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Abstract. It has been demonstrated earlier [8] how symbolic negotia-
tion could be presented using Partial Deduction (PD) in Linear Logic
(LL). However, the previous papers didn’t provide formalisation of the
PD process in LL. In this paper we fill the gap by providing formalisation
of PD for !-Horn fragment of LL. The framework can be easily adapted
to other fragments of LL. We consider soundness and completeness of
the formalism. It turns out that, given a certain PD procedure, PD for
LL in !-Horn fragment is sound and complete.

1 Introduction

Partial Deduction (PD) (or partial evaluation of logic programs, which was first
introduced by Komorowski [7]) is known as one of optimisation techniques in
logic programming. Given a logic program, PD derives a more specific program
while preserving the meaning of the original program. Since the program is more
specialised, it is usually more efficient than the original program.

For instance, let A, B, C and D be propositional variables and A — B,
B — C and C — D computability statements in a logical framework. Then
possible partial deductions are A - C, B —+ D and A — D. It is easy to notice
that the first corresponds to forward chaining (from facts to goals), the second
to backward chaining (from goals to facts) and the third could be either forward
or backward chaining or even their combination.

Although the original motivation behind PD was deduction of specialised
logic programs with respect to a given goal, our motivation for PD is a bit dif-
ferent. Namely, it turns out that PD could be applied to finding partial solutions
of problems written in logical formalisms. In our case, given the formal specifica-
tion of a problem, if we fail to solve the entire problem, we apply PD to generate
partial solutions.

This approach supports detection of subgoals during distributed problem
solving. If a single agent fails to solve a problem, PD is applied to solve the prob-
lem partially. As a result subproblems are detected, which could be solved further



by other agents. This would lead to a distributed problem solving mechanism,
where different agents contribute to different phases in problem solving each
agent applies PD to solve a fragment of the problem and forwards the modified
problem to others. As a result the problem becomes solved in the distributed
manner. Usage of PD in such a way provides foundations for advance interactions
between agents.

As a logical formalism for application of PD we use Linear Logic [2]. LL
has been advocated [4] to be a computation-oriented logic and, because of its
computation-oriented nature, LL has been applied to symbolic multi-agent ne-
gotiation in [8].

Although PD has been formalised for several frameworks, including fluent
calculus [9], normal logic programs [13], etc., it turns out that there is no work
considering PD for LL. Our goal is to fill this gap by providing a formal founda-
tion of PD for LL as a framework for symbolic negotiation between agents such
as it was introduced in [8].

The rest of the paper is organised as follows. Section 2 gives a short introduc-
tion to LL. Section 3 gives basic definitions of PD. Section 4 focuses on proofs of
soundness and completeness of PD for I-Horn fragment of LL (HLL) [4]. Section
5 demonstrates the relationship between PD and symbolic negotiation. In Sec-
tion 6 we review some of the PD strategies, which could be applied for guiding
PD. Section 7 reviews the related work and Section 8 concludes the paper and
discusses further research directions.

2 Linear logic

LL is a refinement of classical logic introduced by J.-Y. Girard to provide means
for keeping track of “resources”. In LL two assumptions of a propositional con-
stant A are distinguished from a single assumption of A. This does not apply in
classical logic, since there the truth value of a fact does not depend on the num-
ber of copies of the fact. Indeed, LL is not about truth, it is about computation.

We consider !-Horn fragment of LL (HLL) [4] consisting of multiplicative
conjunction (®), linear implication (—) and “of course” operator (!). In terms
of resource acquisition the logical expression A® B  C'® D means that resources
C and D are obtainable only if both A and B are obtainable. After the sequent
has been applied, A and B are consumed and C and D are produced.

While implication A — B as a computability statement clause in HLL could
be applied only once, (A — B) may be used an unbounded number of times.
When A — B is applied, then literal A becomes deleted from and B inserted
to the current set of literals. If there is no literal A available, then the clause
cannot be applied. In HLL ! cannot be applied to formulae other than linear
implications.

