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Abstract

Web and peer-to-peer systems have emerged as popular areas in distributed computing, and their integrated usage permits the
benefits of both to be exploited. While much work in these areas have utilized the imperative programming paradigm, the need for
declarative programming paradigms is increasingly being recognized, not only for the often cited advantages such as a higher level of
abstraction and specialized language features, but also to tackle the querying and manipulation of knowledge and reasoning with
semantics that will be the mainstay of the proposed next generation of the Web and peer-to-peer computing. This paper presents an
approach towards integrative use of the Web and peer-to-peer systems within a declarative programming paradigm. We contend
that logic programming can be useful in peer-to-peer computing, especially for querying and representing knowledge shared over
peer networks, and for scripting applications that involve sophisticated search behaviour over peer networks. As an example
of peer-to-peer querying expressed in a logic programming language, we propose a simple extension of Prolog, which we call
LogicPeer, to enable goal evaluation over peers in a peer network. Using LogicPeer, we outline how a peer-to-peer version of a
Yahoo-like system can be built and queried, and several other applications that involve decentralized knowledge sharing. We then
show how LogicPeer can be used with LogicWeb, a Prolog extension to access Web pages, thereby integrating peer-to-peer querying
and Web querying in a common declarative framework.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, peer-to-peer computing has been given
tremendous attention by technologists, businesses, and
trend watchers. Peers share or exchange computer re-
sources and services by direct exchange, i.e. there is a
decentralization away from heavy-weight servers to
equal-weight peers. The CPU cycles, disk storage, and
files on a computer can be utilized by other peers leading
to distributed storage which integrates the available disk
space of a number of computers, distributed parallel
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processing, and distributed content management. Such
decentralization can provide greater fault-tolerance
since there is no single point of failure, distributed re-
source control and maintenance (e.g., distributed con-
tent management where individuals maintain the
content they publish and have a sense of control over
the content), greater efficiency of information exchange
since traffic is not routed through central bottlenecks,
and ease of set-up and usage which partly comes from
distributed resource administration and in situ informa-
tion sharing (e.g., information need not be transferred to
another host such as a central server to be published).
With content distributed among peers in a distributed
network, mechanisms including protocols and query
languages for performing searches over the distributed
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resources are an obvious need. The Gnutella protocol,’
has been used as the basis of several peer-to-peer sys-
tems for searching distributed content over a network
of peers using simple keyword queries. Sun’s new project
JXTA,? which provides a shell for peer-to-peer pro-
gramming, comes with basic built-in commands and
protocols for searching within a group of peers. Gnu-
tella,® FreeNet,* and SETI@home,’ are examples of sys-
tems which have shown how the peer-to-peer model can
be used for sharing resources directly (e.g., MP3 file-
sharing) with little or no intervention from a central
server or authority.

Logic programming languages such as Prolog have
been explored for Internet applications (Davison,
2002) resulting in high level models, and extensions for
manipulating Web contents. Logic programming pro-
vides a higher level of abstraction than imperative lan-
guages for knowledge representation and processing.
Also, logic programming languages such as Prolog has
features such as backtracking search, pattern matching,
declarative syntax, and meta-programming. For data
representation, deductive databases generalizes rela-
tional databases.

In this paper, we apply the declarative programming
paradigm for integrating Web and peer-to-peer comput-
ing by providing lightweight extensions of Prolog for
this purpose. While we use Prolog, we see that the ap-
proach can be utilized in other logic programming lan-
guages and formalisms that are emerging such as
Mercury (Somogyi et al., 1995) and other Semantic
Web logic languages.® Prolog provides a useful basis
to illustrate and develop our ideas due to its simple
semantics, widespread familiarity, and more than twenty
years of research to leverage on.

Our contributions in this paper are as follows. In Sec-
tion 2, as an example of peer-to-peer queries expressed
in a logic programming language, we describe a simple
extension of Prolog with operators to access peer net-
works, which we call LogicPeer, to enable goal evalua-
tion over peers in a peer network (which is not done
by Nejdl et al., 2001). We argue that logic programming
can be useful for querying and representing knowledge
shared over peer networks, and for scripting applica-
tions that involve heuristics based sophisticated search
behaviour over peer networks. We do not advocate logic
programming as a replacement of current languages for
all peer-to-peer applications but aim to highlight the
benefits of logic programming for specific kinds of

' Gnutella protocol specification is at http://capnbry.dyndns.org/
gnutella/protocol.php.

2 . .

http://www jxta.org

3 http://gnutella.wego.com/

4 http://www.at-web.de/p2p/freenet. htm

5 http://setiathome.ssl.berkeley.edu/

6 See http://www.semanticweb.org/inference.html for a list.

peer-to-peer applications. In Section 3, using this ex-
tended Prolog, we outline how a peer-to-peer version
of a Yahoo-like system can be built and queried. We
also briefly consider several other applications that in-
volve decentralized knowledge sharing. Section 4 pre-
sents another extension to LogicPeer goals to enable
cooperative goal evaluation. In Section 5, we show
how our extended Prolog can be used with LogicWeb
(Loke and Davison, 1998) thereby integrating peer-
to-peer querying and Web querying in a common frame-
work. We consider related work in Section 6 and
conclude in Section 7.

We assume an acquaintance with Prolog in the
discussions below.

