Transformations for the Synthesisand Optimization of
AsynchronousDistrib uted Control

Abstract

Asyntironousdesignhasbeenthe focusof renavedinterest.
However a key bottlene& is the lack of high-quality CAD
toolsfor thesynthesi®f large-scalesystemsvhich alsoallow
design-spacexploration. This paperproposes new synthe-
sismethodto addressthis issue basedon transformations.

Themethodstartswith a scheduledandresouce-bounded
Control-Data Flow Graph (CDFG). Global transformations
are first appliedto the entire CDFG, unoptimizectontmollers
are thenextracted,and, finally, local transformsare applied
to theindividual contmllers. Theresultis a highly-optimized
setof interacting distributedcontrollers. Thenew transforms
include aggressivetiming- and area-orientedoptimizations,
several of which havenotbeenpreviouslysupportedy exist-
ing asyntironousCAD tools.

As a casestudy the methodis appliedto the well-known
differential equationsolver synthesisbentimark. Results
compaable to a highly-optimzedmanualdesignby Yun et
al. [35] canbeobtainedbyapplyingthenew automatedrans-
formations.Sud animplementatiortannotbeobtainedusing
existingasyntironousCAD tools.

1 Intr oduction

Asynchronousdesign has been the focus of much recent
interest and researchactvity [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 companieshave de-
signedexperimentalasynchronoughips (e.g., Intel's high-
speedinstruction-lengthdecoder{31] and Sun's high-speed
pipelines[9]).

However, a key current limitation is the lack of high-
quality CAD tools for systematicdesign-spacexploration
and optimizationof large-scaleasynchronousystems.Tra-
ditionally, a numberof asynchronou£AD tools arelimited
to the designof individual controllers[14, 15,12, 34, 26, 3,
22, 20], andthusare only useful for one stepin the overall
synthesidlow.

For large-scaleasynchronoussystems,two design ap-
proachesrenow widely-used:(i) manualdesign,and(ii) use
of syntax-diectedCAD tools. Manualdesignallows a num-
berof aggressie optimizationsput is cumbersomeslow and
errorprone,andit doesnot provide systemati@andautomated
explorationof the designspace.For example,the Intel asyn-
chronousnstruction-lengtidecoderchip [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
peepholdechniquesfor design-spacexploration. If theuser
is dissatisfiedwith the circuit, the original programmustbe
manuallyrestructurecandre-compiledin the hopesof some
improvement. Other CAD approachesllow only restricted
andnon-systematitechniquedor exploration[24, 7]. Thus,
a hugepotentialfor optimizationhasbeenoverlookedfor a
longtime.

Recently there is increasinginterestin alternatve ap-
proachesto the synthesisof large-scaleasynchronousys-
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 approactsubdvidesthese
sub-controllergvenfurther, assigninga sub-sub-controlleto
eachof the processedoundto a functionalunit [18]. Each
of theseapproachess strictly deterministicand “template-
based”. Only one approach1] considersdesignspaceex-
ploration,but ata higherlevel: for resourcebindingandallo-
cation.Interestingly someefficientmanualdesignshave been
presentedo which noneof thesemethodshasaccess.Thus,
thereis still aserioudack of approacheproviding systematic
designspaceaxploration.

The contribution of this paperis a new approachfor the
automatedsynthesisand optimization of large-scaleasyn-
chronoussystems.In particular this paperis the first to in-
troduce,formalize and automatea wide-rangingand power-
ful setof transformationsyhich canbe usedfor the synthe-
sis of asynchronouslistributedcontrol. Unlike previous ap-
proachesthesenaw transformscanbeappliedin a systematic
way to explore the designspaceandfind optimal distributed
controllerimplementations.

The new method starts with a given scheduledand
resource-bounde@ontrol-DataFlow Graph (CDFG) [25].
Global transformsarefirst appliedto the entire CDFG, un-
optimized controllersare then extracted, and, finally, local
transformsarethenappliedto theindividual controllers.The
resultis a highly-optimizedsetof interactingdistributedcon-
trollers. Thetransformdncludeaggressie timing- andarea-
orientedoptimizationssuchas: global communicatiorchan-
nel multiplexing andsymmetrizationjoop parallelism;intro-
ductionof global“relative timing”-basedsimplication;multi-
plexor pre-selectionsharingof local signals;andtheremoval

1Thesetransformswhile at amuchhigherlevel of synthesisareloosely
analogoudo the powerful transformsof SIS (collapse extract,etc.) usedfor
design-spacexplorationin multi-level logic synthesis.



of unnecessarigandshakingvires. Several of theseoptimiza-
tionshave not beenpreviously formalizedor providedby ary
otherexisting asynchronou€AD tool, or elsein only alim-
ited way.

As a detailedcasestudy the transformationsare applied
to thewell-known differential equationsolverhigh-level syn-
thesisbenchmarl35, 25]. A highly-optimizedasynchronous
implementatiorby Yunetal. [35] wasmanuallydesignedus-
ing a numberof aggressie timing- andarea-basedptimiza-
tions. Suchanimplementatiorcannoteobtainedisingexist-
ing CAD tools. We demonstrat¢éhatavery similar optimized
designcanbe simply andautomaticallyderived throughsys-
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. The next threesectionsdescribethe three
synthesisstepsin detail: Section3 presentghe new global
transformationsyhich operateonthe CDFGitself; Sectiord
explains the extraction of the individual unoptimizedcon-
trollers; andSection5 presentseveral local transformations,
which optimizethe interactionof a controllerandthe datap-
ath. Section6 presentsesultsonadifferentialequatiorsolver
benchmarkandand compareavith a manualdesignof Yun.
Finally, Section?7 presentgonclusionsandfuturework.

2 Overview of Approach

This sectionpresentsa basicoverview of the synthesisand

optimization method. The initial CDFG specification(al-

readyscheduledresource-bounddndthe tamget architecture
arefirst introduced. Then, a brief summaryof the synthesis
flow is presented.

2.1 CDFG Specification
The synthesismethodreceves as an input a scheduledand
resource-bounde@DFG[25] asshovnin Figurel.

In thefigure, all operationnodesboundto the samefunc-
tional unit are placedwithin the samecolumn. For example,
thethreeRTL statement®3 := 2dz + dz, A == Y + M1,
andU := U — M1 areall boundto the ALU1 unit. In to-
tal, there are four functional units: two ALUs (ALU1 and
ALUZ2, first andlastcolumn)andtwo multipliers(MUL1 and
MULZ2). Notethatthe LOOP andENDLOOPnNodesareboth
boundto ALU2. The START andEND nodesarenot bound
to ary functionalunit. In additionto thetypesof nodesin the
example,theapproactalsoallows IF andENDIF nodes.

The CDFG includesarcsthataretypically presentn syn-
chronousCDFGs,aswell asnew typesof arcsthat are spe-
cific to theasynchronousase.Theformerincludesthe data-
dependencarcs(dashedarcs),aswell asthe controlarcsgo-
ing from andto the LOOR, ENDLOOR IF, ENDIF, START,
and END nodes. In the synchronousase,only thesearcs
would be used, as well as assignmentgo time slices that
indicatethe schedulingof operations. In the asynchronous
case however, this schedulingnformationmustbe madeex-
plicit: precedencarcsareaddedbetweenoperationsbound
to the sameunit to enforcethe schedule(dottedarcs). Fi-
nally, the correctorder of registerwrites and readsmustbe
enforced(dashedarcs, like data-dependegcarcs). Details
will begivenbelow. An operatiomodein aCDFGmay“fire”
if all its predecessonsave “fired”.

