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Abstract. We consider the problem of query evaluation in Peer-to-Peer
(P2P) systems that support semantic-based retrieval services. We confine
ourselves to the case where the peers employ taxonomies for describing
the contents of the objects, and articulations, i.e. inter-taxonomy mappings, for bridging the inevitable naming, granularity and contextual
heterogeneities that may exist between the taxonomies of the sources.
We identify two basic query evaluation approaches: one based on query
rewriting, the other based on direct query evaluation. For each approach
we present a centralized and a decentralized algorithm for carrying out
the query evaluation task. Finally, we present a qualitative comparison
of these algorithms and discuss further optimizations. Correctness of the
algorithms presented is based on a mathematical analysis of the problem.
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Introduction

In recent years there has been a growing interest in information integration,
whose objective is to access, relate and combine data from multiple sources.
This need has stimulated the research on mediators (initially proposed in [22]).
A model for building mediators over taxonomy-based sources of the kind of
Web catalogs has been proposed in [21]. According to this model, each source
consists of a taxonomy and an object base, i.e. a database that indexes the
objects of the domain under the terms of the taxonomy. A mediator consists of
a taxonomy plus a number of articulations to the other sources of the network,
where an articulation is actually a mapping between the terms of the mediator
and the terms of the sources. In this paper we extend this model and study the
more general scenario where we have a network of articulated sources. In such
a network we can no longer distinguish sources to primary and secondary (i.e.
mediators) as we may have mutually articulated sources, thus we actually have
a peer-to-peer (P2P) system, i.e. a distributed system in which participants rely
on one another for service, rather than solely relying on dedicated and often
centralized infrastructure.
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Many examples of P2P systems have emerged recently, most of which are
wide-area, large-scale systems that provide content sharing [4], storage services
[13, 18], or distributed ”grid” computation [2, 1]. Smaller-scale P2P systems also
exist, such as federated, serverless file systems [7, 5] and collaborative workgroup
tools [3]. Existing peer-to-peer (P2P) systems have focused on specific application domains (e.g. music files) or on providing file-system-like capabilities. These
systems do not yet provide semantic-based retrieval services. In most of the cases,
the name of the object (e.g. the title of a music file) is the only means for describing the contents of the object. The advantage of the approach proposed in this
paper, is that it also allows describing the contents of the objects with respect
to taxonomies. Consequently, we can have enhanced semantic-based retrieval
services.
We describe the architecture and the functioning of such a system and we
focus on the query evaluation process. We carry out a mathematical analysis of
the problem, which leads to the identification of the terms whose interpretation
is to be considered in order to evaluate a global query. This result is exploited in
the context of two different approaches to query evaluation. In the first approach,
which is a kind of query rewriting, a given query is first transformed into a set
of local queries, which are then executed in an optimal way to obtain the answer
to the original query. In the latter approach, the query is evaluated directly,
without any prior consideration of the involved local queries. For each approach,
we present a centralized and a decentralized algorithm, capturing the two basic
different styles for carrying out a distributed computation. The correctness of
the presented algorithms directly stems from the mathematical analysis of the
problem.
The remaining of this paper is organized as follows: Section 2 describes the
building blocks of a network of articulated sources, i.e. sources, mediators and
articulated sources; introduces the notion of network query and answer; and carries out the mathematical analysis of the problem, on which all the algorithms
hinge. Section 3 focuses on query evaluation and describes several query evaluation approaches and the corresponding algorithms. It also presents a qualitative
comparison of these algorithms and discuses further optimizations. Section 4
describes related work, and finally, Section 5 concludes the paper and identifies issues for further research. For reason of space, proofs are omitted, but the
technical ideas behind the most important results (such as Proposition 3) are
provided, along with illustrating examples.
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The Network

Let Obj denote the set of all objects of a domain common to several information sources. A typical example of such a domain is the set of all pointers
to Web pages. A network of articulated sources over Obj is a set of sources
N = {S1 , ...Sn } where each Si falls into one of the following categories:
– Simple sources: they consist of a taxonomy and an object base, i.e. a database
that indexes objects of Obj under the terms of the taxonomy. A simple

