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Foreword
Alan Robinson

This set of essays pays tribute to Bob Kowalski on his 60th birthday, an anniversary
which gives his friends and colleagues an excuse to celebrate his career as an original
thinker, a charismatic communicator, and a forceful intellectual leader. The logic
programming community hereby and herein conveys its respect and thanks to him for
his pivotal role in creating and fostering the conceptual paradigm which is its raison
d'étre.

The diversity of interests covered here reflects the variety of Bob's concerns. Read
on. It is an intellectual feast. Before you begin, permit me to send him a brief
personal, but public, message: Bob, how right you were, and how wrong I was.

I should explain. When Bob arrived in Edinburgh in 1967 resolution was as yet fairly
new, having taken several years to become at all widely known. Research groups to
investigate various aspects of resolution sprang up at several institutions, the one
organized by Bernard Meltzer at Edinburgh University being among the first. For the
half-dozen years that Bob was a leading member of Bernard's group, I was a frequent
visitor to it, and I saw a lot of him. We had many discussions about logic,
computation, and language. By 1970, the group had zeroed in on three ideas which
were soon to help make logic programming possible: the specialized inference rule of
linear resolution using a selection function, together with the plan of restricting it to
Horn clauses ("LUSH resolution"); the adoption of an operational semantics for Horn
clauses; and a marvellously fast implementation technique for linear resolution,
based on structure-sharing of syntactic expressions. Bob believed that this work now
made it possible to use the predicate calculus as a programming language. [ was
sceptical. My focus was still on the original motivation for resolution, to build better
theorem provers.

I worried that Bob had been sidetracked by an enticing illusion. In particular because
of my intellectual investment in the classical semantics of predicate logic I was quite
put off by the proposed operational semantics for Horn clauses. This seemed to me
nothing but an adoption of MIT's notorious "Planner" ideology of computational
inference. I did try, briefly, to persuade Bob to see things my way, but there was no
stopping him. Thank goodness I could not change his mind, for I soon had to change
mine.

In 1971, Bob and Alain Colmerauer first got together. They pooled their thinking.
The rest is history. The idea of using predicate logic as a programming language then
really boomed, propelled by the rush of creative energy generated by the ensuing
Marseilles-Edinburgh synergy. The merger of Bob's and Alain's independent insights
launched a new era. Bob's dream came true, confirmed by the spectacular practical
success of Alain's Prolog. My own doubts were swept away. In the thirty years since
then, logic programming has developed into a jewel of computer science, known all
over the world.

Happy 60th birthday, Bob, from all of us.



Preface

Bob Kowalski together with Alain Colmerauer opened up the new field of Logic
Programming back in the early 1970s. Since then the field has expanded in various
directions and has contributed to the development of many other areas in Computer
Science. Logic Programming has helped to place logic firmly as an integral part of the
foundations of Computing and Artificial Intelligence. In particular, over the last two
decades a new discipline has emerged under the name of Computational Logic which
aims to promote logic as a unifying basis for problem solving. This broad role of logic
was at the heart of Bob Kowalski’s work from the very beginning as expounded in his
seminal book “Logic for Problem Solving.” He has been instrumental both in shaping
this broader scientific field and in setting up the Computational Logic community.

This volume commemorates the 60" birthday of Bob Kowalski as one of the founders
of and contributors to Computational Logic. It aspires to provide a landmark of the
main developments in the field and to chart out its possible future directions. The
authors were encouraged to provide a critical view of the main developments of the
field together with an outlook on the important emerging problems and the possible
contribution of Computational Logic to the future development of its related areas.

The articles in this volume span the whole field of Computational Logic seen from the
point of view of Logic Programming. They range from papers addressing problems
concerning the development of programming languages in logic and the application
of Computational Logic to real-life problems, to philosophical studies of the field at
the other end of the spectrum. Articles cover the contribution of CL to Databases and
Artificial Intelligence with particular interest in Automated Reasoning, Reasoning
about Actions and Change, Natural Language, and Learning.

It has been a great pleasure to help to put this volume together. We were delighted
(but not surprised) to find that everyone we asked to contribute responded positively
and with great enthusiasm, expressing their desire to honour Bob Kowalski. This
enthusiasm remained throughout the long process of reviewing (in some cases a third
reviewing process was necessary) that the invited papers had to go through in order
for the decision to be made, whether they could be accepted for the volume. We thank
all the authors very much for their patience and we hope that we have done justice to
their efforts. We also thank all the reviewers, many of whom were authors
themselves, who exhibited the same kind of zeal towards the making of this book. A
special thanks goes out to Bob himself for his tolerance with our continuous stream of
questions and for his own contribution to the book — his personal statement on the
future of Logic Programming.

Bob has had a major impact on our lives, as he has had on many others. I, Fariba, first
met Bob when I visited Imperial College for an interview as a PhD applicant. I had
not even applied for logic programming, but, somehow, I ended up being interviewed
by Bob. In that very first meeting his enormous enthusiasm and energy for his subject
was fully evident, and soon afterwards I found myself registered to do a PhD in logic
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programming under his supervision. Since then, throughout all the years, Bob has
been a constant source of inspiration, guidance, friendship, and humour. For me,
Antonis, Bob did not supervise my PhD as this was not in Computer Science. I met
Bob well after my PhD and I became a student again. I was extremely fortunate to
have Bob as a new teacher at this stage. I already had some background in research
and thus I was better equipped to learn from his wonderful and quite unique way of
thought and scientific endeavour. I was also very fortunate to find in Bob a new good
friend.

Finally, on a more personal note the first editor wishes to thank Kim for her patient
understanding and support with all the rest of life’s necessities thus allowing him the
selfish pleasure of concentrating on research and other academic matters such as
putting this book together.

Antonis Kakas and Fariba Sadri
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A Portrait of a Scientist as a
Computational Logician

Maurice Bruynooghe!, Luis Moniz Pereira?, Jorg H. Siekmann?, and
Maarten van Emden?
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Belgium
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Universidade Nova de Lisboa,
Portugal
3 Saarland University,
German Research Center for Artificial Intelligence (DFKI),
Saarbruecken,
Germany
4 Department of Computer Science,
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Throughout his prolific scientific career, Robert (Bob) Kowalski was motivated
by his desire to reshape logic from an abstract mathematical discipline into a
working tool for problem solving. This led him towards a wide exploration of
logic in computer science, artificial intelligence, cognitive science, and law.

His scientific achievements in these pursuits have become landmarks. To this
we should add the enthusiasm and leadership with which he has enrolled into
this venture an entire community extending over two generations of researchers.

Below we detail by topic some of his accomplishments.

1 Automated Theorem Proving

Bob’s early work was part of the enormous enthusiasm generated by Robinson’s
discovery of the resolution principle. Bob started off with important technical
contributions, with Hayes on semantic trees and with Kuehner on SL resolution.
The pinnacle of this line of research is Bob’s Connection Graph proof procedure.

Already before the Connection Graph proof procedure, Bob was concerned
with the redundancy of unrestricted resolution. He collaborated with workers
in operations research applying search techniques to guide resolution theorem-
provers.

2 Logic for Problem Solving

A formative episode in Bob’s development was the backlash against resolution
theorem-proving. Green had shown how goals of plans could be elegantly formu-

A.C. Kakas, F. Sadri (Eds.): Computat. Logic (Kowalski Festschrift), LNAI 2407, pp. 1-] 2002.
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lated in logic and that the plans themselves could be read off from the proofs
that showed the goals were achievable. On the one hand there was the complete-
ness of resolution that suggested this might be feasible. On the other hand there
was the painful fact that no existing resolution theorem-prover could implement
this research program. An implicit revolt was brewing at MIT with, for example,
the development of Hewitt’s PLANNER.

Resolution theorem-proving was demoted from a hot topic to a relic of the
misguided past. Bob doggedly stuck to his faith in the potential of resolution
theorem proving. He carefully studied PLANNER. He worked with Colmerauer
on the representation of grammars in logic, discovering the importance of Horn
clauses. In this way it was discovered how proofs could be parses, vindicating
part of Green’s grand vision according to which proofs could be executions of
plans that achieve goals formulated in logic. Thus Logic for Problem Solving was
born.

3 Logic Programming

Logic for problem-solving, specifically how to represent grammars in logic and
how to parse by resolution proofs, influenced the conception of Prolog by Colmer-
auer and Roussel. Conversely, Prolog influenced logic for problem-solving so that
it spawned a well-defined subset that we now know as logic programming.

The birth of the logic programming paradigm had a great impact. Its ele-
gance, simplicity and generality offered a new perspective on many areas in com-
puter science and artificial intelligence. It resulted in several novel programming
languages, led to the development of deductive databases, was the foundation for
the influential constraint logic programming paradigm, inspired much innovating
work in natural language processing, had great influence on developments within
knowledge representation, and was the basis for inductive logic programming, a
recent offspring from machine learning.

Bob’s influential dictum ”Algorithm = Logic + Control® provided funda-
mental direction for increasing clarity and scope in the description of algorithms
and design of new control mechanisms for logic programming languages, namely
through meta-programming. His subsequent research revealed the potential of
the logic programming paradigm in many areas.

4 Logic across the Children’s Curriculum

Bob’s research program, born in the dark days around 1971, was vindicated in
the programming language area when a prominent member of the MIT Al group
said, much later, ”Prolog is PLANNER done right”. But the research program
is more radical: logic is not just a good model for programming languages, but
also for the way humans think by nature. To test this wider concept, a project
was started at a school in London for a class of children who were about 13
years old. A key ingredient was Micro-Prolog, a version of Prolog that ran on
micro-computers (as PCs were then called). This system, at the time a revelation,
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was developed in Bob’s group by McCabe and Clark. Another key ingredient was
Ennals, a school teacher, who was trained by Bob in logic programming. Together
they developed a curriculum, which was taught on a regular basis for a year by
Ennals, with the children writing and running Prolog programs on computers
at the school. It showed that with English-like syntax, Horn clauses can be
used by children to support their curriculum material in English, mathematics,
geography, and history.

5 Logic and Data Bases

Influenced by the pioneering work of Minker, Gallaire, Nicolas and others on the
logical analysis and inference techniques for data bases, Bob provided central
insight, as well as numerous technical contributions, for this emerging field, that
eventually led to the amalgamation of classical data base theory with knowledge
representation formalisms in artificial intelligence, logic, and semantic networks.
Together with colleagues, Sadri, Sripada and others, he has established signifi-
cant landmark contributions in various problems such as the frame problem in
logic data bases, data base integrity and temporal databases.

6 Logic Programming and the Law

Is mathematical reasoning just typical for proofs of mathematical theorems or
can the inspiring vision of Leibniz, that two philosophers in dispute may settle
their differences by coding their arguments into an appropriate calculus and then
calculate the truth: "CALCULEMUS” be turned into reality?

Bob, in a team effort with Sadri, Sergot and others, showed that the British
Nationality Act as well as other highly formalized legislation can be coded into
an enchanced logic programming language — and then computed! This insight
spawned an interdisciplinary field, logic and law.

7 The Event Calculus

In 1986, at a time when the program of implementing temporal reasoning using
Situation Calculus in classical and nonmonotonic logics continued to struggle
with conceptual and computational problems, Bob delivered a seminal contri-
bution to the use of logic-based temporal reasoning. In an attempt to overcome
the shortcomings of situation calculus, he and Marek Sergot introduced a new
ontological concept, the event which is an occurrence of an action bound at a
specific time point and location. They developed a theory based on this concept,
called Event Calculus and implemented it in logic programming. This work was
very influential and created quite a debate between supporters of the two ap-
proaches. Ironically, about ten years later, different researchers including Bob
himself showed a close relationship between the event and situation calculi. The
work on event calculus is still influential and is applied in the context of Al-
applications such as robot control.
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8 Common-Sense Reasoning

The naive use of negation in PLANNER and early logic programming was soon
replaced by the much deeper insight into the distinction between classical nega-
tion and what became known as "negation as failure“.

Similarly, the early confusion in expert systems between deduction and ab-
duction led to a more thorough investigation and Bob’s collaboration with Es-
hghi, Kakas, Toni and Fung spawned several papers on this issue. Amongst
other things these papers compare abduction with negation as failure and have
opened the new area of Abductive Logic Programming. Related to this is also
Bob’s work, with Dung, Toni and others, on argumentation for formalising non-
monotonic reasoning.

9 Logic Modeling of Agents

The recent world-wide interest in agents and their applications was met by Bob
with a challenge to the Logic Programming community to hone their tools to
the issues raised. He led the way himself, publishing with Sadri, on the balanced
combination of deliberation and reaction, integrated into an original IFF agent
cycle framework, in which the agent at turns reacts and reasons with limited
resources. His work paved the road for the involvement of the logic programming
community in the flurry of activity we have today concerning computational logic
agents and societies of agents.

10 Conclusion

Bob’s inspiring leadership and expertise was widely appreciated and sought after
the whole world over. His bold initiative to organise a first Logic Programming
workshop in May 1976 laid the foundation for an enthusiastic community of logic
programmers. His advisory role in projects such as the Japanese Fifth Generation
Computing Systems and in organisations such as DFKI, the German National
Research Center for A.I. was deep and very influential. As coordinator of the
ESPRIT Basic Research Action in Computational Logic, as participant to its
successor, Compulog2, and as founding chairman of the ESPRIT network of Ex-
cellence in Computational Logic (CompulogNet), he had an enormous impact on
the European logic programming research community. His leadership and drive
for quality was an example for many young researchers. Distinctions and prizes
from many countries pay tribute to his role: MIT Distinguished Lecture, Hon-
orary Distinguished Alumnus of Phi Kappa Phi at the University of Bridgeport,
the “Docente a titulo individuale” from Bologna, the fellowships of AAAI, City
and Guilds of London Institute, DFKI, ECCAI, and ACM.

As this volume illustrates, Bob’s work has established logic as a tool for
problem solving and has a lasting influence in many areas of computer science.



Bob Kowalski: A Portrait

Marek Sergot

Department of Computing
Imperial College of Science, Technology and Medicine
London SW7 2BZ

Introduction

The hardest part about writing an introductory piece for a celebratory volume
such as this is finding the right opening. It has to hit the right tone straight
away—affectionate, respectful, but not too sweet and cloying. I had tried and
discarded half a dozen attempts when, more in desperation than in any real hope,
I turned to technology and typed ‘Bob Kowalski’ into a WWW search engine. 1
am not sure what I expected to find. Some previously unpublished tidbit perhaps
on which I could build an insightful and original opening. The search yielded
a great many results. On page 12 I came across an entry from the newsletter
of the Tulsa Thunder, a girls’ football (‘soccer’) team in the US. According to
one person quoted there: “Bob Kowalski was one of the first influential coaches
I had. He was an all-round good guy.” I was about to discard this interesting
observation (it is a different Bob Kowalski) when it occurred to me that in fact
this quotation would serve perfectly as an opening for this piece. I had wanted to
begin with remarks about Bob’s inspirational influences and what a good guy he
is, but could not decide which should come first. Bob has certainly been one of
the most influential coaches I ever had, and as the rest of this volume testifies,
an inspirational influence on many, many others too. He is an influential and
inspirational coach, and he is an all-round good guy.

The ‘all-round good guy’ part was particularly tricky to introduce. How does
one bring this up? For now I will just state it as an assertion, and leave the
reasons to emerge in the course of the article.

The editors encouraged me to give this introduction a personal tone, and so at
this point I display my credentials. Among the many important and long-lasting
contributions Bob Kowalski has made to the development of Computer Science, a
lesser known one is that he is the main reason I decided to stick with Computer
Science myself. In the Spring of 1975 I was halfway through an MSc course
in Computer Science at Imperial College. I was disillusioned and disappointed
and bored. I could not believe there was so little in it. It was like plumbing, but
without the intellectual challenge. I turned up for a research seminar by Bob who
had just moved to the Department of Computing (or Computing and Control
as it was then called) from Edinburgh. Like many others before me and since, I
was inspired—inspired by the prospects of new and exotic applications, a little,
but more by the enthusiasm and energy of the speaker, and most of all, by the

A.C. Kakas, F. Sadri (Eds.): Computat. Logic (Kowalski Festschrift), LNAI 2407, pp. 5251 2002.
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elegance of the logic programming story that he unfolded before us. There was
something in computing after all.

Since then I have had the fortune to work closely with Bob, briefly in the
summer of 1975, and then more or less continuously since 1979, in close collab-
orations throughout the 1980s and early 1990s, and then more at a distance as
our interests diverged.

The account of Bob’s life and work given here is based on my memory of
Bob’s musings and recollections in casual conversations over the years. Many of
our colleagues would recognise these recollections, I am sure. I tried to fill the
gaps by conducting subtle interrogations of Bob on the last few occasions I have
had the opportunity to chat with him. These interrogations were so subtle that
he did not notice and they failed to yield anything at all. By luck, just as this
volume was going to press, Bob distributed to a few of us a short autobiographical
piece he had written in response to some request or other he had received from
a student. I was thereby able to confirm the facts as I had remembered them.
I have also taken the liberty of lifting three small quotations from Bob’s own
version, where I had remembered the gist of what he had said, but where his
own words have a particular interest.

I should say that Bob has not had the chance of reviewing this manuscript
before it went to press. There may be mistakes in points of detail. Moreover, the
opinions expressed are mine, and not necessarily the same as Bob’s.

Some Biographical Details

Robert Anthony Kowalski was born on 15 May 1941 in Bridgeport, Connecticut.
He has two younger brothers, Bill and Dan. His father was the son of Polish im-
migrants to the US; his mother, if I recall correctly, came to the US from Poland
as a young girl. Although his parents would speak Polish occasionally at home,
the boys did not. Bob attended a Catholic primary school attached to the Pol-
ish parish and then—much more significantly—a Jesuit High School. This had a
lasting influence, clearly, since Bob mentions it often. I was most impressed when
I discovered it, because I was educated by another brand of Catholic brother-
hood, not nearly so famous, and the products of a Jesuit education have always
held a certain cachet for me. Jesuit schools got prominent mentions in our His-
tory books. When I think of Jesuit schools in the USA in the 1950s and 1960s I
immediately get a mental image of something like the jet fighter-pilot training
school in the film Top Gun but with intellectual missiles instead of heat-seeking
ones. By coincidence, there was another American Jesuit-educated Professor in
the Department of Computing at Imperial College, and so I had an opportunity
to try to detect the common features. The results were inconclusive.

Bob says that he was not an academically outstanding pupil at High School,
until he discovered, or had discovered in him, an aptitude for Latin, in which
he represented the school in contests in New England. I have some difficulty
in imagining what a Latin contest in New England must be like, but the im-
portant thing is that it awakened Bob’s academic ambitions, and encouraged
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him to undertake independent reading, especially in areas of Philosophy and the
Philosophy of Science which have remained a lifelong interest.

Bob began undergraduate studies in 1958 at the University of Chicago. He
enjoyed the academic and intellectual environment. His courses included intro-
ductions to mathematical logic. However, other components of the courses were
much more tedious and this, together with aspects of the social life, led him to
abandon his studies at the University of Chicago early in his second year, in
November 1959.

He resumed his undergraduate studies the following academic year, this time
in his home town at the University of Bridgeport. He majored in Mathematics.
In 1963 he won Woodrow Wilson and National Science Foundation Fellowships
for graduate study and was admitted to the PhD programme (in Mathematics)
at Stanford University. Jon Barwise was a classmate and a friend. The academic
year 1964-1965 was spent on an exchange programme at the Mathematics In-
stitute of the Polish Academy of Sciences and the University of Warsaw, noted
for its work in Mathematical Logic. Besides studies of logic, and meeting and
visiting his Polish relatives, in that year Bob learned Polish, he met and married
his wife, Danusia, a student in the Mathematics Department at the University,
and he discovered that the world was not as he had been led to believe it was.

One of the first conversations I remember having with Bob was of his ex-
periences of that year in Poland. A childhood in the US in the 1950s and an
education with the Jesuits had painted a clear picture of what life in Poland
would be like. He expected that there would be very severe restrictions on per-
sonal and other freedoms. What he found was quite different, and in particular
that the people seemed to have much more freedom than he had been told to
expect. The discrepancy was so great that he felt he had been badly let down
and misled—*cheated’ was the word he often uses when speaking of it.

On his return to Stanford with Danusia for the academic year 1965 he found
it increasingly difficult to focus on studies of mathematics. The war in Vietnam
was escalating, and he became active in the protest movement. I knew that he
had participated in marches and demonstrations, and he had told me that his
specialty had been in generating new ideas for protests. It was only when I read
his autobiographical piece as this volume was going to press that I discovered he
also participated actively in some of his own schemes. I discovered, for example,
that he devised and with a childhood friend from Bridgeport took part in a
‘bombing’ campaign to drop leaflets from airplanes. The first sortie nearly ended
in disaster. The last mission also stands out. In Bob’s own words:

Our main goal was to ‘bomb’ the Rose Bowl football game in Los An-
geles. Ray and I worked out an elaborate scheme to change the registra-
tion number on the side of the plane, ripping the false numbers off in
mid-flight, to minimise the chance of getting caught when we made our
getaway. Unfortunately, when we landed in the Mojave Desert to change
the number, the plane burst a tire, and we were too late to get to the
Rose Bowl in time for the game. We bombed Disneyland instead.
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Bob decided to leave Stanford in the middle of the academic year in 1966,
which gave him a Master’s degree. Having looked for work, mostly outside the
US, he eventually took a position for a year as Assistant Professor and Acting
Head of the Mathematics Department at the Inter-American University in San
Juan, Puerto Rico. His first daughter, Dania, was born in Puerto Rico during
that year.

In 1967 he accepted an IBM Research Fellowship to undertake PhD studies
in the Meta-mathematics Unit directed by Bernard Meltzer at the University of
Edinburgh. The research topic was the mechanisation of mathematical proofs.
Bob was not particularly enthusiastic about the topic, and even less enthusias-
tic about Computer Science, but was determined to finish his PhD quickly. Of
course we now know that he could not have arrived in a new place at a better or
more exciting time. Edinburgh was a world-renowned centre of research in Ar-
tificial Intelligence and attracted visiting researchers from all over the world. A
major influence was that of Alan Robinson, the inventor of resolution, who was
spending a year’s sabbatical in Edinburgh. Bob wrote his first research pape
on some ideas of Robinson’s on semantic trees jointly with another new PhD
student, Pat Hayes, now a prominent figure in the field of Artificial Intelligence
himself of course.

Bob finished his PhD, on studies in the completeness and efficiency of res-
olution theorem-proving, in just over two years, and then stayed at Edinburgh
on a postdoctoral Fellowship. His two other daughters, Tania and Janina, were
born in Edinburgh.

The history of the origins of logic programming have been documented by
the main participants elsewhered and I make no attempt to reproduce them here.
Bob had been working on the SL form of resolutiorg with Donald Kuehner, a
former teacher from the University of Bridgeport whom Bob had persuaded to
come to Edinburgh to do his PhD. It was becoming clear that the goal-directed
nature of SL-resolution provided a procedural as well as a declarative reading for
logic clauses, so giving the basis for a new kind of programming language, and a
way of reconciling the debates about procedural and declarative representations
that were starting to dominate AI research. In the summer of 1971, and then
again in 1972, Bob was invited by Alain Colmerauer to visit him in Marseilles
to work on the application of SL-resolution to Colmerauer’s work on natural
language understanding and question answering. These collaborations focussed
initially on the applications of clausal logic and SL resolution to grammars and

! Kowalski, R.A., Hayes, P.J. Semantic trees in automatic theorem-proving. In Ma-
chine Intelligence 4 (B. Meltzer, D. Michie, eds), Edinburgh University Press, 1969,
pp181-201. Reprinted in Anthology of Automated Theorem-Proving Papers, Vol. 2,
Springer-Verlag, 1983, pp217-232.

2 See e.g. Kowalski, R.A. The Early Years of Logic Programming. CACM 31(1):38-43
(1988).

3 Kowalski, R.A., Kuehner, D. Linear resolution with selection function. Artificial In-
telligence 2:227-260 (1971). Reprinted in Anthology of Automated Theorem-Proving
Papers, Vol. 2, Springer-Verlag, 1983, pp542-577.
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to parsing, but from them emerged many of the principles for the use of logic as
a progamming language, and led Colmerauer to the design and implementation
of the logic programming language Prolog in 1972.

The next few years at Edinburgh were spent developing the new logic pro-
gramming paradigm and laying down its foundations. Edinburgh provided the
perfect environment. There were enthusiastic colleagues, notably Maarten van
Emden, with whom he developed the fixpoint semanticd] and ideas for appli-
cations, and David Warren, Bob’s first doctoral student, who designed and im-
plemented the ‘Edinburgh Prolog’ compiler. Bob’s hugely influential “Predicate
Logic as Programming Language” was published in 19748, There were also vis-
iting researchers from institutions around Europe—Maurice Bruynooghe, Keith
Clark, Luis Pereira, Peter Szeredi, Sten Ake Tarnlund, among others—with
whom Bob formed lasting collaborations and friendships. He travelled exten-
sively, mostly in Europe, spreading the ideas. He completed a long technical
manuscript, later to become the core of his book Logic for Problem Solm’ng@.
He also continued to work in automated theorem proving. His connection graph
proof procedure was developed during that period.

In January 1975 Bob left Edinburgh to take up a Readershilﬁ in the De-
partment of Computing and Control at Imperial College, London (now the De-
partment of Computing). The second half of the 1970’s was spent finishing his
book, producing other milestone papers, such as his famous Algorithm = Logic
+ C’ontmﬁ, and building up activity in logic programming at Imperial College.
Keith Clark, who had been a visitor at Imperial College when I was first there in
1975, had moved from Queen Mary College in London to a permanent position
at Imperial by the time I returned in 1979. Chris Hogger had completed his
PhD and although still a member of another Department would shortly join the
Department of Computing. A number of other colleagues in the Department had
been enticed to work in logic programming. The first Logic Programming Work-
shop, which eventually evolved into the ICLP series of International Conferences
on Logic Programming, was held at Imperial College in 1976. I attended that
workshop myself, though what I mainly remember about it was the workshop
party that was held at Bob and Danusia’s home in Wimbledon one evening, and
the rolling tobacco that I was induced to try by Danusia’s father. All this talk of
logic programming made my head spin (though it might have been the tobacco).
I didn’t even smoke cigarettes. Natural politeness made me accept.

By 1979, the Logic Programming Group at Imperial College consisted of Bob,
Keith Clark, Chris Hogger, two or three other members of staff who were starting
to work in the area, and six PhD students and research assistants, of which I

4 van Emden, M., Kowalski, R.A. The semantics of predicate logic as a programming
language. JACM 23(4):733-742 (1976).

5 Proceedings of the IFIP Congress, Stockholm, North Holland, 1974, pp569-574.

5 North Holland Elsevier, 1979.

" A Readership in the UK is a senior academic position, somewhat below the rank of
(Full) Professor, and traditionally with an emphasis on research rather than teaching.

8 CACM 22(7):424-436 (1979).
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was one. Logic programming, in various guises, was part of the curriculum of the
undergraduate and MSc courses. There was also an active group in functional
programming with whom we had close contacts and regular joint seminars. There
was a constant stream of visitors and speakers. My memory of Bob and Danusia’s
home in Wimbledon will be that there always seemed to be someone staying
there—a brother from the USA, a relative from Poland, a former colleague from
Edinburgh, a logic programmer passing through. It was not always easy to tell
the difference, except that the brother from the USA and the relative from
Poland would usually be sanding down floors or painting the kitchen door. Bob
was appointed Professor of Computational Logic at Imperial College in 1982.

I realise that I am starting now to conflate Bob’s biography with the fortunes
of the Logic Programming Group at Imperial College, but for much of the 1980s
and 1990s the two are so inextricably linked that it is impossible to disentangle
them.

The 1980s saw a massive expansion of the Logic Programming Group, and
of Bob’s personal standing and celebrity in Computer Science. The group was
already growing with the acquisition of a number of new projects and grants
when in 1981 came the announcement by MITI in Japan of the Fifth Genera-
tion Computer Project. The project aimed to leapfrog a generation of computer
system development in 10 years, to a position of dominance over IBM, and to a
new era of advanced knowledge processing applications. Logic programming—to
widespread surprise—was identified as the core technology. Various governments,
including the UK, were invited to participate. Since we at Imperial College were
at that time the largest and most active centre of research in logic programming,
we expected that we would be playing a substantial role in the Fifth Generation
Project, especially if the UK government decided to accept the invitation to
participate.

Bob, who was already a very well-known figure in computer science, became
something of a celebrity. At the ICLP conference in Marseilles in 1982 I was
chatting to him over breakfast when suddenly a camera was thrust between us
and he was asked to pose for photographs. He was photographed at lunchtime,
and in the afternoon breaks when we all walked down to swim in the sea, his
head was photographed again as it bobbed up and down in the Mediterranean
swell.

I hesitate to dwell too long on the Fifth Generation Project and the associ-
ated politics of the UK’s response since much of the account would be second
hand. However, these matters dominated the 1980s in one way or another, and
accounted for much of Bob’s time and energy for nearly a decade. Bob had been
working very hard at putting a case to the Science Research Council for what
it called a Specially Promoted Programme (SPP) in logic programming. The
argument was not just that logic programming was the enabling technology for
new Al and ‘knowledge processing’ applications, but that it provided a unifying
foundation for developments in Al, in programming languages, in formal meth-
ods for software engineering, and in parallel computing. The case for the SPP
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went through several iterations but was eventually swallowed up in the UK’s
general response to the Fifth Generation Project.

Not everyone in the UK was as enthusiastic about the role of logic program-
ming as the Japanese. The UK government’s reaction to the Fifth Generation
Project was to set up a committee, chaired by John Alvey, to recommend the
best course of action. That committee was advised by another layer of com-
mittees drawn from academia and industry. Naturally, most of these advisers
saw it as an opportunity to push the importance of their own area of comput-
ing. One could hardly have expected anything else. The result was the kind of
global behaviour that often emerges from interactions of agents who are seek-
ing to maximize their own local goals. ‘Fifth Generation’ meant different things
to different people. Nearly everyone seemed to have an opinion about what it
meant, what key problems it faced, and the best way to address them. Very few
seemed actually to have read the published Fifth Generation Project proposals,
and indeed regarded them as irrelevant. In his short autobiographical piece, Bob
summarises the outcome in these words: “In the end, by the time the Alvey
Committee produced its recommendations, virtually every area of Computing
and related Electronics was singled out for special promotion.”

The UK declined the Japanese invitation to participate in the Fifth Gener-
ation Project and set up the Alvey Programme instead. As Bob puts it: “after
much more argumentation and discussion, logic programming was identified,
along with all the other areas, as worthy of special promotion.”

And so, along with many other groups in computing and information tech-
nology in the UK, the Logic Programming Group at Imperial College received a
large injection of funding under the Alvey Programme—sometimes at the price
of forced collaborations that we would not have chosen ourselves—and under the
ESPRIT programme of research from the European Commission that followed
shortly after. In the mid-1980s the Logic Programming Group had grown to
about 50 persons including faculty members, research assistants, PhD students,
and support staff. Bob calculates there were 13 separate three-year research
grants running at one time, which is my estimate too.

At the time I did not think so much about it, but looking back I stand in
awe at the administrative effort that all this required. At the same time, there
were new MSc courses being set up in the Department. There were committees,
national and international. There were constant demands on Bob’s time for
invited talks, offers of collaborations, serious and otherwise, letters and articles to
respond to (serious and otherwise). There were interviews for newspaper articles.
Once, standing in for Bob when he was away, I was interviewed for an article on
logic programming and the Fifth Generation for Vogue magazine. I declined to
unbutton my shirt for the photograph but pouted in the required manner. The
industrialist Clive Sinclair was a regular visitor—a version of Frank McCabe’s
microProlog was eventually released for the Sinclair Spectrum.

There were also difficulties to contend with at the Departmental level. The
expansion of the Logic Programming Group, and of some of the other groups in
the Department under Alvey and ESPRIT, were causing resentment and some
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tension. It was perhaps most acute for the Logic Programming Group because we
were receiving offers and opportunities to establish ourselves as an independent
entity within the Department, and this was not universally regarded as a healthy
development. These matters intruded greatly on Bob’s time and energy and
caused him much personal stress.

I look through Bob’s CV and I am astonished that he found time for any
research at all during this period. Yet we had regular technical meetings of var-
ious sub-groups one or two times a week. Bob participated actively in projects
developing computational logic as a language for school children, on represent-
ing laws and regulations, on applications in temporal reasoning, on meta-level
reasoning, on abduction, on integrity constraints in databases. How he managed
to fit all this in with his other commitments remains a mystery to me (though
that will not stop me speculating on it later in this article).

Funding agencies, perhaps only in Europe, like to refer to something called
‘critical mass’. Much is made of this, and of its importance when building re-
search activity. Whole research strategies and funding programmes are designed
with the goal of creating it. I am not sure where the concept came from, but
if it does really exist, I think it must be much, much smaller than is generally
assumed. In the case of the Logic Programming Group at Imperial we attained
critical mass very quickly. Fission followed shortly after. First we lost contact
with the functional programming group—no more time for joint seminars, no
more time for conversations in the common room or in corridors. Then the Logic
Programming Group divided (harmoniously) into two parts: the Parlog group,
working on concurrent Prologs, and the rest, working on everything else. Then
the second group split again, this time along no obvious technical boundaries.

In the 1990s, the size of the Logic Programming Group began to dwindle
as members of the group moved away to take up positions elsewhere and logic
programming became less fashionable. We still had a very sizeable presence in
the Department, though it is difficult to count exactly because the boundaries
had become very blurred. Notable acquisitions included Dov Gabbay who had
arrived in 1983 as a Visiting Fellow and then eventually became a Professor
in the Department, and Barry Richards who had moved from the Centre for
Cognitive Science at Edinburgh to take up another Professorship. Tensions in
the Department abated, or rather, shifted to a different battleground.

(From 1989 to 1991 Bob was co-ordinator of the Compulog project, a large
collaborative project funded by the European Commission bringing together the
main academic groups working in logic programming in Europe. The project was
addressing the topics in computational logic closest to Bob’s heart. When asked,
and sometimes when not asked, I used to say that the technical objectives of the
Compulog project were to develop the second half of Bob’s Logic for Problem
Solving. This was a joke (and an exaggeration) but it is true that the Compulog
project allowed Bob to extricate himself from Departmental politics and focus
his energies on his favourite research topics. The Compulog project funded a
replacement for his teaching duties in the Department. A similar arrangement in
a project on abductive logic programming funded by Fujitsu continued to provide
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an academic replacement for another three years. By the time Bob resumed full
duties in the Department, in 1994 or so, his rehabilitation, as he puts it, was
complete.

In March 1997 Bob was persuaded to take on the role of Head of the Depart-
ment of Computing at Imperial College. The Head of Department is essentially
a managerial and administrative position, usually for a fixed term, which the
Head can organise according to his or her own tastes. It has wide-ranging power
and authority but also huge responsibilities for the running of virtually every
element of the Department. We were at the time in a period of unrest follow-
ing the resignation of the previous Head. Bob had gone to speak to the Rector
about how the Headship could be resolved, and came back from that meeting
finding that he had agreed to take on the job himself. I believe I was the first
person he spoke to on his return to the Department. I am not sure which of us
was more surprised at the news. The agreement was that Bob’s was to be an
interim appointment, for three years or so. The Rector’s calculation was that
Bob’s seniority and academic reputation would command authority and respect
within the Department. This was a good idea. Bob’s calculation was that the
time taken away from research for administration and management would be
compensated by a reduction in time spent teaching. This was a very good idea
in theory. He also thought that it might afford a chance to develop his technical
interests, in that it provided an opportunity to test out how ideas from compu-
tational logic could serve as a tool in organising the affairs of the Department
and in the resolution of conflicts and disputes. This was not such a good idea,
even in theory, in my opinion.

Bob threw himself into his new role with typical energy and vigour. The at-
mosphere in the Department improved considerably. But the day-to-day running
of the Department, and a series of obstacles to getting things organised as he
wanted, were leaving Bob increasingly frustrated. The theory that time spent
on administration and management could still leave time for research was being
refuted every day. Eventually, Bob asked to step down as Head of Department
after two years not three, and asked to take early retirement. From 1st Septem-
ber 1999 he has been a Senior Research Fellow in the Department of Computing
and Emeritus Professor. He has an office in the Department and continues to
participate in research projects but has no other duties or responsibilities im-
posed upon him beyond those he chooses to take on voluntarily. To my eyes, he
has attained a kind of blissful state of existence which even his Jesuit teachers
might have difficulty claiming could exist.

At some time in the 1980s Bob acquired a small cottage near Petworth in
Sussex, which lies in the countryside roughly half-way between London and the
South Coast of England. It was a base for weekend breaks and walks in the
South Downs. There are several logic programmers around the world for whom
that cottage was home during visits spent at Imperial College. Over the years the
cottage in Petworth has been extended and developed. Since Bob’s retirement, it
has been extended again and has now become Bob and Danusia’s main residence.
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Between taking up invitations for extended visits to research institutes abroad
Bob spends his time in Petworth with occasional visits to the Department. He
is working on a new book.

Research Themes

Bob’s early work was in automated theorem proving, where he made contri-
butions to the technology of resolution theorem proving. His connection graph
proof procedure@ provided a general and very efficient framework for reasoning
with (full) clausal form theories. By picking links in the graph in different ways, a
wide range of reasoning strategies could be accommodated, for non-Horn as well
as Horn clause reasoning. These are demonstrated in Logic for Problem Solving.

However, it is the special case of SL-resolution which came to dominate
later, of course, and which led to the logic programming model of computation.
It should be remembered that the extended case for logic programming as a
new foundation for computing was developed not by appeal to novel and exotic
applications in knowledge processing but by showing carefully how cleanly and
elegantly it dealt with standard computing problems and algorithms. The beauty
of Bob’s Algorithm = Logic + Control lies in the detailed exposition of how both
Logic and Control components can be varied to generate families of algorithms.

However, it has always been Bob’s contention—passion—that computational
forms of logic have much wider application than to the solution of mere com-
puting problems. The single strongest and most sustained driving force in his
research has been the goal of developing appropriate forms of logic to make it
an effective tool for improving human affairs and communication, and to present
these forms in a way that makes them accessible to the widest possible group.
These aims reflect his lifelong interests in problem solving and communication,
in epistemology and in the philosophy of science. These elements were already
evident in the second part of Logic for Problem Solving which addresses knowl-
edge representation, problem solving strategies, temporal reasoning and plan-
ning, knowledge assimilation and belief revision. His working hypothesis is that
the features which make special forms of logic suitable for computational pur-
poses are also the features that will be most natural and effective for use in
human problem solving and communication. Application and testing and refine-
ment of this hypothesis is the recurrent theme in his research.

