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Part I

Motivation: data discovery in RDF

graphs
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RDF

Big Data needs semantics

AI Magazine, Spring 2015
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RDF

RDF graph discovery

An RDF graph can be large and complex, lack a fixed schema,
include many heterogeneous values...
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RDF

RDF summaries

Simplified views of an RDF graph [CGK+18]

Most often, a summary is also a graph, and/or: statistics,
patterns...

Summarize: the data (structure and/or content), the
ontology, both

Many prior works on graph summarization (see
also [LSDK18]) applied to RDF

Summary uses:

1 For query processing: give direct access to a group of nodes
summarized together, detect empty queries...

2 For data discovery: help identify interesting structure or
patterns in the data
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RDF

RDF graphs are often structurally heterogeneous

Subject types in DBLP bibliographic data:

H. Kondylakis, D. Kotzinos, I. Manolescu RDF graph summarization EDBT, March 2019 7 / 128



RDF

RDF graphs are often structurally heterogeneous

Data properties of DBLP conference articles:
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Part II

RDF and RDFS
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RDF and RDFS

The Resource Description Framework (RDF)

RDF graph: set of triples

doi1

Book

“El Aleph”

:b1

“J. L. Borges”

“1949”

publishedIn

hasTitle

writtenBy

hasName

rdf:type
Class

resource (URI)

blank node

“literal (string)”

property
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RDF and RDFS

RDF Schema

We consider RDFS deductive constraints, stating connections
between classes and properties

Constraint Triple OWA interpretation

Subclass c1 rdfs:subClassOf c2 c1 ⊆ c2

Subproperty p1 rdfs:subPropertyOf p2 p1 ⊆ p2

Domain typing p rdfs:domain c Πdomain(p) ⊆ c

Range typing p rdfs:range c Πrange(p) ⊆ c

Book

Publication

Person

writtenBy

hasAuthor

rdfs:subClassOf

rdfs:domain

rdfs:range

rdfs:subPropertyOf

“Any c1 is also a c2”
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RDF and RDFS

RDF Schema

Simple language of deductive constraints between classes and
properties

Constraint Triple OWA interpretation

Subclass c1 rdfs:subClassOf c2 c1 ⊆ c2

Subproperty p1 rdfs:subPropertyOf p2 p1 ⊆ p2

Domain typing p rdfs:domain c Πdomain(p) ⊆ c

Range typing p rdfs:range c Πrange(p) ⊆ c

Book

Publication

Person

writtenBy

hasAuthor

rdfs:subClassOf

rdfs:domain

rdfs:range

rdfs:subPropertyOf

“If two resources are related by p1, they are also related by p2”
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RDF and RDFS

RDF Schema

Simple language of deductive constraints between classes and
properties

Constraint Triple OWA interpretation

Subclass c1 rdfs:subClassOf c2 c1 ⊆ c2

Subproperty p1 rdfs:subPropertyOf p2 p1 ⊆ p2

Domain typing p rdfs:domain c Πdomain(p) ⊆ c

Range typing p rdfs:range c Πrange(p) ⊆ c

Book

Publication

Person

writtenBy

hasAuthor

rdfs:subClassOf

rdfs:domain

rdfs:range

rdfs:subPropertyOf

“Anyone having p is a c”
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RDF and RDFS

RDF Schema

Simple language of deductive constraints between classes and
properties

Constraint Triple OWA interpretation

Subclass c1 rdfs:subClassOf c2 c1 ⊆ c2

Subproperty p1 rdfs:subPropertyOf p2 p1 ⊆ p2

Domain typing p rdfs:domain c Πdomain(p) ⊆ c

Range typing p rdfs:range c Πrange(p) ⊆ c

Book

Publication

Person

writtenBy

hasAuthor

rdfs:subClassOf

rdfs:domain

rdfs:range

rdfs:subPropertyOf

“Anyone who is a value of p is a c”
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RDF and RDFS RDF entailment

Open-world assumption and RDF entailment

RDF data model based on the open-world assumption.

