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Abstract realize several clocking frequencies and also to address specific

The application of general clock skew scheduling is practically Elml!ng requwhementﬁ: Fc&r elxar;p!e, alspe(ﬂal clocking d(lnmaln thﬁt
limited due to the difficulties in implementing a wide spectrum of elivers a phase-shifted clock signal to the registers close to the

dedicated clock delays in a reliable manner. This results in a sig- SMP inputs and outputs is regularly used to achieve timing clo-
nificant limitation of the optimization potential. As an alterna- SU'® for ports with extreme constraints on their arrival and required
tive, the application of multiple clocking domains with dedicated tlmgs. In principle, a multl-domalp approach CO.L"d also be usgd to
phase shifts that are implemented by reliable, possibly expensiver_eal'ze_ Iarger_cl_ock Iater_lcy variations for all reglsters. I|_1 combina-
design structures can overcome these limitations and substantialIyt'onls‘”,th E’l‘ within-domain clock skew SC.h?dulllng. alg_orlthr:n, theyId
increase the implementable optimization potential of clock adjust- cOUd Implement an aggressive sequential optimization that wou

ments. In this paper we present an algorithm for constrained clock b,e impractigal Wit,h individual F‘e'ays of register clocks. The mo-
skew scheduling which computes for a given number of clockingt"’at'on behind this approach is based on the fact that large phase

domains the optimal phase shifts for the domains and the assign-Sh?fts betvyeen °'°Cki”9 domains can b_e implemented reliably by
ment of the individual registers to the domains. For the within- USiNg dedicated, possibly expensive circuit components such as

domain latency values, the algorithm can assume a zero-skew clock“StrlJCtureoI clock buffers” [4], adjustments to the PLL circuitry, or

delivery or apply a user-provided upper bound. Our expefiments simply by deriving the set of phase-shifted domains from a higher

demonstrate that a constrained clock skew schedule using a fev\frequency clogk using different tapping points of a shift reQiSter-
clocking domains combined with small within-domain latency can | OUr terminology, we use the teratock latencyof a register

reliably implement the full sequential optimization potential to date {© denote its clock arrival time relative to a common origin of time.
only possible with an unconstrained clock schedule. Note that the origin can be chosen arbitrarily; different origins sim-

ply correspond to different offsets added to all register latencies.
Clock skewrefers to the relative difference of the clock latencies
. of registers. We use the terafock phase shift of a domato de-

1 Introduction note an offset of the latency common to all registers of that domain.

Clock skew scheduling [1], often denoted as “cycle stealing”, Thewithin-domain latencys defined as the difference between the
computes a set of individual delays for the clock signals of the reg- clock latency of a register and the phase shift of its domain. Thus
isters and latches of synchronous circuits to minimize the clock pe- a zero within-domain latency means that all register latencies of a
riod. The schedule globally tunes the latching of the state holding domain are equal to the phase shift of the domain.
elements such that the delays of their incoming and outgoing paths In current design methodologies, the specification of multiple
are maximally balanced. The computed intentional differences in clocking domains is mostly done manually as no design automa-
the clock arrival times, also referred to as “useful skew”, are then tion support is available. In this paper we present an algorithm
implemented by designing dedicated delays into the clock distri- for constrained clock skew schedulimgnich computes for a user-
bution. In practice, a clock schedule with a large set of arbitrary given number of clocking domains the optimal phase shifts for the
delays cannot be realized in a reliable manner. This is because thelomain clocks and the assignment of the circuit registers to the
implementation of dedicated delays using additional buffers and in- domains. For the clock distribution within a domain, the algorithm
terconnections is highly susceptible to within-die variations of pro- can assume a zero-skew clock delivery or apply a user-provided up-
cess parameters. As a consequence, the practically applicable maxper bound for the within-domain latency. Our experiments demon-
imum differences for the clock arrival times are typically restricted strate that a clock skew schedule using a few domains combined
to less than 10% of the clock period, which limits the optimization with a small within-domain latency can reliably implement the full
potential of clock skew scheduling. optimization potential of an unconstrained clock schedule.

As an alternative to clock skew scheduling, retiming [2] bal- Our algorithm is based on a branch-and-bound search for the
ances the paths delays by relocating the registers. Although retim-assignment of registers to clocking domains. We apply a satisfi-
ing provides a powerful sequential optimization method, its practi- ability (SAT) solver based on a problem encoding in conjunctive
cal use is limited due to the impact on the verification methodology, normal form (CNF) to efficiently drive the search and compactly
i.e., equivalence checking and functional simulation. Furthermore, record parts of the solution space that are guaranteed to contain no
the use of retiming for maximum performance often causes a steepsolutions better than the current one. The combination of a modern
increase in the number of registers [3], requiring a larger effort for SAT solver [5] with an underlying orthogonal optimization prob-
clock distribution and resulting in higher power consumption. lem provides a powerful mechanism for a hybrid search that has

Multiple clocking domains are routinely applied in designs to significant potential for other applications in many domains.
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For simplicity, our descriptionwill be basedon circuits which
have initially a single clocking domainandinclude only registers
that aretriggeredat the sameclock edge. However, all presented
concepts canbe extendedto moregeneal casedncluding circuits
which have initially multiple, possiblyuncarelatedclocking do-
mainsandalsoincludelevel-sensitve latches.

2 Unconstrained Clock Skew Scheduling

In this sectionwe revisit thealgorithmicbasefor unconstrained
clock skaw schedulingvhichis extendedto the constrainedasein
the following section. Given a sequentiakircuit, the objective of
genericclock skew schedulingis to determinean assignmat of
latenciesto registersin orderto minimize the clock period, while
avoiding clockinghazardg1].

Let G = (V, Esqup, Enola) denotethetiming graphfor aseque-
tial circuit. The setof verticesV correspond to the registersin
the circuit and includesa single vertex for all circuit ports. The
setsEsgup CV xV andEpgg €V x V denotethe setupedgesand
hold edgesrespectiely. Esqyp containsfor eachsetof combina-
tional circuit pathshetweenregisters(or a port) u andv a directed
edgee = (u,V) with weightw(u, V) = Teycle — max(U, V) — Oseup (V).
wheredmax(U, V) representthelongestcombinaional delayamong
all pathshetweeru andv, dsgup(v) denoteshesetuptime atv, and
Teycle is the cycle period. Engg consistsof a setof reversededges
€nold = (W, U) with weight w(v,u) = dmin(U,V) — dhold(V), Where
dmin(u, v) is the shortestcombirational delay amongall pathsbe-
tweenu andv anddn|q (V) denoteghehold time atv.

