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Table1: Comparisionof productionrulesfor speed-indeerdert andtimed versionsof the MMU.

| ExamplesOptimizedwith Timing

Speed-Indepeatert Timed
Trigger | Context | Trigger | Context
Example Signals | Signals | Signals| Signals
PipelineHandshakg§12] 8 0 6 0
MMU unopt[6] 13 3 9 2
MMU opt 15 7 977 a2
Microprocessof 7] [3]
Fetch 8 SV 6 6
PCAdd 10 SV 7 1
Exec 42 SV 26 4
ALU 26 SV 17 SV

Table2: An entry of “sv” undercontextrulesindicatesthat a statevariableis neededor synthesis.For the timed implementatiorof
the optimizedMMU, the first numberis without sharinggatesfor rao andbo, andthe seconchumberis with the gateshared.
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mdli mdlo lsr1 lsro
FEnabled state

mdlot 1 X 1 1

mdlo™ . 0 X X 0
Timed enabled state

mdlot 1 X 1 1

mdlo™ 0 X 0 0

As we canseeabove,the uncertaintyin the value of lsrs:
hasbeenremovedwhentiming is incorporated.From the spec-

ification given in figure 3b, we seethat the transitionmdlo *

hasonly onerule enablingit from Isrs* which thuscannotbe
redundat. Using just this signalto pull mdlo up may cause
a problemin the original enabledstate,becausavhenmdlo is

beingpulleddown,lsr: is in anindeterminatestate. Therefore,
interferencebetweerthe pullup andthe pulldown of the signal
may be possible. This problemcanbe alleviatedby using ei-

ther the signal mdlz or lsro asa contextsignal sincethey are
definitely disabledwhen mdlo is pulled down. If we look at

the timed enabledstate,however we seethat Isr: hasindeed
gonelow beforewe wantto pull mdle down. Therefore,tak-

ing thetiming constraintdnto considerationye do not needto

add an extra contextsignal for this transition, simplifying the
implementation.Using this analysiswe canremove3 of the 7

contextsignalsneededn the speed-indepalent implementation
for our timed implementation.

4.3 Speed-Indegndent vs. Timed Implementation

After adding contextsignalsto our original specification,we
require 22 literals for a speed-indepelent implementationas
shownin table 1. Given the timing constraintswe canreduce
the circuit to only 9 literals. Thus,we havereducedour circuit
complexityfrom the speed-indepelent implementatiorby over
50 percentusing conservativetiming constraints. A complex
gateimplementatiorfor bothis shownin figure4. Notethatthis
reductionwaspossiblenot only becaue of removingredundant
literals, but alsobecauseve could combinethe gateneededor

implementingrao andbo.

dei,m mdlo mdli _ d mdlo

Isi I Isti |

rai +% ) Isro
¥(gC

bi g

+3g rao,bo
90—

rai
bi

(b)

Figure 4: (a) The speed-indepeatent implementationof the
MMU. (b) The timed implementatiorof the MMU.

4.4 Other Examples

We havealsosynthesizednanyothercircuit examplesasshown
in table2. In the pipeline handshke example we usedthe tim-
ing constraintgivenin [12] whichareshownin figurel. In this
examplewe noticethatwe canremovetwo trigger signals.For
the MMU, we seethat the version optimizedfor concurreng
hasa more complexspeed-indepelent implementation but a
lesscomplextimed implementation. The specificationgor the

microprocessadescribedn [7] aretakenfrom [3]. Forthesecir-

cuits,we usedsimilar timing assumptionasthosefor theMMU.

All of the microprocessospecificationeededstatevariables
for a speed-indepedent implementationhowever threeof the
four couldbeimplementedvithout statevariablesf timing con-
straintswere added.

5 Conclusionsand Future Reseach

We have developeda synthesisprocedurefor timed circuits
basedon a timing analysison infinite acyclic graphs.We show
that a sufficient condition for the removal of redundancyin a
specificationcan be found by examininga finite portion of the
graph. To implementa timed circuit without circuit hazardsun-
der given timing constraints,we apply the timing analysisto
optimizing a circuit implementation. Our resultsindicate that
by using conservativetiming constraintswe can significantly
reducea circuit's complexity While it is obviousthat areais
reducedwe also havean increasein performancebecaus we
are ableto synthesizemore concurrentspecificationghan can
often be consideredpractical using speed-indepelent design
techniques.

