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9 Conclusions

Sever al ar e t he i s s ues s t i l l open i n t hi s r e s ear ch. Abs t r act anal yzer s and gar bage col l ec t or s ar e under s
and deve l opment . A di �er ent way of mappi ng t he Act i ve Memor y on t he hyper cube by means of has h
t abl e s i s al mos t compl et ed. Networ k opt i mi zat i ons and compi l at i on enhancement s ar e al s o hot poi nt s .
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Machi ne 2 wi t h 8Kpr oces s or s wi t h a Sun 4 f r ont - end. Two ki nds of r e s ul t s ar e r epor t ed f or t he CM- SAM:
one t aki ng i nt o account al s o t he t i me f or checki ng f or dupl i cat es and one wi t hout cons i der i ng i t . The
r eas on f or s uch choi ce i s t hat t he s t r uct ur e of t he CM- SAMof t en make eas y t he pr oces s of det ect i ng when
checki ng f or dupl i cat es can be avoi ded.

The SEL ver s i on of t he t es t s i s :

incrMap(fX| g) contains fX+1g.

evenFilter(fX| g) contains if (even(X)) fXg else fg.

sumFold(fg) = 0.

sumFold(fX|Tg) = X + sumFold(T).

Whi l e t he PROLOGone i s :

incrMap([],[]).

incrMap([X|T],[Y|W]) :- Y is X+1, incrMap(T,W).

evenFilter([X|T],[X|W]) :- even(X),!, evenFilter(T,W).

evenFilter([ |T],W) :- evenFilter(T,W).

sumFold([],0).

sumFold([X|T],W) :- sumFold(T,Z), W is X + Z.

The f ol l owi ng t abl e s ummar i zes t he r es ul t s .

Pr ogr am Si ze SI CSt us SAM CM- SAM
wi t h DC w/o DC

incrMap 10 10 12 7 0. 22

incrMap 100 180 180 50 0. 22
incrMap 1000 1620 3300 600 0. 22

incrMap 10000 15000 405017 5800 0. 22
evenFilter 10 10 11 8 0. 27

evenFilter 100 169 175 56 0. 27
evenFilter 1000 1740 3280 620 0. 27

evenFilter 10000 17300 406034 6 0. 27
sumFold 10 21 14 1. 22 1. 22

sumFold 100 131 40 1. 22 1. 22
sumFold 1000 1010 450 1. 22 1. 22
sumFold 10000 11360 3900 1. 22 1. 22

Thi s r e s ul t s ar e pr et t y encour agi ng. Fi r s t of al l i t t he SAMbehaves pr et t y we l l i n compar i s on wi t h
SI CSt us , whi ch i s one of t he bes t and f as t es t PROLOGcur r ent l y avai l abl e : t he SAMchal l enges SI CSt us
i n incrSet and evenFilter f or smal l and medi ums i zed s et s ( up t o 1000 e l ement s ) and out per f orms i t
i n sumFold f or any s i ze . The pr obl emconnect ed wi t h l ar ge s i zed s et s i s checki ng f or dupl i cat es ; abs t r ac
anal yzer s ar e under deve l opment t o det ermi ne when t hi s oper at i on i s neces s ar y[ JN88, SC92] . Not e t hat
t hes e per f ormances ar e obt ai ned wi t hout any ad hoc opt i mi zat i on, wher eas SI CSt us i s i mpl ement ed wi t h
many peephol e opt i mi zat i ons : t her e i s much s pace l e f t f or goi ng f as t er al s o i n t he s equent i al cas e .

On t he Connect i on Machi ne checki ng f or dupl i cat es car r i e s a l i near cos t . Thi s expl ai ns t he l i near i ncr e
of t i me f or t he execut i on of incrSet and evenFilter, whi l e no dupl i cat e check i s r equi r ed f or sumFold.
However , as i t i s ment i oned above , qui t e of t en dupl i cat e check can be avoi ded, or at l eas t de f e r r ed t i l l
end of t he comput at i on. Cons i der t he de�ni t i on of severalMaps:

severalMaps({X|_}) contains {f(g(h(i(j(k(l(m(X))))))))}.

Her e t her e i s no need of per f ormi ng t he dupl i cat e check oper at i on unt i l af t e r t he cal l of f; a deepe
anal ys i s of t hi s t opi c i s des cr i bed i n [ SC92] . For t hes e r eas ons al s o t he t i me r equi r ed wi t hout checki ng
dupl i cat es i s pr es ent ed. Not e t hat i t i s al mos t cons t ant f or any as s er t i on. Thi s means t hat t he s t r uct u
of t hi s machi ne expl oi t pr et t y we l l t he SIMD ar chi t ect ur e of t he Connect i on Machi ne . No checki ng f or
dupl i cat es i s r equi r ed f or t he sumFold as s er t i on, s i nce i t pr oduces a s i ngl e e l ement , r at her t han a s et
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[1] allProducts/3: oneProducts/3:

