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Absiract

A partial evaluator for Prolog takes a program and a query and returns a progranizegecial
for all instances of that query. The intention is that the generated program will execute more
efficiently than the original one for those instances.

This thesis present8Vlixtus”, an automatic partial evahtor for full Prolog, i.e. including
non-logical features such as cut, assert, var, write etc.

Mixtus does not need any annotations to guide it in its process, batualhaticallygenerate
a program given only an input program and a query.

A definition of partial evaluation based on the procedural semantics rather than declarative
semantics is presented. A program transformed by Mixtus will behave identically as the original
one, including side-effects and the order of the solutions returned.

The three basic program transformations “unfolding”, “folding” and “definition” are adapted
to full Prolog. The most important transformation is “unfolding” which is used by all partial
evaluators to eliminate run-time procedure calls. The “folding” and “definition” fmamations
generate new recursive predicates specialized for the query.

A loop prevention mechanism specifically tailored for partial evaluation together with a
mechanism for “generalized restart”, will guarantee the termination of the partial tewalica
all programs.

Special attention is given to built-in predicates, the cut in particular. To facilitate the execution
and removal of cuts during partial evaluation a module for determinacy analysis is used. As
negation in Prolog is based on the cut, it will also be treated correctly. Some of the other predi
cates that are given extra care dif? | findall/3 andbagof/3

Many program transformations possible in a logic programming framework will not work
correctly for full Prolog. Built-in and generated predicates are therefore classified according to
their declardéive “purity” so that the “impure” predicates will not hinder the optimization process
unnecessarily.

It is a non-trivial task to implement a partial evaluator, so the basic features of the imple
mentation of Mixtus are also presented.

A number of sample programs are partially evaluated, and the effect is discussed.

Descriptors

Logic programming, Prolog, partial evaluation, mixed computation, program transi@mmma
fold/unfold transformation, loop prevention, determinacy analysis, partial deduction.
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1 Introduction

1.1 The title says it all

The words in the title of this thesis taken backwards and explained one by one wWightigh
the main concepts.

Prolog

The programming language Prolog is based on a few, but very powerful ideas, some from
logic and some related to the implementation on a computer. In retrospect it seems inevitable that
some day mankind would discover the powerful mechanisms of Prolog. The key inventors, or
perhaps discoverers, of Prolog are Alain Colmerauer and his group in Marseille [Colm73] and
Robert Kowalski in Edinburgh [Kowa74].

In this thesis it will be assumed that the reader is well acquainted with Prolog. A standard
introductory text for programming is [CIMe84]. More advanced text-books are [Ster86b,
NiMa90, Ross89].

Full

A distinction is normally made between “pure” Prolog and “full” Prolog. The formetagmn
only the logical features of the language. On the other hand, full Prolog is primarily viewed as a
programming language and it also contains non-logical features not found in pure Prolog. Some
of these features are essential to making Prolog a practigabpnming language.

for
From Webster's Unabridged Dictionary:
for, prep. [M.E. for; AS.for, fore, before, for, on account of, through; ior, Ice. fyrir, before; Swfér, before,
for; Goth.fadr; L. pro, before; Grpro, Sanspra, before, away.] ...
4. suitable to; appropriate or adapted to; as, this vdse flowers

Evaluator

An evaluator for full Prolog will take a program and a starting query and will evaluate it fully
according to the rules for Prolog. The result will be bindings of the query variables and possibly
some side effects such as writing to the terminal.
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Partial

A partial evaluator takes a partially specified query and program and evaluates only so
parts of the program as not everything is fully specified. The result is a new programjzgeecial
to handle all instances of the original query.

Automatic

An automatic partial evaluator does not need any user annotations at all to direct it in its wo
and it will anyway terminate within a finite time.

An

indef. art sing. An automatic partial evaluator for full Prolog named Mixtus will bespréed.
The indefinite article “an” is appropriate as there are several possible wayswoticong such a
program. Nevertheless, only one, Mixtus, will be presented here which motivates the singu
article “an” of the title. Thus Mixtus is a compromise, and it has been designed with tF
following objectives:

* Mixtus should generate reasonably efficient code. The partial evaluation process sho
also not take too long or generate too large a program.

* Mixtus should have a relatively simple structure. This may conflict with theque goal,
generating efficient code, but simplicity facilitates the understanding of the basi
mechanisms of the system. By trying out the partial evaluator on a large number
examples we have tried to incorporate only the parts that are most important f
generating efficient code.

The following two objectives have already been mentioned:

* Mixtus should be able to handle full Prolog. Many built-in predicates sucarés and
cut lack declarative semantics, and are treated with extra care. Even for Prolog progra
that do not contain any non-logical predicates, the generated program must present
solutions in the same order as the original program. We will return to our definition ¢
partial evaluation which incorporates these conditions. Many optiiloimpossible for
pure Prolog are not possible for full Prolog, but Mixtus tries to identify the pure parts ¢
the program and handle them separately.

* Mixtus should be fully automatic. Most partial evaluators typically need tations
describing when to do “unfolding” of predicates. For an inexperienced user it may be ve
cumbersome to provide that information. As all annotations are optional and of a gene
nature, partial evaluation immediately becomes available to all users. With or withot
annotations, Mixtus is guaranteed to terminate for all input.
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Secondary objectives were:

* Mixtus should be idempotent, i.e. if applied twice the generated progranchanged.
There are some cases where this is not true, and this is due to the fact that Mixtus is
guaranteed to terminate for all input, and a partial evaluation has been stopped pre
maturely.

* Mixtus should generate legible output. The generated Prolog program hasafmedimes
closely related to the original predicate names, which makes it easy to compare the two
programs.

Version 0.3 of Mixtus which incorporates all features discussed in this thesis has been
implemented in SICStus Prolog version 0.7 [Carl88].

1.2 Overview

In chapter 1, a definition of partial evaluation for full Prolog is given. The basic-trans
formations “unfolding”, “folding” and “definition” are presented and their influence on the
performance of the generated program is discussed.

In chapter 2, an automatic partial evaluator for pure Prolog is presented. Basic rules for when
to unfold and fold are given here which make the partial evaluator “automatic”. Termination is
guaranteed by the mechanisms for loop prevention and generalized restart.

In chapter 3, as a prerequisite for the partial evaluator for full Prolog, definitions are given of
the three classes of predicates: side-effect predicates, propagation sensitive predicates and logical
predicates. A method for determinacy analysis of predicates is also presented.

In chapter 4, our partial evaluator for full Prolog is presented. It is shown how to avoid left
propagation of bindings and how to handle the cut and other built-in predicates.

In chapter 5, the main features of the implementation of Mixtus in Prolog are presented. This
chapter is fairly independent of the other chapters, and it provides a separate path to
understanding Mixtus, as seen from the implementor’s point of view.

In chapter 6, examples are given of partially evaluated programs.

Chapter 7 contains a discussion of the work.

An earlier summary of mainly chapters 1, 2 and 4 has been published as [Sahl90b]. Parts of
chapter 3 are to be published in [Sahl91]. The example in sé&&Bacomes from [Sahl90a].

1.3 Brief historical background

The term “partial evaluation” appears to have been used first in a paper by Lombardi and
Raphael in 1964 [Lomb64], where a simple partial evaluator for LISP was presented.

In 1971 Futamura showed that a partial evaluator applied to an interpreter (for a language X,
written in a language Y) given a program will yield a new program (in the language Y) [Futa71].
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This is called the first Futamura projection, and is probably the most useful and widely us
aspect of partial evaluation, as the overhead of the interpreter might be eliminated. The sec
Futamura projection shows how to get a compiler, and the third how to get a compiler-compil
These latter two projections are seldom applied in practice, as it is required that the par
evaluator is an autoprojector, i.e. self-applicable.

One of the first larger more practical partial evaluators REDFUN was constructed
Sandewall’s group and is described in [Beck76]. There the third Futamura projection, how to ¢
a compiler-compiler, was also presented, probably for the first time. Haraldsson in his the
[Hara77] describes the REDFUN-2 system which was capable of handling a large subset of LI

Partial evaluation techniques have however always been used in computer science. Thi
guite natural as the partial evaluation framework covers almost all programizgiion
techniques.

A.P. Ershov who independently developed the closely related technique of mixed computat
[Ersh77] describes his (re-)discovery as follows in [Ersh88b]:

“The most exciting feeling was a clear vision that mixed computation explains and
integrates everything: code generation, compilation and compiler canstru@riety
of compilation schemes, many ad hoc optimizationsstant propagation, procedure
integration, loop unrolling, dead code elimination, loop unloading, not speaking of
casing, compile time facilities, etc. Outside of compilation field mixed computation
embraces all issues of program specialization and adaptation, deriving ad hoc
algorithms from universal ones, modular systems simplification, fighting overheads
and redundancy wherever they appear.”

Ershov’s initial findings were summarized in [Ersh77a] where also the term “mixed cormr
putation” was introduced. In a later paper [Ersh80] the state of the art of mixed computation
that time is summarized. Independently of these activities, and apparently earlier, the langu
REFAL used partial evaluation techniques [Turc79].

After 1976 the number of research activities in this field grew rapidly, especially in the Sovi
Union. Most results were for imperative or functional programming languages.

In a functional programming framework partial evaluation is usually derived from Kleene™
Sh-theorem [Klee52: Theorem XXIIl p342]. Successful attempts at creating self-applicabl
partial evaluators for functional programming languages have been reported by Jones et.
[Jone89] and Bondorf [Bond90]

These activities will not be reported here, because we are concerned with logic pnogram
Numerous references can be found in [Sest88].

In 1981, Komorowski in his thesis [Komo81] described the first partial evaluator for pur
Prolog. He introduced the now standard method to base the partial evaluator on an interpre
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For some reason, most of the logic programming community failed to grasp the implications of
partial evaluation for Prolog, and the level of activities was very low during the first half of the
eighties. In 1982, Kahn presented a partial evaluator for LISP written in Prolog [Kahn82], and
two years later he applied a version of that partial evaluator to an interpreter for Prolog, thereby
compiling Prolog to LISP [Kahn84].

The first partial evaluator for full Prolog was presented in 1984 by Venken [Venk84]. Many of
the techniques introduced in his paper are now standard methods, also used by Mixtus: the patrtial
evaluator is a continuation-based meta-interpreter written in Prolog and a classification of built-in
predicates is made according to whether they have a side-effect or not. The system is also
automatic in the sense that no user annotations are needed.

A source of inspiration particularly relevant to our work was an article published in 1986 by
Takeuchi and Furukawa [Take86]. Their short partial evaluator written in Prolog was shown to
be capable of eliminating the overhead when meta-programming techniques were used.

An important milestone in the history of partial evaluation/mixed computation was the
workshop arranged in Gammel Avernaes, Denmark in 1987 . In the following we will make
frequent references to proceedings of this workshop [Bjgr88, Fuch88]. Our historical note ends
here, just when activities in partial evaluation of Prolog were expanding. Subsequent relevant
work will be mentioned in the following as our work is related to it and is surrethin section
7.2.

1.4 Partial evaluation vs. partial deduction

Lloyd and Shepherdson in [LIoy87] describe partial evaluation for logic programming as
follows: “Given a progranP and a goals, partial evaluation produces a new progiRimwhich
iIs P ‘specialized’ to the goals. The intention is thaG should have the same (correct and
computed) answers wit and P, and that Gshould run more efficiently fd?' than forP.”

Definitions of and the conditions for soundness and completeness of partial evaluation for the
declarative (the answer is a logical consequence) and “procedural” (based on SLDNF) semantics
are given in that paper. Komorowdkas recently [Komo89] named this view on partial evalua
tion of logic programming “partial dedtion”, which seems quite appropriate.

A Prolog program may however contain many non-logical features and features relating to the
actual execution such as side-effects. This has little to do with deductions, and the term “partial
evaluation” seems more appropriate for a system that is capable of handling full Prolog.

For pure Prolog programs (i.e. without built-in predicates), the Prolog executioranmaoh
can be viewed as an incomplete but sound theorem prover. This means that if the query Q to a
program P returns an answer substitutiorthen @@ is a logical consequence of P. A partial
evaluator for full Prolog, on the other hand, must take into account the actuatiexexfuhe
program rather than the simpler concept of logical consequence.
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1.5 Some uses of partial evaluation

Traditionally a text on partial evaluation starts with an explanation of how partialatoal
can be used to generate “compilers” and “compiler-compilers”. For excellent descriptions of hc
this is done in general the reader is referred to [Futa82, Fuji88b].

The emphasis of Mixtus is to make ipeactical tool for programming in Prolog. Nobody
expects to have to guide a Prolog compiler with annotations to make it possible to compile
Prolog program. Likewise, to be of practical use, the partial evaluator hasaitadmeatic and
not need any help at all to do a reasonable job. As in a compiler, some general optional switc
might be desirable to set the level of thoroughness; a longer transformation time may Yyiel
better result. Of course, neither the compiler nor the partial evaluator is allowed to loc
indefinitely for any program. Some more specific (but optional) switches might also help tt
system produce a better result.

Program structures recommended for methodological reasons are often associated wi
degradation of execution performance. For instance, calling a general procedure insteac
performing the actions directly in-line generally results in slower execution. The traditione
solution in imperative programming languages has been to introduce “mbaerbgth are
expanded before the program is compiled. The main disadvantage of this solution is the comy
semantics. For example, if the simple C function “square” ivexad to a macro by “#define
square(x) x*x”, then the call “square(i+1)” is expanded to “i+1*i+1” and the call “square(i++)” is
expanded to “i++*i++” which is probably not at all what was intended. A step in the righ
direction, retaining the semantics, is the possibility to declare certain procedures in-line, as
C++ [Stro86]. However, a compiler or macro expander is usually not expected to unfold loops
recursive procedure calls. This is in contrast with partial evaluation, which opens ne
possibilities of writing structured code without sacrificing perfance.

Although the main reason for doing partial evaluation with Mixtus is to gain executiot
efficiency, this is not always the case for other partial evaluators. The program “Distill” is
partial evaluator for the PostScript printer language [Reid89]. Although the generageahpro
does run faster than the original one, it is equally important that it is smaller, as this make:
much more economical in storage and distribution. Another advantage is thiattany libraries
(for instance ProcSets for the Macintosh) in the original program have totally disappeared
unfolding, which should make it legal to distribute the generategranoto anyone.

An interesting use of partial evaluation has been reported in [AIKa90] where Mixtus we
successfully applied to a Prolog program that was executed in or-parallel. On a single proces
the program ran about five times faster after all meta-calls in the program were eliminated
partial evaluation. But the most interesting fact was that the speed-up figures when using mt

1 Macros for Prolog procedure calls and terms have been proposed by [Kond88].



Introduction 7

processors were also improved as the meta-calls use global memory. Without partial evaluation
the slower global memory had to be used, and the speed-up on a 6 processor machine was only
3.86. With partial evaluation the reported speed-up was 5.10.

Comparatively few published texts seem to exist which use partial evaluation to improve the
performance of scientific applications. The examples known to us are [Moge86, BeWe90]. None
of these were however done in Prolog.

The most common and promising use of partial evaluation is to remove the overhead of
interpretation. Some examples will be given in tiissis on such usage. Successful application
of partial evaluation on interpreters has been reported frequently [Lakh89a, Lakh89b, Ster86a,
Take86, LeSa88].

1.6 Partial evaluation and mixed computation for full Prolog

The standard definition of partial deduction of Prolog by Lloyd and Shepherdson [Lloy87] is
purely logical, and cannot cope with execution of Prolog. For instance, there is no notion of “first
solution” in a logical framework. It is therefore necessary to introduce a new definition of partial
evaluation for full Prolog.

Partial evaluation and mixed computation [Ersh88a] are closely related, as seen from the
definitions below, which are modified for full Prolog.

Partial evaluation for full Prolog

Let P be a Prolog program, i.e. a list of clauses.

Let Q be a query to a Prolog program.

Let P[Q] be the results of running the program P with the query Q. By results, we here mean
the sequence of side-effects caused by running the program, such as writing to the terminal or to
files and producing printouts of the bindings of the variables in Q. It is also assumed that an
exhaustive search is made so that the program is forced to produce all solutions.gfée pro
may then either terminate, loop or produce infinitely many solutions.

A partial evaluatorfor full Prolog is a functioril parial taking a program P and a query Q and
returning a new program Rlyaria has the following properties:

For all instances @of Q:

O P'[Q Pproduces the same results as B}[@nd in the same order.

[0 The computation oflpaial(P,Q) will always terminate for all P and Q.

(This definition will be slightly modified in the following pages.)
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Mixed computation for full Prolog

Most versions of the partial evaluator presented here will use a definition more resembli
mixed computation.

Let P, Q and P[Q] be defined as above. A mixed computator for full Prolog is a functic
Mmixeq taking a program P and a query Q and returning apafTiconsisting of a new program
P'and a new literal Q' having the following properties:

* The arity of Q' is the number of distinct variables in Q, and all arguments of Q' are distin
variables.
* Q and Q' must have different functor names.

For example, if Qg(f(X),3,9(a,X,Y)) we may then have Q4x(X,Y) . The praess of
generating Q' given Q is calledeparametrizatid®mHio0].

The remaining conditions on P' are the same as for partial evaluation but with 88jMaced
by P'[Q9].
Relating partial evaluation and mixed computation

Any partial evaluator can be considered a mixed computator by letting

MmixedP,Q) =Mparial(P,.Q) + {Q':- Q.}, Q". U
where Q' is related to Q as described above, and Q' is not definefl jgR,Q). The notation
A+B denotes the concatenation A and B.
Conversely, a partial evaluator may easily be obtained from a mixed computator by extend
the returned program by the clause “Q :- Q.”. That is,

Mpartial(P,Q) = P' +{Q - Q.}  wherePTQTE M pmixedP,Q).
provided the predicate Q is not defined in P'. If that is the case, the predicate Q and all calls t
in P' are renamed so that there is no interference between the old definition of Q and the new
(Q:- Q).
As will be shown in the following, this method of converting mixed computation into partial
evaluation is used by Mixtus.

Input to Prolog

In the definitions above input to Prolog (i.e. predicates suckaa#l andget/1 ) has been
totally ignored, and in this section it will be explained why we will continue to do so.

For a real Prolog program the result depends on the input. Let the sequence of input value
denoted byl. Then the functions P[] and P'[] will have two arguments: the query Q and th
sequence of input valuésThe first property of a partial evaluator then becomes:

[0 For all input sequencds P'[QB,I] produces the same results as ®[Qand in the same
order.
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The input sequenck will not be known at all to the partial evaluator. This means that a call
read(X) in the program can bind to any value. As will be shown later, this is the default
assumption for variables occurring in built-in predicates, so no special precautions will be
necessary to handle input predicates. For all practical purposes the complications due to input can
be ignored in the partial evaluator. Thus, in the following, the input sequevitenot be spelled

out in the definitions.

Partial evaluation of a partial program

The program P given to the partial evaluator may contain goals that refer to predicates which
do not occur in P at all. The partial evaluator must leave these goals as they are and assume the
worst, i.e. that calling any of these goals may cause arbitrary side-effects and instantiations.

The capability of the partial evaluator of optimizing just a partial program increases its
usefulness when giving partial data to the system. Instead of just having the possibility of giving
partial data (=Q) to the top-level query, the user can also exclude a part of the program from
partial evaluation. A program P can be split up into two paitsind B. Part R can be partially
evaluated into R, and the new combined program+4®, will behave identically to P+P, for all
instances of Q. This method is attractive if one part is frequently changed and replaced (the P
part) and the rest of the program is constant.

This capability of leaving out a part of a program was one of the basic mechanisms in the
partial evaluator of Komorowski [Komo81].

A corollary for logical programs

The above definition of partial evaluation implies the following corollary about logical
programs.

COROLLARY
Let P be a pure logic program, i.e. one without non-logical built-in predicates.
Let P' =Mpartial(P,Q).
If P'[Q] returns an answer substitutiofl, then{o.

This follows immediately from the fact that P[Q] and P'[Q] return exactly the same answer
substitutions (due to the definition of partial evaluation) and the fact that if P[Q] returns an
answer substitutio, thenPEQB (which is a property of pure Prolog).

A logical optimization: some loops are removed

If we are allowed to remove non-productive potential loops, composite goals fddees,
may be replaced bialse if “G” does not have any side-effects. This optintiaa may be very
significant if “G” starts a complicated computation. It does not seem feasible to restrict this
optimization to the cases where “G” is guaranteed to terminate, as this is a very complex property
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to deduce, and in general not even decidable. However, it is very straightforward to check if -
call may cause any side-effects.

The above definition of partial evaluation does not allow this optimization, since by som
times avoiding infinite loops the resulting program could produce more solutions than tl
original one. Conditior] of that definition is therefore relaxed into the following.

For all instances @of Q:

0 P'[Q Pproduces all the results produced by @[@nd in the same order. PPmay then
produce more results if the execution of BJ@oes not terminate.

It may produce more results only if F§Q starts looping after producing a certain result.
Alternatively, it may loop itself when PR loops. It will always produce all results, incind
duplicates, in the same order as B[Q

As an abbreviation of the above condition we wriggP'. This partial ordering of programs is
extended to goals as follows. For two goals, G and G', the relati@i I®lds iff the relation
P<qP' holds for all queries Q and programs P and P’ where P' is identical with P except that
occurrence of G has been replaced by G'. This definition will be used when classifying predice
(chapter 3).

Unfortunately the above relaxed definition allows the new program P' to produce arbitra
results. But it is hard to conceive that a programmer using Prolog as a procedural language wi
write a program where a non-productive infinite loop is an essential part of tiramprdrhus, all
normal programs written with the procedural behavior in mind will not contain such infinite
loops, and all those programs will behave identically after partial evaluation.

There is however one class of Prolog programs that may naturally get into infinite no
productive loops. A programmer who views Prolog as a theorem prover, using the declarat
semantics and disregarding the execution procedure, may easily get into infinite norigroduc
loops. Also, with the new definition of partial evaluation the above essential corollary does |
longer follow, since nothing is said about the extra solutions produced. To constrain P' to prodi
only logical consequences, the contents of the corollary is added as a third condition in -
definition:

[0 For a pure logic program P, if P'[Q] returns an answer substitu@ipthen{0.

This condition holds for Mixtus, since the only extra transformations allowed are:

* (G,(false ) is replaced byalse

* (G,t1=ty) is replaced byt{=t,,G)
both of which are perfectly logical.

If, for some reason, this optimization is not desirable, it is possible to set the mode of t
system (using the flagreserve_loopsso that the original definition of partial evaluation is used,
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where the result produced by the new program is always identical to the result produced by the
original program.

Jones et. al. [Jones89] seem to take a similar approach to removing loops when partially
evaluating a functional programming language.

A pragmatic optimization: some errors are removed

To further facilitate partial evaluation, it will be assumed that the original program P will not
produce any error conditions when built-in predicates are used. For example, it might be
advantageous to transfork<3,X=2 in the original program int&X=2 as the difference in
behavior will only be visible wherX is unbound or bound to anything but an arithmetic
expression, thereby producing a run-time error.

Excluded built-in predicates

In most Prolog implementations there are a few rarely used predicates that are very closely
related to the actual implementation. For example, the prediaatestors/1  andsub-
goal_of/1  inspect the goal-stack. If such predicates occur in a program to be partially
evaluated, the program produced may behave differently than the original one. These issues are
discussed in more detail in sectidr.6.

Other important properties not covered by the definitions

As seen from the above definition, one correct partial evaluator is the identity function which
simply returns the input program P, ignoring the query Q! The main reason for making the partial
evaluation is to make the program run faster. Unfortunately, the efficiency of a program is
difficult to measure without executing the program. Thus any specific claims of speed-up are not
part of the definition of partial evaluation above. Instead, the transfiemsanade by the partial
evaluator are carefully chosen so that in most reasonable implementations they will normally
make the generated program run faster, or at least not slower. Where various implementations
may differ in a significant way, the SICStus Prolog implementation [Carl88] based on the Warren
Abstract Machine (WAM) [Warr83] is chosen as the standard.

It is not very difficult to implement a partial evaluator that is guaranteed to terminate for all in
put programs and queries. The user may however expect more than that; he may ask for a
predictable maximum execution time. This has not been implemented and it is difficult to predict
the time a partial evaluation will take.

1.7 Basic tfransformations

The three basic transformations used in this partial evaluatourdodding folding and
definition
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1.7.1 Transformation 1: Unfolding

1.7.1.1 Logical unfolding

Let the goal A be defined by the clauses;{{A B;)| iCl}. The unfolding of A in the clause
“F:- Before,A After” in logic programming is the following transformagon

F:- Before, A, After. whereA is defined b{{(A; :- B;)| iCI}
Ounfolding
{(F :- Before, B, After)0 | idJl O mgu(A,A;)=06 [16#false}.

Logical Unfolding

For example, consider the following definitionspét , g/1 andr/1 .

p(X):-a(X), r(X).
q(a).
q(A):-q(A).

r(b).

r(a).

The result of unfolding(X) in the clause defining/1 is

p(b):-q(b).
p(a):-q(a).

Although the clauses produced can be shown to have the same declarative semantics
Prolog semantics is quite different. If the que X) is given to the original clauses, the result
X=a will be returned repeatedly, whereas the query given to the transformed clauses will lo
immediately, never producing any solutions. Other examples can easily be constructed where
order of the solutions is changed by logical unfolding.

So, the unfolding transformation used in logic programming is not applicable even to pu
Prolog. This should not come as a surprise as the declarative semantics does not at all deal
in which order solutions are produced. The fact that the correctness of these trainwisrfona
logic programming framework has been proven by Tamaki and Sato [Tama84] is therefc
unfortunately of little use for us.

1.7.1.2 Unfolding for Prolog

What is needed for Prolog is an unfolding transformation that does not reverse the order of
solutions. This can be accomplished by ensuring that all choice-points are created in the si

2 mgu(A,B) is the function that returns the most general unifier of the two terms A and B. If no such unifie
exists, we use the convention that the special value “false” is returned instead.
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order, before and after the transformation. The following unfolding transformation will guarantee
this, as a disjunction is explicitly incorporated into the clause, keeping the choice-point of the
unfolded call in the right position.

F:- Before, A, After.whereA is defined bf{(A - B;)| ill}

Ounfalding
F:- Before,iDI A=A;, B;), After.

Unfolding for Prolog ifA is not the first goal

F:- A, After.  whereA is defined b{{A; :- B;)| iUI}
Ounfolding
{(F :- Bj, After)d | il Omgu(A,A;)=6 [ 6zfalse}

Unfolding for Prolog ifA is the first goal

The unfolding rule if A is the first goal can be seen as an optimization, where the following
transformation rules for disjunctions and equalities have been used.

F:- igbi’ After. O {(F :- G;, After)| i1}

Unfolding a disjunction

F:- After)d if B=mgu(,,ty) [I6#false

F:- t1=tp, After. O é .
} otherwise no clause

Unfolding an equality

Returning to the example above, unfoldn@g) now instead produces

P(X):-a(X), (r(X)=r(b); r(X)=r(a)).
Simplifying the unifications as elaborated below we get

pP(X):-q(X), (X=b; X=a).

If the disjunction formed by the unfolding operation is empty, it is replaced by the goal
false

The logical unfolding transformation is correct even for Prolog if Before or A does not leave
any choice-point, as will be further commented on below.
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Simplifying unifications without left-propagation

The unifications “A=A" in the disjunction above should always be simplified as much as
possible without any harmful left-propagation of bindings. This means that a variable in A m:
be unified with a variable in Aif that variable is not already unified with another variable in A.
The remaining unifications must be kept explicit.

For example, if “A=A"is p(A,B,C)=p(X,X,s(Y)) , then onlyA may be unified witlX,
andB=A, C=s(Y) are kept as explicit unifications.

Avoiding recomputations
Unfolding for Prolog also avoids some recomputations, as shown by the following exampl
Let the following program be partially evaluated with respe¢i(¥9 .

h(X):- p(X),q(X),r(X).
q(1). a(2).

Logical unfolding will duplicate the call (/1 :

h(L):- p(L).r(L).

h(2):- p(2).r(2).
If an exhaustive search is mgald may be started twice with a possibly complex comimrta
Unfolding for Prolog does not have this problem, since there still is only one gall to

h2(X):- p(X),(X=1; X=2), r(X).

There are however cases where the logical unfolding can be used for Prolog. If the go
before the goal to be unfolded are deterministic (i.e. do not leave any choice-points) and logit
the order of the solutions will not be changed by letting bindings from the disjunct propagate le
As shown in the example above, the calpth gets duplicated in that case. Normally this is a
disadvantage, but it might be advantageous. Saypi{iat andp(2) fail almost immedately,
whereag(X) starts a long computation. Then it is probably better to propagate the bindings. V
have chosen not to propagate the bindings of the disjunct as we cannot determine in gen
whether it is an optimization.

Venken introduced the technique of creating a disjunction when unfolding for full Prolo:
[Venk84]. His main motivation was to avoid left propagation of bindings, and not to preserve tl
order of solutions.

1.7.2 Transformation 2: Definition

Given an arbitrary goal, a new predicate defined by a single clause can be generated.
distinct variables of the goal form the parameters of the new clause head, and the new predi
gets a new unique name. The body of the clause is the old goal.
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For example, let the goal Ea,X,Y,X) . Then the new clause defining the new predicate
could bepl1(X,Y):-p(a,X,Y,X)

1.7.3 Transformation 3: Folding

This is the process by which a goal that is an instance of the body of a clause is replaced by
the corresponding instance of the head of the clause. This is a correct transformation if the
predicate is defined by a single clause and if all variables in the body of that clause occur also in
the head, in which case the head and the body are “equivalén®&.formally, assume there is a
clause produced by “definition”

Anew' :- A'.
then the goal A which is an instance of A’ (i.e. A=/hay be folded in the clause
Head - Before, A, After.

This will produce the clause

Head - Before, Anew' 0, After.

The conditions for performing folding will be somewhat relaxed in se@idr?.

Burstall and Darlington [BuDa77] pointed out that the folding transformation, orteome
equivalent, is necessary for constructing new recursive predicates. All partial evaluators for
Prolog described in the literature use unfolding as their basic mischaand some also have
folding and definition. Sometimes folding plus definition is called “rewrite” [Lakh90]. The main
problem in a partial evaluator is to know when to apply the various transformations. The
heuristics used by Mixtus are shown in section 2.2.5.

The folding and definition transformations above are not as general as they could be, as
folding is only performed on a simple, non-composite goal. This is a design decision made for
Mixtus which simplifies it and facilitates making it automatic. Thus, some program trans
formations which use folding for composite goals are not possible [Tama84, Lakh88]. Our
experience indicates that the most important class of programs to be partially evaluated, the
interpreters, folding for composite goals does not seem to be required for getting satisfactory
results.

1.8 A small example of partial evaluation

The following example will illustrate all three basic transformations mentioned above.
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Program P:

p([,F,A,X) :- Xis F-A.
p([H|R],F,A,X) :- F1 is H*F, p(R,F1,A,X).

The predicate calp(L,F,A,X)  will multiply F by the product of all numbers in the listthen
subtractA and finally return the result K

Query Q:
p(U,V,5,W).

The partial evaluation starts by generating a new query Q'
p2(U,V,W).

wherep2/3 is defined by the single clause
p2(U,V,W) :- p(U,V,5,W).

Unfolding the goal in the body of that clause will produce two clauses

p2([],V,W) :- W is V-5.
p2([HIR],V,W) :- F1 is H*V, p(R,V,5,W).

Finally, p(R,V,5,W) s folded intop2(R,V,W) which will make the resulting program P":

p2([],V,W) :- W is V-5.
p2([H|R],V,W) :- F1is H*V, p2(R,V,W).
Notice that the constant argument 5 is no longer carried around through the recursion, but ¢
appears where it is used, i.e. in the subtraction.
Finally the relation betweep/4 andp2/3 is established, as mentioned in sectio8, by
adding the clause

p(U,V,5,W) :- p2(U,V,W).

which replaces the original clauses o4 .

1.9 Sources of performance improvements

The most common reason for doing partial evaluation is to get a program that runs faster t|
the original one. The main sources of improved performance in the partial evaluator are
following:

Generation of new, possibly recursive, predicatesThe partial evaluator performs an
analysis of how the various predicates are called, and for each instantiation pattern of a predic
a new predicate specialized for that call pattern is generated. All arguments that are instanti:
at partial evaluation time are removed, and only tHastantiated variables remain.
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Unfolding of user-defined predicatesThis will remove a predicate call. This tréorsnation
is particularly favorable if there are no matching clauses, and the call can bea#ini
altogether.

In the conjunction (A,B), if B is found to fail, then the whole conjunct may be replaced by
false, and no call is made at all to A.

In real Prolog programs with side-effects not all of these optimizations are possible, and this
will be elaborated in detail in chapter 4.

Evaluating built-in predicates. All built-in predicates that can be evaluated should of course
be evaluated at partial evaluation time, and this is also an important source of efficiency
improvement. Usually, when a built-in predicate cannot be evaluated, it is because it is
insufficiently instantiated. For exampler(X) cannot be evaluated, as we do not yet knoxv if
will be bound to a norvariable at run-time. Some built-in predicates cannot be evaluated as they
have side-effects that must be delayed until actual execution time, swehte(d7) or
read(X)

To facilitate unfolding and evaluation, the handling of variable bindings is very targom
the partial evaluator we distinguish between right-propagation and left-ptapagbbindings.

Right-propagation of bindings. This takes place for instance whex=t,e[X]” (wheret is an
arbitrary term and &{] is an expression containing the variablgis transformed into €]
Without right-propagation not much can be done by a partial evaluator.

There are however some disadvantages of right-propagation with respect to execution
efficiency. If the variable occurs several times in the same predicate call or in conjunctive
predicate calls, there is a danger of creating several copies instead of just one of the structure. If
the structure is large, this may be a majoadisantage. At present, most Prolog compilers will
not generate code that avoids creating multiple copies of duplicate structures in the same clause.
Fortunately, in most cases the structure is either very small or partial evaluation will totally
“consume” and eliminate the structures.

For a disjunction, there is a similar but harder problem of right-propagation. During partial
evaluation X=t,(e,[ X]; e[ X])” becomes transformed into “{g]; eJ[t])". Thus there is a danger
that backtracking will cause the same structut@ be created again, which was not the case in
the original code. It is not clear that it is always better to move the creatiobagk to right
before the disjunction. It may be the case that backtracking will not occur or that a branch fails,
so that the structureis just created once or not at all. As the choice is unclear the present partial
evaluator does not try to move the bindings out of the disjunction, with the possibility of
generating sub-optimal code.

Left-propagation of bindings. In contrast to right-propagation, for full Prolog extreme care
has to be taken when propagating bindings left. A non-logical predicate such a “var’ makes
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var(X),X=3 quite a different thing fromaar(3) . For purely logical predicates it is quite safe
to move the bindings left. Having more instantiated predicate calls makes it easier for the par
evaluator to do unfolding, so the newly instantiated predicates are examined once again. 1
may in turn give rise to new left-propagated instantiations, so care has to be taken to prevent
partial evaluator from looping.

As in right-propagation, there is a problem concerning duplication of terms in left-prope
gation. For example, it might be disadvantageous to transpgdtXx),X= bigterm into
“p( bigterm,bigterm ”. On the other hand, gg bigterm,bigterm is reexamined and partially
evaluated again, it might be advantageous. Mixtus always performs left-propagation if it
allowed, thereby being potentially sub-optimal.

1.10 Implementation-dependent problems

The efficiency improvement of some program transformations is highly dependent on t|
actual Prolog implementation. There are two major methods to implement Prolog: structt
sharing [Warr77] and structure copying (which actually includes some structure sharir
techniques) [Warr83]. Most systems, among them SICStus Prolog, now employ the lat
method, and this method will be assumed to be used in this partial evaluator. Even for the s:
system, a certain program transformation may be disadvantageous for interpreted code
advantageous for compiled code. Although the ultimate goal of this partial evaluator is
improve execution performance, due to these implementation differences we have made
radical decision not to introduce any formalism for estimating the efficiency of a Prolog prograr

Thus no claim is made that Mixtus always improves the program given. In fact, for son
programs, as has already been mentioned, execution performance deteriorates. These casi
however rare, and for a wide range of programs as shown in chapter 6, the programs
substantially improved.