source accepts queries over its taxonomy and returns the objects whose index
”matches” the query.
– Mediators: they consist of a taxonomy plus a number of articulations to other
sources of the network. Again, a mediator accepts queries over its taxonomy
but as it does not maintain an object base, query answering requires sending
queries to the underlying sources and combining the returned results.
– Articulated sources: they are both simple sources and mediators, i.e. they
consist of a taxonomy, an object base and a number of articulations to other
sources of the network. An articulated source can behave like a simple source,
like a mediator, or like a mediator which in addition to the external sources
can also use its own simple source during query answering.
Clearly, simple sources and mediators are special cases (or roles) of articulated sources. In order to minimize the number of notions to be introduced,
and thus attain clarity, we will first introduce simple sources, and define queryanswering on them. Then, articulated sources will be defined, as an intuitive
extension, having mediators as special cases.
2.1 Simple Sources
We consider a taxonomy-based conceptual modeling approach. Taxonomies is
probably the oldest and most widely used conceptual modeling tool. The advantages of this conceptual modeling approach for the P2P paradigm are discussed
in [20].
A simple source consists of two parts: a taxonomy and a stored interpretation.
Definition 1. A taxonomy is a pair (T, ¹) where T, the terminology, is a finite
and non empty set of names, or terms, and ¹ is a reflexive and transitive relation
over T, modeling subsumption between terms.
If a and b are terms of T , we say that a is subsumed by b if a ¹ b; we also
say that b subsumes a; for example, Databases ¹ Informatics, Canaries ¹
Birds. We say that two terms a and b are equivalent, and write a ∼ b, if both
a ¹ b and b ¹ a hold, e.g., Computer Science ∼ Informatics. Note that the
subsumption relation is a preorder over T and that ∼ is an equivalence relation
over the terms T . Moreover ¹ is a partial order over the equivalence classes of
terms.
The stored interpretation I of a simple source is a function I : T → 2Obj
that associates each term T of the source terminology with a set of objects
(we use the symbol 2Obj to denote the powerset of Obj). Figure 1 shows an
example of a source. In this and subsequent figures, objects are represented
by natural numbers and their membership to the interpretation of a term is
indicated by a dotted arrow from the object to that term; subsumption of terms
is indicated by a continuous-line arrow from the subsumed term to the subsuming
term, while equivalence is indicated by a continuous non-oriented line segment;
finally, for readability, we do not represent the entire subsumption relation but
its transitive reduction, in which reflexive and transitive arrows are suppressed.
In Figure 1, objects 1 and 3 are members of the interpretation of the term

Live. As there are no other objects connected to Live with dotted arrows,
I(Live) = {1, 3}. Moreover, the term Metal is subsumed by Rock, while the
term Rocky is equivalent to the term Rock. Note that equivalence captures the
notion of synonymy, and that each equivalence class simply contains alternative
terms for naming a set of objects.
Genre
Rocky

~ Rock

Recording
Jazz

Live

Studio

Metal

1

2

3

Fig. 1. Graphical representation of a source over a domain of audio files

A simple source responds to queries over its own terminology.
Definition 2. A query over a terminology T is any string derived by the following grammar, where t is a term of T : q ::= t | q ∧ q 0 | q ∨ q 0 | q ∧ ¬q 0 | (q) | ².
We will denote by QT the set of all queries over T .
We now proceed to define the notion of answer to a query. Clearly, a source
answers queries based on the stored interpretation of its terminology. However, in
order for answers to make sense, the interpretation that a source uses for answering queries must respect the structure of the source’s taxonomy in the following
intuitive sense: if t ¹ t0 then I(t) ⊆ I(t0 ). The notion of model, introduced next,
captures well-behaved interpretations.
Definition 3. An interpretation I is a model of a taxonomy (T, ¹) if for all t, t0
in T , if t ¹ t0 then I(t) ⊆ I(t0 ).
The interpretation of the source illustrated in Figure 1 is not a model of the
source taxonomy, as Metal ¹ Genre, and yet I(Metal) 6⊆ I(Genre). In order to
overcome this problem without altering the contents of interpretations, we need
to extend interpretations. However, in so doing, we want to achieve minimality,
that is the extension should contain as much data is needed to be a model, and
no more. For the term Genre in the source in Figure 1, this amounts to define
the extended interpretation I 0 as I 0 (Genre) = I(Genre) ∪ I(Rock) ∪ I(Rocky) ∪
I(Jazz) ∪ I(Metal).
Definition 4. Given an interpretation
I of T, the model of (T, ¹) generated by
¯ is given by: I(t)
¯ = S{I(s) | s ¹ t)}
I, denoted I,
In order to show that the generated interpretation satisfies the minimality requirement expressed above, let us order the set of interpretations of a given
terminology T by using pointwise set inclusion. Given two interpretations I, I 0
of T , I is less than or equal to I 0 , in symbols I ≤ I 0 , if I(t) ⊆ I 0 (t) for each
term t ∈ T . Note that ≤ is a partial order over interpretations. The following
Proposition establishes the minimality of generated interpretations.