[2] allocate allocate

[3] get_set A1 Y1 get_variable A1 Y1

[4] get_variable A2 Y2 get_set A2 Y2

[5] get_variable A3 Y3 get_variable A3 Y3

[6] map_over Y1 Y4 Y5 map_over Y2 Y4 Y5

[7] begin: put_value A1 Y5 begin: put_value A1 Y1

[8] put_value A2 Y2 put_value A2 Y5

[9] put_variable A3 Y6 put_variable A3 Y6

[10] call oneProducts/3 call */3

[11] insert Y3 Y6 insert Y3 Y6

[12] end_map_over Y4 Y5 begin end_map_over Y4 Y5 begin

[13] end: deallocate end: deallocate

[14] proceed proceed

Fi gur e 11: SAMCode f or oneProducts and allProducts.

car e of i t . Fi gur e 10 pr es ent s a s i t uat i on wher e s uch par al l e l envi r onment i s us ed. The SAMcode f or
t he c l aus es oneProducts and allProducts i s i n �gur e 11. The al l Product execut i on cannot be par al l e l ,
becaus e a nes t ed par al l e l as s e r t i on exi s t s ( t he oneProduct as s er t i on) .

Ther e i s t her e f or e t he need of s equent i al i z i ng t he dat a par al l e l i smon t he �r s t s e t and expl oi t i ng i t onl
t he s econd s et . The end map over of l i ne [12] wi l l r e s t ar t t he dat a par al l e l i smon f1,2,3g. Cons equent l y
t her e i s t he need of pr ovi di ng a mechani smf or s t oppi ng a dat a par al l e l execut i on on a s et t o r es ume
i t l at er . Si nce t hi s s i t uat i on can be nes t ed ( e . g. , i f oneProduct cal l ed an as s er t i on wi t h dat a par a
execut i on on anot her s et ) a s t ack of s uch i nf ormat i on mus t be s aved. The par al l e l envi r onment i s us ed f or
t hi s pur pos e : a f r ame cont ai ni ng i nf ormat i on about t he s et i n us e and whi ch e l ement s of i t has al r eady
been anal yzed i s s t or ed on t he s t ack each t i me a mappi ng occur s i ns i de t he execut i on of anot her mappi ng
and i t i s popped at t he end of t he mappi ng.

So at l i ne [6] a par al l e l envi r onment f or f1,2,3g i s pl aced on t he s t ack, an e l ement of i t i s s e l ec t ed i n or d
t o s t ar t t he s equenz i al i zat i on ( f or i ns t ance 1) and i t i s mar ked as \al r eady anal yzed" i n t he envi r onmen
Any r e f e r ence t o Y1 i s nowa r e f e r ence t o 1. Ther e f or e l i ne [7] put a 1 i n r egi s t e r A1. Then t he s t andar d

owi s f ol l owed i n l i nes f r om[8] t hr ou [11]. I n l i ne [12] t her e i s t he end of t he mappi ng. At t hi s poi nt
t he par al l e l envi r onment i s popped f r omt he s t ack and i t i s anal yzed t o s ee i f t he pr oces s i ng has bee
compl et ed. Thi s i s not t he cas e her e , s i nce e l ement s 2 and 3 of f1,2,3g has not yet been pr oces s ed. A
newel ement i s t hen pi cked out f r omt he par al l e l envi r onment , f or i ns t ance 3, and t he envi r onment i s s aved
back on t he s t ack. Any r e f e r ence t o Y1 i s nowr e f e r ence t o t he number 3. Agai n l i nes [8] t hr ou [11] ar e
execut ed and l i ne [12] i s r eached. The par al l e l envi r onment i s agai n popped f r omt he s t ack, e l ement 2

i s s e l ec t ed and t hen t he envi r onment i s pl aced back on t he s t ack. The execut i on jumps back t o l i ne 7,
wher e 2 i s pl aced i n A1. Then l i nes [8] t hr ou [11] ar e execut ed and l i ne [12] i s r eached. Nowal l t he s et
f1,2,3g has been pr oces s ed t her e f or e t he envi r onment can be popped f r omt he s t ack, t he or i gi nal dat a
par al l e l i smon f1,2,3g can be r es umed and l i nes [13] and [14] ar e execut ed. Then t he execut i on goes
back t o allProduct whi ch i s t hen compl et ed i n t he normal way.

The need f or par al l e l envi r onment i s pr es ent not onl y when t her e ar e nes t ed cal l s t o c l aus es i ns i de mappi n
but any t i me t her e i s a nes t ed mappi ng, t her e f or e al s o i n s i t uat i on l i ke t he one of cartProduct whi ch
comput ed t he car t es i an pr oduct of t wo s et s .

cartProduct({X|_},{Y|_}) contains {pair(X,Y)}.

8 Experi mental Resul ts

Some benchmar ks have been per f ormed. I t i s i nt er es t i ng t o compar e i t wi t h SICStus PROLOG, one of t he
bes t PROLOGi mpl ement at i ons , bas ed on t he WAM. The SI CSt us t es t s as we l l as t he s equent i al SAM
ones ar e execut ed on a RI SCSun 4 r unni ng SunOS4. 0. 3, whi l e t he par al l e l SAMt es t s r un on a Connect i on
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[1] doubleIncrSet/2:

[2] allocate

[3] get_set A1 Y1

[4] get_variable A2 Y2

[5] map_over Y1 Y3 Y4 end

[6] start: put_value A1 Y4

[7] put_variable A2 Y5

[8] call incr/2

[9] put_value A1 Y5

[10] put_variable A2 Y6

[11] call incr/2

[12] insert Y2 Y6

[13] end_map_over Y3 Y4 start

[14] end: deallocate

[15] proceed

Fi gur e 9: SAMcode f or doubleIncrSet.

