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In the context of abstract interpretation based static analysis, we cope with the problem of cor-
rectness and optimality for logic program analysis. We propose a new framework equipped with
a denotational, goal-dependent semantics which refines many goal-driven frameworks appeared in
the literature. The key point is the introduction of two specialized concrete operators for forward
and backward unification. We prove that our goal-dependent semantics is correct w.r.t. computed
answers and we provide the best correct approximations of all the operators involved in the seman-
tics for set-sharing analysis. We show that the precision of the overall analysis is strictly improved
and that, in some cases, we gain precision w.r.t. more complex domains involving linearity and
freeness information.
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Techniques]: Logic Programming
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1. INTRODUCTION

The theory of abstract interpretation [Cousot and Cousot 1977; 1979] provides a
general framework for modeling and developing static analysis of programs. The
basic idea of abstract interpretation is to use the formal semantics of languages
to analyze and verify program properties. Given any (concrete) semantics over
some (concrete) domain of objects expressing program denotation, an abstract in-
terpretation is given by an abstract semantics over a domain of abstract objects,
able to mimic the concrete semantics and to compute (in an approximated way)
some program property. Thus, when designing an abstract interpretation, the con-
crete semantics and its concrete domain play a fundamental role. Once fixed a
concrete semantics, the next step is to find a suitable abstraction (a function map-
ping concrete objects to abstract ones) and operators on the abstract domain able
to compute a sound approximation of the concrete program semantics. Finding
(good) abstraction mappings and (optimal) abstract operators are the two major
difficulties in any abstract interpretation project.

In the context of declarative languages, abstract interpretation has been widely
used to design static analysis for logic programs, by exploiting the declarative model
underlying most of the logic program semantics in order to project sound and useful
abstractions. The most interesting (and studied) properties for logic programs are
arguably groundness and sharing. A term is said to be ground if it contains no
variables. Groundness analysis aims at discovering ground variables in the answer
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substitutions, that is to say, variables that will be bind, in all the answer substi-
tutions, to ground terms only. On the contrary, the goal of (set) sharing analysis
is to detect sets of variables which share a common variable. For instance, in the
answer substitution {z/f(z,a),y/g(z)} for the goal p(z,y), the variables z and y
share the common variable z. Typical applications of sharing analysis are in the
fields of optimization of unification [Sgndergaard 1986] and parallelization of logic
programs [Hermenegildo and Rossi 1995].

The property of sharing has been the object of many works, focusing on both the
theoretical and practical aspects of the analysis. While the results on groundness
analysis seem to converge toward the domain Pos [Armstrong et al. 1998; Cortesi
et al. 1996] which is commonly recognized as the optimal domain for detecting
the groundness property, the same does not happen for the sharing property. The
problem of finding a “good” domain for sharing analysis is still open, as proved by
the amount of work recently appeared for this specific topic. The common start-
ing point of most of these proposals is the domain Sharing [Langen 1990; Jacobs
and Langen 1992] (slightly modified in [Cortesi and File 1999]). It is widely rec-
ognized that the original domain Sharing is not very precise, so that it is often
combined with other domains for treating freeness, linearity, groundness or struc-
tural information (see Bagnara et al. [2000] for a comparative evaluation). Among
the various proposals, we find new domains for more efficient and/or more pre-
cise sharing analyses [Bagnara et al. 2002; Howe and King 2001], combinations of
domains (e.g., including freeness and/or linearity information [Hans and Winkler
1992; Muthukumar and Hermenegildo 1992]), and many techniques for improving
the abstract operators used in the analysis [King and Longley 1995; Hans and Win-
kler 1992]. The above solutions suggest to migrate toward more complex domains
(and analysis) in order to gain more precision. On the contrary, we believe that
some of the weak points of these abstract interpretations may be found already
in the concrete domains and semantics used as starting point for the abstraction.
Therefore, we plan to devise a new framework for the analysis of sharing properties,
by using the classical Sharing domain, but being careful in the choice of the right
concrete domain and operators, in order to gain the more precision is possible.

Typically, concrete semantics for abstract interpretation based analysis of logic
programs are defined over a concrete domain of substitutions. But substitutions
are often too informative for describing the semantics of logic programs. For ex-
ample, consider the one-clause program p(x,x) and the goal p(z,y). All of {z/y},
{y/z}, {x/u,y/v}, {x/v,y/v} are computed answers, corresponding to different
choices of most general unifiers and renamed clauses. But we are not interested
in making any distinction among them. Thus, it would be more natural to adopt
a domain of (equivalence) classes of substitutions. Many framework for abstract
interpretation of logic programs (see [Jacobs and Langen 1992; Marriott et al. 1994;
Levi and Spoto 2003]) have adopted similar solutions for avoiding redundancy and
causality when choosing computed answers. Nevertheless, the standard seman-
tics of logic programs, namely SLD resolution, computes substitutions. Thus, any
framework for logic programming should relate, in some way, to computed answer
substitutions, in order to prove that the semantics reflects the underlying opera-
tional behavior. However, all the above proposals depart from the standard notion
of substitution, loosing the relationship between the semantics result and the stan-
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dard set of computed answers given by SLD resolution. We would like to reconcile
these approaches with the standard concept of substitution: in particular, we show
that these domains are quotient sets of substitutions, w.r.t. suitable equivalence
relations. Therefore, we propose a domain of classes of substitution, equipped with
a set of functions for performing the basic operations of projection, renaming and
unification, and show the relationship between our domain, the standard set of
substitutions and one of the above domains.

Once fixed the concrete domain, we need to provide a concrete semantics. We
are interested in goal-driven analysis of logic programs, therefore we need a goal-
dependent semantics which is well suited for static analysis, i.e., a collecting se-
mantics over computer answers. Unfortunately, using a collecting goal-dependent
semantics may lead to a loss of precision already at the concrete level, as shown by
Marriott et al. [1994]. Actually, all the semantics proposed in the above frameworks
introduce a loss of precision in computing answer substitutions. Basically, in any
goal-dependent semantics, the unification operator is used twice:

—For performing parameter passing by unifying the given goal and the call substi-
tution with the head of the chosen clause. The result is a new goal and an entry
substitution. This is called forward unification.

—For propagating back to the initial goal the exit substitution (that is, the re-
sult of the sub-computation), so obtaining the answer substitution (or success
substitution) for the initial goal. This is called backward unification.

forward unification
call substitution —_— entry substitution

computation

v

backward unification
answer substitution ¢ exit substitution

For instance, given the initial goal p(z) and the call substitution {x/f(y)}, we
unify with the head of the clause p(z) + q(z) by computing the most general
unifier {z/f(y), z/f(y)}, which, projected on the variables of the clause, is simply
{z/f(y)}. Projection is needed in order to avoid an unbounded growing of the
set of variables in the entry substitution, which is acceptable at the concrete level,
but not at the abstract level, where it may lead to non-terminating analysis. The
new goal and entry substitution become ¢(z) and {z/f(y)}. Once obtained an exit
substitution for the goal ¢(z), for instance {z/f(a)}, we have to relate this result to
the original goal p(x). Thus we need a so-called backward unification, which allows
us to conclude that {x/f(a)} is an answer for p(x) with call substitution {x/f(y)}.

Using a backward unification operator in a collecting semantics introduce a loss
of precision, due to the fact that we deal with a set of call substitutions, from
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which we possibly obtain a set of exit substitutions. Now, when we go backward
to obtain the answer substitutions, we may unify a call substitution with an exit
substitution which does not pertain to the same computational path (see Section
4.3 or [Marriott et al. 1994]). It is possible to reduce this problem by using two
different operators for forward and backward unification. In this way, backward
unification can be realized using the operation of matching between substitutions,
as already suggested in [Hans and Winkler 1992; King and Longley 1995]. In turn,
using two different operators allows to improve also the forward unification, which
can be specialized in order to exploit the peculiarity of this process: the variables
which occur in the clause head are always renamed apart w.r.t. the goal and the
calling substitutions, hence they are free and independent from the rest of the
variables. This is the first time this idea is pursued to improve the precision of
an abstract analysis. Thanks to these choices, we improve the precision of the
collecting semantics already at the concrete level.

On the abstract side, we provide the forward and backward unification operators
for set sharing analysis. We show that they are both correct and optimal w.r.t. the
concrete operators, that is, they are the best correct approximations of the con-
crete operators. Optimality is one of the main points in the design of any abstract
interpretation, guaranteeing that it is not possible to improve the precision of the
analysis for a given abstract domain. Note that the abstract forward unification
takes advantage of the fact that some variables are known to be free and indepen-
dent from all the others. This is the first time that an abstract unification operator,
exploiting freeness or linearity, is proved to be optimal. Note, however, that free-
ness and linearity informations are not encoded in the abstract domain, but are
just used in the internal steps of the abstract unification algorithm. This means
that the algorithm cannot be immediately extended to work with more complex
domains, such as SFL [King and Longley 1995], retaining optimality. Nonetheless,
the abstract unification is able to exploit freeness and linearity better than other al-
gorithms: that could be used to improve the unification operation in more complex
domains. This is also the first time that a backward abstract unification opera-
tor is proved to be correct and optimal w.r.t. a corresponding concrete operator.
Moreover, it appears to be more precise than all the other backward unifications in
literature.

These new operators allow us to obtain a strictly more precise sharing analysis
than all the others which use the same domain Sharing. However, nothing of the
ideas contained in this paper is tied to the abstract domain in use. The framework
we propose may be coupled with better abstract domains to improve even more the
result of the abstract analysis.

2. NOTATIONS

Given a set A, let p(A) be the powerset of A and py(A) be the set of finite subsets
of A. Given two posets (A, <4) and (B, <g), we denote by A— B (A —° B) the
space of monotonic (continuous) functions from A to B ordered pointwise. We use
<p to denote the order relation over A— B. When an order for A or B is not
specified, we assume the least informative order (zr <y <= z =y). We also use
AW B to denote disjoint union and |A| for the cardinality of the set A.

Given A, C complete lattices, a Galois Insertion [Cousot and Cousot 1979] («, ) :
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= A is given by a pair of maps o : C— A, v : A— C such that a(c) <a
a < ¢ <¢ v(a) and « is onto (or equivalently, v is injective). We say that an
abstract operator f¢: A— A is correct w.r.t. a concrete operator f : C'— C when
aof <4 f*oa, which is equivalent to foy <¢ yo f* and to f* >4 ao fo~y. The
abstract operator is optimal when f* = a o f o~. In this case f¢ is called the best
correct approximation of f. When ao f = f* o o then f¢ is said to be complete,
while if foy =70 f* then f¢ is v-complete (also called y-optimal in [Cortesi et al.
1996]).

In the following, we fix a first order signature (¥, IT) and an infinite set of variables
V. We use Terms and Atoms to denote the set of terms and atomic formulas (atoms)
respectively. Moreover, we call body or goal a finite sequence of atomic formulas,
clause an object H < B where H is an atom and B is a body, program a set of
clauses. We use O for the empty body and we write H as a short form for H < O.
We denote with Bodies, Clauses and Progs the set of bodies, clauses and programs
respectively. Given a term ¢, we denote by vars(t) the set of variables occurring in
t and by uvars(t) the subset of vars(t) whose elements only appear once in t (e.g.,
uvars(t(z,y) = t(y, z)) = {z, z}). We apply vars and uvars to any syntactic object,
with the obvious meaning. We abuse the notation and write a syntactic object o
instead of the set of variables vars(o), when it is clear from the context (e.g., if ¢ is
a term and « € V, then x € ¢ should be read as « € vars(t)).

We denote with e the empty substitution and by {1 /t1, ..., x,/t,} a substitution
0 with 6(z;) = t; # x;. Let vars(f) be the set dom(0)Urng(d) and, given U € p¢(V),
let 6|y be the projection of 6 over U, i.e., the only substitution such that 0 (z) =
0(r) if v € U and 0y (z) = x otherwise. We also write 6)_; to denote the restriction
of § over all variables but those in U, i.e., 0|_y = 0|qom(g)\v- Given 61 and 6 two
substitutions with disjoint domains, we denote by #; W 0 the substitution 6 such
that dom(f) = dom(f;) U dom(6:) and 6(z) = 6;(x) if © € dom(h;), for each
i € {1,2}. The application of a substitution  to a term ¢ is written as tf or 6(¢).
Given two substitutions # and ¢, their composition, denoted by 6 o §, is given by
(0 0d)(x) = 0(0(x)). Instantiation induces a preorder on substitutions: 6 is more
general than ¢, denoted by § < 6, if there exists ¢ such that 0 0§ = §. If ~ is the
equivalence relation induced by <, we say that ¢ and 6 are equal up to renaming
when o = 6. The set of substitutions, idempotent substitutions and renamings are
denoted by Subst, ISubst and Ren respectively.

Given a set of equations F, we write 0 = mgu(E) to denote that o is a most
general unifier of F. Since o is only defined up to renamings, we only use this
notation in a context where it is not important the actual unifier which is cho-
sen. Any idempotent substitution ¢ is a most general unifier of the corresponding
set of equations Eq(c) = {z = o(z) | € dom(c)}. In the following, we will
abuse the notation and denote by mgu(oq,...,0,), when it exists, the substitution
mgu(Eq(o1) U... UEq(0y,)).

In the rest of the paper, we use: U, V, W to denote finite sets of variables;
h, k,u,v,w, z,y, z for variables; c, s, t for term symbols or terms; a, b for constants;
cl for clauses; 7n,0,0,0 for substitutions; p for renamings. The same holds for
derivatives of these symbols, obtained by adding subscripts, superscripts or both.
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3. DOMAINS OF EXISTENTIALLY QUANTIFIED SUBSTITUTIONS

The first question we need to ask ourselves when analyzing the behavior of logic
programs is what kind of observable we are interested in. Undoubtedly, computed
answers have played a prominent role, since they are the result of the process of
SLD-resolution. Moreover, they have several nice properties: and-compositionality,
condensing and a bottom-up Tp-like characterization [van Emden and Kowalski
1976; Bossi et al. 1994]. However, we are really interested in computed answers
only up to renaming. For example, consider the one-clause program p(x,x). and
the goal p(z,y). All of p(x,x), p(y,y), p(u,u) and p(v,v) are computed answers,
corresponding to different choices of most general unifiers and renamed clauses,
but we are not interested in making any distinction among them. For instance,
the s-semantics [Bossi et al. 1994] is defined over equivalence classes of atoms mod-
ulo renaming. Moreover, when we consider a denotational semantics suited for
program analysis, computed answer substitutions are much more useful than com-
puted answers, since most of the domains are expressed as abstractions of sets
of substitutions. Again, we are not really interested in the substitutions, but in
their quotient-set w.r.t. an appropriate equivalence relation. However, this time
we cannot take renaming as the relevant equivalence relation. Let us consider the
answer substitutions corresponding to the computed answers in the previous ex-
ample: we obtain 61 = {y/x}, 6 = {x/y}, 05 = {x/u,y/u} and 04 = {x/v,y/v}.
Although 6; and 65 are equal up to renaming, the same does not hold for 63 and 6,.
Nonetheless, they essentially represent the same answer, since v and v are just two
different variables we chose when renaming apart the clause p(x,y) from the goal
p(z,y), and therefore are not relevant to the user. On the other side, if 65 and 0,
are answer substitutions for the goal p(z,y,u), then they correspond to computed
answers p(u,u,u) and p(v,v,u) and therefore are fundamentally different. As a
consequence, the equivalence relation we need to consider must be coarser then
renaming, and must take into account the set of variables of interest, i.e., the set
of variables which appear in the goal.

A semantics for computed answer (substitutions) may follow one of three possible
directions:

(1) it may compute only part of the answer substitutions, provided that at least
one substitution in each equivalence class is given as a result (e.g., [Cortesi
et al. 1994]);

(2) it may compute all the computed answer substitutions;

(3) it may directly work with a (suitable) quotient domain of substitutions (e.g.,
[Marriott et al. 1994]).

The problem with the first two solutions is that they work by directly manipulat-
ing substitutions. Everyone knows that this is quite tedious and error prone. This
happens because substitutions are too much related to syntax, so that the intuition
of what should happen is often betrayed by the reality, when we need to handle
problems such as variable clashes and renamings. Actually, at least one framework
of the first kind, namely the widely used one in [Cortesi and File 1999], has a
small flaw due to an unsound treatment of variable clashes (this will be discussed
in details in Section 8.2).
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Moreover, the first approach is generally pursued by choosing a particular most
general unifier and a fixed way of renaming apart terms and substitutions. The
semantics is then parametric with respect to these choices. As stated by Jacobs
and Langen [1992], this makes difficult to compare different semantics, since each
of them may use different conventions for mgu and renaming. We would like to
add that this also makes difficult to state properties of a given semantics (such
as compositionality properties), since they only hold up to suitable equivalence
relations.

For these reasons, we think that the best solution is to move towards a domain of
equivalence classes of substitutions. This does not mean we can avoid to work with
substitutions altogether, but all the difficulties which arise, such as renaming apart
and variables clashes, may be dealt once and for all at the domain level, reducing
the opportunities for subtle mistakes to appear.

3.1 Yet another Domain of Existentially Quantified Substitutions

There are several semantics for logic programming in literature, working on different
domains of equivalence classes of substitutions: ESubst [Jacobs and Langen 1992],
ex-equations [Marriott et al. 1994] and existential Herbrand constraints [Levi and
Spoto 2003]. For all of them, the basic idea is that some variables, in a substitu-
tion or equation, are existentially quantified, so that their names become irrelevant.
However, all these proposals depart from the standard notion of substitution. As a
result, the relationship between what they compute and the standard set of com-
puted answers for a goal has never been proved. We would like to reconcile these
approaches with the standard concept of substitution: in particular, we want to
prove that these domains are quotient sets of substitutions, w.r.t. suitable equiva-
lence relations.

We begin, in this section, by introducing a new equivalence relation ~ over sub-
stitutions, which capture the extended notion of renaming which is needed to work
with computed answers. Moreover, we introduce a new domain Subst., of classes
of substitutions modulo ~, which will be used in the rest of the paper. We are
inspired, in this, by the seminal paper of Palamidessi [1990]. Later, in Section
8.1, we will prove that Subst. and the domain ESubst [Jacobs and Langen 1992]
are isomorphic. Similar proofs may be developed for ex-equations and Herbrand
constraints.

Given 01,05 € Subst and U € py¢(V), we define the preorder:

01 <y 02 < 30 € Subst.Yv € U. 61(v) = 6(62(v)) . (1)

Intuitively, if 8; <y 65, then 0, is an instance of 65, provided we are only interested
in the variables in U.

Ezample 3.1. It is easy to check that {z/a,y/u} <(;,) {y/v}, since we may
choose 0 = {x/a,v/u} in (1). Note that the same does not happen if we consider
the standard ordering on substitutions, i.e., {z/a,y/u} £ {y/v}. Moreover, if we
enlarge the set U of variables of interest, we obtain {z/a,y/u} Z(zy.0} {y/v}.

Note that, in Equation (1), it is important that ¢ is a generic substitution. If we
restrict § to be idempotent, some equivalences do not hold anymore. For example,
{z/t(u),y/t(v)} 24z.yy {7/v,y/u} and this is what we intuitively want, since the
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names of the variables u and v are not relevant. However, to prove this relation,
we choose § = {u/t(v),v/t(u)} in (1), and it is not an idempotent substitution.

PROPOSITION 3.2. =y is a preorder for any U € p¢(V).

PRrROOF. Let U € p¢(V). By definition, § <y 8 <= 36 € Subst.Vv € U. §(v) =
5(6(v)), which is a tautology by choosing as ¢ the empty substitution. Now assume
01 <y 60> and 0y <y 03. Therefore, there exist §; and do such that, Vo € U,
01(v) = 61(02(v)) and O3(v) = 02(A3(v)). Therefore, Vv € U, it holds 0;(v) =
01(02(v)) = 61(62(05(v))). Therefore, by choosing as ¢ the composition d; o do we
have that 6, <y 63. O

The next step is to define the relation:
01 ~y 0y < Fp € RenNv € U. 61(v) = p(62(v)) , (2)
which may be proved to be the equivalence relation induced by the preorder <.

Ezample 3.3. It is easy to check that {x/v,y/u} ~;, € by choosing p =
{z/v,v/x,y/u,u/y}. Note that ~y is coarser than the standard equivalence re-
lation =2: there is no renaming p such that e = po {z/v,y/u}. As it happens
for <, if we enlarge the set of variables of interest, not all equivalences between
substitutions are preserved: for instance, {z/v,y/u} %z .0} €

LEMMA 3.4. Let 6 : V. — V an injective map of variables. Then there exists
p € Ren such that p(z) = 6(x) for each x € V and vars(p) =V Uo(V).

PROOF. Since € is injective, |V| = |#(V')|, from which it follows that [V \ (V)| =
|6(V)\ V|. Let f be any bijective map from |[§(V)\ V]| to [V \ 8(V)|, and let us
define a substitution p as follows:

O(v) fveV
pv) =4 f(v) ifved(V)\V
v otherwise.

Note that, if z € V, p(x) = 8(z) by definition. Moreover, it is easy to check that p is
bijective, therefore, it is a renaming. Finally, vars(p) = dom(p) = VU (O(V)\V) =
Vuev). O

PROPOSITION 3.5. ~y is the equivalence relation induced by <.

