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ABSTRACT

Detectingoverlappingof switchingwindows betweercouplingnets
isamajorstatictechniqueto accuratelyocatecrosstalknoise.How-
ever, dueto the mutualdependengc betweenswitchingwindows,
the computatiorrequiresiterationsto corverge. In this paper we
discussthe issuesandprovide answergo the importantquestions
involvedin convergenceandnumericalpropertiesincludingtheef-
fectof couplingmodels multiple convergencepoints,convergence
rate, computationatompleity, non-monotonicity continuity and
the effectivenesof bounds.Numericalfixed pointcomputatiorre-
sults are usedto explain theseproperties. Our contritution here
builds a theoreticafoundationfor staticcrosstalknoiseanalysis.

Categoriesand Subject Descriptors
B.7.2[DesignAids]: Verification—Timinganalysisnoiseanalysis

General Terms
TheoryAlgorithms, \érification

1. INTRODUCTION

In very deepsubmicrontechnologies,as the featuresize de-
creasesthe aspectratio (height over width) of metal lines goes
up. Thisresultsin largerlateralcouplingcapacitancesyhichdom-
inate the total capacitance Crosstalknoiseis thus easilyinduced
from the neighboringnetsand causeshe major timing variation.
Theseeffectscanno longerbe ignoredandthe analysishasbeen
addresseédxtensvely in state-of-the-arthip designd1, 2].

Crosstalknoisecancausetiming variationin two ways. If two
netsswitchataboutthesametimein thesamedirection,thedelayis
spedup, andfor the oppositedirections thedelayis sloveddown.
If theadjacennetsarequiet,thereis no crosstalknoise.Therefore,
it is importantto identify the switching window, a possibletim-
ing durationin which a netor atiming nodecanpossiblyswitchor
male transitions.ldentifying overlappingbetweerswitchingwin-
dows canreducepessimisminvolved in crosstalknoiseanalysis,
becauseo crosstalknoiseis inducedbetweertwo netswhenthere
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is nooverlapof the switchingwindows.

With crosstalknoise, switchingwindows are consideredmutu-
ally dependenin statictiming analysis6TA), andthecomputation
cannotbe completedn a singletraversalof netsin general[3, 4,
5,6,7,8,9]. Iterationsarethereforeneededo resol\e the depen-
deng until they converge. Thefollowing questionghusarise:

e How mary iterationsare needecdat most? Whatis the com-
putationalcompleity? How fastdoestheprocessorverge?

o Doesit alwayscornverge?Whatcouplingor overlappingmod-
elsleadto divergence?

o Isthereauniqueconvergencepointindependenof aninitial
condition?

e If agatedelayis reduced,is a circuit's longestpath delay
consideringcrosstalknoisereducedaswell?

e If a gatedelayis increaseccontinuously will the crosstalk
noisealsobeincreaseaontinuously?

In [9], the authorssuggesthe use of a lattice theoryto prove
corvergenceof switchingwindows computatiorandshaw thereex-
ist multiple convergencepointsdependingon theinitial condition.
However, the coupling modelthey usedis very primitive and is
notaccuratedueto its discretenature.We will tacklethis problem
with a differentpoint of view from a numericalfixed point com-
putationperspectie[10]. Besideswe will examinethe impactof
discreteand continuouscoupling modelson convergenceand nu-
merical propertiesof switchingwindows computation.Moreover,
thequestiondistedabove will be studiedin this paper

Therestof this paperis organizedasfollows. In Section2. we
introducesomedefinitionsusedin the paper and give the upper
andthe lower bounds. Section3 addressefixed point computa-
tion appliedto switchingwindows computation. The underlying
modelsusedin switchingwindowns computationare examinedin
Sectiord. Proofof corvergenceandefficiency issuesarediscussed
in Section5.

2. BACKGROUND

A victim is anetthatsufiersfrom noiseeffects,andanaggressor
is anetthatcontritutesnoise. Therolesmay changedependingn
the context. A quantityis saidto be noisy if the crosstalknoise
effectshave beenincludedin it. Onthe contrary a quantityis said
to be noiselessor nominal, if the crosstalknoise effects are not
includedin it. For example,a noisy delay is the nominal delay
plustheextra delayinducedby crosstalkeffects. Similarly, anoisy
switching window is the nominalswitchingwindow includingthe
extra noisy pathdelayinducedby crosstalkeffects.



