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Abstract entities & relations
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High-Level Models

Discretized input signals

Abstract entities & relations
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In This Talk

= Description Logic / OWL Ontologies r~:

P
SNOMED [F-. protege i
[N ealthcare . e oo
International tevminglogy, worldwide Dublin Core Metadata Initiative®
Making it easiert ind Information,
TECHNISCHE The Complexity Landscape of Temporal Conjunctive Queries
UNIVERSITAT © Stefan Borgwardt Slide 3o0f19

DRESDEN Workshop on High-Level Declarative Stream Processing // Berlin, 25.09.2018



In This Talk

= Description Logic / OWL Ontologies r~:

SINOWYIEDN 1 cading neattn : e
International tev?nmglo;; worldwide Dublin Core Metadata Initiative®

Making it easier to find information.

= Temporal Logic Queries

TECHNISCHE The Complexity Landscape of Temporal Conjunctive Queries
UNIVERSITAT © Stefan Borgwardt Slide 3o0f19
DRESDEN Workshop on High-Level Declarative Stream Processing // Berlin, 25.09.2018



In This Talk

= Description Logic / OWL Ontologies
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Making it easier to find information.

= Temporal Logic Queries

= Computational Complexity

AC® C NC' C P C NP C PSPACE C ExpP C NEXP C 2Exp
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Description Logic Ontologies

Concept names Drone, Component, Sensor
Role names hasModel, isPartOf

Individual names  drone-AB100, myDrone

TECHNISCHE The Complexity Landscape of Temporal Conjunctive Queries
@ UNIVERSITAT © Stefan Borgwardt
DRESDEN Workshop on High-Level Declarative Stream Processing // Berlin, 25.09.2018

Slide 40f19



Description Logic Ontologies

Concept names Drone, Component, Sensor
Role names hasModel, isPartOf

Individual names  drone-AB100, myDrone

Concepts Drone M 3hasSensor.InfraredSensor
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Description Logic Ontologies

Concept names

Role names

Drone, Component, Sensor

hasModel, isPartOf

Individual names  drone-AB100, myDrone

Concepts

Assertions

Drone M JhasSensor.InfraredSensor

drone-AB100: DeliveryDrone,
(drone-AB100, ErnstReuterPlatz) : hasLocation
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Description Logic Ontologies

Concept names Drone, Component, Sensor

Role names hasModel, isPartOf

Individual names  drone-AB100, myDrone

Concepts Drone M 3hasSensor.InfraredSensor

Assertions drone-AB100: DeliveryDrone,
(drone-AB100, ErnstReuterPlatz) : hasLocation

Concept inclusions DeliveryDrone C Drone,
InfraredSensor C Imeasures.Heat
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Description Logic Ontologies
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Temporal Ontologies

Ontology O
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Temporal Ontologies

Ontology O
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Assertions Ag A,
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Temporal Ontologies

Ontology O

Query Q

B e

Assertions Ao
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Temporal Conjunctive Queries (TCQs)

Conjunctive queries, a subclass of SQL:

q(d): 3s,p. Drone(d) A hasSensor(d,s) A
measures(s, p) A HighAcceleration(p)
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Temporal Conjunctive Queries (TCQs)

Conjunctive queries, a subclass of SQL:

q(d): 3s,p. Drone(d) A hasSensor(d,s) A
measures(s, p) A HighAcceleration(p)

...combined via linear temporal operators (plus A, Vv, —):

Q(d): [Drone(d)] A [Ele. hasLocation(d, e) A ErnstReuterPIatz(e)] A

<>*(Elf. hasLocation(d,f) A Hauptbahnhof(f)]

(Baader, Borgwardt, and Lippmann 2013; Baader, Ghilardi, and Lutz 2012)
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Temporal Concepts

Rigid names have a fixed interpretation: Drone, hasSensor
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Temporal Concepts

Rigid names have a fixed interpretation: Drone, hasSensor
Flexible names are allowed to change: hasLocation
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Temporal Concepts

Rigid names have a fixed interpretation: Drone, hasSensor
Flexible names are allowed to change: hasLocation
No other form of temporal concepts, e.g.

