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Abstract

This paperintroduceshow to eliminateredundant
searchspacefor forward chainingtheoremprov-

ing asmuchaspossible.We considerhow to keep
on minimal usefulconsequenatomsetsfor neces-
sary branchesn a proof tree. In the mostcases,
an unnecessaryon-Hornclauseusedfor forward

chainingwill be split only once. The increaseof

the searchspaceby invoking unnecessarforward

chainingclausewill benearlylinear, notexponen-
tial anymore. In a certain sense,we “unsearch”
more than necessary We explainthe principle of

our method,and provide an exampleto shaw that

our approachis powerful for forward chainingthe-

oremproving.

1 Intr oduction

Automatedreasonings oneof the mostimportanttopicsfor
artificial intelligenceand computerscience. Among others,
theoremprovingtechnologiedor first-orderpredicatecalcu-
lus have beenattractingmuch interesting[Robinson,1965;
Loveland,1968;MantheyandBry, 1984.

It is well-known thatif S’ is an unsatisfiablesubsetof a
clauseset S, it is generallyeasierto shov S’ unsatisfiable
thanto shov S unsatisfiable.Obviously the smallersucha
&' is, the shortera proof is. If forward chainingis usedfor
reasoningaboutnon-Hornclausesit meanghatwe neednot
considerevery violated clause,but only thosethat can help
usto find a refutation. It is obviousthat invoking unneces-
sary non-Hornclauseswill explodethe searchspaceexpo-
nentially.

SATCHMO (SATisfiability CHeckingby MOdel genera-
tion) [MantheyandBry, 1989 is potentiallyinefficient, since
it usesall violated clausego forward chaining. Addressing
to this problem,two strategieshave beendeveloped. Oneis
utilizing anintelligent stratgy to only selectthoserelevant-
like non-Horn clausesfor forward chaining, which is pro-
posedin [Ramsay 1991], refinedin [Lovelandet al., 1995
(SATCHMORE) and further improved in [He et al., 1994
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(A-SATCHMORE). The other method, proposedin [He,

2001] (calledl-SATCHMO) is eliminatingredundansearch-
ing spaceafterunnecessargon-Hornclauseawe beenused
for forwardchainingby intelligentbacktracking.

As indicatedin [He, 2001], therearemainly two problems
aboutthe approachto selecta suitablenon-Hornclausefor
forward chaining. Oneis thatit takesmuch overheadcost
to decidewhethera non-Hornclauseis suitableor not. In
general the stricterthe checkingis, the more expensie the
overheadcostis. The otheris thatany suchstrategyis only
effective in alimited rangeandcertainlyfails in somemore
complicatedcases. In fact, a non-Horn clauserecognized
as“relevant” by someadwancedselectingstrategymight be
practicallyunnecessaripo therefutationbeingmade.In other
words,therearealwayssuchirrelevantnon-Hornclauseghat
canpassanyrelevang test. Theseproblemshawe beenillus-
tratedon someexamplesn [He, 2007.

The principle of the method of eliminating redundant
searchingspaceby intelligent backtrackingis very simple:
If oneof the consequenatomsof a forward chainingclause
usedfor forward chainingis found to be uselesgo the rea-
soningon backtracking,the useof this clauseis known as
unnecessanandthe remainingprocessingver the clauses
consequence immediatelyabandoned.lt only takesa lit-
tle overheadcostto find irrelevant non-Hornclausesandis
compatiblewith the former strategyintroducedabo\e.

However, markingthoseconsequenatomscontributedto
derive antecendentsf irrelevantforward chainingclausesas
usefulandmixing up the usefulconsequenatomsfor differ-
entbranchesn aprooftree,|-SATCHMO might makeredu-
dantsearch.

This paperintroducesa solutionfor theseproblems. As
we will see,in our improved method,for eachnodein the
prooftree,only thoseindispensableonsequenatomsto de-
rivetherefutationatthenodearemarkedasuseful. Thus,our
methodcanshow arefutationfor a givenunsatisfiablelause
setwithout UNSEARCHingMOre thannecessaryhencethe
acronymUNSEARCHMO). In otherwords, our methodis
oneof themostefficient strategiedor forwardchainingtheo-
remproving.