For the proposedapproachthe CDFG is assumedo be
blodk-structued the setof nodesbetweenlF and ENDIF
nodes,and LOOP and ENDLOOP nodesare considereda
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Figure 1. CDFG for DIFFEQ

block. Datadependengcarcs,controlflow arcs,andregister
allocationarcsmay never crossblock boundariesthesearcs
canonly enteror exit at the block root node(IF or LOOP).
(This restrictionsimplifies the handlingof datadependenc
constraintsand register resourceswhich are usedon a per
blockbasis.)

In theasynchronousasewhereoperationsnaytakenon-
fixed(i.e., variable)amountf time, alegal schedulef oper
ationsis obtainedby adirectimplementatiorof the constraint
arcs. Thatis, eachconstraintarcis implementedin the ba-
sic case)by a singlewire or global channe| which is usedto
indicatewhenthereceving CDFGnodeis allowedto execute.

An operatiomodeR; := R op R3 hasthefollowing con-
straintarcsthatindicatewhentheoperationodemayfire and
which consequencebefiring on otheroperatiomodeshas:

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

2. Schedulingwithin a FU (dotted arcs): schedulingarcs
to orderthe operationsassignedo afunctionalunit

3. Data dependency(dashedarcs):

e incoming arcs from operationsthat provide its
operandsk, and R
e outgoingarcsto operationghatusetheresult R,

4. Registerallocation (dashedarcs):

e incomingarcsfrom all operationghat usethe old
registervalueof R,, to avoid early overwriting of
Ry

e outgoingarcsto the next writesto R, and Rj3 to
avoid earlywritesof R, andR3

Example: A constraintarc that hassourcenodea and des-
tination node b is denoted: (a,b). In Figure 1, the arc
(LOOP,A :=Y 4+ M1) isacontrolarc,and (4 := Y +
M1,U :=U — M1) isaschedulingarcfor ALU1. Thearcs
(M1:=UxX1,A:=Y+Ml)and(A :=Y + M1, M1 :=
A x B) illustrate the datadependenciemcidentto the node
A=Y + MLl Thearc(M1:=U*X1,U:=U - M1)is
aregisterallocationconstraintarcwith respecto U, andit is
adatadependengcarcwith respecto M 1.
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2.2 TargetArchitecture

Thetargetarchitecturdor the proposedapproachs shavn in

Figure2. Thedatapattconsistof functionalunits (eachwith

associatedledicatednput muxes),aswell asregisters(each
with anassociatethput mux).

Thedistributedcontrol consistf onecontrollerperfunc-
tional unit. Eachcontrollerinteractswith othercontrollers,
with its dedicatedunctionalunit andinput muxes, andwith
registersand their input muxes. Note that the registersand
theirinput muxesmay be sharedy othercontrollers.

The basicoperatingprotocolis asfollows. A functional
unit controller waits for a setof “ready” signalsfrom other
controllers. Thesesignalsindicate that the controller may
executethe next RTL statemenboundto the corresponding
functional unit. Once enabled the controllertheninteracts
with the datapattaccordingo thefigure,i.e. by selectinghe
appropriatesourceinput muxes,thenactivatingits functional
unit, then selectingthe appropriatedestinationregister mux,
andfinally latchingthe result. As a last step,the functional
unit, in turn, signalsto othercontrollerswith “ready” signals
thatit hascompletedexecutionof the RTL statement.

Controllercontroler communication(using “ready” sig-
nals)is implementedusing a form of “transition signaling”.
Unlike in standard2-phasetransition-signalig protocol [7],
wherea transitionpair on two wires (req + /ack+ or req —
/ack—) completesa communicatiorbetweensenderandre-
ceiver, the proposedschemeis even simpler: no acknavl-
edgmentwire is used. Thus, controllerscommunicatewith
eachotherby a a singletransition (req+ or reqg—) on one
wire. (This schemeis basedon the obsenation that sucha
readysignalis typically the last event in executingan RTL
statementandno acknavledgmenis required.)‘Ready” sig-
nals sene thus two purposes:incoming signalsto a func-
tional unit are “request” signals, and outgoing signalsare
“done” signals. In contrast,the controllerdatapathcommu-
nicationusesa standard4-phaseprotocol. In a 4-phasepro-
tocol, a standardreturn-to-zerchandshakerotocol is used:
req-+, ack+, req—, ack—.

2.3 Synthesisand Optimization Approach

AsynchronousDistrib uted Control Synthesis

Given: Resource-boundndscheduledCDFG.
Result: Optimizedsetof interactingcontrollers.

1. Apply global transformations to optimize
controllercontrollercommunication.

2. ExtractoneAFSM for eachfunctionalunit.

3. Apply local transformationdor eachAFSM to
optimizecontrollerdatapatttommunication.

Beforediscussingheoptimizingtransformsthebasic(un-
optimized)synthesisnethodis presentedln aninitial CDFG
(seeFigure 1), all RTL statementdoundto the samefunc-
tionalunit (i.e., shovn in thesamecolumn)will be controlled
by a singlefunctionalunit controller A numberof constraint
arcsrun betweendistinctcolumns(RTL statementgxecuted
by differentfunctional units). Eachsuchconstraintarc will
betranslatednto a a global communicatiorthannelbetween
the correspondindunctionalunit controllers,in thetargetar
chitecture(seeFigure2). In particular eachcommunication
channelis implementedby a single wire (“ready” signal).
Note thatwhile constraintarcsconnectindividual RTL state-
mentsin the CDFG, communicationchannelsconnectfunc-
tional unit controllers(which may implementmorethanone
RTL statement).

Eachsuchfunctionalunit controlleris formally extracted
from the CDFG (step2), and canbe synthesizedising (ex-
tendedburst-modeYinite statemachineAFSM) [29, 34, 16,
14, 15, 33, 28]. Burst-modeis a commonly-usedapproach
to designingMealy-like asynchronousontrollers. This step
will be explainedin detailbelow (Sectiond). Eachconstraint
(arc) is translatednto a single wire (channel). EachCDFG
node(e.g.,RTL statement)s translatednto a seriesof micro-
operationsn thecontroller wherethecontrollerinteractswith
andsequencethe datapathsettingof input muxes,perform-
ing operationsyvriting results etc.

Using the above approach however, the resultingimple-
mentationmay be quite poor. Therefore,this paperintro-
ducesoptimizing transformationsboth global (at the CDFG
level, Step1) andlocal (on the extracted AFSMs, Step 3),
to furtherimprove the design. Global (controllercontroler)
andlocal (controllerdatapathjransformationgreintroduced
belon (Sections3 and5). The global transformationshave
two goals: reducingthe numberof communicatiorchannels
betweencontrollers,andimproving performancegincreasing
concurreny, reducingcritical pathdelays).The globaltrans-
formationsare definedin sucha way that they presere the
precedencerderof theoriginal CDFG.

After the global transformationspne controllerper func-
tional unit canthenbe extracted,asdescribedabove (Step2;
seeFigure 17 for the burst-modecontrollerfor ALU1). Fi-
nally, local transformationdmprove the controllerdatapath
(Step 3) protocolfor both speedand area: they remove or
sharewires, increaseparallelismof operations,or reshufle
operationgo initiate themearlier

Notethatthe goal of this paperis to introducethe new set
of transformationsyhich canbe usedto optimizea system
(muchlike the transformsof SIS for multi-level logic syn-
thesis). In the future, this approachwill be extendedto de-
velop algorithmsand rule-basedapproacheso betterapply
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Figure 3. DIFFEQ CDFG after the application of
(GT1) Loop Parallelism and (GT2) Dominated
Constraints. Notethatin orderto clarify the presen-
tation,thefigure omitsthe START andEND nodes.

thesetransforms. Also, note that the assumedhrchitecture
(e.g. onecontrollerper functionalunit) somevhat limits the

designspacethisrestrictionwill berelaxedin thefuture(e.g.

multiple controllersper functionalunit, or one controllerfor

severalfunctionalunits).

