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1 PROJECT OBJECTIVES

The development of correct and efficient software for complex applications is a difficult task. This
project aims at an interactive software development environment that allows to find incorrectness
errors and inefficiency problems in programs, automatically as much as possible, and during both
the initial development phase as well as during the subsequent maintenance of the program.
Errors are detected in the proposed environment from the comparison of specifications, optional
and possibly partial, of the program, expressed in a flexible assertion language, with the results
of the program execution or an analysis of it. Debugging is thus supported both at run-time and
at compile-time, but preference should be given to the latter. The main novelty is in the use of
advanced abstract interpretation-based techniques for program analysis, and of safe approxima-
tions of the program behaviour, for debugging. This allows to manipulate a much richer set of
program properties than those traditionally used, such as type systems. Our properties include
not only types but also determinism, non-failure, bounds on the cost of execution and on the
size of data, modes, independence of data structures, safety in the data access, etc. The analysis
techniques allow to infer such properties, and then the inferred properties can be compared with
the specifications. These also allow to document the program in an automated way.

The system should be modular, in the sense of analyzing, compiling, and debugging one module
at a time, but allowing to combine the results globally into the final debugged program. This
will facilitate the scalability of the method. It is being incorporated into a practical logic-based
constraint programming system, Ciao, as part of its program precompiler. Full integration into
a single system will allow to combine debugging capabilities and other techniques, such as pro-
gram optimization, specialization, parallelization, and the like, not necessarily aimed at program
debugging.

2 LEVEL OF SUCCESS

2.1 The source language

We have designed a module system for the language so that it is amenable to modular global
analysis, program transformation, and debugging. The main difficulties with existing module sys-
tems were in the lack of a clear definition of what the module text is: compile-time expansions,
undeclared dynamic predicates, meta-predicates, calls outside the module text, etc., all are char-
acteristics that obscure the process of identifying the code that has to be analyzed. The problems
for global analysis were already identified in [1], where they are discussed in detail. The solutions
adopted in the Ciao module system [4, 5] include: having the syntax extensions, flags, etc., local
to each module; to statically define the module entry points; to use module qualification only for
disambiguating predicate names, not for changing naming context; to clearly reference the module
text that can be added to a module; to isolate as much as possible the dynamic parts of the code;
to view most “builtins” as library module predicates; to clearly distinguish between directives and
queries; to declare the exported meta-predicates of a module, etc.

In addition, the module system has made provisions for separate compilation, extensibility in
features and in syntax, enhanced error detection, support for meta-programming and higher-order,
etc. Of these, the enhanced error detection that a consistently defined module system provides is
of direct interest to the project objectives.

From the module system proposed, we have been found that the concept of a module lays the
foundation for a very nice approach to agent programming. To include this in the language, we have
first provided distributed execution capabilities. We have designed and included in the language
low level primitives for concurrency and distribution, and also high level language constructs for
this form of programming [8]. We have also evolved the module concept into a model of active
modules [6], which allows for a very high level, abstract view of distributed execution (and agent
programming). We are currently studying the extension of this scheme in two different, but
complementary, directions. On one hand, at a higher level, it can be oriented towards component-




based programming [14]. On the other hand, at a finer grain level, we are also considering dis-
tributed execution of procedure calls and of objects (and object mobility) [12].

Related to distributed execution, we have developed and implemented a granularity control sys-
tem [27] based on the same program analysis and transformation scheme of our overall approach.
This is a first step towards “resource aware” programming: the code is annotated so that it checks
if the distributed execution will pay off w.r.t. the cost of the computation that is going to be
distributed. Task granularity control started from [16], but we had problems using the approach
originally sketched there of computing complexity functions and performing program transfor-
mations at compile-time based on such functions. Taking this approach as a starting point, we
have proposed a general granularity control system model [28, 29], able to use information on
lower /upper bounds on cost of procedures, and have particularized such model to the case of logic
programming and to or/and parallelism [20].

