
[11] R. van de Geijn, On global combine operations, LAPACK Working Note 29, Techni cal
Report CS-91- 129, Uni versi ty of Tennessee, 1991.

[ 12] R. van de Gei jn, E�cient global combine operations, Si xth Di st r i buted Memory Com-
put i ng Conf erence Proceedi ngs , IEEEComputer Soci ety Press , 1991, pp. 291{294.

8



Order of such messages woul d be st r i ct l y enf orced. Moreover , typed and untypedmessages
coul d eas i l y coexi s t , so BLACS rout i nes that requi re message i dent i �er s coul d cont i nue to
be used.

9 Conclusion

We do not cl ai mto provi de the de�ni t i ve answer to everyone's communi cat i on needs . I ndeed,
our i ns i s tence on s i mpl i ci ty precl udes that . We do bel i eve that a set of s tandard communi cat i on
cal l s f or l i near al gebra appl i cat i ons provi des a means f or achi evi ng portabi l i ty and readabi l i ty
of code and a general f ramework i n whi ch to programdi st r i buted memory MIMDarchi tectures .

We wel come i nput f romthe user communi ty.

References

[ 1] E. Anderson, Z. Bai, C. Bischof, J. Demmel, J. Dongarra, J. Du Croz,

A. Greenbaum, S. Hammarling, A. McKenney, andD. Sorensen, LAPACK: A

p o r t a b l e l i n e a r a l g e b r a l i b r a r y fo r hi g h -p e r f o r ma n c e c o mp ut e r s , i n Proceedi ng
put i ng ' 90, IEEEComputer Soci ety Press , Los Al ami tos , Cal i f orni a, 1990, pp. 2{11.

[ 2] E. Anderson, A. Benzoni, J. Dongarra, S. Moulton, S. Ostrouchov,

B. Tourancheau, andR. van de Geijn, LAPACK f o r di s t r i b u t e d me mo r y a r c h i t e c -

t u r e s : p r o g r e s s r e p o r t , to appear i n the proceedi ngs of the Fi f th SIAMConf erence on
Paral l el Proces s i ng f or Sci ent i �c Comput i ng, Houst i n, March 25- 27, 1991.

[ 3] E. Anderson, A. Benzoni, J. Dongarra, S. Moulton, S. Ostrouchov,

B. Tourancheau, andR. van de Geijn, Ba s i c Li n e a r Al g e b r a Co mmu n i c a t i o n Su b -

p r o g r a ms . Si xth Di st r i buted Memory Comput i ng Conf erence Proceedi ngs , IEEEComputer
Soci ety Press , 1991.

[ 4] J. DongarraandS. Ostrouchov, LAPACK b l o c k f a c t o r i za t i o n a l g o r i t h ms o n t h e In t e l

i PS C/860, LAPACKWorki ng Note 24, Techni cal Report CS- 90- 115, Uni vers i ty of Ten-
nessee, Oct . 1990.

[ 5] J. Dongarra andR. van de Geijn, Re d u c t i o n t o c o n d e n s e d f o r m f o r t h e e i g e n va l u e

p r o b l e m o n d i s t r i b u t e d me mo r y a r c h i t e c t u r e s , LAPACKWorki ng Note 30, techni cal repor
Uni vers i ty of Tennessee, 1991.

[ 6] J. J. Dongarra, J. DuCroz, S. Hammarling, andI. Duff, A s e t o f l e v e l 3 b a s i c

l i n e a r a l g e b r a s u b p r o g r a ms , ACMTrans . Math. Sof t . , 16 (1990), pp. 1{17.

[ 7] J. J. Dongarra, J. DuCroz, S. Hammarling, andR. J. Hanson, An e xt e n d e d s e t o f

FORTRAN b a s i c l i n e a r a l g e b r a s u b p r o g r a ms , ACMTrans . Math. Sof t . , 14 (1988) , pp. 1{17.

