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l. Data Flow Concept 

1.1 Introduction 

A data flaw re,mputrr s a rnrnputer in. which instruc:Uon.s are d.t'ta driven and em1:bled ror 

execufon by lhe arrival or thelr op1!'ra.nds. Data now compulers exl'cute data flow 

.#'rPgnmu gmf'l,J, also known as data flow scJitmas. The 3tructure of a data now program 

orfl:en permi1u many tnstrm:ti on~ to be s i mu ra neou sly 1enaib ed, and , he· packet 

rnmmun ica lion architecture of the ma chine is designed in a way wh k h permits E he 

conrnnent ex~cuuon or ,che~e enilbled instructions, wj1hin cen.a1n Umin, In this thesis we 

deFinP it machine languilge instruC't on sec for a Form ] data. Pow computer as. ddmrd n 

his. ch;ipter. 

1.2. Data Flo,.!/ Program Graphs 

Dilita flaw program graphs expl titly represent the da:1a dependendes within .a progta m. 

and rn ~o dong, 1d~flhfy program operations 'Eha may be executed jndepr-ruh·rnly 

(c.cmcurrcnrly). lnim1J wor~ de,;~loprng the theory or program graphs was loo by 

Rodnguet [13) and D!:!nnis [6]. A data flow program graph may be fo:rrnal y v,iewed ,n a 

di recred gr.:iph who~e nod-es .1re aaors and links, and whose arcs repre~ent data paths. A 

dara. fkiwr <(lrifigm<Hicm b lhe amiciation or dala. values, or roke11s, with cem1 m arcs of the 

prog .1m gr.-=iph. A 1>1 ogram graph •executes· as tokens mnowm along the ·a res, into a11d out 

of nodl'S ~coording to che firing rtdt:i which determine the valid conr1g-uration se,quf!nc'!s. 

The- f mng. rnl ~ ipecify that a node may firt whenever it is enabl'ed t.t., whenever tok ns, 

are pre~rnt on each of its input arc:s iind no to ·en b present on any of its output iilTCS. 

En.i bled nc:des may Fm~ fn any order. When an acto,r fires, tokens are removed rrom ~ch 
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of i s inpl r dlfCS, hc- func ion r pr · s,ented by the acror is ~omputrd us.tng the 31b$CI tied 

data va.1ues, and tht res 1lt 15 output as a token on the amn's output arc. When 11 mk 

fires, th roken s. removed fl-om its inpu arc, and its value b dup'hcated onto each of us 

output arcs. A Unk is es!-ent,ally ai copy operator. Figure I presents a summary of h 

bas·c data now actors. An operiitor outputs the resuh of 11pply ,ng the funmon / to 

a.rgu men ts. x and , . A decider outputs a boolean as [he result of applving the predK,H p. 

A True (F;:iLse) g.1te outputs the value r<me·ved a·t a if ,6 = mu (falu►. otherwise, mt absorbs 

bo h input tokens. A Merge gate absorbs and ·ou puts the input ound at x or y 

co respond irig to the boo1e,1n1 vall~e of b. The othe token, ff p,resen , 1s unafr cred A 

Switch gate routes input x to either y or 2, depending upon the boolean value of b. 

An e ample would be-s[ Sf'tVe to mustme the repr,esentafon of a simple compu1auon 

in data. Uow program graph forrr . Theda a now graph for computing 

d • b2
• ac 

is shown in Figure 2. Unk aclors which d stribuce to onl,y one destina'tion are omitt'!d. 

Let us a~ign the tokens with values , 3, and 2 ro the graph input arcs a, 61
, and c 

respecuve1y, and a 11Y the ruing rules to 'lhe re-suiting initial conflg:urarion. Tok 1e11s. w11l 

be represented pictom1Uy on program graphs as so.Ud cirde~. The partictda.r order in 

whkh the oper.:llors rm~ is frreleviinr in computing the value of ,d correctly because Paul 

[U] has shown 'thil 'I a data now graph is rlrte min H if n is a composition of determinate 

da,la now opcn1tors. Jn lh i~ pa er we shaU rnake three assun ptions concerning the nr,ng 

process. First, · e assume hat <'In operator r,ring requires one time unir, and lhill "n 

ope ator .ilways firr~ w11hm om.· time' 1m•r af'teil" which il has become enab1ed. 51."rnm1. we 

assume that link flnng:s .ire imt nt.in -ous. Third, we assume ithat whenever two or m re 
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Figure 2. Program Graph for d-b2-4ac 
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,operators ,can tie· fired concurrently, they .are. Uiing these a:s~umptions. the1 v·aJue of ,d Cilia 

be comp ued in three time units as illustrated in flgore 3. 

1.3 Data Ffow Computers 

A data now computer ts. a mach ne des·igned ~o execute data now programi. Va r1ou~ 

au:h1tfcturfs. for data driv-en compu atio have been p,ropos.f.'d in recrcnt y us [3.'1,R.~.12). 

We ~haH ~tudy the architecture pn:1po1ed by Dennis and Misuna.s [7,8 which is under 

dev 1opmcnt by the Computahon Structures Group of 1the Mas:sachuset s Institute of 

TE'chnotogy Laboratory for Computer Sdenc,. 'r:heir basic. design ronsim or a n.etwork of 

rour hatdwiire module~. as iHustrated m Figure -t. T:he ,dinetent modules 

imercornrnuntcate through 'the tram.minion of me5,sage packets. in a pa.clet commun1c.:itton 

.a;r,chilec.ture. It should be emphasized that these packets a1re the only means of 

communication between the separate modu es or the machine. 

The de$1ign illmrrated m Figure 1 is called 'the Form I design bee use it is !hl' mo:st 

elem nt;u or four propo5>ed dita flow ma.chines. It sopporU, smaiH data now prog;irams 

with sea lar varia: bles., and cond ittonai I a -d i.tera tion control structtJ res.. The Form 2 

,ma.chin is id ntica.1 ~o -_ he Form I machine, exce
1
p1t it has a St.ructure P'roce~~or that 

pernfl~ the 1s ·ge of d,ua. muctures and non-Kalar variabfes. T,okeni represen ing d la 

strucwre~ in a Form 2 m;:ichine are po.in,en into Strucmu Memory. which holds the 

acmil I data structures themi~elves. The Form 3 machine has the sar:ne capabdities -of hie 

Form 2 machtne. but irn addi ion sup.ports the execuUon of 1airge prog ams by holding 

only the mou ~c-tive instructions in the instruction ceHs. which :s.ene as a cache. 
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The Fo1 m m3chine is envisio ed as a gene a, pu pose, computer wi h the ca paibihtiei. of 

upporting all 3spects of data driven rompura: ion. 

The form I machtne operates as t0How5, ,i\ data ffo,w program gra'p,h u encoded into 

lmtmc ion Memory. Jnstructi.on 'Memory cons1m of instruction ,dli. each of whi1ch i.s 

lo11ded wuh an instruction opeution code (opcodd correspond ng [o the function 'of 1he 
I 

d.1ta now actor. ,uid a list or_ destination addre.s5 s which are pointers o other imtrucrion 

ceUs wtuch r,rcehre the computed rewlu. A destination address consists of the address o'f 

an imtruchon cell, oget.her wUh the address or a rrcrivtr within tha ceH. Each 

initn ct on cell has r-eceiv,e s available, for ithe storag,, or operands obtained fr,om the 

Distribution Network. An mstruction ceH becomes. enabled by the a,rrivat of an its 

ope a1 ds and rii"es, by sending ai:i optratron pad.tt in'1o he A:rbilnron NeP.vork, which 

:sorts H ,:i,nd ~ends it to a,n avaUab1e Processing Un,t The oper;uton packet con ,-uns th , 

m!-tr 1cno11 operation code. he nec,ess;ny operands, and the de~ im1t1on addresses ro wh1c.h 

the re ults re o be j,nt. The Processing Unit p.erfo,rms tht oper1111nm equemid ,,md 

u~mmit~ the compu ed value.s in rtsult pack,m to each de~cinat1an, via the Distnb Uhm 

Netwo1~k. Thf' results ar. ive as the operands ror other iomuction cells. whrch event JilJly 

become en::ibled and fire, repeating the cycle through the machine. Note that ~vera1 

inst , 1ccion cr.-Us ma.y be simulfaneous~y enab ed. and that hey may all concurreml 

tr~nsn it oper~ 10n packers to the Procening Sec1Uo ,. 

