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Abstract

Theapplicationof retimingandclock skew schedulingor improv-
ing the operatingspeedof synchronou<ircuits undersetupand
hold constraintds investigatedn this paper It is shavn thatwhen
both long and short pathsare considered circuits optimized by
the simultaneouspplicationof retimingandclock schedulingcan
achieve shorterclock periodsthanoptimizedcircuits generatedby
applyingeitherof the two techniqueseparately A mixed-inteyer
linearprogrammindormulationandanefficientheuristicaregiven
for the problemof simultaneousetimingandclock skev schedul-
ing undersetupandhold constraintsExperimentsvith benchmark
circuits demonstratehe efficiency of this heuristicandthe effec-
tivenesf thecombinedoptimization.All of thetestcircuitsshow
improvement.For morethanhalf of them,the maximumoperating
speedncreasedy morethan21% over the optimizedcircuits ob-
tainedby applyingretimingor clock skew schedulingseparately

1 Introduction

Retiming improves the speedof a digital circuit by relocatingits
storageelementswvhile preservinghe functionality of the original
design. Clock schedulingachievesthe sameeffect asretiming by
introducingskew betweerthe clock signalsthat controlthetiming
of the storageelementswithin a circuit. This paperinvestigates
the simultaneouspplicationof retiming and clock schedulingfor
increasingthe operatingspeedof a digital circuit. The combined
applicationof thetwo optimizationtechniquesddsflexibility dur
ing circuit synthesis.Moreover, it resultsin fastercircuits thanif
eitherof thetwo optimizationsis appliedseparately

Two main contributions are presentedn this paper First, the
problemof simultaneousetimingandclock schedulingindersetup
and hold constraintds formulatedas a mixed-inteer linear pro-
gram (MILP) with O( E?) constraintswhere E is the numberof
wiresin thecircuit. This programcanbe solvedexactly usinggen-
eralMILP solwversthatrely on branch-and-bound’heseconccon-
tribution of this paperis an efficient andeffective heuristicscheme
for simultaneousetimingandclock scheduling.

Experimentswith benchmarlcircuitsfrom the LGSynth93and
ISCAS89suitesdemonstrat¢hat simultaneousetimingandclock
schedulingcanyield significantly fastercircuits thanthe indepen-
dentapplicationof thetwo optimizationtechniquesThey alsoindi-
catethekindsof circuit structureghataremoreamenabléo speed-
up by retimingandclock skew scheduling For morethanonehalf
of the testcircuits, the maximumoperatingspeedmproved by at
least21%over separateetimingor clock skew scheduling.More-
over, our heuristicschemewvasordersof magnitudemoreefficient
thanthe MILP solver with no sacrificein accurag.
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Figurel: Simultaneousetiming andclock skew scheduling.(a)
Original circuit. (b) Fastestretimed circuit with zero skew. (c)
Fastestetimedcircuit with nonzeroskew.

Dueto theircomplementaryature retimingandclock schedul-
ing have usuallybeeninvestigatedseparately Retiming hasbeen
investigatedor a variety of clockingdisciplines[7, 9, 11, 16|, de-
lay models[8, 17], andoptimizationobjectves|[1, 4, 13, 15]. A
linear programmingformulation of the clock schedulingproblem
wasfirst describedn [5]. A graph-theoreticadpproachto clock
schedulingvaspresentedn [3]. The combinedapplicationof re-
timing andclock schedulingvasdiscussedn [12]. Retimingand
clock schedulingor maximumtoleranceo delayvariationsunder
setupandhold constraintsvasinvestigatedn [10]. A two-steppro-
cedurefor maximizingthe operatingfrequeng of a synchronous
circuit by combiningretiming andclock schedulingwvasproposed
in [2]. Thatwork considersonly setupviolations, however, and
doesnotexploretheexpandedsolutionspacehatresultsvhenboth
setupandhold constraintsareconsidered.

