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1 Introduction

The complex process of deriving programs from specifications is often divided into the following
three steps: (i) the derivation of formal specifications from the informal ones; (ii) the validation of
the formal specifications; and (iii) the derivation of executable programs from the formal
specifications.

Each step of this derivation process can be supported by the use of elegant and well-understood
notions of mathematical logic. In particular, from informal specifications given as sentences in a
restricted form of the natural language, one can derive formal specifications as formulas of a first
order logical theory (Fuchs & Schwitter, 1995). One may then validate the derived formal
specifications by checking whether or not they are consistent and satisfy some suitable properties.
Finally, as we will illustrate in this paper, from formal specifications one may obtain executable,
efficient programs by using techniques for transforming logic programs. This is, indeed, one of the
reasons that makes logic programming very attractive for program construction. During this final
step from specifications to programs, in order to improve efficiency one may want to use program
transformation for avoiding multiple visits of data structures, or replacing complex forms of
recursion by tail recursion, or reducing nondeterminism of procedures.

This paper is structured as follows. In section 2 we present the rule-based approach to program
transformation and its use for the derivation and synthesis of logic programs from specifications. In
section 3 we consider the schema-based transformation technique for the development of efficient
programs. In section 4 we consider the partial evaluation technique and its use for the specialization
of logic programs when the input data are partially known at compile time. In the final section we
discuss some of the achievements and challenges of program transformation as a tool for logic-
based software engineering.

For simplicity reasons, in this paper we will only consider definite logic programs, although most
of the techniques we will describe can be applied also in the case of general logic programs. We refer
to Lloyd (1987) and Pettorossi and Proietti (1994) for all notions concerning logic programming and
logic program transformation which are not explicitly presented here.

2 Rule-based program transformation

The rule-based approach to logic program transformation, also called "rules + strategies"
approach or unfold/fold approach, has been introduced by Tamaki and Sato (1984). They basically
follow the ideas of Burstall and Darlington (1977), where rule-based program transformation was
first described in the case of functional programs. In this approach, a given program is transformed,
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perhaps in several steps, into a new, more efficient program by applying suitable transformation
rules according to some given strategies.

Now we present the program transformation rules we consider in this paper. We assume that
from an initial program Po we have obtained by program transformation the sequence Po Pk of
programs. The next program in the sequence, call it Pk + ls is obtained by an application of one of
the following rules, where by hd(C) and bd{C) we denote the head and body, respectively, of a clause
C. We will use "goal" as an abbreviation for "sequence of atoms".

Definition rule. Program Pk + \ is obtained by adding to program Pk a new clause of the form
p(X\,...,Xm) <- B, where B is a non-empty sequence of atoms and X\,...,Xm are distinct variables
occurring in B. The predicates symbol/? is a new symbol not occurring in Po,...,Pk, and all predicates
occurring in B also occur in at least one of the programs P0,—,Pk.

Given the sequence, P0,...,Pk of programs, we denote by Defk the set of all clauses introduced by
the definition rule during the construction of that sequence together with the set Defo which is the
subset of all clauses of Po of the formp(Xu-~,Xm) <- B, where/) is a predicate occurring in Po only
once. The clauses in Defk, for k > 0, are called definitions.

Unfolding rule. Let C be a clause in Pk of the form H <- F.A.G, where A is an atom and F and G are
(possibly empty) sequences of atoms. Let Au...,An, with n > 0, be the clauses of program Pk, such
that A is unifiable with hd(Al),...,hd(An), with most general unifiers 6u...,0n, respectively. We assume
that for any i, with 1 < / < n, C does not share any variable with At. Let Q be the clause (H «-
F,bd(A,),G)9i, for i = l,...,n. By unfolding C w.r.t. A, we derive clauses Clv..,Cn. We get the new
program Pk + Y from program Pk by replacing Cby Cu...,Cn. If n = 0 then Pk + i is obtained from Pk

by erasing C.

Folding rule. Let D be a clause in Defk and C be a clause in the set Pk — Defk- We assume that D does
not share any variable with C. Let C be a variant of H«- F,bd(D)8,G, where Fand G are (possibly
empty) sequences of atoms and 9 is a substitution such that (i) every variable occurring both in
bd(D) and hd(D) is bound to a term occurring in C, and (ii) every variable occurring in bd(D) and not
hd(D) is left unchanged. Then, by folding clause C w.r.t. the bd(D)d sequence of atoms using clause
D, we derive clause E: H *- F,hd(D)6,G and we get the new program Pk + i from program Pk by
replacing C by E.