It is clear that the firing of n imtruction ceH in tht~ rnuhine model corre5ponds o 

the con1posite ,., ion of fmng ,m operator along with the immecUate hring ·of its output 

lin •in a d,Ha now graph. Consequently, ohm in a data. now machine can be eg:ird d 

as. always r Hdmg on input ucs o'f op ra.tors, nd never o output arcs. This ti lh 



ju.sUfication for our auumption in the las.t s.edion that link r1,ings 3r1 ie0nc@1>tu:\llV 

in stint.i nrous. 

In summiilry, the In truer on 'Mem ry hards instruction cells which correspond to the 

actors ,n a data now pr,ogram. Che Proceuing Section P'errorms the computMions 

nsochucd with firing an actor. and the ArbJtraUon and Di.strrbution Nerworks. serve :u, 

rouling networ~s for pad:tts 'between rhe Prooess.ing Sec:Uon and fn.struction Memory. 



2. Data Flow Programming Languages 

2.1 VAL - A Value-Oriented Algorithmic Language 

VAL,. a Value-Oriented Algorh~mk Language, is a high level a lphcaUve· da · a flow 

pro rammmg ranguage proposed by Aderman and Dennis Ul As 11n apphca11ve 

1anguage. it ts rune ~onil I n nature and comp etely free of side effects. As a resuh. ('ach 

VAL expressLOn or modu e conespo ds lo a m.!ithemati.tal funcUon. ilnd he rnmbin.:iuon 

of such modules 1s t-qui,valent 't,o functional compositeon. Although ils strength I <'S .in i s 

abi ity lo easny express algodthms 1n the area of highly concurrent nume1 till 

compu a ton. VAL is int nded to be med as a general purpose hrnguage on future 

genenHions of general pu pose data flow computers. 

2.2 ADFL - An Applicative Data Flow Language 

ADFL, an Applmuive Data Flow language, :is a. simplification of VAL. Jt .is intended for 

simple appUcations on th Fom1 l machine. It ~xcludes ype defim ·ons and not1.on or 

modules whi.ch are found rn VAL. A BNF sy tax sipeciriciition o:r AOJ'l foHows.: 

exp ::: ,d 11 rnn~t exp. exp I oper(exp) I let idhst - •exp in exp I 
if e~p then p, el$e exp for idUst -= exp do iteration 

iteration ::"' exp I iter exp I let idht .. exp iH iteration I 
if exp hen i erahon el5e tera:Uon 

1d ::" ~prngr;.mming • ,:inguage ldenrmers~ 

idlis't :: id I. id I 

ccns :-:= • programming language oonstants" 

.. I • oper :.: rogramm,ng :il ngu;i,ge ,operators 



Notts . 

(I) The BNF grammar requires hat a11 o,peratcn· appHcaUons are specmed 11n prefix f.orm. 

t.g .. ~cx.5). T'hi::i inriic rorm ... xd•, w, ,lrl be, considered as an acc.ep·table equi a lent 

(2) Values a-re not usigned to identifiers, but rather Toa.Hy bound to 1fhem. The 

expre sion 

let x,7 • 2,3 in ~ 

e11alur1,tes 1the expression .. r r7· with x■2 and 7-3. The ¥,il,lues. of x and 1' rtmiun 

u nth ,rngr:-d outside i he let exprtis1on. 

(3) he-rat1011s i.re expressed as. taU .-«Un.ions. The exptt1Sion 

for,.,• TZ.I do 
· f , >I 11,fn iter H ,:t~i @hf y 

idenufms bound to th, corRsponding Htr exprenions: otherwb.e, 1th, ite,a'rion 1erm1miu.•5, 

with the v-1lue of '1· 

Brock h,n sp dfied :a transfation algorithm. _?, whith rn~ps an AOFL exprt sio:n 

into iu program graph implernenta ion [41 We .shall COP$.ider !the graphs produced by hi.s. 

algorithm from s.y11n:actiul:ly correct ADFL progr:ams to be wcllformtd. In the rem.1ining 

c'hapters we• wm exanune how to implement weH·formed data flow graphs on a f ,orm I' 

cornput,er. 



3. Acknowledge Signal Generation 

3.1 Safety and Acknowledgement 

Defm1t10n. An lmtnulion ctll conftgurarion ~oli a progt m is an a sstgnm nc or instructions 

and diUili (no necessarily t nique) to nsmmion eel s in lnsirucUon M emorv such rhu the 

ex~cmmn of he data flow machine simufates thee ecut,on of the priogram 

The transl~tion of a prog-r.am •graph .in o an instruction ceH conhguratmni reqmres 

more than the simp1e loading of opcodes and desti11ation a.ddreises into lnstn ction 

Memory. Constd~r the progran graph for 

as shown in F gure 5{a) At first gl:ance. it may appear that the corr,espondmg inmncthm 

ceU conhgunuion is the arrangement ,of cells depicted in Ftgure 5{b). Upon c oser analysis. 

how ver. we .see that a 1problem exists. 

s 1ppo~r we w,~I to compute x for two 1eries ,of va ues for a and .~ Suppo~,:, the 

va. , l es. for b a rit? computed or rece,ved at. a. very slow rate relcJJtive· to rhe rate for a. Smee 

Cell t hre~ at a muc;h greater rate hain Cel 2, Cell l produces. ntueJ for the fint recemver 

,of CeU 2 roo quickly for Cell 2 to co.n.s.ume. This doe.\ not endanger the propN 

compu ~uo1 or x if rhe now o:f operand values into Cell 2 ,s controlled by the exchange of 

. 
ready/"acknowledge packets between CeH 2 and the Distribution Net-work.. However, there 

is a prob-em in hat if Cell 2 falls oo far behind, he Dis ribuUon, Netwo:rk would become 

co ges edl wtrh result pac i;. drmned ror the nm receiver of Cell 2; Th .s acculi'llul:mon 

of p.ic et~ wiumg ror accepc.1nce would riedu<:e the capacity of the network. i1nd could 

produce a deadlock by prevmt ng the runhc-r execution of c,n 2 if Us second opern nd. b, 



fig,ue 5. Program Graph and tmtrucUon ,eenconfigur,'1ion1 for x-21-.b, 
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becomes detained 1n th,e network due to bk,chge. 

In general lhe prdbl'em has. to do wich the inabi Uy o'f imtrt1tHon cells to "took 

ahe:ad" ro sP.e if space exists for the1r ruu1ts. lnstrucUon ce11:s in rhe simph~hc 

representation o'f Figure 5{b) fire bHndly without •considering the :statu~ of the 1mtr 1ction 

cells ;:i,he.!id . In order to ensure fre dom from deadtod, w, ne«I to guarantee that our data 

now programs iilre ja./t, where tbe concept of saftl'j is def ned as follows: 

Definition. A conrigura:tion or tokens on 0iperator input arc:s o.f a data flow progr.1m is 

saj't if each actor 'is enab1~ onl,y if no tok.ens are ,present on any output arc of Us omipu 

Im);. A d.ua now program is saft for a gjven initial conrigurat on ff each configuration 

reaichable from the iniUa1 conOgutalion throug suc,ciesslve eicecuUon of actors is a safe 

~onfigmation. An liilstruc<tion ceH configuration that. b safe 1s. ensured fr :edom frorn 

Def imtiun. A 9 OjJ) program graph is a. welHormoo data Row guph, each of whos data 

.1rcs am as a singh:i token queue, i.t·. , ea.ch arc is either empt.y or c.ai ries 1one Tolen at any 

instaint . in Ume. Eilch of the prograim graphs which have been prese11ted up 10 this pouH 

miry be vjewed as :J Q.(0 graph. {Stri.cdy speaking. the graphs produced by the 

tr,amlr1rton algorsthm ~? have data. i!lrcs. tha 1t act as infinite ,queues, but Monu has 

d':rnonstraited their equivailence to a'J Qj.O •graphs [lO].) 

