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Al»traet 
la a etraJptfonrard pipe)iaed implemeatatioa oi tlle Explicit 1bkea 

Store datai- model tloae ie u imbaluce coaceraia& tloe exec11tio11 of 
tlrotlú: iutrac:tiou (iutrac:tioae witb two illpat operuda) . Tllia ia dae 
to tloe Iael tloat two tollna aeed to be prooeeeed for a dyadic iutrac:tioa: 
before Y&lid operuda ue anllable to be proceeeed by tlle Aritllmetical­
losical Uait, wllich at each pipeliae eycle cu couame two toke111 ud 
prodace u a renlt a1eo two tokeal. 

la tloie work we illftlti&ate u approach to iacreue tloe Aritllmetical­
losical UDit atilinlioa rate ia datalow proce.on bued oa tlle Explicit 
Tokea Store model. We propoee u abetract realintioa of tllil model 
wbere tbae ia two tollna qaeaee. O.e tokeD qaeae bepe tokeu loeaded 
for .. onocfic iutnc:tiou (ianracliou witb a mD&)e iapat Operud). 'neee 
tokeae ue atilised wlleae\'U tlle maia path of tlle proce.or pipelille 
(feeded dinctly by tlle two tokea qaeaee) il uable to prodace Y&lid 
operuda for tloe Aritllmelical-locical UDit to proce11. 'nerelore, illc:reu­
i~~& tbe"UtililatioD rate of tlle Arithmetical·losical Uait. 'ne otber tokea 
qaeae loolda tokeallleaded for fltlodic iutractioa1 (iutraclioae witb two 
illpat operudl). 

1 Introduction 

The execution of a dyadic illltruction iDvolvea the proceuiD1 of itl two iDput 
tokeDa. The Explicit Token Store (ETS) dyadic matchiD1 functioo (refer to 
(gre«9{)] for a complete diacUNioD of tbe ETS model) impliee that eacb time 
duriD1 tbe execution of u iDatruction the preaence-bitl (o( an ETS etore loca­
tion) ie found in the emplretate, furtber proceaeiD1 o( tbe iDatruction ia aborted. 
In tbe Mo11100n realization of tbe ETS model (Gre«83], (Gre«9{)], (Gre&iJl] tbie 
ie realiaed by a "bubble~ or no-operation that ia eubmited to the ALU etB3e of 
tbe proceuor element pipeline. Wbenever thia aituation occure the ALU and 
eubeequent etB3ee o( the pipeline are idle; thua no ueful worlt ie performed. 
Therefore the actual rate oC utilisation il at beat 50CJii if the propam coDailte 
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mainly ~ dyadie iutrudiooa aud oo •~ra&e two output tokena are produced. 
Bowe\'er due to the preance of mooadic inltructiooa, aud iutructiona with a 
conataDt input in real propam1 the utiliaation rate reachea about 709L (Gre&88). 

Thil ileue eu be viet7ed eimply • a pipeliDe imbalauce. At eacb pipeline 
c:ycle ~ Ule ETS proce.or the exeeution eta&ea eu conaume two valuea aud 
produce two resulte, while the operaud-matcbin& ata&e taltea two c:yelea to con­
eume the two input tokena for a dyadic iutrudion. From thia point oC view au 
inereue in the ALU utiliaatioo ~ be aecomplilhed hy incre•iD& the throu&h­
put of tbe alower •&a&ea. A more cletailed dile~~a~~ioo of thia iaue ia found in 
(Brobe~] aud [Gres88). 

0ur approacb ia to inereaae the ALU utiliaation by providin& au alternative 
80urce of input operauda whenever tbe maio pipellne ie unable to &enerate valid 
input data valuea. Thil impliee the u.e oC two token queuea. The central idea ia 
to cleted • euly M p<*ible that further ~in& of a dyadie iutruetion will 
not talte plaee aud uee any fllo•ellic tokena (i.e. tokena whoee cleetination are 
monadic iutrudioDJ) that are available in the token queuea to feed the ALU. 

