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Abstract. An increasing amount of data are published and consumed
on the Web according to the Linked Data paradigm. In consideration
of both publishers and consumers, the temporal dimension of data is
important. In this paper we investigate the characterisation and avail-
ability of temporal information in Linked Data at large scale. Based on
an abstract definition of temporal information we conduct experiments
to evaluate the availability of such information using the data from the
2011 Billion Triple Challenge (BTC) dataset. Focusing in particular on
the representation of temporal meta-information, i.e., temporal infor-
mation associated with RDF statements and graphs, we investigate the
approaches proposed in the literature, performing both a quantitative
and a qualitative analysis and proposing guidelines for data consumers
and publishers. Our experiments show that the amount of temporal in-
formation available in the LOD cloud is still very small; several different
models have been used on different datasets, with a prevalence of ap-
proaches based on the annotation of RDF documents.
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1 Introduction

The management of temporal information has been deeply studied in the field of
temporal databases [19] and has found several applications in the World Wide
Web [10], e.g., to improve search engines’ ranking methods [1]. Most applications
have to manage temporal information in order to capture, model, explore, re-
trieve, and summarize information evolving over time. This is particularly true on
the web, where information change often very frequently [4]. Also Linked Open
Data?® (LOD) cannot be assumed to be static, as data are frequently added or
removed, and RDF descriptions change over time [25]. The problem of managing
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change in LOD is in fact receiving an increasing attention. A resource version-
ing mechanism for LOD has been proposed [7], which supports time-series of
varying descriptions. Also the crucial problem of maintaining links over evolving
datasets has been addressed [23] and an approach to monitor LOD, based on an
analysis of changes, has been recently proposed [18]. The capability of capturing,
evaluating and managing temporal information in the LOD plays a crucial role
when addressing a number of significant problems:

Temporal Validity of Statements. Assessing the validity of statements re-
trieved at a given time supports a user to be confident that she is consuming
true information;

— Data Fusion and Integration. Data quality is a key driver to support the
fusion of data coming from heterogeneous sources; in particular, temporal
information associated with data has to be considered in order to guarantee
that the fused data are as much up-to-date as possible[22].

— Temporal Query Answering and Search. Users might want to query a knowl-
edge base formulating constraints on temporal aspects associated with data
[24, 26]; moreover, temporal information is often used in information retrieval
to rank results to a search submitted by the user [1].

— Temporal Data FExploration. Timelines associated with data can be used to
improve the user experience when accessing information [26, 1];

— Temporal Entity Matching. The analysis of temporal information can support

entity resolution in some complex scenarios where the values of the attributes

considered by a matcher change over time [21].

Availability of temporal data for Linked Data applications, which leverage such
temporal information, is needed. As an example, a data fusion approach, which
has been demonstrated in a scenario where more DBpedia datasets are consid-
ered, measures how much the data are up-to-date by looking at specific temporal
metadata [22]. Another example is given by a temporal query engine based on
the efficient representation of the temporal validity of statements [24]; this in-
formation is assumed to be available, with the extraction of the validity being
dependent on the way time is represented in a dataset. If we want to broaden
the coverage of the proposed methods handing more datasets, a deeper under-
standing of the availability and characterisation of temporal information in LOD
is needed. In this paper we investigate the characterisation and availability of
temporal information in LOD at large scale, by conducting a quantitative and
qualitative analysis. To the best of our knowledge, such a systematic analysis is
missing, despite the proposal of several approaches to model and query temporal
information in RDF [12, 5, 26], support versioning for LOD [23], and monitor
changes in LOD [25, 18] (to overcome the problem of an incomplete change
history, only a selected set of documents have been actively surveyed in [25]).
Based on a clarification of the concept of temporal information, we identify a
specific kind of temporal information, called temporal meta-information in the
paper. Temporal meta-information is particularly relevant with respect to the
application scenario described above because it associates RDF statements and
graphs with information about their creation, modification and validity. Since