One clear example of these general aims is the sustained project Bob con-
ducted on developing simplified forms of logic and logic programming for school
childrend. ITn 1978 Bob started a course of logic lessons for 12 year old chil-

9 Kowalski, R.A. A proof procedure using connection graphs. JACM 23(4):733-742
(1976).

10 Kowalski, R.A. Logic as a Computer Language for Children. In Proc. European
Conference on Artificial Intelligence, Orsay, France, July 1982. Reprinted in New
Horizons in Educational Computing (M. Yazdani, ed), Ellis Horwood Ltd, Chich-
ester, 1984, pp121-144. Reprinted in Progress in Artificial Intelligence (L. Steels,
J.A. Campbell, eds), Ellis Horwood Ltd, Chichester.
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dren at his daughters’ school. Logic problems were formulated and then solved
using Prolog over a telephone connection to a computer at Imperial College.
The project was subsequently maintained for about 5 years from 1980 by grants
from the Science Research Council and then the Nuffield Foundation and Sin-
clair Research. The first phase supported Frank McCabe’s developments of his
microProlog system for micro-processors and the associated programming and
query environment (‘SIMPLE’). Richard Ennals conducted the lessons and pre-
pared teaching materials for pupils and teachers. If T recall rightly, there were
two groups of children, 8 year olds and 12 year olds, and a smaller group of 17—
18 year olds. The aim was not just to teach logic as a programming language,
but rather to engage the children in developing its use as a representational and
reasoning tool in subjects across the whole curriculum. Richard Ennals’s own
specialty, for example, was History. I am not in a position to comment on the
long term impact of the school lessons on the children. It would be interesting to
track them down and ask them now what they thought of those lessons. What is
clear is that the schools project was instrumental in driving the developments of
microProlog and its associated software environments, and in practical knowl-
edge representation techniques that were subsequently used in a variety of other
applications.

One such group of applications was in the representation of laws and regula-
tions. I find myself about to write much more about this topic than the others,
but this is because it provides the clearest example of Bob’s ideas about the ap-
plications of logic programming to the world outside computing, and the clearest
example of how his stance has been misinterpreted by some of his critics.

In 1979 Bob was invited to participate in a workshop on Computers and Law
held in Swansea, in Wales. Although he could not attend, that invitation led to a
number of very valuable contacts in the Al and Law community. It soon became
clear to us that logic programming provided a general solution to some problems
of representation that were being attacked by low-level programming languages
or special-purpose formalisms. Our argument was that logic programming pro-
vided a better foundation for such developments. We were able to show, for ex-
ample, how large and complex bodies of definitional law (‘qualification norms’)
can be represented and executed as logic programs. Our representation of the
British Nationality Act 1981 is the best known and most commonly cited exam-
pl. It was originally suggested by Chris Moss, a member of our group, who
had been given a draft copy of the Bill while it was still at an early stage of dis-
cussion by Parliament. The Bill was very controversial at the time. It proposed
to introduce four new categories of British citizenship to replace the existing
definition completely, and had been accused by several political groups of being
racist in that it disadvantaged certain groups of potential citizens but not others.
One of these pressure groups had suggested to us that a formal representation
might help to bring this out. We knew that it could not, since whether the Act

11 Sergot, M.J., Sadri, F., Kowalski, R.A., Kriwaczek, F.R., Hammond, P., Cory, T.
The British Nationality Act as a Logic Program. CACM 29(5):370-386 (1986).
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was racist or not depended on background information about the various cate-
gories of persons affected, and that information was not part of the legislation
itself. We did subsequently explore, in a different project, whether given the
necessary background information, we could predict some of the socio-economic
consequences of introducing new legislation, but that was later and was never
attempted for the British Nationality Act. However, the British Nationality Act
was very suitable for other reasons. It was almost entirely definitional, that is to
say, its main purpose was to set out definitions of new legal categories and rela-
tionships, which made it amenable to representation as a logic program, yet it
was complicated and big so one could see what would be gained from translating
it into an executable form. We had already constructed a small demonstration
system dealing with the core definitions from Chris Moss’s copy of the draft Bill.
Frank McCabe, as I recall, was particularly keen that we should continue to de-
velop a larger system dealing with the whole Act to demonstrate that a sizeable
application could be implemented using these techniques and his microProlog
system. Fariba Sadri, who was about to start a PhD in our group, was employed
on funds left over from some other grant to extend the prototype to a more com-
plete representation over two or three months in the summer before she started
her PhD. The whole system, including the APES software used to execute the
representation, ran on a small micro-computer with only 64K of memory. I used
to say that for us at Imperial College, Fifth Generation computing meant any
computer with more than 64K of memory.

The work on the British Nationality Act was generally well received and well
regarded by the research community in Artificial Intelligence and Law, which
shared the pre-suppositions and starting assumptions, and by the lawyers and
government agencies with whom we produced various other applications. It did
attract negative publicity as well. In the climate of Alvey and the Fifth Genera-
tion there was even an article in The Guardian national newspaper about it. It
repeated a common criticism, that by attempting to represent legal rules as ex-
ecutable logic clauses we were, deliberately or out of ignorance, oversimplifying
and mistakenly thinking we could reduce legal decision making to the mechan-
ical application of fixed rules. We were accused of demonstrating a complete
ignorance of legal theory and jurisprudence, and a fundamental misunderstand-
ing of the nature of legal reasoning and the process of law. We thought that
in describing the work we had identified the background assumptions, and also
the limitations of what we had described, but these qualifications had obviously
not registered with some critics. That was tiresome enough, but the article went
on—to accuse us of being apologists for the racist policies of a right-wing gov-
ernment, and of grabbing government funding for these activities, out of greed
or naivety or both. It even raised the spectre of computers at Heathrow Airport
that would decide who would be admitted into the UK and who would not.
Even allowing for journalistic licence, these claims were so outrageous (and so
completely wrong on every point of fact) that we felt obliged to write a letter of
complaint to The Guardian in our own defence. I say ‘we’ though I am not sure
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now whether Bob wrote on his own or whether it was a joint reply. Perhaps we
sent more than one letter. A short flurry of further correspondence ensued.

Bob has used the representation of legislation and regulations as a rich source
of motivating examples for developments in the treatment of general rules and
exceptions in logic program, and later in his work on the theory of argumen-
tationf'd. He has also been enthusiastic about using examples from legislation
to support his views about the value of logic in clarifying and communicating
statements of rules in natural language, whether these rules are intended for
execution in a computer program or noft. It is presumably these general views
that have irritated his critics.

For my own part, I learned long ago to avoid making reference to ‘Al and law’
or to ‘logic and law’ when asked in casual conversations, at parties and so on,
what I am working on. A mention of ‘Artificial Intelligence’ is often bad enough,
but ‘Artificial Intelligence and Law’ seems to be one of those topics on which
everybody has an opinion. Once my car was hit by a Frenchman who drove
his car backwards the wrong way out of a one-way street in the area around
Imperial College and while we were waiting to sort out the insurance details, he
lectured me for half an hour on the futility of AI applied to law. Apparently,
I was seriously underestimating the problems. I confess that on that occasion,
and others, I have resorted to sarcasm. “Oh no! Ten/fifteen/twenty years I have
worked in this area. The law is not just black-and-white? I never noticed. You
have opened my eyes. I see now that I have been wasting my time. You are right.
I will abandon it.” Why any intelligent person should automatically assume that
another intelligent person has never noticed that law is not ‘black-and-white’ and
that justice is not dispensed by the mechanical application of fixed rules is the
really intriguing question.

It is a facet of Bob’s character that he is prepared to take a dose of his own
medicine. So for example, at the time he was engaged in Alvey and other grant-
awarding committees in the 1980s, he had the idea that the decision making
could be improved and made more consistent by formulating clear rules about
what projects would or would not qualify for funding. He even formulated a draft
set of such rules. He tried essentially the same idea when Head of Department for
rationalising teaching and resource allocations. But it is a fundamental misun-
derstanding of Bob’s position to think that such rules are intended to be applied
blindly and mechanically. The idea is quite different. One applies the rules to a
particular case and examines the conclusion. If the conclusion is unacceptable,

12 Kowalski, R.A., Sadri, F. Logic programming with exceptions. In Proc. 7th Inter-
national Conference on Logic Programming (D.H.D. Warren, P. Szeredi, eds). MIT
Press, 1990, pp598-613. Also in New Generation Computing 9(3—4):387-400 (1991)

13 Kowalski, R.A., Toni, F. Abstract argumentation. Journal of Artificial Intelli-
gence and Law 4:275-296 (1996). Also in Logical Models of Legal Argumentation
(H. Prakken, G. Sartor, eds). Kluwer Academic Publishers, 1997

14 Kowalski, R.A. English as a logic programming language. New Generation Comput-
ing 8(2):91-93 (1990).

Kowalski, R.A. Legislation as logic programs. In Logic Programming in Action
(G. Comyn, N.E. Fuchs, M.J. Ratcliffe, eds). Springer-Verlag, 1992, pp203-230.
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or if someone wishes to disagree with the conclusion, the burden is to argue why
the rules should not apply in this case. If someone wishes to argue that one or
other of the conditions should be ignored or altered, the burden is on them to
argue why it should be so altered in this case. The rules serve as a device for
structuring the discussion. They are intended to expose the arguments and open
up the decisions to scrutiny. There is more to it than that—one might examine
the reasons why such a reasonable suggestion does not usually work in practice
or why it almost always meets with strong resistance—but it is not my purpose
here to give a complete account. I just wanted to give some indication of why
Bob’s views on ‘clear rules’ are not nearly as unsophisticated as some critics
have assumed.

A strand of research that attracted less criticism was our joint work on the
event calculu, an approach to representing the effects of action and change
in a logic programming framework. It is another example of something that is
intended to straddle knowledge representation in Al and problems in mainstream
computing, such as temporal databases and database updates. The name was
coined (by Bob) to draw attention to the contrast with the conception of action
and change employed in the situation calculus of McCarthy and Hayes. Instead
of thinking primarily in terms of situations—states of the world at which nothing
changes—and actions as transitions between situations, we wanted to think first
and foremost about the occurrences of actions—events—and the periods of time
that they initiate and terminate; situations during which nothing changes are
incidental and there is usually nothing interesting to say about them. Although
not stressed in more recent presentations of the event calculus, most of the effort
went into deriving an effective computational framework from a general account
of events and periods of time and their properties. As in much of his other work,
Bob was particularly keen that the presentation should be made as generally
accessible as possible. I remember more than one discussion about how abstract
and technical the presentation should be. The event calculus was generally well
received—at least there were no articles in The Guardian about it. Variations,
applications, and large scale implementations were subsequently developed in a
number of other projects, including as a main strand of a European Community
ESPRIT project on temporal and qualitative reasoning. Bob’s main applied work
in that project was an application to air traffic flow management.

The formal treatment of action and change, and the associated problems
of default reasoning and exception handling, have been a constant throughout
Bob’s research career. These questions are as prominent in his latest research
on multi-agent systems as they were in his early work on knowledge representa-
tion. I can still cite ‘Chapter 6’ of Logic for Problem Solving without having to
look at the Table of Contents. These are issues that are at the heart of knowl-
edge representation. Opinions about their relative merits will vary, but together

15 Kowalski, R.A., Sergot, M.J. A logic-based calculus of events. New Generation
Computing 4(1):67-95 (1986). Reprinted in Knowledge Base Management Systems
(C. Thanos, J.W. Schmidt, eds). Springer-Verlag, pp23-51.
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with the situation calculus (in its many various forms), the event calculus (in
its many various forms) continues to be a major driving force for foundational
developments in knowledge representation.

In 1981 Bob visited Syracuse University for a short, one academic term, sab-
batical. Whilst there he collaborated with Ken Bowen on amalgamating object-
level and meta-level logic programming. Their joint pape was frequently cited
in later years in the context of ‘meta-level programming’ and ‘meta-level in-
terpreters’ though it was really about something quite different. The goal was
to combine the two levels in such a way that they could interact, so yielding
a very general and very expressive representational and reasoning framework.
The main technical problem was to achieve this interaction without introduc-
ing inconsistencies. The Bowen-Kowalski paper laid out the basic moves. Bob
continued the investigations with a PhD student, Kave Eshghi, and worked at
the applications, to default and epistemic reasoning in particular, until about
the mid-1990s. Meta-level inference was a strand of the Compulog project—the
Goedel language of John Lloyd and colleagues is a direct descendant—and was a
main theme of Bob’s MSc course on knowledge representation in the 1990s. With
Kave Eshghi Bob also investigated alternative accounts of negation by failur,
combining ideas from the amalgamated object-level/meta-level work and from
abductive reasoning.

Abductive logic programming became increasingly important in Bob’s re-
search in the 1990s. It was embraced partly to support reasoning from effect
to possible causes, but also because the abductive proof procedures, when com-
bined with a treatment of integrity constraints, provided a computational system
that could overcome limitations of standard logic programming systems. I have
noticed over the years that Bob has a strong distaste for classical disjunctive
reasoning. It may be that an attraction of abductive logic programming is that
it provides an alternative way of dealing with disjunctive reasoning. Collabo-
rations with Francesca Toni and Tony Kakas developed an abstract account of
the abductive fraulrnevvork@7 which in turn made connections to results emerging
in the theory of argumentation. The key idea here is that an argument, to be
admissible, must be able to defend itself against attack from other arguments
and itself. Varying the details yields argumentation frameworks with different
technical properties. Work with Francesca Toni, Phan Minh Dung, and Andrei
Bondarenko produced an argumentation-theoretic account of negation as failure,

16 Bowen, K., Kowalski, R.A. Amalgamating language and meta-language in logic pro-
gramming. In Logic Programming (K.L. Clark, S-A. Tarnlund, eds). Academic Press,
1982, pp153-172.

17 Eshghi, K., Kowalski, R.A. Abduction compared with negation by failure. In Proc.
6th International Conference on Logic Programming (G. Levi, M. Martelli, eds).
MIT Press, 1989, pp234-254.

18 Kakas, T., Kowalski, R.A., Toni, F. Abductive logic programming. Journal of Logic
and Computation 2(6):719-770 (1992).
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and then more generally, an abstract argumentation framework which includes
many of the schemes for default reasoning as special cased!].

In recent years Bob’s interests have turned to multi-agent systems. Here the
aim has been to combine pro-active, rational problem solving with the reactive
behaviour of an agent situated in a changing environment through which it
also interacts with other agents. This brings together several of the recurring
themes of Bob’s research: goal-directed problem solving, the treatment of actions
and procedures, belief revision and the assimilation of new facts, and a search
for a way of reconciling and integrating two apparently conflicting models of
computation. With Fariba Sadri, Bob has been developing a general account
which combines a logic programming model of execution with a condition-action
execution cycle@. His longer term plans are to investigate systematic methods
for conflict resolution in multi-agent systems.

Some Personal Traits

This portrait would not be complete without some glimpse of Bob’s personal
characteristics. I make no attempt to identify them all, but three in particular
stand out for me. First, there is his dogged determination and self-discipline,
and the passion with which he embraces scientific concepts and theories. Second
there is his tolerance and sense of fair play, which is also connected to the way
he has coped with his celebrity. And third there is the question of his sense of
humour.

Bob is the most determined and self-disciplined person I have worked with.
He will say, no doubt, that he is not self-disciplined because he has temptations
and weaknesses. That is irrelevant. When I looked through his CV in preparation
of this article, the list of invited talks and travels alone seemed enough for a full-
time occupation. I think what impresses me most in this regard is his discipline
in dealing with tedious and time-consuming chores which others might put off
or simply fail to discharge conscientiously. Bob seems able to dispatch them all
with the minimum of fuss.

I have written papers and grant proposals with many different co-authors
and have seen other groups in action. All of them seem to experience the same
last-minute frenzy as the deadline approaches (and as the editors of this volume
would say, passes and recedes into the distance). Once when in the grip of three

19 Bondarenko, A., Dung, P.M., Kowalski, R.A., Toni, F. An abstract argumentation-
theoretic approach to default reasoning. Journal of Artificial Intelligence 93(1-2):63—
101 (1997).

20 Kowalski, R.A., Sadri, F. Towards a unified agent architecture that combines ra-
tionality with reactivity. Proc. International Workshop on Logic in Databases, San
Miniato, Italy. Springer-Verlag LNCS 1154, 1996, pp131-150.

Kowalski, R.A., Sadri, F. From logic programming to multi-agent systems. Annals
of Mathematics and Artificial Intelligence 25:391-419 (1999).



Bob Kowalski: A Portrait 21

converging deadlines, I was moaning to Bob about the strain and complaining
that everyone seemed to pick the same times for deadlines. Bob’s reaction was
to ask why I did not set myself my own deadline one week before each piece was
due and thereby avoid the last-minute stresses. Parkinson’s law does not apply
to Bob.

Bob recounts that when he was a student at the University of Chicago, he
obtained A grades in all his subjects, except for English writing skills in which he
did badly. Many of us would have shrugged our shoulders and dismissed it—*“I
wasn’t really trying/taking it seriously”, “I am no good at it”. Bob’s response
was to set about an analysis of what had gone wrong, to diagnose the sources
of the problem and to devise methods for overcoming them. This was no easy
fix but something that he worked at over several years, and indeed continues
to think about still from time to time. When he was Head of Department, for
example, he set up a voluntary writing class for the PhD students. I do not
know what he told them exactly, but it must have been interesting, for eighteen
months after his retirement we still see PhD students searching plaintively for
the writing class. At the annual meeting at which we ask the PhD students how
their lives could be improved, the most common request was for a resumption
of the writing classes by Professor Kowalski.

This same determination and single-mindedness is evident also throughout
Bob’s technical work. His ability to take up an idea and then to apply it and
refine it and pursue it relentlessly is a major strength. Which is not to say that
he is always right, or refuses to change his views as a matter of principle. As in
the case of writing skills, when ideas do not get the same A grades as others,
they are subjected to thorough scrutiny and diagnosis and careful correction.

The passion and conviction with which Bob expounds his technical position
can be misinterpreted. In invited talks especially, he will sometimes deliberately
adopt an extreme point of view in order to provoke debate or to rehearse the
arguments that can be put forward for it. This has apparently led some to assume
that his views must be based on some kind of irrational emotional attachment,
and that with it must come a refusal to acknowledge the worth of alternative
points of view. Nothing could be further from the truth.

Bob is a widely recognised figure in computer science. His name appears,
deservedly, in most summaries of accomplishments and trends in computer sci-
ence, and in logic. This is why he receives requests from students asking for
biographical details they need for their project assignments.

The other side of celebrity, however, is that it attracts criticism and cari-
cature. For example, one article, in a 1987 volume of collected papers on the
sociology of research in Al and what it called the ‘Al establishment’, went so
far as to compare Bob with a now obscure 16th century figure, Petrus Ramus?Y.

21 Philip Leith. Involvement, Detachment and Programming: The Belief in Prolog. In
The Question of Artificial Intelligence, (Brian Bloomfield, ed), Croom Helm, London
1987.
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Ramus, according to the article, devised distorted and simplified forms of logic
or ‘method’ which he and his followers vigorously promoted for use across all
scholarly disciplines. The Ramist method, now all but forgotten (except perhaps
in the sociology of science where references to it seem to be quite common),
had a very widespread influence for a considerable time across the post-medieval
world. It is generally regarded as a curiosity and something of an aberration in
the history of logic and rhetoric, which I suppose is the point of the caricature.
So in that article parallels are seen between Bob and the figure of Ramus him-
self, in the ‘close technical analogy with the methods of Ramus and Kowalski’,
in their widespread influences, particularly over ‘impatient and not too profound
thinkers’, and in the lack of scientific detachment in the disciples of Ramus on
the one hand and the esoteric circle of Kowalski’s followers on the other hand.
The Logic Programming Group at Imperial College is described in these terms:

Within the academic software teaching and research group it seems—to
the outsider—that the entire department is involved in logic program-
ming. Some are involved in the theoretical issues (Clark and Hogger, for
example) and some are involved in more practical issues (Ennals, Sergot
and Hammond). Kowalski, to some extent, appears to stand above the
details of logic programming, leaving the particulars to the group. His
role is that of advocate for logic programming, a role which he plays
out through academic and commercial contacts and consultancies and
through involvement in the provision of research funds as a member of an
Alvey advisory committee. It would seem to be difficult for any member
of that group to move away from such a logic programming hegemony, for
a scientific establishment based upon that logic programming technique
must be expected to control its members.

There is nothing in the picture painted here that I recognise. I have no idea
where the author got the idea of a hegemony, or what made him think that
members were subject to some kind of control. The other facts quoted with
such authority are wrong too. Why did the author not bother to check them?
The general nature of the remarks in that article, and the repeated references
to funding agencies and Bob’s influence over the distribution of research funds,
leads me to think that the objectives of the article were not entirely scientific.

It is ironic that amongst his most vehement critics are persons whom Bob has
defended and supported, usually without their knowledge. And in contrast to
the picture painted above, Bob is no seeker of self-publicity. He is very sensitive
that collaborators and co-authors should receive their share of recognition for
joint work. When the Association for Logic Programming was formed in 1986 it
was typical that Bob preferred to take the role of Secretary rather than that of
President.

Indeed, if T had any criticism of Bob in this regard, it would be that his sense
of fair play can be too acute, and has been taken advantage of. When he was
Head of Department, for example, he would never, as a matter of principle, push
through by force what he could not obtain by reasoned argument. On occasion,
when forming committees or taking advice, he deliberately under-represented
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his own position and strengthened the representation of opposing views in an
effort to give the fairest possible hearing to all. Unfortunately, not everyone is
as scrupulous.

I turn finally to the question of Bob’s sense of humour. Some of my colleagues
will say that making remarks about this is like commenting on the appearance
of the current King of France. That is an over-simplification. Bob enjoys jokes
very much, but never tells them. He prefers something that might be called the
meta-joke.

For example, I remember when Bob was asked to be the Banquet Speaker at
the Conference on Automated Deduction (CADE) in Oxford in 1986. Bob had
agreed but was far from happy about it. He dislikes this kind of speaking and
finds it very awkward. I am not sure why. When he was Head of Department
he was often called upon to make little speeches and introductions, and always
found a way of doing them with elegance and wit. For the CADE speech Bob
asked my advice, or rather, he wanted suggestions for jokes he could include in
his speech, ideally but not necessarily something connected with deduction or
reasoning. “Don’t worry about it”, I said. “It’s like a wedding. Everyone wants to
be amused. Most of them will be half-drunk. Whatever you say they will laugh.
The contents don’t matter.” I suggested a couple of jokes he could use, with
the best reserved for the opening and the end. “You also need a packer”, I said.
“Something to keep things going in the middle. It doesn’t have to be very funny.
At that point they will all be laughing anyway, and you just need something to
keep things moving along. By the time they realise it isn’t funny, you will be
into your closing part and they won’t notice.” Bob looked dubious. “Trust me”,
I said.

I remembered a (not very funny) joke Dov Gabbay had told me about a
young man who wants to become the student of a famous rabbinical scholar,
an expert in the interpretation of Talmudic texts. The young man goes along
and asks if he may be allowed to study at the Master’s feet. “Perhaps”, says the
Master, “but first you must pass a test.” The student agrees. “T'wo men climb
down a chimney”, says the Master. “One comes out dirty, the other comes out
clean. Which one washes?” “That’s easy”, says the student. “The dirty one.”
“No”, says the Master. “The clean one. For consider: the dirty one will look at
the clean one and will think ‘If he is clean, I must be clean.” While the clean one
will look at the dirty one and will think ‘If he is dirty, I must dirty.” So the clean
one washes.” “Give me another chance”, says the student. “Very well”, says the
Master. “Two men climb down a chimney. One comes out dirty, the other comes
out clean. Which one washes?” “I know this”, says the student. “It is the clean
one who washes.” “No”, says the Master. “It is the dirty one who washes. For
consider: the clean one will look at himself and see that he is clean. While the
dirty one will look at himself and see that he is dirty. So the dirty one will wash.”
“Oh no!” says the student. “But please, give me one more chance.” “Very well”,
says the Master. “Two men climb down a chimney. One comes out dirty, the
other comes out clean. Which one washes?” “Ah, I think I have it now”, says
the student. “The dirty one washes.” “No, no”, says the Master. “I don’t think
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you are cut out for this line of work. How can two men climb down the same
chimney, and one come out dirty, the other come out clean?” This is not much
of joke, though it was funny when Dov told it, and it is about reasoning, of a
sort. Bob was not convinced. “Trust me”, I said. “It is a good packer. It will
keep them laughing until you get on to the better stuff. Perhaps you can even
work in some remark about legal reasoning, or something like that.”

The following Monday Bob was back in the office. “How did your Banquet
speech go?” T asked. “Disaster!” said Bob. “No-one laughed. Especially not at
that joke about the student and the chimney.” I was surprised. “It isn’t much of
a joke, I admit. But it should have been enough to keep them happy for a while.”
“Of course”, said Bob, “I did simplify it a bit. It seemed to me that it contained
a lot of redundancy, so I cut it down.” According to Bob, he eliminated the
redundancy and moved straight to the line “How can two men climb down the
same chimney and one come out dirty, the other come out clean?”

I have told this story to many people who know Bob well. They chortle with
delight when I get to the part “Of course, I simplified it a bit. There was a lot of
redundancy.” This is exactly what Bob would say, which is why I have included
it in this piece. But what is the real joke here? Fifteen years after that speech, I
do not know what Bob said at that banquet in Oxford. I know he was teasing me
with the reference to redundancy, but I do not know whether he made the same
remark in his speech, or whether he mentioned the student and the chimney at
all. It is a meta-joke, at my expense.

Conclusion

As part of my subtle interrogations for this article, I asked Bob if he could
summarise the various phases of his professional career by picking out an event
or anecdote that he would associate with each period of time. “What springs to
mind when I mention, say, Edinburgh in the 1970s?”, I asked. Bob’s answers were
as follows: Edinburgh in the 1970s—foundations of logic programming; Imperial
College in the 1970s—building up the group and finishing the book; 1980s—the
Fifth Generation Project and the Alvey Programme; 1990s—realisation that the
early promise of logic programming was not going to be fulfilled, disappointment,
and retrenchment (my word); the first years of the 21st century—waiting.

Now I could not let this pass without comment. I understand what Bob
means when he says ‘disappointment’. He is referring to the prospects of logic
programming as the unifying foundation for all of computing, and to the influence
of computational logic on the world outside computing. But honestly I cannot
see anything to be disappointed about.

In recent years Bob has given talks with titles along the lines of “Logic
programming: Where did it all go wrong?” or “Why was logic programming a
failure?”. Of course I know that he is being deliberately provocative when choos-
ing such titles and that the point of the talk is usually to identify the technical
reasons why logic programming as originally conceived does not measure up to
all requirements now. Perhaps I caught him on a bad day, but on the occasion I
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heard him deliver this talk I believe I detected a genuine tone of disappointment.
The title, on that occasion at least, was not entirely ironic.

I confess that my reaction was to laugh (inwardly, of course). All I could think
of was the image of George Best, a very famous ex-footballer (‘soccer player’)
in the UK, and the story he tells about himself on TV chat shows and the like.
I hope English readers will forgive me for digging up such a tired old chestnut.
I know it is corny but honestly it was the vision that flashed before my eyes at
this talk of disappointment. George Best played in the 1960s and early 1970s.
He is still internationally regarded as one of the two or three best footballers of
all time. His career ended tragically early (tragically for us, not necessarily for
him) in alcohol, and nightclubs, and even a short prison sentence. He finished
playing when he should have been approaching his peak.

George Best tells the following story about himself. Some years after he had
finished playing he was staying at a casino somewhere, in Las Vegas I think,
though the details do not matter. He was at that time accompanied by a Miss
World, or a former Miss World, or at least a Miss World finalist. I cannot re-
member. And one evening at this casino he won a considerable sum of money,
of the order of $20,000. Again the details do not matter. Back at his hotel suite,
while the former Miss World went into the adjoining bathroom, Best spread his
winnings, all $20,000 of it, over the bed and phoned room service for champagne.
The champagne was delivered by an old Irish waiter who of course recognised
George Best immediately. According to Best’s story, the waiter looked around
the bedroom—the vintage champagne in the ice bucket, the former Miss World
emerging from the bathroom, the cash spread all over the bed—and shook his
head sadly. “Mr Best,” he said, “where did it all go wrong?”

It seems to me that a field which annually has at least one, sometimes two,
international scientific conferences devoted to it is not a moribund field. And this
is not to count the journals, and the numerous series of workshops and meetings
(CLP, LOPSTR, ILP, LPNMR, among others) devoted to specific aspects of logic
programming and its applications. While logic programming may not have come
to be the foundation for all of computing, that is partly because the conception
of computing itself has changed. It is the cornerstone of many important sub-
areas of computing, and its influences continue to be felt across all of computer
science and Al

I look at the chapters of this volume spread proverbially across the bed. I
think of the many others who would have jumped at the chance to contribute
a chapter to this volume. They are the former Miss Worlds peeking around the
bathroom door, so to speak. Looking at this I do not shake my head sadly and
ask “Where did it all go wrong, Bob?”. A better question would be “Where did
it all go right, Bob?”, except that we know the answer. This volume is a worthy
and deserved tribute to someone who has made a lasting contribution to the
development of computer science, and ideas far beyond.

An influential coach and all-round good guy. Yes indeed, among many other
things.
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Times have changed. Gone are the days when Logic Programming looked ready
to take over the world. In these days of the Internet, object-oriented program-
ming, reactive agents and multi-agent systems, we need a better understanding
of the possible role of Logic Programming in the future.

The argument for Logic Programming is based in large part on its Logi-
cal foundations. But Logic has been subjected to numerous attacks in recent
years, and these attacks have, therefore, shaken the very foundations of Logic
Programming.

Traditionally, researchers in Logic and Artificial Intelligence focussed on the
use of Logic to formalise the thinking process of an individual agent. They paid
little attention both to the environment in which the agent was embedded and
to the interaction of the agent both with the environment and with other agents.

Logic Without Model Theory

In my own work, I have at times taken an extreme view about the relationship
between a logical theory and the environment with which that theory interacts.
I now believe that that view has been partly to blame both for some of the
limitations of my own work and for some of the limitations of the approach to
logic programming I have advocated in the past.

In ”Logic Without Model Theory” [4], I wrote:

In model theory, there is a real world, consisting of real individuals,
functions and relations. In the more pragmatic theory, however, there
is only an inescapable, constantly flowing input stream of observational
sentences, which the agent is forced to assimilate. To inquire into the
source of this input stream and to speculate about the nature of the
source is both unnecessary and unhelpful. For all the agent can ever
hope to determine, the source might just as well be some form of virtual
reality.

Although such a view might be logically coherent, it undervalues the im-
portance of the environment. I now believe, differently from before, that the
environment is a real world, which gives meaning to an agent’s thoughts, in the
same way that a model, in the sense of model theory, gives meaning to sentences
in logical form.

A.C. Kakas, F. Sadri (Eds.): Computat. Logic (Kowalski Festschrift), LNAI 2407, pp. 26-32] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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The Observation-Thought-Action Agent Cycle

My new way of thinking has been inspired in large part by thinking about reac-
tive agents and multi-agent systems. Reactive agents and intelligent agents, more
generally, can be understood within the framework of an agent’s observation-
thought-action cycle.

The agent cycle has emerged, in recent years, as a more comprehensive frame-
work for understanding human and artificial intelligence. It puts logic in its place
as one way of thinking; and it highlights the importance of the agent’s interac-
tions with the world. The cycle can be put in the simplified form:

to cycle,

observe any inputs,

think,

select and commit to an action to perform,
act,

cycle.

Thus, for an intelligent agent, life is a potentially endless cycle of interacting
with the world.

What is important about the agent cycle is that it opens up a thinking agent
to the outside world. In fact, it would be more realistic of natural agents and
more general for artificial agents to view them as concurrent systems, which
observe, think and act concurrently, all at the same time.

Condition-Action Rule Production Systems

Logic programming, and indeed traditional logic more generally, are not obvi-
ously well suited to serve as the thinking component of the agent cycle. That
distinction belongs instead to the production system model, which, according to
[5], is the most widely accepted computational model of human intelligence.

Production systems represent the link between observations and candidate
actions by means of production rules, which have the form:

If conditions then actions.

For example:

If it’s raining, then carry an umbrella.

If it’s clear ahead, then step forward.
If there’s an obstacle ahead, then turn right.

If a car is rushing towards you, then jump out of its way.
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Condition-action rules are executed in the forward direction, by matching
their conditions with ”facts” in the current state, and deriving the corresponding
actions as candidates for selection and execution.

If several actions are candidates for selection at the same time, then the agent
needs to make a committed choice, from which there is no backtracking. For
example, if both of the following rules apply at the same time:

If it’s raining, then carry an umbrella.
If a car is rushing towards you, then jump out of its way.

then the second rule should take priority over the first.

Although there is no backtracking on the execution of an action, if a candidate
action has not been selected in one cycle, it may still be possible to select it in
a later cycle. So, for example, if it is raining, and there is a car rushing towards
you, and you succeed in jumping out of the way, then you can put up your
umbrella afterwards, if it’s still raining.

The internal state of an agent might consist entirely of production rules and
contain no internal, symbolic representation of the world. In such a case, it has
been said that the world serves as its own representation: If you want to find
out about the world, don’t waste time thinking about it, just observe it instead!

Abductive Logic Programming and the Agent Cycle

The problem with production systems is that they are not very good for rea-
soning about goals and for reducing goals to subgoals. However, as we all know,
this is where logic programming and backward reasoning excel.

But conventional logic programs are closed to changes in the environment.
They define all their predicates completely, and have no room for new infor-
mation. Abductive logic programming [2] solves this problem, by representing
observations and actions by means of abducible predicates. Unlike closed pred-
icates, which are completely defined by conventional logic programs, abducible
predicates are constrained by integrity constraints, which behave like condition-
action rules.

Thus abductive logic programs, as we have argued elsewhere [3], can combine
the goal-directed behaviour of conventional logic programs with the reactive
behaviour of condition-action rules.

Ordinary integrity constraints in database systems are passive. They merely
monitor updates to the database and reject updates that violate the constraints.
Integrity constraints in abductive logic programming agents, on the other hand,
are active, deriving candidate actions to ensure that integrity is maintained. They
also monitor candidate actions, to ensure that integrity would not be violated
by their performance. To the best of my knowledge, this latter use of integrity
constraints was first used in semantic query optimisation [1].

Thus integrity constraints in abductive logic programming agents can behave,
not only as condition-action rules, but also as obligations (to perform actions that
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maintain integrity) and as prohibitions (to prevent actions that would violate
integrity).

The following partial reconstruction of the London Underground Emergency
Notice shows one of the ways that integrity constraints and logic programs can
be combined:

If there is an emergency then you will get help.
You will get help if you alert the driver to an emergency.
You alert the driver to an emergency if you press the alarm signal button.

The first sentence is an integrity constraint, in which the condition is an
observation and the conclusion is a goal that needs to be achieved. The second
and third sentences are logic programming clauses, which reduce that goal to an
action that needs to be performed.

The World as a Model

The vision of the future that emerges from these considerations is of an agent that
uses abductive logic programs, to pursue its own goals, together with integrity
constraints, to maintain a harmonious relationship with the world that surrounds
it.

The agent cycle can be viewed as a game in which the world and the agent
are opponents. The moves of the world are the observations with which the world
confronts the agent. In the case of naturally intelligent systems, the agent’s own
body is part of the world; and the observations an agent receives from the world
include bodily sensations, like hunger and pain.

The moves of the agent are the actions that the agent performs, generated
by abductive logic programs, either proactively, by reducing goals to subgoals,
or reactively, by maintaining integrity constraints. These actions can include
actions, like eating, kicking and screaming, that affect the agent’s own body.

For the agent, the goal of the game, in this hostile environment, is to survive
and prosper for as long as possible: to perform actions that change the world,
so that future observations confirm both the truth and the utility of the agent’s
goals and beliefs.

Thus the world is a Herbrand model, specified, for the purposes of the game,
by the ground atomic sentences that the world generates piecemeal as observa-
tions for the agent. It is good if the agent’s beliefs are true of this world, because
then they can be used reliably for goal reduction and action generation. But it
is also important that they be useful, in that they give rise to actions that lead
to states of the world that achieve the agent’s goals.

The World and Multi-agent Systems

In this vision of an agent situated in the world, other agents are just other
inhabitants of the shared world. Thus, when agents interact with one another,
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they do so, as in blackboard systems, by performing actions on their shared
environment. A message sent from one agent to another consists of a speech act
performed by the first agent on the environment, paired with a corresponding
observation made by the second agent.

The shared environment in such a multi-agent system is still a model theoretic
structure, which changes over time. It is not part of a logic program or part of
a logical theory, which describes actions and events. But it is a structure that
actually changes state, so far as anyone can tell, by destructively ”overwriting”
itself.

Compare this view of multi-agent systems with the conventional logic pro-
gramming view that programs can be or should be purely declarative. Not only
do logic programs lack the assignment statement of imperative programming
languages, but they lack the shared environment needed to implement at a high
level the kind of multi-agent systems that occur in nature.

No wonder, then, that concurrent logic programming languages have not
caught on. They lack the destructive assignment statement of imperative pro-
gramming languages, and they lack the shared environment needed for high-level
multi-agent systems. And all of this is because they can only think declaratively
about actions, without actually being able to perform them.

The World, the Frame Problem, and Destructive
Assignment

The lack of destructive assignment in pure logic programming languages is a spe-
cial case of the frame problem: namely the problem of representing and reasoning
about changing states of affairs. For example:

The state of an object after changing its state is its new state.
The state of an object after changing the state of some other object is
exactly what it was before the change took place.

No matter how you do it, using such frame axioms, there is an unaccept-
able computational overhead involved in reasoning about the current state of
affairs. Unfortunately, in pure logic programming languages without destructive
assignment, there is no alternative but to incur such overheads.

In closed systems, it might be possible to reason about the changing states
of objects. But in open systems, in which objects have a life of their own or in
which they can be changed unpredictably by the actions of other agents, it is
not even theoretically possible.

The alternative, when all you are concerned about is the current state of an
object, is to let the world look after it for you. Since the world is a semantic,
rather than a linguistic structure, it does not have to be declarative. It can
change destructively without remembering its past. However, in those cases,
when you need to reason about the past or the future, observing the current
state of the world can be combined with reasoning about it by means of suitable
frame axioms.
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Thus abductive logic programming can be combined with destructive assign-
ment, in a single more general-purpose programming language for multi-agent
systems. The abductive logic programming part of the language can be used to
implement the thinking part of individual agents. The destructive assignment
part can be used to implement an environment that can be shared with other
agents.

In fact, the resulting language is a lot like Prolog with its database of as-
sertions, augmented with integrity constraints. The assertions can be thought
of as a Herbrand model, which is an internal simulation of part of the external
environment. Like the external environment, it can also change destructively, in
this case as the result of actions such as ”assert” and "retract”.

Conclusions

The view of logic programming that I have just sketched has both engineering
and cognitive science implications. From an engineering perspective, it suggests
a new kind of general-purpose computer language, which embeds abductive logic
programs together with integrity constraints in a perpetual input-output agent
cycle, with an interface to an environment with destructive assignment, possibly
shared with other agents. The language incorporates a number of features of
Prolog that are not catered for by pure logic programming. It also incorporates
features of object-oriented and imperative programming.

For the practical purpose of gaining wider acceptance, it might be better,
initially, to present the extended language as an implementation language for
a specification language such as some kernel UML. In that way, it need not
compete with other programming languages or with established programming
methodologies. In many cases, of course, the implementation of the specification
will be sufficiently efficient that lower programming-level implementation will
not be necessary. Logic programming through the back door!

From a cognitive science perspective, the extension goes far beyond the simple
logic programming model of problem solving by goal-reduction. It incorporates
the condition-action rule model of problem solving as an additional component,
and it embeds them both in a sensory-motor system that interacts with an
environment that gives meaning to an agent’s thoughts.