2.2 The assertion language

The main aim in our design of an assertion language has been flexibility. Assertions may be used
in different contexts and for different purposes: run-time and compile-time checking, providing
information to a program optimizer, replacing the oracle in error diagnosis, etc. Many, if not all,
of them are related to program debugging. In addition, we also wanted to generate documentation
automatically from the program source (in the “literate programming” style suggested by Knuth)
based in part on the information present in the assertions. Assertions may express properties
which should hold (intended properties) or properties which actually hold (actual properties) for
the program. They can express properties of predicates, literals, and of program points. The
set of properties of interest themselves can be very wide. Rather than having different assertion
languages for each purpose, we have proposed the use of the same assertion language for all of
them.

Clearly, the resulting assertion language [31] includes types, but it is more general than type
systems in that it allows expressing properties which are often not expressible in customary type
systems and which are possibly undecidable. Assertions are optional, not mandatory, and they
are used in debugging by each tool as much as it can get benefits from the information conveyed.
We argue that our assertion language is a good compromise w.r.t. the clear trade-off between the
expressive power of the language of assertions and the difficulty of dealing with it.

The language proposed is parametric w.r.t. the constraint domain and the particular CLP platform
being used and thus can be used for any of them. This has made possible to parameterize the
debugging tools w.r.t. the source language, since assertions can be used for describing the language
builtins for each particular case. The design has also taken into account the possibility of describing
conditions for abstractly executing predicates [33], which is useful for program optimization (and,
to some extent, for debugging, too). It has also allowed the design and implementation of a
program documenter [21, 22] from the assertions.

2.3 The analysis component

Based on the abovementioned module system and assertion language, a modular analysis scheme
has been designed that allows the communication of predicate properties and module entry points
incrementally among the modules of the program being analyzed [34, 2]. The scheme also has
provisions for program optimization based on the information gathered. Similar provisions can be
made for program debugging, which are currently under investigation.

The analysis component has been extended from the original PLAT analyzer by incorporating to it
several new analysis domains (and frameworks). We have focused mainly in type analysis, because
of the nice advantages of types for program debugging. The first analyzer based on the regular
approximation approach of Gallagher and De Waal has been extended from the predicate level to
the level of program points, which greatly improves its benefits for automated debugging (and a
limited form of error diagnosis) [25]. Several other alternatives have been studied for improving




the precision of type analyses. The problem here is that the type domain is usually infinite (which
is unavoidable if types are to be of any use), and this prevents termination of the analysis unless
special provisions are done: this is known as the widening operation. Such operation amounts
to a loss of precision. The solution comes, in our opinion, from accurately taking track of the
structure of the program, which induces the structure of the types of the program data. We have
investigated set-based analysis, which seems promising in this line, and also other types of widening
for the more classical analysis frameworks. We have ended up with an alternative technique for
set-based type analysis [19], on one hand, and, on the other hand, with a new class of widenings
that improve the precision of those previously proposed in the literature [35].

Another (new) analysis that has been designed is safety analysis. The problem to solve here is
to identify program fragments that may threaten the safety of a system during execution (by,
e.g., accessing protected data). The difficulty for this kind of analysis is in the variable aliasing
feature of logic and constraint languages. We have devised an analysis scheme that is based on
previously existing variable sharing analyses and is parametric w.r.t. a notion of safety: it identifies
variables which can be unsafe by propagating this characteristic via the identified aliasing between
variables [3].

We have also developed an analysis of task costs. The property of cost of a computation is useful
in performance debugging and also in determining computation overheads for distributed pro-
gramming (and in task granularity control). We have completed the upper bound cost estimation
performed by the CASLOG system [17]. In order to achieve this, we have integrated the system
into ours in such a way that the required information on types, modes, and data size metrics is
automatically supplied by our analyzers, via the assertion language, thus allowing that the cost
analysis be fully automatic. We have also developed an analysis that infers lower bounds on the
cost of procedures as functions of input data size. We have implemented this cost analysis and
integrated it in our system [24, 23]. The main problem with the inference of lower bounds on
the computational cost of logic programs is the possibility of failure. Any attempt to infer lower
bounds has to contend with the possibility that a goal may fail during head unification, yielding a
trivial lower bound of 0. For this reason, we have had to develop a non-failure analysis able to infer
which calls and procedures will not fail, as precisely as possible. We have performed experiments
that show that the analysis is accurate (more accurate than the existing ones) and efficient.

