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Knowledge Base Exchange: a Simple Scenario

Category Size Color Brand
Choose sizet” ] [ Choose colory ] [ Choose brandw
> Item
> FootWear Open Shoes: (3 items found)
*OpenShoes
*Strappy
*Plateau ‘
*HighHeel
brown_sand wedge-sand heel_sand
>Apparel Stéf&’y Plateau Hfé};g(sel
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Viewed as a knowledge base:
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Data Exchange [Fagin et al., 2003]

mapping M

by as

source schema target schema

h

source instance
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Data Exchange [Fagin et al., 2003]
/ma‘%&
V- 4

source schema target schema

px]

best solution
h T I A

source instance target instance

Mapping M is a set of inclusions of conjunctive queries (CQs)

Vx,y (ql(va) — 3z qZ(X’ Z))

1 is a complete database instance.
 is an incomplete database instance.
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Data Exchange Example

M Va t( AuthorOf (a, t) — Jg.Booklnfo(t, a, g) )

I AuthorOf

nabokov | lolita

tolkien lotr
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Data Exchange Example

M: Va, t.(

AuthorOf (a, t)

I AuthorOf

nabokov

tolkien

lolita

lotr

> is a solution for /1 under M.
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Jg.Bookinfo(t, a, g)

BookiInfo
lolita | nabokov | tragicomedy
lotr tolkien fantasy
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Data Exchange Example

M Va t( AuthorOf (a, t) — Jg.Booklnfo(t, a, g) )
h: | AuthorOf CE Bookinfo ‘
nabokov | lolita lolita | nabokov | tragicomedy
tolkien lotr lotr tolkien fantasy

I BooklInfo ‘

lolita | nabokov | nully
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> is a solution for /1 under M.
I3 is a universal solution for /; under M.
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M Va t( AuthorOf (a, t) — Jg.Booklnfo(t, a, g) )
h: | AuthorOf CE Bookinfo ‘
nabokov | lolita lolita | nabokov | tragicomedy
tolkien lotr lotr tolkien fantasy

I BooklInfo ‘

lolita | nabokov | nully

lotr tolkien nully

> is a solution for /1 under M.

. . . = there is a homomorphism from I to I.
I3 is a universal solution for /; under M. P 2 2
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Incomplete Data and Knowledge Exchange

A framework for Data Exchange with incomplete data was proposed by Arenas et al.
[2011].

mapping M

- V- 4

source signature target signature

solution
h T T T T PP . I

incomplete source instance
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mapping M

px]
V4

source signature

logical theory Ty
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Incomplete Data and Knowledge Exchange

A framework for Data Exchange with incomplete data was proposed by Arenas et al.
[2011].

mapping M

.J

px]

_— .
source signature target signature

solution
—
Basmsnmnm ssmsssmmmEEE ' > e ———
Il
source KB target KB

We specialize this framework to Description Logics, and in particular to DL-Liter.
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Description Logic DL-Liter

Description Logics (DLs) are decidable fragments of First-Order Logic,
used as Knowledge Representation formalisms.

DLs talk about the domain of interest by means of
e concepts (unary predicates): Author, Book, A, B
e roles (binary predicates): AuthorOf, WrittenBy, P, R

DL-Liter is a light-weight DL that asserts

e concept inclusions and disjointness of atomic concepts A,
the domain 3P and the range 4P~ of atomic roles P,
Book T 3WrittenBy,

o role inclusions and disjointness of atomic roles P and
their inverses P, AuthorOf T WrittenBy —,

e ground facts Author(nabokov), AuthorOf(nabokov,lolita),
A(a), P(a, b).
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Description Logic DL-Liter

Description Logics (DLs) are decidable fragments of First-Order Logic,
used as Knowledge Representation formalisms.

DLs talk about the domain of interest by means of
e concepts (unary predicates): Author, Book, A, B
e roles (binary predicates): AuthorOf, WrittenBy, P, R

DL-Liter is a light-weight DL that asserts

e concept inclusions and disjointness of atomic concepts A,
the domain 3P and the range 4P~ of atomic roles P,
Book T 3WrittenBy, TBox T
o role inclusions and disjointness of atomic roles P and
their inverses P, AuthorOf T WrittenBy —,

e ground facts Author(nabokov), AuthorOf(nabokov,lolita),

A(a), P(a, b). }ABOX A

Satisfiability check over a DL-Liter KB K = (T,.A) can be done
in polynomial time (in fact, in NLOGSPACE).
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The Summary of my PhD Work

In this thesis, we

@ Propose a general framework for exchanging Description Logic
Knowledge Bases.

@ Define and analyse relevant reasoning problems in this setting.

