The Knowledge Engineering Review

Metalogic machines: a retrospective rationale for the
Japanese Fifth Generation

G.A. RINGWOOD
Department of Computing, Imperial College, London SW7 2BZ, UK

Abstract

The oft quoted inadequacy of von Neumann architectures for Al applications has regularly been
used to justify the design of special purpose parallel machines. In particular, the von Neumann com-
putational model has been criticized as being unsuitable for parallelism because of the memory
access bottleneck. For the design of a new machine both top-down and bottom-up methodologies
have drawbacks. The middle-out strategy, working both up and down from an intrinsically concur-
rent high-level programming language as a means of both representing and processing knowledge
provides an attractive way of providing a symbiosis between software and hardware. The longest
established and most well-founded symbolic method for the representation and manipulation of
knowledge is logic. A notable result of the last decade, work on mechanical theorem proving was
that a subset of predicate logic, Horn Clauses, can form the foundation of a computational model.
The execution model of Prolog, the first popular language based on Horn Clauses, was designed for
efficient evaluation on von Neumann architectures. An alternative computational model, more suit-
able for expressing reactive systems but retaining Prolog’s affinity for metaprogramming, has given
rise to a new class of languages, concurrent logic languages. One among many of these languages,
FGHC (flat Guarded Horn Clauses), was developed by the Japanese as the kernel of their Fifth
Generation initiative. A background familiarity with Prolog would be helpful in understanding this
article.

1 Introduction

The military instigation of computers towards the end of the Second World War through scientific
use in the 1950s, commercial applications in the 1960s industrial applications in the 1970s and do-
mestic consumer takeup in the 1980s plots the radius of expansion of the computing universe. Sci-
ence fiction writers have speculated that intelligent machines will be a future generation of wealth
creating consumer products. But, speculation in the area of artificial intelligence is far more ancient
than the oft quoted foundations of computing in the numerical calculating machines of Babbage.
One documented example is to be found in Aristotle’s Politics written in the fourth century B.C.
Aristotle classifies the slave as “an animate article of property’ and suggests that slaves or subordin-
ates in general might not be necessary if “each instrument could do its own work at command or by
intelligent anticipation like the statues of Daedalus, or the tripods of Hephaestus™. This reference to
the legendary robots devised by the mythical technocrats Daedalus and Hephaestus, the former an
artificer who made wings for Icarus and the latter a blacksmith god, testify to the proposition that
the concept of robot, if not the name, was ancient even in Aristotle’s time. The Japanese Sth Genera-
tion initiative is the present incarnation of this same aspiration. It is interesting to note that Aristotle
concluded that even if such machines existed, human slaves would still be necessary to render the
personal services without which it would be impossible to live well.

There are, today, two problematic parts to artificial intelligence. The first, the “artificial” bit and
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the second the “intelligence” bit. The “artificial” part appears simple by comparison with the diffi-
culty of defining the concept of “intelligence”. The problem can be clarified, somewhat, by an
awareness that the combination “artificial intelligence” is used in two not altogether distinct con-
notations. The first, which tries to make computers in the human image and the second which tries
to build computers to perform tasks that most people would agree appears to require human intelli-
gence. The first nicely sidesteps the question of the definition of intelligence. There is, of course, the
non-constructive point of view that anything done by a machine cannot a priori be intelligent. The
difficulty with this philosophy is that as machines become more and more capable, humans become
less and less intelligent. This attitude can be likened to the reaction of religious dogmatists to Dar-
winian theories or the even earlier Copernican revolution.

The first approach to Al has led to machine architectures patterned after the neural networks of
the human brain. These designs result in massively parallel computers with thousands of processors.
Each processor has a small local storage and functions on an extremely reduced instruction set. In
neural networks there is no stored database; no carefully worked out program. The only principle
that guides the machine is that it incorporates a notion of right and wrong and is constructed so as
to strive for correctness. In this way the machine can be self-learning; each input to the machine pro-
duces an output, correct outputs are reinforcing, incorrect outputs cause internal reconfiguration.
By adjusting its internal communication network the machine strives to achieve approved re-
sponses. At first response is by blind trial and error; later on, as the learning process continues, it
becomes a mixture of trial and error and experience. Eventually the machine behaves as if it “knew”
exactly what it was the instructor (she cannot really be called a programmer) was trying to tell it.

By the time the neural machine has learned something, the instructor does not know at the con-
ceptual level what is going on inside the machine—it is far too complex for that. This is not an en-
tirely satisfactory state of affairs as the bulk of Al is concerned with explanations of why things are
the way they are. There is no way of justifying a neural machine’s basic responses, because they are
conditioned. Given that these machines are fashioned in the human image they are likely to be as
fallible as humans are. One of the primary aspects of Al is sound reasoned arguments to any conclu-
sion. Gut reactions and guesswork may be indicative but cannot be relied upon. One of the attrac-
tions that the neural machine has however, is robustness to noisy and errant input data.

Current thinking on human perception is that we continuously relate fragmentary stimuli to
knowledge familiar from various experiences and we unconsciously test and reiterate our percep-
tions at different levels of abstraction. In other words, what we believe we perceive is in fact only a
mental reconstruction made up from fragments of sensory data. This is not too far removed from
the philosophies of Husserl and Heidegger and perhaps philosophical logic has a role to play in the
design of intelligent machines. If this is the case, it is not an either/or situation of symbolic concepts
versus artificial neurons but a complementary one. They are different levels of abstraction, with the
symbolic approach forming a higher level, and hybrid machines could have a role to play in a truly
intelligent machine. Pure neural machines have, however, been proposed as the Sixth Generation
before the Fifth Generation has even got off the ground.

It is a fallacy that in order for a machine to behave as if it were intelligent it would have to func-
tion in the same way as the human brain. That this is fallacious is attested to by the fact that the
computers are much better at number-crunching than humans are, yet they do not perform arith-
metic operations in the same way. ENIAC was the first and only well known electronic computer to
employ a base 10 number system. This departure of machine intelligence from human intelligence is
not necessarily a drawback but can be advantageous; machines can do with patience some things
which humans can’t, such as exhaustive searches and the efficient transfer of information. The
human child does not, as far as has been established, inherit the knowledge of its parents but has to
undergo the same painful learning process from scratch just as its parents had done. On the other
hand machine knowledge bases can be preserved, duplicated, merged and shared between machines
without any loss. A machine with access to all knowledge is not inconceivable. The Fifth Generation
has pursued the second meaning of AI but because of difficulty in definition it will only be dis-
tinguished by the fact that the symbolic representation and processing of knowledge are central to it.
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2 Symbolic AI machines

Al involves the symbolic encoding and processing of knowledge about objects, relations, goals,
actions and processes. Prominent among the symbolic approaches to knowledge representation are
semantic nets, frames, production systems, objects, logic and relational databases. Processing of
knowledge is required for problem solving, reasoning and information retrieval. Typical methods of
computation are deduction for logic, forward chaining for production systems, marker propagation
for semantic networks and procedural attachments for frames. These computations involve intens-
ive memory accesses rather than ALU operations. The characteristics of symbolic processing are,
thus, fundamentally different from numerical requirements. Unfortunately, many architectural
features of conventional computers are tuned for numerical applications. It is claimed that a von
Neumann architecture with centralized control presents a processor-memory bottleneck (a channel
through which all communication must flow) to the intensive and irregular memory access patterns
that are typical of Al applications. Despite the drawbacks of non-accountability, neural machines
appear to offer an advance over the von Neumann architecture in that they do not have such a
bottleneck and much more silicon can be active at any one time; neural machines are intrinsically
highly parallel.