Theremainderof this paperhasseven sections.The superior
ity of combinedretiming and clock schedulingover the separate
applicationof thesetwo optimizationsis describedin Section?2.
Backgroundmaterialis givenin Section3. Section4 presentsiec-
essanandsufiicient conditionsfor correcttiming whenoptimizing
acircuit by retimingandclock skew scheduling. Theseconstraints
arerestatedasan equivalentmixed-inteyer linear programin Sec-
tion 5. Ourretimingandclock schedulingheuristicis presentedn
Section6. In Section? the resultsobtainedby the separateppli-
cation of retiming and clock schedulingare comparedwith those
obtainedusingthe proposedntegratedretimingandclock schedul-
ing optimizationtechnique.Our contributions are summarizedn
Section8.

2 Motivation

An examplethat illustratesthe effectivenessof simultaneouge-
timing andclock skew schedulingascomparedo the separatep-
plication of the two optimizationtechniquess discussedn this
section. The example also shows that the optimal circuit result-
ing from simultaneousetimingandclock skew schedulingcannot
be obtainedby simply computingan optimalretiming of the origi-
nal circuit with zeroclock skews andthensequentiallyperforming
clock skew scheduling.

In thecircuit graphshown in Figurel, eachvertex represents.
block of combinationalogic, andeachedgerepresentawire. The
rectangleslenoteedge-triggeredegisters.Thepair z /y associated
with eachvertex denoteghe minimumandmaximumpropagation



delayof the signalsthroughthe correspondindpgic block.

Whentheclock skew is zero,the minimum clock periodis the
longestdelayof all the combinationapathsin the circuit. In this
case thegoal of retimingis to balancethe longestdelayof all the
datapathsby relocatingthe registers. If nonzeroclock skew is
introduced however, the circuit cansuccessfullyoperateat a clock
periodwhichequalghelargestdifferencein thedelaysof theslow-
estpathandthefastespathbetweerary pair of registers.

The original circuit depictedin Figure 1(a) achiezesa clock
periodof & = 23 tu (time units) whenthe clock skew is zero.
If register! “sees”the clock edgeby 4 tu earlierthanregisterk,
the circuit can function correctlywith a clock periodof ® = 19
tu. Thistime is the shortestclock periodthat canbe achieved by
schedulingthe clock skews without introducingary signalraces,
sincethe propagatiordelaydifferencealongthecritical path BC' D
is19 tu.

Theretimedcircuit in Figure1(b) is obtainedfrom the original
circuit by shifting register £ backwardacrosslock D andregister
! forward acrossblock B. With zero clock skew, this circuit is
optimally retimedand achievesa clock periodof & = 16 tu. If
theclock edgearrivesatregisterk earlierthanatregister! by 1 tu,
this retimedcircuit canachieve a shorterclock periodof & = 15
tu. No further clock periodimprovementsarepossiblebecausehe
propagatiordelaydifferencealongpath D A B is 15 tu.

In Figure 1(c), anotherretimed versionof the original circuit
thatis obtainedby shifting register! acrosslock B is shovn. For
this circuit, the shortestlock periodthatwill notresultin any tim-
ing violationswhentheclockskewis zerois ® = 18 tu. If theclock
edgearrives at register k laterthanat register! by 4 tu, however,
this circuit canfunction correctlywith a clock periodof & = 14
tu. Thistime is the shortestclock periodthat canbe achieved by
applyingboth retiming and clock scheduling sincethe total prop-
agationdelayaroundthe cycle is 28 tu which mustbe distributed
betweertwo combinationapaths.

3 Background

In Subsectior8.1, the circuit anddelaymodelis presentedBack-
groundmaterialfor retimingandclock skew schedulings givenin
Subsection8.2and3.3, respectiely.

3.1 Circuit and Delay Model

We modelan edge-triggeredircuit asa directedmultigraphG =
{V, E,d, w). TheverticesV correspondo thecombinationalogic
elementsn thecircuit. For eachvertex v € V, thepropagatiorde-
lay of the correspondingombinationallogic block is d(v). Our
resultscanbe extendedto includethe casewhereeachlogic block
hasa maximumpropagatiordelay dm.x(v) andaminimum prop-
agationdelaydmin (v).