© Develop reasoning techniques and characterize the computational
complexity of the problems.
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1. Knowledge Base Exchange Framework

mapping M

by a5

source signature target signature

source KB
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mapping M
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source signature

target signature
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solution

target KB

source KB
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2. Reasoning Problems
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2. Reasoning Problems

universal solution
preserves all models
universal UCQ-solution
preserves all answers to
Unions of Conjunctive Queries
UCQ-representation
preserves all answers to UCQs,

Solution independently of the ABox
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2. Reasoning Problems

Decision problem
A

AN
. 2 &
) non-emptiness o S 2 B
Is there any solution &N °+~oe>
for KC1 (resp. T1) under M? @6‘-08“\ &Q\w
membership o= \ov@‘ bebé'z?

Is K2 (resp. Tz) a solution &Y & &8
for K1 (resp. T1) under M? o) &

{ f=—p- ABox
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3. Results

Universal solutions simple ABoxes extended ABoxes
Membership PTIME-complete NP-complete
Non-emptiness PTIME-complete PSPACE-hard, in EXPTIME
Universal UCQ-solutions simple ABoxes extended ABoxes
Membership PSPACE-hard in ExpTIME
Non-emptiness in ExpTIME PSPACE-hard
UCQ-representations Complexity

Membership NLOGSPACE-complete

Non-emptiness NLoOGSPACE-complete
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3. Results

UCQ-representations
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The Essence of Knowledge Base Exchange

A mapping is a triple M = (X1, X2, 712),
where 717 is a set of DL-Liter inclusions from ¥; to ¥p

(71, A1) is a DL-Liter knowledge base over 1 (source KB)
(T2, Az) is a DL-Litez knowledge base over ¥, (target KB)

> g

target signature
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The Essence of Knowledge Base Exchange

A mapping is a triple M = (X1, X2, 712),
where 717 is a set of DL-Liter inclusions from ¥; to ¥p

mapping M

target signature

T
(71.A1) is a DL-Liteg knowledge base over X1 (source KB) E )
(72, A2) is a DL-Liter knowledge base over ¥, (target KB) R
A

D

\<zZ77272) vz
source KB target KB

For a KB K, we denote by Ujc the canonical model of IC (chase in databases).

e (75, A2) is a universal solution for (71, A1) under M = (X1, X2, T12) iff*
To=0 and U, is a-homomorphically equivalent to U7, 7, 4,)-

e (T2, A5) is a universal UCQ-solution for (71, A1) under M = (X1, X, T12) iff
U (75, 4,) is finitely 3>-homomorphically equivalent to U 7,7, 4,)-

e 7> is a UCQ-representation for 71 under M = (X1, X2, 712) iff*™
for each source ABox A1, U(T;UT5,,4,) IS L2-homomorphically equivalent to U7 7, 4,) -

* plus one more condition with little technical impact

** plus one more condition for checking consistency
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(71, A1) is a DL-Liteg knowledge base over ¥; (source KB)

(72, A2) is a DL-Liter knowledge base over ¥, (target KB) D

source KB target KB

For a KB K, we denote by Ujc the canonical model of IC (chase in databases).

e (72, A5) is a universal solution for (71,.41) under M = (X1, X2, T12) iff*
To=0 and U, is a-homomorphically equivalent to U7, 7, 4,)-

e (T2, A5) is a universal UCQ-solution for (71, A1) under M = (X1, X, T12) iff
U (75, 4,) is finitely 3>-homomorphically equivalent to U 7,7, 4,)-

e 7> is a UCQ-representation for 71 under M = (X1, X2, 712) iff*™
for each source ABox Ajq, L{<72U712AA1> is Zg—homomorphically equivalent to LL:TNTH_AI;,.
We present our @ techniques that check the existence of the homomorphisms.

* plus one more condition with little technical impact

** plus one more condition for checking consistency

Elena Botoeva(FUB) Description Logic Knowledge Base Exchange 16/33



The Canonical and Generating Models

Let K = (T, A), where
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The Canonical and Generating Models

Let K = (T, A), where

A={B(a)} aeB aeB

The canonical model Uy The generating model G

We call wg and ws witnesses of K, denoted Wit(KC).
Moreover, we write, e.g., a ~>k WR, OF Wr ~>x Ws.
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Membership for Simple Universal Solutions is in PTIME

A is a universal solution for (71, A1) under M = (X1, X5, 712) iff* there exist

e a Yr-homomorphism from U, to Uo7, 4.,

e a Yr-homomorphism from U 7,4,y to Ua,.