Goal replacement rule. Let C be a clause in Pk and G\ a goal occurring in the body of C. Suppose that
for some goal G2, in the least Herbrand model of Po U Defk we have that yX\,...,Xk.(3Yi,...,Ym.G\
•«• ^Z\,...,Zn.G2) where: (i) X\,...,Xk are all variables of G\ also occurring outside G\ in C; (ii)
{Yu...,Ym} = vars{Gx) - {Z, Xk}; (iii) {Z,,...,Zn} = vars(G2) - {Xu...,Xk}; and (iv) {Z,,...,Zn} f\
vars(Q = {}. Then, we get program Pk + \ from program Pk by replacing goal G\ by goal G2 in the
body of clause C.

Particular instances of the goal replacement rule are the rearrangement of atoms in bodies of
clauses and the deletion of duplicate goals, and during program derivations we will feel free to silently
use these instances of the goal replacement rule.

All transformations of definite logic programs performed by using the definition, unfolding, and
folding rules are totally correct w.r.t. the least Herbrand model semantics, in the sense that, for each
sequence Po,...,Pk of programs constructed using these rules, we have that M(P0 \J Defk) = M{Pk),
where M(P) denotes the least Herbrand model of/". However, if during the construction ofP0,...,Pk

we also use the goal replacement rule, then in general, only partial correctness is preserved, that is,
M(P0 U Defk) 2 M(Pk). Sufficient conditions for the total correctness of transformations when
goal replacement is allowed, are given in Pettorossi and Proietti (1994) and Tamaki and Sato (1984).

Instead of the least Herbrand model semantics as a basis for the correctness of our program
transformations, we could have considered other semantics, for instance, the success set, or the finite
failure set, or Prolog operational semantics. For each of these semantics one can find in the literature
various sets of transformation rules which are guaranteed to be totally (or partially) correct w.r.t.
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those semantics (see, for instance, Pettorossi & Proietti, 1994). In particular, to preserve termination
of Prolog programs one can give conditions which should be satisfied before rearranging atoms
within bodies of clauses (Bossi et al., 1996).

Let us now look at a simple example of logic program derivation by using the rule-based program
transformation approach.

Let us suppose that we want to replace all occurrences of the maximum element, say M, of a given
list L of positive integers by M — 1. This replacement can be performed by using the following
program, which can be considered as a formal specification of the desired manipulation of the input
list L:

1. replmax(L, LI) <- maxl(L, M), repl(L, M, LI)
2. maxl([],0)+-
3. maxl([H\ T\, M) <- maxl(T, MT), max(H, MT, M)
4. repl([],M,[])^
5. repl{[H\ T\, M, [New\ Tl]) <- repl(T, M, Tl), newelem{H, M, New)
6. newelem(H, M, New)«- H # M, New = H
1. newelem(H, M, New) <— H = M, New is M — 1

where the predicate max(A, B, M) holds iff M is the maximum of A and B.
From this program we will derive by transformation a new, more efficient program which avoids

the double visit of the list L caused by the double occurrence of L in the body of clause 1. During this
transformation we will assume that Def0 = {clause 1} and we will use the following strategy: we
repeatedly apply the unfolding and goal replacement rules starting from clause 1 with the objective
of both evaluating its body in a more efficient way and also deriving clauses which can be folded
using clause 1 itself. This strategy will allow us to improve via the unfolding and goal replacement
steps the evaluation of the predicate replmax, and then we will iterate this improvement at each level
of recursion by deriving, via the folding step, a recursive definition of replmax.

By unfolding, from clause 1 we get the following two clauses:

8.
9. replmax([H\ 7], [New\Tl]) <- maxl(T, MT), max(H, MT, M),

repl(T, M, Tl), newelem(H, M, New)

It is impossible to fold clause 9 because in the body of clause 9 no instance of the body of clause 1
occurs. We continue unfolding clause 9 w.r.t. the atoms with predicate maxl and repl. Having done
so, we get:

10. replmax{[H, K\U], [New, Newl\Ul]) <- maxl(U, MU),
max(K, MU, MT), max(H, MT, M),
repl(U, M, Ul), newelem(K, M, Newl),
newelem(H, M, New)

Now we may take advantage of the fact that, when clause 10 is used to evaluate a call of replmax
with a ground list as first argument, the values of the variables Hand K&re known and therefore we
may compute their maximum. We can do so by performing a goal replacement step based on the
associativity of wax, and we replace maxl{U, MU), max(K, MU, MT), max(H, MT, M) by max(H,
K, Z), maxl(U, MU), max(Z, MU, M). We get:

11. replmax([H, K\ U], [New, Newl \ Ul]) <- max(H, K, Z),
maxl(U, MU), max(Z, MU, M),
repl(U, M, Ul), newelem(K, M, Newl),
newelem(H, M, New)

A folding step is still impossible. However, by looking at the history of our program derivation
performed so far, we observe that in clause 11 the goal G made out of the atoms maxl(U, MU),
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max{Z, MU, M), repl(U, M, U\), newelem(K, M, Newl) is a generalisation of the body of clause 9.
Indeed, the variable H which is the first argument of max and newelem in clause 9 has been
generalised to the two distinct variables Z and Kin clause 11. Thus, we can apply the so-called
generalisation strategy (Pettorossi & Proietti, 1994) by introducing the new predicate genp defined by
the following clause whose body is the goal G itself:

12. genp(U, Z, M, U\, K, Newl) <- maxl(U, MU), max(Z, MU, M),
repl(U, M, Ul), newelem(K, M, Newl)

The variables of the head are the ones which occur both in G and elsewhere in clause 11.
Now, starting from clause 12 and mimicking the transformation steps performed during the

derivation of clause 11 from clause 9, we get:

13. genp([], Z, Z,[],K,N)<- newelem(K, M, N)
14. genp([H\T\, Z, M, [New 171], K, N) <- max(H, Z, R),

maxl(T, MT), max(R, MT, M),
repl(T, M, Tl), newelem(K, M, N),
newelem{H, M, New)

Now, a folding step is possible, and by folding clause 14 using clause 12 we get:

15. genp([H\T\, Z, M, [New \T\), K,N)+- max(H, Z, R),
genp(T,R,M,Tl,K,N),
newelem(H, M, New)

We can also fold clause 9 using again clause 12 and we obtain:

16. replmax([H\T\, [New\Tl]) <- genp(T, H,M,Tl, H, New)

The final program, made out of clauses 8, 16, 13 and 15, realises the desired list manipulation
making only one visit of the input list and it is more efficient than the initial program. As already
mentioned, the correctness of the final program w.r.t. the least Herbrand model semantics, does not
require any proof: it is simply a consequence of the fact that the transformation rules we have used,
are correct w.r.t that semantics.

Our derivation above shows that when transforming programs we need to apply the transforma-
tion rules according to some suitable strategy. The need for a strategy is also due to the fact that we
may perform useless transformations because unfolding is the inverse of folding. In particular, a
suitable strategy should direct the unfolding steps which otherwise may be performed an unlimited
number of times, and it should also suggest which new definitions are to be introduced and which
generalisations should be made.

In the derivation of replmax we have seen in action the generalisation strategy. It consists in
discovering during the unfolding and goal replacement process a 'similarity' between a goal Bc

occurring in the body of a clause C and the body BA of a clause A which is an ancestor of C. Having
discovered that similarity, the generalisation strategy suggests the introduction of the definition of a
new predicate via a clause whose body is the most specific generalisation of both Bc and BA. This
new definition allows us both to perform a folding step of the ancestor clause A and also to derive a
recursive definition of the newly introduced predicate by replaying the derivation steps which led
from clause A to clause C. The generalisation strategy may often improve program efficiency
because the new predicate definition may exploit the interactions between the atom evaluations in its
body and avoid the construction of bindings of intermediate variables or multiple visits of data
structures.

The various strategies for logic program transformation may be compared w.r.t the syntactic
properties of the final programs they are able to generate, such as linear recursion, tail recursion,
absence of unnecessary variables, etc. The power of the strategies may be established via
completeness results based on the following definition: given a clause C of programs and a set of
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transformation rules R, we say that a strategy S is complete w.r.t. a decidable, syntactic property q>
of programs iff we can derive from a program P in C using the strategy S a new program P which
satisfies (p if it is the case that there exists a sequence of rules in R for deriving from P a program,
possibly different from P, which also satisfies cp. In Proietti and Pettorossi, (1994a), the reader may
find an example of such completeness results.

