Worst-Case Optimal Querying
of Very Expressive Description Logics

with Path Expressions and Succinct Counting

TECHNISCHE Bartosz Bednarczyk & Sebastian Rudolph
U N IVE RS ITAT firstname.lastname@tu-dresden.de
DRESDEN

Technische Universitdt Dresden
and University of Wroclaw

La\ Uniwersytet
%@ Wroctawski LICAI 2019

Macau, August 15th, 2019


firstname.lastname@tu-dresden.de

Running example (ZOZQ KB)

Database Knowledge

HasParent (Heracles, Zeus)
HasParent (Perseus, Zeus)
male (Zeus)
deity (Zeus)
mortal (Alcmene)

2 /12
Bartosz Bednarczyk and Sebastian Rudolph: Querying ZO1Q with P2QPRs



Work
Bartosz Bednarczyk and Sebastian Rudolph: Querying ZOIQ with P2QPRs


Running example (ZOZQ KB)

Database

HasParent (Heracles, Zeus)

mortal C

HasParent (Perseus, Zeus) TC
male (Zeus) -
deity (Zeus) HasParent =
mortal (Alcmene) VHasParent.morFal C
deity C
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Knowledge

—deity

JHasFather.male n 3HasMother.female
HasMother U HasFather

mortal

VHasParent* .deity



Work
Bartosz Bednarczyk and Sebastian Rudolph: Querying ZOIQ with P2QPRs


Positive 2-Way Regular Path Query

3x,v,z (HasParent™ o HasParent™ )(x,y) A HasParent(z, x) A HasParent(z, y)

x and y are relatives with a common children z
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Positive 2-Way Regular Path Query

3x,y,7 (HasParent” o HasParent™ )(x, y) A HasParent(z, x) A HasParent(z, y)

x and y are relatives with a common children z

An example match 7 in a model Z:

7(x) = Amphitrite” 7(y) = Poseidon”™ 7(z) = Triton”
Pontus aea Uranus
Doris Nereus Cronus —I—Rhea
- rz I T T T 1
Amphitrite —|— Poseidon Zeus Hades Hera Demeter Hestia
Triton
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Important logical features

® Unary concepts: male, diety, —mortal + a little more

4/12

‘Bartosz Q}ed’narczié and Sebastian ﬁudbfiﬁ: iﬁﬁmi ZO‘]ii with ’P)ii’P'RS


Work
Bartosz Bednarczyk and Sebastian Rudolph: Querying ZOIQ with P2QPRs


Important logical features

® Unary concepts: male, diety, —mortal + a little more
= Simple roles: HasSon,
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Important logical features

® Unary concepts: male, diety, —mortal + a little more
® Simple roles: HasSon, Quantifiers: T T JHasFather.male
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Important logical features

® Unary concepts: male, diety, —mortal + a little more
® Simple roles: HasSon, Quantifiers: T T JHasFather.male
® Boolean role combinations h: HasParent = HasMom U HasDad
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Important logical features

Unary concepts: male, diety, —mortal + a little more

Simple roles: HasSon, Quantifiers: T C JHasFather.male
Boolean role combinations b: HasParent = HasMom U HasDad
Regular expressions reg: Relatives = HasParent™ o HasParent™*

[ An example logic employing all these features is called Z. ]
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Important logical features

® Unary concepts: male, diety, —mortal + a little more

® Simple roles: HasSon, Quantifiers: T C JHasFather.male

® Boolean role combinations b: HasParent = HasMom U HasDad
® Regular expressions reg: Relatives = HasParent™ o HasParent™*

[ An example logic employing all these features is called Z. ]

m Inverses 7: HasChildren = HasParent™
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Important logical features

Unary concepts: male, diety, —mortal + a little more

Simple roles: HasSon, Quantifiers: T C JHasFather.male
Boolean role combinations b: HasParent = HasMom U HasDad
Regular expressions reg: Relatives = HasParent™ o HasParent™*

S

An example logic employing all these features is called Z. ]

® Inverses Z: HasChildren = HasParent™
® Nominals (constants) O: {Zeus}
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Important logical features