Thi.s problem ,of :s.af,ery is bsent from the ~'l ~I) prog-rarn :grap·h rtp esentation 

because the data a res runc<ion as singJe l·oken queues and the firing rul:e prevencs nodes 

from firing if their oinput arcs are not empt.y. However, we do need to· con~idcr this 

probl m with r-e~pect to, data fiow machi,nes. and develop a nlechani:sm for ;u·suring he 
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s.aife ex,cutson ,of instruction O?H ,oonfiguratio s., since instruct on celll: configurations do no 

•dentica: ly correspond o ~ry OJH graphs. 

We can assure sa fery in instruction cell configurations by p1rovidi1ng a 

ready/ac:knowfedge :signaHmg mechan ,sm between data fTow operators,. Upon hr1ng . .=in 

instruction caell wiH ,end adnowledge stgmds to each ,operand source to ind1icate tha its 

receivers a,re l'mpty. ConceptuaUy this involves adding an adnow1edge signal ate in 1he 

reverse direction for each d11ta a:rc present in the .'l QjU gra,ph. Such a rnansrormed 

graph is c~Hed a _ry d/a ,graJph. By making each daita arC' ai data/ackno;wtedge arc pair, we 

can tra,n.sform any .? Q.O> gtaph int~ a .7 d/a graph. 

Der mtion. A .9 dla graph s a data, now pirogram graph with rill da a/adrnowtedge p;i:irs 

pr sent Both the data and acknowfedge ates sEi11 continue to funaion as single token 

queues. 

Figure 61 UlmtralP.5 a !.:imp1e ~ry dlai graph which computes b2-4ac, Jt is !uncUo 1 Uy 

equ vale1 t,o the ~'? Q!"O graph shown in Figure 2. The acknowledge arn art' indicac,e,rl in 

the- rigme by dash d hne~. With the transformaitton of :J'QjD graphs into _'] d/a gr.-rh~ 

we also need ,to modUy the firing rule appropriately to re-ad; An opera.tor (except fnr iii 

Ml'rge gate) js em1blro for firing whenever: (I) all data. nputs are present, and {2) al 

m.>Ce$$.l y :u;lnowl'edge 'nput~ are present (occasionally :all acknowredge arcs ne-ed not h ve 

ro,kem for an oper.1tor o Fire, see Figure Ji). A M,erge gate b enabled for i, mg 

whenevt-r: (l) the control (boolean) input is priese t, (2) lhe ,input at the True or false port 

corresponding to the va ue or he controt tolen is present, 3Jnd (l) .-n ne,eeimny 

ackn,owle ge inputs are p esent. 
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Figure 6. ~?d/a Craph for Comp,uting b2-4ac 
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Nore th t some of the acknowledge aK'S in .a :J dta. graph may be unnecesiary n 

u .suring safely. One or :thP tw,o acknowledge arcs leading f1rom the mumtiply oper.uor t,o b 

in Flgtm! 7 may be removed without endange in1g he safety of ·the prog·nm graph_ 

Conside F,igore 7, whh:h computes the boole"an \';due of "2 (x•J) < O". This program 

graph contarns ,ome acknowledge ar,u that may be re · oved and replaced by longer oru!'s 

Oft. n it b deskable to implement a p~ogram graph with fewer ad.nowledge a.res in 

o der to reduce the total number of a,lmowledg,e signals generated in the computer. Such 

a program graph is called ad.-rnt1:1tmJud. 

Oefinitwn An ad.·minirl'liztd program graph s a. :J d/a graph with some or an of iits 

ad:. now I erlige a res removed or replaced. but w h kh sun prov id u safe e ,u?cu tron. it is not 

n<'cena rUy unique. 

f'jgur,e 8 shows one of s.eve,r I ack·min mited \'euions of the ~J'd/a program graph 

rn:ustnit1ed in the prevtous Figure. 

At other imes, it is desirable to, retain ai program gra.ph n J1

dfa form wnhour 

elimin~ ing any or lh~ extraneous acknowledgtrnents through a,ck·mlnimiza ion. This rs 

us.ua lly done in cases where p1p.etin·ng i,s des,ira.ble. If tokens ent,er x at ~ high ra1~·. the 

gr-aph of Ftgure 8 has the advantage ,or beginning computati.ons ion addiuonal tokens 

whlle sun operating on earUer ones. By contrai.st. no ;okens rna:y entu x i1n Ftgure 9 un U 

the token th~t is currently being operated on has. been accep:~ed at , . If it. is mmponant to 

have· a high hroughpm for this section of code,. then we would choose to :retain 1his. 

gr.iph in ~? dfa Fann. 
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figme 7. _ry d/a Graph ith Unneee.mny Ad:no1;,;r:ledge .Arcs 
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It is known th.it ~9 dfa graphs a.re sare because J Q(l) graphs a;e ~are. and Montz 

has proven th funct'ional equivalence betwe:en the two DOl She demonMrates that the 

presence or ;i11 .icknowtedg inputs is equivalent t,o the J Q,{0 1tate or an outpur arcs be n 

empty. We can now derive a saf,e lnstrnction cell conf1gura,;t'ion by f1rn trainsfon:ning a 

? Ojl) graph into a j dfa grc1ph., a.nd implementing t'he la.lter. The e are iwo w11 ys or 

imp le umf ng .'9 dfa graphs on a data: now computer. Both m thods me different 

technique's ror det~rm1ning the :ad.nowtedgerm:nt addresses. 

On,e t1,ppro11ch, called: implicil acknowledgement generation, modes the acknowktlge 

arc.s. by req •iring rha( each im rucbon cell mdudes. upon firing, its memory addr<'ss .n a 

tiig in the operncion packet transn,itted to t e ArbUration Network. The hring 

inm 1cuo11 ceH sends an a.cknow1edg,e signal to each ofrrtmd source. t.t., each instruction 

cen wh1c.h h"~ ient it an operand. The cen is disa.bled untU i receJves .an aclnow rdge 

sig.11<11 r,om each of is desrn t10n eels, .ind aH n ce,ssary opnands. for a new f1 mg. 

Me;tnwhne, lhe Arb~tr f on Network sends the packet to a Processing Unic, which 

rep Cid ices rhe ;address ta1g i\nd includes it wit each re:sult pa:cket tra nsnuued ,o the 

Dis ril:,utson ,et work . The Uistribucion , e-twork for wards each result ro an instrncuon 

ceH, whkh ~ ores the, operand imd aclrnowledg·e addren tag upon rec,eipt Each tag ,~ h 11e1r 

u~ed by the receiving cell as an operand source acknowledge addreu. 

The s cond a,pproach is called txpllcir adnowledge :generation. This method 

involves lo,:1ding the acknowledge address.e~ dir,eclly into Instruction Memory along with 

ithe, op ration ecodes and destination addres.s•es, prior to the execution of the, program. 

When 11.n in~truction cen fires under the explicit a.cknow edgement method. it does. not 
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indudc iU, address in the ope, uion 1patk,et b cause, its destination teHs alrieady know where 

to icknowl'tdge. Ocher than this, 'the machine, functions, tdentically to its operation under 

the i1mpHc it gene at on method. 

3,2 Implicit Ackno,wledgement Generation 

There itr ce1·ta1n advant:ages an:d d sadvan agei ;moda.ted with imrplicH acknow1edgemen 

gel'.lention. We shillll first consider the advantages. 

An ·nstruc: ion C1eH co · figuration which imp icHly acknow1edges th r,ecetpt of 

operands b assured 'to be always sa.ft. This is so because it always i1mplements a :Jd/a 

gr~ph. Sinc-e the m,achine never executes ack-minimrz,ed programs. the compHer n,,:,ver 

generat~s th rn. and it beoomes unnece1sary to be c<1ni~ernro wUh the probkms of 

mainuining the, safety of programs as lhey are optimized th ,ough ad.·minimU~uo·n. 

Programs which are expUci l,y ·acknowledged c~n a1so be gu:arameed safe. b n only if they 

are .ry d/.:i graph implementations, or if the optimiza' ions pe formed to d nve fhe 

a ck-min mhoo graph which is imp'lem~nled, are known to be pres.erl/e the safety· ,of the 

origin.:il .? d/a form. 