t o ent r i e s i n t hi s t abl e whi ch pr ovi des al l t he i nf ormat i on t hat ar e needed t o compl et e l y i dent i f y a s et
t he Act i ve Memor y. Each ent r y of t he CM- Dat a- Ar r ay cont ai ns t he f ol l owi ng �e l ds :

� type, whi ch s pec i �es whet her a s et i s a permanent s et , PER, or i s an i nt ermedi at e r es ul t , DDT ( The
r eas on f or t hi s name i s expl ai ned i n t he s ect i on about mappi ng) ;

� tag, whi ch i s t he t ag us ed i n t he t ag r egi s t e r of t he ce l l s of t he s et i n t he Act i ve Memor y t o i dent i �e
whi ch ce l l s be l ong t o a s et ;

� regi ster number, whi ch det ermi nes i n whi ch r egi s t e r of t he ce l l s t he e l ement of an i nt ermedi at e s et
ar e s t or ed, i t i s 0 f or permanent s et s .

The us e of t he CM- Dat a- Ar r ay has many advant ages wi t h r es pect t o a s t r ai ght us age of t he t ag number
( and of t he r egi s t e r number f or t empor ar y s et s ) . Fi r s t of al l t he des i gn i s much c l eaner and i t i s pos s i bl
have a hi gher degr ee of modul ar i zat i on. Then t her e i s a hi gher degr ee of 
exi bi l i t y of t he whol e s t r uct u
s i nce t he code never addr es s e s di r ect l y obj ect s i n t he hyper cube . Fur t hermor e , t her e may be di �er en
ent r i e s i n t he t abl e poi nt i ng t o t he s ame s et i n t he AM; t hi s can be achi eved when ad hoc abs t r act anal yzer s
- whi ch ar e under deve l opment now [ SM91a] - det ermi ne t hat two s et s ar e i dent i cal : t hen i t i s pos s i bl e t o
al l ocat e t he s et j us t once i n t he Act i ve Memor y and t o r e f e r t o i t by means of t wo di �er ent ent r i e s of t he
t abl e . Ther e i s one mor e r eas on f or t he us age of t he CM- Dat a- Ar r ay whi ch i nc l udes al l t he pr evi ous ones :
i t i s t he way i n whi ch t he mappi ng oper at i ons ar e per f ormed. The next s ect i on i s about t hi s pr obl em.

7 The Paral l el Envi ronment

The Connect i on Machi ne i s a SIMDmachi ne , t her e f or e onl y one i ns t r uct i on at a t i me can be execut ed on
al l t he pr oces s or s . Thi s pecul i ar i t y needs s ome s pec i al car e , s i nce t her e ar e dat a par al l e l 
ows r equ
MIMDs t r uct ur e s . I f a s i ngl e oper at i on mus t be per f ormed on two s et s whos e e l ement s ar e al l ocat ed i n
di �er ent act i ve ce l l s , t hen t he execut i on may be par al l e l onl y on one s et whi l e a s equent i al execut i on mu
be per f ormed on t he ot her . Amechani sm, cal l ed paral l el envi roment , has been devi s ed i n or der t o t ake

oneProducts(X,{Y|_}) contains {X*Y}.

allProducts({X|_},S) contains oneProducts(X,S).

Fi gur e 10: The Need of Par al l e l Envi r onment s .
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A single Cell

The Tag register

The first register

components

and the other

Other registers

Active Memory

Fi gur e 7: APor t i on of t he Act i ve Memor y.

Fi gur e 7 i l l us t r at es t he s t r uct ur e of t he AM: i t i s t he us ual ar r ay of ce l l s ; i n t hi s i mpl ement at i on a r eg
of each ce l l , t he tag regi ster, i s us ed t o i dent i f y a permanent s et . Ot her s et s ' e l ement s can be s t or ed i n t h
ce l l , but t hey be l ong t o t empor ar y s et s . The e l ement of t he permanent s et i s s t or ed i n t he �rst regi ster of
t he ce l l , t her e f or e a permanent s et i n t he AMi s r epr es ent ed as a col l ec t i on cont ai ni ng what i s i n t he �r
r egi s t e r s of t he ce l l s t hat have t he s ame val ue i n t he t ag r egi s t e r . Ther e f or e a permanent s et i s i dent i
j us t by a t ag.

The e l ement s of t empor ar y s et s ar e pl aced i n t he ot her r egi s t e r s of t he ce l l s , i n t he s econd, i n t he t h
and s o on. Ther e f or e a t empor ar y s et i s i dent i �ed by two numer s : a t ag pl us a number , s pec i f yi ng i n
whi ch r egi s t e r s of t he ce l l s per t ai ni ng t o t hat t empor ar y s et i t s e l ement s ar e s t or ed.

Whi l e s e t does not cont ai n dupl i cat ed e l ement s , t empor ar y s et may cont ai n t hem, becaus e t he dupl i cat e
check i s per f ormed onl y when t he �nal s e t i s c r eat ed. Such des i gn i s due t o t he f act t hat t he ext r a
comput at i on per f ormed her e ar e i n dat a, a compl et e des cr i pt i on of t he pr obl emcan be f ound i n [ SC92] .

