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Summary. This chapter describes an approach to the representation and processing of knowl-
edge, based on the SP theory of computing and cognition. This approach has strengths that
complement others such as those currently proposed for the Semantic Web. The benefits of
the SP approach are simplicity and comprehensibility in the representation of knowledge, an
ability to cope with errors and uncertainties in knowledge, and capabilities for ‘intelligent’
processing of knowledge, including probabilistic reasoning, pattern recognition, information
retrieval, unsupervised learning, planning and problem solving.
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1 Introduction

The SP theory is a new theory of computing and cognition that integrates and sim-
plifies concepts in those fields (see [27] and earlier publications cited there). The
purpose of this chapter is to describe how the SP theory may be applied to the rep-
resentation and processing of knowledge and to compare it with some of the alterna-
tives, such those currently proposed for the Semantic Web [2].

The main benefits of the SP approach are:

Simplicity, comprehensibility and versatility in the representation of knowledge.
An ability to cope with errors and uncertainties in knowledge.

Capabilities for ‘intelligent’ processing of knowledge, including probabilistic
reasoning, fuzzy pattern recognition, information retrieval, unsupervised learn-
ing, planning and problem solving.

The next section provides a brief introduction to the SP theory. Then a prelimi-
nary example is presented showing how knowledge can be expressed in the frame-
work and how it can be processed by building ‘multiple alignments’. Sect. 3 presents
a more elaborate example showing how class hierarchies and part-whole hierarchies
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may be integrated and processed within the SP system. This section also discusses
more generally how a range of constructs may be expressed. Sect. 4 reviews the capa-
bilities of the SP system in other areas of Al and Sect. 5 compares the SP approach
to the representation and processing of knowledge with alternatives that are being
developed for the Semantic Web.

2 The SP Theory

The SP theory grew out of a long tradition in psychology that many aspects of per-
ception, cognition and the workings of brains and nervous systems may be under-
stood as information compression. It is founded on principles of ‘minimum length
encoding’, pioneered by [14, 17, 18] and others (see [11]).

The theory is conceived as an abstract model of any system for processing infor-
mation, either natural or artificial. In broad terms, it receives data (designated ‘New’)
from its environment and adds these data to a body of stored of knowledge (called
‘01d’). At the same time, it tries to compress the information as much as possible by
searching for full or partial matches between patterns and unifying patterns or sub-
patterns that are the same. In the process of compressing information, the system
builds multiple alignments of the kind shown below.

In the SP system all kinds of knowledge are represented by arrays of atomic sym-
bols in one or two dimensions called ‘patterns’. Despite the extreme simplicity of this
format, the way these ‘flat’ patterns are processed in the SP system means that they
can be used to model a variety of established schemes including class-hierarchies
and part-whole hierarchies (as we shall see below), discrimination networks and
trees, condition-action rules, context-free and context-sensitive grammars and oth-
ers. The provision of a uniform format for all these kinds of knowledge facilitates
their seamless integration.

The SP system is Turing-equivalent in the sense that it can model the operation
of a universal Turing machine [21] but it is built from different foundations and it
provides mechanisms—not provided in a ‘raw’ Turing machine—for the matching
and unification of patterns and the building multiple alignments. These mechanisms
facilitate the integration and simplification of a range of operations, especially in
artificial intelligence.

To date, the main areas in which the SP framework has been applied are proba-
bilistic reasoning, pattern recognition and information retrieval [22], parsing and pro-
duction of natural language [23], modelling concepts in logic and mathematics [25],
and unsupervised learning [26, 28].

2.1 Computer Models

Two computer models of the SP system have been developed:

e The SP62 model is a partial realisation of the framework that builds multiple
alignments but does not add to the store of Old knowledge. It also calculates
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probabilities for inferences that can be drawn from the multiple alignments. This
model, which is relatively robust and mature, is an enhanced version of the SP61
model described in [23]. Most of the examples presented in this chapter are out-
put from SP62.!

e The SP70 model embodies all elements of the framework including the process of
building the repository of Old, stored knowledge. This model already has a capa-
bility for the unsupervised learning of grammars and similar kinds of knowledge
but further work is needed to realise the full potential of the model in this area.
A description of the model and its capabilities may be found in [26,28].

2.2 Introductory Example

To introduce the multiple alignment concept as it has been developed in this research,
this section presents an example showing how knowledge can be represented in the
SP framework and how it can be processed with the SP62 model. This first example
is intended to suggest, in a preliminary way, how ontologies (in the Semantic Web or
elsewhere) may be represented and processed in the SP framework.

The example presented here and examples in the rest of the chapter are fairly
small. This is partly to save space but mainly because small examples are easier to
understand than big ones. The relatively small size of the examples should not be
taken to represent the limits of what can be done with the model. More complex
examples may be seen in [23].

Representing Knowledge with Patterns

Consider, first of all, the set of SP ‘patterns’ shown in Fig. 1. In the first row, the
pattern ‘<animal> eats breathes has-senses ... </animal>’ describes the main at-
tributes of the class ‘animal’, including such features as eating, breathing and being
sensitive to stimulation. In a more comprehensive description of the class, the three
dots (“...”) would be replaced by other symbols such as ‘reproduction’ (animals pro-
duce offspring), ‘locomotion’ (animals can normally move from place to place), and
SO on.

