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Chapter 1

Introduction

Software systems are extensively used in many fields of life today. These systems
are usually extremely complex, and developing them needs a project team with
high expertise in both software technology and the application domain. During
the development, (among others) the business logic (concepts, processes, etc.)
of the system have to be mapped to software artifacts. The mapping is not
easy, since the systems of notions of the two fields are very different. On one
hand, you have to extract the relevant concepts of the domain and reveal their
relationships, which needs deep understanding of the field. On the other hand,
you have to represent these concepts and their interrelationships with the means
of the software model.

During a software development process, many models are developed from the
high-level conceptual models to the low-level implementation models, describing
numerous parts of the world being modelled. The main artifact produced in the
course of the project is a computer program. Computer programs themselves
can also be regarded as models, being a (hopefully valid) abstraction of the
application domain.

Modelling a problem in a programming language requires you to think in
the concepts of the language primarily, and to translate all the elements and
relationships of the domain into the language. This requires much intuition,
and we cannot expect that the process can be automatized ever. However, a
programming language determines how one can think of a problem, and this is
usually more constraining than the way you would express things in common
sense. Moreover, the difficulty of modelling a particular problem in miscella-
neous languages may be very different.
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During the last half century, a myriad of high-level programming languages
have been developed, and this is still an active field of research. The lan-
guages can be categorized into programming paradigms based on the target of
the abstraction. The paradigm is the principle by which a problem can be com-
prehended and decomposed into manageable components [I]. They determine
which aspects of the system appear in the program as individual program el-
ements. The different programming paradigms require very different ways of
thinking about the problem. None of them can be regarded as superior to the
other definitely. Actually, it depends on the type and complexity of the prob-
lem, which approach is the most suitable for it. There exist also multiparadigm
programming languages that allow you to code various parts of the program
along different paradigms.

Another obstacle of turning one’s thoughts into a computer program easily
is that programming languages differ very much from native languages both in
their semantics and their syntax. (The semantics is closely related to the pro-
gramming paradigm.) So, you have to learn to “speak” one or more program-
ming languages “natively” so that you can write programs which are correct,
concise, evolvable and reusable as well. In turn, there are controlled natural
languages that are easy to understand and use even without a long learning
curve. However, these are not used in general purpose programming languages
now.

1.1 Goals

In this dissertation I present a multiparadigm programming system. The sys-
tem has four levels. The base level contains the integration of Prolog and Java.
These languages are probably the most widespread representatives of logic pro-
gramming and object-oriented programming languages, respectively. Two such
systems will be proposed. The Japlo language is a lingual symbiosis of these
languages that extends the Java language with new syntactic elements for sup-
porting logic programming [2I]. The Prolog4J framework, however, provides
a convenient interface over the tuProlog system [14] without the extension of
Java. The remaining parts of the dissertation have been built upon Prolog4J.
Prolog is not a typed language, while Java is strongly typed. Moreover, as
Java is an object-oriented language, complex type hierarchies can be constructed
in it. This makes it more difficult to integrate the languages because the conver-
sion of data between Prolog and Java is not obvious. For this reason, I present
a type system for Prolog that allows programming in an object-oriented style.
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I implemented the system as a tuProlog library and it is called OOLibrary. It
is part of the Prolog4J framework.

Based on Prolog4J and OOLibrary, I introduce a declarative metaprogram-
ming (DMP) framework that stores the metainformation of a program in a
Prolog database, and provides an easy-to-use object-oriented interface for Java
programs to examine it. To retrieve the required metainformation, only a query
has to be formulated, which specifies the properties of the required data and
logical relationships between them. Within the framework the body of methods
can be achieved in the form of a Prolog term so that they can be transformed
with the means of Prolog. Moreover, the metainformation can be extracted from
the bytecode, not the source, which allows to use the framework in a dynamic
way. This DMP framework is the second level of the system.

The next goal of the dissertation was to place an aspect-oriented program-
ming (AOP) framework upon the aforementioned DMP framework. The AOP
framework is the third level of the system. It makes it possible for the pro-
grammer to refer to events of the execution of a program and makes certain
subprograms run automatically when these events occur (implicit invocation).
The system relies on the Metadata Facility [5] provided by Java 5 [40] to de-
note metadata by affixing special annotations to the program elements. The
descriptions that pick out the points of the program flow (called pointcuts) can
be formulated as Prolog queries on the code. Besides of the predicates exploring
the program code, spatial and temporal relations between events can also be
expressed.

As this AOP framework relies on bytecode manipulation, aspects can be
inserted in the program at load-time or even run-time. Although run-time
weaving provides high flexibility, it does not decrease the performance of the
program necessarily but in some cases it may also improve it [20].

Finally, a special feature of this AOP framework is a controlled natural lan-
guage interface, which hides the embedded logic programming framework com-
pletely, and allows the programmer to refer on the events using simple English
phrases. I will show that this technique does not only make writing pointcuts
more intuitive, but the natural language phrases are easier to read and write,
and they are often more concise than the equivalent variants in current aspect-
oriented systems. Moreover, it hides the Prolog background definitively, saving
the programmer from getting familiar with a different kind of programming
language.

The structure of the thesis is the following. In Chapter [2]1 introduce several
programming paradigms, and discuss various research projects that are either
directly used in my system or they reflect the current state of the research in
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this field. Chapter [3] and [] are about the integration of logic programming
facilities into Java. At first, the Prolog4J framework is presented in Chapter [3]
that contains the specification of OOLibrary in Section[3.1] The introduction of
the Japlo language is in Chapter [d In Chapter [§and [6]I discuss the declarative
metaprogramming library and the aspect-oriented programming framework for
Prolog4J, respectively. The presentation of the controlled natural language
interface can be found in Section [6.3} Finally, I summarize the results of my
dissertation.
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Chapter 2

Programming paradigms

In the first part of this chapter I introduce some programming paradigms and
techniques briefly. After that I present some related works that served as my
motivation to develop a multiparadigm programming framework and build a new
logic metaprogramming framework upon it so that I can construct an expressive
and easy-to-use aspect-oriented framework for Java.

2.1 Overview

Programming paradigms reflect different ways of thinking about a system to
be modelled. It depends on the problem, which approach provides a better
solution. Moreover, none of these approaches can be regarded as superior to
the others. Also, it is hard even to define when a program can be considered
as better than another oneE] There are many aspects: conciseness, readability,
flexibility, reusability, efficiency and so on. In this section I will discuss sev-
eral programming paradigms and techniques. (This selection is far from being
complete, and not all of its elements can be regarded as paradigms, rather they
are programming techniques, styles or approaches. I choose only those which
appear in my multiparadigm programming system.)

1t is easy to define when a program is good: if it produces the expected output for any
input allowed. For hard real-time programs it is also critical that the program should respond
within a predefined time interval.
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2.1.1 Imperative programming

The oldest paradigm of high-level programming languages is called imperative
programming. An imperative program is made up of statements that must be
performed in a certain order: sequential execution is the default, but there
are special statements, which influence the control flow (jumps). Imperative
programs use variables for storing the results of computations. You can assign
values to variables and read them arbitrary times. Imperative programming is
closely connected with the Neumann-architecture [43].

Imperative programming is a general category, and incorporates several
paradigms, like structured programming, procedural programming and modular
programming. Structured programming states that both the data and the code
should have a hierarchical structure. A few control statements (blocks, branches
and loops mainly) are defined, which can be nested in each other arbitrarily,
and other kind of jumps (especially backward GOTO) are considered harmful.

Procedural programming allows to define subprograms or subroutines, which
certain consecutive parts of the program can be extracted into. These subpro-
grams represent computations (functions) or activities (procedures), and can be
applied by calling or invoking them.

The idea of modular programming is the grouping of programming con-
structs that represent the same concern of the system into distinct modules.
The coherence between the program elements within a module has to be high,
while the modules have to be loosely coupled. It is important to note that this
is a basic, general principle of programming that can be applied not exclusively
for imperative programs.

Of course, structured, procedural and modular programming are not exclu-
sive categories: current imperative languages support each of them. Using im-
perative programming, a problem can be solved by specifying every single step
of the solution. This does not require any “intelligence” from the computer
(run-time environment), it only has to execute the statements in the order de-
fined by the program and the semantics of the language. This is a primarily
computer-centric way of thinking. In spite of this, imperative languages are
very popular, the vast majority of computer programs are coded according to
this paradigm.

2.1.2 Declarative programming

Declarative programming is the other pole of programming paradigms vis-a-vis
imperative programming. In contrast with the latter one, declarative program-
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ming focuses on what the program should accomplish, rather than specifying
how to go about accomplishing it. This approach is a more human-centric way of
thinking, therefore it needs some intelligence to be integrated into the run-time
environment of programs. Declarative programming languages are categorized
into the following classes: functional programming languages, logic programming
languages and domain-specific languages.

In functional programming the computations (functions) are in the centre
of the abstraction. Although this seems to be an algorithmic approach, it dif-
fers from imperative programming in several ways. At first, pure functional
languages do not allow side-effect, which means that functions can only use
their formal arguments and the return value of other functions to carry out
their computation, and they cannot modify their environment. There are no
global variables or output formal arguments through which functions could com-
municate. At second, many functional languages (mostly those based on ML)
use rewrite rules to expand function applications, to construct the code of the
program this way.

Functional programming is ideal for describing transformation of data. An-
other advantage is that several functional languages have mathematical foun-
dation (A-calculus, w-calculus and other calculi), defining their formal syntax
and semantics, and sophisticated ways of proving the correctness of functional
programs have been elaborated. A disadvantage is that —because of the lack of
side-effects— the change of the state of objects cannot be coded directly: the ob-
ject has to be passed to a function, and it has to return a new one with the new
state. This is rather circuitous on certain fields, like I/O or GUI programming.

Another branch of declarative programming is logic programming. Instead
of describing the algorithm for solving a problem, logic programs describe only
logic relationships of the problem, and it is the task of the runtime environment
to find solutions for a query based on this high-level logic representation and
the embedded theorem prover.

The best known declarative programming language is Prolog. Prolog pro-
grams operate on a single uniform database. This database stores facts, which
represent relationships between objects, and rules, which are used to state
contingent facts [45]. Based on this simple relational database sophisticated
queries can be composed in a very flexible way, and —thanks to the algorithms
embedded- the Prolog engine finds every solution very efficiently. Based on this
inherent way of finding solutions for an adequately declared problem, Prolog
turned out a success on several fields, among others the following ones:

o Intelligent systems perform useful tasks by utilizing artificial intelligence
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techniques.

o Faxpert systems are intelligent systems which reproduce decision-making
at the level of a human expert.

e Natural language systems can analyse and respond to statements made in
ordinary language as opposed to approved keywords or menu selections.

o Relational database management systems may store huge amount of data,
structured in the quite simple way of mathematical relations. Prolog can
be used to obtain data specifying their properties (internal relationships)
instead of specifying the path (navigation) they can be accessed.

Domain-specific languages (DSL) are not general purpose programming lan-
guages, rather they provide means to describe problems of a specific application
domain. Domain-specific languages has been used for almost as long as comput-
ing has been done. DSLs are very common: examples include regular expres-
sions, cascading style sheets (CSS), makefiles, SQL, HQL or markup languages.
22]

DSLs are typically declarative. For example, markup languages serve for
describing documents, without determining the algorithm how they have to be
displayed. (That is why markup languages are simple to use, but at the same
time they cause many compatibility problems for different types and versions of
web browsers.)

2.1.3 Object-oriented programming

The idea of object-oriented programming (OOP) originates from simulation en-
vironment. In OOP, the task of a program is carried out by the communication
of objects. Objects are individual, they have a unique identity called object
identifier (OID). Objects also have a state, which describes the value of their
attributes or fields at a given moment of the execution, and they have behaviour,
which describes how they react on messages sent to them by other objects. The
messages are realized by methods, which are subprograms essentially, and they
represent the behaviour of objects. This way OOP combines the data model
(describing the structure of the state) and the procedural model (describing the
behaviour), which are inseparable.

Another key concept of OOP is that objects are categorized into a taxonomy
called class hierarchy. A class describes the type of similar objects, having the
same set of fields and the same behaviour. Moreover, there is an inheritance
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relationship between classes, which makes it simpler to define new classes based
on existing ones by extending them with new fields or new methods. Although
these new classes (subclasses) inherit the behaviour (as well as the fields) of
the extended class (superclass), they can even redefine some of its methods,
changing this default behaviour.

The first object-oriented languages (SIMULA-67, SmallTalk) were based on
structured languages, but the concepts described above are general enough to
allow declarative object-oriented languages to be implemented. Some examples
are CLOS (the Common Lisp Object System), Objective Caml, Haskell and
LogTalk.

OOP spread widely in a relatively short period in the second half of the
80’s (the most influential languages were C++ and SmallTalk), and then in
the 90’s the object-oriented approach appeared in software modelling as well.
Nowadays, the object-oriented paradigm is the most important paradigm in
software development, and it is applied at almost every phase of the software
life-cycle. It is extensively used in enterprise applications and provide solution
for describing the business logic, the user interfaces, persistence and so on. Some
of the most significant languages of these fields are Java, Cf and C++.

The success of OOP is due partly to the high-level of reusability of classes,
partly to the fact that it grasps certain important aspects of the we think about
the world that structured programming cannot: especially the integrity of data
and code, and the possibility of defining generalization or specialization rela-
tionships between concepts.

2.1.4 Metaprogramming

Metaprogramming is not a general-purpose programming paradigm, rather it is
a technique which allows the programmers to handle (i.e. examine, manipulate
or construct) a program as such (called base level program or base program) from
a new, higher dimension, called meta-level program or metaprogram). This way
the elements of the base program can be referred to from the metaprogram
as metaobjects. In object-oriented environment the type of metaobjects are
called metaclasses. The term reflection means the construction of metaobjects,
representing (reflecting) certain elements of the base program. Depending on
whether only static metainformation are available about the data structures
of the program, or there are metainformation about its code, we talk about
structural or behavioural reflection, respectively. On the contrary, reification
means the process of realizing the effect of manipulation of metaobjects on the
base level.
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The base program and the metaprogram can be written in the same language,
or even they can be parts of the same program. A metaobject protocol (MOP)
of a language specifies what kind of metainformation can be accessed, and how
it can be used to analyse or modify the base level program. In other words,
MOPs are interfaces to the language that give users the ability to incrementally
modify the language’s behaviour and implementation, as well as the ability to
write programs within the language. In this way a MOP allows users to adjust
the language to better suit their needs. [33]

The Java language has limited support for reflection. Only structural re-
flection is supported, and the structure of classes can only be introspected but
not modified. Since the late 90’s several MOPs have been elaborated for Java.
I discussed them in my master’s thesis [I8], in which I also presented a new
metaobject protocol for Java called Soul.

Metaprogramming is usually not intended for “end user programmers”. Typ-
ical examples of metaprograms are compilers, interpreters, debuggers but meta-
programming is extensively used in component-oriented technologies as well
(e.g. application servers, graphical user interface builders, UML editors, etc.),
since it makes it possible to manage software components automatically based
on the metainformation extracted from them.

Programming languages which allow representing programs as their first-
class entities (like LISP or Prolog) are of particular interest with respect to
metaprogramming, since it is quite easy to create programs in them, which
execute another program of the same language. Such programs are called meta-
circular interpreters or metainterpreters [27, [44].

2.1.5 Declarative metaprogramming

Declarative metaprogramming is defined as the use of a declarative programming
language for writing metaprograms. Declarative languages are very suitable for
writing metaprograms because they allow the programmer to focus on what to
achieve rather than how to achieve it. One typical task of metaprograms is to
look up parts of the program being processed. Using the imperative approach
this “search” could be done by navigating through metaobjects representing
the elements of the program, examining one by one whether the search criteria
applies for them. However, this path can change as the program evolve, which
can result in the metaprogram having to be adopted to it. The quest would be
easier if you could define “what” you are looking for separately from “how to”,
which is a basic idea of logic programming.

Another typical task of metaprograms is to transform the processed program,
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which is also easier when it is not necessary to specify the exact way of applying
the transformation. Consequently, functional programming is a good choice to
achieve this.

The project underlying this thesis was mostly inspired by declarative
metaprogramming (DMP) [37]. DMP states that declarative languages are the
most suitable for reasoning about the metainformation of programs. Registering
metainformation into a Prolog database makes it easier to find difficult relation-
ships within a program [36, 49]. Typically, the most natural way to organize
metaclasses of a language (classes of metaobjects storing metainformation) is a
tree. Although metaobjects can be represented as Prolog terms, but —because
of the lack of support for inheritance— there is no object polymorphism between
terms representing metaobjects. A class hierarchy definition would allow that
rules which accept terms (objects) of a class, also accept objects of any subclass
of the class automatically.

2.1.6 Aspect-oriented programming

One of the key issues of designing computer programs is called separation of
concerns (SoC). It expresses that the program should be modularized in such
a way that program elements representing the same concern of the problem
should be placed in the same moduleﬂ and one module should represent only
one concern in an ideal case. Otherwise, the code implementing a concern will
be scattered through several modules, and the code of various concerns will be
tangled within a single one.

The aim of aspect-oriented programming is to separate such crosscutting
concerns. To achieve this it suggests to extract the scattered code representing
a single concern into a distinct module. This special module is usually called
aspect. Additionally, you have to specify the places where this separated code
and the original one (cleaned up from the tangled concerns) should be joined
together. The moments of execution when the control is passed over between the
code of concerns are called join points. The set of join points can be defined by
pointcuts. Aspects may have special subprograms called advices, which cannot
be invoked directly, but are activated at the join point (the join point fires).
This is called implicit call. In contrast with ordinary subprograms, the places
of the invocation of advices are specified by the advices themselves by pointcut
designators.

2Here the term module is used in a broad sense. Now “module” can be any distinct part
of the program, e.g. even a class or a method.
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From a technical point of view AOP languages use a special technique called
weaving to assemble the final program from the separated modules. Weaving
can happen at almost any phase of the life cycle of programs. According to that
there is compile-time, load-time or run-time weaving and so on.

There are several, conceptually different AOP languages and frameworks.
In some of them crosscutting concerns can be separated into co-ordinate mod-
ules [48]. In others, like AspectJ —and this is the usual- there is a distinction
between the base program and the aspects. This approach is very similar to
that of MOPs. Indeed, aspects can be simulated by metaobjects that redefine
the semantics of method invocations so that they can perform some additional
activity when they are invoked. I discussed the relationship between AOP and
MOPs in [I9]. Another work about this topic can be found in [52].

It is a very critical issue of AOP systems that how precise the set of the join
points can be described. As you have to designate the points in the program
execution, it is obviously an issue of metaprogramming. It has been showed
that simply enumerating places in the code causes that the pointcut will be
fragile, which means that refactoring the base code involves that the pointcut
designator has to be modified as well [3T]. To enhance the reusability of aspects,
pointcuts have to be described in a more robust way, by the properties of the
join points. Logic metaprogramming —as discussed above— provides powerful
techniques for this.