6 The CM-Data-Array as an Interf ace between the Front- End

and the CM2

The CM- Dat a- Ar r ay i s a dat a s t r uct ur e s t or ed i n t he f r ont - end t hat i s us ed by t he mai n pr oces s or t o
addr es s t he s et s s t or ed i n t he Act i ve Memor y. I t i s a t abl e ( �gur e 8) and ( i n t he pr es ent ver s i on of t h
CM- SAM) each ent r y of i t i dent i �es a s et . Ther e f or e any r e f e r ence t o s et s i n t he f r ont end ar e r e f e r ence

PERM

PERM

DDT

Type Tag

<Tag>

<Tag>

<Tag>

---- ----

Register number

Reg. 0

Reg. 0

Reg. <n1>

--------

0

1

2

3

Fi gur e 8: St r uct ur e of t he CM- Dat a- Ar r ay.
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[1] map_over

[2] put_value

[3] put_variable

[4] call incr/2

[5] put_value

[6] put_variable

[7] call incr/2

[8] end_map_over

Fi gur e 6: Scheme of t he SAMcode f or doubleIncrSet

2. t o r ebui l d ent i r e l y t he mechani smof vi r t ual i zat i on, t ai l or i ng i t t o t hi s pr obl em

3. t o us e a mi xt ur e of t he �r s t t wo. The �r s t appr oach i s c l as s i cal i n s equent i al i mpl ement at i ons , howeve
her e t he i s s ue i s mor e cr i t i cal s i nce t he communi cat i on over head i s not under cont r ol and coul d l ead t
i ne�ci enc i e s . The s econd i s r eal l y har d t o handl e , s i nce ever yt hi ng has t o be t aken car e of , and t her e
t he r i s k ( s omehowpar adoxi cal ) t hat t he di �cul t y of t hi s t as k l ead t o a s l owand buggy i mpl ement at i on.
The bes t s ol ut i on appear s t o be t he t hi r d one whi ch i s a ki nd of compr omi s e between ( 1) and ( 2) and i t
has been t aken her e . We have t aken not e t hat t he oper at i ons on a s et pr oduce s ome i nt ermedi at e dat a
( on whi ch a dat a par al l e l execut i on i s pos s i bl e ) . However mi gr at i ng t hes e newe l ement s t owar d ot her ce l l
i s a us e l e s s oper at i on becaus e t hey ar e onl y t r ans i t or y dat a. Ther e f or e t hey ar e s t or ed i nt o t he ce l l s f
whi ch t hey have or i gi n. Thi s handl i ng mi ni mi zes t he i nt er - pr oces s or s communi cat i on i nt o t he CM2. Onl y
t he �nal s e t e l ement s ar e copi ed i nt o new ce l l s l eavi ng t he r out i ng mechani smup t o t he machi ne . As a
mat t er of f act t he e l ement s be l ongi ng t o s et s may be s epar at ed i n two c l as s e s :

(a) t hos e gener at ed as i nt ermedi at e r es ul t s of a comput at i on,

(b) t hos e pr oduced as a �nal r e s ul t of an as s er t i on.

To have a bet t er under s t andi ng of t hi s pr obl em, cons i der t he f ol l owi ng as s er t i ons , wher e doubleIncrSet

i ncr ement s t he e l ement s of t he ar gument s et by 2.

doubleIncrSet(fX| g) contains fincr(incr(X))g.
incr(X) = X+1.

Fi gur e 6 i l l us t r at es t he l i nes of t he SAMcode gener at ed f or t hi s as s e r t i on t hat execut es t he i ncr ement
X i n par al l e l on al l t he pr oces s or s on whi ch t he s et i s s t or ed.1 Her e bot h [4] and [7] act on a whol e s et :
t hey i ncr ement t he val ue of each e l ement s t or ed i ns i de t he s et . However t her e i s a di �er ence between t he
two s i t uat i ons , vi z. whi l e t he r es ul t of [4] i s needed onl y l ocal l y, t he r es ul t of [7] i s a gl obal r e s ul t w
mus t be kept f or f ur t her comput at i on. I n ot her wor ds , t he r es ul t of [4] per t ai ns t o c l as s ( a) whi l e t h
r es ul t of [7] t o c l as s ( b) . The choi ce of t hi s des i gn i s t o s t or e a s et of c l as s ( a) i n t he s ame ce l l s a
or i gi nal s e t and t o s t or e a s et of c l as s ( b) i n a new cl us t er of ce l l s . Si nce t he abs t r act des i gn of t he
as s oc i at es t o each s et e l ement i t s own ce l l , t hi s ki nd of i mpl ement at i on amount s t o handl i ng expl i c i t e
t he vi r t ual i zat i on f or s et s of c l as s ( a) and l eavi ng t hi s t as k t o t he under l yi ng s ys t emf or s et s of c l as

Such a choi ce yi e l ds an e�ci ent and f as t way of gener at i ng i nt ermedi at e s et s , whi ch ar e needed onl y l ocal l
and not gl obal l y, t her e f or e t hey do not need t o be bur dened by communi cat i ons . Fur t hermor e t hi s choi ce
keeps a s i mpl e s t r uct ur e f or gl obal s e t s : t he i r e l ement s mai nt ai n t he one t o one cor r es pondance wi t h a
AMcel l , pos s i bl y a vi r t ual one , maki ng eas y t he t as k of bookkeepi ng t he s ys t em, i dent i f yi ng gl obal s e t
der e f e r enc i ng t he i r e l ement s and s o on, as i t i s expl ai ned i n t he next s ect i on.