3 Global Transformations:
Controller-Controller

In this section,the setof globaltransformationgo optimize
controllercontrollercommunicatioris described.

There are five global transformations:loop parallelism
(GT1),removalof dominatedconstaints (GT2), relativetim-
ing optimization(GT3), meging of CDFG nodes(GT4), and
communicatiorchannelelimination(GT5). All five transfor
mationsre-structurehe CDFG.

Startingfrom the initial CDFG, the first four transforma-
tions manipulateconstraintarcsin the CDFG andcanbe ap-
pliedin ary order GT1andGT4 modify constraintrcsin the
CDFGto allow certainRTL statement$o executein parallel.
The resultis improved concurreng of the system. In con-
trast,GT2 andGT3 remaove constraintin the CDFGthatare
not necessaryor the correctoperationof the distributedcon-
trol. Sinceeachconstraintarc will becomea channelthese
two transformshereforereducethe total numberof commu-
nicationchannelsReducinghe numberof channelsnayalso
simplify globalsystemwiring androuting.

After thefirst four transformationiave beenapplied,each
remainingconstraintarcis assignedo a distinctcommunica-
tion channel.Eachcommunicatiorchannelconnectghe two
functionalunit controllersthat correspondo the two CDFG
nodeghatthearcconnects.

The final and powerful transformatiorthenaimsat elimi-
natingasmary communicatiorchanneldetweencontrollers
aspossible. The first and basictechniqueis channel multi-
plexing (GT5.1). Thistechniquesliminateschanneldy shar
ing channelsvhentherearemultiple channelsonnectinghe
sameset of units. The secondandthird techniquesoncur
rencyreduction(GT5.2)andchannelsymmetrizatiofGT5.3)
both startfrom configurationsvherechannelmultiplexing is
not directly applicable,and re-structurethe communication
channelsothatchanneimultiplexing canbe applied.

3.1 GT1: Loop Parallelism

The goal of the “loop parallelism” transformis to improve
concurreng of the distributed control. The transformre-
structureghe CDFGto allow moreparallelismbetweensuc-
cessiveiterationsof a loop. More parallelismis achieved
by looseningthe synchronizationthrough the ENDLOOP
nodeandreplacingit by morelocalizedsynchronizatiorton-
straints.

CompareFiguresl and3. In Figurel, all four functional
unit controllersare synchronizedvith an ENDLOOP node—
by thearcslabelled1 through3. In contrastjn Figure3, these
arcsto the ENDLOOP-nodeare removed, and replacedby
morelocalizedsynchronizatiortonstraintsthetwo badkward
arcs8 and9. As aconsequencegyreatetoop-level parallelism
is achieved. Note that backwardarcsare specialarcsin the
senseahatthey areignoredduringthefirst executionof aloop
body Effectively, a backwardarcis a pre-enableaonstraint
for thefirst iterationof aloop.

The“loop parallelism”transformconsistsof four stepsin
sequence.

Parallelize Loop(LOORENDLOOP):

e A. Removesyndironization at ENDLOOP The goal is
to allow the overlapof successie loop bodyexecutions.
The solutionis to remove all arcsin the CDFGthatare
pointingto ENDLOOP;only the FU schedulingarcthat
connectsENDLOOP'1o its predecessonodein the FU
scheduling- of the functionalunit ENDLOOP s allo-
catedto — remains.

CompareagainFiguresl and3. In stepA thethreearcs
labelled1, 2, and3 areremoved. The FU schedulingarc
4 remains.

e B. Addbadkward arcs: loop bodyvariables. In the un-
optimizedcase the loop bodyincludesdataandregister
dependeng constraintsto avoid early readsand writes
of registers(cf. Section2.1). The goal of this stepis
to addconstraintgo extendtheseconstraintsaacrosshe
loop boundary For eachvariablein theloop body, back-
ward arcsfrom all lastinstancegone write or multiple
parallelreads)of the variableto thefirst instancegone
write or multiple parallelreads)areadded.

In theexample,stepB addsthetwo badkward arcs8 and
9.

e C. Add backward arcs: loop variable In the unopti-
mized case,the synchronizatiorat ENDLOOP guaran-
teesthat the loop variableis updatedbeforethe LOOP-
nodeexaminest. In theoptimizedcasethisrequirement
mustbe enforcedexplicitly. Thus,a backwardarcfrom
thelastwrite of theloop variablein theloop bodyto the
LOOP-nodds added.

In the DIFFEQ example, stepC doesnot addary con-
straint. Thecandidatearcfrom thenodeC' := X < a to
the LOOP-nodds implied by the pathof constraintarcs
12, 13, 14, and15. Thus,thecandidatearc (C' := X <
a, LOOP) is a dominatedconstraint(cf. Section3.2),
andthereforenot added.

e D. Limit parallelism. In the unoptimizedschemeglobal
controllercontroller communicationis implementedoy
transitionsignalingwithoutexplicit acknaviedmentdcf.
Section2.2). Effectively, thereis alwaysa chainof other
eventsthat providesan acknavledgment. After remov-
ing the arcspointing to ENDLOOP in stepA, this re-
guiremenino longerholdsfor arcsfrom the LOOP-node
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Figure 4. CDFG after GT3 and GT4

to thefirst nodeof afunctionalunit in theloop. There-
guiremenis reinstatedy addingarcsfrom thefirst node
of eachfunctional unit in the loop to the ENDLOOP-
node.In effect, thislimits parallelismto two consecutie
iterationsof a loop: the addedarcsexpressthatthe next
loopiterationcanonly bestartedafterall functionalunits
have completedhefirst operationin the currentloop.

In the example, stepD does,like stepC, not add ary
constraints. The first CDFG nodesof eachfunctional
unit—ALUL: A : 4+Y 4+ M1, MULL: M1:=U % X1,
MUL2: M2 := Uxdz, ALU2: X := X +dz —isalready
connectedo ENDLOOPthrougha pathof constraints.

In somecasesthereis anissuewhetherit is safeto ap-
ply the loop transform. This issueconcernghe final exiting
from theloop. After applyingtheloop transformthe LOOP-
nodeexaminesthe loop variablewnhile otherfunctionalunits
arestill executingstatementsf the previousiteration.Hence,
if theloop conditionis false,the LOOP-nodé‘exits” theloop,
by sending‘ready” signalsto othercontrollers,possiblybe-
fore the lastiterationof the loop is finished. In this scenario,
the transformis safeaslong asa systemtiming constraintis
satisfied:all units completetheir operationbeforeneeded.If
this constrainis not satisfiedthenspecialconstructanustbe
addedto enforcethat the loop is only exited until after the
lastiterationis completed.However, this topic is beyond the
scopeof the paper

3.2 GT2: Removalof Dominated Constraints
The goal of the transformatioris to remove constraintshat
areimplied by otherconstraints.A constraintarc from node
a to nodeb is implied if thereis a path of otherconstraints
startingat nodea andendingat nodeb. More formally, the
constraintis removed if it containedn the transitive closure
of all otherconstraints.

Considerconstraintarc 5 in Figure 1. This constraintis
implied by the path consistingof the two constraintss and
7. Thusarc5 canberemorved, andthereforesimplifying the
globalinter-controllercommunication- becausarcsbecome
channelqcf. Section2.3),andsono channels needed.