* plus one more condition of no technical interest
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there exists a X-homomorphism from U to U4
iff
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to avoid F in G.
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@ Reachability game to check X-homomorphism from Uy to Uy
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@ Reachability game to check X-homomorphism from Uy to Uy

G
arra
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o/ \s L2
[ : =
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Uz Uz i

awrWRr o awswq

The reachability game Gs(Gxc,U4) = (G, F)

has a strategy against to avoid F in G from iff

Ux is X-homomorphically embeddable into U 4.
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@ Reachability game to check X-homomorphism from Uy to Uy
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The reachability game Gs(Gxc,U4) = (G, F)

has a strategy against to avoid F in G from iff

Ux is X-homomorphically embeddable into U 4.
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@ Reachability game to check X-homomorphism from Uy to Uy
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@ Reachability game to check X-homomorphism from Uy to Uy
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@ Reachability game to check X-homomorphism from Uy to Uy
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The reachability game Gy (Gr,Ua) = (G, F)

has a strategy against to avoid F in G from iff

el

Ux is X-homomorphically embeddable into U 4.
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decidable in polynomial time
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Non-emptiness for Extended Universal Solutions is in EXPTIME

There exists a universal solution for (7:, A1) under M = (X1, X2, 712) iff*
U(7073,.4,) 18 La-homomorphically embeddable to a finite subset of itself.
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For KBs K1, K2, and a signature ¥, we construct a two-way alternating automaton
(2ATA) A that accepts a tree encoding a finite subset C of Uy, such that

Ui, is Z-homomorphically embeddable into C.
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There exists a universal solution for (71, A1) under M = (X1, X5, 712) iff*
U(7073,.4,) 18 La-homomorphically embeddable to a finite subset of itself.

For KBs /1, K2, and a signature ¥, we construct a two-way alternating automaton

(2ATA) A that accepts a tree encoding a finite subset C of Uy, such that
Ui, is Z-homomorphically embeddable into C.

A accepts trees T of the form

=

ol
SR ————n

A “launches” two threads from e:

e one thread verifies that T encodes a finite
subset C of Ui, (stops when sees an S).

g

o the other thread tries to find a
¥ -homomorphism from U, to C
by traversing T down and up.

25}

T

for a € Ind(K2), w € Wit(K>).
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@ 2ATA A to check X-homomorphism from U, to a finite subset C of Uy,
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P’l lP'
bWP o o awgQ
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@ 2ATA A to check X-homomorphism from U, to a finite subset C of Uy,
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There exists an accepting run of the 2ATA A over T¢ iff

Ui, is r-homomorphically embeddable into C, a finite subset of Uc,.
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@ 2ATA A to check X-homomorphism from U, to a finite subset C of Uy,
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There exists an accepting run of the 2ATA A over T¢ iff

Ui, is r-homomorphically embeddable into C, a finite subset of Uc,.

decidable in exponential time
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Outline

@ Technical Development

Universal UCQ-solutions
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Membership for Universal UCQ-Solutions is in EXPTIME

(T2, A2) is a universal UCQ-solution for (71,.A1) under M = (X1, %2, 712) iff
U(7;,4,) is finitely Xr-homomorphically equivalent to U7 7, 4,)-
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Uy, is finitely X-homomorphically embeddable into U, .
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e we cannot use the game Gs(Gx,,Uk,) = (G;, Fi), a straightforward extension of
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Membership for Universal UCQ-Solutions is in EXPTIME

(T2, As) is a universal UCQ-solution for (71, .A1) under M = (X1, X5, T12) iff
U (75, 4,) is finitely Xr-homomorphically equivalent to U7, 77, 4,)-

For KBs /Ci, K2, and a signature ¥, we use reachability games for checking whether
Uy, is finitely X-homomorphically embeddable into U, .

Now, Ui, is in general infinite.

e we cannot use the game Gs(Gx,,Uk,) = (G;, Fi), a straightforward extension of
Gs(Gx,Un), as Gj is in general infinite.

e so we define a game Gs(Gk,,Gk,) = (Gr, Fr), where Gy is of exponential size and
the states have a more complicated structure involving

Hence, we obtain an EXPTIME upper bound.
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Outline

@ Technical Development

UCQ-representations
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UCQ-representability

mapping M: px]

target signature
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Membership for UCQ-representations is in NLOGSPACE
7> is a UCQ-representation of 71 under M = (X1, X2, T12) iff:

Let A; = {X(a)}.
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Membership for UCQ-representations is in NLOGSPACE
7> is a UCQ-representation of 71 under M = (X1, X2, T12) iff:

Let A; = {X(a)}.