The i mpl ement at i on of t he AMon t he Connect i on Machi ne (CM-AM) i s bui l t upon two maj or ent i t i e s :

( a) t he Act i ve Memor y i t s e l f , whi ch cont ai ns t he s et s e l ement s i n i t s ce l l s ,

( b) t he CM-Data-Array, whi ch i s us ed t o i dent i f y t he var i ous s et s i n t he Act i ve Memor y.

1This is just a schemeof thereal code: not all theSAM instructionsneededareplacedandtheargumentsare left over inorder

tokeepthepresentationsimpler.
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Fi gur e 4: Gener al St r uct ur e of t he SAM

The stack handl es t he comput at i on. Two di �er ent e l ement s ar e s t or ed ont o i t : environments and choice
points [ Br u82] . An envi r onment i s s aved ont o t he s t ack when an as s er t i on i s cal l ed by anot her . I t cont ai ns
t he i nf ormat i ons ( gl obal r egi s t e r s , cont i nuat i on poi nt er , envi r onment addr es s ) needed t o cont i nue t he execu
when t he cal l ed SAMsubr out i ne i s �ni s hed. A choi ce poi nt i s us ed t o s ave t he SAMs t at us when a mul t i pl e
de�ned s ubs et as s er t i on i s eval uat ed.

The PushDownList i s us ed t o per f ormmat chi ng over t he e l ement s be l ongi ng t o s et s ( s uch as
ffunctor(X; a) j g) . The s t r uct ur ed dat a s ke l e t on i s bui l t ont o t he PDL by s ome dedi cat ed SAL i ns t r uct i ons
( store pdl ) .

The heapcont ai ns f unct or s and l i s t s ; �gur e 5 s hows howt hes e e l ement s ar e s t or ed i nt o t he heap. A l i s t i s
char act er i zed by a s equence of ce l l coupl es : t he �r s t cont ai ns t he cur r ent e l ement , whi l e t he s econd addr es s e
r emai nder of t he l i s t . A f unct or havi ng n-ar i t y i s char act er i zed by e s equence of n+1 ce l l s . The �r s t cont a
t he f unct or i dent i �er and i t s ar i t y, t he l as t n ce l l s s t or e i t s t e rms . Obvi ous l y t hes e s t r uct ur ed dat a ma
nes t ed each ot her .

Model l i ng the CM2 as an Acti ve memory

The activememory i s a col l ec t i on of memor y ce l l s t hat have a comput i ng power , i . e . t hey not onl y s t or e dat a,
but al s o per f orma dat a par al l e l execut i on. Ther e f or e , as be s een i n �gur e 4, t he act i ve memory i s i mpl ement ed
on t he CM2 wher e a phys i cal par al l e l execut i on i s pos s i bl e ( whi l e ot her machi ne modul es , e . g. t he stack, t h
heap and s o on, r e s i des on t he f r ont - end becaus e t he i r execut i ng mode l i s i nt r i ns i cal l y s equent i al ) . Ever y s i
s e t dat a i s bound t o a s i ngl e act i ve memory ce l l t hat has a comput i ng capabi l i t y. The ver s i on of t he CM2 t hat
we us e her e has 16Kpr oces s or s and t he s et di mens i on of s ome s our ce code may exceed t hi s number . Ther e f or e ,
i t i s neces s ar y bi ndi ng mor e ce l l s t o a s i ngl e phys i cal pr oces s or s . Thi s oper at i on may be per f ormed f ol l ow
t hr ee di �er ent appr oaches :

1. t o l eave ever yt hi ng up t o t he machi ne ,

Const 1

List 123

Const 2

List 125

......

Const 5

Nil Nil

Const b

g 2

Const c

f 2

Const a

STR 127

127

128

129

130

131

132

[1,2,3,4,5] f(a,g(b,c))

Fi gur e 5: The Phys i cal I mpl ement at i on of l i s t s and f unct or s
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[1] allocate % An environment is

% allocated onto the stack.

[2] get_set A1 Y1 % It verifies if A1 contains

% a set reference.

[3] start_set_match Y2

[4] store_pdl_functor func/2 % The set matching is

[5] store_pdl_const a % prepared by store_pdl

[6] store_pdl_value Y3 % instructions.

[7] get_variable A2 Y4 % Y4 addresses where writing

% the solution.

[8] map_over_matching Y1 Y5 Y2 end % Iteration and matching on

% set elements starts

[9] start: put_value A1 Y3 % Put instructions handle

[10] put_variable A2 Y6 % value passing to the g/2

[11] call g/2 % assertion.

[12] union Y4 Y6 % The new solution is

% collected to the preceding

% ones.

[13] end_map_over_matching Y5 Y2 start

[14] end: deallocate % The environment is deallocated

% from the stack.

[15] proceed

Fi gur e 3: An exampl e of SEL as s embl y code

� a PushDownList,

� a o e rea,

� an mulator,

� an ctive emory.

