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RDF Use Cases & Knowledge Graphs (KG)

I Yago and DBpedia extract facts from Wikipedia & represent as
RDF→ structural queries

I Communities build RDF data→ Knowledge Graphs
I E.g., biologists: Bio2RDF and Uniprot RDF
I Specialized LOD→ e.g., Life Science LOD (LSLOD)

I Web data integration
I Linked Open Data (LOD) Cloud – think as a federation of KGs
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RDF Data Volumes are Growing
I LOD consists of 1255 datasets with (estimated) >100B triples

I Growth is fast ...

>84B triples

9.5B triples

2B triples

1.1 billion statements
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RDF Data Volumes are Growing
I LOD consists of 1255 datasets with (estimated) >100B triples
I Growth is fast ...
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RDF Data Volumes are Growing
I LOD consists of 1255 datasets with (estimated) >100B triples
I Growth is fast ...

As of September 2010

Music
Brainz 

(zitgist)

P20

YAGO

World 
Fact-
book 
(FUB)

WordNet 
(W3C)

WordNet
(VUA)

VIVO UF
VIVO 

Indiana

VIVO 
Cornell

VIAF

URI
Burner

Sussex 
Reading 

Lists

Plymouth 
Reading 

Lists

UMBEL

UK Post-
codes

legislation
.gov.uk

Uberblic

UB 
Mann-
heim

TWC LOGD

Twarql

transport
data.gov

.uk

totl.net

Tele-
graphis

TCM
Gene
DIT 

Taxon
Concept

The Open 
Library 
(Talis)

t4gm

Surge 
Radio

STW

RAMEAU  
SH

statistics
data.gov

.uk

St. 
Andrews 
Resource 

Lists

ECS 
South-
ampton 
EPrints

Semantic 
Crunch
Base

semantic
web.org

Semantic
XBRL

SW
Dog 
Food

rdfabout 
US SEC

Wiki

UN/
LOCODE

Ulm

ECS 
(RKB

Explorer)

Roma

RISKS

RESEX

RAE2001

Pisa

OS

OAI

NSF

New-
castle

LAAS

KISTI
JISC

IRIT

IEEE

IBM

Eurécom

ERA

ePrints

dotAC

DEPLOY

DBLP 
(RKB

Explorer)

Course-
ware

CORDIS

CiteSeer

Budapest

ACM

riese

Revyu

research
data.gov

.uk

reference
data.gov

.uk

Recht-
spraak.

nl

RDF
ohloh

Last.FM 
(rdfize)

RDF 
Book 

Mashup

PSH

Product
DB

PBAC

Poké-
pédia

Ord-
nance 
Survey 

Openly 
Local

The Open 
Library

Open
Cyc

Open
Calais

OpenEI

New 
York 

Times

NTU 
Resource 

Lists

NDL 
subjects

MARC 
Codes 
List

Man-
chester
Reading 

Lists

Lotico

The 
London 
Gazette

LOIUS

lobid
Resources

lobid
Organi-
sations

Linked
MDB

Linked
LCCN

Linked
GeoData

Linked
CT

Linked 
Open 

Numbers

lingvoj

LIBRIS

Lexvo

LCSH

DBLP 
(L3S)

Linked 
Sensor Data 
(Kno.e.sis)

Good-
win

Family

Jamendo

iServe

NSZL 
Catalog

GovTrack

GESIS

Geo
Species

Geo
Names

Geo
Linked
Data
(es)

GTAA

STITCH
SIDER

Project 
Guten-
berg 
(FUB)

Medi
Care

Euro-
stat 

(FUB)

Drug
Bank

Disea-
some

DBLP 
(FU 

Berlin)

Daily
Med

Freebase

flickr 
wrappr

Fishes 
of Texas

FanHubz

Event-
Media

EUTC 
Produc-

tions

Eurostat

EUNIS

ESD 
stan-
dards

Popula-
tion (En-
AKTing)

NHS 
(EnAKTing)

Mortality 
(En-

AKTing)
Energy 

(En-
AKTing)

CO2
(En-

AKTing)

education
data.gov

.uk

ECS 
South-
ampton

Gem. 
Norm-
datei

data
dcs

MySpace
(DBTune)

Music
Brainz

(DBTune)

Magna-
tune

John 
Peel
(DB

Tune)

classical
(DB

Tune)

Audio-
scrobbler 
(DBTune)

Last.fm
Artists

(DBTune)

DB
Tropes

dbpedia 
lite

DBpedia

Pokedex  

Airports

NASA 
(Data 
Incu-
bator)

Music
Brainz
(Data 

Incubator)

Moseley 
Folk

Discogs
(Data In-
cubator)

Climbing

Linked Data 
for Intervals

Cornetto

Chronic-
ling 

America

Chem2
Bio2RDF

biz.
data.

gov.uk

UniSTS

UniRef

Uni
Path-
way

UniParc

Taxo-
nomy

UniProt

SGD

Reactome

PubMed

Pub
Chem

PRO-
SITE

ProDom

Pfam PDB

OMIM

OBO

MGI

KEGG 
Reaction

KEGG 
Pathway

KEGG 
Glycan

KEGG 
Enzyme

KEGG 
Drug

KEGG 
Cpd

InterPro

Homolo
Gene

HGNC

Gene 
Ontology

GeneID

Gen
Bank

ChEBI

CAS

Affy-
metrix

BibBase
BBC 

Wildlife 
Finder

BBC 
Program

mes
BBC 

Music

rdfabout
US Census

Media

Geographic

Publications

Government

Cross-domain

Life sciences

User-generated content

September ’10:
203 datasets

4(http://lod-cloud.net/)

http://lod-cloud.net/


RDF Data Volumes are Growing
I LOD consists of 1255 datasets with (estimated) >100B triples
I Growth is fast ...

April ’14:
570 datasets
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RDF Data Volumes are Growing
I LOD consists of 1255 datasets with (estimated) >100B triples
I Growth is fast ...

May ’20:
1255 datasets
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Data Management Issues
I W3C defined data model and query language (SPARQL)

I Declarative query processing
I Obvious solutions not efficient

I Initial systems are single-machine (centralized)
I Growth is data set size→ distributed solutions
I Growth of independent data sets→ federated solutions
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Alternatives [Hose, 2021]
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Centralized
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Outline

RDF Introduction

Centralized Systems – Overview

Scale-out Systems

Federated Systems

Conclusions

SPARQL Scale-out
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RDF Introduction

I Everything is an uniquely named
resource

I Prefixes can be used to shorten the
names

I Properties of resources can be defined
I Relationships with other resources

can be defined
I Resource descriptions can be

contributed by different
people/groups and can be located
anywhere in the web
I Integrated web “database”

http://data.linkedmdb.org/resource/actor/JN29704

xmlns:y=http://data.linkedmdb.org/resource/actor/
y:JN29704

y:JN29704 hasName “Jack Nicholson”
y:JN29704 BornOnDate “1937-04-22”

y:TS2014 title “The Shining”
y:TS2014 releaseDate “1980-05-23”

y:TS2014

movieActor
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RDF Data Model
I Triple: Subject, Predicate (Property), Object

(s, p, o)
Subject: the entity that is described (URI

or blank node)
Predicate: a feature of the entity (URI)

Object: value of the feature (URI, blank
node or literal)

I (s, p, o) ∈ (U ∪ B)×U × (U ∪ B ∪ L)
I Set of RDF triples is called an RDF graph

Subject ObjectPredicate

U

U B U B L

U: set of URIs
B: set of blank nodes
L: set of literals

Subject Predicate Object
http://...imdb.../film/2014 rdfs:label “The Shining”
http://...imdb.../film/2014 movie:releaseDate “1980-05-23”
http://...imdb.../29704 movie:actor name “Jack Nicholson”
. . . . . . . . .
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RDF Example Instance
Prefixes: mdb=http://data.linkedmdb.org/resource/; geo=http://sws.geonames.org/

bm=http://wifo5-03.informatik.uni-mannheim.de/bookmashup/
lexvo=http://lexvo.org/id/;wp=http://en.wikipedia.org/wiki/

