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Lecture 2:
‘Lightweight’ description logics:

DL-Lite and EL

( A quick infroduction to Description Logic,

focusing on tractable DL-Lite and €L logics)
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Description Logic
http://en.wikipedia.org/wiki/Description_logic
DL is a (large) family of knowledge representation & reasoning formalisms

e more expressive than propositional logic

e less expressive than first-order logic
(= decidable modal logics, hybrid logics)

e developed by KR community for applications in Al

Application-driven equilibrium: expressiveness vs. computational costs

Applications:
e Onfologies (or terminologies) in medicine, bioinformatics, ...
e Semantic Web
e Ontfology-based data access

Web Ontology Language (OWL) W3C standards OWL 1 (2004), OWL 2 (2009)
OWL = DL + XML


http://en.wikipedia.org/wiki/Description_logic

DL architecture

Knowledge Base (KB)

TBox (terminological box, schema)

Man = Human rn Male
Appendicitis C Disease M dmorphology.Inflam

ABox (assertion box, data)

Man(john)
hasChild(john, mary)

Inference System

Interface




Description logic constructs

Alphabet:
- conceptnames Ag, Ay, ... (e.g., Person, Female, ...)
- rolenames Ry, Ry, ... (e.g.. hasChild, loves, ...)
- individual names ag, aq, ... (e.g., john, mary, ...)
- concept constructs: T,mM, -, 3, V, >q. ... (e.g.. Person m Female)
- role constructs: R—, Ro S, ... (e.g., isChildOf)
- axiom construct: C (e.g., Man C Person)

Concepits:

- concept names

- T,1L, =-=C, <CcnDb, VRC., 3R.C, >gR.C,
where C, D are concepts and R arole

Examples: Person mnFemale, Person m —Female,
Person m 3hasChild. T, Person M vhasChild.Male



Description logic semantics

e (standard Tarski-style) interpretation is a structure T = (AI, L )
- A7 isthe domain of Z (a non-empty set)

- T is an interpretation function that maps:
x+ conceptname A; — subset AT of AT (AT C AT)
«+ rolename R; +— binaryrelation RY over AT (R C AT x A7)
* individualname a; +— element af of AT (af € AT)

e interpretation of complex concepts in Z:
- (Mf=AT and (L)I=
- (FC)F = AT\ (7
- (cnD)=cCctnD*
- (VR.C)YI={xz € AT |Vy € AT ((z,y) € RT —» y € C%)}
- (3R.C)X ={x e AT |y € C* (z,y) € R*}
- (>24qR.C)* = {z € AT | #{y € C7 | (z,y) € R*} > q}
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TBoxes

statements about how concepts and roles are related to each other

ATBox 7 is afinite set of terminological axioms:

e CLD C is subsumed by D (concept inclusion)

e RL S R is a subrole of S (role inclusion)

an interpretation Z satisfies an axiom
- IECCD iff C*TCD?*
- IERLCS iff RECS?

An interpretation Z is a model of T if Z satisfies every axiom of 7
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ABoxes

assert knowledge about individuals

An ABox A is a finite set of assertional axioms

o C(a) concept assertion for an individual
o R(a,b) role assertion for a pair of individuals

an inferpretation Z satisfies an assertion
- ITEC(a) iff atTe€C*
- T & R(a,b) iff (a,b*) € RT

An interpretation Z is a model of a knowledge base K = (7,.A) if
T satisfies every axiom of T and A

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 7



OWL ontology example

e Protégé 4.0 afree, open source ontology editor

‘http://protege.stanford.edu/‘

where you can also find a library of ontologies

(futorials explaining how to use Protégé are at

‘http://www.co—ode.org/resources/tutorials/‘)

e built-in ontology reasoners FaCT++, Pellet or HermiT

http://owl.man.ac.uk/factplusplus/‘ ‘http://pellet.owldl.com/‘

‘http://hermit-reasoner.com/‘
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Reasoning problems

Concept satisfiability: given 7 and a concept C, decide whether there is
IE=TwthCT#£0

Subsumption: given 7" and concepts C, D, decide whether 7T =C C D
ie.VZ(Z =T — I}=CLCD)

Instance checking: given K = (7, .A), C and an individual a from A,
decide whether K = C(a)

Exercise: show that these three problems are reducible to each other

Conjunctive query answering: given a KB I = (7,.A), a CQ q(¥) and a tuple
a of individual names from A, decide whether K = g(a)

Query answering is typically a harder problem than the other three
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First-order translation

A ~ A(z)

-C ~ —C(x)