Another critical issue of aspect-oriented systems is when weaving is per-
formed. Compile-time AOP systems require the source code of both the aspects
and the base program to compose them by weaving producing either source files
(precompilation) or object files.

Weaving can also be performed by modifying the object code, turning im-
plicit calls into explicit ones. The transformation of the object code is called
instrumentation. Weaving through instrumentation makes is possible at later
phases of the program, like postcompilation, load or execution. In general,
weaving at a later time makes the system more dynamic and flexible. Load-
time or run-time weaving allows you to weave (or even unweave) aspects for
classes which were not available at the time of launching the application (pos-
sibly loaded through the network), or just whose source code is not available.
Run-time AOP systems support e.g. fiz-and-continue debugging, and make it
possible to modify the behaviour of the program without restarting it. Although
load-time and run-time weaving causes some time overhead since the object code
has to be instrumented during the execution, weaving is usually done only once
during the life-cycle of a class. Moreover, it has been shown that run-time weav-
ing does not decrease the efficiency of the composed program inevitably but it
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can even improve that [20].

AOP has been popular within the object-oriented paradigm, although the
idea behind it is general enough to make it possible to apply it for other kind
of languages as well. AOP is typically used for separating codes responsible for
non-functional requirements like logging, persistence, security and so on.

2.1.7 Multiparadigm programming

As it was emphasized previously, the strength of the individual programming
paradigms and techniques appear in different fields. None of the general purpose
paradigms can provide ideal solution for any class of problems. Hence a lot of
research effort has been invested in combining them by creating programming
environments which do not constrain programmers to solve every part of the
problem using a single paradigm. The goal of multiparadigm programming is to
allow this.

The simplest form of multiparadigm programming is the use of a framework,
which allows programs written in different programming languages to commu-
nicate with each other. However, there exist several multiparadigm program-
ming languages, which incorporate programming constructs supporting several
paradigms. A good example is C++, which was originally designed to be an
object-oriented extension of the structured language C, but supports generic
programming and metaprogramming through templates as well [2]. Although
C++ is definitely a multiparadigm language, it is an imperative language at the
same time and does not have support for declarative programming at all.

As already discussed, a declarative programming language is ideal for meta-
programming, however, it may not always be the most suited language for other
parts of the program. For example, it is better to write graphical user interfaces
in an object-oriented language. The concept of “linguistic symbiosis” means a
mechanism to allow easy integration of declarative and non-declarative parts
of a program. This way the metaprogramming facilities of a (possibly non-
declarative) language could be accessed through a declarative interface.

The aim of this work is to introduce a multiparadigm programming frame-
work, which combines the object-oriented language Java with logic programming
(Prolog). Based on this framework a declarative metaprogramming library is
introduced, which serves as the foundation of an aspect-oriented extension of
Java.
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2.1.8 Controlled natural languages

Controlled natural languages (CNL) are not a programming paradigm, but only
a class of languages. They are subsets of natural languages with a restricted
vocabulary and a narrow set of grammar rules. Controlled language texts can
be read just as easy as natural languages, but they are unambigous, which is an
important factor for processing them by computers.

Controlled natural languages are used successfully and actively in industry
for specific application domains [50]. Also, there are standards of controlled
subsets of English for decades [47, 24]. Another excellent example for CNLs, is
the translation of the OMG’s Semantics of Business Vocabulary and Business
Rules into English [28]. Although the “official” definition is in XML, the ap-
pendices contain it in a controlled language form, which is much easier to read
for humans.

There are attempts to use controlled natural languages in general purpose
programming languages as well. There is a preliminary work about naturalistic
programming written by Lopes et al. [35]. The paper emphasizes that it is only
a suggestion for moving beyond aspect-orientation. The most important issue
of naturalistic programming is to blur the barriers between the way we think
about things and how they can be modelled within the current programming
paradigms. It says that the natural way of thinking can be approximated by
examining natural languages for finding lingual constructs which allow one to
express their thoughts in a more concise way.

Anaphoras are such things. In current programming languages every element
of a program must be denominated if they need to be referred to from another
part of the program. In natural languages, however, we do not give names for
every single thing we are talking about. Rather, we use anaphoras for referring
to things just mentioned before.

Lopes et al. suggest in [35] to use a controlled natural language for writing
programs. Here, “controlled” means that the language follows strict grammar
rules for avoiding ambiguity. The language they suggest is a minimal subset of
English. This solution raises some concerns, though. Rewriting an algorithm
into this language, preserving the original structure of the code, results in a
very verbose text, which would rather decrease the readability of the program
instead of improving it. However, using anaphoras, the local variables can be
eliminated, resulting a code being concise and quite easy to read, especially for
domain experts not familiar with programming languages.

Regarding our field, metaprogramming could be considered as such an ap-
plication domain. As already discussed, metaprogramming can be done best in
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a declarative way, which is an inherent property of natural languages. More-
over, in aspect-oriented programming there is a special, very restricted use of
metaprogramming for specifying pointcuts. Even, the structure of pointcut
designators is quite simple, which would make it relatively easy to define a
controlled natural language interface upon them.

2.2 Integration of Prolog and Java

Because of the success of Prolog on several areas (shown in , innumerable
attempts have been made to combine it with other languages. The most simple
tools are the foreign language interfaces (FLI) [5I]. FLIs make it possible to
evaluate a Prolog goal from another language, and sometimes also allow to run
foreign language subprograms from rules. However, these interfaces are very
austere, enforcing the programmer to do a lot of boiler plate coding to initialize
the Prolog engine, to create the terms which can be processed by it, to get
it produce the solutions of a query, and to transform the solutions back to
the objects of his/her language. FLIs are not ideal at all for multiparadigm
programming, as they provide only a pure, raw interface towards the guest
language. Moreover, they are usually implemented using native methods, which
decreases portability [51].

In this section I introduce some current multiparadigm frameworks that sup-
port interaction between Java and Prolog. Since a partial goal of the dissertation
is to support declarative metaprogramming for Java, I have selected those which
would be suitable for such a system. The most important issues for selecting
one of them were the followings:

e Bidirectionality: the Prolog code should be able to call Java and vice
versa.

Pure Java: the code should not depend on platform specific libraries.

Prolog terms can be created programmatically.

Project has to be actively developed.

It should be open source and free, at least for research purposes.

There are several projects which fulfil some of these requirements, but only
a few that satisfies each of them. I excluded the following projects:



“espakm-dissertation-main” — 2009/6/28 — 20:34 — page 16 — #26

16 CHAPTER 2. PROGRAMMING PARADIGMS

e JPL: It is the Java interface of SWI-Prolog [54]. Although SWI-Prolog
is one of the most widespread Prolog environments, there is not much
activity on the development of its Java interface. It is not pure Java,
Prolog code can be invoked through a foreign language interface (FLI), so
native libraries have to be carried with the application. [51]

e jProlog: Sources of Java classes have to be generated from a Prolog source
if you want to use their predicates from Java. It is a very static approach.
[13]

e Jinni: It is the Java interface of BinProlog. Jinni is not simply a Java
programming interface but also allows object-oriented programming in
Prolog. Unfortunately, Jinni is not a free software: it is neither free of
charge, nor is its source code open. [9]

After investigating a couple of such projects, I found two that fulfil these
requirements: tuProlog [I4] and JLog [29]. In the following sections I will give
a short introduction to both.

2.2.1 tuProlog

tuProlog [14] is a lightweight Prolog implementation written in Java, which
provides bidirectional Prolog/Java integration. Since tuProlog represents terms
as Java objects, goals can be constructed at run-time, and then they can be get
solved by the Prolog engine. tuProlog makes it also possible to write Prolog
libraries in Java. A library can define a theory (a set of static facts and rules
as a string) and primitive predicates, functors and directives as well. These
primitives can be defined by Java methods following some simple conventions.
One of the predefined libraries (alice.tuprolog.Javalibrary) allows to access
Java objects from Prolog.

If you would like to solve a goal which depends on values computed at
run-time then you have to construct the term representing the goal using the
provided classes: Int, Long, Float, Double, Struct and Var. (Atoms are regarded
as compounds with zero argument, and are also represented as Struct objects.)
Of course, the results of the goal will be represented also by these types. Fig.[2.]
illustrates the use of tuProlog. The main method creates a Prolog engine and
inserts the facts and rules of the classical Prolog sample problem into the its
database. The isMortal method takes a name as its argument and returns
whether he is mortal or not. The getMortals method collects all mortal beings
into a List and returns it.
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package test;
import java.util.x*;
import alice.tuprolog.*;

public class MortalTest {
private static Prolog prolog = new Prolog();
public static boolean isMortal(String somebody) {
Term goal = new Struct("mortal", new Struct(somebody));
SolveInfo sol = prolog.solve(goal);
if (sol.isSuccess())
return true;
prolog.solveHalt();
return false;
}
public static List<String> getMortals() throws PrologException{
Term goal = new Struct("mortal", new Var("Somebody"));
List<String> mortals = new ArrayList<String>();
SolveInfo sol = prolog.solve(goal);
while (sol.isSuccess()) {
Term sb = sol.getTerm("Somebody");
mortals.add(((Struct) sb).getName());
if (!sol.hasOpenAlternatives())
break;
sol = prolog.solveNext();
}
return mortals;
}
public static void main(String[] args) throws PrologException {
prolog.addTheory(new Theory(
"mortal(X) :- human(X).\n" +
"human (socrates) .\n" +
"human(plato) .\n"));
System.out.println(isMortal("socrates"));
System.out.println(getMortals());
}
}

Figure 2.1: Using tuProlog

17
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As it can be seen, facts and rules can be inserted dynamically, and also
a query can be constructed and solved at run-time. However, the use of this
API is not concise at all: you must handle or declare checked exceptions, and
transform the objects representing terms back to the type of your “application
domain” (maybe an exaggerating attribute now) by hand for further processing.

It is an additional inconvenience that tuProlog does not support generics, for-
each loops, auto-boxing or varargs (deliberately, for compatibility with Java 2).
These language features introduced in Java 5 would allow additional static type
checking, and they would make the transformation and traversing the solutions
a bit more convenient. These issues are discussed by Cimadamore and Viroli
[8], introducing the P@.J framework, which will be discussed in Section [2.2.3]
Among other improvements, they suggest a redesigned, generic class hierarchy
of terms to allow static type checking.

The use of the system I suggest is intended to be even more clear: by creating
a mapping between Prolog and Java types, the inner class hierarchy of terms
may be hidden from the programmer completely. The user of the framework
can pass plain old Java objects (POJOs) to Prolog queries, and also gets back
POJOs as aresult (if any). Conversions happen automatically in the background
in both directions. This framework is called Prolog4J and will be discussed in
Section

2.2.2 JlLog

JLog [29] is another implementation of a Prolog interpreter, written in Java.
It is suitable for developers who need an embedded Prolog engine in Java. In
JLog it is easy to consult, construct queries, and evaluate query results. It also
includes translation facilities to map between Prolog terms and standard Java
objects.

Fig. shows how the example of Fig. can be programmed using JLog.
As it can be seen, the values of input variables of a goal can be passed to the
query as a Hashtable object, in which the keys are the name of the variables.
Similarly, the bindings of the individual solutions of a query can also be obtained
as Hashtable objects.

Note that you need not convert the result, this task is taken by the jTerm-
Translation class. This class aggregates iObjectToTerm and iTermToObject
converters into a single conversion class which chooses the correct converter
object for the for desired conversion. The fundamental idea behind the converter
mappings is that typically each Prolog term object has a single corresponding
Java object, and each Java object has a single corresponding Prolog term. For
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each conversion direction (i.e., object to term and term to object) there is a
default converter, used if the not matching converters are found in the look-up
table. [29]

public class JLogTest {
private static final jPrologAPI prolog = new jPrologAPI(
"mortal(X) :- human(X).\n" +
"human (socrates) .\n" +
"human (plato) .\n") ;

public static boolean isMortal(String somebody) {
Hashtable bindings = new Hashtable();
bindings.put ("X", somebody) ;
Hashtable varz = prolog.queryOnce("mortal(X).", bindings);
prolog.stop();
return varz != null;

}

public static List<String> getMortals() {
List<String> mortals = new ArrayList<String>();
Hashtable varz = prolog.query("mortal(X).");
while (varz != null) {

mortals.add((String)varz.get ("X"));
varz = prolog.retry();

}
prolog.stop();
return mortals;

}

public static void main(String[] args) {
System.out.println(isMortal("socrates"));
System.out.println(getMortals());

}

Figure 2.2: Using JLog

2.2.3 Pa@l

The P@J framework [8] is intended to provide an easy to use and type-safe
Java framework for enhancing interoperability with Prolog. P@J is based on
tuProlog 2.0. The idea behind it is very similar: to evaluate a Prolog goal,
an annotated method has to be declared, which will serve as an interface be-
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tween the languages. PQJ defines its own type hierarchy over tuProlog’s one
(Fig. [2.3). The main advantage of this hierarchy is that it is generic, i.e. you
can specify typed Prolog lists and variables. This allows to make queries in
a type-safe way, eliminating the need for type casts. The conversion between
the PQJ and tuProlog representation is done automatically, and is called mar-
shalling/unmarshalling. There are methods also for converting PQJ terms to
plain Java objects and back.

/

1(): tuProlog.Term
—>{+teJava() : Object
tur al(t:tuProlog.Te

:Object): 2 sextends Term<?s

Bool Int

+bool: Boole

Campnun&””””r”

+int: Integer
+arity(): int

CmpNil CmpCons

+int: Integer
+arity(): int

Cnmpoun-d_‘i"-“"""

+get0(): X1

+get2()s x2

Figure 2.3: PQJ type hierarchy

Although the type hierarchy of PQJ allows type-safe programming, it is more
complicated compared to tuProlog. While tuProlog 2.0 has only six types for
representing terms (including abstract classes), PQJ has twelve. Additionally
these types represent a new layer between the plain Java types and the tuProlog
types that causes twice as many conversions.

P@J uses annotations for specifying rules. The rules themselves can be
defined using the @PrologClass class annotation, while the queries on them
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can be given using @PrologMethod annotated methods of such classes. Fig.
shows how the isMortal and getMortals methods of Fig can be written
using PQJ. The numbers of the formal arguments ($1, $2, ...) can be used as
variables in the goal. If a Prolog method has more output arguments and/or
just you would like to get them together with the input arguments then the
solutions are returned as compounds, where the arguments of the compounds
are the elements of the solution. Annotating a formal argument with GHIDE
causes that the values bound for that variable will not be wrapped into the
compound.

@PrologClass(clauses={
"mortal(X) :- human(X).",
"human (socrates) .",
"human (plato) ."})
public abstract class MortalUtility {

@PrologMethod (link="mortal($1)",
multipleOutput=false,
style=PrologInvocationKind.BOOLEAN)

abstract QGROUND boolean isMortal (@INPUT @GROUND Atom cl);

@PrologMethod (link="mortal($0)",
multipleOutput=true,
style=PrologInvocationKind.FUNCTIONAL)

abstract QGROUND Iterable<List<Int>> getMortals();

public static void main(Stringl[] args) throws Exception {
MortalUtility mu = Java2Prolog.newInstance(MortalUtility.class);
System.out.println(isMortal(new Atom("socrates")));
System.out.println(getMortals());
Var<List<Atom>> x = new Var<List<Int>>("X");
List<Int> list = Term.fromJava(c);
for (List<Int> compound: mu.getMortals()) {
Collection<Integer> ci = compound.getO().toJava();
System.out.println(ci);
}
}
}

Figure 2.4: Using the PQJ framework
P@J also supports defining term classes by the @Termifiable annota-

tion. The objects of such classes are automatically converted to terms
and vice versa through JavaBean introspection. Regarding the example of
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Fig. the object new Human("homeros") would be converted to the term
’Human’ (property(’name’, ’homeros’)). In contrast with the solution I pro-
posed in the current paper, this term cannot be substituted by the term equiv-
alent of an instance of a subclass of Human, because the type hierarchy is not
available on the Prolog side. As it can be seen, similarly to the current work
the OID is also not reserved.

An advantage of PQJ is that its implementation does not rely for a special
compiler. It does not generate any code. Instead, @PrologClass classes and
@PrologMethod methods are abstract, and an instance for such classes can be
achieved by a special factory class.

2.3 Declarative metaprogramming frameworks
for Java

In the current section I introduce some projects from the field of declarative
metaprogramming. This does not mean that only these are relevant for the
goals of this dissertation. Rather, DMP (or metaprogramming in general) is
usually a foundation of frameworks or tools, for example in aspect-oriented
programming. So other projects using DMP will be discussed in Section
The relation between AOP and DMP is discussed there.

2.3.1 TyRuBa

TyRuBa is a logic metaprogramming system for generating Java source code. Its
name comes from “Type Rule Base” that implies that it supports type-oriented
logic programming.

The syntax of TyRuBa is very similar to the syntax of Prolog, but there
are some differences as well, for better support for code generation. For exam-
ple, there are quoted terms, for specifying Java source code, and the name of
TyRuBa variables starts with ?” and they can be used in quoted terms as well.
Compound terms can be written using '<’ and >’ signs instead of the usual
parentheses.

Fig. summarizes the types of terms. In contrast with Prolog, there is a
new kind of term, called tupleﬂ As it can be seen, compound terms can have
different types. Note that there is a general type called Object, which is a

3Indeed, tuples are just as the same as compound terms where only the arguments are of
interest and the name of the functor is indifferent.
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Kind of term Term Type of term
constant abc String

100 Integer

123.123 Float

abc: :Foo Foo
compound terms | person<John, Smith> | person(String, String)
lists and pairs 0 Lany type]

[1, 2] [Integer]

[1, foo] [Object]

(01,011, [al] [[Object]]

[foo<abc>] [foo<String>]
tuples <John, Smith> <String, String>
unbound variable | 7x 7x

Figure 2.5: Built-in types of TyRuBa

supertype of all other types. You can also define new types based on existing
ones.

In TyRuBa rules and facts have to be declared. The declaration specifies
the type of the formal arguments. Additionally, the modes of the rule or fact
has also to be declared, which describe whether the actual arguments have to be
bound or not (B means ’bound’ and F means 'free’), and the possible number
of the results in each case (DET mode allows exactly one result, SEMIDET 0 or
1, NONDET 0 or more and MULTI 1 or more). A simple example of a declaration
is shown on Fig. It is the declaration of the livesIn facts, which have
two arguments storing who lives where. The definition of the facts follows the
Prolog way.

livesIn :: String, String
MODES

(B,F) IS SEMIDET

(F,B) IS NONDET

END

Figure 2.6: An example for declaration of facts
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2.3.2 JQuery

JQuery is a source code browser based on TyRuBa, for Java projects developed
with Eclipse. Using it you can create queries on the source of a Java project,
and display the matches in a tree view.