2 SATCHMO andI-SATCHMO

We assumdamiliarity with thedetailsrelatingto SATCHMO
[Manthey and Bry, 1989, SATCHMORE [Lovelandet al.,
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1999 as well as A-SATCHMORE and limit ourseles to
briefly reviewing the basic materialneededfor our presen-
tation.

In this paperaproblemfor checkingunsatisfiabilityis rep-
resentecby meansof positive implicational clausesgachof
which hasof theform A,,..., A, — Cy;...;Cp (n,m >
0). We referto the implicit conjunctionA,,..., A, asthe
antecedenof the clause,with each A; beingan antecedent
atom. The implicit disjunctionCy;...;C,, is referredto as
the consequenof the clause,and eachC; is a consequent
atom. A clausewith an empty consequenti.e., m = 0, is
calleda negativeclauseandis writtenas A;,..., 4, — L,
where L meansfalse A clausewith an empty antecedent,
i.e., n = 0, is written with consequenpartonly if it is a
fact(Horn clause)andotherwisethe antecedenatomtrue is
added.Moreower, a given clausesetis dividedinto two sub-
sets.Oneis BC, the BackwardChainingcomponenthatis a
decidableHorn clausesetconsistingof all negatve clauses,
factsand any Horn clausesselectedby user The otheris
FC, the Forward Chainingcomponentthat containsall the
remainingclauses.

If goal G (a conjunctionof atoms)can be proven to log-
ically follow the clausesetS, we denotethatwith S + G.
Ontheotherhand,if 7 is agroundatomsetand A aground
atom, A € 7 indicatesthatatom A is a memberof Z. Be-
causene utilizesforwardchainingonnon-Hornclausesame
asSATCHMO, all of clausesnusthold the so-calledrange-
restrictedproperty to guarante¢hesoundnesgor refutation.

Supposethat BC be a decidableHorn clausesetandZ a
groundatomset,thena conjunction(disjunction)of ground
atomsis satisfiablein BCU Z if all (some)of its members
canbederivedfrom BCU Z, andelseunsatisfiable A ground
clauseA — C is saidsatisfiablein BCU 7 if C is satisfiable
or A is unsatisfiablen BCU 7, andelseviolated

It is well-known that a clauseset S is satisfiableif and
only if we canfind a model M for S. If M is a model of
S, theneachclauseof S is satisfiablein M. Basedon such
considerationto checkwhethera givenclausesetS = BC U
FC is satisfiable SATCHMO goesto constructa modelfor
this clausesetby trying to satisfyall clausesn S.

Thereasoningnadeby SATCHMO to searcha modelfor
agivenclausesetBC U FC canbegraphicallyillustratedin a
Proof Tree(abbreviatedto PT hereafterfdescribedsfollows.

For the currentnodeD (initially therootnode{BC}), and
thegroundconsequenatomsetZp, (initially empty):

1. If BCUZIp F 1, createaleafnode L below nodeD.
The procesdor the branchterminates.

2. If BCUZIp ¥/ L, selectaninstantiatecgroundviolated
claused,,..., A, — Cy;...;C,, from FC. If nosuch
clauseexists,the procesderminatedo reportthat 5C U
FC is satisfiable.

A clauseis range-restrictedff every variablein its consequent
alsooccursin its antecedentAn importantpropertyof suchclauses
is thatif its antecedents satisfiedby a setof groundatoms,then
every consequerdtomis certainlyground.As indicatedby Manthey
andBry (1988)andBry andYahya(2000),anyfirst-orderclauseset
canbetransformednto the same‘meaning”range-restrictedne.
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Figurel: Theprooftree PT constructecdby SATCHMO

3. For eacha consequenatomC; of the selectedviolated
FC clause,createa child node C; belon the current
node.TakingnodeC; asnew currentnode,call this pro-
cedurerecursvely in depth-firststratgy with the aug-
mentedgroundconsequenatomsetZq,, whereZg, =
Ip U {Cz}

