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Abstract. We present a declarative framework for the compilation of constraint logic programs into variable-
free relational theories which are then executed by rewriting. This translation provides an algebraic formulation
of the abstract syntax of logic programs. Logic variables, unification, and renaming apart are completely
elided in favor of manipulation of variable-free relation expressions.

In this setting, term rewriting not only provides an operational semantics for logic programs, but also a
simple framework for reasoning about program execution.

We prove the translation sound, and the rewriting system complete with respect to traditional SLD
semantics.

Keywords: logic programming, constraint programming, relation algebra, rewriting, semantics

1. Introduction

Logic programming is a paradigm based on proof search and programming with logical theories. The main goal
is declarative transparency: guaranteeing that execution respects the mathematical meaning of the program.
The power that such a paradigm offers comes at a cost for formal language research and implementation.
Logic variables, unification, renaming variables apart and proof search are cumbersome to handle formally.
Consequently, it is often the case that the treatment of these aspects is left outside the semantics of programs,
complicating reasoning about them and the introduction of new declarative features.

We address this problem here by proposing a new mathematical framework for compilation — based
on ideas of Tarski [TG87] and Freyd [FS91] — that encodes logic programming syntax into a variable-free
algebraic formalism: relation algebra. Relation algebras are pure equational theories of structures containing
the operations of composition, intersection and converse. An important class of relation algebras is that of the
so-called distributive relation algebras with quasi-projections, which also incorporate union and projections.

We present the translation of constraint logic programs to such algebras in three steps. First, for a CLP
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edge(a,b). connected(X,X) .

edge(b,c). connected(X,Y) <« edge(X,Z), connected(Z,Y).
edge(a,e).

edge(e, f).

Figure 1. A logic program to decide on node reachability in a graph.

program P with signature 3, we define its associated relation algebra QR Ay, which provides both the target
object language for program translation and formal axiomatization of constraints and logic variables. Second,
we introduce a constraint compilation procedure that maps constraints to variable-free relation terms in
QRAy.. Third, a program translation procedure compiles constraint logic programs to an equational theory
over QRAy;.

The key feature of the semantics and translation is its variable-free nature. Queries and resolvents,
which may contain logical variables, are represented as ground terms in our setting, which makes it possible
to express program execution as term rewriting, without the need of extra mechanisms for unification or
renaming of logic variables. The resulting system is sound and complete with respect to SLD resolution. Our
compilation provides a solution to the following problems:

e Underspecification of abstract syntax and logic variable management in logic programs: solved by the
inclusion of metalogical operations directly into the compilation process.

e Interdependence of compilation and execution strategies: solved by making target code completely
orthogonal to execution.

e Lack of transparency in compilation (for subsequent optimization and abstract interpretation): solved by
making target code a low-level yet fully declarative translation of the original program.

The second of these problems highlights what we feel is an important contribution to practical implementations
of logic programming. The relational translation described in this paper yields target code that is evaluated via
rewriting. Different rewriting strategies will permit the programmer to control search strategies (depth/breadth-
first search, iterative deepening, etc.). We think this paper is an important step towards efficient algebraic
execution and compilation of proof search for CLP. However, the rewriting system given here has not been
designed aiming at performance, which will depend on the efficiency of the chosen rewriting engine and
strategies.

In this paper we consider several criteria of correctness of the translation. We prove an adequacy theorem
(Cor. which compares a fixed point treatment of relational semantics with a comparable treatment of
constraint logic programming, and we establish equivalence of a specific rewriting strategy with SLD resolution
(Thm. . The latter result is aimed at showing that rewriting of translated code can execute as least as
correctly as SLD resolution. But it is not exclusively for the sake of reproducing the depth-first execution of
SLD resolution that this work is undertaken. One of the aims of the separation of translation and rewriting is
to make execution independent of declarative content.

We illustrate the spirit of translation, and in particular the variable elimination procedure by considering a
simple case, namely the transitive closure of a graph (Fig. . In this carefully chosen example the elimination
of variables and the translation to binary relation symbols is immediate:

edge = (a,b) U (b,c) U (a,e) U (e, f)
connected = id U edge; connected

The key feature of the resulting term is the composition edge; connected. The logical variable Z is elimi-
nated by the composition of relations allowing the use of variable-free object code. A query connected(a, X)
is then modeled by the relation connected N (a, a)1 where 1 is the (maximal) universal relation and id by the
identity relation. Computation can proceed by rewriting the query using a suitable orientation of the relation
algebra equations and unfolding pertinent recursive definitions. Handling actual arbitrary constraint logic
programs is more involved. First, we use sequences and projection relations to handle predicates involving an
arbitrary number of arguments and an unbounded number of logic variables; second, we formalize constraints
in a relational way. Projections and permutations algebraically encode all the operations of logical variables,
disjunctive and conjunctive clauses are handled with the help of the standard relational operators N, U.
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1.1. Background: Constraint Logic Programming

Constraint Logic Programming is logic programming with two different classes of predicates. Computation is
the process of finding proofs for goals supplied by the programmer, consisting of sequences of such predicates.
Defined predicates are solved by conventional resolution theorem proving. Primitive predicates are defined
over an external logical theory. They are handled with the help of domain-specific inference engines called
constraint solvers. These solvers are external: they are a black-box addition to the pure logic programming
core.

There are many variants of logic programming depending on the fragment of logic used. In the rest of this
work, we will focus on Logic Programming with first order Horn clauses and constraints. In this setting, a
program is a set of Horn clauses with exactly one atomic consequence and a query is an existentially quantified
conjunction. In pure logic programming, the information returned by an answer is a set of witnesses for
the existentially quantified variables. In Constraint Logic Programming, answers are constraints restricting
possible values of the existentially quantified variables. Conventional logic programming can be recovered
from CLP by taking the constraint domain to be the Herbrand Universe. We assume the reader familiar with
CLP (an in-depth treatment can be found in [LIo&84) [TM94]). In this section we give a quick overview of the
main notions used in the paper.

Syntax Assume a permutative convention on symbols, i.e., unless otherwise stated explicitly, distinct names
f, g stand for different entities (e.g. function symbols) and the same for distinct names i, j, for indices. A
first-order language consists of a signature ¥ = C U F U P, U Py, given by C, the set of constant symbols,
F, the set of term formers or function symbols, and P., P4 the set of primitive and defined predicates. We
usually write f,g,... for elements of F, a,b for elements of C, r, s for elements of P., and p;, p;, ¢, q;, - -
for elements of P;. The function « : ¥ — N returns the arity of its argument. We assume given a set X’ of
so-called logic variables whose members are denoted x;, y;, z;, - . - .

We write Tx for the set of closed terms over C U F. We write Ts(X) for the set of open terms (in the
variables in X) over C U F. We drop ¥ when understood from context. We write ¢, u, v for terms in 7.

Given p € Py of arity a(p) = n and n terms tq,...,t, € Tn(X), p(t1,...,t,) is an atom. An atom is pure
iff all ¢4,...,t, are distinct variables. Similarly, for r € P., r(t1,...,t,) is an atomic constraint. The set Lp
of constraint formulas is the conjunctive and existential closure of the set of atomic constraints. We write
©, ¢, for constraints. A literal is an atom or a constraint. We slightly abuse terminology and write p;(Z) for
literals using variables from #. A Horn Clause is a named expression of the following form:

el p(t) < qu(ir), . .., qn(iin)

with p(f) an atom, called the head and ¢ (1), ..., qn(i,) a sequence of literals, with n > 0, called the tail of
the cl. A constraint logic program is a finite set of Horn clauses.

We use vector notation extensively in the paper: & = &1,...,Zm, t = t1,...,tn, = p1,...,Pk. The length
of a sequence is written |-|, thus |Z| = m, etc. t[Z] denotes a term t from 7Tx(X) using variables in #, and t|]
denotes a sequence of terms using variables in Z. p(ﬂf])) denotes an atom composed of a predicate p and
arguments t1[Z], . .., t,[Z]. §(t]Z]) denotes a sequence of atoms p; (1[Z]), ..., pn(tn[Z]). We may drop [&] or
even t_[i"] when the context allows and just write p for ﬁ(t_[f]) Given a sequence p of n terms, variables or
atoms, we write pj;, for the sequence of n — k + 1 elements starting with the one at position k.

Constraints and the Interpretation of Logic Programs Given a signature X, a Y-structure gives
meaning to terms and primitive predicates:

Definition 1.1 (X-structure). A Y-structure D consists of a set D and an assignment for elements of
CUFUP,in D in the usual way: constant symbols are mapped to individuals in D, function symbols of
arity n to n-ary functions over D and predicate symbols of arity n to n-ary relations on D. We write a®?, fP,
rP for the D-interpretation of constants, function and predicate symbols in D.

Definition 1.2 (Constraint Domain). A constraint domain is given by a pair (D, Lp) consisting of a
Y-structure D and the set of constraint formulas generated from 3.

A Y-structure D induces a mapping or interpretation from elements of Lp to the two-point lattice:

Definition 1.3 (Constraint Interpretation). The interpretation function for closed formulas [-]? : Lp —
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{L, T} is defined by induction on the structure of the formulas:

L if (¢P,... tP) ¢ pP
t,..,t)]P = o
p(ts;- - tn)] {T if (tP,... tD) € pP

[ A )P = min([¢]”, [¥]7)
[Bz.¢]” maz([pla/]]” | a € D)

The notion of interpretation is used to define constraint satisfaction:

Definition 1.4 (Constraint Satisfaction). A closed constraint formula ¢ is satisfied by D, written D = ¢,
if [p]P = T. If ¢ is open, we write D |= ¢ for the satisfiability of its ezistential closure D |= ().

Operational Semantics We follow [JM94]: a resolution computation with constraints is a sequence of
derivations induced by a transition system over program states that represent pending proof obligations and
accumulated (satisfiable) constraints:

Definition 1.5 (Program State). A program state is an ordered pair (7| ) where § is a sequence of
literals or resolvent and ¢ is a constraint formula or constraint store. We write O for the empty resolvent.

The standard operational semantics for SLD resolution is defined as the following transition system over
program states:

Definition 1.6 (SLD operational semantics).

(0, [ ¥) = (Flere) iff D= Ay
(@), ple) = (@@Wlo (D). Fle A (dlo(§)] =t]))  where: cl : p(ali) <—q( [ZT
DEpA(U = t]4])

oa renammg apart for 4,2, @

This captures ideal CLP systems, where every new constraint is immediately checked for satisfiability. This
means that the constraint store is consistent for every program state reached in execution. The reliance
on an external constraint solver means that we lack any inference rules for constraint formulas, thus, the
Y-structure D contains the only and complete specification of validity for constraint formulas.