A coupling edgeexists from the victim to the aggressoin the
STA timing graphif thereis acouplingcapacitancénkedbetween
them.A couplingedgeis saidto beactiveif thedeltadelayinduced
by this edgehasbeenincludedin its victim’s noisy switchingwin-
dow. In the procesf switchingwindows computationa coupling
edgemay changéts statefrom inactive to active or vice versadue
to overlappingof noisy switchingwindows.

Without loss of generality we assumea single delay value on
interconnecfor all of thefanoutsof eachnetin thefollowing dis-
cussion. Let x; andy;j be the latestarrival time of neti andthe
earliestarrival time of net j, respectiely. Let 6;; : R— [0,1] be
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Figure 1: (a) 6 function to representthe overlapping. (b) Vari-
ablesto representdelaysin a coupling subcircuit.

a switchingwindow overlappingfunction of time difference.Fig-
ure 1(a)is an exampleof function 8;;(x —y;j). If i —y; <0, the
switchingwindows don't overlap, resultingin no couplingnoise.
As x; —yj becomegreaterthanzero, the coupling noisestartsto
appearandeventuallyit saturatesat a normalizedvalue1.0. The
delta delay inducedfrom aggressomet j to victim neti is thus
writtenasj(x —yj)At[®; whereAt®*> 0is themaximumdelta
delayinducedfrom aggressonet j to victim neti.

An index setdenotesa collectionof netindices,representing
subsebf all nets.Let d; betheinterconnectlelayof of neti, A; be
anindex setof aggressonetsof neti, D; beanindex setof fanin
netsof neti’sdriving gate anddj, bethegatedelayfrom afaninnet
k to neti. Figurel(b) relatesghesevariablesto acircuit diagram.x;
andy; arewrittenas

X = Bij (i fyj)AtiTaX-I- di + max(x+0di), and (1)
€A keD;
Yi=— 3 80 —y)AFrdi+ min(y+ k), (2)

€A
respectiely.

2.1 SimpleUpperandLower Boundsfor Switch-
ing Windows

Upper bound
Noisy Window

/L —
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Figure 2: Boundsfor switching window.

What are the possiblelatestand earliestarrival times con-
sideringcrosstalknoise?Clearly, whenall the crosstalknoisesare
active andinducethe maximumextra delayto increasethe latest
arrival time andreducethe earliestarrival time, this is the largest
switchingwindow, i.e. the upper bound, thatcanbeachiezedwith

crosstalknoise.The upperboundsarewritten as

X = AT+ di + max(xg ™+ i)
j€ ) kEDi
> 8ij (% — v )AL+ di + max(X+ i), and(3)

yimin

jE
=5 A4 di + min(y™" + &
2 iy + Bic)

< =Y 6 = V)AL + min(yk+8ik)- (4)
A keDj
On the contrary whenall crosstalknoisesare excluded,the nom-
inal switchingwindow givesthe lower bound, i.e. the smallest
possibleswitchingwindow. Thelower boundsarewrittenas

min  _ d min 5
X |+L2%?<Xk + Bik)

IA

Bij(Xi — Vi )AtiTaX+ di + max(x+ o), and
jG . kGDi

max d H ax 6
y|m |+|£r€1gll(yﬂ" + dik)

> — eij(x,- fyi)AtirJnaX-&— di + min(yk + dik)-
€A keD;
The relationshipbetweenthe boundsandthe final switchingwin-
dow areillustratedin Figure2.

3. FIXED POINT COMPUTATION

Fixedpoint computatiorprovidesus a corvenientvehicleto ex-
plore the underlyingpropertiesof how the computationprecedes.
In this sectionwe proposeheformulationandpoint out someim-
portantproperties.