Deductive constraints lead to implicit triples:
part of the graph even though not explicitly present

explicit triples
+ → implicit triples

entailment rules

Exhaustive application of entailment leads to saturation (closure)
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RDF and RDFS RDF entailment

The semantics of an RDF graph G is its saturation G∞

RDF data graph and RDF schema graph:

doi1

Book

“El Aleph”

:b1

“J. L. Borges”

“1949”

publishedIn

hasTitle

writtenBy

hasName

rdf:type

Book

Publication

Person

writtenBy

hasAuthor

rdfs:subClassOf

rdfs:domain

rdfs:range

rdfs:subPropertyOf

Saturation of the graph union:

doi1

Book

Publication

“Le Port des Brumes”

:b1

“G. Simenon”

“1932”

Person

writtenBy

hasAuthor

publishedIn

rdfs:subClassOf

rdfs:domain

rdfs:range

rdfs:subPropertyOf

hasTitle

writtenBy

hasName

rdf:type

rdf:type

hasAuthor rdf:type

rdfs:domain
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Part III

Applications & Dimensions
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An Application-Driven Perspective

RDF Graph Summaries and their use

Two generic views of an RDF summary:

1 A compact information, extracted from the original RDF
graph

Summarization extracts meaning from data, while reducing its
size

2 A graph, which some applications can exploit instead of the
original RDF graph, to perform some tasks more efficiently.

The summary stands for the graph in specific settings.
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An Application-Driven Perspective

Applications

1 Indexing - Lead directly to nodes used by the query.

2 Estimating Query Cardinalities - Compute how many nodes
match certain query parts.

3 Making BGPs more specific - Replace wildcard paths with
specific ones.

4 Source selection - Detect whether a graph is likely to
contain a certain kind of data.

5 Graph visualization - Support the user’s discovery and
exploration.

6 Vocabulary usage analysis - Based on actual ontology use,
designers can make decisions about future versions.

7 Schema (or ontology) discovery - When an ontology is not
present, it could be extracted from the graph.
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An Application-Driven Perspective

Other applications?

Can you suggest other applications?
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Classification of RDF Summarization Methods

According to the summarization method
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Classification of RDF Summarization Methods

According to the summary purpose
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Classification of RDF Summarization Methods

According to the summarization input
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Classification of RDF Summarization Methods

According to the summarization output
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Classification of RDF Summarization Methods

According to the availability of the summarization tool
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Classification of RDF Summarization Methods

According to the computational complexity
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Part IV

Generic Graph Summarization
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Generic graph summarization

Summarization principle: quotient graphs

Let ≡ be an equivalence relation on the nodes of G.
The quotient G≡ of a directed graph G by ≡ is a graph defined
as follows:

G/≡ nodes: one for ≡ equivalence class of V

G/≡ edges: n1
≡

a−→ n2
≡ iff ∃n1

a−→ n2 ∈ G such that n1

represented by n1
/≡, n2 represented by n2

/≡

Quotients have interesting summary qualities:

1 Property completeness: All G properties appear in G≡
2 Size guarantees: By definition, G/≡ is at most as large as G

(usually much smaller)

3 Structure representativeness: Given a query q, if its
structure-only version is empty on G/≡, then q is empty on G
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Generic graph summarization

Common graph quotients: bisimilarity [HHK95]

Two nodes are forward (resp. backward) bisimilar if they have
exactly the same incoming (resp. outgoing) paths; ∼fw, ∼bw, ∼fb

Problem: Bisimilarity compresses/summarizes very little!
Solution: Bounded bisimilarity [KBNK02], e.g., ∼1fb

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g f g

a b b da b b d

Still: > 130 property combinations on conf. papers in DBLP
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Generic graph summarization

More on bisimilarity quotient summarization

The simulation relation can be computed in
O(M ∗ log(M)) [PT87] or O(N ∗M) [HHK95]; linear for
acyclic graphs.

The Template Index (T-index) [MS99] is based on backward
bisimilarity.

[LFH+13] provides an I/O efficient external memory based
algorithm for k-bisimulation. I/O complexity:
O(k ∗ sort(Mp) + k ∗ scan(Np) + sort(Np)), where Mp, Np are
the numbers of pages storing graph edges (resp. nodes).
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Generic graph summarization

Non-quotient summarization

DataGuides [GW97]: two nodes are equivalent if they are
reachable by a common path.
In general, this is not an equivalence relation (non transitive).
For trees only, coincides with backward bisimilarity.
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Generic graph summarization

Other graph summarization techniques

SNAP [THP08] produces a structural summary based on
properties of interest given by the users, also seeking same
attribute values in a group

k SNAP summarization [THP08, TP10] controls the number
k of SNAP summary nodes, provides roll-up, drill-down

[LTH+14] seeks to find super-nodes and super-edges such
that each super-edge is an all-to-all connection between the
respective data nodes; distributed implementation in Giraph
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Generic graph summarization

Closing remarks

Graphs are a natural, popular data model ⇒ numerous
summarization methods proposed [LSDK18]

Database research has considered summarization especially for
indexing

Group (equivalence classes) or nodes determined in relation
with a set of queries

An index provides direct access to the extent of a group

Main other summarization use case: mining for frequent structures
in the graph
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Part V

Structural RDF Summarization
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Structural RDF summarization

Can we summarize an RDF graph by a quotient?

