CITY University Technical Report

Department of Computer Science

School of Informatics October 1993

Concurrent Logic Programming in Linear Logic

JiÏrÂõ ZlatuÏska

TCU/CS/1993/5

Department of Computer Science, School of Informatics, City University, Northampton Square, London, EC1V 0HB, England.

Abstract: A proof-theoretic semantics based on linear logic is developed for committed-choice logic languages, represented here by Flat Concurrent Prolog. Several fragments of linear logic are used in order to provide for a suitable translation of guarded clauses clauses, with the committed-choice concurrency features captured by the properties of linear logic provability rather than by some additional mechanism and without the need of using interleaving approach for deőning concurrent behaviour. Linear logic operations from different fragments correspond in quite a natural way to the need for speciőc features of the translation. Two different translations are proposed here, one of them corresponding to the backward-chaining execution, and the other one to a process-related interpretation of atoms of concurrent logic programs. It is demonstrated that the relationship between a logic programming language, such as Prolog, and a committed-choice concurrent logic one, such as Concurrent Prolog, can be understood as a change of the underlying logic inference, rather than by resorting to extra-logical machinery.

1 Introduction

Logic programming has gained attraction as a general programming paradigm primarily because of the identiőcation it introduced between the speciőcation (in the language of logic) and the program itself (as a set of Horn clauses). The traditional view of the underlying abstract computational machine as based on SLD-resolution proof tree search for the answer substitution provided for understanding logic programming languages as primarily declarative languages based on logic, with the addition of certain control information supporting efőcient proof search ś this is the łprogramČlogicĆcontrolž of [10]. Practical logic programming languages, such as Prolog, depart from this ideal by incorporating extra-logical elements which serve a quite substantial rÃole when used as a language for real. The declarative semantics of the core parts of these languages is still essential to be able to call these languages łlogic programming languagesž.

The situation is rather different when it comes to concurrent logic programming languages such as Concurrent Prolog [13] or Parlog [6]. Only the syntax of deőnite clauses is retained (with expanded control elements), while the of semantics of these languages no longer refers to logic or łdeclarativenessž: Instead, their semantics is phrased in entirely procedural terms of transformation systems of parallel processes, as if the correspondence with sequential logic programming was nothing more than the convenience of Horn clause notation. One particular reason for that is the łdon’t carež nondeterminism assumed by these languages, which deliberately cuts off alternative proof-search possibitilies to that selected as a computation step, with additional łnon-logicalž operator commit allowing for explicit control of nondeterministic clause selection and abandoning alternatives. In fact, when trying to őnd a common denominator, it has been easier to turn it around, and to deőne the sequential logic programming semantics in procedural terms as in [14], and to identify the difference between sequential and committed choice concurrent logic programming languages as that between the kind of nondeterminism used in the underlying operational mechanism.

Classical logic is not suitable for deőning the semantics of committedchoice concurrent logic programming languages, because of the lack of control features needed for expressing the resource-related nature of processes and for adequate handling of concurrent computations. It is possible to relate the operational semantics of the committed-choice languages to a classical logic-based system, however this would only provide for soundness of concurrent computation with respect to the logic semantics, but not vice versa, because the concurrent programs viewed as a proof-search device are essentially incomplete.

In this work we try to show that the logic content across the two families of languages can be retained. We show that when using the proof-theoretic semantics of logic programming languages based on sequent systems, we can retain the declarative point of view of both of them by locating the distinction in the choice of the logic used when reading the programs. We show that linear logic sequent calculus allows straightforward interpretation of a concurrent logic programming language which serves as a core of Flat Concurrent Prolog (FCP) [14] employing a predeőned set of guard tests, the commit operator, and atomic uniőcation. This can be seen as a justiőcation that committed choice languages are indeed logic programming languages with the full meaning of this term.

The relationship of linear logic to concurrency has been shown earlier, cf., e.g., [11] for relationship to Petri nets, or [8] for a parallel abstract machine based on linear logic. A general relationship between logic model theory and concurrency which can overcome the limitations of the interleaving semantics has been studied in [12] in the context of functional and objectoriented systems. So far, only an interleaving semantics has been used for concurrent logic programming languages. Based on linear logic, two kinds of proof-theoretic partial-order semantics for a fragment of Concurrent Prolog are developed. One of is them based on backward-chaining proof construction very much like the standard logic programming one and retaining all the aspects of łlogic programmingž as known from the sequential case, by just switching to another logic. The other one is an alternative to this, a forward-chaining formulation based on interpretation of the provability relation as process transformation. These two semantics are closely linked due to the symmetries of linear implication with respect to linear negation.

2 Logic programs

2.1 Syntax of logic programs

We will use the basic model of logic programs as sets of Horn clauses with terminology based mostly on that of Prolog.