As a cognitive model, the proposed framework is still only a basic skeleton. It,
obviously, needs to be extended further with other problem solving mechanisms,
such as learning; and it needs to be reconciled with other cognitive models,
such as neural networks. Nonetheless, it seems to me that the framework has
the potential to serve as the basis for a more comprehensive symbolic model of
cognition.

I know of no other approach that has such potential to serve as a general
framework for both computing and cognitive science. Adding this consideration
to the other arguments for logic programming in both of these fields, I believe
there is good reason to expect logic programming to prosper in the future.
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Abstract. In this paper we describe a distributed object oriented logic
programming language in which an object is a collection of threads de-
ductively accessing and updating a shared logic program. The key fea-
tures of the language, such as static and dynamic object methods and
multiple inheritance, are illustrated through a series of small examples.
We show how we can implement object servers, allowing remote spawning
of objects, which we can use as staging posts for mobile agents. We give
as an example an information gathering mobile agent that can be queried
about the information it has so far gathered whilst it is gathering new
information. Finally we define a class of co-operative reasoning agents
that can do resource bounded inference for full first order predicate logic,
handling multiple queries and information updates concurrently.

We believe that the combination of the concurrent OO and the LP pro-
gramming paradigms produces a powerful tool for quickly implementing
rational multi-agent applications on the internet.

1 Introduction

In this paper we describe an object oriented extension of the multi-threaded
Qu-Prolog described in [7]. We show how this can be used to quickly implement
multi-agent applications on the internet in which agents have both reactive and
pro-active behaviours that utilize quite rich inference systems. The different
behaviours execute concurrently, as separated threads of an active object that
implements the agent.

The original Qu-Prolog [12] was developed as an implementation and tac-
tic language for interactive theorem provers, particularly those that carry out
schematic proofs. It has built-in support for the kinds of data values typically
needed when writing a theorem prover in Prolog: object variables - the variables
of the logical formulae being manipulated, substitutions for these object vari-
ables, and quantified terms, terms denoting object level formulae with explicit
quantifiers over the object level variables. As further support, the unification al-
gorithm of Qu-Prolog unifies such quantified terms up to alpha-equivalence, that
is it knows about equivalence up to changes of quantifier bound object variables.
It also carries out the occurs checks before binding a variable. This is essen-
tial for implementing sound inference systems. Qu-Prolog is the implementation
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language of the Ergo theorem prover [I], which has seen substantial use in the
development of verified software.

Motivated by a desire to implement a multi-threaded, multi-user version of
Ergo, we then added multi-threading and high-level inter-thread communication
between Qu-Prolog threads running anywhere on the internet [7]. Each thread
has a internet wide unique identity similar to an email address. It also has a
message buffer of received but unprocessed messages which it can periodically
search for messages of interest. Communication between threads in different
Qu-Prolog processes makes use of the store and forward ICM communications
system [17] developed for the April language [1§]. This offers robust middleware
for distributed symbolic applications. As an example, it can be configured to
automatically store messages for threads running on hosts, such as laptops, that
are temporarly disconnected, delivering them when the laptop reconnects.

In [7] we describe the multi-threading and the inter-thread communication
facilities in detail and show how they can be used to implement a distributed
deductive data base in which each data base comprises the clauses of a program
being executed by a multi-threaded Qu-Prolog process. The clauses in each data
base can contain remote calls that are queries for relations defined in other data
bases. Such a remote call takes the form DB?Call, where DB is the global identity
of the query interface thread for the other Qu-Prolog process. DB typically has
a value such as interface:qupDB@‘zeus.doc.ic.ac.uk’. The interface thread
can fork a new query thread for each received remote query. Moreover, although
we did not illustrate this in [7], different deductive data bases can do inference
using a different logic, a non-resolution inference system or even a modal logic.
Since each can have rules that call for sub-proofs in other deductive data bases,
we can easily implement distributed hybrid reasoning systems.

Threads in different invocations of Qu-Prolog can only communicate using
messages, but threads within the same invocation can also communiciate via the
dynamic clause data base. Asserting or retracting a clause is an atomic operation
with respect to the multi-threading. In [7] we showed how we can use the shared
dymamic clauses to implement a Linda-style tuple space manager in Qu-Prolog.
In addition, threads can be made to suspend waiting for a particular clause to be
asserted. Suspension waiting for a clause of a certain form to be asserted enables
one to implement daemons. A daemon is a thread that is launched but which
immediately suspends until the trigger clause is asserted.

In [§] we sketched how multi-threaded Qu-Prolog could be used to implement
DAT applications. With this type of application in mind, we have recently added
a concurrent object oriented layer to Qu-Prolog. This OO layer, which in this
paper we shall refer to as QuP ™, is transformed into the base Qu-Prolog using
the term expansion pre-processing facilities of Qu-Prolog. It allows OO software
engineering methodology to be used to construct distributed Qu-Prolog appli-
cations, in particular multi-agent applications.

In the next section we give a brief overview of the main features of QuP*.
This is followed by section 3 which is an example based introduction to pro-
gramming in QuP*™. In section 4 we show how object servers allowing remote
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spawning of objects can be defined and used to create and manage mobile objects
and agents. In section 5 we introduce the features of Qu-Prolog that allow the
implementation of non-resolution inference. We show how they can be used to de-
fine a reasoning agent that can do resource bounded inference for full first order
predicate logic both to answer questions about what it believes and to check for
possible inconsistency before it adds new information to its belief store. We then
elaborate the agent to a co-operative reasoning agent that can ask other agents
to engage in sub-prrofs on its behalf. In section 6 we conclude with mention of
related research.

2 Overview of QuP*T+

QuP*T is a class based OO language with multiple inheritance. A class is a
named collection of static Qu-Prolog clauses with an optional state component
comprising a collection of dynamic predicates and state variables, the latter
being Qu-Prolog atoms. The stucture of a class definition is:

class C isa [S1,.Si-[r/2]..,Sn] % optional inheritance
state [d/3,a:=9,b,{k(g,h). k(j,1)},...] % state components
clauses{ % sequence of static clauses
pC...):-

pC...) :-super?p(...).

}private [d/3,..] 7 preds that are private

The dynamic predicates (of the object state) must be disjoint from the static
predicates of the class and any of its super-classes. Instances of the class share
the static clauses but do not share clauses for their dynamic predicates and do
not share state variable values.

A class definition with a state component is the template for an object. An
object is an instance of the class. The static clauses of the class are the fixed
methods of the object. Objects are active, each is implemented as one or more
independently executing threads. The clauses for the dynamic predicates and
the values associated with the state variables are the state of the object. Default
initial clauses for the dynamic predicates can be given in the class definition, e.g.
the clauses for k/2 above, as can default initial values for the state variables,
e.g. a:=9. A default value for a state component given in a class C over-rides
any default value given for the same state component in a super-class of C. A
state variable value can only be accessed and updated from the methods of the
class, and clauses for a dynamic predicate can only be asserted and retracted by
a class method. However, the dynamic predicates of an object can be queried in
the same way as the static predicates. Externally they look like extra method
names. They are methods with dynamic definitions unique to each object.

Static predicate names and state component names can be re-used in differ-
ent classes, they are treated as distinct names. Inheritance, by default, makes
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all the static predicates of the super-classes of a class C static predicates of C.
If an inherited predicate is redefined in a class, the new definition over-rides
the inherited definition. However, the combined superclass definition for a pred-
icate p/n can always be accessed from inside C with a call super?p(...). Using
super?p(...) we can make the new definition extend what would have been
the inherited definition, as in:

pC...):-

p(...):-super?p(...).

More precisely, the definition for p/n given in a specific super-class S can also be
accessed with a call super (S)7p(...). If the predicate p/n is not redefined in
C, the definition that is inherited in C is exactly the same as if it were redefined
in C as:

p(X1,..,Xn):- super(S1)7p(X1,..,Xn);
super(S2)7p(X1,..,Xn);

super(Sj)7p(X1,..,Xn).

Here S1,..,5j are all the superclasses of C from which inheritance of p/n has not
been explicitly suppressed. Inheritance of the clauses for p/n, from a specific
super-class S is suppressed by using of S-[p/n], rather than S in the isa list of
super-classes.

A call p(...) in a static clause of a class C always denotes a call to the
definition for p/n of the class C, even if the call is executed inside an object 0
that is an instance of a sub-class SubC of C that has redefined p/n. In contrast, a
call self?p(...) in a static method of C executed by 0 will be evaluated using
the definition for p/n of SubC.

Inheritance unions the state components of a class C with the state com-
ponents of all its superclasses. That is, all state variables of a super-class are
automatically state variables of C, and all dynamic predicates of a super-class
are automatically dynamic predicates of C.

By default, all the static and dynamic predicates of a class are visible, that is
they can be used in queries to the object instances of the class. Both static and
dynamic predicates can also be declared as private, in which case they can only
be called from methods of the class and its sub-classed]. Queries to instances of
the class cannot access the clauses for the private predicates. Such a call to a
private predicate of an object will fail.

An object instance of a calls C is created with a call of the form:

new(C,...,0)

where 0 is an unbound variable which will be assigned a system generated glob-
ally unique identity for the new object. 0 is actually the identity of the object’s

! Private predicates are inheritable and can be redefined in sub-classes.
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default execution thread. This thread will immediately call the init method
of class C, if this is defined. This can be used to launch sub-threads of object
0 using the QuPT™T object_thread_fork primitive. The object sub-threads can
communicate with one another either by explicit messages using the inter-thread
message primitives of Qu-Prolog, or by updating 0’s dynamic clauses or state
variables. Special QuP* self_assert and self_retract primitives enable any
thread within an object to update the dynamic clauses of the object. The QuP++
primitives *= and := enable any object thread to access and update the value
of one of the object’s state Variableﬂ. The init method can also be used to an-
nounce the object’s presence by remote calls to other objects, for example a call
to a directory server registering some description of the object. On termination
of the init method, the default thread enters a loop in which it repeatedly ac-
cepts and evaluates remote calls for 0. It suspends if there are no pending remote
calls. It becomes the object’s external interface thread - its reactive component.

A remote call is a query Q sent to 0 from another concurrently executing
object, anywhere on the internet. The query can be sent as a call 07Q, or a call
0~~@. (The differences between the two forms of call will be explained shortly.)
Q can be an arbitrary Prolog query using any of the visible predicates of the class
of 0 or any Qu-Prolog primitiveﬂ. Multiple remote calls, whether synchronous or
asynchronous, are queued at an object in time order of arrival. The object will
respond to them in this order.

A 7 call is a synchronous communication, the client querying thread C1 sus-
pends until an answer is returned, which may be a fail message. Backtracking in
the client thread will generate all solutions of the remote call’.

A call 0°°Q is an asynchronous remote call. Q is executed by 0 as a single
solution call. There is no automatic answer response from 0 to such a query, no
client variables in Q will be bound as a result of the call, and on the client side
the call always immediately succeeds. Usually Q will cause some update of the
state of 0, or cause 0 to execute a remote call. This remote call could be either
a synchronous or an asynchronous call back to the object from which the query
was sent. The architecture of a QuP*+ object is depicted in figure [Il

During the evaluation of any remote call received by an object 0, the global
identity of the object Q0 from which the query came can be found by executing
a call caller(QO). This will unify Q0 with the global identity of the querying

2 Execution of the dynamic clause and state variable update and access primitives is
an atomic action. However it is a useful discipline to restrict update of a particular
dynamic predicate or state variable to a particular sub-thread and have other threads
only access the value.

3 There is also a 077Q form of call with the semantics as given in [7]. We shall not use
this form of call in this paper.

4 In addition, any predicate of a Qu-Prolog program can be used in q if we know that
it will have been loaded by the Qu-Prolog process in which 0 is running. To the
QuP™T application these are seen as extra Qu-Prolog primitives.

5 For a call 07Q all solutions to Q are immediately found by 0 using a findall call and
returned by 0 to C1 as a list. There is then local backtracking in C1 over the different
solutions in the returned list.
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Fig.1. A QuP™™ object

object, which remember is the global identity of its interface thread. This will be
the case even if the query came from another sub-thread of Q0. The pair of calls,
caller(Q0),Q0""RCall, thus sends an asynchronous query RCall to the object
Q0 which sent 0 the remote call it is currently evaluating. If 0 executes this pair
of calls whilst evaluating an asynchronous call, 0~~Q, from QO, the return call
Q0" "RCall is effectively a response to QO for the query Q. Use of ~~ remote calls
and caller/1 enables objects to have asynchronous conversations as well as
client server interactions. This is particularly useful when the objects implement
agents.

Tests on the value returned by a caller/1 call can also be used to restrict
use of certain methods to known objects, or objects satisfying certain properties.
For example, a method:

pC...):= caller(QO), allowed_to_call_p(QO),

causes a remote call to p to fail if the querying object is not allowed to call p.
allowed_to_call_p/1 can be a dynamic predicate initialised when the object is
created, and perhaps updated by calls to a method:
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allow_to_call_p(New0):-caller(Q0),allowed_to_call_p(QOD),
self_assert(allowed_to_call_p(New0)).

from objects already allowed to call p/k.

3 QuP*T by Example

Let us begin with a simple example program. This is a class definition for a person
object. In this case there is no inheritance, except from a default system class
that defines a set of standard method predicates for all objects. One of these is
the reflective method predicate/1 which can be used to query an object to find
its visible predicates. A call 07predicate(V), where V is a variable, will return
one at a time the names and arities of 0’s visible predicates. Another system
class predicate is class/1. A call 0?7class(C) will unify C with the class name
of 0. There are two other reflective predicates: myid/1 and mystate/1 which
are actually used in the above class definition. They can only be called from a
method. myid/1 unifies its argument with global identity of the object that calls
it. mystate/1 returns the entire current state of the object that executes the
call as a list.

class person

state [firstname/1,surname/1,age:=0,sex/1,child/1,parent/1]
clauses{

adult :- age*x=A,A>18.

family_name (N) : -surname (N) .

likes(0) :-child(0).

new_child(Fn,Sx,0) :-
nonvar(0),!,
self_assert(child(0)).
new_child(Fn,Sx,0):-
surname (Sn) ,
myid(Me),
new(person,
[firstname (Fn) ,surname(Sn) ,sex(Sx) ,{parent(Me). }],
0),
self_assert(child(0)).

get_married_to(Sp):-
myid(Me),
Sp?(class(person) ;class(married_person),spouse(Me)),
mystate(St),
become (married_person,
[spouse(Sp) ISt]) .

} private {surname/1}.
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Let us now look more closely at the above class definition. The state decla-
ration:

state [firstname/1,surname/1,age:=0,sex/1,child/1,parent/1]

tells us that instances of this class will record the state of the object using clauses
for five dynamic predicates and one state variable age. The state variable has a
default initial value of 0. When we create an instance of the class we can give
values for the dynamic predicates and we can override the default value 0 for
age. For example, the call:

new(person, [firstname(bill) ,surname (smith) ,sex(male) ,age:=23],01)

will create a new instance of the person class, with the clauses given in the
state list second argument as initial definitions for its dynamic predicates, and
the value 23 for its age state variable. The clauses for the dynamic predicates
and the state variable initialisations can be given in any order. Notice that this
person object does not have clauses defining parent/1 and child/1.

When an object is created it can be given a set of clauses for some or all
of its dynamic predicates and values for some or all of its state variables. For
a dynamic predicate these either over-ride or add to any default clauses given
for the predicate of the class definition. The choice is signalled by the way the
clauses are given in the object creation call. For a state variable any value given
in the object creation call always over-rides any default value it might have in
the class definition.

new/3 is one of two QuPTT primitives for creating new objects. The above
call to new/3 returns the global indentity of the person object as the binding
for 01. We can access 01’s state as recorded by its visible dynamic predicates by
queries such as:

017sex(S)

which binds S to male. We cannot directly access the age of 01 since this is
recorded as the value of a state variable. However we can use the adult method
to indirectly access its value. For example,

017adult

will succeed. The call age*=A in the adult clause uses the QuPTT primitive
*=/2 to access the current value of the age state variable. This call can only be
used in a method. An attempt to use it in a remote call such as 017age*=A will
fail.

A call:

O17predicate (P)
will in turn bind P to each of:

new_child/3, adult/0, family_name/1, get_married_to/1,
likes/1, firstname/1, sex/1, child/1, parent/1
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surname will not be returned as it was declared as private to the class. Its
definition can be accessed indirectly via the family name method. We have a
separate family name definition because, when we define the married _person
subclass, we shall redefine this predicate.

017class(C)

will bind C to person.

The person class has a method new_child/3 that both updates the state of
the object that executes it and may create a new instance of the person clause,
which is the object representing the recorded child. The asserted child/1 clause
records the child object’s global identity. A new person object is created if the
third argument of the new_child/3 method call, the object identity of the child,
is given as an unbound variable. Thus, a call:

017new_child(mary,female,02)

will result in a new person object with the global identity the returned binding
for 02 being created with state:

[surname (smith) ,firstname (mary) ,age:=0,sex(female) ,parent(01)]

The new_child/3 second clause is used and this calls the dynamic predicate
surname/1 to access the surname for object 01 in order to define the surname/1
dynamic predicate of the new person object that it creates. It also calls the
QuP** primitive myid to find the global identity of the object executing the
methodd. This is in order to give an initial clause for the parent/1 dynamic
predicate of the new person object, which is deemed to be a child of the object
executing the new_child method. Finally the new_child/3 method adds the
clause child(02) to the state of 01 using the QuP*T primitive self assert.
self_assert rather than assert is used to ensure that the dynamic clauses for
the same predicate in different objects are kept distinct.
Now a query:

027firstname (F)
or the equivalent queries:

017child(C) ,C?firstname (F)

017(child(C),C?firstname(F))

5 In many OO languages the returned binding for Me is denoted by use of the term
self. In QuPT™" self can only be used as the object identity of a call, as in
self?p(..). If we want to embed its value as an argument of a remote call, as
here, we must find its value using myid/1. As we remarked earlier, a self?p(...)
call can be used within a method of a class C to signal that the latest definition of p
should be called in case the method is being executed by an instance of a subclass
of C which redefines p. This is a standard use of self in OO languages.
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can be used to find the first name of the new child object. The last two queries
differ with respect to where the call C?firstname (F) is executed. In the first
query it is executed in the object that executes the call 017child(C), and in
the second it is executed in the object 01. The second is a remote call contain-
ing a remote call. Remember all the objects are executing as separate threads
which repeatedly accept and execute remote calls. The differences between the
evaluations of the two queries is depicted in figure Bl

A\
firstname(F)

child(C),
Cfirstname|
o =
C=01,N=mary
@)

g firstname(N)

Fig. 2. Remote calls

Let us now look at the method get_married_to/1. This does not create a
new object but metamorphises the person object that executes it into an instance
of the married_person class. This is as a result of the call to the the QuP*+
primitive become/2. This can be called by a static method of any object 0 and
when the method that calls it terminates the object 0 becomes an instance of a
new class. Importantly, it retains the same global identity. The first argument
of the become/2 call is the name of the new class, the second is a list, just
like the list argument of a new/3 call, giving values for some or all the state
components for the object as an instance of the new class. In the case of the
become/2 call of the get married to/1 method the new state list is the state
list returned by executing the system class method mystate with the clause
spouse (Sp) added as a new component. Notice that the method only succeeds
if Sp is an instance of the person class (i.e. as yet unmarried), or Sp is an instance
of the married person call that has the person being told to get married (the
Me returned by the call myid(Me)) as its recorded spouse. A call to mystate/1
unifies its argument with a list giving the current complete state of the object 0
that executes the call. The state of an object 0 as a married person is its state
as a person object with an extra clause for a new dynamic predicate spouse/1.
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This clause records the identity of the object to whom the married person is
married.

As one can imagine, the married_person class is best defined as a sub-class
of the person class. Its definition is given below. The isa person-[get.mar-
ried_to/1] of the class declaration means that all the static clauses and state
components of the person class, except the clauses for get married_to/1 which
is not inherited and family name/1 and likes which are redefined, are automat-
ically included in the married_person class. Note that the sub-class redefines
the 1ikes/1 predicate as:

likes(0) :- spouse(0) ;super?likes(0).

This redefinition calls the definition that would be inherited so it just extends
the person definition for 1ikes/1. Note that get married_to/1 is removed from
the methods of the married_person class.

The sub-class also has a clause for the predicate init. When a class contains
a definition for init, which is always deemed as private to the class, it is called
immediately after any instance of the class is created, either by a new call, or
a becomes call. Only when the init method terminates will the object accept
external queries.

class married_person isa person-[get_married_to]
state [spouse/1]

clauses {
init:- spouse(Sp),
myid(Me),

Sp?spouse(Me) -> true;
Sp~"get_married_to(Me).

likes(0) :- spouse(0) ;super?likes(0).

family_name(N) :- sex(male) -> surname(N) ;
spouse (Sp) , Sp?surname (N) .

get_divorced: -
mystate(St),
remove (spouse (Sp) ,St,NSt),
myid(Me),
(Sp?spouse (Me) ->Sp~"get_divorced),
become (person,NSt) .

Let us see what the effect of the init is if we execute the conjunction:

new(person, [firstname (june) ,surname (jones),
sex(female) ,age:=20],03),
03" "get_married_to(01)
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where 01 is the previously created male instance of the person class. The call
03" "get_married_to(01) is an asynchronous call. It always immediately suc-
ceeds whether or not the call get married_to(01) succeeds in the object 03. No
answer bindings are ever directly returned from an asynchronous call and so the
query of the call usually contains no unbound variables, as here.

When 03 receives the query it will eventually execute:

become (married_person,
[spouse(01) ,firstname (june),surname(jones),
sex(female) ,age:=20])

and this causes 03 to become an instance of the married_person class. This in
turn, will cause the automatic execution of the init method of this class by 03.
This will query 01, the recorded spouse of the metamorphised 03, to see if 01
‘knows’ that its spouse is the object executing the init method, i.e. 03. The
init method finds the global identity 03 by executing the call myid(Me). Since
01 is at this time an instance of the person class, it will have no clauses for
spouse, and the call Sp?spouse (Me) will fail. This will result in the execution
by 03 of the asynchronous remote call:

01" "get_married_to(03)

and this will cause 01 to metamorphise into an instance of the married _person
class, with recorded spouse 03. Now the init call executed when 01 becomes a
married person will find that its spouse 03 does ‘know’ that it is married to 01
and the distributed activity started by the init executed by 03 will terminate.
The init method ensures consistency between the state components of the two
married person objects.

Note that it is essential that the remote call to get_married_to/1 of the init
method is executed asynchronously. Before the remote call terminates, the ob-
ject that executes the call will itself be queried. The interaction between 01 and
03 is as depicted in the figure[3l If 01 executed the remote get married_to(01)
query to 03 synchronously, that is if it suspended until the remote query suc-
cessfully terminated, it would not be able to respond to the synchronous query
spouse (03) from 03. The two objects would deadlock, and neither would be
able to complete their init methods.

Finally let us look at the get_divorced method for a married person. This
causes a married_person object 0 to metamorphise back into a person object
and ensures that the recorded spouse, if it ‘believes’ it is still married to O,
similarly reverts to being a person.

4 Object Servers and Mobile Agent Objects

Below is a definition of an object server class. Instances of this class can be
sent messages to remotely spawn objects and can be used as stepping stones by
mobile agent objects.
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Fig. 3. Object state synchronisation
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An object_server accepts requests to create new objects for a particular
class keeping track of which objects it has created, in which class, in a dynamic
predicate class_of/2. It also allows objects to be created with given public
names, as we shall describe below. It keeps track of these public names in a
dynamic relation used_names. The two dynamic predicates are not private, so
both can be queried by other objects. Use of such an object server assumes that
the class definitions for all the classes for which it may need to create instances
have been loaded by the Qu-Prolog process in which the object server is running.

class object_server
state [class_of/2,used_name/1]
clauses {
newob(C,Inits,0) :-
var(0),
new(C,Inits,0),
self_assert(class_of(C,0)).
newob(C,Inits,N,0) :-
atom(N),
var(0),
\+ used_name(N),
new(C,Inits,N,Q0),
self_assert(used_name(N)),
self_assert(class(C,0)).

The class has two methods, one for newob/3 and one for newob/4. The first
takes the name of the class and the state components and creates a new object
with a system generated identity 0 that will be returned to the client providing
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the method was invoked as a synchronous query. The method for newob/4 has
an extra argument, N, which must be an atom. It then calls the four argument
new primitive passing in this symbol N. This will use N to construct the global
identity 0. For example, suppose we have an instance of the object_server
class running on a machine ‘zeus.doc.ic.ic.ac’ within a Qu-Prolog process
with the name objects. The Qu-Prolog process can be given this name by a
command line option when it is started. If we send it the remote synchronous

query:
newob{person, [firstname(bill),...],billS,0)
then 0 will be bound to:
billS:objects@‘zeus.doc.ic.ac.uk’

providing bills$ is not already a used name for an object already created by the
object server. (The already used names can be found by querying its used_names
dynamic relation.) This is a public global identity that can be used to refer to
this particular person object in any QuP*+ application. A call:

billS:objects@‘zeus.doc.ic.ac.uk’?family_name(N)

from any QuP** object, anywhere on the internet, will be routed to the object
via the ICM[I7] message transport systen{.

More usefully, we can give such a public identity to the object servers running
on each internet host. We can do this by launching each object server, in a Qu-
Prolog process with the name objects, with a call:

?-new(object_server, [],server,_).

If we do this on the host zeus.doc.ic.ac.uk, we can remotely launch an object
on this host with a remote call:

server:objects@‘zeus.doc.ic.ac.uk’?newob(person, [...],0).
or, if we want the launched object to have a public name, with a query:
server:objects@‘zeus.doc.ic.ac.uk’?newob(person,[...],billS,0).

As we remarked earlier, such a remote launch requires that the class definition for
person has been loaded on zeus.doc.ic.ac.uk. We could, however, elaborate
the object server so that it keeps track of which class definitions have been
loaded, loading new ones as required. Then all that we need to assume is that
we only use a given object server to create objects for classes to which it has
access to the class definition.

" This typically requires ICM processes to be running on each host on which we have
a QuP™™ process running.
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Consider now the class definitions:

class mobile_object

clauses {

move_to(Host,0) : -
mystate(St),
class(C),
server:objects@Host?newob(C,St,0),
die.

T

mobile_person isa [person,mobile_object].

The mobile_object class is an abstract class. It will have no direct instances
but can be used as a super-class whenever we want some class of objects to be
re-locatable. The mobile_person class inherits from this class, and the person
class.

The single method of the mobile_object class takes the name of a host
machine, Host and relocates the object by sending a remote newob/3 query to
the publically named object server on that host. Executed by a mobile_person
object, the call mystate(St) will bind St to the person state component and
the call class(C) will bind C to mobile_person. The last action of the method,
executed if the remote newob call succeeds, is die. This terminates all the threads
executing within the object on the current host.

Suppose 01 is mobile person object initially created by a newob/3 query to
some object server. If we then executd?:

01?7move_to(‘pine.doc.ic.ac.uk’,02)

then, providing there is an object server running on that host, the object 01
will relocate to become the object with global identity 02. This safely relocates
an object that only has the default interface thread executing at the time it is
relocating and the move_to is executed by this thread. If we want to relocate a
multi-threaded object we should program it so that all threads but the interface
thread have terminated, perhaps after recording information about their execu-
tion state in the state of the object, before move_to is executed. The object’s
class should then have an init method that will re-launch the additional threads
when the object is re-launched on the new host.

Of course, if we are to have objects moving from object server to object
server, we should augment the object servers so that they can be informed when
an object moves. We should add a new method to the object server class:

moved_to (NewHost) : -
caller(0),
self_retract(class_of (0,C)),
(0=N:_@_,atom(N)->self_retract (used_name(N)) ;true).

-S>

8 We can also identify the host using its IP number



48 Keith Clark and Peter J. Robinson

and the move_to/1 method of a mobile object should be:

move_to(Host,0) : -
mystate(St),
class(C),
server:objects@Host?newob(C,St,0),
myid(_:objects@CurrHost),
server:objects@CurrHost” "moved_to(Host),
die.

Notice that the new moved_to/2 method of the object server uses caller /1
to find the identity of the local object that is moving, and the move_to method
finds the identity of the object server that should be informed of the move by
massaging the term that is its own global identity. It makes the assumption that
all these moving objects are created by newob messages to object servers and
hence have global identities of the form:

Name:objects@CurrHost

This is the case even if the object is not given a public name, Name is then an
atom such as object234.

To many, a mobile agent is a mobile object with a purpose. The purpose
manifests itself in proactive behaviour when the agent object arrives at a new
site. Below is a class definition for a two threaded generic mobile agent object.

class mobile_agent isa mobile_object
state [name,hostlist,script/1,report_to]
clauses {

init:-
hostlist*=[CH|Hosts], % find where I am -- head of hostlist
hostlist:=Hosts, % update hostlist
report_to*=R, % find agent to report to
name*=N, % find my name
myid(Me), % find my current global id
R""i_am_now(N,Me), % inform report_to agent of new id

object_thread_fork(_,script(CH)). % execute script for CH
% as a separate thread
} private [move_to].

It has a state component which is a list of hosts to visit, and a script of what
to do as it arrives at each host. The script is given by clauses for the dynamic
relation script/1. It has another state component, report_to, which is the
global identity of an agent to which it should report, and one called name which
is some name by which it can be recognised. Each time it arrives at a host it
executes the init method. This sends an asynchronous call to the report_to
agent object giving its current global identity. This is so that the report_to
agent can send remote queries accessing its current state.
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The init method of this class also calls the script progam passing in the
name of the current host which is assumed to be the first host on hostlist.
The script is executed as a separate object thread so that the main thread of
the object can become the default interface thread responding to remote calls,
in particular calls from the report_to agent that will have been informed of its
current identity. It also updates hostlist by removing the current host name.
The called script/1 program will typically end by executing a move_to/1 call
on the inherited method of the mobile_object class. To implement a mobile
agent we only need to assume that this generic class definition is available on
each host that the agent will visit. The actual script for the mobile agent will
be passed as part of the state component of the agent and will be agent specific.

server:objects@H1?newob(mobile_agent,
[hostlist:=[H1,...,’zeus.doc...’] ,report_to:=R,
{script(’zeus....’):- % script for home base
make_visible(found_pair/2),
I, % terminate script thread
script(H):- % script for elsewhere
make_visible(found_pair/2),
forall(server:objects@H?
class_of (Mp,married_person),
(Mp? (sex(male) ,spouse(Sp)),
self_assert(found_pair(Mp,Sp)))),
hostlist*=[H|_],
self~"move_to(H,_).}],_)

The above call creates a mobile agent that moves to each of the list of hosts
[H1,...’zeus.doc...’] reporting to an agent object R. It is initially created
on H1. In all but the last host >zeus.doc...’, which is its home base, perhaps
the host on which R resides, it queries all the local married _person objects to
create a list of the married person pairs on that host. It finds the identities
of the married_person objects by querying the class_of relation of the local
object server. The found married person pairs, if any, are cached in a new dy-
namic relation found_pair. self_assert can be used to add clauses for dynamic
relations that are not declared in the state component of an object’s class. By
default they become additional private dynamic relations of the object and are
automatically collected as part of the state list constructed by mystate/1. So the
clauses for these additional dynamic relations will move with the mobile agent.
Any private dynamic predicate can be made visible if the object executes a call to
make_visible/1. This is what our mobile agent script does at each host, allowing
the report_to agent to query the found pair/2 relation each time the mobile
agent reports its new identity. Finally note that the last action of the script,
at other than the home host, is an asynchronous call self”"move_to(H,_) to
itself. This is instead of of a direct method call move_to(H,_). The direct call
would result in the inherited move_to method being executed in the script thread,
whereas the asynchronous self call results in its being sent as an asynchronous
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remote call to the interface thread of the mobile agent. Sending it for execution
in the interface thread is cleaner. It means that when it is executed the script
thread on the current host will have terminated because it immediately termi-
nates after sending the self call. It also means that any remote synchronous
call currently being executed by the interface thread, and any such calls that
are pending, will be completed before the move_to method is executed by this
thread. (Remember that remote calls are queued and executed by the interface
thread in time order of arrival.)

This is a very simple mobile agent program but the agent, in its ability to
concurrently accept queries about the information it has gathered, whilst it is
gathering new information, is quite sophisticated. Its activity is as depicted in
figure @l We can use the same program to launch mobile agents with scripts
that find out new hosts to visit, adding the host name to hostnames. We can
also define other mobile agent classes, inheriting from this class, or directly from
mobile_object, that allow agents to be recalled or given new scripts on their
journey.

newob(mobile_agent,...)

. B
e object
: server

— interface

‘ ‘ i_am_npw(O) thr
-— =

married .
person obj. ‘ ‘

;ﬂ;nale).
spouse(Sp)

—— —
- bile_agent....)
\ J possibe query accessing
report_to found| pairs relation
agent
\ selfAmove_to(..)
object state
launched
. mob. ag.
Different hosts with two threads

Fig. 4. Simple mobile agent

5 Advanced Reasoning Agents

In this section we show how the Qu-Prolog support for quantifiers, substitutions
and object variables can be used to implement powerful reasoning agents that
go beyond Prolog inference.

In order to support the programming of such reasoning agents the Her-
brand Universe (or object-level) of Qu-Prolog extends that of normal Prolog.
Qu-Prolog’s Herbrand universe has quantified terms and object level variables.
Correspondingly the meta-level of Qu-Prolog includes terms to represent the
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object-level quantified terms and variables. Object variables (or more strictly
object-variable variables) are meta-level variables that range over variables at
the object-level. This means that one object variable may be bound to another
during unification, but cannot be bound to any other kind of term.

Qu-Prolog also supports a notation for substitution application. Such a meta-
level term represents the application of a substitution to a term at the object-
level with change of bound variables as required.

Unification in up to alpha-equivalence. In other words, the unification algo-
rithm attempts to find instantiations of variables that make two terms equal up
to change of bound variables. We present some example unification problems
shortly to illustrate the unification of quantified terms.

Note that, in Qu-Prolog, there is a distinction between substituition and
instantiation. When talking about substitution we mean variable substitution
at the object-level and consequently change of bound variables is required when
‘pushing’ a substitution into a quantified term (at the object-level). On the other
hand, instantiation (often called substitution when discussing standard Prolog)
is really substitution at the meta-level. Instantiations therefore ‘move through’
terms representing object-level quantified terms without requiring change of
bound variables.

Object variables use the same syntax as Prolog atoms but are distinguished
from atoms by declaration. The declaration

?7- obvar_prefix([x,yl).

declares x and y, as well as x and y followed by numbers or underscores and
numbers, as object variables. So, for example, x0, y_1 are also object variables.

Quantifier symbols are declared using the same method as declaring opera-
tors. So, for example,

7- op(500, quant, q).

declares q to be a quantifier symbol with precedence 500. Note, however, that
this declaration does not give any semantics to the quantifer symbols (other than
as an object variable binder) — the semantics are defined by the predicates of
the program.

Assuming the declarations above, the following interaction with the inter-
preter shows Qu-Prolog unification in action.

| 7- x = y.
X =y
y=vy

| 7- x = a.
no

| 7- g x £(x) = qy £(y).
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?-qx A=gqyB.

I

X =X

A = [x/ylB
y =7
B=B
provided:

x not_free_in [$/y]B

| »- [A/x]B = 3.
A=A

X =X

B=B

provided:

[A/x]B = 3

The first example shows that object variables can be unified with each other.
The second example shows that object variables don’t unify with other terms.
The third example shows that unification of quantified terms is up to alpha-
equivalence — neither x nor y is instantiated by the unification.

The forth example extends the third example — to make the two terms alpha
equivalent all free occurrences of y in B are replaced by x. The notation [x/y]B is
the application of a substitution to B with this property. Note that, without more
information about B, the substitution cannot be evaluated. Also note that the
unification adds the constraint x not_free_in [$/y]B (where $ is an atom)
This constraint is also required in order to make the terms alpha-equivalent.
If x and y represent different object variables then the constraint reduces to
x not_free_in B — which says that since the left hand side of the unification
has no free x’s then neither can the right hand side. On the other hand if x and y
represent the same object variable then the constraint becomes true since there
are no free x’s in [$/x]B. Also, in this case there are no free x’s on either side
of the unification.

The final example shows a unification problem that delays, that is, becomes
a constraint. This is because the unification problem has two solutions: B = 3
and B = x, A = 3. Unification problems that have more than one solution or
problems for which it is hard to prove there is only one solution, delay in the hope
that some future computation will simplify the problem. The Qu-Prolog release
comes with an example program, incomplete_retry_delays that attempts to
find solutions to delayed unification problems. This program is used in the Ergo
prover to eliminate such delays on request and is used in our example below to
eliminate any remaining delayed unification problems.

Let us now look at the implementation in QuP™™ of a reasoning agent whose
inference engine is a tableau style prover for full first order predicate logic. The
inference engine is given a list of sentences in first order logic and tries to find
a contradiction — in other words it tries to show the collection of sentences is
unsatisfiable. The inference engine is supplied with a resource bound that limits
the number of inference steps.
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We begin with a discussion of the inconsistency checker class (the inference
engine) and later look at the reasoning agent class.

The inconsistency checker and the reasoning agent and its clients need to
represent logical formulae as Qu-Prolog terms and this is aided with the following
declarations.

?7- obvar_prefix([x,y]).
7- op(860, quant, all). 7% The universal quantifier

7- op(860, quant, ex). % The existential quantifier
7- op(810, fx, 7). % negation

?7- op(820, xfy, and). % conjunction

?- op(830, xfy, or). % disjunction

?7- op(840, xfy, =>). % implication

7- op(850, xfy, <=>). % equivalence

Following the declarations, the Qu-Prolog parser will then recognize the terms
below (for example).

all x p(x)
[A/x]B
all x_1 ex x_2 (p(x_1) => q(x_2))

The first term represents the quantified term whose quantifier symbol is all,
whose bound variable is x and whose body is p(x). The seond term represents
a substitution application where all free x’s in B are to be replaced by A.

The header for the inconsistency checker class is given below. The state
variable simplifier is the address of a simplifier agent that the inconsistency
checker uses to simplify the formulae.

class inconsistency_checker

state [simplifier]

inconsistent (Fs,R,RR) : -
find_contradiction(Fs,R,RR,not_simplified_yet).