2 Partial evaluation of pure Prolog

A partial evaluator for pure Prolog, i.e. without non-logical features, will be presented in this
chapter. Since it is based on the basic transformations, as described in the previous chapter, the
order and multiplicity of the solutions will be preserved in the program produced by partial
evaluation. The algorithms presented in this chapter are the core of Mixtus, and will remain
almost unchanged for the full system.

A distinctive feature of Mixtus is the automatic choice of program transformations using
general loop prevention algorithms which guarantee the termination of the process.

2.1 Generating residues

The standard technique for implementing a partial evaluator for Prolog is to write it as a
specialized meta-interpreter in Prolog [Venk84]. According to the definition of a partiahéval
it takes a program and a partiallystantiated query and returns a program specialized for all
instances of that query. Thus, the meta-interpreter is given the original query and simplifies it,
consistently obeying the following principle:

In the partial evaluator a term t represents all instanéesftt.

Let us illustrate this principle by partially evaluating the built-in preditegth/2 . For
instance,length([A,B],X) can safely be evaluated ®¥=2. On the other hand,
length(L,X) cannot be completely evaluated and is left as it is. Those remaining goals that
are not evaluated are called tlesidue and are used in the construction of the generategigro
output by the partial evaluator.

Two descriptions will be given of the basic algorithm of Mixtus. The first is more informal
and implementation-oriented. The second is more formal and justifies in detail the trans
formations used.

2.2 Informal description of the basic procedure
2.2.1 The top-level query

Mixtus only accepts a top-level query that is a call to a user-defined predicate Q. Internally
Mixtus more resembles mixed computation, where a new query Q' is returned together with the
new program. A reparametrization therefore is first performed on Q, producing Q'. The mixed
computation then continues with the clause Q':-Q producing a new program, including a new
definition of Q'. As described in sectidn6, the clause Q:-Q' is finally added to the program,



20 Chapter 2

provided the old predicate Q is no longer used in the new program. In section 2.7 it will |
shown how it is guaranteed that the old definition of Q is no longer needed.

2.2.2 Handling clauses

The first clause to be partially evaluated is Q":-Q, as described above. This is done using
procedurdlgauses Which takes as input a sequence of clauses defining a predicate, and returr
new sequence of clauses which is the partial evaluation of the predicate. As a side-effect du
partial evaluationlgausesmay possibly create clauses for other predicates, as explained below.

The result of partially evaluating this sequence of clauses is the coatateof the partial
evaluations of each single clause.

Each clause is partially evaluated by partially evaluating each goal in the body of the clau
one by one. There are two kinds of goals: calls to built-in predicates and calls to user-defir
predicates.

2.2.3 Handling calls to built-in predicates

A large and important part of any partial evaluator for Prolog is the module which takes ce
of partially evaluating all built-in predicates. The simplest idea is having a database of the con
tions under which each built-in predicate can be safely evaluated. A predicate is only conside
evaluable if a finite set of substitutions is produced.

evaluable(true).

evaluable(X=Y).

evaluable(length(L,X)) :- \+ open_tail(L); integer(X).
open_tail(L) :- var(L).

open_tail(L) :- nonvar(L), L=[H|T], open_tail(T).

That is, calls tdrue/l and=/2 can always be evaluated, wheréaxsgth/2  has some
conditions guaranteeing that a finite set of solutions will be returned.

We can here view an evaluation of built-in predicates as follows.

Let G be a call to a built-in predicate in the clause-B€efore,G,After”. If G is not evalable
in the sense above, the clause is returned unchanged. If G is evaluable, an execution of G
produce a finite set of substitutiofsand the clause is replaced by a new clause

F- Before]i]G:Gei , After.
If the Before-part is empty, the disjunction comes first in the clause and a transformation intt
list of clauses performed where the unification G=las been performed in every clause.

{(F :- After.)6;};

An example: The clausg(X,Y):-length([A,B,C],X),r(X) whenlength/3 is
evaluated, becomgx3,Y):-r(3)
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When partial evaluation for full Prolog is described, a more general mechanism for handling
built-in predicates will be shown. Many predicates get special treatmenis/@.g, where all
ground and thus evaluable subexpressions are evaluated even if the wholsi@xgamot be
evaluated. For instanc& is Y+2*3  is transformed intX is Y+6 . These methods will be
elaborated in more detail in sectidr?.

2.2.4 The goal-stack

Mixtus maintains a stack containing the goals it encounters, much as in an ordinary Prolog
interpreter. If a user-defined goal A is encountered, the claAsew':-A' ) is pushed on the
stack.

The body of the clause, A', is a variable variant of A, where all variables in A" are new
variables not occurring anywhere else. This is necessary so that further instantiations of variables
in A will not change any variables.

The head of the clause, Anew', is created by extracting all variables from A" and creating a
functor which has a name different from all predicates. This process is cgp@metrizaon
[SmHi90]. For readability in Mixtus the name is formed by concatenation of the names of the
first functors, possibly followed by a digit to make the name unique.

For example, if A'=pred(term(X,Y,3),Y) we then could have Anew'
predterm(X,Y).

Only the parts of A’ that can vary, i.e. the variables, are kept in Anew'. As will be shown
below, due to folding an instance of A' may sometimes be replaced by the corresponding instance
of Anew’, thereby eliminating known constants from the arguments of the call.

2.2.5 The basic mechanism of Mixtus

The basic mechanism of Mixtus will decide what to do when a call to a user-defined predicate
is encountered. The predicate call may either be unfolded, folded, kept as it is or replaced by a
call to a newly generated predicate. In other partial evaluators this choice is normally guided by
user annotations. Our goal is to have the choice made autaihatand how that is achieved is
shown below. This procedure is perhaps the most distinctive feature of Mixtus.

The loop prevention mechanism, which will be elaborated in more detail later, will guarantee
the termination of the procedure.
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Folding If Ais an instance of a goal A' in a clause in the goal-stack
then replace A by the corresponding instance of Anew'.
else
Loop If by inspecting the goal-stack the loop prevention mechanism
prevention indicates a possible infinite loop
then the goal A is kept as it is
else
Recursive Let the clauses defining A be {HB;".
invocation of Let the substitution resulting from unifying A with a hegd H
partial be®;.
evaluator MelausesiS called with the clauses “(Anew :1)B,” as input and
the goal-stack extended wifAnew':-A').
Definition If the definition of Anew in the returned clauses is directly gr
indirectly recursive
then no unfolding is done and the goal A is replaced by Ang¢w.
The clauses returned bijausesdefine Anew, and they
are added to the resulting program.
Unfolding elseunfolding can be done, using Anew and the newly
generated clauses.

The main procedure for partial evaluation of user-defined goals

As can be seen from the above procedure, the tests for folding and loop prevention are m
before the recursive invocation of the partial evaluator. This will eliminate the danger of goir
into an infinite recursion since the loop prevention will prevent infinite recursion. The test fc
folding is done before the test for loops as it is better if a call is made to Anew, whose clauses
the result of a partial evaluation, than to A, which simply uses the original clauses.

A new predicate is generated if Anew after recursive invocation of the partial evaluator
found to be directly or indirectly recursive. A quick test to determine if Anew Iis recursive i
described in section 5.4.

Some examples using the above algorithm will be given later in this text.

2.3 Formal description of the basic procedure

In this section the basic procedure of Mixtus is formally described, and its correctness
shown based on the correctness of the basic transformatdolging folding anddefinition

Some words about the notation. Both predicate definitions and programs are lists of claus
sometimes denoted by a list generator {Clgyser {Clause| conditions}. A single clause is
sometimes considered a singleton list of clauses.
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For simplicity and clarity, the concept pfprogramis introduced.

23.1 P-program

DEFINITION OF p-program
A p-program (pair-program) S is a pair of lists of clauses <Cls, P>. All clauses in the first
component have the same head functor.

P-programs are very convenient as they enable us to focus our attention to just a few clauses
(Cls) which are to be transformed.

DEFINITION OFthe result of a query to a p-program

Consider a query Q to the p-program <Cls, P>. If the clauses in Cls do not have the same head
functor as the query Q, then the results of the query Q to the p-program <Cls, P> are the same as
the query Q to the program P.

Otherwise, the results are the same as the query Q' to the program Cls'+P.

Q' is here just a simple renaming of the head functor to a new unique functor (and not a
reparametrization). CIs' is obtained by renaming all head functors in Cls to the functor of Q'.

For example, the results of the qug(A,B) put to the p-program
<q(2,X):-q(X,3)., q(1,3). >
are the same as the results of the qugA,B) put to the Prolog program
g'(2,X):-q(X,3).
q(1,3).
That is, the execution will returA=2,B=1 and nothing else.

DEFINITION OF THE RELATIONSL] AND <

Let each of $and $ be a program or a p-program. The relatiahl &, holds if all predcates
defined in $ are also defined in,Sand all queries using these predicates return the same results
and in the same order for both programs.

As we deal only with pure Prolog, the only results of an execution are bindings of the query
variables.

S S holdsiff § 0 Sy and SO S,.

2.3.2 The basic transformations for p-programs

The three basic transformatiordgfinition, unfolding and folding are here defined for-p
programs and their correctness conditions stated. As can be seen below, all transformations are
closely related to the similar transformations of a Prolog program and are assumed correct in the
following. Note that onlydefinition extends the program so that the relatibormust be used.
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The definition transformation

<Clause, Pt] <Clause, P+(Anew:-Body)>
if Anew neither has a definition nor is called in P or Clause.

The folding transformation

<(Head:-Before, A After), P> <«(Head:-Before,,After), P>

if there is a clause F:—G in P, where F is defined by just this clause and all variables in G occu
F. Ais an instance of G such that AgG

The unfolding transformation

<«(Head:-Before,A After), P+{A:- Bi}p
= «(Head- Before,|i:EA=Ai, Bi), After), P+{A;:- Bi}p
or, if Ais the first goal, i.e. Before is empty,
= «{(Head:- B, After)0 | mgu(A,A)=0 U6#false}, P+{A;i:- B}

2.3.3 The partial evaluation procedure

Although Mixtus externally behaves like a partial evaluator, internally the procedure it use
more resembles mixed computation. In sectioh it is shown how to obtain a partial evaluator
from a mixed computator.

Four mutually recursive functions are used in the partial evaluation proc€tiiges Mclause
Mgoais andlM goar The mixed computatioflmixeq Starts with a query Q and a program P.

DEFINITION OF Mpmixed

procedurd1ixedP,Q)HP’, QU

Mmixed P,QELClauses+P", @
wherelClauses, FFMgaused@:-Q, P, [] U
where Q' = reparametrization(Q,P)

The procedure call reparametrization(Q,P) returns a new unique predicate name distinct fromr
predicate names in Q and P, with the distinct variables of Q as arguments.

CONDITION FOR CORRECTNESSI mixed
Recall the conditions in the definition of a mixed computator. For all instares @

[0 P'[Q'6] produces the same results as #[@nd in the same order.

[0 The computation oflmixed P,Q) will always terminate for all P and Q.
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PROOF
Iltem O is discussed in the section on loop-prevention, where strategies are shown which
guarantee termination.
Item [J is proven here. Our starting point is the program (Q":-Q)+P which can handle all queries
that are instances of Q'.
Q:-Q+P «Q"-Q, P> as Q'is not defined in P
O «Clauses,P"> by correctness offl¢uas defined below
= Clauses+P" as the predicate of Clauses is not defined in P"

which is the program returned B¥mixeq together with the new query Q'.

DEFINITION OF M¢jauses

procedurdlgausedClauses, Program, GoalstagKkClauseg,;, Prograng,[]
MaausesClauses, Program, Goalstaék
if Clauses=[] theri]], Progrant]
else let [Clause|Clauses']=Clauses in
let [Clauses", Program" i&ldClause, Program, Goalstddk
let [Clauses™, Prograni®gausesClauses’, Program”, Goalstadk []
[Clauses"+Clauses™, Program™ [

The definition oflgauses@S shown above differs in several formal respects from thsover
presented in the informal description of the algorithm. These differences are necessary to make
Melausestruly functional.

The program is no longer changed as a side-effect of the execution. Instead the program
occurs as an explicit input argument, and the new program is the second component of the result.

The third argument dflgausesiS a list of clauses, with elements of the form (AnevA;).

CONDITION FOR CORRECTNESS OFlgjauses
<Clauses, Program+GoalstalckzClauseg,;, Prograrg,+Goalstack>

For the proof we first need the following lemma.

LEMMA

If <A, P1> 0 <A', P and B, B> O <B', P3> then <A+B, R> 0 <A'+B', P> 3

This follows from the definition of the result of a query to a p-program and the transitivity of
the relation] .

PROOF OF THE CORRECTNESS
The base case when Clauses=[] is correct as the correctness then means that
<[], Program+Goalstack? <[], Program+Goalstack>
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For the induction we have Clauses=Clauses'+Clause. From the correctn@ggsefsee below)
we get
«Clauses, Program+Goalstack> <Clauses", Program"+Goalstacko.
By induction of the number of clauses we get
<Clauses', Program"+Goalstadk> «Clauses™, Program™+Goalstacko.
By use of the lemma above the correctned3 @f sesiS proven.

DEFINITION OF Mgjause

procedurdlgauséClause, Program, GoalstdékiClauseg,;, Prograngy:[]
MaauséClause, Program, Goalstdck

let H:-Gq,...,G, = Clause

let [Clauses, Program[= [JClause}, Programl

for each goal in Gy,...,G,

let [Clauseg:1, Program. 13 goad Gk, Clauses, Program, Goalstackl
end for
return [Clauseg.1, Program1[1

CONDITION FOR CORRECTNESS OFl¢jause
<Clause, Program+GoalstackxClausegy;, Programg,+Goalstack>

PROOF

Assuming thafl gogsis correct (which is shown below), then for each iteration in the for-loop
we have

«Clauseg, Program+Goalstacks] <Clauseg.;, Program;+Goalstack>
The correctness then follows from the transitivity of

DEFINITION OF Mgoals

procedurdlgoad G, Clauses, Program, GoalstackClausegy;, Prograng,:l]
Mgoas G, Clauses, Program, Goalstagk
if Clauses=[] theri]], Progrant]l
else let [Clause|Clauses']=Clauses in
let [Clauses", Program” ¢J&Kb, Clause, Program, Goalstadk
let [Clauses™, Prograni#g0a4 G, Clauses', Program”, Goalstairk
[Clauses"+Clauses™, Program™ U

CONDITION FOR CORRECTNESS OFlgoals
<Clauses, Program+GoalstaickzClauseg;, Prograng,+Goalstack>
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PROOF
This procedure has a structure very similafltqyses but relies on the correctnessiofoa
instead, which will be shown below.

DEFINITION OF Mgoal

procedurdlgyoa(A, Clause, Program, Goalstack) Elausesg;, Prograng,
MgoalA, Clause, Program, Goalstack)
let (Head:Before,A,After) = Clause
if A'is a call to a built-in predicate then
if evaluable(A) then
let 8 be the substitutions resulting from executing A
if Before is empty then
returnf(Head :- After); };, Progran]
else

return MHead:-BeforeiDA:Aei, After), Progranl
else

return [{Head:-Before,A,After), Prograim

elseA is a call to a user-defined predicate
if F.—GOGoalstack such that exists a substitutljosuch that A=@ then

1 return [((Head:-Before, i, After), Programl
else if loop_prevention(A, Goalstack)
2. return [(Head:-Before,A,After), Program

else
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3&4: let A be defined by the clauses;{HB;}
let Anew = reparametrizati¢A, Program+Goalstack)
let A',Anew' be a variable variant of A,Anew
let p be the substitution AngywAnew'
let [J(Anew":-C;)¢;};, Programl
Mejaused{(Anew"-B;) 6;};, Program, Goalstack+(Anew':-A"))
if the predicate Anew is recursive in Proggaf{Anew"-C;)¢;};
3 return [((Head:-Before,Anew,After), Program{(Anew"-C;)¢;}; U
else
4: if Before is empty
return(Head :- G, After)pd;};, Programl]
else
return[(Head- Before, Ii:kAnew:Anew' $;G ;). After),
Program+{(Anew"-C;)¢;};[

CONDITION FOR CORRECTNESS OFlgog)
<Clause, Program+GoalstackxClauseg,;, Programg,+Goalstack>

PROOF

Let the Clause be “Head:-Before,A,After”, where A is the goal indicated by the firshangu
of Mgoat

If Ais a call to a built-in goal, the treatment depends whether the predicate is evaluable or r
In the latter case, the goal is kept as it is, which is obviously correct, and in the former, we w
assume that the built-in predicate is handled correctly.

Otherwise A is a call to a user-defined predicate and the basic mechanism for Mixtus is u:
as described in the previous section.

Then there are four cases: folding, loop prevention, definition and unfolding. It will be show
below that the correctness is maintained for all of these cases. Our initial p-program is

S =«(Head:Before,A,After), Program+Goalstack>

Case 1: Folding

If there is a clause F:—G in “Goalstack” and A is an instance of GAE@)) , then through
folding we get

Clauseg,; = Head:-Before, B, After
Prograng,; = Program
This result is correct, since it corresponds to a folding on the p-program S, producing
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S < «(Head:-Before,R},After), Program+Goalstack>

Case 2: Loop prevention

In case of loop prevention, the original clause is kept as it is, and the output program is the
same as the input program. Clearly, this identity transformation is correct.

Cases 3 & 4:

In both these cases a recursive invocation is made to the partial evaluator. Let Anew be a
reparametrization of A. Let Anew' be a variable variant of Anew and let the substitghen
such that Aneyw=Anew'. Then let ApA'.

Firstdefinition is used to produce a new clause (Anew'-A") which is added to the set of
foldable clauses. The p-program then becomes

SO «(Head:-Before,A After), Program+Goalstack+(Anew':-A')> = S
Thenfoldingis applied to the goal A, producing
S, = «(Head:-Before,Anew,After), Program+Goalstack+(Anew":-A')>= S

We now focus our attention on the predicate Anew and its definition, which will be partially
evaluated. The program P’ will handle all queries to Anew just geé&s.

P' = Program+Goalstack+(Anew':-A")
Similarly, the p-program S' will also handle all queries to Anew just goé&s.
P'0 <Anew':-A', Program+Goalstack+(Anew":-A")> = S'

Assuming that A is defined by the clauses:fiB;j};, the first goal in the body of the clause
(Anew':-A") is unfolded

Se
{(Anew"-B;)0|6=mgu(A',H){B#false},Program+Goalstack+Anew"-A"> £S
Partial evaluation of the newly generated clauses is now recursively invoked with procedure
MejausedI(Anew':-B; ) 6;}i, Program, Goalstack+(Anew'"-A'.)[]

which returns the tupléClauses, Programl] where Clausesis of the form {(Anew"C))¢;};.
Assuming the correctnessafayseswe get

S:' Oq(Anew"-C))¢;};, Program+Goalstack+(Anew"-A’)> = §

All calls to the predicate (Anew":-A") are handled equally well by its partially evaluatstbrer
{(Anew":-Cj)¢;}; which can replace it and we get

S;' [Program+Goalstack+{(Anew:-Qp;j}; = P"
As P' [P" then P' may be replaced by P"inS 3
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Sz 0 «(Head:-Before,Anew,After), ProgramGoalstack+{(Anew"-Qpj} > = &
We have now come to the point where cases 3 and 4 differ.

Case 3: definition
If Clauses are found to be recursive, the result frbigy, is

Clausegyt = Head:-Before,Anew,After
Prograng,: = Progran + {(Anew":-C;)¢;}
which makes
SO &= «(Head:-Before,Anew,After), PrograrmGoalstack+{(Anew":-Qp;} >

Case 4: unfolding
Otherwise, if Clauses are not recursiveynfoldingis done of Anew, and if Before is non
empty we get
SO & =<«Head- Before, I:kAnew:Anew' 4G ;). After),
Prograng+GoaIsltack+{(Anew':-Qﬂ),-} i
whereas if Before is empty
SO &= «{(Head :- G, After)pd;};, Program+Goalstack+{(Anew"-Qp;} ;>
As we know that the predicate Anew is not called anywhere (it was non-recursive), we ¢
remove its definition {(Anew":-Gg;}; from the final program. The result then becomes
Clauseg,; = (Head- Before, |i:kAnew:Anew' 4G ;). After)
or {(Head :- G, After)pd};
Prograng,: = Program

We have now shown that the correctness is maintained for all cases.

2.4 Reparametrization

As already mentioned, reparametrizatisrthe process of taking a goal A, extracting all the
distinct variables in A and creating a new atomic goal Anew having these variables as argume
and a new unique functor name. Reparametrization is used in the “definition” transformatic
Some refinements of and problems with reparametrization are discussed in this section.

2.4.1 Order of variables

It is generally preferable to arrange it so that the order of the variables in Anegpooie to
a left to right depth first traversal of the variables in A. This will improve the possibilities o
indexing, as indexing is only performed on the first argument in SICStus Prolog, and a commnr



Partial evaluation of pure Prolog 31

recommendation regarding programming style is to put the instantiated input arguments first in a
goal.

2.4.2 Trimming variables

Another refinement of reparametrization in Mixtus is the following: If some variables in a call
occur neither before nor after the call, these variables are not included in Anew. These variables
are called trimmed variable’s The other variables are called the “surrounding variables”.

For example, let us consider partial evaluation of the qureryst(X,L) and this pre
gram:

in_list(X,L) :- select(X,L,Lrest).

select(X,[X|Lrest],Lrest).

select(X,[Y|L],[Y|Lrest]) :- select(X,L,Lrest).
The variableLrest in the callselect(X,L,Lrest) is a trimmed variable as it does not
occur anywhere else in the first clause. Thus the following clause is added to the goal-stack.

select2(X2,L2):-select(X2,L2,Lrest2).

Variables occurring in the body of this clause but not in the head (suglest2 ) are called
“internal variables”. As shown in [Tama84] folding of a goal is correct if after unification of the
goal and the body of the defining clause, all the internal variables remain uninstantiated, distinct
from each other and from other variables surrounding the goal. These conditions must be checked
for in all subsequent applications of the folding operation.
In our example partial evaluation is now recursively invoked to yield clauses

select2(X,[X|Lrest]).

select2(X,[Y|L]) :- select(X,L,Lrest).
Again the variabld_rest in the recursive call does not occur elsewhere in the clause. Before
folding may be applied to the recursive call it must first be checked whether the abow®mrondi
Is satisfied. As this is the case, the final result becomes

in_list(X,L) :- select2(X,L).

select2(X,[X|Lrest]).
select2(X,[Y[L]) :- select2(X,L).

and the unused argumentseflect/3  has been trimmed away.
To summarize, the changes needed to introduce trimming are:

1. Only the variables surrounding the goal are kept in Anew.
2. Using the folding clause

Anew' - A".
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the clause

Head = Before, A, After.
can be folded into

Head - Before, Anew'0, After.

provided
e There is a substitutiof such that A=A"6.
» All internal variables in A" after the substitution8Xemain variables distinct from each
other and from the variables in Head, Before and After.

2.4.3 Problems with a large number of arguments

When a predicate call containing a large compound term is partially evaluated, theucoim
term will be eliminated, and only the distinct variables of the term will appear asatepa
arguments. The advantage of this transformation is that at run-time the corresponding struc
does not have to be created and the access to the components of the structure becomes faste
disadvantage is that more arguments may have to be carried around in the predicate call.

In most implementations based on WAM, the first 4-5 arguments of a predicate are pari
ularly efficiently handled, as they are stored in machine registers. A program transformati
which increases the number of arguments may therefore be disadvantageous. The current pi
evaluator does not carry out any checks to prevent the creation of predicates with a large nun
of arguments.

2.4.4 Reparametrization might be disadvantageous

Right-propagation of bindings is crucial for enabling the partial evaluator to produce moil
specialized and efficient code. As mentioned earlier, there is a danger that a term becol
duplicated as it gets propagated. This would make the resulting program less efficient than
original one. Normally this does not happen, as the term is “consumed” either by parti
evaluation of a built-in predicate or, as described above, by partial evaluation of a user-defit
predicate. In the latter case, the term is normally removed as the goal is replaced by a new !
containing just the variables in the original goal. In some very special cases, th
reparametrization mechanism may not be advantageous. For example, given the ¢
p(t(A),L) and the program

PEX, D).

partial evaluation will produce the new gp&i(A,L) and the program

P2(A.[N).
P2(A[HIT]) - q(t(A).H), p2(A,T).
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The problem is that the same structi{® is recreated for each recursion instead of just once.
Mixtus makes no attempts at recognizing and handling these cases specifically, and may
therefore sometimes generate poor code. Fortunately, cases like this seem to occur very seldom.

2.5 Loop prevention

Due to the unsolvability of the halting problem, a loop prevention mechanism can never be
perfect; it will always be a compromise. In this case, we have chosen to diagnose some termi
nating computations as loops, thereby guaranteeing termination of the program in all circum
stances.

This is quite a different issue than “loop check” or “loop detection” as described for instance
in [Bol90], where only procedure calls which are sure to loop are considered looping. These
execution branches may be pruned as they cannot produce any solutions. It seems the algorithms
for loop detection and loop prevention have little in common. At the suggestion of Roland Bol
the term “loop prevention” is therefore used here to distinguish the two mechanisms. Note
however that most literature on partial evaluation has been using the term loop detection for what
we here call loop prevention.

A loop prevention mechanism may be arbitrarily refined and complicated. If the mechanism is
too simple, it may be unsatisfactory. One shortcoming can be that many non-loops are classified
as loops. This will stop the partial evaluation prematurely, and the quality of the code generated
will not be so good. Another shortcoming may be that it takes too much time (i.e. a recursion has
to be carried out to a great depth) before detecting that a looping program actually loops. This
will make the partial evaluation take a very long time. Normally the code produced will be of
reasonably good quality (although possibly unnecessarily large), but there are cases where it
could be improved by an earlier loop prevention. The goal is to find an advanced mechanism that
will quickly and almost always correctly determine whether agm loops.

Here a sequence of increasingly complex alternative loop preventions are presented for a goal
stack Goalstack and a goal A. Although the Goalstack consists of clauses of the forni{Anew
Ai'), we are in the following only interested in thégAand will ignore the Aneys.

For the purposes of loop prevention, detailed Prolog semantics may be ignored and the goals
in the goal stack can be viewed simply as a sequence of Prolog terms...t Thus the
mechanisms presented are valid for any programming language. The goal of loop prevention is to
prevent the goal stack from growing ad infinitum. It is guaranteed that the test
loop_prevention(A,Goalstack) will eventually succeed for any goal stack that grows indefinitely.
That is, for any infinite sequence of Prolog term,t... there exists initial segment of n terms
t1,bo,....tn (=Goalstack), and an elementi (=A), such that loop_prevention(A,Goalstack)
succeeds.

We will now describe a number of loop_prevention tests all having the following form:
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DEFINITION of loop_prevention:
“loop_prevention(A,Goalstack)” succeeds if there are at lmastrecterms A' in Goalstack
such that the test “may_loop(4\)” succeeds.

Different variants of “may_loop” are given below all satisfying the following condition.

CONDITION for may_loop
Let may_loop be constructed so that for any infinite sequence of Prolog tdsms there is
an infinite sub-sequencg fx,,... such that may_loom(ttk].) holds for all i<j.

LEMMA
loop_prevention as defined above using a may_loop satisfying this condition is guaranteec
prevent the stack from growing ad infinitum.

PROOF

According to the condition for may_loop, if there is an infinite sequence of Prolog terms, the
is an infinite sub-sequencg l,,... such that may_loo%tmj) holds for all i<j. Then for any
maxrecthere exists a terng t_ . such that may_loop(ttc _ _..) holds for thenmaxrecterms g,
i<maxrec This is the test in loop_prevention, so it is guaranteed that an infinitely growing stac
will be detected.

Three kinds of may_loop
To simplify the proofs below, the following definition is given.

DEFINITION
A “may_loop-ordered” sequence is a (finite or infinite) sequendg,.t. such that
may_loop(tt) holds for all i<j.

Below three kinds of may_loop satisfying the condition above are given.

Partition

may_loop forms a finitpartition as it can be defined as may_loop(s,t)(s)=f(t) for some
function f having a finite range.

PROOFthat the conditions for may_loop are satisfied:

Using the function f any infinite sequence can be partitioned into at most N disjoint su
sequences (where N is the cardinality of the range of f). At least one of these sub-sequences
be infinite. As this infinite sequence is “may_loop-ordered”, the conditions for may_loop al
satisfied.
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Natural numbers

may_loop can be written as may_loop(stf (skf (t) for some function f with values in the
natural numbers.

PROOFthat the conditions for may_loop are satisfied:

For the relation >, defined by s=t-may_loop(s,t), there cannot be any infinite decreasing
sequence;bty>... as the converse of > is a well-ordering. But, according to the lemma below,
there then must exist an infinite non-decreasing sub-sequegftggtt.. Due to the transitivity of
# this means thak#tkj if i<j. As may_loop(s,t) is& then _,k,... is may_loop-ordered and the
proof is completed.

LEMMA
If an infinite sequence;f,,... does not have an infinite non-decreasing sub-sequence
t Pt #... (where k<ki.1) it must have an infinite decreasing sub-sequengcert,>,... (where

m;<Mi.1).

PROOFof lemma

According to the assumption, there is a finite non-extendible non-decreasing sub-sequence
t Pl #.... Letits last element be,t. Then t, >t, for all p>m.

The sub-sequenceti1, tm,+2,... also have an infinite non-decreasing sub-sequence. The same
argument as above may be applied again, and the last value of the non-decreasing sub-sequence
is called f,,. As all elements (includingy}) in the sub-sequencg,ty, tm, +2,... are less than{,
then t,, >ty

A new sub-sequenceti, tm,+2,... May now be formed, and a new;being t,,>ty, can be
found. This procedure may be repeated indefinitely, producing an infinite decreasing sequence

t, >ty -

Conjunction
may_loop is a finiteonjunctionof other functions fulfilling the conditions for may_loop, that
is, may_loop(s,tg [} may_loop(s,t)

PROOFthat the conditions for may_loop are satisfied:

The proof is given just for a single conjunction, but can by using induction be extended to a
finite conjunction.

Assume that may_logpand may_loop fulfil the conditions for a may_loop. Then given an
infinite sequence there is an infinite sub-sequence that is a may-damyed. Using this infinite
sub-sequence there must be an infinite sub-sub-sequence that is maprd@opd. As this sub-
sub-sequence is also may_laeprdered, we have an infinite sequence which is may-loop
ordered and the proof is concluded.
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We will now give several instances of may_loop satisfying the condition above that we ha
been found to be very useful.

Loop prevention: predicate name

may_loop(A',A) succeeds if A" and A are calls to the same predicate, i.e. when viewed
terms they have the same outermost functor. This is an example of using a partition to de
may_loop, which guarantees that the conditions for may_loop are satisfied.

This extremely simple test used wittaxrec10 has been surprisingly successful.

Loop prevention: functor names

A related necessary condition for an infinite loop is that the same functor name occurs agail
the same argument position. Since Prolog is capable of creating new functor names dynamic
(usingname/2 ), some precautions have to be taken so that this test is not applied to thc
dynamically created names. A distinction is therefore made between the functors in the origi
program (the static functors) and the other “dynamic” functors. All dynamic functors ar
considered the same when compared in this test.

may_loop(t,sE
if arity(t)=arity(s) then
0 i0{1,...arity(s)} may_loop_argument(argument(t,i),argument(s,i))
else
false
where
may_loop_argument(t,s) =
if s is not a static functor then
return true
else if t and s have the same functor then
return true
else
return false
and where
arity(s) returns the number of arguments of s
argument(x,i) returns the i:th argument of x

The conditions for may_loop are satisfied, because the above test is a finite conjunctior
may_loop_argument tests, and these in turn are based on a finite partitioning of the Prolog ter

Loop prevention: structures

A natural extension of comparing functor names is to compare whole structures. Gamprob
is that there are an infinite number of structures even if they are only composed of static funct
For instance, the sequence s(0), s(s(0)), s(s(s(0))) may be extended infinitely. But there are ot
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finite number of structures having a certain maximum nesting deptimaaydepth This leads
to the following loop prevention test:

may_loop(t,sE may_loop2(t,snax_depth
where
may _loop2(t,s,deptrs
if depth=0 or s is not a static functor then
return true
else if t and s have the same functor then
return O 10{1,...arity(s)} may_loop2(argument(s,i),argument(t,i),depth-1)
else
return false

The above test is not capable of handling some cases where deeper structures are used and ¢
deeper recursion is needed to compute the result. For instance, the query

append([1,2,3,4,5,6,7,8,9,a,b,c,d,e,f|A],B,C)

is better completely evaluatedagpend/3 is defined in appendix B) The following loop
prevention criterion will handle this case correctly.

Loop prevention: total argument size
As long as the total size of the arguments shrinks (in the append-case above: the list gets
shorter), it is safe to recurse as this process cannot go on indefinitely. This leads to the following
version of loop prevention.
may_loop(t,sE termsize(tk termsize(s)
where the function termsize(x) is defined recursively on Prolog terms as

|f X iS a constant or a variable

arity(x)
termsize(x) EL by termsize(argument(x,i)) if x is a compound term

Loop prevention: single argument size

Similarly, the size of a single argument may be used as a loop prevention check. As long as
that argument shrinks, there is no danger of going into a loop. This will handle programs where
one argument grows during recursion but some other argument gets smaller.

For example, given the quergverse([1,2,3],[],X) and the program

reverse([],AA).
reverse([A|B],C,D) :- reverse(B,[A|C],D).

the first argument shrinks whereas the second argument grows.
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Combining several loop preventions

As shown earlier, a new necessary condition for looping can be created by forming t
conjunction of several different loop prevention tests “may_loop”. For example, a coojuoic
may_loop-tests may be formed that checks for every argument that it does not grow or stay
same in size.

Although that method is insensitive to the order of the arguments, it is sensitive to whether -
“active” arguments are imbedded into a “passive” structure. Takeettegse2/1  program
which is identical taeverse/3  above except in having all arguments imbedded in a structure.

reverse2(f([],A,A)).

reverse2(f(JA|B],C,D)) :- reverse2(f(B,[A|C],D)).
Given the queryreverse2(f([1,2,3],[],X)) the size of the single argument will not
decrease, the sequence of calls being

reverse2(f([1,2,3],[],X))

reverse2(f([2,3],[1],X))

reverse2(f([3],[2,1],X))
Whereas the just presented version of may_loop would have signalled for a loop, the followi
refined version will not do so. If the arguments of the structure are compared in size insteac
the argument of the predicate, the loop prevention mechanism will be able to detect that
above call does not loop. This can be achieved by combining the test for comparing structt
with the test for comparing the size of the structures. The only change needed is that when
maximum depth is reached, instead of signalling a potential loop, thos¢rsttbres are
compared in size, and we get

may _loop(t,sE may_loop2(t,snax_depth
where
may_loop2(t,s,deptrg
if depth=0 or s is not a static functor then
return termsize(tx termsize(s)
else if t and s have the same functor then
return i {1,...arity(s)} may_loop2(argument(s,i),argument(t,i),depth-1)
else
return false

The correctness of the above test with respect to the conditions for may_loop follows from t
fact that it may be viewed as a conjunction of

- the may_loop using structures

- a finite conjunction of may_loop tests that use the total argument size
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A good loop prevention mechanism is crucial for making the partial evaluator able to
automatically determine whether it is worth unfolding. The above method has proved itself very
useful for a long range of problems. All examples in chapteave been run automatically with
maxre&2 andmax_depth4.

2.6 Some examples of partial evaluation of pure Prolog programs

Some examples will illustrate the basic ideas on how the partial evaluator will automatically
choose between folding, unfolding and definition.

These examples are meant to be read in conjunction with the description of the main pro
cedure for partial evaluation in secti@i2.5. The examples are illustrated by a table of the
following form. A is the user-defined goal to be partially evaluated. A and Anew are related as
described above. For each clause of A a unification is made and the corresponding instance of
Anew is created. Partial evalimn then continues with the body of the clause.

goal-stack Anew A
clause i Anewo A0 (i.e.H 6) 0 = the substitution
head H | new head after unification new head after unification ;ensdu::[img from unifyingA

body B B; 6
body after unification

Example: folding
Let the query ben(X,[1]Y]) and the program be the member program:

clause 1: m(A,[A|B]).
clause 2: m(C,[D|E]) :- m(C,E).

