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In a NutshellIn a Nutshell

•• Description Logics (Description Logics (DLsDLs):):
–– Decidable fragment of firstDecidable fragment of first--order logic order logic (FOL)(FOL)

–– Widely used for ontology modelingWidely used for ontology modeling
–– Caveat: Caveat: Some ontologySome ontology--oriented oriented 

applications need FOL expressiveness!applications need FOL expressiveness!

•• Problem: How to reason with DL+FOL?Problem: How to reason with DL+FOL?
–– DL reasoners efficient, but limitedDL reasoners efficient, but limited
–– FOL theorem FOL theorem proversprovers sound and complete, sound and complete, 

but inefficient for but inefficient for DLs DLs ((Tsarkov Tsarkov et al.et al.))
–– Can we combine both approaches?Can we combine both approaches?
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OutlineOutline

•• Background & MotivationBackground & Motivation
–– StateState--ofof--thethe--art for DL & FOL reasoningart for DL & FOL reasoning

•• (Ordered) Theory Resolution 101(Ordered) Theory Resolution 101
•• Reasoning with DLReasoning with DL--FOLFOL

–– Overview, difficulties with theory res.Overview, difficulties with theory res.
–– (Partial) narrow theory res. & strategies(Partial) narrow theory res. & strategies
–– Soundness and completenessSoundness and completeness

•• Experimental Results Experimental Results (proof(proof--ofof--concept)concept)

•• Conclusions and Future WorkConclusions and Future Work
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•• DL is a conceptDL is a concept--oriented logicoriented logic
–– Widely used for ontology modelingWidely used for ontology modeling
–– Decidable fragment of FOLDecidable fragment of FOL

DL/FOL Correspondence IDL/FOL Correspondence I

EmployeeEmployee ≡≡ Person Person 66
∃∃hasJobhasJob..PaidPositionPaidPosition

∀∀x. Employee(x) x. Employee(x) ≡≡ Person(x)  Person(x)  
∧∧ ∃∃y.y. hasJobhasJob(x,y) (x,y) ∧∧

PaidPositionPaidPosition(y)(y)

An employee is An employee is 
a person who a person who 
has a job that is has a job that is 
a paid positiona paid position

CEO CEO bb EmployeeEmployee∀∀x. CEO(x) x. CEO(x) ⇒⇒ Employee(x)Employee(x)All CEOs are All CEOs are 
employeesemployees

DLDLFOLFOLEnglishEnglish
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•• But not all ontological concepts or But not all ontological concepts or 
axioms are expressible in DL:axioms are expressible in DL:

•• How to augment How to augment DLs DLs with FOL with FOL exprexpr.?.?

DL/FOL Correspondence IIDL/FOL Correspondence II

Not obvious due to Not obvious due to 
use ofuse of varsvars::

∀∀x. x. CompetentCEOCompetentCEO (x) (x) ≡≡
CEO(x) CEO(x) ∧∧ ∃∃y.y. hasJobhasJob(x,y) (x,y) 

∧∧ ∃∃z.z. requiresSkillrequiresSkill(y,z)(y,z)
∧∧ hasSkillhasSkill(x,z)(x,z)

A CompetentA Competent--
CEO is a CEO CEO is a CEO 
who has some who has some 
skill required for skill required for 
their jobtheir job

DLDLFOLFOLEnglishEnglish

xx
yy

zz
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Extensions of DLExtensions of DL

•• Horn/Horn/DatalogDatalog Extensions of DL:Extensions of DL:
–– CARIN: CARIN: DL+Horn Rules DL+Horn Rules ((HalevyHalevy and and RoussetRousset))
–– ALAL--LOG: LOG: DL(ALC)+DL(ALC)+Datalog Datalog ((Donini Donini et alet al.).)
–– On Semantic Web:On Semantic Web:

•• Languages: Languages: SWRL and SWRL and RuleMLRuleML
•• Reasoners: Reasoners: DL Programs DL Programs ((GrosofGrosof et alet al.),.),

