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1. lNTRODlTC;'fION 

The ever dec:1·easi11g C'.OSt,s ar1cl sizes of p1·oc:,essors, t,l1eir ever· i11cr·easing 
speeds, f'aster and wicler-ba11d-\vidtl1 c~o1111-11u11icatio11 li11ks, a11d global 11et,
works l1ave 111c1cle t,he pot.e11tic1,l of <lpplying t,l1e c~o111putatio11al power· of sev
eral ( ever1 hl111dreds arid t.l1ousa11cls) of proc:essors to a si11gle c1pplicat,io11, a 
r·eality. Conc:eptuc1,lly, tl1e sig11ifica11c:e of tl1e availability of· so 111a11y p1·oces
sors to work on ar1 applicat.io11 goes beyor1cl perfo1,111c1nc'.e issues. 

Tl1e 111ere idea of alloc:ati11g 11101·e t.l1ar1 011e 'Wor·ke·r to tl1e sa111e task i1n
rr1ediately 01)er1s up a 11evv 1)roble111 solvi11g pc1raclig111, a11cl si111ultc1neol1sly, 
pr·eser1ts a 11ew cl1alle11ge. Tl1e pa1·acligr11 is c:orz.c·ztr'rency, c111cl tl1e cl1alle11ge 405 
is coor·diriatiori. 

We co11sider tl1e p1·obler11 of c~oorcli11c1tio11 of very lar·ge r1t1111bers of con
current, ac'.t,ive e11tities tl1at 111l1st. coope1·ate with eacl1 other i11 t,l1e c:011text 
of a si11gle applicat,io11. We gi'1re a rJ1·iet· proble111 desc1·iptio11 and l1istory 
i11 sectio11 2. 111 sectio11 3 we ciisti11guisl1 betwee11 corrir1i1tnication c1nd co
ope'ration, a11d sl1ow tl1e 11eed for· a c:ol1er·e11t 111odel ctr1cl la11guage to de
SC'.ribe tl1e cooperatio11 protoc~ols of" active e11tit,ies ir1 111c1,ssively c:011current 
syst,e111s. Next, two r11odels are co111pa1·ecl, tl1e c·111·1·e11tly 111ost widely used 
Taryeted-Serid/Rec::ei·i1e, or TSR 111oclel a11d c.1 11ew coordi11c1.tio11 111odel, Ide
alized W O'r·ke'r· I dec1,lized M ar1,<ige,r· (IWIJ\1) 111odel. ..A.. spec:ific: coordination 
la11gt1age [1,2], c:ctlled MANIFOLD, the-it is based 011 the ge11eric 111odel pr·o
posecl i11 sec:tior1 3 is described ir1 sectio11 4. S0111e of tl1e i11te1·esting features 
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of MANIFOLD a1·e sl1c)\v11 tl11·()t1gl1 <:\xcllllJ)lf\s i11 tl1is s<·c·t.ic)11. Tl1t· c~c)11c:·l11sic)11 
of' tl1e 1)a.1)e1· is i11 sec·tio11 5. 

2. CONC'LTl{RF:NT PROC;R1\l\.l f\11 Ne·; 

Co11c·t11·1·e11c·y is ctl)ol1t. t,ll(' l:lx1)1·essic)11 c)f cl <·01111)11t.ftt.io11 ;_,-1.s a set. of· c·o11c·t11·-
1·e11t. cl.t·t.iv'it.ies. As st1c·l1, it is cl J)1·ol)lc111 sc>lvi11g 01· ,1. l)l'C)g1·a111111i11g l)clr·a(iig1t1. 
Pa1·c1llelis111 is al)C)llt allc)c·c1t.i11g 111c)1·c· 1·es()111·c•cls t.c) <.'ct1·1•.)r ot1t a. give11 c.·0111pt1-
ta t.io11. ..t\.s s11cl1, it. is a 111t"}t l1c)cl f'o1· r·c~cilizi11g cl sc.) 111 tic)11, i.e., t.o c· a1·1~y o ll t cl 
COlll l)ll t.atio11. 

Of c~our·se, tl1e st.t1dy a.11cl t·.l1c cl-I)I)lic·itt.ic)11 of· c·o11ct11·1·e11c·y i11 co1111Juter· 
sc:ier1ce l1as a 1011g l1ist.or3r. Tl1e st. t1cly of cleaclloc:ks, t.l1e cli11i11g l)l1iloso1)l1e1·s, 
a11d tl1e defi11it,io11 of· se111a1)l101·es c:1,11d 111011it.01·s vve1·e all ,vell est.ablisl1ed by 
tl1e ea1·ly sever1t,ies. HowE?'vr<::~r·, it is illt1111i11ctti11g t.o 11c)t.e t.l1a.t tl1e 01·igir1al 
c:011t.ext for t.l1e i11te1·est. i11 c·o11c·t11·1·e11c:,r was so111ewl1,1t clifi'e1·e11t tl1a11 t.oday 

~ ~ 

i11 t.\,\ro 1·es1)ec:t.s: 

• I11 tl1e ear·ly clc1.ys c)f. C'.0111 pt1 t i11g, l1a1·cl wc11·e 1•(_:}sot11·c·es \Vere 1)r·ol1i l)it,ively 
ex1)e11siv•e a11cl l1ad t,o l)e sl1a1·ecl c1111011g sever·c:11 1)r·ogr·a111s tl1c:1t. l1ad 
11otl1i11g t.o do ,\ri tl1 ec:"tcl1 ot,l1e1·, exc:e1)t. f'o1· tl1e fact. t.l1at: tl1ey wer·e 
u11l ucky e11ot1gl1 t.o l1c:1ve t.o co1111)ete wit.h ea.cl1 otl1e1· t·or c:l sl1are of' t.l1e 
sa111e 1·esot11·ces. Tl1is \.V,1s t.l1e co'nC'llr·ren.cy o.f co'm,pet,itiori .. 

• Tl1e falli11g costs of J)r·oc:essor· a11d c:0111111t111ic'.atio11 l1ar·d,vare 011ly 1·e
cer1t.ly dr·opped l)elow t.l1e tl1resl1old wl1er·e l1avir1g very la1·ge 11ur11bers 
of 'acti\re e11tities' i11 a11 applicat.io11 111akes se11se. Tl1us, it is 110 111ore 
ur1realistic to t.l1i11k tl1at a single applic:atio11 c:a11 l)e <~0111posed of l1l111-
dreds of t,l1ousa11ds of act,ive e11t.it,ies. Tl1is is tl1e c·onc'lLrr·ericy of coop
e1--atio'ri. Co111pared to classical uses of' co11c:u1·1·e11c'.y, tl1is is a ju111p of 
sever·al or·de1·s of 111ag11it.ude i11 r1t1111ber·s, ar1cl i11 our· view, represer1ts 
( the 11eed t·or·) ,1, c111alit,a.ti ve cha.11ge. 

Tl1eo1·etical wor·k i11 t.l1is area, e.g., 1r-calc11l11s 01· p1·oc~ess algel)r·a, is st,ill 
• 

too funda111e11t,al to l)e t1se(l dir·ectly ir1 lar·ge c:011ct11·1·e11t c:1l)l)lic:at.io11s. 011 
the otl1er hand, tl1e tr·iecl a11d t.r11e n1odels of coope1·atio11, sucl·1 as clie11t
se1·ve1·, bar1·ier sy11cl11·onizat,io11, etc., t.l1at a1·e used i11 I)rc1ct,ical c1l)1Jlicatior1s 
of toda:y· a1·e si111ply a set of ad-l1oc, special-case t,er11plat.es; tl1ey do 11ot 
co11stitut.e a col1e1·e11t, pc11·adig111 for t,l1e defi11itio11 of' c~oo1)e1·at,io11 })rotocols. 