We then get the following table.
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Anew A substitution 0

goal-stack m2(X,Y) m(X,[1]Y])

clause 1 m2(1,Y). m(1,[1]Y]). {1/X}

clause 2 m2(X,Y) m(X,[1]Y]) {XIC, 1/D, Y/E}

head

body - m(X,Y).

As neither folding nor loop prevention is applicable, partial evaluation then continues with the gaal

m(X,Y) inthe body.

goal-stack m3(X,Y) m(X,Y)

clause 1 m3(X,[X|B2]). m(X,[X|B2]). {XIA2, [X|B2]/Y}

clause 2 m3(X,[D2|E2]) m(X,[D2|E2]) {Xic2, [D2|E2)/Y}

head

body - m(X,E2).

folding - m3(X,E2).

That is, the new query m2(X,Y) and the generated clauses are

m2(1,Y).
m2(X,Y) :- m3(X,Y).
m3(X,[X|B2]).

m3(X,[D2[E2]) :- m3(X,E2).

As m2/2 is the top-level predicate and3/2 is recursive, no unfolding is made for these
predicates. Note thah3/2 happens to be identical to/2.
Example: loop prevention and unfolding

The predicate calt(X,[],3,2) will reverse the elements in the liXt multiply each
element by 3 and return the new list in Z

r({],L,P,L).
r([B|C],D,P,E) :- F is B*P, r(C,[F|D],P,E).

A partial evaluation of(X,[],3,2) is summarized by the following table.
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Anew A substitution 0
goal- r2(X,2) r(X,[,3,2)
stack
clause 1 r2([l.1)- r([.0,3.0)- {I7X, i, 31P,
[/z}
clause 2 r2([BIC].2) r((BICL.[1.3,2) {[BICI/X, [I/D,
head 3/P, Z/E}
body :- Fis B*3, r(C,[F],3,2).
No folding or loop prevention, the partial evaluator is recursively calledr(@tfF],3,2)
goal- r3(C,F,2) r(C,[F],3,2)
stack
clause 1 r3([1,F.[F]). r(0.[F1,3,[F])- {l/C,[F]/L2,3/P2,
[FI/Z}
clause 2 r3([B2|C2],F,2) r([B2|C2],[F],3.2) {[B2|C2]/C,[F}/D2,
head 3/P2,Z/E2}
body - F2is B2*3, r(C2,[F2,F],3,2)
No folding is possible. The goal stack is now
r(X,[],3,2), r(C,[F],3,2), r(C2,[F2,F],3,2) . The loop prevention mechanism
indicates a possible looprifiax_deptk1l andmaxrec2 (see section 2.5). The goal is therefore keft as
it is, referring to the original clauses.

To summarize, the clauses generated so far are

r2([.00)- _

r2([B|C],2) :- F is B*3, r3(C,F,2)

r3([B2|C2],F,Z) :- F2 is B2*3, r(C2,[F2,F],3,2).
The call r3(C,F,Z) shall now beunfolded as the predicate3/3 is not recursive. For
simplicity, we here use the logical unfolding instead of Prolog unfolding as thésfbalcannot
create any choice-points.

r2([1,[1). _

r2([B],[F]):- F is B*3.

r2([B,B2|C2],F,2):-

Fis B*3, F2 is B2*3, r(C2,[F2,F],3,2).

As can be seen from the above code, special cases have been generated for lists of length O
and 1, whereas longer lists are handled by the original predigate By changing the loop
prevention criterion, we could have generated even more cases for longer lists, but we would
always have to resort to using the original predicate for longer lists. It is questionable whether
generating more and more clauses actually yields an execution performance improvement in this
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case. In the next seon, we show how to avoid calling the original predicate by generating ¢
predicate further specialized so that the number 3 need not be carried around as an exf
argument.

2.7 Generadlized restart

The mechanism for generalized restart, as described below, will ensure that folding w
always eventually apply and that the partial evaluation procedure will always terminatgyany
As folding replaces a goal with a new goal, this means that there will be no references in-
program produced by partial evaluation to the original program. The main advantage of this
that more user-defined predicates are optimized. A minor advantage is that no renaming
needed, as described in section 1.6, when converting the result from mixed computation int
result for partial evaluation. Thus, the role of loop prevention is now to trigger the mechanism 1
generalized restart rather than to terminate the partial evaluation prematurely.

2.7.1 Anti-unification

The mechanism for generalized restart uses “anti-unificafeyn70, Lass88] (also called
inductive generalization in [Plot70], most common generalizatigiReyn70] and most specific
generalizatiorin [Benk89]). First some definitions:

A term ty is more generakhan a ternt,, if t, is aninstance ot, that is, there exists a
substitutiond such thatt,=t;6. Let this be written at = t, or alternativelyt, < t;.

A termt is the unification oftwo termst; andt; if
-1t
-bh=>t
- for all termss, if t; = sandt, > sthent > s.

A termt is the anti-unification otwo termst; andt; if
-t
-ttt
- for all termss, if t; < sandt, < sthent<s.

In contrast to the unification of two terms, there always exists a term which is the ant
unification of two arbitrary terms. In both cases, this term is unique up to variable renaming. T
classical reference for unification is Robinson [Robi65]. The algorithm for anti-uroficgiven
in [Plot70] is implemented banti_unify/3 as shown in appendix.3.

Some examples will illustrate the very useful concept of anti-unification:

anti_unify(f(a,b,c),f(c,b,a),A) returnsA=f(X,b,Y).
anti_unify(f(a,a,b),f(b,b,b),A) returnsA=f(X,X,b).
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2.7.2 Generadlized restart

When a loop is detected, the basic algorithm will just keep a call to the original code. By
looking at the goal-stack in the last example more carefully we can do better. The three recursive
calls tor/4 were

r(X,0,3,2), r(C,[F],3,2), r(C2,[F2,F],3,2)

These goals form a may_loop-ordered sequence, as defined in sebti@iearly the second
argument varies and the third argument is constant. In general this can be found out by doing an
“anti-unification” between recursive calls.

An anti-unification generates the most specific term which is more general than all terms in a set.
This term is unique up to renaming of variables. In this case we get the(&M3B,U) .A
“generalized restart” means that whenever a loop is detected, a gatieralof the recursive
calls is generated, and partial evaluation is restarted with that new goal.

For the above example we get after restart:

Anew A substitution 0
goal- r4(S,T,U) r(s,T,3,U)
stack
clause 1 ra([],T,T). r([],T,3,T). {/s, YIL, 3/P,
T/U}
clause 2 r4([B|C],T,U) r([B|C],T,3,U) {[BIC]/S, TID,
head 3/P, U/E}
body - Fis B*3, r(C,[F|T],3,U).
folding .- Fis B*3, r4(C,[F|T],U).

Due to folding, the generated predicef3 is now recursive

r4(], T,T).
r4([B|C],T,U):- Fis B*3, r4(C,[F|T],V).

The queryr(X,[],3,2) now corresponds to the quad(X,[],2)

Prestwich [Pres90] also uses anti-unification to guarantee folding and thus termination, but he
uses a special generalization function on atomic goals which has to be specified by the user. Let
the generalization function be g and the current goal A. If the goal stack contains a goal A' such
that g(A)=g(A"), then A" will be anti-unified with g(A), producing a goal general enough to
permit folding. As shown in comparison of partial evaluators, section 6.1.8, with a good choice
of generalization function this method works fairly well, but in some instances generalizes too
early, creating sub-optimal code. One advantage of our method is that our loop prevention
method is capable of considering the size of the arguments.
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2.7.3 Guaranteeing that folding will eventually apply

Just doing a single generalized restart will not guarantee that we will get an instance of
guery such that folding can be applied. But if no folding occurs, the loop prevention will trigge
another generalized restart. There is however no danger that the process of loojoprauen
generalized restart will go on indefinitely. The reason is simply that at each gexterastart we
generate a strictly more general instance of the previous attempted restart, and this sequen:
more and more general queries ends with a query in which alinamys are distinct variables.
Any other call to the same predicate will obviously be an instance of this query, and folding c
be applied.

Note that it is not essential in the above argument that it ieéisegeneral generalization of
the two queriesany more general term will do. By using the anti-unifier we do not generalize
unnecessarily, and the restarted query is as specific as possible, thereby facilitating the pa
evaluation procedure.

2.8 No recomputation of variable variants

All generated predicates are stored along with the call that prompted their credtiemever
a predicate call is to be partially evaluated, this database of generated predicates is consultec
the stored definition is used instead if the current call is a variable variant of the stored call.
This optimization is crucial to make it viable to apply the partial evaluator to larger programs

2.9 Automatic vs. manual partial evaluation

In many other partial evaluators for Prolog explicit annotations for each predicate indica
whether unfolding should be performed. If too few calls are unfolded, poor code is produced, ¢
if too many calls are unfolded there is a danger of infinite unfolding or that the generat:
program becomes too large.

Thus to provide these annotations requires skill, but once they are given the partidglavalua
procedure can become quite fast and simple. For partial evaluation of meta-interpreters
following can be an attractive approach: the expert programmer writes the mepaeteter
together with unfolding annotations, whereas the user provides the object program. Sterl
shows that by partial evaluation the overhead of one or several meta-interpreters can be rem«
[Ster86a]. General strategies for generating unfolding annotations is a current research is
which is discussed in [Lakh90].

There are however techniques to limit the unfolding without annotation by inspecting tt
goal-stack. For example, Venken [Venk84] simply stops unfolding when the first recursive call
found.

In Mixtus the goal-stack is also used to prevent infinite unfolding, as follows. A goal is onl
unfolded if it cannot be folded. The loop prevention mechanism together with the generaliz
restart will guarantee that infinite unfolding cannot happen. Mixtus normally folds wheneve
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possible, that is, when the current goal is an instance of a goal on the goal-stack. This-instance
test is sometimes used as a loop prevention strategy [LeSa88, Take86], although it does not
guarantee termination by itself.

For some programs the Mixtus strategy of folding whenever possible will prevent useful
unfolding. For example, partial evaluation of the quep¥) and the following program will not
unfold the goap(3) .

P(3).

pP(X) :- p(3).
An alternative folding strategy is to fold only if the current goal is a variant of a goal in the goal
stack. That strategy would have been much more successful on the above program. If the Mixtus
parametefold_instanceis unset, folding will not normally be performed if a goal is just an
instance. Instead, it is required that the goal is a variant of a goal in the goal-stack. An example of
such a program is given in sectiéri.2. However, if a loop is suspected by the loop prevention
mechanism, the current goal will be folded even if it is an instance.

As mentioned earlier, Mixtus will never perform a folding of a composite goal, e.g. a
conjunction. Many important program transformations as shown in [Tama84, Lakh88] cannot be
performed given this restriction. Our initial investigations indicate that folding of composite
goals seldom maintains the semantics of full Prolog. We are not aware of any automatic partial
evaluator that is capable of folding composite goals.






3 Classification of predicates

All generated and predefined predicates are categorized with respect to the following
properties:

* The number of solutions, as computed by the module for determinacy analysis.

» Purity, i.e. the occurrence and character of non-logical predicates swar(x9 ,

write(X)  etc.

* Whether it contains cut.
The analysis of these properties will be dealt with in the following sections. The use of the
properties will be shown in the next chapter, where partial evaluation of full Prolog is described.

3.1 Determinacy analysis

The number of solutions returned by calling a predicate is the most important and most
difficult property of a predicate that we attempt to compute. For instance, knowing that a
predicate canot fail, enables the partial evaluator to perform a cut immediately following this
predicate call, asin

P(X) :- q(X),!.
P(3).

If we know thatg(X) above cannot fail for any instanceXgfwe are sure to reach the cut and
the second clause can be eliminated. Furthermore, if it is know(@pat succeeds only once,
the cut can be eliminated altogether. As cuts severely complicate and hinder the partial evaluator,
knowledge about the number of solutions a predicate may produce is essential.

In general, the number of solutions produced by a goal depends on how it is called (what the
arguments are) and whether backtracking will be attempted. Byutinder of solutionsve will
in the following mean the number of times the goal will succeed if backtracked into. As is the
case throughout, it is the procedural behavior of the Prolog program that is of interest when
counting the number of solutions. Thus we count the total number of solutions produced by the
goal and not the number of distinct solutions.

Besides succeeding or failing, a goal when called may loop. The simplest case is

loop :- loop.

loop will be assigned a “number of solutions” denoted/bySome goals produce a finite
number of solutions and then loop. For instance, calbng2 will succeed twice and then loop:
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loop2.
loop2.
loop2 :- loop. % loop defined as above
An exact analysis of a goal with exhaustive backtracking would thus consider the followir
cases:

0 the goal fails L the goal loops

1 the goal succeeds once 1' the goal succeeds once and then loops

2 the goal succeeds twice 2' the goal succeeds twice and then loops

3 the goal succeeds three times | 3' the goal succeeds three times and then
loops

etc.

We are not interested in the exact number of solutions of a goal, but the example above wt
cut could be removed, shows that it is fruitful to distinguish between zero, one or many solutio
In the description below, 2 denotes twwy more solutions and 2'denotes twar moresolutions
and then a loop. 2' is also used to denote the case where an infinite number of solution
produced. As will be seen, this interpretation of 2' is essential when the number of solutions
recursively defined predicates is to be computed.

The analysis below does not consider the arguments of the goal, and an exact deirrmina
cannot be made of the number of solutions. Instead the analysis will apply to any instance ¢
given goal (and thus to a predicate), yielding a subset 00{1, 1', 2, 2'}, called aolution set
which contains the number of solutions for any instance of the goal.

As the arguments of the goal are irrelevant to the analysis presented below, we can talk al
the solution set in general for a predicate and not just for a particular goal.

The following table gives some examples of how the built-in predicates are classified. Mc
built-in predicates have the solution set {0,1}, and this is also true for most user-define
predicates in a typical Prolog program.
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Solution set Typical built-in predicates
{0} fail/0, false/O

{1} true/0, write/1, assert/1
{2} repeat/O

{0, 1} read/1, var/l, =/2, is/2

{0, 1, 21} length/2

{0, 1, 2} retract/1

{£,0,1, 2} bagof/3, setof/3

All generated predicates are also analyzed with respect to the number of solutions they
produce. The analysis is only based on the classification of the predicates called by the generated
predicate, whether they are other previously generated (thus already classified) predicates or
built-in predicates.

User-defined predicates are never analyzed by the algorithm; Mixtus will always first partially
evaluate them producing “generated” predicates. The reason for this is that all goals are partially
evaluated left-to-right in a clause, and only the goals to the left of the current goal are analyzed.
For example, the conditions for performing or removing a cut only depend on the goals to the left
of the cut.

It might seem odd that the analysis does not consider the variables in the program being
analyzed. Normally, this would have been an essential part of the analysis, but as the analysis is
only carried out on programs generated by the partial evaluator, these programs have a much
simpler structure; the partial evaluator has already been considering the variables and simplified
the code considerably. Experience has shown that this simplified analysis is very close to what
can be hoped for.

Transformation to a single clause

The definition of a predicate may consist of several clauses, each having a baidingpaf a
possibly composite goal. To simplify the analysis, all clauses are combined into one as follows.

Pty i) - by

P(tnts-- - fmn) - b

is transformed int®

3 This transformation is actually not quite correct due to the awkward syntax and semantics ef (lTet)
(which means exactly the same as (FestThen;false )).
For example,
P(A) :- q(A) —> r(A).
P(A) - s(A).
is not the same as
P(A) :- q(A) —> r(A); s(A).
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pP(Xq,...Xp) -
P(X 1, X)=p(t1g, -ty ), by

P(X1,---Xn)=P(tn1,-+tmn): O
One optimization essential for the analysis is also performed: if;all. ft;, are distinct
variables, the unification p@X..X,)=p(t4,...,t,) is replaced by “true” and,ls replaced by
b X 141, ... X ytin]- This will replace the unification (with the solution set {0,1}) by “true” (having
the solution set {1}) and the outcome of the analysis usually becomes more informative.
As head unification now always succeeds, the number of solutions of the predicate is sim
the number of solutions of its body.

Correctness of solution sets

In the following it will be shown for each goal G how a solution sgf.G3 computed. G)sis
correct iff for all instances ® of G the number of solutions 0f6ds a member of G,

Although this definition of correctness makes P, 1, 1', 2, 2'} a correct solution set for any
G, below it will be shown how a much smaller set specialized for G can be constructed. In thc
constructions (AB)4,siS computed given & and B, g that is (AB) o= fe (A so15Bsold, Where
* is a logical connective such as “,” or “;”. The functiogsare always defined so that the
following condition holds:

Soundness for solution set functions

A solution set function fis soundif the values of the function,fare defined so that
kO f.(AsosBsord if there exist two goals A and B with solution setg,£fand By, srespectively
such that there is an instance eBAwith k solutions.

Or, in other words, if A,siS a correct solution set for A and g is a correct solution set for
B, then { (A4 5Bsoi9 IS @ correct solution set forB.

It can be shown that a composition of sound solution set functions always yields a new sot
solution set function.

Optimality for solution set functions

A solution set function,fis optimal if the values of the function, fare defined so that
kO fe(AgosBsolg ONly if there exist two goals A and B with solution setg,Aand By
respectively such that there is an instance«@ With k solutions.

The elementary solution set functions (for disjunction, conjunction and if-then-else), pr
sented below are optimal in this sense. However, in general it is not guaranteed that a c

This issue is also discussed in section 4.2.2.2.
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position of optimal solution set functions remain optimal. Thus, the arguments given here do not
guarantee that the computed solution set for a goal A cordalgshose k for which there is an
instance of A with k solutions.

3.1.1 Goals without a cut

First it is shown how the solution set is computed for a goal not containing cut, depending on
its form.

If G is a call to a built-in or previously generated already analyzed predicgigeisGimply
found in the database describing those predicates. If G is a totally unknown predicate, the worst
Is assumed and {={ £, 0, 1, 1', 2, 2'}. Otherwise G must be a composite goal or a recursive
call.

Disjunction

For a disjunction, if the number of solutions is known for each of its components, it is fairly
straightforward to compute the number of solutions for the disjunction. For instance, if the first
part of the disjunction succeeds once (=1) and the second part fails (=0), the number of solutions
for the disjunction is 1. If the first part succeeds at least twice (=2) and the second part succeeds
once and then loops (=1"), the whole disjunction succeeds at least twice and then loops (=2").

If this argument is systematically carried out for all cases, we get the following table for
“S1+sy” where g is the number of solutions of the first disjunct apidsghe number of sotions
for the second.

S

L 0 1 1 2 2

L L L L L L L

0 L 0 1 1 2 2

S 1 1 1 2 2 2 2
1 1 1 1 1 1 1

2 2 2 2 2 2 2

2 2 2" 2 2 2" 2

$1+S, (a disjunction)

In general, we do not know the number of solutions, but rather have a solution set containing
the number of solutions. The function “+” on elements is therefore extended to sets by the
following definition

f:(S1.S) ={s1ts; | 50 § Usp 0 S
The solution set for a disjunction then becomes
(AB) sois= f:(A 5015 Bsold
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The correctness of the above extension follows from the fact that both disjuncts are called w
the same substitution.

Conjunction

Unfortunately, in a conjunction, both conjuncts are usually not called with the same su
stitution. This makes it necessary to use a more complicated method.

The elements in the solution set for a conjunction are found by the following table whe
x|ydS is an abbreviation forxS Oy[lS.

00(A,B)sorsiff LO(A,B)sorsiff
O0Asqs LUAgs
1|2DAsoIsD O0Bsols :|-|:|-'|2|ZjAsolsDLDBsoIsD
1'|2'DAsoIs 0 0UBsols
10 (AiB)sols iff 1 KA'B)SOIS iff
10 Aso1s 10Bsols U 1|1I|2|ZjAsoIsD 1" BsolsU
200Aso1s L 0UBsols [ 111Bsols 1" AsoisJ10Bgois U

2 E\sols 010 Bsols oo Bsols 0
2|2'DAsoIs 010 Bsols 0.0 Bsols

2] (A1B)sols iff 2' |DA\’B)sols iff
2DAsolsD 10 BsolsD :I-l:l-llzmjAsolsD 2 [BSO|S|:|
1|Z]Asols 020 Bsols 1'|2'DAsols 020 Bsols H

2" AsolsJ 10Bgois U]
2 E\sols O :|-|2D Bsols oo Bsols H
ZDAsols 0 1|2|:|BSO|S 0 L|1'|2' Bgols

The rules above are formed by arguments of the following form:

* (A,B) may fail (0J(A,B)soi9 if and only if either A may fail (OAgq9 Or A may succeed
and B may fail (01Bgg)9. In the latter case, A must not loop on backtracking {ARRs).

* (A,B) may loop ((A,B)soig if and only if either A may loop, A may succeed
(1]1')12]22A 5019 and B may loop, or A may loops after backtracking and B may fail. In the
latter case we also include the special kind of loop caused by A having an infinite numk
of solutions (2'[A s and B failing. An example of this is the conjunction
(repeat,false ) which loops indefinitely.

The other rules are constructed by similar arguments, and the rules are presented in a |
minimal form to simplify these arguments. In this way a solution set functiogyfs@\sol9 =
(A,B) soisis defined by the above rules. The above argument has however only suggested ho\
show that the solution set functions are sound, not that they are optimal, in the sense of
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definition of optimality for solution set functions. What also needs to be done is to find concrete
goals for each case above.

Usually this is very simple, as in the first case above where the conjunct fails in two situations.
The first situation is when the first conjunct fails and a concrete goal for doing that is “fail”. In
the second situation the second conjunct fails (biailsg ) and the first conjunct succeeds once
(beingtrue ) or twice (beingrue;true ).

Sometimes it can be harder to find the concrete goals. For instance, take the sector situa
when 10(A,B) sols that is “Z1Ages [ 00Bsgis [ 10Bge)s’. Are there really two goals A, with
Asois={2}, and B, with Bggis={0,1}, such that 1I(A,B)sis?

Yes, let A be(X=a; var(X); nonvar(X); nonvar(X)) . Clearly A will deliver at
least two solutions for all substitutions. Then let Bnloavar(X) which may either fail or
succeed once. The conjunction (A,B) will produce exactly one solution if called wittvdUad.

All other cases can similarly be checked to find concrete goals satisfying the conditions,
thereby verifying the optimality of the solution set function.

Note that optimality is not needed for the rules to be sound. What we achieve by establishing
optimality for the ruleds just to show that we cannot leave out any of the sufficient conditions
for putting a certain value k into (A,B)s We have made no attempt to formulate the rules as
economically as possible, and some simplifications not changing the meaning are possible.

As a corollary, the table below shows the result of applying the solution set function to
singleton sets. It is expected that each produced solution set contains at least one element. In fact,
the table shows that exactly one element is produced in all cases, which indicates that the analysis
is capable of giving a reasonably informative result.

Sz
{0} {244 {1} {17 & {2}
{0} {0} {0} {0} {0} {0} {0}
{24 ({4 {44 {44 {4 {4 {4
St {1 (& {44 {4 {1y & {2}
{1 [({g {4 {4y {11y {2 {2}
{2} {0} {4 & {17 & {2}
{2y g {4 {2y {1} {2} {2}
f,(S1,Sy) for singleton sets

If-then-else
The solution set for an if-then-else construct is a function of the solution set of itsroamgo
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(Test -> Then; Elsgys=
(if LOTestysthen {}else {}) O
(if 00 Testysthen Elsg,selse {}) O
(if 1|11'|2|]20Test, s then Theg,selse {})
That is, if the test may loop, the whole construct may loop. If the test may fail, the solution <
must contain the solution set of the else-part. If the test may succeed, the solution set n

contain the solution set of the then-part.
The above rule defines a functiondén solution sets by

f.o(Testys ThensElse,y = (Test -> Then; Elsg)s

Backtracking if-then-else
In SICStus Prolog and several other Prolog systems there is also a “backtracking if-then-el
construct. In that construct, written as “if(Test,Then,Else)” in SICStus Prolog, if the Tes
succeeds, backtracking will be performed into the Test, but the Else part will then never
performed. If the Test fails immediately, Else will be performed as usual. The solution set f
backtracking if-then-else is very similar to the non-backtracking form above (the only differenc
being boxed):
if(Test, Then,Else),s =

(if LOTestysthen {}else {}) O

(if 00 Test,sthen Elsgyselse {}) O

(if 1|1'|2]20Testqsthen| (Test, Thenyys else {})

The corresponding solution set function is
fie(Testy g ThengsElsed = if(Test, Then,Elsg) s

Recursive calls

Finally we have the question of the analysis of recursive predicates. The argument is fi
carried out for directly recursive predicates. To simplify the notation it is further assumed that t
analyzed predicate just contains a single call to itself:

p(XL,Xn) - A(p(tl!!tn))
A(g) is a template for the body of the predicate with the recursive call as an argument. T
corresponding solution set function for A(g) can be constructed by a composition of solution ¢

functions and is denoted by.fThe solution set{gisfor p is computed by a fix-point iteration
starting with {¢}, that is

Psols= iterate({L})
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| S i £A(S)=S
where iterate(S¥ Do ate(iy(S)) otherwise

Note that we are not trying to find the least fix-point gfit is always {} and of no interest. Itis
not obvious that the iteration of tarting with {£} will yield any fix point. If £Ofa({ £}) then

by standard results the iteration will yield a fix-point, as it can be shownathatnionotonic.
However, if LI A({ £}), there are no general results which ensure that a fix-point will be found.
Indeed, if the iteration starts with a different value thak {here may not exist any fix-point.
For example, consider the predicate

p :- p -> fail; true.
The iteration beginning with {1} will not yield any fix-point:

fa({1})={0}
faO})={1}

But starting with {£} will yield the correct fix-point {£} immediately:

fad Lh)={ £}

In order to prove that the iteration starting with}{will in fact yield a fix-point, and prove at
the same time that this fix-point is a correct solution set for p, we will have to describe in
somewhat more formal terms what is computed by the functiokidwever, to keep the pre
sentation readable, no greater formality will be introduced than is needed to convince the reader
that the details can be filled in.

First some terminology. Given a set of Prolog clauses, we define the correspskeddan
clausesas the expressions obtained by deleting all arguments in the original clauses and
replacing every predicate that is not user-defined by its solution set, given by the database. For
example, from

member(X,L) :- L=[H|R], (X=H; member(X,R)).
special(X) :- X=[a|R], member(a,R).

we get

member :- {0,1}, ({0,1};member).
special :- {0,1}, member.

A skeleton goal is a functor with the arguments deleted. A skeleton execution of a skeleton
goal is an ordinary Prolog execution with the difference that whenever a “goal” consisting of a
solution set is encountered, any assumption may be made about the behavior of that goal which is
consistent with that solution set. Thus, if the solution set is {0,1}, we may assume that the goal
when first encountered fails, or we may assume that the goal succeeds and then fails on
backtracking.
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The solution set of a skeleton goal p is defined as the set of k such that k is the numbe
solutions of p obtained in one of the, possibly infinitely many, complete executions of p. By
complete execution is meant, as in the case of ordinary Prolog, an execution that exhausts e
avenue of backtracking.

OBSER\ATIONS
1. Given a set of definitions of Prolog predicates not involving any recursion, th@®solu
sets computed using the rules are precisely the solution sets of the corresponding skel
goals.
2. Furthermore, the soundness of the computed solution set means that the actual solutior
of a predicate, in the sense of the set of k such that k is the number of solutions of so
instance of the predicate, is included in the computed solution set of thegpeedi

We now want to extend this to the case where a recursively defined predicate is added to
program. For any n, we define a sequence of skeleton clauses as follows:

Pn - Aske(Pn-1)-
Pn-1 :- AskelPn-2)-

P1 :- Aske(lOOp).

loop :- loop.
where Ayel is the skeleton of A as defined above. By observation™§ £}) is in fact the
solution set of the skeleton goal.p

LEMMA
For every sufficiently large n, the solution set gfipequal to the solution set of the skete
goal p, where p is defined by

P - Askelp)-

This lemma both implies that the iteration yields a fix-point, and using the observation 2, th
this fix-point is a correct solution set for the original predicate p. So all that is needed is a prc
of the lemma.

PROOF OF LEMMA

The definition of g can be viewed as unfolding n-1 steps of the recursion in p, but with th
looping predicate “loop” called after n-1 recursions. Thus p arfekpave identically as long as
does the depth of the recursive calls to p not exceed n-1. In that case, for evetipexéqy we
get a corresponding execution @f pvith the same results.
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The first half of the proof is to establish that if there is a complete execution of p witbrsolu
number Kk, then for all sufficiently large n, there is a complete executiofn witp solution
number k. The other half of the proof will establish the converse, which enables us to conclude
that the solution sets are the same.

If k=0, we note that a total execution of p which fails can only use a finite depth m of
recursive calls to p. Thus any, with n>m will have a corresponding total execution. The same
argument works for k=1 and k=2.

If k=L, there is a complete execution of p which loops. Either p loops calling another looping
predicate, or it calls itself ad infinitum. In either case, the corresponding executignaaf p
loop, for every n.

If k=1', we have a complete execution of p which yields one solution and then loops. For
sufficiently large n, the emulation of that execution in executingip yield the first solution.

After that, as the emulation continues, there are two possibilities: either the depth of recursion in
the original complete execution does not exceed n-1, and so the executions will be identical; or
else the execution of,will reach the loop, and thus loop anyway.

If k=2', the same argument applies if the complete execution of p produces a finite number of
solutions and then loops. However, if the given execution of p produces an infinite number of
solutions, we cannot conclude that the corresponding executignvaflgo the same, since an
infinite number of recursions may be necessary to produce the infinitely may solutions. In this
case, however, the execution gf\will eventually loop, and since this behavior is also classified
as 2', the conclusion remains correct.

In the other half of the proof, we need to establish that the solution setsoingluded in that
of p for all sufficiently large n. That is, ifypghas an execution with solution number k, then so
does p, at least if n is sufficiently large.

If k[1{0,1,2}, the argument is simple: an execution giwath this solution number cannot call
the predicate “loop”, so we get a corresponding execution of p by just replacing cajls to p
everywhere by calls to p.

If k=, there is an execution of, pvhich loops directly. There are then two possibilities: either
there is no call to g, in which case the looping execution carries over directly to p, or there is
such a call. In the latter case we know that there is a (partial) execution of p leading to a recursive
call. Then there is a complete looping execution of p, since we need only duplicate the execution
that led to a recursive call to p whenever p is recursively called.

Next suppose but not p, has a complete execution with solution number 1'. The part of this
execution leading to a solution must be the same as the corresponding execution of p. Then, on
backtracking, p loops. This must be due to calls tq. gor n'<n, since otherwise the
corresponding call to p would also loop. However, there cannot be any callinaipe looping
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call other than for n'=n-1. For otherwise it would be possible for a call to p to lead to another c
to p (without any intervening solution), and in that case there would be asjponging
execution of p with solution number 1'. So, in other words, n=1. Thus, if there is a comple
execution with solution number 1' of for n>1, there is such a complete execution of p.

For the case 2', we first note that if a complete executiop wikfds infinitely many soltions,
loop has not been called, so it is a complete execution of p with infinitely martyossiurhe
case where 2' means a finite number of solutions followed by a loop is dealt with just like tl
case 1'.

|

Mutually recursive predicates

The problem of finding solution sets for a set of mutually recursive predicates can be solvec
a similar way. Instead of a single equation, we get a set of equations, one for each predicate:

plsols = fAl(plsols- . 1pnsols)-

- 1
Ps01s= Fan(0"sols -+ P s019-
It can be shown that a correct solution set can be found by fix-point iteration on the arr

Oois - o, Starting with ({&£},....{ ).
Due to the incremental generation of predicates in the partial evaluator, this set of mutue

recursive equations is actually never formed in Mixtus. Instead, the not yet generatedtgsedi
are classified as4,0,1,1',2,2'}.

An Example

It may sometimes be useful to have a predicate that succeeds an infinite number of times.
built-in predicate “repeat” has this behavior, and it could have been defined by

repeat.
repeat :- repeat.

An analysis will correctly estimate the solution set of “repeat” to {2'} as follows. The predicate i
transformed into a single clause using the procedure described above, which first leads to

repeat :- (repeat=repeat); (repeat=repeat),repeat.
and then after the optimization mentioned we get
repeat :- true; true,repeat.
Thus the fix-point equation is
repeafys= f;({1},f,({1}.repeatyd)
the fix-point iteration starts with repegt={ 2}
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fALLA{ ) = f.({10{ £}) = {11}
The next iteration starts with {1}
LR =1 ({13{1D) = {2}
which is shown to be the derived fix-point by one more iteration

f.AILAALL{2Y) = ({11{2]) = {2}

Another Example
One more example will illustrate the technique of finding a solution set.
zero([H|R]) :- H==0 -> true; zero(R).
First the predicate is transformed so that the head unification becomes explicit:
zero(X) :- X=[H|R], (H==0 -> true; zero(R)).
The explicit unification cannot be removed, and s is a built-in predicate it is found that
(U=W)si={0,1}. Similarly it is found that (u==wy,={0,1}. The fix-point equation then becomes
Z€r05015= f’({o’l}’ f_>({0,1},{1},zero SOQ)
The fix-point is found by startinthe iteration with zerg;={ 2}, and we get
f,{0,1}, f({0,1}{1}{ £})) =£.({0,1}, {} {3 0{1}) =
f,{0,1}.{ £,1}) ={£0,1}
One more loop in the iteration gives
f,{0,1}, f.({0.11{1}.{ £,0,1})) =£,({0,1}, { £,0,1}) ={L,0,1}
and the fix-point is found to ber{0,1}.
The result is in this case is the best possible: zero([]) fails, zero([0]) succeeds once and
zero(X) loops.
More Examples
The following table gives the result of the algorithm for some simple predicates.
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defining clause number of solutions
h {1}

h :- true; true. {2}

h :- true; true; true. {2}

h:-h. {1}

h :- true;h. {2}

h :- true; (h->false;true). {1}

h :- true; true; loop. {2'}

h(X) :- var(X), h(X). {£,0}

h(X) :- var(X); h(X). {12}

3.1.2 Goals with cut

We now turn to the treatment of goals containing cut. Each solution set elexhe&nbw
duplicated with one elemenk;;” denoting that no cut in the goal has been executed during al
exhaustive search, and one elemeqt tenoting that cut has been executed. The new solution
sets are now subsets of the universal solution set

u-= {Lm Q’h ]-n! 1I ﬂ2n! 2I ﬂLCi Q’J! 1C1 1I 1C2C! 2' }3

As before, the solution set for a goal depends on its form. Also as before, if the goal is a cal
a built-in or previously generated predicate the solution set is found in the database. The spe
built-in predicate “!” (cut) has the solution set{1

Also as before, predicates being analyzed are transformed into a single clause. But as cut
not propagate through a procedure call it is not correct to let the solution set for a predic
simply be the solution set for its body. Each solution set element denoting that a cut has b
executed must be converted into its cut-free equivalent to give a correct solution set. |
example, if the body has the solution set,{,1.}, the predicate has the solution set,{0,,1,}.

For composite goals the functions f, f_, andfj have to be extended to handle the new
elements.

Disjunction
For disjunctions, the extended functionig defined using the non-cut version of + by the
following (where the subscriptis either n or c):
+h =g

+e = (a+b)
@:"'bn = (atbh
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The first case, &b, needs an explanation. If the first part of the disjunction performs a cut in the
course of an exhaustive search, the second part will never be executed, and dodsingedon
the number of solutions.