3.1 Formulation

Let x € RN be a switchingwindaw configurationwhereN is
thenumberof netsor timing nodesn switchingwindows computa-
tion. For N nets,we nee®N variablego representhelatestarrival
times, x;'s, andthe earliestarrival times, y;'s, respectiely (If rise
andfall switchingwindows areconsideredeparatelydN variables
areneeded).Let f : RN — R?N be a mappingor transformation
from x to anew switchingwindow configuratiorx’ consideringhe
crosstalknoisebasedon the switchingwindows’ overlappingcal-
culatedaccordingto x.

The objective of switchingwindows computationthus can be
formulatedas finding a fixed point, x*, suchthat x* = f(x*)[9].
Specifically iterationequationarewritten as

xi(n+l) = Bij (Xi(n) —ygn))AtiTax-l- d + fkTéaD}(X(kn) +0ik), and
A i
WY == 3 a1 XA o+ min(y” + ).

JEA

With aninitial guessx(©), we canperformfixed point iterations
as

XD = f(xO), x@ = f(xW)y, .. xW =fx"D) . (5)
until it corverges.This processs usuallyreferredto asfixed point
computation[10].

3.2 Fixed Point Iteration for Switching Win-
dows Computation

Let D bea closedandboundediomainin R?N, andlet f(x) € D
for all x € D. Forary two pointsxy,X» € D, if thereexistsaconstant



L, suchthat
[[f(x1) = f(x2)[| < L[[x1—X2|[,

where||- || denotesa norm for the vector spaceD, f(x) is called
a Lipsditz function andL is called a Lipschitz constant Using
fixed point computation[10]jf 0 < L < 1, thefixed pointiteration
corvergesandguaranteesa uniqueconvergencepoint(fixed point),
givenary initial xg € D. Thisis asufficientconditionfor existence,
corvergenceanduniqueness[10].

In practice for one-dimensionatasel is roughlyestimatedas

pdf( )_sup 8 (% — ;AT and Atﬂ“ax:AVmaxl,
dx; jEA Tj

wheresupis an upperbound(maximumvalue) function, AVinay is
the maximumnoiseinducedby anaggressoandt; andt; arethe
slew time of avictim andan aggressomrespectiely. In generalL
is notboundedy 1.0. It depend®ntheunderlyingmodelswhich
arediscussedh Sectior4.

For example,considera one-dimensionaterationfunction f (x)
in Figure3(a)as

f(x)= ,—é 6ij (x— yj) AT+ d +'Qlaof(xk+6ik)’ (6)

wherex™n andx™MaX arethelower andthe upperboundsdescribed

f(x)

Figure 3: (a) Arri val time function. (b) Multiple corvergence
points.

in Section2.1, andvictim netv andtwo aggressorsy anday to-
gethercreatefunction f(x), wherexy, xo and xmax are the fixed
points. Repeatedsubstitutionprocedurewhich replaceshe argu-

mentwith its outputvaluecanbe usedto corverge X" sequence.

For one-dimensionataseand a continuousfunction, a sufficient
conditionfor convergenceis givenas| f’(x)| < 1. For f(x), the suf-
ficient condition[10]is ||J|| < 1, whereJ is the Jacobiarmatrix of

f(x).

3.3 Multiple ConvergencePoints and Unsta-
ble Fixed Point

SincelL is notin generalboundedby 1.0, it is easyto produce
multiple convergencepointsin switchingwindows computatiorpro-
cess.Theactualconvergencepointdepend®ntheinitial switching
windows [9].

Forfixedpointcomputationauniquecorvergencepointrequires
aLipsditz constant lessthan1.0. In switchingwindows compu-
tation,L is notboundedor discretenodelsintroducedn Sectiord,
andthereforetherecanbe multiple fixed points. Evenfor a contin-
uousmodel,it is possiblefor L to begreateithanl.0. For example,
in Figure 3(b), pointsa, b andc areall fixed points, andthe ini-
tial conditiondeterminesvhich fixed point the iterationcorverges
to. Notice that point ¢ is unstable since f/(X)|x=c > 1. A small

perturbationcan drive corvergencetoward pointsa or b. There-
fore, unstablefixed points cannotbe obtainedthroughfixed point
computation.

3.4 Tightening Bounds

A corventionalcorvergencescenariaisesnfinite switchingwin-
dows for theinitial conditionto includeall the noiseeffectsin the
beginningandshrinksthe switchingwindows in the subsequerit-
erations[6,8]. [9] shawvs startingfrom the infinite switchingwin-
dows, the processcancorvergeto alooserupperboundof switch-
ing windows.