Logic program transformation using the rule-based approach, is related to logic program
synthesis, theorem proving, and artificial intelligence techniques. The relationship with program
synthesis is based on the fact that the initial program version can be considered as a formal
specification from which one has to synthesize an executable program. The relationship with
theorem proving is illustrated by the fact that the generalisation strategy is an instance of the
generalisation technique which is often used in the theorem proving field (see, for instance, Boyer &
Moore, 1975). By the generalisation technique the proof of a given sentence is derived from that of a
generalised sentence where a stronger inductive hypothesis can be used during the inductive proof.
Finally, there is also a close connection between program transformation and artificial intelligence
in particular in the area of the strategies for directing the application of the transformation rules for
improving program efficiency.

3 Schema-based program transformation

During the transformational development of programs from specifications we may want to reuse
previous program derivations, in particular in the case when the specification at hand is very similar
to a previous specification from which we have already derived an executable program. A well
established methodology which supports the reuse of program derivations from specifications is the
one based on schema transformations.

A program schema is a syntactic abstraction of many concrete programs, which are called
instances of that schema. When a program Pi is transformed into a program P2, possibly using the
rule-based approach, in order to reuse this derivation, we may promote the transformation from Px

to />2, to a transformation from a schema Si to a schema S2, such that .Pi and P2 are instances of Si
and S2, respectively, according to the same substitution.

The schema-based approach to program transformation has been used in logic programming and
also in imperative and functional programming (see, for instance, Arsac & Kodratoff, 1982; Huet &
Lang, 1978; Partsch, 1990; Paterson & Hewitt, 1970; Smith, 1993).

Some methodologies for developing logic programs using program schemata have been proposed
by several authors (Flener & Deville, 1993; Fuchs & Framherz, 1992; Kirschenbaum et ah, 1989)
and various examples of schema transformations can be found (Brough & Hogger, 1987, 1991;
Debray & Jain, 1994; Seki & Furukawa, 1987; Vasconcelos & Fuchs, 1996). The schema
transformations presented in those papers allow, for instance, for (i) the transformation of left-
recursive programs into right-recursive ones, (ii) the reduction of non-determinism in generate-and-
test programs, and (iii) the efficient and-parallel execution of logic programs.

Informally, we may say that a program schema is a program where some portions are left
unspecified. The formal definition of a program schema requires, however, the introduction of a
language where one can denote higher-order objects, such as variables ranging over predicates and
goals. The reader may refer elsewhere (Flener & Deville, 1993; Gegg-Harrison, 1995; Vasconcelos &
Fuchs, 1990) for some proposals of such languages in the case of logic programs. In this section, we
simply use for program schemata the same syntax usually adopted for programs, except that we
stipulate that variables may also occur in predicate positions, and in those positions they may range
over predicate names.

Let us now consider a simple example where we show how schema transformations can be
discovered and how they can be used during program derivation. Let us consider the following
program L-Fact for evaluating the factorial function (for simplicity we omitted the clauses for
times):
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2. fact(s(X), Y) <-fact(X, Z), times(s(X), Z, Y)

Program L-Fact: Left-recursive factorial.

Let us suppose that from this program we have derived the following program R-Fact:

3. factiX, Y) - g(0, s(0), X, Y)
4. g(X, Y, X, Y) +-
5. g(X, Y, X\, Y\) *- times(s(X), Y, Z), g(s(X), Z, XI, Yl)

Program R-Fact: Right-recursive factorial.

To justify the above transformation we do not need any property of the predicate times. Indeed, if
we use the unfold/fold rules for performing this derivation, no unfolding step w.r.t. times is required.
Thus we may apply the above transformation to every program which is an instance of the following
schema L\:

6.
7. F{s{X), Y) - F(X, Z), T(s(X), Z, Y)

Schema L\. Left-recursive computation on natural numbers,

and produce the corresponding instance of the following schema R\.

8. F(X, Y) 4- G(0, s(0), X, Y)
9. G(X, Y,X,Y)<-

10. G(X, Y, XI, 71) «- T(s(X), Y, Z), G(s(X), Z, XI, 71)

Schema Ry: Right-recursive computation on natural numbers.

where F, G and T range over distinct predicate symbols and the clauses for the predicate denoted by
Tare left unspecified. This schema transformation which is represented as L\ -> R\ can be applied
during any subsequent program development by instantiating the predicate variables to predicate
names and providing some clauses for the concrete predicate corresponding to T.

The usefulness of a schema transformation depends on its generality. However, to find schema
transformations which are very general, is not an easy task. The reader may look elsewhere (Flener
& Deville, 1993; Partsch, 1990; Smith, 1993) for some methodologies which help designing general
schema transformations. For example, our transformation of program L-Fact to program R-Fact
may also be viewed as an instance of the following transformation from the program schema L2 to
the program schema R2, where variables in argument positions range over the tuples. This schema
transformation (proposed by Brough and Hogger, 1991) is more general than L\ -* R\ because it
abstracts away from the data domain where the computations occur.