In the realm of numerical processing, it appears that when it comes to performing highly special-
ized computations then, dollar for dollar, a tailor-made computer can easily outstrip the biggest
mainframe despite their noted affinity for numerical calculation. A homemade computer, the
Dubner’s machine (Devlin, 1987) (constructed by a father and son in the US) at the time of the
article held a number of world records for natural number computation, yet the components of the
machine only cost around $1000. According to Devlin, this machine had found: the largest known
palindromic prime, the largest prime of the form N! + 1, the largest known prime-factorial plus 1
and a number of other world records of a similiar nature. For what it was capable of, the Dubner’s
machine was claimed at the time to be only ten times slower than a Cray-1 and the equal of anything
that came out of IBM.

The fundamental inefficiency of the von Neumann machine for Al processing is the memory, in
which only a single location can change state at a given time. Any machine with a centralized de-
cision making mechanism would inevitably become a bottleneck. The achievements of the Dubner’s
machine and neural net machines encourage the speculative design of special purpose parallel
machines for Al applications. The purpose of this paper is to expose the reader to a rationale (albeit
with a great deal of hindsight) behind the Japanese vision of the Fifth Generation in terms of the
pursuit of the perfect “Al machine”. (In the wake of the Japanese initiative there have been a
number of other visions of the Fifth Generation which differ, some fundamentally, from the Japan-
ese one; these will not be discussed.) This does not mean that the arguments in favour of this
approach are compelling, original or even consistent but taken together they hold some fascination.

The original Japanese proposal was to base the machine design not around hardware or applica-
tions, but a programming language-—Prolog. Arguments as to why this may have come about are
presented in the paper in a somewhat anecdotal form, since this is the nature of faith. The Japanese
quickly realized that the computational model of Prolog is very much geared to the von Neumann
computational model. It is not particularly well suited to either parallel hardware, which in view of
the success of organic neural nets can be regarded as a possible solution to the bottleneck, or to one
of the most critical programming tasks, reactive systems. Operating systems and environments are
examples of reactive programs. This resulted in two feedback loops of design modification to the
chosen language. One loop was driven by the desire for efficient implementation; the other by the
need for ease of expression. In this way hardware constraints were not achieved at the expense of
applications. This iterative design process has led to the development of a new family of languages,
the concurrent logic languages one of which, FGHC, Flat Guarded Horn Clauses, is the kernel
language of the Japanese Fifth Generation initiative. The development of these languages has been
accompanied by a change in attitude towards Horn Clause Logic (the theoretical basis of Prolog).
For concurrent logic languages, Horn Clause Logic is not primarily viewed as an object-level infer-
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ence system, as is usual for Prolog, but rather as a metalevel inference system. This explains the title
of the paper. A background familiarity with Prolog would help understanding the criticisms of it
that are expressed in the article.

3 A design decision

The biggest problem with daunting tasks like how to design the ultimate AI machine or how to find
the answer to life, the universe and everything, is where to start. The concept of a specialist Al
machine extends across the boundaries of at least four computer disciplines: hardware; software;
theory and, of course, applications. The boundary between software and hardware is bridged by
hardware support for high-level Al application programming languages. The boundary between
software and theory is crossed by language semantics and the complexity of structure is possible to
express naturally in a language. (Natural here means without encoding another computational
model.) Any of these disciplines could be, and probably have been, possible starting points for a
machine design.

The design of an AI machine could begin bottom-up from what might be thought useful hard-
ware. For example, it might be speculated that for artificial intelligence applications, content
addressable store would be promising hardware if it is the opinion that it is the memory access of the
von Neumann machine that is causing the bottleneck. This form of development starts from avail-
able hardware devices and works upwards towards the applications. Valuable lessons can be learned
from what seem to be smart ideas in hardware that do not in practice contribute to a more efficient
machine. Ungar and Patterson (1987) describe the salutary tale of the hardware “architect’s trap™ in
designing support for a Smalltalk, an object-oriented language, machine:

o cach idea was “clever”;
e cach idea made a particular operation much faster;
e not one idea significantly improved overall performance!

“The primary impact of clever ideas was to increase the difficulty of building the machine and thus
lengthen the development cycle”. This warning encourages an occamist’s approach to design.

One danger in bottom-up methodology is then, “clever” hardware without a computational
model to take best advantage of it. Bottom-up design involves specifying, refining and validating a
computational model which the chosen hardware can support; the process is iterative. The von Neu-
mann computer architecture can be seen to be have shaped computer science as it is today; impera-
tive languages can be recognized as natural consequences of the von Neumann architecture. In a
von Neumann machine the store has individually addressable locations. The effect of machine code
operations is to change the contents of store locations; a variable in an imperative programming
language can be regarded as an abstraction of the von Neumann computer store location. The
accessing of consecutive memory locations in conventional machines naturally gives rise to the
abstraction of a stack. This is reflected in block structured imperative languages with the consequent
hierarchical calling structure of subroutines and variable scoping.

In a stack based computation only the top of stack is active. Highly parallel, machines in which
large amounts of silicon are required to be in flux at any one time seem to be so conceptually differ-
ent from stack based languages that it seems unlikely that extensions of the von Neumann computa-
tional model would prove suitable for programming them. With decreasing costs of hardware,
radically different designs become feasible and multiprocessor systems could become the norm.
There is no reason why the ratio of store locations to processors should not decrease and it is pos-
sible to conceive of machines with as many processors as store locations; then the von Neumann
concept of store location disappears and with it, the bottleneck. An alternative computational
model for Al with large scale parallelism is seen in Open Systems advocated by Hewitt (1985). The
argument goes as follows: IF to avoid the von Neumann bottleneck, decision making is decentral-
ized, no system part can directly control the resources of any other system part (otherwise it would
itself become a bottleneck). The various autonomous parts must necessarily communicate with one
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another if anything is to be cooperatively achieved. Possible communication delays or breakdowns
indicate that inconsistent knowledge must be tolerated. According to Hewitt, incomplete knowledge
requires an approach which allows continuous acquisition, refinement and toleration of inconsis-
tency. The computational model for Open Systems is seen in Actors (Agha, 1986) another example
of the Object-Oriented programming paradigm.

Using currently available hardware is not the only way to design a computer. As the von Neu-
mann experience shows the choice of hardware dictates the computational models it can support
efficiently. A more sensible proposition, perhaps, would be to try to design the hardware to serve the
computational model, rather than the other way around.

4 The natue of Al applications

The antithesis of bottom-up design is a top-down methodology: a goal directed approach working
from the applications down to the hardware. In principle, the result of bottom-up design should
produce the same effect as top-down design. This, however, is rarely the case in practice. The large
gap between the hardware and the application forces compromises, but the compromises take place
at different stages in the two design methodologies. For example, tradeoffs must be performed as
regards the amount of memory required to store the knowledge, time allowed for processing know-
ledge, the expected use of knowledge and the physical limitations of the underlying hardware. Rules
can encapsulate large amounts of facts but require time for making inferences to reproduce these
facts. Previously it was argued that one way to increase computational power for Al applications is
to build special purpose machines. But there is danger in going too far and being too application
specific; for example the applications might be limited to image analysis or speech recognition. In
the confines of sensory perception, it might be argued that what is needed are specialized peripheral
processors.