TiUT EXCEX TUTn = XCX
1) ae X, X' iff ae X, X'
G(T1UTia, A1) G(T3UTi2, Ar)
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Membership for UCQ-representations is in NLOGSPACE
7> is a UCQ-representation of 71 under M = (X1, X2, T12) iff:

Let A; = {X(a)}.
TTUT2EXCX

1) ae X, X
G(T1UTia, A1)
a M (TiUTi2,A1) WR

ae X

N
>
o----o

B

G(TiUTis, A1)

Elena Botoeva(FUB)

T:UT2 EXC X'

iff ae X X

G(T3UTi2, A1)

there exists y in G75075,,4,)"

y=aeX,B

G(T3UTi0, A1)

Description Logic Knowledge Base Exchange 27/33



Membership for UCQ-representations is in NLOGSPACE
7> is a UCQ-representation of 71 under M = (X1, X2, T12) iff:

Let A; = {X(a)}.

TiUT EXCEX TUTn = XCX
1) ae X, X iff ae X, X
G(TiUTiz,Ar) 9(TUTi2, A1)
a M (TIUTio A WR there exists y in G75075,,4,)"
aex ae X
i y 1
10
2) . = :
WRrR o B Yn i
Y oB
G(TUTiz, A G(T2UTiz, A1)

Elena Botoeva(FUB) Description Logic Knowledge Base Exchange 27/33



Membership for UCQ-representations is in NLOGSPACE
7> is a UCQ-representation of 71 under M = (X1, X2, T12) iff:

Let A; = {X(a)}.
TTUT2EXCX

1) ae X, X iff
G(T1UTia, A1)
@ M H(TiUTi2, A1) WR

ae X

N
>
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4

B

G(TiUTis, A1)

Let A1 = {X(a), Y(a)}

3) (71U T, A1) is inconsistent  iff
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Non-emptiness for UCQ-representations is in NLOGSPACE

Let X1 = {A(), B(-), C()}, T2 ={A'(), B'(:), C'(")}, and 7. ={A C B}.

Is there 72, a UCQ-representation for 71 under M = (X1, X2, Ti2),
where 71, is as follows (gray arrows):
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Thank you for your attention!

Universal solutions simple ABoxes extended ABoxes
Membership PTiME-complete NP-complete
Non-emptiness PTIME-complete PSpPACE-hard, in EXPTIME
Universal UCQ-solutions simple ABoxes extended ABoxes
Membership PSpPACE-hard in ExpTIME
Non-emptiness in ExpTIME PSpPACE-hard
UCQ-representations Complexity

Membership NLOGSPACE-complete

Non-emptiness NLOGSPACE-complete
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Knowledge Base Exchange

JAuthorOf ~
M AuthorOf ~

TaxNumber

: Example

dBookGenre
WrittenBy
SSN

IMrm

JAuthorOf C Author

T Author C dTaxNumber

Ay ‘ AuthorOf
nabokov lolita
tolkien lotr
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Knowledge Base Exchange: Example

M:

T

Ap:

JAuthorOf ~
AuthorOf ~
TaxNumber

JAuthorOf C Author
Author C dTaxNumber

‘ AuthorOf ‘
nabokov lolita
tolkien lotr

IMrm

As

dBookGenre
WrittenBy

SSN

WrittenBy

lolita

lotr

nabokov

tolkien

SSN

nabokov

tolkien

nu||1

nully

BookGenre

lolita

lotr

nulls

nulls

Ay is a universal solution for (71, A1) under M (with extended ABoxes).
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Knowledge Base Exchange: Example

M:

T

Ap:

(T2, As) is a universal-UCQ solution for (71,.A1) under M (with simple ABoxes).
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JAuthorOf ~
AuthorOf ~
TaxNumber

JAuthorOf C Author
Author C dTaxNumber

‘ AuthorOf ‘
nabokov lolita
tolkien lotr

IMrm

T> :

As

dBookGenre
WrittenBy

SSN

IWrittenBy ™~ T 4SSN
IWrittenBy T 3BookGenre

‘ WrittenBy
lolita nabokov
lotr tolkien
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© Reachability game to check X-homomorphism from Uy, to U,

2
S
R aws
awswgr o/ IS
R| :
awswds 70 aws
RlawéwRo S
amgm%o Rl °am§
‘awiwpo
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S,R™
oawTr
S,R™

ocawWtTwrt
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|

Wi,
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© Reachability game to check X-homomorphism from Uy, to U,

Gs
2 s

s ls, R- P ™~
v v
aWsWRo/ _
Rl S SR |{a,WR}, {WR}»—>a| |{3>WR}7 {W57WR}'—>WT|
2 awTwT v v
20 R OaWS o
R |awswgr© . 7 v
awswp o R Saws
. 2 9 . |{WR}7 {WR}'_)a| |{WSaWR}7 {W57WR}'_>WT|
awswg ©
U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,

