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Abstract — We proposea method of synthesizing pipeline
controllers as four-phase asynchronous circuits from specifica-
tions described as two-phasedependencygraphs. Pipeline two-
phasedependencygraphs are transformed into four-phaseones
by applying a transformation rule to each simple loop in the
graphs. Four-phasedependencygraphs are easily mapped onto
four-phaseasynchronous control circuits. We also discusssome
simplification of four-phasedependencygraphs.

|. INTRODUCTION

Asynchronougircuits are expectedto be an effective ap-
proachto high-speednd/orow-powerprocessorsTherehave
beena lot of works donefor asynchronouslesign[1] includ-
ing synthesisnethodsf controllerg2, 3, 4], andpipelinecon-
troller design[5, 6, 7, 8].

We have proposed synthesismethodof four-phaseasyn-
chronouscontrollersthat controlsfour-phaseresourcedased
on mappingof dependeng graphs,which representhe ex-
ecution ordersof micro-operations[910]*. Executionof a
micro-operationimplementedby a four-phaseresources de-
composednto cyclic executionof a working phase,a stable
phaseanidle (i.e.return-to-zerophaseandanotherstable(i.e.
spacerphase.

Although dependeng graphsare capableof describing
pipeline executionof micro-operationsthe mappingis appli-
cableonly to non-pipelinedependenggraphssince,to imple-
mentthe specifiedexecutionorder the mappingtakesadwvan-
tageof thefactthatwholeidle phasesanbe safelyexecuted
afterthe completionof whole working phasesn non-pipeline
circuits.

STGscan describesuchfour-phasepipeline, but writing
STGsdescribingsuchcomplex behaior is notconsideredo be
acceptablyeasy Adding two-phasegtransitionsignalinglogic)
to four-phase(level sensitve logic) corvertersto eachmicro-
operationmay solve the problemsincetwo-phasedependeng
graphscanbe easily mappedonto two-phasecontrol circuits.

1Althoughwe usedto call asynchronousircuitsusingreturn-to-zerdand-
shalestwo-phaseor four-cycling, we call themfour-phasen this paper
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This approachhowever, may needlarger hardware because
sucha corverterhave to implementafinite statemachine.

In this paperwe proposea synthesismethodof four-phase
asynchronousontrollersfrom dependeng graphsdescribing
pipelineexecution. We assumehat micro-operationshatcan
beexecutedn parallelin thegivendependenggraphausesep-
aratefunctionalresourcesothatwe canignorethearbitration
problem.In Sectionll, we clarify the problemconcernedvith
mappingof dependengcgraphs.In Sectionlll, we proposehe
intermediatdorm of graph,four-phasedependenggraph,and
describehetransformatiorfrom originalto four-phasedepen-
deng graphs.

Il. TwWO-PHASE DEPENDENCY GRAPHS

A. Circuit synthesigisingdependengcgraphs

We target synthesisof four-phaseasynchronougspeed-
independentor quasi-delay-insensitg[11]) control circuits.
They control four-phaseasynchronouslata-pathgresources)
in thefour-phaseequest-ackneledgmentmanner

Withoutlossof generalityanasynchronoudata-pattused
for amicro-operatior(registerto-registerdatatransfer)canbe
modeledasfollows. Therequessignaltriggersthe startof the
operationandthe acknavledgmentsignalrepresentits com-
pletion. Whentherequessignalis resetthe acknavledgment
signalis alsoresetwithout affecting the correspondinglata-
path.We call the former perioda working phaseandthelatter
periodanidle phase.

We have proposeda model called dependeng graphin
[9, 1Q] asa variantof control/data-flav graphsto describethe
specificationof asynchronougontrol circuits. It is alsore-
gardedasasubclas®f Petrinetsor free-choicenets.Although
it is capableof describingconditionalbranchesandloops,we
exclude the capability in this paperto simplify the problem.
Fig. 1(a) shavs anexampleof a dependenggraph.

A dependenggraphis asetof four typesof nodesanddi-
rectededgedetweerthem. A noderepresentanoperation. A
directededgerepresentshe executionorderof the operations
denotedby its startandendnodes.Executionof anoperation
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Fig. 1. Exampleof adependenggraph.

is controlledby tokensmoving alongedges.

