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Abstract—We describe an ontology-based approach to
the problem of data interoperability, specifically focusing
on the issue of query processing in a peer-to-peer (P2P)
heterogeneous setting. In particular, we discuss the mecha-
nisms for metadata representation, P2P ontology mapping,
and query answering. Owur contributions include PML,
a P2P mapping language, RDFMS, a meta-ontology for
mapping representation, and a query rewriting algorithm
that considers integrity constraints specified on local data
sources.

I. INTRODUCTION

Research on peer-to-peer (P2P) computing techniques
is flourishing with a number of proposals on the related
open issues such as robustness in dynamic P2P systems,
reliability of participants (peers), network performance,
data coordination, and semantic issues [20]. Among these
issues, data interoperability is fundamental, especially in
the case of fine-grained (e.g., content-based) searches in
a P2P network of data sources. Thus, P2P data manage-
ment (or integration) systems (PDMS) arise by combining
schema-based data integration with a P2P infrastructure
[3, 14]. In addition, the use of ontologies has been recog-
nized as an effective approach to promote the interoper-
ability among distributed sources, by resolving their data
heterogeneities at a semantic level [8, 15, 21, 24]. These
two research trends lead to the emergence of ontology-
based P2P data management systems (OPDMS).

P2P ontology mapping and query processing are two
important issues in an OPDMS. While ontologies are
used in local sources as a uniform conceptual metadata
representation, which resolves the syntactic heterogene-
ity among sources in different peers, schematic (or struc-
tural) and semantic heterogeneity may still exist. There-
fore, ontology mappings are established between peers to
provide a common understanding of their data sources
[15].  Based on such ontology mappings, a variety of
data management tasks, such as data integration, query
processing, and data exchange, can be performed within
the whole OPDMS. In this paper, we propose a framework
for OPDMS and discuss the issue of query processing in
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this framework. In particular, we propose a P2P query
rewriting algorithm that takes into account integrity con-
straints specified on local data sources.

In our work, local RDFS! ontologies are used to uni-
formly represent heterogeneous source schemas. To repre-
sent the semantic mappings among these metadata (on-
tologies), we propose a mapping language, namely the
P2P Mapping Language (PML), which uses a meta-
ontology called RDF Mapping Schema (RDFMS). We
also discuss the process of P2P query answering in a lay-
ered framework, which we propose to manage any peer.
In spite of its simplicity in comparison with some map-
ping languages (e.g., Semantic Bridging Ontology used in
MAFRA [19]), PML is adequately expressive to represent
most types of ontology mappings including the equivalent,
broader (more generalized), narrower (more specialized),
union, and intersection mappings. Furthermore, PML is
extensible to define complex (e.g., many-to-many) map-
pings and new mapping types (e.g., a sibling mapping
based on two broader mappings), due to the extensibility
of RDFMS as is defined on top of RDFS. We define a
first order logic (FOL) semantics for PML, as well as for
queries, which lays a unified foundation for query rewrit-
ing. We consider a particular class of queries on RDFS
ontologies, namely conjunctive RQL (c-RQL) queries, and
propose a P2P query rewriting algorithm.

The rest of the paper is organized as follows. In Section
IT we describe existing related work. Section III gives an
overview of our approach. In Section IV, we discuss in de-
tail the P2P mapping language PML, as well as the meta-
ontology RDFMS, which is used for mapping representa-
tion. The algorithm for P2P query answering, specifically
for P2P query rewriting based on the P2P mappings, is
given in Section V. Finally, Section VI concludes and
discusses future work.

Thttp:/ /www.w3.org/TR/rdf-schema/



II. RELATED WORK

Semantic data integration using conceptual models,
such as E-R models and ontologies, has been widely inves-
tigated in the literature [18, 21, 24]. Many P2P data man-
agement systems (PDMSs) have been recently proposed,
such as the LRM model [3] and Piazza [14]. Our frame-
work as proposed in this paper is closer to Piazza, which
deals with the integration of XML data and XML seri-
alization of RDF data from different peers. Piazza uses
an XQuery-based mapping language to represent schema
mappings. Query answering is realized by pattern match-
ing between the tree representing the XQuery and the tree
representing the mappings.

