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Abstract

Asynchronousdesignhasbeenthe focusof renewedinterest.
However, a key bottleneck is the lack of high-quality CAD
toolsfor thesynthesisof large-scalesystemswhich alsoallow
design-spaceexploration. Thispaperproposesa new synthe-
sismethodto addressthis issue,basedon transformations.

Themethodstartswith a scheduledandresource-bounded
Control-Data Flow Graph (CDFG). Global transformations
are first appliedto theentire CDFG, unoptimizedcontrollers
are thenextracted,and,finally, local transformsare applied
to theindividual controllers. Theresultis a highly-optimized
setof interactingdistributedcontrollers. Thenew transforms
include aggressivetiming- and area-orientedoptimizations,
several of which havenotbeenpreviouslysupportedby exist-
ing asynchronousCADtools.

As a casestudy, the methodis appliedto the well-known
differential equationsolver synthesisbenchmark. Results
comparable to a highly-optimizedmanualdesignby Yun et
al. [35] canbeobtainedbyapplyingthenew automatedtrans-
formations.Such animplementationcannotbeobtainedusing
existingasynchronousCAD tools.

1 Intr oduction
Asynchronousdesign has been the focus of much recent
interest and researchactivity [13]. Several commercial
asynchronouschips have been producedin the last cou-
ple of years (e.g., microcontroller chips in Philips’ com-
mercial pagers [17]), and several companies have de-
signedexperimentalasynchronouschips (e.g., Intel’s high-
speedinstruction-lengthdecoder[31] andSun’s high-speed
pipelines[9]).

However, a key current limitation is the lack of high-
quality CAD tools for systematicdesign-spaceexploration
andoptimizationof large-scaleasynchronoussystems.Tra-
ditionally, a numberof asynchronousCAD tools arelimited
to the designof individual controllers[14, 15, 12, 34, 26, 3,
22, 20], and thusareonly useful for onestepin the overall
synthesisflow.

For large-scaleasynchronoussystems,two design ap-
proachesarenow widely-used:(i) manualdesign,and(ii) use
of syntax-directedCAD tools. Manualdesignallows a num-
berof aggressiveoptimizations,but is cumbersome,slow and
error-prone,andit doesnotprovidesystematicandautomated
explorationof thedesignspace.For example,the Intel asyn-
chronousinstruction-lengthdecoderchip [31] took over two
yearsto complete,usinga combinationof manualtechniques
and academicsynthesistools for designingindividual con-
trollers.

Alternatively, several automated approaches have
been proposedfor large-scalesystemswhich are syntax-

directed[7, 4, 5, 30]. Thesemethodsstartfrom a high-level
abstraction,such as a concurrentprogram, and obtain a
circuit by translating each individual program construct
into a correspondingsub-circuit. For example, the Philips’
Tangramtool [4, 5] provides only one implementationper
specification.Therearefew options,otherthansomesimple
peepholetechniques,for design-spaceexploration.If theuser
is dissatisfiedwith the circuit, the original programmustbe
manuallyrestructuredandre-compiledin thehopesof some
improvement. OtherCAD approachesallow only restricted
andnon-systematictechniquesfor exploration[24, 7]. Thus,
a hugepotentialfor optimizationhasbeenoverlookedfor a
long time.

Recently, there is increasinginterest in alternative ap-
proachesto the synthesisof large-scaleasynchronoussys-
tems [2, 10, 21, 6, 8, 18, 23, 19, 27, 1]. Cortadellaand
Badia proposea synthesisstyle for the control unit such
that eachdatapathblock is controlled by a dedicatedsub-
controller[10], while Kim et al.’s approachsubdividesthese
sub-controllersevenfurther, assigninga sub-sub-controllerto
eachof the processesboundto a functionalunit [18]. Each
of theseapproachesis strictly deterministicand “template-
based”. Only one approach[1] considersdesignspaceex-
ploration,but ata higherlevel: for resourcebindingandallo-
cation.Interestingly, someefficientmanualdesignshavebeen
presentedto which noneof thesemethodshasaccess.Thus,
thereis still aseriouslackof approachesproviding systematic
designspaceexploration.

The contribution of this paperis a new approachfor the
automatedsynthesisand optimization of large-scaleasyn-
chronoussystems.In particular, this paperis the first to in-
troduce,formalizeandautomatea wide-rangingandpower-
ful setof transformations,which canbeusedfor thesynthe-
sis of asynchronousdistributedcontrol. Unlike previous ap-
proaches,thesenew transformscanbeappliedin asystematic
way to explore thedesignspaceandfind optimaldistributed
controllerimplementations.1

The new method starts with a given scheduledand
resource-boundedControl-DataFlow Graph (CDFG) [25].
Global transformsarefirst appliedto the entireCDFG, un-
optimizedcontrollersare then extracted,and, finally, local
transformsarethenappliedto theindividualcontrollers.The
resultis a highly-optimizedsetof interactingdistributedcon-
trollers. Thetransformsincludeaggressive timing- andarea-
orientedoptimizationssuchas: globalcommunicationchan-
nelmultiplexing andsymmetrization;loopparallelism;intro-
ductionof global“relative timing”-basedsimplication;multi-
plexor pre-selection;sharingof localsignals;andtheremoval

1Thesetransforms,while at amuchhigherlevel of synthesis,areloosely
analogousto thepowerful transformsof SIS(collapse,extract,etc.)usedfor
design-spaceexplorationin multi-level logic synthesis.
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of unnecessaryhandshakingwires.Severalof theseoptimiza-
tionshave not beenpreviously formalizedor providedby any
otherexisting asynchronousCAD tool, or elsein only a lim-
ited way.

As a detailedcasestudy, the transformationsare applied
to thewell-known differentialequationsolverhigh-level syn-
thesisbenchmark[35, 25]. A highly-optimizedasynchronous
implementationby Yunetal. [35] wasmanuallydesigned,us-
ing a numberof aggressive timing- andarea-basedoptimiza-
tions.Suchanimplementationcannotbeobtainedusingexist-
ing CAD tools.Wedemonstratethatavery similaroptimized
designcanbesimply andautomaticallyderivedthroughsys-
tematicapplicationof our new transformations.

The paperis organizedas follows. Section2 givesa ba-
sic overview of the approach,including details on the ini-
tial CDFG specification,final target architecture,and trans-
formationmethod.Thenext threesectionsdescribethethree
synthesisstepsin detail: Section3 presentsthe new global
transformations,which operateontheCDFGitself; Section4
explains the extraction of the individual unoptimizedcon-
trollers;andSection5 presentsseveral local transformations,
which optimizethe interactionof a controllerandthedatap-
ath.Section6 presentsresultsonadifferentialequationsolver
benchmark,andandcompareswith a manualdesignof Yun.
Finally, Section7 presentsconclusionsandfuturework.

2 Overview of Approach
This sectionpresentsa basicoverview of the synthesisand
optimization method. The initial CDFG specification(al-
readyscheduled,resource-bound)andthe targetarchitecture
arefirst introduced.Then,a brief summaryof the synthesis
flow is presented.

2.1 CDFG Specification
The synthesismethodreceives as an input a scheduledand
resource-boundedCDFG[25] asshown in Figure1.

In thefigure,all operationnodesboundto thesamefunc-
tional unit areplacedwithin thesamecolumn. For example,
the threeRTL statements

���������
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, � �����������

,
and � ��� ��� ��� areall boundto the ALU1 unit. In to-
tal, thereare four functional units: two ALUs (ALU1 and
ALU2, first andlastcolumn)andtwo multipliers(MUL1 and
MUL2). NotethattheLOOPandENDLOOPnodesareboth
boundto ALU2. TheSTART andEND nodesarenot bound
to any functionalunit. In additionto thetypesof nodesin the
example,theapproachalsoallowsIF andENDIF nodes.

