
to be combined and communi cated are part i t i oned i nto d (the di mensi on of the cube) equal parts ,

where one part i s exchanged i n each di rect i on. Thi s ki nd of approach to i ncreas i ng the uti l i zat i on

of the communi cat i on network i s di scussed i n [4], Chapter 21. The e�ect i s to reduce the cons

mul t i pl yi ng the � termi n the t i me compl exi t i es of Vers i ons 2 and 3 by a f actor d, w

carr i ed through to reduce the executi on t i me of the hybri d al gor i thmas wel l .

the scope of thi s paper .
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Fi gure 8: Observed ti me as a f unct i on of vector l ength n on 64 nodes . I n thi s vers i on, the l ength

of vectors bei ng communi cated has not been adj usted, and the al gor i thmhas been modi �ed as

descr i bed i n Sect i on 6, wi th � = 480�sec, � =2�sec, and 
 =:35�sec.

communi cated i s l ess than 25. Whi l e there i s a dramati c drop i n executi on t i me f or Vers i o

2 when n � 25, Vers i on 3 i s part i cul ar l y ai ded by the reduct i on i n startup ti me, s i

bei ng communi cated are hal ved at each step. For exampl e, on a cube of di mens

vector i s of l ength 512, the vectors communi cated duri ng the l ast two

8, respect i vel y, thereby reduci ng the executi on t i me. Thi s dr

i n Sect i on 4. The f ol l owi ng modi �cat i on appears to

opti mal choi ce as descr i bed i n Sect i on 4 i

each stage unti l the vector l engt

vectors thereaf ter , i s us

method shows si

7 Concl

The i mpl eme

the ope

ou
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Fi gure 7: Predi cted ( l ef t ) and observed (ri ght ) t i me as a f unct i on of vector l ength n on 64 nodes

when �=525�sec, � =2�sec, and 
 =: 35�sec.

6 Experi ments on the Intel i PSC/860

To test our theoret i cal resul ts , we i mpl emented the vari ous gl obal combi ne operat i ons on th

I ntel i PSC/860. Our exper i ments centered around a speci �c gl obal combi ne operat i on, the

summati on of s i ngl e preci s i on 
oati ng poi nt vectors .

The I ntel i PSC/860 i s a commerci al paral l el processor that consi sts of I

connected i n a hypercube topol ogy. Al though thi s machi ne i s somewhat m

i n Sect i on 2, i t can be programmed i n such a way that al l assumpti o

I n [ 3] i t i s shown that the cost f or communi cat i ng a 
oa

i PSC/860 i s roughl y gi ven by Assumpti on 5, wi th �=136

to s i ngl e preci s i on 
oati ng poi nt numbers i s 
 = :

25 or l ess are communi cated, the communi cat

thi s compl i cat i on, we padded al l communi


oati ng poi nt numbers . There i s so

general bookkeepi ng, yi el di ng

overhead: � =2: 0�sec.

The �rst ser i es of

proaches descr

communi

t



hybridCOMB2R(n, x, y, d)

begin

if n < 2�

(d�1)(�+
)+

then

if bit(i,d-1)=1 then

send (n, x, ngbr(i,d-1))

else

recv (n, y, ngbr(i,d-1))

combine (n, x, y)

if d-1 > 0 call hybridCOMB2R(n, x, y, d-1)

else

let x0 = x[0,...,n/2-1], x1 = x[n/2,...,n]

if bit(i,d-1)=0 then

send(n/2, x1, ngbr(i,d-1))

recv(n/2, y, ngbr(i,d-1))

combine(n/2, x0, y)

if d-1>0 call hybridCOMB2R(n/2, x0, y, d-1)

recv(n/2, x1, ngbr(i,d-1))

else

send(n/2, x0, ngbr(i,d-1))

recv(n/2, y, ngbr(i,d-1))

combine(n/2, x1, y)

if d-1>0 call hybridCOMB2R(n/2, x1, y, d-1)

send(n/2, x1, ngbr(i,d-1))

end

Fi gur e 6 : Opt i ma l hybr i d g l o ba l c ombi ne - t o - r o o t r o ut i ne

1 0
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Fi gur e 5 : Se c o nd appr o a c h t o c ombi ne - t o - r o o t o n 4 no de s