% ... clauses for find_contradiction/4 and make_instances/5
} private [find_contradiction/4,make_instances/5]

In the only public method of this class, inconsistent (Fs,R,RR), Fs is a list of
formulae and R is a resource bound — the maximum number of inference steps
allowed in trying to reduce Fs to an obviously inconsistent list of formulae. RR
is the remaining sumber of inference steps after an inconsistency is found. The
state variable simplifier holds the identity of a simplifier agent that can be
used, at most once, to do auxilary simplification reductions.

find_contradiction(_,0,_,_):- !,fail. % resource bound exceeded
find_contradiction(Fs,R,RR,STag) :-

member (“true, Fs),!,

RR is R-1.
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find_contradiction(Fs,R,RR,STag)
member (~ (X=X), Fs),
incomplete_retry_delays,
1
RR is R-1.

find_contradiction(Fs,R,RR,STag) :-
member (X, Fs),
member ("X, Fs),
incomplete_retry_delays,
1
RR is R-1.

find_contradiction(Fs,R,RR,STag) :- % Split conjunct.
member_and_rest(A and B, Fs, Rst),
1

>

NR is R-1,
find_contradiction([A,B|Rst],NR,RR,STag).
find_contradiction(Fs,R,RR,STag) :- % Remove an ex quantifier.

member_and_rest(ex x A, Fs, Rst),

x not_free_in Rst,

',

NR is R-1,

find_contradiction([A|Rst],NR,RR,STag).
find_contradiction(Fs,R,RR,STag) :- % Branch on disjunct.

member_and_rest(A or B, Fs, Rst),

',

NR is R-1,

find_contradiction([A|R],NR,IRR,STag),

find_contradiction([BIR],IRR,RR,STag) .
find_contradiction(Fs,R,RR,STag) :- % Branch on implication.

member_and_rest(A => B, Fs, Rst),

',

NR is R-1,
find_contradiction([~A|R],NR,IRR,STag),
find_contradiction([BIR],IRR,RR,STag) .

find_contradiction(Fs,R,RR,STag) :- % Do wuniv. instantiations.
make_instances(Fs, Fs, NewFs, R, NR),
NR < R, % made at least one univ. instantiation

>

find_contradiction(NewFs,NR,RR,STag) .

% Call the simplifier - only if not been called before.
find_contradiction(Fs,R,RR,not_simplified_yet) :-
NR is R-1,
simplifier*=§,
S?simplify(Fs,SFs), % remote call to simplifier agent
find_contradiction(SFs,NR,RR,simplified).
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% Make instances of all universal and
% negated existential formulae.
make_instances([], New, New, R, R).
make_instances([H|T], Fs, NewFs, R, NR) :-
(H=a2all x A
->
IFs = [[_/x]Al|Fs],
IR is R -1

H= "ex x A

IFs = [T[_/x]AlFs],
IR is R -1

IFs = Fs,
IR = R
),
make_instances(T, IFs, NewFs, IR, NR).

The private method find_contradiction/4 attempts to reduce its Fs argu-
ment to a contradictary list and succeeds if it can do this within the resource
bound of R steps. The last argument is a symbol flag that switches to simplified
when the simplifier agent has been used in a particular inference, preventing
another use. The third argument will return the final resource count when a con-
tradiction is found. It is not of interest for a top level call, but it must be used
when an inference splits into two sub-proofs to ensure that the second sub-proof
uses only the resource left after the first sub-proof succeeds.

The first clause for find_contradictition/4 causes the call to fail when the
resource bound has been reduced to 0. The next three clauses deal with direct
contradictions in its list of formulae first argument. The remainder deal with the
logical operators and simplification. We only give representitive examples of this
last group of clauses. The predicate member_and_rest (E,L,R) succeeds if E is
somewhere on L and R is L with E removed.

The sixth clause eliminates existential quantifiers. The call to the built-in
predicate not_free_in/2 constrains x to be not-free-in R as required.

The universal instantiation rule makes an instance of each universal and
negated existential formula and adds this to the list of formulae. For example,
the formula all x A is instantiated to A with all free x’s in A replaced by a new
meta-variable representing a yet-to-be-determined instance and this is added as
a new formula. Since the universally quantified formulae remain, the rule can
be re-applied any number of times providing there is at least one new formula
added by its application. Repeated application of the rule to the same formulae
is needed because sometimes a proof requires several different instantiations of a
universally quantified formula. After each application we can expect that earlier
rules will apply to the augmented list of formulae and these will be exhaustively
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applied before it is re-used. The earlier rules always remove the formula to which
they apply.

The universal instantiation rule is made to fail if no universal instantiation
is found by the call to the auxiliary predicate make_instances/5 to prevent
repeated, pointless application to lists of formulae which contain no universally
quantified formulae. In this case, when the universal instantiation rule is first
called and fails, only the simplification rule can be used, as a last resort. After
this has been used once, when all the earlier rules have been exhaustively applied
and the universal instantiation rule is recalled and again fails, the entire proof
fails.

The last clause sends a message to a simplifier agent that attempts to simplify
the formula list according to its own simplification rules. The prover agent waits
until the simplifier returns a simplified list. This clause demonstrates how one
reasoning agent can take advantage of the skills of other reasoning agents in
solving its problems. The simplifier might, for example, be a rewrite system for
arithmetic subexpressions.

We now give an example of the inference engine in action by showing the
sequence of transformations that find_contradictition would generate given
a list of formulae.

(initial list)
[ "ex x r(x), p(a) or ex x1 q(x1), all y1 ~q(yl),
all z1 p(zl) => r(zl1)]

(or rule on: p(a) or ..)
[ "ex x r(x), p(a), all y1 "q(yl), all zl p(zl) => r(z1)],

[Tex x r(x), ex x1 q(x1), all y1 "q(yl1l), all z1 p(zl) => r(z1)]
(univ. instant. rule on: ~ ex x .., all y1 .., all =zl
of first list)
["r(X1), p(a), “q(Y1), p(Z1) => r(Z1), "ex x r(x),
all y1 “q(y1), all z1 p(zl) => r(z1)],
[Fex x r(x), ex x1 q(x1), all y1 "q(y1), all zl p(zl) => r(z1l)]

(implies rule on: p(Z1)=>r(Z1) of first list)
["r(X1), p(a), "q(¥Y1), “p(Z1), ...],

"rX1), "q(¥1), r(z1), ...],
[Fex x r(x), ex x1 q(x1), all y1 "q(yl), all zl p(zl) => r(z1l)]
(contradiction rule appied to: p(a),”p(Z1) of first list

and to: “r(X1),r(Z1) of second list)
[Fex x r(x), ex x1 q(x1), all y1 "q(yl), all zl p(zl) => r(z1l)]
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(ex rule applied to: ex x1 q(x1))
[Fex x r(x), q(x2), all y1 "q(yl), all zl p(zl) => r(zl)]

(univ. instant. rule applied to:
“ex x r(x), all y1 “q(y1), all zl p(zl) => r(zl))
["r(X2), “q(Y2), p(Z2) => r(Z2), "ex x r(x), q(x2), ...]

(contradiction rule applied to: ~q(Y¥2),q(x2))
success

When the ex rule is applied the new object variable (which comes from the
rule instance) is set to be not free in all the other formulae in the list.

Note that we can use find_contradiction to attempt answer extraction
during the proof. If, for example, we have the formula “r(X), instead of the
formula “ex x r(x) in the list of formulas at the start of the above contradiction
derivation, a contradiction will also be found generating the binding X=a. In fact,
if the formulae in the knowledge base are essentially horn clauses and the ‘query’
formula is of the right form then find_contradiction behaves as a Prolog goal
evaluator.

However, answer extraction is not always possible. If we take “ex y r(y) as
the query formula and if the knowledge base consists of the formula ex x r(x) or
the formula r(a) or r(b) then find_contradiction will succeed. If, however,
the query formula is “r (X) then a contradiction cannot be found. In the first case,
the use of the rule for existential quantification causes a not-free-in condition to
be generated that prevents X from being instantiated to x. In the second case,
two different instantiations are required during the proof.

We now turn our attention to an example of a reasoning agent class. This is
the class definition for a reasoning agent. Each reasoning agent object contains
a knowledge base of believes facts that can be initialised when the agent is
created and added to whilst it is alive. Clients of the reasoning agent can use the
ask method to see if the agent believes the supplied formula. The agent believes
the formula if it is in the knowledge base or can be deduced from the knowledge
base within the supplied inference step resource bound.

class reasoner isa inconsistency_checker

state [believes/1, +told/1, mentor/1]

clauses{

init :- object_thread_fork(_,absorb_told_info).

absorb_told_info:-
thread_wait_on_goal (self_retract(told(F)),
findall(S, believes(S), Fs),
( inconsistent ([F|Fs],200,_) —->
true
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self_assert(believes(F))
),
absorb_told_info.
tell (B)
caller(M),
mentor (M),
self_assertz(told(B)).
ask(F,_) :-

believes(F),

!

caller(Cl),

Cl~"proved(F) .
ask(F,R):-

nonvar (F),

integer(R),

R>0,

caller(Cl),

object_thread_fork(_,try_to_prove(F, R, Cl)).
try_to_prove(F, R, Cl) :-

findall(S, believes(S), Fs),

( inconsistent([“F|Fs],R,RR) —>

Cl~"proved(F,RR)

Cl”"not_proved(F,RR)

3

private [try_to_prove/2, absorb_told_info/0, inconsistent/2,
told/1].

As an example use of this program, suppose we execute:
new(reasoner, [{believes(p(a) or ex x1 q(x1)). ..},..]1,Ag)
where the agent is given the formulas:

p(a) or ex x1 q(x1), all y1 “q(yl), all zl p(zl) => r(zl)
as its initial beliefs. If some other agent C1 then sends the query:
Ag~~ask(r(X),100)

Ag will spawn a contradiction sub-proof trying to reduce:

[ "r(X), p(a) or ex x1 q(x1), all y1 “q(y1),
all z1 p(zl) => r(zl1)]

to a contradiction. Since this will succeed, the reply:
Cl-"proved(r(a))

will be sent to the client agent.
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The mentor/1 dynamic predicate is used to tell the agent which other agents
are allowed to give it new information by calling its tell method. Notice that
the method does not immediately add a believes/1 fact. Instead a told/1 fact
is asserted and it is the responsibility of the absorb_told_info ‘daemon’, that
runs as a separate thread launched by the init method, to check if the told
sentence F is inconsistent with the sentences already in the knowledge base. If it
can prove inconsistency within a resource limit of 200 inference steps then the
told sentence is ignored. Otherwise the told sentence is added to the knowledge
base. This is potentially dangerous since it could produce a knowledge base with
‘deep’ contradictions, but it is pragmatic. That the agent will not accept tell/1
calls except from its mentors is another safeguard.

The meta-call predicate thread_wait_on_goal, used in the reasoner class
definition, causes the thread to suspend until the goal which is its argument
succeeds. That is, the argument goal is tried. If it succeeds, the meta-call succeeds
and no further solutions of the argument goal are sought on back-tracking. If
it fails, the thread executing the meta-call suspends until there is some update
to the dynamic clause data base, or the record date base. The argument call
is then retried. This try, fail, retry, continues indefinitely until the argument
goal succeeds. In this case it will cause the absorb_told_info object thread to
suspend until some told(F) fact is asserted by the interface thread. The thread
deletes the asserted fact and asserts a believes(F) fact if F cannot be shown to
be inconsistent with the agent’s current beliefs within 200 inference steps. If it
can be shown to be inconsistent with the current beliefs no belief fact is asserted.
The absorb_told_info thread then recurses to handle the next asserted told/1
fact.

This is one simple example of a reasoning agent. Another possibility is to
define a cooperative reasoning agent that can be used to implement a distributed
knowledge base. The system would contain a collection of agents, each with their
own local knowledge base, that would cooperate to produce proofs based on the
combined knowledge of the group. Each agent could have meta knowledge about
which other agents ‘know about’ particular predicates and hence can be asked to
prove or disprove predications (or their negations) containing these predicates.

To achieve this we can define a sub-class coop_reasoner of the reasoner
class. This is given below.

It has an extra dynamic predicate:

has_proved_false(L,Ag,RR)

which is used by the agent to record answers to isfalse/2 queries it has sent
out to other agents. It also has extra methods for accepting asynchronous calls
isfalse(L,R), that cause the agent to try to contradict L within R inference
steps, and for accepting asynchronous proved_false (L,RR) replies to such calls
that it has sent to other agents. Here RR is the number of inference steps left
from the resource R given in the isfalse/2 request.

The three new clauses for find_contradiction/4 add a new way for ter-
minating a contradiction proof. When a literal L is found in the current list of
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formulas with a predicate P, and the agent believes that some other agent Ag
knows about P, providing the complement literal to L is not in the currentl list,
Ag is sent an asynchronous isfalse(L,RforAg) call. The proof then continues
with asked(L,A) replacing L in the list of formulas. (For this reason we need
the second new clause for find_contradiction/4 that terminates a proof when
a literal is found for which there is an asked/2 formula mentioning its comple-
ment.) RforAg is a number of inference steps that Ag should use in trying to
contradict L. It is got by dividing up the remaining inference steps in a manner
dependent upon L. We leave this undefined. A suitable default definition would
just halve the remaining inference steps, no matter what L is. Notice that when a
sub-contracted proof is achieved inside the given resource bound, signalled by the
eventual self asserting of a has_proved_false(Ag,L,RR) dynamic clause by the
concurrently executing interface thread as a result of a proved_false(L,RR)
call, the unused inference steps RR of the sub-contracted proof are added to the
still unused inference steps of the main proof to give a more accurate value for
the unused the inference steps of the main proof.

The agent’s interface thread will concurrently be responding to queries from
other agents, including any proved_false(L) reply sent back from Ag. The in-
terface thread will respond to this by self asserting a has_proved false(L,Ag).
These dynamic facts are handled by the second new clause. This second clause
looks for asked(L,Ag) reminders left in the current list of formulas. For each
such reminder it checks to see if has_proved_false(L,Ag) holds, i.e. if such a
fact has been asserted by the concurrently executing interface thread. If any such
replies have been received to the sub-contracted proofs, the main contradiction
proof immediately terminates.

class coop_reasoner isa reasoner

state [has_proved_false/3]

clauses {

find_contradiction(Fs,R,RR,STag) :-
member_and_rest (L, Fs, Rst),
literal(L),

predicate_of(L,P), % perhaps should sub-contract L
believes(knows_about(P,Ag)), % to Ag but should not if
complement (L, CompL) , % Fs contains complement of L
\+ member (CompL,Rst), % or a note that Ag has been

\+ member (asked(CompL,Ag)), 7 asked about its complement

divide_up(L,R,RforAg,NR),

!
isfalse(L,RforAg)~"Ag,
find_contradiction([asked(L,Ag) IRst],NR,RR,STag) .

find_contradiction(Fs,R,RR,STag) :-
member (L, Fs),
literal(L),
complement (L, CompL) , % find complement to L
member (asked (CompL,_), Fs), % equiv. to having CompL
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incomplete_retry_delays,
',
RR is R-1.
find_contradiction(Fs,R,CRR,STag) :-
member_and_rest (asked(L,A) ,R),
has_proved_false(L,A,RR), 7% reply has come from A about L
incomplete_retry_delays,
CRR is R + RR,
I,
find_contradiction(Fs,R,RR,STag) :-
super?find_contradiction(Fs,R,RR,STag) .

proved_false(L,RR):-
caller(Ag),
self_assert (has_proved_false(L,Ag,RR).

isfalse(L,R):-
caller(Ag),
findall(S,believes(S),Fs),
object_thread_fork(_,try_to_contradict(L, R, Ag)).

try_to_contradict(F, R, Ag) :-

findall(S, believes(S), Fs),

inconsistent ([F|Fs],R) -> proved_false(L)""Ag ; true.
} private [has_proved_false].

6 Related Work

With repect to its OO features the design of QuP++ has been much influenced by
L&O [16] and DK-Parlog++ [9]. L&O is an OO extension for a single threaded
Prolog and the objects are not active. However, QuP T borrows its inheritance
semantics from L&O. DK-Parlog++ is an OO extension of a distributed hy-
brid of Parlog[f] and the multi-threaded IC-Prolog II[10)]. DK-Parlog++ classes
have both procedural methods (Parlog clauses) and knowledge methods (Pro-
log clauses). Object state, as in QuP™ ™, is represented by both state variables
and dynamic clauses. QuP+t methods are the equivalent of the DK-Parlog++
knowledge methods. However, DK-Parlog++ has only single inheritance and
does not have built in support for multi-threaded objects where all the threads
can access and update the object’s state with atomic operations. It is also re-
stricted to a local area network, whereas QuP T+ objects can be distributed over
the internet.

DLP [11] is perhaps the closest distributed OO LP language to QuP*+. DLP
has classes with multi-inheritance and class instances run as separate threads.
Object state can only be recorded as state variables, not as clauses. Method
invocation is a remote synchronous call. The default is that such a call spawns



62 Keith Clark and Peter J. Robinson

a query sub-thread in the target object. This is similar to the 077Q remote call
of QuP*T that we have not discussed in this paper. For a query 077Q the dif-
ferent solutions are returned by 0 to the caller C1, one at a time, as required
by backtracking within C1. This is distributed backtracking and its QuP*+ im-
plementation is sketched in [7]. For a 07Q call all its solutions are returned to
Cl in a list with local backtracking within C1. DLP does not have the equiva-
lent of the ? and =~ remote calls. In addition, it appears objects can only be
single threaded. An object can have the equivalent of an init method but this
cannot spawn sub-threads, it can only spawn new objects that have a separate
state. Because of this the DLP init method must periodically expiclitly inter-
rupt its pro-active execution to accept remote calls. One cannot have QuP*+
style multi-threaded objects, with one thread accepting remote calls whilst the
other threads concurrently engage in their own specific activities interacting, if
need be via the shared object state. In addition, neither DLP and DK-Parlog++
have reflective methods such as class/1 and mystate/1 and consequently do
not allow easy programming of mobile agents. Both are also OO extensions of
normal Prolog, with no special support for writing inference systems.

CIAO Prolog is a rich Prolog systems that also has multi-threading[4], with
inter-thread communication via atomic updates of the dynamic data base, and a
module system which has been used to implement an OO extenssion O’CIAO[5].
O’CIAO supports multiple inheritance between classes with class methods being
static clauses and object state being represented as dynamic clauses. Dynamic
clauses for the different object instances are distinguished in the same way as in
QuP™" by adding the object identity as an extra argument to the predicate they
define. The objects of O’CITAO are passive objects, the instances do not run as
separate threads, however CIAO itself has active modules which can also have
state, repesented as dynamic clauses local to the module. These active modules
can be given global identities that can be stored in files and client modules
can make use of the active module by referencing this file and declaring which
predicates it is using from amongst those that are exported by the module.
These exported predicates are then called in the normal way within the client
module, but the implementation will do a remote call to the active module. The
concept of an active module/class could be added to O’CIAO to give it active
objects. Also, the multi-threading of CIAO could be used to allow multi-threaded
objects sharing the same dynamic clause object state, but this integration of all
the features of CIAO has apparently not yet been done. CIAO Prolog also has
constraint handling but has no built in support for programming non-clausal
theorem provers.

Mozart-Oz[19] is a multi-paradigm distributed symbolic programming lan-
guage with support for logic programming, functional programming and con-
straint handling. It is being used for distributed agent applications[22]. It also
has passive objects, essentially records of functions which can access and update
state local to the record. Mozart-Oz is multi-threaded with the threads shar-
ing a common store of values and constraints. The store is used for inter-thread
communication. Constraints are posted to the store and the store can be queried
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as to whether some particular constraint is entailed by the current constraint
store. A thread executing such a query will suspend until the store entails the
constraint. This is a generalisation of our use of thread_wait_on_goal/1 in
QuP*+.

In Mozart-Oz any data value, including on object or an unbound variable
of the constraint store, can be shared across different Mozart-Oz processes by
creating a ticket for the data value using a special primitive. The ticket is an
ASCII string and is similar to the global identity of an active object in QuP*,
which is a term constructed from three symbols. This ticket string can then
be used in another Mozart-Oz process to access the value associated with the
ticket, even if it is held in a non-local store, by calling another ticket value access
primitive.

Active objects can be programmed by using a Mozart-Oz port which can be
sent a message from any thread that has access to the port, perhaps via a ticket.
A port is rather like an object’s message queue in QuPT+. Another thread then
accesses the messages sent to the port as elements of an incrementally generated
list, calling an appropriate method of some local passive object for each accessed
message. Such a port/thread/object combination behaves very like a QuP++
active object, but the calling of the object’s methods and the sending of replies
has to be achieved in Mozart-Oz using explict asynchronous message sends to
ports and explicit accesses of messages from the port message streams. That is,
what we have referred to as the interface thread has to be explictly programmed
as a wrapper for an object to make it active. This is how the remote calls of
QuP™" are implemented, using the inter-thread communication primitives of
Qu-Prolog[7], but QuP™™ presents to a programmer the higher level abstraction
of synchronous and asynchronous remote calls directly to an object’s methods.

Gaea[20] is a multi-threaded OO Prolog system with active objects which
have dynamic methods and modifiable inheritance trees. Gaea is not a class
based OO system. Instead each active object, which in Gaea is just a thread
with an associated cell of clauses, executes in an environment of a list of parent
cells for its cell. These parent cells have the role of super-classes, but the list of
parent cells can be dynmically constructed as the object is created. Each of
these parent cells can itself have an associated list of parent cells. So an object
executes in an tree structured environment of ancestor cells rooted at its cell.
This is similar to a QuPTT object executing in tree structured environment of
the static methods of its super classes (the parent hierarchy of Gaea cells) with
its own state component of dynamic clauses and state variables (the root cell
directly linked with the Gaea object/thread). The difference is that in Gaea, the
inheritance structure is created dynamically, as the active object is forked, and
it can be modified whilst the object is executing. Any parent cell of a cell can be
removed and new ones can be added. So the entire inheritance hierarchy for an
object is dynamic. These modifications to the inheritance structure can be made
by the object itself, or by another object executing in the same Gaea process.

Cells can contain cell variables as well as clauses. The cell variables are similar
to the state variables of a QuP ™" object. The cell clauses can be updated using
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special cell assert and retract primitives, similar to the self assert and retract
of QuPTT, as can the cell variables. Objects communicate via the clauses and
cell variables of the cells they both have access to. In addition, a call can be
evaluated relative to a named cell. When this is the root cell linked with an
object, this is equivalent to a call to the methods of that object, even though the
call is executed in the caller, rather than the callee. Clearly this is only possible
when the different objects execute in the same Gaea process, for only then will
each have access to the cell clauses of the other objects. Gaea is not a distributed
system.

The ability to modify the inheritance structure of an object is a much more
dymamic way of changing an object’s behaviour than the become/2 primitive of
QuP™*. However, the flexibility may come at a cost of program transparency.
Gaea has no special support for writing theorem provers.

AProlog, see for example [2], is a logic programming language with built-in
support for A-terms and consequently can be used as an implementation language
for theorem provers in much the same way as is done in Qu-Prolog. AProlog
does not, however, appear to provide as much support as Qu-Prolog does for
implementing interactive theorem provers, nor does it appear to have support
for multiple threads or even high-level communication bewteen different AProlog
processes.

In this paper we have shown how simple multi-threaded agents can readily be
implemented in QuP*. Since our main concern was illustrating the features of
the language we have not developed any complex agent architectures. However,
it would be no great effort to implement logic based agent architectures such
as those described in [3], [21], [23]. Implementing more complex architectures,
with both sophisticated reasoning and reactive capabilities, is the subject of our
on-going research.

Bob Kowalski wrote a short paper in 1985 [13] which anticipated many of
the ideas now being discussed with respect to logic based agents. In particular,
the paper discusses the need for information assimilation by resource bounded
reasoning agents, interacting with one another and the world. Our co-operative
reasoning agents are a partial realisation of the ideas expressed in that paper. His
ideas have since been elaborated in [T4] and [15] to allow interleaving of action
and reasoning within an agent, in order to reconcile the need for rationality and
reactivity. The agent architectures sketched in these more recent papers could
also easily be implemented in QuP*.

References

1. Holger Becht, Anthony Bloesch, Ray Nickson and Mark Utting, Ergo 4.1 Refer-
ence Manual, Technical Report No. 96-31, Software Verification Research Centre,
Department of Computer Science, University of Queensland, 1996.

2. C. Belleannée, P. Brisset, O. Ridoux, A pragmatic reconstruction of AProlog, Jour-
nal of Logic Programming, 41(1), 1999, pp 67-102



Agents as Multi-threaded Logical Objects 65

3. M. Bozzano, G. Delzanno, M. Mattelli, V. Mascardi, F. Zini, Logic Programming
and Multi-Agent Systems: A synergic combination for applications and semantics, in
The Logic Programming Paradigm, (eds K. Apt et al), Springer-Verlag, 1999.

4. M. Carro and M. Hermenegildo, Concurrency in Prolog Using Threads and a Shared
Database. Proceedings of ICLP99, (ed. D. De Schreye), MIT Press, 1999, pp 320-334.

5. A. Pineda and M. Hermenegildo, O’Ciao: An Object Oriented Programming
Model for (CIAO) Prolog, Research Report CLIP 5/99.0, (accessible from
http://www.clip.dia.fi.upm.es/), Facultad de Informatica, UPM, Madrid, 1999.

6. K. L. Clark, S. Gregory, Parlog: Parallel Programming in Logic, ACM Toplas 8(1),
1-49 pp, 1986.

7. Keith Clark, Peter Robinson and Richard Hagen. Multi-threading and Message
Communication in Qu-Prolog Theory and Practice of Logic Programming, 1(3),
2001, pp 283-301.

8. Keith Clark, Peter J. Robinson and Richard Hagen, Programming Internet Based
DAI Applications in Qu-Prolog, Multi-agent systems, (eds. C. Zhang, D. Lukose),
Springer-Verlag, LNAT 1544, 1998.

9. K.L. Clark, T.I. Wang, Distributed Object Oriented Logic Programming, Pro-
ceedings of FGCS94 Workshop on Co-operating Heterogeneous Information Systems,
Tokyo, 1994.

10. D. Chu, K. L. Clark, IC-Prolog II: A multi-threaded Prolog system Proceedings of
ICLP93 Post Conf. Workshop on Concurrent, Distributed and Parallel implementa-
tions of Logic Programming Systems, 1993

11. A. Eliens, DLP, A language for distributed logic programming Wiley, 1992

12. Richard Hagen and Peter J. Robinson. Qu-Prolog 4.3 User Guide. Technical
Report No. 97-12, Software Verification Research Centre, University of Queensland,
1999.

13. R. A. Kowalski, Logic Based Open Systems, Representation and Reasoning, Jakob
ph. Hoepelmann (Hg.) Max Niemeyer Verlag, Tubingen, 1985, pp125-134.

14. R. Kowalski and F. Sadri, Towards a unified agent architecture that combines
rationality with reactivity, Proc. International Workshop on Logic in Databases,
Springer-Verlag, LNCS 1154, 1996.

15. R. A. Kowalski and F. Sadri, From Logic Programming to Multi-Agent Systems,
Annals of Mathematics and Artificial Intelligence 25, 1999, pp391-419.

16. F.G. McCabe, Logic and Objects Prentice-Hall, 1992.

17. F.G. McCabe, The Inter-Agent Communication Model (ICM),
http://www.nar.fla.com/icm/, Fujitsu Laboratories of America Inc, 2000.

18. F. G. McCabe and K. L. Clark. April:Agent Process Interaction Language. Intel-
ligent Agents, (ed. N. Jennings, M. Wooldridge), Springer-Verlag LNCS 890, 1995.

19. Mozart-Oz Homepage: www.mozart-0z.org

20. I. Noda, H. Nakashima, K. Handa, Programming language GAEA and its appli-
cation for multi-agent systems, Proc. of Workshop on Multi-agent systems and Logic
programming, In conjunction with ICLP’99, 1999.

21. A. Roa, AgentSpeak(L): BDI Agents speak out in a logical computable language,
Agents Breaking Away, (eds. W. van de Velde and J. W. Perram), Springer-Verlag
LNCS 1038, 1996.

22. Peter Van Roy and Seif Haridi, Mozart: A Programming System for Agent Appli-
cations, International Workshop on Distributed and Internet Programming with Logic
and Constraint Languages, 1999. Accessible from http://www.mozart-oz.org/papers/

23. G. Wagner, Artificial Agents and Logic Programming, in Proc. of ICLP’97 Post
Conference Workshop on Logic Programming and Multi-Agent Systems, 1997.



Logic Programming Languages for the Internet

Andrew Davison

Prince of Songkla University
Dept. of Computer Engineering
Hat Yai, Songkhla 90112, Thailand
dandrew@ratree.psu.ac.th

Abstract. We specify the major characteristics of the Internet under
the headings: heterogeneity, service characteristics, dynamic nature, no
global notions, and unreliability (i.e. security and partial failure). In the
process, we identify five categories of Internet services: hosts, active en-
tities, agents, semistructured data, and passive code.

Logic Programming (LP) languages for the Internet are divided into six
broad groups: shared variables, coordination, message passing, client-
side execution, server-side execution, and integration of heterogeneous
data sources. Within each group we attempt to highlight the advantages
and disadvantages for Internet programming in terms of our Internet
characteristics and services, and describe LP languages that typify the
group.

1 Answering the Challenge

In the mid 1980’s, Carl Hewitt argued that Logic Programming (LP) was in-
adequate for modeling open systems [67]. Hewitt’s objections rest on classical
logic’s use of a static, globally consistent system which cannot represent dynamic
activities, inconsistencies, and non-global concerns.

At the time, his broadside was addressed by two papers. Kowalski [77] agreed
that model theoretic formulations of logic were lacking, and proposed the use
of knowledge assimilation to capture change, along with additional elements
to deal with belief systems. Kowalski’s subsequent work on the event calculus
and reactive and rational agents [78[79] can be viewed as developments of these
ideas. Kahn and Miller suggested concurrent LP as the logical framework for
open systems [75].

Another way of answering Hewitt is to look to the Internet, the World’s
largest open system. Among other things, this survey shows that LP is a suc-
cessful component of Internet programming languages, employed for tasks rang-
ing from security semantics, composition of heterogeneous data, to coordination
‘glue’. Many approaches have moved beyond first order logic (e.g. to concurrent
constraints, linear logic, higher order), and LP is frequently combined with other
paradigms (e.g. mutable state, objects). Furthermore, many of the programming
concerns for the Internet are still less than fully understood: for example, there
are unanswered problems related to mobility, security, and failure. No single
Internet language, including an Internet LP language, has all the answers yet.

A.C. Kakas, F. Sadri (Eds.): Computat. Logic (Kowalski Festschrift), LNAI 2407, pp. 66-{I04] 2002.
© Springer-Verlag Berlin Heidelberg 2002
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2 From LAN to Internet

Cardelli [25] argues that the Internet is not some scaled-up version of a LAN, but
actually violates our familiar assumptions about distributed systems, learnt from
multiprocessor and LAN-based applications. We specify the differences under five
headings: 1) Heterogeneity; 2) Service Characteristics; 3) Dynamic Nature; 4)
No Global Notions; and 5) Unreliability.

2.1 Heterogeneity

Due to wide variations in Internet components, it is impossible to make predic-
tions about overall behaviour. This covers topics such as processor capabilities,
available resources, response time, and latency. In particular, bandwidth fluctua-
tions due to unpredictable congestion or partitioning means that any guarantees
of services will be guesses at best, and that failure becomes indistinguishable
from long delays.

In the next sub-section, we identify five kinds of Internet service: hosts, active
entities, agents, semistructured data, and passive code. Each of these exhibit
quite different capabilities and behaviours, and have a variety of owners and
authors.

2.2 Service Characteristics

Hosts Hosts are services which stay in one (virtual) location, perhaps acting as
a Web server, virtual machine, or resource provider. Virtual locations are defined
in terms of their position within administrative domains, through which mobile
services (e.g. agents) must move. Domains may be nested, and a mobile service
must have suitable capabilities to move in and out of those domains it visits.

The utilisation of administrative domains (a non-technical constraint on pro-
gramming) gives rise to a view of the Internet as a hierarchical set of spaces with
non-flat addressing, non-transparent routing, and non-free mobility — a radical
departure from a LAN-derived model [26].

Active Entities Typically criteria for an active entity are autonomy, reactivity,
concurrency, and non-determinism [67175].

The arguments for employing the object oriented paradigm as part of an
Internet model are so strong that other paradigms, such as LP, must find ways to
reconcile themselves with it. Several recent object oriented deductive languages
are compared in [82]. An older survey of LP-based object oriented languages is
[44].

The disconnected nature of entity communication is often modeled by asyn-
chronous message passing (to decouple communication delay from computation).
Other reasons for an arm’s length relationship are to maintain security and pre-
vent failure of one entity affecting others.



68 Andrew Davison

Active entities may be mobile, deciding for themselves where to go — this is
part of their autonomous behaviour. The inclusion of mobility into a program-
ming language and/or system makes network transparency very hard to maintain
[19]. Mobile entities require knowledge about current node (or host) connectivity
and the location of site-specific resources. Mobility can mean different things:
moving the entity’s code, moving a reference to the entity (its execution loca-
tion remaining unchanged), the entity’s state, or relocating its computation or
closure. Designing suitable abstractions for these approaches, especially inside
an open system architecture, are difficult problems.

Agents There are various definitions of agents [60/55], which are considered
in more depth elsewhere in this volume. We will not discuss agent theories or
languages.

Semistructured Data Semistructured data on the Web/Internet has been
investigated extensively by Abiteboul [1]. It has an irregular structure (usually
involving nested or cyclic structures), a mix of typed and untyped elements, and
parts of the data are implicitly structured or partially specified. Significantly,
these kinds of structural requirements are beyond the representational powers
of many calculi and algebras.

Two important aspects of semistructured data on the Web is how to query
it, and how to combine data from heterogeneous sources.

Passive Code A familiar example of passive code is the Java applet. In terms
of functionality, passive code is similar to an active entity, the main difference
being its means of mobility. An active entity decides for itself where to go,
while another service (e.g. a Web browser) decides whether to download passive
code. It is in that sense that the code is passive — it does nothing until another
service executes it. Passive data mobility (sometimes called code fetching) is
usually implemented via copying, while active entities actually move. This has
consequences for the semantics of updates.

2.3 Dynamic Nature

Nothing is permanent on the Internet: all the services described in section 2.2 can
change over time, new services appear, others disappear or move. This implies the
need for white and yellow page services but, due to the lack of global knowledge,
they will never be able to index everything. In any case, administrative domains
will hide certain services.

Connectivity will also change, perhaps because of hardware issues, or because
logical link information is passed around the system. Assumptions based on
topology and routing behaviour will be suspect — for example, that messages
arrive in the order they are sent.
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2.4 No Global Notions

The Internet has no global time or state (knowledge base). Administrative do-
mains mean there is no single naming scheme. Control/coordination is decen-
tralised: to avoid bottlenecks in communication, because it is more scalable, and
due to the impossibility of organising a single locus of control or coordination.

2.5 Unreliability

Security There can be no global trust, which implies the need for security.
Until recently, security issues were concerned with the safe handling of messages,
including the problems of eavesdropping, masquerading, tampering, and replay
[39]. With the growing importance of mobile code, security concerns have become
more complex.

Moore [95] identifies two problematic areas of mobility: a host requires pro-
tection against malicious mobile services (i.e. active entities, agents, downloaded
passive code), and a mobile service must guard itself against dangerous hosts.

Thorn [123] considers four issues in the malicious mobile service category:
maintaining the confidentiality of a host’s private information, retaining the
integrity of its information, preventing denial of service attacks, and visitor au-
thentication. These issues are complicated by security being potentially ‘spread’
through many layers in a host.

Security is arguably at the heart of mobile entity design, since it defines
the boundaries of control and responsibility between the entity and its host’s
execution environment.

Partial Failure Partial failures of the Internet fall into two main parts: node
(host) failure and network link failures, with numerous subdivisions. For exam-
ple, Coulouris et al. [39] identify node failures where the current state is lost,
corrupted, or an earlier state is restored on restart. Other types of error, which
may be caused by node or link failure, include message loss, message corruption,
or message delay beyond some time limit.

In practice, fault tolerant protocols utilise time-outs and retransmission of
messages based on assumptions about the maximum likely response time of a
service and the likelihood of repeated message loss. Another approach is to use
transactions, either implicitly added to the client by the system, or as a language
construct. A popular language solution is to pass detected failures to the client
as exceptions.

Waldo et al. [T28] names partial failure as one of the four areas which makes
distributed computing fundamentally different from local computation (the oth-
ers are latency, memory accesses, and concurrency). Waldo believes that it is
impossible to satisfactorily integrate failure handling for local and remote enti-
ties without introducing unacceptable compromises.
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3 Let the Games Commence

This survey utilises the classification structure given in Figure 1. Within each
category, we identify the advantages and disadvantages for Internet program-
ming, and describe languages which typify that category.

— Shared Variables
e Concurrent (Constraint) LP
e Distributed Oz/Mozart
— Coordination
e Linda and LP
e Parallel Multiset Rewriting
— Message Passing
e [C-Prolog II and Friends
e PVM-Prolog
e Mercury
— Client-side Execution
e Libraries
e Query Languages
e Web Pages as Programs
e Java and LP
— Server-side Execution
e Libraries
e Modifications to CGI
— Integration of Heterogeneous Data Sources
e (Classical Integration
e New Wave Integration

Fig. 1. Categories of LP Languages for the Internet.

A useful online resource for Internet and Web programming using LP and
constraint LP is http://www.clip.dia.fi.upm.es/lpnet/index.html. It con-
tains links to numerous workshops and other resources.

4 Shared Variables

The languages described here utilise shared logic variables as a communications
mechanism between processes. This approach raises many questions: Are shared
variables alone expressive enough for the range of communication protocols re-
quired? Can such a technique be efficiently implemented? Are shared variables
really any better than conventional communications devices (e.g. message pass-
ing, mailboxes)? What do the introduction of these ideas do to the semantics of
the logic language?

Most research has addressed the communications aspects of using shared
variables. Little consideration has been given to partial failure, security or mo-
bility.
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4.1 Concurrent (Constraint) LP

We will not discuss the concurrent LP and concurrent constraint LP paradigms
in depth, as they are considered elsewhere in this volume; we also recommend
[L09/122/105]. The impact of concurrent LP on client-side and server-side Web
programming is deferred to sections 7 and 8.

Paradigm Features Concurrent LP offers a process reading of logic programs,
which is quite different from sequential LP, but well suited for the implementa-
tion of reactive, dynamically changing systems with encapsulated mutable state.

There are no global notions in concurrent LP languages: communication is
based solely on shared variables which must be explicitly allocated between the
processes. A process network is equivalent to a conjunction of AND-parallel
goals.

Programs utilise very fine grained parallelism at the level of individual goal re-
ductions. Even in distributed memory multiprocessor implementations, the over-
head of goal management (e.g. task creation, migration to a processor, switching,
scheduling, communication) compared to the amount of computation in the goal
is of concern [5]. Across the Internet, it becomes imperative that task granularity
be controlled. One solution is to add extra notation to the language for grouping
related predicates and goals.

Programming Techniques The logic variable is an expressive communica-
tions mechanism; for instance, it can be used to encode stream communica-
tion (sequenced message passing), channels (partially ordered message streams),
point-to-point delivery, multicasting, many-to-one links (stream merging), and
blackboards.

Logix is a high-level environment/OS for developing FCP programs, written
entirely in FCP [68]. Logix offers four layers of control over programs, defined us-
ing meta-interpreters. The failure mechanism only catches logical process errors
not hardware/node failure.

Meta-interpreters are also used for implementing process to processor map-
ping [T21]. Again a layered approach is utilised, with the program being mapped
to a virtual machine topology, and then combined with a separate layer mapping
the virtual machine to the physical architecture. At the program level, goals are
positioned dynamically on virtual nodes using LOGO-like turtle annotations.

Process to processor mapping is a powerful abstraction away from the phys-
ical network. However, its success relies on the closely linked behaviour of the
underlying architecture. The less well-ordered topology of the Internet may prove
harder to abstract.