The �gur e put s i nt o evi dence t hat t he abs t r act machi ne s of t war e act s par t i al l y on t he CM2 f r ont - end ( i n our
i mpl ement at i on i t i s a SUN4) and par t i al l y on t he dat a- par al l e l pr oces s or s . The s t ack, t he r egi s t e r s , t he h
t he PDL and t he code ar ea handl e t he memor y i n t he f r ont - end, whi l e t he active memory handl es memor y
and pr oces s or s of t he CM2. I n f act t he name act i ve memory has been chos en becaus e i t changes t he CM2 i nt o
a memor y t hat i s abl e t o per f ormcomput at i on. I n t he l as t par t of t hi s s ect i on t he pr i nc i pal e l ement s of t h
SAMar e out l i ned.

The r egi s t e r s us ed dur i ng an execut i on of a SEL pr ogr amar e :

� P pr ogr amcount er : i t addr es s e s t he next i ns t r uct i on t o be execut ed.

� Pcont i nuat i on poi nt er : t he PCval ue i s s aved i nt o CP when a newnes t ed as s er t i on i s cal l ed.

� cur r ent envi r onment : i t addr es s e s t he t op envi r onment ont o t he s t ack.

� L Pl as t choi ce poi nt : i t addr es s e s t he t op choi ce poi nt ont o t he s t ack ( i t i s us ed when mul t i pl e de�ni t i o
of a s ubs et as s er t i on exi s t ) .

� i t addr es s e s t he t op of t he heap.

� s t r uct ur e poi nt er : t he S r egi s t e r i s us ed t o per f ormmat chi ng oper at i ons on s t r uct ur ed dat a.

� , , . . . , nar gument r egi s t e r s : t hey ar e us ed t o per f ormar gument pas s i ng between cal l ed and cal l i ng
as s er t i on.

� , , . . . , n t empor ar y r egi s t e r s : t hey ar e us ed t o s t or e l ocal vaar i abl e s .

4
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Fi gur e 2: The SEL execut i on phas es

The SEL compi l e r does n' t t r ans l at e di r ect l y t he SEL s our ce code i nt o CM2 machi ne code or , f or exampl e , i nt o
C*, becaus e t hi s appr oach i s exces s i ve l y di �cul t . Our compi l e r t r ans l at es SEL i nt o a s equence of i ns t r uct i o
t hat ar e pr oces s ed by an under l yi ng s of t war e l ayer ( t he s ubs et abs t r act machi ne) ; i t s goal i s t o appr oach t
CM2 t o t he comput i ng mode l of SEL ( t he next s ect i on pr es ent s t he pr i nc i pal f eat ur es of our abs t r act machi ne) .

Fi gur e 2 put s i nt o evi dence t hat a s ubphas e of compi l at i on may be managed by s ome abs t r act anal yzer s
[ Nai 88] . The i r goal i s t o evi dence r e l evant pr oper t i e s of t he pr ogr am, s i mpl y t hr oughout i t s anal ys i s and not
execut i on. Wi t h t he he l p of t hes e i nf ormat i ons t he compi l e r may wr i t e mor e f as t and conc i s e code s peedi ng up
t he execut i on of t he pr ogr am. For exampl e t he compi l e r per f orms s ome opt i mi zat i ons , s uch as L ( i . e . Las t
Cal l Opt i mi zat i on) and nvironment rimmin ( [ AK90] ) . Bes i des , us i ng a per s i s t ency anal ys i s , i t can have
a meas ur ement of t he l i f e t i me of obj ect s at compi l e - t i me. A det ai l ed des cr i pt i on of abs t r act anal yzer s can
f ound i n [ SMC+91] .

Fi gur e 3 pr es ent s t he SAL code of t he as s er t i on
( ffunc( a; X) j g) contains (X) .

Thi s as s er t i on �r s t l ocat es al l t he e l ement s be l ongi ng t o t he s et t hat ar e f unct or s wi t h i dent i �er unc ) a
�r s t t e rml i t e r al a, t hen execut es t he g 2 as s er t i on on ever y mat chi ng s econd t erm( ) . I n l i ne [ 1] of �gur e
an envi r onment i s al l ocat ed ont o t he s t ack ( t he envi r onment cont ai ns permanent var i abl e s and s ome abs t r act
machi ne r egi s t e r s t hat ar e overwr i t t en execut i ng nes t ed as s er t i ons ) . The get set i ns t r uct i on of l i ne [ 2] ve
i f t he �r s t ar gument of Chk ( t hat i s put i nt o r egi s t e r A1) i s a s et . At t hi s poi nt t he s et mat chi ng oper at i on
pr epar ed by s t or i ng s ome i nf ormat i ons i nt o t he PushDownList. The r egi s t e r Y2 cont ai ns t he addr es s of �r s t
ce l l of t he PDLwher e t he mat chi ng s ke l e t on i s s aved. Li ne [ 3] , [ 4] , [ 5] wr i t e r e s pec t i ve l y t he f unct or i dent i �
�r s t gr ound t ermand t he var i abl e t o whi ch t he s econd t ermof t he f unct or mus t be bound. Li ne [ 7] wr i t e s i nt o
r egi s t e r Y4 wher e wr i t i ng t he s ol ut i on. Fr oml i ne [ 9] t o l i ne [ 13] t he map over i ns t r uct i ons per f ormt he i t e r a
over t he e l ement s be l ongi ng t o t he s et . The mat chi ng oper at i on i s execut ed at t he s ame t i me over t he e l ement s
be l ongi ng t o t he s et ( t hat ar e di s t r i but ed i nt o t he l ocal memor i e s of CM2 dat a- par al l e l pr oces s or s ) and pr odu
a new col l ec t i on of dat a. I n l i ne [ 9] and [ 10] t he ar gument s of t he g 2 as s er t i on ar e pr epar ed; t he r egi s t e r
addr es s e s t he col l ec t i on of dat a gener at ed by t he s et mat chi ng and A2 poi nt s t he envi r onment ce l l wher e t he
s ol ut i on mus t be put . When t he as s er t i on g/2 i s execut ed, t he abs t r act machi ne ver i �es t hat i t s �r s t ar gumen
cont ai ns a r e f e r ence t o dat a di s t r i but ed over CM2 pr oces s or s and, t her e f or e , pr e f orms a par al l e l comput at i on
t hem. The uni on i ns t r uct i on at l i ne [ 12] col l ec t s t he news ol ut i on t o t he pr ecedi ng ones ( col l ect -al l assumpt i on

