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students invol ved. Students wll also be exposed to a broad variety of conputing resources to
whi ch they othervise might not have access.

& its highly successful predecessor IINPIKhas done, ve expect LAPXIKto pl ay a najor
role in devel opi ng courses desi gned around muneri cal conputati ons and mathenati cal softvware.
We plan to structure an ITAPXKUsers’ Gii de in such a fashion that it can be used both for

classroomi nstructi on and for reference.

5 Organization

The project is a joint effort of a munber of researchers at several institutions: Uiversity of
Brnessee, hiversity of Glifornia, Rrkeley, Nmerical Agorithma Goup, Itd., and others.

The first tvo groups have recei ved fundi ng fromthe Nati onal Sci ence Foundati on; the Nmeri cal
Agorithna Goupin the thited Kngdomhas agreed to cooperate in this research efbrt. The

three institutions plan to work in a coordinated but independent fashion. The Ui versity of
Brnessee will serve as the center for the project and will be responsible for collecting, editing,
testing the naterial, and distributing the softvare. Wplan to meet at least twice a year to
coordinate activities and to discuss devel opnents.

Wshall use testsites tohel pintesting out ideas andin verifying that the softvare is working
correctly. The testsites will, by necessity, receive pre-release versions of the softvare. Qice the
prograns and test naterial are ready for distribution to testsites, we wll release prelinmary
copies of the package to those people having a legj tinate researchinterest.

Walso plan to continue distributing vorking notes to anyone interested and to report at
conferences on the status, progress, and future directions throughout the project life. The notes
are i ntended to be a neans by whi ch tentati ve deci si ons on techni cal matters can be di ssemnated
for coment. Asecondary purpose of the notes is toserve as an archi ve detailing our progress.
It should be stressed that much of the material in the notes will be of a tentative nature and
wll not represent a conmtnent to any specific action.

Wencourage anyone with questions or comments about the project to contact any of the
principal investigators on the project. Or planis to keep the project open to the user conmm
nity. Whelieve ve can benefit fromthe advice and exchange anong our col | eagues.
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al gori thna conman to linear al gebra. QG approach wll invol ve neasuri ng the perfornance of a

set of operations basic tolinear al gebra, and determnni ng howthe al gori thmshoul d be structured
rel ati ve to those operations. Specifically, ve wll (1) isolate the fundanental operations (suchas
natrixml ti ply, data interchanges, and subroutine overhead) for the IAPXKal gori thms; (2)
identify the parareters needed for eachof these elerents; and (3) devel op a perfornance nodel

of the conpl ete al gori thmwhi ch can be calibrated and used to collect actual performance data.

Wwll start wththe shared ranory nodel . 4% our base of al gori thna expands on di stri buted-

menory machi nes, so will the performance eval uation techni ques.

The goal of this effort is to develop techni ques and softvare required to understand and
predict the performance of various al gori thna on di ferent hardvare by neasuri ng a small set of
basic operations. A& an outcone of this project, ve wll identify the strengths and 1imtations
of various archi tectures for scientific conputing, devel op techni ques and tools for neasuri ng and
tuni ng meri cal softvare, and construct nethods for perfornance predi ction.

3 Scope of the Proposed Project and Future Work

W have been encouraged by the vay vendors and the conputati onal cormmmity as a whole

have enbraced our efforts. W anticipate a cycle of effort, wth experience gained on som
nachi nes bei ng i ncorporated into alibrary and di ssemnated vi del y, 1eadi ng to newexperi ences
and i nprovenants.

4 Potential Contributionto Education and Knowl edge Trans-
fer

The TAPXKproject has had an excellent record of knowedge transfer anong the devel op-

ers, nenbers of the mmerical commmity, and manufacturers of hi gh- performance conputers.
Ribication is the prinary nethod of di ssemnating knowedge gai ned fromsci enti fic and tech
nologj cal research. Since the project started in 1987, ve have produced tventy-five vorki ng
notes which explain and teach many of the inportant techniques developed in the project.
Apther indicator of knowedge transfer is the mmber of comercial hardvare and softvare
firna that have participated in our project through the testing, verification, and timng of our
sof tvare. Wintend to continue this enphasis on knowedge transfer in the devel oprent of the
enhanced TAPAKli brary. Several commercial vendors have al ready i ndi cated their willingness

to incorporate our softvare into their 1ibraries.

