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Which city is the best?
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A Data Science approach!

Give us all the cities
where the temperature in December is
above 20 degrees Celsius

with a population density around 3000p/km2.
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Ontological Query Answering for RDF data

Formulate queries using concepts from ontology (city)
Standard rewriting approaches: ontology dependent, exponential size
RDF triple stores or public SPARQL endpoints are different

Ontology and data are contained in the same graph

Query language is SPARQL instead of conjunctive queries

Query Ontology

(SPARQL) (OWL QL)
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Give us all the cities where the temperature in December is above 24 degrees Celsius

with a population density around 3000p/km2.

W d all the citi RQ 1: Can we produce and effectively use
rewritings of SPARQL queries which are
independent of the ontology and avoid the

exponential blowup of standard query rewriting
techniques?

Schema-Agnostic Rewriting with SPARQL 1.1



How to find all instances of a class?

?place type Capital

?place type City
Use path expressions SUbClassOf
?place type/subClassOf City

?place type/subClassOf* City

What about domain, range,
equivalent classes, ...? subClassOf subCIassOf

type

Vienna
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{{ x rdf:type/(((((rdfs:subClassOf|owl:equivalentClass)|Aowl:equivalentClass)|((owlintersectionOf/(rdf

crest)®)/rdf first))|((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:

equivalentProperty)|(((owl:inverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:

equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/ (A owl: ° o
onProperty|rdfs:domain)))|(((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)|A P bl b t I t d
owl:equivalentProperty)|(((owlinverseOf|Aowl:inverseOf)/(((rdfs:subPropertyOfjowl: OSSI e’ u com Ica e LA
equivalentProperty)| Aowl:equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:

inverseOf|AowliinverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:

equivalentProperty))*)/rdfs:range))* ¢ } UNION

{x?P2Y.

?P ((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|(((owlinverseOf| Aowl:

inverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| "owl:equivalentProperty))*)/(owl:

inverseOf|AowliinverseOf))))*/(Aowl:onProperty|rdfs:domain)/(((((rdfs:subClassOf|owl: 1+
equivalentClass)|Aowl:equivalentClass)|((owlintersectionOf/(rdf:rest)*)/rdf first))| (owl: Rewrltl n g Of X type C
onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:equivalentProperty)|(((owl: .
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:

equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(Aowl:onProperty|rdfs:domain))) CO m p | ete fo r OW L Q L p rOfI I e
|(((lowl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty) .
|((owLinverseOf|AowL:inverseOf)/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl: CO nstant size
equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:inverseOf| A owl:inverseOf))/(((

rdfs:subPropertyOf|owl:equivalentProperty)|Aowl:equivalentProperty))*)/rdfs:range))* c }

UNION

{?Y 7P x. 7P ((((rdfs:subPropertyOfjowl:equivalentProperty)| A"owl:equivalentProperty)| (((owl:

inverseOf|Aowl:inverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl: H 1
equivaIen|tProperty))*)/(owI:inverseOf|/\owI:inve|rseOf))))*/rdfs:range/(((((ldfs:subCIassOﬂowI: We Cana I SO erte q ueries to answer
equivalentClass)|Aowl:equivalentClass)|((owl:intersectionOf/(rdf:rest)*)/rdf:first))|(owl: .
onProperty/((((rdfs:subPropertyOflowl:equivalentProperty)| Aowl:equivalentProperty)|(((owl: I S th e on to I (o) g y consl Ste nt?
inverseOf|Aowl:inverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:

equivalentProperty))*)/(owlinverseOf| A owl:inverseOf))))*)/(owl:onProperty|rdfs:domain)))|(((

owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|((( IS the CIaSS A CO”S'Stent?

owliinverseOf|AowlinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:

equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:inverseOf| A owl:inverseOf))/((( 1
rdfs:subPropertyOf|owl:equivalentProperty)|Aowl:equivalentProperty))*)/rdfs:range))* c } D O e S t h e O n to I O g y e n ta I I
UNION

{owl:Thing ((((rdfs:subClassOfjowl:equivalentClass)|*owl:equivalentClass)|({(owl:intersectionOf/(rdf: A S u bC I a SSOf B ?

