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ABSTRACT

Severalapproachehave beenproposedor thesyntax-directedom-
pilation of asynchroouscircuitsfrom high-level specificatiorlan-
guages,suchasBalsaandTangram.Both compilershave beensuc-
cessfullyusedin large real-world applications;however, in prac-
tice, thesemethods suffer from significantperformanceoverhead
dueto theirrelianceon straightforvard syntax-drectedtranslation.

This paperintroducesa powerful new setof transformationsand
anextendal chamel-basedanguayeto suppat them,which canbe
usedan optimizing back-endfor Balsa. The transformsdescribed
in thispaperfall into two categyories:resynthasisandpeeptole. The
propcsedoptimizationtechniqueshave beenfully integratedinto a
comprelensive asynchrmousCAD packag, Balsa. Experimental
resultson several substantiablesignexamplesindicatesignificant
performareimprovements.

1. Intr oduction

Severalapproachshave beenpropcsedfor compilationof asyn-
chronaus circuits from high-level specificationlanguags|[1, 13,
4, 8]. CompilerssuchasBalsa[1] (from University of Manch-
ester)or Tangram[13, 10] (from Philips Research_abs,and now
usedfor commercialprodicts) performa syntax-directedompila-
tion of high-level specificationsnto anintermediateepresentation
using handshake components. Thesecomponats arethensynthe-
sizedinto circuits using a template-basedpprozh. An occam-
basedcompiler [4] and an alternatve translationapproah from
Caltech[8] have alsobeenproposel.

Balsaand Tangramhave beenwidely-used but their syntax-di-
rectedtranslationrmethodsintroducesignificantperformanceover-
headq[3, 15]. While thesesynthesisstyleshave the advartageof
“transpareny” (the designeris controlling the final resultsfrom
the high-level progran), they alsohave the disadwantag of avoid-
ing theuseof powerful back-endransformationsexceptfor simple
peeplole optimizations.The Caltechapproachusesonly localized
resynthess techniquegsuchashandsha& reshufling and “guard
symmetrization”)which arenot systematicallyappliedor captured
atahigherlanguag level. In contrastthis paperpresentsa much
wider-rangingandmorepowerful setof transformationgor the op-
timization of asynchrmoussystems.

This paperintroduceghreemajorcontritutions. Thefirst contri-
bution is a setof new transformationsvhich canbe usedin aback-
endoptimizerfor large asyndironouscircuits. The transformstall
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into two cateyories: peephte andresynthes. A peephde opti-
mizationoptimizescompaentsin a sliding window; if the netlist
of compamentsin the window conformto a pattern,they arere-
placedin a template-basethshionby otherexisting comporents.
In contrast,resynthais optimizationsattemptto replacecompc
nentsin a non-tempate-basedashion by re-synthesizinghem.

The secondcontrikution of this paperis the extensionto a com-
poner specificatiolanguagecalledCH. CHwasintroducedn [5]
to modelandmanipulateonly controlcomporents,andis extended
hereto modeldatapath comporents. CH is very importantin the
proposel approach eachtransformis formalizedasa simplelan-
guagemanipulationprocedirein CH. Theresultingspecifications
arethusindepenént of the synthesizale low-level specifications
into which CH is translated.Burst-modecontroller specifications
are currently employed, but they are just one of several possible
low-level specificationstyles. The final contritution of the paper
is anew automatedack-em for the Balsasynthesisystemwhich
incorporateghe proposel transforms.

Thepropasednew transformdacilitatedesign-spagexploration.
By systematicallyapplyingthem,thedesignerstartingwith anun-
optimizedcircuit, canobtain differentimproved implementatios
of theinitial design. An additionaladvantag is thatthesetrans-
formsareformalizedusinganintermediatespecificatiorlanguag,
which allows the designerto obsere tradeofs betweendifferent
relatedimplementationsit a higherlevel.

The integrateddesignflow was appliedto three substantiala-
synchraousdesignexamples. Pre-layoutback-anntatedVerilog
simulationson technologymappedmplementationsndicateup to
54% speedimprovemen over the unoptimizedimplementations.
Improvemerts are significantly better than those obtainedusing
previous optimizationsproposedn [5].

The paperis organizedas follows. Section2 presentsa brief
overview of theproposedsynthesisapproach Section3 givessome
asynchlionousbackgound, and Section4 gives backgraind infor-
mationon the CH languag. Section5 introducesthe new CH ex-
tensions,while Sections6 and 7 presentthe propcsedresynthe-
sis and peephde optimizations,respectiely. Finally, Section8
presentsxperimentalresults,and Section9 presentsonclusiors
anddirectionsfor futurework.

2. Overview of the Approach

Balsa[l, 2] is collectionof programsthatfacilitatethe descrip-
tion and synthesisof asynchlonoussystems. The original Balsa
designflow takesa systemdescriptionin the Balsahigh-level de-
scriptionlanguayeandtranslatedt into anetlistof handshke com-
ponerns. Eachcomponaet is then mappedto actualcircuitsin a
template-basethshion.

The improved back-endincludesan optimization step, which
consistof theproposedsetof resynthesisindpeepholdransforms,
aswell asof thepreviousoptimizationdrom [5]. TherevisedBalsa
flow is shavn in Fig. 1 (the shadedoxesindicateresearctcontri-
butions).