By constrution G is strongly connectedand containsat least
onesetupedge We assumehatall weightsof hold edgesarenon-
negative, i.e., Ve € Epgq : W(€) > 0. Thisrestrictionsimplifiesthe
presentationhowever, all algorithmscanbe extendedeasilyfor a
relaxed conditionthatjust prohibitsnegative hold time cycles.

Let | : V — R assigna clock lateny to each register and
E = Esaqup U Enoig- We wantto determinean optimal clock skew
schedleI(v),v eV suchthat:

Y(u,v) € E: I(v) —1(u) +w(u,v) >0 (1)
Teycle — Min

The compuedvaluesl give for eachregisterthe additionalde-
lay (or advanceif | < 0) of its clock signalsuchthatthecircuit can
be clocked with the minimum cycle period Teycle. Note thatcon-
dition (1) ensureghat the setupand hold constraintsare satisfied
asmodded by the edgesEsaup andEngid, respectiely. Figurel(a)
gives an exampleof a circuit; the correspoding timing graphis
givenin part (b). The setupandhold timesof registersand ports
areassumedo be 0. The solid anddashedarcscorrespondo the
setupedgesEsqup andhold edgessyq g, respectiely.

Computationof the optimal clock schedie is closely related
to detectionof the critical cyclewhich is the structuralcycle with
themaximumvaluefor total_delay/num registers (ignoringhold
edges).Detectingthe critical cycle is equivalert to comptting the
maximummeancycle (MMC) of a weightedcyclic graph Our
approzh is mainly basedon Burn’s work [6, pp. 42-58, which
is to our knowledgeoneof the fastestpracticalalgorithmsfor the
MMC computation.

Algorithm 1 describesan adaptationof Burn’s iterative MMcC
compuationfor the given problem. The basicideais to iteratively
decreasdcycle andcompute the correspading clock schedle | at
eachstepuntil a critical cycle is discovered First, the algorithm
initializes the schedle with all latenciessetto 0 and Teycle to the
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Figure 1: Examplefor unconstrainectlock skew schedling: (a)
circuit structure with gate delays, (b) initial timing graph for
Teycle = 8, (c-e)timing graphsat severaliterationsleadingto acrit-
ical cycle at Teycle = 6.

maximumedgedelayplusthe setuptime. At eachiteration,the set
of edgescritical underthe currentschedle form the critical sub-

Algorithm 1 UNCONSTRAINED SKEWSCHEDULING (G)
1 foreachveV:I(v)=0
2 Teycle= max{dmax(U,V) + dsgup(V) | (U,V) € Esqup}
3 while(true)
/I compue critical edgesof G yielding critical graphG'

4 Egﬁup ={(u,v) | (u,v) € Esgup AW(U,V) +1(v) =1 (u) = 0}
5  Efgg=1{(WV) [ (V) € Engia AW(U,v) +1(v) —I(u) = 0}
6 G = Vv, Eéaup’ E:wld)
7 if (G’ containscycle with atleastoneedgee ¢ Egaup)
8 returnl, Teyele // critical cycle found

/l compue for eachvertex longestdistance) from rootsin G
9 repeat foreach ve V until no change

0 :if visrootof G

10 A(v) =< max{{A(u)+1](u,v) € Egqyp}s

{au) | (u,v) € E[,q}} :otherwise

/I compute consevative valuefor reducingTeycle
11 6=
12 foreach (u,v) € Esaup
13 if (A(u)—A(v)+1>0)

14 6 = min{6, MGl W)y
15 foreach (u,v) € Epgg
16 if (A(u)—A(V) > 0)
17 8 = min{8, %}

Il updatevaluesfor | andTeycie
18 foreachveV :I(v)=1(v)+6-A(v)
19 Tcycle = Tcycle -8




graphG' (lines4-6). If G' containsa cycle with atleastonesetup
edge thecritical cycle hasbeenfound andthe schedile | andbest
Teycle arereturned(line 8). Otherwise,a consereative decrement
0 for the cycle periodis computedbasedon a one-stedookahead
from the endsof the critical subgaph (lines 12—17). This calcu-
lation and the fast updateof the schedulel usesthe longed dis-
tanceA(v) of vertex v from ary root of G' (line 10). Note that
G' may containcyclesformed by hold edgesonly. However, the
incrementsof the A valuesalongsuchcyclesare 0 andthuscon-
vergenceis guarattieed. At the end of eachiterationthe schedile
I and Teyle are updated(lines 18,19). Note that when algorithm
UNCONSTRAINEDSKEWSCHEDULING terminatesthe sumof the
edgeweightsw of thecritical cyclesis equalto zero.

For the given examplein Figure 1, the first iteration of Algo-
rithm 1 resultsin the graph depictedin part (c) where the two
critical edges(vq,v2) and (vs,v4) with delaysequalto the cur-
rent clock period are highlighted Now, A(v) = A(v4) = 1, and
A(vy) = A(v3) =0. Theedge(vp, v3) determine® = 1 asthemax-
imum amountby which Teyce canbe reduced Thus Teyce = 7 at
theendof theiterationandthevertex latenciesareasshavn in part
(c). The following iteration (d) addsone new critical edge,and
8 = 1 resultsin Teycle = 6. The next iteration (e) finds a critical
cycle andreturnsTeycle = 6 asthe bestpossiblecycle time.

3 Multi-Domain Clock Skew Scheduling

3.1 Problem Formulation

Multi-domain clock skew schedulingof a timing graphG =
(V, Eseup, Enolg) for asmallnumberof domainsmposesadditional
constraintson the valuesfor clock latencies.For a given number
of clockingdomainsn anda maximumpermissiblewithin-domain
lateng 9, all clock latenciesmustfit into n valueranges

(I(da), 1(d1) +9)

(1(ch), 1(dn) +9)

wherel(d;) denoteshe phaseshift of domaini. The objectie of
multi-domainclock skew schediling is to determinedomainphase
shifts[(d) andregisterlatenciesl (v) that satisfy the abore range
constraintsandminimize the periodTeycle-

