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Table1: Comparisionof productionrules for speed-independent andtimed versionsof the MMU.

ExamplesOptimizedwith Timing
Speed-Independent Timed
Trigger Context Trigger Context

Example Signals Signals Signals Signals
PipelineHandshake[12] 8 0 6 0
MMU unopt[6] 13 3 9 2
MMU opt 15 7 9/7 4/2
Microprocessor[7] [3]

Fetch 8 sv 6 6
PCAdd 10 sv 7 4
Exec 42 sv 26 4
ALU 26 sv 17 sv

Table2: An entry of “sv” undercontextrulesindicatesthat a statevariableis neededfor synthesis.For the timed implementationof
theoptimizedMMU, the first numberis without sharinggatesfor rao andbo, andthe secondnumberis with the gateshared.
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nicatingProcesses to Delay-InsensitiveVLSI Circuits”. In
C.A.R. Hoare,editor, UT Year of ProgrammingInstitute
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[9] Tam-AnhChu. Synthesisof Self-TimedVLSICircuitsfrom
Graph-theoretic Specifications. PhD thesis,Massachusetts
Instituteof Technology, 1987.

[10] Alain J. Martin. “Formal ProgramTransformationsfor
VLSI Circuit Synthesis”. In E.W. Dijkstra, editor, UT Year
of ProgrammingInstituteonFormalDevelopmentsof Pro-
gramsandProofs. Addison-Wesley, 1989.
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timed Circuit Synthesiswith Timing Constraints”.In Pro-
ceedingsof the IEEE ISCAS90, May 1990.
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As we can seeabove,the uncertaintyin the value of
�
�����

hasbeenremovedwhentiming is incorporated.From thespec-
ification given in figure 3b, we seethat the transition

�!� �
�'�
hasonly onerule enablingit from

�
�����4�
which thuscannotbe

redundant. Using just this signal to pull
�	� ���

up may cause
a problemin the original enabledstate,becausewhen

�	� �
�
is

beingpulleddown,
�
�����

is in an indeterminatestate.Therefore,
interferencebetweenthe pullup andthe pulldown of the signal
may be possible. This problemcanbe alleviatedby using ei-
ther the signal

�	� �
�
or
�
�����

asa contextsignalsincethey are
definitely disabledwhen

�	� �
�
is pulled down. If we look at

the timed enabledstate,however, we seethat
�
�����

hasindeed
gonelow beforewe want to pull

�!� �
�
down. Therefore,tak-

ing the timing constraintsinto consideration,we do not needto
add an extra contextsignal for this transition, simplifying the
implementation.Using this analysis,we canremove3 of the 7
contextsignalsneededin thespeed-independent implementation
for our timed implementation.

4.3 Speed-Independent vs. Timed Implementation

After adding context signalsto our original specification,we
require 22 literals for a speed-independent implementationas
shownin table1. Given the timing constraints,we canreduce
thecircuit to only 9 literals. Thus,we havereducedour circuit
complexityfrom thespeed-independent implementationby over
50 percentusing conservativetiming constraints. A complex
gateimplementationfor bothis shownin figure4. Notethatthis
reductionwaspossiblenot only becauseof removingredundant
literals,but alsobecausewe couldcombinethegateneededfor
implementing

�����
and

���
.
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Figure 4: (a) The speed-independent implementationof the
MMU. (b) The timed implementationof the MMU.

4.4 Other Examples

Wehavealsosynthesizedmanyothercircuit examplesasshown
in table2. In thepipelinehandshakeexample,we usedthe tim-
ing constraintsgivenin [12] whichareshownin figure1. In this
example,we noticethatwe canremovetwo trigger signals.For
the MMU, we seethat the versionoptimized for concurrency
hasa more complexspeed-independent implementation,but a
lesscomplextimed implementation.The specificationsfor the

microprocessordescribedin [7] aretakenfrom [3]. For thesecir-
cuits,weusedsimilar timing assumptionsasthosefor theMMU.
All of the microprocessorspecificationsneededstatevariables
for a speed-independent implementation;however, threeof the
four couldbeimplementedwithout statevariablesif timing con-
straintswereadded.

