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SUMMARY

By using practical examples, this paper outlines the power of reflection mechanisms for logic programming
systems in the domain of knowledge structuring. In particular, it presents an extension of Prolog, where
separ ate databases can be handled as first-class objects. Different forms of database combination such
as inheritance and dynamic context extension/contraction are specified and implemented in a dynamic
and flexible way through reflection. The main aim is to broaden the application area of logic programming
to encompass most of the paradigms needed by systemsthat use artificial intelligence techniques. Practical
results presented in the paper show that logic programs that use reflection can be shorter, more
readable and efficient than those using mor e conventional full meta-interpretation techniques. Full meta-
inter pretation, however, is more general than reflection.
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INTRODUCTION

Several researchers argue that logic programming, and Prolog * in particular, are not
suitable to represent and manipulate knowledge. Indeed, essential features such as
structuring and combining of large amounts of knowledge are difficult to handle in
current logic-programming systems.

For this reason, extensions to Prolog have been proposed in the literature. * The
aim of these proposals, including the one presented in this paper, is to provide a
more powerful logic-programming language for complex practical applications, e.g.
those that use methods of artificial intelligence, while fully preserving logical seman-
tics.

It is widely recognized that a logic-based system for knowledge programming must
allow the partition of programs into separate databases. Separate (Prolog) databases
have been called modules, ° worlds, * theories, ° units, ° etc., emphasizing different
specific semantic issues. However, there is still no general agreement on how separate
databases should be combined. Inheritance (simple or multiple), delegation and
viewpoints are examples of database combination policies. They, have been intro-
duced in several languages in order to enhance knowledge reusability and flexibility
or to allow hypothetical and non-monotonic reasoning. The main drawback of these
languages arises from the impossibility of extending their built-in set of knowledge-
combination policies. Extensions can be made only by modifying the underlying
virtual machine.

It is most widely believed that the logic-programming community needs experience
in combining knowledge and exploring its capabilities before fixing specific policies
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in a general purpose language. For this reason, meta-programming techniques are
currently being fruitfully employed. Systems built by using meta-programming tech-
niques are open-ended: it is possible to extend and change the underlying machine
dynamically within the system itself.

The most widespread and straightforward technique for building systems based on
meta-programming techniques in logic is to write a full (Prolog) meta-interpreter ."
Meta-interpreters explicitly reproduce each part of the underlying machine that is
to be extended or changed.

An aternative approach to providing meta-programming capabilities is to alow
direct access to specific parts of the underlying machine state, i.e. reflection.

The main advantage of reflection techniques is that the writing of a full meta-
interpreter can be avoided. The price to be paid for this is that meta-programs have
a more limited scope, depending on the selected visibility of the underlying machine.
Nevertheless, it is often possible to establish a better trade-off between efficiency
and extensibility. In addition, meta-programs are more concise and readable.

In spite of these attractive features, reflection has had a relatively limited diffusion
in the logic-programming community and is still poorly understood. The most
relevant programs have been developed in LISP. °

The main aim of the paper isto face the problem of separate database composition
by means of reflection.

We present an extended and reflective Prolog system that supports separate
databases called units. The system provides a self-description of its computational
state that can be manipulated directly without writing a full extended Prolog meta-
interpreter. No predefine predicate need be introduced to combine units: their
combination policies can be described in logic, using reflection mechanism " asa
sort of high-level specification, without changing the basic code for the Prolog
interpreter. The system (called CPU—Communicating Prolog Units ° ), has been
helpful in elucidating design choices and facilitating comparative experiments on
different schemes of combining units.

A second aim of the paper is to present and discuss different policies of knowledge
structuring. In particular, context extension/contraction and inheritance policies are
introduced and integrated by means of meta-programs.

A third part of the paper focuses on comparisons between reflection and full meta-
interpretation techniques. The points to be considered in the comparison are

(a) flexibility and generality
(b) clarity, elegance, conciseness and readability
(c) performance.

This paper stresses performance considerations. We make this emphasis because one
of the main drawbacks of meta-programming techniques is the overhead that they
introduce, and improvement in efficiency is necessary to make meta-programming a
useful technique for implementation of real systems based on the logic-programming
paradigm. Through a study of unit combination, this paper shows how the form of
reflection used in CPU improves the trade-off between flexibility and efficiency.

AN EXTENDED REFLECTIVE PROLOG SYSTEM

In CPU, two basic features are added to standard Prolog: modularity and reflection
mechanisms.
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Modularity

In standard Prolog programs a single database is present, but several extended
Prolog interpreters already provide the notion of separate databases (see Prolog/
KR, * MProlog, * ESP, “ etc). In CPU, too, separate databases (called units) can be
defined. Each unit is identified uniquely by a name (a Prolog constant) and is
composed of a set of Horn clauses. Clauses whose heads have the same arity and
functor, but belonging to different units, are considered as separate procedures. The
interpreter tries to solve the current (sub-)goal by using only the clauses of the unit
that happens to be current. The current (sub-)goal and unit are represented by two
virtual registers of the interpreter: CG and CU, respectively.

Another auxiliary register called AUX has been added to the standard Prolog
machine. Whereas CU and CG have specific meanings for the interpreter, no
semantic meaning is associated a priori with the AUX register. It is up to the
reflective system to handle the new AUX register properly so that new abstractions
can be defined in the logic. The CU, CG and AUX registers represent the selected
state of the CPU virtual machine which is directly accessible through reflection
mechanisms. They are saved automatically in the current environment on the local
stack and restored according to standard Prolog-machine behaviour.