11. P(X)<-A(X)
12. P(X)«- P(Y), B(Y, X)

Schema L-i. Left-recursive computation.
13. P(X)^A(X\),G(X\,X)
14. G(X, Y) «-
15. G(X, Y)«- B(X, Z), G(Z, Y)

Schema R2: Right-recursive computation.

The schema transformation L2 -> R2 can be applied to a much larger class of programs than the
schema transformation L\ -* R\. In particular, we may use it for transforming the following
program which is an instance of Z,2 and computes a path PA in a directed graph from a given initial
node A to any final node:

16. path(A. PA)«- a(A, PA)
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17. path(A, PA) <- path(B, PB), b(B, PB, A, PA)
18. a(A, PA) <-final(A), PA = []
19. b(B, PB, A, PA) <-PA = [(A, B)\PB], edge(A, B)

where path(A, P) holds iff either P = [] and final(A) holds or for some Bo, Bu ..., Bn, with « > 0,
P = [(A, Bo), (Bo, B\),..., (Bn _ \,Bn)] andfinal(Bn) holds. The corresponding instance of the schema
R2 is the program:

20. path{A, PA) <- a(B, PB), g(B, PB, A, PA)
21. g(A, PA, A, PA) <-
22. g(A, PA, B, PB) <- b(A, PA, C, PC), g(C, PC, B, PB)

together with clauses 18 and 19.
Notice, however, that the process of matching concrete programs to program schemata may be

quite complex if the schemata we consider are very general. For instance, in the case of the program
L-Fact, in order to show that it is an instance of schema L2 we have first to transform it into the
following program L-Factl:

23. fact{M, F) <- a(M, F)
24. fact{M, F) <-fact(X, G), b(X, Z, M, Y)
25. a(0, s(0)) <-
26. b(X, Z,M,Y)<r- M = s(X), times(M, Z, Y)

Program L-Factl: Left-recursive factorial.

The program of matching a given program to a given schema also depends on the formalism used
and, in particular, it has been formalised as a matching problem of second-order terms (Huet &
Lang, 1978).

Sometimes schema transformations may have associated applicability conditions which express
constraints on the variables occurring in the schemata. In these cases a schema transformation is of
the form: if/? then Si -» S2, and we may need theorem proving techniques to check whether or not
the condition p holds.

Let us now briefly consider the problem of validating schema transformations obtained by
abstraction from concrete program equivalences. The correctness proof of a schema transforma-
tion, say Si -• S2, w.r.t. a given semantics amounts to show that if Pi and P2 are programs obtained
by instantiating Si and S2, respectively, via the same substitution then Pi and P2 are equivalent
w.r.t. that semantics. Among the various methods for showing the schema correctness we recall here
those based on denotational semantics (Huet & Lang, 1978; Partsch, 1990) and those based on the
unfold/fold rules (Kott, 1985; Proietti & Pettorossi, 1994b).

Having constructed a large catalogue of schema transformations, we may perform complex
transformations in one step only, and this may increase the efficiency of the program derivation
process. However, for an effective use of that catalogue of transformations one has to address a few
problems like, for instance, the problem of the space requirements because the catalogue of
schemata may be very large, and the problem of possible conflicts, in the sense that many schema
transformations may be applicable at the same time in overlapping portions of the program at hand.
Thus, strategies are needed to choose at each step the most convenient schema transformation to be
applied. Some strategies, in the case of functional and logic programs may be found, for instance in
Flener and Deville (1993), Partsch (1990), Smith (1993) and Vasconcelos and Fuchs (1996).

4 Partial evaluation

Partial evaluation is a transformation technique that specialises programs by exploiting some
information about the context in which they run. In particular, partial evaluation (see Jones et al.
(1993) for a comprehensive account) may be used for deriving efficient logic programs by taking
advantage of some partial knowledge about the input data.
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In the past, partial evaluation has mainly been used for compiler generation, starting from the
observation that a compiled program can be viewed as the result of partially evaluating an
interpreter w.r.t. a source program (Futamura, 1971). Currently, partial evaluation has a growing
impact on software engineering as a tool for program specialisation which supports software reuse
by program adaptation (Consel, 1996).

