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Abstract. We useastrongform of thetreemodelpropertyto boost
the performanceof resolution-basedirst-ordertheoremproverson
the so-calledrelationaltranslationsof modalformulas.We provide
both the mathematicalinderpinningsand experimentalresultscon-
cerningourimprovedtranslationmethod.
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1 INTRODUCTION

Modal and modal-like logics such as temporallogic, description
logic, and featurelogic, have had a long history in artificial intel-
ligence,bothasanareaof foundationaresearchandasa sourcefor
usefulrepresentatioformalismsandreasoningnethodd4, 8].

The recentadwent of agent-basedechnologieshasdramatically
increasedhe needfor efficient automatedreasoningmethodsfor
modal logic [4]. Broadly speaking,there are three generalstrate-
gies for modal theoremproving: (1) develop purpose-hilt calculi
andtools;(2) translatenodalproblemsnto automata-theoretigrob-
lems, and use automata-theoretimethodsto obtain answers;and
(3) translatemodal problemsinto first-orderproblems andusegen-
eralfirst-ordertools. The advantageof indirect methodssuchas(2)
and (3) is that they allow us to re-usewell-developed and well-
supportedoolsinsteadof having to developnew onesfrom scratch.

In this paperwe focuson the third option: translation-basethe-
oremproving for modallogic, wheremodalformulasandreasoning
problemsaretranslatednto first-orderformulasandreasoningrob-
lemsto be fed to first-ordertheoremprovers. Our startingpoint is
the standad or relational translation[1, 9], which translatesnodal
formulasby transcribingtheir truth definitionsin first-orderterms.
First-ordertheoremprovers perform poorly on the outputsof this
translation[9]. To overcomethis, very sophisticatedlecisionproce-
dureshave beendeveloped[3], andalternatve translationshhave been
proposed?9]. In this paperwe describea very intuitive andeffective
heuristicfor modaltheoremproving thatcanbeimplementecdn top
of existing stratgiesandproceduresBriefly, we proposea syntactic
encodingof the factthatmary modallanguage®njoy avery strong
form of the so-calledtreemodelproperty:a modalformulais satis-
fiable (or moreprecisely:K-satisfiable)f andonly if it is satisfiable
attheroot of amodelbasednatree.

Below, we startby explaining why plain resolutionis not a deci-
sionprocedurdor relationaltranslationsof modalformulas.To mo-
tivateour proposedsolutionwe thenexplain thetreemodelproperty
andrecallsomebasicfactsaboutit. In Section4 we exploit the tree
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modelpropertyin anew relationaltranslatiorof modalformulasinto
first-orderlogic thatencodeghe treemodelproperty Then,in Sec-
tion 5, we reporton our experimentalork with the new translation,
focusingmainly on our testswith the modalQBF benchmarldevel-
opedwithin the TANCS [11] competitionon theoremproving and
satisfiability testing for non-classicalogics. Problemswere fed to
SPASS[10], ageneralfirst-ordertheoremprover. We concludewith
adiscussiorandplansfor futurework.

2 BACKGROUND

We startby explaining in more detail why plain resolutionis not a
decisionprocedurdor relationaltranslationsof modalformulas.We
begin by recallingtherelationaltranslation.

Let Prop be a non-emptysetof propositionletters.Formulasof
the uni-modallanguageM L are built up from propositionletters
p € Prop, using—, A, andthemodaloperator®. Let Indexz besome
index set. Formulasof the multi-modallanguageM ML are built
up from propositionlettersp € Prop, using—, A, andmodalopera-
tors (a), for a € Index. The vocahulary of thefirst-orderlanguage
FO1 hasunarypredicatesymbolsP correspondingo the proposi-
tion lettersin Prop, anda singlebinary relationsymbol R. Instead
of asinglebinaryrelationsymbol R, thevocahulary of thefirst-order
languageF O» hasbinaryrelationsymbolsR,, for everya € Indez.