The new back-endtakesthelist of handslake compaents,and
performstheproposegeepholendresynthesigransformonthem,
to obtaina list of optimizedcomporents. It thenpartitionsthe list



Balsa Progral

.sbreeze files

Unoptimized Netlist df
Handshake Componghnts

Syntax-Directed
Translation

1%}
<
(s}
3 VPecsnole opimizanon
S ]
)=
o
datapath components control components
Va2 @A
«»n | Balsa Tech-Mappin: %ﬁ’?’//f?}}/{@% Ry
'g ("balsa_netlist") ___bmsfiles 3
! <
£ Tvinmats ] 2
3 = @
< | pla2verilog o
© vfiles [ S— €
o X S
< viles [s)
: E
Tech-mapped Datapath s

Figure 1: New Balsa SystemDesignFlow

into datapathand control comporents. The datapathcomponats
are then synthesizedusing the existing Balsa systemtechnology
mappe (balsa-netlist). The control compaentsare synthesized
into hazard-fredogic implementationsisingthe Minimalist Burst-
Mode CAD packag [7], with speedorientedscripts. The logic
implementationsrethentechnoloy mappedusinga commercial
tool (SynopsyDesignCompiler).Hazardamustnot beintroduced
at this step. The proposedsolutionis to split the controllersinto
smallermodules(e.g. using Verilog, one module per level of a
NAND-NAND implementation)technoloy mapthemseparately
andthenformally checkthe solutionsfor hazardfreedom. In all
cases the technologymappedcircuits were correct(i.e. hazard-
free). For moredetailson the technoloy-mappingstep,see[5].

The currentdesignflow incorporatessomeof the lower-level
synthesisstepsfrom the previously-proposediow in [5]. Thein-
teractionshetweenthe optimizationsand Minimalist, pla2werilog,
Synopsy DesignCompilertechnoloy-mapping,andbalsa-netlist
aresimilarin both designflows. However, the major differenceis
in the optimizationstep,which is now enlagedandimprovedwith
the newly-proposedtransforms.

2.1 RelatedWork

Severalappro@hesfor componat modelinghave beenproposed
([2, 8, 13, 10]). However, somecanonly modela single beha-
ior of a particulartype (e.g. sequeging) ratherthana desiredset
of closely-relatedvariants(e.g. various“interleavings” of a basic
sequeging protocol) [2, 10]. Othersuselow-level specifications
whereeachsignaltransitionis enumeated ,which arecumbersme
to manipulatd8, 13, 10].

Severalpeeplole optimizationandcontrolresynthesisechniques
for asyndronoussystemsave alsobeenpreviously proposedPre-
vious peeplole optimizationg13, 4] have typically beenbehavior-
preserving, and mosthave dealtwith simple componets andim-
provements (suchasredundany removal). In contrastunlike sev/-
eral of the previous techniqus, all of the proposedransformsin
this paperare behavior-modifying, and subsumemnary of the ear
lier ones.

Recentapproachsto controlresynthesi$ll, 6] aremainly vari-
antsof comporentcompgasition, usingPetri-netor trace-theoryor-
malisms, and are behaiorpreserving. In contrast,the proposed
resynthes techniques include much more powerful transforma-
tionsfor design-spacexploration includingconcureng/ enhare-
mentand protocd manipulation. In addition, the propcsedtrans-
formsareintegratedinto a comprénensve CAD packaefor asyn-
chronaus synthesisFinally, theseprevious resynthesispproacks
did not reportresultson performancemprovemeris, only on area.

3. AsynchronousBackground
3.1 AsynchronousCommunication Protocols

Thereare two key conaeptsin understanihg the behavior of
asynctmonouscomponats: their communication protocol andtech-
niguesto interleave two or morecommurication protocols.

Two asynchionouscompmentscommunicatingamongthemseles
over one chanrel usea “communicationprotocol” (Fig. 2a). The

active phase return—to-zer

OOl
ack

a) Communication channel b) Handshake expansic
Figure 2: Communication Protocol

mostcommonprotocolis called “4-phasehandshakg”: compe
nentOlinitiatesthecommurcation,andcomponat O2 completes
the commurncation. The compaents interface to a channelis
calledaport. Eachporthasatype: comporentO1linitiatesthecom-
munication,andthushasan active port A (indicatedby the black
dot); componenhO2 completeshe communicationandthushasa
passive port A (indicatedby the hollow dot). The communication
chanrel is implementecby two wires: a requestand an ackrowl-
edge.A commurication (Fig.2b)hasthe following handslake ex-
pansion A_rt A_at A_r] A_a| (whereA is thechanrel name,and
r/aaretherequest/ackovledgewires),andconsistof two phases:
theactive phase (rising transitionson therequestindacknowledge
wires, in this order),anda return-to-zero phase (falling transitions
in thesameorder).

When a comporentis connectedo two or more chanrels, an
importantissueis how the communicationprotocolson the chan-
nelsareinterleaved. For example,acompmentcommuricatingon
chanrels A and B with two other compnentsmight enclose the
handslake on B within thehandshale on A (A_rt B_rt B_at B_r|
B_al A_at A_r] A_a]), or, it mightsequence thecommunicatioron
B afterthecommunicatioron A (A_rt A_at A_r{ A_a| B_rt B_at
B_r| B_a|). Differentinterlearingsgive differenttradeofs (suchas
speedarea,or power) in the componat’s implementation.There-
fore, a comporent descriptionlangua@ suchas CH must define
operatorghatmodeldifferentinterleavings.

3.2 Burst-Mode Specifications

Burst-modespecificationsare the target of the synthesispath.
They areacommonly-isedMealy-typespecificatiorfor asynchio-
nouscontrollers[9]. The Minimalist CAD packae [7] is usedin
thedesignflow to synthesize¢he optimizedBurst-modecontrollers.

