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DIAGis used by the trapezoidal matrixroutines tospecify whether or not the matrixis unit trapezoid
as follows:

Val ue Maning
‘w Unit trapezoidal
‘N’ Non-unit trapezoidal

Wen DIAGis supplied as ‘U’ the diagonal elenents are not referenced or overwritten.
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o Il (Tnput) Length of vectors.

o X (Tnput) Vector of elenents to be summed.

' (Qut put) Vector of results of sunmation.

e IDEST (Tnput) Index of process where result is to be accunul ated.
e MSGID (Tnput) Identifier for this nessage.

Currert BLAS routines:

Dat a Communi cation Routlnes:

_GESD ( M, N, A, LDA, IDEST, MSGID )
_GERV ( M, N, A, LDA, ISRC, MSGID )
_GEBC ( M, N, A, LDA, ISRC, MSGID )

_TRSD ( UPLO, DIAG, M, N, A, LDA, IDEST, MSGID )
_TRRV ( UPLO, DIAG, M, N, A, LDA, ISRC, MSGID )
_TRBC ( UPLO, DIAG, M, N, A, LDA, ISRC, MSGID )

{d obal (perations:

_ ( N, X, Y, IV, IDEST, MSGID )
_GMIN ( N, X, Y, IY, IDEST, MSGID )
( N, X, Y, IDEST, MSGID )

Trapezoi dal matri ces:

UPLO is used by the Hermtian, symmetric, and trapezoidal matrix routines to specify whether the
upper or lower trapezoidis beingreferenced as follows:

Val ue Maning
‘U’ Upper trapezoid
‘L>  Lower trapezoid

The shape of the trapezoidto be sent is determned by M and N:

UPLO | M<N \ M>N

N

(L7

13



Position Function

type of data to be commnicated:
(Integer,iSgle or duble precision, etc.)

ZZ7Z function of the routine:

(MAX i mumy M N imm or SUM)

| _GMAX(N, X, Y, IV, IDEST, MSGID)

Conpare val ues of elenments and produce the maxi num(in absolute value?)
nentwise), i.e., for each I=1,N,

Y(I)=_ max X(I).
(1) allprocs (1)

Paraneters:
o Il (Tnput) Iength of vectors.
o X (Tnput) Vector of el emnts to be compared
' (Qtput) Vector of results of corparison.
o IY (Qtput) Vctor of indices of the processes that gave the maxi-
rmnwal ves.
e IDEST (Tnput) Index of process vhere result is to be accuml ated
e MSGID (Tnput) Identifier for this rassage.

_GMIN(N, X, Y, IY, IDEST, MSGID)

(onpare values of elemnts and produce the mimi mm(in absol ute valwe?) (ele-
mantwise), i.e., for eachI=1,N,

Y(I)= mn X(I).
(D) allprocs (D)

Parameters:

o Il (Tnput) Iength of vectors.

o X (Tnput) Vector of el emnts to be compared

' (Qtput) Vector of results of corparison.

o IY (Qtput) Vctor of indices of the processes that gave the nimi-
rmnwal ves.

e IDEST (Tnput) Index of process vhere result is to be accuml ated

e MSGID (Tnput) Identifier for this rassage.

_GSUM(N, X, Y, IDEST, MSGID)

Sumthe vector of el epants.

Parameters:

12
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e IDEST
e MSGID

Index of destination process.
Idertifier for this mssage.

\,GERV(M, N, A, LDA, ISRC, MSGID)

Receive array A fromprocess ISRC.

‘,TRRV(UPLO, DIAG, M, N, A, LDA, ISRC, MSGID)

Receive trapezoi dal array A fromprocess ISRC.

Parameters:

e UPLO

e DIAG

o M

o II

o A

e LDA

e ISRC
MSGID

£

Specifies if the matrix is to be stored as a lover or
pper trapezoidal matrix

Specifies vhether or not the matrixis to be unt trape-
zol dal .

Rwdimarsion of A.

(@ um diransion of A.

Aray into vhich data is to be recei ved.
Ieading dimarsion of A.