As in the cut-free case, the solution sets for a disjunction are defined by

(AB) sois= f:(A 5015 Bsold
where

f-(S1,S) ={s1+ [0 § Usp U S}

Conjunction

For a conjunction the analysis is considerably more complex. As in the cut-free analysis,
conditions are given for when a certain solution set element belongs to the solution set of the
conjunction, as shown by the following table.
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On D(AB)sols iff
On DAsols H
1n |2n DAsols H 0n H Bsols

LnO(A,B)sols ff
LpAsoisU
1 |1'i |Z |2'i UAsols 1 LnBsois U
1 |r2n OAsols L OnBsols

1n D(A’B)sols iff
1n DAsols O 1n 0 Bsols O
2n DAsols O On O Bsols H 1n O Bsols

1 lE](A’B)sols iff
1 |1li |Z |2'i UAsols 1" BIBsoisJ
1" HAsois 1nOBsols U
2" BAsols 1 15 IBsois 1 On UBsgis [
2 |2Ii UAsols U 1n0BsoisJ LnUBsols

2n D(A,B)sols iff
2n DAsols O 1n O Bsols O
1n |2n DAsols H 2n O Bsols

2' @(A’B)sols iff
% |1'i |Z |2'i UAsols1 2" HIBsois U
1 ||2'n UAsols U 2n[Bsols U
2" BAsols [ 130Bsgls [
2" WAsoisln |2n [Bsoid] On[IBsois U
2 UAsoid 11y |21 UBsold 1£n | 1'n|2'n UBsols

OCD(A!B)SO|S iff
OcUAsois U
1, |2n|1'i |2'i UAsols O UBsols [
1c|20DAsols 16 UBsols

L[] (A’B)sols iff
LcOAsos U
1 |1'i |2 |2'i UAsols U LUBsols
1c|1'c|20|2'cDAsols 0 LpUBsaisU
1 |8'cDAsoIs [ 0nUBsols

ch(AB)sols iff
1cUAsois 1, UBsois U
1 |1'i |2| |2'i UAsols [ 1c[Bsols U
2 |2'i UAsols 1 On[Bsois U 1 [Bsgls [
2:0Aso1s 1 0nBsois U 1nUBsois

1 @(AB)sols iff
iF |1'i IZ |2'i UAsols 1" [IBsois U
1c|1'c|2c|2'cDAsoIs 01" [IBsois
1" [lAsois U 1n UBsols U
2" [JAsols L 1n[1Bsois [ O [IBsols U
2 |2'i UAsols U 1n[Bsois 1 LcUBsois
2c|2'cDAsols [ 15 UBsols L LnUBsols

ZCD(A’B)SO|S iff
2:0Aso1s0 1n0Bsgls U

1c|20DAsols O 2n O Bsols O
1i |1'i |2 |2'i DAsols a2 @ Bsols

2 @(A’B)sols iff
1 |1li |Z |2'i UAsols 1 2 [Bsols U
1c|:|-'c|2c|2'cD'°\sols 02" [Bsois U
1 |8ICDAsoIs [2,00Bsois [
2" lJAsoisJ 1n1UBsois U
2c0As01s 1n0Bgois U 1" [1Bgois U
2/ 0Asois 1 1n[Bsois 1" [IBsois U
2" lJAsoisU 1 |2n [Bsold] OnIBsols U

2c|2'cDAso|5Dln |2n O BsoIsDLn H BsolsD
2i |2'i DAsols D:I-n |2n 0 Bsols [ LCD Bsols
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Some typical arguments showing how the rules in the table have been constructed will be
given. For example, as can be seen from the table, the conjunct may loop without ever per
forming a cut (that is£n(A,B)sel9 in three cases.

The first case is when the first conjunct loops directly without performing a,duf\go9.

The second case is when the first disjunct succeeds at least ghgeé |€L [1Asq9, and the
second disjunct loops without performing a ctil(Bso9. Note that in this case the first disjunct
may be of the formJl1'|2.|2c as the cut may be performed on backtracking, and not necessarily
when the first solution is produced.

The third case is when the first conjunct succeeds at least once and then loops or generates
infinitely many solutions (1]2'2\[JAse9 and the second disjunct fails,(0Bsgl9 forcing the first
disjunct to loop or backtrack indefinitely.

The reader may convince himself that the other rules in the table are correct by similar
arguments.

If-then-else
For if-then-else-constructs, the test-part is assumed not to perform &nyleaifunctions for
computing the solution set are therefore essentially unchanged:
(Test -> Then; Elsg)s=
(if LpnOTest,sthen {£n} else {}) O
(if 0nOTest,sthen Elsg,selse {}) U
(if 1n|1'n|25|2'OTest, s then Theg,celse {3})

Backtracking if-then-else

if(Test,Then,Elsg),s =
(if LpnOTest,sthen {£n} else {}) O
(if 0nOTestysthen Elsg,selse {}) O
(if 1n|1'n|20|2'nOTest, s then (Test, Then)selse {})

4 The “proper” semantics of a cut in the Test-part of an if-then-else construct is sometimes debated. Some
suggestions have been:

e itis simply forbidden, and the program may crash if it is used anyway

« it will cut outside the Test like an ordinary cut, and in particular remove the Else-part.

« it will have no effect outside the Test, but within the Test.

All three behaviors have been observed in the same Prolog system (earlier versions of SICStus) for compiled,
emulated and interpreted code respectively. In later versions of SICStus, a check is made to ensure that a cut does
not occur within the Test-part, and this will be assumed in the following analysis.
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Recursive calls

Recursive predicates are treated analogously to the cut-free case, with a similartjastifica
For each new fix-point iteration, all “cut” elements are replaced by their cut-free equivalences
cuts do not propagate through procedure calls.

Example
Let us analyze a variant aiember/2 having a cut.

fmember(A,[A|T]) :- 1.
fmember(A,[H|T]) :- fmember(A,T).

The transformation into one clause produces

fmember(X1,X2):- fmember(X1,X2)=fmember(A,[A|T]),!;
fmember(X1,X2)=fmember(A,[H|T]), fmember(A,T).

We are looking for the solution set fmember/2 which is the solution set of its body.

fmembeg,s=

(fmember(X1,X2)=fmember(A,[A|T]),!

; fmember(X1,X2)=fmember(A,[H|T]), fmember(A,T) )sols=
f:(f,0 n.1n} {1 &), £.{0 n,1n}, fmember,s))

Starting the iteration with fmemhgyf; = { £} gives

F:(6{0n2n} {1 D), ({0 n, 10} { £n}) =
f-(0n.c} {0 n.Ln}) ={0n,Ln,1c}

A new iteration is started with the cut-free equivalent £Q,1,}:

f:(f,({0n.2n} {1 &), ({0 0,20} {0 0 L0 1n})) =
f,({o n)]-C}! {O n,Lnlln}) = {Oan,ln,lc}

which, after replacement of;, by its cut-free equivalent,1becomes {Q,2,,1,} and a fix-point
has been found.

Assuming that the Prolog system is capable of handling cyclic structures, this result is optin
in the sense that there are concrete instances of the goal that was analyzed which exhibit the
behaviors derived. That is, the three cases are

0,: for fmember(1,[])) ,
L. for fmember(1,[0,0,...]) ,

where an infinite list of zeros can be createXbj0|X]
1,: for fmember(1,[1])

If the Prolog system incorporates an occur check in the unification, cyclic structures will nev
be created and the looping behavior will not occur. Although the analysis in this case is r
optimal, it still correct. In general it is only guaranteed that the analysis is correct and not that i
optimal, so this result is not very surprising.
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Use of solution sets

As already mentioned, there are two properties concerning the number of solutions of a goal
that are of interest in the partial evaluator and they are defined as follows

successful(GE 0,0Gsqsd0:[0Gspls
determlnlstl((G) = ZnDGSO|S |:| 2' Qesob D 2C|:|Gso|s |:| 2I @Gsds

These tests are particularly important in the partial evaluation of cut, but they are also used for
findall/3 andbagof/3

3.2 Predicates with cut

It is very important to know whether a generated predicate contains a cut, as this prevents
unfolding of calls to the predicate. It is a very simple syntactic test to check this, but some care
has to be taken for some of the built-in meta-logical predicates. A cutalfla , setof/3
bagof/3 , or afindall/3 has a scope which is limited to the meta-predicate, and is not
counted as a cut in this predicate. In contrast, a cut imbedded-;) orif/3 must be
counted, as its scope is the whole generated predicate. A small database in the partial evaluator
contains information about the meta-predicates and what scope they give to a cut in one of their
arguments.

% mc means meta-argument where cut is significant
% m means meta-argument where cut is not significant
% n means non-meta-argument
pred_property((m->mc;mc)).

pred_property(if(m,mc,mc)).

pred_property(call(m)).

pred_property(findall(n,m,n)).

% etc.

3.3 Purity of predicates

To efficiently handle partial evaluation of full Prolog, the built-in, user-defined and generated
predicates must be classified according to their “purity”. A few predicates are so intimately
dependent on the original code that they cannot be reasonably handled at all. For example, the
predicateancestors/1  returns the current goal-stack as a list.

The predicates that are handled are classified into three greigieseffect, propagation
sensitiveand logical. This classification is similar to Lakhotia’s in [Lakh89a].

A predicate P is considered to belong to the greidp-effecif the relation Pfalse <false
does not hold (as defined in secti@ré). This means that for non-looping goals P in some
program where "Ralse " is replaced byfalse , the new program behaves differently. As ex
pectedwrite/1 , read/l , assert/1 |, retract/1 and “ ” all belong to this group. The
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predicatesvar/l , nonvar/l ,=./2 and=/2 do not belong to this group as there are no
programs that behave differently when this replacement is done.

How should we classify the predicdtop , defined by the claudeop:-loop  .? Clearly
loop,false behaves differently thafalse butloop is not considered a side-effect
predicate. This goes back to the definition of the relatio@'®etween goals, which essiaty
allows G' to be anything if G loops. Similarly, the built-in predicatepeat/0 is not a side
effect predicate, althouglkepeat,false never terminates.

A predicate P not having a side-effecpr®pagation sensitivéf the relation PX= t<X=t, P
does not hold for some variabfeand ternt. For instanceX=3,var(X) is clearly not the same
asvar(X),X=3 . A very large group of built-in predicates belong to this category such a:
var/l ,nonvar/l ,==/2 ,\==/2 ,arg/3 andfunctor/3

The remaining predicates al@gical. Here we find all the purely logical predicates such as
=/2 ,=.12 ,repeat/0O ,loop/0 (as defined above) ard? .

The following table summarizes these properties of predicates.

| Pfalse <false PX=t< X=t,P
logical yes yes
propagation sensitive yes no
side-effect no yes/no

The partial evaluator will use the classification of predicates to move a failure or a unificatic
as far to the left as possible.

If possible, a predicate should be classified as logical, as the partial evaluatategnmarch
better code in that case. The predicatgctually violates the test for being logical>as3,X=1
will fail, generating an error message, whenéa$,X<3 succeedsNevertheless, the predicate is
classified as logical, as this difference is noticeable only for an incorrect program generating
error message, and as mentioned in sedi6nit is assumed that the program given to the partial
evaluator is correct. A similar argument is possiblefa2

Unfortunately,arg/3 cannot be classified as logical sinagy(X,f(a),Y),X=1 fails
without an error message, whereasl,arg(X,f(a),Y) succeeds. From a partial evaioa
point of view it would have been preferableafy/3 had written an error message if the first
argument is not instantiated. It would probably also help the user find an error at an early stag:

As a general optimization, a propagation sensitive predicate becomes logical when it
ground, i.e. when it does not contain any variables. This is easily seen from the definition
logical.

When in doubt how to classify a predicate, it is always safe to classify it as “side-effect”. |
particular, unknown user predicates are always considered side-effect predicates. This mak:
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possible to run the partial evaluator on one file at a time, thereby reducing thexibyrof the

partial evaluation procedure. The resulting program generated by the partial evaluator may not be
as efficient, but it will always be correct, i.e. the resulting program will produce at least the same
results as the original program.

3.3.1 Classification of generated predicates

All generated predicates are classified on the basis of the classification of the predicates they
call.

A generated predicate containing a call to a predicate that has a side-effect (other than cut) is
always classified as having a side-effect itself. Otherwise, if the predicate contains a call to a
propagation sensitive predicate or a cut it will be classified as propagation sensitive. Finally, if
the predicate only calls logical predicates, it is logical itself.

It may seem odd that a predicate containing a cut, which is considered to have a side-effect,
can be classified as propagation sensitive. The reason is that the scope of the cut does not reach
outside the predicate. The cut however generally makes the predicate propagation sensitive, as in

p@) :- .
p(X).

With this definitionb=X,p(X) succeeds and(X),b=X fails .

There is a case where a predicate containing cut may even be logical: only tests (predicates
which do not bind anything) precede the cut, as in

p(X)Y) :- X<3, !, q(Y).
p(X,Y) - X>=3, r(Y).

The current partial evaluator does not incorporate this refinement.

3.3.2 Preserving loops

Normally Mixtus will transform a looping predicate followed by a failure just to a failure. The
user may set the flagreserve_loopswvhich prevents this transformation. As the loop is a
desirable side-effect to be kept, all predicates p which can loop or backtrack indefinitely (i.e.
Ln]|1'n|2'0psol9 are considered to be side-effect predicates, even if they do not call any side-effect
predicates.






4 Partial evaluation of full Prolog

In partial evaluation for full Prolog, the conditions for folding and loop prevention are
identical to those for pure Prolog. The unfolding transformations are here modified to facilitate
propagation of bindings, while retaining full Prolog semantics. Partial evaluation of a number of
built-in predicates, cut in particular, is discussed.

4.1 The basic mechanism for full Prolog

4.1.1 Making every goal in a clause the first

Recall that there are two unfolding transformations for Prolog: one where the unfolded goal is
first in the clause, and one where it isn’t. Only the former transformation performs any
propagation of bindings. Below, a transformation is introduced which will guarantee that every
goal temporarily becomes the first, and thereby enables propagation of bindings. This is done by
generating a new clause where the goal is the first in the body and perform partial evaluation on
that clause. To maintain the semantics of cut the clauses produced by partial evaluation must
however be unfolded back again.

Another advantage of this transformation is a uniform treatment of unfolding for built-in and
user-defined predicates. During partial evaluation some built-in “evaluable” predicates are
executed, and this execution might be non-deterministic. This transformation will ensure that
such an execution is handled properly, and that the solutions in the resulting program will be
returned in the correct order. The following schema gives an overview of the transformations
involved and is explained in the next paragraph.
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F:- Before, G, After.
O definition
F:- Before, G, After. Gnew :- G, After.
Ofolding
F:- Before, Gnew. Gnew :- G, After.
O partial evaluation
F:- Before, Gnew. {Gnew; - B; |ill}
Ounfolding
F - Before,iDI Gnew=GneWw; B;).

Making the goalG first in a clause for partial evaluation

Given a goal G which is to be partially evaluated in a clause “F:- Before, G, After” the claus
is replaced by “F :- Before,Gnew” where Gnew is a call to a new temporary predicate defined
a single clause “Gnew:-G,After”. This transformation may be seen as a “definition” followed b
a folding transformation. The clause head Gnew has an arbitrary predicate name, and
arguments are the variables in “G,After”. As a refinement, using variable trimming as describ
in section 2.4.2, variables not occurring in “F:-Before” do not have to be included in Gnew.

Partial evaluation may then safely continue with the goal G in the newly generated claL
“Gnew:-G,After” as it is the first goal. In this process, no problem arises if G is non-dastiomin
or propagates variables left, as it is the first goal in the clause.

The final result of partial evaluation of “Gnew:-G,After” is a set of new clauses,
YGnew; : - B; |iOl}".

When the partial evaluator is recursively invoked, the goal-stack is not extended with tl
clause “Gnew:-G,After”. This will ensure that folding will not apply, that is, no recursive
predicate for Gnew will be formed, and thus unfolding can always be applied. To maintain t
semantics of potential cuts in “G,After”, it is always nesgy to perform unfolding for the
generated predicate Gnew. Of course, as before, when G is partially evaluated, a new recut
predicate may be generated.

In [LeSa88], where a partial evaluator for full Prolog is presented, a similar technique seel
to be used for creating a predicate. The predicate is however only unfolded if it is defined b
single clause

Some optimizations are always carried out to improve performance. If the disjunction is emg
it is replaced byfalse . If the “Before” goal is a side-effect goal, this explfailse goal must
be kept as it is. Otherwise, the “Before” part is a logical or propagation sensitive goal, as defir
in section 3.3, and the empty set of clauses is returned. If “Before” was a looping predicate, t
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transformation may transform a looping program into a non-looping program, thereby making a
difference in semantics between the original program and the new one, as discussed in 1.6.

Example: aliasing
It is tempting to incorrectly let the clause
p(X,Y) :- var(X), Y=2.
be “partially evaluated” into
p(X,2) :- var(X).

asY does not occur in a non-logical goal. Mixtus will however not let the bindingpafss left
overvar(X) . A call which aliasex andY, such ap(Z,Z) , would make the two clauses above
behave differently.

4.1.1.1 Reevaluation to facilitate right-propagation
One important optimization is performed when unfolding for full Prolog. The goals formed by
unfolding are reevaluated to facilitate propagation of bindings to the right. In pure Prolog this is
not necessary, since the bindings propagate freely left and right.
An example: Lep/1 be defined byp(X):-var(X),X=3 . Unfolding of p(X) in q(X):-
p(X),r(X) gives
g(X) :- var(X), X=3, r(X).
For full Prolog a reevaluation after unfolding is made which propagates the bXwing
g(X) :- var(X), X=3, r(3).

This example shows that the reevaluation is essential as instead of just t{&yingve now
haver(3) , which is more instantiated, thereby facilitating further partial evaluation.

4.1.1.2 Problem: generated recursive predicates are not unfolded
Mixtus will not unfold if a recursive predicate has been generated. This has been found to be a

very good strategy, but there are cases where unfolding also of recursive predicates is desirable to
allow the right-propagation of bindings. In this exanm(¥) is recursive, so it is not unfolded,
although an unfolding would have found the contradicerd andX=2.

p(X):-q(X), X=2.

a(X):-(r(X) -> q(X); s(X)), X=1.
Unfolding is particularly desirable for trivial predicates, i.e. predicates defined with just one
clause. Unfortunately, unfolding a recursive predicate will break the loop prevention mechanism
of Mixtus. An alternative solution to this problem is to allow propagation of bindings from goals
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which are not unfolded. Fortunately, situations similar to the one above seem to be uncomm
and Mixtus does not incorporate any special strategy for handling them.

4.1.1.3 Unfolding and generalized restart

For predicates produced by the generalized restart mechanism (as described in section 2.7
precaution has to be taken to avoid loops. The code for these predicates has been produced \
more general instance of the call than the one in the original program in order to increase
probability of folding. If folding did occur, there is no problem, since there is no unfolding ant
thereby no recomputation will be made. The problem is when no folding occurs, a rare t
possible situation. When the call to the predicate is unfolded, the goals encountered are not st
in the database of already partially evaluated goals, and a full partial evaluation will t
performed for these goals. This might lead to further generalized restarts and unfoldings, wh
can make the partial evaluator loop. Mixtus prevents these loops by never unfolding predice
generated by a generalized restart.

4.1.2 Left propagation of bindings

For a logical goal we may propagate the bindings left. As the goal then becomes furtt
instantiated, the partial evaluator is restarted on that goal.

For examplep(X,Y,Z):-append(X,Y,Z),X=[1,2] may then be partially evadited
into p([1,2],Y,[1,2|Y])

Some care however has to be taken when reevaluating goals: we must ensure that the pi
evaluator does not return to the same goal indefinitely with more and moretiatsthn
arguments. This can easily be arranged by maintaining a list of all retried goals. In Mixtus ee
goal may be reevaluated at masaxproplefttimes, whereanaxpropleftis a Mixtus parameter.

4.1.2.1 Using anti-unification to extract common bindings

As shown above, a call Gnew to a set of clauses @G#igvean be transformed into a dis-
junction [] (Gnew=Gnew, B;)". By applying anti-unification to the heads of the clauses, we car
extract all common bindings. Let Gngwbe the anti-unification of all GngwWe can then get
the following transformation instead

Gnew=GneWi, |:| (Gnewyni=Gnew, B;)
As before, the unifications are simplified as much as possible.

Using this transformation means that some bindings only have to be made once, and not
each disjunct. But more important is the fact that left propagation may now be applied.

An example

An example will illustrate the idea. The predicatember/2 , used below, is defined in
appendix B. In the clause
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h(A) :- member(A,L), p(L).

the callmember(A,L) cannot be further partially evaluated, so partial evaluation continues with
the second gogd(L) which is defined by

P([1]).
p((2).

If anti-unification is not useqy(L) will be replaced by a disjunction
h(A) :- member(A,L), (p2(L)=p2([1]); p2(L)=p2([2])).
and the unifications can be simplified into
h(A) :- member(A,L), (L=[1]; L=[2]).
but no further optimizations are possible.
If anti-unification is used instead, we get

h(A) :- member(A,L), p2(L)=p2([X]),
((P2(IXD=p2([1]); p2((X])=p2([2]))-

which simplified becomes
h(A) :- member(A,L), L=[X], (X=1; X=2).
Now it is possible to use left-propagation of the single binding
h(A) :- member(A,[X]), (X=1; X=2).
Partial evaluation is restarted orember(A,[X]) , and that goal can be eliminated bytiset
A=X
h(A) :- (A=1;A=2).
Finally the disjunction, now the first goal, is unfolded.

h(1).
h(2).

4.1.3 Handling cuts

The cut is a very important built-in predicate that must be fully supported in any partial
evaluator for full Prolog. The most important usage of cut is perhaps the implementation of
negation as failure (see secti2.1.1). The first observation we make is that we canrfotcua
predicate containing a cut after partial evaluation, as the scope of the cut would then be>changed
Thus we now have three conditions that prevent unfolding: that the predicate is recursive, created

5 Some predicate calls may be unfolded even if the predicate called contains a cut. This is possible if the call
occurs in the last clause, and all calls preceding it in the clause are deterministic. It is also possible to unfold if the
call is preceded by a cut and all goals between the cut and the call are deterministic. Thizgeaerabservation
made by [Owen89]. For simplicity, Mixtus 0.3 never tries to unfold predicates containing cuts.
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by a generalized restart, or contains cut. Since unfolding is necessary to propagate bindi
further, it is crucial that partial evaluation is able to remove as many cuts as possible.

Also notice that in the procedure for temporarily generating new predicates shown abo
these new predicates are never kept but always unfolded back using a disjunction. This \
ensure that the scope of a cut remains unchanged. If the disjunction formed just consists !
single disjunct and a cut has been executed in the corresponding clause, the disjunct itse
handled as if it were a cut. Possibly that cut may also be executed.

Venken in [Venk84, Venk88] suggests that a mark should be used that limits the scope of
cut when a predicate containing a cut is unfolded. The main disadvantage of thatisugges
that most Prolog systems do not have a mechanism to limit the scope of cut.

The problem of how to handle cut is here split up into three parts: how to cut, when to cut, ¢
when to remove cut.

4.1.3.1 How to cut

Conceptually, this is very simple: just discard the clauses after the clause with the cut that i
be executed.

4.1.3.2 When to cut

A cut may be executed during partial evaluation only if we are sure to reach the cut for
calls to this clause. This means that it must not be possible for the head unification to fail and
goals preceding the cut must not fail in this clause. The first condition is satisfied if all argumel
of the head are distinct variables, since all possible instantiations of calls to the predicate \
succeed in the head unification. Below, it is shown how this condition can be relaxed. The sec
condition, that the goals preceding the cut must not fail, is checked using the module |
determinacy analysis described in section 3.1.

These conditions for executing cut generalize the conditions given in [Bugl89, Lakhol
Owen89] as they do not have a module for determinacy analysis.

4.1.3.3 When to remove cut

A cut may be removed if it is totally unnecessary, that is, it occurs in the last clause, and
calls preceding it in the clause do not produce any choice-points. The same module
determinacy analysis is also used for the latter analysis. A cut in the first part of a disjuncti
cannot be removed, but possibly a cut in the second part. Cuts in both the “then”-part and
“else”-part of an “if-then-else”-construct may be removed.

Further improvements may be possible if a cut has been removed in the last clause. The pe
evaluator is therefore invoked again on the clause, producing a set of clauses. If that set is en
the last clause disappears, the clause that preceded it becomes last, and the procedur
removing a cut is restarted again to handle this new last clause.
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There are other cuts that could be removed: cuts not in the last clause, but in a clause where
there already is a cut. The second of two cuts separated only by calls to deterministic predicates
may safely be removed. The current partial evaluator does not incorporate this refinement as it
cannot be crucial for making a predicate totally free from cuts, which is a necessary condition for
unfolding. Also, such situations are very rare, so the improvement would not have been
worthwhile.

An example

Recall that for each goal that is not the first in a clause, a new predicate is temporarily created
as shown in sectiod.1.1. When the newly created predicate is partially evaluated, a cut may be
executed there even though it could not have been executed in the original clause. As the
following example will show, a cut within a disjunction may trim away the rest of the disjuncts
without trimming away the rest of the clauses. Let the quep{h&) and the program

p(X,Y) :- nonvar(Y), (r(X), !, Y=0; Y=1).

p(X,X).

r(7).
When patrtially evaluating the temporarily generated predicate corresponding to thetidisjunc
above, it is found that the cut may be executed. However, when looking at the whole clause, it is
not certain that the cut will be reachedremvar(Y) may fail. The resulting query [2(2)
and the returned program is

p2(Y) :- nonvar(Y), !, Y=0.

p2(7).

Another example
Consider the following predicate, meant to compute the maximum of two integers.

max(X,Y,Y) :- X<Y, L.
max(X,Y,X).

Partial evaluation of the quempax(2,1,A) will as expected return a new quenax2(A)
defined by the clause

max2(2).
But if the querymax(1,2,A) is given insteadnax2(A) will have the following definition

max2(2) :- .
max2(1).

This is perhaps somewhat surprising, but an inspectiome@f3 reveals that this is the best the
partial evaluator can do; the calbx(1,2,1) should succeed according to the ddiom! One
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might argue that the code forax/3 is incorrec§, but many real Prolog programs are written in
this way, with the tacit assumption that some variables are always unbound when the predica
called.

4.1.4 Keeping track of unbound variables: input variables

To generate efficient code, the partial evaluator must sometimes use information about wh
variables are unbound. Experience has shown that it is much easier to keep track of wr
variables may be bound; the other variables must be unbound. The variables that may be bc
are called the “input variables”.

This classification of variables is done dynamically as the partial evaluator executes, and a
is kept of which of the currently encountered variables are input variables. Initially, all variable
in the top-level query are normally input variables. All variables in a term unified with an inpt
variable are also classified as input variables. Hence, some variables in the head of a clause
be classified as input variables. For a goal in a clause, the input variables are all the in
variables in the head of the clause plus all the variables in the preceding goals in the clause. |
that all non-input variables in that goal are guaranteed to be unbound; they cannot even be bc
to another variable.

The input variables are mainly used to relax the conditions for executing a cut. As will k
shown below, the input variables can also be used to delay some unifications. Finally, the in
variables can improve the treatment of some built-in predicates swel/as, copy_term/2
andfindall/3

4.1.5 Relaxing the conditions for executing a cut

When we start to partially evaluate a clause, the input variables in the head of the clause
identified. Let us call these variables the “head input variables”. Recall that the first condition f
executing a cut was that all the arguments in the head must be distinct variables, as
unification might fail otherwise. This may now be relaxed to the condition that all head inpt
variables must be distinct variables. The other head variables are guaranteed to be unbound ¢
time of the call, and a later unification performed in the body of the clause can therefore ne
fail. As only the head input variables may possibly cause a unification failure, the condition tr
the variables must be different is restricted to these variables. Bugliesi and Russo also ha
similar method of allowing the non-input variables to become bound, and still perform a c
[Bugl89].

6 The “correct” code is of course
max(X,Y,Z) :- X<Y, !, Y=Z.
max(X,Y,X).
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To get a correct treatment of folding, the goal-stack has to be extended to include the input
variables of each goal. Folding cannot be applied unless the input variables of a goal are a subset
of the input variables of the goal on the goal-stack. The generalized restart mechanism therefore
also has to be extended to guarantee that folding eventually will be possible. The simplest way to
do this is to let all variables in the newly generated goal be classified as input variables.

In the example above fomax/3 , it was unclear whether the third argument could be
instantiated. In the following clause, it is quite clear that the third argumen&xf3 is not an
input argument, and in partial evaluation the quetge _max(1,2,X) can be fully evaluated
to X=4.

twice_max(A,B,D) :- max(A,B,C), D is 2*C.

4.1.6 Delaying output unifications

Using the knowledge about the head input variables it is sometime®lpassimove some
data structures in the head into the body of the generated clause. This might be advantageous as
the predicate may then fail before that structure is created. For example, assume that the second
argument in the head of the following clause does not correspond to a head input variable

p(X,f(7,X)) :- X<3.
It will then be transformed into
p(X,Y) :- X<3, Y=f(7 X).

The rules for the transformation are as follows. Each head argynmentcorresponding to a
head input variable is replaced by a new variableAs explicit unification X=t; is moved into
the body past all deterministic calls. It will not be moved past a non-deterministic call as there is
then a danger of having the unification executed several times. Also, the explicit unification must
not be moved beyond the last call, unless it is a built-in predicate. The reason for this is that tail-
recursion optimization might otherwise be lost.

This optimization, named “delayed output unification”, has been found particularly useful
when a Definite Clause Grammar is used to produce a list, as the tests are done before the
structures are created. Mixtus has a parameter natakd/outputfor turning on this opt
mization.

4.2 Built-in predicates for full Prolog

The simplest method for handling built-in predicates has already been mentionetiom sec
2.2.3: conditions are given in a database that indicate when it is safe to evaluate a predicate.
Some non-logical predicates can be handled this way:
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evaluable(atom(X)) :- nonvar(X).

evaluable(integer(X)) :- nonvar(X).

evaluable(var(X)) :- nonvar(X).
Even better results may be obtained if knowledge about the “input variablass () is used.
Let the second argument e¥aluablel/2 be the list of input variables. The cotidns for
evaluation ofvar/1 may be improved into

evaluablel(var(X),lvars) :- nonvar(X).

evaluablel(var(X),lvars) :- \+ (member(V,lvars), V==X).

If the simple method above is not appropriate then there are two main ways for supporti

built-in predicates in Mixtus:

» The predicate can be defined in Prolog, and the partial evaluator will be given that code
* The predicate is handled by special code.

Examples will be given in the following of these two methods, with emphasis on the latter.

4.2.1 Built-in predicates defined in Prolog

A distinction must be made between predicates that can be defined in Prolog, and those th.
a specific Prolog implementation actually are defined in Prolog. For performance reasons,
execution speed and memory consumption, most Prolog-definable predicates are usu
nevertheless handled by specialized code. In a partial evaluator, on the other hand, the r
criterion for using a definition in Prolog is that it can be successfully partially evaluated. This
turn seems to be related to the complexity of the definition; a simple definition is more eas
handled by the partial evaluator. A more complex definition may “hide” important properties (
the predicate, which the partial evaluator may not be able to reveal. Making the behavior o
built-in predicate explicit is calleceification [Lakh90].

4.2.1.1 Negation, \+
The predicata+/1 which implements negation as failure can be defined as

\+ X:- X, |, false.
\+ X.

Fortunately, this definition is simple enough to be handled successfully by Mixtus. Thus there
no need for special treatment of negation as failure in Mixtus.

An example
Let p/2 be defined by

pP(A.L) :- \+ member(A,L).
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The queryp(X,[1,2,3]) is then partially evaluated into the new queB(X) having the
definition

p2(1) :- !, false.

p2(2) :- !, false.

p2(3) :- !, false.

p2( ).

As each element in the ligt,2,3] now corresponds to a separate clause, indexing has been
made possible.

The semantics of negation as failure are not changed, because Mixtus preserves the full
procedural semantics of the program. A weaker condition for preserving the semantics of
negation as failure is that the finite failure set be maintained. Seki [Seki89] shows what
modifications to the unfold/fold rules for pure Prolog [Tama84] are necessary to accomplish this.
The partial evaluator by Prestwich [Pres90] is based on Seki’'s rules and is capable of handling
negation as failure correctly.

4212 'C/3

The predicatéC'/3 is usually not called directly, but calls to it are produced when a Definite
Clause Grammar is converted into Prolog. The definitio@'@ is

'C'([A|B],A,B).

4.2.2 If-then-else

The if-then-else-construct is built fror®»/2 and;/2 , that is “(test-part-> then-part;
else-part)”. Syntactically this is a disjunction, whose first disjunct3£ . For the partial
evaluator, this overloaded usage/@f is a complication, because it destroys otherwiseraktu
properties of/2 such as associativity.

To avoid code explosion, a goal following an if-then-else construct is not moved into the
construct. That is, “(Test->Then;Else),G” is not transformed into “(Test->Then,G; Else,G)".
Although applying this transformation would enable propagation of bindings into G, the size of
the code generated may explode due to the duplication of G, especially if G also invokes an if
then-else-construct. Avoiding this transformation is quite similar to the rule tf@ting is not
applied to generated predicates containing a cut since the arrow (->) may be considered as a cut
with a limited scope.

If, for some reason, the user of Mixtus anyway wants to move a goal following the if-then-else
construct into the construct, this can be accomplished by setting the parameter “maalavel
value larger than zero, which is the default. The value of the parameter determines how many
times this transformation is allowed in a single clause.
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In SICStus Prolog, the test-part is not allowed to contain any cut, whereas the then- and e
parts may well contain cuts.

Partial evaluation of if-then-else is donetbgnsformingit to a form better suited for partial
evaluation, after which thpartial evaluationis performed, and finally it isetransformedinto if-
then-else form. This three-step procedure will continue to be marked in italics below. Tw
examples will illustrate the approach before the general method is presented.

An example

By “replacing”-> with 'lif the composite goal
(X=[A]; X=[A,B]) -> rev(X,Y), p(Y);
X=Y.

is transformedinto
(X=[A]; X=[A,B]), "if', rev(X,Y), p(Y);
X=Y

This whenpartially evaluated having'lif’ treated as a cut, becomes

X=[A], lif, Y=[A], p(A]);
XE[A,B], "if', Y=[B,A], p([B,A]);

A retransformation as described below, will replaté and finally produce

X=[A] -> Y=[A], p([A]);

X:[A1B] -> Y:[B1A]’ p([B1A])’
Notice that the bindings from the tests have been propagated into the then-part, although the
was non-deterministic.

Another example
A slight modification of the above example will trigger a more complex retransformatior
using a flag variable. The goal
nonvar(X), (X=[A]; X=[A,B]) ->
rev(X,Y), p(Y)
; X=Y
is first transformednto
nonvar(X), (X=[A]; X=[A,B]), "lif,
rev(X,Y), p(Y)
As nonvar(X) is propagation sensitivpartial evaluationwill not propagate the bindings &f
left, nonvar(X) is followed by a disjunction:
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nonvar(X), (X=[A], "if, Y=[A], p([A]);
X=[A,B], "if', Y=[B,A], p([B,A]))
o X=Y
Whenretransformingit is not possible to “replacélif’ by -> as the scope of the test would
not incorporateonvar(X) . This problem is solved by using a fleghat will be set to indicate
which case was taken.
(nonvar(X), (X=[A], F=1;
X=[AB], F=2)) -> (F=1->Y=[A], p([Al);

F=2 -> Y=[B,A], p([B,A]);
true)

;o X=Y
Although the above expression may look very complex, the transformation can lead to a very

efficient program, as the bindings from the non-deterministic test-parts are propagated to
different then-parts, thereby enabling further partial evaluation.

4.2.2.1 How to handle if-then-else in general

Below, the general rules for the transformation and retransformation will be given, but first it
is necessary to define what is meant by the goltsving a cut, as this term is used below. The
goals G following a cut in a composite expression C are exactly the goals that could be executed
after the cut has been executed.

The transformationis very simple: ( test-part> then-part else-part)” is transformed into
“( test-part'if', then-part else-part)”.

Thenpartial evaluationof the transformed expression is performed, whHére is executed
when an ordinary cut is.

In this process)lif’ may be duplicated (if the test-part is non-deterministic) or possibly
eliminated (if it fails). Unlike an ordinary cutjf’ is never explicitly removed during partial
evaluation, because each occurrence signals a potential way of succeeding in the test, and this
information is used in the retransformation.

Theretransformation of T is done as follows. Let the result of the partial evaluation of the if-
then-else construct be T.

If T is a disjunction, each disjunct B retransformed into;Tseparately and the result is a new
if-then-else construct T' whose form isiT..;T 'y If T is not a disjunction, then nis 1.