Proposition 1. If I is an interpretation of T then I¯ is the unique minimal
model of (T, ¹) which is greater than or equal to I.
By relying on generated interpretations, we can now define the notion of
answer to queries posed against a simple source.
Definition 5. Given a simple source Si with terminology T and interpretation
I, and a query q over T, the answer to q in Si , ansi (q), is inductively defined
¯
as follows: ansi (t) = I(t),
ansi (q ∧ q 0 ) = ansi (q) ∩ ansi (q 0 ), ansi (q ∨ q 0 ) =
0
ansi (q) ∪ ansi (q ), ansi (q ∧ ¬q 0 ) = ansi (q) \ ansi (q 0 ).
The model defined so far has indeed a logical grounding, which can be disclosed by viewing terms as propositional letters. Then, each subsumption relationship t ¹ t0 becomes the conditional t → t0 , the whole subsumption relation ¹
becomes a propositional theory, and the generated interpretation of each object
o, I¯−1 (o), is the smallest propositional model including I −1 (o) and satisfying
¹2 . A query is a propositional formula q, whose answer is the set of objects o
whose propositional model I¯−1 (o) satisfies q.
2.2 Articulated Sources
An articulated source is a simple source that also maintains a number of articulations to other sources. An articulation to a source is a set of relationships
between the terms of the articulated source and the terms of that source.
Definition 6. An articulation from a taxonomy (Ti , ¹i ) to a taxonomy (Tj , ¹j ),
denoted by ¹ij , is any nonempty set of relationships tj ¹ij ti where ti ∈ Ti and
tj ∈ Tj .
If tj ¹ij ti , we say that tj articulates ti . Articulations bridge the heterogeneities that may exist between two or more sources in order to provide a
uniform query interface to these sources. The relationships making up an articulation are defined by the designer and are stored at the articulated source.
They can be defined manually, but they can also be constructed automatically
or semi-automatically in some specific cases, following a model-driven approach
or a data-driven approach In this paper we do not focus on articulation design
or construction. We treat this issue in [19].
Definition 7. An articulated source M over k sources S1 , ..., Sk consists of: (1)
a simple source, comprising a taxonomy (TM , ¹M ) and a stored interpretation
Is of TM , and (2) a set {aM,1 , ..., aM,k }, where each aM,i is an articulation from
(TM , ¹M ) to (Ti , ¹i ).
An articulated source with an empty stored interpretation, i.e. I(t) = ∅ for
all t ∈ TM , is called a mediator. An articulated source with no articulations and
with a nonempty interpretation is a simple source.
Figure 2 shows an example of a mediator over two sources that provide access
to music files. The articulations aM,1 and aM,2 shown in this figure are given by:
2

Note that I −1 and I¯−1 are functions from Obj to 2T .

aM,1 = {Pop1 ¹ Genre, AlternativeRock1 ¹ Rock, HeavyMetal1 ¹ Metal }
aM,2 = {DanceMusic2 ¹ Folk, DanceMusic2 ¹ Greece, Cantriglie2 ¹ Italy }

aM,1 demonstrates how articulations can bridge the granularity heterogeneities
that may exist between different terminologies, while aM,2 demonstrates how
the articulations of the mediator can restore the context of the objects of the
sources, here, the fact that the origin of all music files of S2 is Greece, and that
”Cantriglie” also originate from Italy.
M
articulation aM,1

S1
Rock

Pop

Genre
Rock

Folk

Origin
Italy

articulation aM,2

S2

Greece
DanceMusic

Metal
AlternativeRock HeavyMetal

Cantriglie Sirtaki Pedosali

stored I1

stored I2

Fig. 2. A mediator over two music sources

Thus a network comprised of simple sources, mediators and articulated sources
can be defined in terms of just articulated sources, as follows (two articulated
sources are said to be disjoint if their terminologies are disjoint).
Definition 8. A network of articulated sources, or simply a network, N is a nonempty set of disjoint articulated sources N = {S1 , . . . , Sn }, where each source
Si is articulated over some of the sources in N \ {Si }.
Note that the disjointness of sources can be implemented in practice by, say,
prefixing each term by the name of the source in which the term appears. Figure
3 shows an example of a network consisting of four sources S1 , ..., S4 ; two simple
sources (S3 and S4 ), one mediator (S2 ) and one articulated source (S1 ).
S 1 = (T1, 1, I 1, a 1,2 ,a 1,3)

S 2 = (T2, 2, a 2,1, a 2,3 ,a 2,4 )

S 3 = (T3, 3, I 3 )

S 4 = (T4, 4, I 4 )

Fig. 3. A network of articulated sources

Networks are set up in order to let users extract information from the member
sources. The following questions arise: (a) what queries should users be able to
formulate, and (b) what answer should queries return? Next Section addresses
these questions.