an analysis of the whole LOD cloud is probably unachievable, we use the large
Billion Triple Challenge (BTC) dataset for our investigation. In particular, we
focus on the characterisation and availability of temporal meta-information, re-
viewing the models proposed in the literature for modelling such information
and analysing their usage in the BTC dataset. Based on the obtained results
we believe that the availability of temporal information is still very scarce in
the LOD cloud, thus preventing the development of effective solutions leverag-
ing temporal information at large scale. Moreover, we found that none of the
models proposed to manage temporal information has been widely adopted, al-
though temporal annotations of documents seem to prevail so far. Finally, we
provide some guidelines to data consumers and data publishers in order to take
advantage of the representation approaches proposed so far.

The paper is organised as follows: Section 2 introduces the preliminary defini-
tions we adopted in this paper; in Section 3 we introduce the notion of temporal
information and we investigate their availability in the BTC dataset, analysing
the temporal properties adopted and the pay-level-domain they occur in. In Sec-
tion 4 we review the approaches proposed in the literature for the representation
of temporal meta-information, discuss their adoption in well-known datasets,
and in Section 5 we conduct experiments to quantitatively investigate the adop-
tion of these models in the LOD using the BTC dataset and we discuss our
findings. Section 6 we draw the conclusions.

2 Preliminaries

RDF triples and RDF graphs. Given an infinite set U of URIs (resource identi-
fiers), an infinite set B of blank nodes, and an infinite set £ of literals, a triple
(s,p,0) € UUB) xU x (UUBUL) is called an RDF triple; s, p, o are called,
respectively, the subject, the predicate and the object of the triple. An RDF
graph G is a set of RDF triples. A named graph is a pair (G, u), where G is a
graph and u € Y. RDF data are often stored using the N-quad format; a quad
is a quadruple (s,p, 0,c) where ¢ defines the context of an RDF triple (s, p, o);
the context describes provenance of a triple, often represented by - but not lim-
ited to - an RDF graph. An RDF triple (or simply triple in the following) is
also called statement. Statements and graphs will be called also truth-valuable
RDF elements, as they can be both associated with a truth value, under an
interpretation function [11].

Temporal entities. We distinguish two types of temporal entities used for
representing temporal information in RDF data: time points, represented by
a single variable ¢, and time intervals that are are closed intervals defined by
endpoints, abstractly represented with the standard notation [t’;¢¢], where t°
and t° represent the time points respectively beginning and ending the interval
with t* < ¢ (in this paper we do not consider representations of time, where
interval are not bound by time points).

Concrete Representation of Time Points. According to a well-accepted best
practice, time points are usually represented on the Web by means of date for-



mats. RFC 2616 defines three different date formats that are used in the HTTP
protocol?. The first datetime format, e.g., Sun, 07 Sep 2007 08:49:37
GMT, is defined by the standard RFC 822 [6] and is the most preferred. The sec-
ond datetime format, e.g., Sunday, 07-Sep—-07 08:49:37 GMT, is defined
by the standard RFC 850 [16] and differs from RFC 822 by using a complete name
for the weekday and two digit year. The third datetime format, e.g., Sun Sep 7
08:49:37 2007, is defined by ANSI C’s asctime format and differs from RFC
822 by using a different order. ISO 8601 defines a numerical date format [17];
an example of date according to this format is 2007-09-07T08:49:37.sZ. Based
on this standard, dates can be also modelled as primitive datatypes in XML
Schema [9]. The primitive types, date, dateTime, gYearMonth, gYear,
gMonthDay, gDay and gMonth defined by these specifications are usually
used in RDF data. An alternative representation of time for Linked Data has
been proposed in [5] where URIs are used to provide temporal entities. Such
formalization has been encoded in OWL time ontology [13].