A burst-modespecification(Fig. 8b) is a finite-statemachine
specification,and consistsof a setof statesanda setof arcs. An
arcis labeledwith aninput burst(a setof input transitions for ex-
ample“B_a- C_a+"), followed by an outputburst (a setof output
transitionsfor example“C_r-"), andconnetstwo states An input
(output) burst describesa setof input (output) transitions: rising
transitionsaremarkedwith a’+’, andfalling transitionsaremarked
with a’-". A BM machinewaits for aninput burstto arrive; tran-
sitionsmay comein ary orderandatary time. Oncethe complete
input burst hasarrived, the outputburstis generged and the ma-
chinemovesto the next specificatiorstate.

4. CH Language:Basics

Thepreviously-proposedCH languagg5] is anintermediatespec-
ification langua@. In the old version[5], CH could model only
control handshale comporents;in this paper CH is extendedto
modeldatapathcomponatsalso. CH is importantin the proposed
approat: eachoptimizationis formalizedasa simple CH manip-
ulation procedire on comporentspecificationsThis sectionintro-
ducesthe original versionof CH [5] througha seriesof examples,
startingwith channemodeling,andprogressinghrougha seriesof
comporentmodelingexamples.In thenext sectionthenew exten-
sionswill be presented.
Channel Modeling. Channelcommurication protocds can be
modeledeasilyandconciselyusingCH. Figure3 shavs two exam-
plesof componets with only oneport, eachconnetedto a P-TO-
P (point-to-poirt) channel. Thesechamels are the mostcommon
ones,andthey consistof onerequestand one acknowledgewire.
Fig. 3a shaws a point-to-pointchanrel A conrectedto a passive
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a) (p-to-p passive A) b) (p-to-p active A)
Figure 3: ChannelModelingin CH

port. The CH expressionindicatesthe type of the channel(p-To-
P), thetype of the port (active/passie), andthe channelname,and
it is ashorthal for the hand$iake exparsionin Fig. 2b, wherethe
handhale s initiated by aninput transitionon therequesiire. In
contrastFig. 3b shavs a P-To-P channé A connectedo anactive
port. Thenew CH expressiomow indicatesthatthe porthasanac-
tive type, andhasthe samehandslake expanson (Fig. 2b), but the
handshale is initiated by anoutptt transitionon therequestwire.

Thereare six more channeltypesin CH. Both MULT-REQ and
MUX-REQ have multiple requestwires, but during a MULT-REQ
handshale therearetransitionson all requestwires, while during
aMUX-REQ handslake therearetransitionson exactly one request
wire. In mirror, there are channés with multiple ackrowledges
(MULT-ACK, MUX-ACK), with asimilarbehaior. Finally, thereare
two specialtypesof channelsvERB (which allows the designerto
specifyall transitionsin a hand$alke) and voib (usedinternally,
during optimizations).
D-element. The first compmentexample,a D-element (Fig. 4),
wasintroducedby Martin [8]. The D-elementhasonepassie port

(p-to-p passive P)

P < : > A (rep
(enc-early
(p-to-p active A)))

(a) Block Diagram (b) CH specification
Figure4: D-Element

P, and one active port A (Fig. 4a). When activatedon P, the D-
elementperformsa full handshale on the active port A, before
completingthe handslake on P. The CH program(Fig. 4b) con-
cisely captureshis behaior. Thetop-level operato REP indicates
thatthe behaior is repeatedorever. Then,handshalesonthepas-
sive and active ports areinterleaved. The particularinterleaving
is anearly-enclosure (ENC-EARLY), which encloseshe hand$alke
on A in the middle of the active phaseof P. Unlike the CH expres-
sion, the Martin-style specification(*[[P _rt]; A_rt; [A_at]; Arl;
[A_al]; Paf; [Pr{]; P.al]) for the sameelementindicatesevery
signaltransition.

SequencerComponent. The secondexampleis a usefulcontrol
handhale comporent: a sequencer (Fig. 5) [2, 14, 10], usedto ac-
tivatetwo processe# turn. The compamenthasone passie port

B (rep(enc-early (p-to-p passive A)
A .@ c (seq (p-to-p active B)
" (p-to-p active C))))
(a) Block Diagram (b) CH program

Figure5: SeqiencerComponent

(A) andtwo active ports(B andC); the active portsare conneted
to processe® andC on the respectie channels.Whenactivated
on channelA, thecomporentactivatesin turn eachof the B andC
chanrels (first B, then C) beforecompletingthe handshale on A.
The CH expression(Fig. 5b) readsasfollows. First, the top-level
operator(rep) indicateshatthe behaior is repeatedorever. Then,
thereis an early-enclosuréeNC-EARLY) interlearzing betweerthe
handshale on A andthenon-overlappedsequencingseq) of hand-
shales on channeld andC. Unlike the CH expressim, the Martin-
style specification: *[[A _r{]; B_r{; [B_af]; Brl; [B_al]; Cr1;
[C_at]; Crl; [C_all; Aat; [A_rl]; Aal] is not hierarchicaland
it is cumbersenefor manipuation.

Call Component. Thefinal exampleisacall compment(Fig.6)[2,
14,10]. A CALL provides accesdo aresourcavheneer requested
by one of several compments,called callers,wherethe requests
mustbe mutually-exclusive. The particularinterleaving betweena
callerrequestandthe resourceaccesss a middle-enclosure (ENC-
MIDDLE). Theenc-middle operatotakestwo agumentge.g.chan-
nelsC andE) andreturnsaninterleaving in whichtheactive/return-

to-zerophase®f theE handshale areenclosedvithin theactive/return-

to-zerophasesrespectiely, of C (C_rt E_rf E.at C_at Cr] E_rl
E_a] C.al). In addition,CH also definesa late-enclosure opera-
tor (enc-late), with the following handshale expansio: C_rt C_af

(rep (mutex
(enc-middle (p-to-p passive C)
(p-to-p active E))
(enc-middle (p-to-p passive D)

C .
D4

; (p-to-p active E))))
(a) Block Diagram (b) CH program
Figure 6: Call Component
CrlErtEatErl Eal Cal.