ThedirectededgesE in G modeltheinterconnectioneamong
the combinationalblocks. Eachedgee € FE corresponddo a
wire connectinga combinationalblock outputto the input of an-
othercombinationablock, possiblythroughoneor moreglobally
clocked,edge-triggeredegisters.For eachedgee € E, theregister
countof thecorrespondingvire is givenby aninteger, nonngyative
edge-weightw(e). For every directedcycle of G, thereis anedge
with astrictly positive registercount.

3.2 Retiming

A retimingof anedge-triggeredircuit G = (V, E, d, w) isafunc-
tionr : V — Z thatdenotestransformatiorof theoriginal circuit
G into a functionally equialentcircuit G, = (V, E, d, w,). For

eachedgeu = v in G,., theretimedregister countw, is defined

by the equation,
wr(e) = w(e)+ r(v) — r(u) . @

Underthis definition,the outputof »’s computatiorin G, is gener
atedr(v) clock cycleslaterthanin G. For the retimedcircuit G,
to bewell-formed all edges € F mustsatisfytheinequality

wr(e) > 0. 2

From Equation(1) it follows thatfor every vertex pair «, » in

V, the changen theregistercountalonganypathz <+ v depends
only onits two endpoints:

wr(p) = w(p) +r(v) —r(u), ®)

wherew(p) = Zeepw(e). Thus, the maximumchangein the
registercountof ary pathu & v is given by the expression,

W (u,v) = min {w(p) cu v} . (4)

Theonly pathsu - v thatcanbecomecombinationain G,., and
thuscould possiblyleadto a timing violation, arethosefor which
w(p) = W(u, v) in G. For eachof the O(V?) verte pairsu, v in
V', thequantities

D(u,v) = max {d(p) cu v,w(p) = W(u, 1})} , (5

A(u,v) = min {d(p) cu o, w(p) = W(u, ’U)} ,  (6)

whered(p) = Zmep d(z) representhelongestandshortesprop-
agationdelaysfrom « to v, respectiely, whenevertheretimedcir-
cuitincludesacombinationapathbetweerthetwo vertices.There-
fore, the clock periodof ary circuit thatis obtainedby retiming a
circuit G is alwayssomeelemenin the O(V?)-sizesetof D(u, v).

When only long pathsare considereda retimed circuit that
achievesa givenclock periodec canbe computedn O(V E) steps.
A retimedcircuit thatachievzesthe minimum possibleclock period
canbe computedn O(VE + V?1g V) stepg9].

3.3 Clock Skew Scheduling

In synchronoudigital circuits, a clock signal provides a global
time referencethat synchronizeghe flow of the databetweenthe
storageelements.The clock signalsare deliveredthroughoutthe
circuit by aclock distribution network[6]. Thedifferencebetween
thearrival timesof aclock signalattwo sequentially-adjacemégis-
tersin acircuitis known astheclock skew betweerthesewo regis-
ters.A clodk scheduleof anedge-triggeredircuit G = (V, E, d, w)
is a real-\aluededge-labelings : £ —R. Thislabelingdescribes
the propagatiordelayfrom the global clock sourceto eachwire e
in acircuit. By adjustingthesdocal clock skews, timing violations
canbe fixed (or created).Considerfor example,a combinational

pathu % v which is boundecby registersontheedges? = » and

v 57, 1f 5(e) > s(e’), thenthetime availablefor the propagation
of signalsfrom e to ¢’ decreasedy the differences(e) — s(e’).
This decreasenay causep to becomea critical path or eliminate
araceconditionalongp. Corversely if s(e) < s(e’), thenthe
time availablefor the signalsto propagatdrom e to e’ increasedy
thedifferences(e’) — s(e). Thisincreasemayremave along path
violation or introducea shortpathviolation.

In the clock schedulingproblem,the clock skews are adjusted
so that no setupor hold violations exist in the circuit. A linear
programmingframework for clock schedulingwasfirst presented



in [5]. A graph-theoreti@pproacto clock schedulingvassubse-
quently describedn [3]. In both papers,the relative placement
of the storageelementsis assumedo be fixed. Algorithms for
schedulindocal clocksto improve thetoleranceof acircuit to pro-
cessparametevariationsaredescribedn [14].

