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1 Introduction

The logic programminglanguageProlog is notable,amongother aspectsfor the easewith
which medium-granularitycircular meta-interpretersanbe written. It is indeedwell-know that the
functionalities of the Horn-clauseskernel of this languagecan be emulatedby a three clauses
program,known asthe Vanilla meta-interpreterA few additionalclausesallow to copewith most
extra-logical predicates.The Vanilla meta-interpretesstandsas the starting point for a seriesof
essentiatools in a realistic Prolog programmingenvironment,suchas debuggerstracers,pretty-
printers, cost analyzersand programtransformersas well as for the definition of flexible expert
systems toolslf4, 15].

Most proposaldor improving the declarativeflavor or the expressivenessf Prologgive scarce
consideratiorto this issue.In this paper,we showhow to definea Vanilla-like meta-interpretefor
the linear logic programminglanguagelolli [8, 9]. Lolli clausesdepartin a substantialvay from
traditional Prolog clausesfor the variety of linear connectiveshey can be built upon and for the
peculiaruse of the clauseskept in the so-calledbound context.In particular,as for the language
AProlog [L1], goals can contain embedded implications as well as universal quantifications.

Thefirst partial meta-interpretefor Lolli, actuallya debuggerwaswritten by the authorwhen
working at a Lolli implementatiorof a form of temporalreasoningan extendedeventcalculus[2].
The unexpectedehaviorof his first uncertainattemptsandthe absencef any programmingfacility
in the first prototypalrealizationof Lolli suggestedhim to build his own programmingenvironment.
In a shorttime, Lolli hasbeenendowedwith a rich setof programmingutilities. Moreover,these
meta-interpretergnitially operativeon the most commonly used connectivesof Lolli, have been
extended to cope with the full language.

2 Meta-Programming

A meta-programs a programthat manipulatesother programsas data. In this paper,we are
primarily interestedn circularmeta-interpreters,e. interpreterdor the languageheyarewritten in,
or at leastfor a substantiasubsetof it. Logic programminganguagesre particularly suitedto this
task since logic programs have the structure of terms.

Meta-programs,in a logic programmingframework, can be classified accordingto their
granularity,i.e. the ratio betweenthe amountof interpretationthat is actually simulatedand the
qguantity of work that is passedover to the underlying interpreterfor the language Most meta-
programswritten in Prologhavea mediumgranularity:they emulateclausesandfacts selection but



defer unification to the interpreter. The major representanof this family is the Vanilla meta-
interpreter, on which most programming tools in a Prolog environment can be based.

The Vanilla meta-interpretefor the baseHorn-clausesanguageconsistsof the following three
clauses.

sol ve(true). (V1) sol ve(A) :- (V3)
solve((A B)) :- (V2) cl ause(A, B),

sol ve(A), sol ve(B).

sol ve(B).

The Vanilla meta-interpreteican be given a simple declarativereading: the formula t rue holds
(clauseV1); theformula( A, B) holdsif both A andB hold (clauseV2); finally, anatomicformula A

holdsif thereis a programclauseinstanceA: - B which body holds(clauseV3). Thesethreeclauses

can also be given an operational interpretation: clause (V1) states that the empty goal, represented by
the constant r ue, is solved;to solvea conjunctivegoal (A, B), first solve A, andthensolve B; to

solve an atomic god, find a clause in the program whose head unify #idnd solve its body.

Vanilla assumeseach clause H: - B in the object program to be representedas the fact
cl ause(H, B); afactH is representedscl ause(H, true). CommercialPrologscontaincl ause
as a built-in predicate, dispensing in this way the programmer from a boring hand translation.

The Vanilla meta-interpretedescribedoy clauseqV1-V3) dealswith the declarativesubsetof
Prolog. Indeed, most extra-logical featurescan be readily embeddedinto its architecture.The
following four clausesextendVanilla to deal respectivelywith disjunctionin goals, negationas
failure, solutions grouping and generic system calls (i.e. arithmetic).

solve((A B)) :- (V+4) solve(A) :- (V+7)
solve(A); solve(B). functor(A F, N,

sol ve(not A) :- (V+5) system(F, N),
not sol ve(A). A

sol ve(bagof (X, G Xs)) :- (V+6)

bagof (X, solve(Q, Xs)).

Although a more complextask, Vanilla can evenbe enhancedo deal correctly control directives
such as cut.

The basicVanilla meta-interpretehasbeensubjectto heavycriticismsin the recentyears[6, 7,
10] as well as tmbjectivedefenceg14, 15]. This disputeresultedin the designof a goodnumberof
extensiongo Prologor to its declarativecoreaimedat enhancingts meta-programmingapabilities
[1]. ThelanguageGodel[6, 7, 10] is noteworthyin this respector committingto typed versionsof
the Vanilla meta-interpreteiit is interestingto observenow mostof theseextensiondoosethe ease
of programmingmedium-granularityneta-interpreteralthoughthey improve the logical readingof
finer-granularity meta-interpreters, [3, 4].