A query @ is a sequence of literals pi,...,p, over & variables with n > 1, logically interpreted as
JZ.(p1 A+ Apn). A query Q is usually embedded into a program state (@ | T) to be executed with the above
transition rules. A program state (p'| p) succeeds iff it has a derivation that leads to an empty (O0]’) state.
A state (p'| ) is final iff no derivation exists starting from this state (denoted (7’| ¢) —). If p'is not the empty
resolvent, we say that the state fails.

Denotational Semantics The denotational semantics for a logic program P is its set of atomic consequences.
In the presence of constraints, that amounts to the set of elements of D that satisfy P’s predicates.

A constructive description of this set is usually done in terms of a sequence of approximations, using the
Apt-van Emden-Kowalski interpretation operator Tp, see [Llo84l [JM94].

We assume given in the rest of the section a program P with signature ¥, constraint domain (D, Lp),
where D is a sigma structure.

A valuation # is a mapping from variables to D and the natural extension that maps terms to D and
constraint formulas to closed Lp formulas. A D-interpretation Z of a formula is an interpretation of the
formula with the same domain as D and the same interpretation for the symbols in ¥ as D. It can be
represented as a subset of Z = {p;(a@) | p; € Pa,a € D*P)}.

Definition 1.7 (Interpretation transformer). Let Z be the directed complete partial order of interpre-
tations. The interpretation transformer T5 : Z — T is defined as:

TE(I) = {p(@) | (&) + ¢,q € P,0(Z) = a@,D |= 6(¢),¥i.0(q:) € T}
Without loss of generality, we have assumed that constraints ¢ are placed at the head of the clauses’ bodies.

TP is continuous and by the Knaster-Tarski theorem it has a least fized point [P]which is the minimal model

of P+ [P] = U, (TF)™(0).
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add(o, X, X). nat(o).

add(s(X), Y, s(Z)) < add(X, Y, Z). nat(s(N)) <« nat(N).
even(E) <+ add(H,H,E). leq(o,_).

odd(0) <« nat(0), \+ even(0). leq(s(N),s(M)) < 1leq(N,M).

Figure 2. A logic program defining several predicates on Peano naturals.

Example 1.8 (Herbrand Constraint Domain). Suppose H is the Herbrand universe for a signature 3,
that is to say, the free Xy -structure, and let £4; stand for all open formulas over the signature of A built up
from atoms using conjunction, existential quantification and equality of terms using variables from X, the set
of so-called logic variables. Then the Herbrand Constraint Domain is the pair (H, Ly).

Example 1.9 (Peano Naturals). A standard example is the Yy-structure given by the set N, constant o
interpreted as 0 and the unary function symbol s interpreted as z — x + 1. Figure 2] shows a small example
program.

Some executions of logical queries to the program above follow:

(add(s(s(0)),5(s(0)), R)| T)  — (0| R =s(s(s(s(0)))))

(add(X,Y,s(s(0))) | T) = (O] X =0AY =5(8(0))), (0] X =s(0) NY = 5(0)), (0] X = s(s(0)) ANY = 0)
(even(s(s(0)))|T) — (O]

(even((s(0))| T) -

(even(E)|T) — (B[ E=0),(0[E = s(s(0))), (O] E = s(s(s(5(0))))), - - -

2. Relation Algebras and Signatures

In this section, we define QR Ay, a relation algebra in the style of [TG87, [FS91]. The algebra contains special
constants formalizing a CLP signature ¥ and the program predicates P;, and the relational semantics is built
around a constraint domain D, a first order model. In this section we will define its language, its equational
theory and semantics. For the entire section, we work with a fixed first-order model D.

The reader should keep in mind, as the relational structure is defined below, that we are trying to capture
the following fundamental syntactic components of logic programs in a variable-free manner.

Constants a,b,c, ... specified by the signature. These are formalized using relation terms of the form e.g.
(a,a) whose intended interpretation is the singleton relation {(a,a)}. For technical reasons (to fit into
the translation of terms and predicates), constants a are interpreted as the following relation expression
(a,a)1, where 1 is the universal relation consisting of all ordered pairs.

In the standard set-theoretic relational semantics defined below, this relation denotes the set of all pairs
(a,u) where a is fixed and u runs through all individuals of the relational model.

Variables from a master list x1,xs,...,x;,.... These are interpreted using the converse of relational
projections Py, Ps, ... to be defined below. In the semantics, the relation P; associated with the ith variable
x; is the binary relation between n-tuples (uq,...,u,) and the ith component u;. In the translation from

logical syntax to terms, variables x; are represented as the converse Py of the ith projection relation.

Compound terms e.g. f(z3,g(a,x2)) built using the function symbols present in the signature of differing

arities, in this case f of arity 2, and g also of arity 2. This means defining relation constants Ry, Ry that
capture function symbols. Thus, unlike first-order logic programming languages (the relational counterparts
of) function symbols are constants in the language and hence first-class citizens. For our example of arity
2, the semantics of the binary relation symbol R is the set of all pairs (f(u1,u2), (U1, u2)).
The compound term f(z3,g(a,x2)) can be viewed as f(y, z) for fresh variables y and z, where y = x5
and z = g(a,x2). This last equation in turn can be written z = g(u,w) and v = a and w = x5. Thus we
flatten compound terms into conjunctions of basic equations of the form x = a variable or constant. Then
the corresponding relational translation is

Rf[Pl.P; n PQRQ[Pl(a,a)l N PQPQOH

which describes the term starting with f whose first component is the variable x3 and whose second
component is the term starting with g whose first component is a and whose second component is xs.
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Atomic constraint formulas e.g. r(f(z3,9(a,22),21,b) built using relation symbols r of different arities
(also included in the signature). Here too we incorporate predicate symbols r as relation constants r. The
interpretation of relations is coreflexive: it is a set of pairs of the form (u,u), that is to say a subset of
the identity relation. In the specific case of a relation r of arity n the interpretation of the associated
relational constant r is the set of pairs ({(u1,...,Un1k), (U1,...,Unsg)) such that r(uy,...,u,) holds in
the associated constraint domain. The atomic formula will also be flattened, converted to a conjunction
of basic equations and then interpreted using intersections, compositions and converses of basic relation
constants, just like the compound term above.

Vectors of terms Given the presence of projections hd and tl we are able to formalize pairing and hence
the formation of sequences of terms in the relation calculus. We have already invoked this tacitly above by
using n-ary projections P; that are built using repeated compositions of hd and ¢l as spelled out below.
A simple example is the relational formalization of a two element sequence (a,b) where a and b are
constants in . The corresponding relational term is hd(a,a)hd® N tl(b,b)tl°, which in a set-theoretic
interpretation yields the set consisting of the ordered pair {({a,b), (a,b))}.

Taking stock of what we will need to capture logic with relational terms, we see that at the very least
we require constants to capture a signature, a universal relation 1 and its dual 0, converses, projections,
unions, intersections and compositions. A few more components will be useful as well, as we see in the next
subsection, which lays out the grammar and theory we will need.

2.1. Relational Language and Theory

The relation language Ry is built from a set R of relation constants for constant symbols, a set Rz of relation
constants for function symbols from ¥, and a set of relation constants Rp_for primitive predicates, as well as
a fixed set of relation constants and operators detailed below. Let us begin with Re. Each constant symbol
a € Cyx, defines a constant symbol (a,a) € Re, each function symbol f € Fy defines a constant symbol Ry in
Rx. Each predicate symbol r € Py, (the set of primitive, or constraint predicates) defines a constant symbol
rin Rp,. We write Ry for the full relation language:

Re={(a,a)[a€Cs} Rr = {Ry|feFs} Rp, = {r|rePe}
Ratom == Rec|Rz|Rp, |id|di|1|0]|hd]|tl
RE = Ratom | REO | RE U RE | RE N RE | RERZ

The constants 1,0, id, di respectively denote the universal relation (whose standard semantics is the set of all
ordered pairs on a certain set), the empty relation, the identity (diagonal) relation, and identity’s complement.
Juxtaposition RR represents relation composition (often written R;R) and R° is the converse of R. We write
hd and tl for the head and tail relations. The projection of an m-tuple onto its i-th element is written P; and
defined by P, = hd, P, = tl;hd,...,P, = tI" ' hd.

Relation Variables Later in this paper we will have need of relation expressions in which a finite set of
relation variables {py,...,P,} occur. We will call such expressions polynomials in the given set of relation
variables. The relational language Rs(py,...,D,, ), obtained by freely adding such variables to the relation
calculus Ry, is defined the same way Ry is, but with the relation variables added to the atomic case above.

Rato’m n= ﬁl'|T)n|RC|R]:|R7)c|Zd|dz|1|0|hd|tl

QRAy, (Fig. [3)) is the standard theory of distributive relation algebras, plus Tarski’s quasiprojections
[TG8T], and equations axiomatizing the new relations of Ry.

Most of the equations will be familiar to the reader. They include the commutativity, associativity of
union and intersection, the distributive laws, and basic properties of composition and inversion. Perhaps
less familiar is the right modular law, RS NT C (RN TS°)S, which can be thought of as expressing the
right-factoring of S in RS NT. It is here written as containment, but can also be written in the equivalent
(and more useful) equational form RSNT = (RNTS°)SNT

The left modular law RS NT C R(S N R°T) is equivalent to the right modular law as can be shown by
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RNR=R RNS=SNR RN(

RUR=R RUS=SUR RU(

Rid=R R0O=0 0C
RU(SNR)=R=(RUS)NR

R(SUT)= RSURT (SUT)R=SRUTR
RN(SUT)=(RNS)U(RNT)

(RUS)°=R°US" (RNS)°=5°NR°
R°=R (RS)°=8°R°

R(SNT)C RSNRT RSNT C(RNTS®)S
idUudi=1 idNdi=0

=
N
=

hd(hd)° Nti(tl)° Cid (hd)°hd C id, (t1)°tl Cid (hd)°tl =1
Figure 3. QRA,

taking converses.

(RSNT)° = S°R°NT° (1)
C (S°NT°R)R° (2)
= (R(SNR°T))° (3)

Taking converses again we obtain (RSNT) C R(SNR°T) as we wanted to show. In special cases the modular
law takes on a particularly simple form.

Lemma 2.1. In QRAy;, SS° C id implies AN SR = S(S°ANR). S°S C id implies AN RS = (AS° N R)S.

Proof. By the modular law we have, in the first case, AN SR = S(S°ANR)N A. But S(SPANR) C
SS°ANSR CidANSR = ANSR. Thus S(S°AN R) N A reduces to S(S°A N R). The argument for the
second claim is symmetric. []

Note that products and their projections are axiomatized in a relational, variable-free manner. The
equations for hd, the left projection and ¢l, the right projection guarantee that they are functional relations
(every pair has a unique head and a unique tail) and the equation hd°tl = 1, when given a set-theoretic
interpretation, ensures that any element of the underlying set can be a head or a tail of a pair. hd(hd)°Ntl(tl)° C
id asserts that two ordered elements uniquely specify a pair with the first element as head and the second as
tail.

