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Figre 8: Pafarmaee d dstribied IU fataiza

tian wing an Syure Bock Seettered (99 rabrix
doapmtiaa the Iitd Tadstae Ddta sytem
Resdts ae poiddfa vaias poesa-gid cafig
rdias.

heth casertiad ad dstrihited rarices as fuh
ratd dyedts.

Inlth the prdld ad seqertid aspects  TA
KK+ deaging tle rdrix dgrithnfrana
spedfe dita deapsition poides three irprtat,
dtribtes: (1) it resdts insirder cok which rare
dedyratdes the udsl yirg rtlersi cd fanda
tiay (2) it dlosfa ae “uivesd” dgrithmratker
thn sypating ae vasian fa exch da deare
sitin reeckd ad (3) it dlow ae to pstpae the
da daapmition dasian util rutima

Whee 1sed the inheritarce redmismd tle
dyet aiated dsign to poide a carm sarce
ok fa hth tle prdld ad seqatid vasias.
Bease the prdldismin ateddd in tle pdld
B& libvay, the sqatid ad pedld high led
retrix dgrithsin Sal AXBH ok the san
Ts traaddly sirdifis the afedty d the
prdld lilvaies.

Whae sed polymaghisma dmmaic hird
irg redaismto ahiee atrdy prtdle rerixli-
lray in viach the dta deapsition may ke d¢
miedly daped & rutie

Wae tilized geraa ad furtiar oved cad-
irg cyphilities d GH-to sirdify tle sytax ad
wer itterface irtotle TAXBad Bsfutias.

Wmetilizedtle furti anidiningcahilities
d Gtto redre the furtiarcdl oerlead wdly
asoaded wth itefadrg ktran @ ssally k-
res.

25

x 10

In

shat, we hwe wed varias ptat sspects

d dject aiated redmism ad GH-in the &
sgnd [AXKH Tese dtrihtes ware ttilized
it becase d odty ht at o meesity to oa-
prae a dsign wichproids scdihlity patdility
fledhlity ad emse-dise.
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Hgre 6 Aveape d Hock scattered droorpisi-
timoe a 24 praessa gid

izdicn dgrithm  Ech ok & the ndticapter
rus a sequtid [MRXEHibay tht poids

the dject aierted framek to dsaibe Hok d-
grithma cavertiad 1erices ineach indvidd
[roces.

Wean viewthe Hock scattered deapsitian a8
sagiiga P x Q povsr gid @ taplde, oo
the rHnx vere exh odl o tle gid coms r x s
dtaitan adis laded lyits psitininthe tem
pae (Tigre 6. Te Hok ad scttered dvaym
sitias ey be regrdd & sprad cmes d the Hok
sctered (9% deapition Hs scemis prac
ticd ad sffiaatly gred-prpse fa wst, if ot
dl, duse lirewr dgdra captdias. Krtherae
inpdan schas WUfataizdiay indich ros
arf a cdurs ae dirirtedinsicesive stes, the
I3 deapition atares scddility by esring
poesa lead are.  Rdinmy eparimats
an dyect-hised [ ataization dgrithnsing an
% deaqsitian [2 ] sugst these dgrithmscde
wl a nticaptas. kr eage a tle Intd
"Belstae ld ta Sstema 50 ok 180 bsed -
ticapter, suwhdgrithacn ahiee realy t e
Gifys (fare 9.

Brdldismis egldted thagh the we & ds
trihted ramy vasias  tle Beic luear Ag
bea Styrgen(18S) [6 ] [3] tht pfntle b
sic captaiad uits o the Hokdgrithm s,

Parallel
Application

ScalL APACK++
\
Parallel
BLAS

\ GLOBAL

LOCAL

Sequential
BLAS

Message

Passing
Primitves

HEgre T Isign Higadyd SalAXKH Inan
NDawirarat, capoeats doe the hoizatd
refererce lite represat a gddl Newdnt (a sinde
dstribted struture), vhile derats bl owrepresert
aper-1ok locd viepart o dta

a ahder led, the Hok dgrithmlok the sam
fa the prdld adseqetid vasias, adaly ae
wasiand each reeds to be martared

Te berefts  andject aiated dsign (Fgre )
irduk tle dilityto h tle irdamtaion dtals
d dstrihted rarices fravile gicdion pagram
rer, ad tle dility to sypat a gyeic itefae to
bsic captaiod lemds (B, swh s rerix
nitigy wtlot spfyirg the dtals o the rarix
staage dass.