In a similar way, the second pattern in the figure (‘<mammal> <animal>
</animal> furry warm-blooded ... </mammal>") describes the class ‘mammal’, the
third pattern describes the class ‘cat’, while the fourth pattern describes a particular
cat (‘Tibs’) and its individual attributes. The patterns that follow describe the classes
‘reptile’, ‘bird’, ‘robin’ and an individual called ‘Tweety’.

Notice that the pattern that describes the class ‘mammal’ contains the pair of
symbols ‘<animal> </animal>’. As we shall see, this pair of symbols serves to
show that mammals belong in the class of animals and have the attributes of ani-
mals. In a similar way, the pair of symbols ‘<mammal> </mammal>’ within the

! The main difference between SP62 and SP61 is that the former allows one or more New
patterns in each multiple alignment whereas SP61 allows only one. The source code and
a Windows executable for SP62 may be obtained from www.cognitionresearch.
org.uk/sp.htm.
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<animal> eats breathes has-senses ... </animal>

<mammal> <animal> </animal> furry warm-blooded ... </mammal>

<cat> <mammal> </mammal> purrs retractile-claws ... </cat>

<Tibs> <cat> </cat> tabby <chest> white </chest> ... </Tibs>
<reptile> <animal> </animal> cold-blooded scaly-skin ... </reptile>
<bird> <animal> </animal> wings feathers can-fly ... </bird>
<robin> <bird> </bird> red-breast ... </robin>

<Tweety> <robin> </robin> ... </Tweety>

Fig. 1. A set of SP patterns describing various kinds of animal at varying levels of abstraction

pattern that describes the class of cats serves to show that cats are mammals with the
characteristics of mammals, and likewise with other patterns in Fig. 1

Basic Concepts

Before we proceed, let us briefly review the main constructs that we have seen so far.

As previously noted, an SP pattern is an array of ‘symbols’ in one or two dimen-
sions. In work to date, the main focus has been on one-dimensional patterns but it
is envisaged that, at some stage, the concepts will be generalised for patterns in two
dimensions. These would provide a natural vehicle for representing such things as
maps, diagrams or pictures.

An SP symbol is a sequence of one or more non-space characters bounded by
white space. It is simply a ‘mark’ that can be matched in an all-or-nothing manner
with other symbols.

Unlike symbols in systems like arithmetic, SP symbols have no intrinsic meaning
such as ‘add’ for the symbol ‘+° or ‘multiply’ for the symbol ‘x’. Any meaning that
attaches to an SP symbol must be expressed as one or more other SP symbols that
are associated with the given symbol in a given set of patterns.

Within the SP framework, these simple constructs provide a powerful means for
the representation of diverse kinds of knowledge and their seamless integration (see
also Sect. 4.1, below).

Boundary Markers

Readers will notice that each of the patterns in Fig. 1 starts with a symbol
like ‘<animal>’ and ends with a corresponding symbol like ‘</animal>’, much
like the start tags and end tags used in HTML (www.w3.org/TR/html4/), XML
(www.w3.org/XML/) or RDF (www.w3.org/RDF/). However, by contrast with start
tags and end tags in those languages, symbols like ‘<animal>’ and ‘</animal>’
have no formal status in the SP system. Any convenient style may be used to mark
the beginnings and ends of patterns, such as ‘animal ... #animal’ or ‘animal ... %an-
imal’. It also possible to use the left bracket, ‘<’, to mark the start of a pattern with
the corresponding right bracket, ‘>’, at the end of the pattern (examples will be seen
in Sect. 4.4, below). As we shall see, boundary markers are not always required for
every pattern and in some applications they may not be needed in any patterns.
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Building Multiple Alignments

If SP62 is run with the patterns from Fig. 1 in its repository of Old information,
and with the set of patterns {‘furry’, ‘<chest> white </chest>’, ‘playful’, ‘purrs’,
‘eats’} as its New information, the program forms several multiple alignments, the
best one of which is shown in Fig. 2. The meaning of ‘best’ in this context is de-
scribed below.

0 1 2 3 4
<Tibs>
<cat> ---- <cat>
<mammal> ------—--—- <mammal>
<animal> ----- <animal>
eats ------------mm o eats
breathes

has-senses

</animal> ---- </animal>
furry ------—--------- - furry
warm-blooded

</mammal> -------- </mammal>
puUrrs -—-—-—--—-—--—---—---- purrs

retractile-claws

</cat> --- </cat>

tabby
<chest> -- <chest>
white ---- white
</chest> - </chest>
playful .
</Tibs>
0 1 2 3 4

Fig. 2. The best multiple alignment found by SP62 with the patterns from Fig. 1 in Old and
the set of one-symbol patterns { ‘furry’, ‘<chest> white </chest>’, ‘playful’, ‘purrs’, ‘eats’ }
in New

In this and other multiple alignments to be shown below, column 0 contains one
or more New patterns while each of the remaining columns contains one Old pattern
and only one such pattern. The order of the Old patterns in columns to the right
of column O is entirely arbitrary and without special significance. In the multiple
alignments, symbols that match each other from one pattern to another are connected
by broken lines.

The patterns are arranged vertically in these examples because this allows the
alignments to fit better on the page. In other alignments shown later, the patterns are
arranged horizontally. In this case, the New pattern or patterns are always in the top
row with the Old patterns in rows underneath. As with the vertical arrangement, the
order of the Old patterns in the multiple alignment has no special significance.
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Notice that the order of the New patterns in column O may be different from their
order as they were supplied to the program. However, within any pattern containing
two or more symbols (such as ‘<chest> white </chest>" in our example), the order
of the symbols must be preserved.

