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Abstrmetr -- A data-Claw Processar i3
tructured a% § packek commcnication systum.
Sactions af 4 PEOCEIEIOr Arm conRectad by
intarconnection networks wiich have a great des] of
inherant parallelise, and tha sectlons commmricuty
by mmanz of fixed sire infersation packats. The
Mracessing capability of a data-flew proceszor is
datersined through considaration of the [low of
Packits within the interconnection RATWICks, and the
dctual performance of the processor iz arfectsd by
the structurs of the Miworks. The sxecution tims
of an instructisn ia a PrOGasaor Can vary Jreatly
dus to coaflict within the interconnsction netwerks.
The performance of 2 data-flgw procasior is seacured
through comsideratioe of the delays cassed by thia
conflict, amd the proper natwork structurs and
processing rate af a wachine ary determined through
analysis of the best and worst case delays.

Intr tion

EFforts te develop a wodel of computagionm
which can offectively SXprass parallelism kave
Yinlded a new form or PrOGTEN rapresentation knomm
as data flow [1.2,1,0,7,0,0]. ™ attractivenasy
of dats flow liss in ths Tact thac it is data-
drivem: that {s, gn instruction ts amabled For
exscution omly afcar sach roquired opersnd has Deen
provided by the axecution o a pradecessor
instruction.

Ve hava bean conducting arThitecturnl studies
to investigata the desion of 2 precatsor wiich can
erriciantly sxseots data-Flow programs by taking
Sdvantage of the parsllsiiss laberent 1o the data-
flow reprasemtation. Ths rusultiog srchitactures
(4. 3] offar ateractive Wlsklans to some of tha
problsmy of parailel SYstams. The usual problems of
procassor switehing and RAROFY/ prucessor
iterconnectian Are avolded by the wgy of
inter tina ks which have n great desl or
inhurent parallsiisg, The structsry of tha
processor allews a large mesber of iestructions te
be active Simuitansously. These active instructions
Pags throwgh they networks concirrantly and ferm
itrammy of instrostimns for the pipelioed functional
units,

Thia research wyg iupported by the Advanced
Research Projeces Agency of :ha Oepartmeat of
Befunie and wus monitared by the Offlcs of Naval
Razearch ondar centract nusber NBODL4-T5-C-06661 .

[nltial fnvestigationa culminated in the
developmant of ap architacturs for a processor that
SxACuted programs expresyed in the alementary data-
flow language (4]. Tha slementary langyags
fNcerporates mo fancy capabilitviac swck as
recursion, data SEruUCtures, conditiomals. or
itaration, Howsvar, the Language and fts
correaponding architectars ary well-suited for the
rapresentation and sxecutios of signal processing
cospatations such as filtering. wavelorm aeveration,
rast Fourier transforms, amd so forth.

Tha next step involwad devsloping tha
architecturs of the baslc mrocessor [4].  This
machine and ftx carrsypending langamge incorporate
conditfonal snd itwrative Sachanisms amd a muiti-
leval memory system in which the activa nmcry i1
operdted as g cache, md Lndividual instructions are
ratrisved from the mxiliary masory a3 thay become
required ror computation,

The moxt racently devaloped wachine im this
seriss sxpundy tha architecture amd languags to
incorparats pracedurus, recursive adCTivation, apd
daka structures Fapresanted s acyclic dirseted
graphs (8, 91. A sore Convsational approsch to the
isglesentation of 4 complace data~-fiow langoags has
bean developed by Rumbhaugh [11, 127,

The performanca of a data-flow processor 1s
analrzed through consideration of the flow of
informetion within the loterconmsction metworks of
the proceiser. In illustration of this technigqua of
performance amalysis, we cmzider tuck am slalysis
of tha performancs af am slumantary data-fliew
procusior.

The Elemgntary data-Flew Prosexser

Tha computational capabtlity of tha slemantary
data~flow processer is 1imited ra Prograas sxpruszed
in tha elemencary data-flow languags. A program 1a
this language 13 constructed of twe kinds of
tlemants, cxllsd Sparators aad links. Dparators are
reprezenced a: circies with o AMmber of tnput ares
and one output are. A link 15 desigmated by § tmaj)
dot and raceives results frow ea operator on itg
input arc amd distributas thew 50 ather cpermters
SYer 185 output arcy.

Tokens ars repressnted by large zolid doxs ana
CoBvay valuss over the arcs of e progrem. Am



OPErATOr With & token 00 eqch of its input srcs and
RO tCRen on ity output arc i3 enabled and ometime
lacer will fire, Femoving tha tokens from Ltz input
Arck, compuiing a result using the veluas assaciated
with the input tokens. amd aszociating that resylt
with a toket placed on 1te owtput arc. Jimilarly, a
iink 15 anabled when a tokes Is prosamt on its imput
arc and no tokem i1 present o any of 1ty output
ares, It firmes by Femoving ths taken from its imput
2rC and as3ocidtimg copleg of the valun carried by
the input token with tokens placed on tts oatpyt
ares.

