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t. It has been demonstrated earlier [8℄ how symboli
 negotia-tion 
ould be presented using Partial Dedu
tion (PD) in Linear Logi
(LL). However, the previous papers didn't provide formalisation of thePD pro
ess in LL. In this paper we �ll the gap by providing formalisationof PD for !-Horn fragment of LL. The framework 
an be easily adaptedto other fragments of LL. We 
onsider soundness and 
ompleteness ofthe formalism. It turns out that, given a 
ertain PD pro
edure, PD forLL in !-Horn fragment is sound and 
omplete.1 Introdu
tionPartial Dedu
tion (PD) (or partial evaluation of logi
 programs, whi
h was �rstintrodu
ed by Komorowski [7℄) is known as one of optimisation te
hniques inlogi
 programming. Given a logi
 program, PD derives a more spe
i�
 programwhile preserving the meaning of the original program. Sin
e the program is morespe
ialised, it is usually more eÆ
ient than the original program.For instan
e, let A, B, C and D be propositional variables and A ! B,B ! C and C ! D 
omputability statements in a logi
al framework. Thenpossible partial dedu
tions are A! C, B ! D and A! D. It is easy to noti
ethat the �rst 
orresponds to forward 
haining (from fa
ts to goals), the se
ondto ba
kward 
haining (from goals to fa
ts) and the third 
ould be either forwardor ba
kward 
haining or even their 
ombination.Although the original motivation behind PD was dedu
tion of spe
ialisedlogi
 programs with respe
t to a given goal, our motivation for PD is a bit dif-ferent. Namely, it turns out that PD 
ould be applied to �nding partial solutionsof problems written in logi
al formalisms. In our 
ase, given the formal spe
i�
a-tion of a problem, if we fail to solve the entire problem, we apply PD to generatepartial solutions.This approa
h supports dete
tion of subgoals during distributed problemsolving. If a single agent fails to solve a problem, PD is applied to solve the prob-lem partially. As a result subproblems are dete
ted, whi
h 
ould be solved further



by other agents. This would lead to a distributed problem solving me
hanism,where di�erent agents 
ontribute to di�erent phases in problem solving|ea
hagent applies PD to solve a fragment of the problem and forwards the modi�edproblem to others. As a result the problem be
omes solved in the distributedmanner. Usage of PD in su
h a way provides foundations for advan
e intera
tionsbetween agents.As a logi
al formalism for appli
ation of PD we use Linear Logi
 [2℄. LLhas been advo
ated [4℄ to be a 
omputation-oriented logi
 and, be
ause of its
omputation-oriented nature, LL has been applied to symboli
 multi-agent ne-gotiation in [8℄.Although PD has been formalised for several frameworks, in
luding 
uent
al
ulus [9℄, normal logi
 programs [13℄, et
., it turns out that there is no work
onsidering PD for LL. Our goal is to �ll this gap by providing a formal founda-tion of PD for LL as a framework for symboli
 negotiation between agents su
has it was introdu
ed in [8℄.The rest of the paper is organised as follows. Se
tion 2 gives a short introdu
-tion to LL. Se
tion 3 gives basi
 de�nitions of PD. Se
tion 4 fo
uses on proofs ofsoundness and 
ompleteness of PD for !-Horn fragment of LL (HLL) [4℄. Se
tion5 demonstrates the relationship between PD and symboli
 negotiation. In Se
-tion 6 we review some of the PD strategies, whi
h 
ould be applied for guidingPD. Se
tion 7 reviews the related work and Se
tion 8 
on
ludes the paper anddis
usses further resear
h dire
tions.2 Linear logi
LL is a re�nement of 
lassi
al logi
 introdu
ed by J.-Y. Girard to provide meansfor keeping tra
k of \resour
es". In LL two assumptions of a propositional 
on-stant A are distinguished from a single assumption of A. This does not apply in
lassi
al logi
, sin
e there the truth value of a fa
t does not depend on the num-ber of 
opies of the fa
t. Indeed, LL is not about truth, it is about 
omputation.We 
onsider !-Horn fragment of LL (HLL) [4℄ 
onsisting of multipli
ative
onjun
tion (
), linear impli
ation (() and \of 
ourse" operator (!). In termsof resour
e a
quisition the logi
al expression A
B ` C
D means that resour
esC and D are obtainable only if both A and B are obtainable. After the sequenthas been applied, A and B are 
onsumed and C and D are produ
ed.While impli
ation A( B as a 
omputability statement 
lause in HLL 
ouldbe applied only on
e, !(A ( B) may be used an unbounded number of times.When A ( B is applied, then literal A be
omes deleted from and B insertedto the 
urrent set of literals. If there is no literal A available, then the 
lause
annot be applied. In HLL ! 
annot be applied to formulae other than linearimpli
ations.In order to illustrate some other features of LL, not presented in HLL, we
an 
onsider the following LL sequent from [11℄|(D 
 D 
 D 
 D 
 D) `(H
C
 (O&S)
!F 
 (P � I)), whi
h en
odes a �xed pri
e menu in a fast-foodrestaurant: for 5 dollars (D) you 
an get an hamburger (H), a 
oke (C), either