Unary concepts: male, diety, —mortal + a little more
Simple roles: HasSon, Quantifiers: T C JHasFather.male
Boolean role combinations b: HasParent = HasMom U HasDad

Regular expressions reg: Relatives = HasParent™ o HasParent™*

S

An example logic employing all these features is called Z. ]

Inverses 7: HasChildren = HasParent™
Nominals (constants) O: {Zeus}
Counting 9O: {Zeus} C (> 100 HasChildren). T
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Important logical features

Unary concepts: male, diety, —mortal + a little more

Simple roles: HasSon, Quantifiers: T C dHasFather.male
Boolean role combinations bh: HasParent = HasMom U HasDad
Regular expressions reg: Relatives = HasParent™ o HasParent™*

An example logic employing all these features is called Z. ]

Inverses 7: HasChildren = HasParent™
Nominals (constants) O: {Zeus}
Counting 9O: {Zeus} C (> 100 HasChildren). T

Even more expressive logics: 270, Z00 and ZO0ZL ]
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Quasi-forest model property (QFMP)
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Quasi-forest model property (QFMP)

QFMP for Z family [Calvanese et al, [JCAT’09]

Logics 270, Z00Q and ZOZ enjoy QFMP.
SAT ”only” ExpTime-complete (with bin encoding of Q).
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-
Querying Z with P2RPQs (existing results)

P2RPQ entailment for Z family [Calvanese et al, IJCAT’09]
Testing P2RPQ entailment for Z79Q,Z00,Z0OZ can be

done in 3ExpTime (2ExpTime-c. under unary encoding).

6/ 12

‘Bartosz Qed’naﬂziﬁ and Sebastian Rudbl’iﬁ: iiueiini ZOﬂii with ?Jii?’Rs


Work
Bartosz Bednarczyk and Sebastian Rudolph: Querying ZOIQ with P2QPRs


Querying Z with P2RPQs (existing results)

P2RPQ entailment for Z family [Calvanese et al, IJCAT’09]
Testing P2RPQ entailment for ZZQ,Z0Q,Z0OZ can be

done in 3ExpTime (2ExpTime-c. under unary encoding).

® QQuite complicated...

® Heavy machinery on automata theory...
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [Calvanese et al, IJCAT’09]
Testing P2RPQ entailment for Z7Q,Z00Q,Z0Z can be

done in 3ExpTime (2ExpTime-c. under unary encoding).
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Querying Z with P2RPQs (our results)

P2RPQ entailment w

Testing P2RPQ entailment Z10,Z00,Z0Z can be
done in 3ExpTime (2Egi i ime-c. < @gr unary encoding).

P2RPQ entailment for Z family [this paper!] N
P2RPQ entailment for Z7Q,Z00Q,Z0Z is 2ExpTime-c,

even under binary encoding. Moreover once the number of
atoms in the query is bounded, entailment is in ExpTime.
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Querying Z with P2RPQs (our results)

P2RP(Q entailment w

Testing P2RPQ entailment ZT1Q,Z009,Z0Z can be
done in 3ExpTime (2Egi i ime-c. G- ¥pe unary encoding).

P2RPQ entailment for Z family [this paper!] N
P2RPQ entailment for Z7Q,Z00Q,Z0Z is 2ExpTime-c,
even under binary encoding. Moreover once the number of
atoms in the query is bounded, entailment is in ExpTime.

\.

® Reduction to satisfiability (works under binary enc)
m P2RPQ version of so-called "rolling-up” technique used for CQs

® Simulate automata on quasi-forest-models = Match calculus
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZ7Q, Z00Q, ZOZL is 2ExpTime-c. ]
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZ7Q, Z00Q, ZOZL is 2ExpTime-c. ]

® For simplicity we assume that the input query q is C2RPQ
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZ7Q, Z00Q, ZOZL is 2ExpTime-c. ]

® For simplicity we assume that the input query q is C2RPQ
® g can be represented as a set of NFAs without e-transitions
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]
P2RPQ entailment for ZZ7Q, Z00Q, ZOZL is 2ExpTime-c. ]

® For simplicity we assume that the input query q is C2RPQ
® g can be represented as a set of NFAs without e-transitions
® We annotate models Z with Qy predicates (rolling-up):

0 Qu indicate that there is a match M in Z
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]
P2RPQ entailment for ZZ7Q, Z00Q, ZOZL is 2ExpTime-c. ]

® For simplicity we assume that the input query q is C2RPQ
® g can be represented as a set of NFAs without e-transitions
® We annotate models Z with Qy predicates (rolling-up):

0 Qu indicate that there is a match M in Z

O basically we simulate automaton on quasi-forest models.

