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A bstract: T his pap er p resen ts an  ev aluatio n of ou r Sch ed uled Dataflo w (SD F) P rocessor. Recen t
focus in  the field o f new  p ro cesso r architectu res is mainly o n VL IW  (e.g . IA-64 ), su p erscalar an d 
sup ersp ecu lativ e architectu res. Th is tren d allow s for b etter perform an ce at the ex pen se o f an in creased 
h ardw are com p lexity  an d a b ru te-fo rce solution  to  the m emo ry -wall p rob lem . Ou r research 
sub stan tially  d ev iates from  this tren d by  ex ploring  a simp ler, yet p ow erful executio n  p arad igm  th at is
b ased  o n  d ataflow  co ncep ts. A  p rog ram  is partitio ned in to fu n ctio nal executio n thread s, w hich are
p erfectly su ited fo r o ur no n-blo ck in g  m ultithread ed  arch itecture. In  add ition , all m emo ry  accesses are
d ecou pled fro m th e thread s executio n . Data is p re-loa d ed  in to  th e th read s con tex t (reg isters), and  all
results are p ost-sto red after the co mp letio n of th e th read s execu tio n. Th e decou pling  o f m em ory 
accesses fro m  thread  executio n req uires a separate un it to  p erform the n ecessary  p re-lo ad s and  p o st-
sto res, an d to co ntrol th e allo catio n  o f hardw are thread  con tex ts to  enab led th reads.

T he analytical an aly sis o f ou r architectu re sh ow ed th at we co uld ach ieve a better perfo rm an ce
than oth er classical d ataflow  arch itectures (i.e., ET S), h yb rid  m od els (e.g ., E A RT H) an d decou pled
m ultith readed  architectu res (e.g ., R h am ma p rocessor). T h is p aper an aly zes the arch itecture u sing  an 
instructio n set lev el sim ulator fo r a v ariety of benchm ark  p rog rams. W e com pared  the ex ecution 
cycles req uired  for prog ram s on  SD F w ith th e executio n cycles req uired  b y  the p rog ram s on  D L X (o r
M IP S). T hen w e in vestigated  the ex pected cache-m emo ry  p erform an ce b y  collecting  ad dress traces
fro m pro gram s and  u sin g a trace-driv en cach e sim u lato r (Dinero-IV ).  We p resent th ese results in  th is
p ap er.

C ateg ory: Processor A rch itectures, P erfo rmance o f Sy stems.

K ey W ord s: Mu ltith read ed arch itectu res, D ataflo w arch itectu res, S u perscalars, Deco u pled 
A rchitectu res, Memo ry laten cy .



1 Int rod ucti on

Multith r eadin g has b een tou ted as th e s olution  to  m in im ize th e lo ss  of  CP U cy cles du e
to th e p er fo r mance g ap  b etw een p ro ces so rs  an d mem or y, b y  executin g s ev er al in str uctio n
s tr eams  simu ltaneou s ly . Mor eo ver  ther e is  a co ns ens us  th at m u ltithr ead in g , in  g eneral,
ach ieves  h ig h er  ins tru ction  iss u e rates  o n p ro ces so rs  th at co ntain m ultip le f un ction al un its 
( e.g., s up er scalars  an d VLI W)  o r  m ultip le p r oces sin g elements ( i.e., Chip Multip ro cess o rs )
[ Bu tler  91 ], [K av i 9 8a], [K rish n an  9 9 ], [ Lam  9 2] , [ Ts ai 99 ], [W all 9 1] .

I t is  n ecess ary  to f in d an ap pr o pr iate mu ltith readed mo d el an d im plementation  to 
ach ieve th e b es t po s sible p er fo r mance. We b eliev e that the u s e of  n o n- blo ck in g d ataf lo w 
b as ed  th read s  are ap pr op r iate f o r im p ro ving  th e p er fo rm ance o f s up er scalar architectu res .
D ataf lo w  ideas ar e o ften  utilized in  mo dern  pr ocess or  ar ch itectur es . H ow ever, th es e
architectu res  r ely o n co n ventio n al p r og ramm ing  p aradigm s  and  requ ir e com p lex ru n time
trans fo r matio n of  th e co n tr ol-f low  p r og rams  in to  d ataf lo w  p ro g rams . This n eces sitates 
com plex  hard w ar e to detect data an d con tr o l hazar ds  ( r en am in g  o f r eg is ter s an d  b ranch 
p rediction ) , reor d er  an d is su e m ultip le in stru ction s.

O ur  arch itectur e dif fers  fr om  o ther m ultith r eaded  architectu r es  in two  w ays : i)  o ur 
p ro gr am m in g p ar ad ig m  is b as ed  o n  d ataf lo w , w hich  elim inates the n eed  f or  co mp lex 
r un time sched ulin g, th us  redu cin g th e h ar dw are co mp lexity, an d ii) com plete d ecou pling  of 
all m em o ry  access es  fr om  ex ecution  p ipeline. The un derly in g d ataf lo w  and  no n- blo ck in g 
m od els o f ex ecu tion  perm it a clean  s eparatio n of  memo ry  acces ses  ( wh ich  is v er y d if ficu lt
to co or d in ate in oth er  p r og ramm ing  m o dels ). Data is  p re- lo ad ed in to  an  en ab led thr ead ’s 
r eg is ter  con tex t pr ior  to  its  s chedu lin g on  th e execu tio n pip elin e. Af ter  a thr ead  co mp letes 
execu tio n, th e resu lts  ar e po st- stor ed fr om  its r eg is ter s in to memo r y. Th e in str uctio n set
imp lemen ts  d ataf lo w  com p utatio n al m o del, w h ile the executio n  eng in e r elies  o n con tr o l- 
f lo w lik e sch ed ulin g  o f ins tr uctio ns  (thu s, ou r ins tr uctio ns  ar e n ot d ata  d riven ) . We h ave
com pleted th e d ef in ition  of  the in str uction  set and  d ev elo ped  an in s tr uctio n lev el s imu lato r .
W e have tr an s lated s ev er al pr og r am s into ou r  S DF  in stru ction  set.  Using  th e sim ulato r an d
the b en chm ar k  p ro gr ams , w e co mp ared the executio n  p er fo r mance o f ou r  arch itectu r e with
that of  co nv entio nal s calar  RIS C p ro ces so rs  us in g  D LX  s imu lator  [ H en ness y  9 6] . The
com paris on  is  f air s in ce bo th  o u r SD F  architectu r e an d the MI PS  are sing le- is su e
p ro cess o rs . W e ev alu ated  th e ex p ected  cache perf o rm an ce by  co llectin g ad d ress  tr aces  an d
u sing  a tr ace-d riven  cach e simu lator  (D in er o- I V [Edler  9 9 ]) .

I n Section  2  w e pr esent resear ch th at is  m o st clos ely r elated to  o u rs . I n Section  3  w e
p resent ou r S ch ed uled D ataf lo w  A rch itectu r e in  detail. S ectio n 4 d is cu s ses th e m eth od olog y 
that we us ed  in  o ur  ev alu atio n and  s h ow s ou r  n um erical r es ults based  o n r eal pr o gr am s .
F in ally  we p r es en t the co nclu din g rem ar ks  in  S ectio n 5.

