1. Introduction.

Meta-programming is a problem solving technique in which a prob-
lem is expressed partly at ahject level(which domain is the intended interpre-
tation of the actual problem), partly atreeta-level (which domain ranges over
the syntactical expressions of the object domain). Therefore the problem at hands
can be conveniently solved, at least in part, by mean of syntactical manipulations
at the meta-level on object-level entities [Cerv91, Ster, AiLe]. Most programs
only have an object level since they can directly express a problem and its solu-
tion. Meta-programs add a limited introspection capability [MaNa]. A broad defi-

nition of a meta-program is:

A meta-program is a program that treats other programs as data.

According to this definition compilers, interpreters, debuggers and even editors
are all meta-programs even if they do not cooperate directly in solving the object

problem.

The origin of meta-programming is found in mathematical logic; in
particular in incompleteness theorems of Kurt Gédel (the interested reader can re-
fer to [Klee, Ende]).

Sixty years later, meta-programming is a well established technique
and it is currently used in several application areas. Due perhaps to its close cor-
respondence with logic, this technique has proven to be useful in theorem prov-
ing. One can write a theory simulator as a meta-program and represent axioms
and inference rules at the object level [Weyh, AISC, Cerv9l].



Meta-programming is widely used in Artificial Intelligence, in par-
ticular in the subfield of Knowledge Based Systems construction.

"... the integration of knowledge and metaknowledge seems to be
a powerful abstraction mechanism that allows to cope with a vari-
ety of representation problems, thus providing an alternative to the
development of special purpose languages.” [AiLe]

Expert knowledge can be conveniently expressed at the object level
while the meta-level takes care of performing deductions and supports the typical
functionalities of an expert system shell, like explanations, hypothetical reason-
ing, non-monotonous reasoning, etc. Moreover, meta-programming can be a use-
ful way of structuring the overall knowledge of a system into separated knowl-
edge bases, each ranging over a logically distinct domain, and of managing their
mutual interactions. For examples and a further understanding of the role of
meta-programming in Knowledge Bases Systems, refer to [AiLe, Ster, StSh,
StBe, Bowe].

Meta-programming has also proved useful in implementation of Inte-
grated Programming Environments, especially for non-conventional program-
ming languages, such as Prolog [MaRo, Ross89, Ross90a]. Meta-programming
techniques have also been used to enhance the operational semantics and the ex-
pressiveness of programming languages like Prolog [GalLa, AICS, BoWe,
Ro0ss89, Ross90a, Ross90Db].

Because of the semantic equivalence of all general purpose program-
ming languages, a well-known result of the computability theory, any such lan-
guage has meta-programming capabilities. However, since a meta-program is
supposed to treat other programs as data, only those programming languages that
represent programs and data in a homogeneous manner can be ussd-as



programming languages Functional and logic languages have this characteris-
tic: a LISP program is an S-expression and a Prolog program is a term.

Prolog has been used for a long time as a meta-programming language
[StSh, Ster, StBe]. Actually, a full meta-interpreter for pure Prolog is just three

lines long:

solve(true).

solve(A&B) :- solve(A), solve(B).

solve(A) :- clause(A,B), solve(B).
Nevertheless, the use of Prolog as a meta-programming language for non trivial
programs reveals flaws and limitation in the effective meta-level facilities offered
by that language [Lloy88, HiLI88]. Therefore, in the last ten years, a number of
extensions or completely new definitions of Prolog have been proposed in order

to add sound meta-programming capabilities.

The problem of meta-programming in the context of logic program-
ming was systematically faced for the first time by Bowen and Kowalski in
[BoKo] where many important theoretical guidelines were established. Only
three years later, the firkigic meta-programming language called MetaPro-
log, was presented to the scientific community [Bowe, BoWe]. Perhaps because
MetaProlog had even more flaws than Prolog itself [HILI88], the research contin-
ued and other languages have been proposed [CoLa, CoDL, Cost, HiLI91].

Unfortunately, even though most of these proposals contain interest-
ing and very promising ideas, none provide all of the following capabilities:
* being able to treat any syntactic entity of the language, from the symbols up

to the programs at the meta-level;

» allowing an efficient implementation, in both time and space;



» possessing a sound and complete logical semantics for the whole language,

and in particular for the meta-level features;

» offering the users simple, powerful and easy-to-use meta-programming facili-
ties.

Therefore, in 1991, at the University of Udine, Italy, an attempt was made to de-
fine a logic programming language that includes all the meta-programming capa-
bilities above. The language is called 'Log (repate log [Cerv9l, CeRos91a,
CeRo091b, CeR092, Ross89, Ross90a].

'Log is a pure logic programming language augmented with a mecha-
nism for accessing, decomposing and manipulating the syntactical objects of the
language itself. It has been designed to allow the manipulation of the full range of
its own syntactical structure, from single characters to complete programs. More-
over the apparent simplicity of the language has played an important role in prov-
ing its semantic properties, particularly its soundness and completeness proper-
ties.

What was lacking so far to 'Log was a full-range implementation, giv-
ing in that way the language a concrete dimension. Actually two attempts have
been made. The first one is described in [Ferr] and it illustrates a Modula 2 inter-
preter for the topmost representation layer of 'Log (programs only were dealt
with at the meta-level). The second is a raw prototype written in Prolog by G.F.
Rossi in his free time. It has been described to who writes by means of private
communications [Ross91] and seems to cover most of 'Log’s aspects. The next
step was to write a complete 'Log environment where 'Log programs could have
been developed. The heart of the system should have been an executer for the
complete language, an implementation of what has been described in [Cerv91l].
This developing environment and in particular the implementation of the ex-

ecuter are the subject of this work.



At present, there are two well-established techniques for implement-
ing logic programming languages like Prolog: interpretation and compilation.
Early Prolog implementations employed interpreters [KISz]. In 1983, David War-
ren proposed a scheme for compiling Prolog into an assembly-like language and
then directly executing the resulting instructions [Warr]. This run-time architec-
ture is known as th@/arren Abstract MachinBVAM ). Most commercial Prolog
systems include are WAM-based. Prolog machines have been implemented both
at the microcode and at the hardware level and all of them rely on the WAM de-
sign. The boost in efficiency justifies the complex design and implementation of

the compiled approach.

Although many Prolog implementations are based on the WAM, it is
still poorly understood, mainly because of its intrinsic complexity and to the lack
of a clear description of its philosophy and instruction set. Things have somewhat
changed last year thanks to Hassan Ait-Kaci after the publication of [AitK91a,
AitK91b]. The WAM is still the subject of a lot of research: [Bach, BBCT, Buet,
Carl, DeMC, Kurs, LIOK].

In this thesis, a WAM-based architercture and programming environ-
ment for 'Log will be described. The efficiency of the resulting system is compa-
rable to that of a commercial Prolog compiler, when non meta-level features are
used. No measurements concerning the meta-level aspects have been attempted.

This thesis is structured in the following way. Chapter 2 describes the
Warren Abstract Machine. Chapter 3 presents 'Log and gives a detailed account
of the meta-level features of this language. The main differences between ’'Log
and Prolog, as far as a WAM implementation is concerned, are discussed in the
first part of chapter 4. The second part of this chapter is dedicated to describing

the structural choices that have been made and the solutions that have been



adopted. Chapter 5 concludes this thesis with some evaluations and directions for

future works.

It is assumed that the reader has knowledge of logic programming
and, in particular, Prolog. The reader is refered to [StSh, Brat ,KISz, LIoy87].



2. The Warren Abstract Machine.

2.1. Introduction.

The purpose of this chapter is to present the principal WAM concepts
in sufficient detail so that the non-expert reader can understand the following dis-
cussion. For a deeper understanding, the reader is refered to [Warr, AitK9la,
AitK91b].
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Figure 2.1 Architecture of the WAM.

A WAM system consists of two functionally distinct parts, as shown
in figure 2.1. A source program is first processed byctmapiler, that produces
the WAM object code for that program, that is a sequence of assembly-like in-
structions. This object program is stored into the memory of the WAM and can
eventually be saved into a file. When the user issues a query, it is first compiled.
The resulting object query is combined with the current object program and given
to the second module of the WAM, threcuter. At this point, the actual execu-



tion starts and proceeds until the answer(s) to the query are produced (or a failure
occurs).

Following Ait-Kaci's approach, the description below will be incre-
mental: initially just unification will be considered, the resulting model will then
be extended to multiple fact databases, then those single-clause procedures will
be allowed to have a body and, finally, full Prolog will be implemented. The last
section presents useful optimizations that can be easily included into the WAM
design to obtain faster execution.

2.2. Basic unification.

Early Prolog implementations were interpreted because its computa-
tional model relies upon unification. Although unification is a highly dynamic
process, large spaces are left for compilation. In fact, when unifying two terms, it
usually happens that their syntactic structure is rich enough to be directly used in
a compilation process. For example, when trying to unify the tayly  and
f(X,Y) , the binary functof , and the constants andb are known in advance
and can be compiled apatrt.

Consider initially the simple but fundamental problem of unifying two

term; let's use Ait-Kaci’'s favorite examplep(Z,h(Z,W),f(W)) and
p(f(X),h(Y,f(a)),Y) . Call the former theguery and the latter thero-
gram.

The basic idea of the WAM’s treatment of unification istold the
parse tree of the query and use the program to visigath time a node is vis-
ited, a match must be found with the corresponding object in the program, other-
wise a failure occurs. This basic intuition is somewhat complicated by the fact

that both the query and the program can contain variables. A variable in the pro-



gram is simply matched with whatever subterm is encountered in the query parse
tree. A variable in the query is replaced with the parse tree of the subterm of the
program encountered in its place. This is still quite simple but it is not yet com-
plete, since a term can contain multiple occurrences of a variable. The idea is to
use the first occurrence as a variable as its representation and consider the succes-
sive ones as pointers to it. This adds a new dynamic aspect when encountering a
variable in the program: if it is not a first occurrence, the subterm on the parse
tree and the subterm possibly bound to it by a previously encountered occurrence

of the same variable in the program must be unified.

Let’'s schematize the executer’s actions using Ait-Kaci’'s example and
figure 2.2 as an illustration. Assume the parse tree has already been built. The ex-
ecuter is trying to match the program with the query parse tree. The following
situations can occur (for the sake of conciseness, let’s call p-node the current ob-
ject in the program and g-node the current query node):

* both the p-node and the g-node are functors. They are checked for being the

same functor. Figure 2.2(a);

* the g-node is a variable. The parse tree of the subterm associated to the p-
node is built and all the occurrences of the variable are bound to it. Figure
2.2(c);

» the p-node is a first-seen variable. It is bound to the g-node. Figure 2.2(b);

* the p-node is a successive occurrence of a variable. The term previously
bound to it is unified to the subterm associated to the g-node. Figure 2.2(d).

In order to make this discussion more concrete, three more items must
be defined: the actual representation of what has been called the parse tree in the
WAM’s memory, the instruction set used by the executer, and the way the com-

piler transforms a Prolog term into a correct sequence of WAM instructions.
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Figure 2.2 Steps of the unification algorithm.