A term is a variable or a function symbol of arity n – 0 applied to the corresponding number of terms:

T :Č XjfĎT1; : : : ; TnĚ:

For p a predicate symbol of arity n – 0, an atom is a formula of the form

pĎT1; : : : ; TnĚ:

For most of this paper, just the propositional case will be enough, that is the case of n Č 0. With H (the head) and B_1, : : : , B_n with n – 0 (the body part) atoms, a clause is a formula

H B1; : : : ; Bn:

For the concurrent version we add atoms G_1, : : : , G_m, with m – 0 (the guards), and form a guarded clause

H G1; : : : ; GmjB1; : : : ; Bn;

provided that all variables occurring in the guards also occur in the head. When considering guards, we will restrict our attentionto just ŕat languages, where the set of guard predicates is őxed by the language, and distinct from the user-deőned predicates which can occur in the head or in the body. A set of (guarded) clauses with the same predicate symbol in their head is called a procedure. A logic program is a set of clauses. A goal is a sequence of atoms, A1; : : : ; Ak; k – 1:

A sequential logic program is a set of clauses, a concurrent logic program is a set of guarded clauses. Because of the special rÃole of the łČž predicate in concurrent logic programming, we assume the clause Č ĎX; XĚ to be present as the only clause with the Č predicate in its head. Similarly, fail is a 0-ary predicate which doesn’t appear in any clause head.

The basic structure of computations we are interested in can be captured by using just the propositional case, i.e. just nullary predicates are needed, with no variables. Within the sequential case nothing essential is lost by this. When dealing with concurrency, variables are used as communication channels between processes, so it does make sense to return to them at some point.

When considering variables, we will use substitutions as functions instantiating variables by terms. We employ postőx notation as usual, i.e. the use of substitution # on A will be denoted as A#. Composition of substitutions means ordinary composition of functions, i.e. ĎA#Ě„ is the same as

A„ ‹ #; we also say that „ ‹ # is an instance of #. Two operations on atoms

returning substitutions are of interest to us: The őrst of them is the most general uniőer: mguĎA; BĚ returns the most general substitution (i.e. every other with the same property is an instance of it) # such that A# Č B#, or reports failure if such a substitution does not exist. The second operation is matching: matchĎA; BĚ returns the most general # such that A Č B#, reports failure if mguĎA; BĚ doesn’t exist, and reports suspension if neither of those apply (this possibility is for synchronisation control). When deőning the operational semantics using SLD-resolution, we also need clause renaming, which is just a special kind of substitution.

2.2 Operational semantics

The standard way of deőning the operational semantics of (sequential) logic programs is that of interpreting the program clauses and goals as formulas of the language of Horn clauses and employing SLD-resolution in order to get the answer substitution as the result computed by the program when started by a given goal.

Transition systems are used in [14] for deőning the operational semantics of both sequential and concurrent logic programs in a similar fashion, distinguished by the way of selecting applicable transitions.

A transition system for a logic program P is a system consisting of (i) a set of states, each of those being a pair <C; #> with a goal C and a substitution

#; and (ii) a set of transitions, i.e. mappings from states into sets of states. For transition t and states S, S0 such that S0 2 tĎSĚ we denote S !_t S0. A transition t is enabled on a state S when tĎSĚŤ ;. A state with no transition enabled is called a terminal state; a terminal state of the form <true; #> is called a success state, otherwise it is a failure state.

A computation of a program P on a goal C is a sequence of states

S0; S1; : : : ;

such that S_0 Č <C; ›> (with › being the empty substitution), for every k,

Sk !t SkĆ1 for some transformation t. We say that the computation is ter-

minated if this sequence is őnite with length l and S_l is a terminal state. For any őnite computation ending with <C_l; #_l>, we call #_l the answer substitution of such a computation.

2.3 Sequential programs

The actual behaviour of the transformation system depends on the particular set of transformations. For a (sequential) logic program P the following two rules can be deőned [14]:

reduce: <A1; : : : ; Ai ; : : : ; Am; #> ! <A1„; : : :; B1„; : : :; Bn„; : : :; Am„; „ ‹ #>, for any renamed apart clause A B_1; : : : ; B_n of program P, for which

„ Č mguĎA; Ai Ě.

fail: <A1; : : : ; Am; #> ! <fail; #>, whenever there is no renamed apart clause A B_1; : : : ; B_n of P for which mguĎA; A_1Ě exists.

It is easy to see that the above reductions when plugged into the deőnition of reduction system allow the generation of SLD-resolution proofs: indeed, every łreducež transformation corresponds to resolving one of the atoms of the current goal part of the most recent state, with the resolvent becoming the new current goal. In this case we interpret the clauses and goals by the standard Horn clause interpretation. As a consequence, it holds true [9, 14]:

Theorem: Let P be a logic program and C a goal.

(Soundness): If <C; ›> starts a computation on program P with # as its answer substitution, then any instance of C# is a logical consequence of the universal closure of P.

(Completeness): If the universal closure of a goal C is a logical consequence of the universal closure of P, then there is a computation of the program P on the goal C with answer substitution # such that C is an instance of C#.

2.4 Concurrent programs

The operational semantics of concurrent logic programs only needs to change the pair of reduce/fail transformations in order to obtain the interleaving semantics. The actual computation nondeterministically selects one of the clauses with successful matching of its head with the current goal. The idea is to try the alternatives in parallel, and after one of the clauses reaches the commit operator, łjž, it the alternatives are discarded, and proceeds by evaluating the body goals of the selected clause in parallel.

