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oriented DBMS. In Section 4 we look at an additional optimization
to improve performance on RDF queries: materializing path expres-
sions in advance. In Section 5, we summarize the library benchmark
we use for evaluating the performance of an RDF database, and then
compare the performance of the di↵erent RDF storage approaches
in Section 6. Finally, we conclude in Section 7.

2. CURRENT STATE OF THE ART
In this section, we discuss the state of the art of storing RDF data

in relational databases, with an extended look at the property table
approach.

2.1 RDF In RDBMSs
Although there have been non-relational DBMS proposals for

storing RDF data [20], the majority of RDF data storage solutions
use relational DBMSs, such as Jena [32], Oracle[22], Sesame [21],
and 3store [26]. These solutions generally center around a giant
triples table, containing one row for each statement. For example,
the RDF triples table for a small library dataset is shown in Table
1(a).

Since URIs and literal values tend to be long strings (rather than
those shown in the simplified example in 1(a)), many RDF stores
choose not to store entire strings in the triples table; instead they
store shortened versions or keys. Oracle and Sesame map string
URIs to integer identifiers so the data is normalized into two tables,
one triples table using identifiers for each value, and one mapping
table that maps the identifiers to their corresponding strings. This
can be thought of as dictionary encoding the string data. 3store does
something similar, except the identifiers are created by applying a
hash function to each string. Jena prefers to just dictionary encode
the namespace prefixes in the URIs and only normalizes the partic-
ularly long strings into a separate table.

Each of the above listed RDF storage solutions implements a
multi-layered architecture, where RDF-specific functionality (for
example, query translation) is performed in a layer above the RDBMS
(which sits in the lowest layer). This removes any dependence on
the particular RDBMS used (though Sesame will take advantage of
specific features of an object relational DBMS such as Postgres to
use subtables to model class and property subsumption relations).
Queries are issued in an RDF-specific querying language (such as
SPARQL [11] or RDQL [10]), converted to SQL in the higher level
RDF layers, and then sent to the RDBMS which will optimize and
execute the SQL query over the triple-store.

For example, the SPARQL query that attempts to get the title of
the book(s) Joe Fox wrote in 2001:

SELECT ?title
FROM table
WHERE { ?book author ‘‘Fox, Joe’’

?book copyright ‘‘2001’’
?book title ?title }

would get converted into the SQL query shown in Table 1(b) run
over the data in Table 1(a).

Note that this simple query results in a three-way self-join over
the triples table (in fact, another join will generally be needed if the
strings are normalized into a separate table, as described above). If
the predicates are selective, this 3-way join is not expensive (assum-
ing the triples table is indexed – typically there will be indexes on
all three columns). However, the less selective the predicates, the
more problematic the joins become. As a result, both Jena and Ora-
cle propose changes to the schema to reduce the number of joins of
this type: property tables. We now examine these data structures in
more detail.

Subj. Prop. Obj.
ID1 type BookType
ID1 title “XYZ”
ID1 author “Fox, Joe”
ID1 copyright “2001”
ID2 type CDType
ID2 title “ABC”
ID2 artist “Orr, Tim”
ID2 copyright “1985”
ID2 language “French”
ID3 type BookType
ID3 title “MNO”
ID3 language “English”
ID4 type DVDType
ID4 title “DEF”
ID5 type CDType
ID5 title “GHI”
ID5 copyright “1995”
ID6 type BookType
ID6 copyright “2004”

(a) Some Example RDF Triples

SELECT C.obj.
FROM TRIPLES AS A,

TRIPLES AS B,
TRIPLES AS C

WHERE A.subj. = B.subj.
AND B.subj. = C.subj.
AND A.prop. = ‘copyright’
AND A.obj. = ‘‘2001’’
AND B.prop. = ‘author’
AND B.obj. = ‘‘Fox, Joe’’
AND C.prop. = ‘title’

(b) Example SQL Query Over
RDF Triples Table From (a)

Property Table
Subj. Type Title copyright
ID1 BookType “XYZ” “2001”
ID2 CDType “ABC” “1985”
ID3 BookType “MNP” NULL
ID4 DVDType “DEF” NULL
ID5 CDType “GHI” “1995”
ID6 BookType NULL “2004”