Futurework includesthe investigationof the necesary con-
dition for removalof redundantules. We believethat al! legal
redundantrules should be detectableby tracing only a finite
portion of anunfoldedcyclic graph. Otherfuture goalsinclude
automationof the timing analysisandthe synthesigprocedure,
andthe IC designof interestingtimed circuitsto assesshe area
andperformancegain.
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qs+ % is determinedas follows: for k = 1,2,...,», if while

the transition s* is enabled,the signal s, is stablelow, then
¢.+,x = 0; if the signal s, is stablehigh, theng,+ , = 1; and
if thesignals, is changingtheng .+ , = X. Theenabledstate
for the transition s~ is similarly defined.

An algorithm to derive the enabledstateand to determine
a minimal set of contextsignalswhich needto be addedinto
the circuit implementationto preventthe problemsdescribed
abovehasbeendeveloped11]. Using our timing analysis,we
canremovemany of thesecontextsignals. After we detectthe
redundat rules,we constructan enabledstatefrom the original
spedfication. We thenremovemuch of the uncertaintyor X's,
from the enabledstateby checkingthe coveringof the paths
betweeneventsin a similar fashionasin the previoussection.
Usingthis timed enabledstateandthe remainingnon-redundant
rules, we determinea minimal set of contextsignals. The set
usudly containsfewer context signalsthan that neededin a
spe@-indepadentimplementation.

3.2 Complex Gate Cir cuit Implementation

For eachoutputsignal, s, the trigger signals(i.e. thosegiven

in the rules) and the contextsignalsfor s+ are implemented
in seriesin a pullup network, and similarly, the signalsneeded
for s~ areimplementedn seriesin a pulldown network. The
resultingcircuit is a state-holdingelementcalled a generalize
C-elemen{8], andsomeexamplesare shownin figure 2a with
the rules that they implement. If a signalappearsonly in the
pullup, but not in the pulldown, thenit is annotatedvith a “+”.
If a signal appearsonly in the pulldown thenit is annotated
with a“-". Otherwise the signalhasno annotation.A CMOS
implementatiorfor the third elementis shownin figure 2b.

§
1 1

weak
weak
z
—]
|

@ (®)

Figure2: (a) Schematicsymbolsfor a generalizedC-element.
Thefirst is the Muller C-elementithe seconds a set/reseflip-

flop; andthe implementationof the third is givenin (b) (Cour-
tesyof [3]).

The degreeof complexity reductionin a timed circuit com-
paredto a speed-indepelent oneis dependst on the amount
of concurencyin the specification.While this reductionof cir-
cuit complexity doesnot reducethe numberof gatetransitions
in the critical path (becausenve usea complex-gateapproach
for implementation),increasein speedcan be realizedin that
a complexgatewith smallernumbersof fanin andfanoutwill
switch faster We also believe performancewill be enhancé
dueto the fact that timed circuits allow more concurrencyto be
spedfied.

4 Example: A Memory Management Unit

In this section, we presentan exampleof a simple memory
manageentunit (MMU) designedor usewith a 16-bit asyn-

chronousmicroprocessof7]. The original implementationwas
derivedusing Martin’s synthesianethod[6]. A versionof this
specificationwhich hasbeenoptimizedfor concurrencywill be
presentechere. There are six possiblecyclesthat the MMU
control circuit can enter dependingon the whims of the en-
vironment. The 6 cyclescan be independetly designedand
memgedtogethero getthe overallimplementation.For simplic-
ity, we discussonly the designof onecycle: loading from the
segmentatiomeadregister which is shownin figure 3. For our
timedimplementationyve havetakenall theinternaltiming con-
straintsto be negligible andthe environmentiming constraints
to be large. We also assumehat all signalsareinitially reset
low. A soliddotonanarcindicategheinitial markingfor which
the correspondingule hase = 1.

bo bi rai- -@=rao+ bo+-e-hi-
TRO LCO i01 R1
raoz rai+ b+ bo-
i N4
L YT —— ;hﬂsro+/
mglo Control | Isti c2
rao rai
mdlo—
(@) (b)