Examples of OPDMS include the SWAP architecture
[10], and based on it, the Bibster system [12]. Our
ontology-based query rewriting algorithm in OPDMS is
similar to the computeWTA algorithm proposed by Cal-
vanese et al. [6] for query reformulation, both assuming
consistent ontology mappings. However, unlike in com-
puteWTA, we allow partial ontology mappings, i.e., it
is not necessary to map all the atoms in the query to
be rewritten. This assumption is practically meaningful
since the user’s burden in mapping two peers can be thus
reduced.

The representation of ontology mappings should facil-
itate the use of mappings for data management tasks,
including data exchange and query processing. Issues
related to ontology mapping have been studied widely
[15, 21]. For example, Lehti et al. propose an OWL-
based model particularly for XML data integration [17].
For representing RDF schema mappings, Omelayenko has
proposed the use of a meta-ontology, RDFT [22]. How-
ever, it is unclear how execution specific constraint infor-
mation and data transformation dimension are attached
to the bridges. Context OWL (C-OWL) [5] and the Se-
mantic Bridging Ontology (SBO) [19] are two similar on-
tology mapping languages, with the former based on an
extended OWL syntax and semantics and the latter rep-
resented in DAML+OIL. Both languages define a set of
bridge rules with an explicit semantics. However, the uti-
lization of such rules for query processing remains an open
issue.

In the case that mappings are defined as (relational)
views, query processing is often referred in literature as
view-based query answering or rewriting [13]. However,
few of view based query processing algorithms address
the issue of query writing over ontologies, which usually
allows for more expressive constraints specification than
most schemata languages do.

III. SYsTEM OVERVIEW
A. The Layered Peer Architecture

In a P2P data management system, a peer manages its
local data source as in a traditional database system. In
addition, a peer also has to possess the ability of commu-
nicating with the other peers by providing and consuming
services. To this end, we propose for each peer a layered
architecture (as shown in Figure 1), by which distributed
peers form a pure P2P network.

The peer architecture consists of four layers, in which
each upper layer achieves its functionality based on the
lower ones. In particular, the syntaz layer provides a uni-
form syntax (RDF /XML) for serializing the local ontology
and its instances. A wrapper is used to convert the local
source schemas and data into such local ontologies. The
representation layer contains the local ontology in RDFS
and its mappings in RDFMS. The service layer imple-
ments schema mapping and query processing, which are
two main services that a peer can provide to the network.
The application layer contains a GUI (Graphic User Inter-
face) for the user to initiate query requests. The adoption
of a layered peer architecture simplifies the resolution of
peer-to-peer heterogeneities into level-to-level dependen-
cies, thus facilitating the data interoperation by making
the layers more maintainable and reusable.

B. An Illustrative Example

As shown in Figure 2, the three autonomous peers py,
p2, and p3 contain three data sources, which are het-
erogeneous in both syntax and schemata. In particular,
Peer p; contains the information of faculty and publi-
cations in XML (p.xml) and DTD (p.dtd). The pub-
lication element (pub) that is defined in IDREFS refers
to one or more publication IDs (id). Such referential
constraints define inclusion dependencies as in relational
databases. Peer py is a relational database containing
conference proceedings. The attributes aid and pid in
author_proc are foreign keys referring to author.aid
and proceedings.pid, respectively, defining inclusion de-
pendencies. Peer ps contains an RDF document (f.rdf)
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Fig. 1. The layered peer architecture.
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Fig. 2: A motivating example.

with its RDF schema (f.rdfs) defined in RDFS. In com-
parison to XML data, we say that an RDF data is flat be-
cause there are no nesting structure and order constraints
among the classes and properties.

In addition to syntactic heterogeneity, a notable struc-
tural difference among these data sources is that the se-
mantically equivalent terms are formulated in different
forms. That is, the two types of publications——book and
proceedings——are designed as values (instances) of an
attribute in p;, as relation names in py, and as property
names in ps.

C. RDF Metadata Representation

The source schemas specify metadata about different
data sources, in terms of elements and attributes in XML
schemas, relations and attributes in relational schemas,
and classes and properties in RDFS. A heterogeneous P2P
integration system should provide a uniform metadata
representation to facilitate the P2P mapping process. For
this purpose, wrappers are used to transform heteroge-
neous schemas into the uniform representation [4, 9, 16].