In Figure | wy have a rather simple duta-flow
program. Thers i3 a valus present o each loput
arc, amd thus limks L] and L7 are snahled, Eithar
ons can fire == suppose L1 does. Then oparatar A2,
which nultiplies its input by the constame A, and
link L2 arw enabled. Once agein, either A2 or LZ
can fire, and in thiz mammer tokens travel through
the program umgil a token sppears on the outpot
conveying the value Ax(¥+y). Once aparators Al ang
AZ have Tired, thars ars no toksnz on tha arcy
emanating from L1 anmd L2, and the links cam Tirw as
3008 A5 two new imput values arrive. Thus, thess
SleMaNtary programs can Feadily reprssant pipeiined
COBpUTETion .

The Mamory of the slemantary data-riaw
Processor shown in Figques 2 holdg » representation
of the program to he sxecuted. This Hemory is a
collactios of Instruction Cells {Figurs 3); one
Instruction Cell ig assoriated with sach gperator of
tha program. Each Insitruction Csll iy Composed of
threa registars, thae firge of which specifins the
opsration to be performed and the adgrassien) of thy
registar{a) to which the resclt of the operation is
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Figua 2. Smucturs of the wameniory gatd-fiow processar,

to ba directad. The tucond and third regiptars
Tecaive opérands for use ig axecution of the
instruction.

When an Inscruction Cqll sontafins am
instruction and all requtred aparacds, the Cell is
said t¢ bs enabled and Prussnts itz contents as an
Operation packet to the Arbitration Netwerk for
dellvery to am Opsratica Unit which cam perform the
desired fumction, The Arbitration Netwerk provides
4 path Trom each Imstruction Call to each Operatien
Unit. Tha retwork ig capable of simltanesusly
SCCAPEing wany nparaiion packats from the
Instruction Cells and delivers sack pactec to an
Appropriate Operation Uslt by decoding the
instruction portioa of the packet,

Upon receivieg an operation packet, an
Dperation Uit parform the Tunction specified by
the tastryction on the obarands of the packst and
producea a daca Packet, contalning ana copy of the
result and a dextinntion roglater address, for each
duitination spacified in the {nstructiom. A
Distribution Natweork concurrantly accepts daca
Packets from the Operation Units and, using the
dedtinstion addrusy of aach packet, delivers it to
the specified register of ths Memery. Ths
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Instructiom Call coatsiaing that registar say them
be enabled Lf an inztructien and all aparands are
present in the Call.

A aimplified structars of the Arbitratiss and
Distribstion Networks ix precswted i Figurs 4. The
hatworks are compossd of thres types of umits. An
arbitration unit passss packats arriving at {ta
input ports onm-at-a<time tg ity ontput pert, using
4 round-robin disciplime to resolve any conflicts.
A.switch wnit passes 3 packet ab Lts input to one of
1ts catputs, controlled by soms aroperty of ths
PECEAT. In Lhe Arbitrution Netwark this property is
the ¢peration cods. wharesz is the Bistribution
Wetwork, the switch snitz ars controlled by the
destioaticn ‘addrass. A duffer unit scores & paciet
until the spccesding swiich or arbitration wnic i3
ready to accapt it.

Dus to the large number of iuputs co the
Arbitration Network, wa wish tc cramsfor duka
batveen the Mewory Caliz aud the Arbitration Natwork
in sarial format te redoce the nuader of wirss
facessary, Howavar, in order to maimtais a high
rate of packat flow at the OMCPME ports, we wish to
transfar packets to the Oparatiom Units (s parallal
foramt. For this reasonm, aerinl-to-parallel
comversion s done gradwaily within the befrer anits
4 & packat travels through the Arblrrstion Networx .
Parsllel-te-sarisl conversion iz perforwed in tha
UMatribution Metwork for similar reasons.

Proceszur Performencey

To anal¥ie the performance of the slemmtary
data-flow architecture, we must consider the
utilization of the Instruction Celly of the Nemory;
that 1s, the number of times a Coll will be snabled
within & given time peried. Thia will then allow ug
to datermine the proceasing rucs of tha micivinm.