Reflection

It is widely recognized that meta-programming *’ is a powerful and expressive
technique for overcoming some of the limitations of logic-programming languages.
As stated in Reference 12, through meta-level programming some inaccessible
aspects of the underlying object-level system can be made explicit and treated as
first-class objects.

An interesting subclass of meta-programming systems is constituted by reflective/
introspective systems. “* In this case, the system has a description of its structure
and behaviour explicitly available.

As Reference 15 says, in order to make a system introspective ‘the language-
interpreter has to be able to construct an explicit model of a system and its current
state at any moment in time. It is on the basis of these representations that the
system will be able to introspect, i.e. to answer questions about itself and support
actions upon itself’.

The number and variety of the questions and actions will depend on the power
of the model, though of course there will always be program-representation issues
beyond the reach of any practicable model.

If evaluated following this line of reasoning, a standard Prolog machine can be
considered only a very poor reflective system. In fact, the model of the program
that can be accessed and manipulated is represented only by the set of clauses
composing it. The overall dynamic computational state of the Prolog machine is
completely hidden. For this reason, when a more detailed model of the program is
necessary, the most common technique used in the Prolog community is to design
meta-interpreters ° (i.e. interpreters for the language written in the language itself).

A very simple meta-interpreter for pure Prolog that forms the basis for building
several extensions to the Prolog language can be written as follows:

solve(true).
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solve((A, B)):- solve(A), solve(B).
solve(A):- clause(A, B),solve(B).

It uses direct access to the internal representation of the program through the built-
in predicate clause/2, and then reproduces the overall interpretation cycle at the
Prolog level.

We argue that a less extreme solution can be adopted in some cases if the
underlying machine supports a more detailed program model. This solution relies
on avoiding (if possible) reproduction at meta-level of the overall behaviour of the
interpreter. Some parts of the computational state of the underlying Prolog machine
can be accessed directly and manipulated through reflection mechanisms “ in this
approach, which we shall describe below as reflection or introspection.

In order to design a reflective system three issues have to be taken into account:.
1. A model of the object-program computation. The representation of the model

should be accessed and handled directly during meta-level computations. It is
on the basis of this model that the system will be able to reason about itself
and perform actions upon itself.

2. A reflection mechanism which triggers the computation from the (object-) level
to the introspective (meta-)level domain (upward reflection) and vice versa
(downward reflection).

3. A causal connection between the object-program model and system behaviour.
Any modification in the model’s representation at meta-level must cause a
modification in the behaviour of the object-level system (reflection) and ‘vice
versa’ (reification ).

One of the main problems in the definition of the object-program model is to choose
the right level of abstraction for the reflective activities.

Since this work mainly concerns Prolog-database combinations, the object-program
model has been tailored to this specific problem. In particular, we define the (object-
level-model) as the triplet { CU ,CG,AUX}, where

(a) the CU register represents the current object-level-unit

(b) the CG register represents the current (sub-)goal

(c) the AUX register represents auxiliary information as will be better explained
in the next section.

Through this model, units, goals and other abstractions become first-class objects of
meta-level computations, and can be used as arguments for procedures.

In CPU, object-programs and meta-programs can be separated into different but
equally important units. The separation of object- and meta-programs introduces
more structure into programs, which makes them more readable and easier to
understand and modify.

Since object- and meta-level units have the same representation and computation
capabilities, introspection can apply recursively.

Unit mu becomes the meta-unit of u when the predefine predicate connect(mu)
is executed with successin u.

If this is the case, CPU provides an implicit (and default) upward reflection
mechanism whenever a (sub-)goal is to be demonstrated in u. The CPU interpreter
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makes the object-level model explicit and shifts up the meta-level code by trying to
demonstrate the following goal in mu:

reflect_ up((object-level-model))

There is one (meta-)variable argument of the reflect_up predicate, defined in mu,
for each of the CU, CG and AUX registers. Each such variable ranges over the
permitted values in the corresponding register.

If reflect_up succeeds, the resulting (object-level-model), in which some variables
can be bound, is reflected in the object-level environment by an implicit downward
reflection. If reflect_up fails, its failure is propagated to the relevant object-level
computation.

During meta-level computations, a need to shift down (in order to force a particular
aobject-level fi computation) may arise. An explicit downward reflection is forced by
calling the predefined predicate:

reflect_down( &object-level-model i)

This predicate activates an object-level computation starting from the interpreter
state specified in (object-level-model).

If this process terminates successfully, reflect_down ends with success too, and
some variables in the meta-level environment can be bound by an implicit upward
reflection. Otherwise reflect_down fails. In this way the causal-connection issue is
solved without the need for a full meta-circular interpreter. Changes can be made
directly to the basic interpreter by implicit upward and downward reflection mechan-
isms. Since any modification of the underlying machine state is accomplished in a
disciplined way, consistency is guaranteed.

CPU does not need any predefine predicate to express communication between
units: communication can be implemented by reflection mechanisms. For example,
consider the following meta-rule in mu:

reflect_up(U,ask( UD,Goal),Aux):- reflect_down(UD, Goal,Aux)

Whenever the goal ask(ud,g(a,X)) iscalled in u, the computation is reflected to the
meta-level, and the right code found in mu is executed. During the ‘upward reflec-
tion’, the U variable is bound to the current CU register value (i.e. u), UD is bound
to the called unit ud and Goal to g(a,X). Reflect-down activates the proof of g(a,X)
directly in the object-unit ud by forcing registers CU and CG to ud and g(a,Xx),
respectively. No change is performed on the AUX register. The correct execution
of backtracking in u and ud is guaranteed by the underlying machine behaviour.