rest)*)/rdf:first))|((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:

equivalentProperty)|(((owl:inverseOf| rowl:inverseOf)/(((rdfs:subPropertyOf|owl: Does the Ontology entall

equivalentProperty)|Aowl:equivalentProperty))*)/(owLinverseOf|Aowl:inverseOf))))*)/(Aowl:

onProperty|rdfs:domain)))|({{{owl:onProperty/(({(rdfs:subPropertyOf|owl:equivalentProperty)|A

owl:equivaILntProperty)|((|(owI:inverseOf|/\owI:inverseOf)/(((rdfs:sub|PropertyOf|0WI: | R su b P ro pe rtyOf S ?
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(owl: .
inverseOf|Aowl:inverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl: D oes t h e on to I (@) g y en ta | I
equivalentProperty))*)/rdfs:range))* ¢ } UNION

{ owl:topObjectProperty ((((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:equivalentProperty)|( C R d ?
owliinverseOf|AowlinverseOf)))*/((Aowl:onProperty|rdfs:domain)|rdfs:range) /(((((rdfs:

subClassOf|owl:equivalentClass)| ~owl:equivalentClass)|((owlintersectionOf/(rdf:rest)*)/rdf:first . . °
))|((owl:onProperty/((((rdfs:subPropertyOflowl:equivalentProperty)| Aowl:equivalentProperty) Ca nwema ke t h IS WOY k in p rat iIce ?
|((lowl:inverseOf|AowLinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:

equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(Aowl:onProperty|rdfs:domain)))| ((((

owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|(((

owliinverseOf|AowlinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:

equivalentRyoperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(owl:inverseOf| A owl:inverseOf))/((( . .
rdfs:subProZgrtyOﬂowlzequivalentProperty)|/\0WI:equivaIentProperty))*)/rdfs:range))*c}} ngorosum Stefan BISChOf 21.11.2017



{{ x rdf:type/(((((rdfs:subClassOf|owl:equivalentClass)|Aowl:equivalentClass)|((owl:intersectionOf/(rdf

crest)®)/rdf first))|((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty)|(((owl:inverseOf| AowlinverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/ (A owl:
onProperty|rdfs:domain)))|(((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)|A
owl:equivalentProperty)|(((owlinverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:
inverseOf|AowliinverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty))*)/rdfs:range))* ¢ } UNION

{x?P?Y.

?P ((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|(((owlinverseOf| Aowl:
inverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| "owl:equivalentProperty))*)/(owl:
inverseOf|AowliinverseOf))))*/(Aowl:onProperty|rdfs:domain)/(((((rdfs:subClassOf|jowl:
equivalentClass)|Aowl:equivalentClass)|((owlintersectionOf/(rdf:rest)*)/rdf first))| ((owl:
onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(Aowl:onProperty|rdfs:domain)))
|((((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| \owl:equivalentProperty)
|((lowkinverseOf|AowlinverseOf)/(((rdfs:subPropertyOflowl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:inverseOf| A owl:inverseOf))/(((
rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty))*)/rdfs:range))* c }
UNION

{?Y 7P x. 7P ((((rdfs:subPropertyOfjowl:equivalentProperty)| A"owl:equivalentProperty)| (((owl:
inverseOf|Aowl:inverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*/rdfs:range/(((((rdfs:subClassOf|owl:
equivalentClass)|Aowl:equivalentClass)|((owl:intersectionOf/(rdf:rest)*)/rdf:first))|((owl:
onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)|Aowl:equivalentProperty)|(((owl:
inverseOf|Aowl:inverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf| A owl:inverseOf))))*)/(Aowl:onProperty|rdfs:domain)))| (({(
owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|(((
owliinverseOf|AowlinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(owl:inverseOf| A owl:inverseOf))/(((
rdfs:subPropertyOf|owl:equivalentProperty)|Aowl:equivalentProperty))*)/rdfs:range))* c }

UNION

{owl:Thing (((((rdfs:subClassOfjowl:equivalentClass)|Aowl:equivalentClass)|({(owl:intersectionOf/(rdf:
rest)*)/rdf:first))|((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty)|(((owl:inverseOf| AowlinverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owLinverseOf|Aowl:inverseOf))))*)/(Aowl:
onProperty|rdfs:domain)))|({((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| A
owl:equivalentProperty)|(((owlinverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(owl:
inverseOf|Aowl:inverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty))*)/rdfs:range))* ¢ } UNION