Modelsfor ML are structuresof the form M = (W,R,V),
whereW is a non-emptydomain, R is a binaryrelationon W, and
V is afunctionthattakesa propositionletterto the setof stateq(el-
ementsof W) whereit is true. Truth is definedrelative to a statein
amodel.Theimportantcaseis M, w = <¢ iff thereexistsv in M
with M, v = ¢ and Rwv. Modelsfor MML arestructure( W,
{Ra | a € Indez}, V') whereeachmodaloperatora) is interpreted
usingits own binaryrelation R,. Modelsfor ML and MM L can
alsobeviewedasmodelsfor thecorrespondindirst-orderlanguages
FO. and FO,, respectiely. To interpretthe unary predicatesym-
bols,we look up the valuesof the correspondingropositionletters
in thevaluation.

Definition 2.1 (Relational Translation) The relational translation
ST (¢) of uni-modalformulasé into first-orderformulasof 701, is
definedasfollows. Let z beanindividual variable.

STz(p) = P(z) (1)
STe(=¢) = —STa(d)
STa(p A1) STy(6) A ST (1)
ST.(0¢) = Fy(RayASTy(¢)). 2

In (1), P is the unarypredicatesymbolcorrespondingo the propo-
sitionletterp; in (2), thevariabley is fresh.Obsere how (2) reflects
the truth definition for the modal operator$. The translationST



is easilyextendedto a translationtaking multi-modalformulasinto
FOs, by usingtherelationsymbol R,, insteadof just R in thetrans-
lation of the modaloperator{a}.

For example themodalformulaO(p — <©p) translatesnto thefirst-
orderformulaVy (Rzy — (Py — 3z (RyzA Pz))); hereO is short
for =<,

Onecanshov thata modalformulais satisfiableff its relational
translationis. This effectively embedghe modallanguage<onsid-
eredhereinto first-orderlanguagesand,thus,openshewayto solv-
ing modal problemsby first-ordermeans.The resultingfirst-order
fragmentsanbe describedasfollows.

Definition 2.2 (Modal Fragment) Let z be anindividual variable.
The modalfragmentMF of FO; is built up from unaryatomsPz,
usingnegation,conjunction,andguardedjuantificationsof theform
Jy (Rzy A afz — y]), andVy (Rzy — afz — y]), wherey is
fresh,andafz — 3] is the resultof replacingall free occurrences
of z in a by y, anda(z) € MF only hasz free. Obsere thatthe
relationaltranslatiormapsmodalformulasinto MF.
Themodalfragmentof 7O is definedanalogously

Example 2.3 ConsidertheformulaO(p — <p) again;it is clearly
satisfiable Proving this in first-orderlogic amountso shaving that
thefollowing setof clausess satisfiable.

1. {-~Rcy, =Py, Ryf(y)}
2. {—~Rcz, =Pz, Pf(2)}

Theclausesave two resohents(f™ is f appliedn times):

3. {=Rec, —Pc, —|Pf_(c), Pf(f(e)}
4. {-~Rcf(z), Rf(2)f*(z), ~Rcz, =Pz}

Clause and4 resole to produce
5. {=Rcf*(z), Rf%(2)f3(2), ~Recf(z), ~Rcz, —~Pz}.

Clause2 and5 resole againto produceananalogueof 5 with even
higherterm-compleity, etc.Noneof theclausess redundanandcan
be deleted;in the limit our input sethasinfinitely mary resohents.
This shavs that standardresolutiondoesnot necessariljterminate
for relationaltranslation®f satisfiablenodalformulas.