Each single disjunctilis retransformed as follows. If; oes not contain anyf' then T
is identical to T. If T; just contains ondif' , let the sequence of godtdlowing "if' be
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called A. Let T, with the indicated occurrence of A atidl removed be written agA LI The
new disjunct T then is

T;Hruel}> A

If T; contains more than oribf’ , the retransformation is more difficult. Let edth
and its following goals be called;AThis is written as iTA1,...ApLl The retransformed disjunct
Ti' then is

T,X=1,... X=n-> (X=1-> Agj;...;X=n->Ap; true )

The Prolog variablX works as a flag, telling which one of thg that was taken.

The above retransformation may be slightly enhanced by the following optimizations. jif all £
are identical, the transformation above becomes

Tirue ,...true O->A;

In the final disjunction formed T' (=T...;T ), if T '1is of the form (A->B), it is replaced by
(A,B) provided that A cannot create any choice-points. If A can produce choice-pgjntsndt
changed, but the cdlllse is added as i1 so that an if-then-construct (i.e. without else) is not
formed.

If T1"in T"is not of the form (A -> B), then partial evaluation is restarted on T', as there
further possibilities for improvement, this being a disjunction and no longer an if-then-else
construct.

4.2.2.2 The awkward syntax of if-then-else

In SICStus Prolog it is possible to have a goal of just the form *¥ddten”. This means
exactly the same thing as “TestThen;false ”7. Goals of the form “Test Then” present
certain difficulties, for example the associativity of the disjunction operator “;” is destroyed as

(p->0q); (r;s)
is not the same as
((p->q); 1); s
This problem is avoided if goals of the form “TesiThen” are immediately transformed into
“Test-> Then;false .
Unfortunately this transformation does not completely solve the following problem. There a
situations wherettue, Goal” is not the same as “Goal”, due to the syntax of if-then-else. The

expressiontrue, (Test> Then);Else” does not mean the same thing as “(¥é&ten);Else”.
The former expression is an ordinary disjunction whereas the latter is an if-then-else-constrt

7 An often suggested and more natural semantics for “¥@$ten” would be “Test Then;true ”. This change
would however not solve the syntactic problems of the if-then-else-construct.
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Thanks to the transformation of “TestThen” described above Mixtus will never confuse the

two expressions, but it may perform transformations that lead indirectly to confusion. For
example, a goal of the forntrtie, G; B” is partially evaluated intoG; B”. Subsequent

partial evaluation may lead @ becoming instantiated to “TestThen”, thereby effectively
converting the disjunction into an if-then-else-cons#&uét present, Mixtus does not detect this
situation, thereby potentially generating incorrect code. This does however seem never to happen
in practice. One reason for this is that most variable géaee, as shown below, transformed

into call(G) , thereby preventing the situation described from occurring. The price seems too
high, in execution performance and in the complexity of the transformations, to extend Mixtus to
handle all these situations correctly. Instead the user is cautioned to use the construct
“Test-> Then” with care.

The most straightforward way to “correct” the syntax is to introduce a ternary predicate
ifthenelse/3 . Alternatively, the if-then-else construct could be written with a vertical bar (|)
instead of a semi-colon, which would eliminate the double use of the semi-colon, which is the
cause of all these syntactic problems.

4.2.3 Meta-calls

The potential performance improvements due to partial evaluation are particularly evident in
meta-programming. It is common for such programs to use meta-predicates saltti as and
findall/1 , and these predicates must be fully supported by the partialagoalun this
section we show howall/l  and a variable as a goal are handled. Other meta-predicates are
handled in the following sections.

4.23.1 Call/1

A goal of the formcall( G) is handled in much the same way as a composite goal G, that is,
the partial evaluator will return a disjunction G'. Since a cut does not propagsitedtie call,
some cuts may be removed as described in settion.3 above.

If a cut remains in G', the resultésll( G') since the scope of the cut must not be changed.
The call must also be kept if G' contains a variable goal, as that goal may potentially be bound to
a cut. If there is no cut or variable goal, G' is handled exactly like any composite goal and
partially evaluated again together with the goals that follow it to facilitate prépagef
bindings.

4.2.3.2 A variable as a goal
A Prolog program may have a variable as a goal as in

8 As shown in the next section, most (but not all) variable g@alee fortunately converted into c&)( thereby
often preventing this confusion.
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p(A,X) :- q(A), X.

A problem arises wheK is bound to a term containing a cut. For a Prolog interpreter the mos
natural thing is that the scope of that cut is the entire predicate, but for a Prolog compiler mt
better code can be gemed if it is known thaK can not contain a cut. The stan adopted by
SICStus and several other Prolog systems is to constrain the scope of a possible cut
transforming the above clause when read in to

pP(A,X) - q(A), call(X).

The general rule is that all variable go&lg a conjunction, disjunction, or if-then-else-construct
are changed intcall(X)  when a clause is read in.

Unfortunately for the partial evaluator, arguments of other meta-predicates such
findall/3 ,freeze/2 andcall/l  are not transformed in this way. San

pP(A,X) :- q(A), call((A=1,X; A=2)).
is not changed intoall(X)

Thus the partial evaluator must maintain a distinction between a variableXgaadi
call(X)

If the program obtained from partial evaluation contains a call to an unbound variable, t
whole original program is potentially needed. In these cases, a warning is issued by Mixtus.

4.2.4 Other built-in predicates
Several common built-in predicates need special treatment to be handled efficiently.

4.2.4.1 Arithmetic predicates

The binary infix predicateis/2, =\=/2, ==/2, </2, >/2, =</2 and>=/2 compute
or compare the value of arithmetic expressions, where such an expression maybsecoof
the following term constructors:

+, — * [, /I, mod, integer, float, A, V, 7 \ <<, >> and[X]
The partial evaluator first tries to simplify the expressions by recursively simplifying the
subexpressions and then the whole expression. Typical simplification rules are

X*1 - X

x*0.0 - 0.0

X+0.0- x

More advanced methods for simplification are possible, but this method seems adequate for r
purposes. If the simplified result becomes a number, the test predicate can be executed by



Partial evaluation of full Prolog 85

partial evaluator. Otherwise, the result of partial evaluation is the predicate with its simplified
arguments.

SICStus Prolog handles both integers and floating point numbers for all operations, and this
causes some problems. The type of the result may depend on the type of the arguments to the
operation, and if one of the arguments is unknown the resulting type cannot be computed. For the
operations +, — and * the result is a float only if one of the arguments is a float. For example, the
expressionX*0 cannot be simplified int@, as the result i8.0 if X is a float. The user may
optionally turn on an optimization parametarithopt) enabling this transformation anyway, if it
is guaranteed that the type of the result is of no importance. Adding some type analysis to Mixtus
could possibly improve the generated code without turning on this optimization switch.

One more optimization is made ff2 . If the first argument dé/2 is a void variable, i.e.

a variable with a single occurrence in the clause, the predicate call may be removed altogether.

4.2.4.2 copy_term/2

The callcopy_term( A, B) is partially evaluated as follows. First it is checked whether A
and B are unifiable. If this unification fails, the result will be a failure.

Otherwise, without unifying A and B, the distinct input variables in A are identified, and
named i,...,Ih. A copy of A is created called A2. The corresponding variables in A2 are named
I' 4..,I' nDuring partial evaluation we cannot know the run-time valug,of. I ,, so they must
be copied, and the residueadpy term( A, B) is

copy_term(t(  Iq,...0n),t(C I' z..,I')), A2=B
Notice that it is not possible to split up the above call into a sequence of calls
copy_term( Iq,I' ...,copy_term( I,I' iy A2=B

as this would not correctly handle the possible aliasing that might occur between the variables |
at run-time.

This scheme can be improved as follows. Let the substitution resulting from unifying A2 with
B be®.If t( I4,...,1,) andt( I' z..,I' hO are identical (this happens for the call
copy_term(X,X) for example), the residue can be removed altogether. Furthermore, if n=1,
the term constructdr can be removed, since its only function was to group several variables in
the same term.

It is very important to handleopy_term/2  carefully because partial evaluation of
findall/3 , bagof/3 andsetof/3  will generate calls taopy_term/2 , as will be shown
below.

4.2.4.3 Predicates exploiting the standard total ordering of terms
A standard total ordering of all Prolog terms can be defined as follows [Carl88]:
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* Variables, in a standard order (roughly, oldest first — the ordestielated to the names
of variables).

* Integers, in numeric order.

* Floats, in numeric order.

* Atoms, in alphabetical (i.e. ASCII) order.

« Compound terms, ordered first by arity, then by the name of the principal functor, then |
the arguments (in left-to-right order).

The predicates exploiting this standard total ordering are

@</2, @=</2, @>2, @>=/2, ==/2, \==/2, compare/3, sort/2,

keysort/2, setof/3
For instance, when two different unbound variatiesdY are compared, eith&@<Yor Y @<X
is true, depending on the storage address of the variables. In SICStus Prolog the variables
globalized (put on the heap) so that the comparison will return the same result as long as
variables are unbound. Nevertheless, the storage address depends on impéenu=tsals and
is very hard to predict, and many simple program transformations will change the stora
address. For instance,

?- X=X, Y=Y, X@<Y.
succeeds, whereas
?- Y=Y, X=X, X@<Y.

fails in SICStus Prolog. Our partial evaluator may well reorder variables and thus invert the res
of a comparison between two unbound variables. This may seem a totally unacceptable resu
a program transformation, but in most programs where a term comparison is made, it is only u
to create amrbitrary ordering of terms. Thus, these programs will work equally well, regardles:
of where the variables are allocated. Assuming that an arbitrary ordering of terms is accepta
we can define partial evaluation of the predicates dependent on the standard total orderin:
shown below.

The tests@</2, @=</2, @>/2, @>=/2, ==/2 and\==/2

A comparison “s op s” (where op is one @</2, @=</2, @>/2, @>=/2,==/2 or\==/2 )is
partially evaluated as follows.

There are two auxiliary variables: | and I', which are initialized to empty lists. At the end of th
processing, “td,...,I,) op t(I' z..,I' ¥ will be equivalent to “s op s”. The terms s and s' are
scanned in a way that preserves the total ordering, i.e. if their functors are identical, t
arguments are scanned left to right. Pairs of identical subterms are always skipped, regardles
whether they are variables, atoms or compound terms. If a subterm of s is found to be a varis
it will then be appended to | and the corresponding subterm of s' will be appended to I'. Simila
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if a subterm of s' is found to be a variable. The comparison will then continue with the other
subterms, until two subterms which are guaranteed to be different for all instances are
encountered. That is, none of the above cases is applicable: the two subterms are not identical, do
not share the same principal functor and none of them is a variable. In that case the comparison
ends by appending these subterms to the lists | and I' respectively.
As a first result of partially evaluating “s op s we get “i(l,l,) op t(I';,...,I' . For instance,

using the above algorithm we get the following results:

9(7,X,3)@<g(7,Y,4) becomed(X,3)@<t(Y,4)

[1,2,3,4] @=<[X,Y,Z,4] becomed(1,2,3)@=<t(X,Y,2)

f(g(X,1),2,h(3))==f(g(X,1),Y,h(8)) becomed(2,3)==t(Y,8)

Although correct, for = and\==/2 this result is clearly unsatisfactory. It can be improved
if neither |, nor I' s a variable. In that case the result of partial evaluation is the valugay “I
I" '» For example(2,3)==t(Y,8) can be further simplified inttalse

For the other comparisons some slight improvements have been incorporated in Mixtus. The
testt(X,3)@<t(Y,4) can be simplified inta(X)@=<t(Y) , becaus8@<4 The table below
summarizes the simplifications f@<and @=<that can be performed if neithgr hor I' is a
variable. The comparisor@>and@>=are treated similarly.

op I, compared to I'y OPhew
@< @< @=<
@> @<
@=< @< @=<
@> @<

Situations whent( I4,...,I,) opt( I' z..,I' )" can be
replaced by t( 11,...,In-1) Ophewt( I' 2..,I' n)”

If n=1 then further improvements are possible as the functor t is not needed and the residue is
simply “l1 op I' 3 For n=0 the residue ig “op t ”, which is further simplified intdrue for @=<
@>=and==, and intofalse for @< @>and\== .

Finally, as only input variables can be bound during execution, the above algorithm is refined
into considering just these as “variables”. Non-input variables can then be compared at partial
evaluation time, like constants and compound terms.

4.2.4.4 compare/3

A call tocompare(Op,Terml,Term2) is partially evaluated as follows. If the first
argument is bound te, < or > then the call corresponds to comparing the remaining two
arguments with==, @ <and @>respectively. IfOp is unbound themerml andTerm2 are



88 Chapter 4

compared as described in sectth@.4.3. The result is a pair of lists, | and I', both of length n. If
n=1 and neitheryl nor I'; is a variable, the value @p is given by comparingland I' 11f n=0
thenOpis=.

Otherwise the residue call beconwesnpare(Op,t(  I1,...,ln),t( I' 2..,I' )} .

4.2.4.5 sort/2 and keysort/2

To handlesort/2  andkeysort/2  the conceptomparable termss introduced. Two terms
s and s' arecomparableif exactly one of (s=s') 0, (s@<') 6r (3@>s' ) 6holds for all
substitutionsd of input variables

A simple way to to find out if two terms s and s' are comparable is to partially evalua
compare(Op, s,s' ). Ifthe residuetisie orfalse , the terms are comparable.

A call sort(L1,L2) is evaluable ifL1 is a list where each pair of elements are comparable.
Similarly keysort(L1,L2) Is evaluable iL.1 is a list of items of the forrKey-Value where
for each pair oKey values they are comparable.

The definition ofsetof/3  which usessort/1 is shown belowbagof/3 turns out to be
dependent okeysort/2  and is also discussed below.

4.2.4.6 findall/3

A call findall(X,Goal,List) bindsList to the list of instances of for which the
Goal succeeds. The order of the elements in the list should be the same as the order in whict
proofs forGoal have been found. In most Prolog implementatiorfsxdall/3 , the instances
of X are recorded by asserting them and finally collecting them into tHadist. Since Mixtus
will always leave allassert s andretract s as they are, not much would be gained by
partially evaluating the Prolog code ftindall/3 . Instead a special procedure will be
employed using pseudo-asserts, which have simpler properties.

1. First the composite gog@boal, ' PSEUDO ASSERT'(X)) will be partially evaluated. The
added goalPSEUDO ASSERT'(X) will be treated as an ordinary assert, i.e. it will never be
executed or eliminated but may be further instantiated. The result of this partial evaluation
Goal2 .

2. Then the calls t®SEUDO ASSERT'/1 will be extracted fronGGoal2 so that the various
instances oK can be collected in the ligist . In this process a new go@bal3 is formed. It
may however happen that the extraction fails. In that case the result of partial evaluation
findall(X,Goalpe,List) , WhereGoalpe is the result of partial evaluation Gbal . The
extraction process is a bit complex and will be discussed in detail below.

3. Goal3 is further optimized by a partial evaluation, producing g@ahl4 which is the
final residue. However, iGoal4 contains a cut, its scope must be limited and the final residue
becomegall(Goal4d)
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An example
Before describing the extraction process, an example of partial evaluation is given. In the call
findall(X,(X=1;X=2),List) , we identifyGoal as X=1;X=2) . Partial evaluaon of

(X=1;X=2), 'PSEUDO ASSERT'(X)
will make Goal2 equal to
X=1,'PSEUDO ASSERT'(1); X=2,'PSEUDO ASSERT'(2)

We will return below to the exact form of the gédal3 produced by the extraction process, as
it is a bit complicated. The form d@oal4 , which is the result of partial evaluation®bal3 ,
depends on whethef is an input variable or not. For simplicity, in this example we will only
consider the cases whexas an unbound variable at partial evaluation time.

If X is a non-input variable, we know that it cannot be bound during execution and the
unifications inGoal2 cannot fail. The residue in this case becomes

List=[1,2]

On the other hand, K is an input variable, the unifications wi¥imay fail, thereby removing
an element from List. If the unifications succeed, they must notXipdrmaneny. A final
residue which has these properties is

copy_term(X,X1), copy_term(X,X2),

(X1=1 -> List=[1|L2]; List=L2),

(X2=2 -> L2=[2]; L2=[])
Although this code looks a bit complex, it executes about ten times faster than the original
findall- call.

In [Lakh90] partial evaluation ofindall/3 is discussed, but the call fmdall/3 is
never totally removed. As seen from the above example, ke&pihall/3 may induce a
large overhead.

Extraction of 'PSEUDO ASSERT'/1
Version 1: Ground, successful and deterministic goals

A transformation system is used to describe the extracticRSEUDO ASSERT'/1 for
constructing theList andGoal3 .
The transformation that is to be “proven” is

Goal2 it O Goal3 [v.1]

whereGoal2 is given andGoal3 is to be found. We first introduce a simplified transformation
system by assuming th@&oal2 does not contain any variables at all. The system has one axiom
and two rules.

'PSEUDO ASSERT'(X) 0 1 L=[X|L1] [PAV.1]
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That is, a goal is returned which adds the soluXada the list.

one_solution(G 1) G > L1011 Gy
(G1,G2) 011 (G 1,G?)

The tesbne_solution(G ;) is satisfied if the determinacy analysis finds that the goal is both
successfuanddeterministic The goal has to b#eterministicas otherwise the solutions returned
by G, must be duplicated once for each solution af Sormally this restriction is not very
severe since G cannot be an explicit disjunction; partial evaluation always transforms
“(A;B),C” into “(A,C); (B,C)". So all interesting cases wherg Gas a known finite number of
solutions can be handled by the transformations. The condition thatu&t besuccessfuivill
guarantee that the solution recorded byvBIl actually be reached. In the next version of the
transformation system, this condition will be removed from the rules, and checked at run-tir
instead.

[conj. v.1]

G UG G o 110Gy
(G 1;,G2) Oz (G1'G 2)

[disj. v.1]

This rule will convert a disjunction into a conjunction, so that all goals will be executed withot
backtracking. The lists are maintained so thatill contain the sum of solutions found i, @nd
G2 plus the solutions ib2.

More rules can be added to support other constructs in Prolog, but these are the only n
implemented in Mixtus.

An example
Below, a “derivation” for

write(1),PSEUDO ASSERT'(1); write(2),PSEUDO ASSERT'(2)
is shown. In order to make the derivation fit the page, some abbreviations have been used.
one_sol(wr(1)) 'PA'(1)0 4 L=[1|L1] one_sol(wr(2)) 'PA'(2)10p L=[2|[]]

wr(1), 'PA'(1) i wr(1), L=[1|L1] wr(2), 'PA'(2) [y wr(2), L=[2|[]]
(wr(1),'PA'(1); wr(2),'PA'(2)) .0 g wr(1), L=[1|L1], wr(2), L1=[2][]]

That is, the result of the extraction is
write(1),L=[1|L1],write(2),L1=[2]|[]]

Version 2: Non-ground, successful and deterministic goals

The restriction that all goals must be ground can be lifted if the goals in the different o
branches are copied so that bindings of variables in one branch do not affect the other branc
The transformation of disjunctions is therefore changed scdipgt term/2  is applied on one
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of the disjunctive goals. The variallewhich collects the number of solutions also occurs in the
copied goal but must not be copied. This is accomplished by unikyingh its copy as shown
below. This is also done fal.

G UuGi G 2 11U 12 G2’
(G1;G2) U2 (copy_term(t(G 1'L,L1),tH(G 16,L,L1),G  1¢,G2")

[dis]. v.2]

Subsequent partial evaluation of the produced goal will usually simplify the above expression
considerably, and frequently remowepy_term altogether. Thus a large part of the burden of
handlingfindall/3 efficiently is moved to the treatment cbpy_term/2 , which checks for
non-input variables etc.

In a disjunction only the first subgoal is copied. To ensure that also the top-level goal is copied
an artificial disjunctivefalse is added to the top-level transformation

(Goal2; false) List Up Goal3 [v.2]
and a rule fofalse is added

false |01 L=L1 [false v.2]

Version 3: Non-ground and deterministic goals

Finally the restriction to successful goals will be removed. This is done by letting the
transformation system return a pair a ga@5G'L] so that Gis called if all goals in this branch
have succeeded and Gtherwise. The axiom foPSEUDO ASSERT'(X) can therefore both
return the goal that addsto the list and the goal that doesn't.

'PSEUDO ASSERT'(X) 01 M=[X|L1]L=L1 O [PAV.2]

The rule for a conjunction is changed so that the static test for success is moved into a run-
time test, using the if-then-else construct.
deterministic(G 1) G L 0u GG
(G1,G2) O G1>G 24 G 2N),G 'O

[conj. v.3]

The special case in which,1Gs successful is handled by subsequent partial evaluation of the
produced goal.
The disjunction rule is extended to handle the pair of goals.

G ODu G160 G o, 10 GG O

(G1;G2) U2
[lcopy_term(t(G  1t,L,L1)X(G 16,L,L1),G  1¢,G),(G 1f,Gof) O

[disj. v.3]
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At the top-level we are only interested in the result w@eal2 is executed, and the second
part of the pair returned is not used.

(Goal2; false) Lst Op [Goal3,_ 0O [false v.3]

Non-deterministic goals

The above scheme could be extended to handle non-deterministic goals as well. This has
been considered worthwhile as these goals have to be handled by dicddllto to collect all
solutions.

For example, partial evaluation dindall(X,(p(X);q(X)),L) would be partially
evaluated into

findall(X,p(X),Lp), findall(X,q(X),Lq), append(Lp,Lq,L)

Besides the obvious inefficiency of callifigdall/3 twice instead of once, there is also the
overhead of theppend . If there had been a standard versiofiradall/3 that returned d-
lists instead, this solution could be contemplated as the overhead appgbed/3 operation
would then disappear.

Returning to the example
We are now able to show the exact fornGafal3 in the example above where the stages for
partial evaluation ofindall(X,(X=1;X=2),List) were shown. The form dsoal3
produced by the extraction rules is rather complex:
(copy_term(
t((copy_term(
t(X=1->List=L1,L2=L3,L1=[1|L3];List=L2),List,L2),
t(L4,L5,L6)),L4,(X=2->L6=L7,L8=L9,L7=[2|L9];L6=L9)),
L5,L8),

t(L10,L11,[])
When this expression is partially evaluated again, its final form depends mainly on timemteat
of copy_term , which in turn depends mainly on which variables are input variables. As alreac
shown, the final expression may be as simplasis(1,2]

Another example
Original program:
p(L) :- findall(X,(r(X),write(X)),L).
r(2)

r(L).

Query given to the partial evaluatp(l) .
Program produced by Mixtus:
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p(L) - p2(L). _

p2(L) :- write(2), write(1), L=[2,1].
This code can be producedwaste/l is deterministic (used in the extraction) and successful
(used when the tests are simplified). The unificatief2,1] cannot be moved to the head as
write/l is a side-effect predicate.

4.2.4.7 bagof/3
The following definition obagof/3 is used

bagof(X,Goal,L) :-

free_variables(X"Goal,Freevars),

findall(Freevars-X,Goal,List),

keysort(List,Listsorted),

group_pairs(Listsorted,Listgrouped),

member(Freevars-L,Listgrouped).
First all the “free” variables are located and stored in thé-lsevars . The free variables are
those that are not “bound”, and the “bound” variables are essentially th§s® in the left part
of an explicit quantification ¥G in theGoal . The solutions fronbagof/2 are grouped so that
for each value (modulo variable renaming) of Breevars the corresponding values Xfare
returned inL. This is accomplished by the call fandall/3 , Which collects the pairs
Freevars-X in List . Thenkeysort/2 s used to sort the list with respect to Ereevars
so that pairs with the same value (modulo renamingffreevars become adjacent. Then
group_pairs/2 groups into a list thos¥ values which have the same valud-oéevars
Finally member/2 is called to non-deterministically select the values.

This definition together with definitions fdree_variables/2 , group_pairs/2 and
member/2 could be used for partial evaluationbzgof/3 . But the definition is too complex
and hides some important propertiesbafjof/3 , in particular those related to the treatment of
input variables and free variables. So specialized code is used instead, as described below.

1. First the free variables #*Goal are extracted and put Freevars . Of these variables,
the input variables are put Inputfreevars . The variables ixX"Goal that are not free
variables are put ilBBoundvars , and similarly the input bound variables are put in
Inputboundvars . We now demand that eitherputfreevars or Inputboundvars  is
empty. If not, there might be an aliasing between variables in the two sets at run-time and a
bound variable may become a free variable. As the following steps assume that we know at
partial evaluation time which variables are free,lthgof/3 goal will not be modified if this is
not the case.

9 Our definition ofbagof/3 is a simplified but semantically equivalent version of code written by R.A.
O’Keefe. The implementation dfagof in SICStus is also based on his code.
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2. Then the composite god&Goal,PSEUDO ASSERT'(Freevars-X)) is partially
evaluated, producinGoal2 .

3. ThereafteitGoal2 is scanned extracting all the different instantiation$devars
produced, putting them into a liBtreevarslist . All the goals in this list must be com
parablé®, otherwise the call teeysort/2  (as shown above in the definition ladgof/3 )
cannot be partially evaluated. If they are not comparaidgpf(X,Goal2adjust,L) IS
returned as a residue. NormafBpal2adjust is identical toGoal2 , but if Goal2 contains
some variables that did not occur in the origi@ahl , these variabledNewvars ) must be made
“bound”. The “existential” quantifier®” of Prolog is use#!, so thatGoal2adjust = becomes
Newvars"Goal2

4. A call tobagof can be non-deterministic, returning one list for each variable variant o
Freelist . In the partial evaluator this is implemented so that a list of liktsis corstructed,
with the same length d&eevarslist . Each sub-list oEL contains the solutions returned for
the corresponding element of tReeevarslist . Just as fofindall/3 , a transformation
system is used for LL and the Goal3 that will compute LL. Only two teamstions have to be
changed

Goal2 [ 0Op Goal3

and

'PSEUDO ASSERT'(Freevars-X) L0 L1 addsol(Freevars,X,LL,LL1)

addsol(Freevars,X,LL,LL1) returns the pair of goal&L;=[X|LL1 ;],LL ;=LL1;CJwhere
Freevars is a variable variant of the i:th the elementfogevarslist , and wherd.L; and
LL1; are the i:th elements &L. andLL1 respectively. The other elements.af andLL1 are set
to be identical.

5. To ensure that the various solutions lists are produced non-deterministically, the goal ha
be a disjunction. The te&\==[] ensures that only non-empty lists are returned. This is in
accordance with the definition bagof/3

Goal3, Di (Freevars=Freevarslist i ,L=LL ), L\==[]

This composite goal is partially evaluated producing the final reSicaéd .
If Goal3 contains a cut, its scope is limited by replactagal3 by call(Goal3) f
Goal3 is logical, the disjunction may be put first. This will often result in slightly better code.

10 As the test for comparability becomes sharper if the notion of input variables is taken into ctinsideia
best to test for comparability while extracting theeevars , since the context of each instanca~oéevars is
known then.

11n [Lakh90] the same method is employed to adjust for the extra variables.
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Examples

Some examples are given below which show how dramatically different code may result from
small changes in the input program. For all examples below the query given to Mixtus is
t(V1,...Vn) whereV1to Vn are variables. The arity n gh varies from example to example.

t(X,Y,L) :- bagof(X,append(X,Y,[1,2]),L). [Ex.1]

whereappend/3 is defined as usual. The result of partial evaluation is simply
t(X, Y, L) :- [PE.1]
bagof(X, (X=[],Y=[1,2];X=[1],Y=[2];X=[1,2],Y=[]), L).
that is, theébagof -call has not been removed and only the caligpend/3 has been uolded.
Mixtus cannot do more as there is a possibility of aliasing betweandY which makes it
unclear whetheY is a bound or free variable. This risk of aliasing is remov&dibes not occur
as an argument:

t(Y,L) :- bagof(X,append(X,Y,[1,2]),L). [Ex.2]

Mixtus is now capable of removingagof/3 completely, but the code produced is rather
complex:
t(Y, L) :- [PE.2]
copy_term(Y, C),
copy_term(C, D),
( D=[1,2] >

E=[M]
» E=[]

)1
copy_term(C, F),
( F=[2]->

).

This code can be considerably simplified if it can be assumed/ttsahot bound, which is the
case if the definition is:
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t(L) :- bagof(X,append(X,Y,[1,2]),L). [Ex.3]
The resulting code just becomes

t([1,21). [PE.3]

t([[I).

([KA])2
This result may be a bit surprising if one hasn’t noticed Yhiata free variable, and bagof will
return a separate list of solutions for each set of values of the free variables. In thiscaase
have the valuef} , [2] and[1,2] . The non-deterministic results of bagof are returned with the

possible values oY sorted, which explains the strange order of the solutions above.
A more common use of bagof would be to dechas a bound variable, as in this example:

t(L) :- bagof(X,Y”append(X,Y,[1,2]),L). [Ex.4]
The result of partial evaluation then simply is

t((0.[1.(2.,2]D). [PE.4]

4.2.4.8 setof/3
setof/3 is partially evaluated as if it were defined by

setof(X,Goal,List) :- bagof(X,Goal,List2), sort(List2,List).

4.2.4.9 clause/2

The predicateclause/2 is used to access the source code and converting it to a da
structure. As shown in section 5dlause/2 s very useful for writing meta-interpreters in
Prolog. In SICStus Prolog 0.6 and earbtause/2  could only be applied to interpreted code,
thereby creating a difference in behavior between interpreted and compiled codthirspme
which is generally undesirable. In version 0.7 this has been changed statls#/2 only
works for predicates that have been declared “dynamic”. Such predicates are always store
interpreted form, even if they appear in a file that is compiled.

Unfortunately, ifclause/2 is only applicable to dynamic code then it is impossible to
partially evaluateclause/2 ; dynamic code can be changed arbitrarily at run-time. Mixtus is not
capable of handling code that changes and will always refrain from unfolding calls to dynarr
code. Therefore calls tolause/2 can not be unfolded. Note that this is a basic semantic
problem ofclause/2 , and almost any program transformation system will run into this
problem when handlinglause/2

The only way out of this dilemma seems to be a change of the semardiaasH/2 . We
suggest that there should be a possibility of declaring predicates “visible”, independent
whether they are “dynamic” or not. The semanticslafise/2  would be changed so that it is
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only applicable to visible predicates. An implementation of this is straightforward if the visible
predicates are interpreted. It also seems natural to change the semdisticm)6X so that it
lists the visible predicates.

4.2.5 Constraints

Fujita appears to have been the first to consider partial evaluation and constraints [Fuji87].
Lately, Smith and Hickey have continued these investigations in a number of publications
[SmHIi90, Smit90a, Smit90b, SmHIi91]. In Mixtus, the emphasis is not on handlirsly @oits,
and in order not to complicate the system they only have a limited support. For several
applications, as shown in the examples of partial evaluation, this support seems sufficient,
however.

4.25.1 freeze/2 and wait-declarations
In SICStus Prolog a predicapewith arity n may have a wait-declaration of the form

- wait p/n.

which means that a call to the predicate will be deferred until the first argument becomes a non-
variable. Although any user-defined predicate may have a wait-declaration, it iinsesne
convenient to use the built-in predicdteeze/2 , which is defined d3

- wait freeze/2.

freeze(X,G) :- call(G).

The built-in predicatdreeze/2  has the following definition:
freeze(X,Goal) will suspendGoal until nonvar(X)

In SICStus Prolog the checkingmdnvar(X) is made after each unification that binds X. This
means that a unification may potentially start an executidboall . As Goal may conain calls
to arbitrary Prolog predicates containing for instance side-effects, a unification in an otherwise
logical predicate may trigger these effects, making the predicate behave as if it had side-effects.
Thus the program transformations introduced so far may be incorfesgae/2  is present in
the code. Some examples:

p(X) :- write(X).

q(3) :- false.

The queryfreeze(X,p(X)),q(X) will write “3” and then fail. However, one of the
program transformations would transform the @glK) intofalse , as the predicate fails
without any side-effects. The resulting code would in this case just fail, and never trigger
freeze/2

12 Alternatively, freeze/2  may be taken as the primitive, and any q#} 1,...,x ;) to a wait-declared
predicate is replaced seeze(x  1,p(X 1,...,Xn)) -
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There is also a problem whémeze/2  contains a call to a propagation sensitive predicate:

p(t(2)) :- var(2).
q(t(2)) :- Z=3.

The queryfreeze(X,p(X)),q(X) will succeed as the tegar(Z) is peformed before
Z=3. If the clause fonq is transformed intg(t(3)). , the query would instead fa#

The examples above show that the normal transformations are not appliteddeaf2 is
applied to a goal containing side-effects or non-logical predicates. Unfortunately, there are a
cases where even logical predicates may cause problems. For exarnpézef2 is applied
to a non-deterministic logical predicate, the choice-points may be moved:

p(X).
P(X).
q(7) :- L.

The quenyfreeze(X,p(X)),q(X) will succeed just once, since the choice-poirg/th is
removed by the cut ig/1 . A program transformation would remove the cugjjras it just has a
single clause, and the unification is considered deterministic. The query applied to t
transformed program would succeed twice.

The above examples show that a major revision of the transformations in the partialcgvalu
would be necessary to fully suppdreeze/2 . In many cases transformations crucial for
generating an efficient program would have to be inhibited in order to copéedite/2

Therefore, the present partial evaluator will just supfreeze/2  when it does not cause
any problems, i.e. when the frozen goal is logical and deterministic. The system will check th
and alert the user if that condition is violated. However, the examples above are not typical ani
most cases the transformed program is acceptable, even if the condition is violated.

4.25.2 freeze/1

A call tofreeze(Goal) , which suspends untboal is ground, has similar problems as
freeze(X,Goal) , and the same restrictions are put on the frozen goal. There is one spec
case that can be handled, regardless of the type of frozen gdaisif non-variable then
freeze(X,Goal) Is equivalent tacall(Goal) . Similarly, forfreeze(Goal) if Goal is
ground.

13 This example is only valid for interpreted SICStus Prolog. When comp(téd)) :- Z=3 is changed

intoq(t(3))  as a part of the compilation transformations, thereby making a slight difference in semantics betwe
interpreted and compiled code.

The clauseq(t(2)) :- true, Z=3 is however not changed by compilationtase is not removed,
making the argument valid also for compiled code.
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4.2.5.3 frozen/2 and call_residue/2

frozen/2 andcall_residue/2 will not cause any problems for transformations in the
partial evaluator as they do not freeze any goals, but rather check for frozen goals.

The classification offreeze(X,Goal) is the same as the classification@Gbal . For
freeze(Goal) , we can do better: even®oal is propagation sensitivéreeze(Goal) IS
logical. Whenever th&oal in freeze(Goal) is executed, we know that it must be ground as
this is the condition for execution. But as a general optimization, a ground propagation sensitive
goal is actually logical.

4.25.4 dif/2

The calldif(A,B)  puts a constraint oA andB so that whenever they become identical in a
branch of the execution, that branch will fail. In the Mixtus implementatidif/2 goal is
always executed. This works very well as the basic predicates used in the implementation such as
findall/3 andassert/1  fully support these constraints.

Pruning

Partial evaluation of a clause is always performed using the prededateesidue/2
which executes a goal and returns as a list all those constraints that were created during the
execution of the goal. Only those constraints are considered to be part of the clause produced. In
conjunction with this, a pruning is also performed on the constraints so that the following
constraints are not included in the final clause:

« dift AB) where A or B is a term containing a variable not occurring anywhere else in

the clause.

An occurrence in another dif-constraint is not counted as occurrence in this casstrAion
of that kind can never be violated, so it is unnecessary and can be removed. The “Independence
of Inequations theorem” [Lass88] guarantees that occurrences of a variable just in other dif-
constraints can not make the clause fail. In SICStus Prolog, however, all remaining constraints
are printed at top-level, even if they cannot be violated. This pruning operation may therefore
change the behavior of the program, but it seems hard to imagine a situation where the user
actually finds it useful to know the constraints of anonymous variables.

Generalized restart and folding

In the mechanism for generalized restart, anti-unification is used to find a term that is more
general than two other terms. This mechanism now has to be extended to cope -with dif
constraints. For simplicity, the constraints are not taken into account in the anti-unification, but
rather just dropped. This will still produce a more general term, as a term without constraints is
always more general than the same term with constraints. Thus the produced generalization does
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not have any constraints at all. A more refined anti-unification, taking the constraints in
account, is also possible, but has not been incorporated into Mixtus.

Also the instance test used in the folding test must be modified to cope with dif-constraint.
procedure which checks that a tetms an instance o, works as follows. First; andt, are
unified. All variables int; must remain distinct variables after the unification. Then the
constraints of the variables tp are examined. No new constraints must have been added to ar
variable due to the unification.