(a) matching of a program functor with the corresponding query functor;
(b) a first occurrence variable has been found in the query tree: it is sub-
stituted with the current program subterm; (c) the instantiation of a vari-
able takes effect in all of its occurrences; (d) when a successive occur-
rence of a program variable is encountered, the term on the query parse
tree must be unified with the term possibly bound to it.
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2.2.1. WAM data representation.

The WAM stores Prolog terms into a memory area callethé¢lag. It
can be thought as an arraydaita cellsmanaged in a LIFO fashion. A data cell is
a fix-sized storage unit composed of the following fieldsagidentifying the
cell type, aflag identifying subterms boundaries, and a type-dependaine
The following data cell types are needed (figure 2.3(a)):

» functor cells These cells keep track of functor names. The data value field
contains a functor identifier, for example a number randomly assigned with
each functor.

» structure cellsThese cells represent the link structure of the parse tree. Their
value field is a pointer to a functor cell and consequently to a subterm of the
currently represented term.

» reference celtsThese cells represent variables. The value field of an unbound
variable is a pointer to itself. Whenever the variable is bound, its value field
is set to point to the subterm it has been bound to.

From a global point of view, a generic tetm f(t oot n) IS
represented as a sequence of n+1 consecutive data cells. The first is the functor
cell off , while each of the following ones is either a reference or a structure cell
depending upon whether or not the corresponding subterm is a variables If
the outmost term, its structure cell is stored into a dedicated WAM register called
the X,, register. Figure 2.3 (b) and (c) depicts the representation of the query
term in the example both before and after the unification with the program term.
They actually show a linearization of the parse trees of figure 2.2 (a) and (d).
Therefore, the termiseap structureor heap representatiowill be used hereafter
instead ofparse treeNote that since the arity of a term is not explicitly available,

the flag field of the data cells is used to mark the last argument of a structured
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term. Note also that the variables lose their name: heap addresses are used in-
stead.

2.2.2. WAM instructions

Since a heap representation still represents a tree, building it requires
the use of a series odgistersto hold temporary data cells before they are pushed
onto the heap. These registers are callgdX¥, X,, ... X; has the task of point-

ing to the root of the tree.

Three instructions are needed to build the heap representation of the
query.
e put_structure f/n, X i pushes a functor cell fdfn into the heap
and puts a structure cell pointing to it into the register X

» set_variable X i pushes a new reference cell onto the heap and copies it
into the register X This instruction is supposed to handle the first occurrence
of a variable.

* set value X copies the content of registe[ % a new cell on the top of

i
the heap. This instruction handles already encountered variables as well as

functor arguments.

Code for the querp(Z,h(Z,W),f(W)) is shown in Figuree 2.4.
One can easily check that it produces the heap configuration of figure 2.3(b).

12
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Figure 2.3 Data cells and term representation.
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(a) The data cells. (b) Heap representation of p(Z,h(Z,W),f(W))
Heap representation of p(f(f(a)),h(f(f(a)),f(a)),f(f(a))

ter the execution.

put_structure
set_variable
set_variable
put_structure
set_value
put_structure
set_value
set_value
set_value

h/2, X2
X1
X4
f/1, X3
X4
p/3, X0
X1
X2
X3

% X1<->Z
% X4 <->W

Figure 2.4 Query code for :-p(Z,h(Z,W),f(W))
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The program instructions are similar. Since they can be used both for

matching objects as well as for building subterms, they can operate in two modes,
calledREAD andWRITE. In READ mode, the address of the cell to be currently
matched against is stored into an internal register called S.

get_structure f/n, X i checks if the heap cell pointed by register X
is a functor cell forf/n . In this case it sets the modeR&AD and S to the
following cell. If X; points to an unbound variable, it sets the mode to
WRITE and pushes both a structure cell and a functor ceffrior onto the

heap.

unify_variable X i - INREAD mode, it copies the cell pointed by S into
X;. InWRITE mode, it behaves astsvariable X S is incremented by 1.

unify_value X i - IN READ mode, it unifies the term pointed to by S and
the term pointed by XIn WRITE mode, it behaves a®t_value X S is in-
cremented by 1.

get_structure p/3, X0
unify_variable X1
unify_variable X2

unify_variable X3 % X3 <->Y
get_structure f/1, X1
unify_variable X4 % X4 <-> X

get_structure h/2, X2
unify_value X3
unify_variable X5
get_structure f/1, X5
unify_variable X6
get_structure a/0, X6

Figure 2.5 Program code for p(f(X),h(Y,f(a)),Y).
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Code for the program(f(X),h(Y,f(a)),Y) is shown in Figure
2.5. It can be easily checked that it produces the heap configuration of figure
2.3(c) once the code of figure 2.4 has been run.

2.2.3. Compilation of queries.

The next step is to show how to build a compiler to produce the code
of figures 2.4 and 2.5 out of the corresponding Prolog terms. Ait-Kaci’'s method
will be presented for simplicity, even if an actual implementation can act quite
differently.

The first step when compiling a query is flattening it using temporary
variables. The equatiod0 = p(Z,h(Z,W),f(W)) is in fact equivalent to a
conjunction of equations having a maximum subterm nesting depth of 1; in this
case:

X0 = p(X1,X2,X3)

X1=2
X2 = h(X1,X4)
X3 = f(X4)

X4 = W.

Now, arrange the equations in such a way that the first occurrence of a variable is
always on the left-hand side. The equations involving only variables are then re-
moved. This operation yields the following sequence:

b=\
X3 = f(X4)

%t =2Z

X2 = h(X1,X4)

X0 = p(X1,X2,X3).

15



Finally, write what remains on a single line substituting commas for the parenthe-
ses.

X3=f/1, X4, X2=h/2, X1, X4, X0=p/3, X1, X2, X3.

In this way, a sequence of tokens is obtained. Now, proceed the from left to right
writing put_structure f/n, Xi when encountering Xi=f/rset_variable Xi when
encountering a variable Xi not previously seen aetl value Xi if Xi has al-
ready been encountered.

2.2.4. Compilation of programs

Compiling a program is similar. What changes is the order in which
the equations must be rewritten during the second step. Since the data are already
available on the heap and a matching must be performed, a variable must be read
before it is checked. Therefore, after performing flattening and ordering, the pro-
gram termX0 = p(f(X),h(Y,f(a)),Y) becomes:

X0 = p(X1,X2,X3)

X1 = f(X4)

X2 = h(X3,X5)
X3=Y
b=

X5 = f(X6)

X6 = a.

The linearization step produces:

X0=p/3, X1, X2, X3, X1=f/1, X4, X2=h/2, X3, X5, X5=f/1, X6, X6=a/0

Now, interpret eachXi=f/n as get_structure f/n, Xi , Xi either as
unify_variable Xi or unify_value Xi depending upon whethéfi

has already been encountered. That will produce the code of figure 2.5.
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2.3. Facts.

Programs consisting of just one term are a good starting point for de-
scribing the WAM, but they are not very useful. Let’s go a step further and admit
as a program a sequence of Prolog facts, with the limitation that each of them

must define a different predicate.

Once the query term has been built on the heap, there must be some
way of selecting which program fact to use for the matching phase. Since the
outer functors are unique in the program, the WAM approach is to use those
functors to label the section of the program code for the corresponding facts.
Once the query has been built on the heap, it is enough to jump to the label in the
program corresponding to the outer functor of the query, or to fail if no fact is
defined for this predicate.

Let's call the code are@ODE and the register containing the address
of the next instruction to be executed P. Two new instructions are needed. They
are control instructionssince they deal with the control flow of the program.
They are:

e callp/n sets P to the address of the procedure defpimg if it exists.

» proceed terminates the execution.

Unfortunately, the idea of addingcall instruction at the end of the
guery code and proceedafter each compiled fact is too simplicistic: since the
outer functors are not available, how can one identify the root of the trees? War-
ren’s solution is to build a different parse tree for each argument of a predicate,
either in the query or in the program. Let n be the arity of the current predicate,
then the registers ..., X, are reserved as pointers to the root of the heap rep-
resentation of each of the predicate arguments. That means that when given the

queryp(t o,...,t n_1 » the executer must put the root of the representation of
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t; in Xi If insteadp(t j,...,t n—7 Is a program fact, the executer expects

the root of eaclt; in Xi. Figure 2.6 illustrates the way queries and facts are

compile.

Query Program fact
<put t, in X > p/n: <gett, in X,>
<putt ,inX_ ;> <gett ,inX_ ,>
call p/n proceed

Figure 2.6 Code pattern for a query and a program fact.

Because of their specialized use, when compiling a n-ary predicate,
the registers ..., X, have been traditionally renamed,A A ,, theA stands
for Argument This is just an alias: they are not different registers.

Unfortunately, there is still a problem. The arguments of a predicate
could be variables. Four new instructions are defined to handle this case, two for
the queries and two for the program facts; two for first the occurrence of a vari-
able and two for the successive occurrences:

* put_variable X A ; : This instruction is used when compiling a first-

nl
seen occurrence of an argument variable in a query. It pushes an unbound ref-
erence cell on the heap and copies it both jraxd in A. A; will be used by

the program while X represents the variable for an eventual successive use

in the query.

* put_value X A ;: This instruction handles already seen variable occur-

n1
rings as arguments in a query. It simply copies the contenf DfteXA,.
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e (get variable X A , : This instruction is used when compiling a first-

nl
seen occurrence of an argument variable in a program fact. It copies the con-

tent of A into Xy the official reference to the variable.

» get value X A ;: This instruction handles the case of a successive oc-

n!
currence of a variable in a program fact. It unifies the contents of registers X

and A.

Figures 2.7 and 2.8 show the result of the compilation of the query

and the fact of the previous section.

put_variable X3, A0 % X3 <->Z
put_structure h/2, Al

set_value X3

set_variable X4 % X4 <->W
put_structure /1, A2

set_value X4

call p/3_0

Figure 2.7 Code for :-p(Z,h(Z,W),f(W))

p/3:get_structure f/1, AO
unify_variable X3 % X3 <->X
get_structure h/2, Al
unify_variable X4 % X4 <->Y
unify_variable X5
get_structure f/1, X5
unify_variable X6
get_structure al/0, X6
get_value X4, A2 % X4 <->Y
proceed

Figure 2.8 New program code for p(f(X),h(Y,f(a)),Y).
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2.4. Flat resolution.

It is necessary for program clauses to have a multi-atom body. Que-
ries too may be composed of more than one atom. Nevertheless, the same limita-
tion as in the previous section still applies: each predicate in the program must be

defined by at most one clause.

According to standard Prolog resolution, once the head of a clause has
been successfully unified with some atom in the current query (the leftmost actu-
ally), its body becomes (part of) the query. The idea is to compile the head of a
rule as a fact in the previous section and its body as a queny;-bf,....,bn is
compiled (informally) as:

h: <get code for h>
<put code for b,>
calb 4

<put code for b _>
calb
proceed.