Eachtype of nodesoperatesasfollows. An oval nodede-
notesa micro-operation.It startsexecutionwhena token ar-
rivesin its inputedgeandtransferghetokento its outputedge
whentheexecutioncompletesA smallsquargfork) nodeand
asmallcircle (join) nodedenotethe startandthe endof paral-
lel processingespectiely. Whena token arrivesin the input
edgeof a fork node,it removesthe tokenandputsatoken on
every outputedges Corversely whentokensarrive in all input
edgesof a join node,it removesthemand put a token on the
outputedge.A blackdotdenotesaninitial positionof atoken.
It sendsa token at the beginning to its outputedge,andthen
transfersevery input tokento the output. A graphmustbe so
constructedasto satisfythe conditionthatary edgedoesnot
hold two or moretokensatary time.

Fig. 1(b) shavs an exampleof executiontiming of micro-
operationsn (a). A box denoteghatthe correspondingpera-
tionis executedn theperiod. Arrows denotecausalitybetween
operationsB andD canbe executedn parallel,andsocanC
andE. C canstartwhenB completesand E can startwhen
bothB andD complete.

The graphshown in Fig. 1(a) canbe mappedonto a cir-
cuit shawvn in (c). Edges,fork nodes,join hodesand token
initial positionscorrespondo wires, wire branchesMuller’'s
C elementsandinvertersrespectiely. Micro-operationscor-
respondo request-ackneledgmentinterconnectionsvith the
data-paths.

Although tokensrepresenbnly the executionof working
phase®f micro-operationsdle phase®f all micro-operations
canbeinterpretedio be executedwhentokensreturnto their
initial positions. The executiontimings of the graphandthe
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Fig. 2. Exampleof a pipelinedependengcgraph.

circuit (Fig. 1(b)and(d) respectiely) areobviously equivalent
exceptfor the executionof idle phasesn (d).

B. Mappingproblemof pipelinedependenegraphs

Dependeng graphscanmodelnot only simpleparallelex-
ecutionbut also pipeline execution. Fig. 2(a) and (b) shav
an exampleof a pipelinedependeng graphandits execution
timing respectiely. Micro-operations{A, C} and{B, D} are
alternatelyexecutedin parallelexceptfor sometransientpe-
riod.

If we applythe mappingmethoddescribedn Sectionll.A
to the pipeline dependeng graph,we canobtainthe mapped
circuit shovnin Fig. 2(c) andits executiontiming in (d). Obvi-
ously, timing in (b) and(d) arenot equivalent. For example,B
andD areexecutedn parallelin (b), but their working phases
cannotin (d). Insteadanidle phaseof B andaworking phase
of D areexecutedin parallel. This meanghatthe mappingis
not applicableto pipelinedependengcgraphs.

The reasonof the inequality is that two-phase(cornven-
tional) dependeng graphsdo not distinguishtwo types of
events, namely 0-to-1 and 1-to-0 transitions on wires in
mappedcircuits. For pipelinecontrol circuits, idle phasesan
no longerbe interpretedo be executedimplicitly, sinceother
tokensaffect their executiontiming. For example,evenif the
tokenin thefirstloopreturnstoitsinitial position,anidle phase
of B cannotstartexecutionbecausét is alsocontrolledby the
token in the secondloop. For non-pipelinecontrol circuits,
thereis no suchinteractionof loopsin dependenggraphs.
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Fig. 3. Exampleof a pipelinefour-phasedependengcgraph.

I1l. GRAPH TRANSFORMATION FROM TWO-PHASE TO
FOUR-PHASE

A. Fourphaséanterpretatiorof dependengcgraphs

A straightforvard solutionto the mappingproblemmen-
tionedaboreis to changdnterpretatiorof dependenggraphs
so that they represenfour-phaseexecution. We call sucha
graphwith four-phasenterpretationa four-phasedependeng
graph. Fig. 3(a) shavs an example of a pipeline four-phase
dependenggraph.

A four-phasedependeng graph consistsof almostthe
sametypesof elementsastwo-phaseone. Only for distinc-
tion betweentheir appearancesye useX symbolsinsteadof
black dots. Working phasesandidle phasesof an operation
arecontrolledby two typesof tokens,namely working tokens
andidle tokensrespectiely. A X symboldenotesiot only an
initial position of tokens, but a token exchanger It sendsa
working tokenatthe beginningto its outputedge andthenin-
vertsevery input token to the oppositetype while transferring
it to the output. A four-phasedependeng graphmustbe so
constructedasto satisfythe conditionsthatary edgedoesnot
hold two or moretokensat ary time, andinput edgesof ary
join nodedo not hold differenttypesof tokensat ary time.
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Fig. 4. Transformatiorof a singleloop graph.

