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Abstract. The task of dynamic clustering of the search results proved
to be useful in the Web context, where the user often does not know
the granularity of the search results in advance. The goal of this paper
is to provide a declarative way for invoking dynamic clustering of the
results of queries submitted over Semantic Web data. To achieve this
goal the paper proposes an approach that extends SPARQL by clustering
abilities. The approach introduces a new statement, CLUSTER BY, into
the SPARQL grammar and proposes semantics for such extension.

1 Introduction

Dynamic clustering is a way of organizing search results that has gained an
attention from academia [12,13] and from commerce. The technique of dynamic
clustering consists on grouping search results into clusters generated from the
search results themselves. The user after submitting a query to the search engine
is often faced by a large number of search hits, and forced to further perform
query results exploration to find out what the data source contains. Therefore,
the clusters may help him/her more quickly and easily understand the retrieved
results, and save the time otherwise spent on analysing them.

The task of dynamic clustering has been commonly addressed in the context
of clustering textual Web search results. For instance, Vivisimo/Clusty1 is an
example of a successful commercial application of this idea. This paper, however,
concentrates on the novel task of clustering the results of queries submitted to the
structured Semantic Web [1] data. The proposition of applying the functionality
of Web search clustering engines in the context of the open and distributed
Semantic Web environment is motivated by the fact that although the Semantic
Web data is structured, the user may not know the structure and granularity of
the data apriori. Therefore data retrieval from the Semantic Web may be more
of the spirit of information retrieval from unstructured text, rather than the
retrieval from local, relational databases.

The goal of this paper is to enable declarative means for invoking query re-
sults clustering. These declarative means are supposed to provide a framework
to which clustering methods and algorithms may be plugged in. This paper
contributes to achieving this goal by proposing to extend the standard Semantic
1 http://clusty.com
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Web query language SPARQL [16] with CLUSTER BY statement that enhances
SPARQL with grouping capabilities. The extension adds new syntax elements
to the SPARQL grammar that facilitate clustering of query results. The paper
proposes the grammar, as well as the semantics for this extension.

The rest of the paper is structured as follows. In Section 2 the motivations and
requirements for the new SPARQL extension are provided. Section 3 provides the
details of the extension. Section 4 discusses possible realization of the framework.
Section 5 discusses the related work, and Section 6 concludes the paper.

2 Motivation and Requirements

Why GROUP BY is Not Sufficient?. In order to provide the motivation
and discuss the requirements for the new SPARQL extension let us present the
following motivating scenarios.

Scenario 1. The user Anna searches for natural monuments located in East-Central
Europe. She would like to have the monuments grouped by their proximity.

Scenario 2. The user José submits a query on Portuguese paintings. He wants
the answers to be grouped by movements (styles of artworks).

Classically, aggregation abilities are provided by SQL-like GROUP BY clause.
Although GROUP BY is not officially supported by SPARQL, there are engines
(for example Virtuoso2, Jena3), that support the GROUP BY functionality. De-
spite that, after the analysis of the above scenarios, one can notice that classical
GROUP BY semantics is not proper to solve either of the above tasks.

Let us consider the first scenario. Would be grouping by longitude and latitude
what the user Anna actually expects? GROUP BY semantics is to partition
the results by identical values. Since no natural monuments share the same
coordinates, as an effect of such grouping one row for each value would be created,
which obviously would not meet the needs of the user.

Let us further consider the second scenario. In this case it is possible that two
paintings share the same style. However, by simply using GROUP BY the user
José may still obtain too many groups to easily interpret them. For example the
list of the art movements that belong to the avant-garde movement is as follows:
art nouveau, conceptual art, cubism, expressionism and many more. Moreover
the groups may be related to each other (e.g. by subclass-superclass relation)
what is not captured by the semantics of the GROUP BY clause.