Production Rule Systems Production Rule Systems ((GolbreichGolbreich),),
DL(SHIQ)+DL(SHIQ)+DisjDisj.. DatalogDatalog ((Motik Motik et alet al.).)
……

•• Full FOL Extensions of DL Full FOL Extensions of DL (DL(DL--FOL)FOL)
–– On Semantic Web:On Semantic Web:

•• Languages: Languages: FOLFOL--SWRL, FOLSWRL, FOL--RuleMLRuleML, OWL, OWL--S + SWSOS + SWSO
•• Reasoners: Reasoners: Theorem Proving?  Hybrid?  Theorem Proving?  Hybrid?  
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Reasoning with DLReasoning with DL--FOLFOL

•• Why not use a theorem Why not use a theorem proverprover for DLfor DL--FOL?FOL?
–– Comparison of VampireComparison of Vampire to to FaCTFaCT++: ++: ((Tsarkov Tsarkov et alet al.).)

•• Vampire took more time & proved fewer queriesVampire took more time & proved fewer queries
–– But DL reasoners alone cannot handle full FOLBut DL reasoners alone cannot handle full FOL
–– Can we combine theorem proving and DL inf.?Can we combine theorem proving and DL inf.?

•• Krypton: Augment FO res. with DL inferenceKrypton: Augment FO res. with DL inference
–– Given:Given: B B bb C, A(x) C, A(x) ∨∨ B(x), B(x), ¬¬C(y) C(y) ∨∨ D(y)D(y)
–– Infer:Infer: A(x) A(x) ∨∨ D(x)D(x)

•• Drawback of Krypton:Drawback of Krypton:
–– No conditions for removing theory axioms from KBNo conditions for removing theory axioms from KB
–– Important for efficiency, soundness/completenessImportant for efficiency, soundness/completeness

(Why? b/c (Why? b/c BB and and ¬¬CC are are unsatunsat))
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Generalizing to Theory Res.Generalizing to Theory Res.

•• Theory ResolutionTheory Resolution generalized Krypton generalized Krypton 
ideas for arbitrary theories ideas for arbitrary theories 
–– Any theoryAny theory allowed: allowed: DL, (in)equality, intervals, …DL, (in)equality, intervals, …
–– Allowed axioms of theory to be removed from KBAllowed axioms of theory to be removed from KB
–– Gave conditions for soundness and completenessGave conditions for soundness and completeness

•• But no followBut no follow--on work appears to address on work appears to address 
theory resolution for an theory resolution for an expressive DLexpressive DL::
–– What does it take to meet soundness and What does it take to meet soundness and 

completeness conditions of theory resolution?completeness conditions of theory resolution?
–– This is the question we want to answer.This is the question we want to answer.

•• First, let’s review resolution and the First, let’s review resolution and the 
(Ordered) Theory Resolution calculus…(Ordered) Theory Resolution calculus…
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•• Binary Resolution RuleBinary Resolution Rule

•• Factoring RuleFactoring Rule

FirstFirst--order Resolutionorder Resolution

P(3)P(3)∨∨Q(f(x))Q(f(x)) R(y)R(y)∨∨¬¬Q(y)Q(y)

P(3) P(3) ∨∨ R(f(x))R(f(x))

Example application:Example application:Rule:Rule:

P(z) P(z) ∨∨ Q(3) Q(3) ∨∨ Q(z)Q(z)

P(3) P(3) ∨∨ Q(3)Q(3)

Example application:Example application:

σσ =MGU(=MGU(LL11,…,,…,LLnn)   )   
for for {L{L11,…,,…,LLnn} } ⊆⊆ CC

Rule:Rule:
CC

CCσσ

CC11 … C… C22

{C{C11σσ--LL11σσ}}∪∪{C{C2 2 σσ--LL22σσ}}
σσ =MGU(=MGU(LL11,L,L22)   )   
for for LL11⊆⊆ CC1,1,LL22⊆⊆ CC22
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Theory ResolutionTheory Resolution