5 Co mbi n e -t o - Ro o t

Some a l g o r i t hms r e qui r e t he r e s ul t o f t he g l o ba l c ombi ne t o onl y be known

l o s s o f g e ne r a l i t y, we c an t a ke t hi s no de t o be P0. A

The �r s t a ppr o a c h pr o g



hybridCOMB(n, x, y, d, S)

begin

if Sd�1= 0 a then

send (n, x, ngbr(i,d-1))

recv (n, y, ngbr(i,d-1))

combine (n, x, y)

if d-1 > 0 call hybridCOMB(n, x, y, d-1, S)

else

let x0 = x[0,...,n/2-1], x1 = x[n/2,...,n]

if bit(i,d-1)=0 then

send(n/2, x1, ngbr(i,d-1))

recv(n/2, y, ngbr(i,d-1))

combine(n/2, x0, y)

if d-1>0 then call hybridCOMB(n/2, x0, y, d-1, S)

send(n/2, x0, ngbr(i,d-1))

recv(n/2, x1, ngbr(i,d-1))

else

send(n/2, x0, ngbr(i,d-1))

recv(n/2, y, ngbr(i,d-1))

combine(n/2, x1, y)

if d-1>0 call hybridCOMB(n/2, x1, y, d-1, S)

send(n/2, x1, ngbr(i,d-1))

recv(n/2, x0, ngbr(i,d-1))

end

aIn Section 4 i t wi ll be shown t hat an opt i mal hybri d s t r at egy can be obt ai ned by

del et i ng S fr omthe cal l i ng s equence and r epl aci ng t hi s condi t i on by

n < 2�=((d� 1)(� + 
) +
)

Fi gur e 4 : Hybr i d g l o ba l c ombi ne r o ut i ne

8



Si nc e T ( S; 2�(d�j�1)n; j) >T ( S; 2�(d�j )n; j ) � 0 and T ( S; n; d) � T ( R; n; d) , we c onc l ude t h

�+ 2�(d�j�1)n( � +
 ) < 2�+2�(d�j )n( 2� +
 )

a nd he nc e

n <2 d�j �



<2 d�k�



� 2 d�k �

k( � +
 ) +


whi c h c ont r a di c t s t he de �ni t i o n o f k .

Case 2b: j � k . The n S = ( S0; : : : ; Sk; 1 ; : : : ; 1 ) and

T ( S; n; d) =
d�k�1X
i=1

( 2�+2�kn( 2� +

Howe ve r ,

T ( �S; n; d) =
d�k�1X
i=1

�
2�+2�k

and, by Ca s e 1 above ,

T (

whi c h a g a



Proof: The �r s t f o ur r e s ul t s f o l l ow i mme di a t e l y f r omt he de �ni t i o n o f T ( S; n; d) . The

f r om t he obs e r va t i o n t ha t t he t i me o f t he �r s t j s t e ps o f

t i me f o r t he l a s t d � j s t e ps . Ho

whe n



c ombi ne s o f t he pa r t i a l r e s ul t o n s ubc ube s o f di me ns i o n d � 1 . Thi s s ug g e s t s a f a

s t r a t e g i e s t ha t c ombi ne Ve r s i o ns 2 and 3 .

We c an g e ne r a t e 2 d s e pa r a t e s t r a t e g i e s by c o

i ndi c a t e s t ha t f o r t he s t
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Fi gur e 3 : Ve r s i o n 3 on 4 no de s

no t s e nt . Thi s pr o c e s s pr o c e e ds f o r di r e c t i o n d� 2 ; : : : ; 0 , whe r e t he s i z e o f

c ommuni c a t e d and c ombi ne d i s ha l ve d a t e a c h s

ve c t o r t ha t r e s ul t s f r
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Fi gur e 1 : Ve r s i o n 1 on 4 no de s
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Fi gur e 2 : Ve r s i o n 2 on 4 no de s

3. 2 Versi on 2

A s e c ond appr o a c h, de s c r i be d i n [ 4 ] , Se c t i o n 1 4 - 5 . 4 , s t a r t s by

c ont e nt s o f ve c t o r xi wi t h i t s ne i g hbo r i n di

wi t h t he c ont e nt



2 As s u mp t i o n s

Ta r g e t a r c hi t e c t ur e s f o r o ur a l g o r i t hma r e di s t r i but e d me mo r y hype r c ube mu

i ng Mul t i pl e I ns t r uc t i o n Mul t i pl e Da t a ( MI MD) m

NCUBE2 and Tr ans put e r ba s e

Fo r our t he o r e t i
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Abstract

We discuss a hybrid strategy for implementing global combine operations on distributed

memoryMIMD multicomputers. A theoretical analysis is givenand results fromits implemen-

tationon the Intel iPSC/860 are reported.

1 Introduction

t hi s pape r , we addr e s s t he i mpl e me nt a t i o n o f t he c ombi ne ope r a t i o n whe n ve c t o r s o f da t a t o

be c ombi ne d a r e di s t r i but e d among t he pr o c e s s o r s ( no de s ) o f a MI MD hy

Se ve r a l s o l ut i o ns t o t hi s pr o bl e mhave appe a r e d

t ha t c ombi ne s t wo o f t h

Ou


