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Abstiact— This paper considersthe problem of determining an optimal
clock skew schedulefor a synchronousVLSI circuit. A novel formulation of
clock skewschedulingasa constrainedquadiatic programming(QP) problemis
intr oduced. The conceptof a permissibleangg, or avalid interval, for the clock
skew of eachlocal data path is keyto this QP approach. Fromareliability per-
spectie, the ideal clock schedulecorrespondsto eachclock skew within the
circuit being at the center of the respectve permissiblerange. However, this
ideal clock scheduleis not practically implementablebecauseof limitations im-
posedby the connectvity amongthe registerswithin the circuit. To evaluate
thereliability, a quadratic costfunction is intr oducedasthe Euclideandistance
betweenthe ideal scheduleand a given practically feasibleclock schedule.This
costfunction is the minimization objective of the describedalgorithms for the
solution of the previously mentioned quadratic program. Furthermore, the
work describedhere substantially differs from previousreseach in that it per-
mits completecontrol over specificclock signaldelaysor skewswithin the cir-
cuit. Specifically the algorithms described here can be employed to obtain
resultswith explicitly specifiedtarget valuesof important clock delays/slkews
with acircuit, suchasfor example,the clock delays/slkewsfor I/O registers.An
additional benefitis a potential reductionin clock period of up to 10%.

An efficient mathematical algorithm is derived for the solution of the QP
problemwith O(r3) run time complexity and O(r?) storagecomplexity, where
r is the number of registersin the circuit. The algorithm is implementedasa
C++ program and demonstratedon the ISCAS’89 suite of benchmark circuits
aswell ason a number of industrial circuits. The work describedhere yields
additional insights into the correlation betweencircuit structure and circuit
timing by characterizing the degree to which specific signal paths limit the
overall performance and reliability of a circuit. This information is directly
applicableto logic and architectural synthesis.

|. INTRODUCTION

This paperaddressethe task of determininga non-zeo clock
skew schedulehat satisfiesthe tighter timing constraintof high
speed,VLSI compleity systems. The primary objective of the
clock skew schedulingalgorithmpresentedh this paperis to max-
imize the toleranceof the circuit to procesparameterariations.
Thistaskis accomplishedby first choosinganobjectiveclock skew
valuefor eachlocal datapath.A consistentlock skew schedulas
determinedy applicationof the optimizationalgorithmdescribed
in this paper This algorithmminimizesthe leastsquae error be-
tweenthe computedclock skew scheduleandthe objective clock
skew schedule.As in previouswork [1-5], a secondanpbjective
of the clock skew schedulingalgorithmis to increasehe system-
wide clock frequeng.

The paperbegins with reviewing the circuit graph model in
Sec.ll. The formulation of the clock skew schedulingproblem
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asaquadratigorogrammingproblemis discussedh Sec.lll along

with the mathematicaproceduresisedto solve the QP problem.

Resultsfor ISCASbenchmarlandindustrialcircuitsarepresented
in Sec.lV andsomeconclusionsarebriefly offeredin Sec.V.

Il. BACKGROUND

In this section,certainpropertiesof a fully synchronousligital
systemare outlined. Specifically the timing propertiesof these
systemsare describedn Sec.llI-A andthe graphmodel usedto
representhesesystemss describedn Sec.lI-B.

A. Timing propertiesof a syntironoussystem

An abstractview of a fully synchronoussystemis shawn in
Fig. 1. All signal propagationpathswithin the Combinational
Logic arefrom the input to the output. Alternatively, no purely

data in data out

Combinational Logic

Clocked Logic

[ Clock Distribution Network |

Fig. 1. A fully synchronousystem

combinationapathsexist throughthe Clocked Logic—all incom-
ing signalspassthroughoneor moreregisters beforereachingthe
input of the combinationallogic. The Clocked Logic doesnot
necessarilyconsistonly of discreteregisters. Considera clocked
intellectualproperty(IP) block, for example wherethelP internal
structureis hiddenbut eachinput signalof the IP block is known
to latchinto aregister With sufficienttiming information—(a)the
setupandholdtimesfor thelatchednputs,and(b) thedelaysof the
pathsstartingataninternalregisterandendingat anoutput—such
IP blockscanbeviewedas'generalizedegisters’andsuccessfully
usedwithout exposingtheinternalcircuitry of theseblocks.