TheCDFGincludesarcsthataretypically presentin syn-
chronousCDFGs,aswell asnew typesof arcsthat arespe-
cific to theasynchronouscase.Theformerincludesthedata-
dependency arcs(dashedarcs),aswell asthecontrolarcsgo-
ing from andto the LOOP, ENDLOOP, IF, ENDIF, START,
and END nodes. In the synchronouscase,only thesearcs
would be used,as well as assignmentsto time slices that
indicatethe schedulingof operations. In the asynchronous
case,however, this schedulinginformationmustbemadeex-
plicit: precedencearcsareaddedbetweenoperationsbound
to the sameunit to enforcethe schedule(dottedarcs). Fi-
nally, the correctorderof registerwrites and readsmustbe
enforced(dashedarcs, like data-dependency arcs). Details
will begivenbelow. An operationnodein aCDFGmay“fire”
if all its predecessorshave “fired”.

For the proposedapproach,the CDFG is assumedto be
block-structured: the set of nodesbetweenIF and ENDIF
nodes,and LOOP and ENDLOOP nodesare considereda
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Figure 1. CDFG for DIFFEQ

block. Datadependency arcs,control flow arcs,andregister
allocationarcsmaynever crossblock boundaries;thesearcs
canonly enteror exit at the block root node(IF or LOOP).
(This restrictionsimplifies the handlingof datadependency
constraintsand register resources,which areusedon a per-
blockbasis.)

In theasynchronouscase,whereoperationsmaytakenon-
fixed(i.e.,variable)amountsof time,a legalscheduleof oper-
ationsis obtainedby adirectimplementationof theconstraint
arcs. That is, eachconstraintarc is implemented(in the ba-
sic case)by a singlewire or global channel, which is usedto
indicatewhenthereceiving CDFGnodeis allowedto execute.

An operationnode687 ��� 6:9<;>=?6A@ hasthefollowingcon-
straintarcsthatindicatewhentheoperationnodemayfire and
which consequencesthefiring on otheroperationnodeshas:

1. Control flow (solid arcs): control arcs from and to
START, END, IF, ENDIF, LOOPandENDLOOPnodes

2. Schedulingwithin a FU (dotted arcs): schedulingarcs
to ordertheoperationsassignedto a functionalunit

3. Data dependency(dashedarcs):

B incoming arcs from operationsthat provide its
operands6 9 and 6 @B outgoingarcsto operationsthatusetheresult 687

4. Registerallocation (dashedarcs):

B incomingarcsfrom all operationsthatusethe old
registervalueof 6 7 , to avoid early overwriting of
6 7B outgoingarcsto the next writes to 6:9 and 6A@ to
avoid earlywritesof 6 9 and 6 @

Example: A constraintarc that hassourcenode C anddes-
tination node D is denoted: EFC<GHD>I . In Figure 1, the arcEKJMLNL8OPGQ� �������R��� I is a control arc, and EF� ���S�T�
��� G>� ��� ��� ��� I is a schedulingarcfor ALU1. Thearcs
E ���A��� �VUXW � GQ� ���Y�Z�[��� I and E\� ���Y�Z�[��� G ���]���
�^U � I illustratethe datadependenciesincidentto the node
� �����^�Y��� . Thearc E ���:��� �_UMW � GH� ��� ��� ��� I is
a registerallocationconstraintarcwith respectto � , andit is
a datadependency arcwith respectto

���
.
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Figure 2. Target architecture

2.2 Target Ar chitecture

Thetargetarchitecturefor theproposedapproachis shown in
Figure2. Thedatapathconsistsof functionalunits(eachwith
associateddedicatedinput muxes),aswell asregisters(each
with anassociatedinputmux).

Thedistributedcontrolconsistsof onecontrollerperfunc-
tional unit. Eachcontroller interactswith othercontrollers,
with its dedicatedfunctionalunit andinput muxes,andwith
registersand their input muxes. Note that the registersand
their input muxesmaybesharedby othercontrollers.

The basicoperatingprotocol is as follows. A functional
unit controllerwaits for a setof “ready” signalsfrom other
controllers. Thesesignalsindicate that the controller may
executethe next RTL statementboundto the corresponding
functional unit. Onceenabled,the controller then interacts
with thedatapathaccordingto thefigure,i.e. by selectingthe
appropriatesourceinput muxes,thenactivatingits functional
unit, thenselectingthe appropriatedestinationregistermux,
andfinally latching the result. As a last step,the functional
unit, in turn, signalsto othercontrollerswith “ready” signals
thatit hascompletedexecutionof theRTL statement.

Controller-controller communication(using “ready” sig-
nals) is implementedusinga form of “transition signaling”.
Unlike in standard2-phasetransition-signaling protocol [7],
wherea transitionpair on two wires ( ����� �Y� C���� � or �����N�� C����<� ) completesa communicationbetweensenderandre-
ceiver, the proposedschemeis even simpler: no acknowl-
edgmentwire is used. Thus, controllerscommunicatewith
eachother by a a single transition ( ����� � or ������� ) on one
wire. (This schemeis basedon the observation that sucha
readysignal is typically the last event in executingan RTL
statement,andnoacknowledgmentis required.)“Ready”sig-
nals serve thus two purposes:incoming signalsto a func-
tional unit are “request” signals,and outgoing signalsare
“done” signals. In contrast,the controller-datapathcommu-
nicationusesa standard4-phaseprotocol. In a 4-phasepro-
tocol, a standardreturn-to-zerohandshakeprotocol is used:����� � G�C���� � GH�������:GQC���� � .

2.3 Synthesisand Optimization Approach
AsynchronousDistrib uted Control Synthesis

Given: Resource-boundandscheduledCDFG.
Result: Optimizedsetof interactingcontrollers.

1. Apply global transformations to optimize
controller-controllercommunication.

2. ExtractoneAFSM for eachfunctionalunit.

3. Apply local transformationsfor eachAFSM to
optimizecontroller-datapathcommunication.

Beforediscussingtheoptimizingtransforms,thebasic(un-
optimized)synthesismethodis presented.In aninitial CDFG
(seeFigure1), all RTL statementsboundto the samefunc-
tionalunit (i.e.,shown in thesamecolumn)will becontrolled
by a singlefunctionalunit controller. A numberof constraint
arcsrun betweendistinctcolumns(RTL statementsexecuted
by differentfunctionalunits). Eachsuchconstraintarc will
betranslatedinto a a global communicationchannelbetween
thecorrespondingfunctionalunit controllers,in thetargetar-
chitecture(seeFigure2). In particular, eachcommunication
channelis implementedby a single wire (“ready” signal).
Notethatwhile constraintarcsconnectindividualRTL state-
mentsin the CDFG,communicationchannelsconnectfunc-
tional unit controllers(which may implementmorethanone
RTL statement).

Eachsuchfunctionalunit controlleris formally extracted
from the CDFG (step2), andcanbe synthesizedusing (ex-
tendedburst-mode)finite statemachines(AFSM) [29, 34, 16,
14, 15, 33, 28]. Burst-modeis a commonly-usedapproach
to designingMealy-like asynchronouscontrollers.This step
will beexplainedin detailbelow (Section4). Eachconstraint
(arc) is translatedinto a singlewire (channel).EachCDFG
node(e.g.,RTL statement)is translatedinto aseriesof micro-
operationsin thecontroller,wherethecontrollerinteractswith
andsequencesthedatapath:settingof input muxes,perform-
ing operations,writing results,etc.

Using the above approach,however, the resultingimple-
mentationmay be quite poor. Therefore,this paperintro-
ducesoptimizing transformations,both global (at theCDFG
level, Step1) and local (on the extractedAFSMs, Step3),
to further improve the design. Global (controller-controller)
andlocal (controller-datapath)transformationsareintroduced
below (Sections3 and5). The global transformationshave
two goals: reducingthe numberof communicationchannels
betweencontrollers,andimproving performance(increasing
concurrency, reducingcritical pathdelays).Theglobaltrans-
formationsare definedin sucha way that they preserve the
precedenceorderof theoriginalCDFG.

After theglobal transformations,onecontrollerper func-
tional unit canthenbeextracted,asdescribedabove (Step2;
seeFigure17 for the burst-modecontroller for ALU1). Fi-
nally, local transformationsimprove the controller-datapath
(Step3) protocol for both speedand area: they remove or
sharewires, increaseparallelismof operations,or reshuffle
operationsto initiate themearlier.

