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ABSTRACT The Web of Data is an open environment consisting of very large, inter-linked RDF datasets from various domains (e.g., DBpedia, GeoNames, ACM, PubMed, etc.) accessed through SPARQL queries. Establishing interoperability in this environment has become a major research challenge. This paper presents SPARQL‒RW (SPARQL‒ReWriting), a framework which provides transparent query access over mapped RDF datasets. The SPARQL‒RW provides a generic method for SPARQL query rewriting, with respect to a set of predefined mappings between ontology schemas. To this end, it supports a set of rich and flexible mapping types and it is proved to provide semantics preserving queries.
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1. INTRODUCTION The Web of Data is an environment that allows publishing data on the Web, in structured, linked, and standardized ways. It is comprised by a great number of very large inter-linked RDF datasets from various domains (e.g., DBPedia, ACM, PubMed, BBC Music, GeoNames, Flickr, etc.), and initiatives like the Linked Open Data, Open Government and Linked Life Data have played a major role towards its development. In this environment, it is very common for several datasets to describe the same or overlapped domains. A plethora of such examples can be given, starting from the DBpedia, YAGO, WordNet and Freebase cross-domain datasets. Taking it a step forward, we notice several other overlapping datasets, like the ACM, IEEE, DBLP and ePrints in the domain of publications, PubMed, GeneID, Drug Bank and Gen Bank in life science, GeoNames, Linked GeoData and Geo Linked Data in the geographic domain, as well as Last.FM, MySpace, BBC Music and Music Brainz in the domain of media. Numerous other examples can be obtained from the Web of Data graph. Considering that data providers and consumers need to have the ability to use their preferred schema in this kind of setting, it



becomes obvious that systems supporting transparent querying over different datasets are essential components for a great number of Web of Data applications. Although many state of the art applications (e.g., LDIF [4], SPARQL++ [5], Mosto [6]) are focused on the RDF data exchange/transformation problem, to the best of our knowledge, there is no system supporting transparent querying over mapped RDF data sources. In this paper, we present the SPARQL‒RW (SPARQL‒ReWriting) Framework. The SPARQL‒RW provides a generic method for SPARQL query rewriting, with respect to a set of predefined mappings between ontology schemas. It supports a set of rich and flexible mappings types formally described using Description Logics (DL) and it is proved to provide semantics preserving queries. Formally, let a source ontology OS, a target ontology OT and a set of mappings M between OS and OT. Our framework takes as input a SPARQL query QS expressed over OS, and rewrites it to a semantically correspondent SPARQL query QT (expressed over OT) with respect to M. We have formally evaluated [16] the soundness and completeness of the proposed rewriting method with respect to the set of mapping types supported by our framework.



2. FRAMEWORK OVERVIEW The architecture of the SPARQL‒RW Framework is presented in Fig. 1. Our working scenario involves ontologies, as well as a set of predefined mappings between them. Our system exploits these mappings in order to rewrite an initial SPARQL query QS expressed over the source ontology, to a semantically correspondent SPARQL query QT, expressed over the target ontology. SPARQL
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Fig. 1. The System Architecture The system is divided into 4 basic components: (a) Query Analyzer & Composer, that analyzes the input SPARQL query and also composes the rewritten one; (b) Mapping Parser, that parses the predefined mappings; (c) Mapping Type Determinator, that identifies the type of each mapping in order to be exploited by the



rewriting process; (d) Graph Pattern Rewriter, that rewrites the Graph Pattern of the input SPARQL query based on the specified mappings. Finally, for demonstration purposes, we have also integrated a Results Visualizer component which is responsible for the results presentation.



