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Introduction
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Data integration - Entity Linkage

Combine data from various sources and applications

Create a unified view over the data:

@ Variations in textual representations
e.g., "J. Web Sem.”, “Journal of Web Semantics”

@ Evolving nature of data
e.g., “Jacqueline Lee Bouvier’, “Jackie Kennedy”, “Jackie Onassis”

@ Lack of a global coordination for identifier assignment
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Data integration - Entity Linkage

Combine data from various sources and applications

Create a unified view over the data:

@ Variations in textual representations
e.g., "J. Web Sem.”, “Journal of Web Semantics”

@ Evolving nature of data
e.g., “Jacqueline Lee Bouvier’, “Jackie Kennedy”, “Jackie Onassis”

@ Lack of a global coordination for identifier assignment

Entity Linkage
— ldentifying data describing the same real world object

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data



Introduction
oeo

Entity Linkage - Existing Approaches

@ Atomic similarity metrics
compute matching of two entities [CRFO03]

@ Similarity of data sets
deals with entities that are provided as sets [0S99, DHO5]

© Entity inner-relationships
improves matching through available relationships [KM06, DHMO05]

Q@ Model alternative matches as uncertain data

processing follows the possible worlds semantics [AFMO06]
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Entity Linkage - Existing Approaches

Typical Process [EIV07]:
@ Detect entity linkages (with probabilities)
@ Merge entities (those above a threshold)

© Query answering over database with merged entities

Data in modern Web applications is not static
Change syntax, structure, and semantics [Vel08, EIV07]

— Mechanism for addressing new challenges
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Motivating Example

title:  Harry Potter and the Chamber of Secrets 0.6 Entities set of attributes

starring: Daniel Radcliffe 0.7 . .

starring: Emma Watson 04 Attributes: name-value pair

writer:  J.K. Rowling 0.6 . .

genre:  Fantasy 0s Aligned with dataspaces [HFMO6]
title:  Harry Potter and the Chamber of Secrets 0.8 a nd |dea Qf Concepts [DK P+09]
genre: Fantasy 0.8

writer: J.K. Rowling 0.7

name: International Business Machines 0.9

base: New York 0.7

date: 2002 0.7

existing.entifie:
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 EntltleS: set Of att”butes
starring: Daniel Radcliffe 0.7 . .
starring: Emma Watson 04 Attributes: name-value pair
writer:  J.K. Rowling 0.6 . .
genre:  Fantasy 0s Aligned with dataspaces [HFMO6]
title:  Harry Potter and the Chamber of Secrets 0.8 a nd |dea Qf Concepts [DK P+09]
genre: Fantasy 0.8
writer: J.K. Rowling 0.7
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7
existing.entifie:
title: Harry Potter and the Chamber of Secrets 0.7
date: 2002 0.8
starring: Daniel Radcliffe 0.5
starring: Emma Watson 0.9
codename: The Big Blue 0.8
location: California 0.5
new.entities.

oannol nkage for Heter: Uncertain, and Volatile Data
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6

starring: Daniel Radcliffe 0.7

starring: Emma Watson 0.4

writer:  J.K. Rowling 0.6

genre:  Fantasy 0.6

title: Harry Potter and the Chamber of Secrets 0.8

genre: Fantasy 0.8

writer: J.K. Rowling 0.7

name: International Business Machines 0.9

base: New York 0.7

date: 2002 0.7
existing.entifie:

title: Harry Potter and the Chamber of Secrets 0.7

date: 2002 0.8

starring: Daniel Radcliffe 0.5

starring: Emma Watson 0.9

codename: The Big Blue 0.8

location: California 0.5
new.entities.

Entities: set of attributes

Attributes: name-value pair

Aligned with dataspaces [HFMO6]
and idea of concepts [DKP*09]

Challenges

e Heterogeneity:
- absence of uniform schema
- variations in representations

Ekaterini loannou
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 Entities set Of attributes
starring: Daniel Radcliffe 0.7 . .
starring: Emma Watson 04 Attributes: name-value pair
writer:  J.K. Rowling 06 . .
genre:  Fantasy 0s Aligned with dataspaces [HFMO6]
title:  Harry Potter and the Chamber of Secrets 0.8 a nd |dea Qf Concepts [DK P+09]
genre: Fantasy 0.8
writer: J.K. Rowling 0.7
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7 Challenges
existing entitie e Heterogeneity
title: Harry Potter and the Chamber of Secrets 0.7 .
date: 2002 0.8 o U ncertainty:
starring: Daniel Radcliffe 0.5 . -
starring:_Emma Watson 09 - extraction confidence
codename: The Big Blue 0.8 _ H ih
location: California 0.5 rel 1a bl I Ity Of Sou rce
Tew ntites. - outdated or inconsistent
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 Entities set Of attributes
starring: Daniel Radcliffe 0.7 . .
starring: Emma Watson 04 Attributes: name-value pair
writer:  J.K. Rowling 06 . .
genre:  Fantasy 0s Aligned with dataspaces [HFMO6]
title:  Harry Potter and the Chamber of Secrets 0.8 and |dea Qf Concepts [DKP+09]
genre: Fantasy 0.8
writer: J.K. Rowling 0.7
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7 Challenges
existing entitie e Heterogeneity
title: Harry Potter and the Chamber of Secrets 0.7 .
date: 2002 0.8 ° Uncertalnty
starring: Daniel Radcliffe 0.5 .
starring:_Emma Watson 09 e Volatile nature of data:
codename: - The bg Blue 08 - data reduction, addition,
ocation: California 0.5 . )
ew.eniites and modification
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 Tradltlonal Ilnkage approach
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6 e e
For initial entities:
title: Harry Potter and the Chamber of Secrets 0.8
genre: Fantasy 08 e merge 15t_2”d
writer: J.K. Rowling 0.7
name: International Business Machines 0.9 [ ] replace eXlStlng entItIeS
base: New York 0.7
date: 2002 0.7