onion soup O or salad S depending, whi
h one you sele
t, all the fren
h fries(F ) you 
an eat plus a pie (P ) or an i
e 
ream (I) depending on availability(restaurant owner sele
ts for you). The formula !F here means that we 
an useor generate a resour
e F as mu
h as we want|the amount of the resour
e isunbounded.Sin
e HLL 
ould be en
oded as a Petri net, then theorem proving 
omplexityin HLL is equivalent to the 
omplexity of Petri net rea
hability 
he
king andtherefore de
idable [4℄. Complexity of other LL fragments have been summarisedby Lin
oln [12℄.3 Basi
s of partial dedu
tionIn this se
tion we present the de�nitions of the basi
 
on
epts of partial dedu
tionfor HLL.3.1 Basi
 de�nitionsDe�nition 1. A program sta
k is a multipli
ative 
onjun
tionnOi=1 Ai;where Ai; i = 1 : : : n is a literal.De�nition 2. Mapping from a multipli
ative 
onjun
tion to a set of 
onjun
tsis de�ned as follows: " nOi Ai# = fA1; : : : ; AngDe�nition 3. Consumption of formula Ai from a program sta
k S is a mappingA1
 : : :
Ai�1
Ai
Ai+1
 : : :
An 7!S;Ai A1
 : : :
Ai�1
Ai+1
 : : :
An;where Aj ; j = 1 : : : n 
ould be any valid formula in LL.De�nition 4. Generation of formula Ai to a program sta
k S is a mappingA1
 : : :
Ai�1
Ai+1
 : : :
An 7!S;Ai A1
 : : :
Ai�1
Ai
Ai+1
 : : :
An;where Aj ; j = 1 : : : n and Ai 
ould be any valid formulae in LL.De�nition 5. A Computation Spe
i�
ation Clause (CSC) is a LL sequent` I (f O;where I and O are multipli
ative 
onjun
tions of any valid LL formulae and fis a fun
tion, whi
h implements the 
omputation step. I and O are respe
tively
onsumed and generated from the 
urrent program sta
k S, when a parti
ularCSC is applied.



It has to be mentioned that a CSC 
an be applied only, if [I ℄ � [S℄. Althoughin HLL CSCs are represented as linear impli
ation formulae, we represent themas extralogi
al axioms in our problem domain. This means that an extralogi
alaxiom ` I (f O is basi
ally equal to HLL formula !(I (f O).De�nition 6. A Computation Spe
i�
ation (CS) is a �nite set of CSCs.De�nition 7. A Computation Spe
i�
ation Appli
ation (CSA) is de�ned as� ;S ` G;where � is a CS, S is the initial program sta
k and G the goal program sta
k.De�nition 8. Resultant is a CSC` I (�a1;:::;an:f O; n � 0;where f is a term representing a fun
tion, whi
h generates O from I by applyingpotentially 
omposite fun
tions over a1; : : : ; an.CSA determines whi
h CSCs 
ould be applied by PD steps to derive resultant` S (�a1;:::;an:f G;n � 0. It should be noted that resultants are derived byapplying PD steps to the CSAs, whi
h are represented in form A ` B. TheCSC form is a
hieved from parti
ular programs sta
ks by impli
itly applyingthe following inferen
e �gure:` A( B resultant A ` A Id B ` B IdA;A( B ` B L(A ` B CutWhile resultants en
ode 
omputation, program sta
ks represent 
omputationpre- and post
onditions.3.2 PD stepsDe�nition 9. Forward 
haining PD step Rf (Li) is de�ned as a ruleB 
 C ` GA
 C ` G Rf (Li)where Li is a labelling of CSC ` A(Li B. A, B, C and G are multipli
ative
onjun
tions.De�nition 10. Ba
kward 
haining PD step Rb(Li) is de�ned as a ruleS ` A
 CS ` B 
 C Rb(Li)where Li is a labelling of CSC ` A(Li B. A, B, C and S are multipli
ative
onjun
tions.