Figure 3: (a) Block diagramfor part of the MMU controller

(b) The STG specificéion for the MMU with timing constraints
added. The OCi, Ci, and Ri’s on the graphindicate bounded
timing constraintsfrom off-chip, computation,and resetinga

computationyespectively

4.1 Removing Redundant Rules

To generateour timed implementationwe mustfirst checkall

eventsassociatedvith multiple rules (i.e. all transitionswith

multiple arcsleadinginto them) for redundantules given the
specifiedtiming constraints. We makethe following delay as-
sumptions: off-chip delaysare greaterthan computationalde-
lays (1(OC;) > u(C;)), computationaldelaysare greaterthan
delaysfrom resetinga computation({(C;) > «(R;)), andde-
lays from resetinga computationare much greaterthan inter-
nal delays(i(R:) > internal delays). Let us examinethe
ruleson the event(rao™,1) from the events(rai~,s — 1) and
(mdlit ). We seethat the path ({rao™,i — 1), {rai~,i —

1),{rao™,i)) haslength of Ry and the path {(rao~,:i —

1), {Isro™,1 — 1), (mdlo™,i — 1),{mdli* i), {rao™,)) has
lengthOC;. Therefore the secondpath coversthe first so all

pathswith atail ((rai~,i—1), (rao™,4)) arenotcritical. Since
the timing on event{rao*,0) is trivially satisfiedbecaus the
signal ras is initially low, the rule from ras~ to rao™ is re-
dundant. This procedureis repeatedor all other eventswith

multiple rules,andwe find that 6 out of the 15 ruleson output
signalsin the original specificatiorareredundant.

4.2 Adding Context Signals

To determinevhich contextsignalsmustbe addedwe mustfirst
determinghetimed enabledstatefor eachsignalusingthedelay
assumptionsPartof the resultingenabledstatewith no timing
constraintsandthe timed enabledstatefor the signalmdlo are
shownbelow:



Proof: Sincearuleis to specifythatoneeventoccursbefore
anotherwe needto showthattherule is not neededo prevent
the enabledeventfrom firing too early (from Definition 2.1).
Givenaredundantule {e, f, 1, ¢, 7), let P bethesetof all paths
betweerthe two events(reset, 0) and(f,). Let P, bethe set
of all pathswith thetail {{e,i—¢)}, (f,1)). All pathsin thesetP,
arenotcritical (from Definition 2.8). If weremovetheredundant
rule, we alsoremoveall paths P, from P. Sincethey are not
critical, their removaldoesnot changethe earlistfiring time of
(f,1) after (reset, 0); i.e. maz[l(P— P;)] = maz[l(P)] (from
Definition 2.7). "

In Lemma2.2, we haveshownthatit is possibleto simplify
our timed circuits by detectingand removingredundantrules.
To checkif a rule is redundant,we must show that it never
appess on a critical path.

2.3 Algorithm for Detecting Redundant Rules

In our ER systemsgeachrule will appearan infinite numberof
times; however it is not necesary to checkeachoccurrence
of eachrule to verify that all are not on a critical path due
to the repetitive nature of the ER system. In the following
algorithms,we provide a sufficient conditionunderwhich only
two occurrence of eachrule needto be checked(provenin
Theorem2.1). Lemmaz2.1 further simplifiesour analysisin that
we neednot examinethe whole graphto showthata pathis not
critical sinceit is sufficientto showthis by finding a tail of this
pathwhich is covered.

Algorithm 2.1 On.Critical_Path (G, source, {ex,f i, ex,Tx))
For eachpathwhich startswith the event{source,i — 1) and
endswith therule (e, f.t,ex,7x) OF (source,f,i,0,[0, cc])

If there existsa tail of this path coveedby a paththat

endsin a differentrule {e;.f.:, e;,7;) whereex # ¢;
thenreturn(false)
elsereturr(true)

Algorithm 2.2 Find_RedundahRules
Givenan ER system
Constrict graph G excludingresetrules which includesonly
evers with indicies: — 1 or ¢ for an arbitrary s > 0
Addan event({source,: — 1) to setof vertices
For eachrule of theform {e,f,i — 1L,1,7) (i.e. e = 1)
Adda rule of theform {source, f,i — 1,0,[0, 00])
For eachevent{ f,z) with multiple rules
For eachrule of the form {e«,f i.ex,7x)
If not (On_Critical_Path (G, source, {ex.f.1.ex,7x}))
thenconstructa graph G’ including rest rules
which includesonly eventswith z = 0
If not (On_Critical _Path (G’, reset, {ex,f.0k,7x)))
thenadd rule to setof redundant rules