For aformal modelwe extendthe definitionof thetiming graph
by introducinga setof domainverticesand conditiond edgesbe-
tweenregistersand domains. Let G = (V, D, Esaup, Enold> Econd)
dende amulti-domaintiming graphwherethesetof verticesv and
setsof edgesEsqup andEnolg have thesamedefinitionasbefore.D
represents setof verticesthatcorrespondo the clockingdomains
and Econg= (V x D) U (D x V) areconditiond edgesassociating
theregistersto thedomains.For eachpairv € V,d € D two locking
edges(v,d) and(d,v) areincludedin E.ong With the conditional
weightsw(v,d) andw(d,Vv), respectiely. Usinga setof Boolean
variablesx(v,d) € {0, 1} theweightsaredefinedasfollows:

0 ifx(vd)=1
Wy d) = { o :otherwise

[ 0 :ifx(vd)=1
w(d,v) _{ o :otherwise

The Booleanattribute x(v, d) is trueif registerv is assignedo
domaind. Letl(d) bethe phaseshift of domaind. Theconditional
weightsontheedgef Eqongensureahatthelateng | (v) of register
vis boundby | (d) < I(v) <I(d)+dif vis assignedo d.
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Let E = Esgup U Enold U Econg-  FOr constrainedclock skew
schedling we wantto determinea setof register clock latencies
[(v),v €V, doman phaseshifts [(d),d € D, and assignmets of
registersto domainsx(v, d) suchthat:

Y(u,v) € E: 1(v) —I(u) +w(u,v) >0 (2

WeV: ,d) =1 3

v \%X(V ) ®)
Teycle — Min

Similar to the unconstraind case,constraint(2) ensureshat
all setupand hold time constraintsare satisfiedand furthermore
thatall registersassignedo a domaindo not exceedthe specified
maximumwithin-domainlateng. Condition(3) specifieshateach
registerhasto be assignedo exactly onedomain.

3.2 BaseAlgorithm

The problemformulation for constrainedclock skew schedil-
ing presentedn the previous sectionestablishes Mixed Integer
Linear Program(MILP). Unfortunaely, the sizeof practicalprob-
leminstancesnvolving thousand of registersmakestheir solution
intractablefor genericMILP solvers.

Our objectie is to efficiently solve the constrainedtlock skew
schedling problemfor a smallnumbe of domairs. We usea hy-
brid approat combininga CNF-basedAT solver with amodified
versionof theschediling algorithmusedin theuncorstrainedcase.
We usethe SAT solver for enumeratinghe assignmentsf regis-
tersto domainsbasedon the presenteagncodng with the Boolean
variablesx. Booleanconstraintsare appliedto restrictthe search
to valid assignmentsccordingto condition (3) andto incremen-
tally recordpartsof thesolutionspacehatdo notcontainsolutions
thatarebetterthanthe bestfound thusfar. This recordingis done
by addingconflict clausesto the SAT problemwhich prevert the
solver from revisiting symmetricpartsof the solutionspace.

Thebasicflow of our appraachis shavn in Algorithm 2. After
initialization on lines 1 and 2, an empty CNF formula @ is cre-
atedwith a setof variablesfor theregistersandclockingdomains.
The procedire INITIALCONSTRAINTS thenaddsan initial setof
Booleanconstraintsto ¢ that encodevalid registerto-domainas-
signmentsandrepresentecessargonditionsfor the optimization
problem. Next the SAT solwer is callediteratively to find a com-
pletesatisfyingassignmenxsar with respecto ¢. For eachgener
atedsatisfyingassignmentoneof the following applies: (1) if the
minimum possibleperiodfor the configurationis greaterthanthe
currentbestvaluefor Teycle, thenthis canbe detectedy anegative
cyclein thegraphconfiguredby xsar, or (2) if therearenonegative
cycles,thenTeycle canbefurtherimprovedusingBurn’s algorithm.

In the first case the procedue NEGCYCLECONSTRAINTS
learnstheneggative cyclesby addingcorresponihg CNF constraints
to . In the secondcasethe modifiedcritical cycle analysisshovn
in Algorithm 3 is invoked to furtherimprove Teycle until a tighter
critical cycle is reached Following this optimizationstep,the pro-
cedureTIGHTENINGCONSTRAINTS addsa setof new CNF con-
straintsto @ which encale the critical cyclesin G andothercondi-
tionsthatarenecessaryor improving the solution.

Thenegative andcritical cycle constraintgointly ensurethatno
configurationwith previously encownteredcyclesis revisited. The
iteration betweenthe SAT solver andthe critical cycle analysisis
continueduntil no new solution canbe found. At this point, the
valuesfor thelastTeyce andl presentshe optimalsolutionfor the
constrainectlock skew schediling problem.



Algorithm 2 CONSTRAINEDSKEWSCHEDULING (G)

Teycle = MaxX{dmax(U, V) + dseup(V) | (U,V) € Esaup}

¢ = emptyCNF formulawith variables{x(v,d) | ve V,d € D}
INITIALCONSTRAINTS (G, ¢)

while (true)
Xsar = SATSOLVE (¢)
if (Xsar = UNSAT)
returnl, Teyge
if (G containsnegative weightedcycle)
NEGCY CLECONSTRAINTS (G, Teycle, @, XsAT)
ese
I, Teycle =CONDITIONAL SCHEDULE (G, XsaT)
12 TIGHTENINGCONSTRAINTS (G, Teycle, @, XsAT)

OO0 NOO U WN P

el
[Ny e)

Thefollowing sectionsdescribethe detailsof the invidual pro-
ceduresusedin Algorithm 2. Section3.3 outlineshow the basic
algorithmpresentedhn this sectioncanbe furtherimproved.

3.2.1 Algorithm CONDITIONAL SCHEDULE

Algorithm 3 givesthe pseua-codefor the modifiedcritical cy-
cle analysis.Theassignmat to Xxgar is usedto “activate” someof
the condtional edgesof E.qng, Which arethentreatedin the same
way asthe edgesof Ej g in Algorithm 1.

To simplify the presentatiorof the algorithmicflow, we shav
all register latenciesinitialized to 0 and Teycle is setto the maxi-
mum combinationaldelayeachtime Algorithm 3 is invoked. This
ensuresa valid startingpoint for Burn’s algorithm. Furthermore,
CONDITIONALSCHEDULE is only appliedif G doesnot contain
ary negative cycle for the currentTeyce — thusit is guararieedthat
aschedle with anequalor smallervaluefor Teycle canbefound

In theactualimplementationthedetectiorof negative cycleson
line 8 of Algorithm 2 andthecomputatiorof valid registerlatencies
for the given bestTeycle is combinel using a single analysisrun.

