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Ontology-based data access: the story so far

• Next generation of information systems: instance data + ontologies

Reasoning problem: answering queries over knowledge & data

• Instance queries q = C(x) over a TBox T and an Abox A

an ABox individual a is an answer iff T ,A |= C(a)

Example T = {Boss v Employee}, A = {Boss(bob)}, q = Emploee(x)

‘list all employees’

Answer: x = bob (not an answer over A alone)

T ,A |= C(a) iff there is no I |= T ∪ A such that I |= ¬C(a)

iff T ∪ A ∪ {¬C(a)} is not satisfiable

Instance checking is as complex as satisfiability checking
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The story so far: more complex queries

• Conjunctive queries q = ∃~y ϕ(~x, ~y),
where ϕ(~x, ~y) is a conjunction of atoms A(z), R(z, z′) with z, z′ ∈ ~x ∪ ~y

~x are the answer variables, ~y the quantified variables

a tuple ~a of ABox individuals is an answer iff I |= ∃~y ϕ(~a, ~y) for every I |= T ∪ A

usually more complex than satisfiability

complexity of answering CQs without quantified variables?

• Positive existential queries q = ∃~y ϕ(~x, ~y), ϕ may contain both ∧ and ∨
(but no ¬)

• General FO queries may contain ∧, ∨, ¬, ∀, ∃

no good: validity of FO formulas is undecidable

? description logics for which ontology-based query answering is

(1) as efficient as database query answering and

(2) based on relational database management systems
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Answering CQs in DL-LiteNbool: exercise

T :
Research v ∃worksIn, ∃worksIn− v Project,

Project v ∃manages−, ∃manages v Academic t Visiting,

∃teaches v Academic t Research, Academic v ∃teaches u ≤ 1 teaches,

Research u Visiting v ⊥, ∃writes v Academic t Research,

A = {teaches(a, b), teaches(a, c)}

q = ∃y
(
(∃teaches)(y) ∧ (≤ 1 teaches)(y)

)
is there anybody who teaches precisely one module?

T ′ = T ∪ {Visiting v ≥ 2 writes}

Disjunction is (NP-) hard even for data complexity

Only Horn logics can be suitable for ontology-based data access
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Approach 1: query rewriting

Given a CQ q(~x) over T , rewrite q(~x) into an FO query q′(~x) such that

for all A and ~a, T ,A |= q[~a] iff A |= q′[~a]

conjunctive
query q

TBox T

+
union of

conjunctive
queries q′

ABox A ABox A

‘Maximal’ DLs for which query answering is in FO (=AC0) for data complexity:

DL-Lite(H,N )
horn under UNA and DL-LiteHhorn without UNA
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Query rewriting (cont.)

Want: all tuples ~a of individuals in A such that IK |= q(~a)

where IK is the canonical model of K = (T ,A)

Can: query the ABox A (using an RDBMS)

To construct the canonical model IK:

1. take the ABox

A B

2. apply TBox axioms to ABox
∃R ∃S

3. satisfy the existential quantifiers
by introducing ‘fresh’ witnesses

q′ should incorporate T
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Query rewriting: exercise

Compute the rewriting q′ for the following CQ and TBox:

q(x) = x
A

y1

y2

y3

y4

R

S S

R R

S

T = {B v ∃R, B v ∃S, ∃R v A}

or

q(x) = ∃y1, y2, y3, y4

[
A(x) ∧R(x, y1) ∧ S(y1, x) ∧

R(y1, y2) ∧ S(y1, y3) ∧R(y4, y2) ∧ S(y4, y3)
]

Hint: Consider all possible locations for y1, y2, y3, y4 in the canonical model
(in ABox or the tree part)
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Exercise (cont.)

Suppose y1 is in the ABox, while y2, y3, y4 are in the tree part

qabox x
A

y1 y1

y2

y3

y4

R

S S

R R

S

qtree

T = {B v ∃R, B v ∃S, ∃R v A}

• Which concepts at y1 can ensure that there is a match for qtree in
the canonical model?

• Which concepts at x can ensure A?

rewritten query for this partition: A ∨B ∨ ∃A x y1B

R

S

take disjunction of such queries for all partitions
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Query rewriting: summary

Off-the-shelf RDBMSs can be used for CQ answering in DL-Lite

working systems available (Quonto, Requiem, Presto)

Experimental results: not scalable for large DL-Litecore ontologies

complexity paradox?

Reason: q over (T ,A) ;T q′ over A with |q′| = O(|T | · |q|)|q|

is it optimal?

Is data complexity a proper measure?

(in RDBMSs, typical queries are relatively small...)