7 Conclusion

Whae pesated a dsign oaviewfa dject
aieted lirew dgdhra o hgh pafarace adi-
tectues. Whae dso dsaibed etasias fa ds-
trihted raay adhtectres.  Tese dsigs tred



void poly_fit(LaVector<double> &x,
LaVector<double> &y, LaVector<double> &p)
{
int N
int d

min(x.size(), y.size());
p-size();

LaGenMatDouble P(N,d);
LaVectorDouble a(d);
double x_to_the_j;

// construct Vandermonde matrix
for (i=0; i<N; i++)
{
x_to_the_j = 1;
for (j=0; j<d; j++)
{
P(i,j) = x_to_the_j;
x_to_the_j *= x(i);
¥
¥

// solve Pa = y using linear least squares
LalinSolveIP(P, p, y);

Hgre &  IMXBH ok eade  pdyaid
dtafitirg

chgree plymmd eqeiicn
p)=ao+a 1v4a 20? +. . H4a g2t

wirg QRfataizaian Tt is irtekd far illwstrative
prposes aly, thee ae more dietive mthod to
sdwe ths pddem

Grentle twyectas © ady it rebuts the wedta
d wfliats a ={a 0,a1, @&, . .,.Gi—1}. It is ssual
tht N > d. Te sduio aises fransdving the
cerdtarnred Mrhartk sstemX a =y:

1 2 d

1 x5 xj x§ ag Yo
1 2 d

1 2 xi .y ay Y1
1 2 d

1oz 23, - 2%, ag YN-1

intle lest sqmes sase, i.e, rmnng|| Xa—y| |
Te resdting cok is slominfgre &

6 ScaLAPA(K4++4: an extension for

distributed architectures

Tae ae valas ws to eterd [TAXEH-
e w dsass ae suth etasan  SAlA
RIH{2 ], fa lirear dglra an dstrihted rem
ay aditetires.  Te itat is that fa lag sce
pdan SAAEH-slold dfdtivdy eqlat
the captaiad ledme d redungansized
mticaptes wthip to afewthosad prosessas,
suchas the Iitd Pragmad Tirking Mhires (G-
praiais Vb

Ahierg these gds Wile mrtang patail-
1ty feahility adese-d-wse canpresat serias ddl-
legs, sire tle layat & magicdials dtawthn
the heracchcd raoy E a canurat capter 1s
aiticd indterrmrg the prfarare adsc ahlity
d tle prdld ok "Batare the poganaility
d tle lihay e wldlile dtals d the prdld im
Haataian to ke hddn & moh & pssile, bt
still poick the war wth tle cphlity to catrd
the dta dstrihtion

Te dsign f SaAlAXKH-irdubs a grerd
twdmsiad ranx dapsitian tht sypats
the st caren Hack scattered eartered in tle
arrat litertare. Sl AXBHcan Te extercbd
to sypat ahtray rerix daapsitias by po
vdrg the spfe prdld B libay to qerde
ansich retri ces.

Tecaging the mnx gerdias frartle dtals
d tle deapsitionit aly sirdifis the avodig
d mdgrithiht dsodlos the pesiblityd post-
pmgtle dapmtiosdaautil rutim Hs
is alyposiHe wthdjet-aiated prograninglax
args, lile G4 tht sypat dynam c-bi ndi ng, a
pol ynorphi s m—tle dalitytoeamme andyed’s type
ad draredly sdect the qrapiate ation [10
may qicaias the gtird ratnx dapsitian
1s stragy dyerdat anlowtle retrixis wilizedin
dler mts d the pogan Krtlamae, 1t is dten
recessay to dranealy dter the reirix choaqesi-
tima rutirato accarakte spead ratires. Te
dility to sypat dpare rmtima deapsitian
strateges is ae d tle leyfedires & Sal AAKH-
thet, rles it irtegdle wthscd e apictias.