Partial evaluation of logic programs (which is also called partial deduction) has been introduced
in Komorowski (1982) and then formalised in Lloyd and Shepherdson (1991). It has been fruitfully
applied to specialise meta-interpreters (Gallagher, 1986; Safra & Shapiro, 1986; Sterling, 1986;
Takeuchi, 1986; Takeuchi & Furukawa, 1986), that is, logic programs which behave as interpreters
of logic programs. Specialisation of meta-interpreters forms the basis of an important technique
which can be used to enhance logic programming. Indeed, sophisticated functionalities and
evaluation mechanisms can be added to logic languages by providing suitable meta-interpreters,
and then efficient programs can be derived by specialising at compile-time a given meta-interpreter
w.r.t. some given input programs.

The basic technique for partial evaluation was presented in Gallagher (1993). We now illustrate
how this technique can be viewed as a sequence of applications of the transformation rules we have
listed in section 2.

Let us assume that we want to partially evaluate a given program Po w.r.t. a given goal G which is
the conjunction of the atoms gk, for k = l,...,K. Then we may proceed as follows. We first introduce
a set AQ of K definition clauses of the form: Hk *- gk, for k = \,...,K. Then, from this program we
construct a sequence of programs of the form: Po \J At \J Fh for i > 0, with Fo = {}. In order to
construct the program Po U A,,+ i U Ft + i from the program Po U At U Fh for i > 0, we unfold
once or more times each clause in At and we derive a new program Po \J £/, \J Ft. We then introduce
a new set At + i of definitions whose bodies are generalisations of the atoms occurring in the bodies
of the clauses in {/, and we fold all these atoms using the definitions in Ao U—U Ai+ u thereby
obtaining the program PoU Ai+i \J Fi+\. Partial evaluation terminates for i = n iff all atoms
occurring in the bodies of the clauses of Un can be folded using the definitions occurring in Ao
[J...\JAn, that is, An + i is empty because no new definition is needed for folding the atoms in the
bodies of Un. The final program is Po \J Fm and Po can be dropped if we are interested only in
queries relative to predicates defined by Ao, which are the partially evaluated queries, because during
the evaluation of these queries, only calls of predicates in Fn may be generated.

The total correctness w.r.t. the least Herbrand model semantics of the transformations realised
by the above partial evaluation technique, is an easy consequence of the correctness of the
transformation rules presented in section 2. Moreover, it can be shown that, since all definitions
have precisely one atom in their body, partial evaluation also preserves the finite failure set (Seki,
1991). Correctness results of partial evaluation are also available in the literature for logic
programming languages with negation, constraints, and other extensions of definite programs.
Various other semantics have also been considered, and we refer to Lloyd and Shepherdson (1991)
and Pettorossi and Proietti (1994) for further details.

In the partial evaluation technique as we have described above, we have not fully specified how to
perform the sequences of applications of each transformation rule. In particular, for controlling the
applications of the unfolding rule, we need to select, at each step an atom in the body of the clause to
be unfolded, and we also need to decide when to terminate the sequence of unfolding steps, which
may otherwise be infinite. Another important control issue is related to the choice of suitable
generalisations of the atoms in {/,• which are bodies of the definitions to be used for the folding steps.
This issue is particularly important because on the one hand we may want to introduce definition
clauses with very general bodies so that we can terminate the partial evaluation process, and on the
other hand, the bodies of these definitions should not be too general because otherwise we may
prevent effective program specialisation, because too many data structures have been generalised to
variables.

Various control strategies for unfolding and generalisation have been studied (Benkerimi &
Lloyd, 1990; Martens et al, 1992; Proietti & Pettorossi, 1993), and also implemented in various
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partial evaluation systems for logic programs, such as SP (Gallagher, 1993), ProMix (Lakhotia &
Sterling, 1990), Logimix (Mogensen & Bondorf, 1993), PADDY (Prestwich, 1993) and Mixtus
(Sahlin, 1993).

Let us now see in action the partial evaluation technique in an example which consists in
specialising a general parser for regular languages w.r.t. a given regular expression. This example
shows that partial evaluation may also be used as a tool for program compilation, because the
specialised parser corresponds to the finite automaton accepting the language denoted by the given
regular expression.