Algorithm 3 CONDITIONALSCHEDULE (G, Xsar)
foreachveV:I(v)=0
Teycle = max{dmax(U, V) + dseup(V) | (u,V) € Esgup}
while (true)

1
2
3
4 Eéaup ={(uV) | (u,v) € Esaup AW(U, V) +1(v) — I (u) = O}
5 Eh()ld = {(U,V) | (U V) € Ehold /\W(U V) +|( ) (U) }
6 Econd {(uv) | (u,v) € EcongAW(U,V) +1(v) —I(u) =0}
7 G = (Va Egaup’ E{]old’ Etlsond)
8 if (G’ containscycle with atleastoneedgee € Egaup)
9 return |, Teyge // critical cycle found
10 repeat foreach v eV until no change
0 .if visrootof G/
11 AW =4 max{{Au)+1](uV) € Ebgyph,
{A(U) | (u,v) € E{,5qUELongt} : Otherwise
12 0=o
13 foreach (u,v) € Esqup
14 if (A(u)—A(v)+1>0)
1(u)+I(

15 6 = min{®, Wig‘(;) A((”V)ilv)}
16 foreach (u,v) € Enoig UEcond
17 if (A(u)—A(v) > 0)

: 1(u)+I(
18 6 = min{e, "4 1))

19 foreachveV:l(v)=
20 Tcycle = Tcycle -6

[(v)+8-A(v)
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This providesa goodstartingpoint for tighteningthe critical cycle
andthusavoidsunnecessy iterationsof Burn's algorithm.

3.22 Algorithm INITALCONSTRAINTS

Therearetwo setsof initial constraintgor the SAT solver. The
first setensureshateachregisteris assignedo exactly onedomain.
This is encoakd by the following setof CNF clausedor all ve V

andall dj,d; € D,i # j:
\/x(v.d)

vd
X(v, di) V X(v,dj)

To avoid visiting symmetricdomainassignmets, onecaneither
encock a correspading setof CNF constraintghat excludethese
casespr defineatotal orderingof the phaseshifts of theindividual
domainssuchthat:

i<j = I(d)<I(d))

In our approzh we chosethe latter methodwhich canbe en-
forcedby addinganedge(d;, d;11) to thetiming graphwith weight
w(di,di+1) = 0. Algorithm 4 summarizeshe generion of initial
constraints.

Algorithm 4 INITIALCONSTRAINTS (G, @)
1 foreachveV

2 0=0 U {(Vyax(,d))}

3 foreach di,dj € D,d; # dj

4 e=0 U {(x(wd)Vvx(vdj))}

5 foreachi:0< i< |D|—

6  Enold = Enod U {(di,dit1)}

7 w(di,di;1) =0

In the actualimplementation,the edge weights are setto a
slightly tightervaluew(d;, di1) = —& excluding“overlapping so-
lutions which can occur due to the within-domainlateng of up
to 6. However, using negative weightsfor the domainto-domain
edgesrequiresspecialcarefor the initialization of the schedie |
for Burn’s algorithm.

3.2.3 Algorithm NEGCYCLECONSTRAINTS

Algorithm NEGCY CLECONSTRAINTS is invoked if the graph
currently configured cannotimplementthe bestcycle time Teycle
found thusfar. This situationis detectedby finding a cycle in G
that containsat leastone setupedgeand hasa non-positive cycle
weight. Clearly ary suchcycle mustcontainat leastone pair of
“active” condtional edgesfrom E.ong. Thisis becasea negative
cycle just consistingof edgesfrom Esgup U Engig CONstrainsthe
minimum value of Teycle indepandently of the domainassignmen
andhencewould have beendetectecktarlier

The negative or zero weighted cycles are encodedas CNF
conflict clausesand addedto @. For example, if a cycle con-
tains the two condtional edges(vi,d;) and (v2,d»), the clause
X(v1,d1) V X(v2,dp) is addedwhich ensureghatin the future both
edgesarenotactivatedatthesameime. Sincethenumberof cycles
is generallyexporential, our implementatiorusesa greedyheuris-
tic which encountersall cyclesup to four conditiond edges.Our
experimentsshav thatthis schemeprovidesan efficient meansto
keepthe numter of learnedclausessmallandat the sametime en-
surequick corvergene. Algorithm 5 summarizeghe learningof
negative cycle constraints.




Algorithm 5 NEGCY CLECONSTRAINTS (G, Teycle, @, XsAT)

1 foreach cycle Ecycle € Esaup U Enhold U Econd
With ¥ ec, W(€) <0 andatleastoneedge e € Esaup

?=0 U {(VvecE.yEconX(€)}

2

3.24 Algorithm TIGHTENINGCONSTRAINTS

If no negative cyclesare encourteredalgorithm CONDITION-
ALSCHEDULE is invoked to improve the clock period Teycle and
calculatea correspoding scheduld. After this computationa set
of constraintsencodingthe zero-weightcritical cycles are added
which prevent revisiting a configurationwith an identical critical

cycle.

Algorithm 6 TIGHTENINGCONSTRAINTS (G, Teycle, @, XsaT)

/I Critical cycle constraints
1 foreach cycle Ecycle € Eseup U Enold U Econd
with ¥ ecg, ., W(€) =0 andatleastoneedge e € Esaup

2 0=0 U {(VvecEyuenEeonX(€))}
/I Precedenceonstraints
3 foreachd;:0<i < |D|
4  foreachd;:i<j<|D|
5 foreach u,ve V,u#v
6 WP(U,V) = SHORTESTPATHLENGTH(G, U, V)
7 if WP(u,v)+(1+i—j)-8<0)
8 = QU {(X(vdi)Vx(u,dj))}

Algorithm 6 gives the generalcomputationof the tightening
constraintdearnedwhenTeye is improved. Thecritical cycle con-
straintsarecompuedon lines1-2. Lines 3—8determinethe prece-
denceconstraintswhich arisedueto the enforceablevalue order
ing of phaseshifts betweerindividual domains similarto theones
generatedn procedire INITIALCONSTRAINTS. For example, if
the weight of an edge(u,v) € Esqup U Englq is lessthanor equal
to 0, condtion (2) in the MILP formulationimplies|(v) > I(u).
Becauseof the assumedrderingof domainsthis inequality can
be learnedthroughthe following setof clausesgeneratedor all
di,djeD:i<j:

X(v, di) v x(u,dj)

Theseclauseseffectively capturethe constraintthatary satis-
fying configurationxsar canonly allow assignmats x(u,d;) and
x(v,dj) wherei < j. The conditioncanbe appliedmoregenerally
by includingary pathfrom u to v formedby edges of Esgup U Enold
with negative pathweight. WhenTeycle is decreasedall edgesin
Esqup decreasén weight. The precedene constraintcanthenbe
implied onasubsebf pathsin G = (V, Esgup, Enold) Whoseweights
becone negative. Again, overlapping solutionscan be avoided
by tightening theseconstraintsby the sum of the bourds on the
within-domainlatencies.For an efficient generatiorof precedene
constraintsanincrementalll-Pairs-Shortest-&h algorithm[7] is
usedto updatethe shortesipathdelaysbetweenary pair of nodes
in G wheneer Teycle is improved.