Fig. 3(b) shows the executiontiming of the graphin (a).
For example,at first, only the first working phaseof A is exe-
cuted,thoughevery tokenexchangemoutputsa working token.
After that, the token arrivedin the outputedgeof A is trans-
ferred throughjoin nodeJ1, fork nodeF1 andjoin nodeJ2,
andstartsa working phaseof B. On the otherhand,the work-
ing token copiedat F1 is invertedto anidle token at X1 and
theidle tokenstartsanidle phaseof A. As theresult,the first
idle phaseof A andthefirst working phaseof B areexecuted
in parallel.

A four-phasedependeng graphmodelsa level sensitve
asynchronousontrol circuit moreexactly. Therefore the cir-
cuit mappedfrom the graphusingthe samemappingmethod
asthatfor two-phasegraphsoperateson the executiontiming
equialentto the original grapheven if it describegipeline
operations.For example,Fig. 3(c), which showvs the mapped
circuit from (a), operate®n thetiming in (b).

B. Transformatiorrule

It is, however, not a trivial problemto composea four-
phasedependeng graphthat operatesasintended. We con-
siderobtainingfour-phasedependengcgraphsby transforming
two-phaseones.

Considerthe two-phasedependeng graphshavn in Fig.
2(a). It intendsA andC to be executedin parallel,i.e., work-
ing phase®f A andC mustbeexecutedn parallelin thetrans-
formedfour-phasedependenggraph.lt is naturalthatanidle
phaseof B is executedin parallelwith working phasesf A
andC, thoughits executiontiming hassomechoice.Hencewe
intendto composea four-phasedependeng graphsothatthe
oppositephase®f A andB, B andC, andC andD areexecuted
in parallel.

Considera simpler two-phasedependeng graphin Fig.
4(a). It consistsof a singleloop with micro-operation#\ and
B. Fig. 4(b) shavs a four-phasedependeng graphso com-
posedasto executethe oppositephase®f A andB in parallel.
Sincethegraphin Fig. 2(a) consistf simpleloopsincluding
onetokeninitial position,anequivalentfour-phasedependeng
graphcanbe constructedy transformingevery loop into the
form of Fig. 4(b) andcomposinghemagainby unifying nodes
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Fig. 5. Transformatiorof a genericsimpleloop.

with the samelabel. Thegraphin Fig. 3(a) canbe constructed
from Fig. 2(a)in thisway.

In general,eachsimpleloop in a two-phasedependeng
graphmay containary numberof micro-operationfork and
join nodes. Without loss of generality we candescribesuch
asimpleloop asshavn in Fig. 5(a). Node A andB represent
thefirst andthelastmicro-operationsespectiely thata token
passeshroughwhile it travelsroundthe loop. Boxes1, 2 and
3 represensub-pathsi.e., partsof the sequencef edgesand
nodesin the loop. Accordingto the definition of A and B,
boxes1 and3 doesnotincludeary micro-operationyhile box
2 may include micro-operations. The areasurroundedwith
dashedline shavs examplesof the contentsof suchboxes.
Fork and join nodesin the boxes are connectedwith other
nodesin ary boxes, or in otherpartsof the graph. If aloop
include lessthantwo micro-operationwe insertone or two
dummy micro-operationsext to the token initial positionso
thatthe loop fits the form of the figure. We provide this rule
simply for generality but sucha loop is redundantindshould
be eliminatedaheadof time unlessit is the only loop in the
graph.Fig. 5(b) shavstheexecutiontiming of A, B andmicro-
operationsn box 2. The numberof micro-operationsn box 2
affectsonly thelengthof theboxeslocatedin therow 2.

Fig.5(c) shavstheproposedour-phasedependengcgraph
correspondingo the genericsimpleloop in (a). It is gener
atedby addinga bypassfrom F1 to J3, addingtwo feedback
pathslike Fig. 4 usingthe bypass.andaddingthe third feed-
back pathfrom F3 to J1via X2. The last feedbackpath is
requiredsothatthe graphsatisfieshe conditionmentionedn

Sectionlll.A, i.e.,if it did notexist, atokencopiedin F1 might
pasghroughX1 andA andcatchupwith anothertokenin box
2. Its executiontiming is shawn in Fig. 5(d). Thetiming of
working phasess equialentto (b). Idle phasesanbe exe-
cutedin parallelwith as mary micro-operationsas possible.
Any idle phase however, is not executedin parallelwith ary
otheridle phasesinceworking andidle phasesepresentethy
four-phasedependencgraphsaresymmetric.

