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Ontology-based data access (OBDA)

(the Romans =~ 2007)
smgh%%msmvcr 2unit 2well SPARAL query

[1 npdv:stratumForWellbore ?wellboreURI ;
npadv:inLithostratigraphicUnit [ npdv:name ?unit] .
?wellboreURI npdv:name ?well .
?core a npdv:WellboreCore ;
npav:coreForWellbore ?wellboreURI .

ProductionWellbore

Wellbore oreForWellbore

WellboreCore

[1 rdf:type rr:TriplesMap;
rr:logicalTable "select * from wellbore_core";
rr:subjectMap [ a rr:TermMap;
rr:template "&npd-v2;wellbore/{wlbNpdidWellbore}/";1;

rr:propertyObjectMap [ rr:property npdv:coreIntervalBottom; WellboreStratum ontOIogy
rr:column "wlbCorelIntervalBottom" 1;
mappings
A B C D

CREATE TABLE wellbore_core (
wlbName varchar(60) NOT NULL,

[SIFNIRIINIEN

wlbCoreNumber int(11) NOT NULL,
wlbCoreIntervalTop decimal(13,6),

)

data sources

Ontology - gives a high-level conceptual view of the data
- provides a convenient & natural vocabulary for user queries
- facilitates data integration via a global schema



Ontology-based data access (OBDA)

(the Romans ~ 2007)

SELECT DISTINCT ?unit ?well
e SPARQL query
[1 npdv:stratumForWellbore ?wellboreURI ;
npdv:inLithostratigraphicUnit [ npdv:name ?unit] .

?wellboreURI npdv:name ?well .
ProductionWellbore

?core a npdv:WellboreCore ;
npdv:coreForWellbore ?wellboreURI .

[1 rdf:type rr:TriplesMap;
rr:logicalTable "select * from wellbore_core";
rr:subjectMap [ a rr:TermMap;

rr:template "&npd-v2;wellbore/{wlbNpdidWellbore}/";];
rr:propertyObjectMap [ rr:p;‘opsrty npdv:coreIntsrvalBottom’; ’ ontOIogy
rr:column "wlbCorelntervalBottom" ]; ,
mappings
A B C D

CREATE TABLE wellbore_core (
wlbName varchar(60) NOT NULL,
wlbCoreNumber int(11) NOT NULL,
wlbCoreIntervalTop decimal (13,6),

) data sources

Ontology - gives a high-level conceptual view of the data
- provides a convenient & natural vocabulary for user queries
- facilitates data integration via a global schema

OWL 2 Ql ontology-mediated queries (O, g(£)) are FO-rewritable
reduction to DB query evaluation 3¢’ VD,aé O,D E q(d) <= D E ¢'(a)
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Which temporal logics and query languages are suitable for temporal OBDA
as far as their expressive power is concerned?

Investigate expressivity and computational properties of the
temporal Ontology languages (Satisfiability, Logical Implication, etc.)

Classify temporal languages by the type of rewritability (FO, datalog, etc.)
and data complexity of OMQ answering

Devise algorithms, implementations, experiments, use cases

Efficiency and scalability of implementations



LTL Knowledge Bases

timeline (/R4
Basic Temporal Concepfts
C == 1L | T | A | &C | oC | 0OC | 0C

where A; are Atomic Concepts

TBox Axioms Cin---NcCy E Cn_|_1 [ R Cn—|—m

bool any k and m kromk +m < 2

hornm <1 corek+m<2andm <1

Fragmenfs LTLZ c € {bool, horn, krom, core} and o € {O0,0, 00}
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Expressivity of LTL

P C &,Q canbeexpressedin LTL,  as FaAmNmsy A EEy AW o)

for a fresh r

—R---
PADRC L Q

0 1 2 3

o

oo
horn

but cannot be expressed in LTL
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Expressivity of LTL

P C &,Q canbeexpressedin LTL,  as FaAmNmsy A EEy AW o)

for a fresh r

—R---
PAD.RC L 0

0 1 2 3

o

oo
horn

OrQ E P canbe expressedin LTl as [&F 5 B0 =

but cannot be expressed in LTL

.. P P P Q

O O
O O

0 1 2 3
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Expressivity of LTL] (cont.)