2.2. Semantics

Fix a signature 3 and a constraint domain D. We now define an interpretation to be a set-valued mapping
[ ] on Ry in a way that will satisfy every equation in QRAjy, and every atomic formula true in D in the
following sense

[({a1,...,an),{a1,...,ax))] C[r] iff D= r(a1,...,an)

where (aq,...,a,) is a relational representation of a vector aq, ..., a, of ¥ terms, and r is a predicate symbol
in P,.

It will be sufficient for the purposes of this paper to fix a canonical interpretation of hd and tI, and use D
itself to interpret the relations R; and r taken from the constraint signature. Relations will be interpreted in
a specific power set as sets of ordered pairs over a structure that contains sequences of members of D. Our
sole degree of freedom will be the interpretation of program predicates py,...,D,,, as members of this power
set. We will then establish the existence, for each program P, of interpretations of the p; that satisfy certain
relation equations derived from P.

The canonical semantics [[_]]DT We define D' to be the union of D° = {()} (the empty sequence), D
and D-finite products, for example: D?, D? x D, D x D?,... We write (a1, ..., a,) for members of the n-fold
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[1]?" = Ry [t?’ = {((a,b),b) | a,b € DI}
[o]>" = o [B]? = ([R]?')°
[id]?" = {(u,u)]|ue D [RUS]?" = [R]P" U[S]P'
[di]®" = {(u,v) | u#v} [RnsP' = [RIP' n[s]?'
[nd]P?" = {((a.b).a)|a,beDT}  [(c,]? = {(cP,cP)}
[RS]?" = [R]P';[S]7
[RAP" = {(z,71) |z = fPas,...,an) A = a1,...,an),a; € D, € DT,n = a(f)}
[P = {(@G&6) | 7= (a1,....an) ArP(a1,...,an),a; € D,ii € Dt ,n = a(r)}
Figure 4. Standard interpretation of binary relations.
product associating to the right, that is to say, (a1, (aa,..., (an-1,a,) - --)). We assume right-association of

products wherever parentheses are absent. Note that the 1 element sequence does not exist in the domain, so
we write (a) for a as a convenience.

Let Rp = D x D. We make the power set of Rp into a model of the relation calculus by interpreting atomic
relation terms in a certain canonical way, and the operators in their standard set-theoretic interpretation. We
interpret hd and tl as projections in the model.

Definition 2.2. Given a structure D, a relational D-interpretation is a mapping [[_]}DT of relational terms
into Rp satisfying the identities in Fig. [4l The function « used in this table and elsewhere in this paper refers
to the arity of its argument, whether a relation or function symbol from the underlying signature.

Theorem 2.3. Equational reasoning in QR Ay, is sound for any interpretation:

QRA, - R=5 = [R]?" = [S]

Proof. The proof is straightforward. The rules of equational reasoning (substituting equal terms for a given
variable, applying transitivity, symmetry, identity and congruence laws) obviously preserve equality in a
set-theoretic interpretation, so all one has to check is soundness of the axioms of QRAy,. He we illustrate by
showing that the modular law (in its “left-factored” form) holds in any interpretation and leave the remaining
cases to the reader. . . . . .
Suppose (u,v) € [RNST]P" = [R]P' N [S]P [T]P". Then for some w € D, we have (u,w) € [S]?
and (w,v) € [[T]]DT. But then (w,u) € ([[S]]DT)O hence (w,v) is in both ([[kS'}]Df)"[[ll%]]DT and [[T]}DT, S0
(u,v) € [S(S°RNT)]P" as was to be shown
Ul

2.3. Adding equations to the QRAy

We will now discuss how to build interpretations of the relation calculus satisfying a finite set of equations
in a certain canonical form. Let P be a program and p,...,p, be a sequence of relation variables. Recall
(Subsection that the extended relation calculus Rs(Dy, . ..,D,,) is the set of relation terms, or polynomials
generated by p;,...,D,, and the symbols in Ry.

Definition 2.4. A finite set of equations in n relation variables py, ..., D,, is said to be canonical or definitional
if it is in the form

P =Ri(py,...,p,) (1<i<n)

where each R; is a polynomial in Rx(Dy,...,P,)-

2.4. The Least Relational Interpretation Satisfying Definitional Equations

Let F be a finite set of n definitional equations in the relation variables py, ... ,p,. Given a structure D we
now lift the definition of D-interpretation given in Def. to the extended relation calculus. An extended
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interpretation []| : Rg(Dy,...,P,) — Rp is a function satisfying the identities in Fig. 4| as well as mapping
each relation variable P, to an arbitrary member [[p;] of Rp. Given a structure D for a language its action
is completely determined by its values at the p,. Note that the set Z of all such interpretations forms a
DCPO, a directed-complete partial order with a least element, under pointwise operations. That is to say,
any directed set {[ Ja : d € A} of interpretations has a supremum \/ ;. [ Ja given by T +— U cx[T]a- The
directedness assumption is necessary. For example, to show that a pointwise supremum of interpretations
Vel Ja preserves composition (one of the 13 identities of Fig. [4), we must show that for any relation terms
R and S we have ;e [RS]a = Ugep [R]a; Ugep [S]a- However the right hand side of this identity is equal to
Ud.cerxa[£]a; [S]e. But since the family of interpretations is directed, for every pair d, e of indices in A there
isanm € A with [ Ja, [ e < [ [m, hence Uy cpxalR]a; [Sle < U,nealBlm[S]m- The reverse inequality is
immediate and we obtain (Jc s [R]a; Ugea[S]a = Ugea [RS]a-

The least element of the collection Z is the interpretation [ Jo given by [p;Jo = @ for 0 < i < n. In the
remainder of this section, the word interpretation will refer to an extended D-interpretation.

Lemma 2.5. Let [ ] and [ ]’ be interpretations. If for all ¢ [p;] C [p,;]' then [ <[]’

Proof. By induction on the structure of extended relations. For all relational constants ¢ we have [c] = [¢]’
We will consider one of the inductive cases, namely that of composition. Suppose [R] C [R]" and [S] C [ST'.
Then we must show that [RS] C [RS]’. But this follows immediately by a set-theoretic argument, since
(z,u) € [R] and (u,y) € [S] imply, by inductive hypothesis, that (z,u) € [R]’ and (u,y) € [S]’. It can also
be proved using the axioms of QR Ay, by showing that AUA’ = A’ and BUB’ = B’ imply ABUA'B' = A’'B’.
We leave the remaining cases to the reader. [J

We will now define a operator ® » from interpretations to interpretations, show it continuous and define

the interpretation generated by F as its least fixed point. This interpretation will be the least extension of a
given relational D-interpretation satisfying the equations in F.

Definition 2.6. Let F be a set of definitional equations {p; = R;(Dy,...,P,) : 1 < i < n} and let Z be
the set of extended D-interpretations, with poset structure induced pointwise. Then we define the operator
b : 7T — T as follows

Sx([ @) = [Ri(Py, - - -, Pn)]-
Theorem 2.7. ®x is a continuous operator, that is to say it preserves suprema of directed sets.

Proof. Let {[ Ja: d € A} be a directed set of interpretations. By Lem. it suffices to show that for all p;

or(\/ [1o)®) = (\ 2#([ 1) @)
deA deA
Let[]* = VdeA [ Ja- Then <I)}-(\/d€A [1a)®;) = [R:(Dy, - --,D,)]*, which in turn is the union UdeA[[Ri(T’l’ ce s P ]a
But tl&i}s is equal to (Jyep ([ Ja)(@;). Therefore @ £(\ yep [ Ja) = Vaea @+ a)-

By Kleene’s fixed point theorem ®x has a least fixed point [ ]]Jf in Z. This fixed point is, in fact, the union of
all <I>(]?)([[ o), (n € N). By virtue of its being fixed by ®# we have [[TQZ-]}T = [Ri(Py,--- ,Ton)]]T. That is to say, all
equations in F are true in [ ]]T, which is the least interpretation with this property under the pointwise order.

3. Program Translation

We define constraint and program translation to relation terms. To this end, we define a function K from
constraint formulas with — possibly free — logic variables to a variable-free relational term. K is the core of
the variable elimination mechanism and will appear throughout the rest of the paper.

Second, we translate defined predicates — and CLP programs — to equations p = R, where p will be
drawn from a set of definitional variables standing for program predicate names p, and R is a relation term.
The set of definitional equations can be both seen as an executable specification, by understanding it in terms
of the rewriting rules given in this paper; or as a declarative one, by unfolding the definitions and using the
standard set-theoretic interpretation of binary relations.
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3.1. Constraint Translation

We fix a canonical list x1, ..., x, of variables occurring in all terms, so as to translate them to variable-free
relations in a systematic way. There is no loss of generality as later, we transform programs into this canonical
form.

Definition 3.1 (Term Translation). Define a translation function K : 7 (X) — Ry from first-order terms
to relation expressions as follows:

K(c) = (¢ 0)1
K(z;) = P
( (tla"" )) = Rf nz<n PZvK( )
K((t1;- .- tn)) Ni<y Pis K (t:)

The semantics of the relational translation of a term is the set of all of the instances of that term, paired
with the corresponding instances of its variables. For instance, the term x1 + s(s(z2)) is translated to the

relation +; (Py; PP N Pyss; Pyss; Pr; PY). Thus (@,b) € [K (1 + 5(5(302)))]]1)T implies that a = +(b1, s(s(b2))).
In the following lemma we see that this pattern holds for [K (t‘)]]DT in general. It will be convenient below to
use the notation P for the interpretation, in D, of a ground termt € Ts..

Lemma 3.2. Let ¢[Z] be a term of 7y (X)) whose free variables are among those in the sequence & = z1, ..., Z,.
Then, for any sequences @ = ay, ..., a, € D, i € D and any b € D we have

(b,aa) € [K(H)]P <= b= (t[a/a])P

Proof. By induction on term structure. The first base case is ¢t = ¢ where ¢ is a constant in 3. Then
(b,at) € [[K(c)ﬂDT holds if and only if (b, @) is in [(c, ¢); 1]]DT, or equivalently, if b = ¢P. But this is equivalent
to saying b = (c[@/x])?

The second base case is t = x;. Then, the pair (b, i) is in [[K(xi)]]DT, i.e. in [[PfﬂpT if and only if a; = b,
or, equivalently, b = (z;[@/7])P as we wanted to show.