2 Rel at ed Research and  Back grou n d

2 .1  D ecou pling  M emo ry  A ccess es Fro m Ex ecu tio n Pipelin e

D ecou pling  m emo ry  access es fr om  th e execu tio n pip elin e in or d er  to o verco me the
ever- in creas ing  p ro ces so r -m em or y  com m un ication  co st w as  firs t intro d uced  in  [ Sm ith  8 2 ].
S in ce th en  th e co ncept o f  cache memo r y has b een u sed ex ten siv ely to  allev iate th e mem or y
laten cy  pr ob lem . Th e g ap  betw een  p ro ces so r s peed  an d av erage memo ry  acces s time is 
o nce ag ain  a majo r lim itation  in  ach iev in g h ig h p er fo rm ance. Ho wever , in creas in g  cach e



cap acities , w hile co ns um ing  an increasing ly  larg e s ilico n ar ea on  p r oces s or  chip s, o f ten
r es ults  in  d iminish ing  r etu rn s. Deco u pled  ar ch itectur es  may again  p r es en t a s olu tion  fo r
leaping  ov er  th e m emo ry  wall .  Ther e seem s  to b e a gr o wing  in teres t in  d ecou pling 
m em or y acces s es  f ro m  executio n p ip eline.  We f eel that com bin in g th e d ecou pled
architectu re with  m u ltith read in g  allo ws  f or  a wid e- rang e o f imp lemen tatio ns  f or  next- 
g en er ation  ar ch itectur es .  Recen tly, a similar  co ncep t w as  th e majo r  g uid elin e in th e d es ig n 
o f Rhamm a [ G ru newald 97 ] . A co m paris on  o f o ur  ar ch itectur e w ith Rhamm a can  b e f ou nd 
in [K av i 9 9a, 9 9b ]. Rhamm a u ses con vention al co ntro l-f lo w  p ro gr amm in g  p ar ad igm  an d
b lo ck in g  thr eads , h en ce requ ires m an y mo r e th r ead co n text sw itch es th an ou r n on -b locking 
d ataf lo w  thr ead s. Mo reov er, S DF  gr ou p s all Load ins tr uctio ns  to geth er in to "p relo ad "  and 
all S to r e in s tr uctio ns  to geth er  in to  "p os t- s to re" . Thu s SD F  o utp er fo rm ed Rhamm a in ou r 
analy ses .

2 .2  D at af lo w  M od el an d A rchit ectu res 

The d ataf lo w  m od el an d architectu re have been  s tud ied  f or  m o re th an  two  decad es  and 
h eld th e p ro m is e of  an  eleg an t execu tio n par ad ig m  w ith the ab ility to ex p lo it in heren t
p ar allelis m availab le in  ap plication s . Ho wev er , the actu al im plem en tatio n s of  th e mo d el
h av e failed to deliv er  th e pr om ised p er fo rm ance. Neverth eles s , sever al f eatur es  of  th e
d ataf lo w  com p utatio n al m o del hav e fo u nd  their place in m od er n  p ro ces so r architectu res  and 
com piler  tech no lo gy  (e.g ., Static Sin gle As s ig nm ent, reg is ter  r en am ing , d yn am ic
s ch ed uling  an d ou t- o f- or d er  ins tru ction s ex ecu tio n, I -s tru ctu re lik e s yn chr on ization , n on -
b lo ck in g  thr ead s) . Mos t m od er n p ro ces so rs  u tilize com plex har dw ar e techn iqu es  to  d etect
d ata an d  con tro l hazar ds , and  d y namic p ar allelis m  - - to  br in g  the ex ecution  eng ine clos er  to 
an id ealized  d ataf lo w  eng ine. It is  o u r co ntentio n  that s uch com plex ities  can be elim inated
if a mo r e su itable imp lem en tatio n of  th e d ataf lo w  m od el can b e dis co vered . So m e of  th e
lim itation s o f th e p ur e d ataf lo w  m od el th at pr ev ented  its pr actical im plementation s inclu de
the f ollow in g :

Too  f in e-g rained (in stru ction  level)  mu ltith read ing ,
D if ficu lty  in  exp lo iting  memo ry  hier archies  an d r eg is ter s, an d
A sy nchr o no us  tr ig ger in g o f in str uctio ns .

Man y res earch er s hav e ad d ress ed  th e f ir st tw o lim itatio n s of  d ataf lo w  arch itectu r es  [ K av i
9 5, 9 8b ] , [P ap ad op o ulos  90 , 91 ] , [Tak es ue 87 ], [Tho reso n  8 7] , [ Tok or o 8 3] . O ur  cur r en t
architectu re sp ecif ically  add res ses the thir d lim itatio n .

S om e res earch er s hav e pr o po sed d es ig n s in  w h ich the d ataf lo w  s ch edu ling  is  ap plied
o nly at th read level ( i.e., m acr o- d ataf lo w ), w h ile each th r ead is  co mp r is ed  o f  con v en tion al
con tr ol- flow  in stru ction s  [ G ov in dar ajan  95 ], [ H um  9 5 ], [ Sak ai 9 3 ]. I n s uch h yb rid
d ataf lo w -con tro l flo w sy s tems , the in stru ction s w ithin a thr ead  d o n ot r etain  f u nctio nal
p ro perties , and  h en ce, in tr od uce W rite- Af ter -W rite (W AW )  and  Wr ite- A fter - Read  ( W AR)
d ep en den cies . This in tu r n requ ires com plex  hard w ar e to  perf o rm  d yn amic ins tr uctio n
s ch ed uling . I n ou r s ys tem , th e ins tr u ctio ns  with in a thr ead s till retain  fu nctio nal p ro per ties 
o f d ataf lo w  m od el, and  th us  elim in ate th e need  fo r com plex  hard w ar e. Th e res ults  ( o r data) 
f lo w fr o m in s tr uctio n to  in stru ction , w here each  in stru ction  sp ecif ies  a lo catio n fo r  the d ata
to be s tor ed . O ur  d eviation  in the p r op os ed  d ecou pled Sch ed uled  D ataf lo w  ( SD F ) sy stem
f ro m pu r e d ataf lo w  is a d ev iatio n f ro m data dr iven ex ecu tio n (o r tok en  dr iv en  ex ecu tion )



that is  tr ad ition ally us ed fo r the im plem en tatio n  o f "p u re" d ataf lo w  p ro ces so rs 1. The d ata-
d riven execu tio n of  d ataf lo w  p ro g ram utilized  in pr eviou s  architectu r es  r eq u ir ed  tw o cy cles
p er  ( dy adic)  in stru ction s . By  s chedu lin g d ataf lo w  ins tru ctio n s (ak in  to con tr o l- flow 
execu tio n)  r esu lts in on e cycle per ins tr uctio n.

U sing  an alytical mo d els w e co mp ared S DF  w ith  h yb r id  arch itectur es  ( e.g . EARTH 
[ Hu m 95 ] ) th at us e two  p r oces so r s: o n e (Executio n  P ro ces so r)  fo r ex ecu tin g in str uctio ns  o f
a thr ead  and  a seco n d pr o cess or  (S yn chr on ization  Pr oces s or ) to perf o rm  th read 
s yn ch ro n ization s an d  s ch edu ling  of  th read s. S DF  o utp er fo r med hy b rid architectu res  b oth
b ecau se of  th e d ecou pling  of  m em o ry  access es  (n ot part o f  h yb r id  arch itectur es ) and 
b ecau se of  th e elim inatio n of  W A W an d  W AR d epend encies that exist am on g the
ins tr uctio n o f th reads  in  h yb rid  arch itectu r es  [ K av i 98 a, 98 b ]; s uch  d ep end en cies can  cau se
p ip elin e s talls 

2 .3 . Ex p licit  Tok en  St ore ( ETS)  Arch itect ure

S in ce o u r ar chitectu re d r aw s heavily  fr om  p r ev io u s research o n d ataf lo w  s ys tem , in 
g en er al, and  fr om  th e ETS  m od el in  p articular [P ap ad op o ulos  90 , 91 ] , we will d escrib e th e
ETS  m od el in  so me d etail here.  ETS u ses dir ect m atch in g  o f o perand s  ( or  to kens ) 
b elon gin g to  an  ins tru ction .  In  a d irect m atchin g schem e, s tor ag e ( called fr am e) is 
d yn am ically allocated fo r  all th e to k en s needed b y th e ins tr u ctio ns  in  a co de b lock.  A cod e
b lo ck  can be view ed  as  a sequ en ce of  in stru ction s  com pr ising  a lo op  bo dy  or  a f u nctio n.
The actu al d isp os ition  o f  location s w ithin a f ram e is  d eterm ined at co mp ile-tim e; ho w ev er ,
the actu al allo catio n of  fr am es  is  d eterm in ed du r in g ru n -tim e.  In a d ir ect m atching  scheme,
any  com p utation  is com pletely  d escrib ed  b y a p oin ter to  an  in stru ction  ( I P)  and  a po inter  to 
a f rame (F P) .  Th e p air o f po in ter s, <F P.IP >, called a con tinu a tion , co rr es p on ds  to  the tag
p ar t of  a to k en .  A  typ ical in s tr uctio n po inted  to  b y an IP  s p ecif ies  an o pcod e; an of f set ( r) 
in th e f rame wh er e the m atch of  in pu t o peran ds  f o r th at in str uction  will take p lace; on e or 
m or e dis placements ( d es ts )  that d ef in e the d estin ation  in stru ction s that w ill receive th e
r es ult tok en ( s) ; an d  inp u t po rt (lef t/r ig ht)  ind icato r that s pecifies th e app ro p riate inp ut ar c
f or  a d estin ation  in stru ction .  Co ns ider Fig ur e 1  f or  illu str atio n.