Since the semantics of GROUP BY is ”crisp”, in both discussed cases the
user obtains too many results. Notice also that in case of scenarios involving
distributed and open environments, another general problem of GROUP BY may
be the requirement for a user to understand the data apriori - before submitting
a query. While grouping could be considered as helpful for users to understand
the data granularity, the semantics of GROUP BY actually requires from users
this knowledge to specify good grouping conditions in a query.
2 http://virtuoso.openlinksw.com
3 http://jena.sourceforge.net/ARQ/
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Since there are problems with achieving the desired behaviour in a declarative
fashion by means of classical GROUP BY, the proposition to extend SPARQL
with CLUSTER BY statement is justified.

Design Issues for CLUSTER BY. There are several issues that have been
identified to address during the design of the functionality of the new SPARQL
extension. These issues follow into two main categories:

1. What would be the output of a query with CLUSTER BY statement?
2. How to incorporate clustering algorithms and their parameters into the

framework?

As pointed out in [14], a SPARQL query consists of three parts. The pattern
matching part offers the features of graph pattern matching like optional parts,
union of patterns, filtering etc., and the possibility of indicating the data source
to be matched by a pattern. The computed output of the pattern may be mod-
ified by solution modifiers, which are classical operators such as projection, dis-
tinct, order etc. The third part of the query is constituted by its output which
may be of different types such as yes/no queries, selections of values of variables
matching the patterns, construction of new triples, or description of resources.

The desired semantics of the query enhanced with CLUSTER BY would be
to provide the original query results itselves as well as the assigned clusters. It
is also worth noting that some clustering algorithms are able to generate a hier-
archy of clusters. Such hierarchy provides additional meaning to the generated
clusters. It might be also desirable to provide an intensional description for each
cluster to supply the user with the generalized information about the cluster
content. These descriptions should be then retrieved as the result of a query as
well.

Taking into account the above considerations, as an answer to the first ques-
tion, the following important design choices for the CLUSTER BY extension are
proposed:

– since clustering is supposed to operate on originally generated query results,
we propose to integrate CLUSTER BY clause execution after the pattern
matching part of a query, that is in its solution modifiers part,

– we propose to separate all the metadata concerning the generated clusters
(e.g. cluster descriptions, cluster hierarchy) from the results of a query them-
selves. In order to achieve this we propose to add to each result one variable
that would store the identifier of the cluster assigned to the result. Moreover
additionally to the cluster idenfitiers in the query answers, we propose to
generate clustering metadata as the new output type in the form of a set of
triples.

To answer the second design question, one needs to provide a solution for incor-
porating the clustering algorithms execution to an effect of executing a query
enhanced with CLUSTER BY. This incorporation should be seamless, that is
any other steps should not be required to initiate the clustering process, except
submitting a query itself. For this reason we propose to add additional syntax
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elements to SPARQL grammar that would allow the specification of the cluster-
ing parameters.

In order to realize the proposed design choices we need to extend SPARQL by
the new elements and define semantics for them. In the next section we describe
the details of these extensions.

3 Extending SPARQL with CLUSTER BY

3.1 Preliminary Definitions

Let I, B, and L be a pairwise disjoint sets of IRIs, blank nodes, and literals
respectively. A triple (s, p, o) ∈ (I∪B)×I × (I∪B∪L) is called and RDF triple,
where s is the subject, p the predicate and o the object. Let V be the infinite set
of query variables disjoint from the above sets. A basic graph pattern (BGP) is
a set of triple patterns which are RDF triples. An RDF graph is a set of RDF
triples.

A SPARQL query evaluation is based on matching graph patterns to sub-
graphs in the queried RDF graphs. A graph matching algorithm for evaluating
SPARQL query tries to find an exhaustive set of mappings μ(v → t) of query
variables v ∈ V to RDF terms t, where t is a member of the set union (I∪B∪L).
A mapping μ is called a solution mapping. By Ω is denoted a multiset (or bag)
of possible solution mappings.

3.2 Grammar of CLUSTER BY

One of the important goals of this work is to follow the original syntax and
semantics of SPARQL as much as possible.