For simplicity, the constraints are just compared syntactically, so two constraints may in fe
be semantically identical without this algorithm detecting it. This means that some instance-te
fail due to the incomplete test, although one term actually is an instance of the other. For Mixt
this shortcoming is no problem, as instance-tests are used for folding and a missed opportunit
fold will just lead to a generalized restart, where the dif-constraints are eliminated.

The test for variable variants, used to avoid recomputations, must also be extended to hal
dif-constraints. For this, we use the observation that two terarsdt, are variable variants iff,
is an instance af, andt, is an instance df.

Smith has in [Smit90b] more thoroughly investigated what the concepts anti-unificatiol
instance and variable variants mean for terms with dif-constraints.

Making the constraints visible

Constraints are not automatically visible when the final program is printed using the built-|
predicatesvrite/1  or portray_clause/l . In Mixtus the constraints are reified using the
built-in predicatdrozen/2  which for a variable returns the constraints on that variable. Wher
a clause is printed, all new constraints for a goal will precede the goal, andsithads in the
head will come first in the body of the clause. Care is also taken to remove any duplic:
constraints.

An example of partial evaluation of a program using constraints is gived.i

4.2.6 Excluded built-in predicates

Although the title of thighesis claims that “full Prolog” is handled by the partial evaluator, a
few built-in predicates in SICStus have been excluded. They all have in common that they
rather unusual and very unlogical, and a partial evaluator that could support them would
substantially more complex. Whenever we discuss built-in predicates in this text, these predic:
are implicitly excluded.

4.2.6.1 Built-ins accessing the goal-stack of Prolog
Predicates belonging to this group are

ancestors/1 andsubgoal_of/1
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These built-ins are not supported since the unfolding of the partial evaluator may remove some
predicates and predicates are renamed.

One way of letting these predicates view the goal-stack of the original program, would be to
extend all generated predicates with one extra argument which would maintain the goal-stack
structure of the original program. Due to efficiency considerations, this has not been done in our
system. Instead these built-ins will be kept as they are, and will access the goal-stack of the
generated program.

4.2.6.2 Built-ins accessing the actual names of predicates

Since new predicate names are created for the generated program, any code that relies on the
actual names of predicates will not work properly after partial evaluation. Thus any built-in
predicate that accesses the Prolog code, suctaase/2 , predicate_property/2 , IS
potentially dangerous. But most uses of these predicates are harmless, as the actual names of the
predicates are not relevant. It does not seem feasible for the partial evaluator to distinguish
between the harmless and the dangerous cases, so the user is instead cautioned when using thes
predicates.

4.2.6.3 Limited support for setarg/3

In SICStus there is a predicasetarg(N,F,A) whichreplacesthe N:th argument of the
structure bound to F witA. On backtracking, the value of the argument is restored. For example

X=t(a,7), setarg(2,X,8), X=t(a,8).

will succeed! The variable X is used as a pointer referring to a specific occurrence oflaestruc
Throughout the partial evaluator forward propagation is assumed applicable, i.e. “X=t, e[X]" is
exactly the same as “e[t]". Asetarg/3 is the only predicate that violates this fundamental
propertyt4, it is not supported directly in the partial evaluator.

However, there is a workaround by using a programming methodokeggrg/3 is
normally used on just a single or a few structures in a program. Remove all explicreacear
of those functors by calls to an access predicate which is placed in a separate file which is not to
be seen by the partial evaluator. This program transformation will guarantee that the “functor”
argument of setarg will remain a variable.

The transformation applied to the example above would give

make_t(X,a,7), setarg(2,X,8), make_t(X,a,8).

with the access predicate for the structure defined as

141n Quintus Prolog 2.5 forward propagation is not applicable for the arithmetic predicates.
X=1+2, Y is X will fail with an error message, where¥ds 1+2  succeeds. In version 3.0 the two goals
are however equivalent.
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make_t(t(A,B),A,B).

The definition of the access predicate should not be available to the partial evaluator, but nr
of course be incorporated into the generated program. The best way to do thisfEdalin
calls to the access predicate in the generated program, so there will be no overhead introduce
accessing the structure. The following execution times illustrate the effects of the:
transformations for a program containisgtarg/3.

relative execution time
original program 1.00
O transformation to use access predicates
transformed program 1.51
O partial evaluation
partially evaluated program 1.47
O access predicates are unfolded
final program 0.87

The final speed-up figure above is not very impressive as the program (a constraint solv
does not contain much static overhead. Note that without the final unfolding of the acce
predicate, partial evaluation cannot compensate for the introduction of the access predicates.

The current partial evaluator does not automatically perform the above extraction of the acc
predicates and their subsequent unfolding.

4.2.7 Cyclic structures

During unification a cyclic structure may be created, for example Wwhenunified with
f(X) . There are essentially three approaches to this problem in Prolog implementations:

* Occur check. A unification which would create a cyclic structure fails. Unfortunately
doing an occur check for each binding would in general make the unificatioibipvely
inefficient. No practical Prolog systems incorporate an occur check as default for th
reason.

* Ignore the problem. No occur check is made and cyclic structures may well be created
is up to the programmer to ensure that if a cyclic structure is created, it will not cause a
problems. Unification oiX andY when both are cyclic (eX=f(X), Y=f(Y) ) may
never terminate. This pragmatic approach is presently the normébsalumost Prolog
implementations.

* Full cyclic unification. It is not only possible to extend ordinary unification to handle
cyclic structures, but it can also be made in such a way that it has only a negligik
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overhead compared with ordinary unification [Morr81, Hari84]. In fact, there are cases
where unification of non-cyclic structures may be speeded up considerably by supporting
cyclic structures. Full cyclic unification is the approach taken by SICStus Prolog.
However, of the other built-in predicates in SICStus Prolog 0.7, only the term comparison
predicatexompare/3, @</2, @=</2, @>/2, @>=/2, ==/2, \==/2, sort/2,

keysort/2  support cyclic structures.

4.2.7.1 Parial evaluation of cyclic structures

As the partial evaluator is meant for SICStus Prolog it must be able to cope with cyclic
structures. Just as the partial evaluator may get into “infinite” loops that no intended instance of
the program would go into, the partial evaluator may create cyclic structures that would not
normally be created. Although this does not seem to happen in practice, cyclic structures must be
supported to guarantee termination of the partial evaluation process.

Unfortunately, as just mentioned SICStus Prolog only supports cyclic structures for uni
fication and term comparison. Many other built-in predicates suessest/l | findall/3
loop indefinitely if given a cyclic structure. As the partial evaluator relies heavily on these
predicates, we have a problem here. Two solutions are proposed: either the cyclic structures are
avoided, or they are handled.

Avoiding cyclic structures

One solution is to check each unification in the partial evaluator so that no cyclic structures
will be created. If so, the unification is left as it is as a residue. This is the solution presently
chosen.

Whenever a unification is encountered, the predicafy_cyclic(X,Y,Residue) will
be called For example,

unify_cyclic(f(X,h(i(Y)),2), f(g(X),Y,7), Residue)
will return

z=7

Residue=(X=g(X), Y=h(i(Y)))
This solution means that the knowledge of the bindings of cyclic variables is not propagated to
the rest of the code, which is far from satisfactory for programs which rely on cyclic structures.

Handling cyclic structures

Another much better solution of the problem of handling cyclic structures is not to avoid
creating them, but to rewrite and extend the built-in predicates so that they fully support cyclic
structures. These “cyclic” versions of the built-in predicates could be written entirely in Prolog,
as there is a simple and natural way to let non-cyclic structures represent cyctioasiucet a
functor, say “ref’ taking an integer argument be reserved for this purpose. The integer argument
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of “ref’ tells how many levels of functors up it refers to. The cyclic structure in the exampl
above could then be represented by
f(g(ref(1)), h(i(ref(2))),7) -
This approach remains to be investigated and implemented. Code not yet incorporated i
Mixtus 0.3, for cyclic unification and anti-unification can be foundppendix A.

4.3 Printing and pruning

Pruning or “dead code elimination” is a standard technique to remove code that is r
reachable. In Mixtus, the partial evaluation ends with printing only those predicates which &
reachable from the top level query. If a meta-call with a variable as an argument occurs in
final program, it cannot be determined which predicates are actually called. In that case
warning is issued to the user saying that potentially all original code is needed.

The final printing of the program will also include all op-declarations present in th@arigi
program. Each generated predicate is also preceded by a comment of the form

% Anew:-A.

where Anew and A are related as described in the basic procedure. If the predicate has t
generated by a generalized restart, an instance of the above clause is printed. If applicab
dynamic-declaration, multi-file-declaration or wait-declaration is also printed.

44 Preventing code explosion

Too much unfolding may cause code explosion so that the produced program becomes m
too large. As already mentioned, unfolding is not applied to predicates that contain a cut or
recursive or are created by the generalized restart mechanism. Sometimes this may no
enough, and Mixtus has an adjustable maximum limit (the parametenondetermto the
number of clauses a predicate may have if unfolding is to be allowed. Normally this limit is set
10, but for some programs (database-like applications) a higher value is better. Setting the li
to 1 ensures that indexing will not be lost as shown in the following example.

Most Prolog implementations just do indexing on the main functor of the first argument of tt
head of a clausé. This may counteract the advantages of unfolding as the indexing may be lo:
Let this program be partially evaluated with respedj(#) :

q(f(X)) :- 1(X). f(1). 9(a).
q(9(X)) - g(X). f(2). 9(b).
f(3). 9(c).

15 That is, if the main functor of the first argument is known when the predicate is called, the right clause(s) w
be taken immediately using a jump-table. This drastically improves performance especially if there are many clat
where indexing can be used to distinguish between the clauses.
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Then a program just consisting of the following assertions could be produced.

q(f(1)). a(f(2)). a((3)). a(a(a))- a(g(b)). a(g(c))-
Thus indexing is lost for the inner structudé (n making all the facts explicit. By preventing
unfolding where there are multiple matching clauses it can be guaranteed that no indexing will be
lost. But preventing unfolding will also prevent propagation of bindings. Thus it is not clear
which choice is better, and the user is given the possibility of controlling whethadiog
should be done for non-deterministic predicates.

The example above also shows that for real Prolog im@hgations it may be unsdastory
to use the number of inferences as a measurement of execution complexity.

Smith and Hickey [Smit90a] also discuss this issue, and name the unfolding strategy corre
sponding tomaxnondeterml “lazy unfolding. “E ager unfolding” corresponds tmaxnon
deternsoo .

Another kind of code explosion may theoretically occur even if all predicates aecomive
and are defined by a single clause. If the same predicate is called (directly or indirectly) more
than once in a clause body, there is a potential danger of code explosion. For example, let the
initial query bep(7) and let all calls be unfolded in

P(X) :- p1(X), p1(X).

P1(X) :- p2(X), p2(X).

P2(X) - p3(X), P3(X).

P3(X) - p4(X), pA(X).

p4(X) :- write(X).
We then get 16 explicit calls write(7) , which is perhaps acceptable, but it is very easy to
extend the example so that the result can clearly be characterized as a code explosion. As
ordinary Prolog programs do not seem to contain this kind of code, no measures have been taken
in the partial evaluator to prevent this kind of behavior.






5 The implementation of Mixtus

In this chapter we will use the standard technique of deriving a partial evaluator from an
interpreter. This was first done for Prolog by Komorowski [Komo81] and later also in Prolog by
Venken [Venk84]. This chapter provides a separate path to understanding some of the basic
mechanisms in Mixtus, and can be read more or less separately from the other chapters. This also
means that there will be a slight overlap between this chapter and the rest of the text.

First some interpreters for Prolog will be shown. Then one of these will be enhanced to
become a partial evaluator for Prolog which does not preserve the order of the solutions. A
sequence of more and more refined partial evaluators is then presented, which ends with a
version capable of handling full Prolog. For complexity reasons, the full Mixtus system will not
be presented, so the implementation of cut and generalized restart will not be shown.

5.1 Some interpreters for Prolog
As a starting point for the partial evaluator, a simple meta-interpreter for Prolog is used.

solve((A,B)) :- I, solve(A), solve(B).
solve((A;B)) :- !,
('solve(A)
; solve(B)).
solve(A) :- predicate_property(A,built_in), !,
call(A).
solve(A) :- clause(A,B), solve(B).

Interpreter 1

The built-in predicateclause/2  will backtrack over all matching clauses and fnion
deterministically return different clause bodies. In the following, a deterministic variant of

clause/2 calledclause_disj/2 will be used, which combines all head unifications and
bodies into a single disjunction. For instanceppend/3 is defined as
append([],A,A).

append([B|C],D,[B|E]) :- append(C,D,E).
a call toclause_disj(append(X,Y,Z),W) will bind Wto
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(‘append(X,Y,Z)=append([],AA)
; append(X,Y,Z)=append([B|C],D,[B|E]), append(C,D,E))
In section3.1, more details of this transformation into a single clause are discussed. In appen
C, the code for this transformation is shown.
Interpreter 1 is appealing in its simplicity, but unfortunately not quite adequate for ot
purposes as the conjuncts in a conjunction are solved independently. The following ¢iontinua
based interpreter is more adeqdéte

solve(A) :- s(A,true).
s_goal(G) :- clause_disj(G,Body), solve(Body).

s((A,B),C) :- I, s(A,(B,C)).

s((A;B).C) :- 1,
(s(A,C)
; S(B,C)).

S(A,C) :- predicate_property(A,built_in), !,
call(A), s_next(C).

S(A,C) :- s_goal(A), s_next(C).

S_next(true).
s_next((A,B)) :- s(A,B).

Interpreter 2: a “conjunction-list”

Interpreter 2 has the advantage of knowing the goals to be executed after a certain goal, w
will be shown to be crucial to our partial evaluator. The second argumesiR ofacts as a
continuation, containing the not yet executed goals. This argument is always a “conjunction-lis
i.e. it has the same structure as a list puis'used instead of ' . ' atrde is used instead ¢f .

A “conjunction-list” is thus eithetrue or (A,B) , whereA can be any term, b must be a
“conjunction-list”. The predicate_next/1  pops the top goal, if any, from the continuation, and
continues the execution with that goal.

This interpreter reflects the Prolog execution on a suitably “low” level and is a good startin
point for the partial evaluator which is basically an enhancement of this interpreter. As
example of another enhancement, an interpreter that supports “cut” without using “ancestral” ¢

16 The first partial evaluator for full Prolog by Venken [Venk84] was also continuation-based. An ordinary lis
works equally well as a "conjunction-list”, and could be used instead if lists are particularly well supported by t
Prolog system.
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is shown below. This is the technique used by Mixtus to support cut. All execusdh dbkes
place within the scope of the cutsolve/l . The predicate/4 has two new argument€ut
andAfter . Ifacut (i.e. ") is encountered during executi®@ut is set tarue andAfter is
set to contain all goals after the cut. The cudotve/l  will then be executed and remove all
choice-points ins/4 . Execution may then continue with the remaining goal&ftar . Notice
that a single cut suffices to execute all cuts encountered in the program to be interpreted.

solve(G) :- s(G,true,Cut,After),
( Cut=true, !, solve(After)
; true).

s_goal(G) :- clause_disj(G,Body), solve(Body).

s(!,B,true,B) :- I
s((A,B),C,Cut,Atfter) - !, s(A,(B,C),Cut,After).
s((A;B),C,Cut,After) :- !,
('s(A,C,Cut,After)
; S(B,C,Cut,After)).
S(A,B,Cut,After) :- predicate_property(A,built_in),!,
call(A), s_next(B,Cut,After).
s(A,B,Cut,After) :- s_goal(A), s_next(B,Cut,After).

s_next(true,false, ).
s_next((A,B),Cut,After) :- s(A,B,Cut,After).

Interpreter 3: an interpreter that supports cut

This interpreter is similar to [OKee85] but is like [Lakh89Db] able to handle arbitrary com
binations of conjunctions and disjunctions in the body of the clauses. The interpreter in [Cava89]
is capable of handling cut without having a “conjunction-list”, but is considerably more complex.
If the built-in predicateeduce/1 is present, it is also possible to handle cut without the
“conjunction-list” as shown in [Ster86b]. The predicaeeluce/1 , which cuts to a certain goal
on the stack, is however only present in a few Prolog systems.

5.2 Partial evaluator 1: Generating residues

The first three partial evaluators presented here all use logical unfolding, not unfolding for
Prolog. This means that the order of the solutions computed by the produced program need not
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be the same as that computed by the original program. This will be corrected in the fourth par
evaluator which is capable of handling full Prolog.

The partial evaluator is structured as a specialized meta-interpreter. Some goals are
executed, and are left agesidue These goals form the bodies of the clauses in the progran
produced by partial evaluation. The final partial evaluator will be “derived” through a sequent
of gradually refined partial evaluators. As mentioned above, the first partial evaluator is deriv
from Interpreter 2:

p_goals(A,Residue) :- p(A,true,true,Residue).

p_goal(A,Rin,Rout) :- clause_disj(A,B),
p(B,true,Rin,Rout).

p((A,B),C,Rin,Rout) :- !, p(A,(B,C),Rin,Rout).
p((A;B),C,Rin,Rout) :- !,

(p(A,C,Rin,Rout)

; p(B,C,Rin,Rout)).

p(A,C,Rin,Rout) :- predicate_property(A,built_in), !,

(evaluable(A) ->
call(A), p_next(C,Rin,Rout)

; entergoal(A,C,Rin,Rout)

).

p(A,C,Rin,Rout) :-

(should_unfold(A) ->
p_goal(A,Rin,Rout2),
p_next(C,Rout2,Rout)

; entergoal(A,C,Rin,Rout)

).

p_next(true,Rin,Rin).
p_next((A,B),Rin,Rout) :- p(A,B,Rin,Rout).

entergoal(A,C,Rin,Rout) :- p_next(C,(Rin,A),Rout).

Partial evaluator 1: generating residues, derived from Interpreter 2

The top level predicatp_goals(A,Residue) takes a goah and non-deterministically
returns different residues corresponding to the parts of the program that cannot be evaluate:
the partial evaluator. These residues are used to construct the resulting program, as will be sh
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below. The two last arguments (usually calkid andRout ) of p/4 , p_goal/3 , p_next/3
andentergoal/2 are used for the input residue and the output residue respectively. Initially,
the input residue is set taue .

5.2.1 Controlling the computation

Two predicates control which goals should be computed during partial evaluation:
should_unfold/1 (for user-defined predicates) aevbluable/l  (for built-in predcates).

5.2.1.1 User-defined predicates: should unfold/1
In this simple version of the partial evaluator, it is assumed that the user supplies the definition
of should_unfold/1 . As an example, consider the following program and unfold declaration:
append([], L, L).
append([H|T], L, [H|R]) :- append(T, L, R).

should_unfold(append(X,_,_)) :- nonvar(X).
Callingp_goals(append([A,B,C],D,E),Residue) returns

E=[A,B,C|D]
Residue=true

The resulting program produced by partial evaluation then becomes
append([A,B,C],D,[A,B,C|D]):- true.

Another example: calling_goals(append([A,B|C],D,E),Residue) will return

E=[A,B|F]
Residue=(true,append(C,D,F))

and the resulting program is
append([A,B|C],D,[A,B|F]) :- true,append(C,D,F).

In the latter example, the residue contains a call to the origp@@nd/3 definition as it could

not be unfolded when its first argument was unbound due to the definition of
should_unfold/1 . In the next section, it will be shown how to create new predicate names
for all generated predicates, so that there will be no confusion between the old program and the
new.

The residue above also contains a superfluous cafiu® , which will be removed if the
definition of p_goals/2 s replaced by
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p_goals(A,Residue) :-
p(A,true,true,Rout), cleanup_conj(Rout,Residue).

wherecleanup_conj/2 removes unnecessary callsioe .

5.2.1.2 Built-in predicates: evaluable/1

The partial evaluation of built-in predicates is controlled by the predeatkiable/1
which succeeds if the built-in predicate can be safely evaluated during partial evaluation. So
typical definitions are

evaluable(true).
evaluable(X=Y).
evaluable(var(X)) :- nonvar(X).

The predicategue/l and=/2 may always be evaluated, whereas/1 is only evaluable if
its argument is non-variable.

5.3 Partial evaluator 2: Generating clauses

In general, the partial evaluator just presented may non-deterministically return seve
residues. This makes it more convenient to use mixed computation instead of partiaglagvalua
where a new goal Q' is created from the distinct variables of the original goal Q. Each of t
residues then corresponds to a clause for Q' in the generated program. A new predi(
peval_goal/3 is introduced which returns the new goal Q' (Anew) and its defining clauses
(Cls ). For example,

peval_goal(member(X,[1,2]), Anew, CIs)
will return

Anew = memberx(X)
Cls = [(memberx(1):-true), (memberx(2):-true)]

providedmember/2 is defined as usual

member(X,[X|_]).
member(X,[_|R]) :- member(X,R).

should_unfold(member(_,X)) :- nonvar(X).

Another example fomember/2 :
peval_goal(member(X,[X,Y,Y|Z]), Anew, CIs)

will return
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Anew = memberx(X,Y,Z)

Cls = [(memberx(A,B,C) :- true),
(memberx(A,A,C) :- true),
(memberx(A,A,C) :- true),
(memberx(A,B,C) :- member(A,C))]

The partial evaluator will automatically construct a new predicate name which is returned in
Anew. The predicate calleparametrization(A,Anew) will given a goalA return a new
predicate name iAnew which is neither the name of a built-in nor of a generated prediCia¢e
arguments of the structure returnediinew are exactly the distinct variables of A

For example, callingeparametrization(pred(term(X,Y,3),Y),Anew) could
return Anew = predterm(X,Y). The new relationew is defined as
Anew :- A.

which in the example above becomes
predterm(X,Y) :- pred(term(X,Y,3),Y).

As can be seen from the code below, the built-in predicatall/3 i s used to collect all
residued’. To ensure that each call to a user-defined predicate is fully explored before it is used,
findall/3 is also used to collect all residues which form the defining cla@ss)( By
exploring each predicate fully before unfolding, we open up the possibility of automatic
unfolding as will be shown in the next section.

The actual unfolding occurs whemember((Anew :- B2), Cls) is used to non
deterministically choose the generated clauses. The different [Bitlietl thereby be entered as
residues. A typical situation just before callmgmber/2 might beA=p(X,3) , Anew=px(X)
and

Cls=[(px(a) :- true), (px(Y) :- a(Y))].

Calling member/2 will first generateB2=true (with X=a) and on backtracking2=q(X) .
Notice how the connection between the variables in the originaligaatl the newly genated
goal B2 is established by lettingnew be unified with the heads of the clause€is .

17 As findall/3 is fundamental for the partial evaluator but is not a standard predicate its definition is given
here:

findall  (TemplateGoal,List)

For each successful execution@bal, the corresponding instancesi@mplateare copied and stored into the list
List. The order of the elements liist correspond to the order of the solutionsGafal. If Goal fails immediately,
List becomes the empty list.
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peval_goal(A,Anew,ClIs) :-

reparametrization(A,Anew),

clause_disj(A,B),

findall((Anew :- Residue),
p_goals(B,Residue),
Cls).

p_goals(A,Residue) :-
p(A true true,Rout), cleanup_conj(Rout,Residue).

p((A,B),C,Rin,Rout) :- !, p(A,(B,C),Rin,Rout).
p((A;B),C,Rin,Rout) :- 1,

(p(A,C,Rin,Rout)

; p(B,C,Rin,Rout)).

p(A,C,Rin,Rout) :- predicate_property(A,built_in), !,

(evaluable(A) ->
call(A), p_next(C,Rin,Rout)

; entergoal(A,C,Rin,Rout)).

p(A,C,Rin,Rout) :-

(should_unfold(A) ->
peval_goal(A,Anew,CIs),
member((Anew :- B2), Cls),
entergoal(B2,C,Rin,Rout)

; entergoal(A,C,Rin,Rout)).

p_next(true,Rin,Rin).
p_next((A,B),Rin,Rout) :- p(A,B,Rin,Rout).

entergoal(A,C,Rin,Rout) :- p_next(C,(Rin,A),Rout).

Partial evaluator 2. generating clauses

5.4 Partial evaluator 3: Automatic unfolding and folding

One disadvantage of the previously presented partial evaluators is the need for unfi
declarations. The next partial evaluator virtually eliminates that need by introducing fol
transformations. It works as follows:
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A stack of the goals (calle@ encountered is maintained, much in the way it is handled in an
ordinary Prolog interpreter. Each entry in the stack is of the ffa(A,Anew,Isrec) , Where
A andAnew are related as described above and have all of their variables in common. In contrast
to the goal stack of a Prolog interpretecapyhas been made éfand Anew in order to prevent
further instantiation. Thus the goal-stack tains copies of all ongoing partial evaluations.
Recall thatAnew is defined by

Anew :- A.

This means that whenever an instanceAos found during partial evaluation, it can be
replaced by the corresponding instancéotw. This check for possible foldings is done for
each user-defined predicate by callicen_fold(A,GS,Anew) . A successful call will also
instantiate the third componemsrec (“is recursive”), totrue asA must then be directly or
indirectly recursive. The source codeaain_fold/3  can be found in appendix C.

As can be seen in the code below, besides collecting the residpesaingoal/5 , all
goal-stacks@§ are collected by a call fondall/3 . The only reason for doing this is to unify
all correspondingsrec s in extract/3 so that if any solution has setlsnec totrue , it
will be set totrue in the goal-stack to be used in the rest of the computation. There are more
efficient ways of unifying allsrec s without unifying the whole goal-stack, but this solution is
chosen here for its simplicity.

If the check for folding fails, a call tmop_prevention(A,GS) is made. The call will
succeed if a possible loop is detected and theAywall simply be put into the residue, being left
completely unevaluated. Different versions of loop prevention are presented in section 2.5, and
no source code will be given here.

If neither a folding is possible nor a potential loop has been detected, the partial evaluator is

called again witlpeval _goal(A,GS,Anew,Cls,IsRec) . It is the value returned HgRec
that determines if the newly generated predicate should be unfoldeRelf istrue then no
unfolding will occur, and by callingave_predicate(Cls) the generated predicate will be

asserted in a database.l$Rec is not true, unfolding will occur by havingember/2 non-
deterministically pick one of the clause<drs .
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pe(A) :- reset_all,

peval_goal(A,[],Anew,Cls,_IsRec),
write_program(A,Anew,CIs).

peval_goal(A,GS,Anew,Cls,IsRec) :-
reparametrization(A,Anew), clause_disj(A,B),
copy_term(gs(A,Anew),gs(A2,Anew?2)),
NewGS = [gs(A2,Anew2,IsRec)|GS],
findall(pair((Anew :- Residue),NewGS),
p_goals(B,NewGS,Residue),
L),
extract(L,Cls,NewGS).

p_goals(A,GS,Residue) :- p(A,true,GS,true,Rout),
cleanup_conj(Rout,Residue).
extract([],[],_)-
extract([pair(Cl,GS)|R],[CI|CIR],GS) :-
extract(R,CIR,GS).

p((A,B),C,GS,Rin,Rout) - !, p(A,(B,C),GS,Rin,Rout).
p((A;B),C,GS,Rin,Rout) :- !,
(p(A,C,GS,Rin,Rout); p(B,C,GS,Rin,Rout)).
p(A,C,GS,Rin,Rout):- predicate_property(A,built_in),!,
(evaluable(A) ->
call(A), p_next(C,GS,Rin,Rout)
; entergoal(A,C,GS,Rin,Rout)).
p(A,C,GS,Rin,Rout) :-
(can_fold(A,GS,Anew) ->
entergoal(Anew,C,GS,Rin,Rout)
;loop_detection(A,GS) ->
entergoal(A,C,GS,Rin,Rout)
; peval_goal(A,GS,Anew,Cls,IsRec),
(IsRec\==true ->
member((Anew :- B2), Cls),
entergoal(B2,C,GS,Rin,Rout)
; save_predicate(ClIs),
entergoal(Anew,C,GS,Rin,Rout))
).
p_next(true, ,Rin,Rin).
p_next((A,B),GS,Rin,Rout) :- p(A,B,GS,Rin,Rout).
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entergoal(A,C,GS,Rin,Rout):-p_next(C,GS,(Rin,A),Rout).
Partial evaluator 3: automatic unfolding and folding

As can be seen from the code above, a new top-level prefd&/dte has been introduced. It
will first reset the database containing the stored predicates, then perform a partial evaluation and
finally print the produced new query and the generated program by oatibeg program/3
For convenience, the originah) and the new queryAhew) are presented as a clause “A :-
Anew.”.

For examplepe(append([A,B,C],D,E)) will print
append([A,B,C],D,E) :- appendx(A,B,C,D,E). % A:-Anew
appendx(A,B,C,D,[A,B,C|D])). % def of Anew

Another example: callinge(append([A,B|C],D,E)) will print

append([A,B|C],D,E) :- append(A,B,C,D,E). % A:-Anew

append(A,B,C,D,[A,B|E]) :- appendx(C,D,E). % def of Anew

appendx([],A,A). % def of recursive generated predicate

appendx([A|B],C,[A|D]) :- appendx(B,C,D).
Two predicates are generated aboappend/5 with just a single clause, arappendx/3
which happens to be identical to the origimgpend/3 . As can be seen from the example
above,write_program/3 prints all predicates called directly or indirectly from the new
query. The source code i&set_all/O , save_predicate/1 andwrite_program/3 IS
not given here, as the structure of these predicates is so simple.

Of course there is no guarantee tbah_fold/3  will eventually succeed for all programs

and questions, but somewhat surprisingly this happens almost always in ordinary Prolog
programs. However, without adding an extra loop check as an emergency break, this partial
evaluator is not guaranteed to terminate.

5.5 Partial evaluator 4: Full Prolog

In this section a partial evaluator for full Prolog, i.e. including non-logical predicates such as
var/l ,write/l  but without cut, is presented. In contrast to the partial evaluator for pure
Prolog, the order of the solutions will not be changed by this variant.

To be able to cope with the increased complexity needed for supporting full Prolog, the partial
evaluator is slightly restructured. The top-level predicates are however alnshanged:
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pe(A) :- reset_all,

peval_goal(A,[],Anew,Cls, IsRec),
write_program(A,Anew,CIs).

peval_goal(A,GS,Anew,Cls,IsRec) :-

reparametrization(A,Anew),

clause_disj(A,B),

copy_term(gs(A,Anew),gs(A2,Anew?2)),

NewGS = [gs(A2,Anew2,IsRec)|GS],

findall(pair((Anew :- Residue),NewGS),
p_goals(B,NewGS,Residue),
L),

extract(L,Cls,NewGS).

p_goals(A,GS,Rout) :-
p(A,state(true,GS,true,Res)),
cleanup_conj(Res,Rout).

extract([],[],.).
extract([pair(Cl,GS)|R],[CI|CIR],GS) .- extract(R,CIR,GS).

Partial evaluator 4, part 1 of 9: Top-level part for full Prolog

As the argument€, GS Rin andRout are seldom accessed, they are stored into a single
structurestate(C,GS,Rin,Rout) . This enables us to remove those four arguments from
several predicates and instead just have one catld .

The predicatep will classify a goal encountered into one of five groups: meta-predicates
built-in predicates, user-defined predicates, generated predicates and unknown predicates. A
optimization it is also checked whether the goal has already been partially evaluated (
is_already_pevaled/2 which inspects the asserted data base of generated predicates). If
the new goal is entered into the residue. Although not strictly necessary, this opdimiza
crucial for making the partial evaluator able to handle larger programs, by avoiding unnecess
recomputations.
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p(A,State) :- is_meta(A), !, peval_meta(A,State).

p(A,State) :- predicate_property(A,built_in), !,
peval_builtin(A,State).

p(A,State) :- is_already pevaled(A,Anew), !,
entergoal(Anew,State).

p(A,State) :- predicate_property(A,(dynamic)),!,
peval_user(A,State).

p(A,State) :- is_generated(A,Aorig),!,
p(Aorig,State).

p(A,State) :- peval_unknown(A,State).

Partial evaluator 4, part 2 of 9: Classifying goals

We will now look at the five cases mentioned above starting withmtbta-predicatesin
contrast to the other built-in predicates, these predicates take Prolog goals as arguments. Only the
treatment of disjunction and conjunction is shown below.

is_meta((_,)).
is_meta((_;_))-

peval_meta((A,B),state(C,GS,Rin,Rout)) :- !,
p(A,state((B,C),GS,Rin,Rout)).
peval_meta((A;B),State) :- !,
(p(A,State)
; p(B,State)).

Partial evaluator 4, part 3 of 9: Handling meta-predicates

The built-in predicates are handled exactly as before

peval_builtin(A,State) :- evaluable(A), !,
call(A), p_next(State).
peval_builtin(A,State) :- entergoal(A,State).

p_next(state(true, GS,Rin,Rin)) :- L.
p_next(state((A,C),GS,Rin,Rout)) :-
p(A,state(C,GS,Rin,Rout)).

Partial evaluator 4, part 4 of 9: Handling built-in predicates
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The user-definedoredicates are handled almost as before. Here all dynamic predicates ¢
considered user-defined, asause/2 only works for dynamic predicates. The selector
predicategoalstack/2 is used for accessing the goal-stack inSkete variable.

peval_user(A,State) :- can_fold(A,State,Anew), !,
entergoal(Anew,State).
peval_user(A,State) :- goalstack(State,GS),
loop_detection(A,GS), !,
entergoal(A,State).
peval_user(A,State) :-
goalstack(State,GS),
peval_goal(A,GS,Anew,Cls,IsRec),
(IsRec\==true ->
member((Anew :- B2),Cls),
entergoal(B2,State)
; save_predicate(A,Anew,CIs),
entergoal(Anew,State)

)-

goalstack(state(_,GS, , ),GS).

Partial evaluator 4, part 5 of 9: Handling user-defined predicates

Theunknownpredicates are predicates for which we lack any information. Normally they ar
predicates defined in a separate file not yet loaded. In that case the worst is assumed, i.e. the
treated exactly like predicates having a side-effect.

peval_unknown(A,state(C,GS,Rin,Rout)) :-
peval_after(side,A,C,GS,Rin,Rout).

Partial evaluator 4, part 6 of 9: Handling unknown predicates

5.5.1 Handling non-logical predicates

So far, not much has been changed in the program compared to the partial evaluator for
Prolog. The real difference comes in how new goals are entered into the residue
entergoal/2 where the classification of the predicate is crucial. Here this classification i
done by calling the predicatéassify _goals/2 . How this is done is shown in secti8r8B.
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entergoal(Goal,state(C,GS,Rin,Rout)) :-

classify_goals(Goal,Class),
peval after(Class,Goal,C,GS,Rin,Rout).

Partial evaluator 4, part 7 of 9: Entering a goal as a residue and continuing

The Class may either beside (for side-effect predicates$ensitive  (for propagation
sensitive predicates) dogical , and the predicatpeval after/6 has three clauses
corresponding to those cases.

peval after(side,Goal,C,GS,Rin,(Rin,Goal,Cls_or)) :-
peval_goals(C,GS,Goalnew,Cls),
to_disjunction(Cls,Goalnew,Cls_or).

peval_after(sensitive,Goal,C,GS,Rin,(Rin,Goal,Cls_or)) :-
peval_after(side,Goal,C,GS,Rin,(Rin,Goal,Cls_or)),
Cls_or \==false.

peval_after(logical,Goal,C,GS,Rin,Rout) :-
peval after(sensitive,Goal,C,GS,Rin,
(Rin,Goal,Cls_or)),

(propagate_left(Cls_or,Cls_rest) ->

(not_too_many_propagate left(Goal) ->
p(Goal,state((Cls_rest,true),GS,Rin,Rout))

X Rout = (Rin,Goal,Cls_rest)
)

;  Rout = (Rin,Goal,Cls_or)

)-

Partial evaluator 4, part 8 of 9: Improvements for “logical” and “sensitive” predicates

In the next three sections, the three clausegeofal after/3 shown above will be
explained in detail, one by one.