Notethatthegoalof this paperis to introducethenew set
of transformations,which canbe usedto optimizea system
(much like the transformsof SIS for multi-level logic syn-
thesis). In the future, this approachwill be extendedto de-
velop algorithmsand rule-basedapproachesto betterapply
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Figure 3. DIFFEQ CDFG after the application of
(GT1) Loop Parallelism and (GT2) Dominated
Constraints. Notethat in orderto clarify thepresen-
tation,thefigureomitstheSTART andEND nodes.

thesetransforms. Also, note that the assumedarchitecture
(e.g. onecontrollerper functionalunit) somewhat limits the
designspace;thisrestrictionwill berelaxedin thefuture(e.g.
multiple controllersper functionalunit, or onecontrollerfor
severalfunctionalunits).

3 Global Transformations:
Controller-Controller

In this section,the setof global transformationsto optimize
controller-controllercommunicationis described.

There are five global transformations: loop parallelism
(GT1),removalof dominatedconstraints(GT2), relativetim-
ing optimization(GT3), merging of CDFG nodes(GT4),and
communicationchannelelimination(GT5). All five transfor-
mationsre-structuretheCDFG.

Startingfrom the initial CDFG, the first four transforma-
tionsmanipulateconstraintarcsin theCDFGandcanbeap-
pliedin any order. GT1andGT4modify constraintarcsin the
CDFGto allow certainRTL statementsto executein parallel.
The result is improved concurrency of the system. In con-
trast,GT2 andGT3 remove constraintsin theCDFGthatare
not necessaryfor thecorrectoperationof thedistributedcon-
trol. Sinceeachconstraintarc will becomea channel,these
two transformsthereforereducethetotal numberof commu-
nicationchannels.Reducingthenumberof channelsmayalso
simplify globalsystemwiring androuting.

After thefirst four transformationshavebeenapplied,each
remainingconstraintarcis assignedto a distinctcommunica-
tion channel.Eachcommunicationchannelconnectsthetwo
functionalunit controllersthat correspondto the two CDFG
nodesthatthearcconnects.

Thefinal andpowerful transformationthenaimsat elimi-
natingasmany communicationchannelsbetweencontrollers
aspossible. The first andbasictechniqueis channelmulti-
plexing (GT5.1).This techniqueeliminateschannelsby shar-
ing channelswhentherearemultiplechannelsconnectingthe
samesetof units. The secondandthird techniquesconcur-
rencyreduction(GT5.2)andchannelsymmetrization(GT5.3)
bothstartfrom configurationswherechannelmultiplexing is
not directly applicable,and re-structurethe communication
channelssothatchannelmultiplexing canbeapplied.

3.1 GT1: Loop Parallelism
The goal of the “loop parallelism” transformis to improve
concurrency of the distributed control. The transformre-
structurestheCDFGto allow moreparallelismbetweensuc-
cessiveiterationsof a loop. More parallelismis achieved
by loosening the synchronizationthrough the ENDLOOP
nodeandreplacingit by morelocalizedsynchronizationcon-
straints.

CompareFigures1 and3. In Figure1, all four functional
unit controllersaresynchronizedwith anENDLOOPnode–
by thearcslabelled

�
throughº . In contrast,in Figure3, these

arcsto the ENDLOOP-nodeare removed, and replacedby
morelocalizedsynchronizationconstraints:thetwobackward
arcs » and ¼ . As aconsequence,greaterloop-levelparallelism
is achieved. Note that backwardarcsarespecialarcsin the
sensethatthey areignoredduringthefirst executionof a loop
body. Effectively, a backwardarc is a pre-enabledconstraint
for thefirst iterationof a loop.

The“loop parallelism”transformconsistsof four stepsin
sequence.

Parallelize Loop(LOOP,ENDLOOP):
B A. Removesynchronization at ENDLOOP. The goal is

to allow theoverlapof successive loop bodyexecutions.
Thesolutionis to remove all arcsin theCDFGthatare
pointingto ENDLOOP;only theFU schedulingarcthat
connectsENDLOOPto its predecessornodein the FU
scheduling– of the functionalunit ENDLOOPis allo-
catedto – remains.

CompareagainFigures1 and3. In stepA thethreearcs
labelled

�
,
�
, and º areremoved.TheFU schedulingarc½

remains.B B. Addbackward arcs: loop bodyvariables. In the un-
optimizedcase,theloop bodyincludesdataandregister
dependency constraintsto avoid early readsandwrites
of registers(cf. Section2.1). The goal of this stepis
to addconstraintsto extendtheseconstraintsacrossthe
loopboundary. For eachvariablein theloopbody, back-
ward arcsfrom all last instances(onewrite or multiple
parallelreads)of thevariableto thefirst instances(one
write or multipleparallelreads)areadded.
In theexample,stepB addsthetwo backward arcs » and
¼ .B C. Add backward arcs: loop variable. In the unopti-
mizedcase,the synchronizationat ENDLOOPguaran-
teesthat the loop variableis updatedbeforetheLOOP-
nodeexaminesit. In theoptimizedcase,thisrequirement
mustbeenforcedexplicitly . Thus,a backwardarcfrom
thelastwrite of theloopvariablein theloop bodyto the
LOOP-nodeis added.
In the DIFFEQ example,stepC doesnot addany con-
straint.Thecandidatearcfrom thenode ¾ ��� WÀ¿YC to
theLOOP-nodeis implied by thepathof constraintarcs���

,
� º , �>½ , and

��Á
. Thus,thecandidatearc EÂ¾ ��� WÃ¿

C<GHJML8LNONI is a dominatedconstraint(cf. Section3.2),
andthereforenot added.B D. Limit parallelism. In theunoptimizedscheme,global
controller-controller communicationis implementedby
transitionsignalingwithoutexplicit acknowledments(cf.
Section2.2). Effectively, thereis alwaysachainof other
eventsthat providesan acknowledgment.After remov-
ing the arcspointing to ENDLOOP in stepA, this re-
quirementno longerholdsfor arcsfrom theLOOP-node
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Figure 4. CDFG after GT3 and GT4

to thefirst nodeof a functionalunit in theloop. There-
quirementis reinstatedby addingarcsfrom thefirst node
of eachfunctional unit in the loop to the ENDLOOP-
node.In effect,this limits parallelismto two consecutive
iterationsof a loop: theaddedarcsexpressthat thenext
loopiterationcanonly bestartedafterall functionalunits
have completedthefirst operationin thecurrentloop.

In the example, stepD does,like stepC, not add any
constraints. The first CDFG nodesof eachfunctional
unit – ALU1: � �X�A�^�
��� , MUL1:

���8��� ��UMW � ,
MUL2:

�R�8��� �ÞU �
	 , ALU2: W ��� W �ß�à	 – is already
connectedto ENDLOOPthrougha pathof constraints.

In somecases,thereis an issuewhetherit is safe to ap-
ply the loop transform.This issueconcernsthe final exiting
from theloop. After applyingtheloop transform,theLOOP-
nodeexaminesthe loop variablewhile otherfunctionalunits
arestill executingstatementsof thepreviousiteration.Hence,
if theloopconditionis false,theLOOP-node“exits” theloop,
by sending“ready” signalsto othercontrollers,possiblybe-
fore the last iterationof the loop is finished.In this scenario,
the transformis safeaslong asa systemtiming constraintis
satisfied:all unitscompletetheir operationbeforeneeded.If
thisconstraintis notsatisfied,thenspecialconstructsmustbe
addedto enforcethat the loop is only exited until after the
last iterationis completed.However, this topic is beyondthe
scopeof thepaper.

3.2 GT2: Removalof DominatedConstraints
The goal of the transformationis to remove constraintsthat
are impliedby otherconstraints.A constraintarc from nodeC to node D is implied if thereis a pathof otherconstraints
startingat node C andendingat node D . More formally, the
constraintis removed if it containedin the transitive closure
of all otherconstraints.