Burst-Mode Aware Restrictions. Onceacomponeatis modeled
in CH, it mustbe translatedinto a synthesizale Burst-Mode[7,
9] specificationthe choseriow-level comporentspecificatiorlan-
guageg. Thereforeseveralrestrictiongcalled“burst-modeaware”)
must be imposedon CH: only certaincombindions of operators
and argumenttypesare allowed. For “burst-modeaware” inter-
leavings, both the interleaving operatorand the passiity/activity
of relevant ports must be consideed; all legal combindions are
givenin [5]. Theserestrictionsare enforcedin two steps. First,
eachinitial handshale comporent is modeledonly with “burst-
modeaware” CH expressions.Then, eachpropasedtransformis
alsorestricted:startingwith BM-aware CH specificationstheirre-
sult (a CH expression)is checled to be BM-aware. If it is, the
transformhassucceedd, otherwiseit hasfailed. For the peephde
transformsthis checkis performedonly once:whenthetransform
is first formalized. In contrastfor the resynthesisransformsthis
checkis performedeachtime the transformis applied, sincethe
transformsdo not assumdixed configurationof componets.

5. NewCH Extensions

CH, asdefinedin [5], canmodela variety of control handslake
comporents. In this section,CH is extendedto handledatapath
comporentmodeling. In particular CH is extendedwith chanrel
typesand datapathoperates. Thereis onefinal usefulextension
to CH, a concurrentsequenceoperator;hawever, this operatoris
usedto modelcontrol (not datapathicomponets, andthereforeis
moresuitablefor presentatiorin the next section.
Data Channel Modeling: Formalism. A four-phasebundled
datachannelconsistsof a pair of control wires (a requestand an
acknowledge)anda bundle of datawires on which a dataitemis
passed10]: therequests delayeduntil afterthedataitemis valid.
Thecommunicatiorprotocolon a datachamelis uniquelydefined
by the following parameterswhich arealsodiscussedn [10]:

e Data Flow Dir ection: asindicated,a datachamel consists
of two control wires anddatawires. Therearetwo options
asto the directionin which dataflows: in the samedirec-
tion asthe request(“push”), or in the samedirectionasthe
acknavledge (“pull”™).

e Data Validity : in asyndironouscommunication,the sender
andtherecever mustknow whenthe dataitem beingpassed
isvalid. Therearethreecommondata-alidity schemesbroad,
early, andlate (se€[10] for formal definitionsof thesedata-
validity types).

e Data ltem Type: eachdataitem hasanassociatedatatype
(suchashbyte, word, bool). To be compatiblefor communi-
cation,thesenders andtherecever’s portsmustbothbeable
to exchange the samedatatype.

e Data Width: a datatype is encodel on a numberof data
wires. To be compdible for communication, the senders
andrecever’s portsmustbothhave the samenumberof data
wiresencodng adataitem.

Theformal syntaxfor adatachanrelin CHis: ([push|pull] [ble|]
name [data type] [data width]). The first parameterindicatesthe
data-flav direction. Datavalidity is selectedy the secondparam-
eter: broad, early, or late. The nameof the chanrel is given by
name, andthe lasttwo parameterslescribethe dataitem type and
the number of datawires usedto encock it. Whena datachanrel
is conrectedto a particularport, an additionalport attribute (pas-
sive/actve) is also used: ([passive|active] [?|!] [b|e|l] name [data
type] [data width]). In this case the data-flav attribute (push/pull)
can be transformednto the simplernotation?|!, which indicates
whetherdatais input (?) or outpu (!).

Modeling of Datapath Operators: Formalism. A handslake
datapathcompmentconsistsof two parts: its interfacecommuni-
cationprotocd andits functional operation. Therefore at the CH



level, thecomponat is modeledby two expressios: onethatmod-
elsthecontrol,andwhich containsonly interleaving operatorsand
thenaewly-introduceddatachannds; andoneCH expressiorfor the
datapatlcompuation,which containsonly datapath operators.

Thetwo CH expressiongor modelinga datapattcomporentare
usedasfollows. The CH control part, which modelsthe behavior
ontheinterfacesjs translatednto alow-level specificationBurst-
mode,in this approat) andthendirectly synthesizedIn contrast,
the CH expressiorfor the datapattcompuationis usedbothto se-
lect the appropriatedatapattcircuit from a library of comporents,
andto modela structuralview of the connectionsto this datapath
circuit.

Threenew datapath operatorsareintroducal to modelthe data-
pathcomputation:

e func: this operatormodelsdatapathcircuits which compute

afunction(e.g. adder).The syntaxis: (func circuit_type outl

. outn inpl ... inpn) wherecircuit.type indicatesthe type

of compuation performed(for example, addition, subtrac-

tion), inpl ... inpn aretheinterfaceson which theinputsare

receved, andoutl ... outn arethe interfaceson which the
resultsaresent.

e transf: this operatordescribedatapattcircuits that simply

transfertheir inputsto their outputs(wire connectios). The
is receved,andout is the port on which datais transferred.
e var: this operatordescribesa registerdatapattcircuit (used
whereinp is the channelnamewhosedatawires are con-
nectedto the write port of the register and outl ... outn
readportsof theregister
Modeling of Datapath Components: Adder Example. To bet-
ponents, an eight-bitadde handslake compament(Fig. 7) is now
presentedNoticethattwo CH expressios, E1 andE2, areneeded

INP2 E1: (rep (enc-middle (passive ! b out byte 8)