Education has al so been an i nportant goal of the LAPXKproject. The project has encour-
aged participation by students in the testing and eval uation of the package, and has presented
short courses and workshops to potential users. Whave had a high level of success in getting
the nanufacturers to inplerent efficient versions of the level 1, 2, and 3 HA. The research
project proposed here vill contimnue this enphasis on education. Wanti ci pate the participation
of alarge mmber of students, particularly in the inpl erantation and testing of the newsoft-
ware systemd. Since the research invol ves conponents of science, conputational nathematics,
and conputer science, participation wll lead to an extraordinarily broad background for the



the arithretic invisibly to the user.

There are vari ous floating point ari thretics available, satisf{ying a varietyof diflerent assunp-
tions about their accuracy. Wplan to explore several of these diferent arithretics, wth the
goal of measuri ng exactl y hownuch benefit one obtai ns fromeach addi tional assunption. Thus
the newal gori thra, al though not conpletel y portable, wll still workonavide varietyof inpor-
tant nachines (which ve can easily identify), and so enhance speed, robustness, and accuracy
for those machines. Mmufacturers vho have expended the efort to design careful arithretic
wll be repaid by having good library software that exploits it. Grrently, such good library
softvare is rare, making these carefully designed machi nes rel ativel y less attractive to potential
custorers.

In parti cul ar, THE floating-point ari thretic provides the best envi ronment for writing such
specialized codes. IFFEari thretic has been videl y adopted in the microprocessor industry (by
Intel, Mtorola, VAitek, M5, Sun, and others), andis begj nning to appear in superconputers
(the Bra Mchive and Steve (hen’s Superconputer Systens, Inc., nachine wll conformto
all or alarge part of the IFE standard, and GGay has stated it wll eventually adopt TFFE
arithretic). Mot all of the al gori thm ve propose require [FEari thretic, but all wll runusing
THEE ari threti c.

It woul d cl ear] y be advantageous to be abl e to take advantage of special arithratic properties,
wthout sacrificing portability. D acconplish this, it is necessary to be able to discover the
rel evant arithmetic properties efliiently and portably at run-tine. D support this, ve wll
devel op a standard set of environnental inquiry subroutines which wll supply the necessary
information. Tike the HAS, they can be inpl enanted by each mamifacturer in a nachine-
specific vay. Wexpect these subroutines to be very short and easy to wite for each specific
machine, but they wll nake it much easier to make highly robust mmerical codes widely

avail abl e.

In addition ve expect our codes to becore mdels to teach others to wite highly robust,
expert nunerical codes.

2.5 Conduct systematic performance evaluation

& partici pants in the LAPIKeflort, ve have had access to a wide variety of hi gh- perfornance
computers. In devel oping the package ve have gathered timing statistics for the programs
and their variants across a wde range of machines. This information has guided us in the
inprovenant and sel ection of the al gori thna and sof tvare that will be included inthe collection.
Ware nowin a position to use the information and techni ques devel oped in the first phase of
the LA Kproject to eval uate and predict the performance of matrix al gori thn.

The need for systemtic perfornmance eval uation techni ques has been enphasized by the N
tional Research (Guncil in their report, “An Agenda for Inproved Bal uati on of Superconputer
Rerformance” [1]. The (buncil recomends that researchers devel op procedures for characteriz-
ing the applications and al gori thra in term of “fundanental wnits of conputati ons,” and devi se
techni ques for conposing operations of data structures into paraneterized al gori thmel enents.

