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1 Introduction

Time is a pervasive dimension of reality as everything evolves as time elapses. Therefore, Web-based
information systems and knowledge representation tools at least mirror, and often have to capture, the time-
varying and evolutionary nature of the phenomena they model and of the activities they support. This aspect
has been acknowledged and long studied in the field of temporal databases [JeSn09] but it truly applies also
to the World Wide Web and Semantic Web in particular.

Several papers addressing, in an explicit or implicit way, the representation and management of time
and evolution in the Semantic Web appeared recently and, on some aspects, showed a clear upward trend
in last years, witnessing a sustained and/or growing research interest. Reflecting and acknowledging such
interest, we started in 2011 to collect references concerning the handling of time and evolution issues in
Semantic Web research. As it was for [Gra03], the purpose of this collection was to compile a bibliography
which could be of help, in particular, to students and young researchers. As a result of such endless work,
we wrote the present bibliography, whose latest version will be available on the Web at URL:

http://www-db.deis.unibo.it/~fgrandi/TWbib/TSWbib.html

This follows several fortunate bibliographies on time-varying information management, including seven
ones on temporal databases [BAD'83, McK86, StSn88, Soo91, Kl1i93, TsKu96, WIS88], two ones on
spatio-temporal databases [ASM93, ASM94], two ones on spatio-temporal data mining [RoSp99, RHS00],
one on schema evolution [Rod92], one on (temporal) indeterminacy [Dyr96], and one on temporal and
evolution aspects in the World Wide Web [Gra03] also advertised on Sigmod Record [Gra04]. Notice that
the bibliography we gathered in 2003, already contained the embryo of the present work, with 16 papers
dealing with temporal and evolution aspects in the Semantic Web [Gra(03, Sec. 2.8].

The collected references, which amount to 768 as of November 2012, are partitioned into two main
sections, where they are further organized according to some similarity criterion introduced by brief notes.
The former main section (Sec. 2) contains papers explicitly dealing with time or temporal aspects repre-
sented in Semantic Web resources or involved in their modelling and management. The latter main section
(Sec. 3) contains papers dealing with dynamic aspects of the Semantic Web without explicit reference to



any temporal dimension. We apologize in advance (with the readers and especially with the authors) for any
errors, misclassifications and omissions may result from the collected entries. Additions, corrections and
comments are obviously welcome. Papers that could have been classified as belonging to more than one
section of this bibliography, have actually been assigned to the most representative one, although sometimes
such a choice could seem in part arbitrary.

2 Time and Temporal Aspects

This first group of collected references is devoted to time and temporal aspects in the Semantic Web. In this
collection of 249 papers, we can make a first partition between 137 works properly dealing with modelling
and management of temporal Semantic Web resources (in Sec. 2.1 and Sec. 2.2), and 112 works focusing
on the study of the semantic and ontological aspects of time itself (in Sec. 2.3 and Sec. 2.4). Within each of
the two partitions, we separated papers dealing with time alone (in Sec. 2.1 and Sec. 2.3, respectively) from
papers dealing with either time and space (in Sec. 2.2 and Sec. 2.4, respectively).

2.1 Temporal Extensions of Semantic Web

With an approach similar to that employed in temporal database [JeSn09] and temporal XML [DyGr09]
research, time dimension(s) are explicitly added to Semantic Web languages and formalisms (e.g., RDF,
OWL and SPARQL) in order to represent time in semantic annotations, to build temporal ontologies and to
support temporal querying and reasoning. The considered time dimension is usually valid time [JDB 98],
which represents the time when some fact is true in the real world, although other time dimensions have
also been considered in some approaches. A number of 97 references has been gathered in this group,
where space dimensions have not been considered. Aimed at improving the efficiency of temporal querying
and reasoning, optimization techniques investigated in this group involve compact storage solutions and the
adoption of ad-hoc index structures for temporal Semantic Web data.
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[90] Katrin Tomanek and Udo Hahn. Annotation time stamps - temporal metadata from the linguistic
annotation process. In Proc. of Intl’ Conf. on Language Resources and Evaluation (LREC), Valletta,
Malta, May 2010. ELRA, Paris, France.