PD steps Rf (Li) and Rb(Li), respe
tively, apply CSC Li to move the initialprogram sta
k towards the goal sta
k or vi
e versa. In theRb(Li) inferen
e �gureformulae B 
 C and A 
 C denote respe
tively an original goal sta
k G and amodi�ed goal sta
k G0. Thus the inferen
e �gure en
odes that, if there is anCSC ` A(Li B, then we 
an 
hange goal sta
k B 
 C to A
 C. Similarly, inthe inferen
e �gure Rf (Li) formulae B 
 C and A
 C denote, respe
tively, anoriginal initial sta
k S and its modi�
ation S0. And the inferen
e �gure en
odesthat, if there is a CSC ` A (Li B, then we 
an 
hange initial program sta
kA
 C to B 
 C.In order to manage a

ess to unbounded resour
es, we need PD steps RCl ,RLl , RWl and R!l(n).De�nition 11. PD step RCl is de�ned as a rule!A
!A
B ` C!A
B ` C RClwhere A is a literal, while B and C are multipli
ative 
onjun
tions.De�nition 12. PD step RLl is de�ned as a ruleA
B ` C!A
B ` C RLlwhere A is a literal, while B and C are multipli
ative 
onjun
tions.De�nition 13. PD step RWl is de�ned as a ruleB ` C!A
B ` C RWlwhere A is a literal, while B and C are multipli
ative 
onjun
tions.De�nition 14. PD step R!l(n); n > 0 is de�ned as a rule!A
An 
B ` C!A
B ` C R!l(n)where A is a literal, while B and C are multipli
ative 
onjun
tions. An =A
 : : :
A| {z }n , for n > 0.Considering the �rst-order HLL we have to repla
e PD steps Rf (Li) andRb(Li) with their respe
tive �rst-order variantsRf (Li(x)) andRb(Li(x)). OtherPD steps 
an remain the same. We also require that the initial and the goalprogram sta
k are ground.De�nition 15. First-order forward 
haining PD step Rf (Li(x)) is de�ned asa rule B 
 C ` GA
 C ` G Rf (Li(x))



De�nition 16. First-order ba
kward 
haining PD step Rb(Li(x)) is de�ned asa rule S ` A
 CS ` B 
 C Rb(Li(x))In the above de�nitions A, B, C are LL formulae and Li(x) is de�ned as` (8xA0 (Li(x) B0). Additionally we assume that a def= a1; a2; : : : is an orderedset of 
onstants, x def= x1; x2; : : : is an ordered set of variables, [a=x℄ denotessubstitution, and X = X 0[a=x℄. When substitution is applied, elements in a andx are mapped to ea
h other in the order they appear in the ordered sets. Thesesets must have the same number of elements.3.3 Derivation and PDDe�nition 17 (Derivation of a resultant). Let R be any prede�ned PD step.A derivation of a resultant R0 is a �nite sequen
e of resultants: R0 )R R1 )RR2 )R : : :)R Rn, where )R denotes to an appli
ation of a PD step R.De�nition 18 (Partial dedu
tion). Partial dedu
tion of a CSA � ;S ` G isa set of all resultants Ri derivable from CSC ` S ( G.It is easy to see that this de�nition of PD may generate the whole proof treefor CSA � ;S ` G.De�nition 19. A CSA � ;S ` G is exe
utable, i� given � as a CS, resultant` S (�a1;:::;an:f G;n � 0 
an be derived su
h that derivation ends with resultantRn, whi
h equals to ` A( A, where A is a program sta
k.4 Soundness and 
ompleteness of PD in HLL4.1 PD steps as inferen
e �gures in HLLIn this se
tion we prove that PD steps are inferen
e �gures in HLL.Proposition 1. Forward 
haining PD step Rf (Li) is sound with respe
t to LLrules.Proof. The proof in LL follows here:
A 
 C ` A
 C Id ` (A(Li B) AxiomA
 C ` A 
 C 
 (A(Li B) R
 C ` C Id A ` A Id B ` B IdA; (A(Li B) ` B L(A 
 (A(Li B) ` B L
C; A
 (A(Li B) ` B 
 C R
A 
 C 
 (A(Li B) ` B 
 C L
 B 
 C ` GA
 C 
 (A(Li B) ` G CutA 
 C ` G Cut