In our approach, we choose to use RDFS to represent
local metadata as a local ontology. The following de-
scription summarizes the method of model-based schema
transformation in our previous work [9]. For transfor-
mation from relational to RDFS, we represent relations
as RDF classes and attributes as RDF properties. For
transformation from XML to RDF, we convert complex-
type elements into RDF classes and simple-type elements
(with no subelements but character contents) and at-
tributes into RDF properties. The target RDF schema
shall also include the XML or relational referential con-
straints, which are necessary to be preserved for correct

Local ontology O1 in Peer pt

Local ontology Oz in Peer p2

affiliation

Local ontology Os in Peer p3

firstname

rdfs:domain

rdfs:range

Fig. 3. local RDFS ontologies.

query translation between different data sources. We rep-
resent these constraints by two RDF properties (corre-
sponding to the two attributes involved in a referential
constraint) sharing the same value. Figure 3 shows the
results of schema translation of the three sources in the
example of Figure 2. Notice that the nesting relationship
between two XML elements is preserved by a new partic-
ular RDF property rdfx:contained, where rdfx is the
new namespace [8].

D. P2P Mapping and Query Answering

In our framework, the P2P inter-schema mappings re-
sult from a process of matching the two participating
source schemas [23]. In our previous work [25], we pro-
posed a thesaurus-based RDF schema matching algorithm
by utilizing WordNet.! In our approach, an inter-schema
mapping specifies correspondences between RDF classes
or properties from two different source schemas. The dif-
ferent types of mappings (e.g., equivalent, broader, or nar-

Thttp:/ /www.cogsci.princeton.edu/~wn/
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Fig. 4. The meta-ontology of RDFMS.

rower) are determined according to the comparison of the
semantics of the mapped classes or properties. The map-
ping information is stored in terms of instances of an RDF
meta-ontology RDFMS (RDF Mapping Schema), using in
addition a mapping language, PML (P2P Mapping Lan-
guage).

The process of P2P query answering includes three as-
pects: query execution, query rewriting, and answer in-
tegration. The user poses a query on a peer, which is
first executed on that peer. Meanwhile, the query is also
forwarded to each of the linked peers, where the query is
rewritten into a new query that is executed locally and
propagated further. Finally, answers from every peer are
returned to the host peer, where they are integrated to
produce the answer. For the purpose of query answering,
we use a first-order relation based method to interpret the
inter-schema mappings. Actually, in our approach, both
the mappings and heterogeneous queries are interpreted
by a set of first-order relations, so as to provide a unified
environment for query rewriting.

IV. P2P MAPPINGS

P2P semantic mappings between two peers specify how
two local schemas are related, thus providing a founda-
tion for P2P query answering. We discuss in this section
the issues related to mapping representation and the use
of mappings for query processing, instead of describing
the detailed mapping process. A thesaurus-based RDF
schema matching method can be referred to in our pre-
vious work [25]. We also propose an RDF-based meta-
ontology RDFMS to P2P semantic mapping representa-
tion and discuss its use in a mapping language PML that
uses an FOL semantics.

A. RDFMS Meta-ontology

As shown in Figure 4, RDFMS provides one-
to-one mappings such as equivalent (represented by
EquivalentMap), broader (BroaderMap), and narrower
(NarrowerMap). Regarding the case of one-to-many map-
pings, RDFMS defines UnionMap and IntersectionMap
respectively for two types of logic combinations (i.e., and

and or) of the elements on the multiple-element side. All
these types of mappings are defined as classes inherit-
ing from a common class Map, which has three general
properties that are also inherited by its subclasses. The
leftElement and rightElement properties are used to
connect the mapped elements.

In order to represent the mapping expression [23] that
a P2P mapping may carry, the property constrainedBy
is defined, whose data type is specified as Literal. An
example of the use of this property is &cl (see Figure
5), which is used to confine the retrieval of the instances
from Peer p; since Faculty is mapped to Author us-
ing NarrowerMap. Following the example in Figure 3,
we otain the P2P mappings among the three local RDF
schemas, as shown in Figure 5. Note that every P2P
inter-schema mapping is an instance of the RDFMS meta-
ontology.