W hen a tok en  ar rives  at a n od e ( e.g., A DD ), th e I P part of  th e tag p oints  to th e
ins tr uctio n that co n tain s  an of f set r  as well as  disp lacem en t(s ) fo r  the destin ation 
ins tr uctio n( s ).  Th e actu al m atching  pr oces s  is ach ieved  b y check in g  the disp os ition  of  the
s lo t in  th e F rame m emo ry  po in ted  to b y F P+r.  If th e s lo t is em p ty , th e v alu e of  th e to k en  is
w ritten  in  th e slot an d its  p res en ce bit is  set to in dicate that th e s lo t is fu ll.  If th e s lo t is
alr eady  fu ll (ind icating  a match ), th e valu e is extracted, leav in g the s lot emp ty, an d th e
cor resp o nd in g  ins tr u ctio n  is ex ecu ted .  The r es u lt to ken( s)  gener ated  f r om  th e op er ation  is 
com mu nicated  to  the destination  in str uction ( s)  b y  u pd ating  th e IP  acco rd ing  to the
d is placement( s)  enco ded in th e ins tr u ctio n ( e.g., execu tio n o f th e A DD  o p er atio n  p ro d uces 
two  r es u lt to kens  <F P.IP +1, 3 .5 5 > an d  <FP .I P +2 , 3 .5 5>L) .  Ins tru ction  executio n  in ETS  is
asy nchr o no us  since an in s tr uctio n is  en ab led  imm ediately  u po n  the ar rival o f th e inp u t
o perand s .  Th is  tok en dr iven ex ecu tio n neces sitates  two  cy cles th ro u gh  th e pipelin e, per

                                                            
1 I t is  o f te n b elie ve d  tha t d ataf low  m e an s pa r alle l e xe cu tio n. Da ta flo w mo d el o f c om pu tatio n o nly e xp os es  th e
inh er en t p ar a llelis m  a nd  th e pa r alle lis m ca n  o nly  b e ex p lo ite d if  m u ltip le fu nc tio na l u nits  or  p r oc es sin g ele me nts
a re  a va ila ble . In  th e pr e se nc e o f a s in gle p ro ce s sing  e lem en t ( or  f u nc tio na l un it) , d ataf lo w  ins tru ctio n s still e xe c ute
s eq ue ntially , a lb eit a sy n ch ro no u sly.



( dy ad ic)  ins tru ctio n . In  ou r mo d el, w e sched ule ins tr uctio ns  sy nchr o no us ly, r eq u ir in g  o nly
o ne cycle per  ins tr u ctio n .

AD D

SUBNEG

<FP.IP,2.31>R<FP.IP,1.24>L
IP A DD 2

NEG

SUB

+1,+2L

- +6

3 +1

FP

FP+2

4.24

P rese nce Bit s

op cod e r dest s

In str u c ti o n Memory

Frame Me mo r y

Code-Block Ac ti vation

Fig ur e 1 . ET S r ep res en ta tio n of a d ataflo w p ro g ra m execu tio n.

3. Th e Sch ed u led Dat af low P rocessor

O ur  arch itectur e co n sists  o f tw o  p ro ces sing  un its : Sy nch ro nizatio n P ip eline ( SP )  and 
Execu tio n Pip elin e ( EP ).  SP is  resp o ns ib le fo r s ch ed uling  en ab led thr ead s on  EP , pr e-
loading  th read co ntext ( i.e., r egisters ) with data fr om  th e thr ead  s  F ram e memo r y, an d po st- 
s to ring  resu lts  f ro m  a co mp leted  thr ead s  r egisters  in F rame memo ries of  destin ation 
thr eads .  A thr ead is en abled  w h en  all its inp uts  are r eceiv ed: the nu mb er of  in pu ts  is 
d es ig nated  b y  its  s y nchr o nizatio n co u nt, an d  the in pu t d ata is stor ed in  its Fr ame m emo ry .
The EP p er fo r ms  thr ead  co mp utation s inclu din g in teg er  an d flo atin g p oint ar ithm etic
o peratio ns . I n th is  s ection  we w ill d es cribe th e tw o  p ro ces sing  un its  in mo r e detail.

3 .1  Execut io n  Pip eline

F ig ur e 2  s ho w s th e b lo ck  diag ram  o f the Executio n  P ip eline ( EP) . Rem em ber  that EP
execu tes  com p utatio n s of  a th read us ing  o nly  r eg ister s.

Instruction
Fetch U nit

D ecode
U nit

E xecute
U nit

W rite-B ack
U nit

PC

Reg .Context R egisterSets

Instruction
C ache

Pre-Loaded
Threads

F ig ur e 2 .  G en er al Or gan izatio n  o f Execu tio n Pip elin e ( EP ).



I ns tr uctio n f etch  u n it b ehaves lik e a traditio nal f etch  un it, r elyin g on  a pr og r am  co un ter
to fetch  the next in stru ction 2.  We r ely  o n  com pile tim e an aly sis to pr od u ce th e co de fo r EP
s o th at in str uction s  can  be executed  in  s eq u en ce an d as s ur ed  th at th e data fo r the in stru ction 
is already  av ailable in its  p air  o f s ou rce r eg is ter s. Th e in f or matio n in  th e Reg is ter  con tex t
can  b e v iewed  as a p ar t o f th e thr ead  con tin uatio n: <IP , F P>, w here FP  r efers  to  a r egister 
s et ass ign ed  to  the th read du rin g its  execu tio n.  Decod e ( an d  r eg is ter  f etch)  u n it o b tain s a
p air of  regis ters  th at co ntains  (u p to)  the tw o s ou rce o peran ds  f or  th e ins tr uctio n.  Execu te
u nit ex ecu tes  the in stru ction  an d sen ds  the resu lts  to w rite- back  u n it alon g with th e
d es tinatio n r eg is ter  n um b er s.  W rite- back  u n it w r ites  tw o values to  th e r eg is ter  f ile.

A s can b e seen, the Ex ecu tion  P ipelin e (EP)  behav es  v er y  m uch  lik e a con v en tion al
p ip elin e w hile retaining  th e pr imary  d ataf lo w  p ro p er ties ; d ata f lo ws  fr om  in stru ction  to 
ins tr uctio n.  Mor eo v er , the EP d oes n ot access  d ata cach e mem or y, an d hen ce r eq u ir e n o
p ip elin e s talls  ( or  co ntext s witch es )  d ue to  cach e miss es.

3 .2  S yn chron iza tion  Pipelin e

 Figu re 3 sh o ws  the or gan izatio n  o f the m em or y acces s  p rimar y pip elin e o f th e
S yn ch ro n ization  P ro ces so r  ( SP ).

Instruction
Fetch U nit

D ecode
U nit

E xecute
U nit

W rite-B ack
U nit

PC

R eg .Context R egisterSets

Instruction
Cache

Enabled
Threads

E ffective
A ddressU nit

D ataCache

Post-Store
Threads

M em ory
A ccessU nit

F ig ur e 3 . Th e Mem or y  A cces s  P ip eline.

H er e we pr ocess  p re- lo ad  an d po s t- sto re ins tru ction s. Th e pip elin e con sis ts  o f the
f ollo win g stages: I n stru ction  F etch u nit fetch es  an  ins tru ction  b elo ng in g  to th e cur r en t
thr ead u sing  PC.  Deco de un it d eco des  the in stru ction  an d fetch es  r egister op er and s ( us in g
Reg is ter  Con tex t) .  Ef fective A d dr es s  u nit com pu tes  eff ectiv e add res s fo r  m em or y  access 
ins tr uctio ns .  LO AD  an d S TO RE in stru ction s o nly r ef er en ce th e F rame memo r ies3 of 
thr eads , u sin g a fr ame-p o in ter ( FP ) and  an o ff set into the f r am e; b o th  o f  w hich  ar e
con tain ed in  registers .  Memo ry  Acces s un it co mp letes  LOA D an d  S TO RE in str uctio ns .
P ur su an t to a p os t- s to re, the s y nchr o nizatio n co u nt o f a thr ead  is d ecremen ted. Finally ,
W rite-Back  u n it com p letes  LOA D ( pr e- load) .