Proposition 2. Ba
kward 
haining PD step Rb(Li) is sound with respe
t to LLrules.Proof. The proof in LL follows here:S ` A 
 C ` (A(Li B) AxiomS ` A 
 C 
 (A(Li B) R
 C ` C Id A ` A Id B ` B IdA; (A(Li B) ` B L(A
 (A(Li B) ` B L
C; A
 (A(Li B) ` B 
 C R
A 
 C 
 (A(Li B) ` B 
 C L
S ` B 
 C CutProposition 3. PD step RCl is sound with respe
t to LL rules.Proof. The proof in LL follows here:!A `!A Id !A `!A Id!A; !A `!A
!A R
!A `!A
!A C! B ` B Id!A;B `!A
!A
 B R
!A 
 B `!A
!A
 B L
 !A
!A
 B ` C!A
 B ` C CutProposition 4. PD step RLl is sound with respe
t to LL rules.Proof. The proof in LL follows here:A ` A Id!A ` A L! B ` B Id!A;B ` A 
 B R
!A
 B ` A
 B L
 A 
 B ` C!A
 B ` C CutProposition 5. PD step RWl is sound with respe
t to LL rules.Proof. The proof in LL follows here:B ` B Id!A;B ` B W !!A 
 B ` B L
 B ` C!A
 B ` C CutProposition 6. PD step R!l is sound with respe
t to LL rules.Proof. The proof in LL follows here:!A
 An 
 B ` C....!A 
 A 
 B ` C!A
!A
 B ` C RLl!A
 B ` C RClProposition 7. First-order forward 
haining PD step Rf (Li(x)) is sound withrespe
t to �rst order LL rules.



Proof.
A 
 C ` A
 C Id ` 8x(A0 (Li(x) B0) AxiomA
 C ` A 
 C 
 (8xA0 (Li(x) B0) R
 C ` C Id A ` A Id B ` B IdA; (A(Li(a) B) ` B L(A 
 (A(Li(a) B) ` B L
C; A
 (A(Li(a) B) ` B 
 C R
A 
 C 
 (A(Li(a) B) ` B 
 C L
A
 C 
 (8xA0 (Li(x) B0) ` B 
 C L8 B 
 C ` GA
 C 
 (8xA0 (Li(x) B0) ` G CutA 
 C ` G CutProposition 8. First-order ba
kward 
haining PD step Rb(Li(x)) is sound withrespe
t to �rst order LL rules.Proof. The proof in LL is the following