Take the structure of A, T , q into account? Bounded treewidth? ...

The rewriting approach is not applicable to other tractable DLs, e.g., EL
why?
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Approach 2: data completion

conjunctive
query q

TBox T

+ FO query q′

+

ABox A

ABox A′

• Extend ABox to the canonical model of (T ,A)

• Encode it as a finite structure A′

• Rewrite q into q′ to ensure that the answers to q′ over A′ are correct

; combined approach
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Compact canonical models (example)

ABox A

a
A

b
S

TBox T
A v ∃R, ∃S− v B,
∃R− v ∃S, ∃S− v ∃S

Canonical model IK

a
A

b
BS

◦

◦

R

S

◦

◦

S

S

B

BB

‘Compact’ canonical model CK

a
A

b
BS

cR

R

cS

S

S

B

S

IK is obtained by ‘unravelling’ CK

Does CK give correct answers to queries?
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Constructing CK

Compact canonical interpretation CK:

∆CK = Ind(A) ∪ {cR | R is generating in K} cR is a witness for R

a ; cR1
; · · ·; cRn

Rn is generating

K |= ∃R1(a) but R1(a, b) /∈ A for all b ∈ Ind(A)

T |= ∃R−i v ∃Ri+1 and R−i 6= Ri+1

ACK = {a | K |= A(a)} ∪ {cR | T |= ∃R− v A} (A a concept name)

P CK = {(a, b) | P (a, b) ∈ A} ∪ {(d, cP ) | d ; cP} ∪ {(cP−, d) | d ; cP−}
(P a role name)
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Querying CK

IK

a
A

b
BS

◦

◦

R

S

◦

◦

S

S

B

BB

CK

a
A

b
BS

cR

R

cS

S

S

B

S

q

y0 y4

y1

R

y3

y2

S

S S

What is the answer to q over IK?

What is the answer to q over CK?

Find an FO expressible condition for such situations

a cS−

cR cR

cS
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Tree witnesses

Given K = (T ,A), q and R(x, y) ∈ q,

one can compute (in polynomial time) a partial function

fR(x,y) : terms(q)→ {cS | S used in K} ∪ {ε}

such that

• if fR(x,y) does not exist then y cannot mapped to cR

• if y is mapped to cR in CK and fR(x,y)(z) is defined then

– if fR(x,y)(z) = ε then we must have x = z

– otherwise z must be mapped to fR(x,y)(z)

In the previous example, fR(y1,y2)(y3) = ε

fR(y,y) does not exists

ESSLLI 2010, Copenhagen, Answering queries in DLs (4) 14



Query rewriting for DL-LiteNhorn (1)

rewrite a given CQ q = ∃~uϕ into an FO query q† such that

• answers to q over IK = answers to q† over CK
• |q†| = O(|q| · |T |)

q† = ∃~u (ϕ∧ϕ1∧ϕ2∧ϕ3)

ϕ1 =
∧
v /∈~u

∧
R a role in T

(v 6= cR)
‘all answer
variables must
get ABox
values’

NB. if ϕ1 is replaced with ϕ′
1 =

∧
v /∈~u

¬aux(v), where aux is a new relation containing all cR,

then |q†| = O(|q|)
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Query rewriting for DL-LiteNhorn (2)

ϕ2 =
∧

R(x,y)∈q
fR(x,y) does not exist

(y 6= cR)
if no tree witness
exists then y cannot
be mapped to a
non-ABox element

ϕ3 =
∧

R(x,y)∈q
fR(x,y) exists

(
(y = cR) →

∧
fR(x,y)(z)=ε

(z = x)
)
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Exercises

Exercise 1: compute q′ for the exercise on page 13

ϕ1 = ϕ2 = >
ϕ3 = (y2 = cS)→ (y1 = y3)

Exercise 2: Use the rewriting and combined approaches for the following KB
and query:

T : A: {Student(a), Professor(b),
teaches(b, a)}Student v ∃hasTutor

∃teaches− v Student

Professor v ∃teaches

∃hasTutor− v Professor

q(x) = teaches(x, y), hasTutor(y, z), hasTutor(u, z)
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Query answering in DL-Lite(HN )
horn

what can we do with role inclusions?