Subject Predicate Object
mdb: film/2014 rdfs:label “The Shining”
mdb:film/2014 movie:initial release date “1980-05-23”’
mdb:film/2014 movie:director mdb:director/8476
mdb:film/2014 movie:actor mdb:actor/29704
mdb:film/2014 movie:actor mdb: actor/30013
mdb:film/2014 movie:music contributor mdb: music contributor/4110
mdb:film/2014 foaf:based near geo:2635167
mdb:film/2014 movie:relatedBook bm:0743424425
mdb:film/2014 movie:language lexvo:iso639-3/eng
mdb:director/8476 movie:director name “Stanley Kubrick”
mdb:film/2685 movie:director mdb:director/8476
mdb:film/2685 rdfs:label “A Clockwork Orange”
mdb:film/424 movie:director mdb:director/8476
mdb:film/424 rdfs:label “Spartacus”
mdb:actor/29704 movie:actor name “Jack Nicholson”
mdb:film/1267 movie:actor mdb:actor/29704
mdb:film/1267 rdfs:label “The Last Tycoon”
mdb:film/3418 movie:actor mdb:actor/29704
mdb:film/3418 rdfs:label “The Passenger”
geo:2635167 gn:name “United Kingdom”
geo:2635167 gn:population 62348447
geo:2635167 gn:wikipediaArticle wp:United Kingdom
bm:books/0743424425 dc:creator bm:persons/Stephen+King
bm:books/0743424425 rev:rating 4.7
bm:books/0743424425 scom:hasOffer bm:offers/0743424425amazonOffer
lexvo:iso639-3/eng rdfs:label “English”
lexvo:iso639-3/eng lvont:usedIn lexvo:iso3166/CA
lexvo:iso639-3/eng lvont:usesScript lexvo:script/Latn

URI Literal

URI
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RDF Graph

mdb:film/2014

“1980-05-23”

movie:initial release date

“The Shining” refs:label
mob:music contributor

music contributor

lexvo:iso639 3/eng

language

bm:books/0743424425

4.7

rev:rating

bm:persons/StephenKing dc:creator

bm:offers/0743424425amazonOffer

geo:2635167

“United Kingdom”
gn:name

62348447
gn:population

wp:UnitedKingdom

gn:wikipediaArticle

mdb:actor/29704

“Jack Nicholson”
movie:actor name

mdb:film/3418

“The Passenger”

refs:label

mdb:film/1267

“The Last Tycoon”

refs:label

mdb:director/8476

“Stanley Kubrick”

movie:director name

mdb:film/2685

“A Clockwork Orange”

refs:label

mdb:film/424

“Spartacus”

refs:label

mdb:actor/30013

“Shelley Duvall”

movie:actor name
“English”

rdf:label

lexvo:iso3166/CA

lvont:usedIn
lexvo:script/latin

lvont:usesScript

movie:relatedBook

scam:hasOffer

foaf:based near movie:actor

movie:director

movie:actor

movie:actor movie:actor

movie:director movie:director
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UniProt in RDF HTTP://WWW.UNIPROT.ORG

I UniProt collects data from >150 biological resources
I Claim: “lack of a common standard to represent and link

information makes data integration an expensive business”⇒
RDF can help

14
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UniProt in RDF – What does the data look like?
I UniProt accession for the human CYP51 protein – Q16850
I Encode it as RDF:

I XML/RDF format
<rdf:Description rdf:about=”http://purl.uniprot.org/citations/8619637”>
<rdf:type rdf:resource=”http://purl.uniprot.org/core/Journal Citation”/>
<title>The ubiquitously expressed human CYP51 encodes lanosterol 14 alpha-demethylase, a cytochrome P450
whose expression is regulated by oxysterols.</title>
<author>Stroemstedt M.</author>
<author>Rozman D.</author>
<author>Waterman M.R.</author>
<skos:exactMatch rdf:resource=”http://purl.uniprot.org/pubmed/8619637”/>
<foaf:primaryTopicOf rdf:resource=”https://www.ncbi.nlm.nih.gov/pubmed/8619637”/>
<dcterms:identifier>doi:10.1006/abbi.1996.0193</dcterms:identifier>
<date rdf:datatype=”http://www.w3.org/2001/XMLSchema#gYear”>1996</date>
<name>Arch. Biochem. Biophys.</name>
<volume>329</volume>
<pages>73-81</pages>
</rdf:Description>

I This can be shown as a table <Subject, Predicate, Object >
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 true
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 2017-02-15
 162
 CP51A_HUMAN
 CP51_HUMAN
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 The ubiquitously expressed human CYP51 encodes lanosterol 14 alpha-demethylase, a cytochrome P450 whose expression is regulated by oxysterols.
 Stroemstedt M.
 Rozman D.
 Waterman M.R.
 
 
 doi:10.1006/abbi.1996.0193
 1996
 Arch. Biochem. Biophys.
 329
 73-81

 
 
 NUCLEOTIDE SEQUENCE [MRNA] (ISOFORM 1)
 TISSUE SPECIFICITY
 

 
 
 Liver

 
 
 Sterol 14-demethylase P450 (P45014DM*) is one of the most ancient and conserved P450 species.
 Aoyama Y.
 Noshiro M.
 Gotoh O.
 Imaoka S.
 Funae Y.
 Kurosawa N.
 Horiuchi T.
 Yoshida Y.
 
 
 doi:10.1093/oxfordjournals.jbchem.a021331
 1996
 J. Biochem.
 119
 926-933

 
 
 NUCLEOTIDE SEQUENCE [MRNA] (ISOFORM 1)
 

 
 
 The three human cytochrome P450 lanosterol 14 alpha-demethylase (CYP51) genes reside on chromosomes 3, 7, and 13: structure of the two retrotransposed pseudogenes, association with a line-1 element, and evolution of the human CYP51 family.
 Rozman D.
 Stroemstedt M.
 Waterman M.R.
 
 
 doi:10.1006/abbi.1996.0416
 1996
 Arch. Biochem. Biophys.
 333
 466-474

 
 
 NUCLEOTIDE SEQUENCE [GENOMIC DNA]
 

 
 
 Structure and mapping of the human lanosterol 14alpha-demethylase gene (CYP51) encoding the cytochrome P450 involved in cholesterol biosynthesis; comparison of exon/intron organization with other mammalian and fungal CYP genes.
 Rozman D.
 Stroemstedt M.
 Tsui L.-C.
 Scherer S.W.
 Waterman M.R.
 
 
 doi:10.1006/geno.1996.0640
 1996
 Genomics
 38
 371-381

 
 
 NUCLEOTIDE SEQUENCE [GENOMIC DNA]

 
 