S ` A 
 C ` (8xA0 (Li(x) B0) AxiomS ` A
 C 
 (8xA0 (Li(x) B0) R
 C ` C Id A ` A Id B ` B IdA; (A(Li(a) B) ` B L(A
 (A(Li(a) B) ` B L
C; A
 (A(Li(a) B) ` B 
 C R
A 
 C 
 (A(Li(a) B) ` B 
 C L
A 
 C 
 (8xA0 (Li(x) B0) ` B 
 C L8S ` B 
 C Cut4.2 Soundness and 
ompletenessSoundness and 
ompleteness are de�ned via exe
utability of CSAs.De�nition 20 (Soundness of PD of a CSA). A CSC ` S0 ( G0 is exe-
utable, if a CSC ` S ( G is exe
utable in a CSA � ;S ` G and there is aderivation ` S ( G)R : : :)R` S0( G0.Completeness is the 
onverse:De�nition 21 (Completeness of PD of a CSA). A CSC ` S ( G isexe
utable, if a CSC ` S0 ( G0 is exe
utable in a CSA � ;S0 ` G0 and there isa derivation ` S( G)R : : :)R` S0( G0.Our proofs of soundness and 
ompleteness are based on proving that deriva-tion of a resultant is a derivation in a CSA using PD steps, whi
h were de�ned asinferen
e �gures in HLL. However, it should be emphasised that soundness and
ompleteness of PD as de�ned here have no relation with respe
tive propertiesof (H)LL.Lemma 1. A CSC ` S ( G is exe
utable, if there is a proof of � ;S ` G inHLL.Proof. Sin
e the derivation of a resultant is based on PD steps, whi
h representparti
ular inferen
e �gures in HLL, then if there is a HLL proof for � ;S ` G,based on inferen
e �gures in Se
tion 4.1, then the proof 
an be transformed toa derivation of resultant ` S ( G.



Lemma 2. Resultants in a derivation are nodes in the respe
tive HLL proof treeand they 
orrespond to partial proof trees, where leaves are other resultants.Proof. Sin
e ea
h resultant ` A( B in a derivation is a
hieved by an appli
a-tion of a PD step, whi
h is de�ned with a respe
tive LL inferen
e �gure, then itrepresents a node A ` B in the proof tree, whereas the derivation of ` A( Brepresents a partial proof tree.Theorem 1 (Soundness of propositional PD). PD for LL in propositionalHLL is sound.Proof. A

ording to Lemma 1 and Lemma 2 PD for LL in propositional HLL issound, if we apply propositional PD steps. The latter derives from the fa
t that,if there exists a derivation ` S ( G)R : : :)R` S0( G0, then the derivationis 
onstru
ted by PD in a formally 
orre
t manner.Theorem 2 (Completeness of propositional PD). PD for LL in proposi-tional HLL is 
omplete.Proof. When applying PD with propositional PD steps, we �rst generate allpossible derivations until no derivations 
ould be found, or all proofs have beenfound. If CSC ` S0 ( G0 is exe
utable then a

ording to Lemma 1, Lemma 2and De�nition 19 there should be a path in the HLL proof tree starting withCSC ` S ( G, ending with ` A( A and 
ontaining CSC ` S0( G0. There isno possibility to have a path from CSC ` S0( G0 to ` A( A without havinga path from CSC ` S( G to CSC ` S0( G0 in the same HLL proof tree.Then a

ording to Lemma 1 and Lemma 2, derivation ` S ( G)R : : :)R`S0 ( G0 would be either dis
overed or it will be dete
ted that there is no su
hderivation. Therefore PD for LL in HLL fragment of LL is 
omplete.Theorem 3 (Soundness of PD of a �rst-order CSA). PD for LL in �rst-order HLL is sound.Proof. The proof follows the pattern of the proof for Theorem 1, with the dif-feren
e that instead of applying PD steps Rb(Li) and Rf (Li), we apply their�rst-order 
ounterparts Rb(Li(x)) and Rf (Li(x)).Theorem 4 (Completeness of PD of a �rst-order CSA). PD for LL in�rst-order HLL is 
omplete.Proof. The proof follows the pattern of the proof for Theorem 2, with the dif-feren
e that instead of applying PD steps Rb(Li) and Rf (Li), we apply their�rst-order 
ounterparts Rb(Li(x)) and Rf (Li(x)).In the general 
ase �rst-order HLL is unde
idable. However, Kanovi
h andVauzeilles [5℄ determine 
ertain 
onstraints, whi
h help to redu
e the 
omplexityof theorem proving in �rst-order HLL. By applying those 
onstraints, theoremproving 
omplexity 
ould be redu
ed to PSPACE. Propositional HLL is equiva-lent to Petri net rea
hability 
he
king, whi
h is a

ording to Mayr [15℄ de
idable.