[ 8] G. H. GolubandC. F. V. Loan, Ma t r i x Co mp u t a t i o n s , The Johns Hopki ns Uni vers i ty
Press , Bal t i more, second ed. , 1989.

[ 9] C. L. Lawson, R. J. Hanson, D. R. Kincaid, andF. T. Krogh, Ba s i c l i n e a r a l g e b r a

s u b p r o g r a ms f o r Fo r t r a n u s a g e , ACMTrans . Math. Sof t . , 5 (1979) , pp. 308{323.

[ 10] R. vandeGeijn, Ma s s i v e l y p a r a l l e l LI NPACK b e n c h ma r k o n t h e I n t e l To u c h s t o n e De l

a n d i PS C/ 8 6 0 s y s t e ms , Techni cal Report CS- 91- 28, Uni vers i ty of Texas at Aust i n, Aug.
1991.

7



For rout i nes whose �rs t l et ter i s a D

DOUBLE PRECISION A(LDA,*)

For rout i nes whose �rs t l et ter i s a C:

COMPLEX A(LDA,*)

For rout i nes whose �rs t l et ter i s Z:

COMPLEX*16 A(LDA,*)

or

DOUBLE COMPLEX A(LDA,*)

8 Discussion

I n the des i gn of al l l evel s of BLAS, one of the mai n concerns i s to keep both the cal l i ng se-
quences s i mpl e and the range of opt i ons l i mi ted, whi l e at the same t i me mai ntai ni ng su�ci ent
f unct i onal i ty. Thi s cl ear l y i mpl i es a compromi se, and a good deci s i on i s vi tal i f the BLACS are
to be accepted as a usef ul s tandard. I n thi s sect i on, we di scuss the reasoni ng behi nd some of
the deci s i ons whi ch we have made and i ndi cate some i s sues that have not yet been resol ved.

� Parameters: Input vs. Output

The reader may have noted that parameters that speci f y the shape of data bei ng commu-
ni cated are output parameters f or the recei ve f unct i ons . Thi s al l ows data wi th st ructure
unknown to the recei vi ng node(s ) to be sent . Poss i bl e appl i cat i ons i ncl ude paral l el i m-
pl ementat i ons of the Bunch-Kaufman al gor i thmf or f actor i ng i nde�ni te matr i ces . On the
other hand, thi s deci s i on requi res a header to be sent wi th the data that i ndi cates to the
recei vi ng node the shape of the data st ructure. Moreover , gi ven the current cal l i ng se-
quences , i t i s di �cul t to determi ne when a bu�er i nto whi ch data i s to be recei ved wi l l
over
ow, bef ore i t i s too l ate.

� TOP Parameter

Removi ng thi s parameter woul d i mprove s i mpl i ci ty of the BLACS, at the poss i bl e expense
of per f ormance.

� Error Handling

When a BLACS rout i ne detect s an error , the s tandard BLAS error handl i ng rout i ne XERBLA
wi l l be cal l ed.

� Untyped Communi cati on

I n our e�ort to i mpl ement the LU f actor i zat i on us i ng 2D BLACS, a major source of
potent i al programmi ng di �cul ty l i es wi th choos i ng the message i dent i �er . When we were
l i mi t i ng oursel ves to one di mens i onal mappi ngs of matr i ces to nodes , such i dent i �er s coul d
typi cal l y be conveni ent l y chosen to have some rel at i on to the i terat i on i ndex. However ,
when two di mens i onal data mappi ngs are used, the number of communi cat i ons i ncrease
dramat i cal l y. Moreover , of ten such communi cat i on occur i n several l evel s of subrout i ne
cal l s . Keepi ng the message i dent i �er s f romi nter f er i ng wi th each other has become a maj or
concern.

We propose to extend the BLACS to i ncl ude a set of rout i nes that are untyped, requi r i ng
no message i dent i �er . Recei vi ng a message woul dbe accompl i shed by speci f yi ng the source.
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I n addi t i on, we al l owa parameter TOP to be passed to the communi cat i on pr i mi t i ves and
gl obal operators . Thi s al l ows the user some control over howthe communi cat i on i s to be handl ed.