5 Conclusionsand Futur e Research
We have developeda synthesisprocedurefor timed circuits
basedon a timing analysison infinite acyclicgraphs.We show
that a sufficient condition for the removalof redundancyin a
specificationcanbe found by examininga finite portion of the
graph.To implementa timedcircuit without circuit hazardsun-
der given timing constraints,we apply the timing analysisto
optimizing a circuit implementation. Our resultsindicate that
by using conservativetiming constraints,we can significantly
reducea circuit’s complexity. While it is obviousthat areais
reduced,we also havean increasein performancebecause we
are able to synthesizemore concurrentspecificationsthan can
often be consideredpractical using speed-independent design
techniques.

Futurework includesthe investigationof the necessary con-
dition for removalof redundantrules. We believethat

�&�
�
legal

redundantrules should be detectableby tracing only a finite
portion of anunfoldedcyclic graph.Other future goalsinclude
automationof the timing analysisand the synthesisprocedure,
andthe IC designof interestingtimedcircuits to assessthearea
andperformancegain.
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5�687:9 ; is determinedas follows: for <>= 1
�
2
�
. . .
��,

, if while
the transition

���
is enabled,the signal

� ; is stablelow, then5�687:9 ;@? 0; if the signal
� ; is stablehigh, then 5&687A9 ;-? 1; and

if thesignal
� ; is changing,then 5B687A9 ;@? 2 . Theenabledstate

for the transition
���

is similarly defined.

An algorithm to derive the enabledstateand to determine
a minimal set of contextsignalswhich needto be addedinto
the circuit implementationto prevent the problemsdescribed
abovehasbeendeveloped[11]. Using our timing analysis,we
canremovemanyof thesecontextsignals.After we detectthe
redundant rules,we constructanenabledstatefrom theoriginal
specification. We thenremovemuchof the uncertainty, or X’ s,
from the enabledstateby checkingthe coveringof the paths
betweeneventsin a similar fashionas in the previoussection.
Usingthis timedenabledstateandtheremainingnon-redundant
rules,we determinea minimal set of contextsignals. The set
usually containsfewer context signals than that neededin a
speed-independent implementation.

3.2 Complex Gate Cir cuit Implementation
For eachoutput signal,

�
, the trigger signals(i.e. thosegiven

in the rules) and the context signalsfor
�C�

are implemented
in seriesin a pullup network,andsimilarly, the signalsneeded
for

���
are implementedin seriesin a pulldown network. The

resultingcircuit is a state-holdingelementcalleda generalized
C-element[8], andsomeexamplesareshownin figure 2a with
the rules that they implement. If a signal appearsonly in the
pullup, but not in the pulldown,thenit is annotatedwith a “+”.
If a signal appearsonly in the pulldown then it is annotated
with a “-”. Otherwise,the signalhasno annotation.A CMOS
implementationfor the third elementis shownin figure2b.
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Figure2: (a) Schematicsymbolsfor a generalizedC-element.
Thefirst is the Muller C-element;the secondis a set/resetflip-
flop; andthe implementationof the third is given in (b) (Cour-
tesyof [3]).

Thedegreeof complexity reductionin a timed circuit com-
paredto a speed-independent one is dependent on the amount
of concurrencyin thespecification.While this reductionof cir-
cuit complexitydoesnot reducethe numberof gatetransitions
in the critical path (becausewe usea complex-gateapproach
for implementation),increasein speedcan be realizedin that
a complexgatewith smallernumbersof fanin and fanout will
switch faster. We also believeperformancewill be enhanced
dueto the fact that timedcircuits allow moreconcurrencyto be
specified.