AL BUC canbeexpressedin LIL.S using the unfolding

bool

BUC = O,C U (OB Ox(BU C)), which gives rise to four clauses:

ALU, ULo.CUGB, ULoCUoU, AL SC
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Expressivity of LTL] (cont.)

AL BUC canbe expressedin LT, using the unfolding

bool

BUC = O,C U (OB Ox(BU C)), which gives rise to four clauses:

ALU, ULo.CUGB, ULoCUoU, AL SC

BUC C A canbeexpressedin LT  with the following clauses:

horn

ooCLU, o UNo,BLU, UL A
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LTL Knowledge Bases

LTLZ Oni'Ology O asetof LTL? clauses ¢ € {bool, horn, krom, core}, o € {O0,0, 00}

Data instance D is a finite set of atoms of the form A(¢£), £ € Z

Active Domain of adatainstance D: IO ERCEAL L L RS oy
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LTL Knowledge Bases

LTLg OnfOlogy O asetof LTL? clauses ¢ € {bool, horn, krom, core}, o € {O0,0, 00}

Data instance D is a finite set of atoms of the form A(¢£), £ € Z

Active Domain of adatainstance D: IO ERCEAL L L RS oy

Example
Ontology

SevereSnow M LowTemp M StrongWind C BlizzardConditions
BlizzardConditions M O.BlizzardConditions M O, O, BlizzardConditions C Blizzard

Data instance
LowTemp(11am19/12/16)

SevereSnow(11am19/12/16)
StrongWind(11am19/12/16)
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LTL in Ontologies

Consider the following Ontology

DEX
TopManager

It can be captured by the following set of LTL

e

O

wrom Clauses

AreaManager [ Manager
TopManager [ Manager

AreaManager L —TopManager

AreaManager_ <pTopManager

Manager= TopManager LI AreaManager (Covering, LTL, )
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Complexity Results for Satisfiability Problem of LTL

tfemp. ops. &, Op, Op, Op, Op &, O, O, &, Op, Op
a LTLEO LTL, LTLS LTL
bool PSPACE sistiaClarkes2) NP (OnoNakamurago) PSPACE NP
horn PSPACE (ChenlLin93) PTIME PSPACE PTIME
krom NP NP NLOGSPACE NLOGSPACE
core NP NLOGSPACE NLOGSPACE NLOGSPACE

Artale, Kontchakov, Ryzhikov, Zakharyaschev: The Complexity of Clausal Frag-
ments of LTL. LPAR 2013.
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Ontology-mediated queries in LTL

LTL? ontology-mediated instance query (OMIQ)isapair @ = (O, )
where O is an LT ontology and

n= A | 2 | mAxe | Vi | opyx | 0Dy
op; € {Crs Ory O, Op, Op, 0p} aNd op, € {U, S}
A is an Atomic Concept appearing in the ontology O
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Ontology-mediated queries in LTL

LTL? ontology-mediated instance query (OMIQ)isapair @ = (O, )
where O is an LT ontology and

n= A | 2 | mAxe | Vi | opyx | 0Dy
op; € {Crs Ory O, Op, Op, 0p} aNd op, € {U, S}
A is an Atomic Concept appearing in the ontology O

If 5 is an atomic concept, @ = (O, ) is an LTL? onfology-mediated
atomic query (OMAQ).

A cerfain answer fo q over a data instance D, BN, is any £ € tem(D)
such that, for every model Ot

M = (O, D) M, £ = »
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FO-rewriting

An FO(<, +)-rewrifing of q is an FO(<, +)-formula ¢’ (%) s.t.

IS E A RE—AN CPIN AN for all D, £ € tem(D)

Sp = (D, <,tem(D)), with &p = A(€) iff A(L) € D

KRDB Summer Online Seminars 2020 - 8 May 10



FO-rewriting

An FO(<, +)-rewrifing of q is an FO(<, +)-formula ¢’ (%) s.t.