REFLECTION TO EXPRESS PROLOG-DATABASE COMBINATION

By using reflection mechanisms, concepts usually frozen in language notations—or
implemented in Prolog by using side-effects, built-in predicates (assert and retract)
or by defining a full meta-circular extended interpreter—can be expressed simply by
programming meta-units and connecting them dynamically with object-level units.
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In the following, different forms of database combination will be expressed in
CPU by using reflection mechanisms. In particular. context extension/contraction
and inheritance mechanisms will be considered, since they can implement most of
the basic concepts in structuring and combination of items of knowledge. Context
extension/contraction is dynamic and expressed by operators associated with specific
goals, while inheritance is usually static and associated with a specific unit.

Contexts

In contextua logic programming “ the logic program, statically viewed as a set of
units, dynamically corresponds to the execution of goals in variable sets of units
(contexts) representing the current line of reasoning.

Rather than evaluate a goal g in a particular unit u (denoted u ¥+ g ) the user can
dynamically choose to evaluate g in the union of different units (e.g. u,U u,U ..
U u,%-q).

More precisely, we define as a context an ordered list of unit names which varies
during execution and determines the overall set of clauses to be considered in the
proof of a goal.

In particular, if the current context is [U,,U,_,, ... U]the ordered set of
clauses considered is

au clauses i
au . clauses

au,clauses fi

Contexts can be considered as a very general and powerful mechanism for introducing
modularity, hypothetical reasoning and viewpoints in logic programming. There are
many ways to define and handle contexts. > For this reason, before freezing a
particular policy of context handling, it would be very useful to experiment with the
possible alternatives by using CPU and its reflection mechanisms. In CPU we
represent contexts as dynamic ordered lists of units and treat these as first-class
objects at meta-level where reflection is concerned.

The following meta-rule (referred to as a context-rule below) can be interpreted
as a high-level specification of context implementation:

reflect_up(_, G, Context):- member(U,Context), unit(U),
reflect_down(U,G,Context),

The third meta-rule argument (AUX register) represents the context in which the
proof of the (sub-)goa G is to be tried. The rule body states the new actions
performed at each resolution step in order to support contexts. An element U is
extracted from the current Context list (member/2) and, if U isaunit (unit/1), the proof
is performed within it (reflect_down/3).

The search space of a single unit is thoroughly explored by the underlying machine,
whereas that of the overall context is explored by a generate-and-test strategy at
meta-level.
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Context extension/contraction

In Prolog-based systems, operators extending contexts * cannot be commutative
since the order of clauses in the text influences the proof of whatever is the current
goal. For this reason, we introduce two operators to extend the current context with
anew unit u: U adda G and U addz G. These predicates add U clauses at the top or
at the bottom of the current context, respectively.

The implementation of these operators is straightforward by the use of CPU and
reflection:

reflect_up(_, U adda G, C):- !, reflect_up(_,G, [U %C]).
reflect_ up(_, U addz G, C):- !, append(C, [U], C1), reflect-up(_, G,C1)
context-rule)

When the adda/2 operator is called, the new context is obtained by ‘stacking’ U
clauses on top of C. The addz/2 operator is implemented in a similar way.

These operators alow us to avoid the use of non-logical Prolog predicates such
as assert and retract to add or remove new clauses to the current unit. With adda
and addz the underlying system guarantees automatic discarding of dynamically-
added clauses at the end of each proof whether this has been successful or not.

Consider the following example (first reported in Reference 19 ): in the Prolog
clause

gl:- g2(X),asserta(factl (X)), g3(Y),g4(Y),
retract(factl (X)), g5(2).

some problems arise when backtracking occurs. For example, if g3(Y) or g4(Y)
execution causes backtracking on g2(X), fact1(X) will be taken into account erroneously
during g2(X) aternative execution. Moreover, if g5(z) fails, g4(Y) and g3(Y) aternatives
are tried without considering fact1(X). The solution of these problems in Prolog can
lead to a very cumbersome programming style.

By using contexts the same clause can be expressed as follows:

gl:- g2(X),create(U, [fact(X)]),
U adda (93(Y),04(Y)),a5 (2).

After successful g2(X) execution in context C, anew unit U is created dynamically
The new extended context, on which g3(Y) and g4(Y) are solved, is obtained by
stacking U on the top of C. Context contraction is executed automatically when g3(Y)
and g4(Y) are solved successfully or when backtracking occurs.

Since the above operators can be nested, they have been implemented by a
recursive call to reflect_up/3. In thisway, the goal ul adda (u2 addz g1 ), executed in
the context [u0], causes the proof of g1 to be tried in the extended context [u1, uO,
u2].

Context switch

The non-monotonic switch-context operator, C -> G, sets a new context, C, to
solve goal G. Its meta-level implementation is
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reflect_up(_, NewContext -> G_):- !, reflect_up(_, G, NewContext).
context-rule)......

The current context is set to a new list (NewContext) on which the proof of the G
god is activated. At a lower level, context switching is achieved by setting the AUX
register, i.e. by enforcing in it the value of the variable NewContext.