Considerconstraintarc
Á

in Figure1. This constraintis
implied by the pathconsistingof the two constraintsá andâ
. Thusarc

Á
canberemoved,andthereforesimplifying the

globalinter-controllercommunication– becausearcsbecome
channels(cf. Section2.3),andsono channelis needed.

3.3 GT3: Relative-Timing Optimization
In asynchronousdesign,“relative timing” refers to the ex-
ploitation of knowledge about the relative occurrenceof
eventsin orderto simplify design. Relative timing assump-
tionshavebeeneffective [32, 11]. However, theseapproaches
werelimited to singlecontrollers.

GT3 extendstheuseof relative-timinginformationto op-
timize interactingcontrollers.In theunoptimizedcase,acon-
troller mustwait for a setof “ready” (“request”)signalsfrom
other controllersbefore it startsexecuting the currentRTL
statement.However, in somecases,the samecontrolleral-
ways signalslast. In suchcases,the “ready” signalsfrom
“faster” controllerscanbe removed, and the controlleronly
waitsfor the“slowest” one.

Both GT2 andGT3 remove constraintarcsin the CDFG
thatarenotnecessaryfor thecorrectoperationof thesystem.
However, while GT2 removesarcsbasedon theactualorder-
ing of eventsenforcedby theCDFGitself, GT3 removesarcs
basedon analyzinguser-suppliedtiming information.

ConsiderFigure 3. There are two constraintarcs from
othercontrollersto � ��� �R� ��� , labelled

��ã
and

�ä�
. The

formergetsenabledafter onecomputation–
�R�å��� ��U �
	

– while the latter gets enabledafter three computations–���Þ��� �æUçW � , � �����_�����
,
���è��� ��U � . Thus,the

latterconstraintarc(
�ä�

) is “slower” undermostassumptions.
Hence,theformerarc(

��ã
) is deletedin Figure4 . A detailed

timing analysismust be performedto determinewherethis
transformationcanbeapplied:it mustbeverifiedthatthere-
moved constraintarc is underno executionpaththe lastone
to happen.

3.4 GT4: Merging of AssignmentNodes
Merging assignmentnodesis aimedat improving the speed
of a functionalunit controller. In the unoptimizedscheme,
eachCDFG nodeis assignedto a functionalunit. However,
assignmentnodes,i.e. 6?é ��� 6çê , simply examineandwrite
registers. Thus,assignmentnodesdo not usethe functional
unit. An assignmentnodecanthereforebeexecutedin parallel
with theprecedingor succeedingRTL operationassignedto
thesamefunctionalunit.

CompareFigures3 and 4. In Figure 3, the two nodes�����
�^�Y�R�
and W �:��� W arebothassignedto theALU2

functionalunit. Sincethe node W �Z��� W doesnot usethe
ALU2 functionalunit, theassignmentcanbeexecutedin par-
allel with executingtheRTL-node

���������ë�R�
. Thus,the

twonodesaremergedinto onenode
�����Y�ì�Þ�R��í W �A��� W

in Figure4.
Beforemerginganassignmentnodewith anadjacentnode,

a checkis requiredto ensureno deadlock.In particular, there
mustnot be a pathof constraintsbetweenthe two nodesto
bemerged– exceptfor thetrivial FU schedulingarcthatcon-
nectsbothnodes.Whenmergingassignmentnodes,thesetof
incomingandoutgoingarcsof theresultingnodeis theunion
of thesetsof incomingandoutgoingarcsof thetwo original
nodesto bemerged. If sucha pathexisted,oneof theoutgo-
ing arcsof thenew nodewouldbea predecessorto oneof the
incomingarcs,andthusa prerequisitefor the nodeto “fire”
could never be asserted,resultingin deadlock. However, in
practice,it is rarethatanassignmentnodecannotbemerged
with at leastoneof its adjacentnodes.

3.5 GT5: Communication Channel Elimination
After the first four transformationsGT1 throughGT4 have
beenapplied,eachremainingconstraintarc is assignedto a
distinctcommunicationchannel.Eachcommunicationchan-
nel connectsthetwo functionalcontrollersthatcorrespondto
thetwo CDFGnodesthatthearcconnects(seeFigure5).

The goal of “communicationchannelelimination” is to
deleteasmany communicationchannelsbetweencontrollers
aspossible. The first andbasictechniqueis (GT5.1) chan-
nelmultiplexing. This transformeliminateschannelsby shar-
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Figure 5. Comm unication channels after GT1 -
GT4.

ing channelswhentherearemultiplechannelsconnectingthe
samesetof units. After multiplexing hasbeenapplied,the
two different events on the two channelsbecomedifferent
phaseson the sharedchannel. The secondand third tech-
niques(GT5.2) concurrencyreductionand(GT5.3) channel
symmetrizationbothstartfrom configurationswherechannel
multiplexing is not directly applicable,and re-structurethe
communicationchannelssothatmultiplexing canbeapplied,
by addingandreplacingarcs.

Figure6 givesa summaryof thesignificantimpactof the
threeGT5 transformson simplifying communication.On the
left side the communicationchannelsbeforethe application
of GT5 transformsis shown, andon the right sidethe com-
municationchannelsafter several GT5 transforms– multi-
plexing, concurrency reduction,symmetrization– have been
applied. In the example,GT5 transformsreducethenumber
of channelsfrom ten to five, which includestwo multi-way
channels. The result is much simpler inter-controller com-
munication.TheCDFGcorrespondingto the left sideof the
figure is shown in Figure5, andtheCDFGcorrespondingto
theright sideis shown in Figure7.

Now, eachof thethreetransformsGT5.1throughGT5.3is
explained.

B GT 5.1: Channel Multiplexing

Theideaof “channelmultiplexing” is to sharecommuni-
cationchannelsto reducethenumberof channels.Multi-
plexing canbeappliedto channelsthatconnectthesame
functionalunitsandthatarenever concurrentlyactive.

ConsiderFigure8, wherea CDFGfragmentis shown on
theleft sideandthecorrespondingcontrollerstructureis
shown ontheupperright side.TheCDFGfragmentcon-
tainstwo nodesboundto ALU1 andtwo nodesboundto
MUL1. Therearefour arcsbetweenthe two functional
units , andinitially eachoneis implementedby a sepa-
ratecommunicationchannelThe result is two channels
runningfrom ALU1 to MUL1 andtwo channelsrunning
from MUL1 to ALU1.

“Multiplexing” the two channelsrunning from ALU1
to MUL1 leadsto sharingonecommunicationchannel
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Figure 6. GT5: Channel Elimination for DIFFEQ
Example .
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Figure 7. After Channel Elimination.

(and thus a wire, sinceeachchannelbecomesa wire,
cf. Section2.3) from ALU1 to MUL1 (bottomof right
side). Similarly, the two channelsrunningfrom MUL1
to ALU1 aremultiplexed.As aconsequence,thenumber
of channelsis reducedfrom four to two.

B GT 5.2: ConcurrencyReduction

“Concurrency reduction” starts from a configuration
where channelmultiplexing is not directly applicable,
andre-structuresconstraintssothatmultiplexing canbe
applied.Thetransformreplacesasimpleconstraintfrom
a nodeC to a node� by a chain of two otherconstraints:
a constraintfrom C to D , and a constraintfrom D to � .
Thus,theadditionalhubmayreducetheconcurrency of
thesystem(it possiblydelaysthestartof executingnode� ), but it eliminatesa channelby re-usingan existing
channel.

The goal of the transformis to apply it to non-critical
constraints,andto replaceaconstraintin suchawaywith
a chain that the resultingtwo constraintscanbe multi-
plexedwith existing constraints.(If any of thetwo con-
straintsalreadyexistsin theCDFG,thenit is notadded.)

ConsidertheCDFGin Figure9. Theconstraintarc
½[Z]\_^
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Figure 9. GT5.2: Concurrency Reduction

is replacedby theexisting arc º andanew arc
½ÉÈ[Ê]Ë

. The
new arccanbemultiplexedwith thearc

�
sincebotharcs

connectthe samefunctionalunits. Hence,the number
of communicationchannelsis reduced,and the overall
communicationstructureis simplified: thereno longer
is a directcommunicationchannelbetweentheleftmost
(ALU1) andrightmost(ALU2) controllers,seeFigure9
(bottom).