3.25 Example

Figure2 shawvs the multi-domaintiming graphsfor two config-
urationsfor the exampleof Figure 1 with two clocking domains
andwithin-domainlateng & = 0. The minimum periodwith two
domains(Teycle = 7) is achieved by configuration(b). Note that
with threedomairs the minimum clock periodis 6, which is just
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the solutionfor the uncorstrainedcaseasderived in Figurel. In-

deed the optimumclock periodachiezedin theuncorstrainedcase
provides a lower boundfor the optimum period whenthe numter
of domainsis constraine.

For theconstrainealock skew schedulingexamplein Figure2,
thereareat most |D|V! = 25 = 32 different configurationsto ex-
plore in orderto compue the smallestperiod with two domains.
The key for efficiently pruning the searchis basedon the obser
vation that the period of a particularconfigurationis limited only
by the subsetof the registerdomainassignmentshat correspond
to critical cyclesin the timing graph. For example,afterthe SAT
solver generateghe configurationin Figure 2(a), we can avoid
ary other configurationwith either the assignments(vy,d;) =
X(v2,d1) = 1 or x(v3,dz) = x(v4,d2) = 1, sincethe correspoding
critical cyclesawayslimit Teycle to 8. This is encodedby adding
thefollowing two CNF conflictclausego ¢: (x(vq,d1) VX(v2,d1))
and(x(v3a dZ) N X(V4a dZ))

When the configurationin Figure 2(b) is visited, Teycle is up-
datedto 7 andthe correspoding critical cyclesarelearned.In this
manneythealgorithmcontinuausly geneatesvalid configuations,
prunesthe remainingsearchspaceby learningcritical cycles,and
improvesTeycle until the SAT solver is unableto find anothersatis-
fying registerdomainassignment.

I(vz) =1 I(vy) =0

|(d2: 1

|(d1:o

(a) Teycle =7

Teyce =8 (b)

Figure 2: Two registerdomain assignmats for the circuit from

Figurel optimizedfor two clockingdomains (a) 1. configuration:
{X(v1,d1) = X(V2,d1) = X(Vio, d1) = 1,X(V3,d2) = X(Va,02) = 1};

Critical cycles: (d1,v1,Vz2), (02, V3,Va); Teycle = 8, (b) 2. configura-
tion: {x(vy,d1) = x(v3,d1) = X(Vio, d1) = 1,X(V2,d2) = X(V4,02) =

1}; Critical cycles: (d1, V1, V2,V3), (d2,V2,V3,V4); Teycle = 7.

3.3 Further Algorithmic Improvements

The basealgorithm works efficiently for larger circuits up to
three clocking domains. However, in the caseof more clocking
domains,the exporential natureof the problem may causelong
runtimes. Note that the searchcanbe interruptedat arny point; all
encouwnteredsolutionsarevalid; thusthelastonecansene assub-
optimalschedie.

We obseredthattheruntimecanbereducedsignificantlywhen
thesearchis composedf thefollowing threephases(1) initial es-
timation of a goodsolutionbasedon binning of the uncanstrained
clock schedule(2) gradualimprovementof this solutionbasedon
a limited searchspacethat preseres the ordering of the uncon
strainedschedile and(3) final full searchwith temporarylimitation
removed. Whenartificially over-constraininghe searchduringthe
first two phasesthe solver corvergedsignificantlyfaster Further
more, mary negative cycle andtighteningconstraintcanbeadded
for thefinal full searchwhichin turnimprovesits runtime.

Algorithm 7 gives an overview of this refinedalgorithm; the
following sectionselaborateon the detailsof thefirst two phass.



Algorithm 7 REFINEDCONSTRAINED SKEWSCHEDULING (G)
1 Teyee = max{w(u,v) | (u,v) € Eseup}

/I Phasél: Useconstraintgrom binninguncorstrainedschedile
2 Teycle =INITIALSOLUTION (G, Teycle)

/I Phase2: Useconstraintgo presere partial orderingof
/I unconstrainedchedile

3 Teycle = PARTIALORDERSOLUTION (G, Teycle)
/I Phase: Full search

4 1, Teycle = FULLSOLUTION (G, Teycle)

5 returnl, Teycle

Algorithm 8 PARTIALORDERINGCONSTRAINTS (G, @)
11,T! .= UNCONSTRAINEDSKEWSCHEDULING (G)

» ‘cycle
2 foreach (u,v) € E
3 ifl(u) > 1(v)
4 foreach dj,dj €D, i <j
5 o= U {(x(ud)Vx(vdj))}

3.3.1 Initial Solution

A simple approab to derive a good initial value for Teycle is
to solve the unconstrainedtlock skew schedulingproblemfor G
usingAlgorithm 1 andthendistributetheresultinglatencieggreed-
ily into |D| bins of size %, wherelmax andlmin representhe
maximumandminimumlateny of theuncmstrainedschedle, re-
spectvely. Theactualclock periodfor this solutionis compuedby
translatingthe lateng/ binninginto correspading registerdomain
edgesn G followedby singlerun of Algorithm 3.

Furthermorethe bestsolutionfor |D| — 1 domainsprovidesan
uppe boundfor Teyce with |D| domains.Sincethe algorithmruns
significantlyfasterfor fewer clockingdomains a previously com-
putedsolutionfor fewerdomainscanbeusedasanalternatve start-
ing pointif it'svaluefor Teycle is smallerthanthe onefrom binning.

3.3.2 Partial Ordering Heuristic

After the initialization step, we canintroducea setof partial
orderingconstraintson the domainassignmets of registers. The
partialorderinghelpsin trimming the searchspaceput mayin turn
also exclude the optimumsolution. The heuristicassumeghat if
in theuncorstrainedskew schedile registeru hasalateng greater
thanthat of registerv, then there exists an optimum constrained
skew schedle thathasu assignedo a domainequalto or higher
thanv. The constraintgenerationfor this heuristicis detailedin
Algorithm 8. The SAT-basedsearchis then appliedto this over-
constrainecroblem. Theresultingclock periodis a goodstarting
pointfor thefinal run of the solver to computethe exactoptimum.