JQuery stores the abstract syntax tree (AST) of the project source code
as TyRuBa facts. The AST is retrieved from Eclipse JDT (Java Development
Tool). Newer versions of JQuery also processes the bytecode of classes for gen-
erating facts. JQuery defines a type hierarchy of metaclasses using the TyRuBa
type system. The type hierarchy is illustrated in Fig. The type hierarchy
is decomposed into facts and stored in the database in this way.

| |Field| RefType |
——Type | Primitive |
1 Block [<}— |nitia|ize:}|:: Method |

Callable Constructorl

Figure 2.7: JQuery metaclass hierarchy

JQuery provides predicates for accessing the program elements. Predicates
are classified into two categories: core fact predicates stores the structure of
the program directly, while derived predicates are defined by rules representing
queries on the facts. Thanks to the type system of TyRuBa, the type of formal
arguments of both core facts and derived predicates is declared.

Unfortunately, JQuery does not support the features of Java 5, like annota-
tions, generics or enumerations.
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2.4 Aspect-oriented programming languages

2.4.1 Aspectd

Aspect] [32] is one of the first AOP languages, and it is still popular today.
Although AspectJ’s approach is not the one and only for AOP, many aspect-
oriented concepts appeared in this language first. The language is regarded
as a reference point for other AOP languages and frameworks, which usually
characterize themselves against AspectJ.

AspectJ defines the notion of join points as well-defined points in the pro-
gram flow. A set of join points is called pointcuts that pick out certain join points
and can also denominate elements of the context at the join point. Pointcuts
can be specified using pointcut designators (PCD) that are Java-like logical ex-
pressions made up of simpler pointcut designators. The whole list of primitive
pointcut designators (PPCD) is summarized in [10].

Special subprograms called advice can be defined that are assigned to a
pointcut, and will be invoked when the execution reaches a join point that fits on
the pointcut. There are five types of advices that specify when the advice should
be run related to the join point: before, after, after returning, after throwing and
around. “After” advices run after that the activity at the join point has been
performed, either it has returned properly or was interrupted because of an
exception. “Around” advices run at the place of the join point (instead of it),
and the join point itself can be executed by a proceed () invocation from within
the advice.

Pointcuts can also be used for describing the place where an aspect can
introduce new fields or methods to the base program. This technique is called
intertype declaration.

The following example stems from the Aspect] Programming Guide [12].
The example and its variants are frequently used by other AOP implementations
as well, to illustrate their use or to demonstrate some of their advantages against
AspectJ.

The features are presented using a simple figure editor system. A Figure
consists of a number of FigureElements, which can be either Points or Lines. The
Figure class provides factory services. There is also a Display that is responsible
for displaying figureelements.

A critical issue of aspect-oriented systems is how sensible the aspects are
on the evolution of the base program. The evolution of the base program may
require the modification of an aspect in two cases: at first when the aspect calls a
method of the base program whose signature changes, at second when the change
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|Di5p|ay| Figure FigureElement
+makePoint() +moveBy (dx:int,dy:int)
+makeLine() +draw()

1

Point Line
-x: int -pl: Point
-y int ] 1 |-p2: Point
+getx(): int [T~ +getP1(): Point
+gety(): int +getP2(): Point
+setX(x:int) +setPl(pl:Point)
+setY(y:int) +setP2(p2:Point)

Figure 2.8: UML class diagram for the figure editor example

affects the pointcuts designating the interface between the base program and
the aspects’ code. The first case is not an issue of aspect-oriented programming,
and can be handled by performing refactorings of the code just as by normal
object-oriented programs [23].

The second case, however, is an important problem of AOP systems. A
pointcut is said to be fragile when the change of the base program causes that
the pointcut does not determine the proper set of join points any more. This is
in contrast with the concept of abstraction and reusability which concepts are
about making a code more compact and encapsulating the individual concerns
of a program into distinct, reusable modules, which are formed in such a way
that internal change of a module should not effect other modules at all.

Fig. shows an example for an aspect which is responsible for refreshing
the display whenever the position of a figure element changes. As it can be seen,
the pointcut designator refer on specific fields of the base code. These fields are
private fields of their class, not being parts of the public programming interface
of the class. This harms the concept of information hiding, and makes the
pointcut fragile, since renaming these fields results that the pointcut becomes
invalid. (AspectJ gives compilation error, fortunately.) Instead of referring to
the private fields directly, you could refer to moveBy and the setter methods.
However, the pointcut remains still fragile in this way as well.

So, specifying pointcuts by enumerating elements of the program is not suit-
able for keeping aspects flexible against changes. AspectJ also allows to specify
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aspect DisplayUpdating {
pointcut move():
set(int Point.x) ||
set(int Point.y) ||
set (Point Line.pl) ||
set(Point Line.p2);

after() returning: move() {
Display.update();
}
}

Figure 2.9: The DisplayUpdating aspect with enumeration pointcut

program elements by a pattern containing wildcards or (from AspectJ 5) anno-
tations. The problem with wildcards is that they refer to program elements by
their name that is a syntactical issue and has nothing to do with the semantics.
An example for the use of wildcards in pointcuts is illustrated in Fig.

aspect DisplayUpdating {
pointcut move():
call(void FigureElement.moveBy(..)) ||
call(void FigureElement+.set*(..));

after() returning: move() {
Display.update();
}
}

Figure 2.10: The DisplayUpdating aspect with wildcard pointcut

Annotations are intended to allow you to assign metadata to program ele-
ments, which metadata describe some semantic details of the element (e.g. their
role). The use of annotations in PCDs can also arise several problems. At first,
advice pointcuts refer to events of the program flow, which happens inside of
method bodies. Statements or expressions, however, cannot be annotated. You
can, though, annotate the element which is accessed at the event (e.g. “reading
of a field annotated by A”).

This is a perfect solution if the aspect represent a non-functional require-
ment. (This is a the most typical use of AOP now.) For functional requirements,
like updating the display in this example, using annotations is rather harmful,
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since the program elements could be selected based on their use, what is already
hard-wired in the code. Considering this example, it is obvious that the changes
of those fields of figure elements which never read during Display.update() are
totally irrelevant regarding the refreshment of the display, so it is not necessary
to inform the aspect about their changes. This information, however, could be
extracted from method bodies, so annotating the fields would be redundant and
could lead to inconsistency. Moreover, it would require additional administra-
tion from the programmer.

We can state that the means of AspectJ to express pointcuts for functional
requirements are not flexible with respect to the evolution of programs. More
flexibility could be achieved when instead of denominating the elements of the
program, they could be selected based on their use. This would need that
they should be able to be referred to from PCDs by variables so that their
relationships can be expressed.

As already mentioned, another critical issue of aspect-oriented systems is
when the weaving of aspects is performed. First versions of AspectJ supported
compile-time weaving, the current versions weave aspects at load-time through
bytecode instrumentation. Run-time weaving is not supported for now.

2.4.2 LogicAl

LogicAJ is an extension of AspectJ, in which meta-variables can be used within
the pointcut designators to refer the elements of the base program [55]. There
are two kinds of meta-variables: logic meta-variables match exactly one element
(their name starts with a single question mark), while logic list meta-variables
can match several elements of the base program (their name starts with two
question marks). As discussed in the previous section in details, the ability to
referring to the elements of the base program increases the expressive power
of the pointcuts, and makes the aspect code less vulnerable to the structural
changes of the program.

LogicAJ is based on JTransformer [4], which project has similar goals as
JQuery. JTransformer relies on SWI-Prolog as its Prolog engine. JTransformer
processes the source code of a Java program to collect all the (static) metainfor-
mation of the program for storing it in the Prolog database. Fig. illustrates
the structure of the database through an example. As it can be seen, similarly
to JQuery, the AST is “flattened”, each element of the program are stored as a
single fact, whose arguments are atoms. Every metaelement has also a unique
identifier. These numeric IDs are used as logical references between the tree
nodes. (Prolog does not support physical references like pointers.) In con-
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Simplified AST Logic Representation

public class C {

}

name

member “name

modifier

|
.......... method l 'C' I l 'Eublic’ l
g body formal return

i declaration ’

class(1, 'C').
modifier(1, 'public').

int m(inti){ O G Gean)el method(2, 1, m’, [9], 'void').
member type name param(9, 2, 'int, '7').
declaration block(10, 2, [12]).
m(i); : call(12, 10, this', 'm', [13], 2).
} name “arg ident(13, 12, 'i', 9).

29

Figure 2.11: Representation of classes in JTransformer

trast with JQuery, JTransformer also supports describing code transformations,
called conditional transformations [34].

Although LogicAlJ relies on Prolog, it remains almost completely hidden from
its users. Instead of following the Prolog notation, LogicAJ uses the syntax of
AspectJ for describing pointcuts so that it save the programmer working in two
different environments at the same time (logic-based and object-oriented).

There is a second generation of the project called LogicAJ2, in which you
can specify source code pattern in PCDs. This is similar to the quoted terms
of TyRuBa.

As already mentioned, LogicAJ processes the source code of the application
so that it can weave aspects at compile-time. This is a static approach, and more
flexibility could be achieved by a load-time or run-time weaver. However, this
would be a challenge for LogicAJ2, because the method bodies in the bytecode
are flattened, so recognizing loops or even iteration on a collection in would not
be simple. There are Java decompilers, though, which can accomplish this [41].

Another disadvantage of LogicAJ and JTransformer is that they do not
support Javab yet.

2.4.3 ALPHA

ALPHA is a small, statically typed aspect-oriented language [49]. ALPHA pro-
grams are processed by an interpreter written in Java. The language supports
a minimal subset of Java, e.g. class definition and single inheritance. It is based
on the L2 language [15].
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In [49] Ostermann et al. showed that although crosscutting concerns can be
separated into distinct modules using e.g. AspectJ, the aspect-oriented solution
of a problem performs not much better then the object-oriented one in consid-
eration of program evolution. In case of the examples of Fig. 2.9 and Fig.
the pointcut designators are sensitive to certain changes of the non-aspect code,
e.g. in the following cases:

e Object graph change: Outsource part of the drawing relevant state of a
figure element to a class that is not in the FigureElement hierarchy.

e Control flow change: Change the condition under which a display update
is necessary.

e Class definition change: Inserting/removing a field whose change does not
affect the display.

This kind of changes results that the pointcuts have to be modified reflecting
the change. To cope with the problem, [49] provides different models of program
semantics: the abstract syntax tree (AST), the execution trace, the heap and
the static type assignment.

Pointcuts can be specified using Prolog queries. A query is made up of
primitive queries, connected by and (“,” in Prolog). Primitive queries operate on
one of the Prolog databases representing the individual models of the program.
Since the whole structure of the program is stored in a Prolog database (AST
model), instead of referring to program elements by enumerating their concrete
name (or by using wildcards), you can specify them by describing their use in the
program. For example, you can express such queries like “setting fields which
are accessed from the DisplayUpdate.update() method” using the formalism
of Prolog.

Using the other databases, even more complex queries may be done. The
database of the execution trace allows you to reason about the time order of join
points. For example, you can examine whether an event has been happened since
another one. Regarding the figure editor example, you can express the condition
of updating the display as “modifying a field of a figure element that was read
last time when the display was updated”. Defining the pointcut in this way, it
will not break when new fields are introduced in FigureElement, either they
are used when refreshing the display or not.

However, the PCDs still may need to be updated when the values used by
Display.update are not stored in the fields of FigureElement directly, but in
the fields of their fields, for example. Using the database of the heap, you can
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class DisplayUpdate extends Object {

}

Display d;

// enum pointcut

after set(P, x, _); set(P, y, _); set(P, ’start’, _); set(P, ’end’, _),
instanceof (P, ’FigureElement’) { this.d.draw(P); }

// set * pointcut
after set(P, _, _), instanceof(P, ’FigureElement’) { this.d.draw(P); }

// pcflow pointcut

after now(ID), set(ID, ExpIDi, P, F, _), instanceof (P,’FigureElement’),
pcflow(Display , ’drawAll’, (_, get ((ExpID2, _), F)));
hastype (ExpID2, ’FigureElement’) { this.d.draw(P); }

// cflow pointcut
after set(P, F, _), get(T1, _, P, F, _),
mostRecent (T2, calls (T2, _, @this.d, ’drawAll’, _)),
cflow(T1, T2), instanceof (P, ’FigureElement’) { this.d.draw(P); }

// cflowreach pointcut
after set(P, F, _), get(T1, _, P, F, _),
mostRecent (T2, calls (T2, _, @this.d, ’drawAll’, _)),
cflow(T1, T2), reachable(Q, P), instanceof(Q, ’ FigureElement’) {
this.d.draw(P);
}

Figure 2.12: Pointcut definitions in ALPHA

reason about the association hierarchy between objects, so you can express in
your query whether an object is reachable from another or not.

Fig. shows several examples for the display updating advice. [49]
It is easy to see that the whole execution trace of a program can be very

huge, and could cause using up the available memory for long running programs.
To avoid this situation, [49] suggests a technique for computing the shadows of
pointcuts. The shadow of a pointcut is a small set of expressionﬁﬂ which may
affect the result of a pointcut. Moreover, the lifetime of the facts generated at
the shadow is also computed. The computation of the shadow and the lifetimes
is performed by a Prolog meta-interpreter. When the lifetime of a fact of the

4Statements are also stored as expressions in the AST database.
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database of the execution trace is over then the fact will be removed from the
database.

Since ALPHA is implemented by an interpreter written in Java, the system is
completely dynamic. The main disadvantage of ALPHA is that it is a prototype
language used only for research purposes, which lacks of many important feature
of Java.



“espakm-dissertation-main” — 2009/6/28 — 20:34 — page 33 — #43

Chapter 3

The Prolog4J framework

In Section [2:2]I introduced two Prolog implementations which can be embedded
into Java applications in an easy and portable way. These implementations make
the interaction possible in both directions between Prolog and Java. Although
the communication between the Prolog and Java parts of a program is more
fluent than at FLIs, since the type system of the languages is radically different,
you still have to convert the objects of your application domain to objects
representing Prolog terms and vice versa.

However, an ideal multiparadigm programming framework or language
should allow intermixing the constructs of the languages without forcing the
programmer to deal with the internal representation of terms in the system.
In the current chapter, I propose a multiparadigm programming framework for
Java and Prolog, which do not suffer from this weakness.

The framework is called Prolog4J and it has two parts. Its Prolog part
defines a library called OOLibrary, which allows object-oriented style program-
ming in Prolog. The library allows to define a hierarchy of classes. The purpose
of this hierarchy is to introduce object polymorphism into Prolog: although the
instances of classes are ordinary (compound) terms, the instance of a subclass
can stand for an instance of one of its superclass at any place of a program. The
library is discussed in Section [3.1}

In Section [3.2]T introduce the Java part of the framework that allows running
Prolog queries easily from Java. I will show that using the OOLibrary in Pro-
log, Java types can be mapped into Prolog types, which makes the conversion
between Java objects and Prolog terms automatic and natural. Furthermore,
using the metadata facility of Java 5, a programming interface can be specified

33



“espakm-dissertation-main” — 2009/6/28 — 20:34 — page 34 — #44

34 CHAPTER 3. THE PROLOG4J FRAMEWORK

for accessing Prolog rules from Java, through which logic queries can be done
with the easiness of method invocations.

3.1 Object-oriented interface on Prolog

In this section I present a tuProlog library called OOLibrary that support object-
oriented style programming in Prolog. The main purpose of this library is to
introduce type checking and object substitutability into Prolog. It provides a
set of predefined types and you can define new types as well. The user-defined
types always have a supertype, and any term of a type can be substituted by a
term of its subtype, just like objects in object-oriented programming.
Following an established convention in built-in argument template descrip-
tion, which takes root into an imperative interpretation, the symbol + in front of
an argument means an input argument, — means an output argument, 7 means
an input/output argument and @ means an input argument that must be bound.

3.1.1 Type system

In OOLibrary a type can be assigned to any term that will be called its base type.
Although the mapping from term to its base type is unambiguous, there may
also be other types (e.g. derived types, see later), which the term is compliant
with. There is also a special type, which any term is compliant with: the type
term. Any type is a subtype of term or with other words that term is a common
supertype of types.

Base type of ground terms

The base type of ground atomic (non-compound) terms is a primitive or atomic
type. There are six atomic types: int, long, float, double, atom and [].

int and long are signed integer types of size 4B and 8B, respectively. The
base type of integer literals within the 4B range is int and of those that exceed
this range it is long. The base type of floating point literals is double at
default (8B). The type float is 4B long. Float literals can be specified by an
f or F suffix (e.g. 5.4f). The type atom is the base type of terms for which the
predicate atom of ISO Prolog succeeds, except the empty list ([1). The base
type of the empty list is itself. Moreover, this is the only term, whose base type
is [1. In contrary, the empty list is regarded as element of any type.

The base type of a compound term is another compound term that can be
constructed from the original term by replacing its arguments with their base
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?7- type(udine, T).

T / atom

yes.

?7- type(complex(1.2, 3.4), T).

T / complex(double, double)

yes.

?- type([alpha, betal, T).

T / [atom, atom]

yes.

?7- type([alpha, beta, gamma], T).
T / [atom, atom, atom]

yes.

?7- type([alpha | complex(1l, 2)], T).
T / [atom | complex(int, int)]
yes.

?7- type(alpha, atom).

yes.

Figure 3.1: The type/2 predicate

type, recursively. These types are called compound types. With other words,
the structure of the base type of a compound term is identical to the structure
of the term itself, but the occurrences of its atomic elements are replaced with
their (atomic) types. The base type of lists or pairs (e.g. [alb]) can be com-
puted in the same way, since they are also compound terms (e.g. [a, b, c] is
equivalent with *.’(a, .’ (b, ’.’(c, [1)))). The base type of a term can
be constructed by the type/2 predicate. Its first argument must be a bound
term. If the type argument is bound, the predicate checks whether it is the base
type of the term. If not, it will be bound to the base type. The usage of the
predicate is illustrated in Fig. [3:3] As you can see, using these types two lists
of different length will have different base type, even if their elements have the
same type. These are called fized length list types.

Base type of nonground terms

Variables may be declared by the ’:’/2 infix predicate. The first argument of
the predicate must be an unbound variable and the second a type. Declaration
is not mandatory. The type of variables depends on whether they are bound
and declared. The base type of bound variables is the base type of their value.
The base type of declared and unbound variables is the type they have been
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?7- C: complex, type(C, Type).

Type / complex

yes.

?- C: complex, type([x, C], Type).
Type / [atom, complex]

yes.
7- type(C, Type).

Type / term

yes.

7- X: atom, X = 2.

X/ 2.

yes.

7- X: atom, X := 2.

no.

7- X: atom, Y: int, X := Y.
no.

Figure 3.2: Constructing the base type of nonground terms with the type/2
predicate

declared with. Other variables have the base type term.

As well as in the case of ground terms, the base type of a nonground com-
pound term is also another compound term, which can be constructed from the
original term by replacing its arguments with their base type, recursively.

The unification predicate (’=’/2) does not check the type of its arguments.
However, there is a new infix predicate for unification with type check: > :=’/2.
Just like ’=’/2, this predicate treats its arguments equally as well.