Sample graph G and a possible quotient:

u1

p1 p1

p p

n2

p r

p r

A type Btype

⇒
p r

type

Possible loss of class and property names
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Structural RDF summarization

Can we summarize an RDF graph by a quotient?

What about type and schema triples?
Sample graph G and a possible quotient:

u1

p1 p1

p p

n2

p r

p r

A type Btype

⇒
p r

type

Possible loss of schema triples
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Structural RDF summarization

Can we summarize an RDF graph by a quotient?

What about type and schema triples?
Sample graph G and a possible quotient thereof:

u1

p1 p1

p p

n2

p r

p r

A type Btype

⇒
p r

type

Possible loss of implicit triples
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Structural RDF summarization

RDF equivalence relation and RDF summaries [ČGGM17]

Define:

1 RDF equivalence relation: an equivalence relation on RDF
graph nodes such that any class or property node is only
equivalent to itself

2 RDF summary: a quotient of a graph G by an RDF
equivalence relation such that any class or property node is
represented by itself.

Consequence: For any RDF equivalence relation ≡ and RDF
graph G, the schema of G/≡ is the schema of G.
⇒ No schema compression! (to be rediscussed briefly)
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Structural RDF summarization

Summarization through an RDF equivalence relation

E.g., let ≡1fb to be the RDF node equivalence obtained from ∼1fb.
Sample graph G:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

C1 type

C

subClass

C2subClass ddomain

Its quotient through the RDF node equivalence ≡1fb:

f g

a b b da b b d

C1 type

C

subClass

C2subClass ddomain
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Clique-based summarization

RDF node equivalence based on property

cliques [ČGM15, ČGGM17, GGM19]

Intuition: n1, n2 are “of the same kind”; similarly b1, b2, b3

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

n3, n4 may or may not be of the same kind as n1, n2.
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Clique-based summarization

RDF node equivalence based on property cliques

Output property cliques: {a, b, d}; {f }; {g}; ∅
Input property cliques: {a}; {b}; {d}; {f }; {g}; ∅

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g
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Clique-based summarization

Weak clique-based summaries

Two nodes are weakly equivalent (≡/W) iff they have the same
input clique or the same output clique or are weakly
equivalent to a third one.

Weak summary G/W of the sample RDF graph G:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

⇒

a b d

f g

Property: In G/W , each data property appears exactly once ⇒
its nodes are “source of p, target of p” for each p [ČGM15].
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input clique or the same output clique or are weakly
equivalent to a third one.

Weak summary G/W of the sample RDF graph G:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

⇒

a b d

f g

Property: In G/W , each data property appears exactly once ⇒
its nodes are “source of p, target of p” for each p [ČGM15].
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Clique-based summarization

Strong clique-based summaries

Two nodes are strongly equivalent (≡S) iff they have the same
input clique and the same output clique.

Strong summary G/≡ S of the same G:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

bd abd ab

fg
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Clique-based summarization

Which role should node types play in summarization?

Having the same type(s) is orthogonal w.r.t. having the same
structure.

Two alternatives:

1 Data-then-type: group nodes first by their data triples, then
carry the types from each ≡ group to its representative.

Extended Weak summary:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

C1 type

C

subClass

C2subClass ddomain

⇒

a b d

f g

C1

type

C

subClass

C2

subClass

d

domain
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Extended Weak summary:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

C1 type

C

subClass

C2subClass ddomain

⇒

a b d

f g

C1

type

C

subClass

C2

subClass

d

domain

H. Kondylakis, D. Kotzinos, I. Manolescu RDF graph summarization EDBT, March 2019 44 / 128



Clique-based summarization

Adding types after data summarization

1 Data-then-type: group nodes first by their data triples, then
carry the types from each ≡ group to its representative.

Extended Strong summary:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

C1 type

C

subClass

C2subClass ddomain

⇒

bd abd ab

fg

C1

type

C

subClass

C2

subClass

d

domain
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Clique-based summarization