4 Example: A Memory Management Unit
In this section, we presentan exampleof a simple memory
managementunit (MMU) designedfor usewith a 16-bit asyn-

chronousmicroprocessor[7]. The original implementationwas
derivedusingMartin’s synthesismethod[6]. A versionof this
specificationwhich hasbeenoptimizedfor concurrencywill be
presentedhere. There are six possiblecycles that the MMU
control circuit can enter, dependingon the whims of the en-
vironment. The 6 cyclescan be independently designedand
mergedtogetherto get theoverall implementation.For simplic-
ity, we discussonly the designof onecycle: loading from the
segmentationreadregister, which is shownin figure3. For our
timedimplementation,wehavetakenall theinternaltiming con-
straintsto be negligibleandthe environmenttiming constraints
to be large. We also assumethat all signalsare initially reset
low. A soliddotonanarcindicatestheinitial markingfor which
the correspondingrule has DE= 1.
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Figure 3: (a) Block diagramfor part of the MMU controller.
(b) TheSTGspecification for theMMU with timing constraints
added. The OCi, Ci, and Ri’s on the graphindicatebounded
timing constraintsfrom off-chip, computation,and resetinga
computation,respectively.

4.1 Removing Redundant Rules
To generateour timed implementation,we must first checkall
eventsassociatedwith multiple rules (i.e. all transitionswith
multiple arcs leadinginto them) for redundantrules given the
specifiedtiming constraints.We makethe following delayas-
sumptions: off-chip delaysare greaterthan computationalde-
lays (

�8J8KML N8O-PRQ'J8L NSO
), computationaldelaysare greaterthan

delaysfrom resetinga computation(
�8JSL N OTPUQ'J8V N O

), and de-
lays from resetinga computationare much greaterthan inter-
nal delays(

�8J8V N OTW �S,�/1.���,'��� � .�����X&�
). Let us examinethe

ruleson the event Y �����B�����[Z from the events Y �����4�\���'] 1
Z

and
Y �	� �
�[�\���[Z . We seethat the path Y1Y �������^����] 1

Z�� Y ���&�4������]
1
Z�� Y ���&���\���SZ4Z has length of

V
0 and the path Y1Y �����_�\���-]

1
Z�� Y �
�������`�"�\] 1

Za� Y �	� �
�C�`����] 1
Z�� Y �!� �
�b� ���SZa� Y �������\���SZ1Z has

length
KML

1. Therefore,the secondpath coversthe first so all
pathswith a tail Y4Y ���&�b� ����] 1

Z�� Y ������� ���SZ4Z arenot critical. Since
the timing on event Y ���&�&��� 0Z is trivially satisfiedbecause the
signal

�����
is initially low, the rule from

�����c�
to
�������

is re-
dundant. This procedureis repeatedfor all other eventswith
multiple rules,andwe find that 6 out of the 15 ruleson output
signalsin the original specificationareredundant.

4.2 Adding Context Signals
To determinewhichcontextsignalsmustbeadded,wemustfirst
determinethetimedenabledstatefor eachsignalusingthedelay
assumptions.Partof the resultingenabledstatewith no timing
constraintsandthe timed enabledstatefor the signal

�!� �
�
are

shownbelow:



Proof: Sincea rule is to specifythatoneeventoccursbefore
another, we needto showthat the rule is not neededto prevent
the enabledevent from firing too early (from Definition 2.1).
Givena redundantrule Y .���d_���1� D ��eCZ , let f bethesetof all paths
betweenthe two eventsY ��.���.0/a� 0Z and Y d_���SZ . Let fTg be the set
of all pathswith thetail Y1Y .�����] D Z , Y d_���SZ1Z . All pathsin theset f g
arenotcritical (from Definition2.8). If weremovetheredundant
rule, we also removeall paths f g from f . Sincethey arenot
critical, their removaldoesnot changethe earlistfiring time ofY d����[Z after Y ��.���.0/a� 0Z ; i.e.

� ��hji �8J f ] f g OSk = � ��h'i �8J f OSk (from
Definition 2.7).

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

2.3 Algorithm for Detecting Redundant Rules
In our ER systems,eachrule will appearan infinite numberof
times; however, it is not necessary 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 providea sufficient conditionunderwhich only
two occurrences of eachrule needto be checked(proven in
Theorem2.1). Lemma2.1 further simplifiesour analysisin that
we neednot examinethewholegraphto showthata pathis not
critical sinceit is sufficient to showthis by finding a tail of this
pathwhich is covered.