Some refinements are needed to make this approach work. There are two prob-
lems. First after the completion of the execution of a procedure, the control flow
must be resumed at the instruction following the corresponchiig . Second

the scope of variables is not local to the single atoms, as in the previous sections,
but is spread over the whole clause. Care must be taken so thatcaier,ahe

value of previously encountered variables is still available.

Let's first focus on the control problem. Initially, consider the case of
the facts. The problem can be easily solved with a single register, callédrthe
tinuation Point registeror CP. Whenever aall is performed, the address of
the following instruction (i.e. P+1) is saved in CP. Now, it is enough to modify
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proceed by having it set P to the content of CP, i.e. to the instruction following

thecall to the fact..

This solution is still too weak for rules. In fact, a rule can call another
rule that can call a third rule and so on. One must keep track of the succession of
return points of all the active rules. The same problem exists with procedural pro-
gramming languages [AhSU] and the solution adopted in the WAM architecture
is similar: the use of a contretack The control stack is callé8TACK and the
address of the current environment is called E. Each time a rule is called, it
should allocate a new frame (called emvironment on the top of the stack to
record the current continuation point (the value of CP). When a rule terminates
its execution, it recovers the continuation point from the topmost environment on
the stack, and pops that environment. So, two new (control) instructions are
needed, to be executed upon entering and leaving a rule, respectively:

» allocate : This instruction allocates an environment on the top of the stack
and consequently modifies E. The environment contains the current content
of the register CP (set by call) and the previous value of E (for deallocating

the frame).

» deallocate : This instruction recovers the value of CP and deallocates the
current environment. Since it would always followed by proceed, the two ef-
fects can be combined: instead of loading the continuation point in CP and

then executing proceed, deallocates directly loads the continuation point in P.

Schematically, rules and facts are compiled in the following way (in-

formally):
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Fact Rule

h. h:-b 4,..b .
<get code for h> h: allocate
proceed <get code for h>
<put code for b,>
calb

<put code for b _>
callb n
deallocate

Figure 2.9 Control-correct code pattern for facts and rules.

The last problem to solve is how to manage the value of the variables
whose scope extends across the rule. Consider for example the rule

p(X,2) :- q(X,Y), r(Y,2)

which is compiled as:

p/2:allocate
get_variable X2, A0 % X <-> X2
get_variable X3, Al % Z <-> X3
put_value X2, AO
put_variable X4, Al %Y <->X4
call q/2
put_value X4, AO
put_value X3, Al
call r/2
deallocate
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After g/2 has been called, there is no guaranteeXBaandX4 still contain the
values ofY andZ respectively since those registers could have been used by the

clause defining)/2 . Note that there are no problems X.

Ait-Kaci classifies the variables appearing inside a Prolog clause into

two types:

» thepermanent variableare those variables appearing in at least two goals in
the body of the clause. The head is considered part of the first body atom.

» thetemporary variablesre all the other variables, that are local in a sense to
a body goal.

In the previous exampl&, andZ (i.e. X3 andX4) were permanent whilX (i.e.
X2) was temporary.

The permanent variables are exactly those having two occurrences in
the WAM code separated by a call instruction. Some actions must be taken to
have them outlive the procedure calls. Note that temporary variables do not cause
any problem. The WAM records permanent variables into the environment frame
associated with the rule in which they appear, instead of using a register. In this
way, any access to a permanent variable after a call will find the value it had be-
fore the call on the stack. Note that this value could have been updated by the
procedure call, as the result of a unification for instance, but is not lost. The vari-
able on the stack, as well as the registers, are in fact pointers to the heap.

The permanent variables of a clause are denotéd,by,Y ;.
Note that the previously defined instructions must be updated to accept perma-
nent variables. In order to accommodate the permanent variables in the environ-

ment frame, the format afllocate must be modified:
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» allocate N allocates an environment frame fépermanent variables on
the top of the stack and modifies E.

The format of an environment frame is depicted in figure 2.10

E CE Continuation Environment

E+1 CP: Continuation Point.

E+2 n: Number of permanent variables

E+3 Yo: First permanent variable

E+n-2 Y,.1 : last permanent variable

Figure 2.10 Environment frame.

Fact Rule
h. h:-b 1,...,b n-
<get code for h> h: allocate N
proceed <get code for h>
<put code for b,>
calb

<put code for bn>
callb n
deallocate

Figure 2.11 Code pattern for facts and rules.
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p/2:allocate 2

get_variable X2, A0 % X <-> X2
get_variable YO0, Al % Z <->YO0
put_value X2, A0

put_variable Y1, Al %Y<->Y1
call q/2

put_value Y1, AO

put_value Y0, Al

call r/2

deallocate

Figure 2.12 WAM code for p(X,2):-r(X,Y),q(Y,2).

Figures 2.11 and 2.12 show, respectively, the definitive code pattern
for facts and rules (and consequently queries) Nifiermanent variables and the
correct compilation of the claugg€X,2):-r(X,Y),q(Y,2).

2.5. Pure Prolog.

In order to obtain pure Prolog from the language defined in the previ-
ous section, it is enough to allow multiple clause definitions for the predicates in
a program. Modifying the executer to handle this new degree of freedom is not
completely straightforward because a unification failure is no longer definitive;
alternative clauses could be tried. Backtracking on an alternative clause C’ of a
procedure P requires the executer to return to the exact situation that was in effect
before the current clause C of P was called. In particular, all the actions made by
the partial execution of C must be undone.

Let C,,...,G, be the clauses defining procedure P. Backtracking re-
quires the following informations to be saved either before runnjngr during

the execution of any.C
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» the argument registers set by the clause calling P, since they will not be avail-
able after backtracking;

» a list of all the variable bindings performed after entering P, since they must
be undone when backtracking occurs;

« the top of the heap when entering 6ince all the heap space used afterwards

can be recycled after backtracking;
« the next clause to try {(() in the case the current clause)(fails;

* pointers to the environment and information record of the previous multi-
definition clause, since multi-definition procedures can be nested and all the
Ci’s can fail.

All the above values are collected into a record calledagce point
Choice points can be conveniently put on the environment stack [AitK91b]. The
stack structure is used because a multi-definition procedure can call another one
that in turn can call a third, etc. The environment stack protects environments that
were active at the moment of the choice point creation and that have since been
discarded, but that must be recovered when backtracking. The stack address of
the current choice point is always available in an internal register called B.

The actual contents of a choice point are illustrated in figure 2.13.
Each time an unbound variable is bound to an object, the heap address of the
variable is recorded on a special purpose stack, callettaiheThe top of the
trail is held in an internal register called TR. When a multi-definition procedure
is entered, that is when its choice point is allocated on the stack, the current top
of trail is recorded in the choice point. In this way, all the successive bindings
will be recorded on the trail above that point. The actions to be taken upon back-
tracking are now straightforward: reset to unbound all the heap addresses present
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on the trail between the current top of trail and the value TR had when entering
the procedure (and reset TR to that value).

B n: Predicate arity

B+1 | A,: First argument

B+n A First permanent variable

B+n+1 | CE Continuation environment

B+n+2 | CP. Continuation pointer

B+n+3 | B: Previous choice point

B+n+4 | BP: Next clause

B+n+5 | TR Trail pointer

B+n+6 | H: Heap pointer

Figure 2.13 Choice point.

Choice point handling requires two new WAM instructions to create
and maintain them:

 try_me_else L, N : this instruction allocates a choice point on the top of
the stack. L is the label of the next clause of that procedure to try and N is
arity of the head predicate, i.e. the number of arguments. The argument regis-
ters Ay, ..., Ay.1 @re copied into the choice point;

* retry_me _else L : this instruction updates the current choice point after
backtracking has occurred. It performs all the recovery actions previously de-
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scribed, i.e. it undoes the bindings made by the failed call, it resets the top of
heap and it loads the procedure calling arguments back into the argument
registers. L is the label of the next clause of that procedure to try, if there are
any, otherwise it is the special label FAIL. In the latter case, the choice point

is deallocated and one backtracking step is performed: the next choice point
on the stack is considered. Otherwise, L is set as the label of the next clause
to try, in case of failure of the current trial.

Compiling a procedure P consisting of the clausgs.(&, is a simple
generalization of what has been seen in the previous section. If the procedure
consists of a single clause (i.e. n = 0), nothing more is needed than the compiled
code of G. Otherwise, before entering,Ga choice point must be allocated. This
choice point must be updated before entering all the succes&vieuCthe last,
when it should be discarded. Figure 2.14 illustrates more precisely the outcome
of a procedure compilation.

Single definition procedure Multi-definition procedure
G CorC 1
L. <code for Co> L. try_me_elseL 4,N
<code for Co>

retry_me_else L 5
<code for C,>

L : retry_me_else L
<code for C_>
retry_me_else FAIL
<code for C_,,>

n+1

n+1:

Figure 2.14 Code pattern for procedure definitions.
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Figure 2.15 illustrates compilation process by showing the way the
classical definition for append/3 is compiled. The low-le¥2I list constructor

has been used. The resulting code is shown in figure 2.15.

append([],L,L).
append(.(A,L1),L2,.(A,L3)) :-
append(L1,L2,L3).

append/3_0: try_me_else append/3_1, 3
get_structure  []/0, AO

get_variable X3, Al % L <-> X3
get_value X3, A2
proceed.

append/3_1: retry_me_else FAIL
allocate 0
get_structure  ./2, AO
unify_variable X3 % A <-> X3
unify_variable X4 % L1 <->X4
get_variable X5, Al % L2 <-> X5

get_structure  ./2, A2
unify_value X3

unify_variable X6 % L3 <-> X3
put_value X4, AO

put_value X5, Al

put_value X6, A2

call append/3_0

deallocate

Figure 2.15 WAM code for append/3.

2.6. Optimizations.

Even though the design presented so far is complete, in the sense that
the instruction set and the internal data structures suffice to compile and execute
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a Prolog program, a number of optimizations are commonly employed. This sec-

tion presents a few such optimizations that are very easy to implement and pro-
duce substantial improvements in the execution speed. These and other optimiza-
tions can be found in [AitK91b].

As far as the WAM is concerned, efficiency can be improved in sev-
eral ways. Substantial heap space can be saved defining special purpose instruc-
tions for very common situations, like dealing with constants and lists. This has
the effect of collapsing several WAM instruction in a single specialized instruc-
tion, reducing the code size of a compiled program. Also recycling registers that
will not be used in the future can cut the number of registers used by several or-
ders of magnitude. In addition, this has the side-effect of pointing out useless in-
structions that can be eliminated from the code. Another target of the optimiza-
tion is the stack: the idea is to use at each instant only the part of an environment

that is really needed.