Index of source process.

Idertifier for this mssage.

\,GEBC(M, N, A, LDA, ISRC, MSGID)

Send/recel ve matrix A to all processes fromprocess wth index ISRC.

‘,TRBC(UPLO, DIAG, M, N, A, LDA, ISRC, MSGID)

Send/recel ve trapezoi dal matrix A to all processes fromprocess with index ISRC.

Parameters:

e UPLO

e DIAG
o M
o II
o A

e LDA
e ISRC
e MSGID
Gl obal

(ereral form

Operators:

Specifies if the mtrix is stored as a lover or (pper
trapezol dal matrix.

Specifies vhether or not the mtrixis wit trapezoidal .
Rowdi marsion of A.
(Ol um dimarsion of A.

Aray of data to be sent farray into vhich datais to be

recel ved
Ieading dimarsionof A. LDA>=M

Index of source process.

Idertifier for this mssage.

_GZZ7Z
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Appendix: “Whi te Paper” Descri bi ng t he BLACS

The BLACS are a set of communicati on routines that conplenent the level 1,2 and 3 BLAS.
The BLACS shoul d provide tools for the inpl enentation of nunerical algorithns in linear al-
gebra on distributed nenory MIM) conputers. The proposed routines cover the following
operations:

Poi nt- to- poi nt send/recei ve
Broadcast
Probe

Gl obal naxi num m ni mamand s ummati on.
The nam ng conventionis simlar to the level 2 and 3 BLAS.

Nami ng convensions: Al nanes of BLACS subroutines are specified by at nost sixletters
and are of the form_XXYY or _GZZZ.

Data Conmuni cation Routi nes:

Ceneral form _XXYY

Posi tion Function
type of data to be communi cated:
(Integer, Bngle or Buble precision, etc.)

XX data structure:

(@ neral or TRapezoi dal )

YY function of the routine:

(SenD, Recei¥, or_BoadCast)

| GESD(M, N, A, LDA, IDEST, MSGID)

Send matrix A to process IDEST.

‘,TRSD(UPLO, DIAG, M, N, A, LDA, IDEST, MSGID)

Send trapezoidal matrix A to process IDEST.

Parameters:

e UPLO (Tnput) Specifies if the mtrixis stored as a Iover or (pper
trapezol dal matrix.

e DIAG (Tnput) Specifies vhether or mot the matrixis wit trapezoidal .
o M (Tnput) Rwdimrsion of A.

o I (Tnput) (@ um diransion of A.

o A (Tnput) Aray of data to be sent.

e LDA (Tnput) Ieading dimarsion of 4. LDA>=M

10



3. Iisfixed; N, p=O(N?) and M =O( N /2) areincreasing. Here weincrease the
nunber of processors and nenory size proportionally to the matrix di nension
n. This corresponds to laying out a fixed nunber of col unms per nenory.

4. N and M are fixed; I and p =O([ ) are increasing. Here we add nore sinulta-
neous independent problens as the nunber of processors grows.

e Howportable shoul d the codes be?

Is it acceptable to have one set of codes for SIM)and one for MM nachi nes? One
set of codes for nachines requiring explicit nessage passing and another for codes
not requiring this? LAPACK is quite large, and we woul d like to avoid witing and
nai ntai ni ng di fferent versions. Can we use facilities like the Cpreprocessors or other
nacro packages to nake porting easier, or do we want to naintain the current “pure
source code portability” nodel? We have al ready sacrificed this to some extent by
assum ng t he BLAS are nachi ne dependent, as well as certain tuni ng paraneters, so
perhaps we shoul d take advantage of 1im ted nachi ne dependency el sewhere. Other
issues include noninterference with the rest of the application (e.g., not assuning all
processors are avail abl e to be dedi cated to this probl em assuning mul ti progranm ng
of the nodes, not using gl obal nanes for nessage II» whi ch nay overl ap wi th others).

¢ Howsoon shoul d the BLACS and LAPACK code be devel oped?