Table 1 shows an excerpt of the grammar of SPARQL SELECT rule extended
with CLUSTER BY. The extensions and new rules are shown in bold.

The ClusterByClause statement is added to the standard SPARQL grammar
rule of SolutionModifier. The ClusterByClause is further expanded, and a new key-
word CLUSTER BY is introduced. After the CLUSTER BY keyword there should be
specified a list of variables according to which the results are supposed to be clus-
tered. Furthermore, a new keyword AS is introduced, after which there should be

Table 1. The excerpt of the extended SPARQL grammar

SelectQuery ::= ’SELECT’ ( ’DISTINCT’|’REDUCED’ )? ( Cluster? Var+|’*’ )
DatasetClause* WhereClause SolutionModifier

SolutionModifier ::= OrderClause? LimitOffsetClauses? ClusterByClause?

ClusterByClause ::= ’CLUSTER’ ’BY’ Var+ ’AS’ Cluster UsingClause?

UsingClause ::= ’USING’ Method (’(’Params’)’)?

Cluster ::= VAR1

Method ::= IRI REF

Params ::= TriplesBlock
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Table 2. Prefixes used in the paper

@prefix rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> .
@prefix owl: <http://www.w3.org/2002/07/owl#> .
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> .
@prefix dc: <http://purl.org/dc/elements/1.1/>
@prefix geo: <http://www.w3.org/2003/01/geo/wgs84_pos#>
@prefix dbpedia: <http://dbpedia.org/resource/>
@prefix dbpedia-owl: <http://dbpedia.org/ontology/>
@prefix smo: <http://www.ifi.uzh.ch/ddis/sparql-ml/mining.owl#>
@prefix sqrco: <http://www.cs.put.poznan.pl/sqrco.owl#>
@prefix ex: <http://www.example.org#>
@prefix art: <http://www.art_movements.example.org#> .

specified a variable that would be bound to the identifier of the cluster. The same
variable should be also listed in the variable list in the SelectQuery statement. To
allow the specification of clustering parameters there is an optional UsingClause
provided in the ClusterByClause. This clause can be omitted, which would indi-
cate the query answering engine is supposed to use the default clustering method.
The UsingClause adds a new keyword USING which is followed by an indentifier
of a clustering method and optional list of the method parameters. As there are
numerous clustering methods and algorithms available, in order to support flexi-
ble choice, we propose the parameters to be specified by a set of triples in which
the terms from some common ontologies and vocabularies are used.

Table 3 shows two example queries that correspond to the motivating scenarios
from Section 2 and use the proposed syntax. All the prefixes used in the paper
are listed in Table 2.

3.3 Semantics of CLUSTER BY

In order to enable specifying the cluster associated with an answer to SPARQL
query we define a notion of clustered solution mappings. This definition is based
on the definition of solution mapping as proposed in the SPARQL specification
[16].

Definition 1 (Clustered Solution Mapping). A clustered solution mapping
μ̇ is a pair (μ, c), where μ is a solution mapping (as defined in [16]), and c is a
cluster identifier associated with μ.

Furthermore, we propose a new algebra operator, called cluster assignement
operator, that assigns cluster identifiers to solution mappings. To every solution
mapping it adds a new variable binding which maps a literal representing cluster
identifier to the specified variable.

Definition 2 (Cluster Assignement Operator). Let Ω be a multiset of so-
lution mappings, let v be a query variable which is not bound in any μ ∈ Ω, and
let c denote the cluster identifier to which the variable v is bound. The result
of an application of the cluster assignement operator is a multiset of clustered
solution mappings Ω̇ and is defined as follows

ClusterAssignement(v, Ω) = {μ̇|(μ, c) ∈ Ω̇ ∧ μ̇ = μ ∪ (v → c)}
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Table 3. Example queries in which the syntax of CLUSTER BY clause is used