B. P2P Mapping Language — PML

We define a set of mapping atoms for defining differ-
ent types of P2P semantic mappings, according to the
structure of the RDFMS meta-ontology. Listed below are
mapping atoms and their corresponding RDFMS repre-
sentation.

o EM(cy,c): there exists an instance m of
EquivalentMap, such that ¢c; = m.leftElement and
¢ = m.rightElement.

e BM(cy,c2):  there exists an instance m of
BroaderMap, such that ¢; = m.leftElement and
co = m.rightElement.

e NM(cy, ¢2): there exists an instance m of
NarrowerMap, such that ¢; = m.leftElement and
co = m.rightElement.

e UM(cyq, c2): there exists an instance m of UnionMap,
such that ¢; = m.leftElement and ¢y =
{z|]x = m.rightElement}, or ¢, = {z|lz =
m.rightElement} and c; = m.leftElement.

o IM(cq,c2): there exists an instance m of
IntersectionMap, such that ¢; = m.leftElement
and ¢y = {z|x = m.rightElement}, or ¢; = {z|z =
m.rightElement} and c; = m.leftElement.

e CON(m,e): given an instance m of Map or its sub-
classes, we have e = m.constrainedBy.

We note that ¢; and ¢; in EM, BM, and NM correspond
to RDFS classes or properties, whereas ¢; and ¢y in UM
and IM can correspond to a set of classes or properties,
to which the logic connectors and and or are applied,
respectively.
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Fig. 5: An example of P2P mappings in RDFMS.

Assuming a finite set of class names C and a finite set
of property names P, we define a FOL (first order logic)
semantics for the mapping atoms, in terms of the following
two predicates:

e C EXT(¢c, =), where the resource x is in the proper
extent (i.e., direct instance) of class c.

e P EXT(z, p, y), where (z, y) is the proper extent
(i.e., direct instance) of property p.

In our definition, a P2P mapping is allowed to connect
not only two classes or two properties but also a class and
a property. An interpretation A of every P2P mapping
atoms varies according to the type of objects that are
mapped, as given below.
o AEM(cy, ¢2) implies:
Vo C_EXT(c1, ) < CEXT(cq, x), if ¢1,c0 € C;
VaiVaoVy P_EXT (21, c1, y) < P_EXT (22, 2, y), if c1,¢0 €
P;
Vavy C_EXT(c1, y) < P_EXT(x, ¢2, y), if ¢1 € P,ca €C.
e ABM(cq, ¢2) implies:
Vo C_EXT(¢1, ) — C EXT(co, x), if ¢1,c0 € C;
VaiVaoVy P_EXT (21, c1, y) — P_EXT (22, 2, y), if c1,¢0 €
P;
Vavy C_EXT(c1, y) — P_EXT(x, ¢2, y), if ¢1 € P,cq €C.
e ANM(cy, ¢g) implies:
Vo C_EXT(¢1, ) «— CEXT(co, x), if ¢1,c0 € C;
Va1 VaoVy P_EXT (21, c1, y) <« P_EXT(z2, 2, y), if c1,¢0 €
P;
Vavy C_EXT(c1, y) «— P_EXT(x, ¢2, y), if ¢1 € P,cq €C.

e AUM(¢q, ¢2) implies:
V. (AEM(c1, a;)), where a;€ca, if ¢ € CUP, ca CCUP;
V. (AEM(a;, c2)), where a;€cq, if ¢ CCUP, ¢ € CUP.

o AIM(cq, ¢2) implies:
N;(AEM(c1, a;)), where a;€ca, if ¢ € CUP, ca CCUP;
N;(AEM(a;, c2)), where a;€cy, if ¢ CCUP, ¢ € CUP.

The following is the interpretation AM; 5 for the map-
pings M o between p; and ps in Figure 5.

VaiVaoVy P_EXT (21, name,y) < P_EXT(z2, name, y),
Vo VroVy', P_EXT (x4, title,y') < P_EXT (a1, title,y'),
Vo C_EXT(Faculty,x) — C_EXT(Author, x),

Vo C_EXT(Publication, x) «— C_EXT(Proceedings, x)

The FOL interpretation for ontology mappings enables
standard reasoning on mappings as well as the definition
of more complex P2P mappings. For example, we can de-
fine a sibling mapping SM such that SM(c1, ¢3) < NM(cq,
c3) A NM(cz, c3). Another example is the definition of
a many-to-many mapping by composing two UnionMaps.
Furthermore, an example for reasoning on mappings can
be such as ABM(cy, ¢2) A ANM(eq, ¢3) & AEM(cq, c2).
However, reasoning on mappings is not the focus of the
this paper. Instead, we concentrate on how to use map-
pings for the purpose of query processing, specifically on
query rewriting.