UsingEq. (1) and(2), we canprove this monotonicityby induc-
tion asfollows.

THEOREM 1. Ifi |n thelnltlal twostepsxl > x(l) andy(o)
yi( Yioralli= 1..N,xi
quenceandyi(”) formsa monotonicallynon-deceasingsequence

) formsa monotonicallynon-inceasingse-

Proof: Thebasecaseis clearly
xi(o) in( and y(o) <y(1) for i=1.N.
By induction,we have
K" > 5" and ygn_l) < y(jn) for n>1,i,j=1.N,
o)
XI_(n) xl(n 1 ygn—l)_
Gijisa non—decreasinanctlon,sowe have

8 (X" —yi") < 8;(" P —yi" Y), and

Af7® >0 and kmax(xk +8ik) < max(xk Y4 8y).
Therefore,
Y=y e - y)a g +ma><(><k Y+ 8)
€A
<Y 60T =y A+ man Y + 3)
A keD;
X",
Besidesyi(n) sequenceanbeproved symmetrically O

LEMMA 1. If theinitial configuation startsfromthe maximum
switching windows,xi(") formsa monotonicallynon-inceasingse-
quenceandyi(“) formsa monotonicallynon-deceasingsequence

This resultactually shavs the switchingwindow shrinksstarting
from the maximumswitchingwindow. Thatis to say the upper
boundis reducedin eachiteration. Thus, the accurag of noisy
switchingwindows’ boundcomputeddependson howv muchrun
timeis affordable. Theresultsarestill valid uppeoundsof switch-
ing windows even beforeconvergence. Similarly, usingthe mini-

mum switchingwindows asthe initial condition,the lower bound
increasessthe corvergenceprocessprecedes.We have the fol-

lowing two lemmas.

LEMMA 2. Ifin theinitial twostepsxi(o) < xi(l) andyi(o) > yi(l)

forms a monotonicallynon-deceasingse-
quenceandyi(“) formsa monotonicallynon-inceasingsequence

for anyi = 1.N, x"



LEMMA 3. If theinitial configuation startsfromthe noiseless
switching windows x; " formsa monotonicallynon-deceasingse-
quenceandyi(n) formsa monotonicallynon-inceasingsequence

Thislemmaactuallyprovidesamethodto obtaintightestswitching
windows.

Theseresultscreatea monotonictransformationduring fixed
pointiterationsuggestedby [9].

4. COUPLING MODELS

In this section,we will considerthe underlyingmodelsfor cal-
culating noise. Discretemodelsare easierand fasterto calculate
andin generalgive a boundof crosstalknoise.However, the error
boundcanbefar off from the correctnoiseboundcomputedusing
acontinuousmodel.

Crosstalknoiseinducesa voltageglitch on a victim andcauses
timing variation. The amountof the deltadelayin timing calcu-
lation canbe determinecby aligning the noisepeakwith the vic-
tim waveformsothatthe superimposedaveformpeakreacheshe
switching threshold(usually 50% of power rail voltage)[11]. If
the victim’s waveform is simplified asan ideal rampwith a slew

time 1y, themaximumdeltadelayAt™® canbewritten asAt M =
TV Avmax
Vbp *

4.1 NoiseCalculation Model

Traditional STA often ignoresall the coupling effects and re-
placesary couplingcapacitancevith agroundedne.Corvention-
ally, to calculatethe coupling delay on eachinterconnecta dis-
crete coupling factor model uses1X groundedcapacitancevhen
the neighboringnetis quiet, 2X for the oppositedirection switch-
ing and O for the samedirection switching[12,9]. Determining
which factorto usedependon the overlappingof switchingwin-
dows. However, it hasbeenshawvn the couplingnoisecanresultin
asmuchas3X capacitanceffectwhencalculatingthecouplingde-
lay[13, 14]. Besidesa discretecouplingfactormodelhasdiscon-
tinuity betweenthe boundariesvhena couplingfactoris changed
to anotherfactor On the contrary a continuous coupling factor
model canbeusedto avoid thediscontinuityontheboundariesnd
increaseaccurag[13, 14].