Top-down design involves specifying, refining and validating the requirements of the application.
The role of the computer architect lies in choosing representations of knowledge, recognizing tasks
for maintaining and learning knowledge, identifying primitive operations in the knowledge repres-
entation schemes and supporting these tasks in hardware and software. The process is iterative but
much of the top-down refinement has already been embodied in knowledge representation systems.
Top-down design requires an appreciation of the nature of Al applications. Having said that the
problem of machine intelligence is not, necessarily, to model human intelligence, one still needs ana-
logies and examples from human intelligence to guide the direction of research. An AI machine
needs to represent reasoning and innovative thinking,.

The nature of AI computation is very different from numerical computation for which general-
purpose machines tend to be tuned. Procedures, like gaussian elimination, are algorithms about
which the properties of efficiency and correctness can be rigorously argued. In contrast, Al is mainly
concerned with empiric procedures. In fact a large part of the problem is to obtain a formal under-
standing of various heuristic procedures used in obtaining acceptable solutions to NP-hard (generic
non-polynomial) problems. Numerical problems usually have a known set of inputs and a known
set of outputs. They lend themselves to a structured program design where variable entities are
known prior to subsequent detailed study of the problem definition.

Structured programming concepts have evolved in response to the ever increasing complexity
demanded from software. The top-down development of software advocated by structured pro-
gramming is highly appropriate for problems for which there is a predefined and predictable set of
conclusions. Note that we are now talking about top-down software development rather than the
top-down design approach to the design of the ultimate AI machine (I jest). However, the points
that come from a discussion of top-down software development do have ramifications for general
top-down design methodology and Al application programmming.

A problem can only be solved top-down if all objects and their interrelationship are known in
advance. Pascal programmers are chided if they start coding before they understand the problem
completely; they are expected to know all the data objects and data flows before they begin coding.
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Top-down design tends to result in inherently sequential programs where control is subordinated to
procedures and functions, in the recursive refinement process. Most real world problems which
human beings encounter and manage successfully, consciously or unconsciously, do not fall into
this category. The derivation of a solution does not follow an easily predictable path. These prob-
lems have a high degree of uncertainty as to the form of the solution. Such problem solving feats are
generally accomplished as a result of our interaction with our environment and are not easily classi-
fied as algorithimic. We make decisions by a correlation of previous solutions to problems, taught
experience and a set of heuristics. A heuristic is a rule-of thumb, strategy, trick, simplification or in
general any device which drastically limits exhaustive search for solutions. That is, we break these
problems down by using rules which allow us to arrive at intermediate problems from which we can
achieve conclusive solutions. We also demand some form of explanation articulating the reasoning,
inferences, which led to the particular solution.

In real world situations what we have is a problem of coping with complexity. One of the princi-
pal devices in finding solutions to complex systems is abstraction. We exclude factors in the real
world which appear to have no or minimal effect on the solution to the problem at hand. In this way
we model the world with a closed system which contains only those factors we consider relevant. An
initial “attempt” at solution can be made based on a grossly oversimplified set of rules. In a rule
based approach we can continually improve performance by adding rules and making modifications
to existing rules. Continual, or incremental development takes place on the minimal system until it
performs adequately. One of the characteristics of such systems is that they are never finished. Once
an initial, but fairly limited system is operational, new rules can be added at any time to increase
sophistication or scope. That is, we allow an expansion of the closed system to incorporate more
factors. This is a flexibility that the top-down approach to software design does not have but is
required in dealing with incomplete data. Such change in top-down structured system design gener-
ally leads to a complete redesign of the program. From a programming language point of view this
style of programming is more suited to declarative languages than procedural ones since the integ-
rity of the software is incrementally maintained by the language semantics and control is generally
relegated to the run-time system.

Al problems are characterized by lack of knowledge and incomplete understanding. To solve
such problems seems to require non-determinate behaviour; sometimes there appears to be a need to
perform exploratory search of a number of possibilities. That is, at certain points in the computa-
tion there are choice points and it is not clear which is the best to choose. In general, once initialized,
the choice points in a non-determinate computation give rise to independent non-interacting sub-
tasks and this could be exploited by a parallel machine; this form of parallelism is known as OR-
parallelism. However, there is a problem with OR-parallelism: when it is used recursively the gener-
ated parallel activities grow exponentially with respect to the number of levels in the search tree.
Exponentially created activities are beyond the capabilities of any practical processing system.
Without appropriately directing any search, restructuring computation on the fly and detecting re-
dundant computations, much of the power of parallelism could be wasted. Owing to the lack of
complete knowledge and uncertainty as to the form of the solution, computational resources have to
be allocated and de-allocated dynamically; so it is impossible to plan in advance which procedures
need to be run. There is, thus, a great need to take into account the organizational principles of
knowledge.

At least two levels of knowledge can be distinguished: object-level and metalevel. Object know-
ledge refers to the relations between objects, events and actions per se while metaknowledge is
knowledge about object knowledge. The object-level representation of knowledge is an important
element in the design process and dictates whether a given problem can be solved in a reasonable
amount of space and time. In AI applications, such as expert systems, a lot of reasoning is at the
metalevel: Is this rule applicable to this situation? Is this theorem provable from these rules? How
can one arrive at that conclusion? What would be the effect if this information were replaced by
some other? In fact, metaknowledge exists in a hierarchy above object knowledge and can give in-
formation on the appropriate domain of object knowledge to apply, and the appropriate time to
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apply it. Many knowledge representation schemes and program paradigms such as logic, frame,
semantic networks, object-oriented and constraint systems can be integrated with the aid of meta-
knowledge. Metaknowledge allows one to express partial specifications of problem solving pro-
cedures making problem solvers more aesthetic, simpler to build and easier to modify. For example,
always try this rule in preference to some other rule. Thus, metaknowledge, in the form of heuristics
has potential for controlling the combinatorial search problem. Moreover, metaknowledge facilit-
ates incremental system development; that is, one can start from a search intensive procedure and
incrementally add control information until one obtains a search free algorithm.

5 Logic machines

A schema for knowledge representation influences both knowledge acquisition and processing, so
should not be chosen without careful consideration of its repercussions. There are still many areas
where, as yet, there are no totally satisfactory ways of symbolically representing common sense
reasoning. The problem is essentially that of developing a formal semantics for reasoning in natural
language. What Al adds to this enterprise is a concern for computational tractability; there is
another large gap between what can be represented symbolically and what can be reasoned about
efficiently. The most serious danger of the top-down design is an all embracing method of represent-
ing knowledge for which the associated processing is woefully slow or runs out of space on any
architecture.