In order to illustrate some other features of LL, not presented in HLL, we
can consider the following LL sequent from [11]—(D ® D ® D ® D ® D) F
(H®C®(0&S)®F & (P®I)), which encodes a fixed price menu in a fast-food
restaurant: for 5 dollars (D) you can get an hamburger (H), a coke (C), either



onion soup O or salad S depending, which one you select, all the french fries
(F) you can eat plus a pie (P) or an ice cream (I) depending on availability
(restaurant owner selects for you). The formula !F' here means that we can use
or generate a resource F' as much as we want—the amount of the resource is
unbounded.

Since HLL could be encoded as a Petri net, then theorem proving complexity
in HLL is equivalent to the complexity of Petri net reachability checking and
therefore decidable [4]. Complexity of other LL fragments have been summarised
by Lincoln [12].

3 Basics of partial deduction

In this section we present the definitions of the basic concepts of partial deduction
for HLL.

3.1 Basic definitions

Definition 1. A program stack is a multiplicative conjunction

n
&) A
i=1
where A;,i = 1...n is a literal.

Definition 2. Mapping from a multiplicative conjunction to a set of conjuncts
is defined as follows:
n
& A
i

Definition 3. Consumption of formula A; from a program stack S is a mapping

= {Ar,... A}

A®..0A4 18ARA11®.. . QAnsa A1I®.. QA 104i11Q...0 Ay,

where Aj,j =1...n could be any valid formula in LL.

Definition 4. Generation of formula A; to a program stack S is a mapping

A ®... QAT RA®...0A4, Psa4, A1R...QA_1RARAL®...QA,,

where A, =1...n and A; could be any valid formulae in LL.

Definition 5. A Computation Specification Clause (CSC) is a LL sequent
FI—y O,

where I and O are multiplicative conjunctions of any valid LL formulae and f
s a function, which implements the computation step. I and O are respectively

consumed and generated from the current program stack S, when a particular
CSC is applied.



It has to be mentioned that a CSC can be applied only, if [I] C [S]. Although
in HLL CSCs are represented as linear implication formulae, we represent them
as extralogical axioms in our problem domain. This means that an extralogical
axiom F I —of O is basically equal to HLL formula (I —f O).

Definition 6. A Computation Specification (CS) is a finite set of CSCs.

Definition 7. A Computation Specification Application (CSA) is defined as
I''SEG,

where I' is a CS, S is the initial program stack and G the goal program stack.

Definition 8. Resultant is a CSC

an.f O:n > 0:

.....

where f is a term representing a function, which generates O from I by applying
potentially composite functions over ay,...,a,.

CSA determines which CSCs could be applied by PD steps to derive resultant
FS —oxar,...an.f G,n > 0. It should be noted that resultants are derived by
applying PD steps to the CSAs, which are represented in form A + B. The
CSC form is achieved from particular programs stacks by implicitly applying
the following inference figure:

. Ara ld BI—B‘Zd
FA—p "MW AT S BF B —
1B Cut

While resultants encode computation, program stacks represent computation
pre- and postconditions.

3.2 PD steps
Definition 9. Forward chaining PD step Ry(L;) is defined as a rule

BCkHG

Awcrg )

where L; is a labelling of CSC+ A —oy,, B. A, B, C and G are multiplicative
conjunctions.

Definition 10. Backward chaining PD step Ry,(L;) is defined as a rule

SFARC

StBac )

where L; is a labelling of CSC+ A —oy,, B. A, B, C and S are multiplicative
conjunctions.



PD steps Ry (L;) and Ry(L;), respectively, apply CSC L; to move the initial
program stack towards the goal stack or vice versa. In the R(L;) inference figure
formulae B ® C' and A ® C denote respectively an original goal stack G and a
modified goal stack G’. Thus the inference figure encodes that, if there is an
CSC F A —oy,, B, then we can change goal stack B ® C to A ® C. Similarly, in
the inference figure R;(L;) formulae B ® C' and A ® C denote, respectively, an
original initial stack S and its modification S’. And the inference figure encodes
that, if there is a CSC F A —o,, B, then we can change initial program stack
A CtoBC.