The sxecotion cyelw tims of an iestruction
within the processor L3 the mimimum slapssd tims

betwean the enabling of the lastruction and the
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arrival of the result of the oparation spucifing by
the instructisn at the desired destinatiom Celliz}.
For an instructiom of the alamentary data-flow
Processior, che executiom cycle tims is squil To the
passage time throwgh the Arbitration Network, the
Distribution Natwork, aad. an appropriate Operatiom
Unit. The dalay in the Operation Ualt 1s fixed for
that Jperutioa Unmit, However, the netwyry dalays
can vary graatly due to tha prassscs of conflict.

e axecution epele timg for an iastruction is
found by considerimg the passage of the aperation
packet containing that imstrgction through the
Arbitration Network and the 1308 of the resulting
dita packstas through the Distridbutime Network with
0o conflick, The wimieww delay thraugh a nstwork,

“the Arhltraticn Metwork Tor xampla, ix given by the

Sumbaticn over the mumber of 1ERQ0E 18 Ltha networs
of tha tise reqoired to tramsfer a packak through
sach stage:

{Ro. bits serial » ]1)(bit tranafer tiic)

The truasfer time for a stage is eqoal t0 tThe nomber
of bita passisg through tha stage in 1arisl plug ona
for a signal te indicate that the packat i3 ready to
be transferrad sultiplisd by the time necsszary to
transfer & bit, A similar tquation applies te dalay
Ln the Distridetion Natwerk.

Lat uz examine tha delay within & specific
Arbltration Network (Figurs 3). This aetwork hag
thres stater and Seven arbitration umits. Packats
travel through dtags 0 in four-bit asrial format and
re gradually coaverted to § more parallel formae,
Pazslng through stage 1 in twe-nit sarinl and stage
Z in onm-blt sertal format. As noted previoualy,
the pasaage time for a packet through each itage 14
equsl to the number of ssrisl bifs plus one times
the bit. tramsfar cime t. Tor the structurs of Figute
3. the transfer tlmes are 8¢, -3¢, and 2t,
respactivaly. The minilsm dulay through the network
i.s aguzl to the summstion of cha stage delays, or
oL,
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To find the time T necessary te process all
ingtructions comtained in the Hamory ef tha
PrOCEEIOr, Wé-Bust conaider the maximuse dalay a4
PAcket can encounter in passing through tha
Ardltration Netwerk. Suck 2 maxisws dalay cam occur
1B a netwark which has & packet prezent at every
nade w4 mackine 1n which svery Instruckiom Cell 13
enabled, placing & packat on sach input to the
Arbitration Neiwork {Figure 8)}. The mxise dalay
which can bhe sacountarad by 4 packe:, say the
trisngular one, arises only whem all other packets
in the natwork pasa through thw output of tha
network before the trispgular ons does. In order
Ter thiy to happen, not only sust the triangular
pachut 1oz every conflict, but aveary packet of tha
path it will follpw tn thas ontput must also Lloxe
svery conflict. Thas, finding thy meximsam deilay
invglves deturmining how RNy packets will flow
through sach stage befors Lthe triangular onas.

For this netwerk, the worst caze packet will
ba the I4th through stage 2, the sth throsgh stage
1, and the 20d through stage 0. Nultiplying tha
nombwr of pacRets pasting throogh sach stage by tha
dalay in that stagu, wa fimd thag:

T = saxima delay
* {3E) « §(3Ie) + l4(2%)
 S6¢

Hemce, 1r wll instructioms of the procassor arn

snabled, they cac passz through ehis Arbitration

Natwork 1n 4 meximem Cime of 361,

Howsvar. if we assume that cha netwerk 1ize iz
Such that the execution cycle time i3 less thae T,
then a nusder of descination Cells become anabled
and enter the Arbliration Watwork befors alil Calls
have hesk procassed, and the procezsing rate of the
machine cal ba measured Ln tarms of the oUtPUT rate
of the Arditration Netwark {(assuming the
Hatributian Network kaz besn structured to
distribute =il rexults aa fuzt as they are
produced}. In such & caze, the rats of packet
tranafer ta sach Cperaciom mit iy 1(2v). and the
SERIMUR processing rate of the mackine 13
[1/(2¢) J(ausber of Dparatiom Umits).

Furtharaors, if wach arbitration onit hasx
enaugh inpucs to allow a packat to travel through
the pravious stage In lesy Cime thas that requirsd
to service all busy inputs, the passage of the
triangular packet throwgh the firse stages of ths
Arbitration Wetwork will occur simultansously with
the transmissien of other packats at the output of
the network. The tims T for the transmissios of al}
packnts im the network to the Oparation tUmits 1y
than l4{22) » 28¢, .

Meport; Streciors

The results davaloped in the pravicus saction
Stem tr ladicate that a network of as few stagas as

possible i3 dasirable Lo order to decrasse che

wxecution cycle tise and tncrease the number eof
inputs %o &n arditration yni: of the astwork. In
gensral, this Is trua. Howevar, the fact that
packuts are tramiferred from sack Instructiom Cell
in surial format requires 2 numsber of stages in the
Arbitration Metwork La arder tp perfors thy
conversion to parallsl format bafors a packuet

arb
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Figura 8. Enomois ¢f 0 fuii Arbirration Nuiwork,

reachss the final stage of arbitration. Also, o
numbar of stages are RACESIArY In order to mafntaim
4 quasue of instructions for sach Operation Unit.