2. Extending Prolog for peer-to-peer querying
2.1. Characteristics of peer-to-peer computing

We make the following assumptions about a peer
network:

e Each peer has a unique identifier called the peer iden-
tifier. This can be an IP address and port number but
need not be so. A peer-to-peer system normally has
its own namespace. For example, ICQ’ has ICQ
numbers to identify peers which are independent of
network addresses. We do not assume any particular
format for peer identifiers but only that they exist.
We also assume the existence of name mapping mech-
anisms (e.g., to resolve ICQ numbers to actual IP
addresses). We show that LogicPeer is independent
of the format of peer identifiers and the underlying
mechanisms for resolution.

e Peers can send messages among each other using peer
identifiers.

o A peer does not have the peer identifier of every other
peer in the peer network but we assume that a peer
has a set of peer identifiers for peers it knows about,
which we call the friends of the peer. We assume that
a peer has some (perhaps out-of-band) means of dis-
covering other peers in the network in order to build
or update this set of friend identifiers. Peer directories
and IP multicast might be used for discovering friend
identifiers as in Napster servers, Gnutella reflectors,?
or JXTA peer directories.

e In our model, each peer has a collection of Prolog
rules (and facts) against which goals it receives from
other peers and goals initiated locally are evaluated.
This collection of Prolog rules might include the
knowledge base to be shared by this peer. This main-

7 http://www.icq.com
8 See http://www.clip2.com.


http://www.jxta.org
http://gnutella.wego.com/
http://www.at-web.de/p2p/freenet.htm
http://setiathome.ssl.berkeley.edu/
http://www.semanticweb.org/inference.html
http://www.icq.com
http://www.clip2.com

S.W. Loke | The Journal of Systems and Software 79 (2006) 523-536 525

tains generality and does not exclude other forms of
media that a peer might serve. For example, in a peer
network sharing MP3 files, the Prolog fact database
of a peer might store details (e.g., name, singer, etc)
of these MP3 files.

e Each peer will have integrity and will not provide
results that are false. For example, if it does not have
a given MP3 file, it should not say it does. Details of
how to ensure such integrity is outside the scope of
this paper.

As an example of a search protocol operating over a
peer network, we briefly outline Gnutella.® Gnutella is
an example of a pure peer-to-peer system which has
been used for file-sharing. A Gnutella program is config-
ured with the addresses of a set of peer Gnutella pro-
grams that it can connect to. Each running Gnutella
program (a peer) has access to a set of files that the user
wants to share. The Gnutella protocol permits a recently
started Gnutella program to send “ping” messages to
discover other reachable running Gnutella programs,
and to send search queries to the peers it discovers.
On receiving a search query, a peer checks to see if it
can satisfy it, and if it can, replies to the requestor.
The reply goes back along the same path that the query
took in reaching the peer. On receiving the reply, the
requestor can download the information using the
Web’s HTTP protocol directly from the peer that re-
plied. If the peer cannot satisfy the query, it passes it
on to its friends and this process might continue with
subsequent peers. A time-to-live value limits the lifetime
of messages and each peer keeps track of the messages it
forwarded so that messages are not forwarded again.
Peers that have much content (and so satisfy more user
queries) and are reachable via high bandwidth connec-
tions will tend to be more popular.

In the following subsections, we explore extensions of
Prolog with new constructs that enable query (or goal)
evaluations to take place over multiple peers in a peer
network.

2.2. The opaque peer network model—LogicPeer I

In this model, we treat the peer network as opaque
and assume an underlying protocol as the means for
propagating Prolog queries among peers. The underly-
ing protocol we employ here is the Gnutella protocol
but with one main difference that a peer can convert a
query into another query when passing it on. Also, re-
plies are sent back along the same path as the query
and no further downloading might be required depend-
ing on the query.

° An animation illustrating the Gnutella protocol can be found at
http://www.limewire.com/article.htm.

We introduce a new kind of goal which we call the glo-
bal goal written with a prefix “*” such as *goal. This
goal is evaluated by being propagated across the peer net-
work. We assume that each peer on the peer network have
the means to receive, process and if necessary forward
such goals to its peers. As an example, consider the fol-
lowing program which defines the parent relationship.

father of(john,tim).
father of(john,jack).
mother of(angie,tim).
parent_of(X,Y) :-

father of (X,Y)

; mother of (X,Y)
; *parent_of (X,Y)

;77 1s “or” in Prolog. This rule states that X is a par-
ent of Y if X is the father or mother of Y, or X is the par-
ent of Y as determined by other peers in the peer
network. The first two goals in the body of the rule will
be evaluated locally in the peer in which this program re-
sides and in which this rule is invoked. The last goal
*parent_of (X,Y) will be evaluated as follows: the
goal is first passed to the peers of the local peer and
propagated via the Gnutella protocol, and then solu-
tions, if any, in the form of bindings to goal variables,
or simply true or failure will be returned by peers in
the peer network. Now, consider the following goal:

-?parent_of(john, tim).

Typically, such a goal can be typed into a Prolog
command shell similar to a Unix command shell or
the JXTA peer shell (Gong, 2001). This goal will be eval-
uated locally to be true but the following goal if evalu-
ated only locally will fail (by Negation-As-Failure) due
to the limited set of facts about alice:

-?parent_of (P, alice).

However, when this goal invokes the parent_of/2
rule above, evaluation is not just local. The global goal
at the end of the rule will be propagated to the friends of
this peer to ask them for their answers. Within a pre-
specified waiting period, the local peer waits for and
collects answers to the global goal. As in the Gnutella
protocol, the time-to-live values on transmitted goals
help to restrict propagation. It is also possible to restrict
goal propagation to those peers within a peer group pro-
vided that the concept of a peer group is supported as in
JXTA. Two questions now arise when a peer (other than
the local peer) receives this goal (which we call the origi-
nal goal):

1. What does the peer do with the goal and what are the
possible replies?
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2. Also, how does the originating peer decide on the
answer to its goal if a number of answers are
returned, some of which might be inconsistent?

2.2.1. For (1)

When a peer receives a goal (which comes with the
sending peer’s identifier), it first evaluates the goal
against its own rule (and fact) database. The result of
the goal evaluation is either success or failure. For suc-
cess, the result is either true (if the goal has no unbound
variables), or if the goal has unbound variables, the set
of all possible bindings for each variable (e.g., possible
values for P in the above goal). There will be no bindings
in the case of goal failure. Failure of a goal can be due to
inadequate information in the database and so, a goal to
this peer is false by Negation-As-Failure.

Note that evaluation of the original goal might result
in the evaluation of other global goals as specified in the
bodies of invoked rules in this peer, and so the original
goal might result in new goals being propagated through
the network. For example, suppose this peer has the
same rule as the sending peer:

parent of (X,Y) :-
father of (X,Y)

; mother of (X,Y)

; *parent_of (X)Y)

Then when evaluating the received goal, this rule is
invoked which then initiates another global goal. In this
case, the same global goal is passed on to the peers of
this peer. It is also possible that a global goal is effec-
tively “‘mapped’ into another global goal. For example,
suppose the rule on this peer was instead the following:

parent of (X, Y) :- *child _of(Y,X)

Then, when evaluating the received goal, this rule is
invoked which then initiates another global goal but this
time, a different goal from the received goal is passed on
to the peers of this peer. Hence, transformation of guer-
ies is possible, unlike the Gnutella protocol. Now, after
evaluation, the peer (if we assume somewhat autono-
mous) can now choose not to reply at all to the request-
ing peer, or it can return whatever results of its
evaluation.