2.3 Network Queries and Answers
From a logical point of view, we can view an entire network N = {S1 , . . . , Sn } as
a single simple source SN , comprised by a terminology T, a subsumption relation
v and a S
stored interpretation I, where:
n
– T = i=1 Ti
Sn
– I = i=1 Ii
Sn
– v= ( i=1 vi )∗
where vi is the total subsumption of the source Si , given by the union of the
subsumption relation ¹i with all articulations of the source, that is: vi =¹i
∪ ai,1 . . . ∪ ai,n and A∗ denotes the transitive closure of the binary relation A.
Accordingly, we can define a network query to be a query over T. By so doing,
we have an answer to the first question: users of the network submit network
queries. That is, users can formulate not only queries over the terminology of the
articulated source nearest to them, but also queries over a remote terminology,
or a combination of these two, freely mixing terms from different terminologies
in a single query. In other words, as long as a term is known in the network3 , it
can be used to extract information from anywhere in the network.
Following the model developed so far, the answer to a network query q, or
network answer, is given by ansN (q), which relies, according to Definition 5, on
the model of T generated by I, that is, of each term t in q :
[
¯ = { I(t0 ) | t0 v t}
I(t)
(1)
2.4 Foundations for Answering Network Queries
The formulation of a network answer given in equation 1 does not immediately
lend itself to computation, as it is expressed in terms of the network subsumption
relation, which only exists in fragments. In order to derive a more operational
¯
definition of I(t),
let us introduce entries.
Definition 9. Given an articulated network N = {S1 , . . . , Sn } and a term t ∈
T, the entries of t in N, E(t), are the terms defined as follows:
E(t) = {t} ∪ {t0 ∈ T | ∃t00 ∈ T : t0 ¹ij t00 v t for some i, j}.
The notation t0 ¹ij t00 v t means that t0 ¹ij t00 and t00 v t. For each term t,
the entries of t include t itself and those terms t0 which articulate t in the various
sources of the network, either directly or through an intermediate term t00 which
is subsumed by t. For example, in the network shown in Figure 4.(a), the entries
of the term c are given by: E(c) = {c, a3, b3, b1} since terms a3 and b3 articulate
c according to ¹31 and ¹32 respectively, and b1 articulates a3 (subsumed by c)
according to ¹12 .
In the following, if t is a term then we shall use g(t) to denote the subscript
of the terminology in which t belongs, e.g. if t ∈ Tj then g(t) = j. As intuition
3

This presupposes that each source knows (or can find) the source that owns every
element of T , or that each term of each submitted query is accompanied by the
identity (address) of its source.

S1

a1
a2

a1
a3
a2

S2
S3

b1
b2

(a3 b1 b2 b4 c)

b3
c

b4

b3

(b)

(a)

Fig. 4. A network of articulated sources

suggests and the following Proposition states, entries are crucial to compute
network answers.
S
Proposition 2. For each term t of a network N , ansN (t) = { ansg(t0 ) | t0 ∈
E(t)}.
This Proposition represents a first step towards a method for rewriting network queries, in that it maps a network query onto queries to the articulated
sources of the network. However, in order to compute entries, knowledge of all
articulations and taxonomies is required (i.e. v and ¹ij ), and this is feasible
only in a client-server architecture, or in a hybrid P2P distributed system (e.g.
see [23]), where it is possible to assume that there exists a sort of server node
holding this knowledge.
In order to devise a method for a pure P2P architecture, we refine entries
to local entries. Our aim is to define equations which can be derived in a single
articulated source Si , by relying on the knowledge of the source subsumption
relation ¹i and articulations ¹ij .
Definition 10. Given a source Si in an articulated network N and a term
t ∈ Ti , the local entries of t in N, e(t), are the terms defined as follows:
e(t) = {t} ∪

n
[

{e(t0 ) | t0 vi t, t0 6∈ Ti }.

i=1

By means of recursion, local entries break down the definition of entries into
pieces each of which can be computed locally, S
i.e. at a source of the network.
n
We can add subscripts and write ei (t) = {t} ∪ i=1 {eg(t0 ) (t0 ) | t0 vi t, t0 6∈ Ti }
in order to indicate the source that performs the computation. To illustrate, let
us consider the local entries of term c in the network shown in Figure 4.(a):
e(c) = {c} ∪ e(b3) ∪ e(a3)
e(b3) = {b3}
e(a3) = {a3} ∪ e(b1)
e(b1) = {b1} ∪ e(c)

(2)
(3)
(4)

Note that each such equations can be derived in a single articulated source Si , by
relying on the knowledge of the source subsumption relation ¹i and articulations