For the first inductive case, observe that (b, a@) € [K(f(t1, ..., fn))]]DT if and only if (b, @%) € [Ry; Ni<nP; K(ti)]]pT =
[[Rf]]pf;ﬂign[[Pi]]DT; [[K(ti)]]DT. This is equivalent to saying that there are elements b = by, ..., b, with
(b,b) € [[Rf]]DT and for all i < n we have (b, @) € [P,]P"; [[K(ti)]]D%, Equivalently, b = fP(by,...,b,) and for
all ¢ we have (b;, di) € [[K(ti)]]Df. By the induction hypothesis, this is equivalent to b; = (¢;[@/Z])?, so by
definition b = (f(t1,...,t,)[@/7])? as we wanted to show.

The argument for the remaining inductive case is almost identical. [

We will translate constraints over m variables to partially coreflexive relations over the elements that
satisfy them. A binary relation R is coreflexive if it is contained in the identity relation, and it is i-coreflexive
if its ¢-th projection is contained in the identity relation: P?; R; P; C id. Thus, for a variable z; free in a
constraint, the translation will be i-coreflexive.

We now formally define two partial identity relation expressions I, Q; for the translation of existentially
quantified formulas, in such a way that if a constraint ¢[Z] over m variables is translated to an m-coreflexive
relation the formula Jz;. ¢[Z] corresponds to a coreflexive relation in all the positions but the i-th one, as z;
is no longer free. In this sense (); may be seen as a hiding relation.

Definition 3.3. The partial identity relation expressions I,,,, Q; for m,i > 0 are defined as follows.

I, == ﬂ Pi(F;)° Qi =1i-1NJipa Ji =t (H°)°

1<i<m

I,,, is the identity on sequences up to the first m elements. @); is the identity on all but the i-th element, with
the i-th position relating arbitrary pairs of elements.

Definition 3.4 (Constraint Translation). The K : £Lp — Ry translation function for constraint formulas
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is:

Kt ta)) = (Miz K% PP (Nigy P K (1) N id
K(pA0) G mKw)

As an example, the translation of the constraint Jzq, z5.5(x1) < 24 is
Q1; ([Qo; ([(Pr;8%; PL N Py Po); <; (Prys; P N Po; Py)l Niid); Q2] Nid); Qu N id

Observe that for every ¢ we have that K (¢) is coreflexive: (@, 7) € [K(y)] implies that @ = .
The following lemma establishes that the semantics of the relational translation of a constraint is faithful
to the semantics of the constraint in the underlying model D.

Lemma 3.5. Let cp[ 7] be a constraint formula with free variables among & = x4, ..., 2,,. Then, for any
sequences @ = aq, . . ., 4y and @ of members of D

I ’ — t S
(@, ad) € [K(¢[7)]P <= D= ¢la/a]
Proof. By induction on the structure of the formulas:

e We consider the case of a unary constraint predicate p, where our atomic formula is just p(¢ _["

- =

(the argument extends easily to higher arities). Observe that (du,aw) € [[K( )], ie. (@i, ai) €
[K(t)°Py;p; Pri; K(t)]]D is equivalent to the assertion that for some b € D, b, 7 € D'

(@i, b) € [K(t)°]P" and (b,5) € [P{]P" and (b1, b15) € [p]P".
Equivalently, we have
b=by, (bi,b¥) € [p]?" and b= (t[a/z])P

the latter equation by Lem. By definition of [[p]]DT this implies that p? ((t[@/%])P), that is to say, that
D |= p(t)[a/ ).

Conversely, if p?((t[@/Z])P) then for some @ € DI we have

((t]a/)Pw, (ta/7))v) € [P

By the equivalences stated above, we obtain (G, aw) € [K(¢)°Py; p; Pi; K(t)]}DT for any u € DT.
e For the case ¢[Z] A 0]Z],

(at, at) € [K(¢[7]) N K(0[7))] <= (aa,aq) € [K(p[7)] and (a7, ad) € [K(0[])]
By the induction hypothesis this is equivalent to D = ¢[d/Z] and D = 0[d/Z], i.e. D = |d/T] A 0]d/Z].

e For the case 3z;.¢[7], let @ be an arbitrary sequence in D of the same length m as &, a;”1 = a1,...,a;_1
and a;11 = @41, ..., Gny. For arbitrary sequences @ we have that

(@i, an) € Q:[K (p[2])]Qs Nid <= 3bF (@, b) € Q; A (b,7) € [K(¢[2])] A (7,a0) € Q.
Equivalently, by the definition of Q;

(@i, @) € Q:[K(p[A)]Qi <= 3b; (ait1bjaiiril, ai”1biaiiid) € [K(o[z])]7"
and by the induction hypothesis for ¢

(@i, aw) € Qi[K (p[@)]Q:i <= 3; D |= plait1biait/7]

Equivalently, we have

D (Juip)[d/d).

as we wanted to show.
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O

With the translation of terms and constraints defined, we now proceed to give the translation of complete
programs.

3.2. Translation of Constraint Logic Programs

To motivate the technical definitions below, we illustrate the program translation procedure using the Peano
addition example in Fig. 2] This program is first purified: the variables in the head of the clauses defining
each predicate are chosen to be a sequence of fresh variables x, x2, x3, with all bindings stated as equations
in the tail.

add(z1,xe, x3) +— x1 = 0,29 = T3.
add(x1, T2, x3) +— Izgxs. T1 = s(x4), 23 = s(x5), add(z4, x2, 5))

The clauses are combined into a single definition similar to the Clark completion of a program. We also
use the variable permutation 7 sending x1, x2, 3, T4, T5 — T4, T2, T5, L1, T3 to rewrite the occurrence of the
predicate add in the tail so that its arguments coincide with those in the head.

add(:l?l,(Z?Q,IEg) < ({El = 0,%2 = ’Ig)
V Jzgws. x1 = s(x4), 23 = s(x5), wr add(z1, T2, T3).

Now we apply relational translation K defined above to all relation equations, and eliminate the existential
quantifier using the partial identity operator Is defined above. We represent the permutation 7 using the
relation expression W, that simulates its behavior in a variable-free manner and replace the predicate add
with a corresponding relation variable add. (A formal definition of W, and its connection with function w, is

given below, see Def. and Lemma [3.11})
add = K(z1 = 0 Axy = 23) U I3((K (21 = s(z4) A 3 = s(z5)) N Wy add W2)))

Now we give a description of the general translation procedure. We first process programs to their complete
database form as defined in [Cla77|, which given the executable nature of our semantics reflects the choice to
work within the minimal semantics. The main difference in our processing of a program P to its completed
form P’ is that a strict policy on variable naming is enforced, so that the resulting completed form is suitable
for translation to relational terms.

Definition 3.6 (General Purified Form for Clauses). For a clause p(]7]) < @(@[7]), let h = a(p),
y = |y], v =|0], and m = h + y + v. Assume given the following vectors.

- = - = =

T = hlt = ThTyZy = Tly---5LhsLhtly---sLhtysLhty+ly--->Tm
fh = X1,...,Tp

ft = fyfv = Th41ls--- 3 Lhty;Thdy+ls---3Tm
_‘y = Thtly--+ ) Lhty

fv = Thty+1s--+3Tm

the clause’s GPF form is:
p(fh) « 3hT~((fh = ﬂfy] NTy = 6[fy})7(f(fv))

3T denotes existential closure with respect to all variables whose index is greater than n. Z, and &, stand
for head and tail variables. A program is in GPF form iff every one of its clauses is. After the GPF step, we
perform Clark’s completion.

Definition 3.7 (Completion of a Predicate). We define Clark’s completed form for a defined predicate
p with clauses cly, ..., cl, in GPF form:

p(xh) ey th Clark’s comp. o
p(fh) <_cln tlk‘
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The above definition easily extends to programs. Completed forms are translated to relations by using K for
the constraints, mapping conjunction to N and V to U. Existential quantification, recursive definitions and
parameter passing are handled in a special way which we proceed to detail next.

3.2.1. Existential Quantification: Binding Local Variables

Variables local to the tail of a clause are existentially quantified. For technical reasons — simpler rewrite
rules — we use the partial identity relation I,,, rather than the @Q,, relation defined in the previous sections.
I, acts as an existential quantifier for all variables of index greater than a given number.

Lemma 3.8.
[L]P" = {(z@.z0)| |5 =n,z71a,5eDi}
Proof. Tmmediate: just observe that for each ¢ [[Pi(Pi)o]]DT = {(da¥,@'a?")||d| = |&'| = i—1 and @, @', 0,7 ,a €

DT} that is to say, that P;(P;)° relates arbitrary sequences except for the position i, where it is the identity.
O

Lemma 3.9. Letd =aq,...,a, € D, T = x1,...,Zy, let p be a constraint over m free variables, with m > n,
i/ a vector of length k such that n + k = m, and 4,7 € DT, then:

(@i, @) € [1n; K(p[#); 17" = D= (3" pl#g))[a/7]
Proof. (@i, @v) € [In; K(p[Zi]); I]°" <= for some byi1,... by, i, € D
(abit', abit') € [K (p[)]P".
By Lem. [3.5, we know that (@b, abii') € [K (o[Zi]))]P" < D = o[ab/&i.
So (@, av) € [[In;].((4,0[:1_3’37]);In]]DT is equivalent to D |= (I".o[79])[a/7].
U

8.2.2. Parameter Passing

The information about the order of parameters in each pure atomic formula p(z;,,...,z; ) is captured using
permutations. Given a permutation 7 : {1..n} — {1..n}, the function w, on formulas and terms is defined in
the standard way by its action over variables. We write W, for the corresponding relation:

Definition 3.10 (Switching Relations). Let 7 : {1..n} — {1..n} be a permutation. The switching relation
expression W, associated to 7 is:

We = () Prao (B
j=1
We call n the order of m, and write it o(m).
Lemma 3.11. Fix a permutation 7 and its corresponding w, and W,. Then:
[K (wr(p(z1, ... 20)] = WK () W]
Proof. Straightforward, This is just a restatement of the easy claim:
(@,d) € [R] < (a,a) € [W,RW?]

where @ = ay,...,a, and @ = az(y, ..., Q). O
3.2.83. The Translation Function

Now we may define the translation for defined predicates. We remind the reader (see Def. that after
being put in GPF, each clause is in the form p(Z},) ¢ tly V- -+ V tl, where each tail ¢l is in the form 3"T.b

with b a conjunction by, ..., by, where each b; is either an atomic formula p;(#;) (with p; a defined predicate)
or a constraint formula .
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Definition 3.12 (Relational Translation of Predicates). Let h, p(Z;) be as in Def. The translation
function Tr from completed predicates to relational equations is defined by:

T?”(p(fh)j—) tll\/“'\/tlk) = (TDé T?”tl(tll)U“'U T?”tl(tlk))
Tru(3"1.b) = Ip; (Tr(b) N0 Try(bn)); In
Tri(e) = K(p) ¢ a constraint
Try(pi(£3)) = Wr;pi; W2 such that m(xy,...,Za(p)) = &

where &; is the original sequence of variables in p; in the Clark completion of the program, and 7 a permutation
on the variables in the clausethat transforms the ordered sequence of length «(p) starting at x; to ;.