existing.entifie:
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 Tradltlonal Ilnkage approach
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6 e .
For initial entities:
title:  Harry Potter and the Chamber of Secrets 0.8
genre: Fantasy 0.8 PY merge 15t_2nd
writer: J.K. Rowling 0.7
name: International Business Machines 0.9 [ ] replace eXlStlng entItIeS
base: New York 0.7
date: 2002 0.7

existing entitie:
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 Tradlt'onal Ilnkage approach
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6 e “, . .
For initial entities:

title: Harry Potter and the Chamber of Secrets 0.8 d
genre: Fantasy 0.8 [ merge 15t_2”
writer: J.K. Rowling 0.7
name: International Business Machines 0.9 [ ] replace eXlStlng entItIeS
base: New York 0.7
date: 2002 0.7

existing entitie: O . f o
Title: | Harry Potter and the Chamber of Secrets 0.7 ptions tfor new entities:
date: 2002 0.8 1
starring: Daniel Radcliffe 05 = also merge 4th
starring: Emma Watson 0.9 2
codename: The Big Blue 0.8 3 1
location: California 0.5 no mergl ng

new.entities.

kage for Heterogeneous, Uncertain, and Vola
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Motivating Example

title: Harry Potter and the Chamber of Secrets 0.6 Tradltlonal Ilnkage approach
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6 e “, . .
For initial entities:

title: Harry Potter and the Chamber of Secrets 0.8 d
genre: Fantasy 0.8 [ merge 15t_2”
writer: J.K. Rowling 0.7
name: International Business Machines 0.9 [ ] replace eXlStlng entItIeS
base: New York 0.7
date: 2002 0.7

existing entitie: O . f o
Titler  Harry Potter and the Chamber of Secrets 0.7 ptions for new entities:
date: 2002 0.8 1
starring: Daniel Radcliffe 05 = also merge 4th
starring: Emma Watson 0.9 2
codename: The Big Blue 0.8 3 1
location: California 0.5 no mergl ng

new.entities.

Problem:

Ignores options that would arise from
revisiting any of the previous merging
decisions
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Summary of Approach

Entity linkage process:
@ No a-priory merging of entities
@ Maintain linkage information alongside the data

@ On-the-fly entity-aware query processing

Main subproblems:

@ Modeling Entities and Linkages
@ Efficient Query Processing
© Detecting Probabilistic Entity Linkage

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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@ Introduction

© Probabilistic Linkage Database (LinkDB)
© Query Processing for LinkDB

@ Detecting Probabilistic Entity Linkages

© Conclusions
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© Probabilistic Linkage Database (LinkDB)
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Entities & Linkages

title: Harry Potter and the Chamber of Secrets 0.6

starring: Daniel Radcliffe 0.7

starring: Emma Watson 0.4 L k 3

writer:  J.K. Rowling 0.6 n ages'

genre: _Fantasy 06 - lg,e When entities refer to

title: Harry Potter and the Chamber of Secrets 0.7 the same Ob-JeCtS

date: 2002 08 - probabilities reflect belief of 1, e
starring: Daniel Radcliffe 0.5 e
starring: Emma Watson 0.9

title:  Harry Potter and the Chamber of Secrets 0.8

genre: Fantasy 0.8

writer: J.K. Rowling 0.7

codename: The Big Blue 0.8

location: California 0.5

name: International Business Machines 0.9

base: New York 0.7

date: 2002 0.7

Entity Linkage for Heterogeneous, Uncertain, and Volatile Data



Example

title: Harry Potter and the Chamber of Secrets 0.6
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6
title: Harry Potter and the Chamber of Secrets 0.7
date: 2002 0.8
starring: Daniel Radcliffe 0.5
starring: Emma Watson 0.9
title:  Harry Potter and the Chamber of Secrets 0.8
genre: Fantasy 0.8
writer: J.K. Rowling 0.7
codename: The Big Blue 0.8
location: California 0.5
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7

Query:
(name="The Big Blue",
base="New York")

Assuming no linkages:
zero results

Accepting linkage e;=es
answer: merge(eq,es)

i loanno Entity Linkage for Heter:

neous, Uncertain, and Volatile Data



Example

title: Harry Potter and the Chamber of Secrets 0.6 Q Uery:

starring: Daniel Radcliffe 0.7 H o . "
starring: Emma Watson 0.4 <Wr|ter7 ‘J . K ROWllng !
writer:  J.K. Rowling 0.6 genre= “Fa ntasy” >

genre:  Fantasy 0.6

title: Harry Potter and the Chamber of Secrets 0.7 POSS' ble AnSWerS:

date: 2002 0.8 e e

starring: Daniel Radcliffe 0.5 1, €3

starring: Emma Watson 0.9

title:  Harry Potter and the Chamber of Secrets 0.8

) genre: Fantasy 0.8
€3 | writer: J.K. Rowling 0.7
codename: The Big Blue 0.8
location: California 0.5

name: International Business Machines 0.9

base: New York 0.7

date: 2002 0.7

Entity Linkage for Heterogeneou

Uncertain, and Volatile Data



Example

title: Harry Potter and the Chamber of Secrets 0.6
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6
title: Harry Potter and the Chamber of Secrets 0.7
date: 2002 0.8
starring: Daniel Radcliffe 0.5
starring: Emma Watson 0.9
title:  Harry Potter and the Chamber of Secrets 0.8