[91] Octavian Udrea, Diego Reforgiato Recupero, and V.S. Subrahmanian. Annotated RDF. In Proc. of
European Semantic Web Conf. (ESWC), pages 487-501, Budva, Montenegro, June 2006. LNCS Vol.
4011, Springer-Verlag, Heidelberg, Germany.

[92] Octavian Udrea, Diego Reforgiato Recupero, and V.S. Subrahmanian. Annotated RDF. ACM Trans-
actions on Computational Logic, 11:10:1-10:41, 2010.

[93] Siarhei Bykau, John Mylopoulos, Flavio Rizzolo, and Yannis Velegrakis. On modeling and querying
concept evolution. Journal on Data Semantics, 1-new(1):31-55, 2012.

[94] Patrick West, Eric Rozell, Stephan Zednik, Peter Fox, and Deborah L. McGuinness. Semantically
enabled temporal reasoning in a virtual observatory. In Proc. of Intl’ Workshop on OWL: Experiences
and Directions (OWLED, in conj. with ISWC), Chantilly, VA, October 2009. CEUR-WS.

[95] Qi Zhang, Fabian M. Suchanek, Lihua Yue, and Gerhard Weikum. TOB: timely ontologies for busi-
ness relations. In Proc. of Intl’” Workshop on the Web and Databases (WebDB, in conj. with SIG-
MOD/PODS), pages 13:1-13:6, Vancouver, Canada, June 2008.

[96] Veruska Zamborlini and Giancarlo Guizzardi. On the representation of temporally changing infor-
mation in OWL. In Workshops Proc. of IEEE Intl’ Enterprise Distributed Object Computing Conf.
(EDOCW), pages 283-292, Vitéria, Brazil, October 2010. IEEE Computer Society Press, Los Alami-
tos, CA.



[97] Antoine Zimmermann, Nuno Lopes, Axel Polleres, and Umberto Straccia. A general framework for
representing, reasoning and querying with annotated semantic web data. Technical Report CoRR/abs/1103.1255,
arXiv, Cornell University, Ithaca, NY, 2011.

2.2 Spatio-temporal Extensions of Semantic Web

Among the papers belonging to the temporal extensions group, we can evidence a specific subset of 40
works dealing with time in addition to space dimensions in the Semantic Web. The addition of the space
dimension(s) is aimed at supporting spatio-temporal or geospatial knowledge representation and reasoning.
Optimized implementation of spatio-temporal query operators has also been considered in a few approaches.

[1] Lamberto Ballan, Marco Bertini, Alberto Del Bimbo, and Giuseppe Serra. Semantic annotation of
soccer videos by visual instance clustering and spatial/temporal reasoning in ontologies. Multimedia
Tools and Applications, 48(2):313-337, 2010.

[2] Sotiris Batsakis. SOWL: A Framework for Handling Spatio-Temporal Information in OWL. PhD thesis,
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Austria, September 2010. ACM Press, New York, NY.

[4] Sotiris Batsakis and Euripides G. M. Petrakis. SOWL: A framework for handling spatio-temporal
information in OWL 2. 1In Proc. of Intl’ Symposium on Rules: Research Based and Industry Fo-
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Springer-Verlag, Berlin, Germany.

[5] Christine Deichstetter, Tomi Kauppinen and Eero Hyvonen. Temp-O-Map: Ontology-based search and
visualization of spatio-temporal maps. In Demo Track at the Extended Semantic Web Conf. (ESWC),
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[9] Frederico T. Fonseca, Max J. Egenhofer, Clodoveu A. Davis, and Gilberto Camara. Semantic gran-
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(in greek). Master’s thesis, Dept. of Electonic and Computer Engineering, Technical University of
Crete, 2009.
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languages. In Proc. of Intl’ Conf. on World Wide Web (WWW) - Companion Volume, pages 229-232,
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[16] Tomi Kauppinen, Panu Paakkarinen, Eetu Mikeld, Heini Kuittinen Jari Viitidinen, and Eero Hyvonen.
Geospatio-temporal semantic web for cultural heritage. In Digital Culture and E-Tourism: Technolo-
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[17] Tomi Kauppinen, Jari Viaitidinen, and Eero Hyvonen. Creating and using geospatial ontology time
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temporal ontologies. Spatial Cognition & Computation, 7(1):3-12, 2007.