A question arises concerning queries which go un-
bounded in the network or which lead to infinite loops.
One way to solve this problem is to tag each query (or
goal) with a time-to-live (TTL) value which is modified
(with time taken so far subtracted from it) across queries
(and in our case when one goal is mapped into another,
the TTL value is reduced even as they are passed be-
tween the different goals). Loops between peers (i.e.,
when one peer issues a query to another which in turn

issues a query back to the other peer) can be prevented
by such a TTL value. Other possible control tags are
possible, such as peers-to-live (PTL) value which is a
count of the maximum number of peers through which
a goal and its counterparts (generated when mapping
one goal to another via rule execution) can be propa-
gated. For example, a goal initiated from a peer P1 with
a PTL value of 3 means that it can at most be allowed to
propagate through three (not necessarily distinct) other
peers. In the case of a potential loop between P1 and
P2, the goal can go from Pl to P2, from P2 to P1, and
then from P1 to P2 and no more, or in the case of dis-
tinct peers, go from P1 to P2, P2 to P3 and then P3 to
P4, and no further. Other finer grained control tags
are (1) number of rules invoked, i.e. the goal can at most
be used to (directly or indirectly) invoke up to N rules
and no more, and (2) depth of query tree with peers as
nodes in goal evaluation.

2.2.2. For (2)

When the originating peer receives answers from
peers, it needs to collate the results to provide a result
for the original goal. We adopt the following method
for combining results. All failure results are ignored,
and if there is at least one true result, the original goal
is true, and if there are bindings (i.e. open variables in
the original goal), then the possible bindings for the ori-
ginal goal is the union of all possible bindings received
(possibly from more than one peer). Hence, a goal such
as father_of(jack, alice), which queries if jack
is the father of alice, is considered true if any one peer
declares this as true (and returns bindings for open vari-
ables (if any)). The different possible bindings are re-
trieved upon Dbacktracking or can be obtained
collectively via setof/3 or findall/3. We briefly
discuss how we might handle inconsistent results from
different peers in §7.

2.3. The transparent peer network model—LogicPeer I1

In contrast to the LogicPeer I, in this model, the peer
network is treated as transparent in that it is possible for
a peer to obtain the identifiers of the friends of its
friends, etc. The additional assumption here is that a
peer can be queried for the identifiers of its friends by
a logic program running in itself or a remote peer. By
allowing a logic program to access the friends of friends
recursively, customized search algorithms can be written
which effectively (and perhaps partially) traverse the
graph formed by the peer network. We first introduce
the following new kinds of goals formulated with the
following constructs.

1. Providing explicit access to the friends of a peer. We
make the friends of a (local or remote) peer visible
at the program-level via goals of the following form:
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PeerID*friends (PL)

where PeerID is the identifier of a peer and PL is a
list of peer identifiers for the friends of the peer. To
obtain the friends of the local peer, we can use the
goal:

-?self*friends(PL)

Note that writing self * Goal is the same as writing
Goal in the local peer. We call ““*” the peer-switching
operator, as its meaning switches goal evaluation to
(occur in) the specified peer.

2. Send a goal to a specific peer. To send a goal to
be evaluated at a specific peer, we use goals of the
form:

PeerID*goal

We prefix the goal by the peer identifier and “*”’.

3. Concurrency. We introduce two programming
abstractions to simplify concurrent programming
with peers:

(a) A goal of the form

PL[]goal

evaluates in such a way that the goal must suc-
ceed with all the peers in the peer list PL and the
results combined using the method given in the
previous subsection. The goal PL[ Jgoal fails if
the result from at least one peer is failure. Evalu-
ation of goal proceeds concurrently with all the
peers in PL.

(b) A goal of the form

PL<>goal

evaluates in such a way that it succeeds as long
as the goal succeeds with at least one of the peers
in the peer list PL. Failures are ignored and
the results from successful evaluations are com-
bined using the method given in the previous sub-
section. Also, if a peer is not contactable, it is
ignored. The goal PL<>goal fails if the results
from all the peers in PL are failures. Evaluation
of goal proceeds concurrently with all the peers
in PL.

The above constructs are inspired by modular logic
programming where a goal (e.g., @) can be written which
is evaluated against an explicitly stated logic program
(e.g., M) and are written typically as M::G in rule bodies.
These constructs can be viewed as a simple Prolog API
to the peer-to-peer computing model.

As an example, the following program finds a peer
which satisfies a given goal. The same goal is evaluated
against the peers in a peer network in a depth first search
manner starting from the local peer until the goal suc-
ceeds with some peer:

dfs_eval(Goal) :-
eval(self, Goal).
% try locally first
eval (P, Goal) :-
P * Goal, !.
% send goal to the peer
eval (P, Goal) :- % evaluate goal
P* friends(PL),
% get access to the
% friends’ identifiers
member (P1l, PL),
% choose a peer from
% the friends list
eval (P1l, Goal).
% recursively, send
% Goal to the chosen peer

In the first rule of the predicate eval/3, evalua-
tion begins first with the given peer and once the goal
succeeds, subsequent peers are not contacted. If eval-
uation fails, in the second rule, the peer P is first queried
for its list of friends, and then one of the friends is
selected via member/2 and the goal is recursively
evaluated against the selected friend. The goal
P* friends (PL) will fail if either the peer P cannot
be contacted or its friends cannot be obtained, in which
case, Prolog backtracking on the member/2 goal will
result in another friend being chosen from the friend list.
Evaluation completes when one peer P is found such
that P * Goal succeeds, or there are no more peers to
try.

