomputati onof ei genvalues andeigenvectors of acom-

pl ex Hermi ti anmatrix given the reducti on to real symmetri c tridi agonal form, to be

compared to CUNGTR+CSTE R).

Four di�erent matrix types are provided for timing the symmetri c ei genvalue routines.

The matri ces used for timing are of the form �1, where i s orthogonal and i s

di agonal wi th entri es
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N, the matrix si ze

pai rs of parameter values (NB, LDA) speci fying the block si ze NBand the l eading

dimensi on LDA

the test matri x types

the routines or sequences of routines fromLAPACKor EISPACKto be timed.

Agoal of thi s timing code i s to determine the values of NBwhi ch maximize the speed of

the block algori thms.

The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main timing program:

Parameter Descripti on Value

MAXN Maximumvalue for Nor NB 400

LDAMAX Maximumvalue for LDA 420

MAXIN Maximumnumber of values of N 12

MAXPRM Maximumnumber of pai rs of values (NB, LDA) 10

The computati ons that may be timed depend on whether the data i s real or compl ex.

For the REALversi on the possibl e computati ons are

1. SSYTRD(LAPACKreducti on to symmetri c tridi agonal form)

2. SSTE R(N) (LAPACKcomputati on of ei genvalues only of a symmetri c tridi agonal

matri x)

3. SSTE R(V) (LAPACKcomputati on of the ei genvalues and eigenvectors of a sym-

metri c tri di agonal matri x)

4. SSTERF(LAPACKcomputati on of the ei genvalues only of a symmetri c tridi agonal

matri x using a square-root free al gori thm)

5. SPTE R(COMPZ='N') (LAPACKcomputati on of the ei genvalues of a symmetri c

posi ti ve de�ni te tridi agonal matri x)

6. SPTE R(COMPZ='V') (LAPACKcomputati on of the ei genvalues and eigenvectors

of a symmetri c posi ti ve de�ni te tridi agonal matri x)

7. SSTEBZ(RANGE='I') (LAPACKcomputati onof the ei genvalues in a speci�ed inter-

val for a symmetri c tridi agonal matri x)

8. SSTEBZ(RANGE='V') (LAPACKcomputati on of the ei genvalues in a hal f-open in-

terval for a symmetri c tridi agonal matri x)

9. SSTEIN(LAPACKcomputati onof the ei genvectors of a symmetri c tridi agonal matri x

corresponding to speci�ed ei genvalues using inverse i terati on)

10. TRED1 (EISPACKreducti on to symmetri c tridi agonal form, to be compared to

SSYTRD)
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4 Number of values of parameters

1 16 32 48 alues of NB (bloc size)

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

40 40 40 40 alues of MAXB (multishift crossover pt)

301 301 301 301 alues of LDA (leading dimension)

0.0 Minimum time in seconds

4 Number of matrix t pes

1 3 4 6

S S T T T T T T T T T T T T

The �rst l i ne of the input �l e must contain the characters NEP i n columns 1-3. Lines

2-10 are read using l i st-di rected input and speci fy the fol l owing values:

l i ne 2: The number of values of N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: The number of values of the parameters NB, NS, MAXB, and LDA

l ine 5: The values of NB, the blocksi ze

l i ne 6: The values of NS, the number of shi fts

l i ne 7: The values of MAXB, the maximumblocksi ze

l i ne 8: The values of LDA, the l eading dimensi on

l i ne 9: The minimumtime in seconds that a routine wi l l be timed

l ine 10: NTYPES, the number of matri x types to be used

If 0 < NTYPES < 8, then l i ne 11 speci�es NTYPES integer values whi ch are the

numbers of the matrix types to be used. The remaining l i nes speci fy a path name and

the speci�c computati ons to be timed. For the nonsymmetri c ei genvalue probl em, the path

names for the four data types are S S, D S, C S, and Z S. Al i ne to request al l the routines

in the REALpath has the form

S S T T T T T T T T T T T T

where the �rst 3 characters speci fy the path name, and up to 12 nonblank characters may

appear in columns 4{80. If the suchcharacter i s `T' or `t' , the routine wi l l be timed.

If at l east one but fewer than 12 nonblank characters are speci�ed, the remaining routines

wi l l not be timed. If columns 4{80 are blank, al l the routines wi l l be timed, so the input

l i ne

S S

i s equival ent to the l i ne above.

The output i s i n the formof a tabl e whi chshows the absolute times in seconds, oating

point operati on counts, andmegaop rates for eachroutine over al l rel evant input parame-

ters. For the blockedroutines, the tabl e has one l i ne for eachdi�erent value of NB, and for

the SHSE Rroutine, one l i ne for eachdi�erent combinati on of NS andMAXBas wel l .

6 . 4 Ti mi n g t h e S y mme t r i c i g e n p r o b l e m

Aseparate input �l e dri ves the timing codes for the symmetri c ei genprobl em. The input

�l e speci�es
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4. SHSE R(V) (LAPACKcomputati on of the Schur formand Schur vectors of a Hes-

senberg matrix)

5. STREVC(L) (LAPACKcomputati on of the the l eft ei genvectors of a matrix in Schur

form)

6. STREVC(R) (LAPACKcomputati onof the the ri ght ei genvectors of amatrix inSchur

form)

7. SHSEIN(L) (LAPACKcomputati on of the the l eft ei genvectors of an upper Hessen-

berg matrix using inverse i terati on)

8. SHSEIN(R) (LAPACKcomputati onof the the ri ght ei genvectors of anupper Hessen-

berg matrix using inverse i terati on)

9. ORTHES(EISPACKreducti ontoupper Hessenbergform, tobe comparedtoSGEHRD)

10. H R(EISPACKcomputati on of ei genvalues only of aHessenbergmatrix, to be com-

pared to SHSE R(E))

11. H R2 (EISPACKcomputati on of ei genvalues and eigenvectors of a Hessenberg ma-

tri x, to be compared to SHSE R(V) plus STREVC(R))

12. INVIT(EISPACKcomputati on of the ri ght ei genvectors of anupper Hessenbergma-

tri x using inverse i terati on, to be compared to SHSEIN(R)).

Eight di�erent matrix types are provided for timing the nonsymmetri c ei genvalue rou-

tines. Avari etyof matri x types i s al l owedbecause the number of i terati ons to compute the

ei genvalues, and hence the timing, candepend on the type of matri x whose ei gendecompo-

si ti on i s desi red. The matri ces used for timing are of the form �1 where i s ei ther

orthogonal (for types 1{4) or randomwi th condi ti on number 1= " (for types 5{8), where "

i s the machine roundo�error. The matrix i s upper tri angular wi th random (1) entri es

i n the stri ct upper tri angl e and has on i ts di agonal

evenly spaced entri es from1 down to " with randomsigns (matri x types 1 and 5)

geometri cal l y spaced entri es from1 downto " with randomsigns (matri x types 2 and

6)

\clustered" entri es 1 " . . . " with randomsigns (matri x types 3 and 7), or

real or compl ex conjugate pai red ei genvalues randomly chosen fromthe interval (" 1)

(matri x types 4 or 8).

Anannotatedexampl e of aninput �l e for timing the REALnonsymmetri c ei genprobl em

routines i s shownbelow.

NEP Data file for timing Nons mmetric Eigenvalue Problem routines

4 Number of values of N

50 100 200 300 alues of N (dimension)
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1 alues of INCX

2 Number of values of LDA

512 513 alues of LDA

0.0 Minimum time in seconds

none Do not time the sample BLAS

SB2

SB3

Since the FortranBLAS do not containany sub-blocking, the block si ze NBi s not requi red

and i ts value i s repl aced by that of INCX, the increment between successi ve el ements of

a vector in the Level 2 BLAS. Note that we have speci�ed \none" on l i ne 13 to suppress

timing of the sampl e BLAS, whi ch are redundant in thi s case.

6 . 3 Ti mi n g t h e o n s y mme t r i c i g e n p r o b l e m

Aseparate input �l e dri ves the timing codes for the nonsymmetri c ei genprobl em. The

input �l e speci�es

N, the matrix si ze

four-tupl es of parameter values (NB, NS, MAXB, LDA) speci fying the block si ze NB,

the number of shi fts NS, the matrix si ze MAXBless thanwhi ch anunblockedroutine

i s used, and the l eading dimensi on LDA

the test matri x types

the routines or sequences of routines fromLAPACKor EISPACKto be timed

The parameters NS andMAXBapply only to the Ri terati on routine xHSE R, and NB

i s used only by the block algori thms. Agoal of thi s timing code i s to determine the values

of NB, NS andMAXBwhichmaximize the speed of the codes.

The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main timing program:

Parameter Descripti on Value

MAXN Maximumvalue for N, NB, NS, or MAXB 400

LDAMAX Maximumvalue for LDA 420

MAXIN Maximumnumber of values of N 12

MAXPRM Maximumnumber of parameter sets 10

(NB, NS, MAXB, LDA)

The computati ons that maybe timed for the REALversi on are

1. SGEHRD(LAPACKreducti on to upper Hessenberg form)

2. SHSE R(E) (LAPACKcomputati on of ei genvalues only of a Hessenberg matrix)

3. SHSE R(S) (LAPACKcomputati on of the Schur formof a Hessenberg matrix)
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Nare speci�ed in ordered pai rs ( N). An annotated exampl e of an input �l e for timing

the REAL l inear equati on routines that operate on dense rectangular matri ces i s shown

below. The input �l e i s read in the same wayas 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 alues of M (row dimension)

7 Number of values of N

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

2 Number of values of K

100 400 alues of K

5 Number of values of NB

1 16 32 48 64 alues of NB (bloc size)

0 48 128 128 128 alues of NX (crossover point)

2 Number of values of LDA

400 401 alues of LDA (leading dimension)

0.0 Minimum time in seconds

none

SQR T T T

SLQ T T T

SQL T T T

SRQ T T T

SQP T

SBR T T F

6 . 2 Ti mi n g t h e Le e l 2 a n d 3 BLAS

Timing of the Level 2 and 3 BLAS routines may be requested fromone of the l i near

equati on input �l es, or by using a speci al BLAS format provided for compatibi l i ty wi th

previous rel eases of LAPACK. The BLAS input format i s the same as the l i near equati on

input format, except that values of NXare not readin. The BLASinput format i s requested

by speci fying `BLAS' on the �rst l i ne of the �l e.

Three input �l es are provided for timing the BLASwi th the matrix shapes encountered

in the LAPACKroutines. In each of these �l es, one of the parameters M, N, andKfor the

Level 3 BLAS i s on the order of the blocksi ze whi l e the other two are on the order of the

matrix si ze. The �rst of these input �l es al so times the Level 2 BLAS, andwe include the

singl e preci si on real versi on of thi s data �l e here for reference:

BLAS timing, REAL data, K small

5 Number of values of M

100 200 300 400 500 alues of M

5 Number of values of N

100 200 300 400 500 alues of N

5 Number of values of K

2 16 32 48 64 alues of K

1 Number of values of INCX
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SRQ T T F

SQP T

S R T T F F

STD T T F F

SBR T F F

SLU T T T T T T T

SC T T T T T T T

The �rst 13 l i nes of the input �l e are read using l i st-di rected input and are used to speci fy

the values of M, N, K, NB, NX, LDA, and TIMMIN(the minimumtime). By defaul t,

xGEMVand xGEMMare cal l ed to sampl e the BLAS performance on square matri ces of

order N, but thi s opti on can be control l ed by entering one of the fol l owing on l i ne 14:

BAND Time xGBMV(instead of xGEMV) using matri ces of order Mand

bandwidth K, and time xGEMMusing matri ces of order K.

NONE Do not do the sampl e timing of xGEMVand xGEMM.

The timing paths or routine names whi ch fol l owmay be speci�ed in any order.

Whentiming the bandroutines i t i s more interesting touse one l arge value of the matrix

si ze and vary the bandwidth. An annotated exampl e of an input �l e for timing the REAL

l inear equati on routines that operate on bandedmatri ces i s shownbelow.

LAPACK timing, REAL band matrices

1 Number of values of M

1000 alues of M (row dimension)

0 Number of values of N

200 alues of N (column dimension)

5 Number of values of K

25 50 100 150 200 alues of K (bandwidth)

5 Number of values of NB

1 16 32 48 64 alues of NB (bloc size)

0 48 128 128 128 alues of NX (crossover point)

2 Number of values of LDA

601 602 alues of LDA (leading dimension)

0.0 Minimum time in seconds

BAND Time sample banded BLAS

SGB

SPB

STB

Here Mspeci�es the matrix si ze and Kspeci�es the bandwidth for the test paths SGB,

SPB, and STB. Note that we request timing of the sampl e BLAS for banded matri ces by

speci fying \BAND" on l ine 14.

We al so provide a separate input �l e for timing the orthogonal factori zati on and reduc-

ti on routines that operate on rectangular matri ces. For these routines, the values of and
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block vari ants of the LUfactori zati on (l eft-l ooking, Crout, and ri ght-l ooking) for N N

matri ces, as wel l as the corresponding unblockedvari ants onmatri ces of si ze N N and

the Linpack routine xGEFA. The xCHtiming path requests timing of three block vari ants

of the Chol esky factori zati on and the corresponding Linpack routine xPOFA. The LUand

Chol esky vari ants are not stri ctl y part of LAPACKand wi l l not be included in the publ i c

rel ease.

The timing programs have thei r own matrix generator that suppl i es randomToepl i tz

matri ces (constant al ong a diagonal ) for many of the timing paths. Toepl i tz matri ces are

used because they can be generatedmore qui ckly than dense matri ces, and the cal l to the

matrix generator i s i nside the timing loop. The LAPACKtest matri x generator i s used to

generate matri ces of known condi ti on for the x R, xR , xL , x L, x P, xHR, xTD, and

xBRpaths.

The user speci�es aminimumtime for whi ch eachroutine should runandthe computa-

ti on i s repeated i f necessaryunti l thi s time i s used. Inorder to prevent inatedperformance

due to a matrix remaining in the cache fromone i terati on to the next, the paths that use

randomToepl i tz matri ces regenerate the matrix before each cal l to the LAPACKroutine

in the timing loop. The time for generating the matrix at each i terati on i s subtracted from

the total time.

An annotated exampl e of an input �l e for timing the REAL l inear equati on routines

that operate on dense square matri ces i s shownbelow. The �rst l i ne of i nput i s printed as

the �rst l i ne of output and can be used to identi fy di�erent sets of resul ts.

LAPACK timing, REAL s uare matrices

5 Number of values of M

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

5 Number of values of N

100 200 300 400 500 alues of N (column dimension)

2 Number of values of K

100 400 alues of K

5 Number of values of NB

1 16 32 48 64 alues of NB (bloc size)

0 48 128 128 128 alues of NX (crossover point)

2 Number of values of LDA

512 513 alues of LDA (leading dimension)

0.0 Minimum time in seconds

SGE T T T

SPO T T T

SPP T T T

SS T T T

SSP T T T

STR T T

STP T T

SQR T T F

SLQ T T F

SQL T T F
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The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main timing program:

Parameter Descripti on Value

NMAX Maximumvalue of M, N, K, andNBfor dense matri ces 512

LDAMAX Maximumvalue of LDA 532

NMAXB Maximumvalue of Mfor bandedmatri ces 5000

MAXIN Maximumnumber of values of M, N, K, or NB 12

MXNLDA Maximumnumber of values of LDA 4

The parameter LDAMAXshould be at l east NMAX. For the xGBpath, we must have

(LDA + ) 3(LDAMAX )(NMAX ), where LDA � 3 +1, whi ch restri cts the value of

K. These l imi ts al l owKto be as big as 200 for M=1000. For the xPBand xTBpaths,

the condi ti on i s (2 +1) 3(NMAX )(LDAMAX ).

