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Abstract. Peer-to-peer (P2P) computing is currently attracting enormous atten-
tion. In P2P systems a very large number of autonomous computing nodes (the
peers) pool together their resources and rely on each other for data and services.
More and more P2P data management systems rely nowadays on intensional (i.e.
schema) information for integrating and querying peer bases. Such information
can be easily captured by emerging Semantic Web languages such as RDF/S.
However, a fully-fledged framework for evaluating semantic queries over peer
RDF/S bases (materialized or virtual) is missing. In this paper we present the
ICS-FORTH SQPeer middleware for routing and processing RQL queries and
RVL views. The novelty of SQPeer lies on the use of intensional active schemas
for determining relevant peer bases, as well as, constructing distributed query
plans. In this context, we consider optimization opportunities for SQPeer query
plans.

1 Introduction

Peer-to-peer (P2P) computing is currently attracting enormous attention, spurred by
the popularity of file sharing systems such as Napster [19], Gnutella [10], Freenet [7],
Morpheus [18] and Kazaa [14]. In P2P systems a very large number of autonomous
computing nodes (the peers) pool together their resources and rely on each other for
data and services. P2P computing introduces an interesting paradigm of decentralization
going hand in hand with an increasing self-organization of highly autonomous peers.
This new paradigm bears the potential to realize computing systems that scale to very
large numbers of participating nodes while ensuring fault-tolerance.

However, current P2P systems offer very limited data management facilities. In
most of the cases searching information relies on simple selection on a predefined set
of index attributes or IR-style string matching. These limitations are acceptable for
file-sharing applications, but in order to support highly dynamic, ever-changing, au-
tonomous social organizations (e.g., scientific or educational communities) we need
richer facilities in exchanging, querying and integrating structured and semi-structured
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data. To build such net-centric information systems we essentially need to adapt the
P2P computing paradigm to a distributed data and knowledge management setting. In
particular, we would like to support loosely coupled communities of databases where
each peer base can join and leave the network at will.

The importance of intensional (i.e., schema) information for integrating and query-
ing peer bases has been highlighted by a number of recent projects [20] [11]. In particu-
lar, the notion of Semantic Overlay Networks (SONs) [8], appears to be an intuitive way
to group together peers sharing the same schema information. Thus, peers employing
one or more topics (or concepts) of the same thematic hierarchy, are semantically related
and belong to the same SON. This approach facilitates query routing, since a peer can
easily identify relevant peers instead of broadcasting (flooding) query requests on the
network. A natural candidate for representing such topic hierarchies (or more complex
domain models) is the Resource Description Framework/Schema Language (RDF/S).
RDF/S (a) enables a modular design of descriptive schemas based on the mechanism
of namespaces; (b) allows easy reuse or refinement of existing schemas through sub-
sumption of both class and property definitions; (c) supports partial descriptions since
properties associated with a resource are by default optional and repeated and (d) per-
mits super-imposed descriptions in the sense that a resource may be multiply classified
under several classes from one or several schemas. These modelling primitives are cru-
cial for P2P databases where monolithic RDF/S schemas and resource descriptions can-
not be constructed in advance and users may have only incomplete descriptions about
the available resources. In this context, several declarative languages for querying and
defining views over RDF description bases have been proposed in the literature such as
RQL [13] and RVL [17]. However, a fully-fledged framework for evaluating semantic
queries over peer RDF/S bases (materialized or virtual) is still missing.