{ owl:topObjectProperty ((((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:equivalentProperty)|(
owl:inverseOf|rowlinverseOf)))*/((Aowl:onProperty|rdfs:domain)|rdfs:range) /(((((rdfs:
subClassOf|owl:equivalentClass)| ~owl:equivalentClass)|((owlintersectionOf/(rdf:rest)*)/rdf:first
)|((owl:onProperty/(({(rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:equivalentProperty)
|(((owl:inverseOf|AowLinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(Aowl:onProperty|rdfs:domain)))|((((
owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|(((
owliinverseOf|AowlinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentRxoperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/(owl:inverseOf| Aowl:inverseOf))/(((
rdfs:subProgertyOﬂowlzeq uivalentProperty)|*owl:equivalentProperty))*)/rdfs:range))* c 1 }
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Algebraic Optimization

{{w

(((((rdfs:subClassOf|owl:equivalentClass)| "owl:equivalentClass)|((owl:intersectionOf/(rdf:rest)*)/
rdf:first))|((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty)|(((owl:inverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/ (M owl:
onProperty|rdfs:domain)))|(((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)|A
owl:equivalentProperty)|(((owlinverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOf|owl:
equivalentProperty)| Aowl:equivalentProperty))*)/(owlinverseOf| A owl:inverseOf))))*)/(owl:
inverseOf|AowliinverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty))*)/rdfs:range))* c } .

{{x rdf:type 2V} UNION

{x 7P _:b0 .7P ((((rdfs:subPropertyOf|owl:equivalentProperty)|Aowl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|rowl:inverseOf))))*/(Aowl:onProperty|rdfs:domain) 2V }
UNION

{_:b1 7P x. 7P ((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*/rdfs:range 2V } UNION
{BIND(owl:Thing AS ?V) } UNION

{ owl:topObjectProperty ((((rdfs:subPropertyOfjowl:equivalentProperty)| "owl:
equivalentProperty)|(owl:inverseOf| N owl:inverseOf)))*/((Aowl:onProperty|rdfs:domain)|rdfs
rrange) 2V 11}

Evaluate common sub-paths
only once

Also: Apply standard query
optimization

What about using some
information from the ontology?

21.11.2017



Optimization: Use some info from ontology

Query Query
(SPARQL) (SPARQL)

Ontology
(OWL QL)

{{w

(((((rdfs:subClassOf|owl:equivalentClass)| "owl:equivalentClass)|((owl:intersectionOf/(rdf:rest)*)/
rdf:first))|((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty)|(((owl:inverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/ (A owl:
onProperty|rdfs:domain)))|(((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)|A
owl:equivalentProperty)|(((owlinverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:
inverseOf|AowliinverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty))*)/rdfs:range))* c } .

{{ x rdf:type 2V} UNION

{x 7P _:b0 .7P (({(rdfs:subPropertyOf|owl:equivalentProperty)|»owl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*/(Aowl:onProperty|rdfs:domain) 7V }
UNION

{_:b1 7P x. 7P ((((rdfs:subPropertyOf|owl:equivalentProperty)|*owl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*/rdfs:range 2V } UNION

{ BIND(owl:Thing AS ?V) } UNION

{ owl:topObjectProperty ((((rdfs:subPropertyOflowl:equivalentProperty)| Aowl:
equivalentProperty)|(owl:inverseOf| A owl:inverseOf)))*/((Aowl:onProperty|rdfs:domain)|rdfs
rrange) V3t

9

Consider some information from the
ontology

Remove unused properties from
the paths (Ol)

Materialize the paths as
predicates to the triple stores
(OM)

Rigorosum Stefan Bischof 21.11.2017



{{w

An IRI not occuring in the RDF graph
can be removed from the path

Optimization: Use some info from ontology
Remove irrelevant properties from the path

Rewriting rules

1* > e€

€ — €

Example for a graph with no equivalentClass: L

x type/subClassOf*/equivalentClass* C

-> x type/subClassOf* C

(((((rdfs:subClassOf|owl:equivalentClass)| "owl:equivalentClass)|((owl:intersectionOf/(rdf:rest)*)/

rdf:first))|((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty)|(((owl:inverseOf| AowlinverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/ (A owl:
onProperty|rdfs:domain)))|(((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)|A
owl:equivalentProperty)|(((owlinverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:
inverseOf|Aowl:inverseOf))/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/rdfs:range))* c } .