FornodeD, wherethe groundconsequenatomsetis 7p,
if all branchederminatein aleafnode L, it meanghatsatis-
fying atomD therewill leadto arefutationanyway. In other
words,BC U Zp cannotbe extendedasa modelof BC U FC.
Suchnodeis saidto be unsatisfiable Whenthe nodeis the
rootnode{BC}, thenBC U FC is unsatisfiableCorrespond-
ing to creatingnode D in PV, anatom D is assertednto
the reasoningdatabase On the otherhand,whennodeD is
provento be unsatisfiabletheatom D will beretractedrom
the databaseMoreover, wheneer a nodeis proven unsatis-
fiable,thereasoningproceswill backtrackto its parentnode

if any.
Example 2.1 Considethefollowing propositionaklauseset
S=BCUZFC.

BC: ru— L. p,v — L. m— L.
n— L. v,8 = L. u,t — L.
FC: true — p;r. true — u; v. w — s; t.

true — m; n.

Theprooftreegeneratethy SATCHMO is shavniin Figure
1. It is obviousthatSATCHMO madesomeredundansearch.
In fact, arefutationcanbe derivedfrom the subsetonsisting
of BC andtheonly FC clausetrue — m; n.

By the way, for the given clausesetin this example,ev-
ery violated FC clauseusedby SATCHMO is recognizechs
“relevant” by eitherSATCHMORE or A-SATCHMORE,the
prooftreegeneratedy SATCHMORE or A-SATCHMORE
is thesameasthatshown in Figurel.

Theredundansearchspacecanbe cutdown by intelligent
backtrackingpresentedn I-SATCHMO. As we have seena
consequenatom D is retractedrom the reasoninglatabase
only if thenodeD in the prooftreehasbeenprovenasunsat-
isfiable. Supposehat 4 — Cy;...;C,, betheviolated FC
clauseusedfor forwardchainingatnodeD in the prooftree,
then,nodeD holdsm child nodesCy, ..., C,,. If somecon-
sequenatomC; is foundto beuselesdo thereasoningtthe
time being retractedfrom the databasé€hencenodeC; has
beenproven as unsatisfiable)j.e., it is uselesgo construct
the partial proof tree below nodeC;, the samepartial proof
treecanbedirectly constructedelov nodeD, andtherefore,
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Figure2: Thedering treefor goal L atnodem

at this point, we know thatnode D canbe provenasunsat-
isfiablejustin the sameway madeat nodeC;. SinceD has
beenknown asunsatisfiabletheremainingprocesgor show-
ing node D unsatisfiablei.e., the proceson the consequent
atomsC'i41, . .., Cy, (if arny), canberemovedatonce.Onthe
otherhand theuseof an 7C claused — C4;...;C,, isnec-
essanponly if eachC; (1 < C; < m) is usefulto constructing
the partialtreebelon nodeC;.

Now we introducel-SATCHMO how to decidewhatcon-
sequentatomis usefulfor the reasoning.Obviously a con-
sequenatomasserteccanonly be usedto derive goal L or
antecedentsf violated 7C clauses.Therefore,l-SACHMO
marksanassertegonsequerdatomasusefulwheneerit con-
tributedto derive goal L or an antecedenof a violated 7C
clause.

Theusefulconsequeratomsto derive goalG canbefound
from the deriving treeof goal G [He, 2001].

Definition 2.1 Supposehata give clausesetbe S = BC U
FC, T thecurrentconsequeratomsetestablishedby forward
chaining,G agoalsuchthatBC UZ + G. Thederving tree
of goalg with respecto BC U Z, denotecby DTFCZ  is the
resulttreeconstructedhsfollows.

1. Therootnodeis G.

2. Supposehat A;, As, ..., A,,CY,..
thetreebeingconstructed.

(a) For eachBC clauseD,,...,D; — H suchthat
Ho = A0, whereo is a mostgeneralunifier of
H andA;, createachild nodeD;o, ..., D;o, Aso,

ooy Ay, CF, L, O

(b) ForeachatomC € 7 suchthatC = A;6, wheref
is agroundsubstitution(sinceC' is agroundatom),
createa child node 4,6, ...,4.6, C7,...,C7,

IRy whereC;;, = C.