Notice also that it is not necessary for every New symbol to be matched with
an Old symbol: in this example, ‘playful’ is not matched with any other symbol.
Likewise, it is not necessary for every Old symbol to be matched with any other
symbol.

In what sense is this multiple alignment the ‘best’ of the multiple alignments
formed by SP62? It is best because it has the highest ‘compression score’ calculated
by SP62. This score is a measure of the amount of compression of the New pattern or
patterns that can be achieved by encoding those patterns in terms of the Old patterns
in the multiple alignment. The details of how this encoding is done and how the score
is calculated are explained in Appendix B of [23].

2.3 Interpretation: Recognition, Retrieval and Reasoning

How should we interpret a multiple alignment like the one shown in Fig. 2? The
most natural interpretation is that it represents the result of a process of recognition.
An unknown entity, with the features {‘furry’, ‘<chest> white </chest>’, ‘purrs’,
‘eats’ }, has been recognised as being the entity “Tibs’ (column 1). At the same time,
it is recognised as being a cat (column 2), a mammal (column 3) and an animal
(column 4).

The formation of a multiple alignment like this may also be interpreted as a
process of information retrieval. The information in New may be viewed as a ‘query’
applied to a database of patterns, somewhat in the manner of ‘query-by-example’,
and the patterns in the best multiple alignment may be seen as an answer to the
query.

A major benefit of this process of recognition-cum-retrieval is that it allows us to
make several inferences about the unknown entity. Although we may have had just
a glimpse of Tibs that allowed us to see only his white chest, we can infer from the
details in column 1 that, apart from his chest, Tibs has a tabby colouration. Likewise,
we can infer that, as a cat, Tibs has retractile claws and other attributes of cats (col-
umn 2), as a mammal he is warm blooded, furry, and so on (column 3), and that, as an
animal, Tibs breathes, is sensitive to stimulation, and so on (column 4). In short, the
formation of a multiple alignment like the one in Fig. 2 provides for the recognition
of an entity with inheritance of attributes through several levels of abstraction, in the
manner of object-oriented design.

The key idea is that any Old symbol within a multiple alignment that is not
matched with a New symbol represents an inference that may be drawn from the
alignment. This is true, regardless of the size or complexity of the multiple align-
ment. As we shall see in Sect. 4.3, below, SP62 allows us to calculate absolute and
relative probabilities for multiple alignments and the inferences that they represent.
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2.4 User Interface

There is no suggestion here that multiple alignments like the one shown in Fig. 2
would necessarily be presented to users for inspection. It is possible that users might
find it useful to see multiple alignments but it seems more likely that alignments
would be formed ‘behind the scenes’ and users would see the results presented in
some other format.

The formation of multiple alignments is, primarily, a computational technique for
the recognition or retrieval of patterns and the drawing of probabilistic inferences.
How the results should best be presented to users is a question that is outside the
scope of the present chapter.

3 Recognition, Retrieval and Reasoning with Part-Whole
Relations and Class-Inclusion Relations

This section presents a slightly more elaborate example designed to show how, within
the SP framework, a class-inclusion hierarchy may be integrated with a part-whole
hierarchy. It also provides a simple example of the way in which reasoning may be
integrated with recognition and retrieval.

Figure 3 shows a set of patterns which are a partial description of the class ‘per-
son’ and associated concepts. The first pattern in the figure describes the class per-
son in broad-brush terms. In this description, a pair of symbols like ‘<first-name>
</first-name>’ represents a ‘property’ or ‘variable’ without any assigned ‘value’. In
this description, a person has a first name, last name, gender and profession (all with
unspecified values) and it also has the parts ‘head’, ‘body’ and ‘legs’. The pattern
also shows a variable for the kind of voice that a given person has. As before, three
dots (“...”) are used to represent other attributes that would be included in a fuller
description.

The next three patterns show well-known associations between common first
names and the gender of the person who has that name. Anyone called ‘Mary’ is
very likely to be female whereas someone called ‘Jack’ or ‘Peter’ is almost certainly
male.

The two patterns beginning with the symbols ‘<person> <gender> ...” provide
partial descriptions of each gender, including descriptions relating to a person’s chin
and the nature of their voice. In this context, the symbol ‘beard’ is intended as a
shorthand for the idea that a male person may grow a beard although any given male
person might be clean-shaven. No attempt has been made in this simple example to
describe children or any other exceptions to the rule.

Each of the four patterns for ‘profession’ provide a representative attribute in
each case: a doctor has a stethoscope, a lawyer has law books, and so on.