 Complete sequencing and characterization of 21,243 full-length human cDNAs.
 Ota T.
 Suzuki Y.
 Nishikawa T.
 Otsuki T.
 Sugiyama T.
 Irie R.
 Wakamatsu A.
 Hayashi K.
 Sato H.
 Nagai K.
 Kimura K.
 Makita H.
 Sekine M.
 Obayashi M.
 Nishi T.
 Shibahara T.
 Tanaka T.
 Ishii S.
 Yamamoto J.
 Saito K.
 Kawai Y.
 Isono Y.
 Nakamura Y.
 Nagahari K.
 Murakami K.
 Yasuda T.
 Iwayanagi T.
 Wagatsuma M.
 Shiratori A.
 Sudo H.
 Hosoiri T.
 Kaku Y.
 Kodaira H.
 Kondo H.
 Sugawara M.
 Takahashi M.
 Kanda K.
 Yokoi T.
 Furuya T.
 Kikkawa E.
 Omura Y.
 Abe K.
 Kamihara K.
 Katsuta N.
 Sato K.
 Tanikawa M.
 Yamazaki M.
 Ninomiya K.
 Ishibashi T.
 Yamashita H.
 Murakawa K.
 Fujimori K.
 Tanai H.
 Kimata M.
 Watanabe M.
 Hiraoka S.
 Chiba Y.
 Ishida S.
 Ono Y.
 Takiguchi S.
 Watanabe S.
 Yosida M.
 Hotuta T.
 Kusano J.
 Kanehori K.
 Takahashi-Fujii A.
 Hara H.
 Tanase T.-O.
 Nomura Y.
 Togiya S.
 Komai F.
 Hara R.
 Takeuchi K.
 Arita M.
 Imose N.
 Musashino K.
 Yuuki H.
 Oshima A.
 Sasaki N.
 Aotsuka S.
 Yoshikawa Y.
 Matsunawa H.
 Ichihara T.
 Shiohata N.
 Sano S.
 Moriya S.
 Momiyama H.
 Satoh N.
 Takami S.
 Terashima Y.
 Suzuki O.
 Nakagawa S.
 Senoh A.
 Mizoguchi H.
 Goto Y.
 Shimizu F.
 Wakebe H.
 Hishigaki H.
 Watanabe T.
 Sugiyama A.
 Takemoto M.
 Kawakami B.
 Yamazaki M.'
 Watanabe K.
 Kumagai A.
 Itakura S.
 Fukuzumi Y.
 Fujimori Y.
 Komiyama M.
 Tashiro H.
 Tanigami A.
 Fujiwara T.
 Ono T.
 Yamada K.
 Fujii Y.
 Ozaki K.
 Hirao M.
 Ohmori Y.
 Kawabata A.
 Hikiji T.
 Kobatake N.
 Inagaki H.
 Ikema Y.
 Okamoto S.
 Okitani R.
 Kawakami T.
 Noguchi S.
 Itoh T.
 Shigeta K.
 Senba T.
 Matsumura K.
 Nakajima Y.
 Mizuno T.
 Morinaga M.
 Sasaki M.
 Togashi T.
 Oyama M.
 Hata H.
 Watanabe M.'
 Komatsu T.
 Mizushima-Sugano J.
 Satoh T.
 Shirai Y.
 Takahashi Y.
 Nakagawa K.
 Okumura K.
 Nagase T.
 Nomura N.
 Kikuchi H.
 Masuho Y.
 Yamashita R.
 Nakai K.
 Yada T.
 Nakamura Y.'
 Ohara O.
 Isogai T.
 Sugano S.
 
 
 doi:10.1038/ng1285
 2004
 Nat. Genet.
 36
 40-45

 
 
 NUCLEOTIDE SEQUENCE [LARGE SCALE MRNA] (ISOFORMS 1 AND 2)

 
 
 The DNA sequence of human chromosome 7.
 Hillier L.W.
 Fulton R.S.
 Fulton L.A.
 Graves T.A.
 Pepin K.H.
 Wagner-McPherson C.
 Layman D.
 Maas J.
 Jaeger S.
 Walker R.
 Wylie K.
 Sekhon M.
 Becker M.C.
 O'Laughlin M.D.
 Schaller M.E.
 Fewell G.A.
 Delehaunty K.D.
 Miner T.L.
 Nash W.E.
 Cordes M.
 Du H.
 Sun H.
 Edwards J.
 Bradshaw-Cordum H.
 Ali J.
 Andrews S.
 Isak A.
 Vanbrunt A.
 Nguyen C.
 Du F.
 Lamar B.
 Courtney L.
 Kalicki J.
 Ozersky P.
 Bielicki L.
 Scott K.
 Holmes A.
 Harkins R.
 Harris A.
 Strong C.M.
 Hou S.
 Tomlinson C.
 Dauphin-Kohlberg S.
 Kozlowicz-Reilly A.
 Leonard S.
 Rohlfing T.
 Rock S.M.
 Tin-Wollam A.-M.
 Abbott A.
 Minx P.
 Maupin R.
 Strowmatt C.
 Latreille P.
 Miller N.
 Johnson D.
 Murray J.
 Woessner J.P.
 Wendl M.C.
 Yang S.-P.
 Schultz B.R.
 Wallis J.W.
 Spieth J.
 Bieri T.A.
 Nelson J.O.
 Berkowicz N.
 Wohldmann P.E.
 Cook L.L.
 Hickenbotham M.T.
 Eldred J.
 Williams D.
 Bedell J.A.
 Mardis E.R.
 Clifton S.W.
 Chissoe S.L.
 Marra M.A.
 Raymond C.
 Haugen E.
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UniProt in RDF – What does the data look like?
I UniProt accession for the human CYP51 protein – Q16850
I Encode it as RDF:
I XML/RDF format

<rdf:Description rdf:about=”http://purl.uniprot.org/citations/8619637”>
<rdf:type rdf:resource=”http://purl.uniprot.org/core/Journal Citation”/>
<title>The ubiquitously expressed human CYP51 encodes lanosterol 14 alpha-demethylase, a cytochrome P450
whose expression is regulated by oxysterols.</title>
<author>Stroemstedt M.</author>
<author>Rozman D.</author>
<author>Waterman M.R.</author>
<skos:exactMatch rdf:resource=”http://purl.uniprot.org/pubmed/8619637”/>
<foaf:primaryTopicOf rdf:resource=”https://www.ncbi.nlm.nih.gov/pubmed/8619637”/>
<dcterms:identifier>doi:10.1006/abbi.1996.0193</dcterms:identifier>
<date rdf:datatype=”http://www.w3.org/2001/XMLSchema#gYear”>1996</date>
<name>Arch. Biochem. Biophys.</name>
<volume>329</volume>
<pages>73-81</pages>
</rdf:Description>

I This can be shown as a table <Subject, Predicate, Object >

Subject
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Object
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UniProt in RDF – What does the data look like?
I UniProt accession for the human CYP51 protein – Q16850
I Encode it as RDF:
I XML/RDF format

<rdf:Description rdf:about=”http://purl.uniprot.org/citations/8619637”>
<rdf:type rdf:resource=”http://purl.uniprot.org/core/Journal Citation”/>
<title>The ubiquitously expressed human CYP51 encodes lanosterol 14 alpha-demethylase, a cytochrome P450
whose expression is regulated by oxysterols.</title>
<author>Stroemstedt M.</author>
<author>Rozman D.</author>
<author>Waterman M.R.</author>
<skos:exactMatch rdf:resource=”http://purl.uniprot.org/pubmed/8619637”/>
<foaf:primaryTopicOf rdf:resource=”https://www.ncbi.nlm.nih.gov/pubmed/8619637”/>
<dcterms:identifier>doi:10.1006/abbi.1996.0193</dcterms:identifier>
<date rdf:datatype=”http://www.w3.org/2001/XMLSchema#gYear”>1996</date>
<name>Arch. Biochem. Biophys.</name>
<volume>329</volume>
<pages>73-81</pages>
</rdf:Description>

I This can be shown as a table <Subject, Predicate, Object >

Subject
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Object
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RDF Query Model – SPARQL
I Query Model - SPARQL Protocol and RDF Query Language
I Given U (set of URIs), L (set of literals), and V (set of variables),

a SPARQL expression is defined recursively:
I an atomic triple pattern, which is an element of

(U ∪ V)× (U ∪ V)× (U ∪ V ∪ L)
I ?x rdfs:label “The Shining”

I P FILTER R, where P is a graph pattern expression and R is a
built-in SPARQL condition (i.e., analogous to a SQL predicate)

I ?x rev:rating ?p FILTER(?p > 3.0)
I P1 AND/OPT/UNION P2, where P1 and P2 are graph pattern

expressions

I Example:

SELECT ?name
WHERE {
?m rdfs:label ?name. ?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:relatedBook ?b. ?b rev:rating ?r.
FILTER(?r > 4.0)

}
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SPARQL Queries
SELECT ?name
WHERE {

?m rdfs:label ?name. ?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:relatedBook ?b. ?b rev:rating ?r.
FILTER(?r > 4.0)

}

?m ?d
movie:director

?name

rdfs:label

?b

movie:relatedBook

“Stanley Kubrick”

movie:director name

?r
rev:rating

FILTER(?r > 4.0)
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UniProt in RDF – The Data Can Be Queried
I RDF encoded UniProt data can be queried using SPARQL:

http://sparql.uniprot.org/sparql

I Get the GO function for Q16850 (from UniProt SPARQL endpoint)
PREFIX upc:<http://purl.uniprot.org/core/>
PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#>
SELECT ?goid ?golabel
WHERE {
<http://purl.uniprot.org/uniprot/Q16850> a upc:Protein ;
upc:classifiedWith ?keyword .
?keyword rdfs:seeAlso ?goid .
?goid rdfs:label ?golabel .