A te,cond adv:in 11ge or impliciit acknowledgem nt ge,ne aHon is · s abihty to support 

progr;Hnt ,,:h1ch milite instruction ce.Us with muhiple operand sources. 

Definition. An 1nstruct1on ce I with rrw.lt'lplt optrand J0:urtn Is any enstruc1tion ,c~n wi,th 

one or morie rereivers that 'has ill feast one op~rand that can be sent from two o.r more 

dif.f,crent s.ources. In such a sUua:r on, two or morie instruction c•ells ma,y send the1 tP.rn t~ 

to the ~an1e de!-timuion du ang h€ execution of dmiferent parits of the program. 
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The ns.1;1 of muhiple operand sourne~ can optimiie the space and lime requm·d by 

,cert,un d;:i~~e:~ of da - now program~. Consid,e the followihg fragmenir of AOFL code: 

i :-= if x<, fheu a(:c)•b(x) 
I e dx)1d(x) 

Usmg Brod. 's ~9 translation a~gorithm [41 we can derjve 'the ~? dla graph of figure 9. 

(All arcs may be a~sumed to :represent datafa.c:knowledge arc pain.)1 This gniph tc'lmres 

nine: .1cton and five Ume un,u to compute i. By contrast, ·examine the funwon;i Uy 

equivalent program graph of FJgure IQ whidi me~ mu1tip1e operand sources. An 

immedi~te savings of two actors and one' thne unit Is tealiz.ed. Suppos·e both gra,phs are 

conv rted 10 the-ir respecttve innruction eel co f:igura.Uom and exew ed on a data flow 

con puter. lt does nor matter U we acknowtedge im,plicitly or eicphculy Uil Figure 9, b u we 

note tha.t 'the ~t ucture or he mulupl,e operand source graph ff1gure 10) makes the ex1>hcit 

ac n,owl1;rlgernem of o era,nds between the addiuon operator and h ce Is a, b. , • .1mi d 

impo ~,ble This i5, became the adnow1edge address is dynamk and i is not po~~,1,1~ to 

now which c Us to, ad.nowledg-e unless iE is known where each oper,1 nd ha.s ongu1i1t-:-d . 

The implidt acknowledgement method 1provides this. 1nforimaUon m the aiddress ug 

a~soci,ned with each oper,md. The reader ~hould note that exprcr aclrnow edgemen ca~ 

be us,,.d for an .tck-rnimrni,ted version or figure O be-e Fi,gure U), but thill the adv~:nt::,ges 

,of maxinl° z d pipelming would be los,t. 

There are three major di~advantages associated with imp "it acknowledg,m -nt 

generMi.on. First, nore that the 0periltion paickets wm be tonger bec~11ise of the inclm on or 

the finng cell ~ addn'.'.'-). This may result in an increasll!' in transit .and processmg um s 

within the rouc ing ne works and 1he Proc j;Sin,g Sect on. Second,, many unneceisary and 
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Figure 9. Prngra,n Craph ror a CoridHion.11 Sr.uement 

!Jata./ Ack ,4rc Pair 



redtrndant ilCknow edge signa1s. can be transmitted, duttering up thl!' Dimi uUon Network 

aind decrea:s'ng is performance. Third, t b expected that multiple ,operand source 

op'timiza ·om wo:utd 1'pply ,o only a small fract .on of data flow pr,ograms. This detracts 

fmm the a rgumenl that they woutd consmm,e a sign if cant advantage. 

3 3 Explicit. Ackno,wledgeme.nt Generation 

ExpUc · ac nowledgement genera ion has the adv ntage or bei.ng more flexible ·than rhe 

implicit method, in the sense that it permits a greater variety of progr.1rn optimizaUom. 

Explicit ad.nowledgernent permits ad-rninimizaUon. whHe impHdt ad.now edgement does 

not, sjnce the number or ad:nowledges ca,n be controlled by the presem,e or absence of 

acknowledge addresses in ,each in~truciuon ceH. 

Let m consider an exam;pl,e ro see the advantages expUcn acknow l'dgement QFfers us. 

Consider the fo11owlng ADFL terat on: 

our :• for >t _. .,. tnit do 
ff x>l lbtH iteir ~J 

else x 

This prng ii m m y be rranslat,ed as shown in Figure 12. 1 uses four ac:tou and eight data 

arc.s . The numbt'rs or the form atJar beside each actor Jndi.ca e ,he numb,H or 

acknowledge signab expected, ae, and the number of admowledge signals received, ar. (If 

a·r = ae, then the i11ctor has all necessary ,acknowledge Jnputs.) Implicit a,cknowledgem~nt 

g;enerarhm would require thilt we· use aH e·ght ac:k.now edge arcs; however, under he 

explicit method we can ack·mlntmi?e and us on1y Four (see Figure 13). Furthermore. if we 

fuUy ack.-mi.n im .ze as shown in Figure H, on1y three acknowiledge arcs ue required. Nate 



Figure ID. Prograrn Gn1ph wHh Multiple Oper1nd Snurcu 
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Figur,e II. An Ad:.-mi, hniz.ed Verliou of Figure 10 
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f ,ig uc tJ. Explidl Admowledgtmenl. of an It u ·tion 
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f igurr 14. A F dly Ack-mini nizfd Program Graph ror an 1·1,uHon 
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th::.l a 1 hough fewer acknowledges ate used in the ~d~~f!'lilt miz,ed. vers;iom • .d three g, iii phs 

1requlr in•:- time units to ~ompute cmt. where n is the number o'f oop it,mmons.. 

We can optimize this same iteration with respect to :5;peed by u~ing multiple operand 

source~ as. shown in Figure IS.. Th,is progra.- graph can compute (lttf in n rew,r step th:11n 

the earl' er gr a, p h s. It requires. only 37! •3 ti.me uniu. De sphe 1th e use· of mu I Lip 1e oper ~ n cl 

.soun:e~. ht g1aph is u1uuitabte for execution under implicit acknowledgement geneu,h:m. 

The prob1P.m lies. with the swUch a:ctor. Note that it gets ils inuial operand from the 

"dentity accor. T. When the swatch r1res, it a:d .. no,w1edges. either the: idernity o,r 

mu up '1c.Hion ;ictor., depe ding upon the value of the predicate. TAt aclnow/,,dgt ailtl,nJ 

is n t dtpa1dc~r upon rAt optra11d JoUtet, but racli:e, u~on th,t valut of t~t ~ooltan. This 

ma ' fS this program graph ·mpo~sible to, implu:itly ad:.nowl,dge. However, e:ir:phci 

ad:.nowledgement is indeed pornb1e, ir we ack-m,inimize Out (see F gu-e 16). 

There a, e no ~er1ous di sad vanta,geJ ih using e pi1dt ad.now'ledgl" -r.-nt. othie:r than 

the far h.it u permits the e ·.ecuition or graphs which ,might not be tn _ry dla form, This 

in it~eif is not 3 dms.11d vantage., but since these gnphs may lad. soi:ne acknowledgr.nu~nt 

aircs, heir s;:ife behavior is not alw.ay,s, gua anteed. However. ir we assume thait 

ack-min1miu.a1, on optimlutkms can be. and a.re, perform.ed on .? di graphs. rn a.n 

3lgorH hm1c way whtch pr,es rves their safety, then we need not be oonc:er1nf!,d. about 11 his 

isst e. We Cil!n usume that a proper1y comtruci!ied compUer for a data. now target m:ichine 

always generates 1c1re code. The u~e of explic.U acknowledgement trainsfen the 

rt-~pons1,bdny for pr-ognm s,dety from the hardwa.re to the compHer and programmers 

wiritmg machine code. 
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Figure 15. A.n lttration Using Mulliple Operand Sourtes 
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FigHre 16, Adc••Httnimi.ztd Ver.sion of Figure U 
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Due to the advantages offered by txp'Hcit atknowledg:ement over imphcit 

ad:nowh:dgen nt in he .:1re;i of program opOmtt uons, the Fonn I m.1chine wm gcnPnH~ 

acknowledge signals ,xphcul,y. In lhe nut th-'pltir we wiH determine ithe repre~entahon 

fo data raw lld.•ors in lnstru:cUon Memory and prer.en,t the instruction formats f,or the 

machine languii!ge. 