It

LAPACK is being designed nowfor distributed nenory nachi nes and needs a package
like the BLACS. There is a great deal of activity bothin designing newarchitectures
as well as software systens (as evidenced by the presentations at this neeting). So
while it mght seemreasonable to wait and see which systens cone out on top, we
cannot afford to wait too long because people need to use this code. Furthernore,
our experience in witing the code will help decide which systens shoul d cone out
on top. We should try to avoid features in the BLACS that prevent themfrombeing
emul ated by other 1 ower level software.

was agreed that the follow ng steps be taken:

. Obtain a reasonabl e consensus anong those people activelyinterested in the area. This

workshopis one stepin the process.

. It is tooearly tofocus on a proposal at this tine.

. Mnother vworkshop was needed to bring out ideas. Perhaps in the Fall woul d be the right

tine frame. The Cornell people have vol unteered to host the next neeting.

. Exanples of LU deconposition (and perhaps other routines) using the proposed BLACS

as vell as alternate systens would be desirable, both to conpare for ease of expression
and perfornance.



6 Discussion

JimDemel lead a discussionin the final session. What follows sunmarizes the points brought
out during that session.

e What linear al gebra functions shoul d the BLACS support?

This will depend upon the i ntended users of the BLACS nore than anything else. If the
BLACS are to be used for all applications, then a wider set of functions will have to

be incl uded.
e Which target nachi nes shoul d be supported?

The nachines fall intoseveral types depending on whether they are SIM)or MM), and
whether the nenory is distributed or not, with the distributed nenory nachi nes
being the ones of nost i medi ate interest. Sonetines underlying nessage passing
systens differ as to whether they are blocking or nonbl ocking, etc., as well. The
package coul d be designed to work wi th both SIM)and M Mmnodel s, however this
nay conpl i cate the situation. bor exanple, a code writtenin alanguage 1ike Fortran
Dwill 1ook significantly di flerent than one doi ng explicit nessage passing.

e Which data Il ayouts shoul d be supported?

This is the nost frequentl y asked question. There are clearly a great nany nore 1 ayouts
possible than in LAPACK I, because of distributed nenories of various sizes per
processor, as well as the desire by sone to support “mul tiple instance” routines, i.e.,
mil tiple independent input natrices describing independent problens. If these are
laid out in separate nenories, or “transposed” with part of each matrix in each
nenory, conpletely different al gori thns m ght be needed. In addition, the user nay
only use sone of the processors, or have his own special 1ayout.

e Howshoul d perfornance scal e?

There are several different ways to scale problens. The efficiency F is a function of
the input problemsize N =#% (n =natrix dinension), the nunber of processors
p, the menory per processor M, and the nunber of probleminstances I . Scaling
essentially neans letting N, n, M and I growin certainregines w thout the effici ency
I getting too low (Rtting toolowneans being less than half as fast as a routine
coded specifical | y for the nachi ne. The foll owi ng regi nes are natural ones to consider
trying to support:

1. M and I are fixed; p and N =O(p) are increasing. In other words, we add
processors and increase the probl emsize proportionately. Since M is fixed, for
large enough p this neans that each nenory has at nost a subblock of the
matrix, not evenafull col um.

2. p and [ are fixed; M and N =O(M) are increasing. Here we increase the
probl emsize as the nenory grows. This corresponds to each nenory storing a
fixed fraction 1/p of the matrix.



Al an gave a personal perspective of the situati on. Mnufacturers of superconputers are often
slowto gi ve users hands—on access to the underl yi ng networks. Perhaps this is an appropriate
strategy for them their econonm c base consists of conputational scientists, not conputer sci-
entists. It is our responsibility to decide what kinds of access to the networks we really want
and need. At the veryleast, it is our responsibility toidentify the commnications routines that
need to run fast on advanced architectures.