The ubset Abstract Machi ne

The be l ongs t o t he [ AK90] f ami l y, s i nce i t s gener al s t r uct ur e r es embl es t hat of t he WAM. However
t her e ar e numer ous di �er ences . Whi l e t he cor e of t he WAMi s t he handl i ng of uni �cat i on capabi l t i e s , t he SAM
cor e i s t he handl i ng of s e t s .

The Subs et Abs t r act Machi ne i s a s of t war e l ayer t hat adj us t s t he machi ne ar chi t ect ur e t o execut e SEL
as s er t i ons . I n t he i nt r oduct i on we have wr i t t en t hat onl y pr ogr ammer s t hat know t he ar chi t ect ur e det ai l s o
par al l e l comput er s ar e abl e t o achi ve t he i r bes t per f ormance . I n our i mpl ement at i on t he ar chi t ect ur al det a
ar e handl ed by t he abs t r act machi ne : t he SAMdi s t r i but es dat a i nt o t he di �er ent pr oces s or s of t he CM2, t he
SAMper f orms par al l e l comput at i on and t r ans f e r s newdat a i nt o f r ee pr oces s or s . I n t hi s way t he t he comput i ng
mode l of CM2 i s compl et e l y hi dden t o t he pr ogr ammer .

Fi gur e4 out l i nes t he gener al s t r uct ur e of t he SAM; t he mos t s i gni �cant e l ement s ar e :

� a col l ec t i on of machi ne re isters,

� a tack,
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f (terms) expressi on.

Thei r execut i on may be di vi ded i nt o two par t s . I n t he �r s t t he mat chi ng of t he ar gument s i n t he as s er t i on
head ar e ver i �ed. The oper at i on r epl aces var i abl e s by gr ound t erms . I n t he s econd par t of t he execut i on t h
expression s i de ( s ee above) i s s ol ved. At t hi s poi nt t he as s er t i on f i s equal or cont ai ns ( i n t he cas e of s ub
as s er t i on) t he gr ound i ns t ances of expressi on.

The f ol l owi ng exampl e des cr i bes howwe can de�ne t he permut at i on of t he e l ement s be l ongi ng t o a s et .

perms(fg) = f[]g.
perms(fx|tg) contains distr(x,perms(t)).

distr(x,ft| g) contains f[x|t]g.

When a quer y ( e . g. ?-permsfA, , g) mus t be execut ed, t he mat chi ng between t he cal l i ng f unct i on and t he
ar gument s of t he as s er t i on head i s ver i �ed. The behavi our of t he s et mat chi ng i s r at her pecul i ar . I n t he examp
t he mat chi ng between t he gr ound t ermfA, , g and t he s et de�ni t i on fx|tg pr oduces di �er ent r es ul t s .

� x A, T f , g

� x , T fA, g

� x , T f ,Ag

Thi s behavi our i s what we cal l impl i ci t i t erat ion, vi z. , s e l ec t i ng t he e l ement s of a s et one at a t i me. For ever
pos s i bl e mat chi ng t he i str as s er t i on i s execut ed; i t s �r s t ar gument i s t he gr ound t ermbound t o t he x var i abl
and t he s econd i s t he col l ec t i on of ever y pos s i bl e permut at i on appl i ed on s ubs et t ( t hey ar e obt ai ned by t
r ecur s i ve l y execut i on of er ) . For ever y di �er ent mat chi ng t he i str as s er t i on pr oduces a new r es ul t ( �gur
1) , t hes e r es ul t s ar e col l ec t ed t oget her and t hey become t he �nal r e s ul t of t he as s er t i on.