Giving proeminence to types

2 Type-then-data: Group nodes by their type set, and untyped
nodes by their data properties.

Typed Weak summary G/≡ TW of the sample graph:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

C1 type

C

subClass

C2subClass ddomain

⇒

a bd

f g

a b

C1

type

C

subClass

C2

subClass

d

domain
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Clique-based summarization

Giving proeminence to types

1 Type-then-data: Group nodes first by their types. Only
untyped nodes are grouped by their data properties.

Typed Strong summary G/≡ TS of the sample graph:

n1

a1 b1

a b

n2

b2 d1

b d

n3

a2 b3

a b

n4

b4 d2

b d

n5

f

n6

g

C1 type

C

subClass

C2subClass ddomain

⇒

a bb a b d b d

f g

C1

type

C

subClass

C2subClass

d
domain
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Clique-based summarization

Clique-based RDF summaries outline

Summary Weak? Strong? Types first?

G/≡W X
G/≡ S X
G/≡TW X X
G/≡TS X X
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Clique-based summarization

Quotient RDF summaries outline

Summary Weak? Strong? FW bisim? BW bisim? Types first?

G/≡W X
G/≡ S X
G/≡TW X X
G/≡TS X X

G/≡ fw X
G/≡ bw X
G/≡ fb X X
G/≡ fw,T X X
G/≡ bw,T X X
G/≡ fb,T X X X
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Saturation vs. summarization

Summarizing the saturated graph G∞

With an RDF Schema, the semantics of G is G∞ ⇒.

How to compute (G∞)/≡?

1 Saturate G, then summarize
2 Shortcut theorems [ČGM17]

For the summaries G/≡W, G/≡ S, G/≡ fw, G/≡ bw, G/≡ fb

[ČGGM17]:

(G∞)/≡ is the same as ((G/≡)∞)/≡
Sufficient condition for any ≡ to admit the shortcut
[ČGM17].
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Saturation vs. summarization

Shortcut path to G∞

Direct G → sat. → G∞ → summ. → (G∞)≡

Shortcut G → summ. → G≡ → sat. → (G≡)∞ → summ. → ((G≡)∞)≡

If G≡ is much smaller than G, the shortcut may be faster!
Up to 20 times in our experiments [ČGGM17]
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Saturation vs. summarization

Shortcut example: G/≡W

y2

y1

r1

r2
z

x

b2
c

a
b1

b1

b2
b

sp
sp

G

a
b1

G/W

b2
c

b1

b2
b

sp
sp

a
b1
b

(G/W)∞

b2
c

b1

b2
b

sp
sp

b

r1
x

y1

a
b1
b

G∞

r2
y2

z

b2
c

b1

b2
b

sp
sp

b b

(G∞)/W

b1

a

b2

c

b1 b b2sp sp
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Saturation vs. summarization

Shortcut counter-example: G/≡ TW

y2

y1

x

r1
a

b

r2
b

a Cd

G

a
b

G/TW

a

C
d

a
b

C

type

(G/TW)∞ l ((G/TW)∞)/TW

a

d

r1
x

y1

a
b

C

type

G∞

r2
y2

b
a

d a
b

C

type

(G∞)/TW

b
a

d
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Algorithms

Quotient summarization algorithms

1 Global algorithms: visit all G, compute ≡ relation, then
traverse G again and represent each triple in G/≡

2 Incremental algorithms: visit G, compute ≡ and summary
based on knowledge gained so far; adjust summary.
The challenge is to simultaneously:

Build the node equivalence relation ≡
Represent nodes in the partial summary
Decisions may have to be undone: split, merge
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Algorithms

Example: weak incremental summarization (1) [GGM19]

Each color corresponds to a different ≡W class
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Algorithms
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Algorithms

Example: weak incremental summarization (1) [GGM19]
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Algorithms

Example: weak incremental summarization (1) [GGM19]

Each color corresponds to a different ≡W class
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Algorithms

Example: weak incremental summarization (2) [GGM19]
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Algorithms

Example: weak incremental summarization (2) [GGM19]
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Algorithms

Example: weak incremental summarization (2) [GGM19]
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Algorithms

Example: weak incremental summarization (3) [GGM19]

H. Kondylakis, D. Kotzinos, I. Manolescu RDF graph summarization EDBT, March 2019 57 / 128



Algorithms

Example: weak incremental summarization (end) [GGM19]

Full graph and its summary:
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Structural summary visualization