In this paper, we present the ongoing SQPeer middleware for routing and processing
semantic queries in P2P database systems. More precisely, we make the following con-
tributions. In Section 2.1 we illustrate how conjunctive RQL queries expressed against a
SON RDF/S schema can be represented in our middleware as semantic query patterns.
In Section 2.2 we introduce a novel technique for advertising peer RDF/S bases using
intentional information. In particular, we are employing active-schemas for declaring
the parts of a SON RDF/S schema, which are actually (or can be) populated in a peer
base. Active-schemas are essentially RVL (materialized or virtual) views of peer bases.
In Section 2.3 we sketch a semantic query routing algorithm, which matches a given
RQL query against a set of active-schemas in order to determine relevant peers. More
precisely, this algorithm relies on query/view subsumption techniques to produce se-
mantic query patterns annotated with routing information. In Section 2.4 we describe
how SQPeer query plans are generated from annotated semantic query patterns taking
into account the involved data distribution (e.g., vertical, horizontal). Then, we show
how a query plan is executed with the deployment of appropriate communication chan-
nels between the relevant peers. In Section 2.5 we discuss several compile or run-time
optimization opportunities for the generated SQPeer query plans. Finally, Section 3
summarizes our contributions and presents our future work.
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Fig. 1. RDF/S schema namespace, peer active-schema and query pattern graph

2 Semantic Query Routing and Processing in SQPeer

In order to design an effective query routing and processing middleware for peer RDF/S
bases, we need to address issues, such as how peer nodes formulate queries and adver-
tise their bases over a SON, as well as how they route and process queries and how
the resulting distributed query plans are optimized. In the following subsections, we
will present the main design choices for SQPeer in response to the above fundamental
issues.

2.1 RQL Peer Queries

Each peer node in SQPeer provides RDF descriptions that conform to a number of RDF
schemas. Peer nodes with the same schema can be considered to belong to the same
SON1. In the upper part of Figure 1 we can see an example of the schema graph of a
specific namespace (i.e., n1) with four classes, C1, C2, C3 and C4, that are connected
with three properties, prop1, prop2 and prop3. There are also two subclasses, C5
and C6, of classes C1 and C2 respectively, which are related with the sub-property
prop4 of the property prop1.

Queries in SQPeer are formulated by client-peers in RQL, according to the RDF
schemas they use to create their description bases or to define virtual views over their
legacy (XML or relational) databases. In this context, we need to reason about query/view
containment in order to guide query routing through the peer bases of the system. To
this end, we introduce the notion of query patterns capturing the schema information

1 In a more sophisticated scenario, peer nodes contributing RDF descriptions specified by an
RVL view are members of the same SON
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Fig. 2. An annotated RQL query graph

employed by an RQL query. This information is mainly extracted from the path expres-
sions appearing in the from clause.

In the bottom right part of Figure 1 we can see an RQL query returning all the
resources binded by the variables X and Y. In the from-clause, the employed path ex-
pressions imply a join on the Y resource variable between the target of the property
prop1 and the origin of the property prop2. The where-clause filters the returned
resources according to the value of variable Z. Filtering conditions are not taken into
account by RQL query patterns. The right middle part of Figure 1 illustrates the query
pattern graph of query Q, where X and Y resource variables are marked with “*” to
denote projections. A graphical end-user interface2 may be used to create and visualize
such query pattern graphs. Since the query pattern graph involves only path expressions
and projections, we focus only on conjunctive RQL queries.

2.2 Peer Base Advertisement

In the context of a SON, each peer node should be able to advertise its base to other
peers. Peer base advertisement in SQPeer relies on virtual or materialized RDF schema(s).
Since these schemas contain numerous RDF classes and properties not necessarily pop-
ulated with data in a peer base, we need a fine-grained notion of schema-based adver-
tisements. The active-schema of a peer node is essentially a subset of the employed
RDF schema(s) for which all RDF classes and properties are (in the materialized sce-
nario) or can be (in the virtual view scenario) populated. The active-schema may be
broadcasted to (or requested by) other peer nodes, thus informing the rest of the P2P
system of what is actually available inside the peer bases.