The input �l e al so speci�es a set of LAPACKroutine names or LAPACKpath names

to be timed. The path names are simi l ar to those used for the test program, and include

the fol l owing standard paths:

S, C, D, Z GE General matri ces (LUfactori zati on)

S, C, D, Z GB General bandedmatri ces

S, C, D, Z PO Posi ti ve de�ni te matri ces (Chol esky factori zati on)

S, C, D, Z PP Posi ti ve de�ni te packed

S, C, D, Z PB Posi ti ve de�ni te banded

S, C, D, Z SY Symmetri c inde�ni te matri ces (Bunch-Kaufman factori zati on)

S, C, D, Z SP Symmetri c inde�ni te packed

C, Z HE Hermi ti an inde�ni te matri ces (Bunch-Kaufman factori zati on)

C, Z HP Hermi ti an inde�ni te packed

S, C, D, Z TR Triangular matri ces

S, C, D, Z TP Triangular packedmatri ces

S, C, D, Z TB Triangular band

S, C, D, Z R Rdecomposi ti on

S, C, D, Z R R decomposi ti on

S, C, D, Z L L decomposi ti on

S, C, D, Z L Ldecomposi ti on

S, C, D, Z P Rdecomposi ti on wi th column pivoting

S, C, D, Z HR Reducti on to Hessenberg form

S, C, D, Z TD Reducti on to real tri di agonal form

S, C, D, Z BR Reducti on to bidi agonal form

S, C, D, Z LU Variants of the LUfactori zati on

S, C, D, Z CH Variants of the Chol esky factori zati on

For timing the Level 2 and 3 BLAS, two extra paths are provided:

S, C, D, Z B2 Level 2 BLAS

S, C, D, Z B3 Level 3 BLAS

The paths xLU, xCH, xHR, and xTDinclude timing of the equival ent LINPACKor EIS-

PACKfactori zati ons andreducti ons for compari son. The xLUpathrequests timing of three

55



timing programal so times the Level 2 and 3 BLAS, vari ants of the LUand Chol esky fac-

tori zati ons, andthe reducti ons to bidi agonal , tri di agonal , or Hessenberg formfor ei genvalue

computati ons. Resul ts fromthe l i near equati ontiming programare giveninmegaops, and

the operati on counts are computed froma formula (see Appendi x C). Resul ts fromthe

ei gensystemtiming programare given in executi on times, operati on counts, andmegaops,

where the operati on counts are cal cul ated during executi on using speci al versi ons of the

LAPACKroutines whi ch have been instrumented to count operati ons. Each programhas

i ts own styl e of i nput, and the ei gensystemtiming programaccepts four di�erent sets of

parameters, for the nonsymmetri c ei genvalue probl em, the symmetri c ei genvalue probl em,

the singular value decomposi ti on, and the general i zed nonsymmetri c ei genvalue probl em.

The fol l owing secti ons describe the di�erent input formats and timing parameters.

Both timing programs, but the l i near equati on timing programin parti cul ar, are in-

tended to be used to col l ect data to determine optimal values for the block routines. Al l of

the block factori zati on, i nversi on, reducti on, andorthogonal transformati onroutines inLA-

PACKare included in the l i near equati ontiming program. Currently, the blockparameters

NBandNX, as wel l as others, are passed to the block routines by the envi ronment inqui ry

functi on ILAENV, whi ch in turn receives these values through a common block set in the

timing program. Future impl ementati ons of ILAENVmay be tuned to a speci�c machine

so that users of LAPACKwi l l not have to set the block si ze. For a bri ef i ntroducti on to

ILAENVand guidel i nes on setting some of the parameters, see the Prel iminary LAPACK

User's Guide [1 ] .

The main timing procedure for the REAL l inear equati on routines i s found in

LAPACK/TIMING/LIN/stimaa.f i n the Unix versi on and i s the �rst programuni t in SLIN-

TIMFin the non-Unix versi on. The main timing procedure for the REALeigenvalue rou-

tines i s found inLAPACK/TIMING/EIG/stimee.f i n the Unix versi onandi s the �rst program

uni t in SEIGTIMFin the non-Unix versi on.

6 . 1 Th e L i n e a r u a t i o n Ti mi n g Pr o g r a m

The timing programfor the l i near equati on routines i s dri venby a data �l e fromwhich

the fol l owing parameters maybe vari ed:

M, the matrix rowdimensi on

N, the matrix column dimensi on

K, the bandwidth for the band routines, or the thi rd dimensi on for the Level 3 BLAS

NB, the blocksi ze for the blocked routines

NX, the crossover point, the point in a block algori thmat whi ch we swi tch to an

unblockedalgori thm

LDA, the l eading dimensi on of the dense and bandedmatri ces.

For bandedmatri ces, the values of Mare used for the matrix rowand column dimensi ons,

and for symmetri c or Hermi ti anmatri ces that are not banded, the values of Nare used for

the matrix dimensi on.
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SGG Data file for testing Nons mmetric Eigenvalue Problem routines

7 Number of values of N

0 1 2 3 5 10 16 alues of N (dimension)

4 Number of parameter values

1 1 2 2 alues of NB (bloc size)

100 100 2 2 alues of NBMIN (minimum bloc size)

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

100 100 2 2 alues of MAXB (multishift crossover pt)

100 100 2 2 alues 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 �rst l i ne of the input �l e must contain the characters SGG i n columns 1{3. Lines

2{14 are read using l i st-di rected input and speci fy the fol l owing values:

l i ne 2: The number of values of N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: Number of values of the parameters NB,NBMIN,NS,MAXB,NBCOL

l ine 5: The values for the blocksi ze NB

l ine 6: The values for the minimumblocksi ze, NBMIN

l ine 7: The values for the number of shi fts NS

l ine 8: The values of MAXB, the mul ti shi ft crossover point

l i ne 9: The values of NBCOL, the minimumcolumn dimensi on for blocks

l i ne 10: The threshold value for the test rati os

l i ne 11: TSTCHK, ag to test LAPACKroutines

l i ne 12: TSTDRV, ag to test dri ver routines

l i ne 13: TSTERR, ag to test error exi ts fromLAPACKand driver routines

l i ne 14: An integer code to interpret the randomnumber seed

=0: Set the seed to a defaul t value before each run

=1: Ini ti al i ze the seed to a defaul t value only before the �rst run

=2: Like 1, but use the seed values on the next l i ne

l i ne 15: If l i ne 14 was 2, four integer values for the randomnumber seed

The remaining l i nes are used to speci fy the matrix types for one or more sets of tests, as in

the nonsymmetri c case. The val i d 3-character codes are SGG (CGG i n compl ex, DGG i n doubl e

preci si on, and ZGG i n compl ex*16).

or e out i i ng

There are two di stinct timing programs for LAPACKroutines in each data type, one for

the l i near equati ons routines and one for the ei gensystemroutines. The l i near equati on
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Al l norms are
1
. The scal i ngs in the test rati os assure that the rati os wi l l be (1),

i ndependent of and ", and nearly independent of n.

When the test programi s run, these test rati os wi l l be compared wi th a user-speci�ed

threshold THRESH , and for each test rati o that exceeds THRESH , a message i s printed

speci fying the test matri x, the rati o that fai l ed, and i ts value. Asampl e message i s

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

In thi s exampl e, the test matri x was of order n=25 and of type 18 fromTabl e 11, \seed"

i s the ini ti al 4-i nteger seed of the randomnumber generator used to generate and , and

\resul t" speci�es that test rati o fai l ed to pass the threshold, and i ts value was 11 33.

The normal i zati on of the ei genvectors wi l l al so be checked. If the absolute value of the

l argest entry in an ei genvector i s not wi thin " THRESH of 1, then a message i s printed

speci fying the error. Asampl e message i s

SC K51 Right Eigenvectors from STGE C( OB=B) incorrectl normalized.

Error/precision=0.103E+05, n= 25, t pe= 18, seed=2548,1429,1713,1411.

. . Te s t s e r o r me d o n t h e e n e r a l i e d No n s y mme t r i Ei g e n a l u

The two driver routines have sl i ghtl y di�erent tests appl i ed to them. For SGEGS the

fol l owing tests are computed:

1 =
�

n"
2 =

�

n"

3 =
�

n"
=

�

n"

=max ( ) =

� + � i f �( ) i s real
�

�

i f �( ) i s compl ex

where and are the 2 2 diagonal bl ocks of and corresponding to the ei genvalue.

For SGEGVthe fol l owing tests are computed:

= max
l eft ei genvalue/-vector pai rs ( =� )

( � � )

"max ( � )

= max
ri ght ei genvalue/-vector pai rs ( =� )

( � � )

"max ( � )

. . I n u t i l e o r Te s t i n g t h e e n e r a l i e d No n s y mme t r i Ei g e n

t i n e s a n d Dr i e r s

An annotated exampl e of an input �l e for testing the general i zed nonsymmetri c ei gen-

value routines i s shownbelow.
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. . 3Te s t Ma t r i e s o r t h e e n e r a l i e d No n s y mme t r i Ei g e n a l u e

The same twenty-si x di�erent types of test matri x pai rs may be generated for the gen-

eral i zed nonsymmetri c ei genvalue drivers. Tabl es 10 and11 showthe types avai l abl e, al ong

wi th the numbers used to refer to the matrix types. Except as noted, al l matri ces have

(1) entri es.

. . Te s t s e r o r me d o n t h e e n e r a l i e d No n s y mme t r i Ei g e n a l u e

Finding the ei genvalues and eigenvectors of a pai r of nonsymmetri c matri ces , i s

done in the fol l owing stages:

1. i s decomposed as and as , where and are uni tary, i s upper

Hessenberg, i s upper tri angular, and i s the conjugate transpose of .

2. i s decomposed as and as , where and are uni tary, i s upper

tri angular wi thnon-negative real di agonal entri es and i s i nSchur form; thi s al sogives

the general i zed ei genvalues , whi chare expressedas pai rs (� ), where =� = .

3. The l eft and ri ght general i zed ei genvectors and for the pai r are computed,

and fromthemthe back-transformed eigenvectors and for the matrix pai r .

The ei genvectors are normal i zed so that thei r l argest el ement has absolute value 1 1.

(Note that ei genvectors corresponding to singular ei genvalues, i .e. , ei genvalues for

whi ch �= =0, are not wel l de�ned, these are not tested in the ei genvector tests

described bel ow.)

To check these cal cul ati ons, the fol l owing test rati os are computed:

1 =
�

n"
2 =

�

n"

3 =
�

n"
=

�

n"

=
�

n"
=

�

n"

=
�

n"
=

�

n"

=max
( � � )

"max ( � )
10 =max

( � � )

"max ( � )

11 =max
( ( � � )

"max ( � )
12 =max

( ( � � )

"max ( � )

e se , e s e e c e e s c e s

.
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Magni tude of ,

1, 1 , , 1 , ,Di stributi on of
Eigenvalues 1 1 1

Al l Ones 16

17

Ari thmeti c 19 22 24 25 23

Geometri c 20

Clustered 18

Random 21

RandomEntri es 26

Tabl e 11: Dense test matri ces for the general i zed nonsymmetri c ei genvalue probl em

A( +1) ( +1) transposed Jordan block whi ch i s a diagonal bl ock wi thin a (2 +

1) (2 +1) matrix. Thus, 0

0
has al l zero entri es except for the l ast k diagonal

entri es and the �rst k entri es on the �rst subdiagonal . (Note that the matri ces 0

0

and 0

0
have odd order; i f an even order matri x i s needed, a zero rowand column

are added at the end.)

1 Adiagonal matri x wi th the entri es 0, 1, 2, . . . , n� 1 on the diagonal , where n i s the

order of the matrix.

2 Adiagonal matri x wi th the entri es 0, 0, 1, 2, . . . , n� 3, 0 on the diagonal , where n i s

the order of the matrix.

3 Adiagonal matri x wi th the entri es 0, n� 3, n� 4, . . . , 1, 0, 0 on the diagonal , where

n i s the order of the matrix.

Except for matri ces wi thrandomentri es, al l the matrixpai rs i nclude at l east one in�ni te,

one zero, and one singular ei genvalue. For ari thmeti c, geometri c, and clustered ei genvalue

di stri buti ons, the ei genvalues l i e between" (the machine preci si on) and1 in absolute value.

The ei genvalue di stri buti ons have the fol l owing meanings:

Ari thmeti c: Di�erence between adjacent ei genvalues i s a constant.

Geometri c: Rati o of adjacent ei genvalues i s a constant.

Clustered: One ei genvalue i s 1 and the rest are " i n absolute value.

Random: Eigenvalues are l ogari thmical l y di stri buted.

Randomentri es: Matri x entri es are uni formly di stri buted randomnumbers.
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. . 1Th e e n e r a l i e d No n s y mme t r i Ei g e n a l u e Dr i e r s

The driver routines for the general i zed nonsymmetri c ei genvalue probl emare

E S factors and into general i zed Schur formand computes the general i zed ei gen-

values

E computes the general i zed ei genvalues and the l eft and ri ght general i zed ei genvec-

tors

. . 2Te s t Ma t r i e s o r t h e e n e r a l i e d No n s y mme t r i Ei g e n a l u e

Twenty-si x di�erent types of test matri x pai rs may be generated for the general i zed

nonsymmetri c ei genvalue routines. Tabl es 10 and 11 showthe types avai l abl e, al ong wi th

the numbers used to refer to the matrix types. Except as noted, al l matri ces have (1)

entri es.

Matri x :

0 ( 0

0
) 1 3

Matrix : 1 1

0 1 3

2 4 8

12
1 11

5

( 0

0
) 6

1 7

1 14 10

1
1 9 13

2 15

Tabl e 10: Sparse test matri ces for the general i zed nonsymmetri c ei genvalue probl em

The fol l owing symbol s and abbreviati ons are used:

0 The zero matrix.

The identi tymatrix.

General l y, the underowthreshholdtimes the order of the matrixdividedbythe machine

preci si on. Inother words, thi s i s a verysmal l number, useful for testing the sensi ti vi ty

tounderowanddivi si onbysmal l numbers. Its reciprocal tests for overowprobl ems.

Transposed Jordan block, i .e. , matri x wi th ones on the �rst subdiagonal and zeros

el sewhere. (Note that the diagonal i s zero.)
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l i ne 2: The number of values of MandN

l ine 3: The values of M, the matrix rowdimensi on

l i ne 4: The values of N, the matrix column dimensi on

l i ne 5: The number of values of the parameters NB, NBMIN, NX, NRHS

l ine 6: The values of NB, the blocksi ze

l i ne 7: The values of NBMIN, the minimumblocksi ze

l i ne 8: The values of NX, the crossover point

l i ne 9: The values of NRHS, the number of ri ght hand sides

l i ne 10: The threshold value for the test rati os

l i ne 11: TSTCHK, the ag to test LAPACKroutines

l i ne 12: TSTDRV, the ag to test dri ver routines

l i ne 13: TSTERR, the ag to test error exi ts fromthe LAPACKand driver routines

l i ne 14: An integer code to interpret the randomnumber seed.

=0: Set the seed to a defaul t value before each run

=1: Ini ti al i ze the seed to a defaul t value only before the �rst run

=2: Like 1, but use the seed values on the next l i ne

l i ne 15: If l i ne 14 was 2, four integer values for the randomnumber seed

The remaining l i nes are used to speci fy the matrix types for one or more sets of tests, as in

the nonsymmetri c case. The val i d 3-character codes are S D or SBD (CBD i n compl ex, DBD

i n doubl e preci si on, and ZBD i n compl ex*16).

5 . 6 Te s t i n g t h e Ge n e r a l i e d o n s y mme t r i c i g e n a l u e Ro u t i n

The test routine for the LAPACKgeneral i zednonsymmetri c ei genvalue routines has the

fol l owing parameters whi chmay be vari ed:

the order Nof the pai r of test matri ces ,

the type of the pai r of test matri ces ,

�ve numeri cal parameters:

the blocksi ze NB ;

the minimumblocksi ze NBMIN ;

the number of shi fts NS for the mul ti shi ft Zmethod;

the minimumblocksi ze MAXB ;

MINBLK, the minimumnumber of rows/columns to be updated by a block of

Householder transformati ons in order for bl ocking to be used.

The test programthus consi sts of a triply-nested loop, the outer one over quintupl es

(NB NBMIN NS MAXB MINBLK ), the next over N, andthe inner one over matri x types.

On each i terati on of the innermost l oop, a pai r of matri ces i s generated and used to

test the ei genvalue routines.
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=
0 i f contains MNMINnonnegative values in decreasing order.
1 otherwi se

=
�

"
where i s a parti al l y computed .

=
�

N"
where i s a parti al l y computed .