He al so nade the foll owi ng renarks:

e SIMYMMis not anissue. Synchronous/Asynchronous and Pipelining/Not P pelining
Wi th ari thnetic are issues.

e Not overlapping can cause the loss of at nost a factor of 2, but nakes programm ng
portable. Without overlap, programs for LU factorization on all the nachines can be
made to l ook very much i dentical.

e Achallenge (that is worth sone thought) is whether overlappi ng of commmication and
arithnetic can be perforned with a clean programing primnitive.

e Subroutine nanes shoul d be readable. The days of R2I2/(3PO are gone.

e Nearly all dense linear algebra prograns on all machines use col umm (and/or row) wrap-
ping. Thus, only paraneters for rowand col umm bl ock si zes vary f rommachi ne to machi ne.

e Higher level abstractions can be illustrated with the i dea of a col umm broadcast of col umm
1. It ought to look sonething like

SPREAD(A(:,1))

and shoul d not depend on processor nunbers or even whether the first col unms of anatrix
isinoneor nany processors. The sof tware ( person who wri tes the BLACS program) shoul d
figure out where the data must be sent and howit is to get there.

e (bmmuni cations routines to performnatrix transpose (usually based on all-to-all per-
sonal i zed conmuni cation ideas) and matrix multiply steps (usually based on all-to-all
broadcasting) are further needed.

Lennart Johnsson tal ked about the programming nodel used on the (M2. He wants the
commni cation primtives to work on arrays independent of the data layout. A nunber of
CMSL ( CMSci enti fic Subroutine li brary) routines performng the follow ng operations were
descri bed:

Al-to-all broadcast

{ obal reduction

Mytrix-vector mltiply

o Mtrix-matrix multiply



w th data decomposition specifications; it can be viewed as a l anguage for programing “dat a-
parallel problens” that can be napped effici ently onto di fferent nachi ne archi tectures, incl uding
both SIM)and M M)di stri buted- nenory nachi nes.

Fortran Dsupports two levels of data deconposition—fine- grain probl emnappi ng i nduced
by the structure of the underlying conputation, and coarse-grain machi ne nappi ng caused by
transl ating the problemonto the finite resources of the machines. TIhta deconpositions are
speci fied usi ng DECOMPOSITION, ALIGN and DISTRIBUTE statenents, as shown in the following
exanpl e.

REAL X(100,100)
DECOMPOSITION A(100,100)
ALIGN X(I,J) WITH A(I+1,J-1)
DISTRIBUTE A(BLOCK, *)
DISTRIBUTE A(*, CYCLIC)

Sone of the other features of Tortran Dincl ude:

e Static and dynanic data deconposi tions

Regul ar and i rregul ar data deconposi ti ons

Tetermnistic programsenmantics

Support for reducti on operations.

The goal of FortranDis toease the task of devel opi ng effici ent parallel prograns. Users do not
need to explicitly insert parallel constructs, synchronization, or communications. Instead, the
Fortran Dconpiler uses the data deconposition to autonatically convert prograns into single-
program mul tiple-data (SPM) formwi thexplicit nessage-passing. These node prograns may
take advantage of communications libraries such as Ixpress or BLACS for efficient collective
comuni cations.

The data deconposition specifications in Fortran Dare conpatible with both Fortran 77
and Fortran 90. Researchers at Rice are developing the Fortran 77D conpiler; the Fortran
90Dconpiler is being constructed at Syracuse. The Fortran Dprograming systemincl udes a
prototype conpiler, autonatic data partitioner, and static perfornmance estinmator. It is being
devel opedin the context of the ParaScope parallel programm ng environnent. Initial targets are
the Intel i PSC/860 and Delta. It is planned that the Fortran77/90Dconpiler will be optinized
for matrix al gebra.

5 Other SIMD models

Al an Fdel nan and Lennart Johnsson spoke on an approach to the BLACS fromthe perspecti ve
of the (M. They both felt that the BLACS, as proposed by van de (#ijn, is at toolowa level
of abstraction and feel that a higher level is called for.



o Keep overheads 1 owby utilizi ng advances in sof t wvare technol ogy—e. g., Cnacros, conpiler
in-line expansion

e Recognize existence of miltiple application languages (Cand Fortran-90, . . .

e Use a readabl e nam ng conventi on.