2.6.1. Constants.

Let's observe the way constants (i.e. nullary functors) are compiled
and represented on the heap. As an example consider the st(btg(a))
Figure 2.16 (a), (b) and (c) represent the code for that subterm when it occurs in
the head and in the body of a clause, and the heap term constructed by the body
code respectively. Note that each occurrence of a constant in the source code is
compiled as two WAM instructions and that each constant is represented on the
heap using two data cells. Constants are very common objects in a Prolog pro-
gram, so a new type of data cell has been introduced for twrstant cellsA
constant cell is intended to collapse the link of the parse tree leading to the con-
stant and the constant name into one heap entity. Its @M and its value
field contains the constant itself. Handling constant cells requires the introduction
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of four new WAM instructions, two for the head of a clause and two to be used
when compiling the body, two for constants occurring as arguments and two for

inner occurrences of constants:

get_structure f/2,A0 put_structure b/0, X1 O] FUN o/0
unify_variable X1 put_structure a/0, X2 1] FUN al0
unify_variable X2 put_structure g/1,x3 2| FUN[ [ /1
get_structure b/0, X1 set_value X2 3| STR 1
get_structure g/1, X2 put_structure /2, AO »4[ FUN 112
unify_variable X3 set_value X1 5 STR 0
get_structure a/0, X3 set_value X3 6 STR 5
(a) (b) (©)

Figure 2.16 Compilation and heap representation of f(b(g(a))

* put_constant c, A i - Is used when compiling a constant occurring as
an argument of the body of a clause. It simply loadsvith a constant cell

forc;

e (get _constant c, A . is used for constants occurring as arguments in

i -
the head. If Apoints to a constant, it is checked for bemndtself. If A,

points to an unbound reference cell, it is set to a constant cell for

e set_constant c . used when encountering an inner constant in the body

of a clause, this instruction pushes a constant cedl for the top of the heap;

* unify_constant ¢ : in READ mode, it checks if the currently examined
cell on the heap is a constant cell foritit is instead an unbound reference
cell, it binds it to a constant cell far. In WRITE mode, it behaves as

set_constant.
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Figure 2.17 illustrates the result of the compilation using these new instructions.
Notice how both the code length and the heap representation length have been

substantially reduced.

get_structure /2,0t _structure 0 ('1:}1','\&1 g1

unify_constant b set constant 1| £ON a

unify_variable X1put_structure  *2| ffMp | f/2

get_structure g/1setl constant 3 €ON b

unify_constant a set value 4 8FTR 0
(a) (b) (©)

Figure 2.17 Enhanced compilation and heap representation of

f(b(g(a))

2.6.2. Lists

Lists are a very commonly used data structure in Prolog program-
ming. Therefore it makes sense to devise specialized instructions for them. The
idea is to introduce a new type of data cell, calldi$tacell, that collapses the
link to a list subterm (i.e. its structure cell) and the functor cell for the list con-
structor. The tag of a list cell idS and its value field points to the data cell rep-
resenting the first argument of the now implicit list constructdr. Two in-
structions can be added to the WAM instruction set to handle this new heap

representation for lists:

* put_list X i Substitutes the instructigout_structure ./2, X ot

inserts in X a list cell pointing to the next available heap location.

e get list X i Substitutes the instructiaget_structure ./2, X it

checks if the location pointed by ¥ a list cell and in this case, the next heap
cell to visit is set to the cell pointed by it. If instead it is an unbound reference
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cell, it is bound to a new list cell pointing to the next available location on the
heap and the mode is seMtRITE.

get_structure J2,80t_structure 0 '7&‘”&1 12
unify_constant a set_constant 1| £ON c
unify_variable X1 set_constant 2| [FON I
get_structure 12,p¢t_structure [ RINE| /2
unify_constant b set_constant 4[TTON b
unify_variable X2 set_value 5[ 8FR 0
get_structure J2,pX@_structure -6 lé‘EJKI\‘ 7>
iy ool setvae T[5PN] @

- B 8| STR 3

(a) (b) (€)

Figure 2.18 Compilation and heap representation of [a,b,c]

get_list A0 put_list X1 Of CON c
unify_constant a set_constant a 1| CON [
unify_variable X1 set_constant ] 2| CON b
get_list X1 put_list X2 3| LIS 0
unify_constant b set_constant b »4 CON a
unify_variable X2 set_value X1 51S 5
get_list X2 put_list A0

unify_constant c set_constant c

unify_constant [] set_value X2

(a) (b) (©)

Figure 2.19 Enhanced compilation and heap representation of [a,b,c]
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Figures 2.18 and 2.19 shows respectively code and heap representation for the
term[a,b,c] both before and after the enhancement just presented. Note that
the heap representation has been reduced in size.

2.6.3. Registers

In the WAM code presented so far, no attempt has been made to recy-
cle registers that will not be used later. A clever register allocation policy can
save hundred of registers. For example, a first version of the compiler run on an
example program (the wolf-goat-cabbage problem) used 89 registers, while this
number was reduced to 5 after improving the allocation policy.

An even more clever register allocation policy can reduce the number
of code instructions. For instance, the combined effect of the couple of instruc-
tions: get_variable X3, AO followed by put_value X3, AO is null.

So these two instructions can be eliminated. Figure 2.20 shows how the code for
append/3 can be reduced in size by careful register allocation.

2.6.4. Miscellaneous stack optimizations.

Stack space is a resource that should be used as sparingly as possible.
Consider a non fact rule. Its last two instructions are alwagdl a to some pro-
cedure followed bydeallocate . Once all the argument registers have been
properly loaded, the only reason for maintaining the current environment on the
top of the stack is for the continuation point. The idea is therefore to swap the
call anddeallocate instructions. Unfortunately, this entails the introduc-
tion of a new instructiorgxecute p/n  that behaves likeall p/n but does
not set the continuation pointer CP to the next instruction (that would be errone-
ous). This technique is known last call optimization
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append/3_0: append/3_0:

try_me_else append/3 1,3 try_me_else append/3_1, 3
get_constant [], AO get_constant [], AO
get variable X3, Al get value Al, A2
get_value X3, A2 proceed.
proceed. append/3_1:
append/3_1: retry_me_else FAIL
retry_me_else FAIL allocate 0
allocate 0 get_list A0
get_list A0 unify_variable X3
unify_variable X3 unify_variable X4
unify variable X4 get_list A2
get variable X5, Al unify_value X3
get_list A2 unify_variable X5
unify _value X3 put_value X4, AO
unify_variable X6 put_value X5, A2
put_value X4, AO call append/3_0
put_value X5, Al deallocate
put_value X6, A2
call append/3_0
deallocate
(a) (b)
Figure 2.20 Code for append/3 before and after improving register
allocation.

Similarly, after each call in the body of a rule, the number of perma-
nent variables that are still needed decreases. Therefore, a clever ordering of the
permanent variables in the environment can save stack space. After each call, a
permanent variable that will not be used later can be easily discarded if it occu-
pies the topmost positions in the environment. This space can be used by succes-
sive procedures. The only change that needs to be performed is to provide a new
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argument tacall . The new format of this instructionasll p/n, N , Where
N is the number of permanent variables that will be used later. This technique is

calledenvironment trimming

A further optimization can be done for rules having a single atom in
their body, callecchain rules For these rules, there is no need to allocate an en-
vironment since they do not have permanent variables and the continuation
pointer is handled bgxecute . Figure 2.21 shows how the compiled code for

append/3 looks like after applying these above optimizations:

append/3_0:
try_me_else append/3_1, 3
get_constant [], AO
get_value Al, A2
proceed.

append/3_1:

retry_me_else  FAIL
get_list A0
unify_variable X3
unify_variable X4

get_list A2
unify_value X3
unify_variable X5
put_value X4, AO
put_value X5, A2
execute append/3_0

Figure 2.21 Definitive WAM code for append/3 .

Further optimization techniques beyond the scope of this thesis can be
found in [AitK91b, Warr].
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2.7. Summary.

Let's now summarize the WAM concepts introduced in this chapter. Figure 2.22
shows the instruction set of the WAM, organized according to the use and the
type of instructions. Figure 2.23 illustrates the internal data structures utilized by
the WAM.

Head Body
Argument instructions
get variable Xn/Yn, A, put_variable Xn/Yn, A,
get_value XY o A put_value XY o A
get_structure fin, X, put_structure  f/n, X,
get_constant c, Ai put_constant c, Ai
get_list X put_list X,
Term instructions
unify_variable Xn/Yn set_variable Xn/Yn
unify_value XJY set_value XJY,
unify_constant c set_constant ¢
unify_void n set_void n

Control instructions

allocate N deallocate
call p/n, N
execute p/n
proceed

Choice point instructions
try_me_else L, N
retry_me_else L/FAIL

Figure 2.22 The WAM instruction set.
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Figure 2.23 The WAM working areas and registers.
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3. Logic meta-programming in 'Log.

3.1. Introduction.

Because meta-programming languages are supposed to operate on ob-
ject programs as data, a key feature for these languages is their abilitgpoeto
sentandmanipulatethe object level entities. The representation issue is achieved
by means of amaming schemaeach entity of the object level is given a unique
nameused at the meta-level as the (only) way to operate on the object entity it
denotes. Therefore, a meta-programming does not directly deal with programs; it
instead manipulates the names of these programs, that are isomorphic to the pro-
grams themselves.

A good introduction to meta-programming in logic programming can
be found in [BoKo]. In this context, the most interesting case is when the object
language and the meta-language coincide. In this case, the naming scheme is a
form of autorepresentationWWhen the meta-language is a logic programming lan-
guage, the name of any object entity is a meta-level term. Note also that since
programs are composite objects, a meta-logic programming language should pro-
vide a way of naming not only programs, but also their components, such as
clauses, terms and symbols (an alternative is to introduce predefined predicates to
perform fixed operations on program names).

'Log has been developed along these lines to fulfilling the following
requirements:
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* to treat at the meta-levahy syntactic entity of the language, from the sym-
bols up to the programs;

» to allow anefficient implementation, in terms of both run-time overhead
and memory usage;

* to possess a sound and completgcal semanticsfor the whole language,

and in particular for the meta-level features;

* to offer the users simple, powerful aaasy-to-usemeta-programming facili-
ties.

These goals have emerged from observing the deficiencies of the meta-logic pro-
gramming languages proposed in the decade following Bowen and Kowalski's
analysis. Some of the most important contributions in that field are: MetaProlog
[Bowe, BoWe],A-Prolog [MiNa86, MiNa87], Reflective Prolog [Cost, CoDL,
Cola, Dell] and Godel [HILI91].

'Log is a pure logic programming language [Lloy87] augmented with
facilities designed to permit effective meta-programming facilities, in a logical
framework. What distinguishes this language from its predecessors is the naming
schema used. Each 'Log syntactic entity has, in fact, two meta-representations as-
sociated with it, i.e. two ground terms that uniquely describe it and allow it to be
manipulated at the meta-level.

The first meta-representation associated with a syntactic expression is
a constant symbol - called m®me - which is isomorphic in structure to the ex-
pression it represents. Objects having a name in 'Log are programs, clauses,
terms, symbols and characters. Giving characters a name might be surprising at
first: in fact, a character is not a proper syntactic expression in a logic language.
However, the ability to access characters, even via their name, appears to be quite
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useful in practice. It allows for example a semantically acceptable definition of
the Prolog built-invar/1.