=
�

N N"
where i s the vector of si ngular values fromthe parti al SVD

. . I n u t i l e o r Te s t i n g t h e S i n g u l a r a l u e De o m o s i t i o n Ro

An annotated exampl e of an input �l e for testing the singular value decomposi ti on

routines and driver routine i s shownbelow.

S D Data file for testing Singular alue Decomposition routines

20 Number of values of M

0 0 0 0 1 1 1 1 2 2 2 2 3 3 3 3 10 10 16 16 alues of M

0 1 2 3 0 1 2 3 0 1 2 3 0 1 2 3 10 16 10 16 alues of N

5 Number of parameter values

1 3 3 3 20 alues of NB (bloc size)

2 2 2 2 2 alues of NBMIN (minimum bloc size)

1 0 5 9 1 alues of NX (crossover point)

2 0 2 2 2 alues of NR S

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

S D 16

The �rst l i ne of the input �l e must contain the characters S D i n columns 1{3. Lines

2{14 are read using l i st-di rected input and speci fy the fol l owing values:
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To check these cal cul ati ons, the fol l owing test rati os are computed:

1 =
�

n"
2 =

�

"

3 =
�

n"
=

�

n"

=
�

max (n )"
where = and =

=
�

n"
=

�

n"

=
0 i f 1 contains n nonnegative values in decreasing order.

1

"
otherwi se

=
0 i f ei genvalues of are wi thin of those in 1.

2� otherwi se

10 =
1� 2

" 1
11 =

� ( ) ( )

n"

12 =
� ( )

max ( )"
13 =

� ( ) ( )

"

1 =
� ( )( )

n"

where the subscript 1 indi cates that and were computed at the same time as , and

0 that they were not. (Al l norms are
1
. ) The scal i ngs in the test rati os assure that the

rati os wi l l be (1) (typi cal l y l ess than 10 or 100), i ndependent of and ", and nearly

independent of or n.

. . Te s t s e r o r me d o n t h e S i n g u l a r a l u e De o m o s i t i o n Dr i e r

For the driver routine, the fol l owing tests are computed:

1 =
� diag ( )

max ( N)"

2 =
�

"

3 =
�

N"
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. . 3Te s t Ma t r i e s o r t h e S i n g u l a r a l u e De o m o s i t i o n Dr i e r

Five di�erent types of test matri ces maybe generated for the singular value decomposi ti on

driver. Tabl e 9 shows the types avai l abl e, al ong wi th the numbers used to refer to the

matrix types. Except as noted, al l matri ces have (1) entri es.

Eigenvalue Di stributi on

Type Ari thmeti c Geometri c Clustered Random Other

Zero 1

Identi ty 2

3, 4 , 5

{ matrix entri es are mul tipl i ed by the underow-threshold/"

{ matrix entri es are mul tipl i ed by the overow-threshold * "

Tabl e 9: Test matri ces for the singular value decomposi ti on driver

. . Te s t s e r o r me d o n t h e S i n g u l a r a l u e De o m o s i t i o n Ro u t i

Finding the singular values and singular vectors of a dense, nmatrix i s done in

the fol l owing stages:

1. i s decomposed as , where and are uni tary and i s real bidi agonal .

2. i s decomposed as , where and are real orthogonal and i s a posi ti ve real

di agonal matri x of si ngular values. Thi s i s done three times to compute

(a) = 1 , where 1 i s the diagonal matri x of si ngular values andthe columns

of the matri ces and are the l eft and ri ght singular vectors, respecti vel y, of

.

(b) Same as above, but the singular values are stored in 2 and the singular vectors

are not computed.

(c) =( ) ( ) , the SVDof the ori ginal matri x .

For each pai r of matri x dimensi ons ( n) and each sel ected matrix type, an by n

matrix and an by NRHS matrix are generated. The probl emdimensi ons are as

fol l ows

n

n (but i f NRHS 0)

n n

n n

, n n

1, 2 diagonal , order n

NRHS

where n =min ( n).
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The test programthus consi sts of a triply-nested loop, the outer one over NB , the next over

pai rs (MN), and the inner one over matri x types. On each i terati on of the innermost l oop,

a matrix i s generated and used to test the SVDroutines.

. . 1Th e S i n g u l a r a l u e De o m o s i t i o n Dr i e r

The driver routine for the singular value decomposi ti on i s

ES D singular value decomposi ti on of

. . 2Te s t Ma t r i e s o r t h e S i n g u l a r a l u e De o m o s i t i o n Ro u t i n

Sixteen di�erent types of test matri ces maybe generated for the singular value decom-

posi ti on routines. Tabl e 8 shows the types avai l abl e, al ong wi th the numbers used to refer

to the matrix types. Except as noted, al l matri x types other than the randombidiagonal

matri ces have (1) entri es.

Singular Value Di stributi on

Type Ari thmeti c Geometri c Clustered Other

Zero 1

Identi ty 2

Diagonal 3, 6 , 7 4 5

8, 11 , 12 9 10

Randomentri es 13, 14 , 15

Randombidiagonal 16

{ matrix entri es are e

{ matrix entri es are e

Tabl e 8: Test matri ces for the singular value decomposi ti on

Matrix types identi�ed as \Zero", \Diagonal", and \Randomentri es" should be sel f-

explanatory. The other matri x types have the fol l owingmeanings:

Identi ty: Amin (MN) min (MN) identi tymatrixwi thzero rows or columns added to the

bottomor ri ght to make i t M N

Real M Ndiagonal matri x wi th (1) entri es mul tipl i ed by uni tary (or real

orthogonal ) matri ces on the l eft and ri ght

Randombidiagonal : Upper bidi agonal matri x whose entri es are randomly chosen froma

logari thmic di stri buti on on [" 2 "�2]

The Ralgori thmused in xBDS Rshould compute al l si ngular values, evensmal l ones, to

goodrel ati ve accuracy, evenof matri ces wi thentri es varyingover manyorders of magni tude,

and the randombidiagonal matri x i s i ntended to test thi s. Thus, unl i ke the other matri x

types, the randombidiagonal matri x i s nei ther (1), nor an (1) matri x scal ed to some

other magni tude.

The singular value di stri buti ons are analogous to the ei genvalue di stri buti ons in the

nonsymmetri c ei genvalue probl em(see Secti on 6.2.1).
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0 1 2 3 5 10 16 alues of N (dimension)

5 Number of values of NB, NBMIN, and NX

1 3 3 3 20 alues of NB (bloc size)

2 2 2 2 2 alues of NBMIN (minimum bloc size)

1 0 5 9 1 alues 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 15

The �rst l i ne of the input �l e must contain the characters SEP i n columns 1{3. Lines

2{12 are read using l i st-di rected input and speci fy the fol l owing values:

l i ne 2: The number of values of N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: The number of values of the parameters NB, NBMIN, NX

l ine 5: The values of NB, the blocksi ze

l i ne 6: The values of NBMIN, the minimumblocksi ze

l i ne 7: The values of NX, the crossover point

l i ne 8: The threshold value for the test rati os

l i ne 9: TSTCHK, ag to test LAPACKroutines

l i ne 10: TSTDRV, ag to test dri ver routines

l i ne 11: TSTERR, ag to test error exi ts fromLAPACKand driver routines

l i ne 12: An integer code to interpret the randomnumber seed

=0: Set the seed to a defaul t value before each run

=1: Ini ti al i ze the seed to a defaul t value only before the �rst run

=2: Like 1, but use the seed values on the next l i ne

l i ne 13: If l i ne 12 was 2, four integer values for the randomnumber seed

The remaining l i nes are used to speci fy the matrix types for one or more sets of tests, as in

the nonsymmetri c case. The val i d 3-character codes are SEP or SST (CST i n compl ex, DST

i n doubl e preci si on, and ZST i n compl ex*16).

5 . 5 Te s t i n g t h e S i n g u l a r a l u e De c o mp o s i t i o n Ro u t i n e s

The test routine for the LAPACKsingular value decomposi ti on (SVD) routines has the

fol l owing parameters whi chmay be vari ed:

the number of rows Mand columns Nof the test matri x

the type of the test matri x

the blocksi ze NB
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When i s al so diagonal l y dominant by a factor <1,

13 = max
4( )� ( )

4( )

where =2(2n� 1)"
1+8� 2

(1� )

1 =
1� 3

" 3

1 =
max (min ( 2( )� 3( ) )) +max (min ( 3( )� 2( ) )))

" 3

1 =
� 1

n"

1 =
�

n"

where the subscript 1 indi cates that the ei genvalues and eigenvectors were computed at

the same time, and0 that theywere computed in separate steps. (Al l norms are
1
. ) The

scal i ngs in the test rati os assure that the rati os wi l l be (1) (typi cal l y l ess than 10 or 100),

i ndependent of and ", and nearly independent of n.

As in the nonsymmetri c case, the test rati os for each test matri x are compared to a

user-speci�ed threshold THRESH , and a message i s printed for each test that exceeds thi s

threshold.

. . Te s t s e r o r me d o n t h e S y mme t r i Ei g e n a l u e Dr i e r s

For each driver routine, the fol l owing tests wi l l be performed:

1 =
�

n"

2 =
�

n"

3 =
1� 2

" 1

where i s the matrix of ei genvectors returned when the ei genvector opti on i s given and

1 and 2 are the ei genvalues returned wi th and wi thout the ei genvector opti on.

. . I n u t i l e o r Te s t i n g t h e S y mme t r i Ei g e n a l u e Ro u t i n e s a

Anannotatedexampl e of an input �l e for testing the symmetri c ei genvalue routines and

drivers i s shownbelow.

SEP Data file for testing S mmetric Eigenvalue Problem routines

7 Number of values of N
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4. i s decomposed as 4 4 4 , for a symmetri c posi ti ve de�ni te tridi agonal matri x.

i s the matrix of ei genvalues computed when i s not computed.

5. Sel ected ei genvalues ( 1, 2, and 3) are computed and denote ei genvalues

computed to high absolute accuracy, wi th di�erent range opti ons. wi l l denote

ei genvalues computed to high rel ati ve accuracy.

6. Given the ei genvalues, the ei genvectors of are computed in .

To check these cal cul ati ons, the fol l owing test rati os are computed:

1 =
�

n"

computed by ( = )

2 =
�

n"
test of ( = )

3 =
�

n"

computed by ( = )

=
�

n"
test of ( = )

=
� 1

n"

=
�

n"

=
1� 2

" 1

=
1� 3

" 1

=
0 i f ei genvalues of are wi thin of those in 1.

2� otherwi se

For posi ti ve de�ni te,

10 =
� 4 4 4

n"

11 =
� 4 4

n"

12 =
4� 5

100" 4
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Eigenvalue Di stributi on

Type Ari thmeti c Geometri c Clustered Other

Zero 1

Identi ty 2

Diagonal 3 4, 6 , 7 5
�1 8, 11 , 12 , 9, 17 10, 18

16 , 19 , 20

Symmetri c w/Randomentri es 13, 14 , 15

Diag. Dominant 21

{ matrix entri es are e

{ matrix entri es are e

� { diagonal entri es are posi ti ve

{ matrix entri es are e and diagonal entri es are posi ti ve

{ matrix entri es are e and diagonal entri es are posi ti ve

Tabl e 6: Test matri ces for the symmetri c ei genvalue probl em

Eigenvalue Di stributi on

Type Ari thmeti c Geometri c Clustered Other

Zero 1

Identi ty 2

Diagonal 3 4, 6 , 7 5
�1 8, 11 , 12 9 10

Symmetri c w/Randomentri es 13, 14 , 15

Band 16, 17 , 18

{ matrix entri es are e

{ matrix entri es are e

Tabl e 7: Test matri ces for the symmetri c ei genvalue drivers

. . Te s t s e r o r me d o n t h e S y mme t r i Ei g e n a l u e Ro u t i n e s

Finding the ei genvalues andeigenvectors of asymmetri c matri x i s done inthe fol l owing

stages:

1. i s decomposed as , where i s uni tary, i s real symmetri c tridi agonal , and

i s the conjugate transpose of . i s represented as a product of Householder

transformati ons, whose vectors are stored in the �rst n-1 columns of , and whose

scal e factors are in .

2. i s decomposed as D1 , where i s real orthogonal and 1 i s a real di agonal

matri x of ei genvalues. 2 i s the matrix of ei genvalues computed when i s not

computed.

3. The \PWK"methodi s usedtocompute 3, the matrixof ei genvalues, using asquare-

root-free method whi ch does not compute .
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the order Nof the test matri x

the type of the test matri x

the blocksi ze NB

The testing programthus consi sts of a triply-nested loop, the outer one over NB , the next

over N, and the inner one over matri x types. On each i terati on of the innermost l oop, a

matrix i s generated and used to test the ei genvalue routines.

. . 1Th e S y mme t r i Ei g e n a l u e Dr i e r s

The driver routines for the symmetri c ei genvalue probl emare

S TE ei genvalue/ei genvector driver for symmetri c tridi agonal matri x,

S TE sel ected ei genvalue/ei genvectors for symmetri c tridi agonal matri x,

S E ei genvalue/ei genvector driver for symmetrix matrix,

S E sel ected ei genvalue/ei genvectors for symmetri c matri x,

S E ei genvalue/ei genvector driver for symmetri c matri x in packed storage,

S E sel ected ei genvalue/ei genvectors for symmetri c matri x in packed storage,

S BE ei genvalue/ei genvector driver for symmetri c bandmatrix,

S BE sel ected ei genvalue/ei genvectors for symmetri c bandmatrix.

. . 2Te s t Ma t r i e s o r t h e S y mme t r i Ei g e n a l u e Ro u t i n e s

Twenty-one di�erent types of test matri ces may be generated for the symmetri c ei gen-

value routines. Tabl e 6 shows the types avai l abl e, al ong wi th the numbers used to refer to

the matrix types. Except as noted, al l matri ces have (1) entri es. The expressi on �1

means a real di agonal matri x wi th (1) entri es conjugatedbya uni tary (or real orthogo-

nal ) matri x . The ei genvalue di stri buti ons have the samemeanings as inthe nonsymmetri c

case (see Secti on 5.2.1).

. . 3Te s t Ma t r i e s o r t h e S y mme t r i Ei g e n a l u e Dr i e r s

Eighteendi�erent types of test matri ces maybe generated for the symmetri c ei genvalue

drivers. The �rst 15 test matri ces are the same as the types of matri ces used to test the

symmetri c ei genvalue computati onal routines, and are given in Tabl e 6. Tabl e 7 shows the

types avai l abl e, al ongwi th the numbers used to refer to the matrix types. Except as noted,

al l matri ces have (1) entri es. The expressi on �1 means a real di agonal matri x

wi th (1) entri es conjugated by a uni tary (or real orthogonal ) matri x . The ei genvalue

di stri buti ons have the same meanings as in the nonsymmetri c case (see Secti on 5.2.1).
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real part of the ei genvalues, the imaginary part of the ei genvalue, the reciprocal condi ti on

number of the ei genvalues, and the reciprocal condi ti on number of the vector ei genvector.

The endof data i s i ndi cated bydimensi onN=0. Eveni f no data i s to be tested, there must

be at l east one l i ne containing N=0.

The input data for testing xGEESXal so consi sts of twoparts. The �rst part i s i denti cal

to that for xGEES(usingSSXinsteadof SESandCSXinsteadof CES). The secondconsi sts

of precomputed data for testing the ei genvalue/vector condi ti on estimati on routines. Each

matrix i s stored on 3+Nl ines, where Ni s i ts dimensi on (3+N**2 l ines for compl ex data).

The �rst l i ne contains the dimensi on Nand the dimensi on Mof an invari ant subspace (for

compl ex data, a thi rd integer ISRTindi cating howthe data i s sorted i s al so provided). The

second l ine contains Mintegers, i denti fying the ei genvalues in the invari ant subspace (by

thei r posi ti on in a l i st of ei genvalues ordered by increasing real part (or imaginary part,

depending on ISRTfor compl ex data)). The next Nl ines contains the matrix (N**2 l i nes

for compl ex data). The last l i ne contains the reciprocal condi ti on number for the average

of the sel ected ei genvalues, and the reciprocal condi ti onnumber for the corresponding ri ght

invari ant subspace. The end of data i s i ndi cated bya l i ne containing N=0 andM=0. Even

i f no data i s to be tested, there must be at l east one l i ne containing N=0 andM=0.