Technological progress appears to be made by the gradual refinement and new applications of
well established theories rather than the punctuations of revolutionary activity in which new para-
digms are established. If the various branches of discovery were to be measured by their relative
antiquities, then the formal representation of knowledge by logic must be one of the most respect-
able. In Plato’s time geometers speculated about machines which could support formal derivations
in logic. According to Gardner (1982), the inventor of the world’s first logic machine was the British
statesman Charles Stanhope (1753-1816), third Earl of Stanhope. Stanhope was a prolific inventor;
his logic machine, of the form of a square slide rule, was known as the Stanhope Demonstrator since
it demonstrated symbolically the inferences which follow from syllogisms in a manner similar to
Venn diagrams (which the Earl’s invention anticipated). No description of the machine was pub-
lished until 63 years after Stanhope’s death; but another of his inventions an improved calculator,
may have had more influence on computer science as two of these machines came into the posses-
sion of Babbage.

In the electronic era, the connection between logic and Al goes back to the earliest days. At the
first formal conference on Al, held at Dartmouth College, Newell, Shaw and Simon (1956) pre-
sented the Logic Theorist, a heuristic theorem proving program for propositional logic which could
prove some theorems from principia mathematica. These early days did not give logic a central role
in knowledge representation, rather it was viewed as an example of programming a computer to per-
form a task that had previously been regarded as requiring human intelligence. The idea that logic
can play a fundamental role grew, largely, out of the work of McCarthy.

In 1958, McCarthy published a paper, the central theme of which was that first order predicate
calculus promised to be a universal language for representing common sense knowledge. In this pro-
posal, a computer system is needed that can perform deductions from axioms representing the
knowledge in order to solve everyday problems. However, at the time there did not exist sufficiently
efficient algorithms for drawing inferences in predicate logic.

Early attempts to automate logical systems had foundered on the fact that they require instan-
tiating variables at points in the search for a proof where insufficient information was available to
justify any choice. This changed in 1965 with Robinson’s exposition of the most general unifier
(Robinson, 1965). The most general unifier (mgu) algorithm, a generalization of Herbrand’s unifica-
tion algorithm (Herbrand, 1930), enables a theorem prover to postpone choosing instances for
quantified variables until dictated by the facts. McCarthy’s ideas for using logic to represent com-
monsense knowledge and Robinson’s most general unifier for automatic theorem proving were first
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brought together by Green (1969) when he implemented a question answering cum problem solving
system that used a resolution theorem prover as its inference engine.

However, the mgu did not solve all the problems. There was still a difficulty in that the search
space grows so fast that problems of even moderate complexity could not be solved within reason-
able time and space bounds. There were intolerable redundancies in the theorem prover which com-
pounded the combinatorially explosive nature inherent in the problems. Various restrictions on
resolution were investigated by many authors in the late 1960s and early 1970s which eliminated
some redundancies. Notable among these restrictions were backward chaining (Loveland, 1969),
linear resolution (Loveland, 1970) and input refutation (Chang, 1970).

These difficulties led to a period in the 1970s when logic was out of fashion and alternative, ad
hoc, representational formalisms were developed. Logic is now, however, back in the forefront of
computing research. It has been claimed that logic provides the theoretical framework that comes
closest to doing for computing what continuum mathematics has done and continues to do for
physics. The reason for this turn around of fortune lies in several developments: Firstly, drawing on
the techniques of philosophical logic, rational reconstructions of the alternative knowledge repres-
entations systems have been developed in logic, particularly in belief systems, non-monotonic and
default reasoning. These reconstructions have deepened understanding of both the problems and
the solutions and thus provide a unifying formalism. Secondly, there has been much work in expert
systems indicating that the efficiency problems of the early automatic theorem provers are not in-
evitable, but can be tempered by theory-specific (meta) control of the deduction process. Thirdly,
mathematical theorem proving systems have been developed to the point where they now can be
considered seriously as tools for software or hardware verification and synthesis. In particular,
Green’s ideas can be made to work by putting together backwards chaining, input refutation and
restricting attention to a subset of predicate calculus called Horn Clause Logic (Kuehner, 1972, see
also Ringwood 1988b, 1989 for a more detailed discussion of this point).

With hindsight the first logic programming language based on Horn Clauses was Absys (see,
Elcock, 1988). The Absys view of unification is an algorithm for solving systems of simultaneous
equations, called constraints. Constraints are partial finite specifications of (possibly infinite) sets of
values for variables, which stand for fixed but possibly unknown objects in some domain of dis-
course. The fundamental idea in constraint programming is producing finer and finer upper bounds
to the values of the variables. At every step of the computation, a defined relationship (goal) is re-
placed by its definition (body of a Horn Clause). In this process, new constraints and new variables
may be introduced, thus further constraining the initial set of variables. As with the most general
unifier, this avoids choosing values for unknowns until uniquely determined by the constraints. This
approach was later taken up by Colmerauer (1982) and more recently by Jaffar and Lassez (1987).

However, logic programming was first popularized by Prolog (Programmation en Logique, the
first implementation was reported by Colmerauer (1972)) and this language has come to be viewed
by many (mainly Europeans and Japanese) as the most powerful existing language for implementing
many small designs for natural language systems, database systems, knowledge-based expert
systems and other Al applications. The popularity of Prolog for Al applications stems from its
unique nature, which combines simplicity of syntax, expressive and computational power allowing
rapid prototyping, reasonably efficient implementation and simple, clean semantics. It has the
unique property that its semantics are intuitively obvious. This is remarkable when you consider
other programming languages where semantics require a great deal of mathematical prerequisites
before they can begin to be understood.

6 The middle way

The large gap between hardware and applications and the need for compromises suggests that
another approach to the design of an Al machine might be to work both upwards and downwards
from some middle point. This strategy offers the potential for some synergy between hardware and
applications. Much of bottom-up design has been encapsulated in computational models and much
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of top-down design has been encapsulated in knowledge representation systems. The middle-out
philosophy starts from a knowledge representation scheme and computational model suitable for
representing and manipulating knowledge, and develops in both directions: upwards to the applica-
tion and downwards to the hardware. In general, high-level programming languages provide both a
system for representing knowledge and a computational model. LISP machines are an example of
computers designed with a programming language as the middle layer. The earliest example of high-
level language hardware support was on the PDP-6 and its successors. The half-word and stack
instructions were developed with LISP in mind. The Burrough’s 6000 series was specifically
designed to support block structured languages, Algol in particular. More recent examples are the
Inmos Transputer based on CSP (Hoare, 1985) and of course, the Japanese Fifth-Generation com-
puter project based on Prolog. In these latter cases the starting language has been modified as a
result of compromise between the computational and the hardware design issues. In the case of the
Japanese, Prolog has been superceded by Flat Guarded Horn Clauses (FGHC) and in the case of
Inmos, CSP by Occam (Inmos, 1984). The name CSP (Communicating Sequential Processes)
(Hoare, 1985) is more properly reserved for a computational model rather than a programming
language. The Transputer is significant in another respect; it is a language based microprocessor
design rather than a complete machine design. In view of the fact that it is claimed that most new
computers are based on off-the-shelf microprocessors (Schofield, 1988), an upward compatible
microprocessor family seems a preferable approach to the design of a language based machine since
it still leaves a great degree of design freedom.