CnbD ~ C(x) A D(x)

VR.C ~ vy (R(z,y) — C(y))

3JR.C ~ Jy (R(z,y) A C(y))

>qR.C ~ 1, Yq /<\ (yi # y;5 A R(z, y3) A C(ys)
CCD ~ Va (C(z) — D(xz))

DL is embeddable into the 2-variable guarded fragment of first-order logic
(full FOL is undecidable; this guarded fragment is NExpTime-complete)
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Unique name assumption (UNA)

An interpretation Z is a model of a KB I = (7, .A) under the UNAIfZ = K
and af # af, for any distinct object names a; and a; occurring in A

OWL: a more flexible approach

e UNA is dropped (so no restrictions on interpretations of object names)

e Useris provided with the constructs = (sameAs) and # (differentFrom)
to explicitly impose constraints on individual names

e UNAis expressible: add a; # a; to A, for all distinct a; and a; in A

Price of = Have to check whether a = bin A under given equality constraints
Equivalent to reachability in undirected graphs, which is

LoGSPACE-complete
...just peanuts for most DLs, but not for DL-Lite & OWL 2 QL. .. (Reingold 2008)

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 11



The history of description logic so far

...— mid 1990s: efficient reasoning cannot afford full Booleans @

sub-Boolean DLs with M and V are enough

FL,AL,... combined complexity < NP

mid 1990s - 2005 ‘efficient’ reasoning possible for ExpTime DLs (FaCT....)

full Booleans and other constructs

SHIQ, SHOIN (= OWL 1), SROIQ (= OWL2) > EXPTIME

mid 2005 - ... new challenges: answering queries & HUGE ontologies

Horn DLs with m and 3

DL-Lite and &L families <P
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Which DLs are suitable for ontology-based data access?

Aim: to achieve logical transparency in accessing data

- hide from the user where and how data is stored
— present only a conceptual view of the data
- query the data sources through the conceptual model using RDBMSs

AcademicStaff

ontology

data sources

ESSLLI 2010, Copenhagen, Answering queries in DLs (2)
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Designing DL for conceptual data modelling

Employee .
. . 1-L empCode: Integer 1.
Translating into DL: salary: Integer
worksOn <H
v
TopManager C Manager bosf g+
AreaManager T —TopManager Manager Project
— projectName: String
Manager C AreaManager U TopManager
-
Employee C 3Jsalary. T N manages —
3 {disjoint, complete} \ A
3salary™. T E Infeger AreaManager TopManager 11

> 2salary. T C L
Project C > 3 worksOn™—.T
manages C worksOn

CEO M (> 5 worksOn.T) M dmanages. T C L (infegrity constraint)
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Basic DL-Lite logics

under UNA
) combined complexity sat.: NP
1. DL-Lite},,, B data comp. instance: in AC®
n= P | P data comp. query: coNP
B == 1 | A | 2>¢qR
C = B | -C | Cl M Cz
TBox axioms Cl E Cg
2. Dl-Lit combined complexity: P
eﬁg’” data comp. instance: in AC°
TBox axioms B;M---M B, C B data comp. query: in AC?
3. DL_LlTefffom comb. comp.: NLOQSPACE
TBox axioms B; C B, B, C —-B, —B;LC B, d.c.instance: in AC

d.c. query: coNP

4. DL-LiteN . = DL-Lite) nDL-Litel comb. comp.: NLOGSPACE

d.c. instance: in AC?
d.c. query: in ACY

DL_LiTeboo/, DL'Lifehorn, DL_LiTekrom, DL_Lifecore: Only HR OVO”Oble
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Observations and examples

DL-Lite can only speak about the domains and ranges of binary relations, and
how many successors and predecessors a point can have
but not about the types of these successors/predecessors;
types are defined uniformly by domain/range constraints

Examples. Describe the models of the following KBs:

. T={TC3R, >2RLC 1}, (R is fotal and functional)
A=0

2.T={AC-3IR~, AC3R, 3IR-C3R, >2"RLC 1},
A = {A(a)}

° models are required; finite model property
e Tree model property (see page 19)

e Can be simulated by first-order formulas with one variable (see page 20)
16



Bisimulations for DL-Lite’¥.

bool
Let Z and J be two interpretations.

