Layered approach to the Semantic Web

(by T. Berners-Lee)
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Broadly, inference on the Semantic Web means discovering new relationships. On the
Semantic Web, data is modelled as a set of relationships between resources. Inference
means that automatic procedures can generate new relationships based on the data
and some additional information. Whether the new relationships are explicitly added
to the dataq, or are returned at query time, is an implementation issue.
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OWL 2: automated reasoning
with description logic ALC

for a list of OWL reasoners see
http://www.w3.0rg/2001/sw/wiki/OWL/Implementations
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What are Description Logics?

e A family of logic-based Knowledge Representation formalisms
- descendants of semantic networks

- describe domain in ferms of
concepts (classes), roles (properties, relationships) and individuals
Distinguished by:
e formal semantics (typically model-theoretic)
- decidable fragments of first-order logic

- closely related to propositional modal and dynamic logics

e provision of inference services
- sound and complete decision procedures for key problems

- highly optimised reasoning systems
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DL architecture

Knowledge Base (KB)

TBox (terminological box, schema)

Man = Human n Male
Father = Man M 3hasChild. T

ABox (assertion box, data)

john: Man
(john, mary) : hasChild

Inference System

Interface




Description logic ALC
The language of . ALC consists of:

e conceptnames Ay, A, ... (alsouse A, B, By, By, ...)
concept names denote sets of objects ====Pp- classes in OWL
typical examples are ‘Person” and ‘Female’

e rolenames Ry, R;, ... (alsouse R, S, Sy, S1....)
role names denote sets of pairs of objects === object properties in OWL

typical examples are ‘hasChild” and ‘loves’

e individual names ay. a;, ... (alsouse a, b, c,...)
individual names denote objects === individuals in OWL

typical examples are ‘john” and ‘mary’
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The language of ALC (cont.)

e concept [ ===p owl:Thing (denotes the set of all objects in the domain)
e concept | ===p owl:Nothing (denotes the empty set m)

e concept constructor [T (often called intersection, conjunction or simply ‘and”)

=P OWIl:ObjectintersectionOf

e concept constructor LJ (often called union, disjunction or simply ‘or”)

=) OWI:ObjectUnionOf

e concept constructor — (often called complement, negation or simply ‘not”)
=P OWI:ObjectComplementOf

e concept constructor 4  (often called existential restriction)

P OWI:ObjectSomeValuesFrom

concept constructor V. (often called universal restriction)

=P OWIl:ObjectAllValuesFrom
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Definition of ALC concepts

ALC concepts are defined inductively as follows:

e dall concept names are ALC concepts
e T and L are ALC concepts
e ifCisan ALC concept, then =C is an ALC concept
e ifC and D are ALC concepts and R is a role name, then
Ccnb, CcCubD, dR.C, VR.C
are ALC concepts

e nothing else is an ALC-concept



Examples of ALC concepts

Suppose Human and Female are concept names,
hasChild, gender, hasParent are role names

Then we obtain the following ALC-conceplfs:

e dhasChild. T (everybody who has a child)
e Human M 3hasChild. T (a human who has a child)
¢ Human n 3hasChild.Human (a human who has a child that is human)

e Human M 3gender.Female

(a woman)

e Human rn 3hasChild. T 1 3hasParent. T (a human with a child and a parent)

e Human n 3hasChild.3gender.Female (a human who has a daughter)

e Human rn 3hasChild.3hasChild. T (a human who has a grandchild)

‘M 3hasChild” is not an ALC-concept. why?



Examples of ALC concepts (cont.)

Person M YhasChild.Male (a person all of whose children are males)
(in parficular, a person without children!)

Person M YhasChild.Male mn 3hasChild. T
(everybody who has a child and whose children are all males)

LivingBeing M —-HumanBeing (all living beings that are not human beings)
Student M —3interestedin.Mathematics (all students not interested in mathematics)

Student M vdrinks.Tea (all students who only drink tea)
(in particular, the students who do not drink anything!)