Fig. shows examples for declaring variables and constructing the base
type of nonground terms.

Type definitions

New types can be constructed from base types by type definitions. They are
called derived types. Although derived types are not the base type of any ground
term, terms may comply with them, and they can be used for declaring variables
as well. Type compliance can be checked by the type0f/2 predicate, where the
first argument is a term, and the second is a type. The second argument has to
be bound. The predicate succeeds if the term is the element of the type. There
are four kinds of derived types: aliases, generics, union types and classes.
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?- string: atom.

yes.
?7- typeOf (foo, string).

yes.

7- typeOf (complex(1.2, 3.4), complex).
no.

?7- complex: complex(double, double).
yes.

?7- typeOf (complex(1.2, 3.4), complex).
yes.

?- int_pair: [int | int].

yes.

?- type0f([5 | 6], int_pair).

yes.

7- atom_list: [atom | atom_list].

yes.

7- typeOf ([one, two, three], atom_list).
yes.

Figure 3.3: Alias types

Alias types You can introduce a new name for a type by declaring an alias
type (later on alias). Using aliases you can refer to a type with an alternative
(maybe simpler or more adequate) name.

Just as variables, aliases can also be declared by the ’:’/2 infix predicate.
Its first argument must be an atom, which will be a synonym for the type
specified by the second argument. Aliases can be declared for base types and
derived types as well.

Recursive type definitions are also allowed, where the alias name just being
defined appears on the right hand side as well. Using this technique arbitrary
length list types or trees can be defined. Fig. [3.3]shows some examples for the
use of aliases and arbitrary length list type definitions. Note that although these
types are defined recursively, finite terms may comply with them, since [] is
the element of any type.

Generic types It is possible to define types, which can be parametrized by
other types. Such types are called generic types or generics. Generic type
definitions can also be recursive. For example, it is possible to define a generic
list type where the concrete type of the elements is not specified but formal type
arguments (variables) are used in the type definition.
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?7- 1list(T): [T | list(T)].

yes.
7- typeOf ([1, list(term)).

yes.

?7- typeOf ([alpha, betal, list(atom)).
yes.

7- tree(T): tree(T, tree(T), tree(T)).
yes.

?- int_tree: tree(int).

yes.

?- type([], tree).

yes.

7- typeOf (tree(l, [1, [1), tree(int)).
yes.

7- typeOf (tree(l, [], tree(4, tree(-4, [1, [1), [1)), int_tree).
yes.

Figure 3.4: Using generic types

Generics can also be declared by the ’ :’ /2 infix predicate. Its first argument
must be a compound term. Its functor is the name of the generic type, and its
arguments must be variables representing the formal type arguments. The type
name in its own cannot be used as a type (there are no “raw types” as in Java).
When using the type, actual type arguments have to be specified. Fig. shows
some examples for the definition and use of generics, for example the generic
arbitrary length list type. The type 1ist(T) is predefined that will be called
the list type later on.

Union types Type definitions can be overloaded. If you define a type that
has already been defined then the new meaning does not override the previous
one, instead it extends that. In this way the new type can be regarded as a
union of these types. In this sense union types are not really a new kind of
types but they allow combining several types. There are also some predefined
union types, illustrated in Fig. [3.5| (The prompt is not shown for simplicity.
All the goals succeed.)

3.1.2 Classes and objects

Beyond the types discussed previously, classes can also be defined. Classes
may have typed fields, and they must have exactly one (direct) superclass.
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integer: int.
integer: long.
real: float.
real: double.
number: integer.
number: real.

Figure 3.5: Union types

person(Name: atom) :: term.
employee(Name: atom, Salary: float) :: person(Name).
employee (Name: atom) :: employee(Name, 5000) .

Figure 3.6: Class definitions

The superclass may be term or an already defined class. term is the common
superclass of classes.

Classes can be defined by the ’::’/2 infix predicate. Its first argument is
a compound term or an atom. In the case of a compound term, its functor
denotes the classname, and its arguments are the field declarations. The form
of field declarations is the same as of variable declarations described in B.1.11
The name of the fields is the uncapitalized name of the variables.

If the first argument of ’>::’/2 is an atom then the class will not have any
fields, and its name will be the atom itself.

The second argument of ’:: /2 specifies an object of the superclass or the
class itself in function of the field variables being declared. Fig. [3.6] shows
examples for class definitions.

Objects are represented by compound terms, where the functor of the term
is the classname and the arguments are the values of the individual fields (the
state of the object). The fields of objects can be accessed by field/3 (template:
field(+Object, @Field, ?Value)). The predicate can be used both for get-
ting the value of a field and for setting it. Of course, setting a field is possible
only if it is still unbound. Fields are inherited.

For convenience, an accessor method is generated for each field of a class.
(Methods are described in the next section.) The name of the accessor starts
with the field name and ends by the 0f suffix. Accessors has two arguments:
the first denotes the object and has to be bound, the second is an input/output
argument and denotes the value of the field. Fig. shows examples for de-
scribing objects and accessing their fields.

Classes are integrated into the OOLibrary type system. Using type0f/2 you
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?7- field(employee(john), name, Name).

Name / john

yes.

?- Jack = person(jack), nameOf(Jack, Name).
Jack / person(jack)

Name / jack

yes.

Figure 3.7: Accessing object fields

?7- typeOf (employee(jack, 5000), employee).
yes.

?- typeOf (employee(jack, 5000), person).
yes.

Figure 3.8: Checking type of objects

can check whether an object is an instance of a class (Fig. [3.8]).

It is important to note that this is not regular object-oriented programming
in the sense that instances do not have identity, which would be a key require-
ment of a real OO system. Without object identifiers (OID) an object referring
to itself (maybe indirectly through other objects) can be represented only by
cyclic terms. However, cyclic terms are discouraged, because they cannot be
converted to Java objects (see Section .

LogTalk [42] is a full-featured object-oriented logic programming language
based on Prolog. Unfortunately it does not work with either tuProlog or JLog.
However, this complexity is not needed here, this simplistic model will be suffi-
cient.

3.1.3 Methods

Methods can be defined independently from classes, by the ’::-’/2 predicate.
The syntax is similar to the definition of rules, except that the type of the
formal arguments has to be declared like in the case of field declarations in class
definitions. Fig. [3.9shows an example for a method definition.

As the effect of a method definition, a rule is generated, which checks the
type of its formal arguments dynamically. To simulate overriding, the generated
rules are added to the beginning of the database (by asserta) that allows for
the later defined methods to prevent the application of the already defined ones
by a cut. (It is expected that methods having more specific argument types will
be defined later.)
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date: date(int, int, int).
person(Name: atom, BirthDate: date) :: term.
ageOf (P: person, Age: int) ::-
birthDate0f (P, date(Year, _, _)),
Age is 2009 - Year.

The rule generated from the method above:

ageOf (P, Age) :-
type0f (P, person), typeOf(Age, int), !,
birthDate0Of (P, date(Year, _, _)),
Age is 2009 - Year.

Figure 3.9: Defining methods

3.1.4 Generic classes

Just like types, classes can also be supplied by type arguments. The formal type
arguments are variables, and appear before the field declarations, but in contrast
with them, type arguments do not have a type. Fig. shows examples for
defining generic classes.

?- vector (T, Elements: 1ist(T)) :: term.

yes.

?7- intVector(Elements: list(int)) :: vector(Elements).
yes.

?- typeOf (vector([1, 2, 3]), vector).

no.

?7- typeOf (vector([1, 2, 3]), vector(int)).

yes.

?7- typeOf (vector([1, 2, 3]), intVector).

yes.

Figure 3.10: Generic classes

3.2 The Prolog4J Framework

This section describes the Prolog4J Framework, using which you can make Pro-
log queries from a Java program in an easy way. In contrast with most frame-
works, which make it possible to call Prolog code from Java, in Prolog4J there
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is automatic conversion between Java and Prolog types that makes it possible
to use the types of the application domain from both languages.

The first part of this section present the mapping between the Java and
Prolog type systems, based on which the type conversions are automatized.
Based on these hidden transformations, the programming interface provides an
easy to use way to make Prolog queries and traverse through the solutions. This
interface and its use is discussed in Section [3.2.2] The third part of the section
suggests to extract solving goals into special methods, so-called goal methods so
that they can be solved by ordinary method invocations. As you will see, the
body of goal methods can be generated based on the metadata facilities of Java.
Additionally, goal methods make it also possible to exploit the advantages of
static type checking. In the next point I will discuss, how Prolog4J can be used
with OOLibrary together to implement some methods in Prolog. Finally, some
details of the implementation will be discussed.

3.2.1 Automatic conversions

The framework has been designed to serve as an interface to a Prolog engine,
allowing you to use the reasoning capabilities of Prolog in the application domain
of the program. In accordance with this, it was not a goal to transform arbitrary
Java objects to Prolog terms. Instead, only the relevant classes of the application
domain are allowed to be converted. The current section specifies the conversion
only for the most basic cases. The conversion of other types is presented in
Section [3.2.41

With regard to the backwards transformation, the value of any Prolog term
can be converted to Java, although there is no Java equivalent of unbound
Prolog variables as such. Unbound variables are converted to null. Similarly,
you can pass null if you solve a goal but do not want to bind a value to one of
its variables. In case of bound variables, their value is converted.

Strings, primitive values and their wrapper objects are converted to atomic
terms in the same way as described in the tuProlog Guide (Section 6.1) [I4].
Arrays and instances of java.lang.List<E> are converted to Prolog lists. Ta-
ble summarizes how Java values are converted to tuProlog terms. The types
of the first column will be called convertible types later on. Note that there is an
auxiliary class org.prolog4j.Compound, using which still arbitrary compound
terms can be constructed. However, its use is supposed to be as minimal as
possible (see Section later).

As you can see, the mapping of tuProlog types to Java types is ambiguous.
I denoted with italic letters the default target types at backwards conversions.
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Java type tuProlog type
(java.lang package) (alice.tuprolog package)
char, String Struct
byte, short, int, Int
Integer
long, Long Long
float, Float Float
double, Double Double
bytel[], short[], int[], longl], Struct
float[], double[], char[], boolean[],
Object[], java.util.List<E>
boolean, Boolean Struct (’true’ or ’false’)
org.prolog4j.Compound Struct

Table 3.1: Type mapping

Atoms (Struct objects without arguments) are converted to strings, Int objects
to java.lang.Integer objects. Other Struct objects are converted to List
objects if they represent a Prolog list. Otherwise, an instance of Compound will
be created.

3.2.2 The Prolog4J API

In this section I introduce the Prover and Solution<S> classes and the
SolutionIterator<S> interface. The types belong to the org.prolog4j pack-
age. The public API of the types is shown in Fig.

Solving a query can be initiated by one of the solve() methods of the
Prover object. (The class is singleton.) Their first argument has to be a goal
(String). If a goal should be solved for some specific value of its variables, these
values can be passed as additional arguments to the method. If you would not
like to bind a value to a variable (used for input/output) you should pass null
to it. solve() methods return a Solution<S> object where S should be the
type of the variable occurring at last in the goal. The methods are generic, the
actual type argument to be substituted to S is supposed to be specified before
the method name at invocation.

Using a Solution instance you can check whether the query is satisfiable
(isSuccess()), and you can traverse through the solutions if needed. To make
this easy, Solution<S> implements the Iterable<S> interface so that the values
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bound to the last variable can be walked through simply by a for-each loop.
If you would like to walk through the values of another variable, not the last
one, you have to call the on() generic method of the solution, which will return
another Iterable object suitable for that.

Since a query may contain several variables which can get bound during the
reasoning, the the solutions provide iterators of type SolutionIterator<S>.
This interface provides additional methods (get()) to access the values of the
individual variables by their name. The Solution class also define get () meth-
ods that are supposed to be used if you are interested only in the bindings of
the first solution, and do not want to find other solutions.

In some rare cases it may be necessary to pass also the type of a variable to
get () or on(). This is the case when you want to retrieve the value of a list as
an array, not as a java.util.List object. For this reason these methods have
a variant, which can also the type be passed to.

Finally, the Solution class also provides methods for collecting all solutions.
These methods take the collection(s), which the solutions has to be collected
into, as their argument(s). For convenience, there are special methods to collect
solutions into a Set, a List or an array of lists.

Fig. 3.12] shows examples for their use. member/2 and append/3 are ISO
Prolog predicates defined by tuProlog. The examples are rather simple, they
are only intended to illustrate the basic use of the framework. The first two
examples are equivalent with the examples of Fig. As you can see, this
solution is much more concise and elegant then the one shown in Fig. You
do not have to bother with constructing the query and converting the result
back. No type casts are needed. You even do not need to control the process of
finding the solutions.

The third example checks for the existence of a solution, binding a list to
the second variable occuring in the query. The fourth example iterates over
the values bound to X in the solutions of the same query. The fifth example
appends two lists of humans to another. Finally, the last example creates a list
(L2) which has to be appended to another list (L1) to get a third one (L12).
In the last two examples there is only one solution, which is a list. So, instead
of the outer for loop this single solution could have been accessed simply by
get (). Note that there are no type casts in the examples.

3.2.3 Annotations

The use of the framework can be made even more simple and safe using the
metadata facility of Java [5]. Using the annotations presented in this section
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public class Prover {
public static Prover get();

public void addTheory(String... clauses);
public <A> Solution<A> solve(String goal);
public <A> Solution<A> solve(String goal, Object... values);
public <A> Solution<A> solve(String goal, String[] varNames,
Object[] values);
}
public class Solution<S> implements Iterable<S> {
public boolean isSuccess();

@0verride
public SolutionIterator<S> iterator();

public <A> Iterable<A> on(final String argName) ;
public <A> Iterable<A> on(final String argName, Class<A> type);

public <A> Iterable<A> get(final String argName) ;
public <A> Iterable<A> get(final String arg, Class<A> type);

public <C extends Collection<? super S>>
C collect(C collection);
public void collect(Collection... colls);

public Set<S> toSet();
public List<S8> toList();
public List<?>[] toLists();
}
public interface SolutionIterator<S> extends Iterator<S> {
<A> A get(String argName);
}

Figure 3.11: The public interface of the Solution class and the Solutionlterator
interface
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public class Prolog4JTest {

private static final Prover p = Prover.get();

static {
p.addTheory ("mortal(X) :- human(X).",\

"human(socrates).", "human(plato)."); }

public static boolean isMortal(String somebody) {
return p.solve("mortal(X).", somebody).isSuccess();

}

public static List<String> getMortals() {
List<String> mortals = new ArrayList<String>();
for (String s: p.<String>solve("mortal(X)."))

mortals.add(s);

return mortals;

}

public static void main(String[] args) {
System.out.println(isMortal("socrates")); // true
System.out.println(getMortals()); // socrates, plato

List<String> philosophers = Arrays.asList("socrates", "plato");
Solution<?> solution =

p.solve("member (X, List).", null, philosophers);
System.out.println(solution.isSuccess()); // true

for (String s: solution.<String>on("X"))
System.out.println(s); // socrates, plato

List<String> hl = Arrays.asList("socrates");
List<String> h2 = Arrays.asList("thales", "plato");
for (List<String> humans:
p.<List<String>>solve("append(L1l, L2, L12).", hl, h2))
for (String h: humans)
System.out.println(h); // socrates, thales and plato

List<String> h3 = Arrays.asList("socrates", "homeros", "demokritos");
for (List<String> humans: p.solve("append(L1l, L2, L12).", hl,null,h3)
.<List<String>>on("L2”))
for (String h: humans)
System.out.println(h); // homeros and demokritos

}}
Figure 3.12: Applying rules from Java
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the prover does not require to be referred to directly, and some more checks can
be performed statically.

Prolog theories can be specified by the @Theory annotation. The argument
of @Theory is an array of strings, the elements of which represent Prolog clauses.
The annotation is processed at load time.

As discussed in the Section Prolog goals can be solved by Prover.
When a goal has to be solved several times, it is suggested to define a method
for that which makes its use even more simpler. The body of such methods can
also be generated by specifying the @Goal annotation for the method. These
methods will be called goal methods later on. The goal itself can be defined as
the default argument of the annotation (value).

Goal methods can expect arguments of convertible types as discussed in
Section The return type of goal methods can be one of the followings:

e boolean or java.lang.Boolean if you are interested only in the satisfia-
bility of the goal,

e a convertible type if you are interested only in the first solution (or no
more solutions are possible) and there is only one output variable whose
value important,

e Solution<S>, where S is the type of an output variable. Using the returned
Solution object, the solutions of a query can be traversed through.

The formal arguments can be annotated by @In or @InOut, denoting input
or input/output arguments, respectively. They can be omitted, the default is
@In. The name of the variable in the goal, which the formal argument has to
be bound to, can be specified as an argument of these annotations. In default,
the arguments bind to the variables in the order of their appearance.

The return type (if not boolean or Boolean) can be annotated by @Ou‘cﬂ
which makes it possible to specify the name of the output variable. If not
specified, the value of the last variable will be returned.

Féhndrich and Leino showed how an object-oriented language such as Java
or C# could be extended with non-null types [25]. Non-null types provide a
type-based approach to detect possible null pointer violations in code statically
at compile time. Java Specification Request 308 (JSR-308) [I7] proposes an
extension to Java’s annotation system that permits annotations to appear on
nearly any use of a type. (By contrast, Java SE 6 permits annotations only on

!n fact, the annotation belongs not to the return type but the method, although formally
it can also be written after the modifiers, directly before the return type.
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Q@Theory ({
"remove ([X|Xs],X,Xs).",
"remove([X|Xs],E, [X|Ys]):-remove(Xs,E,¥s).",
"permutation([],[1).",
"permutation(Xs, [X|Ys]):-remove(Xs,X,Zs), permutation(Zs,Ys)."})
public class PermutationTest {
@Goal("remove(X, Y, Z).")
static List<Integer> remove(List<Integer> list, Integer i) { throw null; }

QGoal ("permutation(X, Y).")
static @Out("Y") Solution<List<Integer>> perms(@In("X") List<Integer> list){
throw null;}
public static void main(String[] args) {
List<Integer> list = Arrays.asList(1, 2, 3);
for (List<Integer> li: perms(list))
System.out.println(Collections.max(1i));

Figure 3.13: Defining goal methods in Prolog4J

class/method/field /variable declarations.) Using the extended syntax of JSR-
308 the @NonNull annotation can be specified for any reference type. There
are prototype implementations available for JSR-308 and the nullness checker
[16]. The changes proposed by JSR-308 are planned to be part of the Java 7
language.

The @NonNull annotation can be used later (from Java 7 on) to specify
ground input arguments. This way such situations could be prevented by static
type checking where a ground input argument of a goal method would get a
null value.

The body of rule methods can be arbitrary (e.g. { throw null; }), because
it will be replaced during the annotation processing. Fig. shows an example
for the use of Prolog4J annotations. The example is borrowed [§], the original
version is shown in Fig. As you can see the Prolog4J version is much more
concise, without loosing the expressiveness and type safety of P@QJ.

