Linked Data
Management

Olaf Hartig, Katja Hose, and Juan
Sequeda

Synonyms

e Linked Data Query Processing
e Web of Data

Definitions

The term Linked Data refers to data
that is made available on the Web in a
structured, directly machine-processable
form via the following four principles:

1. “Use URIs as names for things

2. Use HTTP URIs so that people [and
machines] can look up those names.

3. When someone looks up a URI,
provide useful information, using the
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4. Include links to other URIs, so that
they can discover more things.”
(Berners-Lee[2006; Bizer et al[2009)

Per these principles, given a URI that
names some thing (e.g., a person, a book,
a concept, an abstract idea) [Principle 1],
it is possible to look up this URI us-
ing the HTTP protocol [Principle 2] and
retrieve a document with RDF data de-
scribing the thing [Principle 3]. This data
may include other URIs to refer to other
things, and these URIs can be looked up
in the same manner [Principle 4].

Overview

When applying the above mentioned
principles, data becomes interlinked
on the Web. These links may not only
point to additional data from the same
website but also to other websites.
This results in the emergence of a
decentralized, globally distributed Web
of Linked Data.

Since their introduction, these
Linked Data principles have been
adopted by various publishers (Bizer
et al|2009). Today, there are significant
amounts of Linked Data accessible
on the Web (Mika and Potter 2012;
Schmachtenberg et al2014).

In addition to publishing data on
the Web via a Linked Data interface,
many data publishers also support other
RDF-based mechanisms to access their
datasets. One approach is in the form of
RDF dumps that provide the complete
dataset as a single downloadable file
serialized in an RDF format. Another
approach is through SPARQL endpoints,
which are Web services that can be
called to obtain the result of executing
any given SPARQL query over the


olaf.hartig@liu.se
olaf.hartig@liu.se
khose@cs.aau.dk
khose@cs.aau.dk
juan@capsenta.com

2

dataset (Feigenbaum et al| [2013). Al-
ternative query interfaces have become
available that are deliberately limited in
the expressiveness of the queries they
support; the purpose of these limita-
tions is to achieve a restricted, more
predictable server load per request and,
thus, to increase the overall availability
of the query-based interfaces. The most
prevalent of these alternative query
interfaces is the Triple Pattern Fragment
(TPF) interface (Verborgh et al|2016)).
While all these data publishing
approaches are based on the RDF data
model, it has to be emphasized that
an isolated set of RDF triples (e.g., in
an RDF dump or behind a SPARQL
endpoint) is not Linked Data per se;
what would make it Linked Data is the
possibility to discover it on the Web by
the aforementioned principles. Hence
the fourth principle of including links
between different RDF datasets is vital.
The remainder of this article first
provides a general overview of different
data management options to make use of
Linked Data in applications and, there-
after, focuses on approaches to query
Linked Data live on the Web by relying
solely on the Linked Data publishing
principles (i.e., URI lookups).

Key Research Findings

Various approaches towards linked data
management and querying have been
proposed in the literature. To provide
an overview, we have categorized
them into general approaches, founda-
tions, source selection, source ranking
strategies, query execution, and query
optimization.
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General Approaches to
make use of Linked Data

Centralization. A first option to use
Linked Data in an application is to ob-
tain the application-relevant data (e.g.,
by crawling or by downloading the
respective RDF dumps) and load this
data into a database management sys-
tem (DBMS) for RDF data that is set
up for the application. DBMSs for RDF
data, often referred to as triple stores,
enable applications to query the data us-
ing SPARQL, the RDF query language.
There are a number of commercial triple
stores such as AllegroGraph, Amazon
Neptune, Blazegraph, GraphDB, Mark-
Logic, Stardog, and Virtuoso. For an
overview of research on techniques to
build highly scalable triple stores refer
to other entries in this encyclopedia (see
the cross-references section below).

In contrast to the following options,
copying data into a dedicated triple store
set up for the sole purpose of supporting
a particular application is perhaps the
most efficient option in terms of query
performance. A possible downside is
that the triple store has to be maintained
and the copied data may have to be kept
in sync with the data in the original data
sources on the Web.