The partial orderingheuristicappeargo be exactfor smallcir-
cuits; however, onecanshaow thatthe orderingconstraintanay ex-
clude bettersolutionsasillustrated by a simple courter-example
givenin Figure3. For this graph,the optimum Teycpe is 4 for the
uncanstraineccase. Thelatenciesat eachvertex to achieve this pe-
riod areshown in the figure. Note that the constrainedrersionof
theproblemwill requireatleast8 clockingdomairsto achieve this
period.

Let dy dende thedomainthatvertex v is assignedo. Allowing
only two clocking domainsand zerowithin-domainlatengy (i.e.,
0 = 0), the pathfrom v; to v4 restrictsthe optimal period achie/-
able with two domainsto 8. The phaseshifts of the individual
domainsarel(d;) = 0 andl(dz) = 2. The domainassignmentsf
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theindividud verticesared,, = dy, = d; andd,, = dy, = dp, with
theremainingverticesassignedo eitherdomain.

To presere thelatengy orderingof theuncmstrainedschedule,
the partial orderingheuristicrequiresthe constraintsd,, < dy, <
dy, < dy,. However, the constraintdy, < dy, clearly violatesall
optimaldomain-rgisterassignmets. Theapplicationof partialor-
deringconstraintgesultsin a periodof 10, whichis sub-optimal.

I(vi))=0 I(v) =6 I(v) =8 I(vs) = 14 I(vs) = 12
T-10 T-6 0 T-2

=
I(v;)=8

T
I(vg) =6

I(vig) =2 (Vo) =4 1(vg) = 10

Figure3: Exampleto demorstratethatthe partialorderingheuristic
mayover-constrairthesolutionspaceandthusleadto asuboptimal
schedle andcycle period.

4  Previous Work

The original definition of the clock skew optimizationproblem
wasgiven by Fishturn [1]. He formulatedthe uncorstrainedclock
skew schedulingproblemasa linear program,similar to the spec-
ification given in Equation(1) earlierin this paper Deokarand
Sapatnekaf8] translatedthis problemto a graph-theretical set-
ting. Theideaof their approat is to performa binary searchfor
thesmallesperiodTycle Characterizethy theabsencef anegative
weightcycle in the constraintgraph.

Albrecht, et al. [9] propaseda solutionfor a concurent cycle
time andslackoptimizationbasedon the parametricshortestpath
algorithm[10]. They extendthe basicframework to balanceslacks
on all circuit pathsin orderto restrictuncertaintiesn the imple-
mentationof delaybuffersandclock treesynthesis.

To our knowledge the practically fastestalgorithm applicable
for unconstraing clock skew schedling hasbeenpublishedby
Burns[6]. Here,the compuation of the optimal clock schedle
is relatedto the detectionof the critical cycle. Burn’s algorithm
provides a fastmethodto identify the critical cycle and distribute
the smallestamoun of lateng necesary for the registersto attain
theoptimalcycle period. It is thisalgorithmthatwe usein theinner
loop of our approacHor constrainedtlock skew schediling.

Thereis no work that propcsesa solution to the constrained
clock skew schedulingproblemthatis consideredn this paper
Toyonaga, et al. [11] proposedan algorithm basedon simulated
annealingto synthesizea semi-synchonousclock tree optimizing
afunction of clock periodandarea.However, the focustherewas
ongenaatingafeasibleclock treeasoppacsedto finding anoptimal
solutionfor thecycle timein the clock skew schedling problem.

Thework thatcomesclosesto our problemof constrainealock
skew schedling waspublishedby SinghandBrown [12]. Theau-
thorsconsicer the problemof clock skew schedling usingafixed,
smallsetof clocking domairs with pre-determineghaseshiftsto
beimplementedn FPGAs. Thesolutionis aslight modificationof
theunconstraind clock skew schedulingnethodandusesanitera-
tive Bellman-Ford algorithm. However, the quality of their results
is only asgoodasthe predefineghaseshift values.In contrastpur
work considersthe more generalproblem of multi-domain clock
skew schediling wherethe phaseshiftsof thedomaincanbe mod-
ified for optimal performarce.



5 Experimental Results

To evalude the algorithmandobsere its performanceon prac-
tical designs,we have createda prototypeimplementationusing
the presentednethodson top of the SAT solver Chaf [5]. Our
benchmark suite consistedof the 31 ISCAS39 sequatial circuits
and 8 industrial designs. The ISCAS benchmark were technol-
ogy mappedthrough SIS [13] using the library lib2.genlib. The
industrialcircuitsweregeneratedy a commerciallogic synthesis
tool usingindustrialASIC libraries.We appliedthe REFINEDCON-
STRAINEDSKEWSCHEDULING algorithm to determinethe mini-
mum feasibleclock period with up to four clocking domainsand
a within-domainlateng of up to 10% of the initial cycle period
correspading to the longestcombimationaldelay including setup
time. The experimens werecondwctedon a Pentiumll2GHz pro-
cessomwith 2GB RAM runningLinux. Theresultsarereportedin
Tables1 and 2. Table 3 presentghe run timesandthe numberof
SAT solwer iterationsfor theindustrialcircuits.

Columns2 and3 in Tablesl and?2 give the numberof vertices
andedgesn thetiming graph.Column4 reportsthe optimal clock
periodTZy . achievable throughclock skew schedulingwith anun-
constrainechumberof domains.This is alower bound Column5
shavs theinitial cycle time for the circuit correspording to a zero-
skew schedulewvhichis simply thelongestcombinatioral pathde-
lay. Thisis anupperboundandcorrespondto aconfigurationwith
onedomainandzerowithin-domainlatengy, denoteohs'l’cl);ge. The
subsegentcolumnsreportthe optimumclock periodcompuedby
our algorithmfor aboundednumberof domainsandwithin-domain
lateny of 0%, 5%, and 10% of cly’gle. The numbes reportedin a
columnwith alabelof T*Y, _ indicatethe optimumcycle time for x

cycle

clock domainsanda within-domainlateng of & = y%- Tcly’gle. We
highlightedall dominatingsolutions,i.e., the non-boldentriesre-
flect solutionsfor which thereexist anequialentor betteronewith
fewer domainsor a smallervaluefor the within-domainlateng.