PROOF. If §; ~y 0 there exists p € Ren such that Vv € U. 01(v) = p(62(v)).
By definition of <y, we have that 6; <y 03 by choosing as ¢ in (1) the renaming
p. Symmetrically, by choosing as § the renaming p~! (the inverse of p), it follows
that 92 jU 91.

Now assume that 6; <y 6> and 6y <y 0;. Therefore there exist §,8’ € Subst
such that 0a(x) = §'(01(x)) and 01 (x) = 6(02(z)), thus O2(x) = 6’'(5(02(x))) for each
z € U. In general, § and ¢’ might not be renamings. Our goal is to build a renaming
p, obtained by modifying J, such that 6, (z) = p(f2(x)). Let V = vars(02(U)). Since
each v € V belongs to vars(fz(x)) for some = € U, it follows that (6’ 0 6)(v) = v
for all v € V. Therefore, ¢,y may be viewed as an injective map from V to V. By
Lemma 3.4, there exists p € Ren such that pjy = 41, Therefore, for each = € U,

p(ba2(x)) = 6(02(x)) = 61(x). O
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It is worth noting that < is coarser than < and that ~y is coarser than renaming.
It is also easy to check that, given p € Ren and § € Subst, pof ~y 0 and job <y 6.

Now, let ISubst., be the quotient set of ISubst w.r.t. ~y. We define a new
domain ISubst.. of existential substitutions as the disjoint union of all the ISubst..,,
for U € p¢(V), in formulas:

ISubst.. = H-J ISubst~,, . (3)
UEpf(V)

In the following we write [f]y for the equivalence class of 6 w.r.t. ~y. We call
canonical representatives of the equivalence class [f]y € ISubst., the substitutions
0" € ISubst such that ¢’ ~y 6 and dom(#’) = U. It is immediate to see that every
existential substitution has a canonical representative, although it is not unique.
For example, two canonical representatives of [{y/f(z)}|z,y,» ave {y/f(h),z/h, z/k}
and {y/f(u),z/u,z/v}. Working with canonical representatives is of great help,
especially in the proofs, since we are sure they have no variables of interest in the
range.

By definition of <y, when 6 <y 6’ then, for all W C U, it holds that 6 <y, ¢'.
This allows us to define a partial order < over ISubst. given by:

[H]Uj [0/}\/ <~ UDVAO=Xy 0 . (4)

Intuitively, [f]y =< [#']y means that 6 is an instance of " w.r.t. the variables in V/,
provided that they are all variables of interest of 8. It is easy to show that < is well-
defined in ISubst. , that is it does not depend on the choice of the representatives.

Note that, although we use equivalence classes of idempotent substitutions, we
could build an isomorphic domain by working with equivalence classes of the set of
all the substitution. In other words, if we define Subst. = LJ.'JUepf(V) Subst~,, , we
obtain the following:

PROPOSITION 3.6. The posets (Subst~., <) and (ISubst.., =) are isomorphic.

PrROOF. It is enough to prove that, for each U € (V) and 6 € Subst, there
exists @ € ISubst such that 8 ~y 6'. Let V = rng(f) N dom() and W C V such
that W N (U Uvars()) = 0 and |V| = |W|. Moreover, we take a renaming p such
that vars(p) = VU W and p(V) = W. Then, we may define a substitution ' such
that

0" = (pob) -

Note that dom(#') = (dom(8) UW)NU C dom(f) and rng(d’) C rng(d) \ VU W.
Therefore, dom(6') Nrng(6') = @, i.e., 8’ € ISubst. Moreover, by definition, §' ~¢
0. O

The isomorphism between Subst.. and ISubst.. holds since a variable in rng(#) is
considered not of interest if it also occurs in dom(f). Therefore {z/y,y/x} ~(z4}
{z/u,z/v}, since y and x in the range of {z/y,y/x} are just names for existential
quantified variables. Obviously {z/y} *#(s .} {#/u} since here y only appears in
the range and is therefore considered as a variable of interest.
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3.2 Operations on the new Domain

It is now time to define some useful operations over ISubst.. These will be used
as building blocks for the semantics to be defined further away in the paper. They
will also give some more insights over the structure of ISubst.. To ease notation,
we often omit braces from the sets of variables of interest when they are given
extensionally. So we write [0],,, instead of [0](, 3 and ~, . instead of ~(, , .y.
When the set of variables of interest is clear from the context or it is not relevant,
it will be omitted. Finally, we omit the braces which enclose the bindings of a
substitution when it occurs inside an equivalence class, i.e., we write [z/y]y instead

of {z/y}]u-

3.2.1 Projection. We define an operator which projects an element of ISubst..
over a given set of variables V', given by

mv([o]v) = [oluav (5)

which can be easily proved to be well-defined. Moreover, the following properties
hold:

(1) 7y oy = munv;
(2) mu(lo]v) = lo]u;
(3) my is monotonic w.r.t. <.

3.2.2  Renaming. Another useful operation on classes of substitutions is renam-
ing. We first define the application of a renaming p € Ren to a substitution
0 € Subst as

p(0) = {p(x)/p(0(x)) | = € dom(0)} . (6)

Intuitively, we treat 6 as a syntactic object and apply the renaming to both left

and right hand sides. Note that p(f) can be equivalently defined as po 6o p~?.

PROPOSITION 3.7. Given p € Ren and 0 € Subst it holds that p(f) = pofop~t.

PROOF. Let 0" = p(#). Since z # 0(x) for all x € dom(0), then p(x) # p(6(x)) by
injectivity of p. It follows that dom(6’) = p(dom(#)). Given = ¢ dom(6’), it follows
that = & p(dom(#)) and thus p~!(z) € dom(f). As a consequence, p(6(p~1(x))) =
p(p~l(x)) = x = #'(x). Now assume that 2 € dom(6’). Therefore there exists
y € dom(6) such that p(y) = = and 8'(z) = p(0(y)). Then p(8(p~(x))) = p(8(y)) =
0'(z). O

We may lift this definition to classes of substitutions in the standard way as
follows:

p([olu) = lp(@)lw) - (7)
For example, let o0 = {z/k,y/t(z,k)}, U = {z,y, 2z} and consider the renaming:
p=Ax/u,u/z,y/z,2/y,k/h, h/k} .

If we apply p to [o]y we obtain p([o]v) = [{u/h, 2/t(y, h)}]u,y,-. Note that we do
not need to worry about variable clashes.

THEOREM 3.8. The renaming operation is well defined.
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PROOF. It is enough to prove monotonicity w.r.t. the preorder <. Given 61,605 €
Subst such that 0; =y 02, we prove that p(61) =<, p(f2). By Proposition 3.7,
we need to show that po 6, o p~! =pw) pobho p~1. which is equivalent to
6y 0p7t =) B2 0 p~!. By hypothesis, there exists a substitution § € Subst
such that 01(x) = §(f2(x)) for all x € U. Therefore, for all v € p(U), it holds
01(p~(v)) = 6(02(p~1(v))), which is the thesis. [

Several properties hold for the renaming operation:

(1) (prop2)([0]v) = p1(p2([0]v));

(2) p is monotonic w.r.t. <;
(3) plrv ([810) =m0 (p(0]0));
4) p([0]v) = [0v if pjv = id.

We just prove the last two, since the first is trivial and the second one immediately
follows from the proof of Theorem 3.8. Note that the first point implies that
p : ISubst., — ISubst., is invertible.

PRrROPOSITION 3.9. Renaming is a congruence w.r.t. m, i.e.,

p(my (10]v)) = mpv) (p([0]0)) -
for [0]u € ISubst~. and p € Ren. Moreover, if pjy = id then p([0]y) = [0]u.

ProoF. By definition p(my ([0]v)) = p([0lunv) = [p(0)],wnv). Since p is bi-
jective, p(UNV) = p(U) N p(V) and therefore p(my ([0]v)) = 7o ([p(0)] o)) =
o) (p([0]u)). Now assume that py = id. We know that p([f]y) = [pofo
p~ oy = [0 0 p~u since p(U) = U. Note that, for each z € U, §(p~(z)) = 0(x)
since p(z) = . This gives the thesis. O

3.2.3  Untfication. Given U,V € ps(V), [b1]u, [f2]v € ISubst., we define the
most general unifier between these two classes as the mgu of suitably chosen rep-
resentatives, where variables not of interest are renamed apart. In formulas:

mgu([61]v, [f2]v) = [mgu(6}, 05)]vuv

where 61 ~y 0] € ISubst, 05 ~y 05 € ISubst and (U U vars(#7)) N (V U vars(85)) C
U NV. The last condition is needed to avoid variables clashes between the chosen
representatives 6] and 65.

Ezample 3.10. Let 61 = {z/a,y/t(v1,v1,v2)} and 02 = {y/t(a,vs,v1),2/b}.
Then

mgu([th]a,y, [02]y,2) = {z/a,y/t(a,a,v), 2/b}ay,.
by choosing ¢ = 6; and 68, = {y/t(a,w,v), z/b}. In this case we have
{,I/a, y/t(a’ a, U)? Z/b} ~wy,z
mgu( /17 9/2) = {x/a, y/t(aa a, U)? Z/bv Ul/a7 w/a’v U2/U} :

We may prove that mgu over ISubst.. is well defined and that mgu([01]y, [02]v) is
the greatest lower bound of [0y and [fs]y w.r.t. <.

THEOREM 3.11. mgu is well-defined.
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PROOF. We begin by proving that, given o,¢'0 € ISubst, if o ~y o’ with (U U
vars(o)) N (V Uvars(6)) CUNV and (U Uvars(o’)) N (V Uvars(d)) CUNV, then
mgu(o, §) ~yuy mgu(o’,d). We have the following equalities:

mgu(o, J)
~yuy mgu(o, 5)|qu
= mgu(oy,d,0_v)jvuv
= (mgu(oyy,d) o o)—v)jvuv
[since dom(o|_y/) is disjoint from vars(ojyy) and vars(d)]

= mgu(U|U75>\UUV .

By hypothesis there is p € Ren such that (poo’)y = o). We may choose a p such
that vars(p) C oy U U|/U by using Lemma 3.4. Then vars(p) NV C U. We have:

mgU(U|Ua5)\qu
= mgu((po O-/)|Ua 5)\qu
= (mgu((po o)y, 0) 0 0)uuv [for each #' s.t. dom(0') N (U UV) =)
— mgn((po 0").5,(po o) vy [by choosing & = (poo’)_y]
= mgu(poo’ 5)\qu

(

(

~puv mgu(o’, d)jpuy  [mgu is a congruence w.r.t. renaming [Palamidessi 1990]]
(

/
~yuv mgu(o’,d) .

which proves the required property. Now, to prove the general theorem, assume
there are o ~y o', § ~y & with (U Uvars(c)) N (V Uvars(d)) C U NV and
(UUvars(o’))N(V Uvars(d’)) C UNV. Then, consider a new substitution ¢’ ~ o
such that (UUvars(c”))N(VUvars()) C UNV, (UUvars(o”))N(VUvars(d')) C UNV
and we repeatedly apply the previous property, obtaining

mgu(c,d) ~yuy mgu(a”,8) ~yuy mgu(e”,§') ~yuy mgu(e’,d’) . O

Note that, in the proof, the condition (U U vars(f;)) N (V Uvars(6;)) CUNV
implies that vars(§;) NV C U NV and vars(65) NU C UNV. If we relax the
condition to vars(6]) Nvars(fy) € U NV then this property no longer holds and
mgu ceases to be well defined. This is actually the origin of the flaw in [Cortesi and
File 1999] which we will examine in Section 8.2.

Ezample 3.12. Consider §; = {x/a} and 02 = {u/b}. Assume we have a relaxed
definition of mgu as stated above. Then, to compute mgu([01]s, [#2]u,») We may
choose 0] = 6; and 6, = 65 to obtain {z/a,u/b}. But with the relaxed condition
we might also choose 6] = {x/a,v/a} and 63 = 0} since it is true that vars(67) N
vars(65) = (0. However mgu(0},0%) = {z/a,v/a,u/b} sy v {x/a,u/b}.

THEOREM 3.13. mgu is the greatest lower bound of (ISubst..,=<).

ProoF. If [flyuy = mgu([61]u, [02]v), we may assume, without loss of generality,
that & = mgu (01, 02) and 61, f, are canonical representatives. It immediately follows
that # < 6; and therefore 6 <y ;. In the same way, 6 <y 6.
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Now, assume [n]puy =X [01]v and [n]yuvy =< [02]v. We want to prove that
[Muvuy =X [fluuy. By definition of <, there is a o1 such that n(x) = o1(01(x))
for each € U. We may choose o such that dom(cy) C rng(61). In the same way,
there is o2 such that dom(oz2) C rng(f2(x)) and n(x) = o2(f2) for each z € V. We
may define a new substitution ¢ such that

o1(01(x)) if z € UUdom(oy),
o(z) = ¢ o2(02(z)) if z € V Udom(os),
T otherwise.

Note that this definition is correct, since the first two cases may occur simultane-
ously only if x € U NV, which implies 01(01(z)) = o2(02(x)) = n(z). It is easy to
check that n ~yuy 0 and 0 = g 0 01 = 0 0 0. Therefore

n~vnv o < mgu(fy,02) =0,
i.e., n <yuv 0, which proves the thesis. [

We now give some properties which relate the mgu with the other operations on
ISubst ..., namely renaming and projection.

PROPOSITION 3.14. p is a congruence w.r.t. unification. In formulas, if E is a
set of equations and [01]u,, [02)u, € ISubst.. then it holds that:

—mgu(p(E)) = p(mgu(E))
—p(mgu([61]v,, [02]v,)) = mgu(p([01]v,), p([02]r, )

PROOF. The first property is trivial since the unification algorithm does not
depend from the actual name of variables. Therefore, to prove the second prop-
erty, we only need to check that mgu([0:]y,, [02]u,) = [mgu(0],05)]u,uu, implies
mgu(p([81]0,), p([62]07)) = (mgu(p(8}), p(B5)) sy (- Finst of all, since 6] ~p,
61, then p(6}) ~,w,) p(01), by Theorem 3.8. The same holds for 6. Then, we prove
that (p(Uy)Uvars(p(07))) N (p(Usz) Uvars(p(6))) C p(Ur) Np(Uz). Tt is obvious that
p(vars(6)) = vars(p(f)). Therefore, since p is bijective,

(p(Ur) U vars(p(61))) N (p(Uz) U vars(p(65)))
= p((Uy Uvars(0})) N (Us U vars(65))) C p(Ur NUs) = p(Ur) N p(Us) . O (8)

PROPOSITION 3.15. Given a set of variables V and [61]u,, [02]u, € ISubst, we
have that

my (mgu(ry ([01]v, ), [02]v,)) = mgu(ry ([01]v, ), 7v ([02]0,)) - 9)

PRrOOF. First observe that my (mgu(ry ([01]v,), [02]v,))) = Olvavavyue,) =
[0lvnw,uu,) where 6 € mgu(0,0;), 07 and 05 are canonical representatives of
[01]vno, and [f2]u, and vars(67) Nvars(fy) € V N U; NUsz. Note that 65 ~y, 6o
and therefore 6, ~yny, 02. Moreover (vars(f)) U (V N Uy)) N (vars(6,) U (V N
Us)) € V NU; NUs, and therefore 67 and 6} are valid representatives to com-
pute mgu(my ([01]v,), 7v ([02]v,)) according to (3.2.3). Therefore [0]ynw,uv,) =
meu(my ([01]u, ), 7v ([#2]u,)) and this proves the thesis. O

Thanks to all the above properties, the domain ISubst. , excepting for the fact
that it is not a boolean algebra, has the same structure of a (locally finite) cylindric
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algebra [Henkin et al. 1971]. In particular, [e]y is the unit element, the diagonal ele-
ments are given by the substitutions [z/y];,,,1 and cylindrification may be defined
as ¢ ([0]v) = mv\ (23 ([0]v)-

It would be possible, like in [Palamidessi 1990], to define a “least common anti-
instance” operator which corresponds to the least upper bound in ISubst.. How-
ever, since it has no point for the semantic framework we are going to define, we
omit the details.

4. CONCRETE SEMANTICS

Since we are interested in goal-dependent analysis of logic programs, we need a
goal-dependent semantics which is well suited for static analysis, i.e., a collecting
semantics over computer answers. Unfortunately, using a collecting goal-dependent
semantics may lead to a loss of precision already at the concrete level, as shown by
Marriott et al. [1994]. It is possible to reduce this problem by using two different
operators for forward and backward unification. In particular, it turns out that
backward unification may be realized using the operation of matching between
substitutions, as already suggested in [Hans and Winkler 1992; King and Longley
1995]. Our semantics is inspired by similar ones such as those in [Marriott et al.
1994; Jacobs and Langen 1992] and especially in [Cortesi et al. 1994], but it is
adapted according to what stated above.

4.1 Concrete Domain

We start to define the concrete domain for the semantics. A concrete object is
essentially a set of existential substitutions with a fixed set of variables of interest.
In formulas:

Psub = {[3,U] | ¥ C ISubst,,U € ps(V)} U {Lps, Trs}
where Tpg and L pg are the top and bottom elements respectively and
[31,U1] <ps [X2,Us] <= U; =Uz and ¥; C 3y .

The notation we adopt may appear clumsy, since the set of variables of interest U
in [X, U] may be derived from ¥. However, when we move to the abstract domain,
we need to explicitly keep track of this set U. By using [, U] in Psub, we want to
keep a consistent notation for both concrete and abstract domains.

It turns out that (Psub, <pg) is a complete lattice, and we denote by Ups its least
upper bound, which is given by

TpsUpsx =xUps Tps =Tps

J—Ps Ups * = @ Ups J—Ps =T
(10)
[21 U 22, Ul] ifU; = Us,

1, Ur] Ups [E2,Us] =
(X1, U] Ups [22, U] {Tps otherwise.

We now define the main operations over Psub, that is: projection over a set
of variables, unification of an object with a single substitution and the operation
for matching two objects of Psub. All the operations are strict: when one of the
argument is L pg the result is Lpg. If no argument is Lpg and at least one of the
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argument is Tpg the result is Tpg. Therefore, in the following, we will omit the
cases for the objects Lps and Tps.

Given [X,U] € Psub and V C V, we define the projection of [3, U] on the set of
variables V' as

7mps([2, U], V) =[{nv(o) |c €2}, UNV] . (11)
The concrete unification unifpg : Psub x ISubst — Psub is given by:
unifps([Z, U], 6) = [{mgu([o]v, [0]v) | [o]u € 2,V = vars(d)}, U U V]. (12)

The operations 7mps and unifpg are just the pointwise extensions of 7y and mgu.
Note that, in unifpg, the argument § may have variables which do not appear in
U. This is not always the case in literature. For example, in [Cortesi and File
1999; Bagnara et al. 2000] we find a variant of unifps which only consider the case
when vars(d) C U. When this does not happen, the same effect is obtained by first
enlarging the set of variables of interest U, and then applying unification. Although
nothing changes at the concrete level, this gives a loss of precision when when we
move to the abstract side, since the composition of two optimal abstract operators
is generally less precise then the optimal abstract counterpart of the whole unifpg
(see Section 6).

Finally, we define the matching operation. The idea is to design an operator
which performs unification between two substitutions [61]y, and [f2]y, only if the
process of unification does not instantiate the first substitution. In other words,
we require that if we compute mgu([0;]y,, [f2]y,) and we only observe variables
in Uy, that is my, (mgu([01]u,, [f2]u,)), then we obtain exactly [01]y,. The next
proposition shows this is equivalent to require that 8; <y, ny, 62.

PROPOSITION 4.1. Given two substitutions [01]y, and [02]u,, then 61 <u,nu, 02
fo [91}[]1 = Tu, (mgu([el]Ulﬁ [02]U2))'

PROOF. By Theorem 3.13, mgu is the glb of (ISubst., <) and 7 is monotonic,
from which it follows that the condition 7y, (mgu([01]u,, [02]u,)) = [01]u, is equiv-
alent to [61]y, =< 7y, (mgu([61]u,,[02]v,)). Moreover, it holds that 6; <y, v, 02 iff
v, ([01],) = 7u, ([02]u,). By Prop. 3.15 we have that my, (mgu([01]y,, [f2]u,)) =
mgu(my, ([01]u, ), v, ([02]u,)). Therefore, the thesis follows by properties of greatest
lower bounds. [

We can now define the matching operator matchpg : Psub X Psub — Psub as follows:

matchps([31, U], [E2, Ua]) = [{mgu((01]v,, [02]v,) |
01 2vinu, 02, (1], € 1, [02]u, € X2}, U1 U U] . (13)
The above operator allows us to unify all the pairs of substitutions [f1]y, € ¥1 and

[02]u, € X2, under the condition that the common variables in U; and Uy may not
be further instantiated w.r.t. their value in 6;.

Example 4.2. Let ¥1 = {[z/ylsy} and Xo = {[u/2]u a2, [2/t(v)]u,z}. Then

matchps ([X1, {z, y}], [Xo, {v, 2}]) = [{[z/y, 2/ u)ey u} {x, v, u}] -

Note that [y/t(u), z/t(w)]u,z,y, obtained by unifying [x/yl,,, with [x/t(u)]y,z, is not
in the result of matching. This is because [x/t(u)]y,, is strictly more instantiated
then [z/y];,, w.r.t. the variable x and therefore {z/y} A, {z/t(uv)}.
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PROPOSITION 4.3. The operations mps, unifps and matchpg are continuous over
Psub.