V. P2P QUERY PROCESSING
A. Query Languages

Since the metadata of every source schema is expressed
as a local ontology in RDFS, we may be able to interpret
a local query over the source schema in terms of a con-
junctive query, namely a conjunctive RQL query (c-RQL)
[7], over the local ontology. An c-RQL Q is of the form

ans(x) — Ri(x1), ..., Rp(Xn).

where R; is either C EXT or P_EXT for ¢ € [1..n], and
x € x1 U...Ux,. As usual, the ans part is called the
head of the query, denoted headg, and the rest is called
the body of the query, denoted bodyg. In this paper,
we assume that we only consider the class of local queries
that can be expressed in c-RQL. The following gives two
examples of translating local XPath [11] and relational
queries into c-RQL queries, while ignoring the detailed
procedure for the space limit.

Consider an XPath query /department/faculty
[@name="M. Case"] as posed over p.xml in p;. The re-
sult of this query is the XML document tree (referred
to as answer tree) rooted from the first faculty element
(See Figure 2). By considering the answer structure and
semantics of the query (for correct query rewriting), we
can interpret the XPath query as follows. Note that all
the elements and/or attributes involved in the answer tree
and in the predicates (of an XPath query) are covered in
the resulting c-RQL query.

ans(z,y, z) — P_EXT(x,name,y), P_EXT(x, pub, z),
y = "M. Case".

As another example, consider a relational conjunctive
query posed on Peer p; to “find all the publications written
by authors from UIC”, as shown below.

ans(y) — proceedings(x,y, z), authorproc(u, x),
author(u,v,w), w = "UIC".

The following is the first-order relation based interpre-
tation for the preceding relational conjunctive query.

ans(y) — P_EXT (4, pid, x), P_LEXT (41, title,y),
P_EXT (22, aid_1,u), P_LEXT (%, pid_1,x),
P_EXT (43, aid, u), P_EXT (23, af filiation, w),
w="UIC"

B. Query Rewriting

The P2P query answering in our framework is a process
of propagating a local query (initiated from a host peer
p1) to every connected peer along the links. As previously
mentioned, this process includes three aspects: query ex-
ecution, query rewriting, and answer integration. Query

rewriting can be seen as a function Q2 = f(Q1, M),
where Q7 is the local query, M is the set of P2P map-
pings, and s is the resulting remote query. Based on
the uniform first order logic interpretation for both P2P
mappings and user queries, the computation of f is real-
ized by the algorithm P2PREWRITING as sketched below.

Algorithm P2PREWRITING (Q, M)
Input: a conjunctive query @ over ontology O7; the
mappings M between ontology O; and Os.
Output: a conjunctive query @’ over Os.
headg: = headg; bodyg: = null;
Let AQ be the corresponding c-RQL of Q;
Expand AQ into Q* using the constraints over Ox;
Let ¢ be bodyg-;
For each R(x) of ¢
For each ¢ € M
Let R'(x) be the result of applying ¢ on R(x);
Add R'(x') into bodyg using a conjunction;
Let G be a query graph of ¢ and G’ be of bodyg:;
For each connected subgraph H C G
Find the corresponding subgraph H’ of H in G’;
If H' is not connected then
Expand H' using the constraints on Oy into a
connected graph H"';
If H” exists then add into bodyg all R} that
contributes to the expansion of H';
Else output null;
Output Q’;

The rest of our discussion elaborates on this algorithm
by giving a concrete example. Suppose that the user poses
a query @ over Peer p; (in a P2P network as shown in
Figure 3): “listing all papers written by H. Luis”, which
is formulated as follows:

//publication[//faculty[contains(@pub, @id) and
@name="H. Luis"]]

The first step of rewriting @ is the interpretation of
Q@ as AQ. As previously mentioned, the interpretation
of an XPath query has to consider its answer structure.
In this example, the answer to @@ covers the XML node
publication and its children id, title, and type, ac-
cording to the schema structure in p; (see Figure 2).
Based on the local RDFS ontology of Peer p;, AQ is com-
puted as follows, .

ans(x,y, z) — P_EXT(p,id, x), P_EXT(p, title, y),
P_EXT (p, type, z), P_EXT (g, pub, z),
P_EXT(q,name, "H. Luis")

The expansion of AQ uses the classic chase algorithm
that “chases” a tableau query with dependencies on a re-
lational database [1]. The following shows the resulting
Q* of expanding AQ using the constraints on the ontol-
ogy Oq, and its rewriting Q' (after the application of the
mapping constraints M; 2).