5 . 3 Te s t i n g t h e o n s y mme t r i c i g e n a l u e Co n d i t i o n s t i ma t

t i n e s

The main routines tested are xTREXC, xTRSYL, xTRSNAand xTRSEN. xTREXC

reorders ei genvalues onthe diagonal of amatrix inSchur form, xTRSYLsolves the Sylvester

equati on + = for given , and , xTRSNAcomputes condi ti onnumbers for

indivi dual ei genvalues and ri ght ei genvectors, and xTRSENcomputes condi ti on numbers

for the average of a cluster of ei genvalues, as wel l as thei r corresponding ri ght invari ant

subspace. Several auxi l i ary routines xLAE U, xLAEXC, xLALN2, xLA TR, andxLASY2

are al so tested; these are only used wi th real (x=S or x=D) data.

No parameters can be vari ed; the data �l es contain precomputed test probl ems along

wi th thei r precomputed soluti ons. The reason for thi s approach i s threefold. Fi rst, there i s

no simpl e residual test rati owhi chcantest correctness of a condi ti on estimator. Second, no

comparabl e code in another l i brary exi sts to compare soluti ons. Thi rd, the condi ti on num-

bers we compute can themselves be qui te i l l -condi ti oned, so that we need the precomputed

soluti on to veri fy that the computed resul t i s wi thin acceptabl e bounds.

The test programxeigtsts reads in the data fromthe data �l e sec.in (for the REAL

code). If there are no errors, a singl e message saying that al l the routines pass the tests wi l l

be printed. If any routine fai l s i ts tests, an error message i s printed wi th the name of the

fai l ed routine al ong wi th the number of fai l ures, the number of the exampl e wi th the worst

fai l ure, and the test rati o of the worst fai l ure.

For more detai l s on ei gencondi ti on estimati on, see LAPACKWorking Note 13 [4 ] .

5 . 4 Te s t i n g t h e S y mme t r i c i g e n a l u e Ro u t i n e s

The test routine for the LAPACKsymmetri c ei genvalue routines has the fol l owing pa-

rameters whi chmaybe vari ed:
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. 2 . 7I n u t i l e o r Te s t i n g t h e No n s y mme t r i Ei g e n a l u e Dr i e r s

There i s a singl e input �l e to test al l four drivers. The input data for each path (test-

i ng xGEEV, xGEES, xGEEVXand xGEESX) i s preceded by a singl e l i ne identi fying the

path (SEV, SES, SVXand SSX, respecti vel y, when x=S, and CEV, CES, CVXand CSX,

respecti vel y, when x=C). We di scuss each set of i nput data in turn.

Anannotatedexampl e of i nput data for testingSGEEVis shownbelow(testingCGEEV

is identi cal except CEVreplaces SEV):

SE Data file for the Real Nons mmetric Eigenvalue Driver

6 Number of matrix dimensions

0 1 2 3 5 10 Matrix dimensions

3 3 1 4 1 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

SE 21 Use all matrix t pes

The �rst l i ne must contain the characters SEVin columns 1-3. The remaining l i nes are

read using l i st-di rected input and speci fy the fol l owing values:
l i ne 2: The number of values of matri x dimensi on N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: The values of the parameters NB, NBMIN, NX, NS andNBCOL

l ine 5: The threshold value THRESHfor the test rati os

l i ne 6: Tto test the error exi ts

l i ne 7: An integer code to interpret the randomnumber seed

=0: Set the seed to a defaul t value before each run

=1: Ini ti al i ze the seed to a defaul t value only before the �rst run

=2: Like 1, but use the seed values on the next l i ne

l i ne 8: If l i ne 7 was 2, four integer values for the randomnumber seed

l i ne 9: Contains `SEV' in columns 1-3, fol l owedby the number of matri x types

(an integer from0 to 21)

l i ne 9: (and fol l owing) i f the number of matri x types i s at l east one and l ess than

21, a l i st of i ntegers between 1 and 21 indi cating whi chmatrix types are to

be tested.
The input data for testing xGEES has the same format as for xGEEV, except SES

replaces SEVwhen testing SGEES, and CES replaces CEVwhen testing CGEES.

The input data for testing xGEEVXconsi sts of twoparts. The �rst part i s i denti cal to

that for xGEEV(usingSVXinsteadof SEVandCVXinsteadof CEV). The secondconsi sts

of precomputed data for testing the ei genvalue/vector condi ti on estimati on routines. Each

matrix i s stored on 1+2*Nl ines, where Ni s i ts dimensi on (1+N+N**2 l ines for compl ex

data). The �rst l i ne contains the dimensi on, a singl e integer (for compl ex data, a second

integer ISRTindi cating howthe data i s sorted i s al so provided). The next Nl ines contain

the matrix, one rowper l i ne (N**2 l i nes for compl ex data, one i temper row). The last N

l ines correspond to each ei genvalue. Each of these l ast Nl ines contains 4 real values: the
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5 Number of values of NB, NS, and MAXB

1 3 3 3 20 alues of NB (bloc size)

2 2 2 2 2 alues of NBMIN (minimum bloc size)

1 0 5 9 1 alues of NX (crossover point)

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

20 20 6 10 10 alues of MAXB (min. bloc size)

20.0 Threshold value

T Put T to test the error exits

1 Code to interpret the seed

NEP 21

The �rst l i ne of the input �l e must contain the characters NEP i n columns 1{3. Lines

2{11 are read using l i st-di rected input and speci fy the fol l owing values:

l i ne 2: The number of values of N

l ine 3: The values of N, the matrix dimensi on

l i ne 4: The number of values of the parameters NB, NBMIN, NX, NS, andMAXB

l ine 5: The values of NB, the blocksi ze

l i ne 6: The values of NBMIN, the minimumblocksi ze

l i ne 7: The values of NX, the crossover point

l i ne 8: The values of NS, the number of shi fts

l i ne 9: The values of MAXB, the minimumblocksi ze

l i ne 10: The threshold value for the test rati os

l i ne 11: An integer code to interpret the randomnumber seed

=0: Set the seed to a defaul t value before each run

=1: Ini ti al i ze the seed to a defaul t value only before the �rst run

=2: Like 1, but use the seed values on the next l i ne

l i ne 12: If l i ne 9 was 2, four integer values for the randomnumber seed

The remaining l i nes occur in sets of 1 or 2 and al l owthe user to speci fy the matrix types.

Each l i ne contains a 3-character identi�cati on in columns 1{3, whi ch must be ei ther NEP

or S S (C S i n compl ex, D S i n doubl e preci si on, and Z S i n compl ex*16), and the number

of matri x types must be the �rst nonblank i temin columns 4{80. If the number of matri x

types i s at l east 1 but i s l ess than the maximumnumber of possibl e types, a second l ine

wi l l be read to get the numbers of the matrix types to be used. For exampl e,

NEP 21

requests al l of the matrix types for the nonsymmetri c ei genvalue probl em, whi l e

NEP 4

9 10 11 12

requests only matri ces of type 9, 10, 11, and 12.
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These test rati os are compared to the input parameter THRESH. If a rati o exceeds

THRESH, a message i s printed speci fying the test matri x, the rati o that fai l ed and i ts

value, just l i ke the tests performedon the nonsymmetri c ei genvalue probl emcomputati onal

routines.

Inaddi ti ontothe above tests, xGEEVXis testedbycomputing the test rati os through

11. tests whether the output quanti ti es SCALE, ILO, IHI, and ABNRMare identi cal

i ndependent of whi ch other output quanti ti es are computed. tests whether the output

quanti tyRCONDVis independent of the other outputs. 10 and 11 are only appl i ed to the

matri ces in the precomputed exampl es:

10 =max
�

11 =max
�

RCONDV(RCONDE) i s the array of output reciprocal condi ti on numbers of ei genvec-

tors (ei genvalues), RCDVIN(RCDEIN) i s the array of precomputed reciprocal condi ti on

numbers, and n (RCONDV ) ( n (RCONDE )) i s the condi ti on number of RCONDV

(RCONDE).

xGEEStakes the input matrix andcomputes i ts Schur decomposi ti on =

where i s orthogonal and i s (quasi ) upper tri angular, opti onal l y sorts the ei genvalues

on the diagonal of , and computes a vector of ei genvalues . The fol l owing test rati os

are computed wi thout sorting ei genvalues in , and compared to THRESH:

1 =( in Schur form ) 2 =
�

3 =
� =( agrees wi th diagonal of )

=( ( ) = ( )) =( ( ) = ( ))

through 12 are the same test rati os but wi th sorting the ei genvalues . 13 i ndi cates

whether the sorting was done successful l y.

In addi ti on to the above tests, xGEESXi s tested via rati os 1 through 1 . 1 ( 1 )

tests i f RCONDE(RCONDV) i s the same no matter what other quanti ti es are computed.

1 and 1 are only appl i ed to the matri ces in the precomputed exampl es:

1 =max �

1 =max �

RCONDV(RCONDE) i s the output reciprocal condi ti on number of the sel ected invari -

ant subspace (ei genvalue cluster), RCDVIN(RCDEIN) i s the precomputedreciprocal condi -

ti onnumber, and n (RCONDV ) ( n (RCONDE )) i s the condi ti onnumber of RCONDV

(RCONDE).

. 2 . I n u t i l e o r Te s t i n g t h e No n s y mme t r i Ei g e n a l u e Ro u t i n e

Anannotatedexampl e of an input �l e for testing the nonsymmetri c ei genvalue routines

i s shownbelow.

NEP Data file for testing Nons mmetric Eigenvalue Problem routines

7 Number of values of N

0 1 2 3 5 10 16 alues of N (dimension)
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To check these cal cul ati ons, the fol l owing test rati os are computed:

1 =
�

n"
2 =

�

n"

3 =
�

n"
=

�

n"

=
� ( ) ( )

n"
=

� ( )( )

n"

=
1 � 0

"
=

1 � 0

"

=
�

"
10 =

�

"

11 =
�

n"
12 =

�

n"

where the subscript 1 indi cates that the ei genvalues and eigenvectors were computed at the

same time, and 0 that they were computed in separate steps. (Al l norms are
1
. ) The

scal i ngs in the test rati os assure that the rati os wi l l be (1), i ndependent of and ",

and nearly independent of n.

When the test programi s run, these test rati os wi l l be compared wi th a user-speci�ed

threshold THRESH , and for each test rati o that exceeds THRESH , a message i s printed

speci fying the test matri x, the rati o that fai l ed, and i ts value. Asampl e message i s

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

In thi s exampl e, the test matri x was of order n=25 and of type 11 fromTabl e 5, \seed" i s

the ini ti al 4-i nteger seed of the randomnumber generator used to generate , and \resul t"

speci�es that test rati o fai l ed to pass the threshold, and i ts value was 11 33.

. 2 . Te s t s e r o r me d o n t h e No n s y mme t r i Ei g e n a l u e Dr i e r s

The four drivers have sl i ghtl y di�erent tests appl i ed to them.

xGEEVtakes the input matrix and computes a matrix of i ts ri ght ei genvectors ,

a matri x of i ts l eft ei genvectors , and a (block) diagonal matri x of ei genvalues. If

i s real i t mayhave 2 by2 diagonal bl ocks corresponding to compl ex conjugate ei genvalues.

The test rati os computed are:

1 =
�

2 =
�

3 =
�1 = �1

=( ( ) = ( )) =( ( ) = ( ))

=( ( ) = ( ))

, and check whether or or i s computed identi cal l y independent of

whether other quanti ti es are computed or not. 3 and al so check that the component of

or of l argest absolute value i s real .
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(JordanBlock ) Matrix wi th ones on the diagonal and the �rst subdiagonal , and zeros

el sewhere

�1 Schur-formmatrix wi th (1) entri es conjugated by a uni tary (or real orthogo-

nal ) matri x

�1 Schur-formmatrix wi th (1) entri es conjugated by an i l l -condi ti oned matrix

For ei genvalue di stri buti ons other than \Other", the ei genvalues l i e between " (the

machine preci si on) and1 in absolute value. The ei genvalue di stri buti ons have the fol l owing

meanings:

Ari thmeti c: Di�erence between adjacent ei genvalues i s a constant

Geometri c: Rati o of adjacent ei genvalues i s a constant

Clustered: One ei genvalue i s 1 and the rest are " i n absolute value

Random: Eigenvalues are l ogari thmical l y di stri buted

. 2 . 3Te s t Ma t r i e s o r t h e No n s y mme t r i Ei g e n a l u e Dr i e r s

Al l four drivers are tested wi th up to 21 types of randommatri ces. These are nearly

the same as the types of matri ces used to test the nonsymmetri c ei genvalue computati onal

routines, and are given in Tabl e 3. The only di�erences are that matrix types 7 and 17 are

scal ed by a number cl ose to the underowthreshold (rather than i ts square root), types

8 and 18 are scal ed by a number cl ose to the overowthreshold, and types 20 and 21

have certain rows and columns zeroed out. The reason for these changes i s to acti vate the

automati c scal i ng features in the driver, and to test the balancing routine.

Inaddi ti on, the condi ti onestimati onfeatures of the expert dri vers xGEEVXandxGEESX

are testedbythe same precomputedsets of test probl ems usedtotest thei r consti tuent pi eces

xTRSNAand xTRSEN.

. 2 . Te s t s e r o r me d o n t h e No n s y mme t r i Ei g e n a l u e Ro u t i n e s

Finding the ei genvalues and eigenvectors of a nonsymmetri c matri x i s done in the

fol l owing stages:

1. i s decomposed as , where i s uni tary, i s upper Hessenberg, and i s the

conjugate transpose of .

2. i s decomposed as , where i s uni tary and i s in Schur form; thi s al so gives

the ei genvalues , whi chmaybe considered to forma diagonal matri x .

3. The l eft and ri ght ei genvector matri ces and of the Schur matrix are computed.

4. Inverse i terati on i s used to obtain the l eft and ri ght ei genvector matri ces and of

the matrix .
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. 2 . 1Th e No n s y mme t r i Ei g e n a l u e Dr i e r s

The driver routines for the nonsymmetri c ei genvalue probl emare

EE ei genvalue/ei genvector driver,

EE expert versi on of xGEEV(includes condi ti on estimati on),

EES Schur formdriver, and

EES expert versi on of xGEES (includes condi ti on estimati on).

For these subroutines, some tests are done by generating randommatri ces of a dimen-

si on and type chosen by the user, and computing error bounds simi l ar to those used for

the nonsymmetri c ei genvalue computati onal routines. Other tests use a �l e of precom-

putedmatri ces and condi ti on numbers, i denti cal to that used for testing the nonsymmetri c

ei genvalue/vector condi ti on estimati on routines.

The parameters that can be vari ed in the randommatrix tests are:

the order Nof the matrix

the type of test matri x

�ve numeri cal parameters: NB(the block si ze), NBMIN(minimumblock si ze), NX

(minimumdimensi on for blocking), NS (number of shi fts i n xHSE R), and NBCOL

(minimumcolumn dimensi on for blocking).

. 2 . 2Te s t Ma t r i e s o r t h e No n s y mme t r i Ei g e n a l u e Ro u t i n e s

Twenty-one di�erent types of test matri ces may be generated for the nonsymmetri c

ei genvalue routines. Tabl e 5 shows the types avai l abl e, al ong wi th the numbers used to

refer to the matrix types. Except as noted, al l matri ces have (1) entri es.

Eigenvalue Di stributi on

Type Ari thmeti c Geometri c Clustered Random Other

Zero 1

Identi ty 2

(JordanBlock ) 3

Diagonal 4, 7 , 8 5 6
�1 9 10 11 12
�1 13 14 15 16, 17 , 18

Randomentri es 19, 20 , 21

{ matrix entri es are e

{ matrix entri es are e

Tabl e 5: Test matri ces for the nonsymmetri c ei genvalue probl em

Matrixtypes identi�edas \Zero", \Identi ty", \Diagonal", and\Randomentri es" should

be sel f-explanatory. The other matri x types have the fol l owing meanings:
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requests only matri ces of type 4, 5, and 6.