Whatwentwrong in Example2.3?First, to obtainthe resohentin
line 3, a positive andnegative binary literal wereresohed; notethat
theseliterals (or rather:the modal operatorsfrom which they de-
rive) live at different modal depthsin the original modal formula
O(p — <p). This resolutionstepis uselessthe negative R-literal
derivesfrom the O-operatomwhich occursat modaldepthO, andthe
positive R-literal comesfrom the &-operatowhich occursat modal
depthl. Unlesswe explicitly stipulateso (by meansof axioms),dif-
ferentmodaldepthsarecompletelyindependenandcannotresole.
Secondasimilarcommentanbemadeabouttheresolentobtained
in line 4, wherea positive andnegative unaryliteral correspondingo
thetwo occurrencesf the propositionletter p wereresohedupon.

We will boosttheperformancef resolutionproceduresnthere-
lationaltranslatiorof modalformulasby makingliteralsliving atdif-
ferentmodaldepthssyntacticallydifferent. Themathematicajustifi-
cationfor theseideasis provided by a strongform of the treemodel
property aswe will explainin thefollowing section.

3 THE TREE MODEL PROPERTY

To increasethe performanceof generalfirst-ordertheoremprovers
on ‘modal input, we will feedthe proverswith information about
the modalcharactenf theinput. More precisely we will aimto en-
codeby syntacticmeanghefactthatbasicmodallogic enjoys avery
strongform of the tree modelproperty In recentyears,the latter
hasbeenidentified as one of the semantickey featuresexplaining
the goodlogical andcomputationabehaior of mary modallogics;
seg[5, 12 for two very accessibl@resentations.

First, by atree7 we meanarelationalstructure(T, S) whereT’,
the setof nodescontainsauniquer € T (calledtheroot) suchthat
Vit € T (S*rt); every elementof 1" distinct from r hasa unique
S-predecessorand ST is agyclic; thatis, Vi (~Sttt). (Here, ST
and S* denotethe transitve and reflexive, transitive closureof S,
respectiely.)

A treemodel(for the uni-modallanguageM £) is amodel M =
(W, R, V), where(W, R) is atree.A tree-like modelfor the multi-
modallanguageM M L isamodel(W, {R. | a € Index}, V) such
that(W, U, R.) isatree.A logic L hasthetreemodelpropertyif ev-
ery L-satisfiabldormulais satisfiableattheroot of atreeor tree-like
modelfor L. Obsenre thatthe tree modelpropertyis incomparable
to thefinite modelproperty;therearemodallogicswheretheformer
fails but thelatterholds,andvice versa.

We referthe readerto ary introductionto modallogic for defini-
tionsof thebasicuni-modallogic K andthebasicmulti-modallogic
K(.,); see[2], for instance.

Proposition3.1 1. Thebasicuni-modallogic K hasthetreemodel

property
2. Thebasicmulti-modallogic K.,y hasthetreemodelproperty

Mary modallogics,includingK andK ), enjoy strongeiversions
of the tree model property wherethe degreeof the tree modelcan
be boundedby the size of the formula [2]. But K and K, en-
joy an even strongerversionof the tree model property The key

notion hereis that of layering both w.r.t. tree modelsand w.r.t.

formulas.Tree (or tree-like) modelscomewith a layeringinduced
by the depth of the nodes.Likewise, the parsetree of a modal
formula inducesa naturalformula layering, where new layersbe-
gin immediatelybelov nodeslabeledby modal operators.For in-

stance,n O(p — <p), the O occursin layer 0, while the <& oc-
cursin layer1, with its agumentin layer 2. Next, the modaldepth

mdeptl{¢), of a uni-modalor multi-modalformula ¢ is definedas
follows. Propositionlettersp have mdepti{p) = 0; mdeptt{-¢)) =

mdeptl{v); mdepti{y) A x) = max(mdeptt{:)), mdepti{x)), while

mdeptt{<$iyp) = mdeptif(a)y) = 1 + mdeptt{y).

Proposition3.2 Let ¢ be a modal formula, and M be a tree (or
tree-like) modelwith rootw sud that M, w |= ¢.

Let ) bea subformulaof ¢ which occuss in formulalayer ! and
which hasmodaldepthk. To determinghe truth valueof 1) weonly
needto considemodesat treedepthi, whee! <i < k + 1.