We believe tl1e1·e is a clear· 11eed f·o1· progra111111i11g 111odels t.l1at explicitly 
deal \vit.11 co11cur1·e11c:y of c.:ooperat,io11 c1.111ong ve1·y lar·ge 11u1111)er·s of' act.ive 
er1t.ities that co111pr·ise a si11gle appli(~c1t,io11. Suc:11 111odels ca1111ot be built, as 
exte11sior1s of tl1e seqt1e11tial progra111111i11g l)a.radig111. Because Stich a1)plica
tio11s C<:1.Il l)e dist,1·ibt1t.ecl over· cl 11etwork. we believe sucl1 111odels ca11r1ot be 

' 

based 011 sy11cl11·011ot1s 111odels ot· co11(·t11·r·e11cy. 
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It. is i1t11)01·t.cl11t. t() clisti11gl1isl1 l)('t\v'('<\11 t 11<\ c·<)Il(.('l)tl1:1.l 111c>cl<:1l c:l<\sc:·1·il)i11g t·,l1e 
(:'() () pc~1· cl t. io 1·1 0 f' cl ll ll lll l)c~r· () f' { '() 11 ( 'll l'l'('\ 11 t. 1) l'() ( '(\SS('\S ill cl.l l i:l }) J) 1 i ('cl t i () 11, i:tl l<l t.11 (\ 
l111clt,r·lyi11g 111ocl<:) 1 of' c·o111111 l111ic·,t t i<)ll c.>11 t <)J) <)f. \\: 11 i< ·11 st1c·l1 c·<-JC>}.>< 1 1·<1t.ic_>11 is 
i1111.>lE~111e11t.c.~cl [3]. 

T l1t1 l) 1·i111 ,11'}' c·c111c •t)1•11 i11 t l 1 c... < l (1sig11 (_) f' cl. ('() 11 c· 111·1•c)11 t. ,l.J)l) 1 i C 'cl.t. ic·> 11 111 lIS t. l)(l 

its 111<)<ll~l c)f' c·oc>J)<'.'lr·,1t,ic)11: l1<)W tl1c~ vc11·ic>11s c1.c·t.ivE:1 <'lltitic~s <'.<>1111)1·isi11g t.11<; 
,lI)plic:at.i<)Il ctr·c~ t.o c·c><)l)e1·,tt.c ... vvitl1 ec:ic·l1 c)t.l1e1·. EvE:11t.11c1lly, cl ('()111111t111ic·,_1tio11 
111odel 111ust, l)e t1sc~cl t,o r·c",_-tlizc\ \\rl1,1t.eve1· 111c)ci.el cJf. c·oc)1>c\1·at.i<)11 clJ)plic·at,i()l"l 
desig11c~1·s 01)t; f'c)I', c111cl t,l1c~ c:c)11c:c"'1·11s for· J)t;1~f·o1·111c1.11c:c~ 111;:ty i11cii1·t:~c·tly c:1ff ec·t, 
tl1ei1· clesig11. N ev"e1·t.l1eless, it is i1111)01·t,ct11t. t.o 1·c~c1lize tl1clt, t,l1e c·c)ll<'.f)I)t.ual gc:lI) 
l)et,wee11 t.l1e systc~111 SllJ)JJ<)1·t.c:cl c~o1111111111ic~c1tior1 1)1·i111it.ives c111c:l a c·o11c~:l11·re11t 
a1)plic'.at,io11 11111st, oft1<~~11 l)e fillc~cl wit,}1 cl ll()11-t1·iv·i,1l 111oclcl c>f c~<)C)l)er·at,io11. 

Tl1e1·c is 11c) l)c1r·ciclig111 wl1c".1·c~i11 \Ve c··ct11 syrst.c1 111c1t.ic·t1.lly t,ctlk cll)Ollt c·oc)1)e1·a
t. iC)ll of c:lc·:t, i V('> E~llt i t,ies, clll<l W l1C'l'("i11 W(~ ('c)ll (''() 111 l)()S(~ ('()()J) (:'>l'ctt,ic)ll sc·e11ar·ios. 
Co11sec111c11t.ly, J)1·c)gr·c1111111e1·s 11111st, cli1·c~c·tly clec:tl wit.11 t.l1c~ lc)\VC~1·-level <·'.c)111111u-
11ic:c1tio11 J)1·i111it,ivcs t.l1c1t. c·o1111.)1·ise tl1e 1·(\c1lizc1t.ic)11 of· t,11(~ c·c)C)l)e1·at,io11 111c)del of 
cl c·c)11c~t11·1·e11t ctl)J)lic~atio11. Bc~c·ctus<.· t.l1es<~ 1)1·i111it.ivc~s c1re ger1er·ally sc:c1t.te1·ecl 
t.l11·011gl1out, t.l1e sol11·c'.t~ c·ocle of· t.l1e clJ)l)lic·c1t,io11 c111rl ,11·e ty1)ic~c1lly i11ter111ixed 
wit,11 11011-C'.01111111111ic·clt,io11 c1pplicat.io11 coclc, tl1e c:C)()J)C~1·at.io11 11·1c)del of' a11 a.J)
plicc1,tio11 ge11e1·ally 11eve1· 1r1c1,11if'est.s it.self i11 cl t:a11gible fo1·111 --- i.e., it is 11ot clll 
ide11t,ifial)le l)iec'.e of s0111·c:e cocie t.l1at, cc111 be dcsig11ed, clevelc)1)ed, c.lc~r)ugged, 
111ai11t,air1ed, a11cl 1·et1sed, i11 isolc1.tio11 f1·0111 t,l1e rc~st. of t,l1c apJ)lication code. 

3.1. Th,e TSR ·rricJ(lel of c:o·r11.rri·u:riic:at·ion. 
A c~or11111c)11 c:l1c1rct<'.ter·istic: of 111c>st flc1vo111·s of' t,l1e 111essc1.ge passi11g r11odel of 
co111111u11ic'.at,io11 is tl1e dist.ir1c'.tio11 1)etwee11 t,l1e r·oles tl1ey assig11 to tl1e t.wo 
active entities i11volved i11 a C'.C)r111111111icat,io11: tl1e se11de1· a11c1 t.l1e 1·eceive1·. A 
se11der· .s ty1)i(·ally ser1ds a 111essage ·r11. to cl 1·t~c:ei ve1· ,,. . Tl1e se11d operc1tio11 
is ge1-1erally ta1·getecl t,o a SJ)e(~ific'. (set of) r·ec'.ei ver·( s). A 1·eceiv(~1· ,,. , 011 tl1e 
otl1er· l1ar1d, typic:,1lly waits t,o r·ec·ei ve a 111essage ·111. f1·0111 a11y se11de1·, a.s 407 
it, 11or111ally l1as 110 J)t'i()l' k11c)wleclge of' t.l1e 01·igi11 of tl1e 111essage(s) it, 111ay 
r·eceive. We use t,l1e te1·111 Ta,r9eted-Senli/lle(:eii;e , or TSR, to 1·efe1· to t.l1e 
c:or11r11 l111ic-.ation 111odels tl1at, sl1are tl1is c~l1ar·ac'.t,e1·istic. 

Co11sider tl1e f'ollowi11g si111J)le exa111ple of· a c:011c'.t11·1·e11t a1)J)licatio11 wl1er·e 
the two ac'.tive er1t,i ties (i.e., p1·c)cesses) p ctr1cl q 111ust, c:001Je1·at,e vvitl1 eacl1 
ot,l1e1·. Tl1e J)l~OC'.ess p at sc)111e r)oir1t p1·ocl lIC'.es two values w l1icl1 it 111t1st J)ass 
011 to q. Tl1e sot11·c~e c·ocle f'or· t.l1is co11c'.t11·rer1t aJ)I)lic:at,io11 looks s0111et,l1i11g 
like tl1e followi11g: 
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process p: 

compute ml 

send ml to q 

compute m2 

send m2 to q 

do other things 
• receive m 

do other computation using m 

process q: 

receive ml 

let z be the sender of ml 

receive m2 

compute m using m 1 and m2 

send m to z 

Tr1(~ first sig11ific:ar1t, poi11t i11 tl1e c1l)Ov"e list,i11g is tl1at t,l1e co111111l111ic'.atio11 
c:'.011c:er11s ar·e 111ixecl c111cl i11t.e1·sperst;cl wi t.11 c:01111)t1 t,c1.t, io11. Tl1is clec:1·ectses tl1e 
t111de1·st,a11clability, tl1e 111c1i11t.e11al)ili ty .:111d re-lISctl)ility of' t.l1e c~ooperc1tio11 
111odel. 