JhasChild.Male U YhasChild. L (everybody who has a son or no child at all)



OWL as DL: Class Constructors

A A
owl:Thing T
owl:Nothing 1

ObijectintersectionOf(C; C, ...C,,) cCinCyn-..-NcC,

ObjectUnionOf(C, C, ... C,) cCiucC,u---ucC,
ObjectComplementOf(C) -C

ObjectOneOf(a; as ...a,) {a:} U{ax} U---U{a,}
ObjectAllValuesFrom(R C) VR.C
ObjectSomeValuesFrom(R C) JdR.C
ObjectMinCardinality(R n C) >n R.C
ObjectMaxCardinality(R n C) <nR.C

ObjectHasValue(R a) JR.{a}



ALC concept definitions and descriptions
Let A be a concept name and let C be an ALC concept. Then

e A = C isaconcept definition (reads A is equivalent to C*)
C gives necessary and sufficient conditions for being an A

e AL C isaconcept description (reads "A is subsumed by C”)
C describes only necessary conditions for being an A

cf. https://en.wikipedia.org/wiki/Necessity_and_sufficiency

Examples:

e Father = Person M 3gender.Male m 3hasChild. T
e Student = Person rn JisRegisteredAt.University
e Father C Person (what about Father = Person?)

e Father C 3hasChild. T (what about Father = 3hasChild. T?)
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ALC concept inclusions and TBoxes

More generally, let C and D be any ALC concepts. Then

e C L D iscalled an Acc concept inclusion. It states that every C is-a D
(C'is subsumed by D, or D subsumes C, or C is included in D)

e C = D iscalled an .ALC concept equation (C and D are equivalent)

can be regarded as an abbreviation for two inclusions C & D and D C C

Examples

e Disease M dhasLocation.Heart = NeedsTreatment

e dstudentOf.Computer Science C HumanBeing M
3knows.ProgramminglLanguage

An ALC TBox is a finite set T of ALC concept inclusions and equations



OWL as DL: Classes

SubClassOf(C D) CCD
EquivalentClasses(C, C, ...C},) c,=0C,, C,y=0Cs, ...,
Cn—l = Cn
DisjointClasses(C, C, ... C,,) cC,C-C, C;C—-Cs ..., C; C-C,
C,C —Cs, ..., C2 € C,
Cn—l C _‘Cn

Example: C, and C, are disjoint:

C -C, is the same as
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Concept hierarchies

The concept hierarchy induced by an ALC TBox T is defined as

{A C B | A, B are concept names in 7 s.t. 7 implies A C B}

More generally, we are interested in the following subsumption problem:

- Given an ALC TBox T and ALC concepts C and D, how can we decide
whether 7 implies that C C D

Problem: we do not yet have a precise definition of what it means that

T implies C C D

so we do not have a precise definition of the concept hierarchy induced by a TBox



Subsumption example: 1

Let T be the following ALC TBox:

Parent = Person M 3hasChild.Person
Woman = Person rn Female
Mother = Parent i Female

Question 1: Does T imply that Mother C Woman

Answer: Suppose x is any Mother.
By the third equation, x is both a Parent and a Female.

By the first equation, x is a Person.
Thus, x is both a Person and a Female.
Now, the second equation states that = must be a Woman.

What are the ‘inference rules’ for checking subsumption?
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Subsumption example: 2

Let T be the following ALC TBox:

Parent = Person M 3hasChild.Person
Woman = Person rn Female
Mother = Parent i Female

Question 2: Does T imply that Woman C Mother

Answer: Imagine a ‘situation’ or a ‘'world” with two individuals:
mary, who is a Female, a Person and hasChild zoe, and
zoe, who is a Female and a Person, but does not have a child
Then mary must also be a Parent, Woman and Mother
Also, zoe must be a Woman
However, in this world, zoe is neither a Parent nor a Mother
This counterexample shows that 7~ does not imply Woman C Mother
(the counterexample is illustrated by the picture above. BTW, can you simplify it?)

Is there a systematic way of constructing such counterexamples?
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ALC semantics
Every interpretation consists of

a domain of interpretation, denoted , which is just a non-empty set, and

an interpretation function that

- interprets any concept name A by a subset AT of AT

the interpretation of A inZ

- interprets any role name R by a binary relation R over A%

(thus, RZ is some set of pairs from AZ) the interpretation of & in Z

- interprets every individual name a by an element a* of A%

the interpretation of a in Z
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ALC semantics (cont.)

interpretation of complex concepts in Z:
(C, D are concepts and R a role name)

- (T)T isthe whole domain AT and (L)% isempty (= 0)

- (=C)T is the complement of CT in AT (those elements of AZ that are not in CT)
notation: (-C)t = AT\ C*