PROOF. Trivial from their definitions. If we do not consider the element Tpg,
they are actually additives. [
4.2 Semantics

Using the operators defined so far, we introduce a denotational semantics for logic
programs. It computes, for a given goal G, the set of computed answers for a
program w.r.t. G modulo the equivalence relation ~y,.s). It is a goal-dependent
collecting semantics [Cousot and Cousot 1994], in that it works by computing the
set of possibly entry ed exit substitutions at each point in the program.

We call denotation an element in the set of continuous maps:

Den = Atoms — Psub —» Psub . (14)
We have the following semantic functions:
P : Progs — Den
C : Clauses — Den % Den
B : Bodies — Den - Psub — Psub .
The corresponding definitions! are:

P[P] = Ifp Ad. ( | ] C[[cl]]d)

cleP
C[H + Bl]dAz = Ub(B[B]d(UL (x, A, H)),z, H, A)
B[O)dz = =
B[ A, B]dx = B[B]d(dAxzx)
given by means of the following operators:
Ufis : Psub x Atoms x Atoms — Psub ,
U, : Psub x Psub x Atoms x Atoms — Psub .

Ufis and Ulfgs are respectively the forward and backward unification [Muthukumar
and Hermenegildo 1992]. They are used according to the following pattern:

—the forward unification, in order to compute the collecting entry substitution
Ulfps(:r, A, H) from the collecting call substitution x;

—the backward unification, in order to compute the collecting answer substitution
U}]’)S(B[[B]]d(U{,s(m,A, H)),z,H, A) starting from the collecting exit substitution
d(UL (z, A, H)).

The formal definitions of U{,S and Ub, are the following:

UL ([, U], A1, Az) = mpy (unifp,(p([S, U]), mgu(p(A1) = Az)), vars(4s)) , (15)

1Here we use the lambda notation, writing Ifp Az.E(z) to denote the least fixed point of the
function f given by f(z) = E(x).
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where p is a renaming such that p(U U vars(A;)) Nvars(As) = 0 and p([Z,U]) =
Hp(lolv) | [olu € £}, p(U)] is the obvious lifting of renamings from ISubst. to
Psub.

U, ([1,U1], [Zo, Un], A1, Ag) =
Wps(matchps(p([Zl, Ul]), Unifps([ZQ, Ug], mgu(p(Al) = AQ))), U2 ] VaI‘S(Ag))
(16)

where p is a renaming such that p(U; U vars(A;)) N (Uz U vars(Az)) = 0. If p(A;)
and As do not unify, the results for both the operations is assumed to be Lps.

THEOREM 4.4. Uﬁs and U%S are well defined, in that they are independent from
the choice of p. Moreover, they are continuous.

PrOOF. Continuity is trivial from their definition, therefore we only need to
prove the independence from the choice of the renaming p. We only consider the
case when none of the argument is Lpg or Tpg, since otherwise the result is always
L ps or Tps. Moreover, note that, given atoms A; and As, if p; and po are renamings
such that p;(vars(A;)) Nvars(Az) = 0 for i € {1,2}, then p;(A;) and Ay unify iff
p2(A1) and As unify. Therefore, we can restrict ourselves to the case where the two
atoms given as arguments, appropriately renamed, do unify. Otherwise, the result
is always Lps.

Observe that, by Prop. 3.14, given p € Ren, [01]u,, [f2]u, € ISubst, we have that
p(mgu([b1]u,, [02]v,)) = mgu(p([01]u,), p([f=2]u,). By definition of unifps, it follows
that p(unifps([E, U], 6)) = unifps(p([X, U]), p(9)), since vars(p(d)) = p(vars(d)).

Let p1, p2 be renamings. We first show that

s (unifps (p1([2, U]), mgu(p1 (A1) = Az), vars(Az))) =
mps(unifps(p2([2, U]), mgu(p2(A;1) = Az), vars(As)))

provided that (p;(U)Uvars(A;))Nvars(As) = 0, for i € {1,2}. Let W = vars(p; (U)U
p1(A1)) and § = (p2 o pl_l)|W. Then 0 may be viewed as an injective map from
V to V, since it is the composition of injective functions. By Lemma 3.4 there
exists a renaming p such that py = 6 and vars(p) = vars(d) € W Urng(d) C
W U p2(U) U pa(A1). Observe that vars(p) N vars(As) = 0 since, by hypothesis,
for each ¢ € {1,2} it is the case that p;(U U vars(A4;)) Nvars(As) = 0. Thus the
following equivalences hold:

s (unifps (o1 (5, U), mgu(pn (Ay) = As), vars(43))

— plrps(unife(p1 ([, U]), meu(ps (A1) = As), vars(42))))
[since pjyars(4,) = id and by Prop. 3.9]

= mps(p(unifps(p1([X, U]), mgu(p1 (A1) = Az), vars(Az))))
[by Prop. 3.9]

= mps(unifps(p(p1([5, U])), p(mgu(pi (A1) = Az), vars(4z))))

= mps(unifps(p2([2, U]), mgu(p(p1(A1)) = p(Az)), vars(4z2)))
[by Prop. 3.14]

= 7ps(unifps(p2([E, U]), mgu(pz(A41)) = Az), vars(Az)) .
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We now show that U%_ is independent from the choice of the renaming. First of
all, note that by Proposition 3.14 and Theorem 3.8 the following follows:

p(matchps([Zl, Ul], [22, UQD) = matchps(p([Eh Ul]), p([227 UQD) .

Assume given p1, p2 € Ren such that p;((U; Uvars(A1)) N (Uz Uvars(As))) = 0, for
i€ {1,2}. Let W = vars(p1(U1) Up1(A1)) and 6 = (pg o pl_l)‘w. As shown above,
there exists p € Ren such that p;y = 6 and vars(p) = vars(d) € WUpa(Ur)Upa(A1).
Observe that 6|r7,uvars(4,) = %d. Thus the following equivalences hold:
WPS(matchps(pl([El, Ul]), Unifps([zg, UQ], mgu(m (Al) = AQ))), U2 U V&I‘S(AQ))
= p(ﬁps(matchps(,ol([Zl, Ul]), Unifps([ZQ, UQ], mgu(pl (Al) = AQ))), .. ))

mps(matchps (p(p1([21, Ui])), unifps (p([E2, Uz]), mgu(p(pr (A1) = p(A2))))), - )
mps(matchps (p2([X1, Un]), unifps([E2, Uz], mgu(p2 (A1) = Az))),...)

This concludes the proof of the theorem. [

THEOREM 4.5. All the semantic functions are well defined and continuous.

PROOF. The proof is trivial since the semantic functions are obtained by com-
position, application, projection and tupling of continuous functions. Therefore,
they are continuous and compute continuous denotations. Moreover, they do not
depend on the choice of p in U{,S and U%_, as proved in Theorem 4.4. []

Note that several frameworks have been developed for logic programs, and not
all of them use the same operators for forward and backward unification. We will
discuss the benefits of our choices later, when we introduce the abstract operators,
since the relative merits of the different proposal mainly arise when speaking about
abstractions.

4.3 Correctness and Completeness

The semantics we have defined in this section is significant only up to the point
that, studying its properties, it is possible to derive some conclusions about the
properties of the real operational behavior of logic programs. We said before that
we consider as the relevant operational observable of our analysis the set of classes of
computed answers for a goal. Therefore, the best we can expect from our collecting
semantics is that it enables us to recover the set of computed answer for each goal.
Our first theorem is a partial positive answer to this question.

THEOREM 4.6. (SEMANTIC CORRECTNESS) Given a program P and an goal
G, if 0 is a computed answer for the goal G, then B[|G](P[P])G[{e}, vars(G)] 3
[{[¢]}, vars(G)].

PROOF. The proof, quite long and tedious, may be found in the appendix. [J

Therefore, we know that all the computed answers may be obtained by our se-
mantics. However, the opposite is not true: the semantics given in this paper,
although more precise than a semantics which only uses unification, is not com-
plete w.r.t. computed answers. Actually, Marriott et al. [1994, Section 5.5] give
an example where a collecting goal-dependent semantics computes a substitution
which is not a computed answer. When matching is used to compute the backward
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unification, as it is the case in our framework, that example does not work anymore
(see Example 7.3).

However, also with the use of matching, the collecting semantics computes sub-
stitutions which are not computed answers. Consider the program P given by the
following clauses:

px,y) - qx).
q(x).

We want to compute P[P]p(x,y)[®, {z,y}] where ® = {[z/y], [z/a]}. It is easy to
check that

P[Plg(2)[©,{z}] =[O, {z}]
for each [©,{z}] € Psub. Therefore, this implies that

PlPIp(z,y)[®{z, y}] = [{[z/y], [x/a], [z/a,y/al}, {2, y}] .

The substitution [x/a,y/a] arises from calling g(x) with the substitution [z/a] and
matching the result with [2/y], which is not forbidden by matching. However, there
is no substitution in the class of [{x/a,y/a}|s,, which is a computed answer for the
goal GG in the program P with entry substitution in ©.

While this loss of precisions is not relevant for downward-closed abstract domains,
where goal-dependent collecting semantics is more precise than goal-independent
ones, this is not the case for upward-closed abstract domain, where goal-independent
semantics are more precise. For instance, de La Banda et al. [1998] show several
semantics which combine a goal-dependent and a goal-independent computation to
improve precision over all the conditions.

5. ABSTRACT SEMANTICS

Several abstract domains have been used for analyses of sharing and aliasing. We
use the domain Sharing [Jacobs and Langen 1992; Cortesi and File 1999] which
computes set-sharing information.

5.1 Abstract Domain and Operations
Sharing = {[A, U] | AC p(U),(A#0D=0ec A),U € p;(V)} U{Tsn,Lsn} -

Intuitively, an abstract object [A, U] describes the relations between the variables in
U: if § € A, the variables in S are allowed to share a common variable. For instance,
[{{z,y},{z},0},{z, y, z}] represents the (equivalence classes of ) substitutions where
2 and y may possibly share, while z is independent from both x and y: {z/y} and
€ are two of such substitutions while {z/z} is not.

The domain is ordered like Psub, with Tg, and Lg, as the greatest and least
element respectively, and [A1,U;] Cgp, [Ag,Us] iff Ay = Ay and U; C Us. The
lowest upper bound satisfies the following property:

[A1 U As, Ul] if Uy = Us,

. (17)
Tsn otherwise.

[A17 Ul]'—'Sh [Az, UQ] = {

To design the abstraction from Psub to Sharing, we first define a map agy, :
ISubst.. — Sharing as

asn([o]v) = {occ(o,y) NV [y € V], V] . (18)
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where occ(o,y) = {z € V | y € vars(o(z))} is the set of variables z such that
y occurs in o(z). For instance, occ({x/t(y,z),2'/z,y'/2'},z) = {x,2'}. We call
sharing group an element of ps(V).

We say that x is independent from y in [o]y when, given asy([o]v) = [S, U], there
isno X € S such that {z,y} C X. Given U € p(V), we say that z is independent
from U in [o]y when it is independent from y for each y € U different from z.
Finally, x is independent in [o]y if it is independent from V in [o]y.

PROPOSITION 5.1. The map agy : ISubst. — Sharing is well defined, i.e., it
does not depend on the choice of representatives.

PROOF. If ¢ ~y ¢’ and X € occ(o,y)NV, let p € Ren such that o' (x) = p(o(x))
for each z € V. Then

ocel(o',p(y) NV = {2 € V' | ply) € vars(o(2))}
={z eV |yep ' (vars(p(o(2))))}
={z eV |yevars(o(z))}
occ(o,y) NV .

Therefore X € occ(o’, p(y)) NV, which proves the thesis. [

The abstraction function just defined may be lifted pointwise to agp : Psub —
Sharing as follows:

ash(Lrs) =Lsn asn(Trs) = Tsn
asn([Z,0) = | ] asu(lolv) (19)
[cluex

To ease the notation, often we will write a sharing group as the sequence of its
elements in any order (e.g., xyz represents {z,y,z}) and we omit the empty set
when clear from the context. For example:

asn([{lel} {z,y,2}]) = {x,y. 2}, {z, y, 2}]
asn([{[z/y, z/al} . {z,y, 2}]) = {=y}, {z,y, 2}]
asn([{[e], [z/y, 2/al}, {z,y, 2}]) = {xy. x. 7, 2} {=,y, 2}] .
Since agy is additive, there is an induced concretization function ~gy, the right

adjoint of agp, which maps each abstract object to the set of substitutions it rep-
resents:

Ysu([S,U]) = {0l | asn([0lv) Esn [S, U]}, U] . (20)

Note that each abstract object represents the possible relations between variables:
given an object [A, U], a substitution where all the variables in U are ground is in
vsu([A, U]) independently from A.

PROPOSITION 5.2. {ash,Ysh) : Psub = Sharing defines a Galois connection.
Moreover, if the term signature has at least a constant symbol, we have a Galois
mnsertion.

PRrROOF. That (ash,vsn) is a Galois connection immediately follows from the fact
they are an adjoint pair. Now, we want to prove that, in presence of a constant
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symbol a, agy is onto. Given [S, V] € Sharing and X € S, consider the substitution
0x defined as
w ifrzeX
Ox(z)=qa ifzxeV\X
v otherwise.

It is easy to check that agn([0x]v) = [{X},S] and therefore agh([{[0x]v | X €
SHV]) =[S, V]. Moreover, we have agy(Lps) = Lgn and agh(Tps) = Tsp. O

It is worth noting that, in general, when the signature does not have constant
symbols, (agn,vsh) is not a Galois insertion. In fact, it happens that

ysn({=} {2, y3]) = [0, {z, v} = ysu({y} {z, v}]) (21)

since [{x}, {z, y}] forces y to be ground, and this is not possible.
The abstract operators do behave exactly as the concrete ones on Tg, and 1 gy,
while the other cases are the following:

ﬂSh([AhUl],UQ) Z[{BﬂUl ‘ B€A1},U1QU2] s (22)

p([A,U]) =[p(A),p(U)] . (23)

The definition of the abstract versions of matching and unification is the main
argument of the rest of this paper. Here we show some properties of completeness
for projection and renaming. Since the concrete and abstract operators behave in

the same way on top and bottom elements, here and in the following proofs we only
consider the case when all the arguments are different from Lps/ L g, and Tps/T gp.

THEOREM 5.3. wgy is correct and complete w.r.t. Tps.

PRrROOF. Given [®,V] € Psub, we need to prove that agn(mps([®,V],U)) =
won(asn ([P, V]),U). We first prove that, for each [¢]y € ISubst., it holds that
msn(asn([0]v),U) = asn([¢]vru). Actually

asn([glvru) = [{occ(¢,2) NV NU | z €V} V NU]
wsn([{oce(p, z) NV | z € V}, V], U)
= msn(asn([9]v),U) .

The result for the lifted agy follows trivially. [J

THEOREM 5.4. Abstract renaming is correct, complete and ~y-complete w.r.t.
concrete renaming.

PROOF. First of all, given p € Ren,y € V and ¢ € Subst, we prove that
oce(p(@), p(y)) = plocc(,y)). Actually:
oce(p(0), p(y)) = {z | 2 € V, p(y) € vars(p(o(p™"(2))))}
— {2 ]2 € V,y € vars(p(p ()}
= {p(k) | k € V,y € vars(¢(k))} [by letting k = p~'(2)]
= plocc(),y) -
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Then we prove that, given [¢]y € Psub and p € Ren, asn(p([¢]v)) = p(asn([¢]v)).
Using the fact that p as an operation over ISubst., is bijective, we have:

asn(p([¢lv)) = [{oce(p(), 2) N p(V) | 2 € V], p(V)]
= [{p(occ(d,p™ () N p(V) | 2 € V},p(V)]
= p(locc(p, )NV | k€ V},V]) [by letting z = p(k)]
= plasn([¢lv)) -

This property, lifted to Psub, gives the completeness of abstract renaming. Finally,
we need to prove that renaming is y-complete, i.e., that ys, o p = p o ygn.

Ysu(p([S, V1)) = vsu([p(S), p(V)])
= [{[0]v | asu([0]v) Esn p(S)}, p(V)]
= [{p([0lv) | asu(p([f]v)) Csn p(S)}, p(V)]
= [{p(01v) | plasu((0]v)) Esn p(S)}, p(V)]
[{p([61v) | asn([8]v) Csn S}, p(V)]
= p(ysn([S;V])) -

which concludes the proof of the theorem. [J

6. FORWARD UNIFICATION

We briefly recall from [Cortesi and File 1999; Bagnara et al. 2002] the definition
of the standard operator unif’y, for abstract unification on Sharing. The abstract
unification is performed between a set of sharing groups A and a single substitution
J, under the assumption that vars(d) C U, and it is defined as follows:

unif's, ([4,U],9) = [usn(A,d),U] (24)
where ugy, : p(pr(V)) x ISubst — p(ps(V)) is defined by induction as follows:
uSh(A7 6) =A

ugp (A, {z/t} Wo) =ug,(A\ (rel(A, {z}) Urel(A,vars(t))) (25)
U bin(rel(A4, {z})*,rel(A, vars(t))*), 0).

The auxiliary operators used in the definition of ug, are given by:

—the closure under union (or star union) (.)* : p(ps(V)) = p(ps(V))

A = (UT10£T € oy} | (26)
—the extraction of relevant components rel : p(pr(V)) X pr(V) = p(pr(V)):
rel(A,V)={T e A|TNV #0} ; (27)

—the binary union bin : p(pr(V)) x p(pr(V)) = plpr(V)):
bin(A,B) = {Tl Uiy | T, € A,TQ S B} . (28)

?Note that, due to the condition T # ), the notation AT would be more appropriate. However,
we retain the notation A* for historical reasons.
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We recall that we will often abuse the notation and write rel(A, o) for rel(A, vars(0))
and x € o for x € vars(o) where o is any syntactic object.

Ezample 6.1. Take A = {xy,xz,y}, U = {w,z,y,z} and § = {z/t(y, z),w/t(y)}.
Note that, since w does not appear in A, then w is always bound to a ground term
in ysn([A,U]). We have rel(4, z) = {xy, xz}, rel(4,y) = {xy,y}, rel(4, z) = {xz}
and therefore

ush (A7 {I/t(ya Z)}) =A \ {XY7 Xz, y} U bin({XY7 XZ}*, {XYv Xz, Y}*)

=bin({xy, xz, xyz}, {xy, xz, xyz, y})

={xy, xz,xyz} .
If we take B = {xy,xz,xyz}, we obtain rel(B,w) = ), rel(B,y) = {xy, xyz} and
therefore

usk(A,0) =usn(B, {w/t(y)})

=B\ {xy,xyz} Ubin(0, {xy, xyz}*)

=B\ {xy, xyz}

={xz} .
It is worth noting that unify, is not the abstract counterpart of unifps, because
unif'y, ([S, U], 0) is defined only under the condition that vars(§) C U. Since this
is not enough to define a goal-dependent semantics, when this solution is adopted,

there is the need of an operator to expand the set of variables of interest in a
substitution. Let us introduce the following concrete operator:

wps([3, U1, V) = [{mgu([o]u, [€]v) | [o]lv € 2}, UUV], (29)
whose optimal abstract counterpart is simply given by:
(B, UL V) = [BU{{z} [z € VAULUUV)] . (30)
By using tps, the operator unifpg can be equivalently rewritten as:
unifps ([, U], 0) = unifpg(eps([3, U], vars(6)),0) , (31)

and now, in the right hand side, ¢ps([X, U], vars(6)) is an object of the kind [©,U U
vars(6)]. Therefore, a correct abstract forward unification operator for Uf may be
obtained as

U”;h([Z, U], A1, Ag) = s (unif's, (tsn (p([Z, U)), vars(p(A;)) U vars(Az)),
mgu(p(A1) = Az)), vars(Az)) ,
(

provided that p is a renammg such that p(U U vars(A;)) Nvars(As) = 0. However,

(32)

U’gh is not optimal w.r.t. UPS
Ezample 6.2. We have that

UG ([{xy, vz}, o, 23], bl 9, 2), plu 0, w)) =
msn([wsn ({xy, yz, u, v, v}, {z/u,y/v, 2/w}) {2, y, 2, u, v, w}], {u, v, w}) =
won([{xyuv, yzvw, xyzuvw}, {z,y, z, u, v, w}], {u,v,w}) =
[{uv, vw, uvw}, {u,v,w}] .
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There exists a sharing group uvw computed by the forward unification. However,
when computing unifps(ysn ([{xy, y2}, {2, y, 2}]), {z/u, y/v, z/w}) we know that u,v
and w are free in vgn([{xy,yz},{z,y,2}]. Following [Hans and Winkler 1992],
we can avoid to compute the star unions when considering the binding y/v in
ugp, obtaining the smaller result [{xyuv,yzvw},{z,y, z,u,v,w}]. If we now com-
pute the projection on the variables {u,v,w} we obtain the entry substitution
[{uv, vw}, {u, v, w}], with an obvious gain of precision.

Example 6.3. Let us consider the following unification.