Elena Botoeva(FUB)

h Gs
ey

SR ¥ N
,
4 oawT
57 R~ {a, wr}, {a, wr},
ocawWtTwrt
{wr}, {ws, wr},
U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,

2
S
R aws
awswgr o/ IS
R| .
e W’% 3 70 aws
R lawé WRO S
aws w,3;, o Rl Saws
‘awiwpo

Elena Botoeva(FUB)

G
ol
S,R™
l>
v

oawTr
SR {a, wr}, |{3>WR}7 {ws, WR}'—>WT|
ocawWtTwrt
{W/\’}« {WS-WR}:

U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,

a h a Gs
C ) R 0,
S S,R™
{a, wg}, a,
R ows] Vogawr | (s we o)
awswgr o _
R S /, S7R {a, wr},
5 R oaw‘é’ oawTwrt
aWSWRo /, .
R |awswg©
awswg © R Saws
2 2 . {wr},
awswg©
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© Reachability game to check X-homomorphism from Uy, to U,

a h_ a Gs
C .O R 0,
S S,R™
R aws oawT
awswgr o =
R S SR {a, wr}, {a, wr},
2
O QW oawTwrt
awswj o 7 2 ] C
wirdle
R |awswg© . 7
aws wg © R oaw.
i {we}, [ {ws, wr}, {ws, we} — wr |
awswg ©
Uy, U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,

a h 3 Gs
C [} R 0,
S ls, R~
R aws oawT
awswg o =
R S SR {a, wr}, {a, wr},
2
03 ocawtwrt
awswp o R WS‘"'Y,
i | |
awswr .
aws Wg © R o aw
SR AWl . 5 {wr}, ws, WR}, {Ws,WR}'—)WT|
SWR
Uy, U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,

a h 3 Gs
C .O R 0,
S S,R™
R aws oawT
awswgr o =
R S SR {a, wr}, {a, wr},
2
[ 2=1VV3 oawTwrt
awswj o R = ] C
w2 | |
SR . +
aws wg © R oaw.
TP {we}, [ {ws, wr}, {ws, we} — wr |
SWR
Uy, U, The reachability game G§ = (Gg, Fs)

Elena Botoeva(FUB) Description Logic Knowledge Base Exchange 33/33



© Reachability game to check X-homomorphism from Uy, to U,

a |-
&=
S
R aws’
=
aWsWRo& = - - - s
4
R| I,
aWs,
aWsW,%O R 7
2 S
o i,
Iglawsz {0
awswg © R| ,/oaws
N 4
rawiwi
U,
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© Reachability game to check X-homomorphism from Uy, to U,

a h a Gs
C .O R 0,
s ls, R @
R aws oawT +
awswgro =
o 5 S {a,we}, {wr} > a {2, wr},
2
o1 ocawtTwrt
awswp o R/
ir
R |awswgr©
aws wg © R oaw.
o 2o S {wr}, {ws, wr},
awswg ©
Uy, U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,
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t a0
A R

s ISR

aws,’ oawT
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«
=

[ s oy

2
R SaWs oawTwr v
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© Reachability game to check X-homomorphism from Uy, to U,

a h a Gs
C .O R 0,
S ls, R~
R aws oawT
awswg o -
R S SR {a, wr}, {a, wr},
2
[ 2=1VV3 oawTwrt
awswj o R = C
R |awswgr o .
o

3] 3 +
aws W R Saws
ca ol {we}, {wg}—a {ws, wr},

Uy, . U, The reachability game G§ = (Gg, Fs)
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© Reachability game to check X-homomorphism from Uy, to U,

a h a Gs
e . R 0,
S 7S, R
'
R aws /’ oawT
/,
awswg o , _
Rl S,/ sz {a, wr},
) R AwWE cawrTwr
awswg © pd .
R |awswio .
3% 7 3
aws Wy © R oaws ¢
awnld wg}, {wr}—a
Jawswr

v,
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© Reachability game to check X-homomorphism from Uy, to U,

Gs
e O
s ls, R- P ™~
R aws oawT + *

aws wij —
ol S SR (o, wed, {(we}oa] (o, wa), {ws, we} > wr |
2% R oawg oawTwr + *
R |awswg© . 7 ; ( v
awswg © R oaw.
SR 2 9 . 8 |{WR}7 {WR}'_)a| |{WSaWR}7 {W57WR}'_>WT|
awswg ©
Uy, U, The reachability game G§ = (Gg, Fs)
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