The bottom left part of Figure 1 illustrates the RVL statement of a peer active-
schema. This statement “populates” the classes C5 and C6 and the property prop4 (in
the view-clause) with appropriate instances from the peer’s base (in the from-clause). In
the middle left part of the figure we can see the corresponding active-schema graph ob-
tained by this view. This view can be a materialized RDF/S schema with actual resource

2 See for instance the RQL interactive demo at http://139.91.183.30:8999/RQLdemo/
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descriptions or can be a virtual one populated with data from a relational or an XML
peer base. A more complex example is illustrated in the left part of Figure 2, comprising
the active-schemas of four peers. Peer P1 contains resources related through the proper-
ties prop1 and prop2, while peer P4 contains resources related through the properties
prop4 and prop2. Peer P2 contains resources related by prop1, while peer P3 con-
tains resources related by prop2. We can note the similarity in the representation of
active-schemas and query pattern graphs.

Representing active-schemas and query pattern graphs in an intensional way makes
easier to maintain a distributed knowledge of the P2P system, while yielding significant
performance gains. First, by representing in the same way what is queried by a peer and
what is contained in a peer database, we can reuse the RQL query/RVL view subsump-
tion techniques, as proposed in the Semantic Web Integration Middleware (SWIM [6]).
Second, compared to global schema-based advertisements [20], we expect that the load
of queries processed by each peer is smaller, since a peer receives only relevant to its
content queries. This also affects the amount of network bandwidth consumed by the
P2P system.

2.3 Semantic Query Routing

Query routing is responsible for finding the relevant to a query peers by taking into
account data distribution (vertical, horizontal and mixed) of peer bases committing to
a SON RDF/S schema. The query/view subsumption techniques of [6], are employed
to determine which part of a query can be answered by an active-schema and rewrite
accordingly the query sent to a peer.

The query-routing algorithm takes as input a query graph and annotates each in-
volved path pattern with the peers that can actually answer it, thus outputting an an-
notated query graph. A pseudocode description on how this algorithm works is given
below.

Query-Routing Algorithm:
1. A peer P receives an RQL query Q.
2. Peer P parses the query Q and creates the corresponding query

pattern graph by obtaining the involved paths.
3. For each pattern, the matching algorithm is performed.

(a) Compare the path pattern with all known active-schemas.
(b) If the active-schema graph is subsumed by the selected path

pattern, then it is annotated with the name of the peer
owning the active-schema.

4. Output annotated query graph.

An example of a query graph, which is composed of two path patterns, Q1 and Q2,
is illustrated in Figure 2. In the middle part of Figure 2 we can also see how the matching
is performed with the active-schemas of our example peers. P1’s active-schema is equal
to the path patterns Q1 and Q2, so both path patterns are annotated with P1. P2’s active-
schema is equal to path pattern Q1 and P3’s active-schema is equal to Q2, so Q1 and
Q2 are annotated with P2 and P3 respectively. Finally, P4’s active-schema is subsumed
by path patterns Q1 and Q2, since prop4 is sub-property of prop1. Similarly to P1,
Q1 and Q2 are annotated with P4. In the right part of Figure 2 we can see the annotated
graph created by this matching.
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Fig. 3. A SQPeer query execution example

2.4 Semantic Query Processing

Query processing in SQPeer takes the responsibility of generating distributed query
plans according to the information returned by the routing algorithm. These query plans
are then executed by the relevant peers. Communication channels [21] enable this dis-
tributed execution and create the necessary foundation for exchanging appropriate data
between the appropriate peers.

Through channels, peers are able to route query plans and exchange the correspond-
ing results according to the queries requested by client-peers. In addition, channels per-
mit each peer to further route and process the queries received, since it can be connected
with more peers independently of the previous routing operations. Finally, channel de-
ployment can be adapted during query execution in order to response to network failures
or peer nodes processing limitations. Each channel has a root and a destination node.
The root node of a channel is responsible for the management of the channel and for
creating a locally unique id for it. Data packets are sent through each channel from
the destination to the root node. Beside query results, these packets can also contain
“changing plan” and failure information or other statistics useful for run-time query
adaptability.