RDF statements and documents. Some of the URIs that occur in RDF state-
ments identify resources that are, in fact, documents (e.g., XML documents,
PDF documents, or HTML pages). For the purpose of this paper it is relevant
to distinguish between generic documents and documents publishing RDF data,
called RDF documents in the following; like other generic documents, RDF doc-
uments can be described by RDF descriptions; however, differently from other
documents, they contain also statements or graphs, which include truth-valuable
RDF elements (statements and graphs). In other words, a description about a
RDF document can provide a meta-description about the content of the RDF
document?®.

3 Temporal Information and Temporal Properties

In this section, we first propose an abstract definition of temporal information,
introducing the concept of temporal meta-information. Then we provide an anal-
ysis of temporal information in LOD, focusing on the availability of such infor-
mation and on the temporal properties that occur more frequently.

Temporal information. At the abstract level a temporal information can be
described as a ternary relation T'(z,a,t), where z is a resource, a statement, or
a graph, a is a predicate symbol, and ¢ is a temporal entity. We call temporal
property any property symbol used in a temporal information. Since a temporal
information T'(z,a,t) can be also seen as a temporal annotation for the ele-
ment x, the terms temporal information and temporal annotation will used as
interchangeable, depending on the context.

Y http://www.ietf.org/rfc/rfc2616.txt

5 Although documents publishing RDF data encompass RDF graphs, and other Web
documents containing RDF-alike data (e.g. in RDFa), in this paper we consider only
RDF documents consisting of RDF graphs, which are the ones described in more
structured datasets (as the ones we will consider in our investigation).



The different approaches proposed to concretely represent temporal informa-
tion will be discussed in the next section. Here we only notice that the definition
is agnostic with respect to the type of entity (e.g., truth valued vs non truth
valued) which temporal information are associated with. Therefore we intro-
duce a new concept to specifically refer to temporal information associated with
truth-valuable elements: a temporal information T'(z,a,t) is a temporal meta-
information if and only if x is a truth-valuable element. The concept of meta-
temporal information, which is defined according to semantic criteria, allows to
distinguish when temporal information is associated with objects in a domain
of interest (e.g. the birth date of a person, but also the creation date of a PDF
document) or with truth-valuable RDF elements (e.g, the temporal validity of
statement, or the last update of a RDF document).

3.1 Dataset and Experimental Setup

To give more insights about the usage of temporal representation approaches
in Linked Data cloud, we analyse the latest release of the Billion Triple Chal-
lenge® (BTC) dataset which was crawled from the Web in May/June 2011 using
a random sample of URIs from the BTC 2010 dataset as seed URIs. The BTC
corpus contains over 2.1 bn statements in N-Quads” format with over 47 k unique
predicates, collected from 7.4 m RDF documents. A crawling-based approach is
per design biased towards datasets that are well-interlinked, while more isolated
datasets are less likely to be found. We expect this aspect to not have any neg-
ative effects on the findings of our analysis, which targets specifically prominent
and well interlinked part of the LOD cloud. Considering the size of the corpus,
we use Apache Hadoop® to analyse the data. Hadoop allows for the parallel and
distributed processing of large datasets across clusters of computers. We run the
analysis on the KIT OpenCirrus® Hadoop cluster. OpenCirrus is a collaboration
of several organisations to provide an open cloud-computing research test bed
designed to support research. For our analysis we used 54 work nodes, each with
a 2.27 GHz 4-Core CPU and 100GB RAM, a setup which completes a scan over
the entire corpus in about 15 minutes.

3.2 General Analysis

To gather a broad selection of temporal information in BTC, we employ a string-
based search method. We assumed that a temporal information if present, it is
contained in the object node of a quad. We used regular expressions to identify
temporal information in the object node of every quad in the BTC. Although
there exist a set of best principles for publishing and interlinking structured data
over the Web [2], there are still lacking of applicability of those guidelines [14].