The process of clause selection is captured by the try function applicable to an atom and a clause, deőned by:

tryĎA; H `!Gj`!B ĚČ 8> < >: # if matchĎA; HĚČ # and `!G# succeed, fail if mgu(A,H) doesn’t exist, or `!G# fail, suspend otherwise.

Based on the try function, the following two rules have been introduced by Shapiro [14] for a version of Flat Concurrent Prolog, FCP(j):

reduce: <A_1; : : : ; A_i ; : : : ; A_m; #> ! <A_1„; : : :; B_1„; : : :; B_n„; : : :; A_m„; „ ‹ #>, for any renamed apart clause A `!GjB_1; : : : ; B_n of program P, for which

„ Č tryĎAi ; A `!GjB1; : : : ; BnĚ.

fail: <A1; : : : ; Am; #> ! <fail; #>, whenever there is no renamed apart clause A `!G jB_1; : : : ; B_n of P for which tryĎA_i ; A `!GjB_1; : : : ; B_nĚŤ fail.

The transition system semantics based on these two transformations allows the interpretation of every atom in a goal as a separate process state, and to interpret the computation sequence as a sequentialised łtracež of state transformations of parallel processes. Failing computations can be divided into two classes: one of them constituting genuine failures, that is the atom fail appears as the goal in the terminal state, and the other one being a łdeadlockedž computation ending because of suspend results of match or try functions. It is obvious that for every deadlock-free concurrent computation there is a corresponding sequential computation of the same program with guards interpreted as goals and commit replaced by a standard goal conjunction, but the contrary is not true because of the possibility of deadlocked computations in the concurrent case [14].

Although the transformation semantics of concurrent logic programs based on interleaving may be suitable for basic visualisations of concurrent logic program behaviour, the need for a łglobal clockž obscures the parallel semantics. Independently running and-parallel processes are forcibly synchronised. To a given set of choices made by them, there corresponds a set of different computation sequences distinguished only by that artiőcial serialisation. Clearly, some sort of branching structure would be needed in order to eliminate the need for interleaving parallel computations, but the splits would make it difőcult to accommodate the answer substitution construction in a well-deőned way.

3 Proof-theoretic semantics

There is a viable alternative to the operational point of view when deőning the semantics of logic programs. Proof-theoretic semantics views logic program execution as a process of proof synthesis. As well as employing objects with better structure than just a sequence of states, this may also provide for a more adequate treatment of practical incarnations of the logic programming paradigm as used, e.g., in Prolog, cf. [7]. In [5] a view of Horn clause programming is presented based on atomic intuitionistic sequents, and the underlying proof-search strategy is derived from the cut-elimination theorem. In [1] the idea of łproofs as answersž instead of łsubstitutions as answersž is articulated in the presence of sequent calculus.

For the sake of brevity we will only deal with propositional sequential logic programs as variable handling can be added to the system in a fairly standard way.

3.1 Sequent calculus

We won’t be dealing with negation, so it is enough to consider only formulas in negation normal form (negations applied only to atoms, not complex formulas). The classical sequent calculus can then be deőned for sequents of the form

‘ X0; : : : ; Xn:

Classical Gentzen-like sequents of the form Ð ‘ Ñ can be easily converted into the single-sided form by adding negation to each member of Ð, and moving it onto the right-hand side. We will denote the result of such a conversion by

‘ Ð^?; Ñ;

with Ð? deőned in the usual way by

ĎX1; : : : ; XnĚ?Č X?_1 ; : : : ; X?_n :

(Ð and Ñ will be used as meta variables for lists of formulas.)

The sequent calculus G for propositional logic is given by the following set of inference rules (X, Y are formulas):

Axioms and the cut:

‘ X^?; X^{identity;}

‘ Ð; X ‘ X^?; Ñ

‘ Ð; Ñ^{cut:}

Structural rules (exchange, weakening, and contraction):

‘ Ð; X; Y; Ñ ‘ Ð; Y; X; Ñ^{E;} ‘ Ð ‘ Ð; X^{W ;}

‘ Ð; X; X ‘ Ð; X^{C:}

Logical rules (for each logical connective used in the language):

‘ Ð; X ‘ Ð; X _ Y _^{l;}

‘ Ð; Y ‘ Ð; X _ Y _^{r ;}

‘ Ð; X ‘ Ð; Y ‘ Ð; X ^ Y ^^;

‘ Ð; X^?; Y ‘ Ð; X ff Y ff^:

A proof of a sequent ‘ Ð (from a set of formulas Ö ś the hypotheses) is a őnite tree of sequents generated by the inference rules above, the leaves of which are generated by the identity rule (or a (unary) sequent of the form

‘ X for X 2 Ö).

From the classical result of Gentzen one has ([5, 1]):

Theorem: (i) For Ö Č ; the cut rule can be eliminated from the calculus. (ii) The cut rule only needs to be used at the leaves with one of its premises being a sequent formed from a hypothesis from Ö.

Note that it is essential that the proper-axiom leaves of the proof tree are sequents involving just a single formula. As shown in [1], the cut-elimination theorem in the presence of general sequents as proper axioms has a more complicated form, which must allow for the cut being used non-leaf nodes as well.