Te arratly suypated deapsitiaisdeaa d
fies ddd rarix djeds wich ae dstrihted
artos a P X Qlgd gidd poesas.  Murics
ae rapedto raessas 1eing aHockscattered d ass
d deappitias (Fgre 6) tht dlos a wd
riety d ratrix mapng vile edaring scdablity
ad mrtanng god led Hare fa vaias fata-

]. In



radfytle catats d A Tire (6) asigs the 22sb
rHrixd Bto C Mte tht Cean dso te referared
& A( LaIndex(5,9,2), LaIndex(3,7,2)).
Athogh TAXEH-sArix eqressias d-
lovae to aves mrcatigos ros @ durs,
rayd tle [RXIatires alydlomsdyztrices
wth it stride in the dundretion @Alirg an
[ H-ratire wth a rmrcatigos stha
trixedurs may case dtatole apedirtocatigs
as sthanx ad cn gtiadly gyerde arutira
vang to akise the pogane tht dta cqung
tes taden gae. (Tn Tatran the wer wald reed to
reed to b this by band)

4 Driver Routines

hs sectian dsasses [AXEKH-ratires far
sdvirglirer asystend’ lirer eqetias

Ar =b,

were A is tle affidat wrix, b is tle gt
Iadsid, adz is tle sduian A is assusal to
le asqme mrixd adr n, dtlogh udslyng
captaiod ratires dlovfa A tole retapla.

Ier severd rigt lad sicks, ve wite

AX =B,

were the cdurs B ae irdvidd rigt bad
sids, ad tle durs & X ae tle carespadig
sditias. Te takis tofid X, gvenA adB. Te
coftiat Hrix A cnle d tle typs slowin g
we 4

Te b ¢ sytaxfar alirear eqetiandiver inlA
KBHis ghenly

‘ LaLinSolve(op(A), X, B);

Terdrices A atdB aeimt, adX is tle atpt. A
isaM x N mrixd ae d tle doe typs. Tettirg
nrhs dade tle niter o rigt ladsids ineq 4 X
adB ae hthretapgla rrics d size N X nrhs
Tesytaxop (A) cndadeaths 4 o the traspoe
d A, eqressed & transp(4).

his vasian reqires itaradde staae d P
pairdy M« (N 4nrhs ) dermts.

In caees Were o alltiad ifamian is sip
pied tle [AXEHratines wil dteqt to fd-
loven itdligat carse d aticn kr eale,
if LaLinSolve(A,X,B) 1s clled wth a mmsqme
M x N mrix the sdution retured wil e the lin

ear lesst sqmve tht rininiees | | Az —b| | o wigal@®

fataizaion @ if Ais ddaed & ) then a
(deshy fataizaianwll bewsed  Aterrstindy ae
can dredtly speafy the eact fataizadian rethod
sth & LaLUFactor (F, A). Inths cae if Ais mm
sqrre, tle fatas rebun aly a patid fataizaian
d the yper sqme patiand A

kra cadtias in prfamg the LaLlinSolve ()
qerdias cnle rerieedvatle LaLinSolveInfo ()
furtiay which returs ifarstion dat the last
cdledLalinSolve (). Azao e dattes asuwees
fl cafddian Adwe d —i dides the tle i th
agrat w sadovindid a irgpgride. A
mrtiedwe d ¢ dades tht intle [Udcapsi-
tiay U(i, ¢ ) =0 the fataizaionbes ben capleted
ht tle fata U is eatly simglar, so tle sdiian
cald it ke capted In ths case, the e re
tured by LaLinSolve () is andl (0f) rarix

4.1 Memory Optimizations: Factorizing
in place

W¥n wirg lag rices tht casuaasgifi
cat prtiiand aaladde raary 1t raybe baeftd
torame tle reqirerat d starirg irterred de fac-
talzdimrepesatdias & tlhe epase o dstrgang
the catats d the 1mpt Enx A I st renx
fataizdias w reqire tapray dta strictires
ragly eqd to tle size & the aigr impt m
trix (Ir grerd bachd retrices, ae reeck sligtly
e staae de to pvdirg Wich cases fll inad
dtiad tad.) T eale the tapray ey
reqiraat d asqae N X N dyse nmsyneric
fataizatianean be redred fraxdV x (N 4rrh s Hd-
antsto N x 1 Sthraoydtat fataizdias
ae pafaral wthtle LaLinSolveIP () ratire

| LaLinSolveIP(4, X, B); |

Hre the aateats & A ae oawitten (vth the re-
spective factaizatian). Tese ‘Inpacd’ furtias ae
irterckd far adared pogrames ad ae b rec-
amtdfa gred we Tey asuatle pogan

ra’s respas hlity toreccgize thet the catets A
tee been dstrged tower, they can dlowa lage
nraicd pdlanto ke sdwed m a radhre wth
lirtted reary

5 Programming Examples

Hs cok eage sdws tle lirear lest sqmes
pdlend fiting N dta pirts (z iy y) wtha dth



rectangul ar subregions of a general matrix. These

Gen
Orthog gions are accessed by referene, that is, without copy-
Symm Band Float ing data, and can be used in any natrix expression.
La Hermitian Tridiag Mat Double Ideally, one wouldlike to use familiar colon nc
SPD Bidiag Fcomplex . fF Mat1ab f . b
Packed Dcomplex ti1ono ortran 90 or tla or expressing subnnt

) Upper ) ces. However, this nodification of the C4++ syntax
[Unit] {Triang} . . . .