3.3 GT3: Relative-Timing Optimization

In asynchronouslesign, “relative timing” refersto the ex-
ploitation of knowledge about the relatve occurrenceof
eventsin orderto simplify design. Relative timing assump-
tionshave beeneffective [32, 11]. However, theseapproaches
werelimited to singlecontrollers.

GT3 extendsthe useof relative-timinginformationto op-
timize interactingcontrollers.In theunoptimizedcasea con-
troller mustwait for a setof “ready” (“request”)signalsfrom
other controllersbeforeit startsexecutingthe currentRTL
statement.However, in somecasesthe samecontrolleral-
ways signalslast. In suchcases,the “ready” signalsfrom
“faster” controllerscanbe removed, and the controlleronly
waitsfor the“slowest” one.

Both GT2 and GT3 remove constraintarcsin the CDFG
thatarenotnecessaryor the correctoperationof the system.
However, while GT2 remoresarcsbasedn theactualorder
ing of eventsenforcedby the CDFGitself, GT3 removesarcs
basedn analyzingusersuppliedtiming information.

ConsiderFigure 3. There are two constraintarcsfrom
othercontrollersto U := U — M1, labelled10 and11. The
former getsenabledafter onecomputation- M2 := U * dz
— while the latter gets enabledafter three computations-
M1:=UxX1,A:=Y + M1, M1 := A+ B. Thus,the
latter constraintarc(11) is “slower” undermostassumptions.
Hence theformerarc(10) is deletedin Figure4 . A detailed
timing analysismustbe performedto determinewherethis
transformatiorcanbe applied:it mustbe verified thatthere-
moved constraintarc is underno executionpaththe lastone
to happen.

3.4 GT4: Merging of AssignmentNodes
Merging assignmenhodesis aimedat improving the speed
of a functional unit controller In the unoptimizedscheme,
eachCDFG nodeis assignedo a functionalunit. However,
assignmenhodes,j.e. R; := R;, simply examineandwrite
registers. Thus,assignmentodesdo not usethe functional
unit. An assignmentodecanthereforebeexecutedn parallel
with the precedingor succeedindRTL operationassignedo
the samefunctionalunit.

CompareFigures3 and 4. In Figure 3, the two nodes
Y : =Y 4+ M2andX1 := X arebothassignedo the ALU2
functionalunit. Sincethenode X1 := X doesnot usethe
ALU2 functionalunit, theassignmentanbeexecutedn par-
allel with executingthe RTL-nodeY := Y + M2. Thus,the
two nodesaremeigedintoonenodeY :=Y + M2; X1:= X
in Figure4.

Beforemeiging anassignmentodewith anadjacennode,
acheckis requiredto ensureno deadlockIn particular there
must not be a path of constraintsbetweenthe two nodesto
be meiged- exceptfor thetrivial FU schedulingarcthatcon-
nectsbothnodes Whenmeiging assignmentodesthe setof
incomingandoutgoingarcsof theresultingnodeis the union
of the setsof incomingandoutgoingarcsof thetwo original
nodesto bememged. If sucha pathexisted,oneof the outgo-
ing arcsof the new nodewouldbea predecessao oneof the
incomingarcs,andthusa prerequisitefor the nodeto “fire”
could never be assertedresultingin deadlock. However, in
practice,it is rarethatanassignmenhodecannotbe meiged
with atleastoneof its adjacennodes.

3.5 GT5: Communication Channel Elimination
After the first four transformationsGT1 through GT4 have
beenapplied,eachremainingconstraintarc is assignedo a
distinctcommunicatiorchannel.Eachcommunicatiorchan-
nel connectghetwo functionalcontrollersthatcorrespondo
thetwo CDFG nodesthatthe arcconnectgseeFigure5).
The goal of “communicationchannelelimination” is to
deleteasmary communicatiorchannelsetweerncontrollers
aspossible. The first and basictechniqueis (GT5.1) chan-
nel multiplexing. This transformeliminateschanneldy shar
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Figure 5. Communication channels after GT1 -
GT4.

ing channelsvhentherearemultiple channelsonnectinghe
sameset of units. After multiplexing hasbeenapplied,the
two different events on the two channelsbecomedifferent
phaseson the sharedchannel. The secondand third tech-
niqgues(GT5.2) concurencyreductionand (GT5.3) channel
symmetrizatiofboth startfrom configurationsvherechannel
multiplexing is not directly applicable,and re-structurethe
communicatiorchannelsothatmultiplexing canbe applied,
by addingandreplacingarcs.

Figure6 givesa summaryof the significantimpactof the
threeGT5 transformson simplifying communicationOn the
left sidethe communicationchannelsbeforethe application
of GT5 transformsis showvn, andon the right sidethe com-
municationchannelsafter several GT5 transforms— multi-
plexing, concurreng reduction,symmetrization- have been
applied. In the example,GT5 transformsreducethe number
of channelsrom tento five, which includestwo multi-way
channels. The resultis much simpler inter-controller com-
munication. The CDFG correspondindo the left sideof the
figureis shovn in Figure5, andthe CDFG correspondingo
theright sideis shavn in Figure?.

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

e GT 5.1: Channel Multiplexing

Theideaof “channelmultiplexing” is to sharecommuni-
cationchanneldo reducethenumberof channelsMulti-
plexing canbeappliedto channelghatconnecthe same
functionalunitsandthatarenever concurrentlyactive.

ConsiderFigure8, wherea CDFGfragmentis shavn on
theleft sideandthe correspondingontrollerstructureis
shavn ontheupperright side. The CDFGfragmentcon-
tainstwo nodeshoundto ALU1 andtwo nodesboundto
MUL1. Therearefour arcsbetweerthe two functional
units, andinitially eachoneis implementedy a sepa-
rate communicatiorchannelThe resultis two channels
runningfrom ALU1 to MUL1 andtwo channelgunning
from MUL1 to ALU1.

“Multiplexing” the two channelsrunning from ALU1
to MUL1 leadsto sharingone communicationchannel

A. Before Channel Elimination B. After Channel Elimination
ALU1- A ALU1-
Controller LAl Controller
B:=2dx+dx | A1A2 o Br=2dx+dx
A:=Y+ML 20 0 Ai=Y+M1 2arEs
U:=U-M1 d U:=U-M1
\7
. >“ y _Z)@ f DLOO > i DLOO
Elg e 3 m |z &
=3 = 4 <| =
NN S HIS N < < E <
= 5 5 N 5
iR o N = N
LA ®\7' v
MUL1- MUL1-
Controller ontrolle Controller
M1:=U*X1 d M1:=U*X1 d
M1:=A*B OOP M1:=A*B ooP

Figure 6. GT5: Channel Elimination for DIFFEQ
Example .

Y:=Y+M2; X1:=X

ENDLOOP

Figure 7. After Channel Elimination.

(andthus a wire, sinceeachchannelbecomesa wire,

cf. Section2.3) from ALU1 to MUL1 (bottom of right
side). Similarly, the two channelsunningfrom MUL1

to ALU1 aremultiplexed. As aconsequenceéhenumber
of channelss reducedrom four to two.

e GT 5.2: ConcurrencyReduction

“Concurreng reduction” starts from a configuration
where channelmultiplexing is not directly applicable,
andre-structuregonstraintssothat multiplexing canbe
applied.Thetransformreplaces simpleconstrainfrom
anodea to anodec by a chain of two otherconstaints:
a constraintfrom « to b, and a constraintfrom b to c.
Thus,the additionalhub may reducethe concurreng of
the system(it possiblydelaysthe startof executingnode
¢), but it eliminatesa channelby re-usingan existing
channel.