In words:thereis adirectcorrelationbetweerformulalayersandlay-
ersin atree(or tree-like) model;asa consequencditeralsoccurring
atdifferentformulalayerscannotresohe andneednotbecombined.

4 BOOSTING THE RELATION AL
TRANSLATION

In this sectionwe exploit the tree-basedntuitions developedin the
previous section,and proposea new relationaltranslationof modal



formulasinto first-orderformulas,onethat tries to encodethe fact
thatmodalformulasenjoy thetreemodelproperty

We will proceedin two steps:we will first translateinto an in-
termediatenodallanguageandfrom thereinto first-orderlogic; the
latterstepwill usetherelationalranslatiorof Definition2.1.We start
by definingthetranslationprocesdor uni-modalformulas;afterthat
we give thetranslationfor multi-modalformulas.

From Uni-Modal to First-Order. Thekey ideabehindour trans-
lation is to label unary and binary relationsaccordingto the num-
ber of modaloperatorsestedwithin a modalformula. For instance,
theformulap is translatednto Pyz, while the formula &p becomes
Jy (Rizy A Pry). Theindex 1 of therelationsymbolsR; and P
measureshe modaldepthof themodalformula.

To motivatethetranslationof uni-modalM £ formulasinto anin-
termediatemulti-modallanguageconsiderthe following examples,
wherewe usenew operatorsand nen propositionletterseachtime
we changemodaldepth:

<><>p — <>1<>2p2
D(p — <>p) — Dl(pl — <>2p2).

If we then apply the relational translation(Definition 2.1) to the
intermediatemulti-modal representationsywe obtain 3y (Rizy A
3z (Rayz A P2z)) andVy (Rizy — (Pry — 3z (Rayz A P2z))),
respectiely. Obsere thatthe problematicderivation from the stan-
dardrelationaltranslatiorof O(p — <p) in Example2.3isnolonger
possiblewith the new first-ordertranslation.

To make thingsprecisewe needanintermediatenulti-modallan-
guageZ M L1, whosecollectionof modaloperatorss {<&; | ¢ > 0}.

Definition 4.1 Let ¢ be a uni-modalformula. Let n be a natural
number The translation7r (¢, n) of ¢ into the intermediatemodal
languageZ M L, is definedasfollows:

Tr(p,n) = pn
Tr(—-y,n) := -Tr(¢p,n)
Tr(y Ax,n) = Tr(¢,n) A Tr(x,n)
Tr(OY,n) = OpprTr(y,n+1).

Ournext aimis to shav thattheintermediatdranslationTr preseres
satisfiability

Lemma4.2 Let ¢ bea uni-modalformula. If ¢ is satisfiable then
sois its intermediatemulti-modaltranslation 7r(¢, 0).

Proof By Proposition3.1we mayassumehat¢ is satisfiableatthe
rootw of atreemodelM = (W, R, V). Since M is atreemodel,
for every statev € W thereexistsa uniquepathof R-stepsrom the
rootw to v; letd(w, v) denotethelengthof this path.

We defineamodelN' = (W, {Rn+1 | n > 0}, V') for thein-
termediatemulti-modallanguageZ M L, by taking its universeto
be W, the universeof M. Its relationsare definedby stipulating
that Ry +1(u, v) holdsiff d(w,u) = n and R(u,v) bothhold. We
completethe definitionof A/ by definingthevaluationV”: for every
propositionletter p andevery statev € W suchthatd(w, v) = n,
weputv € V'(Tr(p,n)) iff v € V(p).

We leaveit to thereaderto shaw thatfor every uni-modalformula
¢, every statev andeveryn suchthatd(w, v) = n, wehave M, v |=
¢ iff N,v |E Tr(¢,n). Fromthisthelemmafollows. -

Lemma4.3 Let¢ bea uni-modalformula.If its intermediatemulti-
modaltranslation7r(¢, 0) is satisfiablethensois ¢.