When the tests are run, each test rati o that i s greater than or equal to the threshold

value causes a l i ne of i nformati on to be printed to the output �l e. The �rst such l i ne i s

precededbyaheader that l i sts the matrixtypes usedandthe tests performedfor the current

path. Asampl e l i ne for a test fromthe SGEpaththat did not pass when the thresholdwas

set to 1 0 i s

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

To get thi s i nformati on for every test, set the threshold to zero. After al l the unsuccessful

tests have been l i sted, a summary l i ne i s printed of the form

SGE 11 out of 1960 tests failed to pass the threshold

If al l the tests pass the threshold, only one l i ne i s printed for eachpath:

All tests for SGE passed the threshold ( 1960 tests run)

5 . 2 Te s t i n g t h e o n s y mme t r i c i g e n a l u e Ro u t i n e s

The test routine for the LAPACKnonsymmetri c ei genvalue routines has the fol l owing

parameters whi chmaybe vari ed:

the order Nof the test matri x

the type of the test matri x

three numeri cal parameters: the blocksi ze NB , the number of shi fts NS for the mul -

ti shi ft Rmethod, and the (sub)matrix si ze MAXB belowor equal to whi ch an

unblocked, EISPACK-styl e methodwi l l be used

The test program thus consi sts of a triply-nested loop, the outer one over tripl es

(NB NS MAXB ), the next over N, and the inner one over matri x types. On each i terati on

of the innermost l oop, a matrix i s generated and used to test the ei genvalue routines.

The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main test program:

Parameter Descripti on Value

NMAX Maximumvalue for N, NB, NS, andMAXB 132

MAXIN Maximumnumber of values of the parameters 20

For the nonsymmetri c ei genvalue input �l e, MAXINi s boththe maximumnumber of values

of Nand the maximumnumber of 3-tupl es (NB, NS, MAXB). Simi l ar restri cti ons exi st for

the other input �l es for the ei genvalue test program.
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1 3 3 3 20 alues of NB (the bloc size)

1 0 5 9 1 alues 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

SS 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

SC 9

The �rst 14 l i nes of the input �l e are read using l i st-di rected input and are used to

speci fy the values of M, N, NB, andTHRESH(the threshold value). Lines 12-14 speci fy i f

the LAPACKroutines, the driver routines, or the error exi ts are tobe tested. The remaining

l i nes occur insets of 1or 2 andal l owthe user to speci fy the matrixtypes. Eachl i ne contains

a 3-character path name in columns 1-3, fol l owed by the number of test matri x types. If

the number of matri x types i s omi tted, as in the above exampl e for SE , or i f a character

i s encountered before an integer, al l the possibl e matri x types are tested. If the number of

matri x types i s at l east 1 but i s l ess than the maximumnumber of possibl e types, a second

l ine wi l l be read to get the numbers of the matrix types to be used. For exampl e, the input

l i ne

SGE 8

requests al l of the matrix types for path SGE, whi l e

SGE 3

4 5 6
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If are the true singular values of , and are the singular values of , we compute

� =( )

for SGELSX, and

� =( )

for SGELSS.

Compute the rati o

� =(max ( n) )

If , form = � , and checkwhether i s orthogonal to the column space

of by computing

=(max ( n n ) )

If n , check i f i s i n the rowspace of by forming the L factori zati on of

=[ ] . Letting = ( +1 : +n +1 : +n ), we return

max =(max ( n n ) )

. 1 . Te s t s o r t h e Eq u i l i r a t i o n Ro u t i n e s

The equi l i brati onroutines are xGEE U, xGBE U, xPOE U, xPPE UandxPBE U.

These routines performdiagonal scal i ng onvari ous kinds of matri ces to reduce thei r condi -

ti on number pri or to l i near equati on solving. Al l of themattempt to somehowequal i ze the

norms of the rows and/or columns of the input matrix by diagonal scal i ng. Thi s i s tested

by generating a fewmatri ces for whi ch the answer i s known exactl y, and comparing the

output wi th the correct answer. There are no testing parameters for the user to set.

Equi l i brati on i s al so anopti onto the driver routines for the test paths xGE, xGB, xPO,

xPP, and xPB, so i t i s tested in context there.

. 1 . I n u t i l e o r Te s t i n g t h e L i n e a r Eq u a t i o n Ro u t i n e s

Fromthe test program's input �l e, one can control the si ze of the test matri ces, the

block si ze and crossover point for the blocked routines, the paths to be tested, and the

matrix types used in testing. We have set the opti ons in the input �l es to runthroughal l of

the test paths. Anannotated exampl e of an input �l e for the REALtest programi s shown

below.

Data file for testing REAL LAPACK linear e uation routines

7 Number of values of M

0 1 2 3 5 10 16 100 alues of M (row dimension)

7 Number of values of N

0 1 2 3 5 10 16 100 alues of N (column dimension)

1 Number of values of NR S

2 alues of NR S (number of right hand sides)

5 Number of values of NB
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Apply the orthogonal matri x to fromthe ri ght using SLATZM, and compute the

rati o

� =( )

Form using SLATZM, and compute the rati o

� =( )

. 1 . Te s t s o r t h e L e a s t S q u a r e s Dr i e r Ro u t i n e s

In the SLS path, dri ver routines are tested for computing soluti ons to over- and under-

determined, possibly rank-de�ci ent systems of l i near equati ons = ( i s n). For

each test matri x type, we generate three matri ces: One whi ch i s scal ed near underow, a

matrix wi th moderate norm, and one whi ch i s scal ed near overow.

The SGELSdriver computes the l east-squares soluti ons (when � n) andtheminimum-

normsoluti on(when <n) for an nmatrix of ful l rank. Totest SGELS, we generate

a diagonal l y dominant matrix , and for = and = , we

generate aconsi stent ri ght-handside suchthat i s i nthe range space of , compute

a matrix using SGELS, and compute the rati o

� =(max ( n) )

If has more rows than columns (i .e. we are solving a l east-squares probl em), form

= � , and check whether i s orthogonal to the column space of by

computing

=(max ( n n ) )

If has more columns thanrows (i .e. we are solving anoverdeterminedsystem), check

whether the soluti on i s i n the rowspace of by scal i ng both and to have

normone, and forming the Rfactori zati on of =[ ] i f = , and the L

factori zati onof =[ ] i f = . Letting = (n : n+n n+1 n+n )

in the �rst case, and = ( +1 : +n +1 : +n ) in the l atter, we

compute

max =(max ( n n ) )

The SGELSXandSGELSSdrivers solve a possibly rank-de�ci ent system = using

a compl ete orthogonal factori zati on (SGELSX) or singular value decomposi ti on (SGELSS),

respecti vel y. Wegeneratematri ces that have rank =min ( n) or rank =3min ( n)=4

and are scal ed to be near underow, of moderate norm, or near overow. We al so generate

the nul l matri x (whi chhas rank =0). Givensuchamatrix, we thengenerate a ri ght-hand

side whi ch i s i n the range space of .

In the process of determining , SGELSXcomputes a compl ete orthogonal factor-

i zati on = , whereas SGELSS computes the singular value decomposi ti on =

diag( ) .
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Compute the l east-squares soluti on to a systemof equati ons x= using SGE RS,

and compute the rati o

7. � x =( x ")

In the S Ptest path, we test the Rfactori zati on wi th column pivoting (SGE PF),

whi ch decomposes a matrix into a product of a permutati on matrix , an orthogonal

matri x , andanupper tri angular matri x suchthat = . We generate three types

of matri ces wi th singular values as fol l ows:

al l si ngular values are zero,

al l si ngular values are 1, except for =1= , and

the singular values are 1 2 . . . �1 =1= .

The fol l owing tests are performed:

Compute the Rfactori zati on wi th column pivoting using SGE PF, compute the

singular values of using SGEBD2 and SBDS R, and compute the rati o

� =( )

Generate the orthogonal matri x fromthe Householder vectors using SORM R, and

compute the rati o

� =( )

Test the orthogonal i ty of the computedmatrix by computing the rati o

� =( )

In the STZ path, we test the trapezoidal reducti on (STZR F), whi ch decomposes an

n( <n) upper trapezoidal matri x (i .e. =0 i f ) i nto a product of a stri ctl y

upper tri angular matri x (i .e. =0 i f or ) and an orthogonal matri x such

that = . We generate matri ces wi th the fol l owing three singular value di stri buti ons :

al l si ngular values are zero,

al l si ngular values are 1, except for =1= , and

the singular values are 1 2 . . . �1 =1= .

Toobtainanupper trapezoidal matri xwi ththe speci�edsingular value di stri buti on, we gen-

erate a dense matrixusing SLATMSandreduce i t to upper tri angular formusing SGE R2.

The fol l owing tests are performed:

Compute the trapezoidal reducti onSTZR F, compute the singular values of using

SGEBD2 and SBDS R, and compute the rati o

� =( )
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. 1 . 3Te s t s o r t h e Or t h o g o n a l a t o r i a t i o n Ro u t i n e s

The orthogonal factori zati on routines are contained in the test paths x R, xR , xL ,

x L, x P, and xTZ. The �rst four of these test the R, R , L , and L factori zati ons

wi thout pivoting. The subroutines to generate or mul tiply by the orthogonal matri x from

the factori zati on are al so tested in these paths. There i s not a separate test path for the

orthogonal transformati on routines, si nce the important thing when generating an orthog-

onal matri x i s not whether or not i t i s, i n fact, orthogonal , but whether or not i t i s the

orthogonal matri x we wanted. The x Ptest path i s used for Rwi th pivoting, and xTZ

tests the reducti on of a trapezoidal matri x by anR factori zati on.

The test paths x R, xR , xL , and x L al l use the same set of test matri ces and

compute simi l ar test rati os, so we wi l l only describe the x Rpath. Al so, we wi l l refer

to the subroutines by thei r si ngl e preci si on real names, SGE RF, SGE RS, SORG R,

and SORM R. In the compl ex case, the orthogonal matri ces are uni tary, so the names

beginning wi th SOR- are changed to CUN-. Each of the orthogonal factori zati ons can

operate on nmatri ces, where n, =n, or <n.

Eight test matri ces are used for S Rand the other orthogonal factori zati on test paths.

Al l are generatedwi th a predetermined condi ti on number (by defaul t, =2 ).

1. Diagonal 5. Random, = 0 1="

2. Upper tri angular 6. Random, =0 1="

3. Lower tri angular 7. Scal ed near underow

4. Random, =2 8. Scal ed near overow

The tests for the S Rpath are as fol l ows:

Compute the Rfactori zati on using SGE RF, generate the orthogonal matri x

fromthe Householder vectors using SORG R, and compute the rati o

1. � =( ")

Test the orthogonal i ty of the computedmatrix by computing the rati o

2. � =( ")

Generate a randommatrix and mul tiply i t by or using SORM Rwith

UPLO=`L' , and compare the resul t to the product of and (or ) using the

expl i ci t matri x generated by SORG R. The di�erent opti ons for SORM Rare

tested by computing the 4 rati os

3. � =( ")

4. � =( ")

5. � =( ")

6. � =( ")

where the �rst product i s computedusing SORM Randthe secondusing the expl i ci t

matri x .
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Test matrix type TR, TP TB

Diagonal 1

Random, =2 2 1

Random, = 0 1=" 3 2

Random, =0 1=" 4 3

Scal ed near underow 5 4

Scal ed near overow 6 5

Identi ty 7 6

Uni t tri angular, =2 8 7

Uni t tri angular, = 0 1=" 9 8

Uni t tri angular, =0 1=" 10 9

Matrix el ements are O(1), l arge ri ght hand side 11 10

Fi rst di agonal causes overow, o�diagonal column norms <1 12 11

Fi rst di agonal causes overow, o�diagonal column norms 1 13 12

Growth factor underows, soluti on does not overow 14 13

Smal l di agonal causes gradual overow 15 14

One zero diagonal el ement 16 15

Large o�diagonal s cause overowwhen adding a column 17 16

Uni t tri angular wi th l arge ri ght hand side 18 17

Tabl e 3: Test matri ces for tri angular l i near systems

Test rati o TR, TP TB

�
�1 =(n �1 ") 1

� x =( x ") 2 1

x� x =( x ") 3 2

x� x =( x "), re�ned 4 3

(backwarderror)=" 5 4

x� x =( x (error bound) ) 6 5

RCOND � 7 6

� x = x ") 8 7

Tabl e 4: Tests performed for tri angular l i near systems
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i s returned. Since the same value of ANORMis used in bothcases, thi s test measures

the accuracy of the estimate computed for �1.

The solve and i terati ve re�nement steps are al so testedwi th replacedby or where

appl i cabl e. The test rati os computed for the general and symmetri c test paths are l i sted in

Tabl e 2. Here we use � to describe the di�erence in the recomputedmatrix, even

though i t i s actual l y � or some other formfor other paths.

GE, PO, PP, SY, SP GB, GT, PB, PT

Test rati o routines drivers routines drivers

� =(n ") 1 1 1 1

�
�1 =(n �1 ") 2

� x =( x ") 3 2 2 2

x� x =( x ") 4 3

x� x =( x "), re�ned 5 3 4 3

(backwarderror)=" 6 4 5 4

x� x =( x (error bound) ) 7 5 6 5

RCOND � 8 6 7 6

Tabl e 2: Tests performed for general and symmetri c l i near systems

. 1 . 2Te s t s o r Tr i a n g u l a r Ma t r i e s

The tri angular test paths, xTR, xTP, and xTB, include a number of pathologi cal test

matri ces for testing the auxi l i ary routines xLATRS, xLATPS, and xLATBS, whi ch are

robust tri angular solves used in condi ti on estimati on. The tri angular test matri ces are

summari zed in Tabl e 3. To generate uni t tri angular matri ces of predetermined condi ti on

number, we choose a speci al uni t tri angular matri x and use plane rotati ons to �l l i n the

zeros wi thout destroying the ones on the diagonal . For the xTBpath, al l combinati ons of

the values 0, 1, n� 1, (3n� 1)=4, and (n� 1)=4 are used for the number of o�diagonal s

KD , so the diagonal type i s not necessary.

Types 11-18 for the xTRandxTPpaths, and types 10-17 for xTB, are used only to test

the scal i ng opti ons in xLATRS, xLATPS, and xLATBS. These subroutines solve a scal ed

tri angular system x = or x = , where i s al l owed to underowto 0 in order to

prevent overowin x. Agrowth factor i s computed using the norms of the columns of ,

and i f the soluti on can not overow, the Level 2 BLAS routine i s cal l ed. Types 11 and 18

test the scal i ng of when i s i ni ti al l y l arge, types 12-13 and 15-16 test scal i ng when the

diagonal of i s smal l or zero, and type 17 tests the scal i ng i f overowoccurs when adding

mul tipl es of the columns to the ri ght hand side. In type 14, no scal i ng i s done, but the

growth factor i s too l arge to cal l the equival ent BLAS routine.

The tests performed for the tri angular routines are simi l ar to those for the general and

symmetri c routines, i ncluding tests of the inverse, solve, i terati ve re�nement, and condi ti on

estimati on routines. One addi ti onal test rati o i s computed for the robust tri angular solves:

� x =( x ")

Tabl e 4 shows the test rati os computed for the tri angular test paths.
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Test matrix type GE GB GT PO, PP PB PT SY, SP, HE, HP

Diagonal 1 1 1 1 1

Upper tri angular 2

Lower tri angular 3

Random, =2 4 1 2 2 1 2 2

Random, = 0 1=" 8 5 3 6 5 3 7

Random, =0 1=" 9 6 4 7 6 4 8

Fi rst column zero 5 2 8 3 2 8 3

Last column zero 6 3 9 4 3 9 4

Middl e column zero 5 4 10 5

Last n/2 columns zero 7 4 10 6

Scal ed near underow 10 7 5, 11 8 7 5, 11 9

Scal ed near overow 11 8 6, 12 9 8 6, 12 10

Random, unspeci�ed 7 7

Block diagonal 11

{ compl ex symmetri c test paths only

Tabl e 1: Test matri ces for general and symmetri c l i near systems

diagonal ; and for the paths xSY, xSP, xHE, or xHP, replace by or ,

where Di s di agonal wi th 1-by-1 and 2-by-2 diagonal bl ocks.