3. Repeathis procedureaecursiely until anemptyleaf or
aleafsuchthatall of its atomshold “«” is derived. Such
aleafis calledsuccessfullerivingleaf.

SinceBC is decidableandBC U T + G, DTFCT canbefi-
nally constructedvith finding a successfutleriving leaf. The
consequenatomsthat contributedto derive G from BC U T
arethoseatomslistedin the successfutleriving leafif any.

.,C5 is anodein

Example 2.2 SupposdahatS = BC U FC bethe clauseset
givenin Example2.1. Considerthe leftmostnodem in Fig-
urel, whereZ,, = {p,u, m}. Thederiing treefor goal L,

DTBCYTr is shavnin Figure2. To derive goal L, only m is
useful.

620

Thealgorithmof I-SATCHMO to constructPT for check-
ing whethera givenclausesetS = BC U FC is unsatisfiable
canbedescribedasfollows.

ForthecurrentnodeD (initially therootnode{BC}) and
the correspondingonsequerditomsetZp (initially empty):

1. f BCUZp F 1, createaleafnode L underthecurrent
node,which meanghatnodeD is provenunsatisfiable.
Mark all consequeratomdistedin thesuccessfutleriv-
ing nodein DTP¢YZ> asuseful.

2. If BCUZIp i/ L, selectaninstantiatedyroundviolated
clausefrom FC. If no suchclauseexists, the process
terminatego reportthat B3C U FC is not unsatisfiable.

3. For theselectedriolatednon-Hornclaused — Cy; .. .;
C, mark all consequenaitomslisted in the success-
ful deriving nodein DT5°YI> asuseful. Then, create
a nodeC; below the currentnodefor each: suchthat
1 < i < m. Taking C; asthe new currentnode,call
thisprocedureecursvely in depth-firststrategywith the
augmentedonsequergtomsetZc, =Zp U {C;}. How-
ever, if C; hasbeenfoundto beuseles®n backtracking,
insteadof eachnodeC; suchthat: < j < m, aspecial
leaf nodex is createdwhere x meanghatthe process
from thereis prunedaway. On the otherhand.,if all C;
are markedasuseful,theuseof A — Cy; ...; C,, is
known asnecessaryin eithercasenodeD is provenas
unsatisfiable.

Example 2.3 SupposahatS = BC U FC bethe clauseset
givenin in Example2.1.

In thebranch{BC} — p — u — m — L in Figurel, only
atomm is usedin forward chainingandmarkedasuseful.In
thesameway, in thebranch{BC} - p - u —n — L, only
atomn is usedin forward chainingandmarkedasuseful.

Sincebothm andn areprovento be unsatisfiableits par
entnode,i.e., u is provento be unsatisfiable.We backtrack
to nodeu to retractu. At thattime, we know u is notmarked
asusefulin thereasoningThereforejt is uselesdor therea-
soningandthe useof the violated 7C clausetrue — wu;wv
selectedat nodep is unnecessary-SATCHMO prunesaway
the procesgo be madeon the remainingconsequenatomwv
andbacktrackgo nodep atonce.

Now, we know that p is alsonot markedas usefulin the
reasoningthereforethe violated 7C clausetrue — p;r se-
lectedattherootnode{BC} is unnecessaryccordingly, we
stopto procesgheremainingconsequerdatoms.

In this way, the proof treeconstructedy I-SATCHMO is
showvn in Figure3. As we see,unnecessary-C clausesare
splitonly once.

3 UNSEARCHMO

Since I-SATCHMO marksan assertecconsequenatom as
usefulwheneer it contributesto derive theaantecendentf
aviolated FC clause thoseconsequenatomscontributedto
unnecessaryiolatedclausesarealsomarkedasuseful.