Drone C ¢3hasLocation.MaintenanceYard
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Temporal Concepts

Rigid names have a fixed interpretation: Drone, hasSensor
Flexible names are allowed to change: hasLocation
No other form of temporal concepts, e.g.

Drone C ¢3hasLocation.MaintenanceYard

More expressive and expensive
Undecidable in combination with rigid roles

No tools to develop temporal DL ontologies exist

(Gabbay, Kurucz, Wolter, and Zakharyaschev 2003)
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Answering TCQs
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Does the query Q follow from the ontology O and observations Ay, ..., 4,
taking the rigid names into account?
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Answering TCQs

}
e e ]

Does the query Q follow from the ontology O and observations Ay, ...

taking the rigid names into account?

Do Q, O, and Ay, ..., A, have a common model,
respecting the rigid names?
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  ACP NC' NP PSPACE

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  ACP NC' NP PSPACE
& P CONP NP PSPACE CONEXP

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  ACP NC' NP PSPACE
& P CONP NP PSPACE CONEXP
ALC CONP Exp CONExp  2Exp

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  ACP NC' NP PSPACE
& P CONP NP PSPACE CONEXP
ALC CONP Exp CONExp  2Exp
SHIQ CONP 2Exp

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  ACP NC' NP PSPACE
& P CONP NP PSPACE CONEXP
ALC CONP Exp CONExp  2Exp
SHIQ CONP 2Exp
SHO[Q|T] CONP < 7 < Exp 2Exp

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  AC’ NC' NP PSPACE
&C P CONP NP PSPACE CONEXxP
ALC CONP Exp CONEXP  2Exp
SHIQ CONP 2Exp
SHO[Q|T] CONP < 7 < Exp 2Exp
ALCHOIOQ CONP < 7 < dec. CO2NExp < ? < dec.

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  AC’ NC' NP PSPACE
&L P CONP NP PSPACE CONEXxP
ALC CONP Exp CONExP  2Exp
SHIQ CONP 2Exp
SHO[Q|T] CONP < 7 < Exp 2Exp
ALCHOIQ CONP < 7?7 < dec. CO2NExpP < ? < dec.
SROIO CONP <7 CO2NExp <7

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names
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Propositional Abstraction

To decide satisfiability of Q over O and Ay, ..., Ay,
replace the inner CQs g, .. ., gm by propositional variables p1, ..., pm.

(Qpi p1 A p2 A <>_,D3]
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Propositional Abstraction

To decide satisfiability of Q over O and Ay, ..., Ay,
replace the inner CQs g, .. ., gm by propositional variables p1, ..., pm.

(Qpi p1 A p2 A <>_,D3]

possible worlds W = {Wy, ..., W} € 2{P1Pm} eg [{p1,p3}
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Propositional Abstraction

To decide satisfiability of Q over O and Ay, ..., Ay,
replace the inner CQs g, .. ., gm by propositional variables p1, ..., pm.

(Qpi p1 A p2 A <>_,D3]

possible worlds W = {Wy, ..., W} € 2{P1Pm} eg [{p1,p3}
mapping A: {0,...,n} — {1,...,k}
@ ?

}

|
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Main Approach

@ ?

\

e e

Wa(o) Wan . Wan that

T-satisfiability
LTL model ty, tq, ... of QP with
"= WA(;)fOI’OSiSH
= tie Wfori>n

P / PSPACE
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Main Approach

[Qf: A an A ﬂq,]

PiEW; PiEW;

] g

Qa), Ao Qa(ny, A / \QA .An Q Q«

R-satisfiability

Models of

= Qapp, Aiand Ofor0<i<n
= Qiand Ofor1 <i<k

that respect the rigid names.