S http://km.aifb.kit.edu/projects/btc-2011/
" http://sw.deri.org/2008/07/n-quads/

8 http://hadoop.apache.org/

9 https://opencirrus.org/
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Table 1: Top twenty PLDs with respect

Table 2: Top twenty temporal properties with
to temporal quads.

respect to temporal quads.

In a recent paper Hogan et al. [15] provides metrics to measure the conformance
between the application of the principles by the RDF publishers and the ones
defined in [2]. Along this line, we noticed that the RDF publishers do not use
the date format as defined by the standards such as RFC 822, ISO 8601 or
XML Schema Representation. Therefore, we conduct an extraction based on the
standard RFC 822 and ISO 8601 with the format pattern (EEE), dd MMM yy
(HH:mm: (ss) (Z|z)) and yyyy—MM- (dd (* T HH:mm: (ss) . (s) (Z|z))) re-
spectively!®. The parser is implemented in a class named SimpleDateFormat!!
in Java. The extraction results in 12,863,547 temporal quads and 1,670 unique
temporal properties. Furthermore, to provide an overview over the dataset, we
extract all pay-level domains (PLDs) present in the BTC with respect to tempo-
ral entities associated with generic documents, resources or statements. Herein,
we use pay-level domains (PLDs) to distinguish individual data providers [20].
Table 1 lists the 20 PLDs that have the higher number of temporal quads, re-
porting also their number of quads, documents and temporal documents. We
extracted the PLDs from the contexts of the temporal quads and summed the
occurrences. We see that although scinets.org is listed on top of the PLDs
list, it does not provide a high number of temporal information compared to

10 The value in the parentheses is optional.
M pttp://docs.oracle.com/javase/6/docs/api/java/text/
SimpleDateFormat .html



its total number of quads. With respect to the temporal quads and documents,
we provide the dominance of the PLDs for each category. On one hand, we
can notice that the two PLDs containing the highest number of temporal quads
over the number of quads are: musicbrainz.org and blogspace.com; on
the other hand, the three PLDs with highest number of published documents
having temporal properties over the total number of published document are:
legislation.gov.uk, rdfize.com and blogspace.com.

In order to give more insights about the temporal properties we provide in Ta-
ble 2 a list of the top 20 more frequent temporal properties, reporting the number
of quads and documents they occur in. It can be noticed that the Dublin Core
(DC)[8] properties are the one occurring with higher frequency. Remarkably,
although the two properties dcterms: #modified and dcterms:modified
seem similar, they do not belong to the same vocabulary. The dcterms: #modified
is defined neither in the DC vocabulary nor in other vocabularies used in LOD,
meaning that the property is only a broken version of the second one. There-
fore, we perform a further analysis to check which dataset was responsible for
this misleading practice, obtaining the whole number of its occurrences. The
problem can be considered a data quality assessment problem. Along this line,
the problem can be related either to the RDF publisher that has made an in-
appropriate usage of the property or to the application that consumes the data
and provide an inaccurate data. In order to have a better understanding of the
temporal properties usage, we also provide in Figure 1 a distribution of the top
10 temporal properties over the most relevant PLDs they occur in. As shown in
Figure 1, we find that dcterms: #modified is 100% used in scinets.org.

other

musicbrainz.org:
Wscinets.org:

ontologycentral.com:
Erdfize.com:
mloc.gov:
1 data gov.uk:
mlegislation.zov.uk:
mbbc.couk:
mwecowi.de:
Mopenresearch.org:
Wkitedu:
Wreferata.com:

Msemanticweb.org:

Fig. 1: Distribution of top ten temporal properties with respect to main PLDs.

4 Temporal Meta-information Description Models

In this section we focus on temporal meta-information. The peculiarity of this in-
formation, with respect to temporal information defined by a relation T'(z, a, t),



is that the element x can be a statement, or a graph. Because of the tight con-
straints given by the triple-based structure of RDF descriptions, the concrete
RDF-based representation of an even simple temporal annotation like T'(x, a, t),
with 2 being a document and ¢ = [t’;#°] a temporal interval, requires some
sophisticate mechanisms. Several approaches for providing a concrete represen-
tation of a temporal annotation have been proposed. We identify three core per-
spectives adopted for the concrete representation of temporal meta-information
in RDF:

— Document-centric perspective, where time entities, usually points, are asso-
ciated with RDF documents.