If the new context is simply a one-element list, the ->/2 operator can be compared
to an external call to a different unit. References to the called unit and the goal can
be determined, and units created, dynamically. This kind of external call is thus
suitable for sending messages to objects in logic-programming systems with object-
oriented features. We note that if NewContext is an unbound variable, the meaning
of the invocation NewContext ->g could be: ‘What is the context that can answer
goal g successfully? Thisform of request can be considered an extended version of
the intentional messages introduced in Reference 21.

Operators on contexts of this kind can be used in hypothetical reasoning and to
handle multiple viewpoints. We illustrate this by considering the following example,
very similar to the one presented in Reference 19 which deals with a ssimple form
of hypothetical reasoning:

unit(uo).

on(a,b).

on(b,c).

on(c,table).

next(X,Y):- on(X,Y).

next(X,Y):- on(Y,X),

colour(b,black).

next_white(B):- next(B,X), colour(X,white),

The rule next_white states when a block B is next to a block of colour white. Let us
suppose that we know, in addition, that

colour(a,white) or colour(c,white).

The goal is to demonstrate that a block exists next to a white block. To solve this
problem two alternative viewpoints (i.e. hypotheses) vi and v2 are created:

unit(vl).
colour(a,white).

unit(y2).
colour(c,white).

Moreover, a next_white rule has to be defined as follows to deal with the aternative
viewpoints:

unit(main).
next_white(B):- [uO,v1] -> next_white(B),
[uO,v2] -> next_white(B),
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When the following goal is invoked:

?- main adda next_white(B)

the answers will be Yes, B=b.
Automatic context contraction and the switch operator avoids any interference
between alternative viewpoints.

Inheritance

Several object-oriented and frame-based systems introduce different inheritance
policies in order to classify units and re-use knowledge. In Smalltalk * a simple
inheritance is introduced; in Flavors ® multiple inheritance and combination are
supported; Actors “ provide prototypes and delegation. In the Multilog * knowledge-
based system, three different inheritance relations have been introduced: full inheri-
tance, inheritance with exceptions and default inheritance.

Since it seems impossible to reach universal agreement on a single knowledge-
sharing policy, reflection allows the programmer to express explicit meta-rules to
define different policies. Inheritance policies allow the programmer to re-use
implicitly the knowledge of aunit (u1) in order to demonstrate (sub-)goals in another
unit (u2). Inheritance relations between units are expressed explicitly in CPU asfacts
‘of the following form:

super(u2,ul)

The inheritance relationship forms an acyclic directed graph of units on which
inheritance policies can be defined.
By using backtracking, the ancestor/2 predicate:

ancestor(U,U)
ancestor(U,AU). - super(U, SU), ancestor(SU,AU)

finds all units belonging to a particular inheritance relationship. including the starting
unit. The transitivity of the inheritance relation is expressed by the second clause of
ancestor/2. Expressing super/2 and ancestor/2 explicitly as logic predicates leads to
the possibility of using unification and deduction directly on them to define. for
example, dynamic constraints on inheritance relationships.

Inheritance policies in logic programming can be conceived in different ways:

21,26

1. If the success/failure (i.e. declarative) semantics is adopted. a clause is sought
in the super-units of the current unit when it fails in that unit. Then the axiom
set (context) associated with a goal in unit u is the union of the Horn clauses
defined in u and in its super-units.

2. If the traditional call/return (i.e. procedural) semantics is kept, a clause is
sought in the super-units of the current unit when it is not defined in that unit.
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Success/failure semantics

In CPU, the following meta-rule—referred to below as the declarative-inheritance
rule —implements an inheritance policy with success/failure semantics. Communi -
cation between units is assumed to be performed by means of the ask predicate
defined in the section on reflection, above.

reflect_up(_,G, Self):- ancestor(Self, U),
reflect_down(U, G, Self)

This rule states that the first place in which to look for the solution of G is the unit
Self. This is the unit requested by ask to give the proof of G. If G fails in Self, the
inheritance graph is traversed (ancestor/2).

The AUX register is used, in this case, to store the name of the unit in which the
search has to be started (Self).

Therole of AUX is assumed by the Self variable in Smalltalk and by the ‘Client’
variable ™ in delegation-based systems. In these systems complete search of the
inheritance graph is guaranteed by the implementation layer.

With the previous meta-rule, a rough multiple inheritance is implemented auto-
matically: if a unit has more than one super-unit the inheritance graph is searched,
depth-first, using the backtracking mechanism of the standard Prolog interpreter.
With suitable choices of goal arguments or units, this kind of approach can lead to
quite sophisticated inheritance policies.

If the different units involved do not define digoint sets of predicates, the previous
meta-rule can find multiple solutions in multiple units (full inheritance). In this case,
if negation is not involved, the union of axiom sets is monotonic since the axiom set
of aunit isasuperset of those of its super-units. However, in particular applications,
only the solution found in the more specific unit has to be taken into account. A
way to control the global search space should therefore be given. This is relevant
for applications that introduce default and exception concepts. The problem of
implementing non-monotonic knowledge-sharing policies is discussed in the next
section.

Contexts, inheritance and the cut operator

Context extensions and inheritance can be coupled by replacing context and
inheritance rules with the following context-inheritance rule:

reflect_up(_, G, Context):- member(U,Context), ancestor(U,AU),
reflect_down(AU, G, Context).