The key difference between this program and Logic-
Peer I is that here, we explicitly send the same goal to
the peers instead of relying on peers to propagate the
goal to other peers. Hence, we allow the programmer
to explicitly state who goals must be sent to and what
these goals are. However, due to the lack of decentral-
ized control as is the nature of peer-to-peer computing,
there is no guarantee about what peers will do with the
goals they receive. For example, a peer might further
propagate the goal or it might not, and so, the above
program might result in the same goal being propagated
to the same peer multiple times. In the case where such a
program is executed in a peer network where goals are
not passed on by any particular underlying protocol,
the ability of a peer to programmatically access the
friends of another peer would permit control over how
goals are forwarded to peers. Cooperation, however, is
not a problem in a given peer network of knowledge
bases, viewed as an integrated system (e.g. PeerDB Ng
et al., 2003).

A concurrent version of the above search can be
coded as follows, where a goal is evaluated against all
the friends of a peer concurrently and the peers are vis-
ited in a depth first manner until the goal succeeds with
some peer:
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dfs_eval(Goal) :-
Goal, !.
% try locally first;
% same as self * Goal
dfs_eval(Goal) :-
concurrent_eval(self, Goal).
% try peers concurrently
concurrent_eval (P, Goal) :-
P* friends(PL),
% retrieve friends
try_goal(PL, Goal).
% try the goal with friends
try_goal(PL, Goal) :-
PL<>Goal, !.
% send goal to all
% friends concurrently
try_goal(PL, Goal) :-
member (P1, PL),
% choose a friend
concurrent_eval (P1l, Goal).
% continue recursively

In the first rule of df's_eval/1, the goal is first tried
locally. If it fails, evaluation continues with concur-
rent_eval/2 where the friends of the peer P are first
retrieved and then sent to try_goal/2. In the first rule
of try goal/2, Goal is evaluated against all the
friends concurrently. The goal PL<>Goal succeeds if
Goal succeeds with one of the peers in PL and fails,
otherwise, and on failure, the second rule of try_
goal/2 is invoked where one friend is selected for con-
tinued evaluation, recursively visiting the friends of this
friend, etc. Evaluation completes when one peer is found
where Goal succeeds, or there are no more peers to try.
Due to parallelism, this version is more efficient on aver-
age than the previous version but more peers are con-
tacted (i.e., more network traffic is generated).

The above two programs find a peer which satisfies a
given goal but does not return the identifier of the peer
itself. It is possible to return the value of this peer as a
binding of a variable in the goal itself. So, if a peer suc-
ceeds with the goal, it returns the results which also in-
cludes its own identifier. Alternatively, the following
version of the first program can be modified to return
this peer (NP is instantiated with this peer’s identifier):

dfs_eval(Goal, NP) :-
eval(self, Goal, NP).
% try locally first
eval (P, Goal, P) :-
P * Goal, !.
% evaluate goal
eval (P, Goal, NP) :-
% evaluate goal
P* friends(PL),
% get access to the

% friends’ identifiers
member (P1, PL),

% choose a peer from

% the friends 1list
eval(P1l, Goal, NP).

% send the goal to

% the chosen peer

Using the operator “[ ], one could write a program
which finds a peer all of whose friends satisfy a given
goal. For example, the program to find a peer who is
supported by all its friends (i.e., fully supported) can
be given as follows, where a predicate supports/1 de-
fines the meaning of a peer supporting a peer and whose
argument is the supported peer’s identifier:

fully supported(P, SP) :-
P* friends(PL),
% retrieve friends
all supports(PL, P, SP).
% check for PL support
all supports(PL, P, P) :-
PL[ ]supports(P), !.
% evaluate the goal
% supports/1
all supports(_P, PL, SP) :-
member (P1l, PL),
fully supported(P1l, SP).
% check a chosen friend

The fully supported peer is returned in the variable
SP. The goal PL[ ]supports (P) concurrently checks
support with all the peers in PL succeeding only if all
the peers supports P.

2.4. An operational semantics for peer-switching

We outline an operational semantics for the language
of pure Prolog augmented with peer-switching. Such a
language consists of clauses of the form
oA -9
where ¥ is defined by
G = oA |PxY(9,9)

o/ is an atomic goal and 2 is a peer identifier.

We consider executing the first program from §2.3
starting at peer P1, over the following acyclic peer net-
work as shown in Fig. 1. The arrows from a peer P to
a peer Q represents the fact that Q is a friend of P, i.e.
Q is in P’s friends list. Note that since all the peers are
on the Internet, we assume that a peer can connect to
any other peer if it knows its peer identifier (even if
the peer is not currently in its friends list). For example,
P1 has P2 and P3 in its friends list and does not know
about P4. But if P1 obtains P4’s identifier sometime
later, it can connect directly to P4.
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Fig. 1. An example peer network.

Consider the following execution trace of the goal
evaluation, each line prefixed by the location where
the goal is evaluated:

Pl:eval(P1, goal)
P1l: Pl#*goal // suppose goal failed
// when evaluated at P1
Pl: Pl*friends(PL) // the friends of
// Pl are retrieved

P1l: eval (P2, goal) // suppose the
// member call retrieves P2

P1:P2 * goal // send goal to node P2
// and evaluate it there
P2:goal // evaluate goal at P2

// and results returned to P1
P1:P2 * friends(PL1l) // suppose goal
// at P2 failed, retrieve P2s friends
// bringing the 1ist of
// P2s friends back to P1
P2:friends(PL1l) // evaluated at P2,
//results returned to P1

Pl:eval (P4, goal)
// suppose P4 was selected
P1:P4 * goal // send goal to
// node P4 and evaluate it there
Pd:goal // evaluate goal at P4
// and results returned to P1

We first define the following relation 2+y% to hold
when the goal ¢ succeeded at peer 2 with result 0 (the
substitutions). The rules for such evaluation are as fol-
lows in the format [label] 2™ where conclusion holds

- conclusion’
whenever the premises hold:

t -
[true] PH.true

PHoH: — G Ny = mgu(A, HO) A\ PF;GOy
Phosd
O-G
PHOx G
PHGy A PF,Gy0
Pro,G1, Gs

[atom]
[peer-switching]

[conjunction]

Note that in peer-switching, the goal is sent from P to
Q and results are brought back from Q to P. And as can
be seen from the above trace, P1 maintains control of
the evaluation in the sense that goals are sent from P1
to P2 and from P1 to P4, instead of goals being propa-
gated directly from P2 to P4 as in the opaque model.
Note that such evaluation does not require that Pl
knows of every peer (e.g., even P2’s) before evaluation
as this defeats the purpose of the scalable peer network,
but the friends of peers are maintained by peers individ-
ually and are retrieved by P1 only at goal evaluation
time.