•• Theory Resolution (Theory Resolution (StickelStickel))
–– Resolve over sets of unsatisfiable Resolve over sets of unsatisfiable subclausessubclauses, e.g.,, e.g.,

•• Given:Given: A A ∨∨ x < yx < y, B , B ∨∨ y < zy < z, C , C ∨∨ z < xz < x
•• Infer:Infer: A A ∨∨ B B ∨∨ CC

–– Remove axioms of theory from KB and use theoryRemove axioms of theory from KB and use theory--
specific specific decision proceduredecision procedure to determine to determine unsatunsat!!

•• Two refinements of theory resolution:Two refinements of theory resolution:
–– Narrow: Narrow: Resolve over one literal per clause Resolve over one literal per clause 
–– Partial: Partial: Can resolve with residue “conditions”Can resolve with residue “conditions”

•• Given:Given: A A ∨∨ x < yx < y, B , B ∨∨ y < zy < z
•• Infer:Infer: A A ∨∨ B B ∨∨ x < zx < z

–– x < zx < z is a valid residue if is a valid residue if {{¬¬(x < z), x < y, y < z}(x < z), x < y, y < z} is is unsatunsat
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Ordered Theory ResolutionOrdered Theory Resolution

•• Ordered Theory Resolution (Baumgartner)Ordered Theory Resolution (Baumgartner)
–– Uses literal ordering restrictions to reduce searchUses literal ordering restrictions to reduce search
–– Lifts from ground to nonLifts from ground to non--ground caseground case
–– How to refute nonHow to refute non--ground literals?ground literals?

•• Theory Refuting SubstitutionsTheory Refuting Substitutions
–– W/ theory T, unifiers of literals L may not be uniqueW/ theory T, unifiers of literals L may not be unique

•• Let theory T = Let theory T = { { ∀∀x. A(x) x. A(x) ⇒⇒ B(x) , B(x) , ∀∀x. A(f(g(x))) x. A(f(g(x))) ⇒⇒ B(x) }B(x) }
•• Let literals L = Let literals L = { A(w), { A(w), ¬¬B(z) }B(z) }
•• Then CSRThen CSRTT(L) = (L) = { {w/z}, {w/f(g(z))} }{ {w/z}, {w/f(g(z))} }

–– Generalize to complete set of Generalize to complete set of TT--refutersrefuters: CSR: CSRTT(L)(L)
–– Require Require decision proceduredecision procedure for Findfor Find--CSRCSRTT(L)(L)
–– If FindIf Find--CSRCSRTT(L) correct & complete (i.e., all found) (L) correct & complete (i.e., all found) 

for T then ordered theory res. is sound & completefor T then ordered theory res. is sound & complete
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•• Ordered FactoringOrdered Factoring

•• Ordered Narrow Theory ResolutionOrdered Narrow Theory Resolution

Ordered Theory Res. RulesOrdered Theory Res. Rules

CC

CCσσ

If (1) If (1) σσ is the most general is the most general 
syntactic unifier for some syntactic unifier for some 
{L{L11,…,,…,LLnn} } ⊆⊆ CC, and , and 
(2) (2) LL11σσ is maximal inis maximal in CCσσ

Rule:Rule:

If (1) If (1) σσ ∈∈ CSRCSRTT(({L{L11,…,,…,LLnn}})) for for 
some some LL1 1 ∈∈ CC11, …, , …, LLnn ∈∈ CCnn, and , and 
(2)(2) LLiiσσ is maximal inis maximal in CCiiσσ (for (for 
i=1…ni=1…n))

CC11 … … CCnn

{C{C11σσ-- LL11σσ} } ∪∪ … … ∪∪ {{CCnn σσ-- LLnnσσ}}

Rule:Rule:

Note: “maximal” is w.r.t. literal orderingNote: “maximal” is w.r.t. literal ordering
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OutlineOutline
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•• Example DL(SHI)Example DL(SHI)--FOL KB w/ Query FOL KB w/ Query SS(c,f(c))(c,f(c))

Theory Res. with DLTheory Res. with DL--FOLFOL

DL / DL’ DL / DL’ 
TheoryTheory
{{R R bb S}S}

FOL FOL 
TheoryTheory

{ { R(x,f(x)),R(x,f(x)),
¬¬SS(c,f(c)) (c,f(c)) }}

DLDL--FOL KBFOL KB
{{R R bb S, R(x,f(x)),S, R(x,f(x)),

¬¬SS(c,f(c)) (c,f(c)) }}

L=L={ { R(x,f(x)),R(x,f(x)),
¬¬SS(c,f(c)) (c,f(c)) }}

CSRCSRDLDL(L)(L)
={x/c}={x/c} ⊥⊥

•• Refutation Refutation ⊥⊥ found… query proved!found… query proved!
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DL, DL’, and FOL ConceptsDL, DL’, and FOL Concepts

CC77DDCC77DDDisjunctionDisjunction
CC66DDCC66DDConjunctionConjunction
¬¬CC¬¬CCNegationNegation

ΩΩΩΩBottom Bottom 
ConceptConcept

ººººTop ConceptTop Concept

AAAAAtomic Atomic 
ConceptConcept

FOLFOLDL’DL’DLDLConstructorConstructor

•• DLDL--FOL KB axioms sorted into theoriesFOL KB axioms sorted into theories
•• All recognizable All recognizable SHI DLSHI DL concepts and concepts and 

constructors sorted into DL/DL’ theories:constructors sorted into DL/DL’ theories:
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DL, DL’, and FOL RolesDL, DL’, and FOL Roles

∀∀x. Ax. A**(x) (x) ≡≡ R(x,c)R(x,c)A*A*A*A*Role Filler Role Filler 
RestrictionRestriction

∀∀x. Ax. A**(x) (x) ≡≡
∀∀y.R(x,y) y.R(x,y) ⇒⇒ C(y)C(y)

A*A*A*, A*A*, A*≡≡∀∀R.CR.CValue Value 
RestrictionRestriction

∀∀x. Ax. A**(x)(x) ≡≡
∃∃y.R(x,y) y.R(x,y) ∧∧ C(y)C(y)

A*A*A*, A*A*, A*≡≡∃∃R.CR.CExists Exists 
RestrictionRestriction

∀∀x,y,z. x,y,z. R*R*(x,y) (x,y) 
∧∧ R*R*(y,z)(y,z) ⇒⇒ R*R*(x,z)(x,z)

R*R*R*, R*R*, R*≡≡RR++Transitive Transitive 
RoleRole

∀∀x,y. x,y. RR(x,y) (x,y) ≡≡ R*R*(y,x)(y,x)R*R*R*, R*R*, R*≡≡RR——Inverse RoleInverse Role
RRRRAtomic RoleAtomic Role

FOLFOLDL’DL’DLDLConstructorConstructor

•• DL roles/restrictions redundant in DL, FOLDL roles/restrictions redundant in DL, FOL
•• R*/A*R*/A* are newly gen. role/concept namesare newly gen. role/concept names
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DL, DL’, and FOL AxiomsDL, DL’, and FOL Axioms

¬¬ϕϕQuery Query ϕϕ
ϕϕFOL Axiom FOL Axiom ϕϕ
R(a,b)R(a,b)Role AssertionRole Assertion
C(a)C(a)Concept AssertionConcept Assertion

RR≡≡SSRR≡≡SSRole EquivalenceRole Equivalence
RRbbSSRRbbSSRole InclusionRole Inclusion
CC≡≡DDCC≡≡DDConcept EquivalenceConcept Equivalence
CCbbDDCCbbDDConcept InclusionConcept Inclusion

FOLFOLDL’DL’DLDLConstructorConstructor

•• DL / FOL axioms go in respective theoriesDL / FOL axioms go in respective theories
•• Negated query always goes in FOL theoryNegated query always goes in FOL theory
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DLDL--FOL Theory Sorting Ex.FOL Theory Sorting Ex.