UG ([{xy. x2}, {, g, 2}, (e, y, 2), p(t(u,0), by ) =
wsn([bin({xyh, xzk, xyzhk}, {u, v,uv}), {z, v, z, h, k,u}], {u,v, h, k}) . (34)
Since the term ¢(u, v) is linear and independent from z, following [Hans and Winkler
1992] we can avoid to compute the star union over {xy, xz}, obtaining the abstract
object [bin({xyh, xzk}, {u,v,uv}), {z,y, 2z, h, k, u}]. If we project on {h,k,u,v} we
obtain bin({h,k}, {u,v,uv}) against bin({h,k, hk}, {u,v,uv}). In this way, we are
able to prove the independence of h from k.

These examples show that, when computing forward abstract unification by first
enlarging the domain of variables of interest, there is a loss of precision. In fact,
such a forward abstract unification operator is not optimal. We now show that
it is possible to design an optimal operator for forward unification which is able
to exploit the information of linearity and freeness coming from the fact that the
variables which appear in the third argument of U{,S are fresh. Note that we are
not proposing to embed freeness and linearity information inside the domain, but
only to use all the information coming from the syntax of the clauses.

6.1 The Refined Forward Unification

We are going to define an abstract operator unifg, which is correct and optimal
w.r.t. unifpg.

Definition 6.4. The abstract unification unifgy, : Sharing x ISubst — Sharing is
defined as

unif g, ([S, U], 0) = [u’;h(S U{{z} |z € vars(0) \ U}, vars(d) \ U,0),U U vars(9)]
where uf;h sp(pr(V) X pr(V) x ISubst — p(pr(V)) is defined as:
| ugh(S, Ue) =S
ul, (S, U, {z/t} W 6) = uk, ((S\ (rel(S,t) Urel(S,z)))U
bin(rel(S, z),rel(S,t)), U \ {z},0)
iteeU
ul, (S,U, {z/t} wé) = ul, (S\ (rel(S,t) Urel(S, z)))U
bin(rel(S, z), rel(S,Y)*)U
bin(rel(S, z)*,rel(S, Z)*)uU
bin(bin(rel(S, z)*, rel(S, Z2)*),rel(S,Y)*),
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U\ vars({z/t}),d)
ifx¢U,Y =uvars(t) NU, Z = vars(t) \ Y.

The idea is simply to carry on, in the second argument of ugy,, the set of variables
which are definitively free and to apply the optimizations for the abstract unification
with linear terms and free variables (see [Hans and Winkler 1992]). Actually, while
the case for « € U is standard, the case for x ¢ U exploits some optimizations
which are not found in the literature. When Z = (), we obtain:

(S'\ (rel(S,t) Urel(S,z))) U bin(rel(S, z),rel(S,Y)*) ,

which is the standard result when the term ¢ is linear and independent from .
However, when Z # (), the standard optimizations which appear, e.g., in [Hans and
Winkler 1992] do not apply, since ¢ cannot be proved to be linear and independent
from z, and we should obtain the following standard result:

(S\ (rel(S,t) Urel(S,z))) Ubin(rel(S, z)*,rel(S,t)*) .

However, we are able to avoid some star unions by distinguishing the variables in
t which are “linear and independent” (the set Y') from the others (the set Z), and
observing that two sharing groups in rel(S, z) may be merged together only under
the effect of the unification with some variable in Z. We will come back later to
this topic.

We can now define the forward abstract unification Ugh : Sharing X pf(V) x
Atoms x Atoms — Sharing. We only need to introduce the necessary renamings and
projections, as done for the concrete case:

UL, ([S1, 1], Ar, Ag) = mn (unif s (p([S1, U1]), mgu(p(Ar) = Az)), vars(Az)) (35)
with p a renaming such that p(Uy U vars(4;)) Nvars(4z2) = 0.

6.2 Correctness of Forward Unification

We are going to prove that the unification operator unifg, is correct w.r.t. the
concrete operator unifps. We first need two technical lemmas.

LEMMA 6.5. Given 0,0 € Subst, v € V, it is the case that occ(d o o,v) =
occ(a, occ(6,v)).

PROOF. By definition, = € occ(d o o,v) iff v € §(o(x)), i.e., there exists w € V
such that w € o(z) and v € d(w). In other words, x € occ(d o o, v) iff there exists
w eV st w e occ(d,v) and x € occ(o,w) iff x € occ(o, occ(d,v)). O

PROPOSITION 6.6. Lett € Terms, o € Subst and U € ps(V) such that vars(t) C
U. Let asn([o]u) Cgp, [S,U]. Then the following property holds:

Yo € Vv € vars(to) <= occ(o,v) NU € rel(S,t) .

PRrROOF. Note that v € vars(to) iff Ju € ¢ such that v € o(u). In turn, this holds
iff Ju € ¢t s.b. u € oce(o,v) iff occ(o,v) Nvars(t) # O iff (occ(o,v) NU) Nvars(t) # 0.
Note that X = occ(o,v) NU C S and therefore X Nvars(t) # 0 iff X € rel(S,t) by
definition of rel. O
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Now, we begin to analyze the abstract behavior of unification when the second
argument is a substitution with only one binding.

PROPOSITION 6.7. Let [o]y € ISubst.., {x/t} € ISubst such that vars({z/t}) C
U and o and {z/t} unify. If asn([o]y]) Csn [S,U] and 6 = mgu(zo = to), we
obtain:

asw(mgu([o]u, [z/t]u)) Esnl(S\ (rel(S, z) Urel(S,)))
U {occ(o, occ(6,v)) NU | v € vars(zo = to)}, U] .

PROOF. Since vars({z/t}) C U, we have mgu([o]u, [z/t]y) = [mgu(o, {z/t})]v.
Then, by definition of ¢, it holds that mgu(o,z = t) = mgu(Eq(c) Uzo = to) =
mgu(zo =to) oo = oo (see [Palamidessi 1990, Proposition 6.1]). Therefore, we
only need to show that:

ash([0oaly) Cep [(S\ (rel(S, z) Urel(S,t)))

U {oce(a, occ(d,v))NU | v € vars(zo = to)}, U] . (36)

By definition of agn, we have to show that, for all v € V, occ(d o o,v) NU €
(S\ (rel(S,z) Urel(S,t))) U {occ(a, occ(6,v)) NU | v € vars(xo = to)}. Let v € V.
We have the following cases:

—uv € vars(zo = to): by Lemma 6.5, {occ(d o o,0) NU | v € vars(xo = to)} =
{occ(o, occ(8,v)) NU | v € vars(zo = to)}.

—uv ¢ vars(zo = to): thus v ¢ vars(d) and oce(d o o,v) = oce(o,v). We know that
occ(o,v) NU € S, by definition of S. Moreover, we show that occ(o,v) NU ¢
rel(S, z)Urel(S,t). Since v ¢ vars(zo = to), we can apply Proposition 6.6 twice
to the terms x and ¢, and obtain occ(o,v) NU ¢ rel(S,z) Urel(S,t).

By collecting the results of the two cases, Equation (36) is proved. O

This result may be refined by introducing further hypotheses. We have antic-
ipated that our abstract algorithm uses the fact that some variables are known
to be free in the corresponding concrete algorithm to produce better results than
standard unification. We may be more formal:

Definition 6.8. We say that a variable x € V is free in [f]y when 0] (x) € V.

Note that this definition does not depend on the choice of representative for [6]y .
Moreover, if x is free in and independent from V in [f]y, there exists a representative
0" ~y 0 such that = ¢ vars(d). It is enough to take 6/ = Hl’f{_z} where 0”7 is a
canonical representative.

Now, we consider again Prop. 6.7, but we assume z to be free and independent
from U in [¢]y. The following proposition has been proved several times in literature
(see, for example, [Hans and Winkler 1992]). We just present it again for the sake
of completeness.

PROPOSITION 6.9. Let [o]y € ISubst.., {x/t} € ISubst such that vars({z/t}) C
U and o and {z/t} unify. If agn([o]y) Cep [S,U] and x is free and independent
from U in [o]y, then:

asn(mgu([o]v, [z/t]v))
Csn [(S\ (rel(S,z) Urel(S,t))) Ubin(rel(S, x),rel(S,t)), U] .
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PRrROOF. First of all note that, without loss of generality, we may assume x ¢
vars(o). Then, by Prop.6.7, we have that:

asn(mgu([o]u, [z/t]u)) Esnl(S\ (rel(S,z) Urel(S,1)))
U {occ(o, occ(6,v)) N U |€ vars(xzo = to)}, U] ,

where § = mgu(xo = to). Since z ¢ vars(c), we have that zo = to is equal to
x = to. Moreover, x ¢ vars(to) since = ¢ vars(t) and = ¢ vars(o) by hypothesis.
Thus § = mgu(z = to) = {z/to}. It follows that vars(zo = to) = {a} U vars(to).
Therefore, the following equalities hold:

{oce(a, occ(0,v)) NU | v € vars(zo = to)}

{occ(o, 0ce(6,v)) NU | v € {x} Uvars(to)}

{occ(o, occ(6,v)) NU | v € vars(to)} [since z € dom(d) and occ(d, x) = 0]
= {occ(o,{z,v})NU | v € vars(to)} [since § = {z/to}]

{(oce(o,2) U occ(o,v)) NU | v € vars(to)}

= {({z} Uocc(o,v))NU | v € vars(to)} [since = ¢ vars(o)]

Moreover, for each v € vars(to), by Proposition 6.6 it holds that occ(o,v) NU €
rel(S,t). Therefore, {({x} U occ(o,v)) NU | v € vars(to)} C bin({z},rel(S,1)).
Since x ¢ vars(o) and x € U, it follows that occ(o,z) = {z} and thus {z} €
rel(S,z) being agh([o]y) Esn [S,U]. As a consequence bin({z},rel(S,t)) C
bin(rel(S, z),rel(S,t)) from which it follows that agy ([mgu(Eq(c)Uz =t)]y) Cep,
[(S\ (rel(S,z) Urel(S,t))) Ubin(rel(S,z),rel(S,t)),U]. O

Now we want to analyze the case when x is not guaranteed to be free and inde-
pendent from U in [o]y. In this case, we want to distinguish between those variables
which occur uniquely in zo = to and those who do not. Variables of the first kind
are special, in the sense which is formalized by the following proposition.

PROPOSITION 6.10. Given s,t € Terms and W)Y € p¢(V) such that s and t
unify, vars(s =t) C W and Y C vars(t) Nuvars(s = t), then 6 = mgu(s =t) enjoys
the following properties:

(1) Yo € vars(s). occ(d,v) Nvars(s) # 0 = occ(d,v) Nvars(t) # 0
(2) Yo € vars(s). occ(d,v) Nvars(s) = {x1,x2} Ax1 # 9 = 0cc(6,0)NZ #D .

where Z = vars(t) \ Y.
PrOOF. We proof the two points separately.

(1) If occ(d,v) Nvars(s) # O then v ¢ dom(d) and therefore v € 6(s). Since ¢ is
an unifier for s and ¢, it should be v € 6(t), and therefore there exists y € ¢ such
that y € occ(0,v).

(2) First of all, note that, given two terms s and ¢ in a given signature X, the
result of mgu(s = t) does not change if we enlarge ¥ with a new constant symbol.
Therefore, assume without loss of generality that there is a constant symbol a in
the signature. The proof proceeds by contradiction.

Assume that there exist x1, 29 € vars(s), v € W such that z1,29 € occ(d,v) and
occ(,v)NZ = 0. Let 0 = {z = a | z € W} and consider the substitution
0 ={z/(6(2))o | z € Z}. Note that this is an idempotent substitution since it
is ground. Now consider §” = mgu(Eq(d) U Eq(d")), which clearly exists and, by



28 . G. Amato and F. Scozzari

definition of &', is 6" = {z/a | x € vars(6(Z))} o 6. Therefore, occ(8”,v) = occ(d,v)
because v ¢ vars(4(Z)) being occ(§,v) N Z = 0.

Moreover, §” = mgu(Eq(d) U Eq(d")) = mgu({s = ¢} UEq(d’)) = mgu(sd’ =
td')od" = §’'Wmgu(sd’ = ¢d"). By definition of ¢’, it holds that vars(td’)NZ = ), and
thus vars(t6’) C Y. From the definition of Y it follows that vars(té’) C uvars(s = t),
and thus vars(td’) C uvars(sd’ = ¢4'), since rng(d’) = 0. Therefore the term ¢4’
is linear and independent from sé’ and occ(mgu(sd’ = td'),v) = occ(mgu(sd’ =
td') W', v) = oce(d,v).

If we apply the result for linear and independent terms (see for example [King 2000,
Proposition 3.1] we obtain an absurd, since it is not possible that both z; and x5
are elements of occ(mgu(sd’ = td’),v).

This concludes the proof. [

We can use the previous proposition to compute the abstract unification in the
case when z is not free and independent in [o]y.

PROPOSITION 6.11. Let [o]y € ISubst.., {x/t} € ISubst such that vars({z/t}) C
U and o and {z/t} unify. Given'Y € ps(V) such that, for ally € Y, vars(o(y)) C
uvars(zo = to), if asn([o]v) Ty [S, U] then

asn(mgu([o]u, [z/t]v)) Esn [(9\ (rel(S, t) Urel(S, 2)))
U bin(rel(S, x),rel(S,Y)*) U bin(rel(S, z)*, rel(S, Z2)*)
U bin(bin(rel(S, z)*, rel(S, Z)*),rel(S,Y)*), U] ,
where Z = vars(t) \ Y.
PrOOF. By Prop. 6.7, we have that

asn(mgu([o]u, [z/t]v)) Esn[(S\ (rel(S,z) Urel(S,t)))
U {occ(o, occ(6,v))NU | v € vars(zo = to)}, U] ,

where § = mgu(zo = to). We show that

{oce(a, occ(0,v)) NU | v € vars(zo = to)}
C bin(rel(S, z),rel(S,Y)*) Ubin(rel(S, z)*, rel(S, Z2)*)
U bin(bin(rel(S, z)*, rel(S, Z)*),rel(S,Y)*) U {0} ,

from which the thesis follows. The following equalities hold, for all v € vars(zo =
to).

occ(a, oce(6,v)) NU
= Y{occ(o,w)NU | w € occ(d,v)}
= U{occ(o,w)NTU | w € oce(d,v) Nvars(zo)}
UU{occ(o,w)NU | w € oce(d,v) Nvars(to)}
[since occ(d,v) C vars(d) U {v} C vars(zo = to)]

By applying Prop. 6.10 (1) to the equation xo = to we get occ(d,v) Nvars(zo) # ()
iff occ(d,v) N vars(to) # 0. Since the case occ(d,v) = @ is trivial, it only re-
main to consider the case occ(d,v) # @ which implies occ(d,v) N vars(to) # 0 #
occ(d,v) Nvars(zo). In the following, we call A = J{occ(o,w)NU | w € oce(d,v) N
vars(zo)} and B = (J{occ(o,w) NU | w € oce(d,v) Nvars(to)}. Note that, by
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Prop. 6.6, occ(o,w) NU € rel(S,{z}) if w € vars(zo) and = € U, which implies
A e rel(S, {z})*. For the same reason, B € rel(S, vars(t))*, i.e.,

occ(o, occ(6,v)) NU € bin(rel(S,{z})*, rel(S, vars(t))*) ,

which is the standard result for abstract unification without considering freeness or
linearity. We can do better if we proceed by cases on occ(6,v) N vars(to).

occ(d,v) Nvars(to) C vars(o(Y)). Let Z' = vars(to) \ vars(o(Y)) it follows
that occ(d,v) N Z' = (. Therefore, by Prop. 6.10(2) applied to the terms xo
and to, we have that Bxi,2o € vars(wzo) such that zi,70 € occ(d,v). Since
occ(8,v) N vars(zo) # @, it follows that there exists ' € vars(zo) such that
occ(d,v) N vars(xzo) = {z’'}. This implies that A € rel(S,{z}). Moreover, by
Prop. 6.6 applied to the set of variables Y, B € rel(S,Y)* and this proves

occ(a, occ(6,v)) NU € bin(rel(S,{z}),rel(S,Y)") .

otherwise. We are in the case that occ(d,v) N vars(to) ¢ vars(o(Y)), ie.,
occ(6,v) N vars(o(Z)) # B. Therefore, there exists w € occ(d,v) N vars(c(Z))
and by Proposition 6.6 occ(o,w) NU € rel(S,Z). This implies that B € {B;
..B,UC1U...Cy | B; €rel(S,Y),n > 0,C; € rel(S,Z),p > 1} = rel(S, Z)*
bin(rel(S,Y)*, rel(S, Z)*). As a final result we have that:

occ(o, occ(6,v)) NU € bin(rel(S, {z})*,rel(S, Z)* Ubin(rel(S,Y)*,rel(S, Z2)*))
= bin(rel(S, {z})*,rel(S, Z)*)U
bin(bin(rel(S, {z})*, rel(S, Z)*),rel(S,Y)") ,

U
U

which proves the theorem. [

Now we want to use together Propositions 6.9 and 6.11 to prove correctness of
ugy, and thus to prove correctness of unifgy,.

LEMMA 6.12. Let [o]y € ISubst., 6 € ISubst such that vars() CV and o and
0 unify. Assume given U C V such that, for each x € U,
(1) x is free in [o]v;
(2) x is independent from vars(8) in [o]y;
(3) if x € dom(0) then x is independent in [o]y .
If asn([o]v) Cgp [S, V] then asn(mgu([o]v, [0]v)) Esn [ugh(S, U,0),V].

PROOF. The proof is by induction on |[dom(f)|. Assume |dom(#)| = 0, then
0 = € and asu(mgu([olv,[0lv)) = asu([olv) Cen [S,V] = [uf,(S.U,e),V] =
[uky, (S,U,0), V).

Now assume that it holds for |dom(6)| < n and we show it holds for |dom(6)| =
n+ 1, too. Let 6 be 0’ W {a/t}. We distinguish two cases: either x € U or = ¢ U.

(1) (z € U) By definition of ugh we have that

ul, (S,U, {z/t} w @)
= u’;h((S\ (rel(S,z) Urel(S,t))) Ubin(rel(S, z),rel(S,t)),U \ {z},0) .
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Since x € U N dom(d), by hypothesis z is free and independent in [o]y. Thus we
can apply Prop. 6.9, from which we obtain that:

asn(mgu([olv, [z/t]v))
Con [S\ (rel(S,z) Urel(S,t)) Ubin(rel(S, z),rel(S,t)), V] .

Let [0']y = mgu([o]v, [z/t]ly) and U’ = U \ {x}. We may assume without loss
of generality that vars(c) NU = ) and we obtain ¢/ = mgu(Eq(c) U{z = t}) =
oW {x/te}. Given u € U’, we have ¢'(u) = o(u) = u € V, hence u is free in
[o]y. If u # v € vars(#’), then v # = and therefore v ¢ ¢’(v) = o(v). Thus u is
independent from vars(¢’) in [0’]y. Moreover, if u € dom(6#'), then u # z, u ¢ t
and u ¢ vars(o), and therefore u ¢ vars(c’) C vars(o) U vars(z = t). This means
that v is independent in [0']y;. Therefore, by inductive hypothesis,

asp(mgu([o]yv, [0]v)) = asn(mgu([o’]v, [0']v))
Ceon [ul, (8,U",0),V] = [ul, (S,U,0)] ,

which concludes this part of the proof.
(2) (z ¢ U) By definition of uf;h we have that:

ul,, (S, U{x/t} 0 6) = ul, (S \ (rel(S,z) Urel(S, 1))
U bin(rel(S, x),rel(S,Y)*) U bin(rel(S, z)*, rel(S, Z2)*)
U bin(bin(rel(S, z)*, rel(S,Y)*),rel(S, Z2)*)), U \ vars({z/t}),d) ,
where Y = uvars(t) N U and Z = vars(t) \ Y. Since Y C U, then for all u € Y and
for all v € vars(x = t) with v # w, it is the case that v and u do not share variables,

ie, v # u= o(u) ¢ o(v). Therefore o(u) € uvars(zo = to). Then we can apply
Prop. 6.11 to obtain

asn([o]v, [x/t]v]) Csn (S\ (rel(S,t) Urel(S, z))

U bin(rel(S, z),rel(S,Y)*) U bin(rel(S, z)*, rel(S, Z)*)

U bin(bin(rel(S, z)*, rel(S, Z2)*),rel(S,Y)*), V] .
Again, assume vars(o) NU = 0, ¢/ = mgu(Eq(c) U{z = t}) = mgu(zoc = tg) oo
and U’ = U \ vars({z/t}). Given u € U’, u ¢ vars(z = t) and since u by hypothesis
does not share with any variable in « = ¢, we have u ¢ vars({zo/to}). As a result
o'(u) = o(u) = u € V. Moreover, for each variable v, u € ¢'(v) iff u € o(v).
Therefore, if v € vars(f') and v # u, v and u are independent in [¢o']y. Finally, if
u € dom(6), then u ¢ vars(c) which implies u ¢ vars(c’). By inductive hypothesis
we have

asn(mgu([o]v, [0]v)) = asn(mgu(fo’]y, [0']v))
Csn [ul,, (S',U",0),V] = [uf, (S,U,0),V] ,
which proves the lemma. [

THEOREM 6.13. (CORRECTNESS OF unifgy) The unification operator unifgy is
correct w.r.t. unifps.
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PROOF. Given [©, V] = unifps([O1, V1],0), we know that, if [0]y € ©, then

[9]\/ = mgu([91]vp [‘ﬂvars(é)) = mgu([el]vl, [E]VlLJvars(é)a [ﬂvars(é)) .
Note that

asn(mgu([01]v;, [€]v,uvars(s))) Esn [{S U {{x} | = € vars(0) \ V1]}, V1 U vars(0)]

and each variable in vars(d) is free and independent in mgu([01]v;, [€]v, Uvars(s))-
Therefore, by applying Lemma 6.12, we obtain

asn([0]v) Tsp unif g, ([S1,V4],9) .