IS E A RE—AN CPIN AN for all D, £ € tem(D)

Sp = (D, <,tem(D)), with &p = A(€) iff A(L) € D

If ¢’ (t) is an FO(<)-formula, then it is an FO(<)-rewriting of q

KRDB Summer Online Seminars 2020 - 8 May 10



FO-rewriting

An FO(<, +)-rewrifing of q is an FO(<, +)-formula ¢’ (%) s.t.

IS E A RE—AN CPIN AN for all D, £ € tem(D)

Sp = (D, <,tem(D)), with &p = A(€) iff A(L) € D

If ¢’ (t) is an FO(<)-formula, then it is an FO(<)-rewriting of q

Evaluation of FO(<, +)-formulas is in LOGTIME-uniform AC0 for data complexity

KRDB Summer Online Seminars 2020 - 8 May 10



Example - LTL_,

Example 1 D = {A(0),C(1)}, © = {OpA — B, OpB — A}, = OO B
A B---

B
A ¢ . .
0 1 2 3

KRDB Summer Online Seminars 2020 - 8 May
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Example - LTL_,

Example 1 D = {A(0),C(1)}, © = {OpA — B, OpB — A}, = OO B

B A B---
A C
o o o o >
0 1 2 3

ans(g,D) = {1} sinceminD =0andmaxD =1

ans’(q,D) ={2n+1 | n > 0}

11
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Example - LTL_,

Example 1 D = {A(0),C(1)}, © = {OpA — B, OpB — A}, = OO B
A B---

B
A ¢ . .
0 1 2 3

ans(g,D) = {1} sinceminD =0andmaxD =1

ans’(q,D) ={2n+1 | n > 0}

FO(<, +)-rewriting
gd(t)=3Fs<tan[(B(s) AN(t—s=2n))V (A(s) A(t—s=2n+1))]
t—s=2nstandsfor3k (k=n+n) A (t =s+k))

11
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Example - LTL_,

Example 1 D = {A(0),C(1)}, © = {OpA — B, OpB — A}, = OO B
A B---

B
A ¢ . .
0 1 2 3

ans(g,D) = {1} sinceminD =0andmaxD =1

ans’(q,D) ={2n+1 | n > 0}

FO(<, +)-rewriting
gd(t)=3Fs<tan[(B(s) AN(t—s=2n))V (A(s) A(t—s=2n+1))]
t—s=2nstandsfor3k (k=n+n) A (t =s+k))

Note. The query is not FO(<)-rewritable since properties such as f is even are

not definable by FO(<)-formulas (Libkin,04)
11
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Example - LTL

Example 2 O = {O:Bx AN Ag = By, Ox By N A; — By | k = 0,1}, 5 = By
fore = (egy...yen—1) € {0,1}", D, = {A. (i) |0<i<n}U{By(n)}

0 € ans(q, D.) <= the number of 1s in e is even

B B B B
A Ay Ay Ay B, §
0 1 2 3 4
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Example - LTL

Example 2 O = {O:Bx AN Ag = By, Ox By N A; — By | k = 0,1}, 5 = By
fore = (egy...yen—1) € {0,1}", D, = {A. (i) |0<i<n}U{By(n)}

0 € ans(q, D.) < the number of 1s in e is even

B B B B
A Ay Ay Ay B, §
0 1 2 3 4

PARITY € NC' \ AC® (Furst,Saxe Sipser,84) === ¢ is not FO-rewritable with
any numeric predicates
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Example - LTL

Example 2 O = {O:Bx AN Ag = By, Ox By N A; — By | k = 0,1}, 5 = By
fore = (egy...yen—1) € {0,1}", D, = {A. (i) |0<i<n}U{By(n)}

0 € ans(q, D.) <= the number of 1s in e is even

B B B B
A Ay Ay Ay B, §
0 1 2 3 4

PARITY € NC' \ AC® (Furst,Saxe Sipser,84) === ¢ is not FO-rewritable with
any numeric predicates

i1 FO(RPR)-rewritable
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Examples