Applying this transformationto a simple loop in a two-
phasadependengcgraphdoesnotaffecttheconnectvity of this
loop andotherpartsof thegraph sincethetransformatiordoes
not changethe contentsof boxes, which arethe only partsin
theloop connectedo otherparts. We canthereforesafelyap-
ply the transformatiorto every simpleloop without affecting
ary connectity. Hence four-phasedependencgraphscanbe
obtainedby applyingthe transformatiorto every simpleloop
in the giventwo-phasealependengcgraphs.

The outline of the transformationalgorithm can be de-
scribedasfollows:

1. Finding every simpleloop in the specifieddependeng
graph.

2. For eachsimpleloop:

(a) Matchingtheloop to the patternof Fig. 5(a).
(b) Transformingtheloopto theform of Fig. 5(c).

Obviously, in the way of the transformationthe graphbeing
transformedncludestwo-phasepartandfour-phasepartatthe
sameime. Thatdoesnot, however, preventthealgorithmfrom
beingappliedbecausary four-phasepartin atwo-phasesim-
pleloopis hiddenin theboxes1, 2 or 3.

Although we can prove that the executiontiming of the
transformedour-phasedependenggraphis equivalentto that
of the two-phaseone, spacedid not permit usto describethe
proof.

C. Simpilificationof four-phasedependencgraphs

Thetransformatiordescribedabove addsthreefork nodes,
threejoin nodesandthreetokenexchangemhile remaoving one
tokeninitial positionfor eachsimpleloop. Transformedyraphs
mayincludesomeredundang, which shouldbe eliminatedfor
reducinghardwarevolumeof the mappectircuits.

If box 2 is empty the pathfrom F1to J3is redundanand
canbeeliminated,andthereforethe feedbackpathfrom F3to
J1,which s for avoidanceof catchingup in box 2 mentioned
above, canalsobe eliminated. Further if box 2 consistsof a
sequencef ary numberof fork nodesfollowedby a sequence
of any numberof join nodesthefork nodesandthejoin nodes
canbeunifiedwith F1andJ3in Fig. 5(c) respectrely, andthe
pathfrom F1to J3andthe feedbackpathfrom F3to J1canbe
eliminatedbecaus®f the samereason.

Applying the transformationand simplification rules, we
canobtainthe four-phasedependeng graphin Fig. 3(a) from
thetwo-phaseonein Fig. 2(a).
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Fig. 6. Exampleof transformatiorfrom two- to four-phasedependengcgraph.

D. Example

Considerthe pipelinetwo-phasedependeng graphshovn
in Fig. 6(a). It specifiesnot only parallelexecutionof B and
(C, D), but pipelineexecutionof A and(E, F), (A, C) andE,
andD andF.

We first transformthe simple loop indicatedas the light
gray region. The dark gray regions correspondo the boxes
1, 2 and 3 in Fig. 5(a). By applyingthe transformatiorrule
describedabove, theloopis transformednto thelight grayre-
gion of Fig. 5(b). The mediumgray region representsiodes
and edgesaddedby the transformation. Other fork andjoin
nodesin the light gray region areaddedby transformatiorof
otherloops. Note thatthe transformatiordoesnot changethe
darkgrayregions.By applyingthetransformatiorrule to three
othersimpleloops, we obtain Fig. 6(b) asthe four-phasede-
pendeng graph.

The graphincludessomeredundang. For example,since
edgeelis redundantthe edgeandthe feedbackpathinclud-
ing X1 canbe eliminated. The four-phasedependeng graph

shavn in Fig. 6(c) is obtainedby applying such simplifica-
tion. This graphcanbe easilymappedntoa four-phaseasyn-
chronouscontrol circuit using the correspondenceescribed
above.

IV. CONCLUSION

We have proposeda methodof synthesizingpipelinecon-
trollersasfour-phaseasynchronousircuitsfrom specifications
describedas two-phase(corventional) dependeng graphs.
Pipeline two-phasedependeng graphsare transformedinto
four-phaseonesby applyingatransformatiorrule to eachsim-
ple loop in thegraphs.four-phasedependenggraphsareeas-
ily mappedntofour-phaseasynchronousontrolcircuits. We
have alsodiscussedomesimplification of four-phasedepen-
deng graphs.

We have notdiscussedransformatiorof dependenggraphs
that include conditionalbranches. To synthesizemore prac-
tical circuits, we have to expandthe methodto suchclasses



of dependeng graphs. It may be achiezed by modifying the
transformatiorrule sothatit canhandlemoregenericform of
loopsincludingbranchingnodes.
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