The Monadie proce110r ia au implementa&ion a( au ETS pipelined proceuor. 
It adopte the two token queuee approaeh ofthe MoDJOOD realilation ofthe'ETS 
model (Gre&OOJ aud hM additional ~&a&ee to provide the ALU with unproc-d 
monadic: tobna. Theee tokene are atored into a private token queue (one a( the 
two queuea provided). 

lt ahould be pointed out that the Monadic proc:ee80r ia au abetrac:tion of 
a datallow proce180r element. It ia aimed at providin& a platform to inl'elti­
pte how efrec:tive the u.e of unproc:e.ed mooadic tokena c:an be in inereMin& 
the ALU utillaation. A epeciflc IOftware emulator WM built to c:arry out the 
inveeti&ation. lte implementa&ion, il diec:u.ed iD (Fellpe92). 

The article ia orpniaed • followa. In eedion 2 we briefly diec:1111 the ETS 
model by ~ of an example. In eec:tion S and 4 we dilc1111 the arquitec:ture of 
the monadie proeee80r . In aeetion 6 the reeuJte of the emulation are preaented 
and analiaed. Finally in aeetion 6 we preeent tbe c:oncluaiona of the work. 

2 The ETS Model 

fi&ure 1 ahowa au example a( a pipelined implementatioa a( au ETS procee80r. 
Our diec:uaaioo il drawn from (Jrq90). In thia c:aee iutruetion fetcb ia done 
before operand matc:hiD& .U.ce tbe inatruc:tion encodee the olraet r of the ren­
deavoua location in the aetivation frame pointed by the income token c field 
(the 'lbken Store ie augmented with preeence-bite to indic:ate the preaence of a 
partner in tbe cMe or dyadic inatructioDJ). 

Then the operaud matc:hiD& Jta&e queriea the preeence bite on loc:ation c+r 
o( the Token Store. U tbe alot ia empty the token 'a value ia written in to the 
alot 1111d a bubble or no-operation ia aubmitted to the ALU (in thie c:aee further 
proceeRD& oC the inatruction cloee not talte place). On the next Jta&e the bubble 
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propa&at.ea &o tbe form &oken •ta&e wich in turn doea not illlert any token in&o 
tbe &oken queue. 

Jf tbe alo& il fuU tbe operand from tbe alot ia exbaded, and tbie operand 
alons witb tbe value on tbe token bein& proc~ are aubmitted &o tbe ALU. 
Tbe deatination tap are computed in tbe form ta& •ta&e in parallel witb tbe 
ALU operation. Finally new ~ena are conatructed in tbe ~rm &oken •ta&e 
wbicb coocatenat.ea tbe deatinationa from tbe bm ta& and tbe reaulta from tbe 
ALU. Tbe new &okena are inaerted in&o tbe &oken queue. 

3 Tbe Processor Element Arcbitecture 
Tbe circular pipeline ol tbe M011adic proceuor element ia depicted in Fi&ure 
2. lt compriaea five ata&ea: ioltruction-fetcb (IF); ayncbr011iaation~beck (se); 
operand-matcbin& (OM) and tbe extra inatructioo-fetcb (IFl) (operatin& in par­
aliei); ALU and bro-ta& ata&e (FTA) (operatin& in parallel); and tbe ~rm­
token ata&e (FT). Tbe tbree memoriee are 111 local. Tbe Token 5tore of tbe 
ETS model ia aplited in two aeparated memory: ooe keepe tbe preaenc~biy and 
tbe otber ao operand value (it ia called frame memoi'J). 

lt ia a ayacbroooua non-blockins ( Maya&olic") pipeline. At eacb pipeline cycle 
one &oken ia proc:e.ed by tbe IF ata&e and aero, 011e or two tokena are produced 
by tbe FT ata&e and atored in ooe of tbe token queuea. Tbe se ata&e bu 
excluaive acceee &o tbe local preaen~bita memory, and tbe OM ata«e &o tbe 
local frame memory. 