General-purposes machines evolve more rapidly than special purpose machines because of larger
markets. The high cost of designing special purpose machines such as LISP machines and the low
sales usually means that manufacturers are reluctant to redesign them to take account of new devel-
opments in hardware and software. This means that old special purpose designs compare unfavour-
ably with the most recent general purpose technology. For example, LISP now runs faster on RISC
(Reduced Instruction Set Computers) machines than it does on outdated special purpose machines
such as Xerox workstations. Certainly RISC machines can provide a better base for Al applications
than CISC (Complex Instruction Set Computers) von Neumann machines because of the smaller
granularity of the atomic computation step. The composition of these steps can be better tuned to
the needs of Al than the large grain steps generally provided by CISC machines which tend to
favour numerical applications.

Leaving aside this, perhaps, indefensible drawback, various disputes over the most appropriate
language for Al programming have never been satisfactorily settled and split the Al community. An
old chestnut of the 1960s is the declarative versus procedural representation of knowledge. Proced-
ural schemes allow direct interaction of facts and heuristic information, hence eliminating wasteful
searching. However, procedural languages are in general strongly influenced by the von Neumann
architecture (e.g. block structured) and as a result tend to overspecify computational precedence
and so constrain the degree of parallelism. The departure from procedural languages to declarative
ones likens the departure from algorithms to heuristics. Declarative languages offer simpler seman-
tics, clarity and conciseness and superficially appear to offer a higher potential for parallelism than
procedural representations because they specify what and not how. Clean semantics is claimed to
make application programming easier and more secure which is particularly important when soft-
ware is becoming increasingly complex as more “intelligence” is provided.

Within the declarative school a more recent dispute over the ideal Al language concerns the dif-
ference between functional, logic and object-oriented languages. The computational ingredient of
functional languages is function composition while for logic languages it is deduction. Object-
oriented languages are more intuitive than formally based, having been abstracted from the require-
ments of simulation. (Another dispute is the question if object-oriented programming is declarative;
this can be seen as an echo of the declarative versus procedural argument.) The precise nature of an
object in object-oriented programming is not altogether clear with different proponents emphasizing
different features. A monitor (Brinch Hansen, 1973) (a device for controlling process access to data)
can even be thought of as an object. A minimalist object-oriented system would just be a set of
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asynchronous communicating processes as in Hewitt’s (1985) Open Systems. In the jargon of object-
oriented programming, an object definition, the process code, is called a class. Classes specify proto-
typical entities in terms of possible operations (actions) and additionally encapsulate data structures
and initialization conditions. An object is an instance of a class: a process invocation. Some object-
oriented languages, such as Smalitalk (Goldberg and Robson, 1983), have concentrated on the pro-
gramming environment aspects and others such as Actors (Agha, 1986) have been concerned with
concurrent computation in distributed systems.

7 Reactive systems: a critical programming task

The Handbook of Artificial Intelligence (Barr and Feigenbaum, 1982, section VI.C) gives four
language features that are deemed to be particularly important for Al applications programming.
The first is the ability to define data structures which are expressive and easy to handle. The second
is the existence of flexible control structures, in particular coroutining. (In von Neumann machines,
parallelism is simulated by coroutining. Coroutines are similar to subroutines except that there is no
subordination of control. That is, transfer is not hierarchical, coroutines are symmetric as regard the
transfer of control.) The third is pattern matching for handling data and choosing procedures to
execute. Pattern matching provides procedure selection, parameter passing and access to the com-
ponents of compound data structures all in one and the same high-level mechanism. The fourth is an
enhanced programming environment because artificial intelligence programs tend to be large and in
a constant state of flux. In interactive systems, dialogue between the programmer and the machine
occurs within a programming environment incorporating some form of editor, which can be very
sophisticated. The development environment isolates the user from the intricacies of the host com-
puter so that she can concentrate on the problem at hand. Programs may be rapidly developed, tried
and easily modified and corrected in a highly user-friendly manner. This flexibility gives the pro-
grammer a large amount of responsibility in the quality of the resulting software and with low-level
languages it is all too easy to lapse into idiosyncratic and bad programming practice. Interactive
program enhancement, subsequent to the development of an initial attempt is rightly criticized by
software professionals in the numeric domain where algorithms are well defined, but is not so easily
justified in Al applications. With structured compiled languages, like Pascal, the programmer
usually does not have the benefit of a sympathetic environment and the responsibility for good pro-
gramming practice is shifted to the language. For this last language ideal proposed by Barr and
Feigenbaum it is not necessary that the environment and the language be related but there are
advantages if an environment can be programmed in the language itself. This allows programmers
the ability to develop interfaces and new languages which are specific to problem domains. This
gives an added flexibility to what now becomes an implementation language. Declarative languages
(with the exception of object-oriented) tend to be ill-suited for such programming tasks and exten-
sions of the kind required tend to compromise the ideology of the languages.

The choice of language is a self-imposed restriction on thought and problem solving. A language-
oriented computer (or microprocessor) inherits the features and limitations of the language it sup-
ports, so these have to be considered carefully. For any machine to be generally usable it needs an
operating system. Systems programming software, the generic term for operating system cum en-
vironment programs, has certain characteristics that distinguish it from other kinds:

Firstly, operating systems treat programs as if they were data. Other examples of such programs
include programming environments, compilers and debuggers. An analogy can be drawn between
metaknowledge, which treats knowledge as data, and systems programs which treat other programs
as data. Meta-X can be understood as “X about X so that metaknowledge is knowledge about
knowledge, metareasoning is reasoning about reasoning and a metaprogram is a program about
other programs. This suggests that a metalevel approach may provide a convenient connection
between Al and systems programming.

Secondly, two types of programs can be distinguished, transformational and reactive (Harel and
Pnueli, 1985). Transformational systems begin with the input of data, transform the input, output
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the result and terminate. This is just how an unintelligent machine would behave. It would input
data wholesale, process it algorithmically and output it. On the other hand, reactive programs con-
tinuously interact with the environment. Their reason for being is not the output they produce on
termination, but rather, their continuing interaction with the environment; sometimes reactive pro-
grams are effectively perpetual (they do not terminate). An intelligent machine would acquire know-
ledge as it needed it, infer from it and output reasonings as external situations demanded. Systems
programs such as environments with multiple windowing systems, operating systems and event
driven real-time systems are more conventional forms of reactive programs. Reactive systems con-
sist of conceptually parallel processes that communicate with each other and cooperatively respond
to events that occur indeterminately in real-time. The resource management processes which make
up an operating system cooperate to provide a virtual machine to a user. There is clearly another
connection here between reactive systems and Al via Hewitt’s Open System computational model,
Actors (Agha, 1986). A symmetric view of input/output can be taken if the environment in the form
of hardware (screen, keyboard etc.) is treated on the same footing as the software, namely as reac-
tive components. The whole system of hardware and software is then just a collection of reactive
agents some soft some hard. The natural means of synchronization of the reactive agents is con-
dition synchronization since this is how hardware units communicate. With condition synchronisa-
tion, components suspend execution until some condition regarding their input or output has been
met.

Detailed analysis of purely transformational programs which only advocate parallelism to im-
prove performance generally reveal reactive components which maintain continuous interaction
with each other during the lifetime of the computation. To fully exploit a parallel machine using a
high-level programming language requires that the language can express the creation, interconnec-
tion, synchronization and communication of reactive component processes.