At this point it makes sense to specify static goal methods only. However,
term classes, which are the topic of the next part of the section, may also have
non-static goal methods.
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@PrologClass (
clauses = {"remove([X|Xs],X,Xs).",
"remove ([X|Xs],E, [X|Ys]):-remove(Xs,E,Ys).",
"permutation([], [1).",
"permutation(Xs, [X|Ys]):-remove(Xs,X,Zs), permutation(Zs,Ys)."})
public abstract class PermutationUtility {
@PrologMethod (link="remove($1,$2,$0)",
style=PrologInvocationKind.FUNCTIONAL)
abstract @GROUND List<Int> remove(@INPUT @QGROUND List<Int> ci,
QINPUT @GROUND Int i);
@PrologMethod (link="permutation(@1,@2)",
multipleOutput=true,
style=PrologInvocationKind.RELATIONAL)
abstract QGROUND Iterable<Compoundi<List<Int>>> perms(
Q@HIDE Q@INPUT @GROUND List<Int> cl, @OUTPUT QGROUND Var<List<Int>> c2);
public static void main(String[] args) throws Exception{
PermutationUtility pu = Java2Prolog.newlInstance(PermutationUtility.class);
java.util.Collection<Integer> l=new java.util.LinkedList<Integer>();
l.add(1); 1.add(2); 1.add(3);
Var<List<Int>> x = new Var<List<Int>>("X");
List<Int> list = Term.fromJava(l);
for (Compoundi<List<Int>> compound : pu.perms(list,x)) {
Collection<Integer> ci = compound.getO().toJava();
System.out.println(Collections.max(1i));

}

Figure 3.14: Defining Prolog methods in P@J [g]

3.2.4 Term classes

The set of convertible types discussed in Section [3.2.1]is rather poor. To allow
to reason about the objects of your application domain, term classes can be
defined. Term classes are also regarded as convertible types. A class can be
declared a term class by annotating it with @org.prolog4j.Term. The annota-
tion is inherited, so annotating a class with it causes that its subclasses will be
term classes as well.

Processing @Term relies on OOLibrary. An OOLibrary class definition is
generated from term classes. The conversion between Prolog and Java objects is
performed using reflection. At converting towards Java the corresponding con-
structor is used. Fig. shows a simplistic example for term class definition.
Term classes may have fields of any type, but static or transient fields and those
having a non-convertible type will not be converted.
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As noted in term classes, may also have non-static goal methods. In
this case the actual object (this) will be bound to the variable called This that
is regarded as an input only argument.

Q@Term
public class Human {
private String name;
public Human(String name) { this.name = name; }

public static void main(String[] args) {
System.out.println(isMortal("socrates")); // true
System.out.println(getMortals()); // socrates, plato

List<String> philosophers = Arrays.asList("socrates", "plato");
Solution<?> solution = p.solve("member(X, List).",null,philosophers);
System.out.println(solution.isSuccess()); // true

for (String s: solution.<String>on("X"))
System.out.println(s); // socrates, plato

List<Human> hl = Arrays.asList(new Human("socrates"));
List<Human> h2=Arrays.asList(new Human("thales"),new Human("plato"));
for (List<Human> humans:
p.<List<Human>>solve("append(L1, L2, L12).", hi, h2))
for (Human h: humans)
System.out.println(h.name) ; // socrates, thales and plato

List<Human> h3 = Arrays.asList(new Human("socrates"),
new Human("homeros"), new Human("demokritos"));
for (List<Human> humans: p.solve("append(L1l, L2, L12).", hl,null,h3).
<List<Human>>on("L2"))
for (Human h: humans)
System.out.println(h.name); // homeros and demokritos

Figure 3.15: Applying rules from Java
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3.2.5 Implementation

The specification of methods annotated with @Goal contains every information
to construct a Solution object. The body for these methods are generated
at compile time. The annotations are processed by the Pluggable Annotations
Framework [39] of Java 6. Although this framework does not provide means
for code generation directly, it gives an environment, through which the whole
compiler tree can be manipulated [38]. Unfortunately this feature works only
with the Sun’s Java compilers. tuProlog terms that represent a goal and its
input variables are created at the first time the method is invoked then they are
cached in a private static field of their class.

If @In, @0ut or @In0ut is specified in a goal method, the compile-time an-
notation processor verifies whether parameters of the annotations occur in the
Prolog query.
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Chapter 4

The Japlo language

Although Prolog is a very expressive language, its use may be rather strange for
most of the users of object-oriented (OO) languages. The aim of this chapter
is to present a Java language extension, in which it is easy to get familiar with
writing logic rules also for programmers experienced in Java. Though the syntax
of these rules differs from the Prolog standard (ISO/IEC 13211-1), they can be
converted to the standard easily, and vice versa, that is the new syntax does not
take away anything from the expressiveness of Prolog. The language is called
Japloﬂ Japlo [21] is the result of my previous research on integrating Prolog
into Java.

4.1 Identifiers, constant symbols

Two kinds of notation are mainly used in Prolog implementations for differenti-
ating variables and atoms. In the Prolog standard the character sequences with
a capital initial letter denote variables, and those with a lower case one denote
atoms. In some embedded Prolog variants, a special initial character is used,
usually ? (Allegro Prolog [30], TyRuBa [53], LogicAJ [55]). In these languages
the character sequences starting with a question mark denote variables, any
other identifier is an atom.

IThe name is a — maybe strange — contraction of the words Java and Prolog. It was
created with respect to the simple sounding and that it should not conflict with the name of
any similar project.

53
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The syntax of variables and number constants is the same as in Java. Wild-
card variables start with _ (underscore). Atoms and compound terms can be
written using the symbol operator: ¢ (backquote). Some examples are shown
below.

anIdentifier AnotherOne ‘anAtom ‘aCompoundTerm(1, 2)
_bornToBeWild // wildcard identifiers

4.2 Types, declarations

Japlo is a strongly typed language, which means that — in contrast with Prolog
— variableshave to be declared specifying their type, which makes static type
checking possible.

Java types can be used in the language and there are also some new types
introduced for classifying Prolog data objects. These include the atom type and
the list types. The new types fit into the Java type system: they are instances
of java.lang.Class, lists and atoms are instances of java.lang.0Object (more
precisely, atoms are japlo.lang.Atom objects).

4.2.1 Lists

List types are characterized by the type of their elements (that is a common
supertype of each of their elements) that is called its base type. The name of a list
type looks like the name of its base type followed by braces (e.g. Object{}). List
literals can be specified between braces, the elements of the list are separated by
commas. The tail of a list can be specified after the | character, as illustrated
in Fig. Generally, for any list object of type T{} its head has to be of type
T and its tail of type T.

If a list literal stands in a declaration, its type corresponds to the type
of the variable just being declared. In other cases the compiler considers it
java.lang.0bject{}. List types different from the default can be specified by
explicit type conversion.

Double{} dList = {5.3, 3 - 4};

{‘first, ‘second | dList}

{1, 2, 3| {4, 5, 6} =11, 2, 3, 4, 5, 6}
(Atom{}) {‘apple, ‘pear}

Figure 4.1: Defining lists.
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4.2.2 Variables, declarations

Every variable must be declared before use, including the formal arguments of
rules and the variables introduced within the body of a rule. The type of the
variables can only be a reference type, the value of the unbound variables is
undefined or null.

Three kinds of objects can be declared within a Japlo rule: formal arguments,
the elements of the pattern of formal arguments and local variables. The way
of declaring formal arguments and local variables is the same as in Java. The
elements of the argument patterns are declared automatically according to the
declaration type of the argument. An example can be seen later, in Fig.

4.3 Operators

Following the Java terminology, the equivalents of Prolog predicates are called
operators. Most of the Java operators can be used in rules, but some of them
have a modified meaning. There are also new ones.

The = (matching) operator unifies its operands. One of the most conspicuous
difference contrary to the assignment operator of Java is that the concept of left
and right values does not exist: operands take part in the operation equally:

Integer{} listl = {1, _, 3};
{_, 2, 3} = listl;

Its opposite, the != operator succeeds if and only if unification has failed.
The operator == succeeds when its operands are identical. There is no unifica-
tion: when one of the operands is an unbound variable then it fails. Its opposite
is the !'== operator.

The operators false, true, !, !+ correspond to the standard Prolog predi-
cates fail, true, !, \+, respectively. There are also control operators following
the syntax of the Java if, if-else, while and do-while statements. Their semantics
is summarized in Table {11

The &, | operators are discussed in the next subsection.

Arithmetic predicates are substituted by the corresponding Java operators
where they exist. They are summarized in Table

2the value of the expression is K
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Japlo operator Prolog predicate(s)
if (condition) action condition -> action
if (condition) actionl else action2 condition -> actionl ; action?
do action while (condition) ; repeat, action , \+condition , !
while (condition) action condition ,repeat, action , \+condition !
goall & goal2 (K = goall, K = goalQ)E'
goall | goal?2 (K = goall; K = goal2)?

Table 4.1: Control operators

Prolog predicate | < | > | =< | >= | =\= | =:= | mod
Japlo operator | < [ > [ <= | >=| 1= | === 7

Table 4.2: Arithmetic operators

4.4 Rules

The definition of rules is similar to method definitions. The definition starts with
the rule keyword. Rules have a name, can have formal arguments and a return
type. The return type can be void. Rules with void return type correspond
to legacy Prolog rules, and are called procedure rules. In the case of rules with
some other return type (from now function rules), it can be regarded as a special
(zeroth) formal argument. This argument has no name, value can be ‘assigned
to’ (unified with) it using the return operator: return <expression>;. In
contrast with other formal arguments, the return type argument must be output
argument. Fig. [I.3] shows an example for function rules.

The body of a rule is a so called compound query, which can contain other
queries or may be empty. The form of specifying non-compound queries may
remind Java: non-compound queries end with a semicolon. Compound queries
are represented as a sequence of queries within braces, and can contain variable
declaration, application of rules or operators, Java expressions or compound
queries.

Queries written successively are AND-connected. OR. connection can be
expressed using the | symbol. AND connection is stronger than OR, so it is not
necessary to parenthesize OR~connected compound queries. Fig. illustrates
an example for that. It contains two rules. The first one describes an acyclic
directed graph with its directly connected nodes, and the second one specifies
whether two nodes are connected through a path.
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rule static void arc(Atom from, Atom to) {

from = ‘a; to = ‘b;
| from = ‘a; to = ‘c;
| from = ‘b; to = ‘c;
| from = ‘c; to = ‘d;

}
rule static void path(Atom from, Atom to) {
arc(from, to);
|
Atom through;
arc(from, through);
path(through, to);
}

Figure 4.2: Defining rules.

rule static Atom{} path(Atom from, Atom to) {
arc(from, to);
return {from, to};

|

Atom through;

arc(from, through);

return {from | path(through, to)};
}

Figure 4.3: Function rules

4.5 Rule dispatch

Rules can be overloaded. In contrast with the method dispatch of Java, not
only the method name and the number and type of arguments are taken into
consideration at selecting rules. Declaration of formal arguments can contain
a pattern, with which the actual arguments of rule applications are unified.
Fig. shows an alternative definition of the rules of Fig. In case of
overloaded rules a matching rule is searched for in the order of their definitions.
The selection of the rule which can be applied, is performed using unification.
Patterns can contain free names, which are declared implicitly according to the
type of the pattern.

Using up return values you can express problems in a more concise way,
in which successive manipulation on some data is needed. Fig. shows an
example for that. The problem is to find the nodes which cannot be avoided
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rule static void arc(Atom _=‘a, Atom _=‘b) {}
rule static void arc(Atom _=‘a, Atom _=‘c) {}
rule static void arc(Atom _=‘b, Atom _=‘c) {}
rule static void arc(Atom _=‘c, Atom _=‘d) {}

rule static void path(Atom from, Atom to) { arc(from, to); }
rule static void path(Atom from, Atom to) {

Atom through;

arc(from, through);

path(through, to);
}

Figure 4.4: Overloading rules.

findall(P, path(a, d, P), L1), intersect(L1l, L2),
sort (L2, L3), write(L3).

write(sort(intersect(findall(path(‘a, ‘d)))));

Figure 4.5: Using up return value for subsequently manipulation on data.

going from a to d. (Every path between a and d contains them.) The name of
the nodes has to be printed in sorted order. The solution uses the intersect
rule that takes a list of lists as its argument and returns a new list that contains
the intersection of the lists in the argument.

The figure illustrates solving the problem in Prolog and in Japlo using func-
tion rules. Besides that the latter solution is somewhat shorter, the introduction
of the list variables is also avoided.

The & and | operators (in contrast with the short-circuit && and | | operators)
unify their operands and the value of the expression will be the unified value.
Fig. [4:6] shows a modified version of member/2 using return value. The code
sample writes out the common elements of two lists, in sorted order.

4.6 Accessing Java elements from rules

Within the definition of rules (apart from their formal arguments and local
variables) any visible Java name can be referred to. You can construct (instan-
tiate) objects, call methods or access fields just as in Java. The members of
the declaring class can be accessed without qualification. Non-static rules are
also allowed: the this pseudo variable can be used as itself or for qualifying
members of the declaring class.
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rule static Object memberf(Object{} _={first | rest}) {
return first; | return memberf (rest);

}

// writing the nodes which are on one of the paths

// between ‘a and ‘d and between ‘b and ‘4:
write(memberf (path(‘a, ‘d)) & memberf(path(‘b, ‘d)));
// Compile error: The elements are not boolean!

write (memberf (path(‘a, ‘d)) && memberf(path(‘b, ‘d)));

Figure 4.6: Unificator operators

The fields do not behave as Prolog variables, they can be assigned to any
times, the modification is a simple assignment, not unification.

Any Java expression ending with a semicolon makes a goal, whose evaluation
always succeeds.

4.7 Application of rules from Java

Atoms, variables and lists can be specified in the same way as in rules. Variables
are Java variables, including the wildcard variable that is not allowed to be
declared. Variables having undefined or null value are unbound, other variables
are regarded as bound. Primitive typed values are wrapped automatically, these
values are considered as bound. Lists can also be specified in the same way as
in rules. There is implicit conversion between lists and arrays of the same base
type.

The form of rule applications is the same as at method invocations, but
arguments are passed by value-result. Because of this, left-values have to be
passed for every output argumentsﬂ In the case of function rules — as long as
you would like to use up the returned value — the form left_value = rule_name (
actual_arg_list) has to be used. Just like method invocations, rule applications
are expressions, too. The name of a rule can be qualified by the name of a
class or an instance. Rules can be applied anywhere, where an expression of the
required type can occur.

3In predicate descriptions the arguments, which are output of a predicate, are usually
preceded by a ‘-’.
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4.7.1 Existence of a solution

When you are only interested in whether a rule can be satisfied for some ar-
guments then the + unary prefix operator has to be used. The operator has
to be placed before the name of the rule applied. The type of the result of
this expression is boolean and its value is true if and only if the rule can be
satisfied.

4.7.2 Obtaining one solution

It happens often that there is no need for every solution, or it is known
that exactly one solution exists. In this case the rule can be applied in
the form rule_name Cactual_arg_list) or left_value = rule_name Cactual_arg_list),
respectively, according as it is a function rule or not. Fig. shows an example
for that. If the unification does not succeed, a japlo.lang.NoMatchException
unchecked exception is thrown.

Atom{} p = path(‘a, ‘d);

Figure 4.7: Obtaining one solution: looking for a path between a and d.

4.7.3 Executing a statement for each solution

The most common intention with rule application is to perform some activity
depending on the solutions. This is what the enhanced for loop serves for. In
case of function rules the head of the loop can be specified like the for-each loop
of Javab (J40]). An example can be seen in Fig. In case of procedure rules
the head should contain only the application of the rule, the declaration and
the colon is omitted.

for (Atom{} p: path(‘a, ‘d))
System.out.println(p);

Figure 4.8: For each solution

4.7.4 Collecting solutions

Collecting every solution can be performed in the similar way as obtaining the
first solution. The only difference is that in case of an unbound variable of
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type T the type of the argument has to be Collection<? super T> instead of
T. During the application of the rule the elements are added to the collection
in the order of being found. That is, you should use a sorted container (e.g.
SortedSet) if you would like to obtain the elements in a certain order as in

Fig. 1.9

Collection<Atom> to = new TreeSet<Atom>();
path(‘a, to);
for (Atom node: to)
System.out.printf("There is a path from a to %s\n", node);

Figure 4.9: Collecting the places that can be reached from a.

As it is not guaranteed for any Collection that the add method inserts
its argument after the last element (so traversing the collection would re-
flect the order of finding the elements), so in case of more unbound variables
List<? super T> objects should be passed. Using lists it can be guaranteed
that the bound values of the individual solutions are accessed together when
traversing the solutions parallelly. The order of the elements reflects, in which
order the Prolog engine has found them. An example for the use can be seen in

Fig. [L.10]

List<Atom> from = new ArrayList<Atom>();
List<Atom> to = new ArrayList<Atom>();
path(from, to);
for (int i=0; i<from.size(); ++i)
System.out.printf ("There is a path from %s to %s\n",
from.get (i), to.get(i));

Figure 4.10: Collecting every path in arbitrary order.

4.8 Japlo vs. JLog

Japlo is intended to provide an intuitive interface over JLog. To set Japlo
against JLog, I show, how one of the previous examples could be programmed
using the JLog API. Fig. [f.11]shows a JLog variant of Fig. The jPrologAPI
constructor consults the “path.pl” file, which contains the definition of the path
and arc rules. The solutions of a query (sets of bindings) are obtained in
Hashtable objects, in which the keys are the name of the variables.
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jPrologAPI prolog = new jPrologAPI(new FileInputStream("path.pl"));
Hashtable varz = prolog.query("path(a, d, P)");
while (varz != null) {
System.out.println(varz.get("X"));
varz = prolog.retry();
}
prolog.stop();

Figure 4.11: Obtaining one solution using JLog.

The disadvantage of querying this way is that Java objects cannot be passed
to rules as arguments. Although in this simple example there is no need to
pass Java objects, it is obvious that passing objects to rules should be a very
rudimentary feature of such a hybrid language. To achieve this the goal object
should be constructed at runtime. The second example show how this can be
done for the previous example. The buildKnowledge () method constructs the
knowledge, which contains the definition of the path and arc rules. This code
is 14 lines long, the previous solution stands of 7 lines while the Japlo version
is only 2 lines long.

jKnowledgeBase knowledge = buildKnowledge();
jProver prover = new jProver (knowledge) ;
jPredicateTerms goal = new jPredicateTerms();
jCompoundTerm goalArgs = new jCompoundTerm(3);
goalArgs.addTerm(new jAtom("a"));
goalArgs.addTerm(new jAtom("d"));
jVariable P = new jVariable();
goalArgs.addTerm(P) ;
goal.addPredicate(new jPredicate("path", goalArgs));
boolean b = prover.prove(goal);
while (b) {

System.out.println(P.getValue());

b = prover.retry();

Figure 4.12: Obtaining one solution using JLog.
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4.9 Implementation

The implementation is based on JLog [29] and the Polyglot compiler framework
[46].