Theorem 2.1 Algorithm 2.2 is sufficientto determineif a rule
canberemoed

Proof: (by induction) Basecase: Algorithm 2.2 explicitly
cheks that for ¢ = O the rule is not on a critical path. This is
doneby usingAlgorithm 2.1whichcheckghatthereis sometail
of thispathwhichis coveredby anothempath(from Lemma2.1).
Inductivestep: Giventhatthe algorithmalsodeterminesf some
arbitraryvalueof 1 is noton acritical path,we constructa graph
thatincludesonly occurrencéndicesof ¢« and: + 1. This graph
would havethe sameform asG from Algorithm 2.2. Sincewe

found that the :*"* occurrencewas not on a critical pathwhen
examiningG, this later occurrencewill also be found not to
appeaon a critical path. Sinceno occurrenceof arule appears
on a critical path, the rule is redundantand can be removed
(from Definition 2.8 andLemmaz2.2). "
To identify redundantrules, we use Algorithm 2.2 to con-
struct a finite acyclic graph and use Algorithm 2.1 to detect

when an occurrenceof a rule is not on a critical path. Each
time Algorithm 2.1 is called, if we aregiventhat {ex,? — )
is one of the enablingeventsof (f, i), we usethe polynomial
time algorithmsdescribedn [1] or [2] to find theminimumtime
differencebetweer(e, 1 — 513 and{f,:). If it is greaterthan
uk, Whereuy is the upperboundon the timing constraintof the
rule betweentheseevents,then the rule betweentheseevents
cannotbe on a critical path.

We also proposean alternativealgorithm which detectsre-
dundantrules by looking for coveredpathsasdescribedn Al-
gorithm 2.1. This algorithm we will outline with an exam-
ple. Referring backto figure 1, we first constructthe graph
G asdescribedn Algorithm 2.2. We will analyzethe enabling
rulesfor theevent{ Rout~,1): (Aout™, Rout™,1,0,[2,5]) and
(AinT, Rout™,4,0,[5, 7]). Earlier, it wasshownthat the path
{{Rout™ 1), {Aout™, i), {Rout™,1)) wascovered.Therefore,
from Lemma 2.1, all pathswith this path as a tail, suchas
({Aout™ 1), (Rout+, 1), (Aout™,1), (Rout™, 1)), arenot crit-
ical. Thereareotherpaths,however that do not havethis path
asatail but havethe path {({Aout*,3), {Rin™, 1), {Aout™, 1),
(Rout™,1)) asatail. This path hasa maximum length of
40, soit canbe coveredby the path {{Aout *, 1), {Rout™,1),
(Ain™ 1), (Rout™,1)) which hasa minimum length of 1010.
Therefore,all pathswith a tail {({(Aout™, i), (Rout™, 1)) with
i > O arenotcritical (from Theoren?.1). To showthatall paths
with {({Aout~, 0}, (Rout~, 0)) asatail arenotcritical, we con-
structagraphG’ by removinganyeventswith occurrencéndex
i — 1, andaddthe resetrules. In this casewe did not rely on
any eventswith an occurrencendex i — 1 in our analysisso
the samecoveringrelationshold. Therefore,all occurrence®f
the rule (Aout™, Rout~,1, 0, [2,5]) arenot on a critical path
which meanghe rule is redundanaind canbe removed.

2.4 Complexity of the Algorithm

Althoughthe conditionusedin Algorithm 2.2 is only sufficient
and not necessg, meaningthat it may be possiblethat not
all redundantulesarefound,in all the exampleghat we have
synthesizé usingthis algorithm,we wereableto identify all the
redundantules. Therefore,given a cyclic specificatiorwith »
verticesande edgeswe only needo analyzgwo acyclicgraphs,
onewith 2v verticesand2e¢ edgesandonewith » verticesand
e edges.

3 Synthesisof Timed Cir cuits

Oncewe havedeterminedhe redundantules, we canthenuse

this informationto synthesizea timed circuit. This sectionde-

scribesa procedurdor doingsowhich utilizestiming constraints
for further reductions.

