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Chapter 1. Introduction

This thesis shows how the code generated by the TOPIC system [JLH90] can be sub-
stantially improved when standard Prolog optimization techniques are applied. The
code generated by ECTOPIC, our enhanced translator, has proven to be more efficient
for many programs via tail recursion optimization and clause indexing techniques.

Traditionally, application programs are developed using one programming lan-
guage exclusively. However it is often the case that, for a given specific application, no
programming language proves to be an absolute best choice. It is not surprising that
several authors have pointed out that a trend in program development will increasingly
be towards multi-language programming [Hai86] [HMS88] [Hug91] [Wil91], that is,
the adoption of solutions that are written in more than just one programming language.
With this approach, a programming language can be advantageously used in those parts
of an application for which it is well-suited. Thus, pieces of code written in different
programming languages can be amalgamated to build a complex application.

One programming tool that attempts to support this mixed paradigm is the TOPIC
system [JLH90], which permits the development of programs in both the C++ and Pro-
log languages. It therefore allows the simultaneous use of three of the most important
programming paradigms or models for programming: logic programming, imperative
and object-oriented programming. Logic programming [Kow79], supported by Prolog,
is oriented to those applications that are concerned with symbolic logic and reasoning,
such as artificial intelligence and expert systems. Object-oriented programming
[Weg86] is a paradigm supported by the C++ programming language. It is essentially
based on the definition of objects that have a state and associated operations, allowing
the inheritance of properties. C++ is considered to be a general-purpose programming
language in the sense that it is intended to cope with every major application area.

The core of the TOPIC system is a translator from Prolog into C++. Since C++ can
be converted into C code, the resulting code usually achieves the advantages of porta-
bility and code close in efficiency to the resulting assembly language. However, the
TOPIC system does not generate efficient C++ code. It is the main purpose of this the-
sis to show how the TOPIC system can produce better code by means of applying some
standard Prolog optimization techniques, in particular tail recursion optimization and
clause indexing. The application of such techniques requires a static analysis of the Pro-
log source code to establish which predicates are deterministic (in the sense that the
predicate is used to obtain at most one answer) and which predicate arguments are al-
ways instantiated to a ground term. Both determinacy and mode analysis have been ex-
tensively studied in the literature [Mel85] [DW8S].
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With the incorporation of tail recursion optimization and clause indexing into the

TOPIC system, we have been able to generate better code than that created by the TOP-

IC system. Generally speaking, those programs with a tail-recursive nature are executed

with better management of the stack. Similarly, by virtue of clause indexing, database-
like applications usually execute faster in ECTOPIC.

The remainder of this thesis is arranged as follows: Chapter 2 presents a brief over-
view of Prolog and C++, the languages that are related to the TOPIC system. Chapter
3 explores some characteristics of the Warren Abstract Machine, an architecture that
has become the de facto basis of Prolog compilers. Chapter 4 gives an overall descrip-
tion of the TOPIC system. Chapter 5 is devoted to the usability of mode analysis for
Prolog programs, particularly a framework developed by Debray [Deb89] which takes
into account the treatment of aliasing. Chapter 6 describes how determinacy analysis is
performed to add tail recursion optimization and clause indexing to the TOPIC system.
Chapter 7 gives some experimental results. Finally, Chapter 8 presents some conclu-
sions and suggests some directions for further work related to this thesis.



Chapter 2. Two Programming Paradigms

As computer science has evolved, several programming paradigms have appeared
[Wat90]. Each one emphasizes a particular approach to programming. The standard
paradigms include: imperative, object oriented, concurrent programming, functional
programming, logic programming, and relational programming. Whenever a new pro-
gramming paradigm is proposed, several new programming languages or extensions of
previously existing ones are usually invented to support it.

In this section, a brief description of the two programming paradigms relevant to
the TOPIC system is given, namely, the object-oriented and the logic programming par-
adigms.

2.1 The Object-Oriented Programming Paradigm

Abstraction is often proposed as a fundamental tool for solving problems. In the pro-
gramming discipline, abstraction has been applied to data types, control constructs,
strategies for defining modules, program organization and structure, and so on.

A milestone in the evolution of programming languages occurred with the devel-
opment of the notion of an abstract data type [Sha84]. An abstract data type represents
sets of entities or values that have some distinctive properties associated with them
(generally some operations that can be applied to those values). Such entities can be re-
garded as abstract objects that represent concrete entities. It is not surprising that one
programming approach that has become widely accepted is the object-oriented para-
digm [Weg84] [Str88], which is based on the concept of an object as a software entity
which is characterized by a specific behaviour.

The basic ideas of the object-oriented paradigm can be grouped into the following
categories: mechanisms for data abstraction and information hiding, inheritance issues,
and polymorphism support. All these concepts are covered in the following sub-sec-
tions.

2.1.1 Data Abstraction and Information Hiding

A data abstraction is a concise representation of some object, usually hiding many ac-
cidental or irrelevant details. A data abstraction usually specifies both the data structure
and its interface to the exterior. In object-oriented programming languages, an instance
of a data abstraction is called an object [Wol89]. The implicit data structure for the ob-
ject consists of data fields, but with the usual restriction that users can have access to
the object only through a set of functions defined within the data abstraction. Thus, the
object is described by means of its data and some function definitions (usually called
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methods). The idea of information hiding or encapsulation is basic to the object-orient-

ed paradigm.

Encapsulation is a process in which individual components are defined in such a
way that (1) there is a clear boundary defining their scope; (2) there is a well-defined
interface that permits access to the components; (3) the programmer is encouraged to
protect or hide the internal implementation.

The components of the data structure are subject to a rigid set of visibility rules
that determine which elements are visible to the environment and what conditions must
hold to grant access (via the interface). The object-oriented paradigm creates a separa-
tion between the definition and the implementation parts of an abstract data type. An
important advantage of this approach is the possibility to modify the implementation
without affecting the user’s code.

2.1.2 Inheritance

Inheritance describes the transmission of characteristics or properties from an ancestor
to a descendant. In object-oriented programming languages, the inheritance mecha-
nisms allow extension of the data-abstraction definition facilities. In other words, the
code and behaviour that are associated with a particular abstract data type can be shared
or refined by new abstract data types without having to repeat everything again. For the
purposes of the object-oriented programming paradigm, the ancestor abstract data type
is referred to as a base class (or super-class) and the corresponding descendants are
called the derived classes (or sub—classes).T

When one class is derived from a base class, the derived class normally inherits all
the data fields and methods available in the base class. Naturally, the derived class can
provide additional data fields and methods. An advantage that derives from this capa-
bility is that some generic (basic) objects can be refined into more specialized classes
that are more suitable to a particular application, encouraging the principle of reusabil-
ity.

A derived class can itself be a base class for new derived classes, thereby creating
a class hierarchy (cf. Figure 2.1)*. Furthermore, inheritance from more than one base
class, thatis, multiple inheritance is also possible (although some languages do not sup-
port this generalization).

+ Some object-oriented languages use a different scheme for inheritance, called delegation,
which is an object-based inheritance rather than a class-based inheritance via the utilization of
prototypes [Lie86].

+ Smalltalk-80 is a trademark of Xerox Corporation
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2.1.3 Polymorphism

Simple polymorphism occurs when a concrete operation inherits its definition and prop-
erties from a generic operation [HN87]. Under the object-oriented programming point
of view, polymorphism permits the same message (that is, a request for an object to car-
ry out one of its operations) to be sent to different kinds of objects, probably causing
different actions to be performed. Thus, a generic interface defined by a base class can
be applied uniformly to all the derived classes in spite of different internal representa-
tions. Usually, a derived class can define the particular method that must be applied to

an instance of itself (cf. Figure 2.2).
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Figure 2.2 Example of polymorphism in Smalltalk.
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The straightforward mechanism for allowing polymorphism is via dynamic bind-

ing. This normally means that the precise method to be applied should be determined
at run-time, since the instance the method is applied to is not known in advance.

Polymorphism is often implemented in terms of abstract classes, which are spe-
cial objects that are defined only to be used as a starting point in the definition of new
classes, and are not supposed to have instantiations of their own. The class Collection
in Figure 2.2 is a typical example of an abstract class. The methods of an abstract class
usually do not perform any actions, and they must be redefined by the (concrete) de-
rived classes.

2.2 C++ as an Example an Object-Oriented Language

C++ [Str86] [Jor90] has become one of the most popular object-oriented programming
languages, perhaps because C++ is an extension, or a superset, of the ubiquitous C pro-
gramming language.

C++ fully supports all the mechanisms that are associated with the object-oriented
programming paradigm: definition of objects (collections of operations that share a
state), information hiding (which permits the internal states to be protected from the
outside world), re-use of the behaviour of a base class in the definition of a derived class
or sub-class (inheritance), etc. But, unlike other object-oriented languages (Smalltalk,
for instance), C++ does not permit dynamic modifications to class definitions.

Object-oriented programming creates a setting in which dynamic objects interact
by sending messages to each other. In C++, such messages correspond to procedure
calls. Some of the abstraction mechanisms that support the object-oriented paradigm in
C++ are studied in more detail within the following sub-sections.

2.2.1 The Class Concept

C++ adopted and extended the class concept from a programming language that is re-
garded as a pioneer in some respects: the SIMULA-67 language [BDMN73]. Classes
in C++ are closely related to the traditional concept of data type. Classes are abstract
data types, and objects are instances of these classes.
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As an example of the definition of a class in C++, a very simple description of a
class for complex numbers is given.

class complex

{
float re, im;
complex /*create a complex object*/(float real, float imag);
complex complex_plus(complex ¢1, complex c2);
complex complex_minus(complex ¢1, complex c2);
complex complex_mult(complex c1, complex c2);
complex complex_div(complex ¢1, complex c2);
float real_part(complex c1);
float imag_part(complex c1);

I

From this example it should be evident that C++ is syntactically similar to the C
language. Note that the class definition specifies both the values (data fields) and the
operations (function definitions) associated with the object (a complex number in the
example), all of them being called the members of the class.” The implementations of
the operations can be written in the actual class definition, or (more in accord with the
philosophy of separating specification and implementation) can be programmed in a
separate file, resulting in a hidden implementation not normally available to the user.

2.2.2 Inheritance in C++

C++ supports derived classes, that is, subclasses that share a core of members with its
parent class, but adding specific facilities not available in the ancestor or refining al-
ready existing ones. Therefore, a class can ‘inherit’ the features, properties or function-
ality of a base class without a requirement for re-programming.

1 A special member of a class is the constructor (whose name is identical to that of the class),
which is called automatically anytime an instance of the class is created, thus facilitating a
proper initialization of the corresponding data fields.
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The following code corresponds to the derivation of a class circle from a class

shape:T

class shape
{
private:
euclidian_point center;
font_type font;
public:
euclidian_point position() {return center;}
void translate(euclidian_point new_coordinate) {center=new_coordinate;}

1§
class circle: public shape
{
private:
float radius;
public:
void draw();

void rotate() {}
b
Note that the derived class specifies new data fields and function members not
available in the original base class. The members defined in the base class are also ac-
cessible from the derived class (in conformity with the visibility rules that are associat-
ed with a public derivation).