Each proper syntactic entity (i.e. not characters) has, beside its name,
astructural representation, i.e. a ground term that describes the structure of the
entity in terms of the names of its components. The name and the structural rep-
resentation are two descriptions of a syntactic object at two different levels of de-
tail.

'Log names are syntactic entities; therefore they have a name and a
structural representation too. Thus, 'Log supports the definition of an infinite
tower of meta-levels. In most applications, only an object level and a single meta-
level are actually needed.

For each composite syntactic object, it is possible to pass from its
name to its structural representation and vice versa by means of a series of new
operator <x=>/2, where x depends on the type of object being transformed.

'Log does not supply any built-in reflection operator which would al-
low a meta-representation to be obtained from the object it denotes or vice versa.
Neither it is possible to define such an operator using 'Log. This differentiates
'Log from other proposals, such as Reflective Prolog and R-Prolog* [Suga], that
assume a reflection mechanism to be available. In 'Log meta-levels are strictly
separated: at each level, the syntactic entities of the lower levels are visible
through their names only; variables do not make an exception to this rule.

Names, structural representations and <=x=> suffice to define (de-
claratively) every Prolog meta-predicate. Thus it is possible to include these
predicates in a 'Log program without compromising its logical interpretation.
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The next section describes the way names are defined in 'Log as well
as the key properties of these objects. Section 3.3 focuses instead on structural
representations. The following section describes the bridge existing between the
two meta-representation of each 'Log’s syntactical entity. Section 3.5 shortly pre-
sents the main theoretical results valid for this language. Finally, section 3.6 de-
scribes features of 'Log that have not been taken into consideration previously.

3.2. Names.

The syntax of 'Log is similar to that of Prolog and will be skipped
here, except for those parts concerning the meta-representations. Unlike the usual
syntactic definition of a logic program, 'Log programs are not built out of a set of
functional, predicate and variable symbols. Their basic components are instead
charactersbelonging to aralphabet >. The main use df is in the construction
of the language symbols. A symbol can thus be decomposed into its constituent
characters, and have them treated as 'Log syntactic enfitiesubdivided into
an upper case alphabet and a lower case alphabet. In this way it is possible to
adhere, as far as possible, to the syntactic conventions of standard Prolog.

There are three different kinds symbolsin 'Log. Beside the usual
functional symbols and variables, 'Log introduces names as a third basic syntac-
tic class. In order to provide a definition of names, the notions of program, clause

and term need to be introduced first.

Terms are defined in 'Log in the usual recursive way on symbols. In
particular, since a name is a symbol, a name is a term too.claogesdiffer
from standard Horn clauses because atomic formulas are terms. In fact, there is
no distinction between predicate and functional symbols in 'Log. Finally, a 'Log
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program is a sequence of clauses separated by dots. In 'Log, the notion of se-
guence is more appropriate than the usual notion of set.

The definition ofnamecan now be given as follows:

e if Pis a program, then pg(P) is thexgram name of P;
» if Cis aclause, then cl(C) is thieaase nameof C;

o iftis aterm, then tr(t) is thierm name of t;

» if sis a symbol, then sy(s) is tegmbol nameof s;

» if cis a character, then ch(c) is ttlearacter nameof c.

Each symbol has, as in Prolog, an associated arity (equal to O for variables and
names). Notice that even if the syntax is somewhat misleading, names are atomic
objects, in the same way as constants are. Thergigrel, tr, sy andch are not

to be considered in this framework as functors, but as constant constructors. In
fact, their purpose is only to maintain a visible relationship between an object and

its name. Furthermore, since names are symbols it is evident that the two term
namestr(p(X)) andtr(p(Y)) do not unify, whereas the variabteunifies

with the termtr(f(X)) , yielding the substitutiofiX - tr(f(X))} , With-

out any prevention from the occur check.

Notice that the same syntactic expression can be denoted by different
names, depending on the context where occurs. Consider the string containing
just the character. According to 'Log’s syntax¢ can be either a character or a
symbol or a term. Thus, the character nathg) , the symbol namey(c)
and the term namie(c)  are all meta-representations for this same string

As an example, consider the usappend/3 predicate, which con-

catenates two lists. Its program name is:
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PY(
append([],X,X):-.
append([A|X],Y,[A|Z]):-append(X,Y,Z).
)

where the list notation has the usual definition.

As names are symbols, they have a name too. Thus, for instance, the
term names of the character naoh¢c) , of the symbol namsy(foo) and of
the term name tr(Alpha) are tr(ch(c)) , tr(sy(foo)) and
tr(tr(Alpha)) respectively. 'Log does not impose any limit on the number
of naming levels.

3.3. Structural representations.

As already mentioned in section 3.1, 'Log associates to every com-
posite syntactic object (i.e. symbols, terms, clauses and programs) a second meta-
representation, called thstructural representation of the object. This meta-
representation is a ground term which describes the structure of the object it de-
notes in terms of the names of its components.

The structural meta-representation of an object usually takes the form
of a list of name constants. Terms are an exception: they require embedded lists
of symbol names to account for their recursive definition.

A precise definition of the structural representation of the various
'Log syntactic entities is now given:

« ifP=C.C,. ... G.is aprogram, then
[cl(C,),cl(C,), ... ,.cl(Cn)]
is theprogram structure of P; the program structure of the empty program is
represented by the empty list;
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e fC=A:- ApA, A, is a clause then
[tr(A),tr(A 1) tr(A), ... ,tr(A)]

is theclause structureof C, if C is a query, the first element of the list is [];

« theterm structure t' of the term t = f(},t,, ... ,{) where n > 0 is recursively
defined as
[sy(f),t;’,t5), ... ot
if t = s is a constant, a variable or a name, its term structure is
sy(s);
+ ifs=¢C,...G, is a symbol, then

[ch(c)),ch(c), ... ,.ch(g)]

is thesymbol structure of s.

While names are atomic symbols, structural representations are com-
pound ground terms. In this framework, terms similar to structural representa-
tions apart from the occurrence of meta-level variables inside them, must be con-

sidered apartially specified structural representations. For instance,

[sy(f).X]

is not a term structure; however, if the (meta-level) variabls instantiated

either to the symbol namesy(a) , or to the term structure
[sy(g),sy(a),sy(b)] : the correct  structural representations
[sy(f),sy(a)] and[sy(f).[sy(g).sy(a).sy(b)]] are respectively

obtained. Meta-level variables occurrences in an incomplete structural represen-
tation will be calledneta-variables in contrast with the object variables that are
frozen inside the names that constitute the structural representation.

In contrast to names, structural meta-representations do obey the law
of unification: [sy(f),X] and [sy(f),sy(Alpha)] unifies, yielding the
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substitution{X - sy(Alpha)} , Whereas the goaX=[sy(f),X] should
fail since the occur check detects a cycle.

Notice that structural representations permit the expression of higher
order object level term and syntactic higher order unification. Consider for exam-
ple the term{F,sy(X)] , F is a meta-variable that should be unified to a term

name standing for a unary object level functor.

3.4. Relating names and structural representations.

'Log provides the wuser with four infix operators=p=>/2 ,
<=c=>/2 ,<=t=>/2 and<=s=>/2 — called respectively the program, clause,
term and symbolcorrespondence operators— to pass from one meta-
representation to the other of the same syntactic entity.

Declarativelyx<=p=>uv (x<=c=>uv, X<=t=> v, X<=S=>U) is true if
X is the program (respectively clause, term and symbol) name of an object and
is the structural representation of the same object.

From an operational point of view, the goal
X<=p=>U (X<=C=>Uv, X<=t=> v, X<=s=>0)

succeeds if:

» X is a program (respectively clause, term, symbol) name and it is possible to
instantiate (the meta-variables occurring in)n such a way to obtain the
structural representation corresponding tor

* X is a variable and is the ground structural representation of a program (re-
spectively clause, term, symbol).

If both x andvu contain meta-variables, the proof of the goal is postponed till

either one of the above cases occur or no other goal in the current computation
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can be further processed. In the second case, the destructuring operator is re-
turned as part of the computed answer .

Here are some examples of goals involving==

?- tr(f(9(a),b,C))<=t=>[sy(f),A,sy(b),sy(C)]. (1)
A - [sy(9).sy(a)]
?- N<=t=>[sy(f),[sy(9).sy(a),sy(b),sy(C)]. (2)

N - tr(f(g(a),b,C)).

?- N<=t=>[sy(f),A,sy(b),sy(C)], A=[sy(g),sy(a)] - (3
A - [sy(9).sy(a)] :
N - tr(f(g(a),b,C)).
?- N<=t=>[sy(f),A,B,sy(C)], A=[sy(9).sy(a)] : (4)
A - [sy(9).sy(@)l,
N<=t=>[sy(f).[sy(9).sy(a)].B.sy(C)].
Delaying the solution of goals containing thex<= operator permits
a declarative reading of 'Log programs. The order of literals in a clause or in a
goal (e.g. in (3)) is immaterial; the commutativity of "," seen as the logiual
connective is thus preserved. Moreover, even though it is not possible to com-
pletely solve the call of s<=> (i.e., some variables in it are not instantiated yet)
the computation does not fail. On the contrary, the===s returned as part of
the computed answer; it will be considered &®mstraint on the values that its
uninstantiated variables can assume. For example, in (4) there are obviously valid
instances of the (meta-)variabBsndN, but not all are viable.

3.5. The semantic framework.

'Log possesses all of the semantic properties of a pure logic program-
ming language as described, for instance, in [LIoy87]. Moreover, 'Log has been

47



proven in [Cerv92] to be an instance of the Constraint Logic Programming lan-
guages scheme (see [JaLa87a, JaLa87b, JaLM86a, JaLM86b, JaMi, LiSt]).
Therefore, in this section, only the results which appear to be the most important
to an implementation of 'Log will be presented. Greater details can be found in
[CervIl].

The main differences between 'Log and the standard case are due to
the presence of the x=>/2 operators (that will be generically denotated as <=>,
since all of them share the same theoretical properties). <=> is an interpreted op-
erator. It establishes a relation between two syntactic expressions. When these
expressions are not fully instantiated, the term containing <=> is returned to rep-
resent aonstraint on values of its contained meta variables. The variable range
in the computed substitution is restricted in accordance with the constraints on
them.

In the CLP framework, 'Log is based on a structure whose domain is
the (extended) Herbrand univerbeand in which primitive relations are the
equality (=) and the declarative reading of the <=> operators.