3.1 Adding Context Signals

Before we can generatea timed circuit, we must determine
which signalsneedto beaddedo preventransitionsfrom inter-

fering or misfiring Interferenceoccurswhena circuit is trying

to both pullup andpulldowna signalsimultaneouslyA misfire,

on the other hand,is whena signalthat is enabledto be low

(or high) is pulled up (or down) prematurely Onemethodoften
usedto preventtheseproblemsfrom occurringis to determine
the stateof all the signalswhen we want a transitionto oc-

cur. To this stateinformation, Booleanminimizationis applied
to derive an implementation.We choseto useanothermethod,
guard strergthering, developedy Martin [10] andimplemented
by Borkovic [11], becauseve canadda timing analysisto it to

achieveevenfurther complexity reduction. This algorithm uses
informationwe call the enabledstatedescribedbelow:

Definition 3.1 (EnabledState)For eachtransitions T, the en-
abledstateis of the form Q.+ = g+ 1, -+, Cet gy -+ Gt s
whete n is the numberof signalsin the specification. Each



For eachrule in whiche = 1, we mustadda specialresetrule
of theform (reset, f, 0,0, 7o) wherethe event{reset, 0} is the
initialization eventfor the system.This will allow usto specify
thetiming on initial occurrencsof events.

The last parameterto consideris the boundedtiming con-
straint 7. Timing constraintsfor an input rule (i.e., thosewith
theenalling eventfrom theenvironmentpareusuallydetermined
by interfacespecificions or datapathdelay estimates.Timing
condraintsfor aninternalevent-rulecanbe estimatedisingstan-
dard proceduresasedon fanin and fanout. After a circuit is
generatedmore accuratecircuit modelscanbe usedto deduce
a more accurateestimate. If this new estimateis outsidethe
rangeof the previousestimate thenthe synthesiproceduree-
quiresrerunningwith the revisedtiming constraints.In many
applicationsjnternaldelaysare negligiblecomparedo the long
environmen delays,thus allowing us to avoid the problem of
calculatingthe internal delayswhich are usuallyvery sensitive
to our optimizations.

A circuit examplespecifiedby its STG and part of its cor-
responihg ER systemare shownin figure 1. The solid dots
in figure 1a indicate the initial marking; i.e., theserules will
havee = 1. The numberson an arc representhe lower and
upperboundsof the timing constrainton the enabledransition.
This cyclic graphis unfoldedinto an infinite acyclic graph,or
an ER system,as shownin figure 1b. An exampleof a rule in
this ER systemis betweenthe two events{aout ~,7 — 1) and
{rint,3) which is of the form {aout™,rin™,4,1,[100Q ),
where* representaninfinite delay

Figurel: (a) The STG for an interconnectiorcircuit (courtesy
of [12]). (b) A subgraptof the infinite ER systemfor this STG.

2.2 Sufficient Condition for Rule Removal

Beforewe synthesize timed circuit, we first detectwhich rules
areredundant. A rule is redundantf it is implied by the timing
condraints. In otherwords, a redundantrule can be omitted
without changingthe set of possibleinterleavingsof events.
Only whentherearemultiple enablingrulesfor anenabledevent
cansomeof the enablingrules be redundant. In this section,
we will give the formalism neededio determinewhen a rule
is redundat andto prove that this is a sufficient conditionto
removea rule.

Definition 2.2 (Path) A path p is an ordered sequene of
events{eo, i0), {e1,21), ..., {en,in) and their correspond-
ing rules (80,81, ’il,’il — io, T1>, <61,62, iz,iz — il, T2)y wees
<6n_1,en,’in,in — in_l,Tn>, abbrevated as <<eo, io), €1, ’il),

s {€nytn)).

Definition 2.3 (Tail) Givena pathp = ({eo, 20), ..., {€n,tn)},
atail of p is anypath({ex, ix), ..., {en, tn)) Whichbeginswith
aneventn thepathp, followsthe samesequencasp after that
event,and endsin the samefinal event.

Definition 2.4 (Path Length) The minimum length of a path
p = {{€0,10), ..., {en,in)) is definedasi(p) = >_7_, Ik, and
the maximumengthof the pathis definedas«(p) = > _, ux,

giventhat 7 = [lx, ux] is the timing constraintbetweenthe
events(ek_l, ’ik_;L) and <6k, Zk>

Definition 2.5 (Cover) Giventwo pathsp: and p, which are
disjoint exceptfor the initial event §eo, o) and final event
{en, t») Whichtheyhavein commor{referredto asrecorvergent
paths).If {(p1) > u(p2), thenp, coversps.