Visualizing summaries (1)

Summary-enabled LOD cloud exploration [PGA+18], online at
http://lodatlas.lri.fr/

Use summary to derive visualisation instead of the original graph
(smaller, faster)
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Structural summary visualization

Visualizing summaries (2)

Online gallery at http://rdfquotient.inria.fr

BSBM
benchmark
graph

100M
triples, G/TS

Leaf folding

Type gener-
alization

Statistics
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Closing remarks

Relations between quotient RDF summaries [ČGGM17]

G/fb G/S G/W

(G/fb)∞ (G/S)∞ (G/W)∞

∞ ∞ ∞

/W/S

G

/fb /S /W

(G∞)/W (G∞)/S (G∞)/fb

G∞saturation

/fb/S/W

/W

/S
/fb

G/TW
/TW

G/TS
/TS

/TW

/TS

(G∞)/TW
/TW

(G∞)/TS

/TS

Clique-based summaries often orders of magnitude smaller than
bisimulation-based ones.
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RDF summarization: second part

Welcome back to the RDF summarization tutorial

We covered:

RDF basics

Generic RDF summarization method

Structural RDF summarization through quotient methods

We now present:

Structural RDF summarization through non-quotient methods

Pattern-based summarization

Statistical summarization

Hybrid summarization

Conclusion
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RDF summarization: second part

A taxonomy of summarization methods
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Non-quotient structural RDF summaries

Text summarization and information retrieval

As in text summaries the objective here is to select the most
significant subject/part of the RDF graph using

1 cognitive

2 lexical

3 topological measures

Usually they heavily involve end-users.
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Non-quotient structural RDF summaries

Text summarization and information retrieval

For example an approach focusing only on instance graph [SPS13]:

1 Users select an entity

2 Identify triples favoring closeness to the target entity
3 Extend this selection with criteria based on:

diversity - include edges with different labels
popularity - favour frequently occurring edge labels
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Non-quotient structural RDF summaries

Bag of sentences

Bag of sentences approach [ZCQ07], only for the schema graph.
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Non-quotient structural RDF summaries

Focusing on Centrality measures

Approaches that focus on centrality measures from graph theory to
identify the most important nodes.

RDFDigest+ [TKDP17], [TKDP15]

1 Identify the most important nodes

2 Link those nodes

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

But How?

2 Link those nodes

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

Using centrality measures like
Relevance, Degree, Betweeness,
Bridging Centrality, Harmonic
Centrality, Radiality, HITS,
Pagerank etc.

2 Link those nodes

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

Using centrality measures like Relevance, Degree, Betweeness,
Bridging Centrality, Harmonic Centrality, Radiality, HITS,
Pagerank etc.
But what about instances?

2 Link those nodes

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

Using adapted centrality measures like Relevance, Degree,
Betweeness, Bridging Centrality, Harmonic Centrality,
Radiality, HITS, Pagerank etc.

2 Link those nodes

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

Using adapted centrality measures like Relevance, Degree,
Betweeness, Bridging Centrality, Harmonic Centrality,
Radiality, HITS, Pagerank etc.

2 Link those nodes

But How? Which would be your objective here?

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

Using adapted centrality measures like Relevance, Degree,
Betweeness, Bridging Centrality, Harmonic Centrality,
Radiality, HITS, Pagerank etc.

2 Link those nodes

Find the minimum weight spanning tree that connects them -
Minimum Spanning Tree problem
Reduce additional nodes introduced - Steiner Tree problem

3 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

Using adapted centrality measures like Relevance, Degree,
Betweeness, Bridging Centrality, Harmonic Centrality,
Radiality, HITS, Pagerank etc.

2 Link those nodes

Find the minimum weight spanning tree that connects them -
Minimum Spanning Tree problem
Reduce additional nodes introduced - Steiner Tree problem

3 What about evaluation?

4 Enable exploration operations
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Non-quotient structural RDF summaries

RDFDigest+

1 Identify the most important nodes

2 Link those nodes
3 Enable exploration operations

Zoom
Extend
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Non-quotient structural RDF summaries

Zoom-Out
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Non-quotient structural RDF summaries

Zoom-Out
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Non-quotient structural RDF summaries

Zoom-In
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Non-quotient structural RDF summaries

Zoom-In
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Non-quotient structural RDF summaries

Extend
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Non-quotient structural RDF summaries

Indexing

A GRIN index [UPS07] is a hierarchical clustering of the RDF
instance graph, modeled as a balanced binary tree.