An exampleof a local data path [5] (a sequentially-adjacent
pair of registers) delimitedby the registersR; andR; is shavn in
Fig. 2. Suchlocal datapathsarecharacterizethy a minimumand
a maximumsignal propagatiordelay from Q; to D;. The clock
signalsC; andC; aredeliveredto R; andR¢ with delayst) andt],
respectiely, whereaghe algebraiodifference1(‘JI — t(fj, is known as
theclodk skew [1,4,5]. Notethatdependingon the pathdirection
andt), andt{, the clock skew as definedabose may be negative,
zero,or positive [5].
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Fig.2. A local datapath

The precisetemporalrelationshipsamongthe C,D, and Q sig-
nalsin a local datapath dependon mary factors,including the
particulartypesof registersemployed (for an in-depthtreatment
seg[5, 6]). In themajority of caseshowever, theseiming relation-
shipsmay be translatednto aninterval of valueswhich the clock
skew mayassumégl, 5]. A permissibleange[7] is associatewith
eachlocal datapath—aclock skew schedulés feasibleif eachlo-
cal clock skew is within the pathspecificpermissiblerange.Note
that the permissiblerangeof eachlocal datapathis guaranteed
to includethezero—havever, non-optimal—clockskew value[8].
Thus,mostsynchronousircuitsaredesignedo satisfyglobalzero
clockskew. A greatdealof effort hasbeenappliedto the designof
clockdistribution networkswhich maintainglobalzeroclock skew
acrosghecircuit [5].

B. Circuit model

The work describedin this paperis basedupon a connected
undirectedgraph [9, 10] model of a synchronouscircuit. For-
mally, thegraphGc of acircuit C with r registersand p local data

pathsis thesix-tuple e = (V(© E(©) AC) hl(c), h, h((jc)), where
VO = {v,...v},E© = {ey,...ep}, andA©) = [ai(f)]r><r arethe
setof vertices,setof edges,and symmetricadjaceng matrix of
Gc, respectiely. Eachvertex from V(© represents generalized
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Fig. 3. A circuitgraph—edgefrom the spanningreearethicker

registerof C, i.e., eithera discreteregisteror ary block with an
individually controlledclock signal. Eachedgefrom E(©) corre-
spondsto a local datapath from one generalizedegisterto an-
other Themappingshl(c) 'E©) — Randhl® : E©) R totheset
of realnumbersR assignthe lower andupperclock skew bounds,
I, Uk € R, respectrely, for e € E. Theedgelabelinghéc) definesa
directionof signalpropagatiorfor eachedgevy, &,y suchthatthe
clock skew s, =t} —t}}. For brevity, the superscrip{C) is omitted
for therestof thepapemunlessacircuit mustbeexplicitly indicated,
while theterms,registeriertex andedge/locadatapath,areused
interchangeablyA simpleexampleof thegraphg of acircuit with

r = 5registersandp = 6 local datapathsis shovn in Fig. 3—note
thepermissibleange]l,u] andthedirectionarrow labeledon each
edge.

A graphis built from a circuit in a naturalway (addinga ver
tex per registerand a properly labelededgeper local datapath)
with two notableexceptions.By construction,G hasno loopsor
parallel edgesj.e., G is a simplegraph[10]. Loopsvy,€y,Vvx are
discardedexceptfor assertinghat zero clock skew is within the
loop permissiblerange(ly,uy]. Multiple edgesare eliminatedby
usingthe graphtransformationglepictedin Fig. 4. Specifically
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(a) Graphtransformatiomule to eliminatetwo-edgecycles
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(b) Graphtransformatiorrule to eliminatemultiple edges

Fig. 4. Rulesfor building acircuit graph

two-edgecycles—suchas vy, &,,Vy, e,V in Fig. 4(a)—arecol-
lapsedinto a singleedgevy, e;, vy with anarbitrarily choserdirec-
tion andthe correspondingermissibleange(here thecorvention
is thatthe edgedirectionis away from the vertex with the smaller
index). Multiple edgesin the samedirectionbetweerntwo vertices
arerepresenteéh G by a singleedgeasshawvn in Fig. 4(b)—the
edgedirectionis preseredandthe permissiblerangeis suchthat
all permissiblaangesaresimultaneouslatisfied.

I11. CLOCK SKEW SCHEDULING AS A QP PROBLEM

The formulation of clock skew schedulingas a quadratic pro-
gramming(QP) problemis describedn this section. The linear
dependencieamongthe clock skews andthe kernelof cyclesare
introducedn Sec.lll-A. TheQP problemis formulatedandsolved
in Sec.lll-B. Modificationsto the QP problemto handlecertain
critical practicalrequirementsireanalyzedn Sec.llI-C.