We will sometimes write I,,(R) for I, RI,, and W, (R) for W,RW?.

3.3. Adequacy of the Translation

In this subsection we establish the adequacy of the program translation introduced in the preceding subsection
in the following sense. The canonical least fixed point semantics for a constraint logic program P agrees with
the least fixed point semantics of its relational translation, as defined in subsection 2.4

The TF operator We shall be interested in the fixed-point semantics induced by the continuous operator
TP of Def. We recapitulate the relevant definitions here in an equivalent form that will be useful in our
context. It will also be convenient to adopt here the conventional notation for program clauses that places all
constraints ¢ in front of the remaining atoms b;: p;(Z;) «— ©,b1,..., b, since in the denotational semantics
the order does not matter. The clauses are assumed to be in GPF.

TE(I) = {ps(@) : pi(Z;) — @, b1,...,b, € PAIUD = o(ai) AVkb|aia/z] € I}

where the defined predicate symbols in the program are pi, ..., pm, and @, @ are in D. The notation Zy will
be used for the empty D-interpretation and for each n we will denote by Z,, the n-fold iteration (%)™ (Zy) of
TE on Z,. We adopt a parallel notation for relational interpretations. Let tr(P) = F be the set of definitional
equations for program P, and @z the operator it induces on relational interpretations (Subsec. . Then,
letting [ Jo be the interpretation sending all definitional relation variables P, to 0, we put [ Jn+1 = @#([ [»)-

Theorem 3.13. Let p; be a defined predicate symbol in program P, and let @ € D' be such that |@| = |ps],
the arity of p;. Then for each n and @ € Dt

(av,av) € [p;]n <= pi(@) € Ln.
Proof. By induction on n. The base case is immediate. Suppose (@, @) € [p;]n+1- Since [B;]n+1 = [Ri(D1, - - - Pp)]In

- -

we have (av, av) € | tr(tl;) where p <— \/ tl; is the completed form for predicate p;. But then for some tail
tl; = ¢,b1,...,b, with each by = wr, p;, (T),

(_'7_13 C_lH) € [[Ih(K(‘P) N ﬂ meikwﬁk)lh]]n
kE<r

where h = |p;|. By coreflexivity of [K(¢)] (i.
[K(e) NN Wi, Wz, In- Thus we have (di, i)
Also for every k(1 < k < r) we have that (du,
[, In-

By the induction hypothesis there is a @ € DT such that for every k we have p;, [w,, @i/ wp, 7] € I,,. Thus

Vk by |@ti/ ] € Z,,. By the definition of TE we have p;(@) € Z,,+1, which is what we were trying to show.
The converse is shown by a symmetric argument and is left to the reader. [

[K(p)] C id) there exists @ € D' with (du,du) €
[K(©)]n, which by Lem. ﬁ implies that D = o[add/Z].
—») —

e.
€
ai) € [Wy,p; W2, ]| which implies that (wq, @i, wy, @) €

Recall that [ ] is the least fixed point of ®# and [P] the least fixed point of T5. We have the following
corollary, which asserts that the least relational interpretation of program predicates agrees with its meaning
in the program.

Corollary 3.14. Let @, € D! with |@| = |p;|. Then (@, av) € [p;]! if and only if p;(a@) € [P].
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my L (K (W) 25 K(3™'.4p)  Hiding meta-reduction

myx  : 1,(0) > 0

my o Wa(K (1)) s K(wgr(y))  Permutation meta-reduction
max : Wr(0) —— 0

my K1) NK(Y2) = K@i Av2) D A

ms K@) NK(p) = 0 D[ 1 Ao

mg K@)Ng s K()N(©) where g =0 € Tr(P)

Figure 5. Constraint meta-reductions

Since [p,;] is the union of the [p,], and [P] the union of the Z,, the conclusion follows immediately from the
preceding theorem.

4. A Rewriting System for Resolution

In this section we present a rewriting system for proof search. The system is derived from equational theory
QRA;, which makes soundness of execution immediate. In Sec. |§| we will show that answers obtained by
SLD-resolution correspond to answers yielded by our rewriting system and conversely, thus establishing
operational completeness.

The translation of logic programs to a ground signature allows us to use rewriting for programs with logic
variables, overcoming the practical and theoretical difficulties that the existence of such variables entails.
Additionally, we may speak of erecutable semantics: we use the same function to compile and denote CLP
programs.

For practical reasons, we do not define our rewriting system over the full relational language, but over the
image of the translation function. That is to say, the system makes sense for terms in the image of Tr. In
principle, there would be no problem to drop this restriction, at the cost of using significantly more rules for
no gain.

Formally, the signature of our rewriting system is given by the following term-forming operations over
the sort Tr: | : (N X Tr) = Tr, W : (Perm X Tg) — Tg, K : Lp — Tr, U : (Tg X Tr) — Tr and
N: (Tr X Tr) — Tgr. Thus, for instance, the relation I,,; R; I,, is formally represented in the rewriting system
as lI(n,R), provided R represents R. In practice we make use of the conventional relational notation I,,, W
when no confusion can arise. Rewrite rules are of the form p : I — r where p is the rule’s name (optional),
and r patterns, and [ not a variable.

For a given term, it may happen that more than one reducible position or redex exists. We call a rewriting
strategy non-deterministic when the redex can be freely chosen. We say a strategy is parallel-outermost when
the redex chosen is not a subterm of any other redex and if there is more than one such redex, all of them
are reduced. We say a strategy is left-outermost if it tries to reduce the outermost term, and if this is not
possible then selects the leftmost redex of the tree of reduction candidates for the subterms.

4.1. Meta-reductions

We formalize the interface between the rewrite system and the constraint solver as meta-reductions (Fig. [5)).
Every meta-reduction uses the constraint solver in a black-box manner to perform constraint manipulation
and satisfiability checking.

Lemma 4.1. All meta-reductions are sound: if m; : [+~ r then [I]?" = [#]2".

Proof. Follows from Lem. Let us consider rule my, whose left hand side abbreviates the term InK (W) I,
and whose right hand side is K(3™7. ¢). Suppose the free variables of 1) are among ¥, where 7 is chosen to
be of length greater then m.

Given @, i, i’ € Dt with | @ | equal to m, we have (@i, @i’) € [InK (1)) I]P" if there are 7,1, &' € D! with
| @ |=| Z | such that (@5, @0’ € [K()]P". By Lem. this is the case if and only if there is a ¥ such that
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p1 :O0OUR s R

p2 :0NR s 0

p3 Wi(RUS) s Wi (R) U WL(S)

Y2 In(RUS) — In(R)UIn( )

ps :(RUS)N = (RNT)U(SNT)

pe K (¥ )ﬂ(RUS) == (K($)NR) U (K(¥) N S)
pr K@) N(BROWR(G@) = (K(®)NR)NWa(q)

ps K () N We(q) = WR(We(K(4)) N7)

po : K($) N In(R) = I (I (K () NR) N K ()

Figure 6. Rewriting system for SLD.

D |= ¢[av/a], ie. iff D = 3T Q/J[al, e ey Gm/T1,. .., Ty, which in turn, implies (@, @) € [K(3™" ¢[f])]]DT.
The argument for the converse is symmetric. Soundness for my and mg is similar. [

4.2. A Rewriting System for SLD Resolution

The rewriting system for proof search is in Fig. [f} We prove local confluence.
Lemma 4.2. +25 is sound: if p; : [ +25 7 then [I]?" = [r]P".

Proof. All of the rules are consequences of relation algebra, except pg. For pg, we apply the modular law to
obtain the derivation:

K N IRI “UKI D K]
KNIKINIRI CIRSNT C (RNTS°)S]
KN({IRNIKII®)I CIRSNT C R(R°T N 9)]
KNIRNIPIKIIP)  =je g
KNI(RNIKDI

The opposite direction K N TRI D K NI(IKTN R)I is immediate. [
A left outermost strategy gives priority to py over pg. Our system is confluent under left outermost rewriting.

Lemma 4.3. If we give higher priority to p; over pg, —— is locally confluent.

Proof. We prove that all the critical pairs join. We have three cases:

oy overlaps with ps, 50 wsing ps: K(01) N In(K (1)) + Tn(Tn(K (1)) 0 K(02)) 0 K (1) -5
L (K (3™ )N K (2)) N K (1) = L (K (3™ 4 /\1112))0-’((1[11) o K@M (3 Ae)) N K (1) Ho
K (3™ (3™ ahy Ahy) A1) which is logically equivalent to K (11 A 3™T.4hy), that we obtain reducing with
mai.

e p1 overlaps with ps, so using ps: K (/)N(0UR) —= (K (1)N0)U(K (¥)NR) = OU(K ()NR) = K (¢)NR,
which is what we get using p; directly.

e p; overlaps with pg, and indeed this overlapping is not solvable without assigning a priority to some of the
rules. The overlapping term is of the form K(z/Jl) N (K(wz) NW(g)), and as p7 has higher priority than pg
this is rewritten to (K (1) N K (o)) N W () which leads to a non-problematic term K (11 A thy) N W ().

O

5. Operational Equivalence

Theorem establishes the correspondence of the relational and transformer-based interpretations. In this
section, we aim to emulate that result for the computational interpretation of CLP programs. Viewed as



Constraint Logic Programming with a Relational Machine 17

computational devices, constraint logic programs take the role of a theory, and the computational procedure
will perform proof search for user-provided queries.

Several proof search strategies are common; we restrict our attention to widely-used SLD resolution; its
popularity steas from a good efficiency versus completeness compromise, making it practical for a wide range
of applications.

Additionally, SLD is a good representative for a strategy not particularly well suited to be captured in
our algebraic approach: clause selection and the particular form of backtracking used yield control-flavored
rewriting rules, obstructing profits coming from usual algebraic uniformity; think of an expression RN .S,
under SLD, R and S don’t fully stand on equal footing.

Given a query, rewriting with the system of Sec. 4] will reach a certain normal form or fail to terminate.
Then, our goal is to establish that the rewriting will precisely reach a normal form iff SLD proof search does
find a proof.

Formally, we prove that given a program P and query @, rewriting its relational translation will return a
term K () iff SLD resolution for P F @ reaches a program state (O] '), with answer constraints logically
equivalent, ¢ <= ¢’'. The proof proceeds in two main steps using an intermediate transition system:

e First, we prove “traditional” SLD equivalent to a carefully-crafted transition system that internalizes the
renaming apart and search performed by the strategy.
The states of the new transition system include an internal notion of scope, a natural number which
represents the number of global variables in the state; substate, with parameter passing captured by a
permutation of variables; failure and parallel states, which model alternatives in the search tree.

e The internal system can be then directly related to a transition system between relations, which captures
the rewriting system at a higher level of granularity than its individual rules. Proving that the rewriting
system indeed rewrites in synchrony with the transitions completes the proof.