6 Trapezoidal atrices

I n addi t i on to bei ng abl e to send general ( rectangul ar) arrays , the BLACS al l ow the user to
speci f y that onl y a trapezoi dal port i on of the array i s to be ref erenced. The arguments that
speci f y these opt i ons are character arguments wi th the names UPLO and DIAG.

UPLO i s used by the trapezoi dal matr i x rout i nes to speci f y whether the upper or l ower t rape-
zoi d i s bei ng ref erenced as f ol l ows :

Val ue Meani ng

`U' Upper t rapezoi d
` L' Lower trapezoi d

The shape of the trapezoi d to be sent i s determi ned by M and N:

UPLO M � N M > N

` U'

n

m

n�m

n

m
m�n

` L' m

n

n�m
m

n

m�n

DIAG i s used by the trapezoi dal matr i x rout i nes to speci f y whether or not the matr i x has
ones on the di agonal , as f ol l ows :

Val ue Meani ng

` U' Uni t t rapezoi dal
` N' Non- uni t t rapezoi dal

When DIAG i s suppl i ed as ` U' the di agonal el ements are not ref erenced.
Thus , UPLO and DIAG have the same val ues and s i mi l ar meani ngs as f or the Level 2 and 3

BLAS.

7 Speci�cationof the L CS

Type and di mens i on f or var i abl es occurr i ng i n the subrout i ne speci �cat i ons are as f ol l ows :

INTEGER M, N, LDA, LDIA, IRDEST, ICDEST, IRSRC, ICSRC

INTEGER IRA(LDIA,*), ICA(LDIA,*), MSGID

CHARACTER*1 UPLO, DIAG, SCOPE, TOP

For rout i nes whose �rs t l et ter i s an S:

REAL A(LDA,*)
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A Array of data to be sent . XXSD2D/BS2D: Array of data to be sent .
XXRV2D/BR2D: Array where data i s to be recei ved.

LDA Leadi ng di mens i on of A. I nput .

IRDEST XXSD2D/BS2D: Rowi ndex of dest i nat i on node. I nput .

ICDEST XXSD2D/BS2D: Col umn i ndex of dest i nat i on node. I nput .

IRSRC XXRV2D/BR2D: Rowi ndex of source node. Output .

ICSRC XXRV2D/BR2D: Col umn i ndex of source node. Output .

MSGID I dent i �er of message bei ng send/recei ved. I nput .

4.2 Global Operators

The cal l i ng sequences f or the proposed gl obal operators pr i mi t i ves are:

_GMAX2D ( SCOPE, TOP, M, N, A, LDA, IRA, ICA, LDIA, IRDEST, ICDEST )

_GMIN2D ( SCOPE, TOP, M, N, A, LDA, IRA, ICA, LDIA, IRDEST, ICDEST )

_GSUM2D ( SCOPE, TOP, M, N, A, LDA, IRDEST, ICDEST )

Parameters:

SCOPE Scope of operat i on. Li mi ted to `ROW', `COLUMN', or `ALL'. I nput .

TOP Network topol ogy to be emmul ated dur i ng communi cat i on. I nput .

M Rowdi mens i on of matr i x bei ng compared/summed. I nput .

N Col umn di mens i on of matr i x bei ng compared/summed. I nput .

A I nput : Matr i x of val ues bei ng compared/summed (el ementwi se) . Output :
Matr i x of resul t s .

LDA Leadi ng di mens i on of matr i x. I nput .

IRA I nteger array i ndi cat i ng the row i ndex of node that provi ded maxi -
mum/mi ni mum. Output .

ICA I nteger array i ndi cat i ng the col umn i ndex of node that provi ded maxi -
mum/mi ni mum. Output .

LDIA Leadi ng di mens i on of i nteger arrays . I nput .