Q* : ans(z,y,z) :— P_EXT(p,id, z), P_EXT(p, title,y),
P_EXT (p, type, z), C_EXT (Publication, p),
P_EXT(q, pub, ), P_.EXT(¢q,name, "H. Luis"),

C_EXT(Faculty, q)

Q' : ans(y) :— P_EXT(p, title,y), C_EXT(Publication, p),
P_EXT(q,name, "H. Luis")

In the last step, the algorithm finds that the query graph
(computed by adding a node for each atom and adding
an edge between two nodes if their corresponding atoms
contain the same variable) of Q* is connected, whereas
the one of @’ is not connected. Hence, @’ is expanded ac-
cording to the constraints on Os, resulting in the following
final rewriting Q’ of Q:

ans(y) — P_EXT(p, title,y), C_EXT(Publication, p),
P_EXT(gq,name, "H. Luis"),
P_EXT(p, pid, y2), P_EXT(q, aid, y1),
P_EXT(z, aid_1,y1), P_.EXT(z, pid_1,y2)

It will not be difficult to obtain the corresponding re-
lational conjunctive query of @', which is then executed
over the RDB in Peer p, to retrieve a local answer from
po. Similarly, we can rewrite Q' to a query Q" over Os
and get a local answer from ps. The (global) answer of
Q, after the integration of all local answers, is as follows,
where the null values are caused by the fact that the P2P
mappings may be partial:

<publication id="" title="t1" type=""/>
<publication id="" title="t3" type=""/>
<publication id="" title="t4" type=""/>

We did not describe all the details because of space
limitations.

In order to retrieve correct data from the P2P network,
it is required that the remote query Qo rewritten from a
local query Q1 be equivalent to Q1. The query rewriting
satisfying this condition is called equivalent query rewrit-
ing [13], which is defined for homogeneous relational data
integration. Query equivalence in terms of answer equiv-
alence has also been defined [13]. Such equivalence, how-
ever, will have a different (less strict) meaning in the
context of a heterogeneous P2P network. Informally, we
say that two answers (to two different queries on differ-
ent data sources) are equivalent if they are structurally
and semantically equivalent. However, such equivalence
does not entail identical answers. Although not proved in
this paper, our P2P query rewriting guarantees semantic
equivalence, which is based on the concept of reversibil-
ity [8]. To achieve semantic equivalence the following is
needed: the correctness of source schema representation
in RDFS, a valid P2P ontology mapping, and the preser-
vation of the answer structures.

VI. CoNCLUSIONS AND FUTURE WORK

In this paper, we describe an ontology-based approach
to the data interoperability problem in a heterogeneous
P2P network. RDF techniques are used in our framework,
through the use of the RDF'S local ontologies for metadata
representation and the use of the RDFMS meta-ontology
for inter-schema mapping representation. Our contribu-
tions include a definition of the syntax of PML (based on
the RDFMS meta-ontology), a definition for its semantics
in terms of first-order relations, and a query answering al-
gorithm that considers constraints in local data sources.

For future work, we will further study the following as-
pects: (1) Due to the locality of P2P systems, mappings
between different pairs of peers may be designated by dif-
ferent people. This can result in inconsistency between
different inter-schema mappings. In addition, given two
large-size source schemas to be mapped, the user may
hope some inferencing can be performed to derive new
mappings from existing mappings automatically. In fact,
the problem of mapping consistency and that of mapping
inference are essentially the same in the case where the
inferencing involves multiple sets of inter-schema map-
pings [2]. (2) In a P2P network, peers are designed as
autonomous nodes, and any peer can accept user queries.
In such settings, an established inter-schema mapping,
say from Peer p; to Peer ps, may be used both for query
rewriting from p; to po and for that from ps to p;. Given
that the inter-schema mappings are directional and a uni-
form query rewriting algorithm is deployed in the P2P sys-
tem, the utilization of a single inter-schema mapping for
query rewriting in different directions have to be treated
differently. This arises because of the problem of bidirec-
tionality of P2P mappings [14].
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