ODe of tbe tokeD queuea ia defioed 11 a hi&h priority queue and tbe otber 11 

a low priority oDe. Tokena headio& for monadic inatructiona are alwaya a&ored 
in tbe low priority queue (tbe moadic queue, aee fi&ure 2). Dyadic· tokena 
are alwaya atored in tbe bi&h priority queue (tbe 4r•4ic queue, aee Fipe 2). 
1bkena are ~d from tbe lower priority queue by tbe IF .t~a~e ooly wheD 
tbe biper priority queue ia empty. Bowever a token from tbe mooadk queue 
may be procaaed by tbe IFl ata&e. Wbenewr the executi011 o( a macbin& 
fundioo by tbe se •ta&e determine that furtber proceaina of tbe ioltructioD 
ia Dot &o take place ao additiooallipal ( tpc-aoa-•clieeU) ia traoamitted &o 
the OM •ta&e and &o tbe moDadic queue. At the ftry oext pipeline cyle a tokeD 
dequeued from tbe mcoadic queue ia procaaed by tbe IFl .ta&e, producins a 
valid operand for tbe ALU. In paraUel the OM ~&a&e a&orea the value part oC the 
token rece.ived from tbe se ata&e in&o. frame memory locatioo, but DO ALU 
operand are produced. 

One field of tbe dataflow in.truetioD ia expanded &o accomodate two oew 
aubfieldt: 51 and 52. Tbey are uae by the FT ~ta«e &o ideDtify from the ~ena 
produced whether tbey are deatined ~r a moDadic inatruetioo (5i=O) or b a 
dyadic ODe (5i:l). 
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4 The Pipeline Operation 
At each pipeline eyde tbe IF •ta&e reeeivee ooe &okeu &om the hilh priority 
queue - una- it ia empty, in which eaee ooe tokeu ia dequeued from tbe low 
priority queue. AD inetrueüoo ia fel.ched &om tbe inetruetion memory aud ~h 
inetruetion ud tbe iDcome &obn are cliepakbed &o tbe nen •tase. 

The se •• oper.W. 011 the praenc:e-bite of a Joeation iD tbe praenc:e-bite 
memory (eee Fipre 2) 11 dietated by tbe ma&chin& funetion epeeifled iD the 
inetruetion (~r more detaile ref'er &o (Greaii(IJ). H a Moadie makhiD& funeUon 
ia epecified no ae- ia made &o thia memory (refer to [Gre&90]) ud the iD­
etrudion aud tbe iDeome tokeu reeeiftd &om tbe previoUJ etase are forwarded 
to the OM •ta&e· In tbe eaee ofa dyadie inetrueüoo a matchin&-addrse ie com­
puted and ueed &o read a loeation in the preeenc:e-bita ~)'. The matchin& 
funeüon dietatee a tralllition etate &o be performed on theee bite aud a reeult 
ia wriUeo b.ck in &o aame localion. 11' the exeeution of thia funetion indieatee 
that further P~DI of the inetruetion i8 DOt &o tah plaee a eipal (•pe­
aoa-ulind) ia eeot &o lhe monadie queue &o dequeue a token aud trana,nit it 
&o the IFl •ta&e· The matchin&-addreee, tbe inetruetion, the income t.okeD and 
a aipal ('f•c-aoa-edieod) are tranemiUed to the OM •tase. 11' the exeeution 
of the inetruetion dic~ that it ia &o be proceed with ita execution no eipal ia 
tranamitted &o the OM lt~e and to the moaadie queue. Tbe OM eta&e reeeivee 
the matchin&-addreee, the inetruetion and tbe iDeome tokeu. 

The OM •ta&e behavee limilarly to tbe ETS pipeline exeept that it doee 
not aec:eee the preeeoc:e-bita memory. The eyncronieation role of the matchin& 
funetion • played by tbe se -~e. The ... c-ao•-•die.U •ilnal eeot by that 
etase (or ita abeenee) and tbe operation (cletennined by the matchin& funetion 
epecified in the inltruetion) to be performed in a loeation o{ the &ame ~)' 
completely determines the aetion to be executed by thie lt-«e· 

The IFl it-«e on reeeivin& a tokeo from tbe low priority queue fetches the 
correepoudin& iDetruetioo and tran~mit the relevant informatioa to the ALU 

and the FTA ·~· 
When the IFl etase ia idle the OM •'-«e i8 eitber proe-in& a monadie token 

or a dyadie ooe whoee partner ia al.ready etored in the frame memory. 0n lhe 
other hand whenever tbe IFl etase reeeivee a tokeu (from the monadie token 
queue), the OM etase juat oper.W. on a frame memory loeation. Jt doee not · 
tranamit any data &o the foUowin& etases. 