The theorem follows by the pointwise extension of agy to elements of Psub. [

6.3 Optimality of Forward Unification

In this section we prove that the unification operator unif g, is optimal w.r.t. unifps,
that is to say that, given [S1,U;] € Sharing and 6 € ISubst, it holds:

asp (unifps(vsn ([S1,U1]), 0)) Dsn unif s, ([S1, Ui), 6)

Let unif g, ([S1,Un],0) = [S,Ur U vars(f)]. To prove optimality, we only need to
show that, for each X € S, there exists [0]y, such that agy([0]u,) Csp [S1, U1] and
agp (unifps([{[0]}, U1],0)) Jsn [{X}, Uy Uvars()]. To ease notation, let us define
Uy = vars(&)\Ul, Sy = {{$} | xr € U2}7 U=U,UlUy, X1 = XNU; and X5 = XNU,.

We begin by checking some properties of the unification algorithm in uéh. To
simplify the notation, in the rest of this section we will use a slightly modified
version of the operator ugh which uses the rule u‘gh(T7 V,e) = (T,V) (instead of
the original rule u];h (T,V,e) = T). The only consequence of this modification is
that the new operator returns a pair whose first argument is the same as in the
original operator and whose second argument is a set of variables guaranteed to be
free after the unification.

Remark 6.14. Given (1",V’) = uéh(T7 V., 0) the following properties are easily
checked from the definition:

(1) v cv;
(2) if z € V' Nrng(#) and x € O(v), then v € V.
(3) ufy (T,V,000) = uly (T',V',6)

Let [H,U] = agn([f]v). We want to prove that each X € S is obtained as union
of a number of sharing groups in H. However, these sharing groups cannot be
joined freely but only according to some conditions.

LEMMA 6.15. For each X € S, either X € H or there are By,...,By € H s.t.
Ui<kBi = X and for each i <k, BN Uy # 0.

PRrROOF. The proof proceeds by induction on the number of bindings n in 0. If
n=0,then =¢ S =5 USy and H = {{z} |z € Uy UUs}. If X € S5 then
X = {z} for some z € Uy, i.e., X € H. Otherwise, if X € Sy, then X = [J{{z} |
x € X}. Since x € vars(S;) entails z € Uy, we may take as B;’s the singletons {z}
for each x € X and we have the required result.
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If n # 0 then 0 = 0" W {z/t} and uf;h(Sl U Ss,Us,0) = ugh(T,V,{x/t}) where
(T,V) = uf;h(Sl U Sa,Us,0"). Let [H',U] = agn([f']u). We distinguish the case
reVandz ¢ V.

Assume z € V. If X € T\ (vel(T,t) Urel(T,z)) then X N vars({z/t}) = 0.
By inductive hypothesis, X = By U ... U Bj, where each B; € H'. Since B; N
vars({z/t}) = 0 then B; € H and therefore the property is satisfied. Otherwise,
X = AjUA; where A; € rel(T,z) and As € rel(T,t). Note that since x ¢ vars(6’),
then rel(H’,z) = {{z}}. Since {z} NU; = 0, it is not possible to join {z} with any
other sharing group in H’, and therefore rel(T,z) = {{z}} and 4; = {z}. Now
assume, without loss of generality, Ay € rel(T,y), with y € vars(t). By inductive
hypothesis A, = C; U...UC}, with each C; € H'. First of all, note that, for each
J, either C; Nvars({z/t}) = 0 which entails C; € H, or C; = occ(#',w) for some
w € vars(t), which entails {z} U C; = occ(0,w) € H. Therefore, it is possible to
take k = h and B; equals either to C; or C; U {z} so that B; € H. Since there is
at least one index [ such that y € Cj, then C; = occ(0’,y) and x € B;. Therefore
U,;B;j = X. Moreover, either h =1 or h > 1 and C; NU; #  for each j < h.

Now assume z ¢ V. If X € T'\ (rel(T,t) Urel(T,z)) then X Nvars({z/t}) =0
and everything is as for the case x € V. Otherwise, the three cases in the definition
of uéh may be subsumed saying that X = A; U Ay where 4; € rel(S,z)* and
As € rel(S,t)*. Assume, by inductive hypothesis, that 4; = C{ U... U C} where
each Cj € H' and Ay = CY U...UC} where each C7 € H'. Since x ¢ vars(¢') then
rel(H',z) = {{x}}. Therefore there exists Cj such that C} = {x}. We assume
without loss of generality that C = {x}. As for the case with z € V, we may
define sz equals either to C'J2 or C'J2 U {x} so that ng € H. The same holds for
all the elements of the kind C']1 for j > 1. Moreover, there is at least one j such
that C? = occ(f',y) for some y € vars(t), i.e., such that 2 € B}. Then, we have
a collection of elements B} and sz such that each B]l, sz € H and whose union
gives X. We only need to prove that B} NU; # 0 and sz NU; # § for each j.
Note that if C’]2 NU; # 0, then B? NU; # 0. Assume C'J2 N U, = . By inductive
hypothesis, this happens if C? € rel(S,t) (otherwise C7 is obtained by joining
more than one element in H’, and therefore it must contains some variable in Uy) .
Thus, there exists y € vars(t) such that y € C]Z, and therefore BJ2» = C’]2 U{z} and
BJQ- NU; # 0. In the same way, if C']1 NU; # B the same holds for le. Note that,
given C]l, by inductive hypothesis either C} ¢ rel(S, z) and therefore C']1 NU, # 0,
or C’; € rel(S,z), and therefore x € C’} which entails again C’j1 NnNU, £0. O

COROLLARY 6.16. X = {z | vars(6(z)) N X # 0}.

PrOOF. By Lemma 6.15 we know X = By U---UBy with B, € H. If x € X
then z € B; for some i < N. Assume B; = occ(f,w). Then w € B; C X and w €
vars(f(z)) N X. On the opposite direction, assume z € vars(f(x)) N X. Since there
is only one sharing group B in H such that z € B, namely B = occ(6, z), it must
be the case that B = B; for some j € {1,..., N} and therefore z € B; C X. [

While Lemma 6.15 proves that X is obtained by joining sharing groups in H, by
the definition of u’;h it is obvious that X may be also obtained by joining sharing
groups in S7 U S;. Note that two sharing groups in S; may be joined only if some
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conditions are met. In particular, given X € p;(V) and 0 € ISubst, we define a
relation R C S; x S7 as follows:

B1RBy <= 3Jxy € By,22 € By,y € vars(6(z1)) Nvars(6(z2)) N X.
(r1 =22 = y ¢ uvars(d(z1))) . (37)

We say that X is 0-connected when there exist By,..., By € 51 s.t. Uj<ipB; = X3
and B1R*Bsy ... R*By. Note that, if X is #-connected and Y C Us, then given
0" = 0W0O”, it holds that X UY is §’-connected.

LEMMA 6.17. For each X € S, X is 0-connected.

PROOF. The proof is by induction on the number of bindings in . If § = € there
is nothing to prove since X € S7 U S5, and thus X; € 5.

Let 6 = 0/ w{z/t}, [H,U] = asn([f']v), and (S,V’) = uJ;h(T7 V,{z/t}) where
uéh(Sl U SQ, UQ, 9/) = (T, V)

We distinguish two cases according to the fact that x € V' or not. Consider the
case x € V, which implies € Us. By hypothesis x ¢ vars(#’) therefore, by Lemma
6.15, rel(T,xz) = {{z}}. Therefore S is obtained by joining to each @ € rel(T,t)
the new sharing group {z} and removing {z} from 7. It happens that each Q € S
is f-connected since: 1) either Q € T is 6’-connected, from which the thesis; 2) or
Q =Q U{z} for @ € T and x € Usy. In this latter case, Q' is §’-connected, and
thus Q' U {z} is f-connected since x € Us.

The other case is when x ¢ V. If we take Q € S and assume Q € T'\ (rel(T, z) U
rel(7,t)), then it is #’-connected by inductive hypothesis, and thus it is §-connected.
Otherwise, take @ = Q1 U Q2 with @1 € rel(T,z) and Q2 € rel(T,Y)* where
Y = uvars(t) N V. Given y € Y, since y € V, then for each binding z’/t' in ¢,
if y € vars(t’) then 2’ € U, (see Remark 6.14). Therefore rel(H,y) = {K} with
K C Us, and by Lemma 6.15, the same holds for rel(T,y). This means Q2 C Us.
Thus QNU; = Q1 NU;. Since Q1 is 6'-connected by inductive hypothesis, it follows
that @ is #-connected.

Now, take @1 € rel(T,x)* and Q2 € rel(T, Z)*, where Z = vars(¢) \ Y. Thus
Q1 = A U...UA, with A; € rel(T,z). By inductive hypothesis, A; is ¢'-
connected, and therefore it is f-connected. It follows that for each i < k there
exist Bi,...,Bj € Sy such that Uj<x, B} = A; N Uy and B} R*B}, for ji,jo < ki.
The same holds for Q; = C; U...UC), with C; € rel(T, Z): for any C; N Uy # ()
we have that 07 N U1 = U]§h7D; with D;lR*D;Q for all jl,jg S hl

We need to show that given any BY,, DJ then B’ R*DJ. Actually, it is enough to
show that for each i < k,j < h such that C;NU; # 0, there are m,n s.t. B! RDJ.

Since x € A; and x € U, without loss of generality we may assume that z € Bi.
In the other hand, although vars(t) N C; # (), we cannot infer that there exists any
DJ s.t. vars(t) N DI # () since it may well happen that vars(t) N C; C Us although
Ui NU; #0.

Assume C; € rel(T,z) for some z € Z N U;. Then, we may assume without
loss of generality that z € D{, and B{RD{ follows from the definition of R, being
z € X. Otherwise, C; € rel(T, z) for some z € Z N Us. By applying Lemma 6.15,
we have C; = E1U---UE, with E; € H and E; NUy # () (this holds even if p =1
since C;j NUy # 0). Since rel(H',z) = {occ(¢',2)}, then occ(0,2) N Uy # 0, ie.,
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there exists 2’ € Uy such that z € vars(¢’(z")). Then 2’ € C; and we may assume,
without loss of generality, that 2z’ € D{. Again, we have B! RD{ by definition of R.

Observe that, if Q2 NU; # (), by symmetry and transitivity, this alone proves
that BfnR*Bf,;/ and D%R*Df:, for each i,m,4’,m’ and j,n,j’,n’. Otherwise, there
is no DJ, and we need to prove in other ways that B: R*BY,. Since Qo N Uy = 0,
then C; C Us for each i. This means C; = occ(6’,y) for some y € Us and since
C; C Us it follows immediately that y € V. Then, since y € Z, it must be the case
that y ¢ uvars(t) and therefore Bi RB! by definition of R.

It remains the case Q = Q1 UQ2UQ3 with Q1 € rel(T,z)*, Q2 € rel(T,Y)* and
Qs € rel(T, Z)*. However, this is a trivial corollary of the previous two cases, since
we know that Q1 U Q3 is #-connected and Q2 C Us. O

Fixed X € S, our aim is to provide a substitution § with agy([d]y,) T [S1, Ui]
and agy (mgu([d]u,,[0lv)) 3 [{X},U]. By Lemma 6.17, X; = By U...U B,, with
B; € S; and B;R*Bj for each i,j < n. We let K1 = {B1,...,B,}. We now want
to define a substitution § such that agy([d]y,) = [K1,U1]. For each sharing group
B € Kj, let us consider a fresh variable wg. Let W = {wp | B € K;}. For each
variable z, let B, = {Bl,..., B*} be the set rel(K;,z). Let N be the maximum
cardinality of all the B, for z € X; i.e., N = max,cx, |Bz|. For each x € X1, we
define two terms:

sz = t(c(wpi,wp),c(wpz,wpz),. .., c(wpk, wpk),c(wpL, wpt),...,c(wpi, wp1))
k = |Bg| times N — |B,| times

(38)

S/J, = t(C(wBi,ng),C(ng,ng), ceey c(wB,’;angl;)’ c(wB;awBll.)a ceey C(wB;7wB:,1_,))
k = |Bg| times N — |By| times

(39)

Note that if N =0 then X; = 0 and s,, s/, are undefined for any variable z.

We introduce the following notation: given a term ¢ we distinguish different
occurrences of the same variable by calling (y,n) the n-th occurrence of a variable
y in t, where the order is lexicographic. For instance, a term f(x, g(y, y,x)) can be
seen as the term f((z,1), f((y,1), (y,2), (z,2))). For each y € vars(d(U;)) N X, we
choose a variable x, € Uy such that y € 6(z,). Let a be a constant. We are now
ready to define the substitution § in the following way: for each variable x € Uy,
d(x) is the same as 0(x) with the difference that each occurrence (y, ) of a variable
y € O(z) is replaced by tg ,; defined as

—tyyi=aify ¢ X,

—tu,y,i = S otherwise, if z =z, and i = 1;

—ty .y = S, otherwise.

Note that, by Corollary 6.16, if x € X7, then 6(x) is not ground. Therefore, by
construction, dom(d) = Uy and rng(d) = W. It is easy to check that agh([0]y,) =
[K1,U;] since given a variable wp, it appears in §(z) iff © € B and therefore

occ(8,wg) N Uy = B. For all the other variables occ(d,v) = @ if v € Uy and
occ(d,v) = {v} € Uy otherwise. Let us compute the value of mgu([d]y,, [0]v).
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LEMMA 6.18.
mgu(d, ) = mgu{w; = we | w1, ws € W}opof
where p = {v/sy, | v € vars(0(U1)) N X} U{v/a|v e vars(d(Uy)) \ X}.

PRroor. Since t;, »,1 = Sz,, by using the properties of equation sets it follows
that:

mgu(4,8) = mgu({v =1;,, |2 € U1, (v,1) is an occurrence of v in §(x)}} o6

= mgu(E)opof .

where E = {t;, v1 = to v, | @' € Ui, (v,7) is an occurrence of v in (z")}. Let us
define a relation between variables:

vR'u <= Jy evars(0(v)) NX. u=ay A (u=0v=y ¢ uvars(d(v)))} .

Note that R’ is not a symmetric relationship. By exploiting the above definition,
we can rewrite mgu(E) as follows:

mgu(E) = mgu({s, = s, | v,u € X1,vR'u}) . (40)

The above characterization shows that Eq(d) U Eq(6) is solvable, since s, and s,
are terms which unify by construction. Moreover, note that

mgu{s, = s, } = mgu{wp =wp' | B€ B, AB' € B,} . (41)

We want to prove that mgu{s, = s, | v,u € X7, vR'u} = mgu{w; = ws | wy,ws €
W}. Tt is obvious that mgu{s) = s, | v,u € X1, vR'u} = mgu{wp = wp' | z,y €
X,. B € B,,B' € By, zR'y} = mgu{wp = wp | BRB'} where R is the relation on
K; x K; given by

BRB' < 3az,yc X,. B€ B,AB' € ByAzRy . (42)
By the properties of equality, we know that
mgu{wp = wp | BRB'} = mgu{wp = wp: | BR*B'} . (43)

We now prove that R CRC R*, from which the thesis follows by Lemma 6.17.

If BRB' there are z,y € Xy s.t. B€ B, ANB' € B, AzR'y. However B € B, iff
r€BeS and B € By iff y € B’ € S;. Now, assume z € vars(6(z)) N X and y =
2. Then z € vars(6(z)) Nvars(f(y)) N X and this proves that BRB’. On the other
side, assume BRDB’, i.e., there are x € B, y € B, z € vars(f(z)) Nvars(f(y)) N X
st. x =y = 2z ¢ uvars(f(x)). Since z € B and y € B’, then B € B, and
B’ € B,. Since z € vars((Uy)) N X then . is defined and B, # (. Assume
that z = y = .. Then z € uvars(f(z)) and thus xRy and BRB’. Otherwise,
we may assume without loss of generality that x # z,. If y = x, then 2R’y and
thus BRB'. If y # ., we can choose any B” € B,_. We know that 2R'z., yR'z.
and thus it holds that BRB" and B'RB", from which BR*B’. The case y # x. is
symmetric. [

We can now prove that agy(mgu([d]y,, [0]v)) Dsn [{X},U]. This immediately
implies that agp, (unifps([{[0]}, U1],0)) Dsn [{X }, U], which concludes the optimality
proof.
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PROPOSITION 6.19.

asn(mgu([d]u,, [0]v)) Jsn (X}, U] -

ProOF. First of all, note that mgu([d]y,, [0]v) = [mgu(d, #)]u since vars(d) C U.
We proceed with two different proofs when W = () and W # ). If W # () then,
according to Lemma 6.18, we can choose w € W and define the substitution o =
{w'/w | w#w' € W} = mgu(FE). It only remains to prove that occ(oopof, w)NU =
X.

It follows easily that occ(o o pof, @) = occ(po @, W) = occ(0, vars(0(U1)) N X) U
W) = occ(f,vars(8(U1)) N X) UW. Since UNW = § it follows that occ(o o po
0,w)NU = occ(, vars(0(Uy)) N X).

By definition, occ(f, vars(8(U1)) N X) = {y | vars(6(y)) Nvars(8(U1)) N X # 0}.
Thus, for any of such y, we have that vars(6(y))NX # 0 and thus, by Corollary 6.16,
y € X. Tt follows that occ(, vars(6(Uy)) N X) C X. For the opposite direction, by
Lemma 6.15 there exist Bi,..., B € H such that UB; = X and B; NU; # 0 for
each i. Since B; € H, then there exists v s.t. B; = occ(6,v). Moreover, v € X since
v € B; by definition of occ and 6(v) = v. Since B; N U; # 0 it follows that there
exists y € B;NU; such that v € O(y) C 8(U;) and thus B; C occ(f, vars(8(U;))NX).
Thus X C oce(, vars(6(Uy)) N X).

When W = 0, mgu(F) = ¢ and X = X,. In this case, by Lemma 6.15, X5 =
occ(8, x) for some x € Us. Since XoNU; = (), then x ¢ vars(0(U1)), i.e., x ¢ dom(p)
and therefore occ(po 8, x) = occ(0,z) = Xo. O

The optimality result for unifg, w.r.t. unifps immediately follows from the above
proposition.

THEOREM 6.20. (OPTIMALITY OF unifg,) unifgy, is optimal w.r.t. unifps (when
there is at least a constant symbol and a symbol of arity equal or greater than two).

Optimality of unifgy, also implies the following corollary:

COROLLARY 6.21. Under the same condition of Theorem 6.20, the result of
unif gy, does not depend from the order of the bindings in its second argument.

Note that, in this proof, we worked with a signature endowed with a constant a
and term symbols ¢ and ¢ of arity two and N respectively. Actually, it is evident that
the proof may be easily rewritten as soon as the signature has a constant and a sym-
bol of arity at least two. Given s of arity n, we may replace in 0 a term ¢(t1,...,tN)
with c(t1, c(te, (..., tn))). Later, we replace c(t1, t2) with s(t1, %2, a,a,...,a) where
a is repeated n — 2 times.

However, if we do not have a term s with arity equal or greater than two, unif gy,
is not optimal. A counterexample is given by the following unification:

unifSh([{Xy’ XZ}7 {:E7 Y, Z}]7 {y/z}) = [{Xyz}v {SU, Y, Z}] : (44)

Observe that, for any substitution € in the concretization of [{xy, xz}, {z,y, z}], it
is the case that either y is ground or z is ground. It is impossible for both variables
to be non ground, since it would imply that 6(z) has at least two different variables,
corresponding to the two sharing groups xy and xz. Obviously, this is not possible
if we only have constants and unary term symbols. Therefore, after unifying 6 with
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y/z, all variables become ground, i.e.,

aSh(unifPS(’yShq{Xy’ XZ}7 {,T, Y, Z}D7 {y/z})) = [@7 {l‘, Y, Z}] : (45)
The latter equation also holds if we do not have constant symbols, since in this case
ysu([{xy, xz}, {z, 9, 2}]) = [0, {z, y, 2}].

Finally, in the case when we have symbols of arity two or greater but no constant
symbols, we believe that our operator unifg, is still optimal. However the proof
needs to be refined, since we have to replace the constant a in the definition of
tz,y,: with some well chosen variable, in order to satisfy the property agn([0]y) C
[S,U]. We have not sorted out all the details, since we do not think the problem is
particularly relevant.