This problemcanbe easilysolvedby improvingthe mark-
ing work asfollows: anassertedonsequenatomis marked
as useful only whenit contributesto derive goal L or the
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Figure3: Theprooftree PT constructedy I-SATCHMO in
Example2.3
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Figure4: Theprooftree PT constructedy I-SATCHMO for
the clausesetgivenin Example3.1

antecedentf a violated FC clausethathasbeenverified as
necessary
Moreover, without distinguishingthe useful consequent

atomsfor different branchesin proof tree, -SATCHMO
mightmismarkthoseconsequeratomsthatareusefulfor the
refutationof unnecessarpranchesn a proof tree but use-
lessfor the necessarpranchesas“useful”. In suchcases)-
SATCHMO alsopossiblymakessomeredundansearch Let
usseethefollowing example.

Example 3.1 Considethefollowing propositionatlauseset
S=BCUFC.

BC:
FC :

m—1l. n—-1 wu—-1. v—- L.

true — e; f.
true — u; v.

true — a; b.
b,e = m; n.

a,e — m; n.

Theprooftreegeneratedby I-SATCHMO is shavn in Fig-
ure4.

Considerthe leftmost node labeledwith e, whereZ, =
{a, e}, theclauses,e — m; n becomewiolatedandis used
to forward chaining. Sinceboth m andn areusefulfor de-
riving L, theuseof the clauseis foundto be necessaryo the
refutation,a ande aremarkedasuseful.In thisway, the pro-
cessfor the consequenatom f (the sibling atomof e) andb
(thesibling atomof a) aremade respectiely.

Obviously, the procesgor nodeb in the abowe exampleis
unnecessaryAlthough the consequenatoma is useful for
eachbranchfrom nodee, it is uselesdor ary branchfrom
nodef. It meansthatthe refutationat node f canbe made
without the consequenatoma, thatis, thatcanbe madeon
therootnode{BC} in thesameway. Thereforetheredundant
procesdor theconsequenatomb canbeeliminated.

Although the procesamadeat the leftmostnodee is also
unnecessarin a strict meaningiit is unawidableunlesswe
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Figure5: Findingthe usefulconsequenatomsetfor parent
nodefrom thoseof its childrennodes

selectatom f first to processat nodea or we first selectthe
last non-Horn clausefor forward chaining. It is the well-
known nondeterminatioproblemfor theoremproving.

Now, we considethow to distinguishandmanagehe use-
ful consequenatomsfor differentbranchesn a proof tree.
Withoutthelossof generality shovn asin Figure5, suppose
thatA — Cq; ...; C,, betheviolatedclauseselectecatnode
D andS¢, bethe usefulconsequenatomsetrelative to C;
for all ¢ suchthat1 < ¢ < m. We considerhow to derive the
usefulconsequerditomsetSy, relativeto nodeD.

Sinceour reasoningprocedurds depth-firstone, C; 4 is
nottakeninto processingintil nodeC; hasbeenprovento be
unsatisfiableMoreoer, only whensomeof C; is foundto be
uselesor all nodeC; (1 < i < m) areprovento beunsatis-
fiable,their parentnodeD is provento be unsatisfiable.

As we will know from the algorithmof UNSEARCHMO,
whennodeC; is provento beunsatisfiablethe usefulconse-
guentatomsetSc, for deriving the refutationatnodeC; has
alreadybeenestablishedTheusefulconsequersitomsetSp
for nodeD is constructedaccordingto the way how nodeD
is provenasunsatisfiable.

If nodeD is provenasunsatisfiablén thewaythatall of C;
(1 <4 < m) areprovenasunsatisfiablethenthe useof the
claused — Ci; .. .; C,, isfoundto benecessaryin orderto
completethe refutationat node D, the clauseshouldbe ably
foundto be violatedthere. Therefore the usefulconsequent
atomsto derive the antecedent4 are useful for our refuta-
tion. Moreower, in orderto completethe refutationmadeat
eachnodeC;, eachusefulconsequenatomfor therefutation
madeatnodeC;, exceptC; itself (sinceit canbeobtainedby
splitting A — Cy; .. .; C,, atnodeD), is alsoneeded.Con-
cludingly, in this casetheusefulconsequerdtomsetSy can
bederivedasfollows.