{{ x rdf:type 2V} UNION

{x 7P _:b0 .7P (({(rdfs:subPropertyOf|owl:equivalentProperty)|»owl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*/(Aowl:onProperty|rdfs:domain) 7V }

UNION

{_:b1?P x. 7P ((((rdfs:subPropertyOf|owl:equivalentProperty)| *owl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*/rdfs:range 2V } UNION

{ BIND(owl:Thing AS ?V) } UNION

{ owl:topObjectProperty ((((rdfs:subPropertyOflowl:equivalentProperty)| Aowl:
equivalentProperty)|(owl:inverseOf|owl:inverseOf)))*/((Aowl:onProperty|rdfs:domain)|rdfs
rrange) ?V}11}}

10
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e — €

prlLlp:—pilp:
pilelpzlelps—=pilelp|ps
pr/L/p— L
pr/e/p2— p1/p2

{{w

((((rdfs:subClassOf|owl:equivalentClass)| *owl:equivalentClass)|((owl:intersectionOf/(rdf
rrest)*)/rdf first))|((owl:onProperty/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl
:equivalentProperty))*)/(Aowl:onProperty|rdfs:domain)))* ¢ }

{{ x rdf:type 2V} UNION

{x 7P _:b0 . 7P (((rdfs:subPropertyOf|owl:equivalentProperty)| "owl:equivalentProperty))*/(A
owl:onProperty|rdfs:domain) ?V } UNION

{_:b1 ?P x . ?P (((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:equivalentProperty))*/
rdfs:range 7V} UNION

{ BIND(owl:Thing AS ?V)} UNION

{ owl:topObjectProperty (((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty))*/((Aowl:onProperty|rdfs:domain)|rdfs:range) ?V } 1}

21.11.2017



Optimization: Use some info from ontology
Materialize paths as predicates

Example:
Add indexSCO for subClassOf+
Replace subClassOf+ by indexSCO in query
Only 6 distinct paths necessary for OWL QL
Makes approach feasible

{{w
(((((rdfs:subClassOf|owl:equivalentClass)| "owl:equivalentClass)|((owl:intersectionOf/(rdf:rest)*)/ / 7
rdf:first))|((owl:onProperty/((((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty)|(((owl:inverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOfjowl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owlinverseOf|Aowl:inverseOf))))*)/ (A owl:
onProperty|rdfs:domain)))|(((owl:onProperty/((((rdfs:subPropertyOfjowl:equivalentProperty)|A
owl:equivalentProperty)|(((owlinverseOf| Aowl:inverseOf)/(((rdfs:subPropertyOf[owl:
equivalentProperty)|Aowl:equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*)/(owl:
inverseOf|AowliinverseOf))/(((rdfs:subPropertyOfjowl:equivalentProperty)| Aowl:
equivalentProperty))*)/rdfs:range))* c}.

{{ x rdf:type 2V} UNION

{x?P _:b0.7P

{?V csc? cl.

{{x rdf:type 7V } UNION

{x?P _:b0.?P 7V} UNION
{_b1?Px.?Pcrng 2V}

} UNION {c rdf:type c:UnivClass }}

Vi
UNION
{_:b1 7P x. 7P ((((rdfs:subPropertyOf|owl:equivalentProperty)|*owl:equivalentProperty)|(((owl:
inverseOf|AowliinverseOf)/(((rdfs:subPropertyOf|owl:equivalentProperty)| Aowl:
equivalentProperty))*)/(owl:inverseOf|Aowl:inverseOf))))*/rdfs:range 2V } UNION
{ BIND(owl:Thing AS ?V) } UNION
{ owl:topObjectProperty ((((rdfs:subPropertyOflowl:equivalentProperty)| Aowl:
equivalentProperty)|(owl:inverseOf| A owl:inverseOf)))*/((Aowl:onProperty|rdfs:domain)|rdfs
rrange) V311l
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Schema-Agnostic Query Rewriting Evaluation

12

Avoids worst-case exponential blowup of other rewriting approaches
Rewriting times negligible
Number of materialized triples similar to number of ontology triples

Example EUGEN

query 2
Number of subclasses
configurable

?ﬂ variant
% ' SAR

& ol
4 omsF
& ona
& RN
W RG
) RF

—A&
=
1

Evaluation time (rewriting + evaluation) [sec] log

—4
1

10

= -

Mumber of sublasses
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However numeric Open data is still too sparse,
ontological reasoning is not enough

eurostat Indicators (population, area, population density, ...)

G
o

U

LY
—

values missing

Cities =E=T ===

[

¢{UNdata

V4
\}—n.\A world of information
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How about missing numerical data

Can we infer population density from given data?
computations not supported by Semantic Web reasoners

How to formalize relationships between numeric attributes for automatic
transitive computation?

Use Equations!
Population density
Unit conversion: area (km?)

14 Rigorosum Stefan Bischof 21.11.2017



Give us all the cities where the temperature in December is above 24 degrees Celsius

with a population density around 3000p/km2.