6.4 Summing Up

We may put together all the results of correctness, optimality and completeness
shown so far to prove the main theorem of this section:

THEOREM 6.22. U’;h is well defined, correct and optimal w.r.t. Ulf:,s (under the
same hypothesis of Theorem 6.20)

ProoF. By Equation (35), we need to prove that:

msn (unif sy, (p([S1, U], mgu(p(A1) = As)), vars(Aq)) =
agn (mps (unifps (p(yps([S1, Un]), mgu(p(Ar) = Az)), vars(4z)))) -

By Theorems 5.3 and 5.4, we know that mg, is correct and complete and that
abstract renaming is correct and y-complete. Moreover, by Theorem 6.20, abstract
unification unifgy, is optimal. We have the following equalities.

asn (mps(unifps (p(vps([S1, U1])), mgu(p(A1) = Az)), vars(Az))))
= 7gn(asn(unifps(p(yps([S1, U1])), mgu(p(A41) = As)),vars(Az)))) [by Th. 5.3]
= 7gp(agh(unifps(yps(p )([Sl,Ul]z) mgu( (A1) = Az))),vars(4z)))) [by Th. 5.4]

= 7gp(unifgn (p([S1, U1]), mgu(p(A;1) = As))), vars(Az)))) . [by Th. 6.20]

Thus Uéh is correct and optimal w.r.t. UPS. The fact that it is well defined (i.e.,
it does not depend on the choice of the renaming p) is a direct consequence of
optimality. [J

Generally speaking, in order to obtain optimality, it is always a better choice to
abstract a concrete operator “as a whole”, instead of abstracting each component
and then composing the abstract operators. According to this rule, we could think
that a better approximation may be reached by abstracting UIJQS as a whole. How-
ever, since abstract projection/renaming is complete and y-complete, this does not
happen, as shown by the previous theorem. Studying the direct abstraction of this
composition would still be useful to find a direct implementation which is more
efficient than computing unifg, and projecting later, but we do not consider this
problem here.

Since Ugh generates less sharing groups then U’ 'éh and since checking whether
a variable is in U is easy, we can expect an improvement in the efficiency of the
analysis by replacing U’ éh with U’;h in the computation of the entry substitution.
If computing Y and Z at each step of uf;h seems difficult, it is always possible to
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precompute these values before the actual analysis begins, since they depend on
the syntax of the program only. Moreover, in the definition of uf;h, when z € U we
know that rel(S,z) = {{x}}, since 0 is an idempotent substitution and = ¢ U;.

We said before that this operator introduces new optimizations which, up to our
knowledge, are not used even in more complex domains for sharing analysis which
include linearity and freeness information. We give here one example which shows
their effects.

Example 6.23. Let us consider the following unification.

UL, ([{xw, xz, yw, yz}, {z,y,w, 2}], p(a, y, w, 2), p(f (u, h), f (u, k), 5,1)) . (46)

By applying the optimizations suggested from the unification algorithm in presence
of linearity and freeness information in [Hans and Winkler 1992], we may start from
the abstract object S = {xw,xz, yw,yz,u,h,k, s,t} and process the bindings one at
a time, keeping in mind that u, h, k, s, t are initially free. This means that in the
binding 2/ f (u, h), the term f(u, h) is linear, and therefore we can avoid to compute
the star union in rel(S,z), thus obtaining:

{k,s,t,yw,yz} Ubin({xw, xz}, {u, b, un}) =
{k, s, t, yw, yz, xwu, xwh, xzu, xzh, xwuh, xzuh} .
However, after this unification, the variable u can be bound to a non-linear term.

Therefore, when we consider the next binding y/f(u, k), according to [Hans and
Winkler 1992], we are forced to compute all the star unions, obtaining:

{s,t} Ubin({yw,yz}*, ({k} Ubin({xw, xz}, {u,uh}))*) U {xwh, xzh} .

Finally, in the bindings w/s and z/t we may omit all the star unions since ¢ and s
are free, and we get the final result:

bin({yws,yzt}*, ({k} U bin({zws,xzt}, {u,uh}))*) U {xwsh, xzth} .

Observe that we obtain the sharing group ywsztk, and thus, after projecting over
{u, h,k,s,t}, we obtain the sharing group stk. However, when we consider the
second binding, we know that k is free and independent from y, and this is enough
to apply a new optimization. In fact, k can share with more than one sharing group
related to y only if k shares with u. If we compute the abstract unification with
our algorithm we obtain:

{ywsk, yztk} U bin({yws, yzt}*, bin({xws, xzt}, {u,uh})")
U bin(bin({yws, yzt}*, bin({xws, xzt }, {u,uh})*), {k}) U {xwsh,xzth} (47)

and when we project over {u,h,k,s,t}, the sharing group stk does not appear.
The result does not change by permuting the order of the bindings. If we consider
the binding y/ f (u, k) before x/ f(u, h), with the standard operators we get:

bin({xws,xzt}", ({h} U bin({yws, yzt}, {u, uk}))”) U {ywsk, yztk}

and, when we project over {u,h,k,s,t}, we obtain the sharing group sth, which
does not appear in our result.
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7. MATCHING AND BACKWARD UNIFICATION

Up to our knowledge, in all the collecting denotational semantics for logic programs,
backward unification is performed by using unification instead of matching. In this
case, instead of U%_, the concrete semantics uses a backward unification operator
which unifies two concrete objects in Psub with a substitution:

U3, ([01,U1], [02, Us], Ay, Ag) =
7ps (unifpg (p([©1, Ui]), [O2, Us], mgu(p(A1) = Az)), Uz Uvars(As)) , (48)

where p is a renaming such that p(Uy Uvars(A;)) N (Us Uvars(4sz)) = 0 and

unifpg([01, U1], 02, Us],8) =
[{mgu([6a]u,. (021, [8vars(s)) | [B1]v, € O1, [B2]u, € ©2}, U1 U] (49)

is simply the pointwise extension of mgu over Psub. It is worth noting that
unifp, (p([©1, U1]), [O2, Us],§) is a very specific kind of unification, since p(U;) and
Us are disjoint. The optimal abstract operator U’ gh w.r.t. U lfgs is very similar to
that proposed in [Cortesi and File 1999] (see Section 8.2 for further details), and it
is given by:

U5 ([S1, U1, [S2, Ua], Ar, Ag) =
mon(unif sy ([p(S1) U Sa, p(Ur) U Us], mgu(p(A41) = As)),Us Uvars(4s)) . (50)

As said before, this choice gives a loss of precision already at the concrete level,
which leads to a loss of precision in the abstract counterpart. When we compute
UL ([01,U1], [O2, U], Ay, Ay), we essentially unify all pairs 6; and 6, elements
of ©1 and O, with § = mgu(A; = A3) (assuming we do not need renamings).
However, it could be possible to consider only the pairs in which 6, is an instance
of mgu(fy,d) w.r.t. the variables of interest in Uy N Uy. If this does not hold,
then #; cannot be a success substitution corresponding to the call substitution 6y,
and therefore we are unifying two objects which pertain to different computational
paths, with an obvious loss of precision, already at the concrete level. This problem
has been pointed out by Marriott et al. [1994, Section 5.5].

We now want to define the optimal abstract operator U%h corresponding to U’f,s.
This is accomplished by composing the forward unification operator unifg;, with a
new operator matchgy, which is the abstract counterpart of matchps.

Definition 7.1. Given [S1, U], [S2, Usz] € Sharing, we define

matchgy, ([S1, U1), [S2, Us]) =
[Si US% U{X1 U X ‘ X € Si’,Xg € (Sé/)*,Xl NUz = Xo ﬂU1},U1 UU?]

where S| ={B €S, |BNUy;=0}and S} =5, \ 51, S5 ={B€ Sy | BNU; =0}
and S = S5\ S}

The idea is that we may freely combine sharing groups in S in case they have
some variable in common with U; and the projection of the result is a sharing
group in S7. This means that new aliasings between variables may arise in the
concrete counterpart of Sy (the entry substitution), as long as they do not affect
the variables of the exit substitution.
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Definition 7.2. The abstract backward unification may be defined as

UbSh([Slv Ul}v [527 UQL A17 AQ) = T(-Sh(matChSh (P([Sla Ul]);
unif g, ([Se2, Uz], mgu(p(A41) = Az))), Uz Uvars(Az)) . (51)
where p is a renaming such that p(Uy U vars(4;1)) N (Uz U vars(Az)) = 0.

Ezample 7.3. Let Uy = {u,v,w}, Uy = {z,y,2}, X1 = {[{v/t(u,w,w)}v,,
][[;{v/t(uvww)}}ul}- ¥y = {[{y/t(z, 2, 2) v, {y/t(z, 2, 2)}u,} and p = id. We
UL ([0, Uh], [a, U, plu, v, w), pla, y, 2)) = mps([S, Uy UUs), Us) (52)

with [0)v,uu, = {y/t(z, 2, 2), z/x,u/z,v/t(z, 2, 2), w/x}U,0u, € L. Let [S1,Un] =
agh([21, U1]), [Se, Uz] = agn([X2,U2]), S1 = {uv,vw} and S = {xy,yz}. We obtain

U/%h([517 U1, [S2, Ua], p(u, v,w),p(z,y, 2)) = wsn([S,U1 U Us],Us) , (53)

and xyzuvw € S. So, it seems that u,v and w may share a common variable. Note
that 6 is obtained by unifying oo = {y/t(z,2,2)} with o1 = {v/t(u,u,w)} but
o1(v) = t(u,u,w) is not an instance of mgu(os, mgu(p(z,y, z) = p(u,v,w)))(v) =
t(z,z,z). Therefore, o1 and o9 do pertain to different computational paths. Using
the backward unification with matching, we obtain

Ul}és([zla Ul]’ [227 UQLP(“?”vw)’p(ma Y, Z)) =
mes([{[y/t(z, 2, 2), u/z,v/t(x, 2, 2),w/2], [y/t(x, x, z),u/z,v/t(x, x, z),w/z]},

{z,y, z,u,v,w}], {u,v,w}) ,
(54)

which does not contain 6. In the abstract domain, we have:

UbSh([Sh Ul]? [527 UQLP(“? v, w),p(m, Y, Z)) =
mwsn([{xyuv, yzvw}, Uy U U], Us) . (55)

After the unification we know that x and z are independent. Note that, although
based on the notion of abstract matching, the operators defined in [King and Lon-
gley 1995; Hans and Winkler 1992] cannot establish this property. The algorithm
in [Muthukumar and Hermenegildo 1992] computes the same result of ours in this
particular example, but since their matching is partially performed by first project-
ing the sharing information on the term positions of the calling atom and of the
clause head, this does not hold in general. For example, their algorithm states that
x and z may possibly share when the unification is performed between the calling
atom p(t(x,y, z)) and the head p(¢(u,v,w)), where ¢ is a function symbol, p a unary
predicate and the call substitution is the same as before.

7.1 Correctness

We can prove that UY, is actually the best correct abstraction of the backward
concrete unification Ul}?,s. To prove correctness we only need to show the matchgy,
is correct w.r.t. matchp,. Correctness of U%h will follow from the fact that Ugh is
a composition of correct abstract operators.

THEOREM 7.4. (CORRECTNESS OF matchgy,) matchgy, is correct w.r.t. matchps.
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PrOOF. Consider [2;,U;] Cps ysn([S:, Us]) for i € {1,2}, v € V and [o]y,uu, €
matchps([21, U1], [X2, Uz]). We need to prove that

aSh([U]UluUQ) S matchSh([Sl, Ul], [SQ, UQ]) . (56)
Assume [o] = mgu([o1], [o2]) with [01] € £1 and [03] € ¥2. Let 07 and o2 be two
canonical representatives for [o1] and [o2] such that vars(oy) N vars(og) = Uy N Us.
If 01 <p,nu, 02, there exists § € Subst such that o1 (z) = §(o2(x)) for each x € U1 N
Us. We may assume, without loss of generality, that dom(d) = vars(o2(Uy N Us)).
Now, the following equalities hold.
o =mgu(Eq(o2),Eq(o1))
:mgu({ag(z) = 02(0’1(1‘)) | x € Ul}) O 09
=mgu({z =o01(z) |z € U1 \ U2} U{o1(z) = 02(z) | x € U1 NUz}) 0 0
[by partitioning dom(os), since oa(01(x)) = o1(z) for € Uy]
=mgu({x =o1(x) |z € Uy \Uz})0d ooy
[since o1 (x) = d(o2(x)) and dom(d) = vars(o2(U; N Us))]

=01|U;\U, © 0 0 02

(57)

=01|U;\Us ] (50 02) .

Now, given a variable v, by Lemma 6.5, occ(o,v) N (U U Us) = (occ(o1ju,\v,,v) N
U1) U (oce(og, oce(d,v)) N Us). We want to prove that oce(o,v) N (U UUs) €
matchSh([Sl, Ul], [SQ, UQ])

Since dom(o) = Uy U Us, we may assume that v ¢ Uy U Us, otherwise occ(o,v) N
(U UU,) = 0. We distinguish two cases:

— v ¢ rng(d), which implies v ¢ rng(oy|y,). Note that, if v € dom(d) then
occ(o, occ(0,v)) = O € Sh, otherwise occ(o2, occ(d,v)) = occ(oa,v) € Sh. So, it
always holds that occ(oa, occ(d,v)) € S5. We now distinguish some subcases. If
v € rng(oy) then occ(oyy,\v,,v) = occ(ay,v). Moreover, since v € rng(cy), then
v ¢ vars(oz) and thus occ(oz,v) = {v}. We have that occ(o,v) N (U UUsz) =
occ(o1,v) € Si. Otherwise, if v € rng(os), then v ¢ vars(o1) and occ(o1,v) = {v}.
Therefore occ(o,v)N (U1 UU2) = occ(oz, oce(d,v)) € Sh. Otherwise, if v ¢ rng(o1)U
rng (o) then occ(o,v) N (U UUy) = 0.

— v € rng(d). We want to prove that occ(o,v) = X1UXy where X; = occ(o1,v)

and Xy = occ(og, occ(d,v)) enjoy the following properties: X; € S7, Xo € S4*,
X1NUy = XoNUy. First of all, note that occ(oyjv,\v,,v)NU1 = X1 \Us. Moreover,
occ(0z, occ(6,v)) N Uy = occ(ogy,, occ(d,v)) N Uy, which in turn is equal to occ(d o
o91u,,v) N UL = occ(o1u,,v) N UL = oce(oy,v) NUp NUz 2 Xy NUz. This proves
that occ(o,v) = X1 U Xs and X1 NU2 = Xy NU;.
While it is obvious that X; € S; and X5 € S, we still need to prove that X; € Sy
and Xy € S5, For each y € occ(d,v), by definition of § we have that y € ao(U;NU>)
and therefore occ(oa,y) N Uy # 0. This proves that X, € S¥*. Moreover, if
v € rng(d) then v € rng(oqy,) and therefore occ(oy,v) € SY. O

7.2 Optimality

In order to prove an optimality result for U%, , we first need to prove optimality
for matchg,. However this is not enough, since, generally speaking, composition
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of optimal operator may fail to be optimal. Actually, we will need to establish for
matchg, a stronger result than optimality. We show that, under suitable hypothe-
ses, matchgy, is complete in a weak way, which is enough for our goal.

THEOREM 7.5. Assume we have a signature with at least a constant symbol a.
Then the operator matchgy is optimal on the first argument and complete on the
second one when matchpg is restricted to the case when the second argument contains
a single substitution only. In formulas:

matchgy, ([S1, Ur], asn([{o2}, Uz])) = ausp(matchps(vsn ([S1, Unl), [{[o2]}, U2])) -
for each [{[o2]},Uz] € Psub and [S1,U;] € Sharing.

PROOF. Since matchgy, is correct w.r.t. matchpy, it follows that:

asp(matchps (vsn ([S1, Ui]), [{[o2]}, Uz])) Esn matchsy, ([S1, U], asn([{[o2]}, Uz])).

So, we only need to prove that:

matchgy, ([S1, U1], asn ([{[o2]}, U2])) Csn ausn(matchps(ysn ([S1, U1l), [{[o2]}, Us])) -

(58)
Assume, without loss of generality, that oy is a canonical representative of [o2]y,
and I‘Ilg(O'Q) n U1 = @ Take B € S, where [S, U1 U Ug] = matchgh([Sl, Ul], [SQ, UQ]),
with [S2, Us] = asn([{[o2]}, Uz2]). We have three cases.

—If B € S{ then B € Sy and B C Uy \Us. Let 6 = {z/v |z € B}U{x/a |
x € vars(oo(Up \ B))} and 01 = (0 o 02)jy, where v is a fresh variable. It
follows that dom(oy) = Uy and rng(oq1) = {v} with occ(o1,v) = B, therefore
[O’l,Ul] Cps VS}L([SlaUl])' Clearly o =u,nu, 02 since Uy NU; C Uy \B Let
o =mgu(oy,02). Since BNdom(oz) = () and v is a fresh variable, it follows that
occ(o,v) = B, and thus B € agy,(matchps(vsy ([S1, U1)), [{[o2]}, U2]))-

—If B € S, there exists v € V such that occ(og,v) N Uy = B. Let X =
vars(oz(Uy))) and take § = {z/a | x € X}. Then o1 = (d 0 02)|y, is such
that occ(oy,v) N Uy = O for each v € V, therefore o1 € vg,([S1,U1]). More-
over mgu(oe, 01) € matchps(vsn([S1, U1]), [{[o2]}, Uz]). By the proof of Theorem
7.4, Equation (57), we have mgu(oy,02) = § 0 9. Since BN U; = (, then
v ¢ X = vars(d), and therefore occ(d o o9, v) N Us = occ(oz,v) N Uy = B. Hence
B € agp(matchps(ysn([S1, Ui]), [{[o2]}, Ua)))-

—We now assume B = X; UJX with X C SY, X; € S, UXNU = X; NUs.
Then, for each H € X, there exists vy € V such that occ(o2,vyg) NUs = H.
Since H NU; # 0 for each H € X, then vy € Y = vars(o2(U;)). Consider the
substitution

d={vg/v|HeX}W{w/a|weY,VH € X.w# vy}
for a fresh variable v and
o1 = (0o0)y, W{z/v|ze X1\ Us} .

We want to prove [{o1},U1] € vsn([S1,U1]). By definition of o1 we have that
occ(o1,v)NUy = (oce(oa, {vg | H € X})NUL)UX1\Us = (UXNU)UX\Uz =
X; € S;. Otherwise, for w # v we have that either occ(oq,w) = 0 when w € Uy
or occ(oy,w) = occ(og,w) disjoint from U;. In both cases, occ(or,w) NUp =
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0 e Si. By definition of oy, [mgu(al,ag)] S matchps(vs;b([Sl, Ul]), [{[0'2]}, UQ])
Moreover, we know from (57) that

mgu(og,01) =dooeW{x/v |z e X1\ Us} .
Let o = mgu(oy, 02). Note that occ(o,v)N(UUU2) = X1\UsUocc(og,{vy | H €

X})NUs,. By definition of vy, occ(og, vy)NUz = H, hence occ(o,v)N(U1UUz) =
(X1\U)uUX =X uyUX =B.

This proves the theorem. [

COROLLARY 7.6. (OPTIMALITY OF matchgy,) matchgy, is optimal (when there is
at least a constant symbol).

PRrROOF. Given [Sy, U], [S2, Uz] € Sharing, we have

asn(matchps(Ysu ([S1, Ut]), vsn([S2, Uz])))
= asn(Ups{matchps(ysu([S1, Ui]), {[o]}, Uz]) | asn([o]v,) Tsn [S2, Ua]})
[since matchpy is additive]
Usn {matchgy, ([S1, Un], [X, Us]) | X = asn([o]uv,) Esn [S2, Us]}
[by completeness of Lig, and Theorem 7.5)
matChSh([Sla Ul]a I—'Sh{[Xa U2] | X = aSh([U}Uz) Esn [327 UQ]}) .

[since matchgy, is additive]

Since agp is a Galois insertion, it is surjective, and therefore Ugp{[X,Us] | X =
asn([o]u,) Esn [S2, Us]} = [S2, Us] and we obtain

asn(matchpg (ysn([S1, U1]), vsu([S2, Uz]))) = matchgy, ([S1, Ui], [S2, Us])
which concludes the proof. [

7.3 Summing Up

The particular property enjoyed by matchg, and proved in Theorem 7.5 may be
used to prove that UY, is optimal w.r.t. U%.. However, we first need to prove
another property concerning unifgy,.

LEMMA 7.7. Assume we have a constant symbol and a term symbol of arity two
or greater. Given [S1,U;| € Sharing and 0 € ISubst, there exists a substitution
d € ISubst such that asn([0]u,) Csn [S1,Ui] and

aSh(unifps([{[(S]}, Ul],9)) = unifgh([Sl,Ul],G) . (59)

PRrROOF. The optimality result proved in Theorem 6.20 shows that there exists
[El,Ul] EPS 'YSh([ShUlD such that QSh(unifps([Zl,Ul],H)) = Unifgh([ShUﬂ,(s).
We need a stronger result which proves that 3; can be chosen a singleton.

Assume unifgy, ([S1,U1],0) = [S,Ur U Us] where Uy = vars(f) \ Uy and S =
{X*,...,X"}. Following the construction in Section 6.3, for each X* let us define
Xi Xi K K K WE st 8 U as in the proof of optimality for unifg,. We
choose W W7 such that W NWJ = () if i # j and we denote by w’ the elements
of Wi,

For each y € vars(8(U1)) N (Ur<i<nX"), we choose a variable z, € U; such
that y € 6(z,). Then, we define the substitution ¢ in the following way: for each
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variables x € Uy, 6(x) is the same as 0(z), with the exception that each occurrence

(y,j) of a variable y € 6(x) is replaced by t, , ; = t(tglg,y,j, o ’tg’y’j% where:
Sy —aity g X

—ty ., = Sy otherwise, if z =z, and j = 1;

N s'% otherwise.