The compiler was created using Polyglot. Polyglot is an extensible compiler
framework for Java. It is an ideal choice for creating Java-like languages, because
it is highly extensible: the grammar, the classes representing the nodes of the
abstract syntax tree (AST) and any phase of the compilation process can be
modified in such way, that the original remains untouched. Of course, new AST
node types and new phases in the compilation process can be introduced, and
you can also remove some when they are not needed. Meanwhile, the original
compiler is not modified, the new one is created only by code reuse.

The Japlo compiler translates rules into pure Java code. It creates a fi-
nal field for a rule in the declaring class that will hold the JLog rule object
(ubc.cs.JLog.Foundation. jRule), and an initializer block that constructs this
object. The rule objects must be constructed at run-time because they may need
to access the private fields of the declaring class. For example, assigning to a
field is translated to an anonymous class extending an abstract predicate class.
(Anonymous classes can access the private members of their declaring class.)
Dynamic creation of rule objects may be slow, especially in case of instance
rules. This performance problem could be avoided when not the whole rule
would be constructed at run-time, but just its predicates which need to access
some non-public member of the declaring class. Then these predicates can be
passed to the static part of the rule as an additional argument, and the rule
can perform them by the call meta-predicate. In case of instance rules the
target object (this) has to be passed, too. Then the static part can be instan-
tiated at load-time (through static initializators) or even at compile-time. In
the latter case this rule object is created by the compiler and is serialized, and
a custom class loader is responsible for loading the rules. Separating the static
and dynamic part of rules in this way is the subject of later development.

Besides that the ‘call sides’ of Japlo rules have also to be replaced, so that
the values of the variables that get bound by the rule application, are assigned
to the corresponding actual arguments (when they are variables). To achieve
this the application of procedure rules is translated into a block, in which the
necessary assignments are performed. Similarly, the application of function
rules is translated into a complex expression. Because Java does not have the
comma operator, this functionality is performed by the | logical operator (not
short-circuit), == and 7:.
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Chapter 5

Declarative
metaprogramming
framework for Prolog4J

In this section I present a declarative metaprogramming framework for Java.
The framework is based on OOLibrary and Prolog4J. It has two layers. The low-
level layer stores the metainformation of the program as facts (meta-database).
The high-level layer defines OOLibrary classes and methods for examining the
contents of the database.

5.1 The low-level layer

The meta-database stores information about the structure of the program: the
specification of classes, fields, constructors and methods. Because of space rea-
sons the body of methods is not stored in the database. Instead of that, only
the dependencies between methods and fields are stored, e.g. which fields and
methods are accessed from which methods. The database is created at load time
by a Java agent through processing the bytecode of classes. Although the whole
method definitions (with method bodies) are not stored in the meta-database
as facts, they can be accessed from Prolog. Then the body of the method is
retrieved at run-time by the same Java agent mentioned above.
The database contains facts of the following forms:

65
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e ’$class’/3

’$class’ (ClassID, Scope, ClassSpec) facts store the specification
of classes. ClassID is the internal name of the class (for exam-
ple ’java/lang/Object’). Scope is a package ID, class ID or method
ID, according to the type of the class. Finally, ClassSpec repre-
sents the specification of the class by a compound term of the
following form: classSpec(Annotations, Access, Name, Signature,

Superclass, Interfaces).

e ’$field’/3

’$field’ (FieldID, Scope, FieldSpec) facts store the specification of
fields. FieldID is the concatenation of the ID of the declaring class, a
dot and the name of the field. Scope is the ID of the declaring class.
Finally, FieldSpec represents the specification of the field by a compound
term of the following form: fieldSpec(Annotations, Access, Name,

Descriptor, Signature, Value).

o ’$method’/3

>$method’ (MethodID, Scope, MethodSpec) facts store the specifica-
tion of methods. MethodID is the concatenation of the ID of the
declaring class, a dot, the method name and the method descriptor.
Scope is the ID of the declaring class. Finally, MethodSpec repre-
sents the specification of the method by a compound term of the fol-
lowing form: methodSpec(Annotations, Access, Name, Descriptor,

Signature, ParameterAnnotations, Exceptions).

® ’$get’/2

>$get’ (FieldID, MethodID) facts store places of reading fields. FieldID
denotes the field and MethodID the method from which the field is read.

e ’$set’/2

’$set’ (FieldID, MethodID) facts store places of writing fields. FieldID
denotes the field and MethodID the method from which the field is assigned

to.

e ’$call’/2

’$set’ (Callee, Caller) facts store the places of method invocations.
Callee denotes the ID of the called method and Caller the ID of the

method from which Callee is invoked.
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InnerClass
Annotation
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+innerbame: String ﬂl +descriptor: String
+name: String [>{Metaobject +annotationValuePairs: List<AnnotationValuePairs
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ClassSpec FieldSpec MethodSpec
+annotations: List<Annotation= | [+annotations: List<Annotation= | |+annotations: List<Annotation=
+access: Integer +access: Integer +access: Integer
+name: String +name: String +name: String
+signature: String +descriptor: String +descriptor: String
+superclass: String +signature: String +signature: String
+interfaces: List<String= +parameterannotations: List<List<Annotation>>
ZF +exceptions: List<String>
ClassDef - 4‘
FieldDef MethodDef
+fieldDefs: List<FieldDef> - -
+methodDefs: List<MethodDefs +value: Object +locals: List<lLocal=
+innerClasses: List<InnerClass= +instructions: L1$?<Insn>
+outer: String +tryCatchBlocks: List<TryCatchBlock>

Figure 5.1: Metaclass hierarchy: classes, fields and methods

5.2 The high-level layer

The high level layer consists of OOLibrary class and method definitions. The
metaclass hierarchy is shown in Fig. [5.2)and Fig. For the better illustration,
the figures contain UML class diagrams. The hierarchy reflects the structure of
the ASM Tree API [7].

The classSpec, fieldSpec and methodSpec objects can be retrieved by
the class/1, field/1 and method/1 predicates, respectively, where the first
argument is the ID and the second the specification. Neither of the arguments
need to be bound. Similarly, classDef, fieldDef and methodDef objects can be
retrieved by the classDef/1, fieldDef/1 and methodDef/1 predicates. Method
definitions are not stored in the database, they are retrieved at run-time by these
predicates.

As it can be seen in Fig. there are no distinct types for representing
class, interface, enum and annotation types. Similarly, constructors, methods
and static initializers are represented by methodSpec metaobjects, equally. The
following methods serve for examining the access modifiers and the type of a
classSpec or a methodSpec metaobject:

e isAbstract(Access: int)
An abstract class or method.

e isAnnotation(Access: int)
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Local TryCatchBlock
+name: String +start: Label
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MethodInsn
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+name: String
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+max: Integer +default: Label
+default: Label +keys: List<Integer= |[+descriptor: String
+labels: List<label> |[+labels: List<label> |l+dimensions: Integer

MultiANewArraylnsn

Figure 5.2: Metaclass hierarchy: inside method bodies

An annotation type.

e isBridge(Access: int)
A bridge method.

e isDeprecated(Access: int)
A deprecated type, field or method.

e isEnum(Access: int)
An enum type.

e isFinal(Access: int)
A final type, field or method.

e isInterface(Access: int)
An interface type.

e isNative(Access: int)
A native method.

e isPrivate(Access: int)
A private member.
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e isProtected(Access: int)
A protected member.

e isPublic(Access: int)
A public top-level type or member.

e isStatic(Access: int)
A static member.

e isStrict(Access: int)
A member with strictfp modifier.

e isSynchronized(Access: int)
A synchronized method.

e isSynthetic(Access: int)
A type or member not appearing in the source.

e isTransient(Access: int)
A transient field.

e isVarargs(Access: int)
A method with variable length argument list.

e isVolatile(Access: int)
A volatile field.

e isPackage(Access: int)
A type or member with package visibility.

e isClass(CS: classSpec)
CS is a class type.

e isInterface(CS: classSpec)
CS is an interface type.

e isEnum(CS: classSpec)
CS is an enum type.

e isAnnotation(CS: classSpec)
CS is an annotation type.

e isConstructor(MS: methodSpec)
MS is a constructor.
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e isMethod(MS: methodSpec)
MS is an ordinary method.

e isStaticInitializer (MS: methodSpec)
MS is a static initializer.

The fields of metaobjects can be accessed by the accessor methods (e.g.
name0f). There are additional predicates for examining the method descriptors
and relationships between metaobjects:

o returnTypeOf (Method: methodSpec, ReturnType: typeDesc)
The return type of a method.

e argType(Method: methodSpec, ArgNo: int, ArgType: typeDesc)
An argument type of a method.

e child0f (P: metaobject, C: metaobject)
C is declared in P.

e ’child0f+’ (P: metaobject, C: metaobject)
Transitive closure of child0f.

e subtypeOf(Cl: classSpec, C2: classSpec)
C2 is a direct subtype of C1.

e ’subtype0f+’ (Cl: classSpec, C2: classSpec)
Transitive closure of subtypeOf.

e ’subtypeOf*’(Cl: classSpec, C2: classspec)
Reflexive transitive closure of subtype0Of£.

e field0f(C: classSpec, F: fieldSpec)
F is a field declared by C.

e ’field0f+’(C: classSpec, F: fieldSpec)
F is a field inherited from C.

e ’field0f*’(C: classSpec, F: fieldSpec)
F is a field declared by or inherited from C.

e method0f (C: classSpec, M: methodSpec)
M is a method declared by C.
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e ’method0f+’ (C: classSpec, M: methodSpec)
M is a method inherited from C.

e ’method0f*’(C: classSpec, M: methodSpec)
M is a method declared by or inherited from C.

e overrides(M1: methodSpec, M2: methodSpec)
M2 overrides M1.

e overloads(M1: methodSpec, M2: methodSpec)
M2 overloads M1.

e reads(M: methodSpec, F: fieldSpec)
Identical with "$get’.

e changes(M: methodSpec, F: fieldSpec)
Identical with ’$set’.

e calls(M1l: methodSpec, M2: methodSpec)
Identical with $call’.

e ’calls+’(M1: methodSpec, M2: methodSpec)
Transitive closure of calls.

e ’callsx*’(M1: methodSpec, M2: methodSpec)
Reflexive, transitive closure of calls.

e reachable(Cl: classSpec, C2: classSpec)
Determines whether there is a path of directed associations from C1 to C2.

Naturally, new methods can be defined over the existing ones, freely. So,
logic-based analysis of the program is possible. Fig.[5.3|shows a simple example
for this. The isSingleton method determines whether the Singleton pattern
([26]) is applied for a class or not. If the class is singleton, method and the field
which take part in the pattern will be bound to the arguments of isSingleton.
A class is regarded as a singleton if it has a public, static method which returns
an instance of the class and does not expect any argument. The method has
also to read a private static field of the class whose type is the class itself.
Ad itrll?zrelafllll}é’ &v%%lcel%:sl%scsage%%\{giggsly(' %Ylac‘fiengorlrllséﬂt%locaolr)%dies) can be accessed
from Prolog, transformations can be performed on them by transforming the
terms representing the metaobjects. Unfortunately, there are no predicates
predefined by the framework for this purpose. The standard Prolog predicates
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isSingleton(C: classSpec, M: methodSpec, F: fieldSpec) :-
method0f (C, M), isPublic(M), isStatic(M),
returnTypeOf (M, CDesc), descriptor0f(C, CDesc), argTypesOf(M, [1),
field0f(C, F), isPrivate(F), isStatic(F), descriptor0f(F, CDesc),
reads(M, F),
method0f (C, Ctr), isConstructor(Ctr),
(not (isPrivate(Ctr)) -> !, fail).

Figure 5.3: The isSingleton method

can be used for the transformation. However, it is planned to define an easy-
to-use interface that makes it possible to specify transformation on the code.
Conditional Transformations [34] used by JTransformer is an exemplary work
for the same task.

5.3 Implementation

The static database is created using the Java Instrumentation mechanism
(java.lang.instrument package) introduced in JDK 5 that allows you to pro-
vide Java agents that can inspect and modify the bytecode of the classes as
they are loaded. Java agents can be distributed as ordinary Java archives
(e.g. agent.jar) and can be enabled at launching a program by passing the
-javaagent:agent. jar to the JVM.

An agent can register a class file transformer with the system class loader
that provides a transform method. This method is then called as the part of
class loading for each and every class from then on, and may manipulate the
bytecodes before they are processed by the class loader into a real class.

This framework makes it easy to access the bytecode before the class defi-
nition, but does not provide tools for carrying out the bytecode manipulation
itself. T used ASM [7] for this purpose. ASM is an all purpose Java bytecode
manipulation and analysis framework, focused on simplicity of use and perfor-
mance.

ASM provides two APIs for processing compiled classes: the core API pro-
vides an event based representation of classes, while the tree API provides an
object based representation. Both API relies on the Visitor design pattern [26].
When processing a bytecode by a ClassReader, it generates one event per el-
ement that is parsed. Using the core API, you have to write your own visitor
(implementing e.g. the ClassVisitor interface) that will be notified of each
step of process. The advantage of this technique against other bytecode manip-
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ulation framework is that ASM uses less memory, because it is not needed to
build a tree of objects representing each part of the class.

You are still able to build objects representing a class using the tree API.
The tree API is based on the core API but it provides predefined visitors (called
nodes, e.g. ClassNode) that build up the object representation of the bytecode.
Moreover, the two APIs can be combined: you can build up the object repre-
sentation for some parts of the bytecode, while neglecting other parts.

In case of the current metaprogramming framework, the tree API is used
for constructing objects representing the class, field and method specifications.
These objects are then transformed to Prolog terms, and stored in the database
(*$class’, *$field’ and ’$method’ predicates). However, within the method
definitions the core API is used to detect the dependencies between classes
(’$get’, ’$set’ and ’$call’ predicates).

As mentioned before, the body of methods is not stored in the database.
This has two reasons. At first, this would make it necessary to use the tree API
for the whole class definition, which could result in a significant time overhead
at load-time. At second, these objects representing the method definitions may
be fairly large, so storing them all along the program execution may not be
ideal. For these reasons, the whole method definitions can be loaded at run-
time by the methodDef/2 predicate. The predicate is implemented in Java as a
primitive tuProlog predicate. The first argument of the predicate is a method
ID. Tt loads the body of the method, constructs the method definition object
and binds them to its second argument.

The primitive predicate loads the method body by requesting the Java agent
to redefine the declaring class. Indeed, the class will not be changed, only
its bytecode will be processed by ASM to construct the MethodNode object
representing the body. To minimize the number of class redefinitions, using the
methodDefs/2 predicate the definition of several methods can be retrieved at
the same time. Moreover, the method bodies are cached during the execution
of a query.

It is important to note that although java.lang.instrument had been in-
troduced in JDK 5, it supports class redefinition only from JDK 6. However,
“hot swap” class file replacement is possible through the Java Debugger In-
terface (JDI) from JDK 1.4.0. JDI is one of the three interfaces of the Java
Platform Debugger Architecture (JPDA). Using this feature through JDI, you
need to run the JVM in debug mode (-Xdebug option). As of JDK 1.4.0 “full
speed debugging” is supported by the Java HotSpot VM, which minimizes the
performance loss caused by the debug mode. Full speed debugging means that
the programs being debugged do not need to be interpreted as before JDK 1.4.0.
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Chapter 6

Aspect-oriented
programming framework for

Prolog4J

In this chapter I introduce an aspect-oriented framework based on the logic
metaprogramming library presented previously. In the first section its pointcut
language is introduced that is a set of Prolog predicates, essentially. The next
short section will show how aspects can be defined using the Metadata Facility
of Java. After that I present a controlled natural language interface over the
pointcut language discussed before. Finally, I give an insight into some details
of the implementation.

6.1 Pointcuts

Pointcuts can be expressed by Prolog goals that contain predicates called prim-
itive pointcuts. Primitive pointcuts can be used to refer to a join point of the
program. It can be specified as their first argument. Primitive pointcuts can be
categorized into three classes. The elements of the first category describe the
type of the join points. These are the followings:

e get(JP, Field)
Succeeds iff the field is read at the join point.

75
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e set(JP, Field)
Succeeds iff the field is set at the join point.

e call(JP, Method)
Succeeds iff the method is called at the join point.

e execution(JP, Method)
Succeeds iff the method is executed at the join point.

e handler (JP, ExceptionType)
Succeeds iff the an exception of the given type is handled at the join point.

The second category contains pointcuts designating the context of the join
point. These are the followings:

e this(JP, This)
Succeeds iff the join point is within a constructor or an instance method.
The actual object will be bound the second argument, which must be a
variable.

e target(JP, Target)
Succeeds when the join point reads or writes an instance field (get, set)
or invokes an instance method (call). The target object will be bound
to the second argument, which must be a variable.

e arg(JP, Arg)
Succeeds in case of set, call, execution and handler join points. For
call and execution the formal argument list must be of length 1. The
argument will be bound to the second argument, which must be a variable.

e args(JP, Args)
Succeeds in case of call, execution and handler join points. The argu-
ments passed to the method will be bound to the second argument, which
must be a variable or a list of variables.

e returns(JP, ReturnValue)
Succeeds in case of get, call and execution join points. For call and
execution the return type must not be void. The value of the field read
or the return value of the method will be bound to the second argument,
which must be a variable.
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e instanceof (Object, ClassSpec)
The first argument must be a context variable. Succeeds iff the denoted
contex element is an instance of ClassSpec.

The context exposer pointcuts bind some elements of the context of a join
point to Prolog variables. These variables will belong to the interface of the
pointcut. This binding is symbolic: the value of context elements cannot be
accessed through the variables representing them within the pointcut. However,
the context variables can be assigned to the formal arguments of an advice, and
then the context elements they represent will be passed to it.

Finally, the third category of primitive pointcuts contains predicates using
which you can locate the join points within the program flow. Using “within”
you can set constraint on the (static) location of the join point. With the help
of the rest of the predicates, you can correlate the time of the join points with
each other.

e within(JP, M0O)
Succeeds iff the location of the join point is within the specified program
element.

e pcflow(JP1, JP2)
Succeeds iff the activity at JP2 is under the predicted control flow of JP1
based on the AST. (’calls*’)

e pcflowbelow(JP1, JP2)
Like “pcflow”, but the join points does not refer to the same execution of
a method. (’calls+?)

e cflow(JP1, JP2)
Succeeds iff the activity at JP2 is under the control flow of JP1.

e cflowbelow(JP1, JP2)
Like “cflow”, but the join points does not refer to the same execution of
a method.

e now(JP)
Succeeds iff the activity at the join point is running currently.