However, it is also possible to program the direct
propagation of goals from one peer to another using a
goal such as P* (Q* (R* goal)). Evaluating this
goal will cause the goal Q * (R* goal) to be sent to
P, and the goal R * goal to be sent to Q, and goal
to be sent to R.

Now suppose we evaluate the goal

P* (goal, Q * (goal, R*goal))

Then, (goal, Q* (goal, R* goal)) will be sent
to P. At P, goal will be evaluated and (goal,
R* goal) will be sent to Q. At Q, goal will be evalu-
ated and goal will be sent to R.

Further control can also be retained assuming we
have the Prolog conditional G- > A;B. We could have
the following goal:

goal ->
true
; P* (goal —->
true
; Q* (goal ->
true
; R*goal

).

which evaluates as follows: first evaluate goal locally,
and if it fails, send (goal -> true; Q * (goal ->
true; R*goal)) to P. At P, evaluate goal, and if
it fails, send (goal -> true; R* goal) to Q. At Q,
evaluate goal and if it fails, send goal to R. The claim
is that with the cooperation of peers who will respect
this semantics, such control of goal propagation can
be programmed.

3. Applications
This section aims to illustrate the convenience of

LogicPeer for applications involving the querying
and manipulation of structured knowledge over peer
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networks. Metadata matching with queries is usually
based simply on attribute-value matching. We believe
that the logic programming approach can go further,
and would enable rule-based reasoning with resource
descriptions and more expressive queries. Below, we first
describe an example in greater detail illustrating the
above mentioned advantages, and then point out several
other applications.

3.1. The DistributedYahoo peer network

We consider building a decentralized version of the
popular Yahoo meta-index'® using a peer network
where each peer maintains its own concept hierarchy
similar to the Yahoo categories and sub-categories. On
a peer, one way to represent a concept hierarchy is via
IS-A relationships as noted by Loke and Davison
(1997). For example, a portion of a concept hierarchy
about Al, logic programming, and agents might take
the form of the predicate isa/2 representing an IS-A
relation between concepts in the form of i sa (Subcon-
cept, Concept) links:

isa(logic_programming, ai).
isa(agents, ai).

isa(agentO, agent_languages).

To build an IS-A hierarchy, we define the transitive
closure on isa/2:

trans_isa(Conceptl, Concept2) :-
isa(Conceptl, ConceptRl).
trans_isa(Conceptl, Concept?) :-
isa(Conceptl, Mid),
trans_isa(Mid, Concept2).
We associate URLs with
page_about/2:

concepts  using

page_about(agents,
http://machtig.kub.nl/agents.html).
page_about(agentO,
http://www.scs.ca/agentO.html).
:% more page_about/2 facts

trans_about/2 defines a transitive version of
page_about/2 which associates a concept with a
URL if one of its sub-concepts is associated with that
URL:

trans_about (Concept, URL) :-
page_about(Concept, URL).

19 http://www.yahoo.com

trans_about (Concept, URL) :-
trans_isa(SubConcept, Concept),
page_about (SubConcept, URL).

Each URL above might also be associated with a tex-
tual description or metadata fields, i.e. with facts of the
form: page _description(URL, Description).

Each peer participating in the DistributedYahoo net-
work might maintain its own (similar) hierarchy and
perhaps not exactly the same, and might have a different
collection of URLs or some URLs in common with
other peers. A query such as the following

-?trans_about (agents, URLs)

will query the local concept hierarchy for URLs about
“agents” or about its subconcepts. A global goal such
as the following

-?*trans_about (agents, URLs)

will query the peers in the Distributed-Yahoo peer
network for such URLs.

Apart from querying about URLs, it is possible to
find subconcepts of a given concept using a query such
as:

-?*trans_isa(SubConcept, agents)

If different peers have different hierarchies, each peer
would return different answers to this query. It is also
possible to provide a classification of a given URL by
a query such as:

-?page_about (Concept,
http://www.w3.0rg).

Again, the concept hierarchy might vary with differ-
ent peers, and so, each peer might return a different clas-
sification of the URL. Other kinds of centralized
taxonomies could be distributed and queried in a similar
way.

3.2. Other applications

Decentralized peer-to-peer versions of applications
involving knowledge representation, querying, and
matching can be implemented, such as service discovery
where queries are matched to find particularly services in
a network, expertise location where queries are matched
against profiles of experts to find a required expert—
e.g., a peer-to-peer version of the centralized expertise
location system by Vivacqua (1999), and question-
answering where questions are answered from a data-
base of information such as the Web or Frequently
Asked Questions (FAQ) collection. In all these exam-
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ples, logic programming provides a rich representation
language (e.g., for service matching, profile matching,
and question-answer matching). An advantage of the
peer-to-peer model in such applications is the decentral-
ized knowledge maintenance, distributed handling of
queries, and in situ knowledge-sharing.

4. Cooperative goal evaluation among peers

This section introduces an operator to enable peers to
cooperate in solving a goal. For example, friend peers in
different subtrees (or peers) and in different levels of the
query tree which do not know each other can effectively
cooperate in solving a goal.

A motivating example is as follows. The original node
PO invokes a query A that can be true if and only if B
and C are true. PO has three friend peers P1, P2 and
P3, and directs subquery B to P1 and subquery C to
P2. If P1 knows that B is true, it will return true B to
PO, and P2 knows that C is true if and only if D and
E are true. However, P2 only knows that D is true
and P3 only knows that E is true. If P2 does not know
P3, then P2 will return a false C to PO because P2 does
not know that E is true. Thus, PO will be unable to prove
A to be true, even though the information is available
from its friend peers.

The problem is not with LogicPeer itself but with the
following rule for A on PO which directs subgoal evalu-
ations to specific peers:

A :- P1 =B, P2*C.
and the rule which P2 has for C:
C:-D,E.