A term having the fornx<=>v, wherex anduv are terms ang=> is
its main functor is called aR-term. An R-termx<=>v is aproper R-term if
there is a ground variable substitutiisuch thab(e is a name and® is the cor-
responding structural representation, i.@(elif::>ue is true; otherwise it igm-
proper. An R-termyx<=>v having variables in both andv is anopen R-term
If exactly one betweeg andv has a variable in it, we havesami-ground R-
term. Finally, if neithery noruv contain variablesy<=>v is aground R-term.
R-terms are constraints Therefore, according to the standards of CLP, a 'Log
clause can be rewritten as an object in the following format:® B. where H
is the headC is a conjunction of constraints amlis a conjunction of (user-

defined) atoms.
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The setl] of all proper ground R-terms, &-universe will play an
important role in the following discussion. is an infinite subset of the Herbrand
universeH. Membership of an element b can be easily proved to be decidable
[Cerv9l].H is defined as usual, except for being built out of a set of characters,
the alphabet, instead of the set of predicate and function symbols that explicitly

appear in a program.

The notion ofinterpretation of a 'Log program differs from the stan-
dard notion of Herbrand interpretation only for the request that the R-universe is
always a subset of the set of the ground terms which are valid in the interpreta-
tion. The definitions of validity, model and logical consequence are given in the
usual way. Then, it is possible to define a minimal modefdd a given program
P similarly to the standard case [Cerv9l]. It is also possible to characterize a pro-
gram P by means of a functiongl defined as follows: for each interpretation I,

To()=0O0O{AOH:A:-A;, ... A isaground instance of a clause
of P and Ay AL 1}

wherell is the R-universe. Jis monotonic and it can be proved to be continuous
too. Finally, the minimal model of P can be proved to be equivalent to the least
fixpoint of Ty, [Cerv9l].

Now that the declarative interpretation of a 'Log program has been
discussed, its operational semantics can be described as well as the soundness
and completeness results that relate the two semantics to each other.

A reificator is a finite (possibly empty) conjunction;R..[R of
proper open R-terms that is satisfiable, that is for which there exists a (ground)
substitutiond such that (...DRn)e IS true in every interpretation (i.e., for each
i=1..n, Re [17 ). Let P be a 'Log program and G €;B be a goal. An answer to
PL{G} is a pair @,R), wheref is a substitution for G and R is a reificator such
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that no variable occurring in R is in the domairBoA correct answer to[H{G}

is an answerg,R) such that

8,0
PI=(R - (CB))".
The following result [Cerv91] characterizes the relationship existing

in 'Log between correct answers, validity and least model.

Theorem 1.
Let P be a 'Log program, G =C;B a goal andq,R) an answer for [P{G} such
thatJ|=R and C,B)e is ground. Then the following statements are all equivalent:
1. O,R) is a correct answer ta G}
2. (C,B)e is a logical consequence of P
3. (C,B)e is true in M.

Let's now define a variant of the SLD-resolution method suited to
‘Log program execution. Let G = :3A. A ,...,A, be a goal and C = B:-lE’,..,Bq
a clause. The goal G’ is (immediatetjgrived from G and C using the substitu-
tion O if:

« 6 is an mgu of the selected litera| fand B (note that they could be both
variables), and G’ is the goal :-{A.,Bl,...,Bq,...,%)e, or

* A, is the proper ground or semi-ground R-te{r¥>v, 6 is the mgu ofu
and the structural representation corresponding to the game is ground,
or 0 is the mgu ofx and the name corresponding to the structural representa-
tionv if X is not ground, and G’ is the goal +A.,A,_1, Am,...,Ah)e. In this
case, C will be assumed to be the empty clause.

Let P be a program and G a goaldérivation d of F{G} is a (finite
or infinite) sequence of triples <{((&,6),(G;,C;,0,),...> such that =G and
for eachi> 1, Gis immediately derived from.G using G, and6, ;.
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A refutaton r of PI{G} is a finite derivation
<(Gp,Cp0p)s---(G,C,,,6,)> such that Gis a reificator. Thecomputed answer
obtained by the refutation of RG} is the pair ©,G) where6 is the restriction
of the compositiom, ...6, to variables occurring in G.

This definition of refutation is more general than the usual one. In-
deed, any Prolog refutation can be considered as a 'Log refutation which never
applies a derivation step using R-terms and always ends up with the empty reifi-
cator.

The previous definitions have also been given in a CLP-like manner
in [Cerv92]. The more traditional definitions have been reported here because
they describe the operational behavior of an interpreter for the language in a more
explicit way.

The soundness theorem for the 'Log resolution method can now be
stated in exactly the same way as for the standard SLD-Resolution. A proof can
be found in [Cerv9l].

Theorem 2(Soundness of the resolution method).
Let P be a program and G a goal. Every computed answellf{&@}Hs a correct
answer for P{G}.

To establish the completeness of 'Log’s resolution method a further
definition is required first. Let R = fR1...00R, and Q = QL...00Q,,, be two reifica-
tors. R ismore generalthan Q (or R subsumes Q) if R imposes looser con-
straints than Q on the variables occurring in both Q and R, that is, more formally,
if there exists a substitutiod such that for each i = 1,..,n, eithe{BFR]D or
Rie = QJ for some j = 1,..,m, and for each i = 1,..,n, jfc@ntains a variable ap-
pearing in R, then there isani=1,...,n such tmeatzRg].
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Theorem 3(Completeness of the resolution method)

Let P be a program and G a goal.afR) is a correct answer folr G}, then
there exists a computed answerQ) for F1{G} and a substitutiory such that
0 = oyand Q is more general than R.

As in the standard case, it is possible to prove that the selection rule
has no influence on the existence of a refutation for a giveGRP In this sense,
it is possible to state a strong completeness theorem that allows to arbitrarily con-
straint the way the selected atom is chosen at each derivation step (in particular,
to delay the proof of a goal containing <=>).

3.6. More ’Log.

In this chapter, only the core of 'Log has been described. 'Log is in
effect much more. Even though nothing more that what has been presented so far
will be needed in following discussion, it is worth giving an idea of the other fea-
tures of 'Log.

The syntax adopted in this chapter is substantially different from what
is described in [Cerv9l, CeR091a, CeR091b, CeR092]. In these papers, the basic
notation for names is much more user oriented: for example, the term name of
f(g(a),b,C) is 'f(g(a),b,C) rather thantr(f(g(a),b,C)) . The
new syntax has been introduced to facilitate the parsing process. In fact, the pre-
vious syntax was not even LR(1) [AhSU] while the adopted one is. It is quite
easy to build a preprocessor to pass from one syntax to the other. In the previ-
ously cited papers, a user-friendlynthetic notatiorwas defined for structural
representations too. This was a rather natural way of expressing the second meta-
representation of an object level entity, handling also the case of incomplete
structural representations. For example, the synthetic form of the previous exam-
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ple term is'f(g(a),b,C)" instead of'f',['g’,’a’],’b’,’C’] (this

form existed too, under the nameexplicit notatior). The meta-variables were
prefixed by#’s. This syntax has been dropped too for simplicity. Once more, a
simple preprocessor can be used to handle it.

Writing real meta-programs require the use of much more powerful
tools than the correspondence operator. In particular, the equivalent of Prolog’'s
call/l1 | clause/2 , assert/1  andretract/1 [StSh] together with the
demo/2 predicate of [BoKo] are needed. Declarative versions of these predi-
cates can be easily built in 'Log [Cerv91]. Unfortunately, relying on a 'Log im-
plementation of these predicates can be very slow. It would be useful to imple-
ment directly these operators at a lower level, as predefined functions hardwired
into the compiler or interpreter of 'Log. This has not been done since it was be-
yond the scope of this thesis.
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4. Implementation of 'Log.

4.1. Introduction.

Even though ’'Log is a simple variation of pure Prolog, the few fea-
tures few added invalidate the well-established results upon which Prolog is
founded. The same observation applies also as far as the implementation issue is
concerned.

The 'Log compiler described here has been developed an Ethernet
network of SUN3, DECstations 3100 and 5000. The operating system was UL-
TRIX V4.2A (Rev. 47). The whole system has been written in C. A WAM ab-
stract machine for pure Prolog was initially constructed as a variant of the de-
scriptions found in [AitK91a] and [AitK91b]. With that working system as a
basis, the implementation of the features that properly belong to 'Log double size

of the program.

Augmenting a pure Prolog system in order to accept and correctly
execute 'Log requires introducing mechanisms to cope with the following novel

aspects:
» finding an appropriate representation for the names in the system;
» finding an appropriate representations for the structural representations;

» devising a correct implementation of thex=> subgoals, that takes into ac-
count delaying these goals when necessary;
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» enforcing the consistency on the pendisgk=> atoms;

* remembering the constraints still alive at the end of the execution.

Each of these tasks is easy in itself, but in order to achieve an accept-
able degree of efficiency in the resulting 'Log system, each item in the above list
must be chosen with extreme care.

The next section will describe the way the representation issue has
been handled. Section 4.3 will focus on constraints and in particular to the way
open R-terms are delayed and awaken when they become instantiated. The last
section of this chapter corresponds to the user's manual of the implemented sys-
tem.

4.2. Internal representation of the names.

Let’s initially consider only theepresentation issuei.e. the problem
of accommodating names and structural representations on the heap of the
WAM. Note first of all that once a representation schema has been chosen for
names, the way structural representations are implemented is decided too. In fact,
a structural representation is defined as a list of names; therefore, it is first of all a
list and should be handled as such. So, the only point is to chose a good heap
representation for names.

Names are subject essentially to two operations: unification and de-
structuring using the=x=> operators. Therefore, it is wise to devise a represen-
tation for these entities that permit a fast execution of both of these operations.
Unfortunately, efficient implementations of unification and destructuring place
opposing demands on the heap representation of names.
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In fact, in order to have a fast unification procedure, the representation
of a name should be as compact as possible, possibly a reference to a symbol ta-
ble (as for constants and functors). However, with such a representation, destruc-
turing would be a burden, each timex=> should transform a name into the
corresponding structural representation, this latter object must be constructed on

the heap, even if just one element of this list is actually needed.

To allow fast destructuring, it is better for the two meta-
representations of an object to be as similar as possible. In particular, a hame
should be represented as a list starting with a distinguished marker. Note that in
this way, a name would be a special list of names, that in turn would be special
lists of names, and so on until the level of character names is reached. This
method has obvious drawbacks: first of all it makes use of a huge amount of
memory, (i.e. heap cells) In fact, cells are needed for every character in the name
to be represented plus extra cells for the multi-list structure. Also, name unifica-
tion becomes a major source of overhead; in fact matching even simple names

can require visiting of very big trees.

The solution adopted is a compromise between these two extreme
proposals. The idea is to represent names as special lists, but only till the symbol
name level. Symbol names are represented as atomic objects and normally oc-
cupy just one heap cell. Whenever #ves=> operator is invoked, a correspond-
ing special list of character names is built on the heap in the place where the im-
plicit representation of the symbol name was held. Therefore, a symbol name is
destructured only when this is really needed.