B GT 5.3: Channel Symmetrization
Like GT5.2, “symmetrization”startsfrom a configura-
tion where“channelmultiplexing” is not directly appli-
cable.Constraintsareaddedto theCDFGsothatmulti-
plexing becomespossible.

Unlike other transforms,the goal of symmetrizationis
to createmulti-waychannels.A multi-waychannelcon-
nectsasingleCDFGsourcenodeto multipleCDFGdes-
tinationnodes.Eachnodemustcorrespondto a distinct
functionalunit. Event sentby the “sender”areseenby
all receiving functionalunits. Given two setsof chan-
nelsthathave thesamesendingfunctionalunit, but have
overlappingbut not identicalsetsof receiving functional
units, the ideaof the transformis to first makethe re-
ceiving setssymmetric,by “safe addition” of arcs in

Ì Í Î Ï Ð Ñ Ò

Ó Í Î Ó Ô Ñ Ò

Ñ Ò Í Î Ó Õ Ö Ò

Ñ Ò Í Î Ì Õ ×

Ñ Ø Í Î Ó Õ Ù Ú
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å

Figure 10. GT5.3: Channel Symmetrization

theCDFG.Next, eachsetis transformedto a multi-way
channel.Finally, thepair of channelsis multiplexed.

Figure10visualizesthesymmetrizationtransform.Con-
sider the three constraints

�
,
�
, and º in the CDFG,

where
�

and
�

form a set of channels,and º is a sin-
gletonset. The first set connectsALU1 to MUL1 and
MUL2, while thesecondsetconnectsALU1 to MUL1.
The transformmakesthe two setssymmetricby adding
constraint

½�� ^ ^ Ê ^
to the CDFG, andalso to the single-

ton set. The two setsbecometwo multi-way channels
connectingALU1 to MUL1/MUL2 (seebottom of the
figure).Thesetwo channelsarethenmultiplexed.

Whensymmetrizingchannels,arcsmustbe addedin a
“safe” way to ensureno deadlock. Deadlockcanarise
whenan addedconstraintforms a circular dependency
which preventunits from executing.To detectdeadlock,
pathanalysisis performedon the CDFG for illegal cy-
cles. Considerthe additionof an arc from node C to D .
This arcmustlie within a singleblock dueto theblock-
structuringrequirement(Section2.1). Within thisblock,
C and D arepartiallyordered(in theinitial CDFG):either
C precedesD , C follows D , or C and D areunordered.If
C follows D , no regular arc canbe added,sincea dead-
lock would result.2 If deadlockoccurs,symmetrization
cannotbeapplied.

Thereis onesmall technicalissuethat mustbe consid-
ered: only arcsof the same“type” (regular vs. back-
ward)canbecombinedinto amulti-waychannel.Recall
that backwardarcscanbe thoughtof as “pre-enabled”
(to setup the first iteration),while regular arcsarenot.
If thetwo typesarecombinedin onemulti-waychannel,
thebackwardarcscannotbeuniquelypre-enabled.

4 Indi vidual Controller Extraction
After theglobal transformationshave beenapplied,anasyn-
chronousfinite statemachine(AFSM) is extractedfor each
functionalunit controller. Theextractionalgorithmis adirect
deterministictranslationfrom the CDFG (seeFigure7) into

2Backwardarcs, which enforcedatadependenciesbetweenloop itera-
tions,will not causedeadlock.
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Figure 11. Burst-Mode Extraction

asynchronousBurst-ModeControllers.Beforeexplainingthe
four-stepalgorithm, the targetedextendedBurst-ModeAF-
SMsarebriefly reviewed. For detailsreferto [29, 34,16,14,
15,33,28].

4.1 Background on Burst-Mode FSMs
In a Burst-ModeAFSM, asshown in Figure17), statetran-
sitions occur when a specifiedinput burst (set of variables
beforethe“/”) hasbeenreceived. During thetransitionto the
next state,thecorrespondingoutputburst (setof variablesaf-
ter the “/”) is generated.BM specificationsmust obey two
properties.First, theso-calledmaximalsetpropertystipulates
thatno arcleaving a statemaypossessaninput burstthatis a
subsetof any otherarcleaving thatstate.Thispropoertyguar-
anteesthatfor eachstate,themachinecanunambiguouslyde-
cide whetherto follow a transitionor to wait for additional
inputs. Second,in a givenstate,only a specifiedinput burst
mayoccur, i.e a burst that correspondsto an outgoingarcs;
otherinputcombinationsareforbidden.

ExtendedBurst-ModeAFSMs (XBM) allow two impor-
tantextensions.First, inputsmayarrive early, andthusmore
concurrency is allowed: While in a Burst-ModeAFSM, only
input signalscorrespondingto thecurrentinput burstmayar-
rive, in an extendedBurst-ModeAFSM, input signalsthat
may arrive early areattachedto previous burstsandmarked
with an asterisks(directeddon’t care). However, eachin-
put burst needsto contain at least one signal that cannot
arrive early (compulsorysignal). Second,extendedburst-
modeAFSMs allow samplingof level-sensitive variablesin
input bursts(calledconditionals), indicatedby brackets,e.g.? ¾ �A@ G ? ¾ � @ . The valueof a conditionalin an input burst is
inspectedonly afterall transitionsignalsof thebursthave oc-
curred. Thus, this is a set-upcondition: conditionalsmust
arrive andbea stablebeforeany compulsoryeventarrives.

4.2 Burst-Mode Extraction: Overview
Theextractionmethodis basedonadirecttranslationscheme
for eachCDFG node. ConsiderFigure11, which illustrates
theextractionof theALU1 controller. On theleft sideof the
figurea partialCDFGthatincludesall nodesboundto ALU1
is shown, and on the right side is the corresponding“sym-
bolic” AFSM. The“symbolic” AFSM includesonesymbolic

M1A+ / mux_sel_Y_M1 +

eval_ack+ / reg_A_mux_sel+

reg_A_mux_ack+ / reg_A_latch +

mux_Y_M1_ack+ / eval+ alu_sel_op +

mux_Y_M1_ack- eval_ack-
reg_A_mux_ack - reg_A_latch_ack -
/ A1M+

reg_A_ack+ / mux_sel_Y_M1 - eval-
alu_sel_op- reg_A_mux_sel- reg_A_latch-
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set input muxes

do operation

write reg

set reg mux

[wait for request]

[do operation]

[set reg mux]

[write reg]

[reset local signals]

[send ready (“done”) signals]
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[set input muxes]

Figure 12. BM Expansion of RTL-node A:=Y+M1

nodefor eachCDFG node. Eachsymbolicnodeis thenex-
pandedinto a Burst-Modefragment,implementingtheoper-
ation.

Thebasicideaof translatingaCDFGnode– expandingthe
correspondingsymbolicnode– into a Burst-Modefragment
canbe illustratedby usingan RTL nodeasan example. In
Figure 12, the left side shows the ALU1-controller, and its
communicationwith othercontrollersandits datapath.The
controller controlsthreeRTL statements(

� ��� ���
	 ���
	
,

� ��� �T�R���
, and � ��� ��� ��� ), and it is waiting to

executetheRTL node,� ���æ�_� ��� . The right sideof the
figure shows the Burst-Modefragmentcorrespondingto the
RTL node� ��� � � ��� . This fragmentwill beexplainedin
detailbelow.

A BM fragmentfor anRTL nodeimplementsthebasicpro-
tocol: (a) wait for a set of readysignals(“requests”)from
othercontrollers,(b) performthe datapathoperation,andfi-
nally (c) send“ready” signals(“dones”) to othercontrollers
to indicatethat it hasfinishedexecutingthe RTL statement.
“Ready” signalsaresingletransitionson wires. In contrast,
local communicationwith thedatapathis basedon a 4-phase
protocol: ����� � G�C���� � GH�������:GQC���� � .