Side-effect goals

For aside-effecgoal, whatever follows the goal must not in any way effect the goal. That is,
no failures or instantiations of variables following the goal must change the goal. This is
implemented by the first clause péval_after/6 as shown above. To achieve a “border”
between the goalGoal ) and what follows it C), the partial evaluatopéval _goals/4 ) is
called again withC as an argument. The predicgteval goals/4 is quite similar to
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peval _goal/5 , but is used for arbitrary composite goals rather than single goals. There
however no need to extend the goal stack (which is used for checking for recursive calls) and
argumenisRec is not needed.

peval_goals(A,GS,Goalnew,Cls) :-
reparametrization(A,Goalnew),
findall(pair((Goalnew :- Residue),GS),
p_goals(A,GS,Residue),
L),
extract(L,Cls,GS).

Partial evaluator 4, part 9 of 9: Handling composite goals

The result is (as always from the partial evaluator) a new q@ogliew ) and new clauses
(Cls ). The new query could form the residue €@ibut instead a disjunction is formed by calling
to_disjunction(Goalnew, Cls, Cls_or) (see appendixC). This is clearly
advantageous whe@ls is the empty list ancCls_or becomedalse , or whenCls just
consists of a single clause afids_or essentially becomes the body of that claus€lsf
contains several clauses, thieéis_or becomes a disjunction.

Under no circumstances may any argumentoalnew become bound, even to an other
argument inGoalnew , as this binding could propagate left past the side-effect goal.

Examples
The examples elaborated below will illustrate how a call to
entergoal(Goal,state(C,GS,Rin,Rout))

is handled. In all examples IBS=[] , Rin=[] andGoal be the side-effect goalrite(X)
First let C be X=3. Then a partial evaluation ok=3 is performed by a call to

peval_goals(C,GS,Goalnew,ClIs) which returngGoalnew = eq(X) and Cls =
[(eq(3):-true)] . The callto_disjunction(Cls,Goalnew,Cls_or) transforms this
into Cls_or = (X=3) , SO the final residue becomwsite(X),X=3 , i.e. the same as what

we started with!
Similarly, if Cis X=3,X=4) , thenpeval _goals/4 will return Cls=[] , and

to_disjunction/3 will return Cls_or=false . The residue in this case then willdoene
write(X),false
If C is append(X,Y,[1,2]) thenpeval goals/4 will return Goalnew =

append2(A,B) and

Cls = [(append2([],[1,2]):- true),
(append2([1],[2]) :- true),
(append2([1,2],[]):- true)].
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Calling to_disjunction/3 will transform this into the disjunctiorCls_or =
(A=[],B=[1,2]; A=[1],B=[2]; A=[1,2],B=]]).

It might seem overly cautious not to allow any bindings to propagate left over the side-effect
goal, even if the variables involved do not occur in that goal, but the following examples show
that potential aliasing makes this necessary. The clause

p(X,Y,Z) :- write(X), Y=Z
cannot be transformed into

p(X,Y,Y) :- write(X) , as the querp(A,A,3) writes an unbound variable whereas
p(A,A,3) writes “3”. So potential aliasing makes it impossible in general to let variable
bindings propagate left past non-logical goals.

Propagation sensitive goals

For propagation sensitivegoals, an optimization is possible (which can be seen in
peval_after/6 ) if the goal is followed by &alse , the goal may fail. This follows directly
from the definition of propagation sensitive go&@swe know thatG,false is the same as
false

Logical goals

For logical goals, the above optimization is of course also valid, but more can be done. All
logical goalsG have the property thas,X=t is the same aX=t,G , so variable bindings may
safely be propagated left past the goal. If the logical goal is followed by a disjunction (created by
to_disjunction/3 ) we cannot propagate the bindings from the disjuncts. A call to the
predicatepropagate_left(Cls_or, Cls_rest) will succeed ifCls_or does not
contain any disjunction and will in that case perform the leading unificatio@$siror and
return the rest irCIs_rest . To ensure that the partial evaluator will always terminate, a limit
must be set on the number of left-propagations made for a specific goal. This limit is checked by
calling the predicat@ot_too_many_propagate_left/1 , Which succeeds if the limit is not
reached. If so, the partial evaluation is then restarted with the newly iastaiGbal followed
by Cls_or (andtrue to form a conjunction-list\Goal andCls_or may possibly contain
calls to predicates generated during partial evaluation. That isswggnerated(A,Aorig)
is called inp/2 so that these calls will be retransformed to the original predicate names.

5.6 Other features of Mixtus

For space and complexity reasons, the source code for many other features of Mixtus will not
be given here. The most important of these features are however described elsewhere in this text,
as follows

* The mechanism of generalized restart is used to guarantee that folding alwaysligventu

applies (see section 2.7).
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* Many built-in predicates, and cut in particular are supported by Mixtus(sgxer 4).



6 Examples of partial evaluation

This chapter gives some examples of what can be achieved by Mixtus. It is not a-straight
forward task to evaluate a program transformation system. For example, the run-time of the
transformed program must be measured using a specific query, not the general query given to the
partial evaluator. The run-times may then vary considerably for different specific queries, and it
is not clear which specific query is more representative than the other. For this reason most
examples here are given with the full input and output code so that the quality of the code
generated can be studied. In the first sub-section seven test programs are presented and the
performance of Mixtus is compared with five other partial evaluators.

In the following sections a small meta-interpreter, an interpreter for an assembler, an
interpreter for definite clause grammar and a program using wait-declarations are presented.

6.1 Lam’s test programs

The following test programs have been taken from John Lam’s comparison between five
different logic programming partial evaluators [Lam89]. The last two programs can be found in a
paper by Lam and Kusalik [Lam90]. Although the programs are very short and simple, they
illustrate several programming techniques. Each program is partially evaluated with respect to a
query, and the code produced is then shown together with some comments.
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6.1.1 Program 1: relative
Original program

relative(X, Y) :- ancestor(Z, X), ancestor(Z, Y).
ancestor(X,Y) :- parent(X,Y).

ancestor(X,Y) :- parent(X,Z), ancestor(Z,Y).
parent(X,Y) :- father(X,Y).

parent(X,Y) :- mother(X,Y).

father(jap, carol).

father(jap, jonas).

father(jonas, maria).

mother(carol, paulina).

mother(carol, albertina).

mother(albertina, peter).

mother(maria, mary).

mother(maria, jose).

mother(mary, anna).

mother(mary, john).

Partial evaluation query

relative(john,Y).

Program produced by Mixtus

As shown in sectiorl.6, a predicate relating the original query to the new query is added t
the produced program. The new queejativejohnl(A) is formed by extracting the
variables of the original querglative(john,A) . In this case, the transformed program will
use the indexing mechanism of SICStus Prolog, which only works on the first argument. Noti
that the same name may occur several times, which is a consequence of the fact that Mi:
preserves the order of the solutions.
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relative(john, A) :- relativejohn1(A).

relativejohn1(anna).
relativejohnl1(john).
relativejohnl(carol).
relativejohn1(jonas).
relativejohn1(paulina).
relativejohnl(albertina).
relativejohnl(peter).
relativejohn1(maria).
relativejohn1(mary).
relativejohni(jose).
relativejohn1(anna).
relativejohnl1(john).
relativejohn1(maria).
relativejohn1(mary).
relativejohni(jose).
relativejohn1(anna).
relativejohnl1(john).
relativejohn1(mary).
relativejohni(jose).
relativejohn1(anna).
relativejohnl1(john).

6.1.2 Program 2: match
Original program
match(P,T) succeeds if the pattern P is found in T.

match(P,T) :- matchl(P, T, P, T).

match1(fl, _, _, ).
matchl([A|Ps], [B|Ts], P, [_|T]) :-

A\== B, matchl(P, T, P, T).
match1([A|Ps], [A|Ts], P, T) :- match1(Ps, Ts, P, T).

Partial evaluation query

match([a,a,b], T).
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Program produced by Mixtus
match([a,a,b], A) :- 'match.al'(A).

% 'match.al'(A):-match([a,a,b],A)
'match.al'(A) :- 'matchl.a1'(A).

% 'matchl.al'(A):-matchl1([a,a,b],A,[a,a,b],A)
'matchl.al'(JA|B]) :- a\==A, 'matchl.a1'(B).
'matchl.al'([a,A|B]) :- a\==A, 'match1.al'([A|B]).
'matchl.al'([a,a,A|B]) :- b\==A, 'matchl.al'([a,A|B]).
'matchl.al'([a,a,b]A]).
In the above program, Mixtus has added some comments indicating the original que
corresponding to the generated predicate. The predmateh.al’/1 which just consists of a

single clause, can easily be removed by a post-processing stage.

Use of constraints to improve the code

The code produced above is approximately as efficient as that produced by the other pal
evaluators investigated by Lam. However, the progmatch originally comes from Fujita
[Fuji87], where constraints are used to produce a much better program. Mixtus can also be
to produce essentially the same program as Fujita does\E=#@& must be changed into the
more logicaldif/2 . This will make it possible to put a constraint on a variable, which is crucial
for pruning the search tree. An inspection of the program produced above shows that wi
dif/2  is used it is sub-optimal to stop unfolding when an instance of a goal on the goal-stack
found. For example, the goal in the second clauseaftchl.al'/1 IS better unfolded as it
only matches a single clause. The paramédtdd “instancé of Mixtus should therefore be unset,
so that unfolding will not be stopped prematurely by folding. This means that folding will onl
be attempted for goals that are variable variants. Finally, to emulate the result of Fujita, o1
deterministic goals are allowed to be unfolded by setting the paramaxe&ondeternio 1. This
will enable Mixtus to produce the following code.
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match([a,a,b], A) :- 'match.al'(A).

% 'match.al'(A):-match([a,a,b],A)
‘match.al'(A) :- 'matchl.al'(A).

% 'matchl.al'(A):-matchl([a,a,b],A,[a,a,b],A)
'matchl.al'([B|A]) :- dif(a, B), 'matchl.al'(A).
'matchl.al'([alA]) :- 'matchl.a2'(A).

% 'matchl.a2'(A):-matchl([a,b],A,[a,a,b],[alA])
'matchl.a2'([B|A]) :- dif(a, B), 'matchl.al'(A).
'matchl.a2'([alA]) :- 'matchl.b1'(A).

% 'matchl.b1'(A):-matchl1([b],A,[a,a,b],[a,a]A])
'match1.b1'([B|A]) :- dif(b, B), 'matchl.a2'(B, A).
'match1.b1'([b|_]).

% 'matchl.a2'(A,B):-matchl1([a,b],[A|B],[a,a,b],[a,A|B])
'matchl.a2'(B, A) :- dif(a, B), 'matchl.al'(A).
'matchl.a2'(a, A) :- 'matchl.b1'(A).

As pointed out by Smith and Hickey [Smit90a], partial evaluatiomatch/2 , where the

dif-constraints are handled properly, corresponds to a derivation of the Knuth-Morris-Pratt
[Knut77] string matcher.

6.1.3 Program 3: contains

Original program

String-matching:contains(Symbol, Text) succeeds if th&ext contains theSymbol .
(The arguments aofontains/2  are reversed in [Kurs88] and [Lam89].)

contains(Symbol,Text) :- con(Text, ([], Symbol)).

con(_, (L[I)-
con([C|Rtext], Symblnfo) :-

new(C, Symbinfo, SymbinfoNew),
con(Rtext, SymbinfoNew).

new(C,(Prefix, [C|RestPostfix]),(PrefixNew, RestPostfix)) :-
append(Prefix, [C], PrefixNew).

new(C,(Prefix, [D|RestPostfix]),(PrefixNew, PostfixNew)) :-
C\==D,
append(Prefix, [C], H),
append(PrefixNew, Rest, Prefix),
append(_, PrefixNew, H),
append(Rest, [D|RestPostfix], PostfixNew).

append([],A,A).
append([B|C],D,[B|E]) :- append(C,D,E).
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Partial evaluation query

contains([a,a,b], T).

Program produced by Mixtus
contains(A, [a,a,b]) :- contains1(A).

% contains1(A):-contains(A,[a,a,b])
contains1(A) :- conl(A).

% conl1(A):-con(A,([],[a,a,b]))
conl([alA]) :- con2(A).
conl1([A|B]) :- A\==a, conl(B).

% con2(A):-con(A,([a],[a,b]))
con2([alA]) :- con3(A).
con2([A|B]) :- A\==a,(con1(B) ;A=a,con2(B) ).

% con3(A):-con(A,([a,a],[b]))
con3([bJA]).
con3([A|B]) :- A\==b,(con1(B); A=a,con2(B); A=a,con3(B)).

Note that in the second clauseaain2/1 , A\==a followed by A=a cannot be simplified,
becauseA might be a variable. N==/2 is replaced by the more logicdif/2 , the undelined
branch of the program will be removed as expected. When this is done, the cddeedrby
Mixtus compares favorably with Kursawe’s partial evaluator [Kurs88], from which the prograr
contains/2  was originally taken.

6.1.4 Program 4: transpose

Original program
A matrix stored as a list of lists is transposed by this program.

transpose(M, []) :- nullrows(M).

transpose(M1, [Row|M2]) :-
makerow(M1, Row, M3),
transpose(M3, M2).

makerow([], [I, [D-

makerow([[X|R1]|M1], [X|Row], [R1|M2]) :-
makerow(M1, Row, M2).

nullrows([]).
nullrows([[]|M]) :- nullrows(M).

Partial evaluation query

transpose([[A,B,C,D,E,F,G,H,I],R2,R3],Res)
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Program produced by Mixtus
Mixtus performs all possible computations and returns a unit clause.

transpose([[A,B,C,D,E,F,G,H,1],J.K], L) :-
'transpose..1l'(A, B, C,D, E, F, G, H, |, J, K, L).

‘transpose..1'(A, B, C, D, E, F, G, H, |,
[J,K,L,M,N,O,P,Q,R],
[S,T,U,V,W,X,Y,Z Al],
[[A,J,S],[B,K,T],[C,L,U],[D,M,V],[E,N,W],
[F,0,X],IG,P,Y],[H,Q,Z],[I,R,A1]]).

6.1.5 Program 5: ssupply

Original program
A data base with some access predicates is given.

% suppliers(s#, sname, status, city)
suppliers(s1, smith, 20, london).
suppliers(s2, jones, 10, paris).
suppliers(s3, blake, 30, paris).
suppliers(s4, clark, 20, london).
suppliers(s5, adams, 30, athens).

% parts(p#, pname, color, weight, city)
parts(pl, nut, red, 12, london).
parts(p2, bolt, green, 17, paris).
parts(p3, screw, blue, 17, rome).

%supply(s#, p#, qty)
supply(sl, p1, 300).
supply(sl, p2, 200).
supply(sl, p3, 400).
supply(s2, p1, 300).
supply(s2, p2, 400).
supply(s3, p1, 400).
supply(s4, p1, 200).
supply(s5, p1, 500).
supply(s5, p2, 400).

heavyweights(PN, PName, Color, Weight, PCity) :-
parts(PN, PName, Color, Weight, PCity),
Weight > 10.

london_heavyweights(PN, PName, Color, Weight) :-
heavyweights(PN, PName, Color, Weight, PCity),
PCity = london.
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red_parts(PN, PName, Weight, PCity) :-
parts(PN, PName, Color, Weight, PCity),
Color = red.

london_red_parts(PN, PName, Weight) :-
red_parts(PN, PName, Weight, PCity),
PCity = london.

london_red_heavy parts(PN, PName, Weight) :-
london_red_parts(PN, PName, Weight),
london_heavyweights(PNo, PName, Color, Weight),
PNo = PN.

good_suppliers(SN, SName, Status, SCity) :-
suppliers(SN, SName, Status, SCity),
Status > 10.

best_suppliers(SN, SName, Status, SCity) :-
good_suppliers(SN, SName, Status, SCity),
good_cities(City),
City = SCity.

good_cities(paris).
good_cities(london).
good_cities(hongkong).
good_cities(regina).
good_cities(saskatoon).

ssupply(SN, PN, Qty) :-
london_red_heavy_parts(PN, PName, Weight),
best_suppliers(SN, SName, Status, SCity),
supply(SN, PN, Qty).

Partial evaluation query
ssupply(X,Y,2).

ssupply(X,Y,Z) means thak is a supplier from London which supplies red heavy parts
with part numberY in quantityZ.

Program produced by Mixtus
ssupply(A, B, C) :- ssupplyl(A, B, C)
% ssupply1(A,B,C):-ssupply(A,B,C)
ssupply1(si, p1, 300).

ssupply1(s3, p1, 400).
ssupplyl(s4, p1, 200).



Examples of partial evaluation 133

6.1.6 Program 6: depth
Original program

depth(true, 0).
depth((A, B), D) :- depth(A, D1), depth(B, D2), max(D1, D2, D).
depth(A, s(D1)) :- in_clause(A, B), depth(B, D1).

max(s(X), 0, s(X)).
max(0, s(X), s(X)).
max(s(X), s(Y), s(M)) :- max(X, Y, M).

in_clause(member(X, Xs),app(_, [X]_],Xs)).
in_clause(app([], L, L),true).
in_clause(app([X|L1], L2, [X|L3]), app(L1, L2, L3)).

Partial evaluation query

depth(member(X,[a,b,c,m,d,e,m,f,g,m,i,j]),D)

Program produced by Mixtus

depth(member(B,[a,b,c,m,d,e,m,f,g,m,i,j]), A) :-
depthmember2(B, A).

% depthmember2(A,B):-depth(member(A,[a,b,c,m,d,e,m,f,g,m,i,j]),B)
depthmember2(a, s(s(0))).
depthmember2(A, s(s(B))) :-

depthapp3(A, B).

% depthapp3(A,B):-depth(app(C,[A|D],[b,c,m,d,e,m,f,g,m,i,j]),B)
depthapp3(b, s(0)).

depthapp3(c, s(s(0))).

depthapp3(m, s(s(s(0)))).

depthapp3(d, s(s(s(s(0))))).

depthapp3(e, s(s(s(s(s(0))))))-

depthapp3(m, s(s(s(s(s(s(0)))))))-
depthapp3(f, s(s(s(s(s(s(s(0)))))))).
depthapp3(g, s(s(s(s(s(s(s(s(0))))))).
depthapp3(m, s(s(s(s(s(s(s(s(s(0))))))))))-
depthapp3(i, s(s(s(s(s(s(s(s(s(s(0))))))))))-
depthapp3(j, s(s(s(s(s(s(s(s(s(s(s(0))MM))).

The predicatalepthapp3/2 has not been unfolded above since the limit for unfolding of
non-deterministic predicates has been reached. If the Mixtus parameetaondeternmad been
set to a value higher than 10, the predicate would have been unfolded.
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Another query to Mixtus

The capabilities of the partial evaluator are better illustrated if a less specific query is given
the partial evaluatodepth(member(B,C), A) . The resulting program then is

depth(member(B,C), A) :-
depthmemberl(B, C, A).

% depthmemberl(A,B,C):-depth(member(A,B),C)
depthmemberl(A, B, s(C)) :-
depthappl(A, B, C).

% depthappl(A,B,C):-depth(app(D,[A|E],B),C)
depthappl(A, [A_], s(0)).
depthappl(A, [_|B], s(C)) :-

depthappl(A, B, C).

Note that the last three clauses correspond to the clauses stored asdatause/2

6.1.7 Program 7: grammar

Original program
This program is a translation of a definite clause grammar for a restricted functional languag

expression(T,Q) --> v(T), quals(Q).
expression(T,[]) --> v(T).

v(T) --> ident(T).

v(T) --> numeric( T ).

v(T) --> builtin( T ).

v(T) --> bracket(T).

v(subscripted(T,S)) --> ident( T ), down, v(S), up.
v(T) --> leftparen, v(T), rightparen.

bracket(bracket(V,S,A)) --> leftbracket,
v(V), semicolon,
bracketlist(S), semicolon,
bracketlist(A), rightbracket.
bracket(bracket(1,S,A)) --> leftbracket,
bracketlist(S), semicolon,
bracketlist(A), rightbracket.
bracket(bracket(1,apply(tally,A),A)) --> leftbracket,
bracketlist(A), rightbracket.

bracketlist(subrange(T,R)) --> v(T), down, subrange( R ), up.
bracketlist(T) --> itemized(T).
bracketlist(N) --> v(N).

itemized([H|T]) --> v(H), comma, itemized(T).
itemized([T]) --> v(T).
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subrange( subrange(L,U) ) --> v(L), dotdot, v(U).
subrange( subrange( open, open ) ) --> dotdot.

quals(mergequals(Q1,Q2)) --> qual(Q1), quals(Q2).
quals(Q) --> qual(Q).

qual(suchthat(L,R)) --> suchthat, v(L), equal, v(R).
qual(forall(T)) --> forall, subrange(T).
qual(when(T)) --> when, v(T).

qual(where(T)) --> where, isa(T).

isa( def( ID, VAL )) --> ident(ID), isa, v(VAL).

leftparen --> ['(].
rightparen --> [')1.
leftbracket --> [T].
rightbracket --> 1.
colon --> [""].
semicolon --> [';].
dotdot --> ['.."].

comma --> ['"].

equal --> ['=1.

where --> [where].
when --> [when].

isa --> [is].

suchthat --> [suchthat].
suchthat --> [such],[that].
forall --> [forall].

forall --> [for],[all].
down --> ['{].

up -->[}].

builtin( true ) --> [true].
builtin(false) --> [false].
builtin(nil) --> [nil].
builtin(Int) --> ['Int1].
builtin('Nat') --> ['Nat'].
builtin('Bool") --> ['Bool].

ident( D ) --> commonfunction( D ).
ident( D ) --> commonvariable( D ).
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numeric(0)-->[0].
numeric(1)-->[1].
numeric(2)-->[2].
numeric(3)-->[3].
numeric(4)-->[41].
numeric(5) -->[5].
numeric(6)-->[61].
numeric(7)-->[7].
numeric(8)-->[8].
numeric(9)-->[91].

commonfunction( tally ) --> [tally].
commonfunction( shuffle ) --> [shuffle].
commonfunction( link ) --> [link].
commonfunction( cols ) --> [cols].
commonfunction( reshape ) --> [reshape].
commonfunction( div ) --> [div].
commonfunction( mod ) --> [modl].
commonfunction( index ) --> [index].
commonfunction( -") --> ['-'].
commonfunction( *") --> [*.
commonfunction( each ) --> [each].
commonvariable( a) --> [a].
commonvariable( n) --> [n].
commonvariable( f) --> [f].
commonvariable( v ) --> [v].
commonvariable( x ) --> [x].
commonvariable( i) --> [i].
commonvariable( shp ) --> [shp].
commonvariable( arg ) --> [arg].
commonvariable( res ) --> [res].

ac([Symbol|Rest],Symbol,Rest).

Partial evaluation query

expression(n,[],String,[])

Program produced by Mixtus

expression(n, [], A, []) :- expressionnl1(A).

% expressionnl(A):-expression(n,[],A,[])
expressionn1([n]).
expressionn1(['(',n,")']).
expressionn1(['(,'(|A]) :- vn2(A, []).

% Vn2(A,[]):-V(n,A,[')',')'])

vn2([n,),)|AL A).

vn2(['('|B], A) :- vn2(B, [')'|AD.

Program produced with preserve_loops unset
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The above program was produced with the Mixtus paranpeéserve loopsinset, which is
the default. That is, Mixtus was allowed to replace non-productive loops followed by failure with
a failure, and to propagate bindings left thereby potentially replacing non-productive loops with a
failure. For the other six test programs the settingre$erve _loopsloes not matter, but for this
program it makes a difference. The following code is produced by Mixjueserve loopss
set.

expression(n, [], A, []) :- expressionnl1(A).

% expressionnl(A):-expression(n,[],A,[])
expressionnl(A) :- vnl(A, ), fail.
expressionnl([n]).

expressionnl(['('|A]) :- vnl(A, B), B=[)].

% vnl(A,B):-v(n,A,B)

vnl([n]A], A).

vn1(['(|B], A) :- vn1(B, C), C=[)'|A].

Program produced with preserve_loops set

Clearly this code is not as efficient as the code produced meserve_loopsvas unset. The
first clause ofexpressionnl/1 will never succeed, but will only fail or loop forever, and is
better removed totally. Left propagation of bindings will make the program tail-recursive.

If the queryexpression(n,[],X,[]) IS given to this program it will indeed loop ®&er,
without producing any results. On the other hand, the program producegrestérve loops
unset will for that query correctly find exactly those instancestbat succeed:

n?;
(., )] ?,

Y17,

X=
X=[
X [
etc

6.1.8 Test results

The other partial evaluators in Lam’s paper are Fujita’s (tewsuadtraintsby Lam) [Fu;ji87],
Kursawe’s pure) [Kurs88], ProMix by Lakhotia [Lakh89a, Lakh89b, Lakh89c], Levi and
Sardu’s (mult) [LeSa88] and Takeuchi'péval) [Take86].

In comparison with the code produced by these partial evaluators, code produced by Mixtus
performs well. Note that all code produced by Mixtus was made without any aonstand that
Mixtus is careful to maintain full Prolog semantics. The following table shows the search tree
size, i.e. the number of logical inferences performed, for some run-time queries. In section 6.2 an
interpreter computing the search tree size is presented. All data except data for Mixtus come from
[Lam9Q].
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Orig. prog. Lam’s figures Mixtus
program |run-time query search tree best search search
size system(s) tree size | tree size
relative relative(john, peter) 112 pure, 2 3
ProMIX,
peval
match | jaich(aab), 59 peval 46 56
[a,b,c,d,e,f,g,h,ijk, (using\== (speed-up (speed-ug
[,Lm,n,0,p,q.r,s,t,u, 1.13) 1.31)
v,a,a,b,w,x,y,z]) constraints 56 57
(using (speed-up (speed-ug
dif2 ) 1.64) 1.56)
contains contains([a,a,b], 109 peval 9 6
[a,b,c,d,e.f,g,h,a,a,
b,i,j,k,l,m,n,0,p,q,r,
s,t,u,v,w,X,y,2])
transpose| yanspose( 69 pure, 2 3
[1,2,3,4,5,6,7,8,9], ProMIX,
[2,3,4,5,6,7,8,9,10], mult, peval
[3,4,5,6,7,8,9,10,11]],
Transpose)
ssupply ssupply(s3,pl,Quantity) 25 pure, 2 3
ProMIX,
peval
depth depth(member(i,[a,b,c, 38 pure, mult, 2 4
m,d,e,m,f,g,m,i,j]),D) peval
grammar | eypression(n,[l, 160 peval 6 6
[CCCCnY,
)10

For several of the above programs, the search tree size is 3 for Mixtus, which is one more t
the best of the other partial evaluators. This extra inference can be attributed to the top le
clause relating the original predicate to the one produced, and could be removed at a p
processing stage of the code. Also note that there is just one extra inference per program, no
predicate.

The run-time figures are approximately proportional to the search tree size, and thus there
considerable speed-up for most of the programs. There is one notable exception in the case ¢
programmatchas shown in the table. The program produced by the partialeeagatonstraints
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by Fujita needs more inferences but runs considerably faster than the program procheed by

The speed-up figures are given within parentheses. Fujita’s program is more deterministic and
the structures unified are much smaller. As shown earlier, Mixtus is capable of producing a
program very similar to Fuijita’s.

Prestwich [Pres90] has also used Lam’s tests to benchmark his system. For the seven pro
grams presented above he reports the following search tree sizes: 1, 51, 47, 1, 1, 1 and 6. That is,
his system has a couple of inferences less than Mixtus for all programs except program 3
(containg, where it has a search tree that is eight times larger. The system is semi-automatic in
the sense that a generalization function has to be declared.

6.2 Meta-interpreter for search tree size

The performance of the various partial evaluators in se@ibr8 were compared using the
“search tree size”. Given a goal, the following interpreter will compute the search tree size.
searchsize(G,N) :-
reset_counter,

ss(G), |,
read_counter(N).

ss(true) :- 1, inc.

ss((A, B)) :- I, ss(A), ss(B).

ss(X) :- predicate_property(X,built_in), !, inc, call(X).
SS(A) :- clause(A, B), inc, ss(B).

reset_counter :- retractall(counter(_)), assert(counter(0)).
read_counter(N) :- retract(counter(N)).
inc :- retract(counter(N)), N1 is N+1, assert(counter(N1)).

Using partial evaluation the interpretation overhead may be removed. Consider the following
program.

nrev((], [I).
nrev([X|Xs], R) :- nrev(Xs, R1), append(R1, [X], R).

append([], L, L).
append([H|T], L, [H|R]) :- append(T, L, R).

The result of partial evaluation of the quesarchsize(nrev(A,B),N) is
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searchsize(nrev(A,B),C) :- searchsizenrevl(A,B,C).

% searchsizenrevl(A,B,C):-searchsize(nrev(A,B),C)
searchsizenrevl(A, B, C) :-

reset_counter,

ssnrevl(A, B), !,

read_counter(N).

% ssnrev1(A,B):-ss(nrev(A,B))
ssnrev1([], []) :- inc, inc.
ssnrevl([B|C], A) :- inc, ssnrevl(C, D), ssappendl1(D, B, A).

% ssappendl(A,B,C):-ss(append(A,[B],C))
ssappendl([], A, [A]) :- inc, inc.
ssappendl([B|C], A, [B|D]) :- inc, ssappend1(C, A, D).

To improve the readability of the produced program, Mixtus was not given the definitions «
reset_counter/0 , read_counter/1 andinc/0 . When producing the above gram,
we ignored all difficulties concerningjause/2  as discussed in section 4.2.4.9.

6.3 A simple interpreter for a simple assembler

The program given below is an interpreter in Prolog for an assembler-like language. Only
few instructions are implemented, which is sufficient to show the programming style. Tt
instruction

add,srcl,src2,dest

will add the contents of the cells at addressesdl andsrc2 and put the result in address
dest . The instructionsub , mul, and (logical bitwise and), andghr (shift right) are similar.

goto,lbl

will unconditionally jump to the labdbl , and
beq,src,Ibl

jumps tolbl if the contents of the cell at address is zero. The pseudo-instruction
label,lbl

indicates the location of the label . Finally the instruction
print,src

prints the contents of the cell at address .

The memory of the assembler-machine is implemented as a list of pairs. For example
[a-17, b-0, x-123]



Examples of partial evaluation 141

means that the cell a has the contents 17. The predicatd(@gXV,M) will read the value of
cell X from the memoryM and return that value iXV. Similarly the predicate call
wr(Z,ZV,M,M2)  will take a memoryM and replace the value of c&lwith the valueZV to
obtain the new memoriyl2

On the top-level the interpreter is called tan(P,M) whereP is the program as a list of
instructions andMis the initial state of the memory. The main predig&e of the interpreter is
called withi(P,P,M) , where the first argument serves as a program counter with the next
instruction to be executed first in the list, and the second argument always contains the whole
program so that backward jumps can be made. The code has been written with simplicity rather
than efficiency in mind. For example, tgeto -instruction is executed by calling append non
deterministically to find the code following the label.

run(P,M) :-i(P,P,M).

i(0._)-
i(fadd,X,Y,Z|R],P,M) :-rd(X,XV,M), rd(Y,YV,M), ZV is XV+YV,
wr(Z,2V,M,M2), i(R,P,M2).
i([sub,X,Y,Z|R],P,M) :-rd(X,XV,M), rd(Y,YV,M), ZV is XV-YV,
wr(Z,2V,M,M2), i(R,P,M2).
i(Imul,X,Y,Z|R],P,M) :-rd(X,XV,M), rd(Y,YV,M), ZV is XV*YV,
wr(Z,2V,M,M2), i(R,P,M2).
i(fand,X,Y,Z|R],P,M) :-rd(X,XV,M), rd(Y,YV,M), ZV is XVAYV,
wr(Z,2V,M,M2), i(R,P,M2).
i([shr,X,Y,Z|R],P,M) :-rd(X,XV,M), rd(Y,YV,M), ZV is XV>>YV,
wr(Z,2V,M,M2), i(R,P,M2).
i([label,_|R],P,M) :- i(R,P,M).
i([goto,L|_],P,M) :- append(_,[label,L|R],P), i(R,P,M).
i([print,X|R],P,M) :- rd(X,XV,M), write(XV), i(R,P,M).
i([beq,X,L|R],P,M) :- rd(X,V,M),
(V=0 -> i([goto,L|R],P,M);
i(R,P,M)).

wr(X,V,[X-_|Mem],[X-V|Mem]).
wr(X,V,[C|[Mem],[C|[Mem2]) :- wr(X,V,Mem,Mem2).

rd(X,V,Mem) :- member(X-V,Mem,_).

member(X,[X|R],R).
member(X,[Y|R],[Y|R2]) :- member(X,R,R2).

append([], L, L).
append([H|T], L, [H|R]) :- append(T, L, R).

An interpreter for an assembler-like language

An assembler program which prints iax=1 and k0 is shown below. The initial values of
the memory cells for a, b and x are given in a list which is an argument to the predicate
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a_exp_b/1 . Before callingrun(P,M) , the whole program is put in the |8t and the initial
memory configuration is put ik

a_exp_b([A,B,X]) :- % comments in C
%X =1, %x=1
P=
[
label,start, % while (b !'=0)
beq,b,end, % |
label,while_even, %
and,b,one,temp, %  while (b & 1) ==0)
beq,temp,even, % {
goto,not_even,
label,even,
shr,b,one,b, % b =b>>1;
mul,a,a,a, % a=a*a
goto,while_even,
label,not_even, % }
sub,b,one,b, % b=b-1
mul,x,a,x, % x=x*a
goto,start, % }
label,end,
print,x], % print x
Mem=[a-A,b-B,x-X,temp-_,one-1],
run(P,Mem).

An assembler program which prirdg if x=1 andb>0

The result of partial evaluation of the queryexp_b(A) with respect to the interpreter and
the assembler program is shown below. The comments are generated by Mixtus and show
relation between the newly generated predicate and the predicate call that caused it tc
generated. The very long comment fardeqg2'/3 shows that this predicate cgponds to the
situation when the instructiorbéqg,temp,even " is just to be executed. That predicate is also
deterministic and tail-recursive, which means that the recursive call will be compiled to just
jump to the beginning of the code. The code produced by a Prolog compiler should therefore
rather close the original assembler program!
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a_exp_b(A) :-
a_exp_bl(A).

% a_exp_bl1(A):-a_exp_b(A)
a_exp_bl1([A,B,C]) :-
( B=0->
write(C)
; Dis BAL,
'i.beq2'(A, B, C, D)
).

% 'i.beg2'(A,B,C,D):-
% i([beq,temp,even,goto,not_even,label,even,shr,b,one,b,
% mul,a,a,a,goto,while_even,label,not_even,sub,b,one,b,
% mul,x,a,x,goto,start,label,end,print,x],
% [label,start,beq,b,end,label,while_even,and,b,one,temp,
% beq,temp,even,goto,not_even,label,even,shr,b,one,b,
% mul,a,a,a,goto,while_even,label,not_even,sub,b,one,b,
% mul,x,a,x,goto,start,label,end,print,x],
% [a-A,b-B,x-C,temp-D,one-1])
'i.beq2'(A, B, C, D) :-
( D=0->
E is B>>1,
Fis A*A,
Gis EN1,
'i.beg2'(F, E, C, G)
; His B-1,
| is C*A,
( H=0->
write(l)
; Jis HAL,
'.beg2'(A, H, I, J)
)
).

Code 1: result from partial evaluation of the quaryexp_b(X)

The querya_exp_b([3,19,1]) corresponds to computind®3 Using the interpreter and
the assembler program directly this computation takes 21ms (on a SPARCstation 1), whereas
using the program produced by partial evaluation it takes 0.89ms. Thus in this case partial
evaluation will speed up the computation more that 20 times.

The assembler program above does not compute the val@ebgfraultiplying by a b times,
but rather by repeated squaring and multiplication. For exampis,rmt computed by the direct
product a-a-a-a-a but rather by the expressié)? afaclassical exercise in partial evaluation is to
compute & given that b=5 [Ersh80]. If Mixtus is given the queayexp_b([A,5,1]) the
following program is produced.
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a_exp_b([A,5,1)]) :-
‘a_exp_b.1'(A).

% 'a_exp_b.1'(A):-a_exp_b([A,5,1])
‘a_exp_b.1'(A) :-

Bis A,

Cis A*A,

Dis C*C,

E is B*D,

write(E).