The pattern which follows—‘<head> <hair> </hair> <eyes> </eyes>
<nose> </nose> <mouth> </mouth> <chin> </chin> ... </head>’—describes
the structure of a person’s head and the pattern after that provides two variables for
a person’s hair: its colour and its length. In a fuller description of the class ‘person’,
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<person> <first-name> </first-name> <last-name> </last-name>
<gender> </gender> <profession> </profession> <head> </head>
<body> </body> <legs> </legs> <voice> </voice>
<home-town> </home-town> ... </person>

Mary female

Peter male

Jack male

<person> <gender> male </gender> <chin> beard </chin>
<voice> deep </voice> </person>

<person> <gender> female </gender> <chin> no-beard </chin>
<voice> high </voice> </person>

<profession> doctor has-stethoscope ... </profession>

<profession> lawyer has-law-books ... </profession>

<profession> merchant has-warehouse ... </profession>

<profession> thief is-light-fingered ... </profession>

<head> <hair> </hair> <eyes> </eyes> <nose> </nose> <mouth>
</mouth> <chin> </chin> ... </head>

<hair> <hair-colour> </hair-colour> <length> </length> </hair>
<eyes> blue </eyes>
<eyes> brown </eyes>
<eyes> green </eyes>
<hair-colour> red </hair-colour>
<hair-colour> black </hair-colour>
<hair-colour> fair </hair-colour>
<jackl> <person> <first-name> Jack </first-name>
<last-name> Jones </last-name>
<home-town> Dorking </home-town> </person> </jackl>

Fig. 3. A set of SP patterns providing a partial description of the class ‘person’ and associated
concepts. Patterns that are too long to fit on one line are indented on the second and subsequent
lines

there would be similar patterns describing the structure of ‘body’ and ‘legs’. In a
similar way, each component of ‘head’, ‘body’ and ‘legs’ may itself be broken down
into parts and subparts, thus yielding a complete part-whole hierarchy for the class
‘person’.

The next six patterns in Fig. 3 give a set of alternative descriptions for ‘eyes’ and
‘hair-colour’, and the last pattern describes a specific person, Jack Jones.

3.1 The Best Multiple Alignment and Its Interpretation

Figure 4 shows the best alignment found by SP62 with the patterns from Fig.
3 in Old and the set of patterns {‘has-stethoscope’, ‘<hair-colour> fair </hair-
colour>’, <first-name> Jack </first-name>’, ‘<home-town> Dorking </home-
town>’, ‘has-black-bag’, ‘<eyes> blue </eyes>’} in New. In this example, it has
been necessary to use abbreviations for symbols to allow the alignment to fit into the
printed page. The key to these abbreviations is shown in the caption to the figure.
The fact that alignments can often grow to be quite large underscores the point that
the building of multiple alignments is primarily a computational technique and users
of the system would not normally see results presented in this form.
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As before, this alignment may be interpreted as the result of a process of recog-
nising some unknown entity with the attributes described in New. And, as before, it
may also be interpreted in terms of information retrieval and probabilistic inference.

In this example, the unknown entity is recognised as being ‘Jack Jones’, a mem-
ber of the class ‘person’. At the same time, the entity is recognised as belonging to
the subclasses ‘male’ (gender) and ‘doctor’ (profession). As with our previous exam-
ple, our unknown entity inherits all the attributes of the classes to which it has been
assigned. Notice that this inheritance works even though ‘male’ is not a subclass of
‘doctor’ or vice versa. In the jargon of object-oriented design, this is an example of
‘multiple inheritance’ or cross-classification.

Notice how John’s male gender has been inferred from his name (via the associ-
ation shown in column 8) and how the inference that he is male leads to the further
inferences that he has a deep voice and could grow a beard (column 6).

Notice also how the alignment provides for inter-connections between different
levels in the class hierarchy. The basic structure of a person is described in columns
2, 3 and 4 but details of that structure such as ‘beard’ and ‘deep’ voice are provided
by the pattern for male gender shown in column 6.

3.2 Discussion

The two examples that have been presented so far capture the essentials of the way
in which the SP system may be used for the representation and processing of class
hierarchies, part-whole hierarchies and their integration.

Some readers may feel uneasy that the ideas have been presented without using
familiar kinds of mathematical or logical notation. There may be an expectation that
our informal concepts such as ‘class’, ‘subclass’, ‘part’, ‘whole’ and so on should
be defined using traditional kinds of formal notation and that there should be formal
proofs that these concepts are indeed captured by the SP system.

The alternative and more direct approach favoured here recognises that SP pat-
terns and symbols are themselves a formal notation and we need only show how our
informal concepts may be represented using this notation. In the remainder of this
subsection, we briefly review a range of familiar concepts and the ways in which
they may be expressed in the SP system.

Literal

In our first example, symbols like ‘eats’, ‘breathes’, ‘has-senses’, ‘furry’ and ‘warm-
blooded’ may each be regarded as a ‘literal’ description of an attribute of some entity
or class.

Variable, Value and Type

A pair of neighbouring symbols like ‘<animal> </animal>" in our first example
or ‘<hair-colour> </hair-colour>’ in our second example may be regarded as a
‘variable’ that may receive a ‘value’ by alignment of patterns, as illustrated here:



88 J.G. Wolft

<pfn> --
dc
hs ---- hs

0 1

<jl>
<PR> ——mm e mm <pn> --- <pn>
<fn» ----»»-»--- oo\ "o o0 - o - <fn>

<gnd>

</gnd> ————-—-——mm e </gnd>
<pfn>

</pfn>
<hd> --- <hd>
<hr> -- <hr>

———————————————— <hc> -- <he>
———————————————————————— fr
———————————————— </hc> - </hc>
<ln>
</1n>
</hr> - </hr>
———————— <ES> ——mmmm e m e ——————— <eS5>
——————————————————————————————————————————————————————— bl
———————— </@8> —mmmm -~ < /es>
<ns>
</ns>
<mt>
</mt>
<CN> —————————————————— <cn>
bd
</cn> ————-mmmm - </cn>
</hd> -- </hd>
<bdy>
</bdy>
<lg>
</lg>
<VC> ——mmmmmmmmmmm e <ve>
dp
</VC> mmmmm e m e </vec>
<ht> ~—-—-— - - - <ht>
————————————————————————————————————————— Dg
</ht> —————-— - </ht>
</pn> —————mm e </pn> -- </pn>
</3jl>
2 3 4 5 6 7 8 9