4 Clock Scheduling and Retiming Constraints

This sectiondescribes setof O( £?) necessarpndsufiicientcon-
ditions that must be satisfiedby a retiming function and a clock
skew schedulingfunction to obtaina circuit thatachievesa tamget
clock periodwith no setupor hold violations. Thefollowing the-
orempresents shortest-path®rmulationof the clock scheduling
problemundersetupandhold constraintsandfixed registerloca-
tions|[5].

Theorem 1 LetG = (V, E, d, w) beanedge-triggeedcircuitand
¢ a constant. Moreoverlet s : £ — R be a clock scheduling
function. Then thecircuitis timedcorrectlyif andonly if for every

edgepair ? = u, v “7in E such thatw(e) > 1, w(e’) > 1, and
W (u,v) = 0, wehave

Alu,v) + s(e) — s(e') > Thoa , (7)
D(u,v) + s(e) — s(e') <c— Tsetup - (8)
O

Thefollowing theoremprovidesa setof O( £2) constraintgor
correcttiming when clock skew schedulingand retiming are ap-
plied simultaneously Theseconstraintsfollow directly from the
clock schedulingconditionsgicen in Theorem1. The proof is
straightforwardandis omitteddueto lack of space.

Theorem 2 LetG = (V, E, d, w) beanedge-triggeedcircuitand
¢ bea constant.Moreoverlet r : V — Z bea retimingfunction
andlet s : F — R bea clock schedulingfunction. Theretimed
circuit G, is well formedand achievesa clock periodc if andonly

if for everyedger = v € E, wehave
w(e) +r(v) —r(u) >0, 9)

andfor everypair of edges = u, v e—l>? € F,wehave

Ee,e'Yy>0 = W,.(u,v)>10rw.(e)=00rw.(e')=0,

(10)
wher E(e,e') = D(u,v)+s(e)—s(e') = c+ Tserup for thesetup
constrints,and F(e,e') = — (A(u,v) + s(e) — s(e') — Thota)
for thehold constrints. (]

5 Mixed-Integer Linear Program

The necessanand sufiicient conditionsin Theorem2 do not ap-
pearto be amenableo efficient algorithmicsolutions. In this sec-
tion we presentan equivalent, mixed-integer linear programming
formulation of theseconstraintshat can be solved using general
MILP solvers.TheseO( E?) constraintareobtainedby restricting
thesolutionspaceof the constraintsn Lemma3 while maintaining
their feasibility. The final setof constraintsccomprisesonly linear
inequalitieswith integerandrealunknawns.

We first definea companiongraph G’ = (V', E', ') that
senesasa usefultool for transformingthetiming constraintfrom
Theorem?2 into a mixed-intayer linear program. The construction
of thegraphG’ from the circuit graphG is identicalto the graph

presentedn [8]. Eachedgeu = v € E is sggmentedinto two
edgesu 2 2., andz., - v, wherez.,, is a dummy vertex.

Theedgee; hasexactly oneregisterwherethecorrespondingdge
e € E hasa positive register countandzeroregistersotherwise.
Thus, the register countof e; senesasan index functionfor the
register count of the correspondingjeneratingedgee € E. The
edgee, carriesthebalanceof theregistersupto w(e).

In mathematicalerms thecompaniorgraphG’ = (V', E', w')
is definedas

vV = VU{CEuUZuiTJEE},
E = {ugzw,zwzv:uivEE},

wherefor eachedgeu = v € E,

min {1, w(e)} , and
w(e) — min {1, w(e)} .

The following lemmarecastsTheorem?2 in termsof the com-
paniongraphG’ anda correspondingetimingfunctionr’. If r’ is
known, r(u) canbe obtainedfor every u € V' by settingr(u) =

' (u).