The actual scructurs of tha Arbitration
Metwort doss not sigificancly affect parformance as
tong as a few simple rules ar4 abserved in its
comstruction. I[f Dyy is the passage delay of a
paciat through stage 1 of the Arbitration Network,
and Ly, i the number of tnputy te- stage i, them the
fallowing relationakip wast hold:

D‘t = d[( l‘(i.,llnn‘“‘,”j]: ol

This assuras that each 3tage of the Arbitration
Network is kapt busy by the praceding stages.

The valus of the constant = is depandent upon
the utilizexion of the maching. Since the processor
13 designud te support pipalined computation, tha
value of e« 13 controlled by tha amomnt of the
Bachine which 1z used for computation and the
difference Detwasn thy saMpla impet rate and the
Saximwm procaziing rate.

The addition of a switch wnit ag the output of
an arbitracion umit introduces a further factor for
consideration. [If SM. is the susber of outpats of

the switch watt after stage 1 of arbitracion, thmm

nﬂ.l = 0‘[{1“1.[)){9“1+””f3l1
and the nombar of inputs to the arbitration usiks of
stage i+l must be increated by the number of sutputs

of the switch unit of stage L In order to kewp tha.
arbitrution unit in stage ivl ‘may.

Similarly, tha Distribution Network must bs
Structursd 1o that '

Dy = d((‘tlwu.n ]]”1

whers 3; iz the mmber of outputs of the switch unit
in atage 1, 11 12 the numbar of inputs of the

arbitration umit preceding the switch unit or stage
i, and Dy it the delay through stage 1 of the
network,



An Lxamale Frogussor

I Lllustration af the Capubility of an
elementary data«flaw Processor, consider the
sxecution of & highly parallel, pipelinad
computatisn oe 2 128 Instruction Cell Sichine im
which all Cells ars fully utilized. The Instruction
Cellz of the example sachine accapt amd transmit
packecs in 16-bit parallel, 4-bit sartal format.

For a balanced precessor qtructure, one in
which the number of Oparation Units is mmtched to
the number of Instruction Cells. the processipg tima
T should be squal to the minimus dalay D throioh the
natworks sl an Operation Goit. Thus, to dataraine
the optimal number &f Opacation Fnitzs far the
PrOCEs3Or, we Sust comalder the structyre al the
fetworks in arder to dizcover the minisuam dalay.

To obtain a small srecution tycls time, and
hemce. & graater processing capability, ths aetworks
Dust b4 stroctured with az Few” Jthges as poazibly.
Howaver, three Stages arm reqaired in the
Arbitration Neswork to perform the serial-tg-
pargllel conwersiom and 3till maintain the necesiary
throughpat from stage to stage. The winimem delay
analysis af thia thray Stage network structurs i
idemtical ta that described in the pravicus sectiom;
the delay in the Arbitration Natwork 1s sgqual ko
19¢t.

Azsuming that the minisue delay in Ehe
Distribution Network and the delay in an Oparatios
Unit are the same a3 that in the Arbitrasion
Hutwork, the rasultiog value Tor D tx:

9= M

if & = 15¢ mamotaconds, allawing [5 TTL pate
delay: to accomplizh one ready/acxnowiedge cyele,
tha resuiting executios cycls time 1z

D = J0{140 naec.)
* 4.3 microseconds

To sstablish the numdar of OJperation Unitsy
necessary for a balsnced processor structure, with 4
Stage dalay of 300 nyec. faor *ach pipelined
Oparation Unit, we mast set the precassing time T
for all enabled instruetisas contalned 1a the Nemory
equal to the execution cyele time:

T = 4.5 microssconds
= (125)1300 nsee. )/{no. oT Operatioy Untts)

yisldiang,
no. of Jparstion nits » §
And the resultisg performsnce of tha Procadsor is:

frocessing rate = 128 ingtructions 7 4.3 micropee,
2 2% RIPR

Eonclosion

Thers ars a nusber of WaYE ix which the
proceasing rate of a data-flew processar can be
extanded. First. the sirs of e Imstraccion Memory
and the numbar of Oparation Units can be lRcraased.
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If the additional Calis sra fully utilized. tha
processing rate will grow linearly with the aumber
af Calis added. Second. the bektlenecks of the
Bachine, the ocutput of tha Artritration Natwork amd
the input of the Distributien Natwork could be
Tabricated in a raster technolagy. A chamge Crom
TT, to ECL at the bottlenscks showld silow 4 flve-
fald incremss in the processing rate. Naturally,
the slowsr portions of the natworks wusé he
structured is more parallel Forms to maintain thig
Fats. A tachnolegy change would z2lzo allow &
decrasazse in the number of Operntion Units ir thay
were Go ba cenatructed al the {aster tachnology.
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