Fig. 4. The best alignment found by SP62 with the patterns from Fig. 3 in Old and New
patterns as described in the text. Key: bd = beard, bdy = body, bl = blue, cn = chin, dc = doctor,
Dg = Dorking, dp = deep, es = eyes, fn = first-name, fr = fair, gnd = gender, hb = has-black-
bag, hc = hair-colour, hd = head, hr = hair, hs = has-stethoscope, ht = home-town, j1 = jackl,
Jk =Jack, Jn = Jones, 1g = legs, In = length, 1tn = last-name, ml = male, mt = mouth, ns = nose,
pfn = profession, pn = person, vc = voice
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0 ... <X> </X> ... 0

1 <X> V1 </X> 1.

In this example, ‘V1’ is a value assigned, by alignment, to the variable ‘<X> </X>".
The ‘type’ of a variable—the set of alternative values that it may take—may be ex-
pressed in a set of patterns such as ‘<X> V1 </X>’, ‘<X> V2 </X>’ and ‘<X>
V3 </X>’ or in patterns like ‘<hair-colour> red </hair-colour>’, ‘<hair-colour>
black </hair-colour>’ and ‘<hair-colour> fair </hair-colour>’, shown in Fig. 3.

Reference or Pointer

A widely-used device in computing systems is a ‘reference’ or ‘pointer’ from
one structure to another. In the SP system, a comparable effect may be achieved
by the alignment of symbols between patterns. For example, the pair of symbols
‘<mammal> </mammal>’ in column 2 of Fig. 2 may be seen as a reference to the
pattern ‘<mammal> <animal> </animal> furry warm-blooded ... </mammal>’
in column 3.

Class, Subclass and Instance

In the SP system, any ‘class’, ‘subclass’ or ‘instance’ (‘object’) may be represented
with a pattern as illustrated in our two examples. The relationship between a class and
one of its subclasses or between a class or subclass and one of its instances is defined
by the matching of symbols between patterns, exactly as described for ‘references’
and ‘variables’.

Since there is no formal distinction between ‘class’ (or ‘subclass’) and ‘instance’
this means that a pattern that represents an instance may also serve as a class wher-
ever that may be appropriate or necessary. At first sight, this seems to conflict with
the idea that an instance is a singleton (like ‘Tibs’ in column 1 of Fig. 2) whereas a
class (like ‘cat’ or ‘mammal’) represents a set of instances. But we should remember
that our concept of a cat such as “Tibs’ is a complex thing that derives from many
individual ‘percepts’ such as “Tibs stalking a mouse”, “Tibs sleeping”, “Tibs clean-
ing himself”, and so on. Within the SP system, we can capture these manifestations
of Tibs’s existence and their relationship to the overarching concept of ‘Tibs’ in pre-
cisely the same way as we can describe the relationship between any other class and
one of its subclasses or instances, as described above.

In systems that make a formal distinction between instances (or ‘objects’) and
classes, there is a need—not always satisfied in any given system—for a concept of
‘metaclass’:

“If each object is an instance of a class, and a class is an object, the [object-
oriented] model should provide the notion of metaclass. A metaclass is the
class of a class.” [3, p. 43].
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By the same logic, we should also provide for ‘metametaclasses’, ‘metametameta-
classes’, and so on without limit. Because the SP system makes no distinction be-
tween ‘object’ and ‘class’, there is no need for the concept of ‘metaclass’ or anything
beyond it. All these constructs are represented by patterns.

Parts, Wholes and Attributes

In the Simula computer language and most object-oriented systems that have come
after, there is a distinction between ‘attributes’ of objects and ‘parts’ of objects. The
former are defined at compile time while the aggregation of parts to form wholes
is a run-time process. This means that the inheritance mechanism—which operates
on class hierarchies that are defined at compile time—applies to attributes but not to
parts.

In the SP system, the distinction between ‘attributes’ and ‘parts’ disappears. Parts
of objects can be defined at any level in a class hierarchy and inherited by all the
lower level. There is seamless integration of class hierarchies with part-whole hier-
archies.

Intensional and Extensional Representations of Classes

There is a long-standing tradition that a concept, class or category may be described
‘intensionally’—in terms of its attributes—or ‘extensionally’ by listing the things
that belong in the class.

The SP system allows both styles of description and they may be freely inter-
mixed. A class like the category ‘person’ may be described intensionally with pat-
terns that describe the attributes of a typical person (like the three patterns that begin
with ‘<person>’ in Fig. 3) or it may be described extensionally with a set of patterns
like this:

<person> Mahatma Gandhi </person>
<person> Abraham Lincoln </person>
<person> John Lennon </person>

Other examples of extensional categories are the alternative values for eye colour
shown in Fig. 3 and kinds of profession shown in the same figure.