Lower 1s not possible without redefining the 1l anguage sp

fications. As areasonable compromse, LAPACKH+

elﬁgtes submatrices by specifying a subscript ra

hrough the LaIndex() function. For exanple, the

g
3x3matrixinthe upper left corner of Ais denoted

Figure 4: LAPACK4+4 nmtrix nonenclature. I?
insquare brackets are optional.

. A( LaIndex(0,2), LaIndex(0,2
for Lapack General Matrix. The tyesuffix can be( ( ) ( ) )

float, double, fcomplex, or dcomplex. Matrices Thisg referengegs=0,1,27=0,1,2, andis equiv-
this category have the added property that ssibwpttd-the A(0:2,0:2) colon notation used else-
ces canbe effcientlyaccessedandreferencedharent r9ubnatrix expressions nmay be also be use

expressions. This is anecessity for descrasbundedbt pfiktion for assignnent, as in

structured al gorithns.
A( LaIndex(0,2), LaIndex(0,2) ) = 0.0;

3.1.1 Dela=ias whichsets the 3x3 submatrix of Ato zero. Followl

General LAPACK++natrices may be decl ared (tcl(%fl._FortranQO conventions, th.e 1ndex not.atlon has
. . optional third argunent denoting the stride val ue
structed) in various ways:

‘LaIndex(start, end, increment)

#include <lapack++.h>

float d[4] = {1.0, 2.0, 3.0, 4.0}; If the increment value i1s not specified it is as-
suned to be one. The expression LaIndex(s, e, i)

LaGenMatDouble 4(200,100) = 0.0; // 1 1s equivalent tothe index sequence

LaGenMatDComplex B; // 2

LaGenMatDouble C.ref(4); // 3 . . €—s .

LaGenMatDouble D(A); // 4 5 sti sH2i . st] i Ji

LaGenMatFloat E(d, 2, 2) // 5

The internal representation of an index 1s not
Line (1) declares Ato be arectangular 2008(81%%61%13t—0af,u11 vector, but kept inits co.npact bri
fﬁ)rnaat T%e increnent val ues may be negati ve and al

o U.70. tne

trix, with all of 1ts elenents initialized b ) > h
(2) declares Bto be an enpty (uninitialized) nk g traverseasu script range 1n the oppos
gésuchas in (10,7,-1)to denote the sequenc

rect
03 Indices can be naned and used inexpres-

€

[ ek
~I=0 T+

Until Bbecomes initialized, any attenmpt toCtEef&T
1ts elements will result inaruntine erro %O’I%’ﬁé

declares Cto share the same el enents of I-X.S]%Jioﬁles’(ff)g 1 the following submmtrixassignnents,

illustrates an equivalent way of specifyingrthlsyabdohifle> 4(10,10), B, C: // 1

time of a newobject construction. Finallys {iqag &@1)’9’2)’ /] 2
denonstrates howone caninitialize a 2x2 Hatﬂailﬁd‘@ct}j(i,fiﬂ); // 3
the data froma standard C4++vector. The val ues are

initalizedin columm-nnjor form so that theBﬁrre%‘EA({f,lI)); // 4
umn of Econtains {1.072.@hd the second colanB(2,3) = 3.1; // 5
contains {3.0,4.0} ¢ = B(Lalndex(2,4,2), 1); I

Inlines (2) and (3) we declareindices I={1,3,5,7,9
and J={1,3}. Line (4) sets Bto the specified 5x5 sub
Blocked linear al gebra al gorithns utilize smbrakwifcks The nmatrix Bcan used inany matri x ex-
as their basic unit of conmputation. It is cprecsisalothaitncl uding accessing 1ts individual ele
submatrixoperations be highlyoptimzed. Bechnsleiaf (5). Note that B(2,3) is the same nem

this, LAPACK++provides nechanisns for acceosyilngcation as A(5,7), so that a change to Bwill al;

3.1.2 Sibmhics
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Matrix Multiply (C = A*B) on IBM RS/6000-550

are typicallystoredincolum-order for conpatib
with Fortran subroutines andlibraries.