1 Each leaf node represents a set of resources.

2 Interior nodes implicitly represent the set of all graph nodes
that are within R units of distance from a center triple.

3 Each inner node reflects the resources of the triples of the
nodes it is an ancestor of.

4 At query time, inequality constraints derived from the query
are evaluated against the index nodes, to identify the smallest
sub-graph that contains answers to the input query.
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Non-quotient structural RDF summaries

Indexing
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Non-quotient structural RDF summaries

Schema extraction

SchemEX [KGSS12] is an indexing and schema extraction tool for
the LOD cloud.
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Non-quotient structural RDF summaries

Closing remarks

Many structural summaries based on quotients

Special treatment of schema nodes is needed
Interplay between summarization and saturation
Bisimilarity-based equivalence: accurate summarization, large
summaries
Clique-based equivalence: tolerant of heterogeneity, compact
summaries

Other approaches trie to identify the most important parts
and focus on those

Based on text content
Centrality measures
User input
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Part VI

Pattern-based RDF Summarization
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Pattern-based RDF Summarization

Pattern-based RDF Summarization

Based on data mining techniques: extract frequent patterns from
the RDF graph and use these patterns to represent the original
RDF graph.

A frequent pattern or knowledge pattern characterizes a set of
instances in an RDF graph that share a common set of types
and a common set of properties.

Modeled as a star BGP of the form
{x τ c1, . . . , x τ cn, x Pr1 ?b1, . . . , x Prm ?bm} denoting
some resource x having types c1, . . . , cn and properties
Pr1, . . . ,Prm.

Given an RDF graph G, a pattern KP identifies all the G

resources that match x in the embeddings of KP into G; the
number of such embeddings is called the support of KP in G.
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Pattern-based RDF Summarization

Pattern-based RDF Summarization

Algorithms in this category work by trying to optimize
(maximize or minimize) a cost function

Cost functions considered:

Noise / erroneous identified data
Similarity

Greedy algorithms with considerable time complexity, use of
heuristics
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Pattern-based RDF Summarization

Using approximate graph pattern mining
[ZLVK16, ZLVK15]

Transforms RDF graph into a binary matrix

Uses a calibrated version of the PaNDa+ [LOP14] algorithm,
to find the best approximate RDF graph patterns; supports
different cost functions

Stops when no improvement of the cost function is reported

Reconstructs summary from patterns
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Pattern-based RDF Summarization

Using approximate graph pattern mining
[ZLVK16, ZLVK15]

Greedy algorithm: tests all possible combinations of
improvement of the identified knowledge patterns, until none
is found

Time complexity: O(M ∗ N + K ∗M2 ∗ N)

K is the maximum number of patterns to be extracted,
M, the number of distinct properties and N, the number of
distinct subjects/resources in the original KB
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Pattern-based RDF Summarization

Using pattern similarity [SWD16]

Maximize an informativeness measure/cost function (input)
to produce k summaries (input)

Computes the d-similarity among all nodes and will choose
those that are more similar for the d-summaries

d-similarity: is the similarity of the extended (of distance d)
neighborhood

Compute the maximal d-summaries by mining patterns

d-summary (pattern): an itemset of d-similar nodes
Pick maximal patterns (those with greater support)

Greedily tests summary pairs of d-summaries to find the one
that maximizes informativeness until it reaches k
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Pattern-based RDF Summarization

Using pattern similarity [SWD16]

Greater flexibility: looking into the extended neighborhood of
a node

Greedy optimization of the cost function

Time complexity: O(S ∗ (b + N) ∗ (b + M) + K
2 ∗ S

2),

N is the total number of nodes (subject and objects) and M is
the total number of edges (triples) of the original RDF graph
S is the number of possible d-summaries whose size is
bounded by b
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Pattern-based RDF Summarization

Mining Rules

Rule mining techniques to extract rules to be used as the
summary of the RDF graph

Important limitation: the summary is by definition not an
RDF graph and thus cannot be queried by standard RDF tools

Used a lot in RDF graph compression
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Pattern-based RDF Summarization

Mining Rules: Graph compression techniques [JHD13]

Transforms RDF Graph G to R(GA) ∪ GD , where

GA is the active graph containing the triples that adhere to
certain logical rules R,
GD is the dormant graph, which contains the set of triples of
the original graph that cannot be described by a rule