Proof Let Tr(¢,0) be satisfiedat somestatew in somemodel M
for the intermediatemulti-modal languageZ M L;. As beforewe
may assumehat M is a tree-like modelwith root w. We definea
uni-modalmodel N* which differs from M in thatit hasonly one
relation(R) andin its valuation.Therelation R consistsof all pairs
(u,v) suchthat(u,v) € R,+1 andd(w,u) = n, whered(w, u) is
thelengthof the pathw to u (in M). ThevaluationV’ of our model
N is definedasfollows: for every propositionletter p, for every v
suchthatd(w,v) = n, weputv € V(p) iff v € V(Tr(p,n)),
whereV is M’svaluation.Onecanthenshaw thatif d(w,v) = n,
thenM, v | Tr(¢,n) iff N',v |= ¢. Thisimpliesthelemma.

Theorem4.4 Let¢ bea uni-modalformula. Then¢ is satisfiableiff
its intermediatemulti-modaltranslation 7 (#, 0) is.

Thelayeredrelationaltranslationis the compositionof 7r andST.

Theorem4.5 Let ¢ bea uni-modalformula. Then¢ is satisfiableiff
its layeredrelationaltranslationST ( Tr(¢, 0)) is.

From Multi-Modal to First-Order. We now extend the layered
translationto the multi-modal language MML; again, we go
throughan intermediatemulti-modallanguage The basicideasare
thesameasin theuni-modalcase put the presencef multiple modal
operatorsn the sourcdanguagecallsfor changesThe setof opera-
torsof theintermediatdanguageZ M Ls is {<Os | s € Index™}.

Definition 4.6 Let ¢ be a multi-modalformulain MML. Lets €
Indez™. ThetranslationTr (¢, s) of ¢ into ZM L, is givenby:

Tr(p,s) = ps
Tr(—,s) = =Tr(¢y,s)
Tr(yANx,s) = Tr(¢,s)ATr(x,s)
Tr({a)y,s) = Csuiay Ir(¥, s (a)). 3

In (3) we encodeboththemodaldepthof a subformulaaswell asthe
particularmodaloperatoiin whosescopeit occurs.

Usingthetreemodelpropertywe obtainthe following result:

Theorem4.7 Let ¢ bea multi-modalformula. Theng is satisfiable
iff its intermediatemulti-modaltranslation 7r(¢, €) is.

Theorem4.8 Let ¢ bea multi-modalformula. Theng is satisfiable
iff its layeredrelationaltranslationST( Tr(¢, €)) is.

Comments. With the layeredrelational translationwe have ob-
taineda new way of turning modal problemsinto first-orderprob-
lems.Thelayeredtranslationis conserative in the sensehatit can
work on top of existing stratgies.In particular the layeredtransla-
tion mapsmodalformulasinto the modalfragment thuswe canuse
ary existing decisionprocedurdor MF [3].

Theorem4.9 Let Rs(¢) and Rr(¢) denotethe setsof clauses
derivablefrom ST'(¢) and ST'(Tr(#,0)) or ST (1r(¢,€)), respec-
tively, by meansof binary resolutionandfactoring Then|R (¢)| <

IRs(0)]-

So, the layeredtranslationwill performat leastaswell asthe stan-
dardtranslation Below we reporton our experimentswhich shav a
dramaticimprovementof thelayeredover the standardranslation.



5 EXPERIMENT AL RESULTS

We will now put our new relationaltranslationto the test. Before
goinginto thetestresults we commenin the problemsetandtheo-
rem prover usedin our experimentsThe scriptsusedin conducting
our experimentsare available at http://www.illc.uva.nl/
“mdr/ACLG/Software

The Problem Sets. To evaluateour tree-basedheuristicswe have

run a seriesof testson a numberof problemsets.Our main focus
was on the modal QBF benchmark.This benchmarkis the basic
yardstickfor the TANCS (TableauxNon-ClassicaBystemsCompar

isons)competitionon theoremproving and satisfiability testingfor

non-classicalogics [11]. It is arandomproblemgeneratoithathas
beendesignedor evaluatingsolversof (un-) satisfiability problems
for themodallogic K.