— Fact-centric perspective, where time entities (points or intervals usually in-
tervals are associated with facts; since facts can be represented by one or
more statements, we further distinguish the fact-centric perspective into:

e Sentence-centric perspective, which associates statements with time en-
tities (points or intervals).

e Relationship-centric perspective, which encapsulates time entities (points
or intervals) into objects representing n-ary relations.

In the following we explain in detail the approaches proposed according to
the above core perspectives.

4.1 Document-centric perspective

Graphs, i.e. RDF documents, can be associated with temporal-meta informa-
tion following two approaches: the first one uses HT' TP-metadata, and in par-
ticular the Last-modified field of an HTTP response header; the second one
expresses temporal meta-information using RDF statements with temporal prop-
erties taken from available vocabularies such as Dublin Core. Temporal meta-
information following these approaches, and in particular, Last-modified and
ETage properties of HI'TP headers have been used for the detection of changes
in Web documents publishing RDF data [25].

Protocol-based representation A protocol-based representation adopts
point-based time modelling; the temporal meta-information is not persistently
associated with a Web document but can be extracted from the HTTP header
returned in response to an HTTP GET request for the document. The tempo-
ral meta-information associates a time point, represented by a date, to a Web
document G using a predicate a defined in the HTTP protocol according to the
schema defined in Listing 1.1.



Listing 1.1: Protocol-based representation

HTTP Request
GET G

HTTP Response Header
Status: HTTP/1.1 200 OK
a: t

Metadata-based representation Let ug be a named graph, ag be a tem-
poral property, ¢t a time point, the metadata-based representation associate a
temporal meta-information to an RDF document as shown in Listing 1.2.

Listing 1.2: Metadata-based representation

S p o ug
ug ag t ug

This approach exploits the concept of named graphs [3].

4.2 Fact-centric perspective

The Fact-centric perspective is identified originally by the temporal RDF model
described by Gutierrez et al. [12] which allows the labelling of RDF statements
with time intervals, thus expressing the temporal validity of statements. The
labelling model adopts a point-based, discrete and linearly ordered temporal
domain.

Temporal RDF-based representation Let (s, p,0) be an RDF statement
and [t?;t°] a time interval with a starting point ¢’ and an ending point ¢, a
Temporal RDF-based representation is a temporal annotated statement having
the form (s, p, o) [t*:t¢].

The above definition requires an extension to the RDF triples and thus can
not be used in the basic RDF data model. In other words, the temporal facts
are encoded using binary relations, and the fact-based approach requires the ad-
dition of one or more temporal attributes to each binary relation. To be able to
make statements about statements in the RDF data model, we need to introduce
approaches that are able to implement the time dimension. In this section, we
present two subcategories of the Fact-centric perspective that approach differ-
ently the attachment of time to triples: the Sentence-centric perspective and the
Relationship-centric perspective.

Sentence-centric perspective

In the Sentence-centric perspective we identify the following two approaches:
Reification-based representation Let (s,p,0) be a statement, s°* a mod-

elling of a statement as a resource and ai’g, ag be two temporal properties

with respect to the beginning and the ending point of a time interval [t*:t¢],



a Reification-based representation adds one resource s** and four statements. s*
is annotated with time interval as defined in Listing 1.3.

Listing 1.3: Reification-based representation

s rdf:type rdf:Statement
s rdf:subject s

s°' rdf:predicate p .

s rdf:object o

5% af’g tb

%t ag t¢

Notice that a property ag can have a time point or a time interval as property
value.