The operation of tbe FTA, the ALU and the FT ·~ are 11 defined for 
tbe ETS pipeline implementation M diecll.lled in eection 2. Bowever &okena 
produeed by the FT •ta&e are etored in&o the two tokena queues u diaeuaeed 
early. 
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S Resulta 
In UI• eectioD we ualyee &be ALU u&ilisaüoD ohbe Mooadic procaeor A 10ft.. 
wue eiDila&or, deliped ud buil& to exercite &be JDODadic ud ETS arcbi&edure 
wi&h bellcbmark prop-, were ~. 1'1le emula&or. implemen&ed iD OOCAM 
2, ud Nlll oo u anq oUru.put.en oo a Mmo CompuÜJII Surface [Felipe92). 
Eea.ch ~M&e &ha& compn.t. &be p~ pipe)iDe Nlll 011 a Rparate &raupu&er. 
Bowever &he iDIUudioo _,. il emula&ed oo a dedica&ed &raupu&er ud i& • 
lhared by &he &wo illl&rucüoo-fe&ch ~· 1'1le mooadic ud &he dyadic &aten 
queuea are b~h LIFO queuea. A liqle emula&ed 1-memory module"ii ued to 
hold &be 1-e&rudure~ for &be MM, ud wave prop-. 

Tbe benchmark prop- are a fact.orial , a Ma&rix Mulliplica&ioo (MM) ud 
a Wave Compu&a&ion [Nikhil89). 1'1le &wo fira& prop- are t&rai&htlorward. 
We &ben &c~ &be &hird aJ&ori&hm. 

6.1 The Wave Computation 

The overall OCCAM 2([Inmo.88))c.ode for &be wave compula&ion aJ&oriÚun • 
depic&ed below: 

PIOC wan ( C C IIT c ) 
YAL IIT a IS SIZB c: 

- a .. ue: (a • SID c [O], i . e. a 114111U• -trb:) 
IIQi•Ol'Dia 

SIQj•OPOla 
U' 

(i • O) Ol (j • O) 
c[i, j] : 1 

1JUB 
c[i, j] : • c[i-1, j] + c[i, j-1] 

:- tllld-of-wa•e-proc 

In thil propam ~ loope cu be unravelled, expo1in1 &be maximum par­
alleliam available in &be aJ&oritbm. Bowever &bere il data dependency ol data 
1tructure elemen&l amo01 iterationa. Tbe dependenciel are illutra&ed iD Fipre 
3 wbere &be compu&ation ol &be coupJe.ebaded elemen&l depend on &be availabil­
ity oi &be Ame element, re~pedively X, Y, Z. Tbe l&ora«e elemen&l whicb ~&ore 
&be re~ult mairix (implemen&ed u u 1-e&ructure (Arviud87a)) will receive read 
requea&l for elemen&l ~ )'et calcula&ed. 1'beee requea&l are au&omaiically de­
feneci by &be l .. &ora«e elemenu (Arviud87b), un&il &be corre~pondiOI operation 
• performed. 'l'be propam execu&ion iuvolve. &be ue oi &be I)'Jichrooilation 
opera&ioo between write. ud readl per(ormed oo 1-etructure elemenu. Tbe 

.,._. - .... -- (rdu &o (An!Dd 17b)) that Wdo knacl-. Ta.­
--~oa ... --.~ct- ....s •ore cldiDecl r ... ~~oe m ~· F .. r..nlMr c~ota~~a­
(Nildúl80]. 

235 



236 XIV Congresso da Sociedade Brasileira de Computação 

I I I I I I I I I I I I I I 

I 

I 
I Yi!R 
I lli 
I 
I X 

I • I 
I % 

I lll 
I 

I 
I 

Fipre 3: Data Dependente in The Wave Propam 

deferred read operationa will be aatilfied )ater oo, at non-determini.tic time, 
seneratin' (poeeibly) eome bunt of toltena from tbe memory element involved. 

Tbe parallel bebaviour cí tbe propam Íl illua\rated in ~ 4. The lhared 
aquare~ repreaent the elementa that can be calculated in parallel at that par­
ticular time. It can be -n tbat the computatioo advancee in parallel alon1 
a cliqonal wavefront. The paralleliam peab at the main matrix dit~onal, de­
creuin' afterwarda (compare tbi. witb the ~equential order of execution effected 
by tbe above OCCAM 2 eode, tbat advancee ooe element ata time row-by-row). 