Earliest experience of reactive systems was gained from operating systems. Operating systems are
particularly difficult to write and the advantages of using high-level languages for programming
them has already proved itself with languages such as “C”. (Note that “C” has to resort to operat-
ing system calls in order to describe concurrent behaviour.) High-level systems programming
languages lead to significant reductions in coding effort, code size and bugs. They also provide por-
tability and relative ease of modification. To support systems programming, a language should
generally be capable of representing processes, communication, synchronization, dynamic process
creation and termination, indeterminate actions, computation and resource control. Languages
with these capabilities are generally called concurrent languages. Ideally then, for systems program-
ming, the language chosen for the middle way should be naturally capable of describing reactive
systems. In general, declarative languages tend to be ill-suited to such a task.

Functional languages are ideologically transformational. They represent time independent func-
tions; notions of cooperation and synchronization are generally alien. In particular, functional
languages are ill-suited to handle indeterminism which characterize reactive systems. In non-
determinate systems, all branches at a choice point are fully investigated. This in general gives a
number of possible solutions and of course the attendant combinatorial explosion. In indetermin-
acy, only one branch of a choice point is pursued; this will give rise to at most, one possible solution.
In this sense Prolog is non-determinate. Functional languages are by nature determinate, there are
no choice points. A variety of suggestions have been put forward to overcome this difficulty with
functional languages such as primitive merge operators. However, these mechanisms undermine the
ideology which is the raison d’etre of the languages. Because logic languages are relational they do
not have the problem of accounting for indeterminism, it is already built in because the structure is
relational and not functional. In general, however, the indeterminism is manifested as non-
determinism: large search spaces that may counteract any gains of parallel processing. For instance,
in an operating system only one solution as to how a file can be written to disc is required. The
objects of object-oriented languages by their very nature, are reactive agents and so these languages
tend to be well suited to systems programming.

High-level languages deliberately impose structure on the problem solving behaviour of the user
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in order to make certain problem expression more natural and to discourage bad programming
practice. They encapsulate high level problem solving concepts (such as recursion) that generally
make reasoning about programs simpler. The drawback is that restrictions on the allowed data
structures, control structures and primitives make some algorithms more difficult to express than
others. It is not particularly useful to measure the expressive power of a language in terms of the
class of functions (or relations) it can evaluate, since all programming languages tend to be Turing
complete. If the expressive power of a language were to be measured by the variety of algorithms (or
paradigms) it is possible to express naturally, (the word naturally causes some problems in defini-
tion) then, higher level languages would generally be less expressive. A good example of this is simu-
lation which attempts to model real life situations in which several activities occur concurrently and
interact with one another. In this guise parallelism is not used to promote efficiency; rather it is being
used because it leads to a more natural representation of the problem. Writing a solution as a con-
current program may be the best approach even when execution of the program is carried out on a
uniprocessor machine, as in coroutining. From the previous discussion, an equally important
measure of expressiveness is how easy is it to write an operating system or a windowing system in the
language.

8 Specification, logic and Prolog

With the increased sophistication demanded from software, in particular reactive systems, it is
increasingly complex and all too often bug-ridden. In theory many approaches have been proposed
for debugging and increasing confidence in the correctness of a program, some dealing with pro-
gramming methodology and others with algebraic proofs that a program does what the specifica-
tion intends of it. In practice, for large programs, the most widely used methods are comprehensive
test data and tracing of the computation. The art of bug detection with profilers, mutations, bounty
hunters and black teams has become a jargon generator in its own right. Increasingly, software de-
velopers begin with a specification of the functionality required by the software (particularly those
developers with penalty clauses in their contract). Automatic verified code generation from a specifi-
cation appears to be an emerging trend with the use of Fourth Generation languages and sales of
programmer workbenches gaining ground.

Insight into the relationship between specifications and programs can be drawn from some
definitions proposed by Hoare (1982) with respect to the concurrent programming language CSP.
“A specification is a predicate describing all observations of a complex system.”” The word predicate
could be generalized to a set of logical formulas or sentences but Hoare goes on to effectively include
this possibility. “Specifications of complex systems can be constructed from specifications of their
components by connectives in the Predicate Calculus.” Some would argue that the limitation to Pre-
dicate Calculus should be relaxed to encompass other more general forms of logic, for example
modal logics. However, for the purposes of efficient mechanical theorem proving only Horn Clause
Calculus has, as yet, proved tractable.

Continuing from the previous definitions, Hoare defines a program: “A program is just a predi-
cate expressed using a restricted subset of connectives, codified in a programming language.” If “a
restrictive subset of connectives” is replaced by a restricted subset of Predicate Calculus, namely
Horn Clause Logic, then the specification is a logic program and no coding is necessary.

The declarative reading of a logic program gives partial information about the run-time be-
haviour of the program, it bounds the possible answer set. Semantics based on logical consequence
is much more natural than other styles of programming language semantics. In particular, the
meaning of a logic program does not of necessity require the construction of models using category
theory as do those based on the work of Scott and Strachey or those in the abstract-data-types liter-
ature based on initial and final algebras. The consequence of a logic program are all those theorems
which must be true whenever the premises which constitute the program hold. This is one more of
the reasons why logic languages are known as very high-level and why they have been chosen by the
Japanese as the foundation of their Fifth Generation initiative.
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It is now becoming recognized that Prolog is a good thing for database applications, problem
solving, expert systems, natural language parsing and compiler writing. However, the present
fashion for logic programming in response to the Japanese Fifth Generation initiative has been
widely criticized. Typical of the criticism is the following taken from The Guardian (23 May, 1985)
and attributed to Winograd: “There is a small class of problems for which Prolog works great and
you can do beautiful demonstrations on these problems. But when you have to deal with time-
dependent behaviour like an operating system, you get away from the nice qualities of Prolog, you
have to use the ugly features and you lose the advantage. For commercial users of a language it is
such large operating system-type software which they most need to program. Will they want an
interpreted language which can’t usefully be used in many problems?”

9 Criticisms of Prolog

By the late 1960s, before logic became fashionable, the language that came closest to Barr and
Feigenbaum’s ideal Al programming language was LISP, a functionally (lambda calculus) inspired
language, it was used for the majority of applications. LISP was a list processing language but it was
certainly not the first attempt at a list processing language. The language developed by Newell,
Shaw and Simon (1956) for the logic theorist, called IPL was a list processing language which in-
fluenced the development of LISP (McCarthy, 1978); LISP, however, was much more elegant. LISP
provided powerful and flexible facilities for manipulating symbolic information but at the time
appeared to give little direct support for implementing control and data structures. This led to a
number of proposals more tailored to the needs of Al. One of the foremost of these was Planner
(Hewitt, 1969). Planner incorporates automatic backtrack control, pattern directed database search,
and pattern directed invocation of procedures. The similarities with Prolog are easily apparent and
according to Dowson (1984) the development of Prolog was influenced by the implementation of
MicroPlanner a subset of Planner. By 1972, when the theorem prover on which Prolog is based was
proposed (Kuehner, 1972), the initial euphoria associated with Planner had evaporated and some of
the basic deficiencies had become apparent. Planner was effectively displaced by Conniver (Sussman
and McDermott, 1972). The criticisms of Planner, by Sussman and McDermott (1972) apply almost
word for word today, replacing Planner by Prolog.