Invert the matrix using xxxTRI, and compute the rati o

�
�1 =(n �1 ")

For tridi agonal andbandedmatri ces, i nversi onroutines are not avai l abl e because the

inverse would be dense.

Solve the system x= using xxxTRS, and compute the rati os

� x =( x ")

x� x =( x ")

where x i s the exact soluti on and i s the condi ti on number of .

Use i terati ve re�nement (xxxRFS) to improve the soluti on, and compute the rati os

x� x =( x ")

(backward error) ="

x� x =( x (error bound) )

Compute the reciprocal condi ti on number RCONDusing xxxCON, and compare to

the value RCONDCwhichwas computed as 1/ANORM*ANORMafter forming the

inverse. The larger of the rati os

RCOND =RCONDC andRCONDC =RCOND
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S, C, D, Z PP Posi ti ve de�ni te packed

S, C, D, Z PB Posi ti ve de�ni te band

S, C, D, Z PT Posi ti ve de�ni te tridi agonal

C, Z HE Hermi ti an inde�ni te matri ces

C, Z HP Hermi ti an inde�ni te packed

S, C, D, Z SY Symmetri c inde�ni te matri ces

S, C, D, Z SP Symmetri c inde�ni te packed

S, C, D, Z TR Triangular matri ces

S, C, D, Z TP Triangular packed

S, C, D, Z TB Triangular band

S, C, D, Z R Rdecomposi ti on

S, C, D, Z R R decomposi ti on

S, C, D, Z L L decomposi ti on

S, C, D, Z L Ldecomposi ti on

S, C, D, Z P Rdecomposi ti on wi th column pivoting

S, C, D, Z TZ Trapezoidal matri x (R factori zati on)

S, C, D, Z LS Least Squares driver routines

S, C, D, Z E Equi l i brati on routines

S, C, D, Z LU LUvari ants

S, C, D, Z CH Chol esky vari ants

The x R, xR , xL , andx Ltest paths al so test the routines for generatingor mul tiplying

by an orthogonal or uni tary matrix expressed as a sequence of elmentary Householder

transformati ons.

. 1 . 1Te s t s o r e n e r a l a n d S y mme t r i Ma t r i e s

For each LAPACKtest path speci�ed in the input �l e, the test programgenerates test

matri ces, cal l s the LAPACKroutines in that path, and computes a number of test rati os to

veri fy that eachoperati onhas performed correctl y. The test matri ces used in the test paths

for general and symmetri c matri ces are shown inTabl e 1. Both the computati onal routines

and the driver routines are tested wi th the same set of matri x types. In thi s context, " i s

the machine epsi l on and i s the condi ti on number of the matrix . Matrix types wi th one

or more columns set to zero (or rows and columns, i f the matrix i s symmetri c) are used to

test the error return codes. For band matri ces, al l combinati ons of the values 0, 1, n� 1,

(3n� 1)=4, and (n� 1)=4 are used for KL andKU in the GBpath, and for KD in the PB

path. For the tridi agonal test paths xGTandxPT, types 1-6 use matri ces of predetermined

condi ti on number, whi l e types 7-12 use randomtridi agonal matri ces.

For the LAPACKtest paths shown in Tabl e 1, each test matri x i s subjected to the

fol l owing tests:

Factor the matrix using xxxTRF, and compute the rati o

� =(n ")

Thi s formi s for the paths xGE, xGB, and xGT. For the paths xPO, xPP, or xPB,

replace by or ; for xPT, replace by or , where Di s
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or e out es t i ng

There are two di stinct test programs for LAPACKroutines in each data type, one for

the l i near equati on routines and one for the ei gensystemroutines. Each programhas i ts

own styl e of i nput, and the ei gensystemtest programaccepts 13 di�erent sets of i nput,

al though four of these may be concatenated into one data set, for a total of 10 input �l es.

The fol l owing secti ons describe the di�erent input formats and testing styl es.

The main test procedure for the REAL l inear equati on routines i s

i n LAPACK/TESTING/LIN/sch aa.f i n the Unix versi on and i s the �rst programuni t in

SLINTSTF in the non-Unix versi on. The main test procedure for the REAL eigenvalue

routines i s i n LAPACK/TESTING/EIG/sch ee.f i n the Unix versi on and i s the �rst program

uni t in SEIGTSTFin the non-Unix versi on.

5 . 1 Th e L i n e a r u a t i o n Te s t Pr o g r a m

The test programfor the l i near equati on routines i s dri venbya data�l e fromwhichthe

fol l owing parameters may be vari ed:

M, the matrix rowdimensi on

N, the matrix column dimensi on

NRHS, the number of ri ght hand sides

NB, the blocksi ze for the blocked routines

NX, the crossover point, the point in a block algori thmat whi ch we swi tch to an

unblockedalgori thm

For symmetri c or Hermi ti anmatri ces, the values of Nare used for the matrix dimensi on.

The number and si ze of the input values are l imi ted by certain programmaximums

whi ch are de�ned in PARAMETERstatements in the main test programs. For the l i near

equati on test program, these are:

Parameter Descripti on Value

NMAX Maximumvalue of Mor Nfor rectangular matri ces 132

MAXIN Maximumnumber of values of M, N, NB, or NX 12

MAXRHS Maximumvalue of NRHS 10

The input �l e al so speci�es a set of LAPACKpath names and the test matri x types to

be used in testing the routines in each path. Path names are 3 characters l ong; the �rst

character indi cates the data type, and the next two characters identi fy a matrix type or

probl emtype. The test paths for the l i near equati on test programare as fol l ows:

S, C, D, Z GE General matri ces (LUfactori zati on)

S, C, D, Z GB General bandmatri ces

S, C, D, Z GT General tri di agonal

S, C, D, Z PO Posi ti ve de�ni te matri ces (Chol esky factori zati on)
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4 . 9 S e n d t h e Re s u l t s t o Te n n e s s e e

Congratulati ons! You have now�ni shed instal l i ng and testing LAPACK. Your parti ci -

pati on i s greatl yappreci ated. If possibl e, resul ts andcomments should be sent byel ectroni c

mai l to

sost@cs.utk.edu

Otherwi se, resul ts maybe submi ttedei ther bysending the authors ahardcopyof the output

�l es or by returning the di stri buti on tape wi th the output �l es stored on i t.

We encourage you to make the LAPACKl ibrary avai l abl e to your users and provide us

wi th feedback fromthei r experi ences. You should make i t cl ear that thi s software i s sti l l

under devel opment, and parts of i t may be changed before the project i s compl eted. The

changes maya�ect the cal l i ng sequences of some routines, so the publ i c rel ease of LAPACK

is not guaranteedto be compatibl e wi th thi s versi on.

If youwould l i ke to do more, pl ease contact us so that we may coordinate your e�orts

wi th the devel opment of the �nal test rel ease of LAPACK. One opti on i s to l ook at ways to

improve the performance of LAPACKonyour machine. If youdonot have optimi zedBLAS,

tuning the BLAS would l i kel y have a dramati c e�ect on performance. Other suggesti ons

on �ne-tuning speci�c al gori thms are al so wel come. For exampl e, one of our test si tes

noti ced that the rowinterchanges in the LUfactori zati on routine SGETRFwere degrading

performance on the IBM3090 because of the non-uni t stri de in SSWAP[2 ] . In response

we added the auxi l i ary routine SLASWPto interchange a block of rows, so that users of

the IBM3090 could easi l y replace thi s routine wi th one in whi ch the rowinterchanges are

appl i ed to one column at a time.
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andLOADOPTS to refer to the l oader anddesi red l oad opti ons for your machine. Then

type ma e fol l owedby the data types desi red, as in the exampl es of Secti on 3.5. The

l i brary of instrumented code i s created in LAPACK/TIMING/EIG/eigsrc.a.

b) To make the ei gensystemtiming programs, go to LAPACK/TIMING/EIG and edi t the

make�l e. De�ne FORTRAN and OPTS to refer to the compi l er and desi red compi l er

opti ons for your machine, and de�ne LOADER and LOADOPTS to refer to the l oader and

desi red l oad opti ons for your machine. If youare not using the FortranBLAS, de�ne

BLAS to point to your system's BLAS l ibrary, i nstead of ../../blas.a.

c) Type ma e fol l owed by the data types desi red, as in the exampl es of Secti on 3.5.

The executabl e �l es are cal l edxeigtims, xeigtimc, xeigtimd, andxeigtimz andare

created in LAPACK/TIMING.

d) Go to LAPACK/TIMING andmake any necessary modi�cati ons to the input �l es. You

may need to set the minimumtime a subroutine wi l l be timed to a posi ti ve value,

or to restri ct the number of tests i f you are using a computer wi th performance in

between that of a workstati on and that of a supercomputer. Instead of decreasing

the matrix dimensi ons to reduce the time, i t wouldbe better to reduce the number of

matri x types to be timed, since the performance vari es more wi ththe matrix si ze than

wi th the type. For exampl e, for the nonsymmetri c ei genvalue routines, youcould use

only one matrix of type 4 instead of four matri ces of types 1, 3, 4, and 6. See Secti on

6 for further detai l s.

e) Run the programs for each data type you are using. For the REAL versi on, the

commands for the smal l 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 l arge data sets are

xeigtims SNEPTIM.in SNEPTIM.out

xeigtims SSEPTIM.in SSEPTIM.out

xeigtims SS DTIM.in SS DTIM.out

xeigtims SGEPTIM.in SGEPTIM.out

Simi l ar commands should be used for the other data types.

f ) Send the output �l es to the authors as di rected in Secti on 4.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.
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a) Go to LAPACK/TIMING andmake any necessary modi�cati ons to the input �l es. You

mayneed to set the minimumtime a subroutine wi l l be timed to a posi ti ve value. If

youmodi�ed the values of Nor NBinSecti on4.8.1, set M, N, andKaccordingly. The

large parameters amongM, N, andKshould be the same as the matrix si zes used in

timing the l i near equati on routines, and the smal l parameter should be the same as

the blocksi zes used in timing the l i near equati on routines. If necessary, the l arge data

set can be simpl i�ed by using only one value of LDA.

b) Run the programs for each data type you are using. For the REAL versi on, the

commands for the smal l data sets are

xtims sblas.in1 sblas.out1

xtims sblas.in2 sblas.out2

xtims sblas.in3 sblas.out3

or the commands for the l arge data sets are

xtims SBLAS.in1 SBLAS.out1

xtims SBLAS.in2 SBLAS.out2

xtims SBLAS.in3 SBLAS.out3

Simi l ar commands should be used for the other data types.

c) Send the output �l es to the authors as di rected in Secti on 4.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.

. 8 . 3Ti mi n g t h e Ei g e n s y s t e mRo u t i n e s

The eigensystemtiming programi s found inLAPACK/TIMING/EIG andthe input �l es are

inLAPACK/TIMING. Four input �l es are providedineachdatatype for timing the ei gensystem

routines, one for the nonsymmetri c ei genvalue probl em, one for the symmetri c ei genvalue

probl em, one for the singular value decomposi ti on, andone for the general i zednonsymmetri c

ei genvalue probl em. For the REAL versi on, the smal l data sets are cal l ed sneptim.in,

sseptim.in, ssvdtim.in, and sgeptim.in, respecti vel y, and the l arge data sets are cal l ed

SNEPTIM.in, SSEPTIM.in, SS DTIM.in, andSGEPTIM.in. Eachof the four input �l es reads

a di�erent set of parameters, and the format of the input i s i ndi cated bya 3-character code

on the �rst l i ne.

The timing programfor ei genvalue/singular value routines accumulates the operati on

count as the routines are executing using speci al i nstrumented versi ons of the LAPACK

routines. The �rst step in compi l i ng the timing programi s therefore to make a l i brary of

the instrumented routines.

a) To make a l i brary of the instrumented LAPACK routines, �rst go to

LAPACK/TIMING/EIG/EIGSRC and edi t the make�l e. De�ne FORTRAN andOPTS to refer

to the compi l er and desi red compi l er opti ons for your machine, and de�ne LOADER
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desi red l oad opti ons for your machine. If youare not using the FortranBLAS, de�ne

BLAS to point to your system's BLAS l ibrary, i nstead of ../../blas.a.

b) Type ma e fol l owed by the data types desi red, as in the exampl es of Secti on 3.5.

The executabl e �l es are cal l ed xtims, xtimc, xtimd, and xtimz and are created in

LAPACK/TIMING.

c) Go to LAPACK/TIMING andmake any necessary modi�cati ons to the input �l es. You

mayneedto set the minimumtime a subroutine wi l l be timedtoaposi ti ve value, or to

restri ct the si ze of the tests i f youare using a computer wi th performance in between

that of a workstati on and that of a supercomputer. The computati onal requi rements

canbe cut in hal f byusing only one value of LDA. If i t i s necessary to al so reduce the

matrix si zes or the values of the blocksi ze, corresponding changes should be made to

the BLAS input �l es (see Secti on 4.8.2).

d) Run the programs for each data type you are using. For the REAL versi on, the

commands for the smal l data sets are

xtims stime.in stime.out

xtims sband.in sband.out

xtims stime2.in stime2.out

or the commands for the l arge data sets are

xtims STIME.in STIME.out

xtims SBAND.in SBAND.out

xtims STIME2.in STIME2.out

Simi l ar commands should be used for the other data types.

e) Send the output �l es to the authors as di rected in Secti on 4.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.

. 8 . 2Ti mi n g t h e BLAS

The l inear equati on timing programi s al so used to time the BLAS. Three input �l es

are provided in each data type for timing the Level 2 and 3 BLAS. These input �l es time

the BLAS using the matrix shapes encountered in the LAPACKroutines, and we wi l l use

the resul ts to analyze the performance of the LAPACKroutines. For the REALversi on,

the smal l data �l es are sblas.in1, sblas.in2, and sblas.in3 and the l arge data �l es

are SBLAS.in1, SBLAS.in2, and SBLAS.in3. There are three sets of i nputs because there

are three parameters in the Level 3 BLAS, M, N, and K, and in most appl i cati ons one of

these parameters i s smal l (on the order of the blocksi ze) whi l e the other two are l arge (on

the order of the matrix si ze). In sblas.in1, Mand Nare l arge but Ki s smal l , whi l e i n

sblas.in2 the smal l parameter i s M, and in sblas.in3 the smal l parameter i s N. The

Level 2 BLAS are timed only in the �rst data set, where Ki s al so used as the bandwidth

for the banded routines.
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4 . 8 Ru n t h e LAPACK Ti mi n g Pr o g r a ms

There are two di stinct timing programs for LAPACKroutines in each data type, one

for the l i near equati on routines and one for the ei gensystemroutines. The timing program

for the l i near equati on routines i s al so used to time the BLAS. We encourage you to con-

duct these timing experiments inREALandCOMPLEXor inDOUBLEPRECISIONand

COMPLEX*16; i t i s not necessary to send timing resul ts i n al l four data types.

Two sets of i nput �l es are provided, a smal l set and a large set. The smal l data sets are

appropri ate for a standard workstati on or other non-vector machine. The large data sets

are appropri ate for supercomputers, vector computers, andhigh-performance workstati ons.

We are mainly interested in resul ts fromthe large data sets, and i t i s not necessary to run

both the l arge and smal l sets. The values of Nin the l arge data sets are about �ve times

l arger than those in the smal l data set, and the l arge data sets use addi ti onal values for

parameters such as the block si ze NBand the l eading array dimensi on LDA. Smal l data

sets are indi cated by lower case names, suchas stime.in, and large data sets are indi cated

by upper case names, such as STIME.in. Except as noted, the l eading `s' (or `S') i n the

input �l e name must be replaced by `d' , `c' , or `z' (`D' , `C' , or `Z') for the other data types.

We encourage youto obtain timing resul ts wi th the l arge data sets, as thi s al l ows us to

compare di�erent machines. If thi s would take too much time, suggesti ons for paring back

the l arge data sets are givenin the instructi ons bel ow. We al so encourage youtoexperiment

wi th these timing programs and send us any interesting resul ts, such as resul ts for l arger

probl ems or for a wider range of bl ock si zes. The main programs are dimensi oned for the

l arge data sets, so the parameters in the main programmay have to be reduced in order

to run the smal l data sets on a smal l machine, or increased to run experiments wi th l arger

probl ems.