RQ 1: Can we produce and effectively use
rewritings of SPARQL queries which are
independent of the ontology and avoid the
exponential blowup of standard query rewriting
techniques?

Schema-Agnostic Rewriting with SPARQL 1.1

RQ 2: Can we express and effectively use
equational knowledge about numerical values of
instances along with RDFS and OWL to derive new
values?

RDF Attribute Equations

We need all the cities

Missing numeric data?

15



Use | equations |to expand

... but only if no \ occurs in | equation

Equational knowledge Query

area[m?2] = 1 000 000 area[km?]

’ arealkm?] .

population

population density = population / area[km?] \ population density

X

L) Q

D N

& area[m?]

-

)

populaticv
population density .

Rigorosum Stefan Bischof 21.11.2017



Comparison with declarative rule language

17

System: Apache Jena
Triple store with SPARQL API
Rules (forward and backward)

Backward-chaining did not terminate
(missing termination condition)

Naive forward-chaining did not
terminate (condition, rounding errors)

Forward-chaining on acyclic (data-
coherent) instance data did not
terminate (rounding errors)

Forward-chaining rules with negation-
as-failure did terminate

-

SPARQL

Our SPARQL query rewriter

Rigorosum Stefan Bischof
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Comparison with declarative rule language

ena SPARQL

] Jena rules with noValue
Query 1 ”
R SPARQL query rewriting
Query 2 -_
Query 3 -_
]
Query 4 -

0 10 20 30

Query response time in seconds

18 Rigorosum Stefan Bischof
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RDF Attribute Equations are not enough

Data from some sources like Eurostat come as multidimensional data:
Temporal (December)
Unit of measurement (degrees Celsius)
Aggregation (mean, min, max, ...)

city —> Vienna
o ‘w Jear — oo
eurostat indicator

value
= T~ population

\‘ 1852 997

19 Rigorosum Stefan Bischof 21.11.2017



Give us all the cities where the temperature in December is above 24 degrees Celsius

with a population density around 3000p/km2.

RQ 1: Can we produce and effectively use
rewritings of SPARQL queries which are
independent of the ontology and avoid the
exponential blowup of standard query rewriting
techniques?

Schema-Agnostic Rewriting with SPARQL 1.1

RQ 2: Can we express and effectively use
equational knowledge about numerical values of
instances along with RDFS and OWL to derive new
values?

RDF Attribute Equations

We need all the cities

Missing numeric data?

Equations for multidimensional data? | QB Equations

20



Multidimensional Data in RDF

W3C Recommendation: Data How can we efficiently express:
Cube Vocabulary (QB) Population density can be
Dataset Schema computed:
<City, Year, Indicator, Value>
populationdensity = bopulation
. . area
Data: Observations Regardless of other
<Vienna, 2016, population, 1 852 997> dimensions, e.g., City, year, ...
City —— Vienna
.. year — 2016
indicator
value
T population

\‘ 1852997

21 Rigorosum Stefan Bischof 21.11.2017



QB Equations Rule-Based Semantics

Dataset Schema population density = population
<City, Year, Indicator, Value> area
populationdensity « bopulation
area

HVPMIML,On
populationdensity

population < populationdensity - area| |2¢a <

— SR

7ne ~ | Output observation
NP«
Input observations
—
?Value :=7P/?A, Value computation
?Error := propagated_error(?P,?E.,?AE,), Error propagation

FILTER(no better observation exists), Terminati
ermination

FILTER(none of the input observations have been computed based on this equation)

22 Rigorosum Stefan Bischof 21.11.2017



Example: compute population density

opulation .
indicator —7 bR T indicator
city Vienna < City
year — ore year
error value error
i \ \ value x
city
0.0 1852997 year / 0
414.650
populationdensity = bopulation
area
? error indicator
: value
denveclal From / \ ™S population density
populationdensity CM 0 4 467
area
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Evaluation: QB Equations derived from Eurostat

QB Equations generated from 61 Eurostat indicator definitions
Normalised to 267 QB rules

147 QB rules applicable
Implemented as SPARQL CONSTRUCT queries + data loading

Evaluation of QB rules recomputes the Eurostat indicator values
Found inconsistencies in integrated data and indicator definitions

QB Equations could compute 10k new values for the indicator women
per 100 men, mainly for UN data cities
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Integrated Open Data is Still Very Sparse

eurostat Indicators (population, area, population density, ...)