4. Op ration and Repre_ entation 

4.1 Data. Type Specificahons 

Since the Form I m~chine will s.erve pr'marily as an expenmemal pro o ype to, ins,~t tl e 

develo1Jmenr of more advanced data now models, H was designed to support only s.ul~r 

operat_.ons_ The data types that the machine will sup:port a ,e boolean, 'inu~g,er, and real 

l is ob" iou why these types were chosen as the bas'c datai types for the Form I machine_ 

Boolean values ar,e required ~or control. and both Integer and real data types are necdEd 

for performing prac1ka I compucaUons. What may need explana't on are the reasons for 

excluding such !-Calar type as, nrnllip e precbion, cmnpJex. and characler. 

M ul.liple precisi,ori and co - p. ex data types are not allowed beca.use or storage 

limita.tlons in lhe instruction t<?H, their infrequent use. and their rEquiremenrs. for a nmre 

compl cated Proce~sing Unit ln ;my case comp1tx arithmetic can be simulated with 

ord•nary teal and lnregier operands in the machine without a.dding mu,ch to the tota 'I 

processmg time. Comider f,gure 17 which shows he da_ta Row graphs. for performmg 

comple ll!ddsfon iilnd rnulupUcation. Using real operands. complex addiUon .ind 

mulUp1icaUon can be performed in only one and wo Ume unHs. r•especUvel,Y- Jr we a~rnme 

that a signifkaflt p-ortmn of th,e processing time is inv,olved in transit through 1 h 

,computer, then it lakes about 1he same amount of time to do comp 'ex addition with reail 

numbe as wi h complex. operand!>, and only about twice as long w do complex 

mu1Uphcallon with reals. A p ogram graph iov 1ol1ving complex arithmetic is conv rted 

into real operaUons and ..inalyz:ed in Section •i-2.3- Mu:1tipfe precision and complex d,ua 

1types may be supported on future data no,w machine :implementations. 



fignre 17. Dala Flo:w Cr.3phs for Ca,rnple•,c Arithmetk 

ral ltnaj 

Comr/e)I. Ad'J;tioH . . " 
[xr+(:d)J]+[ yr..-(J,)J J 



Character operands are no permiued becauie they typk.tHy occur in chitr.u:t,er 

strings. which 5hould be h:mdled by a Strl!tthm: Processor and kept in Structure Memory, 

Si nee l here is no control now to interrupt in data flow prog:ra ms. progril. mm mg 

errors alie handfed by genera ·ng spedal error values. The Form 1 e ror values are: 

b oolr an - 11 ndd'[boo l~a u ]1 

i ategu ~ undef[•nteger], pos ovei(tnteger]. neg Dvu[inll'JerJ. 
unJmow t ,integer}, zero dhdde[intege-rJ 

real • undtif[real], po! ove,r[realr), neg _over(real], 'POS under[real]. 
neg _ under[real), unknown[real], zero .. divide[real] 

neg;Hi11e. too hi rge fo be represented in the repre5.entaUon of l'jpt. The el'•~ment 

implf:'mem;itmn, but who~e true valne b not known to be mn of range. The ckment 

zero dividrf Piif'd resu Its from div 's1on by zero. Th element~ po5 undedtjipd ::1 nd 

in lhe tepvescntaition of type. 

Boolet1n va1ues will be repre~t'nted in one byte, jmeget5' and Hials. in four. Th fffst 

by Ee of each representation tonta ms an error bit n the error bit iSi c n, the error vii ,u,e is 

spedfled in the fmt byre. A tab' e of error values is prese-nted :in Appendix I. If ·the error 

bit is off, the oper;rnd is a st,mdard boolean, integer. or feal value. 
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4.2 Repre -entation 

4.2.l The Instruction CeU 

An imnucrion ceH consim of two mmponents: .an 8-byte (8, bitslbyte) uU srat, ar-ta (CS A} 

coUecttvely org.anized .into ull 6/«.lJ1 each or which may hold several instruction c,eHs and 

has a con·crolling m.echHism ha llandles the receipt of operand and aclmowledge packets 

from fhe Di.stribution Network, controb state changei in the 1C1ell state a.reai, and assemb,es 

operation packet:s rrorn the operation packet areas ror uammission to the Arbitration 

Net.work. 

The ceU Stale arrea ho d s data concerning the status or dte l!nmtmcUon ceH. The d .1 ta 

fie ds of the CSA ar,e: 

Oell Us.ed (CU}: Set to I i:f the 1ns.truction is non-null~ otherwise 0. 

Al Acknowledgements Received (AAR): Set to I when AE.,AR. 
otherwi~ O; reset o O whe ever an ,operation p ck,et n 
cransmiUed. 

Acknowledgement Expected (A.El Number 1(0-:7) or acknowledge 
packetJ ~xpeet-ed. 

A.d:no,,..ledgemenrs Rec-~ived (AR): Number ·(0-A E) of 
acl:now~edge packets recel:v,d; incremented euh Ume an 
ad.nowledge packet arr.ives. Set to O when an o,peranon packet u 
transmitted. 

CeH Enabled (CE~ Se ·to I if each recei\,,eli holds an operand and 
all ~dmow1edgemenrs. have been received; otherwise 0. Set o 0 
when the operamm packet is transm,ined. 

Rtceiv,er lh d 1(R UIIR U2:►. Set to I if the ins:truction requ-ires an 
op,r.and for receiver 112: otherwise 0. 
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Figure t8. I nstrudion Cell F,orrffl,at 
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Op eu nd R,ece • v ed (0 R UO R 21,: S t to I if receiver 112 has 
received ~n ·operand: iel to O when n op rauon paclc.et is 
transmitted. 

Rece·ver lfode (RMI/R 12): Set to I jf the operand. for receiver 
112 is. a cons:tant; otherwi51e 0. 

Control R ceiver Used (CR U): S,et o I i he opcode s:pecme.s a 
merge or switch inst uction; otherwise 0. 

Control Op rand Rec,eived (COR): Set to I r CR U-1 and the· 
,control recetver has received the e:ontrol operand~ s.et to O wh,n a 
p,acke:t ,s tranmdned. 

Control R•eCierv r Mode {CRM): Set to I 1if CRU-1 and the contr-.c:11E .. 
operand is a. comta.tU; otherw ~e O. 

Jltt~iver Origin (ROHR02): A pointer to the starting roca ion of 
the flrst/seoond rece1vet in [he cperauon pad:et area. 

Reoeinr length (RU/Rl2l The· I ngth in byt,es of thtt 
first/second recerv er m the ope a uoo packet a re-a. Boot ea n 
operands: I by ie, real operands: f bytes; 1nreger oper,11nds: f bytes. .. 

The operation packet area contains the data that become assernbltd into oper.1tion 

packets. by the cen block modu e. The data fields c·r the operation packe1 ar,ea are: 

Opcode (OC\ Specir1es the 1nstn1ction to be executed. 

O:mtrol Receiver (CR): Contains ·the switc.h ,or merge conm:,I 
operand, if required; otherwise absent. 

Receiver t (RI}: Conmbu. either the true·-input-port operand or 1 

n,erge inmucuon or the first opera.nd of a non·m rge ,nstrw;uon. 

R.eceiveli 2 {R2). Contains either the fabe-1nput-port 1ope and or ai 

merge imtruction or the second operand of a. non-me ge 
instruct ion. 



Df'~lination and Acknowredge Addre-,55,es WEST/ACK): [ach 
destinauo /ad.nowJedge 11ddn1•s,s has the following format 
R eoe i vt'r Nu 111 be r {RN): 0 - Noc used (;:i ck nowTedge t1 d dresses 
ol'dy); I ~ RecE"iver I (deMination addtesm only); 2 - Re.i:e,1ver 2 

(d-es.tma Uon addresses only}, 3 - Cont o1 rec~iver (deshnaUon 
add ress.e only '-
Gondi1 ional Addre.o;s llsfd fCA U): 0 - Not used; I - Send an 
acknowledgefoperand pad:.et to this address ff the control value 
ru.ttcht>~ [he boolean value of the conditional address fhg 
ConcH1 iona1 Addre.s.o; Ffag ,(CAF): O - False; I - True. 
lns1ror.c ron Cell Addrl'£s (ICA): 20-bit address. 