Tl1e sec~o11d sig11ific:a11t, l)Oi11t t,o 11ot,e is tl1e r1eecl of' s1)ec:it:yi11g c:1 tc:11·get f'c)r 
tl1e se11cl c111cl t.l1E:~ ctsy111111et.1·y l)et,wl~e11 se11cl c111cl r·ec:ei ve oper·ctt.ior1s. Tc1r·get.ecl 
ser1cl stre11gt,l1e11s tl1E"' clepe11c·lE:~11c·E'. of i11clividt1c1l pr·oc~essE~s c>11 tl1ei1· e1·1viror1-
111e11t .. Tl1is t,clo clir11i11isl1es t,l1e r·elISctl)ilit.y arrcl 111c1i11t,e11c1l)ilit.y of l)r·ocesses. 
Ir1 t,l1is 111oclel, del)l1ggi11g a11cl provi11g p1·ogr·a111s co1·1·ec'.t ctr·e cilso 11ot, tr·ivial: 
a p1·ocess is 11ot, a \Vell-er1cc:1,ps11lat,ed c~orrcept i11t,o tl1is 111oclel, it s0111et,i111es 
11eeds the existe11ce of s0111e otl1er valicl l)roc:esses t,o be valid. 

3. 2. Tfie IWIM rriodel of com,rn'Ltnicatio'n, 
Ir1 tl1e followi1·1g, we c:011sider a11 alterr1ative gene1·ic: rnodel of c:0111111u11ication 
tl1at, u11like the TSR. 111odel, SllJlpor·ts the separatio11 of 1·es1)011sibilities arid 
er1cour·ages a weak depe11de11c:e of wo1·kers (pr·oc:esses) 011 t,l1eir enviror1111e11t. 
\Ve refer· to this ge11eric: 111odel as t,l1e Idealized W 01·ker· Idealized Manager 
(IWil\1) 1r1odel. 

The basic: co11cepts in tl1e IWIM 111odel ar·e processes, e'vents, por·ts, and 
channels. A proc~ess is a black box witl1 well-defir1ed port,s of c~or111ectio11 

408 throl1gh wl1ic:h it, exc:l1a11ges 'units of ir1for111ation wit,h the other processes 
in its environ111e11t. A port is a na1necl openi11g i11 the bour1ding walls of a 
pr·ocess t,hro11gl1 which units of ir1forr11ation are excl1a11ged usi11g standard 
I/O type J)ri111itives a11alogo11s to r·ectd and write. Witl1out loss of ge11erality, 
we assl1111e that eacl1 port is lised for tl1e exchc:1.r1ge of inforr11ation in only 
011e di1·ec~tic)11: eitl1er into ( ir1p11t, por·t) 01· 011t of ( outpt1t port,) a process. We 
11se the 11otatio11 p:i t,o refe1· to tl1e por·t ·i of t.l1e pr·oc·ess i11sta11ce p. 

The i11t,e1·c:01111ec-.tio11s lJetvvee11 tl1e ports of processes c11·e 111ade th1,ougl1 
cha1111els. A c:l1a11r1el co1111ec'.ts 21 (por·t of a) p1·ocluc~e1· (pr·ocess) to a (port of 
a) co11s1.1111e1· (process). We wr·ite p.o~q.i to de11ote a cl1a1111el co11necting 
the por·t o of t,l1e pr·oci11c:e1· J)roc:ess p t.o tl1e J)or·t. ·i of' tl1e c:or1st11ner process 
q. 

I11deper1de11t of the c:l1c1.r1r1els, there is ct11 eve11t, 111ecl1a11is1r1 for i11for111atio11 



excl1a11ge i11 I\VIl\11. Evt~11t,s a1·<1 l)1·c)c:1clc:a,st 1))7 t,l1E~i1~ S()l11·(·(_•s ir1 t;l1E:1 i1· (~11vi1·c)11-
111 e11 t,, yi(• I (li11g ,111 e:·l,e ·rz. t CJC l'. ll ·1··1·(' ·r,. c:e. 

Tl1E) I \\t'.ll\;I 1110 (l el s ll p l)01~t.s r1:11 (J ·r 1 ;t1·rr 1, <J l l,'-i c:c)·r,1 rr1.·t1, r1. i c:c1, t i C) ·11.: i11 ge 11(~1· al, c:1 1.) 1·c.)
C'.ess clc)es 11ot, ,t11cl 11eecl riot·,, l<IlC)\\r t.11(• iclE•11t.it,},. C)f tl1t\ 1.)r·c)c·<·ss<:·s wit.11 \\rl1ic~l1 
it. exc· l1;:t11gt~s ir1f 01~111,1t.ic)11. Tl1 is c·<·>11c:c•1)t, r·<·cl ll< 'E'S t,11<· <·lc\l)E'llcl er1c·e <>f et 1)1·oc·ess 
<)11 it,s t'11vi1·011111e11t. ,111cl 111c1k<:s J)I'C)c·c·ssc'.S 111<)I'f" r·c.·t1sc1l)lc·. 

A pr·oc'.ess i11 IvVIl\11 c·c111 l)c\ 1·<'g,1r·cl<~cl as et \\TC)1·l<c\1· l)l"C)('.C~ss c>r· ,t 111c:111,1.,g<~1· ( 01· 

coor·cli11c:1 to1·) p1·oc_:c\ss. Tl1e 1·t:SI)011si l)ili t,,Y of· cl ,,101· ker· pr·oc~c.~ss is t.c) l)e1·f'o1·111 
a ( CC>IllJ)l1t,c1t.io11;:1l) t,c1.sk. A \\'t,r·ke1~ l)rc,c·ess is 11c)t. r·es1)c)11sil)le fo1· t.l1t1 C'.0111-
111l111ic:c1t.io11 t.l1at, is 11ec·essc1.1·1· f'or· it. t,o olJt,c1i11 t.l1e pr·<)J)er· i111)t1t it! r·ec1l1i1·t:1s to 
pe1·fo1·111 it,s t,c1.sk, 1101· is it, 1·es1)011sil)lt~ for· t.l1e c·o1111·11t111ic:t1t,io11 t,l1at. is 11ec:es
sa1·y to cleliver· tl1e 1·esl1lts it J)r·od11ces to tl1ei1· J)r·oper· r·ecipie11ts. 111 ge11er·al, 
ri,o pr·ocess i·ri I\\TI:NI i.s ·r·t:s1Jor1.sible for· ·it.s o·tt,·ri co'rri1r1:it't·l:ica,t·io·r1. ·u1ith, cJt}1.e1· 

p'r·ocesses. It, is ctlways t1l1e 1·es1)011si l)ili t.y· of· ,:i 111c1.,r1ager· pr·oc'.ess t.o a1·range 
for· c111d to c:oc>1·di11,1,t,e t.l1e 11ecessar•}r c:0111111t111ic·c1.t.io11s c111101·1g a set ot· ,vor·ker 
pr·ocesses. 

Tl1e1·e is c1lwc1._)rs a l)ot.t.0111 lctyer of wo1·ke1· p1·oc·esses, c·allE:~cl atcJ·111:ic ·111o·r·ke1·.s, 

i11 a11 appliccltic)11. 111 t.l1e IvVIrvf 111oclel, a11 applicat,io11 is bl1ilt as cl ( dy11ct111ic) 
l1ierarcl1y of' ( vvo1·ke1· a11d 111a11age1·) p1·oc:esses 011 t.op of tl1is layer. N ot.e tl1at 
i1, 111a11ager process 111a.}r it.self r)e (~011side1·ed as i1 ,vo1·ke1· J)r·oc:ess l)y ar1other 
111ar1ager· pr·ocess. Let t1s rec·o11side1· t,l1e exc1111ple i11 sul)sect,io11 3.1., a11d 
see l1ow it c:a11 l)e clo11e ir1 tl1e IWil\1 r11oclel. A r1ew pr·oc~ess C'. respo11sible 
to facilit,ate tl1e c:0111111t111ic'.atio11 l1c1s been c:r·eated. Tl1e sour·c:e code looks 
somethi11g like tl1e followi11g: 

process p: 

compute ml 

write ml to output port ol 

compute m2 

write m2 to output port o2 

do other things 

read m from input port il 

do other computation using m 

process q: process c: 

read ml from input port il • • • 

read m2 from input port i2 create the channel p.ol ►q.il 

compute m using ml and m2 create the channel p.o2 >q.i2 

write m to output port ol create the channel q.ol >p.il 

••• 

I11 tl1is exa111ple, tl1e respo11sibility of tl1e c~oordir1c1,tor pr·oc'.ess c: is, ve1·y 
sirr1ple: per·haps, it first creates tl1e p1·oc'.esses p and q, est.ablisl1es t.he con1-
rnu11icatior1 char111els defi1·1ecl a1)ove, arid tl1e11 111c1y wait t·or tl1e proper con
clition (e.g., ter111i11ation of p a11d/ or q) to dis1·11a11tle these chan11els a11d 
termi11ate it.self. 