•• Given DLGiven DL--FOL KB:FOL KB:
{ MSOD { MSOD ≡≡ Male Male 66 ∃∃hasChildhasChild——.Doctor }.Doctor }

•• DL Component:DL Component:
{ { R* R* ≡≡ hasChildhasChild——, , A* A* ≡≡ ∃∃R*R*.Doctor, .Doctor, 
MSOD MSOD ≡≡ Male Male 66 A* A* }}

•• DL’ Component:DL’ Component:
{ MSOD { MSOD ≡≡ Male Male 66 A* A* }}

•• FOL Component:FOL Component:
{ { ∀∀x,y. x,y. R*R*(x,y) (x,y) ≡≡ hasChildhasChild(y,x),(y,x),

∀∀x. Ax. A**(x) (x) ≡≡ ∃∃y.R*(x,y) y.R*(x,y) ∧∧ Doctor(y)Doctor(y) }}
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Difficulties of FindDifficulties of Find--CSRCSRDLDL(L)(L)

•• Why have we defined a DL & DL’ theory?Why have we defined a DL & DL’ theory?
•• Let’s analyze theory TLet’s analyze theory T--refuters when T=DLrefuters when T=DL

–– All FindAll Find--CSRCSRTT(L)(L) procedures must return same procedures must return same 
TT--refuters… just use resolution hererefuters… just use resolution here

•• Example: Example: 
–– Given DLGiven DL--FOL Components:FOL Components:

DL:DL: { { ∃∃S.S.∀∀R.A R.A bb B }B } FOL:FOL: {{∃∃w. S(c,w) w. S(c,w) ∧∧ ((∀∀z. R(w,z) z. R(w,z) ⇒⇒ A(z)), A(z)), 
¬¬B(c) }B(c) }

–– L=L= {{¬¬B(c), S(c,d), B(c), S(c,d), ¬¬R(d,z) }   R(d,z) }   
–– CSRCSRTT(L)=(L)= { { {z/f(c,d)}{z/f(c,d)} }}

•• Theorem: Theorem: Even if literal set L contains no Even if literal set L contains no 
function symbols, when function symbols, when T=DLT=DL, CSR, CSRTT(L) may (L) may 
contain arbitrarily large function symbols.contain arbitrarily large function symbols.

CSRCSRTT(L) for T=DL contains fn symbol!(L) for T=DL contains fn symbol!
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Algorithm for FindAlgorithm for Find--CSRCSRDL’DL’(L) (L) 

•• Solution: Let Solution: Let T=DL’T=DL’ instead ofinstead of T=DLT=DL
–– TT--refuters for DL’ are limited to standard refuters for DL’ are limited to standard MGUs MGUs 

of literals Lof literals L
–– Why?  Because source of function symbols has Why?  Because source of function symbols has 

been removed from DL and put in FOL.been removed from DL and put in FOL.

•• This suggests a FindThis suggests a Find--CSRCSRDL’DL’(L) algorithm:(L) algorithm:
1.1. Return Return MGUsMGUs for all for all syntactically syntactically 

complementarycomplementary literalsliterals
2.2. Return Return MGUs MGUs of all of all dyadicdyadic literals that are literals that are 

unsatisfiable w.r.t. role hierarchy unsatisfiable w.r.t. role hierarchy 
3.3. Return Return MGUs MGUs of all of all monadicmonadic literals that are literals that are 

unsatisfiable using the DL unsatisfiable using the DL reasoner reasoner 
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Soundness and CompletenessSoundness and Completeness

•• FindFind--CSRCSRDL’DL’(L) clearly correct:(L) clearly correct:
–– Easy to verify all substitutions lead to Easy to verify all substitutions lead to unsatunsat of Lof L