Finally, it should be mentioned that the latest versions of C++ support multiple in-
heritance.
2.2.3 Operator Overloading

C++ provides a mechanism for operator overloading. A programmer can define a spe-
cial meaning for operators when applied to objects of a specific class.

As an example, consider the complex class. Note that operator overloading pro-
vides a more conventional and even convenient notation.

+ The private and public specifiers are used to state explicitly the access control that is associ-
ated with a given class member. Roughly speaking, a private member can be used by member
functions of the class in which it is declared. A public member can be used by any function. A
third option, the protected member, can be used both by member functions of the class in which
it is declared and by member functions of classes derived from the member’s class [ES90].
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Of the three currently popular paradigms (logic programming, functional pro-
gramming, and object-oriented programming), logic programming is arguably the clos-
est to ‘natural thinking’T. It deals with very high-level conceptualizations: a program is
just a set of specifications. This possibility of writing declarative programs separates
program logic from control. It implies two consequences: on one hand, programs are
more easily understood and maintained; but, on the other hand, the separation between
logic and control can lead to executable programs that are expensive to run. Sometimes,
this latter effect has encouraged programming language designers to introduce special
features that offer mechanisms for producing more efficient executable codet.

Since their introduction, logic programming languages have been associated with
artificial intelligence problems [Bra86]. Their declarative style and power of expression
are desirable characteristics that have made these languages suitable for a wide range
of applications, from expert systems applications to database management, and from
compiler writing to theorem proving in predicate calculus.

2.3.1 Prolog, a Logic Programming Language

Prolog [CM81] is the most-widely used programming language based on logic pro-
gramming concepts. In fact, Prolog derives its name from ‘Programming in Logic’.
However, in order to keep it practical, some compromises had to be introduced into the
language design and, as a result, Prolog is not considered to be a pure logic program-
ming language.

Prolog is an applicative language in the sense that variables can be bound at most
once along an execution path, and a nondeterminate language since several alternative
paths can be explored to obtain a consistent set of variable bindings.

A Prolog program consists of a collection of logic clauses (often referred to as
rules and facts). The user can then formulate some questions (that is, queries or goals)
using those clauses.

2.3.2 Prolog Terms

Prolog’s data objects are called terms. A term can be either simple or compound. A sim-
ple term is either a constant number (integers and real are the most commonly imple-
mented), a variable, or an atom standing for itself. A variable is an object that can be
bound to another term only once. A special case is the so-called anonymous variable
which is one that appears only once in a clause.

+ In the sense of ‘common-sense reasoning’ (cf. [Prz90]).

i Prolog’s cut is one example of such “impure” control constructs.
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A compound term or structure consists of an atom followed by a parenthesized se-

quence of n subterms. The atom is called a functor of arity n and the subterms are called

the arguments of the functor. In fact, an atomic constant is equivalent to a structure with
zero arity.

There are several proposed notations for Prolog. In this thesis we use the Edin-
burgh syntax [CM81]. With this version of Prolog, an atom must begin with a lower-
case letter (e.g., true, tree), whereas a variable name must start with an upper-case letter
or an underscore ‘_’ (e.g., Variable, TREE, _value). Typical examples of structures are:
goal(Arg1,Arg2), greater(X,Y,Greater), day(monday). Normally, a structure is referred to
using the notation name/arity as in goal/2 or greater/3.

Since lists are heavily utilized in code, a special status is granted to lists in Prolog.
The standard functor ‘name’ for the list constructor is the dot symbol .”. The Edinburgh
implementation also allows lists to be represented using square brackets, for example,
[Head|Tail], [1,2,3,4]. The null list is represented by the symbol [ ].

2.3.3 Prolog Clauses

Relations in Prolog are specified by means of clauses. In Prolog, such clauses are ex-
pressed in the form of ‘Horn clauses’ [Hor51], that is, clauses having the following gen-
eral form:

P if Q, and Q, and ... and Q,

or in Prolog notation,

p = gly g2 « qn

p being the head of the clause and the conjunctive part being the body of the clause.

The head of the clause is either an atomic symbol or a structure. The atomic sym-
bol or functor is said to be the predicate symbol of the clause.

The body of the clause is a sequence of terms separated by commas. Basically,
each body term is either an atomic goal or structure.
For example, the predicate
dates(gertrude, X) :- male(X), likes(gertrude,X).

can be interpreted as: “Gertrude dates a person if this is a man and Gertrude likes him.”
A special case of these clauses occurs when the conditional part is non-existent, and the
rule degenerates into a fact, which, furthermore, can be required to be a variable-free
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atomic formula. A clause without a head is referred to as a query, and is evaluated im-

mediately.
Typical examples of facts are:
male(felix).
square(5,25).
These facts just record unconditional valid values: “Felix is a man”, “The square of 5
is 25”. A collection of facts is often referred to as the database that is used to solve a
particular problem.

A simple query example is:
:-dates(gertrude, X),age(X,Age),Age<30.

which can be interpreted as a request for possible persons for Gertrude to date, where
each person has an age less than 30 years. (The age relation must be able to give the
ages of all men in the database).

Prolog semantics can be viewed declaratively or procedurally [SS87]. Under the
declarative view, a program is considered to be a logical disjunction of its constituent
clauses; a clause is viewed as a logical conjunction of its goals.

The procedural view considers a program to be an ordered sequence of entry
points that must be executed in turn until one of them succeeds; a clause is viewed as
an ordered sequence of procedure calls, all of which must be executed in order to
achieve success. If failure takes place on any procedure call, the computation must re-
sume at the entry that corresponds to the most recently invoked procedure which con-
tains unattempted entry points waiting to be explored.

2.3.4 Searching Strategy in Prolog; Unification and Backtracking

Prolog’s searching mechanisms are now discussed in more detail. Given a specific que-
ry, Prolog tries to satisfy it. If a valid answer can be discovered, Prolog answers yes and
shows the values for variables used in the query that satisfy the query. Since Prolog
deals with relations, it is always possible for the query to have more than one answer,
each one of them being displayed after the explicit request from the user (usually by
typing a semicolon after a valid solution has been generated by Prolog). Prolog answers
no to a query if it fails to satisfy that particular query or no more solutions remain to be
displayed.
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Logic programming in itself does not specify any evaluation strategy. Prolog,

however, assumes a left-to-right and a depth-first search procedure.Jr Thus, control in
Prolog is characterized by two simple decisions:

(1) Goal order: choose the left-most sub-goal.
(2) Rule order: select the first applicable rule.

The process of satisfying a query involves two important operations: unification/
substitution, and backtracking.

Unification is a pattern-matching operation that obtains the most general possible
common instance for any two Prolog terms. It is used to build and access compound
terms and to bind variables to values that satisfy the clauses. The associated substitution
operation is a mapping from variables to terms, that is, every variable is assigned to a
term when unification takes place. If there is no set of substitutions that can make two
terms identical the unification fails.

If, while satisfying the clauses and finding the values for the variables that make
them true, it is discovered that, at some point, the query cannot be satisfied (that is, uni-
fication fails), a process of backtracking must be launched. It must return to a point
where alternative solutions can be tried (a choice point), restoring all variable bindings
to the state they had when the choice point was activated.

2.3.5 Extra-logical Features in Prolog

In order to achieve efficiency and facilitate the programming task, Prolog provides
some extra-logical features. They include many built-in predicates and the cut operator.

Some of the built-in predicates provide system facilities (such as input/output, file
handling), or facilitate the evaluation and comparison of expressions. It is important to
note that some of the built-in predicates may have side-effects (which are strange to
pure logic programming).

Prolog also provides facilities to control backtracking. The most important of
these predicates is the cut operator (represented as the exclamation mark symbol in the
Edinburgh syntax). The insertion of a cut in the scope of a predicate has two effects
when executed. First, all the choices made since the parent goal was unified with the
head of the clause in which the cut appears are committed. Second, all other alternatives
after this point are completely discarded. This predicate has advantages concerning the

1 The procedural meaning of Prolog is based on the resolution principle for mechanical theorem
proving. Prolog uses a special strategy for resolution theorem proving called SLD [Bra86].
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reduction of the search space and, therefore, the possibility of finding more efficient

Prolog programs.

Another impure (under a pure logic programming point of view) feature of Prolog
is the capability to add or remove clauses at run-time through primitives such as assert
and retract. This feature supports dynamic code.
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Chapter 3. An Overview of The Warren Abstract Machine

Since Prolog was introduced in 1972, several abstract architectures have been proposed
to support the implementation of the Prolog programming language. There are two
common approaches, the environment stacking model and the goal stacking model
[Tic88]. However, the environment stacking model has proven to be superior to the
goal stacking approach, mainly because it requires fewer run-time tests and usually
consumes less (stack) memory while performing resolution.

Amongst the several abstract machines that have been proposed for Prolog, one
has become the essential starting point for writing a Prolog compiler: the Warren Ab-
stract Machine (WAM) [War77] [War83]. It is an ingenious design which makes the
application of some useful optimizations to the generated code straightforward. Thus,
typical Prolog optimizations such as tail-recursion optimization or clause indexing fit
naturally into the WAM execution model. This chapter is almost entirely devoted to the
Warren Abstract Machine. Particular emphasis is devoted to the description of some
optimization concepts within the WAM, namely last call optimization (a general case
of tail recursion optimization), environment trimming and clause indexing.

3.1 The Warren Abstract Machine (WAM)

D.H.D.Warren proposed the DEC-10 Prolog abstract machine in 1980 [War80]
[Ait91]. Its successor, the so-named “Warren Abstract Machine” (WAM, for short) was
created in 1983. Both execution models for the Prolog language share the characteristic
that their instruction sets correspond closely to the Prolog source code.

In the rest of this chapter, the procedural view for Prolog is adopted, since it is eas-
ier to relate the WAM’'s terminology to a model that considers the existence of mecha-
nisms such as procedure call, success, failure, backtracking, and so on (concepts that
are absent from the declarative view).

To simplify the study of the WAM, we start with a summary of the memory layout
and registers which compose this abstract machine.

WAM’s Memory Layout

The WAM defines at least five distinct working areas: the code area, the heap, the stack,
the trail, and the unification stack. The heap is a dynamic area intended to store Prolog
terms. The stack area is designed to contain very specific (data and control) information
that is needed to characterize a particular szate at an arbitrary point in the execution of
a Prolog program. The WAM'’s stack contains two kinds of variable-length stack
frames: environments and choice points. Generally speaking, an environment contains
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local variables and book-keeping information, whereas a choice point holds arguments
passed to a nondeterminate procedure and backtracking information. These two struc-
tures are studied in more detail in future sections.

Variable Registers

The WAM assumes the existence of a “sufficient” number of registers to hold Prolog
terms during code execution. The principal advantage of using registers instead of heap
or stack cells is that objects allocated in registers can be accessed faster and more easily
than those stored in memory areas. Arguments passed to a procedure call are always
stored in variable registers (often referred to as argument registers).

3.2 'WAM Model Calling Mechanisms

Before starting a thorough analysis of the WAM’s instruction set, it is essential to un-
derstand WAM s underlying philosophy concerning calling conventions and resolution
strategies.