Figtne 19. De tin tion and Acknowredge Address Format 

' ' I I 

RN CAU C,4F ]CA 

I I I I 

lCA 

' ,I I I J 
,. I 

!CA 

Data type tnfounahon 1s not kep:t wil'hin the 1nmuctron ceill It is assumed that the 

operilltion code identifies the iypci err each operand, tha the oompHer guarantees thit 

instruction cells art" alway$ roaded with operands that are compattble with the1 opcodes. 

and thar the com i1er a •ways g~ner.Hes correct code. 

Th~ values .us.igwro to an mM.rudion cell a:re iniliaHzed by a von Neumann ho~t 

oo-mpt.n r th.lit sends. init ia hz.ation packets to the ceH block. ho ding that cell. The 

LniliaHza,tion packets. can be sent onl·y after t.he host computer ha~ disab ed the operation 

or the ceU block wilh a dimbti fad.Et. The host ,computer ma~ also re<Juen wue 
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lnform:iuon for any imtrucron c,n by transmm•ng 1 dutn, 1,uA1t to1 the cell bock in 

Whenever an imtruction cell receives a resu t or adnowledge packet. the ceU block 

must update the ce•lfs 5tate variab1es and check its enabHng c:ot1ditions. U an instruction 

ceH becomes en.1bled, the· ~ell btoc:k assembtfs an o,per3ition pad.iet from the ceH's OP A and 

sends a signal to the Arbitration Nerwork 1ndicat1ng that it is ready to transmit ai packet. 

If he Arbitration Network signals that it 11 ready to accep· the pi!!cbt, the p cket is 

.. 
trammitted; if not. the ceH blod. waits f'Or a ,,a·d7 Jifllal be£ore tnmmitting. 

4.2.2 Operations and Instruction Formats 

The opcode consists o·r a 2-bU l"Jtt· field and a 6·bii furtction fo? d. The vahae ,of E.he rypt 

fie di ldenuHes the nstrucHon u a bMlean (ty~t 0)>. integ•rr (ty,t .. 1). or rul (t-;pr 2) 

operation. The funtti,m fiel<! classmes the ·innru,c!fcm accord111g t,o au runcuonahty. 

Figure 2.0. Opcode Fo ma 

T)'Pe AllitCTloN 
__ _,,._. 0-- --=-v .... _,,,_, _____ .... ~--------, 
I 

0 t. 3 f S .., 

I 
r I I I 

l 

SHs Cl and I compri~ the type field and bit 7 indicates whether or no a •control operand s 

required by the instruction, as in a merge or swHch instruction. The Form I instruction set 



ts pr sented. in the tab'les t.hat app~ar in Appendix U. For e3c.h instrucUon. rhe opcode is 

given first, Followed by its n:ame iand rw;o numbers. The r,,rst number is, the numb~r or 

argumen·ts (o,perands) the instruc ion requ res. The ~cond number is the numb r or· 

dest niltion "ddresses 1tha.t may b, loaded, ass.urning that a opennds ,are immed ,aitely 

ad:.nowledged1. The actual number of desUnatton .addr,ss,es may ex:oeed this number ,r 

acksminimizitUon reduces the number of ad.now edge ad.dttsses tha. get lo.1d,ed. The 

maximum numbe,r of dest naUon addresses. n, that may be loaded in o an lnmuc ,ion ceU 

is: 

n • FLOOR(~3a•,~f,/•opl}) 

where 4 is the number of .acknowledge addresses loaded, t: is the number of control 

operands used (0 or 0,. and opt and op2 :are the lengths On bytes), of the two non-1c,ontrol 

operands .. 

4.2.3 An Example: FIT Phase Factor Generation 

Dennb. Leung. and Mi,sunais pres-enf a data now program for oompunng an 8-po1nr Finl 

Fourier Transform in (9 Th tr p ogram makes use or C--OMplex data ypu and ci~ umes 

that the machine 011 whjch it- e,i:•ea.nes has processing units tha are capable or handhng: 

complex opera ·ons. The Phas.e. Facto,r ,Generation section c,f heir prngram has been 

reproduc«i in Figure 2t The inputs to the Phase factor Generauon section a e the 

var.tables: t.:complex, n:integer. and b:boolean, The output is the var ab1le or.co1111plex. 

The Yalue q is ain integer rnnstant If we wash to encode this. graph ,nro ,our Form I 

machme code, it is, first ne<es.sary ro, oonvert ' t into a schema tha. uses only- real. integer, 

and boo'lean data. ypes. Such a schema is iH mated tn Figure· 22. The complex Y,n1ab1es 

c and ru are replaiced by the na.'I Yatiab1es cr:real, d:re,al, wr:real, aml wi:nal Note tha 



Figure 21. Ph1~e Factor C,nerafo with Com,plu Typ,n, 

n • I 

w 

C 
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f"guire 22. Pbise Facto Generation without Comple,x Types 
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the number of act.ors, incrrases from 7 to 17 w.ith h, ,UminaUon of complex type . The· 

number of actor.s re-quired by a: prog.ram1 gr ph without complex data types ,is e,ndy 

computabl1e from the number of actors 1n the equtulent program graph with con plex 

data types. Thii number is. g1Ven by 

ec., • 2,o • J,. 

where r 1s the number c:r co-mprex multiplkafion actor.s. , 11 ts the number or complex 

opennors 01he·r than romp ell multiphers. nd . s is the niumbrr of non--comp,tex a.cto s. In 

the example at hand, , 11 .. 1, cQ~s. and .s:""t 

The Phue f a.cror Generation program graph or Figure 22 is encoded tn a mlll•chine 

repre~ent;i ion in figure 23. Each box in1 Ftgure 23 represents an ins.truc.tian cell. Each 

@1111rry tn 1the bolC describes a fte1d ,of the ,,,111 and has the rorm 

,ar14-naD1c .s:tartJ1tt l{ltn)]= 1/'ittd namt! ljit-ld_ualue] 

where ar,·n_fldmt ind icate-5 e·ilher the CeU Sta.te Area. or Opera'tion Packet Area. starL~jlt 

is the m,mng byte addre.s5 (within aua._nam:t) ,c:f the fie d being descnbed· ltn is th" 

length in 'byt#?S of said field (derault U: fltltLriam.e ,s the nacne· of the field as def1n9.d jn 

Sec 10.n i.2.1; and fltld_imlue t.s the octal. logical, or conceptual value assigned to· 

fitld_n.a-m,. Deslinatton and a,cknowled~ addre:s.sis. are descrihed as 

[ rn., ,au. ca/~ ic.- ] 

wh re rl'l, cau, ca/. and lea are the va1ues -or the· addres:.s subfields of the same names. as 

defin,ed in Section 1<2.1. 
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Figue 23:. Pha~e Fac1or C,n,ratiom Mad ·ne Repres,ntalion 
Cell address.es correspo d to auor numbers in Fi1gure 22. 

Uns.pecffioo byre.s are padded with zeros.. 
AH numbers are octal 1• .. true; "f" • false. 

CeHO 
CSA:O: [3 I U 
CSA:1: [2 3 6] 
CS A:2: [2 1· O] 
CSA:3: [0 2 4) 
CSA:-1:: 0 6 4) 
1QP A:O: OC[R-Merg,e} 
OP'A:I: CR[f] 
OPA:2(-1:): Rl[] 

OP A:6H): R2[l 
OPA:112{3): DESTIO.F,F 1l 
OP A:15(3~ ACKUO.f ,F.51 

· dd · 

CSA:0; (f0-0] 
C_?A:I: [2 0 0] 
CSA2: [2 0 0) 
CSA:3-: [0 2 4] 
OPA:0: OC(RrSwitch 
OP A:l,: CR J 
OP A:~(1). RU ] 
OPA6(~): DEST U.T.T.i] 
OPA:ll(J}: ACKl[O,F.F.o], 

CeH2 
CSA:O: 31 IJ 

I CSA:1: (2 3 6.] 