In order to manage access to unbounded resources, we need PD steps R¢,,
Rri,, Rw, and Ry, (n).

Definition 11. PD step R¢, is defined as a rule

IARIA® BFC

Ao BrC O

where A is a literal, while B and C are multiplicative conjunctions.
Definition 12. PD step Ry, is defined as a rule

A®BFC
AoBFC M

where A is a literal, while B and C are multiplicative conjunctions.
Definition 13. PD step Rw, is defined as a rule

B+-C

Ao BrC W

where A is a literal, while B and C' are multiplicative conjunctions.

Definition 14. PD step Ry, (n),n > 0 is defined as a rule

A A"® BFC
A BFC

R!z (77)

where A is a literal, while B and C are multiplicative conjunctions. A" =
AR...® A, forn > 0.
—_—————

n

Considering the first-order HLL we have to replace PD steps Ry(L;) and
Ry (L;) with their respective first-order variants R ¢(L;(z)) and Ry(L;(z)). Other
PD steps can remain the same. We also require that the initial and the goal
program stack are ground.

Definition 15. First-order forward chaining PD step Ry(Li(z)) is defined as
a rule

BeCkFG
Tworg ki)



Definition 16. First-order backward chaining PD step Ry (Li(x)) is defined as
a rule

SFA®C

2rAL L;
S A9 RuLi)

In the above definitions A, B, C are LL formulae and L;(z) is defined as
F (VzA' —op,(,) B'). Additionally we assume that a aef ai,as,...is an ordered
set of constants, = def x1,%2,... is an ordered set of variables, [a/z] denotes

substitution, and X = X'[a/z]. When substitution is applied, elements in a and
x are mapped to each other in the order they appear in the ordered sets. These
sets must have the same number of elements.

3.3 Derivation and PD

Definition 17 (Derivation of a resultant). Let R be any predefined PD step.
A derivation of a resultant Ry is a finite sequence of resultants: Ry =>r Ri =
Ry =% ... >R R,, where =5 denotes to an application of a PD step R.

Definition 18 (Partial deduction). Partial deduction of a CSA I'; S + G is
a set of all resultants R; derivable from CSC+ S — G.

It is easy to see that this definition of PD may generate the whole proof tree
for CSAT';S+G.

Definition 19. A CSA I';S F G is executable, iff given I' as a CS, resultant
FS —oxai,....an.f G,n > 0 can be derived such that derivation ends with resultant
R,,, which equals to F A — A, where A is a program stack.

4 Soundness and completeness of PD in HLL

4.1 PD steps as inference figures in HLL
In this section we prove that PD steps are inference figures in HLL.

Proposition 1. Forward chaining PD step Ry(L;) is sound with respect to LL
rules.

Proof. The proof in LL follows here:

— Id —— Id
AF A B+ B
-— I -
A, (A —-p B)FB
Id L®
crcC AQ(A —p, B)FB
R®
C,AR (A —~p, B)FrB®C
1d Aziom L® _
AQCFARC F (A —p, B) ARC®(A—op, B)FrBRC BRCFG
R® Cut
AQCFAR®CR(A—L, B) ARC®(A—r, BYFG

Cut
ARCFG



Proposition 2. Backward chaining PD step Ry(L;) is sound with respect to LL
rules.

Proof. The proof in LL follows here:

— Id ——— Id
AF A B+ B

A (A —p, B)FB

L —

Id L®

cFrcC AQ(A —p, B)r B
Aziom R®

SFA®C k(A —p; B) C,AQ(A —p, BYF BRC
R® L®

SFARC®(A —r, B) AQC®(A—p, B)F BRC
Cut

SFB®C

Proposition 3. PD step R¢, is sound with respect to LL rules.