WAM’s calling convention is as follows. The caller, that is a body-clause (goal)
structure with n terms or arguments, loads all its arguments into dedicated argument
registers in textual order and allocates a new environment onto the stack; control is then
passed to the callee (invoked predicate). The callee selects the different clauses to be
tried by means of indexing instructions. If the callee is non-determinate (i.e., if the res-
olution strategy needs to consider more than one clause for that predicate), a choice
point must be generated and stored on the environmental stack, along with the argument
registers and the state registers needed to perform backtracking if necessary. For every
plausible head for the callee, unification of the arguments is attempted; if such unifica-
tion is successful, the different goals of the corresponding body are called one after the
other in sequential order.

If unification fails at any point, a process of backtracking is launched in such a way
that the state needed to search for alternative solutions is restored from the current
choice point; if no alternatives remain, the choice point is removed and the previous
choice point is used to find other potential alternatives.

The WAM classifies variables into two categories: permanent and temporary. By
definition [Ait91], “a temporary variable is one which does not occur in more than one
body goal (counting the head as a part of the first body goal) and first occurs in the head,
or in a structure, or in the last goal. A permanent variable is one which is not tempo-
rary.” The motivation for this division is that “temporary” variables need to be explic-
itly allocated on the heap, whereas “permanent” variables can safely be allocated within
an environment frame and be destroyed along with the frame at deallocation-time.
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Stack (“permanent”) variables are carefully ordered at the end of the frame with

one purpose in mind: the space allocated to variables that are no longer needed at some

point can be reused. Thus, the environment frame will normally shrink during the exe-

cution of a query. Obviously the variables that cease to be needed first during query ex-

ecution should be stored nearer the end of the frame, so that environment trimming can
be performed easily.

To behave in accordance with the above-mentioned calling mechanisms the WAM
defines a group of control instructions for allocation and deallocation of stack frames,
which are named allocate and deallocate, respectively.

The instructions that manipulate choice points perform two fundamental actions:
(1) they allocate a new choice point on the stack, and (2) set the order in which the gen-
erated code is going to be executed. These generic WAM instructions are named:
try_me_else, retry_me_else and trust_me, depending on whether the clause under consid-
eration is the initial clause, an intermediate clause, or the last clause, respectively.

3.3 Term Representation

After having studied some of the WAM control and choice instructions that deal with
backtracking mechanisms, we now look at those instructions designed for implement-
ing unification. To understand unification, it is essential to know how Prolog’s terms
are represented.

A term is represented by means of two fields: the tag and the actual value. The rag
field specifies one of the following possible cases: constant, variable, structure, or list.
The WAM design recognizes that lists are heavily used in Prolog and, therefore, they
are assigned a special status.

The value field contains information specific to the nature of the term. For a con-
stant, it holds the actual value of the constant. In the case of an unbound variable, a
structure or a list, the field contains the address of the entity (the arbitrary representation
for an unbound variable is a pointer that references itself). A structure value is com-
posed of a representation of the functor (composed of both the name and arity) followed
by its arguments (each of which is a term). When a variable is bound to a structure, list
or constant, the value field carries the address of the entity to which a variable is unified
to. Finally, when a variable is unified with another variable, one of them points to the
other (depending on very specific rules that determine the direction of the binding).

A nice property of the WAM architecture is that any term can be stored in a pro-
cessor register if convenient, independently of the data type of the term.
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Term Construction and Recognition

Now that the representation of Prolog terms has been covered, the process of building
and identifying such terms is now analyzed. As expected, the WAM’s instruction set
defines special instructions to store new terms on the heap and to retrieve such infor-
mation.

During the process of constructing terms on the heap, it is convenient to store some
values temporarily in processor registers so that they can be referenced later more effi-
ciently. The WAM assumes the existence of a sufficient number of registers which can
hold all the term representations mentioned above. There are three kinds of objects that
are naturally assigned to variable registers: (1) the different arguments of every struc-
ture (which under the procedural view of Prolog semantics constitute the parameters of
a procedure call); (2) the non-anonymous variables occurring in every rule, query or
fact; and (3) the structures and lists that occur inside another structure. For a specific
term, the WAM specifies a unique order for assigning the variable registers. The regis-
ters are assigned first to the arguments of the procedural call, and only then are the vari-
ables and inner structures assigned. All these entities are assigned according to the tex-
tual order in which they appear; the same register is assigned to all the occurrences of
a particular variable.

The WAM provides two kinds of instructions for manipulating terms: those that
require the term to be held in a register and those that work directly on the term under
consideration (normally allocated on the heap or on the stack).

As has been mentioned before, the arguments of a call and some other special
terms (variables and the “inner” structures) are always assigned to registers. The WAM
provides two sets of instructions to manipulate those entities: the put instructions, in-
tended to store in the argument registers the parameters that are passed to a procedure
call; and the get instructions, designed to access those parameters once the call has been
activated.

Unification

The WAM defines additional term manipulation instructions. Their behaviour depends
on the mode set by the ger structure instruction. If read mode is set, the unification al-
gorithm is applied to both the instruction operand and the current heap cell. If, instead,
write mode is specified, a new cell is allocated onto the heap.

Two examples that illustrate typical translations of facts (head clause) and queries
(body clause) are shown in Figures 3.1 and 3.2. The corresponding register assignment
is shown in Table 3.1.



predicate/3 :

% predicate(
get_variable X0 % V,
get_structure m/2,X1 % m(
unify_variable X5 % X5,
unify_variable X6 % W),
get_structure n/2,X2 % n(
unify_value X0 % V,
unify_value X6 % W)
get_list X5 % X5=[
unify_constant a % a|
unify_variable X4 %  X4]
get_list X4 %o X4=[
unify_constant b % b
unify_variable X3 %  X3]
get_list X3 Y% X3=[
unify_constant ¢ %
unify_constant [ ] % [1]

predicate(V,m([a,b,c],W),n(V,W))

Figure 3.1 Partial translation of a clause head.

Register Type Term
X0 Arg 1 \Y%
X1 Arg 2 m/2
X2 Arg 3 n/2
X3 LIST [ell]l]
X4 LIST [bIX3]
X5 LIST [alX4]
X6 VARIABLE W

Table 3.1 Register assignment for the examples in Figures 3.1 and 3.2.
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put_list X3 % X3=[
unify_constant ¢ % c|
unify_constant [ ] % [1]
put_list X4 Y% X4=[
unify_constant b % bl
unify_variable X3 % X3]
put_list X5 Y% X5=]
unify_constant a % a|
unify_variable X4 % X4]
% predicate(

put_variable X0 % V,
put_structure m/2,X1 % m(
unify_variable X5 % X5,
unify_variable X6 % W),
put_structure n/2,X2 % n(
unify_value X0 % V,
unify_value X6 % W))

:- ..., predicate(V,m([a,b,c],W),n(V,W)), ...

Figure 3.2 Partial translation of a query.

Last Call Optimization and Environment Trimming

Two very important optimization techniques that are applicable to Prolog’s code base
their operation on a more rational use of the environmental stack, namely last call op-
timization (LCO) and environment trimming.

Tail recursion optimization (TRO) is a widely-used optimizing transformation
that converts recursion into iteration [AC72]. Under certain conditions, if the last action
that a procedure performs is a recursive call (that is, a call to itself), this tail-recursive
call can be uniformly encoded using jump instructions, thus speeding up the process and
saving the allocation of a new stack frame. A particular effect of this optimization is
that tail recursion (which normally consumes a stack frame for each call) is transformed
into iteration (which ideally operates in constant space).

Last call optimization permits re-use of part of the current environment frame (but
only if it is at the top of the stack) when the last goal of a clause is invoked. This tech-
nique is based on the fact that just before the last call of a query, none of the stack vari-
ables is needed any longer, and therefore their space can be overwritten by that last call.
Tail recursion optimization is a special case of last call optimization, namely when the
last call happens to be a recursive call.
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Furthermore, memory can be recovered on the environmental stack before any
call, provided that one or more stack variables are used subsequently. This may be
viewed as a generalization of last call optimization and is called environment trimming.

In order to apply environment trimming, it is necessary to rearrange the order of
the variables within the environment frame: those variables which cease to be required
first are allocated nearer to the end of the frame and those that are used closest to the
end of the query are assigned to the initial slots of the environment. As an example, con-
sider the predicate of Figure 3.3. Note that whenever a variable is no longer needed, its
memory location is freed for future use. Last call optimization takes place when, at the
very last call, none of the variable locations of the environment is preserved. These lo-
cations may be released for future use.

3.4 Clause Indexing

This last section is devoted to the study of a non-trivial optimization technique called
clause indexing. The incorporation of this fundamental notion into the WAM represents
the last stage in this brief tour through the WAM.

In Prolog, when a body subgoal is attempted, if the called predicate is nondeter-
ministic, several clauses are candidates to be tried in the search for a successful path.
By using clause indexing techniques, the number of attempted clauses can be reduced.
The key idea is that, given a predicate query whose arguments have particular bindings
at the time of the call, some head unifications are guaranteed to fail because of an in-
compatibility between those bindings and the kinds of terms that are specified in the
heads of the clauses. An example of clause indexing is shown in Figure 3.4.

Given the instantiation of a call argument (“body” argument) and the term catego-
ry of the corresponding argument in the head of the predicate clause (“head” argument),
three possibilities can occur: (1) the arguments unify without any restriction (because
at least one of them is an unbound variable), (2) unification fails (as a result of having
incompatible categories), or (3) the unification takes place if some additional condi-
tions are met (for example, if the two arguments are constants, their values must be
identical for unification to occur). This is summarized on Table 3.2. It is obvious from
the table that a variable body argument can match every head argument; other term cat-
egories only match head arguments that are either unbound variables or are derived
from the same term category as the body argument.

Thus, it is possible to determine argument-wise which clauses are matchable for a
given calling pattern. For this to occur, all the body arguments must be totally compat-
ible with the corresponding head arguments. However, it is a standard practice to test
only one argument, the first argument. This practice is less expensive than testing all
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put_variable Y4,X0 % :-m(V,
put_variable Y2,X1 % W),
-call m/2,5 .
put_value Y4,X0 % n(v, Y variable | last use
put_variable Y3,X1 {% X, YO Y p
put_value Y2,X2 % W),
call n/3,2 Yl z 0
put_variable YO,X0 § % o(Y, Y2 W 5
put_variable Y1,X1 % Z),
call 0/2,1 Y3 X n
put_value Y0,X0 % p(Y). va v o
deallocate
execute p/1 Register assignment
-m(V, W), n(V, X, W), o(Y, Z), p(Y).

¥

before call m/2 before call n/3 before call 0/2 before call p/1

[ —————— h
Y Y free stack
Z free stack last call
W Eot StHOE optimization
X
\%

E free stack

g I

Figure 3.3 Environment trimming.

the arguments, and it can be argued that a good number of predicates can be easily dis-
criminated by the nature of their first argument [Ait91].

This single argument indexing is adopted by the WAM. Since a variable first ar-
gument in a head clause unifies with any body’s first argument, the translation is split
over subgroups of clauses. Each subgroup is either a single clause with a variable first
argument or the maximal possible group of contiguous clauses whose first argument is
not a variable.