}

I Find the differential expression of probes and the p value that map to
Q16850 (from Expression Atlas SPARQL endpoint)

PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX atlasterms: <http://rdf.ebi.ac.uk/terms/atlas/>
SELECT distinct ?valueLabel ?pvalue
WHERE {
?value rdfs:label ?valueLabel .
?value atlasterms:pValue ?pvalue .
?value atlasterms:isMeasurementOf ?probe .
?probe atlasterms:dbXref <http://purl.uniprot.org/uniprot/Q16850> .

}
ORDER BY ASC(?pvalue)
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SPARQL Semantics
I Subgraph matching using

homomorphism
I Operational semantics (for

BGPs)
I Find all triples that satisfy

each triple pattern
I Join them according to

variables (s-s, s-o, o-o, p-p)

SELECT ?name
WHERE {
?m rdfs:label ?name.
?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:actor ?c.
?c movie:actor_name "Jack Nicholson".

}

?m

?m

rdfs:label ?name
· · · · · · · · ·
· · · · · · · · ·

?m

?m

movie:director ?d

?d

· · · · · · · · ·
· · · · · · · · ·

?d

?d

movie:director name “Stanley Kubrick”
· · · · · · “Stanley Kubrick”
· · · · · · “Stanley Kubrick”

?m

?m

movie:actor ?c

?c

· · · · · · · · ·
· · · · · · · · ·

?c

?c

movie:actor “Jack Nicholson”
· · · · · · “Jack Nicholson”

o-o join

o-o join
s-o join

s-o join

19



SPARQL Semantics
I Subgraph matching using

homomorphism
I Operational semantics (for

BGPs)
I Find all triples that satisfy

each triple pattern
I Join them according to

variables (s-s, s-o, o-o, p-p)

SELECT ?name
WHERE {
?m rdfs:label ?name.
?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:actor ?c.
?c movie:actor_name "Jack Nicholson".

}

?m rdfs:label ?name
· · · · · · · · ·
· · · · · · · · ·

?m movie:director ?d

?d

· · · · · · · · ·
· · · · · · · · ·

?d

?d

movie:director name “Stanley Kubrick”
· · · · · · “Stanley Kubrick”
· · · · · · “Stanley Kubrick”

?m movie:actor ?c

?c

· · · · · · · · ·
· · · · · · · · ·

?c

?c

movie:actor “Jack Nicholson”
· · · · · · “Jack Nicholson”

o-o join

o-o join
s-o join

s-o join

19



SPARQL Semantics
I Subgraph matching using

homomorphism
I Operational semantics (for

BGPs)
I Find all triples that satisfy

each triple pattern
I Join them according to

variables (s-s, s-o, o-o, p-p)

SELECT ?name
WHERE {
?m rdfs:label ?name.
?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:actor ?c.
?c movie:actor_name "Jack Nicholson".

}

?m rdfs:label ?name
· · · · · · · · ·
· · · · · · · · ·

?m movie:director ?d
· · · · · · · · ·
· · · · · · · · ·

?d movie:director name “Stanley Kubrick”
· · · · · · “Stanley Kubrick”
· · · · · · “Stanley Kubrick”

?m movie:actor ?c
· · · · · · · · ·
· · · · · · · · ·

?c movie:actor “Jack Nicholson”
· · · · · · “Jack Nicholson”

o-o join

o-o join
s-o join

s-o join

19



SPARQL Query Shapes

Star query

a

b
p1

c
p2

d
p3

e
p4

Tree query

a

b

p1

c
p2

d

p3

e
p4

Chain (linear) query

a bp1 cp2 dp3

Cycle query

a

b

p1

cp2

p2

Complex query

a

b
p1

c
p2

d
p3

e
p4

fp5 gp6

h
p7

k

p8

p9

Scale-out
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Direct Relational Mapping
SELECT ?name
WHERE {

?m rdfs:label ?name. ?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:relatedBook ?b. ?b rev:rating ?r.
FILTER(?r > 4.0)

}
Subject Property Object
mdb:film/2014 rdfs:label “The Shining”
mdb:film/2014 movie:initial release date “1980-05-23”
mdb:film/2014 movie:director mdb:director/8476
mdb:film/2014 movie:actor mdb:actor/29704
mdb:film/2014 movie:actor mdb: actor/30013
mdb:film/2014 movie:music contributor mdb: music contributor/4110
mdb:film/2014 foaf:based near geo:2635167
mdb:film/2014 movie:relatedBook bm:0743424425
mdb:film/2014 movie:language lexvo:iso639-3/eng
mdb:director/8476 movie:director name “Stanley Kubrick”
mdb:film/2685 movie:director mdb:director/8476
mdb:film/2685 rdfs:label “A Clockwork Orange”
mdb:film/424 movie:director mdb:director/8476
mdb:film/424 rdfs:label “Spartacus”
mdb:actor/29704 movie:actor name “Jack Nicholson”
mdb:film/1267 movie:actor mdb:actor/29704
mdb:film/1267 rdfs:label “The Last Tycoon”
mdb:film/3418 movie:actor mdb:actor/29704
mdb:film/3418 rdfs:label “The Passenger”
geo:2635167 gn:name “United Kingdom”
geo:2635167 gn:population 62348447
geo:2635167 gn:wikipediaArticle wp:United Kingdom
bm:books/0743424425 dc:creator bm:persons/Stephen+King
bm:books/0743424425 rev:rating 4.7
bm:books/0743424425 scom:hasOffer bm:offers/0743424425amazonOffer
lexvo:iso639-3/eng rdfs:label “English”
lexvo:iso639-3/eng lvont:usedIn lexvo:iso3166/CA
lexvo:iso639-3/eng lvont:usesScript lexvo:script/Latn

Easy to implement
but

too many self-joins!