5.2 Resulte and Inatructions Profllea 

The ALU utlliaatioo rate il defined u : ALU Utilisation rate: U 

U=~ 
B 

where Si. the number ofinatructiona executed by the ALU plue tbe number (B) . 
o( bubblee 1enerated. In tbi. 1ection ali tbe utiliaation r ate valuee are preeented 
in percenta&e. 

Fipre 5 lhowa tbe reeulta obtained for the factorial progam runnin' on tbe 
ETS proceaor element and oo tbe Monadic proceeaor. For the f\nt archit.ecture 
the utilisatioo rate i. kept around 70% . Thil i. u expected, eince about 1109{, 
oC tbe total amount of inatructiona executed are monadic inatructiona (- tbe 
inatruction profile dilplayed in Fipre 6). 
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Filure 4: Tbe Wavefront Computation 
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forloriol •ia c l5 D110tlic /n•lruclioru !15 Monotlic /n•lrvclion• 
N ÜtCMittJ &eculetl 
2 31.11 60.82 
8 39.84 60.16 
32 3U6 60.03 
128 39.99 60.00 

/./o triz IÍIC " o,otlic ln•lrvclioru " Monodic /nJiruclionJ 
lt/ulliplv NzN &cculttl Ezcculctl 

2 31.29 68.70 
4 31.71 68.21 
8 31.62 68.37 
16 Jl .49 68.~ 

23 31.4J 68.~6 

w ...... Siu " D110tlic ln•lrvclioru l5 Monodic lnJirucliom 
NzN &cculctl Ezcculed 
2 33.45 66.54 
4 34.38 65.61 
8 308 65.41 
16 34.54 65.45 
20 34 .54 65.45 

Fipre G: lllltructioo Profilea for Tbe Benchmark Proglllllll 

Tbe c:urve for tbe Monadic: proce.>r abowa tbat tbe ALU utiliaation c:an 
be efl"ec:tively inc:reued if mooadic: tokem (beld on a teparate token queue) are 
ued u operanda, wben a matchin& doea not &Me plac:e in tbe pipeline operand­
matchins •t.&e (OM). For problem aiae N = 8 tbe utiliaation rate achieved 
ia over 809(, and e\'en hi&ber ratea are obtained (over 95%) for larser problem 
ma. We abonld note tbat af\er an initial riae tbe c:urve le\'ela off wben tbe 
problem aiae ia Jarser tban N = 8. Tbia bebaviour ia better underatood if we 
look at tbe valuea preaented in FiJUre 7. We note tbat for a four fold inc:reue in 
tbe problem aise tbere ia a c:orreapondins inc:reue (approximately or tbe aame 
proportion) in tbe number o( operationa exec:uted (includins tbe proc:eaains of 
bubblea, which c:outitutea a naD operation), by tbe ALU. Bowever tbe number 
o( bubblea senerated doea not inc:reue at tbe •ame proportion and dec:reuea 
(11 much u 33% from N = 8 to N = 128) for problem aÍie larser tban N = 8, 
Tbc:refore tbe ALU utiliaatioo rate inc:reuea from about 82% to over 98% for 
problem aiaea in tbe ranse o( N = 2 to N = S2 and u expeded very elowly for 
larser data ma. 

Tbe raulta for tbe MM and wave proglllllll are pre~ented in FiJUre 8. For 
tbe ETS arc:bitecture tbe utilisation rate achieved ia hisher tban 71% . In tbia 
cue, tbe perc:ent.&e of monadic: inatruetiona ia about 68% for tbe MM and 66% 
for tbe wave pregam, u abown in FÍI'Ire G. Tbia explain tbe alishtly better 
reaulta eompared to tbe ratea obtained by tbe fac:torial proçam. 
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Si a e Operoliont Ezcculcd Bubblca Gcneroled 
N 
2 89 16 

8 401 28 
32 1597 24 

128 6394 21 

Fi&tJre 7: Fadorial Profile: Operatiou Executed and Bubb1ea Generated 
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Fi«ure 9: lnatructioo aod Bubks Geoerated t«ainat Problem Si.Je - MM aod 
Wave Programa 