Efficient Communication A severe concern for language designers is the cost
of output unification. In the case of FCP(:) the tell part of the guard carries out
general unification, but this must be undo-able if the clause is ultimately not
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selected [76]. The cost of such atomic unification is similar to an atomic trans-
action, only possibly more prohibitive since partial bindings of data structures
may be involved.

Strand makes the assumption that there is only one producer for a variable,
thereby avoiding the “multiple tellers” problem altogether [58]. Janus is more
restrictive in that there must only be one consumer and producer of a binding
[106]. Strand and Janus programs cannot fail due to conflict bindings, and so
do not have to implement atomic unification. Strand goes further and simplifies
output binding to be assignment only.

The designs used in Janus and Strand have major consequences for Internet-
based concurrent LP: they show that efficient communication between processes
using logic variables is possible (i.e. by using non-atomic publication) while re-
taining their expressiveness.

PCN (Program Composition Notation) has been described as a hybrid of
Strand and C, based around a few concepts: concurrent composition, single as-
signment variables, and nondeterministic choice [59]. Mutable variables are in-
cluded, mainly as an optimisation, and to interface to pre-existing code. PCN
utilises the mapping mechanisms, scheduling pragma, and virtual and physical
topologies found in Strand.

PCN is novel in showing that the single assignment variable can be used as
communications ‘glue’ for code written in non-logic programming languages.

Another approach to the multiple teller problem is to include special-purpose
many-to-one communication mechanisms in the languages.

DRL [53] introduces logic channels as an efficient version of shared logic vari-
ables. Logic channels can contain messages made up of terms, logic variables,
or other logic channels, thereby allowing dynamic reconfiguration of communi-
cation paths. This mechanism proved so useful that it was later extracted from
DRL to become a coordination model suitable for any type of language [52]. The
model also supports a virtual machine layer for grouping processes. PVM is used
to implement remote process creation and message passing.

Failure Concurrent LP languages handle logical failure in one of two ways:
those from the Concurrent Prolog ‘camp’ utilise meta-interpreters as described
above for Logix. The other method, typified by Parlog, is to use a meta-call
primitive [35].

The most developed concurrent LP language for failure handling is Sandra
[54]. Tt borrows the guardian mechanism from Argus as a way of encapsulating
processes, mutable state, a communications interface and a many-to-one commu-
nication port. A guardian instance represents a fail-stop logical multiprocessor.
Every guardian has stable persistent storage (used in the recovery protocol), and
can be relocated to a working processor in the event of failure.

Sandra utilises both forward and backward recovery. Forward recovery is
based on exceptions (both logical and at the node level), which are processed by
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a separate handler in each guardian. Its semantics are specified using a meta-
interpreter. Backward recovery is based on optimistic recovery using periodic
logging and checkpointing.

The following predicate can signal (raise) an exception when a get message
cannot be satisfied. no-value exceptions are dealt with by code in resource/2
itself, as are hardware connection errors. Unprocessed exceptions will be passed
out to the enclosing handler.

resource([get (X) [In], [XI|L]) :- % normal behaviour
resource(In, L).
resource([get (X) [In], [1) :- % raise exception

signal( no-value(get(X)) ).

resource(In, L) :- % handle exceptions
otherwise( no-value(get(X)) ) |
X = nothing, resource(In, L).

resource([_|In], L) :-
otherwise( connect-error(resource) ),
emergency_action(resource, In, L).

Security Security has been poorly considered by concurrent LP languages, per-
haps because of the prevalence of uniprocessor and LAN-based implementations.
Shapiro [109] reports that one use for read-only variables in Concurrent Prolog
is to protect process communication across trust boundaries. The essential idea
is to make the incomplete part of the output data structure read-only to its
consumers, and keep write access inside the issuing process.

A related approach, implemented in FCP so that read-only variables could
be used, is described in [04]. A protocol similar in style to public key encryption
is proposed which uses pairs of unforgeable IDs issued by a dedicated ‘locksmith’
process.

4.2 Distributed Oz

Distributed Oz (or Oz 3) is a rich mix of paradigms and techniques, including
symbolic computation, inference, objects, concurrency, and distribution [66].

Oz 3 introduces distributed programming and fault detection (Mozart is the
name of the current implementation [125]). The main aim is to make programs as
network transparent as possible — a program should perform the same computa-
tion independently of how it is partitioned over the network. In other words, Oz
3 tries to support the illusion of a single network-wide abstract store / address
space, making distributed execution indistinguishable from concurrent evalua-
tion. For example, no program level distinction is made between local and remote
references.
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Distributed Semantics The intention is to make the distributed semantics a
natural extension of the centralised (local) meaning of a program, the practical
benefit being that a stand-alone program requires virtually no changes to convert
it to a distributed application.

Centralised and distributed semantics are presented in [65], and state (mu-
table pointers) is considered in [126]124]. The main addition to the distributed
semantics is site location for program entities.

Logic Variables Oz shows that logic variables can be efficiently supported in
a distributed programming language while retaining the expressiveness seen in
concurrent (constraint) LP [65]. In addition, Oz can make use of other aspects
of the language (e.g. state, search) to improve on these algorithms. An example
is the use of ports for many-to-one communication, which have constant time
behaviour compared to the cost of concurrent LP merge networks (at best O(log
n) for n senders).

Explicit networking benefits of logic variables include increased latency tol-
erance since producers and consumers are decoupled, and third-party indepen-
dencies. This arises when two variables have been unified at a site, since that
site is no longer involved in the network communication of future bindings.

Logic variables have proved so useful that the Oz group has added them to
versions of Java (called CCJava) and ML [65]. Their main use in CClJava is as
a replacement for monitors, allowing Java to utilise the dataflow threads tech-
niques of Oz [I12]. This requires the addition of statement-level thread creation.

Their approach is very similar to the extensions to C++ in Compositional
C++ (CC++) [27], which include single assignment variables (called sync vari-
ables) and statement level threads. When a read is attempted on an unbound
sync variable it causes the thread to block. CC++ also includes atomic functions,
similar to synchronized methods in Java.

Beyond Network Transparency Although network transparency is a com-
mendable design goal for distributing concurrent programs over a network, it
seems unlikely to be wholly successful for Internet-based applications, such as
mobile agents. However, Oz does support these kinds of programs by means of
tickets and functors.

A ticket is a global reference (usually a URL) to an Oz entity (usually a
logic variable), stored as an ASCII string. A ticket can be accessed by a system
newcomer to obtain a language level communication link.

Functors are module specifications that list the resources that a module needs
in order to execute. Their purpose is tied to an Oz programming technique called
remote compute servers, which are procedures executed at fixed sites.

This example shows producer and consumer threads communicating via a
data stream, with the consumer located remotely on a compute server:

proc {Generate N Max L} % outputs N to Max-1 integers
if N < Max then L1 in
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L=N|L1 {generate N+1 Max L1}
else L=nil end
end

fun {Sum L A} % return A + sum of L’s elements
case L
of nil then A
[1 X|Ls then {sum Ls A+X}

end

local CS L S in
CS={NewComputeServer ’sinuhe.sics.se’} J, remote server

thread L = {Generate 0 150000} end % local producer

{CS proc {$} S={Sum L 0} end} % remote consumer

{Print S} % print result locally
end

Fault Tolerance Oz 3’s support for fault tolerance is based on the assumptions
that sites are fail-stop nodes (i.e. that permanent site failure is detectable) and
that network failure is temporary. The basic response is to raise an exception
when failure is detected, which can either be handled automatically or be pro-
cessed by a user-defined procedure call. Typical default behaviour for network
failure is to attempt to restart the TCP connection using a cache of existing
TCP connections.

Van Roy [124] has shown how the centralised and distributed semantics for
mutable pointers can be extended to include exception raising when a fault
occurs.

The search for higher-level abstractions for fault tolerance in Oz is an active
research goal. One approach is the global store, a globally fault-tolerant trans-
actional memory, implemented as a Mozart library [6]. Internally, the store uses
process redundancy: with n copies of a process it can tolerate up to n-1 fail-stop
process failures. There is an agent API on top of the store which provides fault
tolerance and agent mobility without site dependencies.

Security Security concerns are still under investigation in Oz. Language secu-
rity centers around lexical scoping, first-class procedures and the unforgeability
of variable references.

An interesting point is the appearance of read-only views of variables (called
futures). As in Concurrent Prolog, they allow the scope of variables to be limited
so that, for instance, a stream cannot be altered by its readers [89]. Unlike
Concurrent Prolog, the read-only mechanism imposes no efficiency penalty when
it is absent.

Below the language level, Oz uses a byte-code emulator to protect machine
resources, and can create virtual sites. A virtual site appears as a normal site,
but its resources are under the control of a separate master process on the same



76 Andrew Davison

machine. If the virtual site crashes, the master is notified, but is not otherwise
affected.

5 Coordination

A perceived drawback of the coordination model is the use of a single shared
space, which would introduce significant latency and reliability problems if ap-
plied to the Internet, as well as being very difficult to manage [98]. This has led
to the introduction of multiple spaces to make the mapping to a decentralized ar-
chitecture easier and scalable. Hierarchical spaces are also useful for representing
nested domains with trust boundaries.

A major question is how these richer models should be integrated with ex-
isting Internet services. Various solutions include adding spaces as new services,
masking Internet services as shared spaces, and introducing special purpose
agents to mediate between the shared spaces and services [34].

Another trend has been the augmentation of the coordination laws of the
shared space so that its behaviour can be modified. This has proved useful in
an Internet setting for creating enforceable ‘social behaviour’ which malicious
entities cannot bypass [51].

Several problems are only starting to be considered: the conflict between
coordination (which encourages communication) and security (which restricts
it), and partial failure.

Linda Linda supports a shared dataspace, called a tuple space, and a small set
of operations for reading, adding, and removing tuples from the space [23].

Multiple flat tuple spaces were introduced quite quickly to facilitate dis-
tributed programming [63]. Hierarchical tuple spaces followed, most notably in
a major revision to the Linda model by its authors, called Bauhaus Linda [24].
Bauhaus removes the distinction between tuples and tuple spaces, leading to a
hierarchy based on multisets. Since tuple spaces are also tuples, they are first
class citizens, and so can be moved around easily. The distinction between passive
and active data is removed, making it simpler to reposition processes and copy
them. Movement between spaces is based on short steps, either to the parent or
one of the space’s children.

Linda extensions especially for the Web/Internet include JavaSpaces [113],
PageSpace [31], and WCL [92].

SeCoS [19] supports secure spaces which allows tuples to be locked with a
key. A matching key for unlocking can be passed to other processes. This is quite
similar to public key cryptography.

Another popular security device is to assign access rights (e.g. read and write
permissions) to tuples. Menezes et al. [92] suggests including group permissions
so that capabilities can be supported.
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5.1 Linda and LP

Ciancarini [30] suggests four approaches to creating LP coordination models.

The first is to add the Linda primitives and shared dataspace into Prolog. The
typical mapping is to represent tuples by terms, and replace pattern matching
with unification. Backtracking is not supported for the reading, writing, and
removal operations. Terms added to the dataspace are copies, so it is not possible
to create dynamic communication links by including variables in the terms shared
with other processes.

Several Prolog systems include Linda-style libraries, including BinProlog [16]
and SICStus Prolog [110]. The SICStus library has been used widely as an im-
plementation tool (e.g. [97/114]).

An operational semantics for a Linda-like coordination language using ground
terms as tuples and unification for pattern matching is presented in [96].

The second approach is a variation of the first, where backtracking is allowed
over the primitives. Functionality of this kind is very complex to implement, and
difficult to reason about, which may explain why it has never been utilised in a
coordination setting.

A third alternative is to create a new abstract machine for Prolog based on
the Linda model. This line of research has not been investigated to date.

A fourth possibility is to permit the logic language to use the concurrent pro-
cess model inherent in the Linda style of programming. Ciancarini and others
have concentrated on this approach, resulting in Shared Prolog and its descen-
dents.

In the following we survey the work in the first and fourth categories relevant
to Internet programming.

plog and Its Relatives plog supports a tuple-based dataspace/blackboard
[73]. No distinction is made between passive and active data, the latter being
executed as goals, allowing processes to be dynamically created.

The operational and denotational semantics of plog are investigated in [46/48)].
Subsequent versions of the language added multiple named blackboards, primi-
tives with optional guards/constraints, and bulk operations [48].

p?log introduced distributed blackboards, and virtual boards as local ‘aliases’
for boards on remote hosts [47]. Boards are treated as another form of data by
the Linda primitives, which allows them to be moved between locations easily.

An operational semantics for p2log is outlined in [47].

Multi-BinProlog 1’log was a strong influence on the design of Multi-BinProlog
[49]. Tt implements the virtual board device using RPCs: a local process transpar-
ently communicates with a remote RPC server representing the remote board. It
carries out the board operations locally, using a dedicated thread for the request.

LogiMOO LogiMOO is a virtual world framework which rests on top of Multi-
BinProlog [T20/TT8]. It supports the notions of places, objects, and agents using
the underlying boards and threads of Multi-BinProlog. A place corresponds to a
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board at a remote site, objects to terms and URLs of Web pages and multimedia,
and agents are collections of threads.

BinProlog’s binarization preprocessor has been extended to support first or-
der continuations, which are the basis of mobile threads programming [TT9].

Jinni The on-going integration of BinProlog and Java led to Jinni (the Java
INference engine and Networked Interactor) [L17]. It uses Prolog engines (coded
in Java) to execute goals, with each engine in a separate thread. If a thread wants
to communicate with a remote board it must move to its place by utilising first
order continuations and socket links.

A suggested Jinni solution to malicious hosts is to have a thread take its own
interpreter with it when it moves. This is feasible due to the small size of Jinni’s
Prolog engine. Also, returning threads can be checked since they are first order
entities.

Shared Prolog and Its Descendents Shared Prolog supports the creation
of parallel processes consisting of Prolog programs extended with a guard mech-
anism [I8]. The processes communicate via a shared dataspace of terms, using
unification for matching.

ESP and Polis Extended Shared Prolog (ESP) [20] is based on the Polis model
[B0J32] which introduced the notion of multiple tuple spaces and the storage and
manipulation of rules inside the dataspaces as first-class entities (called program
tuples).

A tuple space (called a place or sometimes a theory) is represented by a
named multiset of tuples; operations are annotated with the place name where
they are to occur. Names can be freely passed around inside tuples, so allowing
dynamic reconfiguration. Places can be dynamically created by a process.

The following is a Polis theory called eval f which consumes a tuple
tuple(Input), calls £/4, then produces a result tuple (Ouput) and recurses.

theory eval_f(State) :-
eval
{ tuple(Input) } --> % consume
f (input, State, Output, NewState) % process
{ tuple(Output), eval_f(NewState) } 7 output
with
£(I, S, 0, NS) :- ... % Prolog defn

Later versions of the language allowed spaces to be distributed [30]. This
was implemented on top of a network version of Linda (Network-C-Linda) that
supports clusters of workstations

The Polis model was further extended to support hierarchies of multiple tuple
spaces [32]. It uses a naming mechanism similar to Bauhaus Linda to allow a
multiset to refer to its parent and children.
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An operational semantics for Polis and a formal semantics using a temporal
logic of actions are presented in [32]. An alternative approach is to specify place
behaviour using a chemical interpretation in which ‘molecules’ float, interact,
and change according to reaction rules [29.

ACLT and Tuple Centers Processes in ACLT (Agents Communicating
through Logic Theories) interact with named logic theories (tuple spaces holding
Prolog clauses) [97]. One mode of interaction is via Linda operations, which may
cause the theory to change. The other mode uses demo-style predicates to exe-
cute goals against the theory. This means that ACLT spaces can be interpreted
either as communication channels or as knowledge repositories.

Later work on ACLT [51] introduced a separate first order logic language
called ReSpecT (Reaction Specification Tuples). ReSpecT reaction rules are
used by the ACLT coordination model to define the behaviour of its theories
in response to communication operations. Logical theories are now called tuple
centers because of their programmable coordination feature.

For instance, the following reaction

reaction(out(p(_)), (
in_r(p(a)), in_r(p(X)), out_r(pp(a,X)) ))

is triggered whenever a new p/1 tuple is inserted into the tuple space. Its intended
effect is to replace two p/1 tuples (one of them should be p(a)) with a single
pp/2 tuple.

This approach has the advantage (and disadvantage) of allowing the normal
meaning of a Linda operation (e.g. an out) to be varied. The most important
benefit is that additional coordination logic can be located in the tuple center
itself, augmenting the standard behaviours of operations. This makes it easier
to specify enforceable global coordination behaviours for processes.

Another advantage of reaction rules is that less communication operations are
required to implement nonstandard protocols (which is important in a network
setting). Rules can also support security features such as the cancellation of an
illegal agent operation.

TuCSoN TuCSoN (Tuple Centers Spread over Networks) extends the tuple cen-
ter approach to the Internet [41]. The Internet is viewed as a hierarchical col-
lection of locality domains [42]. A mobile entity must dynamically acquire infor-
mation about the location of resources and their availability (to that entity) as
it moves over the network. There may be parts of the network with restricted
access, which requires a means to authenticate entities and allocate them per-
missions.

Tuple centers are located on Internet nodes, and are used as the building
blocks for coordination, and for resource control and access. An Internet domain
is defined in terms of a gateway which controls access to places inside the domain
and to subdomains gateways.

The following example outlines how an agent might explore a domain inside
TuCSoN:
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<goto d> % migrate to gateway d
<identify> % authenticate agent with d
?rd(places) % get places info
?rd(commspaces) % get tuple centres
<for pl in places do>

<goto pl> % visit place pl

<for tc in commspaces do>

tc?op(tuple) % ask tuple centre tc of place pl

% to execute op(tuple)

5.2 Parallel Multiset Rewriting

Parallel multiset rewriting gained wide notice in Gamma [15]. A program is a
collection of condition/action rules which employ a locality principle — if several
conditions hold for disjoint subsets of the multiset being processed then the
actions can be carried out in parallel.

One of the benefits of this programming style is its chemical solution metaphor.
The multiset is the solution, and rules specify chemical reactions which work on
distinct parts of the solution, changing sets of molecules into others [14].

LO Linear Objects (LO) [I0] was originally proposed as a merger of LP and ob-
ject oriented programming. It extends Prolog with multi-headed formulae which
work on a multiset of terms. OR-parallelism can be used for rule evaluation,
which implies the atomic removal of terms from the multiset. Later versions of
LO include the ability to clone new multisets and to terminate a multiset [9]. A
broadcast operator can send a copy of a term to all the multisets.

Around this time, Interaction Abstract Machines (IAMs) were developed
as a model for concurrent multi-agent worlds [9]. The TAM can be used as a
computation model for LO.

CLF CLF (Coordination Language Facility) utilises parallel rewrite rules as a
scripting language for specifying and enacting the coordination of distributed
objects [8].

A typical coordination action consists of the atomic removal of a number of
resources from some objects, followed by the insertion of resources into other
objects. This atomic removal and insertion is captured succinctly by rewrite
rules.

The objects refereed to in the rules can contain sophisticated protocols for
extracting resources from distributed services (e.g. based on negotiation, atomic
performance). The objects also locate suitable services, which may be distributed
over the Internet.

6 Message Passing

Most LAN and Internet-based message passing languages utilise existing com-
munication protocols (e.g. TCP/IP) or libraries (e.g. PVM). This supplies useful
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functionality immediately, such as guarantees of service in TCP and failure detec-
tion in PVM, as well as support for interaction across heterogeneous platforms
and processes written in varied languages. However, there are several disad-
vantages, related to the mismatch between the LP paradigm and the low-level
(imperative) viewpoint offered by these protocols and libraries.

Invariably, the LP level must restrict the use of logic variables in messages
in order to maintain the uni-directional nature of the message passing at the
lower levels. This usually means renaming variables as they are transmitted, so
eliminating the possibility of dynamic communication channels. Backtracking is
also ruled out since the underlying primitives are deterministic. Some libraries,
such as early versions of MPI [62], do not support dynamic process creation,
which naturally affects process support in the LP layer

The typical unit of computation is a sequential Prolog process, which pro-
motes a coarser grained parallelism than in concurrent LP. This may be a benefit
since it makes it easier to justify the communication costs of distributing tasks
between machines. Several languages also support threads, often for handling
subtasks inside a process.

6.1 IC-Prolog II and Friends

IC-Prolog II can create concurrently executing Prolog threads, possibly spread

over separate machines [28]. Threads are independent, sharing no data, but can

communicate using pipes if the threads are on the same host, or with primitives

utilising TCP/IP if the threads are on different machines. The messaging oper-

ations are non-backtrackable and send/receive terms with variables renamed.
A concurrent server example using TCP:

conc_server (Port) :-
tcp_server (Port, Socket), % listen for connections
multi_serve(Socket).

multi_serve(Socket) :-

tcp_accept (Socket, New), % get a connection
fork( service(New) ), % create thread to service it
multi_serve(Socket). % look for more connections

Processes can employ mailboxes; a message is sent to a mailbox by referring
to its ID or name, which is globally unique. Mailboxes can be linked so that
messages placed in one box are automatically copied to other boxes. Links allow
the creation of arbitrary communication topologies.

April April is a concurrent language, offering distributed objects as lightweight
processes [88]. Each process has a globally unique handle, which can be registered
with DNS-like April name servers. The communications model is point-to-point,
being based on TCP/IP. A receiving process can use pattern matching to search
for a suitable incoming message stored in a message buffer.
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A server which executes a task:

server ([any]{}?T) {

repeat {
[do,any?arg] -> { % request a task using arg
T(arg); % execute it
done >> replyto % reply when finished
}
} until quit % server continues until a quit

};

The server is forked and its name (server1) is registered with the local name
server:

serverl public server (taskName)
Processes can send messages to the server at its location (foo.com for example):
[do,taskArg] >> handle?server1@foo.com

April combines several paradigms, including LP. It includes a variety of data
types based on tuples and sets, higher-order features such as lambda, procedure
and pattern abstractions, real-time support, and an expressive macro language.

Qu-Prolog Qu-Prolog has been extended with April-like communication sup-
port and multi-threading [38]. Threads located on the same machine can utilise
Linda-style operations on a shared dynamic database.

Qu-Prolog extends Prolog with support for qualified terms, object variables,
and substitutions, which allows it to easily express inference rules for many
kinds of logics, and implement theorem provers efficiently. These features are
particularly suited for building agent systems.

QuP++ is an object oriented layer on top of the Qu-Prolog/April work [37].
It offers a class-based language with multiple inheritance, where a class is a col-
lection of static (unchangeable) and dynamic clauses and state variables, and
an object is a collection of one or more independently executing threads. Syn-
chronous and asynchronous remote method calls are available, including a form
of distributed backtracking.

Go! Go!is a higher order (in the functional programming sense), multi-threaded
LP language, making use of April’s symbolic message communication technology
[B6]. Go! does not support Prolog’s meta features for interpreting data as code;
instead of assert and retract, Go! has a restricted assignment mechanism.

6.2 PVM-Prolog

PVM-Prolog can create distributed Prolog processes communicating by message
passing [43]. It differs from the other Internet-based languages described here in
that it uses the PVM messaging library [61].
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The principle advantages of PVM over TCP/IP are that it offers a higher
level communications layer (messages rather than byte streams), a virtual ma-
chine, and plentiful commands for process/resource management (e.g. for fault
tolerance).

PVM-Prolog has two components — the Parallel Prolog Virtual Machine
(PPVM) and a process engine (PE). The PPVM acts as a LP interface to PVM;
for instance, it supports Prolog terms as messages. A PE executes Prolog pro-
cesses, and several may be created on a single virtual machine.

In a later version of PVM-Prolog, threads were introduced to support fine-
grain concurrency within a process [107]. Each thread represents an independent
query over the process’ database, but they can interact via shared term queues.

6.3 Mercury

Mercury is a pure logic/functional programming language, utilising a strong
type system with parametric polymorphism and higher-order types, mode dec-
larations on predicates, extra determinism information, and a module system.

MCORBA is a binding to the CORBA distributed object framework for
Mercury [74]. The approach is made possible by utilising Mercury’s type classes
and existential types. A type class offers a form of constrained polymorphism
which is quite similar to a Java interface — the class is specified in terms of
method signatures which can be instantiated later. An existential type allows
a predicate to return a variable whose type is constrained to be of a particular
type class but not an actual concrete type instance. This is useful for supporting
CORBA functions that return generic objects which are later ‘narrowed’ to a
specific object type.

A compiler back-end is being developed for Mercury which targets Microsoft’s
.NET Web services framework. This will allow components coded in Mercury to
inter-operate with other .NET elements programmed in C#, Visual Basic, C++,
and other languages. Preliminary details are available at
http://www.cs.mu.oz.au/research/mercury/information/dotnet/
mercury_and_dotnet.html.

7 Client-side Execution

Sections 7 and 8 are complementary since they describe client/server mecha-
nisms, which are still the most common way of using the Web (e.g. a Web
browser communicating with a server).

In general, client-side code can be more closely integrated with the browser
and so can offer more sophisticated user interfaces than server-side solutions.
Also, once client-side code is downloaded it does not need to communicate with
the server, thereby avoiding networking problems that can affect server-side ap-
plications. Only the code which is needed for the current task has to be down-
loaded and, since it is a copy of the original, it can be changed or combined with
other code without affecting the original.
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A disadvantage of the client-side approach is security when running foreign
code locally.

We consider four topics: libraries, query languages, Web pages as programs,
and the combination of Java and LP. Parts of this section previously appeared
in [83).

7.1 Libraries

Most modern Prologs contain libraries for creating TCP and UDP sockets (e.g.
SICStus, BinProlog, Amzi, LPA, Quintus). With these it is possible to code
support for protocols such as HTTP and NNTP. System calls to telnet can
also be employed as a foundation for network functionality.

PiLLoW PiLLoW is the most elaborate Web library [21]. The main client-side
predicate, fetch_urls/2, downloads a page corresponding to a URL with addi-
tional options specifying such things as a timeout limit, the maximum number of
retries before the predicate fails, and user ID and password details for protected
sites. PILLoW’s parsing predicates extract HTML tag attributes and values from
a page string, returning them as Prolog terms. It is possible to convert an entire
page into a list of terms, making it more amenable to manipulation.

The following call fetches two documents, also getting the type and the size
of the first, and checking for non-fatal errors in the second, and allowing only
one socket to be used:

fetch_urls([ doc(’http://www.foo.com’,
[content(D1), content_length(S1), content_type(T1)] ),
doc(’http://www.bar.com/drinks.htm’,
[content(D2), errors(non_fatal,E)] ) ],
[sockets(1)]
).

Streaming Download Davison [45] models page retrieval using a stream-based
approach, in the context of a concurrent LP language. download/4 returns a page
incrementally as a partially instantiated list (stream) of characters, and includes
Parlog meta-call arguments for status reporting and control. download/4 can
be used as a building block for AND- and OR- parallel Web search, time-outs,
repeated attempts to download, and the cancellation of slow retrievals.

A retrieval predicate with a time-out facility (using deep guards):

mode timeout(?, 7, =, =, 7).

timeout(_Time, Request, Text, Result, Stop) :-
download(Request, Text, Result, Stop) : true.

timeout(Time, _, _, err(timeout), _) :-
sleep(Time) : true.



Logic Programming Languages for the Internet 85

download/4 executes the request and returns the text of the page, unless it is
stopped or the second clause succeeds because the timeout has expired.

Webstream, a macro extension to April, also views Web page downloading
as incremental stream-based retrieval [69]. It extends the idea with a pipelining
mechanism (reminiscent of UNIX pipes) which allows stream data to be filtered
concurrently.

7.2 Query Languages

A more abstract approach to client-server computation is to view the Web as
a vast heterogeneous collection of databases, which must be queried in order to
extract information.

In fact, in many ways the Web is not similar to a database system: it has no
uniform structure, no integrity constraints, no support for transaction process-
ing, no management capabilities, no standard query language, or data model.

Perhaps the most popular data model for the Web is the labelled graph,
where nodes represent Web pages (or internal components of pages) and arcs
correspond to links. Labels on the arcs can be viewed as attribute names for the
nodes. The lack of structure in Web pages has motivated the use of semistruc-
tured data techniques, which also facilitate the exchange of information between
heterogeneous sources.

Abiteboul [I] suggests the following features for a semistructured data query
language: standard relational database operations (utilising a SQL viewpoint),
navigational capabilities in the hypertext/Web style, information retrieval influ-
enced search using patterns, temporal operations, and the ability to mix data
and schema (type) elements together in a query.

Many languages support regular path expressions over the graph for stating
navigational queries along arcs. The inclusion of wild cards allows arbitrarily
deep data and cyclic structures to be searched, although restrictions must be
applied to prevent looping.

Query Computability The question of query computability is considered in
[BI91]. Mendelzon and Milo [91] focus on two aspects that distinguish Web data
access from database manipulation: the navigational nature of the access, and
the lack of concurrency control. They investigate the Web Calculus, a query
language quite similar to WebSQL, under the assumption that the Web is static
(no updates), and the more realistic dynamic case.

The main open problem is how to characterize queries which definitely ter-
minate. One sufficient condition is to avoid the use of the regular expression *
pattern in paths.

Abiteboul and Vianu [3] differ from Mendelzon and Milo in assuming that the
Web is infinite, an assumption which seems somewhat dubious. They examine
the computability of first order logic, Datalog, and Datalog with negation.
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Queries Languages for HTML Pages

Relational WebSQL models the Web as an extremely large relational database
composed of two relations: Document and Anchor [T2]. Document contains one
tuple for each Web document, and the Anchor relation has one tuple for each
anchor in each document.

An interesting feature of the language is its use of regular expressions involv-
ing URL links to define paths between documents. For example, ‘->’ denotes
a link between two pages at the same site, while ‘=>" is a link to a page at
another site. Chains of links (called path regular expressions) are created using
sequential, alternating, and multiplicative operators.

For example, suppose we want to find a tuple of the form (d,e), where d is a
document stored on our local site (http://www.foo.com), and e is a document
stored elsewhere. The query to express this is:

SELECT d.url, e.url
FROM Document d SUCH THAT "www.foo.com" ->* d,
Document e SUCH THAT d => e

d is bound in turn to each local document, and e is bound to each document
directly reachable from d.

Datalog, F-logic WebLog utilises a Datalog-like language to retrieve information
from HTML documents and to build new documents to hold the results [80]. Tt
represents links as first class entities, specified using molecular formulas (some-
what like F-logic terms). A molecular formula for a URL lists attribute/value
pairs for the relevant data inside the page. Attributes can be keywords, page
substrings, links or tags. Backtracking allows alternative matching URLs to be
found.

This example collects all the links in the page http://www.foo.com, and
retrieves the titles of the pages pointed to by the links. It stores the results in a
new Web page ans.html.

ans.html[title->"All Links", hlink->>L, occurs->>T] <--
http://www.foo.com[hlink->>L], % a molecule
href (L,U), Ultitle->T].

FLORID is a prototype deductive object oriented database using F-logic,
containing builtins for converting Web documents and their links into objects
[86].

The FLORID database corresponds to a labelled graph where nodes are
logical object IDs (OIDs) and object and class methods are labelled edges.

FLORID provides general path expressions, very similar to those in Lorel
(discussed below), which simplify object navigation and avoids the need for ex-
plicit join conditions. The operations (e.g. *, 4, 7, |) are specified and imple-
mented in F-logic, making them amenable to simplification rules and to being
extended (e.g. with path variables).
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Web documents are modeled by two classes: url and webdoc. url represents
a link and has a get () method for retrieving the referenced page as a webdoc
object. The webdoc class has methods for accessing the text in a page, its links,
and various meta-level details.

The program below collects the set of Web documents reachable directly or
indirectly from http://www.foo.com by links whose labels contain the string
“database”.

("www.foo.com":url).get.(Y:url).get <-
(X:url) .get[ hrefs@(L) =>> {Y} 1,
substr("database",L).

The Web->KB Project The Web->KB Project [40] demonstrates the poten-
tial of using machine learning techniques for extracting knowledge bases from
Web sites. The best approach uses a combination of statistical and relational
rule learners; for example, a Naive Bayes text classifier combined with FOIL.
This merger is well suited to the Web/hypertext domains because the statistical
component can characterise text in terms of word frequency while the relational
component can describe how neighbouring documents are related by hyperlinks
[111].

Labelled Graph Models Much of the present research on semistructured data
query languages centers on object models for edge-labelled directed graphs. Little
of the work is logic-based, but the proposals embodied by these languages are
sufficiently important to strongly influence logic programming approaches. To
some extent this can be seen in FLORID.

Lorel is a query language in the style of SQL and OQL [2], originally used
within the TSIMMIS system (discussed in section 9.1). Its object model, OEM
(Object Exchange Model), is an extension of the structured object database
model ODMG.

Lorel offers regular path expression, with wild cards and path variables, for
specifying navigation over the graph. Path expressions extend Lorel’s function-
ality beyond that of SQL and OQL.

The following Lorel query finds the names and zipcodes of all the “cheap”
restaurants in a GoodFood database.

SELECT GoodFood.restaurant.name,
GoodFood.restaurant (.address)?.zipcode
WHERE GoodFood.restaurant.%grep "cheap"

The “?” makes the address part optional in the path expression. The wildcard
“9%” will match any sub-object of restaurant, which is then searched with grep
to find the string “cheap”.
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Queries to Pages Using XML or RDF XML (eXtensible Markup Language)
is a notation for describing labelled ordered trees with references [130]. It is
possible to type portions of XML data with DTDs (Document Type Definitions).
A DTD defines the types for elements, and what attributes can appear in each
element. The specification is written using regular expressions.

Specifying a query language for XML is an active area of research, much of it
coordinated through a W3C (the World Wide Web Consortium) working group
[127]. The suggested features for such a language are almost identical to those
for querying semistructured data [56].

It is hardly surprising that most proposals utilise models which view XML
as an edge-labelled directed graph, and use semistructured data query languages
(e.g. Lorel). The main difference is that the elements in an XML document are
sometimes ordered.

Relational Models Shanmugasundaram et al. [I08] investigate the possibility of
using a traditional relational database engine to process XML documents con-
forming to DTDs. Problems with query translation center on handling regular
path expressions which frequently translate into many SQL queries and expen-
sive joins. This suggests that while regular path expressions are high-level, they
are also costly to execute in many cases.

Functional Programming Approaches XDuce is a tree transformation language,
similar to functional programming languages, but specialized for XML processing
[70]. Tt adds regular expression types and regular expression pattern matching,
similar to pattern matching in ML. The result is that XML document fragments
can be manipulated as XDuce values.

XM is a small functional language (very close to Haskell) which maps DTDs
into existing data types [90]. Document conformance to a DTD becomes a matter
of type correctness.

Declarative Description Theory The Declarative Description Theory (DDT) is
an extended definite clause logic language where substitution is generalised to
specialization [4]. Specializations permit language elements to have specific op-
erations for variable expansion and instantiation.

DDT is utilised in [11] to define a specialization system for XML elements
and attributes. This allows clauses to use variables which may be partially in-
stantiated XML elements or attributes, containing further variables. Pattern
matching and binding use the specialization operators to manipulate these vari-
ables according to their XML definitions.

RDF RDF (Resource Description Framework) is an application of XML aimed
at facilitating the interoperability of meta-data across heterogeneous hosts [131].
The SiLRi (Simple Logic-based RDF interpreter) utilises an RDF parser
(called SiRPAC) to translate RDF statements into F-logic expressions [50].
Metalog is a LP language where facts and rules are translated and stored
as RDF statements [87]. Facts are treated as RDF 3-tuples, while rule syntax
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is supported with additional RDF schema statements for LP elements such as
head, body, if and variable.

7.3 Web Pages as Programs

LogicWeb The LogicWeb system [83] resides between the browser and the
Web. As pages are downloaded, they are converted into logic programs and
stored locally.

A Web page is converted into several predicates, including facts holding meta-
level information about the page, a fact containing the page text, and page links
information. Programs can be composed together using operators inspired by
work on compositional LP, implication goals, and contextual LP. There is a
context switching operator which applies a goal to a program specified by its
ID. If the program required by the goal in the context switch is not in the local
store, then it is transparently downloaded. This behaviour hides low-level issues
concerning page retrieval and parsing.

The query:

?7- subject_page("LP", "http://www.foo.com", P).

will bind P to a URL which is related to “LP” and is linked to the starting page.
subject_page/3 is defined as:

subject_page(Subject, StartURL, URL) :-
lw(get,StartURL)#>1ink(_, URL),
lw(get,URL)#>h_text (Source),
contains(Source, Subject).

The 1w/2 call retrieves the starting Web page using an HTTP GET message and
selects a link URL. The source text of that page is examined to see if it contains
“LP?”; if it does not then a different link is selected through backtracking.

An extension of the LogicWeb system deals with security aspects of client-
side evaluation [84] — LogicWeb code can be downloaded with a digital signature.
This is decrypted using the page’s public key in order to authenticate the code.
The decrypted signature is also used as an ID to assign a policy program to the
code during its evaluation.

A concurrent LP version of LogicWeb is outlined in [45]: it allows queries to
be evaluated using parallel versions of the composition operators. It utilises the
download/4 operator described in section 7.1, and requires an atomic test-and-
set primitive so that the client-side program store is updated atomically.

W-ACE and WEB-KLIC The concurrent constraint-based LP language W-
ACE has explicit support for Web computation [I0T]. Some of its novel ideas
include representing Web pages as LP trees and the use of constraints to manip-
ulate tree components and the relationship between trees.

The following predicates extend the current HTML graph (GraphIn) with all
the documents linked to Page, resulting in GraphOut.



90 Andrew Davison

update (Page, GraphIn, GraphOut) :-
Links = { X : ref(X) <= Page}, ' make a links set
addLks(Links, Page, GraphIn, GraphOut).

addLks (0, _, GIn, GOut) :- GOut = GIn.
addLks(X:Rest, Page, GIn, GOut) :-
get_url(X,Tree), !, % get the page tree for X

GNew = {(Page,Tree)} U GIn,
addLks (Rest, Page, GNew, GOut).
addLks(X:Rest, Page, GIn, GOut) :-
GNew = {(Page,dead)} U GIn, % dead link info.
addLks (Rest, Page, GNew, GOut).

W-ACE also contains modal operators for reasoning about groups of pages,
and composition operators very similar to those in LogicWeb.

The authors of W-ACE have been working on a Web version of the concurrent
LP language KLIC, called WEB-KLIC [08]. Their primary goal has been the
augmentation of its CGI facilities (i.e. for server-side computation).

7.4 Java and LP

A spate of Java/LP systems have appeared in recent years. A connection to Java
gives an LP language immediate access to a very wide range of classes for GUISs,
imaging, multimedia, business components, and networking support. However,
there are some serious disadvantages, the main one being the mismatch be-
tween the Java programming model (imperative/object oriented) and LP, which
occurs in all multi-paradigm approaches. For instance, how should traditional
control flow be combined with non-determinism, how should destructive assign-
ment be reconciled with logic variables, and how are the variety of data struc-
tures/types/classes in Java mapped to atoms and terms? How should garbage
collection be handled in a hybrid environment?

Calejo [22] categories Java and LP systems into two broad camps: “Prolog in
Java” and “Prolog+Java”. URLs for most of the current systems can be found
at his Web site: http://dev.servisoft.pt/interprolog/systems.htm.

Prolog in Java The ‘in’ crowd can be divided into those systems that compile
Prolog code into Java (e.g. jProlog, LLPj, MINERVA), and those that utilise a
Prolog interpreter as a Java class (e.g. BirdLand Prolog, DGKS Prolog, JavaLog,
Jinni, W-Prolog).