Algorithm 2.1 On Critical Path ( l ,
����Q$��m".

, Y . ; , d ,
�
, D ; , e ; Z )

For eachpathwhich startswith the event Y ����Q���m�.����$] 1
Z

and
endswith the rule Y . ; , d ,

�
,D ; , e ; Z or Y ����Q���m". , d ,

�
,0,
i
0
��nok�Z

If there existsa tail of this path coveredby a path that
endsin a different rule Y .�p , d ,

�
, D p , e4p�Z where

. ;%q= ."p
thenreturn(false)
elsereturn(true)

Algorithm 2.2 Find Redundant Rules
Givenan ER system

Construct graph l excludingresetrules which includesonly
events with indicies

�']
1 or

�
for an arbitrary

��P
0

Addan event Y ����Q���m".��b�'] 1
Z

to setof vertices
For eachrule of the form Y . , d ,

�']
1,1,

eBZ
(i.e. D@= 1)

Adda rule of the form Y ����Q���m". , d ,
��]

1,0,
i
0
�bnok
Z

For eachevent Y d_�1�[Z with multiple rules
For eachrule of the form Y . ; , d ,

�
,D ; , e ; Z

If not (On Critical Path ( l ,
����Q���m�.

, Y . ; , d ,
�
,D ; , e ; Z ))

thenconstructa graph lsr including reset rules
which includesonly eventswith

� = 0
If not (On Critical Path ( ltr , ��.���.0/ , Y . ; , d ,0,D ; , e ; Z ))
thenadd rule to setof redundant rules

Theorem 2.1 Algorithm 2.2 is sufficientto determineif a rule
canbe removed.

Proof: (by induction) Basecase: Algorithm 2.2 explicitly
checks that for

� = 0 the rule is not on a critical path. This is
doneby usingAlgorithm 2.1whichchecksthatthereis sometail
of thispathwhich is coveredby anotherpath(from Lemma2.1).
Inductivestep:Giventhatthealgorithmalsodeterminesif some
arbitraryvalueof

�
is noton acritical path,we constructagraph

that includesonly occurrenceindicesof
�

and
��u

1. This graph
would havethe sameform as l from Algorithm 2.2. Sincewe
found that the

�bvcw
occurrencewas not on a critical path when

examining l , this later occurrencewill also be found not to
appear on a critical path. Sinceno occurrenceof a rule appears
on a critical path, the rule is redundantand can be removed
(from Definition 2.8 andLemma2.2).

To identify redundantrules, we useAlgorithm 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 are given that Y . ; �"�'] D ; Z
is one of the enablingeventsof Y d_���SZ , we usethe polynomial
time algorithmsdescribedin [1] or [2] to find theminimumtime
differencebetweenY . ; ���A] D ; Z and Y d_���SZ . If it is greaterthanQ ; , where

Q ; is theupperboundon the timing constraintof the
rule betweentheseevents,then the rule betweentheseevents
cannotbe on a critical path.

We also proposean alternativealgorithm which detectsre-
dundantrulesby looking for coveredpathsasdescribedin Al-
gorithm 2.1. This algorithm we will outline with an exam-
ple. Referring back to figure 1, we first constructthe graphl asdescribedin Algorithm 2.2. We will analyzethe enabling
rulesfor theevent Y Vt��QC/��^���SZ : Y[x ��QC/"�^��Vt��QC/"�^���1� 0 �"i 2 � 5k
Z and
Y[x �S,j�\��Vt��QC/"�^���1� 0 �"i 5 � 7k�Z . Earlier, it wasshownthat the path
Y4Y Vt��QC/��\���[Z , Y[x ��QC/"�`���[Z , Y Vt��QC/��^���SZ4Z wascovered.Therefore,
from Lemma 2.1, all paths with this path as a tail, such asY4Y[x ��QC/��`���SZ , Y Vt��QC/1uy���SZ , Y[x ��QC/0�`���SZ , Y Vt��QC/��^���SZ4Z , arenot crit-
ical. Thereareotherpaths,however, that do not havethis path
asa tail but havethe path Y4Y[x ��QC/��`���SZ , Y Vt�[,A� ���[Z , Y[x ��QC/"�`�"�[Z ,
Y Vt��QC/"�^���SZ4Z as a tail. This path has a maximum length of
40, so it canbe coveredby the path Y4Y[x ��QC/C�\���SZ , Y VE��QC/4�\�"�[Z ,
Y[x �S,j�\���SZ , Y Vt��QC/��\���[Z4Z which hasa minimum length of 1010.
Therefore,all pathswith a tail Y4Y[x ��QC/0�`�"�[Z , Y Vt��QC/��`�"�[Z4Z with��P