The implementation of this idea has required the introduction of seven
new types of data cells (and therefore, seven new tags) and of eighteen new
WAM instructions. These will now be described for each kind of name available
in 'Log.
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Character names require a single cell for their representation (also be-
cause these entities do not have a structural representations associated with
them). The data cell tag for a character nanm@Hsl while the value field of the
cell is simply the ASCII code of the character itself (see figure 4.1). This new
type of cell is very similar to the cell for the constants and so are the WAM in-
structions needed to handle this representation:

e put chnc, A is supposed to be used when compiling a character name

i
occurring as an argument of the body of a clause. It simply lopdstiAa
CHN cell forc;

Name
Character
» [ CHN c
c
(@) (b) (c)

Figure 4.1 Heap representation of a character name

e get chnc, A is used for character names occurring as arguments in the

i
head of a clause. If /Apoints to such an object, this character is checked for
beingc itself. If A; points to an unbound reference cell, it is set@Hi cell

forc;

« set_ chnc used when encountering an inner character name in the body of
a clause, this instruction pushe€IdN cell forc on the top of the heap;

e unify_chnc in READ mode, it checks if the currently examined cell on
the heap is £HN cell for c; if it is instead an unbound reference cell, it
binds it to such a cell far. In WRITE mode, it behaves a&t_chn .
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The implementation choices previously stated make the handling of
symbol names a non-trivial task. In fact, it requires the introduction of three new

types of data cells and eight new instructions. This is shown in figure 4.2.

The name of a normal Prolog symbol can have two forms: an implicit
form in which a single data cell is needed for its representation, and an explicit
representation as the list of its constituting character names. Note that the same
symbol name can appear in both forms during the execution of a program. In
fact, the use ok=c=> allows one to dynamically pass from one form to the
other. Note also that the unification algorithm must be modified so that the im-
plicit and explicit form of the same symbol name do unify. In particular, when-
ever the explicit form is not completely specified (i.e. when it contains meta-
variables), the unification procedure should be able to construct parts of it from
the implicit representation. So, symbol names are a point where the unification
and destructuring procedures interact very closely.

The way implicit symbol names are handled closely resembles to the
way character names have been dealt with. The newltdgs introduced and
the value field of the corresponding heap cell contains a direct representation of

the symbol, in the same way as constants are represented inside constant cells.

The following new instructions are required to deal with implicit sym-
bol name cells:

e putsins, A is supposed to be used when compiling a symbol name

i
occurring as an argument of the body of a clause. It simply lopdstiAa

SIN cell fors;
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Implicit symbol

S=¢C

...C

n

Explicit symbol

S=C 1...C

n

SEN

@s

Name

name

SNN

@namg

(@)

Name
» [ SIN S
» | SEN @s
@s LIS @Cl
@(;1 CHN Ch
CON ]
@(;1_1 CHN Ch1
LIS @c,
@cl CHN Cq
LIS @¢
» | SNN| | @name
@name . <npame>
(b)
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representation

» [ LIS @q
@g, CHN”. Ch
CON I

@G.1 | CHN[ [ g
LIS @c,

@q CHN”. Cq
LIS @¢

(©)

Figure 4.2 Heap meta-representations of a symbol




e getsins, A is used for symbol names occurring as arguments in the

i
head of a clause. If /Apoints to such an object, this symbol is checked for
beings itself. If A, points to an unbound reference cell, it is set 8N cell

fors;

* set_sins :used when encountering an inner symbol name in the body of

a clause, this instruction pusheSIal cell fors on the top of the heap;

e unify_sins in READ mode, it checks if the currently examined cell on
the heap is &IN cell fors; if it is instead an unbound reference cell, it binds
it to such a cell fos. In WRITE mode, it behaves a&t_sin

The explicit representation of a symbol is the list of its constituent
character name cells, headed by a sp&# cell, whereSEN is the new data
tag introduced to handle this type of name. The value field of this kind of cells is
a heap pointer to the head of the character name list. The way a symbol name is
represented is shown in figure 4.2. Two new instructions are needed to handle
SEN cells, they are conceptually similar to the two list cell instructions.. The
compiler inserts these instructions in the object code of a 'Log program only
when the symbol name appears on the left-hand sideat=> subgoal.

¢ put_sen X ; Itinserts in XaSEN cell pointing to the next available heap

i
location.

« get_sen X ; It checks if the location pointed by, ¥ aSEN cell and in

i
this case, the next heap cell to visit is set to the cell pointed by it. If instead it
is an unbound reference cell, it is bound to a &8N cell pointing to the

next available location on the heap and the mode is S¢RIT E.

By definition, a name is a symbol, therefore the name of a name is a
special kind of symbol name. In order to deal with this possibility, a third kind of
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symbol name cell has been introduced, it is taggesiNdd$ and has a pointer to

the first cell of the heap representation of the object name as its value field. The
actual representation can be seen in figure 4.2. Two new instructions handle
SNN cells and their behavior is similar to t8&N instructions:

e put_snn X ; Itinserts in X aSNN cell pointing to the next available heap

i
location.

 get snn X It checks if the location pointed by, ¥ aSNN cell and in

[
this case, the next heap cell to visit is set to the cell pointed by it. If instead it
is an unbound reference cell, it is bound to a NN cell pointing to the

next available location on the heap and the mode is Y¢RIGE.

A term structure can be either the list of the structural representation
of its components or just a symbol structure if the term it represents is a simple
constant, a variable or a name. This is also the way term names are represented.
A headelTRN heap cell is used to indicate the starting point of a term name. As
in the case of explicit symbol names, the value field iR cell is a heap
pointer to the first cell of the representation of the corresponding term structure.
The way a term name is compiled is shown in figure 4.3. Two instruction are re-

quired to cope Wit RN cells:

« put_trn X ; inserts in X aTRN cell pointing to the next available heap
location.
¢ get_trn X . checks if the location pointed by, ¥ aTRN cell and in this

case, the next heap cell to visit is set to the cell pointed by it. If instead it is an
unbound reference cell, it is bound to a NERN cell pointing to the next
available location on the heap and the mode is IMROTE.
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Structural

Name representation
Term
»> [ TRN @t
t=ftt ..t )
@t LIS @f » | LIS @f
TRN @t

@t,| .. <t > @t .. <t >

CON 1 CON ]
@t g | - <th1”> @t | - <thi>

LIS @t, LIS @t,

@y .. < 1> @y .. <t >

LIS @t, LIS @t,

@fl SIN f @ff SIN f

LIS @t LIS @t

() (b) ()

Figure 4.3 Heap meta-representations of a term.

Clause names are represented as the list of their constituent atoms.
This list is leaded by a new data cell, tagge€BS and having a pointer to the
first cell of such a list. This is illustrated in figure 4.4. Similarly to term cells,
handling CLN cells necessitates the introduction of two new instructions into the
WAM instruction set:

e put_cln X ; inserts in X aCLN cell pointing to the next available heap
location.
e get_cln X , checks if the location pointed by ¥ aCLN cell and in this

case, the next heap cell to visit is set to the cell pointed by it. If instead it is an

62



unbound reference cell, it is bound to a néiaN cell pointing to the next
available location on the heap and the mode is IMROTE.

Structural
Name representation
Clause
» [ CLN @C
C=h-b 4,..b
@CLIS @h > [ LIS @h
CIN|| @cC
@h| TRN <b > @h| TRN <b >
CON I CON I
@b [ TRN| |<b, ;> @b, | TRN| |<b, ;>
LIS @h LIS @h
@Q[ TRN <b,> @RQ| TRN <b,>
LIS @b LIS Q@b
@h TRN <h> @h TRN <h>
LIS @i LIS Q@i
(a) (b) (©)

Figure 4.4 Heap meta-representations of a clause.

The way program names are implemented follows the lines set up for
clauses, terms and explicit symbol names. A new data cell type, tB@jedis
introduced to mark the clause list of the corresponding structural representation
as a program name. Figure 4.5 illustrates this process. As in the previous cases,
two new instructions are needed:
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* put_pgn X ; inserts in XaPGN cell pointing to the next available heap

location.
Structural
Name representation
Program
> [ PGN @P
P=C,.C .
@W LIS @¢ » | LIS @¢
PGN @P
@G| CLN <C,> @G| CLN <C,>
CON [l CON ]
@G, | CLN [ <C, 4 > @G, | CLN [ |<C;q1 >
LIS @G LIS @G
@G| TRN <C;> @¢| CLN <C;>
LIS @G LIS @G
(a) (b) (c)

Figure 4.5 Heap meta-representations of a program.

* get_pgn X ; checks if the location pointed by ¥ aPGN cell and in this

i
case, the next heap cell to visit is set to the cell pointed by it. If instead it is an
unbound reference cell, it is bound to a Mfe@N cell pointing to the next

available location on the heap and the mode is IMROTE.

Figure 4.6 describes the way the term name
tr(foo(alpha,g(bb),X)) is compiled both when it occurs (a) in the head
and (b) in the body of a clause and (c) the heap representation that it produces.
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Notice how object level variables are treated exactly as the other symbols of the

Figure 4.6 Compilation and heap representation of

tr(foo(alpha,g(bb),X))

language.
get_trn A0 put_list X1 Of SIN bb
unify_variable 6t sin "bb" 1] CON I
get_list X1 set_constant 2| BIN 0/1
unify_sin "foo" put_list X2 3| LIS 0
unify_variable s¢t sin "g" 4 SIN X
get_list X1 set_value X1 5 CON 1
un!fy_sm. "alpha” put_h;t X1 6 TS 5
unify_variable S€t sin "X
get_list X1 set_constant ! hIS 4
unify_variable i list X3 8| SIN | |alpha
unify_variable 62 value X2 9| LIS 6
get_list X1 set_value X1 10| SIN | |foo/3
unify_sin "g" put_list X1 11| LIS 8
unify_variable s€t sin "alpha" » 12 LIS 10
get_list X1 set_value X3
unify_sin "bb" put_list X2
unify_constant qét_sin "foo"
get_list X2 set_value X1 Ao TRN 12
unify_sin "X" put_trn A0
unify_constant d4ét value X2

(a) (b) (€)

4.3. Constraints.

Constraints and constraint languages have been around for many
years. This topic has been studied intensively since the early 80’s and has yielded
to the definition of a constraint programming paradigm [Lele]. Constraints have
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recently been introduced in logic programming as a useful generalization. Two
main results have been obtained: the definition of the CHIP constraint logic pro-
gramming language [DVS*, VanH] and the much more general definition of the
CLP schema [JaLM86a, JaLM86b, JaMi, JaLa87a, JaLa87b]. In all these propos-
als, the constraints are mainly numerical, i.e. the user is allowed to program with
integer or real equations that are interpreted as constraints for the variables ap-
pearing in them [Lele, Sanj]. 'Log’s constraints are symbolic. However, some
work has also been applied to these particular constraints [HaEl, Nade, DOPR].

Constraint handling has two aspects. First te&tic or syntactic is-
suesare concerned with the compilation of a constraint when it is encountered in
the body of a clause. This aspect should be dealt with by the compiler. Second,
since constraints cannot usually be solved immediately, there dytiaenic is-
sue handled by the executer, of monitoring the active constraints of the system.
As unification instantiates the variables contained in the not completely solved
constraints present in the system, they can become either inconsistent or solved.
In the former case, a failure must occur. When a constraint becomes solved, it is
not necessary to bother about it anymore.