The formulasof this benchmarkare generatedusing quantified
booleanformulas.For the generationa quantifiedbooleanformula
with C' clausess generatedvith a quantifieralternationdepth D,
andfor eachalternationat mostV variablesareused.Theresulting
formulais thentranslatednto modallogic usingan encodingorig-
inally proposedby Halpern[6]. The outputof the QBF generatois
a file namedp-gbf-cnf-K4-Cr-Vm-DI, wheren, m, [ standfor the
numberof clausesyariablesanddepthrespectiely.

The Theorem Prover. Testswereperformedon a SunULTRA I
(300MHz)with 1GbRAM, underSolaris5.2.5,with SFASSversion
1.0.3. SFASS is an automatedheoremprover for full sortedfirst-
orderlogic with equality that extendssuperpositiorby sortsand a
splittingrule for caseanalysisijt hasbeenin developmentttheMax-
Planck-Institutfiir Informatik for a numberof years[10].

SPASSwasinvokedwith theautomodeswitchedon; no sortcon-
straintswere built, and both optimized and strong Skolemization
weredisabled.

CIVID AverageTime M AverageClauses M
Layered Standard Layered Standard
5/2/11] 0.53469 9.6222 1 726 5695 1
10/2/1 || 0.41734 3.9909 1 546 2367 1
15/2/1 || 0.10859 0.13172 O 10 10 O
5/2/2 || 0.66141 450.44 3 437 27029 2
10/2/2 || 0.78297 370.09 3 500 22306 2
15/2/2 || 0.75656 147.38 2 473 11368 1
5/2/3 || 36.048 N/A N/A 10714 N/A N/A
10/2/3 || 58.996 N/A N/A 15395 N/A N/A
15/2/3 || 94.192 2094.4 1 20786 45798 0
5/2/4 || 20.362 N/A N/A 3121 N/A N/A
10/2/4 || 33.084 N/A N/A 4971 N/A N/A
15/2/4 || 35.068 N/A N/A 5358 N/A N/A
5/2/5| 1136.1 N/A N/A 48546 N/A N/A
10/2/5 2896 N/A N/A 91767 N/A N/A
15/2/5|| 3758.2 N/A N/A | 106870 N/A N/A
5/3/1| 7.1862 20479 2 4372 105960 1
10/3/1 9.752 23242 2 5390 108110 1
15/3/1|| 14.066 1506.8 2 6687 72605 1
5/3/2 || 7.0931 N/A N/A 1804 N/A N/A
10/3/2 || 8.3192 N/A N/A 2221 N/A N/A
15/3/2 || 9.3902 N/A N/A 2687 N/A N/A
5/3/3 || 1445.2 N/A N/A 52153 N/A N/A
10/3/3 || 4045.1 N/A N/A | 107800 N/A N/A
15/3/3 || 4865.4 N/A N/A | 119150 N/A N/A
Tablel. Comparison.

Results. To explore the behaior of our heuristicsin a large por-
tion of the landscapeof the K-satisfiability problem,we randomly
generatedetsof 10 problemsby meansof QBF for differentsetsof
parametersTable1 compareghe averagetime in CPU secondsaind
numberof clausedor two methodslayered (our improved transla-
tion) andstandad (the relationalmethod).“C/V/D” in thefirst col-
umn denotesthe numberof clausesthe numberof variables,and
thedepthusedin the generationColumnslabeledby “M” shaw the
magnitudeof thedifferencebetweertheprecedingwo columnsij.e.,
round(—1#log(N/N")). We usedatime outof 3 hoursonashared
machineN/A indicateghatavalueis notavailabledueto atime out.
As can easily be seenfrom Table 1, our improved translation
methodoutperformedhe standardranslationin every case bothin
computingtime (CPUtime) andnumberof clausegjeneratedthisis
not only an averagebehaior but it wasobsered in eachinstance.
For someconfigurationghe drop in computingtime is asmuchas
threeordersof magnitude Theaveragenumberof clausegyenerated
wasnearlyalwayssmallerby oneorderof magnitude.