Sp ={Sc, —{C1}}U---U{Sc,, —{Cn}} US4 (1)

whereS 4 is the usefulconsequenatomsetfor deriving the
antecedent .

Onthe otherhand,if nodeD is provenasunsatisfiableén
theway thatsomeof C; (1 < ¢ < m) is foundto beuseless,
thentheuseof theclaused — Cy; ...; C,, isfoundto beun-
necessaryor therefutationmadeon nodeC, i.e.,C; & Sc,.
In otherwords, the refutationfound at nodeC; canalsobe
madeat node D without usingthe clause4 — Ci;...;Cp,.
Thus,the usefulconsequenatomsetSy, for deriving arefu-
tationatnodeD is exactlythesameasSg,, i.e.,

Sp = Sg; 2
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In anycasewhenSp is derived,all of S¢, (1 < i < m)
areremoedfrom database.

Let us makea comparisorof I-SATCHMO’s methodand
our new stratgly. Whennode D is proven as unsatisfiable
in theway thatall of C; areprovenasunsatisfiablethe two
methodsare exactly similar, the usefulconsequenatomset
Sp is obtainedaccordingto the formula(1). However, when
node D is proven as unsatisfiableén the way that node C;
is found to be uselessthe useful consequenatom setSp
derivedby I-SATCHMO is asfollows.

Sp = {501 - {Cl}} U---u {’501'—1 - {Ci—l}} USe, (3)

Obviously, althoughthe consequenttoms containedin
{8c, — {C1}}, ..., {Se,_, — {C;-1}} areuseful for the
branchesheginning from Cy, - - -, C;_1, but uselesgor the
refutationmadeat nodeC;, andthereforeis also uselesgo
prove D unsatisfiable.

Aswehawe seenjf aconsequeratom,excepthelastatom
of the consequenceyf a violated FC clauseis found to be
useful,thenits nextsibling atomwill be takeninto process-
ing. Thereforethefewertheusefulconsequerdtomsare,the
moreefficient a refutationis. It is quite clearthatthe useful
consequenatomsetfor any nodederived by our new strat-
egy cannotbe reducedany further, i.e., it is a minimal one.
Sincewe cankeepa minimal usefulconsequenatomsetfor
arefutation,our new strategyis oneof the mostefficient ap-
proachegor forwardchainingtheoremproving.

Thealgorithmof our prover UNSEARCHMOto construct
PT for checkingwhethera givenclausesetS = BC U FC is
unsatisfiableeanbe describedasfollows.

For the currentnodeD (initially the rootnode{5C}) and
its correspondingonsequenatomsetZp (initially empty):

1. If BCuZp F L, createaleaf node L below nodeD,
whichmeansodeD is provenunsatisfiableThe useful
consequenatom setfor node D, Sp, that consistsof
thoseconsequenatomslistedin the successfutleriving
leafin DTPYT7 | is established.

2. If BCUZIp lf L, selectaninstantiatedyroundviolated
clauseA—Cy;...;C,, from FC. If nosuchclauseex-
ists,BC U FC is satisfiable.

3. Fortheselectedriolatednon-Hornclaused — Cy; . . .;
C,,, createanodeC; for all ¢ suchthatl < ¢ < m. Tak-
ing C; asthe new currentnode,call this procedurere-
cursively in depth-firststrategywith theaugmentedaon-
sequentatomsetZq, = Ip U {C;}. However, if C;
is found to be useleson backtrackingjnsteadof each
nodeC; suchthat: < j < m, createa specialnode
x. Theusefulconsequenatomsetfor nodeD, Sp, is
establishedaccordingto the formula (2). On the other
hand,if every C; for 1 < ¢ < m is foundto be useful,
theusefulconsequerdtomsetSy is establishe@ccord-
ing to theformula(1). In eithercasenodeD is proven
unsatisfiable.