The use of sequent-calculus as a semantics for logic programs is a consequence of the above. In [1] it is shown that program clauses can be built into the cut rules for speciőc clauses. This allows us to provide for a backward-chaining proof construction we will employ later for concurrent logic programs. The general idea is that in order to prove a goal

‘ C;

the proof construction proceeds as follows (here we take just atomic C)

‘ a; b^?

‘ b; c^? . . ‘ c ‘ b ‘ a :

where each of the steps uses the cut with hardwired program clause in it.

When generating such a tree (it and-branches for and-connected subgoals) with ‘ C in its root, each partial version of it can be viewed as a proof

of ‘ C for C 2 Ö[fA1; : : : ; Ang, for ‘ A1, : : : , ‘ An being non-axiom sequents

from its leaves. This gives a link to the transformation-based SLD-resolution semantics, with <A_1; : : : ; A_n> as the current goal of the computation.

Note that the łStandard Prologž system from [1] technically does not just enforce SLD-resolution. This could be improved by also considering specialised cut rules also for each łclausež (i.e. an instance of the sequent schema of the form ‘ Ð; X; Ð0) as appropriate instances of

‘ Ð; X; Ð^0 ‘ X^?; Ñ

‘ Ð; Ñ; Ð^{0 cut with selection for} Ð^{; X;} Ð^{0:}

After this, only SLD-proofs are generated. In this context it seems to be a better choice to stick with sequences when introducing sequents, compared to the use of sets as employed by [1], in order to get as close to Prolog as possible.

3.2 Propositional linear logic

Linear logic [3, 4] will provide the basis for deőning proof-theoretic semantics for Concurrent Prolog. Operations of linear logic in a certain sense reőne those of the classical logic. Various fragments of linear logic will provide natural steps in developing the full picture suitable for committedchoice concurrent logic languages. In all of them, negation plays the rÃole of a duality operator, deőned in a symmetry-preserving way. The only basic structural rules of the single-sided sequent calculus for linear logic are the identity axiom for atomic sequents, the cut, and the exchange:

‘ A^?; A^{identity;}

‘ Ð; X ‘ X^?; Ñ ‘ Ð; Ñ^{cut;}

‘ Ð; X; Y; Ñ ‘ Ð; Y; X; Ñ^{E:}

Besides these rules, a single rule is introduced for each operation of the system (introduced in pairs and bound together by De Morgan axioms using linear negation). The distinctive feature of linear logic is the absence of other structural rules otherwise taken taken for granted in classical logic: contraction (duplicating resources) and weakening (adding hypotheses). This allows for careful handling of resourses during proof construction, and this indeed allows for modelling łdon’t carež nondeterminism from committed-choice languages.

A proof of a sequent ‘ Ð (from a set of formulas Ö ś the hypotheses) is a őnite tree of sequents generated by the inference rules above, the leaves of which are generated by the identity rule (or a sequent ‘ X for X 2 Ö one of the hypotheses).

The cut-elimination theorem holds true for linear logic sequent calculus in the same form as stated above for the classical sequent calculus.

The simplest fragment within which logical rules are added is is the multiplicative fragment. It introduces two connectives ˙ (times) and

&

(par) and their neutral elements, 1 and false:

‘ Ð; X ‘ Y; Ñ ‘ Ð; X ˙ Y; Ñ^{times;}

‘ Ð; X; Y ‘ Ð; X

&

Y par;

‘ 1^{one;} ‘ Ð ‘ Ð; ?^{false:}

Negation ? is deőned on them using De Morgan equations:

ĎX ˙ YĚ^?Č X^?

&

Y ?; ĎX

&

YĚ?Č X^? ˙ Y^?; 1^? Č ?; ?^? Č 1:

This symmetry extends to other connectives as well. Taking the advantage of associativity and treating ĎX?Ě? as being identical to X, we are always free to treat single-sided sequents of the form

‘ A^?_1 ; : : : ; A^?_n ; B1; : : : ; Bm

as two-sided equivalents of the form

A1; : : : ; An ‘ B1; : : : ; Bm;

the latter being considered as just a form of notation for the former.

Linear implication is now deőned in terms of par by taking

X`‹Y Č X^?

&

Y: Unlike the classical implication, linear implication is very much a resource-bound operation with A`‹B really corresponding to the action of transforming A into B. It’s behaviour is symmetric with respect to negation, allowing for both

a`‹b ‘ b^?`‹a^? and a^?`‹b^? ‘ b`‹a

being provable sequents of the linear logic sequent calculus. One consequence of this is that two treatments of `‹ are possible when it comes to concurrent logic programs.

The őrst one is the łlogicž one with `‹ meaning a version of implication. The proof-theoretic semantics corresponds to a backward-chaining process, yielding the proof structure for partial and closed computations as follows:

‘ b`‹a

‘ c`‹b . . ‘ c ‘ b ‘ a and

‘ b`‹a

‘ c`‹b

‘ z; z^?_. . ‘ c; z^?

‘ b; z^? ‘ a; z^?

Here z ‘ a stands for the usual meaning of proving a from z.

The other possibility is an łoperationalž one, with a`‹b meaning a transformation rule for transforming process a into b. The proof-theoretic semantics for evolving a process a using a set of transformation rules taken as proper axioms of the system corresponds to the following two proof constructions. The őrst of them is partial proof-tree generation evolving from the root into the non-axiom leaves, and the other one shows a closed computation a ‘ z carrying z along and closing the tree by the identity axiom leaf:

‘ a`‹b

‘ b`‹c . . ‘ c^?