A. Lineardependencef clodk skews

Linear dependencieamongthe clock skews [8] areillustrated
in the circuit shovn in Fig. 3 where,for instance,sy = $; + Ss.
It is generallypossibleto identify multiple minimal setsof skews
suchthat (a) the skews within the setare linearly independent,
and (b) every skew within the circuit is a linear combinationof
skews from the set. A setwith thesepropertiesis called herea
skew basis—examplesof skew basesn Fig. 3 are {S3,%,S5,5}
and {s1,%3,S5,5}. Similarly, linear dependenciesan be shovn
amongcyclesin G—in Fig. 3, thecycles; +$—s3+s=0isa
linear combination(the sumin this case)of s, — 1 + 5 = 0 and
s1—Ss+=0. A kernelof G is aminimal setof cyclessuch
that (a) the cycles are linearly independentand (b) every cycle
in G is alinear combinationof cyclesfrom the set. Note thata



skew basismust not containa cycle. If it did, the basisskews
would belinearly dependentAlternatively, linearindependencin
a kernelis guaranteedby choosingthe cycles suchthat eachcy-
cle containsa uniqueedgefrom G. From graphtheory[9-11],
a spanningtree of the circuit graph G definesa basisof exactly
n, = r — 1 edges—arexampleis indicatedby the thicker edges
shavnin Fig. 3. Then. = p— ny edgesutsidethebasisarecalled
chords—ary choiceof basisnaturallyyieldsakernelof exactly n¢
cycles,eachcycle consistingof exactly onechordandthe unique
pathwithin the basisbetweerthe endverticesof this chord. Note
that certainbasisedges—suclas eg in Fig. 3—may not belong
to ary cycle at all (regardlessof basis/lkernel choice). Suchba-
sisedgesare calledisolated,while the restof the basisedgesare
called main—thereare n,, < ny mainandn; < ny, isolatedbasis
edges respectrely, wherenm + nj = n,. Note that the valuesof
thebasisskews aresufiicientto calculateall skewswithin G (basis
plus chords). Also, the main basisprovidesthe necessarynfor-
mationto computethe chordskews while theisolatedbasiscanbe
scheduledo ary values—thereare no constrainton theseedges
sincetheseedgesdo notbelongto ary cycle.

The kernel can be summarizedn a compactway by the cir-
cuit kernelequationBs = 0, wheres is ann¢ + ny, = p’-element
vectorof all but the isolatedskews, and,eachrow of theng x p/
matrix B correspondgso a cycle. B canbe derived from inspec-
tion by choosinga traversaldirectionof eachcycle andincluding
skews along the cycle with a sign dependingupon the edgedi-
rectionlabeling (note the similarity with Kirchoff’s Voltage Law
loop equationsfor electrical networks [11]). Assumethat the
edges/sws are enumeratedsin Fig. 3 suchthat the chordss®
arefirst (indices1 throughnc), followed by the main basis<? (in-
dicesnc + 1 throughp'), andtheisolatedbasis. If the cyclesare
permutedso asto appeatin the orderof the chords(i.e., the first
row of B correspondso e;/s;, andso on), the kernelequationis

Bs=[In. Crexni) [i] =4+ Cs” =0, wherel  is anidentityma-

trix of dimensionnc. The solutionsof this equationcomprisethe
kernel or null spaceker(B) of the linear mappingB : RP +— R
ands is calledconsistentf s € ker(B) [12].

B. QP clodk skew schedulingproblemformulationandsolution

Letanobjectiveclock schedulay bechoseraccordingo certain
designcriteria(g hasp’ elements) Fromareliability perspectie,
for example,anideal, althoughmostlik ely not consistentchoice
of g is gi = (li + uj)/2. The optimizationgoal is to determinea
feasibleandconsistenschedules suchthatthe leastsquareerror
€ = (s—g)? is minimized:

e=(s—0)°= Y i (x— %)’
subjectto  Bs= 0 ands € [lx, ] fork e {1...p'}.

min

1)