A benefit of “Prolog in Java” is the close integration, which permits Prolog
code to more directly employ Java functionality, and be downloaded to browsers
alongside Java applets.

Prolog+Java The “Prolog+Java” camp consists of systems which link Prolog
and Java via their foreign language interfaces (e.g. Amzi! Prolog, Jasper, JIPL,
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JPL, NanoProlog), and systems which use a network link (usually socket based),
such as InterProlog.

The following fragment shows how the Jasper package in the SICStus library
can be used by Java. A Prolog query connected("Wilmslow","Stockport",
Route) is constructed, passed to the Prolog engine which applies it to the pro-
gram in train.ql, and all the different possible routes are printed back on the
Java side.

SICStus sp = new SICStus(argv,null); % Prolog engine
sp.load("train.ql");

SPPredicate pred = new SPPredicate(sp, "connected", 3, "");
SPTerm to = new SPTerm(sp, "Wilmslow");

SPTerm from = new SPTerm(sp, "Stockport");

SPTerm route = new SPTerm(sp).putVariable();

SPQuery q = sp.openQuery(pred,
new SPTerm[]{from, to, routel}); % build query
while (q.nextSolution())
System.out.println( route.toString() );

An obvious disadvantage of “Prolog+Java” over “Prolog in Java” is the re-
quirement to have two distinct systems running for any application. This makes
programs harder to write, debug, maintain, and complicates portability.

CCJava A somewhat different perspective on combining Java and LP is em-
bodied in CCJava [112]. As mentioned earlier in the section on Distributed Oz
(section 4.2), it adds single assignment variables and statement-level threads to
Java as a way of enhancing its thread communication features. This permits a
Java program to use techniques such as incremental and back communication
popularized in concurrent LP.

8 Server-side Execution

Server-side evaluation typically involves the user in completing a form on their
browser, which is submitted across the network to a Web server to be processed.
The most widespread server-side evaluation mechanism is the Common Gateway
Interface (CGI) which delivers form details to programs, and routes any output
from the code back to the user.

In general, server-side software is ideal for controlling resources such as
databases which cannot be sent over the Web for various reasons. Also, hav-
ing all users communicate with a central location makes it easier to program
applications with more complex communication requirements, such as chat sys-
tems or market places.

One disadvantage of server-side programming is the difficulty of extending
the user interface. For instance, it is not possible to intercept the activation of a
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hypertext link or to augment the forms interface with additional GUI elements.

Also, since server-side scripts are usually located on different machines from

the forms which use them, communication latency can be a problem. A further

drawback is the load on the server caused by multiple clients running scripts.
Parts of this section previously appeared in [83].

8.1 Libraries

There are many libraries which enable Prolog programs to process informa-
tion from CGI input, and generate suitable replies (typically, new Web pages)
[71271/85] .

The following server-side program uses the PiLLoW library [2I] to extract
a name from CGI input, call a user-defined response/2 predicate to get an
answer, and then construct a Web page.

main(_) :-
get_form_input (Input), % read CGI input
get_form_value(Input, person_name, Name),
response (Name, Response), % lookup response

output_html([ form_reply, start,
title(’Response’),
heading(2, ’Response’),
Response, end ]).

get_form_input/1, get_form_value/3, and output_html/1 are PiLLoW library
predicates.

8.2 Modifications to CGI

A CGI script is newly invoked for each query from a client, which can be a prob-
lem if the script has to load very large support software. Much of this overhead
can be avoided by using shared dynamically linked libraries, and utilising com-
pilers which generate fast object code and small executables. Also, it is far from
clear whether the poor performance of a particular Prolog CGI script is due to
its coding in Prolog, or because of network and machine overheads, and/or the
slowness of CGI.

A related issue is that the client-server model allows a server to process
several clients concurrently, which implies that several invocations of the same
script may need to be running simultaneously. This may not be practical because
of the size of the system, and also makes changes to shared resources more
complicated.

Separating Interface and Process Another server-side solution is to separate
query processing into two parts: a light-weight CGI script which acts as an
interface to a separate heavy-weight task process. A key feature of the task
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process is that it is continually running, and so only needs to be loaded once. In
the context of LP, this process might be a Prolog system or logic database.

This approach is used in the EMRM knowledge base of medical records,
which utilises the OR-parallel Aurora system to process multiple queries at once
[115].

The PiLLoW/CIAO library supports a higher level communications layer be-
tween the interface and task processes based on Active modules. Each invocation
of the interface script communicates with the task process as if it was calling a
module [2I]. The authors speculate on using &-Prolog/CIAO to parallelise their
Prolog engine.

Another problem, addressed in the EMRM system, is how to deal with
lengthy browser interactions, which require the task process to suspend while
the user enters further details. A related difficulty, peculiar to LP systems, is
how to deal with backtracking to a previous stage in the user interaction. The
ProWeb system [85] records the pages associated with earlier stages, and can
redisplay them as required. Backtracking may also make it necessary to rollback
changes to (shared) resources. These problems can occur with any multi-user LP
application, but are compounded by the forms-based user interface supplied by
CGI, and the stateless nature of the HT'TP protocol.

Replacing the Server A third server-side technique is to completely replace
the traditional Web server by software which combines the functionality of a
server with the particular task.

A notable LP solution in this style is the ECLiPSe HTTP server library, which
allows a basic server framework to be customized for different communication
protocols [I7]. Indeed, the major advantage of this technique is the way that the
server can be specialized for specific applications and communication modes.
The main drawback is the large amount of work required to implement a fully
featured server with concurrency control, error handling, administrative tools,
and so on.

9 Integration of Heterogeneous Data Sources

The issues related to data integration on the Web/Internet are similar to those for
integrating heterogeneous database systems, but are arguably more complex due
to the large number, and evolving nature, of Web sources, the lack of meta-data
(i.e. schema) about the sources, and the degree of source autonomy. Semantic
heterogeneity — the representation of the same or overlapping data in two or
more ways — is a difficult problem.

Hull [71] identifies a number of data management architectures: mediation
systems (integrated read-only views of data), mediation with updates (which
introduce the view update problem, federated systems, and work flow architec-
tures.

Research on Web data integration focuses on mediation, and borrows from
the DARPA 13 reference architecture [72]. Wrappers are employed at the lowest
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level to translate between a Web source’s local language, model and concepts
and the global concepts embodied by the system. Mediators obtain information
from the components below them (which may be wrappers or other mediators).

The wrapper and mediator architecture has two distinguishing features over
integrated heterogeneous databases: a mediator does not directly communicate
with a source, instead interacting with its wrapper, and a user does not pose
queries in the schema of the data sources, instead using the mediated, global
schema. This last point requires the mediator to reformulate queries using some
kind of source description.

There are two main approaches to specifying a mediated schema and its
reformulation, which Hull terms “classical integration” and the “new wave” [71].

Classical integration defines global, mediated schema as views over the local
schema. Query reformulation becomes very simple — view unfolding or partial
evaluation until the query is expressed in terms of the local schema elements.
A survey of this approach, as applied to heterogenous databases, can be found
in [93]. Many Web-based systems use classical integration (e.g. TSIMMIS [100],
described below).

The new wave considers global schema to be independent of the local schema
to a large extent. Data held at the sources are expressed as views over the chosen
global schema, to specify how mediated schema relations are to be translated.
An advantage is the ease of adding/removing sources since they do not require
a view mechanism to be altered at the mediator level.

Many new wave systems utilise description logics as glue between local and
global schema (e.g. Information Manifold [81], described below). A description
logic is typically a subset of first order logic with specialized syntax that makes it
suitable for describing and reasoning about entities and relationships. It is often
combined with a Datalog-based query language which handles other aspects of
inference.

Two good sources of papers on this topic are the 1999 Workshop on LP and
Distributed Knowledge Management [99], and the recent JLP special issue on
logic-based heterogeneous information sources [104].

9.1 Classical Integration

TSIMMIS TSIMMIS (The Stanford-IBM Manager of Multiple Information
Sources) implements a mediator hierarchy, where a mediator may converse with
sub-mediators or with wrappers [I00]. The system concentrates on the querying
of semistructured or unstructured data, and utilises the OEM (Object Exchange
Model) data model. The query language is MSL (Mediator Specification Lan-
guage), which is also used to describe mediators and wrappers in various ways.

MSL is an object logic with a Datalog-like syntax. Mediators are specified
using MSL rules. Each rule maps a set of objects at a source into a ‘virtual’
object at the mediator. Mediator objects with the same OID are fused together
in ways specified by the rules. Mediator rules are like a database view since the
sources are only queried for objects when a query arrives.
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For example, the rule paper is defined as:

<paper { <title T><author A><abstract B><conf C> }> :-
<entry { <title T><author A><abstract B> }>@sl,
<entry { <title T><conf C> }>@s2.

paper is essentially a join of the views exported by sources sl and s2, with title
being the join attribute. The head consists of an OEM object with the label
paper, and a list of sub-objects describing the title, author, and so on.

MSL without negation and OIDs can be considered a variant of Datalog. Full
MSL can be converted to Datalog with function symbols and negation.

A query is evaluated by expanding the applicable mediator rules using un-
folding until the query is expressed in terms of source information only. This can
lead to exponential growth in the rule set as m query conditions unify with n
rules to produce n™ expanded rules. TSIMMIS employs a range of techniques
to limit such growth.

Medlan The Medlan system [13] implements a declarative analysis layer on top
of a commercial GIS. The layer consists of multiple logic theories which can be
composed together using meta-level operations, which form a program expression
for the resulting collection of theories. A goal can be executed against a program
expression. The operations in Medlan and LogicWeb (discussed in section 7.3)
are similar.

9.2 New Wave Integration

Information Manifold New wave integration is typified by Information Man-
ifold [8I] which provides uniform access to a heterogeneous collection of more
than 100 information sources, most of them on the Web. Its query language is
based on a dialect of the description logic CARIN, which offers a fragment of first
order logic almost equivalent to non-recursive Datalog. The Information Man-
ifold architecture is based on global predicates, where each information source
has one or more views defined in terms of those predicates.

Context Interchange The context interchange strategy primarily addresses
the issue of semantic heterogeneity, where information sources have different
interpretations arising from their respective contexts [64].

The global domain utilises the COIN data model; the COINL language offers
a mixture of deductive and object oriented features, similar to those in F-logic.

Elevation axioms say how source values are mapped to semantic objects in
the global domain. Context axioms include conversion functions which state how
an object may be transformed to comply with the assumptions of a context. Con-
version functions are crucial for allowing semantic objects to be moved between
contexts.

An interesting feature of query rewriting in this approach is the use of ab-
duction. Initially domain model axioms, elevation axioms and context axioms
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are rewritten as Horn clauses, with the addition of generic axioms defining the
abductive framework and other integrity constraints. The abductive rewriting
of the query is achieved through backward chaining until only source relations
(and builtins) are left. Backtracking is used to generate alternative rewrites.

The abductive process is implemented using ECLiPSe and its Constraint
Handling Rules (CHR) library. However, the authors remark on the suitability
of Procalog for this purpose. Procalog is an instantiation of the work of Wetzel,
Kowalski, and Toni on unifying abductive LP, constraint LP, and semantic query
optimisation [129].

10 Conclusions

LP is a natural choice when a programming task requires symbolic manipula-
tion, extended pattern matching, rule-based representation of algorithms, infer-
ence/deduction, a high degree of abstraction, and notation which reflects the
mathematical basis of computation. It is not surprising that LP languages have
found wide usage in the Internet domain.

A crucial requirement for Internet programming is a clear, unambiguous
model of the Web/Internet. The most popular is the labelled graph, where nodes
represent Web pages (or parts of them) and arcs correspond to links. This model
can be directly translated into a LP framework, as seen for example in LogicWeb
[83] and FLORID [86].

Logic variables are a powerful and efficient communications mechanism (e.g.
see Janus [106], Strand [58], Distributed Oz [66]), and one which offers benefits
to non-LP paradigms (e.g. see PCN [57], CC++ [27], CCJava [112]). One benefit
is the possibility of using concurrent (constraint) LP programming techniques
such as incomplete messages, bounded buffers, and short circuits.

(LP) coordination languages are sometimes discounted for being unable to
encompass the size and complexity of the Web/Internet. Development of richer
dataspaces based on multiple, hierarchical domains, the introduction of first
order representations of tuple spaces, and the cross-fertilization of ideas from
parallel rewrite systems has shown this view to be wrong. Coordination languages
seem certain to play an important role in representing and controlling mobility,
and in the integration of heterogeneous data sources.

Message passing languages illustrate the advantages of building on existing
protocols and systems (e.g. TCP/IP, PVM, CORBA), and thereby gaining fea-
tures like fault tolerance and reliable communication. The downside of using
existing protocols is that it is difficult to retain LP elements such as logic vari-
ables.

Joining Java and LP is a growth area at present, although frequently driven
only by the wish to gain access to Java’s extensive libraries. However, CCJava
shows how Java can benefit from logic variables [112], and Jinni is a close inte-
gration of Java and Prolog in a blackboard setting [I17].

The server-side execution of LP code has been standardised into libraries
which make it easy to develop CGI-based applications [21]. However, several



Logic Programming Languages for the Internet 97

issues remain concerning the suitability of combining LP and HTTP. One of these
is the interaction between backtracking in the LP code and the ‘backtracking’
possible in a typical multiple forms interface.

Many query languages for semistructured data seem quite distant from LP,
concentrating on relational database manipulation, information retrieval search
techniques, temporal operators, and navigation based on regular path expres-
sions. Nevertheless, Datalog and F-logic (and their many variants) are popular
tools, although sometimes hidden behind SQL-like syntax (e.g. Lorel [2]).

There seems to be little LP involvement in the current development of query
languages for XML. This contrasts with the rather active participation of the
FP community, which have found interesting ways of using types to capture the
regular expression aspects of DTDs.

Datalog and F-logic (and variants) are widely used for the integration of
heterogeneous data sources, and there is much work to be done on applying
results from heterogeneous database integration to the semistructured domain.
Of particular note is the use of abduction in the context interchange strategy [64],
and the deployment of inductive LP ideas for information discovery and data
mining [40]. Also, as mentioned above, there seems scope for the application of
LP coordination languages.

Failure handling is a difficult problem in an Internet setting; Sandra [54] and
Distributed Oz [66] both offer a range of practical proposals. Approaches based
on the meta-call also are worth further investigation.

Security is another under-developed topic, although we noted the use of read-
only variables from FCP [94], and the meta-interpreter for client-side security
in LogicWeb [84]. An approach with great flexibility is the tuple center [41] for
enforcing ‘social behaviour’ as coordination laws.

The importance of mobility is being increasingly recognised: Distributed Oz
takes an implicit view [66], while languages like TuCSoN [41], Jinni [117], and
TeleLog [IT6] make mobility explicit. It appears that a visible notion of mo-
bility is suited to most Web/Internet applications, where resources have stated
locations.

One thread running through this paper is the utility of meta-level ideas.
For example, meta-level mechanisms are used to specify security in LogicWeb,
which can be viewed as a more expressive way of defining Java-like ‘sandbox’
restrictions [R4]. Meta-level programming is at the heart of layered program
approaches (e.g. in Logix [68]) and in process-to-processor mapping notations.
Meta-level features often facilitate language extensions.

One Internet trend if the rise of components (e.g. ActiveX controls, Jav-
aBeans) as the building blocks of applications. A key element of the compo-
nent architecture is reflection — the ability of a component to manage its own
resources, scheduling, security, interaction, and so on. Meta-level concepts are
central to reflection, and so LP seems an ideal way of building such components.
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Abstract. This paper presents a case for the use of higher-order logic as
a foundation for computational logic. A suitable polymorphically-typed,
higher-order logic is introduced and its syntax and proof theory briefly
described. In addition, a metric space of closed terms suitable for knowl-
edge representation purposes is presented. The approach to representing
individuals is illustrated with some examples, as is the technique of pro-
gramming with abstractions. The paper concludes by placing the results
in the wider context of previous and current research in the use of higher-
order logic in computational logic.

1 Introduction

In 1974, Robert Kowalski published the seminal idea that predicate logic could
be used as a programming language [10]. The setting for Kowalski’s idea was
first-order logic, in fact, the Horn clause fragment of that logic. Since 1974, there
has been an explosion of research activity that has pushed the fundamental idea
in many different directions.

Once the idea that logic can be used as a programming language is appre-
ciated, it is natural to ask what other logics might be useful in this context.
Indeed, one can ask the question more generally: what logics are useful as a
basis for the field of computational logic, where computational logic is to be un-
derstood broadly as the use of logic in Computer Science? There are a number
of good answers to this question that depend to some extent on which part of
computational logic one wishes to study. Some of these are explored elsewhere
in this volume. In this paper, I make a case for the use of higher-order logic as
the theoretical basis for computational logic.

I begin by giving an overview of a suitable higher-order logic. This logic has
its origins in Church’s simple theory of types [], but is significantly extended
by a polymorphic type system that is needed for its application to declarative
programming languages. I briefly describe the syntax and proof theory of the
logic. Next I introduce a metric space of certain closed terms. This space is
highly suitable for modelling individuals in diverse applications and, unusually,
includes certain abstractions that represent (finite) sets and multisets. A much
more detailed account of the logic, including its semantics and the proofs of all
the propositions in this paper, is contained in [I3].
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I then turn to some more practical issues. First, there is a discussion, illus-
trated by two examples, of the approach to the representation of individuals.
This knowledge representation issue is crucial in many applications. For exam-
ple, in machine learning, there are individuals about which something has to be
learned (for example, a classification or a regression value) and these individuals
can have complex internal structure for which the full power of the higher-order
logic is needed to represent them. In particular, it is often necessary to use lists,
sets and multisets, all of which are provided directly by the logic. The second
practical issue is the technique of programming with abstractions which is illus-
trated with some examples. This technique provides an elegant and convenient
method of processing sets and multisets.

The last section sets the contributions of this paper in the context of previous
and current research in the use of higher-order logics for computation. In par-
ticular, I discuss briefly three higher-order declarative programming languages
Haskell [9], AProlog [I5], and Curry [8]. The paper ends with some suggestions
for future research in higher-order computational logic.

2 Types

Definition. An alphabet consists of four sets:

. A set T of type constructors.
. A set B of parameters.

. A set € of constants.

. A set U of variables.

[ENEOCR R

Each type constructor in ¥ has an arity. The set ¥ always includes the type
constructors I and {2 both of arity 0. I is the type of some distinguished sin-
gleton set and {2 is the type of the booleans. The set 8 is denumerable (that is,
countably infinite). Parameters are type variables and are typically denoted by
a, b, ¢, ... . Each constant in € has a signature (see below). The set U is also
denumerable. Variables are typically denoted by «, y, z, ... . For any particular
application, the alphabet is assumed fixed and all definitions are relative to the
alphabet.

Types are built up from the set of type constructors and the set of parameters,
using the symbols — and x.

Definition. A type is defined inductively as follows.

1. Each parameter in B is a type.

2. If T is a type constructor in ¥ of arity & and ag,...,«ax are types, then

T o ...q is a type. (For k = 0, this reduces to a type constructor of arity

0 being a type.)

If o and 3 are types, then a — [ is a type.

4. If aq, ..., are types, then ag X ... X o, is a type. (For n = 0, this reduces
to 1 being a type.)

@
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G denotes the set of all types obtained from an alphabet (& for ‘sort’). The
symbol — is right associative, so that « —  — v means a — (8 — 7).

Definition. A type is closed if it contains no parameters.
Notation. G°¢ denotes the set of all closed types obtained from an alphabet.
Note that &€ is non-empty, since 1, 2 € G°.

Example. In practical applications of the logic, a variety of types is needed.
For example, declarative programming languages typically admit the following
types (which are nullary type constructors): 1, {2, Int (the type of integers),
Float (the type of floating-point numbers), Char (the type of characters), and
String (the type of strings). Another useful type in applications is Nat (the type
of natural numbers).

Other useful type constructors are those used to define lists, trees, and so on.
In the logic, List denotes the (unary) list type constructor. Thus, if « is a type,
then List « is the type of lists whose elements have type a.

Use will be made later of the concept of one type being more general than
another.

Definition. Let o and § be types. Then « is more general than (3 if there exists
a type substitution £ such that g8 = a&.

Note that “more general than” includes “equal to”, since £ can be the identity
substitution.

Example. Let a = (List a) x 2 and 8 = (List Int) x £2. Then « is more general
than 3, since 8 = af, where £ = {a/Int}.

3 Terms

Definition. A signature is the declared type for a constant.

Notation. The fact that a constant C' has signature « is sometimes denoted by
C:a.

I distinguish two different kinds of constants: data constructors and functions.
In a knowledge representation context, data constructors are used to represent
individuals. In a programming language context, data constructors are used to
construct data values. In contrast, functions are used to compute on data values;
functions have definitions while data constructors do not. In the semantics for
the logic, the data constructors are used to construct models. As examples, the
constants T (true) and L (false) are data constructors, as is each integer, floating-
point number, and character. The constant : (cons) used to construct lists is
a data constructor. The constants C and concatenate introduced in examples
below are both functions.
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The set € always includes the following constants (where a is a parameter).

. (), having signature 1.

. =, having signature a — a — 2.

. T and L, having signature {2.

. =, having signature 2 — (2.

A, V, —, «—, and «—, having signature 2 — 2 — (2.
. X and I, having signature (a — 2) — (2.

S N

The intended meaning of = is identity (that is, = x y is T iff z and y are
identical), the intended meaning of T is true, the intended meaning of L is false,
and the intended meanings of the connectives -, A, V, —, «— and «— are as
usual. The intended meaning of X' is that it is true iff its argument is a predicate
that is true on some domain element, and the intended meaning of II is that it
is true iff its argument is a predicate that is true on every domain element.

Note. In this paper, the equality symbol ‘=’ is overloaded. On the one hand,
‘="1s a constant in the alphabet of a higher-order logic. On the other hand, ‘=’
is a symbol of the informal meta-language in which the paper is written with the
intended meaning of identity. The meaning of any occurrence of the symbol ‘=’
will always be clear from the context. Equality is nearly always written infix.

Data constructors always have a signature of the form oy — --- — o0, —
(T ay ...ax), where T is a type constructor of arity k, a1, ... ,ax are distinct pa-
rameters, and all the parameters appearing in o1, ... , 0, occur among ai, ... , ag
(n > 0, k& > 0). Furthermore, for each type constructor 7', I assume that
there does exist at least one data constructor having a signature of the form
01— — 0, — (Tar...a).

Example. The data constructors for constructing lists are [| having signature
List a and : having signature a — List a — List a, where : is usually written
infix. [] represents the empty list. The term s : t represents the list with head s
and tail ¢. Thus 4 : 5: 6 : [] represents the list [4, 5, 6].

The next task is to define the central concept of a term. In the non-polymorphic
case, a simple inductive definition suffices. But the polymorphic case is more
complicated since, when putting terms together to make larger terms, it is gen-
erally necessary to solve a system of equations and these equations depend upon
the relative types of free variables in the component terms. The effect of this is
that to define a term one has to define simultaneously its type, and its set of
free variables and their relative types.

Definition. A term, together with its type, and its set of free variables and
their relative types, is defined inductively as follows.

1. Each variable x in U is a term of type a, where a is a parameter.
The variable x is free with relative type a in x.
2. Each constant C' in €, where C has signature «, is a term of type a.
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3. (Abstraction) If ¢ is a term of type 8 and = a variable in 2, then Az.t is a
term of type a — (3, if x is free with relative type « in ¢, or type a — £,
where a is a new parameter, otherwise.

A variable other than x is free with relative type o in Az.t if the variable is
free with relative type o in t.

4. (Application) If s is a term of type « — (3 and ¢ a term of type '}E such that

the equation

a =17,
augmented with equations of the form
p=79,

for each variable that is free with relative type p in s and is also free with
relative type ¢ in ¢, have a most general unifier 6, then (s t) is a term of type
;0.

A variable is free with relative type o6 in (s t) if the variable is free with
relative type o in s or t.

5. (Tupling) If ¢4,... , ¢, are terms of type aq,... ,anﬁ, respectively, such that
the set of equations of the form
Piy = Pig = -+ = Py,
for each varlable that is free with relative type p;; in the term ;; (

,k and k& > 1), have a most general unifier 6, then (4, .. , is a

term of type a10 X ... X a,f.
A variable is free with relative type o8 in (t1,... ,t,) if the variable is free
with relative type o in t;, for some j € {1,... ,n}.

The type substitution 6 in Parts 4 and 5 of the definition is called the asso-
ctated mgu.

Notation. £ denotes the set of all terms obtained from an alphabet and is
called the language given by the alphabet.

Definition. A term is closed if it contains no free variables.

Example. Let M be a nullary type, and A : M and concatenate : List a X
List a — List a be constants. Recall that [ : List @ and (:) : @ — List a —
List a are the data constructors for lists. I will show that (concatenate ([], [A]))
is a term. For this, ([],[A4]) must be shown to be a term, which leads to the
consideration of [| and [A]. Now [] is a term of type List a, by Part 2 of the
definition of a term. By Parts 2 and 4, (: A) is a term of type List M — List M,

1 Without loss of generality, one can suppose that the parameters in & — 3, taken
together with the parameters in the relative types of the free variables in s, and the
parameters in v, taken together with the parameters in the relative types of the free
variables in ¢, are standardised apart.

2 Without loss of generality, one can suppose that the parameters of each «a;, taken
together with the parameters in the relative types of the free variables of ¢;, are
standardised apart.

3 If n =1, (t1) is defined to be t1. If n = 0, the term obtained is the empty tuple, (),
which is a term of type 1.
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where along the way the equation a = M is solved with the mgu {a/M}. Then
((: A)[]) (that is, [4]) is a term of type List M by Part 4, where the equation
List M = List a is solved. By Part 5, it follows that ([, [A]) is a term of type
List a x List M. Finally, by Part 4 again, (concatenate ([],[A])) is a term of type
List M, where the equation to be solved is List a x List a = List a x List M
whose mgu is {a/M?}.

Example. Consider the constants append : List a — List a — List a — {2 and
process : List a — List a. T will show that (((append x) []) (process x)) is a term.
First, the variable x is a term of type b, where the parameter is chosen to avoid a
clash in the next step. Then (append x) is a term of type List a — List a — {2,
for which the equation solved is List a = b. Next ((append z) []) is a term of
type List a — {2 and x has relative type List a in ((append z) []). Now consider
(process x), for which the constituent parts are process of type List ¢ — List ¢
and the variable x of type d. Thus (process x) is a term of type List ¢ and x
has relative type List ¢ in (process z). Finally, we have to apply ((append z) [])
to the term (process x). For this, by Part 4, there are two equations. These are
List a = List ¢, coming from the top-level types, and List a = List ¢, coming
from the free variable x in each of the components. These equations have the
mgu {c/a}. Thus (((append z) []) (process x)) is a term of type 2.

Notation. Terms of the form (X Az.t) are written as Jx.t and terms of the
form (IT Az.t) are written as Va.t (in accord with the intended meaning of X
and IT). In a higher-order logic, one may identify sets and predicates — the
actual identification is between a set and its characteristic function which is
a predicate. Thus, if £ is of type 2, the abstraction Az.t may be written as
{z | t} if it is intended to emphasise that its intended meaning is a set. The
notation {} means {z | L}. The notation s € ¢t means (¢ s), where ¢ has type
a — (2 and s has type a, for some «. Furthermore, notwithstanding the fact that
sets are mathematically identified with predicates, it is sometimes convenient to
maintain an informal distinction between sets (as “collections of objects”) and
predicates. For this reason, the notation {«} is introduced as a synonym for the
type a — 2. The term (s t) is often written as simply s ¢, using juxtaposition
to denote application. Juxtaposition is left associative, so that r s t means
((r s) t). Thus (((append x) []) (process x)) can be written more simply as
append x [| (process x).

For the later definition of a statement, the concept of one term being type-
weaker than another will be needed.

Definition. Let s be a term of type o and t a term of type 7. Then s is type-
weaker than t, denoted s 3 ¢, if there exists a type substitution v such that
T = 07, every free variable in s is a free variable in ¢, and, if the relative type of
a free variable in s is §, then the relative type of this free variable in ¢ is §~.

Example. Let s =y and t = f x y, where f : M — N — N. Let v = {b/N},
where b is the type of y. Then by = N and s is type-weaker than t.
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Example. Let s =y and t = f y x, where f : M — N — N. Then s is not
type-weaker than ¢ since no suitable v exists.

Definition. Two terms s and ¢ are type-equivalent, denoted s = t, if they have
the same types, the same set of free variables, and, for every free variable x in s
and t, x has the same relative type in s as it has in ¢ (up to variants of types).

4 Schemas

The above definition of terms is sufficient for many knowledge representation
tasks. However, it turns out that a more flexible notation on top of the term
syntax is needed in some applications, the prime example of which is program-
ming languages. Here is an example to motivate the ideas.

Example. Consider the programming problem of writing some code to imple-
ment the subset relation between sets. Here is a possible definition of the function
C:(a— ) — (a— 2)— 2, which is written infix.

Bcs=T
{z]lz=u} C s =uecs
{rluve} Cs = ({z]u} Cs) A ({z]v} C ).

At first sight, all these equations look like terms. However, closer inspection
of the third equation reveals that u and v there are not ordinary variables.
Intuitively, these are intended to stand for expressions (possibly) containing x
as a free variable. Technically, they are syntactical variables in the meta-language
that range over object-level terms. Syntactical variables are distinguished from
(ordinary) variables by writing them in bold font.

This use of syntactical variables is common in the presentation of axioms for
logics. The third equation in the above example is thus a schema rather than a
term in which the syntactical variables w and v range over object-level terms.

The definition of a schema can be obtained from the previous one for a term
by also allowing syntactical variables to appear. The details are given in [13].

A schema can be reified to obtain a term.

Definition. A reifier is a finite set of the form {x1/t1,... ,x,/t,}, where each
x; is a syntactical variable, each ¢; is a term, and x4, ... ,x, are distinct.

Definition. Let s be a schema whose syntactical variables are included in
{z1,...,xn} and ¥ = {@1/t1,... ,x,/t,} a reifier. Then s¥, the reification
of s by ¥, is the expression obtained from s by replacing each occurrence of a
syntactical variable «; in s by the term ¢;, fori=1,... ,n.

Under certain natural conditions discussed in [13], s is a term. The concepts
of type-weaker and type-equivalence for schemas will be needed.
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Definition. Let s be a schema of type ¢ and ¢ a schema of type 7. Then s is
type-weaker than t, denoted s 3 t, if there exists a type substitution -y such that
T = 07, every free variable in s is a free variable in ¢ and, if the relative type of
a free variable in s is d, then the relative type of this free variable in ¢ is d-y, and
every syntactical variable in s is a syntactical variable in ¢ and, if the relative
type of a syntactical variable in s is p, then the relative type of this syntactical
variable in ¢ is pry.

Definition. Two schemas s and ¢ are type-equivalent, denoted s = t, if they
have the same types, the same set of free variables and, for every free variable x
in s and ¢, x has the same relative type in s as it has in ¢, and the same set of
syntactical variables and, for every syntactical variable  in s and ¢, « has the
same relative type in s as it has in ¢ (up to variants of types).

5 Statements and Statement Schemas

Next the definition of a class of terms (and schemas) that can serve as statements
in declarative programming languages whose programs are equational theories
is presented.

Definition. A statement is a term of the form h = b, where h has the form
fti...ty, n >0, for some function f, and b is type-weaker than h.

The term h is called the head and the term b is called the body of the state-
ment. The statement is said to be about f.

Example. Consider the function append : List a x List a X List a — (2. Then
the following term is a statement about append.

append (u,v,w) = (u=1[ ANv=w) V
FrdxJy(u=r:xz AN w=r:y A append (x,v,y)).

The head has type {2 and the free variables u, v, and w have relative type List a
in the head. The body also has type {2 and its free variables u, v, and w have
relative type List a in the body. Thus the body is type-weaker than (in fact,
type-equivalent to) the head.

Usually, the head and the body of a statement are type-equivalent, but this
is not always the case.

Example. Consider the statement
concatenate ([, z) = x

about the function concatenate : List a x List a — List a. Here h is
concatenate ([J,x) and b is . Then h has type List a and b has type a’, for
some parameters a and a’. Thus b is type-weaker than h with v = {a'/List a}.

Schemas should also be allowed to appear in programs.
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Definition. A statement schema is a schema of the form h = b, where h has
the form f s1...s,, n > 0, for some function f, and b is type-weaker than h.

The schema h is called the head and the schema b is called the body of the
statement schema. The statement schema is said to be about f.

Each statement is a statement schema.

Example. Consider the function C studied earlier.

Bes=T
{z|lx=u} C s =wue€s
{z|uVv} C

The first two are statements, while the third is a statement schema. In the first
statement, the body is type-weaker than the head, but not type-equivalent to
the head because of the extra variable s. For the second statement and the third
statement schema, the body is type-equivalent to the head.

Example. Consider the function powerset : (a — £2) — (a — §2) — (2. The
following is a statement schema in which the head is type-equivalent to the body.

powerset {x | if u then v else w} =

if v then powerset {x | uV w} else powerset {x | ~u A w}.

The condition that the body of a statement (or statement schema) be type-
weaker than the head is needed to prove the important property that run-time
type checking is unnecessary in the computational model [13].

Definition. The definition of a function f is the collection of all statement
schemas about f, together with the signature for f.

Definition. A program is a collection of definitions.

6 Proof Theory

I now turn to the proof-theoretic aspects of the logic. The main goal here is to
define a suitable operational behaviour for programs in declarative programming
languages whose programs are equational theories. Throughout this section, I as-
sume that each definition is given in the context of some program. Two terms are
said to be a-equivalent if they differ only in the names of their bound variables.

Definition. A redex of a term t is an occurrence of a subterm of ¢ that is -
equivalent to either an instance of the head of a statement or an instance of a
reification of the head of a statement schema.
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Example. Consider the function C again.

{}cs=T
{z]lz=u} C s =uecs
frluve} Cs = ({z]u} C ) A ({z]v} C s).

The term

{ < {PHA{yly=A4)V(y=B)} € {4,CD})

has two redexes. The first is

{} ¢ {D},

which is an instance of the head of the first statement by the substitution
{s/{D}}. The second is

ylly=A4)v(y=B)} € {A,C,D},

which is a-equivalent to an instance of a reification of the head of the third
statement schema. The reifier is {u/(x = A),v/(x = B)} and the substitution
is {s/{A,C, D}.

Definition. Let £ be the set of terms constructed from the alphabet of a pro-
gram and DG ¢ the set of subterms of terms in £ (distinguished by their occur-
rence). A selection rule S is a function from £ to the power set of DS ¢ satisfying
the following condition: if ¢ is a term in £, then S(¢) is a subset of the set of
outermost redexes in ¢.

A redex is outermost if it is not a (proper) subterm of another redex. Typical
selection rules are the parallel-outermost selection rule for which all outermost
redexes are selected and the leftmost selection rule in which the leftmost outer-
most redex is selected. The choice of using outermost redexes is motivated by
the desire for evaluation strategy to be lazy.

Definition. A term s is obtained from a term ¢ by a computation step using
the selection rule S if the following conditions are satisfied:

1. S(¢) is a non-empty set, {r;}, say.

2. For each i, the redex r; is a-equivalent to either an instance h;0 of the head
of a statement h; = b; or to an instance of a reification A6 of the head of
a statement schema h} = b/.

3. s is the term obtained from t by replacing, for each i, the redex r; by b;0 or
biwo, respectively.

Note that a computation step is essentially a (multiple) application of the
inference rule of type theory (Rule R) [I, p. 164]. Each computation step is
decidable in the sense that there is an algorithm that can decide for a given
subterm whether or not there is an instance of the head of a statement or an
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instance of a reification of the head of a statement schema that is a-equivalent
to the subterm. This algorithm is similar to the (first-order) unification algo-
rithm. In particular, the undecidability of higher-order unification [L6] is not
relevant here because a-equivalence is demanded rather than Sn-equivalence (or
B-equivalence) for higher-order unification.

Definition. A computation from a term ¢ is a sequence {¢;} ; of terms such
that the following conditions are satisfied.

1. t=1t.
2. t;4+1 is obtained from ¢; by a computation step, fort=1,... ,n— 1.

The term t; is called the goal of the computation and ¢, is called the answer.

7 Normal Terms

Next I identify a class of terms, called basic terms, suitable for representing
individuals in diverse applications. For example, this class is suitable for machine
learning applications. From a (higher-order) programming language perspective,
basic terms are data values. The most interesting aspect of the class of basic
terms is that it includes certain abstractions and therefore is much wider than is
normally considered for knowledge representation. These abstractions allow one
to model sets, multisets, and similar data types, in an elegant way. Of course,
there are other ways of introducing (extensional) sets, multisets, and so on,
without using abstractions. For example, one can define abstract data types or
one can introduce data constructors with special equality theories. The primary
advantage of the approach adopted here is that one can define these abstractions
intensionally as shown in Section 13.

The definition of basic terms is given in several stages: first I define nor-
mal terms, then define an equivalence relation on normal terms, and finally
define basic terms as distinguished representatives of equivalence classes. Before
getting down to the first step of giving the definition of normal terms, some
motivation will be helpful. How should a (finite) set or multiset be represented?
First, advantage is taken of the higher-order nature of the logic to identify sets
and their characteristic functions, that is, sets are viewed as predicates. With
this approach, an obvious representation of sets uses the connectives, so that
Az.(z = 1)V (x = 2) is the representation of the set {1,2}. This was the kind of
representation used in [12] and it works well for sets. But the connectives are,
of course, not available for multisets, so something more general is needed. An
alternative representation for the set {1,2} is the term

Ax.if x =1 then T else if x =2 then T else L
and this idea generalises to multisets and similar abstractions. For example,

Ax.if x = A then 42 else if x = B then 21 else 0
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is the multiset with 42 occurrences of A and 21 occurrences of B (and nothing
else). Thus I adopt abstractions of the form

Ax.if x =ty then sy else ... if x =t, then s, else s

to represent (extensional) sets, multisets, and so on.

However, before giving the definition of a normal term, some attention has
to be paid to the term sg in previous expression. The reason is that sy in this
abstraction is usually a very specific term. For example, for finite sets, sg is L
and for finite multisets, sg is 0. For this reason, the concept of a default term
is now introduced. The intuitive idea is that, for each closed type, there is a
(unique) default term such that each abstraction having that type as codomain
takes the default term as its value for all but a finite number of points in the
domain, that is, sg is the default value. The choice of default term depends on
the particular application but, since sets and multisets are so useful, one would
expect the set of default terms to include 1 and 0. However, there could also
be other types for which a default term is needed. For each type constructor T,
I assume there is chosen a unique default data constructor C' such that C' has
signature o1 — -+ — 0, — (T a1 ...ag). For example, for 2, the default data
constructor could be L, for Int, the default data constructor could be 0, and for
List, the default data constructor could be [].

Definition. The set of default terms, ®, is defined inductively as follows.

1. If C' is a default data constructor having signature oy — -+ — o, —
(T ay...ax) and t1,...,t, € © (n > 0) such that C t;...t, € £, then
Ct1...t, €.