Lemma3 LetG = (V, E, d, w) be an edge-triggeedcircuit, let
G' = (V'  E', w') beits corresponihg companiorgraph,andlet
c bea constant.Moreoverlet r’' : V' — Z bearetimingfunction,
andlet sps : F — R bea clock schedulingfunction. Thenthe
retimedcircuit G, is well formedand achievesa clodck period ¢ if

andonlyif for everyedgeu = v € E’, wehave

w'(e1)
w'(e2)

w'(e) + 7' (v) —r'(u) >0, (12)
for everyedgeu 2 ., € E',
w'(er) +r'(zu) —r'(w) <1, 12)
for everypair of edgesu =% zuy, Tuw = v € E,
w'(e2) + 7' (v) = r'(zuy) < F - (w'(e1) + 1" (zun) — 1’ (u)) ,

(13)
where F = max {W(u,v) + W (v, u) : u,v € V}, andfor every

pair ofedges? = u,v =7 € E,

E(e,e') >0 = Wu(u,v)>10rw.(e1) =0o0rw,.(ey) =0,

(14)
wher E(e,e’) = D(u,v)+s(e) — s(e’) — c+ Tsetup fOr thesetup
constrints,and F(e,e') = — (A(u,v) + s(e) — s(e') — Thota)
for the hold constmints. (]

The constraintdn Lemma3 canbe simplified by reducingthe
numberof disjunctionsin Relation(14). In thefollowing lemma,
anequialentsetof constraintss givenwith only onedisjunction.

Lemma4 For every pair of edges? = u,v e—l>? € F, Rela-
tion (14)is equivalento thedisjunction,

E(e,e') <0 or wp(er) +wp(et) — Wo(u,0) <1, (15)
wher E(e,e') = D(u, v)+s(e)—s(e)—c+Tserup andE(e, e') =

— (A(u,v) + s(e) — s(e') — Thoa) for the setupand hold con-
straints,respectively O

The following lemmagivestwo upperboundson the quantity
w!i(e1) + wli(e1) — Wy (u, v) basedonRelation(15).
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Lemmabs Letr’ : V' — Z bearetimingfunctionthat satisfieghe

7

conditionsin Lemma3. Thenfor every pair of edges? = u, v =
?€E,

wyr(er) +wii(er) — Wy (u,v) < 2, (16)
E(e,€')

’ N ! !
whi(e1) 4w (e)) — W (u,v) <2 — Faxle, )’

a7

wher Emax (e, ¢') is an upperboundof E(e, ') that dependon
the maximumpossibleclock skev values which are determinecby
thelargestrealizablechip die size O

The solutionspacederived from the boundsin Lemmab is il-
lustratedin Figure 2. The bold line segmentsrepresenpossible
solutions. The shadedliines and points denotethe points of the
original solution spacethat have beenexcluded using the upper
bounds. The horizontalline in the secondquadrantarisesfrom
Inequality (16), and the slopedupperboundin the first quadrant
arisesfrom Inequality (17). The two vertical lines correspondo
theboundson F(e, e').

BasednLemmas4 and5, thesimultaneousetimingandclock
schedulingproblemcannow be recastas a mixed-intayer linear
programwith O( E?) constraints.

Theorem6 Let G = (V, E, d, w) be an edge-triggeed circuit,
andlet ¢ be a constant. Moreoverletr : V' — Z bea retiming
function,andlet s : £ — R bea clock schedulingfunction. Then
the retimedcircuit G, is well formedand achievesa clodck period

®(G,) < cif andonlyif for everyedgeu = v € E’, wehave
w'(e) + ' (v) — r'(u) >0, (18)
for everyedgeu = ., € E',
w'(er) + ' (zun) — r'(u) <1, (19)
for everypair of edges =% Ty, Tuw = v € E,
w(e2) 7' (0) = ' (200) < F - (w'(e2) + 7' (2u) = 7'(w)

(20)
where F = max {W(u,v) + W(v,u) : u,v € V'}, andfor every

pair of edges? = u, v e E,
E(G, 6/) S Emax(eye’) ; (21)
E(e,€') > Emin(e, €'}, (22)

RS(G)
lsetG, =G
2(c,s) = schedule(G,)
3whileHR(G,, s, ¢) = success

4 (c',8) = schedule(Gr)

5 ifc’ <ec

6 thenc = ¢’

7 else if noimprovementfor n consecutie iterations
8 then break

9return (G,, s, c)

Figure3: ProcedureRSfor simultaneousetimingandclock skew
scheduling.