The criticisms of Planner (Sussman and McDermott, 1972), with regard to its naive search strat-
egy apply both to Prolog and its proposed OR-parallel extensions (Warren, 1987). The OR-parallel
extensions of Prolog advocate replacing the backtracking search for alternative solutions by parallel
search. As noted previously the problem with OR-parallelism is that when it is used recursively at
each goal in the search tree, the generated parallel activities grow exponentially with respect to the
number of levels in the search tree. Current OR-parallel implementations resort to backtracking
when all the processors are saturated. Problematic for Prolog is that using the most general unifier
the alternative solutions are not independent as was previously suggested because of the logic vari-
able. The logic variable acts as a template which is filled in as the computation proceeds but OR-
parallelism requires that the branches at a choice point have the same initial template; a simple
though computationally expensive solution requires the duplication of the template for each OR-
parallel branch. Current research in OR-parallel Prolog proposes more sophisticated schemes which
reduce the overhead (Warren, 1987). In particular the nondeterminism is treated lazily rather than
eagerly.

A common use of backtracking is generate and test. It is a long established approach (cf. Erastos-
thenes Sieve for determining prime numbers) for problems where there is a need to filter out relevant
data items from a mass of irrelevancies. Prolog provides a compact notation for encoding this
search, but initiates find it difficult to understand program behaviour because the flow of control is
not explicit. The problem is that the syntax of a Prolog program does not reveal that there is one
gigantic nest of failure driven loops in any query, and every subgoal that eventually fails is only a
tiny part of it.

The anonymity of the clauses that may be invoked by Prolog’s head/call unification mechanism
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pretends that there are many “independent” methods of solving the same problem. Not only does
this organization force each clause to be used in complete ignorance of clauses that have been tried
so far but also the others that have not been tried. In many cases different clauses will either dupli-
cate solutions or the same unacceptable answer fails or runs out of space for the same reason.
Novice Prolog programmers find the duplication of solutions annoying and difficult to understand.
Exhaustive search is only appropriate when there is insufficient metaknowledge about the problem
in hand. Prolog programmers use metaknowledge to prune the search tree in the form of clause
ordering and the infamous cut. This metaknowledge is used implicitly despite the claimed virtue of
explicit declaration by Prolog enthusiasts. It is the liberal use of cut which most critics of Prolog
mainly cite in their arguments against it.

A program cannot be described as “intelligent” if it does not make intelligent decisions. Search
and deduction are core intellectual skills or as Newell (1981) put it: “All intelligent activity is based
on search”. An intelligent person does not make an exhaustive search in any prior order but is
guided by what is found. It is necessary to examine the assumptions leading to failure and to learn
from mistakes. In Prolog, alternative program control can be achieved by writing metacircular in-
terpreters (interpreters for Prolog written in Prolog) which are enhanced to generate lemmas and
perform “intelligent” backtracking (Codognet et al, 1988). The uniformity of clauses (the program)
and data (the terms) make Prolog, with its pattern matching ability, highly suitable for such meta-
programming. Languages that can represent programs as data make it natural to bootstrap new
languages or control by metaprogramming. This makes it possible to solve complex problems not
by writing complex programs but by designing flexible problem or user oriented programming
languages and implementing them with a minimal amount of effort. This is how both Prolog and
LISP accommodate the second desirable property of Barr and Feigenbaum: flexible control
structures.

Meta-interpreters, however, run slower than direct execution of the object program, so they
achieve flexibility at the expense of efficiency. This drawback can be overcome to some extent by the
fashionable transformation technique of partial evaluation (New Generation Computing, 1988)
which combines a meta-interpreter and an object program into a more efficient but specialized pro-
gram. The transformation of search intensive programs to search free programs using metacontrol
knowledge is another example of partial evaluation. Partial evaluation provides a common frame-
work for discussing program transformation, program control, programming language interpreters,
compilers and a means for both compiling and for automatically constructing compilers from inter-
preters. The result of partial evaluation of an inference engine with respect to the inference rules is a
specialized inference engine just for those rules. This removes some of the inefficiency of meta-inter-
pretation for designing problem solvers and application specific programming languages.

Negation as failure is often cited as an attractive feature of Prolog. Horn Clauses can only infer
positive information by deduction. The closed-world inductive hypothesis is that the information
about the world being modelled is complete in the sense that the relations that hold are exactly and
only those that are deducible from the axioms. Although Prolog is not complete it is well suited to
the closed-world assumption and negation as failure (those goals which fail are a subset of the com-
plement of those that can be proved) generally works reasonably well and enhances the expressive
power of the language. At first glance it might seem that the closed-world assumption is intelligent
because it provides a ready made default for any goal. Unfortunately the default answers become
less and less realistic when incompleteness is introduced either accidentally because of infinite
branches of the search space or deliberately by the use of cut. This is compounded in open systems
where one expects continuous growth of knowledge with attendant inconsistency among knowledge
bases.

What is gained by chronological backtracking is clear and appealing. In the first place it provides
a mechanism for generating alternatives one at a time, to be used in an effort to prove some goal.
Secondly, it provides a mechanism for eradicating the consequences of alternatives later found to
fail and thus economizes on space usage. And thirdly, it simulates induction by deduction in the
form of negation by failure. Its basic defect is that it forces an expensive assumption that the altern-
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atives at each decision point are independent; that the failure of one of them will produce no in-
formation which can influence the selection of further alternatives. Sussman and McDermott (1972)
claim that backtracking (the same argument can be applied to OR-parallelism) as a means of search
are of questionable usefulness for applications in Al. Programs which use exhaustive search are
often the worst algorithms for solving a problem. The ubiquity of implicit search and the illusion of
power that a query gives the user merely by use of invisible failure-driven loops encourage super-
ficial analysis and poor programming practice. It is this approach to Al that gave it a bad name and
led to Lighthill’s (1972) pejorative use of combinatorial explosion which set the UK’s research in Al
back at least ten years. A possible solution is to abandon the myth that there could be several in-
dependent methods of attacking any interesting problem and concentrate on techniques for making
searches in different branches relate and cooperate with one another. In the context of parallelism
this means using AND-parallelism or concurrent processes in preference to OR-parallelism. Again
there is empathy here with Hewitt’s Open Systems.