) genre: Fantasy 0.8
€3 | writer: J.K. Rowling 0.7
codename: The Big Blue 0.8
location: California 0.5
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7

Entity Linkage for Heterogeneou

Query:
(writer="J.K. Rowling",
genre="Fantasy” )

Possible Answers:
€1, €3
merge(er,e), €

Uncertain, and Volatile Data



Example

title: Harry Potter and the Chamber of Secrets 0.6
starring: Daniel Radcliffe 0.7
starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6
title: Harry Potter and the Chamber of Secrets 0.7
date: 2002 0.8
starring: Daniel Radcliffe 0.5
starring: Emma Watson 0.9
title:  Harry Potter and the Chamber of Secrets 0.8

) genre: Fantasy 0.8
€3 | writer: J.K. Rowling 0.7
codename: The Big Blue 0.8
location: California 0.5
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7

Query:
(writer="J.K. Rowling",
genre="Fantasy” )

Possible Answers:
€1, €3
merge(er,e), €3
merge(ey,€e3)

Entity Linkage for Heterogeneou

Uncertain, and Volatile Data
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i loanno

Entity Linkage for Heter

title: Harry Potter and the Chamber of Secrets 0.6 Q Uery:

starring: Daniel Radcliffe 0.7 H o . "
starring: Emma Watson 0.4 <Wr|ter7 ‘J . K ROWllng !
writer:  J.K. Rowling 0.6 genre= “Fa ntasy” >
genre:  Fantasy 0.6

title: Harry Potter and the Chamber of Secrets 0.7 POSSI ble AnSWerS:

date: 2002 0.8 e e

starring: Daniel Radcliffe 0.5 1, €3

starring: Emma Watson 0.9 merge(el Ye2)v €3

title:  Harry Potter and the Chamber of Secrets 0.8 merge(el '63)

genre: Fantasy 0.8 merge( e e

writer: J.K. Rowling 0.7 g ( 1.€2, 3)

codename: The Big Blue 0.8

location: California 0.5

name: International Business Machines 0.9

base: New York 0.7

date: 2002 0.7

neous, Uncertain, and Volatile Data



LinkDB
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Possible Worlds - Example [DS04]

SP = 17 =

A B C|D
st |'m” [ 1 ]0.8 t1 |1 ‘p’ ] 0.6
So | ‘m” |1 |05

database instance | probability |

Dlz{é‘l,b‘g.f,l} 0.24
pwd(DP) =| Dy = {s1,t1} 0.24
Dg = {8271‘1} 0.06
Dy = {t;} 0.06
D5 = {.91”92} 0.16
DG = {5‘1} 0.16
D7 = {5’2} 0.04
Dg=0¢ 0.04

P(Dg) = (1—P(51)) X P(SQ) X P(tl) =02x05x0.6

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Possible |-world

title: Harry Potter and the Chamber of Secrets 0.6
starring: Daniel Radcliffe 0.7
1 | starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6
genre:  Fantasy 0.6
{09
; title:  Harry Potter and the Chamber of Secrets 0.7
. date: 2002 0.8
ez | starring: Daniel Radcliffe 0.5
1 0.6 starring: Emma Watson 0.9
title: Harry Potter and the Chamber of Secrets 0.8
=) genre: Fantasy 0.8
€3 [ \writer: J.K. Rowling 0.7
e | codename: The Big Blue 038
/@4 | location: __California 0.5
0.8
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7

Linkage Specification is an accepted subset, e.g., LP={1¢ e,, Lo e}

oanno! Entity Linkage for Heter:
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Possible |-world

title: Harry Potter and the Chamber of Secrets 0.6 ° title: Harry Potter and the Chamber of Secrets 0.6
starring: Daniel Radcliffe 0.7 €12 | starring: Daniel Radcliffe 0.7
1 | starring: Emma Watson 0.4 starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6 writer:  J.K. Rowling 0.6
{ genre:  Fantasy 0.6 genre:  Fantasy 0.6
09 title:  Harry Potter and the Chamber of Secrets 0.7
H date: 2002 0.8
title: Harry Potter and the Chamber of Secrets 0.7 starring: Daniel Radcliffe 05
o |date: 2002 08 starring: Emma Watson 0.9
ez | starring: Daniel Radcliffe 0.5
106 starring: Emma Watson 0.9 ° Harry Potter and the Chamber of Secrets 0.8
i €s Fantasy 0.8
title:  Harry Potter and the Chamber of Secrets 0.8 writer: J.K. Rowling 0.7
=) genre: Fantasy 0.8
€3 [ \writer: J.K. Rowling 0.7 . codename: The Big Blue 0.8
€t | location:  California 0.5
N H pame:  Interational Business Machines 09
4 | location: California 0.5 date: 2002 0.7
0.8
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7