Query 1

SELECT ?x ?latitude ?longitude ?c

WHERE

?x rdf:type ex:NaturalMonument

?x locatedIn ex:East_Central_Europe

?x geo:lat ?latitude

?x geo:long ?longitude

CLUSTER BY ?latitude ?longitude AS ?c

USING <http://www.cs.put.poznan.pl/sqrco/ExampleMethod>

(

<http://www.cs.put.poznan.pl/sqrco/ExampleMethod>

sqrco:usesAlgorithm

<http://www.cs.waikato.ac.nz/ml/weka/SimpleKMeans>

<http://www.cs.waikato.ac.nz/ml/weka/SimpleKMeans> smo:hasParam ?p1

?p1 rdf:type sqrco:NumberOfClusters

?p1 owl:hasValue xsd:integer(’4’)

)

Query 2

SELECT ?x ?y ?c

WHERE

?x rdf:type art:Painting

?x dbpedia-owl:movement ?y

?z dc:authorOf ?x

?z dbpedia-owl:nationality dbpedia:Portugal

CLUSTER BY ?y AS ?c

USING <http://www.cs.put.poznan.pl/sqrco/ExampleMethod>

( <http://www.cs.put.poznan.pl/sqrco/ExampleMethod>

sqrco:usesFeatureExtractionMethod

<http://www.cs.put.poznan.pl/sqrco/ExampleFeatureExtractionMethod>

)

In order to enable getting cluster metadata together with the clustered answers
as a result of a query we define an additional operator, called cluster metadata
operator. As an output this operator produces a cluster hierarchy and cluster
descriptions which are defined below.

Definition 3 (Cluster Hierarchy). A cluster hierarchy H is a partially or-
dered set 〈C,�〉, where each element c ∈ C is a cluster identifier, and � is a
binary relation that imposes ordering on the elements of C.

Definition 4 (Cluster Intensional Description). Let c ∈ C be a cluster
identifier, and Ω̇c be a set of clustered solutions of the form μ̇i = (μi, c), i =
1, ..., n. A cluster intensional description d ∈ D gives a meaning of all elements
μ̇i ∈ Ω̇c by specifying the necessary conditions that any element belonging to the
set Ω̇c meets.
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Finally the cluster metadata operator is defined.

Definition 5 (Cluster Metadata Operator). Let Ω be a multiset of solution
mappings. The result of an application of the cluster metadata operator consists
of: a hierarchy H of cluster identifiers c ∈ C, and a set D of cluster intensional
descriptions d:

ClusterMetadata(v, Ω) = H∪D
In general, it is allowed that D = ∅.

4 Realizing the Framework

The proposed framework for extending SPARQL does not prescribe any precise
means to represent clustering parameters or clustering metadata such as cluster
hierarchy and cluster descriptions.

In order to implement the framework the ontology SPARQL Query Results
Clustering Ontology (SQRCO) has been developed that enables representing
input parameters for clustering and metadata of the obtained results. For repre-
senting the clustering parameters SQRCO uses the terms from SPARQL Mining
Ontology (SMO) [8] ontology as well as it defines its own terms. Table 3 shows
the usage of the terms from SQRCO (for instance NumberOfClusters) to represent
input parameters of the clustering.

The ontology is designed also to represent metadata of the generated clus-
ters such as cluster identifiers, their hierarchical structure, and their intensional
descriptions. For this purpose SQRCO includes concepts like ClusterID, Inten-
sionalDescription, and properties parentOf, hasIntensionalDescription. The relation
parentOf imposes ordering on the set of cluster identifiers which results in a hier-
archy of cluster identifiers rooted at the cluster identifier root. For an illustration
of how the terms from SQRCO are used to represent the generated clustering
metadata Table 4 is provided that contains the example metadata for the art
movements scenario discussed overall the paper.

There are numerous possibilities of incorporating feature extraction tech-
niques, clustering algorithms, as well as concept learning methods (for inten-
sional descriptions generation) into the proposed framework. The properties of
a particular solution, such as computational complexity, would depend on the
methods and algorithms chosen to fill the framework. The detailed discussion of
solutions is out of the scope of this paper.