¹ij . Cycles in the network subsumption spanning at least one articulation are
reflected into the definition of local entries. As an illustration, a few substitutions
in equation 2 yield:
(5)
e(c) = {c, b3, a3, b1} ∪ e(c)
reflecting the cycle (a3, c, b4, b2, b1, a3) in the subsumption relation graph. This
cycle would cause a similar effect on e(a3) and e(b1). Following the classical
approach, e(c) in equation 5 can be seen as a function F, mapping sets of terms
def

into sets of terms, defined as: F (X) = λX.{c, b3, a3, b1} ∪ X. The fixpoints
of this function are the solutions of the corresponding equation. F is clearly
monotonic in the complete partial order (2T , ⊆), thus it has unique least fixpoint,
i.e. {c, b3, a3, b1}, and a unique greatest fixpoint, i.e. T. In addition, any set in
between these two, according to the ⊆ relation, is also a fixpoint. The selection of
a particular fixpoint as the preferred one, is typically based on criteria reflecting
the setting in which these equations arise. In our case, we want local entries to
be the same as entries, i.e. for all t, e(t) must be the same as E(t). This leads to
the selection of the least fixpoint as the preferred solution. In the following, we
will generalize these ideas and provide an algorithm for computing local entries.
For convenience, let us define, for a term ti ∈ Ti , the index of ti as follows:
H(ti ) = {t0 ∈ T | t0 vi ti , t0 6∈ Ti }.
As a consequence, the definition of the local entries of a term ti consists, for each
term tk ∈ E(ti ), of one equation:
[
(6)
e(tk ) = {tk } ∪ {e(t0 ) | t0 ∈ H(tk )},
Below we give the index of each term involved in the definition of c in the
last Example: H(c) = {b3, a3}, H(b3) = ∅, H(a3) = {b1}, H(b1) = {c}.
Let us call the simple unfolding of one such equations the transformation
obtained by adding (in the set-theoretic sense) the definition of each occurring
local entry, as given by the appropriate equation, to the right-hand side. For
example, the simple unfolding of e(c) = {c} ∪ e(b3) ∪ e(a3), is the addition of the
definition of e(b3) and of e(a3) (as given by equations 3 and 4, respectively) to the
right-hand side, and yields the equation: e(c) = {c, b3, a3} ∪ e(b3) ∪ e(a3) ∪ e(b1).
The simple unfolding produces an equation equivalent to the original one, since
the union operator is idempotent, that is A = A ∪ A. In general, an equation of
the form (6) can be written as:
[
e(tk ) = Ak ∪ {e(t0 ) | t0 ∈ Bk }
(7)
where Ak and Bk are suitable sets of terms. The simple unfolding of an equation
in this form is given by:
[
[
H(t00 )}.
e(tk ) = (Ak ∪ Bk ) ∪ {e(t0 ) | t0 ∈ Bk ∪
t00 ∈Bk

Now let us call the unfolding of an equation, the equation generated by the
iterative application of simple unfolding until it produces no change. Formally,

the generation of the unfolding can be represented by the evolution of the sets
Ak and Bk . Using a superscript to indicate the number of the iteration step in
the unfolding, we can derive the initial sets from the equations 6:
A0k = {tk }
Bk0 = H(tk )
while the (i+1)-th sets, for i ≥ 0, are obtained by the simple unfolding of the
i−th sets, and according to 8 are given by:
Ai+1
= Aik ∪ Bki
k
[
Bki+1 = Bki ∪ {H(t) | t ∈ Bki }.

(8)

Existence and uniqueness of unfoldings is very simple to prove: at each iteration a
few constants and a few recursions are added; since there are only finite terms in
E(ti ), the process is bound to converge after at most |E(ti )| simple unfoldings.
Then, let us call Bk? the set Bkm , where m is the smallest number such that:
Bkm = Bkm+1 . By a simple induction argument, it can be shown that, for all
m+1
= {tk } ∪ Bki . It follows that Am
= Am+2
=
terms tk and i ≥ 0 : Ai+1
k 6= Ak
k
k
m+3
m+1
?
?
Ak
= . . . , hence analogously to Bk , we define Ak = Ak
= {tk } ∪ Bk? . It
can be shown that:
Proposition 3. For each term t of a network N holds: E(t) = LF P (e(t)) = A?
where LF P (F ) denotes the least fixpoint of F on (2T , ⊆).
Table 1 shows the computation of A?k for the term tk = c in the last Example.
It can be verified that m = 2, thus Bk2 = Bk? and A3k = A?k .
i
0
1
2
3

Aik
Bki
{c}
{b3, a3}
{c, b3, a3}
{b3, a3, b1}
{c, b3, a3, b1} {b3, a3, b1, c}
{c, b3, a3, b1} {b3, a3, b1, c}
Table 1. Computing A?k

The computation of local entries is an iterative process that mimics the unfolding of the equations 6. At the i−th iteration, the set B i is computed, until
a set B m is found which is stable and thus is the sought B ? . From B ? , the set
A? , hence E(t), is obtained by just adding the term {t}. As equation 8 shows,
B i is obtained by adding the index H(t) to B i−1 , for each term t in B i−1 .