The non-failure analysis is based on detecting, for each program predicate, a subset of its clauses
which define a test on the predicate arguments that covers the input type of the calls to the
predicate. We have devised correct and complete algorithms for determining precise coverings
which are efficient in practice. Several analysis algorithms have been studied for the propagation
of the covering information based on fixpoint computations over the program call graph. Covering
information can also be used to define and detect determinism of procedure calls. We have
adapted the algorithms to obtain an analysis of determinism that we have also incorporated to
the system [25].

2.4 The debugging component

Assertions should be checked as much as possible at compile-time via static analysis. The infer-
ence system should be able to make conservative approximations in the cases in which precise
information cannot be inferred (and some assertions may remain unproven). We have devised an
assertion checking framework for program debugging along these guidelines [30, 32] that includes
both static compile-time checking and dynamic run-time checking. Assertions are compared with
analysis results, the assertions that cannot be completely proven nor disproven are simplified (since
some of the properties stated could have been proven or disproven, nevertheless) and the program
is annotated to check them at run-time. The basic problem here is to handle the properties the
assertions talk about: how to define them and how to check them statically and dynamically. Since
we aim at an assertion language as generic as possible, and given that our underlying language is
a (constraint) logic language, it seems a good compromise to allow to define the properties using
the full underlying language. As a result, the properties defined may not be statically decidable.




On the other hand, since they are in fact programs, they can be executed (following the view of
logic programs in as “executable specifications”). However, to guarantee that they are dynami-
cally decidable some basic restrictions are imposed on the kind of logic programs that can act as
properties for run-time checking. Additionally, the programs defining properties can also be ana-
lyzed in order to have a safe approximation of the property: although this cannot lead to proving
the property, it can allow to disprove it (by proving that its approximation does not hold).
Given the overall modular approach to debugging, the framework needs be incremental, since
modules are handle one at a time, and information is communicated among the processing of each
of them. This scheme requires incremental updates of the information for each module whenever
the module code, its specification, and/or the information on other modules change. We have
started by extending the analysis component to include the possibility of performing incremental
analysis [26]. The results have shown that incremental analysis may pay off in terms of efficiency
even in the cases where incrementality is not really required. We have also started to study the
coupling of incrementality and modularity [34]. There are several possibilities: both the analysis
of a module and the modular scheme that merges globally the results for each module can be done
incrementally. This gives us a four point space of possible frameworks. We are currently studying
the possible advantages and disadvantages of each of them for the purpose of debugging.

An important dimension of interactive debugging is visualization of the program execution. Al-
though it was not included in the original plans of the project, we have also been studying visu-
alization abstractions and algorithms [13, 11], as part of the overall debugging framework. We
have defined and implemented several visualization tools for logic and constraint logic program
execution [10, 9], which are oriented towards both correctness and efficiency debugging, i.e., to
help the programmer in understanding both the program results and its performance.

3 RESULTS

3.1 Personnel

The project has favoured the research activity of at least five members of the group. We have
incorporated two new members that are active in the project, both post-graduate students, and
several under-graduate students. The project has also resulted in the development of three thesis,
two of them already defended [27, 7] and a third one in preparation.

3.2 Publications

We have published 8 conference papers, 3 journal papers, 4 papers in journal special issues, several
chapters of a book, and a number of workshop contributions, as well as technical reports, related
to the project. A full list of related publications is in the appendix to this document, which serves
also as a reference section to the text in this report.

We can also point out two invited talks related to the project: one in the International Conference
on Logic Programming, ICLP’99, Las Cruces, New Mexico, (November, 1999), and another one
in the International Conference on Computational Logic, CL2000, London (July, 2000), in which
the project objectives and advances were presented. Two other invited talks are also scheduled
in the near future: one in the 8th International Conference on Logic for Programming, Artifi-
cial Intelligence, and Reasoning, LPAR’01, in Havana, and another one in the 10th Portuguese
Conference on Artificial Intelligence, Porto, both in December, 2001. The organization of two
workshops [18, 15] has also helped the widespreading of the project results.

3.3 Collaborations

The work carried out in the scope of the project has given rise to opportunities for collaborations
with researchers and research groups at University of Melbourne (Australia), University of Bristol
(U.K.), and Universidad Nacional del Comahue (Argentina).
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