A relation o C AT x A7 is called a lite-bisimulation between T and J if

(concept) forevery conceptname A, ifxzpy then x e AT iff y e AT
(role) foreveryrole R, if zpy then xz € (=qR)T iff ye (=qR)?

where ¢ € NU {0}, =qR == >qRMN—->(q+1)R

(Z,z) ~ (J,y) Iifthereis a lite-bisimulation g between Z and J with zoy

DL-Lite¥

bool

if (Z,z) ~(J,y)then =z € C* iff ye C7,forevery concept C

concepts are invariant under lite-bisimulations, that is,

A first-order formula ¢ () is equivalent to a DL-LiTngO, concept iff
() is invariant under lite-bisimulations

17



Global lite-bisimulations for DL-Lite’~

bool

A lite-bisimulation relation g between Z and 7 is global if
—forevery ¢ € AT thereisy € A7 with oy, and

—forevery y € A7 there is x € AT with zpy

T is lite-bisimilarto J, T ~ J, |f
there is a global lite-bisimulation between Z and J

DL-Lite’V.

boo 1B0OXES are invariant under global lite-bisimulations, that is,

fZ~Jthen T T iff JkE T,forevery DL-Lite. TBox T

bool

GivenZ andz € AZ,let tz(z) = {C |z € C*} —thetypeofzinZ

Tr = {tz(z) | € AT} —setofalltypesinT

IT~J iff Tr=T; models are determined by their types ~» 1-ary predicates

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 18



Tree model propety

Every model of a DL-Lite’¥.

ool 1BOX is globally lite-bisimilar fo a tree-shaped model

Examples. Construct a tree-shaped model which is globally lite-bisimilar to

\ / where t,, t,, t3 are distinct types
R R

Tree models of DL-Lite™.  KBs? AB°X/'

bool A
.\

s
ey

Why is the tree-model property so important?
19



Embedding DL-Life into 1-variable FO logic

Satisfiability of DL-Lite]Y

boo) KBS is NP-complete (for combined complexity)

Proof DL-Litey. . K ~» Kt (a universal T-variable FO formula)

bool
T={AC3IP,3P CA AC>2P, TCE 1P, 3IPC A}, A={A(a),P(a,a’)}
‘v’:c[(A(a:)—>E1P_ ()N (E1P~ () — A(z))AN(A(x) = E2P(x)) A~ E2 P~ (2) A(E1P(z) — A(x))
A (E1P(x)—E;P~(dp~)) A (E1P~ () —>E1P(dp))} AN A(a)NE1P(a) NELP(a)

AP £0 iff IP)T#£0
Jx E1P(x) < Jx E1 P~ (x)

K is satisfiable iff &1 is.

KT computed in LogSpace.
- KT says that

— 3 appropriate dr

- —V point is of proper type

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 20



DL-Lite Horn, Krom and core (under UNA)

For DL-Lite™V.

. KBs IC, the franslation Kt is a conjunction of formulas of the form

(horn) Vo (Ar(z) A A Ap(z) — A(x))
Satisfiability of Horn formulas is P-complete (combined complexity)

For DL-Lite’V.

krom

KBs KC, the translation K is a conjunction of formulas of the form

(kiom) Vo (A1(z) = As(®)), Vo (Ai(@) — ~Az(2)), Vo (~Ai(@) — Ax(z))
Satisfiability of Krom formulas is NLogSpace-complete (combined complexity)

For DL-LiTng,e KBs IC, the translation KT is a conjunction of formulas of the form

(core) Ve (Ar(z) — Asx(x)), Vo (Ai(z) — —As(z))

Satisfiability of core formulas is NLogSpace-complete (combined complexity)
ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 21



Canonical models for DL-Lite’" and DL-Lite’".

horn core

For a consistent DL-Lite). KB K = (7T,.A), the canonical model Z

horn

is constructed as follows:
1. take the ABox and add > qR 1o t(a) if g-many R-arrows start from a in A
2. ‘saturate’ the existing types by applying the rules in 77

3. for every z, if (> qR) € t(x) but there are < g R-arrows starting from «,
draw the missing R-arrows to fresh points and add 3R~ to their types

4. go to Step 2

e IfZ = Kthenthereisamap h: ATx — AT such that,
for all z,y € A%<, basic concepts B and roles R,
-if x € BZx then h(x) € BZ;
—if (z,y) € R** then (h(x),h(y)) € RT
o K q@ iff Ix F q(@)

Exercise: construct Zyx for IC on page 20
22



DL-Lite with role hierarchies

DL-Lite”,

“ore ©ONly functionality) is NLogSpace-complete for combined complexity

and in AC? for data complexity

DL-Lite™”  (DL-Lite”.

i zore T R1 C Ry) is ExpTime-complete for combined complexity

and P-complete for data complexity

Example: A; M A, C C can be simulated by the axioms:

A, C 3R, Az C 3R,
Ry C Ry» R; C Ry
> 2R, C L
3R- C 3R;
3R, C C
R; C Rys Ry T Rys
>2R;, C L

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 23




DL-Lite™): pushing the limits of DL-Lite

e role inclusions + number restrictions

if R has a proper sub-role in 7T then 7 contains
no negative occurrences of > qR or > q R~ with g > 2

e positive occurrences of qualified number restrictions > q R.C

if > q R.C occursin 7 then 7 contains
no negative occurrences of > q’ Ror > q’ inv(R) with ¢’ > 2

no TBox can contain both a functionality constraint > 2R CE 1 and > g R.C,forany g > 1

e role disjointness, symmetry, asymmetry, reflexivity and irreflexivity constraints

all these extensions do not change the complexity
in particular, same complexity of DL-Lite*) and DL-Lite’

fransitive roles do not change the combined complexity
(NLogSpace-hard for data complexity)

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 24



DL-Lite without UNA

Without UNA, satisfiability of DL—Lh‘e;V KBs is NP-complete w.r.t. both
combined and data complexity, for any a € {core, krom, horn, bool}

source of non-determinism: different ways of identifying ABox individuals

Lower bound: by reduction of monotone 1-in-3 3SAT  A}_, (a1 V arz2 V ar3)

ai, a2z, ey Qm
"

Ve

ai, 0/1,77. an,1'<2f7.
c. @

Cl. n

A=A{ari # ar; |t # j} U {P(ck ar;) | k <mn, j <3} T={>4PLC 1}

Answeris yes iff thereis a (frue) variable a; in the given CNF such that
Ko, = (T,AU{P(ck,a;) | k < n}) is safisfiable without UNA

One can getrid of #in A

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 25



DL-Lite®") without UNA

Deterministically glue together those ABox objects a and b for which
e ecither A= (a=0)
e o7 = (>2RC 1)and R(c,a). R(c,b), for some ABox object ¢

This gives a polynomial reduction of no-UNA to UNA for DL-Lite™%) logics,
which increases complexity by P
Can’t do better: functionality constraints can encode inference for Horn CNFs

Example: Represent ¢ = (aAb—c)AaAb asfollows:

a b Co
RW R A includes all these P-, R- and S-arrows

P ¢ P 7 says that P, R and S are functional
fe g pEc iff (T,AU{=S(t,c)})isnot satisfiable

Without UNA, satisfiability of DL-Lite™”) KBs (with or without = and #) is
P-hard for both combined and data complexity

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 26



The DL-Lite family: complexity-scape

query answering CONP
= instance checking query answering
° ° ° .°
1 Q@ ¢ 9,
1| 1| 1| 1|
1| 1| 1| 1|
1! 1! @ !
1| 1| byl
(! (! [
with/withouf UNA @ 1~ 1" | /1 1 1O N
role inclusions CANP A I
(¢ (¢ ()
| | | o) :
| | l @ |
| | AR
| | |0
no UNA 0 | N
no role inclusions P !
(@)
[0} |
%) [
® I :
| |7|7
UNA ? gt N
no role inclusions . S ek
< @ ISEEe)
N E &E
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satisfiability
combined complexity

o EXPTIME
|
: ?NP

by

|

P

i & 1 o NLOGSPACE

instance checking
data complexity

@ CONP

oP
e AC®
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OowL2al

‘An OWL 2 profile is a trimmed down version of OWL 2 that trades
some expressive power for the efficiency of reasoning’

‘OWL 2 QL is aimed at applications that use very large volumes of instance
data, and where query answering is the most important reasoning task.

In OWL 2 QL, conjunctive query answering can be implemented using
conventional relational database systems.”

OwWL2QlL = DL—Lh‘eZ‘O,e with/without UNA
with # (but no =)
with (a)symmetric, (inreflexive and disjoint roles
(but no transitive roles)

Why not DL-Litel? 2
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OWL 2 EL
‘The OWL 2 EL profile is designed as a subset of OWL 2 that

e is particularly suitable for applications employing ontologies that define

very large numbers of classes and/or properties,

e captures the expressive power used by many such ontologies, and
e for which ontology consistency, class expression subsumption, and

instance checking can be decided in polynomial time.’