22



Direct Relational Mapping
SELECT ?name
WHERE {

?m rdfs:label ?name. ?m movie:director ?d.
?d movie:director_name "Stanley Kubrick".
?m movie:relatedBook ?b. ?b rev:rating ?r.
FILTER(?r > 4.0)

}
Subject Property Object
mdb:film/2014 rdfs:label “The Shining”
mdb:film/2014 movie:initial release date “1980-05-23”
mdb:film/2014 movie:director mdb:director/8476
mdb:film/2014 movie:actor mdb:actor/29704
mdb:film/2014 movie:actor mdb: actor/30013
mdb:film/2014 movie:music contributor mdb: music contributor/4110
mdb:film/2014 foaf:based near geo:2635167
mdb:film/2014 movie:relatedBook bm:0743424425
mdb:film/2014 movie:language lexvo:iso639-3/eng
mdb:director/8476 movie:director name “Stanley Kubrick”
mdb:film/2685 movie:director mdb:director/8476
mdb:film/2685 rdfs:label “A Clockwork Orange”
mdb:film/424 movie:director mdb:director/8476
mdb:film/424 rdfs:label “Spartacus”
mdb:actor/29704 movie:actor name “Jack Nicholson”
mdb:film/1267 movie:actor mdb:actor/29704
mdb:film/1267 rdfs:label “The Last Tycoon”
mdb:film/3418 movie:actor mdb:actor/29704
mdb:film/3418 rdfs:label “The Passenger”
geo:2635167 gn:name “United Kingdom”
geo:2635167 gn:population 62348447
geo:2635167 gn:wikipediaArticle wp:United Kingdom
bm:books/0743424425 dc:creator bm:persons/Stephen+King
bm:books/0743424425 rev:rating 4.7
bm:books/0743424425 scom:hasOffer bm:offers/0743424425amazonOffer
lexvo:iso639-3/eng rdfs:label “English”
lexvo:iso639-3/eng lvont:usedIn lexvo:iso3166/CA
lexvo:iso639-3/eng lvont:usesScript lexvo:script/Latn

SELECT T1.object
FROM T as T1, T as T2, T as T3,

T as T4, T as T5
WHERE T1.p="rdfs:label"
AND T2.p="movie:relatedBook"
AND T3.p="movie:director"
AND T4.p="rev:rating"
AND T5.p="movie:director_name"
AND T1.s=T2.s
AND T1.s=T3.s
AND T2.o=T4.s
AND T3.o=T5.s
AND T4.o > 4.0
AND T5.o="Stanley Kubrick"

Easy to implement
but

too many self-joins!
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Direct Relational Mapping

Bad Idea!...

22



Optimizations to Tabular Representation
1. Property table (Jena [Wilkinson, 2006], DB2-RDF [Bornea et al., 2013])

I Group together the properties that tend to occur in the same (or
similar) subjects

I Eliminates some of the joins
I Clustering is not trivial
I Potentially a lot of NULLs
I Multivalued properties are complicated

Subject Property Object
mdb:film/2014 rdfs:label “The Shining”
mdb:film/2014 movie:director mdb:director/8476
mdb:film/2685 movie:director mdb:director/8476
mdb:film/2685 rdfs:label “A Clockwork Orange”
mdb:actor/29704 movie:actor name “Jack Nicholson”
. . . . . . . . .

Subject refs:label movie:director
mob:film/2014 “The Shining” mob:director/8476
mob:film/2685 “The Clockwork Orange” mob:director/8476

Subject movie:actor name
mdb:actor “Jack Nicholson”
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Optimizations to Tabular Representation
1. Property table (Jena [Wilkinson, 2006], DB2-RDF [Bornea et al., 2013])
2. Vertically partitioned tables (Binary tables) [Abadi et al., 2007, 2009]

I For each property, build a two-column table, containing both
subject and object, ordered by subjects

I Grouping by properties
I Good for subject-subject joins but not with subject-object joins

Subject Property Object
mdb:film/2014 rdfs:label “The Shining”
mdb:film/2014 movie:director mdb:director/8476
mdb:film/2685 movie:director mdb:director/8476
mdb:film/2685 rdfs:label “A Clockwork Orange”
mdb:actor/29704 movie:actor name “Jack Nicholson”
. . . . . . . . .

Subject Object
mdb:film/2014 mdb:director/8476
mdb:film/2685 mdb:director/8476

movie:director

Subject Object
mob:film/2014 “The Shining”
mob:film/2685 “The Clockwork Orange”

refs:label

Subject Object
mdb:actor/29704 “Jack Nicholson”

movie:actor name
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Optimizations to Tabular Representation
1. Property table (Jena [Wilkinson, 2006], DB2-RDF [Bornea et al., 2013])
2. Vertically partitioned tables (Binary tables) [Abadi et al., 2007, 2009]

3. Exhaustive indexing (RDF-3X [Neumann & Weikum, 2008, 2009], Hexastore [Weiss et

al., 2008])
I Create indexes for each permutation of the three columns: SPO,

SOP, PSO, POS, OPS, OSP
I Query components become range queries over individual relations

with merge-join to combine
I Index maintenance

Subject Property Object
mdb:film/2014 rdfs:label “The Shining”
mdb:film/2014 movie:director mdb:director/8476
mdb:film/2685 movie:director mdb:director/8476
mdb:film/2685 rdfs:label “A Clockwork Orange”
mdb:actor/29704 movie:actor name “Jack Nicholson”
. . . . . . . . .

SPO PSO OSP· · · · · ·
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Graph-based Approach [Zou & Özsu, 2017]

I Answering SPARQL query ≡ subgraph matching using
homomorphism

I gStore [Zou et al., 2011, 2014], chameleon-db [Aluç et al., 2013]

?m ?d
movie:director

?name

rdfs:label

?b

movie:relatedBook

“Stanley Kubrick”

movie:director name

?r
rev:rating

FILTER(?r > 4.0)

mdb:film/2014

“1980-05-23”

movie:initial release date

“The Shining” refs:label
mob:music contributor

music contributor

lexvo:iso639 3/eng

language

bm:books/0743424425

4.7

rev:rating

bm:persons/StephenKing dc:creator

bm:offers/0743424425amazonOffer

geo:2635167

“United Kingdom”
gn:name

62348447
gn:population

wp:UnitedKingdom

gn:wikipediaArticle

mdb:actor/29704

“Jack Nicholson”
movie:actor name

mdb:film/3418

“The Passenger”

refs:label

mdb:film/1267

“The Last Tycoon”

refs:label

mdb:director/8476

“Stanley Kubrick”

movie:director name

mdb:film/2685

“A Clockwork Orange”

refs:label

mdb:film/424

“Spartacus”

refs:label

mdb:actor/30013

“Shelley Duvall”

movie:actor name
“English”

rdf:label

lexvo:iso3166/CA

lvont:usedIn
lexvo:script/latin

lvont:usesScript

movie:relatedBook

scam:hasOffer

foaf:based near movie:actor

movie:director

movie:actor

movie:actor movie:actor

movie:director movie:director

Subgraph Matching
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Subgraph Matching

Advantages

I Maintains the graph structure
I Full set of queries can be handled

Disadvantages

I Graph pattern matching is expensive
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What is the Objective
Parallelize query processing with as little
inter-site communication as possible.
I Straightforward approach

I Randomly (or by simple hashing)
horizontally partition the triples

I Execute queries in parallel across
partitions

I Examples: SHARD [Rohloff & Schantz, 2010],
YARS2 [Harth et al., 2007], Virtuoso

I Problem: high intermediate results→
high number of inter-partition joins

I More intelligent partitioning that
takes into account graph connectivity

s p o
a1 b1 c1
a1 b2 c1
a2 b1 c3
a3 b2 c4
· · · · · · · · ·

WorkerWorkerWorker

Partition 1 Partition 2 Partition 3
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Graph Partitioning
I More difficult because of edges→

represent relationships

I Two approaches
I Edge-cut or vertex-disjoint
I Vertex-cut or edge-disjoint

I Objectives
I Allocate each vertex/edge to

partitions such that partitions are
mutually exclusive

I Partitions are balanced
I Minimize edge-/vertex-cuts to

minimize communication

I Techniques are mostly
workload-agnostic

1

4

5

9

6

2

3

7

8

WorkerWorkerWorker

Partition 1 Partition 2 Partition 3
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Vertex-Disjoint Partitioning

I Put each vertex in one partition
I Edges will be cut – minimize these→ causes communication
I Alternatives

I Hashing→ on the ids of the two vertices incident on edge
I METIS family of algorithms

I Considered the gold standard
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METIS Vertex-Disjoint Partitioning [Karypis & Kumar, 1998]

Given an initial graph G0 = (V,E):
1. Produce a hierarchy of successively coarsened graphs G1, . . . ,Gn

such that |V(Gi)| > |V(Gj)| for i < j
2. Partition Gn using some partitioning algorithm
3. Iteratively coarsen Gn to G0, and at each step

a) Project the partitioning solution on graph Gj to graph Gj−1
b) Improve the partitioning of G0
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Vertex-Disjoint Partitioning Example
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Vertex-Disjoint Partitioning Example