Definition 2.6 (Earliest Firing Time) Giventhe setof all paths
P betweentwo events{eo, i0) and {ex,i»}, the earliestfiring
time of {en, 1, ) after {eo, i0) Is the maximumoverall the mini-
mumpath lengths,denotedas maz[l( P)].

Definition 2.7 (Critical Path) Giventhe setof all paths P be-
tweentwo events{eo, i0) and (ex, 2}, a critical pathp is any
pathwhose emawal fromthis setwouldchangeheearliestfiring
timeof (e, 1,) aftereventeo, 20); thatis, maz[l(P — {p})] #
maz[l(P)].

In the example depictedin figure 1, there are two re-
convegent pathsfrom event{Rout*, i) to event{Rout ™, 1),
namely ({ Rout* 1), {Aout™, 1), {Rout™,1)) and{{Rout* 1),
(Ain™ 1), {Rout™,1)). Sincethe minimum pathlengthalong
the secondoneis 1005while the maximum pathlength along
the first is 8, the secondpath coversthe first. In addition, we
seethat the earliestfiring time of {Rout™,3) after {Rout*, 1)
is maz[3,1005 = 1005

Lemma 2.1 Let p; bea pathin the setof all paths P between
the events{eo, 20) and (e, i»). If there existsa path p> which
coversa pathps, a tail of the path p1, thenp; is not a critical

path.

Proof: Giventhat p, coversps, they havean initial event
{ex,1x) in common(from definition 2.5). Let p, be a path
composeddf the eventsfrom (e, ip) t0 {ex, 1x} alongthe path
p1. Thereexistsa path ps in the set P which is composed
of the two pathsp, andp,. Thereforel(ps) = l(ps) + 1(p2)
(1) and(p1) = l(p4) + !(p3) (2) (from definition 2.4). We
alsoknow thatI(p») > u(p3) sincep, coversps (from defini-
tion 2.5). We observethat u(p3) > I(p3) (from definition2.1).
By transitivity we seethatlgpz) > {(p3) (3) which givesusthat
l(ps) > l(p1) (4) (from (1), (2), and (3)). The earliestfiring
time of {eg, 20} after {e,,i») 1s given by maz[I(P)] which is
equivalento maz[i(p1), {(ps), {(P — {p1} — {ps})] (from def-
inition 2.6). From (4), we seemaz l(P%] = maz[l(ps), (P —
{p1} — {ps})] = maz[l(P — {p1})]. Thereforethe pathp; is
not a critical path (from definition2.7). "

Definition 2.8 (RedundanRule)A reduindantrule is onewhich
neverappearson a critical path.

Lemma 2.2 If arule is reduncant it can be remowed from an
ER systermwithout changingthe specifiecbehavior
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Abstract

In this paperwe preset a synthesisnethodthat utilizestiming
condraintsto generatdimedasynchonauscircuits. By unfold-
ing the cyclic graph specificationof an asynchonous circuit

into an infinite acyclic graph, we are able to use efficiental-

gorithmsto analyzethe giventiming constraints. \We derive a
sufficientconditionfor the remowal of redurdarcy in the spec-
ification. Basedon this condition, we only needto analyzea
finite subgraphof the infinite acyclic graphfor derivationof a
corred implementation. To the redwced specification,we ap-
ply a systematicsynthesigprocedure that further optimizesthe
implementatiorbasedon the timing constraints. Using red-
istic circut exampleswe demonstratehat the reaulting timed
implementatiorcan be significantlyrediced in complexityfrom
its sped-indepa@dent counterpat while remaining hazad-free
underthe giventiming constraints.

1 Intr oduction

Speedindepexdent asynchronous circuits haverecently gained

much attentionbecausehey are robustto variationsin delays.

They are sometimesoverly conservéive sincein many cases
someknowledgeof the circuit delaysis available. The purpose
of this paperis to presenta methodologythat takesadvantage
of thesetiming constraintggate, wire, and environmentdelay
information)to synthesizeimed circuits. As long asthe given

bounddtiming constraintdold, atimed circuit retainsthe same
behavor with lesscircuit complexitythanits speed-indepelent

counterpé.