I n ad ditio n to acces sing  memo ry  (f or  pr e- lo ad an d  p os t- s to re) , Sy nch ro nizatio n
P ip elin e ( SP )  h olds  th read co ntinu ation s aw aitin g  inp uts  and  allo cates  r egister  co ntexts fo r 

                                                            
2 Sin ce  b o th  EP a nd  SP n ee d  to ex e cu te  in stru c tion s , ou r ins tr u ctio n c ac he  is  a ss u me d to be  d u al p o rted . Sin ce 
ins tr uc tio n m em or y c au se s  n o co h er en c y re la ted  p r ob le ms , it m ay  b e p os sib le  to u tiliz e se pa r ate c ac he  m e mo rie s
f or  EP a nd  SP. Th is  is  n o t un lik e mo s t Sup er sc a la r s ys te ms .

3 Fo llow ing  trad itio n al d ataflow  parad ig m, w e u se I-Stru ctu re memo ry  fo r array s and  o ther structu res.



enabled  th reads . In  ou r architectu re a th read is  cr eated  u sin g a FA LLO C ins tr uctio n.
F ALLO C ins tr u ctio n creates a fr ame an d stor es in s tr uctio n po inter  ( I P)  o f  the th read  an d its 
s yn ch ro n ization  cou n t (S y nch Co u nt) ind icating  th e nu mb er of  in pu ts  need ed to  en ab le th e
thr ead.  When  a thr ead  co mp letes  its  ex ecution  an d "p os t-s to r es " res ults  (p er fo r med b y SP ),
the s yn chr on ization  co un ts of  aw aitin g th reads  ar e d ecremen ted.

A n en ab led  th read  ( w hen the S yn ch Co u nt b eco mes zer o)  is  s ch edu led b y allocatin g  a
r eg is ter  con tex t to  it, and  " pr e-load in g"  th e reg is ters  fr om  its Fr ame m emo ry .  In  o r der to 
s peed  u p  f ram e allo catio n , SP  p r e- allocates  fixed  s ized  fr am es fo r thr ead s an d m aintain s a
s tack  o f  ind exes po intin g  to th e available f rames .  The Ex ecu tion  p r oces s or  ( EP )  p op s  an
ind ex  f r om  th e stack  and  us es  it as th e add res s of  th e fr ame ( i.e., F P ) in  r esp on s e to  a
F ALLO C ins tr u ctio n.  SP p us hes d e- allocated  fr am es wh en  ex ecu ting  F F REE ins tr uctio n
after  f inish ing  p os t-s to r es  o f com pleted th r eads .  Th e r eg is ter  s ets  ( Reg . Co ntext) are
v iewed as cir cu lar b uf fer s fo r ass ig n in g (an d de- allo catin g)  to  enab led thr eads .  Th ese
p olicies  p er m it f or  fast co ntex t s witch es  an d th r ead cr eatio n s.  A thr ead  m ov es  fr om  "p re-
load"  s tatus  (at SP ) , to  "execu te"  s tatus  ( at EP )  and  f inish es in  " p os t- s to re" s tatu s  ( at S P ).
W e us e F ORKS P  to mo v e a thr ead f ro m EP to  S P  and  FO RK EP  to  m o ve a th read  fr om  S P 
to EP . F ALLO C and  F F REE tak e 2  cycles  in o ur  arch itectur e. F O RK EP  an d FO RKS P tak e
4  cycles  to com plete. Th is nu mb er is  based o n th e o bs er v atio n s made in  S parcle [A garw al
9 3]  that a 4 - cy cle con tex t sw itch can  b e im p lemen ted in  hard w ar e. F igu re 4 sh ow s  a m o re
com plete v iew  o f th e S P.

P o st- St o r e T h r e ad s

W a itin g T h r e a d s

A v ai la b le
F r a m e s

S ched u ler

En ab led Th read s

FP Reg . Co n tex t IP

P relo ad ed Th read s

S P P ip elin e
Pri or ity
C o nt ro l

I PReg . C on tex t

F P IP Sy n ch C o u nt

F ig ur e 4 . Ov er all O r ganizatio n o f th e S P

The s ch edu ler  u nit is res po ns ib le fo r  d eter m in in g  w hen a thr ead  b eco mes enabled  an d
allocating  a register co n text to  the en ab led  thr ead . Sch ed uler will also  be r es p on sib le in
s ch ed uling  p relo ad  an d p os t- sto re th read s o n mu ltiple S Ps  and  pr elo ad ed  th read s  o n
m ultiple EPs  in s up er scalar imp lemen tatio ns  o f o ur  ar ch itectur e. We are cu rr ently 
d ev elop ing  th e s up er scalar imp lemen tatio n of  S D F. N o te that the schedu lin g is at th read 
lev el in  o ur  sy stem , r ath er  than  at ins tr uctio n lev el as  d on e in oth er  m u ltithr ead ed  sy stem s 
( e.g., Ter a, S MT) , and  thu s  r eq u ir es  s imp ler  h ar dw are.

N otice h ow  a th read  is  id en tified dif ferently du r in g its  lif e cycle.  In itially , w hen  a
thr ead is cr eated , a f ram e is  allo cated .  S uch a thr ead  ( called Waiting ) w ill b e id en tif ied  b y a
F rame P o in ter  ( FP ), an  I n stru ction  P o in ter ( IP ) that po ints to th e f ir st in stru ction  of  the
thr ead, us ually  a p r e- lo ad in str uctio n, and  a sy n ch ro nizatio n  cou nt (S yn ch Co un t) in d icatin g 



the n um b er  o f  inp uts  n eed ed  b ef o re th e th read is  en ab led  f or  ex ecution .  Wh en  th e
s yn ch ro n ization  cou n t becom es  zero , the thr ead  is  m ov ed  to  th e En ab led  list, fo llo win g th e
allocation  o f  a Reg ister  Co ntex t.  At this tim e, th e th r ead is id en tif ied  b y a F P, a Reg.
Con text, and  a I P.  Once a thr ead  com p letes the " p re-load " ph ase, it is  m o ved to  th e P re-
Loaded lis t and  h an d ed  o f f to  th e Ex ecu tion  Pr ocess or  ( EP) .  At this  tim e, Regis ter Con text
and  the IP  id en tify  th reads .  Th e IP  will n o w po int to the f irs t in s tr uctio n bey on d the p re- 
load (r eferr ing  to the f irs t ex ecu tab le ins tru ction ).  After  EP  com p letes  the ex ecution  o f a
thr ead, th e thr ead is th en mo ved  to the P os t-S to r e list an d h an ded o ff  to  the S P  f or  po st-
s to ring  .  At this tim e a Reg is ter  Con tex t and  an I P id entif y the th read .  Th e I P po in ts to  th e
f ir st p o st-s tor e in s tr uctio n.

3 .3  I ns t ru ct ion  s et  arch itect ure

The latest v ers io n o f SD F  ins tr u ctio n  s et can be fo un d in [G io rg i 9 9] . O ur  ins tru ction s
( Figu re 5)  ar e very  similar  to tho se of  ETS  mo del [ P ap ad op o ulos  90 , 91 ] .  Th e diff erence
lies in  th e s pecificatio n  o f des tinatio ns  f o r th e r es ult g en erated b y an  in stru ction . I n ETS , th e
d es tinatio ns  refer to th e d es tin atio n  ins tr u ctio n s (and  th e ins tr uctio n s pecifies a m em or y
locatio n  w her e op er and s f or  that ins tru ctio n  are matched ). I n  s ch ed u led d ataf lo w  the
d es tinatio ns  refer d ir ectly  to the o p er an d location s (o n e of  a pair  of  s o ur ce r egisters ) of  th e
d es tinatio n ins tr uctio ns . This chang e elimin ates  th e need fo r  f etch ing  an  ins tr u ctio n  twice
f or  d yad ic in stru ction s as in  ETS. Th is  chan ge also  p er m its the d etectio n  o f RA W  d ata
d ep en den cies  am on g ins tr u ctio ns  in  th e Ex ecu tion  Pipelin e an d  the ap plication  o f  d ata
f or ward ing  s cheme in  p ip elines f or  s end in g r es ults directly to th e s ucces so r in s tr uctio ns .
The r es u lt f o rw ar din g is  no t ap p licab le in ETS  s ince in s tr uctio ns  ar e to k en -d riv en  ( execu te
asy nchr o no us ly) , an d  an ins tr uctio n is no t allow ed to  en ter the executio n  p ip eline u n til bo th
o perand s  w er e g en er ated and  w ritten into th e o per an d mem or y.