UT (enc-middle (active ? b inp1 byte 8)

E2: (func add out inpl inp2)
(a) Block Diagram (b) CH program
scribedby expressionE1l. The adders interfacesaredescribedoy
CH datachanneldeclarations:out is a passve output port (con-
conrectedto pull channés). The arrow indicatesa datachannel,
andits directionindicatesthe directionof dataflow (in on thetwo
broad (b): during a commurication, the dataitem passedon the
chanrel is valid from beforereqt until after ack|. The lasttwo
(byte) andthe numberof wires which encaleit (8). The compo-
nentis activatedon the out port, andthenconcurrely fetchesthe
is outputon out, andtheinterfacesarereturned-to-zerin the same
order
adder: the func CH datapathoperatorindicatesthatthe inp1, inp2
datawires connecto the theinputsof theadditioncircuit, andthat
thenbe usedto selectan eight-bitadderfrom alibrary of datapath
circuits.

This sectionintroduces two relatedtransforms: Enc Replace-
mentand SeqReplacementywhich operateon individual compo-
Thesetransformsare simple, yet powerful: eachone is formal-
izedasa CH langua@ manipulationprocedire,andthey allow for

syntaxis: (transf out inp) whereinp is the port on which data
to storedataitems). The syntaxis: (var inp outl ... outn)
arethe chamel namesvhosedatawiresareconnectedo the
ter understandhe modding of datachannelsand datapathcom-
to modelthis componat. Theadders handshaing behaior is de-
(active ? b inp2 byte 8))))
Figure7: Eight-Bit Adder Component
nectedto a pull channel)andinpl, inp2 areactive input ports(also
inputs, out on the output). The datavalidity on eachchannelis
parametersn the channeldeclarationindicatethe dataitem type
operamsoninpl andinp2; whentheadditionis completetheresult
ExpressiorE2 describeshedatapathportionof theasynchrmous
the out datawiresareconnedtedto its outpus. This expressioncan
6. ResynthesisTransforms
nents,and replacesomeof their interleaving operatorsby others.
highekrlevel explorationof tradeofs in asynchrooussynthesis.

6.1 SegReplacement

The SeqReplacementransformreplacesa hon-cancurrentse-
guendng operator(seq) by amoreconcurentsequeging operator
(seg-concur). The potentialbenefitof the transformis increased
throughput for the entire subsytem controlled by this operator
This subsectiorfirst introduces andformalizesthe new seg-concur
operator It thenillustratesits usein the new transformwherese-
qguener comporentsarereplacedby concurentsequenercompe
nents.

The new seg-concur operatordefinesa concurrentinterleaving
of handshkeson two channés. The operatortakestwo arguments
(channés) and interleaves them suchthat the first channelcom-
pletesits active phase;next, the return-to-zerophaseof the first
chanrel is concurent with the active phaseof the secondchan-
nel; and,finally, the return-to-zergphaseof the secondchannelis
executed. More formally, if the seq-concur operatoris appliedto
chanrels B and C, it returnsthe following handslake expansion
B_rt; [B-at]; B_rl, Crt; [B_al A Caf]; Crl; [Cal].

A sequerercompaentcanbeeasilytransformednto a concur
rentsequenerusingthe SegReplacementasillustratedin Fig. 8'.
Eachcompmenthasone passve port A andtwo active ports (B

B B
SCORNC v
(rep (rep
(enc-early (enc-early

(p-to-p passive A)
(seq (p-to-p active B)
(p-to-p active C))))

(p-to-p passive A)
(seg-conarr (p-to-p active B)
(p-to-p active C))))

— A r-IA a-
B_r+
@ @

B_a+/
B_r-C_r+

<@B_af C a+l ,

(a) Sequencer (b) Concurremn Sequence
Figure 8: The SeqReplacementTransform

andC), whereasachof theactive portsis connetedto othercom-
poneris on therespectie chamels. Whenactivatedon chanrel A,
the non-corcurrentsequence performsa non-overlapped activa-
tion of chanrelsB andC in turn. In contrastwith the concurent
sequener, thereturn-to-zerghaseon channeB is overlappedwith
the active phaseon chanrel C. At the CH level, a sequecercom-
poner is easily changedo the a concurentsequacerby chang
ing theseq operatoiinto the newly-introducedseq-concur operator
The Burst-modespecificationgor the two componats are shavn
in Fig. 8.

Thereis animportantcorrectnessssuein the useof concurent
sequerers.The naewly-introducedconcurremy betweerprocesse
may potentiallyresultin data[12] andstructuralhazards.For ex-
ample, data hazardsmay occur when two concurent processs
sharea variable. Supposea 4-way sequener (activating four pro-
cessed1... P4)is to hemademoreconcurent,but thereis a data
hazardbetweenprocesse$2 and P3. For example, P2 writes a
variable,and P3 readsthat variable; if a concurent sequaceris
used,sothat P2 andP3 areconcurrentthe variablemight be read
by P3evenbeforeP2finisheslatchinga new value.