More accuratemodelshave beenproposedising superposition
to calculatethe total crosstalknoise without using ary coupling
factornor decouplingthe couplingcapacitancesuchasl6, 1, 5].

In [7], the authorsproposea modelwhereinsteadof directsub-
stitutionof x; in Eq. (1) to evaluatethecrosstalknoise they decom-
posean arrival time into a componenthatis contritutedfrom the
driving gateas

X = di + max(x«+di) and y; = di + min(yk + dik),
keDj keD;

and,basednthesearrival timesx; andy;, evaluatethenoisyarrival
timesas

Xi= 8ij(X—¥)AT¥+% and yi=—
JEA JEA
It avoids pessimisticallyto take the noisyarrival time into account
for switchingwindows’ overlapping.This modelstill canbecalcu-
latedusingfixed point computation.

4.2 Switching Windows Overlapping Model

For multiple aggressorsthe worst casenoise shouldbe calcu-
lated basedon the switchingwindow constraints. Thatis to say
dueto the pathdelays,the aggressorsswitchingwindow may not
be ableto align arbitrarily to createthe maximumnoise.

81 (R} — i) AL+ Y.

In [15], theauthorshave proposeda mixedintegerprogramming
techniqueto find the worst possiblenoise. This model assumes
"sharpnessbf thenoisepeaksandit is considereddiscreteover-
lapping model, which only allows eithera completenoisecontri-
bution or zeronoise. Thatis to say 6(-) is a stepfunctionin Eq.
(1) andEq. (2). Figure 4(a) shavs a noisefunctionin suchkind
of models. On the contrary a continuous overlapping model al-
lows the noisecontritution to be fractionalaccordingto the noise
glitch waveformon thevictim netandthe overlappingrange.Fig-
urelis anexampleof 8(-) representing continuousnodel. Many
efficient methodshave beenproposedo find the maximumnoise
or the maximumdelta delay using this kind of models. For ex-
ample,[5, 7] have proposecdervelopewaveformmethodsand[16,
17] formulateit asa weightedchanneldensityproblemandgives
analgorithmwith O(MlogM) compleity, whereM is the number
of aggressors.

Note that if an infinite slopeis assumedon the boundaryof
switching windows, a continuousoverlappingmodel becomesa
discreteoverlappingmodel.

4.3 Discontinuity in Discrete Models

f(x) ) Dpiscrete model
Continuous modk

S ;H: X
Xy Xp X Error

Figure 4: Discontinuity in f(x) or noisewhen using a discrete
model.

All of thediscretemodelsmentionedabore suffer from a draw-
back of discontinuity on the boundarywhen a discretefactor is
changedo anotheror the overlappingconditionis changed.The
noiseis discontinuousvhenincreasingor decreasingyatedelays.
Figure4(a) shavs an exampleof discontinuityat x; andx, when
usingadiscreteoverlappingmodel.

If the discretemodelis designedcarefully it canbe an upper
boundof crosstalknoise,which is consideredrery usefulin STA.
An examplein Figure4(b) shavs thatthediscretemodelcorverges
at pointd while the continuousmodelcorvergesat point ¢, which
is boundedby pointd.

4.4 Error Bound betweenDiscrete and Con-
tinuous Models

After convergenceof switchingwindows, supposeno errorwas
incurredin the previous stagedelayfor a single pair of coupling
nets. The error incurreddueto the useof a discretemodel can
be aslarge as At the maximumdeltadelay betweena victim
and an aggressonet pair, given the sameinitial configurationof
switchingwindows. The errorcanbewritten as

eij = (859706 —yj) — 81506 — ) AT < AT,

where6((-) is the continuousoverlappingfunctionandgf{s(-) is

thediscreteoverlappingfunction. Figure4(b) shavs anexamplein

which the discretemodelconvergesto pointd andthe continuous
modelcorvergesto pointc. If every aggressojust alignsexactly

atthe sametime, the errorboundcanbe aslarge asthe sumof the

maximumdeltadelays:

&<y 66 —yAT < Y AT
1eA 1€A



Moreover, theerrormaypropagatdéorwardalongatiming pathand
accumulateo includeall the maximumdeltadelaysinducedfrom

all the aggressorsTherefore the error boundfor a noisy longest
pathdelayis equalto differencebetweernthe upperboundandthe
lower boundof endingnet’s switchingwindow of the path:

£(x) < XX =

AT max(xM8X 4 &) — max(x" 4 §;
4 i +keD?(k + |k) keD?((k + Ik)a

and similarly, the error boundfor a noisy shortestpath delay is
equalto:

g(y;) < ymax_ymin — EA AT min(yR@ - Bi) — min(yp""+ 8 ),
j€ ) kEDi kGDi

4.5 Non-MonotoneProperty

Whendecreasinggatedelay thenoisylongestdelayof acircuit
mayincrease For example consideracasen Figure5(a), whereif
thearrival time of switchingwindow a is reducedneta maystartto
attacknetv dueto the overlappingof switchingwindows resulting
in delayincreasein netv. In termsof Eqg. (1), asy; decreases,

e
e \
[~ = /

(a) t=0 (b)

Figure 5: (a) Reducing a gate delay resulting in a longer path
delay. (b) Floating modedelay model.

Bij(xi —yj) increasesresultingin increaseof x; on the left hand
side. Using just one operationakonditionto determinex; andyj
may resultin anoptimisticevaluationof crosstalknoise.

Using a floating delay model[18](e.g.seeFigure 5(b) ), which
assumegerofor ary earliestarrival time, i.e. yj = 0in Eq. (1),
is still impossibleto solve this problem. If we sety; = 0, Eq. (1)
becomes

X = 81 (%) A4T® 4 di + max(x + ik )
j€ . kEDi
= AT di +max(x¢ + i) = X",
€A keD;
which doesnot provide ary useful information about switching
windows.

5. CONVERGENCE OF SWITCHING WIN-
DOWS COMPUTATION
In this section,we will arguethe corvergenceof switchingwin-
dows computation.

5.1 Proofof Convergence

THEOREM 2. Theiterationin Eq.(5) corvemesto afixedpoint
x* = f(x*), giventhe initial switching window configuation as
x(0) — xmin g x(0) — ymax

Proof: Convergenceof theiterationcanbeprovedby thefollowing
facts[6,9]:

1. xi’s andy;’s have an upperanda lower boundsasshavn in
Section2.1,

2. if startingfrom x(© = x™", by Lemma3, X" formsanon-

decreasingequencandyi(n) formsanon-increasingequence.
Theiterationconverges,sincethe sequencearebounded.

3. UsingLemmal, we canprove similarly for theinitial condi-
tion startingfrom x(®) = xmax, o

Someswitchingwindow overlappingmodelmaynothase mono-
tonicity for f(x) with respecto x;. For example,whenanaggres-
sor’s latestarrival time is muchlessthana victim’s, the switching
window of the victim is not affected. This effect canbe captured
by addinganextraterm—;;(x —x;) to Eq. (1) as:

=Y (8ij(x—yj)—8ij(xi —x;)) A1 +d +max(x+ i) (7)
]e " I
However, it canbe shavn in Figure 6(a) Eq. (7) hasa decreas-

ing portion, leadingto oscillationamongpointsa, b, ¢ andd, and
the iteration cannotcorverge. To remedythe decreasingortion,

f(x)

(a) X

Figure 6: (a) A decreasing portion resulting in non-
corvergence. (b) Extending the aggressors switching window
to infinity .

the aggressos switchingwindow needgo be extendedto infinity
suchasshawn in Figure 6(b) whencalculatingcrosstalknoisebe-
tweencoupling nets,and henceEq. (1) is mostly used. Without
the decreasingortion, Eq. (1) is monotonicallyincreasingfor x;
andx, and monotonicallydecreasindor y;. Theorem2 equva-
lently shaws thereexists at leastonefixed pointin D. Now, let's
seeif thereexistssomeloopingstructurein Eq. (1), i.e. oscillation
amongpointsin theiteration:

xR = (M (x(y = x4 and n> 1.