HR(Gr, s, ¢)
1 computeSiight, Htight, aNAGighs
2if S;igne containsadirectedcycle
3 then return fail
4 elsefor everyvertex « in adirectedl € Gyigns

5 if 3z, v € L suchthat(u, ) € Hiighe, (u,v) € Stight
6 then shift register« forward
7 return success
8 if 3z, v € L suchthat(z, u) € Hiight, (v,u) € Stighe
9 then shift register« backward

10 return success

11return fail

Figure4: ProcedurdHR for heuristicretiming.

wyi(er) +wii(ey) — Wy (u,v) < 2, (23)

E(e, €'

w;/(el) + w;/(e;) — W,.I(U,’U) S 2 — m s

(24)

wher E(e,e’) = D(u,v)+s(e) — s(e’) — c+ Tsetup fOr thesetup
constrints,and F(e,e') = — (A(u,v) + s(e) — s(e') — Thota)
for thehold constrints. (]

6 Heuristic Scheme for Retiming and Clock Scheduling

In this sectionwe describea heuristicproceduregor simultaneous
retiming andclock skew scheduling.This heuristicexecutedaster
thangeneralMILP solversby examininga subsetof the solution
spaceandcreatingasetof resultsthatcorvergetowardstheoptimal
solution. Consequentlysometimesonly a suboptimalsolutionis
reached.

A pseudocodelescriptionof our heuristic procedureRS for
simultaneousetimingandclock skew schedulings shovn in Fig-
ure 3. Given an edge-triggerecircuit G, this heuristicreturnsa
retimedcircuit G-, a minimum clock periode, anda clock sched-
ule s suchthat G, achievesc. The mainideain this heuristicis
to iteratively performclock skew schedulingollowed by retiming.
In line 1, G, isinitialized to G. Thefunctionschedule in line 2
computesa clock schedules that resultsin the shortestpossible
clock periodc for the original G. Subsequentlyjthe while loop in
lines 3—-8iteratesuntil aretimedG,. with minimumclock periodis
computed Eachtimeline 3 is executedaheuristicretimingproce-
dureHR is performedwith the objective to relaxthe “tight” setup
andhold constraintsthatis, the constraintghat are satisfiedwith
equalityunderr, s, andc. In line 4, clock schedulings performed
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Figure5: Relocationof registersin procedureHR.

on the retimedcircuit G, generatedy procedureHR. The loop
exits whenno new G, is found or the clock period cannotbe im-
proved ary further A predefinechumberr is introducedso that
thealgorithmcanescape local minimal.

Thepseudocodef theheuristicretimingproceduréHR is showvn
in Figure4. Threeslad graphs calledS;;ignt, Hiignt, andGiign:,
are usedin this procedureto encodethe timing constraintcorre-
spondingto eachclock skew scheduleFor eachedgee € G, with
nonzeroregister count, a vertex is introducedin all threegraphs.
For eachpair of registersthat are connectedby a combinational
pathin G, if D(u,v)+ s(u)— s(v) = ¢ — Tsetup, anedge(u, v)
is addedn Syigne. Similarly, if A(u,v)+ s(u)— s(v) = Thota, @n
edge(u, v) is addedin Hiighi. Giigne is theunionof Sy ne and
Hyigne With all theedgesn Higne inverted.

ProcedureHR operatesasfollows. In line 1, the threeslack
graphsarecomputed.In lines 2—3, the heuristicdeterminesf G,
hasa setof setupconstraintsthat precludesfurtherimprovement
of the clock period by retiming or clock scheduling. The circuit
is retimedin lines 4-10so that the registerboundariesof a “crit-
ically imbalanced”circuit sggmentapproacheachother Sucha
se@mentexists whene/er two registersare connectedy two pos-
sibly sequentiapathsin which the setupandhold constraintsare
tight andthe differenceof maximumandminimumdelaysis maxi-
mum. This operationis illustratedin Figure5. If noregistercanbe
moved,line 11 reportsthefailureto build anew G...