T-satisfiability
LTL model ty, tq, ... of QP with
"= WA(,')fOI’OSiSn
=tie Wfori>n

P / PSPACE
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R-satisfiability in Case 1 (No Rigid Names)
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R-satisfiability in Case 1 (No Rigid Names)

o ®

'&%éf

S e = S S S S

Qa(0), Ao Qaqy, A QamyAn Qn Q«

independent atemporal satisfiability checks
~ “maximal” set W, mapping A
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R-satisfiability in Case 1 (No Rigid Names)

S e = S S S S

Qa(0), Ao Qaqy, A QamyAn Qn Q«

independent atemporal satisfiability checks
~ “maximal” set W, mapping A

e (P ) CONP NP PSPACE  CONExXP

ALC CONP Exp CONExP  2Exp

(Baader, Borgwardt, and Lippmann 2013; Borgwardt and Thost 2015b)
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R-satisfiability in Case 3 (Rigid Role Names)

TECHNISCHE The Complexity Landscape of Temporal Conjunctive Queries
UNIVERSITAT © Stefan Borgwardt Slide 13 of 19
DRESDEN Workshop on High-Level Declarative Stream Processing // Berlin, 25.09.2018



R-satisfiability in Case 3 (Rigid Role Names)

B
A g

'&%éf

S e = S S S S

Qa(0), Ao Qaqy, A Qamy, An s Q«

|ntegrate satlsﬂablllty check by renaming the flexible names:
Qs AP, QL AT, QYL 00, ol
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R-satisfiability in Case 3 (Rigid Role Names)

S e = S S S S

Qa(0), Ao Qaqy, A QamyAn Qn Q«

integrate satlsﬂability check by renaming the flexible names:
QA 0)7 7---70 E‘rn)r an+1)7"'7Q/((n+k)l 0(0)7"'7O(n+k)

& P [ coNP ) NP  PSPacE
Acc coNP EXP  CONEXP

(Baader, Borgwardt, and Lippmann 2013; Borgwardt and Thost 2015b)
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  ACP NC' NP PSPACE

& P CONP NP ( PSPACE ) cONExp
Ace  ( CONP ) Exp 2ExP

SHIQ [ CONP ) <Exp 2Exp
SHO[Q|Z] CONP < ? < Exp 2EXxp
ALCHOIQ CONP < 7?7 < dec. CO2NExpP < ? < dec.

SROIO CONP <7 CO2NExp < 7

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names

(Baader, Borgwardt, and Lippmann 2015a,b; Borgwardt and Thost 2015b; Thost 2017)
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Complexity Landscape

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3
DL-Lite  AC® [ NC' ) NP [ PSPACE )
& P CONP NP PSPACE CONEXP
ALC CONP Exp CONExp  2Exp
SHIQ CONP < Exp 2Exp
SHO[Q|Z] CONP < 7 < Exp 2Exp
ALCHOTIQ CONP < 7 < dec. CO2NExp < ? < dec.
SROIO CONP <7 CO2NExp < 7

0 atemporal (CQs) 1 norigid names 2 rigid concept names 3 rigid role names

(Borgwardt and Thost 2015a)
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DL-Lite AC NC' NP [ PSPACE

Guess additional information P
Do not construct W and A explicitly
Combine T-satisfiability and R-satisfiability checks
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DL-Lite  AC NC' NP [ PSPACE

Guess additional information P
Do not construct W and A explicitly
Combine T-satisfiability and R-satisfiability checks

o *
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*
&

e

Q07 AO Q1 3 A1 Qn, -An Qn+‘|
\ S

TECHNISCHE The Complexity Landscape of Temporal Conjunctive Queries
@ UNIVERSITAT © Stefan Borgwardt slide 15 of 19
DRESDEN Workshop on High-Level Declarative Stream Processing // Berlin, 25.09.2018



DL-Lite  AC NC' NP [ PSPACE

Guess additional information P
Do not construct W and A explicitly
Combine T-satisfiability and R-satisfiability checks

o *

.

*
&

e

Q07 AO Q1 3 A1 Qn, -An Qn+‘|
\

TECHNISCHE The Complexity Landscape of Temporal Conjunctive Queries
@ UNIVERSITAT © Stefan Borgwardt slide 15 of 19
DRESDEN Workshop on High-Level Declarative Stream Processing // Berlin, 25.09.2018
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Guess additional information P
Do not construct W and A explicitly
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DL-Lite AC NC' NP [ PSPACE

Guess additional information P
Do not construct W and A explicitly
Combine T-satisfiability and R-satisfiability checks

o *

.