0 arenotcritical (from Theorem2.1). To showthatall paths
with Y1Y[x ��QC/��`� 0Z , Y Vt��QC/0�^� 0Z4Z asa tail arenotcritical, we con-
structa graph lyr by removinganyeventswith occurrenceindex�']

1, andaddthe resetrules. In this case,we did not rely on
any eventswith an occurrenceindex

�:]
1 in our analysisso

the samecoveringrelationshold. Therefore,all occurrencesof
the rule Y[x ��QC/0�^��Vt��QC/"�^���1� 0 �"i 2 � 5k
Z are not on a critical path
which meansthe rule is redundantandcanbe removed.

2.4 Complexity of the Algorithm
Although the conditionusedin Algorithm 2.2 is only sufficient
and not necessary, meaningthat it may be possiblethat not
all redundantrulesare found, in all the examplesthat we have
synthesized usingthis algorithm,wewereableto identify all the
redundantrules. Therefore,given a cyclic specificationwith z
verticesand

.
edges,weonlyneedto analyzetwo acyclicgraphs,

onewith 2z verticesand2
.

edgesandonewith z verticesand.
edges.

3 Synthesisof Timed Cir cuits
Oncewe havedeterminedthe redundantrules,we canthenuse
this information to synthesizea timed circuit. This sectionde-
scribesaprocedurefor doingsowhichutilizestiming constraints
for further reductions.

3.1 Adding Context Signals
Before we can generatea timed circuit, we must determine
whichsignalsneedto beaddedto preventtransitionsfrom inter-
fering or misfiring. Interferenceoccurswhena circuit is trying
to bothpullup andpulldowna signalsimultaneously. A misfire,
on the other hand,is when a signal that is enabledto be low
(or high) is pulledup (or down)prematurely. Onemethodoften
usedto preventtheseproblemsfrom occurringis to determine
the stateof all the signalswhen we want a transition to oc-
cur. To this stateinformation,Booleanminimization is applied
to derivean implementation.We choseto useanothermethod,
guardstrengthening, developedby Martin [10] andimplemented
by Borković [11], becausewe canadda timing analysisto it to
achieveevenfurther complexityreduction.This algorithmuses
informationwe call the enabledstatedescribedbelow:

Definition 3.1 (EnabledState)For eachtransition
�$�

, the en-
abled state is of the form

( 687{?|5�687A9
1
�
. . .
� 5�687A9 ; � . . .

� 5�687A9 } ,
where n is the numberof signals in the specification. Each



For eachrule in which D@= 1, we mustadda specialresetrule
of theform Y ��.���."/���d_� 0 � 0 ��e 0

Z
wheretheevent Y ��.���.0/a� 0Z is the

initialization eventfor thesystem.This will allow us to specify
the timing on initial occurrences of events.

The last parameterto consideris the boundedtiming con-
straint

e
. Timing constraintsfor an input rule (i.e., thosewith

theenabling eventfrom theenvironment)areusuallydetermined
by interfacespecifications or datapathdelayestimates.Timing
constraintsfor aninternalevent-rulecanbeestimatedusingstan-
dard proceduresbasedon fanin and fanout. After a circuit is
generated, moreaccuratecircuit modelscanbe usedto deduce
a more accurateestimate. If this new estimateis outsidethe
rangeof thepreviousestimate,thenthe synthesisprocedurere-
quiresrerunningwith the revisedtiming constraints. In many
applications,internaldelaysarenegligiblecomparedto the long
environment delays,thus allowing us to avoid the problemof
calculatingthe internal delayswhich areusuallyvery sensitive
to our optimizations.