P2 has the fact for D and so can prove D but is un-
able to prove E as it does not know about P3 (who
knows E).

It would be convenient to enable PO to allow its
friend peers to effectively cooperate in answering its
goals. For this purpose, we introduce an operator which
we call cooperate-with denoted by “+” analogous to
Brogi’s union operator on logic programs in Brogi
(1993). We rewrite the rule on PO as follows:

A - (P1+P2+P3) * (B,C).

which means that to evaluate A, evaluate the conjunc-
tion of B and C using the cooperation of peers P1, P2
and P3. The effect is analogous to the semantics of Bro-
gi’s union, which supposing that “+” is Brogi’s union
and P1, P2 and P3 are logic programs (i.e. sets of
clauses), evaluates the conjunction against the logic pro-

gram formed by the set theoretic union of the clauses

from P1, P2 and P3. Clearly then, the conjunction of
B and C will evaluate to true in the combined logic
program of four clauses:

B. % from P1
C:-D, E. % from P2
D. % from P2
E. % from P3

However, different from Brogi’s union, the peers P1,
P2 and P3 might be on separate machines and so the
evaluation needs to contact multiple hosts. The extended
syntax for goals ¥ is then

G = A|E*9G|(9,9)

where & is an expression given by
E:=PE+E

where £ is a peer identifier.

The operational semantics with ““+” is given in the
following rules which augments the rules given ecarlier:

t .
[true] EF.true
fatom] EbgH: — G Ny = mgu(4,HO) N\ EFsGOy
Ebg,54
o FHG
[peer-switching] EoF = G
[conjunction] EFGy A B Gr0
! EF,Gr, Gy
. EHH: — G
[cooperate-with : 1] E+1§|——9H—G
. FHH:— G
[cooperate-with : 2] E—i—lgl—ﬁ
H: -G d at P
[clause-from-a-peer] ( PI—F)Ifin Ga

The two rules for cooperate-with specifies a non-
determinism which allows clauses to be retrieved from
any of the peers mentioned in the expression E + F. In
practice, this behaviour might be implemented by issu-
ing a query for the same clause to each of the peers con-
currently and stopping either when all peers fail (the
clause is not found in any of the mentioned peers) or
upon the first peer returning a success (the clause is
found in at least one of the mentioned peers).

The rule [clause — from — a — peer], the cooperate-with
rules and the first two conjuncts in the premise of the
[atom] rule represent the search for a matching clause
for a goal. Messaging is involved from the querying peer
to the queried peer as follows (unless the queried peer is
the same as the querying peer): given a query issued
from a peer PO to find a clause H:-G of a peer P, whose
head matches with a goal 4, if found, the subgoal G (or
true) and answer substitutions 6 and y are returned from
P to PO so that computation can continue at PO (repre-
sented by the last conjunct in the premise of the [atom]
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rule); otherwise, a message indicating the failure to find
a matching clause is returned.

For example, evaluating a goal such as
(P1 + P2 + P3) * C will cause a search for a matching
clause for C to be done concurrently with the peers P1,
P2 and P3. When one is found, say P2 in the example
above, goal evaluation will continue with evaluating
the conjunction of D and E in the cooperation of PI,
P2 and P3. The result is that D is proved from P2 and
E from P3, and so the conjunction of D and E holds
in the cooperation of P1, P2 and P3. Revisiting our
motivating example above, with the rule

A - (P1+P2+P3)* (B,0C).

query A, which generates the subgoal (P1 + P2 +
P3) * (B, C) will be evaluated to true due to the coop-
eration of P1, P2 and P3. Note that the cooperation of
P1, P2 and P3 was initiated by PO without P1, P2 and
P3 exchanging messages among each other. In fact, P2
still might not know about P3 since all answers go back
to PO—the idea is that different peers solve different sub-
goals in establishing a given goal (thus in effect working
together towards the common goal).

The cooperate-with operator captures succinctly the
sophisticated computation and messaging to establish
a goal using multiple peers, with well-defined semantics
(analogous to Brogi’s union). While cooperate-with in-
creases the chance of goals succeeding, it, in general,
also involves much network traffic if a large number of
peers are involved, and so should be used when a more
directed search is not possible.

5. Integration with the Web

In Gnutella file-sharing, the Gnutella protocol is only
used to locate the required file and not to retrieve the file
itself. Rather than reinventing another protocol to
download files, Gnutella uses the HTTP Web protocol.
In this section, we provide examples of how our Prolog
peer API can be used with a Prolog Web API for appli-
cations. There are many APIs for accessing the Web
from Prolog programs as surveyed by Davison (2002).
As an example, we consider LogicWeb (Loke and
Davison, 1998).

5.1. LogicWeb

In brief, LogicWeb views the Web as a collection of
logic programs which can be composed together using
operators such as union, intersection, and encapsulation
(Loke and Davison, 1998). This programming style
makes it much easier to implement structured data rep-
resentations on top of the Web, including light-weight
databases and concept nets.

One of the key components of LogicWeb is the
context operator:

1lw(RequestMethod, URL)#>Goal

This executes Goal against the logic program called a
LogicWeb program specified by the Web request method
and the URL. Low-level issues such as page retrieval,
parsing, and conversion into logic program format are
hidden. In addition, if the program required by Goal
is already on the client-side (because it was previously
downloaded) then it is not retrieved again. LogicWeb
programs are constructed from the data (e.g., a Web
page) returned by HEAD, GET or POST HTTP re-
quests. A LogicWeb program consists of facts storing
the contents of a Web page such as the title, Web links,
the text, and Prolog rules stored within the page (with a
non-standard “<LW_CODE>" tag). Thus, the “#>”
operator permits the programmer to think of Web com-
putation as goals applied to programs, with no need for
explicit Web page retrieval, parsing, or storage. This
abstraction away from network issues, such as latency,
bandwidth, and connection failure, is very useful for
many kinds of programs.

5.2. LogicWeb and LogicPeer

The combination of LogicWeb and LogicPeer
provides a means to interface with the Web and peer-
to-peer networks within the same language. Both Logic-
Web and LogicPeer can be used in the same Prolog rule.
For example, the following predicate get_info/2 first
sends out a query to the peer network to find the URL
of a server containing the required information, and
then downloads the information:

get_info(query(Details, ServerURL),
Info) :-
*query (Details, ServerURL),
lw(ServerURL,
get)#>h text(PageContents),
extract_information(PageContents,
Info).