The general translation for a predicate partitioned into subgroups of clauses
S1,...5, 1s shown in Figure 3.5.
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p(
Pl
p(5,Y):-s.
Pl
P(

r

Translation for Translation for

p([a,X],Y):- m, n, o. p([a,X],Y):-m, n, 0.

Translation for

Translation for

p([].Y)-q,r pP(]Y):-q,r
Translation for Translation for
p(5,Y):- s. p(5,Y):- s.
Translation for Translation for
p(X,Y):- t. p(X,Y):- .

Translation for E
p(rY)-u,v. Y/

(a) (b)
control flow for a first control flow for a first
argument that is a argument that is an
constant list: atom r:
only the 1st and 4th clauses only the 4th and 5th clauses
are attempted are attempted

Translation for

p(r,Y):- u, v.

Figure 3.4 An example of clause indexing.

predicate:|try_me_else S2

S1's indexed code
S2: retry_me_else S3
S2's indexed code

% subgroup of clauses S1

% subgroup of clauses S2

subgroup of ciauses Sn

Sn: trust_me '
S1’s indexed code

Figure 3.5 The general translation scheme for predicates.
When the subgroup is constituted by a single clause with a first argument variable,
standard translation patterns are applied. However, if the subgroup is formed by one or
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head argument

b= variable constant | structure | list
g UNIFY UNIFY UNIFY UNIFY
UNIFY | POSSIBLE | FAIL FAIL
e e T
JUNIEY ] FAIL | FAIL |.POSSIBLE

two arguments are FULLY UNIFIABLE if the following holds:
- for constants: both constants have the same constant value
- for structures: both structures have the same functor, the same arity and
fully unifiable arguments
- for lists: both lists have compatible arguments

Table 3.2 Different possibilities for the unification of two terms.

more clauses with non-variable first arguments, specially tailored instructions must be
used.

The technique of clause indexing that is used in the WAM machine can be better
understood when it is decomposed into the so-called levels of indexing. Some authors
[Ait91] acknowledge the existence of three levels of indexing. The first two levels have
to do with the selection of the first unifiable clause for a given (first) argument, and the
third level corresponds to the selection of the next unifiable clauses for that argument.

First level indexing simply discriminates clauses according to the type of the first
argument in the query. Thus, depending on the nature of the first argument (variable,
constant, list or structure) only those clauses that are unifiable with such an argument
are considered. Second level indexing further discriminates clauses according to the
specific values that are associated with constants and structures. Finally, third level in-
dexing is aimed to find out all next clauses that must be attempted once the first clause
has provided all its answers (if any).
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Chapter 4. The TOPIC System

The TOPIC system is a software application that supports the multi-programming par-
adigm by allowing programmers to combine Prolog and C++ code in the same program.
The TOPIC system provides both a translator from Prolog into C++, and a library con-
taining those C++ classes that are used in the translation scheme of the TOPIC system.
The TOPIC system is extensively described in a series of documents [JLH90] [Jun90a]
[Jun90b] [Jun90c] [Jun90d] and, therefore, only the most important elements are dis-
cussed here.

The TOPIC system is described in two parts. An initial section explains the con-
stituent elements of the TOPIC system. The concluding sections explore how the TOP-
IC system accomplishes the translation of Prolog into C++.

4.1 Introduction to the Topic System

The TOPIC system provides a Prolog to C++ translator, along with a library of primi-
tive C++ classes that are needed for the implementation of the Prolog language in terms
of C++. The Prolog-to-C++ translator converts Prolog source code into equivalent code
that is built in terms of C++ classes. Conceptually speaking, the translator can be sepa-
rated into a syntax analyzer, a semantic analyzer, and a code generator.

Syntax Analyzer

The TOPIC syntax analyzer is tailored to the Edinburgh Prolog syntax [CM&81]. It con-
tains a lexical analyzer, a special operator filter, and a standard parser. Following tradi-
tional compiler techniques, the user-defined identifiers, such as atoms, functors and op-
erators, are stored in an identifier table. In order to achieve correct handling of Prolog
operators, whose precedence can be specified by the user, a group of operator tables is
built to hold the dynamic properties of the operators (i.e., position, precedence, associa-
tivity).

When an operator token is found, the analyzer looks up its characteristics in the
operator tables. The module that conveys this action is the operator filter, whose sole
function is to identify the characteristics of an operator token given a context (which is
recorded in the operator tables).

Finally, a standard parser is needed to verify that the source code satisfies the rules
of the Edinburgh Prolog syntax and generates the necessary structures for subsequent
phases of the translator. Again, syntax errors are reported to the user via an error man-
ager module.
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Semantic Analyzer and Code Generator

The analysis phase is completed by a semantic analyzer which tests that the semantic
rules of Prolog are not violated by the syntactic constructs previously analyzed by the
parser. Besides this process of verification, the semantic analyzer must generate infor-
mation for the code generation module.

The semantic analysis is performed at the Prolog clause level, i.e., the basic unit
that is taken into account during analysis is a Prolog clause. Four different kinds of
clauses are accepted: TOPIC directives, goal clauses (queries), complete rules, and
facts.

The code generator must convert each Prolog predicate into a C++ subclass defi-
nition. The translation scheme is discussed in the following section. At this point, we
need say only that the generated code references a set of C++ classes that are defined
and implemented in the TOPIC library. A fairly complete description of the code gen-
eration phase can be found in the document [Jun90b].

4.2 The TOPIC Translation Scheme

In this section, the translation strategies used by the TOPIC system to convert Prolog
source code into C++ code are examined. Initially, the strategy used by the TOPIC sys-
tem to perform the Prolog control flow is discussed. Thereafter, an overview of the
memory organization in the TOPIC system is presented. Finally, the most important is-
sues relevant to the translation of Prolog into C++ with the TOPIC system are analyzed.

4.2.1 Control Flow

To understand how the TOPIC system implements Prolog’s control flow, it is useful to
represent the operational semantics of Prolog schematically. By using box diagrams
[Byr80], the depth-first left-to-right evaluation order used in the execution of Prolog
programs can be easily described.

Subgoal Representation
Consider a Prolog clause
h i» €15 69, cous O

Every subgoal ¢, can be represented by a box like that shown in Figure 4.1. The
box has two entries (labelled 1 and 3) and two exits (labelled 2 and 4). The pair of ports
1 and 2 are used when the normal sequential execution takes place; the other ports, 3
and 4, are used when backtracking occurs. Ovals A and B represent the search for an-
swers to the subgoal query. When the execution reaches the subgoal box (either through
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normal path

1 @ ;H 2
4 B 3 backtracking path

Figure 4.1 The box representation of a subgoal.

entry 1 or entry 3), if the subgoal succeeds, the execution flow continues through exit
2. Otherwise, when the subgoal fails (that is, when no alternatives remain to be explored
for that particular subgoal), backtracking takes place and the execution flow continues
through exit 4.

Query Representation
Consider a query of the form
-C1,€5 .00, €

A schematic representation of this generic query is shown in Figure 4.2.

start success

failure 1 C2 Cn continuation

Figure 4.2 The box representation of a goal.

Individual boxes for each subgoal are superimposed in the obvious way. Entry
point 1 of the first subgoal is designated as the start point for the query execution. Exit
point 2 of the last subgoal represents the discovery of a valid solution to the query; it is
denominated as success. If more answers are requested, execution must resume through
entry point 3 of the last subgoal, labelled continuation. Exit point 4 of the first subgoal
is special in the sense that if the flow reaches this point, the query is unable to provide
more answers; the query fails.
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Predicate Control Flow

The box representation for a generic predicate
P :-C11,Cq2, vy C”.

P - C24, Coo, ..., Cok.

P>-Cm1yCm2s --» Cin-

is shown in Figure 4.3. The main addition with respect to a simple query box represen-
tation is that the heads of the clauses must be taken into account. Such head unifications
are represented by the leftmost circles. When the first clause is attempted, if it is possi-
ble to unify its head with the arguments given by the caller, the subgoals of the predicate
are considered in the same way as for a simple query. If head unification is not success-
ful, control is passed to the next clause, where, again, head unification is attempted, and
so on. Failure is reached only after all clauses have been attempted.

TOPIC’s Scheme for Implementing Prolog’s Control Flow

Every Prolog predicate is translated into a C++ class that is derived from the Predicate
base class. This class provides a constructor, as well as both a data field and a Boolean
Next method aimed at implementing Prolog’s control flow.

Thus, the Predicate class defines a specific data field to store the continuation
point where execution has to resume when more answers are requested for the given
predicate. This data field is named where and it is assigned integer values that represent
the clause numbers (starting with 0) for a given predicate. Furthermore, each predicate
contains a method (the Next method) which finds the subgoal answers using this flow
control point of view. A typical translation scheme is shown in Figure 4.4. The associ-
ated box representation for the predicate is depicted in Figure 4.5. In order to show the
relationship between the TOPIC’s translation scheme and the corresponding box repre-
sentation, the entry and exit points in the box diagram are reproduced in the C++ pseu-
do-code as labels to which the control is passed depending on whether or not an answer
is found for any subgoal.

4.2.2 Memory Organization

In order to execute a goal (query), the TOPIC system requires direct control over the
allocation/deallocation of the objects that are created during the goal execution. When-
ever itis possible, the TOPIC system treats such objects as local objects to the goal. The
scope of a local object is that of the goal in which the object is created, and its lifetime
is that of the goal which it belongs to.
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Success

C2k continuation

restart Success

Cpn continuation

failure

Figure 4.3 The box representation of a predicate.

However, sometimes it is necessary to extend the scope of an object outside the
goal where it is defined. For this reason, the TOPIC system provides mechanisms to
create global objects (i.e., objects that are not attached to a particular goal). Represen-
tative examples of this can be found in the rules that construct a Prolog database.

Local objects are allocated in temporary stacks that only exist while the goal is ac-
tive. Global objects are allocated in the C++ heap.
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Boolean p0::Next()

switch (where) {

//clause # 0: o p:- Q, T, S.
case 0: goto—*
/[head uqlﬁcatlon . el ¢ answer found: | 2
“ /translation for the invocation of q 5 answer found: [ 4
e e //translation for the invocation of r answer found: T'5
no answer found: | 3
case 1: romd T
//translation for the invocation of s D
no answer found: [ 6
where=1;
return true;
//clause # 1: o p:- n.

//head unification
case 2: ) . answer found: [ 9
9 //translation for the invocation of n [T5answer found: [10

@ where = 2;

return true;
/[ clause # 2: % p:- m.

//head unification
case 3: lation for the i ) ¢ answer found: [12
//translation for the invocation of m 5 answer found: 3

@ where = 3;

return true;
// clause failure:

@ where = -1;
}

return false;

)

The boxes on the right represent branches where the execution will continue depending
on whether the invoked predicate was able to provide an answer.

Figure 4.4 Translation scheme to reflect the flow control of a predicate.

Working Areas

When a goal is created, the memory assigned to it is partitioned into five stack areas
that hold the different entities created during the execution of the goal.

» The Stack. This area holds Predicate instances, State instances and frames.