- (C n D)% is the intersection of C* and D  notation (C m D) = C* n D*

- (C u D)% is the union of C* and D* notation (C u D)t = Cc* u D*

- (3R.C)* is the set of all objects z in the domain AZ such that

T —R> Y for some object y that belongs to C*

- (VR.C)T is the set of all objects x in the domain AZ such that

- either £ does not have R-successors

- or whenever r RI y then y belongs to CZ (for all objects y)



Example 1

Let T = (AZ,.T), where

- AT ={a,b,c,d,Y, Z}

- Person® = {a, b, c,d}

- Female” = {Y}

- hasChild* = {(a, b), (b,c)}
-gendert = {(a,Y), (b, Z),(c,Y)}

Exercise: compute the following

o (Personm3gender.T)Z = {a,b,c} asPerson” = {a,b,c,d}, (3gender.T)T = {a,b,c}
o (Person m 3gender.Female)? = {a,c} as (3gender.Female)? = {a, c}

e (Person r 3hasChild.Person) = {a, b} as (3hasChild.Person)® = {a, b}

e (Person rn 3hasChild.3gender.Female)? = {b}

e (Person r 3hasChild.3hasChild. T)% = {a}
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Example 2
Consider the interpretation Z = (AZ,.T), where
o AT ={a,b,c,d}
. = {b,d}, B = {c}

° R'= {(a,b),(a,c)}. ST = {(a,b), (a,d)}

Then we have:

o (VR.A)T = {b,c,d}, (VS.A)T = {a,b,c,d}

(VR.A)Z is the set of objects z in AT such that (i) either z has no outgoing R-arrow at alll,
or (ii) there are such arrows and their ends all belong to A%

e (AR.ANVR.A)T =90, (35.AMVS.A)T = {a}
e (IR.BNM3IR.A)ZL = {a}. (3R.(ANB)T =0

e (VR.—A)T = {b,c,d}. (VS.—A)T = {b,c,d}



Examples of equivalent concepts (classes)

For all interpretations Z, all concepts C, D and roles R the following holds:

o (-—C)T=C7

o (VR.C)T = (-3R.-C)*

o (=(CM D)% =(=-CL-D)?
e (m(CuD))*=(Cn-D)*
e (—-3R.C)T = (VR.-C)*

e (=VR.C)T = (3R.-C)*

o (CMN-C)T=1T=9

o (CU-C) =TI =A%

Semantic Technologies
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Semantics: when is a concept inclusion frue in an interpretation?
Let Z be an interpretation, C C D a concept inclusion, and 7~ a TBox

e Wewite ZE=CLC D if C*T C D* If this is the case, we say that

e I satisfies C T D or, equivalently,
e C C Distruein Z or, equivalently,

e Zisamodelof C C D.
o Wewite ZE=C =D it CT=D?*

o Wewrite ZTE=T if ZECLCED foral CEDInT

If this is the case, then we say that

e T satisfies T or, equivalently,

e Zisamodel of T.
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Semantics: when does a concept inclusion follow from a TBox?

Let T be a TBox and C C D a concept inclusion.
C C D follows from T if every model of T is also a model of C C D

Instead of saying that C C D follows from T we often write
° TIIC;D or CETD
Example: let MED be the ALC TBox with the following inclusions (SNOMED CT)

Pericardium L Tissue r dcontin.Heart

Pericarditis C Inflammation m 3hasLoc.Pericardium

Inflammation Disease M JactsOn.Tissue

I

Disease n 3hasLoc.3contin.Heart T Heartdisease M NeedsTreatment

Pericarditis needs freatment if and only if Pericarditis Cyep NeedsTreatment
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Examples
let T={AC3R.B} Then T ALB
To see this, construct an interpretation Z such that

e TET
o T ALCB

Namely, define Z by taking

o AT ={a,b}

o AT = {a}
* R’ = {(a,b)}
e BT ={b}

Then AT = {a} C {a} = (3R.B)X,andsoZ =T
But {a} = AT € BT = {b},andsoZ [ AC B
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Examples

letagain T={AC 3R.B} Then T E3IR.BC A

To see this, construct an interpretation Z such that

e TET
o T 3RBLC A

Define Z by taking

o AT ={a}

o AT =0 (emptyseb a @K

* R*={(a,a)} B
e BT ={a}

Then AT =0 C {a} = (3R.B)t,andsoZ =T
But (3R.B)Y = {a} Z 0 = AZ,andsoZ j« IR.BLC A