By construction dom(d) = Uy and rng(d) = U;<;<, Wi It is easy to check that
asn([{0},U1]) = Uy <i<, Ki,U1] Cgp, [S1,Ur]. Using the properties of the equation
sets we can prove that

mgu(d, )

= mgu({v =ty |z € U1, (v,]) is an occurrence of v in 6(z)}) o 6

mgu(E) o pot

where
p=A{v/te, w1 | v vars(@(U1))} , (60)
E={t, ,1=t,;lie{l,...,n},ve X" a2 €U,
o o (61)
(v,7) is an occurrence of v in 6(z')} .
Now, each E* = {t}, ,, =1L, ;|2 €U, (v,]) is an occurrence of v in #(z'),v €

X%} is the same equation which appears in (40) for X = X*. Therefore, for each
i € {1,...,n} such that W% # (), we choose a single w’ € W* and define 1’ with
dom(n’) = W\ {w'} and n'(wy) = w' for each wly € Wi If W' = (), we
choose n = e¢. We know from the proof of Theorem 6.20 that 7 = mgu(E?), and
mgu(E) =n=W,<,<, n since vars(E*) Nvars(E7) = () for i # j. Therefore
mgu(d,0) =nopob . (62)
We now want to prove that agy([no po0y,uv,) Ips [{ X}, Ur UUs] for each i €
{1,...,n}. If X} # 0 then W' # (), and we have occ(nopof,w') = occ(n'opof,w?).
Following the proof of Lemma 6.18 with X = X*, we have that occ(nopof),w)NU =
X% When X{ = (), we may choose v’ € §(X3). In this case, occ(nopod,v')NU =
occ(0,v*)NU = X* as proved in Proposition 6.19. [
As in the proof of Theorem 6.20, we have proved the previous theorem by assuming

that we have term symbols for each arity. However, it is possible to rewrite terms
so that a constant symbol and a binary (or more) term symbol suffice.

THEOREM 7.8. UY, is correct and optimal w.r.t. U, (under the same hypoth-
esis of Theorem 6.20).

PrOOF. Correctness immediately follows by the fact that Ub, is obtained by
tupling and composition of correct semantic functions.
By using Theorem 7.5 and Lemma 7.7, it is possible to prove that

matchgh([Sl, U1]7 Unifsh([S%UQLe)) =
asn(matchps(ysu([S1, Ui]), unifsn (ysn([S2, U2]), 0))) . (63)

i.e., that the composition of matchg, and unifgy,, as used in Uléh, is optimal.
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Assume given [S1,U;] and [Sa, Uz] € Psub and 0 € ISubst. Consider [{[o]},Us] €
~su([S2, Uz]) obtained by Lemma 7.7 such that unifps([{[o]}, Uz]),8) = [{[d]}, Uz U
vars(0)] and agp([{[0]}, Uz U vars(0)]) = unif g, ([S2, Uz], ). Then, we have

matchgy, ([S1, Ur], unif g, ([S2, Uz], 0))
:matchSh([Sl, Ul], aSh(UnifPs([{[U]}7 U2]7 9)) (64)
:CYSh(matChps(’YSh([Sl, Ul]), Unifps([{(f}, Ul], UQ, 9)))

by Theorem 7.5, so that, in general

matchgy, ([S1, Uz], unif g, ([Se, U], 0)) Cep
agh(matchps(WSh([Sl, Ul]), Unifps(’YSh([SQ, UQ]), 9))) . (65)

The proof that U%,_ is optimal follows from this result, completeness of mg;, and
~v-completeness of p. [

To the best of our knowledge, this is the first abstract matching operator which is
optimal for the corresponding concrete operator. Note that, in several paper such
as [King and Longley 1995; Hans and Winkler 1992], abstract matching is defined
without defining concrete matching.

We now give an example of a program where the use of Uéh and Ugh gives better

results than the standard operators U’ f;h and U"Y,.

Ezxample 7.9. Consider the trivial program with just one clause p(u,v,w) <
and the goal p(z, y, z) with call substitution {xy,yz}. Using our abstract operators,
we obtain the entry substitution {uv, vw} and the success substitution {xy, yz} (see
Ex. 6.2 and 7.3), thus proving that  and z are independent. If we replace either
U, or U'gh with U’ ’;h or U’%h, then the success substitution will contain the
sharing group xyz. In fact, as shown in Ex. 6.2, the entry substitution in the latter
case would be [{uv, vw,uvw}, {u,v, w}]. If we compute the success substitution we
obtain:

b
U/Sh([{uvv vw, uvw}, {u7 v, w}]v [{XY7 yZ}, {ZE, Y, Z}]ap(ua v, w),p(x, Y, Z))a
{z,y,2}) = {xy,yz,xyz}, {=,y, 2}]
which contains the sharing group xyz.

It is worth noting that the improvement in the previous example is obtained with
a program in head normal form. Usually, when programs are in head normal form,
the forward and backward unification may be replaced by renamings, which are
complete and do not cause any loss in precision. However, there is the need of an
unification operator for the explicit constraints which appear in the body of the
clauses. In general, the analyses we obtain in our framework are more precise than
those which can be obtained by using the standard domain Sharing by translating
the same program in head normal form.

Ezxample 7.10. Consider again Ex. 7.9 and the program p(u,f(s),w) < which
is not in head normal form. Using our abstract operators, we obtain the success
substitution {xy,yz}, as in Ex. 7.9. If we normalize the program, we obtain the
clause p(u,v,w) < v=f(s). The entry substitution obtained from {xy,yz} by
simply renaming the variables x,¥, z in u, v, w and introducing the new variable s



46 . G. Amato and F. Scozzari

is {uv,vw, s}. By using the standard operator for unification, when applying the
binding v/ f(s) we obtain {uvs, vws,uvws}, and thus the success substitution will
contain the sharing group xyz, resulting in a loss of precision.

It is worth noting that it would be possible to use our improved forward abstract
unification in a normalized program by enlarging the set of variables of interest only
when new variables are effectively met, instead of adding all the variables which
appear in the body of a clause once for all when the entry substitution is com-
puted. In the example above, the variable s can be introduced when unifying the
abstract object {uv, vw} with v/f(s). Since unif gy ([{uv,vw}, {u,v,w}],{v/f(s)}) =
[{uvs, vus}, {u, v, w, s}]|, we still obtain as success substitution {xy,yz}, thus prov-
ing that = and z are independent.

8. RELATED WORKS
8.1 Relationship with ESubst

The domain ESubst proposed by Jacobs and Langen [1992] uses a non standard
definition of substitution. We may prove that ESubst is isomorphic to ISubst...
This formalizes the intuition, which has never been proved before, that working
with ESubst is essentially like working with substitutions.

We now briefly recall the definition of the domain ESubst. For the sake of clarity,
in the following, we call E-substitution the nonstandard substitution defined in
[Jacobs and Langen 1992]. An E-substitution o is a mapping from a finite set of
variables dom(o) C V to Terms. This approach differs from the standard definition
of substitutions, which are mappings from V to Terms that are almost everywhere
the identity. The preorder on E-substitutions is defined as follows:

0 <p 6 < dom(f) C dom(c) A (Vt € Terms. vars(t) C dom(f) =
36 an E-substitution s.t. ot = §(6(t))) , (66)

where the application of an E-substitution to a term is defined as usual.

Let ~g be the equivalence relation on E-substitutions induced by <g. The
domain ESubst is defined as the set of equivalence classes of E-substitutions w.r.t.
~g, that is ESubst = {[o]~, | o is an E-substitution}. The next theorem shows
that ESubst is isomorphic to ISubst ...

THEOREM 8.1. ESubst and Subst.. are isomorphic posets (if there is at least a
term symbol of arity strictly greater than one).

PRrROOF. To each E-substitution # we may associate a substitution #’ such that
0'(x) = 0(x) if z € dom(f) and €'(x) = x otherwise. Note that, for each term ¢,
6(t) = ¢'(t): an E-substitution and the corresponding standard substitution behave
in the same way on terms.

We may prove that, if 61 <g 0, then ) <qom(g,) 02. By definition, if 6; <g 02
then dom(62) C dom(f;) and V¢ € Terms with vars(t) C dom(fz), there exists
an E-substitution § such that 6,(¢) = 6(62(¢)). Let dom(6s) = {z1,...,2,} and
consider a term ¢ such that vars(t) = {x1,...,2,} (note that ¢ exists iff there is at
least a term symbol of arity strictly greater than 1). By definition, there exists an
E-substitution § such that 61(t) = 0(02(t)), that is, for any v € dom(62) it holds
01(v) = 0(f2(v)). This means that 0] (v) = §'(03(v)) and therefore 67 <qom(s,) 05-
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On the converse, for each 8§ € Subst and U € p;(V), we associate a corresponding
E-substitution #*Y such that dom(6*Y) = U and 6*Y(v) = (v) for each v € U.
As for the previous case, we have that if §; <y 6o, then 07V <p 03V. First of
all, note that dom(0;V) = U = dom(#3V). Moreover, by definition of =<, there is
§ € Subst such that 6;(v) = §(02(v)) for each v € U. Now, given a term ¢ such
that vars(t) C U, we may check that 0V (t) = §*v2s(@2()) (93U (t)) and this proves
GTU <g GEU.

Now, we may lift these operations to equivalence classes to obtain the function
¢ ESubst — Subst.. such that

t([0]~z) = [0'ldom(o) - (67)

The map ¢ is well defined: if §; ~g 05 then dom(#;) = dom(f2) and, by the above
property, 0] ~dom(s,) 5. Moreover, there is an inverse ¢! given by

THO)w) = 107 ) (68)

It is easy to check that :~! is well defined: if ; <y 6, then 01V <p 63Y.

It is immediate to check, given the properties above, that ¢ and :~! are one the
inverse of the other. Moreover, they are both monotonic. If [01]g <g [f2]g then
dom(92) c dom(ol) and 9/1 jdom(az) 9/2a Le., L([gl]NE) = [gll]dom(f)l) = [Q/Q]dom(f)z) =
t([02)~5)- On the converse, if [01]y =X [62]v then [#1]y = [f2]y and therefore
TH[01)v) < Y([62]v). We only need to prove that :=1([01]y) <z ¢~ ([01])v-
This follows from that fact that, given a term t with vars(t) C V, 6;V(t) =
0:V(t). O

It is worth noting that the most general unifier as defined in [Jacobs and Langen
1992] corresponds to mgu in ISubst.. In formulas, given term ¢; and ¢y, we have
that

L([mgu(t17t2)]"’E) = [mgu({t1 = t2})}var5(t1:t2) ) (69)

where mgu on the left is the operator in Definition 1 of [Jacobs and Langen 1992]
and ¢ : ESubst — ISubst.. is the isomorphism defined in the proof of Theorem 8.1.
Up to our knowledge, this is the first proof of the relationship between the mgu
in a domain of existential substitutions and the standard mgu for substitutions.
Moreover, it is worth noting that by adding a bottom element to ISubst. and
ESubst, they turn out to be isomorphic complete lattices.

8.2 A Case Study

In Section 3 we said that, in order to define a good collecting semantics for correct
answer substitutions, there are several possible directions. We may work with
a domain of existentially quantified substitutions like Subst., or we may work
with standard substitutions, being careful to keep enough representatives for each
equivalence class. We have already discussed the benefits of using equivalence
classes. In order to show the kind of problems which arise from the use of domains
of substitutions, without any equivalence relation, we want to show a small flaw of
the semantic framework defined in [Cortesi and File 1999] for the analysis of sharing,
and widely used in several other works on program analysis such as [Bagnara et al.
2002; Zaffanella 2001].
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The framework is based upon the domain Rsub = (p(Subst)x pr(V))U{Trs, Lrs}
which is a complete lattice, partially ordered as follows: TR is the top element,
LRs is the bottom element and [¥1,U;] Egs [X2,Us] if and only if Uy = Us and
¥; C 3s. An object [E,U] is a set of substitution ¥ where the set of variables of
interest U is explicitly provided.

The main operation in Rsub is the concrete unification Ug, : Rsub X Rsub X
ISubst — Rsub such that:

URgs(LRrs;&,0) =Urs(§, Lrs,0) = Lrs
Ugs(§, Trs, ) =URrs(TRs,§,0) = Trs if £ # Lgs
URS([EM Ul]a [227 U2]75) :[{mgu(ala g2, 5) | o1 € Z17 o2 € EZ;
vars(oy1) Nvars(og) = 0}, Uy U U3 .
Although it is well defined for all the values of the domain, Ug,([21, U1], [E2, Us], )
may be restricted to those values such that U; N Uy = () and vars(§) C Uy U Us,
since this the only way Upg, is used in the semantics defined in [Cortesi and File

1999].

The abstract domain is the same Sharing we use in our paper, with abstraction

map agp : Rsub — Sharing and unification Ugy, : Sharing x Sharing x ISubst —
Sharing defined by:

(70)

asn([X,U]) = USh{QSh([U]U) loeX}, (71)
USh([ZlyUl]; [22, Ug],&) = unifSh([Zl UXo, Uy U UQL&) (72)

The domain of Ugy, is restricted to the case Uy N Us = @ and vars(d) C Uy U Us.

By looking at the paper, we think that, in the idea of the authors, [%, U] € Rsub
should have been treated as [{[o]y | ¢ € £},U] € Psub is in our framework. How-
ever, the condition vars(oy) N vars(oz) = 0, introduced in Ug, in order to avoid
variable clashes between the two chosen substitutions, is not enough for this pur-
pose. Actually, Ug, only checks that oy and o2 do not have variables in common,
without considering their sets of variables of reference Uy and Usy. This unification
can lead to counterintuitive results.

Ezxample 8.2. Consider the following concrete unification:

Urs([{{z/y}}: {=}], {e} {y}], ©) = {{z/y}} {2y} (73)

Being vars(e) = (), the concrete unification operator allows us to unify {z/y} with
€ without renaming the variable y, which is not a variable of interest in the first
element but it is treated as if it was. This also causes the incorrectness of Ugy,.
If we consider Eq. (73) and compute the result on the abstract side by using the
abstract unification operator Ugj,, we have:

Usn( asn([{{z/y}} {=}]), asn([{e}, {y}), €) (74)
= Usn( {x}, {2}, {yh Ayl o =Hxyh{z v}l .

This is not a correct approximation of the concrete result, since:

asn([{{z/y}} Az, y}]) = {xyh {z, g} Zon [{x 5} {2, 4}] - (75)

This counterexample proves that the abstract unification operator Ug;, is not
correct w.r.t. the concrete one Upys, invalidating the Theorem 6.3 in [Cortesi and
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File 1999]. The problem can be solved by introducing a stronger check on variable
clashes, namely by replacing the condition vars(oy) Nvars(os) = @ with (vars(oy) U
Uy) N (vars(oz) U Us) = (0 in the definition of Ugg, thus obtaining the following
operator:

rs (21, U1], [22,U2], 0) = [{mgu(o1,02,0) | 01 € X1,02 € B,
(vars(oq) UU) N (vars(oo) UUL) =0}, U U U] . (76)

By using U¥%,, instead of Ugs, the proof of Theorem 6.3 in [Cortesi and File 1999]
becomes valid.

THEOREM 8.3. Ugy, is correct w.r.t. Ug,.

PrOOF. If we look at the proof of Theorem 6.3 in [Cortesi and File 1999], it
appears that the problem is in the base case of the inductive reasoning, when
i = 0. Here, it is stated that given [A1,U;] and [Ag,Us] in Sharing with U; N
Uy =0, 0; € van([4;,Uy]) for i € {1,2} with vars(oq) N vars(oe) = (), then it
holds that [{po}, Uo] Ers Ysn([Ro,Uo]) where pg = o1 W o9, Uy = U; U Uy and
Ry = A; U As. However, the substitutions o1 = {x/y} € vsn([{x},{z}]) and
o2 = € € ysn([{y}, {y}]) of the previous example make the statement false. On
the contrary, when U%, is used instead of Ugs, then oy and o are required to
satisfy the condition (vars(oy) U Uy) N (vars(og) U Us) = 0. From this, it truly
follows that [{po}, Uo] = [{o1 W o2}, Uo] Ers Ysn([Ro,Uo]). The inductive case for
i > 0 is identical to that in [Cortesi and File 1999], since for any A, B € Rsub and
d € ISubst it holds that Up, (A, B,0) Crs Ugs(A4,B,d). O

Observer that, in order to define a real semantics for logic programs, a renaming
operation should be introduced in the framework of Cortesi and File [1999]. This
can be done along the line of Cortesi et al. [1994]. Due to the kind of renamings
involved, by replacing Ug, with U}, the semantics in [Cortesi et al. 1994] does
not change. Therefore this flaw does not affect the real analysis of logic programs.

8.3 Other Related Works

8.3.1 Backward Unification. The idea of using a refined operator for computing
the answer substitution is not new, and may be traced back to the operational
frameworks in [Bruynooghe 1991; Le Charlier and Van Hentenryck 1994]. Working
within the first one, Hans and Winkler [1992] propose a correct abstract operator
w.r.t. matching for the domain SFL. King and Longley [1995] do the same, but
in a denotational framework similar to ours. Also Muthukumar and Hermenegildo
[1991; 1992] use a refined algorithm for backward unification, although it is not
presented in algebraic form. However, up to our knowledge, this is the first paper
which formally introduces matching from the point of view of a collecting denota-
tional semantics, deriving the abstract operator from the concrete one, and proving
correctness and optimality. Moreover, we are the first one to present the best cor-
rect approximation of matching for the domain Sharing or one of its derivatives
(see Example 7.3).

8.3.2  Forward/Backward Unification and PSD. Although the usual goal of shar-
ing analyses is to discover the pairs of variables which may possibly share, Sharing
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is a domain that keeps track of set-sharing information. Bagnara et al. [2002] pro-
pose a new domain, called PSD, which is the complete shell [Giacobazzi et al. 2000]
of pair sharing w.r.t. Sharing. They recognize that, in an abstract object [S, U],
some sharing groups in S may be redundant as far as pair sharing is concerned.
Although our forward unification is more precise than the standard unification, it
could be the case that they have the same precision in PSD. This would mean that
Uéh([Sl, Ui], Ay, Ag) and U’f;h([Sl, Ui], A1, As) only differ for redundant sharing
groups. However, this is not the case, and Examples 6.2, 6.3 and 6.23 show improve-
ments which are still significant in PSD. The same holds for backward unification in
Example 7.3. It would be interesting to examine in details the behavior of our uni-
fication operators in the domain PSD, since it is not clear whether it is still complete
w.r.t. pair-sharing when our specialized operators are used.

8.3.3 Domains with Freeness and Linearity. Although the use of freeness and
linearity information has been pursued in several papers (e.g., [Muthukumar and
Hermenegildo 1991; Hans and Winkler 1992]), optimal operators for these domains
have never been developed. Actually, the standard mgu in SFL [Muthukumar and
Hermenegildo 1992; Hans and Winkler 1992; Bagnara et al. 2000], when unifying
with a binding {z/t} where neither x nor ¢ are linear, does compute all the star
unions. In uéh, however, we apply an optimization which is able to avoid some
sharing groups (see e.g., Example 6.23). This optimization could be integrated in
a domain which explicitly contains freeness and linearity informations.

Actually, Bagnara et al. [2000] include some optimizations for the standard ab-
stract unification of SFL which are similar to ours, in the case of a binding {z/t}
with z linear. In addition, in [Zaffanella 2001; Howe and King 2001] it is proposed
to remove the check for independence between = and ¢. We think it should be pos-
sible to devise an optimal abstract unification for an enhanced domain including
linearity information, by combining these improvements with our results. A first
optimality result, for a domain with only set sharing and linearity, is presented in
[Amato and Scozzari 2002).

8.3.4  Another Optimality Proof. Codish et al. [2000] provide an alternative ap-
proach to the analysis of sharing by using set logic programs and ACI1 unification.
They define abstract operators which are proved to be correct and optimal, and
examine the relationship between set substitutions and Sharing, proving that they
are essentially isomorphic. However, they do not extend this correspondence to the
abstract operators, so that a proof of optimality of Ugh w.r.t. U{,S starting from
their results should be feasible but it is not immediate. Moreover, since they pro-
vide a goal-independent analysis, they do not have different operators for forward
and backward unification.

9. CONCLUSIONS

We think that two are the major contributions of this paper:

— We propose a refined framework with specialized operators for forward and
backward unification. We provide the corresponding abstract operators for sharing
analysis which are proved to be correct and optimal. The obtained analysis is shown
to be strictly more precise than the original one.
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— Our definition of Uf;h sheds new light on the abstract unification in the pres-
ence of freeness and linearity information, suggesting new optimizations which can
also be used in more powerful domains such as SFL. The only domains known to
us which are more precise, in every circumstance, of Sharing with Uﬁs are those
defined in [Amato and Scozzari 2002], with the corresponding optimal abstract
operators. All the other operators in the literature are not able to exploit the
optimization we obtain by distinguishing linear and non-linear variables in a term.