Polythetic or ‘Family Resemblance’ Classes

A characteristic feature of the ‘natural’ categories that we use in everyday thinking,
speaking or writing is that they are ‘polythetic’ [16] or ‘family resemblance’ con-
cepts. This means that no single attribute of the class need necessarily be found in
every member of the class and none of the attributes are necessarily exclusive to the
class. Since this type of concept is a prominent part of our thinking, knowledge-based
systems should be able to accommodate them.

The SP system provides two main mechanisms for representing and processing
polythetic classes:
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e At the heart of the system for building multiple alignments is an improved ver-
sion of ‘dynamic programming’ [15] that allows the system to find good partial
matches between patterns as well as exact matches (the algorithm is described
in [20]). This means that an unknown entity may be recognised as belonging to
a given category when only a subset of the attributes of the category have been
matched to features of the unknown entity. And this recognition may be achieved
even though some of the features of the given category are also found in other
categories.

e The system can be used to model context-free and context-sensitive rules (see
[23]) and such rules may be used to define polythetic categories. For example, if
‘A, ‘B’, ‘C’ and ‘D’ are ‘attributes’ found in one or more categories, a polythetic
category ‘X’ may be defined by the following re-write rules:

X ->12
1 -> A
1 -> B
2 > C
2 -> D

These rules define the set of strings {‘AC’, ‘AD’, ‘BC’, ‘BD’}, a class in which
no single attribute is found in every member of the class. If any one of those
attributes is found in any other class, then, in terms of the definition, X is poly-
thetic.

4 Other Aspects of Intelligence

So far, the focus has been mainly on the application of the SP system to the rep-
resentation and processing of ontological knowledge. This section briefly describes
other capabilities of the SP system for intelligent representation and processing of
knowledge. More detail may be found in [27] and earlier publications cited there.

4.1 Representation of Knowledge

The examples we have seen so far illustrate some of the expressive power of SP
patterns within the SP framework. A variety of other systems can be modelled
including context-free grammars, context-sensitive grammars, networks, trees, if-
then rules, and tables. Some examples will be seen below and others may be found
in [22,23,25,27]. The simple, uniform nature of SP patterns means that these dif-
ferent styles of knowledge representation can be freely intermixed in a seamless
manner.

In the SP framework, there is no formal distinction between syntax and seman-
tics. Semantic constructs may be modelled within the system, each one associated
with its corresponding syntax.
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4.2 Fuzzy Pattern Recognition and Best-Match Information Retrieval

As previously noted, SP62 incorporates an improved version of ‘dynamic program-
ming’ and this gives it a robust ability to recognise patterns or retrieve stored infor-
mation despite errors of omission, commission or substitution. Although this capabil-
ity is needed to build alignments like those shown in Figs. 2 and 4, this aspect of the
model is illustrated more clearly in other examples that may be found in [22,24,27].

4.3 Probabilistic Reasoning

One of the main strengths of the SP62 model is its capability for probabilistic rea-
soning, including probabilistic ‘deduction’, chains of reasoning, abduction, non-
monotonic reasoning, and ‘explaining away’.?> These applications of the model and
the method of calculating probabilities are described quite fully in [22]. To give the
flavour of these applications, this section describes one simple example of the way
in which the model can support nonmonotonic reasoning.

If we know that Tweety is a bird, we may infer that Tweety can probably fly
but that there is a possibility that Tweety might be a penguin or some other kind
of flightless bird. If we are then told that Tweety is a penguin, we will revise our
ideas and conclude with some confidence that Tweety cannot fly. This kind of rea-
soning is ‘nonmonotonic’ because later information can modify earlier conclusions
(for a useful account of this topic, see [7]). By contrast, systems for ‘classical’ logic
are designed to be ‘monotonic’ so that conclusions reached at one stage cannot be
modified by any information arriving later.

Figure 5 shows the two best alignments found by SP62 with a set of patterns
describing kinds of birds in Old and, in New, the pattern ‘bird Tweety’ (which may be
interpreted as a statement that Tweety is a bird). The first alignment (a) confirms that
Tweety is a bird and suggests, in effect, that Tweety can probably fly—column 3 in
this alignment expresses this default assumption about birds. The second alignment
(b) also confirms that Tweety is a bird but suggests, in effect, that Tweety might be a
penguin and, as such, he would not be able to fly.

Each pattern in Old has an associated frequency of occurrence in some domain
and, using these figures, SP62 is able to calculate relative probabilities for align-
ments. The default frequency value for any pattern is 1 but, in this example, fre-
quency values were assigned to the patterns as very approximate estimates of the
frequencies with which one might encounter birds, penguins and so on in the real
world. For this toy example (which does not recognise ostriches, kiwis etc), SP62
calculates the probability that Tweety can fly as 0.84 and the probability that Tweety
is a penguin and that he cannot fly as 0.16.

What happens if, instead of knowing merely that Tweety is a bird, we are given
the more specific information that Tweety is a penguin? With SP62, we can model
this kind of situation by running the model again and replacing ‘bird Tweety’ in
New with the pattern ‘penguin Tweety’—which we can interpret as a statement that

2 For an explanation of this last idea, see [13].
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Fig. 5. The two best alignments found by SP62 with patterns describing kinds of birds in Old
and the pattern ‘bird Tweety’ in New

Tweety is a penguin. In this case, there is only one alignment that matches both
symbols in the pattern in New. From this alignment—shown in Fig. 6—we may
conclude that Tweety cannot fly. The probability in this case is 1.0 because there is
no other alignment that accounts for all the information in New.