Thefollowing lemmashawvsthatlines 2—3 of the heuristiccor
rectly terminatethe searchprocedure.The proofis omitteddueto
lack of space.

Lemma7 If there existsa directedcyclein S;ign:, the clock pe-
riod of thecircuit cannotbereducedanyfurther by retimingand/or
clock scheduling

In the following two theoremsve demonstratéhat procedure
HR alwaysmakesprogresstowardsa shorterclock period. The
first theoremensureghat whenthe slackgraphis agyclic, it is al-
wayspossibleto find a clock scheduldor which the circuit G, can
achieve a shorterclock period. The secondheoremshows thatthe
registerrelocationin lines 4—10breaksary directedcycleswithin
theslackgraph.Proofsareomitteddueto lack of space.

Theorem 8 If no directedcycleexistsin Gigne, the clock period
canalwaysbefurtherreducedy retimingandclock skev schedul-

ing.

Theorem 9 Each executionof lines4-10in procedue HR breaks
adirectedcyclein thesladk graphGign: -

7 Experimental Results

This sectionpresentgesultsfrom the applicationof simultaneous
retimingandclock schedulingpn LGSynth93andISCAS89%ench-
mark circuits. The following experimentalmethodologywas ap-
plied. Theshortestlock periodof eachoriginal circuit underzero

skew wasfirst computed. Subsequentlyeachtestcircuit wasop-

timized by retiming, clock schedulingandsimultaneousetiming
and clock schedulingto achieve the minimum possibleclock pe-
riod. Simultaneousetiming and clock schedulingwasperformed
using the heuristicprocedureRS. It wasalso performedusing a
MILP-basedbranch-and-boundolver that we implementednde-
pendently Our resultsshow that simultaneousetiming andclock
schedulinganresultin significantperformancémprovementsover
eachof the two optimizationsappliedseparately Moreover, they

demonstrat¢he efficiency andeffectivenesof our heuristic.

Theresultsof our experimentsareshawn in Table1. Thefirst
three columnsgive the nameand size of eachcircuit in our test
suite. Thesetest circuits were slightly modified versionsof the
LGSynth93and ISCAS89benchmarkcircuits that were obtained
by introducingan additionalregisteraroundeachloop. Sincemost
of the original benchmarkcircuits are finite statemachineswith
single-reisterloops,they couldnotbeimprovedby eitherretiming
or clock skew scheduling Thefourth columnof thetablegivesthe
shortestlock periodthatis achiezableby theunoptimizedcircuits.
The shortestlock periodthatis achievableby optimalretimingor
optimal clock schedulingwhichever is better)is listed in the fifth
column.

Theresultsfrom the applicationof the heuristicprocedureRS
arelisted in columnssix througheightin Table1. The shortest
clock periodthatwasachiezedby simultaneousetimingandclock
schedulings givenin the sixth column. Therelative improvement
in theminimumclock periodof the circuit, which is derived by di-
viding thedifferenceof columnssix andfive by thedatain column
six, is listed in the seventhcolumn. The eighth columngivesthe
runtimeof the heuristicprocedure.

Theperformancef our MILP-basedbranch-and-boundolver
is reportedin columnsninethroughelevenof Table1. This solver
usesatopologicalsortorderto arrangeall integervariables.Oncea
retimingfunctionis computedtheclock delaysarecomputedising
aBellman-Ford single-sourceshortest-pathalgorithm. For all cir-
cuitsbut s1423, atimeoutequalto 10,000secondsvasspecified.
For s1423, the timeoutwas setto 20,000 seconds. The short-
estclock periodthatis computedby the MILP-basedalgorithmis
givenin theninth column.Therelative performancémprovements
achieved over the bestclock period achievableby eitherretiming
or clock schedulingis givenin the tenthcolumn. The runtime of
the solver s listed in the last column. The letterst/o indicatethat
thealgorithmreachedts timeoutlimit andwasinterrupted.