The goal of the transformis to apply it to non-critical
constraintsandto replaceaconstrainin suchawaywith
a chainthat the resultingtwo constraintscan be multi-
plexedwith existing constraints(If ary of thetwo con-
straintsalreadyexistsin the CDFG,thenit is notadded.)

Considerthe CDFGin Figure9. Theconstraintarc4,4
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Figure 9. GT5.2: Concurrency Reduction

is replacedvy theexisting arc3 andanew arc4,,¢.,. The
new arccanbemultiplexedwith thearc1 sincebotharcs
connectthe samefunctional units. Hence,the number
of communicationchannelss reduced,and the overall
communicationstructureis simplified: thereno longer
is a directcommunicatiorchannelbetweerthe leftmost
(ALU1) andrightmost(ALUZ2) controllers,seeFigure9
(bottom).

e GT 5.3: Channel Symmetrization

Like GT5.2, “symmetrization”startsfrom a configura-
tion where“channelmultiplexing” is not directly appli-
cable.Constraintsareaddedto the CDFG sothat multi-
plexing becomegpossible.

Unlike othertransforms.the goal of symmetrizations
to createmulti-waychannels A multi-way channelkon-
nectsa singleCDFG sourcenodeto multiple CDFGdes-
tination nodes.Eachnodemustcorrespondo a distinct
functionalunit. Event sentby the “sender”are seenby
all receving functionalunits. Giventwo setsof chan-
nelsthathave thesamesendingfunctionalunit, but have
overlappingbut notidentical setsof receving functional
units, the ideaof the transformis to first makethe re-
ceving setssymmetric, by “safe addition” of arcsin

4_added

Adding a constraint
allows to re-use an
existing forked wire.

ALU1

3

2 4\"dde

MUL1

Figure 10. GT5.3: Channel Symmetrization

the CDFG.Next, eachsetis transformedo a multi-way
channel Finally, the pair of channelds multiplexed.

Figurel0visualizeghesymmetrizatiortransform.Con-
sider the three constraints1, 2, and 3 in the CDFG,
where1 and 2 form a setof channelsand 3 is a sin-

gletonset. The first setconnectsALU1 to MUL1 and
MUL2, while the secondsetconnectsALUL to MULL.

The transformmakesthe two setssymmetricby adding
constraint4, 44.4 to the CDFG, and alsoto the single-
ton set. The two setsbecometwo multi-way channels
connectingALU1 to MUL1/MUL2 (seebottom of the
figure). Thesetwo channelarethenmultiplexed.

When symmetrizingchannelsarcsmustbe addedin a
“safe” way to ensureno deadlock. Deadlockcan arise
when an addedconstraintforms a circular dependengc
which preventunits from executing.To detectdeadlock,
pathanalysisis performedon the CDFG for illegal cy-
cles. Considerthe additionof an arc from nodea to b.
This arcmustlie within a singleblock dueto the block-
structuringrequiremen{Section2.1). Within this block,
a andb arepartially ordered(in theinitial CDFG):either
a precede®, a follows b, or a andb areunordered.If
a follows b, no regular arc can be added,sincea dead-
lock would result? If deadlockoccurs,symmetrization
cannotbe applied.

Thereis one small technicalissuethat mustbe consid-
ered: only arcsof the same“type” (regular vs. back-
ward)canbe combinednto a multi-way channel.Recall
that backwardarcscan be thoughtof as“pre-enabled”
(to setup the first iteration), while regular arcsare not.
If thetwo typesarecombinedn onemulti-way channel,
thebackwardarcscannotbeuniquelypre-enabled.

4 Individual Controller Extraction

After the globaltransformation$have beenapplied,anasyn-
chronousfinite statemachine(AFSM) is extractedfor each
functionalunit controller The extractionalgorithmis adirect
deterministictranslationfrom the CDFG (seeFigure 7) into

2Backwardarcs, which enforcedata dependenciebetweenloop itera-
tions, will notcausedeadlock.



DIFFEQ CDFG “Symbolic” ALU1 AFSM

Start

Start/-

w - /A1IM

i [M1:=u=xt | [M2:=U*dx | M1A/ -
Y .-~ MiA
.-: ~A1m - /AIM
: kS T ~a
M1A/-

- /A1IM

-
-

M1A

Figure 11. Burst-Mode Extraction

asynchronouBurst-ModeControllers.Beforeexplainingthe
four-stepalgorithm, the tamgetedextendedBurst-Mode AF-
SMsarebriefly reviewed. For detailsreferto [29, 34, 16, 14,
15,33, 28].

4.1 Background on Burst-Mode FSMs

In a Burst-ModeAFSM, asshawn in Figure 17), statetran-
sitions occur when a specifiedinput burst (set of variables
beforethe“/”) hasbeenreceved. During thetransitionto the
next state the correspondingutputburst (setof variablesaf-
ter the /") is generated.BM specificationamust obey two
properties First, theso-callednaximalsetpropertystipulates
thatno arcleaving a statemay possesaninput burstthatis a
subsebdf ary otherarcleaving thatstate.This propoertyguar
anteeghatfor eachstate themachinecanunambiguouslyle-
cide whetherto follow a transitionor to wait for additional
inputs. Second|n a given state,only a specifiedinput burst
may occur, i.e a burstthat corresponddo an outgoingarcs;
otherinputcombinationsareforbidden.
ExtendedBurst-Mode AFSMs (XBM) allow two impor-
tantextensions.First, inputsmay arrive early, andthusmore
concurreng is allowed: While in a Burst-ModeAFSM, only
input signalscorrespondingo the currentinput burstmayar
rive, in an extendedBurst-Mode AFSM, input signalsthat
may arrive early are attachedo previous burstsand marked
with an asterisks(directeddon't care). However, eachin-
put burst needsto contain at least one signal that cannot
arrive early (compulsorysignal). Second,extendedburst-
mode AFSMs allow samplingof level-sensitve variablesin
input bursts(called conditionalg, indicatedby bracketsge.g.
[C+], [C—]. Thevalueof a conditionalin aninput burstis
inspectednly afterall transitionsignalsof the bursthave oc-
curred. Thus, this is a set-upcondition: conditionalsmust
arrive andbea stablebeforeary compulsoryeventarrives.

4.2 Burst-Mode Extraction: Overview

Theextractionmethodis basedn adirecttranslationscheme
for eachCDFG node. ConsiderFigure 11, which illustrates
the extractionof the ALU1 controller. On theleft sideof the
figurea partial CDFGthatincludesall nodeshoundto ALU1
is shawvn, and on the right side is the corresponding'sym-
bolic” AFSM. The“symbolic” AFSM includesonesymbolic

ALU1-Controller BM Fragment for A:=Y+M1

[wait for request]

Controller

M1A+/ mux sel Y_M1 +

ready signals |..... [set input muxeqg

local
(“request”) oca

mux_Y_M1_ack+/eval+ alu_sel op +
set input muxes .
[do operation]
eval ack+/reg A_mux sel+
[setreg mux]
reg A_mux ack+/reg A_latch +

[write reg]
reg A_ack+/mux sel Y_M1- eval-

write reg

ready signals alu_sel op- reg A_mux sel reg A_latch
("done”) ...\ [reset local signals]
ux_Y_M1_ack- eval ack-
reg A_mux ack- reg A_latch_ack-
Controller| AlM+ .
[send ready (“done”) signals]

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

nodefor eachCDFG node. Eachsymbolicnodeis thenex-
pandednto a Burst-Modefragment,implementingthe oper
ation.