The given BM fragmentin Figure12 consistsof a series
of six statetransitionsto implementthemicrooperations:(i)
wait for requestand set input muxes, (ii) do operation, (iii)
set register mux, (iv) write register, (v) resetlocal signals,
and(vi) senddonesignals. Eachof the microoperations(i)
through(iv) is doneby a ����� � and C ��� � pair, the first half
of a 4-phasehandshake.In thefigure themicrooperationla-
bels areplacedbetweenthe corresponding����� � and C���� �
pair. In (v) all req/ack-pairsare thenre-setto 0 in paralllel
( ������� , C����<� ). Microoperation(ii) “do operation”includes
two tasks:(a) selectingtheoperationto beperformedby the
FU – FUssuchasALUs canexecutedifferentoperations,and
(b) startingtheevaluationof thefunctionalunit.

After describingthemain ideasof BM extraction,theac-
tual algorithm is summarizedas follows. The BM extrac-
tion methodis implementedby an algorithmcontainingfour
steps. First, eachCDFG nodeis translatedinto a BM frag-
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ment3. Second,BM fragmentsare stitchedtogetherto ob-
tain a near-completespecificationfor the controller. Third,
signalphasesto global communicationsignalsareassigned.
Thereis onemore final stepto ensurethat the BM specifi-
cation may acceptearly requests.Eachbasicstitchedtem-
plateassumesall “ready” (“request”)signalsarrive justwhen
needed.However, in reality, thesystemmaybemoreconcur-
rentandthusthefourth stepmodifiestheBM specificationto
“back-annotate”the early arrival of requests.The generated
Burst-Modecontrollerfor ALU1 is shown in Figure17.

Now eachof thefour stepsof thealgorithmis explainedin
turn.

4.3 Step 1: Translation of CDFG Nodes into
BM Fragments

In Step1, eachCDFGnodeis translatedinto a BM fragment
by usingtranslationtemplates.Thereis onetranslationtem-
plate for eachof the different CDFG nodes: regular RTL-
node,IF-node,ENDIF-node,LOOP-node,ENDLOOP-node,
START-node. Beforeexplaining the differenttemplates,the
commonissueof generatingglobalreadysignalsis presented.

Global “Ready” Signals
All BM fragmentsincludeglobal readysignalsto implement
the basicprotocol(cf. Section2) for a CDFG node. A sim-
plifiedview is asfollows: (i) wait for “request”readysignals,
(ii) interactwith local datapath(if necessary),and(iii) send
“done” readysignalsto waiting controllers. In addition,the
BM fragmentsmustincludeastatetransition[after(iii)] to the
BM fragmentcorrespondingto the CDFG nodethat is to be
executednext by thefunctionalunit. In fact, thenext CDFG
nodemaynot beunique:thenext CDFGnodeis determined
by which “request”-signalsarrive from othercontrollers.

The solution is to breakwith the simplified view and to
generateBM fragmentsin a reversedway: (a) interactwith
datapath(correspondsto ii), (b) send“done” readysignals
(iii), and(c) wait for readysignalsto decidewhich is thenext
CDFGnodeto beexecuted.In (c) statetransitionsto all possi-
blenext CDFGnodes,i.e. theircorrespondingBM fragments,
aregenerated(seeFigure13).

Templates
There is one translationtemplatefor eachof the different
CDFGnodes.

The templatefor RTL-nodesis shown in Figure13. The
local communicationfor anRTL nodewasalreadyexplained
in 4.2.Theglobalcommunicationin thetemplateis reversed:
the global “request” readysignalsare at the bottom of the
template,asexplainedin the previous section. As a further
optimization,whenBM fragmentsare generated,only mux
selectsignalsthatarenecessaryareincludedin thefragment.
For example, if a register is only written by one functional
unit,nomuxisnecessary, andthusnomuxsignalisgenerated.

Control-flow CDFG nodes (IF, ENDIF, LOOP, END-
LOOP, START) aretranslatedby modifiedtemplates.There
aretwo major differences.First, no local signalsneedto be
generated.Second,in the caseof LOOP andIF-nodestran-
sitionsfor thetwo possiblevaluesof thelevel-sensitive deci-
sionvariableneedto begenerated.Referto Figure14 which
showstheBurst-Modetemplatefor theLOOPnode:Oncethe
readysignalshave arrived, the loop variableis inspected.If
thevalueis 1, the“true” ready-signalsaresent,andotherwise
the“false” ready-signals.

3Steps1 and4 may introducefeaturesonly availablein extendedBurst-
Mode

- / mux_sel+

eval_ack+ / reg_mux_sel+

reg_mux_ack+ / reg_latch +

mux_ack+ / eval+ alu_sel_op +

mux_ack- eval_ack-
reg_mux_ack - reg_latch_ack - / -

reg_ack+ / mux_sel- eval-
alu_sel_op - reg_mux_sel- reg_latch -

[set input muxes]

[do operation]

[set reg mux]

[write reg]

[reset local signals]

[send ready (“done”) signals]

readys_n / -re
ad

ys_
1/

 -

[wait for ready signals to decide next state]

Figure 13. BM template for RTL node
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Figure 14. BM template for LOOP node

4.4 Step2: Stitching of BM Fragments
After Step1 is done,theBM fragmentsarestitchedtogether.
If BM fragmentsweresimply “appended”,thiswouldviolate
the classof BM/XBM specifications,becausethe first tran-
sitions of the templates(seeFigures13 and14) have input
bursts,whichareemptyor donot includeacompulsorysignal
(cf. Section4.1). Thesolutionis to mergethefirst transition
of afragmentwith thelasttransitionof all previousfragments.
Therearetwo similar subcases,onefor RTL BM fragments,
andonefor IF/LOOPBM fragments.

Stitchinga BM fragmentfor a regular RTL nodemerges
the empty-input-burst of its first transitionwith all immedi-
atelyprecedingtransitions.This processis visualizedin Fig-
ure15. In partA (bottom)thefirst transitionof anRTL node
fragment(labelled ¶ � ; ½ ) is shown. Supposetherearethree
precedingfragments,correspondingto CDFGnodesthatim-
mediatelyprecedethe RTL nodein someexecutionpath. A
valid specificationis obtainedby merging ¶ � ; ½ with eachof
the transitions ·¹¸ � ;g¸ , ·rº � ;_º , ·Kº � ;äº . The result is shown in
Figure15B.

StitchingLOOP andIF-nodeBM fragmentswith preced-
ing BM fragmentsmergesthetwo transitionswith condition-
als(seeFigure14) with all precedingtransitions.TheLOOP
andIF-nodeBM fragmentsgenerateinput burststhatonly in-
clude conditionals,i.e. theseburstsdo not include a com-
pulsorysignal. Theseinput burstswould representan XBM
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Figure 15. Stitching an RTL-node BM Fragment
with Preceding Fragments.

i1/o1

[C+]/ o4

i2/o2

i3/o3

i1 [C
+]/o1 o4

i2 [C-]/
o2 o5

i3
 [C

-]
/o

3 
o5

[C-]/ o5

i1 [C-]/o1 o5

i2 [C+]/
o2 o4

i3 [C
+]/o

3 o4

É Ê Ë Ì Í Î Ï Ì Ð Ñ Ò Ñ Ó Ô Ò Õ Ö Ë Ê É Í Ñ Ì Ï Ð Ñ Ò Ñ Ó Ô Ò Õ Ö

Figure 16. Stitching an IF/LOOP BM Fragments
with Preceding Fragments

violation (cf. Section4.1). Thesolutionis to merge eachof
the two transitionswith conditionalswith all precedingtran-
sitions.Thisprocessis visualizedin Figure16.

4.5 Step 3: Assignment of Signal-Phasesto
Global ReadySignals

Steps1 and2 assignsignalphasesto local signalsbut leave
globalcommunicationsignals– “ready”-signals– untouched.
ConsiderFigures13 and14 which include“symbolic” ready-
signalswithout signalphases.Thegoalof Step3 is to assign
signalphasesto the “ready”-signals.That is, eachsymbolic
“ready”-signal ����C�×gØ will become����Cj×gØdÙ or ����C�×gØ�¶ . As-
signingsignalphasesto “ready-signals”is a straightforward
encodingprocessandmay involve unrolling the AFSM, i.e.
replicating partsof the AFSM. ConsiderFigure 17, which
showsthefinal Burst-Modecontrollerafterphaseassignment.