Linkage Specification is an accepted subset, e.g., LP={1¢ e,, Lo e}

oannol
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Possible |-world

title: Harry Potter and the Chamber of Secrets 0.6 ° title: Harry Potter and the Chamber of Secrets 0.6
starring: Daniel Radcliffe 0.7 €12 | starring: Daniel Radcliffe 0.7
1 | starring: Emma Watson 0.4 starring: Emma Watson 0.4
writer:  J.K. Rowling 0.6 writer:  J.K. Rowling 0.6
{ genre:  Fantasy 0.6 genre:  Fantasy 0.6
09 title:  Harry Potter and the Chamber of Secrets 0.7
H date: 2002 0.8
title: Harry Potter and the Chamber of Secrets 0.7 starring: Daniel Radcliffe 05
o |date: 2002 08 starring: Emma Watson 0.9
ez | starring: Daniel Radcliffe 0.5
106 starring: Emma Watson 0.9 ° Harry Potter and the Chamber of Secrets 0.8
i €s Fantasy 0.8
title:  Harry Potter and the Chamber of Secrets 0.8 writer: J.K. Rowling 0.7
=) genre: Fantasy 0.8
€3 [ \writer: J.K. Rowling 0.7 . codename: The Big Blue 0.8
€t | location:  California 0.5
N H pame:  Interational Business Machines 09
4 | location: California 0.5 date: 2002 0.7
0.8
name: International Business Machines 0.9
base: New York 0.7
date: 2002 0.7

Linkage Specification is an accepted subset,

Some L% are invalid:
Example for = L={1¢ &), Leresr Ley,es}
LP={1¢ e, Le e} isinvalid — transitivity: eg=e;=e3 AND ex#e3

oannol

Entity Linkage for Heter:

eg., LP={1c e Loy}
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Possible |-world & Possible world

o, [codename: The Big Bue 08

@ Valid linkage specifications gp | oo S —
. i name: International Business Machines 0.9

= possible |-worlds o |beser Newvork 07

es | date: 2002 0.7

codename: The Big Blue 0.8
location: California 0.5
name: International Business Machines 0.9
base: New York 0.7

@ Probabilities on linkages are eliminated

@ BUT attribute probabilities are still

date: 2002 0.7
present location: California
) name: International Business Machines
@ Generate the possible worlds e o

(as performed in probabilistic databases)

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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The different kinds of probabilistic databases

probabilistic regular database
linkage database (a possible world)
. linkage attribute
specification selection
Core

probabilistic database
with linkages
(a possible I-world)

computation probabilistic database
_—
(the core)

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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LinkDB
.

the-Fly Query Processing

Given a database and a query:

o

(2]
o
o

© 0

generate all possible /-worlds
identify and ignore invalid /-worlds
compute probability of each /-world

generate all possible worlds
(for each /-world)

compute probability of each world

identify worlds satisfying query

probabilistic
linkage database

linkage
specification

Core

probabilistic database computation

with linkages
(a possible I-world)

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data

regular database
(a possible world)

attribute
selection

probabilistic database
(the core)




On-

LinkDB
.

the-Fly Query Processing

Given a database and a query:

o

(2]
o
o

© 0

generate all possible /-worlds
identify and ignore invalid /-worlds
compute probability of each /-world

generate all possible worlds
(for each /-world)

compute probability of each world

identify worlds satisfying query

probabilistic regular database
linkage database (a possible world)
| finkage attribute
specification selection
— Core
pl’Obal?thpC database computation probabilistic database
with linkages —_—

(a possible I-world) (the core)

— Prohibitively Expensive
(both space and time)

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Summary & Contributions

@ Combines aspects of entity linkage and of probabilistic databases

@ Generic entity-based representation model for highly heterogeneous,
and volatile data

@ Supports the simultaneous representation of possible linkages
between entities alongside the original data

@ Uncertainty not only on the attributes of the entities, but also on
their linkages

[SI11] S. Staworko, E. loannou. Management of inconsistencies in data integration. Chapter to be
included in Dagstuhl Follow-up Series on Data Exchange, Integration, and Streams, 2011.

[INNV10] E. loannou, W. Nejdl, C. Niederée, Y. Velegrakis. On-the-Fly Entity-Aware Query
Processing in the Presence of Linkage. PVLDB, 3(1):429-438, 2010.

[loa09] E. loannou. Entity-Aware Query Processing for Heterogeneous Data with Uncertainty and
Correlations. In Joint EDBT/ICDT Ph.D. Workshop, 2009.

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Outline

© Query Processing for LinkDB
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Query Processing
[ 1]

Related Work

Recent approaches on managing probabilistic data:
e.g., Trio [ABST06], MayBMS [AKOOQ7], Suciu et al. [DS04, RDSO07]

Majority of existing probabilistic techniques:

@ Typically the probabilities per tuple (alternative values)
@ Based on independence assumption between data

@ Focus on efficient query processing

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data



Query Processing
oe

Related Work

Two approaches are more related: [DHY07, AFMO06]

Data Integration with Uncertainty [DHY07]:
@ Probabilistic mappings between schema information

@ Can become input to LinkDB (as entity linkages)

Clean Answers over Dirty Databases [AFMo6]:
@ Each tuple is an entity
@ Matches between entities are known

@ No correlations between entities

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Representing & Indexing Factors

@ Common approach in probabilistic databases is to partition the data
into a series of independent groups [AKOO07, DS07, RS08, SD07]