IRDEST Rowi ndex of node on whi ch resul t i t to be accumul ated. On al l other nodes
X and IX are overwr i t ten wi th i ntermedi ate resul t s . IRDEST=-1 i ndi cates
the resul t i s to be l ef t on al l nodes . I nput .

ICDEST Col umn i ndex of node on whi ch resul t i t to be accumul ated. On al l other
nodes X and IX are overwr i t ten wi th i ntermedi ate resul t s . I nput .

5 Co unicating in2D

The proposed cal l i ng sequences nowi ncl ude parameters that i ndi cate the scope of the operat i on.
I n other words , a subset of nodes of the mesh can be targeted, dependi ng on the val ue of SCOPE.

Val ue Meani ng

` C' Onl y nodes i n same col umn are i nvol ved
` R' Onl y nodes i n same roware i nvol ved
` A' Al l nodes are i nvol ved

4



The pos i t i ons marked by YY i ndi cate the f unct i on of the rout i ne. Poss i bl e choi ces are:

SD Send a message
RV Recei ve a message
BS Broadcast a message
BR Recei ve a broadcast message

3.2 Global Operators

The general f ormof names of communi cat i on pr i mi t i ves i s

_GZZZ2D

Combi ne rout i nes f or per f ormi ng gl obal \maxi mum", \mi ni mum" and \summat i on" are pro-
vi ded. The pos i t i on ZZZ i ndi cates the operat i on:

MAX Compute the maxi mum
MIN Compute the mi ni mum
SUM Compute the summat i on

4 rgu ent List

4.1 ommunicationPrimitives

The cal l i ng sequences f or the proposed communi cat i on pr i mi t i ves are:

_GESD2D ( SCOPE, TOP, M, N, A, LDA, IRDEST, ICDEST, MSGID )

_GERV2D ( SCOPE, TOP, M, N, A, LDA, IRSRC, ICSRC, MSGID )

_GEBS2D ( SCOPE, TOP, M, N, A, LDA, MSGID )

_GEBR2D ( SCOPE, TOP, M, N, A, LDA, IRSRC, ICSRC, MSGID )

_TRSD2D ( SCOPE, TOP, UPLO, DIAG, M, N, A, LDA, IRDEST, ICDEST, MSGID )

_TRRV2D ( SCOPE, TOP, UPLO, DIAG, M, N, A, LDA, IRSRC, ICSRC, MSGID )

_TRBS2D ( SCOPE, TOP, UPLO, DIAG, M, N, A, LDA, MSGID )

_TRBR2D ( SCOPE, TOP, UPLO, DIAG, M, N, A, LDA, IRSRC, ICSRC, MSGID )

The f unct i on of the parameters depends l argel y on whether the rout i ne sends data (_XXSD2D
and _XXBS2D) or recei ves (_XXRV2D and _XXBR2D) data.

Parameters:

SCOPE Scope of operat i on. Li mi ted to ROW, COLUMN, or ALL. I nput .

TOP Network topol ogy to be emmul ated dur i ng communi cat i on. I nput .

UPLO Speci �es i f matr i x i s s tored as Lower or Upper t rapezoi dal matr i x.
TRSD2D/BS2D: I nput ; TRRV2D/BR2D: Output .

DIAG Speci �es i f uni t di agonal .TRSD2D/BS2D: I nput ; TRRV2D/BR2D: Output .

M Rowdi mens i on of matr i x. XXSD2D/BS2D: I nput ; XXRV2D/BR2D: Output .

N Col umn di mens i on of matr i x. XXSD2D/BS2D: I nput ; XXRV2D/BR2D: Out -
put .
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di s t r i buted memory MIMDarchi tectures [ 4, 5] . I n i mpl ement i ng these rout i nes , we deci ded to
st res s mi ni mal change to the al gor i thms and codes , as wel l as portabi l i ty of the �nal product .
The codes are wr i t ten i n FORTRAN77 i n the SPMD(Si ngl e ProgramMul t i pl e Data) paradi gm.