Therearetwo ÚÛ¸OÜ transitions:State10waitsfor an ÚÛ¸VÜÝÙ
transitionwhereasstate18 waits for an ÚÛ¸OÜÞ¶ transition.
In this example,signalphaseassignmentdid not involve any
replication.

4.6 Step 4: Back-Annotation To Allow Early
Requests

In somecases,the AFSMs generatedby Steps1 to 3 are
oversimplified:they ignoresomeof thepossibleconcurrency
of the system. In particular, eachbasic stitchedtemplate
assumesall global “request” ready-signalsarrive just when
needed(in the first input burst). In reality, the systemmay
bemoreconcurrent:somerequestsmayarrive duringearlier
operations.The goal of Step4 is to modify the burst-mode
controllerspecificationsto “back-annotate”the early arrival
of requests.

A Burst-ModeAFSM is back-annotatedby augmenting
transitionswith directeddon’t caresignals. Directeddon’t
caresignalsarea featureof extendedBurst-Modespecifica-
tions (cf. Section4.1). The following approachis appliedto
maketheBM robustto earlyarriving globalready(“request”)
signals:For eachtransitionin theBM specification,readysig-
nalsthatmayarrive early, i.e. duringthetransitionbut which
arenot part of the input burst of the transition,areaddedas
directeddon’t caresto theinputburstof thetransition.

A reachabilityanalysisis usedto determinewhich ready
signalsmay arrive early. This stepis performedonly once
for theentiresystem.First, only theglobalready-signalsbe-
tweenBM controllersareconsidered.At any time, thevalues
of thesesignalsindicatethe globalstateof thesystem.Sec-
ond, a statespaceexploration of the systemis performedto
determinewhich global statesarereachable.Finally, the re-
sultingreachabilityinformationis thenusedto backannotate
eachtransitionin eachBM specificationwith directeddon’t
cares(to indicatepotentialearlyarrival of readysignals).4

5 Local Transformations: Controller-
Datapath

Theoutcomeof “individualcontrollerextraction” (Section4)
is a BM specificationfor eachfunctionalunit controller. In
particular, the global interactionbetweencontrollers(“ready
signals”)is now fixed.

Local transformationscanbe appliedto eachof the indi-
vidual controllers.Thetransformationsaim at optimizingthe
handshakeprotocolbetweena functionalunit controllerand
bothits dedicatedandshareddatapath.In theunoptimizedap-
proach,communicationbetweenthecontrollerandits datap-
athusesa seriesof 4-phasestandardhandshakeswith req/ack
wires: �����_Ù8G�C����gÙ8GH������¶:GQC����ß¶ . Thegoal is to reduceboth
thecritical pathdelayandareaof eachcontroller.

Thereare five local transformations.Move-up(LT1) is-
suesoutputsignalsearlier to shortenthe critical path when
safe. Move-down(LT2) delaysgenerationof output signals
to provideopportunitiesfor applyingfurtherlocal transforms.
Mux-Preselection(LT3) removestheselectionof sourceinput
muxesor registermuxesfrom the critical path. RemoveAc-
knowledgments(LT4) removestheackwire that runsfrom a
datapathunit to its functionalunit controllerwhensafe.Sig-
nal sharing (LT5) merges two distinct local wires into one
forkedwire.

4Detailsonthisstepareomitteddueto thelengthof thepaper- thecurrent
implementationdoesnot performthisstep.
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Figure 17. ALU1 contr oller with datapath sig-
nals.

LT1 andLT4 improve theprotocolbasedon local timing-
basedoptimization.. Local timing-basedoptimizationsare
similar to the global timing-basedoptimizations. In fact, in
the local case,moredrasticoptimizationsdueto the locality
of thewiring maybe possible.In contrast,LT2 andLT3 are
notbasedon timing considerations.They explorealternatives
to the strict orderingof events in the protocol betweenthe
functionalunit andits datapath,introducedby the template-
basedtranslation(cf. Section4).

5.1 LT1: Move-Up
The transformation“move-up” safely moves an output sig-
nal of theBurst-Modecontrollerto anearlierburst. Theout-
put canbe eithera local signal(triggeringa microoperation)
or a global ready(“done”) signal. The primary aim of the
transformis to reducethe critical pathdelay to start the ex-
ecutionof an operation. A secondaryaim of the transform
is to provide further opportunitiesfor applying other trans-
forms.When“move-up” is appliedto a global“done” signal,
it effectively shortenstheexecutiontime of the currentRTL
operation.

As an example,considerthe transformappliedto the fi-
nal A1M ready(“done”) signal in the ALU1 controller, as
shown in Figure17. Thesignal Üà¸aÚáÙ indicatesthecomple-
tion of thecurrentRTL operation,andis issuedafterlatchingâ

hasbeenacknowledged(reg U ack), andeven re-set(see
transitionfrom state24 to 26). Figure18 shows themodified
controller after the move-up transform. Latching the result
(reg U latch) andsendinga“done” signalto othercontrollers
( Üã¸aÚáÙ ) arenow performedin parallel (seetransitionfrom
state21 to 24).

Move-upmodifiesthecontrolspecificationasfollows.The
transformis givenanoutputsignalandthe“destinationburst”
– given by an input signal. This input will serve asthe new
“trigger event” for theoutputsignal. In theactualalgorithm,
theoutputsignalis movedstep-wise,i.e. onetransitionup at
a time until thespecifiedinput signalis found. If, duringthis
process,a statewith morethanonein- or outgoingtransition
is encountered,thesignalis replicatedandmovedalongeach
of thesetransitions.5

Thetransformcanonly besafelyappliedif certaintiming
requirementsaresatisfied.In particular, it mustbe analyzed
andverified that themoved signaldoesnot enablean opera-
tion (eitherlocalor global)beforeit is safe:anearly-enabled
global RTL operationmusthave correctlyupdatedoperands
in sharedregisters,andearly-enabledlocal microoperations
mustbesafeunderrelative-timingassumptions.

5.2 LT2: Move-Down
The “move-down” transformationmoves outputsignalsthat
arenot on the critical path to a later burst. The motivation
is that moving signalsto later bursts provide opportunities
for the applicationof the “signal sharing” transform(LT5).
“Move-down” is typically appliedto there-setphasesof local
signals( ������¶ , or ä����å¶ ). Thetransformationis implemented
analogouslyto “Move-up”; insteadof moving a signal to an
earlierburst,thesignalis movedto a laterburst.

5.3 LT3: Mux-Pr eselection
Selectionof muxesis oftenon thecritical pathfor a system.
Traditionally, muxes are selectedon demand,that is, at the
time they areneeded.The ideaof “Mux-Preselection”is to
breakwith thatconceptandpre-selectmuxesearly.

5Dueto spacelimitation, detailson thisstepareskipped.
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For a functionalunit executingthecurrentRTL operation,
it is typically deterministicwhich RTL operationis next, so
its controlleræ can start pre-selectingthe muxes for the next
operationat theendof thecurrentRTL operation’sexecution.

ConsiderFigure17, wheremux selectionmuxsel Y M1+
is performedafterM1A+ is received,seetransitionfrom state
10 to 12. In contrastin Figure18, theselectionis madeat the
endof thepreviousRTL statement(seetransitionfrom state5
to 8), i.e. beforeM1A+ is received,thusreducingthelatency
for theRTL execution.

“Mux-preselection”is animportantspecialcaseof “move-
up” (LT1), but highlights a new aspect. The main idea of
“Move-up” was to move signalsto earlierburstswithin the
statesequencecorrespondingto thedatapathoperationsof the
currentRTL operation.“Mux-preselection”goesonestepfur-
ther. It “moves-up”themuxselectsignal,effectively merging
it with thedatapathoperationsof thethepreviousRTL opera-
tion.