The closeness of the physical representation of the name and the
structural representation of a 'Log object has been exploited to obtain an elegant
compiling schema format for constraints. In fact, since a name is in general no
more than the corresponding structural representation prefixed by a name marker,
the idea is to use the same heap space for the two membetrsyofa operator.

When executing <=x=> v, the heap representationwvill initially
be constructed and the registerwill be set to point to it. Then, a new name cell
of the appropriate type will be pushed on the heap and set to point to the repre-
sentation ofu too; A, keeps track of this cell. Figure 4.7 shows the execution
process up to this poirg.can then beeadfrom the content of the registepAn
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this way, the code fox will operate directly on the heap structure built éor
eventually instantiating unbound variables contained in the (incomplete) struc-

tural representatioo.

X  <x=> U

representation

of v

Figure 4.7 Heap configuration after solving x <=x=>uv.

Once this process has been performegcan point either to a name,
to an object containing variables that could become a namen@#s an incom-
plete structural representation god variable), or to an object that will never be
able to become a name ffitself was incorrect). Therefore, the consistency of
what is pointed by fmust be checked. This is the only novel aspect of the exec-
tution, and to obtain it, four new instructions must be added to the WAM instruc-
tion set. They are:
* pg_constraint checks if register f\is pointing to a correct (eventually

non completely specified) program name representation.

* cl_constraint checks if register f\is pointing to a correct (eventually
non completely specified) clause name representation.
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e tr_constraint checks if register f\is pointing to a correct (eventually
non completely specified) term name representation.

* sy constraint checks if register Ais pointing to a correct (eventually
non completely specified) symbol name representation.

One more instruction has been added for improving the efficiency of the execu-
tion. It should be put at the beginning of the instruction sequence for a constraint.
Its effect can be ignored.

» watch_constr  sets an internal variable for an extra speed-up.

Figure 4.8(a) shows how a constraint of the forr=x=> v is nor-
mally compiled. Some attention must be paid wds a previously seen vari-
able. In fact, this variable could have already been instantiated. Therefore, its
content should be copied inyA&and a name cell must be retrieved from it rather
than inserted. Once this has been done successfully, the value referenced by this
cell should be unified with the content of ,A.e. the corresponding structural
representation. This case is illustrates in Figure 4.8(b).

X <=X=>U
If x is either a non-variable term If x is a previously-seen
or a first-seen variable variable
watch_constr watch_constr
<put code for v> - Al <put code for v> - Al
put_ x A0 put_value Xn/Yn, AO
set_value Al get_ X A0
<get code for x> —~ AO unify_value Al
X_constraint X_constraint
(a) (b)

Figure 4.8 Compilation of x <=x=>v.
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It is evident that the system must keep track, at run-time, of the con-
straints that have not yet been solved, cadleiive constraintsMoreover, since
any unification step can make some of them solved or inconsistent, the con-
straints present in the system should be periodically checked. When a constraint
becomes inconsistent, backtracking must occur. When it gets solved, efficiency
reasons suggest to remove it from the set of the active constraints. Unfortunately,
this solution is too simplistic to work. In fact, successive failures may reactivate a
previously solved constraint. Therefore, all constraints encountered during the
execution must be retained, and inactive constraints will be marked as such. Ss
for environments and choice points, the semantics of backtracking suggest that
the most appropriate structure for recording constraints is a queue.

Therefore, a new queue has been added to the architecture of the
WAM. It is calledCTR and each of its elements describe a constgaitstx=> v.
A constraint descriptothas two fields: a tag telling if the constraint has been
solved yet, and a pointer to the heap representatign Bach time a new con-
straint is encountered, tixe constraint instruction ending its compiled code
pushes a descriptor @TR. The tag field is eventually marked as solved.

It has been chosen to check the active constraints in the queue at the
end of each rule execution. Therefarecute andproceed have been modi-
fied to go through th€TR queue and check all the active constraints. During
this process, a constraint can still be active and have been solved in which case
its tag field is set to solved, or have become inconsistent in which case a failure
must occur. An alternative solution was to monitor the unbound variables in-
volved in a constant for their instantiation. This solution is better since it checks
only the constraint which status could have changed. Unfortunately keeping track
of which variables occur in which constraints is a non trivial task and does not
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harmonize well with the WAM philosophy. Therefore, this solution has been dis-
carded.

B n: Predicate arity

B+1 Ay: First argument

B+n A, ., : First permanent variable

B+n+1 | CE Continuation environment

B+n+2 [ CP. Continuation pointer

B+n+3 | B: Previous choice point

B+n+4 | BP: Next clause

B+n+5 | TR Trail pointer

B+n+6 | H: Heap pointer

B+n+7 | ctr: Top of CTR

B+n+8 PC: Procedure counter

Figure 4.9 Choice point.

The most delicate point is how to modify the backtracking procedure
so that when a failure occurs, all the operations done o6 TRequeue are un-
done. First of all, when a new choice point is allocated on the stack, the current
height of CTR must be recorded in it so that the successively added constraints
can be discarded. A more serious question is how to remember which solved con-
straints to reset to active. This problem is solved with the introduction of a new
internal register, calle®C, or procedure counterPC constantly contains the
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current height of the resolution tree, i.e. the number of clause instances that are
currently active. It is basically incrementeddsll decremented bgxecute
andproceed . Now, whenever a choice point is allocated, the valuB®fis
recorded in it. The idea is to use the tag field of a constraint descriptor as a time-
stamp. When a constraint is initially encountered, its tag field is set to zero,
meaning unsolved. When the constraint is finally solved, its tag field is set to the
current value oPC. Now, if a failure occursPC is reset to the value contained

in the last available choice point, that is lower than the value it had when the fail-
ure occurred. Among other thingSTR is reset to the height it had at the crea-
tion time of the choice point and all the remaining portion of this queue is exam-
ined: all the solved constraints with a tag field containing a value higher than the

current content oPC are reset to unsolved, i.e. to zero.

Figure 4.9 show the content of a 'Log choice point including he new

fields introduced for constraint handling.

4.4, Summary.

Let's now summarize the WAM concepts resulting from this chapter.
Figure 4.10 shows the new instructions added to the standard WAM,. It com-
pletes the schema of figure 2.22 where the instructions for the classical WAM
where summarized. Figure 4.11 illustrates the internal data structures utilized by
the extended WAM.
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Head Body

Program names

get_pgn XY, put_pgn XY,
Clause names

get_cln Xi/Yi put_cln Xi/Yi
Term names

get_trn XIY. put_trn XY,
Symbol names

get_sen Xi/Yi put_sen Xi/Yi

get_sin s, A put_sin s, A

unify_sin S set_sin S

get_snn Xi/Yi put_snn Xi/Yi
Symbol names

get_chn c, A put_chn c, A

unify_chn c set_chn c

Constraint handling

wach_constr
pg_constraint
cl_constraint
tr_constraint
Sy constraint

Figure 4.10 The new WAM instruction set.
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...... — HHE

HEAP STACK TRAIL PDL CTR
CODE
Ay AL A X
P CP E B TR H S MODE PC

Figure 4.11 The WAM working areas and registers.

4.5. User manual.

The WAM system that has been implemented looks like a classical
command line executer for Prolog. It is invoked by typing
wam [file_name]
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at the system prompt, whefile_nameis an optional file name. The system en-
ters its command mode with the following prompt:

wam>
If a file name has been specified, it has automatically been compiled and the re-

sulting code has been loaded into the code area.

At this point the following commands are available:

- <query>. Runs a query.

compile(file_name). Compiles and loaflle_name
edit(file_name). Editsfile_name then compiles and loads it.
load(file_name). Loadsfile_name

save(file_name). Saves the current programfiie _name
listwam(file_name). Produces an object listing of the current program.
debug. EntersDEBUG mode.

nodebug. Exits DEBUG mode.

shell. Invokes an operating system shell.

I <OS command>. Runs an operating system command.
help. Describes the commands.

quit. Exits the system.

When entering th®EBUG mode, the
debug>
prompt appears and the set of available commands is extended to allow the user
to trace the execution of the current program at the WAM code level and to in-
spect the content of all the WAM data structures. These commands are described
when by the on-line help.
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5. Conclusions.

A technique for compiling the meta-programming logic programming
language 'Log has been presented. In particular, the extensions to the standard
Warren Abstract Machine (WAM) architecture necessary to support the execu-
tion of these programs have been described.

Meta-programming is a programming technique in which a problem is
expressed partly at an object level and partly at a meta-level that operates syntac-
tically on the object level representation. 'Log is a logic programming language
upgraded with meta-programming capabilities. It introduces two meta-
representations for each syntactic entity and a set of operators to manipulate them
at the meta-level. This language still possesses the declarative semantics of pure
Prolog.

Upgrading the WAM architecture to support 'Log has required to
cope with some novel implementation challenges. First, an efficient internal rep-
resentation for both meta-representation of ‘Log must be provided. Second the
execution of a 'Log program generates constraints that must be handled dynami-
cally by the run-time architecture of the WAM. None of these problems is pre-
sent in Prolog. A 'Log compiler has been implemented along with a WAM based
run-time support architecture. The efficiency of the resulting system is compara-
ble to that of a WAM for conventional Prolog.

Having a 'Log machine opens new perspectives for 'Log. In fact this
language may be thought as an assembly language in the environment of meta-
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programming in logic programming. Some extensions have already been pro-
posed. They will can now easily been implemented in 'Log in order to test their
usability. The author has in mind also some upgrades to 'Log itself. In particular,
a more usable syntax should be introduced. Another interesting topic is studying
the possibility to introduce reflection mechanisms into 'Log. A more ambitious
goal is making a clear analysis of the relations between meta-programming and
Gaddel’s theorems, which lay in some sense at the origin of meta-programming.
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Abstract

A technique for compiling the meta-programming logic programming language 'Log is pre-
sented and the extensions to the standard Warren Abstract Machine (WAM) architecture neces-
sary to support the execution of these programs are described. Meta-programming is a program-
ming technique in which a problem is expressed partly at an object level and partly at a
meta-level that operates syntactically on the object level representation. 'Log is a logic pro-
gramming language upgraded with meta-programming capabilities. It introduces two meta-
representations for each syntactic entity and a set of operators to manipulate them at the meta-
level. This language still possesses the declarative semantics of pure Prolog. Upgrading the
WAM architecture to support 'Log has required to cope with some novel implementation chal-
lenges. First, an efficient internal representation for both meta-representation of 'Log must be
provided. Second the execution of a 'Log program generates constraints that must be handled
dynamically by the run-time architecture of the WAM. None of these problems is present in
Prolog. A 'Log compiler has been implemented along with a WAM based run-time support ar-
chitecture. The efficiency of the resulting system is comparable to that of a WAM for conven-

tional Prolog.
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