Example 3.2 SupposdhatS = BC U FC bethe clauseset
givenin in Example2.1. The proof treeconstructedy UN-

SEARCHMO:is shown in Figure6. Redundantearchspace
hasbeeneliminated.
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The proof of the correctnesof our UNSEARCHMO is
not difficult. Since UNSEARCHMO just cuts down some
branchesin the proof tree constructedby SATCHMO, if
SATCHMO canshaw a given clauseset unsatisfiablethen
UNSEARCHMO can certainly shav the samething. This
shavsthecompletenesef UNSEARCHMO.

Ontheotherhand,aswe have indicatedabow, anasserted
consequentatom D is found uselessat the time being re-
tractedfrom thereasoninglatabaseits parentnodeis ableto
be proven asunsatisfiable.Therefore all remainingprocess
to shaw its parentnodeunsatisfiableanbe remowedwithout
thelossof thesoundnessThefurtherdetailsareomittedhere
sincethelack of space.

It is easyto implementUNSEARCHMO by Prolog. The
codeis omittedherealsobecaus®f thelack of space.

4 An Example

Example 4.1 LetS bethefollowing clauseset,anextension
of thebenchmarkproblemSYNOQ9-1givenin TPTPproblem
library [Sutcliffe andSuttner 200d.

BC: p(X,Y,Z),m(X,Y,Z) — L
o(X,Y,2),m(X,Y, Z) —
r(X,Y, Z), (X,Y,Z)—»J_
n(c,c,c) —

(a). sb). s(e).
FC: s(X),s(Y),s(2)
= p(X,Y, Z);9(X,Y, Z);
s(X),s(Y),s(Z2) = m(X,Y, Z);n(X,Y, Z).

The first FC clause will be fully split by any of
SATCHMO, SATCHMORE and A-SATCHMORE. That
meansnorethan3?” casewill beconsideredAs aresult,we
gave up the our testson SATCHMO, SATCHMORE and A-
SATCHMORE with arun of threedayswithout termination
onanintel Pentiumlll/650MHZworkstation respectiely.

Now, we see how I-SATCHMO and UNSEARCHMO
work. Initially, thefirst 7C clauseis usedfor forward chain-
ing with eachsubstitutionsuchthat its antecedenbecomes
satisfiable. In this way, a branch{BC} — p(a,a,a) —
p(a,a,b) — pla,a,c) = - - — p(c, ¢, ¢) is generated.

At nodep(c, ¢, ), the secondFC clausewith the substi-
tution {X = a,Y = a, Z = a}, i.e., s(a),s(a),s(a) —
m(a,a,a); n(a,a,a), is first split. Fornodem(a,a,a), L
canbe derived andthe usefulconsequenatomsetis estab-
lishedas{p(a,a,a), m(a,a,a)}. At noden(a,a,a), L can

V)

r(X,Y, 7).

{BC}
a X
~
f
PN
U v
[ \

—
e
PN
m n
I I
L 1 1 L

Figure6: Theprooftree PT constructedyy UNSEARCHMO
for the clausesetgivenin Example3.1
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not be derived, and the second¥C clausewith the substi-
tution{X = a,Y = a, Z = b}, i.e, s(a), s(a),s(b) —

m(a,a,b); n(a,a,b), is split. At nodem(a, a,b), similar as
nodem(a, a,a), L is derivedandtheusefulconsequenatom
setis {p(a, a,b), m(a,a,b)}. Fornoden(a,a,b), similaras
noden(a, a, a), norefutationcanbe derived,thenthe second
non-Hornclausewill be split with the substitution{ X = a,

Y =a, Z = ¢}, andsoon.

The secondnon-Horn clausewill be further split until
s(c), s(e), s(c) = m(e, ¢ c);n(c,c,c) is usedfor forward
chainingat noden(b,c,c¢). Then, at last a refutationcan
be derived from eachof noden(b, ¢, ¢)'s child node simul-
taneously The usefulconsequenatomsetfor the refutation
atnodem(c, ¢, ¢) is {p(c,c,c),m(c, ¢, c)} andthat at node
n(c, ¢, c)isjust{n(c, c, c)}. Accordingto theformula(l),the
usefulconsequenatomsetfor noden(b, ¢, ¢) is constructed
as{p(c,c,c)}.