4.4 Natural Language Processing

Much of the inspiration for the SP framework has been a consideration of the struc-
ture of natural languages and how they may be learned [19]. Here, a slightly quirky
example is presented to show how the parsing of natural language may be modelled
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0 1 2 3
P
penguin -------------——-—- penguin
Bd ---- Bd
bird
name --- name
Tweety -- Tweety
#name -- #name
f--—- f
cannot-fly
#f --——- #£
#Bd --- #Bd
#P
0 1 2 3

Fig. 6. The best alignment found by SP62 with the same patterns in Old as were used for Fig.
5, and the pattern ‘penguin Tweety’ in New

within the SP framework. SP62 was run with patterns representing grammatical rules
in Old and, in New, the second sentence from Groucho Marks’s “Time flies like an
arrow. Fruit flies like a banana.” The syntactic ambiguity of that sentence can be
seen in the two best alignments found by the program, shown in Fig. 7. The horizon-
tal format for the alignments is more appropriate here than the vertical format used
in previous alignments and, for this kind of application, the use of angle brackets as
boundary markers (Sect. 2.2) is slightly neater than the ‘<tag> ... </tag>’ style.

Of course, ‘Fruit flies like a banana’ is ambiguous at the semantic level as well
as in its syntax, and the kind of syntactic analysis shown in Fig. 7 falls short of what
is needed for the understanding of natural languages. However, the SP framework
has been developed with the intention that it should allow the representation of non-
syntactic ‘semantic’ knowledge and its integration with syntax. Preliminary work in
this area—not yet published—confirms this expectation.

The alignments shown in Fig. 7 may suggest that the system has only the expres-
sive power of a context-free phrase-structure grammar (CF-PSG), not sufficient in
itself to handle the syntactic subtleties of natural languages. However, other exam-
ples may be found in [23] showing how the system can handle ‘context sensitive’
features such as number agreements and gender agreements in French and the inter-
esting pattern of inter-locking constraints found in English auxiliary verbs.

What about the production of natural language? A neat feature of the SP frame-
work is that it supports the production of language as well as its analysis. Given a
compressed, encoded representation of a sentence, the system can recreate the sen-
tence from which it was derived (see [23] and also [27]). As noted above, preliminary
work has shown that, within the SP framework, it is possible to integrate syntax with
semantics. Using these integrated sets of SP patterns, it is possible to generate sen-
tences from meanings.
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Fig. 7. The two best alignments found by SP62 with patterns in Old representing grammatical
rules and the ambiguous sentence ‘fruit flies like a banana’ in New

4.5 Planning and Problem Solving

As it stands now, the SP62 model can be applied to simple kinds of planning and
simple kinds of problem solving. Figure 8 shows the best alignment found by SP62
with the pattern ‘Beijing Edinburgh’ in New and a set of patterns in Old, each one of
which represents a flight between two cities. The pattern in New may be interpreted
as a request to find a route between Beijing and Edinburgh and the alignment rep-
resents one possible answer. If alternative routes are possible, the model normally
finds them.

To be realistic, the system would have to be able to handle numeric informa-
tion such as costs, distances and times. In principle this can be done within the SP
framework [22] but the details have not yet been worked out.

The SP62 model may also be applied to the solution of geometric analogy prob-
lems of the form ‘A is to B as C is to ?’. In order to use the model, each geometric
pattern must be translated into a textual pattern such ‘small circle inside large trian-
gle’. Given a problem expressed in this form, SP62 solves it quite easily [22].

Further work is needed to explore the strengths and limitations of the SP frame-
work in applications like these.
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0 1 2 3 4
Beijing --- Beijing
Delhi --- Delhi
Zurich ---—---——-—-—--- Zurich
London ---- London
Edinburgh -----------------——- Edinburgh
0 1 2 3 4

Fig. 8. The best alignment found by SP62 with patterns in Old representing air links between
cities and the pattern ‘Beijing Edinburgh’ in New

4.6 Unsupervised Learning

As we saw in Sect. 2, the SP framework is designed to receive New information and
add it, in compressed form, to its repository of Old information. Thus, in its overall
organisation, the system is designed to learn from its environment.

This aspect of the framework is now realised in the SP70 model [26,28]. Given a
set of simple sentences, SP70 can abstract a plausible grammar for those sentences.
This is done without the need for error correction by a ‘teacher’, without the need for
‘negative’ samples (sentences that are marked as ‘wrong’) and without the need for
examples to be presented in any particular order (c¢f. [8]). In short, SP70 is a system
for unsupervised learning.

Although the SP framework appears to provide a sound basis for unsupervised
learning, more work is needed to resolve some residual problems and realise the full
potential of the framework in a working system.

Although the SP70 model has been developed using examples with a ‘linguistic’
flavour, similar principles apply to other kinds of knowledge. When the system is
more fully developed, potential applications include:

e The abstraction of general rules from a body of knowledge for subsequent use in
probabilistic reasoning.

e The conversion of ‘raw’ data (or other badly-organised body of knowledge) into
a ‘well structured’ database that preserves all the non-redundant information in
the original.

e The integration of two or more bodies of knowledge that are similar but not the
same.