Some steps towards realizing an instantiation of the query results cluster-
ing idea have been done in the recent work [7,10] by the author of this paper.
The work concerned query results clustering in case of data represented in Web
Ontology Language (OWL), and included an implementation in JAVA, using
KAON2 reasoning engine4 and Weka data mining software5. The preliminary
tests proved the feasibility of the query results clustering idea and its instantia-
tion especially in terms of the running time which is crucial in on-the-fly query
4 http://kaon2.semanticweb.org
5 http://www.cs.waikato.ac.nz/ml/weka
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Table 4. Set of triples representing clustering metadata with use of the terms from
SQRCO ontology

<http://www.example.org#> a owl:Ontology .

:root a sqrco:ClusterID;

sqrco:parentOf :c1, :c3 .

:c1 a sqrco:ClusterID;

sqrco:hasIntensionalDescription :desc1;

sqrco:parentOf :c2 .

:c2 a sqrco:ClusterID;

sqrco:hasIntensionalDescription :desc2 .

:c3 a sqrco:ClusterID .

:desc1 a _:bn1 .

:desc2 a _:bn2 .

_:bn1 a owl:Class;

owl:intersectionOf (

[

owl:onProperty art:characterizedBy;

owl:someValuesFrom [

a owl:Class;

owl:unionOf (

art:DramaticLight

art:DramaticColour ) ] ]

[

owl:hasValue "17th Century"^^xsd:string;

owl:onProperty art:hasLinguisticPeriod ] ) .

_:bn2 rdf:type art:Baroque .

results processing. This encouraged further work on the idea and its formaliza-
tion provided in this paper, where the precise specification of the framework
for invoking SPARQL query results clustering by extending the query language
is proposed. Another solutions under the proposed framework are current or
ongoing work.

5 Related Work

There are numerous extensions of SPARQL in the literature. These range from
extensions for computing semantic associations [9], through extensions to process
spatio-temporal data [15], data streams [2], and trust values [6].

However, to the best of our knowledge ours is the first work on extending
SPARQL with clustering abilities. The SPARQL syntax does not even support
the standard grouping, yet. However, some of the engines (already mentioned
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in the paper) implement GROUP BY clause functionality following the seman-
tics known from SQL. The idea of grouping and aggregating SPARQL query
results with the GROUP BY clause functionality different from that of SQL was
investigated in [17].

This work has been inspired by the Web search results clustering engines,
Clusty, and Carrot2. Recently there has been also an interest in clustering struc-
tured query results. However, there are very few works on this topic so far, and
they concern clustering the results of SQL queries [11,18]. As such these works
assume different language of database, as well as different language of queries.
For example, the approach proposed in [11] is designed for numerical data, and
the one proposed in [18] is designed for discrete spatial data. Nevertheless, in-
troducing new constructs into queries whose semantics is to cluster query results
has already been proposed in [11], and [18].

In [3,4] the methods for clustering the data represented in OWL (description
logics) were proposed. Several approaches to clustering Semantic Web data were
explored in [5]. However, those works do not assume the specific task of clustering
query results that we address, nor they propose any extensions of SPARQL.

The closest work to ours is the proposition of extending SPARQL with data
mining abilities [8]. In that work, however, the idea is to first execute a special
type of query to build a model of the data (by using a training set of data), and
at the second stage, apply another kind of query for prediction or classification
tasks using the already built model. This solution differs from what we wanted
to achieve in the type of tasks addresed as well as in the functionality of the
approach.

6 Summary and Future Work

The contribution of the paper is the proposition of a declarative way for invoking
dynamic clustering of the results of queries submitted over Semantic Web data.
In particular, the paper proposes the extension of SPARQL by a new statement,
CLUSTER BY, that supplies SPARQL wih clustering abilities. The SPARQL
grammar for the extension is proposed, and its semantics discussed. Some steps
towards realizing the proposed framework are reported.

The plan for the future work assumes work on the implementation of the
clustering solutions that could be plugged into the proposed framework.
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