1
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8
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7

P1

5

2

8

P2

3

6 9

P3

+ Performs well for graphs with low-degree vertices
− Performs poorly on power-law graphs causing many

edge-cuts
− METIS has computation overhead & cannot scale to large

graphs → hashing on vertex labels

In RDF systems, minimize predicate-cuts rather than
edge-cuts
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METIS on our Example

mdb:film/2014

“1980-05-23”

movie:initial release date

“The Shining”
refs:label

mob:music contributor
music contributor

lexvo:iso639 3/eng

language

bm:books/0743424425

4.7

rev:rating

bm:persons/StephenKing
dc:creator

bm:offers/0743424425amazonOffer

geo:2635167

“United Kingdom”
gn:name

62348447
gn:population

wp:UnitedKingdom

gn:wikipediaArticle

mdb:actor/29704

“Jack Nicholson”
movie:actor name

mdb:film/3418

“The Passenger”

refs:label

mdb:film/1267

“The Last Tycoon”

refs:label

mdb:director/8476

“Stanley Kubrick”

movie:director name

mdb:film/2685

“A Clockwork Orange”

refs:label

mdb:film/424

“Spartacus”

refs:label

mdb:actor/30013

“Shelley Duvall”

movie:actor name
“English”

rdf:label

lexvo:iso3166/CA

lvont:usedIn
lexvo:script/latin

lvont:usesScript

movie:relatedBook

scam:hasOffer

foaf:based near movie:actor

movie:director

movie:actor

movie:actor movie:actor

movie:director movie:director

Edge Cut
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Edge-Disjoint Partitioning

I Put each edge in one partition
I Vertices may need to be replicated – minimize these
I Alternatives

I Hashing→ on the ids of the two vertices incident on edge
I Heuristics cognizant of graph characteristics→ greedily decide on

allocation of edge i + 1 based on the allocation of the previous i
edges to reduce vertex replication
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Edge-Disjoint Partitioning Example
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Edge-Disjoint Partitioning Example

1
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P1

2

5

8

3 4

P2

3

6

9

4 2

P3+ Performs well on power-law graphs
+ Fast and highly parallelizable
− Not good for star queries
− Potentially high vertex replication
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Edge-Disjoint Partitioning of our Example

mdb:film/2014

“1980-05-23”

movie:initial release date

“The Shining”
refs:label

mob:music contributor
music contributor

lexvo:iso639 3/eng

language

bm:books/0743424425

4.7

rev:rating

bm:persons/StephenKing
dc:creator

bm:offers/0743424425amazonOffer

geo:2635167

“United Kingdom”
gn:name

62348447
gn:population

wp:UnitedKingdom

gn:wikipediaArticle

mdb:actor/29704

“Jack Nicholson”
movie:actor name

mdb:film/3418

“The Passenger”

refs:label

mdb:film/1267

“The Last Tycoon”

refs:label

mdb:director/8476

“Stanley Kubrick”

movie:director name

mdb:film/2685

“A Clockwork Orange”

refs:label

mdb:film/424

“Spartacus”

refs:label

mdb:actor/30013

“Shelley Duvall”

movie:actor name
“English”

rdf:label

lexvo:iso3166/CA

lvont:usedIn
lexvo:script/latin

lvont:usesScript

movie:relatedBook

scam:hasOffer

foaf:based near movie:actor

movie:director

movie:actor

movie:actor movie:actor

movie:director movie:director

Replicated Vertex
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Query Partitioning Approaches

I Works on partitioned RDF data
D = {D1, . . . ,Dn}

I SPARQL query Q is decomposed into
a set of subqueries {Q1, . . . ,Qk} ⇒
query graph is partitioned

I Distributed execution of {Q1, . . . ,Qk}
over {D1, . . . ,Dn}

I Examples: GraphPartition [Huang et al.,

2011], WARP [Hose & Schenkel, 2013] , Partout
[Galarraga et al., 2014] , Vertex-block [Lee & Liu, 2013]

Q

Q1

Q3

Q2

D1

D2 D3

D4 D5

D6
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a set of subqueries {Q1, . . . ,Qk} ⇒
query graph is partitioned

I Distributed execution of {Q1, . . . ,Qk}
over {D1, . . . ,Dn}

I Examples: GraphPartition [Huang et al.,

2011], WARP [Hose & Schenkel, 2013] , Partout
[Galarraga et al., 2014] , Vertex-block [Lee & Liu, 2013]

Main Idea
Partition the data and the query in such
a way that the interpartition joins are
minimized

Q

Q1
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Q2

D1

D2 D3

D4 D5

D6
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Two Examples
I GraphPartition [Huang et al., 2011]

I Data is partitioned using METIS
I Replicate vertices using n-hop

guarantee
I If the radius of Q is not larger than

n, Q can be locally evaluated in each
site

I If the radius of Q is larger than n, Q
is decomposed into several
subqueries Qi that can be
independently evaluated; then their
results are joined

mdb:film/2014

“1980-05-23”

movie:initial release date

“The Shining”
refs:label

mob:music contributor
music contributor

lexvo:iso639 3/eng

language

bm:books/0743424425

4.7

rev:rating

bm:persons/StephenKing
dc:creator

bm:offers/0743424425amazonOffer

geo:2635167

“United Kingdom”
gn:name

62348447
gn:population

wp:UnitedKingdom

gn:wikipediaArticle

mdb:actor/29704

“Jack Nicholson”
movie:actor name

mdb:film/3418

“The Passenger”

refs:label

mdb:film/1267

“The Last Tycoon”

refs:label

mdb:director/8476

“Stanley Kubrick”

movie:director name

mdb:film/2685

“A Clockwork Orange”

refs:label

mdb:film/424

“Spartacus”

refs:label

mdb:actor/30013

“Shelley Duvall”

movie:actor name
“English”

rdf:label

lexvo:iso3166/CA

lvont:usedIn
lexvo:script/latin

lvont:usesScript

movie:relatedBook

scam:hasOffer

foaf:based near movie:actor

movie:director

movie:actor

movie:actor movie:actor

movie:director movie:director

Edge Cut

36



Two Examples

I GraphPartition [Huang et al., 2011]

I Vertex-block [Lee & Liu, 2013]

I Generate triple groups based on
common subject or object

I Semantic hashing triple groups
I Allow some data replication

between different partitions

Baseline Partitions

Expanded Partitions

36



MPC – Minimum Predicate Cut [Peng et al., 2021]

What is the main point?
I Vertex-disjoint partitioning objective is to minimize edge-cuts
I The main performance bottleneck in distributed SPARQL

execution is inter-partition joins
I If all predicates in a query are internal→ execute independently

over each partition without inter-partition join
I Motivation: Partition to maximize the number of internal properties

I May increase edge-cuts, but minimizes number of unique
predicate-cuts
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How to Minimize Predicate-cuts
Selecting