5 Comparison with Alternative Approaches

One of the most popular approaches to the representation and processing of ontolog-
ical knowledge is a family of languages developed for the Semantic Web, including
the Resource Description Framework (RDF), RDF Schema (RDFS), the Ontology
Inference Layer (OIL) and DAML+OIL (see, for example, [5, 6, 10, 12]). RDF pro-
vides a syntactic framework, RDFS adds modelling primitives such as ‘instance-of’
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and ‘subclass-of’, and DAMLAOIL provides a formal semantics and reasoning ca-
pabilities based on Description Logics (DLs), themselves based on predicate logic.
For the sake of brevity, these languages will be referred to as ‘RDF+’. In this sec-
tion, RDF+ is compared with the SP framework, focussing mainly on the differences
between them.

5.1 Representation of Knowledge

The SP theory incorporates a theory of knowledge in which syntax and semantics are
integrated and many of the concepts associated with ontologies are implicit. There is
no need for the explicit provision of constructs such as ‘Class’, ‘subClassOf’, ‘Type’,
‘hasPart’, ‘Property’, ‘subPropertyOf’, or ‘hasValue’. Classes of entity and specific
instances, their component parts and properties, and values for properties, can be
represented in a very direct, transparent and intuitive way, with smooth integration
of class-inclusion relations and part-whole relations, as described above. In short,
the SP approach allows ontologies to be represented in a manner that appears to be
simpler and more comprehensible than RDF+, both for people writing ontologies
and for people reading them.

5.2 Recognition and Classification

RDF+ has been designed with the intention that authors of web pages would specify
the ontological structure of each page alongside its content. However, with current
versions of RDF+, this is far from easy and this may prove to be a severe barrier to
the uptake of these technologies [9].

In this connection, the SP framework offers an interesting possibility—that the
capabilities of the system for ‘fuzzy’ recognition of concepts at multiple levels of
abstraction may be exploited to achieve automatic or semi-automatic assignment of
web pages to pre-defined categories expressed in the form of SP patterns. Given a
set of such patterns in its repository of ’Old’ information, the system may find one
or more categorizations of a given web page if that page is presented to the system
as New information. If this kind of automatic categorization of web pages can be
realised, this should streamline the assignment of ontologies to web pages and thus
smooth the path for the development of the Semantic Web.

5.3 Reasoning

Reasoning in RDF+ is based on predicate logic and belongs in the classical tradition
of monotonic deductive reasoning in which propositions are either true or false. By
contrast, the main strengths of the SP framework are in probabilistic ‘deduction’,
abduction and nonmonotonic reasoning. It seems likely that both kinds of reasoning
will be required in the Semantic Web, as discussed in the following subsections.
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Probabilistic and Exact Reasoning

The dynamic programming at the heart of the SP system allows it to find good par-
tial matches between patterns as well as exact matches. The building of multiple
alignments involves a search for a global best match amongst patterns and accom-
modates errors of omission, commission and substitution in New information or Old
information or both. This kind of capability—and the ability to calculate probabil-
ities of inferences—is outside the scope of ‘standard’ reasoning systems currently
developed for RDF+ (see, for example, [10]). It has more affinity with ‘non-standard
inferences’ for DLs (see, for example, [1,4]).

Given the anarchical nature of the Web, there is a clear need for the kind of
flexibility provided in the SP framework. It may be possible to construct ontologies in
a relatively disciplined way but ordinary users of the web are much less controllable.
The system needs to be able to respond to queries in the same flexible and ‘forgiving’
manner as current search engines. Although current search engines are flexible, their
responses are not very ‘intelligent’. The SP framework may help to plug this gap.

Deduction and Abduction

With the Semantic Web, we may wish to reason deductively in some situations (e.g.,
a flat battery in the car means that it will not start) but there will also be occasions
when we wish to reason abductively (e.g., possible reasons for the car not starting
are a flat battery, no fuel, dirty plugs etc). For each alternative identified by abductive
reasoning, we need some kind of measure of probability.

Although classical systems can be made to work in an abductive style, an ability
to calculate probabilities or comparable measures needs to be ‘bolted on’. By con-
trast, the SP system accommodates ‘backwards’ styles of reasoning just as easily as
‘forwards’ kinds of reasoning and the calculation of probabilities derives naturally
from the minimum length encoding principles on which the system is founded.

Monotonic and Nonmonotonic Reasoning

If we know that all birds can fly and that Tweety is a bird then, in classical logic,
we can deduce that Tweety can fly. The ‘monotonic’ nature of classical logic means
that this conclusion cannot be modified, even if we are informed that Tweety is a
penguin.

In the Semantic Web, we need to be able to express the idea that most birds fly
(with the default assumption that birds can fly) and we need to be able to deduce that,
if Tweety is a bird, then it is probable that Tweety can fly. If we learn subsequently
that Tweety is a penguin, we should be able to revise our initial conclusion.

This kind of nonmonotonic reasoning is outside the scope of classical logic but
is handled quite naturally by the SP framework, as outlined in Sect. 4.3 (see also
[22,24]).
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6 Conclusion

One of the strengths of the SP framework is that it allows ontological knowledge
to be represented in a manner that is relatively simple and comprehensible. It has
an ability to cope with uncertainties in knowledge and it can perform the kinds of
probabilistic reasoning that seem to be needed in the Semantic Web.

The SP framework also has strengths in other areas—such as natural language
processing, planning and problem solving, and unsupervised learning—that may
prove useful in the future development of the Semantic Web.
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