Use of the Apriori or FP-Growth frequent pattern mining
algorithms to identify sets of association rules
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Pattern-based RDF Summarization

Mining Rules: Graph compression techniques [JHD13]

Sample rule: ∀x , (x , p, k)→
∧n

i=1(x , p, vi ), stating that the
subjects that carry the value k for property p, carry also the
values ui for the same property

Left triple is kept in the summary, right triples removed

Works well when we have many nodes with similar neighbors
(e.g. same literal values)

Extension: add two variables instead of one; more patterns
represented by a rule, semantic similarity/coherence decreased

Time complexity: O(M ∗ R + Np ∗ O2
v ∗ Ns), where:

M is the total number of triples
R is the number of the generated logical rules
Np and Ns are respectively the number of distinct properties
and subjects/resources in the graph
Ov is the average number of different objects/values that are
assigned to a property p
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Pattern-based RDF Summarization

Closing Remarks

Identify the most ”frequent” graph patterns

Try to join those patterns together in an effort to optimize a
given cost function

Join the grouped/optimized patterns together to form the
RDF summary
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Part VII

Statistical RDF Summarization
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Statistical RDF Summarization

Statistical RDF Summarization

Source selection problem: where to direct your queries to get
back the important results?

Identify if in a source there is significant information
concerning a graph pattern of interest

Different than the pattern mining category: does not
necessarily care for the structural completeness; reduced
computational cost

H. Kondylakis, D. Kotzinos, I. Manolescu RDF graph summarization EDBT, March 2019 97 / 128



Statistical RDF Summarization

SPARQL ASK queries and beyond [BB10, SHH+11, HS12]

Use SPARQL ASK queries to identify if a triple pattern exists
or not

Extend these queries to return a concise summary of the
results (e.g. as Bloom filters)

Function that estimates the benefit for retrieving results for a
triple pattern; ignore sources with low benefit

Sketches = summaries with statistical information on the
instances

No input required from the users
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Statistical RDF Summarization

Concept and Relation Ranking [WLFW08]

Find important concpts and relations from the schema

Importance of concepts = number of relations starting from it
+ number of relations to important concepts + weights of
these relations

Weight of the relation: the more important the concept at the
source of a relation, the higher the weight

Iterative approach: important concepts and important
relations reinforce each other

Does not use any instance information!
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Statistical RDF Summarization

OWL Summarizer [PQKS10]

Used for peer clustering: an incoming peer with its own local
ontology searches for similar peers by comparing schema
summaries

Summary: top-k concepts grouped together by adjacency

Concept weight: centrality + frequency

Centrality : degree centrality; different weights assigned to
user-defined and RDFS properties
Frequency : the ratio between the number of concept
appearances and the number of distinct local ontologies

Non-adjacent groups: examine first k-paths; pick the best

No data or implicit triples are considered!
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Statistical RDF Summarization

LODSight [DSM15, MDTS16]

LODSight: RDF Summary Visualization Tool

Uses results of iterative SPARQL queries; no user input is
required

Combines types and predicates

Summary: a collection of the types and predicates that
appear the most

Implicit information is considered if return by the endpoint

H. Kondylakis, D. Kotzinos, I. Manolescu RDF graph summarization EDBT, March 2019 101 / 128



Statistical RDF Summarization

LODSight [DSM15, MDTS16]

LODSight Extended

Instantiate the summary patterns

Random: random examples for all summary paths
Distinct: examples that are further away for each path
(distance)
Representative: diversity and representativeness criteria

Summary: a collection of the types and predicates that
appear the most

Implicit information is considered if return by the endpoint
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Statistical RDF Summarization

Using an organizational ontology [PAA+11]

Use of an ontology to organize the statistical information
around the dataset

triples
paths: types and properties
statistics for each path

Core (=frequencies + position in paths) types and properties
extracted

no implicit triples accounted for

Used in query answering
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Statistical RDF Summarization

Closing remarks

Calculating and using statistics to identify the most
”prominent” types and properties to include in the summary

Some methods do not use data and rely only on the schema
information (what if schema information does not exist or is
incomplete?

Applications in source selection and visualization
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Part VIII

Other RDF Summarization Methods
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Other Summarization Methods

Other Summarization Methods

1 Approaches that combine structural, statistical and
pattern-mining methods in order to get better results.

2 Methods going beyond RDF graph summaries, for example
summarizing DL ontologies.
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Other Summarization Methods

Hybrid structural summarization [AL13]

Identify similar structured inside RDF-Graphs: Reduce graph size
while retaining the structure as much as possible.