Internal Pred.
Coarsening

Partitioning
Coarse Graph

Uncoarsening

Desi Magic

Ameesha Patel

starring

Zayeed Khan

starring

India

birthPlace

Kuunal Goomer

producer

residence

1947-08-15

foundingDate

Maharashtra

birthplace

birthplace

1960-05-01

foundingDate

Mishti

residence

Saif Ali Khan

residence

birthPlace

Kareena Kapoor

spouse
birthplace Kurbaan

starring

starring

Super-Vertex-1 Super-Vertex-2

birthPlace

birthPlace

birthPlace

38



How to Minimize Predicate-cuts
Selecting

Internal Pred.
Coarsening

Partitioning
Coarse Graph

Uncoarsening

Desi Magic

Ameesha Patel

starring

Zayeed Khan

starring

India

birthPlace

Kuunal Goomer

producer

residence

1947-08-15

foundingDate

Maharashtra

birthplace

birthplace

1960-05-01

foundingDate

Mishti

residence

Saif Ali Khan

residence

birthPlace

Kareena Kapoor

spouse
birthplace Kurbaan

starring

starring

Super-Vertex-1 Super-Vertex-2

birthPlace

birthPlace

birthPlace

38



How to Minimize Predicate-cuts
Selecting

Internal Pred.
Coarsening

Partitioning
Coarse Graph

Uncoarsening

Desi Magic

Ameesha Patel

starring

Zayeed Khan

starring

India

birthPlace

Kuunal Goomer

producer

residence

1947-08-15

foundingDate

Maharashtra

birthplace

birthplace

1960-05-01

foundingDate

Mishti

residence

Saif Ali Khan

residence

birthPlace

Kareena Kapoor

spouse
birthplace Kurbaan

starring

starring

Super-Vertex-1 Super-Vertex-2

birthPlace

birthPlace

birthPlace

38



How to Minimize Predicate-cuts
Selecting

Internal Pred.
Coarsening

Partitioning
Coarse Graph

Uncoarsening

Desi Magic

Ameesha Patel

starring

Zayeed Khan

starring

India

birthPlace

Kuunal Goomer

producer

residence

1947-08-15

foundingDate

Maharashtra

birthplace

birthplace

1960-05-01

foundingDate

Mishti

residence

Saif Ali Khan

residence

birthPlace

Kareena Kapoor

spouse
birthplace Kurbaan

starring

starring

Super-Vertex-1 Super-Vertex-2

birthPlace

birthPlace

birthPlace

38



How to Minimize Predicate-cuts
Selecting

Internal Pred.
Coarsening

Partitioning
Coarse Graph

Uncoarsening

Desi Magic

Ameesha Patel

starring

Zayeed Khan

starring

India

birthPlace

Kuunal Goomer

producer

residence

1947-08-15

foundingDate

Maharashtra

birthplace

birthplace

1960-05-01

foundingDate

Mishti

residence

Saif Ali Khan

residence

birthPlace

Kareena Kapoor

spouse
birthplace Kurbaan

starring

starring

Super-Vertex-1 Super-Vertex-2

birthPlace

birthPlace

birthPlace

38



MPC-based Query Processing
I Objective is to increase the independently executable queries (IEQ)

I Star queries
I Queries not containing any crossing predicates
I Queries connected when crossing predicate edges are removed

I Non-IEQ→ decompose into a set of IEQs and join the results

I Remove crossing predicate edges & edges with variables
I Form subqueries
I Add crossing predicate edges to subqueries

?z

?y

residence

?x

residence

?d

foundingDate ?y

?p

residence

?z

birthplace

?x

producer starring

?x

?y

birthplace

?z

?p

1947-08-15

foundingDate

?x ?y ?z

1947-08-15

foundingDate

Q′
1 Q′

2 Q′
3

?x

?y

birthplace

1947-08-15

foundingDate

?y

?z

?p

Q1 Q2
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Performance Advantage

MPC VC METIS
LUBM 100 0 43

WatDiv 60 0 50
MusicBrains 86 14 57

YAGO2 100 0 0
DBpedia 75 24 47

LinkedGeoData 100 84 97

Independently Executable
Queries

LQ∗1 LQ2 LQ∗3 LQ∗4 LQ∗5 LQ6 LQ7 LQ8 LQ9 LQ∗10 LQ∗11 LQ12 LQ∗13 LQ∗14

102

103

104

105

106

107

Q
ue

ry
Re

sp
on

se
Ti

m
e

(i
n

m
s)

MPC Subject Hash VP METIS

∗ means star queries

LUBM Query Performance

Minimizing predicate-cuts can significantly improve the percentage of
independently executable queries resulting in improved query performance
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Query Partitioning Approach – General Comments

+ High performance
+ Great for parallelizing centralized RDF data
− Query decomposition may not be easy
− Each proposed approach requires a specific graph partitioning

strategy – no generic partitioning

It would be interesting to consider adapting the relational distributed
query processing methodology
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Partitioned Query Evaluation Methodology
Adapting Relational Approach

Query
Decomposition

Data
Localization

Distributed
Query Plan

Local
Execution

Distributed
Execution

Input: Declarative
query
Output: Algebraic
query
Transforms query
to algebraic form
over D

Input: Algebraic
query
Output: Partitioned
query
Transforms
query over D

to query over
D = {D1, . . . ,Dn}
determining
{Q1, . . . ,Qk}

Input: {Q1, . . . ,Qk}
Output: Distributed
plan
Decide how
the results of
{Q1, . . . ,Qk} are
combined

Input: {Q1, . . . ,Qk}
Output: Local re-
sults
Each Qi executed
at one site over
one Dj

Input: Local results
Output: Final result
Combine results
of {Q1, . . . ,Qk}
according to dis-
tributed plan

Q

Q1

Q3

Q2

D1

D2 D3

D4 D5

D6

I There isn’t much work on algebraic SPARQL processing/optimization
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Partial Query Evaluation (PQE)
I RDF data D is partitioned {D1, . . . ,Dn}
I SPARQL query is not decomposed
I Partial query evaluation – Distributed gStore [Peng et al., 2016]

f (x) ⇒ f ′(s, d) ⇒ f ′′(f ′(s), d)) ⇒ Final Answer

known inputs unknown inputs partial results

I Query is the function and each Di+ its extended vertices form the
known input
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Distributed SPARQL Using PQE [Peng et al., 2016]

Two steps:
1. Evaluate a query at each site to find local matches

I These are local partial matches

2. Assemble the partial matches to get final result
I Crossing match

D1

D2

D3

D4

Crossing match
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PQE Framework

SPARQL
Query Q

Local Matches in
site S1

Local Matches in
site S2

Local Matches in
site S3

Assemble Local
Partial Matches Answer

Local Evaluation Assembly

Centralized Distributed
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PQE Approach – General Comments

+ High performance due to parallelization
+ Do not have to deal with query decomposition
− RDF processing systems at each site need to be modified
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Cloud-based Solutions [Kaoudi & Manolescu, 2015]

I RDF data D is partitioned into {D1, . . . ,Dn} and placed on cloud
platforms (such as HDFS, HBase)

I SPARQL query is executed as MapReduce jobs
I Data parallel execution
I Examples: HARD [Rohloff & Schantz, 2010] , HadoopRDF [Husain et al., 2011] ,

EAGRE [Zhang et al., 2013] and JenaHBase [Khadilkar et al., 2012]
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Cloud-based Solutions [Kaoudi & Manolescu, 2015]

I RDF data D is partitioned into {D1, . . . ,Dn} and placed on cloud
platforms (such as HDFS, HBase)

I SPARQL query is executed as MapReduce jobs
I Data parallel execution
I Examples: HARD [Rohloff & Schantz, 2010] , HadoopRDF [Husain et al., 2011] ,

EAGRE [Zhang et al., 2013] and JenaHBase [Khadilkar et al., 2012]

Main Idea
Query operations are MapReduce jobs → Operator implementations
on MapReduce [Li et al., 2014]

47



An Example – HadoopRDF [Husain et al., 2011]

I File organization (offline)
I Predicate split: all triples sharing the same predicate go to one file.
I Predicate object split: further dividing the files based on the objects

I Query Evaluation

I Input file selection: For each triple pattern, select the corresponding
files

I MapReduce join: Joining between two or more triple patterns on a
variable

I Order selection: Cost-based join order selection

hasName

foundingYear

BornOnDate

rdf:type
...

rdf:type+country rdf:type+city

?m bornIn ?city “bornIn” file

?m hasName ?name “hasName” file

?m bornOnDate ?bd “bornOnDate” file

MR Join
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Cloud-based Approaches – General Comments
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Cloud-based Approaches – General Comments

+ High scalability
+ Inherently fault-tolerant
− Performance bounded by MapReduce
− Intermediate results can be large
− Optimizations need to be implemented outside the