‘ b^?

‘ a^? and

‘ a`‹b

‘ b`‹c

‘ z^?; z_. . ‘ c^?; z ‘ b^?; z ‘ a^?; z

Linear logic makes these two perfectly symmetric, due to the resourcelimited behaviour of linear implication. Indeed, this duality comes from the fact that by the deőnition of linear implication, a`‹b is the same as b?`‹a?, or in other words, there are immediate proofs of both a`‹b ‘ b?`‹a? and

b?`‹a^? ‘ a`‹b, that is proofs of ‘ a ˙ b^?; b

& a? and ‘ b? ˙ a; a?

& b. Besides the multiplicative connectives, there are two other connectives forming the additive fragment of propositional linear logic which will be used for explicit handling of parallelism. These connectives are & (with) and

˘ (plus) with the corresponding inference rules being:

‘ Ð; X ‘ Ð; Y

‘ Ð; X&Y^{with;}

‘ Ð; X ‘ Ð; X ˘ Y^{plusl;}

‘ Ð; Y ‘ Ð; X ˘ Y^{plusr :}

Finally, from the propositional operations we will further employ modal operations ! (of course) and ? (why not) allowing controlled use of weakening, contraction and re-usability of certain expressions:

‘?Ð; X ‘?Ð; !X^{!;} ‘ Ð ‘ Ð; ?X^{W ;}

‘ Ð; X ‘ Ð; ?X^{D;}

‘ Ð; ?X; ?X ‘?Ð; !X^{C:}

Negation is deőned on the additive and modal operations by De Morgan rules:

ĎX&YĚ?Č X? ˘ Y ?; ĎX ˘ YĚ?Č X?&Y ?; Ď!XĚ?Č?X?; Ď?XĚ?Č!X?:

3.3 The backward-chaining formulation

When dealing with concurrent logic programs, the intended meaning of the atoms occurring in the transition system states would be concurrently evolving processes. In the propositional case, i.e. just asynchronous parallel processes without mutual communication via variables, the proof-theoretic equivalent of the state transition from S to S0 might be provability of h ‘ h0, where h, h0 are the symbols corresponding to the state S, S0, respectively.

The basic model can be provided by taking the multiplicative fragment of linear logic. The translation from guarded clauses into formulas of the multiplicative fragment can be deőned by (X‹`Y stands for Y`‹X):

ĎH G1; : : : ; GmjB1; : : : ; BnĚ 7`! H‹`ĎG1 ˙ : : : ˙ Gm ˙ B1 ˙ : : : ˙ BnĚ:

When m Č 0 and n Č 0, the right-hand side becomes the neutral element of

˙, i.e. ?._{The backward-chaining proof-theoretic model is given by the following}

theorem:

Theorem: Let Ö be the set of linear logic formulas obtained from the guarded clauses of a concurrent program P, and let Ú be the set of formulas deőning the guard symbols. Then there is a (partial) computation of program

P on a goal p1; : : : ; pk ending in state <q1; : : : ; ql> iff there is a proof of ‘ p1; : : : ; pk; q^?_1 : : : q^?_l

from the set of hypotheses Ö [ Ú.

Proof: By the proof of cut-normalisation for linear logic, we only need to be interested in proofs where cuts are employed on hypotheses from Ö[Ú. The correspondence we are looking for is between

<H; > !_t <B_1; : : : ; B_n; > and ‘ Bn; B^?_n ‘ B1; B^?_1^. ‘ B1 ˙ : : : ˙ Bn; B^?_1 : : : ; B^?_{n.} . ‘ G1 ‘ G2 ˙ : : : ˙ Gm ˙ B1 ˙ : : : ˙ Bn; B^?_1 ; : : : ; B^?_n ‘ H^?; H ‘ G1 ˙ : : : ˙ Gm ˙ B1 ˙ : : : ˙ Bn; B^?_1 ; : : : ; B^?_n ‘ H‹`ĎG1 ˙ : : : ˙ Gm ˙ B1 ˙ : : : ˙ BnĚ ‘ ĎH‹`ĎG1 ˙ : : : ˙ Gm ˙ B1 ˙ : : : ˙ BnĚĚ^?; H; B^?_1 ; : : : ; B^?_n ‘ H; B^?_1 ; : : : ; B^?_n :

This gives the only if part of the proof.

The if direction follows by induction on the length the proof with cuts involving only hypotheses by rearrangement of the generating steps and constructing the corresponding computation.

The above construction could be further reőned so that the proof structure corresponding to a single computation step is embedded into the sequent calculus by introducing new rules in the style of [1], so that no hypotheses would be needed in the proofs.

The above does not deal with built-in łextra-logicalž predicates used as elementary actions by the programming language. The machinery which concerns them can be included by adding hypotheses of the form

b‹`d

for each built-in łbž with deőning condition łdž. (This only makes real sense in the presence of variables, of course; a set of ground instance sequents covering the behavior of each of the built-ins would be used then.)