In orderto synthesizeimed circuits, it is necesary to de-
terminethe differencein the possiblefiring times betweentwo
transitionsin a circuit specification.Recently polynomialtime
algorithmshavebeendevelopedyy Vanbekegen[1] and Dill
[2] to determinethis value for acyclic graphs. To apply these
algorithmsto circuit synthesistheseresultsmust be expandd
to handlecyclic specifications One approachto this problem
is to unfold the cyclic graphinto an infinite acyclic graph[3].
We havederiveda sufficient conditionwhich breaksthe infinite
acydic graphinto afinite acyclicgraphsothatthesealgorithms
canbe usedto correctly detectredundantircuitry.

Usingtiming constraintdo simplify asynchonouscircuitsis
nota newideal[4] [5]; however mostof thesetechniquesvere
basel onaddingdelayelementgo avoidcircuit hazards We will
showthat hazard-fred¢imed circuits canbe synthesizedvithout
suffering any further delay comparedwith speed-indepedent
circuits, while usingthe timing constraintgo redicethe circuit
complexity In one practicalmemoryinterface[6] which was
designe for usewith an asynchronosimicroprocessof7], we
wereableto reducethe circuit complexity by 50 percentusing
very conservativdiming constraints.

This papercontainsfive sections.In section2, we describe
the specificationanguageandthe algorithm usedto detectre-

OThis researchwas supportedn partby an NSF Fellowship, ONR Grantno.
NO00#4-89-J-3@6, and a researchgrantfrom the Centerfor IntegratedSystems,
StanfordUniversity.

dundang in atimed specification.In section3, we discussthe
synthesigrocedureof timed circuits basedon the redundang
found from the algorithm. In section4, we presenthe memory
interfaceexample,and other synthesisexamples.In section5,
we give our conclusions

2 Timing Analysis on Timed Specifications

Many methodologieshave been proposedto specify asyn-
chronouscircuits. We have chosento use Burns’ event-rule
(ER) systeni3] for specificatiorasit facilitatesourtiming anal-
ysis. Eventsare occurrencesf transitions. Therearetwo tran-
sitionsassociatedvith eachsignal s in a specificationnamely
st where+ denoteghat the signals is changingfrom low to

high, ands ™~ where— denoteghatthesignals is changingrom
high to low. Rulesare relationshipsgoverningthe ordering of
events. An ER systemis an infinite weightedmarkeddireded
acyclic graph wherethe verticesare the events,the edgesare
the rules,andthe weightsare rangesof possibledelays.

It is shownin [3] thatspecificationshatarenot datadepen-
dentor disjunctivecan be transformedinto an ER system. A
specificationis data dependet if one of two or more possible
pathsof actionis chosenby the environment. Specifications
with datadependaciescan often be decompoed into several
subgraphsvhich canbe analyzedndividually. A specification
is disjunctiveif thereexistsa transitionin the specificéion that
is specifiedo occurafter eitheronetransitionor anotherbut not
necesarily both. In addition to the aboverestriction on spec-
ifications, we presentlyallow only one rising and one falling
transitionof eachsignalin the specification.Specificationsom-
piled usingMartin’s communicatingsequentiaproces®s(CSP)
synthesignethod[8] andin the form of Chu’s signal transition
graphs(STG) [9] have both beentransformedinto event-rule
systems.

2.1 The Event-Rule System

In this section,we briefly describethe ER system.For a more
completedescriptionpleaserefer to [3].

Definition 2.1 (Event-RuleSystem)An event-rulesystemis a
pair (£, R) whee E is a setof eventsand R is a setof rules.
Eachrule is denotedas (e, f, i,e, ) for i > e, where {e,1 —
e) and {f,1) are two eventsof two transitionse and f, i is
the occurrencendex ¢ is the occurrence-indegrffset andr =
[l,u] wher is the lower-bourd and » is the upperbourd of
the timing constrainton the rule. A rule can be written in the

form {e,i—e) +> (f, 1) whichrepreentstwo verticesconnected
by an edgein the infinite graph of the ER system.

In a rule the occurrence-index is usedto denoteeachsep-
arateinstanceof a particulartransition. The first occurrenceof
a transitionhas: = 0, and: incrementswith eachfollowing
occurrence.

The value of ¢ is the differencein the occurrence-indexf
the enabledtransition f andthe enablingtransitione. Under
the assumptiorthat we only have one rising and one falling
transitionof eachsignal,e canonly takeon the valuesO or 1.