Various types of matrices are supported: bande
symmetric, Herm tian, packed, triangular, tridi
nal, bidiagonal, and non-symmetric. Rather the
have an unstructured collection of natrixclasses
PACKH++ naintains a class hierarchy (Figure 3) to
exploit commpnality in the derivation of the fun

éso— | mental mtrixtypes. This limts muichof the coder
g dundancy and allows for an open-ended design whic
-5407 | can be extended as newmatrix storage structures a
E introduced.
30r 8
Base
Classes
200 8
10 ‘ : : : : : : : : /// N
0 50 100 150 200 250 300 350 400 450 500 / N
Order of Matrix | \\
\ \
\ \
\ AN
Figure 1: Performance of natrix multiply in LA N\
PACK++on the TBMRS/6000 Model 550 wor kst a- \ N
tion. GNUg++v. 2.3.1 was used together with the | .
ESSL Level 3 routine dgemm. Generalsubfanges
/
/

50
45
40
35 LAPACK-++ (solid)
2
) :
% LAPACK (dashed)
225 b
<
g |
&
15 1
10 :
5 J
% 50 100 150 200 250 300 350 400 450
Order of vectors/matrices
Figure 2: Perfornance of LAPACKH+ LU facto

500

Used in QR

Figure 3: The Matrix Hierarchy of LAPACK+H+.
Rectangul ar and Vector classes allowindexing of
rectangul ar submatrix by reference.

Matrixclasses and other related data types spec
to LAPACK4+ begin with the prefix “La” to avoid
nam ng conflicts with user-defined or third-party n
trix packages. The list of valid nanes is a subse
the nomencl ature shown 1n Fi gure 4.

3.1 General Matrices

One of the fundanmental matrix types in LA-

rPiAng{—His a general (nonsymmetric) rectangular

matrix. The possible data elenent types of this n

tiononthe IBMRS/6000 Model 550 workstation, us
ing GNU g4+ v.

IBMESSL library.

between the Fortran and C++1nterfaces.

9. 3 1 and BLAS routines fromih& include single and double precision of real

The results are indisti n%%%lhea)%lneunber 5

The corresponding LAPACK++

nanes are gl ven as

LaGenMat{ype



2.1 A simple code example performance and can utilize the BLAS kernels as ef
ciently as Fortran. Figure 1, for exanple, 111 ust
Toillustrate how LAPACK4++sinplifies thetihseeMegaflop rating of the sinple code
interface, we present a small code fragnment to solve
linear systens. The exanples are inconplete and ar A*B;

neant to mere.ly ill.ustrate the inperface %%%1%'(1111;[‘1{1@ matrices of various sizes on the I1
next feyvsect10n§ discuss the details of HHES}G‘O“OOWB&@I 550 workstation. This particular i1
andthe.lroperat.lons. ) lenentation used GNU g++v. 2.3.1 and utilized
Con51de.r SO.IVII}g the linear systemAr =L usiige] 3 BLAS routines fromthe native ESSL
LUfactorizationin LAPACKt+: library. The performance results are nearly 1de
cal with those of optimzed Fortran calling the s
library. This is acconplished by dinmg the LA-
PACK++ BLAS kernels. That is, these functions are
expanded at the point of their call by C4+4+conpile:
saving the runtine overhead of an explicit funct

#include <lapack++.h>

LaGenMatDouble A(N,N);
LaVectorDouble x(N), b(N);

/) call.

In this case the above expression calls the und
l ying DGEMMBLAS 3 routine. This occurs at com
pletine, without any runtine overhead. The perfor-
The first line includes the LAPACK++ obj ectrhanigd nunbers are very near the nachine peak and
function declarations. The second 1ine detldnsdrdte that using C++ with optimzed conputa
be a square N x N coeffcient matrix, while t Hd ¢hak dkernels provides an elegant high-level int
line declares the right-hand-side and sol uwi bhawtcsargificing performance.
Finally, the LaLinSolve() function in the lastFilguree 2 illustrates performance characteristi
calls the underlying LAPACKdriver routine floa bYlfwctorization of various natrices on the s:
ing general linear equations. architecture using the LAPACK++

Consider nowsolvingasimlar systemwithatridi-
agonal coeffcient matri x:

LalLinSolve(A,x,b);

LalLUFactorIP(A,F)

routine, which overwrites Awithits LUfactors.
routine essentiallyinlines tothe underlying LAP
routine DGETRF() and incurs no runtine overhead.
(The IPsuffx stands for “In Place” factorization. §
Section 4.1 for details.)