The problemdescribedby (1) is a constrainedQP problemwith
boundedvariables—methodsuchas active constiaints exist for
solving suchproblems[13—-17]. Thesemethodsare both analyti-
cally andnumericallychallengingsoa two-phasesolutionprocess
is suggestederesuchthat a constrainedsersionof problem(1)
is solved initially. If theresultis not feasible,a rapidly corverg-
ing iterative refinementof the objective g is performeduntil the

feasibility of s is satisfied Expandingthe¢ termin (1) yields

Phasel — min £=95s-2g's+g'g 2)
subjectto Bs=0
Phase€ — lterativerefinemenbf s,

wherePhasel is solved usingthe classicalmethodof Lagrange
multipliers [16]. If m is the Lagrangemultipliers vector, the La-
grangianfunctionis £(s,m) = s's— 2g's+ m'Bs, wherethe nu-
mericalconstang'g from (2) canbe omittedwithout affectingthe
solution. Any extremaof € necessarilys a stationarypoint of the
Lagrangianj.e., asolutionof thelinear system,

2s+B'm =2g 21y BT [s 9
Bs=0 [B 0”‘“]22[0]' ®

SinceB is in row echelorform, ker(B!) = {0} andthematrixM =
BB! is positive-definitandnonsingular Thus,theuniquesolution
of (3) by Gaussiareliminationis

m*=2M"1Bg, s*=g- %Btm* =(Iy—-B™M™B)g, (4
wheres' in (4) is alsoa globalminimizerof € in (2) [17].

The sizeandinversionof M canmake computing(4) a signifi-
cantchallenge therebypromptingthe needfor an efficient strat-
egy to calculates’. Specifically M~! =1, — CNIC!, where
N = I, + C'C (Sherman-Morrison-\Wodturry formula[18]) and
similarly to M, canbe arguedto be necessarilynonsingular The
dimensionsf N andM areny, andnc, respectiely—ny, is typi-
cally anorderof magnitudesmallerthann. resultingin significant
savings of time andmemory Thebasiss® is

& =[-(L;'Lz)C L33 g, 5)
wherel ; is theCholesk decompositiofil8—20]of N. Thechords
& aredeterminedrom the kernelequations®™ = —Cs>, where
themultiplicationby C canbe carriedout extremelyfastsincethe
elementof C areeither—1, 0, or 1. Finally, theiterative refine-
mentof the objective clock scheduley in Phase? is accomplished
asfollows. For lower andupperboundviolations,move the objec-
tive clock skew halfway betweenits currentvalue andthe closer
of zeo andthe lower andupperbounds,respectiely, of the per
missiblerange. For pathswith no violation, move the objectve
clock skew halfway betweerthe currentvalueandtheactualvalue
obtainedby (5).

The computatiorin (5) requiresgng, £n3 + 2n2 + 2nm, Ind +
1(5n2,+ npn — 1), andnmp multiplicationsto determinel,, L5,
theproducﬂ.gtLgl, ands™, respectiely. A maximumof n2, float-
ing point storageunitsis usedduring this procedure.N, L, and
Lgl areall symmetric(only half of the elementanustbe stored)
andcanbecomputedin place, i.e., L2 andLg1 replaceN andL ,,
respectiely, asthe matricesarecomputed Therefore(ny, is of the
orderof r), therun time andmemorycomplexity of the described
algorithmareO(r3) andO(r?), respectiely.

C. Enhancingclock skew schedulingto satisfytarget delays

An importantobjectof clock skew schedulings to controlcer
tain clock signaldelays. Considey for example,thei/o registers



of a chip. Giventhedifficulty in knowing a priori all timing con-
texts of anintegratedcircuit, a preferredsolutionmaybeto require
thatall i/o registersareclocked at the sametime (zeroskew). All
explicit delayrequirementsgall into oneof thefollowing categories
1. zeo skewisland,i.e., agroupof registerswith equaldelay
2. tagetdelaysj.e., t§' = 8y,... 5% = 8, ka <,
3. targetskews, i.e., sj; = 0j;,...,Sjg = Ojg, jp <Np .
Zero skew islandscan be satisfiedby collapsingthe correspond-
ing graphverticesinto a singlevertex while eliminatingall edges
amongverticesfrom theisland. Notethatzeroskew is within the
permissiblerangeof eachin-island path. Alternatively, the tar
get delaysare corvertedto target skews (category 3 above) for
sequentially-adjacergairs or by addinga ‘fake’ edge. Thus,an
algorithmto handleonly targetskews is necessary

Notefirst thattargetvaluesfor only ns < n, skews canbeinde-
pendentlyspecified.As ns approachesy, thefreedomto vary all
skews decreaseandit may becomempossibleto determineary
feasibles. Givenn; < ny, (a) the basiscanalwaysbe chosento
containall target skews by using a spanningtree algorithmwith
edgeswapping,and(b) theedgeenumeratiortanbeaccomplished
suchthat the target skews appearastin the basis. The problem
is now similar to (2) exceptfor the changeof the circuit kernel
equation,