Example

Let T = {A C 3R.B}. Then

T - ACVR.B

To see this, construct an interpretation Z such that

e ITET

e T~ ALCVR.B

Define Z by taking

o AT = {aa b, C} A

o AT = {a}

o RT = {(a,,b),(a,c)} &
T g

Then AT = {a} C {a} = (3R.B)*,andsoZ = T.
But AT ¢ (VR.B)* = {b,c},andsoZ [ A C VR.B
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Example

Let T = {A C VR.B}. Then

T - AC 3R.B

To see this, construct an interpretation Z such that

e TET

e T AC3IR.B
Define Z by taking
o AT ={a}

o AT = {a}

e RT=0

o BT=19

Then AT = {a} C {a} = (VR.B)*,andsoZ =T
But AT ¢ 0 = (3R.B)*,andso Z j~# A C 3R.B



Reasoning with ALC (without TBox)
We first consider reasoning without TBoxes:

e Subsumption. We say that a concept inclusion C C D follows from the
empty TBox (or that C is subsumed by D) if C* C D7Z for all interpretations Z
In this case, we write 0 =C C D

e Concept satisfiability. A concept C is called satisfiable if there exists
an interpretation Z such that C% #£ 0

We have:
0 = C C D ifandonly if C n—D is not satisfiable

Thus, in ALC, subsumption is reducible to concept satisfiability

We give an algorithm deciding whether an ALC-concept C is satisfiable.
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Concept satisfiability: example 1

Q: s | (vhasChild.Male) m (3hasChild.~Male) | satisfiable?
Let us try fo construct an satisfying this concept
m x: (VhasChild.Male) rn (3hasChild.—=Male)
(2) from (1) x: YhasChild.Male
(3) from (1) x: FhasChild.—=Male
(4) from (3) (z,y): hasChild and y: —-Male, forfresh y
6) from (2) & (4) y: Male
(6) from (4) & (5) confradiction: y: Male and y: —-Male
A: the conceptis not satisfiable!
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Concept satisfiability: example 2

Q: s (YhasChild.Male) m (3hasChild.Male) | satisfiable?

Let us try fo construct a satisfying this concept
M x: (VYhasChild.Male) m (3hasChild.Male)
(2) from (1) x: YhasChild.Male
3) from (1) x: 3hasChild.Male
(4) from (3) (z,y): hasChild and y: Male, forfresh y

A: the conceptis satisfiable and a satisfying model T = (AZ,-T) is
AT = {z,y}, Male® ={y}, hasChid® = {(x,y)}

Then z € ((VhasChild.Male) M (EIhosChiId.MoIe))I
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VR.(-C U D) N 3R.(C N D)| satisfiable?

Concept satisfiability: example 3

M
@
)
D
)
)
)

from (1)
from (1)
from (3)
from (4)
from (4)
from (2)

z: VR.(-CU D) 3R.(CN1D)

z: VR.(-C U D)

xz: 3R.(C M D)

(z,y): R and y:CMND,
y: C

y: D

y: 2CUD

for fresh y

Two ways of continue  (branching!):

8.1
8.2)

from (7)
from (7)

y: C
y: D

A: (8.1 isa contradiction,

Semantic Technologies

while (8.2) is not and yields a




Tableau Method

How can we show safisfiability of a concept?

Achieved by applying the tableau method
(a set of completion rules operating on constraint systems or tableaux)

Proof procedure:

e transform a given concept into Negation Normal Form (NNF)
(all occurrences of negations are in front of concept names)

e apply completion rules in arbitrary order as long as possible

e a clash occurs when the rules produce both A and —A,
for come concept name A

e the conceptis if, and only if, a clash-free tableau can be derived
to which no completion rule is applicable
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Negation Normal Form (NNF)

A conceptisin Negation Normal Form (NNF)
if all occurrences of negations in it are in front of concept names

Every ALC-concept can be transformed into an equivalent one in NNF
using the following rules:

-T = 1
-1 = T
-—-C = C
~(CnND) = -—-CuU-D (DeMorgan'slaw)
-~(CuD) = -=Cnmn-D (DeMorgan'slaw)
-VR.C = 3R.-C
-3R.C = VR.-C
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Negation Normal Form: example

Transform the concept
—|E|R.(A ! —lB) L —lVR.(—lA L —lB)

to an equivalent concept in negation normal form.