Left-Over Triples
Subj. Prop. Obj.
ID1 author “Fox, Joe”
ID2 artist “Orr, Tim”
ID2 language “French”
ID3 language “English”

(c) Clustered Property Table Example

Class: BookType
Subj. Title Author copyright
ID1 “XYZ” “Fox, Joe” “2001”
ID3 “MNP” NULL NULL
ID6 NULL NULL “2004”

Class: CDType
Subj. Title Artist copyright
ID2 “ABC” “Orr, Tim” “1985”
ID5 “GHI” NULL “1995”

Left-Over Triples
Subj. Prop. Obj.
ID2 language “French”
ID3 language “English”
ID4 type DVDType
ID4 title “DEF”

(d) Property-Class Table Example

Table 1: Some sample RDF data and possible property tables.

2.2 Property Tables
Researchers developing the Jena Semantic Web toolkit, Jena2

[31, 32], were the first to propose the use of property tables to speed
up queries over triple-stores. They proposed two types of property
tables. The first type, which we call a clustered property table, con-
tains clusters of properties that tend to be defined together. For ex-
ample, for the raw data in Table 1(a), type, title, and copyright date
tend to be defined as properties for similar subjects. Thus, a prop-
erty table containing these three properties as attributes along with
subject as the table key can be created, which stores the triples from
the original data whose property is one of these three attributes.
The resulting property table, along with the left-over triples that are
not stored in this property table, is shown in Table 1(c). Multiple
property tables with di↵erent clusters of properties may be created;
however, a key requirement for this type of property table is that a
particular property may only appear in at most one property table.

The second type of property table, termed a property-class table,
exploits the type property of subjects to cluster similar sets of sub-
jects together in the same table. Unlike the first type of property
table, a property may exist in multiple property-class tables. Table
1(d) shows two example property tables that may be created from
the same set of input data as Table 1(c). Jena2 found property-class
tables to be particularly useful for the storage of reified statements
(statements about statements) where the class is rdf:Statement and
the properties are rdf:Subject, rdf:Property, and rdf:Object.

Oracle [22] also adopts a property table-like data structure (they
call it a “subject-property matrix”) to speed up queries over RDF
triples. Their utilization of property tables is slightly di↵erent from
Jena2 in that they are not used as a primary storage structure, but
rather as an auxiliary data structure – a materialized view – that can
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be used to speed up specific types of queries.
The most important advantage of the introduction of property

tables to the triple-store is that they can reduce subject-subject self-
joins of the triples table. For example, the simple query shown in
Section 2.1 (“return the title of the book(s) Joe Fox wrote in 2001”)
resulted in a three-way self-join. However, if title, author, and copy-
right were all located inside the same property table, the query can
be executed via a simple selection operator.

To the best of our knowledge, property tables have not been
widely adopted except in specialized cases (like reified statements).
One reason for this may be that they have a number of disadvan-
tages. Most importantly, as Wilkinson points out in [31], while prop-
erty tables are very good at speeding up queries that can be an-
swered from a single property table, most queries require joins or
unions to combine data from several tables. For example, for the
data in Table 1, if a user wishes to find out if there are any items in
the catalog copyrighted before 1990 in a language other than En-
glish, the following SQL queries could be issued:

SELECT T.subject, T.object
FROM TRIPLES AS T, PROPTABLE AS P
WHERE T.subject == P.subject
AND P.copyright < 1990
AND T.property = ‘language’
AND T.object != ‘‘English’’

for the schema in 1(c), and

(SELECT T.subject, T.object
FROM TRIPLES AS T, BOOKS AS B
WHERE T.subject == B.subject
AND B.copyright < 1990
AND T.property = ‘language’
AND T.object != ‘‘English’’)

UNION
(SELECT T.subject, T.object
FROM TRIPLES AS T, CDS AS C
WHERE T.subject == C.subject
AND C.copyright < 1990
AND T.property = ‘language’
AND T.object != ‘‘English’’)

for the schema in 1(d). As can be seen, join and union clauses
get introduced into the queries, and query translation and plan gen-
eration get complicated very quickly. Queries that do not select on
class type are generally problematic for property-class tables, and
queries that have unspecified property values (or for whom property
value is bound at run-time) are generally problematic for clustered
property tables.