Nevertheless, 111ovi11g tl1e cor11111unicatio11 cor1cer1·1s Ollt of' p and q ar1d i11to 
c already shows sor11e of tl1e adva11t,ages of' tl·1e IWil\1 111odel. Tl1e processes 
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/J c:1.llCl <] c11·e ll()V,r "i(lec:1.1~ \V()1·k(·•1·s. rrl1<',\' <l() ll()t, 1(11()\\! clll(l <l() 11()1, ('ell'(' \Vll(1 1·<~ 
t.l1<"i1· i111)11t, C'C)llll'S f'1·0111, 11<)1· ,vl1<,1·c:- tl1c:•i1· <)llt,1)11t g<)l'S t.c}. '"I-,l1('.,' k11c>\\l 11c>t.l1i11g 
al_)<) ll t. t.ltl' l) c:1.t. t(~1·11 <) f' c·c)<)l) <' I'<l t. i < > 11 i11 t l1 is cl I) l) l i c · ,t t. i <> 11 ~ t.11 {:._;.,· c · cl.11 .i llS t. cts t:'c:1sily 
l)c i11c:·c)1·1)c)1·c1tf•ci i1·1 c111y ot.l1c•1· cl()l>lic:·,tt ic:)11, c111cl \vill cl<) t l1<.·i1· jc)l> J)I'<)vicl<•cl t.11,1,t. 
t.l1e_y l'(:'('E~iv(:\ "tl1e 1·igl1t.' ill})llt. ,l.t tll(' 1·igl1t·, t.i111c:.. rl'l1<·' (''()()!)('l"cl,t,ic)ll lll()("lt,ll ()f' 

t.l1is cll)l)lic·;.:1,t,ic)11 is 110w c•x1>li<·it: it, is <-•111l){'(lclf:.<l i11 t.l1c• c:c)c)r·<.li11ctt<.>1· 1>1·c·)c·ess c·. 
If we:• wisl1 t.c) l1c1.ve t.l1c~ C)Llt,J)llt, c>f' (J clt:·li,rc•1·c-.cl t.c) ,111c)t.l1t•r· J)I'<>c·c~ss, C)I' t.o l1a,v<~ 
yet, a11 ot.11{~1· J)l'C)CCSS (1 {~li '\r(Jl' t l1e i11 l)l.1 t, () f' JJ, 11 c:i t.l·1 (•1· j) 11()1' (J, 1) ll t, 011ly ('. is to 
1)e 111oclifiecl. 

Tl1e 1)1·oc~ess c: is c111 ~iclc')al' 111c:111age1·. It. kr1ovvs 11cJt.l1i11g cll)ot1t, t,l1e clE.)tc:iils 
of tl1e tasl(s perfor·111ecl l)y JJ cl.11cl CJ. It,s cJ11ly c·o11c·e1·11 is tc) e11st11·t::~ t,l1c1t, t.l1ey 
c1.r·e c:r·ec1t.ed c:lt t.l1e 1·igl1t, ti111(), r·ec·c~ive t.lr<:) 1·igl1t, i111J11t. £1·0111 tl1c~ 1·igl1t, s0111·c.~es~ 
a11cl cleliver· tl1ei1· 1·es11l t,s t.() t.l1e 1·igl1t si11ks. It, c:tlsc) k11c>ws ,v l1e11 clclcli t,ic)Ilc-tl 
11ew J)1·oc·ess i11stc111c·es ar·e s111)J)osec·l t.o l)c C'.t·t~at.t~cl, l1c)w t.l1c: 11et.wo1·l<: of' c.:0111-
1111111ic'.atior1 c.:l1a1111els c1111011g I)t·c)c·esses 11111st, c·l1c-111ge i11 1·t~;:1c~ti()Il t1CJ sig11ific~c111t. 
eve11t, oc:·c·111·1·e11c·es, et.c·. (11011e of \Vl1ic·l1 is clc~t,11;:l.ll)' a c·c)11c·c.,1·11 i11 t.l1is si111ple 
exa1111)le). 

Re111ovi11g t,l1E~ c:0111111t111ic:c1.t.i<.)11 c·o11C'.(~1·11s c)11t. of' vvc>r·ke1· IJ1·oc~·esses e11l1a11c:es 
tl1e 1110d ula1·i ty a11cl t,l1E:~ 1·€~-11sct1)ili t,y of' tl1e r·est1l ti11g soft,war·e. Fu1·tl1e1·111or·e, 
tl1e fact tl1c1t, st1cl1 ic:leal 111a11ager· p1·oc:esst~s k11o'v\r 11ot.l1i11g alJot1t, t,l1e tc:1sks 
perfo1·111ecl l)y tl1e worker·s tl1ey c:001·di11at.e, 111ctl<es t,l1e111 ge11e1·ic t111d 1·e
t1sal)le t,oo. Tl1e C'.001)e1·atio11 I)r·otoc:ols fc)r· cl c:011('.111·1·e11t, aJ)plic:,1,t,ic)11 c:a11 l)e 
developed 1110d t1lc11·ly cls a set. of· coo1·cli11ator· J)r·oc~esses. It is likely tl1at s0111e 
of s11cl1 ideal 111ar1age1·s, i11diviclually or· c·ollec.:tively·, 111ay l)e 11secl i11 otl1e1· 
a1)plic:atio11s, c:001·dir1ati11g ver·y cliff er·e11t \Vo1·ke1· pr·c)c.:essE•s, l)r·ocl uc:i11g ver·y 
differ·e11t result,s; clS 1011g as t,l1ei1· c.:001)e1·atio11 f"ollo,vs tl1e sa111c p1·ot,oc:ol, 
t,l·1e sa111e coordi11at,01· J)r·oc·esses c:a11 l)t~ t1sed. lvfocl11l,trity a11cl r·e-usc1bilit,y 
of t.l1e coordi11ato1· p1·oc:esses also er1l1a11c·es tl1e re-usc11)ilit,y c)f. tl1e 1·es11lt,i11g 
softwa1·e. 

410 4. l\1ANIFOLD 

Ir1 t,l1is sectio11, we l)r·iefly i11t.roduc~e MANIFOLD: a c:oorclir1,1,t,io11 la11guage 
for 111a11agi11g co111plex, dy11a111ically C'.l1a11gi11g i11te:~1·c~o1111ec:tio11s an1ong sets 
of i11depe11der1t, c~o11c'.u1·r·e11t., coope1·ati11g 1)1-oc~esses [2], wl1icl1 is bclsecl 011 tl1e 
IWIM 111oclel, descr·i1)ed i11 s11lJsec:tio11 3.2. 

Tl1e MANIFOLD syste111 c:c)11sists of a c:c)111 JJile1·, a 1·1111-t.i111e syst,e111 Ii brar·y, 
a 11u111l)e1· of utility p1·og1·a111s, a11d lir)1·a1·ies of l)uilt,-i11 ,111cl 1)1·edefi11ed p1·0-
cesses [ 4]. A MANIFOLD ap1)lic:at,ior1 co11sist.s of' cl (pote11t.ially ver·y large) 
11t1111ber of l)r·ocesses r·u11ni11g C)ll a 11etwo1·k of l1eter·oge11eo11s l1osts; so1r1e of 
wl1ich 111ay t)e par·allel syst.e111s. Pr·oc·esses i11 t,l1e sa111e ,1J.)I)lict1t,io11 111ay be 
wr·itt,e11 i11 diffe1·e11t pr·og1·a111111i11g la11guages. S011·1e of· tl1e111 111ay 11ot, k11ow 
a11ytl1i11g about. MANIFOLD, 1101· t.l1e f'c\C'.t, t,l1at, t,l1ey ctrc c:001)e1·ati11g witl1 
other· pr·ocesses t.l1r·ougl1 MANIFOLD i11 a c~o11c:u1·re11t applic:atio11. 



Tl1c· lil)1·a1·.v 1·ot1ti11(~S t,llclt, ('()lllJ)l"is<:· tll(' i11t<1 1·f',l('(1 l)(lt,\\r(~(•11 MANIFOLD clll(l 
1) l'OC'.E~SSCS \\TI"i t, t, (_)11 i11 (_) t, 11 (l l' lcl 11g1 l,tgc,)s (('.g. ' ( 1 

) ' ,l l 11" () 11 l ,:l t', i ( 'rtl ly I )(•l' f'c) 1·111 t 11 (' 
llC('.(~Ssa1·\r <lcltc1 fo1·111c1t ('()llV('I"8i()llS \\'ll(\11 clctt,,l is l'()llt,('<l l)(1 t,\\.'(:1('11 \rctl"i(>llS ., 
cliff f.:il'(~r1 t. 111 c:1c:l1i11es. 