The query-processing algorithm receives as input an annotated query graph and
outputs its corresponding query plan. A pseudocode description on how this algorithm
works is also given below.

Query-Processing Algorithm:

1. Peer P receives an annotated query graph AQ for the RQL query Q.
2. If P doesn’t answer any part of the query Q

Send query to a neighbor peer (according to the
architectural alternative);

Else
Create a new query plan QP;
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3. Starting from a root of the graph, check every query path
pattern PP in a sequential order, until AQ is fully processed;

4. If PP the root
Execute horizontal data distribution algorithm with input
(QP, PP, AQ);

Else
Execute vertical data distribution algorithm with input
(QP, PP, AQ);
Execute horizontal data distribution algorithm with input
(QP, PP, EQ

⋃
AQ), where EQ the previously processed query;

5. Output formulated query plan QP.

Vertical data distribution algorithm with input (QP, PP, AQ):
1. Obtain set of peers, e.g. P’={P1,...,Pn}, from the annotated

query graph that can answer PP.
2. For each peer of the set, e.g. Px, create query plan

QPx = QP joinCp@P=Cq@Px AQ@Px, where Cp and Cq are the classes
on which the join of the two queries is executed.

3. Create query plan QP = QP1
⋃

QP2
⋃

...
⋃

QPn

Horizontal data distribution algorithm with input (QP, PP, AQ):
1. Obtain set of peers, e.g. P"={P1,...,Pn}, from the annotated

query graph that can answer PP.
2. For each peer of the set, e.g. Px, expand query plan as

QP = QP
⋃

AQ@Px

Figure 3 illustrates an example of how the RQL query Q shown in Figure 1, can be
executed over the P2P database system described in Section 2.2. The query is first sent
to peer P1 which initially executes the query-routing algorithm in order to obtain the
annotated query graph of Figure 2. P1 runs the query-processing algorithm and since
it can answer a part of the query, creates a new query plan. The algorithm selects as a
root of the annotated query graph, the path pattern Q1, for which it runs the horizontal
distribution algorithm. This algorithm outputs query plan QP1, shown in Figure 3, since
P1, P2 and P4 can execute query path pattern Q1. Next, path pattern Q2 is selected and
the vertical data distribution algorithm executes and returns the query plan QP2. For
each of the peers that can process Q2, we join the sub-queries sent with the results
obtained from query plan QP1. P1 additionally follows the horizontal data distribution
for obtaining more complete results. Since P1 and P4 can answer the whole query Q,
P1’s query plan will evolve to QP3: QP2

⋃
Q@P1

⋃
Q@P4. The final query plan and

the deployment of the channels in SQPeer can also be seen in Figure 3. As seen from
the example, taking into account the vertical distribution ensures correctness of query
results, while considering horizontal distribution in query plans favours completeness.

Possible rewritings of the queries sent to remote peers in terms of different descrip-
tive schemas may be necessary. This functionality can be implemented in SWIM [6],
which supports powerful mappings to RDF/S of both structured relational and semistruc-
tured XML databases.

After the creation of the query plan, the peer holds the responsibility of executing
this plan and deploy the necessary channels in the system. From the query plan the peer
obtains the set of peers that need to be conducted for executing the query. For each of
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these peers, a channel is created with the root being the peer executing the algorithm and
the destination being the peer examined. Although each of these peers may contribute
in the execution of the plan by replying to more than one sub-queries, only one channel
is of course necessary.

2.5 Query Optimization

In SQPeer we distinguish two possible optimizations of distributed query plans. First,
compile-based optimization depends on statistics held by each peer and allows to choose
between different execution policies, i.e. data or query shipping [16]. These statistics
involve response times from previously contacted peers or result sizes from previous ex-
ecutions of the same query. The speed of the connection between the peers can be used
to decide between different channel deployments. The processing load of the peers can
be also considered, since a peer that processes fewer queries, even if its connection is
slow, may offer a better execution time. This processing load can be handled by the
existence of slots in each peer, which show the amount of queries that can be handled
simultaneously.