Thebasicideaof translatinga CDFGnode— expandingthe
correspondingsymbolicnode— into a Burst-Modefragment
canbe illustratedby usingan RTL nodeasan example. In
Figure 12, the left side shavs the ALU1-controller, and its
communicatiorwith other controllersandits datapath.The
controller controlsthree RTL statement§B := 2dz + dz,
A=Y + M1, andU := U — M1), andit is waiting to
executethe RTL node,A := Y + M 1. Theright sideof the
figure shaws the Burst-Modefragmentcorrespondingo the
RTL nodeA :=Y + M 1. Thisfragmentwill be explainedin
detailbelow.

A BM fragmentfor anRTL nodeimplementghebasicpro-
tocol: (a) wait for a setof readysignals(“requests”)from
othercontrollers,(b) performthe datapathoperation,andfi-
nally (c) send“ready” signals(“dones”) to other controllers
to indicatethatit hasfinishedexecutingthe RTL statement.
“Ready” signalsare single transitionson wires. In contrast,
local communicatiorwith the datapattis basedon a 4-phase
protocol:req+, ack+, req—, ack—.

The givenBM fragmentin Figure 12 consistsof a series
of six statetransitionsto implementthe microoperations{i)
wait for requestand setinput muxes (ii) do opemtion, (iii)
setregister mux (iv) write register, (v) resetlocal signals
and (vi) senddonesignals Eachof the microoperationgi)
through(iv) is doneby a req+ andack+ pair, the first half
of a 4-phasehandshakeln thefigure the microoperatioria-
bels are placedbetweenthe corresponding-eq+ and ack+
pair. In (v) all reg/ack-pairsarethenre-setto 0 in paralllel
(req—, ack—). Microoperation(ii) “do operation”includes
two tasks:(a) selectingthe operationto be performedby the
FU - FUssuchasALUs canexecutedifferentoperationsand
(b) startingthe evaluationof the functionalunit.

After describingthe main ideasof BM extraction,the ac-
tual algorithm is summarizedas follows. The BM extrac-
tion methodis implementeddy an algorithmcontainingfour
steps. First, eachCDFG nodeis translatednto a BM frag-



menf. Second,BM fragmentsare stitchedtogetherto ob-
tain a nearcompletespecificationfor the controller Third,
signal phasedo global communicatiorsignalsare assigned.
Thereis one more final stepto ensurethat the BM specifi-
cation may acceptearly requests. Eachbasicstitchedtem-
plateassumesll “ready” (“request”)signalsarrive justwhen
neededHowever, in reality, the systemmaybe moreconcur
rentandthusthefourth stepmodifiesthe BM specificatiorto
“back-annotate'the early arrival of requests.The generated
Burst-Modecontrollerfor ALU1 is shavn in Figure17.

Now eachof thefour stepsof thealgorithmis explainedin
turn.

4.3 Step 1l: Translation of CDFG Nodesinto
BM Fragments

In Stepl, eachCDFG nodeis translatednto 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. Before explaining the differenttemplatesthe

commonissueof generatingylobalreadysignalsis presented.

Global “Ready” Signals

All BM fragmentsincludeglobal readysignalsto implement
the basicprotocol(cf. Section2) for a CDFG node. A sim-
plified view is asfollows: (i) wait for “request’readysignals,
(ii) interactwith local datapath(if necessary)and (iii) send
“done” readysignalsto waiting controllers. In addition,the
BM fragmentsmustincludea statetransition[after (iii)] tothe
BM fragmentcorrespondingo the CDFG nodethatis to be
executednext by thefunctionalunit. In fact, the next CDFG
nodemay not be unique:the next CDFG nodeis determined
by which “request”-signalarrive from othercontrollers.

The solutionis to breakwith the simplified view andto
generateBM fragmentsin a reversedway: (a) interactwith
datapath(correspondso ii), (b) send“done” ready signals
(iii), and(c) wait for readysignalsto decidewhich is the next
CDFGnodeto beexecuted.In (c) statetransitiongo all possi-
blenext CDFGnodesj.e. theircorrespondin®M fragments,
aregeneratedseeFigure13).

Templates
Thereis one translationtemplatefor eachof the different
CDFGnodes.

The templatefor RTL-nodesis shavn in Figure 13. The
local communicatiorfor anRTL nodewasalreadyexplained
in 4.2. Theglobalcommunicatiorin thetemplateis reversed:
the global “request” ready signalsare at the bottom of the
template,asexplainedin the previous section. As a further
optimization,when BM fragmentsare generatedpnly mux
selectsignalsthatarenecessarareincludedin thefragment.
For example, if a registeris only written by one functional

unit,nomuxis necessarandthusnomuxsignalis generated.

Control-flov CDFG nodes (IF, ENDIF, LOOR, END-
LOOR START) aretranslatedoy modifiedtemplates.There
aretwo major differences.First, no local signalsneedto be
generated.Second,n the caseof LOOP and IF-nodestran-
sitionsfor the two possiblevaluesof the level-sensitve deci-
sionvariableneedto be generatedReferto Figure 14 which
shavstheBurst-Modetemplatefor the LOOP node:Oncethe
readysignalshave arrived, the loop variableis inspected.If
thevalueis 1, the“true” ready-signalaresent,andotherwise
the“false” ready-signals.

3Stepsl and4 may introducefeaturesonly availablein extendedBurst-
Mode

-/ mux_sel+
[set input muxeq

mux_ack+ / eval+ alu_sel op +
[do operation]

eval ack+/reg mux sel+
[setreg mux]
reg mux ack+ /reg_latch +

[write reg]

reg ack+/ mux_ sel- eval-

alu_sel op- reg mux sel- reg latch-
[reset local signals]

mux_ack- eval ack-

reg mux ack- reg latch ack-/-
[send ready (“done”) signals]

-
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~ . . .
_{\o/ %, [wait for ready signals to decide next state
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N

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

4.4 Step?2: Stitching of BM Fragments

After Stepl is done,the BM fragmentsarestitchedtogether
If BM fragmentsveresimply “appended”thiswould violate
the classof BM/XBM specificationspecausehe first tran-
sitions of the templates(seeFigures13 and 14) have input
bursts,whichareemptyor donotincludeacompulsorysignal
(cf. Section4.1). The solutionis to mewge the first transition
of afragmentwith thelasttransitionof all previousfragments.
Therearetwo similar subcasespnefor RTL BM fragments,
andonefor IF/LOOPBM fragments.

Stitchinga BM fragmentfor a regular RTL nodemeiges
the empty-input-lurst of its first transitionwith all immedi-
ately precedingransitions.This processs visualizedin Fig-
ure15. In partA (bottom)thefirst transitionof anRTL node
fragment(labelled—/o4) is shavn. Supposeherearethree
precedingragmentscorrespondingo CDFG nodesthatim-
mediatelyprecedehe RTL nodein someexecutionpath. A
valid specifications obtainedby meging — /o4 with eachof
the transitionsi1 /o1, i2/02, i3/03. Theresultis shovn in
Figure15B.

StitchingLOOP andIF-nodeBM fragmentswith preced-
ing BM fragmentanegesthetwo transitionswith condition-
als(seeFigure14) with all precedingransitions.The LOOP
andlF-nodeBM fragmentgyeneraténput burststhatonly in-
clude conditionals,i.e. theseburstsdo not include a com-
pulsorysignal. Theseinput burstswould represenan XBM
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Figure 15. Stitching an RTL-node BM Fragment
with Preceding Fragments.
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Figure 16. Stitching an IF/LOOP BM Fragments
with Preceding Fragments

violation (cf. Section4.1). The solutionis to mege eachof
the two transitionswith conditionalswith all precedingran-
sitions. This processs visualizedin Figure16.