3 TheLinear Logic Programming Lolli

Miller et al. [L3] have defined a general criteri¢ihe existenceof uniformproofg for extracting
fragmentsof logical systemssuited to be implementedas logic programminglanguages.The
languageof Horn-clauses,on which Prolog is based,has been proven to have the required
propertiesandhasindeedbeenshownto exploit only to a minimal extentthe connectivepatternsof
predicatdogic thatensurethe existenceof suchproofs.In particular,they showthatit is possibleto
go beyondHorn-clausedy allowing implication and universalquantificationin goals. While not
prejudicingthe possibility of an efficientimplementationthis enhancemenhcreasegnormouslythe
expressivenessf the languagg 12]. The language\Prologis a realizationof this ideain a simply-
typed higher-order settind 1, 13].



AProlog stemsfrom intuitionistic predicatelogic. However, uniform proofs are a general
conceptin proof theory. The logic programminglanguagelolli [8, 9] is the resultof applyingthis
criterionto linearlogic [5]. The shortspaceavailableforbids usto give a detailedaccountof linear
logic and to present a complete description of Lolli. The interested reader is invited to r&laovihe
mentioned references. We intend to illustrate only those aspects that are needed in the subsequent.

Linear logic is a refinementof traditional logic that constrainsthe number of times an
assumptions usedin a proof. A formulaG is derivablefrom a setof formulasD if andonly if there
is a proof of G that usesexactly onceeveryformulain D, with the exceptionof formulasthat are
precededy the modaloperator! (readof-courseor bang, which indicatesthatits argumentanbe
usedas many times as neededin the derivation, eventuallyzero. It is convenientto write linear
sequents aB; R |— G, whereG, D andR arerespectiveljthe formulato prove (the goal),the setof
bangedassumptionsand the set of non-bangedoremises.R can be seenas perishableresources
availablefor the proof of G, while the elementf D arereusableD andR arecalledthe boundand
unbound contextespectively.

The bipartition of the left-handside of linear sequentsa direct consequencef the constraints
on the useof formulasin proofs, entailsthe definition of a new setof connectivedor the resulting
logic. With a drasticsimplification, we can say that every binary connectivein traditional logic is
transformedn a pair of linear connectivespne requiringthe boundcontextto be duplicatedwhen
provingits subformulasandthe otherhavingit split amongthem. The linear connectiveson which
Lolli is basedare [ (multiplicative conjunction,or timeg, & (additive conjunction,or with), [
(multiplicative disjunction,or oplug, -o (linearimplication, or lollipop), => (traditionalimplication),
andin additionto these (bang)andthetwo constantdrue anderase Full linearlogic, asoriginally
definedin [5], extendsthis setwith @ (additive disjunctionor par - usually written as an upside-
down ampersand &)? (linear negation onil) and the two constanteroandfalse

The syntaxof Lolli is reminiscenbf that of Prolog,with somenotationaldifferencesVariables
begin with an uppercasdetter, unlessexplicitly quantified, while constantsalways start with a
lowercaseletter. Terms and atoms are written in curried form. For instance,the Prolog term
f(a, g(b, c), d) iswrittenin Lollias(f a (g b c) d) (theoutermosparenthesearenot neededn
practice).

Lolli programsandgoalsareconstructediccordingto the grammarshowbelow, whereA, G, R
and D are syntactic variables for atoms, goal formulas, linear clausesand banged clauses,
respectively; the use of tli& R andD is coherent with their use in linear sequents above.

R:=true|A|R1&R2|R:- G|R<=G]|forall x\ R

D:=R|{R} |D1, D2

G:= true|erase |A|[{G} |G1&G2|G1, G2|D-0G|R=>G|forall x\ G
| exi stsx\ G|G1; G2|G1->G2| G3

We give now a connective-directe@perationalsemanticdor goals.We write S= S, + S, to
indicatethat S, and S, form a partition of the setS. In orderto keepthe notationsimple,we write
StsandSsinstead of5+{ s} and S{ s} when no ambiguity arises.

true always succeedswithout consumingany resource.Therefore,any formula in the
bound context must be used in other parts of the proof of the current goal.

D, O] |—|_o|_|_| true

erase alwayssucceedsoo, but consume®veryresourcen the boundcontext.It is usually
exploited to ignore information eventuallypresentinto the bound contextand not
needed in the proof of the current goal.
D; R Lo erase



{G} (bang @ attempts to solv& without using any formula in the bound context.
D; R Fow { G} iff  D;0 Lo G

G, G, (G, timesGy) first attemptso find a proof for G; and,in caseof successlooksfor a
proof for G, that useswhateverelementsof the boundcontextwere not usedin the
proof of G; . Thus, it divides the resources in the bound context bet@eandG,.