1 First step: bounded forward bisimulation, building a graph
representing all the N nodes and M edges of the input graph

2 Second step: hierarchical clustering, fusing root nodes of
similar depth-bounded tree subgraphs.
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Other Summarization Methods

ABSTAT [SPP+16]

Combines statistical and pattern mining methods aiming at
reflecting how class instances are related through properties.

A summary is a set of abstract knowledge patterns (AKPs)
(c1, p, c2) representing the (s, p, o) graph triples with c1 (resp.
c2) one of the most specific types of s (resp. o).

1 Compute for every value present in the graph all its types.
2 Prune out the redundant ones.
3 For each property assertion (s, p, o), build an AKP (c1, p, c2) if

c1 (resp. c2) is a most specific type for value s (resp. o).
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Other Summarization Methods

ABSTAT [SPP+16]
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Other Summarization Methods

Estimating the cardinality of conjunctive queries [SMK17]

1 Group together nodes having exactly the same set of types,
same outgoing and same incoming properties

2 A summary edge is labeled with the number of edges of G that
have been collapsed due to merging

3 Reduce a potentially very large summary to a target size
specified by the user, by merging nodes having similar
incoming and outgoing properties.

The similarity is determined by a Jaccard index approximation.
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Other Summarization Methods

Mining equivalent structure patterns

Common to have different graph structures, sharing the same
meaning. Can we automatically exploit those [ZZP+16]?

1 Rewrite the input query to one considering semantic
equivalences

2 Find the subgraphs minimizing the semantic graph edit
distance

3 A semantic summary graph is built off-line enabling a
two-level pruning at query time.

A multi-layer graph where the first layer is consisted of the
linked types of the instances, and the other layers above
replace in each layer classes with their superclass.
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Other Summarization Methods

Summarizing Horn-ALCHOI description logic KBs
[GKL+14]

Compressing the ABox of a Horn-ALCHOI description logic KBs,
using the notion of ABox abstraction.

1 Given an ABox A, for each A value v , a type pattern of the
form tp(v) = (tp↓, tp→, tp←) is computed

1 tp↓ denotes the explicit types v has in A
2 tp→ the outgoing properties v has in A
3 tp← the incoming properties v has in A

2 These type patterns are then used to build the abstraction B
of the ABox, which is an ABox itself

each such type pattern is used to represent all the ABox values
that match it
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Other Summarization Methods

Summarizing SHIN KBs

ABox summaries in SHIN KBs have also been considered for

1 Consistency checking [FKM+06b], [FKM06a]

2 Query answering [DFK+07], [DFK+09]

In these works, the notion of a summary ABox is very general: an
ABox A′ is a summary of another ABox A w.r.t. some function f
that maps A values to A′ ones whenever f defines a
homomorphism from A to A′.
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Part IX

Conclusions & Future Work
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Conclusions

Summarizing RDF graphs has many useful applications: from
data understanding to query answering and from RDF data
indexing to RDF graph visualization

Diverse set of algorithms coming from different domains based
on different concepts

Effort to homogenize the way we look at those algorithms and
proposed a taxonomy to navigate the space of alternatives
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Conclusions - Cont.

A taxonomy of the works in this area has been proposed, for
practitioners and researchers to easily find the algorithm(s)
more appropriate for their use case
Identified 4 main categories:

structural
quotient (indexing and query answering through graph
reduction)
not-quotient (visualization, schema discovery and data
understanding)

pattern mining (RDF graph compression, RDF schema
discovery)
statistical (RDF schema understanding)
hybrid

Used diverse criteria like: input, output, availability, purpose

More: Cebiric, S., Goasdoué, F., Kondylakis, H., Kotzinos, D.,
Manolescu, I., Troullinou, G., & Zneika, M. (2018). Summarizing
Semantic Graphs: A Survey. The VLDB Journal. [CGK+18]

H. Kondylakis, D. Kotzinos, I. Manolescu RDF graph summarization EDBT, March 2019 116 / 128



Future Work

How to compare summaries / assess the quality of a
summary

few works in the area, e.g. [ZVK18]

Construction of golden standards

difficult process, even experts disagree
highly dependent on the application

Work to improve the speed of the summarization

parallelization of the algorithms
Linked Data

Account for the dynamic nature of the data

schema evolution [KP11], [KP12]
data updates

Propagating graph updates to the summary
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