@ We follow a similar idea to [SDO7], since they manage uncertain
data with correlations

L is the set of linkages, e.g., {1 e, Ley,esr Legiost
Factors are pairwise linked entities, e.g., {{e1, e, &3}, {es,e5}}

L has many factors: ‘C.ﬂ' L’ch,

Possible /-worlds created as follows:

plw((E, L, p%,p")) = Ljfp X E‘}P X ... X chp

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Representing & Indexing Factors - Example

L={le e Lejes Lo} has two independent factors:

Factor f; = {ej,e2,e3} for Lp={lej,e Ly} Factor f, = {es,e5} for Lp,={lege5}
ﬁj‘;(l):{LelﬁrlehEB} 0.9x0.6=0.54 ﬁj‘z’(l):{ze4,65} 0.8
LP2)={le; e} 0.9x(1-0.6)=0.36 X L% 2)={} (1-0.8)=0.2
h ’ f
ﬁj‘l’@):{“ﬂ%} 0.6 (1-0.9)=0.06
Lj"(4):{} (1-0.9) x (1-0.6)=0.04
1

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Representing & Indexing Factors - Example

L={le e Lejes Lo} has two independent factors:

Factor f; = {er.ep.e3} for Ly ={le,ep. Loy e3} Factor f, = {es.e5} for L1 ={1ej.e5}
( J={ler,ep:ler e} 0.9x0.6=0.54 ﬁj‘z’(n:{z%%} 0.8
(2) {lej,e} 0.9%(1-0.6)=0.36  x Lj:(2):{} (1-0.8)=0.2
(3) {lep,e5} 0.6 % (1-0.9)=0.06
(4) {} (1-0.9) x (1-0.6)=0.04

Possible [-world Required Merges Probability

h={lej,er. Lej,e5:legres}  |e1=e2=e3, e4=e5 [0.54 x 0.8 = 0.432

h={lej,es lej.e3} el =ex=e3, €4, es  [0.54 x 0.2 = 0.108

B={lej,er: Ley,e5t e1=ey, €3, eg=es [0.36 x 0.8 = 0.288

la={lej,ep } e1=ey, €3, e, e5(0.36 X 0.2 =0.072

Is={le;,e3. Leg,e5) e1=e3, €, e,=es |0.06 x 0.8 = 0.048

l6={le;,e5} e, e1=e3, €, e5[0.06 x 0.2 =0.012

l7={ley,e5} e1, €, e3, e=es |0.04 x 0.8=0.032

ls={} e1, e, €3, e e50.04 x 0.2 =0.008
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Deciding the Entity Merges

Exploit factors to avoid considering all the possible |l-worlds:
© For each query condition we create an entity set E; with the entities
satisfying the specific attribute

@ Cartesian product of these sets with the condition that the entities
are of the same factor
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Deciding the Entity Merges

Exploit factors to avoid considering all the possible |l-worlds:
© For each query condition we create an entity set E; with the entities
satisfying the specific attribute

@ Cartesian product of these sets with the condition that the entities
are of the same factor

Example
Q: (starring="Emma Watson", date="2002")
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Deciding the Entity Merges

Exploit factors to avoid considering all the possible |l-worlds:

© For each query condition we create an entity set E; with the entities
satisfying the specific attribute

@ Cartesian product of these sets with the condition that the entities
are of the same factor

Example
Q: (starring="Emma Watson", date="2002")
1st Condition: e, & — Ey={f, —e1, f,—e}

2nd Condition: e, es = Er={f,—es, f,—e5}

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data
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Deciding the Entity Merges

Exploit factors to avoid considering all the possible |l-worlds:

© For each query condition we create an entity set E; with the entities
satisfying the specific attribute

@ Cartesian product of these sets with the condition that the entities
are of the same factor

Example

Q: (starring="Emma Watson", date="2002")
1st Condition: e, & — Ey={f, —e1, f,—e}

2nd Condition: e, es = Er={f,—es, f,—e5}

Cartesian product: (f,—e1,f,—€2) and (f,—e2,f,—€2)
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Deciding the Entity Merges

Exploit factors to avoid considering all the possible |l-worlds:

© For each query condition we create an entity set E; with the entities
satisfying the specific attribute

@ Cartesian product of these sets with the condition that the entities
are of the same factor

Example

Q: (starring="Emma Watson", date="2002")

1st Condition: e, & — Ey={f,—e1, f,—e2}

2nd Condition: e, es = Er={f,—es, f,—e5}
Cartesian product: (f,—e1,f,—€2) and (f,—e2,f,—€2)

— merge(e;, &), and merge(er)
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Computing |-world probabilities

Probability given a query:

m
H Pr(LjC"J | ¢m), where ¢, are the conditions describing a merge
i=1 o

@ To reduce computation time we consider only the maximum
probability

@ Create a weighted undirected graph G:
nodes are the entities from linkages 1, ¢
edges are the linkages 1, ¢

@ merge(ey,e,...,€,) is a spanning tree connecting e;,ey,. . . €,

@ Algorithm is finding shortest paths in graphs
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Possible worlds and their probabilities

Probabilities of the attributes, specifically in the case of duplication
Dependencies that may exist among attributes

A. Independent Attributes

- No restrictions, i.e., no correlations between attributes
- An entity generated for each merge

- merge(ey, ..., e,) = (id’, UL,e.A)