•• FindFind--CSRCSRDL’DL’(L) completeness a little harder:(L) completeness a little harder:
–– Can consider (1) monadic, (2) dyadic, and Can consider (1) monadic, (2) dyadic, and 

(3) standard non(3) standard non--theory syntactic complementarytheory syntactic complementary
–– No interaction b/w axioms of (1), (2)No interaction b/w axioms of (1), (2)
–– DL handles (1), transitive closure of role DL handles (1), transitive closure of role 

hierarchy covers (2), and (3) is just standard res.hierarchy covers (2), and (3) is just standard res.
•• Proves Proves soundness/completenesssoundness/completeness of Theory of Theory 

Resolution using FindResolution using Find--CSRCSRDL’DL’(L) for (L) for DL’+FOLDL’+FOL
•• DL only adds redundancy to DL’, thereby DL only adds redundancy to DL’, thereby 

retaining retaining completenesscompleteness for for full DL+FOLfull DL+FOL
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Partial Narrow Theory Res.Partial Narrow Theory Res.

•• Problem with narrow (N) OTRC: nonProblem with narrow (N) OTRC: non--binary binary 
resolution of k clauses is difficultresolution of k clauses is difficult
–– May have to select literals May have to select literals 

from all k clauses!from all k clauses!
–– CombinatoriallyCombinatorially explosive explosive 

number of resolutionsnumber of resolutions
–– Must systematically try all Must systematically try all 

combos for completeness combos for completeness 

•• Prefer to do binary resolution if possible…Prefer to do binary resolution if possible…

•• Suggests Suggests partialpartial narrow (PN) OTRCnarrow (PN) OTRC

FOL ComponentFOL Component
{L{L1,11,1, L, L1,21,2, , LL1,31,3}}

{{LL2,12,1,, LL2,22,2}}
……

{{LLkk,1,1,, LLkk,2,2, , LLkk,3,3}}
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•• Partial Narrow Ordered Theory ResolutionPartial Narrow Ordered Theory Resolution

•• Creates a compound residue literalCreates a compound residue literal
•• If If LL1 1 66 LL22 is is unsatunsat. then remove literal. then remove literal
•• Else Else LL1 1 66 LL22 may be refuted in another res.may be refuted in another res.

•• PNPN--OTRC is sound and completeOTRC is sound and complete
•• Have to give residue literals proper Have to give residue literals proper precprec..
•• Then easy to show can simulate NThen easy to show can simulate N--OTRCOTRC

Partial Narrow OTRCPartial Narrow OTRC

If (1) If (1) σσ ∈∈ MGU(MGU({L{L11,…,L,…,L22}}))
(term(term--only MGU) for some only MGU) for some 
LL1 1 ∈∈ CC11, L, L2 2 ∈∈ CC22, and (2) , and (2) LLiiσσ
is maximal inis maximal in CCiiσσ (for (for i=1,2i=1,2))

CC11, C, C22

{C{C11σσ-- LL11σσ} } ∪∪ {C{C2 2 σσ-- LL22σσ} } ∪∪((LL1 1 66 LL22)) σσ

Rule:Rule:
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AgeAge--Weight StrategyWeight Strategy

•• Problem: Lots of residue!Problem: Lots of residue!
•• Introduce ageIntroduce age--weight strategy (Otter)weight strategy (Otter)

–– At every step, choose a clause to resolve with all At every step, choose a clause to resolve with all 
others (incl. self)others (incl. self)

–– Keep two clause queuesKeep two clause queues
•• A FIFO queue that orders clauses by ageA FIFO queue that orders clauses by age
•• A priority queue that orders clauses by weightA priority queue that orders clauses by weight

–– For every For every a + wa + w clauses chosen, select clauses chosen, select aa from age from age 
queue and queue and ww from weight queuefrom weight queue