Opcode
Offset 
to Fram e

Dest-1 
&  Port

Dest-2 
&  Port

Opcode
Source 
Register 
Pair

Dest-1 
Register

Dest-2 
Register

(a) ETS Instruction Form at (b) SDF Instruction Form at

Figure 5: Instruction Format

3 .4 .  Pro grammin g Exa mp le.

To descr ib e the " sch ed uling " of  in str uction s  in o ur  arch itectur e, w e s ho w  h ow  o u r SD F 
cod e fo r  F ig u re 1  m ay lo o k like. W e w ill view each fr am e m em o ry  location  us ed  f o r
m atch in g  tok ens  in ETS  as  a p air  o f r eg is ter s --  a pair  co ns ists of  ev en - od d reg is ter s. F or 
examp le, RR6  refers  to  r egister s  R6 and  R7 w ithin  a s pecif ied  thr ead  con tex t. Th e tw o 
s ou rce o peran ds  d es tin ed  fo r a S DF  in stru ction  ar e stor ed in  th e pair of  registers  as sign ed  to 
that in s tr uctio n --  data is  s to r ed  in  either  the left o r  r ig ht h alf  o f  a r eg ister  pair  b y  a
p redeces so r ins tr uctio n.  Unlik e in ETS , in  ou r architectu re, an in s tr uctio n is  no t s ch ed uled
f or  executio n  imm ed iately  w hen the o p er an ds  ar e m atch ed .  In s tead , o peran ds  are saved  in
the r eg ister - pair  as so ciated with th e ins tr u ctio n  and  th e en abled  in stru ction  is  s ch edu led f or 
execu tio n at a later  time.



A DD R R2 , R4 , R 6
N EG R R4 , R9 , R 12 
S UB R R6   R1 4 , R1 7 

A ss um in g  that r eg is ter s R2 an d R3 co n tain  th e so u rce op erand s  f or  A D D, w h en 
s ch ed uled, th is  ins tru ction  add s  the co nten ts of  th es e two  r egister s  and  stor es  th e r es ult in
R4 an d R6. Register  R4  is  o ne ( o nly o ne) of  th e s ou rce o peran ds  f or  NEG ins tr uctio n.
Lik ew is e the op er an d s fo r  S UB ar e sto red in  th e p air R6 , R7. Registers  R9 , R1 2, R1 4, R1 7
ind icate the destin ation s  f or  th e res ults  g enerated  b y N EG  an d SU B ins tr u ctio ns  wh ich  are
n ot s ho w n in  Figu re 1. N o te that thes e ins tr uctio ns  still r etain  the f u nctio nal natur e o f
d ataf lo w  - - d ata flo ws  f r om  ins tru ction  to ins tr u ctio n and  th er e ar e n o w rite-af ter- r ead
( WA R or  co nceptually  equ ivalent an ti- ) an d w rite- af ter- w rite (W AW  o r  equ ivalent ou tp u t- )
d ep en den cies . O ur  d eviation  is fr om  to ken  d riven  m od els  o f p revio us  d ataf lo w 
imp lemen tatio ns . We us e " in stru ction  dr iv en "  p ar adigm  b y  s ch edu ling  in str uction s .

The cod e s ho w n ab ov e is f or  the Ex ecu tion  P ipelin e (EP) . The Sy nchr o nizatio n
P ro cess o r (S P ) is  r esp on s ib le f o r sch ed ulin g  enab led th r eads  on  EP, pr e- loading  th read  s
con text (i.e., regis ters )  w ith d ata f ro m th e thr ead s  F r am e m em or y, an d p os t- sto ring  resu lts 
f ro m a com pleted th r ead  s  r eg is ter s in Fr am e m em o ries  o f  d es tin atio n  thr ead s.

To illu s tr ate the p relo ad  co ncept, co n sider  the co de s egm en t o f Fig ur e 1 and  th e SD F
cod e sh o wn  p r ev io us ly. A s su me th at th e co de block  o f Fig ur e 1 (v iewed  as a thr ead )
r eceives  the tw o in p uts f or  A DD  fr om  other thr ead s. Each  thr ead  w ill b e ass ociated  w ith  a
f rame an d th e inp uts  to the thr ead  ar e saved  in the f ram e un til the th read is  en ab led  f or 
execu tio n (b ased on  its s yn ch ro n ization  cou n t, as  d es cr ibed later ). Wh en  en ab led , a r eg is ter 
con text is  allo cated  to the thr ead  an d th e inp ut data f o r th e thr ead  f ro m  its  f r am e m em or y is
pr eload ed  into its  r eg ister s.

L OA D  R FP | 2, R2 
L OA D  R FP | 3, R3 
L OA D R F P| 4 , R 32 
L OA D R FP  | 5 , R 35 

A ss um in g  that the in pu ts  fo r th e thr ead  ( or  AD D ins tr uctio n)  ar e sto red in its f rame
( RF P)  at o ff s ets 2 and  3 , the f irs t tow  LOA D  ins tru ctio n s p relo ad  te th read with requ ired
d ata. Co ns id er th at th e r es ult g en er ated by  SU B in ou r cod e examp le (in R17 ) is  need ed by 
s om e oth er  th read . The last two  LO AD  in stru ction s  s av e the f r am e po inter  an d of f set f or 
r etur nin g th e r es ults wh en th e thr ead  com pletes its  executio n .

S TO RE   R17 , R3 2 |R35 
This in s tr uctio n tr ans fer s (o r p os t- s to res)  th e r es ult o f th e cur ren t th r ead (i.e., f ro m

S UB, in  R1 7)  to  a f r am e p ointed  to  b y  R32  at a f r am e- of f set con tain ed in  R3 5.

3 .5  C od e p art it io nin g

The S DF  as sem bly co d e is  th e pr o du ct of  o ur  co mp iler (S D FC). Th e co m piler  tak es 
car e of  partition in g  the high -level s ou rce cod e in or der  to create the S D F th reads . Each
thr ead con sis t of  th ree p or tion s : pr e-load cod e, ex ecute cod e and  p o st-s tor e- co d e [F ig. 6 ].



preload 

execute 

poststore 

thread

Figure 6: The three code portions of an SDF thread.

W hen a thr ead  is cr eated  (u sing  FA LLO C) , a f rame allo cated  f o r stor ing  th e in pu ts of 
the thr ead . A n in str uctio n po in ter  ( I P)  ind icatin g th e f ir st ex ecutable ins tr uctio n o f th e
thr ead and  a sy nchr o nizatio n co u nt in dicatin g th e n um ber  o f inp uts n eeded  b ef or e the
thr ead b ecom es en ab led  f o r ex ecu tion  ar e sto red in th e allocated fr ame. O nce a thr ead 
r eceives  all th e neces sar y in pu ts, th e th read is  allo cated  a register co n text. The p r e- lo ad 
cod e th en mo v es  the data fr om  a th read’s fr ame m emo ry  in to  its regis ters . The ex ecute
p or tion  will perf or m  com p utatio n s us ing  o nly  the registers , w hile th e po s t- stor e cod e w ill
s to re th e th r ead’s r es ults in  o ther thr eads ’ f ram es .

4 Evaluation of the Decoupled Scheduled Dataflow Architecture

P reviou s ly , w e relied on  an alytical m od els and  Mo nte Car lo  s imu latio ns  to  com par e
the p ro p os ed  ar ch itectur e w ith Rhamm a, ETS, EA RTH and  co nv en tio nal RIS C pr o cess o rs 
[ Kavi 9 9 a- b] . I n th is wo r k we ev aluate ou r architectu re based  o n th e executio n o f co m plete
p ro gr am s . We develo p ed  an  ins tr u ctio n  lev el simu lator  f o r Sch ed uled  Dataf lo w
architectu re. A t pr esent th e sim ulato r as su m es  a perf ect cach e. H ow ever, we w ill s ho w  the
cache b ehavio r of  o u r ar chitectu re b y  u sing  ad dr ess  traces  f r om  o ur  simu lator . Con cu r rent
w ith th e s im u lato r, we h ave als o  d ev elo ped a b ack en d to  a Sis al  [Boh m 91 ] , an d  u sed
MID C as  in ter mediate lan g uage [ S hank ar  95 , 9 6]  to g en er ate cod e f or  ou r ar chitectu re4.