The algorithmeasily optimizedall ISCAS benchmaks — for a
majority of instancesthe optimum was achiezed with lessthan
threedomains. The total run time on the first 27 ISCAS bench-
markswas lessthan a minute. The last four circuits took only
slightly longer The resultsreportedin Table 2 indicate a con-
siderablecycle time improvementin most of the industrial cir-
cuits. Even with two domainsand a within-domain lateng of
0 = 5% x Tcl);gle‘ the industrial benchnarks achiezed on average
90% of the optimumcycle time (T,) possible.With threedomains
and5% x Tcl’gle lateng, thesebenchmark comeascloseas95% of
the optimumsolution. In fact,for six of the eightindustrialbench-
marks,we achieve the lowestclock period possiblethroughclock
skew schedling with four domains;four amongthesereachedhe
optimumwith threedomains.Theruntimeswerereasonablegiven
the high compleity of the problem. For designD2, with four do-
mains and no within-domain skew, we terminatedthe algorithm
after20 hours;it hadachieved a cycle time of 15.89asshavn. We
re-ranthatcasewith atight initial guesgfrom a previous run) and
thealgorithmterminatedn 17 hourswith the optimumcycle time,
which for thatcaseis 15.41.

Figure 4 tracksthe progressof the three phasesof the algo-
rithm over time for seven industrial desigrs constrainecby four
clocking domainsand zero within-domainlateng. Circuit D4 is
not includedbecausehe optimum period was trivially compued
andtherewasno iterative improvemen. The executiontime and
clock periodhave beennormalized:100%correspodsto theclock
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period of the zero-slkew scheduIeTcl’g,e. The curves are not a

comparisonof relative progress- rather they capturethe rate at
which Teycle is improved. The threephasesf the REFINEDCON-
STRAINEDSKEWSCHEDULING algorithm are indicatedby a dot-
ted sgmentdending the initial solution, a solid line represent-
ing phase2 wherepartial orderingconstraintsareintroducedand
a dashedine dending the last phasewherea full searchis per
formed. Fromthe graph,it canbe obsened that the cycle times
improve mostdramaticallyearlyin thealgorithm.Hence with lim-
ited CPUtime, onecanstopthe algorithmshortlyinto phase3 and
still expectvery goodimprovementsn cycletime.

100

95 q

90

851

801

s

70

Normalized Clock Period

65

60

55

50
0

10 20 30 40 50 60 70 80 90 100
Normalized Execution Time

Figure4: Graphicaltrackingof the algorithm’s progressover time
for seven industrial desigrs optmizedfor four clocking domairs
andzerowithin-domainlateng. Thedotted,solid, anddashedsey-
mentsdende phased, 2, and3, respectiely of Algorithm 7.

6 Conclusions

In this paperwe presentedan algorithmfor constrainedclock
skew schedulingwhich computesfor a fixed numbe of clocking
domainsthe optimal phaseshifts for the domainsandthe assign-
ment of the individual registersto the domairs. For the within-
domainlateng valuesthealgorithmcanassumezero-slew clock
delivery or apply a userprovided upper bound Our algorithm
is basedon a branchand-bour enumerationof the registerto-
domainassignmets. We apply a CNF-basedSAT solver for the
enumeratiorproces and uselearningof CNF constraintsto pre-
ventinvalid registerassignmets andto recordsetsof inferior solu-
tions which shouldnot be revisited. The actualevaluationof each
assignmenis performedby anincrementamaximummeancycle
analysison the constrainigraph.

Our experimentsindicate, that despitethe potential comple-
ity of theenumeation processthe presentedlgorithmis efficient
for modestlysizedcircuitsandworksevenfor circuitswith several
thousard registersreasonaly fast. Furthermore our resultsshov
thata constrainedlock skew schedulewith few clockingdomairs
andzeroor 5% within-domainlateng canin mostcaseschieethe
optimal cycle time dictatedby the critical cycle of the circuit. The
resulting multi-domain solution provides a significantadwantage
over the corresponihg uncorstrainedclock skew schedulewvhich
typically haslarge variationsof registerlatenciesandthuscannd
beimplementedn areliablemanner