B. Exclusive Attributes

- An entity must have at most one occurrence of such attributes

- Cluster exclusive attributes, i.e., M = {{e1.aj, e1.¢j,...}}

- merge(ey, ..., ;) = (id’, A ), where
AC(My X My x...x Mp)U{a | ad¢ U M.a}
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Possible worlds and their probabilities - Example

Consider exclusive attributes (name-value pair):
@ starring: “Daniel Radcliffe”
@ starring: “Emma Watson”

Figure shows the possible worlds for merge(e;,e>)

aid. name value p
e ajg | starring | Daniel Radcliffe | 0.7
& ajp | starring Emma Watson 0.4

ain writer J.K. Rowling 0.6

a3 genre Fantasy 0.6
e ayy | starring | Daniel Radcliffe | 0.5
© apy | starring Emma Watson 0.9
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Query Processing
[eleTeleYel ]

Possible worlds and their probabilities - Example

Consider exclusive attributes (name-value pair):
@ starring: “Daniel Radcliffe”
@ starring: “Emma Watson”

Figure shows the possible worlds for merge(e;,e>)

aid. name value 1] Possible Worlds
e ajg | starring | Daniel Radcliffe | 0.7 (1) (2) (3) (4)
& ajp | starring Emma Watson 0.4 aio azo aio azo
ain writer J.K. Rowling 0.6 ai arl asy azi
a3 genre Fantasy 0.6 a2 aiz ae a2
e ayy | starring | Daniel Radcliffe | 0.5 ai3 ai3 ai3 ai3
© apy | starring Emma Watson 0.9
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Experimental Evaluation - Influence of Linkages

Movie Dataset:
@ 13,435 movies (23,182 IMDb, & 28,040 DBpedia)

@ Two string similarity methods: Jaccard and Jaro

1.00 T T T T
095 —

5090
go8s

& 0.80 Jaccard
0.75 Jaro

0.20
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Query Processing
®00

Experimental Evaluation - Influence of Linkages

Movie Dataset:
@ 13,435 movies (23,182 IMDb, & 28,040 DBpedia)

@ Two string similarity methods: Jaccard and Jaro

1.00 . . | :

095 o

So090f

¢ 0.85[

o 0.80[" Jaccard -------
075 Jaro

0.20 0.40

12000 F= T ™
Jaro ==
Jaccard ===

1000

1 [_ZUI—J()_‘I_JO_'E[—IHH ‘r;l)-

60 70 80

@ Few factors have a large size

Appearances

@ Less overall processing time

Factor Size
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Experimental Evaluation

Algorithms:
@ EAQP: our approach for entity-aware query processing
@ ELA: entity linkage techniques with unmerged results [WMK™*09]
@ PDBA: probabilistic databases (only for efficiency) [AFMO06]

Cora Dataset:
@ Probabilistic entity linkages for publication authors

@ 9,774 author descriptions that refer to 2,882 real world objects

l Entity Linkages (under threshold t) ‘

t=0.52 t=0.58 t=0.62 t=0.68 t=0.72 t=0.78
12,440 12,012 10,775 6,394 5,985 4,184
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Experimental Evaluation

Effectiveness: 0s ‘ : .
08 | M ‘5’7”57";‘"’3 i

@ F-measure: weighted harmonic ok |
mean of precision /recall foel |

@ EAQP exhibits a higher B R g ]
F-measure than ELA ool ‘ , ‘ : A

05 0.55 075 08

06 0.65 07
entity linkage threshold

@ Higher difference for threshold
values 0.65-0.75
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Query Processing

[e]e] J

Experimental Evaluation

Effectiveness:

@ F-measure: weighted harmonic
mean of precision /recall

@ EAQP exhibits a higher
F-measure than ELA

f-measure

@ Higher difference for threshold
values 0.65-0.75

Efficiency: e s s s PR
PDBA ---:---

120 ELA ]

@ Small increase in time Tl ]
) e ]

@ Remains under 70 msec. fof T T ]

® 40| |

@ Scalable methodology 1O ]

4000 5000 6000 7000 800D 9000 10000 11000 12000 13000
entity linkages
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Query Processing
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Summary & Contributions

@ Methodology to efficiently compute the answers for entity queries
under probabilistic linkages

@ Additional valid query answering results, compared to those of
entity linkage and probabilistic databases

@ Reasoning about the entity linkages is on the fly, i.e., results inferred
by query conditions

[INNV10] E. loannou, W. Nejdl, C. Niederée, Y. Velegrakis. On-the-Fly Entity-Aware Query
Processing in the Presence of Linkage. PVLDB, 3(1):429-438, 2010.