3.4 The łoperationalž formulation

The forward-chaining łlogicž translation of guarded clauses into linear logic expressions allows for understanding atoms in the usual sense as in the traditional logic programming. The łoperationalž version treats a system of concurrent processes represented by identiőers p_1, : : : , p_n as a sequent

‘ p1; : : : ; pn:

Processes in such a system evolve according to the the behavior of the processes and their interaction. The rÃole of ‘ in two-sided sequents is linked to the idea of a transformation system:

p_1; : : : ; p_n ‘ q_1; : : : ; q_m

means that the system of processes p_1, : : : , p_n evolves into q_1, : : : , q_m. The single-sided version uses negation in order to denote the łactivež processes about to be transformed into the unnegated resulting versions. Ð ‘ Ñ thus presents a natural counterpart to the operational view, with ‘ being a transformation step ot the system.

The translation from guarded clauses into formulas of the multiplicative fragmet of linear logic is given by

ĎH G1; : : : ; GmjB1; : : : ; BnĚ 7`! H`‹ĎĎG1 ˙ : : : ˙ GmĚ`‹ĎB1

&

: : :

&

BnĚĚ

When m Č 0 or n Č 0, the corresponding subexpression is replaced by the neutral element, i.e. 1 or ?, respectively.

As in the backward-chaining case, the corresponding version of the theorem holds true:

Theorem: Let Ö be the set of linear logic formulas obtained from the guarded clauses of a concurrent program P, and let Ú be the set of formulas deőning the guard symbols. Then there is a (partial) computation of program

P on a goal p1; : : : ; pk ending in state < q1; : : : ; ql > iff there is a proof of

‘ Ďp1

&

: : :

& pkĚ?; q1

&

: : :

& ql from the set of hypotheses Ö [ Ú.

The proof if identical to that of the previous one, with just dual formulas involved. The basic proof őgure corresponding to the computation now just becomes

‘ B^?_n ; Bn ‘ B^?_1 ; B1^.

‘ B^?_1 ˙ : : : ˙ B^?_n ; B1

&

: : :

&

Bn . . ‘ G1 ‘ ĎĎG2 ˙ : : : ˙ GmĚ`‹ĎB1

&

: : :

&

BnĚĚ?; B1

&

: : :

&

Bn ‘ H; H^? ‘ ĎĎG1 ˙ : : : ˙ GmĚ`‹ĎB1

&

: : :

&

BnĚĚ?; B1

&

: : :

&

Bn ‘ H`‹ĎĎG1 ˙ : : : ˙ GmĚ`‹ĎB1

&

: : :

&

BnĚĚ

‘ ĎH`‹ĎĎG1 ˙ : : : ˙ GmĚ`‹ĎB1

&

: : :

&

B_nĚĚĚ?; H?; B_1

&

: : :

&

B_n

‘ H^?; B1

&

: : :

&

Bn :

As in the backward-chaining case, built-in testing predicates can be introduced using additional set of axioms. Within the operational treatment these are easily treated as simple processes which process their deőning condition d and upon success they quietly disappear from the proof. They can be therefore deőned as formulas of the form

b`‹Ďd`‹?Ě

for each built-in łbž with deőning condition łdž.

3.5 Encoding programs

So far, programs have been encoded into proper axioms of the proof system and nondeterministic clause selection and reusability of program deőnition clauses have been handled by the proof construction mechanism. Within logic programming, it is customary to treat programs as objects of the formalism as well, i.e. as formulas. This can be easily done in linear logic formalization of concurrent logic programming as well by adding adding also the additive connectives & (with) and ˘ (plus) allowing for explicit handling of parallelism.

Now program P can be translated into a single linear logic expression PLL, instead of just a set of proper axioms: After translating clauses of a concurrent logic program into the set of proper axioms fs_1; : : : ; s_j g, form linear logic expression

PLL Č s1& : : : &sj :

State transitions will not only explicitly involve the states, but also the program.

In the backward-chaining model, state transition from S to S0 will be provability of !P_{LL}; h0 ‘ h

from the set of sequents deőning guards (the underlying łoperating systemž machinery). In the operational model, the same transition corresponds to provability of !P_{LL}; h ‘ h0

In both of these cases the nondeterministic choice inference rules for ˘_l

and ˘r handle clause selection on the level of proof search, without resorting

to moving the program clauses away from the expression level itself. It is not difőcult to see that analogies of the previous theorems hold true:

Theorem: Let P_{LL} be the linear logic expression obtained from the guarded clauses of a concurrent program P and connected together by the & connective, and let Ú be the set of formulas deőning the guard symbols. Then there is a (partial) computation of program P on a goal p_1; : : : ; p_k ending in state <q_1; : : : ; q_l > iff there is a proof of ‘?P?_{LL}; p_1; : : : ; p_k; q?_1 : : :q?_l (a proof of ‘?P?_{LL}; Ďp_1

&

: : :

& p_kĚ?; q_1

&

: : :

& q_l in the case of the operational treatment) from the set of sequents Ú.

3.6 Variables and communication channels

The picture for atoms being just propositional symbols gives the overall structure of the corresponding linear logic proofs, but it still misses the interaction between processes. The őnal extension of the treatment of committed-choice concurrent logic programs thus concerns the interaction between concurrent processes, realized via logical variables.