All solutions are explored. The system first finds al solutions deriving from the
inheritance relationship, then those deriving from the context list. The resulting logic
programming system can cope with both static taxonomic relationships and dynamic
combinations of knowledge in a uniform way.

When Prolog is extended with separate databases and knowledge-combination
operators, the meaning of the ‘cut’ predicate has to be defined with care. There are
at least two possible interpretations:
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1. The cut has global effects. Its domain is, in this case, the complete set of units
composing the current context and/or the inheritance graph.

2. The cut has only local effects. Its domain is statically confined to the unit in
which it appears.

In CPU, we have followed the second interpretation because we believe that it is
very difficult to write and understand programs where the cut has global effects that
can only be determined dynamically. This choice does not limit the expressive power
of the extended Prolog language.

Any global search policy in a context or in an inheritance graph can be expressed
in terms of meta-rules. Cuts within meta-rules have a scope limited to the unit in
which they appear, but simulate global effects on the dynamic, global object-level
search space. For example, simple modifications of the declarative inheritance meta-
rule of the previous section can implement different non-monotonic inheritance
policies. The cut predicate can be used to avoid any search in the super-units.
Depending on the position of the cut in the meta-rule body, overriding has different
semantics. For instance, where just the first solution has to be produced (default
inheritance), a cut must be added at the end of the body of the inheritance meta-
rule.

Specific search strategies can be embedded in different CPU meta-units and
properly selected, if needed, at system configuration time.

Call/return semantics

If call/return semantics must be maintained, the procedural-inheritance rule can
be defined as follows:

reflect_up(_, G, Self):-
ancestor(Self, U),
transform(G,G1), /*generates from G, a new goal*/
reflect_down(U, clause(G1, B), Self),!, /*G1 with all arguments unbound*/
reflect_down(U, G, Self), L.

This rule states that a unit U inherits each clause of its super-units, except if there
isaready in U a clause with head having the same predicate symbol and the same
arity. Overriding occurs whether clause matching G is successful or not.

COMPARISONS BETWEEN INTROSPECTION AND FULL META-
INTERPRETATION

The comparisons reported here are an abridged and revised version of the compari-
sons presented in Reference 28.

The case study selected to make comparisons between introspection and full
meta-interpretation is context-handling, since it seems a simple and very powerful
mechanligsm to express typical kind of abstractions that occur in artificia intelli-
gence.
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If afull meta-interpretation technique is adopted to implement context handling,
the Prolog machine’s main loop and its computation rule must be reproduced. The
AUX register is represented here as a meta-interpreter parameter.

A pure (i.e. not supporting built-in predicate) meta-interpreter capable of dealing
with context-handling operators is sketched in Figure 1.

The clause/3 predicate allows us to find clauses defined in the unit specified as the
first argument. The first argument of predicate solve/2 represents the goal to be
solved, whereas the second represents the current context where the goal has to be
proved. The meta-interpreter above (called PMI, for pure meta-interpreter) is able
to solve the switch-context and merge operators, as well as goal conjunctions. Note
that no extra-logical Prolog predicates are supported in PMI. Writing a full meta-
interpreter (called FMI) supporting standard Prolog (cut included) and context
handling is not atrivial task: the FMI code becomes cumbersome and complex (see
Figure 2). The first and second arguments of solve/3 still represent the current goal
and context. The third argument is needed to deal with the cut operator. FMI
handles both context operators and the full set of built-in Prolog predicates.

In CPU, context handling can be expressed without the need for a full meta-
interpreter, but simply by introspection (IN). As shown above, three meta-rules
(written in unit meta_context and reported in Figure 3 ) are sufficient to implement
context handling.

Each object-unit connected with meta_context will be able to support context
handling. When the switch operator is called (rule mr1.), the new context is set to
NewContext. When the adda/2 operator is called (rule mr2. ), the new context is
obtained by ‘stacking’ U1 clauses on top of C. Since the operators discussed above
can be nested, they have been implemented with arecursive call to reflect_up/3. Rule
mr3. can be interpreted as a sort of high-level specification of context implemen-
tation. The first meta-rule parameter is recorded in the stack for each resolution
step, and represents the context in which proof of the (sub-)goal G of unit U isto
be tried. Context implementation is performed by a simple version of ‘ generate-and-
test’, and backtracking on unit union is supported automatically by the underlying
machine.

COMPARISON OF THE TWO APPROACHES

With the help of CPU, the case study can easily be solved without the need for afull
meta-interpreter. In fact, built-in Prolog predicates (cut included) are not reflected

solve(true,_) :- L.

solve((A,B),C) :- !,solve(A,C),solve( B, C).

solve((C -> G)_) :- !,solve(G,C).

solve(adda(U,G),C) :- !,solve(G,[U|C)).

solve(G,C) :- member(U,C),clause( U,G,B),solve(B,C).

member(X,[X,_]).
member(X,[_,T) :- member(X,T).