#include <lapack++.h>

LaTridiagMatDouble A(N,N);
LaVectorDouble x(N), b(N);

/...
LaLinSolve(A,x,b); 3 LAPACK++ Matrix Objects

The only code npdification is in the declarathhenfefidanental objects in LAPACK4+ are nu-
A. In this case LaLinSolve() calls the drivarmael vectors and matrices; however, LAPACK++
tine DGTSV() for tridiagonal linear systels. nofllaegeneral - purpose array package. Rather, L
LaLinSolve() function has been overloadedto pPACK++ is a self-contained interface consisting
formdifferent tasks depending onthe type of dileyli thatm ni nnl nunber of classes to support th
matrix A, There is no runtine overhead assfammicatiodhal ity of the LAPACK al gorithms and data
withthis; 1t 1s resolved by C4++at conpile stmmctures.
LAPACKH++matrices can be referenced, assigned,

2.2 Performance and used in mathematical expressions as naturally

if they were an integral part of C++ the matrixe

The elegance of the LAPACKH+4 mmtrix classeant g, for exanple, is referenced as A(i,j). By

may seemto inply that they incur a significaetf awhnt, matrix subscripts begin at zero, keeping
time performance overhead conpared to sim bhe coexing conventionof C++ however, they canb
putations using optim zed Fortran. This isabttéramey. user-defined value. (Fortran programme
The design of LAPACK++ has been optimzedtfypically prefer 1.) Internally, LAPACKHH matric



to the FORTRANlibrary; some of the key rouin@ver vi ew
such as the nmatrix factorizations, are actually 1nple-
mentedin C++so that the general al gorithmcdbhdainder]l ying philosophy of the LAPACK4+ de-
appliedto derived matrix classes, such as gdi ghrisbutoegprovi de an interface which is sinple,
menory matrix objects. powerful enough to express the sophisticated nune
LAPACK++ provides speed and effciency coaml al gorithns within LAPACK, includingthose whic
petitive with native Fortran codes (see Segptiiom Ze2performance and/or storage. Programmer
while allow ng programmers to capitalize owlidiewvsolitto utilize LAPACK4+ as a black box to
ware engineering benefits of object orientedodrvegrlan= B need not be concerned with the intri-
mng. Replacing the Fortran 77 interface of claARAdKt ails.
with an object-oriented framework sinplifies thkloodng the franmework of LAPACK, t he C4+ex-
ingstyle and allows for a npre flexi bl e and etxdresiditblecont ai ns driver routines for solving stan
software platform In Section 6, for exanpdar dvet §pss of problens, conputational routines
cuss extensions tosupport distributed nattoxpeeiipuindistinct conputational tasks, and auxi

tations onscalable archijfectures [2 iaryroutines to performcertainsubtasks or comnon
The notivation and design goals for LAPACQKw1evel conputations. Each driver routine typi
include calls a sequence of conputational routines. Take:

) o o .a whole, the conputational routines can perform
e Maintaining conpetitive performance lez(ﬁhderr

range of tasks than are covered by the driv
tran 77.

routines.

e Providingasinpleinterface that hides iﬁlﬂtéllﬂiﬁ—i ng function overloading and object inh

tation details of various matrix stora eag(é%eirﬂag"_h .the procedural interfac.e to LAPACK
as h¢ensd nplified: twofundanmental drivers and th

variants, LaLinSolve() and LaEigenSolve(), repl ace
e Providing a universal interface and opemnesgb-hundred subroutines in the original Fort
temdesign for integrationinto user-defiaedidata
structures and third-party matrix packagesAPACK++supports various al gorithms for sol v-

) ) o ) ingFlinear equations and ei genval ue problens:
e Replacingstatic workarraylimtations of Fortran

withnore flexible andtype-safe dynam ¢ neaoAlygori t hns
allocationschenes.

and their corresponding factorization

— LU Factorization
e Providing anefﬁcien.t i.ndexing schene for Hatri)@holesky (TLFactorization
elenents that has m ninmnl overhead and can be ) ) )
— QRFactorization (linear least squares)