4 .1. P7'()('.t'.',/3C,', 

Tl1e at.0111i<: ,vc)1·kc\1·s of' t.l1e I\\111\!1 111<)clc"l c:11·e c·alle:"cl clt.c)111ic· })l'C)C'<~ssc~s i11 
MANIFOLD. A11;yr OJ)erc1ti11g sy•ste111-level 1)1·oc·ess C'.a11 l)e 1.1sc,ci cts ,111 c1.tc)111i<· 
p1·ocess i11 MANIFOLD. Howc·ver·, MANIFOLD also l)l'(_)\ridc~s ;::1 lil)1·c11·y of 
fur1ct,io11s tl1c1t ca11 be c·alled f1·c)111 a 1~eg11la1· C f1111ct.io11 1~111111i11g as arr at()111ic· 
p1·ocess, to Sll})port. a 11101·e a1)1)r·o1)1·iate i11t.e1·f·c1(".e l)et\vee11 t.l1e clt<)111ic: l)r·o
cesses a11cl tl1e MANIFOLD wc)r·lcl. At.0111ic· J)1·oc~esses ca11 011ly l)fc)cluc~e a11cl 
co11su111e 1111it,s t.l11·011gl1 tl1E~i1· 1)01·ts~ ge11er·at.e arid r·eceive eve11t.s, and co111-
p11t,e. I11 tl1is way, t,l1e ciesir·t~cl sepc:11·t1tio11 of· c··c)1111J11t,at.io11 a.11cl c·oor·cli11atio11 
is acl1ievE~cl. 

Coo1·dir1atio11 IJI'OC'.esst"S t11·e w1·it.t.e11 i11 t.11<:~ MANIFOLD lc111g11ttg(:\ a11ci ar·(~ 
called 111a11ifc)lds. Tl1e MANIFOLD lc111g11age is cl. l)loc·k-st.1·11c·t,111·cd, clec'.lc:1.r·a
t.ive, eve11t, d1·ive11 la11g11age. A 111c111if'old defi11it.io11 ('C)11sist.s c)f. c:1 l1<:~a.cle1· <111cl 
a l)ody. Tl1e l1eade1· of cl 111a.11ifolcl gives its 11;:1111e, t.l1e 1111111l)e1· a11d t,yJ)es 
of its pa1·a111et.er·s, a.11d tl1e 11a111es of it.s i11p11t. c111cl 011t,IJt1t pc)r·t.s. The l)ocly 
of a 111a11ifold defi11itio11 is a l)loc~k. A bloc:k co11sists of· a fi11it,e 1111111lle1· of 
states. Eacl1 st.ate l1as a label a11d a l)od)'. Tl1e lal)el of a st,c1t.e defi11es t.l1e 
co11dition 1.111cle1· wl1icl1 a. tra11sit.io11 t.o tl1at. stat.e is J)Ossible. It is c111 exp1·es
sio11 that. car1 111clt,c:l1 observed eve11t, occ111·1·t~11c·es i11 tl1e eve11t 111e111c)ry of t,l1e 
111a11ifold. Tl1e l)ody of' a si111ple st,ate defi11es tl1e set of act.io11s tl1at a1·e tc) 
be pe1·fo1~111ed 11por1 t.1·a11sit.io11 t,o t.l1at st.ate. Tl1e l)ody c)f a c.:0111po1111d state 
is eitl1er a (11est.ed) 1Jloc:k, or· a c.~all t,o a pa1·c1111et.e1·izecl s11l)1)1·og1·a111 k11ow11 
as a rn.anrier i11 MANIFOLD. A 111a1111e1· c.:011sist.s of a header· a11d a l)od)'· As 
f'or· tl1e subpr·ogr·c1.,111s i11 otl1e1· lc111g11ages, tl1e l1e<1de1· of' a 111a1111e1· essentially 
defirres its 11a111e c111d t.lre types arid tl1e 1111111l)e1· of its pa1·a111ete1·s. A 111a.11-
11er· is eitl1er· at.0111ic or· r·egul<-11·. Tlre lJocly of' a 1·egt1la1· 111a1111e1· is a block. 
Tlre body of· a11 ato111ic 111ar111e1· is a C f'u11c'.tio11 tl1at c:a11 i11terface witlr tlre 
MANIFOLD wor·ld tl1ro11gl1 tl1e sa111e i11te1·fa.c'.e lilJr·ary as f'o1· t.l1e C'.0111 plia11t 
ator11ic'. J)t·oc:esses. 

4. 2. Strearn.s 
The asy11.cl1ro11ous c:0111111t111ic~c1t.io11 c:l1a1111els ir1 MANIFOLD a1·e c·alleci str·eams. 
A strea111 l1as Llll i11fi11ite cc1pa.cit.y tl1at is used as a FIFO c1t1et1e, e11abli11g 
asy11cl1ro11011s prociuctio11 a11c1 c~o11su111pt,io11 of' 1111it,s l)y' it,s sour·c:e a11d sink. 
Tl1e si11k of· cl st1·ec1,111 1·equiri11g cl 11r1it is sus1)e11ded 011ly if 110 1111its a1·e c1vail
able i11 tl1e st1~ea111. Tl1e s11s1)e11cied si1·1k is 1·esu111ed ,1s s0011 cts tl1e r1ext 
u11it bec:0111es avc1ilable for· it,s c:011su111pt.io11. Tl1e sour·c:('.~ c)f' cl st.1·ear11 is 1·1ever 
suspended beca11se tl1e i11fi11ite buffer· C'.clJ)ac·ity of' a st1·ea111 is 11ever· fillecl. 
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Note tl1c1t, as ir1 tl1e I\VII\:1 111()clel, t·,l1E~ c:c)11str11c:tc)I' c)f' cl. st.1·cc1111 l)E1t,weE~11 t.wc) 
J)l'OC'.esses is, ir1 ge11e1·c1l, ,t t.l1i1·cl pr·c)C'E~ss. Str·<:ct111 clefi11it,ic)11s ir1 MANIFOLD 

ar·e ge11er·ally aclditive. Tl1is 111f"lc111s t.l1ctt. ,1 l)C)1·t. c:c1.11 si11111lt,1.11ec>11sly l)tJ C'.OI1-

11ec:t.ecl to 111a11y cliffere11t l)C)t·t.s t.l11·c>11gl1 clifl.{?1·e11t. st,1·cct111s. Tl1t--. flo\vs c)f. 
ir1for111atio11 11r1its i11 st,1·ea.111s <11·e c111to111at,ic·c:1lly 1·c~plic·,1t.t~cl c111cl 111e1·gecl clt 
011t,gc>i11g a11d i11co111ir1g I,)()I't, ,j1111c·t,i()llS, cl,S ll(~('CSSc:ll'Y· rrl1t1s, ,1. 1111it, I>lcl.('.ecl 
i11t o a por't tl1t1t, is c·c)1111t:c·t.ecl t.c) 11101·E\ t,llclll C)11e c>11 tgoi11g st,1·e,1.111s is cl 11pli
c~ated a11t.01r1c1.tic'.c1lly, \Vit.11 cl. sE~p,11·cit.e c·c)l>Y l)lc:1.C'.e(i i11t.o (~ctC'.11 011tgoi11g str·ea111. 
A11c1logo11sly~ wl1e11 a pr·oc·E~ss <ltt.e1111)t8 tc) f'et.c·l1 ,1 1111it. f1·or11 cl JJor·t tl1<1t. is 
cor111ect.ed t,c) sever·c1.l i11c'.(1111i11g str·ec1.111s, it c>l)tc1i11s t)l1e fir·st, 1111it, c1vailable i11 
a r1011-e111pty i11c:orr1i11g st,1·e<1111, selec·tecl 11011-clet1e1·111i11ist.ic'.cllly. 