A circuit examplespecifiedby its STG andpart of its cor-
responding ER systemare shownin figure 1. The solid dots
in figure 1a indicate the initial marking; i.e., theserules will
have D	= 1. The numberson an arc representthe lower and
upperboundsof the timing constrainton the enabledtransition.
This cyclic graphis unfoldedinto an infinite acyclic graph,or
an ER system,asshownin figure 1b. An exampleof a rule in
this ER systemis betweenthe two events Y ����QC/B�\���A] 1

Z
and

Y ���S,$�\���SZ which is of the form Y ����QC/"�^�����S,j� ���1� 1 �"i 1000
�1~�k
Z

,
where* representsan infinite delay.
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Figure1: (a) The STG for an interconnectioncircuit (courtesy
of [12]). (b) A subgraphof the infinite ER systemfor this STG.

2.2 Sufficient Condition for Rule Removal

Beforewe synthesizea timedcircuit, we first detectwhich rules
areredundant. A rule is redundantif it is implied by the timing
constraints. In other words, a redundantrule can be omitted
without changingthe set of possibleinterleavingsof events.
Only whentherearemultiple enablingrulesfor anenabledevent
can someof the enablingrules be redundant. In this section,
we will give the formalism neededto determinewhen a rule
is redundant and to prove that this is a sufficient condition to
removea rule.

Definition 2.2 (Path) A path � is an ordered sequence of
events Y . 0

���
0
Z
, Y . 1

���
1
Z
, . . . , Y . } ��� } Z and their correspond-

ing rules Y . 0
��.

1
���

1
���

1
]��

0
��e

1
Z
, Y . 1

��.
2
���

2
���

2
]��

1
��e

2
Z
, . . . ,Y . } � 1

��. } ��� } ��� } ]>� } � 1
��e } Z , abbreviated as Y4Y . 0

���
0
Z
, Y . 1

���
1
Z
,

. . . , Y . } ��� } Z4Z .
Definition 2.3 (Tail) Givena path ��=�Y4Y . 0

���
0
Z
, . . . , Y . } ��� } Z1Z ,

a tail of � is anypath Y4Y . ; ��� ; Z , . . . , Y . } ��� } Z4Z whichbeginswith
an eventin thepathp, followsthesamesequenceasp after that
event,and endsin the samefinal event.

Definition 2.4 (Path Length) The minimum length of a path�!=RY4Y . 0
���

0
Z
, . . . , Y . } ��� } Z4Z is definedas

�8J � O ?�� };��
1

� ; , and
themaximumlengthof thepathis definedas

Q'J � O ? � };��
1

Q ; ,
given that

e ; ? i � ; ��Q ; k is the timing constraintbetweenthe
eventsY . ; � 1

��� ; � 1
Z

and Y . ; ��� ; Z .
Definition 2.5 (Cover) Given two paths � 1 and � 2 which are
disjoint except for the initial event Y . 0

���
0
Z

and final eventY . } ��� } Z whichtheyhavein common(referredto asreconvergent
paths). If

�8J � 1
O P>Q'J � 2

O
, then � 1 covers� 2.

Definition 2.6 (Earliest Firing Time)Giventhesetof all pathsf betweentwo events Y . 0
���

0
Z

and Y . } ��� } Z , the earliest firing
time of Y . } ��� } Z after Y . 0

���
0
Z

is the maximumoverall the mini-
mumpath lengths,denotedas

� ��hji �8J f O[k .
Definition 2.7 (Critical Path) Giventhe setof all paths f be-
tweentwo eventsY . 0

���
0
Z

and Y . } ��� } Z , a critical path � is any
pathwhoseremoval fromthissetwouldchangetheearliestfiring
timeof Y . } ��� } Z after eventY . 0