[20] Lars Kulik, Matt Duckham, and Max J. Egenhofer. Ontology-driven map generalization. Journal of
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ical Information Systems (W2GIS), pages 37-49, Shanghai, China, December 2008. LNCS Vol. 5373,
Springer-Verlag, Heidelberg, Germany.
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[24] Alina Dia Miron, Jérdme Gensel, and Marlene Villanova-Oliver. Semantic analysis for the geospatial
semantic web. In Advances in Knowledge Discovery and Management, volume 292 of Studies in
Computational Intelligence, pages 287-306. Springer-Verlag, Heidelberg, Germany, 2009. Fabrice
Guillet et al. (Eds.).

[25] Alina Dia Miron, Jérdme Gensel, and Marlene Villanova-Oliver. Spatio-temporal semantic analysis
for OWL-DL ontologies (in French). In Proc. of Francophone Days on Extraction and Management of
Knowlegde (JFEGC), pages 379-390, Strasbourg, France, January 2009. Cépadués—Editions, Toulouse,
France.

[26] Alina Dia Miron, Jérome Gensel, Marléne Villanova-Oliver, and Hervé Martin. Towards the geo-
spatial querying of the semantic web with ONTOAST. In Proc. of Intl’ Symposium on Web and
Wireless Geographical Information Systems (W2GIS), pages 121-136, Cardiff, UK, November 2007.
LNCS Vol. 4857, Springer-Verlag, Heidelberg, Germany.

[27] Michael J. Pan and Rob Raskin. Towards a generalized spatio-temporal understanding for the seman-
tic web. In Proc. of AAAI Spring Symposium on Foundations and Applications of Spatio-Temporal
Reasoning (FASTR), pages 6266, Stanford, CA, March 2003. AAAI Press, Menlo Park, CA.

[28] Matthew S. Perry. A Framework to Support Spatial, Temporal and Thematic Analytics over Semantic
Web Data. PhD thesis, Wright State University, Dayton, OH, 2008.

[29] Matthew S. Perry, Farshad Hakimpour, and Amit P. Sheth. Analyzing theme, space, and time: an
ontology-based approach. In Proc. of Intl” ACM Symposium on Advances in Geographic Information
Systems (GIS), pages 147-154, Arlington, VA, November 2006. ACM Press, New York, NY.

[30] Matthew S. Perry, Maciej Janik, Cartic Ramakrishnan, Conrad Ibafez, Ismailcem Budak Arpinar, and
Amit P. Sheth. Peer-to-peer discovery of semantic associations. In Proc. of Intl’ Workshop on
Peer-to-Peer Knowledge Management (P2PKM, in conj. with MobiQuitous), La Jolla, CA, July 2005.
CEUR-WS.

[31] Matthew S. Perry, Amit P. Sheth, Farshad Hakimpour, and Prateek Jain. Supporting complex thematic,
spatial and temporal queries over semantic web data. In Proc. of Intl’ Conf. on GeoSpatial Semantics
(GeoS), pages 228-246, Mexico City, Mexico, November 2007. LNCS Vol. 4835, Springer-Verlag,
Heidelberg, Germany.

[32] Matthew S. Perry, Amit P. Sheth, and Prateek Jain. SPARQL-ST: Extending SPARQL to support spa-
tiotemporal queries. Technical Report KNOESIS-TR-09-01, Kno.e.sis Center, http://knoesis.
org/students/prateek/spargql-st-www09-tr.pdf, 2001.