5 Appli
ation of PD to symboli
 negotiationIn this se
tion we demonstrate usage of PD symboli
 negotiation. We 
onsiderhere 
ommuni
ation only between two agents and show only o�ers, whi
h arerelevant to demonstration of our framework. However, in more pra
ti
al 
asespossibly more agents 
an parti
ipate and more o�ers 
an be ex
hanged. In par-ti
ular, if agent A 
annot help agent B to solve problem then A might 
onsider
onta
ting agent C, to get help in solving B-s problem. This would lead to many
on
urrently running negotiations.De�nition 22. An agent is de�ned with a CSA � ;S ` G, where � , S and Grepresent agent's 
apabilities, what the agent 
an provide, and what the agentrequires, respe
tively.De�nition 23. An o�er A ` B is a CSC with � � ;.In our s
enario we have two agents|a traveller T and an airline 
ompany F .The goal of T is to make a booking (Booking). Initially T knows only its starting(From) and �nal (To) lo
ations. Additionally the agent has two 
apabilities,�ndS
hedule and getPassword , for �nding a s
hedule (S
hedule) for a journeyand retrieving a password (Password ) from its internal database for a parti
ularWeb site (Site). Goals, resour
es and 
apabilities of the traveller T are des
ribedin LL with the following formulae.GT = fBookingg;ST = fFrom 
 Tog;�T = ` From 
 To (�ndS
hedule S
hedule ;` Site (getPassword Password :For booking a 
ight agent T should 
onta
t a travel agent or an airline
ompany. The airline 
ompany agent F does not have any expli
it de
larativegoals that is usual for 
ompanies, whose information systems are based mainlyon business pro
ess models. The only fa
t F 
an expose, is its 
ompany Website (Site). Sin
e the Site is unbounded resour
e (in
ludes !), it 
an be deliveredto 
ustomers any number of times.F has two 
apabilities|bookFlight and login for booking a 
ight and iden-tifying 
ustomers plus 
reating a se
ure 
hannel for information transfer. Goals,resour
es and 
apabilities of the airline 
ompany F are des
ribed in LL as thefollowing formulae. GF = f1g;SF = f!Siteg;



�F = ` Se
ureChannel 
 S
hedule (bookFlight Booking ;` Password (login Se
ureChannel :Given the spe
i�
ation agent T derives and sends out the following o�er:S
hedule ` Booking :The o�er was dedu
ed by PD as follows:S
hedule ` BookingFrom 
 To ` Booking Rf (findS
hedule)Sin
e F 
annot satisfy the proposal, it derives a new o�er:S
hedule ` Password 
 S
hedule :The o�er was dedu
ed by PD as follows:S
hedule ` Password 
 S
heduleS
hedule ` Se
ureChannel 
 S
hedule Rb(login)S
hedule ` Booking Rb(bookF light)Agent T dedu
es the o�er further:S
hedule ` Site 
 S
heduleS
hedule ` Password 
 S
hedule Rb(getPassword)and sends the following o�er to F :S
hedule ` Site 
 S
hedule :For further reasoning in symboli
 negotiation, we need the following de�ni-tions. They determine the 
ase where two agents 
an a
hieve their goals together,by ex
hanging symboli
 information.De�nition 24. An o�er A ` B is 
omplementary to an o�er C ` D, if A
D `B
C is a theorem of LL. A, B, C and D represent potentially identi
al literals.The logi
al justi�
ation to merging 
omplementary o�ers 
ould be given fromthe global problem solving/theorem proving viewpoint. Having two 
omplemen-tary o�ers means that although two problems were lo
ally (at a single agent)unsolvable, they have a solution globally (the problems of many agents together).Proposition 9. If two derived o�ers are 
omplementary to ea
h-other, then theagents who proposed the initial o�ers (whi
h led to the 
omplementary o�ers)
an 
omplete their symboli
 negotiation by merging their o�ers.



Proof. Sin
e the left hand side of an o�er en
odes what an agent 
an provideand the right hand side of the o�er represents what the agent is looking for, thenhaving two o�ers, whi
h are 
omplementary to ea
h other, we have found a solu-tion satisfying both agents, who sent out the initial o�ers and whose derivationsled to the 
omplementary o�ers.Now agent F 
onstru
ts a new o�er:Site ` 1!Site ` 1 RLlHowever, instead of forwarding it to T , it merges the o�er with the re
eived
omplementary o�er:Site 
 S
hedule ` Site 
 S
hedule Id ` 1 AxiomSite 
 S
hedule ` Site 
 S
hedule 
 1 R
Thereby T 
omposed (with the help of F) a 
omposite servi
e, whi
h exe-
ution a
hieves the goals of agents T and F (in the 
urrent example, the goalof F is represented as 
onstant 1). The resulting plan (a side e�e
t of sym-boli
 negotiation) is graphi
ally represented in Figure 1. The re
tangles in the�gure represent the agent 
apabilities applied, while 
ir
les denote information
olle
tion/delivery nodes. The arrows denote symboli
 information 
ow.
getPassword