���
0
Z
; that is,

� ��hji �8J f ]s� �'� OSk q=� ��hji �8J f O[k .
In the example depicted in figure 1, there are two re-

convergent pathsfrom event Y VE��QC/��\���SZ to event Y Vt��QC/��`�"�[Z ,
namely, Y4Y Vt��QC/��\���[Z , Y[x ��QC/"�`���SZ , Y Vt��QC/��\���[Z4Z and Y4Y Vt��QC/"�\�"�[Z ,
Y[x �S,j�\���SZ , Y Vt��QC/��^���SZ4Z . Sincethe minimum path lengthalong
the secondone is 1005while the maximumpath lengthalong
the first is 8, the secondpath coversthe first. In addition,we
seethat the earliestfiring time of Y VE��QC/��\���[Z after Y Vt��QC/4�\���SZ
is
� ��hji

3
�
1005

k = 1005.

Lemma 2.1 Let � 1 bea path in the setof all paths f between
the eventsY . 0

���
0
Z

and Y . } ��� } Z . If there existsa path � 2 which
coversa path � 3, a tail of the path � 1, then � 1 is not a critical
path.

Proof: Given that � 2 covers� 3, they havean initial eventY . ; ��� ; Z in common(from definition 2.5). Let � 4 be a path
composedof the eventsfrom Y . 0

���
0
Z

to Y . ; ��� ; Z alongthe path� 1. There exists a path � 5 in the set f which is composed
of the two paths � 4 and � 2. Therefore,

�8J � 5
O = �8J � 4

O`u��SJ � 2
O

(1) and
�8J � 1

O = �8J � 4
O\u��8J � 3

O
(2) (from definition 2.4). We

alsoknow that
�8J � 2

OtP{Q'J � 3
O

since � 2 covers� 3 (from defini-
tion 2.5). We observethat

Q'J � 3
O#���SJ � 3

O
(from definition 2.1).

By transitivity we seethat
�8J � 2

O P>�8J � 3
O

(3) which givesusthat�8J � 5
O�PR�8J � 1

O
(4) (from (1), (2), and (3)). The earliestfiring

time of Y . 0 ��� 0 Z after Y . } ��� } Z is given by
� �&h'i �8J f OSk which is

equivalentto
� ��h'i �8J � 1

O����8J � 5
O����8J f ]�� � 1 � ]o� � 5 � OSk (from def-

inition 2.6). From (4), we see
� �&h'i �8J f OSk = � �&h'i �8J � 5

O����8J f ]� � 1 � ]�� � 5 � OSk = � ��hji �8J f ]>� � 1 � OSk . Therefore,the path � 1 is
not a critical path(from definition2.7).

Definition 2.8 (RedundantRule)A redundant rule is onewhich
neverappearson a critical path.

Lemma 2.2 If a rule is redundant it can be removed from an
ER systemwithout changingthe specifiedbehavior.
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Abstract

In this paperwe present a synthesismethodthat utilizes timing
constraints to generatetimedasynchronouscircuits. By unfold-
ing the cyclic graph specificationof an asynchronous circuit
into an infinite acyclic graph, we are able to useefficiental-
gorithmsto analyzethe given timing constraints. We derivea
sufficientcondition for the removal of redundancy in the spec-
ification. Basedon this condition, we only needto analyzea
finite subgraphof the infinite acyclic graph for derivationof a
correct implementation. To the reduced specification,we ap-
ply a systematicsynthesisprocedure that further optimizesthe
implementationbasedon the timing constraints. Using real-
istic circuit examples,we demonstratethat the resulting timed
implementationcanbe significantlyreduced in complexityfrom
its speed-independent counterpart while remaininghazard-free
underthe giventiming constraints.

1 Intr oduction
Speed-independent asynchronouscircuits haverecentlygained
muchattentionbecausethey arerobustto variationsin delays.
They are sometimesoverly conservative since in many cases
someknowledgeof thecircuit delaysis available.Thepurpose
of this paperis to presenta methodologythat takesadvantage
of thesetiming constraints(gate,wire, and environmentdelay
information) to synthesizetimedcircuits. As long asthe given
boundedtiming constraintshold,a timedcircuit retainsthesame
behavior with lesscircuit complexitythanits speed-independent
counterpart.