If we do not distinguishthe useful consequenatomsfor
differentbranchesas|-SATCHMO doeswewill find thatall
p-factshave beenmarkedasuseful. Then,the sameprocess
madeon eachp-fact p(z, y, z), whereeachof z, y andz is
oneof a, b andc¢, would be repeatedor the corresponding
g-factq(z, vy, z) (alsofor thecorresponding-factr(z, y, 2)).
Similarto otherexisting strategiesnoanswercanbeobtained
within areasonabléme.

However, at noden(b, ¢, c), wherethe useful consequent
atom set is {p(c,c,c)}, UNSEARCHMO finds n(b,c, c)
uselessfor the refutation, i.e., the clause s(b), s(c), s(c)
— m(b,c,c);n(b,c,c) selectedat node n(b,c,c)’s parent
n(a,c,c) is not necessary According to the formula (1),
the useful consequenttom set derived at its sibling node
m(b,c,c), 1.e., {p(b,c,c),m(b,c,c)}, is abandoned,and
the useful consequentatom set for node n(a, ¢, c) is still
{p(c,c,0)}.

Similar backtracking repeatedly continues to node
p(c, ¢, ¢), wherethe useful consequenatom set established
by UNSEARCHMOiis still {p(c,¢,c)}. The sameprocess
made on node p(c, ¢,¢) will be also madeon its sibling
node ¢(c, ¢, c¢) and node r(c,¢,c¢), and the corresponding
usefulconsequenatom setarefound to be {¢(c, ¢, ¢)} and
{r(c,c,c)}, respectiely. Theviolatedclauses(c), s(c), s(c)
— p(c, ¢, c);q(c, ¢, c); r(c, ¢, c) selectedat nodep(d, ¢, ¢) is
foundto benecessary

Now, let us see what happenswhen UNSEARCHMO
backtracksto p(c,c,c)’s parentnode p(b, ¢, ¢), where, ac-
cordingto theformula (1), usefulconsequenatomsetis sur-
prisedlyfoundto beempty! no otherconsequeratomis use-
ful for our refutation!l UNSEARCHMOsimply backtrackgo
the root node{BC} to concludethat the given clausesetis
unsatisfiable.

With the help of distinguishingthe useful consequent
atomsfor different branches, UNSEARCHMO only takes
0.002 secondsto find its solution on an Intel Pentiu-
mIll/650MHZ workstation.

5 Conclusion

In this paperwe have introducechow to eliminateredundant
searchspaceon backtrackingfor forward chainingtheorem
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provingasmuchaspossible.Theredundansearchbranches
are immediately pruned away when unnecessarynesare

found on backtracking. At any reasoningpoint, only those
necessaryiolated clausesare completelysplit for forward

chaining. Repeatedsearchby invoking unnecessaryon-

Horn clausescan be effectively eliminated. The experimen-
tal resulthasshowvn that our methodis powerful for forward

chainingtheorenmproving.

Since our strategy prunes away unnecessaryproof
branchesafter unnecessaryon-Horn clausesare usedfor
forward chaining,the violatednon-Hornclausedor forward
chainingcan be usedin ary orderdecidedby any advance
checkingstratgy. Thatis, we canincorporatethe relevangy
checkingoroposedn SATCHMOREandtheavailability test-
ing introducedin A-SATCHMORE nto our strategjiesto im-
prove the performancdurther.

It is obviousthat our methodcan be appliedto disjunc-
tion logic programming(database). The principle of our
methodto eliminateredundansearchspacen forwardchain-
ing basedprover canalso be appliedto reasonaboutother
logicswhenererforwardchainingstrategyis used.This gives
our methoda wide applicationin automatedeasonindield.

As futureworks,wewill useour proverto testthosebench-
mark problemsprovidedin TPTPlibrary [Sutcliffe and Sut-
tner, 2004, to clearwhich classof problemswill be helped
by ourapproach.
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