» The Heap. This code area contains all Term instances (with the sole exception
of the LocalVariable instances, see below).
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start
where=(

SucCcess

continuation
where=1

success
continuation
where=2
predicate p/0.
success
p:-q, T, s.
. . - n.
continuation i m
where=3 B~ 10

failure
where=-1

Figure 4.5 Box representation for a predicate.

* The Trail. The (Variable) Trail contains the addresses of all LocalVariable in-
stances whose bindings must be trailed upon backtracking.

» The PTrail. The Predicate Trail holds the addresses of predicate instances so
that they can be removed once they are no longer needed by the goal (upon
backtracking).

» The GlobalVarHeap. This area holds the goal environment’s hash table.
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This memory organization is inspired by the WAM. In fact, given the strong sim-

ilarity between the WAM and the TOPIC system, the memory model for the TOPIC
system can be studied from the WAM principles previously introduced.

Prolog Registers

The TOPIC system does not use registers to store Prolog terms at execution time (terms
are always allocated on the heap or stack). However, the TOPIC system provides some
state registers (in fact they are declared as static members of the Goal class) to manip-
ulate the above-mentioned working areas. As well as the ordinary pointers to the top of
the working areas, the TOPIC system provides a state register that points to the latest
allocated choice point frame. Additionally, a couple of registers is required to hold the
addresses of the current predicate instance of the goal that is being executed and the cur-
rent goal itself. A simple diagram showing the TOPIC working areas is shown in Figure
4.6.

latest choice point frame
pointer

B( ~ Stack

[S = 1 *

stack pointer

Heap
heap pointer

7

Trail
trail pointer

:
.

predicate trail pointer Flediate T

ﬁ

Global Hea
global heap pointer ’

'_*
Figure 4.6 TOPIC’s state registers.
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4.3 Prolog Objects Representation

This section describes how Prolog objects are represented in the TOPIC system using
the C++ class facility. The Prolog objects that are studied are the following: terms, que-
ries, heads, rules, predicates and databases.

Term Representation

Since C++ encourages the use of a hierarchical class definition via step-wise refine-
ments, the TOPIC system adopts this kind of strategy to characterize all different Prolog
data objects. Thus, Prolog terms are represented in C++ by using a base class Term
which is specialized through inheritance into the different categories of simple and
compound terms. A hierarchical diagram is shown in Figure 4.7.

Terms

Variables
_ Var

X

Frame Variable

{ Local Variable | ¥

Variable

Yariable Constants Lists Structures
Constant List Struct
Atoms Integers Reals
Atom Integer Real

Figure 4.7 The TOPIC class hierarchy for Prolog terms.

At a first level of specialization, the derived abstract classes representing variables
(Var class) and values (Value class) are defined. The Var class is further specialized
into subclasses representing the type of location that is assigned to them, the possibili-
ties being variables declared inside a predicate (LocalVariable class), variables allocat-
ed in stack frames (FrameVariable class), and all other variables (Variable class).
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The Value class is refined to generate the Constant abstract class and the Structure

class. The Constant class represents all constant terms and it is additionally specialized
into atomic values (Azom class) and numbers (/nteger and Real classes). The List class
is a natural subclass of the Structure class, but this dependency relationship is not ex-
plicit in the TOPIC system. Instead, the List class is defined in terms of the Value ab-
stract class. Similarly, it can be noticed that, whereas constants are normally seen as a
special case of a structure when the arity is equal to zero, this fact is not reflected in the
TOPIC class hierarchy for terms.

In order to create instances of Prolog terms, C++ constructors must be invoked.
Note that the TOPIC system is designed to manipulate Prolog terms by means of point-
ers to their corresponding instances. Some examples of how Prolog terms are created
in the TOPIC system are shown in Table 4.1.

Prolog term declaration in the TOPIC system
term
345 Term *term1 = new Integer(345)
Xyz Term *term2 = new Atom(“xyz”)

f(a,345,xyz) | Term *term3 = new Struct(“f”,3,new Atom(“a”),term1,term2)

M Term *term4 = new Variable(“M”);

M,_] Term *term5 = new List(term4,new Variable)

Table 4.1 Term creation in the TOPIC system.

Clause Representation

The TOPIC system defines C++ classes that represent queries, facts and complete rules.
A Query class is provided to represent bodies of Prolog clauses. This class definition
exploits the fact that every Prolog query can be represented by either a single term, or,
in a more general case, by a conjunction, disjunction, implication or negation of terms.
For this reason the Query class defines its fundamental data field as a pointer to a Prolog
structure, and provides a set of friend functions designed to build more complex que-
ries, applying and, or, if and not operators to achieve the conjunction, disjunction, im-
plication and negation of queries (respectively). Examples of the usage of this class are
shown in Table 4.2.
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Frolog query declaration in the TOPIC system
query
- p. Query qi(new Struct(“p”,0))
= q(X). Query g2(new Struct(“q”,2,new Variable(“X"),new Atom(“t")))
= p,q(Xt). | Query g3(q1 &q2)
= pra(Xt). | Query g4(q1|q2)
= \+p Query g5(~q1)

Table 4.2 Declaration of queries in the TOPIC system.

Similarly, a Head class represents heads of Prolog clauses. To represent the head
of a clause fully, the functor (name and arity) and the term arguments must be provided.
Finally, a Rule class permits the construction of complete clauses by concatenating both
the head and the query. Some examples of this are presented in Table 4.3.

Prolog
facts and corresponding declaration in the TOPIC system
rules
i Head h1(“r")
s(X,1). Head h2(“s”,2,new Variable(“X”"),new Atom(‘t"))
= q(X1). Query g2(new Struct(“q”,2,new Variable(“X"),new Atom(“t")))
r-p, q(X,t). | Rule ri(h1,Query(Query(new Struct(“p”,0)) & g2)
s(X,t):-\+p. | Rule r2(h2,Query (~Query(new Struct(“p”,0)))

Table 4.3 Definition of heads and rules in the TOPIC system.

Predicate Representation

In the TOPIC system, a predicate is represented using the Predicate class. It provides
both a constructor and a Next method, which is used to get the next available answer for

a given query.

Recall that query execution can be viewed as a sequential invocation of the pred-
icates or subgoals that comprise the query. The first time a predicate is invoked, an in-
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stance of it is created. The Boolean Next method produces the first answer (if any). If
more answers are required, the Next method remembers the starting point for this future
searching as long as more answers remain to be explored. When no more answers can
be found, the Next method simply returns false. The Next method reproduces the con-
trol flow behaviour of Prolog that was previously explained using box diagrams. A pro-
tected field, named where, remembers the specific point where additional attempts to
find the next solution should resume.

4.4 Unification

Unification of two C++ representations of Prolog terms is performed by means of the
Unify member function (defined within the Goal class). The usual effect of this function
is, if the unification succeeds, to create new variable bindings. It operates within the
current goal’s context. Its first phase consists of de-referencing both arguments. After
this, the new bindings of variables to terms that result from unification are stored within
the goal’s context.

A special case occurs when the argument of the head to be unified is not a variable.
To avoid unnecessary term construction, an alternative member function, Connect, is
used. There is one Connect function for each possible kind of Prolog term (i.e., integer,
real, atom, list and structure). Figure 4.8 shows how these two functions are used to per-
form the unification operation.

4.5 Backtracking and Frame Allocation

Since the TOPIC system’s memory organization follows the WAM model, it is not sur-
prising that the TOPIC system defines several member functions to perform similar ac-
tions to those of the instructions for implementing Prolog calling mechanisms in the
WAM.

The TOPIC system provides three static member functions specially designed to
manage backtracking. They are closely related to the WAM instructions for allocation
and deallocation of choice point frames. These member functions (which are declared
in the Goal class) are: Checkpoint, Backtrack and Restore.

Checkpoint: this function is analogous to the try_me_else instruction of the WAM.
It registers all the state information that needs be restored when backtracking is re-
quired.

Backtrack: analogous to the retry_me_else instruction in the WAM, this function re-
stores the state that was previously recorded by the Checkpoint function. This function
is used for all intermediate clauses in a predicate.
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% head unification

% q(X,Y)
Goal::Unify(_p2c_at, &X) q(
Goal::Unify(_p2c_a2, &Y) X,
Y)
% r(67,t)
r(
Goal::Connect(_p2c_a1t, 67) 67,
Goal::Connect(_p2c_a2, “t") t)
% p(X,foo(67.1),[ [H|T] 1,67)
P(
Goal::Unify(_p2c_at, &X) X,
Goal::Connect(_p2c_a2, “foo”, 2, & p2c_t0, &_p2c_t1) foo(67.,1),

Goal::Connect(_p2c_t1.Value(), “t”))
Goal::Connect(_p2c_t0.Value(), 67)
Goal::Connect(_p2c_a3, & p2c_t2, & p2c_t3) [[HIT]],
Goal::Connect(_p2c_t2.Value(), &H, &T)
Goal::Connect(_p2c_t3.Value(), “[ 1)

Goal::Connect(_p2c_a4, 67) 67)

Note that objects that are labelled “_p2c_an” represent arguments to the predicate and
objects labelled “_p2c_tn" are intermediate objects that are used to build more complex
terms.

Figure 4.8 Use of the Unify and Connect functions.

Restore: similar to the trust_me operation in the WAM, this TOPIC function also
restores the state previously stored by a Checkpoint function invocation. The only dif-
ference is that such a state is discarded once it is no longer needed. For this reason, this
function is only associated with the last clause of a particular predicate.

A typical example of the use of these functions is shown in Figure 4.9.

Similarly, the TOPIC system defines two member functions that are equivalent to
the WAM instructions for allocation and deallocation of environment frames. These
member functions (declared in the Goal class) are: Allocate and Deallocate.

2 “

Allocate: this function is used to allocate a frame to contain a predicate’s “perma-
nent” variables (recall that a permanent variable is that which can be allocated within
an environment frame, being destroyed when the predicate is deallocated).

Deallocate: this function is used to remove a frame from the environment.

4.6 Cut Operation

The inclusion of the cut operation in the box model for control flow of Prolog programs
is as simple as modifying the structure of the box that is associated with the cut predi-
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Boolean p0::Next()
{
switch (where) {
//clause 0 %p:-q, 1, S.
case 0:
state=Goal::Checkpoint();
/lq predicate creation
/linvocation of g->Next()
/Ir predicate creation
/linvocation of g->Next()
/Is predicate creation
case 1:
/linvocation of g->Next()
where=1;
return true;
/lclause 1: %p:- N.
Goal::Backtrack(state);
/In predicate creation
case 2:
/linvocation of n->Next()
where = 2;
return true;
// clausez2: Yop:- M.
Goal::Restore(state);
//m predicate creation
case 3:
/linvocation of m->Next()
where = 3;
Remove();
return true;
// clause failure.
where = -1;

}

return false;

}

Figure 4.9 Backtracking management for a typical Prolog predicate.

cate. First of all, if backtracking reaches the cut predicate, it will not give more answers.
Furthermore, all the choices made since the parent goal was unified with the head of the
predicate clause must be committed, and alternatives not yet explored must be discard-
ed. The box model for the cut predicate is presented in Figure 4.10. Note that the cut
predicate always succeeds the first time and, when it is reached during backtracking, it
will transfer control directly to the point labelled failure.