Reduce positive existential queries over DL-Lite(HN )
horn KBs to

unions of (exponentially many) CQs over DL-LiteNhorn KBs

Step 1. DL-Lite(HN )
horn KB K = (T ,A) ; DL-LiteNhorn KB K = (Th,A)

by replacing all R v∗ S with ∃R v ∃S (v∗ is the transitive closure of v)

Step 2. Positive existential q over K ; union of CQs qh over CKh
:

– replace each R(t, t′) in q with
∨

Sv∗R

S(t, t′)

– convert result into disjunctive normal form (exponential blowup)

≤ r|q| conjuncts, where r is the depth of v∗

K |= q(~a) iff CKh
|= qh

is there a polynomial rewriting?
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Other applications

• CK can be constructed by first-order queries ;

pure polynomial rewriting for DL-Lite(N )
core

• without the UNA, the technique is applicable to query answering in DL-Lite(HF)
horn

(which is P-complete for data complexity)

• experiments show that the approach is competitive
with executing the original query over the data

(the formulas ϕ1–ϕ3 introduce additional selection conditions on top of the original query)

Open questions

– is the exponential blowup unavoidable for role inclusions?

– is the exponential blowup unavoidable for positive existential queries?

– for which DLs pure rewriting can be polynomial?
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Query rewriting in EL

The query rewriting approach cannot work for EL because already

instance checking in EL is PTime-complete w.r.t. data complexity

Lower bound: by reduction of PTime-complete entailment for Horn CNF

E.g., ϕ = (a1 ∧ a2 → a3) ∧ (a2 → a1) ∧ a2 is encoded by the ABox

Aϕ

a1 a2 a3

c1c2

P R SS

P

R

T

and the (ϕ-independent) TBox T : T = {∃S.(∃P.T u ∃R.T ) v T}

ϕ |= ai iff (T ,Aϕ) |= T (ai)
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Compact canonical models for EL

ABox A

a
C

TBox T
> v ∃R.A, > v ∃R.B

Canonical model IK

a
C

◦A ◦B

◦A ◦B ◦A ◦B

R R

R R R R

Compact canonical model CK

a
C

wA

A
wB

B

R R

R

R

R R

IK is obtained by unravelling CK

Difference from DL-Lite: multiple R-successors of non-ABox points
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Constructing CK

Compact canonical interpretation CK:

Con(K) = the set of all concepts in K

∆CK = Ind(A) ∪ {wC | C ∈ Con(K)} wC is a witness for C

ACK = {a | K |= A(a)} ∪ {wC | T |= C v A} (A a concept name)

P CK = {(a, b) | P (a, b) ∈ A} ∪ (P a role name)

{(a,wC) | K |= ∃P.C(a)} ∪

{(wC, wD) | T |= C v ∃P.D}
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Query rewriting for EL

rewrite a given CQ q = ∃~uϕ into an FO query q† such that

• answers to q over IK = answers to q∗ over CK
• |q∗| = O(|q| · |T |)

q† = ∃~u (ϕ∧ϕ1∧ϕ2∧ϕ3)

ϕ1: answer variables and variables in cycles in q must be mapped to ABox

ϕ2: if
x1

x2

x3

R R
in q and x2 is mapped outside the ABox then x1 = x3

ϕ3: if
x1

x2

x3

R S
in q and R 6= S then x2 must be mapped to ABox
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Query rewriting for EL: example 1

ABox A

a
A

b
AR

TBox T
A v ∃R.A

CK

a
A

b
A

wA
A

R

R R

R

q(x) = ∃y
[
R(x, y) ∧R(y, y)

]
answers x = a, x = b

q∗(x) = ∃y
[
R(x, y) ∧R(y, y) ∧ ABox(x) ∧ ABox(y)

]
no answer
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Query rewriting for EL: example 2

ABox A

a
A

b
AR

TBox T
A v ∃R.A

CK

a
A

b
A

wA
A

R

R R

R

q(x, x′) = ∃y
[
R(x, y) ∧R(x′, y) ∧R(x, x′)

]
answers x = a, x′ = b

q∗(x) = ∃y
[
R(x, y) ∧R(x′, y) ∧R(x, x′) ∧

ABox(x) ∧ ABox(x′) ∧
(
¬ABox(y)→ x = x′

)]
no answer
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Discussion

Horn-SHIQ T. Eiter, G. Gottlob, M. Ortiz, M. Šimkus (2008):

answering CQs in Horn-SHIQ is

• ExpTime-complete w.r.t. combined complexity, and

• PTime-complete w.r.t. data complexity

(no experimental data yet)

Combined technique for Horn-SHIQ?

Other formalisms? E.g., the TGD and EGD fragment of FOL (ϕ→ ∃~yψ)

Datalog rewritings? E.g., ELHIO¬ H. Peŕez-Urbina, B. Motik, I. Horrocks (2009)

What is the proper complexity measure? E.g., can we have sameAs ?

CWA or OWA? E.g., datalog± A. Cal̀ı, G. Gottlob, T. Lukasiewicz (2009)
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