The minimumtime each subroutine wi l l be timed i s set to 0.0 in the l arge data �l es

and to 0.05 in the smal l data �l es, and onmany machines thi s value should be increased.

If the timing interval i s not l ong enough, the time for the subroutine after subtracting the

overheadmaybe very smal l or zero, resul ti ng in megaop rates that are very l arge or zero.

(Toavoiddivi si onbyzero, the megaoprate i s set tozero i f the time i s l ess thanor equal to

zero.) The minimumtime that should be used depends on the machine and the resoluti on

of the cl ock.

For more informati on on the timing programs and howto modi fy the input �l es, see

Secti on 6.

. 8 . 1Ti mi n g t h e L i n e a r Eq u a t i o n s Ro u t i n e s

The l inear equati on timing programi s found in LAPACK/TIMING/LIN and the input �l es

are in LAPACK/TIMING. Three input �l es are provided in each data type for timing the

l i near equati on routines, one for square matri ces, one for bandmatri ces, and one for rect-

angular matri ces. The smal l data sets for the REALversi on are stime.in, sband.in, and

stime2.in, respecti vel y, and the l arge data sets are STIME.in, SBAND.in, and STIME2.in.

a) To make the l i near equati on timing programs, go to LAPACK/TIMING/LIN and edi t

the make�l e. De�ne FORTRAN and OPTS to refer to the compi l er and desi red compi l er

opti ons for your machine, and de�ne LOADER and LOADOPTS to refer to the l oader and
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d) Send the output �l es to the authors as di rected in Secti on 4.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.

. 7 . 2Te s t i n g t h e Ei g e n s y s t e mRo u t i n e s

a) Go to LAPACK/TESTING/EIG and edi t the make�l e. De�ne FORTRAN andOPTS to refer

to the compi l er and desi red compi l er opti ons for your machine, and de�ne LOADER

andLOADOPTS to refer to the l oader anddesi red l oad opti ons for your machine. If you

are not using the FortranBLAS, de�ne BLAS to point to your system's BLAS l ibrary,

i nstead of ../../blas.a.

b) Type ma e fol l owedby the data types desi red, as in the exampl es of Secti on 3.5. The

executabl e �l es are cal l ed xeigtsts, xeigtstc, xeigtstd, and xeigtstz and are

created in LAPACK/TESTING.

c) Go to LAPACK/TESTING and run the tests for eachdata type. The tests for the ei gen-

systemroutines use ten separate input �l es, for testing the general i zed nonsymmetri c

ei genvalue probl emroutines, the nonsymmetri c ei genvalue probl emdrivers, the non-

symmetri c ei genvalue probl emroutines, the symmetri c ei genvalue probl emroutines,

and the singular value decomposi ti on routines. The tests for the REAL versi on are

as fol l ows:

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 sba .in sba .out

The tests using xeigtstc, xeigtstd, and xeigtstz al so use the input �l es nep.in,

sep.in, andsvd.in, but the l eading `s' i n the other input �l e names must be changed

to `c' , `d' , or `z' . We have shown the output of these ten tests going to ten di�erent

output �l es, but we would prefer to recei ve one �l e containing the resul ts of al l the

tests.

d) Send the output �l es to the authors as di rected in Secti on 4.9. Pl ease tel l us the type

of machine on whi ch the tests were run, the compi l er opti ons that were used, and

detai l s of the BLAS l ibrary or l i brari es that youused.
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4 . 5 Cr e a t e t h e LAPACK Li b r a r y

a) Go to the di rectory LAPACK/SRC and edi t the make�l e. De�ne FORTRAN and OPTS to

refer to the compi l er and desi red compi l er opti ons for your machine.

b) Type ma e fol l owedby the data types desi red, as in the exampl es of Secti on 3.5. The

make command canbe runmore thanonce to addanother data type to the l i brary i f

necessary.

The LAPACKl ibrary i s created in LAPACK/lapac .a.

4 . 6 Cr e a t e t h e Te s t Ma t r i x Ge n e r a t o r L i b r a r y

a) Go to the di rectory LAPACK/TESTING/MATGEN and edi t the make�l e. De�ne FORTRAN

and OPTS to refer to the compi l er and desi red compi l er opti ons for your machine.

b) Type ma e fol l owedby the data types desi red, as in the exampl es of Secti on 3.5. The

make command canbe runmore thanonce to addanother data type to the l i brary i f

necessary.

The test matri x generator l i brary i s created in LAPACK/tmglib.a.

4 . 7 Ru n t h e LAPACK Te s t Pr o g r a ms

There are two di stinct test programs for LAPACKroutines in each data type, one for

the l i near equati on routines and one for the ei gensystemroutines. In eachdata type, there

i s one input �l e for testing the l i near equati on routines and ten input �l es for testing the

ei genvalue routines. The input �l es reside inLAPACK/TESTING. For more informati ononthe

test programs and howtomodi fy the input �l es, see Secti on 5.

. 7 . 1Te s t i n g t h e L i n e a r Eq u a t i o n s Ro u t i n e s

a) Go to LAPACK/TESTING/LIN and edi t the make�l e. De�ne FORTRAN andOPTS to refer

to the compi l er and desi red compi l er opti ons for your machine, and de�ne LOADER

andLOADOPTS to refer to the l oader anddesi red l oad opti ons for your machine. If you

are not using the FortranBLAS, de�ne BLAS to point to your system's BLAS l ibrary,

i nstead of ../../blas.a.

b) Type ma e fol l owed by the data types desi red, as in the exampl es of Secti on 3.5.

The executabl e �l es are cal l ed xch s, xch c, xch d, or xch z and are created in

LAPACK/TESTING.

c) Go to LAPACK/TESTING and run the tests for each data type. For the REALversi on,

the command i s

xch s stest.in stest.out

The tests using xch d, xch c, and xch z are simi l ar wi th the l eading `s' i n the input

and output �l e names replaced by `d' , `c' , or `z' .
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b) Type ma e fol l owedby the data types desi red, as in the exampl es of Secti on 3.5. The

make command canbe runmore thanonce to addanother data type to the l i brary i f

necessary.

The BLAS l ibrary i s created in LAPACK/blas.a and not in the current di rectory.

4 . 4 Ru n t h e BLAS Te s t Pr o g r a ms

Test programs for the Level 2 and 3 BLAS are in the di rectory LAPACK/BLAS/TESTING.

Atest programfor the Level 1 BLAS i s not included, in part because only a subset of the

ori ginal set of Level 1 BLAS i s actual l y used in LAPACK, and the old test programwas

desi gned to test the ful l set of Level 1 BLAS. The ori ginal Level 1 BLAS test programi s

avai l abl e fromnetl i b as TOMSalgori thm539.

a) To make the Level 2 BLAS test programs, go to LAPACK/BLAS/TESTING and edi t

the make�l e cal l ed ma eblat2. De�ne FORTRAN and OPTS to refer to the compi l er

and desi red compi l er opti ons for your machine, and de�ne LOADER and LOADOPTS to

refer to the l oader and desi red l oad opti ons for your machine. If you are not using

the Fortran BLAS, de�ne BLAS to point to your system's BLAS l ibrary, i nstead of

../../blas.a.

b) Type ma e -f ma eblat2 fol l owed by the data types desi red, as in the exampl es of

Secti on 3.5. The executabl e �l es are cal l ed xblat2s, xblat2d, xblat2c, andxblat2z

and are created in LAPACK/BLAS.

c) Go to LAPACK/BLAS and run the Level 2 BLAS tests. For the REAL versi on, the

command i s

xblat2s sblat2.in

Simi l ar commands should be used for the other test programs, wi th the l eading `s' i n

the input �l e name replaced by `d' , `c' , or `z' . The name of the output �l e i s i ndi cated

on the �rst l i ne of the input �l e and i s currently de�ned to be SBLAT2.SUMM for the

REALversi on, wi th simi l ar names for the other data types.

d) To compi l e and run the Level 3 BLAS test programs, repeat steps a{c using the

make�l e ma eblat3. For step c, the executabl e programin the REAL versi on i s

xblat3s, the input �l e i s sblat3.in, and output i s to the �l e SBLAT3.SUMM, wi th

simi l ar names for the other data types.

If the tests using the suppl i ed data �l es were compl eted successful l y, consider whether

the tests were su�ci ently thorough. For exampl e, on a machine wi th vector regi sters, at

l east one value of Ngreater thanthe l engthof the vector regi sters shouldbe used; otherwi se,

important parts of the compi l ed code may not be exerci sed by the tests. If the tests were

not successful , ei ther because the programdid not �ni sh or the test rati os did not pass

the threshold, youwi l l probably have to �nd and correct the probl embefore continuing. If

you have been testing a system-speci�c BLAS l ibrary, try using the FortranBLAS for the

routines that did not pass the tests. For more detai l s on the BLAS test programs, see [8 ]

and [6 ] .
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`U' : Underowthreshold

Some peopl e may be fami l i ar wi th R1MACH(D1MACH), a primi ti ve routine for set-

ti ng machine parameters in whi ch the user must comment out the appropri ate assi gnment

statements for the target machine. If a versi onof R1MACHis onhand, the assi gnments in

SLAMCHcan be made to refer to R1MACHusing the correspondence

SLAMCH( `U' ) =R1MACH( 1 )

SLAMCH( `O' ) =R1MACH( 2 )

SLAMCH( `E' ) =R1MACH( 3 )

SLAMCH( `B' ) =R1MACH( 5 )

The safe minimumreturned by SLAMCH( 'S' ) i s i ni ti al l y set to the underowvalue, but

i f 1=(overow ) � (underow ) i t i s recomputed as (1=(overow )) � (1+"), where " i s the

machine preci si on.

. 2 . 3I n s t a l l i n g S ECOND a n d DS ECND

Boththe timing routines andthe test routines cal l SECOND(DSECND), a real functi on

wi th no arguments that returns the time in seconds fromsome �xed starting time. Our

versi on of thi s routine returns only \user time", and not \user time +systemtime". The

versi on of SECONDin second.f cal l s ETIME, a Fortranl i brary routine avai l abl e on some

computer systems. If ETIMEi s not avai l abl e or a better l ocal timing functi on exi sts, you

wi l l have to provide the correct interface to SECONDandDSECNDon your machine.

The test programinsecondtst.f performs ami l l i on operati ons using 5000 i terati ons of

the SAXPYoperati on y :=y+�x ona vector of l ength 100. The total time andmegaops

for thi s test i s reported, then the operati on i s repeated includi ng a cal l to SECONDon

each of the 5000 i terati ons to determine the overhead due to cal l i ng SECOND. Run the

test programby typing testsecond (or testdsecnd). There i s no singl e ri ght answer, but

the times in seconds should be posi ti ve and the megaop rati os should be appropri ate for

your machine. If youmodi fy SECONDor DSECND, copy second.f and/or dsecnd.f to

LAPACK/SRC/ for inclusi on in the LAPACKl ibrary.

4 . 3 Cr e a t e t h e BLAS L i b r a r y

Ideal l y, a highly optimi zed versi on of the BLAS l ibrary al ready exi sts on your machine.

In thi s case you can go di rectl y to Secti on 4.4 to make the BLAS test programs. You

may al ready have a l i brary containing some of the BLAS, but not al l (Level 1 and 2, but

not Level 3, for exampl e). If so, you should use your l ocal versi on of the BLAS wherever

possibl e.

a) Go to LAPACK/BLAS/SRC and edi t the make�l e. De�ne FORTRAN and OPTS to refer to

the compi l er anddesi red compi l er opti ons for your machine. If youal readyhave some

of the BLAS, comment out the l i nes de�ning the BLAS youhave.
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ASCII character set

Tests completed

If any modi�cati ons were requi red to LSAME, copy lsame.f to both LAPACK/BLAS/SRC/

and LAPACK/SRC/. The functi on LSAMEis needed by both the BLAS and LAPACK, so i t

i s safer to have i t i n both l i brari es as l ong as thi s does not cause troubl e in the l i nk phase

when both l i brari es are used.

. 2 . 2I n s t a l l i n g S LAMCH a n d DLAMCH

SLAMCHand DLAMCHare real functi ons wi th a singl e character parameter that

indi cates the machine parameter to be returned. The test programin slamchtst.f simply

prints out the di�erent values computedbySLAMCH, soyouneedtoknowsomethingabout

what the values should be. For exampl e, the output of the test programfor SLAMCHon

a Sun SPARCstati on i s

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

OnaCraymachine, the safe minimumunderows i ts output representati onandthe overow

threshold overows i ts output representati on, so the safe minimumis printed as 0.00000

and overowi s printed as R. Thi s i s normal . If you would prefer to print a representabl e

number, you can modi fy the test programto print SFMIN*100. and RMAX/100. for the

safe minimumand overowthresholds.

Run the test programby typing testslamch. If any modi�cati ons were made to

SLAMCH, copy slamch.f to LAPACK/SRC/. Do the same for DLAMCHand the test pro-

gramtestdlamch. If both tests were successful , go to Secti on 4.2.3.

If SLAMCH(or DLAMCH) returns an inval i d value, youwi l l have to create your own

versi on of thi s functi on. The fol l owing opti ons are used in LAPACKandmust be set:

`B' : Base of the machine

`E' : Epsi l on (rel ati ve machine preci si on)

`O' : Overowthreshold

`P' : Preci si on =Epsi l on*Base

`S' : Safe minimum(often same as underowthreshold)
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requi rements wi l l be l ess i f youdo not use al l four data types. The total space requi rements

includi ng the object �l es i s approximately 70 MBfor al l four data types.

If youreceivedatar �l e of LAPACKvia the �l e transfer programftp, enter the fol l owing

command to untar the �l e:

tar xvf le (where le is the name of the tar file)

Since singl e preci si on (REAL+COMPLEX) anddoubl e preci si on (DOUBLEPRECISION

+COMPLEX*16) are separated into twoseparate tar �l es, the space requi rements for each

tar �l e wi l l be hal f what they are for the tape.

4 . 2 Te s t a n d I n s t a l l t h e Ma c h i n e - De p e n d e n t Ro u t i n e s .

There are �ve machine-dependent functi ons in the test and timing package, at l east

three of whi chmust be instal l ed. They are

LSAME LOGICAL Test i f two characters are the same regardl ess of case

SLAMCH REAL Determine machine-dependent parameters

DLAMCH DOUBLEPRECISION Determine machine-dependent parameters

SECOND REAL Return time in seconds froma �xed starting time

DSECND DOUBLEPRECISION Return time in seconds froma �xed starting time

If you are working only in singl e preci si on, you do not need to instal l DLAMCHand

DSECND, and i f you are working only in doubl e preci si on, you do not need to instal l

SLAMCHand SECOND.

These �ve subroutines are providedonthe tape inLAPACK/INSTALL, al ongwi th�ve test

programs andamake�l e. Tocompi l e the �ve test programs, go toLAPACK/INSTALL andedi t

the make�l e. De�ne FORTRAN andOPTS to refer to the compi l er anddesi redcompi l er opti ons

for your machine. Thentype ma e tocreate test programs cal l edtestlsame, testslamch,

testdlamch, testsecond, and testdsecnd. The expected resul ts of each test program

are described bel ow.

. 2 . 1I n s t a l l i n g L S AME

LSAMEis a l ogi cal functi onwi th twocharacter parameters, AandB. It returns .TRUE.

i f Aand Bare the same regardl ess of case, or .FALSE. i f they are di�erent. For exampl e,

the expressi on

LSAME( UPLO, 'U' )

i s equival ent to

( UPLO.EQ.'U' ).OR.( UPLO.EQ.'u' )

The suppl i ed versi onworks correctl y onal l systems that use the ASCII code for internal

representati ons of characters. For systems that use the EBCDICcode, one constant must be

changed. For CDCsystems wi th 6-12bi t representati on, al ternative code i s provided in the

comments. The test programin lsametst.f tests al l combinati ons of the same character

in upper and lower case for AandB, and twocases where AandBare di�erent characters.