Distributed Client-Server Processing.
If the application uses a single dataset
only (or multiple in isolation) and the
maintainer of this dataset provides a
Web interface to query the dataset, the
application can be built based on queries
to be executed via this interface.

Such an interface may be a SPARQL
endpoint (see above). However, Buil-
Aranda et al| (2013) have shown empiri-
cally that public SPARQL endpoints on
the Web may have availability issues.
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The aforementioned Triple Pattern
Fragment interface is a more reliable
option (Verborgh et al2016). In this case
however, to execute SPARQL queries
over the dataset exposed via this TPF
interface, the application requires a
client-side query execution engine that
is capable of processing such queries
based on TPF requests. A number of
TPF-based query execution approaches
have been proposed (Verborgh et al
2016; [Van Herwegen et al/[2015) with
the state of the art being an adaptive
approach by |Acosta and Vidal (2015)
that adopts the idea of using Eddy
operators (Avnur and Hellerstein|2000).

In addition to using pure TPF inter-
faces, some authors propose extended
versions of this interface with the goal of
reducing the shortcomings of TPF (e.g.,
significant network load) by retaining
(or even increasing) the overall query
throughput of TPF-based client-server
systems. Examples of such proposals
are to augment TPF responses with
membership metadata such as Bloom
filters (Vander Sande et al [2015), and
the bindings-restricted Triple Pattern
Fragment (brTPF) interface that allows
client-side query engines to use varia-
tions of the semijoin algorithm (Hartig
and Buil-Arandal[2016).

Federated Processing. Federated query
processing engines go beyond the afore-
mentioned client-server setting by sup-
porting the execution of queries over a
federation of multiple servers. Each of
these servers typically provides access
to a different dataset. Therefore, given a
SPARQL query, the goal of a federated
query execution is to return a query re-
sult that is the same as if the query was
executed directly over the union of the
datasets in the federation.

3

Existing approaches to federated
query processing in the Linked Data
context can be categorized into three
classes.

The first class consists of approaches
that assume Linked Data can be ac-
cessed via query-based Web interfaces
(e.g., SPARQL endpoints, TPF). These
approaches are discussed in more
detail in the “Federated RDF query
processing” entry in this encyclopedia.

Approaches in the second class rely
only on the Linked Data publishing
principles (i.e., URI lookups) and, thus,
do not require the additional availability
of query-based interfaces to access the
Linked Data. Such approaches, called
Linked Data query processing, are the
main focus of this article and will be
discussed in the next sections.

The third class comprises hybrid
query approaches which aim to leverage
query-based interfaces to access Linked
Data in combination with Linked Data
query processing techniques. To date,
the only proposals in this direction
are by [Umbrich et all (2012) which
combines Linked Data query processing
with access to a SPARQL endpoint that
serves as a query-able cache of Linked
Data. Additionally, |[Lynden et al| (2013)
proposes to integrate data retrieval from
a SPARQL endpoint into a Linked Data
query execution process.

Foundations of
Linked Data Queries

A Linked Data query is a query over
a Web of documents of RDF data that
can be retrieved by URI lookups as
per the Linked Data publishing prin-
ciples. Such queries may be not only
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about the topology of the interlinked
RDF documents but also, and perhaps
more interesting, about the data in and
across these documents. In particular,
existing approaches to process Linked
Data queries (as discussed in the next
sections) focus on queries that are ex-
pressed using the conjunctive fragment
of the SPARQL query language and that
are to be evaluated in terms of the union
of the data in the interlinked documents.
An initial approach to providing a for-
mal semantics for these queries has been
proposed by |[Bouquet et al| (2009). More
recently, Hartigl (2012) has improved
this work in three ways: i) covering the
whole core fragment of SPARQL (i.e.,
including OPTIONAL, FILTER, UNION),
ii) showing formally that completeness
of query results w.r.t. all Linked Data
cannot be guaranteed, and iii) intro-
ducing a more restrictive formal query
semantics for which completeness can
be guaranteed.