Figure 1. A pure rneta-interpreter for context handling (PMI)
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solve(G,C) :- solve(G,C,R), R==true.
solve(true,_,true) :- I.
solve(!,_,R) :- |,(R=true; R=Cut).
solve((A,B),C,R) :-
l,solve(A,C,R1),
( R1==true, solve(B,C,R2),
(R2==true, R=true;
R2==cut, !, R=cut);
RI ==cut, !, R=cut).
solve((A;B),C,R):- |,
( solve(A,C,R1 ),
(R1==true, R=true;
Rl ==cut, !, R=cut);
solve(B,C,R1),
(R1==true, R=true;
R1==cut, !, R=cut)).
solve(call(A),C, true):- !,solve(A,C,true).
solve(not(A),C,_) - solve(A,C,R),R=true, ! fail.
solve(not(A),C,true) - I
solve(A,C,true) :- system(A), !,call(A).
solve((C -> G),_,R) :- !,solve(G,C,true).
solve(adda(U,G), C,R) :- !,solve(G,[UIC],true).
solve(G,C,R):- member(U,C), solve_local_cut[U,G,CR).

solve_local_cut(U,G,C,R):-
clause(U,G,B),
solve(B,C,R1),
(R1==true, R=true;
R1==cut, !, fail ),

member(X,[X,_]).
member(X,[_,T) :- member(X,T).

Figure 2. A full meta-interpreter for context handling (FMI)

automatically at meta-level, but supported directly by the underlying machine.

Direct changes can be made to the run-time environment of the basic interpreter
by upward and downward reflection mechanisms. For this reason the solution is
more elegant, understandable and brief. The AUX register has proved very useful
in implementing context handling. This register is very general: it can be bound to
any Prolog term and handled only at meta-level, but its consistency (e.g. its correct
treatment during backtracking) is guaranteed by the underlying machine.

Of course, despite the generality of the AUX register, the program model present
in CPU is suitable only for a particular problem category (to which the case study
belongs) but it becomes unsatisfactory if applied to different (more general) prob-
lems. In fact, there is no general optimal program model. For example, if one wants
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unit(meta_context),

% switch rule
mrl. reflect_up(U, NewContext->G,OldContext:- !,
reflect_up(U ,G, NewContext),
% merge rule
mr2. reflect_up(U,Ulladda G, C):-!,
reflect_up(U,G,[U1]IC]).
% exec rule
mr3. reflect_up(U,G, Context):- member(U1 ,Context),
refled_down(U1,G,Context).

member(X,[X,_]).
member(X,[_,T) :- member(X,T).

Figure 3. Direct introspection to implement context bundling (IN)

to change the Prolog computation rule, “ the program model of CPU is too superficial
since the goal selection is left implicit. If thisis the case, the more flexible and full
meta-interpreter approach has to be followed to avoid direct intervention on the
low-level code of the underlying machine.

Performance comparisons

One of the main problems in using meta-programming techniques to build real
systems is the overhead introduced by the presence of multiple computational levels.
For this reason, the comparisons reported here focus on performance evaluations.

Performance comparisons have been made between the codes in Figure 1 (PMI),
Figure 2 (FMI) and Figure 3 (IN). PMI and FMI run on a C-Prolog interpreter
extended with modularity, whereas IN runs on CPU. The comparisons have been
performed in two different cases: interpretation and partial evaluation.

The results have been normalized with respect to the IN solution. The test is
based on the object-level program in Figure 4 and is performed with the goals

unit(uo).
nrev([],[).
nrev([A ¥2X],Y) :- nrev(X,Z),append(Z, [A], Y).

unit(ul).
append([],X,X).

unit(u2).
append([T ¥Cl,Y, [T ¥2Z]) :- append(C,Y,Z).

Figure 4. The program on which performance comparisons have been made
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?- solve([u0,ul, u2] -> nrev([1,2, . .. .. 2 0],X)._) for PMI and FMI,
?- [u0, ul, u2] -> nrev([1,2, . . . .. 2 0]X) for IN.

As will be clear in the following, the program above favours FMI performance
results compared to those for IN and PMI. Cuts and built-in predicates are not used.
Moreover, since there is not a great number of conjunctions in clause bodies, some
overheads due to meta-interpretation are not made evident by the test.

Inter pretation

Following the interpretation approach, a modular Prolog has been implemented
by extending a C-Prolog interpreter * running on a Sun 3/140 workstation. In
particular, the C-Prolog clause representation has been modified to support separate
Prolog databases, a new register (called CU) has been added and the unification
algorithm has been partially modified. The value of the CU register is used at each
resolution step to select the appropriate clause for unification.

At each resolution step, if the current unit is connected to a meta-unit, the
interpreter makes the program model explicit and reflects it at meta-level. To
implement the reflect_down/3 built-in predicate, the interpreter has to force reflect-
_down/3 arguments into the AUX, CU and CG (i.e. the register referring to the
current goal) registers, respectively, and resume an object-level proof.

The test execution has given the results in Tablel.

We note that introspection is more efficient than meta-interpretation. In particular,
the solution based on introspection is about twice as fast as that based on the pure
meta-interpreter (PMI). This ratio notably increases if the full meta-interpreter
(FMI) is taken into account. The overhead of meta-interpreter solutions is mainly
due to the following reasons:

1. The computation rule is reproduced at meta-level. This overhead increases with
the number of goal conjunctions in the clause body.

2. The explicit execution of the clause/3 built-in predicate is slower than the
equivalent operation in CPU due to the need to handle clauses as data struc-
tures.

3. A greater number of unifications is necessary to find the solution.

4. A greater number of shallow backtrackings ™ is performed since many aterna-
tives for the solve/3 predicate are present. -

Moreover, system predicates in FMI are executed considerably more slowly than in
IN. This overhead does not appear in the case study, since system predicates are
not used in the program of Figure 4.