U sing  th e sim ulator  we w ere able to com pare th e p er fo rm ance o f th e S ch ed u led
D ataf lo w  s ys tem  w ith  a s ing le th read ed RI SC ar ch itectur e. We also  in vestigated the ef fect
o f parallelis m (i.e., nu m ber of  en ab led  thr ead s) , thr ead  g ran ular ity  ( av erage r u n- len gths  o f 
the executio n  thr ead s on  EP ) on  th e p er fo rm ance o f ou r architectu re. U sin g ad dr ess  tr aces 
f ro m ou r  s im u lato r, we in vestig ated the exp ected  cach e b eh av ior 

4 .1  Execut io n  Perfo rma nce O f Sch ed uled Da ta f lo w.

I n th is  section  w e com par e th e execu tio n cy cles r eq uired  f or  Schedu led  D ataflow  with 
tho se f o r a con vention al RI SC s y stem  us in g D LX  s imu lato r  [ Hen ness y 9 6] . The p ro g rams 
u sed fo r  this  com par is on  in clud e a Matr ix  Mu ltip ly, Liv erm or e K er nel 5 , F ib on acci an d  a
cod e seg ment fo r pictu re zo om in g  app licatio n  [ Ter ad a 99 ] . We us ed  g enerated  cod e f or 
com plete p ro g rams . W e us ed d lx cc to  g en erate D LX co d e in  o u r co m pariso n s. F o r bo th 

                                                            
4 A t th is  tim e ou r  b ac k en d on ly ge n er ates  pa rtial c od e . We  ex te nd  th is  with  h a nd -c o ding  to  g en e ra te  c o mp le te
p ro gr am s  f or  SD F sim ulato r. The  ba ck e nd  d oe s  n ot pe rf or m  a ny  op timiz atio n  ( an d p ro du c es  r ath er  p o or  c od e ).



D LX  and  S DF  w e u sed a d eg ree o f 5  loo p u nr ollin g fo r  Matr ix  Multip ly , Liv er m or e Loo p 5
and  Zoo m . Sin ce D LX  is  s ing le th read ed, o nly  o ne th read  was u sed fo r  all pr og ram s. W e
u sed 5 thr ead s fo r S ch ed u led Dataf lo w  w hen execu tin g Matrix Multiply , Liv er mo re Lo op  5
and  Zoo m  p ro g rams . The r esu lts are s h ow n in  Table 1 .

Tab le 1 : Executio n Beh av ior  O f S ch ed u led Dataf lo w 

         Mat r ix  Multply Liv er mo r e 5

N D LX SDF Spe ed Loo p= N D LX SDF Spe ed 

Cyc le s Cyc le s U P Cyc le s Cyc le s U p

2 5* 25 9 66 09 0 3 06 70 2 3 .1 50 5 0 8 73 59 5 68 59 1 .5 36 

5 0* 50 7 27 33 90 2 15 97 80 3 .3 68 1 00 3 54 65 9 2 15 57 9 1 .6 45 

7 5* 75 2 44 64 44 0 6 97 69 08 3 .5 06 1 50 8 01 95 9 4 76 29 9 1 .6 84 

1 00 *1 00 5 78 91 74 0 1 61 75 58 6 3 .5 79 2 00 1 42 92 59 8 39 01 9 1 .7 03 

2 50 2 23 65 59 1 30 37 39 1 .7 15 

3 00 3 22 38 59 1 87 04 59 1 .7 24 

3 50 4 39 11 59 2 91 17 89 1 .5 08 

4 00 5 73 84 59 3 30 98 99 1 .7 34 

4 50 7 26 57 59 4 18 26 19 1 .7 37 

Fibonac c i Zoo m

N D LX SDF Spe ed N D LX SDF Spe ed 

Cyc le s Cyc le s U P Cyc le s Cyc le s U P

5 6 15 8 42 0 .7 30 4 5,5,4 10175 9661 1.0532

1 0 7 01 4 1 00 35 0 .6 99 10,10,4 40510 37421 1.0825

1 5 7 79 56 1 11 90 9 0 .6 96 6 15,15,4 97945 83331 1.1754

2 0 8 64 71 7 1 24 17 16 0 .6 96 4 20,20,4 161580 147391 1.0963

2 5 9 59 00 30 1 37 71 46 7 0 .6 96 4 25,25,4 271175 229601 1.1811

3 0 1 .0 6E+0 8 1 .5 3E+0 8 0 .6 96 4 30,30,4 391150 329961 1.1854

35,35,4 532285 448471 1.1869

40,40,4 645520 585131 1.1032

I n bo th  platf or ms , w e as s um ed  o n e cy cle p er  ar ith metic and  m emo ry  access 
ins tr uctio ns . H ow ev er, if  m em or y  access  r eq u ir es  mo re th an  o n e cy cle ( realistic cach es with 
cache m iss es )  w e feel th at ou r m ultithr eadin g will lead  to  ev en  b etter  p erf or man ce th an 
con vention al sing le th readed sy s tem. As  can  be s een  f ro m  Tab le 1, S D F sy s tem
o utperf o rm s MIP S ar chitectu re w h en  th e pr og r am  ex hibits  gr eater  p ar allelism  ( e.g ., Matr ix 
Multiply ). Liverm or e loo p  exh ib its  less  p ar allelism  than  Matr ix  Multip ly  du e to  a lo o p
car ried  depen dency. Zo om  ex hibits mo d er ate p ar allelis m, bu t con tain s  a s ign if icant
s eq uential f r action  degr ading  th e par allelis m (as  p er  A md hal  s  law ) .  F ib on acci co n tain s n o
thr ead- lev el p ar allellims  an d hen ce o u r ar ch itectu re u nd er- per fo rm s D LX . O ur  arch itectur e
incur s u navo idable o verh ead s fo r  creating  th read s  ( allo catio n  o f fr ames, allo catio n o f
r eg is ter  con tex ts ) and  tr an sf er r in g thr eads  betw een  S P and  EP  ( FO RK EP an d  F ORKS P 
ins tr uctio ns ) . At p r es en t, data can o nly be ex ch ang ed  b etw een  thr ead s by  stor in g  them  in
thr eads ’ f ram es  ( mem or y) . These memo r y acces ses can  b e avo id ed by  s tor in g  the r esu lts  o f
a thr ead  d ir ectly  in to  an other thr ead ’s  r eg ister  co ntex t. Ou r  exp er iments  s ho w that Matrix



Multiply  n eed s 11 , 9 , 8, 7, 6  f o r 5, 4, 3 , 2  and  on e th r ead, resp ectiv ely . Fo r this app licatio n,
w e co uld  h av e elimin ated  stor in g  ( an d  loadin g)  th read  d ata in  m em or y  b y allocating  all
f rames d ir ectly  in r eg is ter  s ets  ( by  pr ov id ing  s u ff icien t reg is ter s ets in hard w ar e) .

A t th is  time we d o n ot k n ow  if S DF  p erf or ms  better th an  a mo r e recen t RI S C
s up er scalar p ro cess o r with dy nam ic in stru ction  s chedu lin g (i.e., ou t o f o rd er  in stru ction 
iss ue an d co m pletio n , pr edicated  ins tru ctio n s) . H ow ev er , S DF  sy stem  elim inates the n eed 
f or  com p lex h ar dw ar e r eq u ir ed  f o r dy n am ic in stru ction  s chedu lin g. Th e har dw ar e s av in g s
can  b e u sed to in clu de ad dition al reg is ter- s ets, wh ich can  h elp  in an in creas ed  degr ee of 
thr ead p ar allelis m and  th read  g r an ularities .

4 .2  Eff ect  O f  Threa d  Lev el Pa ra llelis m On  Ex ecut ion  Beh a vior.