Whenever we want to add a temporal meta-information to an RDF triple,
reification is required. However, an alternative approach defined in [24] exploits
the RDF named graphs [3] by adding time interval to them, thus creating tempo-
ral graphs. The approach associate temporal validity to the statements contained
in a default graph by distributing them to the appropriate temporal graphs. In-
formation about the temporal validity of the triple is asserted in the default
graph.

Applied Temporal RDF-based representation Let urg be a temporal
graph, af?; and ag be two temporal properties with respect to the beginning
and the ending point of a time interval [t*:t¢], (s,p,0) be a statement in the
default graph ug, the applied temporal RDF-based representation gives a tem-
poral meta-information to the statement by adding it to a temporal graph as
shown in Listing 1.4.

Listing 1.4: Temporal RDF-based representation

b b
urg ag t ura
urg ag t® urg
S P O urg

Relationship-centric perspective

The N-ary relationship approach!? expresses relations with arity greater than
two as a class rather than as a property. The approach embeds time as an addi-
tional attribute, thus describing an instance of the relation or differently saying
describing an instance of the class. Remarkably, this approach supports the rep-
resentation of temporal meta-information as well as other types of information;
in fact the validity of fact is embedded into the attributes of objects that repre-
sent the relations, i.e., into domain descriptions.

N-ary-relationship-based representation Let (s,p,o0) be an RDF state-
ment, all’% and a% be two temporal properties with respect to the beginning and

2 http://www.w3.org/ TR /swbp-n-aryRelations/



the ending point of a time interval [t:t°], oP be the instance of the class prop-
erty and p be the old property with the new object, an N-ary-base temporal
meta-information apply a temporal meta-information to a statement as shown
in Listening 1.5

Listing 1.5: Notation for N-ary-relationship-based representation
s p of .
o po .
of ab tt
of af t°

A second temporal model proposed in [27] is based on fluents and times-
lices which represent the perdurantist view of the world. Fluents are properties
that hold at a specific moment in time, i.e., object properties that change over
time. The properties have timeslices as domain and range. Timeslices stands for
entities that are extended through temporal dimensions.

4D-fluents-based representation Let (s,p,o0) be an RDF statement, a’
and a% be two temporal properties with respect to the beginning and the ending
point of a time interval [t°:t¢], s* and of be the timeslices of s and o, 4D-fluents-
based representation associates a temporal meta-information to a relation as
shown in in Listing 1.6

Listing 1.6: 4D-fluents-based representation

o~

rdf:type :TimeSlice

:hasTimeslice s

ab t?

ag t°
rdf:type :TimeSlice

:hasTimeslice of
ab t?

af t°

p o

& o o

& o+

U)HOOOOU)U)U)U)

5 A Quantitative and Qualitative Analysis of Temporal
Meta-information in LOD

In this section we provide analysis for each of the perspectives described in the
previous section, with the aim of evaluating the adoption of the heterogeneous
approaches proposed to represent temporal meta-information. Along this line,
the quantitative analysis is augmented with a qualitative discussion in Section
5.3 that aim to highlight based on the experiments and also on the literature, the
advantage and disadvantage of the approaches for each perspective with the aim
of addressing also recommendations to the data publishers and data consumers.



5.1 Document-centric perspective

To identify the use of the Protocol-based representation we had to ascertain how
many of the URIs that identified documents in the BTC returned date informa-
tion in the HTTP header. However, to conduct an exploratory experiment over
the whole amount of documents from the BTC is not feasible, due to the amount
of documents (>7m). Therefore, we selected a random sample of 1000 URI due
to the fact that for some analysis (in particular on Metadata-, Reification- and
N-ary-relationship-based representation) a manual check assessment is needed.

For each document URI in the sample we performed an HTTP lookup to
check the last-modification temporal meta-information in the HTTP header re-
sponse. We found that only 95 out of 1000 URIs returned last-modification
temporal meta-information.