*
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Qo, A0 Q1, A Qn, An Qnis
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DL-Lite AC® ( NC' ) NP PSPACE

Rewrite the R-satisfiability check for Q4 into a first-order query Q,O’P
and answer it over the database A,
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DL-Lite AC® ( NC' ) NP PSPACE

Rewrite the R-satisfiability check for Q4 into a first-order query Q,O’P
and answer it over the database A,

Use an ALOGTIME Turing machine for T-satisfiability
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DL-Lite AC® ( NC' ) NP PSPACE

Rewrite the R-satisfiability check for Q4 into a first-order query Q,O’P
and answer it over the database A,

Use an ALOGTIME Turing machine for T-satisfiability

o Py

&

e e s e e e e
& e e TR L g

| Iw_ 71 1
P
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DL-Lite AC® ( NC' ) NP PSPACE

= Rewrite the R-satisfiability check for Q4 into a first-order query Q,O’P
and answer it over the database A;

= Use an ALOGTIME Turing machine for T-satisfiability

o ® _®
e ®

S S S e e S S Sl

o,p o,p o,p o.,p
Qo Q, Qs Qn
L Iv_ 7L 1
P
| w7l | | I w71 ]
P P
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DL-Lite  AC® ( NC' ) NP PSPACE

= Rewrite the R-satisfiability check for Q4 into a first-order query Q,O’P
and answer it over the database A;

= Use an ALOGTIME Turing machine for T-satisfiability

A 2

e e

o,p o.p o.Pp

0 Qg Q%+1

L Iw_ 7L I
P

L Iw_w<L | L Iw__7L 1
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Negation

Disallowing negation in TCQs:

Description Data complexity Combined complexity
logic 1 2 3 0 1 2 3
DL-Lite AC® NP
& P NP
ALC CONP Exp
SHIQ CONP 2Exp

(Borgwardt, Lippmann, and Thost 2015; Bourgaux and Turhan 2017)
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Negation

Disallowing negation in TCQs:

Description Data complexity Combined complexity

logic 0 1 2 3 0 1 2 3
DL-Lite [ bounded history ] NP
&r encoding NP
ALC CONP Exp
SHIQ CONP 2Exp

(Borgwardt, Lippmann, and Thost 2015; Bourgaux and Turhan 2017)
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Negation

Disallowing negation in TCQs:

Description Data complexity Combined complexity

logic 0 1 2 3 0 1 2 3
DL-Lite [ bounded history ] NP
& encoding NP
ALC CONP Exp
SHIQ CONP 2Exp

Closed-world negation?

(Borgwardt, Lippmann, and Thost 2015; Bourgaux and Turhan 2017)
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Metric Temporal Operators

= Refer to specific time intervals,
e.g. “in the last 10 minutes”:

0[_10,0](3f. hasLocation(d,f) A Hauptbahnhof(f))

(Baader, Borgwardt, Koopmann, Ozaki, and Thost 2017; Brandt, Kalayci,
Kontchakov, Ryzhikov, Xiao, and Zakharyaschev 2017; Gutiérrez-Basulto, Jung, and Ozaki 2016; Thost 2018)
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Metric Temporal Operators

= Refer to specific time intervals,
e.g. “in the last 10 minutes”:

0[_10,0](3f. hasLocation(d, f) A Hauptbahnhof(f)]

= Often cause an exponential blow-up ...

(Baader, Borgwardt, Koopmann, Ozaki, and Thost 2017; Brandt, Kalayci,
Kontchakov, Ryzhikov, Xiao, and Zakharyaschev 2017; Gutiérrez-Basulto, Jung, and Ozaki 2016; Thost 2018)
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Metric Temporal Operators

= Refer to specific time intervals,
e.g. “in the last 10 minutes”:

0[_10,0](3f. hasLocation(d, f) A Hauptbahnhof(f)]

= Often cause an exponential blow-up ...
= ... unless restricted to intervals [0, c], [¢, >), [—¢, 0], (—o0, —(]

(Baader, Borgwardt, Koopmann, Ozaki, and Thost 2017; Brandt, Kalayci,
Kontchakov, Ryzhikov, Xiao, and Zakharyaschev 2017; Gutiérrez-Basulto, Jung, and Ozaki 2016; Thost 2018)
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Outlook

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3

PSPACE
PSPACE
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Outlook

Description Data complexity Combined complexity
logic 0 1 2 3 0 1 2 3

PSPACE
PSPACE

Thank you!
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