As an alternative to adopting
SPARQL expressions as a language for
Linked Data queries, a number of dedi-
cated Linked Data query languages have
been proposed, namely, LDPath (Schat-
fert et al|[2012), NautiLOD (Fionda et al
2015), and LDQL (Hartig and Pérez
2016). However, with the exception of
the swget approach (Fionda et al||2014))
for NautiLOD, techniques for process-
ing Linked Data queries have focused
on (conjunctive) SPARQL expressions.

Source Selection Strategies
Jor Linked Data Queries

Any execution of Linked Data queries
involves the retrieval of data by looking
up URIs. Existing approaches for select-
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ing the URIs to be looked up during the
execution of a given query can be classi-
fied into the following three classes:

Index-based approaches determine the
URIs to look up during query execution
by using a pre-populated index (Harth
et al|2010; [Umbrich et al|2011). A typ-
ical example of such an index uses pat-
terns of RDF triples as index keys (Lad-
wig and Tran|2010). Given such a pat-
tern, the corresponding index entry is a
set of URIs where each of these URIs,
when looked up, allows the query engine
to retrieve some data that contains an
RDF triple that matches the pattern. Fur-
ther index structures for selecting URIs
in Linked Data query processing have
been studied by |[Harth et all (2010), Um-
brich et al (2011)), Tian et al (2011), and
Paret et al| (2011)).

After such an index has been pop-
ulated and can be used for query
processing, the index has to be main-
tained. Maintenance may comprise
indexing additionally discovered URIs
and ensuring that the index is up to
date (Umbrich et al 2011). The latter
is necessary because the data to be
retriecved from indexed URIs may
change over time. While such an index
maintenance is similar to maintaining
materialized views in a data warehouse,
no work exists that explicitly studies
approaches to maintain source selection
indexes for Linked Data queries.

Live exploration approaches leverage
the characteristics of Linked Data, in
particular, the existence of data links.
That is, to execute a given Linked Data
query, live exploration systems perform
a URI lookup process during which they
incrementally discover further URIs that
may be scheduled for lookup (Hartig
et all |2009; |Hartig|2011b; [Ladwig and
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Tran|2011; Schmedding 201 1; Miranker
et al |2012). The data retrieved during
this process is used not only to discover
more URISs, but it also provides the basis
for constructing the query result. As-
suming the queries are expressed using
SPARQL, live exploration approaches
support naturally the aforementioned
restrictive semantics for such queries as
introduced by Hartig| (2012), which also
gives a well-defined boundary for the
URI lookup process.

In comparison to index-based source
selection approaches, live exploration
approaches have the interesting charac-
teristic of being able to discover initially
unknown data sources at query execu-
tion time. Additionally, live exploration
systems can readily be used without
having to wait for the completion of an
initial data load phase, index creation,
or any other type of preprocessing.

However, given that the general ideas
of index-based source selection and of
live exploration may be implemented in
various ways, respectively, comparing
both types of approaches in a fair
manner is a nontrivial open problem.

Hybrid source selection approaches
combine the two aforementioned ideas.
So far, only one hybrid approach has
been proposed in the literature. This ap-
proach uses an index to create a (ranked)
list of URISs to look up; additional URIs
discovered during the query execution
process are then added into this list
(Ladwig and Tran/[2010)).

Source Ranking Strategies

Jor Linked Data Queries

In addition to selecting URIs that are to
be looked up for a given Linked Data
query, the selected URIs may be ranked
in terms of the order in which these URIs
have to be looked up. The goal of such a
data source ranking may be to maximize
the subset of the query result that can be
found in a given amount of time.

Harth et all (2010) and [Ladwig and
Tran| (2010) have proposed data source
ranking approaches for index-based
source selection. These approaches rely
on additional information about the
data sources; the assumption is that this
information is available in the index.

For selecting URIs using a live explo-
ration approach, [Hartig and Ozsu|(2016)
have studied various heuristics to priori-
tize URI lookups; none of these heuris-
tics uses any a priori information.