Proof. The proof in LL follows here:

—— Id —— Id
1A F1A 1A F1A
——FF R®

A 1A FIAQ!A
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TAgBriagiags TAQIA® B F C
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Id
R®

Cut

Proposition 4. PD step Ry, is sound with respect to LL rules.

Proof. The proof in LL follows here:

Id

N —— 1d
IAF A BF B
—  —  — R®
'1A,BF AQB
L®
AR BFAQB AQBFC

'1A®Q BFC

Cut

Proposition 5. PD step Rw, is sound with respect to LL rules.

Proof. The proof in LL follows here:
— Id
B+ B
—_ W!
'A,B+ B
L®
'!A® B+ B B+ C
AR BFC

Cut

Proposition 6. PD step R, is sound with respect to LL rules.

Proof. The proof in LL follows here:

1A A" @ B+ C

!A@A@B}—C,R
_— L
!A@!A@BD—CRI
AQPOF Y Re
IA® B F C !

Proposition 7. First-order forward chaining PD step R¢(L;(x)) is sound with
respect to first order LL rules.



Proof.

— Id —— Id
AF A B + B

A (A —op (q)B)FB

Id L®
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Proposition 8. First-order backward chaining PD step Ry(L;(z)) is sound with
respect to first order LL rules.

Proof. The proof in LL is the following

— Id —/— Id
AF A B+ B

A (A —op (g B)F B
1d L®
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ila R®
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4.2 Soundness and completeness
Soundness and completeness are defined via executability of CSAs.

Definition 20 (Soundness of PD of a CSA). A CSCF S' — G' is exe-
cutable, if a CSC + S — G is executable in a CSA I';S + G and there is a
derivation S — G =2 ... =>rF S — G'.

Completeness is the converse:

Definition 21 (Completeness of PD of a CSA). 4 CSCF S — G is
executable, if a CSC F S' — G' is executable in a CSA I'; S+ G’ and there is
a derivation S o G =5 ... =>rF S — G'.

Our proofs of soundness and completeness are based on proving that deriva-
tion of a resultant is a derivation in a CSA using PD steps, which were defined as
inference figures in HLL. However, it should be emphasised that soundness and

completeness of PD as defined here have no relation with respective properties
of (H)LL.

Lemma 1. A CSCF S — G is executable, if there is a proof of [';S F G in
HLL.

Proof. Since the derivation of a resultant is based on PD steps, which represent
particular inference figures in HLL, then if there is a HLL proof for I'; S + G,
based on inference figures in Section 4.1, then the proof can be transformed to
a derivation of resultant F S — G.



Lemma 2. Resultants in a derivation are nodes in the respective HLL proof tree
and they correspond to partial proof trees, where leaves are other resultants.

Proof. Since each resultant - A — B in a derivation is achieved by an applica-
tion of a PD step, which is defined with a respective LL inference figure, then it
represents a node A F B in the proof tree, whereas the derivation of F A — B
represents a partial proof tree.

Theorem 1 (Soundness of propositional PD). PD for LL in propositional
HLL is sound.

Proof. According to Lemma 1 and Lemma 2 PD for LL in propositional HLL is
sound, if we apply propositional PD steps. The latter derives from the fact that,
if there exists a derivation - S — G = ... =>xrF S’ — G, then the derivation
is constructed by PD in a formally correct manner.

Theorem 2 (Completeness of propositional PD). PD for LL in proposi-
tional HLL is complete.

Proof. When applying PD with propositional PD steps, we first generate all
possible derivations until no derivations could be found, or all proofs have been
found. If CSC + S’ — G' is executable then according to Lemma 1, Lemma 2
and Definition 19 there should be a path in the HLL proof tree starting with
CSC F S — @G, ending with - A — A and containing CSC + S’ — G'. There is
no possibility to have a path from CSC S’ — G’ to - A —o A without having
a path from CSC F S — G to CSC F S’ —o G’ in the same HLL proof tree.
Then according to Lemma 1 and Lemma 2, derivation - S — G =5 ... =g+
S" — G' would be either discovered or it will be detected that there is no such
derivation. Therefore PD for LL in HLL fragment of LL is complete.