4.5 Step 3: Assignment of Signal-Phasesto
Global Ready Signals
Stepsl and 2 assignsignal phasedo local signalsbut leave
globalcommunicatiorsignals- “ready”-signals- untouched.
ConsiderFigures13 and14 whichinclude“symbolic” ready-
signalswithout signalphasesThe goalof Step3 is to assign
signalphasedo the “ready”-signals. That is, eachsymbolic
“ready”-signalready will becomeready+ or ready—. As-
signing signalphasego “ready-signals’is a straightforward
encodingprocessand may involve unrolling the AFSM, i.e.
replicating parts of the AFSM. ConsiderFigure 17, which
shavsthefinal Burst-Modecontrollerafterphaseassignment.

Therearetwo M 1 A transitions:StatelOwaitsfor an M 1 A+
transition whereasstate 18 waits for an M 1A— transition.
In this example,signalphaseassignmendid not involve ary
replication.

4.6 Step 4: Back-Annotation To Allow Early
Requests

In somecases,the AFSMs generatedby Stepsl to 3 are
oversimplified:they ignoresomeof the possibleconcurrenyg
of the system. In particular eachbasic stitchedtemplate
assumesll global “request” ready-signalsarrive just when
needed(in the first input burst). In reality, the systemmay
be moreconcurrent:somerequestsnay arrive during earlier
operations.The goal of Step4 is to modify the burst-mode
controller specificationgo “back-annotate’the early arrival
of requests.

A Burst-Mode AFSM is back-annotatedby augmenting
transitionswith directeddon’t care signals. Directeddon't
caresignalsare a featureof extendedBurst-Modespecifica-
tions (cf. Section4.1). Thefollowing approachis appliedto
makethe BM robustto earlyarriving globalready(“request”)
signals:For eachtransitionin theBM specificationreadysig-
nalsthatmayarrive early, i.e. duringthe transitionbut which
arenot part of the input burst of the transition,areaddedas
directeddon’t caresto theinput burstof thetransition.

A reachabilityanalysisis usedto determinewhich ready
signalsmay arrive early This stepis performedonly once
for the entiresystem.First, only the globalready-signalde-
tweenBM controllersareconsideredAt ary time, thevalues
of thesesignalsindicatethe global stateof the system.Sec-
ond, a statespaceexploration of the systemis performedto
determinewhich global statesarereachable Finally, the re-
sulting reachabilityinformationis thenusedto backannotate
eachtransitionin eachBM specificationwith directeddon’t
cares(to indicatepotentialearly arrival of readysignals)?

5 Local Transformations: Controller-
Datapath

The outcomeof “individual controllerextraction” (Section4)
is a BM specificationfor eachfunctionalunit controller In
particular the global interactionbetweencontrollers(“ready
signals”)is now fixed.

Local transformationsanbe appliedto eachof the indi-
vidual controllers.The transformationgim at optimizingthe
handshakerotocol betweena functional unit controllerand
bothits dedicatecandsharedlatapathln theunoptimizedap-
proach,communicatiorbetweerthe controllerandits datap-
athusesa seriesof 4-phasestandarchandshakewith reg/ack
wires: req+, ack+, req—, ack—. Thegoalis to reduceboth
thecritical pathdelayandareaof eachcontroller

Thereare five local transformations.Move-up(LT1) is-
suesoutputsignalsearlierto shortenthe critical path when
safe. Move-down(LT2) delaysgenerationof outputsignals
to provide opportunitiedor applyingfurtherlocal transforms.
Mux-Preselectior{LT3) remorestheselectionof sourceinput
muxesor registermuxes from the critical path. RemoveAc-
knowledgmentfl T4) remoesthe ack wire thatrunsfrom a
datapathunit to its functionalunit controllerwhensafe. Sig-
nal sharing (LT5) meigestwo distinct local wires into one
forkedwire.

4Detailsonthis stepareomitteddueto thelengthof thepaper- thecurrent
implementatiordoesnot performthis step.
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LT1 andLT4 improve the protocolbasedon local timing-
basedoptimization. Local timing-basedoptimizationsare
similar to the globaltiming-basedoptimizations. In fact, in
thelocal case moredrasticoptimizationsdueto thelocality
of thewiring may be possible.In contrastL T2 andLT3 are
notbasedntiming considerationsThey explorealternatves
to the strict orderingof eventsin the protocol betweenthe
functionalunit andits datapathjntroducedby the template-
basedranslation(cf. Sectior4).

5.1 LT1: Move-Up

The transformation‘move-up” safely moves an output sig-
nal of the Burst-Modecontrollerto anearlierburst. The out-
put canbe eithera local signal (triggeringa microoperation)
or a global ready (“done”) signal. The primary aim of the
transformis to reducethe critical pathdelayto startthe 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 shortenghe executiontime of the currentRTL
operation.

As an example, considerthe transformappliedto the fi-
nal A1M ready (“done”) signal in the ALU1 controller, as
shavnin Figurel?. Thesignal A1 M + indicateghe comple-
tion of the currentRTL operationandis issuedafterlatching
B hasbeenacknavledged(reg_U_ad), andevenre-set(see
transitionfrom state24 to 26). Figure18 shaovs the modified
controller after the move-up transform. Latching the result
(reg_U_latch) andsendinga “done” signalto othercontrollers
(A1M+) arenow performedin parallel (seetransitionfrom
state21to 24).

Move-upmodifiesthecontrolspecificatiorasfollows. The
transformis givenanoutputsignalandthe“destinatiorburst”
— given by aninput signal. This input will sene asthe new
“trigger event” for the outputsignal. In the actualalgorithm,
the outputsignalis moved step-wisej.e. onetransitionup at
atime until the specifiedinput signalis found. If, duringthis
processa statewith morethanonein- or outgoingtransition
is encounteredhe signalis replicatedandmovedalongeach
of thesetransitions

Thetransformcanonly be safelyappliedif certaintiming
requirementsaresatisfied. In particular it mustbe analyzed
andverified that the moved signaldoesnot enablean opera-
tion (eitherlocal or global) beforeit is safe:anearly-enabled
global RTL operationmusthave correctly updatedoperands
in sharedregisters,and early-enabledocal microoperations
mustbe safeunderrelative-timingassumptions.

5.2 LT2: Move-Down

The “move-dovn” transformatiormoves outputsignalsthat
arenot on the critical pathto a later burst. The motivation

is that moving signalsto later bursts provide opportunites
for the applicationof the “signal sharing” transform(LT5).

“Move-dovn” is typically appliedto there-setphase®f local

signals(req—, or ack—). Thetransformatioris implemented
analogouslyto “Move-up”; insteadof moving a signalto an

earlierburst,the signalis movedto alaterburst.

5.3 LT3: Mux-Preselection

Selectionof muxesis often on the critical pathfor a system.
Traditionally, muxes are selectedon demand thatis, at the
time they are needed.The ideaof “Mux-Preselection’is to
breakwith thatconceptandpre-selectnuxesearly.

5Dueto spacdimitation, detailson this stepareskipped.

Figure 17. ALU1 controller with datapath sig-
nals.
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For a functionalunit executingthe currentRTL operation,
it is typically deterministicwhich RTL operationis next, so
its controller can start pre-selectingthe muxes for the next
operatiorattheendof thecurrentRTL operationsexecution.

ConsiderFigure17, wheremux selectionmuxselLY_-M1+
is performedafter M1A+ is receved, seetransitionfrom state
10to 12. In contrastin Figure18, the selectionis madeatthe
endof the previousRTL statemen{seetransitionfrom state5
to 8), i.e. beforeM1A+ is receved, thusreducingthe latengy
for the RTL execution.