4- 11. E·verit._-; 
111 MANIFOLD, 011ce a11 eve11t. is genE~r·c:1.t.<::~cl by a 111·oc·ess~ it c·o11t.i1·111es wit,11 its 
pr·ocessi11g, ,,,I1ile t,l1e eve11t oc·c:111·1·e11c:e 1·>1·opagc1-tes t,l1ro11gl1 t,l1e er1viro11111e11t 
indepe11cle11tly. ..A..Il)' r·ec:eiver proc:ess tl1at is i11t,e1·est.ecl i11 s11c'.h c1.r1 eve11t 
oc::c·111·1~e11c·e \\rill c111t.0111c1t.ic:ally 1·eceive it. i11 it,s e't1e·,1.t ·rrierrt(J·r·y. Tl1e (1bserved 
eve11t oc:c'.t11·1·e11c'.es ir1 t,l1e ev(~11t, 111e111ory of' a pr·oc:ess c:a11 l)e exc1111i11ed a11d 
reacted 01·1 by tl1is l)r·ocess at its ow11 leis11re. Tl1e eve11t 111e11101·y of c1 process 
bel1aves c:1S a set: tl1ere c:c111 be at 111ost 011e copy of' t,he oc(·:111·1·er1c~e of the 
sa111e event ge11erated l)y t,l1e sa111e sot11·c~e ir1 tihe eve11t n1e11101·y. If c111 eve11t 
sourc:e repeatedly ger1erates a11 e\re11t faster· tha11 ct11 ol)server· 1·eac~ts 011 tl1at 
event occt1r1·er1ce, t,l1e eve11t, 1r1er1101·y of tl1e obser·ver i11duc:es ar1 a11to111c1t,ic 
sa1npli11g effec:t: tl1e obser·ve1· clet,ect,s or1ly C)r1e s11c~l1 eve11t. oc:c:11r1·e11c~e. 

4. 4. State tra1isitio,1is 
The 111ost, irr1porta11t pri111it,ive actio11s i11 a si111ple st.a,te bocly c11·e: c:reate arid 
ac'.tivclte pr·ocesses, ge11erat.e eve11t occ:111·rer1c:es, ci11cl c~:01111ect st,rec1111s between 
port,s of va1·io11s proc'.esses. U po11 trc111sit,io11 t,o cl st.at,e, tl1e ac:tio11s spec:ified 
i11 its body are J)er·for·r11ed ato111ically i11 s0111e 11011-det,e1·111i11ist,ic or·der·. Tl1e11, 

412 tl1e state bec:0111es preerrz.ptable: if' t,l1e co11ditior1s £'01· t.r~111sit;io11 to a11otl1er 
stat,e are satisfied, tl1e c11r1·e11t state is 1)r·ee111pted, 111ec111i11g t,l1at, c1ll strea111s 
that l1c1,ve been co11st1·t1c'.t,ecl are dis111<'.111tled c111<l a trar1si t,io11 t,o a 11ew state 
takes place. Tl1is event-dr·iver1 state trc1r1sit.ion 111ec:l1a11is111 is tl1e 011ly control 
1nec'.hanis111 i11 t.l·1e MANIFOLD la11guc1.ge. J\t'.Iore fa111ilia1· c:011tr·ol str·uctures, 
st1c:h as t,l1e sec1t1er1tial flow of cor1trol 1·ep1·esE.~11ted lJy tl1e c·o1111ective ';' ( as ir1 
Pascal arid C)~ co11ditio11al (i.t~., 'if') c:onst1~t1ct,s, a11d loop cc>11st,1~11c'.ts C'.a11 be 
built out of this ever1t1 1r1ecl1anisr11, a11d are also avc1,ilable i11 tl1e MANIFOLD 

la11guage c1S c:011ve11ience fec.1t11res. 

4. 5. Example: Fibo·riczcci se·ries 
It is beyo11d the scope of tl1is pape1· to p1·ese11t. tl1e <let.ails of tl·1e sy11t,c1x arid 
se111c1.ntics of the MANIFOLD langt1age. Ho\vever· ~ beca11se MANIFOLD is not. 



ver·)r si111ila1· t.o a11y otl1er· well-k11c>\Vll la11g11clg(~, i11 t,l1is sE~c'.t.i<Jil \.Ve J)r·ese11t a 
si1111)le exa1111)le to illust.rate it,s fe,1t.111·c:"s ,1.11cl t.l1t· <'ctJ)c:ll)ilit.i(~s. Tl1e 1)111·J)C)Se 
<)f t.l1e I)r·c)g1·a111 sl1owr1 belo\\' is t.cJ J)r·i11t, t.l1E~ f~il)o11c1c·c·i SE1r·i(~s, cl(~fi11ecl as: 
1· ( 1 ) == 1, f ( 2) == 2, f ( ·n ) == f ( 1·1, - 1 ) + 1· ( ·,2 - 2 ) , f c) r· ri > 2. 

Tl1e first. lir1e of t.l1is code d(~fir1E1 S a 111c1.11if'<)lci 11ct.111c~cl Print Units t.l1c1.,t 
takes 110 a1·g11111e11t.s, arid st,c1t.es ( t.l11·<)t1gl1 t.l1e keywor·cl import) t.l1at. tl1e 
r·eal defi11itior1 of' its lJodv is C'.011tai11ed i11 a11(1tl1e1· s0111·c·e file. Tl1is clefi11es ., 

the 'inter~face' to a proc~ess t,yJ)e defi11it.ior1 \Vl1ose act.11al •i1111Jle111e11tat.io11' is 
given elsewhere. Wl1et.l1e1· tl1e ctct11c.1l i111ple111e11t.atio11 of' tl1is l)roc:ess is ar1 
ato1nic process ( e.g., a C fu11ctio11) or it. is itself c111ot.l1e1· 111a11if'old is i11deed 
ir1·elevra11t ir1 this sour·ce file. We c:1ss11n1e tl1at Print Units vvaits to r·eceive 
u11its tl1rough its sta11dar·cl ir11)11t l)ort, a1·1d pri11ts t.l1e111. \Vl1er1 PrintUni ts 
detects tl1at t,l1ere are 110 i11c:01·11i11g st.1·ea111s left co1111ect.ed to its i111Jut port 
and it, has do11e p1·ir1tir1g t,he 1111it.s it, l1as rE~c·eived, it t.e1·111i11ates. 

In t,his progra111, we use two other· i1111)01·tecl 111anifolds: variable arid 
sum. Tl1e n1a11ifold variable reads u11it,s £1·0111 it.s input po1·t, a11d prod11c:es 
a copy of the 1110s t rec:e11t r·ecei ved u11i t \V l1enever a str·ea111 is co1111ec'.ted to 
its output port. The pa1·an1et.e1· specifies a11 init.ial val11e. 

In tl1e specification of· sum ther·e is a new linguistic ele111e11t. I11 addition 
to tl1e default ports tl1at. all 111a11ifolds l1ave, t.l1is 111anifold has t\vo i11put 
por·ts 11an1ed x a11d y. Tl1e i11te1·fac~e declaration of s11m, tl1us, contains tl1e 
declarations for tl1ese port.s. 

manifold PrintUnits() import. 
manifold variable(port in) import. 
manifold sum( event) 

port in x. 
port in y. 
import. 

event overflow. 

auto process vO is variable(O). 
auto process vl is variable(l). 
auto process print is Print Units. 
auto process sigma is sum(overflow). 

manifold Main() 
{ 

} 

begin: (vO > sigma.x, vl - sigma.y, vl > vO, sign1a , vl, sigma ► print). 
overflow .sign1a: halt. 

An i11sta11ce of sum 1·eads a pair of· u11its, 011e fror11 ec1ch of its in1)ut ports 
x and y, verifies that tl1ey contain r1t1111e1·ic val 11es, adds tl1e111 together, and 
produces tl1e result i11 a u11it on its output port. It tl1e11 tries t,o obtain a 11ew 
pair of input units to produce their· sun1, arid co11ti11ues t.o clo so i11defi11it,ely, 
as long as its i11put ports are still con11ec:tecl to ir1corr1i11g st1·ea111s. If' a pair of 

413 
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i111)11t. \'alt1es <t1·e so la1·gE:~ t.l1a.t. t.l1{ ... i1· ctclclit:i()ll c·al1ses }t11 C)\'t1 1·flc)\\', sum J)1·oclt1c·es 
c1. Sl)t.lc:ial error· t111it. 011 it.s output c111cl g(:.11c\1·cttE'S t,l1c~ e\'('llt overflow. Nt:.,xt, 
is tl1e clec·l<tl'ctt.io11 of' overflow as ct11 c:'vE:.11t .. 