—ElR(A [ ﬂB) L —|VR(—|A LJ ﬂB) (use =3R.D = VR.—D)

VR. —l(A I —lB) Ll —|VR.(—|A Ll —|B) = (use -(AMND) = ~AU-D)

VR.(—lA LJ —|—|B) LJ ﬂVR.(ﬂA L ﬂB) (use =—B = B)

VR.(—IA L B) L —IVR.(—lA L —lB) = (use =VR.D = dR.—D)
VR.(mAUB) U 3R. ~2(mAU-B) = (use ~(C LU D) = -Cn=D)
VR.(-AUB) U 3R.(-—A M -=B) = (use -—-C = O)

VR.(FAUB) U 3R.(AN B)



Tableau Calculus for ALC concept satisfiability

To determine whether a given concept C in NNF is safisfiable,

m take the constraint (saying that object x is an element of C)

B cpply to the constructed constraints the completion rules given below,
generating one or more constraint systems

a constraint system has a clash if it contains both constrains of the form
and EBRZA. for some x and some concept name A

BTl ] if every constraint system contains a clash, then C'is
m if we have managed to construct a clash-free constraint system

to which no completion rule is applicable then we can extract from it
a model satisfying C
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Completion Rules for ALC concept satisfiability (1)

Rule aanl If (7) the current constraint system S contains : C 1 D and
(i¢) does not contain at least one of x: C and «: D,
thenadd x: C and z: Dfo S

if S contains both z: C and z: D, the rule is not applicable

If () the current constraint system S contains : C L D and
(¢¢) does not contain both z: C and z: D,
then construct two alternative constraint systems S; and S,
S; extends S withx: C and S, extends S with z: D

if S contains at least one of x: C and z: D, the rule is not applicable
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Completion Rules for ALC concept satisfiability (2)

Rule =/ If (¢) the current constraint system S contains z: VR.C and
(i¢) also contains (z,y): R and
(i) does not containy: C, thenadd y: Cto S

if conditions (z)—(¢¢¢) are not satisfied, the rule is not applicable

Rule == If (¢) the current constraint system S contains : 3R.C and
(i¢) does not contain both (z,z): Rand z: C, forany z
then take a fresh object y and add (z,y) : Rand y: C to S

if conditions (¢) and (¢¢) are not satisfied, the rule is not applicable

NB: —3is the only rule that creates new individuals in a constraint system
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Tableau Example 1

We check whether (A M —A) U B is satisfiable.

It is in NNF, so we can apply the tableau algorithm to the constraint system
S={x:(AN-A)U B}

The only rule applicable is —,. We have two possibilities. First, we can try
Si=SuU{x: An-A}

Then we can apply —+ and add to S; the constraints
z: A and x:A

We have obtained a clash, thus this choice was unsuccessful. Second, we try

S, =SU{zx: B}

No rule is applicable to S,, it does not contain a clash, and so
(AM—A) U B is satisfiable

A model T satisfying it is given by AT = {x}, B% = {z}, AT =0.



Tableau Example 2

Q: s c=4an dR.3Q.B NYR.—B is satisfiable? It is in NNF, so we start with
S={x: ANM3IR.3Q.BMVR.~B}

An application of — gives add to § the constraints
z: A and z:3dR.IJQ.BNVR.-B
An application of — further adds
xz:3JR.3Q.B and xz:VR.-B
An application of —+3 adds
(z,y) : R and y:3Q.B

An application of —3 adds

(y,2): Q and z: B

An application of —y now adds
y: B

No rule is applicable and there is no clash. So C is satisfiable. A model Z of C:
AT = {337 Y, 2:}, AT = {w}a BT = {Z}7 RT = {(way)}a QI = {(ya 2:)}



Tableau Example 3

Q: is C =3R.A T 3R.—-A satisfiable? C is in NNF, so we start with
So ={xz:3IR.AN3IR.-A}

An application of —~ adds
z:3dR.A and xz:3IR.-A

An application of —+3 adds

(z,y) : R and y: A
Another application of —5 adds

(z,2) : R and z:0A

No rule is applicable now and there is no clash. Thus, C is satisfiable.