•• Complete for a > 0Complete for a > 0

•• Assign clause weight corresponding to Assign clause weight corresponding to 
residue size residue size –– avoid large residue!avoid large residue!
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Ordering HeuristicsOrdering Heuristics

•• Can also exploit DL taxonomy Can also exploit DL taxonomy 
structure in literal ordering:structure in literal ordering:
–– PreferPrefer--Shallow:Shallow: Prioritize literals near top Prioritize literals near top 

of DL taxonomyof DL taxonomy
–– PreferPrefer--Deep:Deep: Prioritize literals near Prioritize literals near 

bottom of DL taxonomybottom of DL taxonomy

•• Intuition: Deeper in taxonomy, fewer Intuition: Deeper in taxonomy, fewer 
and more specific inferencesand more specific inferences
–– PreferPrefer--Deep focuses on hardest to refute Deep focuses on hardest to refute 

literals first… should be more efficientliterals first… should be more efficient
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Experimental ResultsExperimental Results

•• Spatial Subset of Spatial Subset of OpenCycOpenCyc KBKB

2.42.4868625/2525/25DLDL--FOL FOL 
((HyperresHyperres--OTR*, OTR*, 
PreferPrefer--Deep)Deep)
*Incomplete?*Incomplete?

7.37.314714725/2525/25DLDL--FOL (PNFOL (PN--OTR, OTR, 
PreferPrefer--Deep)Deep)

7.37.334634625/2525/25DLDL--FOL (PNFOL (PN--OTR, OTR, 
PreferPrefer--Shallow)Shallow)

--------5/255/25DLDL--FOL (FOL FOL (FOL 
Translation only)Translation only)

9.49.44763476325/2525/25SPASS v2.1SPASS v2.1

9.69.660360325/2525/25Otter v3.3Otter v3.3

10.510.513713725/2525/25Vampire v8Vampire v8

Avg. Resolution Avg. Resolution 
Proof LengthProof Length

Avg. Clauses Avg. Clauses 
GeneratedGenerated

#Successes#SuccessesReasonerReasoner
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Summary & ConclusionsSummary & Conclusions

•• Theory resolution for the DL(SHI) + FOL:Theory resolution for the DL(SHI) + FOL:
–– Identified potential caveats and worked around Identified potential caveats and worked around 

them in the theory definition, inf. rules, & them in the theory definition, inf. rules, & 
strategiesstrategies

–– Proved soundness and completenessProved soundness and completeness
–– Empirically: yielded shorter res. proof lengths than Empirically: yielded shorter res. proof lengths than 

nonnon--theory res.theory res.
–– Promising approach for further researchPromising approach for further research

•• Pro: Pro: Leverage efficiency of DL reasoners in Leverage efficiency of DL reasoners in 
firstfirst--order inferenceorder inference

•• Con: Con: Currently relies heavily on heuristics to Currently relies heavily on heuristics to 
guide searchguide search
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Future WorkFuture Work

•• Augment factoring with theory implication Augment factoring with theory implication 
to avoid retention of tautologies?to avoid retention of tautologies?

•• Use decidable res. proc. for DL? Use decidable res. proc. for DL? ((MotikMotik et al.et al.))
–– Will yield complex TWill yield complex T--refuters at no extra cost!refuters at no extra cost!
–– Allows full separation of DL, FOL Allows full separation of DL, FOL KBsKBs
–– Should extend to equality and SHIQ/SHOIQ Should extend to equality and SHIQ/SHOIQ 

(cardinality restrictions!)(cardinality restrictions!)

•• Ordered theory resolution w/ selection?Ordered theory resolution w/ selection?
–– Selection functions are a powerful saturation Selection functions are a powerful saturation 

technique technique –– carefully select literals to prevent carefully select literals to prevent 
resolution inferencesresolution inferences

–– Retains completeness with forward/backward Retains completeness with forward/backward 
subsumption deletion subsumption deletion –– generalize to theory res.?generalize to theory res.?