Theorem 3 (Soundness of PD of a first-order CSA). PD for LL in first-
order HLL s sound.

Proof. The proof follows the pattern of the proof for Theorem 1, with the dif-
ference that instead of applying PD steps Ry(L;) and Ry(L;), we apply their
first-order counterparts Ry(L;(x)) and Ry (Li(z)).

Theorem 4 (Completeness of PD of a first-order CSA). PD for LL in
first-order HLL is complete.

Proof. The proof follows the pattern of the proof for Theorem 2, with the dif-
ference that instead of applying PD steps Ry(L;) and Rs(L;), we apply their
first-order counterparts Ry(L;(x)) and Ry (Li(z)).

In the general case first-order HLL is undecidable. However, Kanovich and
Vauzeilles [5] determine certain constraints, which help to reduce the complexity
of theorem proving in first-order HLL. By applying those constraints, theorem
proving complexity could be reduced to PSPACE. Propositional HLL is equiva-
lent to Petri net reachability checking, which is according to Mayr [15] decidable.



5 Application of PD to symbolic negotiation

In this section we demonstrate usage of PD symbolic negotiation. We consider
here communication only between two agents and show only offers, which are
relevant to demonstration of our framework. However, in more practical cases
possibly more agents can participate and more offers can be exchanged. In par-
ticular, if agent A cannot help agent B to solve problem then A might consider
contacting agent C, to get help in solving B-s problem. This would lead to many
concurrently running negotiations.

Definition 22. An agent is defined with a CSA I';S + G, where I'; S and G
represent agent’s capabilities, what the agent can provide, and what the agent
requires, respectively.

Definition 23. An offer A+ B is a CSC with ' = ().

In our scenario we have two agents a traveller 7 and an airline company F.
The goal of T is to make a booking (Booking). Initially 7 knows only its starting
(From) and final (To) locations. Additionally the agent has two capabilities,
findSchedule and getPassword, for finding a schedule (Schedule) for a journey
and retrieving a password (Password) from its internal database for a particular
Web site (Site). Goals, resources and capabilities of the traveller T are described
in LL with the following formulae.

G7 = {Booking},
St = {From ® To},

_ F From ® To —ofindschedule Schedule,

I'r = .
T = Site —0getPassword Fassword.

For booking a flight agent 7 should contact a travel agent or an airline
company. The airline company agent F does not have any explicit declarative
goals that is usual for companies, whose information systems are based mainly
on business process models. The only fact F can expose, is its company Web
site (Site). Since the Site is unbounded resource (includes !), it can be delivered
to customers any number of times.

F has two capabilities—bookFlight and login for booking a flight and iden-
tifying customers plus creating a secure channel for information transfer. Goals,
resources and capabilities of the airline company F are described in LL as the
following formulae.

G]: = {1}

Sr = {!Site},



_ F SecureChannel ® Schedule —owookriight Booking,

I'r =
F Password —oj,gin Secure Channel.

Given the specification agent 7 derives and sends out the following offer:

Schedule = Booking.

The offer was deduced by PD as follows:

Schedule = Booking
From ® To - Booking

Ry (findSchedule)
Since F cannot satisfy the proposal, it derives a new offer:

Schedule & Password & Schedule.
The offer was deduced by PD as follows:

Schedule - Password ® Schedule
Schedule - SecureChannel ® Schedule
Schedule - Booking

R (login)
Ry (bookFlight)

Agent T deduces the offer further:

Schedule F Site ® Schedule
Schedule F Password ® Schedule

Ry (get Password)
and sends the following offer to F:

Schedule F Site ® Schedule.

For further reasoning in symbolic negotiation, we need the following defini-
tions. They determine the case where two agents can achieve their goals together,
by exchanging symbolic information.