High-level pointcuts can be defined over the primitive ones by Prolog rules.
The predicates of the Prolog4J metaprogramming library can also be used in the
rule bodies. There are predefined high-level pointcuts, and you can define new
ones by the @Theory annotation. Some of the available high-level pointcuts:
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get(Field) :- get(JP, Field), now(JP).

set(Field) :- set(JP, Field), now(JP).

call(Method) :- call(JP, Method), now(JP).

execution(Method) :- execution(JP, Method), now(JP).

handler (ExceptionType) :- handler(JP, ExceptionType), now(JP).
this(This) :- this(JP, This), now(JP).

target (Target) :- target(JP, Target), now(JP).

args(Args) :- args(JP, Args), now(JP).

returns (ReturnValue) :- returns(JP, ReturnValue), now(JP).
within(Method) :- within(JP, Method), now(JP).

arg(JP, Arg) :- args(JP, [Argl).
args(JP, Argl, Arg2) :- args(JP, [Argl, Arg2]).
args(JP, Argl, Arg2, Arg3) :- args(JP, [Argl, Arg2, Arg3]l).

arg(Arg) :- arg(JP, Args), now(JP).
args(Args) :- args(JP, Args), now(JP).

p_reachable(Objl, 0bj2) :-
instanceof (0Objl, Classl), instanceof(0bj2, Class2),
reachable(Classl, Class2).

6.2 Annotations

Similarly to AspectWerkz [6] and AspectJ 5 [I1], this AOP framework relies on
the Metadata Facility of Java 5 [B], so it does not need the extension of the Java
language. Aspects can be defined by annotating a class with @Aspect.

Advices can be specified in any aspect by the @Before, @After, @After-
Returning and @AfterThrowing annotations. The argument of these annota-
tions is a pointcut. Context variables of the pointcut can get bound to the
formal arguments of the advice by the @Arg annotation. The only argument of
the annotation is the name of the context variable.

Fig. gives two examples which illustrate how aspects can be defined in
the system. They are based on the examples for ALPHA [49].

6.3 Controlled natural language interface

The aim of multiparadigm languages is to unify the advantages of several pro-
gramming paradigms. The Java-Prolog integration is useful in several fields,
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Q@Aspect
public class DisplayUpdating {
private Display d;

Q@After("set(F), ’fieldO0f*’ (’FigureElement’, F), target(P)")
public void update(@Arg("P") FigureElement fe) {
d.draw(fe);
}
}
Q@Aspect
public class DisplayUpdating {
private Display d;

QAfter("set(F), ’fieldOf*’ (’FigureElement’, F), target(P)," +
"call(T1, ’Display.drawAll()’), get(T2, F), pcflow(T1, T2)")
public void update(@Arg("P") FigureElement fe) {
d.draw(fe);
}
}

Figure 6.1: Examples for the use of the AOP framework

where there are subproblems which have a more obvious solution in Prolog. For
example, logic programming is more suitable for writing metaprograms than
imperative programming, even if the base program is written in an imperative
language. However, because of the radically different concepts of the two lan-
guages (Prolog and Java) and because the very different group of their users,
Prolog may be merely unusual for Java programmers. For bridging the gap I
introduced the Japlo language and the Prolog4J framework. As mentioned in
Sec. LogicAJ hides the inner use of Prolog by the use of Java-style logic
expressions in pointcuts.

Now, an alternative solution will be presented, namely the use of a con-
trolled natural language. Controlled natural languages usually comprise the
vocabulary specific to an application domain, and using these terms one can
compose sentences in a predefined, restricted way. Naturalistic programming
suggests the use of a controlled natural language in general purpose programm-
ming languages as well, for example for writing the body of methods. Here, the
domain of the language contains the concepts of structured and object-oriented
programming.

Controlled natural languages are prefectly suitable for defining pointcuts,
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because of several reasons:

e They describe a specific domain. Here, the domain is not the application
of the program but metaprogramming as such.

e Pointcut designators have well-defined, simple structure, which provides
two benefits:

— The programmer will probably not constrained of the rigid structure
of the controlled language.

— The language can be constructed quite easily.

e Pointcuts should be defined in a declarative way for avoiding fragility,
and declarations are the most basic form of communication in natural
languages.

As you will see, the pointcuts defined in this controlled natural language
will not be much more verbose than by using Aspetc] logic expressions or a
Prolog goal in ALPHA. Sometimes they may be even shorter. An additional
advantage is that the specification of pointcuts become readable for users not
familiar with aspect-oriented programming at all. Moreover, phrasing them is
also more natural.

6.3.1 The language

Since the pointcuts pick up events in the program flow instead of describing
statements performing a given task, you cannot use full sentences in the lan-
guage, but only clauses. At first, event clauses will be introduced that start with
an event phrase and may continue with adverbial phrases. An event phrase con-
sists of the type of the event (a gerund) and its object. There are five types
of event phrases: reading, changing, calling, executing and handling. The
simplest way of specifying the object is by a literal containing its class and
signature:

reading ’FigureElement.x’
calling ’FigureElement.setX(int)’

The keywords of the language contain lower-case letters. Literals starting
by an upper-case letter are enclosed within apostrophes. It is possible to use
variables, which start with a capital letter. Variables are used for two purposes.
At first, for exposing values at the context of the join point, just like in AspectJ.
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Context phrase Valid for Ezposes
storing Value reading, changing | the value of the field
to Value changing the value assigned to the field
with Arg1, Arg2, ... | calling, executing | the arguments passed to the method
resulting Value calling, executing the value returned from the method
Ezxception handling the exception
of Object reading, changing, | the target object
calling, executing
by Object any the actual object (this)

Table 6.1: Context phrases

These variables are called context variables and they can be used in prepositional
phrases (there is no preposition for handling) written after the event phrase.
Context variables belong to the interface of the pointcut. They will be bound
to the formal arguments of the advice, as discussed in Section The context
phrases are summarized in Table [6.1] Of course, they can be combined, for
example if you would like to refer to the arguments and the target object of a
method invocation.

The declaring class of fields or methods can also be specified by the of prepo-
sition: e.g. reading x of a ’FigureElement’. The indefinite article suggests
that x is an instance variable. Although this form is longer, it will be useful
later. If you want pick out the target object, you can place a variable name
after the type:

reading x of a ’FigureElement’ F

Another use of variables is to denote program elements. In this case, vari-
ables appear usually in the object of a clause but there are some other phrases
accepting metavariables. These variables are local and do not belong to the in-
terface of the pointcut. There are no wildcard variables (matching any program
element). The uninterest of the identity of a metaobject can be expressed by
using the type of the metaobject (a field, a method, etc.). The type of the
program element can also be given before the variable name.

reading X of a ’FigureElement’
reading a field of a ’FigureElement’

Clauses can be concatenated by a comma possibly followed by or. The
single comma means “and” connection. A typical case of concatenating clauses
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Metaclause Succeeds iff the subject
Object is a Type is an instance of Type
Object is of type Type has the type Type (exactly)
MO is Modifier has the modifier
MO is subtype of Type is a subtype of Type
MO is supertype of Type is a supertype of Type
MO is annotated by Annotation has the annotation
MO is a member of Metaobject the value returned from the method
MO returns Type has return type Type
MO has argument types Typel, Type?2, ... | has arguments of the given types
MO throws Type declares exception of the given type

Table 6.2: Metaclauses

is when the properties of a program element has to be specified. These are called
metaclauses, because their subject is a metavariable. Another reason for using
several clauses is to express the spatial or temporal connection of join points
(relative clauses).

Some examples of the metaclauses are shown in Table Within meta-
clauses you can place a metavariable after any metaobject so that you can
describe its properties in another clause.

If you want to express the spatial or temporal relation between events, you
have to supplement the event clause by the at phrase: at Variable. Then the
variable will denote the execution point at the event, and it can be used in
relational clauses. Relational clauses are summarized in Table [6.3]

Relational clause Succeeds iff

JP is within MO the code of the event is contained

by the given program element

JP is now JP is the current join point

JP is last time The last occurence of the event

JP1 is during JP2 | JP1 has started after JP2, which has not finished
JP1 is before JP2 | JP1 has finished before JP2

JP1 is after JP2 JP2 has finished before JP1

JP1 is below JP2 | JP1 is in the control flow of JP2 (not reflexive)
JP1 is above JP2 inverse of below

Table 6.3: Relational clauses
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6.3.2 Conciseness

Although using controlled natural language phrases, pointcuts can be defined
in an easy-to-read way, this formalism cannot be said to be concise, at all. The
natural language gives a chance to the user to comprehende (or even define)
pointcuts, even if he/she is not familiar with aspect-oriented programming. De-
spite this, a verbose definition can decrease readability in some cases when it
is not complex, but much longer than its functionally equivalent version in e.g.
LogicAJ or ALPHA. Fortunately, natural languages provide several ways to ex-
press these phrases in a more concise way, so we only need to explore some tricks
our native language provide, and integrate it to the controlled language.

One such trick is that you can unify similar or-connected clauses if they differ
only in their object. The resulted phrase will contain or-connected objects. Ta-
ble. [6.4 compares the definition of an enumeration pointcut in AspectJ, LogicAJ
and the current controlled language with and without or-connected objects. As
it can be seen, the AspectJ variant is the longest. Using metavariables makes
the pointcut definition somewhat shorter. Using or-connected objects, however,
halves the length of the pointcut.

Description Pointcut Length
AspectJ set(FigureElement.x) || set(FigureElement.y) || 98
set(FigureElement.start) || set(FigureElement.end)
LogicAJ (set(?T.x) || set(?T.y) || set(?T.start) || set(?T.end)) | 85
&& equals(?T, FigureElement)
or-connected | changing x of 'FigureElement’ P, 93
phrases or changing y of P,
or changing start of P,
or changing end of P
or-connected | changing x, y, start or end of a 'FigureElement’ 48
subjects

Table 6.4: Or-connected objects

Similarly, the metaphrases can also be combined. For example, instead of
writing

reading F,
F is public,
F is static,
F is final
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you can write simply

reading F,
F is public, static and final

The use of variables is not typical at all for natural languages. (Although,
they may occur in scientific text.) Since local variables do not take part of
the interface of the pointcut, they are just its internal details and they are
not necessary for the advice body. So, pointcuts could be expressed in a more
natural way if the local variables could be eliminated from them.

One way to achieve this is unifying several phrases. This is possible only
if the variable is used at exactly one time. Table [6.5| shows three examples for
this. The first one has already been discussed. In the second one, modifiers
are specified as attributes of the subject. Finally, in the last one the temporal
phrase has been appended to the previous phrase.

Table [6.6]shows an example for expressing a pointcut in ALPHA and in con-
trolled natural language. The left coloumn contains the “cflowreach” pointcut
discussed in Section m (146 character). The equivalent controlled natural
language pointcut is in the right coloumn (113 character).

With local variable Without local variable

reading a field of P, reading a field of a 'FigureElement’
P is a 'FigureElement’

reading F, reading a public,static and final field
F is public, static and final

calling 'Display.update()’ at T1, calling 'Display.update()’ at T1,
reading a field of a ’FigureElement’ at T2, | reading a field of a ’FigureElement’
T2 is during T1 during T1

Table 6.5: Eliminating local variables

ALPHA Controlled natural language

set(P, F, _), get(T1, _, P, F, ), changing F of P,

mostRecent (T2, calling drawAll of d last time at T,
calls(T2, _, this.d, "drawAll’, )), | reading F of P during T,

cflow(T1, T2), reachable(Q, P), P is reachable from a ’FigureElement’

instanceof(Q, 'FigureElement’)

Table 6.6: The “cflowreach” pointcut in ALPHA and CNL
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Anaphoric relations

Another possible way of removing local variables could be to express grammati-
cal relations by co-referring phrases. Co-reference means that two noun phrases
refer to the same object. The first is called the antecedent and the second the
anaphora. [3]

Local variables could be substituted by anaphoras that can refer to various
objects of a pointcut. Then first use of a local variable (denoting the antecedent)
could be ommitted or replaced by its type. Subsequent uses of the same variable
could be replaced by an anaphora.

Anaphoras are not supported by the PrologdJ project because the problems
they would raise are not compensated by their benefits. At first, anaphoric
relations can be ambiquous. Although the chance of ambiguity could be reduced
if the anaphora would contain the type of the antecedent (e.g. “that field”, “that
time”, etc.), it cannot be excluded totally. At second, a minor issue is that the
use of anaphoras make the pointcuts a bit more verbose. At third, they would
require a complex semantical analysis [3].

6.4 Implementation details

The controlled natural language is defined by a definite clause grammar (DCG).
DCGs are a special notation provided in most Prolog systems which provide you
with a convenient way of defining grammar rules. tuProlog supports the use of
DCGS. A DCG rule can be specified in a similar way as normal prolog rules,
but the “neck” of the rules is —-> instead of :-. Inside the body of the rules
terminals have to be enclosed within brackets. Using DCGs non-context-free
grammars can also be expressed, if the grammar rules have formal arguments.
A short excerpt of the full definition of the language is show below to illustrate
the easiness of use of definite clause grammars.

pointcut (PCD) -->

clause (PCD) .
pointcut(’,’ (PCD1, PCD2)) -->

clause(PCD1), [’,’], pointcut(PCD2).
pointcut(’;’(PCD1, PCD2)) -->

clause(PCD1), [’,’, or], pointcut(PCD2).

clause(PCD) -—>
event_clause (PCD) .
clause(PCD) -—>
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meta_clause(PCD).
clause(PCD) -—>
temporal_clause(PCD).
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Chapter 7

Summary

Summarizing the results of the dissertation it can be declared that the
Java/Prolog multiparadigm programming framework (Prolog4J) that I have de-
veloped is easier to use than other similar projects in this field for several reasons.
At first, it exploits the new language features of Java 5 like for-each loop, au-
toboxing or annotations. At second, it performs type conversions between Java
objects and Prolog terms automatically, even for complex data types, without
introducing new (wrapper) types. Finally, because it allows defining interfaces
for Prolog queries as Java methods whose body can be generated automatically.

I also developed a declarative metaprogramming framework that makes it
possible to reason about Java programs. The DMP framework is based on
processing of the bytecode of Java classes, which makes it an ideal foundation
for a dynamic aspect-oriented programming system.

The AOP framework I created has several benefits against current AOP
systems. At first, it supports the use of metavariables, using which pointcuts
can be expressed in a much more robust way. At second, temporal relationships
between join points can be expressed. Another advantage is that aspects can be
weaved dynamically, at load-time or run-time. Although some of these features
appeared in other AOP systems, none of them supports each of them.

Finally, I developed a controlled natural language interface for defining point-
cuts. This is a novel approach, which improves the readability of pointcuts
significantly and makes it possible to formulate pointcut definitions even for
programmers not experienced in aspect-oriented programming at all. CNL
pointcuts are not only easy-to-read but usually even shorter than equivalent
pointcuts in other AOP languages.

87
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In the followings I give a brief overview on the results achieved.

An ideal multiparadigm programming framework or language should allow
intermixing the constructs of the languages without forcing the programmer to
deal with the internal representation of terms in the system. I developed the
Prolog4J multiparadigm programming framework, in which this internal rep-
resentation remains completely hidden from the programmer. The framework
integrates Prolog into Java. Additionally, I presented a tuProlog library that
allows object-oriented style programming in Prolog. As a third result in this
topic, I also introduced a lingual symbiosis of the Java and Prolog language,
which T named Japlo [21].

In contrast with foreign language interfaces (like JPL [5I] for SWI-Prolog
[54]) and Prolog engines written in Java (like tuProlog [14] or JLog [29]), the
Prolog4J framework exploits the advantages of Java 5. In this new generation
of the Java platform many new language features were introduced which allows
to build a more easy-to-use and type-safe interface over Prolog programs.

In PrologdJ a Prolog query produces a Solution<A> object, through
which the results can be accessed. The Solution<A> class implements
java.lang.Iterable<A> so that the individual solutions can be traversed by a
for-each loop easily. If you are interested in the binding of another variable of
the goal, other iterable objects can be achieved through the result of the query.
There are helper methods in Solution<A> as well for collecting the solutions
into specific Java collections.

Using generics and autoboxing allows the programmer to get rid of type
casts and wrapping primitive values to objects or vice versa. There is also a
well-defined way of converting Java objects to Prolog terms. Java objects are
directly translated into tuProlog terms and vice versa. This is in contrast with
P@J, which provides an additional type system over tuProlog to introduce type
safety with generics. The P@J type system is a bridge between Java objects
and Prolog terms, which doubles the number of conversions required and also
needs more memory since an intermediate representation has also to be stored.
Another advantage of Prolog4J is that the programmer can use Java types
directly, so he/she does not have to deal with an intermediate type system at
all.

The Prolog4J framework uses the Metadata Facility of Java 5 to specify an
interface for a Prolog query. Such an interface is a method annotated by @Goal.
The query can be specified as the argument of @Goal, and the variables of the
goal can be bound to the formal arguments or the return value of the method
by annotations as well (@In, @InOut or @0ut). From the appearance of JDK 7,
@NonNull annotations will be allowed to denote ground arguments, which will
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allow using these methods in a more type-safe way.

Another innovative feature of Prolog4J is that the body of goal methods are
generated automatically, using the Java Compiler API [38]. This feature works
only with the Sun’s Java compiler, however.

OOLibrary is a tuProlog library provided as part of the Prolog4J framework.
The library has dual purpose. Its main goal is to allow object-oriented style
programming in Prolog. The library defines a coherent type system. Over the
atomic types of Prolog, the type of compound terms is defined, there are list
types and generic types as well. New types can also be defined.

OOQOLibrary allows you to define a hierarchy of classes. Classes can have
fields, and they can have one superclass (single inheritance). The purpose of
this hierarchy is to introduce object polymorphism into Prolog: although the
instances of classes are ordinary (compound) terms, the instance of a subclass
can stand for an instance of one of its superclass at any place of a program.

Methods can also be defined. They are not part of the class definition. The
type of their formal arguments are specified in the formal argument list. The
type of the actual arguments is checked dynamically at the application of the
method.

The second purpose of the library is to improve the integration between
Prolog and Java. If a term which is an instance of an OOLibrary class has to
be converted to Java, PrologdJ will construct an instance of the corresponding
Java class annotated by @Term. Similarly, the objects of these classes can be
converted to OOLibrary objects. This improves the integration of Java and
Prolog significantly, since the same class hierarchy of the application domain
can be used in both languages, and the type conversion between them happens
automatically.

The Japlo language [21] provides an alternative way of Java-Prolog integra-
tion, which is one of my first results in the field. The language is an extension of
Java, in which Prolog rules can be expressed with a Java-like syntax. The syntax
was constructed in such a way that it should be easy to learn for programmers
experienced in Java but not in Prolog.

Many of the concepts of Java appear in the way you can formulate rules.
For example, a few control structures of Java can be used (if, while, do-while),
rules can have return types, like methods, and the application of such rules are
expressions. On the other side, the application of rules from Java methods is also
easy: at first, there is a special operator (unary +) for testing the existence of a
solution, at second, the solutions of a rule application can be iterated through
by a for-each loop.