In addition, Zipcode will support PICL and ot her najor protocols.

3.3 White paper on BLACS

Robert van de Ceijn presented a “white paper” proposal for the BLACS. As described, the
BLACS * are a set of communi cation routines that conplenent the Level 1, 2 and 3 BLAS. The
commni cation library shoul d provide the tool necessary for the inplenentation of nunerical
al gorithns in linear al gebra on distri buted nenory M M) conputers. The proposed routines
can be be found i n the Appendi x.

The “white paper” outlines a proposed set of linear al gebra communi cation routines for the
speci ficati on and nani pul ation of data structures that arise when linear al gebra al gorithns are
inpl enented on distri buted nenory mul ti conputers. The scope of the BLACSis intentionally
limted. This package is not to be viewed as a conplete commmication library for all appli-
cations. It is intended primarily for software devel opers and to a lesser extent for experienced
applications programmers in the area of dense nunerical linear al gebra. We see these routines
conpl enenting the existing level 1, 2, and 3 BLAS; providing tools for the inplenentation of
nuneri cal algorithns in linear algebra for distributed nenory M M)nachi nes.

It is inportant to realize what kind of al gorithns inspired the BLACS. They are being devel -
oped as part of our effort toinplenent a subset of the LAPACK 1ibrary to distri buted nenory
MM archi tectures. In inplenenting these routines, we intend to performmni nal changes
to the al gorithns and codes, as well as maintain portability of the final product. The codes
are written in FORIRAN77 in the SPMD(Single ProgramMil tiple Dhta) paradigm So far,
nmatrices have been mapped to nodes using (col umm) panel - wrapped storage, where a matrix
is partitioned into panels of constant width that are wapped onto the p nodes so that panels
p + ki, k=0,1,. . ,.are assigned to processors withindex ¢ — 1.

One result of the above decision is that it suffices to inplenent broadcast and conbine
operations in a way that invol ves all nodes, i.e., the nodes forma one—di nensional array as
far as global operations are concerned, al though a nore conplicated network can be utilized to
speed up the execution of such operations.

4 Proposed Language: Fortran D

(eoffrey Fox fromSyracuse University and Chau- Wen Tseng fromRi ce University discussed
Fortran D alanguage for portable parallel processing. FortranDis a versionof kortranextended

*The word “BLACS” was first used by Alan Edelman in describing a set of communication routines.



o There are both a highlevel and alowlevel set of communi cation primtives in the package.

I} sadvant ages:

o Arestricted programi ng nodel is supported

— No nonbl ocki ng send/recei ves
— Onl y one process per processor

— No synchronous i nterprocessor communi cation.

e Packi ng and unpacki ng of datais the users responsibility.

Afewpoints wvere nentioned with respect to collecting trace data. Tracing can be dangerous
unl ess the library is used correctly. The volune of trace data can easily overwhel mand the
overhead can be substantial .

3.2 Zipcode

Tony Skjel l umspoke on a package called Zipcode [6whi ch provides a portable commnica-
tions library. Zipcode works on top of the Reactive Kernel /Cosm ¢ Environnent. The reactive
Kernel /Cosm ¢ Fnvironnent is a portable “light-weight” mil ti conputer node operating system
The Reactive Kernal is inplenented or emil ated on the Intel i PSC/1, i PSC/2, i PSC/860, Sy-
mil t S2010, and is emul ated i n shared nenory conputers such as the BBN TC2000 as well as
networks of honogeneous NFS- connected workstations.

The key features of Zipcode are its design for extensibility, allow ng the definition of many
cl asses of commmuni cation and hence nessage receipt selectivity; support for abstraction of pro-
cess lists into convenient working groups for commnication; the ability to define nany non-
interfering commni cation contexts based on process lists with instantiation at runtine rather
than conpile-tine; and the deri vationof addi tional commini cationcontexts throughinheritance.