[33] Matthew S. Perry, Amit P. Sheth, and Prateek Jain. SPARQL-ST: Extending SPARQL to support
spatiotemporal queries. In Geospatial Semantics and the Semantic Web, volume 12 of Semantic Web
And Beyond, chapter 3, pages 61-86. Springer-Verlag, Heidelberg, Germany, 2011. Naveen Ashish
and Amit P. Sheth (Eds.).

[34] M. Andrea Rodriguez, Isabel F. Cruz, Max J. Egenhofer, and Sergei Levashkin, editors. Proceedings
of the Intl’ Conf. on GeoSpatial Semantics (GeoS) (Mexico City, Mexico, November 2005), volume
3799 of Lecture Notes in Computer Science. Springer, Heidelberg, Germany, 2005.

[35] Alberto Salguero, Cecilia Delgado, and Francisco Araque. Easing the definition of N-ary relations
for supporting spatio-temporal models in OWL. In Proc. of Intl’ Conf. on Computer Aided Systems
Theory (EUROCAST) - Revised Selected Papers, pages 271-278, Las Palmas de Gran Canaria, Spain,
February 2009. LNCS Vol. 5717, Springer-Verlag, Berlin, Germany.
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[36] Alberto Salguero, Cecilia Delgado, and Francisco Araque. OWL extension for integrating spatio-
temporal data: dealing with taxonomies. Intl’ Journal of Knowledge and Learning, 5(3-4):318-332,
2009.

[37] Alberto Salguero, Cecilia Delgado, and Francisco Araque. STOWL: An OWL extension for facilitating
the definition of taxonomies in spatio-temporal ontologies. In Proc. of World Summit on the Knowledge
Society (WSKW), pages 336-345, Chania, Greece, September 2009. LNCS Vol. 5736, Springer-Verlag,
Berlin, Germany.

[38] Amit P. Sheth and Matthew S. Perry. Traveling the semantic web through space, time, and theme.
IEEE Internet Computing, 12(2):81-86, 2008.

[39] Bhavani M. Thuraisingham, Latifur Khan, Murat Kantarcioglu, and Vaibhav Khadilkar. Design of
a temporal geosocial semantic web for military stabilization and reconstruction operations. In Proc.
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[40] May Yuan. Temporal GIS and applications. In Encyclopedia of GIS, pages 1147-1150. Springer-
Verlag, Heidelberg, Germany, 2008. Shashi Shekar and Hui Xiong (Eds.).

2.3 Towards an Ontology of Time

In this subsection, we can found papers concerning the definition of an ontology of time and temporal
phenomena. Whereas this problem can sometimes be seen as an application of Semantic Web techniques
to the universe of time, it also has a deeper theoretical side which crosses over the boundaries of Semantic
Web studies to meet with linguistics and ontological research as philosophical discipline. In this respect,
we also included some “classic” studies not belonging to the Semantic Web literature. Neither efficiency
nor optimization issues have been considered in this thread, as research interest is definitely focused on
semantic aspects.

We start with the listing of 88 collected references, where space and spatial aspects have not been
explicitly considered.

[1] James F. Allen and Patrick J. Hayes. A common-sense theory of time. In Proc. of Intl’ Joint Conf.
on Artificial Intelligence (IJCAI), pages 528-531, Los Angeles, CA, August 1985. Morgan Kaufmann,
San Fransisco, CA.
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Springer, Heidelberg, Germany.

[3] Aurelien Arena and Jean-Pierre Desclés. A formal ontology for a computational approach of time and
aspect. In Proc. of Intl’ Conf. on Advances in Natural Language Processing (IceTAL), pages 45-56,
Reykjavik, Iceland, August 2010. LNCS Vol. 6233, Springer-Verlag, Berlin, Germany.

[4] Brandon Bennett. Space, time, matter and things. In Proc. of Intl’ Conf. on Formal Ontology in
Information Systems (FOIS), pages 105-116, Ogunquit, ME, October 2001. ACM Press, New York,
NY.