We are given the following general parser for regular languages over the alphabet {a,b}, where
accepts(A, S, D) holds iff (i) the string S is the concatenation of a string C and the string D, and (ii) C
belongs to the language accepted by the regular expression A:

1. accepts(A, [A\B], B) *- symbol(A)
2. accepts{(A • E), C, D) <- accepts(A, C, E), accepts (B, E, D)
3. accepts(A + B, C, D) <- accepts(A, C, D)
4. accepts(A + B, C, D) <- accepts(B, C, D)
5. accepts(A*. B, B) <-
6. accepts(A*. B,Q<- accepts((A • A*), B, Q
7. symboHa) «-
8. symbolQ)) <-

and we want to specialise it w.r.t. the regular expression (a • b) + a*. Thus we introduce the
following clause:

9. new\ (A)«- accepts(a-b) + a*, A, [])

and we have Ao = {clause 9}.
During partial evaluation we will follow the strategy of performing the unfolding of the leftmost

atom of the clause at hand until either unfolding is no longer possible, or we get an instantiation of
the head which exposes a symbol in the given alphabet {a,b}. Thus, by unfolding clause 9 we get the
set Uo made out of the following clauses:

10. newl([a\B]) <- accepts{b, B, [])
11. new\([])+-
12. newl([a\Q) <- accepts{a*. C, [])

Now clause 11 cannot be unfolded and we do not unfold clauses 10 and 12 either, because in their
heads both arguments [a\B] and [a\C] expose an a. We then introduce two new predicates new! and
new"i whose definitions are derived from the bodies of the clauses in f/o and we get, after the
corresponding folding steps, the following clauses:

13. new2{B) <- accepts^, B, [])
14. new3(Q <- accepts{a*. C, [])
15. new\([a\B])«- new2(B) (by folding clause 10 using clause 13)
16. «ewl([a|C]) <- new3(Q (by folding clause 12 using clause 14)

We have that A\ = {clause 13, clause 14} and Fx = {clause 15, clause 16}. By unfolding the clauses

in A! we get the set U\ made out of the following clauses:

17. new2([b]) «-
18. new3([]) *-
19. new3([a\D]) <- accepts(a • a*, D, [])

Now clause 19 can be folded using clause 14 in A\ and we get:

20. new3([a\D]) <- new3(D)

Thus, no new definition is needed for folding the clauses in U\ and we stop the partial evaluation
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process. The final program is made out of clauses 11, 15, 16, 17, 18 and 20. The reader may see that
the three new predicates indeed correspond to the three states of a finite automaton which recognises
(a-b) + a*.

We should now remark that the derived finite automaton does not have a minimal number of
states and it is non-deterministic. These facts show that the basic techniques for partial evaluation
have some limitations and they are not always able to fully exploit the available knowledge about
the input data. The limitations of partial evaluation have also been studied from a theoretical point
of view, and it has been shown that, under some suitable hypothesis, this technique can only achieve
linear speedups (Jones et al, 1993, Chapter 6).

A considerable amount of current research work is devoted to the enhancement of partial
evaluation towards more powerful techniques for program specialisation. To this aim, recently it
has been suggested (i) to deal with the specialisation of conjunctions and disjunctions of goals
(instead of atomic goals only) by incorporating more powerful transformation rules (Leuschel et al,
1996; Pettorossi et al., 1996), and (ii) to specialise programs w.r.t. a class of input data satisfying
some properties (instead of particular input data) by using either more powerful transformation
rules (Bossi et al., 1990; Pettorossi & Proietti, 1996) (possibly based on theorem proving techniques)
or abstract interpretation (Gallagher & de Waal, 1993).

5 Program transformation and logic-based software engineering: achievements and future
developments

In the previous sections we have presented through some simple examples, some techniques for logic
program transformation, and we have shown that they may provide valuable tools for logic
program development. In this section we would like to consider a wider perspective and illustrate
that program transformation can fruitfully be used also for logic-based software engineering.

By considering the achievements of logic program transformation techniques over the last years,
we want to briefly indicate how these techniques can be used for (i) improving the efficiency of
programs in logic-based systems, (ii) supporting modularity and reuse during program develop-
ment, and (iii) providing general tools for knowledge representation and management.