A model Z of C is given by

AI = {CU, Yy, Z}, AI = {y}7 RI = {(.’IU, y)a (33’ Z)}



Analysing the Tableau Calculus

To show that the tableau construction always returns a correct result,
one has to show

e Soundness: if the concept is satisfiable, then there is a branch without clash
such that no rule is applicable

e Termination: the tableau terminates after finitely many steps for any
input concept in NNF

e Completeness: if there is a branch without clash such that no rule
is applicable to it, then the concept is satisfiable

One also has to identify the computational complexity of the tableau algorithm
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Tableau Calculus: Soundness

Suppose that a constraint system S is satisfiable and
S —=rS, S—>yvS8 o S—>395.

Then S’ is also satisfiable.

S—,8 oaond S —=,8”

then one of S’ and S” is satisfiable (or perhaps both).

Thus, having started with a saftisfiable constraint system
we cannot derive clashes in all branches



Tableau Calculus: Termination

For every constraint system S,
there is no infinite sequence of the form

So, S1,S2,...
such that S;, is obtained form S;

by an application of one of the completion rules

Proof: Allrules but —y are never applied twice to the same constraint

—v IS never applied to an individual & more times than
the number of direct successors of x (i.e., y such that (z,y): R).
which is bounded by the length of the concept

Each rule application to a constraint y: C
adds constraints z: D such that D is a subconcept of C



Tableau Calculus: Completeness

If starting from Sy = {x: C} and applying the completion
rules we construct a clash-free constraint system S,, to which
no rule is applicable then C is satisfiable

S, determines an interpretation Z = (AZ, .%):

e A7 contains all individuals in S,,

e for x € AT and aconceptname A,
rxre AT iff x: Aisin S,

e for z,y € AT and arole name R,
(r,y) € RT iff (x,y): R isin S,

It is easy to check that C is satisfied in Z, ie., CT # 0



Complexity

Generating binary trees:

D1 = HR.Cl 1 HR.Cg

D2 = (HR.Cl 1 HR.Cz) I VR.(HR.Cl M HR.Cz)

D; = (3R.C; M 3R.C;) M VR.((3R.C; M 3R.C,) M VR.(3R.C; M 3R.Cy))

The tableau algorithm constructs a model satisfying D,,,
which is a binary tree of depthn (with 2™ leaves)

In the worst case, the tfableau algorithm requires
(i.e., is not tractable)
however, optimised reasoners work well for most real-world ontologies
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Reasoning Services for ALC with TBoxes

e Subsumption w.rt. TBoxes We say that a concept inclusion C C D follows
from a TBox 7T if every a model of T is also a model of C C D.

In this case, we write T = C C D

e Concept satisfiability w.r.t. TBoxes A concept C is satisfiable w.r.t. a TBox T if
there exists a model Z of T such that C% # 0

e TBox satisfiability A TBox T is satisfiable if there exists a model of T

We have the following reductions to concept satisfiability w.r.t. TBoxes:

e T | CELCDifandonlyif, C m—D is not satisfiable w.r.t. T

e T issatisfiable if, and only if, A is safisfiable w.r.t. T,
where A is a fresh concept name

Thus, it suffices to design an algorithm checking concept satisfiability w.r.t. TBoxes
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Reasoning with TBoxes

Given a TBox T and a concept C,
how to determine whether T U { z: C } has a model
(concept satisfiability w.r.t. a TBox)

Note that, for any interpretation Z and any two concepts C and D,
IE=CCD iff IETLC-CUD

CLC D isequivalentto T E -C U D

The initial constraint system S, for 7 U { : C } is defined by

So={z:C}U{TC-CUD|CLCDET}

S0, now we have three different types of constraints:
y: D (z,y): R TCD



Reasoning with TBoxes (cont.)

Rule = If (2) the current constraint system S contains T C D and
(¢¢) also an occurrence of x and
(¢2¢) does not contain x: D, thenadd x: Dto S

The tableau algorithm based on rules
—n, —u. —v., —3 and —y
does not terminate:
in general, evenif T U{x: C } has model,
the algorithm can produce an model for it
(although finite models exist)

see the next slide for an example...
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Reasoning with TBoxes: example

So ={x: T, TC3IR.A}
So—=uS1 =SoU{x: IR.A}
S1—3 S =S1U{(xo,x1): R, x;: A}
Sy >y S =S:U{x;: IR.A}
S3—>3Sy =SsU{(z1,22): R, x2: A}
Sis—uSs =S;U{z2: 3R.A}