L ) . — Singular Value Deconmposition (SVD)
e Utilizing function and operator overloading 1n

C++to sinplify and reduce the number of in.— Eigenvalue problens (as included in LA-
terface entry points to LAPACK. PACK)

optimzedinnost applicationcode loops.

r@%e Cl asses

e Providing the capabilityto access submat Pt

reference, rather than by value, and perform rectangul ar mtrices

factorizations “inplace” —vital for inplenenting ] ] o ]
blocked al gorithns effeiently. —symmetric and symmetric positive definite
( SPD)

e Providing nore neaningful namng conventions 1, qed mntrices
for variables and functions (e.g. names no longer, o ]
limted to six al phanuneric characters, ancrstgl/bldlagonal metrices

on). e Elenent Data Types

LAPACK++ also provides an object-oriented 1n- g .+ Jdouble
terface to the Basic Linear Al gebra SubprograméonpieX ’
(BLAS) []6 allowing programmers toutilize these op-
timzed conputational kernels in their ownlG#hips paper we focus on matrix factorizations
plications. linear equations and linear least squares.

single and double precisio
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Abstract

LA IH1s an dbject-oriented GH-extersion
o the IANK (Linear Algebra PACK age) library
for soving the comon problems of nmricd lin
ear a gebra: linear system, linear least squares, and
eigenvalue problers on Tugh-performmce  conmit er
architectures. e advantages of an dyect-oriented
approach include the ability to encapsl at e vari ous me
trix representations, hude their irpl enantation detals,
reduce the mmber of subroutines, sirplifytheir calling
sequences, and provide an extendible softuare frame-
wrk that cam incorporate futwre extensions of 1A
K such as Scal AT or distribuled mm
ory architectures.  We present an overview of the
oy ect-oriented design of the matrix and decorposition
casses in GH+and discuss its impact on el egance,
gererality, and performmce.

1 Introduction
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linear equations, linear least squares, and ei1ge
problenms for dense and banded systens. The curren
LAPACKsof t ware consists of over 1,000 routines an
600,000 1lines of Fortran 77 source code.

The nunerical algorithms in LAPACK utilize
block-nmatrix operations, such as matrix-mml tipl;
the innermpst loops to achieve high performance «
cached and hierarchical menory architectures. Th
operations, standardized as aset of subroutines c
the Level 3 BLAS (Basic Linear Algebra Subpro-
grams [§, inprove performance by increasing the
granularity of the conmputations and keeping the o
frequently accessed subregions of a matrix in
fastest level of menory. The result is that these L
matrix versions of the fundanmental al gorithns ty
cally showperformance i nprovenents of a factor «
three over non-blocked vdrsions [1

LAPACKH+ provides a franework for describing
general block matrix conputations in C+ Wthout
a proper design of fundanental matrix and factori:
tionclasses, the performance benefits of blockedc

LAPACK4+is an object-oriented C—H—extengiagnbe easilylost due to unnecessary data.copying,
to the Fortran LAPACK[idbrary for nunerical e ent access of sub.nntr.l ces, and excessive run-
ear al gebra. This package 1ncludes state- ofVtediefdipthe dynam c-binding nechanisus of Ci+
nerical algorithnms for the more common 1inebhAPACK4+H, however, is not a general purpose ar-
gebra problens encountered 1n scientific and pagkage. There are no functions, for exanple,
neering applications. It is based on the w chepwyt asterd gononetric operations on nmatrices, or
LINPACK[J and EISPACK[Jldibraries for sol denf with mlti-dinensional arrays. There are sev

*This project was supported in part by the Defense Ad-
vanced Research Projects Agency under contract DAALO03-91-
C-0047, administered by the Army Research Office, the Ap-
plied Mathematical Sciences subprogram of the Office of En-
ergy Research, U.S. Department of Energy, under Contract DE-
AC05-840R 21400, and by the National Science Foundation Sci-
ence and Technology Center Cooperative Agreement No. CCR-

8809615.

good public domain and commercial C44 packages
for these problprd §41L1[]12 The cl asses in LA-
PACK++, however, caneasilyintegrate withthese o
with any other CHH matrix interface. These object
have been explicitly designed withblock matrix al
rithms and make extensive use of the level 3 BLAS.
Furthernore, LAPACK4+1s nore than just a shell