For example, OWL 2 EL provides class constructors that are sufficient to express
the very large biomedical ontology SNOMED CT (= 400.000 axioms)

Pericardium LC Tissue m 3cont_in.Heart

Pericarditis C Inflammation m 3has_loc.Pericardium

Inflammmation C Disease M 3acts_on.Tissue

Disease M 3dhas_loc.dcont_in.Heart C Heartdisease M NeedsTreatment

29



Basic £L£
EL concepts: ¢ .= T | L | A | 3IRC | CincC,
E L TBoxes: finite sets of Cls C, C C,
EL ABoxes: finite setfs of assertions C(a), R(a,bd)

Concept satisfiability: given 7, C, decide whether there is T = 7 with CT # ()
Subsumption: given 7T and concepts C, D, decide whether 7 =C C D

Instance checking: given a KB K = (7, .4), C and an individual a from A,
decide whether K = C(a)

Reducible to each other!

Conjunctive query answering: given a KB K = (7, .A), a CQ ¢(¥) and a tuple
a of individual names from A, decide whether K = q(a)

30



Observations and examples

E L can specify some positive information about types of points, viz:

\/ that a point belongs to a certain concept
(but not that it does not belong to a concept);

\/ that there is an outgoing R-arrow which ends in a certain concept
(but not that all outgoing R-arrows end in the concept);

\/ that some concepts are disjoint
Example. Describe the models of the following KBs:
T={ACB,, B;C3IR.B;,, 3IR.B;C B,, B;MNB;[C 3S.B5},

A={A(a)}

° models are enough (finite model property)
e Tree model property (but infinite!)
e Noft ‘local’ as DL-Lite; one-variable first-order formulas are not enough

31



Simulations for £L

Let Z and J be two interpretations.

A relation ¢ C AT x A7 is called a simulation of Z in J if

(concept) forevery conceptname A, ifxzpy then =xe€ AT = ye A7

(role) for every role name R, if xpy then
(z,2') € R* = 3Fy' [(y,y') € R and z’oy’]

(Z,x) X (TJ,y) if there is a simulation g of Z in J with zpy

E L concepts are preserved under simulations, that is,
if (Z,z) X (J,y)then ze€ C* = y e C7,forevery conceptC
EL concepts cannot distinguish between (Z, ) and (J, y) if
(Z,z) 2 (J,y) and (T, y) = (Z,z)

What are the differences between DL-Lite and EL?

32



Tree canonical models for £L

(basically the same constfruction as for DL—LiTeﬁgm)

For a consistent £L KB IC = (7, .A), the canonical model Zc
is constructed as follows

1. 'saturate’ the existing types (starting with .A) by applying the rules in T

2. forevery z, if AR.C € t(x) but no R-arrow from « leads to C,
draw an R-arrow to a fresh point and add C to its type

3. go to Step 1

e IfZ = K then thereisamap h: AZx — AT such that,
for all z,y € A%<, concept and role names A and R,
-if x € AZx then h(x) € AZ;
- if (x,y) € R* then (h(x),h(y)) € R
o K q(@) iff Ix | q(a)

Zx can be infinite

33



Compact canonical models for £L

ABox A TBox T
C . TC3IR.A, TC3R.B
Canonical model Zx Compact canonical model Cx
C
a

aC
Ao/ \OB £ w
%y\ ;/\x >~~~
R R R
A B A B

(@) (@) O (o]
I I I I
I I I I
1 1 1 1
| | | |
v v v

Tx is obtained by unravelling Cx; (Cx,a) =X (Zx,a)

ESSLLI 2010, Copenhagen, Answering queries in DLs (2) 34



Constructing Cx

Compact canonical interpretation Cx:

Con(KC) = the set of all conceptsin K

A =Ind(A) U {wc | C € Con(K)} wc is A witness for C
A ={a | K E A(a)}U{wc | T ECC A} (A a concept name)
R’< = {(a,b) | R(a,b) € A} U (R arole name)

{(a,we) | K |= 3R.C(a)} U
{(we,wp) | T = C C 3IR.D}

Construct Cx for IC on page 31
Can be constructed in polynomial time in the size of I
Inconsistency can be detected during construction

~»  Satisfiability of €L KBs is PTime-complete
35



EL++ and OWL 2 EL
EL can be extended, without losing tractability , with

\/ role implications Ry o---o R, C R (e.g.. R o R C R means transitivity)
\/ range restrictions T C VR.C
\/ domain restrictions T C VR™.C
\/ nominals {a}, a an individual name
~ OWL 2 EL

Extensions with any of the constructs

CubD, VR.C, >qR, R, symmetricroles

result in reasoning

Exercise: construct an ELZ (EL + inverse roles) KB IC with Cx of exponential size
36