Inresponse tothis recommendati on, ve propose to devel op a schene for the anal ysis of matrix



2.3 Inplemart part of the package in G design a Fortran 90 1 anguage irnter-
face, and wse standards work of the Parallel (onmiting Forum

These proposed activities wll nake LA Kavailable to a vider group of users, and encourage
the wse of standards in exploi ting features such as parallel processing,

Wplan to produce a versionof the library that wll be wittenin the Clanguage. This part
of the project will be done in cooperation vith a group at ARTRI1 Iaboratories in Mrray
HI1, N. That group has devel oped an autonati ¢ transl ation systemthat takes in Iortran code
and produces a Cversion of the program This is not just asinple translator, but one that has
some intelligence of howldrtran and Cstore arrays, and attenpts to convert the Fortran array
colurm storage to Carray rowstorage. Qm objective is to nake the library available to a new
class of conputational scientists vho use Cas their devel opnent | anguage.

In addition, ve plan to take a subset of the library, including the driver routines which sol ve
conpl ete problers wing a series of calls to lover level subroutines, and inplenent it in the
Frtran 90 1 anguage. This efort wll exploit a mnber of features in the Krtran 90 standard
that should sinplify the progranming and wser interface to the package. In particular, ve
wll create an inplenentati on that uses the array features and dynanic storage allocation. W
believe that these features vill greatly enhance the readahility of our softvare, and reduce the
calling sequence. Wviewthis activity as an experinent in the use of the Fortran 90 | anguage
for mureri cal conputation, in general, and natrix al gori thna, in particular.

QOver the past tvo years a group of vendors and uni versi ty researchers have defined a standard
set of extersions to Iortran to support parallel processing. This group, called the Farallel
Onpuating Forum has produced a docunent that describes a set of constructs for parallel
processing. This effort has been transferred to ANl X3H to propose a standard. Wintend
to inplerant a subset of the LA Kroutines in this proposed standard. The routines to
be inplemented are ones that camnot easily be expressed with the sinple notion of 1oop based
parallelism such as mul tisectioning and the divide-and conquer algorithmfor the symetric
ei genval ue prohbl emand the singul ar val ve deconposi tion.

2.4 Exploit special properties of conputer arithmatic

The current TAKefbrt, like many other library projects, attenpts to be as portable as
possible across a vide range of conputer archi tectures. Qe price paidfor this portahilityis the
need to function correctly on nachines wth very diferent kinds of floating point arithreti c—
including Gay arithretic, noted for its anomalous behavior, and TFFE arithmetic, wth its
carefully constructed semantics. & aresult, the TAPKal gori thra assume properties of the
arithretic available on all of the nachines; in short, they are progranmed assuning the vorst
possi ble arithoetic.

Whave i dentified a nunher of al gori thra wthin LABXKthat voul d benefit greatly from
sacrificing sone portahility in order to exploit particuar properties of computer arithnetic.
These benefits include enhanced speed, robustness, and accuracy. Wpropose to rewrite these
algorithm to reap these advantages. Thus, just as the HAS are machi ne-optimized kernels
desi gned to expl ol t each archi tecture invisi by to the wser, our codes vould explait properties of



1. (hoose a small set of distributed remry nachines. O prelimnary plan is to use the
Intel iPS(/860 and (bgent since they are fast and wll be awailable at Bnnessee/Qik
Rdge and Rrkel ey. (0operating sites wll use other machines.

2. Tdsign distributed HA for these machines. Mch rel ated work has al ready been done
at Qk Hdee [11 . 9, 12], and ve plan to build on this. Initially ve will uwe a bock
col unm- wrapped napping, at 1east on those nachi nes withlarge enough renories to hol d
several colums in asingle renory. That is, block colum 7 (the jth group of b adjacent
colums) w1l be stored in processor j md p, vhere pis the nunber of processors, and b
is a machine dependent paraneter.

3. Investigate the feasihilityof this schene on SIMDarchi tectures such as Thi nki ng Mchine’ s
M2, Active Mmry Bchnology’s DB and MsFar’s MP nachine, vhere the data
nappi ng nay be di ferent.

4. Rrformtining experi nants on the existing LAPKcode, conparing results wth those
fromthe highl y optinized codes for TUdeconposi tion and triangul ar systemsol ving al -
ready written at Qk Rdge, (dltech, and other places.