1 

CSA:2: [2 i Ol 
' CSA:3: (0 2 1) 
, CSA:4: {0 6 1] 
OPA:O: OC[R~r-.·f rge) 
OPA:L: CR[f) 
,OPA:2(-4): RI{] 
OPA:6(f'~ R2[0] 
,OP'A:12(3): DESTIO,F.F,3], 
OPAJ5(3}; ACKl(0,F.F,7] 

CeH 3 
CSAO: 3 O 0 , 

• CSA:1: [2 0 OJ 
CSA:2: (2 0 OJ 
CS A:3: [0 2 4] 

.f . dd. 

'OPA:O: OO[R-Sw 'tch) 
OPA:l: CR( J 
·oPA:2,(-t): RI[ .J 
OPA:6(3): DESTI 1.T.T,6] 

P A:11 3 • ACK UO.F ;F, 2) 



C'A"l11: 
CSA:0: (3 0 n]1 
CSA:I: (2 0 O] 
CSA:2: [2 0 O] 
CSA:'.l (0 2 ] 
OPA:0: OCl[R-SwitchJ 
OPA:I: CR[ ]I 
OPA:2(4): RU] 
0 P A:60}. D ESTl[2.T ,F ,!i) 
OPA:11(3): DEST2[l,T.,T,12] 
OPAH(3~ DE.STJ[t,T,TJi] 

C H5 
C.SA-0: [2 21 
CSA:I! (2 2 OJ 
CSA:2: 12 0 O] 
CS A:3: [0 2 1] 
CSA.:'I : [O 6 'I] 
OPA:O: O"C{R·Merge] 
OPA:t CR(] 
OPA:'2(1), RI[ } 
OPA:6(-4) R.2{ J _ 
OPA.:12(3)~ DESTIO.F F,O] 
0 PA :IS(3~ DES T2[1 ,F F .ad dr(wr)J 
OPA:20(3): ACKl[O.F,f.20] 

r:eHS 
CSA::I>. D O OJ 
CSA.:1: [2 0 O] 
CSA:2: [2 0 0] 
CSAJ: [0 2 ~] 
OPA:0; OC[R·Switclh] 
OPA:1: CR[] 
OPA:2(1): Rli ] 
0 PA :6(. ): D ESTl(2, T ,f ,7) 
OPA:n(3~ DEST2[1,T,T,L3] 
OPA:M{3}. DESP[~.T.T,t!':i] 

Ce117 
CSA,O: (2 2 0 
CSA:I: [2 2 01 
·CSA:2: [2 0 0] 
CSA:3: [0 2 -1] 
CSA!-1: [0 6 4] 
OP A-0: OClR · Merge] 
OPA:l: CR[] 
OPA:2(1): RI[ J 
O'PA:6(-t): R.2[ J 
OPAd2(3): DESTm,F,F,,2J 
OP A:15(3}. DES T2Cl.f .F ,add r(u,O) 
OP A :20(3): ACK 1 [O.F tf .20] 

Cell 0 
CSAj(I: [3 0 0] 
CSA:I: [2 0 10) 
CSA:2: [2 0 0] 
CSA:3". [0 2 •U 
CSA!i : [O O O} 
OPA:!J: OC(R-Switch] 
OPA:I: CR[] 
OPA:2H~ Rl[] 
OPA:6(3►. DESTl[2,T T,12] 
OP'A:1 [(3}. D[STZ[2,T ,T .15) 
OPA:l-4<(3}. ACK l[O.F,F ,addr(cr)l 
OPA:17(3►. ACK 2[0.F.F,20} 

Cell H 
CSA{I: [3 0 O] 
CSA:I: [2 0 0] 
CSA:2: [2 0 0] 
CSA:3: [O 2 •0 
OPA:0: OC R-Swiith] 
OPA:I: CR[] 
OPA:'2H►. RU l 
OPA:6{1~ DESTIC2.T.T,131 
OPA:U('3); DF.ST2[2,T,T.Ml 
0 PA :l4('3h ACK no;F .f ,add 1'(€i)] 
OP Ad7(3k ACK 2[0.F F .20] 



C 1112 
CS.A:O. [3 0 OJ 
CSkl: {2 2 OJ 
CSA:2: [O, 0 OJ 
C-SA:3: [0 I <t] 
-CS A.:4: [0 51 4] 

1
OP'A:O: OC[R-Mulc) 
OPA:Ui►. RJ[ J 
OPA:5(4►. R2 
OPA:U(3): DEST:10,F.F.16] 

_ Cell 13 _ 
CSA:0: [3 0 0] 
CSA1[22 O] 

: CSA:2; [0 0 0] 
CSA:3: [O I -1] 
C~A:i : [0 4) 
OPA:0: OC[R-Mult] 
OPA:1( ): RI[ ] 
OP'A:S{-t}: R2( ] 

Cell M· 
CSA:O: [3 0 O] 
CSA:1: [2 2 O] 
CSA2: (O OOJ 
CSA:3: [0 11 4] 
CSA:i : [0 5 4] 
OPAf>. OC[R-Mult} 
OPA:l(t}: Rl J 
OPA:5(~}. R2'[J 
OPA:ll 1.): OES1][1: FF. l 

CelU5 
CSA:O: [3 0 OJ 
CSA:I: [2 2 OJ 
CS ;2; [0 0 OJ 
CSA:3: (0 I 41 
CSA;4! [0 5 -t] 
OPA~ OC[R•Mult) 
OPAJ(➔►- RI(] 
OPA:5(i}. R.2[ 1 , 
OPA:U(3); DESTl[2;F.F,17] I 

Cell ES _ 
CSA!O: [3 0 OJ 
CSA:I~ [2 2 O] 
CSA:2: [0 0 0] 
CSA:3: [O I 1) 
CS A:f: [0 5 -1) 
OPA:O: OO[R•Sub]I 

. OPA:l(i): RI[ 1 
OP A:5(i); R2[ ]I 
OPA:11 3 .,_DIST! 1 f F Ii 

C-eH '17 
CSA:0: '[3 10 OJ 
CSA1(220 
CSA:2~ {0 O OJ 
CSAJ· {0 I 1 J 
CSA:-4: [0 5· 4] 
OPA1J: OC[R-Add], 
OPA:l(i): RI( J 
OPA:5(f►. R2{] 
OPA:11 3 : OESTI 1£ 7 



CommottJ. 

Cell 20 
CSA:~ [J 4 •U 
CSA:1; (2 :l 41 
CS A;2: l~O O O] 
CSA:3: (0 I i . 
CS A:1: (0 5 <f] 
OPA:0: OCCl· Bit] 
OPA:l(4}. RI(] 
OPA:5(f}. R2{q] 
OPA:H(3}. DISTl[IJ,F,21] 
0 PA :M(?.): DEST 2(3.f .F, ~ l 
OPAJ7(3): DESTJ[3.f,F:6) 
OPA:220)! AClO(I.F F addrfn)l 

0) Thb repre~entation is ack~minhaized. 
(2) The bit predkate operates as foHows: 

bit(n,q\ = if (the n·th bit of q~O th,n trut 
els·e fabe 

CSA~. 130 OJ 
CSA:I: [2 0 OJ 
CSA:2: [0 0 0] 
CSA:3: [O l I] 

CSA:i : [O O OJ 
OPA:O: OC[B Id nt) 
OPA:1: RU] 
OP A:2(3): D ESTl(3,F .F !il 
OPA:S(3). DEST2[l,F.F.7] 
0 PA:10(3): I) ES T3{3.F .F.. IO] 
O'PA:tl 3 _. EST◄~ Ef I 

(3} The mmuwon cell configuration requrte.s an addit'ional identiry ac,tor (B Idem) to 
distribute to Cf!, Is. 5, 7. m, and U beca,us.e ceH 20 ds the necess.uy sp~ce for it I she 
dest m 11 uons. 
(4) H we ,mume ,e·very in.st uc:tion cell requires a~e time unit to fir,e ;1m:I th:H the 
compur;i ion b1;>gi'ns with the firmg of cells O and 2, the out.put values wr and nti Ml' 

computab e m 
3m + 2P • '4T ~ J time umts, 

wher,e m •~ th number of consecutive· 'tjmes that b is t ue (m~O. 'T is the number of umes 
that Ehe bit p1 ed.icate ts true, and f is ,he number of times th<1t Ehe bit pred 1cne JS. f il 1 e 
(T+F -rn). 
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5. Conclu ion~ and Suggestions for Future Research 

An nstruc ion ~e·t For a Fo m I d.:ila flow processor has been presented n this Eh<'~is. We 

have also d iscuss,ed the me its and drawbacks or Imp he it and t>XphcU ad:.nowledgenlent 

gene,.i ion, and have s,e1ected the exp]cit method as the technique for general mg 

ackno,wledge sig·na s. We have a so, cha racteriied tht' to rage utUiz.ation of inscruction cells. 