On the other hand, run-time adaptability of query plans is an essential characteristic
of query processing when peer bases join and leave the system at free will or more in
general when system resources are exhausted. For example, the optimizer may alter a
running query plan by observing the throughput of a certain channel. This throughput
can be measured by the number of incoming or outgoing tuples (i.e., resources related
through a property). The root node of each channel is responsible for identifying pos-
sible problems caused by environmental changes and for handling them accordingly.
It should also inform all the involved nodes that are affected by the alteration of the
plan. Finally, the root node should create a new query plan by re-executing the rout-
ing and processing algorithm and not taking into consideration those peers that became
obsolete.

3 Summary and Future Work

In this paper, we have presented the ICS-FORTH SQPeer middleware offering sophis-
ticated query routing and processing middleware in P2P data management systems.
We presented how (conjunctive) RQL path queries expressed against a SON RDF/S
schema can be represented as semantic query patterns and how peers can advertise
their bases using active-schemas expressed in the same formalism. We sketched a se-
mantic query routing algorithm, which relies on query/view subsumption techniques to
annotate semantic query patterns with information concerning relevant peers. We also
presented how SQPeer query plans are created and executed by taking into account the
data distribution in peer bases. Finally, we have discussed several compile and run-time
optimization opportunities for SQPeer query plans.

SQPeer’s query processing and routing algorithms can be used independently of the
particular P2P architectural setting. We consider two such architectural alternatives. The
first alternative corresponds to an ad-hoc P2P architecture (like Freenet or Gnutella),
where SONs are formed in a self-adaptive way. More precisely, when a peer initially



The ICS-FORTH SQPeer Middleware 9

joins the system, it identifies and connects to other peers committing to the same RDF/S
schema of the SON. The second alternative is closer to a hybrid P2P architecture based
on the notion of Super-Peer Nodes (like Morpheus or Kazaa), where SONs are created
in a more static way. In particular, each super-peer node is responsible for the creation
and further management of a SON. It should be stressed that while in the ad-hoc ar-
chitecture, peers handle both the query routing and processing load, super-peers are
only responsible for routing and their sub-peers for processing the queries. Addition-
ally, super-peers contain a global knowledge of the active-schemas of the peers in a
SON and therefore they can create a query plan offering completeness in the results. Fi-
nally, super-peers may possibly play the role of a mediator in a scenario where a query
expressed in terms of a global-known schema needs to be reformulated in terms of the
schemas employed by the local peer bases by using appropriate mapping rules.

Recent projects address query processing issues in P2P database systems, such as
Query Flow [15], ubQL [21], Mutant Query Plans (MQPs) [22] and AmbientDB [4].
Compared to these projects, SQPeer does not require an a priori knowledge of the rele-
vant to a query peers and exhibits more optimization opportunities for distributed query
plans. Other projects address mainly query routing issues in SONs, such as the Edutella
project [20] [3], RDFPeers [5] and [9]. Unlike these projects, SQPeer’s query rout-
ing and processing algorithms considers both vertical and horizontal distribution, while
exploiting the full power of RDF/S-based SONs and in particular the subsumption of
classes or properties. Finally, although the use of indices and super-peer topologies fa-
cilitate query routing, the cost of updating (XML or RDF) distributed indices when
peers join and leave is important compared to the cost of maintaining active-schemas
(i.e. views), as in the case of SQPeer.

Several issues remain open with respect to the optimization of distributed and adap-
tive queries in SQPeer borrowing ideas from related works [1] [2] [12]. We plan to study
the trade-off between result completeness and processing load using the concepts of Top
N (or Bottom N) queries [16]. In the same direction, we can use constraints regarding
the number of peer nodes that each query is broadcasted and further processed.
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