Withoutlossof generalitywe assume; affectsy; andy; affectsxy,
andxy affectsx; in Eq.(1). Any increasen x; leadsto decrease y;
andsubsequentlyncreasdn xy, which in turnsincreases;. This
excludesthe possibility to have oscillationin the iteration. That
is to say theiterationcornvergesgiven ary initial conditionswith

Ximin < xi(O) < XImax ar“jyimin < yi(O) < yimax_

5.2 Computational Complexity

For a discreteoverlappingmodel,we have at mostO(NM) cou-
pling edges,whereN is the numberof netsand M is the maxi-
mum numberof aggressonetsfor ary victim net. In eachpass
of calculationof f(x), at leastone coupling edges stateis final-
ized suchthatthe edgeeithercontributesthe noiseto its victim or
not for all the subsequenpasseslIf no couplingedgechangests
state thereis no updateto the noisy switchingwindows, sotheit-
erationcorverges. For eachpass,we needto examineO(N) nets
againstheirO(M) aggressorto identify switchingwindows’ over
lapping. Thus, the total compleity is O(N2M?). In [12], analgo-
rithm with compleity O(NZM) is suggestedvithout countingthe
costof checkingagainstO(M) aggressorfor detectingoverlapson



eachnet. In practice,this algorithmconvergesquite fastwithin 3
to 5 iterations.

If anevent-drivenstyleof computatioris used[7]thetotalcom-
plexity is still the samesincethereareO(N) netsin anSTA timing
graphto update,andfor eachupdateto a switchingwindon we
needto checkagainstO(M) aggressorso detectoverlappingand
trigger new updateevents. Thereare O(NM) edgesandwe thus
needO(N°M?) operationgor anevent-drivenstyleof computation.
They concludewith an efficient algorithmsimilar to the approach
of usingGauss-Seidahethod.

5.3 ConvergenceRate

Forfixedpointcomputatiorunderacontinuousoverlappingmodel,
the corvergencerate needsto be considered.For somelocal re-
gions,thereexistsalocal LipschitzconstanL suchthatL < 1, and
thefixed point iterationconverges. The cornvergencerateis deter
mined by this local Lipschitz constantL. Provided x(" is close
enoughto x*, theerroris boundecdby[10]:

X(n) —x*I < L_n X(l) _ X(O) or
X x| < o [ O,

b < e - xn,

SinceL may be greaterthan 1.0 in somelocal areasjt may have

somelocaldivergentsequenceasshavn in Figure? for one-dimensional

()

Xo X

Figure 7: Local divergence.

case.However, the endinggameof corvergenceis still dominated
by the convergentL valuewhichis closesto 1.0.

5.4 Speed-upof Convergence

Quite a few speed-umpmethodsfor corvergencehave beenpro-
posed[8,7, 12, 9]. Most of the techniquesare similar to Gauss-
JordanGauss-Seidebr update(eent)-drivencalculations A Gauss-
Seidelstyle calculationfor fixed point computationusesary up-
datedinformationassoonasit is available.For example theitera-
tion functioncanbe modifiedas

N = 50" M)A b+ maxd™ + 5).
€A keD;
Usually, ygn) is usedif y§”+1) is not availableat the momentwhen

calculatingx(“H). Techniguesarethusfocusedon how to maxi-

mizethe useof ygnH) insteadof y(j”), andthe useof x|(<”+l) instead
()

of x; 7.

Al?lotherspeed-upnethodis to replacefixed point computation
by aNewton-Raphsoiiteration,which hasa quadraticcorvergence
rate. However, computingeachJacobianmatrix elementneeds
O(N) operations,and the total compleity to build the Jacobian
matrixis O(N®). Invertingthe Jacobiarmatrix may needasmary
asO(N3) operationsesideghe original computatiorcostof f(x).
Moreover, singularity problemshouldbe handledwith care. Also,
this methoddoesnot guarantedo find thetightestnoisy switching
windows.

6. CONCLUSION

Switchingwindows computatiorcanbewell-controlledby care-
ful selectionof the underlyingmodels. In this paper we shaw,
formulateandprove thevariousnumericalpropertiedy a numeri-
cal fixed point computatiorperspectie andthesecould serne asa
theoreticafoundationfor switchingwindows computation.
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