[INNV11] E. loannou, W. Nejdl, C. Niederée, Y. Velegrakis. LinkDB: A Probabilistic Linkage
Database System. In SIGMOD Conference (demo track), 2011.
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Detecting Linkages

Outline

@ Detecting Probabilistic Entity Linkages
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Detecting Linkages
°

Related Work

Existing approaches:
e Off-line processing and merging of the entities [EIV07]

@ Few approaches showed that relationships improve
effectiveness, e.g., [DHMO05, KM06]

@ Improvements through relationships and propagation of
matching results

Probabilistic Entity Linkages:
@ Incremental computation

@ Easier adaptation when new data is available
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Bayesian Networks - Overview

Probabilistic graphical models for reasoning under uncertainty
Nodes: variables with two or more possible states
Edges: cause-effect (observed) relationships

Nodes are accompanied with:
e Unconditional probability (no parents)

e Conditional probability (given parents)

Probabilistic Inference:
Determines (given any new effects) the conditional probabilities
of cause nodes
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Bayesian Networks - Overview

© City
Irteresting 85%
[Boring 15%

O Nice Cuisine @ Museum

[fes 0% Three 100%
|ho 100% Four 0%

[e] City

Interesting 53% (L]
Boring a7 =

=2 (oo ©  Museum
o Mice Cuisine O Museum & Mice Cuisine
[Thres 0% [Thres 0%
jres % ur 100% [Four 100% |
Mo 100%
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Structure of the Bayesian Network

Nodes in the Bayesian network:
Linkage: possible match between entities
Supporting evidence: observed similarities (Soundex, StringSim)
Direct-Relation: related resources
Deductive-Relation: indirect related resources
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©00000

Structure of the Bayesian Network

Nodes in the Bayesian network:
Linkage: possible match between entities
Supporting evidence: observed similarities (Soundex, StringSim)
Direct-Relation: related resources
Deductive-Relation: indirect related resources

Cause-effect relationships in the Bayesian network:

Effect Nodes: (1) Evidence (2) Direct-Rel. (3) Deductive-Rel.
Cause nodes:

(1) Linkage Vv Vv

(2) Ded.-Rel. vV Vv

Ekaterini loannou - Entity Linkage for Heterogeneous, Uncertain, and Volatile Data



Detecting Linkages
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Incremental Computation of the Network

Step 1 - Add Evidence/Entity nodes

@ Compare new with existing entities

@ Generate possible matches, i.e., entity linkages
P[ €paper77.authorl = €paper127.authorl ]

@ Add entity/evidence nodes

@ Set state of evidence nodes (observed effect)
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Incremental Computation of the Network

Step 1 - Add Evidence/Entity nodes
Step 2 - Add Direct-Relation nodes

@ Add dir-rel node and cause-effect relationships

P [ €paper77.authorl = €paper127.authorl ]
'_>d|r‘re|(epaper77v epaper127)
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Incremental Computation of the Network

Step 1 - Add Evidence/Entity nodes
Step 2 - Add Direct-Relation nodes
Step 3 - Add Deductive-Relation nodes
@ Transitive relations:
dir'rel(epapeﬂ?x epaper127)

ded-rel(e €email128)
. paperl27, €email128
dir-rel ( €paper?7, eemail128) }

@ Add ded-rel node and cause-effect relationships

@ Stop mechanism using evidence density
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000000

Incremental Computation of the Network

Step 1 - Add Evidence/Entity nodes
Step 2 - Add Direct-Relation nodes
Step 3 - Add Deductive-Relation nodes
Step 4 - Update the Linkages

@ Probabilistic Inference

@ Update the entity linkages in the dataset
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Example

5 52 support(QP127.a2, | | supportf
Oé;;‘ﬁ:?gﬂ:g’:z' Q128 from, soundexSim) Mpo s(u
Good  100% [Good 0%) Moderalgoog H H .
Good 100% eacacrate 100m b [22a - When R is activated:
= = /'P"”' L.t 2 oor @ Receives messages from parent
O [3: linkage(€p77.a2,€E128.102) and children nodes

|True 82% False 4% . .
Fise15% = 3 s @ Computes its own belief

TrR(l1) O r1: dir-rel(€p77,E€128) Send d

MR @ Sends messages to parent an
O R: dir-rel(€p127,EE128) ===7 o 10% H
= aR) T(R) 2 children nodes
i a p— O r2: dir-rel(€p77,EP127)
N Tr2(R) es 70% |

)\R(IZ)\\,/ \TTR(12) Mo 30% %

© [2: linkage(€p127.a3,€E128.101) O [4: linkage(€p77.a1,€P127.a1) |

[rrue 65 I | True 56%)
[Faise35% o [Fasedan
A
I@O support(QlP127.a3, 0E128 to1, soundSim)|
— — 1
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Dataset & Methodology

Collection of publications from CiteSeer

Name variants:
@ Example — “J. Antonisse” ; “"Antonisse , H. J. " ; “Antonisse”

@ Maximum is 88 different entities for the same object

Dataset Information:
@ 1563 publications
@ 2882 triples describing authors

@ 9774 matches between authors
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Precision & Recall

Precision

Recall

0.9
0.8

0.4

/ﬁ_&"'

7
1000 publications —x—
1100 publications —»—
1200 publications —e—
1300 publications
1400 publications —s—
1563 publications

0.4 0.5 0.6 0.7 08 0.9

Threshold

1000 publications
1100 publications —#—
1200 publications —s—
1300 publications
1400 publications —s—
1563 publications

0.4

0.5 0.6 0.7 0.8
Theshold

Detecting Linkages

oe

e Incremental addition of
publications

e Evaluation of linkages for different
probability thresholds

e Maintain precision and recall
values for the different probability
thresholds
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Summary & Contributions

Modeling the entity linkage problem as a Bayesian network

No need to reprocess data for recomputing linkages, as performed
in traditional approaches

Incremental update of linkages when new information arrives

Evaluation illustrates efficiency and effectiveness of approach

[INNO8] E. loannou, C. Niederée, W. Nejd|. Probabilistic Entity Linkage for Heterogeneous
Information Spaces. In CAISE, pages 556-570, 2008.