,n tenm of 8 byte cell state ,ureas and 24 b·yte operation packet areas. 

n anempt was made to make the inmuct'on formats as upward comp:uible as. 

possible for use wnh future generations or data. now Jnnhines. M.any un,used bU paUl'.'t ns 

are av.tH,.ble for ~pecifying the structure pil'ocessing opcodes ,of the Form 2 miu;June. 

Although 20 bLts may seem excessive for addressjng sma I Fonrn i imm.Jction rnernor-ies. he 

potenti111 for addressing u:p, to 102fK rn, ls In future 1na,c.hines without modUying [he 

fotma ,s vtewed as desira le. 

True and fal e: gares w,ere not included in the .instruction set beca.use the switch 

Instruction ehm,hates the,r ne-oo. A rue (fabe) gate is equivalent to a switch nstruclion 

with no failse (true) des im1t'ons. A merge instruction was included n 1the nsuucUo:n set 

despite the' b rer that it can be repl~oed, in he conrex of translated ADFL condtUonal 

and it rathe e pre~~mm, by other inmuclions that ui;e muhip e op-e.ra.nd sou"'e~. h was 

i1ncluded t.o ensure that rhe me of merge gates in :arbitrary data flow programs could be 

E>asily and di1•ect1 y encoded, mii •intaining a clos.e correspondence between data now actoi s 

and the machine mstmcuom. 1f e pertmce shows Ehat merge inst.ructions are unnec, ~:uy 

and have no practi_c:.il II ue., they can be elim nated at a 1a er time. 
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Th HT Phase F c.tor Genera ·on gnph wn c.ho~en 1:or encoding :ind ,m-'1v~is 

became it .ippe~n to be :a tep ,esentJUve a.nd practka.1 computation suitabl'e for the d;itai 

flow approach. The .analysis or thl' machine ev,el rep esenta ion {Figure 23)1 remhs in the 

fo1fowing concf 1slom: 0) A single 2-4-byte OP·A is a.dequ te in sh:e for holdlng dt-stmaOon 

and ;ick.nowledge address mformation £or a1mo~t aill 'the celll; and· (2) Ack-mimmh. don is 

i,mpottanr. not only from he nandpoi t or eliminating unnecessary acknowledgeo p.:ickeu. 

but a Im so that more OPA space exms for tho~e instructions. whrch have a r:nge number 

or destination a.ddr,es.se.s. 

The ~ile ,of 1the opera.hon packet :area should be reconsidered when more powetful 

da,tai How machines a.re ui der dev,elopment. A larger ,opera1ion pad. t area me;ins more 

,oper.1nds., more a.ddtesses. and a greater variety of in~tructions. A larger operation p~cket 

ar,ea would rnillk1e .it 1possible to combine instruuions ·thilit fr~uently oocur together mto 

,one, such as ... ,.dd-and•s.wnch,'· and to ,mplement 3-or-more ope·rand ins ruction•s, .mch its 

3-oper;ind multip1ic,1ir:ion nd addition (among others). On ,he othe hitnd. exp rience 

n111y indica t that larger operation packet areas waste an unac:~eptab1e ,amount of storage 

and do not cost justify the• a.dvanrages they bring abou . 

The performance of program,s written in F·orm i code needs to be carefully ani1!yzed 

and qmrn 1faed. Any problems in the de~i,g:n of 1the for~ •• rnstruc1tion s t should be 

corrected before a form 2 instruc:rion set specincatiion is attempted. The· issue of VAL 

foun transl,ation still needs to be addressed. and the proc dures for structure proce~iing 

more carE'fuHy ddmed. The implemenratlon or str,eam da'ta types and stream actors on a 

form I c:ornpmer, as propmed by Weng {H]. is. another rnajor are-a of future study. 



Table [. Error Values 

Appendix I-· Error Values 

Value 
1000001.0 
100000H 
lOOJllOO' 
10001100 
IOOiOlOO 
10000.100 
tOOO'XlOI 

Name 
unknown 
undef 
pos .. over 
ne;g_ov,er 
pos_under 
neg_under 
z.ero_divide 
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Appendix II Operation Codes 

Table U. Boolean Operatiorns 
0 pcod e Name 
OOOOOOJO B • ldenl 
00000100 S·Hot 
00000110 R-X or 
0000[000 I· And 
OOOOIOJO B~O,r 
00000001 B-Switch 
OOOOOOU I-Merge 
OOlOOOlO IHs-error 
00100100 IJ,.ls-undef 

OOH0ll0 S~ual 
00111000, B-not-equa1 

No. o ArgJ. 
I, 

' 2 
'2 
2 
2 , 
I 
I 
2 
2 

No. of Desu. 
6 
6 
5 
5 
s, 
5 
3 
6 
6 
5 
5 
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Table 111. I ntrger Operations 
Opcode Name No. or Args. No. or D,su. 
010000]0 Hdent I 5 
Ol000100 1-Negat, s 
010001 0 I-Add 2 3 
OIOOWOO M,fu t 2: 3 
01 0l010 I-Sub 2 3 
OlOOIIOO [-Div 2 3 
oroomo 1-Exp 2 3 
01010000 I-Mag I 5, 

0l0l0010 I-Max 2. 3 
01.0lQIOO J,Min 2 3 
0 010110 1-ConverHo-·Rea I I 5 
OIOI 000 E·Mod 2 3 
OlOIIOlO l~Bft 2 3 
01onmo 1-ShH"t 2 3 
omoooo1 1-Swi ch 2 3 
moooo:u I-Merge 3 I 
01lOOOIO Hs-e ror I 5 
OIIOOl(ll 1-·s-undef I 5i 
onoono Hs-pos·o·ver 'I s 
OUOlOOO 1-is-nregov,r I 5 
OIIOlOIO Hs·over I -~ 
omoo10 1-is-anth-,err I 5, 
01 lOll'.10 Hnero·div I !, 

C'II IOHO I-equal 2 3 
OUl1(l(l(I [-not•equal 2. 3 
Oi1ll()l0 1-g,,ater-l ha I'll 2 3 
0 IIUOO I -grea~er·than-or-eq 2 3 



Table IV. Reali Opera[inns 
Opcode Na,m 
100()(()10 R-ldent 
IO(lOCllOO R·Neg11te 
10000110 R-Add 
10001000 R-Mul 
IOQOI010 R-Su'b 
10001100 R-Div 
IOOCIIHO R-Exp 
IOOlOOOQ R-Mag 
10010010 R-Matx 
IOCUOIOO R-M,ln 
IOOmllO R-Truncat:e 
1ooau1n. R-Exp-w-lnt 
,0000001 R-Switch 
tOOOOOlE R-Merg,e 
IOJOOOlO R-is-error 
10100100 R-is-undef 
totoono R-is-posover 
lOl'JiCIOO R-is-negover 
m1mo10 R-is-over 
1{'11(111()0 R ·is-po,sunder 
10101110 R-is-negunder 
101 10000 R-is·under 
1011(1('110 R-ii.-anth-ietror 
10110100 R-b-ze ro-d,1 v 
101101]0 R-equal 
ICIUl.000 R-not-equa,J 
10111010 R·grtal~r-thain 
IOUHOO R-greater-1tba.in ·or·eq 

No. of Args. 
I 
I 
·2 
2 
2 
2 
2 
I 
2 
2 
I. 
2 
2 
3 
I' 

I 
i 
I 
I 
I 
I. 
I 
J 
2 
'2 
2 
2 

No. of De.m. 
5 
5 
3 .. 
3 
3 
J 
3 
5 
3 
3 
5 
] , 

3 
I 
s 
Si 
Si 
s, 
5, 
5 
5 
5 
5 
§, 

3 
3 
3 
3 
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