3

Query Evaluation Approaches

We can distinguish query evaluation approaches according to two orthogonal
criteria: (a) the number of stages of the query evaluation process, and (b) the
number of sources that control this process.
According to the first criterion we can distinguish the following two approaches:

– The Rewriting (or double-stage) approach (denoted by R).
Here, query evaluation is performed in two stages: in the first, all entries are
collected, while in the second the collected entries are sent (probably after a
planning stage) to the sources.
– The Direct approach (denoted by D).
Here, both entries and local answers are collected in one stage.
According to the second criterion, assuming that each source can provide the
index H(t) for each term t of its taxonomy, we can distinguish two ways of
computing B i : either by sending indexes to a single place where the set B i is
accumulated, or by sending the partial B i to the sources where indexes are being
maintained. Correspondingly, there are two main approaches to the computation
of A? :
– The single controller (or centralized) approach (denoted by 1).
Here, all entries and local answers are accumulated to one source (the original
source).
– The multiple controller (or decentralized)approach (denoted by m).
Here, the collection of entries and local answers is done collaboratively by
several sources.
Clearly, the above cases can be combined resulting in four different query
evaluation approaches, namely R1, Rm, D1 and Dm. Each approach is discussed
in a subsequent section. Of course, all these approaches are subject to several
kinds of optimizations which, for reasons of space, are just sketched, in section
3.5.
3.1

The Rewriting - Single Controller (R1) Approach

In R1 approach, any node of the network receiving a network query q must
perform the following steps:
(Stage A)
1. parsing the query in order to identify the target terms, i.e. the terms
occurring in q;
2. executing a single controller algorithm for collecting the entries of each
target term;
(Stage B)
3. sending the entries as queries to be evaluated to the appropriate
sources (probably after a planning phase) and derivation of the network
interpretation of the target terms by taking the union of the received
answers. Then, the network answer is obtained according to Def. 5.
Step 1 is trivial from an algorithmic point of view. Step 3 is also simple
although a planning phase can take place for further optimization. Now the
algorithm for Step 2, i.e. for collecting the entries of a term t is presented in
Figure 5.
It is straightforward to prove that algorithm Alg R1 is correct as it implements in a straightforward manner the method described in Section 2.4.

Algorithm: Alg R1
Input: a term t
Output: the set E(t)
begin
(1) A := {t} ; C := {t} ;
(2) repeat
(3)
change:=FALSE ;
(4)
B := ∅ ;
(5)
for each t0 ∈ C do B := B ∪ Hg(t0 ) (t0 ) ;
(6)
If B 6⊆ A then begin
(7)
C := B \ A;
(8)
A := A ∪ B;
(9)
change := TRUE
(10)
end
(11) until change = FALSE ;
(12) return(A);
end
Fig. 5. Computing local entries in the R1 approach

3.2 The Rewriting - Multiple Controller (Rm) Approach
Query evaluation in the Rm approach can be done as in the R1 approach with
the only difference that here Step 2, i.e. the collection of entries, is done collaboratively by several sources. Specifically, a special data structure D is employed
that keeps track of the state of this computation and that is being exchanged
by the nodes involved in the process. In particular, the collection of entries is
accomplished in the following steps:
1. construction of the data structure D for query evaluation;
2. insertion of D into the P2P network for evaluation;
3. waiting for the result;
For computing the network interpretation of a term ti the data structure employed by this method is a triple whose first member is the name of the source
So where the query is posed, followed by two sets of terms C and A explained
below. To insert D into the P2P network, means to send this data structure to
the source which owns the term ti . Upon receiving a data structure D, an articulated source Si executes the Algorithm Alg Rm, illustrated in Figure 6. The set
C is the set of the terms still to be processed, while A accumulates A? . Initially,
the only term to be processed is ti itself, while A is set to A0 . Upon processing
a data structure D, the algorithm focuses on the terms to be processed (i.e in
C) that are also in the local source terminology Ti . Each such term t is added
to A and removed from C. In addition, the algorithm adds to C the terms in
Hi (t) which have not yet been processed. This last provision prevents redundant
computations. Furthermore, it avoids non-termination in presence of cycles in
the global subsumption relation. Otherwise, this kind of cycles would cause a
phenomenon analogous to that of deadlocks in distributed databases and systems [17, 12]. The Algorithm may exit in two different ways: if there are no more

terms to be processed (i.e C is empty), the data structure D is returned (via
send ) to the originating source So , which will find the entries of ti as the third
element of the corresponding triple D. If there are terms still to be processed,
the data structure is passed on to a source that owns at least one term in C.
Algorithm: Alg Rm
(for a source Si )
Input: a data structure D = (So , C, A).
Output: an updated data structure sent to another source
begin
(1) for each t ∈ C ∩ Ti do begin
(2)
A := A ∪ {t};
(3)
C := (C \ {t}) ∪ (Hi (t) \ A);
(4) end
(5) if (C = ∅) then send(So , C, A);
(6)
else begin
(7)
select a Sj s.t. ∃ t0 ∈ C where g(t0 ) = j;
(8)
send(Sj , C, A);
(9)
end
end
Fig. 6. The algorithm for the Rm approach