Linked Data Query Execution

Existing approaches to execute Linked
Data queries as proposed in the literature
can be classified into two categories:

Two-phase execution approaches sep-
arate the query execution process into
two phases: During the first phase, all
required data is retrieved from the Web
(by looking up URIs, which may be se-
lected using any of the aforementioned
source selection approaches). Then, dur-
ing the second phase, the query result is
produced from the data retrieved in the
first phase. |[Harth et al| (2010), {Umbrich
et al (2011)), and |Paret et al/ (2011) have
adopted such a two-phase execution pro-
cess to study their index-based source
selection approaches. While such a two-



phase process is straightforward to im-
plement, having to wait for the comple-
tion of the data retrieval phase may not
be practical; it may even exceed the re-
sources of the query execution system.

Integrated execution approaches in-
tegrate the retrieval of data with the
result construction process. This al-
lows a query engine to return query
results incrementally; i.e., before data
retrieval has been completed. As for
the two-phase execution approaches it
is possible to use any type of source
selection strategy as a basis for an
integrated execution approach. Inte-
grated execution approaches that use
some form of live exploration are also
referred to as traversal-based query
execution approaches. A number of
such approaches have been proposed
where each of them is based on different
implementation techniques: The first
approach made use of the well-known
iterator model (Hartig et al[2009; |Hartig
2011b}[2013). In contrast to such a pull-
based implementation, Ladwig and Tran
(2010, 2011) proposed a push-based
implementation using the symmetric
hash join operator. Other push-based
implementations adapt the Rete match
algorithm (Miranker et all 2012) and
the idea of an Eddy-style tuple routing
operator (Hartig and Ozsu[2016).

Query Optimization
Jor Linked Data Queries

Besides the aforementioned source rank-
ing techniques, which can be understood
as a form of query optimization, the
topic of query optimization for Linked
Data queries is largely unexplored.
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In fact, there does not yet exist any
work that investigates cost-based query
optimization techniques in this context.
For traversal-based query execution,
cost-based query optimization is particu-
larly challenging because information to
assess query plans may only be obtained
incrementally during query execution.
Hence, selecting an initial plan requires
heuristics. [Hartig| (2011b) has proposed
such plan selection heuristics for the
aforementioned, iterator-based approach
to implement traversal-based query
execution. For the same implementation
approach, Hartig et al| (2009) introduce
an extension of the iterator model
to support a form of adaptive query
optimization. This extension avoids a
blocking behavior of iterators that may
otherwise happen when waiting for the
completion of particular URI lookups.

Future Directions for Research

Query optimization. As mentioned in
the previous section, query optimization
in the context of Linked Data query
processing is a largely unexplored
area. Possible topics for contributions
are: Cost-based query optimization;
multi-objective query optimization (i.e.,
taking into account not only the overall
execution time but also, e.g., the time
until the first output when returning
query results incrementally, or network
traffic); techniques for adaptive query
processing; optimization for subse-
quent queries (e.g., collecting statistics
as a side-product of traversal-based
query executions and leveraging these
statistics to optimize future queries).

Experimental comparisons. While a
number of approaches for the different
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aspects of Linked Data query processing
have been proposed, there exists little
research that compares these approaches
in a comprehensive and fair manner.

Benchmarks. Related to the previous
point, there are no well-defined and
well-understood benchmarks to test
Linked Data query processing systems
(neither for specific aspects of Linked
Data query processing such as source
selection, nor for the process of Linked
Data query execution in general).

Techniques for more expressive query
languages. All existing techniques
for Linked Data query processing
focus on queries expressed using the
conjunctive fragment of SPARQL.
However, the foundations of using more
expressive fragments of SPARQL are
well-understood (Hartig| 2012), and
there even exist more fitting languages
that have been specifically designed for
Linked Data queries (Fionda et al|2015;
Hartig and Pérez| [2016). It is an open
question what are effective techniques
for executing queries in these languages.

Hybrid query approaches. While there
exists initial work on combining Linked
Data query processing with other query
paradigms such as query federation or
queries over a centralized collection of
data (Ladwig and Tran|[2011; [Umbrich
et al|[2012; Hartig| 2011a; Lynden et al
2013), more research on such com-
binations is necessary. In particular,
contributions can be made in terms of
both establishing and understanding the
foundations of such hybrid approaches
as well as techniques for implementing
hybrid approaches.
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