[5] Thomas Bittner, Maureen Donnelly, and Barry Smith. Endurants and perdurants in directly depicting
ontologies. Al Communications, 17(4):247-258, 2004.
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Heidelberg, Germany, 2008. Pompeu Casanovas, Giovanni Sartor, Nuria Casellas and Rossella Rubino
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Verlag, Heidelberg, Germany.
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AAAI Spring Symposium on Logical Formalizations of Commonsense Reasoning, pages 74-82, Stan-
ford, CA, March 2003. AAAI Press, Menlo Park, CA.

[17] Antony Galton. On what goes on: The ontology of processes and events. In Proc. of Intl’ Conf. on
Formal Ontology in Information Systems (FOIS), pages 4—11, Baltimore, MD, November 2006. FAIA
Vol. 150, IOS Press, Amsterdam, The Netherlands.

[18] Pawel Garbacz, Robert Trypuz, Bogumil Szady, Piotr Kulicki, Przemyslaw Gradzki, and Marek Lech-
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Formal Ontology in Information Systems (FOIS), pages 345-358, Toronto, Canada, May 2010. FAIA
Vol. 209, IOS Press, Amsterdam, The Netherlands.
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for Scientific Computing (SYNASC), pages 202-208, Timisoara, Romania, September 2010. IEEE
Computer Society Press, Los Alamitos, CA.
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Knowledge Representation and Reasoning (KR), pages 566-568, Toronto, Canada, May 2010. AAAI
Press, Menlo Park, CA.
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(ISWC) - Part I, pages 225-240, Bonn, Germany, October 2011. LNCS Vol. 7031, Springer-Verlag,
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3 Evolution and Versioning Aspects

In the second main group of collected references we put the studies devoted to dynamic aspects in the realm
of Semantic Web without an explicit interest in time and temporal aspects involved in the evolution. In this
collection of more than 500 papers, we can make a main partition between papers dealing with evolution
aspects (from Sec. 3.1 to Sec. 3.4) and papers dealing with versioning issues (in Sec. 3.5). In this respect, we
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follow the conceptual distinction between evolution and versioning formalized in the temporal database field
[JDB198] for the maintenance of a database schema [Rod09a, Rod09b]. Hence, considering for instance
the management of an ontology in the Semantic Web, to support evolution means to permit modifications of
the ontology and adaptation of the related resources without requiring maintenance of the previous versions
(i.e., the changes are effected by overwriting modified elements and deletions are destructive). On the
other hand, supporting versioning means to permit modifications while retaining the previous versions. The
maintenance of the whole modification history of the ontology through all its subsequent versions is aimed
at continuing the support of legacy applications developed to work with one of the past versions, which is
an important requirement in some application fields (e.g., in the legal domain).

The partition of papers dealing with evolution aspects is the most crowded section of the whole bibli-
ography, with a total number of 449 papers. Most of them actually consider evolution of ontologies, even if
evolution support for other kinds of Semantic Web resources (e.g., services) has sometimes been considered.
In order to highlight the papers dealing with more specific aspects in the context of evolution, we made sep-
arate groups of papers specifically dealing with formalization and execution of changes (in Sec. 3.2), design
and implementation of editors (in Sec. 3.3) and detection and reasoning about changes (in Sec. 3.4).
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Several optimization strategies concerning the engineering process of Semantic Web applications have been
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3.2 Management of Changes

As a special subset of the works dealing with evolution in the Semantic Web, we highlight in the collection
of 89 references that follows the papers more focused on the management of changes, from the definition
and formalization to the implementation of change operations (e.g., ontology updates).
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3.5 Versioning Issues

This subsection is devoted to the 70 papers most specifically dealing with versioning and management of
multiple versions of resources (e.g., of ontologies and RDF graphs, in particular) in the Semantic Web.
In such a framework, multi-version settings also include the management of multi-contextual, multidi-
mensional and multi-perspective semantic resources, without an explicit reference to time as a versioning
dimension. An optimization often sought in this context is the compact representation of multi-version
resources to avoid a storage space growth linear with the number of versions.
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