Test in p-qbf-cnf-K4-C10-V3-D1
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Figurel. A samplefrom thetests.

In Figure 1 we display a samplefrom our experimentalresults:
64 instance®of the 10/3/1configuration The top curwve indicatesthe
CPUtime neededy the standardelationaltranslation andthe bot-
tom onethe CPU time neededby the layeredtranslation.Note that
the standardranslationcan be very sensitve to certainhard prob-
lems,which resultsin significantdifferencedetweereasyandhard
instancesthe layeredmethodrespondsn a much more controlled
way to hard problems.Interestingly the curves follow eachother
evenat mary ordersof magnitudeof difference This shaws thatour
heuristicddoesnotchangahenatureof theproblem:it simply makes
it mucheasierfor theresolutionprover.

The latter phenomenortanalsobe obsered moreglobally. The
plotsin Figure2 were obtainedwith V = D = 2, while C ranged
from 2 to 40. Figures2 (a) and(b) shav the numberof clausegyen-
eratedandthe CPU time neededrespectiely, for the standardand
layeredmethod,while 2 (c) plots the proportion of satisfiablein-
stancessC increasesThecurnesfor thestandaraandlayeredmeth-
odsarevery similar, with the layeredmethodlackingthe sharplows
and highs that seemto be characteristidor the relationalmethod.
Both displaya cleareasy-hard-easlgehaior, but the layeredtrans-
lationis betterby several ordersof magnitude Note thatthe biggest
improvementsareachieredin the satisfiableegion,i.e.,for C < 26.

Oncewe wereconfidentthatthe layeredmethodconsistentlydis-
playeda goodbehaior andasignificantimprovementover the stan-
dardtranslation,we ran the standardizedestsprovided by TANCS
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(64 instancesandomlygeneratedvith the 20-clauses/2-ariables/2-
depthparameters)seeFigure3 for the outcomes.
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Figure3. StandardrTANCStest20/2/2.

Finally, to obtaintheresultsin Figure4 we generate®4 instances
of problemsfor 2 and3 variableswith depthsrangingfrom 1 to 6,
againwith atime outof 3 hours.Thefigureshavstheaveragevalues
we obtained We ran the sametestswith the standardnsteadof the
layeredtranslationput evenfor moderatedepthshe computingtime
andnumberof clausesxceededhe availableresources.
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Additional Tests. Giventhatthe problemsgeneratedy the QBF
generatowere generallytoo hardfor the prover usingthe standard
translationwe alsoperformedtestswith a numberof ‘easier’ prob-
lem sets,including the one proposedby Heuerdingand Schwendi-

mann[7], whichwereusedin, for example, Tableaux'98Invariably,
thelayeredtranslationoutperformedhe standardne;it wasableto
solve substantiallyharderinstancesn all cateyories.

6 CONCLUSION

We have describeda new relationaltranslationof modal formulas
into first-orderformulas.The key ideaunderlyingthe improvement
isto encodevery strongform of thetreemodelpropertyin thetrans-
lation. Usingourtree-basetieuristicsye have consistentlyseenm-

provementspothin termsof the numberof clauseggenerateéndin

termsof CPUtime used Ourongoingandfuturework is aimedat ex-

ploring the behavior of our heuristicsin larger partsof the problem
spaceandat encodingwealer forms of the tree model propertyto

boostthe performanceof resolutionproverson input from different
modallogics,suchasK4, S4, andtemporallogic.
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