2.1 Mapping Model
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In this section, we outline the mapping model adopted by the SPARQL‒RW Framework in the context of SPARQL query rewriting. Our attempt is to identify and support the set of mapping types which can be exploited by the SPARQL query rewriting process. This task is highly dependent to the SPARQL expressiveness. For instance, a mapping containing aggregates would be meaningless, since aggregates cannot be represented in the current SPARQL. The proposed mapping model supports a highly expressive set mapping types. To this end, it provides a grammar in order describe these mapping types, as well as a formal definition their semantics expressed in DL. Below we outline a fragment the SPARQL‒RW mapping capabilities.



a result, any mapping language that supports the above mapping types (or a fragment of them) can be used. Additionally, we do not provide any limitation regarding the mapping discovery task, which can be performed either manually or automatically.
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In order to define the supported mapping types we introduce the following four basic notions: (a) the Class Expression; (b) the Object Property Expression; (c) the Datatype Property Expression; and (d) the individual. The above notions form the basis of our mapping model and result to n:m cardinality mappings, using either equivalence (≡) or subsumption (⊑, ⊒) relationships. Regarding ontology classes, a Class Expression from the source ontology can be mapped to a Class Expression from the target ontology. As Class Expression we denote any complex expression between classes, using union (⨆) and intersection (⨅) operations. A Class Expression can be restricted to the values of one or more Property Expressions (i.e., complex expression between object/datatype properties) using binary and unary predicates. Moreover, it is possible for a Class Expression to be restricted on a set of individuals having object/datatype property values with a specific relationship between them. Regarding ontology object properties, an Object Property Expression from the source ontology can be mapped to an Object Property Expression from the target ontology. As Object Property Expression we denote any complex expression between object properties using union (⨆), intersection (⨅), composition (○) and inverse (—) operations. Any Object Property Expression can be restricted on its domain/range values using a Class Expression to define the applied restrictions. Similarly, a Datatype Property Expression from the source ontology can be mapped to a Datatype Property Expression from the target ontology. As Datatype Property Expression we denote any complex expression between datatype properties using union (⨆) and intersection (⨅) operations, as well as composition (○) operations between object/datatype properties. Although Datatype Property Expressions can be restricted on their domain values with the same way as Object Property Expressions, their ranges can be restricted on data values only, using various unary predicates. Finally, an individual from the source ontology can be mapped to an individual from the target ontology. As noted before, we have formally described the semantics of the aforementioned mapping types using DL [16]. Since our query rewriting method is based on these mapping types, we provide no limitation on the language used for the mapping representation. As
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Fig. 2. The source schema "Store X" (Left Side) and the target schema "Bookstore Y" (Right Side)



2.1.1 Mapping Examples In most real-world situations, an ontology schema is mapped to more than one ontology schemas. However, for the sake of simplicity but without loss of generality, in this section we consider two small ontology schemas, in order to present a set of mapping cases and thus, outline a fragment of the SPARQL‒RW mapping capabilities. Let the two hypothetically autonomous partners, Store X and Bookstore Y. Store X is a store providing information for its selling products (e.g., books, CDs, etc.) and Bookstore Y is a bookstore providing information for its book collections. In our example, Store X is considered to be the source ontology OS, while Bookstore Y the target ontology OT. Fig. 2 illustrates the structure of the two aforementioned ontology schemas. Generally, several mappings of different types can be considered between Store X and Bookstore Y. Starting from class mappings, we say that the class Popular can be mapped to the intersection of the class BestSeller with the class Mathematics (μ1). This mapping emerges from the fact that the class Popular seems to describe Mathematics individuals which are also of type BestSeller. μ1: src : Popular ≡ trg : BestSeller ⨅ trg : Mathematics



Similarly, the class Pocket can be mapped to the class Textbook restricted on its size property values (μ2), since the class Pocket seems to describe Textbook individuals having a specific value for the property size (e.g., less than or equal to 14 cm). μ2: src : Pocket ≡ trg : Textbook ⨅ ∃trg : size.≤14



Apart from class mappings, mappings between object/datatype properties can be also identified. For instance, the property name seems to subsume the property title (μ3), while the object property publisher can be mapped to the inverse of the object property publishes (μ4), since the binary relations described by the property publisher correspond with the inverse binary relations described by the property publishes. μ3: src : name ⊒ trg : title μ4: src : publisher ≡ trg : publishes —
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