Tbe reeulte obtaioed for tbe Mooadic proce.or demonatrate tbat tbe ar­
chitecture ia alao effective in improvins the ALU utilintioo rate for iterative 
progarns ( with aod witbout 1-atructure data depeodency among iteractiona). 
Ratee bigber tbao 9()9(, are achieved for botb beochmark proparns, wbeo tbe 
problem lize Íll larger thao N = 16. We note tbat tbe MM program performs 
better tbao the wave progam tbroupout tbe eampled raose. Tbe riaing abape 
obaerved for the curvea are due to tbe fact tbat tbe amount fA bubblea geoer­
ated gowna at very low ratee compareci witb tbe ratee at wbich tbe number of 
operationa (including tbe proceeaios fA bubblea - a null operation) executed by 
the ALU growa (aee Fi«tJre 9). From tbe reeulte above we can conclude tbat 
tbe mooadic token queue occupaocy ia auflicieotly large to keep tbe ALU buay 
for almoet ali the occaaiona wbeo tbe cooveotiooal pipeline data patb doea not 
provide ao operaod. Tbie cao be aUributed to: 

A) The biper proportioo o( mooadic inatructiona executed. Wbat meana 
tbat juat a amall amount from tbe total o( tokena produced needa a partner. 

B) That tbe number aod leogtb o( aequeocea of partially executed inatruc­
tiona (i.e. tbe proceaaios o( tbe inatructioo atopa in the operaod-matching at11e 
o( the procaaor pipeline) produced are oot too large. Tbie meana tbat fewer 
mooadic tokeoa muat be preaeot in the mooadic tokeo queue to keep tbe ALU 
buay. We abould note tbat three facton contribute to tbe reductioo in tbe 
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number aad •ile of theee .equences: 
- 8oth token queues are implement.ed u LIFO queues. Thie policy favoura 

a depth-fint order of execution of a code block paph aad of the proce. execu­
tion hee or the progauw bec- priority Íll &ivea to tbe )ut produced token. 
For recunive propauw theee t.okeu are tbe IJIOIIt importaat, which reinforces 
locality, tbu. decreuiD& the number of partially executed inatructioD produced. 
For iterative progauw thi. pbenomenoo ie not alwaya obeerved . Bowever a 
aeparate dyadic tokea queue reduces tbe chaDcea of UI importaat t.okea atayin& 
at the hottom of the queue for lon& time. 

- Tbe proce.in& of unmatched t.okena does not preclude tbe coocurrent exe­
cutioo of monadic inatructiona. Tberefore any important dyadic token produced 
by auch inahuctiona are readily available to be p~. 

- In the progauw a lar&e amount of inatructiona, that produce two resulta 
t.okena conaieta of monadic ideatity inatrudiooa (inatructiona that juat copy 
u ita output token ita illput token). Bowever the executioo of a aequence of 
theae inatructi0111 (i.e. tbere ie a aequence of tokena atored in tbe t.oken queue 
wboee destinatioo Íll UI ideatity inatruction) Íll illtenupt.ed u 80011 u a dyadic 
inatruction ia ready to be rurtber proc~. Tbie provides aome cootrol on the 
expoaition or paralleliem durin& the execution or a propam; thua decreuin& 
tbe amount of unmatched tokeu produced, and coneequen\ly the amount of 
partially exeeuted inatrudiona produced. 

6 Conclusion 
In a atrai&htforward implementatioo of the ETS model, tbe ALU ia bubbled 
each time tbe fint.-arrivin& operaDd of a dyadic inatruction ie written into UI 

activation frame alot and further proce.aiD& or tbe inatruction does not take 
place. Tberefore for a propam cooailtiD& only of dyadic operaton, witb two 
output ara, the ALU Íll at beat 509(, utilised. We have found tbat due to 
monadic operaton, Uld operaton witb a conataDt illput, tbe rate acbieved ia 
around 70% for tbe factorial propam, aDd ali&btly hi&her for tbe other two 
benchmark progams Tbe reaultl obtained for the Monadic proceaaor abowa tbat 
it ie poeaible to increaae tbe ALU utililation rate to over 90% (for lar&er 
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