Wjustifythese decisions as follows. Hrst, the size of probl e people vishtosal ve vill al ways
grownare rapi d y than the mmber of availabl e processors, soit nakes sense to consi der storage
schenes assuning the nunber of processors is less than the matrix divension. (In the case of
the (ormection Mchine, ve coul d store one or nore matri x colunms in a set of processors, and
treat those processors as one larger processor.) Second, the current trend is for floati ng- poi nt
speeds to increase nore rapidly than communi cation speeds, so that conpute-bound jobs will
run nare efkii ent] y than conmuni cation-bound jobs for the foreseecabl e future. Third, conpute-
bound jobs are relatively less sernsitive to the processor topal ogy than commmmi cation bound
jobs, making owr work mre general. Thus, it is reasonable to assune that each processor wll
vork on several col ums of the matrix. (ol um- vrapped mappi ng fits into the col um-ori ented
storage of mtrices in Iortran, which vas uwsed in LAPXK and lets us retain the original
LA Ksof tvare. It also does 1oad- bal ancing autonati cally.

Wfeel the timeis right to develop a de fact o standard for a distri buted renory version of
the HA. Wsee oursel ves in a mni que position to hel pin the fornation of these tools. Mny
people have al ready contri buted to this vork, and ve propose to convene a group of indi vi dual s
vho have been invol ved in this effort to develop a proposal which would be circul ated to the
commumi ty and evol ve into a de facto standard for the distri buted renory HAS.

The end product vill be a careful evaluation of the feasihility of using TAPXIKwith dis-
tri buted HAS to get portable, highperfornance codes, as vell as ammber of vell-tested codes
that vould be freely available for others to use. Wwll promte the design and adoption of a
distri buted HAS standard anal ogous to the successful standards for the Tevel 2 and 3 HAS
[4, 3].



W have i npl enented much of vhat vas outlined in LAPXKW ki ng Note #5, including
testing and timng softvare. Nevertheless, TARPXKWIking Note #5 outlined an anhi ti ous
project, representing a significant anmmt of vork, and ve wll not have conpleted all of it by
the end of our current funding. In addition, ve discovered newal gorithna during the course of
the project vhich vere not reflected in Vatki ng Note #b.

The mjor newsubrouti nes vhi ch ve wll include in the TAPKextension are:

(ondi tion estimation for the generalized ei genproblemA — AB

(Onputing the generalized singul ar val ue deconposi tion

Sol vi ng general i zed Syl vester and Iyapunov equati ons

(Onputi ng 1 owrank updates of nast factori zations

o Hghly accurate ei genroutines and singul ar val ue routines based on Jacobi’s nethod.

The first three extensions have i nportant applications in systemns and contral theory. The latter
tvo extensions are recent discoveries of routines, based on the Jacoby nethod, which can sol ve
the symetric positive definite ei genprobl emand S\Dnare accuratel y than any al gori thmin
IINPKor HSPAK Ior this reason ve will incorporate these routines in the extension even
though they are not as fast as other al gorithm.

2.2 Devwlop a distributed-marory version of selected routines fromLA-
K

The TLAPXKefbort currentl y under wayis targeted for shared nemory machi nes. There are tvo

reasons for this restriction. Hrst, current, general - purpose scienti fic superconputers use shared
nenory. Second, at the tineof theinitial proposal, the state of researchintodistri buted nenory
linear al gebra al gori thrs vas not nearly as advanced as for shared nemory. In particul ar, basic
issues such as matrix storage fornat vere still being investigated.

Mw hovever, the tine is appropriate to consider a distri buted nenary version of the Bisic
linear Agebra Subprograma and TAPNK The fastest general - purpose scientific supercom
puters still use shared nanory, but extrenal y fast distri buted nenory nachi nes are nowbei ng
built. These include nachi nes suchas the Tntel i PS(/860, the BANT2000 Btterfly- 11 and the
NIHs2. In addition, published research [6 , 5, 8 10] indicates that for sufiiiently large na-
trix problems, a lortranstyle col ummvise storage schene (while not necessarily the best) is not
far fromthe best. Mreover, the performance is not strongl y dependent on the conmmi cation

topol ogy (ring vs. nesh vs. hypercube, for exanple).