The global goal *query(Details, ServerURL)
has Details instantiated with a query and Server-
URL open. The result of this global goal, on succeeding,
is to instantiate ServerURL with the URL of a
server satisfying the given query. Next, the LogicWeb
goal retrieves the page from the given URL and
extract_information/2 extracts the desired infor-
mation from the page. More generally, peer networks
can be used as a means to finding URLs to resources.
Conversely, Web pages can be used as a means to find-
ing peer identifiers.
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In previous work with LogicWeb, we have also
embedded logic programming rules to Web pages, and
these rules are invoked when the user clicks on links.
The result is that Web link behaviour on such pages
can be defined using rules. We present an example first
reported in (Loke and Davison, 1997) of a link
action/1 rule invoked by clicking on a Web link. This
example maps names to URLs.

Currently, when a Web page is moved (e.g., from one
directory to another), the links to it from other pages
will cease to work. One solution is to define links in
terms of page names rather than addresses, and use a
central database (or databases) to map these names to
their actual URLs. When an author moves a page he
must update its URL in the relevant database, but the
page name remains the same. This means that users of
a page (who use the page name as a link reference) are
unaffected by the movement of the page.

We imagine a database of page names and URLs of
the form:

page_details (SW_Page,
http://www.cs.mu.oz.au/~swloke).

page_details (Andrew’s_Page,
http://fivedots.ac.th/~ad).

This database will be stored in a globally known Web
page at http://www.db.com/details.html. We
extend the URL syntax to include a page name reference
such as http://www.db.com/details.html-
$-SW_Page.

When such a URL is dereferenced on a page, we must
define its meaning with 1ink action/1:

link action(URLstring):-

% first breaks the URLstring

% into components

break ([DbURL, -$-, PgName],
URLstring),

lw(get, DbURL)#>page_details (PgName,
PgURL),

show_page (PgURL). % displays the page

Such a rule is embedded within a Web page. So, when
a link (within this page) with a URL string such as
http://www.db.com/details.html-$-SW_Page
is selected, the 1ink action/1 rule will be invoked
with this string as argument, retrieving the actual
URL from the page details database.

With LogicPeer, it would be possible to not only re-
trieve the actual URLs of pages from a central Web
database, but also to query peers for the actual URL,
with code similar to get_info/2 above. This means
that clicking a Web link will result in a query being sent
to a pre-programmed peer network (e.g., to friends) to

find a desired URL, and then that URL is then used.
We can therefore move from a central database of page
names and URLs to a decentralized model—a decentral-
ized database of page names and URLs distributed over
a number of peers. It might even be possible, in this
example, to contact the peer program of Seng to find
the URL to Seng’s page. Hence, what we achieve is an
integration of peer-to-peer computing with Web linking.
Of course, limits must be set on wait times for such peer-
to-peer queries.

A different way of integrating peer-to-peer comput-
ing with Web servers, similar to the idea of federating
Web servers, is to form a peer network where each
peer is a Web server. A Web server on receiving a
Web request tries first to satisfy that request locally
and if it fails to do so, passes that request on to its
friends. A reply from the Web server to the client
might then not just be “File Not Found” but “File
Not Found but Please wait, I will check with my
friends”. Such Web server behaviour can be coded in
our language, and in fact, it is a translation of Web que-
ries into peer-to-peer queries. Web queries might get
translated into queries to a peer network and back to
Web queries and so on, thereby integrating these two
information spaces.

Queries might also have a more constructive flavour,
that is, instead of leaving queried repositories un-
changed, it might be possible for queries to update
repositories. For example, in an integrated LogicPeer
and LogicWeb language, one can retrieve knowledge
from Web pages and insert them into peer networks
and conversely, one can retrieve knowledge from peer
networks and insert them into the Web.

6. Related work

Many peer-to-peer frameworks have been imple-
mented in imperative languages (e.g., Java). More recent
work have used SQL-based querying for peer-to-peer
databases (e.g., Hoschek, 2002; Ng et al., 2003) and Dat-
alog based querying for RDF-based metadata in peer-
to-peer networks (Nejdl et al., 2001). However, they
do not provide the peer-to-peer model of accessing
friends as we have provided—our approach allows que-
ries to be directed to particular friends as dictated by a
LogicPeer program, enabling programmer control over
how queries should be evaluated and propagated over
a peer-to-peer network.

Integrating FIPA multiagent technology with peer-
to-peer computing has been proposed'! and several
workshops have explored the integration between the
agent paradigm and peer-to-peer computing towards

' See http://www.fipa.org/docs/output/f-out-00076/
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more active peers.'? It would not be too difficult to
implement interaction protocols among logic program-
ming agents to simulate Gnutella-like behaviour. We
do not seek to solve all peer-to-peer issues in one paper
but LogicPeer provide a means to program high-level
peer network-wide queries.

Towards the Semantic Web, there are extensions to
browsers with a Prolog engine to process RDF based
metadata.’® Such work can be applied to peer-to-peer
knowledge-sharing for representing and sharing struc-
tured knowledge (and/or metadata) in domain-special-
ized peer groups. Ontologies can be used to match
concepts expressed with different keywords in our Dis-
tributedYahoo application where we do not expect
strong centralized control over the vocabulary used to
describe the peers’ concept hierarchies.