2. If t € ® and Ax.t € £, then A\x.t € D.
3. Iftl,... ,tn €D (HZO) and (tl,... ,tn) GS, then (tl,... ,tn) €.

There may not be a default term for some closed types.

Example. Assume the alphabet contains just the nullary type constructors M
and N (in addition to I and (2) and the data constructors F : M — N and
G : N — M. (Recall that each type constructor must have an associated data
constructor.) Let G be the default data constructor for M. Then there are no
closed terms of type M and hence there is no default term of type M.

However, if it exists, one can show that the default term for each closed type
is unique.

Proposition 7.1. For each o € &€, there exists at most one default term having
type more general than o.

Now normal terms can be defined. In the following, Az.sq is regarded as the
special case of

Ax.if x =ty then sy else ... if x =t, then s, else s

when n = 0.
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Definition. The set of normal terms, M, is defined inductively as follows.

1. If C is a data constructor having signature oy — -+ — o, — (T a1 ...ax)
and t1,... ,t, €M (n >0) such that C' ¢y ...t, € £, then C t;...t, € N
2. Ity tn €M, 81,...,8, EN (n>0), 50 €D and

Ax.if © =ty then sy else ... if x =t, then s, else s € £,
then
Az.if © =11 then sy else ... if x =t, then s, else sy € M.

3. Ifty,...,t, €M (n>0)and (t1,...,tn) € £, then (t1,... ,t,) € N

Part 1 of the definition of the set of normal terms states, in particular, that
individual natural numbers, integers, and so on, are normal terms. Also a term
formed by applying a constructor to (all of) its arguments, each of which is a
normal term, is a normal term. As an example of this, consider the following
declarations of the data constructors Circle and Rectangle.

Clircle : Float — Shape
Rectangle : Float — Float — Shape.

Then (Circle 7.5) and (Rectangle 42.0 21.3) are normal terms of type Shape.
However, (Rectangle 42.0) is not a normal term as not all arguments to Rectangle
are given. Normal terms coming from Part 1 of the definition are called normal
structures and always have a type of the form Ta; ... a,.

The abstractions formed in Part 2 of the definition are “almost constant”
abstractions since they take the default term sg as value for all except a finite
number of points in the domain. They are called normal abstractions and always
have a type of the form 3 — . This class of abstractions includes useful data
types such as (finite) sets and multisets (assuming L and 0 are default terms).
More generally, normal abstractions can be regarded as lookup tables, with sg
as the value for items not in the table.

Part 3 of the definition of normal terms just states that one can form a tuple
from normal terms and obtain a normal term. These terms are called normal
tuples and always have a type of the form oy X ... X ay,.

Proposition 7.2. ® C .

It will be convenient to gather together all normal terms that have a type
more general than some specific closed type.

Definition. For each a € &¢, define M, = {t € M | ¢ has type more general
than a}.

The intuitive meaning of N, is that it is the set of terms representing individ-
uals of type . Note that 9 = (J,cge Na. However, the N, are not necessarily
disjoint. For example, if the alphabet includes List, then [| € Mgt o, for each
closed type a.
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8 An Equivalence Relation on Normal Terms

Several syntactically distinct terms in 9 can represent the same individual. For
example,

Ax.if x =1 then T else if x =2 then T else L,
Ax.if x =2 then T else if x =1 then T else L,

and

Ar.if © =3 then L else if x =2 then T else if t =1 then T else L
all represent the set {1,2}. To reflect this, a relation = is defined on M.
Definition. The binary relation = on 9 is defined inductively as follows. Let

s,t € M. Then s =t if there exists o € &° such that s, € M, and one of the
following conditions holds.

1. a=T ay...ag, for some T, aq,... ,ap, and sis C' s1...8,, tis C t1... 1,
and s; =t;, fori=1,...,n.
2. a = — =, for some (3,7, and
sis Ax.if x =t then sy else ... if x =t, then s, else sg,
tis \y.if y = uy then vy else ... if y = u,, then vy, else so
and, Vr € Ng,

(Fi,j. r=t; NrZtpe(VE<i) ANr=uj A rZEun(Ym<j) A si=v;)V
(Fi. r=t; ANrEt(VE<i) AT ZEui(Vj) A si=s0)V
(Fj. rZti(Vi) ANr=u; A rZEun(Vm<j) A sog=v;)V
(r # t:(¥0) A 7 2 uy(7)).

3. a=a1 X...Xay, forsome ay,...,a,, and sis (s1,...,8,), tis (t1,... ,tn)
and s; =t;, fori=1,...,n.

Proposition 8.1. For each o € &°, =|o_, is an equivalence relation on N,,.

Later I will need the following concept.

Definition. Let ¢t be Az.if x = t1 then s else...if v = t, then s, else sg €
Mg, and r € Ng. Then V(¢ r) is defined by

[ siifr=t; and r # t,(VEk < i)
Vitr) = {30 if £ t;(¥0)

Intuitively, V(¢ r) is the “value” returned when ¢ is applied to r.
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9 A Total Order on Normal Terms

The equivalence relation = was introduced because several syntactically distinct
terms in 91 can represent the same individual. Rather than deal with all the
normal terms in an equivalence class in some N, it is preferable to deal with a
single representative from the equivalence class. For this purpose, a (strict) total
order on normal terms is introduced.

Recall that a (strict) partial order on a set A is a binary relation < on A such
that, for each a,b,c € A, a £ a (irreflexivity), a < b implies b £ a (asymmetry),
and a < b and b < ¢ implies a < ¢ (transitivity). In addition, a (strict) partial
order is a (strict) total order if, for each a,b € A, exactly one of a =bora <b
or b < a holds.

If < is a (strict) total order on a set A, then < can be lifted to (strict)
total order, also denoted by <, on the set of sequences of elements in A by
ai...ap < by...by, if either
(i) a1 =b1,... ,a, = by, and n < m, or
(ii) there exists j such that 1 < j <n, ay =b1,...,a;—1 = bj_1 and a; < b;.
The order < on the sequences is called the induced lexicographic ordering.

In the definition of the binary relation < below, it is assumed that, for each
T € %, there is defined a (strict) total order <7 on the set of all data construc-
tors associated with the type constructor T'. For standard types, such as Int
and Float, the usual order provides an appropriate total order. To simplify the
statement of the definition, the concept of the trace of an abstraction will be
useful.

Definition. Suppose that s is a normal abstraction
Ax.if x =ty then sy else ... if x =t, then s, else sq.

Then the trace of s, trace(s), is the sequence t1 s1t2 s2 ...ty $p. (For the normal
abstraction A\x.sg, the trace is the empty sequence ¢.)

Definition. The binary relation < on 91 is defined inductively as follows. Let
s,t € M. Then s < t if there exists a € &° such that s,t € N, and one of the
following conditions holds.

1. a=Tay...ag, for some T, aq,... 0, and sis C' s1...8,, tis D ty...t,
and either C <7 D or C = D and there exists j such that 1 < j < n,
§1 =11,... y85—1 :tj,1 and s; < tj.

2. a = — ~, for some f,~, and trace(s) < trace(t), where < is the induced
lexicographic ordering.

3. a=a1 X...Xay, forsome ay,...,a,, and sis (s1,...,8,), tis (t1,... ,tn)
and there exists j such that 1 < j <n, sy =11,...,s5j—1 =tj—1 and s; < t;.

Proposition 9.1. For each oo € &°, <|y, is a (strict) total order on N,.
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10 Basic Terms

Finally, the definition of the key concept of a basic term can be given.

Definition. The set of basic terms, 8, is defined inductively as follows.

1. If C is a data constructor having signature o1 — -+ — o, — (T a1 ...a)
and t1,...,t, € B (n > 0) such that C ¢;...t, € £, then C t;...t, € B.
2. If ty,...ytn € B, 51,...,8, €EB ) < o<y, 55 €D, forl <i<n

(n>0), sp €D and

Ax.if x =ty then sy else ... if x =t, then s, else sg € £,
then
Ax.if x =ty then sy else ... if x =t, then s, else sg € B.
3. Ift1,...,t, €B (n>0) and (t1,...,t,) € £, then (¢t1,...,t,) € B.

The basic terms from Part 1 of the definition are called basic structures, those
from Part 2 are called basic abstractions, and those from Part 3 are called basic
tuples.

Proposition 10.1. © C B C 9.

As for normal terms, the basic terms of a particular type can be gathered
together.

Definition. For each o € &, define B, = {t € B | t has type more general
than a}.
Proposition 10.2. For each a € &¢, 9B, CN,.

The next result shows that, for basic terms, the equivalence relation = reduces
to the identity relation.

Proposition 10.3. Let s,t € B. Then s =1t iff s =t.

The next proposition justifies restricting attention to basic terms for knowl-
edge representation purposes.

Proposition 10.4. If s € N,, for some o € &°, then there is a unique t € B,
such that s =t.

Definition. Let s € 91,, for some o € &¢. The unique t € B, such that s =t
is called the basic form of s.

Here is an example to illustrate how the basic form can be computed.
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Example. Let s be the normal term

Az.if x =3 then L else if x =2 then T else if x =1 then T else
if © =3 then T else L.

Assume that the total order on the integers is the usual order. In the first step,
each of 1,2,3, and T and L are replaced by their basic form. Since each of these
is already a basic term, this step has no effect. Second, the component of the
if-then-else containing the duplicated occurrence of x = 3 is dropped to obtain

Az.if © =3 then L else if x =2 then T else if x =1 then T else L.

Third, the component containing the occurrence x = 3 is dropped since the
corresponding value is L to obtain

Ar.if ©=2then T else if x =1 then T else L.

Finally, the sequence 2 1 is ordered according to the total order and the compo-
nents of the if-then-else are reordered accordingly to obtain

Ax.if ©=1then T else if x =2 then T else L,

which is the basic form of s.

11 A Metric on Basic Terms

For a number of reasons, it is important to have a metric defined on basic terms.
For example, in instance-based learning, such a metric is needed to determine
those terms that are “nearby” some given term [14] Ch.8]. Thus I give now the
definition of a suitable function d from B x 8 into R, where R denotes the set
of real numbers.

The definition of this function depends upon some given functions p and .
The real-valued function p is defined on the product of the set of data construc-
tors with itself and is assumed to satisfy the following conditions:

1. For each type constructor T' € ¥, p is a metric on the set of data constructors
associated with T'.

2. For the set of data constructors associated with a type constructor for which
there is at least one data constructor of arity > 0, p is the discrete metric.

For example, the type constructor List has two data constructors : (of arity > 0)
and [], and so p([],:) = 1. In contrast, Nat has only nullary data constructors
and hence the second condition does not apply. As will become apparent in the
definition below of the function d, it is only necessary to be concerned about the
value of p(C, D) for those data constructors C' and D that are associated with
the same type constructor. The next example gives typical choices for p.
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Example. For the types I and (2, p could be the discrete metric. For the types
Nat, Int, and Float, one could use p(n,m) = |n — m|. For a type constructor
like Shape in Section 7, it is natural to employ the discrete metric on the set of
data constructors { Circle, Rectangle}.

The second function ¢ must be a non-decreasing function from the non-
negative reals into the closed interval [0, 1] such that ¢(0) = 0, p(z) > 0 if
x>0, and o(z +y) < p(z) + ¢(y), for each = and y.

Example. Typical choices for ¢ could be p(z) = {7 or ¢(x) = min{l, z}.

Definition. The function d : 8 x B — R is defined inductively on the structure
of terms in B as follows. Let s,t € B.

1. If s,t € B,, where « =T «y ...ag, for some T, aq,... o, then
p(C, D) if C#D
d(s,t) = (1/2)._11{1ax ©(d(s;,t;)) otherwise

where sis C' s1...s, and tis D tq1...t,,.
2. If s,t € B, where « = 3 — =, for some f3, ~, then

d(s,t) = Y d(V(sr),V(tr)).

reBg

3. If s,t € B, where a = a1 X ... X ap, for some oy, ... ,a,, then

n

d(s,t) = Z d(si, ti),

i=1

where s is (s1,...,8,) and tis (t1,... ,t,).
4. Tf there does not exist a € & such that s,t € B, then d(s,t) = 1.

In Part 1 of the definition, if n = 0, then max;=1__ ., ¢(d(s;,¢;)) = 0. The
purpose of the function ¢ is to scale the values of the d(s;, ;) so that they lie
in the interval [0, 1]. Thus max;—=1, . » ¢(d(si,t;)) < 1. The factor of 1/2 means
that the greater the “depth” to which s and ¢ agree, the smaller will be their
distance apart. So for lists, for example, the longer the prefix on which two lists
agree, the smaller will be their distance apart.

In Part 2 of the definition, the sum > .o d(V(sr), V(L 7)) is finite since s
and ¢ differ on at most finitely many r in Bg. In the case of sets,
> orem, AV (s r),V(t r)) is the cardinality of the symmetric difference of the
sets s and ¢ (assuming that p is the discrete metric for £2).

It should be clear that the definition of d does not depend on the choice of «
such that s,t € B,. (There may be more than one such «.) What is important
is only whether « has the form T aq ... g, B — 7, or a1 X ... X oy, and this is
invariant.
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The definition given above for d is, of course, only one of a number of pos-
sibilities. For example, one could use instead the Euclidean form of the metric
(with the square root of the sum of the squares) in Part 3 or a more specialised
metric for lists in Part 1. For a particular instance-based learning application,
such fine tuning would be almost certainly needed. These variant definitions for
d are likely to share the following properties of d; in any case, the proofs of these
properties for d show the way for proving similar properties for the variants.

Example. Suppose that p is the metric given by p(n,m) = |n — m| for Int and
Float. Then d(42,42) = 0, d(21,42) = 21 and d(42.1,42.2) = 0.1.

Example. Suppose that p is the discrete metric for List and also for the set of
T

data constructors {A, B,C, D} (of some unnamed type) and that p(z) = 5.
Let s be the list [A4, B, C] and ¢ the list [4, D]. (See Figure[l) Then

d(s,t) = d([A, B,C],[A, D])

= % max{p(d(A, A)), (d([B,C],[D]))}

— 5(d(B.C). D)
_ %@(% max{p(d(B, D)), ¢(d([C],[))})
= 5@(% max{p(1),¢(1)})
1 1 1
= 5@(5 ) 5)
_1od
T2 141
1
- L

Example. Let BTree be a unary type constructor, and Null : BTree a and
BNode : BTree a — a — BTree a — BTree a be data constructors. Here
BTree a is the type of binary trees, Null represents the empty binary tree, and
BNode is used to represent non-empty binary trees. Let A, B,C, D : M be data
constructors. Suppose that p is the discrete metric on M and p(z) = . Let
s be

BNode (BNode Null A Null) B (BNode Null C (BNode Null D Null)),

a binary tree of type BTree M, and t be

BNode (BNode Null A Null) B (BNode Null D Null).
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)

AVEEERVAN
R
A |

[A, B, C] [A, D]

Fig. 1. Two lists

(See Figure 21) Then

d(s,t)

1
5 max{p(d(BNode Null A Null, BNode Null A Null)), p(d(B, B)),
w(d(BNode Null C (BNode Null D Null), BNode Null D Null))}

1
§cp(d(BNode Null C (BNode Null D Null), BNode Null D Null))

lcp(l max{¢(d(Null, Null)), (d(C, D)),

272
w(d(BNode Null D Null, Null))})

ol max{o(1), $(1)})

N~

— N~ N
sl= ™! .
—
+
[l L

Notation. The basic abstraction Ax.if x =1 then T else ... if x =t, then T
else L € Bg_.o is a set whose elements have type more general than 3 and is
denoted by {t1,...,tn}.

Example. Suppose that p is the discrete metric for 2. If s is the set {4, B,C} €

Bs_. and tistheset {A, D} € Bs_ o, thend(s,t) =

reB, d(V(sr),V(tr)) =

1+1+1=3.
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BNode

AR VPZN

Null A Null Null C BNode

Null D Null

BNode

/BNode BNod\

B
Null A Null Null D Null

Fig. 2. Two binary trees

Notation. The basic abstraction Ax.if = = t; then my else ... if x =
t, then m, else 0 € Bg_ g is a multiset whose elements have type more
general than @ and is denoted by (t1,...,t1,... ,tn,...,t,), where there are
m; occurrences of ¢;, for ¢ = 1,... n. (That is, the number of times an ele-
ment appears in the expression is its multiplicity in the multiset.) Obviously,
this notation is only useful for “small” multisets.

Example. Suppose that p is the metric for Nat given by p(n,m) = |n — m|. If
sis (A, A,B,C,C,C) € Bg_.no and ¢ is (B,C,C, D) € Bz_ Nat, then d(s,t) =
Zre%g dV(sr),V(tr)=2+1+1=4.

Proposition 11.1. For each o € &¢, (B, d) is a metric space.

I now give a generalised definition of cardinality for basic abstractions.

Definition. Let ¢t be Ax.if © = t; then sy else ... if © = t, then s, else sg €
B3_~. Then the (generalised) cardinality of ¢ is defined as follows:

card(t) = Z d(V(tr), so).
r€Bg

The function card measures how much a basic abstraction deviates from
being constant.

Example. Suppose that p is the discrete metric for 2. If ¢ is the set {A, B, C},
then card(t) = 3. That is, card(t) is the cardinality of the set ¢.
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Example. Suppose that p is the metric for Nat given by p(n,m) = |n —m|. If
t is the multiset (A, B, A, B,C), then card(t) = 2+ 2+ 1 = 5. That is, card(t)
is the sum of the multiplicities of the elements of the multiset ¢.

12 Representation of Individuals

In this section, some practical issues concerning the representation of individuals
are discussed and the ideas are illustrated with two examples.

To make the ideas more concrete, consider an inductive learning problem, in
which there is some collection of individuals for which a general classification
is required [I4]. Training examples are available that state the class of certain
individuals. The classification is given by a function from the domain of the
individuals to some small finite set corresponding to the classes.

I adopt a standard approach to knowledge representation. The basic princi-
ple is that an individual should be represented by a (closed) term; this is referred
to as the ‘individuals-as-terms’ approach. Thus the individuals are represented
by basic terms. For a complex individual, the term will be correspondingly com-
plex. Nevertheless, this approach has significant advantages: the representation
is compact, all information about an individual is contained in one place, and
the structure of the term provides strong guidance on the search for a suitable
induced definition.

What types are needed to represent individuals? Typically, one needs the
following: integers, floats, characters, strings, and booleans; data constructors;
tuples; sets; multisets; lists; trees; and graphs. The first group are the basic types,
such as Int, Float, and {2. Also needed are data constructors for user-defined
types. For example, see the data constructors Abloy and Chubb for the nullary
type constructor Make below. Tuples are essentially the basis of the attribute-
value representation of individuals, so their utility is clear. Less commonly used
elsewhere for representing individuals are sets and multisets. However, sets, espe-
cially, and multisets are basic and extremely useful data types. Other constructs
needed for representing individuals include the standard data types, lists, trees,
and graphs. This catalogue of data types is a rich one, and intentionally so. I ad-
vocate making a careful selection of the type which best models the application
being studied.

Consider now the problem of determining whether a key in a bunch of keys
can open a door. More precisely, suppose there are some bunches of keys and a
particular door which can be opened by a key. For each bunch of keys either no
key opens the door or there is at least one key which opens the door. For each
bunch of keys it is known whether there is some key which opens the door, but it
is not known precisely which key does the job, or it is known that no key opens
the door. The problem is to find a classification function for the bunches of keys,
where the classification is into those which contain a key that opens the door
and those that do not. This problem is prototypical of a number of important
practical problems such as drug activity prediction [3], as a bunch corresponds
to a molecule and a key corresponds to a conformation of a molecule, and a
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molecule has a certain behaviour if some conformation of it does. I make the
following declarations.

Abloy, Chubb, Rubo, Yale : Make

Short, Medium, Long : Length

Narrow, Normal, Broad : Width.

I also make the following type synonyms.

NumProngs = Nat
Key = Make x NumProngs x Length x Width
Bunch = {Key}.

Thus the individuals in this case are sets whose elements are 4-tuples. The func-
tion to be learned is

opens : Bunch — 2.
Here is a typical example.

opens {(Abloy, 4, Medium, Broad),
(Chubb, 3, Long, Narrow),
(Abloy, 3, Short, Normal)} = T.

For further details on this example, see [2] or [3].

As another example of knowledge representation, consider the problem of
modelling a chemical molecule. The first issue is to choose a suitable type to
represent a molecule. I use an undirected graph to model a molecule — an atom
is a vertex in the graph and a bond is an edge. Having made this choice, suit-
able types are then set up for the atoms and bonds. For this, the nullary type
constructor Element, which is the type of the (relevant) chemical elements, is
first introduced. Here are the constants of type Element.

Br,C,CI,F,H,I,N,O,S : Element.
I also make the following type synonyms.

AtomType = Nat

Charge = Float

Atom = FElement x AtomType x Charge

Bond = Nat.
For (undirected) graphs, there is a “type constructor” Graph such that the type
of a graph is Graph v e, where v is the type of information in the vertices and e
is the type of information in the edges. Graph is defined as follows.

Label = Nat

Graph v e = {Label x v} x {(Label — Nat) X e}.
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Here the multisets of type Label — Nat are intended to all have cardinality
2, that is, they are intended to be regarded as unordered pairs. Note that this
definition corresponds closely to the mathematical definition of a graph: each
vertex is labelled by a unique integer and each edge is uniquely labelled by the
unordered pair of labels of the vertices it connects. Also it should be clear by
now that Graph is not actually a type constructor at all; instead Graph v e is
simply notational sugar for the expression on the right hand side of its definition.

The type of a molecule is now obtained as an (undirected) graph whose
vertices have type Atom and whose edges have type Bond. This leads to the
following definition.

Molecule = Graph Atom Bond.

Here is an example molecule, called d1, from the mutagenesis dataset available

t [I7]. The notation (s,t) is used as a shorthand for the multiset that takes
the value 1 on each of s and ¢, and is 0 elsewhere. Thus (s,t) is essentially an
unordered pair.

({(1,(C,22,-0.117)), (2, (C, 22, —0.117)), (3, (C, 22, —0.117)),
(4,(C,195,-0.087)), (5, (C,195,0.013)), (6, (C, 22, —0.117)),
(7,(H,3,0.142)), (8, (H, 3,0.143)), (9, (H, 3,0.142)),

(10, (H,3,0.142)), (11, (C,27,-0.087)), (12, (C,27,0.013)),
(13,(C,22,-0.117)), (14, (C, 22, —-0.117)), (15, (H, 3,0.143)),
(16,(H,3,0.143)), (17, (C,22,—-0.117)), (18, (C’ 22,—0.117)),
(19, (C,22,-0.117)), (20, (C, 22, —0.117)), (21, (H, 3,0.142)),
(22, (H,3,0.143)), (23, (H, 3,0.142)), (24, (N, 3870.812))7

(25,(0,40,-0.388))
((1,2 )
((3,4 )
({(5,1
(
(
(
(

(26, (0,40, -0.388))},

{((1,2),7),((1,6),7), ((1,7), 1), ((2,3), 7), ((2,8), 1),
(3,4),7),((3,9), 1), ((4,5), 7), ((4,11), 7), ({5, 6), 7),
(5,14),7), ((6,10), 1), ({11,12), 7), ({11, 17),7),
(12,13),7), ((12,20),7), ((13,14),7), (13, 15), 1),
(14,16),1), ((17,18),7), ((17,21),1), ((18,19),7),
(18,22),1),((19,20),7), ((19,24),1), ({20, 23), 1),
(24,25),2), ((24,26),2)}).

Having represented the molecules, the next task is to learn a function that
provides a classification of the carcinogenicity of the molecules. One way of
doing this is to build, using a set of training examples, a decision tree from
which the definition of the classification function can be extracted. The most
important aspect of building this tree is to find suitable predicates to split the
training examples. The search space of predicates is determined by the type of
the individuals and the constants that appear in the corresponding alphabet.
The higher-order facilities of the logic are used to structure this search space.
More details can be found in [2] and [3].
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13 Programming with Abstractions

In this section, the paradigm of programming with abstractions, introduced in
[12], is illustrated with some examples.

But first some motivation. One approach to the problem of designing and im-
plementing a declarative programming language that integrates the functional
programming and logic programming styles is based on the observation that
the functional programming language Haskell [9] is a highly successful, modern
declarative programming language that can serve as the basis for such an integra-
tion. Haskell provides types, modules, higher-order programming and declarative
input/output, amongst other features. With Haskell as a basis, the problem then
reduces to identifying the extensions that are needed to provide the usual logic
programming idioms. In this section, I illustrate how the paradigm of program-
ming with abstractions can provide these extensions.

Consider the definitions of the functions append, permute, delete, and sorted
given in FigureB] which have been written in the relational style of logic program-
ming. The intended meaning of append is that it is true iff its third argument is
the concatenation of its first two arguments. The intended meaning of permute is
that it is true iff its second argument is a permutation of its first argument. The
intended meaning of delete is that it is true iff its third argument is the result of
deleting its first argument from its second argument. The intended meaning of
sorted is that it is true iff its argument is an increasingly ordered list of integers.
As can be seen, the definition of each function has a declarative reading that
respects the intended meaning.

What extra machinery needs to added to Haskell to enable it to run the
definitions in Figure [3? First, the constructor-based assumption of Haskell has
to be relaxed to allow A-abstractions and functions to appear in arguments in
the heads of statements. Also, (free and bound) variables have to be allowed to
appear in redexes. The most crucial idea behind these extensions is the intro-
duction of A-abstractions in arguments in heads and so this programming style
is termed ‘programming with abstractions’.

The notable feature of the definitions in Figure[3]is the presence of existential
quantifiers in the bodies of the statements, so not surprisingly the key statement
that makes all this work is concerned with the existential quantifier. To motivate
this, consider the computation that results from the goal append ([1], [2], ). At
one point in the computation, the following term is reached:

I3 =1 A= Aa=ry A append (2,[2],y).

An obviously desirable simplification that can be made to this term is to elim-
inate the local variable 7’ since we have a “value” (that is, 1) for it. This leads
to the term

' (2 = A x=1:9 A append (z',[2],).
Similarly, one can eliminate x’ to obtain

. (z=1:9 A append ([],[2],v).
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append : List a x List a X List a — {2
append (u,v,w) = (u=[] AN v=w) V
IrIzIy(u=r:x AN w=r:y A append (z,v,y))

permute : List a x List a — 2
permute ([J,z) = x =]

permute (z:y,w) = JuIv.Iz.(w=u:v A delete (u,z : y,z) A permute (z,v))

delete : a x List a x List a — 2
delete (z,[,y) = L
delete (z,y: z,w) = (x=yAw=2) V v (w=y:v A delete (z,z,v))

sorted : List Int — (2
sorted [| = T
sorted x 1y = if y=1[ then T else JuTv.(y=u:v A z<u A sorted y)

Fig. 3. List-processing functions

After some more computation, the answer x = [1, 2] results. Now the statement
that makes all this possible is

Fzy. - Fzp. (2 A (21 = u) Ay) = 3ao.--- T (e{z1 /u} Ay{xr/u}),

which comes from the definition of X' : (a — £2) — 2 and has A-abstractions in
its head.

The above ideas, plus some carefully chosen definitions, are all that are
needed to allow Haskell thus extended to encompass the relational style of logic
programming. The definitions of predicates look a little different to the way one
would write them in, for example, Prolog. A mechanical translation of a Prolog
definition into one that runs in this extended version of Haskell simply involves
using the completion [LI] of the Prolog definition. The definition here of append
is essentially the completion of the Prolog version of append. Alternatively, one
can specialise the completion to the [] and (:) cases, as has been done here for
the definitions of permute, delete, and sorted. One procedural difference of note
is that Prolog’s method of returning answers one at a time via backtracking is
replaced here by returning all answers together as a disjunction (or a set). Thus
the goal

append (z,y, [1])

reduces to the answer

(@=[ry=0)V(z=[ry=1])
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However, the idea of programming with abstractions can be pushed much fur-
ther to enable direct programming with sets, multisets and other abstractions, a
facility not provided by either Haskell or Prolog. First, I deal with sets. Consider
the definition of the function likes in Figure @l This definition is essentially a
database of facts about certain people and the sports they like.

Mary, Bill, Joe, Fred : Person
Cricket, Football, Tennis : Sport
likes : Person X Sport — 2

likes = {(Mary, Cricket), (Mary, Tennis), (Bill, Cricket), (Bill, Tennis),
(Joe, Tennis), (Joe, Football) }

Fig. 4. A database to illustrate set processing

Here are some examples of set processing. Consider first the goal
{Mary, Bill} N {Joe, Bill}.

Using the statement
snt = {z|(xes)A(xet)}

in the definition of N : (a — 2) — (a — 2) — (a — {2), one obtains
{z | (xr € {Mary, Bill}) A (x € {Joe, Bill})},

and then

{z | (if © = Mary then T else if x = Bill then T else L) A
(if © = Joe then T else if x = Bill then T else 1)},

by G-reduction. After several uses of the statements

(if uthen v else w) ANt = if uAt then v else w At

t A (if u then v else w) = if t Authen v else t Aw

vA(x=u) ANw = v{z/u} A (z=u) ANw{z/u}
from the definition of A, the answer {Bill} is obtained. In this example, the
main novel aspect compared to Haskell is the simplification that has taken place

inside the body of a A-abstraction.
For a second example, consider the goal

{z | Yy.(y € {Cricket, Tennis} — likes (x,y))},
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which reduces via the steps

{z | Yy.((if y = Cricket then T else if y = Tennis then T else L) —

likes (z,y))}
{z | Vy.(((y = Cricket) V (if y = Tennis then T else L)) — likes (x,y))}
{z | Yy.((y = Cricket) — likes (z,y)) A
Vy.((if y = Tennis then T else L) — likes (x,y))}
{z | likes (z, Cricket)A\Vy.((if y = Tennis then T else 1) — likes (x,y))},

and so on, to the answer
{Mary, Bill}.
During this computation, use is made of the statements

Vay. Ve, (e Az =u) Ay — v) =
Vag. - V. (x{r1/u} Ay{xi/u} — v{xi/u})
Vey. o -Vap.(uVo —t) =
Ve, Vo, (u — ) A (Vay. - Ve, (v — 1))
V1. Va,.((if u then v else w) — t) =

if vthenVay. Vo, (uVw — t) else Vai. Ve, (cuAw — )

from the definition of IT : (a — 2) — .

The example in the previous paragraph is reminiscent of list comprehension
in Haskell. In fact, one could set the database up as a list of facts and then
give Haskell a goal which would be a list comprehension analogous to the set
goal above and obtain a list, say [Mary, Bill], as the answer. Substituting lists
for sets in knowledge representation is a standard device to get around the fact
that few programming languages support set processing in a sophisticated way.
However, sets and lists are actually significantly different types and this shows
up, for example, in the different sets of transformations that each type naturally
supports ([2], [3]). Consequently, I advocate a careful analysis for any particular
knowledge representation task to see what types are most appropriate and also
that programming languages support a full range of types, including sets and
multisets.

Another point to make about the previous example is that it is an illustration
of intensional set processing. Extensional set processing in which the descriptions
of the sets manipulated are explicit representations of the collection of elements
in the sets is commonly provided in programming languages. For example, it
is straightforward in Haskell to set up an abstract data type for (extensional)
sets using lists as the underlying representation. A language such as Java also
provides various ways of implementing extensional sets. But the example above is
different in that the goal is an intensional representation of a set (in fact, the set
{Mary, Bill}) and the computation is able to reveal this. The ability to process
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intensional sets and the smooth transition between intensional and extensional
set processing are major advantages of the approach to sets advocated here.
Similar comments apply to programming with other kinds of abstractions such
as multisets.

Consider next the problem of giving a definition for the powerset function
that computes the set of all subsets of a given set. Here is the definition.

powerset : (a — 2) — (a — 2) — 12

powerset {} = {{}}

powerset {x | if uw then v else w} =

if v then powerset {x | uV w} else powerset {x | - u A w}

powerset {x | x =1t} = {{},{t}}
powerset {x |uV v} = {s|3.3r.(I € (powerset {z | u})) A
(r € (powerset {x | v}) A (s =1Ur))}.

The first and second statements cover the cases of an empty set and a ‘non-
empty’ one, where the set is represented by a basic term. (Non-empty is quoted
since {x | if u then v else w} can represent an empty set if both v and w are L,
for example.) The third and fourth statements are needed to handle calls which
arise in the second statement. They could also be used if the representation of
the set is not a basic term, but has an equality or disjunction at the top level
in the body. Of course, if the representation of the set does not match any of
the statements, then it will have to be reduced (by using the definitions of other
functions) until it does. One can see immediately that each statement in the
definition is declaratively correct.

Note the analogy between set processing as illustrated by powerset and list
processing in which the definition of a list-processing function is broken up into
two statements — one for the empty list and one for a non-empty list. In the case
of sets, it is convenient to have four cases corresponding to where the body of
the set abstraction has the form L, if u then v else w, x = t, or u V v. The
third and fourth cases arise because of the richness of the set of functions on the
booleans. For other kinds of abstractions typically only the first two cases arise,
as is illustrated below for multisets.

As an illustration of the use of powerset, the goal

powerset { Mary, Bill}
reduces to the answer

{{}, {Mary},{Bill},{ Mary, Bill}}.

This section concludes with an illustration of multiset processing. Suppose
one wants to compute the pairwise minimum st of two multisets s and ¢, where
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(sMt) x = min (s x) (t ). Now recall that a multiset is represented by a basic
term, that is, an abstraction of the form

Ax.if x =ty then sy else ... if x =t, then s, else sq,

where the type of each s; is Nat. In particular, the empty multiset is represented
by the abstraction Ax.0.

How can one compute the function M? The idea is to consider two cases: one
in which the first argument to M is the empty multiset and one in which it is
not. This leads to the following definition.

M:(a — Nat) — (a — Nat) — (a — Nat)
Az.0 M m = Az.0
(Ax.if x =t then v else w) T m =

Ax.if x =t then min v (mt) else (Az.w M m) x.

The first statement just states that the pairwise minimum of the empty multiset
and any multiset is the empty multiset. The second statement is the recursive
case in which the minimum of the multiplicity of the first item in the first
argument and its multiplicity in the second argument is computed and then
the rest of the items in the first argument are considered. Note once again the
similarity with the definitions of many list-processing functions that consist of a
statement for the empty list and one for a non-empty list.
As an illustration of the use of M, the goal

(Az.if © = A then 42 else if x = B then 21 else 0) N
(Ax.if x = A then 16 else if x = C then 4 else 0)

reduces to the answer

Ax.if x = A then 16 else 0.

14 Discussion

At this point, I summarise what has been achieved and put the developments
into a wider context.

I started from the position that higher-order logic provides a suitable founda-
tion for computational logic. A particular higher-order logic, based on the simple
theory of types, was then presented. This logic is suitable for use as a basis for
declarative programming languages. Next the issue of knowledge representation
was discussed and a suitable class of terms, the basic terms, was identified as
appropriate for representing individuals. The set of basic terms is a metric space
in a natural way and hence provides a context in which metric-based machine
learning can take place. The approach to representation was then illustrated with
a couple of applications that arise in machine learning. Finally, the technique
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of programming with abstractions was illustrated with some examples. In this
development, the higher-order nature of the logic was essential: as a foundation
for the functional component of declarative programming languages, since func-
tions can take other functions as arguments; in the use of the logic for knowledge
representation, since sets and similar abstractions are needed; and for program-
ming with abstractions, since abstractions can appear as arguments in function
definitions.

However, the advantages of using higher-order logic for computational logic
have been advocated by others for at least the last 30 years. Here I remark on
some of this work that is most relevant to the present paper.

First, the functional programming community has used higher-order func-
tions from the very beginning. The latest versions of functional languages, such
as Haskell98 [9], show the power and elegance of higher-order functions, as well
as related features such as strong type systems. Of course, the traditional foun-
dation for functional programming languages has been the A-calculus, rather
than a higher-order logic. However, it is possible to regard functional programs
as equational theories in a logic such as the one I have introduced here and this
also provides a satisfactory semantics.

In the 1980’s, higher-order programming in the logic programming commu-
nity was introduced through the language AProlog [Th]. The logical founda-
tions of AProlog are provided by almost exactly the logic introduced earlier in
this paper. However, a different sublogic is used for AProlog programs than the
equational theories proposed here. In AProlog, program statements are higher-
order hereditary Harrop formulas, a generalisation of the definite clauses used
by Prolog. The language provides an elegant use of A-terms as data structures,
meta-programming facilities, universal quantification and implications in goals,
amongst other features.

A long-term interest amongst researchers in declarative programming has
been the goal of building integrated functional logic programming languages.
A survey of progress on this problem up to 1994 can be found in [7]. Prob-
ably the best developed of these functional logic languages is the Curry lan-
guage [8], which is the result of an international collaboration over the last 5
or so years. To quote from [§]: “Curry is a universal programming language
aiming to amalgamate the most important declarative programming paradigms,
namely functional programming and logic programming. Moreover, it also covers
the most important operational principles developed in the area of integrated
functional logic languages: ‘residuation’ and ‘narrowing’. Curry combines in a
seamless way features from functional programming (nested expressions, higher-
order functions, lazy evaluation), logic programming (logical variables, partial
data structures, built-in search), and concurrent programming (concurrent eval-
uation of expressions with synchronisation on logical variables). Moreover, Curry
provides additional features in comparison to the pure languages (compared to
functional programming: search, computing with partial information; compared
to logic programming: more efficient evaluation due to the deterministic and
demand-driven evaluation of functions).”
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There are many other outstanding examples of systems that exploit the power
of higher-order logic. For example, the HOL system [6] is an environment for
interactive theorem proving in higher-order logic. Its most outstanding feature
is its high degree of programmability through the meta-language ML. The system
has a wide variety of uses from formalising pure mathematics to verification of
industrial hardware. In addition, there are at least a dozen other systems related
to HOL. On the theoretical side, much of the research in theoretical Computer
Science, especially semantics, is based on the A-calculus and hence is intrinsically
higher-order in nature.

I finish with some remarks about open research issues. I believe the most
important open research problem, and one that would have a major practical
impact, is that of producing a widely-used functional logic programming lan-
guage. Unfortunately, there is a gulf between the functional programming and
logic programming communities that is holding up progress. A common pro-
gramming language would do a great deal to bridge that gulf. More specifically,
the logic programming community needs to make much greater use of the power
of higher-order features and the related type systems. Furthermore, higher-order
logic has generally been under-exploited as a knowledge representation language,
with sets and related data types rarely being used simply because they are not so
easily provided by first-order logic. Having sets directly available (as predicates)
in higher-order logic is a big advantage.

Just over 25 years ago, Robert Kowalski started a major stream of research
in Computer Science with the Horn clause subset of first-order logic. The natural
and ultimate setting for that research stream is clearly higher-order logic — every
contribution towards that goal would be valuable.
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Abstract. This paper discusses the construction of a meta-interpreter
of Flat GHC, one of the simplest and earliest concurrent constraint lan-
guages.