Another disadvantage of property tables is that RDF data tends
not to be very structured, and not every subject listed in the table
will have all the properties defined. The less structured the data, the
more NULL values will exist in the table. In fact, these representa-
tions can be extremely sparse – containing hundreds of NULLs for
each non-NULL value. These NULLs impose a substantial perfor-
mance overhead, as has been noted in previous work [13, 16, 17].

The two problems with property tables are at odds with one an-
other. If property tables are made narrow, with few property columns
that are highly correlated in their value definition, the average value
density of the table increases and the table is less sparse. Unfortu-
nately, the likelihood of any particular query being able to be con-
fined to a single property table is reduced. On the other hand, if
many properties are included in a single property table, the num-
ber of joins and union clauses per query decreases, but the number
of NULLs in the table increases (it becomes more sparse), bloating
the table and wasting space. Thus there is a fundamental trade-o↵
between query complexity as a result of proliferation of joins and

unions and table sparsity (and its resulting impact on query perfor-
mance). Similar problems have been noted in attempts to shred and
store XML data in relational databases [25, 29].

A third problem with property tables is the abundance of multi-
valued attributes found in RDF data. Multi-valued attributes are sur-
prisingly prevalent in the Semantic Web; for example in the library
catalog data we work with in Section 5, properties one might think
of as single-valued such as title, publisher, and even entity type are
multi-valued. In general, there always seem to be exceptions, and
the RDF data model provides no disincentives for making proper-
ties multi-valued. Further, our experience suggests that RDF data
is often unclean, with overloaded subject URIs used to represent
many di↵erent real-world entities.

Multi-valued properties are problematic for property tables for
the same reason they are problematic for relational tables. They
cannot be included with the other attributes in the same table un-
less they are represented using list, set, or bag attributes. However,
this requires an object-relational DBMS, results in variable width
attributes, and complicates the expression of queries over these at-
tributes.

In summary, while property tables can significantly improve per-
formance by reducing the number of self-joins and typing attributes,
they introduce complexity by requiring property clustering to be
carefully done to create property tables that are not too wide, while
still being wide enough to answer most queries directly. Ubiquitous
multi-valued attributes cause further complexity.

3. A SIMPLER ALTERNATIVE
We now look at an alternative to the property table solution to

speed up queries over a triple-store. In Section 3.1 we discuss the
vertically partitioned approach to storing RDF triples. We then look
at how we extended a column-oriented DBMS to implement this
approach in Section 3.2

3.1 Vertically Partitioned Approach
We propose storage of RDF data using a fully decomposed stor-

age model (DSM) [23, 24]. The triples table is rewritten into n two
column tables where n is the number of unique properties in the
data. In each of these tables, the first column contains the subjects
that define that property and the second column contains the object
values for those subjects. For example, the triples table from Table
1(a) would be stored as:

Type
ID1 BookType
ID2 CDType
ID3 BookType
ID4 DVDType
ID5 CDType
ID6 BookType

Author
ID1 “Fox, Joe”

Title
ID1 “XYZ”
ID2 “ABC”
ID3 “MNO”
ID4 “DEF”
ID5 “GHI”

Artist
ID2 “Orr, Tim”

Copyright
ID1 “2001”
ID2 “1985”
ID5 “1995”
ID6 “2004”

Language
ID2 “French”
ID3 “English”

Each table is sorted by subject, so that particular subjects can be
located quickly, and that fast merge joins can be used to reconstruct
information about multiple properties for subsets of subjects. The
value column for each table can also be optionally indexed (or a
second copy of the table can be created clustered on the value col-
umn).

The advantages of this approach (relative to the property table
approach) are:
Support for multi-valued attributes. A multi-valued attribute is
not problematic in the decomposed storage model. If a subject has
more than one object value for a particular property, then each dis-
tinct value is listed in a successive row in the table for that property.