MapReduce platform
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Overview

RDF Introduction

Centralized Systems – Overview

Scale-out Systems

Federated Systems
SPARQL Endpoints
No SPARQL Endpoints

Conclusions
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SPARQL Endpoint Federation
I No data re-partitioning/re-distribution
I Consider D = D1 ∪D2 ∪ . . . ∪Dn; Di: SPARQL endpoint
I SPARQL query decomposed Q = {Q1, . . . ,Qk}
I Distributed execution of {Q1, . . . ,Qk} over {D1, . . . ,Dn}
I E.g.: SPLENDID [Görlitz & Staab, 2011], ANAPSID [Acosta et al., 2011]

Jamendo

SWDogFood

GeoNames

LinkedMDB

DBPedia NYTimes

RDF Sources

Control Site
Metadata
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I E.g.: SPLENDID [Görlitz & Staab, 2011], ANAPSID [Acosta et al., 2011]

Jamendo

SWDogFood

GeoNames

LinkedMDB

DBPedia NYTimes

RDF Sources

Control Site
Metadata

Main Idea
Data integration approach → Datasets exist at SPARQL endpoints
and queries are pushed to them
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SPARQL Endpoint Federation
I No data re-partitioning/re-distribution
I Consider D = D1 ∪D2 ∪ . . . ∪Dn; Di: SPARQL endpoint
I SPARQL query decomposed Q = {Q1, . . . ,Qk}
I Distributed execution of {Q1, . . . ,Qk} over {D1, . . . ,Dn}
I E.g.: SPLENDID [Görlitz & Staab, 2011], ANAPSID [Acosta et al., 2011]

Jamendo

SWDogFood

GeoNames

LinkedMDB

DBPedia NYTimes

RDF Sources
Control Site

Metadata

Data included at the
source
Supported access patterns
Statistical information
· · ·
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Federated Query Processing

Query
Decomposition &
Source Selection

SPARQL queries

Local Evaluation Join Partial
Matches

SPARQL matches

Jamendo

SWDogFood

GeoNames

LinkedMDB

DBPedia NYTimes

RDF Sources
Control Site
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Query Decomposition
I Each triple pattern maps to a set of RDF sources based on the

values of its subject, property, and object.

SELECT ?x ?n
WHERE {

?x g : parentFeature ?k .
?k g : name ”Canada” .
?y sameAs ?x .
?y n : topicPage ?n .

}

{GeoNames} {GeoNames} {DBPedia,GeoNames,NYTimes,
SWDogFood,LinkedMDB}

{NYTimes}

q1@{GeoNames} q2@{. . .} q3@{NYTimes}
SELECT ?x
WHERE {

?x g : parentFeature ?k .
?k g : name ”Canada” .

}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?n
WHERE {

?y n : topicPage ?n .
}
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Query Decomposition
I Each triple pattern maps to a set of RDF sources based on the

values of its subject, property, and object.

SELECT ?x ?n
WHERE {

?x g : parentFeature ?k .
?k g : name ”Canada” .
?y sameAs ?x .
?y n : topicPage ?n .

}

{GeoNames} {GeoNames} {DBPedia,GeoNames,NYTimes,
SWDogFood,LinkedMDB}

{NYTimes}

q1@{GeoNames} q2@{. . .} q3@{NYTimes}
SELECT ?x
WHERE {

?x g : parentFeature ?k .
?k g : name ”Canada” .

}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?n
WHERE {

?y n : topicPage ?n .
}
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Data Localization
I Metadata-based approaches

I Use the information in the metadata repository to determine which
sources are relevant

I DARQ [Quilitz & Leser, 2008]

I QTree [Harth et al., 2010; Prasser et al., 2012]

I HiBISCus [Saleem & Ngomo, 2014]

I . . .

I ASK query-based approach
I Asking whether or not a triple pattern has an answer at a source
I FedX [Schwarte et al., 2011a,b]
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Query Execution

Jamendo

SWDogFood

GeoNames

LinkedMDB

DBPedia NYTimes

Metadata

SELECT ?x ?n
WHERE {

?x g : parentFeature ?k .
?k g : name ”Canada” .
?y sameAs ?x .
?y n : topicPage ?n .

}

SELECT ?x
WHERE {

?x g : parentFeature ?k .
?k g : name ”Canada” .

}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?x
WHERE {

?y sameAs ?x .
}

SELECT ?y ?n
WHERE {

?y n : topicPage ?n .
}

55



Not All RDF Storage Sites are SPARQL Endpoints
I Use the mediator-wrapper paradigm
I Wrappers provide SPARQL endpoint functionality
I Mediators may be introduced if wrappers are thin
I E.g.: DARQ [Quilitz & Leser, 2008], FedX [Schwarte et al., 2011b]

Jamendo

SWDogFood

GeoNames

LinkedMDB

DBPedia NYTimes

RDF Storage
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W
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pp
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ra

pp
er

M
ed

ia
to

r

RDF Storage
B

RDF Sources
Control Site

Metadata
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UniProt Federation – EBI RDF Platform
Curated computational models of biological processes

Sample information for reference samples and samples for
which data exist in one of the EBI’s assay databases

Curated chemical database of bioactive molecules with
drug-like properties

Genome databases for vertebrates and other eukaryotic
species

Gene expression data from the Gene Expression Atlas

Curated and peer-reviewed pathways
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Federated Access to UniProt Collection
Get the Reactome pathways where Q16850 is associated, then get all the other
proteins in that pathway and pull out their expression from the atlas, along
with the GO annotations from UniProt

PREFIX rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#>
PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX biopax3: <http://www.biopax.org/release/biopax-level3.owl#>
PREFIX atlasterms: <http://rdf.ebi.ac.uk/terms/atlas/>
PREFIX upc:<http://purl.uniprot.org/core/>
SELECT DISTINCT ?pathwayname ?expressionValue ?golabel
WHERE {
# Get the pathways that reference Q16850
?pathway rdf:type biopax3:Pathway .
?pathway biopax3:displayName ?pathwayname .
?pathway biopax3:pathwayComponent
[?rel [biopax3:entityReference ?dbXref]] .
?pathway biopax3:pathwayComponent
[?rel [biopax3:entityReference <http://purl.uniprot.org/uniprot/Q16850>]] .

# Get the expression for those proteins
SERVICE <http://www.ebi.ac.uk/rdf/services/atlas/sparql> {
?value rdfs:label ?expressionValue .
?value atlasterms:pValue ?pvalue .
?value atlasterms:isMeasurementOf ?probe .
?probe atlasterms:dbXref ?dbXref .

}

# get the GO functions from Uniprot
SERVICE <http://uniprot.org/sparql> {
?dbXref a upc:Protein ;
upc:classifiedWith ?keyword .
?keyword rdfs:seeAlso ?goid .
?goid rdfs:label ?golabel .

}
}
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Federated Approach – General Comments

+ Data integration approach – realistic for existing knowledge
graphs

− SPARQL endpoints are unreliable (up to 64% offline at any point)
− Not all RDF data storage points are SPARQL endpoints –

mediators are not easy
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Overview

RDF Introduction

Centralized Systems – Overview

Scale-out Systems

Federated Systems

Conclusions
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Take-aways

I Although a lot of work & systems, still immature
I Multiple communities

I Semantic web→ functionality
I Data management→ performance

I Most work only considers BGP, not full SPARQL 1.1
I Algebra definitions are starting→ potential for relational style

distributed execution
I Opportunities for views, multiquery optimization [Peng et al., 2018],

cost-based optimization open
I Dynamism of the underlying RDF datasets needs to be considered

I Harder to distribute due to potentially heavy data movement
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Zou, L., Mo, J., Chen, L., Özsu, M. T., & Zhao, D. (2011). gStore: answering SPARQL queries via subgraph matching. Proc. VLDB

Endowment, 4(8), 482–493.
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