Tl1e f'ollc)wi11g fo111· li11c---s clt-.fi11E' 11c~\\' i11st,c111c·<~s c)f. t.l1<~ 111cl11if'c>lcls variables, 
Print Units, a.11cl sum, ,-1.11cl st.(tte (t!l11·c)11gl1 t.l1e kt:.y,vc)1·cl auto) tll<lt t.ltese 
J)I'<)c·ess i11st,c111c·es c11·e t.o l>(' ;;1t1tc)111c1t.ic·<t.lly <tc·t.ivc1.t.ecl 111>011 c·1·ec1tic.)11, ,t11cl cle
ac·t,iv;;1t,ecl t11>011 cle1)a1·t.111·e f'1·c)111 t.l1E:\ sc·c>1)e vvl1e1·E--.i11 it. is cl<--.fi11ecl; i11 t.}1is c·c1se, 
tl1is is t.l1e e11d of t:l1e a1)J)lic:cit.io11. Bec·c:111s(--. tl1e clE:--.C'.lc1r·c1t.io11 c)f. t.l1e J)r·oc~ess 
i11stc:111c:e print ap1)ea,1·s c)t1t,sicle c)f. c111y l_>loc·ks i11 tl1is sc)111·c~e fil{~, it is a glc>bcil 
pr·oc'.ess, k110\vr1 by ever·.J· i11st.c:1.11c~e of ever·y 111c:1.11if'old \vl1c>se l)ocly is clefir1ecl 
i11 t,l1is sou1·c·c file. 

Tl1e last. li11es of· tl1is cocle clefi11(~ <l. 111ci11if'olcl 11c1111ecl Main t.l1at. tc1kes 110 pa-
1·ar11et,e1·s. E,,er·y 111a11if c>lcl clefi11i t,io11 ( c111c·l tl1t1 rt'f'c>r·c~ f~\rer·y l)t·oc·ess i11sta11c.'.e) 
alwc1ys l1c1s c:tt. lea.st t,l11·ee clefc1l1lt, J)o1·t,s: input~ output, c111cl error. Tl1e 
clefi11it.ic)11 of t,l1f~se r>or·ts cti·c~ 11c)t; sl1c)\V11 i11 t.l1is exc11111)lc--., l)11t. t,l1e por·t.s ar·e 
clefi11ec:l f"or· Main by clt"f.c111lt,. Tl1e l)ocly of tl1is 111c1.11ifc)lcl is ft l:>lc)c·k ( er1c:losed 
i11 a l)c:1.ir· of l)rc1c··c~s) a11c_l c·c)11tc1i11s c>11ly cl si11gl{" stc1,t.e. Tl1e 11i1.111e Main is 
irrcleed spec:ic1.l i11 MANIFOLD: t,l1e1·e 111t1st l)c~ a 111c111if'old \\rit,11 t.l1;:1t 11c1111e i11 
eve1·y MANIFOLD applic:at.ic>11 a11cl <111 at1t.0111at.ic:c1.lly C'.t·eatecl i11st,a11c'.e of· t.l1is 
111a11ifold, callecl main, is tl1e fi1·st. p1·oc·eRs tl1ctt, is st,a1·t,ecl tip i11 c1r1 applicatio11. 
Ac'.t,i vc1tio11 of· cl 1r1c1.11ifolcl i11st,a11c'.e at1t,0111c:1t.ic:c:1lly gE~11e1·at.es c111 ( i1·1t,e1·r1al) oc
C'.11r1·er1ce of tl1e spec'.ial eve11t begin in t.l1e t--.ve11t, 111e11101·y of t,hc1t, pr·ocess 
i11stc1.11ce; ir1 t,l1is cc1.se, main. Tl1is 111akes tl1e i11it,ial stc1t,e t.r·a11sit.io11 possible: 
main er1ter·s it.s 011ly state-· -t;l1e begin st.clte. 

Fig1.11·e 1 sl1ows tl1e c·o1111ectio11s 111c1cle c:1.111011g var·io11s pr·oc·esses i1·1 the 
begin st.at.e of main. 111 t)r·der t,o 1111de1·stc111cl l1c)\V otrr· set. of c~o1111ectio11s 
p1·ocl11ces tl1e Fibc)11c1c:c'.i ser·ies, we C'.011sicle1· t.l1e sec1t1e11c·e of 1111its tl1c1t fl.ovv 
tl1ro11gl1 eacl1 st1·ea111. Let o, l)e tl1e sec1t1e11ce of t111its pr·ocl t1ced t.l11·ougl1 the 
output por·t of tl1e pro(~ess sigma. Clear·ly, t.l1is is t.l·1e sec111e11ce of u11its 
pri11tecl by print, a11cl \V{~ w::111t. to sl1ow tl1at, it, is i11deecl t.l1e Fibo11acc~i 

• series. 
The seql1er1ce of t1r1its tl1at, sl1ow 111) (1t the input IJOr~t, of v1 is, obvio11sly, 

all vO 
cxf 110 

X 

• a 
a. vl 

ajl sigma 

y 
print 

Figure 1. The Fibonacci series. 



C\. Tl1is Illf'clllS t,llctt. tl1e se<·[ll<'ll< '(' c>f' 1111i t s 1>1·(:l<l ll("l'(l t l11·c)l1p;l1 t 11<:· output 
p<)I"t c)f' vl c·c)11sist,s c)t· 'l' (t,}1<' i11it·,ic1l V<tl11£' <>(' v1) t·c)llc)\V<-'cl l>)' <•. 'l1 l1is Sctlll(l 

sec11.1e11c•E) sl1<>\VS lll) ,lt, t,l1c::. input 1>c)1·t. ()f. vO ,111cl ,1t. t.l1c~ J)C)1·t y <)f. sigma. It. 
f'ollc)\VS tl1c1.t tl1c~ s<~c111e11c·c~ <)f 1111it.s 1)1·c)cl11<·<.1 cl t.l11·<)11gl1 tl1c· output 1><)1·t ()f' vO 
( wl1ic·l1 sll()\VS 1.ll) ,tt. t.l1e X l)()l't C)f' sigma) ('()llSist.s ()f' "()' ( t.l1c:- i11iti,tl -.r,1ltl(' ()f' 

vO), f'ollowE.~cl l>y' '1 ', fcJllowecl l>j' lt. 

Nc)w, c>l)St"1·ve tl1a.t. tillf~ fi1·st. }),1.i1· of' t111it.s t.l1c1t. c11·1·ivt~ clt t.11<:~ 1>01·ts x c1..11cl 
y of' sigma C"'.011t,c1ir1 r·es1)ec:t.ivel}', "()' c111cl · l '. Tl111s, lJ}' t.l1c~ c.l<:.fi11it.io11 c)t· sum 
(of'wl1ic:h sigma is c.l11 ir1st,ci11c·e), tl1e fi1·st, 1111it. i11 cl:' c:011t,ai11s ·o+ 1', i.E~., 'l'. 
Tl1e1·ef'o1·e, t,l1e sec~o11cl JJc1i1· of 1111i t.s t.l1cl t clrr·i ve cl t t,l1e po1·ts x ctr1cl y c)f sigma 
cor1t.ai11 r·espec~tivc~~l}r, '1' a11cl 'l' ( tl1e fir·st, t1r1it i11 et). He11c'.e, tl1e sec~o11cl t111it, 
in G c:011tai11s • 1 + l ', i.e., "2'. Tl1e tl1ir·cl l)cli1· of 1.111it.s tl1c1,t, ar·rive at. tlre !)Ortis 
x a11cl y c)f sigma c·c>11t(1.i11 r·espec·t.i vel}', · 1' ( tl1E) fir·st 1111i ti i11 a:) a11d "2' ( til1e 
sec~o11cl 1111i t. i11 Cl), v_r l1ic·l1 p1·ocl 11c·es cl "3' fc_)l' t.l1e t.lrir·cl l111i t, i11 ci. 