D;Ri+Rol—oui G, G, iff DRy o Gi and D; Ry o G2

G &G, (G, with G,) operatesasin the previouscasewith the differencethatit triesto prove
both G, andG, usingthe sameresourcesThereforejt duplicategheresourcesn the
bound context for each conjunct.

D; R0 G1 &G, iff D; R F-owu G1 and D; R -0 G2

G:; G, (G1 oplus Gy) first attemptsto find a proof for G; and,in caseof successhavethe
overallgoalsucceedln caseof failure, a proof for G, is attemptedisingthe sameset
of resources as fds;.

D; R0 Gi; G, iff D; R F-ow G1 or D; R o G2
r-oG (r lollipop G) causegshe clauser to be addedto the boundcontextanda proof for G
to be attempted from this augmented program.
D; Rl—oi r-0G iff D;R+r o G
d=>G (d impliesG) operatedike in the previouscase put addsd to the unboundcontext.It
is logically equivalent tgd} - o G.
D; Rl—ow d=>G f DOdR}FowG

forall x\ G (universalguantification)is provenby finding a proof for a genericinstantiationof G:
thevariablex is substitutedvith a newconstant, not presenin neitherin G nor into
the current context.

D; Rl—ow forall x\ G iff D;R Lo [¢/X]G wherecis a new constant

exi sts X\ G (existential quantification) holds if a tertnecanbe found suchthat G hasa proof when
substitutingx with t. In practice, it causes a new logical variable to be substituted for
and then forgotten when returning from the calGto
D; Rl—ow exists X\ G iff  D;R o [/XIG for some ternt

G->G4 G  (guardedexpression)is the one extra-logical operatorincluded into the current
implementatiorof Lolli (apartfrom afew I/O predicates)A proof of G is attempted.
In caseof successthe overallgoal succeedsf G4 succeedslf insteadthe interpreter
fails to find a prooffor G, it triesto find a proof for G; andits successletermineghe
success of the overall goal.

D;RIow G->Gs| G iff  ifD;R o G thenD; R |— o Gs

elseD; R Lo G
Suchguardedexpressionsire particularlyusefulto modelnegationasfailure, defined

by the following clause.
not G:- G-> fail | true.

In orderto describethe behaviorof Lolli whenthe currentgoalis an atom, we needto spend
somewordsillustrating the different kinds of clausesdefinablein this language as specifiedby the
grammar rulesor D (andR) givenabove First, noticethatthe headof a clauseis not constrainedo
be anatom, like in moretraditionallogic programminglanguagesbut is allowedto be anadditive
conjunction of atoms of any length (logical equivalences permit liraitaourselvego this case)An
atomic goal matchessucha clauseif it matchesany of the conjuncts.In this case,the execution
backchainsover its body, asif the clausehad a single head.A secondpeculiarity of Lolli clauses,
derivingfrom its origin from linear logic, is their subdivisionin linearandnon-linear(banged) As a
matter of conveniencegsince most clausesin a program are indeed reusable linear clausesare



markedby meansof the prefix LI NEAR while non-linearclausesremainunqualified. Finally, notice
thatthe clausesn a programcanbe separateceither by multiplicative or additive conjunction,with
the restriction that non-linear clauses must be separated by the former. Additive conjuniitiear on
clauses achieves exclusivity.

A looksfor alinearor bangedclauseh: - b (eventuallya fact h) which headunifies with
the atomic goal A andtries to solveits body in the currentcontext.If the selected
clause is linear, it is removed from the bound context.
DOh:-b;R o A if o =matchA, h) andD O h: -b; R |~ oL b°®
D;R+h:-b o A if o =matchA, h) andD; R o1 b°
D;R+C&.& o A ff D;R+¢ Lo A for some=1..n

whereo = matchA, A&...&A,) iff Ao =A for some=1..n.

Implication in goals combined with universal quantification yields a powerful scopaeanism
[12]. Lolli providesa module systemrealizedthroughthe combinationof the two. Modules are
parametricand permitabstractiorandinformationhiding by meansof the LOCAL declarationWe do
not investigate the meta-level treatment of the module system of Lolli in this paper.

4 A VanillaMeta-Interpreter for Lolli

Program1 implementsa Vanilla-like meta-interpretefor Lolli, written in Lolli. Due to the
richnessof linear connectivesavailablein Lolli to constructboth goalsand programsthe resulting
code cannotbe as shortasin the caseof pure Prolog. Neverthelessthe resulting programstays
comfortably into one page.