Runthe test programbytypingtestlsame. If LSAMEworks correctl y, the onlymessage

you should see i s
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xeigtsts ssb.in ssb.out

repeat for c, d, and z (except for nep. in, sep. i n, and svd. in, repl ace the l eading s

in the input �l e by c, d, or z, respecti vel y)

8. Run the LAPACKTiming Programs

cd LAPACK/TIMING/LIN

ma e

cd LAPACK/TIMING

xtims stime.in stime.out

xtims sband.in sband.out

xtims stime2.in stime2.out

repeat for c, d, and z

xtims sblas.in1 sblas.out1

xtims sblas.in2 sblas.out2

xtims sblas.in3 sblas.out3

repeat for c, d, and z

cd LAPACK/TIMING/EIG/EIGSRC

ma e

cd LAPACK/TIMING/EIG

ma e

cd LAPACK/TIMING

xeigtims sgeptim.in sgeptim.out

xeigtims sneptim.in sneptim.out

xeigtims sseptim.in sseptim.out

xeigtims ssvdtim.in ssvdtim.out

repeat for c, d, and z

4 . 1 Re a d t h e Ta p e o r n t a r t h e i l e

If you received a tar tape of LAPACK, type one of the fol l owing commands to unload

the tape (the devi ce name may be di�erent at your si te):

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

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

Thi s wi l l create a top-l evel di rectory cal l ed LAPACK. You wi l l need about 28 megabytes to

read in the compl ete tape. On a Sun SPARCstati on, the l i brari es used 14 MBand the

LAPACKexecutabl e �l es used 20 MB. In addi ti on, the object �l es used 18 MB, but the

object �l es canbe del eted after creating the l i brari es andexecutabl e �l es. Your actual space
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xblat3d dblat3.in

xblat3c cblat3.in

xblat3z zblat3.in

5. Create the LAPACKLibrary

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

ma e

6. Create the Library of Test Matrix Generators

cd LAPACK/TESTING/MATGEN

ma e

7. Run the LAPACKTest Programs

cd LAPACK/TESTING/LIN

ma e

cd LAPACK/TESTING

xch s stest.in stest.out

xch d dtest.in dtest.out

xch c ctest.in ctest.out

xch z ztest.in ztest.out

cd LAPACK/TESTING/EIG

ma e

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 sba .in sba .out
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u i c Re e r e n c e Gu i d e o r I n s t a l l a t i o n o LAPACK

If you insi st on not reading the instructi ons, here i s an abbreviated set of di recti ons for

instal l i ng and testing LAPACK.

To instal l , test, and time LAPACK:

1. Read the tape or untar the �l e.

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

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

tar xvf file (froma �l e)

2. Test and Instal l the Machine-Dependent Routines

cd LAPACK/INSTALL

ma e

testlsame

testslamch

testdlamch

testsecond

testdsecnd

3. Create the BLAS Library, if necessary

NOTE: or best erformance it is recommendedyouuse themanufacturers' LAS

cp LAPACK/INSTALL/lsame.f LAPACK/BLAS/SRC/

cd LAPACK/BLAS/SRC

ma e

4. Run the Level 2 and 3 BLASTest Programs

cd LAPACK/BLAS/TESTING

ma e -f ma eblat2

cd LAPACK/BLAS

xblat2s sblat2.in

xblat2d dblat2.in

xblat2c cblat2.in

xblat2z zblat2.in

cd LAPACK/BLAS/TESTING

ma e -f ma eblat3

cd LAPACK/BLAS

xblat3s sblat3.in
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without any opti ons creates a l i brary of al l four data types. The ma e command can be

run more than once to add another data type to the l i brary i f necessary. Because of the

quanti tyof software inLAPACK, compi l i ng al l four data types into one l i brary maynot be

advi sabl e; see Appendix Dfor al ternate suggesti ons.

Simi l arl y, the make�l es for the test routines create separate test programs for eachdata

type. These programs can be created one at a time:

ma e single

ma e double

. . .

or al l at once:

ma e single double complex complex16

where the l ast command i s equival ent to typing ma e by i tsel f. In the case of the BLAS

test programs, where the make�l e has a name other thanma efile, the -f opti onmust be

added to speci fy the �l e name, as in the fol l owing exampl e:

ma e -f ma eblat2 single

The make�l es used to create l i brari es cal l ranlib after each ar command. Some com-

puters (for exampl e, CRAYcomputers running UNICOS) do not requi re ranlib to be run

after creating a l i brary. Onthese systems, references toranlib shouldbe commentedout or

removed fromthe make�l es in LAPACK/SRC, LAPACK/BLAS/SRC, LAPACK/TESTING/MATGEN,

and LAPACK/TIMING/EIG/EIGSRC.

I ns t al l i ng on a ni x S s t e

Instal l i ng, testing, and timing the Unix versi on of LAPACKinvolves the fol l owing steps:

1. Read the tape or untar the �l e.

2. Test and instal l the machine-dependent routines.

3. Create the BLAS l ibrary, i f necessary.

4. Run the Level 2 and 3 BLAS test programs.

5. Create the LAPACKl ibrary.

6. Create the l i brary of test matri x generators.

7. Run the LAPACKtest programs.

8. Run the LAPACKtiming programs.

9. Send the resul ts fromsteps 7 and 8 to the authors at the Universi ty of Tennessee.
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use i t (but be sure to run the BLAS test programs). If an optimi zed l i brary of the BLAS i s

not avai l abl e, Fortran source code for the Level 1, 2, and 3 BLAS i s provided on the tape.

Users should not expect too much fromthe FortranBLAS; these versi ons were wri tten to

de�ne the basi c operati ons and do not employ the standard tri cks for optimi zing Fortran

code.

The formal de�ni ti ons of the Level 1, 2, and 3 BLAS are in [9 ] , [7] , and [5] . Copi es of

the BLAS ui ck Reference card are avai l abl e fromthe authors.

3 . 3 LAPACK Te s t Ro u t i n e s

Thi s rel ease contains two di stinct test programs for LAPACKroutines in each data

type. One test programtests the routines for solving l i near equati ons and l inear l east

squares probl ems, and the other tests routines for the matrix ei genvalue probl em. The

routines for generating test matri ces are used byboth test programs and are compi l ed into

a l i brary for use by both test programs.

3 . 4 LAPACK Ti mi n g Ro u t i n e s

Thi s rel ease al so contains two di stinct timing programs for the LAPACKroutines in

eachdata type. The l i near equati ontiming programgathers performance data inmegaops

onthe factor, solve, and inverse routines for solving l i near systems, the routines to generate

or apply an orthogonal matri x given as a sequence of el ementary transformati ons, and the

reducti ons to bidi agonal , tri di agonal , or Hessenberg formfor ei genvalue computati ons. The

operati on counts used in computing the megaop rates are computed froma formula; see

Appendix C. The ei genvalue timing programi s used wi th the ei gensystemroutines and

returns the executi on time, number of oating point operati ons, andmegaoprate for each

of the requested subroutines. In thi s program, the number of operati ons i s computedwhi l e

the code i s executing using speci al i nstrumented versi ons of the LAPACKsubroutines.

3 . 5 ma e l e s

The l ibrari es and test programs are created using the ma efile i n each di rectory.

Target names are suppl i ed for eachof the four data types andare cal l ed single, double,

complex, and complex16. To create a l i brary fromone of the �l es cal l ed ma efile, you

simply type ma e fol l owedby the data types desi red. Here are some exampl es:

ma e single

ma e double complex16

ma e single double complex complex16

Alternatively,

ma e

5



er i e of a e ont ent s

Most routines in LAPACKoccur in four versi ons: REAL, DOUBLE PRECISION,

COMPLEX, andCOMPLEX*16. The �rst three versi ons (REAL, DOUBLEPRECISION,

and COMPLEX) are wri tten in standard Fortran 77 and are compl etel y portabl e; the

COMPLEX*16 versi on i s provided for those compi l ers whi ch al l owthi s data type. For

conveni ence, we often refer to routines by thei r si ngl e preci si on names; the l eading `S' can

be replaced by a `D' for doubl e preci si on, a `C' for compl ex, or a `Z' for compl ex*16. For

LAPACKuse and testing youmust decide whi ch versi on(s) of the package you intend to

instal l at your si te (for exampl e, REALandCOMPLEXon a Cray computer or DOUBLE

PRECISIONandCOMPLEX*16 on an IBMcomputer).

3 . 1 LAPACK Ro u t i n e s

There are three cl asses of LAPACKroutines:

d r i e r routines solve a compl ete probl em, suchas solving a systemof l i near equati ons

or computing the ei genvalues of a real symmetri c matri x. Users are encouragedto use

a driver routine i f there i s one that meets thei r requi rements. The driver routines are

l i sted in Appendix A.

o m u t a t i o n a l routines, al so cal l ed simply LAPACKroutines, performa di stinct

computati onal task, such as computing the decomposi ti on of an nmatrix or

�nding the ei genvalues and eigenvectors of a symmetri c tridi agonal matri x using the

algori thm. The LAPACKroutines are l i sted in Appendix A; see al so LAPACK

Working Note 5 [3 ] .

a u i l i a r y routines are al l the other subroutines cal l ed by the driver routines and

computati onal routines. Among themare subroutines to performsubtasks of bl ock

algori thms, in parti cul ar, the unblocked versi ons of the block algori thms; extensi ons

to the BLAS, suchas matrix-vector operati ons involving compl ex symmetri c matri ces;

the speci al routines LSAMEandXERBLAwhich �rst appearedwi th the BLAS; and

a number of routines to performcommon low-l evel computati ons, such as computing

amatrixnorm, generating anel ementaryHouseholder transformati on, andapplying a

sequence of pl ane rotati ons. Manyof the auxi l i ary routines maybe of use tonumeri cal

analysts or software devel opers, so we have documented the Fortran source for these

routines wi th the same l evel of detai l used for the LAPACKroutines and driver

routines. The auxi l i ary routines are l i sted in Appendix B.

3 . 2 Le e l 1 2 a n d 3 BLAS

The BLAS are a set of Basi c Linear Algebra Subprograms that performvector-vector,

matri x-vector, andmatrix-matri x operati ons. LAPACKis desi gned around the Level 1, 2,

and 3 BLAS, and nearly al l of the paral l el i smin the LAPACKroutines i s contained in the

BLAS. Therefore, the key to getting good performance fromLAPACKl i es in having an

e�ci ent versi on of the BLAS optimi zed for your parti cul ar machine. If you have access to

a l i brary containing optimi zed versi ons of some or al l of the BLAS, you should certainly
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Figure 1: Unix organi zati on of LAPACK

There have al so been a number of revi si ons to correct bugs, improve e�ci ency, simpl i fy

cal l i ng sequences, and improve the appearance of output. You should destroyanyprevious

rel ease versi ons of LAPACK.

i l e or at

The software for LAPACKis di stri buted in the formof a tape or tar �l e whi chcontains

the Fortran source for LAPACK, the Basi c Linear Algebra Subprograms (the Level 1, 2,

and 3 BLAS) needed by LAPACK, the testing programs, and the timing programs. Thi s

secti on describes the organi zati on of the software for users who have recei ved a Unix tar

tape or a tar �l e vi a the �l e-transfer programftp. Users who have anASCII or EBCDIC

tape should go to appendix F, al though the overvi ewin secti on 3 appl i es to both the Unix

and non-Unix versi ons.

The software on a tar tape or in a tar �l e i s organi zed in a number of di rectori es as

shown in Figure 1. Each of the l owest l evel di rectori es i n the tree structure contains a

make�l e to create a l i brary or a set of executabl e programs for testing andtiming. Librari es

are createdinthe LAPACKdi rectoryandexecutabl e �l es are createdinone of the di rectori es

BLAS, TESTING, or TIMING. Input �l es for the test andtimingprograms are al so foundin

these three di rectori es so that testingmaybe carri edout in the di rectori es LAPACK/BLAS,

LAPACK/TESTING, and LAPACK/TIMING.
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Thi s guide combines the instructi ons for the Unixandnon-Unixversi ons of the LAPACK

test package (the non-Unix versi on i s i n Appendix F).

Secti on2 describes howthe �l es are organi zed onthe tape, andSecti on 3 gives a general

overvi ewof the parts of the test package. Step-by-step instructi ons appear in Secti on 4 for

the Unix versi on and in the appendix for the non-Unix versi on.

For users desi ri ng addi ti onal i nformati on, Secti ons 5 and 6 give detai l s of the test and

timing programs and thei r i nput �l es. Appendi ces Aand Bbri ey describe the LAPACK

routines and auxi l i ary routines provided in thi s rel ease. Appendi x Cl i sts the operati on

counts we have computed for the BLAS and for some of the LAPACKroutines. Appendix

D, enti tl ed \Caveats", i s a compendiumof the knownprobl ems fromour ownexperi ences,

wi th suggesti ons on howto overcome them. Appendix E contains the executi on times

of the di�erent test and timing runs on two sampl e machines. Appendi x F contains the

instructi ons to instal l LAPACKon a non-Unix system.

Rel ease 3 of LAPACKincludes updates of al l of the software fromRel ease 2, wi th the

fol l owing addi ti ons:

Driver routines for solving systems of l i near equati ons, for solving l east squares prob-

l ems, for computing some or al l ei genvalues and/or ei genvectors of a matrix, and for

computing the SVD; test code for al l the driver routines i s al so included wi th thi s

package.

Newfuncti onal i ty for R, whi ch nowincludes the R, R , L , and L factori za-

ti ons and al so Rwi th pivoting; the matrix to be factoredmay be by n with no

restri cti ons on the rel ati ve si zes of and n.

Newfuncti onal i ty for the reducti on to speci al i zed forms for ei genvalue computati ons,

i ncludi ng a block algori thmfor reducti on to bidi agonal form, provi si on for upper or

l ower tri angular storage of a symmetri c matri x in the reducti on to tridi agonal form,

and provi si on for packed storage of a symmetri c matri x.

Acompl ete set of subroutines to generate an orthogonal matri x froma sequence of

el ementary transformati ons or tomul tiply a matrix by an orthogonal matri x given

as a sequence of el ementary transformati ons, using al l the possibl e storage schemes

for the orthogonal matri x fromthe orthogonal factori zati onandreducti on routines.

Addi ti onal techniques for computing ei genvalues, i ncludi ng bi secti on and inverse i ter-

ati on for the symmetri c ei genvalue probl em, a blockmul ti -shi ft Zalgori thmfor the

general i zednonsymmetri c ei genvalue probl em, andasubroutine to�ndthe ei genvalues

and eigenvectors of a symmetri c posi ti ve de�ni te tridi agonal matri x by performing a

Chol esky factori zati on fol l owedbya high-accuracymethod for �nding the ei genvalues

of the bidi agonal factor.

Software for the general i zed symmetri c ei genvalue probl emand the general i zed non-

symmetri c ei genvalue probl em.

Subroutines for solving tri angular and tridi agonal l i near systems, and for computing

and applying the scal i ng factors to equi l i brate a matrix.
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I nt r o uct i on

LAPACKis planned tobe a l i near al gebra l i brary for high-performance computers. The

l i brary wi l l i nclude Fortran 77 subroutines for the analysi s and soluti on of systems of si -

mul taneous l i near al gebrai c equati ons, l i near l east-squares probl ems, andmatrix ei genvalue

probl ems. Our approachto achi eving high e�ci ency i s basedonthe use of a standardset of

Basi c Linear AlgebraSubprograms (the BLAS), whi chcanbe optimi zed for eachcomputing

envi ronment. By con�ning most of the computati onal work to the BLAS, the subroutines

should be transportabl e and e�ci ent across a wide range of computers.

Thi s workingnote describes howto instal l , test, andtime the thi rd and�nal test rel ease

of LAPACK. Thi s rel ease i s being made avai l abl e only to our test si tes and i s i ntended only

for testing, andnot for general di stri buti on. After we receive the resul ts fromour test si tes

and make any necessary correcti ons, we wi l l make the LAPACKroutines avai l abl e to the

publ i c. We donot expect anymajor changes to the software in thi s rel ease before the publ i c

rel ease, but thi s software should sti l l be regarded as a prel iminary versi on.

The instructi ons for instal l i ng, testing, and timing are desi gned for a person whose

responsibi l i ty i s themaintenance of amathemati cal software l i brary. Weassume the instal l er

has experi ence in compi l i ng and running Fortranprograms and in creating object l i brari es.

The instal l ati on process involves reading the tape, creating a set of l i brari es, and compi l i ng

and running the test and timing programs.
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