Code 2: result from partial evaluation of the quaryexp b([A,5,1])

There are two ways to produce the above program. Either by a one-step procedure where
query a_exp_Db([A,5,1]) is partially evaluated given the interpreter and the assemble
program. Alternatively a two-step procedure is employed where the partial evaluator is call
twice: first with the more general queayexp_b(X) producing Code 1 above, and then using
the querya_exp_b([A,5,1]) on Code 1 to produce Code 2. It is a remarkable fact, as show
by the table below, that the two-step procedure is much more efficient. This is because
optimizations depending on b being 5 are carried out on a much simpler program (code 1) tl
the whole interpreter.

method | query program result partial
evaluation time
one-step | a_exp_b([A,5,1]) interpreter + code 2 455s
assembler prog.
two-step | a_exp_b(X) interpreter + code 1 167s
assembler prog.
a_exp_b([A5,1]) code 1 code 2 2s

This appears to be an optimization technique that is frequently applicable. Given a que
which is to be partially evaluated, if the program produced from partial evaluation by a mo
general query produces a much smaller program than the original one, it might be gabuanta
to use the two-step technique. In certain cases, even a multi-step technique may vyield even b
results. Mixtus does not attempt to automatize this optimization.

6.4 Definite Clause Grammar

Most Prolog systems, including SICStus, have built-in support for writing definite claus
grammars [PeWa78], which is a convenient way to express grammar rules of the form
head--> body.
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which means thatody is a possible form fdnead Usually these rules are considered “syntactic
sugar” and are converted to ordinary clauses when read in. An alternative approach is to write an
interpreter for these rules:

:- 0p(1200,xfx,--->). % used instead of --> to avoid confusion

dcg(G,_, ) :- var(G), !,
write(‘error: variable given as a goal'), nl, fail.
dcg({G},A,B) :- I, G, A=B.
dcg((G1,G2),A,C) :- !, dcg(G1,A,B), dcg(G2,B,C).
dcg((G1;Else),A,C) - (nonvar(G1), G1=(Test->Then)), !,
(dcg(Test,A,B)->
dcg(Then,B,C)
; dcg(Else,A,C)).
dcg((G1;G2),A,B) - !, (dcg(G1,A,B); dcg(G2,A,B)).
dcg(G,A,B) :-islist(G), !, append(G,B,A).
dcg(\+G,A,B) :- !, \+dcg(G,A,B).
dcg((G1->G2),A,C) :- I, (dcg(G1,A,B)->dcg(G2,B,C)).
dcg(G,A,B) :- (G ---> Body), dcg(Body,A,B).
dcg(G,A,B) :- G=..Glist, append(Glist,[A,B],G2list),
G2=..G2list, G2.

append([], L, L).
append([H|T], L, [H|R]) :- append(T, L, R).

islist(X) :- X==[]; functor(X,F,2), F=".", arg(2,X,X2), islist(X2).

The above interpreter can be partially evaluated with respect to some rules. The following
grammar for regular expressions will illustrate the method.

;- op(400,xf,™"). % postfix
:- op(100,fx,"). % prefix

regexpr((A;B)) ---> (regexpr(A); regexpr(B)).
regexpr((A,B)) ---> regexpr(A), regexpr(B).
regexpr(_*) ---> [].
regexpr(X*) ---> regexpr(X),regexpr(X*).
regexpr("X) ---> [X].
regexpr(any) --->[_].
These rules are to be understood as follows. A list matches a regular expression depending on
the form of the expression:
* (A;B) matches if A or B matches
* (A,B) matches if A followed by B matches
* A* matches the empty list or a list where A matches one or several times in succession
¢ X matches the terminal symbol X
* any matches any single terminal symbol
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Mixtus will produce the following code for the quedgg(regexpr(C), A, B)
dcg(regexpr(C), A, B) :- dcgregexprl(C, A, B).

% dcgregexprl(A,B,C):-dcg(regexpr(A),B,C)
dcgregexprl((C;_), A, B) :-
dcgregexprl(C, A, B).
dcgregexprl((_;C), A, B) :-
dcgregexprl(C, A, B).
dcgregexprl((C,D), A, B) :-
dcgregexprl(C, A, E),
dcgregexprl(D, E, B).
dcgregexpri(_*, A, A).
dcgregexprl(C*, A, B) :-
dcgregexprl(C, A, D),
dcgregexprl(C*, D, B).
dcgregexprl(‘A, [A|B], B).
dcgregexprl(any, [_|A], A).

A dummy definition ofregexpr/3  is needed to avoid expansion in the last clausicgf3 .
Otherwise calls would have been generated to the supposedly external predjeaje/3
which would have complicated the above code.

As the code produced by SICStus definite clause expansion mechanism is quite similar, pa

evaluation here provides an alternative way of doing the transformation. Pereira and Shieber :

have an interpreter for definite clause grammars which they partially evaluate and achieve sirr
results [PeSh87].

We are now able to go one step further, and partially evaluate the more specific que
dcg(regexpr(("1;°2,°3%)*), A, []) which produces:

dcg(regexpr(("1;°2,"3%)%), A, []) :-
‘dcgregexpr*;"11'(A).

% 'dcgregexpr*; 11'(A):-dcg(regexpr(("1;°2,"3%)%),A[)
‘degregexpr*;"11'([]).
'dcgregexpr*;"11'([1]|A]) :-
'dcgregexpr*;"11'(A).
'dcgregexpr*;"11'([2|A]) :-
'dcgregexpr*"31'(A, B),
'dcgregexpr*;"11'(B).

% 'dcgregexpr* 31'(A,B):-dcg(regexpr("3*),A,B)

'dcgregexpr*"31'(A, A).

‘dcgregexpr**31'([3|B], A) :-
'dcgregexpr*"31'(B, A).

A variable as a goal
A variable may be a goal in the body of a definite clause grammar rule, for example
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test(A) --> [before], A, [after].

SICStus expands this clause to

test(A, B, C) :-

'C'(B, before, D),

phrase(A, D, E),

'C'(E, after, C).
During execution it is expected that this géak instantiated, anghrase/3 , which is a built
in predicate, will handle its first argument according to the rules for a grammar body. Partial
evaluation of the quergcg(test(X),A,B) which uses the DCG interpreter above will
produce similar code.

dcg(test(C), A, B) :-
dcgtest1(C, A, B).

% dcgtest1(A,B,C):-dcg(test(A),B,C)
dcgtest1(A, [before|C], B) :-

dcgl(A, C, D),

D=[after|B].

The code fodcgl/3 is not shown as it is almost identical to the interprétgy3 above.

6.5 Wait-declarations

The following program mainly illustrates how wait-declarations are handled in Mixtus, but it
also shows that cut can be executed and eliminated. The predfi@ateas shown below,
implements a monotonic function f which is used when the least fixed point is to be found in a
set of equations. The details on how this is done can be found in [Sahl90a].
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f(X,Y,V) - f(X,Y,V,0,0,0).

f(X,Y,V,XInext,YInext,VI) :-
t(XInext,YInext,Vinext),
increment_V(VI,VInext,V,Vnext),
X(X,Y,Vnext,XInext,YInext,Vinext),
fy(X,Y,Vnext,XInext,YInext,Vinext).

XK, Y,V XLYLVI) - max(M), XI<M, t(M,M,Max), VI<Max, !,
X1 is XI+1, x_incremented(X,Y,V,XI1,Y,VI).
fX(_a_!_y_a_a_)'

fy(X,Y,V, XLYLVI) :- max(M), YI<M, t(M,M,Max), VI<Max, !,
YI1is YI+1, y_incremented(Y,X,V,XI,YI1,VI).
fy(_’_’_l_!_i -

;- wait x_incremented/6.
x_incremented(s(X),Y,V, XL,YLLVI) :- f(X,Y,V,X,YLLVI).
- wait y_incremented/6.
y_incremented(s(Y),X,V,XL,YLLVI) :- f(X,Y,V, XL, YL, VI).

increment_V(VInext,Vinext,Vnext,Vnext) :- L.
increment_V(VI,VInext,s(V),Vnext) :-
VI1is VI+1, increment_V(VI1,VInext,V,Vnext).

That code calls the predicaté8 andmax/1 describing the monotonic function f:

t(0,0,0). t(0,1,1). t(0,2,1).
t(1,0,0). t(1,1,1). t(1,2,2).
t(2,0,2). t(2,1,2). 1(2,2,2).
max(2).

The result of partial evaluation of the quéf}{,Y,Z) is the following (where the predicates
produced by Mixtus have been renamed for readability).
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f(X, Y, V) - ix10(X, Y, V), fy0L1(Y, X, V).

;- wait fx01/3.

fx10(s(X), Y, V) :- x20(X, Y, V), fy11(Y, X, V).

;- wait fx20/3.

x20(s(X), Y, s(s(V))).

;- wait fy11/3.

fy11(s(Y), X, s(V)) :- fx21(X, Y, V), fy12(Y, X, V).
;- wait fx21/3.

x21(s(X), Y, s(V)).

;- wait fy12/3.

fy12(s(Y), X, s(V)).

;- wait fy10/3.

fy01(s(Y), X, s(V)) :- Ix11(X, Y, V), fy02(Y, X, V).
;- wait fx11/3.

fx11(s(X), Y, V) - x21(X, Y, V), fy12(Y, X, V).

;- wait fy02/3.

fy02(s(Y), X, V) :- x12(X, Y, V).

;- wait fx12/3.

x12(s(X), Y, s(V)).

Partially evaluated program
Usingf/3 , which implements the monotonic function f, the least fixed point of the equations
X1 = f(X1,X2), X2 = f(X1,1) is found by
?- f(X1,X2,X1), f(X1,s(),X2).
which returns
X1=s( ), X2=s( )

that is, x=1 and »=1. The original program needs 3.4 ms to answer that query on a
SPARCSstation 1, whereas the partially evaluated program needs just 0.5 ms.






7 Conclusions

In this chapter the main contributions of the thesis are first summarized. A brief discussion of
related work then follows. Then some properties of the program produced by the partial evaluator
are discussed, and also the efficiency of the partial evaluator itself. A discussion of the suitability
of applying partial evaluation to Prolog programs follows. Finally, some of the remaining
problems and research issues are mentioned.

7.1 Contributions

The main contributions are the following. A new definition of partial evaluation for full Prolog
Is given, which is adapted to the non-logical features of Prolog. Less strict versions of the
definition are presented which allow some non-productive loops to be removed, and it is argued
that this relaxation is reasonable both from a procedural and a declarative point of view.

A partial evaluator for full Prolog, named Mixtus, is presented. The most distinctive feature of
Mixtus is the automatic handling of unfolding, which is based on a loop prevention mechanism
and a mechanism for generalized restart using anti-unification. A distinction is made between
loop detection and loop prevention, and several algorithms for the latter are described and proven
correct.

To improve the treatment of a number of built-in predicates, cut in particular, a module is
presented which estimates the number of solutions a goal may produce. Precise definitions are
given of what is meant by logical, propagation sensitive and side-effect predicates. Based on
these definitions further optimizations are allowed while retaining the full Prolog semantics.

Attention is also given to the built-in predicates, cut in particular, where the concept of input
variables increases the opportunities for a cut to be performed during partial evaluation. In the if-
then-else construct, the test may be non-deterministic and yet the bindings generated there may
be propagated to the then-part. Negation as failure is fully supported, since it is based on the cut.
The built-in predicatefindall/3 , bagof/3 andsetof/3  are handled properly even if some
potential solutions fail due to “bound” variables being instantiated at run-time. Mixtus has
limited support for frozen goals and dif-constraints. Programs that create cyclic structures are
handled correctly, but not efficiently, since Mixtus avoids creating cyclic structures. In appendix
A, an algorithm for doing anti-unification on cyclic structures is presented. In chapter 5 an
elementary partial evaluator is developed from a meta-interpreter. The full partial evaluator,
named Mixtus, has been made available for research and educational purposes.
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7.2 Related work

We don’t view Prolog primarily as a logic programming language but as a procedur:
language, so side-effects and the order of the solutions produced by a program are of cel
importance. Thus, we cannot base our methodology on the declarative semantics and can ne
use the unfolding transformations as described in [Tama84] nor the definition of partial deducti
in [LIoy87, Komo89]. Instead we provide alternative definitions, suitable for full Prolog.

We share this view of Prolog with a number of researchers, but unfortunately a number
publications have been unclear as to whether they are focused on full Prolog or rather on
declarative semantics. Venken was the first to publish a paper where the non-logical feature
Prolog were discussed in more detail [Venk84]. One of the main issues in handling full Prolog
the treatment of cut, and a number of publications have discussed this issue [Venk88, LeS:
Bugl89, Lakh90, Owen89]. We now believe that the treatment of cut in partial evaluation is ¢
but solved, as there are very few instances in Mixtus where it still causes problems.

Partial evaluation is probably most widely used for removing the parsing overhead
interpreters, and successful examples of such use are discussed in [Lakh89a, Lakh89b, Lak
LeSa88, Owen89, Ster86a, Take86]. van Harmelen discusses the limitations of partial evaluat
in particular in relation to meta-programming in [Harm89], where he asserts that the interpre
must not depend on too much dynamic information for the partial evaluation to be successful. '
have arrived at a similar conclusion as Mixtus when given insufficient information just returr
the program to be partially evaluated unchanged.

Partial evaluation and Prolog with constraints is another interesting research issue. Mixtus
handle dif-constraints reasonably, but a more elaborate framework for handlstgagus has
been laid out by Smith and Hickey [SmHi90, SmHi91]. It seems partial evaluation an
constraints mix very well.

In Mixtus, the decisions when to unfold are based on criteria for loop prevention and foldin
An alternative approach is to analyze the program, and to see whether it is suitable and safe,
respect to termination, to unfold. Fujita suggests the use of abstract intéopréda such an
analysis [Fuji88a, Mell86].

To be able to use all the Futamura projections [Futa82, Fuji88b], self-applicability of a parti
evaluator is necessary. Self-applicable partial evaluators for pure Prolog have been publis
[Fuji88b, Full88]. By keeping the partial evaluators very small, although non-triviak, self
applicability is achieved. Termination of the partial evaluation procedure is not guaranteed
[Full88], whereas in [Fuji88b] extensive annotations are required by the user. Self-applicabili
of Mixtus is discussed in section 7.4.3.

As it is not immediately clear what makes one partial evaluator better than another, some ¢
of comparison is needed. Lam and Kusalik have conducted such comparisons [Lam89, Lam
where a number of partial evaluators are compared [Fuji87, Kurs88, Lakh89a, Lakh8¢
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Lakh89c, LeSa88, Take86]. We claim that Mixtus, although capable of handling full Prolog,
performs well compared to those systems as shown in séctidh

7.3 Properties of the program produced

In this section the most important properties of the program produced are discussed, i.e. its
correctness (the program does the same as the original program), performance (it does it faster)
and size (it is not too large).

7.3.1 Correctness of the transformations

It is of fundamental importance that the transformations performed by the partial evaluator are
correct, i.e. the resulting program must satisfy the conditions given in the definition of partial
evaluation. Correctness has not been formally shown for all transformations presented, but rather
it is hoped that the reader is convinced of the correctness informally. For a practical system it is
also important that the implementation is correct. However, it does not seem feasible to prove the
correctness of the implementation, so the standard fallback method is used: verification. Mixtus
has been tested on a large number of programs and these have been found by inspection and
execution to be correctly transformed.

7.3.2 Performance improvement

To show that the program transformations actually improve performance would be much
harder than to show correctness. First a model of the execution must be formed which includes
estimates of the complexity of the operations. Then it must be shown that each transformation
does not cause the performance to deteriorate. The main problem here is to choose and construct
an appropriate model.

One method is simply to count the number of procedure calls (or inferences). Unfolding for
Prolog, in contrast to logical unfolding, always decreases the number of inferences in the
resulting program. The disjunction introduced by unfolding for Prolog has, however, a similar
overhead as a procedure call in SICStus Prolog. The other transformations, folding and
definition, keep the number of inferences constant. However, one extra inference is added when
the top-level predicate transforming mixed computation into partial evaluation islun&d.

Thus it is guaranteed that the number of inferences is increased by at most one in a program
produced by Mixtus. But just counting the number of inferences does not model the actual
execution cost very well. For example, the progmamtch/2 in section6.1.2 is partially
evaluated in two ways, and it is not the version with the fewest number of inferences that
executes fastest.

A more complex model would be very cumbersome to handle. To be perfect, the model
should incorporate all the details of the implementation, which would make it far too complicated
to handle formally.
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Instead an informal approach has been taken for Mixtus, where for each transformati
introduced it is argued that it is “reasonable”. In practice it is not necessary that all trar
formations are beneficial or neutral; for a large program it is the combined result of all tran
formations applied that is of interest. By applying Mixtus to a large number of programs it hi
been found that performance practically never deteriorates, and there are seldom any sin
transformations that could further improve performance. Of course there are still several ca
where the system could be further significantly improved.

For interpreters, which is the most suitable class of programs to be partially evaluated
seems that Mixtus usually does what is expected. That is, the parsing layer of interpretatiol
removed.

7.3.3 Size of the generated program

Mixtus does not contain any global control which prevents the generated program fro
growing unwieldy in size. Instead there are some heuristics used locally. For example, a c
explosion may occur when a conjunction of calls to non-deterministic predicates are expand
and all possible combinations are generated. This situation is prevented, as Mixtus ha
parametemaxnondetermwhich limits the number of clauses a predicate may have if it is to be
allowed to be unfolded.

Other kinds of code explosion are also possible. Each different predicate call patte
generates a new predicate specialized for that pattern. It is not difficult to construct progra
which contain a very large number of call patterns. Partial evaluation of such programs m
produce very large programs.

Another problem with abnormal size of programs is that the limits of either the implemer
tation or the computer may be reached.

SICStus Prolog, like most other implementations, has a limit on the number of variables ir
clause (max 255), arguments of a compound term (max 255), and number of clauses ¢
predicate (65535). For a handwritten program it is highly unlikely that any of these limits will b
reached, but for an automatically generated program this may happen more easily.

For a small computer, the size of the new program may be larger than it can handle. Fc
computer with virtual memory, a large program may run slower if it does not fit into the physici
memory. For a computer with cache memory, the original program may have been small eno
to fit the cache, whereas the newly produced program may be too large. As the main reasor
doing partial evaluation is to speed up execution, and a large program size may counteract
effort, this might be a problem.

Normally, however, the size of the generated program is not a big problem. Typically ordina
Prolog programs will grow by a factor 3—4. Partial evaluation of interpreters applied to sour
programs will often produce resulting programs much smaller than the interpreter.
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7.4 Efficiency of the partial evaluator

The space and time efficiency of Mixtus is crucial for making it a practical tool. We have not
found the memory consumption to be much of a problem, so we will here only discuss the
execution time of Mixtus. A distinction in the discussion below is made between predictable and
acceptable execution time. Auto-projection is also discussed as a method for reducing the
execution time.

7.4.1 Predictable execution time of the partial evaluator

Although it is guaranteed that the partial evaluation will terminate, for practical purposes it
must also terminate within a reasonable time limit. But it is of equal practical importance that the
produced program is sufficiently efficient, and it takes more time to produce a begamnpré
compromise has to be made, and for Mixtus the emphasis has been put on producing efficient
code. Although usually acceptable, the partial evaluation time is much longer than the time to
compile a program.

If partial evaluation is ever to become a natural part of the program development cycle (edit-
compile-test), the programmer must be able to predict the partial evaluation time. The
programmer may set some general parameters to speed up the partial evaluation process, at the
expense of the quality of the code. For example, Mixtus has a parameter qaiciguaewhich
simplifies the work of the partial evaluator. When the parameter is set, if folding is not possible
for the first recursive call of a predicate, a generalized restart will be immediately triggered. This
means that all goals will be unfolded at most once, and the partial evaluation will be done much
quicker. In some cases, such a simplified partial evaluation might be sufficient, but it will
generally fail to remove the overhead of an interpreter.

One way to limit the execution time of Mixtus would be to incorporate a mechanism which
adjusts those parameters during execution if a predetermined time-limit is approached. This idea
remains to be investigated.

Of course the partial evaluation time varies with the size of the program to be analyzed, but
the time is even more dependent on the kind of program that is partially evaluated. The execution
time of the partial evaluator is therefore very hard to predict. This is not very surprising as the
partial evaluator can also be used as an ordinary Prolog program interpreter, and the execution
time of a Prolog program cannot be predicted in a simple way. Indeed, it is not even decidable
whether the Prolog program will terminate. Although it is guaranteed that Mixtus will always
terminate, the upper bounds for execution time are far too high to be of practical interest.
Normally, however, the execution time of Mixtus seems roughlpgmtional to the length of the
program to be partially evaluated.
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7.4.2 Acceptable execution time

Mixtus is implemented as a meta-interpreter which uses the logical variables of Prolog a
backtracking. As this method is comparatively close to ordinary Prolog execution, the methoc
fairly efficient, especially with regard to memory consumption. However, Mixtus is severg
orders of magnitude slower than SICStus when executing Prolog programs, as could be expe
for a meta-interpreter. Without powerful workstations and efficient Prolog mmgai¢ations,
work on partial evaluation for Prolog might not have been practical. One general optimizatit
has been found to be invaluable for large programs: as mentioned in section 2.8, if a goal
been partially evaluated, the result is saved, and just a lookup is needed to partially evaluate
same goal again.

A very elegant way to improve performance of a partial evaluator is to apply it to itself. Fc
this, it is necessary that it is self-applicable.

7.4.3 Selfapplicability of Mixtus

If a partial evaluator is an auto-projector, i.e. self-applicable, it is possible to automatical
create a compiler given an interpreter or to create a general compiler-compiler. These are ce
the Futamura projections [Futa82, Fu;ji88b]. Since many partial evaluators are written in t
language that they analyze, they are technically self-applicable. In practice this is not sufficie
the partial evaluator must also be able to handle in a satisfactory way the subset of the langua
is written in. The fundamental problem for achieving self-applicability is that when the partic
evaluator becomes more powerful and complex it also becomes much harder to partie
evaluate.

In principle Mixtus is self-applicable, since no constructs are used that it cannot hanc
correctly. However, there is one important built-in predicate that is not efficiently handled ar
which is central to the execution of Mixtusssert/1 . No call toassert/1  in the program to
be partially evaluated is ever executed by Mixtus. This means that the central mechanisms, ¢
as storing generated code, will not be executed by Mixtus, and the quality of the code will
very poor.

One way to efficiently support self-application is of course to extend Mixtus to handl
assert/1  efficiently. It is however unclear how this should be done, and remains a subject fi
further study how to accomplish this.

Another more easily accessible way to support self-application is to rewrite Mixtus so th
assert/1  is not used at all. The only essential usasdert/1 is to communicate results
from one non-deterministic branch to another. One approach to aboksisag/l  would be
never to rely on the built-in backtracking of Prolog, but to code the backtracking explicitly. ¢/
ground representation of variables would then possibly also be needed, as well as explicit ¢
for all unifications. The partial evaluator would then execute slower than Mixtus, and besides 1
comparative simplicity of the present approach, this is one reason why efficient self-applicabil



Contributions, problems and future research 157

has not been attempted. On the other hand, the gains from self-applicability might outweigh the
disadvantages, so this remains an interesting path for future research. All methods used in Mixtus
for loop prevention, generalized restart, treaht of cut etc. could be carried over without
change to an auto-projector.

7.5 Suitability of Prolog for partial evaluation

Prolog is very well suited to partial evaluation since partial structures, i.e. terms containing
Prolog variables, are supported directly by the language. In some cases ordinary Pltbgrexe
corresponds to partial evaluation in other languages. For example, the partially instantiated goal
member(f(X),[g(X),Y]) will result in Y=f(X) . Another important feature, which
simplifies program transformation, is the single assignment property. This means that the value
of a variable once assigned never changes, except for backtracking. Another important
consequence of this is that two variables once unified, can never become different again.

Mixtus is careful to maintain full Prolog semantics and the program produced will never
change the order of the solutions. This restriction makes several “logical” optimizations
impossible, such as deleting multiple solutions. Yet, the examples in cléapew that very
few opportunities for optimization are actually lost by keeping full Prolog semantics. In one
respect a compromise has been made that seems important: Mixtus allows some ndivgroduc
loops to be removed.

In full Prolog there are a few features that are very cumbersome for partial evaluation. The if-
then-else-construct has a syntax poorly suited to program transformation, as mentioned in section
4.2.2.2. Theclause/2 predicate has a semantics that makes it impossible to unfold (see section
4.2.4.9). Althoughdif/2  fits very well into the partial evaluation framewofigeeze/2 seems
to be very hard to handle in general as the frozen predicate may be woken up at any unification.
The treatment of the predicat@sdall/3 , bagof/3 andsetof/3 becomes very complex,
mainly due to the lack of restricted scope for quantified variables. Although Mixtus accepts side-
effect predicates such assert/1  andretract/1  , these are never executed, but rather kept
as they are.

7.6 Future work and research problems

Several possible improvements have not (yet?) been incorporated into Mixtus. As already
mentioned, Mixtus never performs folding on composite goals. Important transformations, such
as loop merging, are therefore not possible. At present, it is unclear whether these trans
formations are possible to automatize and whether they are feasible for full Prolog.

Even if a goal is not unfolded, it could be arranged that some bindings are propagated. The
“common feature extraction” of Nakagawa [Naka87] and “constraint lifting” [SmHi90] are such
optimizations, which are not performed by Mixtus, and could possibly be added. For full Prolog,
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we have noticed a need for propagating bindings only to the right of the call for some predica
that have not been unfolded.
Other simple transformations have been contemplated, but have not been implemented
they do not seem so important:
 Removal of unnecessary arguments in predicates. The method described in [Sahl9
could be used for this.
» Unfolding of trivial predicates, i.e. predicates with just a single clause and a single goal
the body. These may occur as unfolding is prevented for recursive predicates.
« Common subterm elimination. A generalization of this is to avoid recreating aus¢ruc
repeatedly in a loop (see section 2.4.4).

A partial evaluator can always be improved. The emphasis of Mixtus is thautasatic
and forfull Prolog. Some remaining problems in these two main issues are discussed below.

Full

It is a very special challenge to carry out partial evaluation on an existing language such
Prolog, and not on a language created specifically for the partial evaluator, which has often b
the case. On the whole, Prolog seems well suited to partial evaluation, but as discussed al
there are some weak points in the design of the language with respect to partial evaluation.
main predicates, which cannot be simplified by Mixtusam®ert/1  andretract/1 Ltisa
guestion for future research whether it is feasible to execute them by a partial evaluator.

Automatic

If possible, Mixtus will always fold instead of unfold. This choice is a part of the mechanisr
for guaranteeing termination of execution and is not easily changed. In some cases, as mentic
in section 2.9 unfolding is preferable to folding. It remains to characterize these cases, and exi
the mechanisms of Mixtus so that termination is still guaranteed. Abstract interpretation cot
possibly be used to analyze the program to find sharper criteria forngadd unfolding.

The main unsolved (and unsolvable) problem in Mixtus is to create a perfect looptjreven
mechanism. Our experiments, however, indicate that the simple tests thethis usually are
quite adequate.
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Appendices

A. Non-cyclic and cyclic unification and anti-unification

The partial evaluator uses various forms of unification and anti-unification. In this section the
code for doing anti-unification in Mixtus is shown. Cyclic structures are not yet fully supported
by SICStus and Mixtus. A novel algorithm for anti-unification on cyclic terms will be shown in
this section, which could be incorporated into a forthcoming version of Mixtus.

A.1 Unification

In order to ease the understanding of the code for anti-unification, some code fotianifeca
shown below. No occur-check is made, and it is not capable of handling cyclic structures. Built
in unification is only used for binding variables.

unify(X,Y) :- (var(X); var(Y)), !, X=Y.

unify(X,Y) :-
functor(X,FX,NX), functor(Y,FY,NY),
FX=FY, NX=NY, !,
unify_args(NX,X,Y).

unify_args(0,_, ).

unify_args(N,X,Y) :- N>0,
arg(N,X,XN), arg(N,Y,YN),
unify(XN,YN),
N1 is N-1,
unify_args(N1,X,Y).

Notice that no special cases are needed above for atoms or numbers; they are considered
functors with arity 0 byfunctor/3

A2 Cyclic unification

The code below will be able to unify two cyclic structures, even if used on a Prolog system
that does not support cyclic unification. The underlying Prolog system must however not perform
an occur-check, as cyclic structures may be created. Also, there must be a built-in predicate able
to compare thaddresse®f two terms or variables (the predicatg2 below).

An extra argument containing a list of pairs of teun($;, t;) has been added, which keeps
track of all terms while they are being unified. Whenever a pair of terms is encountered again, a
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cyclic structure has been detected. Since creating a cyclic structure alone is no cause for fail
the unification simply succeeds for this pair.
c_unify(X,Y,_) :- (var(X); var(Y)), !, X=Y.
c_unify(X,Y,U) :-
member(u(X2,Y2),U), eq(X,X2), eq(Y,Y2), I
c_unify(X,Y,U) :-
functor(X,FX,NX), functor(Y,FY,NY),
FX=FY, NX=NY, !,
c_unify_args(NX,X,Y,[u(X,Y)|U]).

c_unify_args(0,_,_, ).
c_unify_args(N,X,Y,U) :- N>0,
arg(N,X,XN), arg(N,Y,YN),
c_unify(XN,YN,U),
N1 is N-1,
c_unify_args(N1,X,Y,U).
The above code should be viewed as a minimalistic implementation of cyclic unification. T}

cyclic unification in SICStus Prolog is far more efficient, having a negligible overhead [Morr81]

A3 Anti-unification

As already mentioned in the main text (see se@i@, theanti-unification of two terms is the
least general term that is more general than both terms. For instance, the anti-unificatior
f(1,1,2) andf(2,2,2) is the ternf(X,X,2)

From Plotkin [Plot70] we get the following algorithm (slightly modified) for anti-unification.

Input: two terms W and W,

Output: the anti-unification of Wand W,

Vi=W;

Vo =W,

WHILE there are two termg andt, which have the same place in ®nhd V, respectively and
do not have the same main functor

DO
choose a variabledistinct from any in \{ or V, and wherevet; andt, occur in the
same place in Yand \;,, replace each by

V1 and V, will now be identical and are the anti-unification of Ahd Ws.

The corresponding Prolog-predicate has three arguments, two for the input terms and one
the resulting term.
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anti_unify(X,Y,2) :- a_unify(X,Y,[],_,2).

a_unify(X,Y,S,S,X) :- X==Y, 1.
a_unify(X,Y,S,S,2) :-
member(subst(X2,Y2,2),S), X==X2, Y==Y2, L.
a_unify(X,Y,S1,52,7) :-
functor(X,FX,NX), functor(Y,FY,NY),
FX=FY, NX=NY, |,
functor(Z,FX,NX),
a_unify_args(NX,X,Y,S1,S2,7).
a_unify(X,Y,S1,[subst(X,Y,Z)|S1],2).

a_unify_args(O,_,_,S,S, ).

a_unify_args(N,X,Y,S1,S3,Z) :- N>0,
arg(N,X,XN), arg(N,Y,YN),
a_unify(XN,YN,S1,S2,ZN),
arg(N,Z,ZN),
N1is N-1,
a_unify_args(N1,X,Y,S2,S3,2).

The main difference between Plotkin’s algorithm and the Prolog code, is that the substitutions
are not carried out at once in the Prolog code. Instead a substitution list is maintained, where each

element is of the formsubst( tj, tp, 2) .

A4 Cyclic anti-unification

The anti-unification algorithm can be extended to handle cyclic structures, much in the same
way as cyclic structures can be handled in unification. For this purpose, one more argument is
needed: the list of pairs which keeps track of all terms while they are being anti-unified. The
elements in cyclic unification having the foufity, to) are now instead( ty, tp, z) aszis the
anti-unification of §{ and b.
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anti_unify(X,Y,2) :- ca_unify(X,Y,[]._.[],2)-

ca_unify(X,Y,S,S,_,X) :- c_equal(X,Y), !.
ca_unify(X,Y,S,S,_,Z) :-

member(subst(X2,Y2,2),S), c_equal(X,X2), c_equal(Y,Y2), !
ca_unify(X,Y,S,5,U,Z) :-

member(u(X2,Y2,2),U), eq(X,X2), eq(Y,Y2), I
ca_unify(X,Y,S1,S2,U,Z) :-

functor(X,FX,NX), functor(Y,FY,NY),

FX=FY, NX=NY, |,

functor(Z,FX,NX),

ca_unify_args(NX,X,Y,S1,S2,[u(X,Y,2)|U],2).
ca_unify(X,Y,S1,[subst(X,Y,Z)|S1],_,Z).

ca_unify_args(0,_,_,S,S,_, ).

ca_unify_args(N,X,Y,S1,S3,U,Z) :- N>0,
arg(N,X,XN), arg(N,Y,YN),
ca_unify(XN,YN,S1,S2,U,ZN),
arg(N,Z,ZN),
N1 is N-1,
ca_unify_args(N1,X,Y,S2,S3,U,2).

The predicate_equal/2 is used above to check two cyclic structures for equality. Ordinary
cyclic unification ¢ _unify/2 ) can easily be changed intoequal/2 by replaéng the first

clause by
c_unify(X,Y) :- eq(X,Y).

Although the concepts of unification of cyclic structures and anti-unification are well-knowr
we are not aware of any previously published algorithm for combining them into cyclic ant
unification.

An example of cyclic anti-unification

For non-cyclic structures, the cyclic anti-unification algorithm will return the same results ¢
the non-cyclic anti-unification algorithm. Let us therefore chose an example with cycli
structures.

If A=[A1,A2|A] andB=[B1,B2,B2|B] then the result of cyclic anti-unification of A and
B is a new cyclic structur€=[C1,C2,C3,C4,C5,C6|C] . The result seems reasbie: the
least general generalization of an infinite list with periodicity 2 and an infinite list with
periodicity 3 is a list with periodicity 6, since the least common multiple of 2 and 3 is 6.

It is interesting to compare this with the result of unifyla@ndB above, which is a cyclic
structureD=[D1|D] . Here the periodicity is 1, which is the greatest common denominator of :
and 3.
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B. member/2 and append/3

For reference, since these two common predicates are used throughout the text, they are
defined here.

member(X,[X]_]).
member(X,[_|L]) :- member(X,L).

append([],L,L).
append([X|L1],L2,[X|L3]) :- append(L1,L2,L3).

C. Utility predicates

Here is the source-code of some utility predicates used by the interpreters and partial
evaluators in chapter 5.

clause_disj/3

clause_disj(G,Body) :-
findall((G:-B), clause(G,B),Blist),
list_to_disjunction(Blist,G,Body).

list_to_disjunction([],_G,fail) :- !.

list_to_disjunction([(H:-B)|Cls],G,Disj2) :-
list_to_disjunction(Cls,G,Disj),
cons_disj((G=H,B),Disj,Disj2).

cons_disj(false,A,A) :- 1.
cons_disj(A,false,A) :- 1.
cons_disj(A,B,(A;B)).

can_fold/3

can_fold(A,GS,Anew) :-
member(gs(G,Gnew,true),GS),
isinstance(A,G), !,
copy_term(gs(G,Gnew),gs(A,Anew)).

isinstance(X,Y) :- verify((numbervars(X,1, ), X=Y)).
verify(X) :- \+ (\+ X).

The code above is used by partial evaluator 3. The code is adapted to partial evaluator 4 if the
head ofcan_fold/3  is changed to

can_fold(A,state(_C,GS,_Rin,_Rout),Anew) :-
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to_disjunction/3

to_disjunction(Cls,Goalnew,Cls_or) :-
Goalnew =.. [_|Args],
to_disj(Cls,Args,Cls_or).

to_disj([],_Args.fail) :- .

to_disj([(H :- B)|Cls],Args,B4) :-
H =.. [_|Hargs],
inst_u(Hargs,Args,Args,B,B2),
to_disj(Cls,Args,B3),
cons_disj(B2,B3,B4).

inst_u((,0,_,B,B).
inst_u([H|Hs],[A|As],Args,B,B2) :-
(var(H), \+ varmember(H,Args) ->
A=H,
inst_u(Hs,As,Args,B,B2)
cons_conj((A=H),B,B3),
inst_u(Hs,As,Args,B3,B2)
).

varmember(X,[Y]_]) :- X==Y.
varmember(X,[_|L]) :- varmember(X,L).

cons_conj(true,AA) :-1.
cons_conj(A,true,A) :-1.
cons_conj(A,B,(A,B)).
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