In order to synthesizetimed circuits, it is necessary to de-
terminethe differencein the possiblefiring timesbetweentwo
transitionsin a circuit specification.Recently, polynomial time
algorithmshavebeendevelopedby Vanbekbergen[1] andDill
[2] to determinethis value for acyclic graphs. To apply these
algorithmsto circuit synthesis,theseresultsmust be expanded
to handlecyclic specifications. One approachto this problem
is to unfold the cyclic graphinto an infinite acyclic graph[3].
Wehavederiveda sufficient conditionwhich breaksthe infinite
acyclic graphinto a finite acyclicgraphsothat thesealgorithms
canbe usedto correctlydetectredundantcircuitry.

Usingtiming constraintsto simplify asynchronouscircuits is
not a newidea[4] [5]; however, mostof thesetechniqueswere
basedonaddingdelayelementsto avoidcircuit hazards.Wewill
showthat hazard-freetimed circuits canbesynthesizedwithout
suffering any further delay comparedwith speed-independent
circuits,while usingthe timing constraintsto reducethe circuit
complexity. In one practicalmemory interface[6] which was
designed for usewith an asynchronous microprocessor[7], we
wereableto reducethe circuit complexityby 50 percentusing
very conservativetiming constraints.

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

0This researchwas supportedin part by an NSF Fellowship,ONR Grantno.
N00014-89-J-3036, anda researchgrantfrom the Centerfor IntegratedSystems,
StanfordUniversity.

dundancy in a timed specification.In section3, we discussthe
synthesisprocedureof timed circuits basedon the redundancy
found from the algorithm. In section4, we presentthememory
interfaceexample,andother 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)system[3] for specificationasit facilitatesour timing anal-
ysis. Eventsareoccurrencesof transitions.Therearetwo tran-
sitionsassociatedwith eachsignal

�
in a specification,namely,���

where
u

denotesthat the signal
�

is changingfrom low to
high,and

���
where

]
denotesthatthesignal

�
is changingfrom

high to low. Rulesare relationshipsgoverningthe orderingof
events. An ER systemis an infinite weightedmarkeddirected
acyclic graph wherethe verticesare the events,the edgesare
the rules,andthe weightsarerangesof possibledelays.

It is shownin [3] thatspecificationsthatarenot datadepen-
dent or disjunctivecan be transformedinto an ER system. A
specificationis data dependent if one of two or morepossible
pathsof action is chosenby the environment. Specifications
with datadependenciescan often be decomposed into several
subgraphswhich canbe analyzedindividually. A specification
is disjunctiveif thereexistsa transitionin the specification that
is specifiedto occuraftereitheronetransitionor another, butnot
necessarily both. In addition to the aboverestriction on spec-
ifications, we presentlyallow only one rising and one falling
transitionof eachsignalin thespecification.Specificationscom-
piled usingMartin’s communicatingsequentialprocesses(CSP)
synthesismethod[8] andin the form of Chu’s signal transition
graphs(STG) [9] haveboth 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 Y +���VtZ where

+
is a setof eventsand

V
is a setof rules.

Eachrule is denotedas Y .��bd����b� D ��eBZ for
�@� D , where Y .����A]D ZT��, � Y d_���SZ are two eventsof two transitions

.
and

d
,
�

is
the occurrence-index, D is the occurrence-indexoffset, and

e ?i �8��Q�k
where

�
is the lower-bound and

Q
is the upper-bound of

the timing constrainton the rule. A rule can be written in the
form Y .��1��] D Z���
 Y d_���SZ whichrepresentstwo verticesconnected
by an edgein the infinite graphof the ER system.

In a rule the occurrence-index
�

is usedto denoteeachsep-
arateinstanceof a particulartransition. The first occurrenceof
a transition has

� = 0, and
�

incrementswith eachfollowing
occurrence.

The value of D is the differencein the occurrence-indexof
the enabledtransition

d
and the enablingtransition

.
. Under

the assumptionthat we only have one rising and one falling
transitionof eachsignal, D canonly takeon the values0 or 1.