The solutionis to definehybrid sequences, which resultfrom
the selectve applicationof SeqReplacemen The CH expression
for the hybrid sequererto be usedin the abose exampleis:

(rep (enc-middle (p-to-p passive a)
(seg-concur (p-to-p active P1)
(seq (p-to-p active P2)
(seg-concur (p-to-p active P3)
(p-to-p active P4))))))
Effectively, aconcurrensequeneroperatoiis usedwheneer there
arenodatahazardsandanon-conairrentsequeneroperatomhen-
ever thereare hazardgbetweenP2 and P3). Now, usingthis hy-

1t shouldbe noted, however, that the optimizationis not limited
to sequeners: ary comporentthathasa sequencingperator(for
example,WHILE [1]) canbe optimizedwith thistransform.



brid sequenrer, P2finisheswriting thevariablebeforeP3is started;
therefore P3correctlyreadsthe new variablevalue.
6.2 Enc Replacement

The Enc-Replacemdriransformreplacesone“enclosure”inter-
leaving operatorin a CH expressionby anotherone (for example,
replacesnc-early with enc-middle). Thus,the transformmodifies
the interleaving of communicatios on two or morechanrels con-
nectedto a given components ports. This transformis now illus-
tratedon two examples.
(L/A;R) element. The(L/A;R) elementwasintroducedin [8] to
implementthe sequentiabxecutionof asynctionousprocessesin
this example,it is shavn how this sequening componet is trans-
formedinto a Tangramparallel component [10].

The implementatiorof the (L/A;R) elementcorrespond to the

following CH expression
(rep (enc-middle (enc-late  (p-to-p passive L)
(p-to-p active R))
(p-to-p active A)))

Like asequener comporent,the (L/A;R) elements activatedon a
passie port,andthenperformssequentiahandsha&sontheactive
portsA andR, beforecompletingthe handshale on L. The Martin-
style specficatiorfor this elementis: *[[L _r1]; A_r1; [A_af]; L_at;
[Lord; Ards [A-al]; Rty [Ragl; Rur; [R-al); Lal]. ,

EncReplacementanbe appliedto the enc-late operatoywhich
is simply changel to the middle-endosureoperator:
(rep (enc-middle (enc-middle (p-to-p passive L)

(p-to-p active R))
(p-to-p active A)))

Now, the behaior of the (L/A;R) comporentis radically changed:
the active/return-to-zergphasesof the A and R handshaks are
concurrently executedin the middle of the active/return-to-zero
phases respectiely, of the L handshale (*[[L _rt]; A.rt, R.rt;
[A_at ARaf]; Lat; [Lrl]; Arl, Rrl; [A_alARa]]; Lal]). In
effect, the (L/A;R) comporentis now a parallelcomporent: the
subsytemsattachedo eachof the A andR channelsareexecuted
concurently.
NewAdder Component. Thesecom exampleinvolvestheadder
datapathcomporents.In Section4 anaddercompmentwasmod-
eled.Replacinghetop-level middle-enclosureperator(seeFig. 7b)
by an early-enclosur@peratorchangsdrasticallythe behavior of
theaddercomporent. Thenew CH expressim is:

E1l: (rep (enc-early
(passive ! b out byte 8)
(enc-middle (active ? b inpl byte 8)

(active ? b inp2 byte 8))))
E2: (func add out inpl inp2)
The new addernow performsall of its computation(requesting
the operang, producingthe result,andreleasingthe operandyin
the middle of the active phaseof the chanrel out handslake. The
return-to-zerophaseis extremely fast. In contrast,the previous
adderreleasesdts operand late, at the end of the return-to-zero
phaseon channelout. In effect, the new adderfacilitatesresource
sharing: sincethe operand are now releasedearly, they canbe
immediatelyusedby otherprocesses.

7. PeepholeTransforms

This sectionintroducestwo classe®f peepholdransforms.The
first classcontainsa single powerful transform(ProtocolReversal
on FunctionalUnits), which is appliedto functiond units,andre-
placesone port type by anothe. The secoml classis a collection
of varioustemplate-basedlusteringtransforms Eachtransformis
behavior non-preserving: theresultingcomponet is equivalert up
to adifferentorderingof the signaltransitionsof theinitial compo-
nents.
7.1 Protocol Reversal on Functional Units

Thispeeploletransformchangesheinterfacetypes(active/passie)

of functionalunits andalsoof the comporentsconrectedto these
units. Thegoal of thetransformis to decrease¢helateny of asub-
system.Very muchlike Enc/SedRreplacementhis transformma-
nipulatesCH constructgin this case the interfacetype parameter
in chanrel declarations).

Beforeillustratingthetransformin detail,it is worth giving some
motivation for its application. In Balsa,functional units typically

have a passve outputport andsereral active input ports. A func-
tional unit is activatedon the outputport whena resultis needed
the unit thenactively requestghe operamis on theinput channels,
recevesthedata,andperformstheoperation Theideaof thetrans-
form is to modify the unit’s interfacesso that the data operands
themseles activate the functiond unit, thus computinga result
evenbeforerequestean theoutputport. As aresult,thelateng to
computetheresultmay be significantlydecreased.

As an example,consicer the initial peegole window shavn in
Fig. 9a. It consistsof a unary functional unit, a variable,and a
transfererf2, 14]. In general,the functional unit may have more
thanoneinput port. The variablecomponet is usedto storedata

i ou en{g v in ou e% v
B e O e O OO

a) Before b) After
Figure9: Protocol Reversa on Functional Units

items;it hasapassve port(onwhich adataitemis written),andan
active port (on which adataitemis read).First, thevariable(VAR)
latchesa datainput. Lateron, the controlenableghetransferei(on
chanrel en), which, in turn activatesthe functionalunit (FU). The
unit obtainsthe datainput from the variable,computeshe result,
which is thentransferedon Iv to its destination. The whole cycle
repeatawith thevariablelatchingthe next dataitem.

In the optimizedconfiguration(Fig. 9b), the port typesin each
comporentarenow changd. This chang correspodsto modify-
ing theinitial CH expressiorfor thefunctionalunit:

(rep (enc-middle (passive ! b out T1 L1) (active ? a inp T2 L2))) =
(rep (enc-middle (passive ? ainp T2 L2) (active! b out T1 L1)))
Theactivity typeson out andin areswitchedfrom passie/adive to
active/passie. Corresponihgly, theinp portin the variableis now
active, andtheout portin thetransfereiis now passve.