This gives an which can easily be reconstructed into a finite one
Rule —3 can be modified in such a way that

the resulting algorithm always terminates
(using so-called blocking technique)
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Reasoning with ABoxes



The structure of knowledge bases

Knowledge Base (KB)

TBox (ferminological box, schema)

Man = Human n Male
HappyFather = Man m 3hasChild

ABox (assertion box, data)

john: Man
(john, mary) : hasChild

Inference System

Interface




ABoxes
To represent (incomplete) knowledge about concrete objects,
the language of description logic contains

e individual (or object) names ag, a4, ... (e.g., john, mary, ...

An ABox, A, is a set of assertions
o a:C ‘a is an instance of C’
o (a,b): R ‘a is R-related to b’

Every interpretation Z = (AZ, .T) specifies a value a* € AZ,
for every individual name a

an interpretation Z satisfies (models) an assertion
e ZTka:C iff at€Ct
¢ Tk (a,b): R iff (af,b%) € RT

An interpretation Z is a model of a TBox 7~ and an ABox A  iff
T satisfies every axiom of 7 and A



ABox Inference Services

e ABox consistency:
is the collection of assertions A satisfiable (w.r.t. a TBox 7)?

Ais consistent w.r.t. aTBox 7~ iff there exists some model Z of 7 and A
e instance checking:
is a an instance of a concept C?
a is an instance of C w.r.t. a TBox 7 and an Abox A iff

at € C%, forevery model T of T and A

e ABox readlisation:
for all individuals in A,
compute their most specific concept names w.r.t. T
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ABox and TBox Inference Services based on Consistency
All inference services can be reduced to ABox consistency:

e instance checking
a is an instance of C (w.rt. a TBox 7 and an ABox A) iff
AU {a: -~C} is inconsistent (w.rt. 7

e concept satisfiability

C is satisfiable w.rt. aTBox T iff {a: C} is consistent w.rt. T
(a does not occurin T)

e concept subsumption
Cis subsumed by D w.rt. aTBox T iff

{a: C =D} is inconsistent w.rt. T
(a does not occurin T)

Semantic Technologies 54



ABox Inference Services: Andrea example

Consider the ABox A:

—_

. (john, susan): friend
. (John, andrea): friend

. (susan, andreq) : loves

2
3
4. (andreq, bill) : loves
5. susan: Female

6

. bill: =Female

Represent the following query (fo .A) as an inference service problem and

find an answer:

Does John have a female friend who is in love with a male (not female) person?

john: 3friend.(Female M 3loves.—Female)
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Andrea Example

To this end we check whether
AU {john : =3friend.(Female M Jloves.~Female)}
has a model. If not, then the answer to the query

john : Ifriend.(Female M Jloves.—~Female)

is YES.

Transformation into negation normal form gives:

john : Vfriend.(—Female U Vloves.Female)



Andrea Example (cont.)

Thus, we apply the tableau to the constraint system
AU {john : Vfriend.(—-Female L Vloves.Female)}
given by

1. (john,susan) : friend
(john, andreq) : friend
(susan, andreq) : loves
(andrea, bill) : loves
susan : Female

bill : —=Female

N o o A~ DN

john : Vfriend.(—Female LI Vloves.Female)



Andrea Example (cont.)

Two applications of the rule — give the additional constraints:
susan : (-Female U Vloves.Female)

and
andrea : (-mFemale U Vloves.Female)

We now apply the rule —, to the first constraint:

e Adding the constraint susan : —Female results in a clash since we have
already susan : Female € A.

¢ Thus we add the constraint susan : Vloves.Female to the constraint system.



Andrea Example (cont.)

We now apply —v to
susan : Vloves.Female, (susan,andreq) : loves

and add
andrea : Female

to the constraint system.

We apply —, to
andrea : (-Female U Vloves.Female)

e Adding andrea : ~Female to the constraint systems results in a clash since
andrea : Female is in the constraint system.

¢ Thus we add the constraint andrea : Vloves.Female to the constraint sys-
tem.



Andrea Example (cont.)

Now we apply —v to
andrea : Vloves.Female, (andreaq, bill) : loves

and add
bill : Female

to the constraint system. But this results in a clash since bill : —=Female is already
in the constraint system.

It follows that every sequence of completion rule application results in a clash.