Apart from Prolog, there are other kinds of inference
engines for the semantic Web such as the full first order
logic based languages such as Larch (Garland et al.,
1993), description logic based languages such as Loom
(USC, 2004), TRIPLE (Sintek and Decker, 2002) a lan-
guage and system for reasoning with RDF, and Inference
Web (McGuinness and Pinheiroda Silva, 2003) for rea-
soning with OWL ontology descriptions and generating
explanations for conclusions made. There has also been
recent work on developing rule markup languages such
as XRML (Lee and Sohn, 2003) to add rules to the
Semantic Web in a standard format. Indeed, adding such
rule-based behaviour to the Web is not a new idea (see,
for example, Loke and Davison, 1998) though the use
of rules for (effectively) publishing knowledge in a stan-
dard format has not yet been given adequate attention
until more recently with XRML-like developments.
When knowledge published in a standard format is
translated into the appropriate form, an inference engine
appropriate to the application needs selected from the
repertoire mentioned above can be applied to reason
over the knowledge. Prolog can be used to reason with
such knowledge translated into Prolog form. This paper
has extended Prolog with constructs to effectively extract
knowledge from the Web and peer-to-peer systems, en-
abling applications that need to access different kinds
of knowledge possibly stored using different paradigms.
For example, one can use a referral peer network to find
suitable Web sites or hyper-link to target URLSs obtained
by querying a peer-to-peer network. One could also
query the semantic Web to extract rules embedded in
Web pages which are then used to filter information ob-
tained from a database, or utilize a referral network to
judge the reliability of a Web service. Alternatively, a
referral network can be used to obtain suggestions about
how to handle a complex semantic Web query. Such

12 See http://p2p.ingce.unibo.it/cfp.html.
13 See http://www.mozilla.org/rdf/doc/inference.html for examples.

mixed use of paradigms can be conveniently expressed
in our language. For example, one can use a referral net-
work to find suitable Web sites, and upon processing
these Web sites, obtain URLs to Semantic Web ontolo-
gies, and upon processing these ontologies, discover
new contacts, who are then queried via a peer-to-peer
network. Results from the peer-to-peer network might
be URLs to other Web sites. However, we do not claim
Prolog as a panacea for all applications and Prolog
might not be adequate for certain kinds of inferencing
wherein some other inference formalism such as those
mentioned above can then be applied. The adding of
LogicPeer and LogicWeb operators to other such infer-
ence languages might then be considered.

Also interesting is work which utilizes the idea of
semantic links between documents (or parts of docu-
ments) by Zhuge (2003). A similar idea was later applied
to declare semantic links between peers in a peer-to-peer
network in (Zhuge et al., 2005). Each link is declared
explicitly with well-defined relationships such as se-
quence, equal to, similar to, subtype, cause and effect,
and reference. Different from the semantic link ap-
proach which takes a meta-level God-view, our ap-
proach of establishing links is (i) Web-like in that one
uses references (peer IDs or URLSs) from within a docu-
ment or peer to refer to other documents or peers, and
(i1) programmatic in that such references are embedded
within logic programs. While we see that the declarative
semantic link approach can guide document searches
and peer-to-peer search, and has clearly understood
semantics (perhaps standardized across peers), we be-
lieve our approach also has its uses—in bringing the
expressive power of a full programming language to
reason about Web links and peer-to-peer relationships
and complements the semantic links approach. Syner-
gies can perhaps be considered between these two ap-
proaches, where given pre-defined semantic links
between documents (or its parts) and between peers (in
a peer-to-peer network), one can write applications as
LogicPeer/LogicWeb programs which traverse and rea-
son with these semantic link networks (similarly to how
LogicWeb programs can be written which can follow
and reason with existing links on Web pages).

7. Conclusions and future work

We have presented an approach towards integrative
use of the Web and peer-to-peer systems within a declar-
ative programming paradigm. We have also argued that
logic programming can be useful in peer-to-peer comput-
ing for querying and representing knowledge shared over
peer networks, and for scripting search behaviour over
peer networks. We have illustrated our point using
Prolog-based querying of knowledge-sharing peer
networks.
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Prolog has been used as a specification notation, as a
rapid prototyping language, and for software process
modelling (Ciancarini and Levi, 1995). The work here
will extend the expressiveness of Prolog to specify and
prototype programs that access peer-to-peer and Web
based systems, and to model processes involving such
distributed paradigms.

We can build LogicPeer over existing peer-to-peer
protocols and toolkits. We have already explained how
LogicPeer I can be built with a Gnutella-like protocol
as the underlying protocol. It is also possible to interface
the JXTA library with Prolog. We are currently investi-
gating a multi-threaded Prolog language called Jinni'*
implemented in Java for this purpose, though Jinni does
not allow backtracking over different nodes. Multi-
threading will ease the implementation of the concur-
rency operators “[ ] and “<>”, and Jinni has mobile
code capabilities where execution state (continuations)
can be transferred from one node to another (as
required for peer-switching).

We also note that controlling the evaluation of Pro-
log (and subsets thereof) programs has been investigated
using meta-level techniques (e.g., Stolle et al., in press),
and this is important for the Semantic Web where eval-
uation needs to be controlled due to constraints on user
wait time and resources.

Further issues in our work are as follows: (1) Consis-
tency among results obtained from different peers for
the same goal, and consistency of results with real-world
sense, are important issues in a logic-based approach.
One way to resolve inconsistencies is to ask the user
but this places a burden on the user and assumes that
the user does know which results to use. Another possi-
bility is to automate the combining of results with integ-
rity constraints to detect inconsistencies. Cooperative
answers (i.e., not just the answer set of bindings but also
the reason for the answer) might be used. Global consis-
tency is impossible to achieve in a distributed peer-
to-peer system but local consistency between a peer’s
current knowledge base and incoming knowledge (and
perhaps with several friends’ knowledge bases) could
be resolved. (2) Cached results, history of queries, and
metadata descriptions at a peer can be used to speed-
up queries. We can also send messages with routing
instructions for peers. (3) We would like computations
to proceed in a lazy evaluation style, that is, while infor-
mation is still being fetched, processing can proceed. We
hope to employ work from concurrent LogicWeb (Dav-
ison and Loke, 1999) and Webstream (Hong and Clark,
2003) for this purpose. Also, our operational semantics
sketched here can be extended to the other LogicPeer
operators. (4) While the transparent peer model enables
a degree of control over how goals are to be evaluated

4 http://www.binnetcorp.com/Jinni/index.html

over a peer network, dealing with the unpredictable
behaviour of peers (e.g., programs not being executed
at a peer) and the extra-functional properties of Logic-
Peer programs including time-to-live of programs are
further avenues to be investigated. Some of these issues
are already being addressed in existing peer-to-peer
communities, though not in the context of a declarative
programming language. We see our work as comple-
mentary to such work providing an integrative declara-
tive querying front-end to the underlying peer network.
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