Point (i)
In the field of program transformation several methods have been developed during the past years
for improving the efficiency of logic programs. Various techniques have been proposed for the
automatic introduction of sophisticated data structures into logic programs. Among others, we may
mention, for instance, the difference lists (Clark & Tarnlund, 1977), whereby expensive operations
can be performed in an efficient way, and in particular, list concatenation can be done in constant
time. Other techniques have been developed with the aim of eliminating data structures which are
not relevant for the final answers and are used only for storing intermediate information (Proietti &
Pettorossi, 1995). In the literature we can also find methods for improving the efficiency of logic
programs by transforming them into equivalent programs which incorporate sophisticated
strategies to reduce the amount of nondeterminism during the search for a successful derivation
(Bruynooghe et al., 1989). Similarly, transformation techniques may increase program efficiency by
either removing recursion in favour of iteration (Debray, 1988), or adding annotations, such as cuts,
to programs so that the evaluators may improve memory usage (Debray & Warren, 1989;
Sawamura & Takashima, 1985), or deriving particular forms of programs, like binary programs
(Tarau & Boyer, 1990), which allow for compilers with high levels of performance.

We think that a major challenge for the near future is to integrate these methods so that they
could form a basis for a new generation of optimising compilers for logic programs. These future
compilers could also take advantage of the computer architecture by improving, for instance, the
parallel executability of concurrent subtasks (see Debray & Jain (1994) for work in this direction).

We also think that program transformation may be usefully applied to construct optimising
compilers for enhancements of logic languages which incorporate various important extensions,
such as concurrency, constraints, higher-order predicates, and objects.
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Point (ii)
Logic program transformation techniques have been mainly designed for small programs within
single software modules. When large software systems have to be developed, program transforma-
tion should support methodologies for modular software development. To this aim, we need to
further develop the transformational methods which are currently available so to allow the user to
compose many program modules together. Such methods may also be integrated with other
methods for logic program composition such as those described in Brogi et al. (1990) and Lakhotia
and Sterling (1988).

Another important issue to be addressed when developing large software systems is the
reusability and adaptation of part of the software modules for different purposes and in different
contexts. To allow for maximal reusability, our software should be as abstract and parametric as
possible. In particular, program modules which abstract away from the concrete implementation of
the data structures or from the data which are specific to the context at hand, are most suitable for
reuse and adaptation. Having these abstract modules, we can then apply the techniques developed
in the field of program specialisation which we have briefly described in section 4, for automatically
instantiating and customising software modules (see Komorowski (1989) for some initial work in
this direction).

Point (iii)
In section 4 we have already mentioned that program transformation can be applied to specialise
meta-interpreters. We believe that the potentiality of the interaction among knowledge representa-
tion, knowledge management, meta-programming and program transformation still has to be
exploited. In particular, logic programming supports language enhancement through meta-
interpretation (see also Sterling and Yalcinalp (1996)): new langauge features may be added to a
kernel language by writing an interpreter of the enhanced language using the kernel language itself.
Program transformation can then be used to improve efficiency by specialising the interpreter for
each given object program.

We believe this approach should be further pursued for the development of enhanced languages
through which we are able to describe complex forms of reasoning and knowledge manipulation,
such as abductive reasoning, epistemic reasoning, reflective reasoning, temporal reasoning, etc.
Some work on this direction has already been done (Toni & Kowalski, 1995), where a transforma-
tion of abductive logic programs into normal logic programs is presented. This transformation,
however, has not been done through specialisation of meta-interpreters.

Finally, we want to say a few words on the inverse interaction between logic-based software
engineering and program transformation, and in particular about the role that the various
techniques for knowledge engineering can play for improving the available systems for the
automatic development and transformation of logic programs. Indeed, many such systems have to
store and manipulate information about programs, like, for instance, their derivation histories, the
predicate definitions which have been introduced during their derivations, the syntactic properties
they enjoy, etc. Thus, advanced tools for storing, manipulating, and restructuring information of
that kind can be useful for the development of high performance transformation systems.

Also, the various techniques for meta-programming and meta-language definition which have
been proposed for knowledge representation (see, for instance, Apt and Turini (1995)) can fruitfully
be applied when developing automatic program derivation systems, because program transformers
are particular meta-programs which take programs as input and produce new programs as output.
The process of deriving transformation histories from previous program developments and then
replaying those histories starting from analogous initial specifications, can also be viewed as the
execution of a suitable meta-program on an input data program. To improve program efficiency it
may be worthwhile to apply several transformation histories in succession and thus, to have meta-
programs which act on meta-programs. This situation occurs when we consider "incremental"
transformation techniques, that is, techniques whose iterative application may monotonically
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improve the quality of the derived programs. More research and experimentation needs to be done
in this direction, and in particular, for the development of integrated transformation systems in
which strategies at higher levels direct the application of strategies at lower levels, and the outcome
of previous program derivations is used for the automatic improvement of the available strategies.
We think that such issues constitute some of the major challenges for the future of program
transformation systems.
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