In our experiments simultaneousetiming and clock schedul-
ing improved the performanceof all test circuits and resultedin
significantimprovementgor mostof them. For morethanonehalf
of thetestcircuits, relative improvementsexceeded®1%. For most
circuits, the MILP-basedschemeran out of time. Whenever the
MILP solver terminatedwith the optimumanswer it wastwo to
threeordersof magnitudeslower thanthe heuristicapproach.The
heuristicprocedureR S alwayscomputeda solutionthatwasatleast
asgoodasthe solution obtainedwith the MILP solver. In fact, in
severalcasest computedabettersolution,becaus¢heexactMILP
solver reachedhetimeoutlimit. Our experimentsvere performed
onaPentiumProll with 128MB of mainmemory

The capacitancéoad modelusedin the gatedelaycalculations
wasbasedntheformulaa+b-( fanout+rand), whichis derived
from the widely usedlinear delayformulaa + b - fanout. The
parameters andb denotethe intrinsic gatedelay and the delay
incrementof a single gateload, respectiely. Thesevalueswere
obtainedfrom thelibrary i Wl s93. m s2l i b in the LGSynth93
benchmark.The parameterand wasuniformly distributedin the
interval [-1,1] to introducea zero-mearvariationto gatedelays.



Tablel1: Clock periodimprovementsachievedby simultaneousetimingandclock scheduling.

circuit | vertex | edge [ min {®,,®,} || Prs | speedup| CPUtime || ®a;p | speedup] CPUtime
count | count || (tu) (tu) (tu) (%) (sec) (tu) (%) (sec)
dai o 24 37 3.24 1.26 0.86 31 0.1 0.86 31 1.0
dk17 31 61 5.21 5.16 4.67 4 0.2 4.67 4 45.8
tav 38 71 3.73 2.22 1.75 21 0.3 1.75 21 14
bbt as 41 97 4.10 4.10 3.71 9 0.6 3.71 9 23.4
5208 49 124 || 5.19 3.77 2.97 21 2.6 3.09 18 t/o
s420 60 191 || 7.02 5.31 5.06 5 4.6 5.21 2 t/o
bbar a 68 195 || 5.45 484 450 7 4.2 450 7 22.1
dk14 81 250 || 6.26 5.75 5.58 3 7.0 5.58 3 387.1
ex4 84 221 || 6.47 6.38 5.80 9 7.1 5.80 9 118.3
s208.1 | 131 209 || 8.68 6.00 5.35 11 21.5 6.00 0 t/o
298 152 283 || 8.94 7.91 441 44 302.4 7.91 0 t/o
s444 245 | 422 || 9.92 5.98 4.67 23 2,757.5| 5.98 0 t/o
s344 257 377 || 24.25 19.13 17.89 6 66.7 || 19.00 0 t/o
s349 263 386 || 19.03 14.20 13.60 5 68.5] 14.20 0 t/o
382 287 441 || 15.10 9.26 7.31 21 1,266.7|| 9.16 0 t/o
s526n 304 561 || 8.81 6.97 5.23 25 1,426.7|| 6.97 0 t/o
s400 308 | 472 || 16.84 10.59 8.30 23 1,312.0{| 10.59 0 t/o
s526 342 589 || 10.36 9.06 5.64 38 2,348.3|| 9.06 0 t/o
s1423 | 1034 | 1515 || 63.88 57.52 43.08 23 16,541.0|| 57.52 0 t/o

8 Conclusion

Thispapetaspresenteaninvestigatiorof optimizingsynchronous
circuitsto maximizetheir operatingspeeddy simultaneousetim-
ing andclock scheduling.Our work considershoth setupandhold
constraints. It is shown that in this context, the combinedopti-
mization canresultin fastercircuits thanif eitherof the two op-
timizationsis appliedseparately A precisemathematicatharac-
terizationof the integratedretiming andclock schedulingoroblem
is presentedisa mixed-intgyer linear program.Moreover, an effi-
cientandeffective heuristicis described Our experimentalresults
on benchmarlcircuits demonstratehat the combinedapplication
of retimingandclock schedulingcansignificantlyincreasehe per
formanceof the original circuits.
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