A

H:]:ﬁiillllllllll

Cities |== """ == = _—
= =| Estimate missingvalues |[__ =
from similar cities? —
- ¢
{UNdata

A world of information
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Give us all the cities where the temperature in December is above 24 degrees Celsius

with a population density around 3000p/km2.

RQ 1: Can we produce and effectively use
rewritings of SPARQL queries which are
independent of the ontology and avoid the
exponential blowup of standard query rewriting
techniques?

We need all the cities

Schema-Agnostic Rewriting with SPARQL 1.1

RQ 2: Can we express and effectively use
equational knowledge about numerical values of
instances along with RDFS and OWL to derive new
values?

Missing numeric data?

RDF Attribute Equations

Equations for multidimensional data? | QB Equations

Can statistical methods help? | Adopt machine learning methods
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neighbour
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How Many Principal Components are Needed?
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Evaluation: PCA Regression

Data from Eurostat and UN Data

1961 cities in total
212 indicators with enough data (875 in total)
Years 2004-20017 with varying completeness
693k observations available for training the regression models

609k new observations estimated by PCA regression
Relative error (normalised root-mean square error) < 0.55%
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Give us all the cities where the temperature in December is above 24 degrees Celsius

with a population density around 3000p/km2.

We need all the cities

Missing numeric data?

Equations for multidimensional data?

Can statistical methods help?

Can we combine these two?

30

RQ 1: Can we produce and effectively use
rewritings of SPARQL queries which are
independent of the ontology and avoid the
exponential blowup of standard query rewriting
techniques?

Schema-Agnostic Rewriting with SPARQL 1.1

RQ 2: Can we express and effectively use
equational knowledge about numerical values of
instances along with RDFS and OWL to derive new
values?

RDF Attribute Equations

QB Equations

Adopt machine learning methods

RQ 3: Can we combine statistical inference with
OWL and equational knowledge to improve
missing value imputation?

Combination: QB Equations + machine learning




Iterative Enrichment of Numerical Data

Use complementary methods for

Crawl and numerical data enrichment
integrate data

Statistics
Equations

?ppb{ QB After each iteration: decide which

quations values are better than earlier
values?
Apply ECA Use error estimate from
[egleee 1o statistical methods
Republish data How can we get error estimates
for the QB Equations?
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Example: compute population density PCA

regression

__> population

indicator - dicator
city
year _ e a,r
value 2016
o 2 error
v / value \
¥ 1852997 ;
- 12.44
414.650
populationdensity = _population
area
; indicator
derived From tor

population density

population
area

populationdensity < 138.21 4 467
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We built a system: Open City Data Pipeline

Exploit available open data on cities to compute comparable indicators
Crawled and integrated Eurostat and UN Data for statistical data of cities
Enrich integrated data by equational knowledge and statistical methods
Republish integrated and enriched data as Linked Data

>~
eurostat
=

{UNdata

A world of information

33 Rigorosum Stefan Bischof 21.11.2017



Evaluation Combination Equations + PCA
Regression

Statistics one iteration (PCA regression + QB Equations)
991k observations from crawled data
522k new or better observations from PCA regression
230k better observations from QB Equations
232k new observations from QB Equations
Evaluation of the decision task, use error to decide which value to pick
91% average precision (are picked values really better?)
Favor precision over accuracy
QB Equations are sensitive to correct error estimates
Same or better values for 80 of 82 indicators
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Which city is the best?

Give us all the cities
where the temperature in December is
. above 20 degrees Celsius
with a population density around 3000p/km?2

=
' 5

ot N

D Schema Agnostlc rewriting for more complete query answering Sp
_|_

™
Equational knowledge for more complete numeric data »5““’?
n i

Statistical methods for more complete numeric data

s,




Combination of equational knowledge with
Schema-Agnostic Rewriting

Combination Attribute Equations with Schema-Agnostic Rewriting
Combination possible but maybe not feasible in practice
Integrated combination: how to encode the termination condition?

Combination QB Equations with Schema-Agnostic Rewriting
Combination possible (forward chaining + backward chaining)

Integrated combination: SPARQL property paths might not be
expressive enough to properly handle the n-ary relations of the QB

Vocabulary
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Open Challenges and Opportunities

More expressive path languages for Schema-Agnostic rewriting for
shorter rewritings

Extend RDF Attribute Equations to OWL QL

Slow QB Equation evaluation (many joins needed) needs more efficient
data structure

Investigate other approximate/statistical methods and get more data for
missing value imputation
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Which city is the best?

Give us all the cities
where the temperature in December is
. above 20 degrees Celsius
with a population density around 3000p/km?2
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