5.1. Operational Semantics in Logic Style for SLD-resolution

We recall the standard SLD semantics and extend the notion of General Purified Form to program states. We
prove several technical results, mainly the equivalence with the system in General Purified Form so we can
work exclusively with them without loss of generality in the next subsections.

A program state is an ordered pair (A1,...,A,| ¢) where Ay,..., A, is a sequence of atomic formulas or
constraints known as the resolvent, and ¢ is a constraint formula known as the constraint store. We write O
for the null resolvent, i.e. the empty sequence of formulas. We assume free variables in the constraint store to
be existentially quantified.

Definition 5.1. The standard transition system capturing SLD resolution is:

(.| %) = (Pl ne) iffi?l:t/JNp
p(H7]), Fle) = (@@lo (D), e A (@ =17])) DA (@ = #[7])
where: ¢l : p(d[y]) < ¢(v H) 0 a renaming apart for y, 2, %

We write GPF for general purified form, that is, the form where atoms in the resolvent contain only variables.
For a state Q, we write Q' for its GPF form, and for a program P, we write P’ for its GPF form as defined
in Sec. Bl

Definition 5.2. The GPF form of state (p(@[Z]) | [Z]) is (P(Z) | ¢[@] A & = u[Z]), with & = z1,...,Zm,
k=|d], and & = Typt1y- - Ttk

Lemma 5.3. Let ¢ be the constraint store of a state @, and ¢’ the store of Q. Then, D = ¢ iff D | ¢'.

Lem. [5.3 A consequence of soundness. Take a formula 3%.¢, then, for & fresh, and any sequence of terms t
from Ts(X )Hﬂc(p(:)H:E(pAt—t(:)(33590/\1‘-5)"”/5]@3333: <p/\ac—t O

Definition 5.4. We define an equivalence relation ~p on states:

(PEZ]) |1 [F1]) ~p (B(HF]) [Yalia]) Hf D35 ¢i[7] <= D 3s ¢oldo]
Lemma 5.5. Let Q1 ~p Rl. Q1 — Qo iff for some state Ry, R1 —; Ro and Q2 ~p R.
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Lem. Immediate consequence of the soundness of the constraint solver. The same resolvent guarantees
that the choice of every step is identical. Then, for every step, either a resolution or a constraint one, we have
11 <= 1), thus for a newly added constraint ¢ arising from either a resolution or a constraint step, it is
the case that Y1 A p <= P2 Ap. [

Lemma 5.6 (GPF Equivalence). For a state Q1 and its GPF form Q:

e A derivation Q; =, Q, exists iff Q) =3, Cy does and Cy ~p Qb.

res

e A derivation =5 Q2 exists iff Q) —; C4 =5, Cy does and Cy ~p Q.

Lem. [.8 We annotate the number of variables in use in each constraint store to make the proof more readable.

Let |Z| = m, || = |Z| = k. Recall that & = 2,41, - - ., Tk then
Q= @D
Q1 = @)@ AT =dlz]) mix

We know that Q1 ~p @), so a derivation will always exist for @, iff it exists for Q. Now we check that

Q/Q ~ CQ.
o If p; =1, then we have Q; =, Q, and Q) =, C. The new states are:

Q2 = <p|2(u\2[ ) | p[Z] A1) [m]
o= (P@)|eZ] NP AT = tp[T]) [k
Cy = @) Q@] Ay NE =15[Z]) [mik

They are the same identical state given that we do not purify constraints.
e If p; is a defined predicate with clause:

d: ) )
A pi(E) e I (@ = 118, AT, = 007,), 43,)

Let j = [§], Zo = @Tm41,-- - Tmags J' = J1 + 43, J1 = 0] Jo = ||, TG = Tnwjrr, o Tngjingys
T = Tt jiji 115 Tmtjtj- The states Q2 and Qy arising from the derivation rules are:
Q2 = <qﬂ(17[* D, p\2(U|2[ 7)) | ¢l7] A U1 ﬂxa (]
Qy = (q(@)),p2(Z),) | o[Z] A [T ﬂﬂ«“a ATy = V[T AT, = d)p[Z])  (mtit)]
Let Zp,, etc. .., be the m + k shifted vectors of variables arising from renaming them apart from variables
in Q). The states Cy, Cy are:
Ci = ((Tho = ﬂxyo |\ Tyo = U[zya]) Lf(fva)vﬁ2(512)
| 0[] AT = U[Z] A The = TY) [m-+k+m’|
Cy = ({(Zvo),Pl2(T],)
| (p[ ] NT = ﬁ[f] A The = fll AThe = ﬂfyg] A Zpe = 5[fyg]> [m+k-+m’]

We will apply vector splitting and variable renaming to go from the constraint store of Cy to the one
belonging to Q5. We omit the number of variables used but the reader can easily check that the elimination
preserves it.

0o = 74 o = ] o = T -
{7 = 3@y, u[Z] = [Z]u)o[7]}
PlE) A Z) = @[T A Ty = GolT] A Fno = T4 A Tno = UTyo] AT = TFye] &
{Z, Zho elimination}
) A T[T = Eyo] A Too = TTys] AT = 2] -
{renaming}
pl2) A il [2] = 8] A Ty = TlE] A &) = id)p[F]

by soundness, C’g ~p Q.
O
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The derivation set of a state in GPF form is in direct correspondence to the original one, and reachable
answers coincide up to logical equivalence:

Theorem 5.7. Q —; ... > (O] ) iT Q' = ... = (O] ¢") and (O] ) =p (O] ¢’).
5.1.1. Call-Return Transition System

A resolution step instantiating a predicate definition requires renaming apart of the fresh logical variables
to avoid name clashes, given the default global scope of variables in CLP. Adopting a “logical” point of
view, renaming in an instantiation step is equivalent to the problem of rewriting two constraints with local
quantifiers to a constraint with a single one: 3Z.¢[ZZ], 37.4[ZY] where 2 is shared. Renaming apart allows to
obtain a logically-equivalent new constraint 3Zy,.(p[2Z] A ¢¥[ZY,]) where ¢, = oz(J) a renaming apart of
for . However, if we relax the top-level quantifier condition, we can combine the two original constraints in
different ways, such as (3Z.¢[Z]) A (37.¥[4]). In the relational approach, this last form is natural, allowing us
to avoid an explicit renaming apart process during proof search. Implementing this choice however effectively
requires a carefully chosen canonical naming scheme and the use of the common variables Z to propagate
constraints outside the scope of the quantifiers.

This choice gives rise to a notion of sub-state with local variables, which we keep track of using a cut-off
index n. Variables x1,...,x, are “global”’, whereas variables greater than n are considered “local” to the
particular sub-state. Communication between a sub-state and its parent state requires the use of a permutation
of variables that permutes the parent’s variables such that the needed global variables appear in the correct
index position.

Definition 5.8. The set CS of call-return states is defined inductively as:
o (P| ¢[Z])n, where p; = p;(Z;) is an atom or p; = ¢ a constraint, &; a vector of variables, n a natural
number, and @[Z] a constraint store.
° <7TCS,]3'| gp[sﬁ']>n, where C'S is a call-return state, 7 is a permutation for sequences of natural numbers, p’
a vector of atoms similar to the previous case, n a natural number and ¢[Z] a constraint store.

As written, n captures the number of arguments involved in a predicate call and 7 is a permutation of
variables local to the state; it will be undone upon return. Thanks to the canonical naming scheme, the head
of every clause is of the form p(x1,...,x,). Then, the call transition will appropriately permute the current
constraint store so that the right constraints are placed on p’s variables. Such manipulations of the constraint
store are straightforward but tedious, thus we define notations A and V for the manipulations performed at
call and return time.

AT(p)=3FTm(p)  Vilp ) =y Aat(3. @)

AT () may be read as “modify ¢ to be placed in a context with n open variables and permutation 7”. V7 (¢, 1)
may be read as “merge constraint ¢ with scope (7, n) with ¢”. With this notation in place, we can proceed to
define a new transition system which logically formalizes a resolution step for a defined predicate; this system
could be understood as a formalization of the notion of call-frame present in common Prolog implementations:

Definition 5.9. The Call-Return transition system is:

(WU, D] @)n Constraint, Tl NY)n | if p1 =1 and @ A 1) satisfiable
SN = I1/cli o . N N = -

(p(Z1), 7| ©)n i)cr < TIAT(@))n, Pl <p>n if cl; : p(@y) < I.¢€ P’ and (%)) = T,

<7T<D|w>maﬁ|§0>n retﬁhr (P V5., 0))n

("PS,7|¢). > ("PS'.Fl), if PS # (0] @), and PS —, PS’

The call-return transition system is equivalent to the standard one.

Lemma 5.10. Write pj, for the subsequence of p'starting at the second element. Then, given a GPF state
@1 = (p1(&1), Pj2(Z) | ¢)n and program P:

Q1= - _>l<p|2()‘90> = Q1 e - _>vr<p|2()“0>
with (Pj2(7) | 80 " =D (P)2(Z) | ")
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which implies:
Q1= .= (@l = Q1 —er .= (Ol ¢ = ¢’

Lem. [5.10 By induction over the length of the first derivation, and unfolding the sub-state transitions.

Base Case: A derivation of length 1, may correspond to either a constraint step or an empty clause
P1 (fh) —.

e If p is a constraint, the proof is immediate as the constraint transition is the same in both systems.

e If p is a defined predicate with empty clause, the proof is direct, the transition for the first system is:

res

(p(Zp), P(T) [0} —1 (D&)A Tho = Tp)n

and for the call-return one is:

P@), F@) o) oer (O Fle), e (e AT ETIT1(0)))n

e AT (EM I 7(0)) & ¢ and (¢ A The = Tp) < ¢, completing the proof.

Inductive Case: In inductive case, we necessarily have p; a defined predicate with a non-empty clause:
p1(Zh) < 30.4(F).

Note that the Z occurring in the states and in the clause are different, we will use &’ for the one coming from
the clause, but it is also a sequence z1,...,2,. T and &’ only differ in length. We have a derivation of length
1+ 1. The derivations for both transition systems are:

L ——

@) | el2]) =0 (@(@o), Pi2(D) | @[Z] A T1 = Tho) = - = (Pl2(T) | 0[T] A T1 = Tno A @[T0])

v
?