Our idea of specialized operators for forward and backward unification is orthog-
onal to most of other proposals for improving precision and/or efficiency of the
analysis. To the best of our knowledge, this is the first work which optimizes the
abstract forward unification for sharing analysis by using a specialized operator.
In [Marriott et al. 1994] the concrete unify operator is essentially our Ul’;s, but
the abstract operator is given only for groundness analysis, where specializing the
forward unification gives no gain in precision. In other works about goal-dependent
analysis, such as [Muthukumar and Hermenegildo 1991; Hans and Winkler 1992],
the algorithm used for computing the entry substitution is simply the standard
unification.

This is also the first work where a specialized backward unification operator is
proved to be optimal, although matching has been used in several papers [Hans
and Winkler 1992; King and Longley 1995; Muthukumar and Hermenegildo 1992]
to improve backward unification. To the best of our knowledge, all the abstract
operators proposed so far for Sharing were not optimal. Matching, however, does
not remove some imprecisions of goal-dependent versus goal-independent analysis
which have been pointed out by de La Banda et al. [1998].

As a future work, we think that our results could be easily generalized for de-
signing optimal unification operators for more complex domains possibly including
linearity, freeness and structural information. Moreover, the problem of efficiently
implementing the backward unification could be addressed.

A. CORRECTNESS OF THE GOAL-DEPENDENT COLLECTING SEMANTICS

In this appendix we provide the tedious proof that the collecting semantics we define
is correct w.r.t. computed answers. We begin by formally introducing a notation
for SLD-derivations, following [Lloyd 1987; Apt 1990]. Given a goal G = g; ... gx
and a clause ¢l = H + B such that vars(G) Nvars(cl) = 0, we write

1

G%} (gl~-~gi—lBgi+1-~-ng)U (77)
when o = mgu(g;, H). Given a goal G and a program P, an SLD-derivation of
G in P is given by a sequence of clauses cly, ..., cl, and idempotent substitutions

01,...,0p, such that
GG By g, (78)

g1 g2 On

where each cl; is the renaming of a clause in P apart from G, cly,...,cl;_1. The

goal G, is called the end-goal, n is the length of the derivation and (o, o o,—1 ©
-0 09 0 01)vars(c) 18 the (partial) computed answer. An SLD-refutation is an
SLD-derivations with empty end-goal (denoted by O). A leftmost SLD-derivation
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is an SLD-derivation where we always rewrite the leftmost atom in the goal (i.e.,
such that ¢ = 1 at every step in (77)).
We write G = G’ to denote an SLD-derivation with end-goal G’ and partial
e

. <i . . .
computed answer o. We also write G =% G’ to denote an SLD-derivation with

o
end-goal G’, partial computed answer o and whose length is less or equal then i.
A substitution o is a computed answer for G in P if there is an SLD-refutation
G 5o
g
In this appendix we will prove the relationship between the set of computed
answers for P and its collecting semantics P[P].

A.1 Relevant Denotations

We have defined a denotation as a continuous map in Atoms — Psub —¢Psub. We
now want to characterize the denotations which may arise as the results of our
collecting semantics.

Definition A.1. A denotation d € Den is said to be relevant when

—d is strict, i.e., dAlps = Lpg;
—dA[O,V] is either Lpg or [©',V Uvars(A)] for some ©'.

Note that the least denotation AA.A[©, V. Lpg is relevant. A relevant denotation is
well-behaved, in the sense that either it does not say anything, or gives informations
for all and only the variables which occur in the atom A and the entry substitution

[©,V].
ProprosiTION A.2. If d is relevant, then

(1) B[[BHCU_PS = J_ps;

(2) B[B]d[©,V] is either Lps or [0,V Uvars(B)] for some ©';
(3) C[H <« BJ]d is relevant;

(

4) P[P] is relevant.

PROOF. The first two points easily follow by induction on the structure of the
body B. For the third point, consider the definition of C. Note that Ul’is(x, AH) =
mps(unifps(p(x), mgu(p(A) = H)), vars(H)). Since vars(p(A)) is disjoint from H by
definition of p, and since we consider relevant mgus, then either vars(mgu(p(4) =
H)) = vars(p(A)) Uvars(H) or mgu(p(A) = H) = L. In the latter case, C[H <«
B]dA = Lps, otherwise Uljis(x, A, H) = [©,vars(H)] for some ©’. By the previous
point, we have that B[B]]d(Ugs(x, A, H)) is either Lpg or [©", vars(H )Uvars(B)] for
some ©”. In the first case, C[H < B]dA = Lps, otherwise, assuming = = [X, V],
we have

C[H <+ B]dAz = U% ([0", vars(H) Uvars(B)|,z, H, A) =
TTPs (matchps(p([@”7 vars(H) U vars(B)]),

unifps([S, V], mgu(p(H) = A))),V U Vars(A)) .
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For the same reason explained above, and since we can ignore the case in which p(H)
and A do not unify, we have that unifps([Z, V], mgu(p(H) = A)) = [¥/, V Uvars(A)]
and therefore

7ps(matchps (p([©”, vars(H) U vars(B)]), [X/, V U vars(A)]), V Uvars(A)) =
(X7, V Uvars(4)] ,

which is what we wanted to prove.

The forth point follows by the fact that, given the proof of the third point, C[cl]d
is relevant for each clause cl, and that lowest upper bound of relevant denotations
are easily seen to be relevant. [

A.2  Unused variables

Definition A.3. Given [¢]y € ISubst and x € V, we say that x is unused in [¢]y
when [g]y = mgu (7 (2} ([8]v): [€](21)-

First of all, note that this definition does not depend on the choice of represen-
tatives. If a variable z is unused in [¢]y, it means that [¢]y does not constraint
in any way its value. In other words, x is free and independent from all the other
variables in V. This is made clear by the following characterization:

PROPOSITION A.4. The variable x € V is unused in [¢]y iff it is free and inde-
pendent in [Py .

PRrOOF. If z is free and independent in [¢]y, we may assume without loss of
generality that = ¢ vars(¢). Let V/ =V \ {x}. We have that

mgu(my ([lv ), [lzy) = mgu([¢]v:, [€](z)) = [dpv]v = [dlv ,

which proves that x is unused. On the other hand, assume ¢ is a canonical repre-
sentative and mgu([¢]v/, [€](z1) = [#ly. Then ¢y ~v ¢. It is obvious that = is
free and independent in [¢)y]v = [¢]v, since x ¢ dom(d|y) and = ¢ rng(¢). O

A.3  ISubst. and composition

The operations described in Section 3.2 are those required to provide a collecting
semantics for logic programs over the domain ISubst.. Note that we do not define
any notion of composition, although it plays a central role with the standard sub-
stitutions. Actually, composition cannot be defined in our framework since, given
any element of ISubst., variables not of interest are considered up to renaming
only, and therefore cannot be named. Nonetheless, in order to prove the equiva-
lence between the standard semantics based on SLD-resolution and our collecting
semantics, we will need to relate the composition of substitutions with unification
in ISubst...

LEMMA A.5. (COMPOSITION LEMMA) Let 01,09,03 € Subst, U,V € pf(V).
Then it holds that:

mgu([o3 0 o9ly, [02 0 o1]v) = [03 0 02 0 01 |yLY
provided that:
—dom(o1) NU = 0;



54 . G. Amato and F. Scozzari

—ify € o2(01(V)) \ 02(c1(UNV)) then y ¢ dom(os) Uoz(o2(U)).

PROOF. Let 6 € [03 0 03]y, n € [02 0 1]y canonical representatives such that
(vars(@) UU) N (vars(n) UV) C UNV. By definition, there exist p, p’ € Ren such
that 6 = (p' 003 002)y and = (poozooy)y.

Then mgu([o3 o o2)y, [02 © o1]v) = [mgu(f,n)]yuyv. It holds that mgu(d,n) =
mgu(n(Eq(f))) o 7. It follows that n(Eq(0)) = {n(x) = n(0(z)) | = € U} = {n(z) =

O(x) | © € U} since 0 is a canonical representative. If € U NV, then n(x) = 0(x)
becomes p o o9 0 o1(x) = p’ 0 03 0 o9(x) which is p o ga(x) = p’ 0 03 0 ga(x) since
dom(oy) NU = 0 by hypothesis. Thus {n(z) = 0(z) | €e UNV} ~ {p(y) =
poos(y) |y €ox(UNV)} Ifx ¢V then {n(z) =6(x) |z € U\V} ={z =
O(z) |x e U\V}.

Now 6 = {p(y)/p'oo3(y) | y € o2(UNV)}U{z/0(x) | x € U\V} is an idempotent
substitution. Actually, all the p(y)’s are distinct variables and different from U\ V/
therefore ¢ is a substitution. Moreover, dom(d) C vars(n(V)) U (U \ V) is disjoint
from rng(0) = vars(0(U)).

Let p” be the substitution

p(x) ifz € og302(U)
p'(@) =< pla) i€ o201 (V) \ oa(or(UNV))
T otherwise

Note that, thanks to the second hypothesis of the lemma, we are sure that the
first and second case in the definition of p” may not occur together. We want
to prove that dn(z) = p”osz0001(x) for each x € U U V. Since p” restricted
to vars(os(oz2(o1(U U V)))) is an injective map from variables to variables, by
Lemma 3.4 this implies § o 5 ~yyy 03 0 0 0 01, which is the statement of the
theorem.

Thus if x € U \ V then n(z) = z and §(n(z)) = 0(x) = p'(o3(o2(x))) =
p"(03(02(x))) = p’(03(02(01(x)))) since dom(o1) NU = () and by definition of
0.

If x € UNV then 6(n(z)) = 6(p(o2(x))) since dom(oq) NU = @ and thus
5(n(z)) = p'osoa(x), which is equal to p”oz0901(x) since dom(oy) NU = @ and by
definition of p”.

If x € V\ U then §(n(z)) = §(p(o201(x))). Let y € vars(ogoy(x)). If we assume
that y € vars(o2(U N'V)), then d(p(y)) = p'os(y) = p”(o35(y)) by definition of
6 and p”. If y ¢ vars(o2(U N'V)) then 6(p(y)) = p(y) = p"(y) = p"o3(y) by
definition of p”" and the second condition in the theorem. In both cases we obtain
dp(y) = p"os(y) for each y € vars(oz(o1(x))). Therefore, for each z € UNV,
dn(x) = dpogoy(x) = p”o30201(x) and this concludes the proof. [

A.4  Proof of Correctness

Let Dp be defined as Ad. (|],cpClcl]d) and let D% be the i-th iteration of Dp

with D% = AA.Az. Lps. Note that D$ = P[P] and D% is relevant for each i.
LEMMA A.6. (CORRECTNESS LEMMA) Let i € N, [gb]v € ISubst.., G € Bodies

and P € Progs. If [¢p]lvue = mgu([9]v, [la) and G —> O is a leftmost SLD-

refutation where all clauses are renamed apart from V G ¢ and the program P,
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then BIG]Dp[{[¢]}, V] 2 [{o- 0 ¢]}, V U vars(G)].

Remark A.7. The condition [¢]yug = mgu([¢]v, [€]¢) is used to check that the
chosen representative ¢ does not bind and variable in vars(G)\ V. All the variables
in vars(G) \ V are forced to be unused, according to Definition A.3.

Remark A.8. The theorem probably holds under weaker conditions on the vari-
ables of the SLD-resolution. However, proving the result in this case would be more
difficult. Since the obtained generalization is not very interesting, we valued that
it was not worth the effort.

PROOF. The proof is by double induction on 7 and on the structure of the goal
G. Assume fixed ® = {[¢]y } such that [¢]yvue = mgu([d]v, [€]a).

We start with the case ¢ = 0. The only SLD-refutation of length 0 is the SLD-
derivation for the empty goal O, whose computed answer substitution is €. In the
collecting semantics, we have B[O]D%L[{[¢]}, V] = [{[#]}, V] = [{[e o #]}, V] which
is the required result.

If ¢ > 0, assume the lemma holds for all j < ¢ and we prove it for ¢, by induction
on the structure of goals. The case for the empty goal has been already examined,
so we assume G = A,G’ where A is an atom. To ease the exposition, we first
consider the atomic case where G’ = O and then we analyze the general one.

Atomic goal.

Given the not-empty SLD-derivation G¢ — O, we may decompose it as:
(o8

Go p(cl)

g1

(C1...Cn)por 2.0

where ¢l = H + C;...C, is a program clause, o1 = mgu(G¢, Hp) and p is a
renaming of ¢l apart from G, V', ¢ and the program P. Note that this implies the
standard renaming condition for SLD-resolutions, i.e., that p(cl) is renamed apart
from G¢. Since G is atomic, then

B[G]DL[®, V] = DLG[®, V] D C[H « Cy ...C, ]| D5 G, V]

which, in turn, is equal to U (B[C; . .. C’nﬂDﬁg_l(Uﬁs([(I), V],G,H)),[®,V],H,G).
We know that

UL ([{[¢]}, V], G, H) = wpy(mgu(p' ([¢]v), [mgu(p'(G) = H)y(cyum), vars(H))

where p’ is any renaming such that p’(vars(G) UV) Nvars(H) = . We can choose
as p' the renaming p~—! since p(vars(cl)) Nvars(G) = 0 and p(vars(cl)) NV = 0
implies that p~!(vars(G) U V) N Vars(H) = (). In turn, this implies that

= (mgu([¢]v,[mgu(G=p(H))]GuP )

=p 1(mgu([¢}v,[mgU(G=p(H)>]cuP lda))
p~ ! (mgu([g)vue, [mgu(G = p(H ))]GUp(H))

= p~ ! (Imgu(¢, mgu(G = p(H)))lvucup)) -
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The last pass is only valid when (V U vars(G) U vars(¢)) N (vars(G) U vars(p(H))
(V Uvars(G)) N (vars(G) U vars(p(H))) = vars(G). This is the case since vars(¢)
p(vars(cl)) = ), thanks to our choice of p.

By standard properties of substitutions, we obtain:

([mgu(¢7 mgu(G = p(H)))]VUGUp(H))
~H([mgu(Go = (p(H))) © dlvucupm))
1([mg (Gp = p(H)) o ¢]VUGUp(H))
(I

=p ! Ulo¢]quUp( )) )

c
N

since vars(¢) ﬁvars(p(H)) = (). For the same reason, 01 0¢ ~yars(p(r)) 01- 1t follows
that

p71(01 © @) ~vars(H) pil(gl) =plooiop ~vars(H) 019 -

Therefore U{,S([{[gb]}7 V],G, H) = [{[o1 o p|}, vars(H)] and

Uzlé’s(B[[Cl e Cn]]Di;l(Ugs([(I)v V]’ Gv H))v [(I)v V]» Hv G) -
UL (B[C, ...C.]D5  [{[o1 0 p]}, vars(H)], [®, V], H,G) .

Note that the SLD resolution (C; ...C,)po1 — O can be seen as (C; ...C,)(01 o
o2

p) —» O. In order to apply the inductive hypothesis on the latter derivation,
o2

we need to verify that [01 ° p]vars(cl) = mgu([gl 0 p]vars(H)7 [e]vars(Cl...C"))~ By
definition o7 0 p = mgu(G¢, Hp) o p. Moreover, since p(vars(cl)) Nvars(Ge) = () and
p(vars(cl)) Nvars(Hp) = vars(Hp), it follows that for all v € p(vars(cl) \ vars(H)),
v ¢ vars(oq). Hence, for each v € vars(cl) \ vars(H), o1(p(v)) = p(v). Moreover,
if p(v) occurs in (o7 o p)(x) for some z, then p(v) occurs in p(z) and this is only
possible if x = v. By Prop. A .4, this proves that mgu([o10p]vars(#), [€]vars(cy...cn)) =
[01 © plyars(ery- Thus, by inductive hypothesis, we have that:

UL (B[C, ...C.]D5  [{[o1 0 p}, vars(H)], [®, V], H,G) 3
U%S([{[Ug ooy o pl},vars(el)], [@,V], H,G) .

We know that unifps([{[#]}, V], mgu(p(H) = G)) = [{[o1 0 ¢]},V U vars(G) U
vars(p(H))]. Therefore, choosing p as the renaming for U%_, we obtain

matchps(p([{[o2 0 01 0 p], vars(cl)]), [{[o1 © @]}, V U vars(G) U vars(p(H))])
= matchps([{[p 0 02 0 01], vars(p(cl))]), [{[o1 © @]}, V U vars(G) U vars(p(H))])
{[o2 0 1], vars(p(el))]), {[o1 0 6]}, V U vars(G) Uvars(p(H)))) -
1)

Since vars(p(cl))N(V Uvars(G)Uvars(p(H))) = vars(p(H)) and 02001 Svars(p(H))
o1 0 ¢ (being vars(¢) Nvars(p(H)) = ()) then it holds:

= matchps(|

matchps([{[o2 0 01], vars(p(cl))]), [{[o1 o @]}, V Uvars(G) Uvars(p(H))]) =
[mgu([o2 0 01]p(ctys [01 © Blvuaupm)), V U vars(G) U vars(p(H))]

We would like to apply the Composition Lemma (Lemma A.5) to this unification.
We need to check that:
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—dom(¢) N p(cl) = 0;
—y € o1p(V Uvars(G) U p(H)) \ o1¢(p(H)) then y ¢ dom(oz) U o201 (p(cl)).

The first property trivially follows by the hypothesis that p renames ¢l apart from
¢. For the second condition, note that, since o1 = mgu(Go, Hp), if y € 01¢0(G)
then y € 01(p(H)) = 01¢(p(H)). Therefore y € o1(V Uvars(G)) \ o1¢(p(H)) iff
y € o19(V \ G) = ¢(V \ G). However, since such a variable does not appear in
the initial goal of the SLD-resolution G¢ and since the resolution is renamed apart
from ¢, it happens that it does not appear in vars(oz), and thus in dom(oz). We
now show that y ¢ o901(p(cl)). By hypothesis, y ¢ o1¢(p(cl)), and since p(cl)
is renamed apart from ¢, it follows that y ¢ o1p(cl). Moreover, as we have seen
before, y ¢ vars(os), hence y ¢ vars(oa01p(cl)).

It turns out that we may apply the Composition Lemma (Lemma A.5) and we
obtain

[mgu([o2 © 01]p(ct), [01 © Dlvuaupm) ), V U vars(G) U vars(p(H))] =
[{o2 00100}, p(c) UV UG] .

By projecting over G UV we obtain
B[G]D%[®,V] 3 [{o2 00108}, V Uvars(G)] ,
which concludes the proof of the atomic case.

Non-atomic goal.

In this case, decompose the (leftmost) SLD-resolution for G = A, G’ in the following
way:

Ap,G'd = G'poy — O, (79)

where both the sub-derivations have length strictly less than . Note that, since the
complete derivation is renamed apart from V, G, ¢ and the program P, the same
holds for the first sub-derivation. Moreover, since [¢]yvue = mgu([¢]v, [€]g), each
v € A is free and independent in [¢]vyg, i-e., [plvua = mgu([d]v, [e]a). Therefore,
we may apply what proved in the atomic case above, obtaining

DLA[®, V] 3 [{o1 0 ¢}, V Uvars(A)] .
The second sub-derivation in (79) is renamed apart from

—V since the complete derivation is renamed apart from V/;
—A and G’ since the complete derivation is renamed apart from G;

—o01 0 ¢ since the complete derivation is renamed apart from ¢ and the second part
is renamed apart from o7y;

—P, since the complete derivation is renamed apart from P.

Moreover, assume z € vars(G’) \ vars(V U A) and = # y € vars(V U G). By
hypothesis, [¢]vue = mgu([@]v, [€]g), which implies that ¢(z) € V and ¢(x) ¢
vars(¢(y)). Since vars(oy) = W U X where W is a fresh set of variables disjoint
from VUG and ¢ and X C vars(A¢), it happens that ¢(z) ¢ vars(o1). Therefore
o1(¢p(z)) = ¢(x) and ¢(z) ¢ vars(o1(¢(y))). This implies that [o1 o dlyug =
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mgu([o1 o P]vua, [€]e) by Prop. A.4. This means that we may apply the inductive
hypothesis on the second sub-derivation, obtaining:

B[G'|D%[{o1 0 ¢}, V Uvars(A)] I [{o2 001 0 ¢}, V Uvars(G)] .

Since B[A,G'|D%[®,V] = B[G'|DL(DLA[®,V]) by the above disequalities and
monotonicity of B, we obtain

B[A,G'|D5L[®,V] 3 [{o2 001 0 ¢}, V U vars(G)]
which concludes the proof. [

Now we may use standard properties of SLD-resolution together with Lemma A.6
to prove the required correctness theorem.

THEOREM A.9. (SEMANTIC CORRECTNESS) Given a program P and an goal G,
if 0 is a computed answer for the goal G, then

B[GI(P[P])G[{e}, vars(G)] T [{[6]}, vars(G)] .

PrOOF. If 0 is a computed answer for a goal G, and p is a renaming, then
0" = (p o 0)vars(q) 18 a computed answer too (cf. [Apt 1990]) and 6 ~yas) ¢
[vars(G) (©)]

Consider any such 6’ with the property that vars(6’) Nvars(P) = () and let G % O

be a leftmost SLD-resolution for ¢’. Since there exists a leftmost SLD-resolution
G ;*/% O which is renamed apart from P, then, by Lemma A.6, the thesis follows. [J
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