Example 3 O = {A — O?A, B — OB}, » = Ox(A A B)

ds,u,v,m,m[(t < s) NA(u) A (s —u=2n>0)AB(v)A(s—v=3m > 0)]

is a rewriting over Z, but not over tem(D), indeed, let D = {A(0),B(1)}

A
0 1 2 3 4
S

Om

A A, B
o O D>

o

then s = 4 is outside the active domain tem(D) = {0,1} of D.
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Examples

Example 3 O = {A — O?A, B — OB}, » = Ox(A A B)

ds,u,v,m,m[(t < s) NA(u) A (s —u=2n>0)AB(v)A(s—v=3m > 0)]

is a rewriting over Z, but not over tem(D), indeed, let D = {A(0),B(1)}

A A A, B
0 1 2 3 4
S

ol
Q
Q
v

then s = 4 is outside the active domain tem(D) = {0,1} of D.

The following is both an FO(<)- and FO?(<)-rewriting of q:

Ju, v [A(u) A B(v)]
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Automata for proving rewritability of OMAQ - LTL

Example - LTLSo,e qg = (0, A) with (using unary automata)

0O={A—-0B, B—+0OC, C—-0OD, D— OA, D— OE, E— OD}

C D Cc D
—O —0
p 3 3+2N P 3 2+

Js (B(s) A (t—s € 3+ 2N)) Js (E(s) A (t—s €2+ 2N))
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O
bool

Example - LTL, ., ¢ = (0, A) with [CEEEENONNEuN:RuuNy RNy |

(using partially-ordered automata)

Automata for proving rewritability of OMAQ - LTL
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Data Complexities of LTL OMQ’s

OMAQ)S (atomic Queries)

OMPIQs / positive MFO(<) queries

c s | Lme LTL® e | Lo LTLT®
bool MSO(<)
horn MSO(<). FO(RPR) MSO(<), FO(RPR)
krom MSO(<)
core

LTS OMAQs are MSO(<)-rewritable  s==p-

bool

Answering LTLS.  OMAQs is NC ' -hard for data complexity

OMAQ answering is in NC' for data complexity

horn

16



Data Complexities of LTL OMQ’s

OMARQS (Atomic Queries) OMPIQs / positive MFO(<) queries
c L, | L7 LT LTL, LTLS LT
bool MSO(<)
horn MSO(<). FO(RPR) MSO(<), FO(RPR)
krom MSO(<)
core

LTLpS , OMAQs are MSO(<)-rewritable  ==—p-
OMAQ answering is in NC' for data complexity

Answering LTLS.  OMAQs is NC ' -hard for data complexity

horn

MFO(<): monadic first-order logic with a built-in linear order

P(t,t') = Jo ((t < x < t') ARevise(x)) A Submission(t) A Accept(t’).
Answering positive MFO queries has the same data complexity as OMPIQ queries

16



Conclusions and Future Work

e Investigation of FO-rewritability for temporal ontology-mediated queries
based on linear femporal logic LTL.

¢ Classification of the OMQs by the shape of their ontology axioms (core,
horn, krom or bool) and by the temporal operators in the ontology axioms.

e Data Complexity: |dentification of FO(<), FO(<, +), FO(RPR) rewriting re-
sults for certain classes of OMQ)'’s.

e Generalise FO rewritings of OMQs to (2-sorted) CQs, positive MFO(<).
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Conclusions and Future Work
Investigation of FO-rewritability for tfemporal ontology-mediated queries

based on linear femporal logic LTL.

Classification of the OMQs by the shape of their ontology axioms (core,
horn, krom or bool) and by the temporal operators in the ontology axioms.

Data Complexity: Idenfification of FO(<), FO(<, +), FO(RPR) rewriting re-
sults for certain classes of OMQ)’s.

Generalise FO rewritings of OMQs to (2-sorted) CQs, positive MFO(<).

Extend the result to temporal extensions of DL-Lite: we are investigating
DL-Litecore With LTLE__, and DL-Litecore With LTLES

core’ core’

Investigate other form of temporal languages (Intervals, Metric, etc.)
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Thank youl
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