The i mpl i c i t i t e r at i on on t he e l ement s be l ongi ng t o a s et i s ver y us e f ul t o i mpl ement SEL on a dat a par al l e
ar chi t ect ur e . I n f act we can not i ce t hat t he s ame oper at i ons ar e appl i ed on di �er ent dat a. Thi s i mpl i c i t da
par al l e l i smmay be expl oi t ed by di s t r i but i ng e l ement s be l ongi ng t o s et s on t he pr oces s or s of a SIMDmachi ne
and per f ormi ng par al l e l execut i on. The next exampl es per f orms ome s i mpl e oper at i ons : t he pr oduct , t he
i ns t er s ect i on and t he s quar e of ever y e l ement i nt o t he s et .

setproduct(fX| g,fY| g) contains fpair(X,Y)g.
intersect(fX| g,fX| g) contains fXg.
sets uare(fX| g) contains fX*Xg.

setpro uct pr oduces ever y pos s i bl e pai r s of t he e l ement s be l ongi ng t o t he �r s t and s econd s et , whi l e intersect
pr oduces t he i nt er s ect i on between t he two s et s . sets uare comput es a news et t hat i s c r eat ed f r omt he s quar e
of t he e l ement s be l ongi ng t o t he s t ar t i ng s et .

The E Compi l er

Thi s s ect i on des cr i bes t he compi l e r . Li ke f or Pr ol og, we can l ocat e two di �er ent phas es i n SEL execut i on [ JN8
( s ee �gur e 2) :

� compilationf r omSEL t o SEL as s embl er l anguage ( de�ned SAL) ,

� e ecutionof SAL code on t he ubs et bs t r act achi ne ( de�ned SAM) .

Distr(x,perms(t))

Matching

x <- A; t <- {B, C}

x <- B; t <- {A,C}

Distr(A,perms(B,C))

Distr(B,perms(A,C))

x <- C; t <- {A, B} Distr(C,perms(A,B))

{[A,B,C], [A,C,B]}

{[B,A,C],[B,C,A]}

{[C,A,B],[C,B,A]}

Fi gur e 1: A s ke l e t on of perms execut i on.
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Introducti on

Nowadays we wi t nes s t he deve l opment of dat a par al l e l and pr oces s par al l e l ar chi t ect ur es . They have a gr eat
comput at i onal power , but i t i s di �cul t wr i t i ng pr ogr ams t hat r eal l y expl oi t i t . The r eas ons t hat expl ai n t
s i t uat i on ar e t he f ol l owi ng. Fi r s t of al l , onl y pr ogr ammer s t hat knowar chi t ect ur e det ai l s of par al l e l comput e
abl e t o achi eve t he bes t per f ormance f r omt hem. As a mat t er of f act i t i s ver y i mpor t ant howdat a and pr oces s e s
ar e deve l oped and as s i gned t o pr oces s or s . A good pr ogr ammer mi ni mi zes t he execut i on over head t hat i nt er -
pr oces s communi cat i on and s har ed var i abl e s acces s may caus e . Bes i des a good i mpl ement at i on i s not s u�ci ent
t o us e at bes t a par al l e l ar chi t ect ur e , becaus e chos i nge t he al gor i t hms t hat expl oi t t he machi ne par al l e l i
ver y i mpor t ant t oo. Unf or t unat e l y t he pr ogr ammi ng l anguages t hat ar e wi de l y us ed ar e t he i mper at i ve ones ,
t hey gr eat l y f ee l t he e�ect of t he above- ment i oned pr obl ems . Thes e l anguages dec l ar e expl i c i t l y t he oper at i
t hat t he pr oces s or s have t o do t o r each t he s ol ut i on ( i . e . i t i s de�ned t he cont r ol of t he pr ogr am) . Evi den
t hi s appr oach l ays compl et e l y upon t he pr ogr ammer t he r es pons i bi l i t y of chos i ng t he pr oper al gor i t hmand
of i mpl ement i ng i t . We t hi nk t hat dec l ar at i ve l anguages ar e mos t s ui t ed t o be us ed on par al l e l ar chi t ect ur
becaus e t hey de�ne expl i c i t l y t he l ogi c of t he pr ogr am, l eavi ng t he cont r ol i mpl i c i t . The \onl y" wor r y of t
pr ogr ammer i s t o des cr i be what t he pr obl emr eal l y i s and not t he oper at i on s equence needed t o s ol ve i t . I t i
up t o compi l e r and execut or t o devi de t he j ob i nt o di �er ent pr oces s e s and t o di s t r i but e bot h t hemand dat a
on machi ne pr oces s or s . The number of l ogi c and f unct i onal l anguages i mpl ement ed on par al l e l ar chi t ect ur e i
gr owi ng. However mos t of t hemonl y expl oi t e i t her dat a- par al l e l i smor pr oces s - par al l e l i sm. We have chos en t
i mpl ement a l ogi cal l anguage bas ed on t he s et dat a s t r uct ur e , t he Subs et Equat i onal Language ( cal l ed SEL) .
I t i s s ui t ed t o be i mpl ement ed bot h on a dat a par al l e l machi ne and on a pr oces s - par al l e l one . I n t hi s paper w
des cr i be t he dat a- par al l e l i mpl ement at i on of SEL on a Connect i on Machi ne 2.

2 The E anguage

The Subs et Equat i onal Language was deve l oped by Jayar aman et al . [ JN88] at UNC/Chape l Hi l l at SUN-
Y/Bu�al o. I n t hi s s ect i on we gi ve onl y an over vi ewof t he l anguage t hr ought s ome exampl es , a mor e exhaus t i ve
des cr i pt i on of i t can be f ound i n [ Suc91] .

ASEL pr ogr ami s a col l ec t i on of equat i onal and s ubs et as s er t i ons :

f (terms) expressi on.
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