Table I. Interpretation performance
(results normalized with respect to IN)

IN PM I FMI

1 1.90 3.09
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Partial evaluation

In the comparisons, partial evaluation techniques should not be ignored. In fact,
partial evaluating * is considered as one of the most promising techniques to reduce
the meta-programming overhead.

The fundamental idea of partial evaluation is to evaluate parts of the program
which have enough input data for that purpose and keep unchanged those parts that
do not alow such simplification. The basic mechanisms used in this process are

(a) unfolding of procedure calls with their bodies
(b) forward and backward propagation of data structures.

In logic-programming languages, unification and resolution automatically support
these mechanisms. In logic-programming terms, partial evaluation can be described
as follows: * given a program P and agoal G, partial evaluation produces a new
program P', which is P specialized for goal G. In other words, G and all itsinstances
should have the same answers with respect to P and P'. The basic technique for
obtaining P’ from P isto construct partial search trees for G with respect to P and
then extract P' from the definitions associated with the leaves of these trees.

The use of partial evaluation has a great relevance with respect to meta-level
programming techniques. The application of partial evaluation to meta-programming
has already helped extensively, for example, in defining the various layers of the
Logix virtual machine ® and in the design of alogic programming system that supports
separate Prolog theories. * In all these systems, the partial evaluator is applied to a
meta-interpreter with respect to the goal of an object program. The result is a
specidization of the meta-interpreter for the program that can be seen as a ‘compiled’
version of the program incorporating all the additional features provided by the
meta-interpreter. Since the ‘compiled’ version can be executed directly by the basic
interpreter, it is much more efficient.

Since our tests refer to extended Prolog machines, a partial evaluator for standard
Prolog has been modified accordingly to deal with modularity in the case of meta-
interpreters and with modularity and reflection in CPU. The partial evaluators for
PMI/FMI and IN have been obtained by modifying a partial evaluator for standard
Prolog. This partial evaluator (called PE in the following) has been implemented as
a Prolog meta-interpreter. Its main characteristics are:

1. Unfolding of a subgoal G is suspended when
(a) Gisabuilt-in predicate with side-effect or insufficient instantiation of its
arguments
(b) Gis arecursive cal (agreeing with a particular user-defined criterion)
(c) G can be solved with clauses whose bodies contain occurrences of cuts
that cannot be eliminated.
2. When a subgoal is suspended, only forward data-structure propagation is per-
formed.
3. Execution plans are produced for recursive calls by generating procedures with
different names, one for each suspended goa G.
4. Further optimization have been performed by post-processing the resulting
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On the basis of PE, two extended partial evaluators have been implemented to deal
with modularity and reflection. To handle modularity, the only significant extension
is to provide a means of handling the clause/3 predicate.

In the case of IN, the extended partia evaluator is able to treat reflection
mechanisms when a connection between object- and meta-level unitsis established.
If this is the case, then for each object-level sub-goal the partial evaluator tries to
unfold the corresponding reflect_up/3 predicate in the meta-level unit. When the
reflect_down/3 predicate is reached, it tries to unfold the goal—specified as the third
argument of reflect_down/3 —with object-level clauses. Moreover, it has to maintain
in a consistent way two variables simulating the AUX and CU registers.

The PMI and FMI solutions have been partialy evaluated with respect to the
program of Figure 4 and the goal

?- solve([u0, ul ,u2] -> nrev(Z,X), ).

The IN solution has been partially evaluated with respect to the program of Figure
4 and the goal

?-[u0, ul ,u2] -> nrev(Z,X),

The resulting optimized codes are reported in the Appendix.

We expect efficiency to increase when partial evaluation is applied. Tablell
confirms this belief. This table reports the ratio between execution times of the
original code and the partially-evaluated code for the case study under examination.

Execution of the test has given the results in Table IIl when normalized with
respect to IN.

We note that introspection is still more efficient than full meta-interpretation, but
the difference is significantly reduced. This is due to the fact that most of the full
meta-interpretation overhead is eliminated, thanks to partial evaluation. For exam-

Table Il. Partial evaluation vs.
interpretation

IN PMI FMI
6-16 13-18 6-71
Table Ill. Partial evaluation test

(results normalized with respect to IN)

IN PMI FMI

1 0-88 2:84
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pie; the clause/3 predicate is no longer executed, the need for shallow backtracking
is greatly reduced and many unifications are eliminated. The optimized codes of IN
and PMI are similar in structure. Nevertheless, the IN version is alittle slower than
the PMI one. Thisis due to the fact that the IN reflect_up/3 predicate has one more
argument than the corresponding solve/2 predicate in PMI. This argument represents
the current unit (not significant in the case study but, of course, the partial evaluator
cannot omit it).

CONCLUSIONS

Since no agreement exists on knowledge-structuring policies, our design choice was
to provide a single and fairly flexible method for implementing knowledge-sharing
in logic programming. The resulting CPU system is based on reflection. Its main
aim is to offer a flexible and extensible environment to test alternative knowledge-
structuring policies.

CPU has been implemented on a Sun 3/140 workstation * to experiment with the
features discussed above and has also been applied to several knowledge-represen-
tation issues, e.g. frames and viewpoints.

About ten experimental libraries of specia reflective behaviors expressed in
terms of meta-units have been defined in the CPU environment. The user can select
a particular meta-unit implementing specific concepts and policies and extend the
basic system by connecting them dynamically to different object-level units.