The operationof the new configurationis now different. The
variable, oncewritten, immediatelystartsthe computationin the
functionalunit. Theresultis sentto the new transferer At some
time later, the control will finally enablethe transfererwhich im-
mediately passes the resulton channellv, thus decreasinghe la-
teng of thewhole operation.

Unfortunatelyit is noteasyto genegalizethis peepholeoptimiza-
tion for n-inputfunctionalunits. For unaryunits,the patternof new
dataitemsis fixed: thevariableis written eachcycle. However, for
n-aryunits,thepatternof new dataitemscannotbe pre-determind.
For example, within one cycle, a single variable can be written,
while the othersnot; or, all but onevariablecanbe written, while
the lastvariablenot. We are currentlylooking for waysto gener
alize this appro&h, perhapsusingmoreinformationthanjust the
connetionsof functionalunits.

7.2 Clustering Transforms

The final classof peephte optimizationsusestemplate-based
matchingto identify andoptimizetargetedclustersof comporents.
The threenew transformsare graphically summarizedn Fig. 10
by shawing the initial andfinal configurationdfor eachone. It is
expectedthat a numberof additionalconfigurdions canbe added
to thislist in thefuture.

en out out
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Figure 10: Clustering Peeplole Transforms
Passive Output Port Transform. ThistransformoptimizesaBalsa
subsytemwhich outputs a dataitem to the ervironmen, wheneer



the ervironment requestsiata. The transformtakesthreecompo- low-lateng FIFO, anda programnableeight-bitcounter

nents,andclustersheminto one. Examples Balsa || Previous Transforms|[5] ATl Transforms

Theinitial Balsaimplementatior(Fig. 10a)consistf threecom- S(ﬂ?;‘)*d S(%i‘)*d Imprave- 5(’31‘;;9" mprove-
ponents: a SEQUENCE PuLL [2], a DECIsION WAIT [2], anda

h h d SystolicCounter 24.81 16.06 35.26% 11.28 54.50%
RUN [2, 13] compament. The SEQUENCE PuULL, whenrequeste Tatency 1733 T 15.19 1236% T 1032 T 20.45%
for dataon chanrel ouT, first synchronzes with the DECISION FIFO ~put cycletime 84T 8.06 7.16% 6.22 | 26.04%
WAIT on channé¢ il beforerequestinga dataitem on channeldt; getcycletime || TI.78 ] 99l DB 828[ 29.71%
Binary Counter 736.30 || 217.33 8.03% || 126.96| 46.26%

whenthe dataitem is receved, it is passedn out. In turn, DE-

cIsioN WAIT first synchronizeswith the Balsaprocesson chamel

en, andthensynchraizeswith the RUN comporenton channel2.

The RuN comporent always completesary handshale startedon
its passve port. Thus, after it is requestedor data,the subsys-
tem performsfour sequatial operations:it synchraizeswith the
Balsaprocesssynchrolizeswith the RUN componat, receiesa
dataitem on dt, andoutputsit on out.

The result of this transformis a single clusteredcompaent,
which hasthe sameinterfacesminustheil andi2 channés. The
outpu cycle is now shortend: the compmentfirst concurently
synchronizesthe dataitem requestvith the Balsaprocessthenre-
ceivesa dataitem on channeldt, which is thenoutputon chamel
out. The new componeat hasa very simpleimplementationjust
oneC-elementandwires betweerndatainputsanddataoutputs.
Data Sampling Transform. This transformoptimizesa Balsa
subsytemwhich readsa dataitem from the ervironment. The
transformtakestwo comporents,andclusterstheminto one.

The initial Balsaimplementation(Fig. 10b) consistsof only a
FALSE VARIABLE comporent[2] anda DECISION WAIT compo-
nent. An n-way FALSE VARIABLE compaenthasonepassie in-
put port (dt — usedto receve a dataitem), anactive control port (dr
— usedto indicatedatareceved), andn passve outpu portsused
to samplethe dataitem (Fig. 10b shavs a one-way FALSE VARI-
ABLE). Thesubsystenperformsthreesequentiabperationsit re-
cevesadataitem, synchronize with the Balsaprocesson chamel
en, and,finally, enableotherprocessegon chamel en_op) to read
the dataitem on chanrel rd.

The result of this transformis a single clusteredcompaent,
which hasthe sameinterfaces,minus the eliminateddr channel.
The datareadingcycle is now shortenedthe comporentfirst con-
currently synctronizesthe receving of a dataitem with the Balsa
process(on dt and en), and then enablesother processsto read
the dataitem. The implementatiorof the new compaentis very
simple,just a C-elementandwire conrectionson datapattsignals.
Loop Enabling Transform. This transformoperateson hand-
shale compmentsthatsynctronizetwo independat Balsasubsys-
tems. The transformtakestwo compaents,andreplacegshemby
justpairsof wires.

Thetransformtakesasaninputa L oop compment[2, 14] con-
nectedto both a specialactivate chanrel (automaticallysynthe-
sized, usedto startthe whole system)andto a DECISION WAIT
compament(Fig. 10). Theloop compaent,oncestartedon the ac-
tivate channelenablesforever the DECISION WAIT compnentto
passhandslakesfrom a passie portto a corresponihg active port.

Theresultingcomporent consistsof just pairsof wires. Thein-
tuition behindthe transformis simple: sincethe loop comporent
unconditionally enableshe DECISION WAIT compaient,the en-
ablinglogic in the DECISION WAIT is redundantandcanbeelimi-
nated;in addition,the Loopr compmentis alsoeliminated.