The TOPIC system performs the cut operation with the help of special functions
that not only reflect this particular behaviour, but also release the storage used by alter-
natives that are no longer needed. These functions are NeckCut, BodyCut and TailCut,
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2 normal path

©

( B) i
4 & 3 backtracking path

cut

failure label

Figure 4.10 The box representation of the cut predicate.

which are used, respectively, when the cut appears as the first subgoal, as an interme-
diate subgoal or as the last subgoal of a clause.
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Chapter 5. Mode analysis

In general, Prolog programs are undirected, that is, there is no distinction between input
and output parameters for a given predicate. This notion of bi-directionality presents a
major challenge to the production of efficient code, since the depth-first search strategy
with chronological backtracking that Prolog uses to implement non-determinism is it-
self a very inefficient strategy [Mel85]. However, Prolog predicates are typically writ-
ten with one sole direction in mind and, as a result, some parameters are meant to be
exclusively input or output. Knowledge of such directionality can be expressed using
the notion of modes, a concept which was introduced by D.H.D. Warren (and refined
by Mellish) to classify the ways in which a Prolog predicate is used during the execu-
tion of a program. If the programmer provides such clues to help the compiler identify
directionality, the generated code can be drastically improved. A possible alternative is
to infer the mode information by performing a global analysis of the program [DW8§].

The most important use of mode information is as follows:

- determinacy analysis, which attempts to discover those predicates that are deter-
ministic, with the potential benefit of reducing backtracking actions;

- special unification, that is, choosing specially-tailored routines to be used for
those arguments whose type is known in advance;

- clause indexing, which can be improved by narrowing the range of possible
matching clauses given a particular mode for the arguments.

The standard approach for determining the mode information of a Prolog program
statically uses abstract interpretation [CC77], [CC92]. This is a general technique
where the standard semantics of a program are projected onto a different (and simpler)
domain. Several solutions to the problem of finding the modes of a Prolog program
have been proposed. A quite extensive survey is given in the introduction of [Deb89].
In this section, the mode inference algorithm of Debray [Deb89] is described since this
framework is the basis of the determinacy analysis for the present thesis.

5.1 Modes

The mode of a predicate in a Prolog program specifies which arguments are input argu-
ments and which are output arguments, taking into account all possible calls that can
occur during the execution of a program. Depending on the nature of the problem, a set
of modes must be defined to characterize the modes of the arguments in a Prolog pred-
icate. Debray proposed the family of modes A = { ¢, d, e, f, nv }, where ¢ denotes the
set of fully-instantiated (ground) terms, d (don’t know) the universal set of all terms, e
the empty set, f (free variable) the set of un-instantiated variables, and nv the set of non-
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variable terms (that is, structured terms which are not fully instantiated). The set A
forms a complete lattice under the inclusion operator:

A~ ,
f/ y
\e/c

Given a set of terms T, its instantiation is defined to be the element of A that best
characterizes it. Thus, the least upper bound [Bir40] for all terms in T is chosen.

Prolog’s unification operation can be understood in the mode’s domain (called the
abstract domain) as an operation that, given the instantiations of the arguments in a call,
refines them according to the nature of the head arguments. Given two term instantia-
tions T; and T, the unification of them is chosen to be the least upper bound of their
instantiations under the following partial ordering:

fcdcnvccece

The join operation of two elements of the lattice, @ and b, returns the least upper bound
of a and b. The join operator for the ordering under consideration is written as V.

Some examples are shown in Figure 5.1. Note that, since some information is not
taken into account in the abstract domain, the results are usually less accurate than in
the concrete (and more complex) world.

5.2 General Mode Analysis Method

Debray’s method uses the procedural view for Prolog, which considers the existence of
mechanisms such as procedure call, success, failure, backtracking, etc. Debray’s static
inference of Prolog modes is based on keeping track of individual variable instantia-
tions throughout the execution of a program. Such information is propagated in the usu-
al way, from caller to callee at any predicate invocation and from callee to caller at the
time of the predicate completion. Note that, with this method, the effects of variable
aliasing are fully considered. Thus, at any point during program execution, an instanti-
ation state is defined, which contains both instantiation and aliasing information for ev-
ery variable in the program. Figure 5.2 contains an example of how this information is
included within instantiation states for a given query. The instantiation information of
a variable v in an instantiation state A is referred to as inst(A(v)); the aliasing informa-
tion is referred to as the dependency set of the state or deps(A(v)).

The notion of an instantiation state can be extended to any arbitrary non-variable
term. A constant term will have ground instantiation (¢) and an empty dependency set.
A structured term will have ground instantiation (c) if all its arguments are ground and
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Figure 5.1 Abstract interpretation applied to Prolog unification.
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non-variable instantiation (nv) otherwise; its dependency set will be formed by the

union of the individual dependency sets of its arguments.

In order to facilitate the propagation of mode information, Debray’s method de-
fines the existence of instantiation patterns for every procedure call. An instantiation
pattern will contain, for every procedure argument, some information related to its in-
stantiation and, additionally, an indication of those variables that are shared with other

arguments. This is exemplified in Figure 5.3



= p(XY), a(X,2), r(2).

p(M,M).
q(r(N),N).
((BE
[ variable [ instantiation| sharing information|
X f [X]
Y f [Y]
L f 1 Z:}
[ variable | instantiation| sharing information|
X f [ X, Y]
Y f [Y, X]
4 f [Z]
| variable [instantiation| sharing information|
X nv [X.Y,Z]
Y d [X,Y,Z]
Z d [X,Y,Z]
[ variable | instantiation| sharing information|
X nv [X,Y]
Y d [X,Y]
Z ¢ L]

Figure 5.2 Instantiation and sharing information in a goal.

Abstract Unification
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Using Debray’s framework, Prolog’s unification operation is performed on instantia-
tion states in the abstract domain. After abstract unification, the instantiations and alias-
ing information for every variable are updated to reflect the effects of unifying the ar-
guments of a procedure call with those in the head of a predicate clause.

The process of abstract unification can be separated into two processes: (a) the cal-
culation of the new instantiations for all those variables involved in the procedure call,
and (b) the determination of new variable dependencies as a result of the unification

process.

To obtain the new instantiations for the variables that appear in the procedure call,
it is necessary to determine the effects of a change of instantiation of an argument (that
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-, qX,g(X,2),Y)9), ... |variable instantiation| sharing information]
X f [X,Y]
Y f [Y,X]
Z f [Z]
argument | instantiation| variables and their dependencies |sharing information
1 f [X] i <X Y> [1,2,3]
2 nv [X,Z] g <X,Y>, <Z> [1,2.3]
3 f [Y] e <Y, X> [1,2,3]
4 c [] i <> [4]

Figure 5.3 Instantiation patterns for a particular call.

is, a Prolog term) on the variables that occur in the term. The instantiations produced
this way are called inherited instantiations. In general, a variable inherits the instantia-
tion after unification that will be associated with the term in which it occurs. However
there are two exceptions to this rule. The first exception takes into consideration the
case when the subgoal’s argument which contains the variable is unified to a free-vari-
able (f) term: in this case, the subgoal’s variable retains its previous instantiation. The
other exception reflects the situation where a non-variable argument, as a result of uni-
fication, becomes instantiated to a non-variable (nv) term: if the subgoal term that con-
tains the variable under consideration has a non-variable (nv) instantiation prior to the
abstract unification, its inherited instantiation will be a don’t know (d) instantiation be-
cause it is not possible to determine precisely whether the variable will be affected as a
consequence of the concrete unification (there is not enough information in the abstract
domain to give an accurate answer). Some common combinations are listed in Figure
5.4.

Once the inherited instantiations have been found, the individual instantiation for
every variable is chosen to be the least upper bound of all the possible inherited instan-
tiations that apply to that variable (according to the partial order introduced earlier). An
example of this appears in Figure 5.5.

The new variable dependencies are calculated by analyzing those arguments in
which a given variable appears. By applying transitive closure to the instantiation pat-
tern that describes the procedure call, those arguments that share variables with the ar-
gument containing the variable under analysis are obtained. The new variable depen-
dencies are constructed by concatenating all the discrete variable dependencies associ-
ated with each of those terms. This is illustrated in Figure 5.6.
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subgoal head [X variable’s old| term’sold | term’s new |X variable’s new
term argument| instantiation |instantiation| instantiation| instantiation
f(X,a,R) | f(N,a,T) f nv nv f
f(X,a,R) f(a,N,T) f nv nv C
f(X,a,R) f(N,a,T) nv nv nv nv
f(X,a,R) f(a,N,T) nv nv nv c
f(X,a,R) | f(N,a,T) d nv nv d
f(X,a,R) | f(a,N,T) d nv nv ¢
f(X,a,R) | f(a,N,T) e nv nv e

Note that when a non-variable subgoal argument remains non-variable after unifica-
tion nothing can be said about the instantiation of the variables that occur in it. For
this reason, its ‘inherited’ instantiation is set to don’t know (d).

Figure 5.4 Inherited instantiations for some term instantiations.

i wve 5 ey s DALY 4+ 5
| variable| instantiation|sharing information q(r(N),N,a,s(M)).
X t [X,Y]
X t [Y,X]
Z t [Z]
subgoal | head original head new inherited instantiations
term’s argument’s | term’s variables
argument |argumenty ;| o ntiation| instantiation| instantiation X Y Z
Il X 1| r(N) I nv nv nv
2 Z |2 N f f f f
3 Y |3] a f & C C
4] p(Z) | 4] s(M) nv nv nv d
[variable] instantiation |
X nv
Y e
Z dy
N\
~MVd=d

Figure 5.5 Variable instantiations after unification.

The next step is to propagate both the changes of instantiations and aliasing infor-
mation that are the result of dependencies between variables. The propagation of alias-
ing information is straightforward because the new information is just added to those
variables that depend on the variables which suffered changes after unification. The
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“calling instantiation pattern”

| variable | instantiation| sharing information| %N'),N,a,s(M)).
X f [X,Y]
Y f [Y,X]
Z, f [Z]

argument | instantiation| variables and their dependencies | sharing information
1 f [X] e <X,Y> [1,3]
2 f [Z] -~ g <Z> [2,4]
3 f [Y] g <Y, X> [1,3]
4 nv [Z] e <Z> [2,4]

“success instantiation pattern”
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propagation of changes of instantiation is only relevant when the variable under con-
sideration is uninstantiated and the instantiation of one of its possible aliases is modi-

fied.

A final step consists of “cleaning-up” the aliasing information of those variables
that have changed their instantiation to “ground”, in which case the aliasing information

argument | instantiation| variables and their dependencies |sharing information

1 nv [N] o g <N> [1,2]

2 f [N] -~ <N> [1,2]

3 c [ ] ....... fme <> [ ]

4 nv M] i <M> [4]
[variable Instantiation [sharing informati0n| argument closure
X nv [X,Y,Z] 1 [1,2,3,4]
Y c X,Y,Z] 2 [1,2,3,4]
Z d X,Y,Z] 3 [1,2,3,4]
4 [1,2,3,4]

Figure 5.6 Aliasing information of variables after unification.

must be reset (this is because a ground term does not share variables with another vari-

able).
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Chapter 6. ECTOPIC, an Improved Translator

The code generated by the TOPIC is inferior to WAM code in at least two major ways.
Firstly, last call optimization (and a special case, tail recursion) is not implemented.
Secondly, the TOPIC system does not apply clause indexing techniques. As a result of
the omission of those two important WAM optimizations, the code generated by the
TOPIC system is not efficient for many common Prolog programs. In fact, the absence
of last call optimization may prevent a Prolog program from being able to run at all.t

The addition of optimization techniques to the code generated by the TOPIC
system has instigated a new implementation of the translator from Prolog into C++. The
C++ output is compatible with the TOPIC design. This new translator, named
ECTOPIC, which is the subject of the present thesis, has been entirely written in Prolog
and incorporates tail recursion optimization and clause indexing in the generated code.