To identify the Metadata-based representation, we selected a new sample of
1000 URIs that appeared in subject position of quads having temporal informa-
tion. From this sample we excluded all URIs that make use of a hash symbol #
to separate the local name, since we expected these URIs to identify resources-
or fact-based perspective than document-based perspective. For the remaining
URIs we made an HTTP request and analysed the response code to determine
whether the URI identified a generic document or a resource. Following the
described approach we found that 432 (43.2%) out of the original 1000 URIs
identified documents. Such documents are not limited to RDF ones but they
include also html, mp3, xml, pdf documents and so on. As a consequence, we
manually checked RDF documents with only the temporal meta-information
such as modified and updated which resulted in 51 documents. We further,
analysed the 51 RDF documents and discovered that 43 of them are associ-
ated with both a protocol-based last-modified temporal meta-information and a
metadata-based temporal meta-information. Then for each of the 43 identified
documents we compared temporal entities of protocol-based last-modified and
metadata-based temporal meta-information. Result of such comparison shows
that protocol-based last-modified temporal meta-information is more up-to-date
w.r.t. metadata-based temporal meta-information with an average of 364 days.

5.2 Fact-centric perspective

We analysed the Reification-based representation in the BTC by looking for how
often temporal related quads were used with respect to reified statements. We
identified documents containing triples with predicates defined in the RDF reifi-
cation vocabulary (i.e., rdf:subject, rdf :predicate, and rdf:object).
From the identified documents we extracted the properties that express tempo-
ral meta-information and use the same subject as reification statements. Reified
statements containing temporal meta-information are 2,637 (0.02%).

To account for Relationship-centric perspective we again have to use the fol-
lowing approximation, since N-ary relations are hard to be identified just by
analysing the data structure. As a consequence we extracted all quads from the
BTC using a temporal property and subject, where it is the object of another



quad in the same document. Notice that the possibility to join two triples x
and y where z.subject = y.object is a necessary but not sufficient condition, to
identify N-ary relations. Therefore, all the temporal triples that are used with
N-ary relations in the BTC are contained in a set that we name scoped set repre-
sented by 7m of temporal quads. From the scoped se, we selected three different
random samples of 100 triples and we manually verified if respective documents
identified an N-ary relation. Results of such manual analysis show that 10 £ 2
out of 100 triples in the sample are used with an N-ary relation.

Perspective Approach Occurrence| Occurrence| Occurrence
temp. quads|overall quads|overall docs

Document-centric Protocol-based NA NA 9.5%
Metadata-based 43.2% 0.0016% 4.8%

Fact-Centric Reification-based 0.02%| 0.0000008% 0.006%
N-ary-relationship-based 12.24% 0.0005% 0.6%

Table 3: Temporal information representation approaches and the respective occurrence
of i) quads having temporal information; ii) overall quads in the BTC; iii) all documents
in the BTC.

5.3 Results and Discussion

Table 3 shows the results of our findings according to the mechanisms adopted
in the LOD to annotate data with temporal meta-information.

In the Document-centric perspective we identified two approaches used
for annotating documents with temporal meta-information: the protocol-based
representation and the metadata-based representation. Both approaches are widely
used within the document-centric perspective and are more extensively adopted
than the Fact-centric perspective. As we hypothesised, the number of tempo-
ral meta-information associated with documents is greater than facts. Still, the
temporal meta-information used in the metadata-base representation (0.26%),
are not high enough compared with the overall number of documents in the
sample we used. As mentioned in Section 5.1, the number of available protocol-
based last-modified temporal meta-information is smaller than the number of
the metadata-based temporal meta-information. However, the temporal meta-
information in the protocol-based representation, when available are more up-
to-date than the ones in the metadata-based representation. Data consumers:
The applications that consume temporal meta-information will first check for
temporal meta-information in the protocol-based representation because they
are more up-to-date and in case these information are not available then the
applications should be able to check other temporal meta-information in the
metadata-based representation. RDF data publishers: Publishers should care-
fully update the temporal meta-information whenever the data in the document
is changed and both temporal meta-information in protocol- and metadata-
based representation should be consistent. Fxamples of datasets providing tem-



poral information according to this perspective are: Protein knowledge base
(UNIPROT), legislation.gov.uk).