Here we will explore the performance benefits of increasing the thread level
parallelism (i.e., number of concurrent threads).  We used the Matrix Multiply for this
purpose. We executed a 50*50 matrix multiply by varying the number of concurrent
threads. Each thread executed five (unrolled) loop iterations. The results are shown in
Figure 7. As can be expected, increasing the degree of parallelism will not always
decrease the number of cycles needed in a linear fashion.  This is due to the saturation of
both the Synchronization and the Execution Pipeline (reaching nearly 80% utilization
with 10 threads). Adding additional SP and EP units (i.e., superscalar implementation)
will allow us to utilize higher thread level parallelism. The number of registers available
per context also limits on how many concurrent threads can be spawned at a time. We are
exploring techniques to enhance the thread level parallelism when multiple EP s and SP s
are available. Although not presented in this paper, we observed very similar behavior for
other data sizes with Matrix Multiply and for the other benchmarks, Zoom and Livermore
Loop 5.

Thread Level Parallelism (Matrix Multipl

0

6Millio

1 Thrd 2 Thrds 3 Thr d 4 Thrds 5 Thrds 10 Thrds

Number of Concurrent Threads

E
x
e
x
u
t
i
o
n
 
C
y
c
l
e
s 5Millio

4Millio

3Millio

2Millio

1Millio

Figure 7. Effect Of Thread Level Parallelism On SDF Execution (Matrix Multiply)

4.3 Effect Of Thread Granularity On Execution Behavior



In the next experiment with Matrix Multiply, we held the number of concurrent
threads at 5, and varied the thread granularity by varying the number of innermost loop
iterations executed by each thread (i.e., degree of unrolling).  The data size for Figure 8 is
50*50. Here, the thread granularity ranged form an average of 27 instructions (12 for SP
and 15 for EP) with no loop unrolling, to 51 instructions (13 for SP and 39 for EP) when
each thread executes ten unrolled loop iterations. Once again, the execution performance
improves (i.e., execution time decreases) as the thread granularity increases.  The number
of registers per thread context (currently 32 pairs) is also a limiting factor on the
granularity.  Our results confirm that performance of multithreaded systems can benefit
both from the degree of parallelism and coarser grained threads.  Because of the non-
blocking nature and the decoupling of memory accesses, it may not always be possible to
increase thread granularity in decoupled Scheduled Dataflow (SDF).  We are exploring
innovative compiler optimizations utilizing speculative executions to increase thread run
lengths.
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Figure 8. Effect Of Thread Granularity On SDF Execution (Matrix Multiply)

4.4. Utilization of the two processing units.

It may be natural to wonder if there exists a workload imbalance between the two
separate processing units (EP and SP) in our system. We collected the utilization of EP
and SP for a variety of benchmarks and input data sizes. Figure 9 shows the average
utilization rates for 4 benchmarks (the benchmark LGR is a program used heavily for
testing the correctness of the code generated by our Sisal compiler; it consists of a variety
of loops, conditional statements and case statements). As can be seen, at least in our
current environment, both EP and SP handle reasonably balanced workloads. This is not
conclusive data since at present we assume a perfect cache. In the near future, we will
collect utilization rates for EP and SP using a realistic cache.



Ut i l i zat i on of EP and SP

0

10

20

30

40

50

60

70

80

90

100

U
t
i
l
i
z
a
t
i
o
n

EP     SP EP     SP EP     SP EP     SP

Fibonacci LGR Matrix 
Multiply

Zooming

Figure 9.    Average Utilization Of The Two Hardware Units (SP and EP)

4 .5  C ach e Beh av io r o f Sch ed uled  Da ta f lo w.

Table 2: Cache Behavior

M at ri x M ul ti p ly Liv ermo re

N DLX DLX DLX S DF S DF S DF oo p=N DLX DLX DLX S DF S DF S DF 

R efs M is ses M is s Rat e R efs M is ses M is s Rat e R efs M is ses M is s Rat e R efs M is ses M is s Rat e

2 5 2 86 71 4 6 1 0 .0 00 2 1 56 47 0 3 82 0 .0 02 4 5 0 2 24 29 8 0 .0 00 36 2 41 77 2 2 0 .0 00 91 

5 0 1 62 79 28 2 37 0 .0 00 15 1 09 43 60 6 14 0 .0 00 6 1 00 8 88 29 1 3 0 .0 00 14 6 9 19 13 3 1 0 .0 00 33 7 

7 5 5 46 25 03 5 30 0 .0 00 01 3 52 62 50 1 01 0 0 .0 00 3 1 50 1 99 22 9 1 7 8 .5 3E-0 5 2 03 24 9 4 0 0 .0 00 19 7 

1 00 1 29 10 82 8 9 40 0 .0 00 07 8 16 46 40 1 55 8 0 .0 00 2 2 00 3 53 62 9 2 2 6 .2 2E-0 5 3 58 18 5 4 9 0 .0 00 13 7 

2 50 5 50 45 8 2 7 4 .9 0E-0 5 5 56 72 1 5 8 0 .0 00 10 4 

3 00 7 94 42 9 3 2 4 .0 3E-0 5 7 98 85 7 6 7 8 .3 9E-0 5 

3 50 1 08 08 29 3 6 3 .3 3E-0 5 1 08 45 93 7 6 7 .0 1E-0 5 

4 00 1 41 12 29 4 1 2 .9 1E-0 5 1 41 39 29 8 8 6 .2 2E-0 5 

4 50 1 78 56 29 4 6 2 .5 8E-0 5 1 78 68 65 9 7 5 .4 3E-0 5 

F ib on acci

N DLX DLX DLX S DF S DF S DF 

R efs M is ses M is s Rat e R efs M is ses M is s Rat e

5 2 60 5 0 .0 19 1 34 8 0 .0 6

1 0 3 01 4 1 0 0 .0 03 1 70 2 1 3 0 .0 08 

1 5 3 35 46 1 4 4 E-04 1 90 76 1 8 9 E-04 

2 0 3 72 15 2 1 8 5 E-05 2 11 75 8 2 3 1 E-04 

2 5 4 12 73 50 2 3 6 E-05 2 E+06 2 8 1 E-05 

3 0 4 09 75 44 8 2 7 7 E-07 3 E+07 3 3 1 E-06 



A t pr es ent o u r in str uctio n set s im ulato r do es no t inclu d e cache m em o ries . I n th is
s ection , w e com pare th e exp ected  cach e behav io r o f SD F p ro gr ams  w ith  that o f DLX . Fo r 
this pu r po se we g en erated  add res s tr aces on  bo th  sy stem s  and  us ed  D in er o- I V [Ed ler9 9]  to 
g en er ate cach e behav io rs .

I n Table 2 , w e us ed  5 SD F  thr ead s fo r  Matrix  Multip ly , and  Liverm or e Loo p  5 
p ro gr am s , bu t a s in g le th read  f o r F ib on acci pr o gr am . The cach e beh av io r  f or  S D F pr o gr am s
is very  co mp arable to th at of  D LX pr o gr am s. Fo r the d ata in Tab le 2 , w e u sed dir ect
m ap ped cache with  2 5 6K  b y tes an d  a b lock size of  64  b ytes. S D F cach e b eh avior  is  s im ilar
to cach e m em o ries  in  con v en tion al sy s tems  w h en  th e cach e p ar ameters  (lik e ass ociativ ity ,
b lo ck  s ize, and  cach e size)  are ch an g ed . Th e b es t cache behav io r is  ob ser ved wh en th e
b lo ck  s ize eq uals  th e fr ame s ize. We feel th at cach e pr e-f etching  is  m or e eff ectiv e in ou r
architectu re; s in ce th e inp ut d ata f r om  a th read ’s fr am e is p re-load ed  in to  the th read’s
con text, the fr am e can  b e p re-f etched . On ce pr elo ad ed , the f r am e is  fr eed  and  can be
allocated fo r  the n ext th read  to  b e created .

4.6 Separate Data And I-Structure Caches.

I n ou r architectu re, I -s tru ctur e elem en ts  an d Fr ames ar e m ap p ed  to d if fer en t ar eas  o f 
m em or y. Us in g  a s in g le cach e fo r  b oth  the f r am e d ata (d ata cach e)  an d th e I -s tr u ctur es
( ar rays )  cau s e mo re co nf lict mis ses. Fo llow ing  o u r pr ev iou s w or k [K avi 9 5 , 98 b]  wh er e w e
h av e sh o wn  th e benef its o f us in g  s ep arate I - stru ctu re cach e f or  ETS , h er e w e in v es tig ated 
the u se of  a separate I- s tr uctu r e cache. Th e d ata is sh o wn  in  Tab le 3.