Also in this case, it is not hard to show that: algorithm Alg Rm is correct.
Table 2 shows the application of the Alg Rm algorithm to a query containing
just the term c. The first column shows the source at which the algorithm is
applied; the second column the resulting triple of the term c. The first line
results from the first stage executed at the source So where the query is posed.
Source (t, C, A)
So
(c, {c}, {})
S3
(c, {b3, a3}, {c})
S2
(c, {a3}, {c, b3})
S1
(c, {b1}, {c, b3, a3})
S2
(c, {}, {c, b3, a3, b1})
Table 2. An application of Alg Rm

An important remark that we have to mention here is that the single controller approach is based on the assumption that each source (specifically So )
knows g(t) for each term t ∈ T . Notice that this is not aligned with the pure
P2P paradigm, as this presupposes the existence of a registration server, known
to all sources of the network, where all terms are registered to. Notice that the
multiple controller approach is not based on this assumption, as each source has
to know g(t) only for each term t that appears in its articulation, something
quite reasonable even for a pure P2P system.

From a complexity point of view, note that Alg R1 operates on a per-term
basis, while Alg Rm operates on a per-source basis. This means that in the
worst case, the number of messages that have to be exchanged for computing
the entries E(t) of a term t ∈ T is 2|E(t)| ≤ 2|T | in R1, and k, where k is the
number of sources, in Rm.
3.3 The Direct (D1 and Dm) Approaches
The algorithms for the direct query evaluation approaches are direct extensions
of the techniques presented for query rewriting. The only difference is that now
the stored interpretation of each involved term is also collected. Hence, the re¯
sulting algorithms return the set I(t).
Specifically, an algorithm for the D1 approach can be obtained by modifying
Alg R1 as follows:
– add the statement R := R ∪ I¯g(t0 ) (t0 ) after the line (8), and
– replace the statement of line (12) with the statement return(A).
Analogously, we can obtain an algorithm for the Dm approach by modifying
Alg Rm as follows:
– add the statement R := R ∪ I¯g(t0 ) (t0 ) after the line (3), and
– add the statement Send(So, R) after the line 4.
Another algorithm that implements a direct and multiple controller approach
is the one presented in [20], which is presented in Figure 7 using the notations
employed in the current paper. Notice that cycles in the network subsumption
relation may cause endless query loops. According to [20], this phenomenon
can be avoided if each source maintains a log file of the received queries . An
alternative way, is to add to the parameters of the algorithm a data structure
that keeps track of the answered terms (i.e. a data structure like D).
Algorithm: Alg Dmβ i
(for a source Si )
Input: a term t
¯
Output: the set I(t)
begin
(1) Ri := I¯i (ti ) ;
(2) for each t0 ∈ Hi (ti ) do
(3)
Ri := Ri ∪ Alg Dmβg(t0 ) (t0 ) ;
(4) return(Ri );
end
Fig. 7. An alternative algorithm for the Dm approach

3.4 Comparative Evaluation
The essential difference between the query rewriting and the direct evaluation
approach consists in the fact that the former approach is based on the idea of
planning the access to local sources, while the latter relies on a simple-minded,

straightforward style. None of these two approaches stands out as the best in
all cases. Typically, on queries that can be answered with a few accesses to
local sources, or producing a small result, planning does not provide any specific benefit, and may indeed result in a slower evaluation procedure. On the
other hand, the evaluation of queries requiring a significant number of accesses
to local sources, or producing a large result, may indeed greatly benefit from
rewriting, for the reason illustrated next. As the application of the Alg Rm algorithm illustrated in Table 2 shows, it may happen that a source must be accessed
more than once during the processing of a query. This is due to the structure of
the global subsumption relation, and would occur even if the algorithm Alg R1
were used. In this case, rewriting can result in a more efficient query evaluation
strategy, because sources need to be accessed more than once only in the first
stage, when indexes of terms are retrieved. Once the coordinating node knows
the local entries of the target terms, it can plan the second stage so that each
source is accessed only once for retrieving the data. Instead, in the direct evaluation approach, this optimization is not possible, and the same source may be
accessed more than once for retrieving different data. Since indexes are typically
much smaller and much faster to obtain than data, multiple accesses to the same
source has a less negative impact in the rewriting approach. Another remark is
that the multiple controller approach is less robust than the single controller
one, because if the node that holds the data structure D disconnects (and note
that in P2P systems peers come and go), then the network query will not be
answered. Instead, in the single controller approach a query is not answered only
if the controller, i.e. the original source, disconnects but in that case there is no
need to compute any answer.
Table 3 summarizes the above discussion. In brief, in the rewriting approach
more messages have to be exchanged (as there are 2 stages). However, if the size
of the local answers is big, i.e. if local answers consist of big number of objects,
or if the size of objects is big (e.g. audio/video files), then the rewriting approach
is more preferred as planning can be employed in order to reduce the network
throughput.
Query Evaluation Approaches
R1
Rm
D1
Dm
number of messages
more more
more
less
less less
size of messages
small
small
big
big
planning
possible
possible impossible impossible
robustness
more
less
more
less
applicability
hybrid P2P pure P2P hybrid P2P pure P2P
best if local answers are
big
big
small
small
Table 3. Comparison of query evaluation approaches

3.5

Optimization Issues

Below we discuss in brief a number of techniques for making the evaluation of
queries more efficient.