Differently from the Document-centric perspective the Sentence-centric per-
spective and the Relationship-centric perspective associate validity time entities
to facts with a more fine grained and accurate specification of temporal infor-
mation. Although the Sentence-centric perspective is relevant for attaching time
validity to triples, both the approaches considered in this perspective have lim-
ited usage. First, the use of the Reification-based representation show a high
complexity w.r.t. query processing [15]. Based on the results given in Table 3,
this approach appears only in a very small number of quads. Data consumers:
Consumers should be able to evaluate based on the application scenario (e.g.,
based on the expected types of queries) if it is the case to either build their
applications over such representation or to choose a different, and more efficient
approach (e.g. Applied temporal RDF-based representation). RDF data pub-
lishers: Publishers should be aware that the Linked Data principles discourage
their usage since reification-based representation is considered to be cumbersome
for SPARQL query [2], even though they may be useful for representing temporal
meta-information. Examples of datasets: Timely Yago. Second, the performance
of Applied temporal RDF-based representation has been reported to have
still some efficiency bottleneck [24], especially in the worst case, when the number
of graphs (which are associated with temporal annotations) is almost equivalent
to the number of triples. Data consumers: Although we found that the usage
of the applied temporal RDF-based representation is relatively uncommon, this
approach should deserve more attention because it supports expressive temporal
queries based on T-SPARQL, and can be applied to datasets that provide tem-
poral information according to a Reification-based representation. RDF data
publishers: Publishers should take in consideration the worst case when using
the applied temporal RDF-based representation. Therefore, they should use it
only when it is possible to group a considerable number of triples into a single
graph. Ezamples of datasets: EvOnt (22 million triples).

The N-ary-relationship-based representation is very similar to the above
approaches with the difference that time is embedded in an object that repre-
sent a relation. As Table 3 shows, 0.6% of documents in the BTC contains
at least one case of N-ary-relationship-based representation, which is greater
than the reification-based representation but still represent a small amount if
compared to the overall number of documents. Data consumers: Consumer
applications can extrapolate the temporal validity of facts from representations
based on this approach. The lack of a clear distinction between plain tempo-
ral information and temporal meta-information provides high flexibility, but at
the same makes difficult to predict the kind of temporal information that can
be leveraged. RDF data publishers: Many situations require temporal meta-
information associated with relations that can be modelled only as complex
objects. Therefore, we recommend to publishers to use N-ary-based represen-
tation for complex modelling tasks because it allows flexibility on representing
temporal meta-information associated with relation. Examples of datasets: Free-



base!'?). The 4D fluents-based representation supports advanced reasoning
functionalities, but, probably also because its complexity, has not been really
adopted in LOD, as show in Table 3. Ezamples of datasets: none, to the best
our knowledge; it is adopted in the PROTON* and DOLCE'® ontologies).

6 Conclusion

The key contribution of this paper is the investigation of temporal information
in LOD, which is important for several research and application domains. As
time introduces a further dimension to data it cannot be easily represented in
RDF, a language based on binary relations; as a result, several approaches for
representing temporal information have been proposed. Based on the qualitative
and quantitative analysis using the Billion Triple Challenge 2011 dataset, we
came to the conclusion that the availability of temporal information describing
the history and the temporal validity of statements and graphs is still very lim-
ited. If the representation of temporal validity of RDF data is somewhat more
complex and can be expected to be considered in specific contexts, information
about the creation and modification of data can be published with quite sim-
ple mechanisms. Yet, this information would have great value, e.g., when data
coming from different sources need to be integrated and fused.
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