Tab le 3 :  Effect  Of A S ep arate I-St ru ctu re C ach e

M at ri x Liv ermo re

M ul ti pl y Loo ps 

N S DF Uni fi ed Uni fi ed I-S truct I-S truc F rame N S DF Uni fi ed Uni fi ed I-S truct I-S truc F rame

R efs M is ses M is s Rat e M is ses M is s Rat e M is ses R efs M is ses M is s Rat e M is ses  M i ss  R ate M is ses 

2 5  15 64 70 3 82 0 .0 02 4 8 1 0 .0 00 5 1 1 5 0 2 41 77 2 2 0 .0 00 91 1 2 0 .0 00 5 1 0

5 0  1 09 43 6 0 6 14 0 .0 00 6 3 19 0 .0 00 3 1 1 1 00 9 19 13 3 1 0 .0 00 33 7 2 1 0 .0 00 2 1 0

7 5  3 52 62 5 0 1 01 0 0 .0 00 3 3 13 2 0 .0 00 9 1 1 1 50 2 03 24 9 4 0 0 .0 00 97 3 0 0 .0 00 1 1 0

1 00  8 16 46 4 0 1 55 8 0 .0 00 2 6 21 5 0 .0 00 8 1 1 2 00 3 58 18 5 4 9 0 .0 00 13 7 3 9 0 .0 00 1 1 0

2 50 5 56 72 1 5 8 0 .0 00 10 4 4 8 8 .6 2E-0 5 1 0

3 00 7 98 85 7 6 7 8 .3 9E-0 5 5 7 7 .1 4E-0 5 1 0

3 50 1 08 45 93 7 6 7 .0 1E-0 3 6 6 6 .0 9E-0 5 1 0

4 00 1 41 39 29 8 8 6 .2 2E-0 5 7 8 5 .5 2E-0 5 1 0

4 50 1 78 68 65 9 7 5 .4 3E-0 5 8 7 4 .8 7E-0 5 1 0

The tab le sh o ws  d ata  on ly  f o r Matr ix Mu ltiply and  Liverm or e Loo p  5  ( bo th with 5
thr eads ) . Fo r  u nified cas e, w e u sed a s in gle 2 56 K  cache (6 4b y te b lo cks ); fo r sp lit case, we
u sed 12 8 K I- s tr uctu r e cache and  1 28 K fr ame cach e. Th e I- s tr uctu r e mis s behav io r is
s om ew hat err atic fo r  Matr ix  Multip ly , b ecau s e th e p ro gr am acces ses r ow s o f on e m atrix 
and  colu mn s o f an oth er  m atr ix , and  th e strid es  h ave cau s ed  m o re con f lict miss es  fo r cer tain 
d ata sizes . I t sh ou ld be no ted that d ata cache ( u sed fo r  thr ead  f ram es ) encou nters  n o  con flict



m is ses. Th is  behavio r can  b e attribu ted  to o ur  " s tack " o f fr ames allocation  d es cribed 
p reviou s ly . The m is s es  in dicate th e m ax im um  nu mb er of  f r am es  need ed  by  th e pr og r am 
d ur in g its  ex ecutio n . Reu sing  r ecently fr eed  f ram es  elim in ates cach e m is s es . As  pr ev iou sly
m en tion ed, f o r 5 th r eads , Matrix  Multip ly  r equ ir es a max im um  of  1 1 f rames  ( wh ile
Liv er mo r e needs  1 0 f rames ), and  th es e f rames  cou ld be elim in ated by  allo catin g r eg is ter 
s ets to  th reads  o n creation .

5. Conclusions

I n th is  paper  w e pr esented a dataf lo w  m ultithr ead ed  arch itectur e th at utilizes con tr o l- 
f lo w lik e sch ed ulin g  o f ins tr uctio ns . O ur  ar ch itectur e s ep ar ates mem or y acces ses  f ro m 
ins tr uctio n execu tio n to  to lerate lo n g laten cy  o p er atio n s. W e d ev elo ped an in str uctio n set
lev el s imu lator  f or  ou r d ecou pled Sch ed uled  Dataf lo w (S D F)  an d a backend  to  a S isal
com piler . Us ing  thes e to o ls  w e com par ed  the ex ecu tion  p erf or m an ce o f  S DF  with  th at o f  a
s in gle p ip elined MI P S pr o cess in g  s ys tem . Ou r  r es u lts ar e v er y  encou r ag in g . Wh en  th e
d eg ree o f par allelis m is  high , S DF  s u bs tantially  ou tp er f or ms  MI PS . W e als o in ves tigated 
the imp act o f  increasing  th read  gr an u larity  an d thr ead lev el parallelism . A s with an y 
m ultith r eaded  s ys tem , SD F  s ho ws  perf o rm an ce im pr o vements  w ith  coars er gr ain ed  th read s 
and  incr eased  thr ead  lev el parallelis m.

O ur  cur r en t architectu re simu lator  as su mes a p er f ect cache. W e will so on  in co rp o rate
r ealistic cache m em o ries  in to  o u r sim ulator .  Ho w ev er , w e in v es tigated  th e ex pected cache
b eh av io r  o f S DF  p ro g ram b y co llected  ad dr es s  traces  and  us in g  a trace- dr iven cache
s im ulato r (D inero -I V ). Th e resu lts  in dicate th at SD F pr o gr am s  incur  no  m o re ( of ten  f ewer) 
cache m iss es  th an  a tr ad ition al RI SC pr oces s or . U sing  s eparate cach es fo r  I -s tr u ctur e
m em or y and  f r am e mem or ies  f ur th er red uces  th e nu m ber of  cach e m is ses  enco un tered  b y
S DF  p ro g rams .

W hile d eco up led  access /ex ecute imp lem en tatio ns  ar e po ss ible w ithin the s cop e of 
con vention al ar ch itectur es, m ultithr ead in g m od el pr es en ts gr eater  o p po rtu nities  fo r
exp lo iting  th e separ atio n  o f mem or y acces ses  f ro m  execu tio n p ip elin e.  We f eel that, ev en 
amo ng  m u ltith read ed  alter natives , no n -b lo ck ing  m o dels  ar e mo r e su ited fo r  the d eco up led 
execu tio n.  In ou r m od el, thr ead s ex chang e d ata o nly th r ou gh  th e fr ame m emo ries  of 
thr eads  (all other d ata is pr ov ided thr ou gh  I- str uctu re memo r y) .  Th e us e o f fr ame m emo ries 
f or  thr ead  d ata p er m its a clean  deco u plin g o f mem or y acces ses  into p re-lo ad s an d  p os t-
s to res.  This  can  lead  to  g reater data lo calities  and  v ery  lo w cach e-m is s  r ates .

A t th is  time we d o n ot k n ow  if o ur  ap pr oach  perf o rm s better than mo d er n s up er scalar
s ys tems  th at us e dy n am ic in stru ction  schedu lin g ( e.g., o ut o f  o rd er  in str uction  is su e and 
com pletion s)  or  o th er mu ltith readed s ys tems  su ch  as  S MT.  Ho w ev er , w e str on gly b eliev e
that th e u se of  d ataflow  in stru ction s  r ed uces th e com plexity  of  the pr ocess or  b y  elim in atin g 
the n eed  f or  co mp lex  log ic (e.g ., sco rebo ar d  o r Tom as ulo s  r eserv ation  s tatio ns  [H en n es sy 
9 6] ) needed f or  r es o lv in g  d ata d ep en d en cies , r eg ister  r enamin g, o ut- of -o r der in s tr uctio n
s ch ed uling  an d br an ch pr edictio n s.  The s ilico n area sav ed  m ay be u s ed  to  inclu d e mo r e
r eg is ter -s ets  and  r egisters  p er  set to im pr o ve th read  level p ar allelis m and  thr ead 
g ranu lar ities . Mo reo ver, ou r cu r rent in stru ction  set an d  the co mp iler ar e n ot o p timized .  We
are w or k in g to im pr o ve b o th  the in str uction  set and  the co mp iler to  pr od u ce m or e eff icien t
execu tio ns  o f  p ro gr ams .  We w ill s oo n  d ev elo p qu antitative co mp ar is o ns  o f  o ur  ar ch itectur e
w ith co n vention al s calar  an d su p er scalar ar chitectu res f or  a wider r an ge of  b en chm ar k 
p ro gr am s  ( in clu ding  SP EC- 20 00  p r og ram s) .
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