findSchedule

login

bookFlight

Password

Schedule

Booked

Site

Agent T Agent FFig. 1. The distributed plan.6 Partial dedu
tion strategiesThe pra
ti
al value of PD is very limited without de�ning appropriate PD strate-gies. These are 
alled ta
ti
s and refer to sele
tion and stopping 
riteria. Su

ess-ful ta
ti
s depend generally quite mu
h on a spe
i�
 logi
 appli
ation. Therefore



we only list some possible ta
ti
s here. From agent negotiation point of view thestrategies represent to some extent agents' poli
ies|they determine whi
h o�ersare proposed next.Tammet [18℄ proposes a set of theorem proving strategies for speeding up LLtheorem proving. He also presents experimental results, whi
h indi
ate a goodperforman
e of the proposed strategies. Some of his strategies remind usage ofour inferen
e �gures. Thus some LL theorem proving strategies are impli
itlyhandled in our PD framework.We also would like to point out that by using LL inferen
e �gures instead ofbasi
 LL rules, PD, as we de�ned it here, 
ould be more eÆ
ient than pure LLtheorem proving.De�nition 25. Length l of a derivation is equal to the number of the appli
a-tions of PD steps R in the derivation.De�nition 26. Two derivations are 
omputationally equivalent, regardless ofthe length of their derivations, if they both start and end with the same resultant.6.1 Sele
tion 
riteriaSele
tion 
riteria de�ne whi
h formulae and PD steps should be 
onsidered nextfor derivation of a resultant. We 
onsider the following sele
tion 
riteria.{ Mixed ba
kward and forward 
haining|a resultant is extended by interleav-ing ba
kward and forward 
haining.{ Di�erent sear
h methods|depth-�rst, breadth-�rst, iterative deepening, et

ould be used. While breadth-�rst allows dis
overing shorter derivationsfaster, depth-�rst requires less 
omputational overhead, sin
e less memoryis used for storing the 
urrent sear
h status.{ Prefer resultants with smaller derivation length|the strategy impli
itly leadsto breadth-�rst sear
h.{ Apply only one PD step at time.{ Combine several PD steps together. The approa
h is justi�ed, if there is somedomain knowledge available, whi
h states that 
ertain CSCs are exe
uted insequen
e.{ Priority-based sele
tion|some literals have a higher weight, whi
h is deter-mined either manually by the user or 
al
ulated by the system a

ording toprede�ned 
riteria. During PD literals/resultants having higher weights aresele
ted �rst.We would like to emphasise that the above 
riteria are not mutually ex
lusivebut rather 
omplementary to ea
h other.6.2 Stopping 
riteriaStopping 
riteria de�ne when to stop derivation of resultants. They 
ould be
ombined with the above-mentioned sele
tion 
riteria. We suggest the followingstopping 
riteria:



{ The derived resultant is 
omputationally equivalent to a previous one|sin
ethe resultants were already derived and used in other derivations, pro
eedingPD again with the same resultant does not yield neither new resultantsnor unique derivations (whi
h are not 
omputationally equivalent with anypreviously 
onsidered one).{ A generative 
y
le is dete
ted|if we derived a resultant ` A ( B 
 Cfrom a resultant ` A( C, then by repeatedly applying PD steps betweenthe former resultants we end up with resultants ` A ( Bn 
 C, wheren > 1. Therefore we 
an skip the PD steps in further derivation and rea-son analyti
ally how many instan
es of literal B we need. The approa
h islargely identi
al to Karp-Miller [6℄ algorithm, whi
h is applied for state spa
e
ollapsing during Petri net rea
hability 
he
king. A similar method is alsoapplied by Andreoli et al [1℄ for analysing LL programs.{ Maximum derivation length l is rea
hed|given that our 
omputational re-sour
es are limited and the time for problem solving is limited, we may notbe able to explore the full sear
h spa
e anyway. Then setting a limit toderivation length helps to 
onstrain the sear
h spa
e.{ The resultant is equal to the goal|sin
e we found a solution to the problem,there is no need to pro
eed further, unless we are interested in other solutionsas well.{ Stepwise|the user is queried before ea
h derivation in order to determine,whi
h derivations s/he wants to perform. This stopping 
riterion 
ould beused during debugging, sin
e it provides the user with an overview of thederivation pro
ess.{ Exhaustive|derivation stops, when no new resultants are available.7 Related workAlthough PD was �rst introdu
ed by Komorowski [7℄, Lloyd and Shepherd-son [13℄ were �rst who formalised PD for normal logi
 programs. They showedPD's 
orre
tness with respe
t to Clark's program 
ompletion semanti
s. Sin
ethen several formalisations of PD for di�erent logi
 formalisms have been de-veloped. Lehmann and Leus
hel [9℄ developed a PD method 
apable of solvingplanning problems in the 
uent 
al
ulus. A Petri net rea
hability 
he
king algo-rithm is used there for proving 
ompleteness of the PD method.Analogi
ally Leus
hel and Lehmann [10℄ applied PD of logi
 programs forsolving Petri net 
overability problems while Petri nets are en
oded as logi
programs. De S
hreye et al [17℄ presented experiments related to the pre
edingme
hanisms by Lehmann and Leus
hel, whi
h support evaluation of 
ertain PD
ontrol strategies.Matskin and Komorowski [14℄ applied PD to automated software synthesis.One of their motivations was debugging of de
larative software spe
i�
ation. Theidea of using PD for debugging is quite similar to the appli
ation of PD in sym-boli
 agent negotiation [8℄. In both 
ases PD helps to determine 
omputabilitystatements, whi
h 
annot be solved by a system.



Our formalism for PD, through ba
kward 
haining PD step, relates to abdu
-tion. Given the simpli�
ation that indu
tion is abdu
tion together with justi�
a-tion, PD relates to indu
tion as well. An overview of indu
tive logi
 programming(ILP) s given by Muggleton and de Raedt [16℄.Forward and ba
kward 
haining for linear logi
 have been 
onsidered by Har-land et al [3℄ in the logi
 programming 
ontext. In this arti
le we de�ne ba
kwardand forward 
haining in PD 
ontext. Indeed, the main di�eren
e between ourwork and the work by Harland et al 
ould be 
hara
terised with a di�erentformalism for di�erent purposes.There is a similarity between the ideology behind an indu
tive bias in ILPand a strategy in PD. This means that we 
ould adapt some ILP indu
tivebiases as strategies for PD. In ILP �-subsumption is de�ned to order 
lausespartially and to generate a latti
e of 
lauses. For instan
e 
lause parent(X;Y ) mother(X;Y );mother(X;Z) �-subsumes 
lause parent(X;Y ) mother(X;Y ).The approa
h 
ould be useful a PD strategy in our formalism. However, the ideahas not been evaluated yet.8 Con
lusionsIn this paper we formalised PD for LL, more spe
i�
ally for !-Horn fragment ofLL. The main reason for 
hoosing the parti
ular LL fragment was that (!)Hornfragment of LL has been designed for rule-based appli
ations. Therefore it suitswell for formalising symboli
 negotiation.We proved that for both propositional and �rst-order HLL the PD methodis sound and 
omplete. It was also demonstrated how PD 
ould be applied insymboli
 negotiation. The theorems proposed here 
an be easily adapted forother fragments of LL, relevant to symboli
 negotiation.Indeed, we have implemented an agent system, where PD is applied for sym-boli
 negotiation. The system is based on JADE and 
an be download fromhttp://www.idi.ntnu.no/~peep/symboli
. Although in the 
urrent version ofthe agent software the derived o�ers are broad
asted, we are working on heuris-ti
s, whi
h would allow us to limit the number of o�er re
eivers. In the longterm we would like to end up with a P2P agent software where a large numberof agents would apply symboli
 negotiation for 
on
urrent problem solving.A
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