8. Results

Theentiresynthess flow hasbeenevaluatedon anumberof sub-
stantialexamples.Eachexampleis describedusingthe Balsalan-
guage, andsynthesizedvith bal sa- c, to obtainthe initial unop-
timized netlistof handshke compments. The list of componats
is thenoptimized:the peephde optimizationsareappliedfirst, and
thenthe resynthesiptimizations. Eachoptimizedcomporentis
thensynthesizedndtechnoloy-mappednto the AMS 0.35um li-
braryusingSynopsy®DesignCompiler Thefinal implementations
were back-aanotatedusing pear | , and simulatedwith Cadence
Verilog-XL. All steps,exceptthe implementationof the enc/seq
transformshave beenautomated.

Threecompletesystemshave beenoptimizedand simulated: a
four-hand$alke systoliccounter{14], aneight-bitword three-place

Table 1: Experimental Results .
Tablel shavs, for eachexample thethroughpit andlateng im-

provemerts over the unogimized Balsacircuits. The cycle timeis

reportedfor the systoliccourter andprogrammale counter while

for the FIFO,theputandgetcycle times,aswell asthelateng of a

dataitem from inputto outputthroughanemptyFIFO arereported.
The“Previous Transforms”columnindicatesheresultswhenonly

thepreviously-introducedtransformgActivationChanneRemaoval

and Call Distribution [5]) areapplied. The “All Transforms”col-

umn indicatesthe resultswhen applying both the previous trans-
formsandthe newly-introduced transforms For eachexample the
following transformswere successfily applied: Systolic Counter

— Loop Enabling Transform; Low-Latency FIFO — SeqReplace-
ment,Loop Enabling,DataSampling,andPassve OutputPort;and
Binary Counter — ProtocolReversalon FunctionalUnits, SeqRe-
placement. The performarte improvemerts for on the simulated
examplesrangeup to 54%. Furthermorethe improvementsusing
the new transformsare significantly betterthan thoseusing only

previoustechniqes[5].

9. Conclusionsand Future Work

This papelintroduces apowerful new setof transformationsand
anextendedchanrel-basedanguag to suppat them,which canbe
usedn anoptimizingback-endfor Balsa.Thetransformsiescribed
in this paperfall into two cateyories: resynthesisand peeptlole.
Resultson several substatial examplesindicate significant per
formanceimprovementsover unoptimizedBalsaimplementations,
aswell asover the implementationsising only previous control-
orientedtransforms.

Thecurrentapproachs still limited to supplyingprimitive trans-
forms(somevhatanalogaisto theoperationsn S| Sfor logic opti-
mization),anddoesnotyet presensystematiscriptsor algorithms
for their optimalapplication.This is atopic for future work.

19]' A B:\%sllzeyEarﬁtgllz\Jm%rgs,‘%ompiling theLanguageBalsato

Delay-Insensitie Hardware”, Hardware Description Languages and their
Applications (CHDL), April 1997,pp.89-91.

[2] A.Bardslg, “ImplementingBalsaHandshak Circuits”, PhD.Thesis,
Departmenbf ComputerScienceUniversity of Manchester2000.

[3] A. Bardslg, PersonalCommunication2000.

[4] E.Brunvand,“TranslatingConcurrentCommunicating®rogramsnto
Asynchronou<ircuits”, TechnicalReportCMU-CS-91-198Carngie Mellon
University, 1991.

[5] T.ChelceaA. Bardslg, D. Edwars,andS.M. Nowick, “A Burst-Mode
OrientedBack-Endfor the BalsaSynthesisSystem”,Proceedingsf Design
Automation and Test in Europe, March2002.

[6] T.Kolks,S.VercauterenandB. Lin, “Control Resynthesifor
Control-DominatedAsynchronou®esign”,|EEE ASYNC' 96 Symposium, pp.
233-243.

[7] R.M.FuhrerandS.M. Nowick, “SequentialOptimizationof Asynchronous
andSynchronous-inite-SateMachines:AlgorithmsandTools”, Kluwer
AcademicPress2001.

[8] A.J.Martin, “Programming in VLSI: From Communicating’rocesses
Delay-Insensitie Circuits”, in C.A.R Hoare,editor, Developmentsin
Concurrency and Communication, UT Yearof Progranming Instituteon
ConcurrenProgrammiig, Addison-Wesley, 1990,pp. 1-64.

[9] S.M.Nowick, “AutomaticSynthesi®f Burst-ModeAsynchronous
Controllers”, TechnicalReportCSL-TR-95-686 StanfordUniversity March
1993.

[10] A.M.G. Peeters;Single—RailHandshak Circuits”, PhD.Thesis Department
of ComputerScienceTechnicalUniversity of Eindhosen,1996.

[11] M.A. PenaandJ.Cortadella;‘Combining Proces#\lgebrasandPetriNetsfor
the Specificatiorand Synthesiof Asynchronou<ircuits”, IEEE ASYNC' 96
Symposium, pp. 222-232.

[12] L.A. PlanaandS.M. Nowick, “ArchitecturalOptimizationfor Low-Power
NonpipelinedAsynchronousSystems” ] EEE Transactions on \Very Large
Scale Integration Systems, Vol. 6, No. 1, March1998.

[13] K. vanBerkel, “Handshale Circuits: anIntermediarybetweenCommunicating
ProcesseandVLSI”, PhD.Thesis Departmenbf ComputerScience,
TechnicalUniversityof Eindhoven,1992.

[14] K. vanBerkel, “Handshale Circuits: an Asynchronou#rchitecturefor VLSI
Programmiig”, International Serieson Parallel Computation, Vol. 5,
CambridgeUniversity Press1993.

[15] K. vanBerkel, PersonaCommunication1999.