Definition 24. An offer A+ B is complementary to an offer CF D, if AQ D
B®C is a theorem of LL. A, B, C and D represent potentially identical literals.

The logical justification to merging complementary offers could be given from
the global problem solving/theorem proving viewpoint. Having two complemen-
tary offers means that although two problems were locally (at a single agent)
unsolvable, they have a solution globally (the problems of many agents together).

Proposition 9. If two derived offers are complementary to each-other, then the
agents who proposed the initial offers (which led to the complementary offers)
can complete their symbolic negotiation by merging their offers.



Proof. Since the left hand side of an offer encodes what an agent can provide
and the right hand side of the offer represents what the agent is looking for, then
having two offers, which are complementary to each other, we have found a solu-
tion satisfying both agents, who sent out the initial offers and whose derivations
led to the complementary offers.

Now agent F constructs a new offer:

Site - 1
1Site - 1

L

However, instead of forwarding it to 7, it merges the offer with the received
complementary offer:

d — Aziom

Site ® Schedule - Site ® Schedule I F1 R®
Site ® Schedule + Site ® Schedule ® 1

Thereby 7 composed (with the help of F) a composite service, which exe-
cution achieves the goals of agents 7 and F (in the current example, the goal
of F is represented as constant 1). The resulting plan (a side effect of sym-
bolic negotiation) is graphically represented in Figure 1. The rectangles in the
figure represent the agent capabilities applied, while circles denote information
collection/delivery nodes. The arrows denote symbolic information flow.

Site

bookFlight

Booke

Agent T Agent F

Fig. 1. The distributed plan.

6 Partial deduction strategies

The practical value of PD is very limited without defining appropriate PD strate-
gies. These are called tactics and refer to selection and stopping criteria. Success-
ful tactics depend generally quite much on a specific logic application. Therefore



we only list some possible tactics here. From agent negotiation point of view the
strategies represent to some extent agents’ policies they determine which offers
are proposed next.

Tammet [18] proposes a set of theorem proving strategies for speeding up LL
theorem proving. He also presents experimental results, which indicate a good
performance of the proposed strategies. Some of his strategies remind usage of
our inference figures. Thus some LL theorem proving strategies are implicitly
handled in our PD framework.

We also would like to point out that by using LL inference figures instead of
basic LL rules, PD, as we defined it here, could be more efficient than pure LL
theorem proving.

Definition 25. Length | of a derivation is equal to the number of the applica-
tions of PD steps R in the derivation.

Definition 26. Two derivations are computationally equivalent, regardless of
the length of their derivations, if they both start and end with the same resultant.

6.1 Selection criteria

Selection criteria define which formulae and PD steps should be considered next
for derivation of a resultant. We consider the following selection criteria.

— Mixed backward and forward chaining a resultant is extended by interleav-
ing backward and forward chaining.

— Different search methods depth-first, breadth-first, iterative deepening, etc
could be used. While breadth-first allows discovering shorter derivations
faster, depth-first requires less computational overhead, since less memory
is used for storing the current search status.

— Prefer resultants with smaller derivation length—the strategy implicitly leads
to breadth-first search.

— Apply only one PD step at time.

— Combine several PD steps together. The approach is justified, if there is some
domain knowledge available, which states that certain CSCs are executed in
sequence.

— Priority-based selection—some literals have a higher weight, which is deter-
mined either manually by the user or calculated by the system according to
predefined criteria. During PD literals/resultants having higher weights are
selected first.

We would like to emphasise that the above criteria are not mutually exclusive
but rather complementary to each other.

6.2 Stopping criteria

Stopping criteria define when to stop derivation of resultants. They could be
combined with the above-mentioned selection criteria. We suggest the following
stopping criteria:



— The derived resultant is computationally equivalent to a previous one since
the resultants were already derived and used in other derivations, proceeding
PD again with the same resultant does not yield neither new resultants
nor unique derivations (which are not computationally equivalent with any
previously considered one).