This chapter is organized as follows. An introductory section provides a justifica-
tion for writing the translator in Prolog. The rest of the chapter discusses the implemen-
tation of tail recursion optimization and clause indexing in the TOPIC system environ-
ment.

6.1 A Translator Written in Prolog

Once the decision of adding suitable optimizations to the TOPIC system was reached,
the issue of how to achieve such improvements had to be considered. It was decided to
write a new translator in a different programming language from the C language origi-
nally used for the TOPIC system. Two circumstances biased the selection in favour of
the use of Prolog: the ease of implementation of a parser for Prolog and the relatively
straightforward implementation of mode analysis using Prolog.

First, writing a Prolog parser in the Prolog language is surprisingly easy. With the
help of built-in predicates, clause parsing is trivial. For example, Prolog provides pred-
icates to read entire clauses, and to determine the type of every term or to establish the
arity of a functor. Even some more difficult semantic aspects, such as operator prece-
dence, can easily be managed using Prolog built-in predicates.

Secondly, given the nature of mode analysis, which is just another fixed-point
problem, the Prolog language seems to be a natural candidate for programming this
kind of algorithm. In fact, Prolog implementations to find fixed-points appear in the lit-
erature; see for example [OKe87].

1 Recall that last call optimization re-uses part of the stack when the last goal of a clause is in-
voked. The absence of this optimization may result in an unwanted growth of the stack.
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6.2 Adding Prolog Optimizations to the Translator

Two major Prolog optimizations were added to the translator: tail recursion optimiza-
tion and clause indexing. Since these optimization techniques have been discussed in a
previous chapter, we show only how the mode analysis framework can be used to per-
form the optimizations.

To implement tail recursion optimization, it is necessary to find out which of the
program predicates are deterministic, since they are the ideal candidates for this kind of
optimization. The determination of deterministic predicates requires both mode analy-
sis and knowledge of the places where the different cut predicates appear in the distinct
clauses of a Prolog predicate. The first sections of this chapter are devoted to the im-
provement of the TOPIC code via determinacy and mode analysis.

Clause indexing can be implemented in a straightforward way using the first argu-
ment of every Prolog clause consistently. It is worth pointing out that some predicates
that are normally not deterministic may become deterministic by combining mode anal-
ysis and clause indexing. The concluding sections of this chapter cover some topics re-
lated to the addition of clause indexing to the TOPIC system.

6.2.1 Mode Analysis

This initial section sketches an implementation of mode analysis for Prolog programs.
This particular implementation is based on the mode analysis framework that was de-
scribed in Chapter 5. However, the TOPIC system provides a richer set of Prolog types.
Debray’s original lattice has been extended to distinguish lists, integers and reals:

The set of modesis =[ct,a,r,d, e, f, nv, 1, cl ], where ct (constant term) denotes
the set of fully-instantiated structures, a (atom) the set of atomic terms, i (integer) the
set of integer numbers, r (real) the set of real numbers, d (don’t know) the universal set
of all terms, e the empty set, f (free variable) the set of un-instantiated variables, ¢l (con-
stant list) the set of fully-instantiated lists, I (list) the set of Prolog lists, and nv the set
of non-variable (non-list) terms. For Prolog unification purposes, the unification of two
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term instantiations 7; and T’ is chosen to be the least upper bound of their instantiations
under the following partial ordering:

e
/%'

The main advantage of using a more complex lattice is that the results of mode
analysis reflect the TOPIC class hierarchy for Prolog terms more directly. If an argu-
ment is known to have a particular mode, more specific TOPIC routines can be gener-
ated. Unfortunately, the addition of extra modes requires changes to Debray’s frame-
work, with the disadvantage of making the algorithms more complex since more cases
must be taken into account.

The Prolog implementation of mode analysis consists of two main groups of mod-
ules. A first group of routines performs the actualization of the instantiation states that
characterize the different program points that can be reached when the Prolog program
is executed. The previously described framework of Debray is used to update the mode
of the arguments as a result of the process of head unification. A second group of rou-
tines propagates the flow information taking into account all possible program execu-
tion paths. Given initial information (provided by the user) about the modes of the ar-
guments in a call to the external predicates, i.e., those predicates that can be called from
outside the Prolog program, a dataflow analysis of the program is launched. The calling
patterns provided by the user are used to obtain the modes of the arguments in a call to
every predicate that is invoked during the program execution. Since more than one set
of modes is possible for the arguments of a given predicate, an iterative process com-
putes new modes for the arguments successively until no more new modes are found,
in other words, until a fixed point has been found for the dataflow problem.

No major changes to Debray’s framework were required. The only significant
changes were concerned with the new lattice, which only required taking more cases
into account.

6.2.2 Determinacy Analysis

Once the modes of the arguments of a given predicate have been calculated, this infor-
mation is combined with the presence of Prolog cuts in the clauses of the predicate to
establish if the predicate is determinate. In general, a predicate is determinate if
[MELS5]:
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« each clause apart from the last includes a “cut” as a conjunct,

« each predicate which does not occur before a “cut” in one of the clauses is itself
determinate.

In an arbitrary Prolog program, there exists an interdependency amongst all pred-
icates. It is possible to convert the problem into a dataflow problem. The naive method
for solving it is reduced to the problem of finding the least fixed point [OKe87] of the
equations that describe the problem.

If mode information is available, the results of determinacy analysis can be more
accurate. If some arguments are known to be ground (i.e., constant lists, atoms, integer
numbers, real numbers, or constant terms), the analysis can be restricted to only those
clauses that are unifiable to the particular ground mode. For example, for the predicate
in Figure 6.1, suppose that it has been determined that the first argument is always in-
stantiated to an integer before head unification takes place. Under this assumption, the
determinacy analysis can be confined to only those clauses that have a first argument
that is a variable or an integer. Thus, according to the above-mentioned rule, predicate
p is determinate if predicates r and s are determinate. Note that without mode informa-
tion, p cannot be proven to be determinate.

p(X,Y.Z):-m, |, r. p(X,Y,Z)-m, 1 r. only these two clauses
P(1Y.Z):- n, o. \ are taken into account
e e if the first argument is
p(5,Y.2):- s. p(5,Y.2):- s. known to be an integer

Figure 6.1 Mode analysis can improve the results of determinacy analysis.

6.2.3 Tail Recursion Optimization

One key optimization that can be incorporated to the TOPIC system is tail recursion op-
timization (TRO). TRO can be performed when a predicate is determinate and the last
subgoal (in the last predicate clause) is a recursive call to the same predicate. The opti-
mization permits the recursive call to be treated as a simple iteration process. In other
words, focusing on the TOPIC system, instead of generating code for the allocation of
a new instance of the predicate, a simple jump to the beginning of the predicate’s Next
method (which we know only produces one answer) suffices. Some minor changes are
necessary, namely the utilization of LocalVariable instances for the predicate argu-
ments, and a scheme that permits a systematic allocation and deallocation of those local
variables. We now proceed to explain these modifications in more detail.
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The TOPIC system normally translates a final recursive call using the standard
translation pattern, as follows:

« creation of a new Predicate instance for the last subgoal (the different argu-
ments of the predicate, represented by data fields in the predicate instance, are
assigned the initial values as specified in the subgoal);

+ explicit invocation of the Next method for this new instance.
If we want to perform TRO, the TOPIC translation scheme is modified as follows:
+ allocation of a stack frame to contain the predicate’s variables;

« direct argument assignment according to the values specified in the last subgoal
(no new instance is created; the argument values are only updated);

+ insertion of a jump instruction to the beginning of the predicate’s Next method.

However these are not the only modifications that are required. Unification func-
tions must make references to the local variables allocated on the stack instead of the
predicate instance’s variables. Also, all the frames that have been allocated to accom-
modate TRO must be deallocated after the Next method gives its only answer or fails.
This implies the necessity of keeping track of the number of times that a new frame of
local variables has been allocated to ensure that an identical number of deallocations
will take place once the Next method has completed its execution. All this is illustrated
in Figure 6.2.

6.2.4 Clause Indexing

Another typical Prolog optimization is clause indexing. Normally, clause indexing is
performed on the first argument of a given predicate. In the TOPIC system, the scheme
for clause indexing is more complicated than in the WAM, inasmuch as TOPIC has no
direct control over the program counter.

To implement clause indexing in the TOPIC system, two different issues must be
considered. The first issue is related to control flow, that is, how to force, for a given
argument type and position, the execution of only those clauses that are unifiable. The
second issue has to do with the correct application of the TOPIC backtracking func-
tions. Consider the example in Figure 6.3. Suppose that the first argument is always in-
stantiated to a constant list before head unification. For such a case, only those clauses
whose first argument is either a variable or a list should be tried. Since only two such
clauses comply with that requirement, a Checkpoint instruction must precede the trans-
lation for the first clause and a Restore instruction must precede the second of the claus-
es. Now suppose that the first argument is always instantiated to a Prolog atom. Again,
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append([], N, N).
append( [X|XL], Y, [X|ZL] ) :-
append( XL, Y, ZL ).

predicate append:

Boolean _test_append3::Next() {
int counter=0; ~&———— counter to keep track of the

init_append3: number of frame allocations
switch(where){
case 0: deallocation of the frames
//clause 0 that have been allocated

/* translation for clause 0 */
for (int i=1; i<counter; i++) Goal::Deallocate();return true;

/lclause 1
case 1. allocation of 5 local variables
caseappend31: and counter update
Goal::Restore(state);
caseappend3ia:
Goal::Allocate(5); /
counter++;

translation of Unify and Connect
instructions using local variables

if (!Goal::Connect(_p2c_a1,Local(3),Local(2))) goto label; /
if (!Goal::Unify(_p2c_a2,Local(1))) goto label4;
if (!Goal::Connect(_p2c_a3,Local(3),Local(0))) goto label;

_p2c_a1l= ((LocalVariable*)(Local(2)))->Value();
( .
( .

)
)
)
)

(2
_p2c_a2= ((LocalVariable*)(Local(1)))->Value(); -e—— argument assignment
_p2c_a3= ((LocalVariable*)(Local(0)))->Value();
where=0;
goto init_append3; - jump to the beginning
label:
/fclause failure deallocation of the frames

} where=-1; ' that have been allocated

for (int i=1; i<counter; i++) Goal::Deallocate(); return false;

}

Figure 6.2 Tail recursion optimization in the TOPIC system.

two clauses are to be explored, both preceded by the Checkpoint and Restore instruc-
tions, respectively. The reader should notice that the translation for the clause with a
first argument variable (i.e., the fourth clause in our example) is preceded by a Restore
instruction for the constant list case, whereas it is preceded by a Checkpoint instruction
in the other case.