Our meta-interpreter assumes the following meta-representation for Lolli programs:
« anon-linear clause (or fadd)is reified ag! ause (D) ;
+ alinear clause (or fact) NEARD is represented, at the meta-leveL &lSEAR cl ause (D).
It is a simple exerciseto write a LEX and YACC programthat transforma correctLolli program
accordingto theserules.An implementatiorof sucha programtransformedirectly in Lolli hasbeen
attempted without success due to the difficulty of reading unformated data from a file.

The grammarof Lolli presentecdbovegivesthe userthe freedomof writing his/herprogramsn
severallogically equivalentways. Neverthelesswe require him/her to use a reasonablysimple
syntax.For instancethe abovemeta-interpretewill not handlecorrectlythe clauseLl NEAR cl ause
({D}), originally written as.| NEAR { D} . The latter is indeed logically equivalento

This meta-interpreters clearly constructedaccordingto the philosophyunderlying the basic
Vanilla: the object level connectivesand operators are directly mapped to the meta-level
correspondingentities (clausesG1-G14); notice that this sametechniqueappliesto quantifierstoo
(clauses G11-G12)ntuitionistic andlinearimplicationescapepartially to this rule sincetheyrequire
their left-handsideto be addedto the unboundand boundcontextrespectively(ClausesG9-G10).

This is easily obtainedby embeddingthe augmentingclausein a cl ause atom and loading the
resultingclausein the appropriatecontext.Due to the variety of forms a linear clausecan assume,
linear implication can be handledin different ways dependingon the patternof its left-hand side
(clauses L1-L5); most of these clauses are rewriting rules relating equivalent linear logic formulas.

A substantial difference from thi¢orn-claused/anilla meta-interpreteconcernghe way atomic
goals are handled. This is once more due to the multiplicitjaosedypesthatcanappeain a Lolli
program.Clauses(D1-D7) deal with this multiplicity of cases.Theserules rely on the auxiliary
predicates nHead (clausesA1-A2), thatchecksif anatomicgoal matchesanelementn the headof
a clause,representeds an additive conjunctionof goals,i nTi nes (clausesA3-A4) andinWth
(clauses A5-A6) that deal with respectively multiplicative and additive conjunctions of clauses.



MODULE net a.

LOCAL not sol velLol I'i pop solveAtonic inTinmes inWth.
solve true :- true. (G1) sol veAtonmic A A (D1)
sol ve erase :- erase. (G2) solveAtomc A ({D}) :- (D2)
solve fail :- fail. (G3) sol veAtomi c A D.
solve top :- top. (G4) sol veAtonmic A (D1, D2) :- (D3)
solve ({G) :- (G5) i nTi mes A (D1, D2).
{solve G. sol veAtomc A (Rl & R2) :- (D4)
solve (Gl , @) :- (G6) InWth.A(Rl&RZ).
sol ve Gl, solveAtonic A(R:- Q :- (D5)
solve @&. i nHead A R,
solve (Gl & @) :- (G7) solve G
solve Gl & solveAtonic A (R<=Q :- (D6)
solve (. i nHead R,
solve (Gl ; @) :- (G8) solve ({G).
sol ve GL; solveAtonmic A (forall X\ R :- (D7)
solve (. solveAtonmic A R
sol ve ([E '|‘|J.G) e (©9) i nHead A A (A1)
sol veLol |i po :
solve (R => (g) p: - (G10) I m-_ba:_% Ad (ARlRl& R2) :- (A2)
clause R => solve G :RHeZd AR
solve (forall X\ QG :- (G1y
forall X\ solve G inTimes A (D1, D2) :- (A3)
solve (exists X\ G :- (G12 sol veAtom ¢ A D1;
exists X\ solve G ~ solveAtomic A D2.
solve (G->G | &) :- (G13) inTimes AD :- (A4)
solve G -> solve Gs | solve &. not (D= (D1, D2)),
solve A :- (G14) sol veAtonmic A D
cl ause D C W )
. inWth A (RL & R2) :- (A5)
sol veAtonmic A D sol veAtoni ¢ A RL;
sol velLol lipop (D1 -0 D2) G :- (L) ~ solveAtomic A R2.
sol velLol lipop D1 (D2 -0 G. inWth AR :- (A6)
sol velol lipop (DL => D2) G:- (L2 not (R = (Rl & R2)),
clause D1 => solve (D2 -0 Q. sol veAtomc A R
sol veLol I'i pop (D1, D2) G:- (L3) not A :- (A7)
sol veLol lipop D1 (D2 -0 Q. A->fail | true.
sol veLol l'ipop ({D}) G :- (L4
clause D => solve G
sol veLol lipop D G :- (L5)
clause D -0 solve G
Program 1
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