Skjel lumprovi des a set of basic requirenents for the BLACS:

e Support data-distribution-independent programm ng—applications define 1 ayout

e Provide logical 2Dprocess grid abstraction

e Support global operations onlogical 2Dgrids and subgri ds

e Ibn’t interfere with or constrain other commmni cation patterns of an application
e Recogni ze possibility of multiple logical process grids in an application

o Ibn’t interfere wi th MPMDprogranm ng

e Support application-defined pi voting and exploi t communi cation pi pelini ng



e 'The purpose of the BLAS and BLACS

e Their intended audi ence

o (titeria for inclusion

o Miewof the BLACS as software or specification
e Standardization of performnce

e lésting and certification

e (bnventions.

Jack Dbngarra spoke on the devel opnent of LAPACK and the proposed extension to the
project, the devel opnent of a core set of routines for distributed nenmory computers. The
LAPACK project has generated approxi natel y 500, 00011 nes of Fortranandin taking the package
to distributed nenory nachines, software reuse is inportant. The LAPACK project][#ill
be conpleted before the end of 1991, and the plan calls for a foll owup projeshi [ will
address Fortran 90, C distributed nenory architectures, and trying toexploit I FEEari thneti c.
(titical to the devel opnent of a distributed nenory version of the linear algebra library is a
portable/standard set of commmnication routines.

3 Existing Commumnication Libraries

3.1 PICL

Al (kist described a nessage passing interface for distributed nenory parallel conputer that

was designed and in use at Oak Ri dge National Laboratory called PICL (Portable Instrunented
Commni cation Li brary) [4, §. The packageis intended toaidin portable software devel opnent

and to provide performance characterization through i nstrunentati on and data visualization.

The PICL package has been i npl enented on a nunber of platforns: Cogent, Intel i PSC/1, Intel

iPSC/2, Intel iPSC/860, nCUBE, Symult S2010, Cbsmic Fnvironnent, Linda, Unix System

and X- Windows. The library is available in Cand Fortran. The perfornance nonitoring is
provi ded through event- driven traci ng capability. The routines in PI(L produce tine-stanped
records of processor activities that serve as input to a visualization tool called ParaG aph also

devel oped at Oak Ridge [

Some of the advantages of a package of this formare:

Aportable programcan be designed by using the 1ibrary.

o 'The overhead of using the libraryis nininal when conpared to the native commands.

Paraneter val ues are checked for validity during run tine.

The library is available in Cand Fortran.

e Instrunentationcan be provi ded automatically for performance and debuggi ng noni tori ng.



LAPACK Working Note 34: Workshop on the BLACS

J.J. Dongarra

February 6, 1992

Abstract: Forty-three people met on March 28, 1991, to discuss a set of Basic Linear Alge-
bra Communication Subprograms (BLACS). This set of routines is motivated by the needs of
distributed memory computers.

1 Introduction

This is aninfornal report of a workshopon the BLACS hel d i n Houston on Mirch 28, 1991. The
wor ks hop was organi zed by Jack Dbngarra and attended by 43 people. Simlar workshops were
held in conjunction with the devel opnent of the Basic Linear Al gebra Subprograns (BLAS).
The purpose of the Houston workshop was to consider prelimnary proposals for a set of basic
commini cation routines usedin library routines for sol ving problens in linear al gebra.

The principle concl usions reached in this workshop vere as follows:

a) The notivation for the BLACS is to increase portability, efficiency and nodul arity at a
highlevel.

b) The audience for the BLACS are nathenatical software experts and people with large
scal e scientific conputations to perform

¢) Asystenatic effort mist be nande to achieve a de facto standard for the BLACS. Further
di scussion woul d take place in the Fall 1991 at Cornell.

d) The discussion opened the possibility of a higher level of expressing than reflected in the
“whi te paper”.

2 Gereral Issues Rlated to the BLACS

Richard Hanson discussed general issues he felt should be borne in mind when defini ng the
BLACS. The issues fell under a nunber of headings and foll owa report by David Dbdson and
John Lewis published in SIQNUMI3].

This work was supported in part by the National Science Foundation, under grant ASC-8715728 and the
National Science Foundation Science and Technology Center Cooperative Agreement No. CCR-8809615.
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