Design | #FF | #Edges | To, 5=0%x Tooo 5=5%x T 3=10%x Torge
T:cl;/% e Téyud e ngle Tz;/% e Té’bc\e Té/zle Tg;/b_d e Tg;/ile Té’ :tiue Tcillc(f‘e Tgygl) e T‘c" :tiue
51196 19 365 2208 | 2228 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28 | 22.28
S1423 76 2235 7313 | 7904 | 7535 | 7382 | 7313 | 7508 | 7318 | 7313 | 7313 | 7313 | 7313 | 7313 | 7313
5298 16 86 10.79 | 1305 | 1136 | 1079 | 10.79 | 1240 | 1079 | 10.79 | 1079 | 1175 | 10.79 | 10.79 | 10.79
5420 8 146 2113 | 2206 | 2113 | 2113 | 2113 | 2113 | 21.13 | 2113 | 2113 | 2113 | 2113 | 2113 | 21.13
5526 73 167 1122 | 1348 | 1179 | 1122 | 1122 | 1281 | 1122 | 1122 | 1122 | 1243 | 1122 | 1122 | 11.22
S641 21 486 2051 | 2098 | 2951 | 2951 | 2951 | 2951 | 2951 | 2951 | 2951 | 2951 | 2951 | 2951 | 2951
832 7 213 1622 | 1622 | 1622 | 1622 | 1622 | 1622 | 16.22 | 1622 | 1622 | 1622 | 1622 | 1622 | 16.22
5953 8 94 15.36 | 1732 | 1577 | 1536 | 1536 | 1648 | 1536 | 1536 | 1536 | 1559 | 1536 | 1536 | 15.36
51238 19 365 2433 | 2615 | 2436 | 2433 | 2433 | 2484 | 2433 | 2433 | 2433 | 2433 | 2433 | 2433 | 2433
S1488 8 266 2318 | 2358 | 2318 | 23.18 | 2318 | 2318 | 2318 | 23.18 | 2318 | 23.18 | 2318 | 23.18 | 23.18
5208 10 70 9.91 10.84 9.91 9.91 9.91 10.30 9.91 9.91 9.91 9.01 9.91 9.91 9.91
5344 17 121 1314 | 1557 | 1432 | 1319 | 1314 | 1479 | 1354 | 1314 | 1314 | 1416 | 1314 | 1314 | 1314
5382 23 175 9.63 1406 | 1155 9.77 963 1336 | 10.71 963 9.63 1266 | 10.01 9.63 9.63
5386 8 129 9.60 10.56 9.97 9.60 9.60 10.03 9.62 9.60 9.60 9.74 9.60 9.60 9.60
s444 23 175 8.10 1392 | 1084 955 888 1322 | 1014 8.86 8.18 1253 9.45 8.18 8.15
$526n 23 167 1131 | 1357 | 1101 | 1131 | 11.31 | 1289 | 113l | 1131 | 11.31 | 1221 | 11.31 | 1131 | 11.31
s713 21 486 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058 | 3058
5838 34 298 4466 | 4550 | 4466 | 44.66 | 4466 | 4466 | 44.66 | 4466 | 44.66 | 4466 | 44.66 | 44.66 | 44.66
S1494 8 266 2385 | 2471 | 2385 | 2385 | 2385 | 2385 | 2385 | 2385 | 2385 | 2385 | 23.85 | 23.85 | 23.85
s27 5 21 5.06 658 575 506 5.06 6.25 542 5.06 5.06 502 509 5.06 5.06
5349 17 121 1351 | 1589 | 1472 | 1360 | 1351 | 1509 | 1393 | 1351 | 1351 | 1451 | 1351 | 1351 | 13.51
5400 23 175 9.89 1459 | 1162 | 1015 | 1008 | 13.86 | 10.89 9.89 9.89 1313 | 10.16 9.89 9.89
S510 8 103 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 1429 | 14.29
s5378 | 165 2180 2289 | 2884 | 2508 | 2317 | 2204 | 2740 | 2421 | 2289 | 22.89 | 2596 | 2280 | 2288 | 22.88
5820 7 213 16.74 | 1674 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74 | 16.74
s9234 | 140 2226 33.77 | 3475 | 3396 | 3377 | 3377 | 3377 | 3377 | 3377 | 3377 | 33.77 | 38377 | 33.77 | 337
s13207 | 471 3885 5336 | 5/35 | 5513 | 5346 | 5336 | 5448 | 53.36 | 53.36 | 53.36 | 5336 | 53.36 | 53.36 | 53.36
515850 | 565 | 16375 | 8527 | 9838 | 9224 | 8870 | 8842 | 0346 | 8704 | 86527 | 8527 | 8854 | 8527 | 8527 | 86.27
s35932 | 1442 | 6128 | 286.32 | 289.47 | 286.32 | 286.32 | 286.32 | 28632 | 286.32 | 286.32 | 286.32 | 286.32 | 286.32 | 286.32 | 286.32
538584 | 1451 | 17900 | 286.62 | 28860 | 287.04 | 28662 | 286.62 | 28662 | 286.62 | 286.62 | 286.62 | 286.62 | 286.62 | 286.62 | 286.62
538417 | 1465 | 31980 | 86.19 | 8776 | 8619 | 86.10 | 8619 | 8610 | 86.19 | 86.10 | 8619 | 8619 | 86.19 | 86.10 | 86.19
Table1: Resultsof multiple-domainclock skew optimizationon ISCAS39 sequentiabenchmaricircuits.
Design | #FF | #Edges | T, 8= 0%x T 5=5%x Tooe 5=10%x T 0,
Té;/l:i e Té/(éle Tj(i:l e Tgyuc\e Té;/téle Tc;/té e Tg;le T‘cm::l e Té’ lcll‘ye Tc;/t(IJe Tgﬁe T‘c‘;/lc?e
D1 2245 | 46048 | 2.79 3.78 3.67 322 3.04 3.65 353 3.08 2.98 3.56 3.34 2.90 2.82
D2 2921 | 250737 | 1626 | 1794 | 1704 | 1646 | 1589 | 1705 | 1562 | 1526 | 1626 | 1614 | 1526 | 1526 | 16.26
D3 6316 | 21006 | 4.41 6.48 595 558 473 6.16 566 2,98 443 589 530 474 142
D4 2604 | 16518 | 3.69 3.60 369 | 3.69 3.69 360 | 369 369 | 3.69 3.69 3.69 3.69 3.69
D5 3065 | 18030 | 295 | 386 372 360 338 372 355 343 321 361 347 327 3.00
D6 574 2204 455 | 903 5.06 467 455 858 484 455 455 8.16 263 455 | 455
D7 852 | 47370 | 1634 | 2047 | 1892 | 1761 | 1671 | 1945 | 1766 | 1637 | 16.34 | 1843 | 1634 | 1634 | 16.34
D8 2368 | 9181 174 | 203 197 184 183 196 190 180 178 1.90 179 178 174
Table2: Resultsof multiple-domainclock skew optimizationon someindustrialcircuits.
Design | #FF | #Edges | To. 8= 0%x Tooo 5=5%x T, 5=10%x T20,
Tulsﬂ(ii e Tc;/l:i e Tg/(éle Tz’u le Té. tt’:l e Té’bc\e Tg;/téle T‘c"bcle Té;/]é(IJe Tc;/](.iue Tg;/](.iue Tg’ ulje
D1 2245 | 46048 55 1s/2 5s/6 am/50 200m/321 | 1s/2 5s/7 | 5m/a4 | 356m/854 | 1s/2 | 20s/7 | 8m/39 | 372m/839
D2 2021 | 250737 | 1Im 20s/2 | 6m/56 | 120m/i735 | 1200m/2327 | 21si2 | 28s/2 | 2mi3 2miz 20s/3 | 35s12 | 2mi2 2mi2
D3 6316 | 21006 455 5sl2 | 33s/25 2mi36 450m/2234 | 6s/2 | 165/6 | 4m/19 | 195m/622 | 652 | 20s/5 | Im/6 am/s
D4 2604 | 16518 1s 1s/2 1s/2 1s/2 1s/2 1s2 1s2 1s/2 1s/2 1s/2 1s/2 1s2 1s2
D5 3065 | 18030 m 3512 as73 7s/5 2m/52 3s12 4s/3 | 14s8 5mi69 3512 6s/3 | 40s/6 | 10m/71
D6 574 2294 55 1s/2 1s/3 2512 A5717 1s/2 1s/3 2517 2573 1s/2 1s/3 2574 2573
D7 852 | 47370 m 7sl2 | 19s/16 | 2m/128 10m/224 7sl2 | 12s/2 | 1mia 3m/4 9s/2 | 45s2 | 1mi2 mi2
D8 2368 | 9181 755 1si2 2513 30s/37 30m/902 1s/2 2s/5 | 30s/37 | 2mi69 1s/2 3s/5 5s/6 15577

Table3: Progranruntimes/ Numberof SAT solverinvocationsfor theindustrialcircuitsin Table2.
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