10 Concurrent logic languages

Previous discussion on knowledge representation and program specification indicated that Prolog
might be an ideal candidate as the language for the middle layer. The above remarks on its unsuit-
ability for reactive programming and the criticism of the implicit search has cast doubt on this idea.
In addition to its logic based semantics, the great redeeming feature of Prolog is its affinity for meta-
interpretation and partial evaluation. Previous discussion on the nature of Al has recognized the im-
portance of the metalevel, and the analogy with systems programs indicates how it might provide a
natural platform for reactive system programming. Meta-interpretation and partial evaluation are
powerful and seductive ideas on which to build an AI machine (or microprocessor). A problem,
though is to build a machine (processor) which will perform well enough to make meta-interpre-
tation a viable proposition. The prospect of greater performance is one but not the only desirable
aspect of concurrency. Concurrency may be used to provide fault tolerance and an extensible com-
puter system where the performance may be enhanced by adding more processors, rather than re-
placing the whole system by the latest faster model. On the software side, concurrency provides the
ability to directly model real life problems in which several objects interact with one another. Pre-
vious discussion has noted that the computational model of Actors, an object-oriented language
proposed for distributed Al problems, provides the sort of expressive power desirable for program-
ming reactive systems. A process based computational model for Horn Clauses (the theoretical
foundation of Prolog) rather than Prolog’s subroutine model would then seem eminently desirable.
Designers of Prolog implementations have been driven by the criticisms of the slowness of execu-
tion. Great achievements in performance have been made since the first implementations but these
have been attained at the expense of further specialization to the von Neumann architecture. Prolog
has a single thread of control necessarily associated with block structured languages and stack
manipulation. The single threading limits the range of applications that Prolog programmers can
build, for example systems which involve multiple cooperating processes such as in reactive pro-
grams are extremely difficult and inefficient to program in Prolog, even using meta-interpretation.
A Prolog meta-interpreter for an operating system (if one were possible) could simulate concur-
rency by coroutining. However, the underlying depth-first search strategy cannot gurantee any fair-
ness in the scheduling of coroutines. Many Al algorithms are indeterminate in nature, so dynamic
resource allocation and load balancing are of major concern in parallel processing. The strength of a
high-level language based environment is that it allows the programmer to interact with the under-
lying machine solely in terms of the computational model of the language. Any such language must
be able to represent all aspects of the operational behaviour of the machine: dynamic process cre-
ation, concurrency, communication, synchronization, process termination, indeterminate actions,
computation control and resource control. Prolog with depth-first search and backtracking is a
natural consequence of the stack implementation and as a result shows the influence of the von Neu-
mann architecture. Essentially, Prolog was designed for efficient evaluation on von Neumann archi-
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tectures and doesn’t address the fundamental issues of concurrency. It is difficult to see how a
language based on a fixed number of stacks can achieve the desired result of a machine in which a lot
more silicon is active at any one time than is usual in a von Neumann architecture. By the very
nature of a stack, only the top is generally active.

Closer examination of the Prolog computational model reveals that it is not the only possible
execution pattern that can be founded on Horn Clauses. For Prolog, the exploitation of parallelism
is complicated by the non-directionality of the modes of variables, and backtracking (Ringwood,
1988a). The computational model of Prolog is stack based because this is most suitable for imple-
mentation on a von Neumann machine. Depth-first search and chronological backtracking is a
natural partner of a stack based implementation. In a resolution step the selected literal is the top of
the goal stack and the newly introduced literals from the body of a unifying input clause are pushed
on top of the stack. This gives rise to the hierarchical subroutine computational model of Prolog in
analogy with block structured languages such as Pascal. This is not the only possible computation
model that can be founded on Horn Clauses: an alternative model suitable for medium grain paral-
lelism can be realized by means of a goal queue. The selected literal is the head of the queue of liter-
als; new literals from an input parent are added to the end of the queue. This gives rise to a process
interpretation (or even object-oriented interpretation) of goal literals, and this observation, that
goals can be treated as processes (objects), is the essence of Concurrent Logic Languages. Synchron-
ization is re-established in this model by condition synchronization (which was deemed to be desir-
able for reactive systems) as an extension of pattern matching. The model has the capacity for fair
scheduling, does not embody exhaustive search (in view of the criticisms of backtracking and OR-
parallelism, exhaustive search was an expendable feature) yet retains the desirable feature of affinity
for metaprogramming and partial evaluation. Languages based on this model called concurrent
logic programming languages (CLPs) are not to be confused with constraint logic programming
languages. For two descriptions of how these languages can be derived from Prolog see Ringwood
(1987, 1988a).

There are now a large number of languages using the process execution model of Horn clauses
and the family is still growing. With a few exceptions this output has been generated by three com-
peting research teams: ICOT (Institute for New Generation Computer Technology), Japan; Imper-
ial College, UK and the Weizmann Institute, Israel. Fortunately, the seemingly exponential growth
in the number of languages is only an illusion. There are only a finite number of features that come
out of comparing these languages (Ringwood, 1988¢) and the number of languages that can be
formed by composing these features is finite. (The article (Ringwood, 1988c) is a follow-up to the
present article and gives more detail on the form of concurrent logic languages for the interested
reader.)

Concurrent logic languages, naturally enough, bear a close resemblance to other medium grain
process based real languages such as Occam (Inmos, 1984) and computational models such as CSP
(Hoare, 1985), CCS (Milner, 1980) and Actors (Agha, 1986). The main difference between CLP and
the others is that communication is by shared variables rather than message passing. Despite this
fact, for CLPs the communication mechanism does bear many of the hall marks of message passing
systems and comparison can be made in these terms. For CSP and Occam communication is synch-
ronous while for CLPs and CCS it is asynchronous. Actor objects and CSP processes address each
other by name but for CLPs and Occam, communication is via named channels. Communication
via channels has the advantages of modularity and abstraction. Channels are more abstract since
knowing a channel conveys less information and is more flexible than named cooperating processes.
This is one of the departures of Occam from CSP brought about by practical considerations.

11 Conclusion

Far from sinking into respectability, the art of logic and its mechanization has been turbulent, in-
tense and schizmatic. The Japanese proposal for Fifth Generation machines based on logic pro-
gramming has been much criticized but is not as radical as has been suggested. It is just following a
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well established engineering practice, namely breaking a task into layers, and building on well
understood foundations, such as logic. The programming language Prolog, provided a starting
point as the middle layer for representing and processing knowledge from which applications and
hardware can be developed. The feedback loops of design from the applications, particularly reac-
tive systems and efficiency considerations have led to shifts in the kernel language to concurrent
logic languages. This has also been accompanied by a change in attitude to the role of Horn Clause
Logic, the theoretical foundations of logic programming. In this new interpretation the place of
Horn Clause Logic is not at the object level but rather at the metalevel. This is due to the fact that
affinity for meta-interpretation was one of the indispensable features of Prolog but completeness of
the theorem prover was dispensable.

It is still an act of faith that the challenges of designing an Al machine can be met by building on
the foundations of logic, software engineering, computer architecture, networking and VLSI tech-
nology. A further act of faith is that metalevel programming can provide the necessary layers to pro-
duce a better match between the parallel hardware and Al applications. Neural machines are
beginning to challenge the Fifth Generation before it has even got off the ground but this need not
necessarily be seen as a challenge if it is agreed that symbolic abstractions and neural nets are con-
sidered as different complementary levels of understanding in much the same way as conscious and
unconscious thought processes take place in the human brain.

A rather greater threat to the Fifth Generation initiative than neural machines is the rate of de-
velopment of general-purpose machines. For example, LISP now runs faster on RISC machines
than it does on outdated special purpose machines such as Xerox workstations. In the author’s
opinion a safer prospect than the Japanese approach of designing special purpose hardware is to
adapt concurrent logic languages to commercially available, upward compatible, RISC micro-
processors which give hardware support for process based languages, such as the Transputer.
Occam, the kernel language of the transputer, is minimal and efficient because of hardware support.
However, the language is inflexible, does not support recursion, abstract data types, dynamic data
structures and dynamic process structures. Occam code is not a first class object and so the language
is not well suited to metaprogramming and partial evaluation. Concurrent logic languages could
provide the ideal high-level language to program these processors for both Al applications and reac-
tive systems.
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