. ~ . . .

Generated with match calculus
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZQ, ZO00, ZOZL is 2ExpTime-c.

m K = qiff £ is unsatisfiable
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZQ, ZO00, ZOZL is 2ExpTime-c.

m K = qiff £ is unsatisfiable
® Obtained KB K- is only exp in |q| and poly in |K]
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZQ, ZO00, ZOZL is 2ExpTime-c.

K E qiff K- is unsatisfiable
Obtained KB K4 is only exp in |q| and poly in |K]
Testing unsatisfiability can be done in ExpTime w.r.t [Kq|
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Querying Z with P2RPQs (our results)

P2RPQ entailment for Z family [this paper!]

P2RPQ entailment for ZZQ, ZO00, ZOZL is 2ExpTime-c.

K E qiff K- is unsatisfiable

Obtained KB K4 is only exp in |q| and poly in |K]
Testing unsatisfiability can be done in ExpTime w.r.t [Kq|
Thus in 2ExpTime w.r.t. || + |q]

‘Bartosz Bednarczyk and Sebastian Rudolph: Querying ZO1Q with P2QPRs
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Applications to other logics

We presented a reduction form GC? to ZZQ, hence we conclude:

oy . . 2
Positive regular path queries in GC-

P2RPQ entailment for GC? is 2ExpTime-complete.
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Applications to other logics

We presented a reduction form GC? to ZZQ, hence we conclude:

Positive regular path queries in GC?
P2RPQ entailment for GC? is 2ExpTime-complete. ]

By reusing exponential reduction from SR to Z:

Positive regular path queries in SR family

P2RPQ entailment for SR(OZ,Z7Q,0Q) is in 3ExpTime. ]
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Applications to query containment

Query containment \

Testing query containment K = q C ¢’ is:
in 2ExpTime for:
m Kin Z0Q or ZOT and q,q" € P2RPQ

® Kin ZZQ and q € P2RPQ , ' € CQ
and in 3ExpTime for:

B Kin SROQ or SROT and q,q € P2RPQ
® Kin SRZQ and q € P2RPQ , ¢’ € CQ
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Applications to query containment

Query containment \

Testing query containment K = q C ¢’ is:
in 2ExpTime for:
m Kin Z0Q or ZOT and q,q" € P2RPQ

® Kin ZZQ and q € P2RPQ , ' € CQ
and in 3ExpTime for:

B Kin SROQ or SROT and q,q € P2RPQ
® Kin SRZQ and q € P2RPQ , ¢’ € CQ

. J

Moreover once the number of the atoms from the query is bounded
complexities of each problem drops by one exponential.
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Conclusions and open problems

P2RPQ entailment for Z7Q, Z00Q, ZOZL is 2ExpTime-c +
P2RPQ entailment for SRZQ,SROQ,SROZL in 3Exp +
P2RPQ containment in 2ExpTime +

One exp less for all problems when #atoms(q) < Const.

Open problems
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Conclusions and open problems

P2RPQ entailment for Z7Q, Z00Q, ZOZL is 2ExpTime-c +
P2RPQ entailment for SRZQ,SROQ,SROZL in 3Exp +
P2RPQ containment in 2ExpTime +

One exp less for all problems when #atoms(q) < Const.

] ]
Open problems

® Data complexity?
® Finite query entailment?
m Sat of ZO0Z Q7
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Conclusions and open problems

P2RPQ entailment for Z7Q, Z00Q, ZOZL is 2ExpTime-c +
P2RPQ entailment for SRZQ,SROQ,SROZL in 3Exp +
P2RPQ containment in 2ExpTime +

One exp less for all problems when #atoms(q) < Const.

]
Open problems

® Data complexity?
® Finite query entailment?
® Sat of ZO0ZQ?
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