&
C=[C1Cy],Bs=][l C1 C;] |®
o

= B8+Cy0=0, (6)

whereB =[I Cy, 8= [zcb] & =< and?® is < with the last
n¢ elementsremoved. The matrix C, in (6) consistsof the last
ns columnsof C, while thetargetskew vectoro is anns-element
vectorof target skews whoseelementsare orderedin the orderof

thetargetedgesThelinearsystem(3) becomes

25+ B'rh = 2§ 2l B3 2§
~ = A ~ | = ) (7)
BS+Coo=0 B Of|m —-Cyo

with solution

m* = 2M~1(Bg + C,0)

A 8
§ =(1-B™M1B)g—B'M~1C0. (®)

IV. RESULTS

Thealgorithmdescribedn Sec.llI-B hasbeenimplementedas
a C++ programandappliedto boththe ISCAS’89benchmaricir-
cuitsandsomeindustrialcircuits (I C1, |1 C2 andl C3). There-
sultsof the applicationof the algorithmto thesecircuits are sum-
marizedin Tablel. For eachcircuit, the following datais listed—

the circuit namein column 1, the numberof disjoint subgraphs

in column 2, andthe numberof vertices,edges,chords(cycles),

The resultsareillustratedin Fig. 5 wherea histogramof the
clock skew distribution within the permissiblerangeis graphically
displayedor thespecificcircuit s3271. After oneiterationof (2)
with all objective clock skews setat the centerof the permissi-
ble range,thereare 82 lower boundand 112 upperboundviola-
tions, respectiely [showvn darker in Fig. 5(b)]. At the conclusion
of execution—depictedh Fig. 5(c)—noviolationsremain. Also
shawvn in Fig. 5(a)is thedistribution of zeroclock skew. Notethe
differencebetweenFig. 5(a) and Fig. 5(c). Thereis a clearim-
provementin thatary non-zeroclock skew is at least18% from
eitheredgeof the correspondingpermissiblerange. The majority
of thenon-zeraclock skews arewithin 5% of the safesttlock skew
valueatthecenterof the permissiblaange.

V. CONCLUSIONS

53 — =

Il

(a) Distribution of zeroclock skew asa percentagef the per
missiblerange

+— 112
82 —

(b) Distribution of non-zeo clock skew after one iteration

of (2)—thereare 82 lower boundand 112 upperboundviola-
tions

68 —

(c) Distribution of non-zeo clock skew afterall threeiterations
of (2)—thereareno lower or upperboundviolations

Fig.5. Thedistribution of clock skew within thepermissibleange(asapercentage
from 0%to 100%)for thecircuits3271 (notethatheightis notdravnto scale).
Intenalsthatarecrossedut containno skews.

The problemof clock skew schedulingfor improvedtolerance
to procesgarametevariationsis examinedin this paper A novel

main and isolatedbasis,and target clock period in nanoseconds formulation of the optimal schedulingproblemfrom a reliability

in columns3 through8, respectiely. The numberof iterationsto

reachasolutionis listedin column9. Theaveragevalueof € in (2),

i.e., v/€/pis listedin column10. Theruntimein minutesfor the

mathematicaportion of the programis shavn in column11 for

a 170 MHz SunUltra 1 workstation. For circuitswith morethan
onedisjoint subgraphthe algorithmis appliedto eachsubgraph
separately

perspectie is presentedis a QuadraticProgrammingQP) prob-
lem. In this approach,

« theobjective clock periodis fixed,

« the objective clock skews for eachlocal datapath are chosen
accordingo ary specificdesigncriteria,

« ary requirementsor explicit specificatiorof clock signaldelays
within a circuit (targetskews) arefully supported,
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« theleastsquaralistancebetweertheobjective andactualvalues [11] S.-PChanS.-Y. Chan,andS.-G.Chan,Analysisof Linear Networksand Sys-

of theclock skew vectorovertheentirecircuit is minimized.

An efficientcomputationaprocedures introducedo solve the QP
problemvia the equalityconstrained.agrangeMultipliers method
with iterative refinementof the objectve. This procedure—
with O(r®) run time compleity and O(r2) memory complexity,
respectiely—hasbeenimplementecanddemonstratedn a num-
berof benchmarlandindustrialcircuits.
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