Meta-interpretation has a long history in logic programming, and has
been applied extensively to building programming systems, adding func-
tionalities, modifying operational semantics and evaluation strategies,
and so on. Our objective, in contrast, is to design the pair of (i) a rep-
resentation of programs suitable for code mobility and (ii) a pure inter-
preter (or virtual machine) of the represented code, bearing networked
applications of concurrent constraint programming in mind. This is more
challenging than it might seem; indeed, meta-interpreters of many pro-
gramming languages achieved their objectives by adding small primi-
tives into the languages and exploiting their functionalities. A meta-
interpreter in a pure, simple concurrent language is useful because it is
fully amenable to theoretical support including partial evaluation.
After a number of trials and errors, we have arrived at treecode, a ground-
term representation of Flat GHC programs that can be easily interpreted,
transmitted over the network, and converted back to the original syntax.
The paper describes how the interpreter works, where the subtleties lie,
and what its design implies. It also describes how the interpreter, given
the treecode of a program, is partially evaluated to the original program
by the unfold/fold transformation system for Flat GHC.

1 Introduction

1.1 Meta-interpreter Technology

Meta-interpreter technology has enjoyed excellent affinity to logic programming
since the seminal work by Bowen and Kowalski [3]. It provides us with a concise
way of building programming systems on top of another. This is particularly
useful for AI applications in which flexibility in designing and modifying in-
ference mechanisms is of crucial importance. Interactive programming environ-
ments such as debuggers or visualizers are another example in which interpreters
can play important roles. Extensive survey of meta-interpretation in logic pro-
gramming can be found in [IT], Chapter 8.

A.C. Kakas, F. Sadri (Eds.): Computat. Logic (Kowalski Festschrift), LNAI 2407, pp. 138-I61] 2002.
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Critics complain of performance degradation incurred by the interpreter tech-
nology, but the speed of system prototyping with interpreters and symbolic lan-
guages cannot be matched by any other methodologies. Hardwiring all design
choices into a lower-level language such as C may be done, but at the latest pos-
sible stage and to the least extent. Indeed, due to Java and scripting languages,
interpreter technologies — including bytecode interpreters and its optimization
techniques such as just-in-time compilers — are now quite ubiquitous outside the
world of symbolic languages. Java demonstrated that poor initial performance
of non-optimized interpreters was acceptable once people believed that the lan-
guage and the system design as a whole were the right way to go.

1.2 Concurrency and Logic Programming

The raison d’étre and the challenge of symbolic languages are to construct highly
sophisticated software which would be too complicated or unmanageable if writ-
ten in other languages. Logic programming has found and addressed a number
of such fields [4]. While many of those fields such as databases, constraints,
machine learning, natural languages, etc., are more or less related to Artificial
Intelligence, concurrency seems special in the sense that, although somewhat re-
lated to AI through agent technologies, its principal connection is to distributed
and parallel computing.

Distributed and parallel computing is becoming extremely important because
virtually all computers in the world are going to be interconnected. However, we
have not yet agreed upon a standard formalism or a standard language to deal
with concurrency. Due to the lack of appropriate tools with which to develop net-
worked applications, computers communicate and cooperate much more poorly
than they possibly can.

Concurrent logic programming was born in early 1980’s from the process
interpretation of logic programs [34]. Relational Language [7], the first concrete
proposal of a concurrent logic language, was followed by a succession of proposals,
namely Concurrent Prolog [20], PARLOG [8] and Guarded Horn Clauses (GHC)
[27]. KL1 [29], the Kernel Language of the Fifth Generation Computer Systems
(FGCS) project [22], was designed based on GHC by featuring (among others)
mapping constructs for concurrent processes. To be precise, KL1 is based on Flat
GHC [28], a subset of GHC that restricts guard goals to calls to test predicates.

The mathematical theory of these languages came later in the generalized
setting of concurrent constraint programming (CCP) [18] based on Maher’s
logical interpretation of synchronization [12]. Grand challenges of concurrent
logic/constraint programming are proposed in [32].

Although not as widely recognized as it used to be, Concurrent Prolog was
the first simple high-level language that featured channel mobility exactly in the
sense of m-calculus [I5]. When the author proposed GHC as an alternative to
Concurrent Prolog and PARLOG, the principal design guideline was to retain
channel mobility and evolving process structures [22], because GHC was sup-
posed to be the basis of KL1, a language in which to describe operating systems
of Parallel Inference Machines as well as various knowledge-based systems. The
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readers are referred to [22] for various researchers’ personal perspectives of the
FGCS project.

1.3 Meta-interpretation and Concurrency

Another guideline of the design of GHC was the ability to describe its own
meta-interpreter. Use of simple meta-interpreters as a core technology of system
development was inspired by [5], and early work on Concurrent Prolog pursued
this idea in building logic-based operating systems [21].

A key technology accompanying meta-interpretation turned out to be partial
evaluation. Partial evaluation of a meta-interpreter with an additional “flavor”
with respect to a user program will result in a user program with the additional
“flavor” that runs almost as efficiently as the original user program [24].

This idea, though very elegant, has not become as popular as we had ex-
pected.

One reason is that before the booming of the Internet, a program ran either on
a single processor or on parallel processors with a more or less uniform structure,
where a hardwired approach was manageable and worked. However, software for
distributed computing environments is much harder to build, configure and re-
configure, and run persistently. Such software would not be manageable without
a coherent solution to the difficulties incurred by heterogeneous architectures,
process and code mobility, and persistence.

Another reason is that the languages and the underlying theories were not
mature enough to allow full development of the idea. Meta-interpreters of many
programming languages achieved their objectives by adding small primitives into
the language and exploiting their functionalities. Those primitives were often
beyond the basic computational models of the languages. We believe that pure
symbolic languages are the right way to go in the long run, because only with
theoretical support we can expect a real breakthrough.

1.4 Goal of This Paper

In this paper, we discuss how we can construct a meta-interpreter of Flat GHC,
one of the simplest and earliest concurrent constraint languages. Our objective
is to design the pair of

1. a representation of programs suitable for code mobility and interpretation,
and
2. a pure, simple interpreter of the represented code.

One of the motivations of the work is to use concurrent logic/constraint program-
ming as a concise tool for networked applications. There are strong reasons to
choose concurrent logic/constraint programming as a framework of distributed
computing.

First, it features channel mobility, evolving process structures, and incom-
plete messages (messages with reply boxes), all essential for object-based con-
current programming.
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Second, it is unlike most other concurrency frameworks in that data struc-
tures (lists, trees, arrays, etc.) come from the very beginning. This means that
there is little gap between a theoretical model and a practical language. Actually,
a lot of applications have been written in concurrent logic/constraint languages,
notably in KL1 and Oz [23].

Third, it has been extremely stable for more than 15 years. After GHC was
proposed, the main variation was whether to feature atomic tell (publication
of bindings upon commitment) or eventual tell (publication after commitment).
However, by now both concurrent logic programming and concurrent constraint
programming seem to converge on eventual tell, the simpler alternative [22][26].
Indeed, concurrent constraint programming with ask and eventual tell can be
thought of as an abstract model of Flat GHC.

Last, as opposed to other parallel programming languages, it achieves clear
separation of concurrency (concerned with logical aspects of programs) and par-
allelism (concerned with physical mapping of processes). We regard this sepa-
ration of concerns as the most important achievement of KL1 and its parallel
implementation [29]. In other words, by using logical variables as communica-~
tion channels we had achieved 100% network transparency within system-area
networks (SAN). The fact that programs developed and tested on sequential ma-
chines ran at least correctly on parallel machines has benefited us enormously
in the development of parallel software. We believe that this feature should be
explored in distributed software as well.

Addressing networked applications using interpreters as a core technology
is promising because flexibility to cope with heterogeneity is more important
than performance. However, it is not obvious whether we can write a reasonably
simple interpreter in a pure concurrent logic/constraint language such as Flat
GHC. A meta-interpreter in a pure, simple concurrent language is fully amenable
to theoretical support including partial evaluation and verification. Also, it can
help analytic approach to language design [32], because meta-interpretation is
considered an acid test of the expressive power of the language. The role of
an interpreter technology in networked applications should be clear since an
interpreter is just another name of a virtual machine.

2 Previous Work

Meta-interpreters of symbolic languages date back to a Lisp interpreter in Lisp
around 1960 [I3]. Prolog interpreters in Prolog were available and widely used
in 1970’s; an example is the interpreter of the de facto standard DEC-10 Prolog.

Meta-interpreters of Concurrent Prolog can be found in various papers. Fig-
ure 1 shows two versions, the first one in [20] and the second in [I7].

Program (a) is very similar to a Prolog interpreter in Prolog, but it relies
on the “large” built-in primitive, clause/2 (clause with two arguments), that
performs synchronization, evaluation of clause guards, and committed choice.
The only thing reified by the interpreter is parallel conjunction. Program (b)
takes both a program and a goal as arguments, and reifies the unification of the
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reduce (true) .
reduce((A,B)) :- reduce(A?), reduce(B?).
reduce(A) :- A\=true, A\=(_,_) | clause(A?,B), reduce(B?).

(a) Without a program argument

reduce (Program,true) .
reduce (Program, (A,B)) :-
reduce (Program?, A7), reduce(Program?, B7).
reduce (Program,Goal) :-
Goal\=true, Goal\=(4,B),
clause(Goal?,Program?,Body) |
reduce (Program?,Body?) .
clause(Goal, [C|Cs],B) :-
new_copy(C?, (H,G,B)), Goal=H, G | true.
clause(Goal, [C|Cs],B) :-
clause(Goal,Cs?,B) | true.

(b) With an explicit program argument

Fig. 1. Meta-Interpreters of Concurrent Prolog

goal with clause heads and the evaluation of guards. Note, however, that most
of the important operations are called from and performed in clause guards. In
particular, clause/3 calls itself recursively from within a clause guard, forming
a nested (or deep) guard.

While Concurrent Prolog employed read-only annotations as a synchroniza-
tion primitive, GHC replaced it with the rule that no bindings (constraints) can
be published from the guard (including the head) of a clause to the caller of the
clause.

Figure 2 shows a GHC interpreter in GHC in [27]. Here it is assumed that
a built-in predicate clauses/2 returns in a frozen form [16] a list of all clauses
whose heads are potentially unifiable with the given goal. Each frozen clause is
a ground term in which original variables are indicated by special constant sym-
bols, and it is melted in the guard of the first clause of resolve/3 by melt_new/2.
The goal melt_new(C, (A :- GIB2)) creates a new term (say T') from a frozen
term C by giving a new variable for each frozen variable in C, and tries to unify
T with (A :- G|B2). However, this unification cannot instantiate A because it
occurs in the head of resolve/3.

The predicate resolve/3 tests the candidate clauses and returns the body
of arbitrary one of the clauses whose guards have been successfully solved. This
many-to-one arbitration is realized by the multi-level binary clause selection
using the nested guard of the predicate resolve/3. It is essential that each
candidate clause is melted after it has been brought into the guard of the first
clause of resolve/3. If it were melted before passed into the guard, all variables
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call(true ) :- true | true.
call((A, B)) :- true | call(A), call(B).
call(A ) :- clauses(A, Clauses) |

resolve(A, Clauses, Body), call(Body).

resolve(A, [C|Cs], B) :- melt_new(C, (A :- G|B2)), call(G) | B=B2.
resolve(A, [C|Cs], B) :- resolve(A, Cs, B2) | B=B2.

Fig. 2. Meta-Interpreter of GHC

in it would be protected against instantiation from the guard. We must protect
variables accessible from outside but allow local variables to be instantiated.

Again, this GHC meta-interpreter calls resolve/3 from within a guard recur-
sively. However, our lesson is that, except for meta-interpreters, we can dispense
with general nested guards. To put it more precisely, we can dispense with guard
goals that may instantiate local variables; restricting guard goals to calls to test
predicates is a more realistic choice. Test predicates are predicates defined in
terms of clauses with no body goals. A nice property of test predicates is that
they deterministically succeed or fail depending on their arguments. They are
regarded as specifying conditions, as opposed to predicates for specifying concur-
rent processes. Test predicates defined using guarded clauses may call themselves
recursively from guards, but unlike general nested guards, there is no need to
maintain multiple layers of variable protection to implement synchronization.
In this sense, languages with restriction to test predicates have been called flat
languages. In most implementations of flat languages, test predicates are further
restricted to predefined ones.

Later development of concurrent logic languages can be phrased as devo-
lution as evolution [26][32] in the sense that it focused on high-performance,
compiler-based implementation of flat languages. Strand [9], KL1 and Janus [19)]
all belong to this category. Accordingly, there was less work on meta-interpreters
for the last 10 years. Huntbach [I1] shows a meta-interpreter that implements
ask using match/2, a special primitive discussed in detail in Sect. 33l Although
using match/2 to implement ask is a natural idea, match/2 turns out to have
properties not enjoyed by other goals definable in concurrent logic languages.
This motivated us to design a meta-interpreter that does not use match/2.

Distributed computing based on concurrent constraint programming is not
a new idea. The Oz group has done a lot of work in this direction [10]. How-
ever, code mobility in Oz is based on bytecode technology, and Oz has added to
CCP a number of new constructs including ports (for many-to-one communica-
tion), cells (value containers that allow destructive update), computation space
(encapsulated store, somewhat affected by nested guards of full GHC and KL1’s
shoen), and higher-order. This is in sharp contrast with the minimalist approach
taken in this paper.
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3 The Problem Statement

Now let us state the goal and the constraints of our problem precisely. Our goal
is to design a binary Flat GHC predicate, say exec, that

— takes
1. a multiset G of goals (represented as a list) to be executed and
2. a ground representation of the program P to execute G, and
— behaves exactly like G running under the ordinary compiled code for P.

The predicate exec/2 is sometimes called a universal predicate because it
can be tailored, at run time, to whatever predicate you like.

The only built-in primitives the exec/2 program is allowed to use are those
definable using (a possible infinite number of) guarded clauses. Other primitives
are considered extralogical and are ruled out. Observing this constraint will
enable the resulting interpreter to run on KLIC [6], which is in our context
considered as a (Flat) GHC-to-C compiler and its runtime system. Flat GHC
and KLIC carefully rule out extralogical built-in primitives because they can
potentially hamper efficient implementation and theoretical support.

A solution to the problem is not obvious because Flat GHC and KLIC do
not have general nested guards, on which the interpreter of full GHC in Sect.
depends in a fundamental way.

Some remarks and discussions on our requirements are in order, which are
(1) representation of code, (2) representation of runtime configuration, and (3)
primitives for ask (matching) and tell (unification).

3.1 Representation of Code

Meta-interpreters vary in the representation of programs. Some retrieve pro-
grams from the internal database using primitives like clause/2. This is not
suited to our goal of code mobility and persistence. Some use a list of clauses in
which variables are represented using variables at the level of the interpreters.
This is considered misuse of variables, as criticized by later work on meta-
programming, because those variables are improperly scoped and awkward to
handle. One solution is to use a higher-order construct as in Lambda Prolog
[14], and another solution is to come up with a ground representation of vari-
ables. Although the higher-order approach gives us the most natural solution,
the difference between the two solutions is not large when the programs to be
represented have no nested scope, which is the case with Prolog and Flat GHC.

As we will see later, we have chosen to represent a variable in terms of a
reserved unary constructor with an integer argument. This could be viewed as
a de Bruijn notation as well.

3.2 Representation of Runtime Configuration

In a rule-based language where programs (rewrite rules) are given separately
from expressions (goals), how to represent runtime configurations and how to
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represent the programs are independent issues. The two alternatives for the
representation of runtime configurations are

1. to reify logical variables and substitutions and handle them explicitly, and
2. not to reify them but use those at the interpreter level.

We adopt the latter, because

— an interpreted process must be open-ended, that is, it must be able to com-
municate with other native processes running in parallel with the interpreter,

— the reification approach would therefore require ‘up’ and ‘down’ predicates
to move between the two levels of representation and (accordingly) a full-
fledged meta-programming framework in the language, and

— explicit representation can cause performance degradation unless elaborate
optimization is made.

3.3 Primitives for Matching/Ask and Unification/Tell

In the CCP terminology, Prolog and constraint logic languages in their basic
forms are tell-only languages because unification or constraint solving is the
attempt to publish bindings (constraints) to the binding environment (constraint
store). In contrast, concurrent logic/constraint languages are ask+ tell languages
which additionally feature matching (in algebraic terms) or the asking of whether
a given constraint is entailed (in logical terms) by the current store. So how to
implement ask and tell in an interpreter is a key design issue.

The Prolog and GHC versions of tell are unification over finite trees and can
be written as unify(G, H) or G=H. This has the following properties:

1. Immediate — It either succeeds or fails and does not suspend.

2. Monotonic — Its success/failure can depend on the current store; that is,
unify(G, H) that succeeds under some store can fail under a store aug-
mented with additional constraints. However, if we consider failure as a
over-constrained store, unify(G, H) can be thought of as an operator that
monotonically augments the current store.

3. Deterministic — The conjunction of all tells generated in the course of pro-
gram execution deterministically defines the current store.

Now we consider the properties of ask, which appears in concurrent logic
languages as matching between a goal and a clause head. Let o be the current
store under which the ask is performed. We suppose match(G, H)

— succeeds when there exists a substitution 6 such that Go = Ho0,
— suspends when there is no such 6 but Go and Ho are unifiable, and
— fails when Go and Ho are non-unifiable.

Clearly, match(G, H) is not immediate. Furthermore, it is neither monotonic
nor deterministic with respect to suspension behavior:
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— match(X,Y) will succeed when Y is uninstantiated but may suspend when Y
is instantiated. This behavior is opposite to that of ordinary CCP processes
which can never be suspended by providing more constraints.

— match(X,Y) Amatch(3,Y) under the empty store succeeds if executed from
left to right but suspends if executed from right to left.

When simulating matching between a goal G and a clause head H using
match/2, H must have been renamed using fresh variables, and H is therefore
immune to o. If this convention is enforced, match/2 enjoys monotonicity, that
is, if match/2 succeeds under o, it succeeds under oo’ for any ¢’. The convention
guarantees determinism as well.

The lesson here is that the scope of the variables in H, the second argument of
match/2, should be handled properly for match/2 to enjoy reasonable properties.
As suggested by [12], the proper semantics of match(G, H) would be whether o
interpreted as an equality theory implies G = 3dH. Thus the second argument
should specify an existential closure 3H rather than H. However, then, the
second argument would lose the capability to receive matching terms from G.
For instance, the recursive clause of append/3 in GHC is

append([A|X],Y,Z0) :- true | ZO=[A|Z], append(X,Y,Z).
while the CCP version of the above clause would be less structured:

append(X0,Y,Z0) :- ask(JA,X(X0=[AlX])) |
tell (X0=[A|X]), tell(z0=[AlZ]), append(X,Y,Z).

To summarize, while implementing tell in an interpreter is straightforward, im-
plementing ask without introducing new primitives is a major design issue.

4 A Treecode Representation

In this section, we discuss the design of our treecode representation of Flat
GHC programs, which is interpreted by the treecode interpreter described in
the Sect.H.

4.1 Treecode

Treecode is intermediate code in the form of a first-order ground term which is
quite close to the original source code. It is more abstract and “structured” than
ordinary bytecode sequences that use forward branching to represent if ...then
...else. Trees are much more versatile than sequences and are much easier to
represent and handle than directed graphs. Indeed, the booming of XML tells us
that standard representation of tagged trees has been long-awaited by a great
number of applications, and XML trees are little more than first-order ground
terms.

Of course, the control flow of a program forms a directed graph in general
and we must represent it somehow. Directed graphs could be created rather
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easily by unification over rational terms, but we chose to dispense with circular
structures by representing recursive calls (that form circularity) using explicit
predicate names. When the interpreter encounters a predicate call, it obtains
the code for the predicate using an appropriate lookup method. An optimizing
interpreter may create a directed graph by “instantiating” each predicate call to
its code before starting interpretation.

An alternative representation closer to source code is a set of rewrite rules.
However, it turns out that a set (represented as a list) of rewrite rules is less
suitable for interpretation. This is because GHC “bundles” predicate calls, syn-
chronization and choice in a single construct, namely guarded clauses. While
this bundling simplifies the syntax and the semantics of Flat GHC and cap-
tures the essence of concurrent logic programming, guards — even flat guards
— can specify arbitrary complex conditions that may involve both conjunctive
and disjunctive sets of multiple synchronization points. Programmers also find
it sometimes cumbersome to describe everything using guarded clauses exactly
for the reason why Prolog programmers find that the (P -> Q ; R) construct
sometimes shortens their programs considerably.

As we will see soon, treecode still looks like a set of clauses, but the major
difference from a set of clauses is that the former breaks a set of guards down
to a tree of one-at-a-time conditional branching. In this sense, treecode can be
regarded as structured intermediate code.

4.2 Treecode by Example

Now we are in a position to explain how treecode looks like. Throughout this
section we use append/3 as an example. The treecode for append/3 is:

treecode (6,
[c(1=[1, b([<(2)=<(3)1,01)),
c(1=[>4) I>(5)],
b([<(3)=[<(4)|>(6)1], [append(5,2,6)1))1)

The first argument, 6, stands for the number of variables used in the treecode,
and the second argument is the main part of the treecode.

The readers may be able to guess what it does basically, since it is quite
similar to the original source code:

append(X, Y,Z ) :- X=[1 | Y=Z.
append(XO,Y,ZO) :— X0=[A|X] | Zo=[AlZ], append(X,Y,Z).

In this simple example, the treecode still looks like a list of clauses, with
heads (with mutually disjoint variables) omitted and variables represented by
positive integers. The constructor c¢/2 forms a case branch by taking an ask and
another treecode as arguments. The list of case branches forms a casecode.

The constructor b/2 forms a bodycode by taking a list of tells and a list of
calls to user-defined predicates. The former is understood by the interpreter,
while the latter involves code lookup.

A treecode is either a casecode or a bodycode. Figure Bl shows the syntax of
treecode.
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(treecode) ::= (casecode) | (bodycode)
(casecode) ::= list of (choice)’s
(choice) = c({ask), (treecode))
(ask) == (reg) = (term) | (reg)(relop){term)
(bodycode) ::= b((tells), (goals))
(tells) == list of (tell)’s
(tell) ::= (annotatedreg) = (term) | (annotatedreg) := (term)
(goals) ::= list of (goal)’s
(goal) ::= (pred)((reg),...)
(annotatedreg) ::= [(annotation)](reg)
(annotation) = <|<<|>
(reg) == 1|2]3]...
(term) == (functor)({annotatedreg), ...)
(relop) == >|<|>=]=<|=:=]=\=

Fig. 3. Syntax of Treecode

4.3 Representing and Managing Logical Variables

The unary constructors ‘<’ and ‘>’ have two purposes. First, they distinguish
integer representation of variables from integer constants in the program to be
interpreted. Second, they tell whether a variable has occurred before and whether
it will occur later. Initial mode, denoted, ‘>’, means the creation of a new vari-
able, while final mode, denoted ‘<’;, means the final access to an already created
variable. In append/3, each variable occurs exactly twice, which means that all
accesses are either initial or final accesses. For variables that are read more than
once, we use another reserved unary constructor, ‘<<’; to indicate that they are
accessed in intermediate mode, that is, they are neither the first nor the last
occurrences.

The first occurrence of a variable in each case branch (1 in the case of
append/3) and the arguments of user-defined predicates are supposed to be
final-mode. These are the only places where mode annotations are omitted for
ease of interpretation.

Representing variables by positive integers suggests the use of arrays to rep-
resent them. We use a constructor g/n to represent goal records, where n is the
number of variables in the treecode that works on the goal. The structure g/n
can be regarded as a register vector as well.

Let a be the arity of the predicate represented by the treecode. The first ath
arguments of g/n are the arguments of the original goal, while the remaining
arguments are local variables of the original goal. Thus this structure can be
regarded both (i) as a concretization of goals that makes housekeeping explicit
and (ii) as an abstraction of implementation-level goal records. When the struc-
ture is created, the first ath arguments are initialized to the arguments of the
original goal, while the remaining arguments are initialized to the constant 0.
The value of a is not recorded in the treecode itself. It is the responsibility of
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the predicate try/3 to “apply” treecode to a goal record, as will be described in
Sect.

The distinction between initial, intermediate and final modes not only makes
interpretation easier but also allows the reuse of the same register for different
variables. For example, the code for append/3 could be written alternatively as:

Lc(1=01, b([<(2)= <(3)1,01)),
c(1=>&) I>(D1],
b([<(3)=[<(4) [>(3)]], [append(1,2,3)1))]

because

— Variable 1 in the second branch, holding the first argument of the caller, will
not be accessed after its principal constructor has been known, and

— Variable 3 in the second branch, holding the third argument of the caller,
will not be accessed after it has been instantiated to an non-empty list.

This is register allocation optimization which is optional in our treecode. Without
it, different numbers represent different single-assignment variables and the code
is more declarative. With it, the size of goal records can be reduced.

5 Structure of the Treecode Interpreter

This section describes, step by step, how our treecode interpreter works on a
goal record. We focus on basic ask and tell operations. The actual interpreter
handles arithmetic built-in predicates for comparison (guard) and assignment
(body), but it is straightforward to include them.

The two main predicates of the interpreter are exec/2 and try/3. The predi-
cate exec/2 takes a multiset G of goals and a program & for executing them. We
call the program an environment because it associates each predicate name with
its treecode. The goal exec(G, &) resolves predicate names in G into their corre-
sponding treecode, and invokes try/3 for each goal in G after preparing a goal
record for the goal. The predicate try/3 takes a goal record, a treecode and an
environment, and applies the treecode to the goal record. The more interesting
aspects of the interpreter lie in try/3.

5.1 Deterministic and Nondeterministic Choice

When the treecode given to try/3 is casecode, it deterministically chooses one
branch as follows: It picks up the first case branch of the form c(Ask, Treecode),
where Ask is of the form n=T. This causes the interpreter to wait for the prin-
cipal constructor of the nth argument, and when it is available, it is matched
against the constructor of T'. The n’s in each case branch must be identical; thus
casecode has exactly one synchronization point for all its top-level asks and is
therefore deterministic.

When some guard involves the asking of more than one symbol, it is compiled
into nested casecode. For instance, the program
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part(_,[], S, L) :- true | S=[1, L=[].
part(A, [X|Xs],S0,L ) :- A>=X | SO=[XI|S], part(A,Xs,S,L).
part(A, [X|Xs],S, LO) :- A< X | LO=[XI|L], part(A,Xs,S,L).

can be compiled into:

[c(2=01, b([<(3)=[1,<(4)=01]1,11)),

c(2=>(B)>(@)],
[c(1>= <<(5), b([<(3)=[<(B)>(3)]], [part(1,2,3,4)]1)),
c(1< <<(8), b([<(D=[<(5) >(D]], [part(1,2,3,4)1))1)]

Note that the matching of the second argument with [X|Xs] has been factored,
as would be done by an optimizing compiler.

Nested casecode is still deterministic because it has at most one synchro-
nization point (i.e., the variable on whose value the interpreter suspends) at any
time. Our experience with Flat GHC/KL1 programming has shown that the
majority of predicates are deterministic.

Nondeterministic predicates are those which contain disjunctive wait, namely
wait for the instantiation of one of several variables. Some of the predicates
people write are nondeterministic, but most of them involve binary choice only.
For instance, the following stream merging program

merge([],Ys,Zs) :- true | Zs=Ys.
merge(Xs, [1,Zs) :- true | Zs=Xs.
merge ([X|Xs],Ys,Zs0) :- true | Zs0=[X|Zs], merge(Xs,Ys,Zs).
merge (Xs, [Y|Ys],Zs0) :- true | Zs0=[Y|Zs], merge(Xs,¥s,Zs).

has two disjunctive synchronization points, namely the principal constructor of
the first argument and the principal constructor of the second argument.

In this paper we focus on binary nondeterministic choice, which is simpler
to implement than general multiway choice. It can be expressed in terms of
two nondeterministic branches in the interpreter. By extending our treecode in
Fig. B the treecode for merge/3 can be written as follows:

treecode (4,
(1->[c(1=[], b([<(2)= <(3)]1,01)),
c(1=>D 1>(1)], b([<(3)=[<(4)>(3)]], [merge(1,2,3)1))1)
+ (2->[c(2=[], b([<(1)=<(3)1,01)),
c(2=[>4) 1>(2)], b([<(3)=[<(4)1>(3)]1], [merge(1,2,3)1))1))

The extended syntax of treecode is:

(treecode) ::= {casecode) | (bodycode) | (nondeterministiccode)
(nondeterministiccode) ::= ({reg) —> (treecode)) + ({reg) —> (treecode))

where the form (n; — treecode;) + (ny — treecodey) causes the goal to wait
disjunctively upon variables n; and ns.
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5.2 Interpreting Casecode

The ask part of a casecode of the form n=T, where T is a non-variable term
whose arguments are all annotatedregs, is interpreted by the following piece of
code:

try_one(AO,Rn=T,B,Cs,Env) :- true |
setarg(Rn,A0,AORn,ARn,A), functor (AORn,AORnF,AORnN),
functor(T,TF,TN), test_pf (AORnF,AORnN,TF,TN,Res),
try_match(Res,T,AORn,ARn,A,B,Cs,Env).

test_pf(F1,A1,F2,A2,Res) :- F1=F2, Al=:=A2 | Res=yes(Al).
otherwise.
test_pf(F1,A1,F2,A2,Res) :- true | Res=no.

try_match(yes(N),T,AORn,ARn,A0,B,Cs,Env) :- true |
ARn=0, getargs(1,N,T,AORn,A0,A), try(A,B,Env).

try_match(no, T,AORn,ARn,A, B,Cs,Env) :- true |
ARn=AORn, try(A,Cs,Env).

getargs(K,N,T,AORn,A0,A) :- K> N | AO=A.
getargs(K,N,T,AORn,A0,A) :- K=<N |
arg(X,T,Tk), setarg(K,AORn,AORnk,0,AORnl),
getputreg(Tk,AO0,AORnk,Al),
K1:=K+1, getargs(K1,N,T,AORn1,A1,A).

getputreg(<(Rk), AO,ARk,A) :- true | setarg(Rk,A0,ARk,0,A).
getputreg(<<(Rk) ,A0,ARk,A) :- true | setarg(Rk,A0,ARk,ARk,A).
getputreg(>(Rk), AO,ARk,A) :- true | setarg(Rk,A0,_,ARk,A).

This is almost a Prolog program with a cut in every clause. KL1’s built-in
predicate, setarg(l,T, X, X', T"), is like Prolog’s arg(I,T, X) except that T’
is bound to T with its Ith element replaced by X’. This is a declarative array
update primitive and used extensively in the interpreter to read data from, and
write data to, goal records.

The try_one/5 program first retrieves the Rnth variable in the goal record
A0, binding it to AORn. Then it checks if AORn is instantiated and its principal
constructor matches that of T, using functor/3 and test_pf/5. If the matching
succeeds, the first clause of try_match/8 stores (by using getargs/6) the top-
level arguments of AORn to the goal record A0 according to the prescription
template T. Then it executes the bodycode B under the updated goal record A
and the environment Env. The first goal AR0O=0 binds the Rnth element in A to
0; this is to explicitly discharge a pointer from the goal record to the top-level
structure that has just been asked. The interpreter uses the constant 0 as a filler
when some element of a goal record does not contain a meaningful value, that
is, before a meaningful value is loaded or after a meaningful value is taken away.



152 Kazunori Ueda

5.3 Interpreting Bodycode
Bodycode performs tells and the spawning of user-defined body goals:
try(AO,b(BU,BN) ,Env) :- true | tell(AO,BU,A), spawn(A,BN,Env).

The tells are not only to instantiate variables passed from the caller; it is also
used to prepare non-variable terms to be passed to user-defined body goals,
and to unify two variables to create a shared variable between two body goals.
How tell/3 manipulates data is quite similar to how getargs/6 gets data from
a non-variable goal argument. A tell of the form n = T manipulates the nth
element of the goal record according to the template 7":

tell (A0, [(Rn=T) |BU], A) :- true |
getputreg(Rn,A0,AORn,A1), tell_one(T,AORn,A1,BU,A).
tell (A0, [], A) :- true | A=AO.

tell_one(<(Rk), AORn,A1,BU,A) :- true |
getputreg(<(Rk),A1,AORn,A2), tell(A2,BU,A). /* load Rk */
tell_one(>(Rk), AORn,A1,BU,A) :- true |
getputreg(>(Rk) ,A1,AORn,A2), tell(A2,BU,A). /* store Rk */

tell_one(T, AORn,A1,BU,A) :- integer(T) |
AORn=T, tell(A1,BU,A).

otherwise.

tell_one(T, AORn,A1,BU,A) :- true |

functor(T,F,N), new_functor (AORnO,F,N),
putargs(1,N,T,AORn0O,AORn,A1,A2), tell(A2,BU,A).

putargs(K,N,T,AORn0,AORn,A0,A) :- K> N | AORnO=AORn, AO=A.
putargs(K,N,T,AORn0,AORn,A0,A) :— K=<N |
arg(X,T,Tk), setarg(X,AORnO,_,AORnk,AORnl),
getputreg(Tk,A0,AORnk,Al),
K1:=K+1, putargs(K1,N,T,AORn1,AORn,A1,A).

Note that the two functionalities of Prolog’s functor/3 are provided by differ-
ent KL1 built-ins, functor/3 and new_functor/3. While functor/3 suspends
on the first argument and examines its principal constructor, new_functor/3
creates a new structure with a constructor specified by the second and the third
arguments. The major difference between new_functor/3 and its Prolog coun-
terpart is that the arguments of the structure are initialized to 0 rather than
fresh, distinct variables. This is because we have found that initializing its ele-
ments to a filler constant and replacing them using setarg/5 shows much better
affinity with a static mode system that plays various important rdles [30] in
concurrent logic programming. As discussed in [31], strong moding is deeply
concerned with the number of access paths (or references) to each variable (or
its value). It prefers variables with exactly two occurrences to those with three
or more occurrences by giving the former more generic, less-constrained modes.
Our setarg/5 does not copy or discard the (direct or indirect) access paths to
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the elements of an array, including the element to be removed and the element
with which to fill in the blank.

Linearity analysis [33] for Mode Flat GHC is more directly concerned with the
number of access paths. Under reasonable conditions, it enables us to implement
setarg/b as destructive update as long as the original structure is not shared.

Both mode and linearity systems encourage resource-conscious programming.
Resource-conscious programming means to pay attention to the number of oc-
currences of each variable and to prefer variables with exactly two occurrences.
This is not so restrictive as it might seem, and our static analyzer klint [33] and
an automated debugger kima [2][3] support it by detecting — and even correct-
ing — inadvertently too many or too few occurrences of the variables. Resource-
conscious programs are easier to execute on a distributed platform because they
can benefit more from compile-time garbage collection.

Finally, we show the definition of spawn/3 for spawning body goals according
to the bodycode and the current goal record:

spawn(A, [] ,Env) :- true | true.

spawn (AO, [BO|BN] ,Env) :- true |
functor(BO,F,N), setargs(1,N,B0,A0,B,A),
exec_one(B,Env), spawn(A,BN,Env).

/* registers once read are cleared */

setargs(K,N,B0,A0,B,A) :- K> N | B=BO, A=AO.

setargs (K,N,B0,A0,B,A) :- K=<N |
setarg(X,B0,Bk,ABk,B1), setarg(Bk,A0,ABk,0,Al1),
K1 := K+1, setargs(K1,N,B1,A1,B,A).

Note that concurrent execution of body goals is realized by the concurrent exe-
cution of exec_one’s.
5.4 Summary

Now we have almost finished the description of our interpreter. To be self-
contained, here we show all the remaining predicates.

/* The interpreter’s top-level */

exec([],Env) :— true | true.
exec([G|Gs] ,Env) :- true | exec_one(G,Env), exec(Gs,Env).
exec_one(G,Env) :- true |
retrieve(G,Env,TC), prepare_goalrec_body(G,TC,A,B),
try(A,B,Env).
retrieve(G,Env,TC) :- true |

functor(G,P,N), retrieve(P,N,Env,TC).
retrieve(P,N, [P/N-TCO|_],TC) :- true | TC=TCO.
otherwise.
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retrieve(P,N, [_|Env],TC) :- true | retrieve(P,N,Env,TC).

prepare_goalrec_body (GO, treecode(N,B0),A,B) :- true |
B=BO,
functor(GO,_,Ng), new_functor(A0,g,N),
transfer_args(1,Ng,G0,A0,_,A).

transfer_args(I,N,G0,A0,G,A) :- I> N | G=GO, A=AO.
transfer_args(I,N,G0,A0,G,A) :—- I=<N |
setarg(I,G0,Gi,0,G1), setarg(I,A0,_,Gi,Al),
I1 := I+1, transfer_args(I1,N,G1,A1,G,A).

/* Simply a case branch based on the syntax of treecode */

try(A, [c(G,B) |Cs],Env) :— true |
try_one(A,G,B,Cs,Env).

try(A, (Rn1->Cs1)+(Rn2->Cs2) ,Env) :- true |
try_two(A,Rn1,Cs1,Rn2,Cs2,Env) .

try (AO,b(BU,BN) ,Env) :— true |
tell (AO,BU,A), spawn(A,BN,Env).

/* Binary disjunctive wait */

try_two(AO,Rn1,Cs1,Rn2,Cs2,Env) :- true |
setarg(Rnl,A0,AORnl,ARn1,Al1), setarg(Rn2,A1,AORn2,ARn2,4),
try_two(A,AORn1,ARnl1,AO0Rn2,ARn2,Cs1,Cs2,Env) .

try_two(A,AORn1,ARnl1,AORn2,ARn2,Cs1,Cs2,Env) :- wait(AORnl) |
ARn1=AORn1, ARn2=AORn2, append(Cs1,Cs2,Cs), try(A,Cs,Env).
try_two(A,AORn1,ARnl1,AORn2,ARn2,Cs1,Cs2,Env) :- wait(AORn2) |
ARn1=AORnl1, ARn2=AORn2, append(Cs2,Cs1,Cs), try(A,Cs,Env).

append([l, Y,Z ) :- true | Y=Z.
append([A|X],Y,Z0) :- true | ZO=[A|Z], append(X,Y,Z).

The restrictions of the above interpreter and possible solutions to them are
as follows:

1. Three unary constructors, ‘<’, >’ and ‘<<’; are reserved. This can be easily
circumvented by wrapping non-variable as well as variable symbols by some
constructors, but we did not do so for the readability of treecode.

2. Currently, the only built-in predicates provided (but not shown above) are
those for arithmetics. However, other built-ins such as those used in the
interpreter itself can be easily provided.

3. A nonlinear clause head, namely a head with repeated occurrences of a vari-
able, cannot be compiled into treecode. Extending the interpreter to deal
with nonlinear heads is straightforward and left as an exercise. However, the
use of a nonlinear clause head to check the equality of arguments is discour-
aged, because it is the only construct that may take unbounded execution
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time by comparing two terms of arbitrarily large sizes. For distributed and
real-time applications, it is desirable that the execution time of every prim-
itive language construct is bounded.

4. The only construct whose support requires non-straightforward hacking on
the interpreter is non-binary disjunctive wait. Since n-ary disjunctive wait
is essentially n-ary arbitration, this could be supported by implementing an
n-ary arbiter which observes variables 1, ..., z, and returns an arbitrary k
such that z; has been instantiated.

The interpreter is not self-applicable in its present form, but the discussions
above indicate that we are quite close to a self-applicable meta-interpreter. Note
that the otherwise construct to specify default cases can be expressed implicitly
using casecode because the ask parts of its branches are tested both determin-
istically and sequentially.

6 Partial Evaluation

How can one be assured that interpreted treecode behaves exactly the same as
its original code?

Instead of showing a tr