— A generative cycle is detected if we derived a resultant - A — B ® C
from a resultant F A — C, then by repeatedly applying PD steps between
the former resultants we end up with resultants F A — B" ® C, where
n > 1. Therefore we can skip the PD steps in further derivation and rea-
son analytically how many instances of literal B we need. The approach is
largely identical to Karp-Miller [6] algorithm, which is applied for state space
collapsing during Petri net reachability checking. A similar method is also
applied by Andreoli et al [1] for analysing LL programs.

— Maximum derivation length [ is reached—given that our computational re-
sources are limited and the time for problem solving is limited, we may not
be able to explore the full search space anyway. Then setting a limit to
derivation length helps to constrain the search space.

— The resultant is equal to the goal—since we found a solution to the problem,
there is no need to proceed further, unless we are interested in other solutions
as well.

— Stepwise—the user is queried before each derivation in order to determine,
which derivations s/he wants to perform. This stopping criterion could be
used during debugging, since it provides the user with an overview of the
derivation process.

— Exhaustive—derivation stops, when no new resultants are available.

7 Related work

Although PD was first introduced by Komorowski [7], Lloyd and Shepherd-
son [13] were first who formalised PD for normal logic programs. They showed
PD’s correctness with respect to Clark’s program completion semantics. Since
then several formalisations of PD for different logic formalisms have been de-
veloped. Lehmann and Leuschel [9] developed a PD method capable of solving
planning problems in the fluent calculus. A Petri net reachability checking algo-
rithm is used there for proving completeness of the PD method.

Analogically Leuschel and Lehmann [10] applied PD of logic programs for
solving Petri net coverability problems while Petri nets are encoded as logic
programs. De Schreye et al [17] presented experiments related to the preceding
mechanisms by Lehmann and Leuschel, which support evaluation of certain PD
control strategies.

Matskin and Komorowski [14] applied PD to automated software synthesis.
One of their motivations was debugging of declarative software specification. The
idea of using PD for debugging is quite similar to the application of PD in sym-
bolic agent negotiation [8]. In both cases PD helps to determine computability
statements, which cannot be solved by a system.



Our formalism for PD, through backward chaining PD step, relates to abduc-
tion. Given the simplification that induction is abduction together with justifica-
tion, PD relates to induction as well. An overview of inductive logic programming
(ILP) s given by Muggleton and de Raedt [16].

Forward and backward chaining for linear logic have been considered by Har-
land et al [3] in the logic programming context. In this article we define backward
and forward chaining in PD context. Indeed, the main difference between our
work and the work by Harland et al could be characterised with a different
formalism for different purposes.

There is a similarity between the ideology behind an inductive bias in ILP
and a strategy in PD. This means that we could adapt some ILP inductive
biases as strategies for PD. In ILP #-subsumption is defined to order clauses
partially and to generate a lattice of clauses. For instance clause parent(X,Y") «
mother(X,Y), mother(X, Z) 6-subsumes clause parent(X,Y) «+ mother(X,Y).
The approach could be useful a PD strategy in our formalism. However, the idea
has not been evaluated yet.

8 Conclusions

In this paper we formalised PD for LL, more specifically for !-Horn fragment of
LL. The main reason for choosing the particular LL fragment was that (!)Horn
fragment of LL has been designed for rule-based applications. Therefore it suits
well for formalising symbolic negotiation.

We proved that for both propositional and first-order HLLL, the PD method
is sound and complete. It was also demonstrated how PD could be applied in
symbolic negotiation. The theorems proposed here can be easily adapted for
other fragments of LL, relevant to symbolic negotiation.

Indeed, we have implemented an agent system, where PD is applied for sym-
bolic negotiation. The system is based on JADE and can be download from
http://www.idi.ntnu.no/ peep/symbolic. Although in the current version of
the agent software the derived offers are broadcasted, we are working on heuris-
tics, which would allow us to limit the number of offer receivers. In the long
term we would like to end up with a P2P agent software where a large number
of agents would apply symbolic negotiation for concurrent problem solving.
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