Ini t i al l y, matr i ces were mapped to nodes us i ng (col umn) panel - wrapped storage, where a
matr i x i s part i t i oned i nto panel s of constant wi dth that are wrapped onto the p nodes so that
panel s p+ki, k = 0; 1; . . ., are ass i gned to nodes wi th i ndex i �1 [ 4, 5, 3, 2] . More recent l y, we have
been exper i ment i ng wi th a data mappi ngs that vi ews the proces s i ng nodes as a two di mens i onal
gr i d [ 10] . Cons i derabl e gai n i n per f ormance has been observed on the Intel Touchstone Del ta
and i PSC/860 systems. Typi cal l y, per f ormance i ncrease by a f actor of two or better f or s i mi l ar
s i zed probl ems. Thi s has requi red us to rethi nk howthe BLACS may be de�ned.

2 arallel Co puting odel

We assume that our mul t i computer cons i s t s of p nodes , whi ch are l ogi cal l y con�gured as a
rectangul ar mesh, i ndexed by rowand col umn i ndex ( i ; j) , where 0 �i < , 0 �j < and
� =p . Each i s equi pped wi th CPUand l ocal memory. The nodes are connected by some

communi cat i on network that al l ows poi nt - to- poi nt communi cat i on. Messages that arr i ve over
the network are bu�ered unt i l absorbed by an appropr i ate cal l to a recei ve rout i ne.

I n our approach, i t i s actual l y not neces sary to res t r i ct the model to one proces s per node.
I ndeed, whenever we ref er to a node, thi s coul d j ust as eas i l y be a proces s , where many proces ses
coul d be ass i gned to a s i ngl e node.

a ingCon entions

I n thi s sect i on, we br i e
y previ ewthe current set of pr i mi t i ves that are part of the 2DBLACS.
Al l names of BLACS subrout i nes are speci �ed by at most seven l et ter s . Thei r general f orm

i s :

_XXYY2D or _GZZZ2D

The �rst f ormi s used f or communi cat i on rout i nes , the second f or gl obal operators . The pos i t i on
marked by _ i ndi cates the type of data to be communi cated by the rout i ne. Poss i bl e choi ces
are:

I INTEGER

S REAL

D DOUBLE PRECISION

C COMPLEX

Z COMPLEX*16 or DOUBLE COMPLEX

3.1 ommunicationPrimitives

The general f ormof names of communi cat i on pr i mi t i ves i s

_XXYY2D

The pos i t i on marked by XX i ndi cates the data st ructure to be handl ed. Poss i bl e choi ces are:

GE General rectangul ar matr i x
TR Trapezoi dal matr i x
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In this paper, we describe extensions to a proposed set of linear algebra communication
routines for communicating andmanipulating data structures that are distributed among the
memories of adistributedmemoryMIMDcomputer. Inparticular, recent experience shows that
higher performance canbe attainedonsucharchitectures whenparallel dense matrixalgorithms
utilize adatadistributionthat views the computational nodes as alogical twodimensional mesh.
The motivationfor the BLACScontinues tobe to increase portability, e�ciencyandmodularity
at ahighlevel. The audience of the BLACSare mathematical software experts andpeople with
large scale scienti�c computationto perform. Asystematic e�ort must be made to achieve a de
f act o standard for the BLACS.

nt r oduct i on

This report outlines a secondattempt to de�ne a proposed set of linear algebra communication
routines for the speci�cationandmanipulationof data structures that arise whenlinear algebra
algorithms are implemented on distributed memorymulticomputers. The scope of this set of
routines is intentionally limited. We do not viewthis package as a complete communication
library for all applications. It is intended primarily for software developers and to a lesser
extent for experienced applications programmers in the area of numerical linear algebra. We
see these routines complementing the existing Level 1, 2, and 3 BLAS; providing tools for
the implementation of numerical algorithms in linear algebra for distributed memory MIMD
machines.

It is important to realize what kindof algorithms inspired the BLACSas they stand. They
are being developed as part of our e�ort to implement a subset of the LAPACKlibrary on
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