Given this motivation, ve propose to design and test distributed nemry versions of the nost
inportant TAPXKal gori tha: TUdeconposi tion, (hal esky deconposi tion, symetric indef-
inite matrix deconposi tion, QRdeconposition, reduction to tridiagonal form and reduction to
Tessenberg form O approach wll be to



1 Introduction

QOer the past three years ve have designed and i npl eanted alinear al gebra library called LA
PXKfor a wde range of shared nemry superconputers. LAPXKi s based on the successful
IINXK[2 ] and HSPAK 13 , 7] libraries. Whave devel oped a functional extension of these
libraries vhich is portable and more efliient across the range of large-scale, shared nemory,
general - prpose conputers. D achieve this, ve have redesi gned IITNX(Kand HSPAKto

use aset of basic linear al gebra subroutines (called the Ievel 1, 2, and 3 HAS) whi ch perform
basi c operations such as scal ar- vector, matrix vector, and matrix patrix ml tiplication. These
subroutines, especially the matrix nmatrix operations, can be optimzed for each nachine vhile
the lortran code that calls themrenains identical and hence portable across all the machi nes.
This approach lets us extract mst of the performance that each nachine has to ofer, while
restri cting machi ne- dependent code to the HAS and a fewinteger “tuni ng paranaters.”

In addi tion to devel opi ng faster code, ve have added newfunctions, sone of which sol ve new
problems (such as conputing condi tion nunbers of ei genval ues and ei genvectors), and sore of
whi ch sol ve ol d problens more accuratel y (the hi di agonal singul ar val ue deconposi tion).

Acomprehensi ve test package for the entire i brary has al so been devel oped. The test package
has drivers which test groups of related subroutines for accuracy and stahility. In addition, ve
have devel oped a set of perfornance-reasuri ng routines to test the efliiency of the LAPYIK
routines and their variants.

Wpropose to extend the design and inplenentati on of TARPKin the foll oving vays:

o Ald routines for estinating the condition of the generalized ei genprobl emy conputing the
generalized SM) sol vi ng generalized Syl vester and Iyapumov equations, performing 1ow
rank updates of nast factorizations, and conputing ei genval ues and ei genvectors to hi gh
accuracy using Jacobi s nethod

o I&vel op distri buted renory versions of sel ected LA Kroutines

o Ivelop a Clanguage version of the nare heavily used routines, construct a lortran 90
language interface for all the driver program, and use the standards vork of the Farallel
(Orputi ng Forumfor the parts of the package for vhich the parallelismis not 1oop-based

o Rowite selected routines to exploit special properties of computer arithmetic, especially
IHEStandard H oati ng- Riint A thretic

o I2vel op a systematic perfornance eval uation suite based on TARPK

2 Detailed Qutline of the Project

2.1 Fpand the scope of the LA Kpackage

Ater the LAPXKproject began in 1987, ve assenhled a detailed outline for the contents of
the package (see TAPXIKWarking Note #5). This design vas revieved by the devel opers,

nanifacturers, and research conmmi ty as vork progressed.
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Abstract: TAAKis a linear algebra library for high perfornance conputers. The first
release, targeted at shared menory machines, wll be awailable in mad 1991, and is already
attracting significant interest both fromthe potential user commmi ty and frommanuf acturers.
Wrpropose to extend further the useful ness of TAPXKto the user commmmity by:

o adding linear al gebra routines to sol ve newprobl ers

o produci ng sof tvare for hi gh perfornance di stri buted nenory nachi nes

o providing Cand Iortran 90 versions

o explaiting clean conputer arithretic to conpute faster and mre reliably, and

o performing systemtic perfornance eval uation.

LA 1L sinplify code devel oprant, nake codes nare portabl e anong machi nes of di ferent

archi tectures, increase eflii ency, and provide tools for eval uating conputer perfornance.
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