We believe that this approach helps to make logic programming more suitable for
a number of artificial-intelligence applications requiring the use of aternative know-
ledge bases and frequent switching of contexts.

In particular, in the design and implementation of an advanced logic programming
environment in the context of the ALPES Project (973) in the E.E. C. ESPRIT
programme, reflection has been very useful for rapid prototyping and experiments
with different and more complex policies of context handling. ™* than the ones
presented here, without significant overheads.

A typica problem of meta-programming techniques is the overhead introduced
by the multiple levels of interpretation. One advantage of the reflection mechanisms
presented here is to reduce such an overhead by avoiding full meta-interpretation.
Moreover, CPU programs that avoid use of reflection mechanisms do not run
significantly slower than conventional Prolog programs. In fact, no overhead exists
if reflection capabilities are not exploited (i.e. if units are not connected to meta-
units).

As can be inferred from the performance results reported above, introspection
alows a better trade-off between efficiency and extensibility. Only partial-evaluation
techniques can make introspection and meta-interpretation comparable. In addition,
introspection allows meta-programs to be more concise and readable.
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APPENDIX

PMI partially-evaluated code with respect to the goal
?- solve([u0, ul ,u2] -> nrev(Z,X), )

solvel ([u0, ul ,u2] -> nrev((], [I),.)-

solvel1([u0, ul ,u2] -> nrev([A ¥2X Y5[A],_):-
solve5(nrev(X, []), [u0, ul, u2]).

solvel ([uO,ul ,u2] -> nrev([A ¥2X],[C ¥2Z] ), ):-
solve5(nrev(X, [C %2Y]), [u0, ul, u2]),
solvell (append(Y, [A], Z), [u0, ul ,u2)).

solve5(nrev([], []), [u0, ul, u2]).
solve5(nrev([A[ X], [A], [u0, ul, u2):-
solve5(nrev(X, []), [u0, ul, u2]),
solve5(nrev[AlX], [C ¥2Z]), [u0, ul, u2]):-
solve5(nrev(X, [C %2Y]), [u0, ul, u2]),
solvell (append(Y, [A], Z), [u0, ul ,u2)),

solvell (append([], [A], [A]), [uO, ul ,u2)).
solvell (append([B ¥2X],[A],[B¥2Z]),[u0, ul ,u2]:-
solvell (append(X, [A], Z), [u0, ul ,u2)).

FMI partially-evaluated code with respect to the goal
?- solve([uO,ul ,u2] -> nrev(X,2), )

solvel ([u0,ul ,u2] -> nrev([], [I),.).
solvel ([u0, ul ,u2] -> nrev([_40 %41 ],_39), ):-
solve8(nrev(_41, 42),[uC ,ul ,u2],_43),
( _43== true,
fold 16(_39, _40,_42);
_43==cut,
L
fail).
fold16([_40],_40,[]).
fold16(]_44]_45],_40, [ 44 Y, 46]):-
solvel7(append(_46, [_40],_45), [u0, ul, u2],_47),
( _47== true;
_47 = =cut,
1
fail),
solve8(nrev([], []), [u0, ul, u2],true),
solve8(nrev([_41 ¥z 42],_39){u0, ul ,u2], 40):-
solve8(nrev(_42, _43), [u0, ul ,u21,_44),
( _44= =true,

fold36(_39, 40, 41, 43);
_44==cut,
|

fail).

621
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fold36([_41 ],true,_41 [I).
fold36([_45 Y2 46], 40, 41 [ 45[ 47]) :-
solvel7(append(_47, [ 41],_46), [u0, ul, u2],_48),
( _48== true,
_40=true;
_48==cut,
|

fail),
solvel7(append( [], [ _39],[ _39]), [uO, ul, u2],true).
solvel7(append([_42 Y2 43],[ 39],[ 42 Y2 44]), [u0,ul,u2], 41 ):-
solvel7(append(_43, [_39],_44), [u0, ul,u2],_45),
( _45== true,
_41 =true;
_45==cut,
|
fail

IN partially-evaluated code with respect to the goal

?- [uO,ul ,u2] -> nrev(Z,X).

[u0,ul ,u2] -> nrev([],[D.

[uO,ul ,u2] -> nrev([A,B],[B,A]).

[uO,ul ,u2] -> nrev([A,B ¥4L], R):-

reflect_upl ([u0, ul ,u2], u0, nrev([B ¥2L], LX)),
reflect_up2([u0, ul,u2], u0,append(LX,[A], R)),

reflect_upl ([u0, ul,u2], uo, nrev([], ).
reflect_upl ([u0, ul ,u2], u0, nrev([A ¥4L],X)):-
reflect_upl ([u0, ul ,u2], uo, nrev(L, LX)),
reflect_up2([u0, ul, u2], u0,append(LX, [A], X))

reflect_up2([u0, ul,u2],u0,append( [1.[A], [A])).
reflect_up2([u0, ul ,u2],u0,append( [B],[A], [B, A])).
reflect_up2([u0, ul, u2],u0,append([ B, C¥2X],[A], [B, C¥2Z])):-
reflect_up3([u0, ul ,u2], u2,append(X, [A],2)).

reflect_up3([u0,ul,u2], u2,append([],[A], [A])).
reflect_up3([u0, ul,u2],u2,append( [B ¥2X],[A],[B ¥2Z] )):-
reflect_up3([u0,ul,u2],u2,append(X,[A],Z)).
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