The syntax of Japlo provides a convenient way of writing rules to be accessed
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from Java. I showed that a Japlo rule can be applied in a much more concise
way than JLog, if some Java objects have to be passed to it. Another advantage
of Japlo is that it provides static type checking even for rules.

I developed a logic metaprogramming framework for Java. The framework is
based on OOLibrary and Prolog4J. It has two layers. The low-level layer stores
the metainformation of the program as facts (meta-database). The high-level
layer defines OOLibrary classes and methods for examining the contents of the
database.

Naturally, new methods can be defined over the existing ones, freely. So,
logic-based analysis of the program is possible, for example for detecting design
patterns in the program and identifying the role of the individual program
elements in the pattern.

To retrieve the required metainformation, only a query has to be formulated,
which specifies the properties of the required data and logical relationships be-
tween them. Within the framework the body of methods can be achieved in the
form of an OOLibrary object so that they can be transformed with the means
of Prolog. Moreover, the metainformation can be extracted from the bytecode,
not the source, which allows to use the framework in a dynamic way.

I developed an aspect-oriented programming framework upon the aforemen-
tioned DMP framework. It makes it possible for the programmer to refer to
events of the execution of a program and makes certain subprograms run auto-
matically when these events occur (implicit invocation). The descriptions that
pick out the points of the program flow (called pointcuts) can be formulated
as Prolog queries on the code. Besides of the predicates exploring the pro-
gram code, spatial and temporal relations between events can also be expressed.
Pointcuts can be specified as annotations on methods.

I showed that the expressivity of the pointcuts is high for two reasons. At
first, since pointcuts can refer to the program elements by metavariables and the
properties of these elements and their relationships can be examined through the
DMP framework. At second, since temporal relationships between the events
can be expressed.

The use of metavariables increases the robustness of pointcuts in terms of the
program evolution because it allows to describe the pointcuts by their semantics
instead of their syntactic appearance in the code.

Another advantage of my AOP system is that it is based on a mainstream
programming language, not a prototype language. Moreover, aspects are weaved
into the bytecode of classes, not their source. This made it possible to weave
aspects at load-time. Using the Java Debugger Interface (JDI), run-time weav-
ing is also possible. I showed in [20] that in certain cases run-time weaving does
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not decrease the speed of a program but it may even improve it.

I developed a controlled natural language interface over the pointcut defini-
tion language of the AOP system. Controlled natural languages are perfectly
suitable for defining pointcuts, for several reasons:

e They describe a specific domain. Here, the domain is not the application
of the program but metaprogramming as such.

e Pointcut designators have well-defined, simple structure, which provides
two benefits:

— The programmer will probably not constrained of the rigid structure
of the controlled language.

— The language can be constructed quite easily. (An implementation
issue only.)

e Pointcuts should be defined in a declarative way for avoiding fragility,
and declarations are the most basic form of communication in natural
languages.

Although natural language texts are typically more verbose than formal
descriptions, I built several grammatical techniques in the language that keep
pointcut definitions as short as possible. I showed that the CNL formalism is
more concise than the formalism of AspectJ or ALPHA.

Although natural languages texts are inherently ambiguous, this is (typi-
cally) not true for controlled natural languages. The grammar of the language
I proposed does not allow any ambiguity.

The CNL interface provides other benefits as well that are much more essen-
tial than conciseness. At first, CNL pointcut definitions are easy to read or write
even for those who are not familiar with aspect-oriented programming at all. At
second, it hides the internal use of Prolog definitively, saving the programmer
learning and using a second programming language in his/her program.
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Chapter 8

ésszefoglalés

Az értekezés eredményeit Osszefoglalva kijelenthetd, hogy az altalam kifej-
lesztett Java/Prolog tobbparadigmds programozdsi keretrendszer (PrologdlJ)
konnyebben hasznalhaté mint a jelenleg elérheté hasonlé célkitiizésii projek-
tek, tobb okbdl is. Egyrészt, mivel a rendszerem kihasznalja a Java 5 1j elemeit
(for-each ciklus, automatikus csomagolds, annotdcick). Mdsrészt a Java objek-
tumok és Prolog termek kozott automatikus konverzidt végez Osszetett tipusok
esetén is anélkill, hogy 1j tipusrendszert vezetne be. Végiil, mivel lehetévé teszi
egyszeri programozoi feliilet kialakitasidt Prolog lekérdezések f6lé annotalt Java
metodusok formdajdban, melyek torzsét a rendszer automatikusan generalja.

Szintén kifejlesztettem egy deklarativ metaprogramozasi keretrendszert,
amely lehet6vé teszi Java programokra vonatkozd allitdsok megfogalmazasét.
A DMP rendszer Java osztdlyok bajtkédjanak feldolgozasara épil, igy idedlis
alapja lehet egy dinamikus, aspektusorientalt programozasi rendszernek.

Az éltalam létrehozott AOP keretrendszernek szamos elénye van a jelenlegi
rendszerekkel szemben. Egyrészt, tamogatja a metavaltozdk hasznalatat, ami a
vagaspontok megadasanak sokkal robusztusabb médjat teszi lehetévé. Masrészt
a csatlakozasi pontok id6beli viszonya is kifejezhet6. Tovabbi elény, hogy az
aspektusok szovése dinamikusan, betoltési vagy futdsi id6ben torténik. Bér
ezen képességek kiilon-kiilon méar megjelentek AOP rendszerekben, egyikiik sem
tamogatja ezek mindegyikét.

Végiil, kialakitottam egy kontrolldlt természetes nyelvi feliiletet a vagas-
pontok megadéasara. Ez egy ujszerti megkozelités, amely jelentGsen javitja a
vagaspontok olvashatosagat, és lehetové teszi vagaspontok megadédsat olyanok
szamara is, akik egyaltalan nem jartasak az aspektusorientdlt programozis
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terén. Az ilyen vigaspont-definiciok nem csak konnyen érthetéek, de jellemz6en
tomorebbek is mint az azonos jelentést vagaspontok egyéb AOP nyelvekben.

Az aldbbiakban tomoren ismertetem az elért eredményeket.

Egy idedlis Prolog/Java tobbparadigmds keretrendszernek vagy nyelvnek
anélkiil kell lehet6vé tenni a nyelvi konstrukciék kombinaldsat, hogy a pro-
gramozot arra kényszeritenék, hogy a termek belsé reprezentacidjaval foglalkoz-
nia kellene. Kifejlesztettem a PrologdJ tobbparadigméas programozasi kere-
trendszert, amelyben ez a belsé reprezenticié a programozé eldl teljesen re-
jtve marad. A keretrendszer a Prolog és Java nyelvek integracidjat biztositja.
Ennek részeként elkészitettem egy tuProlog programkoényvtarat, amely objek-
tumorientalt stilusi programozést tesz lehet6vé Prolog programokon belil. A
témakor harmadik eredményeként bemutattam a Japlo nyelvet, amely a Java
és Prolog nyelvi szimbidzisa [21].

A kiils6 nyelvi feliiletekkel (amilyen pl. a JPL [51], [54]) és a Java nyelven irt
Prolog motorokkal (mint a tuProlog [14] vagy a JLog [29]) szemben a Prolog4J
kihasznalja a Java 5 el6nyeit. A Java platform eme 1j véltozatdban szamos
olyan 1j képességet vezettek be, amely lehet6vé teszi konnyebben olvashatd és
tipusbiztosabb feliilet kialakitasat Prolog programok folé.

Prolog4J-ben egy lekérdezés egy Solution<A> objektumot szolgdltat, ame-
lyen keresztiil az eredmények elérhetOk. A Solution<A> osztdly implementalja
az Iterable<A> interfészt, igy a megolddasok koénnyedén, egy for-each cik-
lus segitségével bejarhatok. Ha a cél egy mdsik valtozdjanak a kotései
érdekelnek minket, a kapott objektumbdl egyéb iteralhaté objektumokat is
megkaphatunk. A Solution<A> osztaly segédmetédusokat is tartalmaz, ame-
lyekkel a megoldasok kiilonboz6 kollekcidkba gytijthetdk.

A generikusok és az automatikus csomagolds hasznélatdval a programozo
megszabadul a tipuskonverzidktdl, és a primitiv értékek, illetve csomagolé ob-
jektumok kozotti oda-vissza atalakitdsoktdl. A Java objektumok Prolog termmé
alakitasanak jol definidlt médja van. A Java objektumok kézvetleniil tuProlog
termekké lesznek konvertdlva és viszont. Ez méasképp van a PQJ keretrend-
szer esetén, amely egy 1j, koztes tipusrendszert biztosit a tuProlog tipusai
folé azért, hogy a generikusok segitségével nagyobb tipusbiztonsdgot érjen el.
A P@J tipusrendszere tehdt egy hidat képez a Java objektumok és a Pro-
log termek kozott, ami megduplazza a sziikséges konverzidk szamat, és némi
tobblet tarat is igényel, hiszen a koztes reprezentdciét szintén tdrolni kell. A
Prolog4J megvaldsitasnak tovabbi elonye, hogy a programozé kozvetlenil Java
tipusokat hasznalhat, igy nem kell foglalkoznia semmiféle koztes tipusrendszerrel
egyaltalan.

A Prolog4J keretrendszer kihasznalja a Java 5 metaadatkezel§ képességét
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a Prolog lekérdezésekhez programozoéi feliilet megaddsara. Az ilyen feliletet
@Goal annotécioval ellatott metédusok jelentik. A lekérdezés az annotacid
paramétereként adhaté meg, és a lekérdezés valtozdi szintén annotdcidk segit-
ségével rendelhetdk a formélis paraméterekhez, illetve visszatérési értékhez (@In,
@InOut vagy @Out). A JDK 7 megjelenésétdl kezdve a @NonNull annotécié is
hasznélhaté lesz alap (ground) argumentumok megjelolésére, ami ezeknek a
metodusoknak egy még tipusbiztosabb hasznalatat teszi majd lehetévé.

A Prolog4J tovabbi innovativ jellemzdje, hogy a cél metdédusok torzsét au-
tomatikusan generdlja a Java Compiler API-n keresztiil [38]. Ez a képesség csak
a Sun Java forditéjat hasznédlva miikodik.

Az OOLibrary egy tuProlog programkonyvtar, amely egyben a PrologdJ
rendszer része. A programkonyvtarnak kettés célja van. FG6 célja objektu-
morientalt stilusi programozas lehetévé tétele Prologban. A programkonyvtér
egységes tipusrendszert definial. A Prolog atomi tipusain til az Gsszetett ter-
mekhez is tipust rendel, vannak lista tipusok és generikus tipusok is. Uj tipusok
is definialhatok.

Az OOLibrary segitségével osztalyhierarchia definidlhat6. Az osztélyoknak
lehetnek mezdik, és lehet egy &sosztdlyuk (egyszeres 6roklédés). Az osztaly-
hierarchia célja az objektum polimorfizmus bevezetése Prologba: bar az
osztalyok példdnyai kozonséges (Gsszetett) termek, egy osztly példdnya szere-
pelhet a program barmely pontjan, ahol az 0sosztaly objektuma szerepelhet, és
emellett a viselkedése sajat osztalyara jellemz6 marad.

Metddusokat is definialhatunk. Ezek nem képezik az osztalydefinicid részét.
A formalis paramétereik tipusa meg van adva a formélis paraméterlistan. Az
aktualis paraméterek tipusa a metddus hivasakor keriil ellenérzésre.

A programkonyvtar méasodlagos célja a Prolog és Java kozotti integracio
javitdsa. Ha olyan termet kell Java objektumma konvertalni, amely egy OOLi-
brary osztalynak példanya, akkor a Prolog4J a megfelel6, @Term annotacidval
ellatott Java osztaly példanyat fogja létrehozni. Hasonldéan, ezen osztalyok
objektumai OOLibrary objektumokka konvertalhatok. Ez jelentdsen javitja a
Java és Prolog nyelvek kapcsolatat, mivel az alkalmazdsi szakteriilet ugyanazon
osztalyhierarchidja hasznalhaté mindkét nyelvben, és a tipuskonverzié kézottik
automatikusan megtorténik.

A Japlo nyelv [2I] a Java-Prolog integrécié alternativ médjét biztositja, ami
a teriileten elért elsé eredményeim egyike. A nyelv a Java nyelv kiterjesztése,
amelyben Prolog szabalyok Java-szer(i szintaxissal adhaték meg. A nyelvtant
ugy alkottam meg, hogy olyanok szamara is konnyen elsajatithaté legyen, akik
a Java haszndlataban jaratosak, a Prologéban viszont nem.

Szamos Java elv hasznalhaté a szabdlyok megfogalmazasakor. Példaul
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hasznalhaté néhény vezérlési szerkezet (if, while, do-while), a szabdlyoknak
visszatérési értéke lehet, akarcsak a metdédusoknak, és az ilyen szabalyok al-
kalmazasa kifejezésben is lehetséges. A madsik oldalt tekintve, a szabalyok
egyszeriien alkalmazhatok Javabdl: egyrészt az undris + operator segitségével
a megoldas létezése donthetd el, masrészt a szabaly alkalmazédsaval kapott
megoldasok egy for-each ciklussal roppant egyszertien bejarhatok.

A Japlo nyelvtana kényelmes médot biztosit Javabol elérhetd szabalyok
irasdra. Megmutattam, hogy egy Japlo szabaly sokkal tomorebben hasznalhato,
mint ugyanez JLogban, ha a szabdly alkalmazdsinak eredménye futds kdzben
el6allo értékektol fiigg. A Japlo maésik elénye, hogy statikus tipusellenOrzést tesz
lehet6vé a szabalyokra.

Kifejlesztettem egy logikai metaprogramozasi keretrendszert Javahoz. A
keretrendszer alapja a PrologdJ és az OOLibrary. Két rétege van. Az alac-
sony szinti réteg a program metainformaciéit tények formdjaban rogziti (metaa-
datbdzis). A magas szintli réteg OOLibrary osztalyokat és metédusokat definidl
az adatbazis tartalmanak vizsgalata céljabol.

Természetesen 1j metddusok is szabadon definidlhatok a meglévoek segit-
ségével. Ez lehet6vé teszi a program logikai elemzését, példaul tervezési mintak
felismerését a programban, és az egyes programelemek mintdban betoltott sz-
erepének azonositasat.

A keresett metainformécio eléréséhez csupan egy lekérdezést kell megadni,
amely megadja a kivant adat tulajdonsagait és a kozottiik rejlé logikai Gssze-
fiiggéseket. A keretrendszeren beliil elérheté a metédusok torzse is OOLibrary
objektum forméjaban, amely igy a Prolog eszkozeivel atalakithaté. Tovabba a
metainformacié a bajtkédbdl lesz kinyerve, nem a forrasbdél, ami a keretrendszer
dinamikusabb felhasznaldsat teszi lehetové.

Kifejlesztettem egy aspektusorientalt keretrendszert az el6bb targyalt DMP
keretrendszer folé. Ez lehet6vé teszi, hogy a programozé a program végre-
hajtdsdnak eseményeire hivatkozzon, és igy bizonyos alprogramok (dn. javasla-
tok) meghivisat ehhez kosse. A program futdsdnak pontjait kijelolé leirdsok
(a vagdspontok) megaddsa Prolog lekérdezések formajaban torténik. A pro-
gram kédjat felderité predikatumok mellett az események térbeli és idobeli
viszonyai szinték kifejezheték. A vagaspontokat annotdciok forméjaban lehet
metédusokhoz kotni.

Megmutattam, hogy a vagaspontok Kkifejezbereje magas, két okbdl is.
Egyrészt, mivel a vagaspontok a program elemeire metavaltozok segitségével hi-
vatkozhatnak, és ezen elemek tulajdonsagai és a koztiik 1év6 kapcsolatok a DMP
keretrendszer eszkozeivel vizsgdlhatok. Mésrészt azért, mivel az események
kozotti idébeli viszonyok is kifejezhetdk.
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A metavaltozék haszndlata noveli a vagaspontok robusztussagit a program
evoliciéja tekintetében, mivel lehet6vé teszi, hogy a vagaspontokat szeman-
tikajuk segitségével irjuk le ahelyett, hogy a kddbeli szintaktikai megjelenésiikre
hivatkoznank.

Az AOP rendszerem tovabbi el6nye, hogy napjaink taldn legelterjedtebb
programozasi nyelvére épiil, nem pedig egy kutatési prototipus nyelvre. (Nem
elvitatva a prototipus nyelvek fontossagat.) Emellett az aspektusok az osztélyok
bajtkédjaba lesznek beleszéve, nem a forrasukba. Ez lehetévé teszi a betoltési
idejil szovést. A Java Debugger Interface (JDI) feliileten keresztiil futdsi szdvés
szintén lehetséges. Egy korabbi cikkemben megmutattam, hogy a futési idejl
szOvés akar javithatja is a program teljesitményét a betoltési idejiihoz képest.

Kifejlesztettem egy kontrolldlt természetes nyelvi feliiletet az AOP kere-
trendszer végaspont definicids nyelve f6lé. A kontrollalt természetes nyelvek
tokéletesen alkalmasak vagaspontok megadédséara, szamos okbdl:

e Specialis ,,szakteriiletet” képeznek. Itt a szakteriilet nem a program alka-
lmazési szakteriilete, hanem a metaprogramozas, mint olyan.

o A viagaspontoknak jol definiélt, egyszerii szerkezete van, ami két elénnyel
is jar:

— A programozét nem fogja megkotni a kontrolldlt nyelv merev sz-
erkezete.

— A nyelv viszonylag kénnyen megalkothaté. (Ez csupdn megvaldsitési
kérdés.)

e A vagaspontokat deklarativ mdédon kell megadni ahhoz, hogy azok
torékenységét elkeriiljitk. A deklardcidk (kijelentések) a természetes
nyelvek legalapvetébb kommunikécids formai.

Bar a természetes nyelvii szovegek jellemzGen bobeszédiibbek a formalis
leirdsoknal, szamos nyelvtani technikat épitettem a nyelvbe, amelyekkel a
vagaspont-definiciék — amennyire csak lehet — tomoren tarthatok. Megmutat-
tam, hogy a kontrolldlt nyelvi megfogalmazas tomdérebb, mint az azonos je-
lentésii definicidk Aspectd vagy ALPHA nyelveken.

Bar a természetes nyelvii szévegek eredendden tobbértelmiiek lehetnek, ez
(jellemzGen) nem igaz a kontrolldlt természetes nyelvekre. Az dltalam készitett
nyelvtan nem enged meg tobbértelmiiséget, igy az utalészavak hasznalatat sem.

A CNL feliiletnek egyéb elonyei is vannak, amelyek sokkal lényegesebbek a
tomorségnél. Eloszor is, a CNL vagaspont-definiciék kénnyen olvashaték vagy
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akar megfogalmazhatok olyanok szamara is, akik egyéltalan nem jartasak az
aspektusorientalt programozas terén. Mésrészt, elrejtik a végleg elrejtik Prolog
bels6é hasznélatat, ezdltal megkimélve a programozot egy masik programozasi
nyelv megtanulasatol, illetve hasznalatatol.
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