– Instead of collecting the entries (and local answers) of one term at a time,
we can collect the entries (and local answers) of all terms that appear in
q. For doing so, we have to modify Alg R1 (and Alg D1) so that to take as
input a set of terms, and Alg Rm (and Alg Dm) so that the data structure
D to be a set of triples. In this way we can reduce the number of messages
(either local queries or local answers) that have to be exchanged.
– We can exploit parallelism, and thus reduce the latency time of the system,
by sending in parallel all Send statements (e.g. the calls of line (5) of Alg R1).
– We can increase the robustness of the multiple controller approaches by
adopting more than one control structures D, or by adopting more sophisticated mechanisms like the those employed by distributed databases.

4

Related Work

Semantic-based retrieval in P2P systems is a great challenge. In general, the
language that can be used for indexing the objects of the domain and for formulating semantic-based queries, can be free (e.g natural language) or controlled,
i.e. object descriptions and queries may have to conform to a specific vocabulary
and syntax. The first case, resembles distributed Information Retrieval (IR) systems and this approach is applicable in the case where the objects of the domain
have a textual content (e.g. [14]). In this paper we have focused on the second
case where the objects of a peer are indexed according to a specific conceptual
model represented in a data model (e.g. relational, object-oriented, logic-based,
etc), and content searches are formulated using a specific query language. This
approach, which can be called ”database approach”, starts to receive noteworthy attention by the researchers, as is believed that the database and knowledge
base research has much to contribute to the P2P grand challenge through its
wealth of techniques for sophisticated semantics-based data models and query
processing techniques (e.g. see [9, 6, 11]). Of course, a P2P system might impose
a single conceptual model on all participants to enforce uniform, global access,
but this will be too restrictive. Alternatively, a limited number of conceptual
models may be allowed, so that traditional information mediation and integration techniques will likely apply (with the restriction that there is no central
authority), e.g. see [16, 15]. The case of fully heterogeneous conceptual models
makes uniform global access extremely challenging and this is the case that we
are interested in.
From a data modeling point of view several approaches for P2P systems have
been proposed recently, including relational-based approaches [6], XML-based
approaches [10] and RDF-based [15]. In this paper we consider a taxonomybased conceptual modeling approach. This approach has three main advantages
(for more see [20]): (a) it is very easy to create the conceptual model of a source,
(b) the integration of information from multiple sources can be done easily, and
(c) automatic articulation using data-driven methods (like the one presented in
[19]) are possible.
From an architectural point of view, and according to the SIL (Search Index Link) model presented in [8], our networks falls into the case of P2P sys-

tems which have only forwarding search links. Specifically, our work specializes content-based queries to taxonomy-based queries. Another distinguishing
characteristic, is that in our model a peer does not just forward the received
queries to its neighbors, it first translates them. Also note that the relationships
stored in the articulations not only determine query translation but also query
propagation. Of course, work done on P2P architectures, e.g. [23, 8], could be
also exploited in our setting in order to enhance the efficiency of a taxonomybased P2P system. Our approach has some similiraties with Edutella [16, 15], an
RDF-based metadata infrastructure for P2P systems. However, the mediators
of Edutella distribute a query to a peer only if the query can be answered completely by the peer. In contrast, in our model the answers of queries are formed
collaboratively. Moreover, in Edutella special servers are devoted for registering
the schema that each peer supports. In our model we do not make any such
assumption.
An approach for supporting object queries appropriate for domains where
no accepted naming standards exist (and thus it generalizes the functionality provided by systems like Napster and Gnutella) is described in [11]. The
mapping tables employed there can express only exact mappings, however the
open/closed-world semantics that are given are quite interesting and their application to our setting is one topic of our research agenda.

5

Concluding Remarks

In this paper, we focused on query evaluation in P2P systems that support
semantic-based retrieval services. We gave four algorithms to carry out this task
according to two different approaches (rewriting vs. direct evaluation) and computation styles (centralized vs. decentralized). Although we adopted a conceptual
modeling approach that is based on taxonomies, much of the results presented
of this paper (i.e. the query evaluation approaches presented) can be adapted to
cases where other conceptual modeling approaches are employed.
For reason of space, we have not considered in depth optimization issues,
limiting ourselves to lay down the basics of the four methods. Issues for further
research include also query evaluation in cases we have articulations which relate
terms with queries.
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