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Motivation and Main Results. Over the past years, we have been witnessing
an enormous growth of the Semantic Web through initiatives like Open Linked
Data [5] and Open Government Data [14,25]. As was noted by He et al. [13]
and Madhavan et al. [17], to a large extent, the data accessible on the web still
originates from relational databases. The design of these databases often follows
specific principles, called normal forms, developed in the beginnings of relational
database research, see, e.g., [11,12].

The goal of this work is to transfer these principles, in particular the Boyce-
Codd Normal Form (BCNF), to RDF graphs enhanced with RDFS statements.
To establish and justify this normal form for RDF graphs, we need the following;:
(1) A mapping of relational databases to RDF graphs and (2) identification
constraints that capture functional dependencies (FDs) over RDF graphs.

For (1), W3C has recognized the importance of a standardized mapping of
relational data to the Semantic Web data format RDF. To this end, the so-called
direct mapping has been released as a W3C Recommendation [2]. Note that the
direct mapping to RDF does not transfer the semantic information that may
be present in the relational schema, e.g. functional or inclusion dependencies.
We are going to study an enrichment of the direct mapping by transferring also
important semantic information from relational to RDF data. Initial work on this
includes the recent proposal to extend the direct mapping by the use of RDFS and
OWL 2 vocabularies [21], achieving the transfer of primary and foreign keys. The
mapping in [21] enjoys several important properties such as query-preservation.
However, if the RDF graph resulting from such a mapping is later changed
(through update, delete, or insert operations), then the correspondence between
the relational and the RDF data may get lost. We therefore propose a further
extension of the direct mapping that uses DL-Litegprs [3] — extended with
disjointness — as basis. DL-Litegprg is a variant of DL-Lite 4 [7] and captures the
Description Logic (DL) fragment of RDFS [6]. While this DL is simple and allows
for efficient reasoning, it naturally captures conceptual modeling constructs, and
hence can express dependencies over RDF graphs. We introduce a mapping d2r
that produces from a database instance an RDF graph together with a mapping
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sm that outputs from a relational schema a DL TBox constraining RDF graphs.
For this we use the well-known reification technique. We keep good properties
of the mapping proposed in [21] — such as query preservation. In addition, we
also introduce a mapping 72d that produces from an RDF graph (conforming
to a DL TBox generated by sm) a database. This allows us to prove a desired
one-to-one correspondence between relational databases and legal RDF graphs
(i.e., RDF graphs satisfying the constraints of the TBox).

For (2), since functional dependencies (FDs) are a crucial building block in
database design [18] and form the basis of BCNF, the focus of our work is on
FDs. Intuitively, for a relation R, an FD {4;,...,A,} —r Ao expresses that
if two tuples of R agree on the values of all attributes Aq,..., A,, they also
have to agree on the value of attribute Ag. We will see how this notion can
be extended to the DL and RDF setting through the use of paths. Sequeda,
Arenas, and Miranker [21] have extended the direct mapping by constraints such
as primary and foreign keys, while FDs have not been in the scope of their work.
Several works consider DLs extended with FDs. Calvanese, De Giacomo, and
Lenzerini [9] enrich DLs with a generalization of DL functionality assertions,
called identification constraints (ids). The latter are extended by Calvanese et
al. [8] to path-based ids (pids). Lutz, et al. [16] introduce key assertions as a
possibility to use paths for identifying concepts. A different approach was taken
by Khizder, Toman and Weddell [15, 22]. They have established a DL, called CFD,
which captures usual relational schema declarations. This DL includes uniqueness
constructs, which capture FDs. Furthermore, they have extended uniqueness
constructs to path-functional dependencies (PFDs) and have investigated their
properties in more expressive DLs, such as ALCN [23]. In their most recent work
[24] they have established PTime reasoning for the DL CFD extended with PFDs
and disjointness constraints. However, altough the results of Toman and Wedell
are a viable approach to reason about relational schemas, we are interested in
capturing relational schemas and FDs in RDFS and OWL, thus following more
closely the W3C standards. As DL-Lite is the logical underpinning of OWL 2 QL
[20], we will focus on extensions for modelling FDs in DL-Lite , which is given
by the earlier mentioned pids. We investigate their expressivness and show, that
they fail to capture FDs for the direct mapping of relational data to RDF. We
therefore introduce an extension of such ids, which we call tree-based ids (tids).
With this new class of ids, we shall restore the desired one-to-one relationship
between legal databases (i.e., satisfying a given set of FDs) and legal RDF graphs.

As mentioned above, our goal is to find BCNF-like conditions for RDF graphs.
In relational schemas the purpose of using BCNF is to avoid update anomalies.
A relational schema is in BCNF if the following holds: whenever a set X' of given
FDs implies an FD from a subset S of the attributes to some attribute A ¢ S, we
have that S is a super-key, i.e., X' also implies an FD from S to every attribute
of this schema. Our goal is to transfer the favorable properties of BCNF to the
RDF world. To this end, we first analyze how update anomalies can arise in
the presence of tids. We identify several paths (stemming from the same tid)
identifying the same object as a crucial source of redundancy and hence of update
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anomalies. This observation inspires the definition of an RDF Normal Form
(RNF). Returning to the direct mapping, we prove that a relational schema is
in BCNF if and only if the corresponding TBox with its constraints guarantees
RNF. As a kind of surprise, it turns out that — for relational schemas in BCNF
— the additional expressive power of tree-based ids is not needed to capture FDs.
Indeed, under the restriction to BCNF, the original form of ids introduced by
Calvanese, De Giacomo, and Lenzerini [9] is expressive enough to transfer FDs
from the relational schema to the DL TBox. Finally, we propose an algorithm,
which decides in polynomial time whether a given set tids is in RNF. We will
now give a short example, that illustrates of tids and RNF.

Ezample 1. Consider the two RDF graphs in Figure 1. Both RDF graphs store
data about buildings. Each building has several rooms with an address. Clearly,
all rooms in the same building have the same address. Such a restriction can be
expressed using a tid. In the left RDF graph of Figure 1, the information that the
"White_House" is located in "16000_PA_Av" is stored redundantly, due to the
design, where rooms in a building have addresses rather than the building has the
address itself. We can avoid such a redundancy by storing the address connected
directly to the building concept, as it is in the right RDF graph of Figure 1. Our
definition of RNF detects such problems in the design of DL TBoxes with tids.

Future Work On top of our agenda for future research is the extension of our
work on RNF. So far, we have concentrated on preserving BCNF of a relational
schema under the direct mapping of relational data to RDF. However, normal
forms for eliminating redundancies in the data would be an interesting topic for
the design of TBoxes in general. We thus see three main directions to continue our
work. First, we would like to extend the definition of our RNF to other, maybe
more expressive, DLs than DL-Literprg, tid, €.8. also to the DL CFD introduced
by Toman and Wedell. Note that this raises highly non-trivial questions concerning
the recognizability of the normal form, since our PTIME-membership result for
this task crucially depends on the language restrictions of DL-Literprs, tid-
Second, we also want to investigate relaxations of our definition of RNF. In our
current definition, we request that a set of tids must be equivalent to a set of
fully local ids. This allows us to capture BCNF in DL-Litegprs,tiq. However, for
the definition of a normal form of more expressive DLs, the equivalence of tids
to a richer class of ids — such as local pids considered by Calvanese et al. [8] may
be more appropriate. And at last, we would like to investigate the relationship of
RNF to other normal forms of non-relational data sources, e.g. XML [1], nested
relations [19] or object-oriented data models, like F-Logic [4].
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