The implementation of clause indexing requires identification of which Prolog
types are unifiable with a given argument position for every clause in a predicate. If, for
every Prolog type and, within a given type, for every functor or constant value, we build
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p([a,X],Y):--m, n, o
p(LY)-q,r
p(5,Y):- s
p(X,Y):- t
p(rY):-u,v
L; Backtracking instruction:
Checkpoint
Translation for Translation for
r p([a,X],Y):- m, n, 0. p([a,X],Y):- m, n, 0.
Translation for Translation for
p((LY)-q,r p(1.Y)-q,r
Translation for Translation for
p(5,Y):-s. p(5,Y):- s.
M Backtracking instruction: A Backtracking instruction:
Restore Checkpoint
Translation for Translation for
#/ pX.Y): t B(X.Y)= 1.
Backtracking instruction:
Restore
Translation for Translation for
p(rY):-u, v. p(rY):- u, v.
(a) (b)
control flow for a first control flow for a first
argument that is a argument that is an
constant list atom r

Figure 6.3 Control flow for clause indexing.

a queue (which we name the compatible clause queue) containing the (numbers of the)
clauses that are unifiable to the given argument position, the problem of clause indexing
can be reduced to the problem of determining the following for each predicate clause:

 the argument types for the given position that can reach the particular clause
which we call the unifiable types;
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» for every unifiable type, both the relative position of the particular clause within

the compatible clause queue for that particular Prolog type, and the next (if any)
clause in the queue must be determined.

At the beginning of a predicate’s Next method, a group of instructions determine
the initial clause to be executed given the type (and functor or constant value) of the
argument position under consideration. This initial clause is naturally given by the first
element of the corresponding compatible clause queue. At the end of the code for every
clause, another group of instructions decides the next clause to be executed for the ar-
gument type (and functor or constant value). This clause is just the next clause as indi-
cated in the compatible clause queue. To resolve what kind of backtracking instruction
must be used, the relative position of the clause in the compatible clause queue is con-
sidered as follows: (a) if the compatible clause queue only contains one (or zero) claus-
e(s), no backtracking instructions need to be used; (b) otherwise, the first clause should
be preceded by a Checkpoint instruction, the last clause must be preceded by a Restore
instruction, and the rest (if any) need to start with a Backtrack instruction. All these
backtracking operations must be handled separately for each Prolog type.
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Chapter 7. Experimental Results and Conclusions

In this chapter, we compare the efficiency between the code generated by our translator
and the code generated by the TOPIC system. This comparison gives special consider-
ation to programs where tail recursion optimization and clause indexing are applicable,
since in other cases outputs from the two systems are virtually the same. At the end of
the chapter we summarize some conclusions and suggest directions for further work.

7.1 Benchmarks

ECTOPIC is able to generate better code for some programs with a tail-recursive na-
ture. Table 7.1 compares the performance of our translator with the TOPIC system for
the naive reverse example (cf. Figure 7.1) for different sizes of the list to be inverted
(the naive reverse program is a typical benchmark for testing recursive programs). Note
that in this example, the amount of stack memory grows linearly with the input list
length in the code produced by our translator, whereas the growth is quadratic in the
TOPIC system case.
nrev([],[]).

nrev( [X[Y],Z) :-
nrev(Y,YR), append( YR, [X], Z).

append([], X, X).
append( [X|XL], Y, [X|ZL]) :-
append( XL, Y, ZL).

test(N) :- makelist(N,L), nrev(L,R), write(R).

makelist(0,[ ]) :- I
makelist(N,[N|R]) :- M is N-1, |, makelist(M,R).

Figure 7.1 The naive reverse program.

Another group of programs for which ECTOPIC produces a better code (at least
under the point of view of stack management) consists of those programs that do not
require the allocation of backtracking information as a result of having incompatible
first arguments in the heads of the clauses (if such an argument is known to be ground).
A typical program that shows this characteristic is the quicksort example in Figure 7.2.
Since the TOPIC system does not distinguish the type of the first arguments in the heads
of the clauses, it systematically allocates backtracking information on the stack, infor-
mation that is not removed until the execution of the next subgoal, a situation that can
result in undesirable stack growth.
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list length ECTOPIC TOPIC
0 0 24
5 780 1904
10 1560 5984
15 2340 12264
20 3120 20744
25 3900 31364
30 4680 44304
35 5460 59384
40 6240 ’
45 7020 .
48 7488 :
N 156n 44n* +156n + 24

(stack growth in bytes)

Note: predicate test(N) fails in TOPIC for N>36 (message: failed - stack ex-
hausted), and, in our translator, for N>48 (message: failed - heap exhausted).
Note that in the latter case the failure is not due to a bad implementation of
TRO but to memory constraints in the space reserved to the creation of new
Prolog terms).

Table 7.1 TRO benchmark.

The final family of Prolog programs whose ECTOPIC code is more efficient with
respect to the TOPIC code consists of database-like programs. Table 7.2 gives the cor-
responding comparison for a program especially suited for clause indexing, a simple
path finder for a directed graph; Table 7.3 shows the timings for a query on a population
and area database of several countries to find countries of approximately equal popula-
tion density. All times are user times measured on a Sun SPARCstation’ SLC. The
source programs are listed in Appendix 1. The test programs were measured several
times on an unloaded system; the minimum time was taken. It is not surprising that

TSPARCstation is a trademark of Sun Microsystems, Inc.
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% David H. D. Warren
%
% quicksort a list of 50 integers

gsort :- qsort([27,74,17,33,94,18,46,83,65, 2,
32,53,28,85,99,47,28,82, 6,11,
55,29,39,81,90,37,10, 0,66,51,

7,21,85,27,31,63,75, 4,95,99,
11,28,61,74,18,92,40,53,59, 8],_,[ ])-

gsort([X|L],R,R0) :-
partition(L,X,L1,L2),
gsort(L2,R1,R0),
gsort(L1,R,[X|R1]).
gsort([ ],R,R).

partition([X|L],Y,[X|L1],L2) :-
X=<Y,/!,
partition(L,Y,L1,L2).
partition([X|L],Y,L1,[X|L2]) :-
partition(L,Y,L1,L.2).
partition([ ]._,[ 1.[ ])-

In the TOPIC system, the execution in tandem of
two or more invocations to gsort fails as a result of
not enough stack memory. In ECTOPIC, the user
can concatenate as many gsort subgoals as desired
(with the only limitation of heap space).

Figure 7.2 The quicksort example.

clause indexing optimization speeds up the execution of the testing program with re-
spect to the program without clause indexing.

7.2 Conclusions and Future Work

Mode and determinacy analysis of Prolog programs provide essential information to
standard optimization techniques such as tail recursion optimization and clause index-
ing. The importance of tail recursion optimization is particularly evident when more
economical use of memory can make the difference between a program that is able to
run and a program that is not. On the other hand, clause indexing is useful for predicates
that have a large number of clauses with disjunct (ground) arguments. However, clause
indexing can be useless when the argument position that is used for performing the
clause selection has no significantly different ground values to discriminate between,
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number of searches | TOPIC | ECTOPIC ratio
3 0.35 0.18 1.94
10 0.66 0.34 1.94
15 0.94 0.49 1.91
20 1.23 0.62 1.98
25 1.51 0.79 191
30 1.76 0.94 1.87

User time (seconds).

Table 7.2 Path finder program benchmark.

number of invocations | TOPIC | ECTOPIC ratio
1 0.82 0.20 4.10
2 1.52 0.33 4.60
3 2.26 0.53 4.26
4 3.01 0.68 4.42
3 4.50 0.97 4.63
6 5.39 1.15 4.68

User time (seconds).

Table 7.3 Query example benchmark.

or when the number of clauses is small. Additional work would include improving the
clause indexing scheme in such a way that it is guaranteed to be used only when a major
gain is obtainable.

In its implemented form, determinacy analysis is only performed on conjunctive
(“and”) subgoals. Therefore, other kinds of subgoals are not considered yet, as for ex-
ample, disjunctive (“or”) and conditional (“guard”) subgoals. To deduce general rules
for these subgoals would require finding transformations that generate equivalent con-
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junctive subgoals while preserving soundness. A more difficult task (and very likely,
an expensive one) would be to try to extend the analysis to dynamic code (thus, allow-
ing the existence of predicates such as assert or retract). In fact, this analysis would be
restricted to identify those parts of a Prolog program that are independent of (i.e., unaf-
fected by) the run-time changes induced by the above-mentioned predicates. Those
parts could be analyzed and optimized using the standard techniques [DW88].

Another optimization that can be added to ECTOPIC is the inclusion of specially-
tailored unification routines. If we know in advance the types of the arguments before
unification, the utilization of unification routines that assume the type of the arguments
that are involved can represent time savings.

Similarly, it is possible to develop a better (i.e., more intelligent) clause indexing
scheme. In fact, complete indexing techniques have been proposed in the literature
[Han92]. However, if a simpler scheme is preferred, some modest improvements can
be applied. Firstly, indexing can be extended to arguments other than the first one. Sec-
ondly, it is not always appropriate to perform clause indexing (for example if the num-
ber of clauses is too small), thus a scheme that determines when it is worthwhile to per-
form clause indexing can be devised. Finally, in the case of arguments that are struc-
tures, additional indexing over the first argument of the structure can be incorporated
(a fourth level indexing).

The ECTOPIC system does not perform an analysis to determine if the clauses
within a predicate are mutually exclusive. As a result, some determinate predicates may
not be discovered, unless the user provides some clue (in the form of the insertion of
cuts) or the user restructures the code. Therefore, this kind of analysis could be imple-
mented to find more determinate predicates to which the standard optimizations can be
applied.

Finally, additional work can be directed to the simplification of some C++ rou-
tines, when we are dealing with determinate predicates. Since determinate predicates
do not require backtracking information, the corresponding Next method could be im-
plemented via a normal (and simpler) C function that returns the only solution.
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Appendix 1 Test Programs

Path Finder Program

% path finder

path(A,C):-edge(A,B),edge(B,C).
path(A,C):-path(A,B),edge(B,C).
edge(a a).

):
)
ab).
C)
d)
)



Query Program

% query

%

% David H. D. Warren

Y%

% query population and area database
%to find countries of approximately equal
Y%population density

query :- query(_), fail.
query.

query([C1,D1,C2,D2)) :-
density(C1,D1),
density(C2,D2),
D1 > D2,
T1is 20*D1,
T2is 21*D2,
T1 < T2.

density(C,D) :-
pop(C,P),
area(C,A),
Dis (P*100)//A.

% populations in 100000’s
pop(china,8250).
pop(india,5863).
pop(ussr,2521).

(19 lines omitted)

56p(iran, 320).
pop(ethiopia, 272).
pop(argentina, 251).

% areas in 1000’s of square miles
area(china, 3380).

area(india, 1139).

area(ussr, 8708).

(19 lines omitted)

area(iran, 628).
area(ethiopia, 350).
area(argentina, 1080).
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