@) | PlE)m e (@) | I (D)) B2 | 0[7]), T
(@] 37 (l@]) A @) Bla | 0lE]), . " er (B12(E) | 0[] AT (3.3 7 (0[2]) A ¢ (@))))m

with 7(Z1). We must be able to apply the induction hypothesis for the derivations of length i and ', which
amounts to checking equivalence of the substate with a restricted notion of the second one. Then, we must
check logical equivalence of the resulting constraint store after return.

Derivations for the first atom or constraint of a resolvent do not depend on the rest of it:

(@) | 6la)) =1 (0, [l A7) if
P1(@) [lZ]) =i ... = (O] elE] A ¢'[7])
Then, we check the equivalence of the two states:
(@(@) 3" 7 (p[7])) ~p (T(To) | [T A T2 = Tno)
Thus, the precise statement needed to prove state equivalence is:

—

37 I 7 (p[Z]) <= ITL,.(p[T] A T1 = Tno)

Let m = |#] and k = |&'|. Thus & = 21,...,Zm, T = 21,...,2; and o = Tpy1, ..., Lmik- Lhe captured
variables inside the 3T quantifier are xj, 11, ..., 7. Let &, = /7. Then, 7(Z) = z1, . .., zp, 7(¥,). Renaming
apart 7(Z,) to & = Tp41, ..., Tkem We can eliminate the inner quantifier:

3 F plEnEe] = FFT,.(0[T] A T1 = Fno)

This will match Z’ to Z,, but &, is missing h variables. If we add h new variables &}, and add the equation
Ty = Ty we get the desired equivalence:

35 F B (PEnT | A Bpy = ) = T (QT] A F1 = Fno)

We apply the induction hypothesis. Actually, we are applying induction as many times as elements or
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constraints ¢ has. We could recast this lemma to make this fact more explicit:
i J
VN — [ —_——
P@) [9) = - =0, 02(2) [¢) = - (O] ¢")
but we think the current presentation is clearer.
After applying the induction hypothesis, the following equivalence remains to be proven:

37T, (P[] A T1 = Tho N [T5]) = FT(p[T] A (3.3 (0ld]) A ¢ (7))

We focus on the formula on the right. Similarly to the previous case, we apply the permutation using the
knowledge of the variables involved:

SE.(pl7] A 3T /71 (¢ (7)) A 3T J7 (1)

Renaming apart 2’ and adding the new variables needed with their corresponding equations, we get:
To . (p[T] A T1 = Tno A @'[T6]) A 3T [T1(p[2]))

which is clearly equivalent to:
7T, . (@[Z) A 71 = Tho N ¢’ [Ty))

This concludes the proof. [

5.1.2. Folding of SLD derivations

We now extend our notion of call-return state to internalize disjunction in the proof-search tree. We fold
the set of possible derivations from a C'S state into a single one between resolution states, an extension
of our previous states with a parallel constructor (PS; | PSs). Making failure explicit is necessary, so we
also introduce a new (fail) state. The left-bias of SLD resolution needs additional treatment, thus we split
the previous resolution transition in two: clause selection and parameter passing. Resolution states capture
the theory of naming and proof search of constraint logic programming except recursion, which operates
meta-logically by grafting predicate symbols onto their definitions.

Definition 5.11. The set PS of resolution states is inductively defined as:

(fadl).

(7| ¢)n, where p; = P;(Z;) is an atom, or a constraint p; = v, &; a vector of variables, ¢ a constraint store
a7IT1d n a natural number.

< PS,p| gp>n, where PS is a resolution state, and 7 a permutation.

<7T> PS,p| <p>n, the “select state”. It represents the state just before selecting a clause to proceed with
proof search.
(PS1] PS3). Parallel composition: captures choice in the proof search tree.

Definition 5.12. The resolution transition system —pC (PS x PS) is shown in Fig.

The two first transitions deal with the case where a constraint is first in the resolvent, failing or adding it
to the constraint store in case it is satisfiable. When the head of the resolvent is a defined predicate, the
call transition will replace it by its definition, properly encapsulated by a select state equipped with the
permutation capturing argument order.

The select transition performs two tasks: first, it modifies the current constraint store adding the appropriate
permutation and scoping (n, m); second, it selects the first clause for proof search. The return transitions will
either propagate failure or undo the permutation and scoping performed at call time. sub, backtrack, and seq
are structural transitions with a straightforward interpretation from a proof search perspective.

The main property of the system is the internalization of the SLD search strategy:

Lemma 5.13 (Clause Selection). Suppose we are given a set of clauses:
cly : p(Zy) « 3G cly:p(@y) < I

and a state (p(Z), p| ). The derivation set using the call-return system is:

call/cl - N

—1>cr <7r<q | AZ(SO»}L,Z) | 80>n “rer

call/cl,

S (AT Bl o), e (a1 A AT (@) Ble),,
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(W, en =, (o A)n
W, 5l 2, (fail) [if ¢ A ¢ is not satisfiable |
N = 1} ™ = = =

@)l —=p U@ TRl G Tn): Pl 0),

if p(h) TG V...V G@) € P, n(T) = T,

(o (@0 PS), L), =%, (@] A ARl e), 1> PS, |90>)
@l ple), = (@I VE, @)
< (fail) p\<p>n Mp (fal)
("PS,ple), 2, ("PS'.Fle)  |if PS #(O|¢)n, PS # (fail), and PS —, PS’

backtrack

((fail) | PS) 2=, PS
(PS, |1 PS:) =%,  (PS,|PS,) if PS # (fail), and PS, —, PS}

(We omit the case in select where the left side has no PS component which happens when the number of
clauses for a given predicate is one (k = 1))

Figure 7. Resolution Transition System

iff the derivation in the resolution system is:
(P(E), 7] @) =p - —p (Tl 11 AAT(O)) Pl @),

Lem. [5.13 The derivation set is only possible if ¢; A AT () is not satisfiable. We check the transitions using
—p (We label sub and seq transitions with the actual atomic ones):

(p(T) | p)n = °a”p<>< (@ Tl Thn), 5l ), =,y

(T AT @) Bl o), 1> (FI T Bl e),) 2o,

(("(fail), Bl o) | (M (7 T), 5l @) Ty (ait) | (M (7 T), 5] o)) 250,
<‘Il'

select

> (7 T), 510y =5, (AT o), e (" (Flalm1 A AT (@) Ble),

If =, could carry out any other transition, the derivation set would be different. [J

Lemma 5.14 (Backtracking). For a set of clauses:

and a state (p(Z), 7| ¢), the derivation set using the call-return system is:

(@), 7] @b s (Flg(@), T AT (@), Bl ), D,
((HE AT AT (@) n TIAT(9), Bl e), #er
(@), 5| P L (T (r(F2), 7 AT () T ), S, |
<7'r<ﬂ'2 ﬂ A;Q(Ahf‘_ ))>h777‘ AZ(SD)>7ﬁ| (P>n constraint o

iff the derivation using the resolution system is:

(@), |0 —p - =p (T2 [0 AAT (AT (0D T AT (0)), P 0),,
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Lem. We check the transitions as in the previous lemma.

(@), ] o)n <<<<>|ﬂu<@amw ), 5] 0y, %,
I

(p

(("a(@), 71 AT (). Pl ), < (&), 7| T)n, Bl e), ) <5y
("« A’”(N( ))nd|

«
(¢

fail

Yy @ >p|<p> 1> (r(22), 7| Thn, Bl ),) —p
(" (fail), 7| AT (¢ >ﬁ|<p>nl<> (£2), 7| T, Bl 0),)
(fail), 5| @), 1w (r(Z2), 7| T, 1)) <y ((fail) ("o (r(82), 7| T)n, 5] #),,)
backtrack < <( )77 ‘

T)
| Do), <5, (T (r(@), 7| AT (), 7l 9, S
<%”wA“<z<mhﬂAﬂ@%Mwnfﬁﬂ5p

O

Lemma 5.15. For all queries (p'| ¢),, the first — .. successful derivation using a SLD strategy uniquely
corresponds to a —,, derivation:

<ﬁ|90>n —rer oos er <D‘<pl>n — <ﬁ“p>n —p e p (<D|‘Pl>nlps)

Proof. By induction over the length of the successful derivation, repeatedly applying Lem. [5.13] and Lem. [5.14]
]

Theorem 5.16. The transition systems of Def. and Fig. [7] are answer-equivalent: for any query they
return the same answer constraint.

Thm. [5.168 The standard transition system is equivalent to the call-return system by Lem. [5.6] and Lem.
The call-return system is equivalent to the resolution transition system by Cor.[5.15 [

2. Relational Operational Semantics for SLD-resolution

Thm. provides a convenient formal framework for the algebraic study of SLD, however, the rewriting
system in Sec. [£:2]is too fine-grained to be directly related to the resolution transition system. In order to
overcome this problem, we introduce a transition system over carefully chosen relations, which can in turn be

related to the rewriting system. We use the helper notation W (p), = R1 N...N R, where R; = K(;) or

Definition 5.17. The set RS of relational states is inductively defined as:
e 0, failure.
o I,(K(p)N W( p)~), base quelry7 n, ¢, p parameters.
I, (W2(K(p) N RS) ﬂW(p) ), selection, n, 7, ¢, D, RS parameters.
L,(W2(RS N K(p)) N W( p)n), subquery, n, m, ¢, p, RS parameters.
e (RS, URS,), parallel, RSy, RS> parameters.
. . . : e —
Recall that a predicate p is translated to an equation p = 01 U---U Oy, and 0; = I () (K (¢:) N W (7))
Definition 5.18. The transition system for relational states is defined by the rules of Fig. [8]

5.3. The Equivalence

We define an isomorphism between logical and relational states. It is straightforward to check that both
transition systems are equivalent, that is to say, the isomorphism is a simulation between them. Then, we
check that the rewriting system of Sec. [£.2 implements the relational transition system, which gives a proof
of completeness.
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L,((K(») ﬁKW)) NW(®)a) MM In(K(ap/\d)) NW(p),) |if<p/\¢ satisfiable
L((K() N K () W (p).) Ja o [if A4 not satisfiable
Li((K(g) N Wa(5) 0 W (D)) e LWEE(r(p)NO)NW(E),)  |withp=©
LW(K(p)N (O u0)NW(p)) =5, LW(O;NK(p) NW(E),) U
L, (W2(K(p) N ©) N W(p)y)
— . —
0; = m(W@)m) 9/1 = Im(K(EmT'@) N W(q)m)

LW (In(K (1)) N K(@) N W(D),) = LK (oA 3. ¢1) "W (D))
L(W2(0N K () N W (p),) 0

L,(W2(RS N K(p)) "W (p)) b L(WS(RS' NK(e)NW(p).) |[if RS —, RS’
(0U RS) Dk, RS
(RS1 U RS5) =9 (RS, URS,) |if RS1 =, RS