“Mux-preselection’is animportantspecialcaseof “move-
up” (LT1), but highlights a nev aspect. The main idea of
“Move-up” wasto move signalsto earlier burstswithin the
statesequenceorrespondingo thedatapattoperation®f the
currentRTL operation."Mux-preselection'goesonestepfur-
ther. It “moves-up”themux selectsignal,effectively meiging
it with thedatapattoperation®f thethe previousRTL opera-
tion.

5.4 LT4: RemoveAcknowledgments

ThelocaltransformLT4 remosesacknavledgmentwiresthat
arenot essentiafor the correctbehaior of the controller. In
the unoptimizedapproachcommunicatiorbetweerthe con-
troller andits datapathusesa4-phasetandardandshakero-
tocol: req+, ack+, req—, ack—. Thetransformreplaceshe
req/ack wire pair by justareq-wire wheneer possible.

Usersuppliedtiming information is usedto verify that
the controller operatescorrectly once the acknavledgment
wire hasbeendeleted. In the simple case,the transforma-
tion leaves eventsin order but simply deletesacknavledg-
ments.It mustbe verifiedthatremoving theacknavledgment
doesnot changethe arrival order of eventsat ary datapath
or control unit. This scenariocan be applied after “Mux-
preselection{LT3), to deleteunnecessargcknaviedgments
afterpre-selectin@ndresettinghe mux.

In a more aggressie scenario(seebelow), the transform
may resultin sequencedperationsbeing meiged into one
step. In this case,more careful timing analysisis required
to ensurghatthe microoperationgancompletecorrectly

The LT4 transformmodifiesthe BM control specification
by simply remawving thethe ack signalfrom eachinput bursts
in which it appears.If this operationleaves an input burst
empty which is not allowed in BM specifications,a post-
processingtepis appliedwhich meigessuchatransitionwith
its precedingransition(s).This stepis identicalto theoneex-
plainedin Sectior4.4.

Compareriguresl?7 andFigure18. In thelatter, acknavl-
edgmentgrom registersandmuxeshave beenremaoved.

5.5 LT5: Signal Sharing

Finally, “Signal sharing” aims at reducingthe number of
output signalsof a controller Reducingoutput signalsis
achievedby megingdistinctcontrolwiresinto asingleforked
wire. The forked wire thenactivatessereral datapathopera-
tionsconcurrently

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

ConsiderFigure 18. In this example, the two signals
reg_U_latch and muxselY_M1 are alwaysassertecand de-
assertedn the sametransitions. Therefore,the two local
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start+/
A1M+ eval+

eval_ack+/

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

eval_ack-/

M1A+/
eval+

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

eval_ack-/

Figure 18. ALU1 controller after LT1 through
LT4.

communicationwires for latching and selectingcan be col-
lapsedinto one,anda singleforked wire usedto controlthe
two componentsregisterU, andtheinput muxesto thefunc-
tional unit thatcomputesy” + M 1. Theresultis indicatedin
Figure19, wherereg_.USSmuxselY_M1 now corresponds$o
asingleforkedwire.

6 Experimental Results

A prototypeversionof the pesentednethodhasbeenimple-
mentedin C++. As a casestudy the methodis appliedto
the well-known differential equationsolver synthesisbench-
mark. A highly-optimizedimplementatiorwasmanuallyde-
signedby Yunetal. [35]. Theircircuitsusedmary aggressie
optimizationswhich have beeninaccessibléo existing asyn-
chronousCAD tools.

Our automatedool hasbeenappliedto this example in
three experiments, as shavn in Figure 20. The unopti-
mizedcontrollerswere generateddirectly from the original
CDFG with no global or local transformationsapplied; the
optimized-GTcontrollersonly afterthe applicationof global
transformationsandthe optimized-G¥and-LT controllersaf-
terapplicationof bothsetsof transformationsThefinal spec-
ification of our ALU1 controllerfor the optimized-GTand-LT
caseis shavnin Figure19.

reg_B_latch+ reg_U_latch+ mux_sel_Y_M1+ mux_sel_2DX_DX- e\



#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-GTtand-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

start+/
A1M+ eval+

eval_ack+/
reg_B_latch+ reg_USSmux_sel_Y_M1+ mux_sel_2DX_DX- e\

eval_ack- M1A+/
eval+

eval_ack+/
reg_USSmux_sel_Y_M1- reg_ ASSmux_sel_U_M1SSSfu_alu_sel+ eval- A1IM-

eval_ack- M1A-/
eval+

eval_ack- M1A+/
eval+

eval_ack+/
reg_USSmux_sel_Y_M1+ reg_ASSmux_sel_U_M1SSSfu_alu_sel- eval- AL¥I+

Figure 19. ALU1 contr oller after LT5.Notethatall

figuresdo notincludethere-settransitions,n this case
from state24 to 0 and from state13 to 0. Including
re-setsthereare7 statesand9 transitionsin total.

Yun (manual) | our method

#prod  #lits | #prod #Hlits

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 Figure 20 compareghe numberof commu-
nication channels.For the DIFFEQ example,the numberof
channelsvasreducedrom 17 (unoptimizedlto 5 (optimized-
GT) shawving theimpactof the globaltransformations.

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

13

of statesandtransitionsarereducedirom 45to 11 and52 to

13, respectiely. In comparinghefinal optimized-GTand-LT
controller specificationgo Yun's, on averagethe specifica-
tions are comparablén termsof numberof statesand tran-
sitions. In particulat while our controllersareslightly worse
for the small designs(MUL1 and MUL?2), they are at least
asgoodasYun’s for the largerones(ALU1 andALU2). In

ALU2, our controlleris actually smallerthan Yun’s (11 vs.
14 statesand13vs. 16 transitions)whichis striking, consid-
ering the amountof work that was put into designingYun’s
controllers.

Figure21 compareghe gatelevel-implementationsf our
bestexperiment(optimized-GTand-LT) with Yun's gate-level
implementations.All functionsareimplementedoy 2-level
logic. For eachof themethodsthe numberof products|iter-
als, andstatebits arelisted. For ALU1 Minimalist [14] was
used but for the othercontrollerswe hadto resortto 3D [34]
to synthesizehe burst-modespecification sinceonly ALU1
is a “pure” burst-modespecification;the other onesare so-
calledextendedburst-modeandcancurrentlynot be handled
by Minimalist. Unfortunately 3D doessingle-outputlogic
minimizationonly, andthusdoesnot shareproductsamong
functionsasMinimalist does.

Figure21 clearlyshavs thatour approactof applyingsys-
tematictransformsleadsto very efficient implementations:
the total numberof literalsis reducedby almost30%, when
comparedo Yun's controllers.

7 Conclusionsand Futur e Work

A key bottleneckin the synthesiof large-scalesystemshas
beenthelack of high-quality CAD toolswhich allow design-
spaceexploration. This paperis thefirst to introduceandau-
tomatea wide-rangingand powerful setof optimizing trans-
formations,which allow systematiaesignspaceexploration
for the synthesif asynchronouslistributedcontrol.

Thetransformamplementtechniquesuchastheexploita-
tion of global relative timing assumptionsand loop paral-
lelism, channemultiplexingandsymmetrizationandthepre-
selectiorof muxes. They includeaggressie timing- andarea-
orientedoptimizations,several of which have not beenpre-
viously supportedby existing asynchronou€AD tools. We
have shovnthatthis setof transformationss powerful enough
to derive controllersthatare similar to or even better— up to
30%lessarea— thancontrollersthat have undegonea labor
intensive manualdesignto makethemhighly-optimized.

Algorithmic heuristicsbasedon the setof transformations
presentedn the paperare forthcoming. We also plan to
broaderthetargetedarchitecturdo allow multiple controllers
perfunctionalunit, aswell asonecontrollerfor severalfunc-
tional units.
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