[IPSN10] E. loannou, O. Papapetrou, D. Skoutas, W. Nejdl. Efficient Semantic-Aware Detection of
Near Duplicate Resources. In ESWC, pages 136-150, 2010.

[MPC*lO] E. Minack, R. Paiu, S. Costache, G. Demartini, J. Gaugaz, E. loannou, P. Chirita, W. Nejdl.
Leveraging personal metadata for Desktop search: The BeagleJrJr system. In Journal of
Web Semantics, 8(1):37-54, 2010.
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Outline

© Conclusions
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Conclusions

@ Entity linkage methodology focusing on heterogeneous, uncertain,
and volatile data

@ Generic data model for entities and linkages between entities
@ The model is probabilistic, with attribute and linkage uncertainty

@ Entity-based query mechanism that exploits linkage information and
uncertainty for retrieving entities

@ Detection and generation of probabilistic entity linkages
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Future Work

Incremental and Adaptive Entity Linkage Index
@ Processing based on the popularity of entities
@ Frequently requested entities: maintain linkages and merges

@ Rarely requested entities: no need to process them

Scaling Entity Linkage to Large Collections

@ Investigating blocking techniques, i.e., separating the data into
blocks and comparing only the data inside each block

@ Existing approaches rely on the homogeneity

@ Need of mechanisms for building blocks, scheduling block
processing, deciding when to stop processing
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Inference
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Example

When R is activated:

52 support(QP127.a2, | | support(
Oe1zs from, soundexSim) | [Good Ssu

e o b 2 Receives A, (R), \,(R),

E00 (G 2 oor
/O [3: linkage(€p77.a2,EE128.002) TI'R(/].), ﬂ-R(/2)

O [1: linkage(€pP127.a2,€E128.from) m‘i Computes BEL(R) _ ()[)\(R)W(R),

Osl: support(QlP127.a2,

QE128.from, StringSim
Good  100%
Moderste 0%
0%

Paor

|True 82% False 4% &
False18% 4
TTR(ll)V:J:,’\A . A O r1: dir-rel(€p77,E€128) Where
s A(R) = A (R)A(R)
O R: dir-rel(€p127,EE128) R Tr_(h-) o 10% ol
== R n — = ,
;ﬂ fz: d ‘r_z__ O r2: dir-rel(€p77,EP127) 7T("?) P(R‘ /1 /2)7TR(/1)7TR(/2)
= 7 a(R) =T ) Send e
R(12) 3 \Wrre(2) bo_30% o ends message to parent nodes:
© [2: linkage(€p127.a3,€E128.101) O [4: linkage(€p77.a1,€P127.a1) | AR(/].) = P( R‘ /].q /2)7TR(/2))\( R)
frue o [ rue fm[ﬁ:
e B Fasi Sends messages to children nodes:

A
eupport(QPiz7.a3, 0] SupPort(QlP127.a3, AE12e to1,soundSim)|
i PO £l 1

m2(R) = m(R)A\(R)
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Experimental Evaluation

Improvements over ELA:
@ Less failures, i.e., empty result sets

@ Entities with higher confidence

600 EAQP enitities had higher probability “=-a~=
EAQP found entities, but ELA failed -- -®--
500
400 | §
8
g
3300
% A
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Example

@ Model the problem using a Bayesian Network

@ Based on a collection of matching evidences

metadata for publ. #77 (M(r77))={..., type: publication
<file:///P77, type, publication>, err7 title:
<file:///P77, title, ... >, ep77.al

<file:///P77/al, name, K. Marriott>,
<file:///P77/a2, name, P. J. Stuckey>}

epP77.a2

metadata for publ. #127 (M(r127))={...,
<file:///P127/al, name, ‘Marriott, K'>, er77.22 | name: P.J. Stuckey

<file:///P127/a2, name, ‘Sndergaard, H’ >,

<file:///P127/a3, name, 'Kelly, A'>} er127 title:
ep127.a1
metadata for email #128 (M(r128))={..., ep127.a2
<file:///E128/tol, name, Kelly A. >, epP127.a3

<file:///E128/from, name, Sndergaard H. >,

<file:///E128/to2, name, Stuckey P. >} €r127.a1
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Example

type: publication
title:

ep77
o 52 support(QP127.a2,
‘OE128.from, soundexSim)

ood 0%

osl: support(QpP127.a2,

€ep77.al QE128 from, StringSim.
Good  100%

Moderate 100%

€P77.a2 Moderate 0%
/vpm 0% =
O [3: linkage(Ep77.a2,€E128.102)
[

0%
er77.a1 |name: K. Marriott
O 11: linkage(€p127.a2,€E128.rom)
€p77.a2 |name: P.J. Stuckey Mz oo
[Faise 18% o L]

Poor

title: © r1: dir-rel(€p77,€E128)
ep127
eP127.al _ Ves30%

O R: dir-rel(€p127,E€128) (_,_—-—’—‘“_HNQ 10% =
epizr.az Ves 0 I ER——
ep127.a3 Yoo e r\k‘.O r2: dir-rel(€p77,8p127)

E G
fves70% [ |
er127.a1 | name: ‘Marriott, K’ \ [oRS0% =
oo soe O [2: linkage(€P127.a3,EE128.101) O [4: linkage(€p77.a1,€P127.a1)
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