Figure 8. Relational Transition Rules

Definition 5.19. We define functions R : PS — RS and R! : RS — PS by induction over the structure of
the states:

R((fail)) =0

RU(P¢)n) = I,(K (¢ )N ( P)r)

R("» PS,pl¢),) = IL.(W2(K(n(p)) NR(PS) N W(p)y)
R(™PS.ple),) = ILu(W2(R(PS)NK(r() NW(p),)
((P51|P52)) = (R(PS1) UR(PS2))

7'is in purified form, so each element p; of ¥ corresponds to a relational term K (¢;) or Wi, (P;). Rt is defined
as:

Rl(O) = (fail)
1<n< (9) "W (D)n) = (7] ¢)n
RY(L,(W2 (K ()mRS)mem = ("> RY(RS),F| 7 (e)),
RY(I(W2(RSNK(p)) NW(p),)) = ("RYRS), 5|7 (¥)),
RL((RS1U RS3)) = (RY(RS1) IR (RS2))

Note that R is an extension of the translation function of Sec. and an isomorphism.
Lemma 5.20. R is an isomorphism.
Lem. [5.20 By induction over the structure of the states. [

Lemma 5.21. R is a simulation between the resolution transition system of Fig. [7] and the relational
transition system of Fig. [8

Lem. We check that the relation R C (PS x RS) induced by the isomorphism R is a simulation:
VRS, PS. (PS,RS) € R= ((PS —, PS" < RS —, RS")A(PS',RS’) € R)
Given that R is a bijective map and that the transition systems are deterministic, any of
PS —, PS" = R(PS)—, R(PS") RS =, RS" = RY(PS)—,R(PS)

implies that R is a simulation. We check the non-obvious transitions constraint, fail, call, and select.In order
to help the reader, we show both transitions, then perform the check outlined above.
e constraint:

constraint

(¥, 0] ¢)n ———p (Ple AP
L(K(@) N K@) WD), 5%, L(K(eAv)nW(p)s)
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and the corresponding check:

RU, 71 9hn) = In((K (9) N K () W (D)) <=,
L(K(p A9) N W(5)r) = R(F| @ A)n)
o fail:

(W, 7l ¢)n B, (fail) [if o A4 is not satisfiable |

L((K(p) N K@) WD), 5 0
the simulation check is:

R, 71 ¢)n) = L(K(9) N K@) NW(D),) =%, 0=R({fail))
e call:

(p(), 7] &)n . <<@|>| G Tn).7le),
if p(7) « (A V...V q) € P, n(T) =T
We(K

In((K(go) NW=([®) "W (D)) i"n L. ( ( (©)Ne)NW(p),) withp=0©
R((Gi | T)n) = In(W(@i)n) = ©i, thus R(((q1 | T)al - 1@ | T)n)) = ©1U---U O, = ©O. The check is:

RU(F|¢)n) = I<<>0W@y <l
L(W2(K (n(¢)) N ©) N W (D)) = R(™ (@ | Thnl - 1@ | T)n), 5l #),)

e select:
O (@1 Tl PS), 7] 0), e (@ ARy Do 7le), N PS.71%),)
L(W2(K(p)N(©1Ue)NW(p),) =5 1

(W2 (01 NK(p ))ﬂW(?)m)
L(W2(K(p) N 0) N W (p))

01 =L, (W@),) | |0 =IL.(KE".0)nW(g),)

The check is:
RS (71 Tl P5),71),) = LOVE () 0 (T al) RPN O W) =,
L(We(In(K@3™.0) N W (7)) N K (n(p))
L(W2(K(r(9)) NR(PS) N W (D)) = RI((ATI AT (@)ns 7l 0), 1> PS,51¢),))
O

The last step in the equivalence proof is to check that the transition relation is properly embedded into
the rewriting relation.

Lemma 5.22. The relational transition system of Fig. [§]is implemented by the rewriting system of Fig. [0]
That is to say, for every transition (r1,r2) € (=),

In.(r1,72) € (F)" AVPs.(r1,73) € (H=)" = 19 =13

Lem. [5.29 Given that our rewriting system is locally confluent, we can easily check that the transition system
is just a collapsing of a particular rewriting chain, omitting uninteresting states. We show a few relevant
transitions: constraint, fail, call, and return.
e constraint:
: : o —— traint : —

LK@ NE@)NWE) =20, LK (e Av) NWE),)
This transition is implemented by the rewriting rule ms.
e fail:

fail

L(K(@) N K@) NW(@),) — 0
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This transition is implemented by the rewriting chain:

L((K(@)NK@) NW (D)) == (msx) L(0NW([E),) = (p2)

e call:
LK@ NW2@)NWE),) e L(W(K(r(9)N0)NW(p),) [withp=6

the transition is implemented by the rewriting chain:

LK@ N Wa@) "W B~ (ps)  I(We(WE(K(9) D) N W (B)) = (ma)
Li(Wr(K(n(9)) ND)NW (D)) += (ma) L(WR(K(r(p)) NO)NW(B),)
e return:
e

LW (In(K() N K(9)) NW(),) 5, L(K(x (e AG™. 4)) N W(p)))

the transition is implemented by the rewriting chain:

L(WR(In(K () N K(9) N W(p)) = (1) L(WRAKE™. )N K(p) "W (p), + (ma)
L(W2(K@E™. ¢ Ap)) "W (p), = (ma) (K (a7t (3™ 9 A ) N W (p),

e return second case:
) — return
LW2(ONK(@)NW(p),) 5, 0

the transition is implemented by the rewriting chain:

LWRONK(@)NW(p),) = (p2) Ln(W2(0)NW(p),) = (mox)

én(o N W(p)m) — (p2) 1.(0) — (max)

The sub and seq rules are a consequence of the rewriting strategy used. [

Thus, relation rewriting will return an answer constraint K () iff SLD resolution reaches a state (0| ¢")
and p <= .

Theorem 5.23. The rewriting system simulates SLD-resolution. That is to say, the rewriting system of
Fig. [6] implements the transition system of Def. Formally, for every transition (r1,r2) € (—;)*,

In.(Tr(ry), Tr(ry)) € (F=)" and Vrs.(Tr(r1),r3) € ()" = Tr(ry) =13

Thm. 523 By Lem. [5.22) and Theorem [5.16] Indeed, when SLD-resolution diverges, the relational rewriting
system does so in the same way. [

6. Related and Future Work

Previous Work: The paper is the continuation of previous work in [BL94l [LCI8, [GALMNTII] extended
to constraint logic programming, which requires a new translation procedure, operational semantics, and
rewriting system.

In particular, the presence of constraints in this paper permits a different translation of the Clark
completion of a program and plays a crucial role in the proof of completeness, which was missing in earlier
work.

This paper improves substantially on the results of the preliminary conference version of [GALMnl5]. We
incorporate a new, unified parametric relational theory embodying definitional recursion and constraints,
a new adequacy theorem comparing the relational semantics of translated programs with the fixed-point
semantics of the original programs, and proofs of correctness and completeness for the relational execution
mechanism.
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Related Work: A number of solutions have been proposed to the syntactic specification problem. There is
an extensive literature treating abstract syntax of logic programming (and other programming paradigms)
using encodings in higher-order logic and the lambda calculus [PESS|, which has been very successful in
formalizing the treatment of substitution, unification and renaming of variables, although it provides no
special framework for the management and progressive instantiation of logic variables, and no treatment
of constraints. Our approach is essentially orthogonal to this, since it relies on the complete elimination
of variables, substitution, renaming and, in particular, existentially quantified variables. Our reduction of
management of logic variables to variable free rewriting is new, and provides a complete solution to their
formal treatment.

An interesting approach to syntax specification is the use of nominal logic [UPG04, [CU04| in logic
programming, another, the formalization of logic programming in categorical logic [AM89, [RB86, [KP96l,
ALMO09, [FFLO03| which provides a mathematical framework for the treatment of variables, as well as for
derivations [KPII]. None of the cited work gives a solution that simultaneously includes logic variables,
constraints, proof search strategies and rewriting however.

Bellia and Occhiuto [BO93| have defined a new calculus, the C-expression calculus, to eliminate variables
in logic programming. We believe our translation into the well-understood and scalable formalism of binary
relations is more applicable to extensions of logic programming.

An interesting combinatory, variable-free approach to logic programming has also been developed by
Hamfelt, Nilsson and Vitoria in [Nil90, [HN98| [HNV98| based on higher order predicates. Their execution
mechanism is not based on rewriting and the authors do not consider constraints as we do here.

Future Work: A complementary approach to this work is the use of category theory, in particular Freyd’s
theory of tabular allegories [FS91] which extends the binary relation calculus to an abstract category of
relations providing native facilities for generation of fresh variables and a categorical treatment of monads.
A first attempt in this direction has been published by the authors in [GAL12]. It would be interesting to
extend the translation to hereditarily Harrop or higher order logic [MNPS91] by using a stronger relational
formalism, such as division and power allegories. Also, the framework would yield important benefits if it
was extended to include relation and set constraints explicitly.

We have also started a mechanized proof using the Coq theorem prover, in order to alleviate the symbolic
density of some of the proofs. So far, we have modeled the transition systems and proved a few lemmas such
as[5.20] See https://github.com/ejgallego/clprm-coq for details.

This paper deals with the mathematical definition of combinatorial proof search; we consider that
developing a realistic implementation requires considerable effort and is out of scope for this mainly theoretical
contribution. However, we have kept as an important priority for the framework to be amenable to practical
implementation, and we discuss our thoughts after some preliminary work in that area.

A first prototype implementation written in Haskell showed the feasibility of the relational compilation of
logic programs, and the possibility of executing logic programs with different search strategies — depth- and
breadth-first. Also, its limitations revealed that term sharing — which was not supported — is a key point
regarding performance. Most of the rewriting rules are straightforward and we believe they should pose
little problem to mature rewriting engines; the main challenge is posed by the rule for procedure call, which
duplicates a term. We plan to investigate how state-of-the-art rewriting engines can deal efficiently with this
issue via term-sharing.

7. Conclusion

We have developed a declarative relational framework for the compilation of Constraint Logic programming
that eliminates logic variables and gives an algebraic treatment of program syntax. We have proved operational
equivalence to the classical approach. We believe our framework is also a step towards the unified formal
treatment of the metatheory and compilation and execution of constraint logic programming. Programs can
be analyzed, transformed and optimized entirely within this framework. In these two ways, specification and
implementation are brought closer together than in the traditional logic programming formalism.

Acknowledgments: The authors want to thank the anonymous reviewers for their suggestions. This research
has been partially funded by Comunidad de Madrid grant S2013/ICE-2731 (N-Greens Software) and Spanish
MINECO grant TIN2012-39391-C04-03 (StrongSoft).
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