Tl1is c~o11fig111·cit.io11 of l)l"C)C'.t~SSt?S \Vill c·o11t.i1111e tc) J)I'C)clt1C'.e tl1e Fil)Oili::lC'.C'.i 
1111111be1·s 1, 2, 3, 5, 8, 13, 21, 3,1, 55, E~t.c~., 1111t,il sigma e11c·c)l111t,c~r·s ar1 over·fio,v. 
111 r·E~,1c:tio11 to t.l1e occ:111·1·e11c:c.:. of· t.l1e eve11t, overflow ge11e1·c1tecl l)y sigma, 
main 111c1kes cl t.1·a11sit.io11 to it.s c·o1·1·es1)011cli11g st.atie. Tl1e t1·ct11sit,io11 out of 
tl1e begin stat,e pr·ee111pt.s (i.e., l)r·eaks llp) it.s st.r·ea111 c:01111ectio11s. Bot,11 
sigma a11d print te1·111i11ftt,e as s0011 as t,l1E~y det.ec'.t. tl1ey l1a,re 110 i11c:01r1i11g 
st,1·ea111s. Tl1E~ t1·a11sit.ior1 i11to t,l1e 11evv st,ate exec'.t1tes tl1e ac'.tio11 halt, wl1ic:l1 
ter111ir1at,es tl1e main f)I'C)C'.ess. 

Tl1is si1111)le ex(1111plE:\ s110\vs t,l1e power· of' tl1e '1)lt1r11bi11g l)c:11·c:1clig111' that, 
is tl1e l)asis of· IWII\11 a11cl MANIFOLD. \\iTl1c1-t, is 11ot. de111011st1·ated ir1 tl1is 
exa111ple is tl1e cly11c11r1ic'. c·c11>c1bilities of MANIFOLD: t,l1at l)r·oc:esses c:c:111 be 
dy11a111ic:c1..lly C'.1·ec1tecl ,t11cl clelet.ed, a11d t.l1e tc)pology~ of tl1eir i11te1·c'.or111ec'.ti11g 
stirea111s C'.clil cly11ct111ic:ally c:l1::-111ge i11 r·eac'.t,ic)11 t,o t.l1E:~ evE1 11ts of i11t.erest,. S0111e 
sucl1 exa111ples are p1·ese11t.ecl elsewl1e1·e, e.g., ir1 [2, 3]. 

Separatio11 of co1111)utatic)11 f1·or11 c:0111111t111ic~,1.tio11 c:011c:err1s ,vl1ic:l1 is er1-
for·ced by MANIFOLD leacls to separ·at,e r11oclules f'o1· c:0111pt1tat.io11 ancl co-
ordi11a.tio11 of c·o111111l111icatio11. Tl1is e11l1,1,11c~es tl1e re-usal)ility of 111odules, 415 
espec:ially, tlrat of tl1e c:0111111l111ic·atio11 111ocl11les wl1icl1 are tl1e 111ost c:0111-
plex a11d t,ime c:011st1111ir1g pa1·t,s of cl pc1r·k1llel/ dist1·il)11ted applic'.atior1. As 
a C'.011c1·ete exa111ple of tl1is 11ot.io11 of' r·t~-usable coorclir1at,or 111oclt1les, it is 
wortl1 r11e11tio11i11g tl1at a MANIFOLD prog1·ar11 vvritte11 t.o i1r1ple111e11t cl pa1·-
ctllel/ distribt1tecl lJt1c:ket, sor·t ,1lgo1·itl1111 wc:1s later tised, witl1 110 cl1ar1ge, to in1-
pler11e11t a si11gle-grid do111air1 clec'.0111 positio11 11u111e1·ic·:c1l algo1·it,l1111. It t 111·11ed 
out t,l1at,, altl1ougl1 tl1e co1111)ut,cttio11s IJerfo1·111ed ir1 the sort a11d tl1e don1ai11 
cleco111posit,ior1 proble111s ar·e very clifl'ere11t,, the coor·cli11atior1 n1odels tl1ey 
1·eqt1ired wer·e exac·t,ly t,l1e sa111e. f"11rt,l1e1·r1101·e, exte11sio11 of' t.l1e dornc1in de
c:0111positio11 p1·ol)le111 t,o t.l1e 11111lt.i-gricl c:ase, 1·ec1ui1·ed 011ly a s111all c~l1ange 
( tl1e addition of a f'eed-bc1ck st1·ea111) t.o t.l1is coordi11;;1tor 111odule. 

No 111odificat,ior1 to c:tr1y s0111·ce code is nec:essar·y whe11 a MANIFOLD ap-
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l)lic~at.io11 is to 1·u11 011 a si11gle 1)1·oc:ess()l' 111c1,c:l1i11e, a 111t1lt,i1)1·c)<'E?SS<J1· 1r1,1,c:l1i11E:~~ 
01· 011 a (l10111oge11eol1s 01· l1et.c1·c)g{'IlE•<)l1s) 11et:vvcl1·k c)t· sl1c·l1 111ac·l1i11E'S. 

,5. (;ONC;I~ l.JSION 

111 t,l1is J)ape1~~ ,ve illt1st.1·c:1t,<-\ tl1e sl-101·t.c·o111i11gs of· tl1c' cli1•()c•t t1se of· c·c:)111111l1r1i
c~atio11 rrroclels t.l1at, cl.re l)asc~ci t)Il 'Tc11·get.ecl-Se11cl/Rec:eive' })1·i111it.ives i11 lc11·gt~ 
c:011(·u1·1·e11t. a1)plic~at.io11s. v\1e ar·gt1e tl-1c1t t.l1e1·e is c111 l11·ge11t, r1e(:'d fc)r· l)l'ctC'.tic'.al 
r11odels a11d la11gl1ag(:"S \\r l1e1·ei11 variot1s 111odels of' c·oop<-~r·at.io11 cc111 lJe bt1ilt 
out of si1111)le p1·i111itives c111d str·1-.1(•tt.11·i11g c~o11st.r·t1c·t,s. 

\Ve I)1·ese11t tl1e IWI11 111oc·lel as a s11it,al)le l)asis for· c·o11t1·c)l-01·ie11t,ed co-
01·di11ation langt1ages. Tl1e sig11ific:a11t cl1ara(:te1·ist.ic·s of· t.l1e I\\/TINI 111odel 
i11cl ude CC)111 positior1ali t,y, wl1icl1 it i11l1er·i ts f1·0111 clatct-flow, c1.11011y111011s co111-
111l1r1ic:atio11, a11d sepa1·atio11 of COllll)llt,at.io11 ('.()ll('.€!'11S fr·c1111 C()llllllllllicat.io11 

c~or1c~e1·11s. Tl1ese cl1ar·a,c'.te1·ist.ic;s lead to C'.lear· acl,ra11tages i11 lc1rge c:011cl11·1·e11t. 
aJ)J)lic:,1tio11s. 

MANIFOLD is a s1)ec'.ific C'.C)ordi11at.ion la11g11age l)clSE:~cl 011 tl1e I\VIJ\II 111oclel. 
MANIFOLD 11ses t,l1e c·c)11c·ept.s of 111c)der11 1)1·ogra111111i11g lci11guages to de
sc-'.ribe c111d 111a11age co1111ec~tio11s c1111011g a set of' i11de1)e11cle11t J)1·ocesses. Tl1e 
t1nique l)le11d of eve11t clr·ive11 a11cl datc1 drive11 st,yles of p1·c)g1·a111111i11g, t,o
gether witl1 tl1e dy11a111ic C'.01111ectic)n gr·a.J)l1 of st1·ea111s seer11 to pr·ovide a 
f)r·omisir1g pa1·adig111 for· cor1cu1·re11t syste111s. Tl1e e111phasis of MANIFOLD 

is 011 orcl1est.r·a.tio11 of tl1e i11teract.ic)11s a111011g a set of a11to110111ous agen.ts, 
eacl1 provicli11g a well-defir1ed segr,egated piece of· co111putatio11, i11t,o a11 inte
grated c:011cu1·1·e11t syste111 for acco1r1plisl1i11g a la1·ge1· task. 

The MANIFOLD syst,e111 1·1111s 011 n1ult.i1)le platfor·111s. Prese11tly, it rur1s on 
IBM RS6000, IBJ\1 SPl/2, HP, SUNOS, Solaris, a11d SGI IRIX. Li11ux a11d 
Cray U 11icos po1·ts are u11de1· way, a11d otl1er por·ts a.r·e l)la1111ed. Our· pr,esent, 
and future work i11volvi11g MANIFOLD i11(~ludes co1r1pletio11 of a vis11al pro
gra1111ni11g a11d debuggir1g e11vir·on1·r1e11t, we are developir1g for MANIFOLD, 

and usi11g MANIFOLD in i11dt1st.rial Higl1 Perfor·1r1a11ce Con1r)11ti11g ai)plica-
416 tio11s. 
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