5.4 LT4: RemoveAcknowledgments
Thelocal transformLT4 removesacknowledgmentwiresthat
arenot essentialfor thecorrectbehavior of thecontroller. In
theunoptimizedapproach,communicationbetweenthecon-
troller anditsdatapathusesa4-phasestandardhandshakepro-
tocol: �����_Ùèç�ä����gÙèç>������¶éçFä����å¶ . Thetransformreplacesthe
����� � ä���� wire pair by just a ����� -wire whenever possible.

User-supplied timing information is usedto verify that
the controller operatescorrectly once the acknowledgment
wire hasbeendeleted. In the simple case,the transforma-
tion leaves eventsin order, but simply deletesacknowledg-
ments.It mustbeverifiedthatremoving theacknowledgment
doesnot changethe arrival order of eventsat any datapath
or control unit. This scenariocan be applied after “Mux-
preselection”(LT3), to deleteunnecessaryacknowledgments
afterpre-selectingandresettingthemux.

In a moreaggressive scenario(seebelow), the transform
may result in sequencedoperationsbeing merged into one
step. In this case,more careful timing analysisis required
to ensurethatthemicrooperationscancompletecorrectly.

TheLT4 transformmodifiesthe BM control specification
by simply removing thetheacksignalfrom eachinput bursts
in which it appears. If this operationleaves an input burst
empty, which is not allowed in BM specifications,a post-
processingstepis appliedwhichmergessuchatransitionwith
its precedingtransition(s).Thisstepis identicalto theoneex-
plainedin Section4.4.

CompareFigures17 andFigure18. In thelatter, acknowl-
edgmentsfrom registersandmuxeshave beenremoved.

5.5 LT5: Signal Sharing
Finally, “Signal sharing” aims at reducing the number of
output signalsof a controller. Reducingoutput signalsis
achievedby mergingdistinctcontrolwiresintoasingleforked
wire. The forkedwire thenactivatesseveral datapathopera-
tionsconcurrently.

Signalsharingcanbe appliedto two wires that carry the
samesignal value at all times. That is, two wires can be
merged into a singleforked wire if their correspondingsig-
nalsappearin preciselythesamesetof outputburstsin a BM
specification(i.e. acrossall RTL statementsexecutedby the
controller).

ConsiderFigure 18. In this example, the two signals
reg U latch and muxsel Y M1 are alwaysassertedand de-
assertedin the sametransitions. Therefore,the two local
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18
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21

M1A-/
eval+

24

eval_ack+/
reg_U_latch+ mux_sel_Y_M1+ reg_A_latch- mux_sel_U_M1- fu_alu_sel- eval- A1M+

26

eval_ack-/

M1A+/
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Figure 18. ALU1 contr oller after LT1 through
LT4.

communicationwires for latching andselectingcanbe col-
lapsedinto one,anda singleforkedwire usedto control the
two components:registerU, andtheinput muxesto thefunc-
tional unit thatcomputesêëÙìÚÛ¸ . Theresultis indicatedin
Figure19, wherereg USSmuxsel Y M1 now correspondsto
a singleforkedwire.

6 Experimental Results
A prototypeversionof thepesentedmethodhasbeenimple-
mentedin C++. As a casestudy, the methodis appliedto
thewell-known differential equationsolversynthesisbench-
mark. A highly-optimizedimplementationwasmanuallyde-
signedby Yunetal. [35]. Theircircuitsusedmany aggressive
optimizationswhich have beeninaccessibleto existing asyn-
chronousCAD tools.

Our automatedtool hasbeenapplied to this example in
three experiments,as shown in Figure 20. The unopti-
mizedcontrollerswere generateddirectly from the original
CDFG with no global or local transformationsapplied; the
optimized-GTcontrollersonly after the applicationof global
transformations,andtheoptimized-GT-and-LTcontrollersaf-
terapplicationof bothsetsof transformations.Thefinal spec-
ificationof ourALU1 controllerfor theoptimized-GT-and-LT
caseis shown in Figure19.
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#comm. ALU1 ALU2 MUL1 MUL2
channels #states #trans #states #trans #states #trans #states #trans

unoptimized 17 26 29 45 52 21 24 12 14
optimized-GT 5 16 18 26 32 12 14 8 10
optimized-GT-and-LT 5 7 9 11 13 6 6 4 5
YUN (manual) 5 7 9 14 16 4 4 3 3

Figure 20. State Machine Comparison
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Figure 19. ALU1 contr oller after LT5.Notethatall
figuresdo not includethere-settransitions,in this case
from state24 to 0 and from state13 to 0. Including
re-sets,thereare7 statesand9 transitionsin total.

Yun (manual) our method
#prod #lits #prod #lits

ALU1 18 110 14 83
ALU2 46 141 40 113
MUL1 19 41 11 30
MUL2 10 15 8 18
total 93 307 73 247

Figure 21. Gate-Level Comparison

Column1 of Figure20 comparesthe numberof commu-
nicationchannels.For theDIFFEQ example,the numberof
channelswasreducedfrom 17(unoptimized) to 5 (optimized-
GT) showing theimpactof theglobaltransformations.

Columns2 through9 focus on the statemachinesof the
four functionalcontroller:ALU1, ALU2, MUL2, andMUL2.
For eachof the four controllers,the impactof the transfor-
mationsis immense. For example, for ALU2, the number

of statesandtransitionsarereducedfrom 45 to 11 and52 to
13,respectively. In comparingthefinal optimized-GT-and-LT
controller specificationsto Yun’s, on averagethe specifica-
tions arecomparablein termsof numberof statesand tran-
sitions. In particular, while our controllersareslightly worse
for the small designs(MUL1 andMUL2), they are at least
asgoodasYun’s for the larger ones(ALU1 andALU2). In
ALU2, our controller is actually smallerthanYun’s (11 vs.
14 statesand13 vs. 16 transitions),which is striking,consid-
ering the amountof work that wasput into designingYun’s
controllers.

Figure21 comparesthegatelevel-implementationsof our
bestexperiment(optimized-GT-and-LT) with Yun’sgate-level
implementations.All functionsare implementedby 2-level
logic. For eachof themethods,thenumberof products,liter-
als,andstatebits arelisted. For ALU1 Minimalist [14] was
used,but for theothercontrollerswe hadto resortto 3D [34]
to synthesizethe burst-modespecification,sinceonly ALU1
is a “pure” burst-modespecification;the otheronesare so-
calledextendedburst-mode,andcancurrentlynotbehandled
by Minimalist. Unfortunately, 3D doessingle-outputlogic
minimizationonly, andthusdoesnot shareproductsamong
functionsasMinimalist does.

Figure21clearlyshows thatourapproachof applyingsys-
tematic transformsleadsto very efficient implementations:
the total numberof literals is reducedby almost30%,when
comparedto Yun’scontrollers.

7 Conclusionsand Futur e Work
A key bottleneckin the synthesisof large-scalesystemshas
beenthelack of high-qualityCAD toolswhich allow design-
spaceexploration.This paperis thefirst to introduceandau-
tomatea wide-rangingandpowerful setof optimizing trans-
formations,which allow systematicdesignspaceexploration
for thesynthesisof asynchronousdistributedcontrol.

Thetransformsimplementtechniquessuchastheexploita-
tion of global relative timing assumptionsand loop paral-
lelism,channelmultiplexingandsymmetrization,andthepre-
selectionof muxes.They includeaggressivetiming- andarea-
orientedoptimizations,several of which have not beenpre-
viously supportedby existing asynchronousCAD tools. We
haveshownthatthissetof transformationsis powerfulenough
to derive controllersthataresimilar to or even better– up to
30%lessarea– thancontrollersthathave undergonea labor-
intensivemanualdesignto makethemhighly-optimized.

Algorithmic heuristicsbasedon thesetof transformations
presentedin the paper are forthcoming. We also plan to
broadenthetargetedarchitectureto allow multiplecontrollers
perfunctionalunit, aswell asonecontrollerfor severalfunc-
tionalunits.
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