This extension means introduction of yet other operators from linear logic ś the quantiőers:

‘ Ð; X ‘ Ð; V xX^{for all, x not free in} Ð^;

‘ Ð; XĘx :Č tĞ ‘ Ð; WxX^{there is;} Ď ^_{xAĚ?} Č __{xA?; Ď}__{xAĚ?} Č ^_{xA?:}

Now the łprogramž becomes ! ^`!_{x PLL}

and the existence of a transition between parallel system states is linked to provability of ! ^`!_{x PLL; h0} ‘_{h; or !} ^`!_{x PLL; h} ‘_{h0;}

in the backward-chaining and operational cases, respectively; that is when using just one-sided sequents, ‘? _`!_{x P?LL; h; h0?; or} ‘? _`!_{x P?LL; h?; h0:}

Note that now a program together with a process goal executing over this program can be understood as a module, quite in the sense of Girard’s idea of plugging of units together [5]. Indeed, this is done by sharing a common variable between the formulas denoting a process to be executed: For the backward-chaining treatment, provability of ‘? _`!_{x P?LL; hĎxĚ; h0?Ď: : : Ě; ?} _`!_{x Q?LL; fĎxĚ; f 0?Ď: : : Ě}

is thus linked with ‘? _`!_{x ĎP?LL}

˘ Q^?_{LL}Ě; ĎĎh ˙ fĚĎxĚĚ; Ďh^0Ď: : : Ě˙f^0Ď: : : ĚĚ^?;

with the obvious symmetric version for the operational model. (To certain extent, the built-in set of predicates constituing the additional part of the inference machinery can also be speciőed as a łmodulež of this kind.)

Of course, this model still covers just the asynchronous part of the computations, no synchronization apects, and it is only correct for deadlock-free programs.

4 Example

Let us show a simple example of the outlined proof-theoretic semantics compared to the interleaving semantics based on transformation systems. We will consider a factorial program deőned via a pair of producerśconsumer processes:

factĎN; RĚ seqĎ1; N; SsĚ; timesĎSs; 1; RĚ:

seqĎF; T; OsĚ F > TjOs Č Ę Ğ: seqĎF; T; OsĚ F » TjOs Č ĘF j OS1Ğ; F1 :Č F Ć 1;

seqĎF1; T; Os1Ě:

timesĎĘX j XsĞ; B; RĚ B1 :Č BX; timesĎXs; B1; RĚ:

timesĎĘ Ğ; B; RĚ R Č B: When executing, e.g.,

factĎ3; XĚ;

there are several possible execution sequences within the transformation system interleaving approach here, two extreme cases being (we skip the output substitution part of the states):

› factĎ3; RĚ ) seqĎ1; 3; SsĚ; timesĎSs; 1; RĚ )

seqĎ2; 3; Ss1Ě; timesĎĘ1 j Ss1Ğ; 1; RĚ ) seqĎ2; 3; Ss1Ě; timesĎSs1; 1; RĚ ) seqĎ3; 3; Ss2Ě; timesĎĘ2 j Ss2Ğ; 1; RĚ ) seqĎ3; 3; Ss2Ě; timesĎSs2; 2; RĚ ) seqĎ4; 3; Ss3Ě; timesĎĘ3 j Ss3Ğ; 2; RĚ ) seqĎ4; 3; Ss3Ě; timesĎSs3; 6; RĚ ) timesĎĘ Ğ; 6; RĚ ) R Č 6:

› factĎ3; RĚ ) seqĎ1; 3; SsĚ; timesĎSs; 1; RĚ )

seqĎ2; 3; Ss1Ě; timesĎĘ1 j Ss1Ğ; 1; RĚ ) seqĎ3; 3; Ss2Ě; timesĎĘ1; 2 j Ss2Ğ; 1; RĚ ) seqĎ4; 3; Ss3Ě; timesĎĘ1; 2; 3 j Ss3Ğ; 1; RĚ ) timesĎĘ1; 2; 3Ğ; 1; RĚ ) timesĎĘ2; 3Ğ; 1; RĚ ) timesĎĘ3Ğ; 2; RĚ ) timesĎĘ Ğ; 6; RĚ ) R Č 6:

4.1 Backward-chaining translation

Within the backward-chaining proof-theoretic semantics using linear logic, the clauses translate into (we suppose >, », Ć, and are deőned as built-in predicates as outlined above):

FactĎn; rĚ‹`ĎSeqĎ1; n; sĚ˙TimesĎs; 1; rĚĚ SeqĎf; t; oĚ‹`Ďf > t ˙ o Č Ę ĞĚ SeqĎf; t; oĚ‹`Ďf » t ˙ o Č Ęf j o_1Ğ˙f_1 Č f Ć 1 ˙ SeqĎf_1; t; o_1ĚĚ TimesĎĘx j yĞ; b; rĚ‹`Ďb_1 Č bx ˙ TimesĎy; b_1; rĚĚ TimesĎĘ Ğ; b; rĚ‹`Ďr Č bĚ:

The proof tree corresponding to parallel computation of factorial of 3 constitutes a partial order semantics comprising all possible interleavings. The very basic structure of it, indicating just the łprocessesž involved, without the rest of the steps of the inference formalism, can be depicted as follows (additional leaves would correspond to clause selection, guard checking, and built-ins):

‘ SeqĎ4; 3; ĘĞĚ ‘ T imesĎĘĞ; 2; 6Ě ‘ SeqĎ3; 3; Ę3ĞĚ ‘ T imesĎĘ3Ğ; 2; 6Ě ‘ SeqĎ2; 3; Ę2; 3ĞĚ ‘ T imesĎĘ2; 3Ğ; 1; 6Ě ‘ SeqĎ1; 3; Ę1; 2; 3ĞĚ ‘ T imesĎĘ1; 2; 3Ğ; 1; 6Ě ‘ F actĎ3; 6Ě :

4.2 Operational translation

In this case the source program clauses translate into

‘ FactĎn; rĚ`‹Ď1`‹ĎSeqĎ1; n; sĚ

&

TimesĎs; 1; rĚĚĚ

‘ SeqĎf; t; oĚ`‹Ďf > t`‹o Č Ę ĞĚ ‘ SeqĎf; t; oĚ`‹Ďf » t`‹Ďo Č Ęf j o1Ğ

&

f1 Č f Ć 1

&

SeqĎf1; t; o1ĚĚĚ

‘ TimesĎĘx j yĞ; b; rĚ`‹Ď1`‹Ďb1 Č bx

&

TimesĎy; b1; rĚĚĚ

‘ TimesĎĘ Ğ; b; rĚ`‹Ď1`‹Ďr Č bĚĚ

and the essential structure of the proof tree is

‘ 1 ‘ 1 ‘ SeqĎ4; 3; ĘĞĚ^? ‘ T imesĎĘĞ; 2; 6Ě^? ‘ SeqĎ3; 3; Ę3ĞĚ^? ‘ T imesĎĘ3Ğ; 2; 6Ě^? ‘ SeqĎ2; 3; Ę2; 3ĞĚ^? ‘ T imesĎĘ2; 3Ğ; 1; 6Ě^? ‘ SeqĎ1; 3; Ę1; 2; 3ĞĚ^? ‘ T imesĎĘ1; 2; 3Ğ; 1; 6Ě^?

‘ F actĎ3; 6Ě^?; ? :

5 Conclusion

We have presented a simple proof-theoretic deőnition of a partial-order semantics for committed-choice ŕat concurrent logic programs based on a variant of Flat Concurrent Prolog. We have shown that linear logic operations correspond closely to the operations needed in order to handle committedchoice concurrency. No additional proof-control features are needed except for pure linear logic, if restricted to the class of deadlock-free programs. The use of linear logic instead of classical logic enables us to develop the proof-theoretic semantics for deőning either a backward-chaining semantics retaining the łlogicalž reading of concurrent logic programs, or an operational one, associated with the idea of process transformation. The correspondence is a suprisingly close one, and the tools for proof control offered by linear logic őt well for this class of programs.

Acknowledgment

This report has been written during the author’s visit at City University, London, funded by European Community’s Action for Cooperation in Science and Technology with Central and Eastern European Countries, project 6844. The author is also grateful to Michael Jampel for his comments on the language this report is written in.

References

1. J.-M.Andreoli and R.Pareschi: Logic programming with sequent systems. A linear logic approach. In: Extensions of Logic programming, P.Schroeder-Heister, ed., LNAI 475, Springer, Berlin, 1991.

2. K. L.Clark and S. Gregory: PARLOG: Parallel programming in logic, ACM TOPLAS 8(1), 1986, 1ś49.

3. J.-Y.Girard: Linear logic, Theoretical Computer Science, 50(1), 1987. 4. J.-Y.Girard: Linear logic: A survey. Logic, Algebra and Computation, Marktoberdorf Summer School, 1991.

5. J.-Y.Girard, Y. Lafont, and P.Taylor: Proofs and Types, Cambridge University Press, Cambridge, 1989.

6. S. Gregory: Parallel Logic Programming in PARLOG: The language and its implementation. Addison-Wesley, Reading, MA, 1987.

7. G. Huet: A uniform approach to type theory, in: Logical Foundations of Functional programming, Addison-Wesley, Reading, MA, 1990, 337ś397.

8. Y. Lafont: The linear abstract machine, Theoretical Computer Science, 59, 1988. 9. J. W.Lloyd: Foundations of Logic Programming. Springer, Berlin, 1984. 10. R. Kowalski: Logic for Problem Solving. North-Holland, Amsterdam, 1979. 11. N.MartÂõ-Oliet and J. Meseguer:From Petri nets to linear logic, in: CategoryTheory and Computer Science, D.H.Pitt, et.al., ed., LNCS 389, Springer, 1989, 313ś340.

12. J. Messeguer: Rewriting as a uniőed model of concurrency, in: Proc. CONCUR’90, J. C.M.Baeten and J. W.Klop, eds., LNCS 458, Springer, 1990, 384ś400.

13. E. Shapiro, (ed.): Concurrent Prolog: Collected Papers., Vols 1 & 2, MIT Press, 1987.

14. E. Shapiro: The family of concurrent programming languages, ACM Computing Surveys, 1989, 413ś510.